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ABSTRACT 

Because the efficiency loss of phosphoric acid fuel cells is determined mainly by the slow kinetics of the oxygen reduc- 
tion reaction, there is evidently a need for understanding why this reaction is slower in concentrated phosphoric acid than in 
aqueous solutions of strong acids. In this work, the structure of the double layer at the interface mercury-concentrated phos- 
phoric acid is examined at room temperature by using thiourea as a probe species. For this purpose, the differential capacity 
of the interface was measured as a function of the electrode potential in 95% phosphoric acid and in the same electrolyte with 
nine concentrations of added thiourea. Analysis of the results indicates that thiourea adsorbs with the positive end of the 
dipole toward the metal; the amount  adsorbed is sufficiently small and can be described by a Henry's law type of isotherm. 
Analysis of the inner layer parameters shows that in this region the permittivity has similar values to those found in water, 
but the distance from the metal to the outer Helmholtz plane is much larger. Thus, slower oxygen reduction kinetics can be 
rationalized in terms of a wider barrier for the rate-determining electron transfer step. 

Of the several  fuel cell systems now being considered 
for power generat ion and t ranspor ta t ion applications, 
the phosphoric acid fuel cell is in  the most advanced 
state of development.  The factor l imit ing the efficiency 
of this fuel cell system is the high overpotential  (300- 
400 mV) for the oxygen reduct ion reaction. On plat i-  
num, this reaction is considerably slower in phosphoric 
acid than  in  aqueous strong acids, such as trifiuoro- 
methanesulfonic  acid, in which electrolyte the rates are 
two ' orders of magni tude  faster (1, 2). More than 
one factor may be responsible for this difference in re-  
action kinetics, bu t  undoubtedly  one of the main  rea-  
sons, which has been neglected so far, is the difference 
in properties of the double layer  of the electrode with 
concentrated phosphoric acid on the one hand and with 
aqueous solutions of strong acids on the other. Thus, it 
seemed worthwhile  to carry out double layer  studies 
at the electrode-phosphoric acid interface in order to 
elucidate its effect On oxygen reduct ion kinetics. 

By a revised analysis of the exper imenta l  results of 
Schapink et al. (3) for the adsorption of thiourea on 
mercury  from 0.1M solutions of NaF, Parsons (4) 
showed that thiourea can be used as a probe species to 
gain knowledge of double layer  properties, such as the 
thickness and the average permi t t iv i ty  value. Since 
then, this approach has been employed to obtain in-  
formation on the characteristics of the electrode-solu- 
t ion interface in several nonaqueous solvents such as 
methanol  (5), formamide (6), d imethylformamide (7), 
e thylene carbonate (8), and ethanol (9). 

In  this work, it was decided to use thiourea as a 
probe species to s tudy the properties of the double layer  
at the electrode-concentrated phosphoric acid in ter-  
face. As a first step, mercury  was chosen as the elec- 
trode mater ia l  because of the many  advantages that  
this metal  offers for interfacial  studies, par t icular ly  
when used as a dropping electrode. Further ,  most 
studies have shown that  many  of the characteristics of 
the double layer  on mercury  can be extended to so]id 
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metals. The electrolyte used in these studies was 95% 
phosphoric acid, which is close to the concentrat ion in 
fuel cells being developed for power generat ion and on- 
site integrated energy systems. This concentrat ion was 
chosen because it is the highest possible one before the 
formation of pyrophosphoric acid at room temperature  
takes place (10). It  must, however,  be noted that at 
the concentrat ions (-.-100%) and operational  tempera-  
tures (,-,180~ prevai l ing in phosphoric acid fuel cells, 
pyrophosphoric acid is expected to be a major  com- 
ponent  of the electrolyte. Examinat ion  of the interfacial  
properties of this species will  be the object of a separate 
study. 

Experimental 
Phosphoric acid (85%, MaUinckrodt, AR) was 

treated with H202, concentrated to 95% by evaporation, 
and finally pre-electrolyzed for 3 hr  at a potential  of 
1.5V between two p la t inum electrodes. Thiourea (East- 
m a n  Kodak) was used as received. The cell, working 
and counterelectrodes, and electrical equipment  used 
for the measurement  of the differential  capacity have 
already been described (11). Potentials  of zero charge 
(Ez) were measured using the s t reaming electrode 
technique (12). All  potentials were measured using 
a dynamic hydrogen electrode as reference. Differential 
capacities were measured at 25 ~ • 0.1~ as a function 
of potential  for the interface of the mercury  electrode 
with the pure 95% phosphoric acid and with this acid 
containing the following concentrat ions of thiourea: 
0.017, 0.1, 0.178, 0.251, 0.355, 0.501, 0.708, 1.0, and 1.413. 
Because no dependence of the capacity on frequency 
was observed in  the range 50-400 Hz, measurements  
were done at 200 Hz. It  was found that  thiourea hydro-  
lyzes in the 95% phosphoric acid. However, this process 
is so slow at room temperature  that it can be neglected 
in the t ime range needed to perform the experiments.  

Results and Discussion 
Preliminary observations from capacitance measure- 

ments.--Figure 1 shows the capacity curves for the 
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Fig. I. Differential capacity-potential plots at 25 ~ for Hg in 95% 
HsPO4. Concentration of thiourea: (curve I)  0, (curve 2) 0.071, 
(curve 3) 0.1, (curve 4) 0.178, (curve 5) 0.251, (curve 6) 0.355, 
(curve 7) 0.501, (curve 8) 0.708, (carve 9) 1.0, and (curve 10) 
1.413M. 

control  e lec t ro ly te  (95% phosphoric  .acid) and for this 
e lec t ro ly te  wi th  nine concentrat ions of thiourea.  The 
cathodic l imi t  of the curves corresponds  to potent ia ls  
ve ry  nea r  Ez and was imposed by  the onset of hydrogen  
evolution.  On the posi t ive side, the l imi t  was de te r -  
mined by  an anodic cur ren t  whose magni tude  was a 
funct ion of the  concentra t ion of thiourea.  This cu r -  
ren t  is p robab ly  due to the oxida t ion  of th iourea  a l -  
though m e r c u r y  dissolut ion cannot  be  discarded.  Be-  
cause of this current ,  solutions more  concent ra ted  than  
1.5M in th iourea  could not  be used. I t  is impor t an t  to 
observe tha t  in order  to obta in  an apprec iab le  effect on 
the  capacity,  concentrat ions  of th iourea  had  to be la rger  
than  those used in wa te r  (3). 

I t  is in teres t ing  to note tha t  the  addi t ion of up to 1M 
KH2PO4 to 95% H3PO4 did  not produce  any change in 
the  capac i ty -po ten t i a l  re la t ion as observed  for the  con- 
t rol  e lectrolyte .  This means  e i ther  tha t  KHePO4 is not  
dissociated in the 95% phosphoric  acid (which is not  
p robab le )  or  tha t  the  diffuse l aye r  capaci ty  is a l r eady  
much l a rge r  than the inner  l aye r  capac i ty  so tha t  no 
effect is observed when the ionic concentra t ion in the  
bu lk  is  increased.  The values  of the total  capaci ty  are  
much smal le r  than  in water ,  which means  tha t  in phos-  
phor ic  acid the  dielectr ic  constant  of the  inner  l aye r  is 
smal le r  or  that  the  double  l aye r  is thicker,  or  both. 
This poin t  is fu r the r  discussed below. 

On addi t ion  of th iourea  to a 9 5 %  phosphor ic  acid 
solution, Ez shifts to more  posi t ive  values,  indica t ing  
that  the  th iourea  dipole is or iented wi th  the posi t ive 
end toward  the metal .  This or ienta t ion  is opposite to 
the one observed in wa te r  and in nonaqueous  solvents 
(4-9).  To some ex ten t  this is surpr is ing  because the  

or ienta t ion  with  the  nega t ive  end of  the dipole toward  
the me ta l  is favored  by  the s t rong m e r c u r y - s u l f u r  a tom 
interact ion.  However ,  i t  should be expected tha t  in the  
concent ra ted  phosphor ic  acid the th iourea  is p ro tona ted  
prec ise ly  on the sul fur  atom, which in this s i tuat ion 
cannot  in te rac t  w i th  the m e r c u r y  surface. This possi-  
b i l i ty  has  been  sugges ted  prev ious ly  (13). 

The adsorption characteristics of th iourea. - -Fol low-  
ing the  t he rmodynamic  t r ea tmen t  of  the  double  layer ,  
the capaci ty  curves were  in tegra ted  twice wi th  respect  
to the  potent ia l ,  first to obta in  the charge dens i ty  on 
the me ta l  (q) and then  the surface tension ('v). For  
this purpose  the control  e lec t ro ly te  curve (i.e., without  
th iourea)  was first i n t eg ra ted  anodica l ly  f rom E~. to a 
po ten t ia l  of --0.12V, where  a l l  the curves coincide. The 
va lue  of the  charge  dens i ty  and of "v (assumed a rb i -  
t r a r i ly  as being zero at  Ez for  the  control  e lect rolyte  be-  
cause only  changes in "v a re  re levant )  de te rmined  at  
-0 .12V were  used as constants  for the cathodic in te-  
gra t ion of the capaci ty  curves recorded in the presence 
of thiourea.  The in tegrat ions  were  pe r fo rmed  numer i -  
ca l ly  using Simpson's  rule  fay two subin terva ls  wi th  
the aid of sui table  computer  p rog rams  (14). The values 
of q and ~ were  combined to ob ta in  Parson 's  function 

= qE ~- "v f rom which the surface excesses of thio-  
u rea  ( r )  at  constant  charge  on the electrode were  
ob ta ined  th rough  the express ion  (4) 

r - -  R T  q 

where  c is the  concentra t ion  of th iourea  in the bu lk  of 
the solution. Different iat ions were  pe r fo rmed  numer i -  
ca l ly  wi th  improved  procedures  tha t  make  use of cubic 
spl ine funct ions (14). 

F igure  2 shows the values  of r as a funct ion of the 
e lect rode charge for the different  concentrat ions of 
thiourea.  In compar ison wi th  the  resul ts  repor ted  in 
wa te r  (3), the  values  of r are small ,  being significant 
only  ove r  a res t r i c ted  range  of q values.  I t  is c lear  that  
r increases as q is made  more  negat ive,  whi le  th iourea  
appears  to be desorbed for charges on the electrode 
more  posi t ive than  5 ~C cm-~.  

The smal le r  values  of r obta ined  in phosphoric  acid 
as compared  wi th  wa te r  could be expla ined  by  the 
differing s t rengths  of in te rac t ion  be tween  the th iourea  
and the e lect rode surface when the molecule  presents  
opposi te  orientat ions.  On the other  hand, this could 
also be due to phosphor ic  acid species being more  
s t rongly  a t tached than  the wa te r  molecule  to the meta l  
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Fig. 2. Surface excess of thiourea as a function of the electrode 
charge density. Figures on the lines indicate the molar concentra- 
tion of thloureo. 
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surface. Studies of the adsorption of H2PO4- on mer -  
cury in  aqueous solutions (15) show that  the anion is 
only weakly  adsorbed. However, tr, e s i tuat ion could 
well be different in the concentrated acid used here. 

The characteristics o] the inner  layer . - -The  inner  
layer  properties were determined by analyzing the po- 
tent ia l  dz'op across the tuner  cloubm layer  (~'m-~) as a 
funct ion ol the suriace excess oi tniourea.  In  order to 
obtain ~m-2, it  was necessary to calculate the potential  
r of the outer  Helmholtz plane (o.H.p.) with the aid 
of the diffuse layer  theory (16). This calculation in-  
volves the use of the bu lk  dielectric constant  of the sot- 
vent, for which a value of 20 was taken (17) and of the 
bulk ionic concentration.  The magni tude  of the lat ter  
was evaluated considering only the first dissociation of 
phosphoric acid. From the work of Munson (18) the 
concentrat ion of un iva len t  species was taken as 0.37M. 
This value is subject  to error  but, in any  case, values 
differing by --+50% from the one given, produce differ- 
ences of only --+10% in r Fur thermore,  in the range of 
electrode charges considered here (--1 to 4 ~C cm -2) 
the values of q~2 are small, vary ing  from --7 to 27 mV. 
Thus, r does not  have a significant influence on the 
value of ~m-2. 

The potent ial  drop across the double layer  was then 
obtained by  subtract ing r from the electrode potential.  
Thus, ~bm-2 includes the potent ial  drop between the 
reference electrode and the solution, which presents no 
problem because only changes in Cm-~ are of interest. 

Figure 3 shows ~m-2 plotted as a funct ion of r at 
constant  values of q. As in water  (4), a set of reason- 
ably straight l ines is obtained, bu t  the slope has the op- 
posite sign. The lines are not parallel,  and a least 
squares analysis shows that  the slope increases from 
1.26 X 109 to 1.45 X 109 V cm 2 mo1-1 when q increases 
from --1 to + 2  #C cm -2. 

The potent ial  drop across the double layer  can be 
considered a funct ion of q and r and can formally be 
divided into two contr ibut ions so that  

q r 
~ l m  l ~ : ~ + ~ [2] 

where Ki is an integral  capacity of the inner  layer  at 
constant  amount  of thiourea adsorbed. Assuming a un i -  
form permi t t iv i ty  (e) in the inner  layer  
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Fig. 3. Potential drop across the inner layer as a function of the 
surface excess of thiourea. Figures on the lines indicate the elec- 
trode charge density in ~C cm -2.  ( e )  values correspond to the 
control electrolyte. 

e 
g ~ ~ . . . . .  [3] 

4~x~ 

where x2 is the distance be tween the metal  and the 
o.H.p. 

In  Eq. [2], D is the equivalent  of an in tegra lcapac i ty  
of the inner  layer  at constant  electrode charge. Assum- 
ing again that ~ is un i form 

E 

D =  ~ ]  
4~# 

where # is the effective dipole moment  of the adsorbed 
thiourea molecules. 

Because the lines in Fig. 3 are not parallel,  it follows 
that  e and probably x2 are dependent  on the amount  of 
thiourea adsorbed. An approximate analysis can be 
made by  disregarding this dependence in the range 
--1 --~ q --~ 2 #C cm -2 and  by taking an average slope 
equal to 1.40 X 109 V cm 2 mo1-1. With this value, 
could be calculated from Eq. [4]. However, it must  be 
taken into account that  the effective dipole moment  of 
the adsorbed thiourea is 

= ~o + ,~E [ 5 ]  

where ~o is the pe rmanen t  dipole moment,  a the polar-  
izability, and E the effective electric field at the site o2 
adsorption. For ethylene carbonate (8), E was evaluated 
using the two position model of Levine et al. (19). 
However, in the present  case necessary parameters  
such as the polarizabil i ty of phosphoric acid, the rela-  
tive contr ibut ions of the two possible orientations of 
the solvent molecules, and the effective coordination 
n u m b e r  of the thiourea molecule with its solvent 
neighbors are unknown.  

It  is interest ing to note that  if the average value of 
E in the inner  layer  calculated for different values of 
q is used the term ~E does not  exceed a few percent  
of the value of ~o and hence can be ignored. As a, first 
approximation,  it will  then be assumed that  # _~ #o. 
Using ~o _-- 4.89D (20) and the calculated value of D 
in Eq. [4], it is found that  e ---- 8. This value is some- 
what  smaller  but  not much different from the value 
found in  aqueous solutions (4). It indicates a high 
degree of sa turat ion of the solvent molecules in the 
inner  layer. However, the change from bulk  conditions, 
where e ~_ 20, is not  as large as in  the case of water.  

The integral  capacity K i, related to the separation of 
the lines in Fig. 3 at a given r, is evident ly  a function 
of r. Figure 4 shows a plot of q vs. ~bm-2 at r ---- 0, 
constructed by  using the least squares intercepts of the 
l ines in Fig. 3. From the slope of this plot K i ~- 11.8 
#F cm -2. With this value, and the previously deter-  
mined value of e, it is determined from Eq: [3] that  
x2 ---- 6A. A comparison with the values of x2 obtained 
in  water  (~4A)  shows that  the double layer is much 
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Fig. 4. Electrode charge density as a function of the potential 
~op acrost the inner layer for r = O. 
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thicker in phosphoric acid. This is reasonable in view 
of the relative sizes of the phosphoric acid (21) and 
the water  molecules. 

With regard to the approximation involved in using 
the permanent  dipole moment  of the thiourea molecule, 
it must  be pointed out that in cases where the effective 
dipole moment  could beca lcu la t ed  (8, 9) it was found 
that  ~ is 1.5-2 times larger than ~o. This means that  
the values of e and x2 calculated above must  be con- 
sidered as lower limits. If it were assumed that # = 
1.5~ o, it wouid be found that  e _.-= 12 and x2 = 9A. These 
values are still reasonable for the conditions prevail ing 
in the inner  layer  in the presence of phosphoric acid. 

The adsorption isotherm for thiourea.--In many  of 
the systems studied previously, the adsorption of thio- 
urea on mercury  has been described by a virial  iso- 
therm, which for the present  case can be wri t ten  as 

r e x p  (2BF) _-- c exp ( -AGo/RT)  [6] 

where B is the second vir ial  coefficient and AG ~ the 
s tandard free energy of adsorption. The isotherm is 
usual ly  determined using Parson's  procedure (4) of 
plott ing the surface pressure at a constant charge on 
the electrode r = ~o _ ~ where ~o is the value for the 
control electrolyte, as a funct ion of log c, and super im-  
posing the different segments. However, the procedure 
could not  be applied in this case due to the small  values 
of r obtained. A virial  equation was then tested by 
plott ing log ( r / c )  vs. r at constant  q, but  the plots were 
far from being linear. I t  was then thought that  a simple 
Henry 's  law isotherm (i.e., a virial  equation with B : 
0) could be more appropriate in view of the low values 
of r. Figure 5 shows a plot of r vs. c for different values 
of q. Taking into account that  the uncer ta in ty  in the 
values  of F increases as r becomes smaller, it can be 
stated that  Henry 's  law is a good approximation for 
the adsorption of thiourea from phosphoric acid on 
mercury. The isotherm can then be wri t ten  

r -- c exp (--AGo/RT) [7] 

F r o m  the slopes of the lines in  Fig. 5, AG ~ can be ob- 
tained as a funct ion of q. In  particular,  AGo(q _-- 0) -~ 
--76.3 kJ  tool -1 (for s tandard states of 1 mol l i ter -1 
in the solution and 1 molecule cm -2 on the surface).  
The applicabil i ty of a Henry 's  isotherm means that  
la teral  repulsion between adsorbed thiourea molecules 

F x 101f/mo/crn -2 
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Fig. 5. Surface excess of thiourea as a function of its concentra- 
tion in the bulk. Figures on the lines indicate the electrode charge 
density in/~C cm -2.  

is negligible. For most of the exper imental  range, r 
~5 • 10 -11 mol cm -2, which corresponds to an avail-  
able area of more than  300A" per molecule. Because the 
area covered by a thiourea molecule is about 30A:~ (4), 
adjacent  adsorbed molecules are expected to be sepa- 
rated by at least two phosphoric acid Units. Thus, re- 
pulsion between adsorbed molecules can hardly  be 
significant. The value of AGo(q _= 0) is lower than 
the value obtained in water  (--96.1 kJ mo1-1 (4)) ,  
which evident ly  points to the weaker interact ion be- 
tween the mercury  and the thiourea molecule when the 
positive end of the dipole is directed toward the metal. 

Rationale for slow oxygen reduction kinetics in 
HzPO4.--From the point  of view of the oxygen reduc- 
tion kinetics, a thicker double layer  means that the 
electron transfer  has to occur over greater distances 
from the metal  surface to the plane of the reaction in 
concentrated phosphoric acid than in  aqueous electro- 
lytes. At the same time, the adsorption of intermediates 
of the reaction will  be more difficult when phosphoric 
acid species have to be dislocated from the electrode 
surface. The present  s tudy provides a semiquant i ta-  
tive interpretat ion,  based on double layer structure, 
for the slower oxygen reduction kinetics in concen- 
trated phosphoric acid than  in aqueous solutions of 
strong acids. 
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Morphological Studies on the Li-AI Electrode in Fused Salt 
Electrolytes 
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ABSTRACT 

Well-functioning Li-A1 electrodes in Li-A1/FeS cells have an open, coral-like structure. Occasionally, a coalesced zone 
develops that is believed to cause a decline in capacity. Comparative morphology experiments suggest that B-Li-A1, as well 
as a-Li-A1, is involved in the development of coalescence in Li-A1 electrodes operating in fused salt electrolytes. The course 
of developing coalescence is viewed as a sintering process; it is hypothesized that there is a contribution to this process from 
electrochemically formed diffusive pathways that develop between particles of fl-Li-A1. Local overpotential is regarded as 
important in forming these pathways. A significant impact on the rate of coalescence is expected from the high lithium 
vacancy concentration and chemical diffusion coefficient in fl-Li-A1. There is a clear correlation between coalescence and 
charging of the electrode. Variation of current density and electrolyte composition alone did not, within the range of the 
experiments, prevent coalescence. 

L i t h i u m - a l u m i n u m  alloy, the electroactive mater ia l  
in  negat ive electrodes in cells for high tempera ture  
l i t h ium/ i ron  sulfide batteries, develops several mor-  
phological features dur ing  cycling. The main  charac-  
teristic of wel l - funct ioning  electrodes is an open, in ter-  
connected network structure.  However, another  fea- 
ture, a kind of coalescence, sometimes appears in cer- 
tain developmental  cells that  use these electrodes (1). 
An example is shown in Fig. 1. The phenomenon  has 
practical significance in these cells because the densi-  
fled regions are believed to h inder  movement  of l i th-  
ium into and out of the electrode and therefore are 
expected to contr ibute to capacity decline. Work re- 
ported here shows that a capacity decline process 
(probably at least par t ia l ly  related to coalescence) 
does occur in the negative electrode, bu t  leaves open 
the possibility that in a complete Li-A1/FeS cell, addi-  
t ional processes to diminish overall  cell capacity could 
occur elsewhere, such as in  the iron sulfide electrode. 

The coalesced condition is not the result  of an in-  
stantaneous,  calamitous event. Rather, the coalescence 
is the resul t  of a sequential  process that  in various 
stages will  show differing degrees of densification. The 
technological process that  has been studied extensively 
and which the coalescence process closely resembles, 
if it is not identical  to, is sintering.  This process and 
the re levant  theory have been the subject  of much 
study and  have recent ly  been reviewed by  Waldron 
and Daniel l  (2). Neck formation and growth is ob- 
served as the first stage of coalescence in the compara-  
tive morphology experiments  described in' this paper. 
The connected porous (or skeletal) s t ructure  that is 
regarded as advantageous for a funct ioning Li-A1 
electrode in  developmental  cells (3) and that also is 
found in our current  experiments  may be hypothesized, 
in  our view, as a stage in the coalescence process sub-  
sequent  to neck formation, a stage in  which open 
porosity exists but  is probably  declining. The ul t imate 
coalesced state is regarded as having advanced to a 
condition with, probably,  some closed porosity. How- 
ever, since at least a s teady-state  morphological  condi- 
tion is reached in wel l - func t ioning  engineer ing cell 
electrodes, and since such electrodes can be formed 
from massive a luminum,  we propose to regard the 
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morphology development  of the Li-A1 electrode in 
terms of a composite of processes and concepts, which 
include (i) sintering, (it) electrochemical processes 
that help establish the ini t ia t ing and propagat ing con- 
ditions for interpart icle  growth (4), and (iii) surface 
energy effects that  can lead not only to larger bodies 
but  to finer ones as well. We present evidence for the 
view that  both the ~- and E-phases of the Li-A1 sys- 
tem (5) are influential  in coalescence. Earl ier  views 
were centered on the role of the a-phase (3). 

Fig. 1. Agglomeration occurring in negative electrodes of multi- 
plate engineering cells. Photomicrograph available through courtesy 
of Dr. J. E. Battles, Argonne National Laboratory, 
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Experimental and Results 
The objec t ive  of this s tudy  was to compare  the ef-  

fects of cur rent  dens i ty  and e lec t ro ly te  composit ion on 
coalescence. We developed  a technique to make  con-  
t ro l led  comparisons of the morphologica l  effects of 
these two var iables  agains t  a basel ine  condit ion of 
morphology.  The technique uses small ,  deep bed  ( ~ 2  
cm) tmrous electrodes.  Ear l ie r  examinat ions  of engi-  
neer ing  cells (e lect rode thickness up to ~0.8 cm) had 
suggested a corre la t ion  be tween  agg lomera t ion  and 
thickness  of electrode.  Hence, by  using deep bed elec-  
t rodes in the presen t  study,  the  l ike l ihood was en-  
hanced for the occurrence of a zone favorable  for 
coalescence. Also, the t ime requi red  for the develop-  
ment  of the basel ine  condit ion tu rned  out  to be con- 
venien t ly  short .  A l l  of our  exper iments  las ted one 
week,  much less than the severa l  months  tha t  a de-  
ve lopmenta l  test  cell  usua l ly  runs. Our  technique uses 
two electrodes cycled counter  to each other.  Geomet r i -  
cally, they  were  ident ical  r ight  c i rcular  s tainless steel  
cyl inders  wi th  325 mesh s ta inless  steel  screens on the 
bottom. In the in i t ia l  condi t ion for an exper iment ,  one 
e lect rode was loaded with  (~ ~ 8) -Li -A1 [17.45 weight  
percen t  (w/o)  l i thium, 0.451 atomic f rac t ion l i thium, 
corresponding to about  96.3 mol percent  (m/o)  ~-Li -  
A1]. The in i t ia l  condit ion of the o ther  e lectrode was 
pure  a luminum.  Both electrodes were  sealed at the 
top after  loading.  

Electroact ive ma te r i a l  in the par t ic le  size range of 
--60 to 4100 mesh was loaded in both e lect rodes  to 
provide  the ini t ia l  state, but  because of differences in 
par t ic le  shape the mater ia l s  packed differently.  The 
br i t t le  (a + p ) -Li -A1 (Kaweck i -Bery lco )  consisted of 
i r r egu la r ly  shaped angula r  par t ic les  resul t ing  f rom 
grinding,  whereas  the a luminum (Alcoa)  was in the 
form of i r r egu la r  globules resul t ing  f rom the commer -  
cial  b low- fo rming  process. The volume fract ion of 
v ib ra to r i l y  loaded (a + 8 ) -L i -A1  was 0.56 and of the 
a luminum,  0.43. The loading dens i ty  of the a luminum 
par t ic les  was 1.16 g /cm 8. In  regions where  the in i t ia l ly  
pure  a luminum elec t rode  was conver ted  to ~-Li-A1 
in the course of the exper iment ,  the local volume f rac-  
t ion of act ive ma te r i a l  is ca lcula ted to have become 
about  0.8-0.9. This loading is g rea te r  than  that  typica l  
of nega t ive  electrodes in engineer ing cells (about  0.6). 
Thus, a p ro to typ ic  range  of loading volume fract ion 
would  have  been t r aversed  in the opera t ion  of the 
electrode.  Al though the electrodes used in these ex-  
per iments  differ in some respects  f rom those of engi-  
neer ing  cells, the  morphologica l ly  de te rmina t ive  p ro-  
cesses m a y  r easonab ly  be expected to be common to 
both  systems. Thus, the  s tudy  o~ the morphology  in 
our e lectrodes would bear  on the morpho logy  found 
in the l a rge-sca le  systems.  

Exper iments  were  pe r fo rmed  ir~ furnace wells  a t -  
tached to a h igh  pur i ty  he l ium-a tmosphe re  glove box. 
The cyl indr ica l  e lectrodes were  immersed  ver t i ca l ly  
in the  mol ten  sa l t  e lec t ro ly te  wi th  t h e  screens facing 
down, toge ther  wi th  a reference  e lec t rode  of s imi lar  
construct ion and loaded with  (~ ~ p)-Li--A1. The elec-  
t rodes were  filled wi th  e lec t ro ly te  (po larographic  grade 
f rom Anderson-Phys ics  Labora tor ies )  by  immers ion  in 
mol ten  e lec t ro ly te  under  vacuum, wi th  a g radua l  r e -  
tu rn  of the furnace  wel l  to a tmospher ic  pressure.  Af te r  
cycling, t he  e lectrodes were  sect ioned along the longi-  
tud ina l  axis, mounted,  ground, and pol ished for me ta l -  
lographic  s tudy.  

Table  I l ists the  basel ine  expe r imen ta l  conditions. 
In  addi t ion  to the basel ine  cur ren t  dens i ty  of 50 m A /  
cm~, cur ren t  densi t ies  of 25 and 150 m A / c m  2 were  
selected. In  addi t ion to the  basel ine  e lec t ro ly te  of 
LiC1-KC1 eutect ic  (58.2 m/o  LiC1-41.8 m/o  KC1), two 
o ther  electrolytes ,  "LiCl - r ich"  (67 m/o  LiC1-33 m/o  
KC1) and a l l - l i t h ium cation e lec t ro ly te  (22 m/o  L iF -  
31 m / o  Lie1-47 m/o  LiBr)  were  invest igated.  Two 
addi t ional  exper imen t s  to aid in the  in te rp re ta t ion  of 
the findings were  (i) a b l ank  expe r imen t  in w~ich no 

Table I. Baseline experimental conditions 

Particle size 
Mass loading 

Electrolyte 
Electroae geometry 

Current density 
Temperature 
Cutoff voltages 
Total duratmn of cycling 

-60 to +100 mesh in each elect-~ode 
1.128 A-hr of 17.45 w/o Li-A1 (one 

electrode) 
1.46~ A4- ( other electrode) 
L1CI-KC1- eutec~ic 
2 cm depth, 0.78 cm ~ area, 1.56 cm ~ 

volume 
51 re.A/cm~ 
4~~ 
0.2V,/R-included, both directions 
1 week 

cur ren t  was passed but  which o therwise  incorpora ted  
basel ine  condittons, and (ii) .a unidi rec t ional  cur ren t  
expe r imen t  a t  25 m A / c m  2 with  no cycl ing and in 
which l i th ium was only  charged into the or ig inal ly  
a luminum electrode and discharged out of the or ig i -  
na l ly  (a ~ 8 ) -L i -A1  electrode.  

Under  the basel ine  conditions,  extensive coalescence 
developed in the e lec t rode  tha t  was in i t ia l ly  pure  alu-  
minum. In  addi t ion  to the coalesced zone, a region of 
s t r ia ted  ma te r i a l  developed tha t  was a l igned para l l e l  to 
the d i rec t ion  of cur ren t  flow in the electrode;  see Fig. 2. 
These stria,  which  are longer  than  the average par t ic le  
size of unreac ted  mater ia ls ,  are contiguous and jo ined 
to coalesced mater ia l ,  a s i tuat ion that  suggests that  
the s t r ia  are  involved in the  coalescence process. In  
the or ig inal  Li-A1 e lec t rode  of the  basel ine exper iment ,  
some s t r ia t ion  was evident ,  but  the  coalescence was 
not  of the degree  that  is cons idered  deleter ious.  As the 
or ig ina l ly  pure  a luminum electrode is cycled, the  a lu-  
m i n u m  is .converted to ~-Li-A1. This conversion results  
in a nea r ly  twofold  volume expansion and causes 
in te rpa r t i c l e  crowding to develop.  In  contrast ,  in the 
e lect rode or ig ina l ly  composed of Li-A1 the in te rpar t ic le  
c rowding is at  its grea tes t  in the  as - fabr ica ted  condi-  
t ion before  cycl ing occurs ( the normal  condit ion in a 
prac t ica l  cel l ) .  

The b lank  exper iment ,  where  no cur ren t  was passed, 
reve.aled no signs of coalescence in e i ther  electrode.  
At  the end of the one-week  exper iment ,  the open-  
circui t  cell  emf was 0.194V. F r o m  Wen et al. (6), this 
po ten t ia l  would  correspond to a composit ion on the 
e lect roact ive  surfaces in the  or ig ina l ly  a luminum elec-  
t rode  of about  3 a tomic percen t  ( a /o )  Li in A_I, a com- 
posi t ion in the  a-Li-A1 region.  The Li-A1 reference 
e lec t rode  (descr ibed above) ,  which was used for many  
of the exper iments ,  also showed no signs of par t ic le  
coalescence. Essent ia l ly  no cu r r en t  passed through this 
e lec t rode  by  v i r tue  of its funct ion;  i t  did, however ,  
exper ience  f r eeze - thaw cycl ing be tween  exper iments .  
Par t ic le  coalescence in an e lec t rode  envi ronment  ap-  
pears,  therefore,  to requi re  the passage of cur rent  e i ther  
as a p r e p a r a t o r y  s tep (for example ,  to clean the sur -  
faces) or  as an in tegra l  mechanis t ic  component  con- 
t r ibu t ing  e lec t rochemical  and mechanica l  fea tures  (for 
example ,  cr i t ical  overpotent~al  and  expansion effects, 
respect ive ly)  to the  ongoing morphologica l  process. 

T h e  unid i rec t iona l  cur ren t  expe r imen t  revea led  ex-  
tensive par t ic le  coalescence in the react ion zone where  
~-Li-A1 was formed in the  or ig ina l ly  a l u m i n u m  elec-  
t rode;  see Fig. 3. In  the upper  zone of this e lectrode 
where  the  composi t ion of the  ma te r i a l  was ~-Li-A1, 
only  a minor  degree of react ion was achieved.  I n t e r -  
par t ic le  contacts  and necking  in this  region were  found, 
a l though the necking was much less extensive than  in 
the  ~-Li-A1 region.  At  200 • magnification,  the necks 
in the  a-Li-A1 par t ic les  showed a re ta ined  l ine of 
gra in  bounda ry  pores;  the  coalescence was not  as 
advanced  in this  respect  as among the ~-Li-A1 pa r -  
t icles in the  electrode. In  the  or ig ina l ly  (a -t- 8 ) -L i -A1  
electrode,  where  only the  discharge process occurred,  
no evidence for par t ic le  coalescence was found. The 
unidi rec t ional  cur ren t  exper imen t  suggested, therefore,  
that  the  s inter ing process is associated at  least  in pa r t  
wi th  charging of the electrode.  

F rom the morphologica l  da ta  for the  exper iments  
covering the cu r ren t  dens i ty  and e lect rolyte  variables ,  
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Fig. 2. Morphology observed in originally aluminum electrode 
under baseline conditions; includes coalescence and striation. Un- 
reacted zone is at top. 

summarized in  Table II, it is apparent  that electrolyte 
composition alone (in respect to l i th ium ion concen- 
t rat ion)  is not  the key to prevent ing  coalescence. The 
a l l - l i th ium cation electrolyte, the extreme case of 
l i th ium-ion  richness, does not  provide freedom from 
coalescence al though in  other aspects it showed favor- 
able performance,  such as in ease of electrode break-  
in. Similarly,  the nomina l  current  density does not 
seem to be a single determinat ive  variable, though it 
is indicated below that  local overpotential ,  and hence 
the related local current  density, at particle surfaces 
wi thin  the electrode is important .  

It is interest ing to note that for the 50 mA/cm 2, all-  
l i th ium cation case, see Fig. 4, a s tr iat ion zone occurs 
deeper (higher in  the figure) in the reaction zone, 
close to the advancing reaction front as well as closer 
to the screen. The stria close to the reaction front ap-  
pear more conspicuously aligned and developed than 

Fig. 3. Morphology observed in originally aluminum electrode that 
was only charged (unidirectional current experiment). Darker, 
tarnished zone of lower' 3/4 of electrode is reaction zone. 

in most  other cases; mater ia l  both ahead of and behind 
the stria is coalesced. 

Despite the substant ia l  density change when  a mass 
of p-Li-A1 is discharged to ~-Li-A1 (about 1.7 to 2.7 
g /cm 3 leading to about 52% predicted contraction) the 
out l ine of the body does not seem to change or shrink 
noticeably in a single discharge. In the unidirect ional  
current  experiment,  the polished sample of the elec- 
trode original ly composed of LiA1 was treated with 
e thylene glycol to remove electrolyte. At 200• mag-  
nification, the discharged particles showed a fine- 
grained granular i ty  believed to reflect porosity that 
developed dur ing  the ;~-to-a conversion. In  the elec- 
trode original ly composed of a luminum,  after the 
ethylene glycol t reatment ,  examinat ion  under  a stereo- 
microscope showed a lava- l ike  interconnectedness of 
electroactive material.  This lava- l ike  pa t te rn  has been 
described previously (1). 

Examinat ion  of particles at the front edge of the 
reaction zone revealed few instances where the con- 
version of mater ial  proceeded inward from all surfaces 
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Table II. Findings from comparative morphology experiments* 

Current 
~ o  nsity 

Elec- 
de 

lyte N 

A1-Li+ 

25 mA/cm~ 

LI-AI 

Only few cycles Few cycles. 
but deep RZ. 14 mmRZ.  

No C. Some C. 
No S. No S. 

LiCl.rich No C. 
No S. 

50 rnA/cm ~ 150 mA/cm ~ 

AI Li.A1 AI LI-A1 Al 

Most of electrode 15 mm RZ plus 1 mm Moderate C. 
reacted, strong S zone close S, F. 

Slightly advanced to advancing edge of 
C. main RZ. 

S at top of RZ. C in main part of RZ 
with moderate  S. 

Very  little F. 

13-15 mm RZ. Pronounced 
StrongLy bulged screen, uni form F. 
C, F, S. No C. 

Slight S. 

12 mm RZ, with lower No C. 
half showing consid- Some S. 
erable granularity  
and F. 

Upper half  showing 
extensive C in early 
stage. 

Baseline case 

12 mm RZ, 
Moderate C. 
S less aligned than in 

baseline. 
Same F. 

LiCI-KC1 No C. Fairly shallow RZ, S. 
eutectic  Some S and F about 5 ram. 

near screen. C, $, 

5 mm RZ. 
Pronounced uniform 

F. 
Incipient C at reac- 

tion front. 

13 mm RZ. No C. Shallow RZ, about 3 
C, S. Slight F. ram. 

S, F. 

* C, coalescence; S, striation; F, fineness; RZ, reaction zone. 

in contact with electrolyte. Instead, a zone of reaction 
product was f requent ly  seen start ing at a point  on 
the particle surface and advancing toward the interior  
of the particle, or through the particle, leaving other 
parts of the surface unreacted. An example is shown 
in Fig. 5. Sometimes reaction sites on a particle could 
be seen, even on the side away from the screen. This 
observation will probably  have kinetic implications for 
models that  assume that particles react uni formly  on 
their surfaces to form shells of reaction product around 
a core of unreacted mater ia l  (7). 

The cycled electrodes often showed development  of 
"fines" and a th inn ing  out of mater ial  density at the 
bottom, close to the screen. An example is shown in 
Fig. 6. Assuming interpar t ic le  connectedness was re-  
tained, it i s  not  l i ke ly  that this mater ial  simply fell 
through the screen. However, it is possible that a pro- 
cess occurs analogous to that  reported by Szpak et al. 
(8) whereby str ia of mater ia l  are undercu t  electrO- 
chemically, with the resul t ing fragments migra t ing in 
the electrolyte by a displacement mechanism or by 
an electrophoretic process. If such a process occurs, it 
could be the means for t ransfer  of mater ial  toward the 
electrode interior,  contr ibut ing to densification there. 
An addit ional f ragmenta t ion hypothesis based on 
surface energy effects is discussed in the next  section. 

Al though the pr imary  purpose of the comparative 
morphology experiments  was an examinat ion of 
coalescence conditions, we also gained informat ion re- 
lated to electrode capacity. The l i th ium content  of each 
electrode was de termined for the end of each half-  
cycle as the product  of current  and durat ion of the 
half-cycle. Plots of these data have been published 
elsewhere (9). Comparing curves showing the amounts  
of l i th ium retained after a discharge with curves show- 
ing the amount  present  after a charge (the difference 
being a measure of capacity) indicates that a capacity 
decline phenomenon is associated with the Li-A1 elec- 
trode. Although the emphasis of this study is on the 
coalesced state of morphology as a l ikely cause for 
capacity decline, evidence was found that  suggests 
development  of fines is l ikely to be an addit ional  cause 
for capacity decline. This is most clearly borne out 
by  the 150 m A / c m  2 case in LiCl-r ich electrolyte, 
shown in Fig. 6. The photomicrograph shows only 
slight or incipient  coalescence at the reaction front, bu t  
pronounced and uni form fineness throughout  the re-  
action zone. The l i th ium inventory  curves, published 
in Ref. (9), show an increasing re tent ion of l i th ium 

on disch,arge. Fines in the electrode could account for 
some of this d iminut ion  of electroactive l i th ium if 
they become electrically disconnected from the bulk 
of the electrode or if their remaining connections be- 
come highly resistive. 

Discussion 
In  the comparative morphology experiments,  the 

lack of coalescence in most cases of the originally 
IA-A1 electrode is noteworthy.  It  might  be expected 
that the tendency to join particles would be less in 
these electrodes because the ini t ia l ly Li-A1 particles 
are most crowded at the start  and al ternate between 
this state and  a less crowded one on discharge. Even 
if interpart icle  pressure promotes coalescence, this 
effect is minimized in the ini t ia l ly Li-A1 electrode. 
Nevertheless, exceptions to the lack of coalescence in 
ini t ia l ly  Li-A1 electrodes were observed in the middle 
and high current  cases with a l l - l i th ium cation elec- 
trolyte. In  addition to coalescence, striation was also 
observed. In  these electrodes, even with lessened pres-  
sure between particles, coalescence still occurs. 

We hypothesize that  the development  of striations is 
an example of an early stage of s intering involving 
~-Li-A1 protrusion growth on particles, extension of 
a protrusion to contact a neighboring particle, neck 
formation, and coalescence of particles into a stranded 
configuration. In  support  of the protrusion hypothesis 
we recall  our earlier observations of 3-Li-A1 prot ru-  
sion growth on massive a l u m i n u m  surfaces where 
l i th ium was electrodeposited (9). The directionali ty 
of the striations is expected to be a consequence of this 
interpart icle protrusion growth and bridge develop- 
men t  (or neck growth, in s inter ing terminology) that 
is favored along lines of current  flow. Protrusion 
growth, being influenced by diffusional flow to the 
protrusion, is s trongly correlated with the current  flow 
since it is known that  diffusive lines are paral lel  to 
current  lines (4). In  addition to ini t ia t ing a diffusion 
pa thway between particles when  contact is made, the 
points of protrusions also are expected to be sites of 
local high pressure if external  compression forces 
develop to force particles together. Such a process 
would fur ther  favor coalescence. 

In  a consideration of the atomic motions that  would 
be needed to join particles, it can be seen that  certain 
properties of 3-Li-A1 are unusua l  and are expected to 
contr ibute  to its role in the coalescence process. They 
are the very  high l i th ium vacancy concentrat ion (up 
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Fig. 5. Example of reaction zone advancing through a particle 
rather than forming a shell. Unreacted portion is in upper portion of 
particles. 

react ion to fo rm the less dense ~ -L i -AI  f rom ~-Li-A1 
would  cause the pro t rus ion  to grow f rom the base and 
to c a r r y  its a luminum content  wi th  it. The progress ion 
of l i t h ium into a luminum- r i ch  ma te r i a l  at the base, or 
anywhere  the  ~-to-~ conversion is t ak ing  place, is, 
thus, not  l imi ted  by  the re la t ive ly  s low bu lk  diffusion of 
l i th ium in a-Li-A1. [The chemical  diffusion coefficient 
of l i th ium in a l u m i n u m  is of the  o rde r  of 10 -10 cm2/sec 

Fig. 4. Morphology obser;ved in originally aluminum electrode 
cycled at 50 mA/cm 2 in all-lithium cation electrolyte. Only a small 
unreacted zone is at top. Note striation near top of reaction zone. 

to about  3%) tha t  occurs ma in ly  in the l i t h ium sub-  
la t t ice  (10, 11) and the high l i t h ium chemical  diffu- 
sion coefficient that  at  ~,10 -~ cm2/sec approx imates  
that  in l iquids  (6).  These two proper t ies  would  sig- 
nif icantly influence the s in te rab i l i ty  of ~-Li-A1, con- 
s ider ing  tha t  in c rys ta l l ine  meta ls  and  ceramics the 
mass  t r anspor t  in s in ter ing  is genera l ly  by  bu lk  diffu- 
sion (3).  

In  ~-Li-A1, at  450~ a luminum p robab ly  diffuses 
more  s lowly  than  l i thium. At  room t empera tu r e  and 
below, the  a luminum atoms axe essent ia l ly  immobi le  
(10). However ,  at  450~ which is about  3/a of the abso-  
lu te  mel t ing  poin t  of ~-LiA1 and is wel l  above the 
Tammann  tempera tu re ,  i t  is l i ke ly  that  a luminum 
becomes mobile.  However ,  a luminum,  in the deve lop-  
men t  of in te rpa r t i c l e  bridges,  m a y  not move exc lu-  
s ively  b y  a diffusion process. F o r  example ,  l i th ium 
deposi t ing on t h e  tip of a ~-Li-A1 pro t rus ion  wil l  resul t  
in a local  composi t ion tha t  is in the  l i t h ium- r i ch  par t  
of the E-phase field and wil l  es tabl ish a l i th ium act iv i ty  
g rad ien t  in  the  protrusion.  This is poss ible  because  the  
~-Li-A1 single phase  field in the Li-A1 phase d iag ram 
covers app rox ima te ly  a 50-fold range of l i th ium ac t iv-  
i ty  (6). The d r iv ing  force of this ac t iv i ty  g rad ien t  
causes l i th ium to diffuse r ap id ly  th rough  the ~-Li-A1 
pro t rus ion  to the a l u m i n u m - r i c h  base. There,  the  

Fig. 6. Fine-textured reaction zone formed in experiment in LiCI- 
rich electrolyte at 150 mA/cm 2. The reacted portion in the lower 
two-thirds of the figure is to be compared with the corresponding 
portion of the baseline case shown in Fig. 2. 
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(12).] Instead, the ~-Li-A1 structure at the reaction 
interface is broken up from one side, at least to the 
degree of forming a ~-like reaction intermediate  of 
monolayer  dimensions. The movement  of l i thium, to 
complete the conversion to ~-Li-AI, through such a 
loosened structure can be expected to be more rapid 
than movement  through bulk  ~-Li-A1. 

For the ini t ia l ly  Li-A1 electrodes in a l l - l i th ium cation 
electrolyte, we note that coalescence occurred in the 
middle and high cur ren t -dens i ty  cases and to a degree 
that  Was worse for the h igh-cur ren t  case than for the 
middle -cur ren t  case. In  the LiCl-r ich electrolyte 
studies, s t r iat ion (but  no extensive coalescence) ap- 
peared in  the middle-  and h igh-cur ren t  density cases. 
This dependence of the s t r ia t i0n-s inter ing process on 
current  density can be understood in terms of pro t ru-  
sion growth, which in  other cases is known to be de- 
pendent  on overpotential  and current  density (4). 

Protrusions are augmented surface irregulari t ies;  
the phenomenology and related theory have been 
treated by numerous  workers and were reviewed by 
Despid and Popov (4). The general  equation [Eq. [29] 
of Ref. (4)] of this theoretical development  was ap- 
plied to the present  case. We emphasize, however, that 
the theoretical development,  as given by Despid and 
Popov, was for electrodeposition of a single component,  
a process that can be expected to differ from the more 
complex deposition-diffusion reaction process in the 
Li-A1 electrode. Our application of the equation is 
intended as an analogy to rationalize the observed 
morphological dependences on current  density; the 
numbers  are il lustrative, and are not suggested to be 
the actual values per t inent  to this system. Thus, a 
curve calculated for the growth rate of protrusions as 
a funct ion of overpotential,  using reasonable values 
for parameters  in  the Despid and Popov equation, is 
fair ly flat unt i l  a critical region of overpotential  (about 
10-30 mV) is reached. At higher overpotentials the 
protrusion growth rate increases rapidly. Also, the 
growth rate as a funct ion of tip size is a flat max imum 
for tip radii  in the approximate range 10-5-10 -~ cm 
and falls off significantly for smaller  and larger tips. 
Though it is known that morphology strongly depends 
on overpotential,  an evaluat ion of overpotentials in 
the experiments  is difficult at this time because local 
values of activities inside the electrodes cannot be de- 
termined in order to calculate local reversible poten-  
tials. Other exper imentat ion designed to measure criti- 
cal overpotentials  for protrusion growth is needed. 

Comparing the in i t ia l ly  Li-A1 electrode from the 
unidirect ional  cur ren t  exper iment  with that from the 
baseline exper iment  (these experiments  were ident i -  
cal except that  one was cycled and the other was not) ,  
we found that  the Li-A1 electrode that  was only dis- 
charged showed no striations, but  the cycled Li-A1 
electrode showed striations. The development  of str ia-  
tions appears, therefore, to be associated with the 
charging process. This result  is consistent with the 
suggested occurrence of fi-Li-A1 protrusion growth, a 
process that  would occur dur ing  charging. In  the origi- 
nal ly  Li-A1 electrodes, furthermore,  there is negligible 
interpart icle pressure development  dur ing cycling, as 
already discussed, so that s tr iat ion development  from 
such pressure (if it is a cause) would also be negligible. 

The ini t ia l ly  a l u m i n u m  electrode from the unidirec-  
t ional current  experiment,  besides showing that coales- 
cence proceeds dur ing  charging, also provides insight 
into the active part icipants  in the coalescence process. 
In this electrode, shown in  Fig. 3, the init ial  in ter -  
particle contacts would probably have been , - to-~,  or 
possibly occasional ~-to-~ contacts, as l i th ium depo- 
sition started. The extent  of coalescence produced from 
a-to-~ contacts dur ing the exper iment  may be judged 
from the upper  port ion of the electrode (~-Li-A1 re-  
gion).  Compared with a- to-a  neck development  in  this 
region, we might  expect the degree of coalescence 
through a- to-a  contacts in the lower region to be less 

because the formation of p-Li-A1 in the lower region 
would have shortened the existence t ime of a-material .  
The more extensive coalescence ~in terms ot numbers  of 
contacts and degree of advancement)  observed among 
the ~-Li-A1 bodies in the lower part  suggests that addi-  
t ional interpart icle  contacts developed as the particles 
expanded toward each other as a result  of the ~-to-~ 
conversion and that the earl ier  ~-to-~ joins were con- 
verted to ~-necks. The new contacts would have been 
~-to-~ or ~-to-~ in composition. Therefore, the coales- 
cence process would be dominated in this region by 
a mechanism involving ~-Li-A1, but  in coexistence 
with a mechanism involving ~-Li-A1. However, it is 
not implied from the observation of coalescence dur ing 
charging that coalescence cannot continue dur ing a dis- 
charge of the electrode or dur ing an open-circui t  
period; the consolidating processes init iated during a 
charge of a cycled electrode do not necessarily stop 
immediate ly  and reverse when the next  discharge 
starts. Such processes might  include diffusion along 
s inter ing pathways or pressure- induced sinter ing un-  
der pressure generated by expans ive  forces due to 
fi-Li-A1 formation, or, in engineer ing cells, under  pres-  
sure due to expanding positive electrodes. 

In  the comparat ive morphology experiments,  the 
electrode potentials of ei ther electrode, under  the cutoff 
conditions of __+0.200V /R- inc luded cell voltage, never  
reached values that  would have permit ted a l iquid 
Li-A1 phase to form. The most nega t ive /R- f r ee  poten- 
tial ever applied to an electrode was only 104 mV more 
negative than the reference electrode. To form liquid 
phase would have required an electrode potential  at 
least 230 mV (IR free) more negative than (~ + ~)-  
Li-A1 (6). The absence of such a liquid phase rules 
out the possibility of a role for l iquid Li-A1 coalescence. 

Universal ly  in the comparative morphology experi-  
ments, and usual ly  in engineering cells (3), the coa- 
lesced region is found in the interior  of the electrode 
and not at the screen. Closer to t he  screen, the mor-  
phology is more finely textured. Where fineness is pro- 
nounced, it is reflected in Table II by the notat ion "fine- 
ness." Insight  for the location of coalesced zones can 
be found in the theories and phenomenology related to 
augmented surface irregulari t ies in electrodeposition in 
the above-ment ioned review (4). From this background, 
it is known that  the roles of local overpotential,  cur- 
rent  density, and induct ion time in the ini t iat ion and 
growth of an asperi ty are interrelated.  Under  conditions 
of constant current  charging, the applied potential  in-  
creases with time. The portion of the IR drop between 
the electrodes remains essential ly constant, assuming 
an essentially constant interelectrode cell resistance. 
The increase in applied potent ial  as it influences local 
overpotential,  then, must  be accommodated within the 
electrodes, more so deeper inside the porous structure 
than near  the screen. In  this way, the local overpoten- 
tial increasing in  the interior  may be expected to 
reach the levels required for substant ial  increases in 
the growth rate of i rregulari t ies  on particle surfaces at 
inter ior  sites. 

More detailed profiles of conditions in an electrode 
have been calculated in the mathematical  modeling of 
the porous electrodes in the Li-A1/FeS bat tery by Pol-  
lard and Newman (7). The Po l l a rd -Newman t rea tment  
supports belief in the general ly increasing local overpo- 
tentials wi thin  the electrode. According to their  model, 
composition shifts for the electrolyte (hence, one de- 
duces, local overpotential  shifts) inside the electrode 
are predicted to be substantial,  leading to precipitat ion 
of KC1, for example, in zones within the Li-A1 elec- 
trode dur ing charging. They also predict precipitation 
in the FeS electrode. Exper imenta l  observations of such 
intraelectrode precipitat ion have been reported for the 
charged FeS positive electrode by Mart in  et al. (13). 
Also, an electrolyte concentrat ion gradient  in the elec- 
trolyte in  the separator between electrodes of an Li-A1/ 
electrolyte/Li-A1 cell has been demonstr,ated experi-  



VoL 130, No. 1 Li -A1  E L E C T R O D E  11 

men ta l l y  by  Brauns te in  et al. (14) so that  the expec-  
ta t ion of locahzed overpoten t ia l  changes wi th in  the 
electrodes,  brought  about  by e lec t ro ly te  concentra t ion 
shifts and perhaps  by  precipi ta t ion,  appears  wel l  sup-  
por ted .  

The more  b r o k e n - u p  s t randedness  and genera l ly  
finer t ex tu re  tha t  develop near  the screen can be r a -  
t ional ized by  severa l  processes;  at our present  level  of 
unders tand ing  al l  of these m a y  be assumed to occur to 
var ious  degrees.  One involves  the poss ib i l i ty  of elec-  
t rochemica l  f r agmenta t ion  and undercu t t ing  as re -  
po r t ed  by  Szpak  et al. (8). Ano the r  would be a possi-  
b i l i ty  for a process analogous to powder  fo rmat ion  du r -  
ing e lect rodeposi t ion (4);  in this case, even h igher  
overpoten t ia l s  than  those a l lowing prot rus ions  to grow 
would,  p resumably ,  need to be invoked.  For  a th i rd  
process we hypothesize  tha t  surface energy changes for 
different  par t s  of a body as the body 's  composi t ion 
changes (e.g., be tween  a-  and ~-LiA1) wi l l  favor  sepa-  
ra t ion  of these parts .  Detai ls  of the analysis  wi l l  be 
p resen ted  elsewhere,  but  the genera l  s i tua t ion  for 
cy l indr ica l  systems wi th  par t s  of different  composit ions 
is tha t  the  dr ive  to d imin ish  surface energy  wil l  
fac i l i ta te  separa t ion  of par ts  f rom ve ry  s lender  bodies 
wi th  any  reasonable  combinat ion of assumed surface 
energies  for  the  parts ,  but  for  squat  bodies, surface 
energy  differences wil l  not  favor  separat ion.  The cr i t i -  
cal l e n g t h - t o - d i a m e t e r  rat io  for  favored separa t ion  is 
d iamete r  dependent ,  and for a cr i t ical  size rat io  there  
is a cr i t ical  rat io of surface energies,  too, if separat ion 
is to be al lowed.  Thus when an e lect rode is cycled and 
var ious  par t s  of the par t ic les  change composit ion and, 
hence, surface energy,  condit ions are  set up which sa t -  
isfy the separa t ion  cr i ter ia  to var ious  degrees. With  
the  es tab l i shment  of a the rmodynamic  dr iv ing  force 
for  separat ion,  k inet ic  factors wi l l  then influence the  
degree  to which  f r agmenta t ion  ac tua l ly  occurs. In this 
way, a ra t iona le  based on surface energy  and geometr ic  
considerat ions  contr ibutes  fu r the r  to an unders tand ing  
of the  deve lopmen t  of fines in the Li-A1 electrode.  

Conclusions 
We have presen ted  evidence for  a role for ~-Li-A1 

in the  coalescence process in Li-A1 electrodes and 
recognize the  l ike l ihood for a role  for a-Li-A1 as well.  
The coalescence process is associated at  least  in par t  
wi th  charging of the  electrode.  

Curren t  dens i ty  or  in i t ia l  e lec t ro ly te  composit ion 
alone, in the  range  studied,  are  not  var iables  b y  which 
one m a y  p reven t  coalescence. S t r i a ted  morphology,  re -  
garded  as an in t e rmed ia te  s tage in the  s inter ing p ro -  
gression, is seen as resul t ing  f rom ~-Li-A1 prot rus ion  
fo rmat ion  and br idg ing  be tween  part ic les .  The high 
l i th ium vacancy  concentra t ion and the high chemical  
diffusion coefficient of l i th ium in ~-Li-A1 are  expected 
to have  deep significance for  the  e lec t rochemical  b e -  
hav ior  and morphologica l  deve lopment  of this system. 
Local  overpoten t ia l  is r ega rded  as impor t an t  in de te r -  
min ing  the in i t ia t ion and growth  of morphologica l  
features .  Surface  energy  effects a re  considered influen- 
t ia l  in the deve lopment  of fine t ex tu re  in an Li-A1 
electrode.  A l iquid Li-A1 phase  was not  involved in 
the  coalescence in these exper iments .  A model  to r a -  
t ional ize comprehens ive ly  the e lec t rochemical  pe r fo rm-  
ance and morphologica l  deve lopment  of the e lect rode 
would  need to deal  wi th  the t ime dependence  of (i) 
local  overpo ten t ia l  effects as they  are  influenced by  

local  composi t ion shifts for  e leet roaet ive  ma te r i a l  and 
e lec t ro ly te  (conduct iv i ty  and t ranspor t  number  
changes in the  e lec t ro ly te  wil l  p robab ly  be in t e r r e -  
la ted)  and (ii) local mechanica l  effects ~rom pressure  
changes due to e lec t ro ly te  solidification and redissolu-  
t ion and to dens i ty  changes in e lect roact ive  mater ia l ,  

If vacancy  concentra t ion and l i th ium diffusivi ty bear  
on sintering,  it  appears  des i rable  to modi fy  the sol id-  
s tate chemis t ry  of the L i -AI  system with  addit ives.  
However ,  it  is possible tha t  gains in a s tabi l ized 
morphology  might  come at  some sacrifice in e lec t ro-  
chemical  kinetics and performance.  Some exper iments  
have  been pe r fo rmed  to explore  the effect of addi t ives  
and wil l  be repor ted  elsewhere.  
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Effective Conductivities of a Positive Electrode in an I.i-AI/FeS Cell at 
Different States of Charge 

~M. Hiroi ~ and H. Shimotake* 
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ABSTRACT 

Effective conductivities of porous electrodes containing FeS as the initial active material and 54 weight percent (w/o) 
LiC1-KC1 electrolyte were experimentally determined at 450~ for different states of charge by means of an a-c impedance 
bridge. The effective conductivity of the fully charged FeS electrode was found to be approximately 7 fl-1. cm-1, about four 
times higher than the conductivity of the electrolyte. This high effective conductivity is considered to be one of the superior 
features of the FeS cells because such high conductivity results in high power density without the addition of conductive 
material. The change of the electrode effective resistance during the discharge is discussed in connection with both the 
electrode reactions and the results of metallographie examinations. 

An Li-A1/FeS cell operat ing at temperatures  ranging 
from 430 ~ to 500~ has been under  development  for 
electric-vehicle propulsion and s tat ionary energy-s tor -  
age applications (1). Exper imenta l  results indicate that 
the resistance of the Li-A1/FeS cell increases with dis- 
charge (2, 3). Efforts to lower the cell resistance are 
being made in order to increase its power capability. 
However, at present, detailed knowledge of the re-  
sistance as a funct ion of state of charge is lacking. To 
help unders tand  this cell-resistance behavior, separate 
determinat ions of effective eonductivities of each posi- 
tive and negat ive electrode, respectively, are needed. 

In this study, polarizat ion-free effective conductiv-  
ities of porous electrodes containing FeS as the active 
mater ia l  were determined.  Typical electrodes were 
measured in  the 54 weight  percent (w/o) LiC1-KC1 
(67.4 mol % LiC1-KC1) electrolyte at 450~ for differ- 
ent states of charge by means of an a-c impedance 
bridge. The FeS electrode demonstrated high conduc- 
t ivi ty in the first stage of discharge and significant 
decline of the electrode resistance at the final stage of 
discharge. This unique  behavior  is discussed in con- 
nect ion with the electrode reactions and  the results  of 
metal lographic examinations.  

Experimental Procedure 
The test cell, shown in  Fig. 1, consisted of an FeS 

working electrode, an Li-A1 counterelectrode, and a 
reference electrode. These electrodes were immersed in 
about 80 ml of 54 wt  % LiC1-KC1 (67.4 tool % LiC1- 
KC1) (LiCl-rich) electrolyte contained in  a 200 ml 
mo lybdenum beaker, whmn also served as an electrode 
for the impedance measurements .  The distance be-  
tween the surface of the FeS electrode and the bottom 
of the mo lybdenum beaker was kept at 0.5 cm with a 
boron ni t r ide spacer, which is not shown in the figure. 
The 54 wt % LiC1-KC1 (polarographic grade) was ob- 
tained from Anderson Physics Laboratory, and the FeS 
was obtained from Great  Western Inorganic.  Pr ior  to 
mixing, both the FeS and LiC1-KC1 were ground and 
sieved to --50, +120 mesh. The mix ture  was then 
loaded into a set of dies and pressed into a cylindrical  
pellet  with a hand press. The cell was operated at 
450~ in a furnace well which was attached to a he-  
l ium-atmosphere  glove box. An Ni/NisS2 reference 
electrode, whose potent ia l  is 1.364V against the Li-A1 
electrode at 450~ when nickel  and stainless-steel ter-  
minals  are used (4), was used for moni tor ing the FeS 
electrode. A sheathed Chromel -Alumel  thermocouple 
was inserted into the cell. Boron ni tr ide (supplied by 
Union Carbide Corporation) was used to make an elec- 
trode housing which had a cavity of 0.63 cm diam and 
0.4-0.75 cm depth. The pressed mixture  of active ma-  
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shi-nada, Kobe 6Z8 Japan .  
Key  words: cathode, conductivity, mol t en  salt, i m p e d a n c e ,  iron 

sulfide. 

terial  containing 82.7 wt % FeS and 17.3 wt % elec- 
trolyte, corresponding to a loading densi ty of 1.4 A �9 
h r / cm 3 or 55% porosity, was placed in the cavity. This 
working electrode was covered with fine stainless steel 
screen (325 mesh) for both particle re tent ion and con- 
s traint  of volume change dur ing  cell reaction. 

The FeS electrode was brought  to a desired state of 
discharge by discharging slowly at a current  density of 
10 m A / c m  2 or less. When the closed circuit voltage of 
the FeS electrode reached --0.2V vs. Ni/Ni~S2, thc 
discharge was terminated,  and a subsequent  charge 
was made at the same current  density. The impedance 
of the  FeS electrode was measured by in ter rupt ing  the 
discharge or charge current  and  applying an a-c cur-  
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D E F 
Fig. 1. Cell assembly. A--molybdenum beaker, B--electrolyte 

level, C--Pyrex beaker, D--Li-AI, E--stainless steel mesh, F--posi- 
tive active mass, G--Li2S, H--steel current collector, I--boron 
nitride housing, J--Ni/Ni3S2 reference electrode, K--thermocouple, 
L--AI208 crucible, M---~Ni wire. 
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rent  wi th  an impedance  br idge;  the circui t  for the 
br idge  is shown in Fig. 2. The impedance  measurement s  
were  begun  severa l  minutes  af ter  in te r rup t ing  cur ren t  
because the  impedance  changed l i t t le  even af ter  3 hr  of 
open circuit ;  a t  a peak  resistance,  0.90-0.88~ in 3 hr. 
The po la r iza t ion- f ree  res is tance was de t e rmined  f rom 
ex t rapo la t ion  to infinite f r equency  of the  observed 
ohmic resis tance agains t  $-1/2, where  f is f requency  in 
Hz. The impedance  measurement s  were  made over  a 
f requency  range  of 200-20,000 Hz. Cell  constants  were  
de t e rmined  f rom the resis tance values  obta ined  by 
using the un loaded  electrodes (I in Fig. 1) in the  elec- 
t ro ly te  at  450~ and the conduct iv i ty  of the e lectrolyte ,  
1.83 ~ - 1  . c m - 1  (5).  The e lec t ro ly te  dissolves smal l  
amounts  of cell  components ,  such as FeS (6), Li2S (6, 
7), and Li  f rom the Li-A1 anode dur ing  discharge and 
charge.  The dissolut ion causes change in conduct iv i ty  
of the e lect rolyte .  The conduct iv i ty  measu remen t  at 
fu l ly -d i scha rged  s ta te  showed tha t  the  conduct ivi ty  
increased  by  1.5-5%. This change was considered small  
and negligible.  

Results and Discussion 
Typica l  changes in the effective specific res is tance 

of a 0.4 cm thick FeS  electrode dur ing  the first cycle at  
different  s ta tes  of d ischarge  and charge are  shown in 
Fig. 3. The impedance  of the  FeS elect rode is re la ted  
to the s ta te  of charge (SOC) on both d ischarge  and 
charge.  The e lect rode resis tance in i t ia l ly  decreases with 
discharge,  then r ap id ly  increases. Af te r  the discharge 
has reached  about  70-80% ut i l iza t ion of the theore t ica l  
capaci ty,  the e lec t rode  resis tance reverses  its t rend  
and s ta r t s  to decrease.  Dur ing  charge,  the resis tance 
values  are  lower  than  those dur ing  discharge at  all  
s tates  of charge, At  ful l  charge, the resis tance does not  
comple te ly  r e tu rn  to its in i t ia l  value,  which is a lways  
h igher  than  any resis tance value  obta ined  af te r  the cell 
has been act ivated.  

F igure  4 shows the resis tance change dur ing  the sec- 
ond cycle. The resis tance pat tern ,  which includes a re -  
sistance peak,  is s imi lar  to the pa t t e rn  of the first cycle. 
S imi la r  behav ior  is also observed with  FeS electrodes of 
different  thicknesses,  as shown in Fig. 5. No increase in 
the specific res is tance was observed when the electrode 
thickness increased f rom 4 to 6 mm. However ,  a s ig-  
nificant increase  in the effective specific resis tance was 
observed when  the thickness was increased from 6 to 7.5 
mm, pa r t i cu l a r l y  at the peak  resis tance in the l a t t e r  
s tage  of the  discharge,  ind ica t ing  tha t  perhaps  in a 
thick electrode,  d is t r ibut ion  of the react ion phase is less 
uniform. The pa t t e rn  of the effective specific resistance 
vs. ut i l izat ion curve changed wi th  cur ren t  density.  The 
res is tance peak  shif ted to lower  ut i l izat ion as the dis-  
charge  cur ren t  dens i ty  increased.  Fo r  example ,  the re -  
sistance peak  shif ted to about  50% ut i l izat ion at  80 
m A / c m  2. However ,  at  cu r ren t  densit ies lower  than 10 
mA/cm2 the ident ica l  re la t ionship  could be  obtained.  
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~ , ~ ~ 3 ~ t e c t o r  
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Fig. 2. Circuit diagram of the bridge. C1 ---- C~ ~ 0.5 ~F, C3 
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Fig. 3. Change of the effective specific resistance of an FeS elec- 
trode at the first cycle. The electrode thickness was 4 mm and its 
porosity was abo. t  55%. 

The in i t ia l  values  of the effective specific resis tance 
of an e lect rode va ry  somewhat  f rom e lec t rode  to elec-  
trode, ranging  f rom 0.11 to 0.5 ~ �9 cm. The var ia t ion  
in the in i t ia l  resis tance values of the FeS elect rode can 
be a t t r ibu ted  to difficulties in p repa r ing  comple te ly  
homogeneous mix tures  and in un i form pressing.  

Effective conduct ivi t ies  of heterogeneous  systems 
such as FeS  dispersed in mol ten  salt  can be calcula ted 
from the equat ion developed by  Meredi th  and Tobias 
(8). The equat ion tha t  deals  wi th  effective conduc-  
t ivi t ies of he terogeneous  systems for  two-phase  mix -  
tures containing spher ical  par t ic les  is as follows 

[ 2(Kd+2) +2(Kd--1)V ] 
= + 2 )  - 

[ (2--v)(Kd+2) +2(Kd--1)V ] 
X (2 --  v) (Kd + 2) --  (Kd --  1)V [1] 

where  Km -- km/kr Kd = kd/kc, and v is the  volume 
fract ion of the  dispersed phase (i.e., F e S ) ;  km is the 
specific conduct iv i ty  of the mix tu re ;  kd is the specific 
conduct iv i ty  of the  d ispersed phase;  and kc is the spe-  
cific conduct iv i ty  of the continuous phase  (i.e., molten  
sal t ) .  The specific conduct ivi ty,  kd, of FeS  was  est i -  
ma ted  f rom Eq. [1] to be more  than  2.1 1"~ -1 cm -1 f rom 
our  expe r imen ta l  values of km -- 2.0 --  9.1 ~ - 1  cm-1,  
using 1.83 ~ - z  . cm-1  as the  value  of kc, and 0.45 as 
the value  for v. The range  of the  values  is consistent  
wi th  the repor ted  value of 3.6 ~ - 1  . cm-1  (9), which 
was expe r imen ta l l y  measured  for a cast ba r  of FeS at 
450~ This resul t  indicates  that  a typica l  FeS electrode 
in L i -A1/FeS  cell  at  a fu l ly  charged s ta te  has a high 
effective specific conduct ivi ty.  

Fo r  a given configuration of the  FeS electrode,  the  
effective specific conduct ivi t ies  of the d ispersed phases, 
which include Fe, FeS, Li2S, and  in te rmedia te  phases 
such as LiK~Fe2~S26C1 (J  phase)  electrode.  Al though  
the the rmodynamic  and chemical  equ i l ib r ium re la t ion-  
ships among the cell  reac tants  are  s t i l l  no t  Completely 
understood,  the fol lowing react ions have  been identif ied 
as probable  react ions (10-13) 

6Li + + 26FeS 4- 6KC1 + 6 e -  

= LiK6Fee4S26Cl(J phase)  + 2Fe 4- 5LiC1 [2] 
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Fig. 4. Change of the effective specific resistance of the FeS 
electrode on the second discharge. 

20Lf + + J + 5LiCl + 20e-  

= 13Li2FeS~ ( X p h a s e )  + l l F e  + 6KCl [3] 

2Li + + 2FeS + 2 e -  = X + Fe [4] 

2Li + + X + 2e -  ---- 2Li2S + Fe [5] 

When ,an FeS e lec t rode  is ca thodica l ly  discharged,  the  
J phase s tar ts  to form at the surface of FeS par t ic les  ac-  
cording to Eq. [2], accompanied  by  the product ion of 
iron. A pa r t  of the J phase  is, in turn,  chemical ly  con- 
ver ted  to X phase  by  one or  more  of the  fol lowing 
chemical  react ions (6, 14, 15), while  the rest  of J phase 
reacts  according to Eq. [3] 

J + 20Li2S + 5LiCI = 23X + Fe + 6KCI [6] 

J + 5LiC1 = 3X + 20FeS + Fe + 6KCl [7] 

3 4- 5LiC1 _-- 23FeS + 3Li2S + Fe + 6KC1 [8] 

FeS  4- Li2S ---- X [9] 

In  the  L iCl - r i ch  electrolyte ,  the chemical  format ion  of 
J phase  is suppressed  to an insignificant level,  as has 
been  confirmed by  meta l lograph ic  examinat ions  (13). 
Thus, in an FeS  elect rode containing the L iCl - r i ch  
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electrolyte ,  the contr ibut ion to t h e  resis tance increase 
by  J phase  should be insignificant�9 In such a case, the 
X phase  is beheved  to be the p redominan t  in te rmedia te  
in the  FeS  e lec t rode  conta ining LiCl - r i ch  electrolyte ,  
account ing for as much  as 50% of the  theoret ica l  ca-  
pacity.  

The results  of the  p resen t  s tudy  indicate  that  the 
cont r ibut ion  of the X phase of the resis tance increase  
is small ,  as shown in Fig. 6 by  the flat curve dur ing  the 
first 50% of discharge.  This resul t  is fu r ther  suppor ted  
by  the e lec t rode- res i s tance  change of an FeS elect rode 
containing LiC1-LiBr-LiF  electrolyte .  In  this e lec t ro-  
ly te  where  the  l i th ium ion is the  only  cation, the for-  
mat ion  of J phase is comple te ly  e l iminated  due to the 
.absence of the  potass ium ion; X phase is formed ac-  
cording to Eq. [4], then  discharged to Li2S and Fe  
according to Eq. [5] (12). In  Fig. 6, the first 50% dis-  
charge corresponds to the  reac t ion  descr ibed by  Eq. 
[4]. Dur ing  this reaction,  the e lectrode resis tance re -  
mains  r e l a t ive ly  flat at  a low level,  indicat ing that  the 
fo rmat ion  of X phase does not  affect the e lectrode re -  
sistance. The increase in the e lec t rode  resis tance is 
observed  when  the s  of Li2S occurs according 
to Eq. [5] as the X phase is ca thodical ly  discharged.  
This was confirmed b y  impedance  measurements  of an 
e lect rode containing X phase as the s ta r t ing  mater ia l .  
The resul ts  shown in Fig. 7 indicate  that  the resistance 
of the e lect rode conta ining the X phase as the s tar t ing 
mate r i a l  is h igher  f rom the s tar t  than  the resistance 
of the e lec t rode  containing FeS and immedia t e ly  begins 
to increase  as the e lec t rode  is discharged.  In  Fig. 7, 
the resis tance va lue  is p lo t ted  f rom 50% theoret ica l  
capaci ty  (which is based on FeS)  because the  X phase 
can be considered to be the  ma te r i a l  in the FeS  elec-  
t rode which has been discharged 50%. However ,  the 
poros i ty  and composit ion of the  X-phase  electrode are  
perhaps  not  exac t ly  the same as those of the ac tual  
FeS  e lec t rode  at  the 50% discharged state, since at 50% 
discharge an FeS elect rode contains some Fe  according 
to Eq. [4] and  a smal l  amount  of unreac ted  FeS and J 
phase according to Eq. [6]- [8]. 

I t  is significant that  the resis tance of the FeS elec-  
t rode  reaches  a peak  value  and s tar ts  to decrease  at 
the final s tage of discharge.  This behav ior  can be con- 
s idered to be one of the character is t ics  of the FeS 
electrode.  Typica l  pol ished sections of the FeS elec- 
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Fig. 7. Change of the effective specific resistance of a 4 mm 
thick electrode containing LI~FeS~ (X phase) as starting material; 
in LiCI-rich electrolyte. 

t rode  a t  the  m a x i m u m  resis tance and at  the end of 
discharge du r ing  the first cycle a re  shown in Fig. 8 (a) 
and  (b) .  This figure shows a significant increase in the 
popu la t ion  of the  coarse i ron par t ic les  as the e lect rode 
goes f rom the  m a x i m u m  resis tance (Fig.  8a) to the  end 
of d ischarge  (Fig. 8b).  As the  discharge progresses,  
the  popula t ion  of coarse i ron par t ic les  increases.  At  the 
end of discharge,  corresponding to about  95% discharge  
[Fig. 8 ( b ) ] ,  a p p r o x i m a t e l y  12% of the cross-sect ional  
a rea  of a typ ica l  e lect rode is occupied by  the coarse 
i ron par t ic les  (whi te  a rea)  wi th  this a rea  increas ing 
f rom about  7% at the  75% depth  resul ts  in the reduc-  
t ion of the  effective res is t ivi ty ,  as observed by  the 
presen t  work.  In  some areas, the  coarse i ron par t ic les  
appea r  to form a connected chain s t ruc ture  as shown 
in Fig. 8 (b ) .  This connected chain provides  good con- 
ductance,  thus fu r the r  cont r ibut ing  to t h e  reduct ion 
of the  effective res is t iv i ty  of the electrode.  Meta l lo-  
graphic  e=~amination shows tha t  the  decrease  is a t -  
t r ibu ted  to the  connected chain of i ron formed dur ing  
this period.  

At  the  s ta r t  of charge  of the  d ischarged  FeS  elec-  
trode, and X phase forms, according to Eq. [5], con-  
suming Li~S and Fe  (12). The X phase provides  a 
l a rge  porous e lec t rode  area  wi th  a high conduc t iv i ty  
by  reducing  the volume occupied by  nonconduct ive  
Li2S. Since the  surface of Li~S is first conver ted  to the  
X phase,  this surface  conversion should resul t  in a 
significant reduct ion  of the res i s t iv i ty  of the electrode.  
The expe r imen t a l  resul ts  show much  lower  resistance 
dur ing  charge than  dur ing  discharge (see Fig. 3). At  
the  s ta te  of Charge corresponding to about  50% theo-  
re t i ca l  capacity,  the fo rmat ion  of FeS is be l ieved  to 
s tar t .  As expected,  the resis tance of this region is low, 
as is shown in Fig. 3. 

Conclusion 
The p resen t  s tudy  revea led  two unique  fea tures  of 

the  porous FeS elect rode re la ted  to its ohmic imped -  
ance characteris t ics .  The first f ea tu re  is re la ted  to its 
h igh  conduct ivi ty ,  pa r t i cu l a r ly  at the  beginning  of 
discharge.  Such high conduct iv i ty  po ten t ia l ly  yields  
high power  densi ty.  The second fea ture  is the unique 
cha rac t e r i s t i c  involv ing  decl in ing res is tance of the 

Fig. 8. Polished sections of the electrode at the maximum resist- 
ance (a, top) and at the end of discharge (b, bottom). 

FeS  e lec t rode  in the last  stage of discharge due to the 
format ion  of i ron part ic les .  These fea tures  represen t  
impor tan t  informat ion for  the" des ign and opt imizat ion  
of the  FeS electrode,  pa r t i cu l a r ly  for h igh -pe r fo rmance  
ba t t e ry  applicat ions.  
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Self-Discharge Behavior of Engineering-Scale LiAI/FeS Cells 
Reinhard Knbdler* 

Brown, Boveri and Cie AG, Central Research Laboratory, 6900 Heidelberg, Germany 

ABSTRACT 

The self-discharge rate of LiA1/FeS cells at different state of charge was determined by operating the cells for prescribed 
periods of t ime at open circuit and then recharging them. The rate was shown to be minimal  in a semicharged state (<0.5% 
capacity loss per  day) and to be inversely proport ional  to the A-hr efficiency. When cycled after being at open circuit, a 
temporary  change in utilization was observed which could be at tr ibuted to a change in cell resistance. One cause for self- 
discharge in LiA1/FeS cells may be the electronic conductivity of the electrolyte. 

The l i th ium a luminum a l loy / i ron  sulfide (L iA I /Fe S)  
and the be ta  (Na /S)  ba t te r ies  are  the most promis ing  
.candidates among the  advanced  h i g h - t e m p e r a t u r e  
ba t te r ies  which  are  sui table  for e lec t r ic -vehic le  and 
s ta t ionary  ene rgy- s to rage  appl icat ions  (1, 2). The 
LiA1/FeS cells show a low se l f -d ischarge  rate,  whe re -  
as the N a / S  cells show no se l f -d ischarge  because of 
the impermeab le  ~-A1208 solid e lectrolyte .  The former  
behavior  can be seen f rom the fact  tha t  the coulombic 
efficiency is a lways  s l ight ly  be low 100%, typ ica l ly  
99.5%. Measurements  on l abora to ry -sca le  cells (6 A-  
h r  capaci ty)  showed tha t  the se l f -d ischarge  ra te  is in 
the  range  of 1% per  day  and decreases wi th  t ime, if 
the cell  is lef t  on open circuit  for ex tended  per iods  of 
t ime (3).  However ,  no da ta  a re  ava i lab le  on engi -  
neer ing-sca le  cells and nothing i s  known  about  the  
dependence  of the se l f -d ischarge  ra te  on the s ta te  of 
charge and on the rmal  cycling. Therefore,  the fo l low- 
ing measurements  were  made to p rov ide  da ta  on these 
proper t ies .  

Experimental 
The invest igat ions  were  carr ied  out  wi th  two LiA1/ 

FeS mul t ip la te  cells (MKII  152 and 157), which  were  
manufac tu red  by  Eag le -P iche r  Industr ies ,  Joplin,  Mis- 
souri. These pr i smat ic  cells have four  negat ive  and 
three  posi t ive electrodes wi th  boron n i t r ide  (BN) - f e l t  
separa tors  and a theoret ica l  capaci ty  of 395 A-hr .  The 
e lec t ro ly te  is "LiCl-r ich,"  i.e., 66.7 tool percen t  (m/o)  
LIC1-38.3 m / o  KC1 ( l iquidus t empe ra tu r e  ~ 425~ 
The opera t ing  t empe ra tu r e  gene ra l ly  was 470~ In  the 
charged state the negat ive  electrode consisted of LiA1 
( - -  48 a tom percent  [a/o]  Li)  and the posi t ive e lect rode 
consisted of FeS. The nega t ive - to -pos i t ive  capaci ty  
rat io  was about  1.3: 1.0; therefore  the cell capaci ty  was 
lin~te,d by  the posi t ive  electrode.  The cells were  oper -  
ated in a he l i um-a tmosphe re  glove box. They  were  
discharged to 1V at a constant  cu r r en t  of 70A and 
were  charged at  first at a constant  cur rent  of 40A to 
1.56V and then  a t  cons,tant vol tage  unt i l  the cur ren t  
had  decreased to 10A (" taper ing" ) .  With  an overa l l  
surface area  of .approximate ly  1900 cm 2, 10A corre-  
sponds to a cur ren t  dens i ty  of about  5 m A / c m  2. 

The se l f -d ischarge  ra te  at  a cer ta in  state of charge 
was de te rmined  b y  the fol lowing procedure :  

1. Cycle severa l  times. 

* Electrochemical Society Active Member. 

2. Discharge to the desired depth of discharge (DOD) 
(no discharge if DOD is to be 0% ). 
3. Leave on open circuit for 20-40 hr. Record the 

voltage behavior. 
4, Recharge at the same current using the same 

cutoff voltage and the same procedure (tapering) as 
dur ing  in i t ia l  cycling. 

5. Calcula te  the se l f -d i scharge  rate,  S (in percent  
capaci ty  loss pe r  day ) ,  f rom the amount  of excess re-  
charge capacity,  AC, ( ident ical  to the recharge  capaci ty  
in case of 0%) by  the fol lowing equat ion 

2400 �9 ~C 
S = [i] 

C.T 

where C is the nominal cell capacity in A-hr and T the 
time in hr on open circuit. 

6. Repeat steps 2 to 5 at least once more. 
7. Repeat steps 1 to 6 (reproducing the results). 

Results 
One of the two cells v~as run  for 99 cycles and du r -  

ing this t ime underwen t  2 f r eeze / thaw cycles, 5 open-  
circuit  periods af ter  charge,  one per iod af ter  med ium 
s ta te  of charge,  and 3 per iods  af ter  discharge.  The 
ut i l iza t ion d ropped  f rom 84 to 78%. The other  cell 
was run  for 59 cycles and unde rwen t  one f reeze / thaw 
cycle, 3 open-c i rcu i t  per iods  af ter  charge, 2 per iods  
a f te r  med ium state of  charge,  ralld I per iod  after  dis-  
charge. The u t i l iza t ion  d roppe d  f rom 84 to 80%. Both 
cells fai led f rom short  circuits. 

F igure  1 shows the vol tage change af ter  opening the 
circuit  in the  fu l ly  charged s tate  ( run  i )  and af ter  
recharge  and opening again  ( run  2). I t  was observed 
that  in eve ry  first open circuit  af ter  cycling, the self-  
d ischarge ra te  was h igher  than  tha t  in the fol lowing 
runs  where  the cell  was not cycled but  only  recharged.  
In  Fig. 2 the  se l f -d ischarge  ra te  (values t aken  f rom run  
2) is shown at  different  depths  of discharge.  Al though 
the per formance  of the two cells was almost  identical ,  
the absolute  values of the se l f -d ischarge  ra tes  were  
somewhat  different. In  both cells, m in imum values  
were  observed somewhere  be tween  the fu l ly  charged 
and the  fu l ly  d ischarged states. Therefore ,  b y  leaving  
a cell  on open circui t  in the  fu l ly  charged  or  the  ful ly  
discharged state, a ra te  of about  1% per  day  has to be 
expected;  for  the semicharged s ta te  the ra te  is about  
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Fig. 2. Self.discharge rate at different depths of discharge 

0.5% pe r  day  or  less. If the t empe ra tu r e  is increased 
15~ (to 485~ about  the  same values  are  observed.  
The open-c i rcu i t  vol tage in this case, however ,  is 10- 
20 mV higher .  A f t e r  t he rma l  ( f r eeze / thaw)  cycling, 
both  cells show essent ia l ly  the same se l f -d ischarge  
rates  as before.  This resul t  shows that  t he rma l  cycling 
does not  affect the se l f -d ischarge  behavior .  

F rom the measurement s  of the  dependence  of open-  
circuit  vol tage  on t ime, the  open-c i rcu i t  vol tage wi th  
respect  to the  ac tua l  DOD can be calculated.  Let  S 
be the se l f -d ischarge  ra te  in pe rcen t  pe r  day,  C the 
nomina l  capaci ty  and IL the " leakage  cur ren t"  due to 
se l f -d ischarge .  Then 

S . C  
IL - -  - -  [2] 

2400 

For  instance, for S : 1% per  clay, one obtains IB : 
140 mA, mean ing  tha t  the  open-c i rcu i t  vol tage  vs. t ime 
curves are  equ iva len t  to open-c i rcu i t  vol tage  vs. DOD 
curves. Because the  currents  a re  so small ,  IR drops 
are  negligible.  Therefore,  knowing  the leakage  cur-  
rent ,  IL, the emf as a funct ion of DOD can be cal-  
culated,  using vo l t age - t ime  curves at  different  self-  
d ischarge  ra tes  (e.g., runs  1 and 2 in Fig. 1). In  this 
Way one gets in format ion  on the emf  a t  ve ry  smal l  
deviat ions f rom the fu l ly  charged state.  

The s lowly  decreas ing coulombic efficiency of one 
cell  ( f rom cycle 86 to 99) due to an in te rna l  short  
c i rcui t  a l lowed the de te rmina t ion  of the re la t ionship  
be tween  the coulombic efficiency, ~, and the se l f -d is -  
charge  rate,  S, (in the charged s ta te ) .  The points  in 
Fig. 3 show tha t  there  is an almost  l inear  corre la t ion  
be tween  these two .properties. Therefore .  the self-  
d ischarge  r a t e  can be p red ic ted  if the coulombic effi- 
c iency ~s known.  For  prac t ica l  applicat ions,  rate~ of 
more  than  about  5% p e r  d a y  a re  in tolerable .  This 
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Fig. 3. Correlation between self-discharge rate and coulombic 
efficiency. 

means a coulombic efficiency of about  96%. A theo-  
re t ica l  express ion for the re la t ionship  be tween  ~ and  
S can be der ived  as follows: l e t  Cc and CD be the 
capacit ies and Ic and ID the currents  for charging and 
discharging,  respect ively .  The se l f -d ischarge  rate,  S, 
in pe rcen t  pe r  day  is 

2400. IL 
S = [3] 

C 

Assuming that  CD and Cc are  independen t  of Ic and 
ID (in a prac t ica l  cell the  ut i l iza t ion usua l ly  drops 
somewhat  wi th  increas ing cur ren t ) ,  the discharge and 
charge capacity,  respect ively ,  wi l l  be 

CD CID 
, ~ [ 4 ]  CD --- C -- IL ID or  CD -" ID -}- IL 

Cc CIc 
or C c = - -  [5] Cc----- C Jr IL IC I C - -  IL 

Thus, the coulombic efficiency ~] becomes 

CD ID(Ic -- /L) (1 --  ~)IDIc 
~ l : ~ =  o r  I L - -  [6] 

Cc Ic(ID --}- IL) Ic~t -~- ID 

From this 
2400/D(1 --  ~1) 

S : [7] 

C (n+ Ic 

Figure 3 shows that this equation fits the experimental 
data only at high coulombic efficiencies. For lower 
values the self-discharge rate is lower than calculated. 
This means tha t  opening the circui t  obviously  slows 
down the process that  leads to the  final short  circuit.  

When  the cells were  lef t  on open circui t  a f te r  charge 
for  at  leas t  50 hr  (wi th  a recharge  in be tween)  and 
then  cycled again,  a d is t inct  d rop  in the ut i l iza t ion 
was observed.  Af te r  severa l  cycles the  ut i l izat ion 
reached its in i t ia l  va lue ,  again.  When the same p ro -  
cedure  was car r ied  out for  the d ischarged state, an 
increase  in ut i l iza t ion was observed.  F igure  4 s h o w s  

this effect for different  depths  of discharge.  Because 
the t imes on open circui t  were  different  for each ex-  
pe r imen t  ( f rom 50 to 80 h r ) ,  the  capaci ty  changes in 
Fig. 4 were  al l  in te rpo la ted  to a t ime of 60 h r  (assum- 
ing a l inear  re la t ionship  be tween  t ime on open circuit  
and capaci ty  change) .  The figure shows tha t  there  is 
an almost  l inear  re la t ionship.  According to this curve, 
at about  75% DOD there  wi l l  be  no capaci ty  change. 
This corresponds somewhat  to Fig. 5, which shows the 
open-c i rcu i t  vol tage  af te r  d ischarging to different  va l -  
ues of DOD. At  66% DOD the  open-c i rcu i t  vol tage  
remains  constant,  whereas  at  a l l  o ther  DOD's the 
open-c i rcu i t  vol tage drops slowly.  If  the cell  is ope r -  
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Fig. 4. Temporary capacity change after 60 hr open circuit for 
different depths of discharge. 

ated at  485~ no capaci ty  change at  zero D a D  is 
observed.  

F igure  6 shows points  ca lcula ted from different  
open-c i rcu i t  runs of the two cells. At  485~ the capaci-  
ties are  increased by  about  2 A - h r  at  a given voltage,  
which corresponds wel l  to the  overa l l  increase in 
capacity,  which is about  2 A - h r  h igher  at  485~ than  
at  470~ F igure  7 shows the open-c i rcu i t  vol tage  af ter  
24 h r  of open circuit  over  the whole  capaci ty  range  
as measured  by  bo th  cells, inc luding the da ta  f rom 
Fig. 6. 

By using the values for  the open-c i rcu i t  voltage,  Eo, 
(Fig. 6 and 7), the d -c  resis tance R can be ca lcula ted  
f rom the d i scharge /charge  curves by  

R=abs(E~ [8] 

I t  turns  out that  dur ing  charge R is a lmost  constant  
(be tween 1.6 and 1.8 raG),  but  dur ing  discharge i t  in -  
creases cons iderably  (Fig. 8). In  Fig. 9 the section at 
smal l  deviat ions f rom the charged  state is shown in 
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Fig. 5. Open-circuit voltage of cell MK II 1.57 after discharging 
to different depths of discharge. 
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detail .  The min imum resis tance ls at 6% DaD.  This 
corresponds to the  r ap id  change in the  open-c i rcu i t  
vol tage (Fig. 7) in the region be tween  0 and 4% DaD.  
Figure.s 8 and 9 fu r the r  indicate  that  the resis tance 
increased when  the cell  was d ischarged af ter  i t  had  
been on open circuit  in the  charged state for some 
time. In contras t  to this, the resis tance was lower  when  
the cell was discharged af te r  being on open circuit  in 
the  d ischarged state. This behavior  corresponds wel l  to 
the  changes in capaci ty  a f te r  different  types  of open 
circuits, shown in Fig. 4. 

Discussion 
The da t a  presented  in this work  show tha t  there  is 

seE-d i scharge  in LiA1/FeS cells. However ,  more in-  
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Fig. 8. Cell resistance during discharge with 70A at different 
depths of discharge (MK II 157). 



Vol. 130, No. I L i A 1 / F e S  C E L L S  19 

/ 

/ 

I k/\ J : "  J 

1'0 1'5 2b % 2'5 
DOD 

Fig. 9. Cell resistance during discharge with 70A at different 
depths of discharge (MK II 157). 

format ion  is needed  in o rde r  to exp la in  the resul ts  
sat isfactor i ly .  In the following, some p r e l i m i n a r y  con- 
clusions a re  drawn.  

The most  l ike ly  exp lana t ion  for a se l f -d ischarge  
react ion might  be the electronic conduct iv i ty  of the 
mol ten  e lect rolyte .  Measurements  wi th  b locking e lec-  
t rodes  (7) y ie lded  a va lue  of about  p --  104 s  for the 
electronic conduct iv i ty  of KC1/LiC1 melts.  However ,  
this value wi l l  depend on the  l i th ium ac t iv i ty  of the 
electrodes.  The "electronic  resis tance" can be cal-  
cu la ted  by  

d 
Re' - -p  "-- 

A 

Assuming  an ave rage  e lect rode d is tance  of d --  4 m m  
and an e lect rode a rea  A, of 2000 cm 2, an "electronic 
res is tance"  of about  2~2 wi l l  result .  This would  lead  to 
an electronic  se l f -d ischarge  cur ren t  of about  650 mA, 
or  a se l f -d ischarge  ra te  4.7% per  day.  The fact that  
the  measured  ra te  is cons iderab ly  smal le r  suggests 
tha t  se l f -d ischarge  by  electronic conduct ion might  be 
possible  in pr inciple ,  but  tha t  the  size of the effect is 
suppressed,  because of a low l i th ium ac t iv i ty  in the 
LiAI  electrode.  

The  t e m p o r a r y  capaci ty  loss of the cells af ter  being 
on open circui t  in the fu l ly  charged s tate  is due to an 
increased resistance,  as is shown by  Fig. 8 and 9. I t  is 
possible  tha t  this increase is caused by  processes oc- 
cur r ing  in the electrodes dur ing  the  open-c i rcu i t  pe-  
r iod (e.g., crys ta l  growth,  agglomera t ion  in the nega-  
t ive  e lec t rode) .  This lowers  the  ac tua l  e lec t rode  sur -  
face area, thus enhancing the resistance.  The t empor -  
a r y  capaci ty  gain of the cells a f te r  being on open c i r -  
cuit  in the  d ischarged s tate  m a y  b e  a t t r ibu ted  to a 
lower  cell  resistanoe, as ind ica ted  in Fig. 8 and 9. No 
explana t ion  based  on expe r imen ta l  evidence can be 
given for this now. One might  speculate  that  the  LieS 
in the  posi t ive electrode,  fo rmed dur ing  discharge,  
needs some t ime to d i s t r i bu te  un i fo rmly  wi thin  the  
e lec t rode  and it m a y  r ea r r ange  in such a way  that  
the  res is tance wil l  be decreased (e.g., .due to a h igher  
specific sur face  a rea ) .  

The  drop  in the  vol tage af te r  opening the circuit  
in the  fu l ly  charged state could have var ious  causes: 
it  m a y  resul t  f rom a diffusion overvol tage  which was 
bu i l t  up  dur ing  the final sta~e of charging,  or  i t  m a y  
have  its or igin in a recombina t ion  of species created 
du r ing  the final charging.  In  the  first case it is not  
necessary  to assume se l f -d i scharge  in o rde r  to expla in  
the  vol tage  d rop  af te r  opening  the  circuit ,  because  a 

diffusion overvol tage  wil l  d i sappear  a f te r  the e lectrodes 
have become homogeneous;  this  process ( the  vol tage 
drop)  will ,  however ,  proceed according to the square  
root  of time. This was shown not  to be the case in our  
exper iments .  Relaxa t ion  processes caused by  diffusion 
are  descr ibed  in l i t e r a tu re  (5, 6). Measurable  effects 
(par t i a l  f reezing of e lectrolyte ,  capaci ty  decline, diffu- 
sion overvol tage)  were  observed on ly  at  r e l a t ive ly  
high cur ren t  densi t ies  of about  i00 m A / c m  2. Below 
10 m A / c m  2 no diffusion re laxa t ion  was observed (5). 
Since in our  exper iments  descr ibed above, charging 
was done by  t ape r ing  the cur ren t  unt i l  i t  reached a 
density as low as 5 mA/cm 2, diffusion-controlled pro- 
cesses can be ruled out. Processes, that like precipita- 
tion of electrolyte because of local changes in its com- 
position, are not going on below 20 mA/cm 2 (8). There- 
fore~ a more likely explanation for the drop in voltage 
after opening the circuit in the fully charged state, is 
that the voltage in this region is determined by species 
which were formed in the final course of charging, 
and which recombine during open circuit. However, 
due to the lack of additional data (especially metal- 
lurgical) these explanations can only be preliminary. 
Other causes of the observed effects may be possible 
as well.  

Conclusions 
The fol lowing conclusions can be d r a w n  from the 

exper iments  and considerat ions descr ibed above. 
1. The se l f -d ischarge  ra te  of fu l l -sca le  L i A I / F e S  

ceils is about  1% pe r  d a y  in the charged and d ischarged 
states  and  is be low 0.5% in med ium states  of charge.  

2. A possible cause for  se l f -d i scharge  is the elec- 
t ronic conduct iv i ty  of the  e lectrolyte .  

3. A t e m p e r a t u r e  increase  to 485~ and the rmal  
cycl ing have  no influence on the  se l f -d i scharge  rate.  

4. The coulombic efficiency of a cell is d i rec t ly  re -  
la ted to the se l f -d ischarge  rate.  

5. A t empora ry  capaci ty  loss, which can be a t t r i b -  
u ted  to an increase in cell resistance,  is observed af te r  
an open circuit  in the charged state. A capaci ty  gain 
occurs (decrease  in cell  res is tance)  af ter  an open 
circuit  in the  discharged state.  
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The Molten Carbonate Carbon Dioxide Concentrator: Cathode 
Performance at High C02 Utilization 
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ABSTRACT 

Representat ive cathode half-cell polarization data at low inlet cathode CO2 concentrat ions are presented for the MCCDC 
operated in the fuel-cell mode. A mathematical  model  is used to correlate the cathode data and to explain the observed 
behavior, especially at high COs utilization. Also presented are representat ive cathode removal and current  efficiency data. 

With  the  advent  of manned  space stations, men  wil l  
be res iding in space for ex tended  per iods  of time. 
Since the passenger  cabin wil l  be a closed unit,  the 
air  must  be recycled due to the isolat ion of the s ta-  
tion. The methods  p resen t ly  used to remove  carbon 
dioxide  f rom the air  on manned  spacecraf t  (e.g., S k y -  
lab)  include a cycl ic  adsorpt ion  bed ut i l iz ing com- 
merc ia l  zeolites (1). Fu tu re  missions requi re  that  the 
CO2 par t ia l  pressures  in the cabin be 0.0039 a tm or 
lower.  At  these low par t i a l  pressures  the zeoli te sys- 
tem is inefficient, resul t ing  in a high sys tem-equ iva len t  
weight.  

The aqueous, a lka l ine  fuel  ceil has been successful ly 
conver ted  into a CO2 concentra tor  for use in manned  
spacecraf t  (2-4).  The aqueous concentra tor  uti l izes 
Cs2CO3 as the electrolyte ,  which l imits  the air  re la t ive  
humid i ty  to a m in imum of 60% (2). At  lower  humid i -  
ties d ry ing  occurs and CsHCO8 precip i ta tes  at  the  
anode. The humid i ty  l imits  of the aqueous concent ra -  
tor  can be reduced by  using TMAC ( t e t r a m e t h y l a m -  
monium carbonate)  (5) or the p r o p r i e t a r y  e lec t ro ly tes  
of Life Systems,  Incorpora ted ,  L S I - B  (6), or LSI -D  
(7), but  wi th  reduced efficiency. 

The mol ten  carbonate  fuel  cell  (MCFC) is unde r -  
going extensive research  and deve lopment  as a power  
p roducer  (8-10). I t  could prove to be even more  de-  
s i rable  as a CO2 concentrator  than  the aqueous cell. 
The MCFC converts  reducing gas to electr ic  power  
by  oxidizing the fuel  gas components,  ma in ly  Ha and 
CO, e lect rochemical ly ,  at the  anode 

H~ + CO82- ~- II20 -5 COs -5 2e- [i] 

CO + C O ~ -  ~ 2CO~ + 2 e -  [2] 

The anode effluent gas is recycled  and mixed  wi th  the 
a i r  in take  to the  cathode where  this  gas is e lec t ro-  
chemical ly  reduced  

COs + ~/~ O3 -5 2e- ~-- CO32- [3] 

The MCFC typically operates with 30% CO2 in the 
oxidant gas, and as much as 80% H2 in the fuel gas. 
Preliminary investigations (II, 12) have shown that 

the MCFC can be successfully .converte.d into a molten 
carbonate carbon dioxide concentrator (MCCDC). In 
the fuel-cell mode 1-12 (fuel gas) is supplied to the 
anode. CO2 and air (simulated cabin air) are sent 
to the cathode where 

CO9, -5 */~ O2 + 2 e -  ~--- CO~ ~- [3] 

The anode react ion is 

H~ + CO82- ~_- COs + H~O -5 2e -  [1] 

The MCCDC has severa l  advantages  over  the aque-  
ous concentrator .  Firs t ,  any  humidi ty ,  f rom 0 to 100% 
appears  to be tolerable.  Second, noble  electrodes are  
not  necessary.  Nickel  and n icke l / ch rome  al loy elec-  
t rodes work  efficiently. Final ly ,  h igher  power  densit ies  

* Electrochemical .Society Active Member. 
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density, limiting current. 

a re  possible. These advantages  must  be weighed against  
the problems  inheren t  in a device  which operates  near  
800 K. 

The cathode react ion [3] is a p p r o x i m a t e l y  zero order  
in carbon dioxide (13). This suggests that ,  theore t i -  
cally, the MCCDC, wi th  an inlet  CO2 par t i a l  pressure  of 
0.0039 a tm should have  power  densit ies of the same 
order  as the  MCFC, which has inlet  CO2 par t i a l  p res -  
sures a round 0.30 atm. However ,  in a work ing  MCCDC, 
ox idant  gas flow would  be kep t  at a minimum.  This is 
due  to the energy  inefficiency in regenera t ive  hea t  ex-  
change wi th  the high t empera tu re  s t ream. Low flows 
wil l  requi re  high CO2 uti l izations,  so tha t  exi t  COs 
concentrat ions wil l  be 1-5% of the  inlet ,  o rders  lower  
than at the MCFC cathode. Therefore,  the  achievable  
power  dens i ty  of the  MCCDC depends  on the diffu- 
sional  l imita t ions  of the reac tan ts  and products  and on 
equi l ib r ium considerat ions (Nernst  losses) ,  in addi t ion  
to the chemical  and e lec t rochemical  kinet ic  l imitat ions.  

I t  is an t ic ipa ted  tha t  wi th  the proper  cell design and 
component  usage the MCCDC wi l l  achieve the same 
anodic polar izat ion with  respect  to cur ren t  dens i ty  as 
the NICFC. This is assumed because both cells have  
anode gases which  have  high inlet  r eac tan t  (hydrogen)  
concentrat ions.  Cathode polar iza t ion  is not  an t ic ipa ted  
to be the same because of  the  CO2 concentra t ion differ-  
ence. 

To date, ha l f -ce l l  polar izat ion studies have  not been 
conducted on the MCCDC. We a t t empt  here  to pe r fo rm 
an exper imen ta l  s tudy of the cathode per formance  at  
typica l  expected gas concentrat ions.  We also descr ibe 
the  behavior  in terms of s tandard  e lec t rochemical  k i -  
net ic  analysis.  

Theory 
The total  cu r r en t -gene ra t i ng  processes of the MCCDC 

are  represen ted  b y  the fol lowing react ions:  .at the 
cathode the gas mix tu re  is e lec t rochemical ly  reduced 
to form carbonate  ion 

1~ 02 + CO2 + 2 e -  ~ CO~ 2-  [3] 

The actual  reactfon mechanism on a gold wire  in 
free e lec t ro ly te  has been analyzed  in detai l  by  App leby  
and Nicholson (26, 27). A r a the r  complex scheme was 
found in which the reac t ion  order  for CO2 was --1.0, 
due to its equi l ib r ium wi th  ionic oxygen species in '  
solution: e.g., O~ + 2COs 2-  ~_ 2 022- + 2CO2. They  
predic ted,  however ,  tha t  at  porous electrodes this  effect 
would  be overcome b y  the need for high fluxes of CO2 
for oxide neut ra l iza t ion  at  the high current  densities.  
The net  effect on porous NiO has been found to be a 
zero react ion o rde r  in CO2 (13). At  the  anode, H2 is 
e lec t rochemica l ly  oxidized to form wa te r  and CO2 

H2 + CO~ 2- ~ HaO + COs -5 2e- [i] 

Therefore the overall cell reaction is 

H2 -5 I/2 02 ~ H20 [4] 

The open-circuit or equilibrium potential can be 
predicted for the cathode half-cell reaction with re- 

20 
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spect  to a re fe rence  O2/CO~ electrode,  using the Nernst  
equa,tion. The ac t iv i ty  (a) of carbonate  ions is taken  to 
be unity.  The pred ic ted  cathode equ i l ib r ium potent ia l  
i s  

Ee,  ca = (RTInF)  in [(acosao2V2)cal(acosao2V2)ref] [5] 

where  the act ivi t ies  wi l l  be here  rep laced  wi th  pa r t i a l  
pressures .  

The cathode overpo ten t i a l  is the  resul t  of impedances  
(or res is tances)  caused by:  (i) the cathode react ions 
(charge t ransfe r  and associated chemmal  reac t ions) ,  
(i/a) gas -phase  t r anspor t  of i eac tan t s  and products  to 
and f rom the e lectrolyte ,  (i/b) t r anspor t  in the  e lec t ro-  
ly te  of dissolved reac tan ts  and products ,  and (iii) 
t r anspor t  in the e lec t ro ly te  of iomc species be tween  
t h e  electrodes and be tween  the gas /e lec t ro ly te  in te r -  
face and the electrodes.  

T h e  total  overpo ten t i a l  is 

~l = E -- Eo + IR [6]  

where  the concentrat ions  in the bu lk  phase are  the same 
at  equ i l ib r ium and under  load. Under  the ac tua l  ope ra t -  
ing condit ions of the MCCDC and MCFC there  is not  an 
infinite reservoi r  of gas, therefore  the bu lk  phase con-  
cent ra t ions  change with  current .  The contr ibut ion  to 
overpotent ia l ,  Nerns t  loss, is due to the  change in the 
bu lk  phase  composit ions and the subsequent  effect on 
the  equilibrium potential. These concentration changes 
increase the absolute magnitude of the respective half- 
cell  overpotent ia ls .  

Since  the  equ i l ib r ium potent ia l  of the cell  cannot  
be measured  when the cell is under  load, the equi l ib-  
r i um potent ia l  must  be es t imated  using the composi-  
tions tha t  are  presen t  under  load with  the  ha l f -ce l l  
Nerns t  equation,  Eq. [5]. Nerns t  loss (AEN) therefore,  
is the difference be tween  the ac tual  equ i l ib r ium poten-  
t ia l  and the equi l ib r ium potent ia l  tha t  wou ld  exist  
wi th  the  concentra t ions  p resen t  unde r  load  

AE~ : (RT /nF)  In [ (P~o~Pos'/~)J(Pco2Po2~/~)i] [7] 

Therefore ,  the overpo ten t ia l  corrected for Nernst  loss 
can be defined as 

: E -- Ee + AE~ + IR [8] 

where E~ is the measured equilibritlm potential. 
A mathematical model for correlating cathode per- 

formance with  t empera tu re ,  flow ra tes  and gas com- 
posi t ions is considered here.  If the react ion kinet ics  
can be represen ted  by  the  Bu t l e r -Vo lmer  equation, an 
express ion for  mixed  control  (act ivat ion and diffusion) 
can be represen ted  b y  a modified Bu t l e r -Vo lmer  equa-  
tion (14) 

i - -  io[ (Cp,~=o/Cp ~ exp (aF~I/RT) 

-- ( C r  . . . .  o / C r  o) exp ( - - ~ F ~ I / R T ) ]  [9] 

Ci,x=0/Ci ~ is the ra t io  of concentra t ion  of the l imit ing 
species at  the e lec t rode  to tha t  in the bu lk  phase,  where  
the  subscr ip t  p represents  the produc t  and the subscr ipt  
r represen ts  the reactant .  The rat io  Ci,z=o/Ci o is de -  
penden t  on current .  

The re la t ive  impor tance  of COs and O2 diffusion in 
the  gas and e lec t ro ly te  phases can be es t imated  by  
consider ing the a p p r o p r i a t e  molar  flux equat ion and 
the resul t ing  l imi t ing  a p p a r e n t  cu r ren t  densitie~ (iL). 
These iL a r e  based  on the superficial  e lect rode area.  
The  l imi t ing  c u r r e n t s d u e  to diffusion of O2 and CO2 in 
t h e  flow channel  can be pred ic ted  wi th  t he  fol lowing 
flux equa t ion  

iL = -- kg~FC ~ [I0] 

where  the  molar  flux is given by  

Jn ----- -- kg(C ~ -- C==~) =i/nF [Ii] 

a n d  C z = o  is  zero at  the l imi t ing  current .  

Winnick et al. (12) showed that  mass  t ransfe r  to a 
flat p la te  descr ibes  the mass t ransfer  character is t ics  of 
the  sub-sca le  MCCDC at low flow rates.  Mass t ransfer  
coefficients for l amina r  flow over  a flat p la te  can be 
pred ic ted  wi th  the fol lowing equat ion (15) 

(Nsl~) 1, - -  kgL/DAB -- 0.646NRe,L1/2Nsc 1/3 [12] 

At  923 K, l imi t ing currents  a re  ca lcula ted  using Eq. 
[10] and [12J for  1.0% and 0.3% COs, and  20% 02 a t  
flow ra tes  of 100 cm3/min and 2000 cm~/min. The length  
of the flow channel  is taken  to be 7.4 cm (7.92 cm 2 area  
cell) 1 and the veloci ty  of the  gas is given by  

V = Q/Acs [13] 

where  the cross-sect ional  a rea  (Ac~) of the flow chan-  
nel  is 0.97 cm% These l imi t ing currents  are  l is ted in 
Table I. 

Limiting currents for diffusion of 02 and CO2 through 
the electrolyte can be calculated only if its morphology 
on the electrode is assumed. We here use the thin-film 
model, where the active area of electrode is covered 
with a thin film of electrolyte through which diffusion 
of the active species must occur. These limiting cur- 
rents are estimated using average values for the, thick- 
ness, 8, of this film 

iL' - -  --DABnFCo/6 [14] 

where  iL" is based  on the ac tua l  eIect rode a rea  and the  
molar  flux is given by  

JD' -- i ' /nF = - - D ( C  o -- C==o)/8 [15] 

Concentrat ions at  the gas /e lec t ro ly te  in ter face  (Ci o) 
can be es t imated  using Henry ' s  law constants  

Ci ~ = H ' Pi [16] 

At  923 K, the Henry  constant  for  CO~ is 1.17 • 10 -5 
mol/cm.~-atm in the t e r n a r y  carbonate  me l t  (1~). The 
solubi l i ty  of Oe, however ,  is dependent  on the COz 
pressure  (16a). At  a CO2 pressure  of 0.01 atm, the 
apparen t  Henry  constant  for  Os is about  4.8 • 10-7; 
at 0.003 arm CO2 it  is about  8.8 • 10-v mol /cmS-atm.  
The diffusion coefficients of 02 and CO2 are  es t imated  to 
be 4.65 • 10 -5 and 3.9 X 10 -5 cm2/sec, respect ive ly  
(16). Whi le  we are  not  using the t e rna ry  carbonate  eu-  
tectic, the purpose  of the fol lowing calculat ions is a 
semiquant i ta t ive  compar ison of diffusional resis tances 
and order  of magn i tude  es t imates  a re  sufficient. 

The effective thickness of the e lec t ro ly te  film (8) is 
es t imated  to be be tween  0.1 and 0.5/~m (17). Assuming 
that  the  e lect rode is 0.076 cm thick and complete  wet t ing  
occurs, the  ac tuai  a rea  to superficial  a rea  is about  300 
cmS/cm 2 based on a specific surface area  of 0.21 m2/g 
(18). The values of iL' ca lcula ted  f rom Eq. [14] a re  thus 
mul t ip l i ed  by  300 to a r r ive  at  iL for  l iquid phase  diffu- 
sion. The l imi t ing currents  for diffusion in the e lec t ro-  
ly te  a re  l i s ted  in Table I a t  the  same pa r t i a l  p ressures  
used to calculate  gas -phase - l imi t ing  currents .  

Al though  the l imi t ing  cur ren t  due to oxygen diffu- 
sion can be lower  in the  e lec t ro ly te  than  in the gas 
phase it is not  the l imit in~ specie because the l imi t ing 
cur ren t  due to CO2 diffusion in the gas phase  is much 
smal le r  than that  due e i ther  to O2 or COs diffusion in 

i This cell is described later. 

Table 1. Estimated tlmiting currents 

il, (mA/cm 2) 

Gas phase Gas phase Electrolyte 
concentra- flow rate film thick- 
tions (%) (crn~/min) ness (~m) 

Compo- 
nent COg 09 100 2000 0.5 0.1 

CO.- 1.0 20.0 120 500 5,300 26,000 
0.3 20.0 49 169 1,600 8,090 

Os 1.0 20.0 2,490 10,600 5,200 26,000 
03 20.0 2,400 10,609 9,500 47,0~ 
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the  e lect rolyte .  With  CO2 pressures  an order  or  two 
higher ,  as in the  MCFC, this is l ike ly  not  the  case. 

Note that  gas phase diffusion in the  pores  of the  elec-  
t rode is not  considered here.  If  it  were the l imi t ing 
currents  due to gas phase diffusion would  be even 
lower  than  those shown in Table I, which gives fur ther  
suppor t  to the premise  tha t  gas phase diffusion of CO2 
is the l imi t ing diffusion process. 

The fol lowing assumptions  are  made  in o rde r  to de-  
r ive  the final work ing  equation:  (i) Diffusion of 02 in 
the  gas phase and in the  e lec t ro ly te  2 is not  l imit ing.  
(it) Diffusion l imi ta t ions  of COe in the  e lec t ro ly te  are  
negligible.  (iii) Diffusion l imi ta t ions  of carbonate  ion 
(product)  is accounted for in the  IR drop. Cp,x=o/Cpo is 
taken  to be unity,  since the overpotent ia l s  to be used 
are  IR free. (iv) React ion occurs at  the  in terface  of the  
e lec t rode  and e lec t ro ly te  tile. (v) The overpoten t ia l  in 
addi t ion to being IR free is also Nerns t - loss  free. There -  
fore, this model  d i rec t ly  takes  into account only  the 
effects of diffusion of COs in the  gas phase and of ac-  
t ivat ion.  

The rat io Cco2.x=.o/C~ is de te rmined  by  cons ider -  
ing the  zones of gaseous diffusion. In  the first zone 
(flow cavi ty)  the  molar  flux is descr ibed b y  the fo l low- 
ing equat ion 

JD - -  ilnF - -  - -kg (C  o --  C*) [17] 

where  C* is the concentra t ion of CO2 at  the ent rance  
of the  pore. In  the  second zone (the pore)  the molar  
flux is represen ted  b y  the fol lowing equat ion 

JD ~- {InF = --Deft(C* -- C==o)/Sg [18] 

The effective diffusivi ty (Deft) is defined as fol lows 

Deft -- DAB elf [19] 

Since the flux in the cavi ty  is equal  to the flux in the 
pore,  Eq. [17] and [18] a re  solved s imul taneous ly  to 
e l iminate  C* y ie ld ing  the ra t io  Cx=o/Co 

Cx=olCo = 1 + (ilnFC o) ( l / k g +  ~SglDAB~) [20] 

The l imi t ing cur ren t  when Cx=o is equal  to zero is 

i L -~ --nFC~ + TSg/DABe) [21] 

Subs t i tu t ing  Eq. [20] and [21] into Eq. [9] in con- 
junc t ion  wi th  the s ta ted  assumptions  y ie lds  the  final 
work ing  equat ion 

i = io[exp (a~F~/RT) -- (1 --  i/iL) exp (--~Fn/RT] [22] 

Equipment and Procedure 
To test  the appl ica t ion  of the MCFC to the remova l  of 

low- leve ls  of COs, s t a t e - o f - t h e - a r t  components  were  
used. An  assembly  was made  which conformed as 
closely as possible to tha t  used at  Argonne  Nat ional  
Labora to ry  (8). 

The e lect rochemical  cell  consists of two cell  housings, 
anode and cathode half-cel ls ,  th rough  which the p ro -  
cess gases flow. The housings, Fig. 1, are  made  of 316 
stainless  steel. In le t  and out le t  por ts  a re  provided,  
through which  the process gas enters  and leaves the 
housing. A thi rd  por t  is p rovided  to a l low inser t ion of 
a thermocouple  for moni tor ing  the ce l l  t empera ture .  
Fo r  the cathode housing a four th  por t  is avai lable  for 
inser t ion of the reference  electrode.  Baffles, 0.152 cm 
deep, are  incorpora ted  into the cell. 

Two different  size cells were  used in these tests. The 
basic cell  design remains  the same, though the baffle 
configuration is different  for the two cell sizes. F igure  1 
shows the configurat ion for the 3.18 cm d iamete r  cell 
(e lect rode d i ame te r ) ,  which  was used dur ing  runs No. 
1, 2, and 3. A 5.72 cm d iame te r  cell  was used for run  
No. 4. 

S in te red  nickel  e lectrodes were  used in these tests. 
Sheets  of 80% porous nickel  of 0.0762 cm thickness wi th  

~ T h e  m o s t  r e c e n t  w o r k  of  S m i t h  (16b) g ives  s o m e w h a t  h ~ h e r  
o x y g e n  solubil~:t~es in t h e  Li-K b i n a r y  t h a n  t h o s e  a s s u m e d  h e r e .  
Th i s  r e i n f o r c e s  t h i s  a s s u m p t i o n .  

REFERENCE 
ELECTRODE 
PORT 

PORT ' / / / / / ' / / / / / A  N 
SECTION A-A 

_ _  ?FFLE  

I N L E T / ~  INLET/ 
OUTLET ~ / / / / /~---~7--~,- .~]OUTLET 
PORT [ / ' 7  / / / / / / / / / / / / " 7 " I  PORT 

SECTt ON R-B 

F'I. 1. Cell housing 

nickel  screen f o r - s t r u c t u r a l  suppor t  were  purchased  
f rom Gould, Incorpora ted .  The mean  pore  d iamete r  of 
the cold n ickel  is 10 microns.  Upon heating,  the ca th-  
ode e lect rode ox id i z e s /n  s/tu to nmkel  oxide. The anode 
e lec t rode  remains  n ickel  dur ing  operat ion.  

Elec t ro ly te  t i les were  provided  by  Argonne  Nat ional  
Labora torms  and the Genera l  Electr ic  Company.  The 
t i les  are  a mix tu re  of e lec t ro ly te  eutectic,  55% by  
weight,  and l i th ium a luminum oxide (LiA1Os), 45% 
by  weight.  The e lec t ro ly te  eutectic is a mix tu re  of 
potass ium carbonate  (K~CO3), 38% by mol  fraction,  
and l i th ium carbonate  (LisCO3), 62% by  mol fraction.  
The LiA1Os is the suppor t ing  matr ix .  Retent ion  of elec-  
t ro ly te  eutect ic  by  cap i l l a r i ty  and prevent ion  of process 
gas crossover is due to the  smal l  pore  size in the 
matr ix .  

The mel t ing  t empera tu re  of the e lec t ro ly te  l imits  the 
min imum opera t ing  t empera tu re  of the MCCDC. This 
carbonate  eutectic mel ts  at  763 K. 

A reference  e lect rode is inser ted  into the reference 
electrode por t  (Fig. 1). The reference electrode,  Fig. 2, 
consists of a gold wire,  a lumina  tubes  for  gas t r anspor t  
and insulat ion,  and a stainless steel  tube for s t ruc tura l  
support .  The coiled end of the  gold wire  (coiling is 
done to assure adequate  surface area)  is immersed  in 
a wel l  containing the l i th ium and potass ium carbonate  
eutectic. A s tandard  gas of CO2 and air is bubb led  
into the  e lec t ro ly te  well.  

F igure  3 shows a d iag ram of the cell  assembly.  The 
electrodes are  cut so tha t  they  fit snugly  in the housing, 
res t ing on the baffles. 

The ma jo r  electronic component  in test ing the 
MCCDC is the Po ten t ios t a t -Ga lvanos ta t  (PAR 371) 
used in conjunct ion wi th  .a PAR Model  178 Elec-  
t rometer .  

S t eady - s t a t e  potent ia ls  a re  measured  wi th  Simpson 
460 Digi tal  Mul t imeters .  Curren t  is moni to red  wi th  a 
Westin~.ho~se ammeter .  A Bai ley  Ins t ruments ,  Inco r -  
porated,  BRY-1 Recorder  is used to moni to r  the cell  
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Fig. 2. Reference electrode 

potent ia l  and cathode CO2 outlet  concentrat ion dur ing 
approach to steady-state.  

A Tektronix  5111 Storage Oscilloscope with a SA19N 
Differential  Amplifier and a 5810N Time Base Amplifier 
is used to record potent ial  as a funct ion of t ime dur ing 
current  interrupt ion.  

The cell IR drop can be estimated using a cur ren t -  
in te r rup t ion  technique uti l izing the a-c component 
(19). The ohmic overpotential  decays much more rap-  
idly than the other types of overpotential ;  thus its mag-  
ni tude is measured as the ini t ial  port ion of the poten- 
tial decay curve. The ohmic resistance is given by the 
following equat ion 

R -- AE/~I [23] 

A Barber -Coleman 121-B Tempera ture  Controller  is 
used to control the furnace air tempera ture  to •176 of 
the desired temperature.  Thermo Electric Company, 
i ron-cons tan tan  24 gauge thermocouples are used to 
moni tor  each half-cel l  temperature.  

Cathode carbon dioxide concentrat ions are measured 
with a Beckman 864 Infrared Analyzer  which is tuned 
to the adsorption f requency of CO2 only. Measure- 
ments  can be performed either cont inuously or on 
demand. A four -way  valve allows the passage of gas 
from a point downst ream of the cell to the Beckman 
analyzer  and back to the same point. Cal ibrat ion of the 
analyzer  is checked daily using the cathode process gas. 

The cell was heated at a rate of 50~176 per hr. 
During hea t -up  the process gases were flowing through 
the cell. About  100 cmS/min of CO2 in  air  and H~ were 
sent to the cathode and anode, respectively. A s tandard 
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Fig. 3. Cell assembly 

reference gas of CO2 and air  was sent  to the reference 
electrode. After  the operat ing temperature  was reached 
the cell was allowed to stabilize for two or three days. 
During this t ime open-circui t  was main ta ined  and the 
cathode electrode oxidized in situ. 

Steady-sta te  polarization was obtained by  the fol- 
lowing method: After  the cell reached the desired 
operat ing temperature,  between 818 and 923 K, the 
cell was allowed to stabilize. Upon stabilization the de- 
sired flow rates were set. Cathode flow rates ranged 
from 100 to 2000 cma/min. Anode flow rates were usu-  
al ly held constant  at approximately 32 cmZ/min. Re- 
cycle flow rates, when used, ranged from 1000 to 2000 
cm3/min. 

After  the flow rates were set the cell was allowed to 
equilibrate,  normal ly  one day. Upon equi l ibrat ion 
outlet  concentrations and half-cell  potentials were 
measured. Current  was then d rawn from the cell gal- 
vanostatically. The cell was allowed to reach steady- 
state; normal ly  1-2 hr, min imum,  or a day, maximum, 
was necessary. Approach was observed using the str ip- 
chart recorder. After  steady s ta te  was reached, con- 
centrat ions and potentials were a~ain measured. 

The current  was incremented  in 10, 20, or 50 
mA steps un t i l  the cathode removal  reached 90-95% 
or the current  efficiency dropped to approximately 
100%. 

In  addition to the steady-state  polarization mea-  
surements,  ohmic loss was also measured at each cur-  
rent  d rawn from the cell. 

Results 
A total of four runs  (experiments)  were performed. 

Each run  required assembly and disassembly of the 
cell and introduct ion of new electrodes and electrolyte 
tile. New electrodes and tile were necessary for each 
run  due to their  destruct ion on disassembly. Termina-  
tion was general ly  due to mechanical  failure en-  
countered after several hundred  hours of operation. 
About  half  of the tiles failed due to gas crossover. 

The cathode removal  efficiency is the difference of 
the cathode inlet  and outlet  CO2 concentrat ions divided 
by the cathode inlet  concentration, mult ipl ied by 100. 
All  concentrat ions are listed in  volume percent. 

The current  efficiency (Ca Curren t  Eft) is the ratio 
of the tools of CO2 removed to the theoretical mols 
that  could be removed by  two faradays of current.  The 
current  efficiency is related to the COs removal  rate 

(mco2) (cmS/min) and current  (I) (amp) 

Ca Current  Eff -- mco2nFp/I = mco2/7.6I [24] 

where p (mol /cm 8) is the densi ty of CO2 at room tem- 
perature. The cathode removal  rate used for the current  
efficiency is based on the inlet  cathode flow rate. 

Typical cathode overpotentials (IR free) are plotted 
in Fig. 4 and 5. These figures show the dependence on 
cathode flow rate and cathode inlet  CO2 concentrations.  
Typical carbon dioxide removal  efficiencies are plotted 
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in Fig. 6. Note the  dependence  of remova l  efficiency 
on flow rate  and the app rox ima te ly  l inear  re la t ionship  
wi th  respect  to cur ren t  densi ty.  

Typica l  cur ren t  efficiencies as a funct ion of cur ren t  
dens i ty  are  p lo t ted  in Fig. 7. Note the  asymptot ic  be -  
hav ior  at  zero cu r ren t  dens i ty  approaching  infinite 
efficiency and the approach  to 100% efficiencies at  high 
current  densit ies.  

Typical  cathode CO2 remova l  ra tes  as a funct ion of 
flow ra te  are  presented  in Fig. 8 and 9. Complete  re -  
sults are  shown b y  Weaver  (20). 

Treatment of Data 
Polar iza t ion  da ta  were  t rea ted  by  first removing the 

es t imate  of ohmic loss and  calcula ted Nernst  losses. 
Nernst  loss (AEN) is ca lcula ted  using Eq. [7]. The 
pa r t i a l  pressures  used are based on the log mean aver -  
age of the inlet  and out le t  concentrat ions at  equ i l ib r ium 
and under  load. Transpor t  and kinet ic  pa rame te r s  for 
the  cathode ha] f -ce l l  reac t ion  [3] were  es t imated  by  
fit t ing Eq. [22] to the expe r imen ta l  da ta  using a non-  
l inear  l eas t - squares  computer  program.  Cer ta in  pa -  
r ame te r  values  were  assumed while  others  were  a l -  
lowed to va ry  to give the  best  fit. The cathodic t ransfer  
coefficient was assumed to be 0.60. This is the va lue  
found by  Winnick  and Ross (13) and i t  agrees  wi th  
the  va lue  determin~ed graph ica l ly  f rom Allen-HEckling 
plots  (20). The effective diffusion layer  was assumed 
to be equa l  to the e lec t rode  thickness,  0.076 cm. The 
poros i ty  was taken  to be the value of the cold nickel,  
0.80. The diffusion coefficient of CO2 in a i r  was es t i -  
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Fig. 6. Removal efficiency as a function of current density for 
run No. 2, tests C through G; inlet [CO2] ~ 0.50%, temp. 
915 K. 
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o 

mated  using the Wi lke  and Lee modification of the  
equat ion of Hirsehfelder ,  Bird,  and Spotz (21) 

DA~ "- BT 3/2 ~/(1/Mco2) -b (1/MAir) Pr2cO2.AirlD [25] 

where  
B = [1.0 --  2.46 ~/(1/Mco2) + (1/MAIr)] • 10 -4 

and r is the collision d iamete r  and ID is the collision 
in tegra l  for diffusion. 

The viscosi ty  of the  gas mix tu re  is t aken  to be the  
viscosi ty of air,  which is found in P e r r y  and ChilLon 
(21). The va lue  used for C ~ , the b u l k - p h a s e  concen- 
t ra t ion  of CO2, is the log mean  average  of the inlet  
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CO2 concentra t ion and the out le t  CO~ concentra t ion at 
99% removal .  This means  of de te rmin ing  C ~ gives 
l imi t ing currents ,  Eq. [21], under  condit ions of high 
CO~ ut i l iza t ion and thus l imits  the usefulness of Eq. 
[22] to high uti l izations.  

Gas flow in the cell  is assumed to be turbulent ,  even 
though Reynolds  numbers  are  less than  300, due to the 
tor tuous na tu re  of the flow channel .  Therefore  i t  is 
assumed that  the mass t ransfe r  coefficient (kg) is p ro-  
por t iona l  to the  Reynolds  number  t aken  to the  0.8 
power  (15) 

kg = B'(NRe) 0"s [26] 
whe re  

NRe = rHpQ/Acs~ 

and B' is a constant.  
B', -~, and  io a re  the  pa rame te r s  used to fit Eq. [22] 

to the expe r imen ta l  data. 
The pa rame te r s  T and io were  a l lowed to float for 

each run, but  a re  held  constant  for al l  tests wi th in  the 
run. 8 Each run  has a different  z and io because they  
are  a funct ion of the contact  be tween  the e lect rode 
and the e lec t ro ly te  t i le  (e lect rode wetting).+:This we t -  
t ing is an expe r imen ta l  p a r a m e t e r  that  is difficult to 
p red ic t  or  dupl ica te  and is therefore  assumed to be 
different  for each run.  

Table  I I  l ists the values  of the pa rame te r s  that  were  
es t imated  by  the computer  program.  The s tandard  
e r ror  of the model  es t imate  is 6.5 mV. 

Typica l  cathode overpotent ia l s  (IR and Nernst  loss 
f ree)  as funct ions of cur rent  d e n s i t : / w e r e  predic ted,  
and p lo t ted  in Fig. 10 and 11 using the  es t imated  pa -  
r amete r s  and Eq. [22] and [26]. These curves were  
pred ic ted  using the same flow rates  and t empera tu res  
as the  expe r imen ta l  data.  Also p lo t ted  in Fig�9 10 and 
11 are  pred ic ted  polar iza t ion  curves as iL approaches  
infini ty (act ivat ion)  and where  k~ approaches  infini ty 
(act ivat ion and e lec t rode  diffusion)�9 Al l  exper imen ta l  
data  were  cor re la ted  wi th  the  same degree  of fit as 
shown here.  

Discussion of  Results 
Evaluat ion  of the  cell  at equ i l ib r ium and under  load 

indicates  pe r fo rmance  is as expected  f rom p re l imina ry  
resul ts  (11, 12). Good agreement  wi th  the MCFC is 
also seen. 

Ohmic losses dur ing  these  runs  ranged  f rom 10 t imes 
( run  No. 1) to 50 t imes ( run  No. 4) g rea te r  than ohmic 
losses typ ica l ly  found in the MCFC. Specific condue-  
t ivi t ies  ranged f rom 0.063 (~-cm)  -z  to 0.012 (~ -cm)  -z.  
These are  cons iderab ly  lower  than  those found in the 
MCFC (22) which average  0.6 ( a - c m ) - L  This dis-  
c repancy  is p robab ly  due to poor  e lec t rode /e lec t ro ly te  
t i le  contact  for  the MCCDC. Gor in  and Recht  (23) 
found that  measured  resis tance can be  10 t imes grea ter  
than  that  p red ic ted  due to gas format ion  be tween  the 
e lec t ro ly te  and electrode.  

High values  of measured  IR might  also be due to 
oxide  prec ip i ta t ion  at the  e l ec t rode-e lec t ro ly te  in te r -  
face. However ,  this would occur dur ing  overa t ion  with  
dep le ted  COe, the  res is tance ~ncreasing with  the  e lapsed 
t ime of such operat ion.  No such t ime dependence  was 
seen in these exper iments ,  

Dur ing  r u n  No. 4 t h e r e  was  a change  i n  c e l l  p e r f o r m a n c e  be- 
t w e e n  the  two tes ts  at  500 cm~/min,  test~ A and  B, p e r f o r m e d  
ea r ly  in the  run .  a~d the  two tes ts  at  h ighor  flow ra tes ,  tes ts  C 
and D, p e r f o r m e d  at  the  end  of the  run .  This  is a s s umed  to be 
because  of a change  in e lec t rode  wet t ing .  T h e r e f o r e  tes ts  A and  
B, and  tes ts  C and D w e r e  each  ass igned a ~ a n d  io�9 
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Table II. Estimated parameters for mathematical model 

B '  = 0.28 e m / s e c  

R u n  T e m p  (K)  r io (mA/cm~)  

1 923 0.36 23 
2 915 0.76 17 
3 910 0.32 15 

4 A ,  B 818 1.54 8.3 
4 C ,D  818 0.62 6.2 

25 

-150 ~- 

Fig. 10. Cathode overpotential as a function of current density 
for run No. 1; [CO2] ~ 1.00%, temp. "-- 923 K. 
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Fig. i l .  Cathode ovcrpotential as o function of current density 
for run No. 2, tests C through G; inlet [CO2] = 0.50%, temp. "---- 
915 K. 

Typical  cathode ha l f -ce l l  overpotent ia l s  (IR f ree) ,  
Fig. 4 and 5, show the dependence  of the overpo ten t ia l  
on flow ra te  and  COs inle t  concentrat ion.  I t  is seen 
tha t  the  cathode overpo ten t ia l  at  constant  cu r ren t  den-  
s i ty  decreases wi th  increas ing CO~ inlet  pa r t i a l  p res -  
sures and flow rate.  

The mathemat ica l  model  used to corre la te  these da ta  
gives some insight  into expla in ing  the behavior .  As 
noted ea r l i e r  there  a re  th ree  pa rame te r s  used to fit 
the  da ta  to Eq. [22]. Two parameters ,  the mass t ransfe r  
coefficient and tor tuosi ty ,  are  used to corre la te  the dif-  
fusion overpoten t ia l  and the th i rd  pa ramete r ,  exchange 
cur ren t  densi ty,  along with  the t ransfer  coefficient are 
used to corre la te  the  ac t iva t ion  overpotent ia l .  Mass 
t ransfer  is thought  to be control led  b y  gas phase d i f -  
fusion of CO2 in the flow cav i ty  and pores  (see Table 
I ) .  

Tortuosi ty ,  which was a l lowed to v a r y  for  each run,  
is a function of the  e lec t rode  wet t ing,  and is l is ted in 
Table  I I I  for  each run. I t  is observed that  all  but  one 
tor tuos i ty  a re  less than  one. F r o m  phys ica l  considera-  
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Table III. Cathode limiting currents 

F l o w  
r a t e  CO2 Mass 

( cm~/min)  i n l e t  t r a n s f e r  L i m i t i n g  
s i n g m - p a s s /  conc .  T e m p  coetf ,  c u r r e n t  

Tes t  r e cyc l e  (%) (K)  ( c m / s e c )  (mA/cm~)  

1A 103 1.0 923 2,2 35 
1B 147 1,0 9Z3 2,9 45 
1C 198 1,0 9Z3 3,7 56 
1D 247 1,0 9~7 4,4 66 
1E 730/1080 1.0 937 14.0 168 
2A 251 1.0 915 4.5 59 
2B 320 1,0 916 5,4 68 
2C 103 0,5 917 2.2 16 
2D 148 0.5 918 2,9 20 
2E 202 0.5 913 3.8 26 
2F 250 0.5 914 4,5 29 
2G 350 0.5 910 5,8 36 
3 500/1320 0.3 910 17.0 59 
4A 50(}. 0.3 817 8.2 t8  
4B 480 1,0 818 7,9 60 
4C 5o4)/1560 1.0 817 20.0 150 
4D 2200 1.0 819 27.0 170 

tions it  is known that �9 cannot be less than one since 
a value of one woulcl incticate a cyhnctrical pore (24). 
From Eq. [21j it is seen that  �9 is used to fit the term 
~Sg/De to the data. Since the same electrode mater ial  is 
used for each run  T should be a constant. The reason 
is less than  one and is dilIerent for each run  is because 
the effective diffusion layer  is less than the electrode 
thickness and is different for each run.  This indicates 
that a certain amount  of wett ing has occurred, that  the 
degree of wett ing is different for each run,  and the 
active reaction zone is closer to the e lec t rode/bulk-gas-  
phase interface than or iginal ly  assumed. 

The parameter  ~, thereiore is not a true tortuosity 
but  is a parameter  which includes tortuosity and the 
effective diffusion layer. In  addition to the above, ~ is 
also a funct ion of the active electrode area since the 
diffusion of CO2 is both normal  and paral lel  to the 
pore walls, whereas diffusion of COs was visually as- 
sumed to be only normal  to the reaction zone. 

Using the mass t ransfer  coefficients predicted with 
Eq. [26], and the tortuosities from Table II l imit ing 
currents  for each run  are calculated using Eq. [21] and 
are listed in Table III. 

The l imit ing currents  calculated in this way are 
comparable to those estimated in  Table I, for COs-gas- 
phase diffusion. For example, test 1A, with 1% COs, 
shows a l imit ing current  of 35 mA/cmS compared with 
120 m A / c m  s estimated at this flow rate and composi- 
tion. The approximately  threefold difference is due to 
the effects of pore diffusion and the high CO2 util iza- 
tion in the experiments.  Neither was included in the 
est imation for Table I but  both are used in developing 
Eq. [21] and [22]. The same threefold difference is 
seen for test 4D, with 170 mA/cm~ found from the 
test results and 500 estimated in Table I. The tests with 
0.3% CO2 (3 and 4A) are also about  a factor of three 
below the estimates of Table I. These comparisons tend 
to verify that  gas-phase diffusion of COs is, in fact, the 
controll ing process at these low CO2 pressures. 

The Iimitir~g currents  listed in Table IV are those 
due to diffusion of CO2 under  conditions of high uti l iza- 
tion. The overall  cathode reaction [3] has a comulicated 
reaction mechanism (26, 27). At 100% CO2 utilization, 
cur rent  will still flow due to the following reaction 

Vz Os q- 2e -  ~ O s -  [27] 

This results in  a continuous-smooth overpotential  curve 
and wil l  proceed unt i l  depletion of carbonate ions in 
the electrolyte occurs. Thus, operation at currents  
higher  than these values does not  result  in immediate  
infinitely high overpotential.  

Table II lists the values of io for each run.  The values 
of the exchange current  density are approximately a 
factor of 4 or 5 lower than the values found by Win-  
nick and Ross (13). For  example, at 923 K and an O2 
concentrat ion of 20%, Winnick and Ross found the ~x- 
change current  densi ty  to be 103 m A / c m  s (superficial 

area) ,  and at 818 K, they found an io of 45 mA/cm 2. 
The Winnick and Ross correlation for exchange current  
dertsity is 

io (superficial area) ---- (1.5 • 102) 

Pcos0Poz 0.5 exp ( - -6  • 103)/(T -~ 273) [28] 

The activation energy for the reaction mechanism is 
given by 

AEA = RA (In io)/A ( l / T )  [29] 

For a temperature  range of 923-818 K the activation 
energy for Eq. [28j is 11.7 kcal /g  mol. Using the aver-  
age values of io (listed in  Table lI)  at 916 K~ 0.018 
mA/cm~, and at 818 K, 0.072 mA / c m 2, the activation 
energy for the above temperature  range is 13.9 kcal/g 
tool. This is in  fair ly good agreement  with Winnick 
and Ross and indicates that  the difference in the per-  
formance of their  cell and the cells used in this ex-  
per iment  is the active electrode area. This assumption 
is supported by the high ohmic losses found, which 
indicates poor electrode wett ing (small active area) 
due to insufficient electrode/electrolyte tile contact. 

W'ilemski et al. (17), using their semi-empirical  
model, were successful correlat ing IGT cathode half-  
cell overpotentials (22). They found an io of 0.35 mA/  
cm2 (actual area) for 15% O2 and 30% CO2 at 923 K. 
The actual area to superficial area they used for the 
cathode was 320 cmS/cm 2 (16), result ing in an io of 
112 m A / c m  2 (superficial area).  This corresponds rea-  
sonably well  with the value calculated from Eq. [28], 
87 m A / c m  2 (superficial area) .  

By taking the ratio of 112 mA / c m 2 to the io found 
for run  No. 1, 23 m A / c m  2 (superficial area) ,  the ratio 
of the active areas of the IGT MCFC and the MCCDC 
is found to be 4.9. A rough comparison of the IGT 
MCFC data with the MCCDC can be made by mul t ip ly-  
ing the MCCDC current  densities by 4.9. At 100 mA/  
cm2 (20 m A / c m  2 for the MCCDC) the MCFC has a 
cathode overpotential  of 45 mV while the MCCDC has 
an overpotent ial  of 55 mV (Test IE),  At 200 mA/cm s 
(40 mA / c m 2 for the MCCDC) the MCFC has an over- 
potent ial  of 85 mV and the MCCDC has an overpoten- 
tial of 118 mV. The agreement  is good, which suggests 
that the major  differences between the two cells is in 
the wet t ing characteristics. 

Comparison of the MCCDC's anode cur ren t -over -  
potential  performance with IGT's anode data also 
showed good agreement  when the comparison is based 
on the ratio of the exchange current  densities (super-  
ficial area) using the exchange current  density found 
by Wilemski (17, 20). 

The temperature  dependence of the cathode over-  
potential  is controlled by  the temperature  dependence 
of the exchange current  density and the effect of tem- 
perature  on the exponent ial  terms in Eq. [22]. 

The combined effects of diffusion in the flow cavity 
and the pores, and activation is seen in the predicted 
cathode uolarization curves, Fig. 11. The overpotential  
is both IR and Nernst-Ioss free. The dependence of the 
cathode overpotential  on flow rate and COs inlet  con- 
centrat ion is described above and is seen in this figure. 

Cathode CO~ Removal Efficiency 
The goal of high removal  efficiencies of COs from 

simulated cabin gas with low COs part ial  pressures 
(Pco2 ~ 7.6 mm Hg) has been 'achieved dur ing these 

runs. For  an inlet  COs concentrat ion of 1.0% COs re-  
moval  efficiencies of at least 95% were achieved at 
flow rates as high as 200 cmS/min. For 0.5% CO2, re-  
moval  efficiencies greater than 80% were obtained at 
500 cmS/min at temperatures  of 637 ~ and 545~ From 
Fig. 6 it is seen that  a removal  efficiency of 95% was 
reached for 0.5% CO2 at 103 cmS/min. 

Dur ing  several  tests, 1A, 1B, and 2C, the outlet CO~ 
concentrations of the cathode gas were reduced to 
ambien t  levels (0.03%). For all other  tests, the outlet 
CO~ concentrations were below 0.1%. 
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As evident from Fig. 6 and 7, the removal efficiency 
is approximately a linear function of current density 
over the range tested. Since the COs removal rate is 
proportional to the CO2 removal efficiency, the CO2 
removal rate is also linear with respect to current 
over the range tested. 

Cathode Current Efficiency 
The MCCDC achieves high removal efficiencies at 

high current efficiencies. The lowest current efficiency 
recorded was 80%. At most current densities, for all 
runs, current efficiencies were above 100%. 

Typical current efficiencies as a function of current 
density are shown in Fig. 8. Current efficiencies at low 
current densities approach infinity. This is because of 
the open-circuit removal of CO2. At high current den- 
sities the current efficiencies approach 100%. 

The phenomenon of open-circuit COs removal and 
current efficiencies above 100% is discussed by Winnick 
et al. (12) and Stepanov (29). Under normal operating 
conditions the ratio of cathode to anode flow rates will 
be approximately 50 whereas experimental ratios of 
3 to 22 were used. At these low ratios open-circuit COs 
removal occurs due to diffusion of CO2 and reaction 
with the excess hydrogen (12, 28). In an operating 
cell, efficiencies of 100% will be seen even at the low 
current densities. 

Conclusions 
The cathode of a molten carbon fuel cell has been 

found to perform quite well at extremely low carbon 
dioxide partial pressures. Current densities appear to 
be limited by gaseous diffusion of COs to the reaction 
zone. 

The high current efficiencies, current densities, and 
removal efficiencies achievable make the MCCDC at- 
tractive for manned space applications. The penalties 
associated with such a high-temperature device, how- 
ever, would have to be considered in any design. 
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LIST OF SYMBOLS 
a Activity 
Ac~ Cross-sectional area (cm ~) 
B' Constant for Eq. [26] (cm/sec) 
C Concentration (g mol/cm 8) 
C ~ Bulk phase concentration (g mol/cm 8) 
C* Concentration at entrance of pore (g mol/cm 8) 
DAB Diffusivity (cm2/sec) 
Deft Effective diffusivity (cm2/sec) 
E Potential (V) 
AEN Nernst loss (V) 
~EA Activation energy (cal/g reel) 
F Faraday 
H Henry's constant (mol/cmS-atm) 
R Gas constant (cm~-atm/g mol K) 
r~ Hydraulic radius (cm) 
r Collision diameter 
T Temperature (K) 
V Velocity (cm/sec) 
i Current density (mA/cm s) 

iL 
io 
I 
ID 
I R 
JD 
kg 
L 

race2 
M 
n 

Limiting current density (mA/cm ~) 
Exchange current density (mA/cm 2) 
Current (A) 
Collision integral for diffusion 
Ohmic loss (V) 
Molar flux (g mol/cm 2 sec) 
Mass transfer coefficient (cm/sec) 
Length (cm) 

COs removal rate (cmS/min) 
Molecular weight 
Mols of electrons transferred per reel of re- 
actant 

(Nsh) In Log mean Sherwood number 
Nr~e Reynolds number 
Nsr Schmidt number 
P Pressure (atm) 
R Resistance (~2) 
Q Volumetric flow rate (cm3/min) 

Greek Letters 
. - )  

Cathodic transfer coefficient 
< 

Anodic transfer coefficient 
Effective thickness (cm) 
Porosity 
Overpotential (V) 

~d Diffusion overpotential (V) 
p Density (g mol/cm 3) 

Tortuosity 
Viscosity (g/cm sec) 

Subscripts 

ca Cathode 
ref Reference 
x = 0 Electrode/electrolyte interface 
P Product 
R Reactant 
e Equilibrium 
.g Gas phase 
1 Specie i 
i Under load 
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Electrochemical Studies of Photocorrosion of n-CdSe 

Karl W. Frese, Jr.* 
SRI International, Menlo Park, California 94025 

ABSTRACT 

Rotating-ring-disk studies of the photoelectrochemical  corrosion of n-CdSe (1120) have been made. F la tband potentials 
for CdSe as a function of light intensity and redox potential  were determined.  The studies focused on the role of the Se 
corrosion layer. Evidence is presented to show that the nominally Se layer is a good hole conductor  with an active energy 
level for holes at +0.76V vs. SCE. The Marcus-Gerischer reactivity pat tern was found by an analysis of stabilization effici- 
ency with various reducing agents. 

The use of semiconductors ,  such as GaAs or CdSe, 
in contact  wi th  redox e lect rolytes  to convert  rad ian t  
energy  to e lec t r ica l  or chemical  energy  wil l  continue 
to be a wide ly  pursued  research  objective.  The na ture  
of these photoe lec t rochemical  devices is such tha t  cor-  
rosion of the  e lect rode ma te r i a l  is a major  concern. 
Therefore,  we (1, 2) and others  (3) have made  a t -  
tempts  to descr ibe  the  corrosion process as wel l  as the 
compet i t ive  e lec t ron t ransfe r  f rom redox species in 
the e lectrolyte .  

This paper  deals  wi th  severa l  aspects of our studies 
of the  photoe lec t rochemical  corrosion of n-CdSe.  We 
have appl ied  var ious  measurement  techniques inc lud-  
ing capac i tance-vo l tage  (C/V), monochromat ic  quan tum 
yield,  and the ro ta t ing  r ing -d i sk  electrode,  RRDE. 

We have  de t e rmined  the bandedge  energy levels  of 
i l lumina ted  CdSe Using capac i tance /vo l tage  (C/V)  
analysis  and compared  this va lue  wi th  the  k ine t ica l ly  
de t e rmined  energy  level  for holes, Eh, in a nomina l ly  
se lenium corrosion layer .  We used quan tum yields vs. 
wavelength  to show tha t  the corrosion l aye r  on CdSe is 
a good hole conductor.  We have  also demons t ra ted  the 
u t i l i ty  of app ly ing  homogeneous e lect ron t ransfer  ra te  
da ta  to p rob lems  in semiconductor  e lectrode kinet ics  
such as the  p rob lem discussed here, namely,  the com- 
pet i t ion  be tween  corrosion and e lec t rode  redox reac-  
tions. 

Experimental Details 
All  samples  of CdSe (Cleveland Crys ta ls )  (1120) 

were  first chemomechanica l ly  e tched and pol ished us-  
ing a 1% Br2/CH8OH(v/v)  solution. Before each ex-  
per iment ,  the samples  were  cleaned wi th  i% Br2/ 
CHaOH mixed  50% by  volume wi th  1M HC1 using a wet  
cotton t ip appl icator .  F inal ly ,  the samples  were  r insed 
for ~10 sec wi th  1M HC1, fol lowed by  a 20 sec rinse 
in flowing deionized water .  Af te r  such t rea tment ,  the 
samples  were  a lways  b r igh t  and hydrophobic .  

A Bausch and Lomb h igh- in tens i ty  gra t ing  mono-  
chromator  was used in the spect ra l  exper iments .  Light  
in tensi t ies  were  measured  wi th  an Epp ley  thermouile .  

A ro ta t ing  r i ng -d i sk  e lect rode was assembled with  a 5 
m m  d iam CdSe d isk  and a glassy carbon ring. The 
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collection efficiency was found to be 0.30. A Pine  RDE-3 
b i -po ten t ios ta t  was used to control  the r ing and disk 
e lect rode potentials .  The  rota t ion speed, 1000 rpm, was 
high enough to avoid diffusion l imita t ion.  The measured  
currents  were  independen t  of ro ta t ion speed in the 
same speed range and above. 

Capaci tance measurements  were  made using a lock- in  
amplif ier  set up at a constant  a -c  vol tage of ~ I 0  mV 
ampl i tude .  The pa ra l l e l  capaci tance Cp is measured  in 
our  a r rangement .  The measur ing  f requency  was 10 kHz. 
Previous  measurements  (4) on the same crystals  used 
here Showed no f r e q u e n c y  dispers ion in the f requency 
range  i kHz to 100 kHz. 

Flatband Potential Measurements 
We have prev ious ly  discussed (4) our  results  on the 

measurements  of da rk  f la tband potent ia ls  of n -CdSe  
(119.0). The resul ts  were  in te rp re ted  by  assuming in te r -  
face s ta te  charging by  redox couples in the dark.  When 
such interface states are  present ,  the  f latband potent ia l  
can differ  be tween  l ight  and  da rk  due to the e f f ec to f  
l ight  in causing electronic t ransi t ions,  t h a t  lead to a 
different  s ta te  of charge in the  in ter rac ia l  region. For  
example ,  holes m a y  be cap tured  on nega t ive ly  charged 
acceptor  states. Our  ear l ie r  resul ts  on CdSe showed 
c lear ly  tha t  in ter face  states contr ibute  a ma jo r  role  in 
the  C-2/V behavior  in the  da rk  in  the presence of var i -  
ous redox couples. We there fore  inves t iga ted  the effect 
of i l lumina t ion  on the f la tband poten t ia l  using three  
different  ~edox couples. Typical  resul ts  are  shown in 
Fig. 1 where  we show sample  M ot t -Sc ho t t ky  (10 kHz) 
plots at var ious  l ight  intensi t ies  wi th  0.05M each 
[Fe (II)  D T P A ] - / [ F e  (III)  DTPA]  = as the redox couple 
(E o --  --0.21V vs. SCE).  DTPA is d i e thy lene t r i amine -  
pentacet ic  acid. The anodic cur ren t  var ied  f rom 10 - s  
(da rk )  to 1 • 10 .3  A / c m  2 at  the  highest  l ight  in-  
tensi ty.  The Mot t -Scho t tky  slopes are  pa ra l l e l  at each 
l ight  intensi ty,  y ie ld ing  donor  densi t ies  of 1.5 • 1017 
cm -3 in both da rk  and light.  We can therefore  say  that  
bu lk  hole t r app ing  is not an impor t an t  effect in these 
exper iments .  As shown in Fig. 1, the f latband potent ia l  
is s t rongly  dependen t  on l ight  intensi ty.  A posi t ive 
shift  that  even tua l ly  sa turates  at  Vfb ~ --0.40V vs. SCE 
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Fig. 1. Mott-Schottky plots for n-CdSe (1120) at various light 
intensities. Tungsten-halogen lamp. Electrolyte: 0.05M each Fe2+/ 
Fe 3+ in 0.5M DTPA, pH 8.5. 

is observed.  If  the i l lumina t ion  is removed,  the  M - S  
p lo t  r e tu rns  to the  or ig ina l  da rk  value.  The CdSe is 
r e l a t ive ly  uns table  if  the  pho tocur ren t  exceeds 1 • 
10 - a  A / c m  a under  the  condit ions in Fig.  1. In  this case, 
the  Mot t -Scho t tky  plot  does not  r e t u r n  to the or ig inal  
d a r k  condition. 

S imi l a r  measurement s  were  made  wi th  Fe(CN)64-/~- 
(E o = +0.12V v s .  SCE) and [Fe EDTA] = / -  (E ~ ---- 
--0.12V v s .  SCE) as the  r e d o x  couples. The effect of 
i l lumina t ion  was ve ry  s imi la r  in these cases. The r e -  
sults of VFB VS.  l ight  in tens i ty  are  summar ized  in Fig. 2. 
In  each of  the th ree  cases invest igated,  VFB saturates  at  
the  same potent ia l ,  namely ,  --0.40V v s .  SCE. In  the 
dark,  the f la tband potent ia l  depends  on the redox 
couple in agreement  wi th  previous  resul ts  (4). The re -  
sul ts  in  Fig. 2 show another  in teres t ing  feature.  As the  
redox  couple becomes more  reducing,  a h igher  hole  
flux is needed  to shift  V~-B to the sa tura t ion  value.  This 
m a y  indicate  tha t  holes neut ra l ize  negat ive  charge in 
acceptor  in ter face  s tates  (4). The amount  of negat ive  
charge  depends  on the reducing  p o w e r  of the redox  
couple. 

We emphas ize  tha t  the  above measurement s  were  
made  on f resh ly  etched crystals ,  in  which case we can 
expect  a thin corrosion l aye r  of Se. Jus t  how thin these 
layers  are  is not clear.  A film of 10-15A is not unreason-  
able  in v iew of the 10-15A res idual  SiO2 film found 
af te r  H F / H 2 0  etching of sil icon (5, 6). Some u n p u b -  
l ished Auge r  spect roscopy resul ts  f rom our  l abo ra to ry  

-1.4 | I I ] I I I I I I I 

-1.2 k O Fe(CN)63-/4- - 
~D -1.0 ~ _  A Fe(EDTA) -/= 

-0.6 ~ ~  2~ 
>~" -0.4 [] 

- ~  I I I I o ] I [ I I I 
0 4 8 t2 t6 20 

LIGHT INTENSITY mW/cm 2 

Fig. 2. Flatband potential vs. light intensity far n-CdSe (1120) in 
contact with various redax electrolytes. Electrolyte compositions: 
0.25M each KaFe(CN)6/K4Fe(CN)6 0.01M DTPA, pH 8.5; 0.2M 
each Fe2+/Fe a+  in 0.SM Na4EDTA, pH 6.5, 0.05M each Fe2+/ 
Fe a + in 0.SM DTPA, pH 8.5. 

do indicate  tha t  the  f resh ly  etched CdSe surface (1% 
BrJCI-I~OH: 1M HCl)  is r ich in Se. 

Optical Properties of Corrosion Layer 
The effect of the  corrosion l a y e r  of CdSe on the 

quan tum efficiency, ~, a t  shor t  c ircui t  is shown in Fig. 
3. The quan tum efficiency is ca lcula ted  by  d iv id ing  the 
observed  shor t -c i rcu i t  cu r r en t  dens i ty  by  the mono-  
chromat ic  photon flux in cur ren t  dens i ty  units. In  these 
exper iments  low l ight  intensi t ies  were  used so tha t  the 
cur ren t  dens i ty  at  the CdSe elect rode was a lways  less 
than 50 ~A/cm% The corresponding cur ren t  dens i ty  at  
the la rge  a rea  P t  countere lec t rode  was ~ ,~5 ~A/cm~. 
The e lec t ro ly te  contained 0.1M K4Fe(CN)6 and a small  
amount  of K~Fe(CN)6. The concentra t ion  of the  r e -  
duced form was high enough to ensure  a ve ry  high 
e lec t rode  s t ab i l i ty  at  ~50 ~A/em 2 pho tocur ren t  whi le  
the concentra t ion of K3Fe (CN)6 was kep t  low to min i -  
mize l ight  absorp t ion  in the e lectrolyte .  The measured  
currents  were  not  affected b y  st i rr ing.  

The r v s .  wavelength ,  ~, r e la t ion  was first de t e r -  
mined for  the  as etched electrode.  Quan tum efficieneies 
were  ,--0.85 over  most of the ~ range.  The decrease  in 
r a t  ,-~440 nm is caused by  l ight  absorp t ion  by  the 
KaFe (CN) 6. 

In  subsequent  exper iments  the  CdSe was photocor -  
roded at  100 ~A/cm2 photocur ren t  in a separa te  cell 
conta ining 1M Na2SO4, pH 7. Fo l lowing  ear l ie r  work  on 
CdSe and CdS (7), we assumed tha t  the corrosion re-  
action caused the re lease  of Cd 2+ ions into the e lec t ro-  
ly te  whi le  the Se deposi ted in e lementa l  form on the 
CdSe surface. Our  Auger  resul ts  on anodized surfaces 
again showed the corrosion l aye r  was >95% Se. With  
this assumpt ion we calculate  tha t  a corrosion photo-  
cur ren t  of t00 ~A/cm 2 is equiva len t  to an  Se growth  
ra te  of 55 A /min .  

Proceeding  in the above fashion, we grew Se layers  
that  were  60-3600A thick, as l i s ted  in Fig. 3. The 2400 
and 3600_& thick layers  showed film colors wi th  the 
character is t ic  red of amorphous  se lenium (Eg --  2.0'5 
eV) (8). The :p v s .  ~. was de te rmined  as shown by  the 
r ema in ing  plots in Fig. 3. The g rowth  of the first 60A 
caused ,~ to increase over  much of the wavelength  
range.  This effect could be re la ted  to an improvemen t  
in surface condit ions that  led to lower  recombina t ion  
a n d / o r  more  effective l ight  absorpt ion.  In  a recent  
pape r  (9), the improvement ,  in solar  cell  efficiency of 
p o lycrys ta l l ine  CdSe caused by  ~hort photoanodic  
e tching has been demonst ra ted .  

Some qua n tum efficiencies in Fig. 3 exceeded un i ty  
by  at  most 10%. We a t t r ibu te  this to a sys temat ic  e r ro r  
in l ight  flux measurement .  Ul t imate ly ,  we wish to ca l -  
culate  the a p p a r e n t  absorpt ion  coefficient of the corro-  
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Fig. 3. Short-circuit quantum efficiency vs.  wavelength for n-CdSe 
(112"0) in 0.1M K4Fe(CN)6 0.1M No!2 EDTA, pH - -  8.5. Samples 
were anodized in I M  Na2SO~ pH = 7, far various times. 
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sion layer  so that  only relat ive r values are important .  
We used the 60A ~ vs .  ~ as the "base line" zero light ab- 
sorption curve. Other curves at 600, 2400, and 3600A 
were compared with the 60A at each L From the rela-  
tive @ referred to the 60A curve, the apparent  adsorp- 
t ion coefficient, a, cm -~ was obtained by solving the 
following equation 

In [@/,~60A] = at [1] 

where t is the thickness of Se calculated from the 
photocorrosion time data. The apparent  ~ for three 
thicknesses is shown in Fig. 4 where  the data are com- 
pared with one set of l i terature  a values for amorphous 
Se (1O). In  view of the uncertaint ies  in our method, the 
agreement  is good, indicat ing that the corrosion layer 
behaves optically very much like an Se light filter. The 
implications of these results are discussed later. 

Determination of Rearrangement Energies 
In  our corrosion-redox competit ion model (2), a pa- 

rameter  of major  importance is the most probable level 
of the reducing agent Ered. This level (11) is related 
to the redox potential,  EF red~ according to 

Ered -" EF red~ -- ~.el [2] 

where ~.el is the reorganizat ion energy (12, 13) for a 
heterogeneous (electrode) reaction. It is evident  that 
~el values must  be evaluated to unders tand  the corro- 
sion process. 

A large body of data on homogeneous electron t rans-  
fer reactions in solution exists i n  the chemical l i tera-  
ture. In  general, two types of reactions have been 
studied. Type one consists of electron exchange reac- 
tions between redox species that  only differ in their  
oxidation state, such as Fe 2+ -5 *FeS+. The second 
group is made. up of cross reactions, e.g., Ce 4+ ~- 
Fe (CN) 64-. 

1~ ~ '  I I I I I I 
I -  

Se Layer Thickness 

~_ Amorphous Se 1"7 600 A 
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- \ 
_ \ 
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_ \ 
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400 450 500 550 600 650 700 750 

WAVELENGTH, nm 

Fig. 4. Comparison of absorption coefficient calculated from loss 
of photocurrent for various Se layer thicknesses with literature 
value for amorphous Se. 

We have recent ly analyzed rate constant  data for 
about 50 such reactions using the Marcus theory (12, 
13). 

The analyses provide good exper imenta l ly  based 
values for kel. 

For the ~irst case of the simple exchange reaction 
with rate constant, kx, we have 

kx  - -  Z e - ( A G t  C~ + k~/4)/kT M - 1  s e c - 1  [3] 

where Z is a collision n u m b e r  (,~10 n M - I  sec -1) and 
~Gt* (~0.05 eV) is the work associated with transfer 
of the reacting species to their t ransi t ion state separa- 
tion, and kz is the reorganizat ion energy of the en-  
vironment .  This k~ contains contr ibutions from both 
the oxidized and reduced forms of the couple. Accord- 
ing to Marcus (13) 

~el -- -- [4] 
2 

In the case of cross reactions we have 

k : go-[(AGo + k)~-/4kkT] M - I  sec-1 [5] 

when the work terms are negligible. In this equation 
(13) 

i -~ 2 c ' ' ~ _ _ _  ~.el 1 -~- lel 2 [6] 
2 2 

where X= refers to the simple exchange reaction, Eq. 
[3], and the superscripts refer to the two different redox 
couples in the cross reaction. The term ~G 0 is the s tan-  
dard free energy change of the electron t ransfer  re-  
action. Table I summarizes some of the results for 
rea r rangement  energies for reducing agents expressed 
as ?~el. These kel values will  be used in Eq. [8] in the 
kinetic analysis below. 

Rotating Ring-Disk Data 
In  the insert  of Fig. 5 the concentrat ion dependence 

of the stabilization efficiency, S, with KaFe(CN)6 as 
the reducing agent is shown. The stabilization efficiency 
is the hole current  to the reducing agent, e.g. ,  Fe(CN)64- 
divided by the total photocurrent.  The potentials of 
the r ing and disk were --0.6 and +0.6V vs .  SCE, re-  . 
spectively. During these experiments  an Se corrosion 
layer  formed as evidenced by the blue color of the 
t ransparen t  film on the electrode surface. The color of 
a freely corroding CdSe electrode passes from metall ic 
to blue to pale gold to red as the corrosion layer grows. 
Auger analysis of such films showed they are >95% Se. 
Thus, the colors are l ikely to be interference colors as- 
soci.ated with the Se layer. 

S increases rapidly as the concentrat ion of the re-  
ducing agent increases. These data were tested to see 
how well they conform to the theory (2) by plott ing 
log [jpS2/1 - -  S] vS.  log C (see Eq. [7] below).  The 
quanti ty,  jp, is the observed photocurrent .  The pre-  
dicted slope is 2 and the exper imental  value from the 
l inear  plot in Fig. 5 is 1.8 +_ 0.2. In  unpubl ished similar 
work in our laboratory on CVD GaAs, an exper imental  
slope of 2.0 was found. Other  tests of the theory may 
be found in  Ref. (1-3). 

Table I. Experimentally derived valuesa of ~el (eV) for several 
reducing agents 

IrCls s- 0.65 
[Fe  (H) DTPA]  = 0.69 b 
Fe(CN)64-  0.72,e 1.15 a 
[Fe ( I I )EDTA]=  0.72 b 
[Fe (II) CyEDTA] = 0.81 
[Fe  (H206) 2+] 1.18 
CeS+ 1.31 c 

S e e  Ref .  (12) .  
See  Ref .  (2) also. 

cpH> 5. 
a 0 5M H~SO~. 
EDTA = ethylenediaminetetraacetio acid. 
CyEDTA = eyclohexane EDTA. 
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Fig. 5. Dependence of stabilization efficiency on concentration 
of Fe(CN)64- for n-CdSe (1120). Photocurrent, 1 mA/cm 2 • 10%. 
Electrolyte contained 0.1M Na2EDTA, pH 8.5. Data also plotted in 
linear form according to theory. (See text.) 

Stabil ization efficiency data vs .  redox couple and 
time are shown in Fig. 6. The disk was held at +0.6V 
vs .  SCE and the r ing  potent ia l  varied with the reducing 
agent. In all cases the r ing potential  chosen was suffi- 
ciently cathodic to ensure a saturat ion current.  In  each 
case the concentrat ion of reducing agent was 0.02M 
and the photocurrent  was kept at 1.0 m A / c m  2. We were 
careful to work at r ing  potentials where Cd 2+ (a corro- 
sion product)  was not  reduced. In  all the experiments  
except for the case of IrC16 ~-, a large excess of com- 
plexing agent  was present. In  the case of Fe(CN)64- ,  
0.1M Na2EDTA was used as the background electrolyte. 
Blank  runs  were made without  the reducing agents 
added, and no Cd 2+ reduct ion was observed in the 
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Fig. 6. Stabilization efficiency vs. time for n-CdSe (1120) for 
various reducing agents. Photocurrent: 1 mA/cm2; concentration: 
0.02M; pH range: 6-9. 

r ing potential  region in  which the oxidized forms of 
the couples are reduced. 

One interes t ing feature in  Fig. 6 is that  S changed 
with t ime and reached a saturat ion value in  times rang-  
ing from 2 to 14 min. After  each S vs .  time run,  the 
electrode was covered wi th  a blue or red t ransparent  
film. We have given substant ia l  evidence here and el~e- 
where (4) that t ~ s  film is e lemental  selenium. I t  is 
reasonable to associate the change in S with the growth 
of an Se film. In the case of Fe(CN)64- ,  the same rise 
in S as in Fig. 6 was observed if the Se layer  was 
grown in  a separate cell with 1M Na2SO4 electrolyte, 
pH 7, exactly as described earlier in the optical mea-  
surements.  In  this case, the ini t ial  value of S in the 
r ing disk exper iment  was considered. The same sa tura-  
t ion value of S = 0.85 was observed in  both cases of 
corrosion in Fe (CN)64- or Na~SO4 solution. 

An interes t ing observation is that S increased with 
t ime for all redox systems in  Fig. 6 except for Ir(C1)6 s - 
which is the weakest reducing agent shown. The de- 
crease of S in the case of Ir(C1)6 s~- shows that the in -  
creases in  S are not s imply due to a re tardat ion  of the 
Cd 2+ ionic current  (corrosion current )  caused by film 
growth at constant electrode potential.  A similar  de- 
crease in  S (not shown) was observed with 0.02M I s- 
at pH ---- 4.5. However, the stabilization efficiency 
dropped to values too low to accurately measure. Note 
that  I s -  l ike I r (Cl)6  s - ,  is a weak reducing agent. F in -  
ally, no electron t ransfer  reaction could be detected 
with Ru (bipyri,dyl) s 2 + or Fe (phenanthole in)  ~2 + as the 
reducing agent. That  is. these ions are ex t remely  poor 
stabilizing agents on CdSe. 

If the saturat ion values of S in Fig. 6 are plotted 
vs .  redox potential,  a peak is found at E~ ---- ~ 0.0V 
vs .  SCE. A more exact  kinetic analysis of this effect 
is given below. 

Analysis and Discussion 

For the analysis to follow, it is necessary to discuss 
the results bearing on the hole conductivi ty of the cor- 
rosion layer. We believe we have good evidence that 
the anodically grown Se layer  has high hole conduc- 
tivity. The evidence is as follows: First, in  the constant  
current  photocorrosion of n -CdSe  at 100 ~A/cm 2 the 
anodization cell voltage remains  constant at --0.4V vs .  
Pt (pH 7, in  NaSO4) even though films thicker than  
1000A are grown. For  constant  current  photoanodiza-  
t ion of n -GaAs or n - S i  where insula t ing films form, a 
l inear  rise in cell voltage vs .  time is observed (14). 
Second, the quan tum yields for the short-circuit  cur-  
rent  in Fig. 3 are not very  sensitive to the presence of 
the Se layer  at any thickness for wavelengths between 
the bandgaps of Se (605 nm)  and CdSe (740 n m ) ,  al-  
though 90% of the current  at 500 nrn has been lost for 
films ~ 3000A thick. From the results of experiments  
on evaporated Se films (15), we do not expect any 
sizable photocurrent  due to holes generated by light 
absorbed in the Se layer. Apparent ly ,  s trongly bound 
electron-hole pairs are formed in  this mater ial  tha t  
require fields > 107 V/cm for efficient free hole-elec- 
tron generat ion (15). Because of the similar chemical 
na ture  of our  films, as well  as the reasonable agree- 
ment  of the apparent  absorption coefficients with 
l i terature  values and the evidence cited above, we 
conclude that the Se layer  allows holes generated in 
the CdSe to be t ransmit ted  to the electrolyte while 
filtering the light according to its absorption spectrum. 

Addit ional  evidence discussed elsewhere (16) has 
been obtained to support  the conducting p-Se layer  
model. In  these experiments,  Se layers were grown up 
to 8000A thick in Na2SO4 as described above. Then, the 
j~-V curve was obtained in alkal ine F e ( C N ) 6 4 - / s -  
redox electrolyte using the AM2 solar light flux. As 
expected, the short-circui t  current  Jsc, drouped as the 
Se layer  thickened. For a thickness of 8000A, j~  had 
dropped to ~ 0.44 of its ini t ial  value of 10 m A / c m  2. 
By means of the apparent  absorption coefficients for 
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the corrosion l aye r  (Fig. 4 ) a n d  tables  of the  mono-  
chromat ic  AM2 solar  spectrum,  the  photon  cur ren t  
was ca lcula ted  at  each wave length  and the resul t ing  
d is t r ibut ion  was integrated.  The pred ic ted  re la t ive  
jsc/jsc t=0 was in excel lent  ag reement  wi th  expe r imen t  
up to 8000A of Se. We concluded tha t  the pho tocur ren t  
is l imi ted  on ly  by  the  l ight  flux even in the presence 
of th ick Se layers .  

In  summary ,  these resul ts  at  high pho tocur ren t  (4- 
10 mA/cm2)  are  in ve ry  good ag reemen t  wi th  the 
quan tum yie ld  measurements  in Fig. 3, which  were  
obta ined  at  a pho tocur ren t  of about  10 ~A/cm 2. We 
can now say  tha t  in  analyz ing  the  r i ng -d i sk  da ta  for 
S in the  presence of a corrosion layer ,  the holes pass 
r ead i ly  th rough  the layer ,  and  so we m a y  inqui re  wha t  
is the  r edox-ac t ive  hole ene rgy  level,  Eh, associated 
wi th  these films. 

The kinet ic  analysis  is based on the cor ros ion- redox  
compet i t ion model  p rev ious ly  der ived  (1, 2). Severa l  
expressions re la t ing  the s tabi l iza t ion efficiency, S, to 
the  photocurrent ,  jp, and the cur ren t  to the reducing 
agent,  j~, were  given. The s imples t  express ion to use 
is 

1 a .~S  
-- = 1 + ,. [7] 
S C2R 

where  J8 ----- Sip, ~ is a composite  ra te  constant,  and  
CR is the concentra t ion of reducing agent.  An  equiv-  
alent,  but  more  complex,  form re la t ing  S to jp, a, 
and C2R has been  given (1). In  Eq. [7], ~ is a composite  
ra te  constant  of the form 

1 k T  
- -  = K <qa3vda> ~ - - e  -(Eh-Erea)~/2XkT [ 8 ]  

100 

E ,< 
x 
> 

10 

where  K contains ra te  constants  for the so l id-s ta te  
hole capture  processes and hole t r anspor t  in the cor-  
rosion layer .  The meaning  of the  o ther  symbols  has 
been discussed before  (2). 

The  final sa tura t ion  values  of S were  used to c a n  
culate  ~ using Eq. [7]. Ered values  we re  calcula ted from 
Eq. [2] using ~el f rom Table  I. F ina l ly ,  a plot  of 
l / a (ad)32  vs.  Ered was constructed and is shown in 
Fig. 7. The ord ina te  in Fig. 7 is a quan t i ty  p ropor t iona l  
to the  ra te  constant  for hole capture  by  the reducing 
agent.  Both the  cross section, a, and reac t ion  length, 
d, were  es t imated  f rom the size of the ions. Because of 
the constancy of k at ,-- 0.7 eV for severa l  ferrous  com- 
plexes,  a va lue  of 0.72 was assumed for the  case of 
ferrous  c i t ra te  and ferrous  EGTA ions. The curve 
d rawn  through  the der ived  values  of )~/a (ad)~2 appears  
to conform to the Marcus -Ger i scher  r eac t iv i ty  pat tern .  
That  is, the ra te  of reac t ion  of holes at  a fixed energy 
level  passes th rough  a m a x i m u m  as the energy level  
of the  reducing  agent  is varied.  The decrease in s ta-  
b i l i ty  a s  E r e d  increases (less posi t ive  potent ia l )  cor-  
responds  to the  " inver ted  region" in  homogeneous  
e lec t ron t ransfe r  kinetics.  The inver ted  region reflects 
the  decrease in ra te  constant  of a reac t ion  when  the 
exothermic  free energy  change exceeds the reorgan i -  
zat ion energy.  

The value  of Ered corresponding to the peak  yields  
the  ene rgy  level  for  the  holes at  the  Se surface. Thus, 
the k ine t i ca l ly  de te rmined  energy  level  is -{-0.76V vs.  
SCE on the e lect rode potent ia l  scale. 

I t  is of in teres t  to compare  this level  wi th  the valence 
bandedge  of CdSe de t e rmined  under  i l lumina t ion  (Fig. 
2). Using the bandgap  of 1.74 eV for CdSe and VF~ ---- 
--0.40V and assuming ECB -- EF ---- 100 mV, we obt'ain 
E w  ----- +1.24V vs.  SCE (pH 6.5-8.5). I t  is reasonable  
to assume the  t t e lmhol tz  po ten t ia l  drop  is the  same 
for as -e tched  ( thin Se layer )  the corroded CdSe ( thick 
Se l ayer )  surfaces. Therefore ,  the  energy  level  for 
holes in the  presence of the Se corrosion l aye r  is 
,~0.5V above the valence  band  of CdSe. This difference 
in  energy  level  is consistent  wi th  the model  that  holes 
move  through  the Se l aye r  in a d is t inct  set of states. 
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Fig. 7. Log plot of ;L/a(r 2 vs. the most probable level of the 
reducing agent, Er~. This plot is suggested by the corrosion-redox 
competition theory. (See text.) 

The highest  filled levels  in Se form a nonbonding 
valence band (17). Holes moving m a nonDonding 
band  are  not  expec ted  to .corroae ~ne mater~al WhiCh 
contains them. h o w e v e r ,  we clo not  in tend  to imply  
that  the  Se corrosion l aye r  is s table  under  al l  condi-  
tions. At  h igher  posi t ive cell  vol tages the l aye r  is p rob -  
ab ly  oxidized to soluble forms SUCh as SeO3 =. The very  
existence of e lementa l  Se Itlms on CctSe produced un-  
der  pnotoanodic  condlt ions suggests  the  possibi l i ty  of 
hole conduct ion in a nonbonding  Dand. 

]~inally, we compare  the ban(ledges of CdSe and Se 
as de te rmined  by  vacuum photoemission.  Swank  (18) 
found a va lue  of 6.62 eV for the  bandedge  on CdSe. 
Nielsen (19) gives a value  of 6.20 __ 0.0~ eV for Se 
layers  evapora ted  on A1 substrates.  The difference of 
these vacuum levels,  0.42 eV, agrees ve ry  wel l  wi th  
the  0.48 eV (1.24-0.76V vs.  SCE) difference de te rmined  
in our  photoelec t rochemical  studies. Our  model  for 
the CdSe /Se  PEC cell  is summar ized  in Fig. 8. We 
show no po ten t ia l  drop in  the  Se layer  under  anodic 
cur ren t  flow due  to the  h igh  concentra t ion of holes 
that  mus t  be present  (ohmic drop is neglec ted) .  The 
holes a re  in jec ted  into a nonbonding band that  over -  
laps wi th  the  nex t  (bonding)  band (17). 

The phenomena  descr ibed here  are  re la ted  to the 
genera l  p rob lem of surface pass ivat ion in PEC cells 
using conduct ing po lyme r  layers .  I t  is l ike ly  tha t  the 
Se l aye r  is amorphous  and thus  i ts s t ruc ture  resembles  
evapora ted  Se layers ;  that  is, it  is made  up of po lymer  
chains and possibly  rings. As in the case of Se, the 
electronic band  s t ruc ture  of  the po lyme r  films could 
be a ve ry  impor t an t  factor  in de te rmin ing  the  s tabi l i ty  
of such films. The inject ion of holes into favorable  
nonbonding levels  in these films would  be des.irable. 

In  conclusion, we  have  measured  many  proper t ies  of 
the n - C d S e / S e  corrosion l a y e r / r e d o x  e lec t ro ly te  sys-  
tem. We have shown that  V~B depends  on l ight  in tens i ty  
and that  sa tura t ion  V~B under  i l lumina t ion  seems 
to be a meaningfu l  energy  level.  By measur ing  the 
s tabi l iza t ion efficiency vs.  known energy  levels,  we 
demons t ra ted  the  Marcus -Ger i scher  reac t iv i ty  pa t t e rn  
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Fig. 8. Band diagram for CdSe/Se/redox electrolyte system with 
anodic photocurrent flow. Kinetically determined hole energy level 
is -I-0.76V vs. SCE. The shaded region in the Se layer corresponds 
to the nonbonding (uppermost) and bonding valence bands. (See 
text.) The position of the various bandedges are indicated. 

for photogenerated holes. Available evidence suggests 
that the Se layer  is a good hole conductor and that the 
holes occupy a band about 500 mV above the valence 
band of CdSe. 
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ABSTRACT 

Perforated nickel sheets can be covered with polytetrafluoroethylene (PTFE Teflon) and used as dia~)hragms in water 
electrolyzers. The technique used consists of filling the sheet holes with camphor, spraying PTFE latex on them, and al- 
lowing the solid camphor to evaporate. Since the holes are left unclogged, the membrane has good ionic conductivity. How- 
ever, electronic transport, because the nickel surface is covered by Teflon, is negligible. The hydrophobicity imparted by 
PTFE to the metal surface has a beneficial effect on gas bubble release during electrolysis. Insulating characteristics of the 
PTFE coating make this diaphragm adequate for use in sandwich arrangements for bipolar cells. 

To improve alkaline water  electrolyzer performance, 
it is necessary to increase its operating temperature 
to 200~ This leads to the search for new separation 
materials for the diaphragm, since asbestos, the con- 
ventional separator, decomposes in an alkaline medium 
above 80~ The diaphragms have to allow for ionic 
conduction but they have also to maintain the gases 
generated in the cell well separated. 

Some authors have recently suggested the use of 
porous metallic diaphragms as separators in alkaline 
water electrolyzers (1, 2). The m a t e r i a l s a r e  resistant 
to corrosion and, once soaked with solution, they have 

* Electrochemical Society Active Member. 
Key words: nickel sheet, diaphragm, bipolar cells. 

low gas permeabilit ies and high ionic conductivity. 
The major problem with this type of diaphragm is its 
high electronic conductivity. When current passes 
through the ceil, a potential difference arises across 
the porous metal  diaphragm so that electrochemical 
reactions may occur, resulting in production of an 
explosive gas mixture (3). Besides that, the conduc- 
t ivity of these membranes puts stringent conditions 
on the mechanical design of the bipolar structure. It 
is necessary to carefully separate the anode and cath- 
ode from the membrane, otherwise the membrane can 
operate as a cathode or anode. 

By covering perforated nickel plates with a PTFE 
layer the,membrane is insulated and the above draw-  
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backs are  avoided.  The insula ted  nickel  p la te  becomes 
a promis ing  separa to r  for a lkal ine  wate r  electrolyzers .  

In  the  absence of electrolysis,  the  e lec t ro ly te  res is t -  
ance be tween  the cathode and anode  is approx ima te ly  
the  resis tance of the volume of e lec t ro ly te  in be tween 
the pa ra l l e l  plates.  Dur ing  electrolysis  the  expe r imen-  
ta l ly  de te rmined  resis tance is alvcays larger .  Obviously,  
the addi t ional  res is tance is caused by  coverage  or 
screening of the  electrodes and d iaphragm surface by  
adher ing  bubbles  and also by  the gas bubbles  in the 
electrolyte .  The effect of  bubbles  in the e lectrodes wil l  
be t rea ted  at  a l a t e r  t ime (4).  

Poten t ia l  difference measurements  in the  e lec t ro ly te  
can give us insight  into the effect of the bubbles  on 
the ohmic resis tance of the  e lec t ro ly te  and m a y  lead 
to an opt imal  d i aphragm structure .  The gas flux is de -  
t e rmined  by  the current ,  which at  a given potent ia l  
difference depends on the electr ical  res is tance of the  
l iquid-gas  e lec t ro ly te  mixture .  The resis tance fluctu- 
ates as a resul t  of the bubb le  formation.  If  the bubble  
popula t ion  at  the e lec t rode  increases,  the overa l l  r e -  
sistance increases and so does the  heat  evolution.  

Exper imental  
The new separa to r  was p r e p a r e d  by  cover ing pe r -  

fora ted  nickel  sheets wi th  a l ayer  of PTFE.  Com- 
merc ia l ly  avai lable ,  0.1 m m  thick, n ickel  sheets  were  
used. These have  a hole dens i ty  of 1444 cm -2  and are  
fabr ica ted  by electroerosion.  A cross section of the 
membrane  is shown in Fig. la .  The de ta i led  hole geom- 
e t ry  is shown in Fig. lb.  

The PTFE coating procedure  for  the  nickel  plates  
was the fol lowing:  the  pe r fo ra t ed  nickel  sheets were  
soaked in a concent ra ted  (ca. 10%) ethanol ic  solut ion 
of camphor;  the  e thanol  was evapora ted  under  air, 
leaving the sheet  holes filled wi th  solid camphor.  The 
flat sheet  surfaces were  then  wiped  wi th  a razor  b lade  
and a de t e rgen t - f r ee  PTFE aqueous dispersion (ca. 
1%) was sp rayed  on them. Wate r  and the remain ing  
camphor  were  evapora ted  under  air  and the P T F E -  
covered plates  were  heated to 370~ to improve  PTFE 
adhesion to the  metal .  Other  d iaphragms were  p re -  
pared  as above except  for  omit t ing the camphor  t r ea t -  
ment.  

The resul t  of this p rocedure  is shown in Fig. 2a, an 
opt ical  mic rograph  of a pe r fo ra ted  n ickel  p la te  t r ea ted  

Fig. la. Cross-sectional view of the perforated nickel plates, 
showing in detail the hole structure. 

Fig. lb. Optical micrograph of the nickel plate 

Fig. 2. Optical micrographs of Teflon-coated nickel plates. Nickel 
surface has a light color, Teflon coating is identified by a color- 
ful, irregular pattern. (a, top) Inner hole in a plate .previously 
treated with camphor (144)<); (b, bottom) outer hole in a plate 
untreated with camphor (200• 

with  camphor: and covered with  Teflon. The i r regu la r  
pa t t e rn  observed corresponds to the  Teflon l aye r  and 
the d a r k  a rea  is the  unclogged hole (region B in Fig. 1). 
F igure  2b shows region A (Fig. 1) of a nickel  p la te  
sprayed  wi th  Teflon la tex  wi thout  camphor  t rea tment .  
Pene t ra t ion  of the hole by  the Teflon is obvious, lead-  
ing to clogging. Specific res is tance of the camphor -  
t rea ted  d iaphragms was ca. 20% of those p repa red  
wi thout  using camphor;  the l a t t e r  were  thus dis-  
carded.  

The charac ter iza t ion  of the d iaphragms  was done 
b y  measur ing  the vol tage  drop of the cell  e lec t ro ly te  
and of the d iaphragms dur ing  electrolysis,  under  dif-  
fe rent  conditions.  

To measure  this vol tage  d rop  an assembly  of r e fe r -  
ence electrodes was used. The schemat ic  d iag ram of 
the  circui t  used for the  vol tage drop measurements  is 
shown in Fig. 3. The reference  electrodes were  
Hg/HgO;  Luggin  capi l la ry  tubing  made  the electr ical  
connect ion be tween  the reference  electrodes and the 
e lectrolysis  cell  components.  

F igure  4 shows the electrolysis  cell, which was made  
of a P y r e x  glass container  and a Teflon electrode 
f rame:  the  cell was thermosta ted ,  the  e lec t rodes  were  
p l a t inum sheets soldered to a copper  wire.  This wire 
connection was insu la ted  wi th  sil icone rubber .  The 
p l a t inum pla te  in the  cathode was covered wi th  b lack  
p l a t inum by  the usual  method.  The anode was not  
subjec ted  to any  special  t rea tment .  In  o rder  to s imu-  
la te  condit ions s imi lar  to those exis t ing inside an elec-  
trolyzer~ membranes  wi th  an area  of 10 em2 were  
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Fig. 4. Schematic diagram of the test cell 
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used. Expe r imen ta l  condit ions were  80~ KOt-I 30% 
w/v .  The e lec t ro ly te  flowed by  the rma l  convection, 
anoly te  and ca tholy te  being sePara ted  by  the pe r -  
fora ted  nickel  plate .  

The test  cell  was opera ted  ga lvanos ta t ica l ly  dur ing  
the exper iments .  The countere lec t rode  was in t e r rup ted  
using a pulse  genera to r  and a cur ren t  amplifier.  The 
work ing  e lec t rode- to - re fe rence  e lec t rode  poten t ia l  was 
recorded  on an  oscil loscope set to a 20 ~sec span. Re-  
pea ted  measurements  were  made  at  each of severa l  
cu r ren t  densit ies.  Two Hg/HgO electrodes formed a 
di f ferent ia l  pa i r  and the  d-c  vol tage  drop was measured  
across the membrane  for  various cur ren t  densit ies.  

The vo l tage  measured  by  the dif ferent ia l  pa i r  was 
compared  to the  one obta ined by  the c u r r e n t - i n t e r -  
r u p t i o n  technique.  When the e lec t ro ly te  concentra t ion 
grad ien t  wi th in  the  cell  was negligible,  both  measu re -  
ments  were  in good agreement .  

Results and Discussion 
The vol tage  drops across the cell  and the d i aphragm 

were  measured  dur ing  the e lec t ro ly t ic  gas evolution.  
The resul ts  a re  shown in Fig. 5 and 6, respect ively .  
F i r s t  of all, we  not iced excel lent  behavior  of the 
d i a p h r a g m  compared  to the  asbestos sheet  (2). The 
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Fig. 6. I X V (across to diaphragm) measurements 

to ta l  vol tage  drop across the  e lec t ro ly te  using nickel  
sheets, both  uncovered  and Teflon-covered,  is p rac t i -  
cal ly  the  same: There  is, however ,  a significant differ-  
ence be tween  the vol tage drops across the  uncovered  
and covered sheets, as shown in Fig. 6. The l a rge r  
vol tage drop  across the covered sheets resul ts  pa r t i a l l y  
f rom the inadequa te  n ickel  p la te  geomet ry  which  is 
a symmet r i c  (Fig. 1). Some Teflon ma te r i a l  ends up 
covering pa r t  of the  shal low hole. This happens  be -  
cause the camphor  has to cover the shal low hole but  
not  the ex te rna l  pa r t  of the sheet, a condit ion which 
is not  comple te ly  met.  This p rob lem should  not  arise 
in sheets conta ining uniform, cyl indr ica l  holes. 

Nevertheless ,  the  to ta l  vol tage  drop  be tween  ca th-  
ode and anode, which includes both the e lec t ro ly te  
and d i a p h r a g m  vol tage drops, is the  same in both 
cases. There  is consequent ly  a lower  IR drop in the  
e lec t ro ly te  for the  same cur ren t  dens i ty  in the  case of 
the Teflon-coated d iaphragm.  This is ascr ibed to a 
surface effect of the  Teflon coating as descr ibed below. 

Since both  the  e lec t ro ly te  and the d i aphragm are  
passive e lements  the change of the resistance,  for a 
given tempera ture ,  resul ts  f rom bubb le  fo rmat ion  
and the difference in ionic concentra t ion produced  b y  
the e l ec t ro ly s i s  across the membrane .  Both effects are  
reflected as an increase in the vol tage d rop  across the 
cell. Due to the  ve ry  smal l  size of the  bubbles  (bubble  
radius  ,-,10 ~m) they  do not  have enough buoyancy  
and fill the  volume be tween  the electrodes and d ia -  
phragm.  The cur ren t  dens i ty  diminishes due to loss 
in the e lec t ro ly te  and loss of contact  in the  d i aphragm 
interface.  

The Teflon coating helps  to solve this p rob lem be-  
cause i t  creates wi th in  the  cell  an addi t iona l  gas-  
bubble -coa lesc ing  region  due to increased sur face-  
l iquid contact  angle.  On this surface the  bubbles  wi l l  
g row unt i l  they  have sufficient buoyancy  to leave the 
in te re lec t rode  space. 

The Teflon hydrophob ic i ty  wi l l  thus resu l t  in a 
scavenging act ion on the gases. Moreover,  the  bubbles  
adher ing  to the  d i aph ragm surface are  outside the 
ionic current  paths;  for this reason, they  do not  con- 
t r ibu te  to power  diss ipat ion wi thin  the  cell. The Teflon 
coverage resul ts  then in an apprec iab le  decrease  in the 
vol tage drop  across the e lec t ro ly te  as shown by  com- 
par i son  of Fig. 5 and 6. 

F igure  6 also shows that  the  Teflon-coated d ia -  
phragms have  a constant  specific res is tance wi th in  the 
region of measured  cur ren t  densit ies.  

Conclusion 
A procedure  for Teflon coat ing of pe r fo ra ted  nickel  

p la tes  was developed.  The Teflon coating works  as a 
bubb le - scaveng ing  region,  which resul ts  in a lower  
IR drop across the  e lectrolyte .  The coat ing also works  
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as an insula t ion e l emen t  be tween  the e lec t ro lyzer  
elements.  Its chemical  resis tance is excellent .  

Opt imizat ion of the  d iaphragms  is st i l l  necessary,  
which includes a more  appropr ia t e  shape for the 
holes used in the  meta l  plate .  However ,  it  has been 
shown that  an insula t ing  coat ing m a y  be obta ined  
that  does not  clog the p la te  holes and tha t  helps  in 
decreas ing power  consumtion wi th in  the system. 

Manuscr ip t  submi t ted  Jan.  28, 1982; revised m a n u -  
script  received July-16, 1982. 

A n y  discussion of this pape r  wi l l  appea r  in a Dis-  
cussion Section to be publ i shed  in the  December  1983 

JOURNAL. Al l  discussions for  the December  1983 Dis-  
cussion Section should be submi t t ed  by  Aug. 1, 1983. 

Publication costs o~ this article were  assisted by the 
Physics Ins t i tu te -UNICAMP.  
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Preparation of Anthrasol Blue IBC by Anodic Oxidation 

Han Yong Hui 
Shanghai Third Dyestuf f  and Chemicals Factory, Shanghai, China 

ABSTRACT 

The use of anodic oxidat ion for preparat ion of Anthrasol  Blue IBC eliminates totally the oxidant  lead dioxide and re- 
sults in the solution of the complicated problems arising in the fields of oxidant  recovery and environmental  protection. 
The use of a mesh lead dioxide electrode as an anode increases the mechanical  strength of the electrode. The operation and 
maintenance of the electrolytic cell are described. 

An th raso l  Blue IBC (7, 16-dichlor - indanthrone-5 ,  9, 
14, 18- te t rasulfur ic  acid ester  sal t )  is a solubil ized va t  
dyestuff  wi th  b r i l l i an t  hue 'and excel len t  fastness; i t  
has found wide  appl ica t ion  in the dyeing and pr in t ing  
industr ies  and has been used for more  than  fifty years.  
The technical  process of p repa ra t ion  by  oxida t ion  wi th  
lead  dioxide  has r emained  una l t e red  in this period.  
Only  f reshly  p repa red  lead d ioxide  (1) can be used 
for the  prepara t ion ,  and the resul t ing  lead  monoxide  
must  be removed  from the react ion mix tu re  comple te ly  
in o rde r  to give a high qua l i ty  dye; recovery  of the 
lead  d ioxide  is also impor tan t  in lower ing  the cost 
and  avoid ing  pollution.  

In  o rde r  to overcome this d isadvantage,  var ious  
o ther  mate r ia l s  have been t r ied  as oxidants,  e.g., si lver  
oxide, n ickel  oxide  (2), f e r ra te  (3), ozone and other  
meta l l ic  oxides (4), but  the resul t  has been d i sap-  
point ing because of the  difficulties encountered  in the 
recovery  of the  raw mater ia ls .  Unsuccessful  resul ts  
have also been  r epor t ed  wi th  sodium hypochlor i te  (5), 
hydrogen  peroxide ,  sodium perbora te ,  ca ta lyt ic  air  
oxida t ion  (6) as oxida t ion  agents. In  o rder  to c i rcum- 
vent  these difficulties, e lec t ro ly t ic  oxidat ion  was s tudied 
and found to be a sui table  method  for  p repa r ing  An-  
thrasol  Blue IBC. The conditions para l l e l  those re -  
por ted  ea r l i e r  in a pa ten t  (7) and are  r epor ted  here.  

The or ig inal  method is summar ized  be low by  the 
fol lowing reac t ion  

OSO~l~- ~. ~ ' ~ L  /~ "~" " § 2Fbo 

~ ( ' ~  + 2PbO 2 '~ ~ll~z " + 2B20 

PbO + INaOH > Na2PbO 2 + li20 

l~a2PbO 2 + Na2S + H20 ~ P]~S~ + # NaOH 

+ #KC1 ~ + ~NaCI 

Anthrasol Blue IBC 

PbO + NaClO ~ PbO 2 + NaOl 

In the  anodic oxidat ion,  the  manipu la t ion  involving 
lead dioxide and lead oxide are  e l iminated .  

Anode for Electrolytic Production of 
Anthrasol Blue IBC 

The lead  dioxide e lect rode has been used ex tens ive ly  
in e lec t roorganic  synthes is  due to its advantages  of a 
high oxygen  overvol tage,  iner tness  to most  chemical  
reagents ,  and low cost. Numerous  repor ts  and  pa tents  
have appea red  in the l i t e ra tu re  (8-10) for the p r e p a r a -  
t ion of lead  d ioxide  electrodes.  According to some re -  
por t s  (11), the a lpha -c rys t a l  form of lead d iox ide  is 
obta ined  f rom an a lka l ine  e lec t ro ly te  and has been 
found to be super ior  in qua l i ty  to the be ta -c rys ta l  form 
obta ined f rom an acidic electrolyte .  As the  main te -  
nance of high P b ( I I )  concentra t ion in an a lkal ine  
e lec t ro ly te  is complicated,  in genera l  the deposi t ion of 
lead d iox ide  is done in an acidic e lectrolyte .  

The p l a t e - fo rm  elec t rode  was used first, bu t  was 
found suscept ible  to cracks or  b reakdowns  dur ing  the 
e lec t rochemical  process because of large  electrode area  
and the stress resul t ing f rom exp.ansion and contrac-  
t ion caused b y  t empera tu re  variat ions.  By adopt ing a 
t i t an ium mesh as a base for  electrodeposi t ion,  the re -  
sul t ing lead  dioxide  e lect rode has proved  to be far  
less suscept ible  to crack or  b r eakdown  and possesses 
a g rea te r  mechanica l  s t rength  than  the  p l a t e - fo rm 
anodes. Al though  the m e s h - t y p e  e lec t rode  has less 
a rea  than  the p l a t e - type  electrode,  it  has the advantage  
of a l lowing  the e lec t ro ly te  ~o circulate  th rough  the 
mesh openings  f rom one anode to another ;  the e lec t ro-  
ly t ic  uni t  can be assembled,  therefore ,  wi th  one ca th-  
ode above two anodes and resul ts  in a simplified cell 
construction.  

The n i t r ic  acid p roduced  in the  e lec t rodeposi t ion  of 
lead dioxide has to be neut ra l ized  wi th  the g radua l  
addi t ion  of lead  monoxide  in o rde r  to main ta in  a con-  
s tant  concentra t ion of lead  ni t ra te .  The addi t ion  of 
sodium fluoride improves  the  qua l i ty  of lead  dioxide 
coating. Absorp t ion  of fluoride ion on the surface of 
anode increases  the  oxygen overvol tage  and stops the 
product ion  of oxygen  which would  lead to a coating of 
infer ior  qual i ty .  A copper  l aye r  was sp ray-coa ted  by  
a p lasma  torch onto the  uppe r  80 m m  of the anode 
af te r  s a n d b l a s t i n g  the  t i t an ium mesh surface and re-  
duced the contact  e lect r ica l  resistance. 
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Important Factors in Electrolytic Production of 
Anthrasol Blue IBC 

The produc t  in  the  oxida t ive  r ing  closure process is 
a m ix tu r e  of two isomers (A) and (B) in a ra t io  of 
6:4, tha t  can be separa ted  by  use of the  different  solu-  
bi l i t ies  in methanol .  The so lubi l i ty  of i somer  (B) in 
me thano l  is l a rge r  than  tha t  of i somer  (A) ;  isomer 
(B) therefore  remains  in the  f i l t rate  a f t e r  sa l t ing out  

cA> 

~ ~t. OSOJ~6,. 

OSOjlie. ".~0#/~. OSO*N~. 

The sui table  range  of cu r ren t  dens i ty  is 0.8-1.2 A /  
din2. I f  the  anodic cur ren t  dens i ty  is l a rge r  than  1.5 
A / d i n  2, the amount  of i somer  (B) in the mix tu re  in -  
creased m a r k e d l y  and the y ie ld  of the  final p roduc t  
was low. 

Over -oxida t ion ,  according to a r epor t  (13), causes 
the  hydro lys i s  of the  sulfur ic  acid ester  group. The 
idea l  me thod  would  be to t ake  the  anoly te  out  of the  
cell  a f t e r  incomple te  ox ida t ion  and to sep.arate the 
s ta r t ing  ma te r i a l  f rom the product ;  the  s ta r t ing  ma-  
te r ia l  could be re tu rned  to the  cell. Since the  phys ica l  
p roper t ies  of d isul fur ic  acid ester  ( s ta r t ing  mate r i a l )  
and te t rasu l fur ic  acid  es ter  (product )  a re  ve ry  similar ,  
no sui table  separa t ion  method  has been devised;  the  
on ly  w a y  to avoid over -ox ida t ion  is to l imi t  the reac-  
t ion t ime to about  5.5 hr. 

Electrolytic Cell 
The p re s s - type  cell  has  been  wide ly  appl ied  in  the 

indus t r i a l  e lec t ro -organ ic  synthesis  in cases where  the 
f requency  of lead  dioxide  e lect rode rep lacement  is 
high, and the l ife of the  d i aph ragm is short. The con- 
venience  of e lec t rode  and membrane  rep lacement  is 
the p r ime  basis for the design of the e lec t ro ly t ic  cell; 
the  top of  the cell  is open so tha t  the e lec t ro ly t ic  p ro -  
cess can be car r ied  on wi thout  in te r rup t ion  dur ing  the 
r ep lacemen t  of damaged  e lec t rode  or  membrane .  The 
concentra t ion  of caustic soda in the ca tholy te  does not  
change signif icant ly dur ing  the operat ion;  only  a s l ight  
addi t ion  of  wa te r  is m a d e  once each week.  I t  was not  
necessary  the re fo re  to recycle  the ca tholy te  dur ing  
the reaction.  Each cell  was d iv ided  into seven iso- 
la ted  sections, a r emovab le  box wi th  a ca t ion-exchange  
m e m b r a n e  on one side was p laced  in eve ry  section and 

@ - -  
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Fig. 2. Diagram for the anodic oxidative preparation of Anthrasol 
Blue IBC. i, Dissolving kettle; 2 and 8, filter; 3, recycling kettle; 4, 
electrolytic cell; 5, intermediate storage kettle; 6, gear pump; 7, 
salting out kettle. 

served  as the ca thode  chamber  which could be eas i ly  
removed  for  the r ep lacemen t  of membrane .  The re -  
main ing  space in eve ry  section serves as the anode 
chamber .  The lead  d ioxide  anodes as p repa red  are  
connected as a s ingle uni t  and  a combinat ion  of two 
such pairs  serve  as the  anode (Fig. I, Table  I ) .  The 
cathode was a copper  plate ;  the anoly te  was pumped  
from the bot tom of the recycl ing  ke t t l e  into the  lower  
pa r t  of eve ry  anode chamber  and overflowed from 
the upper  pa r t  of this chamber  to an in te rmedia te  
s torage ket t le ,  which was connected to the  recycl ing  
ket t le  b y  a gear  pump (Fig. 2, Table  I I ) .  

Batch Process 
Altoge ther  ten e lect rolyt ic  cells  were  connected in 

two pa ra l l e l  t rains,  each  wi th  five cells connected in 
series. Thus, the re  were  70 e lec t ro ly t ic  units  (Fig.  3, 
Table  I I I )  in ten cells w i th  a to ta l  of 70 cathodes and 
280 anodes on 70 mul t ip l a t e  lead dioxide anodes.  

Table I. The operating conditions of lead dioxide electro&position 

Cell:  
A n o d e  base :  1 m m  t h i c k  t i t a n i u m  m e s h  ( e x p a n s i o n  30%) 
Base  d i m e n s i o n :  540 m m  h i g h  x 170 m m  wide  
C a t h o d e :  t w o  c a r b o n  r o d s ,  43 m m  t h i c k  x 70 m m  w i d e  x 580 

m m  h i g h  p l a c e d  on t h e  s ides  of  t h e  a n o d e  a t  a d i s t a n c e  of  40 
m m  e a c h  

Base  p r e t r e a t m e n t :  s a n d  b l a s t  t h e  ba se  s u r f a c e  w i t h  a m i x t u r e  
of  s a n d  a n d  q u a r t z  ( r a t i o  of  s a n d  a n d  q u a r t z  w a s  4:1)  and 
t h e n  r i n s e  w i t h  w a t e r  

E l e c t r o l y t e :  l ead  n i t r a t e  (C.P.)  150.200 g / l i t e r  
n i t r i c  ac id  (C.P.)  5-20 g / l i t e r  
s o d i u m  f luor ide  (A.R.)  0.5-1 g / l i t e r  
de ion ized  w a t e r  ( f r e e  CI-, F e  +§ 

H e a t i n g :  2 k W  e l e c t r o h e a t e r  
A g i t a t i o n :  b u b b l i n g  w i t h  oi l - f ree  c o m p r e s s e d  a i r  
T e m p e r a t u r e :  75~ 
A n o d i c  c u r r e n t  d e n s i t y :  10 A / d i n  ~ f o r  2 h r  fo l l owed  b y  7.5 A / d m ~  

5 h r  
F low r a t e  of  e l e c t r o l y t e :  5 l i t e r s / r a i n  
W e i g h t  of base :  280g 
W e i g h t  of l ead  d iox ide  depos i t :  1800-2000g 
T h i c k n e s s  of depos i t :  a b o u t  2 m m  

T h e  c h e m i c a l  r e a c t i o n  d u r i n g  e l e c t r o d e p o s i t i o n  m a y  b e  r e p r e -  
s e n t e d  b y  

2Pb(NO, )~  + H~O -~ PbO~ + P b  + 4HNO,  

I <//+ Table II. The detail of the cell construction 

Cell d i m e n s i o n :  385 taro  w ide  x 630 m m  l o n g  x 545 m m  h i g h  
Cell  m a t e r i a l :  10 m m  p o l y p r o p y l e n e  sheet  
T o t a l  a n o d e  a r e a :  4000 d m  ~ 
M e m b r a n e :  n o n r e i n t o r c e d  s u l f o n a t e d  p o l y p h e n y l e n e  ether  cation. 

e x c h a n g e  m e m b r a n e  
Anode d i m e n s i o n  ( c o a t i n g ) :  170 m m  w i d e  x 460 t a ro  h i g h  x 

m m  thick 
C a t h o d e  d i m e n s i o n :  300 m m  wide  x 400 m m  h i g h  x 2 n u n  thick 

Table III. Operating conditions 

Fig. 1. The connection of lead dioxide anode 

A n o l y t e :  2 . ch lo ro -3 -aminoan th raqu inone-9 ,10~su l tu r i c  ac id  
ester (100%) 120 k g  

Caus t i c  soda  30% 65 l i ters 
d i l u t e d  w i t h  w a t e r  to  600 l i t e r s  

C a t h o l y t e :  c a u s t i c  soda  6% 
T e m p e r a t u r e :  65~176 
V o l t a g e :  ( s i ng l e  cel l )  2.8V ( in i t i a l ) ,  3V (f inal )  
A n o d i c  c u r r e n t  d e n s i t y :  0.8 A / d m ~  
R a t e  of  f low: 2.5 l i t e r s / s a c  (3 cm/sec )  
C u r r e n t  eff ic iency:  75.9% [ i n c l u d i n g  i s o m e r  (1~)] 
E n e r g y  c o n s u m p t i o n :  0.7 k W - h r / k g  A n t h r a s o !  B lue  IBC 
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Fig. 3. I, 4, Lead dioxide anode; 2, cathode chamber; 3, cation- 
exchange membrane; 5, cathode. 

Procedure 
The anoly te  was p repa red  in a 500 l i te r  dissolving 

ke t t l e  by  hea t ing  with  s t i r r ing  unt i l  complete  solution, 
and then fi l tering to remove  impuri t ies .  The f i l t rate or 
anoly te  was t r ans fe r red  into the recycl ing  ket t le  and 
then fed s imul taneous ly  into eve ry  anode chamber  of 
the  cell. As soon as the cells were  filled, e lectrolysis  was 
s ta r ted  wi th  an anode cur ren t  dens i ty  of 0.8 A / d i n  2 
for 5.5-6 hr  at  65~176 Upon complet ion of the reac-  
tion, the  reac t ion  l iquor  was fi l tered and the fi l trate 
was t r ans fe r red  into the  sal t ing out  ket t le ,  where  
methanol  was added and the solut ion was hea ted  to 
50~ Sal t ing  out  was carr ied  out  by  the  addi t ion of 
potass ium chlor ide  in an amount  of 18 we igh t  percent  
of the  to ta l  volume. The solut ion was main ta ined  at 

50~ for half  an hour, cooled to 20~ and af ter  2 hr  
was filtered. 

The filter cake was m i x e d  wi th  Glauber ' s  salt ,  urea,  
and d icyandiamide  in cer ta in  concentrations,  dissolved 
in water ,  and sp ray  dried.  The final product  was pure  
An th raso l  Blue IBC and proved to be sat isfactory in 
the tex t i le  indus t ry  applicat ions.  

Manuscr ip t  submi t ted  Nov. 10, 1980; revised manu-  
script  received ca. Aug. 10, 1982. 

A n y  discussion of this pape r  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1983 
JOURNAL. Al l  discussions for the December  1983 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1983. 
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Regenerative Photoelectrochemical Cells Using Polymer-Coated 
n-GaAs Photoanodes in Contact with Aqueous Electrolytes 
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ABSTRACT 

Short-term (up to - 2  hr) stabilization ofn-GaAs photoanodes in aqueous electrolytes has been accomplished by coating 
them with polymer  films comprising polystyrene with pendant  Ru(bpy)3 ~+ comPlexes (bpy = 2,2'-bipyridyl). The electro- 
lytes contained the Fe =+~+, I-/I~-, S2-/Sx 2-, [Fe(CN)6] 3-~4-, and Fe 2+~+ EDTA (EDTA = ethylenediamine-tetraacetic acid) redox 
couples. The best  photoelectrochemical  response was observed in the presence of the Fe 2+~3+ redox couple and an AM 1 
optical-to-electrical conversion efficiency of -12% was reached in nonoptimized systems. The possible role of the Ru com- 
plex in the mode of charge t ransport  across the polymer-coated n-GaAs/electrolyte interface is finally discussed. 

A key  p rob lem in the use of photoelec t rochemicai  
(PEC) systems for  conversion and s torage of solar  
energy  concerns e lect rode s tab i l i ty  (1). Of the var ious  
approaches  tha t  have  been unde r t aken  to c i rcumvent  
this problem,  the use of  po lymer ic  coatings on the 
photoe lec t rode  surface  deserves  special  mention.  Thus, 

* Electrochemical  Soc ie ty  Act ive  Member.  

previous  authors  have  descr ibed  the  protec t ion  of na r -  
row bandgap  semiconductor  photoanodes wi th  e lec t ro-  
chemical ly  genera ted  po lypyr ro le  films (2-6),  while  
more recent  s tudies r epor t  an enhanced degree of s ta-  
bi l izat ion by  incorpora t ion  of thin me ta l  films, in com- 
b ina t ion  wi th  the po lymer  over layer  (5, 6). A recent  
r epor t  also describes the in t r iguing  appl ica t ion  of 
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o -pheny lene  d iamine  po lymer iza t ion  for  pass ivat ion  of 
surface states on n-WSe2 photoelect rodes  (7). Studies  
or iented toward  solar  energy  s torage include the use of 
po ly  (benzyl  viologen) coatings on p - S i  e lect rodes  to 
ca ta lyze  the photoassis ted evolut ion of He f rom wate r  
(8),  and  po lymer  pendan t  Ru (bEY)s2+ complexes  (bpy  
--  2 ,2 ' -b ipyr idyl )  on iner t  subs t ra tes  for  the pho to re -  
duct ion of me thy l  viologen (9, 10). 

In  this paper ,  we descr ibe  the per formance  and char -  
ac ter izat ion of  n - G a A s  photoanodes  coated with  films 
of po lys ty rene  pendan t  Ru(bpy)82+ complexes  (here-  
a f te r  cal led " P S t - b p y - R u  complex" ) .  This coating was 
deve loped  by  one of the  present  authors  (M.K.) for  the 
a forement ioned  studies on photochemical  conversion of 
sunl ight  (9, 10). On the o ther  hand,  the resul ts  de-  
scr ibed here in  per ta in  to PEC systems of the r egene ra -  
t ive type  [i.e., those des igned for the conversion of 
sun l igh t  into e lec t r ic i ty  (1)] .  The P S t - b p y - R u  coated 
n -GaAs  photoanodes  were  tes ted in aqueous redox 
e lec t ro ly tes  in which  the bare  counterpar t s  are  known  
to be pho toe lec t rochemica l ly  uns table  (11). 

Exper imental  

The P S t - b p y - R u  complex was p repa red  as follows. 
7-picol ine  was coupled b y  Raney  Ni ca ta lys t  in excess 
r eac t an t  to y ie ld  4 ,4 ' -d imethyl-2 ,2 'b ipyr idine ,  which 
was then  l i th ia ted  b y  n - b u t y l l i t h i u m  and h y d r o x y -  
me thy la t ed  by  HCHO gas to y ie ld  4 - m e t h y l - 4 ' h y d r o x y -  
methy l -2 ,2 ' -b ipyr id ine .  This product  was dehydra t ed  
by  reac t ion  in d r y  xy lene  in the presence of P205 to 
give 4 -me thy l -4 ' -v iny l -2 ,2 ' -b ipy r id ine  (Vbpy) .  Vbpy  
was copolymer ized  wi th  s ty rene  in d ioxane  in the pres-  
ence of 0.2% azobis i sobutyroni t r i le  in i t ia tor  for 120 h r  
to y ie ld  the  backbone  copolymer.  The copolymer  was 
reac ted  with  cis-Ru(bpy)2C12 in n - b u t y l a l c h o h o l /  
xy lene  (1/4 v / v  mix tu re )  under  ref lux for 48 h r  to give 
P S t - b p y - R u .  The composi t ion and s t ruc ture  of this m a -  
te r ia l  was de te rmined  by  methods  descr ibed prev ious ly  
(9, 10) to be the  fol lowing 

-~CHCH2)-~ . . . .  -(CHCH,e~}-~-y - - 

N.....xx',,NR/~.~N 2 + 

- -{  CHCH_o-)~z 

N~-N ~ 2 ,2 ' -b ipyr idine  

x == 0.048, y ~ 0.047, z z 0.905 

The P S t - b p y - R u  complex  as p r epa red  is soluble in 
organic  solvents  but  insoluble  in water .  (By w a y  of con- 
trast ,  monomer ic  Ru(bpy)3C12 is soluble in wa te r  and 
insoluble  in organic solvents  except  alcohols.) The 
hydrophob ic  na tu re  of the P S t - b p y - R u  complex  aids 
in its pers i s ten t  a t t achment  to the  e lec t rode  surface 
du r ing  use in the  PEC cell (see be low) .  Pol ished wafers  
of S i -doped  n -GaAs  (<100>  or ienta t ion)  were  ob-  
ta ined  f rom commercia l  sources. The doping dens i ty  as 
quoted b y  the manu fac tu r e r  was 4.5 X 1016 cm -3  for 
these samples.  Elect rodes  were  fashioned out  of these 
mass ive  wafers  a f te r  p rov id ing  them with  ohmic  con- 
tacts as descr ibed  e lsewhere  (12). The e lect rodes  were  
p re t r ea t ed  as follows. An ini t ia l  15 sec etch in 3:1:1 
H2SO4-30%H202-H20 was fol lowed by  a 30 sec e tch  in 
6M HCI. A r inse  in deionized wa te r  was fol lowed by  a 
wash in acetone and vacuum drying.  The p re t r ea t ed  
e lect rodes  were  then coated wi th  P S t - b p y - R u  complex 

by  dropping  a p rede t e rmined  amount  of solut ion I of an 
organic solvent  (d ime thy l  fo rmamide  or chloroform) 2 
onto the n -GaAs  surface  wi th  a mierosyr inge,  fol lowed 
by  a i r -d ry ing  for  15-20 min and oven -d ry ing  at  ~50~ 
under  reduced  pressure  for  i -2  hr. The resu l tan t  e lec-  
t rodes had  a m a r k e d l y  dull  surface (as opposed to the  
m i r r o r - l i k e  appearance  of the  s ta r t ing  ma te r i a l )  and 
geometr ic  surface  areas  ranging  f rom 0.09 to 0.24 cm 2. 

Redox e lect rolytes  were  p repa red  f rom Analar@ 
grade  chemicals  and deionized water .  Fer rous  sal t  of 
e thy lened iamine te t raace t i c  acid (EDTA) was p repa red  
by  dissolving ferrous  perch lora te  in  0.1M disodium sal t  
of EDTA. In  this case as wel l  as for the [Fe(CN)6]  3 - / 4 -  
couple the pH of the e lec t ro ly te  was ad jus ted  e i ther  
wi th  NH~OH or  wi th  HC1. Polysulf ide e lec t ro ly tes  were  
p repa red  f rom mixtures  of varyiffg quant i t ies  of Na2S, 
S, and NaOH in deionized water .  Po ly iod ide  e lec t ro-  
ly tes  were  p repa red  in s imi lar  fashion f rom KI  and I2. 
Elect rolytes  conta ining the Fe 2 +/3+ redox  couple were  
p repa red  f rom solutions of ferrous  ammonium sulfate 
and the fer r ic  salt  in acidic (pH ---- ,~2) media.  In most 
cases, the  cells were  con t inua l ly  purged  wi th  iner t  gas 
dur ing  measurements  to prec lude  ai r  oxida t ion  of the 
reduced redox species. 

S t anda rd  th ree -e lec t rode  geomet ry  was used in all  
cases for the  PEC systems repor ted  here.  P t  foil was 
the  counterelect rode.  Al l  potent ia ls  are  quoted wi th  
reference  to the sa tu ra t ed  calomel  e lec t rode  (SCE).  
The ins t rumenta t ion  used for  the PEC measurements  
was the same as that  descr ibed p rev ious ly  (12). I l lumi -  
nat ion of the electrodes was by  ELH quar tz - iod ine  p ro -  
ject ion lamps.  L igh t  in tensi t ies  were  measured  on an 
Eal ing Corpora t ion  Model  LIMS 920 r a d i o m e t e r / p h o -  
tometer .  The intensi t ies  r epor ted  here in  are  not  cor-  
rec ted  for reflection and absorpt ion  losses from the cell 
wa l l  and the electrolytes .  The electrodes,  however ,  
were  posi t ioned as close to the cell wal l  as possible to 
minimize  l ight  absorpt ion  by  the electrolyte .  

Results and Discussion 
Figures  1 and 2 i l lus t ra te  s t eady-s t a t e  cu r r en t -vo l t -  

age ( I -V)  character is t ics  of modified n - G a A s  pho toan-  
odes in contact  wi th  aqueous e lec t ro ly tes  containing the 

1 A typical  Ru s+ concen t r a t ion  of 1 mM was  emp loyed  in the  or- 
ganic  solvent .  T h e  nomina l  solut ion v o l u m e  was  4 ~l/cmS of  e lec-  
t rode  su r face  yie lding a film th ickness  of 1430A for  u n i t y  densi ty .  

No influence of the  specific organic  so lvent  on t h e  PEC per-  
f o r m a n c e  o f  t h e  c o r r e s p o n d i n g  e l e c t r o d e s  w a s  n o t e d .  

1 
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Fig. i. Steady-state current-voltage (I-V) characteristics (scan 
rate: 100 mV/sec) of a representatiye polymer-coated n-GaAs pho- 
toanode (electrode area: ~0.09 cm ~) in contact with aqueous 
Fe 2+/~+ redox electrolyte (pH ~ -,~2). The electrolyte was mag- 
netically stirred and contained 0.1M each of reduced and oxidized 
species. 
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Fig. 2. Steady-state I-Y characteristics (scan rate 100 mV/sec) 
of a polymer-coated n-GaAs photoanode (same electrode as that 
used in the experiments in Fig. 1) in contact with iron-EDTA redox 
electrolyte (pH ~ ,.~5). The Fe(ll) ion concentration was 0.01M 
and the electrolyte was magnetically stirred. 

Fe 2+/s+ and Fe2+/8+-EDTA redox  couples, respec-  
t ively.  The e lec t ro ly tes  were  magne t ica l ly  s t i r red  in 
these exper iments .  The behavior  shown in these d ia-  
grams is f a i r ly  represen ta t ive  of the po lymer -coa t ed  
ma te r i a l  and only  ve ry  minor  differences in the mag-  
n i tude  of cur ren t  densi t ies  (possibly  caused by  mor-  
phological  and thickness  var ia t ions  in the po lymer  
films) were  noted in a series of runs  on these modified 
electrodes.  The main  cr i te r ia  chosen to eva lua te  PEC 
s tabi l i ty  in exper iments  such as those i l lus t ra ted  in Fig. 
1 and 2 were  constancy in the  shape of the  s t eady-s ta te  
I -V  curve, and in the  va lue  for  the onset  potent ia l  
(Van) for photoanodic  cur ren t  flow. The behavior  ex-  
emplif ied by  the da ta  in Fig. 1 and 2 could be r ep ro -  
duced th rough  severa l  repe t i t ive  cycles at the 100 m V /  
sec scan ra te  nomina l ly  employed  for these runs. On 
the o ther  ~ hand,  bare  n -GaAs  photoanodes  showed a 
r ap id  de te r iora t ion  in the  magni tude  of the photo-  
effect over  a comparab le  t ime scale. F igure  3 i l lus t ra tes  
this t rend  for the I - / I ~ -  redox  electrolyte .  The 
uppe r  f rame in Fig. 3 shows the t ime-dependen t  
behavior  of the  po lymer -coa ted  photoanode,  whereas  
the da ta  i l lus t ra ted  in Fig. 3b underscore  the cont ras t -  
ing per fo rmance  of a bare  electrode.  For  these exper i -  
ments,  the  da rk  I -V  character is t ics  were  first es tab-  
l ished af te r  which the electrodes were  i l lumina ted  
wi th  whi te  l ight  (53 m W / c m  2) at  app rox ima te ly  the  
shor t -c i rcu i t  condition. The s t eady-s ta te  I -V behavior  
was then  t raced  at var ious  t ime in terva ls  as shown in 
the figure. The in i t ia l  increase in the magni tude  of the 
photoeffect  for the  po lymer -coa t ed  e lect rode is wor thy  
of note and m a y  be caused b y  s low equi l ib ra t ion  of 
the po lymer  layer  wi th  the r edox  electrolyte .  The I -V 
character is t ics  in this case did not  show a fu r the r  
change af te r  1 h r  dur ing  ten repe t i t ive  scans at  100 
mV/sec  at 5 min  intervals .  By way  of contrast ,  photo-  
effects on the  bare  e lectrode had  d iminished consider-  
ab ly  af ter  1 hr  i r rad ia t ion  f rom an ini t ia l  level  which 
approx imated  tha t  observed on the po lymer -coa ted  
electrode.  

While  the conclusion is f irm on the sho r t - t e rm  
(,~2 hr )  PEC s tabi l i ty  of these po lymer  coatings, long-  
t e rm s tab i l i ty  (>2  h r )  is p resen t ly  a problem.  Gradua l  
peel ing of the  po lymer  coating has been observed in 
exper imen t s  run  for  per iods  longer  than  2 h r  and this 
effect seems to or iginate  at  the  edges of the  photoanode.  

' ' o' o'  ' o' ' -0.3 -0.1 .I 5 0.5 .7 0.9 
VOLTAGE, V vs. SCE 

Fig. 3. Time dependence of steady-state I-V behavior (scan rote: 
ZOO mY/see) for (a) polymer-coated n-GoAs electrode (area: ~0.1 
cm 2) and (b) bare n-GaAs photoanode in contact with the 1 3 - / I -  
(0.5/0.5M) redox electrolyte (pH ~- ,~5). The illuminated electrode 
(light intensity 53 mW/cm 2) was maintained at approximately 
short-circuit condition (0.3V vs. SCE) for the duration shown, after 
which the potential scans were initiated. The initial level of the I-V 
curve for the bare e|ectrode was close to that seen at 0 rain for 
the coated sample (Fig. 10). The electrolyte was stirred in all cases. 

Optimizat ion  of the  coating thickness and pa ramete r s  
associated with  the  coating procedure  is p resen t ly  in 
progress.  

F igu re  4 i l lus t ra tes  fu r the r  da ta  contras t ing the  be-  
hav ior  of po lymer -coa ted  electrodes v i s - a -v i s  the bare  
samples.  These exper iments  ut i l ized the S 2 - / S x  $ -  r e -  
dox couple in which bare  n -GaAs  electrodes have been 
shown to be photoe lec t rochemica l ly  unstable  (11). A 
gradua l  t rans i t ion  f rom a single photoprocess  to an 
oxida t ion  involving two dis t inct  s teps appears  in the  
I -V character is t ics  for the  bare  photoanode wi th  in-  
creasing l ight  in tens i ty  (Fig. 4a).  The first wave  is a 
d i f fus ion-control led  process as ev idenced in exper i -  
ments  wi th  va ry ing  concentrat ions  of NasS whereas  
the  p la teau  region for  the second wave  is independent  
of the  S 2-  concentrat ion.  In  accord with  these results ,  
the first wave  is a t t r ibu ted  to the PEC oxidat ion  of 
S 2-  ions, whereas  the  second wave  represents  the  
photoanodic  corrosion of n -GaAs .  A s imi lar  behavior  
has been noted by  previous  authors  (13, 14) for n-CdS,  
a l though the two-s tep  I -V character is t ics  for n -GaAs  
does not seem to appear  in previous  repor ts  on the PEC 
behavior  of this mater ia l .  

Of more  direct  re levance  to the present  s tudy,  how-  
ever,  is the s t eady-s ta te  I -V  behavior  of p o l y m e r -  
coated e lect rodes  in contact  wi th  the S2- /Sx  2-  redox 
couple (Fig. 4b).  Note the Complete absence of mul t ip le  
waves in the  anodic polar iza t ion  region in this  case, 
even at  l ight  intensi t ies  much  h igher  than  that  em-  
p loyed  in the  previous  case (Fig. 4b).  The p la t eau  
levels  in this case are  also sensi t ive to the effective 
redox  concentra t ion at each l ight  in tens i ty  (var ied,  for 
example ,  by  changes in e lec t ro ly te  s t i r r ing  r,ate). These 
exper iments  demons t ra te  that  the  pho togenera ted  holes 
are  being effect ively channeled  into the route  involving 
oxidat ion  of reduced  redox species in the presence of 
the po lymer  coating. Note the shift  in the potent ia l  for  
photoanodic  current  flow in the  case of the coated 
electrodes (cf. Fig. 4b) re la t ive  to the  bare  samples  
(Fig. 4a).  This posi t ive shift  (which is confirmed by  
capaci ty  measurements )  in our  belief,  reflects the  de -  
creased negat ive  surface charge on the n - G a A s  surface 
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Fig. 4. Steady~state I-V characteristics (scan rate: 100 mV/sec) 
for (a) bare and (b) polymer-coated n-GaAs photoanodes in contact 
with the polysulfide (0.5M NagS, 0.SM S) redox electrolyte (pH 
,~9). The coated electrode sample same as that described in Fig. 
1 and 2. 

[caused possibly by specific adsorption of S ~-  species, 
eL Ref, (15)] brought about by the intervening poly- 
mer layer. An unfortunate consequence of this shift is 
that no photovoltage is gained at the coated n-GaAs/ 
polysulfide electrolyte interface. 

In order to further probe the nature of the modified 
electrode/electrolyte interface, the photovoltage ob- 
tained with the various redox couples was examined as 
a function of their corresponding equilibrium potentials, 
Vredo x. Figure 5 illustrates the correlation between the 
two parameters. Note that variations in Vredox span al- 
most the entire bandgap of the semiconductor. The ob- 
served correspondence between the open-circuit volt- 
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age, Voc 8 and Vredox (the slope of the straight-line plot 
in Fig. 5 is approximately unity) implies the absence of 
Fermi level pinning (16) at the interface. This, in turn, 
is suggestive of modifications in the nature and role of 
surface states at the n-GaAs/electrolyte interface 
brought about by the polymer coating (see below). 
A similar behavior seems to have been observed by 
previous authors (2) for n-GaAs photoanodes coated 
with polypyrrole although detailed correlations were 
not presented. There is also precedence in the litera- 
ture for passivation of surface states on semiconductor 
electrodes in the presence of polymer films (7). 

Further evidence for the near ideality of the modified 
electrode/electrolyte interface is provided by an ex- 
amination of light intensity effects. Figure 6 illustrates 
typical data for the Fe 2+/s+ couple. The linear depen- 
dence of the short-circuit current density, Jsc, on light 
Lntensity, IL, shows that the rate of supply of minority 
carriers (holes) to the surface is not limited by the 
availability of reduced redox species at the interface 
and the kinetics of charge transfer across it. The loga- 
rithmic dependence of Voc on light intensity is pre- 
dicted by the relationship (17) 

nkT J~ 
Vo~ _ In ,, [1] 

q Jo 

under conditions where J~ ~ IL and Jsc > >  Jo (Io 
is the reverse saturation current density). A plot of 
Voc vs. In IL should yield a straight line according to 
Eq. [1], the slope of which then permits an estimation 
of the junction ideality factor, n. The inset in Fig. 6 
shows such a plot whose slope of 75 mV corresponds to 
an n value of 1.3. Ideality factors close to unity are 
typical of semiconductor/electrolyte (or metal) inter- 
faces wherein carrier recombination losses (mediated by 
surface states) are negligible (18). Our previous studies 
of semiconductor/electrolyte interfaces (e.g., n-GaAs/ 
room temperature molten salt (19) and n-CdSe/aque- 
ous polysulfide systems (18) have revealed much 
higher n values (close to 2) in keeping with the vari- 
ous loss mechanisms that have been identified (20) in 
these eases. On the other hand, the present PEC sys- 
tems comprising polymer-coated n-GaAs photoanodeS 
show how the presence of a polymer coating can dras- 
tically minimize deleterious surface-state effects. 

Figure 7 illustrates typical Mott-Schottky (M-S) 
plots for polymer-coated n-GaAs electrodes in contact 
with Fe 2+/s+, [Fe(CN)6] s- /4- ,  Fe2+/~+-EDTA, and 
I - / I 3 -  redox electrolytes. The data are shown only 
for an a-c signal frequency of 10 kHz since minimal 
frequency dispersion was observed in the measured 

Voc is t a k e n  h e r e  as t h e  d i f f e r e n c e  b e t w e e n  Vo.  a n d  Vredox, 

Fe 2§247 

~ ( ~ z + / 3 +  _ EDTA 

I I I f I 
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Fig. 5. Correlation between the open-circuit voltage, Voc (see 
text for definition) and the equilibrium redox potential, Vredox for 
PEC systems employing various redox couples. 
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Fig. 6. Dependence of short-circuit current density, Jsc and Voc 
on light intensity, IL for polymer-coated n-GaAs photoanodes in 
contact with the Fe 2+/8+ redox couple. Parameters same as those 
described in Fig. 1. Inset: Plot showing the logarithmic dependence 
of Voc on IL. 
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for polymer-coated n-GaAs photoanocles in contact with aqueous 
redox electrolytes. The solution pH was ~ 5  in all the cases except 
for the Fe 2§  couple (~2) .  

capaci tance values.  The ave rage  of  the slopes of the 
M - S  plots  in Fig. 7 yields  a donor dens i ty  value  of 
4.9 (--+0.2) X l0 ~8 cm -8 in good agreement  wi th  the  
manufac tu re r -quo ted  va lue  (see above) .  The f latband 
potent ia ls  (VFB) deduced f rom the M-S  plots are  
--0.89, --0.73, --0.91, and --0.45V respec t ive ly  for the  
Fe2+/8+, [Fe (CN)68- /4 - ,  Fe~+/3+-EDTA, and I - / I 3  
r edox  electrolytes .  The above var ia t ions  in VFB are  
outside the range  of expe r imen ta l  er ror  (mean  dev ia -  
t ion in measured  VFB is +__0.05V as borne out by  dup l i -  
cate measurements )  and reflect subt le  effects in the 
in ter rac ia l  region. The V F B  values  for  the bare  and 
coated electrodes were  comparab le  for the  above cases. 
A s imi lar  invar iance  of VFB in the  presence of a po ly -  
mer  film has been  noted by  previous  authors  (2) for 
po lypyr ro l e -coa ted  n -GaAs  electrodes.  

Fo r  a given semiconductor  in contact  wi th  a series 
of r edox  electrolytes ,  Voc should  t r ack  the difference 
be tween  VFB and Vredox. For  the sys tems s tudied here,  
this is roughly  the case wi th  the most  posi t ive redox 
couple, Fe  ~+/3+ showing the m a x i m u m  Voc. Exact  cor-  
respondence  be tween  Voa - -  Vredox and VFB - -  Vredox, 
however ,  is p rec luded  by  the a forement ioned  affects 
on VFB caused by  fea tures  in in te r fac ia l  chemis t ry  
unique to each ind iv idua l  redox  system. 

F ina l ly ,  typ ica l  pe r fo rmance  pa rame te r s  are  as-  
sembled  in Table  I for r egenera t ive  PEC cells based on 
po lymer -coa ted  GaAs photoanodes.  Of the redox  elec-  
t ro lytes  included for this  study,  the Fe  2+/3+ couple 
b y  far  y ie lded  the best  PEC response in keeping  wi th  
the posi t ive va lue  (0.53V) of its equ i l ib r ium potent ial .  
I t  is noted that  the  efficiencies l is ted in Table  I were  
ob ta ined  for  systems in which no a t tempts  were  made  
to opt imize  e i ther  cell geomet ry  and opera t ional  pa -  
r ame te r s  (e.g., redox concentrat ion,  solut ion pH) o r  
var iables  associated wi th  e lect rode fabricat ion.  

G e n e r a l  Discussion 
The role of Ru (bpy)8 ~+ species in the  presen t  po ly -  

mer  films mer i t s  fu r the r  .discussion. Definit ive con- 
clusions on the i r  effects on PEC performance ,  how-  

Table I. Typical performance parameters a of regenerative PEC 
systems based on polymer-coated n-GaAs photoanodes 

Redox Vo~ b J,~ Pmax 
couple  (V)  (mA/cm~)  ( m W / c m  ~) FF (%) 

Fe~+/3+ 1.09 10.89 8.41 0.71 12.01 
(1.10) e (15 .11)  (11.54) (0 .69)  (11.5=) 

Fe=+/~+-EDTA 0.47 8.33 1.07 0.27 1.5= 
l-/I~- 0.72 11.67 2.33 0.28 3.3a 

Voc = open-circuit  voltage,  J.c = short-circuit current  density,  
Pmax = maximum p o w e r  output,  FF = fill-factor, ~ = optical-to- 
electrical  convers ion efficiency. 

a Light intensity:  70 m W / c m  2. 
b Taken  as the  difference be tween  the potential  onset  of photo- 

current  and equil ibrium redox  potential  ( see  t ex t ) .  
c Parameters  in parentheses  correspond to AMI i l lumination 

(~100 mW/cm~) .  

ever, cannot  be made  on the basis of the da ta  descr ibed 
in the  preceding  discussion. I t  is un l ike ly  tha t  the 
anodic photoeffects observed  for the po lymer -coa ted  
n -GaAs  photoanodes  (cf. Fig. 1-3) are  due to e lect ron 
inject ion f rom the photoexci ted  Ru complex into the 
n - G a A s  conduct ion band  because:  (i) Such a mode 
of charge t ranspor t  would  r equ i re  a nont r iv ia l  ac t iva-  
t ion energy  in al l  the cases except  poss ibly  in the case 
of the  I 8 - / I -  redox sys tem since the n -GaAs  conduc-  
t ion bandedge  is located at  a ~otent ia l  more negat ive  
(cf. Fig. 7) than  the m a x i m u m  in the  d is t r ibut ion  
funct ion for occupied levels of the *Ru(bpy)8~+/  
Ru(bpy)~8+ sys tem (--0.6V) (21). (ii) Current  flow 
in background  e lec t ro ly tes  for the po lymer -coa t ed  
electrodes is o rde r s -o f -magn i tude  lower  in the absence 
of regenera t ive  redox couples such as the ones em-  
p loyed here.  Media t ion  of R u ( b p y ) 3  ~+ species in the 
t ransfe r  of pho togenera ted  holes to the reduced  redox  
species, however ,  is a possibi l i ty,  for example ,  by  a 
scheme such as tha t  shown in Eq. [2]-[5]  

hv 
n -G a A s - - ->  e -cB W h+vB [2] 

h+VB 4- Ru (bpy)  z 2+ --> Ru (bpy)  3 a + [3] 

Ru(bpY)s  s+ W red--> R u ( b p y ) a  2+ 4- ox [4] 

d a r k  
ox + e -  ~ r ed  [5] 

Here, e-CB -- pho togenera ted  e lect ron in the conduc-  
tion band in n -GaAs ,  h+cB ---- photogenera ted  hole in 
n - G a A s  valence band,  r ed  ---- reduced  redox species 
and  ox = oxidized redox species. Note that  in the  
above reac t ion  scheme, g round-s ta te  Ru(bpy)32+ 
species are  impl icated.  

An  a l t e rna t ive  p a t h w a y  (as pointed out by  a re -  
v iewer)  to react ions [3] and [4] is photoexci ta t ion of 
R u ( b p y ) 3  e+ species fol lowed by  reduct ive  quenching 
by  reduced redox  species (cf. Eq. [6]-[8]  ) 

hv 
Ru (bpy)a  2+ > *Ru (bpy)  82+ [6] 

*Ru(bpy)3  ~+ 4- red--> R u ( b p y ) a  + 4- ox [7] 

Ru (bpy)  8 + ---> Ru (bpy)  3 ~+ -}- e-CB [8] 

React ion [7] is favored  t he rmodyna mic a l l y  in tha t  
the Vredox values for al l  the  couples included in this 
s tudy  are more  negat ive  than  the s tandard  potent ia l  
of the  *Ru2+/Ru + couple (0.62V) (22). 

S imi lar ly ,  react ion [8] is energe t ica l ly  favored by  
the p lacement  of the R u + / R u  2~ couple (--1.bV) (22) 
wi th  respect  to the  n - G a A s  conduction bandedge  
(--0.45 to --0.91V, see Fig. 7). 

I t  must  be poin ted  out  that  compet i t ion be tween  the 
hole t ransfe r  routes schemat ized by  Eq. [2]-[8]  and 
the d i rec t  pho to -ox ida t ion  of reduced  redox  species, 
namely  Eq. [9] 

h+vB 4- red--> ox  [9] 
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cannot be ruled out on the basis of the data presented 
here. That the PSt-bpy-Ru complex is quite efficient 
in mediating electron transfer, however, is clearly 
brought out by recent results on coated graphite elec- 
trodes (23). In these experiments, photoinduced elec- 
tron relay to solution species (e.g., methyl viologen) 
was quite facile via the excited state of the PSt-bpy- 
Ru complex. 

A factor which merits further study is the role of 
Ru (bpy)32 + and 2,2'-bipyridyl pendant groups in modi- 
fying the electronic~ conductivity of PSt films. The role 
of aromatic and heterocyclie ring structures in this 
respect is well recognized (24). 

Experiments to address the above issues are in 
progress in these laboratories. 
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Electrophoretically Deposited CdS and CdSe Anodes for 
Photoelectrochemical Cells 

Yasusada Ueno, Hideki Minoura, Takeshi Nishikawa, and Masayasu Tsuiki 
Department of Industrial Chemistry, Faculty of Engineering, Gifu University, Yanagido, Gifu 501-11, Japan 

ABSTRACT 

The electrophoretic deposition of CdS, CdSe, and their mixtures has been studied for the preparation of thin film an- 
odes for photoelectrochemical cells. These films were obtained in a homogeneous state on SnO2-coated glass substrates 
from the suspensions using polar organic dispersion media. Prior to photoelectrochemical experiments, the thin film an- 
odes were thermally treated for 3 hr at 400~176 An energy conversion efficiency of 2% was observed for the photoelectro- 
chemical cells using these film anodes in S2-/SJ - electrolytes. 

Cadmium chalcogenides such as CdS, CdSe, and their 
mixtures are important materials for the anode of 
photoelectrochemical cells. Recently, the techniques 
of thin film growth of these compounds have become of 
interest in fabricating low cost photocells. These films 
have been obtained by vacuum deposition, painting, 
spray pyrolysis, chemical deposition, and electrodepo- 
sition (1-5). Electrophoretic deposition also seems to 
be a simple and inexpensive method for fabricating 
semiconductor films. It brings about a reduction in 
time of the film formation, saving of source material, 
and prevention of pollution owing to the avoidance 
of a vaporization procedure. No photoelectrochemical 
study of electrophoretically deposited semiconducting 

Key words: semiconductor, photovoltaic, films, cell. 

films has been given so far. This paper describes our 
results on preparing the thin films of CdS, CdSe, and 
CdSxSel-x by the electrophoretic deposition. The 
photoanodic characteristics of these film electrodes are 
also shown. 

Experimental 
Commercially available CdS (4N) and CdSe (3N) 

powders were used as starting materials. To determine 
the size of these particles, an electron microscope 
(Japan Electron Optics Limited, JEM T-8) was used: 
these powders were .dispersed with distilled water 
under ultrasonic vibration, and the resulting suspen- 
sions were dropped onto copper grids with polyvinyl 
formal film. 
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Apply ing  the e lec t rophore t ic  deposi t ion  technique to 
inorganic  solid par t ic les ,  a mix tu re  of po la r  organic 
l iquids has been r ecommended  as a d ispers ion med ium 
(6). The basis of solvent  choice is a t t r ibu tab le  to the 
fact  tha t  the desi rable  th rowing  power  is obta ined  b y  
mix ing  two suspensions using separa te  medium which 
gives the different  deposi t ion rates.  The selected me-  
d ium in CdS deposi t ion was an  equivolume mix tu re  of 
acetone and isobutyl  alcohol, whereas  for  the CdSe 
d eposition~ p ropy lene  carbonate  was an excel lent  me-  
d ium which was chosen on the basis of some p re l imi -  
na ry  tests. The suspensions for the e lec t rophoret ic  
deposi t ion were  p repa red  by  the addi t ion  of CdS or 
CdSe powder  to the med ium under  u l t rasonic  vibra t ion.  
The dispersed CdS or CdSe par t ic les  in each sys tem 
usual ly  exhibi t  negat ive  charges and have nea r ly  the 
same size range  of about  0.5-3 #m as tha t  of the s t a r t -  
ing materials .  Since most  of par t ic les  in the  suspension 
tend to sediment  wi th in  12 hr, the  ul t rasonic  v ib ra t ion  
is needed pr io r  to r epea ted  use. 

The e lec t rophore t ic  deposi t ion expe r imen t s  were  pe r -  
formed in a 100 ml  beake r  containing 40 ml  of sus- 
pension as shown in Fig. 1. An SnO2-coated glass anode 
(effective a rea  was about  10 mm • 15 mm) and a P t  

p la te  cathode of nea r ly  the same area  were  assembled  
at  15 mm distance in the cell. 

The e lec t rophoret ic  deposi t ion of semiconductor  pa r -  
ticles onto SnO2-coated glass subs t ra tes  was pe r fo rmed  
anodica l ly  by  appl ica t ion  of d-c  vol tage f rom 30 to 
800V. The films depos i ted  in this w a y  were  dried,  
weighed,  and then  t h e r m a l l y  t rea ted  in a furnace  for  
3 hr  at 400~176 in a s t r eam of purified n i t rogen gas. 
The surface morpho logy  and the composit ion of the 
deposi ted CdS or  CdSe anodes were  de te rmined  by  
scanning electron microscope and an x - r a y  mic ro-  
ana lyzer  (Hitach Horiba,  EMAX 8000). A copper  wire  
was a t tached at  the  end of each anode wi th  s i lver  
epoxy  and al l  the surface except  for  a por t ion  on the 
facing surface of 0.5-1.0 cm 2 was insula ted  wi th  epoxy  
resin as shown in Fig. 2. The th ree -e lec t rode  system 
including the e lec t rophore t ica l ly  deposi ted CdS or 
CdSe anode, and  a P t  p la te  cathode, and a sa tu ra ted  
calomel  re ference  e lect rode was used for the polar iza-  
tion measurement .  A 500W Xe arc l amp was used as a 
l ight  source and the spect ra l  d is t r ibut ion  of pho tocur -  
ren t  was de te rmined  by  using a monochromator .  The 
l ight  in tens i ty  was measured  wi th  a ca l ibra ted  the rmo-  
pi le  (Kipp and Zonen CA1) p laced  at the same posi t ion 
as semiconductor  electrodes.  

Deposits Insulator 
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. . .  . . . . . . . .  / . . . . . . . . . .  
: : . . . . :  .. .. . : .  . : , .. . . ... . : . : : . . . .  
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Sn02-coated glass Ag epoxy 

Fig. 2. Photoanode 
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Results and Discussion 
Electrophoretic deposition o~ CdS.--Figure 3 shows 

the TEM photographs  of par t ic les  in s tar t ing mater ia l s  
which have pa r t i a l l y  coalesced. The par t ic le  sizes were  
found to be 0.5-1 #m for CdS (Fig. 3a) and 0.5-3 ~m 
for CdSe, respec t ive ly  (Fig.  3b) .  These ranges  of pa r -  
t icle sizes are  sui table  because colloidal  sizes give low 
deposi t ion rates  (7) and coarser  par t ic les  than  5 um 
lead to uneven coating. 

F igure  4 shows the re la t ionship  be tween  the appl ied  
vol tage and the deposi t ion ra te  of CdS expressed as the 
weight  of  the  CdS deposi ted  per  uni t  a rea  in I min. 
These measurements  were  done with  deposits  from a 
f resh ly  p repa red  suspension. In  such a condit ion the 
expe r imen ta l  da ta  gave a l inear  relat ion.  The re la t ion-  
ship be tween  deposi t ion ra te  and concentra t ion of CdS 
par t ic les  in suspension is shown in Fig. 5. In  this  case 
each deposi t ion ra te  was measured  using a shor ter  
deposi t ion per iod  of 30 sec wi th  care to avoid sed imen-  
tat ion of par t ic les  in the f reshly  p repa red  concentra ted  
suspension. The resul t  thus obta ined  also follows a 
l inear  relat ion,  as expected f rom Eq. [1] given by  
Zhurav lev  (6) 

X ~ S C  
W = - -  [1] 

6m~ 

where  W is the weight  deposi ted,  X the potent ia l  gra-  
dient,  ~ the  e lec t rokinet ic  potent ial ,  e the d ie lec t r ic  
constant  of  the medium,  ~ the  t ime of depos i t ion ,  S 
the  e lect rode area,  C the concentra t ion of part ic les ,  
and ~ the  viscosi ty of the medium.  Since no special  
addi t ive  affecting the e lec t rokinet ic  po ten t ia l  is in-  

f 
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Fig. 1. Experimental setup for electrophoretic deposition. 1, 
Clamp; 2, plastic plate; 3, glass plate; 4, Pt cathode; 5, SnO2- 
coated glass plate; 6, suspension. 

Fig. 3. Electron micrographs~ of CdS (a) and CdSe (b) powder 

Fig. 4. DeDendence of the deposition rate on the applied voltage 
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Pig. 5. Dependence of deposition rate on the CdS content in 
sus~nsion. 

volved in  this case, al l  the quant i t ies  except  for X or 
C in the  r i gh t -hand  side of Eq. [1] a re  r ega rded  as 
constant .  Consequently,  the  weight  of e lec t rophore t i -  
ca l ly  deposi ted CdS from the  fresh suspension, i.,e., the  
p roduc t  of the  deposi t ion ra te  and ~, s can be descr ibed  
by  Eq. [1]. 

In  the  case of successive coat ing on separa te  anodes 
in one suspension, however ,  the above dependence  of 
the  deposi t ion ra te  on the concentra t ion was no longer  
observed  except  for  the  ea r ly  stage, as shown in Fig. 6. 
Thus deposi t ing CdS on an SnO2-coated glass anode 
becomes increas ing ly  difficult for r epea ted  runs. Such 
a de te r io ra t ion  of the  process m a y  be a t t r ibu ted  to 
the  e lec t ro ly t ic  d i sappea rance  of ionic species which 
con t r ibu ted  to the negat ive  charging of par t ic les .  To 
confirm the assumption,  it  is necessary  to invest igate  
how to suppress  the deposi t ion ra te  in the  suspension 
p r e p a r e d  b y  use of p re -e l ec t ro lyzed  medium�9 The re -  
sults obta ined  for this expe r imen t  are  shown in Fig. 7. 
I t  is found tha t  the  lower ing  of the deposi t ion ra te  is 
dependen t  on the charge  passed th rough  the medium 
and is associa ted w}th e x-haustion of ionic species in 
the  medium.  Therefore ,  the  use of addi t ives  was a t -  
t empted  to a l low the repea ted  deposi t ion of CdS films 
f rom the same suspension. Among  the addi t ives  in-  
ves t iga ted  ( ammon ium thyocyanate ,  potass ium iodide, 
and  cadmium chlor ide) ,  a smal l  amount  of CdC12 was 
found to be  most  effective. 

F igure  8 shows the effects of CI' on the main tenance  
of r epea ted  .deposition f rom the same suspension ex-  
pressed  as re la t ions  be tween  cumula t ive  deposi t ion 
weight  and the sum of charge through uni t  a rea  of 
ind iv idua l  substrates .  Al though the depos i t ion  ra te  
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Fig. 8. Effects of chloride ion addition successive coats of CdS on 
separate anodes in one suspension. CI', A, 0; B, 1 X 10-6;  C, 
1 X 10-4'5; D, I X 10 -2..6 eq/I. Initial content of CdS: 100 mg in 
40 ml of acetone-isobutyl alcohol mixture. 

f rom the suspension conta ining 1 X 10 -6-3.2 • 10-~ 
equiv . / l i t e r  of Cl' was suppressed  at the ini t ia l  s tage 
compared  wi th  add i t ive - f r ee  suspension,  it  is possible 
to deposi t  a l l  the dispersed par t ic les  in the course of 
r epea ted  runs.  Fur the rmore ,  the  addi t ion  of CI' was 
found to be effective for the improvemen t  of adhesion 
and th rowing  power  of the e lec t rophore t ic  deposits.  
In  this case, CI' m a y  be specifical ly adsorbed on the 
surface of CdS par t ic les  by  forming a double  layer .  
This br ings  about  the  increase  of effective charge  of 
part ic les .  Under  these conditions,  the e lec t rophoret ic  
deposi t ion proceeds smoothly  giving adheren t  deposits�9 
However ,  the  presence  of la rge  amounts  of CI' (2.5 X 
10- equiv . / l i t e r )  in the suspension is responsible  for 
s lower deposi t ion of  CdS. When  the  CI' concentra t ion  
exceeds the  op t imum value  for  the format ion  of the 
double  layer ,  the excess addi t ive  remains  in the  form 
of solute, and i t  is qui te  l i ke ly  that  the e lect rolys is  of 
the  addi t ive  occurs. 

Electrophoretic deposition of CdSe and CdS~Se1-~.-- 
Elect rophore t ic  deposi t ion of CdSe from the p ropy lene  
carbonate  sys tem requi res  h igher  appl ied  vol tages com- 
pa red  to CdS deposit ion.  F igure  9 shows cumula t ive  
deposi t ion weights  on separa te  anodes as a funct ion 
of the  sum of the  charge th rough  the uni t  area  of indi -  
v idual  substrates .  Adhe ren t  and un i form CdSe films 
could be obta ined f rom suspensions containing a r e l a -  
t ive ly  high concentra t ion of CdC12 (2 X 10 -3 equiv . /  
l i ter.  In  this case, the exis tence of CdC12 in e lec t ro-  
phore t ic  films was confirmed b y  x - r a y  analysis .  This 
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Fig. 9. Effects of chloride ion addition for successive coats of 
CdSe on separate anodes in one suspension. CI', A, 0; E, 2 X 10-4; 
C, 2 )< 10 -a  eq/I. Initial content of CdSe: 100 mg in 40 ml of 
propylene carbonate. 

C'dCI2 has two effects in the formation of n-type semi- 
conductor films (5). First, by dissolving the outer layer 
of CdSe particles and subsequently by vaporizing off 
during sintering process, the CdC12 binds particles to 
each other and thus it provides a more adherent film 
on the substrate. I t  also enhances the mutual diffusion 
of atoms in deposited CdSe particles and hence the 
growth of large grains. The evidence for such grain 
growth is shown in Fig. 10 using SEM pictures taken 
before and after thermal treatment. From these pic- 
tures it is found that the average final particle size 
is increased and there is flattening of the surface 
morphology as a result of sintering. In addition, the 
chloride can act as an n- type  dopant for the most II-VI 
compound semiconductors (8). Therefore, the addition 
of CdC12 to the propylene carbonate medium is rea- 
sonable even at concentration as high as 10 -3 equiv./  
liter. 

To obtain mixed coating of CdS and CdSe, a mixture 
of these materials was dispersed in acetone-isobutyl 
alcohol (A) containing 3.2 X 10 -s  eq/1 of CdC12 or 
in propylene carbonate (B) containing 1 X 10 -3 eq/1 
of CdCt2. Codeposition of CdSe in this case is due to 
mechanical collision and coalescence with CdS particles 
of higher mobili ty in the electric field. Electrophoretic 
deposition was performed using an a'pplie,d d-c volt- 
age of 200V for (A) and 400V for (B). Figure 11 shows 
the relations between CdSe content in initial deposit 
and CdSe content in the dispersed mixture of semi- 
conductor particles in suspension. The CdSe content 
in deposits from (A) or (B) was found to be com- 
.p~rable with the co.mposit}on in the suspension. The 
concentrations shown in Fig. 11 were determined by 
x - ray  diffraction intensities of (0002) reflections for 
mixed crystal phases. The deposit from medium (B) 
is much bet ter  in homogeneity and adherence to the 
substrate than that  from the medium (A). 

Photoelectrochemical behavior of electrophoretically 
deposited films.--Figure 12 gives the photocurrent 

Fig. 10. Scanning electron micrographs of eleetrophoretically d e -  
posited CdSe films: (a) as deposited film (b) after sintedng. 
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Fig. 11. Composition of deposits and suspension. A, Acetone- 
isobutyl alcohol, applied voltage: 200V, CI' 1 X 10 -4.5 equiv./ 
liter; B, propylene carbonate, applied voltage: 400V, CI' 2 X 10 -:I 
equiv./liter. 

action spectra for the CdS, CdSe, and CdSxSel-x thin 
film electrodes prepared by electrophoretic deposition 
in the electrolyte containing 1M NaOH and 1M Na~S. 
The photoresponse of electrophoretically deposited 
CdS and CdSe electrodes was observed at wavelengths 
shorter than 520 and 720 nm, respectively, while the 
photoresponse of the CdSxSel-x electrode appeared at 
a wider range of wavelength due to the formation of 
solid solution by sintering. The existence of solid solu- 
tion in the sintered film of mixed deposits has been 
also confirmed by x- ray  analysis data and the applica- 
tion of Vegard's rule (9). If a solid solution completely 
formed, a sharp change in photoresponse would be 
expected in the vicinity of the wavelength correspond- 
ing to its bandgap. But in our mixed specimens, the 
action spectrum consists of the overlapping photore- 
sponse from the three components containing a small 
CdSe peak, which may be presumably due to the in- 
adequate thermal treatment. 

Quantum yields for anodic photocurrents of electro- 
phoretically deposited CdS and CdSe photoanodes at 
--0.7V vs. SCE are shown in Fig. 13. In the favorable 
photoresponse region, quantum yields exceed 0.6 and 
they are appropriate values for polycrystalline thin 
film electrode though did not reach unity as for a 
single crystal electrode (10). The main reason for 
quantum yields lower than unity can be attr ibuted to 
the recombination of photogenerated electrons and 
holes. Recombination centers in electrophoretically de- 
posited films are presumably due to the fine grain size 
in addition to lattice defects and impurities contami- 
nated from the suspension. 
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Fig. 12. Action spectra of photacurrent at three types of photo- 
anodes. 
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Fig. 13. Quantum yields of electrophoretic deposition CdS and 
CdSe vs. incident light wavelength. 

The cu r r en t -vo l t age  character is t ics  of photocells  us-  
ing above  th ree  types  of photo.anodes a re  shown in 
Fig. 14 (a) and  (b ) ,  for  i r rad ia t ion  near  50 m W / c m  2. 
The resul t s  in Fig. 14 (a) r e fe r  to the  f ront  i l lumina-  
t ion cell  in which anodes are  i l lumina ted  th rough  a 
quar tz  window of the cell  wa l l  and  a l ayer  of the  elec-  
t ro ly te  of about  1 m m  thickness,  whereas ,  Fig. 14 (b) 
is the resul t  ob ta ined  f rom the rea r  i l lumina t ion  cell 
avoiding the l ight  absorpt ion  in the colored e lec t ro-  
ly te  (3).  Fo r  CdS, CdSxSez-~, and CdSe pho~oanodes, 
fill factors in (a) were  0.36, 0.43, and 0~33 and energy  
conversion efficiencies were  1.4, 1.6, and 1.3%, respec-  
t ively.  Recent ly ,  conversion efficiencies of the  photo-  
cell wi th  a vacuum codeposi ted film anode (11-12) or 
a sp ray  pyro lyzed  thin  film photoanode (13) of CdSe 
were  r epor t ed  to be in  the range  4.3-6.4%. Our  resul ts  
on the  ou tpu t  character is t ics  of CdSe photoe lec t ro-  
chemical  cell, as shown in Fig. 14(a) ,  fal l  be low these 
values.  The  best  conversion efficiency in (b) type  cell  
was 2%, which  was super ior  to those in (a) .  This re -  
sult  as shown in Fig. 15, can be expla ined  on the basis 
of the  act ion spec t ra  of CdSe photoanodes  in the two 
types  of e lec t ro ly te  wi th  and  wi thou t  S~ 2-  ion and of 
the  absorp t ion  spec t rum of S~ 2-.  Al though the  CdSe 
photoanodes  used  in this expe r imen t  exhib i t  a sig- 
nificant photoresponse  at  wavelengths  shor te r  than  
720 n m  in the  colorless sulfide solution, they  do not  
respond to the l ight  of wavelengths  shor te r  than  520 
n m  in the  colored polysulf ide solution, as demons t ra t ed  
in the  figure. Therefore,  the  use of a rea r  i l lumina t ion  
cell  avoid ing  the influence of the  colored solut ion is 
found to be  effective for  the  improvemen t  of energy 
conversion efficiency. As the s imi lar  resul ts  m a y  be 
expected  for  CdS-CdSe  mixed  or  solid solut ion photo-  
anodes, severa l  measurements  were  a t t empted  for 
CdS~Sel -~  photoanodes  using the r ea r  i l lumina t ion  
cell. But  the  conversion efficiencies to date  a re  not 
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Fig. 14. Currentwoltoge characteristics of photoelectrochemicol 
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intensity: 55 mW/cm 2 for CdSe. Electrolyte: 1M NaOH, 1M Na2S 
for CdS, 1M NaOH, 1M Na2S, 1M S for CdSxSel-x and CdSe. 

]M NeOH + IM Na2S + IM S saln 

v IN NaOH +~M Na2S 2 

0 I ] 0 
340 400 500 600 700 B09 

Wavelength (nm) 

Fig. 15. Action sp~tra of CdSe photonnodes in the two electro- 
lytes and photoabsorption of S~ 2-  ion. 

higher  than  the values for CdSe based photoe lec t ro-  
chemical  cell. These wi l l  be improved  in fu r the r  in-  
ves t igat ion of deposi t ion and s in ter ing  condit ions for 
the  CdS-CdSe  film. More de ta i led  studies are  needed 
and a re  now in progress.  

Conclusions 
The presen t  work  demons t ra tes  that ;  
1. An  e lec t rophore t ic  deposi t ion technique can be 

appl ied  for thin film deposi t ion of CdS, CdSe, and mix -  
tures  onto SnO2-coated  glass substrates .  

2. The addi t ion of CI' to the  suspensions for the 
e lec t rophore t ic  deposi t ion of CdS or  CdSe is effective 
in obta in ing adheren t  and smooth deposits.  

3. The e lec t rophore t ica l ly  deposi ted l aye r  of CdS 
a n d / o r  CdSe can be used as the photoanode in an elec-  
t rochemical  photocell .  

4. An  energy  conversion efficiency of 2% under  white  
l ight  i l lumina t ion  was obta ined  with  the  e lec t ro-  
chemical  photocel l  using these film anodes. 
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Molten Carbonate Fuel Cell Performance Model 

Thomas L. Wolf and Gerald Wilemski* 
Physical  Sciences Incorporated,  A ndover , Massachusetts 01810 

ABSTRACT 

A two-dimensional numerical  model is developed to simulate nonisothermal performance of molten carbonate fuel 
cells. The model takes account of gas stream utilization due to electrochemical reaction, conductive heat transfer between 
cell hardware and gas streams, energy transfer accompanying mass addition to the bulk streams, convective heat transfer by 
the bulk streams, and inplane heat conduction through the cell hardware. Individual porous electrode models are used to 
predict the local dependence of current density on cell temperature and gas composition. Calculated results are compared 
with experimental data for 94 cm 2 isothermal cells with crossflow geometry for various fuel and oxidant compositions, total 
gas pressures, and cell temperatures. Excellent agreement is obtained. Calculated distributions of current density and cell 
temperature are also presented for 1 m 2 nonisothermal cells for cross-, co-, and counterfiow g~eometries. Current density and 
cell temperature distributions are found to be highly coupled. Calculated temperature differences on the order of 200 K are 
observed across the face of a cell operating at maximum load. 

Numerical  model ing of a mol ten carbonate fuel 
cell (MCFC) is worthwhile  for several  reasons. With 
a model, reliable predictions of cell current-vol tage  
characteristics can be made over a wide range of oper-  
ating conditions. Beyond predict ing overall  perform- 
ance, a numerica l  model can also be used to study the 
var iat ion in local quanti t ies (e.g., current  density, 
temperature)  wi th in  a s imulated operating cell. In  
this respect, a model provides a deeper level of in -  
terpretat ion of exper imental  data because inference of 
local behavior  is not  possible from the gross cell ob- 
servables typical ly measured. 

In  modeling small  laboratory cells (less than  100 
cm2), heat t ransfer  effects are un impor tan t  and to a 
good approximat ion the cell may be treated as iso- 
thermal.  For larger  cells with commercial ly realistic 
dimensions (about  1 m2), the isothermal approxima-  
t ion is no longer appropriate, as tempera ture  differ- 
ences of several  hundred  degrees kelvin  may be at-  
tained across the plane of a single cell operat ing at 
max imum load. From the s tandpoint  of predicting 
performance, it  is impor tant  to accurately compute 
the cell t empera ture  dis t r ibut ion because local current  
densi ty  is t empera ture  dependent.  Predict ion of the 
cell tempera ture  dis tr ibut ion is also useful in antici-  
pat ing such cell engineer ing problems as the differ- 
ential  expansion arising from large tempera ture  gradi-  
ents and electrolyte evaporation losses at high local 
cell temperature.  

The predominant  heat  t ransfer  mechanisms treated 
in our  model of nonisothermal  MCFC performance 
are conductive heat t ransfer  be tween  the cell hard-  
ware and gas streams, energy exchange associated 
with mass transfer,  conductive heat t ransfer  between 
adjacent  cells in  a stack, and heat conduction in the 
plane of the cell hardware.  Separate anode and cath- 
ode porous electrode models (1) are used to calculate 
the current  density as a function of the local gas 
composition and temperature  at each point  in the cell. 
In  this respect, as well as in its comprehensive t reat -  
ment  of heat  t ransfer  effects, our model is more 
versatile in its predictive capabilities than the fuel 
cell model recent ly reported on by Sampath, Sam- 
mells, and Selman (2), which was restricted to small  
isothermal cells and relied on empirical  fits of ex- 
per imenta l  data to obtain current  densi ty overpoten-  
tial relations for the electrodes. 

Other aspects of the present  t rea tment  resemble the 
earlier work (2). Changes in gas composition arising 
from electrochemical half-react ions are taken account 
of in a s imilar  fashion, al though molar, ra ther  than 
volume, gas flow rates are used here in order to auto-  
matica'lly account for the effect of volume changes in 
the gas flow associated with nonisothermal  operation. 

�9 Electrochemical Society Active Member. 
Key words: fused salts, fuel cell, current density, transport. 

As in the earlier study, either equi l ibr ium or frozen 
chemistry is assumed in the anode stream; no finite- 
ra te  gas phase kinetic effects are considered. 

In  the present  s tudy pr imary  emphasis is placed on 
crossflow geometry, and the major i ty  of numerical  
results presented are for that case. Extension of the 
analysis to other flow geometries is straightforward,  
and this capabil i ty (for cofiow and counterfiow) has 
been bui l t  into our computer  code. Presenta t ion of 
numerica l  results for these al ternat ive geometries is 
limited. 

Restrictions and Assumptions 
The analysis developed in this study is str ict ly ap- 

plicable to design configurations that satisfy the fol- 
lowing s tructural  requirements :  

1. The gas streams flow in nar row smooth-walled 
channels of constant  cross section. 

2. The cell operates in  an effectively infinite stack 
of identical cells separated by thermal ly  conducting 
boundaries  (end effects are not considered), 

3. The edges of the stack hardware  are thermal ly  
insulated. 

In  addit ion to the foregoing restrictions, we make 
use of the following approximations.  

1. F in i te - ra te  kinetics are not considered; the water-  
gas shift and methanat ion  reactions may either remain  
in equi l ibr ium or be frozen in the anode stream. Ex- 
per imenta l  evidence (3) indicates that water-gas  shift 
equi l ibr ium is maintained,  while methane remains ap- 
proximately  inert.  Resu l t s  are presented for this case. 

2. Thermal  properties of the gas Streams are inde-  
pendent  of tempera ture  and pressure and are evalu-  
ated at 923 K and 1 atm using numer ica l  values listed 
in  Ref. (4). This approximation is reasonable over the 
expected range of conditions. Gas stream properties 
are evaluated as functions of local mixture  composi- 
tion, using the approximate method of Brokaw (5) 
to evaluate gas mixture  thermal  conductivities. 

3. Radiative heat  t ransfer  between hardware  and 
the gas streams is neglected, because the gas streams 
are optically thin. For the gas compositions of interest  
over the expected range of temperatures  and pres- 
sures, this approximation is reasonable, al though we 
may be underes t imat ing  heat t ransfer  coefficients 
somewhat  at high pressure ( ~  10 atm) if local CO2 
and H~O mol fractions become large. 

4~ The cell operates at constant  voltage, independent  
of position in the plane of the cell. This approximation 
is justified by the high electrical conductivi ty of the 
current  collectors and separator plates, which are 
placed in good electrical contact with each other and 
the porous electrodes. 

5. Profiles of velocity and temperature  remain  fully 
developed in  the gas streams. In  the case of the ve-  
locity profile, this approximat ion is justified for the 
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low Reynolds  number  flows typ ica l ly  envisioned in 
commercia l  cells; s t reamwise  changes in bounda ry  
condit ions occur s lowly compared  with  flow response 
time. Fu l l  deve lopmen t  of the t e m p e r a t u r e  profile fol-  
lows f rom s imi l a r i t y  considerat ions,  because  the  
P r a n d t l  number  is of o rde r  un i ty  in the gas s treams.  

6. The  gas composi t ion is un i form across the channel  
depth.  This  approx ima t ion  has been examined  in de -  
tai l  in a sepa ra te  s tudy  (6) which  made  use of the  
exact  solut ion for  species diffusion be tween  pa ra l l e l  
p la tes  wi th  a fu l ly  deve loped  veloci ty  profile. I t  was 
concluded f rom this work  tha t  concentra t ion gradients  
a re  apprec iab ly  only  for ve ry  di lu te  spec ies  in cells 
opera t ing  at  h igh  cur ren t  density.  

7. At  a given locat ion in the p lane  of the cell, the 
h a r d w a r e  assumes a un i form local t empera ture .  This 
app rox ima t ion  was r igorous ly  just if ied b y  n u m e r i -  
ca l ly  eva lua t ing  t empera tu res  of the  var ious  ha rdware  
components  over  the expected  range  of gas t empera -  
tures  and local cu r r en t  density,  using an equiva len t  
the rmal  ne twork  to represent  a given locat ion in the 
cell plane. This calculat ion demons t ra ted  that  h a r d -  
ware  t empera tu re s  never  differ b y  more  t han  a few 
kelvins  f rom the un i fo rm t empera tu re  based on ne -  
glect ing ha rdware  the rmal  resistance in the di rect ion 
pe rpend icu la r  to the cell  plane.  I t  is therefore  un-  
necessary  to t rea t  heat  re lease  or  absorpt ion  at  indi -  
v idua l  e lect rodes  (7).  

I t  should  be ment ioned  tha t  the assumpt ion  of negl i -  
gible h a r d w a r e  resis tance is not  as accurate  for  the  
case of  a s ingle cell  opera t ing  adiabat ica l ly .  In  the  
s tacked configurat ion the rma l  coupling be tween  the 
e lect rodes  is due  p r i m a r i l y  to heat  conduct ion th rough  
the h ighly  conduct ive cu r ren t  collectors and sepa ra to r  
plates.  Fo r  a single cel l  the only t he rma l  pa th  be tween  
the electrodes is th rough  the less conduct ive e lec t ro-  
ly te  tile. 

Theoretical Development 
Mass balance equations.--The overa l l  e lec t rode  ha l f -  

react ions  are  

1 
CC~ + -~, O= + 2e ~" : COn = (cathode)  [1] 

and  
Hz + COn = -- II=O + CO= + 2e- (anode,) [2] 

Although  only  H= is considered to undergo direct  elec-  
t rochemica l  conversion,  anode CO and CH4 act  as 
fuels by  supp ly ing  H2 via  the wa te r -gas  shift  and 
me thane  re forming  reactions,  t ha t  is 

CO + H20 ~ -  H= + CO~ [3] 

CH4 + 2H~O ~ 4Hu + COs [4] 

We define a fuel flow rate ~/F to be the molar flow 
rate of H= plus the number of mols of H2 potentially 
available via reactions [3] and [4]. Depending on 
which reactions are considered, /iF is defined by 

nv = hH= [5a] 

~F = ~H= +nco [5b] 

fiF = dH2 + ~%CO + 4riCH4 [5C] 

where  Eq. [Sa] corresponds to CO and CH4 frozen, 
[Sb] to only  CH4 frozen, [5c] to reac t iv i ty  of both  
species. Definitions [5b] and [5c] assume tha t  wa te r  is 
p resen t  in sufficient quan t i ty  to convert  al l  of the  
avai lab le  CO and CHd. 

In the  gas s t ream,  we define fuel and ox idant  species 
u t i l iza t ion  pa rame te r s  

u~ = ( ~ ~  - ~.~)1/~ ~ [6] 

where  ~ = He, CO, CHd, CO2, or  F. In  this express ion 
~ is the mola r  flow rate  (per  uni t  channel  width)  of 
species a and superscr ip t  o denotes  an in le t  quant i ty .  

F rom mass balance  considerat ions  and inspect ion of 
Eq. [1] and  [2], we can wr i te  the local re la t ions 

OUF/OX = 3/(2F~F ~ (anode)  [7] 

Ouco2/Oy = J/(2Fhco2 ~ (cathode)  [8] 

where  x and y are  the anode and cathode flow direc-  
tions, and j is the local cu r ren t  density.  

If  react ions  [3] and [4] are  in equ i l ib r ium in the 
anode s tream, we have the equi l ib r ium constraints  

Ks = xH2xc~ = Ks (UH2, UCO, UCH4, ~i ~ ) [9 ] 
XH2OXCO 

Xco2XH~4P ~ 
K m :  - -  Km (UH2, UCO, UCH4, ~i ~ [10] 

XcHdXH~o 2 

where  x is a mole  f ract ion based on the bu lk  gas 
s t ream composit ion and P is the pressure.  As indi -  
cated, the  equ i l ib r ium expressions can be wr i t t en  in 
terms of the anode ut i l izat ions and the inlet  molar  
flow rates  of the const i tuents  hi ~ (the inlet  flow rates  
must  sa t i s fy  equ i l ib r ium) .  Given K~ and Kin, wi th  u~ 
obta ined  f rom in tegra t ion  of Eq. [7], Eq. [5], [9], and 
[1O] can be solved for  the anode ut i l izat ions  UH=, UCO, 
and UCH4. 

Local current density.--The local cur ren t  dens i ty  
j at  any  point  in the cell can be calcula ted by  solving 
the local potent ia l  balance equat ion 

j = (E --  V --  ~]a -{- ~c) /Zn [11] 

Here, V is the cell opera t ing  voltage,  E is the  local  
open-c i rcu i t  potent ia l  given by  the Nernst  equation,  
and Zn is the local  ohmic impedance  ot the cell. The 
anodic and cathodic overpoten t ia l s  ~a and ~c a r e  com- 
p lex  functions of j, the local  gas composit ions,  and the 
local t empera ture .  They  are  ca lcula ted  using the elec-  
t rode  models  presented  in another  paper  (1). Because 
of the difficulty in model ing the contact  resis tances be -  
tween cell  components,  Za  was taken  s imply  to be 
given b y  the equat ion 

Zn = t/K [12] 

where  ~ is the  conduct iv i ty  of the bu lk  e lec t ro ly te  
(~  c m ) - i  and t is an effective t i le  thickness  chosen 
by  demanding  that  Zn yield the measured  cell res is t -  
ance. Equat ion  [12] could, in principle,  contain a 
to r tuos i ty /poros i ty  correct ion factor;  however  this re -  
f inement only  resul ts  in a redefini t ion of t. In the cal-  
culations for  noniso thermal  cells, Zn is computed  from 
the equat ion Zn = Z 9ea K(923 K) /K(T)  wi th  Z 9=8 equal  
to the impedance  of an i so thermal  cell at 923 K. 

Wi th  the assumption of uni form composit ion across 
the channel  depth,  the  composit ion te rms of the Nernst  
equat ion m a y  be expressed  in terms of the  bu lk  gas 
s t r eam mole  fractions.  The local  open-c i rcu i t  vol tage 
E can then be wr i t t en  in the usual  w a y  as 

E - -  E ~ ( T 0  

+ (RTI/2F)in ([XO2V2Xco2]c[XH2/XH2OXCO2]a) 

-5 (RT1/4F) In P 

The bu lk  gas s t ream tool fract ions are  eas i ly  expressed  
in te rms of the ut i l izat ions ui (2). A single local cell 
t empera tu re  T1 has been assumed for both  electrodes,  
as expla ined  previously.  

Hardware energy balance.--The magni tude  of the 
hea t  flux t r ans fe r red  local ly  to the  gas s t reams is 
equal  to the sum of local hea t  release Q and the net  
hea t  flow convergent  on a given point  due to inplane  
conduct ion (Dip. Defining a g a s / h a r d w a r e  the rmal  con- 
vect ion coefficient h, the equat ion governing the local  
h a r d w a r e  t empe ra tu r e  TI is then  

Q + (~ip = Aaha (T1 --  Tma) "4- A ~ c  (T1 --  Tmc) [13] 
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The A's  are local  ra t ios  of g a s / h a r d w a r e  in terface  area 
to cell  a r ea  and are  assigned the va lue  Aa -" Ac = 2 
in subsequent  calculations.  The local mean  gas t e mpe r -  
a tu re  Tm is defined for a constant  hea t  capaci ty  incom- 
press ible  flow by Tm -- f v T d A / j ' v d A ,  where  v and T 
are  the local gas veloci ty  and t empera tu re ,  and the 
in tegra l  is t aken  over  the  channel  area.  The the rmal  
convection coefficient can be expressed in te rms of a 
local Nu~selt number ,  Nu _-- hd/k,  where  d is the 
channel  depth  and k is the gas mix tu re  t he rma l  con- 
duct ivi ty.  With  our  assumpt ion of a fu l ly  developed 
gas t empera tu re  profile in a constant  cross-sect ional  
gas channel,  Nu is a constant  de te rmined  by  the  gas 
channel  geomet ry  a lone (8). In  our calculations,  the  
values Nu ---- 3 and d --  0.2 cm are  used. Fo r  a given 
channel  geometry,  h is then a local  funct ion of k only. 

The inplane  conduct ion te rm Qip is g iven by  

Qip - -  ~ (Ln~.n) V2TI [14] 

where  ~. is a the rmal  conduct iv i ty  and L is a thickness.  
The summat ion  is over  al l  h a r d w a r e  components  to 
give an effective h a r d w a r e  inplane  the rmal  conduct iv-  
ity, that  is 

2~(Ln~,n) - -  La~.a + Lc~,c + Lt~ t  + Lsp~.sp 

"~- 7kaLka~ka ~- ~tkcL'kc~k~ [15] 

where  subscr ip ts  t, sp, and  k denote e lec t ro ly te  tile, 
separa tor  plate,  and cur ren t  collector,  respect ively .  
T h e  f rac t ional  rat ios  ~ka and ")'kc depend on cur ren t  
col lector  geomet ry  and are  chosen such tha t  the  last  
two te rms  represen t  effective cur ren t  col lector  inplane  
the rmal  conductivit ies.  The values  ~ka : ~kc : 1/2 
were  used in  subsequent  calculations.  Other  h a r d w a r e -  
dependent  pa rame te r s  were  assigned the numer ica l  
values l is ted in Table  I. 

The  net  heat  release Q includes the ne t  e lec t rochem-  
ical hea t  re lease  (subscr ipt  e) and the net  hea t  r e -  
lease due to chemical  reac t ion  (subscr ipt  r)  in the 
anode stream, so tha t  

where  Qe is rel 'ated to the cur ren t  dens i ty  b y  

Q.e : -- J (AHH2o(T1)/2F + V) [17] 

and Qar is p ropor t iona l  to the ra te  at  which reac tan ts  
are  used up in the  anode s t ream 

dnc~4 
Oar = ddc~ AHs(Ti) + AHm(TI) [18] 

dx dx 

Here, AHH2o is the  heat  of fo rmat ion  of H20, AHs and 
• a re  the  en tha lpy  changes (per  mole CO, CI~ )  
for the  wa te r -gas  shift  and methana t ion  react ions (Eq. 
[3] and [4]) .  Because these react ions are  p r e sumab ly  
ca ta lyzed  by  the Ni e lect rode surface,  the  hea t  is 
evolved at  the  local h a r d w a r e  t empera tu re  Tl. 

Energy addition to gas stream.--Thermal energy  ex-  
change be tween  the cell  and e i ther  gas s t ream is due 
to the  combined effect of conduct ive hea t  t r ans fe r  and  
a mass t rans fe r  cont r ibut ion  associated wi th  exchange 

Table I. Numerical values for cell hardware thermal conductivities 
(~.) and thicknesses (L) used in calculation of effective hardware 

in-plane thermal conductivity, Eq. [15] 

(W/ L 
Component Material cm-K) (cm) 

Separator plate Stainless steel 0.22 0.03 
Anode current collector Stainless steel 0.22 0.2 
Cathode current collector Stainless steel 0.22 0.2 
Anode Ni 0.78 0.08 
Cathode NiO 0.009 0.04 
Tile Molten salt and 0.02 0.18 

LiA1Oa matr ix 

Of react ing species at  the cell  t empera ture .  An  expres -  
sion re la t ing  the  mean  gas t empera tu re  to these hea t  
and mass fluxes can be der ived.  

Consider  a mul t icomponent  gas s t ream flowing in 
the x direct ion at  local  mean  t empera tu re  Tin, wi th  
mass added  at  t empera tu re  T1. We denote  the molar  
flow rate  (per  uni t  channel  width)  as/~i and the molar  
hea t  capaci ty  of species i as Cpi. Let  ATm be the change 
in the  mean  gas t empe ra tu r e  over  a dis tance Ax, 
and  a~i be the  corresponding change in/~i due to mass  
addit ion.  The conduct ive heat  flux ~/k heats  the in i t ia l  
bulk  s t r eam from Tm to Tm -{- AT, while  the  added  
mass changes t empe ra tu r e  from T1 to Tm + AT 

f Tm + AT 
~i i%i ,2 Tm cpidT 

~i ~Tm + ~T y ; +  ax 27 . Al%i ,i T, cpidT : qkdX [19] 

As AT ~ 0, and Ax ~ 0, we can wr i te  aT : (dT/dx) dx, 
and A~%i : (di~i/dx)dx : gidx w h e r e  gi is the  molar  
flux of species i en te r ing  the s tream. We then  obta in  
the fol lowing re la t ion  for  the energy  balance  

"" " - -  + gi cp idT ---- (~k [20]  i TtlCPl dX . ttTl 

If  we express  the  conduct ive heat  flux as qk = Ah(T1 - -  

Tin), t r ea t  cpi as constant,  and in t roduce  the bu lk  heat  
capaci ty  c, : ~ - l z d i % i ,  Eq. [20] can be wr i t t en  as 

0(t~cpTm)/0x ~--- Ah(TI -- Tin) + X gicpiTl [21] 
i 

where  the der iva t ive  is in the  conservat ive form 
used in the numer ica l  procedure.  

The mass t ransfe r  accounted for  by  the mola r  
fluxes gi arises in both s t reams  f rom elect rochemical  
react ion at  the  e lec t rode  surfaces,  but  in the  anode 
stream, there  is an addi t ional  contr ibut ion  associated 
wi th  the heterogeneous  chemis t ry  of the  wa te r -gas  
shif t  and methana t ion  reactions,  

Numerical  Solution 
Approach.--The in te rdependence  of t e m p e r a t u r e  and 

cur ren t  dens i ty  d is t r ibut ions  is sufficiently weak  to 
pe rmi t  a pa r t i a l l y  decoupled solut ion technique. The 
d i s t r ibu t ion  of cur ren t  dens i ty  can be eva lua ted  sub-  
ject  to prescr ibed  cell  and gas t empe ra tu r e  and vice 
versa;  these d is t r ibut ions  are  computed  in a l t e rna t ing  
fashion and the p rocedure  is i t e ra ted  to convergence.  

Evaluat ion  of the cur ren t  dens i ty  d is t r ibut ion  (given 
a prescr ibed  t empe ra tu r e  d is t r ibut ion)  requires  in te-  
gra t ion of Eq. [7] and [8]. Because the gas composi-  
t ion dependence  of the local cur ren t  dens i ty  is com-  
plex, we are  res t r ic ted  to a s imple march ing  solut ion 
here. This is accomplished wi thout  i te ra t ion  for cross- 
flow and coflow geometries.  For  counterflow geomet ry  
an i te ra t ive  approach  is used in which an ini t ia l  cur -  
ren t  densi ty  d is t r ibut ion  is guessed. Gas composit ions 
corresponding to this d is t r ibut ion  are  then de te rmined  
by  marching  ( independen t ly  at the anode and cathode)  
in the  direct ions of the  gas flows. F rom these, a new 
current  dens i ty  d i s t r ibu t ion  is computed,  and  so on to 
convergence. 

Evalua t ion  of the cell  and  gas t empe ra tu r e  d i s t r ibu-  
tions (given a p rescr ibed  cur ren t  dens i ty  d is t r ibut ion)  
requi res  in tegra t ion  of Eq. [13] and [21]. Knowledge  
of the current  dens i ty  d i s t r ibu t ion  enables  the  equa-  
t ions to be effect ively l inear ized b y  eva lua t ing  the co- 
efficients h-, ~, cp, g, and ~.  (To be precise,  g and 
also have a weak  t empera tu re  dependence,  but  for 
numer ica l  purposes  these can be eva lua ted  using the 
cell  t e m p e r a t u r e  f rom a previous  i tera t ion.)  Because 
the inplane  cor~duction te rm makes  Eq. [13] el l ipt ic  
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in structure,  solution for the ent i re  cell tempera ture  
field is indicated for the sake of computat ional  effi- 
ciency. Moreover, because all three tempera ture  equa-  
tions are strongly coupled, s imultaneous solution for 
the entire cell and gas t e m p e r a t u r e  field is necessary. 
This is accomplished by expressing the tempera ture  
equations in  finite difference form, yielding a system of 
l inear  algebraic equations which is solved through a 
matr ix  inversion. 

Computational scheme.--The foregoing ideas are in-  
corporated into the numer ica l  computat ion scheme 
outl ined below. Given a prescribed tempera ture  dis- 
t r ibut ion ( ini t ia l ly  assumed isothermal) ,  the mass bal -  
ance equations are integrated over an N X N mesh by 
marching ~forward in the direction of the gas flows. At 
each mesh point  local anode util izations satisfying 
the equi l ibr ium constraints are computed with the 
equi l ibr ium constants evaluated at the local anode 
s t ream temperature.  Local current  densi ty  is then 
computed from the potential  balance relation. 

In  solving the tempera ture  equations, all  of the non-  
l inear  coefficients (n, g, h, Cp, Q) are evaluated at each 
mesh point  using the previously computed dis t r ibu-  
tions of current  density, utilization, and temperature.  
The system of l inear  equations corresponding to the 
finite difference representat ions of the differential 
equations is then solved, using s tandard matr ix  tech- 
niques, to compute new distr ibutions of T1, Tma, Tree. 
The entire procedure is i terated unt i l  converged dis- 
t r ibut ions of tempera ture  and current  density are ob- 
tained. The computer  code Used in making the calcula- 
tions reported in this paper  has been described and 
documented in detail elsewhere (9). 

Finite difference equations.--The mass balance and 
heat  t ransfer  equations are wr i t ten  in a conservative 
form, consistent with the trapezoid rule for integration.  
This procedure is accurate to second order. 

The anode mass balance equation has the representa-  
t ion 

U F ( L , M )  - -  U F ( L , M  - -  1) ---- (Ax/4nF ~ ( j ( L , M )  

-5 j ( L , M  - - 1 ) )  (M----2 . . . . .  N; L----1 . . . . .  N) [22] 

where  L and M label  mesh points (1 . . . . .  N) in  the y 
and x directions, respectively. A s imilar  equation is 
used for the cathode utilization, uco2, with differencing 
appropriate to the par t icular  flow geometry. 

The anode convective heat t ransfer  equation takes 
the form 

e(L ,M)  - - e ( L , M -  1) ---- ( h x / 2 ) ( S ( L , M )  

-S S ( L , M - - 1 ) ) ,  ( M : 2  . . . .  ,N; L : I , . . . , N )  [23] 

where e and S denote the groupings 

e -~ ?~cpTm [24] 

S = Ah(T1 -- Tin) -5 ~ gicpiTl [25] 
i 

Again, a s imilar  equation is used for the cathode. 
Finally,  the hardware  energy balance equat ion is 

H(L ,M)  -~ Q(L,M)  

-5 (Ln~.n) {(Ax) -2 [TI(L,M + 1) 

- -  2TI(L,M) -5 TI(L,M -- 1)] 

-5 (Ay) -2 [TI(L -5 1, M) - - 2 T I ( L , M )  

-ST~(L--  1, M)]} ( L , M - - 1 , . . . , N )  [26] 

where H denotes the collection of terms 

H ---- Aaha(T~ -- Tma) -5 Achc(T~ -- Tree) [27] 

For co- and counterflow geometries only  a one-  
dimensional  t rea tment  is required. 

Boundary conditions.--Insulating boundary  condi-  
tions are used for the cell edges (TI(0, M) ----T(2, M) 
etc.), and the cathode gas tempera ture  is fixed at a 
constant  value Tc ~ along the inlet  edge. In principle, 
the anode stream should be treated similarly, but  diffi- 
culties arise in practice if this is done. The need for 
high fuel uti l ization results in a slowly flowing anode 
stream whose effective heat capacity is much smaller  
than the cathode's. As a consequence, the anode gas 
heats rapidly from its cool inlet  temperature  to wi thin  
a few degrees of cell tempera ture  over a small frac- 
tion of the gas channel  length. In order to accommo- 
date accurately this small length-scale phenomenon 
on the coarse numer ica l  mesh (10 X 10) used in prac- 
tical calculations, the anode s t ream tempera ture  is set 
equal to the cell temperature  at the anode inlet  edge 
and the power needed to heat the incoming gas from 
its t rue inlet  temperature  Tma ~ to the cell edge tem- 
perature ~s subtracted from Q at the anode inlet  edge. 
That  is, Q(L, 1) in Eq. [26] is replaced by Q(L, 1) - 
na~ (Tma (L, 1) -- Tma ~ / (Ax/2), where the factor of 
2 appears because edge quanti t ies represent  averages 
over a half- interval .  Detailed numer ica l  studies show 
that the result ing error in the cell edge tempera ture  
is at most 10 K, which is inconsequential  for perform- 
ance predictions. Overall  gas s t ream energy balance is 
satisfied to better  than 0.2% in all calculations to date. 

Mesh size and execution speed.--For crossflow, use 
of an N X N mesh requires the solution of 3N 2 tem- 
perature equations. To hold execution t ime to reason- 
able values, the choice N : 10 was made. A typical 
point on a constant uti l ization V vs. j curve for cross- 
flow takes about 15 cpu minutes  on our Pr ime 400 
computer. 

Because co- and counterflow geometries require 
only one-dimensional  treatment,  much finer meshes 
can be used. Results calculated for N ---- 37 and 100 
were v i r tual ly  identical. Results for N ---- 10 were also 
in good overall  agreement  with those for the finer 
meshes, al though peak temperatures  were found to be 
low by  roughly 10 K. A typical  calculation of current  
density for prescribed utilizations takes about 5-10 cpu 
minutes  (N ---- 37). 

Calculations with constant flow rates are accom- 
plished more quickly regardless of flow geometry. 

Calculation with prescribed fuel and oxidant utiliza- 
tions.--In the numerical  procedure outl ined in the 
previous section inlet  gas flow rates are specified, and 
fuel and oxidant  flow rates emerge as outputs. It is 
s traightforward to compute cell performance at pre-  
scribed utilizations, although considerably more com- 
putat ional  effort is required. With one flow rate varied 
at a time, uti l ization varies monotonical ly  with inlet  
flow rate, so that no convergence problems are en-  
countered. The secant method for finding roots is used. 

It is worth ment ioning  that performance curves 
based on constant uti l ization never  a t ta in  the open- 
circuit voltage based on inlet  gas composition; the cell 
operat ing voltage can never  exceed the m i n i m u m  local 
open-circui t  voltage at any point in the cell, which will  
be based on max imum gas s t ream util ization (roughly 
speaking) .  In a numerica l  calculation, it is necessary 
to verify that  this condition has been satisfied in order 
to ensure that a physically reasonable cell operat ing 
voltage has been prescribed. 

Comparison with Experimental Results 
A number  of performance curves have been mea-  

sured at IGT (10) on 94 cm 2 isothermal cells for a 
var ie ty  of fuel and oxidant  mixtures,  pressures, and 
temperatures.  Our calculated results are compared 
with these data in Fig. 1, 2, and 3. None of the elec- 
trOde model parameters  (1) were changed in com- 
put ing the curves shown in these figures. Because 
measured cell resistances vary  from run  to run,  the 
tile thickness t in Eq. [12] is chosen so that  measured 
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and calculated resistances agree. We emphasize that t 
is adjusted not to give agreement between predicted 
and observed cell performance, but between calculated 
and measured cell resistance. 

In Fig. 1 we plot performance at constant utilization 
(75% H~, 5()% CCh) at  923 K for three different fuel 
and oxidant combinations. To roughly bracket the per-  
formance range, we compared high and low BTU fuel 
mixtures against the standard oxidant, and we con- 
sidered the low BTU fuel with the noble oxidant. 
Precise gas compositions are given in Table H. All 
three curves were calculated with CH4 inert  but with 
water-gas shift equilibrium maintained. In general, 
considering that no electrode model parameter  ad- 
justments were made, the agreement is very good. 

In Fig. 2 we compare calculated gains in perform- 
ance with increased pressure for the high BTU fuel 
with standard oxidant. In contrast to the curves in the 
preceding figure, these curves and data are for constant 
inlet gas flow rates. The flow rates were set to achieve 
75% H2 and 50% CO2 utilization at 200 mA/cm 2. Again 
we see that agreement is very good over the entire 
range. The cell on which these data were taken had a 
measured resistance of about 4.6 m,q at  5 arm and 
5.2 nu% at 10 arm, so we accordingly adjusted our tile 
thickness to 0.60 cm at 5 arm and to 0.68 cm at 10 arm 
in order to increase calculated cell resistance to about 
these leveIs. The symbol �9 denotes a data point taken 
from the constant utilization curve (75% H~, 50% CO~) 
for this cell at 1 arm. The increase in performance is 
evident. 

1000 I I = I I I I I I 

 ooo 
,,~ 800 m 

EL R , AN.CE 
CELL �9 ~ O~ 

700 ~u . . . . . . .  
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600 
�9 LOW BTU STANDARD 4.2 rn~ 
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Fig. I. Calculated ( ) and measured (I-'1, O ,  e )  cell per- 
formance at constant 75% H2 and 50% CO~ utilization, 1 arm, 
and 923 K for various fuel-oxidant combinations. [Measurements 
from Ref. (10).] Calculations made with fuel gas in shift equi- 
librium, but with CH4 inert; effective tile thicknesses used in cal- 
culations: 0.47 cm (3.6 m~), 0.51 cm (3.9 m~), 0.55 cm (4.2 m~). 
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Fig. 2. Effects of pressure on constant flow rate polarization. 
Calculated ( ), measured ( I ,  A ,  e ) .  [Measurements from 
Ref. (10).] Flaw rates set to achieve 75% H2 and 50% CO2 
utilization at 200 mA/cm 2. Fuel gas in shift equilibrium. Effective 
tile thicknesses used in calculations: 0.60 cm (4.6 toO,), 0.68 cm 
(5.2 toO,). 

Table II. Fuel and oxidant gas compositions used in performance 
calculations. All fuel compositions are in water-gas shift equilibrium 
at 923 K. Fuel compositions at different temperatures were obtained 

by putting the listed composition into shift equilibrium at the 
required temperature. 

F u e l  H~ CO.- H~O CO N~ 
( real percent) 

L o w  BTU-a i r  blown gasi. 18.6 11.4 7.8 14.0 48.2 
t i e r  o u t p u t  

H i g h  B T U - m e t h a n e  s t e a m  60.0 7.4 22.6 10.0 0,O 

O x i d a n t  O= CO~ N~ H:O 
( rea l  p e r c e n t )  

S t a n d a r d  14.6 29.1 53.4 2.9 
Noble 32.0 65.0 0.0 3.0 

The theoretical gains in cell open-circuit  potential 
at 923 K for 5 and 10 arm are 32 and 46 mV. Our calcu- 
lated gains i n /R- f r ee  cell voltage at 200 mA/cm 2 are 96 
and 126 mV. These are roughly triple the Nernst gains 
and are in good agreement with what is observed. In 
addition to the purely thermodynamic gains, this extra 
performance arises principally from reduced activa- 
tion overpotentiat via increased exchange current den- 
sities with pressure and from decreased concentration 
overpotential  at  the anode as limiting currents in- 
crease with pressure (solubility). (Concentration over- 
potential at the cathode is calculated to be small in 
our model.) 

In Fig. 3 calculated effects of temperature on cell 
voltage are compared with measurements on a cell 
using high BTU fuel and standard oxidant. The cal- 
culated curve shows a somewhat higher performance 
level than that  measured at  low temperatures, but 
agrees reasonably well at higher temperatures. Our 
model has three principal sources of temperature de- 
pendence: cell resistance, open-circuit potential, and 
the Butler-Volmer equations used in the electrode 
models (1). The temperature dependence of the cell 
resistance agrees well with that  measured at IGT (10). 
The open-circuit  potential is rigorously prescribed by 
simple thermodynamic calculations. This leaves the 
temperature dependence of the electrode kinetics as 
the prime focus for improving the model. 

The parameter  values used for these calculations 
were identical to those used for the high BTU fuel case 
plotted in Fig. 1. Because the temperature and gas 
composition dependence are only weakly coupled, it 
seems unnecessary to make further comparisons of the 
temperature dependence with other gas mixtures, par-  
t icularly since we have convincingly demonstrated 
the model's capability to predict isothermal composi- 
tion dependence. 
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Fig. 3. Effects of temperature on cell voltage at 200 mA/cm ~, 
75% H~ and 50% CO2 utilization. Calculated ( ), measured 
(A) .  [Measurements from Ref. (10).] Fuel gas in shift equilibrium. 
Effective tile thickness used varies from 0.50 cm at 600~ to 0.46 
cm at 725~ 
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Operating Characteristics of Nonisothermal Cells 
In this section we examine the essential fe,ature.~ of 

computed nonisothermal cell current density and t e m -  
pera ture  distributions. The discussion primarily c o n -  
cerns  cells with crossflow geometry because complex 
two-dimensional distributibns arise for this case. The 
one-dimensional distributi6ns characteristic of cells 
with co~ and counterflow geometries are simpler and 
do not require such extensive description. They are 
briefly treated at the end of this section. In another 
article (11), we discuss several other examples of non- 
isothermal cell behavior. 

Effect of utilization.--In cells operating with high 
gas stream utilizations, current density distributions 
can become extremely nonuniform solely because of 
changes in gas stream composition. Utilization effects 
are especially pronounced at high cell voltage where 
the difference between the local open-circuit potential 
and cell voltage may not vary substantially over much 
of the cell; variations in local open-circuit potential 
then have increased leverage on current density via 
the potential balance relation, Eq. [11]. Variations in 
cell temperature tend to moderate utilization effects, 
so that the most severe current ma!distribution is seen 
in isothermal cells. 

The current density distribution presented in Fig. 4' 
exemplifies the effect of high utilization in cells with 
crossflow geometry. The calculation corresponds to an 
isothermal cell with fuel and oxidant utilizations 75% 
and 50%, respectively. Cell voltage is 0.875V, which is 
about 25 mV less than the maximum attainable voltage 
under these conditions. Operating conditions are those 
of Fig. 1 for high BTU fuel. Maximum current density 
is achieved at the inlet corner, where both gas streams 
are fresh. Minimum current densities are achieved at 
the anode outlet/cathode inlet corner, and at the anode 
inlet/cathode outlet corner and not (as might be ex- 
pected) at the anode outlet/cathode outlet corner. The 
substantial depletion that occurs as either gas stream 
traverses the high current density region in the vicin- 
ity of the inlet corner is responsible for this effect. 

EfJect of nonisothermal operation.--With incorpora- 
tion of heat transfer effects, cell temperature distribu- 
tions in large cells (~  1 m e) become severely noniso- 
thermal, and corresponding distributions of current 
density differ substantially from their isothermal coun- 
terparts. Typical examples of nonisothermal operation 

~ OXIDANT 

40 
6O 

Fig. 4. Calculated current density distribution for isothermal cell. 
T ~ 923 ~ p - -  1 atm, V ~ 0.875V, javg : 71 mA/cm e. High 
BTU fuel maintained in water-gas shift equilibrium, but with CH4 
inert. Standard oxidant. 

with crossflow geometry are presented in Fig. 5 for 1 
m 2 cells. In these figures, calculated distributions of 
current density and cell temperature are presented for 
three cell voltages separated by 100 mV increments. 
These examples were arbitrarily chosen to illus- 
trate major features of nonisothermal operation that 
remain qualitatively similar for all of the cases in- 
vestigated. These features can be identified as follows: 

1. The nonisothermal current density distribution is 
more uniform than its isothermal counterpart. In an 
approximate sense nonisothermal operation tends to 
offset nonuniformities due to utilizatlon effects; utiliza- 
tion effects tend to move maximum current densities 
toward the gas stream inlets, whereas convective heat- 
ing of the gas streams tends to move maxima toward 
regions of high temperature at the gas stream outlets. 

2. A pronounced ridge of maximum cell tempera- 
tures runs approximately down the center of the cell, 
with peak temperatures appearing at the cathode 
outlet side. In a separate calculation in which the full 
temperature dependence of the local current density 
was not considered and inptane heat conduction was 
neglected, this maximum was also observed (some- 
what closer to the anode inlet) although the distribu- 
tion of current densities was substantially different. 
This indicates that the presence of this temperature 
maximum is attributable primarily to convective heat 

0.75V ~ 0.85V 

lay = 332 mA/cm 2 

- -  820. 
, f  

Tav = 915K 

Jav = 198 mA/cm 2 

Tav = 899K 

0.95V 

Jay = 72 mA/cm 2 

. . . .  ~ 8 3 0 ~  

Tav = 890K 

Fig. 5. Calculated distribu- 
tions of current density and cell 
temperature for I m 2 noniso- 
thermal cell with crossflow geom- 
etry corresponding to points on 
a constant utilization (75% fuel, 
25% oxidant) performance curve. 
Fuel: low BTU with shift equi- 
librium. Oxidant: standard. Inlet 
gas temperatures: 800 K. Z 9e3 
0.5 ~cm e. 
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t ransfe r  in the  gas s t reams,  and  only  secondar i ly  to 
nonuniformit ies  in the cu r ren t  density, dis tr ibut ion.  
The t e m p e r a t u r e  m a x i m u m  arises in the  anode inlet  
region because here  the the rmal  conduct iv i ty  of the  
f resh (hydrogen- r ich)  anode gas is high re la t ive  to the 
cathode s t ream,  and its effective hea t  capaci ty  is low. 
High gas conduct iv i ty  causes most  of the hea t  gen-  
e ra ted  in the anode inlet  region to be absorbed  by  the  
anode s t ream,  low heat  capaci ty  gives rise to s teep 
t empera tu re  gradients  in the  s t reamwise  direction.  
F a r t h e r  downs t ream the cell  and the anode s t ream 
lose heat  to the cathode s t ream,  which is s l ight ly  
cooler by  v i r tue  of its high effective hea t  capaci ty  and 
because it has t r aversed  the region of r e l a t ive ly  low 
current  d e n s i t y / h e a t  re lease  far  downs t r eam of the 
anode inlet .  

3. M a x i m u m  cur ren t  densi t ies  are  app rox ima te ly  
coincident  wi th  m a x i m u m  cell t empera tures ,  a l though 
ut i l izat ion effects tend  to move the locat ion of max i -  
m u m  cur ren t  densi t ies  ups t r eam in the  gas flow di rec-  
tions, pa r t i cu l a r ly  at  high cell vol tage  (see "Effect of 
uti l ization," above) .  The net  effect of high local  cell 
t empera tu re  is to increase cur ren t  densi ty,  a l though 
this effect is pa r t i a l l y  offset by  a decrease in the  local 
open-c i rcui t  vol tage  caused by  the reduct ion  of E ~ 
with  increas ing tempera ture .  This mutua l  dependence  
of cur ren t  dens i ty  and t e m p e r a t u r e  might  appear  to 
give rise to an instabi l i ty ,  but  i n p l a n e  conduct ion can 
be shown to have  a s tabi l iz ing influence.. This effec.t 
is most easi ly  seen by  consider ing t rans ien t  response 
to local  nonuniformit ies .  A local  hot  spot  increases 
t empera ture ,  hence cur ren t  dens i ty  in the  ad jacen t  cell 
area. Increased cur ren t  dens i ty  ups t r eam in the gas 
flows reduces  local cur rent  dens i ty  due  to gas s t ream 
deplet ion.  Also, h igh  local  cur ren t  densi t ies  deple te  the 
gas flows downst ream,  reducing downs t r eam cur ren t  
densities,  hence downs t ream heat  re lease  and t em-  
pera ture ,  which reduces  local t empe ra tu r e  due to in-  
creased inplane  heat  conduction. 

4. As expected,  average  cell t empe ra tu r e  is d imin-  
ished at h igh vol tage because low cur ren t  densi t ies  
resul t  in smal le r  hea t  release. For  the  presen t  case of 
equal  inlet  gas s t r eam tempera tures ,  the cell tends 
toward  i so thermal  operat ion,  so that  u t i l iza t ion effects 
begin  to become more  significant in this  regime.  

Comparison of l~ow geometries.~To provide  some 
comparison among the var ious  flow geometries,  cell  
pe r formance  was calcula ted at  0.85V using co- and 
counterflow geometries,  wi th  ut i l izat ions and inlet  gas 
t empera tu res  and composit ions he ld  equal  to the con- 
dit ions of Fig. 5. Resul t ing d is t r ibut ions  of cur ren t  
densi ty  and cell  t empera tu res  a re  shown in Fig. 6. 
Addi t iona l  comparisons are given e lsewhere  (11). 

Average  computed  cur ren t  densi t ies  at  0.85V were  
189, 198, and 227 m A / c m  2 for co-, cross-, and counter -  
flow, respect ively.  These resul ts  can be used to give a 
re la t ive  measure  of per formance  efficiency (on a vol t -  
age basis)  by  real iz ing that  per formance  curves at  
constant  u t i l iza t ion are  app rox ima te ly  pa ra l l e l  in the 
neighborh6od of these computed  cur ren t  densities.  By 
ex t rapola t ion  to points of equal  average  cur ren t  den -  
sity, we see tha t  opera t ing  cell  vol tage  and, hence, 
efficiency increase  in the order  cited above. 

In  a separa te  calculat ion (not shown) of i so thermal  
per formance  of cross-,  co-, and counterf low Cells, i t  
was found that  average  cur ren t  densit ies v a r y  only 
s l ight ly  among the three  geometries.  We m a y  conclude 
from this observat ion  tha t  ut i l izat ion effects a re  un-  
impor tan t  in a comparison of re la t ive  efficiencies, bu t  
that  the rmal  effects p l ay  a dominant  role. I t  is not  
surpris ing,  then, tha t  average  cell t empera tu res  for 
co-, cross-,  and counterflow are  888, 899, and 935 K, 
respect ively,  corresponding to the  re la t ive  rank ing  of 
cell performance.  

W i t h  coflow geometry,  a m a x i m u m  in cur ren t  den-  
s i ty  occurs in the v ic in i ty  of inlet,  where  both gas 
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Fig. 6. Calculated distributions of current density and cell tem- 
perature at V ~-0,85V for 1 m 2 nonisothermal cell with coflow 
( ) and counterflow ( - - - )  geometry. Utilizations: 75% fuel, 
25% oxidant. Fuel: low BTU with shift equilibrium. Oxidant: 
standard. Inlet gas temperatures: 800 K. Z o23 ~- 0.5 ~,cm~. 

s t reams are  fresh. Cell  t empera tu res  are  seen to in-  
crease monotonica l ly  in the di rect ion of gas flow. This 
helps main ta in  high cu r ren t  dens i ty  as the gas s t reams 
become depleted.  Wi th  counterflow geometry,  the  fresh 
anode in le t  and hot cathode out le t  coincide, g i v ~ g  rise 
to pronounced  cur ren t  densi ty  and t empe ra tu r e  m a x -  
ima. The t empera tu re  m a x i m u m  is displaced s l ight ly  
f rom the cell edge because the low anode in le t  gas 
t empera tu re  ( re la t ive  to average  cell  t empera tu re )  re -  
duces the local edge t empera tu re .  

Conclusions 
Our model  accounts for ut i l izat ion of fuel  and oxi-  

dant  gases wi th  or wi thout  gas phase  equi l ibr ia  under  
i so thermal  and noniso thermal  opera t ing  conditions. 
In  o rder  to predic t  cell pe r fo rmance  under  noniso- 
the rmal  conditions, the coupling be tween  the cur ren t  
densi ty  and t empe ra tu r e  d is t r ibut ions  mus t  be ac-  
counted for. This is acco.mplished th rough  t r ea tmen t  of 
conduct ive hea t  t ransfe r  be tween  cell  h a r d w a r e  and 
gas streams,  energy t ransfe r  accompanying mass add i -  
t ion to the  bu lk  s t reams f rom elec t rochemical  reac-  
tions, convective hea t  t ransfe r  by  the  bu lk  s t reams,  
and in -p l ane  hea t  conduction th rough  the cell  h a r d -  
ware.  

P red ic ted  i so thermal  cell pe r formance  agrees wel l  
wi th  tha t  measured  expe r imen ta l ly  using crossfl0w 
geomet ry  for var ious  fuel  and ox idant  compositions,  
total  gas pressures ,  and cell  t empera tures .  The only 
p a r a m e t e r  var ied  ' in these calculat ions was the effec- 
t ive t i le  thickness,  in o rder  to b r ing  measured  and  
calculated cell resistances into agreement .  This is a 
reasonable  ad jus tmen t  to make  because measured  re -  
sistances va ry  i r r egu l a r l y  f rom cell  to cell and f rom 
run  to run. On the basis of these results,  i t  appears  
tha t  our  model  has a t ta ined  high pred ic t ive  capabi l i ty  
in calculat ing cell performance.  
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Noniso thermal  per formance  of 1 m 2 cells wi th  cross- 
flow geomet ry  was p red ic ted  for a va r i e ty  of  opera t ing  
conditions.  In  general ,  the  cell t empe ra tu r e  d i s t r ibu-  
t ion deviates  f rom an i so thermal  d i s t r ibu t ion  most  
s t rong ly  at  lower  voltages.  Curren t  dens i ty  d i s t r ibu-  
tions in noniso thermal  cells a re  genera l ly  more  uni -  
form than  in i so thermal  cells. The  cur ren t  dens i ty  dis-  
t r ibu t ion  is coupled to the  t e m p e r a t u r e  d is t r ibut ion;  
cur rent  densi t ies  are  maximized  in and near  regions 
of high t empera tu re .  Cells wil l  have to be  run  at  low 
( ~  25%) cathode ut i l izat ions to avoid the occurrence 
of local ex t reme  t empe ra tu r e  m a x i m a  ( ~  1100 K)  that  
are  ve ry  de t r imen ta l  to cell  life. 

A l imi ted  compar ison of var ious  flow geometr ies  was 
accomplished by  eva lua t ing  per formance  of 1 m 2 
cross-,  co-, and counterf low cells at  a p rescr ibed  set  of 
opera t ing  condit ions (fuel  and ox idant  uti l izations,  
voltage, inlet  gas compositions, and t empera tu res ) .  The 
best  pe r fo rmance  was achieved wi th  counterflow ge-  
ometry ,  fol lowed b y  cross- and coflow, respect ively.  
More severe  t e m p e r a t u r e  gradients  and higher  peak  
t empera tu res  were  observed in cross- and counterflow 
than in coflow. 
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Electrochemical Solar Cells Using CdSe Thin Film Electrodes 

Xu-Rui Xiao 1 and H. Ti Tien 
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ABSTRACT 

Electrochemical  photocells  consisting of a CdSe thin film anode and a Pt  cathode immersed  in 1M Na2S-NaOH-S solu- 
tion have been studied. CdSe thin films were formed on Ti, Cr, Mo, SnO2, glassy carbon, and graphite substrates by coating 
an aqueous mixture of CdSe, ZnCI~, and surfactant, subsequent ly  sintering at 400~176 in air. The current-voltage (I-V) 
relations, output  power efficiency, open-circuit  voltage, and short-circuit current were measured.  7% power conversion 
efficiency was obtained at 20 mW/cm 2 light intensi ty after photoetching. The monochromatic  I-V curves were analyzed. 

A va r i e ty  of e lec t rochemical  photocel ls  have  been 
inves t iga ted  for  t ransducing  so lar  energy  into elec-  
t r ic i ty  [for reviews see Ref. (1-5)] .  F o r  prac t ica l  ap-  
pl icat ions,  such cells must  be compet i t ive  wi th  sol id-  
s ta te  photovol ta ic  devices.  Al though  as ye t  no p rac -  
t ical  e lec t rochemical  photocells  have been developed,  
severa l  photoe lec t roehemica l  (PEC) cells appear  to 
be p romis ing  (6-8).  Among  these is the CdSe-based  
cell s tudied by  a number  of workers  (9-11). The p rop -  
er t ies  of d i rec t  opt ical  t ransi t ions  and sui table  band-  
gap energy  (1.7 eV) of CdSe offer the  poss ibi l i ty  of 
h igher  conversion power  efficiency. Ano the r  advan tage  
of CdSe is t ha t  i t  is capable  of being formed as thin 
film electrodes by  var ious  methods  wi th  h igh  power  
efficiency and at  low cost. To date, the power  conver-  

1 P e r m a n e n t  a d d r e s s :  I n s t i t u t e  of P h o t o g r a p h i c  C h e m i s t r y ,  Aca-  
d e m i a  Siniea ,  Be i j ing ,  China .  

K e y  w o r d s :  p h o t o e l e c t r o c h e m i s t r y ,  e l e c t r o c h e m i c a l  cel ls ,  en- 
e r g y  c o n v e r s i o n ,  t h i n  f i lm e l e c t r o d e s ,  p h o t o a n o d e s .  

sion efficiency of some thin film Cd (Se, Te) photocells  
is approaching  that  of single crys ta l  solar  cells (12). 

In this paper  we repor t  the resul ts  of CdSe thin film 
elect rodes  formed on various subs t ra tes  using the pa in t -  
ing method (13). This technique which has been used 
to manufac tu re  f i lm- type  electronic circui t  e lements  
such as resistors,  capacitors,  t ransis tors  (14) has been 
appl ied  by  Hodes and his colleagues to p repa re  thin 
film electrodes for  photoelectro.chemical  cells (13, 15). 
The pa in t ing  method  is s imple,  inexpensive,  and 
po ten t ia l ly  feasible  to fabr ica te  large  electrode areas. 
To p repa re  a thin film electrode,  an appropr ia t e  sub-  
s t ra te  has to be chosen to receive the  photoact ive  semi-  
conduct ing layer .  The subs t ra te  should be a passive 
and good conduct ing ma te r i a l  wi th  good film adhe r -  
ence. I t  should also be s table  du r ing  fabr ica t ion  p ro -  
cesses and wi ths tand  post  he a t - t r e a tme n t .  We have 
p repared  the CdSe thin  film on meta l  subs t ra tes  such 
as Ti, Cr, Mo, and nonmeta l  subs t ra tes  SnO2, glassy 
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carbon, and pyro ly t i c  g raph i te  by  a s imple p rocedure  
and examined  the photoe lec t rochemical  and physical  
character is t ics  of these film electrodes.  

Experimental 
The CdSe thin  films were  p repa red  by  coating a 

s lu r ry  containing 50 mg CdSe powder  (99.999%, Alfa  
Chemical  Company) ,  2% ZnC12 (analyzed  reagent ,  
Bake r ) ,  and 50 ~1 of 5% Tri ton X-100 aqueous solu- 
t ion on a subs t ra te  surface such as Ti, Mo, Cr, SnOz, 
glassy carbon, or  pyro ly t ic  graphi te  (usual ly  a sheet  
of 0.5 cm 2, wi th  a thickness 0.2 m m  for Ti, 0.25 mm 
for Mo, 1 m m  for Cr, 2.5 m m  for glassy carbon, 3 mm 
for pyro ly t ic  graphi te ,  and  3 m m  for a glass subs t ra te  
coated with  1.5 #m SnO2. Af te r  d ry ing  in a i r  the  semi-  
conduct ing CdSe l aye r  was ac t iva ted  by  h e a t - t r e a t m e n t  
at  400~176 for 30-60 min  in air. Af te r  cooling to 
room tempera ture ,  an adheren t  CdSe film electrode 
was obta ined wi th  film thickness ~20 ~m, as de te r -  
mined  by  scanning e lect ron microscope (SEM).  Lead 
wires  were  a t tached to the electrode in the usual  man-  
ner. Chemical  e tching and photoetching were  employed  
for the film electrode before  testing.  Chemical  etching 
consisted of d ipping the e lect rode in 2% HNO3 aqueous 
solut ion for  2-3 sec fo l lowed by  r insing wi th  dist i l led 
water .  Photoe tching  was pe r fo rmed  under  i l lumina-  
t ion wi th  75 m W / c m  2 in tens i ty  of whi te  l ight  b y  con- 
nect ing the CdSe film electrode to a carbon elect rode 
(2 cm~) in 1M ZnC12 aqueous solut ion (pH = 1.5) for 
a few minutes,  then r ins ing with  dis t i l led water .  The 
cell  was const ructed wi th  a CdSe film elect rode as 
photoanode and a p l a t inum electrode (1 cm 2) as 
counterelectrode.  A sa tu ra ted  calomel  e lectrode (SCE) 
was used as reference  e lec t rode  for potent ia l  measu re -  
ments. The e lec t ro ly te  was composed of 1M Na2S, 
1M NaOH, and 1M S. Ni t rogen was bubb led  into the 
solution cont inual ly  dur ing  tests. 

The cu r ren t -po ten t i a l  measurements  were  carr ied  
out  by  cyclic v o l t a m m e t r y  (Model  CV-1B, Bioana ly t i -  
cal Systems,  Incorpora ted)  at  a scan r a t e  of 25 mV/sec  
and recorded on an X - Y  recorder  (Houston Ins t ru -  
ments ) .  The shor t -c i rcu i t  cu r ren t  (Is c), open-c i rcu i t  
vol tage  (Voc), and conversion p o w e r  were  measu red  
wi th  a Ke i th l ey  Model  177 Microvol t  E lec t romete r  in 
conjunct ion wi th  a decade resis tance box. A 500"~V 
tungsten l amp  was used as l ight  source. 

Results and Discussion 
Figure  1 shows the represen ta t ive  pho tocur ren t -po -  

ten t ia l  curves for CdSe thin  films coated on Mo sub-  
strafes and subjec ted  to h e a t - t r e a t m e n t  at  severa l  t em-  
peratures .  I t  was found that  the op t imum h e a t - t r e a t -  
men t  condit ion for  most  of the  subst ra tes  used (except  
chromium)  was 1 h r  at  500~ When  the  t empe ra tu r e  

was e i ther  lower  or h igher  than  500~ the photocur -  
ren t  was reduced at the  potent ia l  sweep ranging  f rom 
--1.3 to --0.6V as shown in Fig. 1. The film tended to 
peel  off if the  h e a t - t r e a t m e n t  was carr ied out  at 600 ~ 
for longer  than  30 re_in. Fo r  Cr subst ra tes  the t empera -  
ture  had  to be about  400~ At  h igher  t empera tu res  a 
blue oxide  film wi th  h igh  resis tance was formed on  the 
Cr subs t ra te  surface, which reduced  the photocur ren t  of 
the CdSe e lec t rode  significantly.  F igure  2 shows SEM 
photographs  of the  thickness  and surface of CdSe thin 
film electrodes on Ti subs t ra te  before  etching. 

The pho tocur ren t -po ten t i a l  ( I -V)  behavior  of CdSe 
elect rode coated on various subst ra tes  and the power  
conversion per formance  of these thin film e lec t rode-  
based PEC cells are  shown in Fig. 3 and Fig. 4, respec-  
t ively.  These da ta  were  ob ta ined  af ter  etching the e lec-  
t rodes in 2% HNO3 for 2-3 sec. The I -V curves shown 
in Fig. 3 were  obta ined  by  potent ia l  scanning over  the 
range --1.3 to --0.6V vs. SCE. There  are  six curves in 
Fig. 3 corresponding to the different  substrates.  In  each 
case, a c lear  t rend  in the I - V  behavior  is noted. No 
anodic da rk  cur ren t  was observed over  the  scanned 
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Fig. I .  Photocurrent vs. applied potential for CdSe thin film elec- 

trodes annealed at different temperatures on Mo substrate. (a) 
500~ 1 hr; (b) 400~ 1 hr; (c) 600~ S min; (d) 600~ 
30 rain. The film electrodes were etched in 2% HNO3 for 2-3 sec 
before measurements. Irradiance: S0 mW/cm 2. 

Fig. 2. Scanning electron micrographs of CdSe thin film elec- 
trode an Ti before etching (a) the thickness of thin film, (b), (c) 
two magnifications of the surface of thin film. 
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Fig. 3. Phetocurrent vs. applied potential of CdSe thin film elec- 
trodes on Ti, Me, Cr, SnO~, glassy carbon, and graphite substrates. 
Irradiance: 50 mW/cm 2 (a) Cr, (b) Mo, (c) Ti, (b) Sn02, (e) graph- 
ite, (f) glassy carbon. In each case, the electrode was etched in 
2% HNOa for 2-3 sec before testing. 

potential  range, but  a large cathodic current  flow was 
detected at more negativ.e potentials. Additionally,  an 
anodic dark current  was present  at more positive po- 
tent ials  for film electrodes on glassy carbon and pyro-  
lytic graphi te  substrates.  The onset of anodic photo- 
current  was at --1.23 +_. 0.05 vs. SCE, which is the esti- 
mat ion of the flatband potential. Table I gives the data 
of open-circui t  voltage, short-circuit  current  of various 
CdSe thin film electrodes. 

The energy conversion performance of CdSe thin 
film electrodes on various substrates is i l lustrated in 
Fig. 4. To measure the optical to electrical energy con- 
version power a variable  decade resistance was used as 
an electrical load which was connected in series with 
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Fig. 4. Output power curves of CdSe thin film electrodes on Ti, 
Mo, Cr, SnO2, glassy carbon, and graphite substrates, incident 
light intensity is 20 mW/cm 2. The electrodes were etched in 2% 
HNO8 for 2-3 sec before testing. (a) Cr, (b) Me, (c) graphite, (d) 
Ti, (e) glassy carbon, (f) SnO2. 

Table I. Open-circuit voltage (Voc), short-circuit current (4c) of 
CdSe thin film electrode, under illumination 50 mW/cm ~ 

Voe VS. line 
Electrode SCE ( m V )  ( m A / c m  2) 

Me 460 10.5 
Tl  474 5.2 
Cr 512 6.3 
SnOe 348 2.3 

Glassy-carbon 505 4.0 
Graphite 402 10.8 

the external  circuit. The incident  l ight in tens i ty  at the 
CdSe electrode surface was about 20 mW/cm~. Photo- 
voltages of the cells were measured directly by  the 
electrometer and photocurrents calculated from the 
variable  resistance of external  circuit. The conversion 
power efficiency and fill factor (F.F.) were determined 
from the photocurrent  vs. photovoltage curves (Fig. 4) 
as summarized in Table II. 

It can be seen from these results that pyrolytic 
graphite is a good substrate for CdSe thin film elec- 
trodes. There is also an economic advantage of this 
low cost mater ia l  over that of metal  substrates. For 
these reasons, pyrolyt ic  graphite may be more suitable 
for practical CdSe solar cell systems. The conversion 
efficiency is quite respectable and comparable with 
that of metal  substrate electrodes. 

Since the photoresponse of CdSe electrodes can be 
improved considerably by chemical etching and sub- 
sequent ly photoetcking (12, 15), we have studied the 
effect of both etchings on the power output  of CdSe 
film electrode on pyrolytic graphite substrate. The re-  
sults shown in Fig. 5 indicate that both the short-cir-  
cuit cur rent  and open-circui t  voltage are increased, 
resul t ing in an increase of conversion power efficiency 
from 4.6% (without chemical etching) to 6.2% (with 
HNO~ etching),  and to 7% (with photoetching in 1M 
ZnC12). Table I I I  gives the power conversion efficiency 
and fill factor of several samples of CdSe thin film 
electrodes on pyrolytic  graphite substrate before and 
after the etching t reatment .  It  can be seen that the 
power conversion efficiency increased by 1-2%, bu t  the 
fill factor remained unchanged in this case. The photo- 
etching was performed in 1M ZnCI~ (pH 1.5) solution 
and was controlled by the appearance of the dark blue 
color on the CdSe film surface. The solution was 
selected as electrolyte for photoetching as it is more 
favorable than strong acid solutions such as H~SO4 or 

Table II. Energy conversion power efficiency of CdSe thin film 
electrode based PEC cells (incident light intensity 20 mW/cm 2) 

Substrate 0s Power eft]. Fil l  f a c t o r  
electrode e iency  (%)  (F .F . )  

Mo 6.2 0.46 
T i  6.3 0.69 
Cr 6.3 0.56 
SnO~ 1.3 0.43 

Glassy carbon 4.2 0.15 
Graphite 6.2 0.50 

Table III, The effect of surface etching on CdSe thin film electrodes 
(pyrolytic graphite substrate) on the power conversion efficiency 

(incident light intensity 20 mW/cm 2) 

Conve r s ion  power 
efficiency (%)  Fil l  f a c t o r  (F .F)  

2% 1M 2% 1M 
NO NtIOa ZnCh  No HNO8 ZnC12 

Sam- etch- etch- photo-  etch- etch- photo- 
ple  i ng  i n g  e t c h i n g  ing  i n g  e t c h i n g  

1 4.0 5.5 6.2 0.50 0.51 0.47 
2 5.6 5.9 6.4 0.49 0.51 0.50 
3 4.5 6.1 6.5 0.50 0.52 0.50 
4 4.5 5.0 5.7 9.51 0.52 0.52 
5 3.7 3.9 5.0 0.44 0.45 0.51 
6 4.6 6.2 7.0 0.48 0.50 0.49 
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Fig. 5. The effect o~: surface etching on output conversion power of 
CdSe thin film electrodes on graphite substrate at 20 mW/cm ~ in- 
cident light intensity: (O) without surface etching, ( O )  sur[a;e 
etching in 2% HNO3 2-3 sec, (A )  photoetching in 1M ZnCI2 
(pH - -  1.5) ~ 3 rain. 

HC1. Undoubtedly ,  the power  efficiency was improved  
and the  de te r io ra t ion  of the  th in  film was avoided 
dur ing  photoetching.  

In  o rder  to under s t and  be t t e r  the  character is t ic  of 
this CdSe film electrode,  we have appl ied  the But ler  
equat ion (17) to our  system. Equat ion [1] is based on 
the assumpt ion  tha t  the semiconduc tor -e lec t ro ly te  in -  
terface is a Schot tky  bar r ie r .  The equation,  descr ibing 
the dependence  of pho tocur ren t  (J)  on appl ied  po ten-  
t ia l  (V),  f la tband potent ia l  (VFB), diffusion length  (Lp), 
opt ical  absorpt ion  (a) ,  and de r l e t i on  wid th  (Wo), m a y  
be expressed  as follows 

J -- qN [ I -- { exp [--~Wo(V -- VFB) V2] } + aLp 

where  ~ is the  absorpt ion  coefficient a t  the  wave leng th  
of monochromat ic  l ight,  q is the  e lectronic  charge,  N is 
the n u m b e r  of incident  photons.  A nonl inear  leas t  
squares computer  p rog ram (Kinfit)  was used to solve 
the equat ion and to fit the  expe r imen ta l  pho tocur ren t -  
potent ia l  da ta  obta ined by  monochromat ic  l ight  at  the 
wavelength  of 650 nm b y  using the expe r imen ta l  pa -  
ramete rs  N and VFB (the potent ia l  of  the  onset  of 
anodic pho tocur ren t  in the  I -V curves) ,  a was taken  
f rom the da ta  g iven by  Parsons  et al. (16). Lp and Wo 
were  ad jus ted  unt i l  the  ca lcula ted  value  approached  
the expe r imen ta l  results.  

The exper imen ta l  da ta  and the theore t ica l  curves of 
the two samples  are  shown in Fig. 6. There  is a good 
agreement  be tween  the expe r imen ta l  points  and theo-  
re t ica l  curves. The  ad jus tab le  pa rame te r s  Lp and Wo 
are  given in the final resul ts  of the  curve fitting p ro -  
gram. Table  IV presents  the  da ta  of two electrodes.  
These pa rame te r s  can be used to charac ter ize  the CdSe 
thin film electrodes.  Hole diffusibn l eng th  is quite smal l  
compared  to the  deple t ion  layer ,  imply ing  tha t  the 
photoresponse  of this e lec t rode  is caused b y  the car -  
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Fig. 6. Plots of quantum efficiency of CdSe thin film electrodes 
on graphite substrate as o function of applied potential at mono- 
chromatic light 650 nm wavelength. The two solid lines in (A) and 
(B) are the computer fitting curves of two electrodes A and B, 
respectively, using Butler equation and the experimental data. 
Points ( O )  are experimental data of these two electrode after 
chemical etching in 2% HNO3 2-3 sec. 

r iers  genera ted  in the  deplet io  n layer ,  and any  de-  
crease in power  efficiency is due p r i m a r i l y  to the  re-  
combinat ion of pho to -gene ra t ed  carr iers  wi th in  the 
deple t ion  layer .  For  d i rec t  bandgap  semiconductor  wi th  
short  absorpt ion  length,  the r equ i rement  of deple t ion  
l aye r  is not  severe.  In  this case, the  la rger  car r ie r  
dens i ty  is prof i table  for  maximiz ing  the efficiency of 
semiconductor  by  lower ing  the resis t ivi ty.  F r o m  Table 
IV which shows the wid th  of the deple t ion  l aye r  ob-  
ta ined  for this electrode,  one can es t imate  the carr ier  
dens i ty  which  is in the o rde r  of 1018 cm -3. This indi -  
cates that  the CdSe thin film elect rode here  is char -  
acter ized by  low car r i e r  dens i ty  and high resis t ivi ty,  
which resul ts  in a considerable  res is t ive loss and con- 
sequent ly  reduces  overa l l  efficiency. In  o rder  to im-  
prove the power  efficiency, i t  is necessary to minimize 
the resis t ive losses. We have also examined  the dop-  
ing of Cu and Li  and the anneal ing  of CdSe film in Se 
a tmosphere  which were  expected  to in t roduce  ac-  
cep,tor-like im~ourities and Cd-vacancies  in CdSe la t -  
t ice for decreas ing the res is t iv i ty  and rais ing the photo-  
sens i t iv i ty  (19). However ,  these efforts were  not  suc-  
cessful. The thin films peeled off af ter  anneal ing  in Se 
a tmosphere .  P r o b a b l y  :a va r i e ty  of recombina t ion  cen- 

Table IV. Lp and Wo of two CdSe thin film electrodes on pyrolytlc 
graphite substrate 

Lp (~m) Wo (~m) 

Electrode A (Fig. 6 a) 0.0"3,0 6.1 
Electrode B (Fig. 6 b) 0.030 6.8 
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ters in the  deple t ion  l aye r  p lays  a more  impor t an t  role 
for  l imi t ing  the efficiency of these types  of electrodes.  

In summary ,  CdSe thin film electrodes on var ious  
subs t ra tes  (Ti, Cr, Me, SnO2, glassy carbon, and p y r o -  
ly t ic  g raph i te )  have been fabr ica ted  successful ly by  a 
s imple pa in t ing  method  and tested as photoanodes  in 
the fol lowing cell  a r r angement :  CdSe(substrate)/Na2S,  
NaOH, S (al l  1M) /P t .  CdSe thin films on pyro ly t i c  
g raphi te  e lect rodes  were  s tudied in some detai l ,  and 
showed good s t ab i l i ty  and power  conversion efficiency 
for  poss ible  prac t ica l  use. F r o m  the I -V curves of these 
e lec t rochemical  photocells ,  the resul ts  are  analyzed in 
te rms of a Schot tky  ba r r i e r  model.  A good agreement  
has been  found be tween  the model  and expe r imen ta l  
data.  
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Preparation of Dispersed Platinum on Conductive Tin Oxide and Its 
Catalytic Activity for Oxygen Reduction 

M. Watanabe, *,1 S. Venkatesan, 2 and H. A. I.aitinen* 

Department of Chemistry, University of Florida, Gainesville, Florida 32611 

ABSTRACT 

An investigation was carried out to find the opt imum conditions for pret reatment  of SnO2 coatings and for chemisorp- 
t ion from aqueous pla t inum solution. An alkaline pretreatment,  using 10M NaOH, caused an increasing Pt  uptake rate up to 
a l imiting value that  was reached after relatively short soaking at elevated temperature.  A platinizing solution, containing 
1000 ppm Pt(IV) + 0.135M Na2HPO4 + 0.5M NaC1 was the most effective found so far in achieving chemisorption. Platinized 
electrodes were electroreduced after preheating at 200~ Plat inum analysis by RBS showed a l inear increase of Pt  content 
with platinizing time. A monolayer  equivalent Pt  was reached in several hours soaking at 90~ Dispersion, defined as the 
ratio of surface Pt  a toms determined electrochemically to total P t  atoms determined by RBS, reached very high values 
(~>0.9) for Pt  loadings of 0.2 to 1 ~g/app cm 2. The prepared electrodes showed a higher  activity than that  of metallic plat inum 
electrodes in catalyzing oxygen reduction in alkaline solution. 

I t  has been demons t r a t ed  that  p la t in ized t in oxide 
surfaces exhib i t  a h igh ca ta ly t ic  ac t iv i ty  in e lec t ro-  
chemical  oxida t ion  of  me thano l  (1-3).  A n d r e w  et al. 
(4) e lec t rodeposi ted  Pt  and Sn on gold foil  f rom SnCI~ 
and H2PtC16 and found tha t  the  ca ta ly t ic  ac t iv i ty  was 
la rger  than  that  of  e lec t rodepos i ted  p l a t i num black  by  
a fac tor  of 50, an observat ion  which is in agreement  
w)th an ear l ie r  s tudy  by  Cathoro (5). They concluded 
that  this increased  ac t iv i ty  was not  a resul t  of g rea te r  
p l a t inum dispersion. This conclusion is suppor ted  
c lear ly  b y  the resul ts  on enhancement  effects b y  tin 
adatoms on ca ta ly t ic  act ivi t ies  of p l a t inum for the 
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oxidat ion  of methanol ,  fo rmaldehyde ,  formic ac id ,  and 
carbon monoxide  (6-8);  i.e., t remendous  enhancement  
is obtained,  a l though the adatoms never  increase the 
surface area  of p la t inum.  

Increased cata lyt ic  ac t iv i ty  of P t - S n  catalysts  has 
been observed  toward  react ions o ther  than  the e lec t ro-  
chemical  oxida t ion  of organic compounds,  v - a lumina -  
suppor ted  P t - S n  catalysts  are  used as indus t r ia l  r e -  
forming catalysts  and have  increased se lec t iv i ty  and 
s tab i l i ty  (9). S t rong in terac t ion  be tween  group VII I  
meta ls  d ispersed on meta l  oxides,  in pa r t i cu l a r  those 
meta l  oxides that  can be chemical ly  reduced,  and the 
suppor t  have been shown to make  profound changes in 
the ca ta ly t ic  and chemisorpt ion proper t ies  of the  dis-  
persed  meta ls  ( I0) .  Such an interact ion,  which has 
been pos tu la ted  to involve e lect ron t ransfe r  be tween  
subs t ra te  and metal ,  might  be expected  for t in oxide  
and p la t inum.  Tseung and Dhara  ( I I )  found that  the 
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addi t ion of smal l  amounts  of p l a t i num to an t imony-  
doped t in oxide electrodes signif icantly increases the 
ac t iv i ty  toward  the reduct ion  of 02 in 85% H~PO4. 

I t  is wel l  known now tha t  p l a t inum can have an 
e x t r a o r d i n a r y  ca ta ly t ic  ac t iv i ty  in the  presence of t in 
oxide. Watanabe  and Motoo have proved tlaat mono-  
l ayer  catalysts  on subst ra tes  have almost  the  same ac-  
t iv i ty  as bu lk  cata lys ts  for the  oxida t ion  of organic  
compounds (8, 12-13). Atomica l ly  d ispersed p l a t inum 
on a t in oxide subs t ra te  m a y  also be expected  to show 
an ac t iv i ty  s imi lar  to tha t  of bu lk  p la t inum for oxygen  
reduct ion.  

Wha teve r  p repara t ion  is being used for  making  sup-  
por ted  p l a t inum catalysts  in genera l  one has to con- 
sider  the re la t ive  rates of nuclea t ion  and growth.  With 
e lec t rochemical  p repa ra t ion  the indicat ions are  tha t  
growth  of crys ta l l i tes  is p r e fe r r ed  over  nucleat ion (14). 
This suggests that  a monolayer  equiva lent  of p la t inum 
would  consist of wide ly  separa ted  crys ta l l i tes  as is 
usual ly  observed in vapor  deposi t ion methods  (15-16). 
An electrode p la t in ized by the rmal  decomposi t ion of 
p l a t inum (II)  ace ty lace tonate  dissolved in e thy lened i -  
amine  and methy l  alcohol showed evidence of whisker  
growth  and la rger  p l a t inum crystals  easi ly  vis ible  wi th  
an e lect ron microscope (17), because of nucleat ion be-  
ing r e l a t ive ly  forb idden  compared  to growth.  There-  
fore, it  is impor t an t  to seek methods  tha t  would not  
have those steps. 

Chemisorpt ion of zinc ions has been observed on 
severa l  me ta l  oxide surfaces through the format ion  of 
chelates be tween  the hyd ra t ed  oxide surfaces and zinc 
ions (18). Se iyama  et al. (19) appl ied  this phenomenon 
to the fixation of Cu( I I )  and P d ( I I )  complex  ions on 
t in oxide subst ra tes  to p repa re  catalysts  for p ropy lene  
oxidat ion.  

I t  has been shown (20) that  an a lka l ine  p r e t r ea t -  
men t  of SnO2 causes the  pH response of the e lectrode 
to be enhanced,  ev iden t ly  th rough  a superficial  hyd ra -  
tion, i.e., the  format ion  of an - - S n - - O H  surface b y  hy -  
drolysis  of ---Sn----O bonds. There  is evidence for  en-  
hanced chemisorpt ion  on SnO2 by  the p re t rea tment .  
Specific adsorpt ion  of cer ta in  cations, such as F e ( I I I )  
or  Pb ( I I ) ,  occurs on the hyd ra t ed  surface p re sumab ly  
by  rep lacement  of S n - - O H  protons (21). Specific ad-  
sorpt ion of anions, no tab ly  b romide  and iodide (22), 
occurs on SnO~ only  on surfaces which  have  been h y -  
drated.  

On the basis of this  background  we sought to make  a 
h igh ly  dispersed p la t inum cata lys t  on t in oxide th rough  
chemisorpt ion  phenomena.  Fo r  expe r imen ta l  conven-  
ience a sp ray  hydrolys is  me thod  was used for the  p rep -  
ara t ion of a t in oxide film on P y r e x  glass. For  prac t ica l  
purposes,  a chemical  vapor  deposi t ion  method  can be 
used, in pr inciple ,  to p r epa re  this deposit  onto a sui t -  
able support .  Ghoshtagore  has  descr ibed  the mecha-  
nisms of severa l  chemical  vapor  deposi t ion react ions 
for t in oxide films (23). 

Experimental 
Chemical, electrolytes, and cells.--Reagent grade 

chemicals  were  used wi thout  fu r the r  purification. Elec-  
t ro lytes  were  purif ied b y  pre -e lec t ro lys i s  wi th  p l a t i -  
num gauze unt i l  the occupat ion of P t  sites by  impur i t ies  
became less than 3% of total  P t  sites even af ter  the po-  
tent ia l  of a smooth p la t inum electrode was kep t  at  0.4V 
for 10 min. Cells consisted of three  compar tments  for 
working,  counter,  and reference  electrodes,  respec-  
t ively,  and potent ia ls  were  re fe r red  to a hydrogen  elec-  
t rode in the  same solution. 

SnO~ films.--We have fol lowed a procedure  descr ibed 
in a pa ten t  issued to Corning Glass Company (24), in 
which an aqueous solut ion of 3M SnC14, 1.5M HC1, and 
0.03Yl SbCls is sp rayed  in in t e rmi t t en t  burs ts  onto a 
P y r e x  surface hea ted  to t empera tu res  of the o rder  of 
450~ The produc t  is a film of ca. 1 ~m thickness,  which 
is pol i shed  by  means  of a lumina  powder .  

Alkali pretreatment.--Prior to p la t in iza t ion  of SnO~ 
electrodes they  were  presoaked  in 10M • solut ion 
and inves t iga ted  for op t imum condit ions of chemisorp-  
tion of p l a t i num compounds,  i.e., t empera tu re  and 
time. Presoaking  at  90~C in 10M NaOH solut ion for 30 
rain was f inal ly adopted  as the op t imum conditions for 
developing the ful l  ca ta lyt ic  ac t iv i ty  of p la t inum.  Af te r  
the soaking the electrodes were  washed to remove  ex-  
cess sodium hydrox ide  with  severa l  por t ions  of dis t i l led 
wa te r  under  u l t rasonic  agi ta t ion and soaked in dis t i l led 
wa te r  before use. 

Platinization.--The fol lowing solut ion was the most 
effective found so far  in achieving chemisorpt ion.  
Chloroplat inic  acid was mixed  with  ammonium chlo- 
ride, and the resul t ing prec ip i ta te  was dissolved in 
Na~HPO4 solution, evapora ted  almost  to dryness  to 
expel  most of the free ammonia  and taken up with  
0.5 NaC1 and then made  up to 1000 ppm p la t inum .(IV) 
wi th  dis t i l led water .  

The op t imum pH region of the solut ion for soaking 
was inves t iga ted  in advance  by  changing the concen- 
t ra t ions  of Na2HPO4 and found to be f rom 7.3 to 7.7. 
Therefore,  chemisorpt ion was s tudied by  exposing a 
series of a lka l i  p r e t r e a t e d  electrodes for vary ing  tem-  
pera tures  and t imes to the  p la t in iz ing solution of pH 
7.4. Af te r  the  soaking they  were  washed with  severa l  
port ions of dis t i l led wa te r  and dr ied  at room t empera -  
ture.  

Preheating and developing of Pt compounds.--Plati- 
num act iv i ty  was deve loped  by  e lec t rochemical  reduc-  
tion of t h e  compounds chemisorbed on SnO~ surface. I t  
was soon found that  p rehea t ing  as wel l  as a lka l i  p re -  
t r ea tmen t  is essent ia l  to fu l ly  develop p l a t inum ac t iv i ty  
p r io r  to the e lect roreduct ion.  I t  is be l ieved tha t  hea t ing  
is requ i red  to remove  res idual  coordinated chlor ide by  
the rmal  decomposit ion.  Therefore  samples  were  first 
hea ted  at  200~ in a i r  for  15 rain. Then they  were  re -  
duced poten t ios ta t ica l ly  at 0.05V unt i l  t r i angu la r  po-  
tent ia l  sweeps be tween  0.5 and 1.1V in 0.5M NaOH 
solut ion deaera ted  b y  bubbl ing  Ar  gas showed wel l  
developed and s teady hydrogen  desorpt ion peaks.  This 
behavior  indicates the comDlete reduct ion of p l a t inum 
compounds to meta l l ic  p la t inum.  

Evaluation of activity for oxygen reduction.--As a 
s tandard  procedure  for measur ing  activities,  an a i r -  
sa tu ra ted  0.1M NaOH solut ion was used and a p r e -  
l im ina ry  anodic scan was used as a c leanup procedure  
at room tempera ture .  Then the e lect rode potent ia l  was 
scanned in the cathodic direct ion wi th  a scan ra te  of 
100 mV/sec;  the oxygen  reduct ion  cur ren t  at 0.8V, cor-  
rec ted  for res idua l  cur ren t  in the  absence of oxygen,  
was then taken as a measure  of cata lyt ic  act ivi ty.  This 
potent ia l  corresponds to a point  pa r t  way  up the oxy-  
gen reduct ion  region.  Kinet ic  control  is dominan t  in 
this region, because l i t t le  change of the  cur ren t  is ob-  
served by  s t i r r ing  the  solution. 

Determination of Spt, Tpt, and D . - -T he  amount  of 
surface p l a t inum exposed to e lec t ro ly te  (Spt)  was  de-  
t e rmined  e lec t rochemica l ly  by  the  desorp t ion  of hy-  
drogen f rom P t - H  sites p repa red  by  t rans ient  e lec t ro l -  
ysis in the hydrogen  predepos i t ion  region in deaera ted  
1M H2804 solution, based on the fact that  the  t in  oxide  
subst ra te  does not  adsorb hydrogen  in that  potent ia l  
region. 

The amount  of to ta l  p la t inum on the SnO~ surface 
(Tpt)  w a s  de te rmined  b y  Ruther fo rd  backsca t te r ing  of 
a lpha  par t ic les  (RBS) as r epor ted  prev ious ly  (25). 
The dispers ion is g iven  by  the ra t io  Spt/Tpt. 

The fo rmer  method is sensi t ive to 0.01 ~g/cm 2 of ex-  
posed p la t inum,  and the l a t t e r  to 0.3 m g / c m  2 of p la t i -  
num regardless  of the chemical  form of p l a t i num on 
the subs t ra te  surface (25). I f  p l a t inum crysta l l i tes  of 
convent ional  type  are  present ,  the  dispers ion D should  
decrease wi th  increas ing size of crystal l i tes ,  and if 
p l a t inum atoms disperse  on SnO2 surface in a mono-  
l aye r  o r  submonolayer ,  i t  should be unity.  
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Results and Discussion 
Al l  steps of the p repa ra t ion  of p la t in ized  e lec t rodes  

are  in te r re la ted .  We wil l  discuss them in order,  bu t  
an t ic ipa t ing  resul ts  of l a te r  steps in descr ibing the opt i -  
mizat ion of each step. 

Alkali pretreatment.--Figure 1 shows the effect of 
p r e t r ea tmen t  wi th  a lka l i  on the  ac t iv i ty  of p la t in ized 
electrodes.  Tin oxide  e lect rodes  were  soaked in 10M 
NaOH solut ion under  u l t rasonic  agitat ion.  They  were  
p la t in ized at  50~ for 6.5 hr, washed,  and  then  hea ted  
at  200~ p r io r  to e lec t rochemical  reduct ion.  With  
a lka l ine  p r e t r e a t m e n t  the ca ta ly t ic  ac t iv i ty  could be in-  
creased up to a l imi t ing  value wi th  increase  of de -  

p o s i t e d  p la t inum.  This l imi t ing  value  was reached upon 
r e l a t i ve ly  p ro longed  soaking (>5  h r )  at  50~ 

The  presoaking  t ime can be shor tened even wi thout  
u l t rasonic  agi ta t ion b y  e levat ing  the soaking t e m p e r a -  
ture, i.e., the l imi t ing  value was reached af te r  soaking 
at  80~ (1 h r )  or  90~ (30 min) as shown in Fig. 2. 
Even at  90~ the SnO2 coating i tself  was not  not iceably  
at tacked,  bu t  unpro tec ted  glass showed etching af ter  
longer  exposure.  In  the  fol lowing a 30 min,  90~ p re -  
t r ea tmen t  was used. 

Platinization.--The pla t in iz ing solut ion was p repa red  
by  the method  ment ioned  in the Expe r imen ta l  section. 
Chemisorpt ion  was~ s tudied by  exposing a series of 
a lka l i  p r e t r ea t ed  SnO2 samples  using va ry ing  concen-  
t ra t ions  of Na2HPO4 in the  p la t in iz ing  solutions at  25~ 
for  15 h r  under  u l t rasonic  agitat ion.  The chemisorbed 
p l a t i num was deve loped  e lec t rochemica l ly  a f te r  p re -  
hea t ing  at  200~ It  is c lear  in Fig. 3 tha t  chemisorpt ion  
occurs in a concentra t ion region lower  than  0.2M 
Na~HPO4. F igure  4 shows the re la t ion  be tween  pH and 
the  concentra t ion of Na2HPO4 in the  solutions. The 
u p p e r  l imi t  0.2 M/ l i t e r  Na2HPO4 corresponds to pH 7.7. 
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Fig. 1. The effect of pretreatment with alkali on the activity 
of platinized electrodes. Conditions: in 10M NaOH at 50~ under 
ultrasonic agitation. Electrodes were heated at 200~ for 15 min 
prior to electroreduction. 
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Fig. 2. The effect of pretreatment with alkali on the activity of 
platinized electrodes. Conditions: in 10M NaOH at 90~ without 
ultrasonic agitation. Electrodes were heated at 200~ for 15 min 
prior to electroreduction. 
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Fig. 3. The effect of concentration of N a r ~ H P 0 4  o n  the activity 
(or chemisorption) of Pt compounds. Conditions: in platinizing solu- 
tion at 25~ for 15 hr under ultrasonic agitation. Other conditions 
were similar to those of Fig. 2. 

8.0 

7,5 

:Z: 7.0 
n 

6,5 

No adsorption 
. . . . . . . . . . . . . . .  u . . . . . . . . . . . . . . . . . .  ~ ' ~ F  ~ 

Adsorption / o i 

/ ~ /  :< :. 
P r e c i p i t a t i o n  

6 , 0  i 

0 0,1 0,2 

Cona. of Na2HPO 4 , M.L -I 

Fig. 4. The relation between the concentration of Na~HPO4 and 
pH of the platinizing solution. O ,  Before soaking samples; A ,  
after soaking samples. 

On the  o ther  hand, a t  a lower  concent ra t ion  of 
Na2HPO4, a smal l  amount  of col loidal  p rec ip i t a te  was 
formed wi th  t ime in the  stock solution. A pH of 7.3 
was found as a lower  l imit .  Sodium chlor ide  was dis-  
solved addi t iona l ly  into the  solut ion in o rde r  to s ta -  
bil ize it. In  al l  subsequent  exper iments ,  the  p la t in iz ing 
solut ion contained 1000 p p m  P t ( I V ) ,  made  up to be 
0.135M in Na2HPO4 and 0.5M in NaCl, at  a p H  of 7.4. 

Chemisorpt ion  was again s tudied by  soaking a series 
of SnO2 samples  for  va ry ing  t imes in the  p la t in iz ing 
solution. P l a t i n u m  analyses  showed a l inea r  increase  
of p l a t inum content  wi th  time. By soaking at  50 ~ a 
p l a t inum content  of about  0.35 ~g/cm 2 was achieved in 
40 h r  (Fig. 5), whi le  at 90 ~ a s imi la r  p l a t i num content  
was reached in 3 h r  (Fig. 6). In  both cases, quite negl i -  
gible amounts  of p l a t i num were  detected on jus t  P y r e x  
glass. This resu l t  proves  tha t  the p r i m a r y  deposi t ion 
occurs through the chemisorpt ion  of the  p l a t inum com- 
pound on funct ional  groups of SnO2. 

I t  was expected tha t  p l a t i num deposi t ion would  leve l  
off wi th  sa tura t ion  of surface funct ional  groups.  With  
longer  exposure  to the p la t in iz ing solution, the total  
p l a t inum concentration cont inued to increase,  bu t  the 
ca ta ly t ic  ac t iv i ty  leve led  off as is shown below, so tha t  
p l a t inum loadings beyond 1 ~g/app cm 2 were  essen-  
t ia l ly  ineffective in ca ta ly t ic  act ivi ty.  This loading 
would be about  equiva len t  to a c lose-packed monolayer  
if  a roughness  factor  of 2.5 were  assumed. I t  is be l ieved 
tha t  loadings of severa l  micrograms  are  the  resul t  of 
condensation react ions be tween  p r i m a r i l y  chemisorbed 
P t  compounds and solut ion species, to y ie ld  p l a t i num 
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Fig. 5. The dependence of chemisorbed Pt content upon platiniz- 
ing time. Conditions: platinized at 50~ without agitation. Other 
conditions were similar to those of Fig. 2. 
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Fig. 6. The dependence of r Pt content upon platiniz- 
ing time. Conditions: platinized at 90~ without agitation. Other 
conditions were similar to those of Fig. 2. 

crystallites of increasing size. As is sl~own below, the 
dispersion decreases with Pt loading in this range. 

Thermal treatment.--We tried the direct electro- 
chemical reduction of platinized surfaces after thor- 
ough washing but the reduction was not successful. 
Figure 7 shows the effect of preheating temperature on 
t h e  electroreduction. Each sample was platinized at 
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Fig. 7. The effect of preheating temperature on the electrochemi- 
cal reduction of chemisorbed Pt compounds. Electrodes were plat- 
inized at 90~ for 3.5 hr and reduced at 0.05V for 30 sec potentio- 
statically after the preheating, e ,  Tpt;,�9 

90~ for 3.5 hr and electroreduced at 50 mV for 30 sec 
after the preheating. Filled circles stand for Tpt, and 
open circles for Spt determined electrochemically. The 
nonpreheated sample, or Spt at 25~ in the figure, in- 
dicates that direct electroreduction is very difficult. By 
preheating at higher than 150~ the reduction be- 
comes easier, and a maximum value of Spt was ob- 
tained at higher than 200~ probably by the complete 
decomposition of platinum compounds. 

A temperature of about 200~ was found to be criti- 
cal; at this temperature (or ~at 300~ a short heating 
(15 rain) was sufficient to fully "activate" the platinum 
as shown in Fig. 8. 

Catalytic activity for oxygen reduction.--Figure 9 
shows a plot of catalytic activity (expressed as the ap- 
parent current density for oxygen reduction) as a 
function of total platinum loading. Beyond a loading 
of about 1 ~g/app cm 2 the catalytic activity leveled off 
at a value corresponding to that of metallic platinum 
foil. 

In Fig. 10, the catalytic activity per unit of surface 
platfnum is plotted against total Pt loading. Such a 
normalization procedure permits a direct comparison 
between catalyzed oxygen reduction and electrochemi- 
cal reoxidation of chemisorbed hydrogen, regardless of 
roughness factor or dispersion. The "loading" for a 0.2 
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Fig. 8; Activity expressed as /~A/app cm ~ at potential of O.8V 
(vs. RHE) in air-saturated 0.1N NoaH at scan rate of 100 mV/sec. 
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Fig. 9. The dependence of activity on deposited I~t content. 
Refer to Fig. 6 for the preparation of electrodes and Fig. 8 for test 
conditions. 
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Fig. I0. The change of specific activity with deposited Pt content, 
corresponding to Fig. 9. 

mm foil, or roughness factor 2.5, would be 2.1 • 105, 
which is plotted as a full circle in Fig. 10. It is clear 
that the first fractional monolayer atoms are much 
more effective catalytically than surface atoms of me- 
tallic platinum crystallites or bulk metal. Evidently the 
catalytic activity is enhanced by the SnOs substrate. 

Dispersion.--Dispersion:for 50 ~ and 90~ chemisorp- 
tions were plotted against the total platinum contents 
in Fig. 11 and 12, respectively. The results show that 
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Fig. 11. The dependence of dispersion on deposited Pt content, 
refer to Fig. 5 for the preparation of electrodes. 
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Fig. 12. The dependence of dispersion on deposited Pt content, 
refer to Fig, 6 for the preparation of electrodes. 

very high values of D (of the order of 0.9) are ob- 
tained both at 50* and 90~ if Tpt approaches 0.4 ~g/ 
app cm2 for the former and 0.2 ~g/app cm 2 for the 
latter. In the 50~ experiments, the remarkable result 
was that lower D was found at lower Pt loadings. This 
is just opposite to the trend observed for electrochemi- 
cally deposited platinum, and what would be expected 
if smaller crystaUites formed at lower loading. Both 
the inverse trend of D, and its high value, suggest that 
perhaps substrate-catalyst interactions are enhancing 
catalytic activity. In the 90~ experiments, D is nearly 
constant covering the region from 0.2 ~g to 1 ~g/app 
cm2, suggesting an optimum support catalyst in a 
range of 20-100% of a close-packed monolayer equiv- 
alent. Of course a close-packed monolayer is not ex- 
pected actually. The D is decreased with increasing 
platinum loading for more than 1 ~g Pt, presumably 
because of crystal growth. 

Summary and Conclusions 
Quite highly dispersed platinum can be prepared on 

conductive SnO~ by the chemisorption mentioned 
above. The dispersion can exceed 90% at small amounts 
of loading, and the activity per unit of surface Pt is 
higher than that of metallic platinum, perhaps being 
enhanced through substrate-catalyst interactions (10). 
Thus the Pt-SnO~ system presents many possibilities as 
a replacement for platinum metal as a catalyst. Fur- 
ther investigations on a simplification of the prepara- 
tion method and on the stability of the catalyst upon 
heating and upon standing in electrolyte will be re- 
quired. 
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Electrochemical Behavior of Li2S in Fused LiCI-KCI Electrolytes 
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ABSTRACT 

Cyclic voltammetric studies of l i thium sulfide in LiC1-KC1 electrolytes have shown that the voltammograms obtained 
in a large range of potentials with an inert, glassy carbon electrode were dependent  on Li2S concentration, temperature, and 
LiC1-KC1 electrolyte composition. Voltammograms suggest three successive sulfide ion oxidation stages and a complex 
reduction electrochemistry. A detailed analysis of the results allows postulation of different possible redox mechanisms, 
but because numerous ionic sulfur species can exist in molten salts, an overall definitive mechanism, based solely on these 
electrochemical measurements,  cannot be proposed. The diffusion coefficient of S 2- and the solubility of Li2S have also 
been investigated as a function of electrolyte composition at temperatures between 400 ~ and 450~ The diffusion coeffi- 
cient of S 2- is (5.2 --- 1) • 10 -5 cm 2 sec -~ in the electrolytes used; the solubility of Li2S is 950 -+ 100 ppm at 454~ in the eutectic 
LiC1-KC1 electrolyte and increases with increasing LiC1 concentration. 

Rechargeable l i t h ium/ i ron - su l fu r  batteries with high 
specific energy are cur ren t ly  being developed by  Ar-  
gonne National  Laboratory and its industr ia l  subcon-  
tractors for use in off-peak energy storage and electric- 
automobile applications (1). The possibility of using 
an FeS2 positive electrode in these high tempera ture  
batteries has caused considerable interest  in  the elec- 
trochemical properties of sulfides and polysulfides in 
mol ten  salt  systems, because one of the main  diffi- 
culties encountered with batteries of this type is the 
loss of sulfur  from the positive electrode through va-  
porization and through the formation of sulfides that  
are soluble in the molten salts. These sulfur  loss 
mechanisms l imit  the lifetime and capacity of the cells. 

Because basic informat ion was needed to fur ther  im-  
prove the sulfur  electrode, many  studies have been 
conducted on the electrochemical behavior  of sulfur  
and sulfide ion in mol ten salts (2). Many inves t iga tors  
(3-19) have suggested various identit ies for the sulfide 
species present  in  the LiC1-KC1 eutectic electrolyte 
and various sequences for the redox mechanism for 
S 2-. Ini t ia l  studies have indicated a single step for 
the oxidation of S 2- to sulfur  (3-5) and also a direct 
reduct ion t ransi t ion of sul fur  to sulfide (6-8). The ob- 
served blue color of the mol ten solution was ascribed 
to polysulfide ions, formed by a chemical reaction be- 
tween sulfur and sulfide (9), or to the hypersulfide 
ions $2-  (10); the yellowish color of the frozen melt  
was found to be due to the dimerizat ion of S~- to $42-. 
These results were par t ly  supported by the work of 
Bernard et al. (11) who asserted that a polysulfide 
Sn 2- and a supersulfide Sn-  were involved in the 
calcium sulfide oxidation. 

Kennedy  and  Adamo ( 1 2 ) a n d  Cleaver et al. (13) 
have carried out cyclic vol tammetr ic  studies on sulfur 

* Electrochemical ~ociety Active Member.  
Key words: battery, fused salts, voltammetry. 

and on sodium or potassium sulfides in fhe LiCI-KCI 
eutectic. Their  vol tammograms showed two anodic and 
two cathodic peaks. The authors proposed the follow- 
ing mechanism Sn 2- ~ S~- -5 c - ,  Sn-  ~ -  nS -5 e -  
where n > 2, bu t  the peak positions from the two sets 
of their  experiments  were different. A cyclic vol tam- 
met ry  s tudy of l i th ium sulfide by Birk and S teunen-  
berg (14) also showed two stages of oxidation leading 
to sulfur,  and two or three stages of reduct ion going 
back to sulfide, depending on the Li2S concentration, 
the temperature,  and the potential  scan rate. The 
redox mechanism was postulated to be 2S 2-  ~:~ $2 2- -5 
2e- ,  $2 2- ~ 2S -5 2e - ;  the third cathodic intermediate  
step $2-  -5 e -  - ~  822- was found to occur when  the 
conditions were favorable to the formation of the S2- 
ion by the hypothetical  chemical reaction 3S -5 S 2- 
S~ 2-  ~--- 2S2-. These results agreed in general  with 
the work reported by Raleigh et al. (15) who, never -  
theless, indicated an impor tant  distortion in the cyclic 
vol tammograms when different types of indicator elec- 
trodes (graphite, molybdenum,  p la t inum)  were used. 
Under  these conditions, the choice of the carbon elec- 
trode used by Birk and Steunenberg  appeared ques- 
tionable, due to the inheren t  porosity of the material ,  
especially when an insoluble product  such as sulfur  
could be retained on the electrode. 

Kam and Johnson (16) have indicated three  oxida- 
tion steps of S 2- leading to the formation of $2, on the 
first scan of the cyclic vol tammogram; the subsequent  
scans were found to be different from the first scan 
and the authors invoked another  mechanism with four 
electrochemical steps including the reaction 2S 2-  
$28- -5 e - .  These authors were the only ones to men-  
t ion such a modification of the redox mechanism when 
scanning and, based on the other works, the formation 
of the ion $2 ~- appears very  unlikely.  A bibliographic 
study by  Santar in i  (17) has indeed suggested that  
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the  more  l ike ly  sul fur  ions exis t ing in the  eutect ic  
LiC1-KCI at  450~ are  S 2- ,  $42-, $2- ,  $3- ,  and Ss - .  

Thus, the  e lec t rochemical  behavior  of sulfide ions is 
s t i l l  uncer ta in  wi th  r ega rd  to the species exis t ing in 
the LiCI-KC1 eutectic and to the  number  of red0x 
processes. T h e  purposes  of this work  were  to charac -  
terize the e lec t roact ive  species involved  in the redox 
react ions  of sulfide, and to s tudy  the kinet ics  of these 
processes as functions of t empera tu re ,  Li2S concent ra-  
tion, and LiC1-KC1 e lec t ro ly te  composition. 

Exper imenta l  

All  opera t ions  were  pe r fo rmed  inside a glove box 
under  a d r y  he l ium atmosphere .  The test  cell, an 
a lumina  beake r  4.5 cm diam and 12 cm long, contained 
a weighed amount  (130g) of LiC1-KC1 sal t  and three  
electrodes.  The work ing  and countere lec t rodes  were  
glassy carbon rods (0.6 cm diam) f rom the F luoro -  
Carbon Corpora t ion  with  work ing  electrode areas  of 
1.0 cm ~. The reference  e lect rode employed  a two-  
phase  (~ -1- ~)-LiA1 al loy (42 a /o  Li)  from KBI  In -  
corpora ted  which  was  loaded  into an AI~O~ tube (3.2 
mr~  diam) that  served as the  insu la tor  housing wi th  
an AI~O~ plug  at  the  bot tom of the tube;  a nickel  wire  
inside the  A12Os tube  ensured e lec t r ica l  contact  wi th  
the Li-A1 powder .  The  role of the A1203 p lug  was to 
c rea te  a diffusion b a r r i e r  effective enough to p reven t  
the contact  and possible chemical  reduct ion  of the  
soluble species b y  the Li-A1 alloy. The  e lec t ro ly te  in 
the test  cell  was po l a rog raph ic -g rade  LiC1-KC1 eutec-  
tic (58.2 m / o  IACI) f rom Anderson  Physics  Labora tory .  
Var ia t ions  in e lec t ro ly te  composit ion were  accom- 
p l i shed  by  the addi t ion  of e i ther  LiC1 (Anderson  
Physics  Labo ra to ry )  or  KC1 (Baker ,  reagent  g rade)  
in o rder  to shif t  the composi t ion to "LiCl - r ich"  
(66.0 m/o  LiC1) or  "KC1 rich" (54.0 m/o  LiC1). The 
Li2S concentra t ion  in the  test  cell  was contro l led  b y  
adding  weighed known  quant i t ies  of Li~S (Eagle-  
P icher  Industr ies ,  Incorpora ted ,  > 99% pur i ty )  to the  
LiC1-KC1 electrolyte .  In  o r d e r  to ensure  that  the Li~S 
contained no free sulfur ,  the  Li2S was hea ted  u n d e r  a 
d r y  he l ium a tmosphere  for severa l  hours  before  i t  was 
added  to the electrolyte .  The s imple  design of the  cell  
p r even ted  quest ions about  possible  unwan ted  side re -  
act ions (15, 18) because a lumina  and v i t reous  carbon 
were  the only  mate r i a l s  in contact  wi th  the  e lect rolyte .  

The test  cell  was p laced in a tubular ,  ver t ica l  L ind -  
berg  furnace  where  the  t e m p e r a t u r e  was r egu la t ed  
wi th  an  appropr i a t e  select ion of  Var iac  set t ings and 
measured  wi th  a C h r o m e l - A l u m e l  thermocouple  lo-  
cated be tween  the  outs ide  of the  cell  and  the furnace.  
The e lec t ro ly te  t empe ra tu r e  was contro l led  to wi th in  
I~ in the  range  400~176 The uppe r  end of the  fu r -  
nace wel l  was closed by  a cap equipped  wi th  a n u m b e r  
of Swagelok  fit t ings th rough  which the e lect rodes  were  
inser ted  and the  appara tus  could be  evacuated  o r  
flushed wi th  hel ium. 

Cyclic v o l t a m m e t r y  was pe r fo rmed  wi th  a Pr ince ton  
Appl ied  Research  Poten t ios ta t  equipped  wi th  a Model  
179 Digi ta l  Coulometer  and a Model  175 Universa l  P r o -  
grammer .  The da ta  were  recorded  on a Hewle t t -  
Packa rd  Model  7045 A X - Y  recorder .  The usual  vol tage  
r ange  was 1.1-2.8V vs. the  Li-A1 re fe rence  electrode;  
the  voltage,  however ,  was of ten res t r i c ted  to smal le r  
ranges  in o r d e r  to pe rmi t  s tudy  of pa r t i cu l a r  t r ans i -  
tions. The scan rates  were  va r ied  f rom 10 to 1000 
mV/sec.  The  usual  p rocedure  consisted of repea ted  
anodic and cathodic sweeps  to obta in  s t eady-s t a t e  
vo l t ammograms  for  each of the  different  expe r ime n -  
ta l  conditions.  The s ta r t ing  poten t ia l  was chosen to be  
the point  where  no cur ren t  passed th rough  the cell  
(Vi ----- 1.2V) and  the first sweep was anodic. The elec-  
t rodes  were  immersed  d i rec t ly  in the mol ten  salt  a few 
minutes  before  cyclic vo l t ammograms  were  begun. 
The pu r i t y  of the  in i t ia l  LiC1-KC1 mel t  was checked 
by  obta in ing  a clean b lank  vo l t ammogram on the 

carbon elect rode al l  along the scanned vol tage  range.  
(The res idual  cur ren t  dens i ty  was less than  1 m A / c m  2 
at the highest  scan ra te  of 1 V/sec.)  Af te r  each add i -  
t ion of Li2S, the solut ion was s t i r red;  complete  dis-  
solut ion of the  Li2S, which occurred af te r  severa l  
hours, was ind ica ted  by  s table  and reproduc ib le  voI-  
t ammograms  over  a long per iod  of time. 

Results and  Discussion 
Essent ia l ly  three  different  types  of s tudies  were  con-  

ducted,  in which  the cyclic vo l t ammograms  were  ob-  
ta ined  at  var ious  Li2S concentra t ions  (Fig. 1), t em-  
pe ra tu res  (Fig. 4), and  LiC1-KC1 e lec t ro ly te  composi-  
tions (Fig. 6). In each type  of s tudy,  the condit ions of 
the cyclic v o l t a m m e t r y  (potent ia l  scan-ra te ,  range  of 
potent ia ls)  were  wide ly  va r ied  to s tudy  the charac-  
ter is t ics  of the  redox processes and the s tab i l i ty  of the  
different  species. 

Eight  different  Li2S addi t ions  were  made  to provide  
concentra t ions  ranging  f rom 80 to 2200 ppm. The da ta  
shown in Fig. 1 are  typ ica l  of the evolut ion of the 
vo l t ammograms  at  a scan ra te  of 50 mV/sec  and a 
t empe ra tu r e  of 454~ when  the  concentra t ion  of Li2S 
was increased.  The peak  cur ren t s  increased  to con- 
s tant  values which  were  reached when  the amount  of 
added  LieS became grea te r  t han  the so lubi l i ty  l imit .  
The  main  fea tures  of these vo l t ammograms  in Fig. 1 
a re  the  two anodic peaks,  which  occur at  1.88 and 

�9 2.16V, and the two cathodic peaks,  which  occur  at  2.07 
and 1.65V, regardless  of the Li~S concentrat ion.  The 
coulombic efficiency was only  ,~30%, which  was ma in ly  
because high and uns tab le  charging cur ren t  was ob-  
served  at  potent ia ls  g rea te r  than  2.4V dur ing  both 
anodic and cathodic scans. When  the m a x i m u m  cutoff 
vol tage  was decreased (Fig. 2), the  first anodic  peak,  
des ignated  Ia, could be associated wi th  the  las t  ca th-  
odic peak  IIIc, and peak  IIIa  could  be associated wi th  
peak  Ic, a l though the shapes of these two peaks  were  
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Fig. 1. Voltarnmograms (50 mV/sec) of sulfide ion in LiCI-KCI 
eutectir electrolyte at 454~ with the following Li2S concentration: 
(a) 230 ppm, (b) 450 ppm, (c) saturated. 
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very  d i f f e r en t  On closer examinat ion,  an in te rmedia te  
anodic peak  IIa wi th  a peak  potent ia l ,  Ep, of ~2.10V, 
could ba re ly  be seen at  a scan ra te  of 50 mV/sec  wi th  
Li2S-sa tura ted  e lec t ro ly te  (Fig. l c ) ;  this  peak  w a s  
more  c lear ly  observed  when  the scan r a t e  was fas ter  
than 50 mV/sec  (Fig. 3). The high anodic current ,  ob-  
ta ined  be tween  peaks  Ia and I l ia  when o ther  condit ions 
were  used, leads  to the  conclusion tha t  a th i rd  anodie 
in te rmedia te  t rans i t ion  is a lways  present ,  even if the 
peak  corresponding to this t rans i t ion  is not  c lear ly  
observed.  Thus, these da ta  indicate  the exis tence of 
three  s teps for  the  oxidat ion  of S 2 -  a t  t empera tu re s  
close to 450~ 

In an a t t emp t  to character ize  the  kinet ics  of the  
first anodic t ransi t ion,  Ia, occurr ing  at  E = 1.88V, di f -  
ferent  scan ra tes  ranging  f rom 10 mV/sec  to 500 m V /  
sec were  used be tween  1.1 and 1.95V. The peak  po-  
ten t ia l  was found to be independen t  of  the sweep rate,  
v, and the peak  current  increased as the  square root  
of the  sweep ra te  increased.  These resul ts  indicate  tha t  
a Nerns t ian  equi l ib r ium is ma in ta ined  at  the  elec-  
t rode  sur face  a n d  tha t  the react ion is s imply  diffusion 
control led  (20). Fur the rmore ,  the  shape factor  of the  
peak,  E p -  Ep/2 (where  Ep is the  peak  poten t ia l  and 
Ep/2 is the  potent ia l  a t  the h a l f - p e a k  he igh t ) ,  can 
be used to de te rmine  the number  of e lectrons t r ans -  
fer red;  i ts va lue  is 130 _ 5 inV. Fo r  a s imple  diffusion- 
control led  revers ib le  reac t ion  fol lowed or  not  b y  a 
slow chemical  reaction,  the  theore t ica l  value  of the  
shape  factor  is 140 mV per  e lect ron t rans fe r red  at  
450~ in the case of soluble products  (15, 16, 26). Be-  
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Fig. 3. Voltommograms of sulfide ion in Li2$-saturated LiCI-KCI 
eutectic electrolyte at 454~ with (a) ~ = 200 mV/sec and (b) 
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cause of the  ag reemen t  be tween  the expe r imen ta l ly  
obta ined  and the theore t ica l ly  pred ic ted  shape factors, 
E p -  Ep/2, i t  can be Concluded that  the  first s tage of 
oxida t ion  of S ~-  corresponds to the t ransfer  of one e - ,  
thus forming  S - ,  

The  second anodic t ransi t ion,  IIa, is more difficult to 
character ize  because on ly  the upper  pa r t  of the  peak  
was observed  and the peak  wid th  could not  be mea -  
sured.  Nevertheless ,  the peak  posi t ion was not shif ted 
when the sweep ra te  was increased,  and the evolut ion 
of the  peak  cur ren t  wi th  the  sweep ra te  was s imi lar  to 
the var ia t ion  of peak  Ia (Fig. 3). The poor resolut ion 
of the  peak  sugges ted  also tha t  the  peak  was r e l a t ive ly  
b road  and was character is t ic  of a one-e lec t ron  t ransfer  
react ion because a two-e lec t ron  t rans fe r  react ion or  a 
react ion of the type  2 Red ~ Ox + 2 e -  would  corre-  
spond to a n a r r o w e r  and be t te r  resolved peak.  De-  
pending  on the ra te  of the l ike ly  chemical  react ion 
2 S -  - ~ S ~ -  which follows the  first e lec t rochemical  r e -  
action, the species which is oxidized in react ion IIa 
can be e i ther  S -  or $22-; the  existence of $22- is gen- 
e ra l ly  admi t ted  in the  l i t e ra tu re  (8-15, 19). The elec-  
t rochemical  react ion IIa is then assigned to be the oxi -  
da t ion  of one of these  species S -  ~ S + e -  or  $22- 
S2-  + e - .  

As wi th  t ransi t ions  Ia and IIa, the  peak  potent ia l  of 
the  last  anodic stage, Ilia, d id  not  v a r y  when the sweep 
ra te  was increased (Fig. 3), but  the p ropor t iona l i ty  be -  
tween  the peak  cur ren t  and the square  root  of the scan 
ra te  observed for the first two t ransi t ions  was not  as 
definit ive for the  t rans i t ion  IIIa. The shape factor  can 
be roughly  es t imated  to be 70 __. 10 mV; this va lue  cor-  
responds to the  theore t ica l  value  (21, 22) of a two-  
e lect ron t ransfe r  react ion be tween  two soluble  species 
(Ep- -Ep /2  = 69 mV, at  450~ As there  is no evi -  
dence of peaks  be tween  2.30 and 3.50V, it is assumed 
tha t  the  product  formed by  the last  anodic reaction,  
IIIa, is free sulfur.  Depending  on the species which is 
oxidized,  reac t ion  I l i a  can be one of the three  steps in-  
volving two electrons and leading  to free sulfur  $22- 
$2 + 2e - ,  $32- ~ $3 + 2e - ,  $42- -+ $4 + 2e - .  P r io r  
to the e lec t rochemical  react ion $22- can be formed 
chemical ly  b y  the d imer iza t ion  reac t ion  2 S -  ~ S~ 2- ,  
as sugges ted  above, or  by  the react ion S 2 -  + S ~ S~ 2-  
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if  sulfur  is fo rmed by  t rans i t ion  IIa; Sa 2 -  can also be 
formed by  two possible chemical  react ions  S + $22- 
-* Ss 2 -  or  S -  + S,~- -~ Ss2-;  $42- can be formed by  
the d imer iza t ion  react ion 2S~.,- ~ $42- (9, 20), S2-  
coming from the e lec t rochemical  reac t ion  IIa or  f rom 
two possible  chemical  react ions  S + S -  --) $2-  or  3S 
+ S ~- --> 2S2- (14). 

The features of the voltammograms observed during 
the cathodic sweeps imply that the discharge electro- 
chemistry is as complex as the charge electrochem- 
istry. The first cathodic peak, Ic, in Fig. 2 is clearly 
associated with the peak Ilia. Nevertheless, the peak 
cur ren t  of the  t ransi t ion,  Ic, increased  when  the m a x i -  
m u m  cutoff vol tage  was increased f rom 2.40 to 2.80V, 
which is a po ten t ia l  region where  no anodic t rans i t ion  
was abserved  (Fig. lc, 2d) .  Fur the rmore ,  the  peak  cur -  
rent ,  Ic, increased only  ve ry  s l ight ly  when  the scan 
r a t e  was increased  f rom 50 to 1000 mV/sec.  The nor -  
mal ized peak  current ,  I /v l /2 ,  decreased (Fig. lc, 3 b ) ,  
a l though  peak  IIIa increased  almost  as the  square  root  
of the scan ra te  increased.  Under  these conditions, i t  
appears  tha t  the reac t ion  Ir is not  the  inverse  process 
o f  r eac t ion  IIIa. Since the shape fac tor  of  the peak  
was not  constant  for  the  different  scan rates,  it  is diffi- 
cult  to assign wi th  ce r t a in ty  an  e lec t rochemical  reac-  
t ion to this step. Nevertheless ,  based on the vo l t ammo-  
g rams  a t  scan ra tes  less than  1000 mV/sec ,  the  shape 
factor  is be tween  35 and 45 mV. This value  corresponds 
to the expected  value  for  a 4-e lec t ron t ransfe r  mecha-  
nism for the reduct ion  of soluble  species; i t  also cor-  
responds to the  theore t ica l  va lue  for a 1-e lect ron p ro -  
cess for  the  reduct ion of an  insoluble  species (23). 
These two possibi l i t ies  have to be considered because 
free sul fur  is k n o w n  to be v i r t ua l ly  insoluble  in  the  
LiC1-KC1 eutect ic  b u t  its so lub i l i ty  has  been  found to 
increase  in LiC1-KC1 e lec t ro ly tes  containing sulfide 
ions (24); in addit ion,  the  cur ren t  ins tabi l i t ies  seen 
above  2.50V in Fig. 1 a re  p robab ly  indica t ive  of the  
formation,  bui ldup,  and er ra t ic  dissolut ion of the smal l  
amount  of su l fur  genera ted  at  the end of the anodic 
scan. Fo r  these reasons, i t  cannot  be de te rmined  if  the 
su l fur  species is dissolved or  not. So, a possible react ion 
for  peak  I~, in the  case of  soluble sulfur ,  can be $4 + 
4 e -  -> S~4-; the species $44- is then dissociated to 
fo rm the more  s t ab le  polysulf ide S~ 2- .  In  the case of 
insoluble  sulfur,  r eac t ion  Ic is S + e -  --> S - ,  and  the 
d imer iza t ion  react ion 2 S -  --> $22- leads  also to the 
fo rmat ion  of the polysulf ide ions. 

At  a scan ra te  of 50 mV/sec,  only  a second cathodic 
peak,  IIIc, was observed.  I ts  character is t ics  l ead  to the  
conclusion tha t  i t  represents  a di f fus ion-control led r e -  
act ion of the  type  Ox + 2 e -  --> 2 R e d  (21). Com- 
par isons  of  the  first and subsequent  scans show that  
the  anodic peaks  do not  change significantly,  suggest -  
ing tha t  the  in i t ia l  e lec t roac t ive  sulfide species was 
r e fo rmed  at  the end of  the  reduct ion  sweep. Al l  these 
da ta  lead  to the  conclusion that  reac t ion  IIIc is S~ ~-  -t- 
2 e -  ~ 2S 2-.  When  a scan ra te  fas ter  than  50 mV/sec  
was used (Fig. 3), an in t e rmed ia te  cathodic  t ransi t ion,  
IIc, appea red  at  a peak  potent ia l  of 1.95V; the no rma l -  
ized peak  current ,  Ic, concurren t ly  decreased,  and the 
last  cathodic t ransi t ion,  IIIc, was not affected. Two 
mechanisms  can be  proposed  to exp la in  this  result .  
Firs t ,  since this t ransi t ion,  IIc, is enhanced wi th  a r ap id  
�9  rate ,  i t  can be represen ta t ive  of the  reduct ion of 
the species $42- fo rmed  dur ing  the anodic scan and 
not  comple te ly  oxidized dur ing  the fol lowing step IIIa. 
This  hypothesis  tha t  the polysulf ide ions, $42-, a re  no t  
fu l ly  consumed b y  oxida t ion  IIIa impl ies  a d iminut ion  
of the  concent ra t ion  of the  su l fu r  species, $4, and  ex -  
plains  w h y  the reduct ion  peak  of S~ (Ic) was reduced  
when  peak  IIc was observed.  Under  these condit ions,  
the  assigned reac t ion  for  the  peak  IIc is pos tu la ted  to 
be $42- + 2 e -  --> 2S~ 2- .  A second possible mechanism 
is tha t  the species S -  fo rmed  by  the reaction,  Ic, reacts  
r ap id ly  wi th  the  s t i l l - ex i s t ing  sul fur  species to chem-  

ica l ly  form $42- (2S + 2 S -  -* $4=-) ;  less su l fur  is 
ava i lab le  for  reaction,  Ic, while  reaction,  IIc, $42- + 
2 e -  --> 2S22- becomes more  impor tan t .  We can con- 
clude that  the  possible overa l l  mechanism in the  LiC1- 
KC1 eutect ic  e lec t ro ly te  at  450~ is one of the  fol-  
lowing possibi l i t ies  

Anodic  

(I~) S 2-  -~ S -  + e - ,  

(IIa) S -  -> S + e - ,  

o r  

$2 2 -  --, $ 2 -  + e - ,  

( I l ia)  S .  2 -  -~ S ,  + 2 e -  

Cathodic:  

(ID S4 + 4 e -  ~ $4 4 - ,  

o r  

S + e - - ~  S - ,  

(IIc) S42- + 2 e -  -~ 2 S ~ -  

(IIIc) S~ 2-  + 2 e -  --> 2S 2-  

2 S -  -* S2 = -  

S + S 2-  --> $2 ~ -  

or  S + S22- -> Sa 2 -  

o r  S + S - - >  $ 2 - - *  2S4~- 

or  3S + S ~- -~ S4 2- 

S ~ -  + S - - *  S32 -  

or 2S2- -~ S4 ~- 

wi th  n = 2 , 3 ,  o r4 .  

S 4 4 -  ~ 2 S ~ 2 -  

2 S -  -* S ~ -  or  

2S  + 2 S -  -~ S~ ~ -  

In addi t ion  to the  cyclic v o l t a m m e t r y  studies at  
450~ exper iments  have been pe r fo rmed  at  severa l  
t empera tu res  be tween  400 ~ and 450~ The da ta  p r e -  
sented in  Fig. 4 a re  typical  of the  evolut ion  of the  
vo l t ammograms  when the t empera tu re s  were  399 ~ 
413 ~ and 428~ at  a scan ra te  of 50 mV/sec.  When  the 
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t empera tu re  was less than  428~ (Fig. 4a, 4b) only  
two anodic peaks  were  observed  upon oxida t ion  in-  
s tead of the  three  observed at  450~ However ,  this  
resu l t  does not  imp ly  a two-s tep  oxida t ion  mechanism 
for S 2-  at  lower  t empera tu res  because the  two las t  
anodic peaks,  IIa and IIIa, obta ined  at  450~ can form 
the single b road  peak  des ignated  IIa-IIIa  at 4O0~ 
This hypothesis  is consistent  wi th  the fact  t ha t  the 
cathodic scan showed the same three  peaks  at  both  
400 ~ and 450~ Nevertheless ,  a t  40O~ the in te rme-  
diate  peak,  IIc, is much  more  impor tan t ;  i t  was ob-  
served even wi th  the  s lowest  sweep ra te  and  i t  in -  
creased when  the t empera tu re  decreased,  whereas  an 
inverse evolut ion was seen for the  peak  Ic. This r esu l t  
p robab ly  signifies that  the species $42- ,  responsible  for 
the t rans i t ion  IIc, becomes more  s table  at  lower  t em-  
peratures .  The use of different  m a x i m u m  cutoff 
vol tages (Fig. 5) confirms tha t  peak  IIa-IIIa  is a 
doublet ,  as sugges ted  above, since i t  can be  c lear ly  
associated wi th  the  two different  cathodic peaks,  Ic 
and IIc. 

An analysis  of the different  peaks,  s imi lar  to the  
s tudy made  ea r l i e r  on the vo l t ammogram taken  at  
450~ reveals  tha t  the shapes and evolut ions of the  
anodic and cathodic peaks  at  different  sweep rates  are  
ident ica l  a t  450 ~ and 400~ except  for the first anodie 
t ransi t ion.  This first oxida t ion  stage occurred  at  a h igh 
poten t ia l  (E --  1.75V) and its shape facto~ was 110 _ 
10 mV, which  corresponds to the va lue  for  a mecha-  
nism of the  type  2 Red ~-- Ox + 2e - ,  at  400~ (23). 
Under  these conditions,  the  possible  oxida t ion  mecha-  
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nisms at  t empera tu re s  less than  428~ are  proposed  to 
be 

Anodic  

(In) 2S 2 - ~ $ 2 2 -  + 2 e -  

(IIa) S22- ~ S s -  -F e - ,  2 8 2 -  --~ S42- 

( I l i a )  S~ 2-  ~ Sn + 2 e -  wi th  n = 2 or  4 

The cathodic sequence is the same as at  450~ wi th  
the second step a lways  occurring.  

In a final series of exper iments ,  the  concentrat ions  
of LiC1 or  KC1 in the e lec t ro ly te  were  va r i ed  (Fig. 6). 
The vo l t ammograms  obta ined  in the L iCl - r i ch  or  KC1- 
r ich LiC1-KC1 e lec t ro ly tes  were  ve ry  s imi la r  to those 
obta ined  wi th  the eutectic e lectrolyte .  Vol tammograms  
were  recorded in both cases wi th  severa l  Li2S concen- 
t ra t ions  at  different  t empera tures ;  the i r  evolut ions as a 
resul t  of these condit ions were  ident ical  to those  de -  
scr ibed above for the eutect ic  e lectrolyte ,  except  that  
the in te rmedia te  cathodic peak,  IIc, was s l igh t ly  r e -  
duced wi th  both L iCl - r i ch  and KCl - r i ch  e lectrolytes  
(the s tab i l i ty  of the in te rmedia te  polysulf ide species 
responsible  for this t rans i t ion  m a y  be dependent  on the 
LiCI:KC1 rat io  of the  e lec t ro ly te ) .  Thus, the redox 
mechanism of the  sulfide ion suggested for the  eutect ic  
composit ion of the mol ten  sa l t  is thought  to correspond 
also to the  behav ior  of S 2-  over  a wide range  of com- 
posit ions of the LiC1-KC1 electrolyte .  

A plot  of the  normal ized  peak  cur ren t  vs. the Li2S 
concentra t ion leads  to an es t imat ion of the  diffusion 
coefficient of S~-  and of the solubi l i ty  of Li2S in the  
different  electrolytes .  As can be seen in Fig.  7, the  
heigh*, of peak  Ia increases  l inea r ly  wi th  the  concen-  
t ra t ion  of Li2S and becomes p rac t i ca l ly  constant  when 
the concentra t ion of S 2-  in solut ion is constant,  r e -  
gardless  of the added  amount  of Li2S, which indicates  
tha t  the so lubi l i ty  l imi t  is reached.  Fo r  instance, the 
so lubi l i ty  l imi t  was 950 ___ 100 ppm Li2S in the  LiC1- 
KCI eutect ic  e lec t ro ly te  at  454~ The var ia t ions  of the  
solubi l i ty  of Li2S in the different  e lec t ro ly tes  tes ted be-  
tween  400 ~ and 450~ are  given in Fig. 8. In this  
range of tempera tures ,  the solubi l i ty  increased wi th  in-  
creasing LiC1 concentra t ion of the  LiC1-KC1 elect ro-  
lyte.  This resul t  confirms the theoret ica l  calculat ions 
of Saboungi  et aL (26, 27) who have also ca lcula ted  an 
increase  in the so lubi l i ty  of Li2S wi th  the LiC! cor, cen-  
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t ra t ion.  In  o rde r  to calculate  the  diffusion coefficient 
of S 2- ,  i t  is assumed tha t  the first oxida t ion  step is 
only  diffusion cont ro l led  and that  i t  involves the t r ans -  
fe r  of one e lect ron per  a tom of sulfur ,  which  has been 
suggested by  the analysis  of the vol tammograms.  F o r  
a pu re ly  di f fus ion-control led one-e lec t ron  reaction,  the 
laws of diffusion lead  to the l inea r  re la t ionship  (22, 28) 
be tween  the peak  cur ren t  and the concentra t ion  

Ip F 3/2 
---- 0.446 ~ D 1/~ C ~ 

Arp I/2 R~/2TI/~ 

where  Ip is the  peak  cur ren t  (mA) ,  A the a rea  of the 
e lec t rode  (cm2), v the scan ra te  (V/see) ,  D the di f -  
fusion coefficient (cm~/sec),  and C o the  concentra t ion 
in the  bu lk  of the solut ion (mol / l i t e r ) .  Under  these 
conditions,  the value  of D can be de termined.  The 
expe r imen ta l  slope of the  l ine for  the anodic peak,  Ia, 
(Fig. 7), gives a value  of the  diffusion coefficient of 
S 2-  in the  LiC1-KC1 eutect ie  e lect rolyte :  D --  (5.2 • 
1) X 10 -5 cm 2 see -1, at  454~ A s imi lar  value  was also 
found wi th  the L iCl - r i ch  or  KCl - r i ch  LiC1-KC1 elec-  
t ro lytes  be tween  400 ~ and 450~ These resul ts  a re  in 
good ag reemen t  wi th  the  previous  da ta  of Cleaver  
et al. (13) and  Weaver  et at. (19) who had  repor ted  
values  of 5.7 • 10-~ cm ~ see-1  and (3.5 _ 1) • 10 -5 
cm 2 see -1, respect ively,  for the diffusion coefficient of 
S 2 -  in  the LiC1-KC1 eutect ic  e lectrolyte .  The concord-  
ance of these resul ts  also suppor ts  the  l ike ly  correc t -  
ness of the  pos tu la ted  mechanism of the first anodic 
step. 

Conclus ion  
Cyclic vo l t ammet r i c  s tudies  in LiC1-KC1 e lec t ro ly tes  

conta ining Li2S have  shown that  the  e lec t rochemis t ry  
of sulfide is sha rp ly  dependen t  on t empe ra tu r e  in the  
range 400~176 Sys temat ic  exper iments  pe r fo rmed  
under  a wide range  of expe r imen ta l  condit ions were  
necessary  to character ize  the three  oxidat ion  steps and 
the two or  three  reduct ion  steps of the  system.  The 
fact  that  the r edox  mechanism of the  sul f ide-sul fur  
sys tem var ies  when  the different  parameters ,  especial ly  
t he  t empera tu re ,  a re  changed p a r t l y  expla ins  the d is -  
crepancies  among the resul ts  of previous  work,  s ince 
the  authors  have usua l ly  car r ied  out the i r  s tudies 
under  fixed expe r imen ta l  conditions. In  m a n y  cases, 
our  measurements  a re  in good (bu t  p a r t i a l ) a g r e e -  
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ment  wi th  o ther  studies.  Nevertheless ,  we cannot  p ro -  
pose, at  this point,  a deta i led  overa l l  mechanism;  fu r -  
ther  study,  using ana ly t ica l  techniques which should 
a l low the de te rmina t ion  of the  sulfur  species formed,  is  
requ i red  to address  this  p rob lem and to propose,  
among the different  possibi l i t ies  that  we have p re -  
sented, the definit ive correct  sequence of reactions.  

The  resul ts  tha t  we have  obtained,  concerning the 
e lec t rochemical  behavior  of sulfide ions in the LiC1- 
KC1 mol ten  salts, are  also expected to be he lp fu l  for 
the s tudy  of meta l  sulfide redox  processes in solution; 
be t t e r  unders tand ing  of these  processes could lead  to 
an improvement  of the  FeS~ e lec t rode  for  h igh-  
t empe ra tu r e  ba t t e ry  cells. 
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Oxygen Transfer on Substituted ZrO2, Bi203, and CeO2 Electrolytes 
with Platinum Electrodes 

I. Electrode Resistance by D-C Polarization 
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Twente University of Technology, Department of Chemical Engineering, Laboratory of Inorganic Chemistry and Materials 
Science, 7500 AE Enschede, The Netherlands 

ABSTRACT 

The electrode behavior of Ptosputtered and PT-gauze electrodes on ZrO2-Y203, Bi20~-Er20.~, and CeO~-Gd203 solid electro- 
lytes was investigated by means of d-c measurements  in the temperature  region of 770-1050 K and in the oxygen partial  
pressure region of 10 -~ - 1 atm O2 using N2-O2 mixtures.  On these different materials the same electrode morphology was 
realized and was preserved during the subsequent  experiments.  The electrode process is strongly influenced by the nature 
of the electrolyte. The electrode resistance for Pt  electrodes on Bi203-Er203 was found to be many times lower than on 
ZrO2-Y20~ and CeO2-Gd20~. On zirconia- and ceria-based materials-diffusion of atomic oxygen on the Pt  electrode is the 
rate-determining step in the electrode process,  whereas for b ismuth sesquioxide-based materials diffusion on the oxide 
surfaces is rate determining. 

There  is a considerable  in teres t  in solid e lectrolytes  
for use in  oxygen  sensors, oxygen pumps,  and  high 
t empera tu re  fuel  cells. In  these appl icat ions  the  elec-  
t rode  polar iza t ion  and the e lec t ro ly te  resis tance both 
p l ay  an impor tan t  role.  These effects influence the  re -  
sponse of an oxygen  sensor a n d  give r ise to energy  
losses and therefore  to a decreased efficiency, of oxygen  
pumps  and fuel  cells. Many  studies are  pe r fo rmed  on 
e lect rode processes. However ,  the dominan t  e l emen ta ry  
steps of the  overa l l  process a re  st i l l  unknown in most  
cases. 

The kinet ics  of the e lec t rode  process is s t rongly  in-  
fluenced by  the e lect rode s t ructure  (1-6),  e lec t rode  ma-  
te r ia l  (4, 5, 7-9),  and the e lec t ro ly te  (4, 5, 7). I n fo rma-  
tion about  the  role of the e lec t ro ly te  in the  e lect rode 
process is ve ry  scarce and is l imi ted  to the role of the  
dopant .  Schouler  (4) found tha t  the oxygen par t i a l  
pressure  dependence  of the  e lect rode resis tance of a 
spu t te red  p l a t i num elec t rode  depends  on the Y203 
content  of the ThO2 electrolyte .  F a b r y  and Klei tz  (7) 
found tha t  the  act ivat ion energy  of the  e lect rode r e -  
sistance of a point  e lect rode on calc ia-s tabi l ized z i r -  
conia is h igher  than  tha t  on y t t r i a - s t ab i l i zed  zirconia. 
Wang anal Nowick (5) r epor ted  tha t  the exchange 
cur ren t  of a P t - p a s t e  e lect rode is not  influenced by  the 
na tu re  and the. concentra t ion of the dopant  of the CeO2 
electrolyte .  

Even less a t tent ion  is paid  to the  influence of the 
na tu re  of the  e lec t ro ly te  on the overa l l  e lect rode p ro -  

i Present address: PhUips Research Laboratories, Eindhoven, 
The Netherlands. 

Key words: electrode resistance, solid electrolytes, Pt elec- 
trodes, electrode morphology. 

cess. F r o m  model  considerat ions  this influence has to 
be expected if pa r t i cu la r  e l emen ta ry  steps are  domi-  
nant .  In  m o s t  s tudies repor ted  in the  l i t e ra tu re  the 
measurements  a re  pe r fo rmed  under  different  c i rcum- 
stances ~ and using different  and bad ly  character ized 
e lec t rode  s t ructures  and consequent ly  the resul ts  can 
ha rd ly  be compared.  

Therefore,  we s tudied  the influence of the e lec t ro ly te  
conduct iv i ty  and e lec t ro ly te  composit ion on the e lec-  
t rode  kinet ics  using different  oxygen  ion conductors.  
An impor t an t  condit ion is tha t  on these different  ma te -  
r ia ls  the  same e lec t rode  morpho logy  has  to be realized.  
Spu t t e red  and gauze electrodes,  subjec ted  to severa l  
t rea tments ,  can meet  this condition. The comparison of 
a sput te red  and a gauze e lec t rode  on the same e lec t ro-  
ly te  m a y  be a tool for  inves t igat ing the  r a t e - d e t e r -  
min ing  step. 

The fol lowing systems were  inves t igated:  

(ZrO2) 0.ss (YO1.5)o.17 (ZY17) 

(CeO2) 0.9o (GdOl.~) 0.10 (CG10) 

(Bi.20~) 0.s0 (Er~O~) 0.20 (BE20') 

(Bi203) o.70 (ErgO3) 0.30 (BE30) 

(Bi203)o.60 (Er~Os) 0.40 (BE40) 

The bu lk  conduct iv i ty  of the  s tabi l ized b i smuth  sesqui-  
oxides is 10-100 t imes h igher  than  that  of the  s tabi l ized 
zirconias and the subs t i tu ted  cerias (10, 11). Besides, 
b i smuth  oxide  compounds are  used as oxidat i ,m cata-  
lysts  and a re la t ive  r ap id  t rans fe r  of oxygen on the 
sol id-gas  in terface  is suggested. For  these reasons, we 
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investigated the idea whether  the electrode resistance 
on the b ismuth-based  materials  might  be lower than 
that  on the zirconia- and ceria-based materials.  

Special a t tent ion is paid to the possibility of using 
the above-ment ioned materials  as a solid electrolyte in 
an oxygen pump. Therefore, the measurements  were 
performed at relat ively low temperatures  and high 
oxygen part ial  pressures. 

In  this paper  a phenomenolpgical  description of t h e  
influence of the na ture  of the electrolyte on the elec- 
trode process is given (d-c s tudy) .  In  part  II of this 
s tudy (12) the observed influence of the electrolyte is 
analyzed with respect to its critical steps by means of 
a f requency dispersion study. 

Experimental 
Sample preparat ion and characterization are given in 

Table I. The composition of the samples was checked 
with x - r ay  fluorescence. The diameter  of the samples 
was 5-10 m m  and  the thickness 0.7-1.5 mm. 

Measurements  were performed in the tempera ture  
range 770-1050 K and with N2-O2 mixtures  in the oxy-  
gen part ial  pressure range of 10-5-1 atm O2. The oxy-  
gen part ial  pressures in the range of 10-2-1 atm were 
obtained by  mixing  appropriate O2/N2 mixtures  and in 
the range of 10-~-10-2 arm by an oxygen pump (15, 
16). The oxygen part ial  pressure is measured using an 
oxygen sensor based on stabilized zirconia. The gases 
were supplied at a rate of 600 cm~/min. 

The electrical circuit  used in the d-c experiments  is 
shown in Fig. 1. A Wenking potentiostat  was used. The 
current  was measured by the voltage drop across the 
reference resistor. The voltages were measured with 
an HP 3465A mult imeter .  The electrode resistance Rel 
was measured using a voltage of 1-10 mV across the 
sample and calculated according to 

( Rel -- ~ ) -- Rb [1] 
I---> 0 

The total bulk  resistance Rb was obtained from a-c 
impedance measurements  (13). 

The complex impedance measurements  were per-  
formed in the f requency range 106-10 -~ Hz using a 
Solar t ron 1174 Frequency  Response Analyzer  with a 
sample voltage of 10 inV. The circuit is described in 
Ref. (13). 

Electrode Preparation and Characterization 
Pla t i num electrodes with a thickness of 0.75 ~m were 

sput tered onto the polished samples. The sinter ing of 
the electrode dur ing  thermal  t reatments  is influenced 
by the na tu re  of the electrolyte. To obtain the same 
electrode morphology on different electrolytes a s in-  
ter ing tempera ture  in  the region of 1200-1400 K was 
necessary (2-4 hr) .  To be sure that no visible changes 
in  the electrode morphology take place dur ing  the 
measurements ,  the system was equil ibrated for 48 hr 
a t  the highest measur ing  temperature,  and an a-c 
current  t rea tment  (1 kHz, 1V, 5 min)  was applied. A 
typical scanning electron microscope (SEM, JEOL 
JSMU 3) picture is given in Fig. 2a. The morphology 
of the electrode is characterized by  the length of the 
three-phase l ine and the surface area of the interfaces: 
electrolyte/electrode,  electrolyte/gas,  and electrode/  

m 
. . y  

Fig. 1. Electrical circuit for the d-c measurements 

gas. These data  are given in  Table II. The max imum 
measur ing tempera ture  is restricted by the requi rement  
that the morphology of the electrode does not  change 
in time. This condition is satisfied if the m a x i m u m  
measur ing temperature  is kept 150-200 K below the 
s inter ing tempera ture  of the metal  electrode. At every 
tempera ture  the electrode was equi l ibrated for 16 hr 
before a measurement  was performed. 

P l a t inum gauze electrodes (200 meshes/cm 2) were 
plastically deformed before use to obta in  a reproducible 
contact surface. An overall  picture of the gauze elec- 
trode is shown in  Fig. 2b and its characteristic data 
are given in  Table II. Figure  2c shows a representat ive  
part  of the contact surface of a gauze electrode used 
on ZY17 or CG10 and Fig. 2d shows the same for BE20, 
BE30, and BE40. From these figures it is clear that  be-  
cause of the roughness of the contact surface oxygen 
molecules can penetra te  this interface. Therefore, the 
actual three-phase l ine will  be much larger than cal- 
culated on the basis of the circumference of the oval 
flattened parts of the gauze electrode. The gauze elec- 
trode was held with a constant  pressure on the sample. 
Before the measurements  were performed the above- 
described thermal  and current  t reatments  were applied. 

After  performing the d-c measurements  (1-10 mV) 
and subsequent ly  the a-c measurements  [reported in 
part  II of this study (12)], the electrode resistance was 
again measured by d.c. (1-10 mV).  The total measur ing 
t ime was about 600 hr. The electrode resistance of the 
P t -sput te red  electrode on BE20 was increased by a 
factor of two. Some Er~Q particles could be detected 
on the electrode surface by  means of SEM and x - ray  
diffraction. The ReL for the other combinations was not 
significantly changed dur ing the measur ing  period. 
SEM pictures showed no changes in the morphology of 
the electrodes. Afterward the same samples were used 
for d-c experiments  in the region of 0-2V. 

Reproducibil i ty of the electrode resistance of sput-  
tered and gauze electrodes was checked on three 
nomina l ly  equal electrodes applied on ZY17. The e lec-  
tro.de resistance falls in the region of log Rel • log 1.2 
and log Rel • log 2 for sputtered and gauze electrodes, 
resuectively. 

P re l imina ry  experiments  on ZY17 with grain sizes of 
0.5, 2.5. and 20 pm showed that  the electrode resistance 
is not influenced by the grain size of the electrolyte. 

Theory 
In  this section the re levant  theory for the in terpre-  

tat ion of the exper imenta l  data is given. 

Table II. Characteristic data of the morphology of the sputtered 
(sp) and the gauze (g) electrode 

Table I. Preparation and characterization of the samples 

Sinter- 
ing 

temper- Den- 
Sys- ature sity 
tern Preparat ion method  (K) ( % ) 

ZY17 Alkox ide  synthes is  (13) 1673 99 
CG10 Citrate synthes is  (14) 1773 96 
BE20 Solid-state react ion (I0) 119R 95 
BE30 Solid-state react ion (10) 127~ 96 
BE40 Solid-state react ion (10) 1323 95 

Grain 
size 

2.5 
5 

30 
30 
30 

Three-  Electrolyte/ Electro- Electrode /  
phase electrode lyte/gas gas 
line contact contact contact  

Elec- length surface  surface  surface 
trode ( m / m  ~) (m2/m 2) (m~/m 2) (m~/rn~) 

sp 1.2 • 10 ~ 0.64 0.36 0.8 
g 1.4 • 10 ~* 0.64 0.96 1.6 

g 
Ratio ~ 860 16 0.38 0.50 

sp 

* Determined  from the c ircumference  of the oval flattened 
parts  of the electrode.  
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Fig. 2. Morphology of the platinum electrodes used in this study. Sputtered electrode (a, upper left), gauze electrode (b, upper right), 
contact surface of a gauze electrode after use on a ZY17 or CG10 sample (c, lower left), and contact surfaces of a gauze electrode after 
use on a BE20, BE30, or BE40 sample (d, lower right). 

The e l emen ta ry  adsorpt ion  step in the  e lect rode 
process is given b y  

O~(g) + 2Vaas ~ 2 Pads [2] 

where  Vaas is a vacant  adsorpt ion  site and Pads is an 
adsorbed  oxygen atom. The mass  act ion re la t ion  for 
this  react ion can be wr i t t en  as (Langmui r  adsorpt ion)  

0 a d s / ( 1 -  0aas) = KI(T)  X [Po2] ~" [3] 

The equi l ib r ium constant  is given b y  

K1 (T) = Kto exp (,SHads/RT) [4] 

where  hHaas is the hea t  of adsorpt ion.  
The adsorpt ion  step is fol lowed b y  diffusion to the 

reac t ion  site 
Pads -{- Vrs ~ Ors "Jr Vads [5] 

where  Vrs and Ors are  a vacant  and occupied react ion 
site, respect ively .  

At  the react ion site the charge t ransfer  process takes  
place  (g iven in K r S g e r - V i n k  nota t ion)  

Ors + 2e' + Vo" ~--- O,o x + Vrs [6] 

If the charge process is ra te  l imi t ing the re la t ion  be-  
tween the cur ren t  I and the overpo ten t ia l  ~ is given by  
the Bu t l e r -Vo lmer  equat ion (17) 

I - -  Io[exp (~anV*) - -  exp ( - -acnV*) ]  [7] 

V* = ~IF/RT [8] 

where  ~a and ,e are  the anodic and cathodic t ransfer  co- 
efficients, respect ively ,  V* is a dimensionless  potential ,  
Io the exchange  current ,  and n number  of charges 
t ransfer red .  

However ,  if the  anodic or cathodic process is l imi ted  
by  mass t ranspor t  the  fol lowing equat ion holds (17) 

I = [exp (~anV*) - -  exp  (--acnV*)]/  

[/'o - I  -1- Ila -1 exp (aanV*) + Ilc -1 exp (--acnV*) ] [9] 

where  Ila and Ilc are  the anodic and cathodic l imi t ing 
current ,  respect ively,  and are defined positive. At  low 
overpotent ia ls ,  InV*] < ~  1, ohmic behav ior  is obta ined  

I -= nV*/(Io -1 + Ila -1 + Ilc -1)  [10] 

Using [8] we find 
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11 
Rel -- - -  --  Rot  "~ Rla + Rio [11] 

I 

R T  1 R T  1 R T  1 
, Rla -- ~ "  "~'1, ' and Rlc = . . . .  

with Rct -- nF Io nF  la nF  Ilc 

F rom Eq. [9]-[11] it  is clear that  for Ila, Ilc > >  Io the 
electrode process is de te rmined  by the charge t ransfer  
and for Io > > / l a ,  Ilc by mass transport .  

The oxygen  atoms for the electrode process can be 
supplied by dissociated adsorpt ion of oxygen molecules 
at the electrode or  the electrolyte  and the charge 
t r a n s f e r  will  take place near  the tr iple line (this wil l  
be fu r the r  discussed be low) .  Now we assume a model  
where  the l imi t ing current  originates f rom diffusion of 
atomic oxygen from the adsorption site at x = 5 to 
the react ion site at x = 0. At  x = 8 the concentrat ion 
oxygen atoms is constant [see par t  II of this study 
(12) ]. We can wr i t e  then for Ic and Ia 

Co(ads) -- Co(rs) 
Ic -- --DonF [12] b' 

Co (rs) -- Co (ads) 
Ia : DonF [13] 8" 

where  Do and Co are  the diffusion coefficient and the 
concentrat ion of the oxygen atoms. ~c and I~ are given 
per  surface uni t  of react ion area. A cathodic and anodic 
l imi t ing current  is observed for Co(rs) ~ O and Co(rs) 
-* Co'(rs) ,  respectively,  and are given by 

Co (ads) 
Ilc : DonF [14] 

5' 

Co' (rs) -- Co (ads) 
Ila : D onF [15] 8" 

where  Co'(rs) is the surface concentrat ion of oxygen 
atoms for ~ : 1. 

Results and Discussion 
Pt electrodes on ZY17.- -For  all samples the I -V 

relat ion at small  voltages s h o w s  an ohmic behavior,  as 
shown in Fig. 3 for ZY17. Due to a small  d-c  vol tage 
of 0-1 mV, probably  originat ing f rom thermoelect r ic  
effects, the curves do not  pass through the origin. The 
de terminat ion  of the electrode resistance according to 
Eq. [1] is not influenced by this small  voltage. 

The electrode resistance Rel measured as a function 
of  t empera tu re  for Po2 is equal  to 1, 0.21. 1.6 • 10 -2, 
and 9 • 10 -4 arm 02, respectively.  Values of the ac- 
t ivat ion energy Ea and the p re -exponent ia l  te rm log Ro 
are g iven in Table III. The results for a sput tered and 
a gauze electrode at Po2 = 1.6 • 10 -2 arm are shown 

8 

6 

p% latm) 

0.046 

/ //o.,o 

2 4 6 8 10 
- vtmv) 

Fig. 3. Current-voltage characteristics for ZY17 at T ---- 983 K 
using Pt-sputtered electrodes. 

in Fig. 4. At  about 960 K a bend in the Arrhenius  plot 
of Rel is observed and Ea changes f rom about  75 k J  
mo1-1 (high t empera tu re  par t )  to about 250 k J  mo1-1 
(low tempera ture  par t ) .  This bend is correla ted wi th  a 
change f rom the regime where  Re1 ~ Po~ -'/~ to the 
regime where  Rel ~ Po2 +~/~ (see below).  Its position 
on the t empera tu re  scale depends on the Po2 pressure 
and its position on the Po2 scale on the t empera tu re  
(Fig. 5). 

F igure  5a gives Rel as a funct ion of Po2 at 983 K. For  
comparison the Rel-Po2 re la t ion calculated f rom Table 
I I I  for 908 K is also given in this figure. A min imum in 
the ReI-Po2 curve is observed at a value of Po2 rain.. For 
both sput tered and gauze electrodes at Po2 <: Po2 mira 
one finds Rel ~ Po2- 2/2 and f rom Fig. 4 and Table  I I I  it 
follows that  in this region Ea has a value of 75-100 kJ  
m o l - L  Whereas  Po2 > Po2 rain" one finds Rel ~ Po2 +V= 
and in this region Ea has a value  of about 250 k J  m o l - L  
The value  of Po2 rain. shifts to higher  values with in-  
creasing temperature .  

These results are in good agreement  wi th  l i te ra ture  
data concerning p la t inum electrodes on stabilized zir-  
conia. However ,  the reported exper imenta l  l i tera-  
ture data are incomplete  and only parts of the picture 
described above were  measured.  A m in im um  in the 

Table III. Activation energies and log Ro of the electrode resistance of sputtered (sp) and gauze (g) electrodes on several 
electrolytes. The deviation is given in the 65% reliability interval. 

Sy~em 

1 arm O3 0.21 a t m  O2 1.6 • 10 -~ arm Oe 9 x 1O -~ arm Oe 

- - l o g  Ea - log  Ea -- log  Ea -- log  Ea 
Ro (k J  Ro (kJ  Ra ng e  Ro (kJ  Ra ng e  Ro (kJ  

( t im ~) tool- l )  ( t im 2) mol-~) (K)  ( ~ m  ~) mol-~) (K) ( ~ m  ~) mol-~) 

ZY17 (sp)  16.9-----0.9 270----+15 16.5 +-- 0.4 2 6 0 •  <970  15.3 ~ 0.6 2 3 0 •  <925  
>970  6.6 ~-- 0.6 72 • lO > 9 2 5  

ZY17 (g )  13.8 • 0.6 245 • 10 15.8 • 0.7 280 - -  10 <960  9.9 167 
>969 4 9 -- 0.4 75 • I0 

CGIO (sp) 14,8--• 0.5 230• 14.9 ~ 0.5 321• <970  16.0• 245• <930 
>970  7.7 • 0 3  91 '• 6 >930  

CG10 (g )  12.3 • 0.3 212 - -  6 12.3 --  0.3 298 • 6 <940 12.1 203 
>940  5.1 • 0.3 77 • 5 

BE20 ( sp)  1 1 . 8 •  1 4 5 •  9 . 6 •  1 1 5 •  10.0 ~- 0.3 1 2 9 •  
BE20 (g )  9 . 7 •  1 3 3 •  9.6 • 0.4 137"• 8 . 1 ~  0.4 1 1 6 •  
BE30 (sp)  11.1 • 0.1 138 _ 2 10.0 • 9.3 125 __- 5 9.2 • 0.2 121 • 3 
BE30 (g )  8.3---4---0.3 112__.5 7 . 9 •  l C 8 •  6 . 3 •  8 7 •  
BE40 (sp)  10.3+__0.4 1 2 9 •  8.8__-0.5 1 1 0 •  9.6-----0.3 1 2 5 •  
BE40 ( g )  8 . 3 •  1 1 9 •  7 . 7 •  1 1 0 •  6 . 9 + 0 . 2  102+--3 
BE20 (go ld ,  11.2 -~ 0.9 150 • 15 

sp) 

9.8 ~ 0.5 145 • 10 
5.6 - -  0.5 70 + 10 
5.5 • 0.1 98 • 5 

10.3 --~ O.1 148 --  1 
5.4 • O.3 61 • 4 
5.5 • 0.2 9 6 -  4 

2.2 • 1O-~ a t m  O-~ 

7.1 ---+ 0.3 1Ol - -  6 
5.6 ---+ 0.6 83 • 10 
6.8 • 0.6 99 • l0  
3.4 • 0.4 45 +-- 7 
5.7 --  1.1 75 • 20 
3.3• ~5 --'-Z- 6 
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Fig. 4. Electrode resistance as a function of temperature for 
Po~ = 1.6 X 10 -~  atm O~. O ,  Pt-sputtered electrode on ZY17; 
O, Pt-gauze electrode on ZY17; [-], Pt-sputtered electrode on 
CG10, I I ,  Pt-gauze electrode on CGI0. 

Rel-Po~ curve was reported by Schouler (4) for Pt -  
sput tered and Pt -pas te  electrodes on (ZrO~)0.ss(YO1.5)0.1~ 
and by  Har tung  (6) for Pt-paste  electrodes on 
(ZrO2)0.s2(YO1.5)0.10(MgO)o.08. According to Bauerle 
(2) at 1073 K, Rel ,~ Po2 -~ at low oxygen part ial  
pressures and becomes constant at  high oxygen par-  
tial pressures (0.21-1.00 a tm O~) for P t - sput te red  
electrodes on yt t r ia-s tabi l ized zirconia (YSZ). In  the 
opinion of the authors the expe}imental  data permit  
the following interpretat ion:  Po2 rain. has a value of 
0.21-1.00 a tm O2 and for Po~ < Po2 min' Rel ~ Po2 -0"5. 
For  Pt  electrodes on YSZ an activation energy of about  
100 kJ tool -1 was reported in  Ref. (4 and 7) in the re-  
gion where Rel ,~ Po2 -'/2 and a value of about  250 kJ  
mol-~ in Ref. (2 and 4) in  the region where Po2 > 
Po2 rain. 

The observed phenomena were ascribed by Schouler 
(4) to oxidation of the p la t inum surface. This hy-  
pothesis may be a good explanat ion for the high ac- 
t ivat ion energy found at high Po2. The observed rela-  
t ionship Rel ~ Po2 + '/~ at Po2 ~ Po2 min" cannot be ex-  
plained with the formation of an oxidized Pt  surface 
because it is well  known  that  this is catalytically less 
active. 

In  our opinion the observed phenomena can be ex- 
plained in the following way. The .oxygen atoms for 
the electrode process are supplied by dissociative ad- 
sorption of oxygen molecules at the Pt  electrode. The 
overall  electrode reaction is rate determined by diffu- 
sion of the oxygen atoms from the adsorption site to 
the reaction side (see section on Theory) .  At Po~ < 
Po2 min', ~ads is low and mass t ransport  l imitat ion occurs 
at the cathode. At Po~ > Po2 min', 0ads ~-~ 1 and mass 
t ransport  l imi ta t ion occurs at the anode. This hypoth-  
esis is discussed in the following. 

As shown by  Wang and Nowick (5) the electrode re-  
sistance varies as the --V4 or + 1/4 power of Poe if the 
electrode process is determined by charge t ransfer  (see 
following section). The exper imenta l ly  found powers 
of  --V2 and 4-V2 point  to mass t ransfer  l imita t ion and 
can be derived from Eq. [14] and [15]. For  ~aas < <  1 
holds (1 -- Oads) ~ 1 and assuming that ~' ~ 5" we 
find I~ > >  I~. From Eq. [3] it follows that ~ads = 

K~(T) X [Po2] '/" and using Eq. [10], [11], and [14] it 
is found that  

(b) 

CG 10 

(2) 

(3)~" 

-4 ' -2 ; -4 -~2 0 
log po2 (atm) 

Fig. 5. (a) Electrode resistance as a function of the oxygen partial 
pressure at 983 K, 1; 908 K, 2; end 833 K, 3. Pt electrodes on ZY]7. 
The drawn lines represent a Po2 -1/2  and Po2 ~1/2 dependence 
respectively. (b) Pt electrodes on CG10. The drawn lines represent 
a Po2 -1/2  and Po2 +1/4 dependence respectively. Open points: 
sputtered electrodes. Closed points: gauze electrodes. 

8 
Rel --Rlc - -  - -  P o 2 -  '/~ [16] 

DoV~/~ 
For 0ads ~ 1 we find that 11c > >  lla and (1 -- 0ads) = 
Kt (T) X [Po2]-'/2 and this results in 

Rel -~- R1a "~ - -  PO2 + '4 [17] 
Do 

According to Eq. [16] at  Po2 < Po2 'nin" (i.e., Cads < <  
1) mass t ransport  l imita t ion of oxygen atoms occurs at 
the cathode and according to Eq. [1'7] at Po2 > Po2 rain" 
(i.e., eads ~ 1) mass t ransport  hmi ta t ion  of oxygen 
atoms occurs at the anode. The surface coverage of 
oxygen atoms decreases wi th  increasing temperature  
and this is in a good agreement  with the observed 
change of Po2 rain. as a funct ion of T. From Eq. [16] and 
[17] it follows that  in the region where Rel varies wi th  
Po2-'/2 and Po2 + ,/2 the activation energy of Re1 is given 
by Ea(Rel) = AHd -- 1/~AHads and Ea(Rel) -- AHd + 
1/zAHads, respectively, where AH d is the activation en-  
thalpy for diffusion. In  l i terature no precise data are 
known of AHd and AHads as a funct ion of the coverage. 
Supposing that AHd and AHads are not strongly depend-  
ent  on the coverage, we calculate from the exper imen-  
tal values of Ea(Rel) for AHd and AHads values of 170 
and 160 kJ mol -~, respectively. These calculated data 
are in reasonable agreement  with l i terature data con- 
cerning al ia  and ~H~ds of oxygen on pla t inum.  Lewis 
and Gomer (19) found a surface diffusion enthalpy of 
145 kJ  mo1-1 for oxygen atoms on p la t inum at T > 
500 K. The values of the entha lpy  of adsorption found 
by  different authors scatter. B r e nna n  et aI. (21) re- 
ported that aH,as decreases with increasing surface 
coverage from 285 to 150 k5 tool -1 (300 K) .  Netzer 
and Gruber  (18) reported for high surface coverages 
a value for AHads of 135 k3 mo1-1 (670-770 K) .  Final ly,  
AHads can be calculated from the temperature  depend-  
ence of Po2 rain.. According to the Langmui r  equation a 
m i n i m u m  in Rel is predicted for e -= 1/2 and with Eq. 
[31 this result~ in  Ks(T) X Po2 rain' : 1. From Schouler 's 
(4) data it follows that  AHads = 280 --4-__ 15 kJ  tool -1 
and from our data AHads --= 160 _+ 30 kJ  m o l - L  
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Addit ional  evidence that the oxygen atoms for the 
electrode process are supplied by dissociative adsorp- 
t ion on the Pt  electrode and not  on the electrolyte 
comes from the following data. First, Po2 rain. has about 
the same value for Pt  electrodes on ZY17 and on CG10 
(compare Fig. 5a and b) while with other  electrode 
materials  no Po2 rain. is observed and Ea has a quite 
different value (4, 9) . .Final ly ,  the work of Kleitz (8) 
s trongly suggests that  adsorbed oxygen atoms on the 
stabilized zirconia surface are practically immobile. 

The proposed hypothesis for the mechanism of the 
electrode reaction on ZY17 gives a good explanat ion 
for the l imit ing current  observed by  Gfir (20) at low 
voltages (--~ 300 mV).  Gfir performed measurements  
on the cell 

( - - )  Pof, PtiZrO~ -- Sc~O~IPt, a ir  ( + ) 

in  the temperature  region of 873-1173 K and Po2 region 
of 10-6-1 atm. The l imit ing current  was observed be- 
low 1073 K and was independent  of the oxygen part ial  
pressure at the cathode~ Giir (20) assumed that the 
anodic polarization of the cell was negligible. How- 
ever, as discussed above, at T < 1073 K, 8ads ~-" 1 in 
air. At a high surface coverage of oxygen atoms the 
electrode process is l imited by mass t ransport  at the 
'anode, see Eq. [15]. According to Giir (20) the l imit ing 
current  has an activation energy  of about 250 kJ 
mo1-1 and this value is in  a good agreement  with the 
value found in this s tudy for Ea(Rel) at ~ads ~ 1. There-  
fore, we can conclude that the l imit ing current  at 
these high Po2 values and low temperatures  has to be 
correlated with mass t ranspor t  l imita t ion at the anode. 

The location of the reaction site is discussed in the 
following. The difference in  electrode resistance be-  
tween a gauze and sputtered electrode (Rel (g)/Rei(sP) 

50) cannot be simply correlated with the size of the 
e lec t ro ly te /e lec t rode ' two-phase  area or the length of 
the three-phase line. An addit ional  exper iment  was 
performed to determine whether  the size of the elec- 
t rolyte/electrode two-phase area or the length of the 
three-phase l ine plays a role in the magni tude  of R~i. 
On three identical  samples a 0.3 ~m thick Pt  electrode 
was sput tered and subjected to different thermal  
t reatments  resul t ing in s trongly different electrode 
morphologies. The characteristic data are summarized 
in  Table IV. The shape of the frequency dispersion 
diagrams is not  influenced by  the size of the Pt  grains. 
This is a s trong indicat ion that the mechanism of the 
electrode process is not influenced by  the particle size 
of the Pt  grains. As shown in Table IV the electrode 
resistance increases strongly with increasing particle 
size. With increasing particle size the size of the elec- 
t rolyte/electrode two-phase area is near ly  constant 
whereas the length  of the three-phase  l ine decreases. 
We can conclude that  the reaction area is correlated 
with the length of the three-phase line. The width of 
the three-phase l ine area (perpendicular  on this l ine) 
is small  in comparison with the smallest Pt  particles 
used. 

P t  e l e c t r o d e s  on  C G I O . - - T h e  data of sputtered and 
gauze electrodes on CG10 are summarized in Fig. 4 
and 5 and in Table  III. The characteristics of Pt  elec- 
trodes on CG10 show a large s imilar i ty  with that of 
Pt  electrodes on ZY17 and are therefore briefly dis- 
cussed. 

Table IV. Characteristic data of a Pt-sputtered electrode on 
ZY17, treated at different temperatures 

E l e c t r o l y t e /  
T h e r m a l  Size of L e n g t h  e l e c t r o d e  E l e c t r o d e  

t r e a t m e n t  t h e  Pt-  of  t h e  c o n t a c t  r e s i s t a n c e  
t e m p e r a -  g r a i n s  t h r e e - p h a s e  s u r f a c e  (O.2, 823K) , 
t u r e  (K)  (~m) l ine  ( m / m  2) (m~/m ~) (,qm ~) 

973 ~O.1 ~'1.5 • lO' 0,99 0.95 
1173 O.S 3 • 196 0,93 6.25 
1273 1.0 1.5 x 10 ~ 0,85 10.5 

In  the Rel-Po2 relat ion a m i n i m u m  is observed. 
For Po2 > Po2 ram" it is found that Re1 ~ P02 '/4 and 
Ea(Rd) ~ 230 kJ  mo1-1, whereas in the region where 
PO2 ~ P o 2  rain',  Re l  ~ Po2 -V2 and E a ( R e l )  ~- 75-100 kJ 
m o l -  1. 

In  the region of Po~ > Po2 min" there is a good agree- 
ment  with the data of Wang and Nowick (5) for Pt -  
paste electrodes on CeOf-CaO [1-15 mol percent  (m/o)] 
and CeO2-Y20~ (6 m/o ) .  The power 1/4 points to charge 
t ransfer  l imitation,  as shown by Wang and Nowick 
(5). The exchange current  is given by 

Io ,~ Kct[O(1 -- o) ],/2 [18] 

where Kct is the charge t ransfer  reaction constant. If 
the electrode reaction is determined by the charge 
transfer  and the oxygen for this process is supplied 
through adsorbed oxygen atoms on the electrode, it is 
derived from Eq. [3], [10J, and [18] that for Po2 
Po2 rain. (i.e., o ~ 1) Rct ,-~ Po2 + I/4. The activation energy 
is given by E a ( R e l )  : E a ( c t )  + A H a d s / 4  ( 5 ) ,  where 
Ea(ct) is the activation energy of the charge transfer.  
Using the exper imental  values Ea(Rel) and AHads : 
160 kJ  tool -1 the value of Ea(ct) is calculated to be 
190 kJ  mo1-1. 

In  the region of Po2 < Po2 min" Wang and Nowick 
(5) found that Rel ~ Po2 -V4 and Ea(Rel) ~ 95 kJ mo1-1. 
The power --1/4 can be derived from Eq. [3], [10], and 
[18] assuming that  the electrode process is determined 
by the charge transfer  and 8 < <  1 (5). However, in 
this study we found that  Rel ~ Po2-'/2, point ing to mass 
t ransport  l imitation. In our opinion this difference can 
be explained in the following way. For ceria-based 
materials  with a porous electrode Io is of the same 
order of magni tude  as I~c. Depending on the electrode 
morphology, the electrode process will  be dominated by 
Io or Ilc. The electrodes studied by Wang and Nowick 
(5) have larger  metal  grain sizes than used in this 
study. The influence of the morphology of the Pt  elec- 
trode is clearly i l lustrated by  the fact that for Pt  foil 
electrodes on subst i tuted ceria diffusion along the 
electrolyte/electrode interphase is rate determining,  
as shown by Wang and Nowick (9). 

P t  e l e c t r o d e s  on  BE20,  BE30,  a n d  B E 4 0 . - - T h e  elec- 
trode resistance o2 a P t - sput te red  and Pt-gauze elec- 
trode on BE20, BE30, and BE40 was measured as a 
funct ion of T in the oxygen part ial  pressure range 
1.0-2.2 • 10 -4 atm 02. Values of Ea(Rel) and log Ro 
are given in Table iII. Figure 6 gives Rel for sputtered 
and gauze electrodes as a funct ion of temperature.  The 
electrode resistance increases wi*h increasing Er con- 
tent. Ea (Rel) for sputtered and gauze electrodes h~s a 
value of about 125 kJ mo1-1 in the region of Po2 = 
1-1.6 • 10 -2 a tm O3 and is independent  of the Er con- 
tent. For Po2 -- 2.2 • 10 -4 atm, Ea(Rel) varies in the 
region of 50-100 kJ  tool -1. 

Ea(Rel) is slightly higher than the activation energy 
of the bulk  conductivi ty at T < 820 K [Ea(b) ~ 115 kJ 
mo1-1] and both the bulk  and electrode resistance in-  
crease with increasing Er content. Yet, the electrode 
resistance cannot be directly correlated with bulk  
effects. For the sample BE20 E~(b) changes at 870 K 
from 115 kJ  mol-~ (low tempera ture  part)  to 62 kJ 
mol-1  (high temperature  part)  and this change is not 
reflected in the Rel-T -1 curve. 

Figure 7 gives the electrode resistance of sputtered 
and gauze electrodes on BE20 and BE40 as a funct ion 
of Po2 (the values for BE30 are omitted for clari ty 
reasons).  For  sputtered electrodes the relat ion Rel ,-- 
Po2 -t/2 is found, point ing to mass t ransport  of atomic 
oxygen as the ra te - l imi t ing  step (see section on Pt  
electrodes on ZY17). For gauze electrodes the relat ion 
Rel ~'~ Po f -  % is found. As shown by Wang and Nowick 
(9) the % power can be derived if the charge t ransfer  
takes place on the electrolyte/electrode interface and 
diffusion along this interface is rate determining.  As 
shown in part  II  of this s tudy (12), Rel consists of a 
paral lel  combinat ion of two resistances. Therefore, in 
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Fig. 6. Electrode resistance of platinum electrodes on BE20 
(circles), BE30 (squares), and BE40 (triangles) as a function of the 
temperature in 02 (1 otto). Open points: sputtered electrodes. 
Closed points: gauze electrodes. 

this case the observed Po2 dependency is the resul t  of 
two other  dependencies. This wil l  be fur ther  discussed 
in par t  II  (12). 

In  contrast with the data for Pt  electrodes on ZY17 
and CG10 (see Fig. 5) no m i n i m u m  in the Rel-Po2 
relat ion for Pt  electrodes on Bi20~-based materials  is 
observed (see Fig. 7). In  the section on Pt  electrodes 
on ZY17 it was concluded that  for ZY17 and CG10 the 
oxygen atoms for the electrode process are supplied by 
dissociative adsorption of oxygen molecules on the Pt  
electrode. Therefore, we must  conclude that  for the 
Bi203-based materials  this adsorption step on Pt  does 
not play a dominant  roIe here. This conclusion is sup-  
ported by the magni tude  of Ea(Rel) on Bi203-based 
materials,  which strongly deviates from what one ex-  
pects for adsorption and diffusion on Pt. Consequently,  
adsorption and diffusion on the electrolyte plays a 
dominant  role on Bi2Os-based materials.  Addit ional  
evidence comes from the observation that  E~(Rel) is 
not  or only slightly changed if a gold-sputtered elec- 
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Fig. 7. E/ectrode resistance of Pt-sputtered electrodes (a) and 
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Pt-gouze electrodes (b) as a function of the oxygen partial pres- 
sure. In (a) the drawn lines represent a Po2 -1/2 dependence and 
in (b) a Po2 - 3 / 8  dependence. BE20: circles. BE40: squares. 
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trode is used on BE20 (see Table III)  whereas for gold 
electrodes on zirconia- and ceria-based materials Ea(Rel ) 
is significantly higher (4, 9). The active site for this 
adsorption is probably  correlated with the Bi 8+ ion, 
because with decreasing amount  of Bi 3+ ions the 
amount  of adsorption sites decreases, which results in 
a higher electrode resistance (it is assumed, see above, 
that  the increased bulk  electrolyte resistance does not 
play an impor tant  role).  

The electrode resistance of a sputtered electrode on 
Bi20~-based materials  is 10-30 times lower than  that 
of a gauze electrode. This suggests that the charge 
t ransfer  takes place on the electrolyte/electrode in ter-  
face (see Table II) .  However, due to the fact that it is 
questionable whether  the electrode mechanism is the 
same for a sputtered and gauze electrode, these data 
are not  fur ther  used to determine the reaction site. 

Comparison of the Different Electrolytes 
The combinat ion of the electrolyte material ,  electrode 

material ,  and electrode morphology determines 
whether  the dominat ing  adsorption, dissociation, or 
diffusion step takes place at the electrolyte, electrode, 
or at the electrolyte/electrode interface. As shown 
above, there are large differences between the adsorp- 
t ion behavior  of, on the one hand,  ZY17 and CG10 and, 
on the other hand, the electrolytes BE20, BE30, and 
BE40, both groups in  combinat ion with porous Pt  elec- 
trodes. In  case of ZY17 and CG10 the oxygen atoms for 
the electrode process are supplied by the p la t inum 
electrode, whereas for the Bi20~-based materials  the 
oxygen atoms are supplied by the electrolyte surface. 
Therefore, it can be expected that there are large dif- 
ferences in the polarization of Pt  electrodes on ZY17 
and CG10, on the one hand, and Bi2Oa-based materials,  
on the other hand. 

Table V summarizes the values of the electrode re- 
sistance for P t -sput te red  and Pt-gauze electrodes on 
several electrolytes. The data for Po2 ~ 1 atm lie in 
the region where {?ads on Pt  is about one and the data 
for Po2 - :  9 • 10 -4 a tm 02 in the region where {?ads 
(Pt) < <  1. As expected, the electrode resistance for 
Pt  electrodes on ZY17 and CG10 is similar. However, 
the electrode resistance for Pt  electrodes on Bi20~- 
based materials  is much smaller.  In  the region where 
{?ads(Pt) < <  1 the resistance of sputtered and gauze 
electrodes on BE20 is respectively 4 and 20 times 
smaller  than that of similar electrodes on ZY17. 2 In  
the region where {?ads(Pt) ~ 1 the electrode resistance 
on BE20 at 974 K is 40 (sputtered electrode) and 80 
(gauze electrode) times smaller  than on ZY17 and at 
873 K these values are 250 and 400 times smaller, re-  
spectively. These data show clearly the influence of 
the electrolyte on the electrode resistance of Pt/Bi~O~- 

2 I t  m u s t  be  not iced tha t  the  microscopic  s t r u c t u r e  of a gauze 
e lec t rode  on ZY17, CG10, and  on BE20, 30, 40 dif fer  (see sect ion 
on Elec t rode  P r e p a r a t i o n  and  Charac te r i za t ion ) .  

Table V. Electrode resistance for platinum-sputtered electrodes 
(sp) and platlnum-gauze electrodes (g) on several electrolytes 

Electrode  res i s tance  (10-~ ~ m  ~) 

1 a t m  02 

Sys tem 873 K 973 K 

9 • 10-4 
atm O~ 

973 K 

ZY17 (sp) 184 4.1 14.5 
CG10 (,sp) 93 3.7 7.6 
BE20 (sp) 0.76 0:098 3.9 
BE30 (sp) 1.43 0.20 5.5 
BE40 (sp) 2.65 0.43 6.7 
ZY17 (g)  7370 230 550 
CGI0 (g)  2470 125 460 
BE20 (g)  18.3 2.8 22* 
BE30 (g)  25.6 5.2 44* 
BE40 (g)  66.7 12 95* 

* These  values  were  calculated from the ReL-P% plot at  1073 K 
shown in Fig. 7b, a s suming  Ea = 120 kJ  mo1-1. 
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based systems, an effect w,hich becomes larger with 
increasing Po2 and lower temperatures.  

For  Pt  electrodes with the same morphology, at 
Po2 > Po2 rain' the electrode process on ZY17 is deter-  
mined  by mass t ransfer  (see section on Pt  electrodes 
on ZYI7) ,  whereas for CG10 by charge t ransfer  (see 
sect ion on P t  electrodes on CG10). Due to a similar 
electrode morphology Ila wil l  have the same value for 
CG10 and ZY17 and therefore we can conclude that 
on CG10 Io is smal ler  (.and becomes rate determining)  
than on ZY17. 

Oxygen ion conductors may be used in devices in 
which pumping  of oxygen plays an impor tan t  role, 
i.e., oxygen pumps for the enr ichment  of air. For  com- 
par ing the different materials  as a potent ial  candidate 
for the solid electrolyte, current -overpotent ia l  relations 
for Pt  electrodes were measured in air. The results for 
sputtered and gauze electrodes are shown in Fig. 8a 
and b. ~ The cur ren t  that can be d rawn  at ~1 = 600 mV 
is for BE20 using sputtered electrodes about  5 times 
higher than  for ZY17 and for gauze electrodes about 
10 times higher. This shows that the Bi2Oj-based ma-  
terials are superior  to the other materials  with respect 
to its electrochemical characteristics. For a bet ter  un -  
ders tanding of these current-overvol tage  curves, the 
anodic and cathodic contr ibutions to the polarization 
have  to b e  separated by using a reference electrode. 

Remark that Fig. 8 cannot  be calculated from Fig. 5 due to 
different exper imenta l  condit ions  (Fig. 8: high voltage/currents 
result ing in different e lectrode morphology  and additional pro- 
cesses ) .  

P t _ s p u t t e r e d  / 
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Fig. 8. Current-overvoltoge curves for Pt-sputtered electrodes (a) 
and Pt-gauze electrodes (b) for several electrolytes in air at 923 K. 
O ,  BE20; O, BE30; [ ] ,  BE40; I I ,  ZY17; A ,  CG10. 

Conclusions 
1. The combinat ion of electrolyte and electrode ma-  

terial determines whether  the dominat ing adsorption 
or diffusion step takes place on the electrolyte or on 
the electrode. 

2. For  ZY17 and CG10 the oxygen atoms for the 
electrode process are supplied by dissociative adsorp- 
t ion of oxygen molecules on the Pt  electrode. For low 
temperatures  and high oxygen part ial  pressures the 
surface coverage of oxygen atoms on the Pt  electrode 
is about one and in this region we find that Re1 ~ Po2 +n. 
For ZY17 mass t ranspor t  at the anode is rate deter-  
min ing  (n ---- ~ )  and for CG10 the charge transfer  
(n ---- 1/4). If the surface coverage of oxygen atoms on 
the electrode is low we find for ZY17 and CG10 that 
Rel ~ Po2 -1/2, showing that mass t ransport  of atomic 
oxygen at the cathode is rate determining.  

3. For Bi~Oj-based materials  adsorption and diffu- 
sion on the solid electrolyte determines the behavior  of 
Re1. The electrode process is determined by mass t rans-  
port  at the cathode. The electrode resistance increases 
With increasing amount  of substi tuent.  

4. The electrode resistance for electrodes with the 
same morphology is for Bi~O~-based materials  m a n y  
times lower than for materials  based on ZrO2 and 
CeO2. 
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Oxygen Transfer on Substituted Zr02, Bi20 , and CeO  Electrolytes 
with Platinum Electrodes 

II. A-C Impedance Study 

M. J. Verkerk 1 and A. J. Burggraaf 

Twente University of Technology, Department of Chemical Engineering, Laboratory of Inorganic Chemistry and Materials 
Science, 7500 AE Enschede, The Netherlands 

ABSTRACT 

An equivalent electrical circuit that describes the electrode processes on different electrolytes, using porous Pt elec- 
trodes, is given. Diffusional processes are important and have to be presented by Warburg components in the circuit. The 
overall electrode process is rate limited by diffusion of atomic oxygen on the electrode surface for stabilized zirconia and 
substituted ceria (low Po0. On stabilized bismuth sesquioxide diffusion of atomic oxygen on the electrolyte surface is rate 
limiting at high Po2 while at low Poz another process, probably diffusion of electronic species in the electrolyte, is dominant. 
One of these processes plays a role too on substituted ceria at high Po~, where a charge transfer process is dominant.  These 
results are consistent with the mechanisms developed in part I of this paper. 

i n  part  I of this paper  (1) a d-c s tudy was performed 
on solid electrolytes based on ZrO2, CeO.2, and Bi.~O3 
with p la t inum electrodes. It  was concluded that for 
ZrO2- and CeO2-based materials the oxygen atoms for 
the electrode process are main ly  supplied by dissocia- 
tive adsorption of oxygen molecules at the Pt  electrode, 
followed by t ranspor t  to the reaction site where the 
charge t ransfer  occurs. For Bi20~-based materials the 
dominan t  adsorption and diffusion steps (in the high 
Po~ and low temperature  region) take place on the 
electrolyte. This different adsorption behavior is the 
origin of the lower electrode resistance of a Pt  elec- 
trode on Bi~O3-based materials  in comparison with 
that on ZrO~- and CeO2-based materials.  Frequency 
dispersion analysis is a powerful  tool for s tudying in 
detail  the mechanism of the electrode process on these 
electrolytes (2-4). 

Various authors studied the frequency behavior  of 
Pt  electrodes on a solid electrolyte. Generally,  for P t -  
paste and Pt -sput te red  electrodes on stabilized zir- 
conia the par t  of the frequency dispersion diagram 
which corresponds to the electrode process consists of 
a depressed semicircle (2, 5-9). This is in terpreted in 
terms of a paral lel  combinat ion of a resistance and a 
double layer  capacity (2). A Warburg- type  behavior, 
which is characteristic for diffusion limitation, is some- 
times observed at high temperatures  and low oxygen 
part ial  pressures (5, 8, 10). For  Pt-paste  electrodes on 
subst i tuted ceria Braunshte in  et al. (11) found that 
the overall  process consists of a paral lel  combinat ion of 
a resistance and a Warburg  impedance. However, Wang 
and Nowick (12) observed for a Pt-paste  electrode on 
subst i tuted ceria a depressed semicircle, which in ter -  
pretat ion is not very clear. The electrode process on 
(porous) Bi2Os was studied using Au-pas te  electrodes 
(13, 14). The exper imental  results are in terpreted in 
terms of a paral lel  combinat ion of a resistance and 
Warburg  impedances. The Warburg  impedances are 
correlated with diffusion on the oxide surface and on 
the meta l  surface (14). These data can hardly  be used 

1Present address: Philips Research Laboratories, Eindhoven, 
The Netherlands. 

Key words: electrode resistance, solid electrolytes, oxygen 
transfer mechanism, complex impedance. 

for obtaining insight on the influence of the electrolyte 
on the electrode process because the measurements  
were performed under  different exper imental  condi- 
tions and using different electrode morphologies, which 
are sometimes badly characterized. 

The object of this paper is to study in detail the 
mechanism of the electrode process on different elec- 
trolytes using f requency dispersion analysis and to 
support  the models of the electrode process developed 
in part  I of this study. With the frequency dispersion 
technique an equivalent  electrical circuit of the elec- 
trode process can be achieved and resolved in its com- 
ponents and a fur ther  insight in the influence of the 
electrolyte on the electrode process can be obtained. 

The following systems were studied: 

(ZrO2) 0.sa (YO1.5)0.17 (ZY17), 

(CeO2) 0.90 (GdO1.5) 0.zo (CG10), 

(Bi208) z-~(Er~Os)x with x -- 0.20, 0.30, and 0.40 (BE20, 
BE30, and BE40). Electrodes with the same morphol-  
ogy were realized on these electrolytes and this mor-  
phology was preserved dur ing  the subsequent  exper i -  
ments. The electrode preparat ion and characterization 
is thoroughly described in part  I of this study. Experi-  
menta l  details concerning the preparat ion and charac- 
terization of electrolytes and the electrical measure-  
ments  are given in  Ref. (1). The procedure to deter-  
mine  the individual  components of the equivalent  elec- 
trical circuit is described elsewhere (27). 

Theory 
In  part  I of this study it was concluded that the rate-  

l imit ing step in the electrode process on ZY17, CG10 
(Po2 ~ Po2min'), BE20, BE30, and BE40 is mass t rans-  
port of oxygen atoms. In  this section the re levant  
theory for the frequency dispersion behavior  of a mass 
t ranspor t  controlled reaction is given. 

When a d-c current  passes through the electrolyte 
the oxygen atoms for the electrode process are supplied 
or removed by  diffusion of oxygen atoms on the elec- 
trode surface and /o r  electrolyte surface. The oxygen 
atoms diffuse over a characteristic length ~ from x -~ 
8 to the triple l ine at x : 0, where the charge t ransfer  
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Fig. 1. Schematic picture of the diffusion process of oxygen 
atoms from x - -  8 to triple line T at x = 0. 

takes  place. The s i tuat ion is dep ic ted  in Fig. 1. At  
x ~ 5 the  concent ra t ion  of adsorbed  oxygen  atoms is 
constant.  The product ion  or remova l  of oxygen  atoms 
is so smal l  tha t  the  equ i l ib r ium concentra t ion at  x ~ 8 
is not  changed dur ing  the exper iments  or  for x ~ 8 
the  exchange  of oxygen  molecules  wi th  the  gas phase 
is large  enough to keep  the concentra t ion of oxygen 
a toms at x ~ ~ constant.  I t  is assumed tha t  across the 
dis tance 8 the  exchange of oxygen  molecules  wi th  the 
gas phase has an ignorable  effect on the  concentra t ion 
d is t r ibut ion  in this a rea  (8 is smal l  in compar ison with  
the size of the e lect rode par t ic les ) .  

In  the  case tha t  an a - c  current  passes the e lec t ro ly te  
the  "pene t ra t ion  depth"  ~ of the concentra t ion pe r -  
turbat ion,  due  to the product ion  or  r emova l  of oxygen 
a toms at  the t r ip le  line, is given by  ~/2Do/~, where  Do 
is the  diffusion coefficient of oxygen  atoms and ~ is 
the  f requency  ~ = 2~:. Fo r  ~. < ~ the diffusion process 
occurs in a semi- inf ini te  medium.  F o r  smal l  f requencies  
the pene t ra t ion  dep th  wil l  be l imi ted  b y  hmax = 8. The 
calcula t ion of  the  impedance  of this diffusion process 
for  a comparab le  s i tuat ion is given by  Broers  (15) for  
an e lect rode in aqueous solutions and mol ten  sal ts  and 
is summar ized  below. 

The one-d imens iona l  diffusion equat ion is given by  

OaC o ~ C  
"0~ - - D o ' ~ x  ~ [1] 

where  hC = C(x ,  t) -- Co and Co is the equi l ib r ium 
concentrat ion.  The bounda ry  condit ions are  given by  

~ = ~  A C = 0  [2] 

x - - 0  Do "~'x / ~=o "-n'-F" [31 

where  n is the number  of electrons involved in the 
e lec t rode  process. Assuming Nernst  revers ib i l i ty ,  the 
solut ion of the  diffusion Eq. [1] using the bounda ry  
condit ions [2] and [3] and the addi t iona l  condit ion 
IhCI < <  Co (which implies  smal l  overvo l tages ) ,  is 
given by  (14, 15) 

RT~ t anh  [~(1 -t- J)]  
Z~ : n2F~C~Do X ~ ( 1 %  j )  [4] 

where  

p = 5 [5] 
2Do 

A graph ica l  r epresen ta t ion  of [4] is given in Fig. 2a 
and the admi t t ance  d iag ram cor re la ted  with  this p ro -  
cess is given in Fig. 2b. 

If  ~ ~ 3, i.e., the  pene t ra t ion  dep th  ~ is smal l  wi th  
respect  to the  length  8, the diffusion occurs in an effec- 
t ive ly  semi- inf in i te  med ium and Eq. [4] is reduced to a 
classical  V~arburg impedance  

1.C 

. 

~o.6- N 

N " 
0,2" 

0 0.2 

/ /  
A / / 

/ /  
/ 

/ 
/ :  

O~ I 

Z/Zvc  
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>- 

1' /P \ 

2 ,4 6 

YYYDc 

Fig. 2. Hormalized impedance (A) and admittance (B) plots of 
the R-type Warburg impedance (Eq. [4]). [After (14, 15).] 

Zw = Kw,~-Y, x (1 - D [6]  
where  

R T  
Kw : [7] 

n2F2Cok/2Do 

Kw is cal led the  Wa rbu rg  constant .  
On the o ther  hand,  if ~ ~ 0.3, i.e., the pene t ra t ion  

depth  is l imi ted  b y  x --  8, where  hC --  0, we  find f rom 
[4] 

RT~ 
Z ~  - [8]  

n~F2CoDo 

3RT I 

Z"/~ =, n2F2Co8 -" eLF  [9] 

w h e r e  C L F  is the low f requency  capacity.  
For  the m a x i m u m  value  of  the imag ina ry  component  

of [4] ~ = 2/~/= (see Fig. 2a). Using Eq. [5] the mag-  
n i tude  of 8 / ~ / D  can be calcula ted wi thout  knowledge  
of the e lect rode a rea  and the va lue  of Co and we find 

2Do 

where  Wmax is the value  of the f requency  at  the max i -  
m u m  va lue  of the  imag ina ry  component  of [4]. 

At  low frequencies this type  of Wa rbu rg  behavior  
is l ike  a resistance and is cal led " R - t y p e  W a r b u r g  im-  
pedance"  (14). 

Pt Electrodes on Z Y I 7  
Pt-sput tered electrodes.--In par t  I i t  was shown 

that  in the re la t ion  be tween  the e lec t rode  resis tance Re! 
and the oxygen pa r t i a l  p ressure  a m i n i m u m  in R~ ap -  
pears  at  Po~ = Po2 rain'. Above and be low Po2 rain. the 
e lec t rochemical  character is t ics  of Rel are  qui te  differ-  
ent. At  983 K Po2 rain. has  a va lue  os about  4.5 • 10-8 
a tm Os. 

F igure  3 shows the complex  impedance  d i ag ram at 
983 K of spu t te red  e lec t rodes  on ZY17 as a funct ion of 
the  oxygen  pa r t i a l  pressure .  A t  Po2 > Po2 rain" a single 
semicircle  is observed (Fig. 3a).  For  Po2 ~ Po2 mi'" 
two over lapp ing  semicircles a r t  observed (Fig. 3b and 
c),  indica t ing  tha t  two processes (connected in  series) 
p l ay  a role. Fo r  Po~ < Po2 rain" (Fig. 3d) the f requency  
dispers ion d iagram is i n t e rp re t ed  in terms of a dis-  
tor ted  Wa rbu rg  impedance.  I t  is shown (27) tha t  in -  
t e rp re ta t ion  of Fig. 3d in te rms of two s t rong ly  ove r -  
l apping  semicircles  is not  correct .  The deve lopment  of 
the f requency  dispers ion d iagrams  as a funct ion of the  
oxygen  pa r t i a l  p ressure  was qui te  reproduc ib le  (using 
porous sput te red  e lect rodes) .  The to ta l  equiva lent  elec-  
t r ica l  circuit  is given in Fig. 4a. Wa is connected wi th  
diffusion at  the anode. Genera l ly ,  for  Wa the condit ion 

~ 0.3 holds over  the  whole  f requency  range inves t i -  
gated and Wa is reduced  to a resis tance Ra (Eq. [8]) .  
This is discussed below. Ra var ies  wi th  P ~ +  v= �9 Wc is 
connected wi th  diffusion at  the cathode and Zwc (#'-> 0) 

Po~- '/=.This is discussed in the  fol lowing.  
At  Po2 > PC2 rain" the res is tance R~ is l a rge  in com- 

par i son  with  the  resis tance of the  W a r b u r g  impedance  
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Fig. 3. The frequency dispersion diagrams of Pt-sputtered elec- 
trodes on ZY17at  2.! • 10 -1  atm 02 (a),4.5 • 10 -~  arm 02 
(b), 1.6 • 10 -~  atm 02 (c), end 9 • 10 -4  arm 02 (d). The 
temperature is 983 K. The frequency is given in Hz and is indicated 
by figures on the curves. 

Wc. Therefore in  this region the equivalent  circuit can 
be simplified to that shown in Fig. 4b and the frequency 
dispersion d iagram is a semicircle, see Fig. 3a. The de- 
pression of the semicircle is independent  of the oxygen 
part ial  Fressure and the temperature  and has a value 
of about 10~ ~ The capacity CdI is independent  of 
the oxygen part ial  pressure and the tempera ture  (see 
Table I) and is therefore correlated with the double 
layer  and  has a v a l u e  of about 2.8 F / m  2. From the fre- 
quency dispersion measurements  it follows that Ra ~-~ 
Po2+1/2 and Ea(Ra) has a value of about 250 kJ  mol - I .  
This was al ready found in par t  I. 

In  part  I of this study Ra was correlated with diffu- 
sion from the reaction site to the desorption site at 
x -- 8 (anodic process) and it was derived that  R~ ,-~ 
Po2+ V2 (8 ~-. 1). This result  is supported by the experi -  
menta l  f requency dispersion diagram, which showed 
only  resistive behavior  in this case. The Warburg  im-  

Rb R b 
o-,V%,-- 

c 

Rb R b 

R a 

Fig. 4. Equivalent electrical circuits for Pt electrodes on ZY17. 
(a) Complete circuit for Pt-sputtered electrodes, (b) circuit for Pt- 
sputtered electrodes in the region of Po2 > Po2 mi"', (c) circuit for 
Pt-sputtered electrodes in the region of Po2 < Po2 rain', (d) com- 
plete circuit for Pt-gauze electrodes. Rb, bulk resistance; Cal, 
double layer capacity; Wa, Warburg impedance at the anode; We 
Warburg impedance at the cathode; Ra, diffusion resistance at the 
anode (see text); Rag, diffusion resistance at the anode for gauze 
electrodes; Rcg, diffusion resistance at the cathode for gauze elec- 
trodes. 

pedance given by Eq. [4] is reduced to a resistance if 
the condition # -- 0.3 holds in the investigated fre- 
quency range. In our opinion this condition holds in- 
deed at 983 K but not at lower temperatures: At 923 K 
in air the high frequency part of the frequency disper- 
sion diagram deviates from a semicircle. The tangent 
of the high frequency part has an angle with the real 
axis of about 55 ~ whereas the semicircle is depressed 
with 10 o . This can be explained in the following way. 
At lower temperatures Do is smaller and therefore the 
condition # = 8 N/~/2Do --~ 0.3 does only hold at low 
frequencies. At high frequencies this condition does 
not hold and the impedance of the diffusion process 
does not correspond with a simple resistance and the 
observed deviation appears. 

At Po2 < Po2 rain' the resistance Ra is small in com- 
parison with the resistance of the Warburg impedance 
Wc. Therefore, in this region the equivalent circuit 
can be simplified to that shown in Fig. 4c and the ex- 
perimental frequency dispersion diagram is shown in 
Fig. 3d. Figure 5 shows the complex impedance and 
admittance diagram at Po2 = 9 • 10 -4 atm O~ after 
elimination of the bulk resistance and the double layer 
capacity from the circuit of Fi~. 4c. 

The diagrams shown in Fig. 5 have the same shape as 
those shown in Fig. 2a and b and axe therefore cor- 
related with a diffusion process. The experimentally 
found angle of the high frequency part of the diagrams 
with the real axis is 35~ ~ instead of the theoretical 
value of 45 ~ The frequency dispersion diagram in Po2 
= I• 10 -4 arm (not shown), after eliminating Rb and 
Cdt, has the same shape as that shown in Fig. 5. The 
values of Cdl and Kw are given in the Tables I and If, 
respectively. 

Table I. Double layer capacity and low frequency capacity measured for the different electrode/electrolyte combinations 

Double layer capacity (F/m s) * 

Mate- Elec. T 1.00 0.60 0.21 0.I0 4.5 x 10 -2 1.6 • 10 -2 9 • I0 ~ 10 -~ 
r ia l  t r a d e  (K)  a t m  a t m  a t m  a t m  a t m  a t m  a t m  a r m  

ZY17 P t  (sp)  1023 3.0 
983 2.0 2.8 2.9 2.8 4.1 3.9 1.8 1.5 
923 3.9 

Pt (g) 1023 10.9 • 10 -2 
983 5.3 • 10 -2 6.8 x 10-~ 6.4 • 10-~ 9.2 x 10 ~ 4.3 • 10 -s 7.3 x 10 -2 7.5 x 10-2 7.4 x i0--" 
923 5.5 • 10 -2 

CG10 P t  (sp)  983 0.8 1.0 
BE30 P t  (sp) 973 10.4 11.4 33.8 
BE40 P t  (sp) 973 14.6 10.4 7.0 

Low f r e q u e n c y  capac i ty  ( F / m  2) * 

ZY17 P t  (sp) 983 34 22 15 13 

* T h e  capac i t i e s  are  given  pe r  un i t  area  of  e lec t ro ly te  and  a r e  not  c o r r e c t e d  for  the  s ize  at  the  ac tua l  e l e c t r o l y t e / e l e c t r o d e  contac t  
sur face .  T h e  va lues  in this  table  are  g ive n  for  the  two e lec t rodes  t o g e ther .  
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Table II. Warburg constant for several systems as o function of the oxygen partial pressure 
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Temper- 
System ature 

Kw (~m" see-a/s) 

1 6 x 10-I 2.1 x i0-~ 9 x 10-1 i0-~ 
Electrode atm O~ atm Os atm O~ atm O2 atm 02 

ZY17 983 
CG10 983 
BE20 973 

823 
BE40 973 

823 

sp 
sp 1.2 x I0 -~ 1.2 X i0 -2 1.4 x I0 -2 
sp 4.9 x i0-4 
sp 9.5 x I0-4 
s p  3.6 x 10-4 
sp 8.8 x 10"4 

The low frequency resistance Zwo (o: -* 0) varies with 
Po2- '/~ and this agrees wel l  with the results reported in 
par t  I, where it was concluded that the electrode re- 
sistance in  this Po2 region was correlated with diffusion 
of atomic oxygen from the adsorption site to the re-  
action site (cathodic process) and it was derived that 
the electrode resistance varies with Po2 -1/~ (e < <  1). 

For  Po2 = Po2 rain" both Ra and Wr play a role. At low 
frequencies the f requency dispersion diagram is deter-  
mined by Wc whereas at high frequencies by R~ and 
Cd,, resul t ing in two overlapping semicircles. 

The existence of two series connected processes, as 
given in the equiva lent  circuit in  Fig. 4a, was not  recog- 
nized before in l i terature  (6, 9, 16). 

Pt-gauze electrodes.~The complex impedance dia-  
gram for P t -gauze  electrodes on  ZY17 consists of a de- 
pressed semicircle over the whole oxygen part ial  pres-  
sure range. The total equivalent  electrical circuit is 
given in  Fig. 4d with Rag ~ Po2 +'/2 and Rc g ~ Po2-V~. 
For Po~ > Po2 min' the total electrode resistance is de- 
termined by Ra g �9 Ra g shows the same Po2 dependence 
and the same value of Ea as Ra for sPuttered electrodes 
and is therefore correlated with the same process, i.e., 
diffusion l imitat ion at the anode. 

For Po2 < Po2 rain" the total electrode resistance is 
de termined by Rc~. R~g has the same Po2 dependence as 
Zwc (~ ~ 0) for sputtered electrodes and about the 
same value for the activation energy is found (see part  
I).  Therefore, it is plausible that R~g represents the 
same process as We, i.e., diffusion at  the cathode. Due to 
the difference in electrode morphology between a 
sputtered and a gauze electrode the condition # L 0.3 
holds for gauze electrodes (result ing in a depressed 
semicircle) to higher  frequencies than for sputtered 
electrodes where a typical "Warburg- type  behavior" is 
observed. 

We conclude that  the mechanism of the electrode re-  
action for gauze and sputtered electrodes is the same. 

Dil]usion path.--The diffusion paths correlated with 
W~ and W~ (R~g and R~g, respectively, for gauze elec- 
trodes) are now discussed. The processes W~ and Wc are 
correlated with an R-type Warburg  impedance and 
therefore the condition ,~C -~ 0 holds at x : 6. This 
condition holds for the si tuat ion depicted in Fig. 1, 

~ 2 i  ~ ZY17 4 
12 o 9 xlO ~ e l m  % / ' i -  z ~  

o~'* ~ . i ~ I 

30 60  90 120 150 
Z' (~) 

Fig. 5. Complex impedance dia9ram and complex admittance 
diagram for Pt-sputtered electrodes on ZY17 at Po2 : 9 • 10 -4  
arm 02 (983 K) after elimination of Rb and Cdl. The frequency is 
given in Hz. 

2.5 x 10 -2 3.5 x I0  -~ 
2.0 x i0  -~ 2.3 • I0 -e 

where diffusion of atomic oxygen proceeds over a dis- 
tance ~ to the triple line. According to the preceding 
paper  (part  I) in the case of Pt  electrodes on ZYI7 the 
diffusion process should proceed on the Pt  electrode. 

The investigated frequency range, for the diffusion 
process under ly ing  Wa, holds that ~ ~ 0.3. Using ~ ---= 
I000, this condition is equivalent  to 6/~/Do ~-~ 1.4 • 
10 -2 sec+ 1/2 (Eq. [5] ). Lewis a nd  Gomer (17) measured 
the surface diffusion of oxygen on (100)- and ( i l l ) -  
oriented Pt  field emitters for T > 500 K and for low 
surface coverages. In  the absence of bet ter  informat ion 
we used these data to calculate Do at 983 K and found 
a value of 1.2 X 10 -11 m2/sec. For  the effective diffu- 
sion distance 5 a value of ~50 nm is calculated, which 
seems a reasonable value in  view of the electrode mor-  
phology (particle size ~. 1000 n m ) .  

At Po2 < PO2 rain' a value of 6/%/Do can be calculated 
according to Eq. [10] using ~max. This value is esti- 
mated to be 0.58 and 1.16 sec+V~ at 9 • 10 -4 and 10 -4 
atm 02, respectively. Using the above-discussed value 
of Do ---- 1.2 X 10 -11 m2/sec (19), 6 is est imated to be 2 
and 4 ~m (at 9 • 10 -4 and 10 -4 arm O3, respectively. 
These 5-values are too large taking into account the 
morphology of the electrode. Although there is a large 
uncer ta in ty  in the value of Do, comparison of the 
6-values at high Po2 and at low Po2 suggest that  8 de- 
creases with increasing Po2 (18, 21). 

According to Cahen (14) the condition ~C ---- 0 at 
x ---- 6 holds also for a diffusion path between the two 
electrodes and the diffusion proceeds then on the oxide 
grains between the electrodes. This model can be ap- 
plied for porous samples but  is not very probable for 
our  sample with a relative density of 99%. Fur the r -  
more, for our samples this diffusion process should pro- 
ceed via the grain  boundaries,  whereas it was shown in 
part  I that  grain boundaries  in pure ZY17 do not p lay  a 
role in  the electrode process. Brai~nstein et al. (11) 
concluded that a Warburg  behavior  should result  from 
diffusion on the electrolyte/electrode interface (from 
the triple l ine) .  However, the current  dis t r ibut ion as- 
sumed in their very simplified model is in  contradiction 
with the dis tr ibut ion calculated on the basis of a 
physically more reasonable model (24). Fur thermore,  
a recent analysis of Broers (23) showed that if the cor- 
rect current  dis t r ibut ion is taken into account, no War-  
burg behavior is found. Consequently,  the electrolyte/  
electrode interface is not the dominant  diffusion path. 

Pt electrodes on CGIO.--The frequency dispersion 
diagrams and the equivalent  electrical circuit for Pt  
electrodes on CG10 are briefly discussed. The Rel-Po2 
relat ion for P t  electrodes on CG10 shows at 983 K a 
m i n i m u m  in Rel for Po2 ---- 1.6 ,~ 4.5 X 10 -2 arm O2 
(part  I) .  For  sputtered electrodes at Po~ > Po2 rain' the 
frequency dispersion diagram consists of a quar ter  cir- 
cle (comparable with Fig. 7a and b) ,  at Po2 ~ Po2 rain" 
of two overlapping semicircles (comparable with Fig. 
3b and c) and at Po2 < P o 2  rain' of a distorted Warburg  
impedance (comparable with Fig. 3d). The total  equiv-  
alent  electrical circuit for sputtered electrodes is given 
in Fig. 6a. Exper imenta l ly  Rot is found to vary  with 
Po2 +'/4 and Zwc (oJ --> 0) with Po2 -'/~. This is in a good 
agreement  with the results of the d-c measurements ,  
where Rct was interpreted as a charge transfer  resist-  
ance and Zwr (o, --> 0) as a diffusion resistance at the 
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Fig. 6. Equivalent electrical circuit for Pt electrodes on CGIO. 
(a) Complete circuit for Pt-sputtered electrodes, (b) circuit for Pt- 
sputtered electrodes in the region of Po2 > Po~ ~m', (c) circuit for 
Pt-sputtered electrodes in the region of Po2 < Po2 rain', Re~:, charge 
transfer resistance; W*, Warburg impedance. The meaning of the 
other symbols is given in the caption of Fig. 4. 

ca thode  (pa r t  I ) .  The equiva lent  circui t  is now dis-  
cussed. 

At  Po2 > Po2 mira, Rct is la rge  in comparison wi th  the 
impedance  of Wc and the c i rcui t  is r educed  to tha t  
shown in Fig. 6b; the impedance  d iag ram consists of a 
quar te r  circle. (The influence of Cdl is only  measurab le  
at  Po2 -~ Po2 min'. W* is semi- inf ini te  over  the f requency  
range measured  and the Kw-value is given in Table II. 

At  Po~ ~ Po2 rain" the f requency  dispersion d iag ram is 
de te rmined  at low frequencies  b y  W~ and at  h igh f re-  
quencies by  Rct, W*, and Cdl and this resul ts  in two 
over lapp ing  semicircles.  

At  Po2 < Po2 rain', Rct is smal l  compared  wi th  Wc and 
the  c i rcui t  is r educed  to that  shown in Fig.  6c and 
resul ts  in a W a r b u r g - t y p e  behavior .  The values  of 
Kwc are  summar ized  in Table II. 

For  P t -gauze  e lect rodes  on CG10 the e lect r ica l  equiv-  
a lent  circuit  is also given by  Fig. 6 and is discussed 
fur ther  e lsewhere  (25). 

The Po~ dependence  and act ivat ion energy  of Zwc 
(~ -> 0) of P t  e lect rodes  on CG10 is s imilar  wi th  tha t  
of P t  e lect rodes  on ZY17. F u r t h e r m o r e  for K,~ the 
same value  is found as on ZY17 (see Table I I ) .  There-  
fore  we conclude that,  s imi lar  to P t  e lectrodes on ZY17, 
Wc is cor re la ted  wi th  diffusion on the Pt  electrode.  

At  h igh  Po2 an addi t ional  W a r b u r g  impedance  W* 
was measured,  which is pa ra l l e l  to Rct. This impedance  
was not  found for  P t  e lectrodes on ZY17. This W a r -  
bu rg  impedance  W* m a y  be  corre la ted  wi th  diffusion 
of  atomic oxygen  on the  e lec t ro ly te  or  diffusion of e lec-  
t ronic  charge carr iers  th rough  the e lec t ro ly te  (which 
p r o b a b l y  p lays  a role for P t  e lectrodes on s tabi l ized 
Bi20~, see be low) .  More s tudy  is necessary  to e lucidate  
the  or ig in  of W*. 

Pt Electrodes on BE20, BE30, and BE40 
Pt-sput tered electrodes.--Figure 7 shows the com- 

p lex  impedance  behavior  for  P t - s p u t t e r e d  electrodes 
on BE20 as a function of the  oxygen par t i a l  pressure.  
The complete  equiva lent  e lect r ica l  circuit  for  sput te red  
electrodes on BE20, BE30, and  BE40 is shown in Fig. 
8a and is discussed. The double  l aye r  capacit ies were  
de t e rmined  wi th  the  me thod  descr ibed in Ref. (25) 
and its numer ica l  values  a re  summar ized  in Table  t. 

Fo r  BE2O the double  l aye r  capaci ty  (in comparison 
with  R and W) was too smal l  to be measured.  The 
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Fig. 7. Complex impedance diagrams for Pt-sputtered electrodes 
on BE2Oat ! a t m O 2 ( a ) , l  X 10 -~ atmO~(b) ,and 1.2 • 10 -~ 
arm 02 (c). The temperature is 973 K. In the impedance diagram 
shown in (c) the drawn line gives the theoretical plot for R-type 
Warburg behaviar according to Eq. [4]. In (c) the admittance dia- 
gram is also given. The frequency is given in Hz. 

double  layer  capacit ies measured  for BE30 and BE40 
are  in good ag reemen t  wi th  the values measured  by  
Harwig  (13) and Cahen (14) for go ld-pas te  electrodes 
on pure  Bi20~ and are  h igher  than  found in this s tudy 
for ZrO2- and CeO2-based mater ia ls .  Consequently,  
the  magni tude  of Cdl is dominated  b y  a process con- 
nected wi th  the electrolyte .  

At  oxygen pa r t i a l  pressures  in the range  of 1-10 -2 
arm 02 a perfect  qua r t e r  circle is observed (Fig. 7a 
and b) ,  represen t ing  a pa ra l l e l  combinat ion  of a re -  
sistance K and a W a r b u r g  impedance  W. In  the  m e a -  
sured  f requency  range  (10L10 -'2 Hz) the  W a r b u r g  
process is semi-infinite,  i.e., ~ ----- 3. Therefore,  in this 
range the d -c  res is tance of the pa ra l l e l  R-W combina-  
t ion is de te rmined  by  R because Zw (~ -> 0) is much 
l a rge r  than R. F rom the a-c  s tudy it fol lows tha t  R ,-~ 
P02-v= and this is in a good agreement  wi th  the resul ts  
of the  d -c  s tudy  (par t  I ) ,  where  i t  was found addi -  
t ional ly  tha t  Ea(R) ~ 125 k.J mo1-1. 

At  lower  oxygen  pa r t i a l  pressures  ( <  ~-2 arm O2) 
deviat ions appear  at  the low f requency  part .  These 

a 

b 

Fig. 8. (a) Complete equivalent electrical circuit for Pt elec- 
trodes on Bi20~-based materials, (b) equivalent electrical circuit 
at low Po2. R, diffusion resistance; W, Warburg impedance. The 
meaning of the other symbols is given in the caption of Fig. 4. 
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devia t ions  are  due to the fact  that  under  these cir-  
cumstances  the  W a r b u r g  impedance  is no longer  semi-  
infinite. A t  Po2 - -  1.2 X 10 -5 arm O~. the  e lec t rode  
process is fu l ly  de t e rmined  by  the w a rburg  impedance,  
as shown in Fig. 7c and the equiva lent  circui t  is r e -  
duced to tha t  shown in Fig. 8b. In  this range the d-c  
res is tance is de t e rmined  by  Zw (~ --> 0), which is 
charac te r ized  by  an ac t iva t ion  energy  of about  50-90 
k J  mol -* (pa r t  I ) .  

The value  of the W a r b u r g  constant  is not s t rongly  
dependen t  on the e rb ium concentra t ion (27). Kw -1 
var ies  wi th  about  Po~/4 and has an act ivat ion energy 
of about  35 k J  mo1-1 (25). 

Spu t t e red  gold electrodes were  not  s tudied  in de-  
tail. F requency  dispers ion measurements  showed that  
the equiva len t  e lec t r ica l  circuit  is also given by  Fig. 
8a. At  high oxygen  pa r t i a l  pressures  the  impedance  of 
the  pa ra l l e l  R - W  combinat ion  is de te rmined  by  R. In 
pa r t  I i t  was shown tha t  the Ea and Po2 dependence  
of R for  gold e lect rodes  was the same as for p l a t inum 
electrodes,  which points  to processes connected domi-  
nan t l y  wi th  the  e lec t ro ly te .  

These resul ts  suppor t  the conclusion of the preceding 
pape r  (pa r t  I )  that  R or iginates  f rom diffusion of 
a tomic oxygen  on the oxide at  the cathode [#(oxide)  
<< 1]. 

Pt-gauze electrodes.--Figure 9a shows the complex 
impedance  behavior  for  a P t -gauze  e lect rode on BE20 
in oxygen and Fig. 9b shows the admi t tance  behavior  
a f te r  e l imina t ing  the bu lk  resistance.  The complete  
equiva len t  e lec t r ica l  c i rcui t  is given in Fig. 8a. The 
d iagrams  shown in Fig. 9 a re  represen ta t ive  of the  
d iagrams  in the oxygen  pa r t i a l  p ressure  range of 1- 
t0 -5 a tm O~ and the shape is not  influenced by  the 
Er~Oa content.  

The solid l ine in Fig. 9a gives the theore t ica l  p lot  of 
the W a r b u r g  impedance.  The devia t ion  of the exper i -  
men ta l  da t a  f rom this theore t ica l  plot  is caused b y  
the res is tance pa ra l l e l  to the  W a r b u r g  impedance.  The 
W a r b u r g  impedance  is not  semi- inf ini te  and therefore  
the d -c  res is tance of the para l l e l  R - W  combinat ion  is 
de te rmined  by  both R and W. As a consequence the 
expe r imen ta l l y  found ac t iva t ion  energy  and Poe de-  
pendence is not  character is t ic  for  one process but  is 
a combinat ion  of tha t  be longing to lY and W. Fi t t ing  
procedures  a re  necessa ry  to separa te  the contr ibut ion 
of these components .  
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Fig. 9. (a) Complex impedance diagram for a Pt-gauze electrode 
on BE20 in oxygen at ]OlO K. The solid line gives the theoretical 
plot for an R-type Warburg impedance after Eq. [4].  (b) Complex 
admittance p|ot after elimination of the bulk resistance. The fre- 
quency is given in Hz. 

In our  opinion, R var ies  wi th  Po2-Vg and Zw (~ --> 0) 
var ies  wi th  Po2-1/4-2 A t  high Po2 the --Vz power  wi l l  
domina te  whereas  at low Po2 the  --  1/4 power  wi l l  d o m i -  
nate. This in te rp re ta t ion  is in a good agreement  wi th  
the expe r imen ta l  da ta  (see Fig. 7b f rom pa r t  I) and 
is confirmed by  the good agreement  of Ea(sp)  and 
Ea(g)  in the  different  regions (Table  III, pa r t  I ) .  
This is also suppor ted  by  the Po2 dependence  of Kw. 
For  gauze electrodes we found tha t  Kw -1 ~ Po2 I/4 
(27). By compar ing  Eq. [7] and [8] we conclude tha t  
Zw (~--> 0) also varies  wi th  Po2 -1/4. 

We conclude tha t  the  mechanisms of the e lect rode 
react ion for gauze and spu t te red  electrodes on Bi~Os- 
Er2Os is the same whereas  the ac tua l  cont r ibut ion  of 
the different  processes is influenced by  the morphology  
of the  electrode.  

Di]]usion path . - -The  res is tance R in the equiva lent  
e lect r ica l  circuit  shown in Fig. 8a is connected with  
the electrolyte .  The conclusion d rawn  in pa r t  I, that  
R is a diffusion resis tance of atomic oxygen  on the 
oxide surface, could not  be exp l ic i t ly  proved by  f re-  
quency dispersion.  As discussed above the impedance  
of a diffusion process reduces to a res is t ive behavior  
for # --~ 0.3. 

The W a r b u r g  impedance  W cannot  be cor re la ted  
with  diffusion of adsorbed oxygen  atoms on the P t  
surface because according to Eq. [7] we should have 
to find Kw -1 ,~ Poe 1/~. Fur the rmore ,  if W is cor re la ted  
with  diffusion of oxygen  a toms on the P t  surface the  
va lue  of Kw should be independen t  of the  e lect rolyte .  
However  ,at 10 -4  arm O~ (973 K)  Kw has a va lue  of 
2.4 • 10 -3 a m  s sec -~/g for  BE20 and this is about  10 
t imes lower  than  for  ZY17 and CG10 (see Table I I ) .  
We can conclude that  the W a r b u r g  impedance  W does 
not find its or igin in diffusion of oxygen atoms on 
surfaces. The power  V4 suggests that  hole conduction 
p lays  a role. I t  m a y  be that  t r anspor t  of holes f rom 
the electrode to e lec t ro ly te /gas  in terface  is ra te  de-  
t e rmin ing  and that  on this in terface  the charge t ransfe r  
takes plac%according to 

Oads f : ;  0 2 -  -~- 2h + [ 11 ] 

where  h denotes a hole and Ch ,~ Po2 V4. 
According  to Eq. [7] and [8], Ea(Zw (w -~ 0) )  are  

given by Ea(Ch) n u ~AHDh and Ea(Ch) + A[-/Dh, re- 
spectively, with Ea(Ch) the formation enthalpy of free 
holes and AHDh the diffusion enthalpy for holes. From 
the experimental data for Ea(Kw) and Ea(Zw (~ -> 0) ) 
it follows that Ea(Ch) is small and we find for AHDh a 
value of about 80 kJ mol-*. This value is, however, 
lower than the activation energy measured for the 
hole conductivity of stabilized Bi2.O3, which should 
have a value of 106 kJ tool -I (24). 
More study is necessary to elucidate the origin of 

W a r b u r g  impedance  W. Up to this moment  i t  is clear  
tha t  W is t yp ica l ly  for  Bi203-based solid e lec t ro ly tes  
and is not  found for  zirconia. In  ce r i a -based  e lec t ro-  
lytes  a W a r b u r g  component  m a y  p l ay  some role at 
high Po~. 

Conclusions 

1. The diffusion pa th  which ac tua l ly  occurs in the 
e lec t rode  process on P t / so l id  e lec t ro ly te  combinat ion  
is s t rong ly  influenced b y  the type  of solid e lectrolyte .  

2. Fo r  P t  e lectrodes on ZY17 f requency  dispers ion 
measurements  showed that  the r a t e - l im i t i ng  steps are  
diffusion processes tha t  a re  connected in series. At  
Po2 > P o 2  rain" (9 ~ 1)  diffusion of a tomic oxygen  at 
the  anode (Wa) is ra te  de te rmin ing  and at  Poe < 
Po2 rain. (8 <~.. 1) diffusion of a tomic oxygen at  the 
cathode (Wc) is ra te  de termining.  In  par t  I i t  was con- 
c luded that  these diffusion steps occur on the e lect rode 
surface. This s tudy  showed tha t  diffusion on the elec-  
t ro ly te  surface and th rough  the  e lec t ro ly te  p lays  no 
significant role. 

2 Simula t ion  shows tha t  us ing  a para l le l  combinat ion  of  a -V2 
and  -*/4 p o w e r  yields a - %  p o w e r  ove r  5 decades,  
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3. For  P t  e lectrodes on CG10 f requency  dispers ion 
measurements  showed tha t  at  Po2 ~ Po2 min" (8 ~ 1) 
the e lect rode process is de te rmined  bY diffusion at 
the cathode (Wc). This diffusion process shows the 
same character is t ics  as for  P t  e lectrodes on ZY17. 
Therefore  i t  was concluded that  this diffusion process 
occurs on the e lec t rode  too. At  Po2 > Po2 min' the elec-  
trode: process is de t e rmined  by  a resistance,  which  is 
cor re la ted  wi th  a charge t rans fe r  process (Rct). Pa ra l -  
le l  to this resis tance is a Warbu rg  impedance,  which is 
proposed to be cor re la ted  with  the e lect rolyte :  diffu- 
sion of oxygen  atoms on the oxide  surface or electronic 
conduct iv i ty  th rough  the e lectrolyte .  

4. Fo r  P t  e lect rodes  on BE20, BE30, and BE40 fre-  
quency dispers ion measurements  showed that  two 
processes p l ay  a role, a res is tance R and a Warburg  
impedance  W which are  connected paral le l .  F r o m  a 
compar ison wi th  other  e l ec t ro ly te -e lec t rode  combina-  
tions it is concluded that  R is cor re la ted  wi th  diffusion 
of a tomic  oxygen on the e lec t ro ly te  surface at the 
cathode. The W a r b u r g  impedance  is typ ica l ly  for 
Bi2Oz-based mate r ia l s  and i t  is suggested that  e lec-  
t ronic  charge carr i#rs  in  the e lec t ro ly te  are  the di f -  
fusing species in  this process. 

At  high Poe the d -c  resis tance of the  e lect rode pro-  
cess is de t e rmined  by  the resis tance R (diffusion on 
the e lec t ro ly te)  and a low Poe by  the Warbu rg  im-  
pedance  (diffusion th rough  the e lec t ro ly te ) .  

5. The magn i tude  of the double l aye r  capacit ies Cdl 
a re  dependen t  on the na tu re  of the  solid e lectrolyte .  
For  the BieO3-based mater ia l s  they  reach the very  
large  va lue  of about  15 F / m  e for sput te red  electrodes,  
whereas  for  subs t i tu ted  zirconia  or  ceria values of 
about  1-3 F / m  2 are found. 
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Separation by Electrosorption of Organic Compounds in a Flow- 
Through Porous Electrode 

I. Mathematical Model for One-Dimensional Geometry 

Richard C. Alkire* and Ronald S. Eisinger *,] 
Department of Chemical Engineering, University of Illinois, Urbana, Illinois 61801 

ABSTRACT 

An engineering model  of potent ia l -dependent  adsorpt ion of organic compounds  in a flow-through porous electrode 
was derived from fundamental  principles. A one-dimensional geometry was considered in which the counterelectrode was 
located downstream. Potential  was controlled at the end of the porous electrode nearest  the counterelectrode. The model  
considered convective mass  transfer, ohmic resistance, charging of the electrical double layer, and a potent ial-dependent  
adsorpt ion isotherm. Electrosorption can be an efficient cyclic separat ion process if the full change in adsorpt ion capacity 
of the adsorbent  is utilized in min imum cycle time. For  one-dimensional  geometry, the model  predicted conditions under  
which efficient operat ion could be achieved. 

Adsorp t ion  f rom solut ion onto solids is wide ly  used 
as a sepa ra t ion  process, usua l ly  in a cyclic manne r  in 
which the adsorpt ion  phase is fol lowed by  renewal  of 
the adsorbent .  Typical ly ,  and depending  on  the scale of 
operat ion,  r enewa l  involves e i ther  ins ta l la t ion  of f resh 
adsorbent  or  regenera t ion  of spent  adsorbent  by  wash-  
ing wi th  solvent  or  by  heat ing.  A n  e lec t rochemical  
analog, known as electrosorpt ion,  can be used to con- 
t rol  the  adsorpt ion  of ma te r i a l  f rom tonical ly  conduct-  
ing solutions onto conduct ive solids. In  e lectrosorpt ion,  
both adsorpt ion  and regenera t ion  may  be accomplished 
by  judicious control  of an electr ic  potent ial .  

E lec t rosorpt ion  is a surface  phenomenon in which  
the amount  of adsorpt ion  is de te rmined  by  forces act-  
ing wi th in  a few atomic d iamete rs  of the adsorbent  
surface. Fa rada ic  react ion need not accompany e lec t ro-  
sorption.  Usually,  m a x i m u m  adsorpt ion  is l imi ted  to 
monolayer  surface coverage.  Po t en t i a l -dependen t  ad-  
sorpt ion has been observed  for both  charged  and neu-  
t ra l  species. Explana t ions  of potent ia l  dependence  in 
the adsorp t ion  of neu t ra l  species have been proposed 
by  F r u m k i n  (1), But le r  (2), and  Bockris  e t a l .  (3). 
Poten t ia l  dependence  in the  adsorpt ion  of organic  com- 
pounds  on mercu ry  had  been observed  even pr io r  to 
publ ica t ion  of Gouy 's  extens ive  resul ts  in 1906 (4). 
Whi le  numerous  scientific s tudies  have been car r ied  out  
on mercury ,  r e l a t ive ly  few studies  have been repor ted  
on sol id  adsorbents  of h igh surface area. The thorough 
rev iew of e lec t rosorpt ion  on solid adsorbents  by  Da-  
mask in  e ta l .  (5) p r i m a r i l y  dea l t  wi th  low sur face-  
a rea  metals .  

E lec t rosorp t ion  m a y  hold promise  for prac t ica l  ap-  
pl icat ions such as separa t ion  of smal l  quant i t ies  of 
organic  species f rom process or  effluent streams,  e i ther  
for the  purpose  of concentra t ion  and recovery,  or  for 
removal .  These appl icat ions  would  requi re  high sur-  
f ace -a rea  adsorbents ,  and the process would be s imi lar  
in m a n y  respects  to that  of convent ional  adsorpt ion  in 
packed  beds. However ,  design of the  process must  also 
consider  e lec t rochemical  factors. The use of high su r -  
f ace -a rea  e lect rodes  fu r the r  increases the complex i ty  of 
the  process. The purpose  of this pape r  is to develop 
a ma themat i ca l  model  of e lec t rosorp t ion  of neu t r a l  
compounds in a f low- through porous electrode.  The  
model  is compared  wi th  expe r imen ta l  da t a  in the 
pape r  which  fol lows (6). 

No engineer ing  model  of e lec t rosorpt ion  of neu t ra l  
species has to date  been repor ted ,  a l though many  
sa l ient  fea tures  have  p rev ious ly  been  addressed  in the  
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Key words: mass transfer,  ohmic resistance, charging of double 
layer, adsorption isotherm. 
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l i t e r a tu re  of convent ional  adsorp t ion  and of porous 
e lect rode processes. The  ear l ies t  models  were  d i rec ted  
toward  analogous hea t - t r ans f e r  appl icat ions  (7),  in-  
c luding predic t ion  of the t empe ra tu r e  of gas leaving 
a blast  furnace (8). Appl ica t ion  of the foregoing con- 
cepts to adsorpt ion  phenomena  was car r ied  fo rward  
by  Klotz  (9), Hougen and Marsha l l  (10), and  Mickley 
e ta l .  (11). Amundson  and Lapidus  (12-14) obta ined  
e legant  but  complex ana ly t ica l  solut ions for  adsorpt ion  
in packed  beds in  which severa l  of the assumptions  
of previous  workers  had been relaxed.  

Model ing of t rans ien t  behavior  of porous electrodes 
was rev iewed  by  de Levie  (15) and,  more  recent ly ,  
by  Newman  and T iedemann  (16). Johnson and New-  
man  (17) give an app rox ima te  analysis  for charging 
of a porous e lect rode dur ing  e lec t rosorp t ion  of sal t  
on ac t iva ted  carbon. A s imi la r  analysis  of e lec t rochem-  
ical  desal inat ion was r epor t ed  by  Schmidt  (18). A 
Sovie t  appl ica t ion  of the  process repor ted  power  con- 
sumption of 0.35 k W - h r / k g  of salt  r emoved  at  a cur -  
ren t  efficiency of 65% (19). Elec t rosorpt ion  of un-  
charged species, for  which the adsorpt ion  i so therm and 
its potent ia l  dependence  are  rad ica l ly  different  than  
for ions, has not  p rev ious ly  been  modeled.  

Theoretical Model 
A mathemat ica l  model  for  e lec t rosorpt ion  of an un-  

charged adsorba te  onto a f low- through porous elec-  
t rode  was fo rmula ted  f rom fundamen ta l  pr inciples  in 
o rder  to predic t  the  amount  adsorbed as a funct ion of 
t ime and to iden t i fy  pa rame te r s  by  which  behavior  
m a y  be correlated.  

Physical representation of the phenomenon.--A dia -  
g ram of the  geomet ry  under  considera t ion is shown 
in Fig. 1. The e lec t rode  is a conduct ive packed  bed of 
par t ic les  (adsorbent )  th rough  which flows solution 
conta ining e lec t ro ly te  and neu t ra l  adsorba te  species. 
The countere lec t rode is located downs t ream f rom the 

L J ~  Counterelectrode 

LT ~ T ~  Reference Electrode 

x 

!~;~ ' 

t ~'~--Solution Containing 
Organic Adsorbate 

Fig. i. One-dimensional flow-through porous electrode 
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packed  bed.  This a r r angemen t  resul ts  in para l l e l  flow 
of solut ion and of e lec t r ica l  cur ren t  th rough  the bed. 

P r io r  to in i t ia t ing the act of adsorpt ion,  the ad-  
sorbent  is ma in ta ined  at a desorb ing  potent ial ,  ~D, for 
which the amount  of adsorba te  held  by  the packed  bed 
is small .  Then,  a t  t ime t = 0, the potent ia l  at the down-  
s t r eam end2 of the packed  bed  (x = L)  is changed 
sudden ly  to an adsorbing potent ia l ,  CA. The sudden 
change of po ten t ia l  sets into mot ion two processes:  
charging of the e lect r ica l  double  l aye r  on the surface 
of the adsorbent  and remova l  of species from solut ion 
filling the porous bed. 

The charging of the double  l aye r  to the  new poten-  
t ia l  requireS passage of e lect r ica l  cu r ren t  th rough  the 
solut ion wi th in  the  pores  and th rough  the conduct ive 
packed  bed. Because of solut ion resis t ivi ty,  the  region 
of porous e lect rode neares t  the countere lec t rode be-  
comes charged  more  r a p i d l y  than  regions f a r the r  
away.  Tha t  is, the  e lectr ical  charging  process moves  
th rough  the bed  as a wave. Ideal ly ,  fa radaic  react ions  
would  not  occur, and the  cur ren t  which  flows would 
be only tha t  needed  to charge  the  double  layer .  

Because the  adsorpt ion  i so therm is po ten t ia l  depen-  
dent,  i t  should  be c lear  that ,  at  any  ins tant  dur ing  
charging of the bed,  the  local dr iv ing  force for e lect ro-  
sorp t ion  wi l l  depend  on the potent ia l  at  tha t  pa r t i cu la r  
location. Therefore  remova l  of species f rom solut ion 
by  e lec t rosorpt ion  also occurs as a wave  which moves 
th rough  the bed. The actual  ra te  of e lec t rosorpt ion de-  
pends on  the mass t ransfe r  of adsorbable  species f rom 
the solution, flowing th rough  the pores, to the  surface 
of the  adsorbent .  Eventual ly ,  the ent i re  bed  becomes 
charged to the  new potent ia l ,  the  quan t i ty  of ad-  
sorba te  held  b y  the bed  increases to the equ i l ib r ium 
amount  according to the adsorpt ion  isotherm, and 
fu r the r  r emova l  of adsorbate  f rom solut ion ceases. 

Assumptions . - -The six p r i m a r y  assumptions  in the 
deve lopment  of the model  were:  (i) adsorpt ion  was 
mass - t r ans fe r  l imited,  (ii) fa rada ic  react ions were  
negligible,  (iii) rad ia l  gradients  were  negligible,  ( iv)  
solut ion conduct iv i ty  r emained  constant,  (v) conduc-  
t iv i ty  of the  adsorbent  was much grea te r  than tha t  of 
the solution,  and  (vi)  di f ferent ia l  capaci tance  was con- 
stant.  

According to numerous  studies in the l i te ra ture ,  
most  adsorp t ion  processes exhib i t  ve ry  r ap id  kinet ics  
so that  adsorpt ion  ra tes  are  usua l ly  mass - t r ans fe r  
l imited.  Wi th  app rop r i a t e  choice of adsorbent  and of 
range  of potent ia l ,  cu r ren t  caused by  faradaic  react ion 
can be  made  insignificant compared  to capaci t ive  
charging current .  The poten t ia l  g rad ien t  in the  rad ia l  
d i rec t ion  can be ignored  when, for  bed  radius  RB and 
bed length  L, the  t e rm RB2//-, 2 is much less than  one. 
Since la rge  concentrat ions  of e lec t ro ly te  were  needed  
in all  studies, the i r  concentrat ion,  and hence the solu-  
t ion conduct ivi ty ,  r emained  constant  dur ing e lec t ro-  
sorption.  The  final assumption,  that  different ia l  capaci-  
tance was constant,  was the most  quest ionable  assump-  
tion. In  general ,  d i f ferent ia l  capaci tance m a y  v a r y  
cons iderably  wi th  surface coverage and wi th  potential .  
In  the  case of the  exper imen t s  descr ibed  in the  fol low- 
ing paper ,  however ,  the  var ia t ion  over  most of the 
range of po ten t ia l  used for e lec t rosorpt ion  was less 
than  10% from the med ian  value.  

Mathematica~ representation.--The equat ion  of t r an -  
sient  convect ive diffusion in the  presence of mass -  
t ransfe r  l imi ted  adsorpt ion  is 

aCA aCA ,D 0SCA 
~ § v = - ~ka (CA - -  CA ~) [1 ]  

at aX aX 2 

= It is important that the end-of the bed at which the potential 
is controlled (the location of the reference electrode) be the end 
nearest the countereleetrode. If the potential were controlled at 
the opposite end (upstream in Fig. 1) then a change in potential 
would temporarily send the potential near the eoun~=ereleetrode 
to an extreme value where electrolysis would occur. 

On the l e f t - hand  side appear  t rans ient  and convect ive 
terms.  The concentrat ion of adsorbate  in solut ion is cA, 
, is poros i ty  of the  packed  bed, and v is the superficial  
velocity.  The first t e rm on the r i g h t - h a n d  side accounts 
for both molecular  diffusion and for  axia l  dispersion.  
The coefficient D consists of two terms 

D_--. ~ DA-~ =2, [21 

The molecular  diffusion coefficient DA is correc ted  for 
to r tuos i ty  in a packed  bed  (20). The second t e rm is 
given by  Sherwood et al. (21) for ax ia l  dispers ion in 
a bed of par t ic les  of  d iamete r  dp  The di f fus ion-disper-  
sion t e rm  is usua l ly  a minor  factor  in f low-through 
porous electrodes.  The las t  t e rm in Eq. [1] accounts 
for mass t ransfe r  be tween  the fluid and the porous 
electrode.  The mass t ransfe r  coefficient is symbol ized 
by  k (cm/sec) ,  and a is the  in ter rac ia l  a rea  pe r  volume 
of solution ( cm-1) .  In  this work, the mass t rans fe r  
corre la t ion  of Wilson and Geankopl is  (22) was used 

1.09 DA 
, P e  I/a [3]  k = ,, ,dp 

In  Eq. [3], Pe is the  par t ic le  Pecle t  number ,  d~v/DA. 
Boundary  condit ions for Eq. [1] are:  

at  

at 

a t  

t - - O ,  a l l x :  C A = C A o  

x = 0 ,  a l l t :  CA=CAo-~ 
D acA 

v ax 

[ 4 ]  

[ S ]  

While  not exact,  the las t  bounda ry  condit ion was 
found by  Wehner  and Wi lhe ln /  (23) to be a ve ry  good 
approximat ion .  

Under  the assumpt ion tha t  the solution concentra-  
t ion at the adsorbent  surface,  CA s, was in equ i l ib r ium 
wi th  a d s o r b a t e  adsorbed  on the surface of the ad -  
sorbent ,  a re la t ionship  for CA s can be ob ta ined  f rom an 
adsorpt ion  isotherm. The re la t ionship  be tween  CA s 
and f rac t ional  surface coverage, 0, is f r equen t ly  ex-  
pressed in the  fo rm 

K'cA s -" f(O) [7] 

Potent ia l  dependence in the  adsorpt ion  i so therm mani -  
fested i tself  in the adsorbab i l i ty  constant ,  K'. 

A different ial  mass balance  y ie lded  the re la t ion 
needed  to close the  convect ive-diffusion equat ion 

a0 
rm - - -  = k (CA - CA s) [S] 

O t  

Monolayer  surface coverage is symbol ized b y  rm 
(mol/cm2).  The l e f t -hand  side of  Eq. [8] corresponds 

to the amount  of adsorba te  t aken  up b y  the adsorbent ,  
and  the r i gh t -ha nd  side represen ts  the  loss of ad-  
sorbate  f rom solution. A t  t = 0, the  adsorbent  was 
pa r t i a l ly  covered by  adsorbate  wi th  f rac t ional  cover-  
age 8o, giving the in i t ia l  condit ion a t  

t=O,O=Oo [9] 

The t rans ien t  potent ia l  d i s t r ibu t ion  resul t ing  f rom 
charging of the double l aye r  in porous electrodes has 
been der ived  by  severa l  researchers  (17, 24-26). Re-  
sistance in the e lec t rode  phase  was neglected.  The one-  
d imens iona l  equat ion for  charging of the  double  l aye r  
m a y  then be wr i t t en  

at - -  aC 0x ~ 
[10]  

OCA 
x = L, a l l  t: a -  x ' = 0 [6] 
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The poten t ia l  r is the difference be tween  potent ia ls  in 
the me ta l  and in ad jacen t  solution, CM --  CS. The d i f -  
fe rent ia l  capaci tance is C ( F / c m  2) and the effective 
conduct iv i ty  of solut ion in porous media,  K ( l%-cm)- : ,  
is (20) 

= Ko [ii] 

where Ko is the specific conductivity of the solution. 
Initially, the bed is held at a desorbing potential: 

at 
t ---- 0, al l  x: ~ : ~r [ 1 2 ]  

At t >o.O, the  po ten t ia l  is changed to an adsorbing po-  
ten t ia l  and  held  constant  thereaf te r ;  the  poten t ia l  
change is accomplished by  a l inear  scan over  t he  r ise 
t ime tR --  (~bA- *PD)/~, where  ~ is the  scan ra te  of 
the  appl ied  potent ia l :  
a t  

[ �88 x = L ,  t > 0 :  '~b=~bA-~ i-- 

[1 - -  U ( t  - -  tR) ] (~bD - -  CA) [13]  

NO cur ren t  flows in the  solut ion phase at  the  end of 
the  packed  bed  fur thes t  f rom the countere lec t rode:  
at  

0~ 
x = 0 ,  t > 0 :  ~ = 0  [14] 

Ox 
Dimensionless equations.~The equat ion for the  

charging of the double  layer ,  Eq. [10] m a y  be wr i t t en  
in dimensionless  fo rm 

04 0 ~  
= [15]  

8T OX~ 
where  

and 

@ -- '@A 
4, _ [16] 

'r - -  '~A 

X -- x / L  [17] 

T = t~ (aCI.2/K) = t/TDL [18] 

The  corresponding bounda ry  conditions,  Eq. [12], [13], 
and [14] are:  
a t  

T----0, a11X: ~ - - 1  [19] 
at  

a t  

X = I ,  ~ > ' 0 :  r  1 - -  [ 1 - -  U (T --  ~R) ] 

[20] 

04" 
X = 0 ,  , " ~ 0 :  - - = 0  [21] 

OX 

The t ime constant  for charging of the double  layer ,  
�9 DL, is a n  RC t ime constant  which character izes  the  
t ime requ i red  for  the  poten t ia l  to change to its new 
value  th roughout  the  ,bed. 

The  convect ive-diffusion equat ion and adsorpt ion  
isotherm,  Eq. [1] and [7], can be made  dimensionless  
wi th  use of the  t ime constant ,  "~DL 

OCA vaCL oCA 
_ 2 C - -  

OT K OX 

~DaC i ~ C A  ~kaCLS[ f(~0) ] [22 ] 
K tgX ~ ~- CA CAo K '  

where  the  adsorbate,  concentra t ion  has been made  d i -  
mensionless  b y  use of the  feed concentrat ion,  CAo 

CA = CA/CAo [23] 

The  dimensionless  bounda ry  condit ions are:  

at  
----0, a l l X :  CA----1 [24] 

at 

a t  

D 0CA 
X = 0 ,  a l lT:  CA----l-+ [25] 

vL OX 

OCA 
X = 1, al l  T: 0"X = 0 [26] 

Addi t iona l ly ,  Eq. [8] can be wr i t t en  in dimensionless  
form 

Oe aCL2kCAo aCL2k 
- -  CA - -  f ( 0 )  [27]  

0~ Krm ~FmK' 

wi th  the ini t ia l  condit ion,  at 

= 0 :  0 = 0 o  [28]  

Method of Solution 
The mathemat ica l  model  consisted of three  parabo l ic  

pa r t i a l  dif ferent ia l  equations.  In  addit ion,  a lgebra ic  
equations were  used to descr ibe the adsorpt ion  iso- 
therm,  the mass t rans fe r  correlat ion,  and the poten t ia l  
dependence  of the adsorbab i l i ty  constant.  The non-  
l inear  adsorpt ion  equations,  Eq. [22] and [27], were  
coupled to the equat ion for charging of the d o u b l e  
l aye r  through the  potent ia l  dependence  of K'. A d d i -  
t ional  coupling was avoided b y  assuming a constant  
different ia l  capacitance.  Because d i f fus ion/dispers ion 
was r e l a t ive ly  unimpor tan t ,  the t e rm account ing for  
it in the ups t r eam boundary  condition, Eq. [25], was 
ignored dur ing  calculations.  Solut ion of the  sys tem of 
equations employed  severa l  ma themat i ca l  techniques,  
the key  technique being the solut ion of the convect ive-  
diffusion equa t ion  by  the method of finite difference. 
An impl ic i t  back-di f ference  scheme proved  to be s tab le  
for ca lcula t ing  adsorba te  concentra t ion at each loca-  
tion. Specific detai ls  and a computer  p rog ram are  ava i l -  
able  (27). Adsorba te  concentrat ion,  f rac t ional  surface 
coverage, potent ia l  dis t r ibut ion,  and  charging  cur ren t  
were  ca lcula ted  by  the compute r  program.  The d i -  
mensionless  space increment ,  AX, was 1/60; the  d imen-  
sionless t ime increment ,  in i t ia l ly  at 1/6 '(AX) 2, was in-  
creased dur ing  the s imulat ion.  

Poten t ia l  distri ,bution and charging cur ren t  were  de-  
t e rmined  independen t ly  of adsorba te  concentrat ion.  An  
ana ly t ica l  solut ion for the  potent ia l  d is t r ibut ion,  
adap ted  f rom Cars law and Jaeger  (26), was 

4 ~ ( -  1)J 
4' = - -  ~ e - ( 2 j  + 1)~w-~,r/4 COS [ (2~ + 1);cX/2] 

j=0 (2j + 1) 
[29] 

Determina t ion  of po ten t ia l  a l lowed calcula t ion of the  
po ten t i a l -dependen t  adsorbab i l i ty  constant  a t  each lo-  
cation in the bed. The  charging cur ren t  dens i ty  was 
ca lcula ted  from 

Note that  al l  var ia t ion  in po ten t ia l  occurs in the  solu-  
t ion phase and that  CM is constant.  E r ro r  in n u m e r i -  
cal ly  approx ima t ing  the der iva t ive  was usua l ly  neg l i -  
gible, but  was as high as 20% at the m a x i m u m  current .  

Al l  calculat ions were  car r ied  out  on a CDC Cyber  
175. The  p rog ra m requ i r ed  11,400 words.  The  p rog ram 
was t e rmina ted  when  effluent adso rba te  concentra te  
r e tu rned  to wi th in  2% of its in i t ia l  value.  Execut ion 
t ime va r ied  cons iderab ly  wi th  different  input  p a r a m e -  
ters,  r ang ing  f rom 200 to 400 sec. 

Model Results and Discussion 
Input Parameters 

Pa ra me te r s  for the  model  were  based on one p a r -  
t icu lar  adso rben t / adso rba t e  system, the adsorp t ion  of 
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Table I. Fixed parameters for modeling electrosorption of 
fl-naphthol on glassy carbon 

Parameter  Value  

a = interfacial area 3400 cm-~ 3 
A = cross-sectional area of bed 1.85 cm ~- 
C = differential capacitance 8.2 • 10 -o F/cm -~ 
cAo = adsorbate concentration in feed 1.95 • 10 -~ mols/ 

c m  ~ 
DA = adsorbate  diffusion coefficient 8.95 • 10 -6 cm~/ 

see  
[Ref. (30) ] 

dD = particle diameter 0.0036 cm 
~A = porosity 0.38 

adsorbing potential - 0.26V 
r = desorbing potential - 1.26V 

= scan rate 10 V/sec 
Mass transfer correlation Equation [3] 
Adsorpt ion i so therm (modified Langmuir) Ref. (6), Eq. [1] 
Fm = monolayer surface coverage 2.5 • 10 -zo reals/ 

c m  2 
n = number of water molecules replaced 6 

by one adsorbate molecule 
c~ = water concentration 0.055 mols/crn 3 
Potential  dependence  of adsorbabil i ty  con- Ref. (6), Eq. [2] 

stant, K 

/~-naphthol on microspheres of glassy carbon. Exper i -  
ments wi th  this system are reported in the fol lowing 
paper  (6). F ixed parameters  and propert ies used in 
the model  are listed in Table I. Parameters  which were  
var ied in model  calculations are listed in Table II. The 
values of the parameters  for the base case, as well  as 
the range of values, are given. The superficial veloci-  
ties corresponded to a range of Rep from 0.025 to 0.58. 

Results at Model Simulations 
Potential distribution.--A dimensionless plot  of the 

t ransient  potent ia l  var ia t ion within the bed is shown 
in Fig. 2 for several  locations. The bed was ini t ia l ly  at 
a desorbing potential,  r ---- 1, throughout.  At  �9 -- 0, 
the potential  suddenly changed to an adsorbing poten-  
tial (at a scan rate  of 10 V/sec  in this example) .  
Charging of the double layer  proceeded in a wavel ike  
manner  through the bed. The region closest to the 
counterelect rode (X -- 1.0) became charged most rap-  
idly, while  the region fur thest  f rom the counterelec-  
t rade (X _-- 0.0) lagged behind. In fact, it may  be seen 
that  regions far f rom the counterelectrode exper ienced 
a delay period before they even began charging. Also, 
at a t ime equal  to TDL, the bot tom of the bed achieved 
--, 90% of the total potent ial  change. If the differential  
capacitance is constant, the one-dimensional  potent ial  
dis tr ibut ion for charging of the double layer  depends 
solely on TDL. 

Capacitive charging current.--A dimensionless plot 
of the charging current  density as a function of t ime 
is shown in Fig. 3 for the parameters  given in Table  I. 
The current  increased quickly to a peak at the end of 
the potent ial  scan and decreased thereaf te r  while  the 
potential  was held constant. The peak in current  densi ty 
increased with  increasing values of K, ( ~ D -  ~A), and 
�9 DL. The numer ica l  errors in computing the current  
density were  a m a x i m u m  (20%) in the vic ini ty  of the 
peak and negligible elsewhere,  i.e., to wi thin  the wid th  
of the l ine shown in Fig. 3. 

Adsorption within the bed.--Adsorption results 
should more appropr ia te ly  be presented as a function 
of a characterist ic adsorption t ime than  of ~DL. The 

Table II. Base case values and range of variable parameters 

Base case  
Parameter  Uni t s  value  Range 

v = ve loc i ty  e m / s e e  0.177 0.063.1.45 

L = bed length  cm 8.5 3.0-24.3 

~o = specific conduetiv- (~-cm) -z 0,0815 0,01-0.0815 
i ty of solution 

breakthrough time, "CBT, was therefore  defined 

(oA - ,OD) r~a~L 
�9 BT = [31] 

CAoV 

The values 0A and eD correspond to equzlibrium surface 
coverage at potentials CA and r respectively.  The 
breakthrough t ime was the t ime requi red  to saturate 
the adsorbent  if all  adsorbate enter ing the bed before 
the onset of sa tura t ion were  adsorbed. 

Fract ional  surface coverage as a function of bed lo- 
cation is plot ted for several  t ime intervals  in Fig. 4. 
Parameters  for the base case were  used. At  s m a l l  
values of t /2 :BT,  when t / T D L  w a s  also small, o had not 
changed from its init ial  value, 0.30, in the lower  part  
of the bed because the potent ial  there  had not y e t  
changed. At  in termedia te  times, af ter  appreciable 
change in potential  had occurred throughout  the bed, 
increased values of 0 at the lower  and upper  ends of 
the bed were  caused by adsorpt ion- isotherm and po- 
ten t ia l -dependent  effects, respectively.  Adsorpt ion-  
isotherm effects refer  to the increased adsorption ob- 
served at h igher  solution concentrations. By t/TBT -- 
1.0, short ly  before breakthrough,  charging of the dou- 
ble layer  had been completed. At  this time, an adsorp- 
tion wave  was progressing toward  the top of the bed 
in the same manner  as for simple adsorption. Propaga-  
tion of the adsorption wave  may  also be observed f rom 
the adsorbate concentrat ion in solution. F igure  5 shows 
the chronological  his tory of adsorbate concentrat ion 
for several  locations along the bed. Wavel ike  propaga-  
tion of adsorption became evident  at x /L  > 0.5. The 
curve  at x /L  = 1.0 corresponded to adsorbate concen- 
t rat ion in the effluent. 

Velocity, solution conductivity, and bed length.--The 
effects of velocity,  solution conductivity,  and bed length 
on effluent adsorbate concentrat ion are shown in Fig. 

1,0 n'~ ' ~ ' 

 'o,811\ ,x,, 
I I \ % ~  o,25 

o o, o 

I \ \ \ \  0,75 
c/~ O,4l- \ \ \ \  1,00 

~o, 

o 0 0 , 5  1,0 1,5 2 ,0  

t / ' [ D L  

Fig. 2. Decoy of potential at several locations in packed bed 
during charging of the double layer. 

20 

'1 ,o 

OIO01 

Scan rate = I0 V/s 
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Fig. 3. Capacitive charging current, base case 
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Fig. 4. Surface coverage distribution, base case 

6. Each plot used parameter  values for the base case, 
except for the parameter  being varied. In all cases, the 
effluent concentration fell very rapidly in the first few 
tenths of a second. However, the concentration never 
dropped below 30% of its initial value, in accord with 
the adsorption isotherm. Therefore, breakthrough al- 
ways occurred at  values of t/~BT > 1. 

At  the lowest velocity in Fig. 6a, the dimensionless 
concentration remained fair ly constant at a value of 
0.34 until  breakthrough. The flat concentration profile, 
followed by a steep breakthrough curve, would be de- 
sirable in a practical application of eleetrosorption. 
However, for simulations at higher velocities, which 
would increase separation per unit time, the fiat pro-  
file was lost. At intermediate velocities, following the 
initial rapid decline, adsorbate concentration climbed, 
then dipped again before leveling off. At highest ve- 
locities, breakthrough commenced before the second 
concentration dip could occur. The breakthrough curve 
broadened at higher velocities. 

The only effect of altering solution conductivity in 
the model was to change the capacitive charging time. 
However, the effect on adsorbate concentration caused 
by decreasing conductivity was similar to the effect 
caused by increasing velocity. When an electrolytic 
solution with a specific conductivity of 0.0815 (~-  
cm)-1,  corresponding to 0.SM K2SO4, was considered, a 
nearly fiat concentration profile was observed. At a 
conductivity of 0.0397 (rL-cm) -~, corresponding to 0.2M 
K2SO4, the level region in the concentration profile had 
nearly disappeared. At the two lowest conduetivities, 
for which TDL > "~BT, the breakthrough curve became 
very broad. At these two lowest conductivities, capaci- 
tive effects in the diffuse double layer would probably 
decrease the overall double layer capacitance. The 
effect of a smaller capacitance, which would reduce 

o ; , o  ' 2,o 
t/~'BT 

Fig. 5. Adsorbate concentration vs. time at several locations, 
base CaSe. 
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Fig. 6a. Predicted effect of velocity on effluent adsorbate con- 
centration. 

the double layer charging time, was not considered in 
Fig. 6b. 

Larger bed lengths increased both the breakthrough 
time and the double layer  charging time. The effect of 
bed length on effluent concentration, shown in Fig. 6c, 
was similar to the effects observed for velocity and for 
conductivity changes. A fiat effluent concentration pro- 
file only occurred at the lowest length, 3 cm. Since ~DL 
increased with the square of length and TBT increased 
only with the first power of length, increased length 
resulted in less desirable profiles. The effect of bed 
length on effluent concentration suggested formidable 
scale-up problems for a one-dimensional geometry. 

The similar patterns observed in Fig. 6 suggested 
that a single dimensionless parameter  might describe 
all variations in velocity, solution conductivity, and bed 
length. A characteristic observation was that  broaden- 
ing of the breakthrough curve occurred when the 
double layer charging time exceeded the breakthrough 
time. A dimensionless parameter  that  could account for 
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Fig. 6b. Predicted effect of solution conducfivTty on effluent ad- 
sort)ate concentrations. 
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Fig. 6c, Predicted effect of bed length an effluent adsarbate 
concentration. 

the  b roaden ing  effect was the  rat io  of the two charac-  
ter is t ic  t imes 

TDL VCAoCL 
_ [ 3 2 ]  

" g B r  (OA - -  ~ D  ) rm~  

Pa i r s  (and  in one case, a t r io)  of model  s imulat ions  
which used different  va r iab le  parameters ,  but  in which 
the  rat io  of character is t ic  t imes was the same, were  
compared  (27). The s imulat ions  for each rat io  were  
nea r ly  coincident  and qual i ta t ive  t r ends  matched.  A 
fiat concentra t ion  profile was obta ined  for  "~DL/TBL 
1.0. The s imulat ions  for ra t ios  at  or  above un i ty  r e -  
flected incomple te  adsorp t ion  at  the  t ime tha t  b r e a k -  
th rough  was expected.  Because the  adsorbing poten t ia l  
had  not  pene t r a t ed  the ent i re  bed, the  b reak th rough  
curve was ex tended  in t ime unt i l  charging of the 
double  l aye r  was complete.  The rise in adsorba te  con- 
cen t ra t ion  immed ia t e ly  af ter  the in i t ia l  drop in con- 
cen t ra t ion  was caused b y  sa tura t ion  of the  top of the  
bed before  the adsorbing  poten t ia l  had  reached lower  
into the  bed. 

S imi l a r i t y  among the curves computed  at  the  same 
values  of "~DL/'fBL pe rmi t t ed  the  es tab l i shment  of a 
genera l  dimensionless  correlat ion,  shown in Fig. 7. 
The  genera l  corre la t ion  was not  exac t  and has  not  
been tes ted beyond the range of p a r a m e t e r  values  
l is ted in  Table  II. Also, its va l id i ty  for different  values  
of the  fixed pa rame te r s  has not  been  considered.  
Nevertheless ,  the  corre la t ion accounted for  the be -  
hav ior  of t h r ee  impor tan t  pa rame te r s  over  a useful  
range  of values.  More impor tant ,  the  corre la t ion  
worked  in regimes  of ve ry  different  behavior .  The re -  
fore, the  resul ts  of Fig. 7 represen ted  the most im-  
po r t an t  contr ibut ion  of the  mathemat ica l  model.  

Appl ica t ion  of the model  s imula t ion  to the desorp-  
t ion cycle is discussed in the  fol lowing pape r  (6).  

Adsorption isotherm.--It was found in this work  
(27) that  the manner  of e lect rode p r e t r ea tme n t  a f -  
fected the  magni tude  of the dimensionless  adsorbab i l i ty  
constant  K = K'cw wi thout  changing the  fo rm of the  
adsorpt ion  isotherm. Fo r  severa l  values  of K re la t ive  
to the  expe r imen ta l  value,  Ko, s imula t ion  of the  effluent 
adsorba te  concentra t ion vs. t ime is p resented  in Fig. 8, 
under  base-case  conditions.  Usually,  the  fiat region of 
effluent concentra t ion was at  a lower  concentra t ion at_ 
h igher  values of K. However ,  the concentra t ion in the 
fiat reg ion  for 2 • Ko was s l igh t ly  h igher  than  for Ko. 
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Fig. 7. Dimensionless correlation for electrosorptio,  in o f low- 
through porous electrode. 

Coincidental ly ,  Ko m a y  have represen ted  an  op t imal  
va lue  for  electrosorpt ion.  

The effect of potent ia l  dependence  could not be gen-  
eral ized because the form of the dependence  m a y  v a r y  
wi th  each adso rba t e / adso rben t  system. The effect of 
changing CAo was pa r t i a l l y  considered in Fig. 7 by  its 
inclusion in ~BT. Adsorp t ion  genera l ly  increases wi th  
lower  t empera ture .  However ,  l i t t le,  if  any  benefit  
would  accrue in the case of e lec t rosorpt ion at  low 
t empera tu r e  because the  amount  of adsorpt ion  at ~bD 
would  also increase.  

Mass transfer and dispersion.--The correla t ions  used 
in the model  to de te rmine  the  coefficients of mass  
t ransfe r  and of dispers ion were  not  ve ry  accurate.  The 
model ' s  sens i t iv i ty  to these two coefficients was tes ted 
by  reducing the mass t rans fe r  coefficient to 1/4 of its 
or iginal  magni tude  and b y  increas ing the dispers ion 
coefficient by  a factor  of 4. Corre la t ions  for dispers ion 
(21) in the  appropr ia t e  range  of Pecle t  number  sug-  
gested the  factor  of 4. The lower  mass t ransfe r  coeffi- 
cient reduced the ra te  of change of effluent concent ra-  
t ion dur ing  the first few tenths  of a second and, to  a 
lesser extent ,  dur ing  break through .  Overal l ,  the effect 
of changing the mass t ransfer  coefficient was minor  
for the condit ions of the base case. Changing the dis-  
pers ion coefficient had  negl igible  effect on effluent 
concentrations.  
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Fig. 8. Predicted effect  of adsorbabil i ty on ef f luent  adsorbate 
concentration. 
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Practical Implications for One-Dimensional Geometry 
Cycle t ime.--Two broad  object ives  mus t  be me t  in 

opt imizing a pract ical ,  cyclic, e lec t rosorpt ion  process. 
In  o rde r  to increase the amount  of adsorba te  separa ted  
per  uni t  t ime, the cycle t ime should be minimized,  as 
by  increas ing flow velocity.  In  addit ion,  u t i l iza t ion of 
the  adsorbent  capaci ty  per  cycle should be maximized.  
Unfor tuna te ly ,  the  cons t ra in t  tha t  must  be satisfied to 
meet  these objectives,  2;DL/TBT < 1.0, l imits  sca le -up  of 
the  one-d imens iona l  f low- through porous electrode.  
Consider,  for example ,  methods  to minimize TDL --  
aCIfl/~. Since charging t ime increases wi th  the  square  
of bed length,  the  grea tes t  reduct ion  in TDL would  re -  
sult  f rom decreas ing L. But  then, sca le -up  to l a rge r  
beds mus t  consider  a two-d imens iona l  geometry.  
Highly  conduct ive solut ions a l low more  f lexibi l i ty  in 
scale-up.  Increased  t empe ra tu r e  may  increase conduc-  
t iv i ty  by  about  2%/~ However ,  reduced  t empera tu re  
would be more  effective in sys tems exhib i t ing  excessive 
faradaic  current .  Gagnon (29) found that  the differ-  
ent ia l  capaci tance of nickel  was unchanged  at  low 
tempera tures .  Different ia l  capaci tance ought  to be 
sma l l e r  in solvents  of low dielectric.  Increas ing the 
in ter fac ia l  a rea  permi t s  some degree  of sca le -up  wi th -  
out affecting the ratio,  TDL/'~B T. However ,  an order  of 
magn i tude  increase  in specific surface a rea  from that  
on glassy carbon would  change the l imi t ing  ra te  of 
adsorpt ion  f rom convective mass t ransfe r  to pore  di f -  
fusion. 

Effluent concentration.--In some appl ica t ions  consid-  
ered for e lectrosorpt ion,  the  goal migh t  be main tenance  
of adsorba te  concentra t ion  be low a cer ta in  level.  I t  
was found that  ne i ther  longer  beds nor  s lower veloci-  
t ies had  much effect on the min imum adsorbate  con- 
cent ra t ion  in the  effluent. Min imum effluent concent ra-  
t ion  is de te rmined  by  the po ten t i a l -dependen t  adsorp-  
t ion isotherm. With in  cer ta in  l imits;  potent ia l  can be 
changed to provide  a sui table  effluent concentrat ion.  
In o rde r  to achieve much  lower  concentrat ions  in a 
one-d imens iona l  f low-through configuration, p lacement  
of two or  more  independen t  f low- through  porous elec-  
t rodes in series would  be necessary.  

Energy consumption.--The energy  requ i red  of an 
e lec t rosorpt ion  process, exclusive of  pumping  costs, is 
tha t  needed to charge the double  layer .  The two m a n -  
da to ry  components  of energy  consumption are  the 
energy  s tored in the  double  l ayer  and the energy  dis-  
s ipa ted  in the in te rs t i t i a l  solut ion of the  porous elec-  
t rode  dur ing  charging of the  double layer .  These two 
components  are  equa l  in magni tude.  Addi t iona l  energy  
is d iss ipated in the  separa to r  be tween  the work ing  and 
counterelectrodes.  Energy  consumpt ion dur ing  each 
ha l f -cyc le  wi l l  be independen t  of the  ut i l iza t ion of 
adsorbent  surface area  for adsorpt ion,  unless in-  
creased surface coverage changes the different ia l  ca-  
paci tance.  

Ene rgy  s tored in the  double  layer ,  analogous to the  
s torage  of energy  in  a capacitor,  is 

1 
EDL ---- " ~ - a C  (A~) s A L  [33] 

for a porous e lec t rode  of cross-sect ional  a rea  A and 
bed length  L. Energy  diss ipated wi th in  the  in te rs t i t i a l  
volume of a porous e lect rode is 

f0~ L Einter --  [i (x, t ) /~]  dxdt [34] 

The energy  diss ipated in the sepa ra to r  is 

Y; Esep ---- I ( x  -- L, t) 2 Rsol dt [35] 

If the work ing  and countere lec t rodes  a re  separa ted  by  
a porous glass f r i t  of thickness  LF having  the same 
cross-sect ional  a rea  as tha t  of the  porous electrode,  the 
solut ion resistance,  Rsol, becomes LF/KA. Equat ions  
[34] and [35] were  solved b y  finite difference, wi th  
the  upper  t ime l imi t  rep laced  b y  TDL because the  
charging cur ren t  I becomes negl igible  at  "~DL. 

Components  of energy consumpt ion of an e lect rode 
per  ha l f -cyc le  a re  given in Table  I I I  under  condit ions 
of severa l  model  s imulat ions.  The tabula t ions  assumed 
values  of LF ----- 1 cm and A ---- 1.85 cm 2. Solut ion con- 
duct ivi ty,  bed length,  and specific surface a rea  were  
varied.  In  spite of different  ca lcula t ional  procedures ,  
the  magni tudes  of EDL and Einter were nea r ly  the  same. 
No significant change in energy  consumpt ion resul ted  
f rom va ry ing  solution conductivi ty.  Ene rgy  diss ipated 
in the in ters t i t ia l  s o l u t i o n  was p ropor t iona l  to bed 
length  and to specific surface area. Ene rgy  diss ipated in 
the separa to r  was also p ropor t iona l  to specific surface 
area, but  Esep increased only s l igh t ly  wi th  bed  length.  

Total  ene rgy  consumpt ion per  ha l f -cyc le  was cal -  
culated on the basis that  the  countere lec t rode  was a 
second f low-through porous e lec t rode  opera t ing  in the 
opposite sorpt ion mode 

Etotal = Esep -}- 2Einter -{- EDL [36] 

The double  l aye r  s torage t e rm  was not  doubled,  even 
though the two electrodes were  considered,  because,  
in principle,  hal f  of the double  l aye r  energy  can be 
recovered dur ing  discharge by  using i t  to charge p a r -  
t ia l ly  the second electrode.  In  pract ice,  less than  half  
of the s tored energy  would  be recovered  if  rapid 
charging and discharging were  required .  Tabula t ion  of 
total  energy  consumption per  g- tool  of adsorba te  in 
Table I I I  assumed ful l  use of adsorpt ion  capac i ty  be -  
tween  8 D and eA. Energy  consumption,  about  0.2 k W -  
h r / g - m o l  of adsorbate ,  was unaffected by  changes in 
solut ion conduct iv i ty  and specific surface a r e a .  The 
small  decrease in energy  consumption per  amount  ad-  
sorbed at l a rger  bed  lengths  reflected the  reduced  in-  
fluence of separa tor  resistance.  At  condit ions corre-  
sponding to the base case, ene rgy  consumption was 
1.43 k W - h r / k g  of ~-naphthol .  Fo r  comparison wi th  
desal inat ion by  electrosorpt ion,  Soviet  worke r s  (19) 
r epor ted  energy  usage of 0.35 k W - h r / k g  of salt .  

Conclusions 
A mathematical model was developed to describe 

electrosorption of uncharged compounds in a flow- 

Variables 

Table III. Energy consumption 

Energy consumption 

Components: per half-cycle Etotal 
per electrode 

Specific sur- 
L go Face a r e a  EDL Elnter  

(cm) (O-cm) -1 (cmS/g) (W-sec) (W-sec) 
Esep 

(W-sec) 

Per half- Per  amount 
cycle adsorbed 

(W-sec) (kW-hr/g-mol) 

8.5 0.0815 1510 0.219 0.215 0.131 0.780 0.206 
8.5 0.0397 1510 0.219 0.216 0.137 0.789 0.208 
8.5 0.0200 1510 0.219 0.217 0.142 0.795 0.208 
3.0 0.0815 1510 0.077 0.073 0.107 0.330 0.245 
8.5 0.0815 1510 0.219 0.215 0.131 0.780 0.206 

24.3 0.0815 1510 0.627 0.622 0.145 2.016 0.186 
8.5 0.0815 1510 0.219 0.215 0.131 0.780 0.206 
8.5 0.0815 3020 0.438 0.432 0.274 1.576 0.208 
8.5 0.0815 6040 0.877 0.868 0.566 3.179 0.209 
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th rough  porous electrode.  The model  t rea ted  the case 
of downs t ream p lacement  of the countere lec t rode and 
control  of po ten t ia l  at  the end of the porous e lec t rode  
neares t  the counterelectrode.  Rate of adsorpt ion  was 
assumed to be l imi ted  b y  convective mass transfer .  
T h e  ma themat i ca l  model  p red ic ted  amount  adsorbed,  
effluent adsorbate  concentrat ion,  t rans ien t  potent ia l  
dis t r ibut ion,  and flow of cu r ren t  under  var ious  ope ra t -  
ing conditions. 

The  most impor tan t  resul t  of the model  was that  
rapid and efficient adsorpt ion  occurred when the rat io 
of double l aye r  charging t ime to b reak th rough  t ime 
was  below unity.  This rat io  specified opera t ing  con- 
s t ra in ts  on flow rate,  solut ion conduct ivi ty,  and bed 
length. The model  also showed that  the adsorpt ion  iso- 
therm, r a the r  than engineer ing variables ,  de te rmined  
the min imum effluent concentra t ion  of adsorbate .  

For  use as an indus t r ia l  separa t ion  process, e lec t ro-  
sorpt ion must  be car r ied  out  on a cons iderably  la rger  
scale than  in l abo ra to ry  exper iments .  In  par t icu lar ,  
l a rger  flow rates,  specific surface areas  of adsorbents ,  
and adsorbent  beds would be  necessary.  The m a t h e -  
mat ica l  model  developed for one-d imens iona l  e lec t ro-  
sorpt ion charac ter ized  the l imi ta t ions  on sca le-up  and 
also enabled  identif icat ion of fu ture  areas  of study.  

While  augmenta t ion  of adsorpt ion  ra te  and capaci ty  
can be achieved by  increas ing fluid veloci ty  or bed 
length,  i t  should be recognized that  these pa rame te r s  
also influence the  double  l aye r  charging t ime with  re -  
spect to the  b reak th rough  time. Excessive sca le -up  by  
veloci ty  or  bed  length  m a y  therefore  have an adverse  
effect upon cycle  time. Increases  in capaci ty  can also 
be achieved by  increasing bed diameter ,  which  has no 
influence on the character is t ic  t ime constants,  a l though 
mechanica l  l imi ta t ions  and fluid-flow channel ing may  
impede  per formance  of l a rge -d i ame te r  systems. 

P lacement  of the countere lec t rode  in posit ions other  
than  the downs t ream a r rangemen t  s tudied here  should 
be explored  fur ther .  In  par t icular ,  f low-by geomet ry  
appears  a t t rac t ive  where  e lect r ica l  cur ren t  flows pe r -  
pendicu la r  to the  direct ion of fluid flow wi th in  the 
packed  adsorp t ion  bed. 

Prac t ica l  appl icat ions  of e lec t rosorpt ion would favor  
use of porous adsorbent  par t ic les  r a the r  than  the non-  
porous microspheres  used in this fundamenta l  study. 
Porous par t ic les  would  pe rmi t  increased specific sur-  
face area  whi le  main ta in ing  low fluid pressure  drop. 
Models  of porous par t ic le  adsorbents ,  however ,  would  
need to be developed to account for pore-di f fus ion-  
l imi ted  adsorpt ion.  

Note Added in Proof: An er ror  in these two papers  
(This Journal, 130, 85, 93) has been  discovered.  In  the 
equat ion for the charging of the double  l ayer  in the  
first paper ,  Eq. [10], the  r ight  hand side should be di-  
vided by  the porosity,  e. The emiss ion of e does not 
change the resul ts  qual i ta t ively .  However ,  in compar i -  
son of theory  and exper iment ,  correct ion of the equa-  
t ion wil l  reduce the calcula ted character is t ic  t ime for  
charging of the  double  l aye r  by  62%. The quant i ta t ive  
effect of the correct ion is a much be t t e r  ag reement  
be tween  calcula ted and measured  decay of potent ia l  
and of cur ren t  wi th  t ime. The correc ted  forms of the 
doub l e - l aye r  charging  t ime,  "~DL, and of the rat io of 
charging to b r eak th rough  times, ~DL/~B'r, become 

I:DL = ,aCLS/~ 

~fDL/'fBT --- VCAo C L / [  (@_4. - -  eD)rm~ 

Acknowledgments 
This work was funded by grants NSF ENG 76-83379 

and NSF  CPE 80-08947. Fe l lowship  assistance f rom 
Union Carbide  Corporat ion,  Amer ican  Oil Company,  
Genera l  Electr ic  Company,  and Exxon  Educat ion 
Foundat ion,  was deeply  apprecia ted.  

Manuscr ip t  submi t t ed  Jan.  10, 1982; revised manu-  
scr ip t  rece ived  J u l y  1, 1982. 

Any  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1983 
JOURNAL. Al l  discussions for the December  1983 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1983. 

Publication costs o~ this article were assisted by the 
University el Illinois. 

LIST OF SYMBOLS 

a in ter rac ia l  area  pe r  uni t  volume of solution, 
Era-1 

A cross-sect ional  a rea  of bed, cm 2 
CA adsorbate  concentrat ion,  m o l / c m  3 
CAo ini t ia l  adsorbate  concentrat ion,  m o l / c m  8 
CA s adsorba te  concentra t ion at  adsorbent  surface,  

mol / cm 3 
cw concentra t ion of water ,  m o l / c m  2 
C different ia l  capacitance,  F / c m  2 
CA dimensionless  adsorbate  concentra t ion = CA/CAo 
d,  par t ic le  d iameter ,  cm 
D sum of effective diffusion and dispers ion coeffi- 

cients, cm2/sec 
DA diffusion coefficient of adsorbate ,  cm2/sec 
EDL energy  s tored in the capaci t ive double  l ayer  

dur ing  a half-cycle ,  W-sec  
Eintcr energy  diss ipated in the in ters t i t ia l  solut ion 

wi thin  a porous electrode dur ing  a half-cycle ,  
W-sec 

Ese p energy  diss ipated in the solut ion wi th in  the 
separa tor  dur ing  a half-cycle ,  W-sec  

Etotal energy  consumed per  hal f -cycle ,  using two 
porous electrodes,  W-sec  

i cur ren t  density,  A / c m  2 
I current ,  A 
k mass t ransfe r  coefficient, cm/sec  
K po ten t i a l -dependen t  adsorbab i l i ty  constant,  di- 

mensionless  
Ko exper imen ta l  value  of K 
K' K/cw, cmS/mol 
L bed length, cm 
LF thickness of glass f l i t ,  cm 
n number  of solvent  molecules  displaced by  one 

organic adsorbate  molecule  
Pe par t ic le  Peclet  number  --  d,v/DA 
RB radius  of bed, cm 
Rsol effective solut ion resistance,  
Re ,  par t ic le  Reynolds  number  = d,v/~ 
t t ime, sec 
tR rise t ime of po ten t ia l  scan, Eq. [13] 
U ( t -  tR) un i ty  step function equal  to 0 (when  t < 

tR) or 1 (when t > tR) 
V superficial  veloci ty  ( the veloci ty  obta ined  at  

the same flow ra te  in a column wi thout  p a c k -  
ing) ,  cm/sec  

x distance, cm 
X dimensionless  distance --  x / L  

Greek letters 

rm amount  of organic compound adsorbed per  uni t  
a rea  at monolayer  surface coverage, m o l / c m  2 

e poros i ty  of packed  bed 
e f rac t ional  surface coverage 
~A fract ional  surface coverage at  adsorbing poten-  

t ia l  
6D f rac t ional  surface coverage at  desorbing po ten-  

t ia l  
~o f ract ional  surface coverage at  t = 0, gene ra l ly  

= ~D 
effective solut ion conduct ivi ty,  (~ -cm)  -1 

Ko specific conduct iv i ty  of solution, ( n - cm)  -1 
v k inemat ic  viscosity, cm2/sec 
T dimensionless  t ime ---- t/'fDL 
TBT b reak th rough  t ime = (~A - -  ~D) r m a e L / ( v C A o ) ,  

sec 
•DL double l aye r  charging t ime ---- aCL2/K, see 
TR dimensionless  r ise t ime = $R/I:DL 

potent ia l  difference be tween  electrode and ad- 
jacent solution, V 

CA adsorbing potent ial ,  V 
CD desorbing potent ial ,  V 
CM potent ia l  of meta l  phase,  V 
~s potent ia l  in solution ad jacen t  to electrode,  V 

scan ra te  of potent ia l ,  V/sec  
dimensionless  po ten t ia l  = (~ - -~bA) / (~bD - -  ~bA) 
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Separation by Electrosorption of Organic Compounds in a Flow- 
Through Porous Electrode 
II. Experimental Validation of Model 

Ronald S. Eisinger *,~ and Richard C. Alkire* 

Department of Chemical Engineering, University of Illinois, Urbana, Illinois 61801 

ABSTRACT 

The use of potent ia l -dependent  adsorpt ion to separate an organic compound from solution was demonstrated experi- 
mentally.  Isotherms for the adsorpt ion of fl-naphthol on glassy carbon were obtained over a range of potential  of 1.0V. Ad- 
sorption of fl-naphthol, in dilute concentration, from aqueous electrolytic solution was also carried out in a flow-through 
porous electrode consist ing of nonporous microspheres  of glassy carbon. A counterelectrode was located downstream and 
the potential  was controlled at the end of the porous electrode nearest  to the counterelectrode. Analysis of measurements  of 
the transient  potential  distr ibution along the length of the porous electrode and of the current  showed that  each arose from 
charging of the electrical double layer. Profiles of effluent adsorbate  concentration during both adsorpt ion and desorption 
confirmed a theoretical  model  of electrosorption in a flow-through porous electrode. Cyclic electrosorption was experi- 
mental ly  demonstrated.  

P o t e n t i a l - d e p e n d e n t  adsorpt ion  is a novel  means  of 
separa t ing  adsorbable  compounds f rom elec t ro ly t ic  
solutions. The process appears  to be pa r t i cu !a r ly  ap-  
p l icable  to the adsorpt ion  of organic compounds that  
a re  presen t  in d i lu te  concentra t ions  in process streams.  
For  such applicat ions,  e lec t rosorpt ion is an inheren t ly  
l ow-ene rgy -consumpt ion  process. In cyclic operat ion,  
absorba te  can be removed  f rom a solut ion whi le  the 
adsorbent  is held  at one potential ,  then desorbed into 
another  solut ion at  a second potent ial .  The key  to 
achieving a high ra te  of separa t ion  per  uni t  amount  of 
adsorbent  is a shor t  cycle t ime. 

In this work, e lec t rosorpt ion of an organic  com- 
pound in a f low-through porous e lect rode was car r ied  
out exper imenta l ly .  The expe r imen ta l  p rog ram con- 
sisted of the  fol lowing steps: 

* E lec t rochemica l  Socie ty  Ac t ive  M e mbe r .  
1 P r e s e n t  address :  Union Carbide  Corpora t ion ,  Resea rch  and  De- 

v e l o p m e n t  Department,  South Char les ton ,  Wes t  Virg in ia  25303. 
Key  words :  adsorpt ion ,  desorpt ion ,  po ten t ia l  d is t r ibut ion.  

1. Measurement  of phys ica l  p roper t ies  of an appro -  
pr ia te  adso rba t e / adso rben t  system. 

2. Measurement  of adsorpt ion  isotherms over  a wide 
range  of potent ia l .  

3. De te rmina t ion  of different ia l  capaci tance.  
4. Evalua t ion  of e lec t rosorpt ion dur ing  the adsorp-  

t ion cycle in a f low- through porous electrode.  
The four th  step inc luded  the  measu remen t  of the 

t rans ient  responses of effluent adsorba te  concentrat ion,  
ax ia l  po ten t ia l  dis t r ibut ion,  and capaci t ive  charging 
cur ren t  fol lowing a step change in appl ied  potent ia l .  
The measurements  were  compared  with  predic t ions  of 
a one-d imens iona l  ma themat i ca l  model  (1).  

Separa t ion  of organic  compounds f rom solut ion by  
e lec t rosorpt ion  has not been prac t iced  commercia l ly .  
In  fact, even l abo ra to ry  studies of e lec t rosorpt ion on 
adsorbents  of sufficient surface area  to be of commer -  
cial  in teres t  a re  sparse.  Perhaps  the ear l ies t  demon-  
s t ra t ion of cha rge -dependen t  adsorpt ion  of an organic 
compound on a h igh - su r f ace -a rea  adsorbent  was an 
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elegant exper iment  described by F rumkin  and Obrut-  
sheva in 1926 (2). To a solution of silver ni t rate  con- 
ta in ing the adsorbate caprylic acid, varying amounts  of 
potassium iodide were added. The result ing silver io- 
dide precipitate, the adsorbent,  was positively charged 
unt i l  an excess of potassium iodide had been added. 
Then, the silver iodide became negatively charged. The 
concentrat ion of caprylic acid exhibited a sharp de- 
crease (corresponding to increased adsorption on the 
silver iodide) very near  the t i t rat ion point  where no 
net charge existed on the silver iodide. 

Barradas and Conway (3) were the first to obtain 
potent ia l -dependent  adsorption data on moderately 
high-surface-area  material .  Using spectrophotometry, 
they measured the adsorption of quinoline on silver 
gauze over a range of near ly  400 mV, observing 
greater adsorption at more negative potentials. Lee 
and Ki rwan  (4) published l imited data on the electro- 
sorption of enzymes on porous carbon including one 
case o f  reversible adsorption over a range of 800 mV. 
Strohl and Dunlap (5) used a f low-through column of 
graphite particles to concentrate quinones selectively 
at different potentials, but  did not determine adsorp- 
tion isotherms. The excellent review of adsorption of 
organic compounds on solid electrodes by Damaskin 
et al. (6) predominant ly  discussed metallic adsorbents. 
The adsorption of/~-naphthol  on graphite (7), studied 
over a range of 1.27V, represented the only thorough 
tabulat ion of potent ia l -dependent  adsorption iso- 
therms on an adsorbent  of industr ia l  interest. No eval-  
uat ion of engineer ing parameters  for electrosorption of 
uncharged (i.e., many  organic) compounds has been 
published. The closest approaches to such an endeavor 
were the analyses of desalination by electrosorption 
(8-I0). 

Experimental  

Materials.--The adsorption of /~-naphthol from 
aqueous solution onto glassy carbon was studied. The 
choice of adsorbate was based on its abil i ty to be ad- 
sorbed from very  dilute solution, on the considerable 
potential  dependence exhibited in its adsorption, on its 
stabil i ty with respect to redox reactions, and on its 
high molar  ext inct ion coefficient, permit t ing measure-  
ment  by ul t raviolet  spectroscopy. The /3-naphthol was 
purified grade (Baker and Adamson) with a melt ing 
point  of 120.0-121.0~ Electrolytic solution consisted of 
0.5 or 0.2M K2SO4, containing in either case a phos- 
phate buffer of the following composition: 0.0125M 
KH2PO4 (Baker Reagent) ,  0.0125M Na2HPO4 (Fisher 
Certified A.C.S.), and 10-3M H2SO4 (du Pont  A.C.S.). 
Potassium sulfate (Mallinckrodt Analyt ical  Reagent) 
was recrystall ized from water. Water  was deionized- 
distilled, then distilled in glass from alkal ine potas- 
sium permanganate .  Electrolytic solutions were filtered 
and then deaerated with Prepurified Grade ni trogen 
(Linde) which had been presaturated in  a bubbler  
containing electrolytic solution. During flow studies, 
adsorbate concentrat ion in the electrolytic solution was 
1.95 X 1O-SM/~-naphthol. 

Glassy carbon microspheres were chosen as the ad- 
sorbent  because of their sufficiently high electrical con- 
ductivity, the min imal  faradaic reaction that occurred 
on them over a wide range of potential, and the well-  
defined mass t ransfer  characteristics of spheres. Glassy 
carbon, also called vitreous carbon, is an amorphous 
form of carbon characterized by very low values of 
porosity and permeabi l i ty  to gases. It is much harder  
and chemically more iner t  than graphite. Glassy car L 
bon microspheres were fabricated at Oak Ridge Na- 
t ional Laboratory by heat ing 0.0040-0.0088 cm particles 
of Dowex 50W X 8, a sulfonated cationic exchange 
resin, in a fluidized bed at 2800~ unt i l  all sulfur  was 
removed. Under  microscopic investigation, the glassy 
carbon powder appeared as smooth spheres. Measured 
physical properties of the microspheres are given in 
Table I. 

Table I. Physical properties of glassy carbon microspheres 

Range of particle diameters 0.0.014-0.0.050 cm 
Average particle diameter 0.0036 cm 
Density 1.38 g/cm ~ 
Packed bed porosity, e 0.38 
Electrical conductivity of packed bed 0.7 (~Q-cm) -t 
Specific surface a r e a  

G e o m e t r i c  1210 cm2/g 
B a s e d  o n  a d s o r p t i o n  1510 cm2/g 

Apparatus.--Cells, tubing and wetted surfaces of 
pumps, fittings, and storage containers were near ly  ex- 
clusively constructed from borosilicate glass or inert  
fluorocarbons. Cylindrical ly shaped cells, into which 
adsorbent  powder could be packed, were used for 
four purposes: de termining  adsorption isotherms, 
evaluat ing differential capacitance, measur ing poten- 
tial dis tr ibution and charging current,  and performing 
flow studies. Each of the cells shared the same cell as- 
sembly. The cells were constructed from "Ace-Thred" 
glass columns (Ace Glass, Incorporated) ,  connected 
with threaded Teflon adapters, and sealed with O-rings 
of Viton| or FETFE fluorocarbon elastomer. A dia- 
gram of the cell assembly common to all four purposes 
is shown in Fig. 1. 

Adsorbent  powder was held in place with medium-  
porosity glass frits (Porosity D) at either end of the 
cell. A current-col lect ing lead was passed through a 
hole drilled in the lower frit and was extended the 
entire length of the adsorbent bed. The portion of the 
lead below the lower frit, but  within the cell assembly, 
was isolated from solution by a length of glass capil- 
la ry  tubing. Reference electrode taps were constructed 
by driEing 3 mm holes in the glass cell. 

Adsorption isotherms and differential capacitance 
measurements  were carried out in the recirculat ing 
system shown in Fig. 2. A 1.36 cm ID, 2.05 cm long cell 
and 30 cm~ capacity mixing compartment  were used. A 
meter ing pump (Model RP-SY-1CSC or RP-D-1-CSC, 
Fluid Metering, Incorporated) in which only Teflon 
and the head of the ceramic piston contacted solution, 
pumped solution through the cell and into a mixing 
compartment,  from which the solution was recircu- 
lated. The counterelectrode compartment  was sep- 
arated from the mixing compartment  by Nation 125, a 
Teflon-based cat ion-exchange membrane  (du Pont) .  
The current-col lect ing lead was a 0.27 cm OD, vitreous 
carbon rod (VC-10, Atomergic Chemetals) with a 
specific conductivi ty of 160 Q2-cm) -1 

Outlet 

Adsorption/- (~.~J [ 
Ce,, 1 Material ~ l  

GI-a:iSn frit ~ ~  

~ Inlet 

~7] C ~'/~ Currentoollect r 

Fig. 1. Adsorption cell assembly 
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Counter N2 

Mixing 

E l e c t r o d e ~  , ]1 , 

Current Pump 
Collector 

Fig. 2. Recirculating flow system used for measurement of adsorp- 
tion isotherm and differential capacitance. 

The flow system, in which charging current ,  po ten-  
t ia l  d is t r ibut ion,  and  f low- through e lec t rosorpt ion 
studies were  car r ied  out, is shown in Fig. 3. Three  or  
six re ference  e lec t rode  taps  were  located along the 
length  of the  cell, each ro ta ted  45 ~ or 90 ~ f rom the 
ad jacen t  one. Two 1.56 cm ID cells were  used, one wi th  
a p a c k e d - b e d  length  of 3.2 cm, the  second with  a 
l ength  of 8.5 cm. The cur ren t -co l lec tor  lead  in the 
shor te r  cell was a vi t reous  carbon rod, and a s imi lar  
OD graphi te  rod  (Grade  ECV, Union Carb ide) ,  wi th  a 
specific conduct iv i ty  of 610 Q2-cm)-~,  was used in the 
longer  cell. In o rde r  to main ta in  the  bed of adsorbent  
at  the he ight  of the highest  re ference  e lect rode tap, 
the space be tween  the t ap  and the uppe r  glass f r i t  was 
filled wi th  glass beads of average  d iamete r  0.0.050 cm 
(Superb r i t e  No. 130-5005, 3M Company) .  The adsorb-  
ent  and glass beads  were  separa ted  by  a d i sk - shaped  
filter, made  f rom Teflon, of coarse poros i ty  (Chem- 
p las t ) .  A stainless steel  pulse  d a m p e n e r  (F lu id  Meter -  
ing, Incorpora ted )  reduced  pressure  oscil lat ions to 
<10%. Dur ing  flow studies,  effluent f rom the cell  
f lowed th rough  a 40 cm length  of 0.082 cm ID Teflon 
tub ing  into an u l t ramicro  flow cell (Var ian)  having a 
volume of 0.08 cm 3, in a Model  11 Cary u.v. spec t r a -  
photometer .  

P l a t i num served as a countere lec t rode  in al l  studies. 
Potent ia l s  were  measured  and are  repor ted  wi th  re-  

To Spectro- 

photometer Pt Counterelectrode 

II~'~J NAFION membrane 
L---~'r~-I Feed Glass ~\~1 

B e a d s - ~ J ~ l  Reservoir 

Packed ~I 
i:ii (~L TO I - -  

Bed ::ilii:F Reference  ,eotro. 

~111-% Dampener 

2 

Current Collector 

spect to the  m e r c u r y / m e r c u r o u s  sulfa te  couple, in 
sa tu ra ted  (0.68M) potass ium sulfate  and 10-2M H2SO4. 
The potent ia l  of this reference  e lec t rode  was ca lcu-  
la ted  to be +0.686V wi th  respect  to the no rma l  hyd ro -  
gen electrode.  

Cont ro l  of potent ia l  was ma in ta ined  wi th  a po ten t io-  
star bui l t  in-house.  Slow and fast  vol tage scans were  
provided  by  a Motorpo ten t iomete r  MP 165 (Br inkmann  
Ins t ruments )  and  by  a Model  175 Universa l  P r o g r a m -  
mer  (Pr inceton Appl ied  Research) ,  respect ively .  When 
adsorpt ion  isotherms were  measured,  the  poten t ia l  of 
the work ing  e lect rode was moni to red  wi th  a Model 
602 E lec t romete r  (Kei th ley  Ins t ruments )  in which  the 
in te rna l  impedance  was 1014~. The Y-axis  of a Model  
2000 X - Y  Recorder  (Houston Ins t ruments )  recorded  
the signal p ropor t iona l  to cur ren t  f rom the poten t io-  
stat.  Two th r ee -pen  s t r ip  char t  recorders  (L inear  In-  
s t ruments ) ,  each having  in te rna l  impedances  of 2.5 X 
10~s moni tored  potent ia ls  a long the length  of the  cell. 

Procedure.--The glassy  carbon microspheres  were  
in i t ia l ly  c leaned in 0.5M NaOH, then  in 6M HC1. The 
microspheres  were  r egenera ted  in  s{tu af ter  each ad-  
sorpt ion exper imen t  to remove  adsorba te  and to re -  
store the  same level  of adsorbab i l i ty  (11). Regenera -  
t ion was accomplished by  main ta in ing  the packed  bed 
of microspheres  at  a po ten t ia l  of +0.40V vs. Hg/  
I-Ig~SO4 (in 1.5M H2SO4) while  pumping  a solut ion of 
1.5/F/t-I2SO4 through  the bed. A plot  of cur ren t  density,  
based on ac tua l  surface  area,  vs. potent ia l  for  the  
glassy carbon microspheres  in e lectrolyte ,  shown in 
Fig. 4, i l lus t ra tes  the  wide range  of potent ia l ,  f rom 
+0.6 to --1.4V, over  which e lec t rosorpt ion  may  be 
studied. Outside this range,  wa te r  was electrolyzed.  
The range  of potent ia ls  on the  posi t ive side was fu r -  
ther  l imi ted  by  the oxidat ion  of f l-naphthol.  The mag-  
n i tude of the current  peak  at  --0.7V depended  on the 
ex ten t  of deaerat ion.  

Adsorp t ion  isotherms were  obta ined  by  increas ing  
inc rementa l ly  the adsorba te  concentra t ion whi le  the 
adsorbent ,  a 2.5g sample  of glassy carbon, was held at  
constant  potent ial .  The amount  of # -naphtho l  adsorbed  
was ca lcula ted  f rom the change in concentra t ion in the 
bu lk  solution. An  in i t ia l  charge of 22 ml  of buffered 
0.5M K2SO4 was rec i rcu la ted  th rough  the glassy ca r -  
bon. Samples  were  analyzed,  then  replaced,  15 min 
af te r  the  first addi t ion  of adsorbate ,  and 10 min  af te r  
subsequent  addit ions.  Concentra t ions  of f l -naphthol  
f rom 2 X 10-~ to 3 • 10-SM were  l i nea r ly  re la ted  to 
opt ical  densi ty  at  a wave leng th  of 224 nm. Reproduci -  
b i l i ty  of the readings  of the  spec t rophotometer  was 
___1%, and overa l l  accuracy  of the  measured  concen- 
t ra t ion  was es t imated  to be ___3%. In  an adsorp t ion  test  
wi thout  adsorbent ,  the  ra te  of  loss of adsorba te  was 
10 -10 mol /min .  At  the low adsorba te  concentra t ions  
studied, s t eady-s ta te  adsorpt ion  on glassy  carbon mi -  
crospheres  was reached quickly  and reproducib ly .  

, 0 .6 ,  , , , 
Cathodic IScan rate=l,67xlO "s V/s 
Current JDeaeroted, buffered 0.SM_ 

0,4f K2s~ / 

�9 +o 4 , , 

-0,4 -0.8 -I,2 

0 2 
Potential (v) 

/ Anodic 
Current 

0.4 

' 3 ,6 i ~ , 

-I.6 

Fig. 3. Flow system used for flow-through electrosorption studies Fig. 4. Current-potential curve on glassy carborl 
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Overal l ,  the expe r imen ta l  e r ror  in de te rmin ing  the 
amount  of ~-naphthol  adsorbed was about  ___5%. Un- 
ce r t a in ty  in the ac tua l  surface  a rea  of  the glassy car -  
bon was cons iderably  larger .  Because of the low fa ra -  
daic cur ren t  on glassy carbon, the var ia t ion  of poten-  
t ia l  (r wi th  bed locat ion was ca lcula ted  to be no more  
than  •  mV from tha t  at the center  of the bed. 

Capaci t ive charging currents  were  measured  dur ing  
appl ica t ion  of r amp  potent ia ls  at  constant  scan rates  
of 1.67 X l0 -~ or  0.56 X 10 -8 V/sec.  The product  of 
adsorbent  surface a rea  and different ia l  capaci tance of 
the adsorben t / e lec t ro ly t i c  solut ion in ter face  was then 
de te rmined  as a funct ion of po ten t ia l  by  dividing the 
charging cur ren t  by  scan rate.  Absolu te  values  of the 
different ial  capaci tance were  based on surface area  
de te rmined  f rom adsorpt ion  behavior .  

F low exper iments  pe rmi t t ed  eva lua t ion  of the effects 
of flow rate,  solut ion conduct ivi ty ,  and  cell length  on 
electrosorpt ion.  To p repa re  for flow studies, the packed 
bed of adsorbent  was brought  to the desorbing po ten-  
tial, --1.26V, whi le  deaera ted  e lec t ro ly t ic  solut ion was 
being pumped  through  it. While  the packed  bed was 
ma in ta ined  at  --1.26V, the feed s t ream was switched 
to a deae ra ted  e lec t ro ly t ic  solut ion containing 1.95 X 
10-~M p-naphthol .  Sa tura t ion  of the adsorbent  was 
complete  when the effluent concentra t ion of adsorbate  
reached its in i t ia l  value.  The adsorpt ion was then in i -  
t ia ted  by  changing  the poten t ia l  a t  the  top of the 
packed  bed, at  a ra te  of 10 V/sec,  to the adsorbing po-  
tent ia l  of --0.26V. F low ra tes  were  measured  wi th  
g radua ted  cy l inder  and stopwatch.  Effluent concentra-  
tion of adsorbate ,  capaci t ive charging current ,  and po- 
tent ia l  d i s t r ibu t ion  along the length  of the packed  bed 
were  cont inuously  monitored.  

Results and Discussion 
Adsorption isotherm.--The amount  of /~-naphthol  ad-  

sorbed on g lassy  carbon, r (mol /cm2) ,  is p lo t ted  vs. 
solution concentra t ion over  a range  of potent ia l  f rom 
--0.26 to --1.26V in Fig. 5. Only ve ry  di lute  concen- 
t ra t ions  of /~-naphthol, up to 2.5 X 10-SM, were  
studied.  Even so, w i th  r ca lcula ted  on the basis of a 
specific surface area  of adsorbent  of 1510 cm2/g, f rac-  
t ional  surface coverage reached 0.5. The da ta  were  
fitted wi th  a Langmui r  adsorpt ion  isotherm modified 
for  d i sp lacement  of solvent  molecules  (12) 

O[e + n(1 -- e)]n-1 
= KcA/c~ [1] 

( I  - e) "n" 

where  CA is the solution concentra t ion (mol / cm 3) of 
organic  adsorbate ,  cw is the wa te r  concentrat ion,  0.055 
mol/cm~, and K is the  po ten t i a l -dependen t  adsorbab i l -  
i t y  constant.  The f rac t ional  surface coverage e equals 
r / rm.  Values  chosen for n, the number  of wa te r  mole-  
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cules displaced f rom the adsorbent  surface by  an or -  
ganic molecule,  and  rm, the amount  of adsorpt ion  cor-  
responding to monolayer  surface coverage,  were  those 
found for the ~ -naph tho l /g r aph i t e  system (7), 6 and 
2.5 X 10-20 m o l / c m  2, respect ively.  An excel len t  fit 
wi th  the  modified isotherm was ob ta ined  at al l  poten-  
t ials  when using a specific surface area  of 1510 cm2/g, 
25% grea te r  than  the geometr ic  specific surface area. 
Inc luding  data  points for solut ion concentrat ions up to 
2 • 10-SM, coefficients of de terminat ion ,  r2, were  in 
excess of 0.999 for a l l  potent ials .  Adsorp t ion  mono-  
tonica l ly  increased wi th  increas ingly  posi t ive potent ial .  
The potent ia l  dependence  of the  adsorbab i l i ty  constant,  
shown in Fig. 6, was descr ibed by  the p a r a b o l i c  equa-  
tion 

K --  4.66 • 105r ~ + 14.30 X 105~ + 13.41 X 105 [2] 

The adsorbab i l i ty  constant  for adsorpt ion  of f i -naph-  
thol  on graphi te  (7) also increased monotonica l ly  wi th  
more  posit ive potent ial ,  bu t  was roughly  twice as large  
as for  adsorpt ion  on glassy  carbon. 

Dif]erential capacitance.--Differential capaci tance C 
was de te rmined  on glassy carbon microspheres  in 
buffered solutions of both  0.5 and 0.2M K2SO4. The 
specific surface area  r equ i red  to fit adsorpt ion  results.  
1510 cm 2, was assumed. Reproducib i l i ty  var ied  from 3 
to 20%, being worse at the most negat ive  potent ia ls  
where  fa rada ic  currents  were  re la t ive ly  high. Differ- 
ent ia l  capaci tances for  both  concentrat ions,  shown in 
Fig. 7, were  nea r ly  ident ica l  in both magni tude  and 
potent ia l  dependence.  The e lec t ro ly te  concentra t ion 
appa ren t ly  was sufficiently high at  0.2M K2SO4 that  the 
diffuse double l aye r  did  not cont r ibute  measu rab ly  to 
the total  double l aye r  capacitance.  The different ial  
capaci tance ranged  f rom 6.7 ,~F/cm 2 at  --0.12V to 9.3 
~F /cm 2 at  --0.76V. A local min imum occurred at 
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--1.0V. Adsorption of fl-naphthol barely  affected dif- 
ferent ia l  capacitance on glassy carbon. 

Potential distribution and charging current.--Poten- 
tial distr ibutions and charging currents  were measured 
on glassy carbon dur ing  six flow-through electrosorp- 
tion experiments.  Values for the superficial velocity v, 
bed length L, and effective solution conductivi ty 
wi thin  the packed bed K in each exper iment  are listed 
in Table II. In  each experiment,  the potential  at the 
top of the bed (x /L  = 1.0) was changed from --1.26 to 
--0.26V at a scan rate of 10 V/sec. Trans ient  potential  
and current  were characterized by the t ime required 
for charging of the electrical double layer, TDL 

TDL = aCL2/K [3] 

where a is the interfacial  area per uni t  volume of 
solution ( c m - D .  Good reproducibi l i ty  was usual ly  
found for measured potentials and current  when differ- 
ent  exper iments  employing the same value of TDL were 
compared. Typical results are shown in Fig. 8, 9, and 10, 
for run  08, which was carried out with buffered 0.5M 
K2SO4 in the 8.5 cm bed. For these exper imental  con- 
ditions, the calculated value of TDL was 85 see. In  Fig. 
8, the t rans ient  potent ial  is shown for six locations 
along the length  of the bed. In  Fig. 9 and 10, the po- 
tent ia l  dis t r ibut ion and the t ransient  current ,  respec- 
tively, are compared with predictions of a model for 
charging of the electrical double layer (1). 

In  each experiment,  the potential  at the top of the 
bed changed almost immediate ly  to the final potential,  
--0.26V. However ,  the t ime required to reach the final 
potent ial  became greater  at locations fur ther  down the 
bed. Near the bottom of the bed, at x /L  = 0.07, a t ime 
in the order of 100 sec was required for the potential  
to a t ta in  90'% of the final potential. The measured cur-  
rent  in each exper iment  jumped to about 100 mA in 
the first few tenths of a second, then rapidly decayed 
toward zero. 

Observed charging times for different values of bed 
length and solution conductivity, shown in the last 
column of Table II, followed trends predicted for TDL. 
In all six experiments,  the model prediction of slower 
decay of potent ial  at lower values of x /L  was experi-  
menta l ly  observed. In  addition, quant i ta t ive  agree- 
fnent between measured and calculated potent ial  decay 
at x / L  _-- 0.81 was usual ly  excellent. However, at 
lower locations, the exper imental  potential  decayed 
more rapidly than in model simulations. The discrep- 
ancy between measured and predicted potential,  in the 
worst case, was about 40%. 

Quali tat ive trends of the charging current  were 
similar for exper iment  and model. Also, the two curves 
of current  vs. t ime often coincided dur ing  the first few 
seconds. However, the exper imental  current  was con- 
sis tently lower, often by as much as 40%, for much of 
the charging period. When charging was near ly  com- 
pleted, charging current  was small  and faradaic reac- 
tion had a re la t ively large effect on the measured cur-  
rent.  Therefore, toward the end of most experiments,  
the measured current  reached and sometimes sur-  
passed the level predicted by the model. 

Potent ia l  dis t r ibut ion and charging current  mea-  
surements  exhibited two areas of disagreement with 

Table II. Parameter values for flow-through experiments 

Run v TDL TDL 
num- (era/ L ~ (g- (calc) (obs.) * 
ber sec) (cm) cm) -1 (sec) (sec) 

06 0.063 8.5 0.0236 85 73 
08 0,18 8.5 0.0236 85 101 
10 0,29 8.5 0.0236 85 62 
11 0,070 8.5 0.0115 175 169 
12 0.17 8.5 0.0115 175 170 
14 0.19 3.2 0.0115 25 24 

" T i m e  r e q u i r e d  f o r  p o t e n t i a l  a t  x l L  = 0.07 to  a c h i e v e  90% os 
final potential, 

the model. Potentials  decayed too quickly at the lower 
locations along the bed and current  was smaller  than 
predicted. Three factors may explain these disagree- 
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ments.  First, the ini t ia l  potential  along the bed was not 
uni formly  at --1.26V. Rather, faradaic current  resul t-  
ing from oxygen reduct ion and, to a lesser extent, 
from hydrogen evolution, caused a potential  gradient. 
The rate of oxygen reduct ion depended on flow rate, 
and at the highest flow rate studied, s teady-state cur-  
rents of near ly  1 mA occurred. Prior  to the potential  
scan, measured voltage drops between x / L  = 1 and 
x / L  = 0.07 ranged from 0.06V for run  06 to 0.23V for 
r un  12. Nor was the potent ial  uni form at --0.26V at the 
end of each experiment,  al though voltage drop did not 
exceed O.O4V at the end. Nonuniform potentials quali-  
ta t ively explained the disagreements in both potential  
dis t r ibut ion and current .  The measured voltage drops 
would account for about a 25% decrease in the calcu- 
lated potential  at x / L  -- 0.07, and a 15% decrease in 
calculated current ,  roughly half of the observed dis- 
crepancies. 

A second factor was the neglect of var ia t ion in dif- 
ferential  capacitance. At certain potentials, an error of 
at least 10% in the value of the capacitance will  be 
incurred.  However, the choice of a median value for 
the capacitance should reduce its effect on discrep- 
ancies in potential  and current  to less than 10%. The 
third factor, a possibly excessive estimate of "I:DL, could 
have a significant effect on the predictions of both po- 
tent ia l  dis t r ibut ion and current .  However, there was 
little reason to change the estimate. While error in the 
interfacial  area could be as high as 25%, error in the 
product, aC, ought to be much smaller. A higher value 
for K would reduce the discrepancy in potential  dis- 
tr ibution,  but  would increase the predicted value of 
the charging current .  The tortuosity factor used by 
Newman and Tiedemann (13), which was 20% smaller  
than  the one used in the model, would have reduced 
the discrepancy in the current.  

Taken together, the three factors could account for 
near ly  all of the observed discrepancies. An addit ional 
exper imental  potential  distribution, measured on 
graphite over a range of potential  where faradaic reac- 
t ion was negligible, matched a calculated distr ibution 
even at low values of x/L.  Therefore, the equation for 
the charging of the double laYer was probably  the 
correct one for describing the t ransient  potential  dis- 
t r ibut ion and charging current .  

Adsorption in a flow-through porous electrode.-- 
Electrosorption in a flow-through porous electrode was 
carried out by changing the potential  from --1.26 to 
--0.26V while pumping  electrolytic solution containing 
1.95 X 10-~M ~-naphthol  (CAo) through a packed bed 
of glassy carbon microspheres. Values chosen for var i -  
ables in these exper iments  are given in Table II. Actual  
flow rates ranged from 0.12 to 0.54 ml/sec, and corre- 
sponding particle Reynolds numbers  (vdp/~) ranged 
from 0.025 to 0.12. Adsorbate concentrat ion in the efflu- 
ent is plotted as a funct ion of t ime for two representa-  
tive experiments,  runs  06 and 12, and for model s imu-  
lations of them in Fig. 11 and 12. Both experiments  
were carried out in  the 8.5 cm bed. Run  06 was per-  
formed in O.5M K~SO4 at a superficial velocity of 0.063 
cm/sec. In  r un  12, the concentrat ion of K2SO4 was 0.2M 
and the superficial  velocity was 0.17 cm/sec. 

Comparison of exper imental  adsorption results with 
model simulations focused on three areas: the amount  
of ~-naphthol  adsorbed, effluent concentrat ion levels, 
and trends in effluent concentrat ion profiles. The 
amount  of ~-naphthol  that  should have been adsorbed 
dur ing each experiment,  calculated from the change in 
surface coverage, (0A -- 0D), is 

N~alc = (0A -- 0D) rma~LA [4] 

where the amount  adsorbed, Ncalc, has uni ts  of tools 
and A is the cross-sectional area of the bed. The actual 
amount  adsorbed, Nexpt, was determined by measur ing 
the area between CAo and CA in plots of effluent adsorb- 
ate concentrat ion vs. time, such as Fig. 11 and 12. 
Calculated values are compared with actual  adsorp- 
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t ion in  Table III. In  each experiment,  less adsorbate 
was adsorbed than expected. Two trends in the dis- 
crepancy were observed. First, the discrepancy was 
larger at higher flow rates. Second, packed beds with 
greater solut ion-phase resistance be twen the ends of 
the bed experienced greater discrepancies. A major  
source of the discrepancy was in  the determinat ion of 
the adsorption isotherm. The adsorption isotherm was 
measured in a sample of glassy carbon that  had been 
exposed to a variety of chemical envi ronments  to de- 
termine proper cleaning procedures. A subsequent  ad- 
sorption isotherm test on a fresh sample of glassy car- 
bon exhibited 10% less adsorption. Another  contr ibu-  
tion to the discrepancy was the nonuni form potential  
dis t r ibut ion before the start  of the potential  scan. 
Larger potential  gradients followed the same trends as 
increasing discrepancy, occurring at higher flow rates. 
lower solution conductivity, and larger bed length. For 

% 
Z 
0 

n-" 
F -  
Z 
U.I 

Z 
0 
0 

2.0 i 

1,5 - -  

EXPT 

1.0 

0.5 

I I ] 

/ 
I 
I 
/ 
/ 

- - ~  MODEL 

RUN 12 

o I I I [ 
0 100 200 500 400 500 

TIME (S) 
Fig. 12. Effluent adsorbate concentration vs. time, experiment, 

and model, run 12. Experimental conditions are summarized in 
Table II. 



Vol. 130, No. 1 E L E C T R O S O R P T I O N  OF ORGANIC COMPOUNDS 99 

Table III. Predicted and actual adsorption of ~-naphthol 

Run Nca I c Nexp t Discrep- 
number (/Lmols) (/~mols) ancy (%) 

06 1.06 0.99 15 
08 1.06 '0.64 39 
10 1.05 0.75 29 
11 1.05 0.89 16 
12 1.05 0.67 37 
14 0.38 0.36 6 

two of the experiments,  the amount  of /~-naphthol  ad-  
sorbed at --1.26V was measured prior to the potential  
scan and was about  5 and 20% greater  than expected 
for a uni form potent ial  along the bed. Thus, because 
the average change in bed potent ial  following the po- 
tent ia l  scan was less than  1.0V, the change in  surface 
coverage was less than  calculated. 

Effluent adsorbate levels measured for each experi-  
ment  were general ly  wi thin  10%-of model predictions. 
No systematic error  was observed between measured 
and predicted levels. Adsorbate concentrat ion dur ing 
experiments,  in i t ia l ly  at 1.95 X 10-~M, general ly 
dropped to about 0.6-0.8 • 10-SM, indicat ing that  60- 
70% of the/~-naphthol  in solution was being adsorbed 
before breakthrough.  Both exper imental  results and 
model s imulat ions showed that  the m i n i m u m  adsorbate 
concentrat ion in the effluent could not be changed sig- 
nificantly by al ter ing engineer ing variables (flow 
rate, bed length, or solution conductivi ty) ,  if the flow- 
through configuration were used. 

The most obvious lack of agreement  in a compari-  
son of effluent concentrat ion profiles was in the earlier 
breakthrough observed in experiments.  The lack of 
agreement  was caused by the discrepancy in amounts  
adsorbed. A minor  source of disagreement was the 
exper imenta l  rate of decline in effluent concentrat ion 
following the potential  scan, which was slower than 
predicted. Even at higher velocities, several seconds, 
ra ther  than several tenths of a second, were required 
for the concentrat ion to bottom out. The slow rate of 
decline was ascribed to backmixing  of the effluent in 
the layer  of glass beads and in the glass frit. Addi-  
tional, but  probably  minor  dispersion may have oc- 
curred in the 40 cm length of tubing  between the cell 
assembly and spectrophotometer.  

The most critical comparison of exper iment  and 
model involved sets of exper imental  conditions in 
which different mechanisms l imited the amount  or rate 
of adsorption. In  the least restr ict ive mechanism, ad- 
sorption was controlled only by the adsorption iso- 
therm. In  this situation, the effluent concentrat ion 
would drop to its m in imum level and stay at that  level 
unt i l  the adsorbent  was saturated. A steep break-  
through curve would follow. The adsorpt ion- isotherm- 
c o n t r o l l i n g  si tuat ion would be ideal for practical 
applications because the full  adsorption capacity of the 
adsorbent  can be util ized in the shortest possible cycle 
time. The length of t ime required for adsorption can 
be characterized by a breakthrough time, ZBW, which 
may be defined for electrosorption as 

(0A - -  eO) rmaeL 
TBT = [5] 

C AoV 

The value of "~BT is the t ime required to saturate the 
adsorbent  if all adsorbate enter ing the bed before the 
onset of saturat ion were adsorbed. According to the 
model, the adsorpt ion- isotherm-control l ing si tuation 
occurred when the ratio, 1;DL/'~BT , w a s  less than one. In  
run  06, shown in Fig. 11, where 1;DL/I;BT -~ 0.19, the flat 
concentrat ion profile and the steep breakthrough curve 
predicted by the model were also observed experi-  
mental ly.  

A second l imi t ing mechanism was the charging of the 
electrical double layer, which controlled the t ime re-  
quired to change the potential  along the length of the 
bed. This mechanism was expected to predominate  

w h e n  "[:DL/TBT ~ 1. Its effect on the effluent concentra-  
t ion profile is i l lus t ra ted in r un  12, shown in  Fig. 12, 
w h e r e  "I:DL/'fBT = 1.07. A predicted sharp increase in 
effluent concentrat ion immediate ly  after the ini t ial  
drop in concentrat ion was observed experimental ly.  
The more gradual  breakthrough observed, reflecting 
incomplete charging of the double layer, also agreed 
with model predictions. Because the ratio, "~DL/'~BT, is 
proport ional  to vL/K, the exper iments  confirmed that  
operation at m i n i mum cycle t ime in a one-dimensional  
configuration cannot  be at ta ined following scale-up to 
high flow rates or long beds, or in poorly conductive 
solution. 

In  Fig. 11, the breakthrough curve was very steep 
because of the rapid rate of convective mass transfer.  
If an indust r ia l ly  more appealing, h igh-surface-area  
adsorbent, such as activated carbon, were used, b reak-  
through would have occurred more slowly. In this case, 
a third l imit ing mechanism, mass t ransfer  by pore dif- 
fusion, would also have to be considered. 

In  summary,  exper imental  charging current ,  poten-  
tial distribution, and effluent concentrat ion were pre-  
dicted qual i ta t ively over a range of exper imental  
conditions in which controll ing mechanisms changed. 
Quant i ta t ive agreement  was usual ly  reasonable, a n d  
where it was only fair, faradaic current  and differences 
in the adsorption isotherm for different carbon 
samples accounted for most of the discrepancy. The 
most remarkable  aspect of the agreement  between ex- 
per iment  and model was that no parameters  of the 
model were adjusted to improve the fit with experi -  
menta l  data. 

Desorption.--In order to examine the desorption be- 
havior of /3-naphthol on glassy carbon, and also to 
evaluate the predictive power of the model for de- 
sorption, a desorption exper iment  was carried out 
under  the conditions of r un  14. A solution of buffered 
0.2M K2SO4 containing 1.95 X 10-SM /~-naphthol was 
pumped through a 3.2 cm long bed at a flow rate of 
0.35 ml/sec. The direction of potential  change was re-  
versed, changing from --0.26 to --1.26V, in order to 
cause desorption. 

The effluent concentrat ion dur ing  desorption, shown 
in Fig. 13, immediate ly  rose from 1.95 • 10-5 to 3.7 • 
10-SM. After  beginning  to decrease, the concentrat ion 
rose again, reaching 4.3 X 10-SM about 25 sec after the 
potential  was changed. Completion of desorption at 
--1.26V, signaled by the r e tu rn  of the effluent concen- 
t rat ion to the ini t ial  feed concentration, required 100 
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sec, about  the same length  of t ime as r equ i red  for ad-  
sorpt ion under  the same conditions.  

The model  used for adsorpt ion  was also employed  to 
s imula te  the desorpt ion exper iment .  Two problems  as-  
sociated wi th  the use of the model  for desorpt ion 
ought  to be noted.  First ,  adsorpt ion  of aromat ics  on 
carbon is usua l ly  affected by  hysteresis .  Second, the 
adsorpt ion  i so therm for f l -naphthol /g lassy  carbon was 
only de te rmined  for solut ion concentrat ions  up to 
2 • 10-SM, and the modified Langmui r  i sotherm was 
not val id  at  h igher  concentrat ions.  Nevertheless ,  
ag reement  be tween  theory  and expe r imen t  in Fig. 13 
was excellent .  Even the unusual  appearance  of two 
desorpt ion peaks  was predicted.  The only  quant i ta t ive  
d i sagreement  was in the magni tude  of the  ini t ia l  peak. 
The model  s imula t ion  pred ic ted  a va lue  of  5.0 • 
10-SM, whereas  the expe r imen ta l  peak  only reached 
3.7 • 10-SM. However ,  the ini t ia l  peak  pred ic ted  by  
the model  a t ta ined  its m a x i m u m  value  in less than 
0.2 sec. Backmix ing  in the glass beads and f l i t  of the 
exper imenta l  sys tem would have p reven ted  the full  
height  of such a sharp peak  f rom being observed.  

Cyclic electrosorption.--Practical appl ica t ion  of 
e lec t rosorpt ion requires  that  the adsorbent  sustain re-  
pea ted  cycles of adsorpt ion  and desorption.  A cyclic 
e lec t rosorpt ion exper imen t  was car r ied  out wi th  use of 
the same feed s t ream for both  half-cycles .  Condit ions 
were  those discussed in the desorpt ion exper imen t :  
v = 0.19 cm/sec,  0.2M K~SO4, and L = 3.2 cm. Poten-  
t iaI  was cycled be tween --1.26 and --0.26V every  102 
sec. The effluent concentra t ion is d i sp layed  for the 
dura t ion  of the  exper iment ,  3 1/2 cycles, in Fig. 14. 

The most r emarkab l e  observat ion  was the r ep ro -  
ducib i l i ty  of each cycle. S l igh t ly  more f l -naphthol  was 
adsorbed  in the  first adsorpt ion  hal f -cycle ,  but  the 
amount  s tabi l ized in subsequent  adsorpt ion half-cycles .  
The desorpt ion ha l f -cycles  were  s imi la r ly  reproducible .  
Also, the magni tude  of the peak  cur ren t  a f te r  the first 
potent ia l  scan did not  v a r y  by  more than  2% from 
hal f -cycle  to hal f -cycle .  The expe r imen t  demons t ra ted  
tha t  the adsorpt ion  capaci ty  of the carbon adsorbent  
can be r ep roduc ib ly  regenera ted  for at  least  three  
cycles by  appl ica t ion  of e lect r ica l  potent ia l .  

Conclusions 
Po ten t i a l -dependen t  adsorpt ion  was demons t ra ted  

for adsorpt ion  of f l -naphthol  on glassy carbon. Model 
predic t ions  of the  t rans ien t  potent ia l  d is t r ibut ion  and 
current ,  based on charging of the  e lect r ica l  double  
layer ,  were  confirmed, on glassy carbon. With  the use 
of a f low- through porous e lect rode of glassy carbon, 
both  adsorpt ion  and desorpt ion behavior  were  shown 
to obey model  s imulat ions.  In  par t icular ,  the long t ime 
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Fig. 14. Cyclic ele~trosorDtion between - - I . 26  and --0.26V every 
102 sec. Other experimental conditions the same as Fig. 13. 

r equ i red  for  changing the potent ia l  th rough  the ent i re  
packed  bed was expe r imen ta l l y  confirmed as a ma jo r  
sca le -up  l imi ta t ion  for a one-d imens iona l  geometry.  
Fa rada ic  react ion was identif ied as a pr incipal  source 
of reduced  per fo rmance  dur ing  electrosorpt ion.  The 
adsorpt ion  capaci ty  of glassy carbon can be res tored 
by  per iodic  appl ica t ion  of a desorbing potential .  
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LIST OF SYMBOLS 

a in ter fac ia l  a rea  per  uni t  volume of solution, 
cm-1  

A cross-sect ional  a rea  of bed, cm 2 
CA adsorba te  concentrat ion,  m o l / c m  3 
cw concentra t ion  of water ,  - -  0.055 mol/cm~ 
C different ial  capacitance,  F / c m  2 
d ,  par t ic le  d iameter ,  cm 
K po ten t i a l -dependen t  adsorbab i l i ty  constant,  d i -  

mensionless  
L bed length,  cm 
n number  of solvent  molecules  displaced by  one 

organic  adsorbate  molecule  
Ncalc amount  of organic  compound adsorbed,  calcu-  

lated, mol  
Nex,t amount  of organic compound adsorbed,  exper i -  

mental ,  mol 
v superficial  velocity,  cm/sec  
x distance, cm 

Greek Letters 
r amount  of organic  compound adsorbed  per  uni t  

area, m o l / c m  2 
rm amount  of organic  compound adsorbed per  uni t  

a rea  at  monolayer  surface coverage,  m o l / c m  2 
E poros i ty  of packed  bed 
e f rac t ional  surface coverage 
eA f rac t ional  surface coverage at  adsorbing po-  

ten t ia l  
eD fract ional  surface  coverage at  desorbing po-  

ten t ia l  
effective solut ion conduct ivi ty ,  (l~-cm) -1 

v k inemat ic  viscosity, cm2/sec 
�9 BT b reak th rough  time, sec 
ZDL double  layer  charging t ime, sec 
r potent ia l  difference be tween  elect rode and ad-  

j acen t  solution, V 
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Conductivity of the Mixed Organic Electrolyte Containing Propylene 
Carbonate and 1,2-Dimethoxyethane 

Yoshiharu Matsuda,* Masayuki Morita, and Kenji Kosaka 
Department of Industrial Chemistry, Faculty of Engineering, Yamaguchi University, Tokiwadai, Ube, Yamaguchi, Japan 

ABSTRACT 

Electrolytic conductivi ty of the organic solution dissolving LiC104 has been studied at 30~ in the mixed  system of pro- 
pylene carbonate and 1,2-dimethoxyethane. The variation of the conductivity with the solvent composit ion was explained 
on the basis of the changes in the dielectric constant  and the viscosity of the solvent. With increasing the concentration of 
1,2-dimethoxyethane, the viscosity of the solvent lowers and then the ionic mobil i ty increases, while the decrease in the 
dielectric constant  tends to cause ion association. The critical distance for ion-pair formation in Bjerrum's  model  was calcu- 
lated for the mixed  system, and the degree of ion association was est imated for each solution of the different solvent compo- 
sitions. The mixing effect of the solvents on the conductivi ty was substantial ly accounted for by these parameters.  It was 
also pointed out that  ion-solvent and solvent-solvent interactions contribute to the improvement  of the conductance to 
some extent. 

Mixed organic  solut ions of p ropy lene  carbonate  
(PC) wi th  1 ,2-d imethoxyethane  (DME),  ~ -b u ty ro l -  
actone (BL) wi th  t e t r ahyd ro fu ran  (THF) ,  and  the 
l ike have been used as the solvent  of the e lec t ro ly t ic  
solut ion in l i t h ium cells (1-4).  One of the reasons for 
using them is tha t  the conduct iv i ty  of the  e lec t ro ly te  
can be improved  wi th  mix ing  the solvents (5, 6). In  
previous  papers  (7-11), e lec t ro ly t ic  conduct ivi ty,  vapor  
pressure,  viscosity, d ie lect r ic  constant,  and laser  R a m a n  
spec t rum were  s tud ied  in the PC-THF,  PC-DME, and 
B L - T H F  systems,  and the mix ing  effect of the soIvents 
was discussed. F r o m  the da ta  under  infinite di lu t ion 
condit ion,  i t  was suggested that  the so lven t - so lven t  
and ion-so lven t  in teract ions  p l ay  an impor tan t  pa r t  
in the  mix ing  effect on the conductance ( t0) .  For  a 
mode ra t e ly  concent ra ted  solut ion (e.g. 1 mol  dm -3 
LiC104), however ,  the  synergis t ic  effect on the con-  
duc t iv i ty  seems to be p roduced  main ly  by  a des i rable  
combinat ion  of the h igh  .dielectric constant  of PC (or 
BL) and the low viscosi ty of  DME (or THF)  (7-9, 11). 

In the presen t  work,  e lect rolyt ic  conduct iv i ty  of the  
mixed  PC-DME system dissolving LiC104 was ma in ly  
s tudied in connect ion with  the viscosi ty and the d i -  
e lectr ic  constant  ( re la t ive  pe rmi t t i v i t y ) ,  in the course 
of a research  and deve lopment  of l i th ium cells. The 
resul ts  were  discussed f rom the v iewpoints  of ionic 
mobi l i ty  and ion association. Though the l a t t e r  con- 
cept  is r a the r  classical  compared  wi th  a modern  t r ea t -  
ment  using s tat ical  mechanics,  it  is convenient  for 
unde r s t and ing  the conduct iv i ty  in such complex sys-  
tems as mixed  PC-DME solution. Therefore,  B je r rum ' s  
model  (12) was adopted  for  the  ion association in the  
presen t  system. Then the degree  of the association was 
corre la ted  to the var ia t ion  of  the conduct ivi ty.  

Experimental 
The solvents  were  purif ied by  the methods  descr ibed 

prev ious ly  (6, 13). PC was dehyd ra t ed  with  molecular  
sieves and dis t i l led under  the  reduced  pressure  of 
1-1.5 Tor r  at  65~176 DME was refluxed wi th  me ta l -  
l ic sodium for 12 hr, fo l lowed by  the a tmospher ic  dis-  
t i l la t ion at  83~ W a t e r  contents in the resul t ing  sol-  
vents  were  be low 80 mg dm-Z  for PC and 50 mg d m - ~  
for  DME. The l i th ium perch lora te  (LiC104) as a sup-  

* Electrochemical Society Active Member. 
Key words:  l i thium cell ,  mixed solvent,  conductance,  ion asso- 

ciation. 

por t ing  e lec t ro ly te  was an ex t ra  pu re  reagen t  by  
Ishizu Pha rmaceu t i ca l  Company  Limited.  I t  was used 
af te r  d ry ing  under  reduced  pressure  at  170~ for  24 
hr.  

The e lect rolyt ic  conduct iv i ty  of the  solut ion was 
measured  with  an impedance  br idge  using 10 kHz a.c. 
The viscosities of the  solvents  and the solutions were  
measured  wi th  a modified Ostwald  viscometer .  The 
die lect r ic  cons tan t  of the  solvent  was de te rmined  by  
a br idge  method using 10 kHz a.c. These measurements  
were  carr ied  out at 30~ In  the presen t  work,  the 
solvent  composit ion wil l  be represen ted  by  the con- 
cent ra t ion  volume percen t  (v /o)  of DME for con- 
venience, though it  should be s t r ic t ly  descr ibed with  
the mol f ract ion in a t he rmodynamic  sense. For  the 
present  mixed  system, the conclusive discussion ob-  
ta ined  in the former  case would  be l i t t le  different  f rom 
tha t  ob ta ined  in the la t ter ,  because the rat io of dens i ty  
to molecu la r  weight  in PC is a lmost  the same as that  
in DME. 

Results 
Figure  1 shows the var ia t ion  in the molar  conduc-  

t ivity,  A, of LiC104 wi th  the  solvent  composit ion.  The 
mola r  conduct iv i ty  in the  mixed  solvents  is much  
h igher  than  that  in the pu re  solvents, and m a x i m u m  
conduct iv i ty  is obta ined  in the range  of 50-75 v /o  
DME. In a qual i ta t ive  sense, this is due to that  both  the 
high dielectr ic  constant  of PC and the low viscosity 
of DME contr ibute  to the e lec t ro ly t ic  conduct iv i ty  in 
the mixed  system. Such a var ia t ion  of the  conduct iv i ty  
has been also observed in the analogous systems of 
P C - T H F  (8) and B L - T H F  (11). However ,  the mix ing  
rat io  of the solvents  provid ing  the m a x i m u m  con- 
duc t iv i ty  s l ight ly  depends on not  only  the const i tuent  
solvents  but  also the  concentra t ion of the  e lec t ro ly te  
(11). In  the  present  system, the  m a x i m u m  are  s i tu-  

a ted at  ca. 65 and 55% DME for 1.0 mol dm -3 and 
0.1 mol  d m  -~ LiC104 solution, respect ively .  

The viscosities, 0, of the  mixed  PC-DME with  and 
wi thout  1.0 mol  d m - ~  LiC104 are  shown in Fig. 2. 
The corre la t ion  be tween  the viscosi ty of the solvent  
and the solvent  composit ion is not  l inear ,  which  im-  
plies tha t  the sys tem is not  an ideal  solut ion in a 
t he rmodynamic  sense. The nega t ive  devia t ion  f rom the 
s t ra igh t  l ine is re la ted  to the  fact that  the associated 
s t ruc ture  of pure  PC is des t royed  by  addi t ion  of DME 
(9, 10). Fu r the rmore ,  i t  is considered that  the  s t ruc-  
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Fig. 1. Molar conductivity of LiCl04 in mixed PC-DME system, 
a: 0.1 tool dm -~,  b: 1.0 tool dm -~. 

ture  change in  the  so lva ted  Li  + caused by the DME 
addi t ion influences the  viscosi ty character is t ics  in the 
LiC104 solution. These so lvent -so lvent  and ion-so lvent  
in teract ions  have  been also suppor ted  by  the da ta  
o n  the laser  Raman  spect ra  and the vapor  pressure  as 
discussed p rev ious ly  (10). 

The d ie lec t r ic  constant  (or re la t ive  pe rmi t t i v i t y ) ,  
er, of t he  mixed  solvent  is shown in Fig. 3. The values  
of the  pu re  solvents  were  wel l  consistent  wi th  those 
in l i t e ra tu res  (14, 15). The dielectr ic  constant  var ies  
a lmost  l i nea r ly  wi th  the solvent  composition, in con- 
t ras t  to the changes in the  viscosities. This means  tha t  
the so lven t - so lven t  in teract ions  affecting the viscosities 
a n d  the vapor  pressure  in the mixed  system are  l i t t le  
veflected in the  die lect r ic  constant.  Thus, the  dielectr ic  
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Fig. 2. Viscosities of the solvent and the solution in mixed PC- 
DME system, a: solvent, b: solution (1.0 mol dm -3  LiCI04). 
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Fig. 3. Dielectric constant ( 0 )  and critical distance for ion-pair 
formation (O) in mixed PC-DME system. 

c o n s t a n t  of the mixed  solvent  is p rac t ica l ly  es tabl ished 
b y  an addi t ive  p rope r ty  of each solvent.  

Discussion 
Up to the present ,  the  ettects of viscosity and die lec-  

t r ic  constant  of the  solvent  on the e lec t ro ly t ic  conduc-  
t iv i ty  have been wide ly  discussed. For  example ,  in 
the Onsager  equation, Eq. [1], they  are  comprehended  
in the l imi t ing  conduct ivi ty,  Ao, and the pa rame te r s  
B1 and B~ (16) 

= 4o - (B l~o  + B2) X/-C- [1] 

However  i t  is r ea l ly  compl ica ted  to descr ibe quan t i t a -  
t ive ly  such var ia t ion  of the conduct ivi ty  as shown in 
Fig. 1 by  analyzing these parameters .  For  the  sake of 
convenience, the  fol lowing model  would  be in t roduced 
into the  presen t  system. 

If the viscosi ty only lowers  and the dielectr ic  con- 
s tant  does not  change wi th  increas ing the DME con- 
cent ra t ion  in the solvent,  the  molar  conduct iv i ty  would  
increase  monotonous ly  because of the  rise in ionic 
mobil i ty .  Since the  measured  conduc t iv i ty  has a m a x i -  
m u m  value,  i t  is possible  to r ega rd  the  devia t ion  f rom 
the  monotonous increase  as the  effect induced f rom 
the ac tual  lower ing of the die lect r ic  constant.  Thus, 
the format ion  of an associated ion-pa i r  was considered 
according to Bje r rum's  t r ea tmen t  (12). The cr i t ical  
d is tance for the  ion pa i r  formation,  q, is given by  Eq. 
[2] 

Iz~zj1e2 
q --  - -  [2] 

8~eoerkT 

where  ,o is the  pe rmi t t i v i ty  of a vacuum, z's are  charge 
number  of ions, e is the charge  of electron,  and ~ is 
the  Bol tzmann constant.  The calcula ted values  for  a 
1:1 e lec t ro ly te  in the PC-DME system are  shown in 
Fig. 3, toge ther  wi th  the d ie lec t r ic  constant.  The cr i t i -  
cal  d is tance for  the  i on -pa i r  format ion  increases 
s t eep ly  in the  concentra t ion range  of 60-80% DME 
or  above. This suggests tha t  ion associat ion is l iable  
to occur in this region.  The degree  of associat ion is 
r ep resen ted  by  Eq. [3] (12, 17) 

f ~  ( 'zizjle2 - 1 ) r 2 d r  [3] 
1 --a = 4xni exp 4zreoerkT V 

where  a is the  degree  of dissociation,  a is the dis tance 
of closest approach  of the two ions, ni is the number  of 
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ions i per uni t  volume, and r is the distance from the 
center of ion j. By using the relat ion of 

nt ---- Nc/1000 [4] 

where N and c are the Avogadro constant  and the 
molar  concentrat ion,  respectively, one can rewri te  
Eq. [3] as follows 

4~V,c ( lzizj]e2 )3 
1 - -  a " -  - -  Q(b) [5] 

1000 4~eoerkT 
where 

2 b Q(b) = X -4 exp (X)dX  [6a] 

]zizjle ~ 2q 
b = = ~ [6b] 

4~eoerkTa a 
zizje 2 

X = [6c]  
4~eoerkTr 

The funct ion Q(b) was calculated algebraical ly in 
the range of b _-: 2-80. Then the degree of association 
was evaluated as a funct ion of a/q or the distance of 
closest approach, a. The results in the case of lzil -~ 
Izjl _-- 1 and c -- 1 mol dm -3 are shown in Fig. 4 and 
5. Since Eq. [3] includes some artificiality in  the case 
of a/q or a being very  small, strict values of 1 -- 
would not be expected especially i n  such a region. 
Except for this, however, the curves in Fig. 4 and 5 
essentially show the actual  condition of the ion as- 
sociation in the present  system. While it is practically 
difficult to  de te rmine  the distance of closest approach, 
it may be estimated by using some assumptions as fol- 
lows: (i) The sum of the crystallographic radii  of Li + 
and C104- ions corresponds to the distance of closest 
approach. One obtains a ---- 0.26 n m  by using Paul ing 's  
ionic radii  (18). (ii) The distance of closest approach 
equals to that  between Li + and C104- in crystal l ine 
LiC104. In  this case, however,  the lattice parameters  
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Fig. 4. Variation in degree of association with a/q in mixed PC- 
DME system, a: DME 0%, b: 50%, c: 70%, d: 80%, e: 90%, f: 
100%. 
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Fig. 5. Variation in degree of association with distance of closest 
approach in mixed PC-DME system, a: DME 0%, b: 25%, c: 50%, 
d: 60%, e: 70%, f: 75%, g: 80%, h: 90%. 

of LiC104 �9 3H~O are only available because of the 
lack of data on anhydrous  LiC104 (19). This leads 
a -- 0.42 nm. (iii) The distance is equivalent  to the sum 
of Stokes' radii  which correspond to the radii  of sol- 
vated ions in solution. The Stokes' radii  in  the mixed 
PC-DME system were found to be 0.41-0.42 and 0.35- 
0.40 nm for Li + and C104-, respectively (10), then 
the distance is estimated to be 0.76-0.82 nm. 

Figure 6 shows the molar  conductivities expected 
from the degree of ion association which were calcu- 
lated by using a's in  the above assumptions, ( i ) - ( i i i ) .  
The conductivi ty curve with complete dissociation 
(curve a) was estimated from the viscosity curve of 
the solution by applying Walden's  law, Eq. [7] 

A~l --  constant  [7] 

which is only approximately  val id even in  such a high 
concentrat ion solution. In  spite of quant i ta t ive  dis- 
agreement,  these calculated curves are fair ly analo-  
gous to the observed one in the manne r  of variation. 
This suggests that the variat ion of the conductivi ty in 
the mixed PC-DME system is explicable by the vis- 
cosity and the ion association to some extent. Compar-  
ing the observed conductivi ty with the calculated ones, 
it is considered that  the distance of closest approach is 
ra ther  short. On the other hand, curve e in  Fig. 6 is an  
imaginary  one calculated by a different assumption 
where the distance of closest approach is a funct ion of 
the critical distance for ion-pai r  formation, q in Fig. 4, 
i.e., a _-- 0.2 �9 q. The good correspondence of the curve 
e to the observed curve f is very interest ing though it 
depends on only the assumption and there is not  the 
theoretical basis in this stage. I t  might  be bet ter  to con- 
sider the state of closest approach varying  with the 
solvent composition than the definite distance of closest 
approach. This is probably  correlated with the fact that  
both solvent-separated and contact ion-pairs  may be 
formed in a certain system (20). The behavior of the 
conductivi ty would be also affected by a specific sol- 
r a t i on  of Li + ion with DME in the mixed PC-DME sys- 
tem (10). In  an extensive sense, not  only ion-solvent  
but  also solvent-solvent  interactions make a significant 
contr ibut ion to the variat ion in  the conductivity. How- 
ever, the ma in  factors de termining  the conductivi ty of 
the mixed solution are viscosity of the solution and the 
dielectric constant of the solvent in a solution with 
relat ively high concentrat ion of electrolytic salts. Simi-  
lar  results were obtained on PC-DME containing 
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Fig. 6. Molar conductivity calculated by using the ion association 
model, a: completely dissociated, b: a ~ 0.81 nm, c: a ~ 0.42 
nm, d: a ~ 0.26 nm, e: a/q ~ 0.2 (this assumption is explained 
in the text), f: observed conductivity. 
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NaC104 by calculation using the data of physical prop- 
erties and conductivity of the system (9, 10), and these 
sustain the discussion. 
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Resistive Behavior of Thin Gold Film Electrodes under Direct Current 
Polarization 

R. I. Tucceri and D. Posadas 
Instituto de Investigaciones Fisicoqu~micas, TeSricas y Aplicadas (INIFTA), 1900 La Plata, Argentina 

ABSTRACT 

The potential drop along thin gold film electrodes together with the current was measured as a function of the applied 
overpotential for a pure charge transfer control and a mixed control electrochemical process. These were the hydrogen evo- 
lution reaction (HER) and the reduction of Fe(III), respectively. The results show that the potential drop along the electrode 
follows a simple Ohm's law type in agreement with the theoretical predictions. 

In recent years, thin film electrodes have been ap- 
plied in a variety of electrochemical studies, mostly in 
the field of spectroelectrochemistry and in the mea- 
surement of electrode conductivity [see, for instance, 
Ref. (1, 2) ]. 

Since thin film electrodes are resistive electrodes, it 
is important to ascertain the magnitude of the poten- 
tial drop developed within the film as a consequence 
of the electrochemical process occurring at its surface. 
Several theoretical treatments are available for cal- 
culating the potential distribution along a resistive 
electrode (3-11), including those related to conduc- 
tivity in porous electrodes, reviewed in Ref. (12). A 
simple Ohm's law behavior is predicted when the 
electrochemical currents are not too large (11). None 
of these treatments have been, to our knowledge, ex- 
perimentally tested for resistive electrodes. Though 
the measurement of the potential distribution along the 
electrode poses some experimental difficulties, the total 
potential drop along it is an easily accessible quantity. 

Key words: electrode resistivity, thin metal film electrodes, 
electrode potential distribution. 

The latter, however, would not provide a definitive 
test of the theory, but it would permit ascertainment 
as to whether the approximations involved are rea- 
sonable. 

In the present work the potential drop along thin 
gold film electrodes together with the polarization 
current is measured as a function of the applied over- 
potential. Two cases are considered: (i) charge trans- 
fer controlled processes for which the hydrogen evo- 
lution reaction from H2SO4 aqueous solutions was 
studied and (ii) a mixed, charge transfer-convective 
diffusional, controlled process. In this case the reduc- 
tion of Fe (III) from aqueous acid solution was studied. 

Experimental 
The thin film metal electrodes were obtained by 

vacuum deposition of evaporated gold onto optically 
polished Pyrex glass at room temperature. The elec- 
trical contacts were made via two or three aligned 
platinum wires of 0.5 nun diam previously fused into 
a glass disk of about 5 cm diam. Film thicknesses of 
approximately 25 • 1 nm were used throughout. They 
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were  de t e rmined  by  weighing samples  ob ta ined  at  t h e  
same time, i.e., under  the same evapora t ing  conditions,  
as the electrode.  These  values  agreed  wi th in  5% wi th  
those ca lcu la ted  f rom the deposi t ion condit ions (13). 
The source - subs t ra t e  dis tance was about  10 cm and 
the evapora t ion  ra te  was 0.1 nm sec - I .  Elect rodes  of 
r ec tangu la r  shape  0.2 • 2 cm were  obta ined  th rough  
the use of appropr i a t e  masks.  The resis tance in air  of 
al l  the  e lect rodes  was a p p r o x i m a t e l y  13.0 • 1.0~. At  
t imes, ha l f - l eng th  films were  employed.  In  this case the 
res is tance was about  6.5 ~.~ 

The e lec t ro ly t ic  cell  (Fig. 1) was of a design s imi lar  
to that  used by  previous  workers  (14). The NHE ref -  
erence  e lec t rode  was located in a sepa ra te  compar t -  
ment.  The p l a t i num foil countere lec t rode  was located 
in the same compar tmen t  as the  work ing  electrode.  

T r i p l y  dis t i l led water ,  H2SO4 (Merck) ,  and FeCls 
(Mal l inckrodt )  ana ly t ica l  reagent  grade,  were  used 
in p repa r ing  the e lec t ro ly t ic  solutions. 

A PAR Model  173 potent ios ta t  together  wi th  a PAR 
Model 175 funct ion genera to r  were  used for  the  po-  
t en t iodynamic  and the s t a t iona ry  polar iza t ion  exper i -  
ments.  The potent ia l  drop  at  the  ex t remes  of the  film 
was measured  wi th  a Ke i th ley  Model  160 vol tmeter .  

Al l  the  exper imen t s  were  car r ied  out  a t  room tem-  
pera ture .  The res is t iv i ty  changes of the thin film elec-  
t rodes were  measu red  app ly ing  the th ree -con tac t  
method  (11, 14). In  this method  a cu r ren t  is f e d  
th rough  two contacts  a t  the ex t remes  of the  e lect rode 
whi le  the th i rd  one, the centra l  contact,  is connected 
to the  cu r ren t  fo l lower  of the potent iostat .  The vol tage  
difference at  the ex t remes  of the  film is d i rec t ly  p ro -  
por t iona l  to the  resistance,  and  thus to the res is t iv i ty  
of the  e lec t rode  if the side effects of the  fa rada ic  cur -  
ren t  pass ing th rough  the e lect rode can be neglec ted  
(11). I t  has been shown (11) that  for  an e lec t rochemi-  
cal reac t ion  having  an  exchange  cur ren t  dens i ty  
smal le r  t han  io < 10 .3  A cm -2  this occurs when  the 
contacts  at  the ends of the e lect rode are  symmet r i ca l ly  
placed wi th  respect  to the centra l  one. Let  the  distances 
of the  end contacts to the  cent ra l  one be ll and b2, 
then a factor  g can be defined as 

Generally, the value in air decreased about 10-15% when the 
electrode was brought in contact with the electrolyte solution. 

H 2 (,~_ H2 H 

@'.! )Ill' 

I 

R E S I S T I V E  B E H A V I O R  O F  A u  E L E C T R O D E S  

[" I Stainless Steel 
~* ~:.~..~.~ :~; .':-4 Teflon 
L I Glass 

Gold thin Film 
Electrical contacts 

Fig. 1. Side view of the electrolytic cell 
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Zt - -  12 
g = is [1] 

which takes  into account  the s y m m e t r y  of the e lec t r i -  
cal contacts. In  the  presen t  design g : 0.003 resul t ing  
f rom the 11 and 12 values  measured  wi th  a t rave l ing  
microscope wi th  a precis ion of 10 -4  cm. 

The electr ic c i rcu i t ry  employed  for measur ing  the 
resistance of the e lectrodes was essen t ia l ly  the  same 
as tha t  r epor ted  by  previous  workers  (14). 

Results 
The hydrogen  evolut ion react ion on gold was s tudied 

th rough  both s t a t iona ry  and po ten t iodynamic  (v = 
10 -3 V sec -1)  polar izat ion curves wi th  s imul taneous  
measuremen t  of the  potent ia l  difference at  the  ex -  
t remes of the film, Vp (Fig. 2). The measured  e lec t ro-  
chemical  cur ren t  Ip was p lo t ted  as a funct ion of Vp 
(Fig. 3). Good s t r a igh t  l ines of inverse  slope app rox i -  

b/163A . . . .  lv I N 
0.00 42.00 

1.05 j3"[.50 

2:10 - 121"00 

3.1 J10.50 

42 ............. ~ ....................................... ]0.00 

5.25 1-1050 

6,30 -21.00 

Oi I I i 
21 0.11 -0.01 -0.11 

E(V) 
Fig. 2. Potentiodynamlc current/potential ( - - )  and Vp/petential 

( "  ") curves for the HER v - -  10 - 3  V sac -1.  

40 

Ip/103A 

2.O 

tO 

QC OO 50 1.0 1.5 ZO 
Vp / 103V 

Fig. 3. ip vs. Vp curves for ( 0 )  potentiodynamic, Re~ - -  12.5~,, 
and (O)  stationary, Rexp = 14.5~. 
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mately equal to half the initial resistance in solution 
Were obtained over the overpotential range studied. 

Both potentiodynamic and steady-state polarization 
curves as well as simultaneous recording of Vp were 
also carried out for the electrochemical reduction of 
Fe(II l )  in quiescent solutions of 0.1M FeC18 and 0.5M 
H~SO4 in water (Fig. 4). As in the case Of the HER 
the  corresponding Ip vs. Vp plots give a straight line 
of inverse slope equal to half the electrode resistance 
(Fig. 5). The uncertainty in the limiting currents was 
about --+5%. 

Discussion 
The experimental results of Fig. 3 and 5 can be in- 

terpreted, in a first approximation, with the help of 
the theory developed previously (11, 12). Accordingly, 
the  potential drop, Yp, along a homogeneous, finite, 
resistive electrode is 

V~ = --g- 1 cosh.al [21 

where a is the current density in the absence of re- 
sistive effects. For pure charge transfer control 

i i o [ eXp- -  ( '~aF~l acF~l a =  -- \ - - - ~  ) -- exp ( -- ( ~ ) ) ]  

and 

and 

= - - aa exp -- o~o exp 
b RT \ RT / RT  

[4] 

whereas for a mixed, charge transfer-convective diffu- 
sional, controlled process 

[ exp ( aaF~ ~ _  e x p (  ,F~I ) ]  
\ RT / RT 

i = a =  

F 
b - -  

1 [zc [.~o+_3_1 e x p (  '=a )__~c l  e x p ( _ . _ ~ _ )  ] 
ia I k RT 

[5] 

RT 
f a' [ ic l 

a c  exp ( - -  

1.6 

Ip/10"3A . .  

1, 2 ~r ~ ~ ~ 

O.8 

o 

O'.4 

OC 
Q0 1.0 2.0 3.0 4.0 

Vp/10-3V 

Fig. 5. Ip VS. Vp curves for ( e )  potentiodynamic, Rex p = 5.3,1~,, 
and ( O )  stationary, Rexp ~-- 5.5l),, runs for the reduction of 
Fe(lll). 

and T are the gas constant, the Faraday constant, and 
the temperature, t is the length of the electrode and a 
is defined as (11, 14) 

~Db 
= [7] 

A 

where p is the resistivity, D the width, and A the cross 
sectional area of the thin film electrode. 

It has been shown (ii) that for al < 1 (b small) 
the term in cosh ~l in Eq. [2] can be expanded in 
series. Retaining up to the second term, it yields 

a ( ,~212 ~4I 4 ) IpR IpR2 Db~ + , .  " 
- - V  + - E -  + . . . = - - E -  + 

[8] 
where the resistance, R, has been defined as 

R = - -  [9] 
A 

~F~I)  aa [ =aF~l '%1 - L  ~~ exp ~ P  / ~acF~l ) -- ea exp ( t RT - - ' ~ - a l e X p t - - ~ ) J  R T / J 

1 1 ( ,~aF'n I - -  1 exp  ( - -  acF~ 
--- + -- exp 
~o ia I \ RT / ic t \ RT / 

[6] 

Z,0 

Vp/10-3V 

where ~ is the overpotential, io is the exchange current 
density, ~a and at are the transfer coefficients for the 
anodic and cathodic reactions, ia 1 and ic 1 are the anodic 
and cathodic limiting currents, respectively, and R, F, 

3.0 

0.~ 

[3] 

f ..r 

i i - .  q 

06 04 02 

1.6 

Ip/10-3A 

04 

E/V 

Fig. 4. Potentiodynamic /p/potential ( � 9  and V~/potential ( 0 )  
curves for the reduction of Fe(Itl) v = 10 -~  V sec -~.  

The total electrochemical current (11), Ip, is given by 

Ip ~ aDl [10] 

when al < 1. According to Fig. 4 in Ref. (11) for not 
too high overpotentials, only the first term is important 
in Eq. [8]. Then %- 

Vp ~_ ~ 2 [11] 
2 

and the results of Fig. 3 and 5 can be straightforwardly 
explained. Since the measurement of the resistivity 
change of the gold electrode in the potential range con- 
sidered does not show important variations of p (see 
Fig. 6), Eq. [11] can be applied. Accordingly, the slope 
of the Vp vs. Ip plot is approximately equal to half the 
value of the total resistance. 

For the Fe(III)  reduction reaction on gold, the io 
reported in the literature is about 0.7 X 10 -s A cm ~ 
(15). Taking this value into consideration, ~l is smaller 
than 0.5 for ~1 > -- 0.3V [see Fig. 4, Ref. (11)]. Under 
these conditions the approximation given by Eq. [10] 
is valid. Consequently, the current density was calcu- 
lated from the measured current divided by the geo- 
metrical area of the electrode. This is tantamount to 
assuming the absence of resistive effects in the polar- 
ization curve. Since the higher experimental Vp value 
is smaller than 5 • 1O-3V (see Fig. 4), it is clear that 
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Fig. 6. Potentiedynamic electrode resistance/potential curve for 
the reduction of gold film in (~N H~S04, v ----- 5 • 10 - 2  V sec-L  
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Fig. 7. Comparison between the experimental (C))  and the cal- 
culated ( > )  Vp values as a function of overpotential. 

in the overpotential  range studied the kinetic parame-  
ters determined f rom the experimental  polarization 
curve will be practically equal to those determined in 
the absence of resistive effects. With this approxima-  
tion the kinetic parameters  a a n d  io were obtained 
from an ~ vs. In F (ic 1 -- i ) / i  I plot (Table I).  The values 
of a and io obtained in this way  are in good agreement  
with those obtained with the linear relationship 

-~ 1 ia ---~ aa T RT ( 1  '~ 'o  ~ a '  1 ) 1  = + - E12  

obtained from Eq. [5] by assuming ~ small, i < <  ic 1, 
and aa + ac "- 1. 

The values assembled in Table I were employed to 
calculate the overpotential  dependence of Vp applying 
Eq. [2]. In  Fig. 7 the experimental  and calculated 
values of Vp as a function of the overpotential  are 
shown. The agreement  is good. 

Conclusions 
The experimental  results for both the hydrogen 

evolution reaction and the reduction of Fe ( I I I )  on 

Table I. Experimental kinetic parameters for the reaction 
Fe 3+ + e ~--- Fe 2+ on thin gold films at room temperature 

to ~e I ia 1 
(A e m  -~) (A  c m  -2) (A  c m  -s) ar a t  

7.2 x 10 "-~ 1.2 x 10 4 8.9 • 10 -4 0.48 0.52 

thin gold electrodes show that  the equations for the 
potential distribution along a thin metal film electrode 
in the presence of a faradaic process are fulfilled. The 
potential drop along the electrode follows Ohm's law 
in terms of the average current.  The calculated over-  
potential dependence of Vp compares reasonably well 
with the experimental  results. 
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Electrosynthesis of N20  by Controlled-Potential Oxidation of N20  in 
Anhydrous HNO  

J. E. Harrar *  and R. K. Pearson 

Chemistry and Materials Science Department, Lawrence Livermore National Laboratory, University of California, 
Livermore, California 94550 

ABSTRACT 

The anodic oxidation of N204in aqueous and anhydrous HNO~ has been investigated by controlled-potential  techniques 
and found to be an excellent  method for the preparat ion of solutions of N~O5 in anhydrous HNO~. The product  solutions can 
be used directly for the nitrolysis of organic compounds.  The oxidation is carried out at approximately  + 1.85V vs. SCE (aq) 
at p la t inum or t i tanium-supported i r idium oxide anodes. Up to 40g quantities of N205 have been prepared with good energy 
efficiency in a laboratory-scale, divided cell with a porous Vycor or Nation separator. Complete oxidat ion of the N204 oc- 
curs in a region of low solvent background current; however, the overall current  efficiency is reduced to -65%, apparent ly  
because of t ransport  losses of N204 and N205 to the catholyte. Several  of the species resulting from the dissociation of N204 
and N20~ in the solutions have been identified by Raman spectroscopy. 

In teres t  in the use of solutions of N~O~ in anhydrous  
HNOa for the n i t ro lys is  of organic compounds has 
p rompted  us to r eexamine  the p repa ra t ion  of this re -  
agent  by  the e lec t ro -ox ida t ion  of N204. The basic p ro-  
cess was first descr ibed in a 1910 German  pa ten t  (1). 
Zawadsk i  and Bankowski ,  in work  publ i shed  in 1948 
(2), also eva lua ted  this reac t ion  on the l abo ra to ry  scale 
using a two-e lec t rode  cell  wi th  a p l a t inum anode and 
demons t ra ted  good yie ld  and energy  efficiency in the 
product ion of N205. Using con t ro l l ed-po ten t ia l  tech-  
niques, we have  fu r the r  character ized the oxidat ion  of 
N~O4 e lec t rochemica l ly  and have  found it to be a ve ry  
convenient ,  facile synthesis  that  is a promis ing a l t e rna -  
t ive to the  usual  method of p repara t ion  of N205, i.,e., 
the dehydra t ion  of HNO3 wi th  P205. 

Experimental  
Electrolysis equipment.--Three sizes of e lectrolysis  

cells were  used for the N~O5 prepara t ions ,  each de-  
signed as shown in Fig. 1. The countere lec t rodes  (ca th-  
odes) and work ing  e lect rodes  (anodes)  for most of 
the exper imen t s  were  Enge lhard  grade  E2C (>99.95%) 
p l a t i num gauze. I r i d ium oxide-coa ted  t i t an ium (ob-  
ta ined  f rom the Diamond Shamrock  Corpora t ion  as a 
D S A - T y p e  TIR-2000 coat ing)  was also tested as a 
work ing  e lec t rode  mater ia l .  The work ing  electrodes 
were  fo lded to a double  thickness to give the configura-  
t ion shown. As shown in Fig. 1, most  of the  exper imen t s  
were  done wi th  Coming  Glass No. 7930 porous Vycor 
as the  s epa ra to rma te r i a l ;  du Pont  Nation per f luor ina ted  
po lymer  m e m b r a n e  was also tes ted briefly. The th ree  
e lec t rosynthes is  cells were  const ructed wi th  w o r k i n g -  
e lec t rode  p l ana r  areas, solut ion capacit ies,  and sepa-  
r a to r  tube d iameters  as follows: 68 cm2, 25 ml, 1 cm; 
124 cm ~, 125 ml, 1.5 cm; and 180 cm 2, 225 ml, 1.5 cm. 

The cell  for  v o l t a m m e t r y  and Tafe l -p lo t  measu re -  
men t  was a 25 ml cell s imi lar  in design, except  tha t  
the work ing  e lec t rode  was a wire  sealed in hea t -  
shr inkable  Teflon tubing  and posi t ioned in the  center  
of the c e l l  The pr inc ipa l  e lec t rode  mate r ia l s  used in 
these measurements  were  p l a t inum and IrOx. The 
p l a t inum elec t rode  was Johnson-Mat they  spec t ro-  
g raph ica l ly  s t andard ized  1 m m  d iam wire.  The IrOx 
electrode was p repa red  by  Diamond Shamrock  using 
Mater ia ls  Research Corpora t ion  Marz -g r ade  1 m m  t i -  
t an ium w i r e .  Other  e lect rode mate r ia l s  examined  
brief ly were  of comparab le  pur i ty .  The cell  used for  
con t ro l l ed-po ten t ia l  coulomet ry  of mi l l i g ram amounts  
of N204 has been descr ibed prev ious ly  (3, Fig. 22). 

The reference  e lec t rode  used for al l  of the cells was a 
F isher  Scientific Catalog No. 13-639-210 aqueous sa tu-  
ra ted  calomel  e lec t rode  whose potent ia l  was checked 

* Electrochemical Society Active Member. 
Key words: inorganic, electrode, analysis, voltammetry, cou- 

lome~ry. 

occasional ly  against  a l a b o r a t o r y - p r e p a r e d  s tandard.  
The sal t  br idge  tube (Fig. 1) was t e rmina ted  in a t ip 
containing an asbestos fiber. The t ip was d rawn out to 
,~1 m m  d iam and posi t ioned ,~1 m m  from the work ing  
electrode.  Both the salt  br idge  tube and the counter -  
e lec t rode  compar tmen t  were  filled wi th  anhydrous  
HNO~. 

EG&G Pr ince ton  Appl ied  Research Corpora t ion  Mod-  
els 371 and 173 potent ios ta ts  were  used for the con- 
t ro l l ed -po ten t i a l  e lect rosyntheses  and Tafe l -p lo t  mea-  
surements .  An EG&G PAR Model  364 polarographic  
ana lyzer  wi th  recorder  was used for the  vo l t ammet ry .  
Ins t rumenta t ion  designed at this l abo ra to ry  (4) was 
used for the  low level  coulometry.  An  ECO (Amel )  
Model  731 d ig i ta l  in tegra to r  was used to in tegra te  the  
current  dur ing  the e lect rosynthesis  exper iments .  For  
currents  >2A,  a 2X cur ren t  shunt  was used. The specific 
energy  consumption was calcula ted by  in tegra t ing  the 
produc t  of the  to ta l  cell  vol tage and cur ren t  over  the 
per iod of the electrolysis.  

~ /-SCE reference 

~ electrode 

Workin, I ~  II 
electrode I F "J 

connection ~ ~ _ ~  

Glass thermo- I I I I . . . .  
couple well --.~[ I ] ] I IMI I / ' -ba!tbrlage 

J l V292 

e 

Coolant / ~ '~.z/  .__ ~ 
jacket J /_ . . ~  ~- Magnetic 

L_ Porous Vycor stirr'mg bar 

Fig. 1. Electrolytic cell for the synthesis of N205 in anhydrous 
HNO3. 
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Reagents.--The anhydrous  ni t r ic  acid was p repa red  
by  d is t i l la t ion  f rom a mix tu re  of reagen t  grade  90% 
HNOa and fuming (20% free  SOa) H2SO4 (1:1.16 v /v )  
in a glass appa ra tus  at  --50 Torr  p ressure  and 40~176 
The 90% HNO~ was p r e t r e a t e d  by  adding  0.4 weight  
pe rcen t  (w /o )  u rea  and sparging wi th  a i r  unt i l  color-  
less. NMR analyses  verif ied that  the wa te r  content  of 
the  dis t i l led  acid did  not  exceed 0.4%, the equ i l ib r ium 
concentra t ion  presen t  in nomina l ly  anhydrous  acid (5). 
The N204 was Ai r  Products  & Chemicals,  Incorpora ted  
C~P grade.  

Procedures.--Solutions in the range  of 5-20% N204 
in HNO~ were  p repa red  by  weight  f rom the anhydrous  
HNO~ and l iquid  N204 cooled in an ice bath.  The les~ 
concent ra ted  solutions for  vo l t ammet ry  and coulomet ry  
were  o'btained by  volumetr ic  di lut ion.  

Dur ing  the e lect rosynthesis  exper iments ,  the control  
potent ia l  was gene ra l ly  set to a va lue  ~100 mV less 
posi t ive than  the final value,  and  then  raised g radua l ly  
as the  e lectrolysis  proceeded  to main ta in  a more  nea r ly  
constant  ra te  of e lect rolys is  and t igh te r  t empera tu re  
control.  The control  po ten t ia l  r epor ted  for  these ex-  
pe r iments  is the  nomina l  final control  po ten t ia l  uncor-  
rec ted  for uncompensa ted  resistance.  Power  consump-  
tion was ca lcula ted  f rom per iodic  measurements  of the 
cell cu r ren t  and to ta l  voltage.  

The T a f e l - p l o t d a t a  were  obta ined with the wire  elec-  
t rodes in s t i r red  solutions by  stepwise,  manua l  ad jus t -  
men t  of the control  potent ia l .  Af ter  a shor t  per iod of 
t ime to reach s teady  state, the  cur ren t  was then re-  
corded, except  for  the  r e t u r n  sweep at  the  p la t inum 
electrode,  for which the surface condit ions were  quite 
t ransient .  The Tafe l -p lo t  da ta  are  corrected for an  un -  
compensated  resis tance of 1.6~, ca lcu la ted  from mea-  
surements  of the total  cell resistance,  17~, and the 
cell t ransfe r  funct ion a t tenua t ion  (3) in the 5-50 kHz 
f requency  range.  

Chemical analysis methods.--The in i t ia l  solutions 
and solutions p roduced  ,by electrolysis  were  examined  
by  ~wo different  ana ly t ica l  techniques:  high resolut ion 
Raman  and NMR spect rometry .  R.aman spect ra  were  
ob ta ined  b y  means  of a l a s e r - R a m a n  sys tem incorpo-  
ra t ing  a Spec t ra  Phys ics  1-1V~ double  monochromator .  
NMR measurements  were  made  with  a Nicolet  Model 
NT-200 FT-NMR spectrometer .  

Quant i t a t ive  de te rmina t ions  of  the concentrat ions of 
N205 produced  by  the electrolyses were  pe r fo rmed  us-  
ing a method developed by  Happe  and Whi t ake r  (6). The 
method  is based on measuremen t  of the pro ton  chemi-  
cal shif t  resul t ing  f rom the presence of NO8-: ions in 
the anhydrous  HNO~. This shift  is be l ieved to be caused 
by  hydrogen  bonding be tween  HNO~ and NO~- to pro-  
duce a solvated n i t r a t e  ion. As descr ibed by  Addison 
(5) and as shown by  the Raman  spect ra  to be dis-  
cussed below, pure,  anhydrous  ni t r ic  acid is s l ight ly  
dissocia ted into water ,  n i t ron ium cation, and n i t ra te  
anion 

2HNOa ~ H2:O + N O ~  + + N O 3 -  [I] 
0.4 1.1 1.5 w /o  

Dini t rogen pentoxide  also dissociates as follows (5) 

N~05 ~ NO2 + + NO3- [2] 

Thus, if the dissociation of N~05 is complete in the con- 
centration range of interest, and no N204 is present, 
measurement of the nitrate ion concentration relative 
to that in pure HN03 would yield the concentration of 
NsO5 (and NO2 +) produced in the electrosynthesis. 

An experiment was carried out in which a highly 
concent ra ted  solut ion of N205 in HNOa (produced by  
electrolysis  of N~O4) was successively d i lu ted  with 
HNO3 and the resu l t ing  solutions analyzed  by  NMR. 
The resul ts  a re  shown in Table  I. The in i t ia l  N205 con- 
cent ra t ion  of 23.2 w /o  and the observed concentrat ions 
of N~.O5 in the  di luted solutions were  based on the 
chemical  shifts of s t andard  solutions of KNO3 in HNO3 

Table I. NMR analyses of diluted solutions of N205 in 
anhydrous HNO8 

P r o t o n  c h e m .  
C a l c u l a t e d  O b s e r v e d  sh i f t  v s .  
conc .  N~O~ conc .  N,.,O~ a n h y d r .  HNO3 

( w / o )  ( w / o )  ( p p m )  

23.2 23.2 1.867 
16.8 17.7 1.369 
12.6 12.2 0.929 

8,4 9.0 0.663 
4.9 5.2 0,368 

(6). These solutions and the final solutions of the elec-  
t rolyses  were  also ana lyzed  b y  Raman  spec t romet ry  to 
ver i fy  the  absence of N204. The good agreement  be-  
tween the  calcula ted and observed  concentrat ions  of 
N205, and confirmation of the species exis t ing in the 
solutions by  Raman  spectroscopy indica ted  that  NMR 
is a val id  technique for this analysis.  

Results and Discussion 
In addi t ion  to smooth p la t inum,  as employed  by p r e -  

vious inves t igators  (1, 2), we in i t ia l ly  tested a number  
of o ther  mate r ia l s  as candidates  for the  oxidat ion  of 
N204 in HNOs. Found  to be inact ive  were  gold, glassy 
carbon,  magne t i t e  (Fe304), tan ta lum,  tungsten,  and 
t i tanium,  the la t te r  th ree  acquir ing  a poor ly  conduct ing 
film in the requi red  potent ia l  region. F igure  2 
shows vo l tammet r ic  curves for the react ion at smooth 
p l a t inum and  I rOx-coated t i t an ium electrodes.  Fo r  the 
same geometr ic  area, the  lrOz e lec t rode  is much  more  
active than  smooth p la t inum,  both for the  oxidat ion  of 
N204 and the decomposi t ion of the  HNOz. High elec- 
t roca ta ly t ic  ac t iv i ty  was also found for RuOx-coated 
t i t an ium (7) and platinize'd p la t inum.  Thus, as has been 
found fo r  the chlor ine  evolut ion react ion (7, 8), the ap-  
pa ren t  h igh ac t iv i ty  is p robab ly  a combinat ion of in-  
creased microscopic sur face  area  and the e lec t roca ta-  
ly t ic  proper t ies  of the conduct ing noble meta l  oxides. 

The cata lyt ic  na ture  of this react ion is also i l lus t ra ted  
by  the  con t ro l l ed-po ten t ia l  e lectrolysis  curves shown 
in Fig. 3. At  the beginning  of the  electrolysis,  the cu r -  
ren t  decreases s lowly  and is r e l a t ive ly  insensi t ive to the 
ra te  of mass t ransfer ,  but  as the  N.204 is consumed 
and its concentra t ion .decreases, the  overa l l  e lect rolyt ic  
ra te  constant  increases. Coulomet ry  at this concent ra-  
t ion level  yields  coulometr ic  n -va lues  nea r  2.00 which 
are  expected for the  overa l l  process in the oxida t ion  of 
N~O4 to N205. 

Tafel  plots for the  oxida t ion  of N~O4 in the concen- 
t ra t ion  range  sui table  for  e lectrosynthesis  are  shown 
in Fig. 4 and 5, again revea l ing  the m a r k e d  contras t  in 
p l a t inum and IrO~ as anode mater ia ls .  As indica ted  in 
Fig. 4, considerable  hysteresis  is exhib i ted  in the cur -  
r en t -po ten t i a l  curves of p la t inum.  Polar iza t ion  of the 
e lect rode at the hiEh posi t ive potent ia ls  increases its 
act ivi ty;  however ,  this increased ac t iv i ty  is r a p id ly  lost  

600 I I /  I / l I 
l m M /  k Backgr~ 

400 N204/~rOx~ / l mM / - 

+~ 200 

0 ~ Background 

-200 / t L L I I 
1.4 1.5 1.6 1.7 1.8 1.9 2.0 

Potential, V vs, SCE (aq.) 

Fig. 2. Stirred-solution voltammetric curves for the oxidation of 
N204 in anhydrous HNOa (300 mV/min scan rate), 
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Fig. 3. Current-time curve for the controlled-potential oxidation 
of N.~_O4 in anhydrous HNO~ (25 ml ceil). 
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0,1 ~ I , 1 ~ I , I , ] 
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Electrode potential, V vs, SCE (aq,) 

Fig, 4. Total plots for the oxidation of N,204 at a platinum elec- 
trode in anhydrous HNO~. (Potentials corrected for uncompensated 
resistance.) 

as the e lec t rode  is used at  the  lower  potent ials .  This 
effect was nea r ly  absent  in the case of the  IrOx elec-  
trode. With  the  possible except ion of the pos i t ive-scan  
curves for p la t inum,  there  are  no c lear ly  defined Tafel  
regions, and  these slopes are  quite high (>150 m V /  
dec) .  The  cathodic reaction,  which  is the  reduct ion  of 
HNOs to N204, influences the curves at  low overpoten-  
tials, especia l ly  those of the IrO= electrode.  In  the cur-  
ren t  dens i ty  range  of 50-200 m A / c m  2, the overpoten t ia l  
for  the  oxida t ion  of .N204 is ~0.4V lower  for IrO~ than 
for  p la t inum;  this should pe rmi t  cor respondingly  lower  
cell vol tages for the electrosynthesis .  

F igure  6 is a typica l  cu r r en t - t ime  curve for the  elec- 
t ro -ox ida t ion  of N204 to N205 at  h igh concentrat ions.  At  
control  potent ia ls  more  negat ive  than  tha t  of the de -  
composit ion of the HNO~ (~2.0V),  the  cur ren t  is nea r ly  

lOOO 

% 
lO0 -- 

< 

E 

1o- 

1 -  

0.1i 
1.2 

' I 

~ 12.5% N204, 23~ 
-o--o-  N204, 12.5% 5~ 
- ~ -  1.25% N204, 23~ 

I ~ I , I , I I I 
1.4 1.6 1.8 2.0 2.2 2.4 

Electrode potential, V vs. SCE (aq.) 
Fig, 5, Total plots for the oxidation of N204 at an IrOx-Ti elec- 

trode in anhydrous HNO,~. (Potentials corrected for uncompensated 
resistance,) 
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Fig. 6. Cell current and voltage during oxidation of 22.7g N204 
(12.5% solution) in anhydrous HN08  at a platinum electrode [125 
ml cell; E : + 1 . 7 8  to + i . 8 5 V  vs, SCE (aq.)] ,  

constant  for about  80% of the t ime, and then drops to 
a r e l a t ive ly  low value  when al l  of the  N204 has been 
consumed. 

F igure  7 shows Raman  spect ra  of the  solution dur ing  
var ious  stages of the electrolysis .  F igure  7a is the  spec- 
t rum of pure,  anhydrous  HNOs, showing the peaks  of 
NO~ + and NOn- f rom the dissociation of HNO~. F ig-  
ure  7b is the  spec t rum of the  s tar t ing solut ion of the 
electrolysis ;  this  includes a peak  due  to the n i t rosy l  
cation, NO +, which arises f rom the  dissociat ion of N1zO4 
(5) 

N~O~ ~ NO+ + NO3- [8] 

In the spectrum of the partially electrolyzed solution, 
Fig. 7c, the peaks of NO~ +, NO +, and the undissociated 
HNOs are present. Finally, at the end of the electrol- 
ysis, Fig. 7d, the NO + peak is virtually absent and the 
large,  sharp peak  of NO~ + is dominant .  Some of the 
peak  posi t ions sh i f t  s l ight ly  as the  composi t ion of the 
solut ion changes. These high resolu t ion  spect ra  are  
qua l i t a t ive ly  s imi lar  to those obta ined  by  Odokienko 
et al. (9) for mix tures  of N205 and HNO~. 

Table  II  summarizes  the character is t ics  of the e lec-  
t rosynthesis  of NeO5 as de te rmined  for  a r ange  of 
values of the opera t ing  parameters .  For  each of the ex-  
per iments  l is ted in Table  II, the  e lectrolysis  of N204 
was carr ied  out to completion,  as indica ted  by  the elec-  
t rolysis  cur ren t  decaying to the  background  value  (see 
Fig. 6). A t  present ,  the  e lec t ro ly t ic  p r epa ra t i on  has 
been inves t iga ted  ex tens ive ly  only wi th  a p la t inum 
anode. Up to 40g quant i t ies  of N20~ have been p re -  
pared.  In  these electrolyses,  the  pr inc ipa l  react ion in 
the  cathode compar tmen t  of the cell  is the  reduct ion of 
H N Q  to N204, which as t empera tu re s  above ,-,20~ 
vigorously  disti l ls  out of the  catholyte.  

In  Table II, the N2OdNzO4 real  ra t ios  were  calculated 
f rom the concentrat ions  of N20~ in the final solutions, 
as de t e rmined  by  NMR, and the  quan t i ty  of N~O4 in 
the  ini t ia l  solution. A significant f ract ion of the  anolyte  
solut ion was lost dur ing  the electrolysis,  most  l ike ly  
as a resu l t  of both  e lectro-osmosis  and consumption of 
the  HNOs in the electrolysis.  Thus the real  rat ios  are  
somewhat  lower  than  if based on the t rue amount  of 
N205 produced.  The quan t i ty  of HNO~ lost from the 
anoly te  is given as a percentage  in Table  II;  it  is usu-  
a l ly  highest  at  the most posi t ive control  potent ia ls  and 
highest  cur ren t  densit ies.  

The  specific energy  consumpt ion of the  process  is 
genera l ly  very  good, especial ly  for the  l a rge r  cell and 
low t empera tu re  electrolysis.  Unexpectedly ,  the  ex-  
pe r imen t  at  6~ had the best  character is t ics  overal l .  In  
this exper iment ,  s ignificantly lower  cell  vol tages were  
required,  which  we suspect was due to be t te r  pe r fo rm-  
ance of the ca thode /ca tho ly te  hal f -cel l .  In  contras t  to 
the h igher  t empe ra tu r e  electrolyses,  which  were  car-  
r ied out  above the boi l ing point  of N204, at low t em-  
pera tu res  there  was l i t t le  gas evolut ion or loss of ca tho-  
lyre.  Thus the re  was no b tockage  of the  cathode b y  
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g a s  bubbles  and p r o b a b l y  a lower  res is tance catholyte.  
A p r e l i m i n a r y  expe r imen t  wi th  Nation perf luor inated  
po lymer  m e m b r a n e  in place of the  porous Vycor  re-  
vea led  that  i t  could afford a fu r the r  reduct ion in cell 
resis tance,  voltage,  and specific energy consumption.  
The use of l a rge - sca l e  i ndus t r i a l - t ype  cells for this 
process would  undoub ted ly  resul t  in even lower  spe-  
cific energies.  

Severa l  expe r imen t s  were  pe r fo rmed  to ascer ta in  the 
effect of wa te r  on the  e lec t rochemis t ry  of this process. 
Up to 3% wa te r  was found to have  no effect on e i ther  
the shapes of the  vo l t ammet r i c  curves for low concen- 
t ra t ions  of N~O4, or  the decomposi t ion poten t ia l  of the 
HNO3. In  the  e lect rosyntheses ,  the  on ly  appa ren t  effect 
of w a t e r  is to consume the  N205 produced  unt i l  all  of 
the  wa te r  has reacted;  the e lectrolysis  cur ren t  be -  
hav io r  is unaffected.  Red fuming ni t r ic  acid, which 
contains ~1.5% H20 (5), and N204 in whi te  fuming 
n i t r ic  a c i d  (conta ining 11% H~O) were  also used as 
the  reactants ,  wi th  reduced yields  of  N205. 

The overa l l  s to ich iomet ry  of the reac t ion  has one 
p rominen t  fea ture  that  cannot  ye t  be expla ined.  I t  

I I 

+ 
31NO 2 

I 
1600 

NO + 

Fig. 7. Raman spectra of solu- 
tions of anhydrous HN03, N~05, 
and N204. (a) Pure anhydrous 

I " |  HN03; (b) 20.S% N~04 in 
HNOo; (c) partially electrolyzed 

I N204 in HN03; (d) N205 in 
{dr_ HN03 (N~04 completely electra- 

lyzed). Mercury calibration lines 
also shown. 
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is c lear  f rom the N2Os/N~O4 mol rat ios tha t  1 tool of 
N~O5 is p roduced  per  mol of N204 consumed (see 
Table  I I ) .  However ,  as the  in i t ia l  concentra t ions  of 
N204 are  increased,  the quan t i ty  o f  e lec t r ic i ty  con-  
sumed becomes less than  expected,  lea~ling to n -  
values  of ~1.5. With in  the  ranges of the var iab les  
studied,  this phenomenon is independen t  of the  control  
potent ial ,  cu r ren t  density,  t empera tu re ,  t ime of e lec-  
trolysis,  and cell  size (solut ion vo lume:e l ec t rode  area  
rat io and mass  t ransfe r  r a te ) .  _An exper imen t  was 
per formed  using the 25 ml  cell  to test  whe the r  N204 
volat i l ized f rom the  solution, decomposed,  or  diffused 
into the cathode compar tmen t  dur ing  the per iod of an 
electrolysis ,  which would  cause a negat ive  e r ror  in 
the  n-va lue .  In  this exper iment ,  anoly te  containing 
24% N204 was s t i r red  for  7 hr, wi thout  electrolysis,  
and  analyzed  for N204 before  and a f te rward .  No loss 
of NzO4 was found, bu t  this leaves open the possibi l i ty,  
discussed below, of the e lec t romigra t ion  of  react ing 
species dur ing  the electrolysis.  Electrolysis  wi th  an 
IrOx anode in the 225 ml  cell  gave v i r t ua l ly  the same 
resul t  as p la t inum:  oxida t ion  of a 12.1% N204 solut ion 

Table II. Representative results of the synthesis of N205 by controlled-potential oxidation of N204 in anhydrous HNOe 
at a platinum electrode 

Final Time Final Product Specific 
Initial control Peak of NsO5 Final Mol current energy 
NsO~ potential cur- elec- in cone ratio HNOa n eIB- (kW-hr/ 
cone. Temp (V vs. rent trolysis anolyte N205 NsO___~ loss (F/real ciency real 
(w/o) (~ SCE) (A) (hr) (mmols) (w/o) N~O~ (%) NsOD (%)r N20~) 

21.4' 24 1,80 4.0 6 317 22.8 0.79 14.5 1,49 53 0,49 
20.5 24 1,65 0.8 7.5 98.5 23.7 0.95 6.0 1,57 60 0,85 
13,9 14 1.80, 0.8 5 69,5 15.7 0.97 0.5 1,48 65 0,68 
12.5 '  23 1.80 2.0 7 235 14.6 0.94 8.9 1.50 63 0.50 
12.5" 6 1.85 2.0 7.5 238 14.7 0,97 5.9" 1.52 64 0.29 
10.8" 25 1.90 1,9 7 175 11.1 0,80 8.6 1.46 55 0.42 
10.5" 25 1.95 3,5 3 179 12.0 0.87 12.6 1.40 62 0.67 

9.8 22 1.78 0.7 4 43.3 11.75 1.03 1.4 1.54 67 0.55 
5.1 24 1.79 0.6 2.5 26.9 6.05 1.01 0.0 1.57 65 0.86 
1.57 25 1.80 0,28 2.5 7.9 1.85 1.01 0.0 1.73 59 0.48 
1.59 25 1.56 0,10 7 7.8 1.82 0.98 0.0 1.73 57 0.77 
0.50 24 1.75 0.10 2 . . . .  1.93 - -  - -  
0.04 24 1.78 0,10 0.2 . . . .  1.97 - -  

�9 125 ml cell; other experiments with 25 ml ceil 
t Assuming equivalent weight of N~O~ = molecular weight, 
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yie lded  an  N$OUN204 ra t io  of 0.98 and an n -va lue  
of 1.59. 

Zaw, adski  and Bankowski  (2) proposed for this 
process the overa l l  react ion 

N204 -~ 2NO~- ~ 2N20~ -~ 2 e -  [4] 

which corresponds to N205/N204 = 2 and n = 2. How- 
ever,  since these workers  did  not control  the e lect rode 
potent ia l  in thei r  exper iments ,  i t  is possible tha t  there  
was considerable  concomitant  oxi.dation of the HNOj. 
We ca r r i ed  out  an ox ida t ion  of the HNO3 alone at a 
potent ia l  of +2.37V vs, SCE (acD and a cur ren t  of 
0.55A for 7 h r  and  found that  the resul t ing solution 
contained 5.6% N~O5. Considerable  evolut ion of gase-  
ous oxygen  was also observed.  Thus excursions of 
the control  po ten t ia l  to more  posi t ive values  in the 
N204 e lec t ro -ox ida t ion  should increase the produc t  
y ie ld  but  decrease the  cu r r en t  efficiency. 

In  the  more  concent ra ted  solutions,  where  undis -  
sociated N204 and NO$ are  present  (5), the  e lect rode 
react ion m a y  be rep resen ted  as 

NO2-+ NO2 + + e -  [5] 

corresponding to the  same rat io of N2:Os/N204 and 
n -va lue  as Eq. [4]. Because it appears  tha t  in theory  
one f a r aday  of e lect r ic i ty  is consumed for each mol 
of N205, the  product  cu r r en t  efficiencies given in Table 
II  have been calcula ted on this basis.  The lower  values  
that  we observe for these pa rame te r s  may  be a t t r i b -  
uted in par t  to e lect rodia lys is  effects. Because the 
p redominan t  cations in these solutions are  the NO + 
and NO2 + ions, there  is p robab ly  a loss of these species 
f rom the anoly te  by  e lec t romigra t ion  th rough  the 
separator .  (Raman  spect roscopy showed the presence 
of NO2 + in the ca tholyte  af ter  the electrolysis .)  Loss 
of the  NO + ion would decrease the  n-va lue ,  while  loss 
of e i ther  NO + or NO2 + ion would decrease the yie ld  
of N~O~. The influence of e lectrodialysis  on this p ro-  
cess could be tested by  ca r ry ing  out e lectrolyses  in 
the presence of iner t  salts. As suggested for the aque-  
ous oxidat ion  of n i t ra te  ion (10), this react ion also 
p robab ly  involves in terac t ion  wi th  the oxide  l aye r  on 
the meta l  anode. F u r t h e r  speculat ion on the mecha-  
nism of this process must  awai t  addi t ional  e lec t ro -  
chemical  s tudies and perhaps  exper iments  wi th  iso- 
topical ly  labe led  compounds.  

The N~O5 solutions p roduced  in the e lectrosyntheses  
carr ied  out  he re  have  proved to be excel lent  reagents  
for the p repa ra t ion  of the explosive HMX (1,3,5,7- 
te t ran i t ro- l ,3 ,5 ,7- te t raazacyclooctane)  by  reac t ion  wi th  
the compounds 1,3,5,7-tetraacetyl- l ,3 ,5,7-tetraazacyclo-  
octane and 1 ,5-diacetyl -3 ,7-dini t ro- l ,3 ,5 ,7- te t raaza-  
cyclooctane. The u t i l i ty  of the e lect rosynthesis  and the 
accuracy of the chemical  analyses  were  va l ida ted  by  
the fact  tha t  the u l t imate  HMX yields  were  81 ~ 1% 
when N205 was p repa red  e i ther  by  electrolysis  or by  
dehydra t ion  wi th  P205 (11, 12). 

As a l abora to ry -sca le  batch synthesis  procedure,  the 
anodic oxidat ion  of N204 to N205 is r e la t ive ly  inex-  
pensive  to implement ,  and the electrolysis  i tself  is 
ve ry  easy to moni tor  and control.  The low res is t iv i ty  

(30 G-cm) and viscosity of the anhydrous  HNO3 make  
it an excel lent  nonaqueous solvent.  Opt imizat ion for 
sca le-up  should include a fu r the r  invest igat ion of 
IrO~ and p l a t i num-c lad  al loys as anode materials ,  a l -  
t e rna t ive  separa to r  mater ia ls ,  different  cathode ma-  
ter ia ls  that  would  main ta in  low cell  voltages and power  
dissipation,  and  a process for  recovery  of the  N~O~ 
genera ted  at  the cathode for use as a reac tan t  at  the  
anode. For  prac t ica l  cells, n o b l e . m e t a l  oxide and p la t i -  
num-c l ad  mate r ia l s  would  p robab ly  also be the best  
for the cathode, a l though corrosion res is tant  meta ls  
such as tanta lum,  t i tanium,  and zirconium might  b e  
sui table  if thei r  overvol tages  for the cathode react ions 
are  not  too high. 
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Technical Notes @ 
Lithium Cycling Behavior in 2-Methyltetrahydrofuran with Alcohol 

Additives 

Paul G. Glugla 
Department of Chemical Engineering, University of Colorado, Boulder, Colorado 80309 

I t  is general ly  agreed that  the key technical prob-  
lem prevent ing  the realization of high energy density, 
ambient  tempera ture  secondary l i th ium batteries is 
the unacceptable  cycling behavior  of the l i th ium elec- 
tro.de (1-4). Koch et al. (4) have identified the 2- 
methy l te t rahydrofuran  l i th ium hexafluoroarsenate 
electrolyte (MeTHF-LiAsF6) as a promising l iquid 
organic electrolyte for secondary l i thium batteries. 
Koch states that  the advantage of this electrolyte over 
other candidates is its low reactivi ty to l i th ium metal. 
The purpose of this s tudy was to improve the MeTHF- 
LiAsFs electrolyte by al ter ing the l i th ium meta l /  
electrolyte interface. It  was hoped that  an additive to 
the electrolyte could be found that would form a pro- 
tective layer  between the l i th ium metal  and the elec- 
trolyte. This would reduce the rate of attack on the 
l i th ium from the solvent  by adding a diffusional ba r -  
r ier  in series with the kinetic barrier.  

A successful additive must  be more reactive to l i th-  
ium th~an is MeTHF, but  yet iner t  to the electrolyte. 
This would insure that  the "protective film would be 
formed from additive molecules and not from an un -  
known  parasitic reaction. Fur thermore ,  the resul t ing 
film mus t  be ionically conductive to be stable dur ing 
the p la t ing  and  str ipping operations. A series of alco- 
hols were tested as additives since they are logically 
more reactive to l i th ium than  is MeTHF. Alcohols 
containing ether groups were of par t icular  interest  
since poly(e thylene  glycol) has been reported to be 
a weak ionic conductor (5). These new electrolytes 
were evaluated on their  abil i ty to plate and strip 
l i th ium efficiently. 

Experimental 
All procedures subsequent  to dist i l lat ion and the 

electrochemical exper iments  were conducted at am- 
bient  tempera ture  under  an argon atmosphere in a 
Vacuum-Atmosphere  Corporation dry box equipped 
with a Model HE-493 Dr i -Tra in  and a Cryotrap. 

Materials.--The l i th ium hexafluoroarsenate (LiAsF6) 
(ALFA) was used as received. Li th ium foil was ob-  
ta ined from Foote Mineral  Company sealed under  
argon. 

All  of the remain ing  compounds except for 1-do- 
decanoI and 1-hexadecanol were purified by  distil la- 
tion. 1-Dodecanol and 1-hexadecanol were not  pur i -  
fied because their  high boiling points made disti l lat ion 
difficult. The disti l lat ion column demonstrated 54 theo- 
retical plates with the me thano l /wa te r  system. The 
tempera ture  at the top of the column was controlled 
by adjust ing the total pressure. This temperature  was 
less than  90~ for all of the distil lations. The reflux 
ratio was set at 13:1. All compounds were distilled 
from 3A molecular  sieves. The sieves had been washed 
with acetone and dried at 300~ under  moderate  vac- 
uum prior to use. The product  was collected in 10-15 
receiver flasks. Only  those port ions that  were COl- 

Key words: organic electrolyte, lithium electrode.  

lected at constant  tempera ture  (-+-0.05~ were re-  
tained. 

All  of the compounds were tested for pur i ty  with 
gas chromatography. Samples with ~0.02% (area %) 
impuri t ies  were rejected. The only samples to fail this 
test after dist i l lat ion were a few samples of MeTHF 
that  had been stored in the dry box for more than 
three months. 

A b lank  solution of 0.5M LiAsF6 in  MeTHF was 
prepared and stored in  the dry  box. All of the solutions 
with additives were prepared from this blank. The 
ini t ia l  concentrat ion of additive was 2% (m/o)  for 
all tests. 

Cells and the cycling experiment.--The electro- 
chemical cell consisted of a 15 ml cylindrical  glass vial 
and a sealed vial cover. Up to six electrodes could be 
mechanical ly attached to the vial cover. Sealed elec- 
trical connections were also incorporated in the vial 
cover. Generally,  three electrodes were incorporated 
in every cell, a working, counter, and a reference. The 
working electrode was fabricated from 2 m m  diam. 
nickel  wire. Shr ink  fit Teflon tubing  was used to de- 
fine the electrode area. The counter  and the reference 
electrodes were prepared by crimping l i th ium foil to 
nickel  wires and were identical .  The cells were 
connected to the electronics, which were outside the 
dry box, by a 36 l ine electrical cable that ran  through 
the dry  box wall. 

Cycle efficiencies were determined from a deep cy- 
cling experiment.  A cycle consisted of a galvanostatic 
pla t ing of l i th ium on the working electrode at 1.5 
m A / c m  2 for 20 rain followed by a potentiostatic s tr ip-  
ping of the working electrode at 70 mV. 70 mV was 
chosen as the control voltage in  the str ipping procedure 
because it produced currents  of less than 2 mA/cm 2 
on the working electrode. All of the electrochemically 
active l i th ium was removed from the working elec- 
trode in the str ipping procedure. The potentiostats, gal- 
vanostats, and switching apparatus were constructed 
in-house. Voltages and currents  were recorded every 
15 sec. The efficiency of a cycle was computed by  in-  
tegrat ing the recorded currents.  The total n u m b e r  of 
coulombs of l i th ium stripped per  cycle was compared 
to the total n u m b e r  of coulombs of l i th ium plated per 
cycle. 

Results and Discussion 
Table I is a summary  of the effects of a series of 14 

additives. An ini t ial  plateau of good behavior  was ob- 
served in the tests where efficiencies and n u m b e r  of 
cycles are quoted. The number  of cycles quoted in the 
table indicates the dura t ion  of the plateau. The effi- 
ciency indicates the average efficiency of the cycles in 
the plateau. In  all cases swiftly deter iorat ing behavior  
occurred after the plateau. 

Each cycle in the plateau can be characterized as 
follows. When the constant  current  pla t ing operation 
was initiated, the voltage of the working electrode 
with respect to the reference assumed a relat ively 
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Table I. Electrolyte additives and their effect. 2% (m/o)  
additive was used in all solutions 

Additive Effect 

1. None 
2. Ethanol 
3. 2-Propanol 
4. 1-Butanol 
5. 1-Hexanol 
6. i-Heptanol 
7. 1-Octanol 
8. 1-Deeanol 
9. 1-Dodeeanol 

10. 1-Hexadecanol 
11. 1-Methoxy-2-petanot 
12. 3-Methoxy-l-butanol 
13. 2-Methoxy-ethanol 
14. Diethylene glycol, mono- 

methyl ether 
15. Triethylene glycol, mono- 

methyl  ether 

35 cycles at 79% efficiency o~ 
Heavy gasing with difficulty plating 
Heavy gasing wi~h difficulty plating 
Slight ga~ing with difficulty plating 
25 cycles at ~8% efficiency ._~ 
25 cycles at 70% efficiency ._ o 
28 cycles at 71% efficiency 
30 cycles at 73% efficiency LU 
35 cycles at 76% efficiency 
35 cycles at 76% efficiency .- 
10 cycles at 72% efficiency 
I0 cycles at 70% efficiency 
900 cycles at 85% efficiency 
40 cycles at 80% efficiency 

35 cycles at 78% efficiency 

large value. This voltage decayed to a voltage that  is 
reflective of the cell resistance wi thin  30 sec and re- 
main.ed at that value for the durat ion of the plating. 
The ini t ial  voltage was typically one and one-hal f  
times the s teady-state  plat ing voltage. When the con- 
s tant  voltage s tr ipping operation was initiated, the 
ini t ial  current  assumed a relat ively small  value. Within  
120 sec the current  increased to a value reflective of 
the cell resistance. The str ipping current  remained 
constant  unt i l  the store of l i th ium became depleted. 
At this point  the current  decayed to zero over a 2 to 3 
min  time span. This pat tern  was observed for all of 
the successful electrolytes including the control solu- 
tion. 

The cells and cycling procedure used in this test 
were no~ optimized to produce max imum cycling 
efficiencies. The procedures outl ined here were de- 
signed to indicate the relat ive merits  of a series of 
electrolytes. As a result  the b lank solution did not 
perform as well as was reported in ~he l i te ra ture  (4). 
It  is assumed that the behavior  of all of the solutions 
tested here would improve with fine tuning.  It  is also 
assumed that  the fine tun ing  would not change the 
ranking  of any of the solutions. 

The premise and motivat ion for this study is based 
on the belief that a protective film can be bui l t  that 
will  enhance l i th ium cycling behavior. Ini t ia l  current  
delays in plat ing and str ipping are commonly used as 
evidence for protective film formation. Fur thermore,  
mir ror - l ike  l i th ium surfaces swiftly become dull  in 
these solutions. However, this is not conclusive evi-  
dence for the existence of protective films and the 
basis for l i th ium stabil i ty in these solutions remains  
unknown.  

By far the most successful additive was 2-meth-  
oxyes The l i th ium cycling efficiency was sig- 
nificantly improved over the blank. Furthermore,  the 
electrode life was extended by a factor of 25. The elec- 
trode history (efficiency vs. cycle number )  is shown 
in Fig. 1. This test was repeated three times. Identical  
behavior  was observed in all four cells. 
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Fig. I .  Efficiencies of cycling Li on an Ni substrate in O.$M 
LiAsF~/2-methyltetrahydrofuran electrolyte with 2 m/o 2-methoxy- 
ethanol added. 

It is the opinion of the author that the ~dditive, 2- 
methoxyethanol,  is superior to the other addiIives be- 
cause it improves the protective layer on the l i thium. 
However, no evidence of .changes in the character of 
the protective layer was observed in the plat ing or 
str ipping behavior. Current  delays in the 2-methoxy-  
ethanol test were s imilar  to current  delays in all  the 
other tests. The explanat ion of improved behavior must  
be left to future queries. 
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Interpretation of Log/-Log t Relationships for Nickel Passivation 
B. M a c D o u g a l l *  
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The kinetics of passive film growth on metals is 
often investigated by following the decay of the anodic 
current,  ia, with time, t, upon polarization into the 
passive potent ial  region (1-5) .  If the current  efficiency 
(C.E.) for oxide film growth is a constant, independent  

�9 Electrochemical Society Active Member. 
Key words: defects, corrosion, films, current efficiency. 

of film thickness, then the anodic charge, Qa, is pro- 
port ional  to the film thickness. The rate of film growth 
at a constant potential  general ly  decreases with in-  
creasing thickness and an expression of the form, 
i ---- A exp (--  Q / B ) ,  i.e., -- log i cr Q, is obtained. Foe 
logari thmic growth of the oxide film, Q oc log t, so  
that  a plot of log i vs. log t should give a s traight  l i n e .  
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When  such a re la t ionship  is observed,  it  has some-  
t imes been  suggested tha t  a p l ace -exchange  mechanism 
applies,  wi th  the  ac t iva t ion  energy  for  oxide g rowth  
increas ing l i nea r ly  wi th  film thickness  (2, 3). Inverse  
logar i thmic  kinetics,  which  are  ve ry  s imi lar  to d i rec t  
logar i thmic  kinetics,  a re  associated wi th  h igh  field 
oxide  g rowth  (5), and  l inear  l o g / - l o g  t re la t ionships  
have  also been  in t e rp re t ed  in te rms of a high field 
mechanism (5). I t  is genera l ly  considered that  non-  
l inea r i ty  be tween  log i and log t begins when  the ra te  
of oxide  film g rowth  has decreased to the  point  where  
it is comparab le  to the  ra te  of oxide chemical  d issolu-  
tion. In the presen t  work,  the  kinetics of passive film 
growth  and deve lopment  on nickel  have been s tudied 
at  different  potent ials ,  t empera tures ,  and solut ion pH's,  
and  i t  is shown tha t  a l inear  log / - log t re la t ion  can 
pers is t  over  an  extens ive  t ime per iod  even when  the 
C.E. for  oxide  g rowth  is ve ry  low. These resul ts  are 
discussed in te rms of a model  which  considers the de-  
fect charac te r  of the oxide film. 

C u r r e n t - T i m e  Relat ionships as a Funct ion  of Potent ia l  
Elect ropol ished n ickel  e lectrodes (6) were  ca thodi -  

cal ly  reduced  in pH 4.0 Na2SO4 solutions at  20/~A cm -2  
for 5 min, then  the  potent ia l  was s tepped into the  pas -  
sive region  and the decay  of i a  with  t followed. The 
resul ts  are  shown in Fig. 1 for potent ia ls  of 0, 0.4, and  
0.6V; 1 the ex ten t  of l i nea r i ty  of log i vs. log t is indi -  
cated by  ex t r apo la t ing  the ini t ia l  readings  to longer  

P o t e n t i a l s  a r e  m e a s u r e d  v s .  a n  H g / H g . - C h  r e f e r e n c e  e l e c t r o d e  
w h o s e  p o t e n t i a l  ~s 0.245V w i t h  r e s p e c t  t o  t h e  s t a n d a r d  r e v e r s i b l e  
h y d r o g e n  e l e c t r o d e .  
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Fig. 1. Decay of anodic current with time in pH 4.0 Na2SOr 
(25~ after stepping the potential to various values in the passive 
region: (a) OV; (b) 0.4Y; (c) 0.6V. (Before the potential step, the 
prior oxide on electropolished nickel was cathodically reduced at 
20/~A cm-~ in the same solution.) 

polar iza t ion  t imes.  At  each potent ial ,  the  cur ren t  even-  
tua l ly  devia tes  f rom the  l inea r  behavior ,  wi th  the  dev i -  
a t ion s tar t ing ea r l i e r  and being grea te r  the  lower  the  
anodic potential .  (At  0V, the currents  begin  to devia te  
at  about  10 sec, whi le  at  0.6V, the dev ia t ion  does not 
begin unt i l  about  300 sec.) 

C u r r e n t - T i m e  Relat ionships as a Funct ion  of 
T e m p e r a t u r e  and  pH 

The influence of t empe ra tu r e  and pH on the decay 
o f  i a  with  t is shown in Fig. 2 and 3, respect ively.  At  
5~ it takes  a longer  t ime for the  oxide to form and 
block active meta l  dissolut ion so tha t  dur ing  the first 
10 sec there  is no l inea r i ty  be tween  log i and  log t 
(Fig. 2b).  At  the lower  solut ion t empera tu re ,  l i nea r i ty  
when  o'bserved extends  over  three  decades  of t ime 
and devia t ion  does not  occur unt i l  af ter  ,~ 104 sec. At  
25~ the cur ren t  begins to devia te  f rom the l inear  
log / - log t re la t ionship  af te r  only  ~ 30 sec (Fig. 2a).  
F igure  3 shows the l o g / - l o g  t plots a t  0.3V for both  pH 
2.0 Na2SO4 and pH 7.65 bora te  buffer  solution. For  the  
former,  devia t ion  f rom l inea r i ty  begins a f te r  ,~ 20 sec 
and the cur ren t  decay has p rac t i ca l ly  ceased af te r  
,-, 105 sec, i.e., under  these condit ions the cur ren t  
even tua l ly  reaches an almost  constant  value.  On the 
o ther  hand, in the pH 7.65 bora te  solut ion the  l inear  
decrease of log i wi th  log t continues for  t imes > 105 
sec. This resul t  is not  due to the fact  that  the  anodic 
poten t ia l  is effect ively 0.34V h igher  in the  bora te  solu-  
t ion because of the h igher  pH; indeed,  the  same l inear  
decrease  of log i wi th  log t over  ,~ 10~ sec is observed  
at a potent ia l  of --0.04V in the bora te  solution. The 
resul ts  thus indicate  tha t  the  cutoff t ime for the l inear  
decrease  of log i wi th  log t increases  wi th  decreas ing 
solut ion aggressiveness.  
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Fig. 2. Decay of anodic current with time at 0.2V in pH 4.0 
Na2S04 at (a) 25~ and (b) 5~ (In both cases, the prior oxide on 
electropolished nickel was cathodically reduced at 20 ~A cm - 2  
in the same solution.) 
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Fig. 3. Decay of anadic current with time at 0.3V and 25~ in 
(a) pH 2.0 Na2SO4 and (b) pH 7.65 borate buffer solution. (In 
both cases, the prior oxide on electropolished nickel was cathodi- 
tally reduced at 20 #A cm -2  in the same solution.) 

Anodic Charge /Current  Efficiency (C.E.) 
Solut ion analysis  for Ni 2+ (by  atomic absorpt ion  

spec t rophotomet ry)  showed tha t  > 80% of the anodic 
charge which  flows af ter  the  first second of anodic 
polar iza t ion  can be accounted for by  Ni 2+ in solution. 
This resul t  appl ies  at  eve ry  potent ial ,  pH, and t em-  
pe ra tu re  under  s tudy  and indicates  tha t  only  a smal l  
pa r t  of the  measured  anodic cur ren t  is due to oxide 
growth.  The resul t  is suppor ted  by  both x - r a y  emis-  
sion and Auger  spectroscopic analysis  which shows 
that  the thickness of the oxide  does not  increase sub-  
s t an t i a l ly  a f te r  the first few seconds of polar iza t ion  
at each potent ial .  Oxide growth  is obvious ly  a ve ry  
inefficient process (C.E. < 20%),  wi th  most of the 
l ong - t e rm anodic charge  being accounted for b y  a side 
react ion such as chemical  dissolut ion of the n ickel  
oxide. The si tuat ion,  however ,  is more  complicated 
than  jus t  having  an oxide  chemical  dissolution re-  
action which l imits  the C.E. for oxide growth,  since it 
has been  shown in a number  of previous  papers  that  
both  the oxide growth  C.E. and the m a x i m u m  oxide 
film thickness are  p rac t ica l ly  independent  of solut ion 
pH (from 2.0 to 8.4) and t empera tu re  (from 5 ~ to 
45~ (6-10). Such changes in pH and t empe ra tu r e  
have  a profound  influence on the aggressiveness of the 
solut ion and should therefore  have a ma jo r  influence 
on the ra te  of oxide chemical  dissolution. 

Model  for Passive Oxide Film Development 
The fact  tha t  a l inear  log / - log t re la t ionship  holds 

even at ve ry  low ( <  20% ) oxide  growth  C.E., i.e., when 
the appa ren t  ra te  of oxide  chemical  dissolution is much 
grea te r  than  the ra te  of fi lm growth,  suggests  tha t  
ne i ther  the  s tandard  h igh  field oxide growth  mecha-  
nism nor the  p lace -exchange  mechanism is appl icable .  
The results  can, however ,  be exp la ined  in terms of the 
defect  model  of the oxide film (11-15). Accord ing  to 
this model,  the anodic cur ren t  which passes a f te r  the 

first few seconds of pass ivat ion  is ma in ly  associated 
wi th  b reakdown  at local  weak  points  in the oxide film 
(e.g., by  oxide chemical  dissolution, NiO + 2H + 
Ni 2+ + H20) and subsequent  anodic repassivat ion.  
Repass iva t ion  involves both re format ion  of the oxide 
(Ni + H20 -~ NiO + 2H + + 2e) and pa ra l l e l  n ickel  
dissolution (Ni -~ Ni 2+ + 2e). Since this cur rent  is a 
measure  of the res is tance of the oxide  toward  local 
b reakdown,  its logar i thmic  decrease wi th  t ime sug-  
gests a logar i thmic  increase in the state of perfect ion 
of the oxide film. In  the  bora te  buffer solut ion,  as in 
the sulfa te  solut ion at  5~ this logar i thmic  increase in 
oxide  perfec t ion  persists  over  a ve ry  long t ime per iod;  
however ,  in the more  aggressive solutions,  perfect ing 
of  the oxide slows down and m a y  even tua l ly  stop 
a l toge ther  if the  t ime is long enough a n d / o r  the solu-  
t ion is sufficiently aggressive (Fig. 3a). 

To exp la in  the  presen t  results ,  i t  is suggested that  
oxide  perfec t ion  occurs at  local defect  sites and that  
this perfec t ion  (i.e., increase in s tab i l i ty  toward  
b reakdown)  requi res  the oxide to res ide  local ly  on 
the surface  for  a cer ta in  per iod  of time. The l i fe t ime 
of the  oxide  at  these local sites is de te rmined  by  the 
solut ion aggressiveness ( the dr iv ing  force for  oxide 
dissolut ion) and the anodic poten t ia l  ( the dr iv ing  
force for oxide  format ion  and therefore  r epa i r ) .  To 
exp la in  the logar i thmic  increase in film s tabi l i ty  wi th  
t ime, i t  is fu r ther  sugges ted  that  the  local oxide  l i fe-  
t ime requ i red  for an increase in film perfec t ion  in-  
creases rap id ly  as the oxide becomes more perfect .  In  
the  ea r ly  stages of passivation,  the oxide  is able to 
perfect  i tself  quite easily, even in aggressive solutions,  
because the  l i fe t imes requ i red  for  an increase  in local 
s tab i l i ty  a re  short.  However ,  the  oxide soon reaches a 
s ta te  of perfec t ion  where  subs tan t i a l ly  longer  dwel l  
t imes are  requi red  for  a fu r the r  increase in perfect ion 
to occur. These longer  dwel l  t imes preva i l  in the less 
aggressive solutions, such as the bora te  buffer, and 
the oxide can achieve a v e r y  high s ta te  of perfect ion.  
Devia t ion  f rom l inear  log i - log  t behavior  is thus on ly  
observed af ter  ex t r eme ly  long t imes of polar izat ion 
(Fig. 3b).  However ,  in more aggressive solutions local-  
ized chemical  dissolut ion of the  oxide  is rap id  and 
the local dwel l  t imes are  therefore  short. This leads 
to a slowing down of the  increase in oxide perfec t ion  
and therefore  devia t ion  f rom l inear  log / - log t be -  
havior.  Even tua l ly  a s teady s ta te  m a y  be reached 
where  no fu r the r  increase  in perfec t ion  can occur and 
the anodic cur ren t  is thus constant  wi th  t ime (Fig. 3a). 

Regard ing  the anodic potent ia l ,  the h igher  its value,  
the h igher  is the d r iv ing  force for localized oxide for-  
mation.  Thus, wi th  increasing anodic potent ia l  the 
oxide dwel l  t ime at defect  sites increases, and this leads 
to the achievement  of a h igher  s ta te  of oxide perfec t ion  
before  chemical  dissolution begins to l imi t  the increase 
in film stabil i ty.  The anodic potent ia l  r e fe r red  to here  
is in the passive region; at potent ia ls  in the t r anspas -  
s i re  or oxygen evolut ion regions, the  passive film de-  
te r iora tes  (15) and other  react ions such as meta l  dis-  
solut ion a n d / o r  growth  of a th ick porous oxide (16, 
17) control  the anodic current .  In this potent ia l  region,  
no l inea r i ty  would be found be tween  log i and log t. 
The most  s tab le  anodic oxide  films on nickel  would  
therefore  be produced in the least  aggressive e lec t ro-  
ly te  at  the h ighest  anodic potent ia l  tha t  is st i l l  wi th in  
the passive region. 

Important Properties of Passive Oxide Films 
The precise p rope r ty  of the oxide film tha t  changes 

wi th  t ime of anodizat ion and is responsible  for the 
change in s tab i l i ty  is open to speculat ion.  As men-  
t ioned earl ier ,  oxide film thickness measurements  indi -  
cate l i t t le  change in this p a r a m e t e r  wi th  t ime of anodi -  
zation, the thickness being 10 • 1A (at 0.3V) over  the 
pH range  2.0-7.65. Whi le  film thickness changes wi th in  
this 2A range could have  an influence on the local de-  
fect charac ter  of the  film, it  is more  l ike ly  tha t  the de -  
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fec t 'd i s t r ibu t ion  is influenced by  a change in o ther  film 
proper t ies  such as la t t ice  pa ramete r ,  s t rain,  oxide  mis -  
or ientat ion,  s toichiometry,  par t ic le  size, bound  water ,  
a n d / o r  hydrogen  content  of the film. Whatever  the  
reason, the  defect  d e n s i t y  has a profound influence on 
the s tab i l i ty  of the oxide since the defect  sites essen-  
t ia l ly  control  both  the s tab i l i ty  and reac t iv i ty  of the 
oxide. The impor tance  of local sites wi th in  the  oxide 
on the the rmal  oxida t ion  of meta ls  has been recognized 
for many  years.  Fo r  example ,  Evans (18) developed 
models  expla in ing  logar i thmic  growth  on the basis of 
a changing dens i ty  of defects wi th in  the  film. These 
ideas have been expanded  b y  Smel tzer  et al. (19) and 
G r a h a m  et al. (20) to consider  the impor tance  of ox-  
ide gra in  boundar ies  as easy diffusion paths  dur ing  h igh  
t e m p e r a t u r e  oxidat ion,  and t h e  exponent ia l  decrease  
wi th  t ime of the effectiveness of these paths.  This is 
somewhat  analogous to the  p resen t  work  where  local  
defect  sites control  the  s tab i l i ty  of the oxide, which in-  
creases logar i thmica l ly  wi th  time. 

In summary ,  the exis tence of a l inear  l o g / - l o g  t re -  
la t ionship  when the C.E. for oxide growth  is ve ry  low 
(~20%)  indicates  tha t  ne i ther  the s t andard  high field 
oxide  growth  mechanism nor  the p lace -exchange  
mechanism applies.  The resul ts  a re  unders tandable ,  
though,  in terms of the  defect  model  of the oxide film 
where  film perfec t ion  increases logar i thmica l ly  wi th  
time. The solut ion aggressiveness and the anode po-  
ten t ia l  de t e rmine  the upper  l imi t  of film s tab i l i ty  and 
there fore  the ex ten t  of l inea r i ty  be tween  log i and log 
t. While  the  presen t  resul ts  were  obta ined  wi th  nickel,  
a somewha t  s imi la r  mechanism may  wel l  app ly  to 
passive oxide film deve lopment  on o ther  meta ls  such as 
i ron and the  s ta inless  steels.  
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Simple Porous Electrode Models for Molten Carbonate Fuel Cells 

Gerald Wilemski* 
Physical Sciences Incorporated, A ndover , Massachusetts 01810 

Ind iv idua l  porous e lec t rode  models  for the anode and 
cathode of a mol ten  carbonate  fuel  cell  are  descr ibed 
in this note. These models  are  used to calculate  local 
cell  overpo ten t i a l  and cur ren t  dens i ty  in an in tegra l  cell 
model  (1) tha t  predic ts  overa l l  cur ren t  dens i ty  and 
vol tage of sca led-up  i so thermal  and noniso thermal  
cells. The analysis  is based on the th in  film cyl indr ica l  
pore  mode l  (2, 3). In  this model  all  e lec t rochemical  
ac t iv i ty  is assumed to occur on film covered wal ls  of 
the l a rge r  gas filled pores. Smal le r  flooded pores are  
t rea ted  as e lec t rochemica l ly  inert .  The pr inc ipa l  defi- 
c iency of this model,  besides the  overs impli f ied pore 
s t ruc ture  assumed,  is the  lack  of measured  values for 
film areas  and film thicknesses,  forcing these p a r a m -  
eters  to be t r ea ted  empir ical ly .  The ma in  just if icat ion 
for  using this model  is p ragmat ic :  it  is the s implest  
mode l  tha t  predic ts  cur rent  densi t ies  equal  to or  g rea te r  
than  those a l r eady  being measured  (4). Whe the r  or not  
one fu l ly  t rusts  the microscopic pictures  embodied in 
the models,  the models  a re  successful  in accura te ly  cal -  

�9 Electrochemical Society Active Member. 
Key words: fused salts, current density, overvoltage. 

cula t ing electrode cur ren t  dens i ty  as a funct ion of over -  
po ten t ia l  for  both anodes and cathodes over  a wide 
range  of gas compositions.  They thus afford the large  
scale predic t ions  (1) wi th  a measure  of f lexibi l i ty  and 
accuracy that  would  o therwise  be difficult to at tain.  

The specific task  of the models  is to calculate  the 
ra te  at  which the overa l l  ha l f - reac t ions  

H2 -f- C03 = "-> H20 -'~ CO2 -J- 2 e -  (anode)  

CO:2 + 1~ 02 + 2 e -  --> COs = (cathode)  

proceed for  a given e lec t rode  potent ial .  The genera l  
ma themat ica l  analysis  using the thin film model  is wel l  
known (2, 3), so only  a br ie f  out l ine is given here.  The 
t r ea tmen t  includes the effects of the finite e lec t ro ly te  
conduct iv i ty  and diffusion of dissolved gas species in 
the e lec t ro ly te  film. Gas phase  diffusion and e lect rode 
conduct iv i ty  a re  much less l imit ing,  so these phenom-  
ena are  not t reated.  

The analysis  consists of numer ica l ly  in tegra t ing  the 
equat ion 

d ~ ( z ) / d z 2  -- (~8") - l i ( ~ ( z )  ) [1] 
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f rom z ---- 0 to z - -  L ( the film leng th) .  The bounda ry  
condit ions are  ~(0) = ~o and d ~ ( z ) / d z  ---- 0 at z = 0. 
The measurab le  overpoten t ia l  ~1 and cur ren t  dens i ty  j 
can be d i rec t ly  computed  as 

~1 = ~(I)  [2] 

j = (~6%/2Rp) (d~l/dz)z=l [3] 

In Eq. [1]-[3] ,  ~ is the e lec t ro ly te  conductivi ty,  i is the 
t ransfe r  cur ren t  densi ty  (per  uni t  a rea  of pore  wa l l ) ,  
Rp is the  pore radius,  and 5" --  8 (1 --  5/2Rp) where  5 
is the film thickness.  

Fo r  the anode, i is computed  f rom the expressions 

i(~1) : io{fH2 '/2 exp [#~F/RT] 

- -  SH~- ~/~]CO~fH20 exp [ (~ --  2) ~F/RT] } [4] 

io : ia ~ (1-~)/2 (Pco2PH20) ~/2 [5J 

and for the cathode f rom 

i (TI)  : io{~o2SSco2 t exp [ ~ F / R T ]  

- -  $o2U$cos ~ exp [ (a  --  n ) ~ F / R T ] }  [6] 

io :/~~ [7] 

The assumptions  impl ic i t  in Eq. [4]-[7]  wi l l  be dis-  
cussed short ly.  The quan t i ty  ]k denotes the rat io  Ck/Ck e 
where  Ck is the concentra t ion  of species k "at" the elec-  
t rode surface under  load and Ck e is the  equ i l ib r ium 
(open circuit)  value.  Fo r  the thin film model ,  fk is ex-  
press ible  as 

~k -- 1 -- i / ik  [8] 

where  ik is the l imi t ing cur ren t  for species k. i k : 
~-nkFDkCke/6 '. (Dk is the diffusion constant ,  nk is the 
n u m b e r  of e lectrons t r ans fe r red  per  molecule  of species 
k d e s t r o y e d ( + )  or  p r o d u c e d ( - - ) ,  and 5' = --Rp In 
(1  - ~IR~).) 

Transfer Current Density Equations 
The genera l ized  Bu t l e r -Vo lmer  equat ion  for the 

anode is based on the mechanism proposed by  Ang  and 
SammeHs (5) to expla in  the reac t ion  of H~ on Ni wire  
electrodes.  The quas i - equ i l ib r ium assumpt ion was used 
for  a l l  react ions preceding and fol lowing the r a t e - d e -  
te rmining  step. In  addit ion,  only  the low coverage 
l imi t  of the I-I2 adsorpt ion  equi l ib r ium was considered,  
var ia t ions  in CO~ 2-  ac t iv i ty  in the  film were  neglected,  
and Henry ' s  l aw was assumed to descr ibe  the d issolu-  
t ion of gases in the  melt .  Eva lua t ion  of the t ransfer  
coefficient /~ and the s tandard  exchange cur ren t  ia ~ is 
t r ea ted  below. 

For  the cathode, no sui table  m e c h a n ~ m  has been 
found on which to base a der iva t ion  of i. So the genera l  
theore t ica l  form given by  Eq. [6] was used. Fo r  s im-  
p l ic i ty  of computa t ion  wi th  Eq. [1], i and  n were  both 
taken  to be posi t ive for a net  cathodic process. The 
cathodic t ransfer  coefficient ~; total  number  of electrons 
t r ans fe r red  n; react ion orders  at  constant  potent ia l  s, 
t, u, and v; and react ion orders  at constant  overpoten-  
t ia l  = and �9 are  not  al l  independent .  Assuming tha t  the 
equ i l ib r ium potent ia l  is governed by  the Nerns t  equa-  
tion, E : E o + (RT/2F)  In (po~'/~Pco2), and that  the  
solubi l i t ies  of molecu la r  O2 and CO2 obey Henry ' s  law 
relat ionships,  the fol lowing re la t ionships  hold 

= ~ - - ~ / 4 = u +  ( n - - ~ ) / 4  [ 9 ]  

= t - - ~ / 2 = v +  ( n - - a ) / 2  [10] 

Assuming an overa l l  two-e lec t ron  t ransfer  (n = 2), i t  
is only  necessary to de t e rmine  values  of a, =, and �9 to 
fix the values  of s, t, u, and v. The  evalua t ion  of p a -  
r amete r s  is discussed below. 

Evaluation off parameters . - -Phys ical  p roper t i e s .~  
Elect ro ly te  conduct ivi t ies  ~ and diffusion constants  D 
of dissolved gas species were  prescr ibed  as functions of 
t empera tu re s  by  fit t ing the "~alues l is ted in severa l  IGT 

repor ts  (6, 7) to Ar rhen ius  type  expressions.  The pa -  
rameters  are  l is ted in Tables I and II. Gas solv, bi l i t ies  
were  t r ea ted  using Henry ' s  law:  c e : Kp. The Henry  
law constants  were  fitted to Ar rhen ius  type  expressions 
using Broers '  (8) so lubi l i ty  da t a  as presented  in an 
IGT repor t  (6).  They are  l is ted in Table III.  Use of 
Henry ' s  law appears  to be just if ied for H2 and CO~. Be- 
cause l i t t le  is known about  H20 solubi l i ty  i t  was set 
equal  to the H2 solubi l i ty  fol lowing the pract ice  else-  
where  (6). In  the absence of data,  i t  is impossible  to 
assess the accuracy of the approximat ion .  As seen f rom 
Eq. [4] and [8], the  H20 solubi l i ty  affects i on ly  through 
fn~o and, because of its locat ion in Eq. [4], this quan-  
t i ty 's  influence is negl igible  at  high overpotent ia ls .  At  
low overpotent ia ls ,  the H20 solubi l i ty  would  have  to 
be an order  of  magni tude  lower  than es t imated  here  in 
o rde r  to s ignif icant ly affect i. Total  oxygen solubi l i ty  
is complicated by  the various OJCO8 = equi l ibr ia  oc- 
cur r ing  in the  mel t  (9, 10) but  the the rmodynamics  of 
di lute  solutions guarantees  that  the solubi l i ty  of molec-  
u lar  oxygen wil l  be p ropor t iona l  to its pa r t i a l  pressure.  
The approx imat ion  employed  here  is to overes t imate  
the concentra t ion of dissolved molecu la r  oxygen by  
using the "constant"  Ko2 appropr ia t e  to the to ta l  
amount  of d issolved oxygen.  

No account was given to the var ia t ion  of solubi l i ty  
or diffusivi ty  wi th  mel t  composi t ion because of the un-  
ava i lab i l i ty  of data.  
Thin film and po~e propert ie~.--Pore lengths  were  set 
equal  to the  e lect rode thickness,  0.5 ram. The cy l indr i -  
cal pores were  assumed to be packed  in a square a r r a y  
and using the expe r imen ta l  i n t e r n a l / e x t e r n a l  a rea  
rat io  (6) of 320, the average pore rad ius  was ca lcula ted  
to be Rp --  2.5 ~m. No account was given for possible 
changes in poros i ty  at  the c a t h o d e  wi th  oxidat ion to 
NiO. 

Values  for the film length  I and the film thickness 8 
were  found by  fitting the  theore t ica l  express ion  for 
the  ini t ia l  slope of the ~-j  curve (i.e., the  polar izat ion 
resis tance Z) to the expe r imen ta l ly  de te rmined  values  
f rom polar iza t ion  curves for  single electrodes (11). 
Equat ions [1] and [4] or  [6] resu l t  in the  fol lowing 
expression for Z 

Z --  [ (~/2Rp) 8"~K tanh  (K/)  ] -1 [11] 

where  K is the  inverse  ut i l iza t ion dep th  

Table I. Values of electrical conductivity parameters for two 
molten alkali carbonate mixtures 

KL = ~O exp ( - E ~ / T ) ,  uni ts :  (~-cm) -1 

Electrolyte ( m / o )  in Ko E~ (K-~) 

62Li~CO~/38K~CO~ 3.594 3016 
43.5Li2COU31.5Na2COs/25IGCO8 3.541 2918 

Table II. Values of diffusivity parameters for dissolved gas species 

D = Do exp  ( - - E v / T ) ,  units ;  10 -5 cm~/sec  

Spec ies  In Do ED (K-l)  

H= 6.413 5500 
H~O 6.221 5476 
CO= 5.822 5432 
O~ 6.068 5503 

Table Ill. Values of solubility parameters for dissolved gases 

K = Ko exp ( - E s / T ) ,  uni ts ,  10 -~ mol/(cm3-atm) 

Species  in Ko Es 

H~, H-~O 3.345 -- 658.8 
CO= 5.154 364.6 
O, 9.592 7589 
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k 

and vk is the signed stoichiometr ic  coefficient of species 
k in the overal l  e lectrode hal f - react ion  for the t ransfer  
of n elect~ons (12). For  each electrode, one set of 
values of I and 8 were  sought that  would br ing Z into 
agreement  wi th  the measured  value when io was 
specified in rough accordance with  exper imenta l  mea-  
surements  on smooth and wire  electrodes. 

At the anode the io values lie roughly  in the range 
25-50 m A / c m  2 (5). For  the cathode, exchange current  
densities on the order of 0.1 m A / c m  2 at 923 K c a n b e  
inferred f rom recent  work  (13, 14) on gold electrodes. 
Measured values (11) of Z for both electrodes are on 
the order  of 0.5 ~z-cm ~ (see Fig. 1-4). Values chosen 
for 8 and I are l is ted in Tables IV and V. 

Electrode kinetic parameters.--For the anode t ransfer  
coefficient/~, the value  repor ted  by Ang and Sammells  
(5) ~ _-- 0.7, was used. The standard exchange current  
densi ty ia ~ in Eq. [5] was evaluated by requi r ing  that  
calculations of anode polarizat ion agree with  measure-  
ments for one gas mix tu re  (11) (shown in Fig. 1). For  
the t empera tu re  dependence of io the act ivat ion energy 
repor ted  by Ang and SammeIls  (5) was used to wri te  
ia o in the form 

i a  ~ "-- k a  ~ exp ( E a ( T  - -  Tg~)/T928T) [13] 

w h e r e  Tg~ ---- 923 K. The anode parameters  are sum- 
marized in Table IV. 
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Fig. I. Small cell (3 cm 2) anode performance. Gas composition 
listed in Table VI. Measurements from Ref. (11). 

200 i I i I I I i I ~  
. L  

CALCULATED r ' ~  
160 I-1 MEASURED 

5120  i 

i,- 
rl A . 

W 
> 
O 

4O 

0 
0 100 200 300 400 

CURRENT DENSITY,j (mA/cm 2) 

Fig. 3. Small cell (3 cm 2) anode performance. Also shown are 
calculated activation, ~IA, and diffusion ~ID, overpotentials. Gas 
composition listed in Table VI. Measurements are from Ref. (11). 
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Fig. 4. Small cell (3 cm 2) cathode performance. Correspondence 
between calculations and measurements: a - - V ,  b - - A ,  c ~ O ,  d - -  
D.  Gas compositions are listed in Table VII. Measurements are 
from Ref. (11). 
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Fig. 2. Small cell (3 cm 2) anode performance. Also shown are 
calculated activation, ~IA, and diffusion ~ID, overpetentials. Gas 
composition listed in Table VI. Measurements are from Ref. (11). 

For the cathode, most of the avai lable  data (11) had 
a fixed Pco2/Po2 ratio of 2, it was not possible to un-  
ambiguously  de termine  ~ and �9 separately.  Best results 
were  found using ~ -- 0.75 and ~ -F T _-- 0.4. The arbi -  
t ra ry  choice ~ _-- T = 0.2 was made in order  to evaluate  
s, t, u, and v, al though no exper imenta l  or theoret ical  
informat ion was avai lable  to support  or disprove this 
choice. Recent  work  (15, 16) wi th  different gas com-  
positions suggests that  the par t ia l  pressure dependence 
may  be bet ter  described by r ~ 0.4, �9 ~ 0.0, and these 
values are recommended  if fur ther  use is made  of 
this model.  The s tandard exchange current  dens i t y / c  ~ 
was determined analogously to ia~ data (11) at Po2 ---- 
0.33 atm and Pco2 ---- 0.67 arm were  used for the evalua-  
tion. The t empera tu re  dependence for io was prescribed 
by the equat ion 

/c ~ -- kc ~ exp (Ec (T -- T928)/T9~3T) [14] 

where  E~ was inferred f rom the l imi ted exchange cur-  
rent  density data of Appleby and Nicholson (14) for 
the first wave  react ion in the b inary  N a / K  carbonate 
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Table IV. Values of anodic pore, film, and kinetic parameters used 
in calculations; ia ~ in Eq. [5J is given by Eq. [13] 

Rp 2.5 ~m 
l 5.0 ~m 

0.1 ~m 
0.7 

ka o 315 mA/cm~ 
Ea 3350 K 

Table V. Values of cathodic pore, film, and kinetic parameters 
used in calculations; ir ~ in Eq. [7j is given by Eq. [14] 

Rp 2.5 #m 
0.5 m m  
0.5/~m 

a 0.75 
~, r 0.2 
kco 0.78 mA/cm~ 
Ec 5800 K 

melt.  Cathode e lec t rode  kinet ic  pa rame te r s  a re  sum-  
mar ized  in Table  V. 

Comparison o] calculated and experimental results. 
~ A  l imi ted  number  of ind iv idua l  anode and cathode 
polar izat ion curves  have been repor ted  (11) ior  differ-  
ent  gas composit ions at  1 a tm and 923 K in the 62/38 
tufa Li2CO~-K2CO3 b ina ry  electrolyte .  Comparisons 
of ca lcula ted  and measured  are  shown in Fig. 1-3 for 
anodes and in Fig. 4 for cathodes.  Numer ica l  i n t eg ra -  
t ion of Eq. [1] was done wi th  a s t anda rd  fou r th -o rde r  
R u n g e - K u t t a  scheme. For  the anode computat ions,  gas 
composit ions in wa t e r -ga s  shif t  equ i l ib r ium were  de-  
r ived  f rom the repor ted  in i t ia l  compositions.  Because 
the  measurements  were  made  wi th  smal l  3 cm 2 cells at  
low ut i l izat ions (71/2% fuel  and 15% ox idan t ) ,  they  
m a y  be d i rec t ly  compared  wi th  calculat ions based on 
the single e lec t rode  models.  Gas composit ions are l is ted 
in Table  VI and VII, as are  the corresponding cal-  
cu la ted  values  of io. 

I t  is impor t an t  to emphasize that  only  one set of 
p a r a m e t e r  values  was used in al l  computat ions  for a 
given electrode.  Ind iv idua l  ad jus tments  were  not  made  
to enhance agreement  or  a l t e r  the computed  shape of 
the curve. These calculat ions const i tute  r e la t ive ly  suc- 
cessful model  predic t ions  of  single e lectrode pe r fo rm-  
ance. 

A significant fea ture  of the anode results,  in Fig. 
1-3, is how wel l  the pa r t i a l  p ressure  dependence  is 
predicted,  even at  r e l a t ive ly  high cur ren t  densi t ies  of 

Table VI. Anode gas mixture compositions and calculated exchange 
current densities. Both the nominal composition and that satisfying 

water-gas shift equilibrium are listed. Equation [5] was used 
to calculate io. 

io 
Fig- Nominal m/o Shifted m/o* (mA/ 
ure H~ / COs / N2 He / H~O / CO~ / Ns cm 2) 

1 80 20 0 66 14 6 0 55.6 
2 40 20 40 29 11 9 40 52.0 
3 20 20 60 12 8 12 60 45.1 

~ Balance of the mixture is CO. 

Table VII. Cathode gas mixture compositions and calculated 
exchange current densities. Equation [7] was used to calculate io. 

The symbols V ,  ~ ,  [ ] ,  O denote experimental results 
(Ref. (11)) in Fig. 4. 

ITG ~o 
Sym- exp. Composition (m/o) (mA/ 
hal No. O_- / COs / N2 cm s) 

V 4 33 67 0 0.58 
A 1 15 30 55 0,42 
[]  5 5 10 85 0,27 
O 6 10 5 85 0,27 

4 0 0  m A / c m  2. Because of the short ,  th ick film used, 
ohmic losses in the film are  ex t r eme ly  small  and j can 
be ca lcula ted  d i rec t ly  as j : (nl/2Rp)i. Calculated total  
overpoten t ia l  consists solely of act ivat ion OIA) and 
diffusion (~D = --  (RT/2F)ln[SH2/(]H2O]CO2) ]) over -  
potent ia l  in roughly  comparab le  amounts,  as indica ted  
in Fig. 2 and 3. Despi te  the high values for io, the act i -  
va t ien  overpoten t ia l  is st i l l  high because the active 
electrode area  is only  increased by a factor  of n over 
the ex te rna l  e lec t rode  area  for the film and pore pa -  
ramete rs  used (2nRpl/(4Rp 2) : n wi th  values  of Table 
IV) .  

The cathode model  calculat ions also agree  wel l  wi th  
exper iment .  The composit ion of a l a t te r  mix ture  
was 5 m / o  CO2/10% O~.. No exp lana t ion  is appa ren t  
for  the  t r iv ia l  difference in pe r fo rmance  recorded  for 
the 5% CO2/10% O2 and 10% CO2/5% O2 mixtures ,  but  
i t  is c lear ly  at  odds wi th  the model  calculat ions as well  
as wi th  other  recent  work  (15, 16). 

Success in reproduc ing  the observed par t ia l  pressure  
dependence  of each e lect rode is evident .  However ,  this 
success should not  d is t rac t  a t tent ion  f rom the inade -  
quacies of the cy l indr ica l  po re - th in  film model. Severa l  
m a j o r  cr i t icisms of the e lec t rode  models  can be made:  
they  lack  real is t ic  pore  s t ructure ;  there  is no exper i -  
men ta l  confirmation tha t  the p r i m a r y  mode of wet t ing 
of the e lect rode is by  films; there  is no direct  evidence 
that  films of 0.1-0.5 ~m in thickness can exist  wi th in  
porous electrodes.  

Work  on a more  rea l i s t ic  model  tha t  a l levia tes  these 
cri t icisms for the cathode is near ing  complet ion (17). 
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Polythiazyl Films: Preparation and Use as Electrodes in Aqueous 
Solution 

Judith F. Rubinson,*, 1 Thomas D. Behymer, 2 and Harry B. Mark, Jr.* 

Department of Chemistry, University of Cincinnati, Cincinnati, Ohio 45221 

and R. J. Nowak 

6130 Naval Research Laboratory, Washington, DC 20375 

Electrodes  const ructed f rom single crysta ls  of the 
po lymer ic  conductor  polythiazyl ,  (SN)~, have been 
s tudied in aqueous solut ion (1, 2). Depending  on the 
choice of e lectrolyte ,  the  background  currents  are  
smooth over  a wide range,  f rom grea te r  than  +0.9V 
to g rea te r  than  --1.2V vs. SCE at the  o ther  ext reme.  
The use of these e lect rodes  is of considerable  in teres t  
because of s t rong in terac t ion  of the ma te r i a l  wi th  
cations (1) and in terms of producing  (SN)x surface 
modified e lect rodes  (2). Appl ica t ions  of such modi -  
fied electrodes for the photo induced reduct ion  of wate r  
(3) and the  d i rec t  reduct ion  of ace ty lene  (4) have 
been repor ted .  As the  smal l  surface areas  possible for 
single c rys ta l  e lectrodes (1, 2) are a l imi t ing factor  
in thei r  prac t ica l  use at  catalysts ,  appl ica t ion  of po ly -  
th iazyl  films as e lectrodes are  of interest .  

We repor t  the behav ior  in aqueous solut ion of elec-  
t rodes const ructed f rom poly th iazy l  films and the ef-  
fects of va r ia t ion  of such factors as pH, na ture  of the 
cat ion in solution, and  ionic s trength.  The f e r r i / f e r r o -  
cyanide  couple was examined  as a test  r edox  couple. 

Experimental 
The (SN)~ crys ta ls  and films were  p repa red  by  a 

method  based on tha t  of MacDiarmid  and co-workers  
(3). Crysta ls  of (SN)x were  hea ted  in vacuo to 158~ 
g radua l ly  increas ing the t e m p e r a t u r e  f rom ambien t  
to that  level  over  a per iod of about  4-5 hr. The sub-  
l imed  (SN)x was t r apped  on Mylar |  sheets at 15 ~ 
20~ At t achmen t  of the Mylar  to a cold finger was 
accomplished wi th  doub le - s ided  tape. Total  adherence  
of the Myla r  to the cold thumb surface is necessary 
to ob ta in  a un i fo rm (SN)x film. Af te r  two days, the  
hea t  was removed  and pumping  was cont inued for 15 
hr.  The  t w o - d a y  subl imat ion  per iod  produced  films 
th ick  enough to be opaque  to t r ansmi t t ed  light.  The 
subl imed films on the M y l a r  subs t ra te  were  cut to 
the des i red  size and fashioned into e lect rodes  as shown 
in Fig. 1. The most effective mask ing  ma te r i a l  for the  
s i lver  paste  contact  was denta l  s t icky wax. Glass was 
inves t iga ted  as a subs t ra te  for the  (SN)x films, bu t  on 
even shor t  electrolysis,  the  films flaked off. This oc- 
cur red  even when the glass was etched p rev ious ly  wi th  
HF. Meta l  sUbstrates were  even less s table  on elec-  
trolysis.  Fo r  film electrodes,  the  chain axis of the 
(SN)~ is pa ra l l e l  to the subs t ra te  surface and, hence, 
the solut ion in ter face  (5).  Thus, no significant number  
of chain ends are  exposed to the  solution. 
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surface  modified electrodes,  electrocatalysis.  

Cyclic vo l t ammet r i c  exper iments  were  car r ied  out  
using a sys tem made  up  of an M F E  Plo tamat ic  815 re-  
corder,  a PAR 173 Poten t ios~a t /Galvanos ta t  equip-  
ped wi th  a Model 176 cur ren t  to vol tage converter ,  a 
H e w l e t t - P a c k a r d  3310B funct ion generator ,  and  a Nico- 
le t  Exp lo re r  I I I  oscilloscope. 

Al l  chemicals  were  reagent  g rade  and the wa te r  was 
dist i l led,  then fu r the r  purif ied by  passing th rough  a 
carbon a n d / o r  deminera l iza t ion  car t r idge  before  use. 
Solut ions were  deaera ted  wi th  argon which had been 
scrubbed for oxygen.  A sa tu ra ted  calomel  re ference  
e lect rode and a p l a t inum gauze aux i l i a ry  e lect rode 
were  used in conjunct ion wi th  the (SN)x film working  
electrode.  In i t ia l  e lec t rode  areas  were  app rox ima te ly  
1 cm 2. 

Results and Discussion 
Scanning e lect ron microscopic inves t igat ion of the 

(SN)x films produced  by  the descr ibed  method are  
shown in Fig. 2. The surfaces differ m a r k e d l y  not only  
f rom those descr ibed prev ious ly  (5), but  also differ-  
ences occur be tween  films depos i ted  on glass as op -  
posed to Mylar@. The films deposi ted on the la t te r  
are  much flatter,  wi th  l i t t le  sur face  s t ructure ,  o ther  
than  t iny  cracks, even at  ve ry  h igh  magnifications 
(1-200,000 • ). 

The var ia t ion  in background  behav io r  due to changes 
in the na ture  of the cation are  shown in Fig. 3 and 4 
for  the  series Li +, Na +, and K +. As is the case for 
(SN)x c rys ta l  e lect rodes  (1), the  background  currents  
are  lowest  wi th  the smal les t  cation, Li+,  and increases 
as going f rom sodium to potassium. I t  is in teres t ing  to 
note, however ,  tha t  the  hysteresis  observed at  b r eak -  

a 

' b 

C 

Fig. 1. Assembly of (SN)x film electrodes. (a) Pyrex tubing, (b) 
silver wire, (c) silver paste contact, (d) dental sticky wax, (e) 
(SN)x film on Mylar@. 
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Fig. 2. Scanning electron micrographs of (SN)x films deposited on (a, left) glass, and (b, right) Mylar@ (0.005 in.) 

clown for single c rys ta l  e lectrodes does not  occur at  
the vol tages scanned for the film electrode.  Var ia t ion  of 
the anion of the  suppor t ing  e lec t ro ly te  had  no effect 
on the background  cyclic vo l tammograms.  

As shown in Fig. 5 and 6, the background  currents  
wi th  CaC12 are  not  as low as tha t  repor ted  for the single 
c rys ta l  e lect rodes  (1),  bu t  the  same var ia t ion  in surface 
reduct ion waves  occurs, wi th  the  lower  ionic s t rength  
solution resul t ing  in two i r revers ib le  waves  pr io r  to 
b reakdown  and the h igher  in only one broad  i r r e v e r -  
s ible  wave.  The origin of these peaks is stil l  not  fu l ly  
understood.  

a 

400uA 

t i I I i I 

1.6 0.0 -1.6 

V v s  S C E  
Fig. 3. Variation in background currents at (SN)x film electrode 

with nature of the cation of the supporting electrolyte. (a) KCI, 
(b) NaCI, (c) LiCh All solutions 3M. Scan rate: 38 mY/see. 

The effect of var ia t ion  of ac idi ty  of the background  
e lec t ro ly tes  was inves t iga ted  by  means  of solutions of 
H2SO4 in combinat ion  wi th  Na2SO4, thus keeping the 
ionic s t rength  app rox ima te ly  constant.  As seen in 
Fig. 7, the var ia t ion  of ac idi ty  of the solut ion does 
have  an effect on the magni tude  of the background  
currents  at  the  film electrodes,  bu t  not  as pronounced  
as tha t  for single c rys ta l  e lec t rodes  (Fig. 8). Also, 
hysteres is  was not  a lways  present  for the film elec-  
trodes,  which is not  understood.  When hysteresis  is 
observed,  the point  at  which the negat ive  b r eakdown  
began shif ted to more  negat ive  potent ia ls  as the solu-  
t ion ac idi ty  increased.  In  cases in which hysteresis  
did  not  occur, a s l ight  overa l l  decrease  in background  
cur ren t  occurs at  lower  pH. At  posi t ive potent ials ,  the 
ac idi ty  d id  not  apprec iab ly  affect the onset of the 
b r eakdown  potent ial .  However ,  the  magni tude  of the 
b r eakdown  currents  increased wi th  increasing acidi ty  
af ter  b r eakdown  occurred.  

The f e r ro / f e r r i cyan ide  couple was used to assess 
the  qua l i ty  of the e lect rodes  using the same expe r i -  

0.8 

I100 A I t  
A 2 

I 1 I I I I I I I I I 

0 . 0  - 0 . 8  - 1.6 

E vs. SCE 
Fig. 4. Variation in background currents at a parallel (SN)x 

crystal electrode with nature of the cation of the supporting elec- 
trolyte. (a) KCI, (b) NaCI, (c) LiCI. Scan rate:O.0'2 V/see. 
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menta l  condit ion as p rev ious ly  used (1).  Oxidat ion  
and reduct ion  waves  do appea r  at  the potent ia ls  ex -  
pected,  bu t  the peak  separa t ion  is quite large  (2-300 
mV) even at  scan rates as low as 10 mV/sec  (Fig. 9). 

Pa r t  of this is undoub ted ly  due to contact  and film 
resistance.  

Conclusions 
Al though  the magni tude  of background  curren,ts for 

(SN)x film electrodes are  h igher  on an absolute  basis, 
as would be expected,  than  those for c rys ta l  electrodes,  
in genera l  the  background  is st i l l  smooth over  a l a rger  
po ten t ia l  range.  Fo r  example ,  wi th  the single crystals ,  
b r eakdown  vol tages more negat ive  than --1.2V vs. 

a 

b 

~mA 

I I I I I 

1.6 0,0 -1.6 
V vs SCE 

Fig. 5. Variation in background currents at (SN)x film electrode 
with concentration of CaCI~ supporting electrolyte. (a) 2M CaCI2, 
(b) 1.2M CaCI~. Scan rate: 37 mV/sec. 

J I I I I I I I I I I I I 

0 . 0  - 0 . 8  - 1.6 

E vs SCE 
Fig. 6. Variation in background currents at (SN)x crystal elec- 

trode with concentration of Ca(NO3)2 supporting electrolyte. (a) 
1M, (b) 5M. Scan rate: 0.050 V/sec. 
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Fig. 7. Variation in background currents with acidity at (SN)x 
film electrode. (a) pH 5 (scan rate: 30 mV/sec), (b) pH 3 (scan 
rate'~30 mV/sec), (c) pH 1 (scan rate: 23 mV/sec). All solutions 
IM in SO42'- with appropriate amounts H2SO~ in Na2SO4. 
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Fig. 8. Cathodic current breakdown dependence on solution acid- 
ity at (SN)z crystal electrode. (a) 0.SM No2S04, (b) 0.45M No2S04 
-I- O.05M H~S04, (c) 0.SM H~S04. Scan rate: 0.05 V/sec. 
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! 00  
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E vs SCE 
Fig. 9. Ferri-ferrocyanide couple at (SN)= film electrode. Con- 

centration: 50 mM in 2M Na~SO4. Scan rate: 15 mV/sec. 

SCE were possible only with certain background elec- 
trolytes (1, 4); but this range is apparently exceeded 
with the systems investigated here ior film electrodes. 
The breakdown processes are corrosion of the (SN)z 
rather than the electrolysis of water (1), but the na- 
ture of the reaction breakdown processes is not known 
at this time. It is obvious that the film electrodes be- 
have only somewhat differently than either parallel 
or perpendicular single crystal (SN)x electrodes. The 
most serious problem at present is the durability of 
the films themselves, as they still tend to separate 
from the Mylar@ substrate after extended periods of 
immerMon (one or two days) under electrolysis. Fur- 
ther investigation ~o produce more stable film-sub- 
strafe interactions are in progress. 

in conclusion, films of (SN)x can be utilized as elec- 
trodes in aqueous solution, thereby providing a means 
of obtaining larger electrode surface areas than are 

possible with crystal electrodes while retaining es- 
sentially the same overall general behavior. However, 
the minor differences in behavior indicate that a simul- 
taneous detailed study of single crystal and film elec- 
trodes under identical conditions is necessary before 
extrapolating single crystal to film response (or vice 
versa) for the same system. The acetylene reduction 
on film electrodes and both parallel and perpendicular 
electrodes are essentially the same except for available 
surface area of the electrodes (4). However, the photo- 
induced reduction of water at ruthenium modified 
electrodes is observed only at perpendicular electrodes 
and it may not be possible to extend these experiments 
to that system. 
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ABSTRACT 

Thin film gallium phosphate capacitors have been fabricated on gallium arsenide substrates using an electron beam 
evaporation technique. The effects of both GaPO4 deposition conditions and post-deposition annealing on the current- 
voltage (I-V) characteristics of the dielectric films have been investigated. Our results show that films deposited with oxy- 
gen back-filling exhibit better I-V characteristics than those deposited in vacuum. Furthermore, annealing of these films in 
hydrogen ambient  at low temperatures reduces the leakage current. Best resistivities of about 1014-1015 ~-cm and an average 
dielectric strength of about (1-4)x 108 V/cm have been obtained in these films. Results are also presented on the effect of 
different substrates like p-type GaAs and Si on the I-V characteristics of the GaPO4 deposited films. 

Because of the interface and surface charges, the 
most critical use for high qual i ty  dielectric films on 
semiconductor substrates is for passivation. In many  
applications, semiconductor devices benefit from sur-  
face dielectric insulators  which act as barr iers  to de- 
leterious env i ronmenta l  influences, and so improve 
their stabil i ty and performance. 

Thermal ly  grown SiO2 and chemical vapor deposited 
SisN4 films have resulted in the highest qual i ty  dielec- 
tric layers and have made silicon the main  substrate 
for integrated circuit fabrication. Several  mater ial  
properties of GaAs, including a large energy bandgap 
and a high electron mobility, make it more attractive 
than silicon for high-speed and h igh- tempera ture  de- 
vice applications. In  the past few years, cons iderable  
at tent ion has been focused on growing high quali ty 
dielectric films on GaAs substrates. Various groWth 
techniques like anodic oxidation (1-4), thermal  oxi- 
dations (4-9), plasma oxidation (10-13), chemical 
vapor deposition (2, 14, 15), sput ter ing (16-18), and 
reactive vacuum evaporat ion (19) have been invest i-  
gated. However, surface passivation has not been as 
successful for GaAs MIS devices as for silicon devices. 

In our laboratory,  considerable effort has been ex- 
pended in obta ining high qual i ty  dielectric films on 
GaAs substrates. Our previous studies (20) on the 
thermal  oxidation of GaAsl/2Pu2 have indicated that 
the oxide compound GaPO4 is stable and of high qual-  
ity. This led us to the invest igat ion of the electrical 
properties of GaPO4 films. This paper  presents the cur-  
rent-vol tage characteristics of GaPQ4 films gro,wn on 
GaAs and Si substrates using an electron beam evap- 
oration technique under  different evaporation condi- 
tions. 

Experimental 
GaAs substrates were of (100) orientation, n - ( T e -  

doped) and p- type  (Zn-doped) single crystals with 
carrier concentrat ions of 4 X 10 TM an~d 2 • 1027 cm -3, 
respectively. Just  prior to deposition, the substrates 
were cleaned and degreased in trichloroethylene, ace- 
tone, and deionized water. A chemical etch in 
10 NH4OH: 1H202: 1H~O at room temperature  then fol- 
lowed to remove the nat ive oxide layer and surface 
damage. Gal l ium phosphate was evaporated from a 

Key word~: dielectrics, current, evaporation. 

hot-pressed target  of polycrystal l ine powder using an 
electron beam. The depositions were carried out 
under  three different conditions: (i) type A films were 
deposited in high vacuum (2 X 10 -7 Torr) ,  (ii) type B 
films were deposited in the presence of oxygen (10 -4-  
10 -5 Torr) ,  with the substrates exposed to oxygen be-  
fore evaporation, and (iii) type C films were formed 
under  conditions similar to type B films, except that 
oxygen was back-filled when the evaporat ion started. 
The substrate temperature  was main ta ined  at 200 ~ 
250~ dur ing the evaporation. Sample anneal ing  was 
done in ul t rahigh pur i ty  Ar, 02, and H2 ambients  at 
various temperatures  for times varying from 1 rain to 
17 hr. 

The MIS capacitors were then completed by the 
thermal  evaporat ion of chromium dots of 39 mil  diam- 
eter on the films and coating of silver on the back side 
of the substrates. The use of a large area metal  dot of 
this size can minimize the electrical noise and ensure  
correct current  readings. Two systems were used for 
I-V characteristic measurements  of MIS devices. The 
first system used a Keithley Model 600A electrometer 
to measure the current  as a function of voltage by ad- 
just ing the series-connected power supply output. The 
second system consisted of a Fluke  1720 ins t rument  
control with all cur rent  data taken from an HP Model 
4140PA meter. Results from both measurements  
agreed well wi thin  the exper imental  error  limit. All 
the MIS devices under  test were enclosed in a l ight-  
shielded box to el iminate l ight-s t imulated generat ion 
carriers. 

Results 
Gall ium phosphate films grown by e lec t ron-beam 

evaporat ion technique were amorphous as determined 
by x - r ay  diffraction analysis. Even films as thick as 2 
~m showed no crystal l ine structure. Annea l ing  at ele- 
vated temperatures  (--~750~ in different ambients  
viz. H2, 02, or Ar converted the films into crystal l ine 
;3-Ga208 with (100) preferred orientation.  

Typical forward I -V characteristics for as-deposited 
films of type A, B, and C are showm in Fig. 1. For n-  
type MIS devices, the forward voltage indicated that 
the voltage applied on the gate metal  was positive with 
respect to the semiconductor. At low voltages, the cur-  
rent  was ohmic varying  l inear ly  with voltage. Above 
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Fig. I. Current-voltage characteristics of unannealed GaPO 
films grown on n-GoAs (n = 4 X 10 z6 cm-~) substrates: (a) 
type A film, (b) type B film, and (c) type C film. Film thickness :- 
600A. 

the t ransi t ion voltage, however, the current  increased 
more rapidly. Fur ther  increase in the gate voltage led 
to dielectric breakdown of the devices. I t  is seen in 
Fig. 1 that  type C film showed the lowest leakage cur-  
rent  level, whereas type A film showed the highest. 
The estimated resist ivity was approximately 5 • 1011 
~2-cm for type A film and 7.9 X 10 ~2 ~ - c m  for type C 
film. As far as the device fabrication yield and aging 
are concerned, type C films had a yield of about 85% 
and had stable properties lasting for more than 6 
months. The better  properties of type C films led us 
to fur ther  invest igat ion of these films. 

In this study, type C films were annealed in various 
ambients,  such as hydrogen, argon, and oxygen. Fi lms 
annealed in argon and oxygen ambients  showed little 
or no improvement  in their  electrical properties. 
Figure 2 shows both forward and reverse I-V charac- 
teristics of a typical low- tempera ture  hydrogen-  
annealed  type C film. The voltage dependence of the 
leakage current  was about the same for both annealed 
and unannea led  films but  the resistivities of the an-  
nealed films were apparent ly  at least an order of mag- 
n i tude  higher than those of unannea led  ones. Best re- 
sistivities of low- tempera ture  H2-annealed films were 
in  the range of 1W4-10 ~5 ~-cm.  

The reverse I -V characteristic shown in Fig. 2 was 
different from the forward characteristic. At low volt-  
ages, the ohmic region was identical. As the gate volt-  
age became more negative, the I -V curve showed a 
reverse-biased diode characteristic. Another  interest-  
ing feature was that the t ransi t ion voltage (about 
0.TV) from the ohmic region to the nonohmic region 
was almost same for both curves. Similar  I -V charac- 
teristics have been reported earlier by Brown and 
G r a n n e m a n n  for e lect ron-beam evaporated t i t an ium 
oxide films on silicon (21). 

Figure 3 i l lustrates the I-V characteristics for films 
annealed in hydrogen at various temperatures.  The 
leakage current  remained unchanged for films an-  
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Fig. 2. Forward and reverse current-voltage characteristics of 
annealed type C film on n-GaAs substrate (t - -  600A). 
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Fig. 3. Leakage current vs. annealing temperature for type C 
films at Vc- = -kIV and -~4V. Films (t = 1000~) were annealed 
in H: ambient for 25 rain. 

nealed below 300~ Annea l ing  at  450~ resulted in  an 
increase in leakage current  by one order of magnitude.  
With fur ther  increase in the annea l ing  temperature,  
the leakage current  drast ically increased and eventu-  
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a l ly  caused the die lect r ic  b r eakdown  to occur at  lower  
voltages.  

F igu re  4 shows the I - V  character is t ics  for t ype  C 
films of var ious  thicknesses  ranging  be tween  500 and 
2000A. The t rans i t ion  voltage,  which  was thickness  de-  
pendent ,  was  h igher  f%r th icker  films. In  addit ion,  the 
l eakage  cu r ren t  decreased wi th  increase  in film th ick-  
ness. 

The var ia t ion  in leakage  cur ren t  wi th  appl ied  vol t -  
age at  var ious  t empera tu re s  is shown in Fig. 5 for a 
film thickness  of 1000A. Al l  I -V  curves had  the same 
genera l  shape. At  h igher  tempera tures ,  the leakage  
cur ren t  was more  significant and a lower  b r eakdown  
vol tage was observed.  

In  o rde r  to de te rmine  the influence of the subs t ra te  
conduct iv i ty  type  on the device electr ical  propert ies ,  
severa l  MIS capaci tors  were  fabr ica ted  on p - t y p e  sub-  
strates.  The genera l  shapes of al l  I -V  curves and the 
leakage  cur ren t  level  were  s imi lar  to those obta ined 
on n - t y p e  devices (Fig. 1 and Fig. 2). 

In  addit ion,  n - t y p e  silicon subst ra tes  were  also used 
for MIS s t ruc tures  to inves t iga te  the effect of different  
subs t ra te  mate r ia l s  on the I - V  character is t ics .  Al l  the 
fabr ica t ion  and annea l ing  procedures  used for GaAs 
devices were  app l ied  to silicon devices, except  tha t  
gold was used for subs t ra te  ohmic contact  and a subse-  
quent  s in ter ing  at  350~ was used af te r  meta l l iza t ion  
for be t t e r  eutect ic  bonding. 

F igure  6 shows the fo rward  I -V  character is t ic  for an 
annea led  n - t y p e  sil icon MIS structure.  The t rans i t ion  
f rom the low-vo l t age  ohmic region to the nonohmic 
region was ve ry  short.  The reverse  I -V  curve, l ike  tha t  
o f  GaAs devices, also showed a r eve r se -b ia sed  p - n  
diode character is t ic  bu t  the shapes of I -V curves for 
Si devices were  different  f rom those of GaAs devices. 
The best  res i s t iv i ty  es t imated  f rom the ohmic region 
was of the  order  l0 TM ~Z-cm. 

Ano the r  in te res t ing  fea ture  was that  n - t y p e  GaAs 
devices a lways  showed h igher  b r eakdown  vol tages 
(about  1 ~ 3V) for negat ive  po la r i ty  than  for positive. 
For  p - t y p e  devices, however ,  posi t ive po la r i ty  exh ib -  
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i ted h igher  b r eakdown  vol tages  than  for  negat ive.  In  
general ,  the average  die lect r ic  s t rength  was about  
(1-4) X 10 ~ V / c m  for annea led  type  C films on GaAs 
and 1 X 106 V/cm for those on silicon. 
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Discussion 
From these measurements  i t  is clear  tha t  the e l ec t r i -  

cal p roper t ies  of the  deposi ted  GaPO4 films are  influ- 
enced by the deposi t ion conditions and pos t -deposi t ion  
anneal ing  t rea tments .  The x - r a y  diffraction studies 
revea led  tha t  the  as -depos i ted  films were  amorphous.  
This s t ruc ture  is desi red for  semiconductor  surface 
pass ivat ion  because there  a re  no gra in  boundaries ,  
which tend  to cause h igher  l eakage  current .  Fur ther ,  
the resul ts  indicate  tha t  type  C films have be t te r  elec- 
t r ical  p roper t ies  than type  A and type  B films. 

The composit ions of these films were  ana lyzed  using 
Auge r  and IR techniques (22). Auger  profile analysis  
revea led  tha t  type  A films were  p redominan t ly  Ga20~ 
with  onIy a smal l  amount  (about  5%) of phosphorus  at 
the insu la tor - semiconduc tor  interface.  Type  C films 
were  ma in ly  of GaPO4 composit ion with  a small  
amount  of Ga2Os. Fo r  type  C films, the  IR spect rum 
had absorpt ion  peaks  occurr ing  at  about  1100 cm -1 
(strong, b road ) ,  corresponding to the presence of 
GaPO4, and at  about  560 cm -1 (weak)  and 310 cm - t  
(weak) ,  corresponding to the presence of smal l  amount  
of Ga20~. The low concentra t ion of phosphorus in type  
A films, as compared  to type  C films, is due to the  dis-  
sociation of phosphate  dur ing  evaporat ion.  By in t ro -  
ducing oxygen  into the deposi t ion system, phosphorus 
wil l  be able  to recombine  wi th  oxygen and reduce its 
loss in the deposi ted films. The h igher  percentage  of 
Ga20~ in type  B films is p robab ly  due to the react ion 
of oxygen wi th  the  hea ted  GaAs subst ra tes  p r io r  to 
evaporat ion.  

Thin films of Ga208 grown on GaAs are  repor ted  to 
have resis t ivi t ies  of 109-10 TM ~ - c m  (19). Unfor tunate ly ,  
there  a re  no da ta  ava i lab le  on the res is t ivi t ies  0f 
GaPO4 films for comparison.  The p resen t  results,  how-  
ever,  indicate  tha t  GaPO4 films have be t te r  insula t ing  
proper t ies  than  Ga203, the  na t ive  oxide of GaAs. 

The different  I - V  character is t ics  of the fo rward  and 
reverse  vol tages m a y  mean that  there  is a he te ro junc-  
l ion be tween  the GaPO4 film and the GaAs  substrate .  
At  l a rge r  reverse  vol tages the deplet ion region is 
wider,  and consequent ly  the  number  of t ranspor ted  
carr iers  becomes less. For  l o w - t e m p e r a t u r e  hydrogen-  
annea led  films, the  improvemen t  in the resis t ivi t ies  is 
a t t r ibu ted  to the reduct ion in the dangl ing bonds at  
the in ter face  and to the be t t e r  un i formi ty  of the in-  
sula t ing films. 

At  e levated tempera tures ,  the deposi ted GaPO4 films 
m a y  dissociate and become nonstoichiometric .  The in-  
.crease in leakage  cur ren t  for films annea led  above 
300~ is p r o b a b l y  due to the i r  nons to ichiometr ic  na -  
ture. Scanning  e lect ron microscopy x - r a y  energy dis-  
pers ive  analysis  has revea led  that  insula t ing  films lost 
phosphorus comple te ly  af ter  anneal ing  at 750~ (25 
ra in) .  Lesser  changes in film composit ion p robab ly  
occur at  lower  tempera tures .  

The act ivat ion energy (,~E), which corresponds to 
the posi t ion of the dominant  t r app ing  level  below the 
conduction bandedge  of the insulator ,  was ca lcula ted  
using the re la t ion  I = A exp(AE/kT) .  A plot  of log 
leakage  cur ren t  vs. reciprocal  t empera tu re  at  0.6V 
(Fig. 5) gave a va lue  of • of about  0.42 eV. 

The s imi la r i ty  in the I -V  character is t ics  for p - t y p e  
and n - t y p e  GaAs MIS devices suggests  that  the con- 
duct iv i ty  type  of the subs t ra te  has very  l i t t le  effect on 
the e lect r ica l  propert ies .  However ,  the different  de-  
pendence of the cur ren t  on the vol tage be tween GaAs 
and Si MIS devices (Fig. 2 and Fig. 6) is p robab ly  due 
to the different  proper t ies  of deposi ted fi!ms at the 
in terface  and the bu lk  regions. Rela ted  h igh - f r equency  
capac i tance-vo l tage  measurements  on these devices 
ind ica ted  that  the GaAs devices had a min imum sur-  
face s ta te  densi ty  of about  2 • 10n eV-1 cm-2  while  
Si devices had  a va lue  of about  5 X 10 l~ eV -1 cm -2. 
The different  surface chemis t ry  of the compound semi-  
conductor  GaAs and e lementa l  Si m a y  resul t  in differ-  

ent  proper t ies .  Since GaPO4 films were  deposited on 
different  mater ia ls ,  the t rap  densit ies and dis t r ibut ion  
in these films might  also be different.  These factors 
m a y  cause different  I -V  curves  for GaAs and Si 
devices. 

For  n - t y p e  GaAs devices, the reason tha t  h igher  
b r eakdown  vol tages are  observed for negat ive  po la r i ty  
than for  posi t ive is expla ined  as follows. At  high 
negat ive  voltages, the  n - t y p e  semiconductor  is in deep 
depletion,  and the densi ty  of minor i ty  car r ie rs  is ve ry  
low. As a result ,  the space-charge  region is much 
wider  than i t  is at  posi t ive voltages, where  the. semi-  
conductor  is in the accumula t ion  region. The effective 
vol tage across the insula tor  near  the  b reakdown  is 
lower  for negat ive  po la r i ty  because a la rger  por t ion of 
the appl ied  vol tage is across the deple t ion  region than 
for posi t ive polar i ty .  

Conclusion 
The cu r ren t -vo l t age  character is t ics  of gal l ium 

phosphate  films deposi ted on ga l l ium arsenide  sub- 
s t ra tes  by  the e l ec t ron-beam evapora t ion  technique 
have been s tudied by  using MIS structures .  Type  C 
films, deposi ted in the presence of oxygen  which was 
back-f i l led  when the evapora t ion  s tar ted,  had the best  
e lect r ica l  proper t ies .  L o w - t e m p e r a t u r e  anneal ing  
(200~ for less than 1 hr)  in hydrogen  improved  film 
proper t ies .  H i g h - t e m p e r a t u r e  annea l ing  should be 
avoided because it causes film dissociation and results  
in a h igher  leakage  current .  Fi lms deposi ted on p - type  
GaAs subst ra tes  show s imi lar  proper t ies  as those on 
n - type  GaAs substrates .  The different  character is t ics  of 
GaAs and Si MIS devices is a t t r ibu ted  to the differ-  
ence in the  film proper t ies  at  the in terface  and bulk  
region. 

Manuscr ip t  submi t t ed  Jan.  5, 1982; revised manu-  
scr ip t  received May 25, 1982. 

A n y  discussion of this paper  wil l  appear  in a Dis-  
cussion Sect ion to be publ ished in the December  1983 
JOURNAL. Al l  discussions for the December  1983 Dis-  
cussion Sect ion should  be submi t ted  by  Aug. 1, 1983. 

Publication costs o] this article were assisted by The 
University o] New Mexico. 

REFERENCES 
1. H. Hasegawa,  K. E. Forward ,  and H. L. Har tnagel ,  

Appl. Phys. Lett., 26, 567 (1975). 
2. C. R. Zeisse, L .  J. Messick, and D. L. Lile,  J. Vac. 

Sci. Technol., 14, 957 (1977).  
3. G. Sixt,  K. H. Zeigler ,  and W. R. Fahrner ,  Thin 

Solid Films, 56, 107 (1979). 
4. C. W. Wilmsen,  J. Vac. Sci. Technol., 19, 279 (1981). 
5. H. T. Minden,  This Journal, 1@9, 733 (1962). 
6. M. Rubenstein,  ibid., 133, 540 (1966). 
7. S. P. Muraka,  Appl. Phys. Lett., 26, 180 (1975). 
8. D. N. Butcher  and B. J. Sealy,  Electron. Lett., 13, 

558 (1977). 
9. D. N. Butcher  and B. J. Sealy,  J. Phys. D., 11, 1451 

(1978). 
10. R. P. H. Chang and A. K. Sinha, Appl. Phys. Lett. ,  

29, 56 (1976). 
11. C. C. Chang, R. P. H. Chang, and S. P. Muraka ,  

This Journal, 125, 481 (1978). 
12. R. P. H. Chang, Thin Solid Films, 56, 89 (1979). 
13. A. Matsuzawa,  T. Itoh, Y. Ishikawa,  and  Yanagida,  

J. Vac. Sci. Technol., 17, 793 (1980). 
14. J. E. Fos te r  and  J. M. Swartz ,  This Journal, 117, 

1410 (1970). 
15. J. A. Cooper Jr. ,  E. R. Ward,  and  R. S. Schwartz ,  

Solid-State Electron., 15, 1219 (1972). 
16. t ta r iu ,  N. Suzuki,  K. Mats-ushita, and  Y. Shibata ,  

IEEE 1978 In te rna t iona l  Elect ron Device Meet -  
ing, Washington,  D.C., Dec. 4-6, 598 (1978). 

17. L. G. Meiners, R. P. Pan, and J. R. Sites, J. Vac. Sci. 
Technol., 14, 961 (1977). 

18. L. G. Meiners, ibid., 15, 1402 (1978). 
19. T. Hariu,  S. Sasaki,  H. Adachi,  and Y. Shibata ,  Jpn. 



Vol. I30, No. 1 C U R R E N T - V O L T A G E  C H A R A C T E R I S T I C S  129 

J. Appl. Phys., 16, 841 (1977). 
20. D. H. Phillips, W. W. Grannemann ,  L. E. Coerver, 

and G. J. Kuhlmann ,  This Journal, 120, 1087 
(1973) 

21. W. D. Brown and W. W. Grannemann ,  Thin Solid 
Films, 51, 119 (1978). 

22. C. S. Su, Ph.D. dissertation, Univers i ty  of New 
Mexico, 1982. 

A Novel Polyimide Film Preparation and Its Preferential-Like 
Chemical Etching Techniques for GaAs Devices 

Yasoo Harada, Fumio Matsumoto, and Takashi Nakakado 

Sanyo Electric Company, Research Center, Limited, 1-18-13 Hashiridani, Hirakata, Osaka 573, Japan 

ABSTRACT 

A novel chemical etching technique using etchants composed of hydrazine hydrate and ethylene diamine to generate 
V-shape grooves in thick polyimide films through photoresist masks has been developed. The etching characteristics, in 
terms of etch rate, side etched width and taper angle, have been found to depend strongly on (i) preparation condition of the 
films, especially baking temperature, and (ii) the composition and temperature of the etchants. In  order to achieve prefer- 
ential etching behavior, the polyimide films have been fabricated by repeating 3 times a coating process, which consists of a 
spin coating followed by two sequential bakings. An optimizedbaking condition has been found to be 15 min at 150~ in air 
for each prebaking and 2 min and.30 min at 185~ in N2 for the first two and the last postbaking, respectively. An optimized 
condition of the etchants has also developed. Under the optimized condition, a side etched width less than 20% of the film 
thickness and a constant taper angle of about 35 ~ has been achieved. The size of the V-shape grooves has been controlled by 
both the opening width in the photoresist masks and the side etch rate. The taper angle of the grooves has been determined 
by the film preparation condition itself, and is independent  of the etching time even when the films are over-etched. 

Significant progress in GaAs device technologies 
such as ion implanta t ion  and epitaxial  growth by mo- 
lecular  beam epitaxy or metalorganic chemical vapor 
deposition has been made. An excellent  insula t ing 
film such as thermal ly  oxidized SiO2 on Si, however, 
has not been developed yet. A polyimide film as an 
insula tor  has exoellent electrical characteristics such 
as a low dielectric constant  of approximately  3.5, and 
a thermal  stabil i ty up to 400~ (1). By using the poly-  
imide film, a beam lead GaAs mixer  diode for use in 
a super high frequency band and a liftoff technique, 
developed for fabricat ing Si LSI, have been reported 
(1-3). In  the lat ter  case, a sput ter ing method through 
metal  masks has been employed for etching the poly- 
imide film. A chemical  etching technique of the poly- 
imide film for GaAs device fabrication,  however, has 
not been reported. 

The photoresist masked chemical etching technique 
is simpler than the dry etching through metal  masks. 
Since photoreslst has a good optical t ransparency,  the 
mask allgnmeflt  process in the chemical etching is 
straightforward.  However, prepara t ion  conditions of 
the polyimide film for a successful chemical etching 
are more restricted than that for the dry one, since 
they strongly affect the adhesion of the photoresist and 
the etching characteristics. The baking tempera ture  in  
the film preparat ion for the chemical etching is more 
impor tan t  than the baking time and should be kept  
below the cure tempera ture  of the polyimide film. 

In this paper, we describe an optimized baking pro- 
cess which provides good chemical etching results. An 
optimized condit ion of the etchant composed of hydra -  
zine hydrate  and ethylene diamine also has been de- 
veloped. The chemical etching characteristics of the 
thick polyimide films such as the etch rate, side etched 
width, and taper angle as functions of the film prepa-  
rat ion and etchant  conditions have been discussed. And 
it has been demonstrated that V-shape grooves pro-  
duced in GaAs or Si by means of preferent ia l  etching 
techniques (4, 5) can be formed in the polyimide films 
reproducibly.  An optimized condition for producin~ the 
V-shape groove with a taper  angle of about 35 ~ is 
established. 

Key words: polyimide, chemical etching, taper angle, hydrazine 
hydrate-ethylene diamine system. 

Experimental Procedure 

Polyimide coating.--A spe,cial polyimide has been 
synthesized for semiconductor devices (1). A pre-  
polymer solution of polyimide was spun onto 
GaAs wafers and then baked. This process was re- 
peated 3 times in order to evaporate di luent  in the 
polyimide film as much as possible, Etch baking pro- 
cess was done at a tempera ture  (TL) and subsequent ly  
at a higher tempera ture  (TH). 

The TL and TH were varied from 50 ~ to 185~ and 
from 150 ~ to 400~ respectively. The prebaking time 
tL at each step and the postbaking time at first and 
second step.s (tin, tH2) w e r e  15 and 2 rain, respectively. 
The last postbaking t ime ta3 was varied from 5 to 180 
min. These processing and conditions are summarized 
in Table I. Typical film thickness prepared was 6.5 • 
O.5 ~m. 

Etching mask.--The masks employed were negative 
photoresists such as Waycoat IC resist (Philip A. Hunt  
Chemical Corporat ion),  which were spun onto the 
baked polyimide films and photoengraved by the con- 
vent ional  technique. A typical width at the opening 
was 20 ~m. 

Table I. Preparation processing and conditions of the polyimide 
films in this experiment. The films were prepared with repeating 
3 times a step which consists of a spin coating followed by two 

sequential bakings. 

OCESB ( 2 )  P R E -  BAKING ( 3 )  POST-BAKING ~ (1) SPIN- 
COAT TE}VP. TIME IAMBIENCE TEMP. TIME AMBIENCE 

TL(~ tL(MIN) ~ TH(~ tH(M]N) 

1st 

150 
5000 rprr 15 AIR 

2nd ( 50 ~185 )~ 

3rd 

TH1,2 =2 
185 

(150~400~ N2 

tH3:30 

[5~180)* 

~< . PARAMETERS IN THIS EXPERIMENT . 
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Etching.wThe e tchan t  used was the  mixed  solu-  10 
t ion composed of hydraz ine  hyd ra t e  (H2NNH~ H20; 
pu r i t y  80.0%) and e thy lene  d iamine  (NHsCHsCHsNH2; 
99%).  

The composi t ion a, which is the volume rat io  of 
e thy lene  d iamine  to the  solution, and the t empera tu re  8 
were  va r ied  f rom 0 ~ to I~ and 20 ~ to 70~ respec-  
t ively.  The etching was car r ied  out  in a s lowly  s t i r red  
solution. 

Measurement.--Minimum etching t ime, being de -  -'~ 
6 fined as the t ime when  the surface of GaAs wafers  is -- 

exposed, can be de t e rmined  prec ise ly  b y  visual  means  E 
(wi th in  1 sec) ,  since jus t  before  the surface was ex-  ~ '  

posed, opt ica l  f r inges could be eas i ly  observed  on the  ,,, 
wafers.  The wid th  of the  openings in the  photores is t  ,~ 
mask,  as wel l  as of the  top and the bo t tom of the cc 4 -7- 
grooves in the po ly imide  films, were  measured  by  a o 

v- microscope ( m a x i m u m  magnificat ion:  X 1000 and ac -  w 
curacy:  ___0.2 ~m).  | 

Afte r  removing  the  mask,  the  film thickness was 
measured  by  an in te r fe rence  microscope (accuracy:  2 
__.500A). By using these measured  values,  the etch rate,  
normal ized  side etched wid th  W, and t ape r  angle  0 
were  calculated.  A definit ion of these te rms and sche- 
mat ic  cross section of an etched groove in the  po ly imide  
films ,are ,described in Fig. I. 0 

Results and Discussion 
Etchant composition dependence o:f the etch rate.~ 

The fol lowing r e s u l ~  were  ob ta ined  b y  ut i l iz ing the 4 
poly imide  films p repa red  wi th  TL : 150~ TH --  185~ 
and tH8 --  30 min. The e tchant  t empera tu re  was kep t  at  
35~ The dependence  of the  average  etch rate,  nor-  
mal ized  side etched wid th  W, and t ape r  angle  0 on the 
e tchant  composi t ion a are  shown in Fig. 2. The etch 
ra te  increased wi th  increas ing a and  reached a max i -  3 
m u m  va lue  of about  9.5 ~m/min  at  a -- 0.75-0.8. Be-  
yond these points,  the  etch r a t e  decreased rap id ly .  A 
m in imum W ( <  0.2) and  m a x i m u m  0 (~,35 ~ were  _Q 
also obta ined  a round  the same composit ions.  

o W of less than  1 and e of more  than  22 ~ we re  obta ined w 
over  a wide composi t ion range  f rom 0.35 to 0.95. There -  -r 2 o 
fore, tbe  e tched profiles in the  po ly imide  films p r e -  ~- 
pa red  wi th  an  opt imized  condi t ion can be cont ro l led  w 
b y  the composit ion.  -- 

Etching temperature c~ependence.~The poly imide  c~ 
films employed  were  also p r e p a r e d  under  the  above _. 
ment ioned  conditions.  F igure  3(a)  shows a re la t ion ,~ 1' 
be tween  the e tching t e m p e r a t u r e  and the etch ra tes  a: 
in the  e tchants  wi th  ~ of 0.6 and 0.83. These etch ra tes  O 
increased exponen t i a l l y  wi th  the  e tching t empe ra tu r e  z 
bu t  changed at  the t empera tu re  of a round  40~ The 
act ivat ion energies  obta ined  be low 40~ were  la rger  
than  those above as descr ibed  in Table  II. W and 0 at 

TAPER WIDTH 

I I 

kDA 

GaAs SUBSTRATE 

SIDE ETCHED WIDTH 

~ TAPER ANGLE 

PHOTO RESIST 

z_. POLYIMIDE FILM 

POLYIMIDE THICKNESS 
ETCH RATE = 

MINIMUM ETCHING TIME 

SIDE ETCHED WIDTH NORMALIZED SIDE ETCHED WIDTH, W = 
POLYIMIDE THICKNESS 

POLYIMIDE THICKNESS 
TAPER ANGLE, e = TAN -1 \ T A - - ~ - ~ W I ~  ) 

Fig. 1. Schematic cross section of the etched groove in the 
polyimide films, and measured and calculated parameters. 
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Fig. 2. Ethylene diamine composition of the etchants at 35~ vs. 
the etch rate, normalized side etched width and taper angle in the 
polyimide films prepared with an optimized baking condition; (a, 
top) - -  the etch rate; (b, bottom) - -  the side etched width and 
taper angle. 

each composi t ion a were  also changed d ras t i ca l ly  be -  
tween 49 ~ and 50~ as shown in Fig. 3 (b ) .  The smal l -  
est W and la rges t  0 a t  each composi t ion = were  ob-  
ta ined at  t e m p e r a t u r e s  below 40~ Above this t em-  
pera ture ,  the t ape r  wid th  increased rapid ly .  Since the  
adhesion of the photores is t  to the  po ly imide  films 
deg raded  wi th  increased chemical  r eac t iv i ty  of the 
etchants,  0 became small .  Therefore,  the  e tching t em-  
p e r a t u r e  should be  kep t  be low 40~ 

Prebaking temperature dependence.--Etching was 
c a r r i e d  out by  using an e tchant  wi th  ~ : 0.6 at  35~ 
and the po ly imide  films p repa red  wi th  va ry ing  only 
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Table II. Activation energies of the etchan~ with ethylene diamine 
composition cc of 0.6 and 0.83 

O 

I I 
3,4 3,5 3.6 

1000 / T ( ~  

40 

3O 

20 o 

10 ~: �9 

w 

�9 �9 �9 

- i i 

(X : 0.83 o,o 

_ : 0.60 A,A 

2 _ TL : 150~ I,~B" . . . . . . .  "fi 

TH : 185~ 

- tH3 : 30 MIN - - Q - " 5  - ~ ~  

| 

_ �9 _�9 

0 I ~' ~ I I I I I 0 
0 2 0  4 0  6 0  8 0  

ETCHING TEMPERATURE ( ~ ) 

Fig. 3. Etching temperature of the etchunts with ethylene diamine 
composition a = 0.6 and 0.83 vs. the etch rate, normalized side 
etched width and taper angle in the polyimide films prepared 
under an optimized baking condition; (a, top) ---- the etch rate; (b, 
bottom) - -  the side etched width and taper angle. 

the  p r e b a k i n g  t e m p e r a t u r e  TL ranging  f rom 50 to 
185~ The dependence  of the  etch rate,  W and 0 on TL 
are  shown in Fig. 4 (a )  and (b) .  These th ree  te rms 
depended  s t rongly  on TL. A m i n i m u m  and m a x i m u m  
values of W and 0 respec t ive ly  were  about  0.37 and 35 ~ 
at  TL = 150~ at  which a m a x i m u m  etch ra te  of about  
8.9 ~m/min  was observed.  The dashed l ine in Fig. 4 (a) 

COMPOSITION C( 

ETCHING TEMP.(~ 

ACTIVATION ENERGY 

( Kcal / real ) 

0.6 

<~..40 >_..40 

28.9 12.9 

0.83 

<~_40 .~_.>40 

18.6 10.5 

shows the  side etch r a t e  hav ing  a constant  va lue  of 
about  3.7 #m/min ,  which was measured  on the surface  
of the  po ly imide  films; so W can be contro l led  b y  the 
etch rate.  However ,  f rom the fact  tha t  e cannot  be es t i -  
ma ted  by  using the e tch ra te  and the side etch rate,  
we think,  e is de te rmined  by  the film p repa ra t ion  con- 
di t ion itself, that  is, only  the TL in this case. The detai ls  
wi l l  be descr ibed la ter .  

The dependence  of these three  te rms on the p re -  
bak ing  t ime as a funct ion of  TL was also invest igated,  
bu t  they  mere ly  depended  on the t ime up to 45 min  
at  least.  The t empera tu re  r a t h e r  than  the t ime of the  
p rebak ing  is impor t an t  for  p repa r ing  sui table  films. 
The typica l  p r ebak ing  condit ion descr ibed  in Table  I, 
i.e., TL = 150~ for 15 min, p roduced  good results .  

The reasons for the occurrence of  m a x i m u m  etch 
ra te  at  TL --  150~ we suppose, a r e  as follows. Po ly -  
imides a re  obta ined  by  hea t ing  a p r epo lymer  solut ion 
(cal led po ly imide  precursor )  whose di luent  is d i -  
me thy lace tamide  wi th  a boi l ing t empera tu re  of 165~ 

0 H 0 
R - -  f C ~ _ R  ' HEAT O.~ C)N--R' + H20 

0 

POLYIMIOE PRECURSOR P O L Y I M I D E  

This d e h y d r a t i o n  reac t ion  causes an increase  in the  
imide  bond and~ cycl izat ion of the po lyme r  chain. 

A n  in f ra red  spec t rum analys is  of sp in -coa ted  po ly -  
imide  films exposed  to evapora t ed  t e m p e r a t u r e  indi-  
cates tha t  this  dehydra t ion  (i) occurs at  t empera tu re s  
as low as 50~ (ii) increases  s teeply  at  t empera tu re s  
of 100~176 and  (iii) is essent ia l ly  completed  above  
250~ (1). 

Po ly imide  films are  soluble  in the  e tchant  due  to 
scission of the  p o l y m e r  chain at  the  imide bond. So, 
the etch ra te  is de t e rmined  by  two compet ing  p ro -  
cesses of increase in the imide  bond and the cyclization. 

Since  the  po lyme r  chain wi l l  not  cycl ize ex tens ive ly  
unt i l  the  boi l ing t e m p e r a t u r e  of d i luent  is reached 
(6), t h e  etch ra te  increases wi th  an increase  in the 
imide  bond. Al though  fu r the r  increas ing TL ( >  150~ 
causes an increase  in  the  imide bond, the cyclizat ion 
wil l  occur ex tens ive ly  due to increase  in the  evapora -  
t ion of di luent ,  which causes a decrease in the scission 
ra te  of the po lymer  chain and the etch rate.  Therefore,  
the  etch ra te  m a x i m u m  occurs. The t empera tu re  giving 
the etch ra te  m a x i m u m  is closely re la ted  to the boi l ing 
t e m p e r a t u r e  of d i luen t  and the film baking  processes 
to evapora te  di luent .  TL --  150~ i n c l u d i n g  the post-  
bak ing  t e m p e r a t u r e  of 185~ corresponds  to the boi l -  
ing t empe ra tu r e  of d i luen t  used. 

Postbaking temperature  dependence . - -The  expe r i -  
ments  were  done by  using the  e tchant  wi th  ~ = 0.6 
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at 35~ and the polyimide films prepared  with  varying 
only the postbaking t empera tu re  TH over  a range f rom 
185 ~ to 400~ Figure  5(a) shows the etch rate de- 
creased rapidly wi th  increasing TH and reached a con- 
s~ant value of about 0.6 #m/rain  above 300~ which is 
near ly  equal  to cure tempera ture  of the polyimide (1). 
As shown in Fig. 5(b) ,  W varied with TH and had a 
min imum value  of about 0.4 be tween 185 ~ and 225~ 
but e var ied little, which was different f rom the results 
of TL dependence.  However ,  e could not be also esti-  
mated  by uti l izing the etch rate ~and side etch rate. 

z 
~E 
E 

v 

l.IJ I- < 
Ix 
"1- 
O 
I-- 
LU 

20 

15_ 

I0_ 

5-  

0 
100 

SOLUTION : 0(= 0.6, 35~ 

TL : 150 ~ 

t H 3 : 3 0  MIN 

o 
I 

I 

i\ 
o~ ~__-( - - - -  -A SIDE ETCH R A T E )  

~~176176 ~ 

200 300 400 

POST-BAKING TEMPERATURE, TH ( ~ ) 

Fig. 5. Postbaking temperature dependence of the etch rate, 
normalized side etched width and taper angle. The etching was 
done in the etchants with ethylene diamine composition a = 0.6 
at 35:C; (a, top) "-- the etch rate; (b, bottom) - -  the side etched 
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W and 0 could not be measured exact ly  above 280~ 
since an adhesion of the photoresist  masks to the film 
degraded during a long etching time. In order  to min i -  
mize side etching TH should be kept  be tween  185 ~ and 
225~ 

Last postbaking time tH~ d, ependence.--The films 
were  prepared  vary ing  only the last postbaking t ime 
tH3 over  a range  of 5-180 min  and e tched in the etchant  
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wi th  ~ - 0.6 at  35~ F igu re  6(a)  shows the etch ra te  
var ied  s t rong ly  wi th  tH3, especia l ly  be low 30 min. W 
and 0, however ,  va r i ed  l i t t le  wi th  tH8 above 15 min  and 
had  a constant  va lue  of about  0.31 and 33~ respec-  
t ively.  This resul t  indicates  tha t  it  is be t t e r  for a precise 
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etching  control  to keep  tHs as long as possible  where  
the  p repa ra t ion  t ime of the po ly imide  films in device 
fabr ica t ion  process is not impor tant .  The 30 min  bak ing  
t ime tH3 was enough for  achieving reproduc ib le  results.  

Overetching time dependence.--Figure 7 shows the 
dependence  of W and ~ on the normal ized  overe tching 
t ime �9 which is defined as a rat io  of the e tching t ime 
to the  m i n i m u m  etching t ime.  The films were  p repa red  
with  the typ ica l  condit ion,  and  e tched in  an e tchant  
wi th  a - -  0.83 at  35~ W increased l i nea r ly  wi th  
increas ing  ~, and was less than  1 up to T --  4. e de-  
creased l i t t le  as ~ in.creased. This is, we suppose, due 
to a s l ight  degrada t ion  of the  photores is t  adhesion dur -  
ing a long etching.  The fact  tha t  e was a pp rox i ma te ly  
constant  even when  overetched,  also indicates  tha t  it  
is de t e rmined  by  the film p repa ra t ion  condi t ion itself. 

Cross section ol V-shape groove.-=The cross sect ion 
of the  grooves formed in the po ly imide  films is shown 
in Fig. 8. The V-shape  etched grooves have  the fo l low-  
ing features :  (i) The size of  the  groove is contro l led  
by  the width  of the  opening in the photores is t  mask.  
When  the wid th  is r e l a t ive ly  smal l  compared  wi th  the 
po ly imide  thickness,  a comple te ly  V-shape  groove is 
formed;  (ii) the bo t tom size of the groove at min i -  
mum etching t ime is a lways  smal le r  than  the  opening 
width;  and (iii) the t ape r  angle is  a lmost  independen t  
of the  opening  wid th  and the e tch ing  t ime,  and  has a 
constant  value  which is de t e rmine d  by  the film p r e p -  
a ra t ion  condition. 

These  fea tures  a re  s imi lar  to the p re fe ren t i a l  e tching 
character is t ics  of the s ingle c rys ta l  such as GaAs or Si 
(4, 5). The V-shape  grooves in the po ly imide  films, 
however ,  can be formed with  no need of a l igning the 
opening in  the  masks  wi th  a pa r t i cu la r  d i rect ion and 
wi th  no res t r ic t ion  on the opening figures ava i lab le  for 
the masks.  

Based on these  results,  we propose that  the V-shape  
grooves are  produced  by  the fol lowing mechanism:  (i) 
the  e tching proceeds wi th  a constant  t ape r  angle  which 
is de te rmined  by  the film p repa ra t ion  condit ion itself;  
and  (ii) the  grooves wi th  a constant  t ape r  angle a re  
control led  b y  the s ide etch r a t e  when  both  side wal ls  
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Fig. 8. Cross section of the V-shape grooves produced in the 
polyimide films through photoresist mask in cuses of L (mask 
opening) > >  H (polyimide thickness) end L < H. 

L >>H L~H 

I< L >I 

SUBSTRATE 

Fig. 9. Proposed etched profiles in the polyimide films. The 
dashed lines show them formed before minimum etching time and 
the solid lines show them at minimum etching time. 

in the profiles intersect before exposing the surface of 
the wafers, or when the surface is exposed. Figure 9 
schematically shows the etched profiles with a constant 
taper angle (~35 ~ in the case of L (width of the pho- 
toresisr opening) > > H  (polyimide thickness) and 
L <~ H. At the beginning of the etching, the profile A 
and a produced at the same etching time have the same 
etched depth which is determined by the etch rate. 

After further etching, the profile B and b are formed. 
The side walls in B do not intersect each other. But in 
b they do intersect and a complete V-shape profile is 
formed. The etched depth in b is shallower than that in 
B due to the slow side etch rate. The profile C and c 
are the etched profiles at minimum etching time. The 
surface of the substrate is exposed in the case of L > >  
H, but is not in L < H. The complete V-shape profile 
c becomes larger than the profile b by the side etch 
width. When overetched, the sizes of the profiles in 
both cases are controlled by the side etch rate and the 
taper angle is kept constant. Therefore, for a successful 

preferential-like chem2cal etching of the ,polyimide 
films, it is essential to keep the large ratio of the etch 
rate to the side etch rate. 

Compatibility with GaAs processing.--The alkaline 
etchant composed of hydrazine hydrate and ethylene 
diamine did not erode GaAs wafers and negative type 
photoresists (Waycoat IC, NMR, or OMR), but eroded 
positive photoresists such as AZ-135OJ or OFPR-800. 
On the other hand, the polyimide films were not eroded 
in the alkaline GaAs etchants such as the NaOH-H~O2 
system and in the J-100 photoresist remover. Therefore, 
our chemical etching technique of the polyimide films 
gives much flexibility to GaAs device fabricators. 

Conclusions 
A novel chemical etching technique for generating 

V-shape grooves in spin-coated thick polyimide films 
has been developed by employing the etchants com- 
posed of hydrazine hydrate and ethylene diamine. 

A three-step coating process containing pre- and 
postbakings is used for the thick film preparation. Op- 
timizing these baking temperatures is very important 
for a successful preferential-like chemical etching. 

The etchants with a higher composition of ethylene 
diamine and a temperature below 40~ have provided 
good results. The side etch rate and the width of the 
photoresist opening have played a very important role 
for controlling the size of the groove with a constant 
taper angle. The taper angle has been determined by 
the film preparation condition itself and is approxi- 
mately independent of the etching time. 
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Thermal Stress in CVD PSG and SiO, Films on Silicon Substrates 

M. Shimbo* and T. Matsuo* 

Toshiba R & D Center, Komukai Toshiba-cho, Kawasaki, Japan 

ABSTRACT 

Stress- temperature relationships of APCVD and LPCVD SiO2 and PSG films on silicon substrates were measured with 
the Newton ring method up to 1000~ Compressive stress in PSG films at room temperature  reduces and turns to tension 
above 100~ Stress- temperature curves of PSG have a max imum at about  500~ regardless of film composi t ions and depo- 
sition conditions. Heat- treatment of APCVD PSG films at constant  temperatures  below or above the stress max imum tem- 
perature causes an increase or decrease of stress. Stress in APCVD SiO~ on heating up to 1000~ is tensile while that  in 
LPCVD SiO2 film changes from compression to tension on heating though both films have the same stress max imum tem- 
perature. Stress of the films is at t r ibuted to swelling or shrinking caused by water adsorpt ion or desorpt ion up to the stress 
max imum tempera ture  above which sintering and stress release take place. The stress max imum temperature  corresponds 
to the solidus line in the SiO2-P~O5 binary system. 

Sil icon dioxide  (SiO2) and phosphosi l icate  glass 
(PSG)  films p r e p a r e d  wi th  chemical  vapor  deposi t ion 
(CVD) are  wide ly  used on IC and LSI  circuits  for  p ro -  
tcct ion or  pass iva t ion  of a luminum interconnect  lines. 
One of the  ser ious  problems  in this appl ica t ion  is stress 
format ion  in the films. Since the stress causes cracks 
that  reduce the re l i ab i l i ty  of circuits,  severa l  inves t i -  
gat ions have been car r ied  out, and m a n y  factors such 
as composi t ion of the films, depos i t ion  conditions,  and 
humid i ty  in su r roundings  are  known to affect the stress 
(1-5).  Above  all,  the  effect of  h e a t - t r e a t m e n t  is i m p o r -  
tant  not on ly  for opt imizat ion of the  c i rcui t  fabr ica t ion  
process but  also for  invest igat ion of the  stress p ropa -  
gat ion mechanism (6), However ,  most  of the fo rmer  
research efforts were  based on room t empera tu re  mea -  
su rement  which  inc ludes  s tress  developed dur ing  cool- 
ing. 

In  this work,  s t r e s s - t empera tu re  re la t ionships  of 
SiO2 and PSG films wi th  var ious  phosphorus  concen- 
t ra t ions  and different  p repa ra t ion  methods  were  inves-  
t iga ted  by  using a convenient  appara tus  wi th  w h i c h  a 
curva tu re  of wafers  in a hea t ing  furnace can be d i -  
rec t ly  measured  up to 1000~ wi th  the Newton  r ing  
method  (7).  

Direct  measu remen t  of the the rmal  stress in  SiO2 
films was repor ted  b y  Sinha  et  aL (8).  

Recently,  S in tani  et al. (9) have  repor ted  in situ 
measu remen t  of s t r e s s - t empera tu re  re la t ionships  of 
CVD PSG and SiO2 films by  using x - r a y  diffraction, 
and they  discussed the resul ts  in re la t ion  to wa te r  ad -  
sorpt ion or  desorpt ion and high t empe ra tu r e  creeping.  
The i r  r epo r t  is consistent  wi th  our  work  basical ly,  but  
more  refined measurements  are  presented  in this pa -  
per;  and the stress p ropaga t ion  mechanism is qual i -  
t a t i ve ly  discussed. 

Experimental 
SiO~ and PSG films of 500-1200 n m  in thickness  were  

formed on (100) sil icon p lane  wafers  at  3 in. d iam and 
0.45 m m  th ick  wi th  a tmospher ic  CVD (APCVD) and 
low pressure  CVD (LPCVD) at  0.1-0.2 Torr.  D e p o s i -  
t i on  t empera tu re s  were  380 ~ and 500~ for APCVD and 
430~ for LPCVD. Deposi t ion ra tes  of the films are  
500 A / m i n  for  APCVD and 50 A / m i n  for  LPCVD. In  
both  cases, the  O2/SiH4 ra t io  was kep t  constant  (12 
and 2.5) and PHa d i lu ted  wi th  N2 was in t roduced  in  
the  reac tor  as the phosphorus  source. Phosphorus  con- 
tent  in the  films was  de te rmined  by  x - r a y  fluorescence 
analysis.  Al l  samples  before  measu remen t  were  s tored  
for  1-3 weeks  at  room t e m p e r a t u r e  wi thou t  humid i ty  
control.  

A n  appara tus  designed for  s tress  measuremen t  is 
shown schemat ica l ly  in Fig. 1. A sample  wafe r  22 m m  
in d iamete r ,  which  was cut f rom an ini t ia l  3 in. wafer ,  

* Electrochemical Society Active Member. 
Key words: stress-temperature relationship, heat-treatment, 

stress propagation mechanism. 

was p laced  on an opt ica l ly  fiat p l a t e  of quar tz  glass in 
a ver t ica l  e lectr ic  furnace  of  about  30 m m  in te rna l  d i -  
ameter .  In te r fe rence  fr inges of reflected l ight  be tween  
the wafer  and the quar tz  glass surface were  detected 
th rough  a h a l f - m i r r o r  and a telescope using a sodium 
lamp as the l ight  source, and the radius  of cu rva tu re  
of the wafer  was ca lcula ted  (7). T e m p e r a t u r e  of the  
furnace  was increased and decreased at  the  ra te  of 
250~ Before this exper imen t ,  d i rec t ion  and mag-  
n i tude of cu rva tu re  of  the wafers  were  measured  wi th  
a laser  flatness tes ter  (Cannon Corporat ion,  LSF-500) .  
Sens i t iv i ty  of this expe r imen t  is l imi ted  b y  (i) uncer -  
t a in ty  of center  posi t ion of the samples  and (ii) aniso-  
t ropic deformat ion  of t h e  curvature .  The e r ro r  caused 
by  (i) could be minimized to less than  one -ha l f  of the  
wave leng th  by  careful  measurements ,  but  a discrep-  
ancy of more  than  20% in curva tu re  be tween  two 
pe rpend icu la r  direct ions of wafers  took place  in some 
samples.  Mean values  were  chosen in these cases. 

The stress  was ca lcula ted  f rom the fol lowing for-  
mula  repor ted  b y  Jacodine  et al. (10) 

1 E 1 ts 2 

6 1 - - ~  R tg 

where  ~ is the  s t ress  in the  film, E and v a re  Young's  
modulus  and Poisson rat io  of silicon, respect ively ,  tg 
and  ts a re  thickness of ,films and wafers,  respect ively,  
and R is the radius  of curvature .  

Results 
Stress-temperature relationships.--Figure 2 shows 

the s t r e s s - t empe ra tu r e  re la t ionships  of APCVD films 
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deposi ted at 380~ The ini t ia l  s t ress  before  hea t ing  is 
compressive.  This m a y  be caused by  the long s torage  
t ime of samples,  as is shown below. Above  100~ the 
stress decreases and changes to tensi le  wi th  increas ing 
tempera ture .  The stress reaches  a m a x i m u m  at about  
500~ then  decreases,  and comple te ly  d isappears  above 
900~ On cooling, compressive stress develops be -  
l o ~  about  700~ and increases  wi th  decreas ing tem-  
pera ture .  A smal l  hump at  about  700~ is observed  in 
some samples  though we fai led to connect  i t  to any  
sample  p repa ra t ion  process or composition. 

F igure  3 also shows the s t r e s s - t empera tu re  re la t ion-  
ship of APCVD PSG and SiO2 films deposi ted at  500~ 
S imi la r  resul ts  can be observed except  for  SiO= film 
where  the  ini t ia l  s t ress  is tensile,  and the tensi le  s tress  
remains  unt i l  1000~ The stress m a x i m u m  t emper -  
a tu re  of the  SiO2 film is about  700~ When  phosphorus  
content  is a b o v e 2 . 8  • 1021 a toms /cm ~ (,-~6 mol pe r -  
cent PaOs) no Significant stress can be observed  at  any  
tempera ture .  

F igu re  4 shows stress of LPCVD films of var ious  
phosphorus  concentrat ions  in re la t ion  to t empera tu re .  
In  cont ras t  to APC.VD films, in i t ia l  stress of SiO2 films 
is compressive a l though the  stress m a x i m u m  t e mpe r -  
a tu re  is app rox ima te ly  the  same as that  of APCVD 
films. In  the  case of PSG films, behavior  of stress is 
s imi la r  to tha t  of APCVD. 

Stress  m a x i m u m  t empera tu r e  and m a x i m u m  stress 
a re  shown in Fig. 5 in re la t ion to phosphorus  concen- 
t ra t ion  in the  films. Max imum stress of APCVD de-  
creases wi th  increas ing phosphorus  concentrat ion,  bu t  
only  a s l ight  decrease of the stress is observed in 
LPCVD PSG films. On the o ther  hand, the stress m a x i -  
mum t e m p e r a t u r e  of PSG films is constant  regardless  
of deposi t ion method  or phosphorus  content.  
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E~fect of heat-t~eatment.--Figures 6 and 7 show 
s t r e s s - t empera tu re  re la t ionships  of APCVD films un -  
der  v a r i o u s h e a t i n g  cycles. When  the films are  kep t  at  
constant  t empera tu re  near,  bu t  be low or  above, the  
s tress  m a x i m u m  tempera ture ,  stress increases  or de-  
creases wi th  time, respect ively.  On cooling, s t ress  de -  
creases monotonously.  F u r t h e r  decrease in s tress  is 
observed af te r  s torage at  room tempera ture ,  if hea t -  
t r ea tmen t  t empera tu re  is l imi ted  be low the s tress  m a x -  
imum tempera ture ,  though its ra te  is small .  When  the 
sample  was reheated ,  the stress increased nea r ly  pa r -  
a l le l  to the cooling curve up to the ini t ia l  hea t ing  
tempera ture .  Above that  t empera ture ,  the  s t r e s s - t em-  
pe ra tu re  curves change s imi lar  to that  shown in Fig. 
2 and 3. S imi la r  s t r e s s - t empera tu re  loops are  ob-  
served on LPCVD PSG films. 

Time dependence  of the  stress in APCVD PSG films 
hea t - t r ea t ed  at  constant  t empe ra tu r e  is shown in Fig. 
8. Stress  increases or decreases wi th  t ime when the 
h e a t - t r e a t m e n t  t empe ra tu r e  is be low or above the 
stress m a x i m u m  tempera ture .  

Change of stress after deposition.--Figure 9 shows 
change of stress in APCVD PSG films s tored at  room 
t empera tu re  in re la t ion to the phosphorus  concent ra-  
tions. Stress  in films jus t  a f te r  deposi t ion is tensile,  bu t  
i t  decreases or  turns  to compression af ter  one week.  
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Similar  results have been reported by Sunami (5). 
These phenomena are explained as the swelling of films 
with adsorption of water. 

Discussion 
Pulker  (6) reported that the total stress developed 

in films originates from (i) redistribution of incom- 
plete structural  order, (ii) the chemical and physical 
incorporating materials, and (iii) thermal  expansion 
difference between the films and substrates. The total 
stress in CVD PSG and SiO2 films can be explained by 
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Fig. 9. Change of stress in APCVD PSG films at room temperature 
after deposition in relation to phosphorus concentration in the 
films. 

using similar mechanisms. Quantitative separation of 
the above factors, however, is quite difficult in our ex- 
periment because they are supposed to be correlated 
with each other, and many physical constants of the 
films (v, E, etc.) are unknown. Therefore the dominant 
process contributing to the total stress will  be quali- 
tat ively proposed. 

Stress- temperature relationships up to the stress 
maximum temperature can be explained if we assume 
that CVD films are porous in nature like silica gel or 
porous glass, and water  molecules are absorbed or de- 
sorbed to reach an equilibrium determined with tem- 
perature and humidity (11, 12). LPCVD SiO~ films 
which absorb much water (9) swell to propagate com- 
pressive stress at room temperature,  while tensile 
stress develops on APCVD SiO2 films in which swell-  
ing with water is not sufficient to compensate shrink- 
age which may be based on the above mechanism (i) 
according to Pulker. In the case of PSG films, behavior 
of stress is similar to that of LPCVD SiO2 but sign and 
magnitude of initial stress depend on their composition 
and deposition conditions together with the storage 
time under humidity. Above 100~ all films shrink 
with dehydration up to the stress maximum temper-  
ature. 

Some irreversible dehydration polymerization may 
proceed in this temperature range because the stress 
reducing rate of the films heat- t reated below the stress 
maximum temperature is small at room temperature 
(cf. Fig. 6). But change of the maximum stress could 
not be detected after annealing the films below the 
stress maximum temperature.  Above the stress maxi-  
mum temperature, the total stress reduces with sin- 
tering and creeping of films (9). 

The stress maximum temperature of PSG films is 
constant, and is consistent with the solidus line in the 
SiO2-P20~ phase diagram (13). The phase diagram also 
shows that the stable phase of PSG films may be a 
mixture of SiO~ and low melting phosphosflicates. 

Segregation of constituents in some PSG films during 
deposition is plausible because the high temperature 
hump shown in Fig. 2 coincides with the stress maxi-  
mum temperature of SiO2 films shown in Fig. 3. PSG 
films completely melt and flow above 900~ and 
stresses caused by thermal expansion difference be- 
tween substrates and films develop below the strain 



138 J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY January 1983 

temperature (about 700~ for PSG films) during cool- 
ing. Cooling curves of the stress shown in Fig. 6 and 7 
suggest that  reduction of stress in annealed films on 
cooling is also caused mainly by the thermal expansion 
difference. But change of the stress in these films was 
larger than that  in the remelted films under the same 
temperature change. This suggests that the mechanical 
constants (E and v) or the thermal expansion coeffi- 
cient of annealed and sintered films are not equal. 

Conclusion 
Stress of APCVD SiO2 films on heating is tensile 

(from room temperature to 1000~ and has a maxi-  
mum at about 700~ while that of LPCVD SiOs 
changes from compression to tension, though its maxi-  
mum temperature coincides with the former. In the 
case of PSG, the stress temperature curves resemble 
that  of LPCVD SiO~, but have a maximum at about 
500~ regardless of film compositions and preparation 
conditions. 

Stress of films is at t r ibuted to swelling or shrink- 
ing caused by water  adsorption or desorption up to 
the stress maximum temperature a b o v e w h i c h  sin- 
tering and stress release with creep proceed. The 
stress maximum temperature from which sintering 
proceeds corresponds to the solidus line in SIO2-P205 
binary system. Segregation of constituent in some PSG 
films between SiO~ and low melting glass ,before heat-  
treatments is plausible. 
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Kinetics of Changes in N, and D,, at the Si-SiO  Interface under Long- 
Term Positive as well as Negative Bias-Temperature Aging 

Noboru Shiono, Osaake Nakajima, and Chisato Hashimoto 
Nippon Telegraph and Telephone Public Corporation, Musashino Electrical Communication Laboratory, Musashino-shi, 

Tokyo, 180 Japan 

ABSTRACT 

The kinetics of changes in fixed oxide charge density, Nf, and interface trap density, Dit, under bias-temperature (BT) 
stress aging has been determined for poly Si-thin SiO2 (40-50 nm)-silicon structures formed by three gate oxidation methods; 
dry Os, steam, and HC1 oxidation. Positive B T aging, that is the aging with a positive voltage applied to the gate at an elevated 
temperature, causes Dlt generation in the upper half of the bandgap. Here, a peak appears at around 0.7 eV above the valence 
bandedge. Negative BT aging causes a negative flatband voltage VFB shift accompanied byDit generation. Here, aDit broad 
peak appears at around 0.4 eV above the valence bandedge. Time, temperature, and oxide field dependence for VFB shifts 
and D~t generation are investigated for three oxides. Comparing the amount of changes in N~ and D~ under BT aging in _+3 
MV/cm, 250~ and 2000 hr, HC1 oxides are found to be the most stable and steam oxides the most unstable. 

I t  is well known that fixed oxide charges and inter-  
face trapped charges are generated at the Si-SiOa in- 
terface under negative bias- temperature (BT) stress 
aging, that is the aging with a negative voltage applied 
to the gate at an elevated temperature. This is the so- 
called slow trapping instability, and is potentially a 
major threat  to the rel iabil i ty of p-channel  MOSFET 
devices (1-9). Few experimental  results other than 
mobile ion effects, however, have been reported on 
changes in interface properties of the Si-SiO2 interface 
under positive BT stress aging. Such results are im- 
portant for estimating the rel iabil i ty of n-channel 
MOSFET devices, which are widely used. 

Key words: MOS devices, reliability, interface stability, fixed 
oxide charge, interface trapped charge. 

It  has been reported recently that  interface trapped 
charges are generated under long-term positive BT 
aging, without an increase in fixed oxide charges (10). 
This effect has also been reported to cause a positive 
threshold voltage shift in n-channel MOSFET's (11). 
The object of the present work has been to obtain 
more detailed information on the kinetics of changes 
in fixed oxide charges and interface trapped charges 
under positive, as well as negative, bias-temperature 
stress aging of poly Si-thin SIO2- p-Si  capacitors. Spe- 
cial focus is placed on the influence of gate oxide 
formation methods. Dry O~ oxides, steam oxides, and 
HC1 oxides are chosen for comparing the effects on the 
interface stabili ty of the Si-SiO~ interface. 
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Experimental 
Sample preparations.~Polysilicon (phosphorus 

doped) - th in  SiO~-silicon capacitors were fabricated 
using the s tandard sili.con gate technology with applied 
LOCOS process (12) as p~eviously described (10). Gate oxide 
(100) or ien ted  p - t y p e  si l icon subs t ra tes  wi th  2-5 ~ �9 cm forma- 
resist ivi ty were used. After  the LOCOS process, a thin tion 

m e t h o d  
gate silicon dioxide layer, with a 40-50 nm thickness, 
was grown by dry  O2 oxidation, steam oxidation, and 
HC1 oxidation. Dry O2 oxidation was carried out at 
1000~ Steam oxidation was performed by the direct 
reaction of H2 and O2 in  a pyrogenic system at 900~ 
For HC1 oxidation, a 5% HC1/O2 (volume percent)  am-  
bient  was used. After  oxidation for 20 min  at 1150~ 
to a thickness of about  120 nm, the oxides were th inned 
to about  50 nm by etching, using a di lute HF solution. 
This preparat ion method was used to obtain good passi- 
r a t ion  effect against mobile  ions in HC1 oxides. This 
referred to Rohatgi 's result  (13), as complete passi- 
r a t ion  was accomplished by adequate oxidation in high 
HC1 concentrat ion ambients  ,at high temperature,  such 
as in  4% HC1/O2 at 1150~ for 30 min. Phosphorus- .  
doped polysilicon was then grown to form gate elec- 
trodes. After  the polysilicon was etched out from 're- 
gions other  than the g a t e  and  interconnects,  a thick 
CVD SiO2 layer  was deposited for surface passivation. 
Contact windows were defined and CVD SiO~ was 
etched. A l u m i n u m  was then evaporated to prepare 
bonding pads on the field oxides. These pads are in -  
tended to exclude such damage on the thin gate SiO2 
as might  be caused by bonding stress. Final ly,  the 
wafers were annealed in forming gas at 450~ to re-  
duce fixed oxide charges and interface trapped charges. 
Dicing chips were mounted  on TO-5 headers by al loy- 
ing gold silicon. After  a luminum wires were bonded 
between the bonding pads and the posts of TO-5 pack- 
ages, the chips were encapsulated in a dry N2 ambient.  

The gate oxide formation method was a variable  
process parameter .  Dry O2, steam, and HC1 oxidation 
were chosen for prepar ing thin gate oxides. Although 
the oxidation tempera ture  var ied depending on the 
oxidation method, the oxidation conditions employed 
were the most sui table  for obtaining good controlabil-  
i ty  and reproducibi l i ty  in prepar ing thin gate oxides, 
and for realizing each oxide's quality. 

Aging method and measurements.~Bias-temperature 
stress aging was carried out  under  various stress con- 
ditions. A positive or negative oxide field, ranging from 
2 to 6 MV/cm, was applied to the gate electrode with x 
respect to the silicon substrate at an elevated tempera-  o 
ture of from 150 ~ to 300~ and  .aging time was ex-  (_) 
tended to 2000 hr. Here, the oxide field was defined 
s imply as the applied gate voltage divided by  the gate u] c9 
oxide thi'ckness, z 

Fla tband  voltage ~7FB shift and change in interface 
trap densi ty Dit dis t r ibut ion were estimated after  BT 
aging. The ~TFB shift was obtained from high-f requency 
(1 MHz) C-V measurements .  Interface trap density, as <~ 
a funct ion of relative surface potential,  was obtained 
through the quasi-static C-V technique, and measured c~ 
by means of a computerized C-V analysis system. The 
quasi-stat ic  C-V method allows an accurate de termina-  
t ion of interface trap densi ty  between about  300 mV 
above the valence bandedge and about 300 mV below (~ 
the conduction bandedge in the forbidden gap. The ac- z 
curacy of the interface trap densi ty  measurement  was 
about  1 • 1010 cm-S eV-1 at midgap. 

Results and Discussion 
Initial characteristics.~Table I shows the ini t ia l  state 

of flatband voltage VFB, fixed oxide charge densi ty Nf, 
and  interface trap densi ty  Dit at midgap. These values 
were obtained from measurement  of about 50 samples 
for each oxide. Since the ini t ia l  values of Nf and Dit 
were less than 4 • 1010 cm-~ and 2 • 101~ cm -2 eV -1, 
respectively, for all  MOS capacitors, these oxides were 
verified to be of good quality.  Mobile ionic charge den-  

Table I. Init ial characteristics of f latband voltage, fixed oxide 
charge density, and interface trap density 

Gate Fixed Interface 
oxide Concentra- oxide trap 
thick- tion of Flat- charge density 
hess acceptor hand density Dl.t (11) lu 

f ox  impurities voltage N~* (10 lo em -~ 
(nm) NA (cm -8) VFS (V) cm --~ eV -~) 

Dry O= 40 1.5 x 101B -0.88 ~ 0.01 ~1 <2 
Steam 40 3.5 x lt~ 5 -0.89 -- 0.01 ~1 <2 
HC1 50 9.0 x 10 ~ - 1.uu ~ 0.01 ~4 <2 

* For calculating this value, we use r = -0.55 - ~I,~ (14). 

si ty in  the oxides was ,also below 5 X 109 cm -2, be- 
cause the VFB shi~ after positive BT aging was wi thin  
10 mV, which is the exper tmental  accuracy. 

Representative C-V curves.--Figure 1 shows typical 
C-V curves in the ini t ia l  state and after  positive BT 
aging. Figure 2 shows changes in  the interface trap 
density dis t r ibut ion that correspond to the C-V curves 
shown in  Fig. 1. There were three ma in  features in  the 
positive BT aging. (i) The ini t ia l ly  single m i n i m u m  in 
the quasi-stat ic  C-V curve was split into two min ima  
which occurred at a significantly higher  C/Cox. This 
spl i t t ing resulted from an increase in  Dit, which had a 
peak around 0.7 eV above the valence bandedge, as 
shown in Fig. 2. (ii) The high f requency C-V curve 
shifted to more positive values, indicat ing positive VFB 
shifts for steam oxides. For  d ry  02 oxides and HC1 
oxides, however, the curve did not  shift, al though a 
positive VFB shift was observed after aging in  an 
oxide field higher than 5.5 MV/cm. (iii) Strong inver -  
sion voltage, namely  threshold voltage VT, shifted to 
more positive values, as indicated by the vertical  ar-  
rows in Fig. 1. This was due to the increase in acceptor- 
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Fig. 2. Changes in interface trap density Dit distribution due to 
positive BT aging, derived from quasi-static C-V curves shown in 
Fig. I .  

type interface trapped charges in the upper half of the 
bandgap (11). 

Figure 3 shows typical C-V  curves in the initial state, 
and after negative BT aging. Interface trap density dis- 
tributions corresponding to these C-V curves are 
shown in Fig. 4. There were also three main features 
in negative BT aging. (i) The high frequency C-V  curve 
shifted to more negative values, indicating a negative 
VFB shift for all oxides. This shift was in the opposite 
direction to that induced by positive BT aging. (ii) In-  
terface trap density increased over the entire bandgap. 
For dry  02 and steam oxides, a broad but readily iden- 
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Fig. 4. Changes in interface trap density distribution due to 
negative BT aging, derived from quasi-static C-V curves shown in 
Fig. 3. 

tifiable peak in Dit at around 0.4 eV above the valence 
bandedge was observed after high temperature or long 
aging. Such a distinct peak, however, could not be ob- 
served for HC1 oxides. The Dit peak at around 0.4 eV 
above the valence bandedge is similar to the results 
reported by Goetzberger (3) and Saminadayer (5) 
observed by negative BT aging on metal gate MOS ca- 
pacitors. (iii) Strong inversion voltage shifted little, as 
compared to an amount of negative VV~FS shlft. Under 
high stress aglng conditions, VT shifted to more posi- 
tive voltages in spite of negative VFB shift, indicating 
the increase in acceptor-type interface trapped charges. 

Kinetics of VFB shiSts.--Kinetics measurements on the 
VFB shift were made under positive and negative BT 
aging. Figure 5 shows positive VFB shift vs. aging time 
observed under positive BT aging, given as a function 
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of oxide  fields and of t empera tures .  Fo r  d ry  O~ oxides,  
a posi t ive  VFB shif t  was observed  a f te r  a h igh  oxide 
field aging at  5.5 M V / c m  and 200~ for 1000 hr. At  
s t andard  aging condit ions employed  in the exper iment ,  
3 MV/cm,  250~ and 2000 hr, however ,  VFB did  not  
s h i f t f o r  d ry  O2 and HC1 oxides.  

Fo r  s team oxides,  a posi t ive VFB shif t  appeared  under  
relati .vely weak  stress  conditions,  when compared  to 
the stress for d ry  02 and HC1 oxides. VFB shif ted loga-  
r i t hmica l iy  wi th  aging t ime. I t  is thus possible to ex-  
press the" VFB shift  app rox ima te ly  in the fol lowing re la -  
t ionship 

ATVVFB ~ 5 0  log ( t / to)  [1] 

where  AVFB is the VFB shift  in mV units,  t is the  aging 
t ime  in hour  units,  and to is the  s t a r t i ng  t ime for the  
VFB shif t  in hour  units.  The oxide field dependence  for 
to -1 can be expressed  as exponent ia l  form to -z  o: exp  
(AEox) ,  where  A is de t e rmined  f rom the plots of log 
(to - z )  vs. the oxide fields. Combining this field depen-  
dence wi th  a t empe ra tu r e  dependence  for  to -z,  which 
can be de te rmined  f rom the Ar rhen ius  plots  of log 
(to - z  ) vs. the  inverse  aging tempera tures ,  i t  is possible 
to express  to -1 in the fol lowing s imple form 

to -1 ,~ 1.0 • 10 z3 exp  ( - -1 .35/kT + 3.0 Eox) [2] 

where  Eox is the oxide  field in M V / c m  units  and kT  is 
the  the rmal  vol tage at  the aging t empera tu re  in eV 
units.  

F igu re  6 shows the t ime dependence  of the negat ive  
VFB shif t  under  nega t ive  BT aging, given as a funct ion 
of aging tempera tures .  Negat ive  VFB shifts appeared  
fas ter  than posi t ive TV'FB shift  induced by  posi t ive BT 
aging, when compared  to the same stress condit ions 
o ther  than bias polar i ty .  For  s team oxides the VFB shift  
tended to sa tu ra te  a f te r  severa l  tens of hours aging. 
For  d r y  O~ and HC1 oxides, however ,  the  VFB shift  did 
not  sa tura te  even af ter  1000 hr  aging at 300~ These 
expe r imen ta l  facts a re  con t ra ry  to p rev ious ly  repor ted  
results ,  where  negat ive  VFB shift  tends to sa tura te  a f te r  
two hours  a t  --10V and 300~ aging for  s team oxide 
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capaci tors  that  a re  about  100 nm thick gate oxides on 
(111) Si  (1).  

F igure  6 indicates  tha t  under  shor ter  ag ing  t ime of 
less than  100 hr, the magn i tude  of the negat ive  VFB 
shift  for s team oxides was two or  three  t imes l a rge r  
than tha t  for  d ry  O2 and HC1 oxides.  On the  other  
hand, under  a longer  aging period,  the negat ive  VFB 
shift  for  HC1 oxides increased fas ter  than  that  for d ry  
02 and  s team oxides. 

Fo r  d ry  O2 and s team oxides,  V F  B shi f ted  logar i thmi -  
cal ly  wi th  time, i r respect ive  of aging tempera tures .  
Thus, the negat ive  VFB shift  before  sa tura t ion  under  a 
--3 MV/cm field can be expressed a p p r o x i m a t e l y  as 
follows, b y  re fe r r ing  to the Ar rhen ius  plots for the 
s ta r t ing  t ime to -1 for the  VFB shif t  vs. the  inverse  
aging t empera tu re s  

Dry  02 oxides:  AVFB ~ --25 log ( t / to )  

to -1 ~ 6.7 • 1012 exp ( - -1 .1 /kT)  [3] 

S team oxides:  ~VFB ~-, --80 log ( t / to )  

to -1 ,~ 1.9 • 1015 exp ( - -1 .5 /kT)  [4] 

where  the uni ts  of the quant i t ies  are the  same as in  Eq. 
[1] and [2]. 

For  HCI oxides,  VFB shif ted with  the t ime depen-  
dence of t n, but  n var ied  f rom t empera tu re  to t e m p e r a -  
ture. n was 0.31 at  300~ aging, 0.25 at  250~ and 0.20 
at  200~ aging. Therefore,  t ime dependence  for the  VFB 
shift  cannot be summar ized  in a s imple  form. I t  is 
not iceable  tha t  t ime dependence  p a r a m e t e r  n becomes 
la rge  wi th  ra is ing aging tempera tures .  

Kinet ics  of Dit increase . - -The deve lopment  for Dit 
peak which appea red  a t  a round  0.7 eV above the  va -  
lence bandedge  was examined  under  posi t ive BT aging. 
F igure  7 shows Dit increase  vs. aging t ime for  the  three  
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oxides,  g iven as a funct ion of aging tempera tures .  Dit 
peak  was found to increase in propor t ion  to nth  power  
of aging t ime, whe re  n is 0.67 for d ry  02 oxides,  0.25 for 
s team oxides,  and 0.57 for HCI oxides.  The ra te  of Dit 
increase was also found to increase  exponent ia l ly  wi th  
the reciprocal  t empera tu res  and  exponent ia l ly  wi th  the 
square  root  of the  oxide  fields as shown in Fig. 8. Thus, 
t ime, t empera ture ,  and field dependence  for Dit increase 
can be expressed as a s imple form for each oxide 

Dry  O2 oxides:  

ADit ,-~ 9.1 X 10~ exp (--1.O/kT + 4.0~E0x)t0.6~ [5] 

S team oxides:  

hDit,-~ 4.1 X 103 exp (--0.58/kT + 3.3\/Eox)t6-2~ [6] 

HC1 oxides: 

AD~t,-, 6.1 X 10 -z  exp (--0.82/kT + 6.7~/Eox)t 0.56 [7] 

where  ADit is the  increase  in the Dlt peak  in 1010 cm -2 
eV -1 units,  Eox is the appl ied  oxide field in M V / c m  
units,  t is the  aging t ime in hour  units,  and kT is the 
the rmal  vol tage  at  the  aging t empera tu re  in eV units.  

Time evolut ion  for  the  b road  Dit peak  at  a round  0.4 
eV above the valence bandedge  was examined  under  
nega t ive  BT aging for  an oxide field of --3 MV/cm.  The 
resul ts  a re  p lo t ted  in Fig. 9, where  the increase in Dit 
at  0.4 eV above the valence bandedge  is also p lot ted  for 
HC1 oxides.  Dtt genera t ion  under  negat ive  BT aging 
appeared  quickly  in comparison with  tha t  induced by  
posi t ive  BT aging, when comparison was made  under  
the  same stress  condit ions except  for bias polar i ty .  Dit 
was found to increase  wi th  t ime dependence  of t n, 
where  n was 0.20 for  d r y  O~ oxides, 0.17 for s team 
oxides,  and 0.57 for  HC1 oxides.  The Dit increases, thus, 
can be app rox ima te ly  expressed  in the fol lowing simple 
forms 

Dry  O2 oxides:  ADit ,-~ 3.5 X 103 exp (--0.28/kT)t o.2o [8] 

S team oxides:  ADit ,-- 7.8 X 103 exp (--0.29/kT)t o.17 [9] 

HC1 oxides:  ADit ~ 1.4 X 104 exp ( - -0 .45/kT)  t0.57 [10] 
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where  the units of the  quant i t ies  are  the same as in 
Eq. [5]-[7] .  

F r o m  these results,  it  was verified that  s team oxides  
showed fast  Dlt increase, whereas  HC1 oxides showed 
slow Dit increase,  when  compared  to the same s t ress  
aging condit ions for three  oxides. 

Discussion on BT aging behavior.--The negat ive  VFB 
shift, accompanied  by  an  increase  in Dit, induced by  
negat ive  BT aging has been known as a slow t rapp ing  
instabi l i ty .  This ins tabi l i ty  has been a t t r ibu ted  to f ield-  
t empe ra tu r e  induced s t ruc tura l  r ea r r angemen t s  at  the 
Si-SiO2 interface  (4). Break ing  s t ra ined Si -O bonds 
of a pa r t i a l l y  ionized Si atom, or  S i -H or  S i -OH bonds 
near  the interface,  resul ts  in the generat ion of posi-  
t ive fixed oxide  charges and of in terface  t r apped  
charges (4, 6). Since s team oxides would contain more  
S i -H  and S i -OH bonds near  the in ter face  than  other  
oxides (15), a la rge  negat ive  VFB shift  and fast  Dit in-  
crease could be observed.  On the  o ther  hand, HC1 ox-  
ides contain more  Si-C1 bonds in place  of Si-H,  S i -OH 
bonds, and dangl ing bonds  near  the interface.  The 
Si-C1 bonds are be l ieved  to be more s table  than  S i -H  
or S i -OH bonds, since high t empera tu re  oxidat ion  
above 1150~ was carr ied  out to incorpora te  C1 into the 
oxides. This expla ins  the  expe r imen ta l  fact  tha t  HC1 
oxides showed smal l  VFB shifts and Dit increase at a low 
aging t empera tu re  or under  shor t  aging period.  Large  
VFB shif t  and Dit increase  were  observed,  however ,  at  
such a high t empera tu re  as 300~ and under  longer  
aging t ime than  severa l  tens of hours.  This m a y  be 
accounted for  b y  the b reak ing  of Si-C1 bonds and 
s t ra ined  Si -O bonds nea r  the in terface  under  a high 
stress aging condition, as has been repor ted  by  Hess 
(7).  

In ter face  t r apped  charge genera t ion  in the  upper  half  
of the bandgap  under  posi t ive BT aging seems to be 
caused by  f i e ld - t empera tu re  induced s t ruc tu ra l  modifi-  
cation at the  Si-SiO~ interface,  especia l ly  b reak ing  or 
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stretching of Si-O bonds. This is because, as Sakurai  
(16) has-pointed out, energy levels of weak Si-O bonds 
at the Si-SiO~ interIace appear at the upper half of the 
forbidden gap. 

HC1 oxiaes showed small Dit increase under positive 
BT aging, compared to other oxides. This is believed to 
be caused by the oxide quali ty formed at an extremely 
high temperatures as 1150~ and stable Si-C1 bonds 
near the interface. 

Positive VFB shifts appeared for steam oxides under 
positive BT aging in relat ively low oxide fields. This 
is believed to be due to electron trapping at the water-  
related centers in the oxides which may be contained in 
steam oxides (17, 18). A very small amount of electrons 
would inject from silicon into the oxides under positive 
gate bias at a high temperature,  although it was not 
measurable because of the very small current level. On 
the other hand, for dry O3 oxides, a considerable posi- 
tive VFB shift was observed under aging in an oxide 
field higher than 5.5 MV/cm. This oxide field corre- 
sponded to about 10 -10 A/cm 2 Fowler-Nordheim cur- 
rent  at 200~ This positive VFB shift, therefore, can be 
at tr ibuted to electron trapping in oxide trap centers, 
induced by current flowing into the oxides. 

Summary and Conclusion 
The kinetics of changes in VFB and Dit have been 

investigated for polysilicon gate MOS cap,acitors having 
three kinds of gate oxides; dry O2, steam, and HC1 
oxides. 

Positive BT aging Causes an increase in Dit which 
peaks at around 0.7 eV above the valence bandedge. 
This effect is responsible for a positive threshold volt- 
age shift of MOSFET's. This aging also causes a positive 
VFS shift, which appears under a relatively low oxide 
field aging for steam oxides. For  dry O3 oxides, on 
the other hand, it appears under only high stress aging 
in an oxide field higher than 5.5 MV/cm. 

Comparing stabili ty among the three oxides under 
the same stress aging conditions, HCI oxides turn out 
to be most stable, and steam oxides least stable. 

It is hypothesized that  interface trapped charges are 
generated by field-temperature induced dissociation of 
such weak bonds as strained Si-O bonds, Si-H bonds, 
Si-OH bonds, and Si-C1 bonds, that are near the Si- 
SiO2 interface. The difference in stabili ty among the 
oxides causes the difference in the number of weak 
bonds and in the ease of bond breakage. However, the 
exact physical origin for f ield-temperature induced in- 
terface instabili ty remains uncertain. 
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ABSTRACT 

The dry etch resistance of metal-free organic materials, mainly resist materials, has been studied. Etch rates have been 
measured under argon ion-beam, oxygen ion-beam, and oxygen plasma etching conditions. It is found that the etch rate 
under ion bombardment has a linear dependence on the "N/(Nc-No) factor" of the etched materials, where N, No, and No de- 
note the total number of atoms in a monomer unit, the number of carbon atoms in a monomer unit, and the number of oxy- 
gen atoms in a monomer unit, respectively. The results indicate that the dry etch resistance under ion bombardment is de- 
termined by the effective carbon content in a material. The etch rates of the polymers in an oxygen plasma condition have no 
simple correlation with the effective carbon content in a material. This implies that etching mechanism under ion bombard- 
ment differs from the etching mechanism by radical species. 

Dry etching techniques have been applied to the 
fabrication of a wide variety of devices. These tech- 
niques produce precise and reproducible etching. How- 
ever, since the mask material  or resist material  is si- 

Key words: dry etch resistance, ion-beam etching, resists. 

multaneousty eroded during etching, the resist mate-  
rial is required to be highly resistant to the etching 
process. 

Consequently, dry etch resistance as well as sensi- 
t ivi ty and resolution capabili ty has become one of the 
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most  impor t an t  factors  in the deve lopment  of res is t  
mater ia l s  for microfabr icat ion.  

Taylor  et  al. (1) repor ted  tha t  the etch ra te  for  posi-  
t ive e lect ron beam resists  is p ropor t iona l  to the Gs 
value,  the efficiency of chain scission per  100 eV of ab-  
sorbed high energy  radiat ion,  in an oxygen p lasma  re -  
actor  system. Helber t  et  al. (2) s tud ied  the d ry  etch 
resistance of var ious  v iny l  resis t  po lymers  wi th  a wide  
range of side chain subst i tuents .  Empir ica l ly ,  a romat ic  
po lymers  are  known to be highly  res is tan t  to the d ry  
etching process (3). However ,  the re la t ionship  be -  
tween d r y  etch resis tance and po lymer  s t ruc ture  has 
not ye t  been clarified. 

Among var ious  etching techniques (4, 5), acceler-  
a ted ions and rad ica l s  a re  the  most  impor t an t  factors. 
The  i o n - b o m b a r d m e n i  effect is p r eva l en t  in  i on -beam 
etching, and the rad ica l  effect is p reva len t  in p lasma 
etching. In  react ive  ion etching, which  has-become the 
most wide ly  used technique in manufac tu r ing  semi-  
conductor  devices, both  accelera ted  ions and radicals  
p l ay  impor tan t  roles in control l ing Pa t te rn  profiles. 

In  this paper ,  me ta l - f r ee  organic  po lymer  resistance 
to ion b o m b a r d m e n t  and oxygen  radicals  is discussed. 
Since ion b o m b a r d m e n t  is an essential  factor  for aniso-  
t ropic or precise etching in microfabr ica t ion,  the  r e -  
sults would  provide  a fundamenta l  unders tand ing  on 
po lymer  resis tance to d r y  etching process. 

Experimental 
Etch ra tes  for  var ious  me ta l - f r ee  po lymers  have  been 

measured  under  argon ion -beam incidence, oxygen  
ion -beam incidence,  and oxygen  p lasma flow condi-  
tions. 

A Kaufman  type  3 in. ion-gun  (Veeco) and a 10 in. 
diffusion pumping  system were  used in argon or  oxy -  
gen i o n - b e a m  etching. As an etching gas, argon o r  
oxygen  was in t roduced th rough  a gas in le t  port ,  which  
is a t tached  to the  top end of the gun. Etching samples,  
coated on si l icon wafers,  a re  moun ted  on a w a t e r -  
cooled ro ta ry  stage using a hea t  s ink mater ia l .  Thus 
sample  bu lk  t e m p e r a t u r e  is kept  be low 40~ dur ing  
etching. Etching chamber  pressure  was 2 • 10 -4 Tor t  
(2.7 • 10 -~  Pa) for argon or  oxygen.  Convent ional  b a r -  
re l  p lasma  reac tor  PR501 (made  b y  Yamato  K a g a k u ) ,  
wi th  a 140 mmr  • 300 m m  A1 etch tunnel ,  was used in 
oxygen  p lasma  etching. In this system, subs t ra te  t em-  
pe ra tu re  cannot  be cont ro l led  independen t ly  of p lasma  
heating.  The effect of a change in t empe ra tu r e  dur ing  
etching has been  avoided by  using the  same procedure  
tha t  was proposed by  Bat tey  (6). Firs t ,  the  t empe r -  
a ture  is set  somewhat  h igher  than  the des i red  ope ra t -  
ing (equi l ib r ium)  t empe ra tu r e  by  prehea t ing  the re -  
actor  wi thout  sample  loading. Then, the  reac tor  is 
opened to inser t  the  sample.  Next,  the power  is t u rned  
on jus t  when t empe ra tu r e  has subsided to the  desired 
tempera ture .  

Al l  the po lymers  examined  in the presen t  exper i -  
men t  a re  l is ted in Table  I. 

Results and Discussions 
Figure  1 shows the etched depth  for severa l  po lymers  

vs.  etching time, measured  under  the  condit ion of 2 X 
10 -4 Torr  (2.7 • 10 -2 Pa)  argon pressure,  500 eV a c -  
c e l e r a t i o n  energy,  and about  0.9 m A / c m  2 ion cur ren t  
density.  The po lymer  film thicknesses were  measured  
with  a stylus ins t rument  (a Talys tep  made by  Tay lo r -  
Hobson) .  Note tha t  the etch ra te  for cer tain po lymers  
decreases  af ter  e tching for severa l  minutes.  The etch 
ra te  decrease was observed  for PMMA, CP-3, EBR-9, 
COP, and FPM. It  was found that  decrease in etch rate  
was almost  the  same for these polymers ,  280 A / r a in  
for PMMA, 265 A / m i n  for  EBR-9, 284 A / m i n  for CP-3, 
286 A / r a in  for  COP, and 300 A / m i n  for  FPM, a l though 
the in i t ia l  e tch ra tes  are  different  f rom each other.  The 
surface roughness  increase was observed  for these ma-  
terials,  as is typ ica l ly  shown in Fig. 2, This may  be a t -  
t r ibu ted  to the  outgassing f rom the po lymers  due to 
surface t empera tu re  rise. On the contrary ,  no change 
in etch rate  was observed dur ing etching for al l  the 

' 6000 

4 0 0 0  
I 
I-- 
fl_ 
W 
C~ 

C~ W 
I 
o 2 0 0 0  I--- 
w 

Ar 500eV 

/ 
/ 

| XJ~ 

! 
Io 

ETCHING 

E B R - 9  / 
PMMA 

/PMIPK 

AZI550J 

0 2~0 

T I M E  ( M I N )  

Fig. 1. Etched depth for typical polymers vs. etching time mea- 
sured under 2 X 10 -4  Torr (2,7 X 10 -2  Pa) argon pressure and 
500 eV acceleration energy. 

Table I. List of organic polymers examined in the present experiment 

Name Remarks 

SEL-N 

PMMA 
COP 

CP-3 

EBR-9 
PBzMA 
FBM 
FPM 
PMIPK 
PS 
CMS 
P~I~S 
PVN 
PVB 
AZ1350J 
CPB 

Poly(methyl  methacrylate) 
Poly( glycidyl methacrylate-co-ethyl 

acrylate) 
Poly (methacrylate-co-t.butyl metha- 

crylate) 
Poly (a-chloro-trifluoro ethylacrylate) 
Poly ( benzyl methacrylate)  
Poly ( hexa fluorobutyl methacrylate)  
Poly(ituoro propyl methacrylate)  
Poly(methyl  isopropenyl ketone) 
Poly s tyrene 
Chloromethylated polystyrene 
Poly (a-methyl styrene) 
Poly (vinyl naphthalene)  
Poly (vinyl biphenyl) 

Cyclized polybutadiene 

Somar Manufac- 
turing 

Mead Associates 

t-BMA 30% 

Shipley Co., Inc, Fig. 2, Surface roughness observed in PMMA after 500 eV argon 
ion-beam etching. 
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materials  examined under  the .condition of 300 eV ac- 
celeration energy and about 0.3 mA/efn 2 current  den-  
sity. No surface roughness was observed, even after 
etching polymers down to the same depth that was ex- 
amined under  the 500 eV etching condition. 

The etch rate of the various polymers may be con- 
sidered to be due to sputtering.  The main  atoms in 
metal  free polymers are carbon, hydrogen, and oxy- 
gen atone.. Since carbon has a smal l  sput ter ing yield, 
it is reasonable to pay at tent ion to carbon content  in  
the polymer  structure.  Since the etching of the carbon 
will  be the slowest, and hence ra te -de te rmin ing  step, 
the etch rate V is assumed to be inversely proport ional  
to the carbon content  in a uni t  volume. The n u m b e r  of 
carbon atoms in  a un i t  volume is given by 

p p No 

N,o= N [1] 

where p is the densi ty of polymer;  M, the molecular  
weight in a monomer  uni t ;  N, the total number  of 
atoms in  a monomer  uni t ;  No, the carbon atoms in  a 
monomer  unit,  and M, the average atomic weight in a 
monomer  unit.  Since p/M is empir ical ly almost con- 
stant  for metal-f ree  organic polymers, etch rate V is 
given by  

N 
V ~ [2] 

Nc 

Although the etch rate revealed a fair ly good corre- 
lat ion with N/Nc ,  the etch rate was higher than ex-  
pected for polymers having large N / N o  value, where  
No represents the n u m b e r  of oxygen atoms in a mono-  
mer  unit.  This suggests that  oxygen atoms in the poly- 
mer  s t ructure  influence the etch rate. Then, Eq. [2] is 
modified as follows 

N 
V c~ ~ [3] 

hr~ - No 

Figure 3 shows the etch rate under  300 eV argon 
ion-beam etching condition vs. N / ( N o  -- No). The etch 
rate for e lec t ron-beam evaporated carbon film is shown 
for comparison. I t  is found that  the etch rate is directly 
proport ional  to the " N / ( N c  -- No) factor." Figure 4 
shows the etch rate under  500 eV argon ion-beam etch- 
ing condition vs. N / ( N ~  -- No). Since the etch rate is 
not constant  dur ing  etching for certain polymers, etch 
rates for such polymers are represented in a r ange - in  
the figure. The correlat ion between the etch rate and 
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Fig. 3. Etch rate under 300 eV argon ion-beam etching condition 
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Fig. 4. Etch rote under 500 eV organ ion-beam etching conditions 
vs. N / ( N c  - -  No). 

the N/(No -- No) factor is not  as good as that  obta ined 
under  300 eV argon ion-beam etching conditions. This 
may be in terpre ted as that a deteriorated thin layer  is 
formed under  500 eV argon ion-beam etching condi- 
tions (7). This is supported by the fact that, a l though 
the etched surface layer  was hard  to dissolve in any  
solvents, it dissolved easily after a slight oxygen 
plasma t rea tment  for a surface layer. 

Under  the  oxygen ion-beam etching condition, etch 
rates were measured for both 500 and 300 eV accelera- 
t ion energy. The etched depth increases l inear ly  with 
etching time for all  the polymers examined. Figure 5 
shows etch rate under  300 and 500 eV acceleration en-  
ergy conditions vs. N~ (No -- No) factor. Al though etch 
rate under  oxygen ion bombardment  is 15 times larger 
than  the rate under  argon ion bombardment ,  it should 
be noted that there exists a l inear  relat ion between 
these etch rates. The etch rate enhancement  under  
oxygen ion bombardment  is considered to be caused by 
an ion-assisted chemica l  etching effect (8). Only  
F.BR-9 has a somewhat  higher value than  expected. 
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Fig. 5. ]Etch rate under 300 an(] 50(} eV oxygen ion-Beam etching 
conditions vs. N / ( N c  - -  No). 
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OXYGEN PLASMA 
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400 PMIPK 

LU 3 0 0  
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n- 

Q) PMMA 
I-- 

OCOP LU I00  B 

p s ~ C M S  
I ! I t I 

0 .I 2 3 4 5 6 
N 

N c -  N O 
Fig. 6. Etch rate under oxygen plasma condition vs. N/(Nc - -  No). 

Etching conditions were 100W incident power, 155 cm3/min oxygen 
flow rate, and 1 Torr (133 Pa) chamber pressure. 

This may  be expla ined  by  the fact that  C1 incorpora-  
t ion to t he  si te in the ma in  chain s t ruc tu re  enhances  
the po lymer  degrada t ion  in oxygen p lasma  (2). 

These resul ts  revea l  that ,  under  an i on -bomba rd -  
men t  condition, the etch ra te  is empi r ica l ly  de te rmined  
by  the "effective" carbon content  in the polymer .  The 
"effective" t e rm means  subt rac t ing  the number  of oxy-  
gen atoms f rom tha t  of carbon a toms in the polymer .  
This implies  that  C-O or  C- -O  groups have much  
higher  spu t te r ing  y ie ld  than does carbon. The fact tha t  
the etch ra te  has a l inea r  dependence  on N/(Nc -- No) 
implies  tha t  all  the  - C H x -  (x ---- 1 ,~ 3) components  in a 
po lymer  s t ruc ture  have the same spu t te r ing  yield.  I t  is 
in teres t ing that  there  seems to be no significant d i f -  
ference in etch resis tance be tween  polymers  com- 
posed only  by  C, O, and H atoms and po lymers  having  
C1, F, or  N atoms in a po lymer  s t ructure ,  wi th  the  ex -  
cept ion of EBR-9. Chemical  bond s t rength  m a y  not  be 
an impor tan t  factor  wi th  respect  to e tch resistance.  
This is because incident  ion energy  is much h igher  
than  the bond energy  unde r  an i on -beam etching 
condition. 

Etch rates  were  also measured  under  oxygen p lasma 
etching conditions.  The etching conditions were  100W 
incident  r f  power,  155 cmS/min o x y g e n  flow rate, 
and 1 Tor r  (133 Pa)  chamber  pressure.  The subs t ra te  

t empera tu re  was 72~ dur ing  etching. Both ion and 
electron b o m b a r d m e n t  onto the etching samples  a re  
e l iminated,  using an A1 etch tunnel.  F igure  6 shows 
etch r a t e  under  oxygen  p lasma  condit ion vs. N/(No --  
No). There  seems to be no s imple  correla t ion be tween  
etch ra te  and effective carbon content  in the polymer .  
The resul t  suggests tha t  the  e tching mechanism in 
oxygen  p lasma etching is qui te  different  f rom tha t  un-  
de r  ion bombardment .  I t  is noted that,  in P M I P K  there  
exist~ m a r k e d  difference be tween  etch resis tance to ion 
bombardmen t  and etch resis tance to oxygen  radicals .  

Conclusion 
The d ry  e tch resis tance of me ta l - f r ee  po lymers  has 

been measured.  I t  is found that  the  etch r a t e  under  
argon or oxygen  ion -beam etching l inear ly  depends  on 
the N~ (No -- No) factor. This resul t  indicates  that  etch 
ra te  under  an ion b o m b a r d m e n t  condi t ion is inverse ly  
p ropor t iona l  to the effective carbon content  in the  
polymer .  
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Boriding of Nickel and Other Metals at Temperatures below 670~ 
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ABSTRACT 

A method has been developed to boronize nickel and other metals at temperatures below 670~ Metals including nickel, 
cobalt, iron, molybdenum, tantalum, titanium, niobium, and Hastelloy B were immersed in the KBF4, KBFcKF (25 m/o) 
NaBF4, NaBF4-KBF4 (10 m/o) molten salt systems containing dispersed borides at temperatures between 500 ~ and 670~ 
Metal borides including NiB, FeB, MnB2, CrB2, ZrB~2, and GdB6 were shown to be effective boron sources; NiB was the most 
effective. A 46 ~m thick layer of boride was successfully formed on a nickel substrate in the KBF4-KF (25 m/o) molten salt 
system in less than 24 hr at a temperature as low as 550~ 

The development  of the Li-A1/FeS~ cell with mol ten 
salt electrolyte is underway  at Argonne  National  Lab-  
oratory for use in  batteries for electric vehicle propul-  
sion. At present,  mo lybdenum metal  is considered to 
be the only metal  sui table  for the positive current  col- 
lector of Li-A1/FeS~ cel~ (1). However, because of 
the high cost and poor fabr icab i l i ty  of molybdenum 
metal,  efforts have been made to find a l ternat ive  ma -  
terials for posit ive-electrode current  collectors. An 
electronically conducting ceramic coating on an inex-  
pensive metal l ic  substrate is considered to be an at-  
tractive possibility. Koura  et al. (2) tested i ron cur-  
r en t  collectors coated with iron borides. In  their 
method, the i ron boride coating was prepared by elec- 
trolysis in a mol ten salt bath at 900~ The test results 
in FeS2 cells a t  450~ showed poor corrosion resistance. 
Bandyopadhyay et al. (3) also performed static cor- 
rosion tests on iron substrates coated with iron borides 
(prepared by the powder boriding method) and t i ta-  
n i u m  diboride (prepared by  the chemical vapor .deposi- 
t ion method) .  Both the iron boride and t i t an ium di- 
boride coatings showed poor s tabi l i ty  in the mix ture  
of FeS2 and LiC1-KC1 at 500~ A possible cause for the 
unfavorable  results is that the differences in  the ther-  
mal  expansion coefficients of the metal  boride layers 
and their  meta l  substrates may have caused micro- 
cracks to develop in  the protective coating, thus re-  
ducing the apparent  corrosion resistance. In  the case of 
t i t an ium diboride, incomplete adhesion be tween the ti- 
t an ium diboride layer  and the substrate metal  was ob- 
served (3). To minimize the development  of micro-  
cracks in  the coating layer, the bor~ding should be 
performed at the lowest practical temperature.  

At present,  bor iding of metals is commonly  done by 
one of the following processes: (i) immersion in a 
mol ten salt ba th  without  applied potential,  (ii) chemi- 
cal vapor deposition, (i/i) electrolysis in a molten salt 
bath, and (iv) powder boriding (4). All  of the pro-  
cesses are carried out at high temperatures  ( typically 
between 850 ~ and 1000~ More recently,  for iron 
and steel, Komatsu et  al. (5) prepared an iron boride 
coating at temperatures  as low as 600~ by  the pow- 
der bor iding method using the mix ture  of ferroboron 
and KBF4. However, a process for bor iding of nickel  at 
temperatures  below 700~ has not  been previously 
demonstrated.  This p~aper discusses a method that  we 
developed for boriding of metals at temperatures  below 
670~ Our method involves immersion of a metal  
substrate  in  a mol ten salt  ba th  containing dispersed 
borides without  applied potential.  The boride layer then 
forms electrolessly. We found that boriding is possible 
even at 550~ if the substrate  metals are immersed in 
the KBF4-KF [25 mol percent  (m/o)  ] molten salt  bath 
with dispersed NiB as a boron source. 

Experimental 
Test samples of metal  sheets were boronized by im-  

mersion in  mol ten  salt baths containing dispersed 
* E l e c t r o c h e m i c a l  Soc i e ty  Ac t ive  M e m b e r .  

P r e s e n t  a d d r e s s :  H i m e j i  I n s t i t u t e  of  T e c h n o l o g y ,  2167, Shosha~ 
Hime j i ,  H y o g o  671-22, J a p a n .  

K e y  w o r d s :  c o a t i n g s ,  f u s e d  sa l t s ,  e l ee t ro l e s s ,  c e r a m i c s .  

boron or borides. The mol ten salt systems tested 
were KBF, KBF4-KF (25 m/o) ,  NaBF4, and NaBF4- 
KBF4 (10 m/o ) .  These molten salt systems were 
chosen because they were expected to dissolve boron-  
containing compounds to some extent  as NasA1F6 dis- 
s o l v e s  A 1 2 0 3 .  

In  the experiments,  reagent  grades of KBF4, KF, and 
NaBF4 were used. Table I lists the boron and the 
bor~des used in these tests. These boron-conta in ing  
solids were ground to 325 mesh before mixing  with the 
salts and loaded into an AISI  Type 304 stainless steel 
crucible (ID, 25 mm; height, 60 mm) ,  which was then 
placed in a stainless steel beaker.2 The metal  samples 
tested were nickel, iron, cobalt, t i tanium, molybdenum,  
tanta lum,  niobium, and Hastelloy B. They were p o l -  
ished with No. 5 emery p~per, degreased by  acetone, 
placed in the various salt baths, and then heated at a 
desired tempera ture  in an  argon atmosphere for 24 hr. 
After boriding, the metal  samples were subjected to 
x - r ay  diffraction analysis, and the borides formed were 
identified on the basis of the JCPDS cards. The thick- 
ness and uni formi ty  of the boride layer  were examined 
with an optical microscope. The dis t r ibut ion of boron 
in  the boride layer was measured by an ion microprobe 
analyzer. The deposition into the boride layers of the 
metal  elements from the borides used as boron sources 
was examined by x - r a y  fluorescence analysis (x- ray  
energy dispersive fluorescence analyzer) .  

Results and Discussion 
Boron sources and boride layers.--The boride coat- 

ings formed on the nickel substrates in mol ten KBF4 
baths containing various boron sources at 670~ are 
listed in Table II. Those baths containing CrB2, MnB~, 
FeB. NiB, ZrB12, and GdB6 as boron sources gave 
boride layers of 40, 52, 35, 80 ~ 120, 46, and 35 um 
thickness, respectively. These thicknesses were greater 
than the 23 ~m thickness obtained on nickel in the bath 

T h e  c r u c i b l e  w a s  u r o t e e t e d  f r o m  the  m o l t e n  salt corrosion b y  
t h e  b o r i d e  l a y e r  f o r m e d  on  t h e  c r u c i b l e  wall .  

Table I. Boron sources used 

Ma~or M a j o r  
constituent I m p u r i t y *  c o n s t i t u e n t  I m p u r i t y *  

B NiB Ni~B~ 
B~C ZrB~ 
A1B~ ZrB~  ZrB.J 
B4i O t h e r  B-Si NbB Nb~B~ 

p h a s e  
B~i B4Si, Si NbB~ 
TiB~ M~2B MoB 
VB~ MoB 
CrB MoBu Mo.~B~ 
CrB~ MosB5 
MnB TaB~ 
MnB~ W~B5 
Fe~B FeB,  F e  CaB~ 
FeB Feo-B BaB~ 
Co3B, Co-oB CeB~ 
Ni~B GdB~ 
Ni~B 

* A n a l y z e d  b y  s u p p l i e r  u s i n g  x - r a y  p o w d e r  diffraction analysis. 

147 
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Table II. Summary of boride coatings farmed on nickel substrates (670~ 

Boron source 
Borides present* 

Concentra- Thick- 
No, Compound tion* * (w/o) ness (~m)  NizB NisB Ni,Bs Remarks 

1 B 7.9 23 W S 
2 B4C 5 23 W S 
3 A1BL~ 7.7 29 VW S 
4-1 B~SI 5 17 W S ~ NhSi, Ni~Si~ 
4-2 B6SI 5 23 - -  S ~ Ni~Si, Ni~Si~ 
5 TiB2 7.5 12 M M 
6 VBI 7.5 0 - -  - -  - -  Unk 
7-1 CrB 7.5 nil M M 
7-2 CrB~ 7.5 40 - -  S 
8-1 MnB 7.5 6 l~I M 
8-2 MnB9 7.5 52 -- S -- 

9-1 Fe~B 7.5 3 • M 
9-2 FeB 11 35 VW S 

10 Cc~B, Co~B 15 12 M M 
11-1 NizB 9.8 nil W - -  
11-2 NhB 9.8 9 M M 
11-3 NiB 10 ~ 20 80 ~ 120 - -  S W 
12-1 ZrBl 14 23 W S IV[ 
12-2 ZrB~ 7.4 46 W S VW 
13.1 NbB 14 6 -- M ~ Unk 
13-2 NbB~ 9.8 0 - -  - -  ~ Unk 
14-1 Mo~B 15 o - -  -- 
14-2 MoB 14 0 -- -- 

14-3 MoB~ 7.5 29 W S 
14-4 Mo2B5 7.5 6 M M 
15 TaB2 9.8 6 ~ ~ ~ Unk 
16 W2Bs 17.5 23 W S 
17 CaBo 7.5 12 W S 
18 BaBB I0 17 W S -- 

19 CeBB 10 23 S M 
20 GdB~ 16 35 W S 

* S, strong; M, medium; W, weak; VW, very weak; Unk, additional unknown compounds. All identified by x-ray diffraction analysis. 
** Concentration of boron-containing compound. 

c o n t a i n i n g  b o r o n  m e t a l  a s  t h e  b o r o n  s o u r c e ,  s u g g e s t i n g  
t h a t  t h e  b o r o n  c o m p o u n d s  d e s c r i b e d  a b o v e  a r e  m o r e  
e f f ec t ive  b o r o n  s o u r c e s  t h a n  b o r o n  m e t a l .  F i g u r e  1 
s h o w s  t h e  o p t i c a l  m i c r o s t r u c t u r e s  of  t h e  b o r i d e  l a y e r s  
t h a t  w e r e  o b t a i n e d  w i t h  t h e  b a t h s  c o n t a i n i n g  CrB2, 
MnB~,  F e B ,  N iB ,  ZrBI~,  a n d  GdBs ,  r e s p e c t i v e l y .  T h e  

b o u n d a r i e s  b e t w e e n  t h e  n i c k e l  s u b s t r a t e s  a n d  t h e  
b o r i d e  l a y e r s  s h o w  i n t i m a t e  i n t e r l o c k i n g .  N o  e v i d e n c e  
o f  c r a c k s  w a s  o b s e r v e d  a t  m a g n i f i c a t i o n s  u p  to 5 0 0 •  
A n  a p p a r e n t  t w o - p h a s e  b o r i d e  l a y e r  c o n s i s t i n g  o f  
Ni2B a n d  Ni4B3 w a s  f o r m e d  i n  t h e  b a t h  c o n t a i n i n g  t h e  
N i B  b o r o n  s o u r c e ,  a s  s h o w n  in  F ig .  2a, w h i l e  a n  a p -  

Fig. i. Micrastractures of 
boronized layers produced on 
nickel substrates. (a) Sample No. 
7-2 (from CrB2), (b) sample No. 
8-2 (from MnB2), (c) sample No. 
9-2 (from FEB), (d) sample No. 
11-3 (from NiB), (e) sample No. 
12-2 (from ZrBr~), and (f) 
sample No. 20 (from GdBe), 
etched with 5% NaCN-5% 
(NH4)zS2Os solution. 
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parent  one-phase  boride layer consisting of Ni2B 
was formed from either the CrB2 or MnB~ boron 
source, as shown in Fig. 2b and c. Figure 3 shows 
the result  from the ion microprobe analyzer  for an 
apparent  two-phase layer  consisting of the Ni2B and 
Ni4B phases. This result  suggests ei ther of the fol- 
lowing ideas: (i) the Ni2B and Ni4Bs phases were 
dis t r ibuted randomly  through the boride layer  or (ii) 
the th in  Ni4B3 phase existed only on the surface as an 
outer layer, although the ion microprobe analysis could 
not show its existence because the thickness of this 
Ni4Bs layer  was smal ler  than the beam diameter  (6 
~m). In  order to determine which is true, about 5 ~m 
of the surface of the boride 1,ayer was removed by 
polishing the boronized sample on an emery paper. 
The sample  was then resubmit ted  for x - r ay  diffraction 
analysis. The resul t  obtained showed that  the Ni4Ba 
phase was no longer  present  in the boride layer. There-  
fore, we conclude that  the Ni4B3 phase was only pres-  
ent  as an outer  layer, and its thickness was 5 ~m or 
less. Fur thermore ,  it was highly possible that  the Ni3B 
phase existed as the most inner  layer  in the boride 
coatings of specimens 4-2, 7-2, 8-2, and 11-3, but  was 
not  detected by x - r a y  diffraction because of the thick 
boride coatings. When the outer layers of the boride 
coatings were gradual ly  removed with an emery paper 
and resubmit ted for x - r ay  diffraction analysis, the 
NisB phase was clearly detected in all the specimens 
except  for specimen 4-2, in  which the presence of the 
Ni2Si and NisSi2 phases made it difficult to identify 
the NizB phase. Therefore, it was concluded that the 
Ni~B phase had been present  as an inner  layer. 

The bor idlng reaction for the formation of an Ni2B 
layer  on the nickel substrate  using boron metal  as the 
boron source can be expressed by  the following reac- 
tion 

SThe values of standard free energies of formation for Ni2B, 
NbB, FeB, and Fe~.B were obtained by extrapolating the data re- 
ported by Omori et al. (6, 7). 
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2Ni + B : Ni2B, ~G : --79,900J at  900 K s [1] 

where aG denotes the change in  the Gibbs free energy 
for the reaction. Similarly,  for the format ion of the 
NisB layer  we can write 

3Ni + B = NisB, ~G -- --9S,000J a t  900 K s [2] 

When FeB instead of boron is used as the boron source, 
the following boriding reactions can occur 

2Ni + FeB -- Ni2B + Fe, ,aG = --8,500J s [3] 

2Ni + 2FeB ----- Ni2B + FesB, aG ---- --20,000J s [4] 

SNi + FeB = NisB + Fe, aG -- --21,600J s [5] 

8Hi + 2FeB -- NisB + Fe2B, aG ---- --33,500J at 900 K s 

[6] 
If Fe2B is used 

3Ni 4- Fe2B = Ni~B + 2Fe, aG -- --9,700J at 900 K ~ 

[7] 
Similarly, when NiB is used 

2Ni + 4NiB ---- Ni2B + Ni4Bs [8] 
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2Ni + 4NiB ---- Ni4Ba + Ni2B [9] 

8Ni + 9NiB -- 2Ni4B,~ + 3Ni3B [I0] 

3Ni + 2NiB "- NisB -5 NizB [11] 

The underlines denote the boride layers formed on the 
nickel substrate. Reliable data for the free energies 
of formation for NiB and Ni~B~ are not available. 

Similarly, when Ni2B is used 

2Ni + 2Ni2B ~ NhB + Ni~B, hG -~ --106,000J at 900 K 

[12] 

Similar  reactions can be obtained for the other  boron 
sources. For  the spontaneous proceeding of a reaction, 
it is necessary that  aG for  the react ion be negative.  
Therefore,  for example,  in case of t h e  boron source of 
Fe2B, the fol lowing react ion is not expected to take 
place 

2Ni + Fe2B = Ni2B + 2Fe, 

aG---- --106,000J at 900 K s [13] 

However ,  the format ion of Ni2B was detected by x - r ay  
diffraction analysis, as can be seen frQm Table II, No. 
9-1, implying that  probably the reagent  grade Fe2B 
used in the exper iment  contained some FeB as an im-  
pur i ty  (as listed in Table I) .  Similar ly,  iri case of the 
boron source of NiaB, the fol lowing reaction will  not 
take place 

Ni + NisB = Ni3B + Ni, ~G = 0J [14] 

However, the formation of Ni3B was detected by 
x-ray analysis although the layer was extremely thin, 
as can be seen from Table II, No. Ii-I. This is probably 
due to the supply of boron coming not from the Ni3B 
added but from the boride layer attached to the inside 
surface of the stainless steel crucible which had been 
used in experiment No. 1 i-3. 

We can see from Table II that the borides in the 
coatings tend to become higher borides when higher 
borides are used as the boron sources (comparison of 
No. 4-I and 4-2, 7-I and 7-2, 8-i and 8-2, 9-I and 9-2, 
II-I, 11-2 and 11-3, 12-I and 12-2). The reason for this 
can be shown by the following thermodynamic equa- 
tions: 

The betiding reaction can be written 'as 

Bin boron source "-- Bin boride layer  [ 1 5 ]  

The free energy  change for the above react ion is 

AG = R T  In aB in borids layer - -  R T  in aB i n  b o r o n  source [16] 

and for the spontaneous reaction, the fol lowing condi- 
t ion must  be met  

~B in boride layer  ~ a B  in boron source [17] 

where  ~ is the ac t iv i ty  of the species in the indicated 
phases. This means that  the ac t iv i ty  of the boron in 
the boride layer  is smaller  than that  of the boron in a 
boron source. Therefore,  we can say that when a higher  
boride having  a h igher  boron act ivi ty  is used as the 
boron source, a h igher  boride is formed in the boride 
layer. Similarly,  Table II shows that  the thickness of 
the boride layers increases when higher  borides are 
used as boron sources. This can be a t t r ibuted to the 
increased boron act ivi ty  at the surface of the meta l  
substrate, providing a higher  driving force for the 
boriding reaction. 

Because the activities of boron in CrB2, MnB2, FeB, 
NiB, ZrB12, and GdBs are less than unity, the hG's of 
the boriding reactions in which these compounds are 
used as boron sources are less negat ive than the AG 
of the bor iding react ion where  boron meta l  is used as 
the boron source. The exper imenta l  results, however ,  
,show that  these compounds are superior  to boron meta l  
a s  boron sources. This suggests a low solubil i ty of boron 
meta l  in the KBF4 bath (solubil i ty data for this system 
is not avai lable) .  Among the h igher  borides tested, 
VB2, TAB2, NbB2, and Mo2B~ were  found ei ther  in-  

effective or  only  sl ightly effective. This is perhaps due 
to their  low solubil i ty in the KBF4 molten salt. 

The meta l  e lements  deposited f rom the borides 
used as the boron sources were  examined by x - r a y  
fluorescence analysis. Table III shows the results of 
these analyses. Metal  e lements  including iron, silicon, 
manganese,  chromium, molybdenum, zirconium, cer-  
ium, and a luminum were identified in the boride coat- 
ings while  tungsten, tantalum, and gadolinium were  
not detected. It is wor th  not ing that  silicon was easily 
included in the boride layer;  the silcon was included 
as silicides (Ni2Si and NisSi2). 

The eyIects o] bath composition and temperature . - -  
The effects of the bath composition and tempera ture  
on the boride layer  were  invest igated;  Table IV shows 
the results. At  600~ the KBF4 bath produced a 51 
#m thick boride layer  and at 550~ a 12 ~m thick 
layer.  At  550~ the bath did not appear  to be com- 
pletely melted. The 25 m/o  addit ion of KF lowered 
the mel t ing  point  of the KBF4 bath to 460~ (8) and 
resul ted in a thick bet ide  layer, 46 #m, when the bath 
t empera tu re  was brought  back to 550 ~ The low mel t -  
ing point of the KBF4-KF (25 m / o )  bath and KF addi- 
tion have  probably resul ted in the increased solubil i ty 
of NiB. The NaBF4 and NaBF4-KBF4 (10 m / o )  baths 
gave thin boride layers, 11 ~m at 550~ and 4 ~m at 
500~ despite their  low mel t ing points, 408 ~ and 398~ 
respect ively  (8, 9). These results seem to support  the 
effectiveness of adding KF  to the bath as a boriding 
aid. 

Metal  substrates and betide layers.--Cobalt ,  iron, 
molybdenum,  tantalum, t i tanium, niobium, and Hastel-  
loy B were  used as meta l  substrate for our be t id ing  
process. This result  can be expla ined  by the difference 
in the diffusion rates of  boron in the boride layers 
(NisB, Ni2B, Ni~B,~, Fe2B, FeB, Co2B, COB). The rel iable 
data of the diffusivities of boron are unavai lable  for 
these borides at the exper imenta l  temperatures .  Ti ta-  
n ium meta l  became bri t t le  and dis integrated dur ing the 
boriding process. Molybdenum metal  was hard ly  be-  

Table III. Metals deposited in the boride layers from the 
boron sources 

B o r o n  source Element Content* (w/o) 

F e B  F e  0.6 
B~Si Si 17 
MnB.~ Mn 2.6 
CrB~ Cr 0.7 
MoB2 M e  0.2 
Z r B ~  Zr  0.05 
W~B~ W Not detected 
CeBo Ce 1.2 
AIBI.- AI 0.2 
TAB-- Ta Not detected 
GdB6 Gd Not detected 

* Determined by x-ray fluorescence analysis. 

Table IV. Eoride coatings on Ni substrate formed in 
different molten salt baths 

T h i c k -  B o r i d e s  p r e s e n t *  
Temp. ness 

Molten salt (~ ( ~ m )  Ni~B Ni~B NkBs 

KBF~ 

KBF4-KF (25 m/o) 
(Eutectie composition) 

NaBF~ 

NaBF~-KBF4 (10 m/o) 
(Composition of mini- 

mum point) 

670 81 -- S W 
600 51 -- S W 
550 12 -- S W 
550 46 -- S W 
500 4 -- S W 
550 11 --  S W 
500 4 - -  S W 
550 11 - -  S W 
500 4 - -  S W 

Nickel was boronized in the molten salts for 24 hr using NIB 
as a boron source. 

* S, strong; W, weak. Identified by x-ray d i f f r a c t i o n  a n a l y s i s .  
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ronized,  and t an ta lum meta l  and n iob ium meta l  could 
not  be boronized at  al l  at 600~ A un i fo rm coating 
formed on Has te l loy  B, a l though it was thin (5 #m).  

Summary 
A method has been deve loped  to boronize  n ickel  and 

o ther  meta ls  a t  low tempera tures .  Metals  including 
nickel ,  iron, cobalt ,  t i tanium,  molybdenum,  tan ta lum,  
niobium,  and  Has te l loy  B were  immersed  in the  mol-  
ten  sa l t  ba th  conta in ing the var ious  bor ides  at  t e m p e r a -  
tures  be tween  500 ~ and 670~ The borides  used as 
boron sources include B4C, AlB12, B~Si, BBSi, TiB2, 
VB2, CrB, CrB2, MnB, MnB2, Fe2B~ FeB, Co~B, Co2B, 
NisB, Ni2B, NiB, ZrB2, ZrB12, NbB, NbBs, Mo2B, MoB, 
MOB2, Mo2Bs, Ta2B~, W2Bs, CaBs, BaB6, CeB6, and 
GdBs. The mol ten  salts  used were  the KBF4, K B F 4 - K F  
(25 m / o ) ,  NaBF4, and NaBF4-KBF4 (10 m/o )  systems.  
The resul ts  can be summar ized  as fol lows:  

1. NiB, FeB, MnB2, CrB2, ZrB12, and  GdB6 were  
found to be  effective boron sources for boronizing 
nickel ;  NiB, especial ly,  was useful.  

2. Bor iding of n ickel  was found to be possible at  a 
t e m p e r a t u r e  as low as 550~ when  the KBF4-K F  (25 
m/o )  mol ten  sa l t  ba th  containing NiB as a boron 
source was used. 

3. Nickel  was more  easi ly  boronized than e i ther  
cobal t  or  iron. Molybdenum meta l  was ba re ly  boron-  
ized, and  t an t a lum-me ta l  and  niobium meta l  could not  
be boronized  at  600~ 
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Kinetic Study Of Zirconium-Iodine Reaction By Modulated Molecular 
Beam Mass Spectrometry 

M. Balooch and D. R. Olander 
Materials and Molecular Research Division of the Lawrence Berkeley Laboratory, and the Department of Nuclear 

Engineering, University of California, Berkeley, California 94720 

ABSTRACT 

The reaction of molecular  iodine with polycrystal l ine zirconium was s tudied by modulated molecular  beam-mass spec- 
trometric methods.  The reaction was investigated in the temperature  range 400-1400 K and equivalent  iodine pressures of 
10-5-10 -4 Torr. ZrI4 was identified as the sole detectable reaction product  at low temperatures  (<850 K), achieving a maxi- 
mum reaction probabil i ty  at about 600 K. At high temperatures,  molecular  dissociation and atomic desorpt ion of iodine play 
a predominant  role in the gas-surface reaction. The molecular  beam data, in conjunction with Auger  and ESCA analysis of 
the surface after the experiment,  support  a reaction model  involving a thin scale of a lower iodide present  on the surface at 
low temperatures  during the reaction. The kinetics of the reaction are governed by the diffusional propert ies  and the reactiv- 
i ty of this scale with respect  to adsorbed iodine atoms. At high temperatures  the reaction mechanism consists of adsorpt ion 
and dissociation of I2 on the metal  part ial ly covered with the iodide scale followed by desorpt ion of atomic iodine. 

I t  is gene ra l ly  be l ieved that  the fa i lure  of z i rconium 
c ladding  in l ight  wa te r -coo led  reac tor  (LWR) fuel  e le-  
ments  is due to s t ress  corrosion cracking (SCC) in-  
duced by  one or  more  fission products  (1, 2). Iodine, an 
abundan t  fission product ,  has long been known to p ro-  
mote  SCC of Zi rca loy  at  reac tor  opera t ing  tempera-  
tures  and is one of the  p r ime  suspects as the chemical  
subs tance  involved  in this type  of c ladding fa i lure  
(2, 3). Notwi ths tand ing  the controvers ia l  na tu re  of the 
issue of  iodine SCC in fuel  e lements  (4), unders tand ing  
of the  chemis t ry  of z i rconium-iodine  sys tem is an es- 
sent ia l  pa r t  of  the complex  iod ine- induced  stress cor-  
rosion cracking  mechanism.  The thermochemica l  as-  
pect  of this p rob lem has been considered in de ta i l  by  
Cubicciot t i  and co-workers  and progress  in this a rea  is 
r epo r t ed  in severa l  recent  publ ica t ions  (5-8).  Another  

Key words: iodide films, diffusion, rate constant, sticking prob- 
ability. 

aspect  of the chemis t ry  that  needs fu r the r  invest igat ion 
is the  kinet ics  of the  react ion be tween  iodine and z i r -  
conium, which is the subjec t  of the present  study.  

In connection wi th  the  iodine refining of zirconium, 
severa l  inves t igators  (9-11),  have  inves t iga ted  the  k i -  
netics of  react ion of z i rconium in the  range  400-800 K 
and at  iodine pressures  of the o rder  of a few Torr.  
Sheles t  .et al. (11) stu.died the  effect of t empe ra tu r e  
and pressure  on the ra te  of iodinat ion of meta l l ic  zir-  
conium using a quar tz  spi ra l  balance.  They  found the 
overa l l  o rder  of the react ion to be 0.77 and an act ivat ion 
ene rgy  of ~ 9  kca l /mol .  Busol  (12) s tudied the ra te  of 
react ion of gaseous ZrI4 wi th  z i rconium meta l  filings 
and found the ra te  of d i sappearance  of gaseous ZrI4 to 
be parabol ic  wi th  t ime in the  t empe ra tu r e  range  of 
600-800 K. Cubicciot t i  et al. (13) also s tudied the for -  
ma t ion  of  iodide products  f rom reac t ion  of Zr  wi th  gas -  
eous ZrI4 which  t hey  found to obey cubic kinetics.  
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in  the present  work,  the kinet ics  of the  z i rconium-  
iodine sys tem were inves t iga ted  by  modula ted  molec-  
u lar  beam techniques in the t empe ra tu r e  range  400- 
1400 K and of equiva lent  iodine pressures  be tween  10 -5 
and 10 -4 Torr.  A reac t ion  mechanism was deduced 
from the ampl i tudes  and phases of the react ion product  
signals in the molecu la r  beam exper iment .  Ana lys i s  of 
the react ion surfaces  by  ESCA and Auge r  e lect ron 
spectroscopy provided  suppor t ing  evidence for the 
mechanism. 

Experimental 
The molecular  beam appara tus ,  which is a s l ight ly  

modified vers ion of one descr ibed previous ly  (14), is 
shown in Fig. 1. I t  consists of three  d i f ferent ia l ly-  
pumped  chambers  separa ted  by  col l imat ing orifices. 
The first chamber  contains the iodine molecular  beam 
source and the chopper  motor.  This chamber  is pumped  
by  a 6 in. oil diffusion pump wi th  the speed of 1500 l i t e r /  
sec. Iodine  f rom a constant  t empe ra tu r e  ba th  is con- 
ducted th rough  a hea t  tube to a smal l  cell at the source 
tip where  the  t empe ra tu r e  is control led  by  a min ia tu re  
furnace.  The tube is kep t  at a s l ight ly  h igher  t empera -  
ture than  that  of the  reservoi r  to ensure tha t  effusion 
from the system is contro l led  b y  reservoir  t empera tu re  
(and hence iodine pressure) .  The tube  has an orifice 
wi th  .diameter of  about  1 m m  through  which the molec-  
u lar  beam issues. The flux calcula ted f rom the reservoir  
pressure  compares  wel l  wi th  tha t  computed  f rom the 
in- l ine  pressure  measurement ,  using the appropr ia t e  
geometr ies  to es t imate  conduc~ances of the l ine and of 
the orifice. 

The po lyc rys ta l l ine  z i rconium specimen is mounted. 
on the  end of a tube conta ining a f i lament  which heats  
the  ta rge t  by  rad ia t ion  and by  electron bombardment .  
The surface t empera tu re  is measured  by  an in f ra red  
pyrometer .  The specimen surface is 4 cm from the m o -  
lecular  beam source. The ta rge t  chamber  is pumped  by  
a w e l l - t r a p p e d  6 in. oi l  diffusion pump.  A typica l  pres-  
sure of this chamber  is ~1  X 10 -9 Torr.  

A por t ion  of sca t tered  iodine and react ion products  
are  detected by  a quadrupole  mass spec t rometer  
moun ted  in the de tec tor  ,chamber. The distance f rom 
the specimen surface to the  mass spec t rometer  ionizer 
is 4 cm. This chamber  is pumped  by  a 200 l i t e r / sec  ion 
pump to about  1 X 10 -1~ Tor r  pressure.  

The ou tpu t  f r o m m a s s  spec t rometer  is processed by  a 
PAR HR-8 lock- in  amplif ier  wi th  a two-phase  acces-  
sory to yie ld  the  first Four i e r  components  of the per i -  
odic signals for  the sca t te red  reac tan t  and  desorbed 
products .  The appa ren t  reac t ion  p robab i l i ty  e (the rat io 
of the  ampl i tudes  of the product  and reac tan t  signals, 
correc ted  for  ionizat ion efficiencies of the  mass spec-  
t romete r )  and the phase lag  r which is the difference 
be tween  the p roduc t  and the r eac tan t  phase  angles, are 
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Fig. I .  Schematic of apparatus with iodine inlet system and 
oxygen doser. 

obta ined f rom the informat ion  provided  by  the lock-h~ 
amplif ier  (15). 

Results 
Figure  2 shows tha t  iodine reacts  vigorously wi th  zir-  

conium (react ion probabi l i t i es  >0.1) at  t empera tu res  as 
low as 420 K. Below ~850 K, z i rconium vola t i l iza t ion is 
the pr inc ipa l  reaction. Z i rconium-conta in ing  ions ob-  
served in the mass  spec t rometer  were  Zri~ +, ZrI~. +, 
ZrI  +, and  Zr  +. The signals  a t  these  masses al l  had the 
same phases and the same t empera tu re  dependence.  
The c rack ing  pa t t e rn  of a ZrL, beam scat tered  f rom the 
z i rconium ta rge t  a t  room tempera tu re  matched  that  of 
the expe r imen ta l  reac t ion  product  f ragments .  There-  
fore, it  was concluded that  the sole z i rcon ium-bear ing  
produc t  of the  reac t ion  was Zri4. The atomic iodine 
s ignal  detected at  high t empe ra tu r e  (<850 K)  had to 
be ex t rac ted  f rom I + signals arising f rom cracking in 
the  ionizer  of the mass spec t rometer  of wha teve r  ZrI.~ 
p roduc t  was emi t ted  f rom the .surface and of sca t tered  
reac tan t  I2.. The effects of f requency and beam in ten-  
s i ty var ia t ions  on e and r are  shown in Fig. 3-5. The 
curves on these graphs  are  best  fits f rom the model  dis-  
cussed later .  

Knowledge  of the  chemical  state of the  surface du r -  
ing b o m b a r d m e n t  by  the iodine beam is essential  for 
the  deve lopment  of a kinet ic  model.  Cubicciot t i  and 
Scott  (13) s tudied the react ion of z i rconium with 
gaseous ZrI4 in the t empera tu re  range 600-800 K and 
examined  the solid z i rconium iodides that  formed on 
the z i rconium surface by  scanning e lec t ron microscopy.  
Ini t ia l ly ,  ZrI4 a t tack  formed isolated clusters of ZrI  
crystals  which subsequent ly  covered the whole  surface. 
In  a l a te r  stage, a l aye r  of the  d iodide  was observed to 
form on the top of the monoiodide.  Fu r the r  a t tack  pro-  
duced ma te r i a l  of  a pp rox ima te ly  the composit ion of 
ZrI~ on the top surface. 

Due to geometr ica l  difficulties, we were unable  to 
ut i l ize Auger  electron spectroscopy (AES) to moni tor  
the  surface in situ while  conduct ing the exper iments .  
A t t empt s  were  made to analyze  the surface by  AES 
and E SCA in different  chambers  af ter  an expe r imen t  
but  iodine was not observed,  p robab ly  due to contami-  
nat ion by  a tmospher ic  gases dur ing  transfer .  To avoid 
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Fig. 2. Apparent reaction probabilities and phase lags of Zrl4 
and I as functions of zirconium target temperature. 
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Fig. 4. Modulation frequency dependence of the Zrl4 reaction 
probability and phase lag at fixed beam intensity and surface 
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loss of an iodide scale dur ing  transport ,  the reacting 
surface at 580 K was s imul taneously  coated with plat i-  
n u m  supplied by a hot fi lament located in front  of the 
target. Deposition was continued unt i l  the ZrL~ signal 
was reduced to ~10% of its ini t ial  value, which re-  
quired approximately  20 monolayers of plat inum. The 
sample was then removed and depth-profi le-analyzed 
by ESCA and AES. The upper  curve of Fig. 6 is the 
ESCA spectrum of the reacted surface which had not  
been protected by pla t inum.  I t  shows oxygen and car- 
bon lines f rom air exposure as well as zirconium 
peaks, bu t  no iodine. The lower spectrum in Fig. 6, 
which followed ~20A sputtering, shows ~2% iodine 
and 16% p la t inum on the surface. AES spectra of the 
sample for three different sput ter  removal  depths are 
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Fig. 5. Modulation frequency dependence of the atomic iodine 
reaction product vector at fixed beam intensity and surface tem- 
perature. 

- -  ] [ I I 

No Pt coating 
/ 

Zr3p 3 

Zr3pII CIS Zrsd5 

I365 

P t ~  reaction, ~ , ~  ~ t 4 f 7  [ 

I I I I "~1 
I000 8 O0 600  400 200 0 

eV 

Fig. 6. ESCA analysis of zirconium surface exposed to an iodine 
beam (upper spectrum) and of a zirconium surface coated with 
platinum during reaction with iodine (lower spectrum). 20A of the 
surface were removed by sputtering before recording the lower 
spectrum. Reaction with iodine and surface analysis were conducted 
in separate vacuum systems, 

shown in Fig. 7. Although the peaks due to oxygen and 
iodine near ly  coincide, they could be clearly resolved 
after removal  of ~ I 00A  of surface. These analyses con- 
firm the existence of a nonvolat i le  iodide layer  on the 
reacting surface. However, it was not possible to bury  
the iodide layer beneath  a un i form coat of plat inum, 
which would have permit ted removal  of the metal  
coat to expose an intact  iodide scale amenable  to ana l -  
ysis of the I /Z r  ratio by ESCA or AES. First, the co- 
impingement  technique used to deposit the p la t inum 
dur ing reaction caused the metal  coat to be incorpo- 
rated into the iodide scale. Second, p la t inum deposits 
on graphite in isolated patches at  this temperature  (16); 
if s imilar  island deposition also occurs on zirconium, 
not all of the iodide scale is exposed at a definite sput -  
te r - removal  depth. 

In  an at tempt  to investigate the effect of an oxidized 
surface on reaction, a beam of oxygen was directed at 
a 600 K target  along with a beam of iodine of intensi ty  
6 )( 1015 moleeules/cm 2-sec. No change in apparent  re-  
action probabi l i ty  or phase lag of ZrI4 was observed up 
to an in tensi ty  of ~-~I016 oxygen moleeules/cm2-sec 
s t r iking the same spot as the iodine impingement .  How- 
ever, when the beam of io.dine was turned off for about  
I0 rain while the oxygen beam was on, no reaction 
product  was detected when 12 impingement  was resum- 
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Fig. 7. Auger electron spectra of a zirconium surface which had .~ 5 
been platinum-coated during reaction with iodine and subsequently 
etched to depths of 4, 15, and iOOA by sputtering. Reaction with ~. 
iodine and surface analysis were conducted in separate vacuum 
systems. 

ed. Then both beams were  tu rned  off and the sample  
was annea led  in  vacuum for 4 m i n a t  about  1200 K, 
a f te r  which  the surface t e m p e r a t u r e ' w a s  brought  back  
to 600 K and the beam of iodine  was tu rned  on. The re-  
sul t ing react2on p robab i l i t y  and phase  lag of ZrI4 are  
shown as t r iangles  in Fig.  8. By repea t ing  the 1200 K 
h e a t - t r e a t m e n t  for  ano ther  7 min  the magn i tude  of re -  
action p robab i l i t y  and phase lag of ZrI~ approached  
those character is t ic  of the  fresh z i rconium surface (c i r -  
cles in Fig. 8). No oxyiodide  was detected dur ing  these 
exper iments .  These tests demons t ra t ed  tha t  the  1200 K 
anneal ing  is sufficient to dissolve a thin oxide scale in 
the subs t ra te  metal .  Pa r t i a l  dissolut ion ev iden t ly  occurs 
in 4 min, and  complete  r emova l  is accomplished in the 
second 7-rain t rea tment .  

Reaction Mechan ism 
The fol lowing inferences f rom the da ta  serve as 

guidel ines for construct ion of a kinet ic  model  of the 
surface react ions:  

1. An  iodide scale is present  on the z i rconium sur-  
face dur ing  react ion at  low tempera tures .  Al though the 
I / Z r  rat io of this scale could not  be de te rmined  quan-  
t i t a t ive ly  by  ESCA or AES, its presen.ce is consistent  
wi th  the  observat ions  of mu l t ip l e  scales wi th  var iab le  
I / Z r  rat ios at I2 pressures  much h igher  than  those used 
in the  p resen t  work  (13). 

2. F igure  2 indicates  that  a dis t inct  change in the 
react ion mechanism occurs at  ,~850 K, where  the  s ig-  
nals  of both I and ZrI4 change precipi tously .  This be -  
havior  is bes t  expla ined  by  the d isappearance  of the  
lower  iodide scale f rom the surface at  this t empera tu re ,  
and suggests  tha t  ZrI4 is fo rmed by  I2 reac t ion  wi th  the  
ZrIx solid scale bu t  tha t  the  bare  me ta l  which  is p resen t  
at  h igh t empera tu re s  serves p r inc ipa l ly  to dissociate 
impinging  I2. 

3. The slow change of the phas e lag of ZrI4 wi th  
modula t ion  f requency  (Fig. 4) suggests  th,at bu lk  d i f -  
fusion, p robab ly  th rough  the lower  iodide  scale on the 
surface,  is an impor t an t  s tep in the  mechanism (15). 

4. The reduct ion  of the ZrI4 react ion p robab i l i t y  at 
t empera tu res  be low ,--500 K and the observat ion  of 
phase lags l a rge r  than  90 ~ in the same t empera tu re  
r ange  (Fig. 2) indicates  a mechanism consist ing of 
series steps p r io r  to product  desorpt ion  (15). 

5. Product ion  of ZrI4 is l inear  in the  reac tan t  beam 
in tens i ty  whi le  atomic iodine exhibi ts  an apparen t  
react ion o rde r  g rea te r  than un i ty  (Fi~. 3). 

6. The indicat ion of a m i n i m u m  in the  response of 
the  iodine a tom phase lag to modula t ion  f requency 
(Fig. 5) is indicat ive  of a b ranched  process (i.,e.. two 

independen t  para l l e l  oaths  (15)) for dissociat ing Iz on 
the surface to form the atomic' iodine product .  Minima 
in the iodine  phase  da ta  are  also observed when  the 
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Fig. 8. Effect of annealing of a pro-oxidized zirconium specimen 
at 1200 K on Zrl4 production at 600 K; 4 min anneal (triangles) 
and an additional 7 rain anneal (circles). 

t empe ra tu r e  is va r i ed  (Fig. 2), and for the h igh - t em-  
pe ra tu re  beam in tens i ty  plot  (Fig. 3). 

Low temperature (T < 850 K).--The fol lowing reac-  
t ion mechanism for surface t empera tu res  be low 850 K 
closely resembles  tha t  de te rmined  for  the f luor ine- tan-  
t a lum system (14). The surface is assumed to be cov- 
ered wi th  a un i form scale of a lower  iodide of zirco-  
nium. To s impl i fy  the  analysis,  the I / Z r  rat io of the 
scale is assumed to be uni ty ,  corresponding to the low-  
est iodide of z i rconium observed b y  Cubicciott i  ,et al. 
(5-8).  The e l emen ta ry  steps in the  react ion model  are 

I~(g) ---> 2I (ads) [1] 

kl 
ZrI  4- I (ads)  --> ZrI2 [2a] 

fast  
ZrI2 4- 2I (ads)  . ) ZrI4(ads)  [2b] 

H 
I (ads)  ~ I (bulk,  surface)  [3] 

D 
I (bu lk ,  surface)  ---> I (bulk,  in terface)  [4] 

fas t  
I (bu lk ,  in terface)  4- Zr  . > ZrI  [5] 

k~. 
ZrI4 (ads)  ---> ZrI4 (g) [6] 

ks 
I (ads)  --> I ( g )  [7] 

The model  contains no provis ion for evapora t ion  of 
lower  z i rconium iodides or for  surface recombina t ion  
of I ( ads )  to form I2:, s ince there  is no exper imen ta l  
evidence for the format ion  of these products .  

React ion [1] represents  the  dissociat ive chemisorp-  
t ion of molecular  iodine on the surface  of the ZrI  scale 
exposed to the impinging  reac tan t  beam. 

React ion [2] represents  the product ion of ZrI4 by  r e -  
act ion be tween  absorbed  I a toms and the ZrI  s.cale. 
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Product ion of ZrI2, with rate constant  kl, is assumed to 
be the l imit ing step in production of Zri4 on the sur-  
face; addit ion of I atoms to ZrI~ is assumed to be rapid. 

Steps [3J-[5] provide a mecl~anism 1or regenerat ing 
the ZrI  scale which is consumed at its upper  surface 
by reaction [2]. The adsorbed I atoms dissolve into the 
top surface of the scale with a solubil i ty coefficient H 
(step [3]), then diffuse through the scale to the meta l -  
scale interface (step [4] ), where they rapidly and ir-  
reversibly react to form fresh scale (step [5] ). Diffu- 
sion in the scale demodulates the product signal and re-  
duces its fundamenta l  mode component,  to which the 
detection system responds. 

Reactions [6] and [7] account for the desorption of 
adsorbed ZrI~ and I species for which the rate con- 
stants are k2 and ka, respectively. Reaction [6] could 
be a l imit ing step at low temperatures.  As the surface 
tempera ture  increases above --60~0 K, desorption of 
I (ads)  (reaction [7]) causes a decrease in ZrI4 pro-  
duction. 

Numerical  implementa t ion  of the kinetic model 
based on reactions [1]-[7] begins with determinat ion 
of the thickness of the ZrI scale. At steady state, the 
rate  at which the scale is removed by  reaction [2] is 
equal  to the rate at which it is produced by the combi- 
na t ion  of steps [3]-[5].  The thickness of the scale is 
(14) 

DH 
~ =  . [81 

kl 

The balance on iodine atoms adsorbed on the ZrI 
scale is 

dm = 2~l log( t ) - -  (3kl + ka )m  + D ( - ~ .  ) [9] 
dt z 0 

where m is the adsorbed iodine atom concentration,  Io 
is the iodine beam intensity,  and g( t )  is the gating 
funct ion of the beam. The first t e rm on the r igh t -hand  
side of this equat ion represents the source of I atoms 
from the incident  I2 beam. The second term is the loss 
due  to desorption of I atoms and production of ZrI4. 
The last term on the r igh t -hand  side represents loss of I 
atoms from the surface by  solution and diffusion into 
the scale, where C is the concentrat ion of iodine in the 
ZrI scale (in excess of the nomina l  I /Zr  ratio of un i ty ) .  
The diffusion coefficient of iodine atoms in the ZrI scale 
is denoted by D. 

Diffusion of iodine in the scale is governed by Fick's 
law 

OC O2C 
- -  = D ' [ 1 0 ]  

Ot Oz 2 

where z is the coordinate perpendicular  to the surface. 
The boundary  conditions at the scale /metal  interface is 

C ( z  = $) = 0 [11] 

The second boundary  condition can be expressed in 
terms of solubil i ty coefficient, H, re la t ing  the surface 
concentrat ion of I atoms to the bu lk  concentrat ion of 
excess iodine in the Upper surface of the scale 

C(z  : O) = H m  [12] 

The mass balance on ZrI4 (ads), with concentrat ion of 
p, is 

dp 
= k l m  -- k2p [13] 

dt 

To solve this system of equations for the first Four ier  
components of the product  waveforms (which were 
measured exper imenta l ly) ,  the following forms are as- 
sumed 

g = 1~ (1 --]- glei~t) [14] - I  m ---- m o +  7he i~t 

P = Po ~- P ei~t [15] 

- l C = Co + Cei~t 

Equat ion [14] is the beam modulat ion funct ion which is 
periodic with a f requency ~ rad/sec and i ---- ~/--1.  In  
Eq. [15] the subscript o denotes the steady component  
of the beam and the overbar  denotes complex quant i -  
ties possessing ampli tude and phase. Simul taneous 
solution of Eq. [9], [10], and [13] gives 

--iOZrI4 4k21~ 
eZrI4 e 

Iogi 
4~i 

i ~ k 2 ) + .  ~ aDH l+e-2ar 
(l"{- G)[(3] 'k7 ~'~11 "2C kl 1--e-'2.~gi] 

[161 
and 

kam 
e i e - i ~  = 

Iogl 

where 

tit 

1+ 7 + - -  ka 

~DH 1 q- e-2a~ 

k3 1 -- e -2a~ 

[17] 

High temperatures  (T > 850 K ) . - - A t  high tempera-  
ture the ZrI scale breaks down to a par t ia l ly-covered 
zirconium surface and /2 dissociation by  the bare 
metal  provides a second route to atomic iodine. Under  
these conditions the mechanism involves reactions [1] 
and [7] on the ZrI-covered port ion surface and the 
following steps on the bare metal  

Is(g)  + 2Zr---> 2ZrI [18] 

k4 
ZrI---> Zr + I (g)  [19] 

Reaction [18] represents dissociative chemisorption of 
molecular  iodine followed immediate ly  by reaction of 
the adsorbed I with zirconium to produce ZrI. The ZrI 
so formed decomposes with rate constant  k4. How- 
ever, the balance between production of ZrI by re-  
action [18] and removal  by reaction [19] results in a 
part ial  coverage of the surface by ZrI. Molecular 
iodine dissociatively adsorbs on and atomical ly de- 
sorbs from the ZrI-covered port ion of the surface with 
the same sticking probabi l i ty  and rate Constants which 
characterize reactions [1] and [7] in the low- tempera-  
ture  regime. If the surface density of ZrI main ta ined  by 
Eq. [18] and [19] is denoted by  n molecules /cm 2 the 
fraction of the total surface covered by  this species is 
he, where ~ is the projected area of a ZrI molecule. The 
adsorbed ZrI may be sufficiently surface mobile to 
cluster into islands, leading to a discontinuously cov- 
ered surface. The surface balance for ZrI is 

dn 
-- 2~2Iog(t) (1 -- n~) -- k4n [20] 

dt 

The first t e rm on the r igh t -hand  side of Eq. [20] rep- 
resents the production of ZrI (ads) from I2 gas s t r iking 
the bare  metal  surface. The second term shows the loss 
of ZrI (ads) due to dissociation of this species, desorb- 
ing I and leaving Zr behind. The mass balance on 
iodine atoms adsorbed on ZrI  dus te r s  with surface 
Concentration m can be represented by 

dm 
- -  -- 2~dog (t) (n~) -- kam [21] 
dt 

The first term on the r igh t -hand  side of Eq. [21] rep-  
resents the rate of dissociative adsorption on ZrI (ads). 
The second term represents  the loss of iodine atoms 
due to desorption. This equat ion is the same as Eq. [9] 
in  the l imi t  where the coverage of ZrI  is un i ty  (i.e., 
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nr -* 1) and te t ra iodide  product ion  and bu lk  solut ion-  
diffusion are  negligible.  

The react ion produc t  vector  for iodine a tom produc-  
tion can be shown to be 

I1~ (1 --  r 
e i e - i O ,  --_ 

1 + --~4 + ~ i  k4 

+ I + W 
+ [221 

4~ 

I + - - i  
ka 

where 
~do 

no = [23] 
k4 +-n2Io~ 

Curves represen t ing  the theoret ica l  apparen t  reac-  
t ion probabi l i t i es  and phase lags of the products  I and 
ZrI4 are  compared  with  the data in Fig. 2-5. Such com- 
par ison requires  select ion of a l l  the physicochemical  
pa rame te r s  descr ibing each e l emen ta ry  step of the  
model,  which include the st icking probabi l i t i es  ~1 and 
~12, the ra te  constants  kl th rough  k4, the solut ion diffu- 
sion proper t ies  of the  scale H and D, and the  p ro jec t ed  
a rea  of adsorbed ZrI, a. The pa rame te r s  H and D a lways  
appear  as the product  H2D in the model  and a is es t i -  
ma ted  to be 1.6 • 10 -15 cm 2 f rom the cross sections of 
iodine and z i rconium atoms (18). F ive  pa rame te r s  
(kl  --  ks, H2D) a re  assumed to exhibi t  A r r h e n i u s - t y p e  
t e m p e r a t u r e  dependences  but  the  s t icking probabi l i t ies  
are  considered to be t empera tu re - independen t .  Thus 
12 pa rame te r s  were  obta ined  by fitting the model  to the 
complete  set  of da ta  in Fig. 2-5. The best  values  are  
chosen by  an  opt imizat ion  rout ine  which  has been 
modified to accept complex numbers  for compar ing  
molecular  beam da ta  wi th  the  theore t ica l  reac t ion  
model  (18). The resul ts  are  summar ized  in Table I. 

Discussion 
The restr}ction of the  reac t ion  products  to atomic 

iodine and the te t ra iodide  is consistent  wi th  t h e r m o d y -  
namic  da ta  for  the Zr / Iz  System obta ined by  Kle in -  
schmidt  et al. (5).  A t  a to ta l  react ive  species pressure  
of 10 - s  a rm (close to the  equiva lent  iodine beam pres -  
sures used in the  present  s tudy) ,  they  Showed that  ZrI~ 
and I are  the  pr inc ipa l  vapor  components,  the former  
dominan t  be low ,~800 K and the l a t t e r  rep lac ing  it at  
h igher  tempera tures .  The close connection be tween  the 
resul ts  of the equ i l ib r ium thermochemica l  s tudy  of 
Ref. (5) and the presen t  nonequi l ib r ium kinet ic  sys tem 
can be seen by  compar ing  Fig. 4 of the former  wi th  Fig. 
2 of  this paper .  This qual i ta t ive  l ink be tween  the rmo-  
dynamics  and produc t  format ion  in a kinet ic  sys tem 
has  been p laced  on quant i ta t ive  te rms b y  the "quasi -  
equi l ib r ium model"  of chemical  kinet ics  (19). This 
model  is genera l ly  in good ag reemen t  wi th  the ob-  
served product  d is t r ibut ions  in most  ha logen -me ta l  
reactions,  and would  appear  to be appl icable  to the 
presen t  system. However ,  quant i ta t ive  appl ica t ion  of 
the quas i -equ i l ib r ium model  to the z i rconium-iodine  
react ion is hampered  by  the lack of sufficiently ac-  

Table I. Parameters of the Zr-I~ surface reaction 

P r e - e x p o n e n t i a l  A c t i v a t i o n  e n e r g y  
P a r a m e t e r  f a c t o r  ( k c a l / m o l )  

W 1 . 0  - -  
W 0.8 
k~ 1.6 x 10 o s -~ 15 
k~ 1.4 • 10 ~t s -1 24 
k a  1.7 x 10 x3 s -~ 50 
k~ 1.7 x 108 s -~ 13 
H~D 1.3 X IO ~~ s - I  21 

curate  free energy da ta  for the var ious  solid and gase-  
ous z i rconium iociides. Never theless  the  ab rup t  shift  in 
product  f rom ZrI~ to I as the t empe ra tu r e  passes 
,~850 K can be v iewed in a the rmodynamic  sense as 
h i g h - t e m p e r a t u r e  ins tab i l i ty  of ZrL~. This view of the 
react ion in no way  vi t ia tes  the  u t i l i ty  of the proposed 
react ion mechanism,  some of the  features  of which are  
discussed below. 

The n e a r - u n i t y  s t icking probabi l i t ies  of iodine on 
both ZrI  and Zr  are  essent ia l  for the exp lana t ion  of 
the vigorous reac t ion  be tween  iodine and zirconium. 

The ac t iva t ion  energy  of the p a r a m e t e r  k3 repre-  
sents desorpt ion of iodine atoms from the ZrI  scale. 
The value  50 k c a l / m o l  shown in Table I compares  
sa t i s fac tor i ly  wi th  the va lue  of 58 k c a l / m o l  for equi-  
l i b r ium react ion [20] 

ZrI2(s)  --) Z r I ( s )  + I ( g )  

which closely resembles  react ion [7]. 
The p r e - exponen t i a l  for  desorpt ion of I and ZrI~ 

(k2 and k3) are  consistent  wi th  v ibra t iona l  frequencies 
of adsorbed species. The low p re -exponen t i a l  factor  for 
format ion  of ZrI2 and decomposi t ion of Z r I ( a d s )  (wi th  
ra te  constants of kl, k4) of ten character ize  react ion-  
control led  surface steps (21). 

In te rp re ta t ion  of the results  wi th  a model  which as- 
sumes format ion  of lower  iodide scale on the subs t ra te  
is consistent  wi th  many  observat ions  of me ta l -ha logen  
reactions.  Ea r ly  work  by  McKin ley  (22-24) demon-  
s t ra tes  the existence of a scale on the reac t ion  of nickel  
wi th  bromine,  chlorine, and fluorine. The assumption 
of scale format ion  b y  Machiels  and Olander  (14) in 
the react ion be tween  fluorine and t an ta lum was la ter  
confirmed by  Nordine  (25) in his s tudy of the  kinetics 
"of fluorine react ions wi th  ir idium, p la t inum,  and t an ta -  
lum using t ransonic  flow reac tor  techniques. Another  
example  of scale format ion  in low pressure  ha logen-  
meta l  react ions  is the  i ron-ch lor ine  system (26). 

The molecu la r  beam react ion response of the system 
depends  only on the product  H2D whi le  according to 
Eq. [8], the scale thickness requires  knowledge  of HD. 
Thus the thickness of the scale cannot be de te rmined  
f rom the model  unless  the  diffusion coefficient of I in 
the  scale or the so lubi l i ty  coefficient is known. Assum-  
ing D == 10 -15 cm2/sec at  600 K gives a scale thickness 

_-- 10A, while  for  D _-- 10 -13 cmS/sec, a thickness of 
100A is predicted.  
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Rapid Determination of Apparent Activation Energies in Chemical 
Vapor Deposition 

G. Leyendecker, H. Noll, and D. B~uerle 
Angewandte Physik, Johannes Kepler Universiffit, 4040 Linz, Austria 

and P. Geittner and H. Lydtin 
Philips Forschungslaboratorium, 5100 Aachen, Germany 

ABSTRACT 

Laser induced chemical  vapor deposi t ion is a powerful tool for rapid determinat ion of apparent  chemical  activation 
energies. The method is demonstra ted for the case of pyrolytic carbon which was deposi ted from C2H2 at various gas pres- 
sures, and we find apparent  activation energies of 51 • 2 kcal/mol. 

The deposi t ion rates  which can be achieved in the  
k ine t ica l ly  contro l led  regime in chemical  vapor  deposi-  
t ion (CVD) and gas phase ep i tax ia l  processes are  de-  
t e rmined  by  apparen t  chemical  act ivat ion energies  
which charac te r ize  the r a t e -de t e rmin ing  step in the  
chain of chemical  react ions involved  in the  deposi t ion 
process. The de te rmina t ion  of such act ivat ion energies  
by  using normal  CVD techniques is ve ry  t ime consum- 
ing and prob lemat ic  because a n u m b e r  of parameters ,  
such as subs t ra te  t empera tu re ,  gas velocity,  gas mix -  
ture,  etc., must  be held  constant  over  long per iods  of 
t ime, genera l ly  severa l  hours, and only small  numbers  
of da ta  points  can be genera ted  (1). 

In this p a p e r  we wil l  show that  l a se r - induced  
chemical  vapor  deposi t ion (LCVD),  which is based on 
local subs t ra te  hea t ing  by  the vis ible  l ight  of a laser  
(2),  is a power fu l  tool  for r ap id  and accurate  de te r -  
mina t ion  of appa ren t  chemical  ac t ivat ion energies.  The 
method  al lows the s imul taneous  quasi -cont inuous  
measu remen t  of the deposi t ion ra tes  and  the local 
t empera tu re s  which  are  achieved wi th in  the  focus of 
the laser  dur ing  continuous growth  of the cyl indr ica l  
rods which were  descr ibed in Ref. (2). We out l ine the 
p rocedure  for the  example  of  pyro ly t ic  g raphi te  which 
was deposi ted f rom C2I-I2 by  us ing the vis ible  l ight  of 
an A r  + laser  for local heat ing.  The exper iments  were  
pe r fo rmed  at  var ious  pressures  of C2I-I2. 

Experimental 
The expe r imen ta l  setup which al lows the s imul tane-  

ous measu remen t  of local t empera tures ,  deposi t ion 

Key words: CVD, laser, activation, carbon, 

rates,  and gas pressures  is schemat ica l ly  shown in Fig. 
1. 

The t empera tu re  in the growing region of the car-  
bon rods, i.e., at the  t ip of the  rod, was measured  p y r o -  
metr ica l ly .  The a l ignment  of the py rome te r  was a lmost  
pa ra l l e l  to the incident  laser  beam. Laser  p l a sma  lines 
which are  especial ly  s t rong in the spect ra l  region of the  
pyromet r i c  measurements  nea r  X ---- 650 nm, were  e l im-  
ina ted  by  an in te r fe rence  filter wi th  a 30A pass band.  

PYROMETER 

I 
TELESCOPE 

Fig. I. Experimental setup 
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The laser l ight which is reflected from the tip of the 
growing rod, and which can produce fluorescence in 
the in te rna l  filters of the pyrometer,  was blocked by a 
long wave pass dichroic filter placed in front  of the 
pyrometer.  The calibration of the pyrometer  was 
checked by means of a calibrated tungsten  band lamp. 
The error in cal ibrat ion was < __. 10 K. 

The hot tip of the growing rod produced a disk 
shaped pyrometer  image with a diameter between 
about one to seven times the diameter of the pyrom-  
eter reference wire. Within  this disk we always deter-  
mined the highest value of tempera ture  at the center. 
The reproducibi l i ty  of the pyrometer  readings under  
these conditions was • K. Because of reflection losses 
at the windows of the reaction chamber and the addi- 
t ional  filters these t empera ture  readings must  be cor- 
rected. Systematic errors arise from uncertaint ies  in 
the value of the coefficient of emissivity e of carbon at 
650 rim, which varies with tempera ture  and surface 
qual i ty  of the region of growth. Assuming ~ : 0.87 _ 
0.05 (3), the resul t ing error was estimated to be about 
__.15 K, Fur thermore,  because of the tempera ture  
gradient  on the tip of the growing rod, the measured 
temperature  might  be somewhat lower than the actual  
temperature  in the center  of the rod, i.e., at r : 0. This 
error  was estimated to be < 40 K in the worst case. 
The procedure and accuracy of the tempera ture  mea-  
surement  was checked dur ing  similar experiments  on 
the deposition of polycrystal l ine Si from Sill4 (4). 
In  this case, the mel t ing point of Si, which is s t rongly 
indicated by the step-like increase in laser l ight in-  
tensi ty  reflected from the tip of the rod, was repro-  
duced within  • K. Note that  all temperatures,  T, 
henceforth used wi thin  this paper, refer to the maxi -  
mum tempera ture  value within the center of the tip of 
the growing rod. 

Deposition was performed from pure C2H2 without  
using a carrier gas. The gas pressure was measured 
with a s tandard bara t ron  (capacitance manometer ) .  
The accuracy in the pressure measurements  was about 
•  

Results 

The determinat ion of the activation energy requires 
an exact definition of a deposition rate which is 
un ique ly  correlated to the tempera ture  which is mea-  
sured according to the procedure described above. 
While this correlation is t r ivial  in the case of normal  
CVD where the substrate is held at a uni form tem- 
perature,  the si tuation is less obvious in our case 
where deposition occurs at the tip of the growing rod, 
which na tura l ly  shows a strong tempera ture  gradient. 
In  fact, because the tempera ture  is measured only at 
r = 0, only the growth rate here is uniquely  deter-  
mined by  the temperature.  We will see, in the next  
section, that  this growth rate is equivalent  to the rate 
of increase of length  of the rod. In  the following sec- 
tion we present  Arrhenius  plots for the deposition of 
C at various C2H2 pressures. 

Growth velocities.--In Fig. 2a we show a polished 
longi tudinal  section of a typical rod, in which can be 
seen a set of crack s which follow the surface of the rod 
at different times, and an orthogonal set of striations, 
which are due to the columnar  s tructure typical of 
pyrolytic graphite. It  is usual  to take the direction of 
growth as being paral lel  to the columnar  s t ructure  (8) ; 
thus we may define the growth rate v as the rate of 
t rans la t ion of a surface element  along its perpendicu-  
lar. It is clear from the shape of the rod that  the 
growth rate is a max imum at the center of the tip, and 
decreases monotonical ly away from the tip; in Fig. 2b 
we plot the growth rate v(r), and also its vectorial 
representat ion in the basis of axial  Va(V) and lateral  
vz(r) growth rates. Both v and  Va show maxima at r = 
0 where, by symmetry,  vl vanishes; it follows that  
v ( r  : 0) and va(r : 0) are identical  with the rate of 
increase of length of the rod, w(T) ,  and, since the 

Fig. 2. (a) Polished longitudinal section of carbon rod. (b) Growth 
rate v (full line) and component growth velocities Va and vl (broken 
lines). 

temperature  is measured in the center of the rod, 
uniquely  determined by T. We may therefore define 
the deposition rate by 

M 
w(T)  - - - - - - -  Va(r = 0, T) - v ( r - -  0, T) [1] 

At 

The growth in length, M, can be measured very pre-  
cisely by means of the microscope as shown in Fig. 1. 
Care must  be taken that the time in terval  for mea-  
surement,  At, is small. In  our experiments  ~t < 20 sec. 
During this short t ime of measurement  M < <  ~ ,  where 
L is the length of the laser focus. Typical values of Al 
and L were < 100 #m and > 1 mm, respectively. Under  
these exper imental  conditions, the effective laser Jr- 
radiance, and thereby the tempera ture  T, remained 
constant within the in terval  At, and within accuracy of 
measurements.  When measur ing hl and T quasi-con-  
t inuously  dur ing  the growth of the rod along the total 
length  of the laser focus, L, a large n u m b e r  of data 
points can be obtained with quasi-cont inuous changes 
in temperature.  Figure 3 shows directly the range of 
reproducibil i ty of the data. To cover the range of tem- 
peratures plotted, the laser power had to be changed a 
few times. This was done in such a way that  the cor- 
responding irradiances, and thereby the temperature  
regimes, overlapped considerably. 

Arrhenius plots.--For a thermal ly  activated process 
the deposition rate should follow an Arrhenius  type 
relat ion of the form 

W ~ Wo e-AE/kw [2] 

where hE is the apparent  activation energy, and Wo is 
a constant when the concentrat ions of the reacting 
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Fig. 3. Dependence of deposition rate on temperature measured 
quasi-continuously. 

species a re  constant .  F igure  4 shows the expe r imen ta l  
resul ts  in an Ar rhen ius  plot  according to Eq. [2], as-  
suming wo to be independen t  of t empera ture ,  for va r i -  
ous pressures  of C2H. Each da ta  point  m a r k e d  was ob-  
ta ined  by  averaging  about  30 single da ta  points  mea-  
sured according to the technique descr ibed above. The 
e r ro r  bars  r e p r e s e n t  the  s t anda rd  error .  

I n  the  low t e m p e r a t u r e  regime,  the  slope of the  
curves is, wi th in  the  accuracy of measurement ,  inde-  
penden t  of  pressure ,  and  corresponds to an appa ren t  
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Fig. 4. Arrhenius plot for loser-induced deposition of carbon 

from C~H~. 

act ivat ion energy  of t ie  = 47 • 2 kca l /mol .  However ,  
because the  gas concentra t ion wi th in  the reac t ion  zone 
is not  constant,  bu t  depends  on t e m p e r a t u r e  according 
to the  ideal  gas law, we make  the ansatz Wo a T -1. 
Taking  this ansatz  into account, we st i l l  ob ta in  in the 
low t empera tu r e  regime of the Ar rhen ius  plot  a 
s t ra ight  line, wi th in  accuracy  of measurements ,  the 
slope of which is s l ight ly  increased and yie lds  an ac tual  
apparen t  ac t iva t ion  energy  of t ie  ~ 51 • 2 kca l /mol .  
This value  is wi th in  the  range of ac t ivat ion energies 
which were  der ived  from the the rmal  decomposi t ion of 
acety lene  (5). A t  high tempera tures ,  the curves  devia te  
below the s t ra ight  l ines;  this effect becomes more  p ro -  
nounced at  low pressures.  Note that  for the lowest  
pressures  the deposi t ion ra te  in the "high" t empera -  
ture  regime increases  only ve ry  s l ight ly  wi th  t e m p e r a -  
ture.  

Discussion 
The method descr ibed  above is r easonab ly  s imple 

and al lows an accura te  and rap id  de te rmina t ion  of 
appa ren t  chemical  ac t ivat ion energies  in chemical  
vapor  deposi t ion processes. The reasons are  as follows: 
Because the  re levan t  t e m p e r a t u r e  is d i rec t ly  measured  
in situ, i.e., dur ing  the deposi t ion process, r a the r  than  
der ived  ind i rec t ly  from, for example ,  the  effective laser  
i r r ad iance  (6, 7), a number  of e r rors  which m a y  a r i se  
f rom possible changes in the  d iamete r  a n d / o r  the 
length  of the laser  focus, f rom changes in the posi t ion 
of the focal p lane  with  laser  power  etc., wil l  not  affect 
the expe r imen ta l  accuracy.  Fu r the rmore ,  because of 
the s t rong local izat ion of the hea ted  area,  typ ica l ly  
10 -8 mm 2, the reac tor  can be held  at  a wel l -def ined  
("low") t e m p e r a t u r e  even at ve ry  high local t e m p e r a -  
tures.  Therefore,  no p rob lems  ar ise  wi th  deposi t ion 
e lsewhere  than  the  local ized hot  spot, even at  pressures  
of severa l  hundred  mbar .  As a consequence of the 
much h igher  pressures  tha t  can be used in the LCVD 
exper iments ,  the  deposi t ion ra tes  a re  h igher  b y  102. 
103 than  those repor ted  for convent ional  CVD. For  this 
reason da ta  points  can be ob ta ined  quasi -cont inuously ,  
M is " reasonably"  la rge  and the reby  eas i ly  measurab le  
even for shor t  t ime in tervals ,  and the stat ist ics can 
therefore  be ve ry  much improved.  The s t rong local iza-  
t ion of hea t ing  al lows three  d imensional  diffusion of 
molecules  in to /ou t  of the  react ion zone and is therefore  
responsible  for the  much wider  extension of the  
k ine t ica l ly  contro l led  regime in which  the slope of the  
curve is independen t  of pressure,  reactor  geometry,  
etc. In  o ther  words,  the b r e a k  in s lope indica t ing  the 
so-cal led  "diffusion l imi ted"  regime occurs at  much 
h igher  t empera tu re s  than  in normal  C.VD exper iments ,  
in which, due to the large  area  slab geometry,  only  one 
d imensional  diffusion is effective. The m a r k e d  decrease 
in slope at  h igher  t empera tu res  m a y  indicate  tha t  the 
deposi t ion becomes l imi ted  by  t ranspor t .  However ,  we 
cannot  rule  out  the  poss ib i l i ty  tha t  this change in 
slope is also influenced by  an onset  of par t ic le  f o r m a :  
tion, b y  different  chemical  react ion pa thways ,  or  by  H2 
enr ichment  near  the  growing surface.  H2 enr ichment  
could arise due to thermodiffusion because of the  
s t rong t empe ra tu r e  g rad ien t  near  the  t ip  of the  rod, 
and i t  could l imi t  the  t r anspor t  of  reac t ive  species. 
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Practical Limiting Efficiencies for Crystalline Silicon Solar Cells1 

James A. Amick* and Amal K. Ghosh 
Exxon Research and Engineering Company, Linden, New Jersey 07036 

ABSTRACT 

A review is given of the factors governing the conversion efficiency for crystalline silicon solar cells at AM1 and of the 
practical limits on cell efficiencies. Included are losses due to reflection, shadowing, carrier diffusion length, and I2R dissi- 
pation. The influence of polycrystall ine grain size on conversion efficiency is also discussed. For  conventional  cells having 
a planar junction, a practical l imiting efficiency in product ion appears to be about 17% in the absence of sunlight 
concentration. 

The theore t ica l  efficiency for crys ta l l ine  silicon solar  
cells has been ca lcula ted  as about  22% for opera t ion  
at AM1 (1). For  cu r ren t ly  manufac tu red  cells, efficien- 
cies of only  12-14% are  achieved,  one -ha l f  to two-  
th i rds  the  theore t ica l  value.  Reasons for  the d ivergence  
be tween  theory  and pract ice  have been discussed in 
the l i t e ra tu re  and the loss mechanisms are  l a rge ly  un-  
derstood (2). Wi th  new technology,  efficiencies a re  
cont inual ly  being raised,  but  there  are  l imits  to the 
efficiencies that  can be achieved.  I t  is the purpose  of 
this paper  to reexamine  the loss mechanisms opera t ive  
in c rys ta l l ine  silicon solar  cells and to es t imate  the 
prac t ica l  upper  l imits  for achievable  efficiency. 

Assumptions 
For  the purposes  of this analysis ,  severa l  assump-  

tions and constraints  are  made:  (i) The cell is con- 
s t ruc ted  f rom a s ingle crys ta l  or  po lycrys ta l l ine  silicon 
sheet  wi th  a cont inuous junct ion  in (or on) one ma jo r  
surface of the  cell. ( In te rd ig i t a t ed  back  contact  cells, 
for example ,  are  not  considered) .  (ii) To collect cur -  
rent,  a conduct ive meta l  ne twork  is p resen t  on the  
f ront  surface. This ne twork  consists of a grid line a r r a y  
of paral le l ,  constant  width  l ines plus a bus pat tern .  
Losses for the ne twork  are minimized  by  the op t imiza-  
t ion p rocedure  descr ibed in a previous  paper  (3). (iii) 
The power  dens i ty  for AM1 sunl igh t  is t aken  as 100 
m W / c m  2, a number  tha t  is subject  to some unce r t a in ty  
because of uncontrol led  and uncont ro l lab le  a tmo-  
spheric  conditions,  such as haze, humidi ty ,  pol lutants ,  
tha t  va ry  f rom day  to day  and f rom season to season. 
(iv) The spectra l  d is t r ibut ion  and dens i ty  of photons 
in AM1 sunl ight  and corresponding analy t ic  expres -  
sions represen t ing  this d is t r ibut ion  are  t aken  f rom De-  
Vos (4). (v) The solar  cell  obeys a classical diode 
equat ion (5) which can be wr i t t en  in  simplif ied fo rm 
as 

J = Jo(eqV/n~r_ 1) [1] 

where  J --  cur rent  dens i ty  in A/cm~, Jo = reverse  sa t -  
u ra t ion  cur ren t  dens i ty  for the  diode in the  da rk  in 
A / c m  2, q ~- electronic charge, V : vol tage  across the 
diode (cell)  in volts, k --.= Bol tzmann constant,  T - -  

* Electrochemical  Society Act ive  Member .  
1 A m o r e  detailed treatment  will be found  in "Proceedings of 

the  S y m p o s i u m  on Materials and New Processing Technologies  for 
Photovol ta ics , "  Vol. 81-3, J. A. Amick ,  E. Sirtl ,  P. Rai-Choudhury,  
and J. P. Dismukes ,  Edi tors ,  T h e  E lec t rochemica l  Society Soft- 
bound  Proceedings Series, Pennington,  New J e r s e y  (1981). 
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t empe ra tu r e  in K, n --  "diode qual i ty  factor,"  typ ica l ly  
un i ty  at  h igher  voltages, and q /kT  : 38.46V -1 at T ~-- 
300 K (room t empera tu r e ) .  

Approach 
Historical ly,  the output  of  a solar  cell is r epresen ted  

as the  product  of three  pa ramete rs :  shor t -c i rcu i t  cur -  
rent  (Is),  open-c i rcu i t  vol tage  (Voc), and fill factor  
(FF). For  es t imat ing efficiency, the produc t  of these 
three  pa rame te r s  is found. This product  is then d iv ided  
by  the to ta l  inc ident  power  and mul t ip l i ed  b y  100. I f  
the shor t -c i rcu i t  cur ren t  dens i ty  (Jsc) for  AM1 i l lumi-  
nat ion is known,  the efficiency can be s imply  expressed 
a s  

~1 "- (Jsc) (Voc) (FF) Jsc in m A / c m  2 

since the incident  power  dens i ty  is t aken  as 100 m W /  
cm 2. Each of these pa rame te r s  wi l l  be considered in 
turn. 

Short-Circuit Current Density 
The shor t -c i rcu i t  cur ren t  dens i ty  is a key  pa rame te r  

since i t  is influenced by  many  factors. The open-c i rcu i t  
vol tage changes only  s lowly  wi th  changes in shor t -  
c ircui t  current ,  and  the fill fac tor  is essent ia l ly  fixed by  
the diode equation.  The shor t -c i rcu i t  cur ren t  dens i ty  
is therefore  t rea ted  first in this discussion. 

Incident light intensity.--The p r i m a r y  factor  govern-  
ing shor t -c i rcu i t  cur ren t  dens i ty  is the  ava i lab i l i ty  in 
sunl ight  of photons having an energy sui table  for  ab-  
sorpt ion by  c rys ta l l ine  silicon. For  AM1, this  n u m b e r  
is not  comple te ly  defined. F igure  1 shows the da ta  f rom 
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DeVos (4) which  covers the  energy  r ange  of in teres t  
for solar  cells. Upon in tegra t ing  the photon dens i ty  
f rom 1.1 eV (the bandgap  of si l icon) to infinite energy,  
a va lue  of , ,2.8 • 10 ~7 pho tons / cm 2 sec is obtained.  2 
Assuming  tha t  eve ry  photon creates  a ca r r i e r  pa i r  and 
tha t  a l l  car r ie rs  a re  collected, this  t rans la tes  to a cur -  
ren t  dens i ty  (no loss) of about  45 m A / c m  2. This value  
is an upper  bound  for for shor t -c i rcu i t  cu r r en t  dens i ty  
in  a c rys ta l l ine  sil icon device. A recent  ca lcula t ion wi th  
SERI AM1 spec t ra  yields  a va lue  of 45.8 M A / c m  2. 

Di~usion length Sot earriers.mAs shown b y  Ghosh, 
Fishman,  and  Feng  (5), the  shor t -c i rcu i t  cu r ren t  for  
a prac t ica l  c rys ta l l ine  sil icon cell  is less than  45 m A /  
cm 2 because of finite thickness  (hence l imi ted  absorp-  
t ion of photons)  and  finite diffusion length  (hence l im-  
i ted ca r r i e r  col lect ion) .  The  l imi ted  thickness  impl ies  
tha t  wave lengths  tha t  are  poor ly  absorbed in silicon, 
i.e., the r ed  region of the  spect rum,  wil l  pa r t l y  pass 
th rough  the sil icon wi thout  being absorbed.  3 The fin- 
i te  diffusion length  impl ies  that  ca r r i e r  pai rs  c rea ted  
deep wi th in  the  in te r io r  of the  cell  cannot  a l l  r each  
the junc t ion  before  they  recombine.  For  these two con- 
s t ra in t s  of thickness  and diffusion length,  the  ideal  
shor t -c i rcu i t  cu r ren t  can be de te rmined ,  employing  
the energy  d i s t r ibu t ion  of sunl ight  and the opt ical  ab-  
sorpt ion character is t ics  of c rys ta l l ine  silicon. Resul ts  
of this  calculat ion were  shown in Fig. 10 of Ref. (5) 
and  a re  rep lo t ted  here  to show shor t - c i r cu i t  cu r ren t  
dens i ty  as a funct ion of wafer  thickness  wi th  diffusion 
length  as the  independen t  p a r a m e t e r  (Fig. 2). 

As can be seen f rom Fig. 2, the  shor t -c i rcu i t  cu r ren t  
dens i ty  begins to fal l  subs tan t ia l ly  if  the cell  thick= 
ness decreases  be low about  250 #m (0.010 in.).  A cell  
th ickness  of 150 ~m (0.008 in.) lowers  the  shor t -c i rcu i t  
cu r ren t  b y  about  6% compared  wi th  a thickness  of 300 
~m (0.012 in.) and for a diffusion Iength  of 200 ~m. For  
a cell  150 #m thick, the re  is v i r tua l ly  no advan tage  to 
ra is ing  the  diffusion length  beyond  this 200 ~m value.  
On this basis, we conclude tha t  fu ture  photovol ta ic  
cells should be made  f rom silicon at  least  250 ~m (0.010 
in.) and  up to 400 ~m (0.016 in.) thick, especia l ly  as 
techniques for  increas ing the diffusion length  are  de-  
veloped.  

As is wel l  known,  the  diffusion length  is dependent  
on two fundamen ta l  parameters ,  ca r r ie r  mobi l i ty  and 

T h e r e  is u n c e r t a i n t y  in t he  l i t e r a t u r e  w h e t h e r  the  n u m b e r  2.8 
• 1{~7 pho tons /cm~ sec c o r r e s ponds  to  100 m W / c m ~  of inc ident  
sunl ight .  Th is  u n c e r t a i n t y  could m o d i f y  t h e  conclusions about  
l imi t ing  cell  efficiency by  as m u c h  as 15% and  needs  to be  re- 
solved.  

s A ref lect ive back  contac t  can  concep tua l ly  inc rease  the  effec-  
t ive  ce l l  th i ckness  by up to a f a c t o r  of 2 or  more ,  bu t  m a y  place  
cons t ra in t s  on cell  p rocess ing  t h a t  m a y  not  be  ach ievab le  in prac- 
t ice .  
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Fig. 2. Maximum short-circult current for crystalline silicon so!or 
cells in AMI  sunlight vs. cell thickness (for various diffusion lengths 
of minority carriers). (No shadowing, reflection, surface recombina- 
tion, 12R losses.) 

l i fet ime.  In general ,  if  the qua l i ty  of the  s ta r t ing  s i l i -  
con decreases,  or  if impur i t i es  are  i nadve r t en t ly  in-  
t roduced  dur ing  processing, the l i fe t ime falls  more  
r ap id ly  than  the  mobi l i ty .  Fo r  solar  cells cu r ren t ly  be -  
ing manufac tured ,  mobil i t ies  approach  the ideal  va l -  
ues; l i fet imes are  typ ica l ly  in the range  of 10-100 ~see. 
This places the diffusion length  in the  v ic in i ty  of 100- 
500 #m. A l i fe t ime of 100 ~sec is p robab ly  an uppe r  
bound  for a prac t ica l  s i l icon device (7).  This would  
give a diffusion length  of about  500 /~m for a p roduc-  
tion cell. 

For  a single c rys ta l  silicon solar  cell, t ak ing  into ac-  
count jus t  the thickness and diffusion length  l imi t a -  
tions, and  assuming a thickness of 300/~m and a diffu- 
sion length  of 500 /~m, the ideal  cu r ren t  dens i ty  of 45 
rnA/cm 2 is reduced  to about  38 m A / c m  2. Whi le  not 
t ru ly  fundamenta l ,  this appears  to us as a loss of 15% 
which is unavoidable  in prac t ica l  cells. 

For  po lyc rys ta l l ine  wafers,  the  diffusion length  wil l  
be fu r the r  reduced.  As shown b y  Ghosh e t a / .  (6),  the 
diffusion length  is a function of gra in  size. Mobi l i ty  
and l i fe t ime a re  both affected b y  decreas ing the size 
of grains.  Prac t ica l  cells  wi l l  r equ i re  gra in  sizes of at  
leas t  100 ~m (0.004 in.) .  To approach  the pe r fo rmance  
of s ingle crys ta l  cells, g ra in  sizes of 0.5 cm or  l a rge r  
wil l  be needed. Such gra in  sizes can be obta ined  for 
po lycrys ta l l ine  silicon by  slow cooling of a mel t  (8). 
I t  is consequent ly  an t ic ipa ted  tha t  efficiencies for po ly-  
crys ta l l ine  cells wi l l  closely approach  those for single 
crys ta l  devices, given equiva len t  qua l i ty  of the s t a r t -  
ing silicon. 

F rom this analysis  of diffusion length  and thickness  
l imitat ions,  we conclude tha t  cel l  th ickness  i n  the 
range  0.009-0.020 in. wi l l  be used in fu ture  product ion  
cells, wi th  the l a rge r  thicknesses favored  as the cost of 
silicon decreases and the technology for increas ing dif -  
fusion length  improves.  I t  also appears  tha t  po lyc rys -  
ta l l ine  sil icon wi th  large  g ra in  sizes wi l l  be ava i lab le  
and tha t  the  efficiencies for cells fo rmed  in such po ly -  
crys ta l l ine  ma te r i a l  wi l l  closely approach  the efficien- 
cies for single cells. I t  never the less  appears  that  an un-  
avoidable  loss of shor t -c i rcu i t  cu r ren t  dens i ty  of pe r -  
haps 15% wil l  be  encountered  for  c rys ta l l ine  silicon 
cells due to the finite th ickness  and the finite diffusion 
length  for silicon. 

Reflection losses.--A second factor  control l ing shor t -  
c i rcui t  cu r ren t  dens i ty  is the  reflection of inc ident  l ight  
f rom the f ront  surface of the  cell. This reflection loss 
is a fundamen ta l  character is t ic  of a discontinuous 
change in re f rac t ive  index and, for a single d iscont in-  
u i ty  in nonabsorbing  mater ia ls ,  is de te rmined  by  the 
equat ion 

( n l  - ns) 2 
R = [2] 

(m + ns) 2 

where R -- the fraction of light reflected and nl and ns 
are optical indexes of refraction for two different 
media. 

For crystalline silicon, the index of refraction is 
about 3.9 at a wavelength of 6600A (9). This leads to a 
reflection loss of about  35% for l ight  t r ave l ing  f rom air  
into an opt ica l ly  pol ished si l icon surface. Reflection 
losses wel l  be low this value  can be obta ined  b y  (i) 
surface textur ing,  (if) antiref lect ion coat ing wi th  in te r -  
fe rence- th ickness  films, and (iii) opt ical  index  ma tch -  
ing. Surface  t ex tu r ing  is n o r m a l l y  achieved for  (100) 
or ien ted  sil icon wafers  by  t r ea tmen t  in hot  caustic 
(10). Such t r e a t m e n t  can reduce the  reflection loss to 
a few percent ,  but  has the  d i sadvantage  tha t  not  al l  
c rys ta l  or ienta t ions  are  suitable.  Especia l ly  for po ly -  
c rys ta l l ine  si l icon wafers ,  in which  the grains  tend  to 
be r andomly  or iented,  this t ype  of surface  t ex tu r ing  is 
unsat isfactory.  Ant i ref lect ion coatings are  capable  of 
lower ing  the reflection loss in selected, na r row  w a v e -  
length  ranges for  silicon, bu t  mus t  be ca re fu l ly  con- 
t ro l led  in th ickness  and in re f rac t ive  index.  Unfor -  
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tunate ly ,  the  band of wavelengths  ava i lab le  f rom sun- 
l ight  is broad  enough so that  losses on e i ther  side of 
the min imum are  substant ial .  Matching of opt ical  in-  
dexes for mul t ip le  layers  is possible by  select ing a 
series of g radua l ly  decreas ing opt ical  index layers  f rom 
3.5 to 1. By p rope r ly  grading  the index,  for 3 to 4 l ay-  
ers, reflection losses can be held  below about  5% over  
the spec t ra l  range  of interest .  

Unfor tunate ly ,  there  appears  to be an unavoidable  
loss of about  4% for an encapsula ted  solar  cell  due to 
the mismatch  be tween  the uppermos t  glass or  plas t ic  
l ayer  and air. Techniques for  t ex tu r ing  glass to reduce 
this loss a re  known (11), but  the surfaces produced 
are fragile.  Upon exposure  to wea the r ing  condit ions 
and pollutants ,  the beneficial  effects of the t ex tu r ing  
processes can be lost. We, therefore,  conclude tha t  
there  is an app rox ima te  5% loss by  reflection which 
is unavoidab le  in production.  

Shadowing loss.--The meta l  grid over ly ing  the pho-  
tosensit ive surface contr ibutes  a fu r the r  loss of incident  
photons. Unfor tunate ly ,  the meta l  gr id is requ i red  be-  
cause of the  r e l a t ive ly  high sheet  res i s t iv i ty  for the 
diffused junc t ion  formed in a convent ional  solar  cell. 
Even for the heterojunct ions  formed wi th  t in oxide 
deposits,  sheet  res is t ivi t ies  are  in the neighborhood of 
100 ~ / sq .  Whi le  the  sheet  res is t iv i ty  for a diffused 
junct ion can be lowered  by  deeper  diffusion, the  r e -  
sul t ing heav i ly  doped surface  region has poor l i fe t ime 
and the improvemen t  obta ined  wi th  lower  sheet  res is-  
t iv i ty  is more  than  offset by  the loss of carr iers  in the 
surface  region of the device. For  the  foreseeable  fu-  
ture,  i t  is an t ic ipa ted  that  a metal  grid wil l  be required.  
As descr ibed in an ear l ie r  pape r  (3), for prac t ica l  met -  
a l l iza t ion systems and cell  d iameter ,  t he re  is at  least  
a 5% shadowing  (i.e., shor t -c i rcu i t  cu r ren t  dens i ty)  
loss, 4 which is unavoidab le  for  product ion  cells. I t  m a y  
be difficult to achieve this magni tude  of shadowing  loss 
wi th in  any  reasonable  low cost process. 

Recombination in the front sur]ace.--At one time, 
the  junct ions  in solar  cells were  deep enough so tha t  
apprec iab le  opt ical  absorpt ion  occurred in the heav i ly  
doped surface region formed by  diffusion. Since re-  
combinat ion  in this  region is rapid,  ca r r ie r  loss was 
significant. Wi th  the advent  of shal low junct ion  de-  
vices, this loss mechan i sm decreased g rea t ly  in im-  
por tance  (12). F i shman  (13) has ca lcula ted  the ab-  
sorpt ion of AM1 photons in a region of si l icon 0.1 #m 
thick as this region is moved from the front  surface to 
the back  surface of a wafer.  Assuming 100% car r ie r  
collection efficiency, i.e., infinite diffusion length, this 
da ta  can be conver ted  into the cur ren t  cont r ibut ion  
f rom each 0.1 ~m thick slab of silicon as shown in 
Fig. 3. F o r  junct ions  2500A deep, the to ta l  cur ren t  
contr ibut ion  f rom the region on the surface side of the  
junct ion  is about  5 mA/cm% In ac tua l  cells, most  of 
this cur ren t  appears  to be collected, and recombina t ion  
in the front  surface consti tutes a loss of only  a 
couple of percent .  Some loss by  this mechanism is un -  
avoidable  in diffused junct ion  cells, but  he tero junct i0n  
cells a re  appa ren t ly  free f rom this loss. Because of the  
smal l  contr ibut ion,  this  loss is neglec ted  in the es t i -  
mat ion  of p rac t ica l  cell efficiency. 

Summary of losses in short-circuit current density.-- 
F r o m  the discussions above, i t  appears  tha t  the  shor t -  
circuit  cu r r en t  densi ty  for  prac t ica l  product ion  cells 
made  f rom single c rys ta l  si l icon wi l l  be subs tan t ia l ly  
lower  than  the 45 m A / c m  2 which  represen ts  the no-  
loss case. The th ickness /di f fus ion length  loss wil l  be 
about  15%, the reflection loss wi l l  be about  5%, and 
the shadowing loss wi l l  be about  5%. This combina-  
t ion effect ively reduces the 45 m A / c m  ~ to about  34.5 
m A / c m  2. Whi le  this number  is not  a fundamenta l  l imit ,  
i t  wi l l  be ve ry  difficult to exceed in product ion,  For  

W i t h  a n o t h e r  5% l o s s  d u e  t o  t h e  I~R d i s s i p a t i o n  in  t h e  m e t a l  
g r i d ,  as  d i s c u s s e d  in m o r e  d e t a i l  b e l o w .  

3~ 
3, 
3; 

~E 3( 
u 2~ 

2, 
2: Z 

- 18 

i i h i i 

23.12 rnA 

I I J I J 
0.2~ 1.0~ 2.0~ 5.0~ 3.0j, 4.0~ 

DEPTH IN MICROMETERS 

Fig. 3. Cumulative current in 0.1 thick slabs vs. depth of slab 

smal l  d iamete r  cells, pa r t i cu l a r ly  those wi thout  a meta l  
gr id  pat tern ,  values up to 36-37 m A / c m  2 can be ex-  
pected. However ,  product ion  cells wi th  areas  of 25-100 
cm 2 or  more  cannot  achieve the h igher  cu r ren t  levels 
wi thout  in t roducing concomitant  I2R losses tha t  more  
than  offset the gain from the increased current .  We, 
therefore,  ant ic ipate  tha t  product ion  cells wi l l  exhib i t  
shor t -c i rcu i t  cu r ren t s  ~ 35 mA/cm2. 

Reverse Saturation Current Density and 
Open-Circuit  Voltage, (Voc) 

The open-c i rcu i t  vol tage for a diode is not  an inde-  
pendent  parameter .  For  a diode obeying  Eq. [1], the 
reverse  sa tura t ion  cur ren t  density,  in combinat ion wi th  
the shor t -c i rcu i t  cu r ren t  density,  de te rmines  the open-  
c i rcui t  voltage. The  shor t -c i rcu i t  cu r ren t  densi ty  was 
ca lcula ted  above. The reverse  sa tura t ion  cur ren t  den-  
s i ty  is made  up of  th ree  components  (14), bu t  in a 
we l l -behaved  diode, the  dominant  sa tura t ion  cur ren t  
dens i ty  is usua l ly  the  Jol  given by  the d i f fus ion- l imi ted  
current .  Typical  da rk  character is t ics  for a si l icon solar  
cell  are  p lot ted  schemat ica l ly  as the logar i thm of the 
cur ren t  dens i ty  vs. vol tage in Fig. 4. Such plots usua l ly  
exhibi t  two dis t inct  slopes. At  lower  voltages,  the n -  
va lue  (diode qual i ty  factor)  is two or  more;  at  h igher  
voltages,  the n - v a l u e  is near  unity.  The h igher  n -va lue  
is no rma l ly  associated wi th  recombina t ion  in the  j unc -  
t ion region of the device;  ex t rapola t ion  of this l ine-  
segment  to zero vol tage  gives the cur ren t  dens i ty  in-  
t e rcep t  Jo2. The segment  having  un i ty  slope is asso- 
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ciated with diffusion-l imited cur ren t  density ar r iv ing 
at the junct ion  from the bulk;  extrapolat ion of this l ine 
segment  gives the intercept  Jol. These intercepts rep-  
resent currents  arising from different processes and can 
vary  independent ly.  In  real cells, both are governed 
by the presence of impur i ty  states typically of uncon-  
trolled and undefined origin. 

If the saturat ion current  density from either  process 
(at zero voltage) is altered, e.g., by using a higher 
pur i ty  silicon, the corresponding Jo is lowered (e.g., 
Jol to Jol in Fig. 4), and the corresponding line seg- 
ment  for that  process is moved paral lel  to itself, as 
shown. The open-ci rcui t  voltage for a cell can be found 
by extending the expected short-circui t  cur rent  den-  
sity (e.g., 35 m A / c m  2) paral lel  to the voltage axis un -  
til it intercepts one of the two line segments. For  prac-  
tical cells, the intercept  lies near  the cross-over point  
for the two line segments, but  usual ly  intercepts the n 
--  1 slope region. For  future  cells, it is assumed that  
the junct ion  recombinat ion current  density will  be  de- 
creased and that  the open-circui t  voltage will  be deter-  
mined by intercept  with the n -- 1 l ine segment.  

Reduction of Jo, and Jo2 leads to higher open-circui t  
voltages as shown in Fig. 4, but  Jol appears to be the 
more fundamenta l  limit. An estimate of Jol for a prac- 
tical cell can be made following the approach of Hall 
(15). For  a simple diode wi th  a metal  back contact 
( recombinat ion velocity infinite) and a diffused th in  
f ront  junct ion,  he gives the saturat ion current  densi ty 
(the values of the parameters  are given in  Table I) 

qDeni 2 
Jol -- - -  coth (W/Le) [3] 

/VALe 

Similarly,  for a back surface field (BSF) cell, where 
carriers are reflected from the back contact (recombi- 
nat ion velocity = zero), he gives 

qDeni 2 
Jol -- - -  tanh (WILe) [4] 

NALe 

From Fig. 2 it can be anticipated that  the ratio WILe 
will  lie in the range 0.3 < WILe < 3. Insert ion of the 
values for each parameter  allows calculation of the ex- 
pected saturat ion current  densities for each type of cell 
as shown in Table II. 

There are other theories which account for the back 
surface field. Reference to these theories can be found 
in  a recent  publ icat ion by  Dhariwal  and Kulshreshtha 
(16). 

From Table II, it is seen that the saturat ion current  
densities, Yol, are all in the range 10-12-10 -13 A/cm2. 
From Eq. [1], using Js~ = 0.035 A/cm 2, the correspond- 
ing open-circui t  voltages are: Jol = 10 -12 A/cm~, Voc 
= 0.63V; Jol = 10 -13 A/cm~, Voc = 0.69V. 

Table I. Values of parameters 

q = 1.6 x 10-1~C 
De = 35.1 cme/sec  

n l  = 1.35 • lO~O/cm 3 

.I~'A = 10 ~7 a t o m s / c m ~  

Le = 100-500 x lO- i  c m  

W = 0.038 c m  = 0.015 in .  

w h e r e :  q = e l e c t r o n i c  c h a r g e  
De = e l e c t r o n  diffusion coeffi- 

cient 
n i  = i n t r i n s i c  e l e c t r o n  con-  

c e n t r a t i o n  
NA = a c c e p t o r  a t o m s  i n  base 

r e g i o n  
Le = d i f f u s i o n  l e n g t h  of elec- 

trons  i n  the base  
W = c e l l  th ickness  

Table II. Saturation current density (Jol) for solar cells 

E q .  [3]  Eq .  [4] 

S i m p l e  c e l l ,  B a c k  surface  
meta l  back field cell  

c o t h  J o l  t a n h  Jo~ 
WILe (WILe) ( A / c m  2) ( W I L e )  ( A / c m  2) 

0.3 3.4 1,8 x 10 -12 0.3 1,6 • 10 -la 
1 1.3 7.1 x 10 -13 0.76 4.1 • 10 -~3 
3 1 5 • 10 - ~  0.99 5 x 10 -~a 

Within  • 5%, we anticipate that the open-circui t  
voltage will  be 0.64V for production cells; with lower 
qual i ty s tar t ing silicon, hence higher concentrat ions of 
inadver ten t  impurities,  the voltages will  tend to be 
lower. Green and co-workers (17) have reported Voc 
of 0.64V in  MINP structures. 

It  should be noted that  the same parameters  that 
control the major  short-circui t  cur rent  loss, i.e., diffu- 
sion length and cell thickness, also control tbe reverse 
current  and hence the open-ci rcui t  voltage. 

The uncer ta in ty  in this value is greater than  for the 
short-circuit  current  density. From the t rea tment  of 
Rose (18), for saturat ion current  l imited by radi-  
ative recombination,  an  open-circui t  voltage of about 
0.75V is calculated. With presen t -day  silicon, recom- 
binat ion is dominated by impurities.  How and whether  
the impur i ty  concentrat ion can be decreased to ap-  
proach the rad ia t ive- recombinat ion- l imi ted  Jol is not 
known. It  is not  l ikely to occur in the near  future. Ac- 
cordingly, we anticipate that  production cells will have 
an open-ci rcui t  voltage ~ 0.64V. 

Fill Factor 
The fill factor for a silicon solar cell can b e  calcu- 

lated from the ideal diode curve as 0.83-0.84 (19). 
P resen t -day  cells have fill factors in  the range  of 0.72- 
0.76. Departure  from the ideal value may be due to 
metal l izat ion resistance, interfacial  (contact) resist- 
ance, l imitat ions in sheet resistance on the f ront  sur-  
face, and /o r  resistances wi thin  the bulk  of the celt. 
Although these resistances can probably  be reduced, 
they cannot be ent i re ly  eliminated. A practical fill fac- 
tor of about 0.8 appears reasonable for production cells 
as the technology improves. 

12R Losses in the Metal Network 
The flow of current  through the metal  ne twork  on 

the f ront  surface of the cell leads to an addit ional  I2R 
loss due to the finite resistance of the bus and grid 
metallization. From the optimization procedure de- 
scribed in Ref. (3), and as ment ioned in the section on 
shadowing loss, an estimated 5% of the power avai l -  
able from the cell is lost. Since the conduct ivi ty of 
these metal  grids is finite, it is est imated that  a loss of 
this magni tude  will  be present  in future  production 
cells. 

Estimated Efficiency for Production Cells 
The effects of the losses described in  the preceding 

sections are combined as follows for cells meet ing the 
constraints of section on Assumptions:  

Overall  efficiency 

~1 = (Jsc • Voc • FF) (1 -- I2Rloss) 

-- 34.5 m A / c m  2 • 0.64V • 0.8 • 0.95 

-- 16.78 at  28~ 

This value may be in error by 5 to 10%, but  we con- 
clude that  the practical upper  l imit  for efficiency of 
crystal l ine silicon cells will  probably  lie be tween 16 
and 18%. Values in  this range have already been re-  
ported by Fossum for his back surface field cel ls  (20). 5 

The single most impor tant  loss component  is the 15% 
loss due to l imited thickness/diffusion length in  silicon. 
This loss could theoretically be reduced by 10% by  in-  
creasing the thickness of the silicon to 0.025-0.030 in. 
with diffusion lengths of 500-1000 ~m. The increment  
in output  is small, however, compared with the in -  
creasing cost of the silicon used in the wafer and wil l  
probably not  be cost justified. Increased efficiency 
could also be obtained by reducing the area per cell, 
hence lowering losses due to the (optimized) metal  
grid, at the expense of increasing the cost of assembly 
of the module and increasing the n u m b e r  of cell in te r -  

S e e  a l s o  a recent  theoret ica l  paper by  C. H .  H e n r y  concerning 
i d e a l  c e l l s  ( 2 1 ) .  
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connections required for a given power output from 
the module. 

Conclusions 
From a practical standpoint, the manufacturer of 

solar cells is not concerned with absolute efficiency. His 
concern is with dollars per peak watt  of output power 
(system cost). Efficiency calculations are of value 
principally to the research worker who seeks to im- 
prove solar cells and to understand mechanisms that 
limit performance. By considering the loss mechanisms 
in detail, the reasons for less than optimum cell per-  
formance should be definable. Once the principal loss 
mechanisms are understood, steps can be taken to im- 
prove cell performance. 

Although the efficiency range of 16-18% appears to 
represent a rational goal for production cells, we con- 
clude that, for crystalline silicon, efforts to exceed 
these efficiencies will be counterproductive. The in- 
crease from 12-14% to 16-18% represents an improve- 
ment of perhaps 1/3 in efficiency and translates to a 
corresponding decrease in cost per peak watt  for the 
finished modules, assuming that the added cost of the 
processes required to achieve the greater efficiency is 
negligible. At today's module prices of about $10 per 
peak watt, this represents a saving of almost $2.50 per 
peak watt, a major step toward the goal of low cost 
power from photovoltaics. 

Manuscript submitted Aug. 14, 1981; revised manu- 
script received Aug. 17, 1982. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1983 
JOURNAL. All discussions for the December 1983 Dis- 
cussion Section should be submitted by Aug. 1, 1983. 

Publication costs of this article were assisted by 
Exxon Research and Engineering Company. 
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Solutal Diffusion Coefficient for Liquid PbTe-SnTe 
I. O. Clark, A. L. Fripp, W. J. Debnam, Jr., R. K. Crouch, and W. D. Brewer 

NASA Langley Research Center, Hampton, Virginia 23665 

ABSTRACT 

The solutal diffusion coefficient has been determined for liquid lead telluride-tin telluride using a modified shear cell 
technique. Postdiffusion concentration profiles are presented for several diffusion couples. The best analytical curve fit to 
the data gives a composition-dependent diffusion coefficient of (3/7) c • 1.4 • 10 -4 cm2/sec, where C is the PbTe concentra- 
tion. In addition, data are presented to show the importance of solutal convection in the lead-tin-telluride system. 

The solutal diffusion coefficient is one o~ the thermo- 
physical properties that enters into the theory of crys- 
tal growth of alloys by directional solidification. Tiller, 
Jackson, Rutter, and Chalmers (1) have shown that 
the length of crystal needed to reach steady-state,  com- 
15ositionally unvarying growth, with a system in which 
no mixing occurs other than solutal diffusion, is de- 
pendent on the growth rate, segregation coefficient, 
start ing composition, and the solutal diffusion coeffi- 
cient of the liquid. Maintaining interracial stabili ty 
and avoiding constitutional supercooling also requires 
knowledge of the solutal diffusion coefficient (2). 
Ostrach (3), in an article on solutal convection in fluid 
systems, has shown that the liquid diffusion coefficient 
enters into the equation which predicts the onset of 

Key words: semiconductor, diffusion, liquid, convection. 

convective fluid flow. Hence, the diffusion coefficient 
must be known before directional solidification crys- 
tal growth conditions can be rel iably set by other than 
tr ial  and error techniques. 

There is a noticeable dearth in the l i terature of 
values of high-temperature liquid diffusion coefficients. 
This is probably due to several factors which make 
these types of experiments difficult. One of the prob- 
lems is in obtaining reliable data on the distribution 
of the solute in the melt or in the solid after quench- 
ing. Another difficulty is that several of the semicon- 
ductor materials studied in crystal growth are quite 
corrosive to thermocouples and other experimental  ap- 
paratus. A third problem area is that for a material  
which has a lens-shaped phase diagram there is com- 
positional segregation during the solidification w h i c h  
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can affect the  d is t r ibu t ion  of solute  even when  the di f -  
fusion couples a r e  quenched.  Undercool ing the mel t  
before  solidification begins can also affect the solute 
dis t r ibut ion.  Final ly ,  these m a t e r i a l s  can undergo den-  
dr i t ic  g rowth  which  wil l  affect the d is t r ibut ion  profiles. 
This pape r  presents  da ta  obta ined  by  the  modified 
shear  cell  technique on the pseudob inary  PbTe-SnTe  
system, obtains a va lue  for  the solutal  diffusion coeffi- 
cients, and  discusses some possible effects the  afore-  
ment ioned  difficulties m a y  have  on the results.  

Experimental 
The modified shea r  cell  technique used in this  r e -  

search was first used by  Broome and Walls  to measure  
self-diffusion in l iquid mercu ry  (4) and  l iquid  ga l l ium 
(5). F igure  1 shows a conceptual  d rawing  of the  appa-  
ra tus  and the locat ion of the mate r ia l s  before,  during,  
and a f te r  diffusion was a l lowed to t ake  place. The ex -  
p e r i m e n t  was  conduc ted  by  mel t ing  the two compo-  
nents  and s l iding the SnTe uppe r  ha l f -ce l l s  over  the 
PbTe lower  ha l f -ce l l s  to form a diffusion couple. Af te r  
a l lowing diffusion to proceed for a p r ede t e rmined  t ime, 
the  couples are  sheared apa r t  to neu t ra l  posi t ions such 
that  no upper  and lower  sections are  in contact  and 
the appara tus  is r emoved  f rom the furnace  and a l -  
lowed to cool. 

The  shea r  cell appara tus  was machined f rom h igh-  
pu r i ty  graphi te .  The capi l lar ies  a re  spl i t  cy l indr ica l  
s leeves  which  fac i l i ta te  easy  sample  r emova l  and  a l -  
low the use of var ious  cap i l l a ry  d iameters  in the  same 
base and sl ide units. The d iameters  of the  capi l lar ies  
used in these expe r imen t s  were  2.00 or  2.25 ram, and 
the  ha l f -ce l l  lengths  were  14 ram. The  bo t tom ha l f -  
cells were  a lways  overfi l led such tha t  the  ini t ia l  shea r -  
ing act ion produced  a f resh surface  at  the  shear  plane.  
The top ha l f -ce l l s  could not  be comple te ly  fi l led due to 
both  the  vapor  loss at  the  upper  surface and se t t l ing  
of the  ma te r i a l  a t  melt ing.  A f resh  surface for the  d i f -  
fusion couples was produced b y  the shear ing action. 
Manipu la t ion  of the  shear  cell  appara tus  was done by  
means  of fused quar tz  push rods which  ex tended  
th rough  the end cap of the  furnace  tube. 

In  a typ ica l  run, the  diffusion shear  cell is assembled 
and loaded in a glove box filled wi th  e i ther  an iner t  
or  reducing  a tmosphere .  The diffusion appara tus  is 
then passed into the  furnace  tube th rough  a connect-  
ing por t  in the glove box. Af te r  fu r the r  purg ing  in the 
furnace  tube,  the  p rehea t ed  spli t  furnace  is opened to 
pivot  the  tube into the furnace  cavity.  A p p r o x i m a t e l y  
30 min a re  a l lowed for the system to reach  the rmal  
equ i l ib r ium af te r  closing the furnace  and then the 
ha l f -ce l l s  a re  sheared  to form the diffusion couples. 
Af t e r  10 min, the appara tus  is again  man ipu la t ed  so 
tha t  the  diffusion couples are  sheared  bu t  the  upper  
and  lower  ha l f -ce l l s  are  not exposed to ma te r i a l  wiped  
off ear l ier .  The  furnace  is opened immed ia t e ly  and the  
tube  is p ivo ted  out  to cool. 

A the rma l  t ime  h is tory  of the  shear  cell  .during cool-  
ing was de te rmined  for each run  by  means  of opt ical  
p y r o m e t e r  readings  of the g raph i te  boat.  These  opt i -  
cal p y r o m e t e r  readings  were  ca l ib ra ted  b y  tak ing  s im-  
i la r  readings  wi th  thermocouples  p laced  wi th in  the  
empty  diffusion cells. The diffusion t e m p e r a t u r e  for  a l l  

~ E ] - - "  

(A) (B) C) 

Fig. 1. The modified shear cell concept. (a) Preheat. (b) Diffu- 
sion couple. (c) Sheared and quench position. 

runs except  one was 990~ In one run, couple 5, for 
which the diffusion cell  was not  sheared,  the t e m p e r a -  
ture  was 940~ 

Since the pseudobinary ,  PbTe-SnTe  is s ingle phase 
and ful ly  miscible over  the ent i re  range  of composi-  
tions, the  d is t r ibu t ion  was de t e rmined  with  a wave -  
l eng th -d i spers ive  e lec t ron microprobe  equipped  with  
on- l ine  da ta  reduct ion capabi l i ty .  T h e  effective 
spot size was less than  2 ~m in d iamete r  and  
the t rans la t ion  resolut ion was 1 ~m. The micro-  
p robe  da ta  was taken  by  using s tandards  of PbTe 
and e lementa l  Sn. A sample  of PbSnTe  wi th  a 
kr~o.wn composi t ion was then  checked to make  sure 
tha t  the  sys tem was giving consistent  values.  The da ta  
on the composit ions have an uncer t a in ty  of about  
--+1%. Unless o therwise  noted, the da ta  presented  are  
f rom the as -quenched  surface. An advantage  of the  
microprobe  analysis  over  a chemical  o r  o ther  bu lk  
technique is tha t  in addi t ion  to the  composit ion,  infor -  
mat ion  can be obta ined about  the microscopic d i s t r ibu-  
t ion and some of the mechanisms which  have an ef-  
fect on the d is t r ibut ion  can be s tud ied  on the in te r io r  
of the  couples. 

The possible occurrence of e i ther  t he rma l  or  solutal  
convection must  be considered in l iquid  diffusion mea -  
surements .  In  o rde r  to avoid convection, hor izonta l  
dens i ty  gradients  must  be e l imina ted  and any  ver t ica l  
dens i ty  gradients  must  e i the r  be in a s tabi l iz ing or ien-  
ta t ion or  be low the cr i t ica l  va lue  for  convect ive onset  
in the  destabi l iz ing orientat ion.  Deta i led  t r ea tmen t s  of 
convection and convective onset may  be  found in a r -  
ticles by  Verhoeven (6) and Ostrach (3). In  o rde r  to 
avoid the rma l  convection, the furnace  controls  were  
set such tha t  the  t empe ra tu r e  profile of the empty  fu r -  
nace tube  in the  furnace  was ma in ta ined  un i form to 
wi th in  0.1~ over  the reg ion  occupied by  the shear  
cell  appara tus  dur ing  diffusion. The h i g h - t h e r m a l  con- 
duc t iv i ty  of the  g raph i t e  appara tus  would fu r the r  
damp out any  t empe ra tu r e  var ia t ions  tha t  might  exist.  
To he lp  e l iminate  solutal  convection, a l l  runs  were  
made wi th  the cap i l l a ry  axes pa ra l l e l  to the g rav i ty  
vector  and, wi th  one exception,  the  less dense SnTe on 
top. In  one run  the more  dense PbTe was p laced  in the  
upper  ha l f -ce l l  in o rde r  to observe solutal  convec-  
t ion effects. 

Results and Discussion 
Figure  2 presents  the da ta  for the  so lu ta l ly  uns table  

configuration, i.e., the  PbTe on top and the  SnTe in 
the bot tom half-cel l .  These da ta  c lea r ly  demons t ra te  
the  s t rength  of soluta l  convection in this ma te r i a l  sys-  
tem. The difference in dens i ty  be tween  PbTe, 7.35 g /  
cm 3, and  SnTe, 5.74 g / c m  3, at 990~ causes complete  
mix ing  in the  l iquid in a 2.25 m m  d iamete r  cap i l l a ry  in 
this so lu ta l ly  uns table  configuration. The  P b / S n  rat io  

1,0 

-1,4 -l.O 

COUPLE 1 

CpbTe 

0.5 

-O,5 0,5 

DISTANCE FROM SHEAR PLANE, Z (CM) 

1.0 1,4 

Fig. 2. Concentration distribution for solutally unstable, couple | 
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is not 50/50 because the top diffusion half-cell  does not 
contain as much mater ial  as the bottom half-cell. In 
the other diffusion runs where mater ial  from one half-  
cell did not reach the end of the other half-cell  this 
difference has no effect on the analysis. The composi- 
tion as a funct ion of position in the inter ior  of the 
couple exhibited large variat ions over very small  dis- 
tances in both the axial and radial  directions. 

The following implications are drawn from the data 
for this sample: 

1. The outside surface of the sample is essentially 
an isothermal surface. This is indicated by the distri-  
but ion along the surface of the sample in Fig. 2, which 
was mixed due to the solutal convection. Since this 
sample had a constant composition, it only had one 
solidification temperature.  Therefore, if a tempera ture  
gradient  had been imposed along the axial direction, 
a compositional variat ion would have occurred due to 
the segregation upon solidification. 

2. Dendri t ic  growth is taking place from the surface 
to the interior  of the sample. This is indicated by the 
large compositional variat ions over very small  radial  
distances. These two observations indicate  that the 
area least affected by segregation dur ing solidifica- 
t ion  is the outer surface of the couples. 

In  the couples with a nonuni form composition, the 
first to freeze will  have the highest concentrat ion of 
PbTe (pure PbTe has a Ts of about 925~ and the last 
to freeze will  have the highest concentrat ion of SnTe 
(pure SnTe has a Ts of about 810~ This will result  
in a directional solidification along the diffusion couple 
even in an isothermal tempera ture  furnace. By using 
the microprobe to analyze only the outer surface for 
the diffusion coefficients, the effects of the segregation 
dur ing solidification wil l  be minimized. 

The data in  Fig. 3 show that the lead dis tr ibut ion is 
nei ther  continuous nor  symmetrical  across the shear 
plane interface. The lack of cont inui ty  across the in -  
terface is due in  part  to the fact that  the melt  does not 
immediate ly  solidify at the end of the 10 min  run  but  
that approximately  another  90 sec are needed before 
the PbSnTe is completely solidified. Hence, solutal dif-  
fusion continues after the couple is sheared; and, since 
the concentrat ion gradient  upon shearing will  be 
steepest at the shear plane, the greatest change will 
occur in this region. 

If both species diffused at the same rate, the n u m -  
ber  of lead telluride molecules that crossed the plane 
would be the same as the number of tin telluride mol- 
ecules that cross the plane in the opposite direction. In 
that case the distribution would be symmetric; how- 
ever, if the lead component moved more rapidly in the 

SnTe then the t in component  in the PbTe, the 50/50 
ratio would shift towards the PbTe side of the couple. 
Also, according to the theory of Til ler  (1), there will  be 
an SnTe enr ichment  in the bottom half-cell  in the last 
to freeze. There will also be the possibility of an en-  
riched SnTe content  in the first to freeze of the top 
couple. These effects will  affect the dis tr ibut ion in the 
region of the interface. The asymmetry  of the data 
seems to be consistent with this sort of explanation.  

Analyt ical  in terpre ta t ion  of the data in Fig. 3 re-  
quires consideration of both a concentra t ion-dependent  
diffusion coefficient and finite source diffusion for the 
diffusion that takes place after the couple is sheared, 
but  before the final solidification. Note, however, that 
exper imental  conditions permit  the assumption of an 
infinite couple. 

Attempts were made to fit analyt ical ly-generated,  
constant  diffusion coefficient curves to the data. Fig- 
ure 3 presents the data from the sheared diffusion 
couples. The curves were obtained by s tar t ing with a 
s tandard finite difference technique (6, 7) as applied 
to Fick's second law. Each curve was generated by  as- 
suming an infinite diffusion couple existed for 10 rain. 
Then, due to the shearing action, a distr ibuted source 
diffusion occurred for the addit ional  90 sec diffusion 
time during cooling. The concentrat ion array obtained 
at the end of the first 10 min  was shifted 0.5 m m  to- 
wards the PbTe side to account for the aforement ioned 
asymmetries.  

The data in Fig. 4 are overlaid with an analyt ical  
curve generated by using the slowly varying  concen- 
t ra t ion-dependent  diffusion coefficient given by D (C) 
= DICD2 l-C, where C = molecular  concentrat ion of 
PbTe, D1 = diffusion coefficient chosen for dilute SnTe 
in  PbTe, and D2 ---- diffusion coefficient chosen for di- 
lute PbTe in  SnTe. Values of 6.0 • 10 -5 cm2/sec and 
1.4 • 10 -4 cm2/sec were chosen for D1 and D2, respec- 
tively. These values opthnized the fit of the curve to 
the data. This results in  a concent ra t ion-dependent  dif- 
fusion coefficient of D(C) = (3/7) c • 1.4 • 10 -4 cm~/ 
sec. This diffusion couple was solidified in place with-  
out shearing. Hence, the analysis of these data did not 
require working with the distr ibuted source case. 

Figure 5 shows an analyt ical  curve generated when 
the slowly varying  concent ra t ion-dependent  diffusion 
coefficient given above is overlaid on the data from the 
shear cells. The curve shows remarkabie  agreement  
with the data, especially in the knee areas of the 
curves. This is the region least affected by the spurious 
effects of the supercooling, the post-shearing diffusion, 
and the last to freeze region described by Til ler  (1). 
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Fig. 3. Concentration distribution curves as determined by finite 
difference techniques overlaid on concentration distributions for 
couples 2, 3, and 4. 
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Fig. 5. Concentration distribution for couples 2, 3, and 4 overlaid 
with concentration distribution curve obtained for variable diffu- 
sion coefficient. 

I t  is impor t an t  to note the l imi ta t ions  tha t  m a y  be 
presen t  in the  da ta  and the possible p rob lems  involved 
in the  reduct ion  of the  da ta  in o rde r  to put  these  re -  
sul ts  in  the i r  p rope r  perspect ive.  As noted previously ,  
the fol lowing phenomena  wil l  have an impact  on the  
solute  d i s t r ibu t ion  in the solid and consequent ly  m a y  
affect the resul ts  of the  analysis.  Firs t ,  i t  has been 
found that  a solut ion of l e a d - t i n - t e l l u r i d e  wi l l  undergo 
a cer ta in  amount  of supercool ing before  it s tar ts  to so-  
l idify.  Since the resu l t  of this cooling can lead  to a 
composi t ional  anomaly,  i.e., a SnTe- r i ch  solid, the first 
to freeze composi t ion in the upper  ha l f -ce l l  containing 
the  SnTe w i t h  the in-diffused PbTe m a y  appear  to 
have  s l igh t ly  more  SnTe at the couple in ter face  than 
was presen t  in the  melt .  Since there  is no w a y  to mon-  
i tor  the  t empe ra tu r e  accura te ly  dur ing  the quench, this 
amount  could not be de t e rmined  quan t i t a t ive ly  by  the 
tests ca r r ied  out  here.  However ,  i t  is known  that  this 
would  affect only  a n a r r o w  band near  the interface.  
Also, as noted  ear l ier ,  the re  would  be no such effect 
in the  PbTe couple since the  first to freeze here  would  
be the pure  PbTe. Second, the  segrega t ion  in the  cou- 
p le  dur ing  solidification was found in these exper i -  
ments  to be p r i m a r i l y  in the  rad ia l  direction.  This is 
shown by  the fact  tha t  the  comple te ly  mixed  sample  
which was so lu ta l ly  uns tab le  did  not  show a normal  
freezing curve along the  axia l  direction.  When  this 
s ample  was cross sect ioned and examined  however ,  
there  were  large  var ia t ions  in the composit ion along 
the rad ia l  direct ion.  This s t ruc ture  is compat ib le  wi th  
a pa t t e rn  of dendr i t ic  g rowth  where  the dendr i tes  a re  
poin t ing  towards  the center  of the  couple. For  these 
reasons, only  the  composi t ional  profiles measu red  at  

the  sur face  were  used for the calculat ions in this paper .  
Third,  there  wi l l  be  an en r i chment  in the SnTe con- 
tent  in the las t  to freeze por t ion  of the PbTe half-cel l .  
This again would  affect only  a smal l  por t ion  of the 
couple nea r  the  in terface  be tween  the  two couples. 
This effect cannot  be quant ized f rom this ser ies  of tests. 

Concluding Remarks 
Composi t ion profiles have been measured  for PbTe-  

SnTe diffusion couples obta ined  f rom a modified shear  
cell  technique.  By using both convect ive ly  s table  and 
uns table  solutal  or ienta t ions ,  the  impor tance  of convec-  
t ion due to so lu ta l ly  uns table  configuration has  been 
demonstra ted .  Al though  da ta  were  obta ined  for diffu- 
sion at  two different  t empera tures ,  the solutal  diffusion 
coefficient did not  show a s t rong t empe ra tu r e  depen-  
dency. The best  ana ly t ica l  curve fit to the  da ta  gives a 
compos i t ion-dependent  diffusion coefficient of D (C) = 

(3/7) c X 1.4 • 10 -4 em2/sec, where  C = concent ra -  
t ion of PbTe. Severa l  complicat ions in the s tudy  of this  
t ype  of ma te r i a l  a re  pointed out  but  it  is considered 
that  the values  of the  diffusion coefficient p resented  
here  a re  represen ta t ive  of the system. I t  is also ac-  
knowledged  tha t  much more  work  must  be done in this 
a rea  before  the  values can be prec ise ly  de termined.  
Since these are  the only  da ta  r epor ted  to date  in the  
open l i te ra ture ,  i t  is p resen t ly  the  best  ava i lab le  es t i -  
ma te  of the solutal  diffusion coefficients for  this  sys-  
tem of mater ia ls .  
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A Quantitative Model for Carbon Incorporation in Czochralski Silicon 
Melts 
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ABSTRACT 

A quantitative model for carbon incorporation in silicon melts during crystal growth by the Czochralski technique is 
presented. The rate-determining step has been identified to be the transport from the graphite parts in the furnace to the 
melt surface. Experimental results support the theoretical conclusions, and techniques to control the carbon level, based on 
the theory, are discussed. 

The effects of carbon in sil icon have not  been inves-  
tigated as thoroughly as the effects of oxygen. How- 
ever, in  several  papers (1-5) it has been shown that 
high carbon concentrat ion has an impact on thermal  
donor activity and on oxygen precipitat ion and, there-  
by, on point  defects. The diode characteristics have also 
been shown to degrade at carbon levels above 1 parts 
per mil l ion atomic (ppma) (6). It is therefore of vital  
importance to control the carbon level in the produc- 
tion of silicon for electronic applications. 

The thermodynamics  of carbon and oxygen in sili- 
con have been studied (7-10), and the equi l ibr ium data 
between the phases involved, e.g., silicon melt, am- 
bient  atmosphere, silicon crucible, and graphite fur-  
nace parts, are known. On the other hand, the infor-  
mat ion on carbon distr ibutions in grown silicon crys- 
tals is very  l imited (11-13). 

It  is well  known that  carbon in silicon melts origi- 
nates both from the s tar t ing  mater ia l  and from the 
graphite hot-zone components (7-13), bu t  any  theo- 
retical t reatments  of the rate of incorporation have not 
been done. In  this paper  a t rea tment  of the kinetics 
of carbon t ranspor t  in a Czochralski growth system is 
made. Calculations are performed, which are based on 
known thermodynamic  data, to ident ify the ra te-de-  
te rmining  steps, and to formulate  a quant i ta t ive model 
for the transport.  The purpose is to establish a knowl-  
edge of the factors inf luencing the carbon distr ibution 
in  silicon crystals. 

Theoretical Approach 
The carbon level in  a silicon crystal rises from the 

seed end to the tang end. There are two reasons for 
that; one is the segregation, which easily can be ac- 
counted for by the normal  freeze relation, and the 
other is the constant  incorporat ion through the am-  
bient  atmosphere originat ing from the graphite hot-  
zone parts. The lat ter  t ransport  is t reated in the fol- 
lowing sections, and subsequent ly  an analysis of the 
melt  concentrat ion as a result  of carbon fluxes through 
the system will  be made. 

To identify the ra te -de te rmin ing  step in carbon 
transport,  several possibilities have to be considered. 
The consecutive steps in the overall  reaction are; (i) 
reactions at the graphite parts, (ii) t ransport  of CO 
from the graphite/si l ica interface to the melt  surface, 
(iii) reactions at the melt  furnace, and (iv) t ransport  
of dissolved carbon from the melt  surface into the 
bu lk  melt. 

In  the first step at the graphite parts, several differ- 
ent Teactions and equil ibria  are involved, but  in an 
analysis of Schmid et al. (9) the major  source of CO 
was concluded to be the following two reactions 

3C + Si02 -- SiC + 2C0 [i] 

C + SiO2 = S iO + CO [2] 

Key words: semiconductor, thermodynamics, kinetics, mass 
transport. 

This conclusion w a s  m a d e  on the bas i s  of  both ther-  
modynamic data and experiments,  which showed that 
direct contact between silica and graphite was a neces- 
sary condition for a heavy product  of SiC. In  a Czoch- 
ralski  growth system for silicon the silica l iner  is 
supported by a graphite retainer,  thus forming the nec- 
essary contact between silica and graphite for the reac- 
tions to come into equil ibrium. The pressure of CO in 
equi l ibr ium with graphite and SiO2 can therefore be 
obtained from the s tandard  free energy of reaction 
[2]. CO is the only impor tant  carbon containing gase- 
ous component involved at these temperatures,  where 
the pressure of CO2 can be neglected. 

The reactions at the melt  surface have been invest i -  
gated (10) and the s tandard free energy for the equi-  
l ibr ium between dissolved carbon and oxygen in  the 
melt  and the pressure of CO in  the ambient  atmosphere 
is well known. In  a s i tuat ion where the reacting species 
are allowed to adjust  their  concentrat ion to the equi-  
l ibr ium point, the carbon and oxygen levels are de- 
pendent  on each other, i.e., a low oxygen concentra-  
ticn gives a high carbon concentration. However, this 
is only valid as long as the CO pressure at the melt  
surface is high enough to keep up with the t ranspor t  of 
carbon into t h e  bu lk  melt. If the t ransport  rate from 
the surface ( i v ) ' i s  faster than to the surface (ii) the 
equi l ibr ium never  will be reached and step (ii) will  be 
rate determining.  To check this, the following calcu- 
lations are made. 

From Fick's 1st law the rate at which carbon is 
t ransported from the melt  surface into the melt  is ob- 
tained as 

dm 
= A s  km (C" - -  C )  [3] 

dt 

where As is the surface area, C e the carbon concentra-  
tion in equi l ibr ium with the atmosphere, C the carbon 
concentrat ion in the bulk, and km the mass t ransfer  
coefficient. From expression [3] the rate of carbon 
incorporat ion into the melt  can be expressed as 

dC As 
- -  - -  km (Co - -  C)  [4] 
dt V 

where V is the melt  volume. The only problem in  this 
case is to find a value of the mass t ransfer  coefficient. 
In a recent paper (14) an analysis of oxygen t rans-  
port to the free surface in Czochralski silicon growth 
was made. It  was found that  km values between 0.12 
and 0 53 cm/sec could account for oxygen dis t r ibu-  
tions corresponding to exper imental  data. A compari-  
son be tween oxygen and carbon t ransport  can be 
made through the application of the penetra t ion theory 
(15), which describes the mass t ransfer  be tween two 

fluid phases. From the theory an expression for the 
mass t ransfer  coefficient can be obtained 

k m =  2 ' [5] 

168 
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where D is the diffusion coefficient, and t the t ime a 
certain volume e lement  of the melt  is in  contact with 
the gas phase, i.e., t is in  inverse proport ion to the 
convection in  the melt.  For systems of the same size 
the t values are the same and t ranspor t  to or from 
the surface makes no difference. A value for km can 
therefore be obtained for the carbon t ranspor t  from 
Eq. [5] by comparing the diffusion coefficient for car- 
bon and oxygen in  silicon. Wi th  the l imi t ing km values 
(0.12 to 0.53) f rom (14) and a difference of a factor 
of two (16) be tween the diffusion coefficients ( D o -  
2De) the range  of km values for the carbon t ransport  
will  be 0.08-0.37. In  Fig. 1 the two l imit ing curves are 
shown for the rise in  carbon concentrat ion relat ive 
to the equi l ib r ium value C e, calculated wi th  Eq. [4] 
for a normal  size (10 cm crystal, 25 cm crucible) 
Czochraiski system. It can be seen that, even for the 
lowest value of kin, concentrat ions close to the equi-  
l i b r ium are reached after  only a few minutes,  ind i -  
cating that  the t ransport  from the surface into the 
melt  is not  a l imit ing step. Instead, it can be con- 
cluded that the carbon concentrat ion at the surface 
in  equi l ibr ium with the ambient  atmosphere Ce is gov- 
ern ing  the carbon level in  the melt. The C e value is 
dependent  on the CO pressure in  the atmosphere, 
which is a funct ion of the CO transport  from the 
graphite  parts to the melt  surface, i.e. step ( i i )  is 
rate de termining  and will  be t reated in the following 
section. 

F rom Fick's law and under  the assumption that  the 
CO concentrat ion at the melt  surface is zero (all CO 
reaching the surface is t ransported into the melt  im-  
mediately)  the following equat ion for the carbon 
t ranspor t  to the mel t  is obtained 

ns = As kg Cg [6] 

where Cg is the equi l ibr ium carbon concentrat ion in  
the atmosphere at the graphite/s i l ica interface and kg 
is the mass t ransfer  coefficient for the t ransport  
through the ambient  atmosphere. 

To formulate  an expression for the carbon level in 
the melt, the difference between the flux enter ing the 
mel t  and the flux leaving  the melt  has to be considered 

~m =/~s - ~e [7] 

where ~c is the carbon flux enter ing  the crystal  

k ~ C [8] ne = Ac  " v �9 " 

and Ac is the area of the crystal  cross section, v is the 
l inear  growth velocity, and k ~ is the equi l ibr ium par -  
t i t ion coefficient. The carbon accumulat ion in  the melt, 
nm, can be obtained as a funct ion of the melt  volume, 
V( t ) ,  (which is a funct ion of t ime) and of the de- 
r ivat ive of the concentrat ion 

nm = V ( t )  

By combining Eq. [6]-[9] 

d C  A s  " k g  " C g 

d t  V (t) 

dC 
[9]  

d t  

Ar " v �9 k ~ 

V(t) 
C [10] 

Solving Eq. [10] gives an  expression for the carbon 
concentrat ion in  the mel t  as a funct ion of time. Dif-  
ferent  sizes and geometries of the growth system can 
be accounted for through the constants and through 
the t ime dependence of the volume. 

Discussion 
In  applying Eq. [10], the mass t ransfer  coefficient, 

kg, for the t ransport  of CO in the atmosphere is the 
only unknow n  parameter ,  kg depends on several fac- 
tors such as the gas flow pa t te rn  in  the furnace, the 
pressure level, and the distance between the melt  sur-  
face and the graphite parts. Factors like these cannot 
be accounted for in  a theoretical analysis. A value of 
kg must  therefore be exper imenta l ly  determined for 
every single crystal growth furnace. In  a paper  by 
Baker (11), the carbon content  in  the seed ends of 
crystals as a function of the t ime the silicon had been 
mol ten was reported. From those data a value of kg 
can be est imated by  combinat ion of Eq. [6] and [9]. 
Unfor tunate ly ,  the crucible size was not  repo[~ed, bu t  
as the crystals grown had a diameter  of 3 cm, a good 
est imate of the crucible diameters would be 7.5 cm 
(3 in.). With a value for C g of 0.16 arm (9), (from the 
s tandard free energy of reaction [2] at 1430~ a 
"value of the mass t ransfer  coefficient of 9 �9 10 -4 cm/  
sec is obtained. Making use of Eq. [10] the carbon 
content  in the melt  now can be calculated as a 
funct ion of the melt  fraction solidified. This has been 
done for a 3 cm crystal grown from a 7.5 cm crucible, 
and the results are shown in Fig. 2. The concentrat ions 
in the liquid have been converted to concentrat ions 
in the solid with a part i t ion coefficient of 0.07 (7). 
Average results (11) from measurements  of the car-  
bon concentrat ion in the seed ends and tang ends of 
several  crystals grown in  the same pul ler  are also 
shown in the figure. The s tar t ing positions of the 
curves are dependent  on the concentrat ion of the 
star t ing mater ia l  and on the t ime the silicon has been 
mol ten before the pul l ing starts. The calculated curve 
has been d rawn from zero, bu t  if the increase along 
the crystal is compared to the exper imental  data a 
very good agreement  is found, thus proving the 
validi ty of the model. 

The calculations above were made for an older 
system with an argon pressure around 1 a tm and at 
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'Fig. i. Calculated rate of carbon transport from the su,rface to 
the bulk melt. 
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Fig. 2. Calculated carbon distribution in a 3 cm crystal grown 
from a 7.5 cm crucible, kg ~ 9 �9 10 - 4  cm/sec. Dashed line com- 
bines seed end and tang end average concentrations measured on 
several crystals. 
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growth of crystals with only 3 cm diam. In  a modern  
crystal growth system the working pressure is re- 
duced to about 10 Torr  and the crystal and crucible 
sizes are often much larger. The mass t ransfer  coeffi- 
cient will therefore be different; also, the equi l ibr ium 
CO pressure at the graphite parts will be different due 
to a higher temperature  at the crucible wall. If a tem- 
perature of 1460~ is assumed at  the contact interface 
between the crucible wall  and the sur rounding  
graphite cup the equi l ibr ium CO pressure, C g, is 0.33 
atm (9). In  Fig. 3 results are presented from calcula- 
tions by Eq. [10] of axial carbon distr ibutions in 
Czochralski crystals. The calculations were performed 
for a 10 cm crystal grown from a 25 cm crucible with a 
pull  rate of 10 cm/hr .  The star t ing concentrat ion in the 
melt  was assumed to be 1 �9 10 iv a t / cm 3, the part i t ion 
coefficient was assumed 0.07, and the mass t ransfer  
coefficient was used as a parameter  ranging from 1 �9 
10 -9 to i - I0 -a cm/sec. 

The curves show the expected increase in concen- 
trat ion towards the tang end of the crystals as a re-  
sult of the combined effects of the incorporat ion from 
the atmosphere and the segregation. The sensit ivity 
to the mass t ransfer  coefficient is clear, thus showing 
the importance of controll ing the gas flow pat te rn  in 
the furnace. It is only for mass t ransfer  coefficients of 
1 . 1 0  -4  cm/sec and smaller, that the entire crYstal 
has a carbon content  below 1 ppma, which has been 
regarded to be the upper  l imit  for a mater ia l  free of 
defects due to carbon (8). The sensit ivi ty of the car- 
bon content  in the melt  to the conditions in the ambient  
atmosphere has been clearly shown experimental ly.  
Baker (11) showed that  small  additions of COs to 
the argon purge heavily increased the carbon content  
in  the crystals and in a paper by Liaw (12) the car- 
ban  content  was plotted as a function of the total 
pressure in the furnace, showing decreased concentra-  
tions with increasing pressure. These facts are s t rongly 
support ing the conclusions of this paper, that  the 
ra te -de te rmin ing  step is the t ransport  in the atmo- 
sphere and not the t ransport  from the l iquid surface 
to the bulk  melt. It is also interest ing to note that  these 
facts are opposite to the conditions for oxygen concen- 
tration. For oxygen it has been concluded that  the 
ra te -de termining  step at the l iquid/gas interact ion is 
the t ransport  in the l iquid (14), and consequently it 
has been shown exper imenta l ly  that atmospheric con- 
ditions do not influence the oxygen concentration (8, 
17). 

Any  quant i ta t ive  test of the calculated curves is not  
possible, due to the lack of exper imental  data ade- 
quately reported in the l i terature.  There are only two 

k g / ~ 1  "10-3 

,~ t / /  

(1) / ''~c~ / / " / ~ / J  / 

, / ' / f - Y  J ~ "-~ 1 / 1 / 

~ j . j - "  
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Fraction melt solidified 

Fig. 3. Calculated carbon distributions in 10 cm crystals grown 
from 25 cm crucibles. Dashed lines show experimental results 
02,  13), 

papers (12, 13) report ing carbon distr ibutions from 
modern  crystal growth systems, but  in both cases 
nei ther  the sizes of the systems nor  the growth .condi- 
tions were revealed. However, in Fig. 3 the experi-  
menta l  curves are added with dashed lines as a com- 
parison to the theoretical. Curves (i) and (ii) are 
from (12), where (i) is the result  from one crystal 
and (ii) is the average from measurements  in the 
seed end and tang end of many  crystals. Curve (i) 
has a parabolic shape, which is in  contradict ion to the 
theoretical results. The parabolic shape can be ex- 
plained if the mass t ransfer  coefficient, kg, and /or  the 
equi l ibr ium CO pressure, Cg, at the graphite parts de- 
crease dur ing the crystal growth run. This is in fact 
l ikely to occur. As the crystal is pulled the crucible is 
lifted, to main ta in  the same absolute level of the melt  
surface. The distance between the surface and the 
graphite parts will therefore increase and the crucible 
wall  wil l  more effectively shield the inter ior  of the 
crucible from the outer graphite parts. This will re- 
sult in a successive lowering of the mass t ransfer  co- 
efficient. As the crucible and its surrounding graphite 
cup are lifted, the temperature  at the r im will de- 
crease, and with it, the equi l ibr ium part ial  pressure, 
C=. Curve (i) in Fig. 3 covers only the first half of the 
crystal and it is l ikely that at the end, where the 
effects of the segregation and the accumulat ion are 
stronger, the curve shape will  change to exponent ial  
due to the dominance of the la t ter  effects. This is the 
case for curve (iii),  which shows a typical carbon 
distr ibution from a modern  crystal growth system 
(13). The shape of the curve is in very good agree- 
ment  with the theoretical curve calculated with a mass 
t ransfer  coefficient of 1 �9 10 -4 cm/sec. 

To decrease the carbon level in the melt, it is ob- 
vious that  the flow path from the graphite parts to 
the melt  surface have to be controlled. This is auto- 
matical ly achieved in reduced pressure systems, where  
the vacuum pump is connected to an outlet  in  the 
bottom of the furnace. Although the main  purpose in  
using this kind of a r rangement  is to e l iminate  SiO 
precipitates at the crucible wall, a positive effect on 
the carbon level is also achieved. If a fu r the r  decrease 
of the carbon level is desired, a possibility would be 
to shield the melt  from the graphite parts by means 
of a higher crucible, or with the top of the crucible 
bent  out over the graphite cup. The most effective way, 
of course, would be to replace the graphite parts wi th  
another  mater ia l  such as molybdenum (9) and, espe- 
cially, e l iminate the direct contact between the 
graphite cup and the SiO2 crucible. Another  factor in-  
fluencing the carbon level is the size of the melt  
surface which is directly proport ional  to the carbon 
concentrat ion (Eq. [10]). 

Conclusions 
A model, describing the carbon concentration in the 

melt during crystal growth of silicon by the Czochral- 
ski technique has been developed. The model has been 
shown to be in good agreement with available experi- 
mental results. 'The rate-determining step of the car- 
bon incorporation has been shown to be the transport 
in the gas phase from the graphite furnace parts to 
the melt surface. Therefore, it can be concluded that 
attempts to control the carbon level should be focused 
on the flow pattern in the furnace atmosphere and 
not at convection in the melt, Elimination of the 
source of carbon, i.e. the graphite  parts, is of course 
also a possibility, as well as a decrease in  the melt  
surface. 
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The Depreciation of Na3CeoosTbo35 (PO4)2 in Low Pressure Discharge 
Lamps 

W. Lehmann, F. M. Ryan,* and A. S. Manocha 

Westinghouse Research and Development Center, Pittsburgh, Pennsylvania 15235 

and W. McAIlister* 
Westinghouse Electric Corporation, Lamp Business Unit, Bloomfield, New Jersey 07003 

ABSTRACT 

The phosphor  Na3Ce0.65Tb0.~ (PO4)2 depreciates rapidly in fluorescent lamps. Its high sodium content  leads one to sus- 
pect  severe depreciat ion due to an interaction with mercury from the discharge. We find that  while a mercury interaction 
does indeed occur, it plays a minor  role compared  to ion-electron recombinat ion induced depreciation. The ion 
recombinat ion process produces a nonluminescent  layer whose thickness is approximate ly  proport ional  to (time) 1~. Sur- 
face analytical  studies (x-ray photoelectron spectroscopy) failed to reveal chemical alterations in the "dead" layer, al though 
optical diffuse reflectance measurements  indicate that  it may be accompanied by  a conversion of Ce +3 to Ce +4. A tentative 
model  for the structure of the "dead" layer is proposed and further experiments  are suggested. 

In  a low pressure  me rcu ry  d ischarge  l amp there  are  
many  processes occurr ing  tha t  can lead  to phosphor  
deprecia t ion,  such as color center  formation,  ion re -  
combinat ion  damage,  and  m e r c u r y  interact ion.  As each  
phosphor  sys tem possesses an  ind iv idua l  ab i l i ty  to 
wi ths tand  the effects of these severa l  processes, phos-  
phors  are  deprec ia ted  to va ry ing  degrees by  each. In  
this s tudy  we inves t iga ted  the phosphor  Na3Ce0.65Tb0.3~ 
(PO4)2 which has been  repor ted  to exhib i t  ve ry  rap id  
deprec ia t ion  in a low pressure  mercu ry  discharge (1, 
2). Its h igh sodium content  leads one to suspect tha t  
its r ap id  deprec ia t ion  might  be due to an in teract /on 
wi th  m e r c u r y  f rom the discharge,  fo rming  l ight  ab-  
sorbing s o d i u m - m e r c u r y  complexes  on the surface 
of the phosphor .  We chose this compound for inves t iga-  

* Electrochemical .Society Active Member. 
Key words: inorganic, luminescence. 

tion, as we thought  that  it  would  be an ideal  candidate  
for s tudy ing  the na ture  of the in terac t ion  of me rcu ry  
wi th  cer tain phosphors.  To our  surpr ise  we found that,  
a l though some in terac t ion  with  me rc u ry  did occur, 
the rap id  deprecia t ion  observed was due ins tead to ion- 
e lect ron recombina t ion  a t  the  surface of the phosphor  
part icles .  

Dur ing  the opera t ion  of a discharge,  rad ia l  ca ta-  
phoresis  occurs in which  electrons f rom the p lasma  
diffuse out to the phosphor  l aye r  at  the l amp  wall,  
set t ing up a so-cal led  "sheath" potent ia l  (3). This po-  
tent ia l  grows unt i l  an equi l ib r ium is r eached  with  posi-  
t ive ions a t t r ac ted  to the surface of the phosphor,  
where  ion-e lec t ron  recombina t ion  occurs. The high 
energy  re leased  in the recombina t ion  process (10.2 eV 
~or Hg + -5 e -  -> Hg, 14 eV for A r  + -5 e -  --> Ar)  m a y  
b reak  chemical  bonds in the  phosphor.  This m a y  r e -  
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duce the efficiency of the phosphor by a n u m b e r  of 
processes, such as changing the valence state of the 
activator ions, in t roducing large de~ect concentrations 
into the lattice, or even changing the lattice s tructure 
itself. If diffusion of this damage occurs, a non lumines-  
cent layer  may be formed wtmse thickness increases 
with time. 

In  this investigation we at tempted to determine the 
character of the nonluminescent  layer  formed by ion 
recombinat ion on Na~Ceo.65Tbo.8~ (PO4) 2. 

Exper imenta l  
Phosphor synthesis.--Samples of the approximate 

composition Na~Ce0.esTbe.~ (PO4)2 were formulated 
using 1.5 mols sodium carbonate, 2.0 mols basic am-  
monium phosphate, 0.65 tool cerium oxide (CeO2), 
and 0.0875 mol, te rb ium oxide (Tb4OT). The rare earths 
were of 99.99% purity,  the other raw materials  ana-  
lytical  reagent  grade. This combinat ion was ground 
thoroughly in  an ethanol slurry, dried, and fired in 
ni t rogen at 400~ for 0.5 hr, 600~ for 4 hr, and 1300~ 
for 6 hr  with" gr inding bet cceen firings. F ina l ly  the 
phosphor was fired in N2-10% H2 at 1300~ for 6 hr 
and the structure of this end product confirmed by 
x - ray  diffraction. 

Depreciation measurements.~Screens of the phos- 
phor were prepared on glass slide.s using an organic 
binder.  Following lehr ing of the screens, they were 
placed in the demountable  discharge tube shown in  
Fig. 1. They were depreciated in  both pure argon and 
in a rgon-mercury  discharges for vary ing  lengths of 
time. The tube has cold a luminum electrodes and con- 
tains not  a static but  a slowly flowing argon atmo- 
sphere, Argon puri ty:  99.995%, from a tank. Hg is 
picked up from a little boat in the lamp and was 
omitted for tests in  plain argon. The current  through 
the discharge was adjusted to provide a "wall loading" 
or incident  flux on the phosphor samples equivalent  
to the "wal l  loading" in a T-12 40W fluorescent lamp. 
Before and after aging, the samples were measured 
for 254 n m  excited efficiency. In situ efficiency mea-  
surements  were also performed using the discharge as 
the excitation source. The two sets of efficiency mea-  
surements  were in good agreement.  

Two types of samples were prepared as shown in 
Fig. 2. One type completely exposed the phosphor 
screen to the discharge so that the phosphor was ex- 
posed to the complete env i ronment  in the inter ior  of 
the lamp, including ion recombinat ion at the surface 
of the phosphor. The other type of sample had thin 
magnesium fluoride windows covering the screens so 
that only ul t raviolet  (down to 120 nm)  could reach 
the phosphor surface and not ions. 

Cathodoluminescence measurements.--Cathodolumi- 
nescence was excited by a d-c E beam of varied volt-  

Valve Aluminum Hg Glass Tube Aluminum Valve 

,.___. ~ j  T"O"P"u m p 
Samples 

Fig. 1. The demountable fluorescence lamp. Power (60 Hz) is 
applied to the two aluminum end fittings from a current-limited 
(18 mA) neon transformer. 

M/~2 Glass Tube 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . .  f f . ,  

. . . . . . . . . . . . . . . . . . .  ~ . . . . . . . . . .  ( . . . . . . . . . . . . . . . . . . . .  . 5  . . . . . . . . . .  ! . . . . . . . . . . . . . . . .  

Samples Covered Samples Open 

Fig. 2. Samples in demounteble lamp, open or covered with 
MgF2. The gap between phosphor and MgF~ is less than a ram. 

age. Brightnesses were measured of 2 samples placed 
side by side, one previously aged in the demountable  
lamp, the other unaged. The brightness ratio aged/  
unaged is mult ipl ied by the beam voltage and the 
procluct plotted as funct ion of beam voltage. Any  
dead layer  on the aged sample which is not  present 
on the unaged shows up as a dead voltage. From 
known relat ionship dead voltage/physical  thickness 
(4), the thickness of the dead layer, if present, can 

be estimated. 

Surface analytical measurements.--X-ray photo- 
electron measurements  were performed in a GCA- 
McPherson/36 photoelectron spectrometer, using a 
magnes ium anode as a pr imary  x - r ay  source (1253.6 
eV). Low resolution survey scans were performed to 
determine the surface compositions and changes in 
these compositions dur ing depreciation. High resolu- 
tion scans were then performed on all of the elements 
detected in the survey scans, both on the virgin sur-  
faces and following argon etching of the surfaces. The 
high resolution scans were performed in an at tempt  to 
detect chemical state changes induced by depreciation 
such as valence or bonding alterations. 

Results 
Typical depreciation results (expressed as percent  

maintenance)  are summarized in Table I for exposed 
and MgF2 covered samples, in both Ar and Ar -t- Hg 
discharges. I t  can be seen that  depreciation occurs 
only when ions are incident  on the phosphor surface 
and that an argon discharge is as effective as an argon-  
mercury  discharge in depreciating the phosphor. No 
measurable  depreciation was observed for the samples 
covered by MgF2, demonstrat ing that  u.v. induced 
degradation is not  an impor tant  damage mechanism 
for these phosphors. 

X- ray  photoelectron spectroscopy (XPS) measure-  
ments  performed on the depreciated phosphors showed 
that samples that are open to the discharge and that 
are depreciated in mercury-argon,  do indeed interact  
to some degree with mercury.  Approximate ly  5% of 
the surface atoms of such samples are mercury,  follow- 
ing 140 hr of depreciation. While this deposit cer tainly 
does contribute to depreciation, it is a minor  effect 
compared to ion induced depreciation, as equally 
severe depreciation occurs when no mercury  is present  
in the discharge. 

In  order to obtain some informat ion on t h e n a t u r e  
of the ion recombinat ion induced damage of the phos- 
phors, depreciated phosphors were placed in a de- 
mountab le  CRT and their catho.doluminescent in tensi-  
ties were measured as a function of incident  voltage 
to determine their  "dead" voltages. The "dead" vol t-  
age correlates with the presence of a nonluminescent  
layer  on the surface of the phosphor. Data are shown 
in Fig. 3 and summarized in Table II. Ion recombinat ion 

Table I. Maintenance of NaeCeo.65Tbo..~.~(P04)~ subjected to 
various discharge conditions 

Dis- 4 hr 20 hr 140 hr 
Sample charge % maint. % maint. % maint. 

Open Ar + Hg 70 60 22 
MgF~ cover Ar + Hg N100% ~100% ~100% 

Open Ar 75 63 25 
MgF~ cover  A r  ~100% ~100% ~100% 

Table II. Data relating to Fig. 3 

Aging Mainte- D e a d  Thickness  
Sam-  condition nance vo l tage  of  dead 
ple in lamp (%) (kV) layer (A) 

A 1/4 hr, open 91 .--.0.4 N30 
B 4 hr, open 70 ~1.4 ~250 
C 4 hr, covered 100 0 0 
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Fig. 3. Relative (compared to an unoged standard) brightness of 

cothodo#uminescence of three samples aged in demountable lamp 
in Ar --J- Hg. A: I/4 hr, open. B: 4 hr, open. C: 4 hr, covered with 
MgF2. For data see Table II. 

pro du.ces a nonluminescent layer whose depth in- 
creases with time of depreciation, approximately pro- 
portional to (time)~/~. For this nonluminescent layer 
to be responsible for the reduction in photolurninescent 
efficiency, one would expect that the phosphor bright- 
ness would therefore decrease with time according to 
the relationship 

= ~o exp (--~/~/z) 

assuming that  a un i form nonlumineseence  producing 
absorption is present  in  the "dead" }ayer. In  Fig. 4 
it can be seen that this relationship does hold, as a log 
plot of the brightness vs. (time) ~/~ yieldsra straight line. 

Diffuse optical reflectance shows that depreciation 
induces additional optical absorption in the samples as 
shown in Fig. 5 where an induced absorption can be 
observed from320 to 450 nm (the absorption at shorter 
wavelengths Surch as 254 nm is already so high in un- 
depreciated samples that additional induced absorpo 
tion is di~cult to detect). This induced absorption is 
present  only on the surface of the phosphor immedi -  
a te ly  adjacent  to the discharge. The phosphor surface 
away from the discharge shows no discoloration. Also 
shown in Fig. 5 are the diffuse reflectance spectra of 
CeO~ and a phosphor sample heated in air to 600~ 
These suggest that  the depreciation induced optical 
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Fig. 4. Brightness of photoluminescence under excitation by 254 
nm u.v. outside of the demountable lamp. Hours refer to deprecia- 
tion time in the lamp. 
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Fig. 5. Optical reflection spectra of powders. A: Thick phosphor 
layer, not lehred or aged. B: Thick layer of pure CeO2. C: Thin 
phosphor layer, lehred 400~ before aging. D: Sample C after 
aging in demountable lamp to 59% of original. E: Thin phosphor 
layer, lehred 600~ not aged. Brightness about 34% of sample D. 
All lehrings in air, 15 min. 

absorption and loss of brightness may be due to the 
conversion of Ce +8 to Ce +4 (additional conversion of 
Tb +3 to Tb +4 is also a possibility). The tendency of 
Ce+a to oxidize to Ce +4 is well known for many phos- 
phors, Ca3 (PO4)2:Ce for example (5). Infrared ab- 
sorption measurements, however, failed to reveal any 
conversion of Ce + 3 to Ce +4. 

The observed spectra were typical of orthophos- 
phates with strong P-O stretches at 1050 cm -z and 
O-P-O deformations at 575 cm -I. Further, splitting of 
these IR modes were characteristic of the asymmetric 
nature of PO4 -8 ligands. Any shifts in the PO4 -~ 
peaks due to the incorporation of a more positively 
.charged cation or relative intensities due to changes 
in the crystal structure can be ruled out on the basis 
of the observed spectra down to 200 crn -I. Sulfate 
ions for instance show all the expected differences 
when cerium oxidation changes from Ce +3 to Ce +4 
(6). In analogy to the sulfates one would have ex- 
pected to see similar results for the phosphates. It may 
therefore be concluded that the chemical structures 
were unaltered by the depreciation. 

High resolution XPS measurements were then per- 
formed on the depreciated phosphors. In particular, 
we looked very carefully for evidence of conversion 
of Ce +S to Ce +4, Tb +S to Tb +4, or changes in bonding 
strengths of the atoms in the depreciated layer, in- 
dicative of chernical modifications in the nonlumines- 
cent layer. These data are summarized in Table IIl. No 
significant XPS shifts were observed, leadin~ one to 
believe that no substantial chemical alterations occur 
in the depreciated layers. 

In general, the rare earths do not show large chemi- 
cal shifts per unit change in oxidation state with the 
exception of Eu s+ comuounds (7). Since ~-3 is the 
most prevalent state, chemical shifts in going from 
one compound to another ,are not very significant. 
XPS spectra of rare earths are, however, complexed 

Table III. 

XPS binding energies and (FWHM) (eV) 

Na 
Sample (Auger) Na-ls  P-2p O-ls Tb-4d Ce.4d 

Fresh 990.6 1070.6 132.7 530.9 153.8 111.2, 107.6 
(2.5) (7.0) (2.3) (2.3) (10.2) (7.2) 

Depreci- 990.5 1070.4 132.8 531 3 154.4 111.4, 107.3 
ated (2.8) (7.0) (2.2) (2.5) (10.5) (7.2) 

Binding energies were calibrated with adventitious Cls peak at 
284.6 eV. 

Instrument linear~ty was checked and found to be accurate to 
-----------------------------~0.2 eV in 50-1800 eV range. 
Reported binding energies are accurate to • eV. 
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by many  satel l i te  features  adding to many  more  peak  
components  which make  qual i ta t ive  dist inctions ra the r  
obvious. One such fea tu re  is the shake up satel l i te  ob-  
served with  the 3d electrons (8, 9), another  being the 
4d photohole  e lectrostat ic  in terac t ion  with  the 4f orb i -  
tals  (10). 

In  the presen t  case, we were  not  able  to get enough 
photoelectrons  f rom 3d levels  in the fixed r e t a rda t ion  
rat io  mode (the only  mode  McPherson i ~ t r u m e n t  
opera tes  in) and  had,  therefore,  to re ly  on the in-  
format ion  obta ined  f rom the 4d levels.  Since the 
mul t ip le t  s t ruc ture  of the  4d levels  depends  on the 
number  of e lectrons in the  ionized species, therefore  
along with  a smal l  observable  core - leve l  shift, we 
expected to see changes in the overa l l  shape of the 
4d level  associated wi th  a redox phenomena.  Not only 
did  we not  see any differences be tween  the fresh and 
aged samples,  argon ion spu t t e r ing  (wi th  7 keV ions 
and 20 ~A/cm 2) fai led to show any  differences in the 
Ce 4d cur ren t  dens i ty  and P2p levels.  Normal ly ,  these  
ions are  energet ic  enough to convert  a h igher  ox ida-  
t ion state rto a lower  oxida t ion  s tate  (11) (in our  case 
Ce +4 to Ce +3) and h igher  oxides to lower  oxides, for 
instance PO48- to PO3 to p3 - .  The da ta  therefore  
suggest  that  the p resen t  system is not  only iner t  to 
oxidat ion  bu t  also to reduct ions under  the condit ions 
of our  presen t  exper iments .  

Discussion 
Our ana ly t ica l  measurements  were  unfo r tuna te ly  of 

l imi ted  assistance in de te rmin ing  the exact  na tu re  of 
the deprec ia t ion  damage.  Sub jec t  to the qualifications 
s ta ted  prev ious ly  concerning the in te rp re ta t ion  of our  
X P S  measurements ,  we can only  conclude that  the 
deprec ia t ion  is not  due to cer ta in  mechanisms.  That  is, 
i t  is not  due to the  convers ion of Ce +3 or Tb +8 to the 
four  va lent  state, and  i t  is not due to a chemical  de -  
c o m p o s i t i o n  of the phosphor .  Our high resolut ion  
XPS measurements  show that  the deprec ia ted  layer  
st i l l  consists of Na3Ce0.65Tbe.35 (PO4)2. In  the absence of 
addi t ional  ana ly t ica l  informat ion,  we can therefore  only 
speculate  on the exact  na tu re  of the damaged  layer .  A 
reasonable  model  however ,  would  be the  following.  

The energy re leased  in the  ion recombina t ion  (10.2 
eV for Hg and 14 eV for Ar)  is more  than adequate  to 
b reak  the chemical  bonds in the phosphor.  To our  
knowledge,  the  exact  process by  which this m a y  occur 
on the surface of solids has not  been de termined.  Argon 
ion recombina t ion  on  sil icon surfaces has been shown 
to re lease  Na atoms bound to surface states (12). 
The Na a toms then diffuse into the bu lk  of the  crystal .  
Our  ten ta t ive  p ic ture  is s imi lar  in that  we view the 
ion recombina t ion  at  the surface as b reak ing  chemical  
bonds, perhaps  the  type  of sod ium-oxygen  bond tha t  
exists  at  the SUlk.ace. The defects  thus produced,  in te r -  
s t i t ials  a n d / o r  vacancies,  would  then diffuse into the 
crystal .  We assume tha t  above a cer ta in  defect  con- 
cent ra t ion  C1 the phosphor  is nonluminescent .  In  o rde r  
to de te rmine  how the dep th  to which C1 is achieved 
increases as a funct ion of t ime (the thickness of the 
"dead"  l aye r ) ,  we use the special  solution of  the  diffu- 
sion equat ion (13) 

C(x't)= C~ [1-l-erf(~) ] - - 2  
where  C(x, t)  = the  defect  concentrat ion as a func-  
t ion of dep th  and time, Co = constant  _: defect  p ro -  
duct ion ra te  at the  surface, D = diffusion coefficient 
he re  assumed to be independen t  of C. The boundar:~ 
condit ions are:  x = 0 is the  surface of the phosphor  

and Co = 0 at  t = 0 and constant  at  t > 0. The phos-  
phor  is semi- inf in i te ly  thick. 

In this equat ion eve ry  defect  concentra t ion ( inc lud-  
ing C1) moves in f rom the surface at a ra te  propor t ional  
to ~/Dt. This expected var ia t ion  is in a g r e e m e n t  wi th  
our expe r imen ta l l y  observed  var ia t ion  of the increase: 
in thickness of the  nonluminescent  l aye r  wi th  time. 

What  remains  unanswered  is the exact  na ture  of 
these defects  and  the mechan i sm(s )  by  which they  
reduced  the  luminescent  efficiency of the phosphor.  
Two possible mechanisms are:  (i) by  t h e  format ion  of 
color centers  that  can absorb e i ther  the 254 nm exci ta -  
t ion or  the fluorescence of the  phosphor  or, (ii) by re-  
moving the long range  order  of the phosphor  la t t ice 
and producing  an amorphous  s t ruc ture  in which the 
pa thw a y  of energy  t ransfe r  f rom the absorpt ion of 
254 nm to the Tb +~ ions is destroyed.  In o rder  to 
choose be tween  these two, it  would  be necessary to 
pe r fo rm elect ron spin resonance measurements  to de -  
tect  the genera t ion  of color  centers,  or  low energy 
electron diffract ion to detect  the loss of long range 
order.  Both of these techniques requi re  single crystals  
however ,  and no crystals  were  avai lab le  to us for such 
studies. 

An  unsuccessful  a t t empt  to detect  the  presence of 
an amorphous  phase was made  by  looking for  a 
b roadening  of x - r a y  diffraction pa t te rns  fol lowing de-  
preciat ion.  This is not  a ve ry  sensi t ive technique for 
de t e rmin ing  smal l  amounts  of d i sorder  on the surfaces  
of powders  however,  and the fa i lure  to detect  diffrac- 
t ion pa t t e rn  broadening  is inconclusive.  In  the  absence 
of be t te r  ana ly t ica l  data ,  the exact  na ture  of the dam-  
age must  r ema in  undetermined .  

Manuscr ip t  submi t ted  June  7, 1982. 

Any  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1983 
JOURNAL. Al l  discussions for  the December  1983 Dis-  
cussion Section should be submi t t ed  b y  Aug. 1, 1983. 

Publication costs o] this article were assisted by the 
Westinghouse Research and Development Center. 
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ABSTRACT 

For various samples of ZnS doped with Tm ~+, different in structure and charge compensations, it has been possible to 
identify a point site symmetry with a Td symmetry for Tm a+. The analysis of the emission spectra measured at different 
temperatures and under  different excitation sources (u.v. and cathode-ray) permits the partial identification of the experi- 
mental  splittings for 'D~, IG4, 3H4, 3F4, 3H5, and 3t-I~ levels. The energy level scheme deduced from the spectra is reasonably 
simulated by a set of free ion and crystal field parameters E, = 6800 cm-' ,  E2 = 34.2 cm -~, E3 = 661 cm -1, ~ = 2625 cm -' ,  a = 18 
cm -~ (fixed), fl = -630 cm -~ (fixed), ~ = 2000 cm -~ (fixed), Bo 4 = 136 cm-' ,  and Bo 6 = 180 cm -~. 

Fluorescent  properties of rare ear th  doped ZnS 
were extensively  studied dur ing  the sixties. The main  
purpose of these works was to optimize the synthesis 
methods for phosphors and to s tudy the energy 
t ransfer  p roper t i es  ZnS ~ Ln 3+ (1) by using coacti- 
vators such as Cu-Ln  3+ or Cu-L i -Ln  8+ (2). More re-  
cently, the electroluminescent  properties of the rare  
ear th  doped mater ia l  were studied in  relat ion to in-  
clusion of "lumocen" centers such as fluorides (3, 4) 
or oxysulfides (5, 6). 

Optical studies considering the rare earth ion as ~' 
local s t ructural  probe were not so decisive. One can. 
note: 

1. In  1960, a s tudy by Ford et al. (7) yielded a C3v 
point  site symmetry  for Dy 8 + located in subst i tu t ional  
positions, exhibi t ing a strong vibronic coupling with 
the network.  

2. In 1963-1964 Ibuki  and Langer  (8, 9) identified 
several  point  sites for Tm 8+ in ZnS, the most pre-  
dominant  one having a Td symmetry .  But, performed 
before the work of Larach (1) giving the conditions 
for alkal ine coactivations, this work showed a too com- 
plex fluorescence spect rum to permit  a realistic at-  
t r ibut ion  of the observed lines. 

3. In  1979 a s tudy by Yu (10) of ZnS with ionic 
implanta t ion  of Er ~+ showed that it was possible to 
ident i fy  two main  cubic point  sites, corresponding to 
an inters t i t ia l  and to a subst i tut ional  position of Er 3+. 

In  our  work, because of the impossibil i ty of inser t ing 
the best local s t ructural  probe, Eu 3+, at its normal  
valence (11), we chose Tm s+ ion because: (i) the 
4f 12 configuration is re la t ively  simple and the even 
n u m b e r  of electrons allows the observat ion of small  
symmet ry  distortions through the n u m b e r  of experi-  
menta l  lines; (ii) the diffusion of Tm 8+ in ZnS is 
good; and (iii) the number  of fluorescence lines, sharp 
and well  resolved at low temperature  (T < 60 K) is 
large. 

In  a p re l iminary  work, we studied the configuration 
for the activation of ZnS by  Tm 3+. The diffusion 
method was applied on cubic (powder and single crys- 
tals) and on hexagonal  (powder) type ZnS. The first 
method employed was the one previously described 
by Larach (1). The activation is obtained by the 
s imultaneous action of TmC18 and LiC1 at 1150~ under  
H2S flux. By this method; a great number  of different 
sites are observed by Tm 8 spectroscopy, and a mass 
spectroscopy analysis (12) under l ines  tha t  the amount  
of Li + is about ten times that of Tm 3+. The great 
n u m b e r  of sites observed has to be related to the 
var ie ty  of possible charge compensat ion position. The 
second method used the diffusion of LiTmS2, with the 
same exper imental  procedure. The spectrum then ob- 
served is simple, showing two or three point  sites oc- 
cupied by  the Tm 3+ ion. The thi rd  method used the 
diffusion of ZnTm2S~. In  such a case, the rough anal -  
ysis of the spectrum showed that  the Tm 3+ ion oc- 
cupied probably  one site, with a charge compensat ion 

not located in  the first neighborhood, al lowing us to 
consider Td as point  site symmetry  occupied by Tm 3+. 
The purpose of this work is to analyze as far as pos- 
sible the spectrum obtained. 

Nature of the Point Site in ZnS 
Sites without charge compensation in the immediate 

neighborhood.--This case has been extensively studied 
by EPR or optical techniques with divalent  ions of the 
iron series as dopant  (13). Four  types of sites have 
been recognized: one site Ta (AN), one site C3v (PS),  
and two axial sites (AS and PN).  The occurrence of 
these sites depends on both the dominant  s t ructure  of 
the crystal (cubic or hexagonal)  and the stacking 
faults always encountered for the doped crystals. 
Moreover, because of the stacking faults, polytypes 
with axial  sites (PN and AS) are created in  the same 
quanti ty.  For our fluorescent crystals case, the t rans i -  
tion 3C-6H often is observed showing stackings as [in 
Roth's notations (14) ] 

Stacking ABC ABCACB ABC 
Structure  3C 6H 3C 
Sites AN AN-PN-AS AN 

Sites with charge compensation in the immediate 
neighborhood.--To our knowledge there are no con- 
clusive studies on this possibility. However, by EPR 
studies of Er 3+ doping ZnS, Watt  et al. (15) have 
observed two sites in s u b s t i t u t i o n a l  positions, one 
pure cubic site and one axial site, the last correspond- 
ing to a very  small  distortion of the cubic one. Other 
sites, one a x i a l a n d  one orthorhombic site, have been 
also observed but  in hexagonal  crystals doped by dif- 
fusion. 

We performed some experiments  for insert ion of 
Gd ~+ in our  samples in order to perform EPR studies. 
We noted a large absorption band, characteristic of 
Gd ~+, but  si tuated in an aggregate form (6). We th ink 
the conditions for diffusion of a rare earth ion of the 
beginning of the series such as Gd 3+ are unknown,  
such implantat ions  appear to be real ly  possible only 
for rare earth with smaller  ionic radius (Er, Tm, Yb).  

In  a previous work (12), the importance of the 
synthesis conditions on the n u m b e r  of sites occupied 
by Tm 3+ had been underl ined.  For this study, cubic 
crystals have been prepared, showing only two dis- 
tinct sites. One of these sites is predominant ,  for the 
other, we have identified fluorescence lines only for 
the ~G~ ~ ~H6 transition, i.e., the most intense lines 
of the spectrum. Moreover, we have prepared an 
hexagonal powder of ZnS: Tm 3+, without any alkal ine 
coactivator. In such a case, the n u m b e r  of sites ob- 
served is also l imited to two or three. These different 
syntheses allow us to identify a predominant  site, 
common for all  structures, for all kinds of compensat-  
ing charges. The aim of this work is exclusively the 
s tudy of this p redominant  site. The identification of the 
energy level  scheme is not so evident,  because of the 

175 



176 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE A N D  T E C H N O L O G Y  January 1983 

lack of absorpt ion  da ta  due to the low concentra t ion of 
Tm 8+ opt ica l ly  active in ZnS (102-108 p p m ) .  Only 
emission spect ra  measured  at different  t empera tu res  
and under  different  exc i ta t ion  sources (u.v. and cath-  
ode - ray )  a re  ava i lab le  to de te rmine  the exper imen ta l  
energy  level  scheme, the  na tu re  of the site, and to 
compute the phenomenologica l  spectroscopic  p a r a m e -  
ters. 

Theoretical Background 
Simulation o~ the spectra.--The Tm 3+ ion has 4f TM 

as the ground configuration. Then, the  degeneracy  of 
the configurat ion is 91:7 terms and 13 free ion 2S+lLj 
levels. The phenomenologica l  method  of s imula t ion  
used he rea f te r  is classical. We consider  the  to ta l  
hami l ton ian  of the sys tem as a sum of e l emen ta ry  
hamil tonians.  

For  the pa r t  of the  hami l ton ian  s imula t ing  free ion 
interact ions,  we consider  only  the t w o - b o d y  in te rac -  
tion, tha t  is the  e lect ros ta t ic  repuls ion charac ter ized  
by  the Racah pa rame te r s  Ek (k = 0-3) and  the con- 
f iguration in teract ions  whose s t rength  is given by  the 
a, ~, and -~ parameters .  We take also into account spin-  
o rb i t  coupling. The total  number  of pa rame te r s  in-  
volved is then 7. The number  of spectroscopic te rms 
being also 7, the s imulat ion of ba rycen te r  posi t ions 
has to be considered wi th  care. I t  is best  to set the  

~ 7 pa rame te r s  to values  de te rmined  for o ther  r a re  
ear ths  as indica ted  by  the l i t e ra tu re  (16). Other  in te r -  
actions, such as t h r e e - b o d y  interact ions,  represen ted  
by  Judd ' s  pa rame te r s  T x do not exis t  for the 4f TM 

configurat ion case. 
The  c rys ta l  field hami l ton ian  is wr i t t en  in the for -  

ma l i sm descr ibed by  Wybourne  (17). For  the  case of 
Z n S : T m  8+, the  point  site s y m m e t r y  considered is Td, 
and we choose to descr ibe  the hami l ton ian  wi th  re -  
spect  to the  t e rna ry  axis, because  a smal l  d is tor t ion of 
the  s y m m e t r y  even tua l ly  would  reduce the point  s i te  
to C3v. Then, the crys ta l  field hami l ton ian  can be wr i t -  
ten as 

Hc.F. = Bo 4 Co 4 --  - - ~  (C-84 --  C~ ~) 

[ + B o  ~ Co 6 + ~ ( C - ~ - C 3 6 )  

x/231 1 
+ ~ (C-66 + C68) ] 

In order to simulate the spectrum, the secular de- 
terminant takes into account simultaneously all the 
interactions of the free ion, together with the crystal 
field effect, that is, also including the J-mixing. 

Ab initio calculation of the crystal field parameters. 
- - B y  using the PCEM model, i t  is possible to pe r fo rm 
ab initio calculat ions  of c rys ta l  field parameters .  Even 
if  the  model  is known to be over  simplif ied (18), i t  is 
possible to have the magni tude  of the influence on 
crys ta l  field pa rame te r s  of the  dis tor t ion of the cubic 
site, when  the different  possible s t ructures  or po ly -  
types  are  considered.  Such calculat ions were  pe r fo rmed  

for the wur tz i te  and po ly type  6H structures,  which 
appear  to be the most  f requent  d is tor t ion encountered  
f rom the ideal  b lende  s t ructure .  Table  I summar izes  
the resul ts  obtained.  One can r e m a r k  that :  

1. For  the wur tz i te  and the 6H po ly type  s t ructure ,  
the rat ios B04/B~ 4, on one hand, and of B0S/Ba 6 and 
Bo6/Bs s, on the o ther  hand, are  not far  f rom the theo-  
re t ical  cubic ra t ios  of the b lende s tructure.  This fact  
indicates  tha t  we m a y  keep the ra t io  of crys ta l  field 
pa rame te r s  to the i r  cubic values in our  s imulat ions,  
as a first good approximat ion .  

2. The signs for B04 and B06 are  both posit ive.  I t  is 
also known that,  even if the o rde r  of magni tude  for  
such pa rame te r s  is not  a lways  sa t i s fac tory  in this type  
of calculations,  the sign is however  a lways  quite good. 
So, we shall  choose these signs for the phenomenologi-  
cal parameters .  

3. Results  for B02 are  not significant, because we 
do not  use the comple te  ab initio calculat ion model, 
which also includes polar izabi l i t ies  of ions and screen-  
ing factors (18). These correct ions can have the same 
o rde r  of impor tance  as pure  PCEM calculations.  

In any  case, the smal l  absolute  value  ca lcula ted  for 
B02 and the smal l  d is tor t ion  for c rys ta l  field pa rame te r s  
of r ank  4 and 6 around cubic ratios,  a l low us to s ta r t  
s imulat ions  of c rys ta l  field spl i t t ing of the  expe r imen-  
tal  levels by  considering a Td symmet ry ,  an approx i -  
mat ion  confirmed by  the l i t e ra tu re  cited here.  

Experimental 
Detect ion of the emission spect ra  of ZnS (Tm ~+) 

has been pe r fo rmed  at  var ious  t empera tu res  be tween 
4.2 and 77 K, th rough  a 0.5m Jobin  and Yvon mono-  
chromator  equipped with  a holographic  gra t ing  with  
1200 l / ram.  The resolut ion essent ia l ly  depends on 
the wave length  range and on the in tens i ty  of fluores- 
cence: A~./~ ~ 10,000 in the blue region (1G4 ~ 8H8 
and 1D2 -~ 8H~) and 2000 in the n e a r - i n f r a r e d  (1G4 -~ 
3F4 and 8H4 --> 3H6). Exci ta t ion  of the fluorescence is 
obta ined  by  e i ther  classical u.v. l amps  (UVL or  UVS) 
or a ca thode - r ay  exci ta t ion prev ious ly  descr ibed (11). 
The use of these two types  of exci ta t ion sources pe rmi t  
us to separa te  wi thou t  ambigu i ty  the emi t t ing  levels  
1G4 and 1D2. Under  UVL exci ta t ion only 1G4 emits  
whi le  both  1G4 and 1D~ emi t  under  ca thode - r ay  exci ta -  
t ion (Fig. 1). 

For  l i fe t imes and t ime resolved measurements ,  the 
e lec t ron beam is modula ted  b y  polar iza t ion  in square  
signals of the Venelt .  Then, the s ignal  is recorded 
th rough  a boxcar  in tegrator .  This type  of measuremen t  
permi ts  the a t t r ibu t ion  wi thout  ambigu i ty  of the emi t -  
t ing levels  when t ransi t ions  are  super imposed  l ike  1G4 
--> 8F4 and 3H4 ---> 3H6 (~_ 12,500 cm~-l). 

Analysis of the Spectra 
In the analysis  of the spec t ra  observed,  t ransi t ions  

be tween  S t a r k  levels  a re  assigned by  supposing that  
the s y m m e t r y  of the main  point  site is Td. When  an 
ion is embedded  in a crystal ,  the free ion energy  levels  
a re  spli t  into S t a rk  levels. The number  and the type  
of pe r tu rba t ed  levels  for each va lue  of the J quan tum 

Table I. Crystal field parameters calculated from PCEM method for ZnS (Tm3+). Radial integrals <rk>  are taken from Ref. (19). 

6H Wurtz i te  

Parameters Theoretical Deviation Deviation 
(cm -I) Blende 6H Wurtzite ratios Blende Ratios (%) Ratios (%) 

Bo 2 30 88 

Bor 25O 250 263 

Ba= - 300 - 3 2 6  - 329 

Bo I 80 80 82 

B= o 48.3 45 44.7 

Be �9 50.8 51 51.4 

Bor ~ = - 0 . 8 3 7  - -0 .836  - -0 .769 8.1 - 0 . 8 0 0  4 

Boe/B3O = 1.655 1.655 1.787 8 1,838 11 

BoO/Bo o = 1.579 1.679 1.580 0 1;594 1 



VoL 130,. No. I ENERGY LEVELS OF ZnS:Tm ~+ 177 

ID2---~3F 4 Io4--~.3H 6 

I (a.u.) 
only with UVS and 
cathodo excitation 

an, ther 
ce ter 

470  

cubic site pure 
electronic transition 

Natelli~e lines of 
478,17 nm transition 

t 

480 ~nm) 

Fig. 1. Blue emission of ZnS (Tin * + )  at 77 K with different ex- 
citations. 

number ,  depends  on an i somorphism wi th  the i r reduc i -  
ble represen ta t ion  of the  point  group Td. The number  
and the type  of pe r tu rba t ion  level  can be found in the  
P r a t h e r  monography  (19). 

At  low t e m p e r a t u r e  in  the 1G4 ~ 3H8 emission region 
near  478.0 nm, Ibuki  and  Langer  have observed  two 
types  of t ransi t ions  on each side of the ma in  l ine 
(478.17 n m  : 20,913 c m - 1 ) .  Toward  the high energies  
(v > 20,913 c m - O  these authors  have classified a large  
number  of sharp  l ines (Av ~ 1-3 c m - D .  We have  
shown tha t  they  a re  due in fact to a grea t  number  of 
different  sites for Tm ~+ and that  i t  is possible  to make  
most  of  t hem d isappear  by  using ZnTm2S4 as an act i -  
va tor  for ZnS. On the o ther  energy  side (v < 20,913 
cm -1)  we  observe  some diffuse and wide  l ines  (Av 
10-30 cm -1)  which  are  not  affected by  the na tu re  of 
charge compensat ion.  The posi t ion and in tens i ty  of 
these l ines essent ia l ly  depend on the sample  s t ructure .  
By ana logy  wi th  previous  observat ions  on LaA1Os 
(Ln 3+ ) (20) we a t t r ibu te  these l ines to a v ibronic  
coupling associated wi th  the  pu re ly  electronic 1G4 
3H6 t ransi t ion.  

We have es t imated  expe r imen ta l l y  at  4 .2K the 
values  of the  Huang-Rhys  p a r a m e t e r  So by  the rat io  
of the  0-phonon l ine in tens i ty  (for Td site) to the  
to ta l  emission intensi ty.  We thus find So = 0.35 (cubic 
s t ruc ture )  and So = 0.25 (hexagonal  s t ruc tu re ) .  A l -  
though weak  these values  a re  much grea te r  than  those 
genera l ly  r epor t ed  for  ra re  ea r th  compounds (So 
0.05) as measured  b y  Auzel  in ra re  ea r th  fluoride (21). 

This  las t  resu l t  is not  ve ry  su rpr i s ing  since the  
AIIBW compounds and more  prec ise ly  ZnS usua l ly  
exhib i t  a ve ry  s t rong e lec t ron-phonon  coupling bo th  
in emission and absorp t ion  processes for  a l l  the  act i -  
va tors  in the  i ron series.  The  same character is t ic  seems 
to be t rue  for  ra re  ea r th  act ivators .  

A proof  of the  v ibronic  or igin of some l ines is gen-  
e ra l ly  given b y  the compar ison of absorpt ion  and 
emission spectra.  The  vibronic  s t ruc ture  appear ing  on 
the h igh  energy  side (wi th  respect  to the  pu re ly  e lec-  
t ronic l ine)  in absorpt ion  measurements  is an exact  
rep l ica  trough,  a m i r ro r  p lane  of the  v ibronic  s t ruc ture  
seen on the low energy  side by  emission. In  our  case, 
such a proof  is not  a t t a inab le  since the Tm 3+ concen- 
t ra t ion  is too low to pe rmi t  the  observat ion  of absorp-  
t ion spectra.  

Never the less  we  have  severa l  a rguments  jus t i fy ing  
our  in te rp re ta t ion :  

1. There  exists  a s t rong ana logy  be tween  the  f luor-  
escence spec t rum and the theore t ica l  curves of phonon 
dens i ty  (22). In  Fig. 2 we have  superposed  wi th  the  
same  energy  scale t he  theore t ica l  curve and the  fluor- 

1 
2 

0 tO0 200 300 ~00 
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Fig. 2. 1. Fhono, density of st.tes corresponding to the best 
models calculated for 913 points of the reduced Brillouin zone by 
K,nk et aL (22). The main maxima are at 83, 175, 179, 263, 271, 
331, and 335 cm -1.  Gaps from 220 to 258 and 278 to 308 are ob- 
served inside the optical band. 2. Fluorescence spectrum with the 
same scale, the origin of the x-axis is centered at 20.919 cm - t  
(the pure electronic line). 

escence spec t rum of Tm 3+ in one cubic sample.  We 
observe first that  the posi t ions of the  m a x i m a  corre-  
spond wel l  to the main  phonons (acoustic and  optic)  
commonly  descr ibed in the  l i te ra ture ,  and second tha t  
there  exist  two zones wi thout  emission whose wave -  
lengths  agree  wi th  the  two gaps be tween  220-258 and 
278-308 cm -1 of the  theory.  

2. In  this spect ra l  region we noted a d i sp lacement  
toward  the low energies  when  the  t empe ra tu r e  is in-  
creasing, this fits wel l  wi th  the  augmenta t ion  of t r ans i -  
t ion probabi l i t ies  involv ing  h igher  energy  phonons.  

3. The first resul ts  on the genera l iza t ion  of the p res -  
ent  w o r k  on ZnS wi th  t e rb ium as an ac t iva tor  show 
some analogy in the  fluorescence spec t rum indica t ing  
the same influence of e lec t ron-phonon  coupling. 

Transitions observed from 1D2.--These t ransi t ions  
are  only observed  unde r  ca thode - r ay  or UVS exc i ta -  
tions. The t rans i t ion  to 8H6 (Fig. 8) is not  ve ry  useful  
because,  even at  low tempera tu re ,  we observe  only 
one r e l a t ive ly  wide  l ine ( ~  80 cm -1 at  ha l f -w id th ) .  
The evolut ion wi th  t e m p e r a t u r e  (4.2 < T < 60 K)  does 
not  change the spectrum.  Then,  probably ,  the  1D~ level  
has a smal l  spl i t t ing;  it  means  tha t  the absolute  va lue  
of B04 is small .  The  t rans i t ion  to ~F4 exhib i t s  a be t t e r  
resolution,  showing the spl i t t ing  of 1D2 ( ~  8 cm -1)  
and  a l lowing a complete  a t t r ibu t ion  of the  8F4 S t a r k  
levels.  

I ( a . u . )  

l 

37O 

probably satellite vibronie lines 

of the 3/1,93 • line 

I L 

3 7 5  n m  

0 200 400 (cm -I  ) 

Fig. 3. 1 1 ~  ~H6 emission of ZnS (Tin a+)  at 10 K 
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Transitions observed lrom 1G+--lG4 is the main 
emitting level in ZnS:Tm ~+. At 4.2K, about 80% of 
the total emission is concentrated in one transition 
between Stark levels of IG~ ~ 8H6 (transition located 
at 20,913 cm-1). Nevertheless, another transition has 
been assigned to another Stark level of 8H6. The 
other lines observed in the 1G4 ~ 8H6 area were at- 
tributed, and analyzed as vibronic transitions (20) 
(Fig. 4). Considering there are only two lines for 1G4 

8H6 zero phonon electronic transitions at 4.2 K, the 
dipolar electronic transition rules indicate that the ir- 
reducible representation of the lowest Stark level of 
IG4 is At. 

Other transigons were observed from 1G4 to SF4 
and 8H5. At 4.2 K, the number of lines observed for 
1G4 ~ 8F4 (Fig. 5) and IG4 ~ ~H~ (Fig. 6) transitions 
is also compatible with an A1 irreducible representa- 
tion for the lowest 1Ga Stark level, if we admit a 
double character (magnetic and electric dipolar) for 
these transitions. 

For all transitions observed, the evolution of the 
spectra vs. the temperature allow the identification of 
a first excited Stark level for ~G~ located at 70 cm -~ 
above A1; when the temperature increases we observe 
a second one located at 104 cm-L But it is not possible 
to attribute to these levels irreducible representations, 
by using selection rules, because of the broadening o f  
the lines and the increase of the number of lines ob- 
served. 

Transitions observed from ~H4.--The only transition 
observed from this level is SH4 ~ SH~. Although the 
wavelength range is the same that for. ~G~ ~ SF~, 
lifetime measurements and time resolved spectroscopy 
allow the identification of the emitting level. This tran- 

the two A 1 ~T 2 transitions 

of IG 4-~3H 6 emission at 4.2 K 

I ( a . u . )  

2nd site 
unidentified 

vibronic coupling of cubic 
crystal (with 6H faults) 

470 480 490 ~ (nm) 

I I I I )  

0 I00 200 300 400 ] (cm -I) 

Fig. 4. Blue emission of ZnS (Tm 3+) c~stal of cubic structure at 
4.2 K excited by UVL Hg lamps (165 nm). 

I ( a . u . )  

L 

A l ~-~ T 2 transition 

650 660 

Fig. 5. 1G4 -~ ~F4 emission of ZnS (Tm 3+) crystal at 4.2 K 

I (a.u.) 

t f  

780 790 (rim) 

Fig. 6. 1G4 --> ~H5 emission of ZnS (Tm a+) crystal at 4.2 K with 
UVI. (365 nm) excitation. 

sition exhibits also satellite vibronic lines whose fre- 
quencies are similar to those of the 1G4 ~ ~H6 satel- 
lites. The evolution of the .spectra with temperature 
suggests a first excited Stark level for 3I-I4 located at 
25 cm -1 above the ground level. Figure 7 shows the 
spectrum at 10 K when the first excited Stark level of 
~H4 begins to be populated. 

Energy level scheme.--The analysis of the emitting 
levels gives positions for some Stark levels. The 
comparison of transitions having different emitting 
levels and the same final level gives a partial know 7 
ledge of the splitting of the final states 8H6, ~Hs, and 
8Iq-4. Then, it is possible to partially construct the en- 
ergy level scheme (Table II). For all levels, the total 
amplitude of splittings is rather small, a fact which 
probably indicates small absolute values of crystal 
field parameters. When compared to the literature, the 
barycenters of the 3Hj levels are well positioned, but 
we note a quite important lowering of the barycenters 
for the 3F4, 1G4, and 1D2 levels (Fig. 6). However, 
because of the missing Stark levels, the computation of 
the barycenter positions will be, in the present case, 
only tentative. 

I ( a . u ~  

I I 
8 O0 810 (nm) 

Fig. 7. 8H4-> 3H'6 emmlsslon of Zn$ {Tm 8+) crystoi at 1OK with 
UVL (365 nm) excitation. 
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Table II. TEe energy of the electronic transitions observed in the 
emission spectrum of ZnS (Tm ~ +) 

Energy 
without  Temper Temper. Relative 

Assign. correction ature ature inten- 
Transition ment  ( c m  -z) 40 K 10 K si t ies  

2Ds -~ al l ,  27,083 x 
26,956 x 
26,915 x 
26,887 x 
26,856 x 

1D~ -* ~F, T~ -~ T l  21,492 x 
E ~, T~ 21,488 x 
Ta -~ T~ 21,464 x 
E ~ TJ 21,458 x 
T~--~ A* 21,432 x 

~G,-'~ ~H, T* -~ T~ 21,033 x 
T~-~ Ta 21,018 x 
T~-~ E 20,993 x 
T2 ~ T2 20,986 x 
Az-~ T~ 20,956 x 
T2 -~ T* 20,942 x 
Az -~ T2 20,913 x 

ZG, -* ~F, T~ -~ T~ 15,467 x 
T~-~ Tz 15,431 x 
A~ --~ T~ 15,398 x 
T~ ~ T~ 15,378 x 

~G, ~ ~H~ Tz -~ T~ 12,838 x 
T~ -~ T~ 12,875 x 
Az--~ T~ 12,728 x 
Az -~ T~ 12,722 x 
A~-~ Tz 12,707 x 

Vlbronle (?)  12,6~2 x 

~H, ~ ~H~ -- 12,555 
-- 12,517 

T~ ~ Ts 12,509 
12,482 

A~ ~ T~ 12,486 
12,480 

-- 12,471 
-- 12,454 

12,432 
-- 12,44)5 

x 2 
x 6 
x 4 
x 10o 
x 9 

x 
x lOO 
x 
x 21 
x 36 

17 
17 
17 
21 

x l 0  
6 

x 100 

45 
18 

x 100 
7 

x 28 
x 35 
x I00 
x 4 

x 3 
x 2 
x 10 
x 8 
x 100 
x 15 
x 15 
x 2 
x 2 
x 2 

Simulation of the Energy Level Scheme 
Because of the na ture  and of the n u m b e r  of t rans i -  

tions exper imenta l ly  observed, we cannot  vary  freely 
both free ion and crystal  field parameters.  So, we 
separate the s imula t ion  into two steps: first, est imation 
of the crystal field parameters,  with free ion parame-  
ters fixed to reasonable values (16), and second, esti- 
mat ion  Of the free ion parameters.  

The crystal  field splitt ings in the Td symmet ry  de- 
pend only  on two parameters:  it  is easy to make a sys- 
tematic explorat ion of the two dimensional  space B04, 
Bo 0, i . e . ,  - -  1200 cm -1 < Bo k < q-  1200 cm-Z. Exper i -  
menta l  a rguments  suggest that: 

1. A small spli t t ing for ZD2 means a small  absolute 
value for B04 since, in the first-order interactions,  Bo o 
does not operate on this level. 

2. An Az i r reducible  representat ion for the lowest 
Stark level of 1G4 means Bo 4 > 0. 

3. Ab  inits calculations suggest B04 and Bo 6 are 
positive. 

4. There is a spli t t ing of 70 and 25 cm -1 for the 
first excited Stark levels of 1G4 and 3I-I4, respectively, 
as shown by the evolution of the spectra vs. the tem-  
perature.  

With this information,  and from the estimated split-  
t ings of the levels of the ground mult iplet ,  the best fit 
is obtained wi th  Bo 4 = 136 _ 10 cm-Z and B06 "- 
180 • 10 cm -1 (Fig. 8). 

When  crystal  field parameters  are adjusted we can 
get the positions of the barycenters.  But, only four 
terms (six J- levels)  are available. It  is not possible 
to vary  s imultaneously  all free ion parameters,  we 
chose to adjust  only  the Racah parameters  Ek, and the 
spin orbit  coupling constant  6, keeping a ~.y to their  
expected values. The 6-value is rapidly estimated, 
because we have the positions in  the mul t ip le t  3Hj 
(J  : 4, 5, 6). On the other hand,  when  variat ions 
for Racah parameters  are indiv idual ly  performed, it  
can be seen that, in the first order, E8 does not  affect 

Exp. talc. 

2 70 

~ T I + 28 

A I 12465 

3H 4 

Exp. Calc. 

I + 122 

- -  _ ~  T 2 + 70 

J A 1 21052 

1G 4 

Exp. Calc. 
T r--  - -n~  

ID 2 

1 7 9  

+ 13 
26979 

TI 100 

~ ]  83 T 2 84 
2 

~ 46 T i + 49 T] 

T 2 + 24 ~ E 

A 2 0 A] 5518 ~ T2 
T1 

Scale 3H 6 3F4 3H5 

48 
47 

§ 14 

8213 

Fig. 8. Comparison of the experimental and calculated splittings 
of ZnS (Tin3+). 

the position of 1D2, E 1 modifies equal ly  the 1Ds and 
ZG4 barycenters,  and E2 displaces them in  the opposite 
direction. Taking this into account, the free ion pa-  
rameters  were estimated to be E0 -- 10,965 cm -1, E1 ---- 
6800 cm - I ,  E2 = 34.2 cm -1, Es = 661 era -1, ~ -- 2625 
cm -1, a -- 18 cm -1 (fixed), ~ -- --630 cm -1 (fixed), 
and ~ = 2000 cm -1 (fixed). One can notice that  the 
values for Racah parameters  are quite different from 
the classical ones. This fact cannot  be real ly  in te r -  
preted because of the relat ively small  n u m b e r  of terms 
effectively exper imenta l ly  observed. But  it  can be 
connected to the exper imental  remake  upon a lowering 
of the Slaters integrals  when  the n u m b e r  of the co- 
ordinate decreases. The coordinate 4 not  usual  for 
the rare earth bonding rules i n  this sense. 

Conclusion 
By using an  original  synthesis  method, it has been 

possible to insert  T m  8+ in ZnS. Samples in powder or 
crystal l ine form were obtained for fluorescence studies. 
It  appears tha t  the Tm 8+ ion ma in ly  occupies a site 
with Td symmetry.  The analysis of the fluorescence 
spectra as a funct ion of the tempera ture  and of the 
excitation source allowed us to construct  a par t ia l  en-  
ergy level scheme. The est imation of the spectroscopic 
parameters  shows that  the crystal field s t rength  is rela-  
t ively small. Its influence on the split t ings of the 
J- levels  is less impor tant  than  even for the rare earth 
trichlorides (23). Natura l ly  this fact depends on the 
considered matrix,  bu t  it  must  be also associated with 
the lowering of the barycenter  positions which is more 
curious. This lat ter  fact contr ibutes to Racah parameter  
values located at the front ier  of the classical range, for 
such an ion. Unfor tunately ,  the relat ive scarcity of the 
energy levels does not  allow a precise est imation of 
these parameters  and, as a consequence, a reasonable 
explanat ion of this fact. 

Manuscript  submit ted Ju ly  30, 1981; revised m a n u -  
script  received June  1, 1982. 

Any  discussion of this paper  wil l  appear in  a Dis- 
cussion Section to be published in the December 1983 
JOURNAL. All discussions for the December 1983 Dis- 
cussion Section should be submit ted by Aug. 1, 1983. 

Publication costs of this article were assisted by 
Laboratoire des Elements de Transition dans les 
Solides. 
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ABSTRACT 

Copolymers of methylmethacryla te  (MMA) and methacrylyl  chloride (MAC1) were cross-linked under  various condi- 
tions, in order to obtain intermolecularly cross-linked polymeric  networks having different cross-linking densities (fl). 
These materials  were irradiated with x-rays generated by an electron-storage ring or a conventional x-ray tube. The results 
showed that  there is a critical dose for total solubilization, which can be used to determine the radiation sensitivity of cross- 
l inked resists. Both the critical dose and the sensitivity (Ds) obtained from conventional exposure  curves depend strongly 
on ft. Opt imum sensitivity values were obtained with slightly cross-linked material  produced from copolymers with about 4 
m/o MAC1. In this case, Ds was up to five t imes lower than in the case of PMMA. The contrast  factor, however, was not 
significantly affected. The technological propert ies  of this resist  were investigated by evaluating influences upon stabili ty 
due to ion milling, plasma etching (CF4), and HF etchant,  as well as by performing adhesion-sensit ive electroplating experi- 
ments. The results indicate that this material  is at least as good as PMMA resist with regard to etch stability, and that it  is 
superior  as concerns adhesion behavior. The storage instabil i ty of the uncured (not yet cross-linked) material, caused by the 
gradually proceeding hydrolysis of acid-chloride groups, leads to some problems in practical  applications. It was found that 
reproducible  resist  performance can only be obtained (after controlled partial  conversion of the acid chloride groups) if the 
material  is stored and cross-linked under  total exclusion of water. 

The  impor tance  of h igh ly  sensi t ive resists  for  x - r a y  
l i thography  in connect ion with  the product ion of VLSI  

Key words: critical dose for total solubilization, teclmological 
properties, storage stability. 

devices has been poin ted  out  in severa l  ar t ic les  (1-12).  
Some years  ago, c ross - l inked  pos i t ive-ac t ing  resists  
consist ing of copolymers  of m e t h y l m e t h a c r y l a t e  
(MMA) and me thac ry ly l  chlor ide  (MAC1) were  de-  
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veloped by  Roberts (13). These copolymers, which are 
thermal ly  cross-l inked in the presence of small  
amounts  of water  prior to irradiation,  received a t ten-  
tion for their  excellent  adhesive properties. 

The present  paper  concerns proper ty  studies a iming 
at the assessment of the applicabil i ty of MMA/MAC1 
resists for practical  purposes. 

Our at tent ion has been directed to some points that  
have not been dealt  with in  earl ier  works (13). These 
points concern technological properties, such as etch 
resistance and adhesion as well  as the solubil i ty be- 
havior and the determinat ion of the opt imal  chlorine 
content, with the aim of achieving bet ter  long- te rm 
stabil i ty of the resist material .  

With respect to l iquid developing procedures for 
cross-l inked posi t ive-act ing resists, it is to be pointed 
out that  total solubilization of the i rradiated mater ia l  
is a prerequisite.  This implies the destruction of the 
three-d imensional  ne twork  structure of the cross- 
l inked resist by x - r ay  irradiation,  which  is ac- 
complished only if the absorbed dose D exceeds a 
critical value Dcri t. If D - ~  Dcrit  , part  of the i r radiated 
resist layer  remains  insoluble. 

Dcrit  depends on the cross- l inking density, fi (the 
number  of cross-links per repeating uni t ) ,  as well  as 
on the radia t ion-chemical  yield of ma in -cha in  scissions 
G(S)  (scissions per 10O eV absorbed by the polymer) .  
At absorbed doses higher than Dcrit  , cross-l inked re-  
sists exhibit  a behavior  similar  to noncross- l inked 
resists. 

Experimental Procedure 
Synthesis of copolymers and determination of their 

properties.--Copolymerization.--The copolymerization 
was carried out as a free radical  process in a methyl -  
e thyl -ketone  solution at 72~ for 4 hr. The total con- 
centrat ion of comonomers was about I0 v/o. The ini t ia-  
tor was benzoylperoxide (concentrat ion:  0.5 g / l i te r ) .  
N2 was bubbled  through the solution unt i l  the poly- 
merizat ion was in ter rupted  by the addit ion of excess 
petrol ether. The copolymer thus precipitated was then 
reprecipitated from the methyle thy l -ke tone  solution at 
a copolymer concentrat ion of 1O g/l i ter .  The copolymer 
composition was determined by selecting appropriate 
comonomer concentrat ion ratios. Details are given in 
Table I, where the copolymers used in this s tudy are 
listed. 

Determination of copolymer composition.--The copoly- 
mer  composition was determined through chlorine-  
content  measurements .  For this purpose, the copoly- 
mers were subjected to melt  decomposition using 
Na2Ch (14). The melt  was then dissolved in water  and, 
following acidification with HNOa, the chlorine con- 
tent  was measured using a C1 specific electrode 
(Orion, Cat. No. 94-1700). 

Determination of molecular weights.--Weight-average 
molecular  weights were determined with a low-angle  
laser l ight-scat ter ing photometer  (Chromatix,  KMX- 
6) and with a gel -permeat ion chromatography appara-  
tus (Waters) .  

Preparation and cross-linking of copolymer layers . -  
Solutions of the copolymers in  chlorobenzene (concen- 
t ra t ion ca. 12 w/o)  were spin dried. Prior  to use, 
chlorobenzene was dried with P205 and frac'tionally 

Table I. List of copolymers 

fMUACI * fPMAC1** 
C o p o l y m e r  (m/o) (m/o) Mw,o 

CP-A 1.5 5.3 1.4 • 1~ 
CP-B 1.5 3.8 1.9 • 10 5 
CP-C 6.0 13.2 1.4 x 10 ~ 
CP-D 6.0 13.8 1.4 • 1~ 

* Fract ion  of  MAC1 in m o n o m e r  mixture .  
** Fract ion  o f  MACI in c o p o l y m e r ,  as d e t e r m i n e d  i m m e d i a t e l y  

a f t er  po lymer izat ion .  

distilled. The thickness of the polymer  layer  varied 
between 0.5 and 1 #m, depending on the polymer  con- 
centrat ion and the molecular  weight. The samples Were 
prebaked for 15 min  at temperatures  between 100 ~ and 
150~ For this purpose, a special oven was constructed 
which allowed a tempera ture  control of •176 

Irradiation of the samples.~The exposure experi-  
ments  were carried out using synchrotron radiat ion 
delivered from the electron storage r ing DORIS at 
Desy (Hamburg) ,  as well  as using the monochromatic 
radiat ion (~. = 8.34A) of an a luminum x- ray  tube. The 
electron energy (E -- 1.5 GeV) of the storage r ing 
(magnetic radius 12.12m) was chosen in such a m a n n e r  
that  the ma x i mum of the spectral dis t r ibut ion (.k _-- 
8.4A) corresponded with the wavelength  of the mono-  
chromatic source. The vacuum window of the exposure 
chamber  (7.5 ~m Kapton)  cut away the long wave-  
length portion (~. ~ 15A) of the synchrotron radiation, 
so that  the entire emission was concentrated in the 
wavelength region between 5 and 15A. 

The different spectra of the two sources lead to no 
significant change in the shape of the absorbed dose in 
the resist. The absolute radiat ion power reaching the 
resist, however, is about  30 times higher in ~ the case of 
synchrotron radiat ion near  the max imum of the spatial 
dis t r ibut ion (ca. 15 m W / c m  2, average electron current  
ca. 60 mA, source-wafer  distance 27m), in comparison 
to the x - r ay  tube (10 kW pr imary  electrical power, 18 
cm resist /source distance).  

Development of irradiated resists.--The developer 
consisted of a 50/50 (w/w)  mixture  of methyle thy l -  
ketone and 2-propanol.  The samples were developed at 
23~ for up to 6 min. The choice of the developer mix-  
ture  and development  tempera ture  were made in such 
a manne r  as to achieve an approximate optimization of 
the dissolution rate in the exposed resist area, together 
with a tolerable dissolution ra te  in the unexposed area. 

Etching and electroplating.--Etching as well  as elec- 
t roplat ing tests were made in order t o  evaluate the 
stabil i ty against  semiconductor-specific technological 
processes. The resist was therefore subjected to argon 
ion mill ing, to a CF4 plasma in a barrel  reactor, and to 
a wet etching process using HF as well. The adhesion 
was tested by a gold electroplating process. 

Experimental Results and Discussion 
Chemical alterations during storage of uncured re- 

sist material, and their implications for cross- l inking.-  
The performance of a cross-l inked resist system de- 
pends on whether  the cross- l inking conditions are con- 
trollable (and therefore reproducible) ,  and also on 
whether  rel iable development  conditions are available.  

Table I shows a list of copolymers which were pre-  
pared for our experiments.  

Typical dissolution curves, indicat ing the develop- 
men t  performance of cross-l inked noni r rad ia ted  re-  
sists, are shown in Fig. 1. In  order  to convert  the l inear  
copolymers into cross-l inked networks,  the samples 
were heated on glass supports for 15 min  at various 
temperatures,  as indicated in Fig. 1. An inspection of 
the curves clearly indicates the following tendencies: 
(i) In  all cases, a certain fraction of the copolymer re-  
mains soluble, indicat ing incomplete cross-linking. (ii) 
The soluble fraction becomes smaller  as the reaction 
tempera ture  is increased, indicat ing an increase in the 
degree of cross- l inking (fi). (iii) Freshly  synthesized 
copolymers require higher cross- l inking (prebaking)  
temperatures  than copolymers stored for several 
months, if the same degree of cross- l inking is to be 
attained. (iv) Higher MAC1 contents allow lower pre-  
bake temperatures  to a t ta in  equal degrees of cross- 
l inking.  

Prevent ion  of the gradual  conversion of acid-chlo- 
ride groups, under  practical storage conditions, would 
be essential for defining easily controllable cross- l ink-  
ing conditions. 
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Table II. Dependence of the critical dose for total solubilization 
on the degree of cross-linking. Higher cross-linking (prebake) 

temperatures correspond to higher degrees of cross-linking 

Cross-linking (prebake) Derlt exp 
Copolymer temperature (~ (mJ/cm ~) 

CP-C 120 390 
125 550 

CP-D 105 280 
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CP-B 120 --'~-9~ 
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Fig. I. Solubility tests on cross-linked nonlrradiated copolymers 
(removed resist thickness Ad as a function of developing time). 

Copolymers MACL content (m/o) Storage time 

a CP-A 5.3 One week 
b CP-B 2.6 14 months 
c CP-C 13.2 One week 
d CP-D 12.1 7 months 

Initial resist thickness do: ca. 0.9 #m; developer: methylethyl- 
ketone/isopropanol - -  50/50 (w/w). 

Critical absorbed dose ]or total soIubilization.--The 
cri t ical  dose for  to ta l  solubi l izat ion is of decisive im-  
por tance  in de te rmin ing  the sensi t iv i ty  of c ross - l inked  
posi t ive resists. Fo r  the  i r rad ia t ion  exper iments ,  
samples  having  var ious  degrees of c ross- l inking  (Z) 
were  used. I t  was found tha t  the cri t ical  dose for to ta l  
solubi l izat ion increases wi th  an increas ing degree  of 
cross- l inking.  Typica l  resul ts  are  shown in Fig. 2, 
where  the  solubi l i ty  per formance  of two resis t  samples,  
having  low (Fig. 2a) or  high (Fig. 2b) degrees of  
cross- l inking,  is i l lus t ra ted .  In  the  case shown in Fig. 
2a, the cr i t ica l  dose is lower  than  D exp = 95 m J / c m  s. 

tha t  the  lowest  c r i t ica l -dose  values  correspond to the 
r e s i s t  samples  tha t  a re  the  least  cross- l inked.  This can 
be achieved by  a low cross - l ink ing  t empe ra tu r e  (Table  
H) ,  as wel l  as by  a low fract ion of MAC1 (Table  I and 
I I ) .  For  prac t ica l  applicat ions,  in this case, the ra the r  
high so lubi l i ty  of the  non i r rad ia t ed  resis t  ma te r i a l  
mus t  be  taken  into account.  I t  is no tewor thy  that  
h igh ly  c ross - l inked  copolymers,  when i r r ad ia t ed  with  
doses h igher  than the cr i t ical  dose, dissolve in the 
deve loper  at  h igher  ra tes  that  s l ight ly  c ross - l inked  
copolymers  i r r ad ia t ed  wi th  the same dose. 

Sensitivity and contrast factor.~Figure 3 shows 
typica l  exposure  curves obta ined for copolymer  CP-B;  
for comparison,  the  exposure  curve a for po lyme thy l -  
me tha c ry l a t e  (PMMA) is also shown. I t  can be seen 
tha t  a l though the contras t  factor  (~) remains  nea r ly  
constant,  the Ds va lues  va ry  significantly,  up to a fac-  
tor  of  2.2. A comparison of curves b and  c indicates  the 
s t rong influence which the c ross - l ink ing  dens i ty  has on 
Ds. Again,  one c lear ly  sees the  impor tance  of both  the 
chemical  composition, i.e., the chlor ine content,  and the 
choice of the cross- l inking  conditions, especia l ly  the 
p rebak ing  t empera tu re .  The observed  difference in 
sens i t iv i ty  be tween  PMMA and copolymer  CP-B is 
not  mere ly  an apparen t  effect, but  is in fact a genuine 
one, since the  absorbed  dose, due to the difference in 
chemical  composition, is less than  10%. 

Technological properties.~In addi t ion to the sensi-  
t iv i ty  and the contrast ,  the  factor  of resolut ion is a 
fu r the r  impor t an t  cr i ter ion in the evalua t ion  of a 
photoresist .  The resolut ion obtained,  in our  exper i -  
ments  wi th  the  po lymer  in question, indicates  that  
there  is no l imi ta t ion  concerning the t ransfe r  of sub-  
~m fea tures  down to 0.5 #m. However ,  the factor  of 
technological  s tab i l i ty  in regard  to etching processes, 

1.0  ..../ji 

~ " ~ " ~ ' \  ~ ~ I 
~ .~. ~ I 

 o.s oi 800 133 I 
1ooo m bl 580 13.5 ~, ~ ~  I 

~ 350 �9 |  \ |  
, , ,  . . . .  , , , \ , \ , I  

~o ~o r@ 7- d~ T -~o 
s0ol- t>h~, ~ ! r 

L Iso~/ 2 ~ 8 / t ~ 8  ~ - i  . . , , ~ , ~  o , , I o~ 28~ i i i I ) r 58512~87 /1851 / I f I I Z ~ / / ~  0 0 ~1  , "/; 
6oob ]y !  F / /  I "  l =6oo I ' ~  i 1185 ' 2 0  5 0  100  2 0 0  5 0 0  1 0 0 0  

11//17 / i 
~<~176 i <~176 i I Dexp ' ( rnJ /cm 2) 
-,oo i 200 ~ / /~ .~  i Fig. 3. Exposure curves for synchrotron irradiation 

0 1 2 3 ~ 5 0 1 2 3 z. 5 6 Resist Cross-linking (prebake) temperature (~ 
Time (rain) Time (rain) 

Whereas  the  non i r rad ia ted  samples  only  dissolve 
p a r t l y  (Ad/do = 0.20), a l l  i r r ad ia t ed  samples  are  com- 
p le te ly  soluble. In  the  case shown in Fig. 2b, the cr i t ical  
exposure  dose is much higher,  i.e., be tween  248  a n d  
287 m J / c m  s. Table  I I  l ists typ ica l  values.  I t  is obvious 

Fig. 2. Solubility tests on the cross-linked irradiated copolymers 
CP-B(a) and CP-D(b) (removed resist thickness Ad as a function of 
developing time). Cross-linking (prebake) temperatures: 120~ 
(CP-B) and 105~ (CP-D). The exposure doses (in mJ/cm2) of 
synchrotron irradiation and the initial resist thicknesses de are 
indicated at the curves. Developer: methylethyl-ketene/isopropanol 
- -  50/50 (w/w). 

a PMMA (EPMF-1) 150 
b copolymer CP-B 124 
c copolymer CP-B 120 

dnorm: normalized remaining resist thickness; initial resist thick- 
ness do: ca. 1 #m; prebake time: 15 min; developer: methylethyl- 
ketone/isopropanol = 50/50 (w/w); development time: 60 sac. 
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as wel l  as tha t  of resis t  adhesion on var ious  substrates ,  
are  the  decisive pa r ame te r s  for the eva lua t ion  of a 
resis t  in semiconductor  technology.  

Ion milling.-..-The ion-e tch ing  exper imen t s  were  con- 
ducted using a Veeco unit,  Model  7760. The argon 
pressure  was 8 �9 10-~ Torr ,  the vol tage was ca. 500V, 
and the cur ren t  was 55 mA. The resis t  was subjec ted  
before  e tching to a pos tbake  at  90~ for 15 min. Under  

these condit ions,  the  e tch ra te  of this  resis t  was 2000 
A/ra in ,  which is be t t e r  by  a factor  of 2 in  comparison 
to PMMA, which has an etch ra te  of 4000 A/ ra in  under  
the same etching conditions.  In Fig. 4, for  the  example  
of an etched gold s t ruc ture  ( thickness  0.4 ~m), the  
s t ruc tu r a l - t r ans f e r  qua l i ty  which is a t t a inab le  using 
this resis t  can be seen. The 60 ~ slope of the  walls.  
which is n o r m a l l y  produced  by  this k ind  of ion-e tch ing  
p rocedure  (15), is also visible.  

Fig. 4, Ion milling test of CP-C on gold layer (thickness 0.4 ~m). 
Initial resist thickness: ca. 1 #m; posthake at 90~ for 15 rain; 
etching time: 2 rain. 

Fig. 6. HF etching test of CP-B on silicon oxide (0.5-0.6 ~m) after 
lift-off procedure. Initial resist thickness: 0.95 #m; posthake at 
gO~ for 15 rain; etching time: 4 ,rain. 

Fig. 5. CF4-p|asma etching test of CP-A on silicon oxide. Initial 
resist thickness: ca. 1 ~m; postbake at 90~ for 15 rain; etching 
time: 60 rain. 

Fig. 7. Resist adhesion test of CP-A by gold plating after lift-off 
procedure. 0.5 ~m high Au structure with a width of 3 ~m. 
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CF4-plasma etching.--In orde r  to ca r ry  out  si l icon- 
oxide  etching, a CF4 p lasma  was produced in a bar re l  
reac tor  manufac tu red  by  LFE. Etching was done for 
60 rain at an rf  power  of 100W, a reflected power  of 
0,2-1.5W, and a constant  gas flow. P r io r  to this, the 1 
~m thick resis t  was pos tbaked  at  90~ for 15 min. The 
etch ra te  of  the resist, 126 A /min ,  is r e l a t ive ly  low and 
corresponds to the  behavior  of PMMA. F igure  5 shows 
the result ,  using the example  of an etched oxide s t ruc-  
ture.  The considerable  undere tch ing  is due to the iso- 
t ropic e tching behavior  of the ba r re l  reactor.  

HF etching.--For the purpose  of s i l icon-oxide  e tch-  
ing using buffered HF, the resis t  was l ikewise  post-  
baked  at  90~ for 15 rain. The etching t empera tu re  was 
22~ Under  these conditions,  the  resis t  reached an etch 
ra te  of  1000 A / m i n ,  which corresponds  app rox ima te ly  
to the etch ra te  for PMMA. In  Fig. 6 (for the  res is t -  
f ree case) ,  a considerable  undere tch ing  can also be 
seen, caused again  by  the isotropic character is t ics  of a 
wet  etchant.  

Gold plating.--To test  the resist 's  adhesion p rope r -  
ties on the substrate ,  a f ine-grain  gold e lec t ro ly te  was 
deposited.  The depos i t ion-ba th  t empera tu re  was 57~ 
the process was car r ied  out using a charge of Q : 12.7 
As and a pulsed  cur ren t  of I : -  15 m A  (pulse  dura t ion:  
30 msec, in t e rva l  dura t ion:  10 msec) .  As opposed to the  
case of PMMA, no underp ia t ing  could be seen. This 
implies  a ve ry  s t rong adhesion of the  MMA/MAC1 
resis t  ma te r i a l  to the substrate .  F igu re  7 shows (for the 
res is t - f ree  case) a 0.5 #m high Au s t ruc ture  wi th  a 
width  of 3 #m, which  is an exact  reproduc t ion  of the 
s t ruc ture  produced in the resist. 

Conclusion 
In conclusion, c ross - l inked  copolymers  of MMA and 

MAC1 possess a s ignif icant ly h igher  sens i t iv i ty  than 
PMMA while  re ta in ing  the same good contrast ,  p ro -  
v ided tha t  the  c ross - l ink ing  dens i ty  is sufficiently low. 
The poor adhesion behavior  of PMMA, which leads to 
considerable  underp la t ing  in a gold e lec t ropla t ing  pro. 
cess, is comple te ly  e l imina ted  in the  case of the chlo- 
r ine -con ta in ing  copolymer.  The etch stabi l i ty,  which 
has been tes ted agains t  a wet  e tchant  (buffered HF) .  a 
CF4 plasma,  as wel l  as agains t  ion mil l ing,  is a p p r e -  
c iably be t te r  than  in the case of PMMA. The resis t  

descr ibed  in this pape r  is therefore  wel l  su i ted  for 
semiconductor  applicat ions,  if one pays the  necessary 
a t tent ion  to the cr i t ica l  s torage conditions.  

Manuscr ip t  submi t t ed  March 22, 1982; rev ised  m a n u -  
script  received Aug. 19, 1982. 

Any  discussion of this p a p e r  wi l l  appea r  in a Dis-  
cussion Section to be publ ished in the December  1983 
JOURNAL. Al l  discussions for  the December  1983 Dis- 
cussion Section should be submi t ted  by  Aug. 1, 1983. 

Publication costs o$ this article were assisted by the 
Fraunho]er-Institut ]iir FestkSrpertechnologie. 
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Junction Depth Measurement for VLSI Structures 
S. Prussin* 

TRW Defense Systems and Space Group, Redondo Beach, California 90278 

ABSTRACT 

A method has been developed for accurately and rapidly measuring submicronjunctions, utilizing a conventional com- 
mercial groover and profilometer. Junctions are indicated on a tapered groove, using conventional staining techniques. 
Direct depth measurements made at stain indications exhibit a reproducibility of 200~. 

Modern  i n t eg ra t ed  circuits,  designed to consist of 
mul t ip le  layers  of shal low pn junctions,  a re  being 
fabr ica ted  wi th  ever  grea ter  spa t ia l  density.  The in -  
crease in the  number  of components  or  logic gates per  
packaged  unit  has he ld  at a factor of four eve ry  two 
years  (Moore's  l aw)  for  the  pas t  two decades.  This 
has  requ i red  cor respondingly  closer junc t ion  spacing. 
The need  for  a fast, accurate  method  for  the  de t e rmina -  
t ion of  shal low junct ions  has  become increas ingly  
apparent .  

* Electrochemical Society Active Member. 
Key words: semiconductor, integrated circuits, doping, ion im- 

plantation. 

A t rad i t iona l  method  for  junc t ion  depth  de t e rmina -  
t ion has been  the use of angle lapping  and staining 
and measuremen t  wi th  an in te r fe rence  microscope.  
Two years  ago, Wu and his co -workers  (1) eva lua ted  
the var ious  techniques ava i lab le  for  measur ing  shal low 
junctions.  They poin ted  out  the l imi ta t ions  of such 
techniques as spreading  resis tance probe  t raverses ,  
C-V determinat ions ,  and successive anodizat ion and 
str ipping,  and  concluded tha t  the  op t imum method  
was an  adapt ion  of the  t r ad i t iona l  l apping  and staining 
technique which  pe rmi t t ed  the  de l inea t ion  of a junc -  
t ion depth  to an accuracy of __. 200A. 



Vol. 130, No. I JUNCTION 

The use of an interference microscope permits us to 
make a direct measurement of junction depth, but since 
each fringe is approximately 3000A, the precision 
leaves much to be desired for junctions of less than 
1 ~m. The technique develope~ by Wu and his co- 
workers measures the junction distance along a shal- 
low lapped angle and then converts this distance into 
the actual depth by measuring the tangent of the angle. 
Care is required to obtain the necessary accuracy. The 
lapping jig must be massive to eliminate rocking and 
insure a planar lapped surface. SiO2 must be deposited 
on the silicon surface prior to lapping to avoid edge 
rounding of the silicon and to help delineate the sur- 
face. A laser reflection system is used to determine the 
exact angle of the lapping each time a specimen is 
prepared. 

Recently Sheng and Marcus (2) described a method 
of delineating shallow junctions in silicon by using 
transmission election microscopy on cross-section 
samples. This method, while exhibiting a high degree 
of accuracy and reproducibility, requires a relatively 
lengthy time for preparation. 

In this paper a method is described for accurately, 
reproducibly, and rapidly measuring the multiple junc- 
tion depths in closely spaced bipolar structures. 

T e c h n i q u e  
The method recommended here utilizes two instru- 

ments frequently found in semiconductor processing 
laboratories, a cylindrical wafer groover and a pro- 
filometer. 

The groover is conventionally used for junction 
depth determination by grooving, staining, and mea- 
suring both the groove width and the exposed sub- 
strata (3). The junction depth is given by the expres- 
sion 

where R is the cylinder radius, WI the width of the 
groove, and W2 the width of the exposed substrate. 
Major sources of error appear to be the assumption 
that the groove is exactly cylindrical and the difficulty 
in accurately determining the edge of the groove. These 
are exaggerated by the need for very shallow grooves 
required for the shallow junctions being studied. 

One of the bases of our technique is the use of a 
tapered groove. This was simplified by the fact that 
the equipment used in this study 1 was designed with 
set screws to level  the wafer holding chuck. These 
could be easily adjusted to introduce a slight fixed 
taper in the grooves produced. Figure 1 illustrates the 
stained groove typical of a shallow four layer struc- 

Model 2015C, Philtec Instrument Company, Philadelphia, Penn- 
sylvania. 
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ture. The cotangent of the taper angle of 6.89' yields 
a multiplication factor, m, of 498.8 along the bottom 
of the groove. It is not necessary to measure this factor 
as it is not used in the calculation of the junction depths 
which are measured directly. The stain used here was 
the conventional HF plus nitric with intense light 
which darkens the p regions. 

Positions A, B, and C represent the three pn junctions 
of the shallow ~four layer structure. Measurement of 
the depth of the groove at these points yields the value 
of the junction depth. 

We investigated two methods for reading the depth 
of the groove at these points. The first method was 
analogous to that conventionally used, measuring the 
groove width, W, at the junction and calculating the 
junction depth, xj, by the relation 

x j - - ~  R - -  R2--  [2] 

The factor (m ~- 1)/m takes into account the effect of 
the taper which makes the groove curvature slightly 
elliptical. 

We also find that xj can be given very closely for 
the high magnification factors and the shallow junc- 
tions studied, by the relation 

Xj -- W2/SR [3] 

The value of R is taken from the given diameter, 
1.5 in., of the grooving spindle; the value of W is ob- 
tained by measurement either from a photomicrograph 
of the groove such as Fig. 1 or directly from the 
grooved specimen by the use of an optical microscope 
with a filar eyepiece. 

The second method, which we felt exhibited greater 
accuracy, utilized a profilometer to obtain a direct 
reading of the groove depths at the three pn junctions 
A, B, and C, as marked in Fig. 1. Typical profiles of 
these junctions are shown in Fig. 2. 

The accuracy of the first method is dependent upon 
how closely Eq. [2] describes the cross section of the 
groove. In this case, W represents the width of the 
groove at a distance x above the bottom of the groove. 

In Fig. 3 we have repeated the profile of the groove 
taken at point A but with the horizontal magnification 
increased from 50 to 500• The superimposed points 
were obtained from Eq. [2] utilizing 1.5 in. as the 
diameter. We find that Eq. [2] fits the groove very 
closely except at the wafer surface where there ap- 

Fig. 2. Profile of tapered groove of shallow four layered structure 
at junction A, vertical scale 1000A per cm, at junction B, vertical 
scale 2000A per cm, and at junction C, vertical scale 5000A per 
cm. Horizontal magnification 5 0 •  before reduction. 

Fig. 1. Photomicrograph of stained tapered groove of shallow four 
layered structure. Pn junctions at A, B, and C. Taper magnification 
factor = 498.8. 

Fig. 3. Profilometer trace of tapered groove at ju,cfion A. Verti- 
cal scale 1000A per cm, horizontal magnification 5 0 0 •  before 
reduction. Dashed line corresponds to Eq. [2] with x ~ 0 at the 
bottom of the groove. 
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p e a r s  to be a decided rounding of the groove edges. 
We recognize that it is necessary to correct the mea-  
sured length of the groove width at the surface in  order 
to calculate an accurate value for the junct ion  depth 
from Eq. [2]. 

The_ manufac turer  of the Philtec groover suggests 
t h e  use of a filar eyepiece to measure W and recom- 
mends u s e  of a table relat ing x to W to obtain values 
of xj. The x values in this table appear to be calcu- 
lated from Eq. [4] 

[ x = R - R2 - ~ [4] 

This is s imilar  to Eq. [2] but  includes a correction of 
20 microns subtracted from each W value, no mat ter  
how large or smal!. This becomes par t icular ly  signifi- 
cant for calculating shallow junctions.  While the 20 
micron correction represents a decrease of 5.8% for 
a 3 ~m junct ion,  it represents  a reduct ion of 18% for 
a 3000A junct ion.  The 20 micron correction may be valid 
for deep grooves used for deeper junctions. Our pro- 
filometer, measurements  suggest that  the correction 
for shallow grooves should be somewhat  less. 

The manufac ture r  recommends for shallow junctions,  
i.e., less than 1 #m, that the groove be cut into a surface 
covered with oxide. Otherwise, because the angle of 
the groove with the surface is very slight, he notes 
that  it is extremely difficult to accurately measure the 
width of the groove. 

The use of a direct  reading profilometer elimina~tes 
the e r r o r q n h e r e n t  in assuming perfectly cylindrical  
g r o o v e s  and in measur ing the width of shallow grooves. 

Experiment 
This technique was evaluated by means of several 

hundred  measurements  made by two newly  t ra ined 
technicians on four layered moni tor  wafers. These had 
accompanied wafer lots through a sequence of opera-  
tions for all  but  the photoresist step~. In this process 
the star t ing p- type  wafers had been subjected to three 
implanta t ions  interspersed between various furnace 
operations. As a result  of the processing, three pn junc-  
tions were generated. 

One set of monitor  wafers was given to each tech- 
nic ian wi th  instruct ions to determine the grooving 
conditions which he found gave the most consistent 
results. The grooving variables were the diamond par -  
ticle size and the groove taper. 

One set of wafers was prepared with implantat ions  
of 1,5 X 1013 P cm -2 at 60 keV, 3 • 1014 B cm -2 at 
90 keV, and 5 • 1015 As cm-S at 50 keV. The process- 
ing chosen gave three pn junct ions that were nomina l ly  
0.35, 0.50, and 1.60 #m deep. The technician carrying 
out studies on these wafers chose 1 ~m diamond par-  
ticle size for the groover and a groove taper corre- 
sponding to a magnification factor of 500 as giving the 
most consistent results. A series of ten profilometer 
traverses was made  at each of the three junct ions  
shown as A, B, and C in  Fig. 1 on two stained tapered 
grooves on a wafer of this series. The instrumer~t used 
was the Alpha-step profiler (Tencor Ins t ruments ,  
Mounta in  View, California).  Typical traverses are 
shown in  Fig. 3, where the junct ion  depth at A is 
3,230A, the junct ion  depth at B is 4,950A, and the 
junct ion  depth at C is 16,500A. The mean  junct ion  
depth and s tandard deviat ion values are listed in Table 
I. 

Table I. Junction depth measurements on two tapered grooves 
on the same monitor wafer 

Junction A Junction B Junction C 
Groove Values (A) (A) (A) 

1 Mean 3390 4816 16fl40 
Std. devi- 102 95 156 

ation 
2 Mean 3349 5288 15,998 

Std. devi- 127 170 175 
ation 

The second set of wafers with implantat ions  of 1.5 • 
101~ P cm -2 at 60 keV, 1.35 • 10 z~ B cm-2  at 90 keV, 
and 3 • 101~ As cm -2 at 50 keV was processed to re- 
sult in three pn  junq,tion that  were nomina l ly  2500, 
4000, and 9200A deep. Here the 0.25 /~n diamond par-  
ticle size was chosen together with a taper having a 
magnification factor of 200 as giving the most con- 
sistent results. S~andard deviat ion values wi thin  the 
ranges listed in Table I were obtained. We recognize 
that  the junc t ion  depths characteristic of each set of 
test wafers did not  differ greatly. The fact that  similar 
precision was obtained under  different test conditions 
suggests that the choice of angle and particle size is 
not too critical. 

Discussion 
We recognize that  cur  junc t ion  depth measurements  

are characterized by accuracies fall ing into three cate- 
gories, as given below. 

Reproducibility of measurement.--Here we are com- 
par ing the depth values measured by successive t ra-  
verses across a single stained junction.  This accuracy 
is dependent  both on  the profilometer and the way it 
is used. The par t icular  ins t rument  used was designed 
for the accurate measurement  of step heights. To use 
it for groove depth measurement ,  it was necessary to 
use it in the manua l  mode. The scan speed used was 
0.1 mm/sec.  A slower speed might  result  in more ac- 
curate response of the stylus to the groove surface. 
For the exper imental  conditions, the s tandard devia- 
t ion for all three junct ion  depth measurements  was in 
the range of 100-200A. 

Reproducibility of junction indication.--Here we are 
examining  the reproducibi l i ty  of the stain. We assume 
that the junct ion depths on a single monitor  wafer are 
uniform, and that  comparing the depth values obtained 
from separately s,tained grooves gives us a measure of 
the reproducibi l i ty  of the s taining process. We find 
from Table I that  values obtained from two separate 
grooves for the junct ions at A, B, and C, differ within 
200A from their  mean. 

Significance of junction indication.--The displace- 
ment  of an I-IF stained junct ion from the metal lurgical  
junc t ion  position has been shown to occur if light of 
insufficient intensi ty  is used (1). This has been a t t r ib-  
uted to an unsta ined depletion zone whose width can 
be approximated from the concentrat ion gradient  at 
the junct ion  (4). The SUPREM II-5 diffusion model 
was used to predict  the profiles for the submicron 
junct ions and the corresponding depletion widths. 
These suggest that the discrepancies in junct ion depth 
measurement  on this account are l imited to 12%. An-  
other potential  discrepancy is the "wedge effect" sug- 
gested by  Wu (1). For  low angle lapped surfaces such 
as we are using there may be an insufficient n u m b e r  
of dopant  ions to result  in a t rue staining of the pn 
junction.  This would tend to give us shallower junct ion 
depth  values than actually exist. 
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Reactive Ion Etching Resistant Negative Resists for Ion Beam 
Lithography 
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ABSTRACT 

Exposure characteristics and mesh mask pattern replication of two negative resists, AZ 1350J and IPS (iodinated poly- 
styrene), by hydrogen ion beam are reported. A 180 keV hydrogen ion beam exposure followed by a flood u.v. light expo- 
sure makes it possible to use AZ 1350J as a negative ion beam resist (IDER: ion desensitization of photosensitive resist). The 
sensitivity and contrast factor of IDER are 3 x 10 -8 C/cm 2 and 2.0, respectively, while 3 x 10 -7 C/cm ~ and 3.0 for IPS, respec- 
tively. The mesh mask patterns are neatly replicated on these resists, and suggest the potential high resolution of these 
resists. Reactive ion etching of an SiO2 layer through the patterns are performed. Both resists show good resistance against 
reactive ion etching, which is an indispensable tool for the coming submicr0meter technology age. 

Current  technological innovat ion  has brought  the 
semiconductor indus t ry  to the stage where submi-  
crometer l i thography technology will  become genera l ly  
required wi thin  five years (1). Ion beam l i thography 
has at tracted a t tent ion recently for its capabil i ty in 
submicrometer  pa t te rn  fabrication (2-4). Dry etching 
resistant  ion beam resists (5), which are indispensible 
for the coming submicrometer  processing technologies, 
have not necessarily demonstrated their  capabil i ty in 
pa t te rn ing  and sensitivities to the ion beam. This paper 
reports ion beam exposure characteristics of two re-  
active ion etching resistant  negative "ion beam" re-  
sists, AZ1350J and IPS (iodinated polystyrene) .  

AZ1350J (Shipley) is general ly  known as a positive 
photoresist. Recently, ELDER (electron desensitization 
of photosensit ive resist) processing for negative elec- 
t ron beam resists was reported, and they were shown 
to be resistant  to reactive ion etching (6). This paper  
reports that  AZ1350J is also desensitized by an ion 
beam, and that it can be used as a negat ive resist for 
ion beam li thography. 

IPS (Hitachi) has been developed as an electron 
beam resist (7), which also shows good resistance 
against  reactive ion etching. The sensi t ivi ty of IPS to 
an electron beam is in the order of 10 -6 C/cm 2, sug- 
gesting that  it should be very  sensitive to an ion beam 
(8). 

The exposure characteristics of these resists and the 
mesh pattern replication by hydrogen ion beam, as 
well as the resist pattern transfer to an oxide layer by 
reactive ion etching is reported. 

Experimental Procedures 
A p-type,  (100) oriented silicon wafer  was used as 

a substrate.  The resist was spun on the substrate to a 
thickness of approximate ly  0.9 ~m. An ion implanter  
was used to expose the resist layer  by  hydrogen ions. 
The energy range utilized in the exper iment  was be-  
tween 30 and 180 keV. The dose rate was low enough 
so that  substrate heat ing did not  affect the exposure 
characteristics of the resists (9). 

After  exposure to a hydrogen ~ion beam, these 
samples were developed, rinsed, and dried. In  the case 
of AZ1350J, the flood u.v. light exposure after ion beam 
exposure was on the order of 30 m J / c m  2, and the resist 
layer  was developed by  immers ing  the sample in  a 
40% MF312 (Shipley) developer for 90 sec followed 

* Electrochemical Society Active Member. 
Key words: semiconductor, SEM, ion beam lithography, resist. 

by r ins ing in water. IPS was developed in a methy l -  
e thyl -ketone  and ethanol  mixture,  with a 10:1 volume 
ratio, then r insed in  a methyl  ethyl  ketone and ethanol 
mix ture  with a 6:1 volume ratio. Residual resist 
thickness after development  was measured by an 
ellipsometer, a film thickness analyzer,  and /o r  
DEKTAK (Sloan),  and the possible error of these 
measurements  were within 5%. Ion dose dependence of 
the residual  resist thickness was derived from these 
results. A 25 #m pitch (5 #m in width) copper mesh 
stencil mask was used to form pat terns in these resists. 
The typical  exposure stage is schematically shown in 
Fig. 1, where the half  shadow, 8, is a round 1 #m in the 
current  exper imental  conditions. Reactive ion etching 
was carried out to form pat terns in SlOe through the 
resist mask (11). 

The samples thus prepared were evaporated with 
gold to a thickness of several  tens of nanometers.  An 
SEM was used to observe the pat terns,  with a magnifi-  
cation between 1,000 and 20,000. The typical electron 
acceleration energy was 20 keV. 

Results and Discussions 
AZ1350J (IDER).--AZ1350J is desensitized and can 

be used as a negative ion beam resist, as shown in Fig. 
2. In  the figure, hydrogen ion dose dependence of resid- 
ual  resist thickness is depicted. The ion beam exposed 
regions become insoluble to the developer, where due 
to the following flood u.v. l ight exposure, the regions 
unexposed to ~ion beam become soluble to the devel-  
oper. The mechanism of this ion desensit ization of pho- 
tosensitive resist (IDER) is the same as in the case of 
electron exposure (ELDER). The u.v. sensitive inhib i -  
tor, containing N - N bond, is decomposed by the i r -  
radiated charged particles (6), and becomes insensit ive 
to the following u.v. flood exposure; hence, negative 
tone appears due to the novolak resin. 

The main  exposure mechanism of convent ional  elec- 
t ron or ion beam resists are ei ther scission of main  
chain or cross-linking, depending on positive or nega-  
tive resists, respectively. The sensitivities of conven-  
tional resists to a hydrogen ion beam are almost one to 
two orders of magni tude  higher than to an electron 
beam. This phenomenon is main ly  due to the higher 
interact ion of ions than electrons with resists (8). 

The appropriate  dose range for ELDER is reported 
to be around 10 -5 C/cm~ (6). As shown in Fig. 2, it is 
in  the order of 10 -6 C/cm 2 for IDER. These results in-  
dicate that  AZ1350J is also one order  of magni tude  
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Fig. 1. Schematic representation of a mesh mask pattern replica- 
tion by hydrogen ion beam using an ion implanter. 
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Fig. 3. Thickness reduction of AZI350J and PMMA by heavy ion 
dose. 

more sensitive to an ion beam than to an electron 
beam. The main  exposure mechanism is the decompo- 
sition of N -- N bond, which would occur through elec- 
tronic excitation. The calculated electronic and nuc lear  
energy loss of a 180 keV hydrogen ion beam shows that 
hydrogen ions t ransfer  their  energy ma in ly  through 
electronic energy loss (10). The higher acceleration 
energy and smaller  projected range of an ion beam 
than to an electron beam contr ibute t o  the higher 
energy t ransfer  to the exposed resist layer .  This fact 
explains the higher sensit ivi ty of AZ1350J to a hydro-  
g e n i o n  beam than to an electron beam. 

The refractive index increase of AZ13505 is also 
shown in Fig. 2 by a broken line. It  increases from 1.5 
to 1.9 wi th  the increase of hydrogen ion dose. This 
phenomenon could be par t ly  due to the decomposition 
of C- -H bond by  the hydrogen ion beam, and par t ly  
due to the decomposition of N ---- N bond, which is the 
desensitization mechanism itself. 

The thickness reduct ion of AZ1350J by a 120 keV 
phosphorus ion beam exposure was wi th in  the experi-  
menta l  error  up to the dose range of 10-4 C/cm 2, as 
depicted in Fig. 3. Therefore, the residual resist thick- 
ness is almost the same as the applied resist thickness 
under  appropriate exposure condit ions. '  This effect 
suggests good characteristics of IDER for practical 
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Fig. 2. A 180 keV hydrogen ion beam exposure characteristics 
of AZ ! 350J. 

Fig. 4. SEM micrograph of mesh mask patterns replicated on 
AZ1350J by a 180 keV hydrogen ion beam. 

applications, such as ion implantat ion.  In  the figure, 
the ion dose dependence of thickness reduct ion of 
PMMA is also shown for a comparison. It  clearly indi-  
cates that  PMMA is an unacceptable resist when ex- 
posed to an ion beam. 

The mesh pat terns replicated on AZ13503 by  a 180 
keV hydrogen ion beam is shown in Fig. 4, where 
sharp resist edge profile is clearly shown, despite the 
1 #m wide half shadow depicted in Fig. 1. This phe-  
nomenon is due to the re la t ively high contrast  factor, 
7, of a round 2.0, of AZ1350J as shown in Fig. 2. 

IPS (iodinated polystyrene).--IPS is a very  sensitive 
negative electron resist with good reactive ion etching 
resistance. Figure 5 shows a 180 keV hydrogen ion dose 
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Fig. 5. A 180 keV hydrogen ion beam exposure characteristics of 
IPS. 

Fig. 6. SEM micrograph of mesh mask. patterns replicated on IPS 
by a 180 keV hydrogen ion beam. 

dependence  of res idual  resis t  thickness  a f te r  deve lop-  
ment.  The sens i t iv i ty  of IPS is a round  3 X 10 -~ C/cm 2 
under  these expe r imen ta l  conditions,  and is also a l -  
most  one o rde r  of magni tude  more  sensi t ive than  to an 
e lec t ron beam. The cont ras t  factor,  % is 3.0, which sug-  
gests tha t  a s teep resis t  profile is expected.  F igure  5 
also indicates  tha t  a hydrogen  ion dose of a round 
2 X 10 -6 C /cm 2 is requ i red  to fu l ly  expose the whole  
res is t  layer .  However ,  since nega t ive  e lect ron resists  
a re  usua l ly  used wi th  a res idual  resis t  th ickness  of 
a round  70-80% of the  appl ied  thickness,  the low grad i -  
ent  of the re la t ive  res idua l  res is t  thickness be tween  
80-100% does not  degrade  the  resolution,  nor  increase 
the  appropr i a t e  dosage. 

Fig. 7. SEM mlcrograph of a 0.6 #m thick SiO~ layer, reactive 
ion etched through IPS mask. 

Figure  6 shows the rep l ica ted  mesh mask  pa t te rns  
on IPS  b y  a 180 keV hydrogen  ion beam. In the figure, 
the hydrogen  ion dose to the  sample  is 3 X 10 -~ C/cm2. 
The slope of the  resist  edge is more  than  80 degrees,  
despi te  the ha l f  shadow of 1 ~m as depic ted  in Fig. 1. 
The exposure  stage shown in Fig. 1 and the ion dose 
dependence  of res idual  resis t  thickness shown in Fig. 
5 suggest  tha t  the wid th  of the half  shadow ac tua l ly  
obta ined  in IPS should be a round  0.3 #m (1 ~m X 1/3),  
assuming tha t  the hydrogen  ion dosage tha t  the res is t  
l aye r  receives is l i nea r ly  decreased f rom the fu l ly  ex -  
posed region  to the shadow. F igure  6 shows tha t  the 
half  shadow is a round  0.2 #m, and tha t  these assump-  
tions can be applied.  This effect shows tha t  the  con- 
t ras t  factor  p lays  an impor t an t  role in forming a pa t -  
te rn  wi th  a steep resis t  profile. 

IPS also shows a good react ive  ion etch resistance.  A 
~typical SEM micrograph  is shown in Fig. 7, where  a 
0.6 ~m thick t he rma l ly  grown silicon dioxide l aye r  was 
react ive  ion etched th rough  the IPS  mask.  The steep 
edge profile of the  resis t  is n e a t l y  rep l ica ted  in the  
oxide layer ,  which indicates  sufficient res is tance of IPS  
to reac t ive  ion etching. 

Conclusions 
The hydrogen  ion beam exposure  character is t ics  of 

two negat ive  ion beam resists, AZ1350J and IPS, were  
repor ted .  Dose dependence  of these resists  indicates  
high contras t  factor, which suggests the i r  capabi l i ty  in 
fine pa t t e rn  formation.  Combined wi th  the i r  react ive  
ion e tching resistance,  i t  has been shown tha t  these 
resists  can be appl ied  to ion beam l i thography  as use-  
ful negat ive  resists. 
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Defect Characteristics and Generation Mechanism in a Bird Beak 
Free Structure by Sidewall Masked Technique 
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ABSTRACT 

The fabrication of the bird beak free device isolated with vertical sidewalls masked with Si3N4 film has been investi- 
gated. The oxidation condit ion and combinat ion of the second Si3N4 and SiO2 are studied to investigate the defect mecha- 
nism for (100) silicon substrate. The characteristics of dislocations are examined by Secco etching, x-ray topography, trans- 
mission electron microscopy, copper decoration, infrared and micrography. Two different mechanisms,  responsible for dis- 
location generation, are identified where dislocations are introduced either by the intrinsic stress of the second SigN4 or due 
to the mechanical  damage at the corners of the island pedestal. Edge dislocations are found close to the island edges and 
mainly ]oca_ted outside the active device area. The dislocation lines are long and straight with the s imple 60 deg type disloca- 
tion in <011> direction, on (111) and (111) planes or in < 011> direction on (111) and (111) planes. The unique characteristics 
of the generated dislocations are described. 

VLSI  technology has been progress ing rap id ly  in a 
dr ive  toward  higher  packing  densi ty  and be t te r  c i r -  
cuit  performance.  Device isolat ion is one of the  ma jo r  
obstacles for scal ing device geometr ies  at  or be low 1 
micron range.  Local  oxida t ion  of silicon (LOCOS) has 
been wide ly  used as the isolat ion technology of silicon 
in tegra ted  circuits,  due to its s impl ic i ty  and compat i -  
b i l i ty  wi th  exis t ing LSI  processing techniques (1-2). 

Unfor tunate ly ,  the encroachment  inheren t  in the  
LOCOS severe ly  l imits  the sca labi l i ty  of this isolat ion 
technology, especia l ly  when the device geometr ies  are  
scaled down to mic romete r  and submicromete r  range.  
A new isolat ion technology is needed tha t  can provide  
the smal les t  pa t t e rn  t ransfe r  difference be tween mask  
and device  geometr ies  wi thout  the  r equ i remen t  of 
scal ing down the isolat ion oxide thickness.  I t  is des i r -  
able  tha t  the  new technology be compat ib le  wi th  the 
exis t ing LSI  fabr ica t ion  techniques and wi thout  in-  
creasing the n u m b e r  of masking  steps. 

Recently,  severa l  modified local oxidat ion  tech-  
nologies have  been proposed  as a potent ia l  isolat ion 
approach for VLSI  circuit  fabr ica t ion  (3-5).  A sealed 
in te r face  local ox ida t ion  technique was proposed by  
using a th in  t he rma l  SizN4 film in in t imate  contact  wi th  
the silicon surface (3). S idewal l  masked  isolat ion 
techniques,  which used a 2nd SigN4 film to protect  the 
e tched sidewalls ,  were  also explored  (4-5).  Al though 
the new techniques could achieve thick field oxide  
wi th  smal l  and  even zero t rans i t ion  region, there  are  
difficulties in contro l l ing  the  process re la ted  defect  
generat ions  associated wi th  the new bi rd  beak  free 
process. The defects, usua l ly  edge dislocations, are 

~ E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
Key words: sidewall masking oxidation, birds beak, defect den- 

sity, LOCOS. 

l ike ly  to cause excessive junct ion  leakage  current ,  de-  
vice degradat ion,  and re l i ab i l i ty  problems  by  providing 
deep recombinat ion  centers,  especial ly  by  a t t rac t ing  
heavy  meta l  impuri t ies .  Therefore,  i t  is impor tan t  to 
de te rmine  and c lar i fy  the corre la t ion  of this process 
induced imperfec t ion  and the new isolat ion s t ructures .  

This paper  reports  the defect  genera t ion  mecha-  
nisms associated wi th  the  b i rd  beak  free process by  a 
s idewal l  mask ing  technique wi th  a 2nd Si3N4 film. Two 
types  of defect  genera t ion  mechanisms a re  identif ied 
and discussed. One is due to the intr insic  stress of the 
2nd SigN4 on the s idewal ls  of the  e tched island. The 
o ther  mechanism responsible  for the  defect  genera t ion  
is due to the oxide in t rus ion  under  the  2rid SigN4 film 
and the i s land region.  The defects  observed are  gener-  
'al ly long edge dislocations of the  s imple 60 deg type  
dislocation. The character is t ics  of these defects are  
analyzed  by  Secco etching, x - r a y  topography,  copper  
decorat ion,  and in f ra red  mic rograph  methods.  

Experimental Procedures 
The samples  used in this exper imen t  are  P - t y p e  

(100) oriented,  16-24 ~ - c m  Czochralski  g rown silicon 
'wafers. In i t ia l  t he rma l  oxide of 450A is grown and 
LPCVD SigN4 of 1000A is deposi ted by  chemical  reac-  
t ion of SiH2C12 and NH3 at 80O~ The sample  is then 
pa t t e rned  and d ry  etched. The d r y  e tching is pe r -  
formed in a C2F6/He mix tu re  for anisotropic  oxide and 
ni t r ide  etching. The etched edge profile is ver t ica l  wi th  
no loss of the i s land dimensions.  The unmasked  silicon 
subst ra tes  are  subsequent ly  d ry  etched to a dep th  of 
app rox ima te ly  half  the des ignated  oxide thickness  
where  the etched sil icon depth  is no rma l ly  0.3 ~m in 
this  work.  
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The vert ical  silicon sidewalls are etched with an 
anisotropic etching process in  CC14/C2F6 gas mixture.  
'The wafers are then cleaned and the second stress 
relief  oxide (SRO) is grown before the deposition of 
the second Si3N4 film. The thicknesses of the SRO and 
Si3N4 films are in the ranges of 0-450A and 200-1000A, 
respectively. The last step is to remove the second SigN4 
in the field region by anisotropic dry  etching. The final 
s t ructure  is the is land plateau from the silicon etching 
sur rounded by  the second Si3N4 film and SRO on the 
sidewalls. The wafers are then cleaned and oxidized 
locally for different thicknesses at temperatures  from 
900 ~ to l l00~ in  steam. The total thermal  history of all 
samples are: ini t ia l  oxidation at 900~ field oxidation 
at 900~176 gate oxidation at 900~ source and 
drain  oxidation and annea l ing  at 900~ LPCVD oxide 
deposition and final anneal ing  at 900~ with fast and 
slow cool. Figure 1 (a) shows an example of the oxide 
edge profile from the sidewall  masking technique with 
a thick second SigN4 film of 1000A. The sidewall ni t r ide 
film is not  removed in this SEM picture. The grown 
oxide is seen to have small  lateral  growth under  the 
thick ni t r ide film. O n  the other hand, oxide grows and 
extends into the island region if a thin ni t r ide film is 
used on the silicon sidewalls. An example is shown 
in  Fig. l ( b )  where the second ni t r ide  thickness is 
220A. After  removing all the films the oxidation in-  
duced defects are investigated by Secco etching (6). 
The defect, shown as an etch pit, can be observed 
easily by means of an optical microscope and the de- 
fect density can be counted. The techniques of copper 
decorating, inspection by infrared microscope, TEM 
(transmission electron microscopy),  and x - r ay  topog- 
raphy are also used to investigate the characteristics of 
the defect generations in the studied structure (7-8). 

Character ist ics of Defects 
The defects generated from the sidewall  masking 

technique are studied for different combinations of 
second Si3N4 and SRO at various oxidation tempera-  
tures. The observed defects are main ly  edge disloca- 
tions which originate from the island edges and termi-  
nate  at the same edges. The detailed shapes of these 
dislocation lines will  be discussed later. The correla- 
tions of the observed defect density and the corre- 
sponding sidewall s t ructure  are first shown in Table I. 
The general  t rend is that more defects are observed 
for wafers with a thicker second SRO and a th inne r  
second SigN4 film. The best results are obtained from 
wafers with a thick Si3N4 film and thin or even  zero 
SRO thickness. These results cannot  be s imply ex- 
plained due to the stress of the SizN4 film on the side- 
walls of the island edges. 

Two different mechanisms responsible for the defect 
generat ion with the sidewall masked wafers have been 
identified. The first mechanism is due to the tensile 
stress of the thick Si3N4 film on silicon sidewalls. Al-  
though the subject of Si3N4 stress and defect genera-  

Fig. l(b). Cross section of the oxide edge profile with 0.3 ~m 
silicon etched depth and 220A of second Si3N4 film. 

t ion is not new, there are un ique  features of the defect 
characteristics for the studied structures. The second 
mechanism is due to the silicon mechanical  damage 
from the oxide in t rus ion under  the Si3N4 masked 
sidewalls. 

Generation of dislocations due to the tensile stress of 
the thick second Si31~4 film.--It is well known that  thick 
SigN4 film directly on silicon substrate,  with or without  
a thin SRO, can produce stress in the substrate  and 
generate dislocations along the island edges (9). When 
a second Si3N4 film is used to protect the is land side- 
wall, the thickness of the second ni t r ide in the direc- 
tion perpendicular  to substrate  is actual ly very  thick 
and is equal to the summat ion  of the first Si3N4 film 
thickness, the first SRO thickness, and the etched sili- 
con depth. Therefore, it forms a rigid film in that di- 
rection if the second Si3N4 is fair ly thick, such as 1000A 
or thicker. The stress gradient  is m a x i m u m  at both 
ends of the long SigN4 film. This is s imilar  to the stress 
in a conventional  s t ructure with thick SigN4 on silicon 
where the m a x i m u m  stress gradient  is at the ni t r ide  
boundaries.  The stress gradient  is re la t ively smal ler  
in the direction paral lel  to the substrate for the second 
SigN4 film th inner  than 1000A. It could be expected 
that the dislocations will  be generated main ly  at the 
corners of the pat terned island, just  like dislocations 
are generated at the is land edges masked by a thick 
Si~N4 film without  SRO or with a th in  SRO in a con- 
vent ional  local oxidation process. 

Figure 2 (a) shows the observed etch pits in a contact 
chain test pattern with dimensions of I0 ~m by 30 #m. 
The squares are islands with two circular contact holes 
on each island. Most of the etch pits are at the corners 
of the islands. These dislocation lines are generally on 
the longer side of the island, emerging out at both ends 
at a short distance away from the island edges. The 
detail features of the dislocation lines can be seen from 
the TEM picture of Fig. 2(b). The sample has been 
etched I rain in Seeco etchant which removes approxi- 
mately 1.2 ~m thick of silicon. In this picture, the clark 
areas are islands and the etch pits are shown as the 
white areas. Dislocation lines are seen parallel to the 
island edge in <011> direction. Since electrons can 

Table I. Relative defect densities in a sidewall masked island edge 
for various thickness combinations of SRO and the second SIGN4 
films at different oxidation temperatures. The notations of 

S, M, and L represent small, medium, and large quantities 
in the etch pit counts. 

SRO-II SisNi~-II Temp Relative de- 
W a f e r  No. (A) (A) (~ fect  densi ty  

Fig. I(o). Cross section of the oxide edge profile with 0.3 #m 
silicon etched depth and 1000_Z~ of second SIGN4 and 300A of SRO. 

1 0 500 925 M 
2 0 1000 925 S 
3 150 250 950 L 
4 150 250 1000 L 
5 150 450 1000 L 
6 450 750 1100 L 
7 450 1000 1100 M 
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Fig. 2(a). Appearance of dislocation pits of samples with 1000A 
of second SisN4 film and no SRO. The sample is oxidized at 
925~ 

Fig. 2(b). Transmission electron micrograph of the dislocation 
lines in the silicon substrate having a thick second S i3N4 film of 
1000~.. The sample was etched in Secco etchant for 1 min before 
the sample preparation for TEM measurement. 

penetrate  no more than  0.5 tLm at 125 keV in the TEM 
measurement ,  the depth of the generated dislocations 
are less than 2 t~m from the silicon surface. We also 
observed that no dislocations could be found in smaller 
pat terns with island length less than 6 ~m. This sug- 
gests that the thick sheet of the second Si3N4 films on 
the sidewalls should be relat ively long in order to ex- 
ert enough stress to form dislocations in the silicon 
substrate. This is consistent to the findings that  strains 
are higher at the long edges of islands than those of 
the shorter edges and dislocations are more likely to 
form at these long edges (10). Since these dislocation 
lines general ly locate outside the active device regions, 
the junct ion  leakage current  of a large diode with this 
type of dislocation defect is found comparable to that 
of the s tandard  local oxidation technique. However, 
the diodes tend to degrade much faster and become a 
rel iabil i ty problem. The electrical properties of the 
junct ion  diode are discussed later. 

It is also well  known that  SisN4 stress to the silicon 
substrate can be reduced by inser t ing a thin SRO be- 
tween Si3N4 and silicon substrate. The stress is reduced 
by the viscoelastic behavior  of SRO (11, 12). Empirical  
rule indicates that a sufficiently thick SRO can be used 
to minimize the probabi l i ty  of dislocation generations. 
For the sidewall masked structure, Table I shows that 
greater  dislocation density is observed for structures 
with thicker SRO thickness in general. This cannot be 
:simply explained due to the intr insic stress of SigN4 
film on the sidewalls. On the other hand, it can be ex- 

plained by the mechanical  damage in the silicon sub- 
strate from the oxide volume expansion and int rus ion 
under  the island regions. 

Generation of dislocations due to the oxide volume 
expansion and intrusion under the island regions.--A 
schematic diagram of the .studied sidewall masking 
technique is shown in Fig. 3. The strains associated 
with the overhang of the silicon island from the oxide 
in t rus ion can be estimated under  the following as- 
sumptions: 

1. No oxide viscous-flow occurs for the grown oxide 
in the field regions. This is t rue at oxidation tempera-  
tures of 965~ or less ( 1 2 ) .  

2. The in t ruded  oxide under  the island can expand 
only upward  instead of sideways or downward,  since 
the substrate is very" thick and rigid and the island 
width is much wider than the etched silicon depth. The 
strains in the silicon overhang of thickness t can be 
calculated from the following equation 

y ' - -  y y' 
Stra in  = - -  = 0.532 

t t 

where t is the etched silicon depth, y' is the oxide 
thickness in the vert ical  direction under  the island 
area, and y is the consumed silicon in growing y' thick 
of oxide, y' is 60/28 times y according to the difference 
in the molecular  weight of SiO.~ and Si. It is s traight-  
forward to estimate the oxide thickness y' for the 
stress to exceed the yield stress of the silicon crystal in 
the island edges. Assuming the yield strain of silicon is 
1% and the etched silicon step height is 0.3 ~m, y' is 
equal to 507A. 

We have observed good correlations between the 
thickness of the in t ruded oxide and the etch pit density 
for the sidewall masked structures with th in  Si3N4 film. 
This is shown in Fig. 4, where the etch pit density and 
the in t ruded oxide thickness are shown as functions of 
the field oxide thickness for sidewalls masked with 
SRO and SisN4 of 150 and 220A, respectively. Here the 
encroached oxide thickness is defined as the depth of 
the in t ruded oxide in the lateral  direction from the 
second SRO edge. The quant i ta t ive  values are obtained 
from the SEM measurements  of the oxide edge profile. 

From the previous analysis, it is expected that  defect 
generat ion is inevi table  as long as there is in t ruded 
oxide under  the island region. The general  t rend is that 
more dislocations are observed for wafers with a 
thicker fie~d oxide or with deeper in t ruded oxide 
thickness. This characteristic is contrary to that  of the 
conventional  local oxidation, where it was reported 
that the generated defect density in silicon does  not 
depend on the oxidation t ime for more than 20 min  
(13). 

The defect characteristics are quite unique in the 
sidewall masked structure with defect generat ion due 
to the oxide intrusion.  Figure 5 shows an example of 
such structure after Secco etching. The dislocation etch 
pits can be observed over the entire island edges and 
also in the extended areas beyond the island edge in 

Si 3 Ni 4 I 

WI/ / / / /A Si 3 Ni 4 I [  

Si02 

Fig. 3. A schematic illustration of the oxide intrusion under the 
islands for samples with a thick SRO and a thin second $i3Nu 
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Fig. 4. Dislocation pit density and the intruded oxide thickness 
under the islands vs. the field oxide thickness. The samples have 
second Si3N4 and SRO of 220 and 150~, respectively, and are 
oxidized at 900~ 

Fig. 6. Cross-sectlonal view of the dislocation pits. The disloca- 
tions lie on the (111) and (111) planes and originate from the 
island edge. 

can be as deep as 150 ;~m from the wafer surface, but  
seldom from the top surface to the substrate back sur-  
face. 

These long dislocations can also be revealed by cop- 
per decoration and inspected in an infrared microscope. 
The substrate back surface is coated with copper 
ni t r ide and annealed at 950~ for 20 min  in an argon 
ambient.  The samples are then rapidly cooled to room 
temperature  to produce copper precipitat ion along the 
dislocation lines. Figure 7 shows an infrared micro- 
graph of copper decorated dislocations on the die scribe 
lines. The dislocations general ly  start  from some 
points on the island edge and extend from surface to 
surface in d011> or <011> direction. Long dislocation 
lines can emerge to the surface beyond the island re- 
gion and form a straight line of etch pits such as 
shown in Fig. 5. 

Similar characteristics of the dislocations can be seen 
from the transmission x-ray topography picture shown 
in Fig. 8 (8). The dislocations are shown as dark lines 
along the die scribe lines. The dislocation source ap- 
pears to be irregular on the island edges. A structural 
representation of the dislocations in the sidewall 

Fig. 5. Optical micrograph of defect pattern revealed by Seceo 
etching for samples with 220A of second Si3N4 and no SRO. The 
samples are oxidized at 900~ to a thickness of 0.3 #m. 

the directions of <011> or <011">. The long disloca- 
tion lines are randomly distributed at the island cor- 
ners. Some island corners do not have the extended 
dislocation pits, while some have the dislocation pits 
in both directions. It is seen that dislocation pits of a 
sidewall masked structure locate mainly outside of the 
island region. This is also contrary to the defect pattern 
of the conventional local oxidation technique, where 
dislocation pits are more uniformly distributed on both 
sides of the island region (13). The effect of this par- 
ticular defect characteristic on the junction leakage 
current is discussed in the following section. 

Nature of Stress and Dislocation 
Figure 5 indicates that the etch pits are i r regular ly  

dis tr ibuted along <011> and <011"> directions. A 
cross-sectional view of the Secco etched wafer shows 
that the dislocation lines are the <01i->, 60 deg type 
dislocations. The dislocation lines lie on the (111) or 
(111) planes and originate from the island edges as 

shown by the merged point  of (111) and (111) in Fig. 
6. A similar  cross section, parallel  to the <011> direc- 
tion, reveals the dislocation lines in <011> direction 
and on (111) and (11-1) planes. These dislocation lines 

Fig. 7. Infrared photomicrograph of copper decorated dislocation 
lines along the die scribe line. The dislocation lines revealed from 
copper precipitation are in the ~011~  direction. 

Fig. 8. X-ray topograph of dislocation lines along the die scribe 
line. 
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masked structure is shown in Fig. 9. Dislocations orig- 
inate  from some points on the is land edge, presumably  
at the corners of the etched island plateau due to the 
oxide intrusion,  lying on either (111) or (111) plane. 
The dislocation l ine general ly  extends from one corner 
of the island to another  for a small  island area, and it 
can extend several mil l imeters  long for a large island 
or on the scribe lines. 

Figure 10 shows the schematic diagram of the side- 
wall masked structure with an SigN4 film and the com- 
ponents of the compressive stresses associated with the 
silicon substrate.  The horizontal and vert ical  com- 
ponents of the compressive stresses in the substrate are 
main ly  due to the tensile stress of the thick Si3N4 film 
on the island sidewalls. However, any  oxide in t rus ion 
under  the island region contributes far more com- 
pressive stress than that from the intr insic stress of the 
SigN4 film on the sidewalls, especially the vertical  
component of the stress in the over -hung island foot. 

I t  is believed that  the vertical  stress is responsible 
for the dislocation generat ion on the island edges when 
a thin nitr ide film is used for masking the silicon side- 
walls. The evidence is based on the observation of the 
s imilari ty of the defect densities among islands with 
different areas and side lengths. For sidewalls masked 
by a thin SigN4 film of 300A or less or a thick Si3N4 with 
'thick SRO, the stress from the intr insic  stress of the 
SisN4 film is relat ively small. On the other hand, the 
vertical component of the compressive stress, due to 
the oxide in t rus ion at the foot of the island, is a func-  
tion of the oxide thickness and the etched silicon 
.depth, not the funct ion of the island size. The large 
compressive stress due to the oxide in t rus ion is gener-  
a l ly  much higher than the silicon yield stress at lower 
oxidation temperature.  Increasing the oxidation tem- 
perature  can reduce the silicon mechanical  damage to 
some degree through the oxide viscous flow. However, 
we have observed that  the compressive stress in the 
silicon substrate is still higher than the silicon yield 
stress at a tempera ture  up to lt00~ In the case of 
thick ni t r ide film on sidewalls, the lateral  oxide 
growth is completely suppressed such as shown in Fig. 
1 (a).  The defect generat ion is main ly  due to the ni t r ide 
stress instead of the vertical  compressive stress from 
the lateral  oxide in t rus ion under  the island regions. 

<100> ~__~ 011> 

<01 i> 

Rg. 9. Schematic illustration of the preferred slip planes of (111) 
and (111) planes for dislocation generation in a sidewall masked 
structure. 

~ ~ _  _ISLAND ( 

(111) 

Pig. 10. A schematic illustration of the dislocation configuration 
and the compressive component stresses in the substrate. 

Effects of the Oxidation Temperature on the 
Defect Generation 

It was discovered that  thermal ly  grown SiO2 has a 
viscous flow at a t empera ture  of 960~ and higher (12). 
Severe mechanical  damage to the silicon substrate can 
be expected to be reduced at a higher oxidation tem- 
perature  through the viscous flow of SRO. However, 
the stress yield s trength of the silicon substrate is also 
reduced at higher tempera ture  (14). Experiments  
show that the stress in the silicon substrate cannot be 
completely relieved at a temperature  up to ll00~ and 
there are comparable defect densities observed for the 
studied structure at oxidation temperature  from 900 ~ 
to 1100~ At oxidation temperatures  higher than 
1050~ defects consist not  only of edge dislocations but  
occasionally oxidation induced stacking faults. Also, 
the higher process temperatures  are not  compatible 
with the s tandard integrated circuit fabrication pro- 
cess. 

Electrical Measurements 
The junct ion leakage current  of a large diode is mea-  

sured in order to evaluate the new process for the de- 
vice and circuit fabrication. A flat diode with a size of 
500 vm by 500 nm and a finger diode with the same 
total flat areas, but  different sidewall areas, are used 
to separate the components of the leakage current  in 
the plane and sidewall junction. The results are shown 
in Fig. 11, where the leakage current  of the sidewall 
masked structure is seen comparable to that of the 
conventional  local oxidation technique, if a slow cool- 
ing rate of 0.2~ is performed dur ing the last 
thermal  process. 

Without  using the slow cooling process, the dis tr ibu-  
tion of the diode leakage current  becomes highly i r-  
regular  among the diodes and the leakage currents  are 
general ly  much higher than wafers annealed with the 
slow cooling process. As shown in Fig. 12 is the com- 
parison of the leakage current  histogram of two 
samples with the same structure  but  with or w i t h o u t  
the slow cooling process. The effect of the cooling rate 
on the junct ion leakage current  can be explained by 
the fact that crystal defects, such as dislocations, are 
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Fig. 11. Leakage current density of flat (JA) and sidewall (JL) 
junctions for conventional diode and sidewall masked diode with 
or without slow-cool annealing. 



Vol. 130, No. I D E F E C T  C H A R A C T E R I S T I C S  195 

100%" 

bO 
LU 

o 
E3 
" 50% 
0 

I.[J 
CO 
~E 

z 

0% 

(a) Slow Cool Annealing 

i o  
= �9  

�9 ~: :: I I t I I I 
0.1 500 1000 

DIODE LEAKAGE CURRENT (PA) 

100% 

W 
o 
o 
o 
u. 50% 
0 
cc 
ILl 
CO 

z 

(b)No Slow Cool Annealing 

:: . .. ::: : : 
0% i" t I i i I I 

0.1 500 1000 
DIODE LEAKAGE CURRENT (PA) 

Fig. 12. Histograms of the distribution of the large finger diode 
leakage current with or without using the slow-cool process at 5V 
and at room temperature. 

favorab le  for i m p u r i t y  prec ip i ta t ion  at  a fast  cooling 
rate.  On the o ther  hand, the impur i t y  prec ip i ta t ion  in 
these defect  sites are  g rea t ly  reduced wi th  a slow cool- 
ing process. That  is, both the dislocations and the me ta l  
p rec ip i ta t ion  in these defect  sites a re  responsible  for 
the excessive leakage  cur ren t  and the nonuni form 
dis t r ibut ion  observed  for l a rge  diodes wi th  the  side-  
wal l  mask ing  technique.  

An  in te res t ing  expe r imen t  also shows that  the in t e r -  
actions of impur i t i es  and dislocations are  revers ib le  
wi th  respect  to the cool ing  ra te  in the final anneal ing  
operat ion.  Two g r o u p s  of wafers  a re  processed wi th  
s low and fas t -cool  anneal ing.  The first group of wafers  
is annea led  at  900~ and cooled down to 700~ wi th  a 
slow cooling ra te  of 0.2~ The second group of 
wafers  is annea led  at  900~ and pul led  out  the  quar tz  
tube at  a r egu la r  pu l l ing  ra te  of 10 cm/min .  Af te r  tes t -  
ing the diode leakage  current ,  the  meta l  e lectrodes are  
s t r ipped  and wafers  a re  c leaned in aqua regia  in o rder  
to reduce  the meta l  contamina t ion  f rom the meta l  
s t r ipping  operat ion.  The wafers  are  then annea led  with  
a reversed  cooling process and r epa t t e rned  wi th  A1- 
Si (2%).  The junct ion  l eakage  cur ren t  is measured  and 
compared  to the or ig ina l  values.  The resul ts  show that  
the magni tudes  and the spreads  in the  cur ren t  dis-  
tHbut ions  are  revers ib le  wi th  respect  to the cooling 
ra te  of the  annea l ing  process. The leakage  currents  are  
two to th ree  orders  l a rge r  af ter  a second fas t -cool  an-  
nea l ing  and wi th  a wide r  spread  in the  cur ren t  dis-  
t r ibu t ion  among the tested diodes. This comparison is 

shown in Fig.  12(a) and 13(a) .  On the contrary ,  the 
leakage  cur ren t  is g rea t ly  reduced  wi th  a second s low- 
cool fol lowing the ini t ia l  fas t -cool  anneal ing .  This is 
shown in Fig. 12(b) and 13(b) .  In this expe r imen t  a 
th i rd  group of  defec t - f ree  wafers  by  the s t anda rd  local 
oxida t ion  method is also processed and served as the 
control led  wafers  wi th  both fast-co~ 1 anneal ings.  The 
tes ted resul ts  show l i t t le  change in the leakage  current ,  
which  indicates  no meta l  contaminat ions  f rom the 
meta l  s t r ipping  operat ion.  The expe r imen t  of T-B 
( t empera tu re  bias) stress also indicates  one to two 
orders  h igher  junct ion degrada t ion  for the s idewal l  
masked  s t ruc ture  of having  edge dislocations,  as com- 
pa red  to the convent ional  local oxida t ion  s t ructures .  

Conclusions 
The genera t ion  mechanisms of dislocations in the 

s idewal l  masked  si l icon subs t ra te  have been inves t i -  
gated. Defect  character iza t ions  a re  pe r fo rmed  for 
s t ruc tures  wi th  different  SisN4 and SRO combinat ions  
at  var ious  oxida t ion  conditions.  Based on these ob-  
servat ions severa l  conclusions can be made. 

1. For  s idewal ls  consist ing of th ick Si3N4 film, wi th  
or  wi thout  thin SRO, the  defect  genera t ion  is due to 
the intr insic  stress of the th ick  Si3N4. For  s idewal ls  
consist ing of a thin SisN4 film wi th  a th ick  SRO, the 
defect  genera t ion  is due to the mechanica l  damage to 
the silicon subs t ra te  f rom the oxide in t rus ion at the 
foot of the  i s land pedestal .  
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2. Dislocations observed in the silicon subs t ra te  are 
of the 60 deg type,  genera ted  along the ~011~  di rec-  
t ion on the (111) and (111) slip p lanes  and ~ 0 1 1 ~  di-  
rect ion on the (111) .and (111) p lanes  for a (100) sub-  
s t ra te  surface. 

3. Dislocations tha t  are  the resul t  of n i t r ide  stress 
a r e  norma l ly  long and  s t ra ight  and ex tend  f rom cor- 
ner  to corner  in the  islands. The dislocations are  also 
shal low in the  si l icon substrate .  The etch pits  genera l ly  
locate a few micrometers  f rom the is land edges. The 
junct ion leakage  cur ren t  in the s idewal l  masked  s t ruc-  
ture is found comparab le  to tha t  of  the convent ional  
local oxidat ion  method,  when a slow cooling process is 
used in the final the rmal  step. The effect of s low cool- 
ing is conjec tured to be associated wi th  the reduced  
meta l  p rec ip i ta t ion  around the dislocations in the 
v ic in i ty  of the  device junct ion regions. 

4. Dislocations that  are  caused by  oxida t ion  en-  
c roachment  under  the  sil icon is land r andomly  locate 
near  the i s land edge. The dislocations are  also deep in 
the silicon subs t ra te  and  can be found a few hundred  
micrometers  away  from the is land edges. The e lec t r i -  
cal behavior  is s imi la r  to the dislocations caused by 
ni t r ide  stress. 

5. Due to the s t rong stress in the corner  region of the 
is land pedestals ,  the  stress in the silicon subs t ra te  can-  
not be comple te ly  re l ieved  th rough  the viscous flow 
p rope r ty  of SRO under  the second SigN4 film at t em-  
pera tu res  up to 1100~ for the  s tudied s t ructures  wi th  
severa l  combinat ions  of SRO and SigN4 thicknesses.  
However ,  defec t - f ree  s t ructures  can sti l l  be obta ined 
for  smal l  is land pat terns .  In  o rder  to achieve both de-  
fect and bird  beak  f ree  isolat ion technique,  a l t e ra -  
tions in s t ruc tura l  detai ls  and processing conditions are  
requ i red  (15). 
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Contamination-Free High Temperature Treatment of Silicon or Other 
Materials 

Paul F. Schmidt 
Bell Laboratories, Allentown, Pennsylvania 18103 

ABSTRACT 

It has been shown that the contaminat ion picked up during high temperature  t reatments  of silicon stems from the diffu- 
sion of impuri t ies  from the outside of the quartz furnace tube and into the material  being heat-treated. This contaminat ion 
can be prevented by placing the quartz tube into a protective a tmosphere  of HC1 in dry oxygen, i.e., by passing a dry O2-HC1 
mixture through the annulus of a double-walled quartz tube. Silicon wafers oxidized in such a tube at ] 000~ were found to 
be uncontaminated at the sensitivity afforded by neutron activation analysis. I t  is suggested that  many transit ion group 
metals diffuse preferentially along incipient  grain boundaries  invi t reous  quartz at high temperatures,  the grain boundaries  
in turn s temming from the devitrifying action of sodium vapors in the furnace. The double-wall  tube arrangement  thus not 
only prevents transit ion group metals from diffusing into and through the quartz of the inner wall, but  also prevents sodium 
from initiating the devitrification process thus rendering the quartz more opaque to transit ion group metal  diffusion. 

The dele ter ious  effects of contaminat ion  of sil icon 
devices wi th  t rans i t ion  group meta ls  or  wi th  a lka l i  
a re  wel l  known.  Minor i ty  ca r r i e r  l i fe t imes are  de -  
graded th rough  recombina t ion- regenera t ion  processes, 
junct ion  leakage  is increased by  meta l  prec ip i ta tes  as 
a resul t  of  t rans i t ion  group meta l  contaminat ion,  and 
f ia tband vol tage  shifts a re  caused by  the presence of 
alkalis.  The s ta r t ing  si l icon substrates,  if p rope r ly  p re -  
pared,  can be essent ia l ly  free of contaminat ion  (1, 2). 
Most of the  contamina t ion  in t roduced dur ing  device 
processing is due to high t empe ra tu r e  furnace t r ea t -  
ments,  wi th  the level  of contaminat ion increas ing 
s t rongly  wi th  t e m p e r a t u r e  (1). 

The normal  p rocedure  in the semiconductor  indus t ry  
is to get ter  the  contaminants  toward  the end of p ro -  
cessing by  a va r i e ty  of get ter ing procedures  (phos-  
phorus diffusions, backsurface  damage by  laser  i r -  
radiat ion,  sandblast ing,  etc.).  Special  preprocess  
t rea tments  have also been in t roduced to lessen the 
sensi t iv i ty  of the si l icon front  surface layers  by  re-  
ducing or  p revent ing  the format ion  of ox ida t ion - in -  
duced s tacking faults,  e.g. b y  format ion  of an oxygen  
denuded  zone (3, 4). Get te r ing  t rea tments ,  however ,  
are r a r e ly  100% effective unless appl ied  to v e r y  h igh  
qual i ty  sil icon, i.e., epi tax ia l  si l icon or oxygen  de-  
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nuded zones; impurities already precipitated at crystal 
defects are hard to getter. 

The prevention of cantamination would thus be 
preferable to a reliance on gettering only. A well-  
known means of preventing contamination during oxi- 
dation in dry oxygen is to add a low percentage of HC1 
(or other chlorine-bearing organic species) to the 
oxygen. Transition group metal  chlorides are mostly 
quite volatile at high temperatures; 1 thus the chlorine 
present in the gas phase combines with the transition 
or alkali  metals, diffusing through the walls of t h e  
quartz furnace tube before they can reach and diffuse 
into the silicon wafers being oxidized. Unfortunately, 
this t reatment  is not applicable to the important  case 
of oxidations in steam, or when bare silicon surfaces 
are exposed. 

The protection afforded by chlorine at high tempera-  
tures is not unique to silicon surfaces, but applies 
equally well to SiO~ (in fact, silicon wafers must 
have an SiO2 film in order not to be attacked by t h e  
chlorine). A preventive method not limited to any 
part icular  process step thus consists in the use of a 
double-walled quartz tube with a small percentage 
of HC1 (or other chlorine-bearing species) in oxygen, 
flowing only in the annulus between the inner and 
outer tubes, as shown schematically in Fig. 1. The use 
of a double-walled quartz tube with high puri ty  nitro- 
gen flowing in the annulus only was already employed 
by Irene (5) to prevent penetration of moisture 
through the quartz in oxidation studies of silicon in 
extremely dry O~. In the present case, the chlorine in 
the jacket of the tube prevents alkali or transition 
group metals from diffusing into the wall of the inner 
quartz tube; thus any material  placed into the inner 
tube is protected against contamination (except with 
hydrogen or possibly chlorine), without any limitation 
on the kind of process step that may be carried out in 
the inner tube. The impurities contained in high puri ty  
quartz are present at such low concentrations that the 
quartz itself cannot serve as a source of contamination 
for any length of time. 

Table I shows contamination picked up during 
steam oxidation in a conventional single-wall  quartz 
furnace tube (case A),  and during steam oxidation in 
a double-wall  quartz furnace tube, with a 1% HC1 in 
dry Os mixture flowing in the annulus only at a rate  
of 1 l i te r /min  (case B). The amounts of impurities, 
copper and zinc, present on the start ing substrates 
(all wafers were cut from the same ingot) have 
been subtracted in both cases as indicated there, to  
show the contamination due to the oxidation step. The 
single-wall  tube was operated in an exceptionally 
clean ambient surrounding the tube, the double-wall  
tube was operated in a normal production ambient. 
Contamination is absent in wafers processed in t h e  
double-walled tube, but quite significant when the 

1 An exception are the chlorides of gold or the  plat inum group 
metals;  these, however, are not  normally  contaminants  picked up 
during furnace  treatments.  

INTERNAL SUPPORTS "-~ 
I~ ~ + 99% 02 MULLITE LINER-~ / /  

I''''''''H'''[I~HH'''''''" ...... """ ZHt~ 

~--~ ~i.- g J : [~ m 

Fig. i. Sketch of a double-walled quartz furnace tube with HCI- 
02 mixture flowing in the space between inner and outer walls. The 
tube is shown resting on devitrified quartz supports which do not 
bond to vitreous quartz. 

Table I. Contamination introduced into silicon wafers by steam 
oxidation at 1000~ for 1 hour. Concentration in atoms/3"~ 

silicon wafer. 

A B 
Conventional Double-wall quartz 
single-wall furnace tube with 
quartz fur- 1% HC1-99% O~ 
nace tube in annulus only 

Cu 3.2E14 None detected 
Fe 3.3E14 None detected 
Co 2.1E12 None detected 
Ni 3.0E14 None detected 
Cr 7.4E13 None detected 
Zn 3.0E13 None detected 
Zr 4.6E14 None detected 
Ta 1.4E14 None detected 
Na 5.0E13 None detected 

The wafers used in this run had a significant copper contam- 
ination of 5.6E13/wafer and a small zinc contamination of S.3E12. 
Copper was a surface contamination only, zinc was a bulk con- 
tammant. The background concentrations quoted for Cu and Zn 
have been subtracted in both columns. 
The detection limits for the isotopes listed, under the given ex- 

perimental conditions were: Cu, 4.5E12 atoms/wafer; Fe, 8.0E13 
atoms/wafer; Co, 5.oE10 atoms/wafer; Ni, 4.8E13 atoms/wafer; Cr, 
1.7E12 atoms/wafer; Zn," 7.7Ell atoms/wafer; Zr, 1.4E14 atoms/ 
wafer; and Ta, 5.2E10 atoms/wafer. 

single-wall tube is used. The difference between the 
two cases would have increased sti l l  more, if the ex- 
periment had not been limited to a single oxidation 
but had been carried out for a series of process steps. 
It is also important  to remember that transition group 
metals in heat- t reated silicon wafers are invariably 
strongly enriched in the surface-near layers; thus the 
moderate concentrations in atoms/wafer  given here 
translate into much higher concentrations if expressed 
in atoms/cm~ of the surface-near layers. 

Sodium (6) and copper (7) are known to be very 
fast diffusers in, and to cause devitrification of, vi t-  
reous quartz (8). It was shown in the two papers of 
Ref. (8) that the crystal modification of SiO~ resulting 
depends on the type of alkali ion present, as well as 
on the temperature at which devitrification occurs. 
Thus lithium at 850~ will cause quartz to form, but 
at 950~ cristobalite, While sodium at 950~ produces 
both cristobalite and tridymite, potassium only t r i -  
dymite. 

Crystallization has also been observed for SiD2 films 
on silicon, especially for steam-grown SiO2 films (9, 
10), in which case the crystalline silicon substrate ap- 
parent ly acts as the nucleation site, since crystall iza- 
tion has always been shown to begin at the Si/SiO~ 
interface. The init ially puzzling fact that  various ob- 
servers reported different modifications of crystalline 
SiO2 as present in the films is readily explainable along 
the lines of Ref. (8). All of the work on the Si/SiO~ 
system was done by glancing angle electron diffrac- 
tion, and the films showed only incipient crystall iza- 
tion, with amorphous material  still present. 

Figure 2 shows concentrations of various transition 
group metals in silicon wafers having undergone a 1 hr 
oxidation in a relat ively new single-wall  quartz fur-  
nace tube. The existing temperature profile in the fur-  
nace tube was utilized for this experiment, i.e., wafers 
were placed at positions of slightly different temper-  
atures in a furnace whose temperature setting had not 
been changed for a period of about two months. In 
other words, the positions of higher temperature had 
been at the higher temperature for two months, as 
had been the positions of lower temperature. The or-  
dinate of the graph is a sliding logarithmic scale in 
order to display concentrations different by several 
orders of magnitude on the same graph. The highest 
concentration for each line is shown in the inset next  
to the impuri ty  corresponding to the various symbols. 
The fully unexpected result of this experiment was an 
increase in concentration by two orders of magnitude 
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Fig. 2. Arrhenius plot of the impurity concentrations on silicon 
wafers oxidized simultaneously for ] hr in sections of different 
temperature of a quartz furnace tube. The scale of the ordinate is 
logarithmic. The concentration shown in the inserts refer to the 
highest concentration for any given line. 

for a temperature  change of only some 30~ for the 
elements Cr, Fe, Co, and Nil, while the concentrations 
increased much less for Cu and Ta. 

Since the time of diffusion was the same for all 
curves, one can regard the impur i ty  concentrations as 
a measure of the diffusivity of the impuri t ies  in  the 
quartz, in  which case the graph would correspond to 
an Arrhenius  plot of diffusion coefficient vs. inverse 
temperature.  However, a two hundredfold concentra-  
tion increase over a tempera ture ,  difference of only 
30~ would obviously lead to an impossibly large acti- 
vation energy, if all  of the effect were to be a t t r ibuted 
only to the difference in tempera ture  dur ing the ac- 
tual  diffusion run. A much more l ikely explanat ion is 
that the long anneal  at high tempera ture  dur ing  the 
two months preceding the exper iment  has caused some. 
kind of a change in the quartz of the tube, the change 
being more pronour~ced at those positions that were at 
the higher temperature.  

We believe that  this postulated change in the quartz 
may consist of a bet ter  development  of grain bound-  
aries in the quartz at the positions of higher temper-  
ature. The outer surface of a quartz furnace tube is 
usual ly  visibly crystalline, but  the crystall ization does 
not extend all the way through the thickness of the 
wall  of the tube, which otherwise would already have 
become useless. It  appears l ikely that  the devitrifica- 
tion observable by electron diffraction in aged SiO~ 
films on Si is a precursor of complete devitrification 
that  would eventual ly  follow (especially at high tem- 
perature) .  The structure of a quartz tube operated at 
high tempera ture  over a prolonged period of t ime may 
thus consist of a crystall ine layer  at its outer surface, 
gradual ly  changing to a mixture  of crystall ine and 
amorphous mater ia l  wi th  depth into the wall  of the 
tube. This mix ture  of crystall ine and amorphous SiO2 
we have referred to as incipient  grain boundaries.  
These incipient  grain boundaries  may be expected to 
be preponderan t  at locations of higher tempera ture  of 
the tube. 

Enhanced diffusivity, and reduced activation energy 
for diffusion at grain boundaries  are a we l l -known 

fact in  polycrystal l ine materials  (11, 12). Why grain 
boundaries in a matr ix  of vitreous quartz should also 
be paths of enhanced diffusivity as compared to the 
ful ly  vitreous mater ia l  is not  immediate ly  obvious, 
but  not illogical in view of the wide-open channel  
s tructure of the SiO2 network,  for instance, in quartz 
along the c-axis. 

An  addit ional  but  probably  lesser enhancement  of 
diffusivity would also result  just  from the incorpora-  
t ion of sodium (and of l i thium) 2 into the fused quartz; 
lattice dilation due to the rupture  of Si -O-Si  bonds 
is well known  to occur. 

The strong enhancement  of the diffusivity observed 
at positions of higher temperatures  may thus be a con- 
sequence of several superimposed factors: a decreased 
activation energy E, an increased f requency factor Do 
for diffusion at grain boundaries  in  the s tandard equa-  
t ion D _-- Do e-F~/kw, and perhaps also a larger supply 
of impurit ies l iberated from the l iner  or furnace ma-  
terial at the positions of higher temperature  (though 
convection and diffusion in the gas phase should keep 
concentrat ion gradients there small) .  Since copper is 
a fast diffuser even in vitreous SiO2, its diffusivity 
should not be increased as much by the avai labi l i ty of 
easy diffusion paths as that  of the slow diffusers in 
SiO2: Cr, Fe, Co, and Ni; this is as actual ly observed. 
Tan ta lum appears to remain  a slow diffuser even in the 
presence of easy diffusion paths for other ions, per-  
haps because of the high charge on the ion. 

Addit ional  support  for this model comes from a run  
in which the wall  of a s ingle-wall  tube was dr iven 
into strong devitrification by holding it at 1250~ for 
three days inside of a new mull i te  liner, which at this 
tempera ture  is an ample source of both sodium and of 
t ransi t ion group elements. The concentrat ion of the 
t ransi t ion group elements detected on silicon wafers 
placed into the tube after three days, bu t  while still 
at 1250~ increased by 2-3 orders of magni tude  com- 
pared to the levels normal ly  seen at 1000 ~ for the same 
durat ion of 1 hr. The temperature  was then lowered to 
1000~ and was kept at 1000~ for six weeks; silicon 
wafers oxidized in the tube during these ensuing six 
weeks showed contaminat ion levels equivalent  to 
those observed at 1250~ actually even increasing 
somewhat with time. Since the quartz of the tube 
cannot cont inue to function as a constant source of 
strongly enhanced contaminat ion for a period of six 
weeks, and since out-diffusion from the l iner  also 
could not have become stronger than normal  at 1000~ 
the exper iment  again points to increased diffusivity in 
the quartz due to devitrification. 

The function of a double-wal led quartz tube with 
dry  O2-HCI mixture  in the annulus  thus appears to be 
twofold: not only does the chlorine "getter" the t ransi-  
tion group metals before they can diffuse into the wall  
of the inner  tube, but  it removes sodium as well, thus 
prevent ing  devitrification of the inner  tube and pre-  
serving its quality. 

The absence of contaminat ion dur ing oxidation at 
1000~ in a double wal l  tube (Table I, case B) was 
cont inual ly  demonstrated dur ing  three weeks of con- 
t inuous monitoring, and has since been duplicated for 
a longer period of t ime .at another  Bell Laboratories 
facility. Thus most of the contaminat ion due to high 
temperature  furnace t reatments  can be el iminated by 
this simple arrangement .  

Contaminat ion can also be introduced dur ing other 
processing steps, dur ing polishing, ion implantat ion,  
epitaxy, or plasma etching, but  in these cases can be 
avoided or at least drast ically reduced by taking com- 
mon sense precautions. A protective shield is necessary 
during high temperature  t reatments  in furnace tubes 
permeable to impur i ty  diffusion. 

~ S i n c e  n e u t r o n  i r r a d i a t i o n  of  l i t h i u m  does not produce a 
g a m m a - r a y  a c t i v e  i s o t o p e ,  i t s  c o n c e n t r a t i o n s  r e m a i n e d  unknown 
in  t h i s  w o r k .  
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While the use of a protective dry O2-HCI shield 
would el iminate contaminat ion problems, it would pose 
problems of its own due to the corrosive na tu re  of 
HC1. A simple solution to this problem would be to re-  
circulate the dry  O2-HC1 mixture  of the double-wal l  
tube. The total amount  of chlorides formed wil l  be 
small compared to the amount  of HC1 present  in the 
annulus  of the tube; thus there would be li t t le need to 
replenish the HC1, perhaps on a weekly basis. This 
would reduce corrosion or env i ronmenta l  problems. 
The metal  chlorides would be swept out of the hot 
zone by the circulat ing gas and would deposit in cool 
regions where they are harmless. Teflon-coated chemi- 
cal pumps etc. for handl ing  of the HC1 are readily 
available. 
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Laser Diffusion in Silicon from Spin-On Arsenic Glass 
Schyi-yi Wu * 

Motorola, SPS, Process Technology Laboratory, SRDL, Phoenix, Arizona 85008 

ABSTRACT 

Diffusion from spin-on arsenic glass by laser melting was investigated. Antireflection effect is exhibited by spin-on 
arsenic glass densified at as low as 210~ Measured sheet resistance is a cosine-like function of glass thickness. Production 
throughput and process lattitude are greatly enhanced by effective use of the antireflection effect that is related to the effi- 
ciency of laser energy absorption. Laser energy absorption efficiency is related to glass thickness, glass densification tem- 
perature, and source concentration. Sirtl etch showed no crystalline defects in the diffused or melted layer. Diffused surface 
is rough but  excellent back contact characteristics were obtained for n-type silicon substrates. 

In  the fabricat ion of semiconductor devices, the con- 
vent ional  solid-state diffusion is accomplished by heat-  
ing the entire wafers at about 1000~ in a furnace. In  
contrast, l iquid-state  diffusion can be accomplished by 
localized laser mel t ing of the near  surface while the 
bu lk  of the wafer  remains  at about room temperature.  
The laser diffusion process allows one to prevent  ther-  
mal  s t ress- induced damage to large th in  wafers. Small, 
closely spaced junct ions should be able to be formed 
by  laser diffusion without  photolithography. In addi-  
tion, metal  deposition and the associated pa t te rn ing  
steps can be performed in a surface area of a wafer 
before laser diffusion in the other surface area. A prac- 
tical application is "ohmic contact diffusion" on the 
back side of th inned  wafers after metal  deposition and 
the associated pa t te rn ing  steps are completed on the 
front side of thick wafers. Processing on thick wafers 
is desired to minimize yield loss due to wafer b reak-  
age. Laser diffusion allows one to do this and offers 
greater  advantages over the conventional  solid-state 
diffusion. In  the convent ional  process, the ohmic con- 
tact diffusion by solid-state diffusion as wel l  as the 
subsequent ,  metal  deposition and the associated pat-  
t e rn ing  must  be performed on th inned wafers. 

Laser diffusions from e lementa l  a l uminum (1), ele- 
menta l  phosphorus (2, 3), and boric acid (3) sources 
have been reported in the l i terature.  Most recently, 
laser diffusions from spin-on glasses doped with ox- 

~ Electrochemical Society Active Member. 
Key words; semiconductor, contacts, doping. 

ides of ant imony,  arsenic, and phosphorus were dem- 
onstrated by  Smith and Thompson (4). In  this paper, 
the author  reports on the antireflection effect exhibited 
by spin-on arsenic glass and the dependence of arsenic 
diffusion on wafer clean,,  source concentrat ion a n d  
source bake temperature.  

Experimental 
A~'senic source.--The arsenic concentrat ion in the 

glass is controlled by the weight  ratio of arsenic oxide 
to TEOS (tetraethylorthosil icate) .  The viscosity of the 
arsenic glass solution, and thus the thickness of the 
spun film, are controlled by the weight ratio of TEOS 
to solvent. The arsenic concentration, Cs, was calcu- 
lated assuming complete glass densification to SiO2 
and an ideal solid solution of arsenic oxide and SiO~. 
Except where  noted, Cs ---- 4.5 • 1021 cm -3. The for- 
mula t ion  is reported elsewhere (5). 

Silicon wafers.--Wafers were CZ grown, boron-  
doped, 7-17 ~%.cm, <111> crystal. The diameter  is 
3 in. 

Wa]er clean.--Except where noted, wafers were 
cleaned by 1 min  10 H~O: 1HF (49%) at room temper-  
ature, r insed in  u l t rapure  deionized H20, spin rinsed, 
and spin dried. In the exception, the HaO/HF step was 
replaced by 10 min  7H2SO4:3H202 at l l0~ 

Source application.--The wafer  was placed on a 
Headway EC101 spinner,  and the arsenic glass solu- 
t ion was applied to the surface. The wafers were spun 
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at var ious  speeds, w, for 10 sec to achieve the  de-  
s i red  thickness  and baked  at  150~ for  1 h r  in N2 or 
400~ for 30 min  in air. Bake  t empe ra tu r e  is r ep re -  
sented by  Tb. Thickness of glass af ter  bake, Xs, was 
measured  by  an IBM FTA F i lm Thickness Ana lyze r  
using the Cauchy ref rac t ive  index  equat ion for t he r -  
mal  oxide  

n = 1.45076 + 317410.7/)~2 [I] 

where n is the refractive index, and k is the measure- 
ment wavelength in angstroms. The relationship be- 
tween glass thickness (for Tb -- 400~ and the spin 
speed (1-8 krpm) is 

Xs cr l/w~ [2] 

where  a has a value  of 0.4631 __. 0.0205. This is a r ea -  
sonable  value  considering the vola t i l i ty  and evapora -  
t ion of solvent  dur ing  the spin process (6). 

Diffusion.--Diffusion was pe r fo rmed  in a Model  6t0 
Ep i the rm laser  system. The laser  consists of a CW- 
pumped,  r epe t i t ive ly  Q-swi tched Nd: YAG laser  wi th  
a wave leng th  of 1.064 #m. In this work,  the wave leng th  
was conver ted  to 0.532 #m by a second harmonic  gen-  
erator .  The beam is focused by an objec t ive  lens and 
t ravels  over  a ro ta t ing  platen.  The mot ion of the beam 
over the  ro ta t ing wafers  generates  a spi ra l  pa th  tha t  
results  in coverage of the ent i re  wafer  surface.  The 
p la ten  can hold six 4 in. wafers  or  nine 3 in. wafers.  
F ive  ad jus tab le  var iables  are  beam d iamete r  (S) de-  
fined at  1/e peak  power  f rom 60 to 220 #m, laser  power  
(P) up to 1W, pulse repet i t ion  ra te  (f) f rom 0.1 to 10 
kHz, r ad ia l  spot  to spot spacing (R),  and tangent ia l  
spot to spot spacing (~). 

The pulse energy  (E) in joules is defined by  

E = P/S [3] 

The energy dens i ty  (I) in J / c m  e is defined by  

I = E�9 (~$2 /4)  - -  4P/(~]S 2) [4] 

It  can be shown tha t  the th roughput  (A) in cm2/sec  
can be  expressed b y  

A = (4P/~I)GtGr [5 ]  

where  Gt and Gr a re  spot to spot over lapp ing  factors 
(Gr : R/S  and Gt : #/S). 

Evaluations.--After diffusion wafers  were  etched in 
di lute  H F  solution. Mel ted  spot  size was measured  on 
a micrograph  w i th  256>< magnification. The la rges t  d i -  
mension of the mel ted  spot was considered as the 
mel ted  spot d iamete r  even though the mel ted  spot  was 
el l ipt ical .  Sheet  resis tance was measured  b y  four -po in t  
probes. F ive  points  were  measured  on each wafer :  
center  and four equi -spaced  pe r iphe ra l  points, one-  
th i rd  of an inch f rom the wafer  edge. Junct ion depth  
was measured  by  grooving, staining, and  f r inge  count-  
ing with  an in ter ferometer .  Surface  roughness  was 
measured  by  Dek tak  Surface Profi le  Measur ing Sys-  
tem. Crys ta l l ine  qua l i ty  of the diffused or mel ted  layer  
was examined  b y  microscope at  1010>< magnif icat ion 
af ter  15 ~ bevel  and 5 sec Si r t l  etch (7). Dopant  profile 
was de te rmined  by  secondary  ion mass spec t romet ry  
(SIMS) (8). 

Results and Discussion 
Antireflection e~ec t . - - I t  can be seen f rom Eq. [5] 

tha t  given the m a x i m u m  power  avai lab le  and the 
spo t - to - spo t  over lapp ing  required ,  the th roughput  is 
inverse ly  propor t iona l  to the  energy  dens i ty  r equ i red  
for  the process. The requ i red  ene rgy  dens i ty  depends  
on the threshold  energy  dens i ty  for mel t ing  silicon, 
which can be a funct ion of glass thickness due to an 
antiref lect ion effect. F rom the Gaussian d is t r ibu t ion  of 
the  energy dens i ty  wi th in  a pulse, it  can be shown tha t  

I = Ith exp [ (d t /S )  2] [6] 

where  Ith is the apparen t  mel t ing  threshold  energy  
densi ty  and dt is the mel ted  spot diameter .  In  Eq. [6], 
the quant i t ies  I and  Im can be rep laced  by  P and Pth, 
respect ively,  since I is p ropor t iona l  to P. The average  
apparen t  threshold  power  (Pth) for a given thickness 
was de te rmined  by  four sets of P and dt at  a given S 
according to Eq. L6]. The plots of log P vs. (dr) 2 a re  
shown in Fig. 1 for three  thicknesses of glass baked  at  
210~ The scat ter  of the da ta  was essent ia l ly  due to 
the va r i ab i l i t y  of the laser  pulse  s ince var ia t ion  in 
mel ted  spot size was observed under  ident ica l  process 
conditions. Never theless ,  Fig. 1 shows tha t  the energy  
dens i ty  d i s t r ibu t ion  can be  considered Gauss ian  at  
leas t  to the first approximat ion .  I t  is wor th  ment ioning 
that  the  mel ted  spots are  i r r egu la r  or  not  wel l  defined 
if the laser  power  is only s l ight ly  h igher  than  the 
threshold  power.  

F igure  2 shows threshold  power  as a function of 
glass thickness.  These da ta  are genera ted  f rom Fig. 1. 
Three  arsenic glass solut ions were  used to cover the 
thickness range  up to 3000s These solutions have the 
same concentra t ion rat io of arsenic oxide to TEOS but  
differ in dilution. The cosine- l ike  curve shows tha t  the 
effect of the ant iref lect ion coating is p roduced  by  sp in-  
on arsenic glass baked  at  a t e m p e r a t u r e  as low as 
210~ The sheet  resistance var ia t ion  wi th  thickness 
of glass baked  at 400~ is shown in Fig. 3. These two 
da ta  were  produced f rom arsenic glass solut ions wi th  
the same concentra t ion rat io  of arsenic oxide to TEOS 
but  wi th  different  di lut ion factors. The cosine- l ike  
curve shows tha t  the antiref lect ion has a direct  effect 
on diffusion. Note that  lower  sheet  resis tance indicates 
h igher  efficiency of absorpt ion  of laser  energy  by  s i l i -  
con or  h igher  t ransmiss ion  efficiency of laser  energy  
through the glass. The  m a x i m u m  absorpt ion  efficiency 
occurs at  about  800 and 2500A obta ined f rom the 45% 
solut ion and the 100% solution, respect ively.  
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Fig. 1. Melted spot diameter as a function of laser power. Tb = 
210~ f - -  5 kHz, S = 76 #m. 
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Source eoncentration.--Sheet resistance data for two 
source concentrat ions are shown in Fig. 4. Lower sheet 
resistance was obtained from higher concentrat ion 
source ( Cs -- 5.5 X 10~ cm-~) .  This is at least in  par t  
due to higher energy t ransmission efficiency, as evi-  
denced by larger melted spots, associated with the 
higher concentra t ion source. The difference in sheet 
resistance may not be due to source concentration. In  
fact, a specially formulated source with Cs = 4.5 X 
1021 cm -~, tested under  identical  conditions, gave al-  
most the same sheet resistance values as the source 
with Cs -- 5.5 • 1021 cm -8. For this specially formu-  
lated source, the average junct ion  depths are 0.405 and 
0.27 ~m corresponding to a source thickness of 483 and 
299A, respectively. In  all cases, the melted spot size 
was decreased as the source thickness was decreased. 

Wa~er clean.--The small  amount  of oxide grown 
du'ring the p i ranha  clean may perhaps be a diffusion 
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Fig. 4. Effect of source concentration on sheet resistance. Tb -"  
400~ R = 6 - -  81.28 #m,  S " -  168 ~m, f = 3 kHz, I - -  1.53 
J/cm ~. 

barrier.  Figure 5 shows the sheet resistance data ob-  
tained on wafers cleaned by p i ranha  and H20 /HF  so- 
lution. The H~O/HF clean resulted in  lower sheet re-  
sistance than the p i ranha  clean. Examina t ion  of the 
melted spots showed no difference in  sizes. Thus, the 
small  amount  of oxide, ~30A, formed from the pi ranha 
clean appears to be a significant diffusion barrier .  

Glass densification.--The sheet resistance obtained 
from two wafers coated with the same source and spun  
at same speed, but  baked at two temperatures  is shown 
in Table I. The source thickness and concentrat ion 
were the same after spin for both wafers. The 400~ 
bake, however, gave lower sheet resistance than the 
150~ bake (224 vs. 272 ~ / D ) .  This is at least in  par t  
due to the difference in energy absorption efficiency 
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Fig. 5. Effect of wafer clean on sheet resistance. Tb ---~ 400~ 
R ---- 0 = 81.28 ~m, S = 168 #m, f = 3 kHz, I = 1.53 J/cm 2. 
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Table I. Effect of source bake temperature on sheet resistance. 
Substrate was p-type, 1.5-2.0 ~ �9 cm, 3 in. diam. Spin speed was 
4 krpm. Laser conditions were: R ~- # = 50.8 Fro, S --  

108 #m, f ~ 5 kHz, I = 1.75 J/cm 2. 

Bake Thick. R~ 
temperature ness (A) (-Q/D) 2a (%) 

400~ 30 rain, air 1574 224.06 8.59 
150~ 60 rain, N= 2376 272.40 5.30 

based on melted spot size comparison. Data for th in-  
ner  glass (~500A) showed the same effect. 

Surface quality.--The sample with the lowest sheet 
resistance obtained was evaluated for surface rough-  
ness and the diffused or melted layer quality. The sur-  
face was rough due to rapid localized mel t ing  and 
freezing. The max imum step height was 1 ~m. Sir t l  
etching showed no crystal l ine defects in the diffused 
or melted layer. 

Estimated dif]usivity.--A sample diffused with 85 
nsec pulse of 1,9 J / c m  2 was analyzed by SIMS (8) for 
the arsenic concentrat ion profile. The profile, as shown 
in  Fig. 6, can be approximated by an erfc distr ibution 
with a diffusion length, 2~/Dt = 1.34 • 10 -5 cm. As- 
suming a reasonable diffusion time, t ---- 120 nsec, an  
estimated diffusivity, D, of 3.75 • 10 -5 cm2/sec was 
obtained. This is consistent with the reported l~ter-, 
ature value: (3.3 _ 0.9) • 10 -4 cm2/sec (9). The erfc 
dis t r ibut ion implies that the surface concentrat ion is 
constant  dur ing melting. If this is true, the ohmic con- 
tact resistance would be independent  of the pulse, du-  
ration. Affolter et al. (3) investigated diffusion from 
elemental  phosphorus source for ohmic contact appli-  
cation and found no significant dependence of resist-  
ance on wavelength,  pulse energy, or pulse durat ion 
over a certain range of parameters.  Thus a constant  
surface concentrat ion model is consistent with the data 
reported by Affolter et al. 

Device application.--The most efficient source was 
used for ohmic contact diffusion in the fabrication of 
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5 ----- C = 2 x 1019 cm -3 erfc (X/1,34 x 10 -5 cm) 
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Fig. 6. Arsenic concentration profile. Tb ~ 400~C, S ~--- 120 ~m, 
I---- 1.923J/cm ~,f ~ S k H z ,  R ~ # - - 7 8 . 7 4 # m .  

devices uti l izing n- type  silicon substrates. This was 
done on the back side of wafers th inned after metal  
deposition and the associated pat tern ing step w e r e  
completed on the front side of the thick wafers. The 
throughput  is greater  than  1081 cm2/hr. The ohmic 
contact produced by laser diffusion is at least as good 
as that produced by the conventional  solid-state dif- 
fusion from PH3 source, based upon I -V characteris- 
tics under  forward bias. 

Summary and Conclusions 
Gaussian dis tr ibut ion of the energy density of a 

laser pulse is a useful  basis for the de te rmina t ion  of 
the relative mel t ing threshold power. The threshold 
power for mel t ing silicon is a cosine-like function of 
glass thickness for glass densified at as low at 210~ 
That is, an antireflection effect is exhibited by sp in-on  
arsenic glass densified at as low as 210~ Antirefiec- 
tion has a direct effect on diffusion in terms of melted 
area coverage and depth. For  glass densified at 400~ 
the most effective doping occurs at about 800 and 
2500A due to the most efficient absorption of laser en-  
ergy by silicon. The laser energy absorption efficiency 
is also related to the glass densification temperature  
and source concentration. Glass densified at 400~ 
gave lower sheet resistance than glass densified at 
150~ At a given densification temperature,  sheet re- 
sistance is a funct ion of arsenic concentrat ion o f  the 
densified film which is determined by the weight ratio 
of dopant to TEOS in the liquid solution. The small  
amount  of oxide, ~30A, produced by the pi ranha clean, 
is a significant diffusion barrier.  The diffusivity value 
estimated from the dopant profile is consistent with 
the mechanism of l iquid state diffusion. 

By the use of the most efficient glass, a viable and 
efficient production process of laser diffusion yielding 
excellent ohmic contact characteristics has been inst i-  
tuted. 
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ABSTRACT 

Gas phase t ransport  in Si epitaxial  growth has been invest igated by means of in situ mass spectrometry measurements .  
of reaction gas concentrat ion profiles. Five species, SIC14, SiHC13, SiHfC12, SIC12, and HC1 are observed in the reaction gas. 
Not only SIC14 (source gas) but  the other Si chlorides as well contr ibute to the surface growth reaction. The pr imary reaction 
species shifts from SIC14 to the other Si chlorides with decreasing gas velocity and with increasing temperature  and posit ion 
along the susceptor.  

Gas phase  react ions  and t r anspor t  phenomena  in Si 
ep i tax ia l  g rowth  have  been s tudied  ex tens ive ly  by  a 
n u m b e r  of authors  and reac t ion  models  deduced  f rom 
an equ i l ib r ium v iewpoin t  (1-5).  However ,  the  ac-  
tual  reac t ion  is not  in equi l ibr ium,  but  r a the r  quas i -  
equ i l ib r ium (6), and the Si ep i tax ia l  react ion is diffi- 
cul t  to descr ibe  by  a theore t ica l  model,  I t  is neces-  
sa ry  to observe the react ion gas species by  in situ mea-  
surements  in a reactor .  Recent ly  such measurements  
have been made  and react ion models  proposed.  Ban and 
Gi lber t  observed  the reac t ion  gas profiles in a reactor  
by using mass spec t romet ry  and repor ted  tha t  SIC14 and 
only  a smal l  amount  of SIC12 were  found (7, 8). A re-  
act ion mechanism was proposed  in which SiCI~ was 
t r anspor t ed  to the  subs t ra te  surface by  diffusion and 
the source gas decomposed into solid Si and HCI b y -  
product .  The fol lowing he terogenous  react ion occurred 
at the  surface  

SiC14(g) + 2H2(g) --> S i ( s )  -t- 4HCI(g)  

Sedgwick and Smi th  observed react ion gas concent ra-  
t ion profiles using laser  Haman spect roscopy in Si ep i -  
t axy  wi th  SiH2C12 as source ma te r i a l  (9). The SiHfCI2 
decomposed into SIC12 in the gas phase,  and then SIC12 
was t r anspor ted  to the surface where  the  ep i tax ia l  
l a y e r  g rew 

SiHfC12---> SiCI# + H2 (gas phase)  

SiCI2 + Hf--> Si + 2HC1 (subs t ra te  surface)  

Nishizawa and Nih i ra  observed reac t ion  gas profiles 
by  using in f ra red  absorpt ion  spectroscopy and found 
SIC14, SiHC!~, SiHfC~2, and  HC1 species (10). They 
proposed the fol lowing models  

SiHClz 

SiCla § H2 ~ SIC1,2 ~__- Si 
% 

SiH2C12 

+ HC1 

Duchemin also inves t iga ted  Si ep i tax ia l  react ions ex-  
tensively by  observing react ion gas profiles in a ver t ica l  
type  reac to r  (11). 

Recent ly ,  Po l l a rd  and Newman  have repor ted  a 
model  in which mul t i component  mass t rans fe r  was 
considered (12). However ,  they  used ca lcula ted  gas 
concentra t ion profiles for  the calculat ion of g rowth  
rates .  We have observed  the reac t ion  gas concentra t ion 
profiles b y  in situ measurements  using mass spec t rom-  
e t ry  while  changing the growth  parameters .  I t  is ap-  
pa r en t  tha t  the  three  models  ment ioned  above are  
l ike ly  to descr ibe  only  a pa r t  of the  ac tual  reaction.  In  
this paper ,  i t  is proposed tha t  all  the Si chlorides, SiCIly, 
SiHC13, SiH2C12, and SIC12, par t i c ipa te  in the surface 
reaction, and the p r i m a r y  surface react ion species 
which cont r ibu tes  to the  growth  r a t e  is suggested to 
shif t  wi th  changing gas velocity,  subs t ra te  tempera ture ,  
and posi t ion a long the susceptor.  

Key words: gas phase diffusion,  s i l icon chlorides, growth rate ,  

Experimental 
Figure  1 shows the in situ react ion gas concent ra t ion  

measur ing  system. Two kinds  of reac tor  tubes (rf  
hea ted  hor izonta l  type)  were  used. One reactor  tube 
had  the dimensions of 5.4 cm (height)  X 7.9 cm 
(width)  X 110 cm ( length)  and an effective cross-sec-  
t ional  a rea  of 21 cm 2. The o ther  had  the d imension of 
5.2 cm (height)  • 7.5 cm (wid th)  • 83 cm ( length)  
and an effective cross-sect ional  a rea  of 24 cm 2. The re -  
spect ive  silicon graphi te  susceptors  were  37 and 24 cm 
long. The former  susceptor  was t i l ted  at  an angle  of 
1.3 ~ Above  the susceptor,  h y d r o g e n  was used as the 
car r ie r  gas at  var ious  veloci t ies  of 6.2-34 cm/sec  (at  
room t e mpe ra tu r e ) .  Si l icon te t rach lor ide  was used as 
source mater ia l .  Dur ing  the growth  of the ep i tax ia l  
l ayer  a constant  SIC14 gas concentra t ion  in t roduced into 
the reactor  tube was moni to red  by  the in f ra red  spec-  
t romete r  (13). Doping gases were  not  used. Tempera tu r e  
measurements  were  made  ,during the deposi t ion using 
a ca l ibra ted  optical  p y r o m e t e r  and corrected for the 
emiss iv i ty  of silicon and for the reac tor  tube walls.  The 
subs t ra tes  were  chemica l -mechan ica l  pol ished Czo- 
ch ra l sk i -g rown  silicon wafers  wi th  (111) o r ien ta -  
tion. React ion gas was sampled  th rough  a quar tz  capi l -  
l a ry  (50 ~m diam)  inser ted  into the reac tor  tube.  The 
sampl ing  sys tem was usua l ly  p u m p e d  to 130 Pa  (,~1 
Torr)  and a por t ion of the gas was in t roduced  into the  
mass spec t rometer  (quadrupole  type:  QMS).  The pres-  
sure of the sampl ing  l ine was changed f rom 13 Pa  
(~0.1 Torr )  to 1300 Pa  (~10  Tor r )  t o  examine  whe the r  
the reactan~t species might  change before  the detect ion 
in QMS. The capi l lar ies  were  set in the reactor  tube 
by  the use of bellows. React ion gas at  an a r b i t r a r y  
height  could  be sampled  b y  moving  the capi l la ry  up  or  
down. React ion gas at  an a r b i t r a r y  posi t ion along the 
susceptor  could be sampled  by  moving the susceptor  
ups t r eam or  downs t r eam and select ing the cap i l l a ry  
posit ion. Argon was added  to the  car r ie r  H2 as r e f e r -  
ence gas (0.25%). Because of the  mass  separa t ion  effect 
(11), ca l ibra t ion  curves were  p repa red  be forehand  to 
de te rmine  the concentrat ions of the reactants ,  SiCl4, 
SiHCI~, SiHfC12, SIC12, and HC1..The concentra t ion of 
SIC12 was de t e rmined  b y  decomposing SiHfC12 in He 
and by  compar ing  SiH2C12 concentra t ion as follows 

z l i  (SiCID 
[SIC12] = [SiHfC12:] X 

zI j  (SiHfC12) 

IHN2 
IR SPECTROPHOTOMETER VACUUM OMS PROBE / 

OUT / / ~ A S  CELL CHAMBER 

pl I I • /  c . . . . . . . .  ~ _ /  i , - - - ~  -~ 
r T I r -  -]1-1" / \ SAMPLING LINE I r,---,~-'r I 
', ~___~.,ff" BELLOWS \ . ' ~ = ~ '  " I I ~ . ~ L - - - - ~  l I . . . . .  I 

,N!0T .... co,/ ...... ' ' 
Hf+ Ar+ SICI4 

Fig. 1. The in situ reaction gas concentration measuring system 
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where Ii(s) = intensity of peak in mass spectrum at 
role -- i from the source s. 

Results 
Figure 2 shows typical reactant concentration profiles 

in the y direction (y: height above the susceptor). Five 
species, SIC14, SiHCI~, SiH~CI~, SIC12, and HCI were 
detected in the reactor. The concentration of SiCI~ is 
constant in the upper region of the gas (constant con- 
centration region). Not only SiCI~, but SiHCI~, and 
SiH~CI~ also have concentration gradients towards the 
substrate surface in the vicinity of the substrate. This 
result indicates that all Si chloride species diffuse 
toward the substrate surface and contribute to the 
epitaxial growth. Furthermore the fact that Si by-prod-  
ucts diffuse toward the substrate indicates that these 
species are formed in the gas phase. The HC1 has a 
concentration gradient from the susceptor and diffuses 
from it. No apparent dependency of the pressure is ob- 
tained as to the concentration profiles when the pres- 
sure of the sampling line is changed. 

Figure 3 shows SiCI~ concentration profiles along the 
susceptor. The concentration of SIC14 in the upper region 
above the susceptor decreases slightly in the down- 
stream direction, while near the susceptor, it decreases 
significantly downstream. The decrease in SIC14 con- 
centration along the gas stream becomes larger as the 
substrate temperature is increased. Gas phase trans- 
port of SiCI~ to the susceptor is assumed to change 
with changing temperature and position along the gas 
flow. 

Figure 4 shows SiHCI~ concentration profiles along 
the susceptor. Near the susceptor surface the concen- 
tr.ation of SiHCI~ decreases significantly downstream. 
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0 
~3 t 
~10' k 

~O1() 1'0 

cm) y Ccrn) Ii , (~m) I| Y ( I 
u : 1 . 6  l /  D : 1 . 6  / ~ ' 1 , 6  ~ : 0 . 8  ~= 0.8 z~: 0-8 
0 : 0 4  0 : 0 4  0 : 0 . 4  

~ ~ , " r r , 
20 30 0 10 20 30 O 10 20 30 

DISTANCE ALONG SUSCEPTOR, x(cm) 

(a)  Ts=1100 ~ (b) Ts= 1150~ (c)  Ts = 1200 'c  

Fig. 3. SiCI4 concentration, profiles 

x 

z" 

o 3 

ku a: 0.8  z~: 0 , 8  ~:  0 .8  
O: 0,4 0 : 0 , 4  O'  0 .4  

~ 1 ~  4 ~ ~ , , r , ~ I , 

O 10 20 30 0 10 20 30 O 10 20 30 

DISTANCE ALONG SUSCEPTOR, x(cm) 

(a )Ts  = 1100 'C (b)  Ts = 1150~ (c )  Ts = 1200~ 

Fig. 4. SiHCI,~ concentration profiles 

The SiHCI~ concentration profiles at the top region 
of the susceptor are reduced. This may be due to the 
fact that the amount of SiHC13 decomposed from SiCI~ 
is still small because of an insufficient rise in gas tem- 
perature. The decrease in SiHCI~ concentration down- 
stream may be caused by decomposition of SiHCI~ into 
SiH~CI2 and SIC12. 

Figure 5 shows HCI concentration profiles along the 
susceptor. The concentration of HC1 increases with an 
increase of temperature and position along the sus- 
ceptor. This is explained by the increase in tempera- 
ture which causes increase in epitaxial  growth rate and 
in the by-product,  HC1 concentration. The HC1 in the 
upstream region flows downstream and increases the 
HC1 concentration there. 

Figure 6 shows concentration profiles at  three posi- 
tions along the susceptor. Both the concentration and 
the concentration gradient of SiCl4 in the vicinity of 
the susceptor decrease in the downstream direction. 
Transport of SiCI~ to the susceptor see~ns to decrease 
w, ith an increase of position along the gas flow. The 
SiHCI~ conbentration in the diffusion region decreases, 
but the concentration gradient is almost constant in the 
gas flow direction. The SiHfC12 also has a concentration 
gradient toward the substrate surface (y < 0.2 cm) 
but no specific effect of position along the susceptor on 
the concentration gradient could be determined. The 
I-tC1 has a concentration gradient from the susceptor 
and the concentration gradient increases with an in- 
crease of position along the susceptor. Transport of 
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HC1 f rom the susceptor  appears  to increase wi th  an 
increase of posi t ion along the gas flow. 

F igure  7 shows gas concentra t ion profiles for  distance 
above the susceptor  at  three  subs t ra te  tempera tures .  
Both the  concentra t ion  and  the concentra t ion grad ien t  
of SiCI~ in the v ic in i ty  of the susceptor  decrease  wi th  
an increase  in the  subs t ra te  temperature �9  The concen- 
t ra t ion  of SiHCI~ decreases,  bu t  the  concentra t ion 
g rad ien t  is a lmost  constant  in the  v ic in i ty  of the  sus- 
ceptor  wi th  increas ing tempera ture .  Both the concen- 
t ra t ion  and the concentra t ion grad ien t  of HC1 from the 
susceptor  increase  wi th  increase  of subs t ra te  t em-  
pera ture .  Transpor t  o f  SiCI~ to the susceptor  and tha t  
of HCI f rom it  seem to increase wi th  an increase in 
t empera tu re .  

F igure  8 shows the effect of gas veloci ty  on the con- 
cent ra t ion  profles for dis tance above the susceptor.  Both 
the  concentra t ion and the concentra t ion grad ien t  of 
SiCI~ and SiHCI~ in the  diffusion region increase  wi th  
an increase in the  gas velocity.  Transpor t  of both  SiCI~ 
and SiHCI~ to the susceptor  seems to decrease  wi th  an 
increase  in gas velocity.  The  concentra t ion of SiH2C12 
in the upper  region above the susceptor  decreases wi th  
an increase  in gas velocity.  I t  is l ike ly  that  the concen-  
t ra t ion  of SiCI~ and SiHCI~ decrease whi le  the  concen- 
t ra t ions  of o ther  Si chlorides increase wi th  a decrease  
in  gas -ve loc i ty  because- the  gas t empe ra tu r e  increases 
wi th  a decrease in gas veloci ty  and the S~CI~ and 
SiHCI~, when hea ted  enough, decompose into other  Si 
chlor ides  to r each  the growing surface. 

Discussion 
When the resul t s  of  t he rmodynamic  calculat ions (2, 

5) are  compared  wi th  the  above concentra t ion profiles, 
two t rends  are  evident ,  firstly, in equi l ib r ium the con-  
cent ra t ion  of SiHCI~ is a lways  h ighe r  than  tha t  of 
SiCI~, and  secondly,  SIC12 is the main  species in high 
t empe ra tu r e  region (or  in the  v ic in i ty  of the susceptor) .  
This impl ies  the poss ib i l i ty  that  in the above exper i -  
ments,  whi le  SIC12 is sampled  and t rans fe r red  to the 
detector ,  ~t might  change into SiH~CI~ though no ap-  
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paren t  resu l t  is obta ined  f rom the exper iments  made 
in changing sampl ing  pressure .  

As the  growth  pa rame te r s  are  changed,  the concen- 
t ra t ion  gradients  of Si chlorides toward  the growing 
surface change;  the  p r i m a r y  reac t ion  species which 
contr ibute  to the growth  ra te  are  also l ike ly  to change. 
I t  is a necessary  condit ion for  ep i tax ia l  g rowth  tha t  
react ion species reach  the subs t ra te  surface. By ca lcu-  
la t ing diffusion fluxes, t r anspor t  of molecules  to the 
subs t ra te  or  total  flows of molecules  f rom gas phase 
to solid phase can be evaluated.  We compared  the 
growth  ra tes  wi th  those ca lcu la ted  f rom the con-  
cen t ra t ion  gradients .  

There  are  seven species; SIC14, SiHCI3, SiH2CI2=, SIC12, 
HC1, Ar,  and  H2 in the reactor .  In  a mul t i component  
mix tu re  the  S t e f an -Maxwe l l  equat ion is satisfied for 
one d imensional  concentra t ion diffusion toward  the 
subs t ra te  surface (12). 

2 Vzi  = ~ (ziNj -- zjNi) [1] 
' cDij 

where  zi -- tool f ract ion of i; c = n u m b e r  of mols of 
gas in a uni t  volume;  D U = b ina ry  diffusivity;  Ni = 
diffusion flux re la t ive  to s t a t ionary  coordinates.  I f  we 
use the effective b ina ry  diffusivi ty Dim and app rox ima te  
this b y  DIN2, the  one d imensional  diffusion flux Ni is 
expressed as the fol lowing 

Ni : --CDiH2~Zi [2] 

If  a t e rm for the rmal  diffusion (13) is added  to Eq. [2], 
then 

Ni = --cDiH2 VZi -}- ~ [3] 

where  a = the rma l  diffusivity.  The b ina ry  diffusivi ty 
DiN2 is given as follows (13) 

Dill2 ----- DLH20 - ~ "  [4] 

where  we used k : 1.67. In order  to eva lua te  Ni, the 
concentrat ions  at  the  subs t ra te  surface were  es t imated  
by  ex t rapo la t ing  the  concentra t ion  profiles, and  the 
gradients  at  the  surface  were  approx ima ted  b y  those 
be tween  0.2 cm and the surface.  The growth  ra te  is 
wr i t t en  as 

Mst G = ~ Nl [5] 
p 

= _  ( zi,,  
M s i  E CDiH2 VZi "-~ ~ ] [6] 

# 

where  Msi ---- molecular  weight  of  Si; p ---- dens i ty  of 
solid Si. 

F igu re  9 makes  a compar ison of observed and calcu-  
la ted  growth  ra tes  a long the susceptor.  Two ca lcu la -  
tions were  made.  In  calculat ion [1], only  SiCI~ was 

c- 

: L  

d 

1.0 
-1- 
!-  

0 

0 

T s =  1 2 0 0  ~C 
Vo = 3 4  c m / s  
0 : 1 . 3  ~ 
Co = 0 . 7 8  mol  % 

- -  -O  . . . . . . . . .  O- 

-a . . . .  ~ . . ~  CALCULATION ( 2 )  

CALCULATION ( 1 ) ~  " - "  - . .~ ._ .  

, I I , I 

O 1 0  2 0  3 0  

D I S T A N C E  A L O N G  S U S C E P T O R ,  x ( c m )  

Fig. 9. Comparison of growth rafe~ 



206 J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY January I983 

taken as the diffusing species. In calculation [2], both 
SIC14 and SiHCI~ were taken as the diffusing species. 
The contribution of SiH2C12 and SIC12 could not be cal- 
culated because of the uncertainty in their concentra- 
tion gradients at the substrate surface. The results 
in calculation [1] do not agree with the observed 
growth rate. However, calculation [2] values almost 
coincide with the observed growth rate in the upstream 
region. Therefore, it  is concluded that SIC14 and SiHCI~ 
contribute mainly to the growth rate  upstream. It 
seems that the contributions of SIC14 and SiHC13 de- 
crease with the increase of position along the susceptor 
since calculation [2] does not agree with the observed 
growth rate in the downstream region. This discrep- 
ancy may be due to the contribution of SiH2C12 and 
SiCI~. 

Figure 10 is a plot of calculated and observed growth 
rates at three substrate temperatures. The contribution 
of SIC]4 to the growth rate  decreases with an increase 
in the substrate temperature (calculation [1]). The dis- 
crepancy between the observed and calculated growth 
rates for SIC14 and SiHC13 seems to come from the 
contribution of SiH~C12 and SIC12 (calculation [2] ). 

The probable transport  models are shown in Fig. 11. 
The silicon source SIC14 is the pr imary  contributor to 
the growth rate in the case Of a large gas velocity, low 
suhstrate temperature, and upstream position along the 
gas flow. The pr imary reacUon species shifts from SIC14 
to the other Si chlorides with the decrease of gas r e -  
locity and with the increase of substrate temperature 
and position along the susceptor. 

Conclusion 
Gas phase transport  in Si epitaxial  growth was in- 

vestigated by means of in situ mass spectrometry mea-  
surements while changing growth parameters. Five, 
species, SIC14, SiHC13, SiH2CI2, SIC12:, ana HC1 were 
observed in the reaction gas. Not only SiCI4 but the 
other Si chlorides contribute to the surface growth re- 
actions. The pr imary  reaction species shifts from SiCI4 
to the other Si chlorides with decreasing gas velocity 
and with increasing substrate temperature and posi- 
tion along the susceptor. 
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TEM Observation of Precipitates of Cd-Phosphides in Cd-Diffused 
InP: A Correlation with the Previously Proposed Diffusion Models 

B. V. Dutt* and D. Brasen 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Cadmium-diffused InP was studied by  t ransmission electron microscopy. The surface regions of the  samples, in which 
Cd was diffused on the P-rich side, showed several precipi tate phases. Some of these could be identified as the phosphides,  
CdjP2 and CdTP~o. No evidence of precipi tate formation was observed in samples when Cd was diffused at relatively low 
phosphorus  vapor  pressures or on the In-rich side. These results are explained semiquanti tat ively on the basis of the recent 
thermodynamic  data of the Cd-phosphides.  Previously proposed interst i t ial-substi tutional diffusion models  are also dis- 
cussed in light of the present  evidence of second-phase precipitates.  The proposal,  that  on the P-rich side, the diffusing 
intersti t ial  is doubly  ionized and that  most  of Cd is incorporated in its neutral  substi tut ional  form is consistent  with the 
present  data. 

A s tudy  of Cd diffusion in undoped  n - t y p e  InP 
using e lementa l  mix tu re s  of (Cd, In)  and  (Cd, P)  as 
s ta r t ing  sources has been repor ted  recen t ly  (1, 2). In  
an a t t empt  to gain  a be t t e r  under s t and ing  of the InP:  
Cd system, some of the  samples  s tudied  in Ref. (2) 
a re  eva lua ted  by  t ransmiss ion e lec t ron  microscopy 
(TEM),  and these resul ts  const i tute  the  present  paper .  
The samples  in which the  cadmium was diffused f rom 
(Cd, In)  al loys showed no prec ip i ta tes  or  second-phase  
fo rmat ion  in the TEM analysis.  However ,  the InP sam-  
ples in which  Cd was diffused on the P - r i ch  side 
showed a va r i e ty  of prec ip i ta tes  in the surface  regions 
of the  samples.  Some ~f these were  identif ied to be 
CdjP2 and CdTP10. In the  following, a quant i t a t ive  
analysis  of the  p rec ip i ta te  fo rmat ion  is a t t empted  
using the cu r r en t ly  ava i lab le  the rmodynamic  da ta  (3, 
4). The mechanisms of incorpora t ion  and diffusion of 
Cd and InP are  r eexamined  tak ing  into considera t ion 
the coexist ing phase  of phosphides  of cadmium as p re -  
cipitates.  

Background 
For  completeness,  a b r ie f  s u m m a r y  of the  previous  

work  (1, 2) is p resen ted  here. Cd was shown to be an 
acceptor  in InP  (5) and was thus expec ted  to form 
p - n  junct ions  in n - t y p e  InP. However ,  two junct ions  
were  de l inea ted  (1) on chemical ly  s ta ining wi th  A - B  
etch (6).  EBIC profi l ing sugges ted  tha t  the  two junc-  
tions were  p + p -  and p - n -  wi th  the p -  region being 
the deple t ion  region in a p + - p - - n -  junct ion  fo rmat ion  
(1). In  o rde r  to unde r s t and  the mechanism of the di f -  
fusion of Cd in InP, the junct ion  dep th  var ia t ions  were  
inves t iga ted  as a funct ion of the  cadmium ac t iv i ty  and 
the amount  of P (2). On the P - r i c h  side, the  da ta  
suggested the  fo rmat ion  of Cd-phosphides  which ap-  
pea r  to be the ac tua l  diffusion sources, a l though the 
s ta r t ing  sources were  e lementa l  mix tu res  of (Cd, P) .  
The diffusion of Cd has been in t e rp re t ed  on the basis 
of  an in te r s t i t i a l - subs t i tu t iona l  model.  In  this model,  
C,d r ap id ly  diffuses th rough  the in te rs t i t i a l  la t t ice  and 
dissolves subs t i tu t iona l ly  on the In- la t t ice .  The sub-  
s t i tu t iona l  Cd is r e l a t ive ly  immobi le  and does not  di -  
r ec t ly  t r anspor t  Cd. The diffusion da ta  of Ref. (2) are  
reproduced  here  in Fig. 1. Based on the var ia t ions  of 
the diffusion coefficient, Dcd, w i th  acd, the ac t iv i ty  of 
Cd in the  (In, Cd) alloy, and  the amount  of phos-  
phorus,  Wp shown in Fig. l ( a )  and (b) ,  i t  was p ro -  

*EleetrochemicaI S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  I I I - V  c o m p o u n d s ,  d e f e c t s ,  t h e r m o d y n a m i c s .  

posed tha t  the  charge states of the  fast  diffusing in-  
te rs t i t ia l  species and the subs t i tu t iona l ly  dissolved Cd 
depend on the diffusion conditions. The junct ion  depth  
var ia t ions  of Fig. 1 a re  consistent  wi th  the  i n t e rp re t a -  
t ion that,  on the In - r i ch  side, at aCd ~ 0.4 the  diffusing 
in te rs t i t i a l  is neu t r a l  and  Cd is mos t ly  p resen t  as a 
monova len t  acceptor.  At  acd ~ 0.4 the diffusing in t e r -  
s t i t ia l  is doubly  ionized and Cd is p resen t  as a mono-  
va len t  acceptor.  On the P - r i c h  side, assuming tha t  the  
p r inc ipa l  phosphides,  CdjP~, CdP2, and  CdP~, a re  the  
diffusion sources for Cd, the da ta  a re  consistent  w i th  
an in te r s t i t i a l - subs t i tu t iona l  mechanism wi th  the as-  
sumpt ion  that  the in te rs t i t i a l  is doubly  ionized and Cd 
is l a rge ly  presen t  in i ts neu t ra l  subs t i tu t iona l  form. 

Exper imental  
The detai ls  of the  diffusion anneals  a re  descr ibed 

e lsewhere  (2). Briefly, Cd was diffused in sealed am-  
puls, into undoped  (001)-or iented,  n - t y p e  InP  sub-  
s t ra tes  using e lementa l  mix tures  of (Cd, In)  and (Cd, 
P) as s ta r t ing  sources. The ampul  vo lume and the 
amount  of Cd were  held  constant  at  5 cm 3 and 3.5 rag, 
respect ively,  whi le  the  amoun t  of In or  P was varied.  
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Fig. 1. Square of junction depth as a function of the activity of 
Cd on the In-rich side and the weight of phosphorus on the P-rich 
side are shown, respectively, in (a) and (b). The various regions 
marked 1 to 5 are the same as those listed in column 4 of Table I. 
Arrows A, B . . . . .  G indicate the region and the diffusion history. 
See column 2 of Table I for ampu! contents. AII diffusions were 
done at 680~ for 4 hr. 
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Table I. Summary of TEM results, diffusion history, and proposed models 

Region of Fig. P roposed  models 
Weigh t  of Weigh t  of 1 where the Dcd vs. acd for diffusion and 

Sample* excess  In  excess P diffusion data dependence incorporation 
ID (rag)  ( m g )  of sample  falls of the  reg ion  of Cd (2) TEM results 

U p p e r  l imit  of 
p ( P , )  a s suming  
all added  P goes 
into vapor ,  a t rnt  

A O 0 2 ac~ ~ Cdl '  ", CdIn" NO prec ip i t a t es  
B 3.4 0 2 acd ~ Cdl '  ", CdIn' NO prec ip i t a t es  
C 13.8 0 1 acdl/~ Cdl x, Cdl '  No p rec ip i t a t es  
D O 0.10 3 acd C d l " ' ,  Cdxln No prec ip i ta tes  in mat r ix ,  bu t  

decorated dislocations. No 
additional phases observed. 

E 0 4.75 4 acd C d l " ,  Cdxz, CchP2 identif ied 
F O 19.5 5 acd C d l " ,  CdXln CdaP2 identif ied 
G 0 47.7 5 aCd Cdl" ", CdXln Cd~Plo identified 

10-3 
I0-~ 
I0-~ 

1.3 x I0  -:~ 

0.6 
2.5 
6.0 

* Weight of Cd in 5 cm~ ampuls is 3.5 mg in all cases .  
t For  samples ,  A, B, and C, the  upper  l imit  is  t a k e n  as the  dissociat ion pres sure  of  InP. 

The diffusion anneals  were carried out for 4 hr with 
the sample at 680~ and the diffusion source at 675~ 
After  the anneals,  the ampuls were rapidly quenched 
to room temperature.  

Samples for t ransmission electron microscopy were 
prepared by th inn ing  down from the back side of the 
wafers to about 10 mils thickness, using a chemical- 
mechanical  polishing technique. Disks, 3 mm diam, 
were then cut ul t rasonical ly from the wafers. They 
were fur ther  th inned down from the back side with a 
1.5% bromine-methanol  solution, while protecting the 
diffused side. The samples, approximately 2000A thick, 
were examined in a JEM 200 transmission electron 
microscope operat ing at 200 kV. 

Results 
A total of seven samples was examined by t ransmis-  

sion electron microscopy. These are labeled A to G 
and are marked  by  corresponding arrows A,B,...,G on 
Fig. 1 to indicate their diffusion anneal  history. Table I 
summarizes the details of the diffusion anneals.  The 
var iat ion of the diffusion coefficient, Dcd, with aCd 
generated by the data from each sample is also given 
in  Table I. Sample A, in which Cd was diffused with no 
excess In  or P added to the ampul,  and samples B 
and C, with excess In, indicated by arrows A, B, C in  
regions I and II of Fig. 1, showed no evidence of pre-  
cipitates. This suggests tha t  the activity of the dis- 
solved Cd has not  approached the value necessary ~or 
the formation of a second phase, such as Cd-phos- 
phides. In  other words, under  these conditions, Cd is 
incorporated at bona fide lattice sites and the concen- 

t rat ion of Cd is wi thin  the solubil i ty limit, which is a 
funct ion of the tempera ture  and the activities of the 
three consti tuents In, Cd, and P. 

On the other hand, the samples D to G in which Cd 
was diffused under  P-r ich  conditions show many  in-  
teresting features. Figure 2 shows transmission elec- 
t ron micrographs obtained from sample D. Figure 2a 
was taken using a two-beam diffraction condition, 
while Fig. 2b shows a quasi -kinemat ical  situation. 
Comparison of (b) with (a) suggests that the disloca- 
tions are probably decorated with impuri t ies  or micro- 
precipitates. Fur ther  examinat ion of the sample re- 
vealed that the impuri t ies  only seem to precipitate 
out along dislocations, while no precipitates appear in 
the matrix.  Due to their  fine s t ructure  and the low 
densi ty of the dislocation clusters,  the corresponding 
diffraction pat terns  did not  reveal any addit ional 
phases. Hence the na ture  of these precipitates could 
ncrt be determined. 

Samples E and F showed similar  features and we 
shall  therefore discuss our findings on sample F as 
they apply to both. Figure 3 shows the micrographs of 
sample F. Figure 3(a) and (b) show, respectively, an 
area viewed using br ight  and dark field diffraction 
conditions. Figure 3c shows the corresponding diffrac- 
t ion pattern.  It  is clear from Fig. 3(a) and (b) that 
fine precipitates, approximately 50-150A in size are 
formed in InP. The diffraction pat tern  in Fig. 3c 
shows extra planes which do not belong to the matrix. 
A comparison of the d-spacings of these planes with 
those of the phosphides of Cd given in  Table II re-  
veals that  the precipitates are Cd3P2 crystallites. A 

Fig. 2. TEM micragraphs of sample D of Table I. (a) Shows dislocations using (220) reflections, (b) shews microprecipltates visible 
under quasi-kinematical condition. Marker ~ 0.5 #m. 
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Fig. 3. TEM micrographs of sample F of Table I. (a) Bright field 
pattern, (b) dark field pattern, (c) diffraction pattern of dark field. 
Note extra spots due to Cd3P2 precipitates. Marker = 1 ~m. 

closer examinat ion  of the diffraction micrograph 
shown in  Fig. 3c indicates that  the Cd~P2 crystalli tes 
are oriented with their  (01O) plane paral lel  to the 
(001) plane of the InP  matrix.  However, since the 
crystallites appear to be rotated about their (010) 
axis, it  is difficult to assess their  growth orientation. 

As the amount  of phosphorus added to the ampuls 
was increased, new phases became evident. Figures 4 
and 5 show electron micrographs of sample G prepared 
with 47.66 mg of P. Note how the crystallites have 
grown and are now be t te r  defined. However, the re-  
sult ing diffraction patterns,  Fig. 4c and 5c, have be-  
come very  complex. In  order to determine the na ture  
of some of these crystallites, it was again necessary to 
at least par t ia l ly  index the diffraction patterns.  A 
comparison of the d-spacings of the u n k n o w n  planes 
with those of the known  Cd-P compounds, as can be 

Table II. Comparison of measured d-spacings of extra planes 
with the k,nown d-spacings of CdsP2 

d-Spacing (A) 

ASTM File 
Point  No. Measured of  CdsP~ Plane 

1 3.59 3.56 (202) 
2 2.15 2.157 (401) 
3 2.05 2.06 (402) 
4 1.78 1.78 (404) 
5 1.50 1.50 (203) 
6 1.36 1.37 (407) 
7 1.18 1.19 (606) 

seen in Table III, shows that  some of these crystallites 
can be identified as Cd~P10. In addition, the correspond- 
ing in te rp lanar  angles were calculated and compared 
with those which were measured from the micro-  
graphs. The results, in Table IV, confirm these crystal-  
lites to be CdTP10. Hence as the amount  of excess phos- 
phorus is increased, the precipitated Cd-phosphides 
seem to become richer in phosphorus. 

The zone axes of CdTP10 crystals identified in  Fig. 4 
and 5 were determined to be (211) and (001), respec- 
tively. Due to the complexity of the diffraction pat -  
terns, it was not possible to measure any angular  rela-  
tionships between the InP  matr ix  and the CdTP10 

Table III. Comparison of measured d-spacings of planes of 
some of the crystallites with known d-spacings of CdTPlo 

d~Spacing (A) 

Fig. 4 

Fig. 5 

ASTM file 
Point  No. Measured of _CdTP~o P l a n e  

1 5.36 5.30 (24D) 
2 3.24 3.08 (351) 
3 2.71 2.653 (480) 
4 2.33 2.23 ( 222 ) 

Zone  ax i s  is (211) 

1 4.13 4.26 (620) 
2 3.06 3.44 (800) 
3 2.88 2.883 (080) 
4 2.66 2.562 (860) 

Zone  ax is  is (001) 



210 J. E[ectrochem. Soc.: S O L I D - S T A T E  SCIENCE A N D  T E C H N O L O G Y  January  I983 

Fig. 4. TEM micrographs of sample G. (a) Bright field pattern, 
(b) dark field pattern, (c) diffraction pattern of dark field. Some 
planes indexed as belonging to CdTPlo crystallites. Marker 
2000A. 

crystal l i tes .  Hence, the complete  g rowth  or ien ta t ion  is 
not  known. However ,  since in Fig. 5 i t  was known that  
the InP m a t r i x  had  a zone axis of (001), it  can be as-  
sumed that  the (001) planes  of InP are  para l l e l  to 
the (001) p lanes  of at least  some of the  CdTP10 crystals .  

Discussion 
We shal l  now make  an a t t empt  to expla in  the  ob-  

se rved  prec ip i ta te  format ion  in te rms of the  ava i lab le  
the rmodynamic  da ta  (3, 4). In  addit ion,  the  p rev ious ly  
proposed diffusion models  wil l  be r eexamined  in l ight  

Table IV. Comparison of the calculated and measured interplanar 
angles of CdTPlo crystallites 

I n t e r p l a n a r  a n g l e s  
( d e g r e e s )  

P l a n e s  M e a s u r e d  C a l c u l a t e d  

Fig.  5 

Fig .  6 

(240)A(351) 41 41.87 
(240)A(480) 0 0 
( 240 ) A ( 222 ) 76.5 76.02 
( 351 ) A ( 480 ) 41 41.87 
(351)A(222) 35.5 34.15 
(480) A (222) 76.5 76.62 
(620) A (800) 21.7 21.72 
(620) A (b80) 68.5 68.28 
(620) A (860) 19.5 20.15 
(800)A(080) 90 90 
( 800 ) A ( 860 ) 41.2 41.86 
(080) A(860) 49.5 48.14 

of the  coexist ing second phase of Cd-phosphides  as 
precipi ta tes .  

Case 1: In-rich s ide . - -Cons ider  the incorpora t ion  of 
Cd in InP from l iquid (In, Cd) a l loy th rough  the fol-  
lowing react ion 

Cd (In, Cd) alloy + VIn x "~ CdIn' + h [1] 

The corresponding law of mass act ion is 

K C d  = [CdIn']p/acd[VIn x] [ l a ]  

For  an ext r ins ic  semiconductor  regime, given by  
[CdIn'] - - - p ,  [CdIn],P '~ acal/2[VInX] y2 or  since [VIn x] 
,.~ ain -1, [CdIn'] ,~ aCdI/2aIn -'/2. Here  p denotes  hole 
concentrat ion.  In  (In, Cd) alloys, aca is inverse ly  p ro -  
por t iona l  to aIn. Thus for large  ain, acd is smal l  and vice 
versa. Fur ther ,  ain and p (PD are  re la ted  th rough  the 
dissociat ion constant  of InP;  a large  aIn corresponds 
to a low P(P4) .  Therefore,  on the  In - r i ch  side, acd 
and p (P4) wil l  be too smal l  to lead  to Cd-P  compound 
formation,  i.e., Cd is p resen t  only  homogeneous ly  in 
the  InP  and no second phase is p resen t  (2).  Proof  of 
presence o,f Cd as a s ingle ionized acceptor  CdIn', as 
proposed in Ref. (2),  needs fu r the r  da ta  on the solu-  
b i l i ty  of Cd as a funct ion of acd and azn. 

Case 2: P-rich side.--The observa t ion  of prec ip i ta tes  
in the Cd-diffused samples  on the  P - r i c h  side raises a 
difficult question. Are  the prec ip i ta tes  fo rmed  and 
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Fig. 5. TEM micrographs of a second region of the sample G 
shown in Fig. 4. (a) Bright field pattern, (b) dark field pattern, (c) 
diffraction pattern of dark field. Some planes indexed as belonging 
to Cd~Plo crystallites. 

presen t  in the samples  at t h e  diffusion t empe ra tu r e  
of 680~ or  do they  fo rm as a resul t  of the  quench 
f rom the high t empe ra tu r e  to the  room tempera tu re?  
We bel ieve  tha t  the quenching technique we adopted  
of d ropping  the ampuls  into an e thylene  glycol  ba th  
af ter  the diffusion anneal  is sufficiently r ap id  to freeze 
the  high t empe ra tu r e  defect  equi l ibr ium,  thus p r e -  
vent ing  any atomic r ea r r angemen t s  necessary for p re -  
c ip i ta te  fo rmat ion  dur ing  the quench. I t  is therefore  
assumed tha t  the  prec ip i ta tes  were  formed and presen t  
at  the  diffusion t e m p e r a t u r e  of 680~ itself. 

The behavior  of the I n - C d - P  t e r n a r y  sys tem on t h e  
P - r i c h  side can best  be  in t e rp re t ed  wi th  the a id  of 
the  schemat ic  t e r n a r y  phase d i ag ram shown in Fig. 6 
and the ac t iv i ty  diagram,  Fig. 7, whe re  the ac t iv i ty  of 
acd is p lo t ted  as a funct ion of P(P4) .  In  Fig. 6, four  
phases coexist  in regions 1, 2, 3, 4, etc., wi th  all  ac t iv i -  
ties fixed inside these regions.  These regions appear  as 
points  in Fig. 7. The 4-phase  regions are  separa ted  
by  3-phase regions, in which  aca, P(P4) ,  and  ain vary .  
In  Fig. 7 the 3-phase  t rans i t ion  regions are  the  sections 
be tween  the points  xl,  x~, xs, and x4. At  low pa r t i a l  
pressures  of phosphorus,  P(P4) ,  or  equiva lent ly ,  at  
a h igh  ac t iv i ty  of Cd, InP m a y  coexist  w i th  l iquid  Cd. 
As p (P4) is increased InP  may  coexist  wi th  the  va r i -  
ous phosphides  of Cd. At  a pa r t i cu l a r  value  of P (P4), 
say point  xl, th ree  condensed phases  coexist:  I n P ( s ) ,  
Cd (1), and  CchP2 (s) .  S imi l a r ly  at  points  x2, x3, and x4 
corresponding to different  values  of p (P4), the fo l low-  
ing phases coexist:  CdsP~(s),  CdP2(s) ,  and I n P ( s )  at  

x~; CdP~(s) ,  CdP4(s) ,  and  I n P ( s )  at  xs; CdP4(s) ,  
I n P ( s ) ,  and P ( s )  at  x4. Fo r  lack  of sufficient t he rmo-  
dynamic  data,  we omi t ted  CdTP10 f rom Fig. 6 and 7, 
a l though i t  is identif ied as one of the phosphides  in 
our  I n P : C d  samples. The discussion here  is mere ly  
res t r ic ted  to the forms of phosphides  for which  the r -  
modynamic  da ta  have  recen t ly  become avai lab le  (3, 
4). The ac t iv i ty  of cadmium and the pa r t i a l  pressure  
of phosphorus  at  xl,  x2, xs, and x4 can be es t imated  

Cd 

APPROXIMATE , ~  
 OC;ES,O NTA , r N  3P2 

/ 
In InP P 

Fig. 6. Schematic of In-Cd-P ternary with exaggerated view of 
the region around InP to indicate the position of points xl, x2, x~, 
and x4 (see text). 
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Fig. 7. Graphical representation of the experimental locus through 
points xl, x2, and x4 plotted as Cd-activity vs .  phosphorus vapor 
pressure. Arrows p(D), p(E), p(F), p(G) indicate estimated upper 
limit of the phosphorus vapor pressure using ideal gas law (see 
text). 

from the known  values of dissociation constants of the 
phosphides (3, 4) and the saturated vapor pressures 
of Cd and P as a funct ion of temperature  (6, 7). The 
dissociation constants, Kcd3P2, KcdP~, and KcdP4 cor- 
respond to the following reactions and the respective 
mass action relations; thus 

Cd~Pe(s) -~ 3Cd(g) + 1/2P4(g) [2] 

KCdsP2 = p3 (Cd) pW (P4) [2a] 

CdP2(s) ~ Cd(g)  + 1/2P4(g) [3] 

KcdP2 = p ( C d ) p  v~ (P4) [3a] 

CdP4(s) -~ CdP~(s) + 1/2P4(g) [4] 

KCdP4 --  pV~ (P4) [4a] 

The following values of the constants are obtained by 
Lazarev et al. (3, 4) 

(24,940 +_ 480) 
loglo(Kcdsv~/atmT/~) _-- _ 

T 

+ (23.70_+ 0.39) [5] 

(11,420 _ 130) 
log10 ( K c d p J a t m  s/2) = -- 

T 

+ (10.69_ 0.14) [6] 

(4,950 _+ 150) 
~- (4.04--+ 0.17) 

T 
[7] 

log10 (Kcdv4~/atm) = 

The saturated vapor pressure of Cd, Pcd~ iS given by 
[6] 

( l ' 0 8 e V )  arm [8] 
PCd ~ --- 1.7 X 105 exp k T  

The vapor pressure of commercial grades of phos- 
phorus is given by (7) 

l n p ( P D  = -- 
(10.8 +_ 0.4) X l0 s 

T 
~- (16.5 +__ 0.6) [9] 

f rom Eq. [5] to [9], at the diffusion tempera ture  of 
680~ we obta in  

KCdaP2 ~-~ 3.39 X 10 -3 arm r/2 [10a] 

KCdP 2 : 5.10 X 10 -~ arm 3/2 [10b] 

KcdP4 ~ ---- 7.01 X 10 -2 arm [10c] 

pcd ~ -- 0.36 arm [10d] 

p(P4) ---- 175.5 arm [10e] 

Using the numer ica l  est imates [10(a-e)] ,  an approxi-  
mate locus of the exper imental  data passing through 
the points xl to x4 can be constructed. Figure 7 shows 
this locus represented graphical ly as an activity dia- 
gram showing log aCd VS. log p (PD. For example, the 
position of xl, where Cd(1), I nP( s ) ,  and Cd~P2(s) are 
presumed to ~ coexist, is determined from P(PD 
KCd3P22/Pcd ~ -~ 5.64 • 10 -3 arm, giving the coordi- 
nates  of xl, as aCd ~ 1 and p ( P D  --~ 5.64 • 10 -3 arm. 
Similarly,  [10(a) and (b)]  yield the coordinates of 
x2 as aCd "-~ 0.72 and P(P4) --~ 3.92 X 10 -2 arm, and so 
on. It  should be understood, however, that  an estima- 
tion of the actual  part ial  pressures of Cd, P, and In  
in  the diffusion ampul  is not  an easy task. Such a task 
is even more complicated with the possibility of Cd- 
phosphide formation. A rough estimate of the upper  
l imit  of the phosphorus part ial  pressure can be made 
with a s imple-minded assumption that all the excess 
amount  of phosphorus added to the ampul  is present  
as P4 in the vapor. The estimate may be too high 
because some P is dissolved in InP  or present  as 
CdmPn(s). It  may be too low because P2 is also present. 
Thus the arrows p(D)  to p (G)  marked in Fig. 7 indi-  
cate these estimated upper  limits based on ideal gas 
law. The actual vapor pressures will  be lower than 
these limits and will be expected to fall to the left 
side of the arrows p(D)  to p ( G ) .  It  is apparent  that  
the samples A, B, and C represented by arrows p (A),  
p (B) ,  and p(C)  in Fig. 1 fall to the left of Xl in Fig. 
7 and are therefore not shown. Thus the phosphorus 
vapor pressure at which samples A, B, and C were an-  
nealed is not high enough for Cd-phosphide formation. 
The arrow p(D)  corresponds to sample D. As seen 
from Table I, sample D shows dislocations decorated 
with precipitates; thus it is in  a three-phase region. 
The P(P4) estimate places it in  the region InP -}- 
CchP2 + vapor (with CdsP2 as the precipitates).  How- 
ever, samples E, F, and G with fairly large amounts  of 
phosphorus have a high probabi l i ty  of forming Cd- 
phosphides as seen from their  position on Fig. 7. These 
fall to the r ight  of x3, i.e., in the three-phase region 
InP  + CdP4 + vapor with a P(P4) larger than  ex-  
pected for InP  + CdTP10 + vapor which should have 
a P(P4) between xl and xs. The identification of 
CdTP10, however, is certain. There are other precipitate 
forms observed which we could not identify. These 
may include CdP2 and CdP4 as expected from the pre-  
dictions of Fig. 7. 

Consider the incorporation of Cd in InP  from Cd- 
phosphide, CdmPn present  as an external  phase (dif- 
fusion source) ; this occurs via the reaction 

CdmPn ~ mCdIn x + nPP x + (m -- n)Vp x [11] 

The corresponding law of mass action is given by 

[Cdin x]~[vPx] '~-  
Krnn --  [ l l a ]  

[a (CdmP,)] 

since the site fraction [ppx] ~.~ 1. The dissociation re- 
actions of phosphides of In  and Cd lead to the fol- 
lowing relations between the part ial  pressures of Cd, 
P, and In 

1 
InP( s )  = I n ( l )  + ~ -P4(g)  [12] 

KInP (S) = ainP(P4V%/ainP [12a] 

CdmPn---- mCd (1) + -~- P4(g) [13] 

KCdmP,, = acder~"l'(P4) /a(CdrnPn) [i3a] 

Taking a(CdmP,) ,  a ( I n P )  _~ 1, for coexistence be-  
tween InP  and C d~Pn, the phosphorus vapor pressure 
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over them is the same: thus from [12a] and [13a] we 
get 

T2" 4/ 'n~__ --4m/~ P (P4) = KInp4aIn -4 = -r~-CdmPn t~Cl [14] 

Therefore for equi l ibr ium between coexisting phases 
of InP  and CdmPn, the activities of In and Cd are 
related by 

a i n - 4 a c d  4m/n ---. gcdmPn4/nKInP - 4  [15] 

Depending on the phosphorus to Cd ratio of the phos- 
phides, m and n take different values; thus for CdsP2, 
CdP2, and CdP4, respectively, we obta in  the relations 
[16], [17], and [18] 

ain-4acd 6 --~ KcdsP22KInP -4 ~- K1 [16] 

ain-4acd 2 = KcdP22KInp -4 = K2 [17] 

ain-4acd 1 ~ KcdP4KInP -4 -- K8 [18] 

For a concent ra t ion-dependent  dissociative diffusion 
mechanism, it has been shown (8) that  the effective 
diffusion coefficient is given by  

Deft -- DiOCi/8C [19] 

where Ci -- interst i t ial  Cd concentrat ion and C -- total 
Cd concentrat ion in the sample. On the phosphorus 
side it  has been shown (2) that the assumption of 
[Cdln'] ~-~ p and [CdJtot ~_~ [CdIn x] leads to 

[CdIn'] ,P ,~ acd'/2ain - V2 [20a] 

[CdIn x] ----- [Cd]tot ~'~ acdain -1 [2Ob] 

[Cdi"] ,,~ acd2ain -1 [20c] 

Note that in our model (2) Ci = Cdf '  ~ acd2ain -1 and 
C --~ [Cd]tot ~-- [Cdin x] ,~ acdain -1, thus 

OCi OCi OaCd 
Deft --~ Di ~- D i -  [21] 

OC 0~aCd oC 

For equi l ibr ium between Cd3P2 and InP, using the re- 
lat ionship given by Eq. [16] be tween aCd and aIn and 
subst i tu t ing in [20(b) and (c)] and [21] it can be seen 
that Deft ~ aCd. Similar ly  for coexistence of CdP2 and 
CdP4 we get Deff ~ acd from Eq. [17]-[21]. Thus the 
previous proposals of models discussed in Ref. (2) for 
the Cd diffusion and incorporat ion appear to hold good 
even when there is a second-phase precipitation. 

Figure 7 indicates that  in  the wake of Cd-phosphide 
precipitation, acd gradual ly  decreases wi th  increasing 
phosphorus vapor pressure, P(P4);  this corresponds 
to a lower aim This suggests that the solubil i ty of Cd, 
as measured by [Cd]tot ~--- [CdIn x] or the precipitates 
will  be expected to decrease, exhibi t ing a functional  
dependence on phosphorus vapor pressure, similar to 
that of acd on p (P4). 

A decreasing solubil i ty of Zn in InP with an increas-  
ing phosphorus vapor pressure, reported by Tuck and 
Hooper (9), may similar ly be a t t r ibuted to the pre-  
cipitation of Zn-phosphides. Tien and Miller (5) pro-  
posed a neut ra l  Cd-complex, the concentrat ion of 
which rapidly varies along the diffusion profile. This 
complex may not be identified as the second phase of 
Cd-phosphides. A complex refers to species present  in 
solid solution, a second phase is a precipitate. The re-  
sults, however, can be re - in terpre ted  on the basis of a 
second-phase formation. Tuck and Hooper (9) and 
Tien and Miller (5) proposed that  the fast diffusing 
interst i t ial  is neutral .  This proposal was based on the 
P-r ich  side data. Since the concentrat ion of the neut ra l  
interst i t ial  is proport ional  to acd and the total concen- 
tration, approximated by [Cdin x] varies as acdain -1, 
the effective diffusion coefficient, as seen from Eq. 
[16]-[21], would be expected to vary  as Dcd ,~ acd a, 

being 3/2 or 1/2 or 1/4 depending on the coexisting 
phases of CdsP2, CdP2, and CdP4, respectively. How- 
ever, the observed behavior  of Dcd with phosphorus 

vapor pressure, shown in  Fig. l ( b )  has been in te r -  
preted as an indicat ion of the rapid formation of the 
Cd-phosphides, which then act as diffusion sources. In  
region 3, l iquid Cd was assumed to be in equi l ibr ium 
with CdsP~ and InP, thus main ta in ing  a constant aCd ~-~ 
1, and hence a constant  DCd. The a p p r o x i m a t e  Dcd 
Variations of Wp-'/2 and Wp -1 in regions 4 and 5, re-  
spectively, were assumed to represent  the stabil i ty re- 
gions of CdP2 and CdP4. On this basis, the three regions 
of Fig. l ( b )  have been in terpre ted as an indicat ion 
of a l inear  Dcd ~ acd behavior. But, for equi l ib r ium 
between CdP~ and CdP4 with InP, relations [17] and 
[18] always apply, irrespective of whether  the Cd- 
phosphides are present  as precipitates inside InP, or 
present  as external  diffusion sources only. Strictly, the 
activities of Cd, In, and P are related via the Gibbs- 
Duhem equation, and the assumptions made here are 
questionable. Nevertheless, the observation of the  
strong var iat ion of Dcd N aCd 3 on the In- r ich  side and 
the Dcd ~ aCd on the P- r ich  side, appear to suggest a 
charged intersti t ial .  From the simple picture presented 
here, and in Ref. (2), a doubly ionized inters t i t ia l  is 
indicated. 

The diffusion studies of Ref. (2) and (5) based on 
p - n  junct ion  depths fall into the realm of chemical 
diffusion and not  iso-concentrat ion diffusion. Thus the 
question of the specific charge state of the diffusing 
species may be resolved by carefully controlled tracer  
diffusion experiments.  A comprehensive analysis of the 
I n - P - C d  system from the point  of view of defect 
chemistry may be wor th  looking into when  more data 
become available. 

Summary 
Transmission electron microscopic examinat ion of 

Cd-diffused samples under  P- r i ch  conditions showed 
Cd-phosphide precipitates. A semi-quant i ta t ive  ana ly-  
sis based on the cur rent ly  available thermochemical  
data is in reasonable agreement  with the observed pre-  
cipitate formation under  P- r i ch  conditions. 

The previous proposal (2) of in ters t i t ia l - subs t i tu-  
,tional diffusion mechanism with a doubly ionized in-  
tersti t ial  as the fast diffusing species wi th  most Cd 
dissolved in a neu t ra l  subst i tut ional  form via precipi-  
tated Cd-phosphides appears to be in satisfactory 
agreement  with the present  data. 
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A Quantitative Study of the Relationship Between Interfacial Carbon 
and Line Dislocation Density in Silicon Molecular Beam Epitaxy 

J. H. McFee, R. G. Swartz, V. D. Archer, and S. N. Finegan 
Bell Laboratories, Holmdel, New Jersey 07733 

and L. C. Feldman 
Bell Laboratories, Murray Hill, New Jersey 09074 

ABSTRACT 

Silicon layers grown by molecular beam epitaxy on (100) silicon substrates were depth-profiled for carbon and oxygen 
by secondary ion mass spectrometry (SIMS). The same epitaxial layers were subjected to a defect etch to reveal dislocation 
density. A strong correlation is found between the carbon concentration at the substrate-epitaxy interface and the line dislo- 
cation density of the epitaxial layer. Layers with interfacial carbon concentration ~ 1021cm -3 exhibit line dislocation densi- 
ties/> 1OTcm -~, while layers with interfacial carbon concentration ~< 1019cm -3 ( ~<0.01 monolayer carbon) have line dislocation 
densities ~< 104cm -2. In contrast, no correlation is found between interracial oxygen (as revealed by SIMS) and the line dislo- 
cation density of the epitaxial layers. 

It  is known  that carbon contaminat ion at the sub- 
s t ra te-epi taxy interface is an influential  parameter  in 
the growth of silicon molecular  beam epitaxy (MBE) 
(1-3). For examp~le, Joyce et at. (2) have reported 
that carbon coverage of approximately  0.01 mono-  
layer at the silicon substrate is sufficient to cause 
three-dimensional  growth from nuclei  ra ther  than the 
desired two-dimensional  step-wise growth which re-  
sults in smooth epilayers of high crystal l ine perfec- 
tion. The present  s tudy confirms and quantifies the 
effects of carbon as an  interracial  contaminant  in  Si- 
MBE. Measurements  were made on a dozen different 
samples, each of which represents a different MBE 
growth run. These runs took place over a span of 
near ly  one year and thus encompass a wide variety of 
growth conditions. Consequently,  in this group of sam- 
ples the interracial  carbon contaminat ion varied over 
a wide range. We subsequent ly  studied the perfection 
of these samples by subject ing them to a defect etch 
which reveals the density of various defect structures 
via etch pit count. The same samples were depth pro- 
filed by secondary ion mass spectrometry (SIMS) to 
reveal the amount  of carbon present  at the substrate-  
epilayer interface. In  the case of the most heavily 
contaminated samples, Rutherford backscattering 
(RBS) channel ing  experiments  were used to relate 
the qual i ty  of the interface to the carbon contamina-  
tion. 

Epitaxial Layer Growth 
The epitaxial  layers were grown in a Si-MBE sys- 

tem designed and buil t  by Ota (4). The stainless 
steel UHV growth chamber  is evacuated with ion and 
t i t an ium subl imat ion pumps, and is equipped with a 
mass analyzer  for residual gas analysis. After  pump 
down and overnight  bakeout  at ~ 130~ an ambient  
pressure of ~ 1 • 10 -9 Tor t  was rout inely  obtained 
in the growth chamber. The most prominent ,  peak in 
the mass spectrum of the residual gas in the chamber 
before growth was at mass number  M _-- 16, and is 
believed to be methane.  During growth, the ambient  
pressure in  the growth chamber  rose to the mid-10 - s  
Torr  range. The epitaxial  layers were deposited via 

Key words: semiconductor, defects, growth, contamination. 

E-beam evaporation onto (100) oriented substrates of 
1 • 3 in. rec tangular  shape. These were clamped at 
the short ends and resistively heated via an applied 
current.  During growth the substrate temperature  was 
in  the range 700~176 

Prior  to insert ion into the growth chamber  the sub- 
strafes received a chemical clean consisting of solvent 
degreasing, followed by immersion in a heated solution 
of i:  1 H2SO4: H202. Then, after a 50:1 H20: HF dip and 
deionized water  rinse, a thin protective oxide layer was 
grown on the substrate using a heated mix ture  of l :  1:1 
NH4OH:H202:H20. This oxide layer remains on the 
substrate during t ransfer  to the MBE growth chamber, 
pump down, and bakeout;  it is  desorbed just  prior to 
growth when the substrate tempera ture  is raised 
briefly (~45 sec) to Ii00~176 Experience has 
shown that  care must  be taken during this critical 
operation. For many  of the samples in this study a 
deposit ion-blocking shutter  was positioned in front 
wi thin  a few cm of the substrate dur ing the thermal  
preclean. In this condition the ambient  pressure in the 
growth chamber  rose into the mid-10 -7 Torr  range 
when the substrate temperature  was cycled to If00 ~ 
1200~ Films grown after such pre t rea tment  exhibited 
l ine dislocation densities ranging  from 104 cm -2 to 10 w 
cm -2. If, on the other hand, the blocking shut ter  was 
pulled away from the substrate, the ambient  pressure 
did not  rise above low-10 - s  Tor t  dur ing the thermal  
cleaning cycle. In  this case the subsequent ly  grown 
epitaxy consistently exhibited a l ine dislocation density 
in the 103-104 cm -2 range. 

We consider it probable that when the deposition- 
blocking shut ter  is positioned in front of the wafer 
dur ing the thermal  clean, the shutter  together with the 
wafer  and any nearby surfaces (e.g., wafer clamps) 
forms a par t ia l ly  enclosed oven. All surfaces within 
this oven are heated to high temperatures,  resul t ing in 
voluminous outgassing. This is responsible for the rela-  
t ively high pressures observed dur ing the thermal  
clean cycle. As the wafer cools following this pro- 
cedure, the ambient  gaseous impuri t ies  wi thin  the 
volume enclosed by the shut ter  and wafer condense 
and redeposit on the wafer, thereby contaminat ing its 
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surface in  an  uncontrol led  manner .  These impuri t ies  
are subsequent ly  t rapped at the epi taxy/subs t ra te  in-  
terface following MBE growth. 

The epitaxial  layers grown for this s tudy ranged in 
thickness from 0.3 #m to 2.5 #m. Most of the epilayers 
were purposely made less than 1 ~m thick to facilitate 
probing of the epi taxy-subs t ra te  interface via Ruther -  
ford backscattering and SIMS. Most layers were not 
in ten t ional ly  doped (N ~ 1014 cm-S) .  A few layers 
were l ight ly doped with boron or arsenic (P or N 
1016 cm -8) dur ing  growth via low energy ion implan-  
tat ion (4, 5). In  all samples the substrates were heavily 
doped (N or P ~ 10 z9 cm -8) so that they could be re- 
sistively self-heated. 

Analysis 
Defect etch.~Each MBE-grown silicon epitaxial  

sample was evaluated using a wet-chemical  defect 
etch. Standard  etching techniques using a dilute 
Schimmel  defect etch (6) (one par t  0.75M CrO~, two 
parts 49% HF, and 1.5 parts DI water)  were used on 
samples having epitaxial  layer thickness greater  than 
2 ~m. An  "etch-through" technique (7) was developed 
for the analysis of epitaxial  layers less than 2 #m thick 
using the same dilute Schimmel etch. This technique 
exploited our use of heavily doped substrates with 
l ight ly doped epitaxy, and allowed the same samples 
purposely grown thin for RBS and  SIMS analysis to be 
defect etched and to yield defect density data as well. 
The predominant  etch artifacts observed were random 
l ine dislocations which extend through the epitaxy to 
the substrate,  al though other  defects and defect arrays 
were present.  The flash heat ing technique used to clean 
the substrate just  before epitaxial  growth induced 
some slip. Par t ia l  dislocations were also observed in 
the MBE-grown epitaxy, but  the layers evaluated were 
of insufficient thickness to determine whether  or not  
these were associated with stacking faults. A graininess 
of the etched epitaxial  surface of some samples is re-  
solved into small  "saucer" pits by the scanning elec- 
t ron microscope, but  these are not  included in our etch 
pit count. Unlike the l ine dislocations, they are thought 
to be localized defect strUctures not associated with the 
epi taxy-subst ra te  interface. Inasmuch as the remaining  
etch pits are p r imar i ly  l ine dislocations, we use the 
term "line dislocation density" to refer to the quant i -  
tative data obtained from chemical etching. The line 
dislocations and slip were distr ibuted such that the 
center of the 1 by 3 in. wafers was consistently the best 
qual i ty silicon in each sample. Quant i ta t ive etch pit 
data were taken from this portion of the wafer. 

Secondary ion mass spectrometry (SIMS). - -SIMS 
analysis of our  samples was provided as a service by 
Charles Evans and Associates (8) The SIMS measure-  
ments  were pe r fo rmed  on a CAMECA IMS-3f Ion 
Microanalyzer using Cs + ion bombardment  for sensi- 
tive carbon and oxygen analyses. Depth profiles of 12C 
and 160 were run  on  each sample. The data were fur-  
rdshed in  the form of ~C and 180 concentrat ion (cm -~) 
vs. sput ter ing depth (Fig. 1). The sput ter ing rate was 
determined to be ~50 A/sec and the depth resolution 
specified as 100-200A at a depth of 1 ~m. In each case 
the measurement  profile extended through the epilayer 
into the substrate  so that  12C and 160 concentrat ion at 
the interface was examined. 

Ruther]ord backscattering (RBS) .~Many  of our 
samples were also examined by RBS. An incident  beam- 
of 1.8 MeV 4He + ions was used. RBS spectra were taken 
with the incident  beam randomly  oriented and also 
with the beam aligned paral lel  to the (100) direction 
(substrate normal )  to give a "channel ing" spectrum. 
The ratio of the channel ing  spectrum to the random 
spectrum, Xmin, is a measure of the crystal l ine qual i ty  
of the epitaxial  layer. All  of the samples examined 
showed Xmin -- 3.1-3.3%, which is indis t inguishable  
from high qual i ty  s ingle-crystal  silicon. However, in 
the case of those samples which had the largest 
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Fig. 1. SIMS depth profile of 12C and 180 concentration. The 
substrate-epilayer interface is at a depth of 1.5 ,~m in this sample, 
At 0.6 ~m depth, growth was interrupted for a few minutes in order 
to change from p to n doping. At 0.2 #m depth, the growth rate 
was decreased from 10 ~/sec to 3 ~./sec. 

amounts  of interracial  carbon contamination,  an 
anomalous silicon peak was observed in the RBS 
channel ing  spectrum (Fig. 3), at a backscattered 
energy corresponding to the position of the epi taxy-  
substrate interface. The area under  this peak can be 
in terpre ted quant i ta t ive ly  in terms of the n u m b e r  of 
displaced silicon atoms (cm -2) (9). 

Results 
As an example of the SIMS results, Fig. 1 shows the 

depth profile obtained from one of our  samples. The 
substra te-epi layer  interface lies at a depth of 1.5 #m 
in this par t icular  case. At this depth the 1~C concen- 
t ra t ion increases from a background level ~101~ cm -3 
to a peak value ~ 2  X 1019 cm -3. The 160 concentrat ion 
also increases noticeably at the interface, but  its in -  
crease is less than  that  of "12C, an observation t rue in 
general.  The peak 12C concentrat ion at the subst ra te-  
epi taxy interface was obtained from the SIMS depth 
profiles of eleven other samples, each represent ing a 
different MBE growth run.  Figure  2 plots the l ine dis- 
location density for each of the same twelve samples 
vs. the peak 12C concentrat ion at the subst ra te-epi -  
taxial  layer interface, as determined from th~ SIMS 
data. A strong correlation is evident  in  Fig. 2 between 
these two parameters.  At one extreme of the plot is a 
sample with a l ine dislocation densi ty of l0 s cm -2 and 
peak I~C concentrat ion of 1021 cm -3. At the other ex-  
t reme are samples with l ine dislocation densities of 
less than 104 cm -2 and peak 12C concentrat ions of less 
than 1019 cm -3 at  the interface. The solid l ine plotted 
in  Fig. 2 is a least mean  squares l inear  fit to the car- 
bon-defect  data on the log-log plot. The slope of this 
l ine indicates that  the l ine dislocation densi ty varies 
approximately  as the three-halves  power of the peak 
carbon concentrat ion at the epi taxy-subs t ra te  in ter -  
face. We cannot present ly  offer a physical explanat ion 
for this empirical result. For  comparison to the 12C 
data, the SIMS 160 concentrat ion at the interface is also 
plotted in Fig. 2. In  contrast to the carbon results~ no 
correlation be tween interracial  160 and l ine dislocation 
density is evident. 

As ment ioned above, in  the case of the three samples 
having the greatest interracial  carbon concentrat ions 



216 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  January 1983 

'E 

>- 

o3 

r~ 
Z 
0 

0 
0 
u~ 
C~ 
ILl 
Z 
-J 

t 0 8  I �9 I I r  

/ 

107 , : . f ' /  

t L6  - �9 

- -  �9 �9 

104' - �9 / ~  �9 OXYGEN 

/ 
u I. 1 i 

101017  t018 1019 t 0  20 10 2t t 0  2z 

PEAK INTERFACE CONCENTRATION 

(ATOM/cm 3 } 

Fig. 2. Line dislocatien density vs. peak carbon and oxygen 
concentration at substrate-epilayer interface for twelve different 
MBE-grown samples. The solid line plotted is a least mean squares 
fit to the carbon data. Also shown (open circles) is the number of 
displaced silicon atoms/cm ~ at the interface as derived from RBS 
data. These three points refer to the samples having the highest 
concentration of interfacial carbon, 

1 0 t 6  'E 

o3 
:Z 
o 

1 0  t 5  

Z 
O 
O 

t 014  
LU 
(.) 

--I 
4043 o..o3 

5 

an anomalous  si l icon peak  was observed in the RBS 
channel ing measurements .  The RBS data, in te rms of 
displaced sil icon a toms /cm ~, is also plot ted in Fig. 2 vs. 
the peak  carbon at the in terface  as de te rmined  by  
SIMS.. Note tha t  the RBS scat ter ing increases  mono-  
tonica l ly  wi th  the carbon concentrat ion.  This agree-  
ment  suggests tha t  the in ter rac ia l  carbon is responsible  
for the anomalous  RBS peak.  The RBS data  of Fig. 2 
indicate  tha t  there  is app rox ima te ly  one mono laye r  
(1015 cm -2) of displaced silicon presen t  at the in te r -  
face in the  case of the  most heavi ly  contamina ted  
samples.  I t  is possible to es t imate  the carbon coverage 
by  ~integrating the SIMS ",2C data  over  the wid th  of 
the interface peak  which has a typica l  ha l f - ampl i tude  
width  of 200A. We thus find tha t  a peak  carbon concen- 
t ra t ion  of t021 cm -8  corresponds to an a rea  densi ty  of 
app rox ima te ly  1015 cm -2. Since the ion sca t ter ing  peak  
corresponds to 1O 15 cm -2  displaced silicon atoms, there  
is app rox ima te ly  one displaced sil icon a tom for each 
carbon a tom presen t  at  the  interface.  

Conclusion 
A quant i ta t ive  re la t ionship  be tween  in te r rac ia l  car -  

bon concentra t ion and defect  dens i ty  in S i -MBE has 
been demons t ra ted  (Fig. 2). This resul t  s t rongly  sug- 
gests tha t  a ma jo r  cause of defects in S i -MBE layers  is 
carbon contamina t ion  presen t  on the  subs t ra te  surface  
at  the beg inn ing  of ep i tax ia l  growth.  In  our  silicon 
MBE system, severe  carbon contaminat ion  resul ted  
f rom the presence of a depos i t ion-blocking  shut te r  in 
front  of the  subs t ra te  dur ing  a high t empe ra tu r e  c lean-  
ing t reatment �9  In other  MBE systems, sources of car -  
bon contaminat ion  m a y  be quite different. Our resul ts  
indicate,  however ,  tha t  if  the carbon contamina t ion  is 
reduced to 0.01 monolayer  or  less, ep i t axy  wi th  l ine 
dislocation, dens i ty  of  order  104 cm -2  can be produced.  
Ep i t axy  of this  qua l i ty  is a l r eady  sui table  for many  
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Fig. 3. R~B$ channeling spectrum showing the anomalous interface 
peak from a sample with interfacial carbon concentration of 
10 ~I cm -a.  This peak represents increased backscatterlng at the 
epitaxy-substrate interface. Epitaxiol layer thickness is 0.3 #m. 

in tegra ted  circuit  applicat ions.  Since the s ta r t ing  sub-  
s t ra tes  used in this s tudy  typ ica l ly  had etch pi t  counts 
of 10~-104 cm -2, be t t e r  qual i ty  s ta r t ing  mate r i a l  is 
p robab ly  necessary in o rder  to achieve Si-MBE wi th  
l ine dis locat ion densi ty  signif icantly less than  104 cm-2.  

For  the  samples  p lo t ted  in Fig. 2 the in ter rac ia l  oxy-  
gen concentra t ion is in the range  101s-1019 cm -~, and is 
genera l ly  smal l  compared  to the carbon concentrat ion.  
The absence of any  corre la t ion  be tween  in te r rac ia l  
oxygen  and l ine dislocation densi ty  in Fig. 2 leads us 
to conclude that  in ter fac ia l  oxygen  is not an impor tan t  
con taminant  in Si-MBE, at  least  for the types and 
quant i t ies  .of defects s tudied  here.  
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ABSTRACT 

This paper  discusses the relative merits of two quick, nondestructive optical techniques, namely, photoluminescence 
and Raman spectroscopy at room temperature,  for the characterization of ion-implanted GaP. Raman scattering from ener- 
gies near that  of the LO-phonon mode is found to provide a sensitive probe for initial ion dose, lattice recovery during an- 
nealing, and impuri ty  activation during annealing. On the other hand, while the photoluminescence spectrum disappears  
upon implantation,  it recovers on annealing, but  changes that  occur do not correlate with electrical activation of the im- 
planted ions. These results suggest  that Raman scattering would be especially useful for the diagnosis  and development  of 
implantat ion technologies in the III-V compound semiconductors.  

Often in the  deve lopment  of new device  technolo-  
gies, and especia l ly  in compound semiconductors,  a 
need arises for rapid,  nondes t ruc t ive  techniques for 
the  evalua t ion  of var ious  process a l ternat ives .  Ideal ly ,  
these techniques would  be useful  not  only  for  process 
development ,  but  also as moni tors  for exis t ing p ro -  
cesses. In  this  regard ,  r o o m - t e m p e r a t u r e  opt ical  tech-  
niques appea r  to be ideal,  as they  are  noncontact ing  
and nondest ruct ive ,  can probe  surface areas  wi th  l a t -  
era l  dimensions of tens of micrometers ,  and can sam-  
ple  depths  comparable  to those of act ive devices. In  
the work  repor ted  here, we examine  the re la t ive  
mer i t s  of two optical  techniques,  namely ,  r o o m - t e m -  
pe ra tu re  photoluminescence and Raman spectroscopy,  
as appl ied  to the deve lopment  of an implan ta t ion  tech-  
nology (1) for the fabr ica t ion  of GaP diodes for high 
t empe ra tu r e  operat ion.  

Physical Background 
When photons en te r  a semiconductor ,  two opt ical  

processes are  of in teres t  for our  purposes  (2). The pho-  
ton can be absorbed  and r e - emi t t ed  at  a s ignif icant ly 
reduced  energy,  or  the l i g h t  can sca t te r  inelas t ical ly ,  
e.g., f rom a la t t ice  vibrat ion.  The first process, photo-  
luminescence,  is a sensi t ive  probe  of electronic energy  
levels;  the  second process, Raman  scat ter ing,  is a sensi-  
t ive probe of the  v ibra t iona l  p roper t ies  of the system. 
In  pr inciple ,  both  techniques can be usecl to measure  
the  effects of  damage,  strain,  or  doping. Also, both  
techniques can provide  useful  informat ion  at  room 
tempera ture ,  where  expe r imen t  se tup  t ime is min i -  
mal.  In  a typica l  photoluminescence  exper iment ,  l ight  
wi th  energy  above tha t  of the bandgap  is absorbed b y  
exci ta t ion  of carr iers  across the  forb idden energy  gap. 
The  exci ted  carr iers  then diffuse and  recombine.  Con- 
sequently,  the  photoluminescence f rom a given region 
can be dependent  on absorpt ion  coefficient, ca r r ie r  d i f -  
fusion length, and recombina t ion  mechanisms.  Rad i -  
a t ive  recombina t ion  competes  wi th  nonrad ia t ive  p ro -  
cesses occur r ing  at  surface,  defects, or  impuri t ies .  A 
fu r the r  complicat ion is tha t  the  resul t ing  recombina-  
t ion spect ra  can be difficult to in t e rp re t  (3). 

Raman  spectroscopy de te rmines  the  ene rgy  loss of 
the sca t te red  l ight  associated wi th  the creat ion or de -  
s t ruc t ion  of a wel l -def ined  exci ta t ion  of the crystal .  
The dominan t  f i r s t -o rder  sca t te r ing  in semiconductors  
is due to opt ical  phonons. At  room tempera tu re ,  pho-  
non creat ion is usua l ly  favored over  phonon ann ih i la -  
t ion (4, 5) and is eas i ly  measured.  

S y m m e t r y  considerat ions  de te rmine  which  phonon 
scat ter ing  events  are  al lowed. In a z inc-b lende  crystal ,  
f i r s t -order  Raman  scat ter ing for e i ther  the longi tud ina l  
opt ical  (LO) phonon or  the  t ransverse  opt ical  (TO) 
phonon is a l lowed from the fol lowing faces: (111), TO 
and LO al lowed;  (110), on ly  TO al lowed;  and, (100) 
LO only. In  pract ice,  however ,  crysta ls  are  of ten cut 

5 degrees off axis for  convenience in vapor -phase  
growth;  this sl ight  misor ien ta t ion  is usua l ly  enough to 
a l low weak  sca t te r ing  by  the forb idden  phonon. The 

value  of Raman  spec t ro lcopy  as a diagnost ic  technique 
comes not  f rom ident i fy ing a peak  in the spec t rum of 
scat tered l ight  as being that  of a pa r t i cu la r  phonon,  but  
r a the r  f rom in te rp re t ing  the changes in the phonon 
frequencies  tha t  occur as a resul t  of processing.  

By changing the elast ic  proper t ies  of the crys ta l  
th rough  stress (6) or  d isorder  (7), one can change the  
energy  of the  phonons tha t  sat isfy the  conservat ion  re -  
qui rements  and thus shift  the locat ion of the  peak  in 
the spec t rum of the  sca t tered  l ight  (Fig.  l ) .  This fea-  
ture  of Raman spect roscopy is useful  not  only  for 
es t imat ion of implan ted  ion dose, but  also for the de-  
tect ion of res idual  stress in an implan ted  l aye r  fol-  
lowing anneal ing.  Changes in the spec t rum can also 
occur if phonons couple to o ther  e l emen ta ry  exc i ta -  
t ions of the crystal .  In  par t icu lar ,  the  free carr iers  in a 
semiconductor  form a plasma, wi th  a character is t ic  ex-  
c i ta t ion f requency  ~p, which  is p ropor t iona l  to the 
square root  of the  free ca r r i e r  dens i ty  (4). This p lasma  
oscil lat ion is a space charge wave  wi th  a longi tud ina l  
electr ic  field. In  polar  semiconductors ,  the  electr ic  field 
of the  LO phonon (of f requency  ~LO) in terac ts  wi th  the 
}ongitudinal electr ic field of the p lasma  oscil lat ion 
(p lasmon) .  Thus the LO phonon mode and the p las-  

RAMAN SCATTERING 
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�9 . / ~ o ~  
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Fig. 1. Schematic illustration of Raman scattering from the LO 
phonon in GaP. Top: Raman scattering from a pure, undoped 
sample. Light scattered from the sample loses energy by creating a 
phonon of frequency ~LO. Middle: Raman scattering from a doped 
GaP crystal. Coupling of the LO phonon to the free carrier plasma 
produces a peak in the spectrum of scattered light shifted to higher 
Raman energies from that of the undoped crystal. Bottom: Light 
scattered from a damaged crystal surface produces a peak in the 
spectrum of scattered light at lower Raman energies than that of 
the undoped crystal. 
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mon are  replaced  by  coupled p l a smon-phonon  modes 
~,+ and ~ -  (8, 9). I t  has been  found expe r imen ta l l y  in 
GaP tha t  the  ~,- mode  is too s t rongly  damped  to be 
observed in the low photoexci ta t ion  l imi t  (9). A l t e r -  
nat ively,  the ~+ l ine is observed in GaP, and over  the  
ent i re  range of feasible  doping ( ~  1015-10 TM cm-S) ,  
the  ~+ l ine is shif ted up to 6 cm -1 f rom tha t  of the un-  
coupled LO phonon mode ~LO (9). Thus, by  adding  
carr iers  to the compound semiconductors  (10), the  Ra-  
man  peak near  tha t  of the LO phonon wil l  shif t  and 
broaden  (9) due to the increase in the p lasma  f re-  
quency of the free carriers ,  t he reby  a l lowing contact-  
less measuremen t  of the  free ca r r i e r  density.  The ex-  
act amount  of b roadening  and shif t ing of the  line de-  
pends on the damping  ra te  of the  free car r ie r  plasma. 
This e x t r a  p a r a m e t e r  can be ob ta ined  f rom a fit to the 
spec t ra l  l ineshape (11). 

The t ransverse  opt ical  phonons are  not  accompanied 
by a long- range  electr ic  field; thus, the TO phonons do 
not  couple d i rec t ly  to the p lasma oscillations, and are  
unaffected by  changes in the  doping level  (8). The TO 
phonons are  shifted, however,  by  s t ra in  (as a re  the 
LO phonons) ; so that  examina t ion  of both  the TO and 
LO phonon sca t te r ing  can provide  unambiguous  de-  
t e rmina t ion  of removal  of la t t ice  s t ra in  and act ivat ion 
of implan ted  dopants  fol lowing the anneal ing  of com- 
pound semiconductors .  

As a l r eady  described,  de te rmina t ion  of the  volume 
probed  by  photoluminescence is complicated by  sev-  
e ra l  factors,  whereas  the volume probed  b y  Raman  
spect roscopy is de te rmined  solely by  the absorpt ion  
length  of the  inc ident  and sca t te red  light.  By chang-  
ing the incident  wavelength ,  one can r ead i ly  ad jus t  
the probe depth.  This ab i l i ty  to probe different  depths  
of the sample  is especia l ly  useful.  Fo r  composite s t ruc-  
tures, the presence of surface layers  of vas t ly  different  
ca r r ie r  concentrat ions [such as "dead layers"  of ten 
produced in implan ted  surfaces by  damage  or compen-  
sat ion (12) ] can be detected as a sharp  d iscont inui ty  in 
the l ineshape of the sca t tered  light.  This d iscont inui ty  
arises f rom the superposi t ion of the na r row  uncoupled 
phonon l ine and the coupled phonon-p lasmon  lines. 

Final ly ,  a l though not a factor  in this study,  the man-  
ne r  of surface p repa ra t ion  can affect the l inewid th  
th rough  the fo rmat ion  of res idual  s t ra in  in the  layers  
(13), in a manne r  s imi lar  to implan ta t ion - induced  
damage.  

Experimental Procedure 
Two different  n - t y p e  GaP subs t ra tes  were  used in 

these studies. The  first was cut f rom an ingot  doped 
wi th  t in to a dens i ty  of ~- 3 X 10 l~ cm-a ;  whi le  the  
second consisted of a ,-- 5 #m laye r  of nomina l ly  un-  
doped GaP ( ~  5 X 10 i6 ne t  donors /cm 8) g rown by  
l iquid phase ep i t axy  on su l fu r -doped  GaP subs t ra tes  
wi th  nominal  doping levels  of 3 X 101T cm -3. In  each 
case, the subs t ra tes  were  cut  5 degrees  off <100>  
toward  <110> (14). The bulk  subs t ra tes  we re  pol ished 
in a b r o m i n e - m e t h a n o l  solution; the ep i tax ia l  layers  
were  examined  and processed wi th  the  a s -g rown  su r -  
faces. These precaut ions  were  taken  to p reven t  poor  
surface  p repa ra t ion  f rom affecting the phonon l ine-  
shapes due to res idual  s t rain.  Implan ta t ions  of 150 keV 
12C+ or  260 keV 24Mg+ were  pe r fo rmed  in a m i n i m u m  
channel ing a l ignment  (15) at  room t empera tu r e  at  
doses ranging  f rom 10 ~l to 10 i5 cm -2. Annea l s  were  
pe r fo rmed  for 10 min at  selected t empera tu re s  be -  
tween 800 ~ and 900~ using e i ther  p rox imi ty  annea l -  
ing (16) or  control led  a tmosphere  annea l ing  (1).  

Optical  spect ra  were  obta ined  at  room t empera tu re  
wi th  50 m W  of 457.9 n m  wave leng th  l ight  f rom a CW 
argon laser,  focused to a 60 #m d iamete r  spot. Light  
f rom the sample  was analyzed  in a nea r  90 degree ge-  
o m e t r y  wi th  a Spex  1404 double  monochromato r  and 
an  RCA C31034 pho tomul t ip l i e r  tube.  The Raman  spec-  
tra,  as wel l  as the  luminescence spec t ra  and its asso- 
ciated decay, were  obta ined using mul t ichanne l  scal ing 

techniques (for luminescence decays,  the  CW exci ta -  
t ion was mechan ica l ly  chopped at  1 kHz) .  The spec t ra  
were collected wi th  a mul t i channe l  ana lyzer  for  ease 
in da ta  analysis.  Typica l  Raman  and photo lumines-  
cence spect ra  were  acqui red  in less than 1 rain wi th  
peak  counts in excess of 1000. 

Results 
Photoluminescence f rom ion - imp lan ted  GaP disap-  

pears  r ap id ly  wi th  implan ta t ion  fluence, p robab ly  due 
to the in t roduct ion  of nonrad ia t ive  t r app ing  centers.  
At  the same time, the exci ta t ion volume decreases sig- 
nif icantly due to the b o m b a r d m e n t - i n d u c e d  increase in 
opt ical  absorpt ion  (17). In  contrast ,  Raman  spec t ra  
were  observed up to doses near  those needed to p ro -  
duce a continuous amorphous  layer .  Examina t ion  of 
the  dose dependence  of the  IX) phonon peak  (Fig. 2) 
demonst ra tes  a continuous shift  of that  peak  to lower  
Raman  energies  wi th  na r rowing  of the  line. At  doses 
be tween  10 TM and 10 TM cm-2,  the l ineshape exhibi ts  two 
components:  a broad  weaker  componen t  at  high ene r -  
gies, most  l ike ly  f rom the undamaged  substrate ;  and 
a strong, na r row  component  at  lower  Raman  energies,  
associated wi th  a damaged  surface  layer  of effective 
car r ie r  removal .  A t  the highest  doses, the spec t ra  
b roaden  considerably,  consistent  w i th  o ther  spec t ra  
f rom ion bombarded  surface layers  (18). 

Measur ing  the Raman  shift  of the  ,~+ peak  and 
assuming a car r ie r  damping  ra te  equal  to that  of the  
specimens examined  in Ref. (9) a l low contact less  m e a -  
su remen t  of the  ca r r i e r  dens i ty  in the  unimplantecl  
substrate .  Both the locat ion of the ~+ peak  and the  
full  width  at  hal f  m a x i m u m  (FWHM) provide  an est i -  
mate  of the  free car r ie r  dens i ty  in the un implan ted  
subs t ra te  of ~ 4 • 10 ~? cm -~, which corresponds wel l  
to the va lue  (3 • 1) • 10 l? cm -8 measured  on these 
wafers  by  capac i tance-vol tage  profiling. The ab i l i ty  to 
measure  ion close and un i fo rmi ty  is p re sen t ly  an a rea  
of g rea t  concern (19). The sens i t iv i ty  of Raman  sca t -  
te r ing  to the  ion damage  in combinat ion  wi th  the  high 
l a t e ra l  resolut ion  (tens of micrometers )  of the probe  
beam implies  this spectroscopic technique m a y  hold 
g r e a t  potent ia l  for the measuremen t  of these p a r a m e -  
ters.  
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Fig. 2. Raman scattering from (lO0)-oriented n-type GaP (3 X 
10 l? cm -3 )  ion implanted with 150 keV i2C+ to the f|uences indi- 
cated. The spectrum from the sample implanted to 1 • 1014 cm - 2  
has been magnified 200)<. 
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The above results have demonstrated that Raman 
spectroscopy can provide a useful monitor of the ini- 
tial ion dose. Of more immediate concern to the de- 
velopment of an implantation technology is the re-  
moval of lattice damage by annealing and the subse- 
quent electrical activation of the implanted dopants. 
Raman spectra near the LO phonon taken from various 
stages of process development are i l lustrated in Fi~. 3. 
The lowest spectrum is from art unimplanted, unan-  
nealed epitaxial  layer  (n-type, mid 10 i8 cm-3) ,  and is 
shown for reference. Following implantation of 260 
keV ~Mg + to a fluence of 7 X 10 lz cm -~, this peak 
shifts to lower Raman energies, similar to the spectra 
of Fig. 2 (but not i l lustrated in Fig. 3). Proximity an- 
nealing at 800~ for 10 min recovers this line to very 
nearly its init ial  frequency and to its initial FWHM. 
This spectrum indicates that annealing was sufficient to 
remove most of the lattice damage, but not to activate 
the implanted species. The incomplete recovery of the 
peak location is probably due to some residual  damage 
that may also be responsible for the carrier  removal 
implied by the slight narrowing of the lineshape. For 
samples annealed in a controlled atmosphere at 900~ 
for 10 min, the shift of the peak to higher Raman 
energies and the broadening of the phonon line due 
to plasmon-phonon coupling is unequivocable evidence 
for successful activation of the implanted ions (upper 
trace in Fig. 3). Since the density of implanted ions is 
highly nonuniform (and to first order follows a 
gaussian), one determines "averaged" doping con- 
centrations by this technique. Since the optical pene- 
tration depth (,~ 5 ~m) far exceeds the depth of the 
implant  (,-, 1.0 ~m), the Raman spectra observed in 
the top trace of Fig. 3 result from a superposition of 
scattering from the undamaged substrate with that 
from the implanted layer. Because the substrate signal 
is known (bottom trace, Fig. 3), it  can be subtracted 
from the upper trace to yield the signal from the 
implanted layer. This method produces an ~+ peak at 
405 cm -1, which corresponds to a free carrier  density 
of ~ 8 X 101~ cm -3 (9). Alternatively,  since the width 
of the ~+ peak is far greater  than that  of the uncou- 
pled LO phonon peak, by measuring the FWHM and 

E X C I T R T I O N  E P I T R X I R L  GaP 
457.9 nm ( 1 0 0 )  

32~E~ K 

IMPLRNTEB / 

UNSUCCESSFUL) 
FtCTIVRTI~ 

390 395 400 4~5 410 415 

RRMRN SHIFT (cm - I  ) 

Fig. 3. Raman scattering from (100)-oriented n-type, epitaxial 
GaP (,.~3 X 1016 r -s )  implanted with 7 X IO la cm -2 ,  260 keV 
~Mg +. Bottom, before implantation; middle, unsuccessful activa- 
tion; top, successful activation. These spectra demonstrate that 
Roman spectroscopy can be used as a contactless measure of carrier 
density. 

assuming a damping identical to that  of Ref. (9), one 
can estimate an "optically averaged" doping density 
of 5 • 10 l~ cm -3. Since the average density obtained 
by either method far exceeds the doping density of 
the epitaxial  layer, these results would predict diode 
formation by the implanted magnesium acceptors, as 
was verified for these samples by metallization and 
testing (1). If one assumes that  the implanted ion dis- 
tribution can be approximated by a uniformly doped 
region of a width equal to twice the projected standard 
deviation of  0.0994 ~m [calculated for this implant us- 
ing the TRIM code (20)], one obtains an estimated 
electrical activation of 14%. This value is in excellent 
agreement with the activation of 8-18% found for 
900~ encapsulated anneals of Mg-imp!ants into semi- 
insulating GaP (21). Again, verification of impuri ty 
activation took 50 sec of real time to determine by 
Raman spectroscopy. 

Room temperature photoluminescence was also used 
to characterize the recovery of the implanted layers, as 
is i l lustrated in Fig. 4 and 5 for implants performed 
into the t in-doped substrates. The red luminescence 
(associated with deep recombination centers) from the 
unimplanted, unannealed substrate (trace 1) appears 
to arise from two overlapping bands. The time decay 
of this luminescence is characterized by an initial 
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Fig. 4. Room temperature photalumi~escence spectra from: I,  

virgin substrate (GAP, 3 X 10 i? Sn doping); 2, substrote proximity 
annealed at 875~ 3, substrate that has been implanted with 150 
keV C + to a dose of 1.0 X 10 z4 cm -2.  The cutoff in photomulti- 
plier response occurs at 890 nm. 
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Fig. 5. Time decays of the photoluminescence at 710 nm from 
the three samples corresponding to the spectra in Fig. 1. The initial 
and (flnol) lifetimes (in/isec) of the three decays are: I ,  ---, (700); 
2, 60, (700); 3, 90, (1050). 
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rapidly decaying component followed by a slower de- 
caying component. Proximity annealing alone (without 
implantation) eliminates the longer wavelength band 
and simultaneously reduces the relative magnitude of 
the slower decay component (trace 2 of Fig. 4). Im- 
plantation and successful activation produce identical 
spectral shapes and very similar decay rates to those 
produced by annealing alone (trace 3 of Fig. 4). 

Thus, while the shift and broadening of the Raman 
signal near the LO phonon frequency provides con- 
clusive evidence of successful activation of the im- 
planted species, changes in the photoluminescence 
spectra do not correlate with impuri ty  activation, and 
appear to be related to the heat- t reatment  only. 

Conclusions 
Raman scattering from frequencies near that of the 

LO phonon is shown to be an excellent diagnostic for 
implantation damage effects, their recovery by an- 
nealing, and the successful activation of the implanted 
ions consistent with diode fabrication from the an- 
nealed material. In contrast, changes in the room tem- 
perature photoluminescence spectra occur independent 
of the activation of the implanted species. The success 
of Raman spectroscopy as a diagnostic is based on the 
sensitivity of the LO phonon frequency to strain, 
damage, and the free carrier plasma. Since these same 
physical effects also occur in the other I II-V compound 
semiconductors, Raman spectroscopy may find even 
wider application to process diagnosis, as has been in- 
dependently suggested by others (22-24), but has been 
demonstrated here. 

A significant advantage of Raman spectroscopy is 
that these physical effects can be readily monitored at 
room temperature. In contrast, photoluminescence 
would provide more information if the samples were 
held at cryogenic temperatures, since only the ground 
states of impurities would be occupied and thermaliza- 
tion and phonon broadening effects would be mini- 
mized (3). The use of cryogenic temperatures, however, 
would greatly increase the time required for the mea- 
surement, and thus no longer be production compatible 
as a real- t ime monitor. Furthermore, situations exist 
where photoluminescence even at low temperatures 
would not provide the desired information about car- 
rier activation. This is especially true for implanted 
Be in the III-V compound semiconductors, where elec- 
trical activation of the implanted species occurs for 
annealing temperatures below those required to acti- 
vate Be-related photoluminescence (25), while Raman 
scattering, being sensitive to the free carrier density 
from the activated acceptors, does not suffer this l imi- 
tation. 
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ABSTRACT 

A method has been developed for electrolytically synthesizing TaC and NbC at 750~ from a molten salt solution con- 
taining Na2B4OT, NasCO3, NaF, KF, and Ta20~ or Nb205. Carbide formation was possible on both graphite and silver cathodes 
with deposition potentials in the range of -0.45 to -0.7V. The melt composition must  be carefully controned so that borides 
do not codeposit. In TaC electrosynthesis, thermally-generated cubic crystals formed on the cathode when the Ta205 con- 
centration was too high. A similar phase was found during NbC deposition. 

The monocarbides of t an ta lum and n iobium are 
highly refractory mater ia ls  wi th  the cubic NaC1 struc-  
ture. Both are hard, br i t t le  compounds with TaC being 
a gold-colored metalloid which melts at 3915~ __+ 75~ 
while NbC is gray-black with a mel t ing point  of 3600 ~ 
-+- 50~ Several  methods have been used to synthesize 
these compounds including;  (i} solid-state reaction of 
the e lements  in vacuum or H~ [1600~176 (1, 2), 
(ii) reaction of the metal  hydride or oxide with carbon 
black [2200~ (2), (iii) fusion, 'and (iv) reaction of 
the metal  with a hydrocarbon gas [>1800~ (4). Most 
of these methods involve very high temperatures  and 
produce meta l - r ich  carbides of the form TaC~-x and 
NbCl-x. 

The preparation of single crystals of these com- 
pounds by fusion methods is made difficult by their 
extremely high melting temperatures and decomposi- 
tion problems at elevated temperatures, principally 
the loss of carbon. Several methods, some of which 
utilize lower temperatures, have been developed in- 
cluding: (i) flux grc~wth from molten aluminum 
[1300~176 (5), (ii) thin film deposition by vac- 
uum evaporation [1300~176 (6), (iii) crystal pull- 
ing from an NbC1-x melt formed in an argon-helium 
plasma arc stream (7), and (iv) the growth of TaC 
fibers by an a-c arc discharge method [250~176 (8). 

Electrolytic methods for the synthesis of some re- 
fractory metal carbides from molten salt solutions at 
temperatures near 800~ have been reported in the 
literature (9, 10). Table I summarizes some of the ex- 
perimental conditions used by Andrieux ,and Weiss 
(11) to prepare W, Mo, and Fe carbides. All involved 
the use of Na2COs as the source of carbon and an oxide 
for the metall ic constituent.  These low mel t ing solvents 
contained NaBO~ and LiF (a viscosity modifier).  No 
previous work on the electrolytic preparat ion of TaC 
and NbC has been reported. 

K u n n m a n n  (10) stated that  "materials electrochemi- 
cally precipitated f rom fused melts can almost always 
be obtained in the form of reasonably large crystals 
when sufficiently Iow current  densities are employed." 
The low tempera ture  electrolytic method would, there-  
fore, clearly be an advantage for the growth of single 
crystals of TaC and NbC. 

This paper  describes the conditions necessary to 
synthesize TaC and NbC by mol ten salt  electrolytic 
techniques. 

Experimental Procedure 
TaC and NbC were electrolytically synthesized from 

a melt  containing reagent grade Na2B407, Na2CO~, 
NaF, and KF as the solvent phase (12) and Ta~O~ or 
Nb205 (pur i ty  99.9%) respectively as the solute. The 

Key-words: ceramics, refractories, electrodeposition syn thes i s .  

Na2CO3 ~so  doubled as the source of carbon. The syn-  
thesis conditions are given in  Table II. The melt  com- 
position was similar  to Andr ieux  and Weiss (11) except 
that Na2B4Ov was used instead of NaBO2 and a low 
melt ing eutectic of NaF and KF was subst i tuted for 
the LiF. The solidified N a F - K F  mixture  is more soluble 
in aqueous solutions than IAF-based solvents, and any 
which solidifies on the electrodeposit can be easily 
dissolved away. Because they pick up moisture, the 
fluorides were baked in  a vacuum furnace for 8 hr  at 
350~ before weighing. 

The furnace used in these exper iments  was a con- 
verted silicon crystal pul ler  (Fig. 1). The crystal seed 
red was converted to a cathode holder. Two different 
cathode materials were used: graphite, in the form 
of 3 mm diam rods, 8 cm in length, or silver strips 1 cm 
wide, 0.2 mm thick, and 7 cm long. An  amorphous car- 
bon crucible was used as the anode. Electrical con- 
nection to the anode was made by use of a carbon rod 
contacting the bottom of the crucible. The crucible was 
surrounded by a graphite heater with a thermocouple 
placed between the heater  and crucible. The charge, 
after it was loaded into the crucible, was placed im-  
mediately into the furnace and purged with argon for 
at least ~/z hr  prior to heating. The argon atmosphere 
was main ta ined  throughout  electrosynthesis. The cath- 
odes were immersed in the mol ten salt solution to a 
depth of approximately 1 cm and rotated dur ing  elec- 
trolysis. Electrodeposition in the temperature  range 
750~176 was explored. 

The applied potent ial  for electrodeposition was pro-  
vided by a Pr inceton &pplied Research (PAR) Model 
173 potentiostat. This unit ,  in .conjunction with a PAR 
Model 175 programmer  and an X-Y chart  recorder, 
was used to plot current  vs. applied potent ia l  (I-V) 
curves for de te rmin ing  m i n i m u m  decomposition poten-  

Table I. Previous methods for electrolytic synthesis of refractory 
metal carbides* 

Volt- Cur- 
Car- age rent Time 
bide Melt composition T ~ (C) (V) (A) (min) 

Fe3C 2NaBOs, 3NaeCOs, 4LiF 815 
1/10 Fe.2Oa 

WC 2NaBO2, 2NasCO~, 4.5LiF 780-800 
1/6 WO~ 

W~C 2NaBO2, 3Na~CO~, 4.5LiF 
1/2 WOa 

MoC 2NaBOb, 2NauCO3, 4.SLiF 
1/1 5 MoO3 

MoeC 2NaBOs~ 2NaeCOs, 4.5LiF 780-800 
1/3 MoOa 

2 20 15 

2 20 30 

S i m i l a r  r a n g e  

S imi l a r  r a n g e  

2.5 20 20 

* A n d r i e u x  and Weiss  (ii). 
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Table II. Synthesis conditions for TaC and NbC 

Experimental conditions 

TaC 

Initial Intermediate Improved NbC 

Melt composition (m/o )  
NaeB~O~ 19.2 13.7 13.9 13.9 
Na2COs 19.1 27.1 27.4 27.4 
NaF 38.9 37.3 37.7 37.7 
KF 20.6 19.8 20.0 20.0 
Ta~Os 2.2 2.1 1.1 1.1 
N'a~CO~/Na~B~O~ ~-~1 1.97 1.98 1.98 
Na~CO3/Ta~O5 8.6 12.9 25 25 
Charge weight (g} 
Solvent 44.4 44.4 44.4 44.4 
Ta20~ 5.0 5.0 2.5 2.5 
Temperaturo (~ 960 750 750 750 
Applied potential  (V) -0 .51 - 0 . 2  to - 0 . 6  - 0 . 4  to -0 .7  -0 .6  
Current (mA) 40 2-40 1.7-6 40 
Current density (mA/cm~) 43-93 3-50 1-8 44 (final) 
Cathode Graphite Graphite Graphite or Ag Graphite 
Anode (crucible) Amorphous carbon Amorphous carbon Amorphous carbon Amorphous carbon 
Deposition time (hr) 2-27 2-17 15-25 18 
Cathode products TaC, TaB, and cubic TaC and cubic TaC (some free C) NbC and small quan. 

crystals crystals t ity of NbB 

tials. Deposit ion potentials  ranged f rom --0.2 to --0.7V 
in this investigation. A PAR Model 379 coulometer  was 
used to measure  the number  of coulombs passed dur-  
ing electrodeposition. Deposition t imes of up to 27 hr  
were studied. 

Electrodeposits  were  analyzed using x - r a y  diffrac- 
tion, scanning electron microscopy, electron micro-  
probe, and optical microscopy techniques. 

Discussion of Results 
In the init ial  synthesis exper iments  (Table I) an 

Na2COJTa205 ratio (C/Ta)  of 8.7 was used with a 
corresponding Na2COJNa2B407 ratio (C/B)  near  1. 
A potent ia l  of --0.51V produced a current  of 40 m A  at 
960~ which was much lower  than repor ted  in previous 
carbide electrosynthesis  exper iments  (11). At 960~ 
the mel t  was not  completely  homogeneous,  wi th  some 

undissolved mater ia l  observable at the bot tom of the 
crucible:~Evaporation losses f rom the mel t  at this t em-  
perature,  p r imar i ly  the fluoride constituents, were  
about  1.1% per  hr. 

The init ial  exper imenta l  conditions yielded small  
quanti t ies of both TaC and TaB on the cathode (as 
confirmed by x - r a y  analysis) together  wi th  a cluster 
of re la t ive ly  large crystals of cubic morphology (Fig. 
2a, b) .  In some exper iments  these crystals grew to 
3-4 mm on an edge. Their  color varied f rom colorless 
to dark b lue-b lack  and they  were  very  insoluble in 
acids. The color variat ions were  probably  due to devia-  
tions from stoichiometry.  F igure  2a shows the extent  
and morphology of the crystals at tached to the cath- 

Fig. I. Schematic diagram of the electrodeposition furnace used 
for TaC and NbC synthesis. 

Fig. 2. SEM photographs of a TaC electrodeposit prepared on 
graphite using the initial synthesis conditions given in Table II. (a, 
top) Tip of cathode, (b, bottom) higher magnification showing the 
coexistence of three phases; TaB, TaC, and cubes of unknown com- 
position. 
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ode rod, and at  h igher  magnif icat ion (Fig. 2b),  al l  
th ree  cathode products  formecl dur ing  e lect rodeposi t ion 
are  dis t inguishable :  TaB, TaC, and the cubic crystals .  

To e l iminate  the  TaB phase f rom the electrodeposi t ,  
severa l  changes in expe r imen ta l  condit ions were  made  
as given in Table II, column 2. The Na2COJNa2B407 
molar  ra t io  was increased f rom 1 to 1.97 and the 
Na2COJTa205 rat io was a l lowed to increase from 8.6 
to 12.9 since the solvent/Ta20~ ra t io  was kep t  essen-  
t i a l ly  constant.  The e lect rodeposi t ion t empera tu re  was 
lowered  to 750~ to reduce  evapora t ion  losses (1.1- 
0 .125%/hr) .  

The modified condit ions used were  successful in 
e l imina t ing  the bor ide  phase.  F igure  3 shows the re-  
sul t ing cathode deposit .  The TaC elect rodeposi ted  in 
a c luster  of smal l  crys ta l l i tes  forming a dendr i t i c - l ike  
s t ructure .  I t  was st i l l  su r rounded  by  the cubic phase 
which we also Wanted to el iminate.  

While  the  exact  composit ion of the cubic crysta ls  
was not  comple te ly  de te rmined ,  they  were  found to 
contain Na, Ta, and  oxygen,  and the i r  x - r a y  pa t t e rn  
compared  closely to those of Na0.95TaO0.295F0.05 (13), 
TaFt,  and TaO2F. The undissolved ma te r i a l  r emain ing  
at  the  bot tom of the crucible  had  an ident ica l  x - r a y  
pa t t e rn  to tha t  of the cubic crystals  on the cathode. 
Since it was un l ike ly  that  these crys ta ls  were  e lec t ro-  
chemical ly  formed,  i t  was suspected tha t  they  nuclea ted  
and grew on the cathodes by  a t he rma l ly  dr iven  p ro -  
cess. This was verif ied by  repea t ing  the synthesis  p ro-  
cedure  in a l l  deta i ls  but  wi thout  an appl ied  poten t ia l  
across the  electrodes.  Under  these condit ions the crys-  
tals  fo rmed  as before.  

Since the  composit ion of the undissolved ma te r i a l  
on the  crucible  bo t tom appeared  to be the  same as the 
crys ta ls  found on the cathode rod, the most  l ike ly  
mechanism for nucleat ion and crys ta l  g rowth  is a g ra -  
d ient  t r anspor t  process.  When the cathode rod  is in-  
se r ted  into the mel t  surface i t  acts as a hea t  sink, 
lower ing  the t empera tu re  of the  mel t  in its vicini ty.  
Since the  mel t  a t  the bo t tom of the crucible  is at  a 
h igher  t empera ture ,  the  undissolved phase,  which is 
more  soluble at  the h ighe r  tempera tures ,  is t ranspor ted  
to the .cathode due  to the  concent ra t ion  grad ien t  
c rea ted  by  the  t e m p e r a t u r e  gradient .  As e lec t rodeposi -  
t ion proceeds  the  cubic crystals  continue to nucleate  
and grow and become in te rspersed  wi th  the  e lec t ro-  
deposi ted products .  

Improved  condit ions for TaC elect rosynthesis  are  
given in Table II  column 3. The amount  of Ta205 was 
reduced  b y  half,  to 1 m/o .  This increased  the  Na2COJ  
Ta205 ra t io  to 25. The Na2COJNa2B4OT rat io  w~as kep t  
at  2 to p reven t  the  format ion  of TaB and the t e m p e r a -  
tu re  at  750~ to reduce  evapora t ion  losses. Under  these 
condit ions the  mel t  was comple te ly  t r anspa ren t  and 

homogeneous (no undissolved solid was present) and 
the  cubic crystals  did not  form. 

F igures  4.a and 4b show electrodeposi ts  of  TaC on 
graphi te  at  two dif ferent  potent ia ls .  At  --0.7V (Fig. 
4a) small ,  poor ly  formed crys ta l l i tes  were observed.  
At  --0.55V (Fig. 4b) la rger  crys ta l l i tes  were  formed.  
F igures  5a and 5b show deposits  on s i lver  at --0.05V. 
The coverage  was continuous but  the  c rys t a l l i t e s 'were  
smal le r  and less wel l  fo rmed than  on graphi te .  

The Na2COJNa4B407 rat io  in the  me l t  was very  
cr i t ical  for TaC synthesis.  If  the Na2COa content  was 
too high, excess carbon or  g raph i te  was fo rmed  at  the 
cathode, usua l ly  as a very  fluffy b lack  powder ,  some 
of which floated off into the mel t  dur ing  e lec t rodepo-  
sit ion and upon removing  the cathode f rom the melt .  
If the  mel t  conta ined too much Na2B40~ (such as an 
equ imolar  concentra t ion of Na2B4OT and  Na2CO3), then 
TaB formed.  A convenient  mel t  composit ion for TaC 
deposi t ion was 31 w/o  Na2B4OT, 33 w/o  Na2COs, 18 
w/o  NaF, and 13 w/o  KF.  With  this mel t  composit ion,  
TaC could be  e lec t rodeposi ted  on the Ag cathode at  
cell  potent ia ls  of be tween  --0.04 to --0.07V. At  grea te r  
than --0.4V, graphi te  was the dominan t  phase to form 
and at  --0.7V TaB codeposi ted wi th  TaC. The best  r e -  
sults were  obta ined  wi th  a cell  potent ia l  of --0.05, both  
for g raph i te  cathodes, where  the cur ren t  dens i ty  was 
app rox ima te ly  4 m A / c m  2, and for Ag cathodes (7.5 
mA/cm2) .  In  most  exper iments  the cur ren t  d ropped  
dur ing  the first few hours  and then r ema ined  almost  
constant  as the  e lect rodeposi t ion process proceeded.  

Elec t rodeposi ted  TaC was a crystal l ine,  b ronze-  
colored powder .  Crys ta l l i te  morpho logy  was poor ly  
developed except  in a few cases where  wel l -def ined 
pr isms were  observed (Fig. 4). The m a x i m u m  crys ta l -  
l i te  size was about  10 ;~m. The powder  x - r a y  diffract ion 

Fig. 3. An SEM photograph of TaC crystallites formed during 
electrodepositlon on graphite using the intermediate synthesis con- 
ditions given in Table II. Crystals of the cubic phase were stff4 
present. 

Fig, 4. SEM photographs of single phase ToC crystallites pre- 
pared on graphite using the improved synthesis conditions given in 
Table II. (a, top) Deposition potential --0.7V, (b, bottom) deposi- 
tion potential --0.55V. 
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Fig. 5. SEM photographs showing a TaC electrodeposit on a 
silver cathode at --O.05V (a, top) overall morphology of deposit, 
(b, bottom) morphology of crystollites. 

da ta  agree  ve ry  wel l  wi th  pu'blished l i t e ra tu re  results.  
The deposi ts  were  not  ve ry  adheren t  to e i ther  the 
s i lver  or g raphi te  cathodes and could be easi ly  re-  
moved. 

The ma jo r  cont~aminants in the  TaC deposi ts  were  
Fe  (0.5%), B (1.5%), and Si (0.8%). The other  im-  
pur i t ies  were  Ca, A1, Pb, and Mg. The Fe impur i t y  was 
most  l ike ly  de r ived  f rom the stainless steel  cathode 
holder ,  the  B from Na2B4OT, and Si  f rom the s ta r t ing  
mater ia l .  The s ta r t ing  mate r ia l s  used were  not  pa r -  
t i cu la r ly  pu re  and no effort was made  to p re -e l ec t ro -  
lyze the  ba th  pr io r  to TaC electrodeposi t ion.  The s toi-  
ch iomet ry  of the TaC p repa red  by  this method has not  
yet  been de termined.  

S imi la r  resul ts  were  obta ined for  the e lec t rosyn-  
thesis of NbC. The exper imen ta l  pa rame te r s  are  given 
in Table  II. Only a few exper iments  were  unde r t aken  
to ver i fy  the  feas ib i l i ty  of NbC electrosynthesis .  An 
analogous t h e r m a l l y  deposi ted phase also appeared  
on the cathode if the Nb205 concentra t ion was too 
high. The crys ta l l i te  morpho logy  of the  e lec t rode-  
posi ted NbC was not  as wel l  defined as in the TaC 
electrodeposi ts .  A smal l  quan t i ty  of NbB was present  
in these e lectrodeposi ts  and the NazCOJNa2B407 rat io  
should be increased to genera te  s ingle  phase NbC. 

Conclusions 
Tanta lum and n iob ium carbide  can be e lec t rode-  

posi ted as essent ia l ly  single phase  products  under  a 
na r row  range of expe r imen ta l  conditions. TaC can be 
synthesized at 750~ wi th  deposi t ion potent ia ls  be -  
tween --0.45 to 0.70 on graphi te  o r  Ag electrodes.  NbC 
can be s imi la r ly  synthesized.  If the  Na2B40~ to Nb2CO3 
rat io  or the deposi t ion potent ia l  is too high, borides ~ 
form and if the Ta205 (or  Nb2Os) concentra t ion is too 
high, a complex t an ta lum (or n iobium)  compound 
forms on the cathode by  a the rmal  process. At  low 
deposi t ion potent ials ,  or  if the NafCO 3 content  is too 
high, excess C wi l l  be present .  Low tempera tu res  
(about  750~ are des i rable  to p reven t  excessive evap-  
ora t ion of fluoride const i tuents  f rom melt .  The TaC 
and NbC electrodeposi ts  were  in the form of sub-  
mi l l ime te r  crysta l l i tes .  I t  may  be possible to increase 
their  size by  more  careful  control  of the deposi t ion 
pa ramete r s  or wi th  the use of seed crystals .  
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Evaluation of a Process for Achieving Low Between-Metal Contact 
Resistance in Plasma Etched Polyimide Vias 

P. K. Smith, T. O. Herndon, and R. L. Burke 

MIT Lincoln Laboratory, Lexington, Massachusetts 02173 

and D. R. Day and S. D. Senturia 

MIT Cambridge, Massachusetts 02139 

Polyimide (PI) is finding increasing application as 
an in termeta l  insulator  in integrated circuits. A poten-  
tial problem is that  high contact resistance can occur at 
the bot tom of vias etched in  PI. Various techniques 
such as argon sput ter ing (1) and sulfamic acid t reat -  
men t  (2) have been recommended for prevent ing  this 
high contact resistance, bu t  the detailed origin of the 
effect has only recent ly been elucidated. Day and 
Sentur ia  (3), using scanning Auger analysis of plasma- 
etched vias in PI  over a luminum,  have suggested that 
the high contact resistance is due to the combined 
effect of a thick a l u m i n u m  oxide layer  on the first-level 
meta l  and a t h i n  etch-resis tant  carbonaceous film over 
the oxide which is redeposited from the PI  or photo- 
resist dur ing  the oxygen plasma etching of the via. 
They recommend a three-step procedure: finish etch- 
ing with a low-pressure  plasma (50 mTorr)  to remove 
the carbonaceous film, dip in buffered HF to th in  the 
a luminum oxide, and s inter  the contacts after deposi- 
tion of second-level  metal. The goal of this paper is 
to evaluate  each of the steps in this sequence, and to 
compare this procedure with other widely used tech- 
niques. 

Experimental Procedures 
Five silicon wafers with 4800A of thermal  silicon 

dioxide were used as substrates for this study. Follow- 
ing cleaning of the substrates, 3800A of 94% A1, 5% Cu, 
and 1% Si (A1-Si-Cu) were deposited using a Var ian  
sput ter  gun  at a pressure of 1 mTorr  and a deposition 
rate of 800 A/min .  This first-level metal  was pat terned 
by plasma etching with BClz in a paral lel  plate reactor 
(4). A 5:1 di lut ion of du Pont  PI-2555 and T9035 
th inner  was spun on the wafers at 8,000 rpm, produc- 
ing a 10,000A dry film thickness. The PI  was cured by  
baking at 125~ in a convection over for 1 hr, followed 
by a bake on a hot plate at 3O0~ for I hr, and then 
a sinter  in  a furnace tube unde r  forming gas (97% 
nitrogen, 3% hydrogen)  at 400~ for 5 min. This pro- 
duced a ful ly cured 7000A PI film. 

A 1.8 ~m thick AZ-1350J photoresist layer  was spun 
onto the PI, the wafers were exposed, developed, and 
then ei ther  plasma etched or reactive ion etched in 
oxygen. All  e tching was done in a parallel  plate re- 
actor, using the pressure and power levels indicated 
in  Table L Wafer  A received the procedure recom- 
mended by  Day. For wafer B, the low pressure finish- 
ing of the plasma etch was omitted. Two of the wafers 
received addit ional  t rea tment  in the form of argon 
sput ter  (wafer C) or a 1 min  dip in  a 20% by weight 
aqueous solution of sulfamic acid (wafer D), whereas 

Key words:  mult i level ,  interconnect ,  via,  res is tance ,  polyimide,  
plasma etching. 

wafer E was only  react ive- ion etched. The resist w a s  
stripped in acetone. 

Each of the wafers was then immersed halfway in  a 
buffered I-IF dip for 4 see. Pure  a l u m i n u m  was 
then deposited using the Varian sputter  gun  at a rate 
of 680 A/ra in  and a pressure of 1 mTorr. The second- 
level metal  was pat terned by BC13 plasma, and the 
photoresist was stripped by dipping the wafers in  
acetone for 2-3 rain. The wafers were then divided 
prior to sintering, and half of each sample was sin-  
tered for 5 rain at 400~ in 97% N2, 3% H2. Thus each 
wafer produced four differently t reated quadrants :  no 
HF dip or sinter, HF dip only, s inter  only, and both 
HF dip and sinter. 

Within each wafer  quadran t  were a total of 32 con- 
tact chains, 16 chains with large vias (7.5 ~m X 7.5 
~m) and 16 chains with small  vias  (2.5 ~m • 2.5 ~m). 
Each chain contained 40 contacts. Thus, for each via 
size, a total of 640 contacts was tested for each var ia-  
tion of the process. A typical  via cross section is shown 
in  Fig. 1. 

Results 
The effect of HF dip and sinter.--Figure 2 compares 

the results for wafer A (the Day procedure) with and 
without the HF dip. The figure contains a histogram 
of the n u m b e r  of 40-contact chains that  showed a given 
average contact resistance (grouped to the nearest  
0.1~ average contact resistance).  For the large vias, 
in  the absence of the HF dip, there is wide scatter in 
the data, whereas, with the HF dip, all bu t  one of the 
via chains has an average resistance of ei ther 0.2 or 
0.3 ~/contact .  I t  was found that  each quadran t  showed 
at least one open contact chain at the edge where 
the wafers were broken. We feel that  these open 
chains are damage related ra ther  than process related; 
however, for completeness, they are reported here as 
"open." Results for the small  via chains are similar. 
Without  the HF dip, most of the chains were open. 

Table I. Parameters for various etch conditions and via treatments 

Pressure Etch Power 
Wafer Process (mTorr) time (W) 

A Plasma etched 200 3 rain 350 
50 30 sec 340 

B Plasma etched 200 3 min 350 
C Plasma etched 200 3 min 350 

A r g o n  sputter  10 3 rain* 100 
D Plasma etched 200 3 min 350 

Sulfamic acid 200 1 min 350 
E React ive  ion 10 3 rain 100 

etched 

* Sputter rate 100 A/rain. 
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Fig. 2. The effect of HF dip on slntered samples from wafer A, 
the Day procedure (200 mTorr plasma plus 50 mTorr plasma). 

With  the H F  dip, al l  bu t  one showed an average  re-  
sistance of 0.4 ~ /con tac t .  For  the o ther  wafers,  the  
effect of H F  dip was similar .  That  is, comparisons of 
s in tered wafers  wi th  and wi thout  the  H F  dip showed 
tha t  the H F  dip sys temat ica l ly  improved  the average 
contact  resistance.  

The effect of s in ter  was also to improve  the average  
contact  resistance.  That  is, for samples  subjec ted  to 
H F  dip bu t  not  s intered,  the resul ts  were  worse  than  
for those receiving both H F  dip and sinter.  The quan-  
titati 've da ta  in this  case, while  s ta t i s t ica l ly  clear,  are  
not  pa r t i cu l a r ly  impor tan t ,  in view of the fact  tha t  
s in ter ing  is v i r t ua l ly  a lways  used in in tegra ted  circuit  
processing. 

Given  tha t  the  resul ts  on wafe r  A demons t ra te  the  
value  of the  H F  dip in combinat ion  wi th  s inter ing,  r e -  
sults on the  comparison of var ious  etch procedures  
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Fig. 3. Data for large vias showing the effects of various etch 
procedures and via treatments on samples subjected to both the 
HF dip and sinter steps. 

and via  t r ea tments  are  r epor ted  on ly  for  the  w a f e r  
quadran t  tha t  received both the  H F  dip and s in ter  
steps. These resul ts  a re  presented  below. 

The e~ect  of etch procedures and via treatments.-- 
The comparison be tween  var ious  e tch procedures  and 
via t r ea tments  is summar ized  in Fig. 3 ( large vias) ,  
Fig. 4 (smal l  v ias) ,  and  Table  II  (average  contact  re -  
s is tances) .  

The da ta  for wafer  B, which received the s tandard  
200 mTor r  p lasma  etch bu t  no finishing step at  50 
mTorr ,  show contact  resistances a lmost  as low as the 
Day procedure  (wafer  A, Fig. 2b and 2d).  In  Ref. (3),  
Day  repor ts  tha t  the  thickness of the deposi ted car -  
bonaceous film begins to increase as the pressure  in 
the oxygen  p lasma  increases  above a cr i t ical  threshold  
value.  In  our  reactor ,  this th reshold  value  happens  
to be at about  200 mTorr ,  as measured  b y  Day  (3). 
Thus wafer  B represents  nomina l ly  "clean" vias 
which, nevertheless ,  are  not quite as low in resis tance 
as those subjected to the  low-pressure  finishing step. 
Since the  threshold  pressure  for clean vias m a y  also 
depend on such var iables  as the precise subs t ra te  t em-  
pe ra tu re  dur ing  the etch, the  results  on wafer  B suggest  
tha t  the low-pressu re  finishing s tep is va luable  even 
if one is work ing  at  the redeposi t ion threshold.  

The da ta  for wafers  C, D, and E show signif icantly 
worse  contact  resis tances than  wafe r  A. The argon 
spu t te r  and sulfamic acid via  t r ea tments  ac tua l l y  p ro -  
duce worse  contacts than  s t ra igh t  p lasma  etching at  
the  redeposi t ion  threshold  pressure  (wafer  B) ,  and 
react ive  ion etching y ie lded  poor results,  pa r t i cu l a r ly  
in the smal l  vias. Clearly,  the p rocedure  represen ted  

Table II. Summary of results for sixteen 40-contact via chains for each via size subjected to HF dip and sinter 
Open chains are not included in averages and standard deviations 

Large vias (55 ~m ~) Small vias (6 ~m 2) 

Avg Avg 
resistance Std dev r e s ~ t a n c e  Std dev 

Wafer  (9/contact) (9) Open chains (g/contact) (9) Open chains 

A:  P lasma 200 m T o r r  0.21 0,03 1 0.40 �9 1 
P lasma 50 r e t o r t  

B: P lasma  200 m T o r r  0.24 0.05 1 0.40 0.07 1 
C: P lasma 200 mTorr  0.85 0.72 1 0.68 0.30 1 

A r g o n  sputter  
D: P lasma 200 mTorr  0.45 0.15 1 0.73 0.17 1 

Sulfamic acid 
E: Reactive ion 0.85 0.25 2 2.16 0.93 1 

�9 No observable dispersion in the data. 
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by wafer A produces the most consistent results, and 
the lowest average contact resistance of the procedures 
tested. 

Discussion 
From a pure ly  empirical  point  of view, the results 

described above are clear. The Day procedure works 
well;  s traight plasma etching can work near ly  as well; 
other via t reatments  appear to do more harm than  
good. i n  more fundamenta l  terms, the results support  
the explanat ion proposed by Day, namely,  that  the 
exposure of the first-level metal  to the oxygen plasma 
produces a relat ively thick a luminum oxide layer  
which must  be chemically th inned with HF to achieve 
good contacts. Fur thermore ,  the redeposition of a car- 
bonaceous film dur ing plasma etching coats the a lumi-  

n u m  oxide with an e tch-res is tant  layer, protecting it 
from the ox ide- th inn ing  effects of the HF dip. 

It  will  be interest ing to examine whether  similar 
results will be found in wet-et~ched polyimide. There, 
one should not encounter  plasma induced thickening 
of the a l u m i n u m  oxide. These experiments  are in 
progress, and will  be reported separately. 

The Day procedure has been used at MIT Lincoln 
Laboratory on approximately 2 dozen exper imental  
MNOS memory  wafers containing in excess of 50,000 
vias per wafer with consistently good results. In  addi-  
tion, a n u m b e r  of other double level interconnect  
wafers have been processed in this fashion with low 
via contact resistance. 
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Heat-Treatment Effects in Neutron Transmutation Doped Epitaxial 
Silicon 

John W.  Cleland* 

Oak Ridge National Laboratory, Solid State Division, Oak Ridge, Tennessee 37830 

Chemical vapor deposition (CVD) of silicon from 
a gaseous silicon compound onto a heated silicon sub-  
strate may  be used to deposit an epitaxial  Si layer and 
to obtain an electrical p - n  junction.  The dopant  con- 
centrat~on in the epi-Si layer  is a funct ion of the gase- 
ous dopant  ion content, flow rate, tempera ture  gradient,  
and any  migra t ion of impurit ies (autodoping) from 
the hea ted  substrate (1). Neutron t ransmuta t ion  dop- 
ing (NTD) may also be used to introduce a desired 
and highly uni form concentrat ion of n - type  phosphor- 
ous dopant  into Si ingots, wafers, or epi-Si wafers (1- 
3). However, anneal ing  is required  to remove radiat ion 
damage and to obtain the anticipated carrier  concen- 
t ra t ion in NTD Si, and a number  of defec t - impur i ty  
interactions can occur in ei ther Si or NTD Si as a 
consequence of various hea t - t rea tments  (4-5). Auto-  
doping may also occur in NTD epi-Si dur ing  annea l -  
ing to remove radiat ion damage. 

This technical  note describes some results of carrier  
concentration,  mobility, and resist ivi ty measurements  

* Deceased. 

on small (0.5 cm 2) epi-Si samples using the van  der 
Pauw (vdP) technique. The samples were cut from 
wafers of epi-Si, before or after i r radiat ion (to in t ro-  
duce an estimated 2 X 1014 cm -3 sip in the epi-Si  
layer) ,  followed by hea t - t r ea tment  for 30 min  at ei ther 
750 ~ or 900~ to remove radiat ion damage. The epi- 
layer was n-type,  P-doped,  60 s resistivity, 0.01 
cm thick, deposited on a p-type, Ga-doped, 0.05 ~-cm,  

0.03 cm thick substrate cut from a Czochralski (CZ)-  
grown Si ingot. 1 The ini t ial  carrier concentrat ion and 
mobi l i ty  values were ~ l . l  X 1014 cm -3 and 1300 cm ~ 
V - I  sec -1 for the epi - layer  and ~ 1.1 • 10 Is cm -3 
and 85 cm 2 V - I  sec - I  for the substrate.  The i r radiat ion 
conditions and  anneal ing  procedures are described in 
previous papers (4, 5). 

Extended (~-- 100 hr) anneal ing  at 450~ can introduce 
101~ cm-~ oxygen-re la ted donors in CZ Si that  con- 

tains ~ 10 TM cm -3 interst i t ial  oxygen (Oi) ini t ia l ly  (4, 
5). The ini t ia l  Oi content  was not ,determined in the 

The author is indebted t o  C. W.  Pearee,  Western  Electric Com-  
p a n y ,  Allentown,  Pennsylvania,  for  supplying the  epi-~i wafers .  
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substrates used here, but  the apparent  acceptor con- 
centrat ion in the substrata portion of several  samples 
was reduced from ~ 1.1 to 0.7 X 10 TM cm -3 by an-  
neal ing for 180 hr  at 450~ The apparent  donor con- 
centrat ion remained at --~ 1.1 X 1014 cm -8 in the epi- 
layer  of these samples, so no evidence of either O 
donor formation in the epi- layer  or of O donor migra-  
tion from the substrata was observed in these anneal -  
ing experiments.  

It  has been shown in our earlier work that heat-  
t rea tment  for 30 min  at 750~ is sufficient to obtain 
the anticipated carrier  concentrat ion in NTD Si, taking 
the separate effect of O donor formation into account 
(6). However, a significant concentrat ion (1014-101~ 
cm -3) of an  impur i ty  (presumably  Li) ,  which can 
be activated as a donor by short term (30 rain) heat-  
t rea tment  at  ~ 650~ is present  in some commercially 
available float zone (FZ) refine.d, CZ-grown, or NTD 
Si (4, 5). Figure 1 indicates the ini t ial  carrier concen- 
t rat ion of two samples of unir radia ted epi-Si, samples 
1 and 2, the estimated ini t ia l  carrier concentrat ion of 
two samples after irradiation,  samples 3 and 4, and 
the change in  carrier concentrat ion at room tempera-  
ture of the samples after hea t - t rea tment  for 30 min at 
750 ~ or 900~ These data indicate that ~ 10 TM cm -~ 
donors were activated in sample 1 at 750~ and that 

98% of them became inactive within a few hours 
at room temperature.  More than 2 X 10 t6 cm -3 donors 
were activated in sample 2 at 900~ and again ~ 98% 

HEAT TREATMENT EFFECTS IN EPITAXIAL SILICON 
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were inactive after 250 hr at room temperature.  Sam- 
ples 1 and 2 were given a second identical hea t - t rea t -  
men t  (data not shown) and the apparent  donor con- 
centrat ion increased to ----- 10 TM cm-~ in both samples. 
Most (99%) of the donors were inactive in sample 1 
after 100 hr at room temperature,  bu t  20% of the 
donors remained in sample 2 after 5 months at room 
temperature.  These data indicate that  the higher tem-  
pera ture  (900~ hea t - t rea tment  may introduce lattice 
defects that interact  with Li to form a stable donor. 

Only 1-2 X 1015 cm-3  donors were activated in the 
NTD epi-Si samples 3 and 4 after hea t - t r ea tment  for 
30 min  at 750 ~ or 900~ respectively (Fig. 1). Most 
of these donors became inactive wi thin  a few hours 
at room temperature.  Previous experiments  (4) have 
indicated that  Li can form a stable donor if associated 
with fas t -neut ron  induced lattice defects (Dr) in NTD 
Si and that hea t - t rea tment  for 20 hr at 900~ is re- 
quired to remove most of these Li-Df donors. In  the 
present  experiments  the source of the inactive donor 
impur i ty  is not known, but  it is probably Li from the 
substrata, since all of the san~ples were from the same 
epi-Si wafers and were heated under  identical con- 
ditions. The fact that  ,~ 10 TM cm -8 donors were acti- 
vated in the uni r rad ia ted  samples as compared to 
,-- 1015 cm -8 donors in the irradiated samples may in-  
dicate that extensive autodoping by Li from the sub- 
strata can occur as a consequence of hea t - t rea tment  
of epi-Si, unless the simultaneous presence of D~ im-  
pedes Li migrat ion in  NTD epi-Si. 
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Mercury Pressure-Induced LPE Growth of HgCdTe 
H. Ruda, P. Becla, 1 J. I .agowski ,*  and H. C. Gatos*  

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 

Present  s ta te-of - the-ar t  epitaxial  layers of HgCdTe 
(ideally suited for infrared imaging systems) are l ab -  

~ Elec t rochemica l  Socie ty  Ac t ive  Member .  
1 P r e s e n t  address:  Ins t i tute  of  Physics,  Technica l  Univers i ty  of  

Wrocl,aw, Wrocl~w,  Poland.  

ricated by  LPE; however, it  is necessary to provide a 
continuous control of the Hg pressure (1) dur ing growth. 
In this communicat ion a new modified method of LPE 
is proposed which utilizes an Hg pressure differential 
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as the sole driving force to initiate and sustain growt h ,  
~rowth is performed from Te-rich solutions under 
strictly isothermal conditions. The mechanism respon- 
sible for growth involves the generation of excess Hg 
in the vapor (from an Hg reservoir) which is then 
incorporated into the solution, thereby providing an 
effective supersaturation in the solution leading to 
growth. 

The principle of the present approach is illustrated 
in Fig. 1. Consider the system initially in equilibrium 
when the Hg reservoir is held at temperature T1 and 
the  solution at temperature T. The partial pressure o f  
Hg is identical over the solution and the reservoir. 
Upon raising the temperature of the reservoir to a 
new higher temperature T2, while maintaining the  
solution at its original temperature, T, a flux of Hg 
from the reservoir to the solution is generated. The 
excess Hg is incorporated into the solution, and  the  
new Hg pressure becomes P(f) over the whole system. 
In this .way, the solution undergoes a transition (i) 
(f), i.e., it becomes supersaturated leading to growth. 

Experiments to establish the validity of this growth 
principle were made using Te-rich source material 
over a wide range of temperatures and with a wide 
range of pressure differentials. The apparatus consisted 
of a boron nitride tipping boat positioned at one end 
of a sealed quartz ampul and an Hg reservoir at the 
o t h e r  end (Fig. 1). The solution and the reservoir were 
separated by a quartz volume spacer reducing the free 
volume in the ampul to about 8 cm ~. The end of the 
ampul containing the boat remained in an isothermal 
configuration throughout the experiment. The temper- 
ature of the reservoir zone was controlled indepen- 
dently of the boat zone, being ramped up to its new 
temperature for growth by applying a temperature 
differential, hT. 

About 3g of solution were placed at one end of the  
boat, and a polished and oriented wafer of ( l l l ) A  
CdTe was placed at the other end. The temperature 
was raised to T1 (determined by phase diagram data) 
and contact was established by tipping the apparatus 
through a small angle, the solution thickness was 
about 3 ram. The system was then allowed to equili- 
brate; a period of 15-30 min was found to be suffi- 
cient. After the desired growth t h e  solution was 
separated from the epilayer again by tipping the ap- 
paratus. Layers about 40 ~m thick and with x values 
between 0.16 and 0.28 were grown (see Table I). Typi- 
cal growth velocities were higher than those typical of 
ramp-cooled LPE (2-5). 

A distinct advantage of the present method is that it 
requires no "wiping" of the solution after growth, 
which in practice introduces limitations regarding the 
dimensions of the substrate area. Furthermore, it per- 
mits in situ post-growth annealing under controlled 
Hg pressure. 

Hall measurements on layers which were prepared 
by the present method are given in Table I. Mobilities 
of up to 43,000 cm2/V sec are reported with relatively 
low carrier concentrations. These values compare fa- 

P, T 
P(f) 

\ :  /-Hg(1)-- Hg(v) 

- '~1 \ G r o l  CG-~ ~ h- . . . .  , - ( ' ! r  . . . . . .  ,r, 
Liquid ~ ~ h - - - S i ~ - - -  ~ i ~  

I l i \ 
! II 
T T z T 1 (103/T 

~ T  

Fig. 1. Schematic diagram of apparatus for Hg pressure-induced 
LPE of HgCdTe and illustration of the growth principle; a tempera- 
ture increase, AT, of the mercury reservoir causes a supersaturation 
of the solution (held at constant temperature) leading to growth, xi 
is the initial composition at equilibrium T1, and xf is the composi- 
tion of the growing layer. 

vorably with layers reported in the literature for con- 
ventional LPE processes (1, 5). In addition, the sur- 
face morphology was satisfactory, although the method 
as employed was still in its early stages of develop- 
ment. 

Some qualitative predictions on the type of growth 
behavior one might expect are presented below. The 
growth velocity should reflect two distinct stages: an 
initial transient stage (stage I in Fig. 2) in which 
the solution attains its maximum incorporation of the  
excess Hg generated, followed by a supersaturation 
stage II. Stage I is directly related to the incorpora- 
tion kinetics at the solution-vapor interface. Stage II 
should be analogous to the kinetics of growth from 
supersaturated solution as in the case of step-cooled 
LPE. That is, the velocity should follow t -(I/2) in stage 
II (6-8). The solution thickness is an important factor 
which affects the Hg gradient in the solution, and thus 
the mercury transport to the growth interface. It is 
apparent that this Hg concentration gradient leading to 
growth is larger the thinner the solution. 

Table I. Characteristics of layers grown by Hg pressure-induced LPE: growth parameters 

Growth T1- T~ Growth Layer 
Sample temper- (~ (Hg time thickness Composition ]Nd -- Na] Mobility 

code ature (~ reservoir) (rain) (~m) x-value (cm -8) (cm~/Vsec) 

PI-12 578 350-358 45 28 0.28 2.3 x 10 l~ 3.2 x 10 ~* (p) 
PI-18 869 350-365 45 34 0.27 - -  
PI-19 476 240-251 25 20 0.16 6.5 x 10 lo 4.3 x 104** 

(n) 
PI-21 478 243-265 30 39 0.18 7.6 x 10 i" 2.1 x 10 ~ ' '  

(n) 
PI-32 547 300-318 45 24 0.21 5.0 x 10 lo 4.5 x lO s* .  

(n) 

�9 As grown. 
Annealed in situ. 
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Growth time--~ 
Fig. 2. Schematic illustration of growth velocity vs .  time: I - -  

initial transient state; II--supersoturation Stage. 

The effects of the i so thermal  growth  t empe ra tu r e  can 
best be unders tood on the basis of the Gibbs phase rule 
for  a three  component  l iquid in equ i l ib r ium wi th  its 
vapor  and solid. There  are  two degrees  of freedom. 
Therefore,  for  a given solut ion composition, by  set t ing 
the i so thermal  growth  tempera ture ,  the composit ion of 
the  solid, x, is un ique ly  determined.  Thus, the  h igher  
the  growth  tempera ture ,  the h igher  the  component  
solubili t ies,  and the la rger  the f ract ion of CdTe in 
the solid, x. F igu re  3 shows an expe r imen ta l  plot  of 
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/ 
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/ 
/ 
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/ 

/ 
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/ i 

5OO 600 

Temperature of growth (~ 
Fig. 3. Experimental solidus data 

the solidus, where  the da ta  is taken  f rom Table I. I t  is 
seen that  indeed x increases wi th  increas ing t emper~  
ture. As ~T is increased,  more  Hg i s  incorpora ted  into 
the solution, and the effective supersa tu ra t ion  of the 
solut ion increases.  Thus we would  expect  g rea te r  
g rowth  rates for. a l a rge r  va lue  of hT at  a given 
growth  t empera tu re  and ~olution composition. Com- 
par ing  exper iments  PI-19 and PI-21 in Table I (car-  
r ied out at app rox ima te ly  the same t e mpe ra tu r e )  i t  is 
seen that  the grown thickness,  over  about  the  same 
growth  t ime (25 to 30 re.in), is p rac t i ca l ly  double  for 
an increase of the differential ,  hT by  about  a factor  of 
two. 

Refer r ing  back  to the growth  veloci ty  as i l lus t ra ted  
in Fig. 2, we m a y  infer  tha t  over  the r e l a t ive ly  long 
growth  per iods  employed  in these exper iments ,  s tage 
II  behavior  is expected  to dominate  the pr inc ipa l  pa r t  
of the  g rowth  kinetics,  i.e., the grown layer  thickness 
is expected to va ry  to good approximat ion ,  as to/= ). 
The m a x i m u m  thickness of the ep i tax ia l  l aye r  is l im-  
i ted by  the deple t ion  of cadmium and t e l lu r ium in the 
solution. 

One factor  that  might  be ant ic ipated  to l imi t  the 
achievement  of a m a x i m u m  thickness is spontaneous 
nucleat ion in the solution, by removing  the solute 
f rom the a l r eady -d i l u t e  solution. This effect should 
be most  pronounced in the ea r ly  stages of growth  
(stage I ) ,  when the ins tantaneous  supersa tura t ion  
across the  solution is maximum.  However ,  no such 
behavior  was observed,  and thus the ini t ia l  kinet ics  
a re  bel ieved to be sufficiently r ap id  to diss ipate  such 
const i tut ional  gradients  across the solution. Therefore,  
const i tut ional  supercool ing is not an t ic ipa ted  to be a 
significant problem.  A ful l  theore t ica l  t r ea tmen t  of the 
the rmodynamics  and kinet ics  of p ressure - induced  
g rowth  is cu r ren t ly  being pursued.  
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Construction of Reference Electrodes for Long-Term Testing of 
Compact Li-AI/FeS Cells 

L. Redey* and D. R. Vissers* 
Argonne National Laboratory, Chemical Engineering Division, Argonne, Illinois 60439 

The Ni/NJ3S2/S 2- and (a + B)Li-AI/Li + 
reference electrodes (1,2) have proven to be 
excellent investigative tools for evaluating 
Li-AI/FeS cell performance (3). These elec- 
trodes have been used to investigate the polar- 
ization characteristics of electrodes in com- 
pact cells and to carry out a variety of 
electrochemical studies in experimental labora- 
tory cells. The compact cell designation is 
used here to refer to cells constructed with 
high specific energy and high specific power. 
At present, the compact Li-AI/FeS cells we test 
have a capacity range of 20-400 Ah. 

Basic Principles of Construction 

Investigations with reference electrodes, 
especially electrode polarization studies, 
require that the chemical and physical charac- 
teristics of the reference electrode and cell 
construction be meticulously selected. Also, 
the proper placement of the electrodes and the 
location of the electrolytic junction point 
(opening of the Luggin capillary) to its 
surroundings require careful consideration. 
The basic principles of the Luggin-capillary 
tip construction and its placement to avoid 
error in electrode potential measurements for 
laboratory cells are well known (4-6). Such 
laboratory cells are designed for the special 
purpose of the measurement (7); consequently, 
flexibility in the cell design is provided to 
allow the selection of various configurations 
for reference electrode work. In compact 
cells, on the other hand, because the geometry 
is fixed and the current path and the mass 
transfer effects must be disturbed as little 
as possible, the options for reference 
electrode design and placement are limited. 
The consequences of the high temperature and 
the reactive environment impose further 
limitations on the electrochemically active 
and inactive components of the electrode; 
these limitations have been described in an 
earlier paper (2). The construction materials 
for thereference electrodes must withstand 
molten salt electrolyte and the effects of 

Key words: reference electrode, nickel 
sulfide, Li-AI alloy, molten salt 
*Electrochemical Society Active Member. 

231 

dissolved lithium metal and S 2 - ions up to 
500~ as well as endure thermal cycling betweer 
room temperature and the cell upper working- 
temperature. 

Our state-of-the-art Li-AI/FeS compact 
cells can undergo several hundreds of cycles 
(i00-i000) equivalent to testing periods of 50- 
500 days; a reference electrode consequently 
must have a useful life at least this long or 
longer. 

Typical Designs 

The chemistry of our (e+B)Li-AI/Li + and 
Ni/NiBS2/S 2- reference electrodes can be 
symbolized by the following half cells: 

Ni-Ni/(~+B)Li-AI/LiCI-KCI [i] 

T 1 T 2 

Ni-Ni/Ni3S2/LiC1-KCI, Li2S(s) [2] 

T 1 T 2 

where T 1 is the temperature of the glovebox 
and T 2 is the cell temperature. In this 
reference electrode work, the (~+B)Li-AI 
electrode has been taken as the primary 
standard and thus its potential is defined as 
zero at any temperature (2). Consequently, 
combining the two electrodes described above 
forms a calibration cell whose emf is the 
potential of the Ni/Ni3S2/S 2- reference elec- 
trode on this "standard" potential scale. The 
temperature dependence of the emf (E in mV) 
of this cell (2) is found to be: 

E -- 1367.5 + 0.097 (T-700) [3] 

where T is the cell temperature in K. Recent 
studies (8) indicate the above cell voltage is 
independent of the Li+/K + ion ratio in the 
electrolyte. The construction of these elec- 
trodes will be described below. 

To date, high-purity, high-density beryl- 
lia ceramic is the best material for the refer- 
ence electrode housing in terms of meeting the 
chemical requirements detailed in the preceed- 
ing section. The design details of a typical 
reference electrode are shown in Fig. i. 
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Fig. i. Ni/Ni3S 2 Reference Electrode 
with Beryllia Tube Housing. 

The BeO tube (3M Company, Technical Ceramics 
Div., Type ALSIMAG 794) is 178 mm (7 in.) in 
length and has a 3.2 mm (1/8 in.) OD and a 1.6 
mm (1/16 in.) ID. The spring action of the saw- 
toothed loop of the nickel wire (Ni 200, 
nominally 99.5% Ni; 0.5 mm, 20 mil #) fixes the 
BeO housing in place, thus eliminating the need 
for an undesirable rigid connection between the 
electrode holder assembly (reducing union and 
AI203 extension tube) and BeO tube. The Y203 
plug diffusion barrier is formed by vibrating 
fibers of yttria felt (Zircar Products Inc.) 
into the BeO tube. This barrier is readily 
wetted by the electrolyte and develops a 
resistance of 7-10 kohm/cm. The short AI203 
tube, held in place by friction at the tip of 
the reference electrode, serves as support for 
the yttria diffusion barrier. In preparingthe 
electrodes approximately 20 mg of high purity 
(>99%) Li2S powder (particle size ~2 pm, 
-270 mesh) is vibratorily loaded into the lower 
2-3 cm portion of the BeO tube. Because of the 
low solubility of Li2S in the electrolyte 
(500-1700 ppm in the working temperature range 

of the cell) a small quantity of Li2S can main- 
tain the electrolyte in the electrode cavity 
saturated for more than a year if an adequate 
diffusion barrier is provided. 

The major disadvantage in the use of BeO 
is the dimensional limitations of the avail- 
able products. Because of the high toxicity 
of the BeO powder and dust, any alteration in 
shape of a commercial item is very difficult 
to implement. At present, the 1/8 in. OD high- 
density BeO tube appears to be available only 
in lengths of 7 in. or less. 

Thermodynamically, A �89 is not stable 
in electrolyte media of unit Li ~ activity. 
However, our experimental work has shown high- 
purity, high-density alumina materials (like 
McDanel Refractory Co., 998 Alumina) to be 
stable as reference electrode housings in 
Li-AI/FeS cell environments for several years 
without significant chemical or mechanical 
deterioration. The only change noted was the 
formation of a harmless thin, grey surface 
layer. The major advantage in the use of A]203 
is its ready availability as tube in a wide 
variety of lengths and ID and OD dimensions. 

Diffusion barriers are made by inserting 
a short (10-15 mm) solid piece of AI203 rod 
into the AI203 tube. End sections of both the 
rod and the tube are polished to make a near 
perfect fit. The friction holds this plug 
firmly in place and the narrow gap between the 
two pieces forms a fine capillary which creates 
an excellent liquid junction with an approxi- 
mately 5 kohm resistance and thus a very low 
diffusion rate. 

Because a reference electrode operates at 
the temperature of its surroundings and its 
potential is temperature dependent, knowledge 
of its exact temperature is essential. There- 
fore, for precise measurement, we have de- 
veloped a bifunctional sensor (Ni/Ni3S 2 ref- 
erence electrode and thermocouple combination). 
A schematic diagram of this sensor is shown 
in Fig. 2. 

Our typical sensor utilizes a 3.2 mm OD, 
1.6 mm ID (0.125/0.062 in.) AI203 tube of the 
required length (long enough for the upper end 
to be at room temperature) and a Ni 200 tube 
(with 1.0 n~n OD and 0.5 mm ID, 0.040/0.020 in.) 
with its lower end closed by electron beam 
welding. This Ni tube serves as sheathing for 
a 0.25 mm (0.010 in.) OD Omega chromel-alumel 
thermocouple (type TJ 36-SCASS-010U) and at the 
same time as the base metal for Ni3S2 
formation (2). 

Manuscript submitted May i0, 1982; revised 
manuscript received ca. Sept. 7, 1982. 

Publication costs of this article were 
assisted by Argonne National Laboratory. 
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Thermocouple Bifunctional Sensor 
with Alumina Tube Housing. 

Because of the small masses of its active 
components and housing, the sensor system 
(Ni/Ni3S 2 reference electrode plus ~hermocouple) 
responds rapidly to temperature changes. The 
corresponding new voltage values of the 
thermocouple and the electrode stabilize within 
a minute after a step temperature change pro-- 
viding excellent opportunity for monitoring 
these variables. Typical response-time values 
for 90% of the total change (starting from 
sensor temperatures below the melting point of 
the electrolyte) are 12 s and 18 s for the 
temperature and electrode potential me~surements 
respectively. The potential approaches the 
final mean value to within 1 mY in 50 s. 

Li-Al/Li + ~eferenee electrodes can be 
used as well in Li-AI/FeS cell systems. 
Construction of these electrodes is similar to 
that just described for the Ni/Ni3S 2 electrode 
except finely powdered (~ + 8)-phase Li-AI 
alloy replaces the Li2S. In another version, 
the alloy is formed in situ electrochemically 
(2) using a fine aluminum wire (i-i0 mg, 

0.125 mm, 5 mil ~) wound around the tip of the 
nickel sheathing. 

A decision whether to use the Ni/Ni3S 2 
or the Li-AI reference electrode depends on 
the purpose of the experiment in question. The 
Ni3S 2 system is more stable and less sensitive 
to impurities. On the other hand, an (e + B)- 
phase Li-AI alloy reference electrode directly 
indicates potential values on the proposed 
"standard" scale (2). Outward diffusion of 
either nickel and sulfide ions or the strongly 
reducing solution of dissolved lithium metal 
through the diffusion barrier of the reference 
electrode can cause minor polluting effects on 
the tested system, and might be a criterion for 
selecting the appropriate electrode from the 
two alternatives. 

The+above described simple Ni/Ni3$ 2 and 
Li-AI/Li reference electrodes possess well- 
defined potentials of excellent stability. 
These electrodes function well even after 
many thermal cycles between 5000C and room 
temperature. Most of our Ni/Ni3S 2 reference 
electrodes have performed well for more than a 
year of continuous service in Li-AI/FeS cell 
testing, thus proving their chemical stability 
~d compatibility. 
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Vapor Phase Deposition of Aluminum Film on Quartz Substrate 

D. R. Biswas, C. Ghosh, and R. L. Layman 
ITT Electro-Optical products Division, Roanoke, Virginia 24019 

Sputtering (i), vacuum evaporation 
(2), and conventional chemical vapor 
deposition (CVD) (3) are the major pro- 
cesses by which aluminum film can be 
deposited onto a flat substrate. Sput- 
tering and vacuum evaporation normally 
cannot be used for producing a uniform 
coating on an irregular substrate and 
the CVD usually produces large grains 
or growth cones on the substrate sur- 
face. In order to produce a uniform, 
fine grained film on any desired sub- 
strate surface, a surface controlled 
heterogeneous (4) nucleation and growth 
process is currently being used. In 
this process, the substrate surface is 
preferentially heated to a reaction 
temperature by induction heating or by 
any other means keeping the reactant 
vapor temperature lower than that of the 
reaction temperature. Therefore, the 
reaction can take place heterogeneously 
at the substrate surface. An applica- 
tion of this deposition method isbeing 
considered to deposit aluminum films 
on fused quartz substrates. 

A metallorganic compound of 
aluminum namely trimethyl aluminum 
(TMA)* was used for the deposition of 
an aluminum film on quartz substrates. 
Fused quartz samples were fabricated 
from a commercial** TO8 rod by cutting, 
polishing and properly cleaning the 
surface. The samples were placed on a 
graphite susceptor inside the deposi- 
tion chamber as shown in Fig. i. The 
chamber was flushed with ultrapure 
hydrogen and then the susceptor was 

*Alfa Products. Thiokol/Ventron 
Division, Danvers, MA. 

**Hereaeus-Amersil, Sayreville, NJ. 
Key words: deposition, metallorganic, 
aluminum, quartz 

heated by using RF induction to the 
desired deposition temperature and was 
allowed to equilibriate for an hour 
before injecting the chemicals. The 
susceptor was rotated continuously to 
achieve uniform deposition. Ultra 
pure hydrogen was used as a carrier 
gas for TMA and introduced from the 
top of the chamber. The flow rate of 
hydrogen through TMA was 0.i ~/min and 
the TMA was kept at 25~ A total 
flow rate of 5 Z/min through the 
reactor was maintained throughout the 
experiment. The deposition temperature 
was varied from 350~ to 550~ for a 
fixed concentration of TMA. Since the 
deposition can take place 
wherever the vapor is in contact with 
the hot substrate, any desired shape 
of quartz substrate can be used for 
uniform aluminum deposition. 

A'~A I 
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-1 

T M A  o o -~.~, R. F. C O I L  
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_ _ J  

, J 
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Fig. i. A schematic diagram of metall- 
organic deposition chamber. 
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The deposition rate is plotted as 
a function of temperature in Fig. 2, 
which indicates that the rate of 
aluminum deposition increases with 
increase in temperature up to around 
500Oc and then levels off. A higher 
deposition rate can be obtained by 
increasing the TMA concentration. 
uniform aluminum films ranging from 
500 ~ to several micron thick on fused 
quartz were deposited. Excellent 
adhesion of A1 film on quartz was 
observed from the SEM micrograph as 
shown in Fig. 3. No pinholes were 
detected at 30,000X. The reflectivity 
was found to be about 87% and the 
resistivity of the film was ~i x 10 -5 
~-cm. 

Therefore, a low resistive, highly 
reflecting defect-free aluminum coating 
on fused quartz substrite can be 
obtained at low temperature by the 
metallorganic decomposition method. A 
protective coating of aluminum on any 
desired shaped substrate materials can 
be obtained without damaging the sub- 
strate surface by this method. 
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I 
550 

T E M P E R A T U R E ( ' C )  

A plot of deposition rate of 
aluminum film on flat polished 
quartz disc samples as a func- 
tion of temperature. 

Fig. 3. Typical SEM micrographs 
showing the adhesion of pin- 
hole-free aluminum film on 
quartz substrate at low and 
at high magnifications. 
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I.aser-lnduced Photoelectrochemical Transients at a Dye Solution- 
SnO  Interface 

A. Frippiat, A. Kitsch-De Mesmaeker,* and J. Nasielski 
Universit~ Libre de Bruxelles, Facult@ des Sciences, Service de Chimie Organique, B-1050 Bruxelles, Belgique 

Richardson, Perone et al (I) 
and Gottesfeld e~ a~ (2) have 
developed a technique to measure 
laser-induced photoelectrochemical 
transients generated in absorbing 
semi-conducting electrodes. We now 
present an extension of this method 
to systems where the light is absorb- 
ed by a dye solution in contact with 
a transparent semi-conducting 
electrode. The technique consists in 
irradiating the solution with an 8 ns 
dye laser pulse through the electrode 
and to measure the open-circuit 
photopotential relaxation of the 
corresponding PEC cell. The measure- 
ments were performed in a cell 
composed of a small, highly doped 
(1019-i020 donors/cc) transparent 
SnO 2 electrode, a large Pt counter- 
electrode and a Rhodamine B solution 
without or with hydroquinone (HQ). 

The light pulse induces a rapid 
charging of the capacitance associated 
with the semi-conductor space-charge 
(1, 2); in the case of the SnO~/ 
Rhodamine B interface, the exclted 
dye either decays to the ground state 
(reaction 1) or injects an electron 
into the SnO 2 conduction band 
(reaction 2) inducing thus a negative 
shift af the SnO 2 ~otentia!. 

Electrochemical Society Active Y~mber; 
ChercheurQualifi@ of the Fonds National 
de la Recherche Scientifique. 

Key words : Photoelectrochemistry, 
Photosensitization, Rhodamine B, 
Semiconductor electrochemistry. 

R ~ R I a 

R ~ ~ R ~i] 

R" R + , + eCB i,~-~ 

R + + eCB ~ R (31 

R + , P 

R + + ,R + H%x (5] 

Reaction scheme (3, 4) for semi- 
conductor supersensitization. 
R = Rhodamine B. 

Just after the pulse, depending 
on the external resistance between 
the SnOo and the Pt counter-electrodes 
the SnO~ capacitance discharges 
through the external load or through 
a leak resistance, characteristic of 
faradic reactions at the electrode. 
With a 1 M~ external resistance, the 
capacitance has to discharge through 
the leak resistance; in other words, 
in these conditions, the capacitance 
discharges by the back electron 
transfer tunnelling through the thin 
SnO~ space charge layer from the 
conauction band to the oxidized dye 
(reaction 3). This process will cause 
the relaxation of the open-circuit 
SnO 2 photopotential after the pulse. 

Figure 1 shows, in a time-scale 
of a few tens of nS, the rise of the 
open-circuit photopotential, induced 
by a laser pulse of 8 nS at 556 nm, 
the rise-time depending on the RC 
constant of the electrical device (1, 
2), i.e. on the cell resistance R 
(~ 200~) and the combined values of 
the cables capacitances and input 
capacitance of the oscilloscope 
(typically less than 100 pF). It has 
to be noted that in the absence of 
dye or by illuminating the cell at a 
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wavelength where Rhodamine B does not 
absorb, no photopotential rise is 
observed. 

Figure 2 gives, in a longer time- 
scale, the relaxation of the open- 
circuit photopotential for different 
HQ concentrations. The initial photo- 
potential value does not depend on 
the HQ concentration (if HQ ~ 10-3M) 
but, with increasing reductant, the 
final potential value after relaxation 
increases and is reached more rapidly. 
It means that, with increasing HQ, 
more photoelectrochemically produced 
oxidized dye R + is trapped by HQ to 
regenerate the dye (reaction 5), which 
leads to a less important relaxation 
by process 3. Figure 2 shows also that 
without HQ, the potential does not 
relax entirelyto its dark initial 
value. This can be explained by a 
reaction of R + into a product, P, 
which is not reducible (reaction 4) or 
by desorption of R + during the relax- 
ation, both processes competing with 
the back electron transfer (reaction 
3). The relaxation curves of figure 2 
are exponential, except the one 
without HQ. 

One can calculate an expression 
for the time evolution of the photo- 
potential aV(t), taking into account 
reactions 3 to 5 and assuming that the 
kinetic rate constants and the SnO 2 
capacitance (C) are constant during 
the discharge. This is reasonable 
since the pulse intensity is adjusted 
in order to keep a moderate potential 
jump : AV ~ 25 mV. In these conditions 
and if all the species of the reaction 
scheme are adsorbed on the SnO 2 (3,4), 
one can write in the open-circuit 
situation, the expression of the 
faradic current of discharge : 

i F : -SF k 3 F: e-at 1 

with e = k~ + ka + ke [H~ and where 
S is the electr6de a~ea, F the 
Faraday constant and ~ the super- 
ficial concentration of~R +, just 
after the laser pulse. The faradic 
current being equal to the capacitive 
current, we may write : 

I 

daQ :-SF k 3 IR + e -at 2 
dt io 

which, by replacing AQ by CAV and by 
integrating, leads to the expression 
of the measured open-circuit photo- 
potential AV(t) as a function of time 

k3 [3] k3 e-~t + AVo(1- -- ) AV(t) = ~-- AV o a 

The calculated expression [~ of 
AV(t) is exponential with time, in 
agreement with the experimental 
results. Identical relaxation curves 
as those of figure 2 are obtained when 
the experiments are performed with 
Rhodamine B chemically bound by an 
ester linkage, to the Sn02, indicating 
that a kinetic treatment with the 
adsorbed species only, is reasonable. 

Plotting the arguments a of the 
exponentials versus the HQ concentra- 
tion for HQ _ ~-. 10-3M. it is found 
that k 5 = 3.100 M-1S -1 and 

1 
�9 (R +) = 200 ~S ; k5~(R +) 

k3+k 4 
being equal to 600 M -i, in agreement 
with the value found previously (4) 
from the supersensitization experi- 
ments under continuous illumination. 
These results show that laser pulsed 
excitation allows to study easily the 
photoelectrochemical kinetics in a 
short time Scale since in this case, 
k~ and ~(R +) have been determined 
i~dependently whereas under continu- 
ous illumination, only the product 
ksT(R +) could be determined (4) ; 
this method seems thus promising 
to investigate detailed aspects of 
the photoelectrochemical processes. 

Figure 2 shows an additional 
interesting feature;~ for HQ 
concentrations ~10-~M, the photo- 
potential, instead of relaxing, 
increases slowly with time during 
a few mS after the pulse. We 
attribute this to the photochemical 
production, during the pulsed 
illumination, of an electroactive 
species which would slowly charge 
the electrode. That this electro- 
active entity originates from the 
adsorbed dye is evidencedby the fact 
that the same slow potential increase 
is observed also with Bhodamine 
chemically bound to the SnO~ and in 
contact with the supporting-electro- 
lyte 10-2M in HQ. 
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It may be possible that the 
electroactive species originates 
from the quenching by HQ of the 
excited singlet state of adsorbed 
Rhodamine B. Although we have no 
evidence yet for this photoreaction 
in the adsorbed layer, this quenching 
would be in agreement with the 
decrease of AV o observed from 10-2M 
in HQ. Moreover, the fact that the 
photopotential relaxations remain 
exponential at least up to 10-3M in 
HQ and that only ~3% of the Rhodamine 
B fluorescence is quenched in solution 
by HQ 10-3M (4), indicate that the AV 
relaxation for HQ ~ 10-3M are not 
contaminated by the charging process 
occurring for HQ~ 10-2M, resulting 
from photoreactions between the 
excited dye and HQ. 

ACKNOWLEDGEMENTS 

One of us (A.F.) thanks the "Institut 
pour l'Encouragement de la Recherche 
Scientifique dans l'Industrie et 
l'Agriculture" (!RSIA) for a fellow- 
ship. 

~V [rnV) 

3C 

10 

20 40 60 tins] 

20 

Fig. 1. Rise of the open-circuit 
photopotential after the laser pulse, 
1 M~ external load. Rhodamine B 
concentration = 10-4M. Acetate 
buffer 5.10-2M, pH 4.5. 
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Fig. 2. Relaxation of the open- 
circuit photopotential after the 
laser pulse, 1 M~ external load~ 
Rhodamine B concentration = 10-~M. 
Acetate buffer 5.10-2M, pH 4.5 
(a) : HQ=0 ; (b) 10-4M ; (c) 5110-4M; 
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EXAFS Study of the Passive Film on Iron 

Gabrielle G. Long, Jerome Kruger,* David R. Black*, and Masao Kuriyama 
Center for Materials Science, National Bureau of Standards, Washington, D.C. 20234 

Recent Mgssbauer studies (1,2) of the 
passive film on iron have emphasized the 
important role of water in the structure of 
the in situ thin film. In these experiments, 
t h e ~ e r "  in the structure of the film 
was shown to be very similar to that of 
"amorphous" iron ( I l l )  oxide or hydroxide. 
Ex situ measurements using electron diffrac- 
tlo-i~n--(~)have generally concluded that the 
main protective film on iron was crystall ine 
Fe304 at the metal-oxide interface and 
yFe203 at the oxide-air interface. These 
results taken together can be understood 
i f  the vacuum environment of the ex situ 
experiments caused water to be removed from 
the films, causing their crystall ization. 

Laboratory-EXAFS (extended x-ray absorp- 
tion fine structure) measurements (4) were 
undertaken in an attempt to determine the 
structure of the passive film using a direct 
method that avoids the need for a vacuum 
environment. (Background references on EXAFS 
are given in (4)). These exploratory measure- 
ments, while not in situ, did not require 
exposure of the f T l - ~ a  vacuum environment, 
and can be considered as intermediate, non- 
equi l ibr ium resul ts  with respect to possible 
water in the f i lm.  These are the f i r s t  
resul ts for the short range order parameters 
in the passive f i lm ,  derived from measure- 
ments in a non-vacuum environment. Such 
information cannot be obtained d i r e c t l y  
from Mdssbauer measurements. 

The samples were 5 nm th ick iron f i lms 
vapor deposited on glass. They were pas- 
sivated by immersing them in e i ther  a potas- 
sium chromate (O.O05M) or a sodium n i t r i t e  
(O.IM) passivat ing so lut ion.  Films formed 
th i s  way have been shown (3,5) to have the 
s t ructure,  composition, and formation k inet -  
ics of the passive layers that  form in Fe +§ 
free solut ions by anodic ox idat ion.  

The passive f i lm experiment, which is a 
fluorescence-EXAFS measurement, u t i l i z e s  a 
photocathode x-ray ion izat ion chamber de- 
scribed ea r l i e r  (6,7).  The detector col lects 
electrons emitted from the sample and ampli- 
f ies  them through f i e l d - i n t e n s i f i e d  ion iza-  
t ion  in helium gas. 

*Electrochemical Society Active Member. 
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Transmission-EXAFS measurements were 
performed on (greater than 98% pure) finely 
powdered Fe304, yFe203, and yFeO(OH), 
and on (99.998% pure) bulk iron. These 
were then used as model compounds for the 
determination of phase shifts in the anal- 
ysis of the thin films. 

The iron-to-oxygen bond distances which 
were derived for th e passive films are 1.91• 
0.05 and 1.99• A for for the n i t r i te -  
passivated and the chromate-passivated fi]ms 
respectively; These values are in the 
middle of the range of Fe-O and Fe-OH bond 

k X (k) NITRITE 

k X (k) CHROMATE 

kX(k) 7oFeO(OH) 
A - I  

kX(k) 7"FezO 3 

kX(k) FesO 4 

Figure I. EXAFS signals (k~(k))  for yFe203, 
Fe304, yFeO(OH) and the passive films. Note 
that only yFeo(OH) has two oscillations over 
this region in k-space. 
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lengths derived for the model compounds. The 
f i r s t  iron-to-iron distances derived for the 
passivated films are shorter than those for 
Fe304 and yFE~3, and similar to that for 
yFeO(OH). I t  is useful to examine the 
EXAFS signal directly. Since Fe30 4 and yFe20 3 
are both cubic spinels, where the lat ter is a 
defect version of the former, the EXAFS sig- 
nals from these compounds should be quite 
similar. The FeO(OH) compounds are ortho- 
rhombic with a tetramolecular unit cel l ,  and 
thus their EXAFS signals should be different 
from the spinel-like iron oxides. The EXAFS 
signal~ k~C(k), over the range from k:3 to 
k=7 A - i  for the two sets of passive films 
are compared to those for the model compounds 
in Figure I. The EXAFS signatures of the thin 
films are different from that of yFeO(OH), 
whereas they bear some resemblance to the 
signatures of the cubic spinels. 

The magnitudes of the inverse Fourier 
transforms are shown for the crystall ine iron 
oxides and iron hydroxide in Figure 2, and 
those for the passive films are shown in 
Figure 3. As indicated above, the positions 
of the f i r s t  peaks (related to the Fe-O 
distance) in the passive films are very 
similar to positions for the crystall ine 
compounds, whereas the positions of the second 
peaks (Fe-Fe distance) are different. Further, 
the amplitude ratios of the f i r s t  to the 
second peak for the passive films are unlike 

I TI 

CHROMATE PASSIVATED 
NITRITE PASSIVATED 

/, 

I I I I I .... I 

0 I 2 3 4 5 6 

r(A) 

Figure 3. The magnitude of the inverse 
Fourier transform as a function of the 
radial distance, r, from the iron atom 
for the two passive films. The origin 
of the third peak is explained in Ref. lO. 

IFTI 

/ •  Fe304 
..... yFezO ~ 

. . . .  )r FeO(OH) 

' l I I I I I 
0 I 2 3 4 5 6 

Figure 2. The magnitude of the inverse 
Fourier transform as a function of the radial 
distance, r, from the iron atom for the model 
crystall ine compounds. 

those for the crystall ine compounds. Since 
the data range in k-space used was as nearly 
identical as possible, this alteration in am- 
plitude ratio may indicate a relative change 
in the number of nearest neighbors as well. 
This demonstrates that the passive film on 
iron is either different from these model 
compounds or a random mixture of many 
crystall ine forms. 

Although i t  has been shown that the 
structures of the nitrite-passivated and the 
chromate-passivated films are quite similar, 
the f i r s t  two peaks in r-space are better re- 
solved for the nitrite-formed film. This 
suggests that there may be a greater range of 
structures in the chromate-formed film, in- 
dicating greater disorder for this case. 
I f  the two films had the same structure in 
an aqueous environment, then the evident 
disorder in the chromate-passivated film 
could be the result of the improved stabi l i ty  
of that film in the helium environment due 
to the inclusion of chromium (8). I t  was 
found, using a comparison of the fluorescence 
intensities at the chromium and the iron 
K-absorption edges, that more than 12% of 
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the cations in the film were chremium. 
Furthermore, the absorption edge shif t ,  

as measured from the position of the K-edge of 
pure iron, was greatest for yFe203. If the 
passive films consist only of iron ( I l l )  com- 
pounds, the smaller edge shifts measured for 
the films would be evidence of a greater 
degree of covalency in the bonding (9). An- 
other interpretation is that there may be both 
Fe +§ and Fe § oxidation states present in the 
passive film, with the possibil ity of greater 
covalency as well. The smallest edge shift was 
found for the chromate-passivated film. This 
result taken together with the detection of Cr 
in this film suggests that i t  is the more 
vitreous of the two (8). 

In conclusion, the EXAFS signatures of 
the passive films measured here resemble those 
of the cubic spinel ferric oxides. The sharp- 
ness of the peaks, however, is different, and 
at least the chromate-formed film may be more 
vitreous than the model crystalline compounds. 

A complete account of the experiment and 
data analysis is to be published (lO). 
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Secondary Lithium Cells Employing Vanadium Tungsten Oxide 
Positive Electrodes 

R. J. Cava, D. W. Murphy,* and S. M. Zahurak 

Bell Laboratories, Murray Hill, New Jersey 07974 

Reversible topochemical reactions involve a host lattice 
into which a guest species may be inserted and withdrawn 
without major structural reorganization. When the reaction 
involves oxidation-reduction, as is the case for reactions of 
lithium with many transition metal oxides and chalcogenides, 
it can form the basis of the positive electrode reaction for 
nonaqueous, high energy density, ambient temperature, 
secondary batteries (1). Lithium insertion reactions of ReO 3 
and crystallographic shear (CS) structures derived from it in 
the vanadium-oxygen chemical system (e.g. VrOu) have 
been reported (2). On Li insertion into ReO 3 itself, the 3/4 
CCP host anion array undergoes a twist to an HCP anion 
array in LiReO3 and Li2ReO3. This twist creates octahedral 
sites for lithium (3). This structural transformation gives rise 
to a large activation energy and a decrease in the rate of 
reaction. The compound FeV3Os, which exhibits extensive 
CS, readily yields Li2FeV3Os, which does  not show severe 
structural distortion, and accommodates lithium in five- 
coordinate, square pyramidal sites of the host (4). We have 
undertaken the study of Wadsley-Roth phases to determine 
the minimum amount of CS necessary to stabilize open ReO3 
like structures against twisting and thus maintain high 
reaction rates and low activation energies. The Wadsley-Roth 
phases (5) generally with stoichiometries between MO2 and 
MO 3, occur extensively in chemical systems involving Nb2Os. 
We will report the results of our studies of lithium insertion 
in the Nb2Oz-TiO2, Nb2Os-WO 3 and Nb2Os-NbO2 F chemical 
systems in a subsequent publication. The most promising 
lithium insertion reactions we have found in this class of 
compounds occur, however, in compounds in the WOa-VO 2- 
V205 ternary system. In this report, we present the results of 
chemical lithium insertion reactions and preliminary test cell 
data for WV2OT. 5 and W.2V2.sO 7. 

The basic structural units of the Wadsley-Roth phases are 
blocks consisting of distorted MO 6 octahedra sharing corners, 
which are joined to adjacent blocks either through edge 
sharing or a combination of edge sharing and tetrahedrally 
coordinated metal atoms at the block corners. The blocks are 
infinite in 1 dimension, and thus the structures are built of 
n )< m )< co ReO 3 type units, where n and m are the numbers 
of MO 6 octahedra along the length and width of the blocks. 
Such structures generally display open tunnel like regions 
bound by regions of extensive edge sharing. The two 
presently well characterized tungsten vanadium oxides in this 
class, WV207. 5 and W.6V2.407, are 4 X 4 X co and 3 X 3 )< co 
m-niobia like Wadsley-Roth phases, respectively (6-8). The 
structure of WV2OT. s is presented in figure 1; W.rV2.407 has a 
smaller block size with the same type of crystallographic shear 
present. 
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The WV207. 5 and W.2V2.sO 7 employed in this study were 
prepared by heating mixtures of VO2, V2Os and WO3 powders 
at 650~ in sealed, evacuated quartz tubes for 40 hours with 
1 intermediate grinding. The products were identified as 
single phase by powder X-ray diffraction. We verify the 
reported range (6) of stoichiometry for m-niobia type 
WxV3_xOT.5, 0.8 ~ X ~--- 1.2, and find an apparent range of 
stoichiometry for m-niobia like WxV3_xO7 of approximately 
0.2 ~ X ~ 0.5 under the present synthesis conditions. At 
the previously reported X = .6 composition we found a 
mixture of the M307 type phase and V205 related VsW3020. 
We were unable to syntheses a compound at the composition 
WV207.3, whose existence was previously reported(6) ;  
powders at that composition were mixtures of the M307 and 
WV207. s phases. 

Preliminary cycle data for representative Li/LiAsFr,  
propylene carbonate (PC)/WVzOT.5,graphite and Li/LiAsF 6, 
PC/W.2V2.sOT,graphite test cells (9) are presented in figures 2 
and 3 respectively. The positive electrode comprises 50% 
graphite by weight, as well as the tungsten vanadium oxides, 
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Figure 1. Idealized 4 X 4 X co m-niobia type structure of 
WV207.5, viewed down the tetragonal c axis. 
Structural units are MO6 octahedra. Shaded 
octahedra are at a level 1,~ c from level of 
unshaded octahedra, resulting in edge sharing 
along the block perimeters. The unit cell is 
indicated by a dashed line. 
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to increase their conductivities. Cells were cycled at .2 mA 
(6-10 hours discharge for the sizes used). Test cells 
employing WV207.5 type cathodes have capacities over 10 
cycles of between .5 and .9 Li/metal at potentials between 3.2 
and 1.7 volts. The vanadium rich composition W.sV2.207.5 
behaves in our test cells somewhat better than WV207. 5. Test 
ceils employing W2VzsO 7 cathodes have capacities between .6 
and 1.0 Li/metal between potentials of 3.2 and 2 volts. 
(W.rV2.407 cathodes have capacities over 10 cycles of .6 and 
.7 Li/metal between potentials 3,2 and 1.6 volts.) No self 
discharge of the cells was noted over periods of several 
weeks. 

Chemical lithiation of the tungsten vanadium oxides was 
performed by treatment with n-butyllithium in hexane. 
Stoichiometries of Li3.5WV2OT.~, 1.2 Li/metal, and 
Lis.vW.2V2.sOT, 1.2 Li/metal, are obtained in that manner. 
The fully lithiated compounds were found by differential 
scanning calorimetry to undergo changes suggesting 
decomposition at approximately 150"C for Li3.sWV2OT. 5 and 
225"C for ti3.TW.2V2.807. Powder X-ray diffraction patterns 
for both lithiated compounds are quite similar to those for 
the starting materials, but with significant changes in the unit 
cell dimensions. The cell parameters, compared to the 
original tetragonal cells, are presented in Table 1. The X-ray 
powder patterns are presented in Table 2. We note the 
significant (9.7% and 8.8%) increases in the c axes, parallel to 
the infinite dimensions of the ReO3 type blocks. This 
relatively large expansion in one direction, parallel to the 
infinite block dimension (usually a monoclinic b or tetragonal 
c axis) has been noted in several other oxide insertion 
compounds, and has been observed by us in general in the 
Wadsley-Roth phases on lithiation. The great similarity of 
the unit cell dimensions and powder pattern intensities of the 
lithiated and unlithiated compounds suggests that there has 
not been extensive distortion of the host lattice on Li 

insertion, accounting for the good rechargability observed in 
the electrochemical test ceils. Analysis of the 4• and 3X3 
m-niobia like structures indicates 1.7 and 1.33 ReO3-1ike 
cavities (some of which are capped by additional oxygen 
atoms) per formula unit for WV207.5 and W.2V2.sO7, 
respectively. At the stoichiometries obtained in the 
butyllithium reactions, an occupancy of approximately 2 
Li/cavity is therefore suggested for the WV207. 5 structure 
type, and approximately 2.8 Li/cavity for the W.2V2.sO7 
structure type. Such stoichiometries are not unusual for 
lithium inserted metal oxide shear structures such as VsO13 
and FeV3Os (2,4), and we have found them to occur also for 
the Nb205 based Wadsley-Roth phases we have studied. 

The theoretical energy density of the Li/WV207.5 cell, 
based on the n-butyllithium stoiehiometry of 1.2 Li/metal 
and the average voltage of 2.2 volts, is approximately 420 
whr/Kg (2.18 whr/cc). Similarly, the theoretical energy 
density for the Li/W.2V2.sO 7 cell is approximately 594 whr/Kg 
(2.36 whr/cc). These energy densities are comparable to 
those of other cells presently being considered for use as 
ambient temperature secondary lithium batteries. Graphite 
must be added to the positive electrode, however, for 
satisfactory cell performance due to the relatively low 

TABLE I: Comparison of Unit Cell Dimensions for 
Lithiated and Host Tungsten Vanadium Oxides 

Compound a, (,~) ~ Volume (.~3) 

WV207. 5 19.50 3.70 1406.9 

Li3.sWV2OT.5 20.016 (5) 4.059 (4) 1626.2 

W 2V2.sO7 14.01 3.72 730.2 

Lia.7W.2V2.807 14.414 (6) 4.049 (3) 841.2 
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VoL 130, No. 1 S E C O N D A R Y  L I T H I U M  C E L L S  245 

TABLE II: Powder X-ray Diffraction Patterns for 
Lithiated Tungsten Vanadium Oxides 

Li3.sWV207.5 

h k 1 d .~  d~,~ I / I ,  
2 2 0 7.098 7.077 20 
3 3 0 4.730 4.718 100 
1 0 1 3.986 3.978 80 
2 1 1 3.699 3.697 20 
4 4 0 3.542 3.538 90 
4 3 1 2.848 2.850 90 
5 2 1 2.740 2.741 10 
8 0 0 2.499 2.502 10 
7 0 1 2.338 2.338 30 
7 7 0 2.022 2.022 90 
9 2 1 1.913 1.914 10 

10 4 0 1.860 1.858 20 
11 3 0 1.755 1.756 20 
6 0 2 1.732 1.734 10 

10 3 1 
8 7 1 1.707 1.708 10 

11 4 1 1.574 1.576 10 
8 0 2 1.576 
9 9 0 1.573 

14 0 0 1.430 1.430 30 

Li3.TW.2VzsO7 

h k 1 d.h. d~,~ I / I  n 
1 1 0 10.202 10.192 100 
2 0 0 7.219 7.207 20 
2 2 0 5.107 5.096 80 
3 1 0 4.567 4.558 20 
1 0 1 3.897 3.898 20 
3 3 0 3.402 3.397 60 
3 2 1 2.840 2.845 20 
5 1 0 2.821 2.827 20 
4 1 1 2.646 2.646 10 
4 4 0 2.549 2.548 20 
5 5 0 2.038 2.038 90 
0 0 2 2.026 2.025 40 

electrical conductivity of the tungsten vanadates. The results 
of the present study indicate that tungsten vanadium oxides 
deserve further consideration as positive electrode materials 
for lithium batteries. They further show that the presence of 
a large amount of crystallographic shear is not necessary to 
stabilize ReO 3 structure based oxide CS structures against 
extensive structural distortion (and the resultant decrease in 
reaction rate) during lithium insertion. In the Wadsley-Roth 
CS structures where intersecting shear planes form ReO 3 type 
Mocks of finite extent in 2 of their 3 dimensions, our studies 
of tungsten-vanadium oxide and niobium oxide based 
compounds have demonstrated structural stability on lithium 
insertion for compounds with the largest block sizes (and 
least crystallographic shear) presently known. 
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Work Function Changes Due To the Coadsorption of Water with 
Oxygen and Bromine on Cu(110) 

D. E. Grider,* K. Bange, and J. K. Sass 

Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-IO00 Berlin 33, Germany 

Despite its relevance in double 
layer modelling (i), very little is as 
yet known about the orientation of wa- 
ter molecules at the metal-electrolyte 
interface. Recently, it has been sug- 
gested that by adsorption of electro- 
chemically relevant species onto clean, 
well defined metal surfaces under ul- 
tra-high vacuum conditions important 
complementary information on the mi- 
croscopic structure of the double layer 
may be obtained (2). Due to the rapid 
advances in experimental methods and 
theoretical concepts in surface science, 
a detailed characterization at the mo- 
lecular level of adsorption processes 
has now become possible. In contrast, 
traditional electrochemical techniques, 
particularly differential capacity mea- 
surement, can only provide information 
on macroscopic averages such as, for 
example, excess charge and potential 
drop across the interface. 

In this brief communication, re- 
sults of work functions measurements, 
as part of an extensive investigatio n 
with a variety of surface-sensitive me- 
thods, are reported on the adsorption 
of water on Cu(110) predosed with ei- 
ther oxygen or bromine. Experiments 
were performed in a stainless ste~ 
chamber at base pressures of ~10 Vtorr. 
The sample temperature was ~110 K. Oxy- 
gen was dosed through the chamber, 
whereas bromine was evolved from a 
silver bromide solid cell (3). Both 
gases adsorb dissociatively on Cu(llO) 
at 110 K. Water exposures were obtained 
from a microcapillary array molecular 
beam doser. The vibrating capacitor 
(Kelvin) method was used to monitor 

*Present address: Phys. Chem. Dept., 
Donnan Labs, Grove Street, P.0.Box 147, 
Liverpool L69 3BX, England 
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the work function changes A~ due to gas 
adsorption. A detailed description of 
the experimental procedures will be 
given elsewhere (4). 

The results of this study are 
shown in Figs. 1 and 2. Upon exposure 
of either oxygen or bromine to the 
clean Cu(110) surface, an increase of 
the work function is observed. The sa- 
turation values of A~ for oxygen and 
bromine dosing are ~450 and ~1100 mV, 
respectively. The saturation coverage 
for both adsorbates, corresponding to 
these A~-values, is 0.5 monolayers (4). 
The A~ vs. exposure curves (lines with- 
out crosses in Figs. 1 and 2) exhibit 
an initial linear slope which is cha- 
racteristic of a constant sticking coef- 
ficient at low exposures where the ad- 
sorbate atoms do not interact. At higher 
exposures, the sticking coefficient ra- 
pidly decreases towards saturation 
coverage. The work function changes due 
to water exposure to either oxygen- or 
bromine-predosed Cu(llO) are shown by 
the lines with crosses in Figs. 1 and 
2. The clean surface behaviour is shown 
for comparison, lt is seen that the 
work function decreases induced by the 
water are qualitatively very similar in 
their strong dependence on the amount 
of coadsorbate present on the surface. 
This is true not only for the satura- 
tion values of A@ at higher H20 expo- 
sures, but also for the initial slopes 
of these curves which provide informa- 
tion on the effect Of fractions of a 
monolayer of water arriving at the sur- 
face. 

The close correlation between the 
electrode potential in electrochemistry 
and the work function in surface 
science has been extensively discussed 
(1,2). The work function increases, for 
example, when a layer of dipoles is 
formed with the negatively charged ends 
pointing away from the metal surface. 
Three contributions to the work func- 
tion change from an adsorbat~ layer may 
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be distinguished: 
(i) preferential orientation of ad- 

sorbed molecules with a perma- 
nent dipole moment 

(ii) charge transfer between metal and 
adsorbate 

(iii)modification of the metal surface 
electron density distribution 

The water molecule posesses a large 
dipole moment of ~i.8 Debye and it may 
be safely assumed that the variations 
in the water-induced A~-curves in Figs. 
i and 2 with coadsorbate coverage, and 
compared to the clean surface, are 
predominantly orientational in origin. 
The largest work function decrease is 
then, of course, expected if adsorp- 
tion occurs via the oxygen with the 
molecular axis perpendicular to the 
surface. On the basis of these consi- 
derations, we have calculated the per- 
pendicular component ~i of the initial 
dipole moment of water molecules ad- 
sorbed with oxygen or bromine from the 
slopes at low H^0 exposures in Figs. i 
and 2. The result, shown in Fig. 3, 
demonstrates very clearly that at low 
coadsorbate coverages ~ is substan- 
tially larger than for the clean sur- 
face, but decreases rapidly with sur- 
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Work function changes A~ as_g 
function of oxygen exposure (iL = iO ~ 
torr.sec), shown by the upper curve 
without crosses, and subsequent expo- 
sure of water at four different pre- 
doses of oxygen (lines with crosses). 
The decrease of the work function due 
to water exposure to the clean surface 
is shown for comparison (dotted line). 

face concentration of either one of 
the electronegative species. This 
would agree with recent experimental 
evidence (5,6) that the molecular axis 
of water is inclined when adsorbed in 
the form of hydrogen-bonded clusters 
on clean metal surfaces, but more per- 
pendicular to the surface when small 
amounts of oxygen are present. 

In electrochemical terms, the co- 
adsorption of water with bromine or 
oxygen may be thought of as a model 
system for the case of specific ad- 
sorption of anions. The water arriving 
on the predosed surface is attracted 
by the negative charge on the adsor- 
bate and forms a surface solvation 
shell. The degree of solvent dipole 
orientation in this shell, our study 
would seem to indicate, must be expec- 
ted to vary strongly with anion cover- 
age. This aspect and other electro- 
chemical implications will be elabo- 
rated upon in more detail elsewhere 
(4). 
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copper surface dosed with bromine in- 
stead of oxygen. Bromine exposures are 
given in relative units, derived from 
the charge passed through the AgBr so- 
lid electrochemical cell. Note the 
different scales for water exposure 
used in Figs. i and 2. 
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Photoelectrochromic Behavior of Prussian Blue-Modified Ti02 
Electrodes 

David W. DeBerry* and Alfred Viehbeck* 
SumX Corporation, Austin, Texas 78758 

There has been a considerable interest 
in new electrooptic display devices employing 
reversible electrochemical processes [i]. As 
recently demonstrated, the redox properties 
and corresponding color changes of thin 
Prussian blue (PB) films on metal or trans- 
parent substrates could form the basis of 
electrochromic [2] or bichromic [3] display 
devices. Neff [4] first reported the chemi- 
cal preparation of PB films on Pt and Au, and 
the redox behavior of PB coated electrodes. 
Itaya et al. [2] later described an electro- 
chemical method for depositing thin PB films 
and discussed their electrochemical proper- 
ties. In the present report we describe the 
photoelectrochromic characteristics of thin 
Prussian blue films on both single crystal 
and polycrystalline TiO 2 electrodes. 

Single crystal TiO 2 electrodes were 
prepared by cutting disks (2 mm thick) from a 
rutile boule that was reduced in an H2 atmo- 
sphere at 650~ for 30 min. Ohmic contacts 
were made using a Ga-In alloy, polycrystal- 
line TiO 2 electrodes were made by first 
etching a Ti electrode in a solution of HF/ 
HN03/ H20 (1:4:5) and then potentiodynamical- 
ly growing an anodic film at 50 mV/sec from 
-0.60 V to 3.00 V vs SCE in a IM KCI solution 
adjusted to pH 3.45 with HCI. The thickness 
of the anodic Ti02 films formed in this 
manner were estimated to be ca. i0 nm [5]. 
The PB films were galvanostatically deposited 
under cathodic conditions in a 0.02 M FeCI3/ 
0.02 M K3Fe(CN) 6 solution. After this 
treatment the PB modified electrode was thor- 
oughly rinsed with distilled water and then 
placed in a IM KCI (pH 3.45) solution in 
which all electrochemical characterizations 
were conducted. All potentials are reported 
with respect to SCE. 

As deposited, the film is blue and in 
the PB form. On Pt the cathodic scan exhib- 

*Electrochemical Society Active Member. 
Key words: Prussian blue films, photoelec- 
trochromic device, titanium dioxide, chemi- 
cally modified electrodes. 
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its a reduction peak with a simultaneous 
loss of the blue color and on scan reversal 
there is an anodic peak accompanying the 
return of the blue surface coloration. This 
redox process (centered at 0.20 V) 
corresponds to the reduction of PB to the 
colorless Prussian white (PW) and the 
reoxidation back to PB. The excellent 
stability of these films under repetitive 
potential cycling (> 105 cycles) over the 
potential region of the PB and PW redox 
couple has been observed by other workers 
[2]. There is also a redox process near 0.90 
V attributed to the oxidation of PB to 
Prussian green, PG {Berlin Green), which is 
less stable than the PB form. 

The PB reduction for a PB modified (2.4 
mC/cm 2) Ti02 single crystal electrode occurs 
at ca. -0.35 V with no corresponding reoxida- 
tion peak on the anodic scan in the dark. 
Thus, on the subsequent cathodic scan follow- 
ing the anodic excursion only a small cathod- 
ic response is detected near the PB reduction 
potentials. Since 02 was excluded from the 
cell this response is attributed to either 
some residual unreduced PB or a leakage cur- 
rent by the n-type electrode positive of the 
flat-band potential. 

If however, the PB modified TiO2 elec- 
trode is illuminated with UV light during the 
anodic scan following PB reduction, an anodic 
photocurrent is detected at potentials posi- 
tive of - 0.35 V. Figure la shows anodic 
potential scans under irradiation (200 < ~ < 
400 nm,@ 20 mW/cm 2) to increasing potential 
limits and the subsequent cathodic sweep in 
the dark. The more positive a scan reversal 
limit is reached, the more PW that is oxi- 
dized, as demonstrated by the increase in 
cathodic response on each successive cycle. 
The photooxidation potentials of PW are quite 
negative of the PB redox potential for a mod- 
ified Pt electrode (E ~ = 0.20 V). The depen- 
dence of the current density at the peak max- 
imum is linear versus sweep rate over the 
range 5 to 500 mV/sec which indicates a rapid 
electron transfer process involving a surface 
confined redox specie. 
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Fig. i. (a) Cyclic voltammograms for PB 
modified TiO 2 single crystal electrode at a 
sweep rate = 50 mV/sec. (b) Ratio of anodic 
photocharge to cathodic reduction charge. 

The ratio of the total quantity of anod- 
ic photocharge to corresponding cathodic re- 
duction charge (Fig. ib) shows that the aver- 
age charge storage efficiency is nearly 95 
percent for the oxidation of PW under illumi- 
nation. However, once the anodic photocharge 
exceeds the PW oxidation charge, the storage 
efficiency decreases and a second reduction 
peak develops on the cathodic scan at ca. 
-0.20 V. The total charge that can be stored 
in the film amounts to almost twice the ini- 
tial PB deposition charge. The additional 
charge is attributed to the oxidation of PB 
to PG which results in the doublet (represen- 
ting the two step reduction of PG to PW) on 
the cathodic sweep profile. 

The photooxidation of PW to PB can also 
occur for a PB modified Ti metal electrode 
with an anodically grown Ti02 film. In Fig. 
2, the increase in the cathodic responses is 
due to longer UV illumination periods (given 
in sec) while the electrode is held at 0.i0 
V. The amount of photocharge stored is di- 
rectly proportional to the illumination time 

up to approximately 90 sec under these 
conditions. The intensity ~f the blue color 
also increases with irradiation time. After 
a sufficient light "on" time the maximum 
charge that can be stored in the film is 
again double the original deposition charge. 
These results demonstrate the large 
underpotentials for photooxidation of PW to 
PB and also PB to PG (at least 800 mV for the 
latter process) that is induced by an illu- 
minated n-type semiconductor electrode. 

The photoelectrochromic imaging response 
of a PB modified (7.2 mC/cm 2) anodized Ti 
plate (4 x 4.5 cm) is illustrated in Fig. 3. 
The initial blue color following the PB depo- 
sition is first stripped by polarizing to 
-0.60 V. The image shown in Fig. 3 was pro- 
duced by exposing a capital sigma-shaped 
region on the plate to light from a 150 W Xe 
lamp at an electrode potential of 0.15 V. 
The resulting blue colored sigma is in good 
contrast with the gray-white background of 
the anodized Ti plate. The imaging rate 
(image contrast) can be controlled by varying 
the electrode potential, irradiation time, 
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Fig. 3. Picture of an electrochemical cell 
containing a PB modified anodized Ti plate 
(7.2 mC/cm 2) on which an image has been 
activated by UV irradiation at an electrode 
potential of 0.15 V. 

PB deposition affords the production of inex- 
pensive large screen devices. The advantages 
of this system as compared to other photo- 
electrochromic displays includes good color 
contrast between the anodized Ti electrode 
and PB, long cycling stability, and the pos- 
sibility of bichromic display. Since the 
system can be addressed by UV light and the 
reaction rates across the immobilized PB 
layer are fast it might be used in a raster 
type device as described above [8]. Another 
possible application is as a reversible opti- 
cal storage system which, as shown here, can 
remember the amount of light at a given spot 
as well as the light exposure event and which 
can be interrogated either optically or elec- 
trically. Research on the photoelectrochemi- 
cal properties of PB-semiconductor systems 
and their applications is continuing in this 
laboratory. 
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light intensity or quantity of PB initially 
deposited. The image is stabilized at open 
circuit potential, erased by cathodic polari- 
zation and readily regenerated under anodic 
conditions as described above. In situations 
where portions of the image were overexposed 
a green color or gray color appeared due to 
PB oxidation to PG or in the latter case loss 
of the film caused by the decomposition of 
PG; Berlin green has been found to slowly 
degrade in KCI solutions [2]. 

The practical application of electro- 
chromic displays requires low switching volt- 
age, low power consumption, good contrast, 
good open-circuit memory and high cycling 
stability [i, 6]. Several imaging devices 
employing photographic processes based on 
light induced metal deposition on semiconduc- 
tor electrodes have been described [7]. Bard 
et al. [8] have also investigated a photo- 
electrochromic display involving the reduc- 
tion of heptyl viologen bromide at an irra- 
diated p-GaAs electrode. Such a system could 
be activated with a light beam as in a raster 
display. An advantage of a raster system 
compared to the usual devices is the simpli- 
fied electrical addressing system requiring 
only two contacts instead of the numerous 
leads needed for a multi-character display. 
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The results given here in combination 
with previous studies of thin PB films sug- 
gest a number of possible applications for PB 
modified semiconductor electrodes. The use 
of polycrystalline substrates and the ease of 
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The desirable electro-optical properties 
of Hgl_xCdxTe (with x ~ 0.2) are based on the 
formation of a continuous series of solid so- 
lutions between the binary compounds HgTe and 
CdTe (1,2). The vapor pressures of the con- 
stituent elements of these materials differ by 
orders of magnitude (3). Owing to the wide 
homogeneity range of HgTe (4), these differ- 
ences are reflected in the thermochemical prop- 
erties of the ternary alloys Hg1_xCd• which 
yield significantly different partial pres- 
sures of the elements over wide temperature and 
composition ranges (4-7). These general char- 
acteristics have been known for several years 
from various internally consistent studies 
(4,8,9), even before the detailed investiga- 
tions were carried out (5-7). In view of the 
above it is not surprising that the growth of 
Hgl_xCdxTe crystals of a given composition 
from the vapor phase requires an appropriate 
adjustment of the vapor pressures of the 
source materials employed. This can be 
done by using separate source reservoirs of 
the elements and/or compounds (i0). More re- 
cently, metal-organic compounds of the ele- 
ments Te and Cd were used for epitaxial growth 
of Hg1_xCdxTe (Ii). Uniform layers of HgCdTe 

on CdTe substrates were obtained under isother- 
mal conditions from a Te-rich HgTe source mak- 
ing use of the vapor pressure dependence of 
the source material on its stoichiometry (12). 
Bulk type single crystals of Hg1_xCdxTe (with 
x ~ 0.2) were grown in this laboratory by chem- 
ical vapor transport in closed ampoules using 
HgI2 as a transport agent (13). The good 
chemical and crystallographic homogeneity of 
these materials (13) suggested the application 
of this technique to the growth of Hgl_xCd• 

layers which has not been reported previously. 
This communication is concerned with the suc- 
cessful growth of such layers on CdTe sub- 
strates by the above technique (13) in closed 
ampoules. For this purpose, well-defined ter- 
nary alloy source material, Hgl2 transport 
agent, and a temperature gradient were em- 
ployed. 

The source materials used in these exper~ 
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ments had the composition Hg0.sCd0.2Te ; the 
uncertainties in terms of Hg were between 0 
and -0.3 at%, those of Cd and Te were negli- 
gibly small. The synthesis of the source 
material and of Hgl2 from high purity elements 
is discussed earlier (13). The substrates 
were (I00) oriented CdTe single crystal wafers 
(p > 108 ~.cm) of about i mm thickness and 0.5 
cm edge length. They were mechanically pol- 
ished on one side. The transport ampoules of 
fused silica were 8 cm in length and 1.5 cm 
inner diameter with a constriction close to 
one end to hold the source material in place 
during manipulation of the ampoule. The pre- 
treated ampoule (13) was loaded with source 
material, transport agent, and the substrate 
and sealed under a residual pressure of about 
I0 -s torr. The substrate was then positioned 
at the tube end opposite the source material 
with the unpolished side resting flat on the 
ampoule wall. The experiments were performed 
in a transparent, two-zone, tubular resis- 
tance furnace made of fused silica tubing 
which allowed direct visual observation. The 
temperature of the source region was 590~ 
and that of the deposition zone 535~ with a 
nearly sigmoidal shaped profile between the 
end temperatures, which were maintained with- 
in • 0.5~ using proportional temperature con- 
trollers. The furnace and ampoule were in a 
horizontal position. After termination of the 
growth experiment the residual gas phase was 
quenched in the source region. Under the ex- 
perimental conditions reported here deposi- 
tion occurred only on the substrate and no 
crystal growth was observed on the walls of 
the ampoule. 

The amounts of Hg!2 transport agent in 
these experiments corresponded to initial Hgl2 
partial pressures of 0.06-0.08 atm. The chem- 
ical reactions in this system are complex. Ex- 
ploratory studies suggested that under present 
conditions the mass transport is controlled by 
diffusion of transport species (Hgl2, Cdl2, 
Te2) through the gas phase which consists pre- 
dominantly of Hg vapor. This is consistent 
with systematic transport studies (13) and a 
thermodynamic analysis of the Hg1-• 
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system (14). Preliminary studies of the depo- 
sition rates as a function of time yielded the 
minimum time required to achieve steady-state 
conditions. Based on the combined information 
it is reasonable to assume that for the epi- 
taxial growth experiments reported here the 
growth rate is gas phase limited. 

During the initial growth period of the 
Hg1_•215 epitaxial layers on CdTe, the sub- 
strate surface changed visibly from specularly 
reflective to a dull greyish after about five 
minutes to become specularly reflective again 
after about 25 min of growth. This appearance 
did not change for the remainder of the growth 
period. In some cases, the original substrate 
was cut yielding two adjacent edges which were 
not polished afterwards. This caused poly- 
crystalline deposition on these edges and con- 
siderably higher growth rates than for the 
polished surface of the substrate. The other 
two smooth edges revealed a much smaller num- 
ber of platelet-type polycrystals. This re- 
flects the importance of surface treatment. 
It is interesting to note that the polycrys- 
talline deposition along the edges did not 
propagate to any extent into the (i00) face of 
the substrate. 

A typical area of the surface of the 
H n g • layer, using Nomarski contrast il- 

l- 
lumination, after a growth time of five hours 
is shown in Fig. i. The layer reveals a 
slightly wavy surface with the "troughs" of the 
waves about 50-200 ~m apart. The thickness of 
the epitaxial layer after 5 hr under present 
growth conditions is about 18 Dm. The height 
of the waves is less than 0.i Dm. It was ob- 
served that the degree of surface smoothness 
increases considerably with layer thickness. 
It is worthwhile noting that the "troughs" of 
the waves are nearly parallel to the tempera- 
ture (density) gradient of the ampoule. This 
observation could indicate a possible interac- 
tion between fluid flow and surface morphology. 
Besides these "troughs," there were no well- 
defined crystallographic defects visible on 
the layer surface. 

The Laue x-ray diffraction pattern (back 
reflection mode) of a Hgl_•215 layer (growth 
time 5 hr, thickness about 18 wm) in Fig. 2 
reveals the two-fold symmetry of the (i00) 
oriented epitaxial layer. The overall appear- 
ance of the diffraction pattern and Laue spots 
indicates that the epitaxial layer is single 
crystalline. This aspect will be further in- 
vestigated through detailed diffraction studies 
of different layers. 

The optical photomicrograph of a sub- 

strate/layer cross-section under Nomarski con- 
trast illumination is shown in Fig. 3 for a 
growth time of i! hr and a layer thickness of 
about 38 ~m. The photograph reveals the uni- 
form thickness of the epilayer and thewell-de- 
fined interface between the substrate (left- 
hand side of the photograph) and the epitaxial 
layer. The pattern of slightly curved lines 
across the epitaxial layer is caused mechan- 
ically by cutting the substrate/layer with a 
diamond tipped scribe without subsequent 
polishing of the cross-sectional area. 

In summary, the chemical vapor transport 
technique was applied for the first time to 
the growth of Hg1_• epitaxial layers on 
CdTe substrates using a preannealed source 
material of Hg0.sCd0.2Te. Present character- 
ization data indicate nearly uniform thickness 
and single crystallinity of the epitaxial 
layer. These results are very promising for a 
more detailed investigation of the chemical 
and crystallographic homogeneity of different 
epitaxial layers. This work as well as a 
thermodynamic analysis of the system and elec- 
trical characterization of the epilayers are 
in progress. 
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Fig. 2. Laue x-ray diffraction pattern 
(back reflection) of a Hg1_xCd• epi- 
taxial layer of about 18 ~m thickness. 
Ni-filtered CuKa radiation. 

Fig. i. Optical photomicrograph (Nomarski 
contrast illumination) of the surface of a 
Hg1_xCdxTe epitaxial layer after a growth 
time of 5 hr. Magnification 1 am = 100 ~m~ 

Key words: Hgl_xCdxTe, epitaxy on CdTe, 
chemical vapor transport. 
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Fig. 3. Optical photomicrograph (NomarskJ 
contrast illumination) of a substrate/ 
layer cross-section. CdTe substrate on 
left-hand side, Hg1_xCd• layer (center) 

of about 38 ~m thickness. 
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Cross-Linked Polyvinyl Alcohol Films as Alkaline Battery Separators 
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ABSTRACT 

Cross-linking methods have been investigated to determine their effect on the performance of polyvinyl alcohol (PVA) 
films as alkaline battery separators. The follo~ving types of cross-linked PVA films are discussed: (i) PVA-dialdehyde 
blends post-treated with an acid or acid periodate solution (two-step method, and(it) PVA-dialdehyde blends cross-linked 
during film formation (drying) by using a reagent with both aldehyde and acid functionality (one-step method). Laboratory 
samples of each cross-linked type of film were prepared and evaluated in standard separator screening tests. Then pilot- 
plant batches of films were prepared and compared to measure differences due to the cross-linking method. The pilot-plant 
materials were then tested in nickel oxide-zinc cells to compare the two methods with respect to performance characteris- 
tics and cycle life. Cell test results are compared with those from tests with Celgard. 

The use of polyvinyl  alcohol (PVA) as a separator in 
various alkal ine bat tery  applications is well  known. 
PVA film separators are used because of their  insolu-  
bi l i ty and high ionic conductivi ty in alkal ine electro- 
lytes. Fur ther ,  PVA film is easily fabricated on a com- 
mercial  scale from aqueous solution and presents 
nei ther  a heal th  hazard to personnel  nor  a pol lut ion 
threat  to the environment .  

Cross- l inking PVA makes it water insoluble, in -  
creases its mechanical  strength,  and improves its oxi- 
dation resistance (1). Methods of cross-l inking PVA 
h a v e  been reported by Phil ipp and Hsu (2) with appli-  
cations for use in alkal ine electrolytes. More recently, 
low-molecular -weight  PVA films cross-l inked by using 
dialdehydes, aldehydes with acid funct ional  groups, and 
polysaccharides (aldehyde precursors) were evaluated 
as alkal ine ba t te ry  separators by Hsu and Sheibley (3). 
This work showed that  cross-l inked PVA films ex- 
hibit  acceptable properties in comparative separator 
screening tests and perform in  an acceptable m a n n e r  
as separators in silver oxide-zinc (Ag-Zn) and nickel 
oxide-zinc (Ni-Zn)  cells from the standpoints of cycle 
life and cell performance. 

This paper compares the effect of two cross-l inking 
methods on PVA film properties measured for alkal ine 
bat tery  separators. One cross- l inking method involves 
a two-step process: first, the film is made; then the dry 
film is treated with acidic solutions to achieve the de- 
sired cross-linking. The second method is a one-step 
method developed at the NASA Lewis Research Center 
to cross-l ink PVA films dur ing  commercial  production 
operations. The PVA film is cross-l inked dur ing  con- 
vent ional  oven drying;  thus no fur ther  t rea tment  is 
required. 

Separator  properties were measured for films made 
by the two-step method where the cross- l inking re-  
action is catalyzed by  either acid or acid periodate solu- 
tions. Two dialdehyde cross-l inking reagents were 
compared. Then the effect on separator properties of 
glyoxylic acid (the reagent  used to convert  the two- 
step method into a one-step method) was e v a l u a t e d i n  
both methods. 

F ina l ly  films made on p i lo t -p lant  equipment  were 
evaluated to measure the effect of the two cross-l inking 

* Electrochemical  Society  Act ive  Member.  
Key words:  alkal ine batteries ,  separators ,  cross- l inked polyvinyl  

alcohol ,  nickel  oxide-zinc cells. 

methods on separator properties. These films were then 
performance characterized and cycle tested in small  
Ni -Zn cells to compare the two cross- l inking methods 
and to compare the cross-l inked PVA films to Celgard. 

Materials and Procedure 
Materials 

A commercial ly available polyvinyl  alcohol (PVA),  
Elvanol  71-30, a medium-viscos i ty-grade  PVA, was 
used for this work. This mater ia l  is greater  than 99% 
hydrolyzed. A 4% aqueous solution has a viscosity of 
28-32 cP. The 1,2 diol content  was 3.99 groups per 100 
monomer  units.  

The fu ran  2,5-dialdehyde (DAF) was supplied by  
Quaker  Oats Chemical Company. The terephthalde-  
hyde (TPA) was obtained from Fisher Scientific. The 
s t ructural  formulas of DAF and TPA are shown in 
Table I. The glyoxylic acid (GOA) also came from 
Fisher (a 50% solution in water) .  The s t ructural  for- 
mula  of GOA is shown in  Table II. The sucrose was 
cane sugar. The filler materials,  shown in Table III, 
came from commercial sources. The (143) filler combi-  
nat ion was 7.9 volume percent  (v/o)  SiO2 (Cab-O-Si l  
M, Cabot Corporation) and 92.1 v/o 200-mesh white 
pine wood flour (Wood Flour, Incorporated) .  The (144) 
filler combinat ion was 7.8 v/o SiO2 and 92.2 v/o  calcium 
zirconium silicate (TAM Products, Hightstown, New 
Jersey).  The acid cross-l inking solution contained 20 
mliters of concentrated H2SO4 and 2O0g of Na2SO4 dis- 
solved in 1 l i ter of water. The acid periodate solution 
contained 30g of KIO4, 50 mliters  of concentrated 
H2SO4, and 200g of Na2SO4 dissolved in 1 l i ter  of water. 

General Procedure for Preparation of Aldehyde Cross-Linked 
PVA Membrane Separators 

Two-step cross-linking method.--A quant i ty  of the 
dialdehyde or aldehyde precursor is added to an aque-  
ous solution of 10 weight percent  (w/o)  Elvanol  71-30 
in  order  to achieve the theoretical amounP of cross- 
l ink ing  desired (usual ly 2-10% cross- l inker) .  The solu- 
tion is well mixed. Entrapped air bubbles  are removed 

1 Th e  theore t i ca l  a m o u n t  of cross- l inker  desired is the  percent-  
age of cross-l inking r e a g e n t  required to chemical ly  react with  all 
the  hydroxyl  group.s u r e sen t  in the  PVA; e.g., 2% cross-l inking 
would be 0.02 t imes  the  a m o u n t  required to react  wi th  100% of 
the PVA hydroxyl  groups,  assuming one aldehyde group per two  
hydroxy l  groups.  
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Table I. Results of treating PVAa-dialdehyde blends with 
acid and acid periodate solutions 

Zinc 
dendrite c Zincate  c 

Cross- Volume~ pene t ra -  diffusivity 
l inker resistivity tion r a t e  (mols /cm~ 
(%)b Method (~-cm) ( c m / m i n )  rain) 

2 DAF ~ Acid  10 1.0 x 10-+ 2.6 x 10-7 
2 DAF Pe r ioda t e  102 <9.0 x 10 -B 2.2 x 10-7 
2 T P A  s Acid 20 1.1 x 10-+ 1.2 x 10 -6 
2 T P A  Per ioda te  54 5.8 x 10- 5 7.2 x 10- s 
None Uncross- 43 4.2 x 10-~ 9 x 10 -s 

l inked 

. Medium-viscosity grade Elvanol  71-30. 
Percentage  of theoret ical  a m o u n t  r e q u i r e d  to react with all 

hydroxy l  g roups  in PVA. 
We t  film th ickness  r a n g e d  f r o m  0.013 to  0.017 cm. 

0 C ~ C  0 

II lJ II JJ 
H - - c - - C  C--C ~ H  

\ J  - F u r a n  2,5-dialdehyde 

H C=C 0 

�9 T e r e p h t h a l d e h y d e - - l , 4 -  (CHO) 0 /  %C - -  C/// ~H 

Table 11. Effect of glyoxylic acid in polyvinyl alcohol on resistivity 
and zincate diffusivity 

(acid pcriodate cross-linked) 

GOA d con- Vo lume  Zincate 
tent in film resistivity diffusivityr 

(%)  ~ (~-cm) ( m o l s / c m  ~ min)  

10 24 5.5 x 10 -T 
25 21 3.9 x 10 -7 
50 13 6.2 x 10 -7 

100 4 2.0 x 10- o 

//0 
C C 

H /  
GOA-glyoxylic acid 

b Percentage  of theoretical  a m o u n t  r e q u i r e d  to react with all 
hydroxy l  g roups  in PVA. 

We t  film th ickness  r a n g e d  f r o m  0.013 to 0.017 cm. 

Table III. Comparison of films made with two- and one-step 
cross-linking methods 

Volume  
res is t iv i ty  

(~-cm) 
Zincate  

diffusivity 
( m o l s / c m  2 rain) 

Two- One- 
Cross-l inker  s s tep s tep Two-step One-step 

(%) m e t h o d  m e t h o d  m e t h o d  m e t h o d  

2 DAF 21 40 6.8 • 10-~ 3.1 • 10-~ 
2 TPA 21 20 1.2 x i0 -B 4.7 x 10- ~ 
2 DAF+ 

5 w / o f i l l e r s  (143) 5 17 1.6 x 10 -6 3.0 x 10 -7 
2 DAF + 

5 w / o  fillers (144) 7 23 3.8 x 10- o 6.9 x 10 -7 

" P e r c e n t a g e  of theoretical  amount required to react with all 
hyroxy l  g roups  present  in PVA. 

by placing the solution in  a bell  j a r  under  a vacuum. 
The solution is cast on a smooth, clean, glass plate by 
using a Gardner  blade. The cast film is air dried at 
room temperature,  usual ly  overnight.  For films with 
the dialdehyde cross- l inking reagent, cross-l inking is 
achieved by immers ing  the d ry  film in a solution of sul-  

furic acid (pH, 4-5) saturated with sodium sulfate and 
then gradual ly  increasing the tempera ture  to 90~ over 
a period of 4-16 hr. The films are then rinsed in water  
to remove the sodium sulfate. The treated film is im-  
mersed in  boil ing water;  if it is cross-linked, it will not 
dissolve. This is a quali tat ive test for cross-linking. 

For films containing an aldehyde precursor (e.g., 
polysaccharides) or where  cleavage of the 1,2-diol 
units  of the PVA is desired, cross- l inking is achieved 
by immersing the film in the acid periodate solution 
(pH, 4-5). The same hea t - t rea tment  and r insing step 
and the boiling water  test for cross-l inking are per-  
formed on the film. 

One-st~p cross-linking method.--A quant i ty  of dial-  
dehyde is added to an aqueous solution of 10 w/o E1- 
vanol 71-30 in order to achieve the theoretical amount  
of cross-l inking desired, and the solution is well mixed. 
Then, a quant i ty  of acid-aldehyde reagent, glyoxylic 
acid, is added to at ta in  the theoretical amount  of re- 
action desired, and the solution is well  mixed. The 
amount  added is sufficient to produce a pH value below 
5. The entrapped air bubbles are removed by vacuum. 
The film is then cast on a clean, smooth, glass plate by 
using a Gardner  blade. The film is cast before the mix-  
ture begins to gel. At a solution temperature  of 120~ 
gelation starts about 45 min  after addition of the GOA. 
After  the film is cast and air dried, the glass plate is 
placed in an oven for a period of time, the length of 
which depends on the drying temperature.  Time ranges 
from 4 hr  at 90~ to 5 min  at 160~ The film is placed 
in  boil ing water  to check for cross-linking. 

Screening tests of cross-linked PVA separators.--The 
cross-l inked PVA films were evaluated by determining 
their ionic resistivity (d-c method),  zinc dendri te  pene-  
trat ion rate, and zincate ion diffusivity according to 
methods described in Ref. (4). 

Cell test evaluation of cross-linked PVA separators. 
- -Ce l l  test evaluat ion of the cross-l inked PVA film 
separators was performed in nickel  oxide-zinc (Ni-Zn) 
cells of approximately  7.2 A-h r  capacity. The electro- 
lyte was 35 w/o KOH. Ampere-hour  efficiency leveled 
out after 3-5 formation cycles. Overcharge was l imited to 
10% of the nomina l  capacity. The Ni-Zn cell electrode 
configuration was Ni-Zn-2Ni-Zn-Ni .  Electrode sizes 
were 7.3 • 9.4 cm with thickness ranging from 0.075 
cm for the nickel electrode to 0.225 cm for the zinc 
oxide electrodes. The ratio of active mater ial  was -~3:1 
Zn to Ni. The nickel electrodes were contained in an 
absorber bag of beater- t reated fuel cell grade asbestos 
(6), while the zinc electrodes each received two wraps 
of the film separator (the PVA or the Celgard). Per-  
formance was characterized at discharge rates of C/8 
(the 8 hr  rate, the current  required to discharge the 
cell capacity in 8 hr) ,  C/4, C/2, C, and 2C. Midpoint 
voltage (the voltage after 3.6 A-h r  of capacity was re- 
moved) was recorded as was the ampere-hour  ca- 
pacity above IV. 

Cycle testing consisted of 8 hr  cycles [6 hr  of charge 
(C/12 rate) and 2 hr  of discharge (C/4 ra te) ] .  The dis- 
charge current  density was approximately 7 mA/cm 2. 
The cells were charged and discharged under  constant  
current  conditions. The testing was continuous:  three 
cycles per day, 7 days per  week. Depth of discharge was 
50% on the basis o f  the nominal  7.2 A - h r  capacity. 
Cell failure was determined to occur when the cell 
would no longer deliver 50% of its nomina l  capacity 
above 1.0V for three consecutive cycles. 

Results and Discussion 
The two-step method of cross- l inking PVA uses 

either an acid solution or an acid periodate solution. 
The acid solution is used when a dialdehyde is incorpo- 
rated in the film. The acid catalyzes the acetalization 
reaction and this leads to cross-l inking. The acid per le-  
date method is used to cross-l ink PVA under  several  
conditions. It  can .be used to cross-l ink PVA alone 
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through oxidative cleavage of its 1,2-diol uni ts  in order 
to form aldehyde groups that react with the secondary 
alcohol groups of PVA (1). The addit ion of aldehyde 
precursors (polysaccharides such as sucrose or alginic 
acid) to PVA requires the acid periodate t rea tment  to 
cleave the saccharide r ing structure,  resul t ing in alde- 
hyde formation and cross- l inking of PVA (5). Dialde- 
hydes can also be used in the acid periodate method. 

The effects of the acid and acid periodate catalysis 
methods were compared in Ref. (3) for cross-l inked 
PVA films made from low viscosity PVA. Results indi -  
cated that  per iodate- t reated PVA films exhibited 
higher ionic resist ivity bu t  longer cycle life in Ag-Zn 
and Ni-Zn cells than did acid-treated films. 

Two-Step Cross-Linking Methods 
Table I compares the two-step cross- l inking method 

using either acid or acid periodate and two cross- l ink-  
ing reagents:  fu ran  2,5-dialdehyde (DAF) and tere-  
phthaldehyde (TPA) in  medium-viscosi ty  PVA. Prop-  
erties measured were volume resistivity, zinc dendri te  
penetra t ion rate, and zincate diffusivity. The data show 
that resistivity is increased by use of acid periodate 
t reatment .  However, periodate t rea tment  results in a 
longer t ime for zinc dendri te  penetra t ion and a lower 
zincate diffusion rate. F rom these data it appears that 
the cross-l inked films general ly  have comparable prop- 
erties to uncross- l inked PVA used as an alkal ine sepa- 
rator. Cross-l inked films should have greater oxidation 
resistance than the uncross- l inked PVA and thus lead 
to an increased cycle life. 

The data presented in Table II show the effect of in -  
corporating GOA into the PVA. The reagent  contains 
both an aldehyde and a carboxylic acid group. The car- 
boxylic acid group affects the resistivity and zincate 
diffusion. The reaction of the aldehyde with PVA can 
follow two routes: ei ther  form the cyclic acetal with 
PVA (the in t ramolecular  reaction) and /o r  cross-l ink 
i t  (the in termolecular  reaction).  The films were cast 
with the solutions buffered to a pH of 7 with ammonia  
solution. The dry  films were then treated with the acid 
periodate solution according to the method described 
in the procedure section. The extent  of cross- l inking as 
compared with cyclic acetal formation with the GOA 
is not  known.  The percentage of GOA shown in Table II 
represents the percentage of the theoretical amount  
needed to cross-l ink all the OH groups on the PVA. 

As the amount  of GOA in the film increases, the vol- 
ume resist ivity decreases with a corresponding increase 
i n  zincate diffusion rate. Between 10 and 50% GOA, the 
resist ivi ty is halved (24-13 a - c m )  while the zincate 
diffusion rate increases approximately  10%. The use 
of smaller  amounts  of GOA appears to represent  a 
method of resist ivity control with min imal  change in  
zincate diffusion. 

The effect of GOA on lowering resist ivity is very 
pronounced in the data shown in  Table IV. The films 
contained 2 w/o sucrose in PVA with the amounts  of 
GOA required to achieve the percentages of the theo- 
retical amount  to react with all the PVA. The film- 
casting solution was buffered with ammonia  solution to 
a pH of 7. The dry  film was then treated with acid 

Table IV. Comparison of polyvinyl alcohol films with varying 
glyoxylic acid content (Sucrose content, 2 w/o; wet film thickness, 

0.014-0.018 cm; acid periodate cross-link) 

periodate solution to cross-l ink the PVA through the 
tetra aldehyde fragments  resul t ing from oxidative 
cleavage of the sucrose r ing s t ructure  (5). The re-  
sistivity is decreased significantly (approximately 90% ) 
over the range 10-35% GOA. However, zincate diffu- 
sivity increases approximate ly  20 times over the same 
range. But  the zincate dil=iusivity does not  approach 
the 2 >< 10 -6 mol/cm~ min value o~ commercially avail- 
able film separators (6) until about 70% GOA in the 
film is reached. 

One-Step Crass-Linking Method 
The two-step methods ~of cross- l inking were judged 

not commercial ly desirable because the dry films when 
immersed in  the acid t rea tment  solutions lost much  of 
their  strength. They tore easily when handled.  The 
use of machine processing appeared very unlikely.  An 
evaluat ion of a batch-processing method to achieve 
cross-l inking showed that  a wound roll of uncross- 
l inked PVA film required a layer  of mater ia l  to separate 
the layers of PVA film to permit  penetra t ion of the 
acid- t reat ing solution and to prevent  "adhesion" of 
adjacent  film layers of PVA because of the cross- l ink-  
ing reaction. Further ,  batch processing would lead to 
nonuni fo rm cross-l inking as a resul t  of vary ing  solu- 
tion concentrat ion and temperature.  

An apparent  manufac tur ing  method was found when 
the one-step cross-l inking method desCribed in the pro-  
cedure section was worked out. The GOA, selected as 
the model reagent, was used to convert  the cross- l ink-  
ing method to a one-step f i lm-manufac tur ing  process. 
The GOA contains the necessary acid to catalyze the 
cross-l inking reactions; and since GOA reacts chemi- 
cally with PVA, it leaves no residual  products in  the 
film that need to be r insed out. The only constraints 
on the fi lm-casting process are t ime and temperature.  
The film has to be cast before gelation starts in order 
to prevent  casting a film containing domains of cross- 
l inked product. As tempera ture  is lowered, the t ime to 
gelation increases. 

The acid periodate cross- l inking t rea tment  does not 
appear easily adaptable to the one-step method. The 
oxidat ion-reduct ion reaction involving the hydroxyl  
and the periodate leaves an iodine reaction product  in  
the membrane:  This can be removed by  r insing with 
water  but  involves an addi t ional  t rea tment  step. This 
approach was not pursued. 

In  Table III  the effect of the cross-l inking methods 
(two step vs. one step) on resist ivity and zincate diffu- 
sivity is measured for two cross- l inking reagents (DAF 
and TPA) and on films with 2 w/o D A F m n d  5 w/o 
fillers. The one-step method general ly  results in  a 
cross-l inked film having a higher (but accepta~ble) re- 
sistivity and a lower zincate diffusion rate. 

Evaluation of Pilot-Plant Materials 
Two pi lo t -plant  batches of film mater ials  were pro- 

cessed. The purpose was to establish the feasibili ty 
of the one-s~ep method on a PVA-fi lm-cast ing machine. 
The compositions of the two materials  are shown in 
Table V. The major  difference in  composition was the 
13 w/o GOA (manufac turer  error, should have been 
10%) added to the one-s tep mater ia l  to cross-l ink i t  

Table V. Composition of pilot-plant films a (film drying temperature, 
350~ line speed, 25-30 ft/min; dry film thickness, ,~1.5 mils) 

Zincate Zinc dendrite 
GOA con- Volume diffusivity penetration 

tent in resistivity (mols/cm~ rate 
film (%)~ (~-cm) min) (cm/min)  

0 122 2.3 x 10- s < 4  x I0 -~ 
i0  28 3.1 x 10-' 6 • I0 -5 
35 14 5.5 x 10-~ 9 x 10 -5 
70 12 3.9 x 10- a 2 x 10 -4 

Two-step One-step 
Component method method 

Composition (%) 

DAF 2.3 2.0 
GOA 0 13.0 
Triton X-100 0.7 0.6 

�9 Zelec UN 0.56 0,5 
Film color Yellow Clear 

Percentage of theoretical amount required to react with aH 
hydroxyl groups present in PVA. '~ Elvanol 71-30. 
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Table VI. Pilot-plant materials: measured properties of cross-linked PVA compared with those of Celgard and Cellophane 

Zinc den- Zincate OH HsO 
Dry film Area Volume drite pene- diffusivity diffusivity diffusivity 

thickness resistivity resistivity tration rate (mols/cm ~ (mols/cm ~ (mols/cm '~ 
(era) ( ~-cm ~) (9-era) (cm/min ) min ) rain ) rain ) 

PVA (one-step method) 0.0044 0.038 
PVA (two-step method) 0.0036 0.037 
Celgard 3401 0.0025 0.078 
Cellophane 0.0025 0.051 

8.6 2.0 x iO-~ 7.1 x I0-~ 2.6 x I0-~ 4,3 x i0-~ 
10.3 1.1 x 10- '  6.8 x I0-~ 3.0 x 10 4 3.1 x 10 -~ 
31.0 8.5 x 10-~ 29.4 X 19 -7 2.4 x 10 -~ 2.5 x 10 -~ 
20.0 0,4 x 10 4 22.9 x 19 -~ 2.3 x 10-~ 

dur ing  the drying process. The one-step ma%erial came 
off the l ine as a cross-l inked product. The two-step 
mater ia l  was processed and dried and subsequent ly  
cross-l inked by using the acid t rea tment  procedure. 

The two cross-l inked films were then compared. The 
data on the two-step film in Table VI are quite similar 
to the 2 w/o DAF two-step data in Table III. The area 
resist ivi ty of 0.037 4~-cm 2 shown in  Table VI is quite 
close to the 0.04 ~ - c m  2 value for the labora tory-pre-  
pared sample. The 6.8 X 10- ;  mo l / cm 2 min  zincate dif- 
fusion values are identical. Comparing the measured. 
separator properties of the PVA films in Table VI shows 
no significant difference in properties when films are 
made on pi lo t -plant  equipment.  Table VI also contains 
measured properties of Celgard 3401 and Cellophane, 
which are commercial ly  available alkaline bat tery  sep- 
arators. The PVA films exhibi t  lower resistivity values, 
lower zincate diffusion rates, and equivalent  hydroxyl  
diffusion rates. The measured rate of water  diffusion 
was approximately  50% higher in the one-step cross- 
l inked PVA than  in Celgard. 

The two PVA films were compared with Celgard in 
cycle tests in  7.2 A - h r  Ni-Zn cells. A plot of discharge 
voltage as a funct ion of ampere-hour  capacity is shown 
in Fig. 1 for the two types of cross-l inked PVA films 
and Celgard. The ampere-hour  capacity was measured 
to a 1V cutoff. The C/2 discharge rate was 3.6A (ap- 
pvoxim.ately 14 m A / c m  2 current  density) for a constant 
current  discharge. An examinat ion  of Fig. 1 shows that 
al though the ampere-hour  capacities did not vary  much 
for the cells, the PVA films showed a midpoint  voltage 
that was approximately 50 mV higher than  that of the 
Celgard film. The plots in Fig. 1 were taken from 
cycle 6, the C/2 rate performance characterization 
cycle. 

Results of cycle testing in Ni-Zn cells are shown in 
Fig. 2. The PVA film from the one-step method was 
cycle tested in cells bui l t  by  two suppliers (A and B) 
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Fig. I. Comparison of discharge voltage at C/2 rata pilot-plant- 
made PVA crass-linked film and Celgard. 

The average (and s tandard deviation) of two cells 
bui l t  by supplier  A was 117 (___4) cycles; the average of 
three cells from supplier  B was 116 (___10) cycles. A 
combined (A + B) average of 116 (___8) is shown in 
Fig. 2. The average cycle life for the two-step method 
was 108 (+__4) cycles based on three cells from supplier 
A. The 82-cycle result  for Celgard is based on three 
cells from supplier  A. 

From the results of performance characterization and 
cycle life tests in small  Ni-Zn cells, the one-step method 
of cross-l inking provides essentially the same results as 
the two-step method. Hence it appears that cross-linked 
PVA film made on commercial production equipment  
has acceptable separator properties and performs at 
least as well  as the commercial ly available separators 
to which it was compared. 

Concluding Remarks 
The development  work on cross-l inked polyvinyl  

alcohol (PVA) films for use as alkal ine bat tery sepa- 
rators has produced the following results: 

1. Chemically cross-l inked PVA films general ly  ex- 
hibi ted comparable separator properties to uncross- 
l inked PVA. 

2. The introduct ion of carboxylate  funct ional  groups 
to the cross-l inked film reduced resistivity and, when 
used in  smaller amounts  (<35% theoretical) ,  did not 
appear to alter other film properties significantly. 

3. A one-step cross- l inking method appears adapt-  
able to the commercial  PVA film production process. 

4. Cross-l inked films produced on pi lot -plant  equip- 
ment  by the one-step method did not exhibit  significant 
differences from films similar ly made by a two-step 
process. 

These films are now under  fur ther  development  
by W. R. Grace & Company, Columbia, Maryland, under  
a cost-sharing contract with NASA (Contract NAS 
3-22223). Producing a cross-linked film in a one-step 
process dur ing conventional  film drying opens up other 
areas for separator development.  An obvious approach 
would be to apply the separator directly to the elec- 
trode as a result  of a mul t iple  dipping operation, using 
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Fig. 2. Results of cycle life tests of pilot-plant-made PVA cross- 
linked film and Celgard 7.2 A-hr Ni/Zn ceils. 
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drying steps between dipping steps to achieve a satis- 
factory, defect-free separator. 

Manuscript submitted Apri l  23, 1982; revised manu- 
script received Sept. 14, 1982. Par t  of this paper was 
Paper  95 presented at the Hollywood, Florida, Meeting 
of the Society, Oct. 5-10, 1980. 

Any discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the December 1983 
JOURNAL. All discussions for the December 1983 Dis- 
cussion Section should be submitted by Aug. 1, 1983. 

Publication costs o~ this article were assisted by the 
National Aeronautics and Space Administration. 
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Electrolyte Film Structure on Battery Separator and Electrode 
Materials 

H. F. Bittner* and C. C. Badcock* 
The Aerospace Corporation, Chemistry and Physics Laboratory, E1 Segundo, California 90245 

ABSTRACT 

Structural properties of alkaline electrolyte films on battery electrode and separator materials are investigated. Ther- 
modynamic principles that affect film formation are presented, and a model is developed that predicts the wetting-dewet- 
ting transition, for a network of fibers, as a function of electrolyte volume and fiber network compactness. Film character- 
istics on single fibers and networks of fibers of a variety of materials are studied by a laser diffraction technique and by 
conductivity measurements. Materials studied include nickel, cadmium, nylon, polypropylene, and Teflon. Wetting char- 
acteristics of actual separator materials are studied in a simulated battery environment. Experimental results yield good 
agreement with the model. 

The operation of bat tery cells depends critically on 
the characteristics of the electrolyte as it contacts the 
electrodes and separator material. Sealed bat tery cells, 
such as spacecraft nickel-cadmium (NiCd) cells, are 
usually operated in an electrolyte-starved state, which 
permits gas generated during overcharge to be easily 
recombined at an electrode. Consequently, the electro- 
lyte exists as films on the bat tery separator material  
and on the electrode surfaces. These films transport  
both mass and charge to the electrodes, and are there-  
fore required for the charge and discharge processes 
in the cell. A study of the properties and dynamics of 
electrolyte films permits better understanding of cell 
operation and better specification of separator and 
other cell components. 

In this study, properties of electrolyte films on single 
fibers of separator  and electrode materials were in- 
vestigated. These studies were then extended to three- 
dimensional networks of fibers. Factors that determine 
wetting and electrolyte distribution in a bat tery  cell 
configuration were considered and a model was devel- 
oped that describes conditions for wetting. Good agree- 
ment was found between experimental  results and the 
model. 

Experimental 
An apparatus for creating and monitoring electrolyte 

film on single fibers and fiber networks (cylindrical 
meshes of fibers) was constructed. The electrolyte 
was a 33% solution of potassium hydroxide (KOH). 
The apparatus, depicted in Fig. 1, consisted of.a Plexi-  
glas housing with a bubbler  in a bath of electrolyte at 

�9 E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  Member. 
Key  words: interfaces, cell, thermodynamics,  conduction. 

the bottom to maintain a humid environment. Fibers 
studied were nylon (Textron, Incorporated), Pellon 
2505 (Pellon, Incorporated), polypropylene (l-lercules, 
Incorporated), and Teflon (Tetko, Incorporated). The 
fiber or fiber network was suspended between two 
small (3 cm B) Plexiglas reservoirs, 0.5 cm apart, by 
means of holes in the reservoirs through which the 
ends of the fiber or network passed. The reservoirs 
could be filled with or drained of electrolyte by means 
of tubes connected to burettes outside the Plexiglas 
housing. This arrangement permitted measuring the 
effects on electrolyte fi]m thickness of different vol- 
umes (levels) of electrolyte in the reservoirs. 

The impedance of the electrolyte film was measured 
by means of platinum electrodes (i cm 2) in each well 
that were connected in series with an oscillator and a 
current-sensing resistor. Voltages were measured 
through operational amplifiers. To calibrate the plati- 

- FIBER SUPPORT PosTs-  
w_~ . , ~ . . .  DET~CTOR-"/X \ - ' \" - - - I  

~ I L~f l~"~ '  "-ELECTROLYTE / "~ I I M,~.j \ ~ RESERVOIR / \ 

, /  FIBER ~ ~'4"44f~ ELECTROLYIE • 

CROSS- SECTIONAL VIEW 

Fig. 1. Experimental apparatus for creating and monitoring elec- 
trolyte films on single fibers. 
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n u m  electrodes, they were placed in the same electro- 
lyte-filled well  and their impedance was measured as 
a funct ion of frequency. Impedance measurements  
were subsequent ly  made where reactance resul t ing 
from inductances and capacitances was minimal ,  at a 
frequency less than 10 kHz. The effects of different vol- 
umes (heights) of electrolyte in the reservoir  were in-  
cluded in  the cal ibrat ion and were found to be negl i -  
gible. The cross-sectional area A of the film was cal- 
culated by means of the following equation 

A - "  l / p R  [1] 

where I is fiber-mesh length, p is specific conductivi ty 
(0.65 ~ - t  cm-1 for 33% KOH) (1), and R is total re-  
sistance. Films on metal  fibers could not be measured 
by this technique. The same circuit as above was used 
to oxidize the metal  fibers, which were connected di-  
rectly to one p la t inum electrode. An increasing d-c 
bias was applied unt i l  the fibers were passivated. 

Diameters of single fibers and electrolyte-coated 
fibers were  measured by laser diffraction. The Plexiglas 
housing contained a small  Brewster window through 
which laser light (~ = 6.238 • 10 -5 cm) entered 
and i l luminated the fiber perpendicular  to its axis. The 
result ing scattered light exited the box through a 
window that formed a 100 ~ arc of a cyl inder  con- 
centric about the fiber, so that  the scattered light was 
not refracted. The scattering pa t te rn  was monitored 
by a detector that scanned through a 100 ~ arc. 1 The 
apparatus was both designed and constructed to ob- 
ta in  measurements  Of high precision. 

Fibers and fiber networks were pretreated by  being 
soaked overnight  in a KOH solution, r insed with dis- 
tilled water, and then dried in a dessicator. Fiber  sur-  
faces were analyzed by optical and electron micros- 
copy. To estimate contact angles for 33% KOH on 
nylon, polypropylene,  and Teflon, a fiat sheet of each 
material  was part ial ly immersed in  a beaker of the 
solution, after which the angle of the sheet relat ive 
to the surface of the l iquid was changed unt i l  the sur-  
face of the liquid was fiat. This angle was taken to be 
the contact angle. The experiments  were performed 
so that the l iquid advanced onto a dry substrate ra ther  
than receded from a wet substrate (3). 

Wett ing characteristics of Pellon separator  (nylon 6) 
mater ial  were measured in an actual ba t te ry  cell con- 
figuration. Cells were fabricated from nonwoven Pellon 
2505 separator mater ia l  sandwiched between dis- 
charged Ni and Cd electrodes. Cells consisted of three 
pieces of separator  and either four electrodes or two 
electrodes and two Ni current  collectors. These cells 
were placed between two Plexiglas plates that  were 
connected by screws, so that compression could be ap- 
plied to the cells as the screws were tightened. A hole 
was cut in  the top plate and the top Plexiglas support  
to admit  electrolyte, and each cell pack was placed 
horizontal ly in a covered glass dish capable of being 
purged with nitrogen. 

For one set of experiments,  electrolyte was injected 
incrementa l ly  into each cell pack from a microburet te;  
it flowed onto the separator  through the hole in  the 
top Ni plate. After  each addition, the cell was allowed 
to equil ibrate  for 24 hr, and then resistances between 
each plate were measured by a Hewle t t -Packard  Model 
4328A milliohmeter.  After  the experiment,  the compo- 
nents  of each cell were weighed and the electrolyte 
dis t r ibut ion between the plates and the separator was 
calculated. A second set of experiments  was performed 
to determine the effects of cycling on electrolyte dis- 
tr ibution.  For these experiments,  electrolyte was added 
to the cells all at once. Cells were charged at 0.1A for 
1 hr, and then cycled through a series of 0.SA dis- 
charge to 1.6V, which was followed by a 0.5A charge 

The mathematical  techniques used to extract  structure infor- 
mation from the scattering patterns are summarized in the Ap- 
pendix to Ref. (2). 

for 2 hr. At the end of cycling, electrolyte dis t r ibut ion 
among plates and separator was measured. 

M o d e l  D e v e l o p m e n t  

Equi l ibr ium properties of wett ing for a three-phase 
system (solid, liquid, and vapor) Can be described by 
three interracial  interactions:  the surface tensions of 
the  l iquid-vapor  interface 7LV, the solid-l iquid in te r -  
face 7SL, and the solid-vapor interface ~sv [see, for 
example, Ref. (8, 4)].  These surface tensions are de- 
fined in terms of free energy G by 

~n : (OG/OAn)w,~i [2] 

where n is the interface, A the area of the interface, T 
the temperature,  and ~i the chemical potential  of each 
component  in the phases present. The contact angle o, 
a directly measurable  quanti ty,  may be described in 
terms of the interracial  tensions 

cos 0 = (Tsv - 7SL)/'tLV [3] 

For most systems 7sv is small  (2), and for a com- 
pletely wetted substrate there is no solid-vapor in ter -  
face (As~ = 0). 

Single fibers.--The change in system free energy 
with changing film volume on a un i formly  covered 
cylindrical  substrate  can be calculated, if one ignores 
gravi ty  and edge effects at the ends of the cylinder, by 

dG 
- - " -  (~GSL/0V)T,;~i "~- (0GSL/0V)T,y,i [4] 

dV 

where the volumes can be expressed in terms of film 
thickness or interracial  area. Once the surface is un i -  
formly covered by several monolayers of film, OGsL/OV 
becomes small; because OGLv/OV is positive, work 
must  then be done on the system to effect an increase 
in film thickness. However, the most stable configura- 
tion might consist of spherical beads of film on the 
cylindrical  substrate.  Figure 2 shows the change in  
free energy with increasing volume of 33% KOH for a 
uni form film and for l iquid beads on a nylon cylinder 
of radius 8 ~m and a polypropylene cylinder of radius 
13 ~m. These calculations were performed by means 
of Eq. [4], with the film volume defined in terms of 
interfacial  areas; the free energy at each volume of 
solution is the sum of the interfacial  free energies of 
the l iquid-solid and l iquid-vapor  interfaces. In  these 
calculations 7sv was assumed to be small  and was 
ignored (3). At low volumes the beaded state is the  
more stable, whereas at higher volumes the film is 
more stable. 
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Fig. 2. Calculated free-energy change oF wetting vs .  electrolyte 
volume (33% KOH) for continuous film and bead states on nylon 
and polypropylene fibers. Bead states were calculated for an as- 
sumed four spherical electrolyte beads. 
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In  the  above  calculat ions,  edge effects were  not  i n -  
cluded. However ,  ene rgy  considerat ions  ar is ing f rom 
edge effects can ac tua l ly  domina te  the  sys tem free 
energy.  Consider  a cy l indr ica l  subs t ra te  wi th  ends im-  
mersed  in reservoirs  containing l iquid  to coat the  sub-  
s t rate .  If  the sys t em is designed so tha t  the  l iquid  in 
the reservoirs  can app ly  a pressure  on the film along 
the axis  of the  cy l indr ica l  substrate ,  this p ressure  wil l  
"do work"  on the sys tem and effect a th icker  film on 
the substrate .  If  the sys tem is designed so tha t  the  
pressure  on the l iquid  is p roduced  b y  g rav i ty  act ing 
on the l iquid in the  reservoirs ,  Eq. [4] then  becomes 

dG 
' --" - -  ( O G S L / 0 V ) T , ~ i  - ~  ( f g G L V / 6 9 V ) T , ~ I  - -  2pgh 

dV 
[5]  

where  p is the  dens i ty  of the l iquid,  g the  accelerat ion 
of gravi ty ,  and  h the  he igh t  of the  l iquid  above the 
level  of the  substrate .  

Surface  r o u g h n e s s  of the subs t ra te  wil l  affect the  
film's character is t ics .  The effect m a y  be expressed  in 
te rms of an observed  contact  angle  0' for  the  rough  
surface,  compared  to the t rue  contact  angle  0 

r = cos  0 ' /cos  0 [6 ]  

where  r is the  roughness  factor  and is usua l ly  signifi-  
can t ly  g rea te r  than  1.0 (3). The magni tude  of the 
in te r rac ia l  tensions is not  dependen t  on surface rough-  
ness or  shape, bu t  the area  of the  in ter face  is. Hence a 
rough surface  has a l a rge r  so l id- l iquid  interface,  which 
is a s tabi l iz ing interact ion,  and therefore  wets  more  
r ead i ly  than  a smooth surface, S imi lar ly ,  a spher ica l  
bead of l iquid  at  the junct ion  of two crossed fibers wil l  
have a lower  sys tem free  energy  than  the same bead on 
a single fiber. 

Fiber networks.--Calculations for th ree -d imens iona l  
fiber ne tworks  ex tend  f rom the above  considerat ions.  
Aga in  ignor ing the r e l a t ive ly  smal l  so l id -vapor  in-  
teract ion,  the  free energy  of the system can be ca lcu-  
la ted f rom Eq. [4]. Subs t ra te  configurations that  in-  
crease the  so l id - l iqu id  in ter fac ia l  a rea  re la t ive  to the  
l i qu id -vapor  in te r rac ia l  a rea  wi l l  s tabi l ize  the  sys tem 
(provide  g rea te r  we t t ab i l i t y ) ,  whereas  increas ing the 
l i qu id -vapor  in ter rac ia l  a rea  re la t ive  to the so l id- l iqu id  
in ter face  will  destabi l ize  the  system. F o r  a separator ,  
wet t ing  wil l  be increased if its surface area  is max i -  
mized, which can  be accomplished by  means  of sma l l -  
d i ame te r  fibers tha t  are  dense ly  packed  or  woven. 

F r o m  these considerat ions,  i t  is possible to develop 
a model  tha t  predic ts  wet t ing  and dewett ing,  for  a 
pa r t i cu l a r  s epa ra to r  mater ia l ,  as a funct ion of volume 
of e lec t ro ly te  and compactness  of the  sepa ra to r  ma te -  
rial.  For  an ac tua l  ba t t e ry  cell, the model  predic ts  the  
volume of e lec t ro ly te  requi red  to ensure complete  we t -  
tabi l i ty ,  and i t  also defines the  effect on we t t ab i l i t y  of 
compress ing  the separa to r  in the  p la te  stacks. The 
mode l  consists of a pseudophase  d i ag ram const ructed 
f rom the rmodynamic  considerat ions.  

The pseudophase  d i ag ram is const ructed  in the  fol-  
lowing manner .  An  ideal ized configurat ion of a r egu la r  
cubic la t t ice  of separa to r  ma te r i a l  fibers is assumed,  so 
tha t  the  compactness  of the s epa ra to r  ma te r i a l  can be 
descr ibed by  the  length  of the side of a cube in the  
lattice,  or  the dis tance be tween  ad jacent  fibers in the 
latt ice.  The model  is shown in Fig. 3. The free energy  
of wet t ing  is t aken  to be the  difference be tween  the 
f ree  energy  of a sphere  of e lec t ro ly te  of given volume 
at the  fiber junc t ion  (Fig. 3a) and the f ree  energy  of 
the same volume of e lec t ro ly te  in a we t t ed  configura-  
t ion on the  s e p a r a t o r  junction.  The l a t t e r  free energy  
is c a l c u l a t e d  b y  means  of Eq. [4] and  l i qu i d -va po r  
surface  areas  according to the fol lowing model.  A t  low 
e lec t ro ly te  volumes,  the e lec t ro ly te  is assumed to 
exist  as spheres at  the fiber junctions,  wi th  cones ex -  
tending  along the fibers in al l  direct ions;  the base of 
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Fig. 3. Geometric model of wetting. (a) Initial state where elec- 
trolyte exists as spheres of equal volume at junctions of fibers in 
cubic lattice; (b) wetted state for low electrolyte volume, where 
electrolyte is modeled as cones extending along fibers away from 
fiber lattice junctions; tips of cones meet at midpoint of adjacent 
junctions, and bases of cones are coincident with faces of cubes 
that just fit inside spheres at fiber junctions; (c) wetted state for 
high electrolyte volumes, where electrolyte fills lattice everywhere 
except spherical voids within each cube of fiber lattice. 

each cone is coincident  wi th  the face of a cube tha t  
jus t  fits inside the sphere,  and the he ight  of the  cone 
is such tha t  the t ip of one cone meets  the  t ip of another  
cone f rom an ad jacent  junct ion  (see Fig. 3b).  This con- 
f iguration provides  tha t  the  fibers a re  comple te ly  
wet ted  at any  e lec t ro ly te  volume. At  high e lec t ro ly te  
volumes, the surface area  of the e lec t ro ly te  is 
t aken  to be tha t  of a void  sphere  inside each 
cube of the separa to r  (Fig. 3c); increas ing elec-  
t ro ly te  volume corresponds to decreas ing void sphere  
volume, unt i l  the separa to r  la t t ice  is s a tu ra t ed  wi th  
e lec t ro ly te  and the l i qu id -va po r  in te r rac ia l  a rea  
goes to zero. The crossover point  be tween  the low-  and 
h igh -e l ec t ro ly t e -vo lume  models  is t aken  to occur  
where  the  fnee energies  of both  models  cross. These 
calculat ions were  pe r fo rmed  for  33% KOH on Pellon,  
po lypropylene ,  and Teflon, at  var ious  degrees  of com- 
pression or  junc t ion- junc t ion  distances. Resul ts  are  
shown for Pe l lon  in Fig. 4. The l i qu id -vapor  surface  
tension for 33% KOH was ex t rapo la t ed  f rom da ta  for  
more  di lu te  concentrat ions  (5) to be ~LV ---- 91 erg/cm~; 
the contact  angle  for  33% KOH on ny lon  was measured  

0.004 ~ .  I I J - -  

~ - "  "..R = 0.0035 cm O.O00 - 
" \ ,  \ \  % " \  

�9 -: 0.004 - R = 0.0020 cm \ \  % \'... - 
"... ~ R  = ~.~,030 sm " \  

<~ - 0.008 - R = 0.0025 cm 

\ 
- 0.01~ I F I 
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VOLUME/JUNCTION x 108 (crn31 

Fig. 4. Calculated free-energy change of wetting vs. electrolyte 
volume (33% KOH) for Pelion fiber of radius �9 = 0.0008 cm, at 
various degrees of compactness of separator lattice. 
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to be  55% and ~SL Was ca lcula ted  f rom Eq. [3] to be 
--49 e r g / c m  ~ (assuming 7sv ~ 0). S imi lar ly ,  plots 
were  made  for po lypropy lene  and Teflon f rom the fol -  
lowing expe r imen ta l ly  de te rmined  values:  for po ly -  
propyene,  0 -- 73 ~ and 7SL --  --27 erg/cmS; for  Teflon, 
0 --  83 ~ and "~SL = --15 e r g / c m  2. The pseudophase  d ia -  
grams, shown in Fig. 5 for Pellon,  p01ypropylene,  and 
Teflon, a re  constructed f rom AG = 0 points  in these 
plots. The resul t ing  curves are  t h e  equ i l ib r ium lines 
separa t ing  the we t t ed  and dewet t ed  regions.  

Results and Discussion 
Single f ibe rs . - -Exper iments  were  pe r fo rmed  invo lv-  

ing e lec t ro ly te  coatings on single fibers of Ni, Cd, 
nylon,  and  po lypropylene .  The meta ls  were  s tudied 
both in the i r  v i rg in  and oxid ized  states, the  l a t t e r  as 
they occur in ba t t e ry  cells. Two nylon  mate r ia l s  were  
studied, nylon  f i lament  and  Pel lon  2505, a ba t t e ry  sep-  
a ra tor  mater ia l .  The po lypropy lene  fiber s tudied  had  
been k inked  for  use in sepa ra to r  mater ials .  Diamete rs  
of the uncoated mate r i a l s  were  ob ta ined  by  laser  di f -  
fraction, then e lec t ro ly te  was added  to the reservoirs  
and d i rec t ly  onto the fibers, and new d iameters  were  
obtained.  Results  are compi led  in Table I; va lues  p re -  
sented for the  meta l  and po lypropy lene  fibers a re  
averages  of at  least  e ight  measurements .  Values p re -  
sented for the  nylon  fibers were  ca lcula ted  b y  means  
of a sca t t e r ing- theory  approach,  which yields  the  
highest  precision.  

The da ta  indica ted  tha t  films on me ta l  fibers were  
th in  or nonexis tent .  The precis ion of the technique 
used to de te rmine  the film thicknesses ( _  1.3% of the  
meta l  fiber d iamete r )  was insufficient to measure  these 
films. However ,  meta ls  and oxides have  large  surface 
energies  and should have been wet ted  b y  the e lec t ro-  
lyte.  If  films did form on these substrates ,  t hey  were  
less than  2 ~m thick. 

Diffract ion pa t te rns  were  obta ined  for  the  nylon fila- 
ment  in two posit ions app rox ima te ly  0.4 cm apa r t  (at  
e i ther  end of the f iber) .  The d i ame te r  of the base fiber 
was v i r t ua l ly  ident ical  at  both  ends. However ,  one 
position exhibited a coating about 1.0 ~m thick, while 
the other  posi t ion showed a coating about  0.3/~m thick;  
this  is consistent  wi th  res is tance measurements ,  which  
give an average  thickness weighted  toward  the mini= 
mum, and indicate  a coating 0.3 /~m thick. The Pel lon  
fiber exhibi ted,  by  means  of laser  diffraction, an elec-  
t ro ly te  film about  0.7 • 0.4 ~m thick, whe rea s  the re -  
sistance measuremen t  indica ted  a film only  0.1 /~m 
thick. These resul ts  suggest  tha t  the films were  not  
un i fo rm in thickness along the length  of the  fiber. 
Scanning  e lec t ron microscopy showed that  the fiber 
surfaces were  not smooth; surface i r regula r i t i es  might  
account for the  nonun i fo rm film thicknesses.  

A t t empt s  at  fo rming  a coating on po lypropy lene  
were  unsuccessful.  Beading of the e lec t ro ly te  was ob-  
served, and resis tance measurements  indica ted  no con- 
t inuous coat ing had formed.  A comparison of this  r e -  
sul t  and the nylon  resul ts  wi th  the  theore t ica l  resul ts  
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Fig. 5. Calculated pseudophase diagrams (solid lines) and ex- 
perimental points for polypropylene (@),  Pelion (C)), and Teflon 
(O). R represents the distance between adjacent fibers in the 
idealized fiber lattice. 

in Fig. 2 shows good agreement. Those calculations 
predicted that flrns on nylon fibers were more stable 
than beads at these film thicknesses, whereas for poly- 
propylene the beaded state was more stable. Both the 
type of material and the fiber radius differ in this 
comparison, and both factors contribute to the stability 
differences shown in Fig. 2. 

Fiber networks.--Fibers of Pellon, polypropylene, 
and Teflon were fashioned into cylindrical networks 
and placed in the apparatus; electrolyte was then 
added to the reservoirs. The level of electrolyte was 
changed in the reservoirs and the corresponding change 
in impedance along the fiber mesh was monitored. 
Calculated cross-sectional areas of KOH at different 
electrolyte levels are given in Table If. Results indi- 
cate that for Pelion, the lowest level of electrolyte 
in the wells effected wetting sufficiently to just fill 
the void space, whereas the highest level filled the 
void space and formed a coating exterior to the fiber 
mesh. For polypropylene and Teflon, results indicate 
somewhat less wetting than for Pellon. 

The degree of wetting in each case, as indicated in 
Table II by the calculated cross-sectional area of KOH, 
was dependent on three factors: (i) the inherent wet- 
tability of the fiber material; (ii) the compactness of 
the fiber mesh; and (iii) the level of electrolyte in the 
reservoirs, which corresponds to work done on the 
system. Comparison of these results with the model 
is shown in Fig. 5, where the solid lines are the calcu- 
lated pseudophase diagrams for the three materials, 
and the circles are the experimental results calculated 
f rom values  in Table II. The exper imen ta l  points  rep-  
resent  condit ions where  the  fiber ne tworks  were  wet -  
ted, and in genera l  the points  l ie wi th in  regions where  
the pseudophase  d iagrams indicate we t t ing  would  occur 
(one point  for  po lypropy lene  lies s l ight ly  into the de-  
wet ted  region) .  For  Teflon, the lowest  level  of e lec t ro-  
ly te  in the  reservoirs  did not  effect wet t ing,  as ind i -  
cated by  a high impedance  along the  fiber network.  The 

Table I. Laser diffraction and conductivity results for aqueous KOH electrolyte (33%) films on single-fiber substrates. The electrolyte 
level in the reservoirs was 0.8 cm above the fibers 

Diameter  Coating thickness  
w i t h  electro- 

Starting d i a m e t e r  l y t e  c o a t i n g  B y  d i f f r a c -  B y  conduc- 
Material • los ( c m )  x l 0  s ( c m )  t i o n  ( ~ m )  t i v i t y  ( ~ m )  

Ni ,  v i r g i n  1.23 • 0.01 1.22 • 0.02 * 
Ni ,  o x i d i z e d  1.23 --  0.02 1.24 --  0,02 * 
Cd ,  v i r g i n  2.47 -~ 0.03 2.51 • 0.03 �9 
Cd ,  o x i d i z e d  2,51-4- 0.02 2.53 • 0.03 * 
N y l o n ,  f i l a m e n t  P o s .  1 1.175 • 0.002 1.181 • 0.002 0.3 • 0.2 0.3 

Pos. 2 1.176 • 0.002 1195 • 0.002 1.0 • 0.2 0.3 
Nylon, Pellon 0.172 • 0.002 0.186 • 0.003 0.7 ~- 0.4 0.1 
Polypropylene 0.24 • 0.03 0,23 • 0.01 0.0"* No coating 

~ Coating was smaller than precision of technique,  ~ 2 / z m .  
~ ~ Beading noted. 
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Table II. Cross-sectional areas of electrolyte and corresponding percent of void space filled for KOH electrolyte (33%) 
on various substrate networks 

2 6 3  

Pelion (r = 0.0008 cm) Polypropylene (r = 0.0013 cm) Teflon (r = 0.0038 era) 

Well  Cross-sectional Cross-sectional Cross-sectional 
height area KOH Void space area KOH Void space area KOH Void space 
(era) x 108 (cm =) filled (%) x ib~ (cm s) filled (%) x i~ (cm ~) filled (%) 

0.I l.O 83 2.2 25 - -  -- 
0.5 1.3 108 3.g 44 1.6 67 
0.8 1.6 133 4.? 53 1.7 69 

volume of e lec t ro ly te  in the fiber mesh in a dewet ted  
condi t ion cannot  be ca lcula ted  by  resis tance measu re -  
ments  and  is therefore  not  included in  Table  II  or  Fig. 
5. However ,  the  volume of e lec t ro ly te  would  be less 
than  the volume represen ted  by  the  two o ther  points  
for  Teflon shown in Fig. 5 and would  therefore  lie 
toward,  if not  into, the  dewet ted  region pred ic ted  by  
the pseudophase  diagram.  

Increas ing the level  of e lec t ro ly te  in the  reservoi rs  
"does work"  on the sys tem by  producing  a pressure  
along the e lec t ro ly te  film. F r o m  Eq. [5], the sys t em is 
t he r eby  s tabi l ized and can therefore  suppor t  a film 
wi th  a l a rge r  l i qu id -vapor  surface  a rea  re la t ive  to the  
so l id - l iqu id  surface area.  When  compar ing  the exper i -  
men ta l  resul ts  wi th  the  pseudophase  d iagrams  in Fig. 5, 
one must  real ize tha t  the  theore t ica l  curves  were  Cal- 
cula ted  wi th  the  assumpt ion that  no work  was done, 
and tha t  the  exper imen t s  were  conducted so tha t  work  
was done on the system. Quant i fy ing  the amount  of 
work  done by  the e lec t ro ly te  he ight  in the reservoirs  
would  s t re tch  the  model  beyond  its usefulness.  

Exper iments  were  pe r fo rmed  to measure  the dewet -  
t e d - w e t t e d  t rans i t ion  for  Pe l lon  sepa ra to r  ma te r i a l  
at  three  different  degrees of compactness (compres-  
sions).  A ba t t e ry  cell  configurat ion was used so tha t  
resul ts  could be d i rec t ly  compared  to those of an ac tua l  
ba t te ry .  Three  cells were  fabr icated,  as descr ibed  in 
the expe r imen t a l  section, f rom one discharged Ni elec-  
t rode  a n d  one Cd e lec t rode  sandwiched  be tween  two Ni 
plates,  wi th  pieces of Pe l lon  ma te r i a l  separa t ing  each 
component .  The  cells were  compressed to three  differ-  
ent  degrees:  0%, 31%, and 43%; these values  corre-  
spond to percent  volume compression.  For  comparison 
wi th  the  model,  a r egu la r  cubic la t t ice  a r r a y  of fibers 
was assumed as before,  and the dis tance be tween  each 
ad jacen t  fiber was ca lcula ted  to y ie ld  the  same pe r -  
cent vo lume compression:  6.00 X 10 -8, 5.28 X 10 -3, 
and  4.95 X 10 -3 cm, respect ively .  Elec t ro ly te  was 
added  inc remen ta l ly  to each cell  pack  and resis tances 
were  measured  af te r  equi l ibrat ion.  Wet t ing  was as-  
sumed to have occurred when the to ta l  cell  res is tance 
d id  not  change app rec i ab ly  wi th  fu r the r  addi t ion  of 
e lectrolyte .  Af t e r  the exper iment ,  the  components  of 
each cell  were  weighed and the e lec t ro ly te  d i s t r ibu t ion  
be tween  the p la tes  and separa to r  was calculated.  A p -  
p r o x i m a t e l y  65% of the  e lec t ro ly te  was found in t h e  
separa tor .  

Because the  p la tes  had  an appa ren t l y  much h igher  
affinity for  e lec t ro ly te  than  d id  the separator ,  i t  was 
assumed tha t  the plates  sa tu ra ted  first. The amount  of 
e lec t ro ly te  in the  separa tors  was t aken  to be the to ta l  
amount  of e lec t ro ly te  added  minus  the amount  in the 
s a tu ra t ed  plates.  Results  a re  shown in Fig. 6. The 
hor izonta l  ba rs  indicate  the  cell  resis tance at  each in-  
c rementa l  volume of e lectrolyte ,  t r ans la ted  into vo lume 
of e lec t ro ly te  pe r  fiber junct ion  in the s epa ra to r  ma te -  
rial.  The solid l ine is the ca lcula ted  pseudophase  d ia-  
gram. 

The expe r imen ta l l y  de te rmined  d e w e t t e d - w e t t e d  
t ransi t ions  occurred at  somewhat  h igher  e lec t ro ly te  
volumes than  we re  p red ic ted  b y  the pseudophase  d ia -  
gram; however ,  the genera l  character is t ics  of the  
curve  defined b y  the expe r imen ta l  resul ts  and the 
theore t ica l  curve are  s imilar .  In  ac tua l  NiCd cells, post -  
mor t em analysis  indicates  tha t  only  20-35% of the elec-  

t ro ly te  is found in the separa tors  (6), a range  of 
values s ignif icant ly lower  than  the 65% found in 
these cells. One of the differences be tween  the ac tua l  
pos tmor temed  cells and the cells in this expe r imen t  
was that  the  ac tua l  cells had been  cycled th rough  
charge and discharge.  

A second set of exper iments  was pe r fo rmed  to de te r -  
mine  the effects of cycling on e lec t ro ly te  dis t r ibut ion.  
For  these exper iments ,  cells were  constructed as be -  
fore, except  that  four e lectrodes were  used ins tead  of 
two, and the outer  Ni plates  were  omit ted.  Two cells 
were  cycled s imultaneously,  one at  0% compression 
and one at  31%. Cells were  cycled according to the  
schedule in the expe r imen ta l  section. The e lec t ro ly te  
d is t r ibut ion  af ter  cycl ing appa ren t ly  was independen t  
of the degree  of compression;  the amount  of e lec t ro-  
ly te  was sufficient to effect wet t ing  at  both  compres-  
sions. Results  a re  given in Table  I I I  for the 31% com- 
pressed cells; one resul t  f rom a previous  two-p la t e  ex-  
pe r imen t  is inc luded for  comparison.  

The volume of e lec t ro ly te  added  was not consistent  
among al l  the tests because each test o r ig ina l ly  had 
a different  purpose.  The volume of e lec t ro ly te  added  
to those cells cycled 2 and 39 t imes was identical ,  a l -  
though e lec t ro ly te  was lost dur ing  the l a t t e r  test  
through evaporat ion.  Despi te  this loss, the  absolute  
amount  of e lec t ro ly te  in the plates  cycled 39 t imes 
was h igher  than  in the  o ther  tests. These resul ts  ind i -  
cate tha t  a h igher  amount  of e lec t ro ly te  is found in 
the plates  af ter  modest  cycling ( <  39 cycles) .  This sug-  
gests that  be tween  2 and 39 cycles are  r equ i red  to 
es tabl ish  equi l ibr ium,  if a change in concentra t ion  (be-  
cause of evapora t ion)  is not  the  dr iv ing  force. The 
plates  appa ren t ly  have  a much grea te r  affinity for  e lec-  
t ro ly te  than  do the separators ,  so tha t  the  plates  wil l  
re ta in  the i r  m a x i m u m  amount  of e lec t ro ly te  consistent  
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Fig. 6. Pseudophase diagram for Pelion separator and experi- 
mental results indicating cell resistances as a function of electro- 
lyte volume for three different cell compressions. The points desig- 
nated ( Q )  indicate the 20-35% range of electrolyte absorption in 
the separators for an actual NiCd cell. A flooded separator corre- 
sponds to a volume/junction of about 1.2 X 10 -~  cm ~. 
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Table III. Electrolyte distribution in simulated NiCd cells as a function of charge-discharge cycling. Percent electrolyte in 
separators is normalized to a ratio of separators to plates of 23/22 

Electrolyte Electrolyte Electrolyte 
Number  of Number Total elec- in plates in separa- in separators, 
electrodes of c~cles trolyte (g) (g) tors (g) normalized (%) 

2 0 8.5 2.5 6.0 61 
4 0 7.4 4.1 3.3 53 
4 2 10.3 4.9 5.4 60 
4 89 6.6 5.8 1.1 21 

with the i r  degree  of cycling, and any remain ing  elec-  
t ro ly te  wil l  res ide in the  separators .  

The points  ind ica ted  in Fig. 6 tha t  correspond to an 
ac tual  NiCd cell  were  calcula ted according to charac-  
terist ics for  a 30 A - h r  cell, and  wi th  the assumpt ion  
that  20-35% of the  e lec t ro ly te  goes into the  sepa ra to r  
(6). The resul ts  in Fig. 6 indicate  that  the 20% figure 
lies nea r  the  we t t ed -dewe t t ed  transi t ion,  and therefore  
represents  nea r ly  the m i n i m u m  amount  of e lec t ro ly te  
consistent  wi th  a wet ted  configuration. 

Conclusions 
A n u m b e r  of conclusions can be d rawn  regard ing  

the fundamenta l  proper t ies  of e lec t ro ly te  films on ba t -  
t e ry  electrode and sepa ra to r  mater ia ls .  The s t ruc ture  of 
aqueous e lec t ro ly te  films on s ingle- f iber  subs t ra tes  
depends  p r i m a r i l y  on fiber d iamete r  and surface rough-  
ness, and to a lesser  degree  on subs t ra te  mater ia l .  
These pa ramete r s  de te rmine  whe the r  e i ther  a cont inu-  
ous film or a beaded  state is favored.  However ,  edge 
effects can domina te  these considerat ions by  "doing 
work"  on the system. For  a th ree -d imens iona l  system, 
the s t ruc ture  of the fiber ne twork  is cr i t ical  to its 
wet tabi l i ty .  A pseudophase  d i ag ram for any  system 
m a y  be const ructed to pred ic t  the  volume of e lec t ro ly te  
r equ i red  to ensure wett ing,  as a funct ion of compact -  
ness of the  subs t ra te  mater ia l ,  if t h e  in ter rac ia l  su r -  
face tensions are  known for that  system. 

The most significant conclusion f rom this work  is 
that  the  we t t ab i l i ty  of a s epa ra to r  depends p r i m a r i l y  
on the s t ruc ture  of the  separator .  The basic pa rame te r s  
of wet t ing  discussed here  could be used to design a sep-  
a ra tor  s t ruc ture  wi th  opt imal  wet t ing  character is t ics  
for  pa r t i cu la r  ba t t e ry  applicat ions.  This finding m a y  
l e a d  to the inves t igat ion a n d  u s e  of new separa to r  

mater ia l s  that  a re  be t t e r  sui ted for a lka l ine -ce l l  en-  
v i ronments  than  mater ia l s  tha t  a re  p resen t ly  used. 
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Reactions of FeS2, CoS2, and NiS Electrodes in Molten LiCI-KCI 
Electrolytes 
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Argonne National Laboratory, Chemical Engineering Division, Argonne, Illinois 60439 

ABSTRACT 

The electrochemistry of the FeS2, COS2, and NiS2 electrode phases in molten LiC1-KC1 electrolyte at 400~ was studied 
using cyclic vol tammetry at sweep rates of 0.02-1 mV/sec. Emf's, polarization characteristics, and nucleation overpotentials 
were obtained for each maj or electrode reaction; the anodic nucleation overpotentials increased with emf for all three elec- 
trodes. The disulfide electrodes lost sulfur during the extended cyclic-voltammetry tests. These losses appear  to be asso- 
ciated with a nonequil ibrium species that is involved in the electrochemical formation of the disulfides from their 
precursors.  

L i th ium-a l loy / i ron - su l f ide  secondary  ba t te r ies  for 
electr ic  vehicles and s ta t ionary  energy  s torage systems 
are  being developed at  Argonne  Nat ional  Labora to ry  
and at  a n u m b e r  of indus t r ia l  firms (1). Much of this 

* Electrochemical  Society Active Member. 
Present  address: State University of New York/Col lege  at Old 

Westbury,  Old Westbury,  L o n g  Island, New York, 11568. 
Key words: electrode,  fused salts, cathode, voltammetry.  

deve lopment  p rog ram has concentra ted  on the 1.34V 
Li -A1/FeS  cell, which employs mol ten  LiC1-KC1 as the 
e lec t ro ly te  and is opera ted  at 400~176 In this type  
of cell, .the cur ren t  collectors are  made of i ron and the 
e lect rode separa tors  are  made from BN felt. I ron di-  
sulfide m a y  be u s e d  ins tead of FeS as the posi t ive 
e lect rode (1-6) if a more noble current  col lector  such 
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as molybdenum is employed. The Li-A1/FeS2 cell, 
which has two major  voltage plateaus at 1.75 and 1.34V, 
has a higher specific energy than the Li-A1/FeS cell, 
but has general ly exhibited a lower cycle life (1, 6). 
The capacity decline of Li-A1/FeS2 cells has been at- 
t r ibuted to the loss of sulfur from the FeSe electrode 
(6, 7). The sulfur forms a dense deposit of LieS crystals 
in the BN separator near the Li-A1 electrode; precipi- 
tates of iron are associated with these Li2S crystals 
(7). Dense deposits of LieS crystals have also been 
found at the Li ,AI  electrodes of Li-A1/NiS2 cells (8). 
In this case, the Li2S is not associated with metallic 
deposits, and the cells have long cycle lives (6). In an 
earl ier  Argonne program, lithium sulfide deposits were 
found on the negative electrodes of Li /S cells; the pro-  
posed transport  mechanism involved highly soluble 
intermediates formed in the cycling of the sulfur elec- 
trode (9). The above sulfur- transport  problems do not 
exist in Li -AI /FeS cells, which accounts for their  su- 
perior capacity retention and cycle life. 

A variety of other transition metal  sulfides are also 
employed as positive electrodes (3, 6, 10) or as per-  
formanee-improvement additives in the i r o n  sulfide 
electrodes (6, 11, 12). For example, CoS2 has been used 
as .an electronic conduction additive in FeS2 and NiS2 
electrodes (6). It is of interest to compare the elec- 
chemistry of FeSe, COS2, and NiS2 because of their 
similar structures (pyrite) and similar thermochemical 
properties. From available thermodynamic data (13- 
17), the theoretical specific energies of the LiA1/MS2 
(M = Fe, Co, or Ni) cells can be readily calculated for 
the following overall  reaction 

4LiA1 + MS2 ~ 4A1 n_ M + 2Li~S [1] 

For all three disulfides, the theoretical specific energy 
at 425~ is about 650 W-hr/kg,  and all three elec- 
trodes are potential ly of interest for high performance 
cells. 

The discharge of FeS2, CoSe, and NiS2 is more com- 
plicated than reaction [1] indicates because of the oc- 
currence of intermediate phases. According to the Fe-S, 
Co-S, and Ni-S phase diagrams (18, 19), the inter-  
mediate binary phases at 400~ are: FeS for FeS2; 
C03S4 and CogSs for COS2; and NiS, NITS6, and Ni3S2 for 
NiS2. Considering only these binary phases, FeS2 seems 
to be the !eas t  complicated electrode. However, ternary 
phases are also formed in FeS2 electrodes (20, 21). For 
example, the FeS2 electrode phases include Li3Fe2S4 
and a solid-solution phase Li2+xFe1-xS2 that  extends 
from x = 0 to x = 0.33 (21). Even more complex 
phases are possible; for example, LiKaFe~4S~aC1, which 
is a common phase in FeS electrodes (22, 23), is also 
found in FeS2 electrodes (21). Thus, the phases in FeS2 
electrodes are more complex than is suggested by the 
Fe-S phase diagram; the phases in CoS2 and NiS2 elec- 
trodes have not been previously determined. 

In the present study, cyclic voltammograms were 
obtained for FeS2, COS2, and NiS2 electrodes in LiCI- 
KC! electrolyte at 400~ Cyclic voltammograms were 
also obtained for Li2S, a discharge product common to 
all three disulfide electrodes. The phases in CoS2 and 
NiS2 electrodes were identified by x - ray  diffraction and 
metaUographic analysis of positive electrodes taken 
from small cells. 

Experimental 
The electrolyte was polarographie grade LiC1-KC1 of 

eutectic composition [58 mol percent (m/o) LiCI, mp 
352~ which was obtained from Anderson Physics 
Laboratory (APL),  Off-eutectic compositions were 
prepared from the eutectic by adding either APL 
polarographic grade LiC1 or Baker reagent grade KC1, 
which had been vacuum dried at 400~ 

The negative electrodes were prepared using l i th-  
ium aluminum [48 atom percent (a/o)  Li] from 
KBI, Incorporated, aluminum (>99%) demister wire 
from Otto H. York, Incorporated, and lithium from 

Lithcoa. The positive electrodes contained FeS2 (~99%) 
from Gould Incorporated, CoSe from Cerac/Pure In- 
corporated, or NiS2 from Alpha Inorganics. Chemical 
and metallographic analyses showed that  the CoS2 
contained about 20 m/o C0~S4 and that the NiS2 con- 
tained about 20 m/o NiS. Other positive-electrode 
materials included 99% pure C09Ss and NiS from Great 
Western Inorganics, and Li2S (approximately 97% 
pure) from Eagle Picher Industries, Incorporated. 

The cells for the cyclic vo l t ammet ry  experiments 
consisted of Li-A1 reference and counterelectrodes po- 
sitioned above the sulfide working electrode in about 
200g of electrolyte. The Li-A1 electrodes employed 
cylindrical iron housings that were wrapped in 325- 
mesh Type 304 stainless steel screens. The ratio of 
LiA1 powder to aluminum demister wire was such that 
the final li thium concentration was about 42 a/o. The 
resulting mixture of two li thium-containing phases 
(~-A1 and ~-LiA1) has a fixed potential of 303 mV vs. 
liquid lithium at 400~ (17). The reference electrode 
(1.5 cm 2 • 2 cm) had a capacity of about 1 A-hr,  and 
the counterelectrode (10 cm 2 X 1 cm) had a capacity 
of about 6 A-hr.  The working electrode employed a 
molybdenum housing (1 cm 2 • 0.5 cm). About 1 mmol 
of the sulfide powder was vibrated into a 1 cm 2 • 0.5 
cm piece of vitreous carbon foam (Chemtronics Inter-  
national Incorporated) tha t  was held within the molyb- 
denum housing; the electrode face was then covered 
with zirconia cloth and molybdenum screens. 

The cells that were operated to identify the sulfide 
phases employed 4 A-hr  negative electrodes and 1 A-hr  
positive electrodes. The negative electrodes were either 
Li-A1 or liquid lithium. The Li-A1 electrodes were like 
those used in the cyclic voltammetry; the liquid l i th- 
ium electrodes have been described previously (2). 
The positive electrodes contained about lg of the t ran-  
sition metal disulfide powder placed in the cavity (4.6 
cm 2 • 0.7 cm) of a cylindrical graphite housing. A por- 
ous disk of graphite (PG-60, Union Carbide Corpora- 
tion) was graphite-cemented to the face of the hous- 
ing to retain the active material  within the cavity. 

Procedures.--The cells were operated at tempera- 
tures of about 400~ in furnace wells that were at-  
tached to helium-atmosphere glove boxes. The helium 
was continuously purified (<3 ppm O2 and H20) by a 
combination of molecular sieves and cold traps. A 
furnace controller maintained the temperature within 
I~ of the preselected value during cell operation; the 
temperature was monitored with a calibrated Chromel- 
Alumel thermocouple. 

The instrumentation for the cyclic voltammetry ex- 
periments was a PAR 175 universal programmer, a 
PAR 173 potentiostat, a PAR 179 coulometer, a Fluke 
8000 A digital voltmeter, and an HP 7045A X-Y re- 
corder. The procedure consisted of repeated cathodic 
and anodic sweeps at each potential sweep rate to 
obtain steady-state voltammograms. The sweep rate 
was varied from 0.02 to 1 mV/sec, and the potential 
range was usually 1.0-2.0V vs. Li-A1. A broader po- 
tential range was employed at the higher sweep rates, 
and narrower ranges were employed when associating 
specific cathodic peaks with their anodic analogs. 

The instrumentation for galvanostatic cycling of the 
phase-identification cells consisted of an HP 620B 
constant-current power supply, a Fluke 8000A digital 
voltmeter, and an HP 7100B strip chart recorder. The 
power supply was equipped with a voltmeter-con- 
trolled relay system that reversed the direction of cell 
current at appropriate charge and discharge Cutoff 
voltages (for example, 2.0V on charge and 1.0V on 
discharge). The cells were cycled repeatedly at cur- 
rent  densities ranging from 12 to 60 mA/cm 2 and were 
then stopped at various states of charge for subsequent 
phase studies. The positive electrodes were removed 
from the cells, sectioned, and analyzed by x- ray  dif- 
fraction and metallographic techniques (23). 
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R e s u l t s  a n d  D i s c u s s i o n  
Cyclic voltammograms at low sweep rates and the 4O electrode phases.~Cyclic voltammograms are shown < 

E in Fig. 1-3 for the FeS2:, CoS~, and NiS2 electrodes, re- 
spectively, operated at a temperature of 400~ in the ~ ~z" 
LiC1-KC1 eutectic electrolyte. The potential sweep 7~ ~ zo 
rate was 0.02 mV/sec  and the potential range was 1.0- "~ ~- 
2.0V.~ This combination of rate and range corresponds 
to about one cycle per day, which is comparable to 
the cycling rate of the phase-identification cells. At 
such a low rate, cyclic voltammetry is equivalent to o 
coulometry. For example, the summed areas of either 
the anodic or cathodic peaks in Fig. 1-3, when con- < 
verted to coulombs per mmol,  exceeded 85% of the _~ s 
theoretical capacity (386 C/retool) based on reaction z~ ~ - 2 0  

The dominant features in Fig. 1-3 are labeled with 
Roman numerals that are the same, except for sub- o - 4 0  
script, for an anodic (a) peak or band and its cath- 
odic (c) counterpart. The labeling was checked by 

A~ll electrode potentials are with  respect to the two phase ( a  
+ /~) Lt-AI reference electrode. 
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Fill. I .  Cyclic veltammogram of Fe$2 at  400~  in LiCI-KCI eu- 
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Fig. 3. Cyclic voltammogram of NiS2 at 400~ in LiCI-KCI eu- 
tectir electrolyte (sweep rate, 0.02 mY/see). 

narrow-voltage-range sweeps centered on each pair 
of peaks. In these sweeps, the areas of the individual 
peaks were unchanged from those in Fig. 1-3, and, in 
most cases, the peaks were located at nearly the same 
potential. A notable exception was peak IVa Of the 
FeS2 electrode (Fig. 1), which shifted to significantly 
lower potentials on narrowing the potential range. 
Figure 4 illustrates this effect and also shows that the 
anodic peak has a very complex structure. 

The x-ray diffraction and metallographic studies of 
positive electrodes taken from the phase-identification 
cells at various states of charge showed that, in addi- 
tion to the electrolyte, the CQS~ electrodes contained 
CoS~ at full charge and Co plus Li~S at full discharge. 
At intermediate states of charge, Co3S4 and CogSs were 
found. The NiS2 electrodes contained NiS2 at full charge 
and Ni plus Li2S at full discharge. At intermediate states 
of charge, NiS, NiTS~, and NisS2 were found. Thus, no 
ternary pha~es were detected in these electrodes; they 
contained Li2S throughout their charge and either Co-S 
or Ni-S phases. The x-ray diffraction measurements 
did not rule out the possibility of small solubility ef- 
fects between phases. For example, the NiS phase in 
the NiS2 electrode may have been either Nil-xS (19) 
or Nil-xS containing a small amount of Li2S (24); 
these materials have very similar crystallographic pa- 
rameters. 

The phase sequences for the CoS~ and NiS2 elec- 
trodes, which are derived from the above phase data, 
are compared in Fig. 5 with the phase sequence for 
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Fig. 4. Cyclic voltammogram of FeS~, peak IVa, at 400~  in 
LICI-KCI eutectlc electrolyte (sweep rate, 0.02 mV/sec) .  
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TV__cc TITc n'c. I c  
FeS2 - ~  Li3Fe2S 4 -~o  Li2"2Feo'eSz and Fel_xS lta Li?.FeS2 -ia Fe and Li2S 

fir' c 17' c 

CoS2 --~- Co~S 4 and Li~S ~ Co9S 8 
TIT' o 11" 'a 

I 'C 
and LizS ~ Co and Li2S 

Fig. 5. Sequence of phases in 
FeS2, CoS~, and NiS2 electrodes 
and associated voltammetry 
peaks from Fig. 1-3. 

'~ m ';= ~" C 
NiSz ~ NiS and Li2S ~ NiTS 6 and Li2S ~ Ni3S ~ 

IE a m'a ]l"a 

the FeS2 electrode, which is taken from Ref. (21) 
(minor amounts of potassium-containing phases were 
omitted from the FeS~ sequence). The connecting ar- 
rows in Fig. 5 indicate the occurrence of an electrode 
reaction, and each arrow is labeled with a voltammetry 
peak from Fig. 1-3. The labeling is quite straightfor- 
ward because of the coulometric aspects of the low- 
sweep-rate voltammograms. However, no detailed re- 
action mechanism is implied by the labels; they serve 
merely to indicate the equilibrium phases associated 
with each voltamraetry peak. 

Note in Fig. 5 that Li~S is present at all states of 
charge up to full charge in both the CoS2 and NiSe 
electrodes, but appears in the FeS2 electrode only dur- 
ing the LieFeS~ ~ Fe + Li~S reaction. Although Lies 
is not observed as a distinct phase in the other FeS2 
electrode reactions, its activity is substantial. For ex- 
ample, the Lies activity of LieFeSe is 0.86 from the 
aG ~ (400~ for the chemical reaction: LieS + FeS --> 
LieFeS2 (23). Therefore, it is appropriate to consider 
the possible competition between Li~S reactions and 
those of FeS~, COS2, and NiS~. 

Lithium sulfide voltammetry and sulfur ~osses from 
the disulfide electrodes.--Successive voltammograms 
for LieS, in the same type and size of housing as was 
used for the disulfide electrodes, are shown in Fig. 6 
for a sweep rate of 0;05 mV/sec. There is a prominent 
cathodic peak at 1.74V and an anodic peak at 1.9-1.8V. 
The electrochemical reaction assigned by Birk and 
Steunenberg (9) to these peaks can be written as 

2LiA1 + LieS2 ~ 2ttl + 2Lies [2] 
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Fig. 6. Cyclic veltammograms of Li2S (2 mmol) at 400~ in LiCI- 
KCI eutectic electrolyte (sweep rate, 0.05 rnV/sec). 

and Li2S ~ Ni and Li2S 

The successive voltammograms in Fig. 6 indicate a 
rapid loss of sulfur from the voltammetry electrode; 
100% of the sulfur was lost in one day. With a sweep 
rate of 0.01 mV/sec, all the sulfur was lost in the first 
anodic sweep, and there were no peaks in subsequent 
cathodic and anodic sweeps. This effect, which could 
not be observed in the earlier study of Li~S solutions 
(9), was readily detected in the present study because 
of the large volume of unsaturated electrolyte sur- 
rounding the voltammetry electrode. The dissolution 
of Lies in this electrolyte must have contributed to 
some extent to the sulfur loss; electrolyte saturation 
at 400~ requires about twice as much lithium sulfide 
as was present in the voltammetry electrode (25). 
However, the dissolution and transport of LieS are 
relatively slow processes. For example, FeS voltam- 
metry electrodes, which are operated below the po- 
tential for reaction [2], retain their Lies for hundreds 
of hours at 400~ (23). [At 481~ they lose about 12% 
of their sulfur per day via LizS dissolution (23).] 
Thus, the present study suggests that the formation of 
LieS~ causes the rapid loss of sulfur shown in Fig. 6; 
this direct correlation between a specific charge prod- 
uct and sulfur losses was not possible in the earlier 
voltammetry study (9). 

The FeS2, CaSe, and NiS2 voltammetry electrodes 
lost sulfur like the Li~S voltammetry electrode, but 
at a much lower rate. The sulfur losses were detected 
when successive voltammograms of the type shown 
in Fig. 1-3 were accummulated at a rate of about one 
cycle per day over a period of two to three weeks. In 
these voltammograms, the lower voltage peaks of each 
electrode had constant areas (and capacities), but the 
highest voltage peaks exhibited an approximately lin- 
ear decrease in area (and capacity) with time. As the 
highest voltage peaks decreased, the FeSe, CoS~, and 
NiS2 electrodes were gradually converted to FeS, 
Co~4, and NiS electrodes, respectively. Thus, the tran- 
sition metals were retained by the electrodes but their 
sulfur-to-metal ratios declined. The rates of decrease 
in the initial peak areas at a sweep rate of 0.02 mV/sec 
(about one cycle per day) were 2% per day for the 
FeS2 peaks IVa and IV~ (Fig. 1), 10% per day for the 
CoS~. peaks III 'a and III'~ (Fig. 2), and 4.5% per day 
for the NiS2 peaks IV"a and IV% (Fig. 3). These rates 
are far lower than the 100% per day loss for the LieS 
electrode (Fig. 6). The flux of sulfur from each elec- 
trode was calculated from the above data. For FeS~, 
CaSe, NiSz, and Li~S, respectively, the sulfur fluxes 
were 0.005, 0.012, 0.014, and 0.5 #g/cme/sec. The effect 
of sweep rate was investigated for the CoS~ electrode; 
the sulfur flux increased from 0.012 to 0.028 ~g/cme/sec 
when the sweep rate was increased from 0.02 mV/sec 
(about one cycle per day) to 0.1 mV/sec (about 5 cycles 
per day), indicating a strong .dependence of the sulfur 
flux on cycling rate. 

Note that the formation and discharge of FeS2, CoS~, 
and NiS2 occur at approximately the same potential 
as the formation and discharge of LieS2 (compare the 
highest voltage peaks in Fig. 1-3 with Fig. 6). Since 
Lies is present in the CaSe and NiS2 electrodes during 
their formation from Co~$4 and NiS, respectively (see 
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Fig. 5), it is clear that the Li~S reaction [2] must oc- 
cur in competition with the formation of CoS2 and 
NiSs. This competing reaction may account for the 
sulfur flux from these electrodes being 2-3% of the 
flux from the Li~S electrode. Lithium sulfide is not 
present as a distinct phase during the formation of 
FeS~ from Li~Fe=St (see Fig. 5), but it is still expected 
to have a substantial activity; an activity of 0.3 is 
estimated from thermodynamic data (13-17, 26, 27). 
Thus, reaction [2] also competes with the formation of 
FeS2 and may account for the sulfur flux from this 
electrode being about 1% of the flux from the Li2S 
electrode. 
Equilibrium potentials and nucleation potentials.~The 
majority of the electrode reactions, which are indi- 
cated simply by arrows in F~g. 5, are given as a series 
of consecutive Li-A1/MS2 cell reactions and their ther- 
modynamic equilibrium potentials in Table I. The two 
Li-A1/FeSs cell potentials given in Table I were mea- 
sured (23, 26, 27) ; no thermodynamic data were avail- 
able for the two intermediate reactions in this cell, 
which are omitted from the table. The Li-A1/CoS2 and 
Li-A1/NiS~ cell potentials were computed from avail- 
able thermodynamic data (13-17, 26). 

The assignments of the voltammetry peaks in Fig. 5 
are consistent with the equilibrium potentials in Table 
I since the anodic peaks are located at a higher po- 
tential and the cathodic peaks are located at a lower 
potential; this test is often used to check reaction as- 
signments (23, 28, 29). Linear extrapolation of the 
peak's leading edge (left edge for anodic peaks; right 
edge for cathodic peaks in Fig. 1-3) to zero current 
gives an estimate of the potential at which a new 
phase begins to nucleate (29). For anodic peaks, this 
potential is called the anodic nucleation potential, 
Van; for cathodic peaks, it is called the cathodic nuclea- 
tion potential, Vcn. The differences between these 
nucleation potentials and the emf are attributed to 
nucleation overpotentials (29). 

In Table II, the nucleation potentials obtained from 
the leading edges of the peaks in Fig. 1-3 are com- 
pared with the equilibrium potentials from Table I. 
The differences between V a n  and V~n are also given, 
with a larger difference implying a greater probability 
of the anodic and cathodic reaction mechanisms being 
different. In nearly every case, Vr in Table II  is 
slightly smaller than the emf and Van is slightly larger. 
However, there are two reactions where Vr is slightly 
larger than the emf; these emf's were calculated and 
could be in error. To determine if the leading edges 
of the voltammetry peaks coincided with an emf in 
the absence of nucleation overpotentials, the poten- 
tial sweep range was narrowed to leave some of the 
electrode material unreacted. This unreacted material 
provided nucleation sites during the subsequent sweep. 
One example was shown in Fig. 4. In this test, traces 
of FeS~ remained after peak IVy, causing the leading 
edge of peak IVa in Fig. 4 to be 75 mV closer to the 
e m f  (1.755V) than it was in Fig. 1. 

Table I. Thermodynamic equilibrium potentials of Li-AI/MSs cell 
reactions at 4000C 

Cell react ion Emf (V) 

2FeSs + 3LIAI = Li~Fe~, + 3AI 1.755 = 
Li~FeSs + 2LiAI = F e  + 2 L ~ +  2AI 1.334 ~ 
3CoS~ +. 4LIAI ~ CosS, + 2Li~S + 4AI 1.701 
3Co~S, + 8LiAI ~-Co0Ss + 4L~L~S + 6At  1.639 
Co~Se + 16LiAI ~ 9Co + 8LbS + 16A1 1.372 
NIS~ + 2LiA1 ~ Ni$ + Li~S + 2A1 1.741 
7NiS + 2LiAI ~ Ni~S~ + LL~ + 2AI 1.556 
3Nt~Se + 8LLA.I ~ 7NisS= + 4T.t~ + 8A1 1.552 
Nt~S~ + 4LiA1 ~ 3 N L +  2LbS + 4A1 1.365 

= Ref. (27). 
Ref. (23, 26). 
This  potential  is computed for  formation of Ni~-zS s NISs 

using data In Ref. (13). Between 1.741 and 1,586V the  Nlz-,S Is 
converted to NIS, 

Table II. Equilibrium and nucleation potentials for electrode 
phases at 400~ 

Electrode phases r Ven b Emf ~ Va. b V=n - 

(peaks) (V) (V) (V) Vcn (V) 

FeS~ m L h F e ~ ,  (IV) 1.744 1.755 1.845e 0.101 
Li~FeS= ~ F e  a n d  Li~S (I) 1.310 1.334 1.345 0.035 
CoS2 ~- COBS, a n d  Li2S (III ' )  1.709 1.701 1.774 0.065 
Co3S, ~- CogSs a n d  Li~S (II ' )  1.605 1.639 1.670 0.065 
Co~Ss ~- Co and Lt,S (I ' )  1.317 1.372 1.378 0.061 
NiS= ~ NiS a n d  Li2S (IV") 1.740 1,741 1.775 0.035 
NIS ~ NI~Se a n d  Li~S ( IH")  1.591 1.586 1.618 0.027 
NiTSe ~ Ni3S= a n d  Li~S (II")  1.545 1.552 1.563 0.018 
NL~S= ~ NI a n d  LL~S (I")  1.353 1.365 1.368 0.010 

= P h a s e s  and associated voltammetry peaks are from Fig .  5. 
b F r o m  Fig.  1-3. 

From Table I. 
Th i s  v a l u e  is  f o r  t h e  m a j o r  a n o d i c  p e a k  IV,.  T h e  v a l u e  for 

the minor peak on its leading edge is 1.805V. 

Other voltammograms which illustrate this shift 
effect for most of the electrode reactions are given in 
Fig. 7-9. In these voltammograms, the sweep rate was 
0.05 or 0.1 mV/sec, which is higher than that used for 
Fig. 1-3 (0.02 mV/sec). However, the leading-edge 
potentials were insensitive to sweep rate up to at least 
0.2 mV/sec. Four of the cathodic peaks in Fig. 7-9 are 
labeled to show how their leading edges shifted toward 
the emf between sweep No. 1 and sweep No. 2. In these 
instances, cathodic sweep No. 1 was preceded by a 
complete anodic sweep while sweep No. 2 was preceded 
by the truncated anodic sweep shown in Fig. 7-9. The 
other voltammetry peaks shown in Fig. 7-9 have lead- 
ing edges closer to their emf's than in Fig. 1-3, but the 
shifts that occurred during successive sweeps are not 
shown. Generally, the leading edge of each anodic 
(or cathodic) peak shifted toward the emf after the 
trailing edge of its cathodic (or anodic) counterpart 
was clipped by the potential limit. 

The voltammograms in Fig. 7-9 demonstrate the 
reversibility of the electrode reactions in the absence of 
nucleation overpotentials, and the equilibrium poten- 
tials can be estimated from the nearly coincident lead- 
ing edges of the anodic and cathodic peaks. These 
estimated emf's are listed in Table III; the uncertain- 
ties are the small differences in the anodic and cath- 
odic leading-edge potentials in Fig. 7-9. Where com- 
parison is possible, the estimated emf's seem to be rea- 
sonably accurate. For example, the value of 1.365V, 
which is given for Ni3S2 ~ Ni plus Li2S in Table III, 
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is in excellent agreemer~t with recently reported (30) 
emf measurements (1.3649V). The other estimated 
emf's in Table Ill are generally in good agreement with 
the values shown in Table I. For calculating nucleation 
o v e r p o t e n t i a l s ,  w e  p r e f e r  t h e  e s t i m a t e d  e m f ' s  o f  T a b l e  
I I I  s i n c e  t h e y  a r e  o b t a i n e d  i n  t h e  s a m e  w a y  as  t h e  
n u c l e a t i o n  p o t e n t i a l s  o f  T a b l e  I I .  

T h e  a n o d i c  n u c l e a t i o n  0 v e r p o t e n t i a l  

1Jan "-- Van - -  ern~ [3] 

and the cathodic nucleation overpotential 

~,~ = e m f  - -  V~.  [ 4 ]  

w e r e  d e r i v e d  f r o m  t h e  e s t i m a t e d  e m f ' s  i n  T a b l e  I I I  a n d  
t h e  n u c l e a t i o n  p o t e n t i a l s  in  T a b l e  I I  a n d  a r e  a l so  l i s t e d  

Table III. Equilibrium potentials and nucleation overpotentials 
at 400~ from cyclic voltammograms 

En~ b Wen e " / l a .  ~ 

Electrode phases R (peaks)  (mV)  (mV)  (mV) 

FeS~ ~ Li,~Fe~, ( IV )  1750~ 5 6 95~ 
LiaFe~S4 ~ Li~.2Feo sSs and 1660 • 10 ,,,30 ~50 

Fex-~-S (III) 
LlsFe~ ~=~ Fe and LisS (I) 1328 -- 5 18 17 
CoSs ~ Co~S~ and Li~S (HI') 1718• 9 56" 
CosS~ ~ Co~Ss and Li~S ( I r )  1620 ~ 5 15 59 
Co~Ss ~- Co and Li~ (I') 1373 • 5 56 5 
NiSs ~- NiS and LisS (IV") 1748--.+ 5 8 27, 
NiS ~- Ni~Se and Li~S (IH') 1605 + 5 14 13 
Ni~S~ ~- NisSs and Li~S (II") 1559 ----- 5 14 4 
Ni~S= ~ Ni  and L i ~  (I*) 1365 ~- 2 7 3 

= Phases from Fig. 5 (voltammetry peaks from Fig. 7-9). 
Estimated from Fig. 7-9. 

o Cathodic nucleation overpotential  (emf-Vcn). 
Anodic nucleation overpotential (V~.-emf). 

e These are lower Hmits; nonequilibrium species have been  de- 
tected (see  text ) .  

in Table HI. Note that the anodic nucleation overpo- 
tentials increase with state of charge for each electrode. 
Vermilyea (31), in his review of anodic film formation 
on metal substrates, has noted this general trend for 
other electrodes. For example, the formation of PbO 
from Pb requires a nucleation overpotential of 10 mV 
while the formation of PbOs from PbO requires a 
nucleation overpotential of 300 mV (31). The cathodic 
nucleation overpotentials in Table III do not .display 
a similar systematic trend. However, there is an inter- 
esting trend in the ratio of anodic to anodic-plus- 
cathodic overpotentials. As shown in Fig. 10, the anodic 
fraction of the total nucleation overpotential increases 
in a similar manner with emf for all three electrodes. 
Unfortunately, the scatter in these data is large (the 
error bars in Fig. 10 result from the uncertainties in 
the estimated emf's in Table III). Nevertheless, the 
data suggest that the overpotential ratios are con- 
trolled by some process common to all three electrode 
materials. 
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Fig. 10. Ratio of anodic to total "acleation overpotential for FeS2 
(C)), Co~ ([]), and NiS2 (Q) reactions. The dashed fi.e is in- 
cluded to indicate the apparent trend in the data. 
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Peak assignments and nonequiHbr~um spec~es.~There 
are three peaks in Fig. 1-3 that are not adequately 
described by. the reactions in Table I; nonequflibrium 
species are detected along the leading edge of the 

highest voltage anodic peak of each electrode. As indi- 
cated in Fig. 11, the nonequilibrium species are de- 
tected cathodically after sweeping into the leading 
edge of the anodic peaks. The results are clearest for 
the CoS2 electrode, where a distinct cathodic peak, F, 
precedes peak III'~. With the FeS2 and NiS2 electrodes, 
the nonequilibrium species, a and % respectively, are 
detected as slight distortions of the leading edges of 
cathodic peaks IVr and IV'%. Note that the ~ peak in 
Fig. 11 (b) is located at the same voltage and has the 
same shape as the Li2S2 cathodic peak in Fig. 6. Thus, 
the ;3-peak is probably due to reduction of Li2S~. The 
smaller a- and ~-peaks may also be due to reduction 
of Li2S~ since this species should form in the FeS2 and 
NiS2 electrodes (see section on Lithium sulfide voltam- 
metry).  Because nonequilibrium species are associ- 
ated with the leading edges of peaks IVa (FeS2), III'a 
(COS2), and IV"a (NiS~) in Fig. 1-3, the ~]a, values 
given in Table III for these peaks may be low. 

For the other peaks in Fig. 1-3, nonequilibrium 
species were not detected at sweep rates up to 0.1 mV/ 
sec. Consequently, the equilibrium phases in Fig. 5 and 
the cell reactions in Table I give a reasonably com- 
plete description of these low-sweep-rate peaks. 

Effects o] higher sweep rates.--Voltammograms for 
sweep rates of up to 1 mV/sec are shown in Fig. 12-14 
for FeS2, CoS2, and NiS2, respectively. There is little 
to be gained by further increasing the rate. The peaks 
already overlap to a significant extent at the higher 
rates shown in each figure because the width of the 
peaks increases with the scan rate. This peak broaden- 
ing is due primarily to the resistive nature of the 
electrodes; the peak widths, currents, and potentials in 
Fig. 12-14 all tend to be proportional to the square 
root of the scan rate, which is the expected behavior 
under ohmic control (23, 32). 

Another cause of peak broadening is evident in Fig. 
12-14. The peaks in Fig. 12 (FeS~) exhibit a more com- 
plex structure as the scan rate increases, suggesting 
the presence of additional reactions. The peaks in 
Fig. 13 (COS2) are less complex than those in Fig. 12 
(FeS2), but peak ra of Fig. 13 does exhibit a detect- 
able bowing along its trailing edge at 0.5 mV/sec, 
which suggests the presence of an additional reaction. 
Likewise, the trailing edges Of peaks I "a  and II% in 
Fig. 14 (NiS2) show more structure as the scan rate 
increases, which again suggests the presence of addi- 
tional reactions at the higher rates. The central anodic 
and cathodic peaks (II" and III") in Fig. 14 increase 
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Fig. 13. Cyclic voltammograms of CoS2 at 400~ in LiCI-KCI 
eutectic electrolyte at sweep rates of 0.05, 0.2, and 0.5 mV/sec. 

in height,  not  as the  square  root  of the scan rate ,  v 0.s, 
but  as ~0.7. This unusua l  behav ior  m a y  reflect  the oc- 
currence of addi t iona l  reactions,  or i t  m a y  be due to 
peak  over lap  since the  ne ighbor ing  peaks  (r '  and IV") 
a re  large.  Thus, we are  unable  to make  unequivocal  
reac t ion  ass ignments  at  sweep ra tes  above 0.1 mV/sec ;  
each peak  m a y  wel l  contain  severa l  react ions at  the  
h igher  sweep rates.  

Plots  of the  peak  currents  vs. peak  potent ia ls  for 
each m a j o r  v o l t a m m e t r y  peak  ( ignor ing any fine s t ruc-  
ture)  are  shown in Fig. 15. Where  the  da ta  are  l inear ,  
slopes a re  given in ohms (ac tua l ly  f~-cm 2, since the  
e lec t rode  a rea  is 1 cm2). I f  no slope is given, the  da ta  
a re  nonl inear .  Note tha t  da t a  points  a re  g iven at  zero 
cur ren t  on each hor izonta l  axis in Fig. 15 (a ) ,  (b) ,  and  
(c) .  These are  the  l ead ing-edge  or  nuclea t ion  po ten-  
t ials  of each peak  ( f rom Tabie  I I )  whe re  the  react ions 
m a y  go to complet ion at  an ex t r eme ly  low sweep rate ,  
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Fig. 14. Cyclic voltammograms of NiS2 at 400~ in LiCI-KCI 
eutectic electrolyte at sweep rates of 0.05, 0.1, 0.2, 0.5, and 1 
mV/sec. 
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at  least  in pr inciple .  Also ind ica ted  on each hor izonta l  
axis a re  the  locat ions of the  emf 's  which are  t aken  
f rom Table  III.  

The polar iza t ion  slopes in Fig. 15 are  seen to be s ig-  
nif icant ly l a rge r  for the FeS2 e lec t rode  react ions,  ind i -  
cat ing poorer  e lectronic  conduction. There  is also a 
sudden onset  of cu rva tu re  in the  FeS2 da ta  above  a 
peak  cur ren t  dens i ty  of 100 m A / c m  2, which  cor re -  
sponds to a sweep ra te  of 0.1 mV/sec.  Above this sweep 
rate ,  each ma jo r  peak  has more  than  one component  
(see Fig. 12), and only  the  coordinates  of the h ighest  
cur ren t  components  a re  p lo t ted  in Fig. 15(a) .  A 
weighted  average  of the  coordinates  of a l l  the  com- 
ponents  of these peaks  would  p r o b a b l y  cont inue along 
the l inear  polar iza t ion  curves.  

The CoS2 polarization data in  Fig. 15(b) are quite 
l inear  for reac t ions  r and II ' ,  whi le  for  react ion I I I '  
the re  is significant curvature .  This cu rva tu re  m a y  be 
caused b y  increas ing amounts  of the  nonequ i l ib r ium 
species associated wi th  the  E-peak [see Fig.  11(b) ] .  

The NiS2 polar izpt ion  da ta  in Fig. 15(c) a re  l inea r  
for  three  of the peaks,  bu t  show var ious  degrees of 
non l inea r i ty  for  the other  peaks.  In  the  case of r eac -  
t ion IV" the non l inea r i ty  m a y  be caused by  increas ing 
amounts  of the nonequi l ib r ium speci~es associated wi th  
the ~/-peak [see Fig. 11 (c ) ] .  The nonl inear i t ies  in r e -  
act ions II"  and I I r '  m a y  be due to increas ingly  com- 
p lex  reactions,  or, a s  discussed previously ,  to peak  
dis tor t ions  caused by  the  ne ighbor ing  I" and IV" peaks.  

Effects of variation in electrolyte composition.~We 
have  examined  the effects of va ry ing  the e lec t ro ly te  
composi t ion at  400C over  the  range  55-61 m/o  LiC1 
( the eutect ic  is 58 m / o  LiC1). A cyclic v o l t a m m o g r a m  
for  FeS2 in the  presence of  eutect ic  e lec t ro ly te  was 
shown in Fig. 4 and is r epea ted  in Fig. 16 for  com- 
par ison wi th  the  vo l t ammograms  using L iCl - r i ch  
e lec t ro ly te  (61 m / o  LiC1) and K C l - r i c h  e lec t ro ly te  (55 
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m/o LiC1). These voltammograms show that peak IVy, 
which is the cathodic reaction 

2FeS2 + 3LiA1 ~ Li~Fe2S4 -t- 3A1 [5] 

is unaffected by the change in electrolyte composition, 
but peak IVa displays a very complex structure. In 
LiCl-rich electrolyte this anodic peak is the reverse of 
reaction [5], or 

LisFe2S4 + 3ttl--> 2FeS2 -t- 3LiA1 [6] 

However, the anodic peak splits into two distinct com- 
ponents in KCl-rich electrolyte. Since KFeS2 has been 
identified as the intermediate phase (21), we assume 
that the two anodic components in the presence of 
KCl-rich electrolyte are 

LisFe~S4 + A1 + 2KC1 -> 2KFeS~ -k LiA1 + 2LiC1 [7] 

and 
KFeS2 -F A1 + LiC1 --> FeS2 + LiAI + KC1 [8] 

If the potentials of reactions [6]-[8] are presumed to 
be identical in the LiCl-rich electrolyte, the difference 
between the potentials of [7] and [8] in KCl-rich 
electrolyte is given by 

3RT aLiCl (LiC1 rich) �9 aKc1 (KC1 rich) 
~E = In [9] 

F aLicl(KC1 rich) �9 aKcl(LiC1 rich) 

Using the known activities of IACI and KC1 (33), this 
equation yields a hE of 93 mV. The peak potentials of 
the two anodic components are separated by about 80 
mV in the presence of the KCl-rich electrolyte (see 
Fig. 16), which is in reasonable agreement with the 
calculated value. The calculated ~E in eutectic electro- 
lyte is only 46 inV. Thus, the complex structure of peak 
IVa in eutectic electrolyte can be explained as a com- 
bination of the closely spaced reactions [6], [7], and 
[8]. 

The voltammograms of CoS~ and NiS2 in the KCI- 
rich and LiCl-rich electrolytes were identical to those 
in Fig. 2 and 3, respectively. This suggests that potas- 
sium-containing phases are not present in these elec- 
trodes, at least over the narrow range of LiC1 concen- 
trations employed in this study (55-61 m/o).  

Conclusions 
The electrochemistry of the FeS2 electrode is more 

complex than that of the CoS2 and NiS2 electrodes. 
Nevertheless, the three electrodes have quite similar 
properties. For example, they all tend to lose sulfur 
during extended cycling tests, and a nonequilibrium 
species is involved in the electrochemical formation of 
the three disulfides from their precursors. All three 
electrodes exhibit similar trends in their nucleation 

overpotentials; the anodic nucleation overpotentials in- 
crease with enff in each system. 

With its comparatively small nucleation overpoten- 
tials and relatively simple polarization characteristics, 
the NiS~, electrode is superior to FeS2 and COS2, but it 
remains an extremely complex electrode because of its 
multiple reactions. The FeS2 electrode exhibited a 
lower rate of sulfur loss than CoS2 and NiS2, and this 
may be a more important consideration than the differ- 
ences in polarization characteristics. 

The major problem to be solved in the development 
of Li-A1/MS2 cells is elimination of their tendency to 
lose high-voltage capacity during extended cycling be- 
cause of the sulfur losses from the positive electrode. 
This problem is under continuing investigation at Gen- 
eral Motors Research Laboratories (34) and Argonne 
National Laboratory (35). 
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Mixed Mn, Na-Sulfate Reactions in Low Temperature Hot Corrosion 
R. L. Jones* 

Chemistry Division, Naval Research Laboratory, Washington, D.C. 20375 

ABSTRACT 

The formation and low temperature hot corrosion (LTHC) effects of Mn,Na mixed sulfates (eutectic mp 645~ at 725~ 
were studied. Mixed sulfate formation by reaction of 50 tool percent Mn203-Na~SO4 (simulating Mn oxide-Na2SO4 gas tur- 
bine deposits) with equilibrated SOs-SO2 in air was slow compared to Co,Na or Ni,Na sulfate formation, but molten sulfates 
were produced within 100 hr under as little as 160 ppm SO3 (350 ppm total SOx). Rapid LTHC resulted when molten Mn,Na 
sulfates were formed on Nickel 200, Rene 80, or CoCrA1Y blade coating alloy. Evidence was obtained for Co,Mn,Na and 
Ni,Mn,Na ternary sulfate formation, along with indication that Mn oxide contaminants might induce or increase LTHC in Ni 
or Ni-base alloys, but not necessarily affect LTHC of cobalt-containing alloys. 

A low temperature mode of hot corrosion (LTHC) 
where severe corrosion can occur at blade tempera-  
tures of only 600~176 has been identified in marine 
gas turbines (1). This corrosion is caused principally 
by molten Co,Na mixed sulfates (eutectic mp 575~ 
that form by reaction of engine gas SOs with cobalt 
oxide-Na2SO4 deposits on the blade surface (1-4). 
Molten Ni,Na or ternary  Co,Ni,Na sulfates may be in- 
volved as well (1, 5). 

Other oxides may occur on turbine blades, however, 
which also yield low melting mixed sulfates and thus 
could affect LTHC. One such oxide is manganese oxide 
(Mn20~). Significant amounts of a water-soluble Mn 
species have been detected in the sulfate salt remain- 
ing on the surface of prototype Navy blade alloys, 
which contain small (<  1% ) percentages of manganese, 
after low temperature (704~ burner rig testing (6). 
This Mn species is most l ikely a mixed sulfate from 
the MnSO~-Na2SO~ system (eutectic mp 645~ (7), 
and the question is raised as to whether such Mn,Na 
sulfates might reduce the LTHC performance of the 
prototype alloys. 

The experiments described below were undertaken 
to determine the SOs part ial  pressure required for 
molten MnSO4-Na2SO4 formation and to assess the 
corrosion effects that molten Mn, Na sulfates might have 
if formed. The results should be relevant also to those 
cases where manganese is used in smoke suppressant 
additives for gas turbine fuels, since this may produce 
deposits of manganese oxide on the turbine blade sur-  
faces. 

�9 Electrochemical Society Active Member. 
Key words: coatings, fused salts, sulfidation. 

Experimental 
The general procedures and experimental  apparatus 

have been described previously (4, 5). Controlled con- 
centrations of SO2 or equilibrated SOs-SO2 in air were 
passed over the test specimens contained in porcelain 
boats in a quartz-lined, catalytically inert  constant 
temperature zone furnace, with the exhaust air ana- 
lyzed for SO2 and SO3 concentrations. All  experiments 
were run at 725 ~ _+ 5~ The gas concentrations ranged 
from 200 to 100.0 ppm (2 x 10 -4 to 1 • 10 "3 arm) SOx, 
where SOx ---- SO2 -t- SO3, and were controlled to -- 
10% as verified by the gas analysis. An air flow rate of 
200 ml/min was used. 

Two principal  types of experiments were run: (4) 
"MnSO4-Na2SO4 formation" experiments to determine 
the sulfation kinetics and MnSO4-Na2SO4 compositions 
obtained, and (ii) "MnSO4-Na2SO4 corrosion" experi-  
ments where the corrosion effects produced by  the 
generation of molten mixed MnSO4-Na2SO4 on differ- 
ent metals were analyzed. For (i), 250 +_ 8 mg mixtures 
of 50 tool percent (m/o)  MnO2-Na2SO4 were spread 
evenly in porcelain boats (Coors 6A, 97 • 16 • 10 
mm OD) and exposed to different concentrations of 
SO8-SO2 or SO2 at 725~ with periodic weighing. For 
(ii), small deposits of 50 m/o NInO2-Na2SO4 (--~ 0.5 ram 
thickness and 2 mm diam) were placed on Nickel 200, 
Rene 80, or CoCrA1Y blade coating specimens a n d  
exposed under the same conditions as (i) with periodic 
inspection to determine when the deposit became 
molten and the extent of apparent  corrosion. 

Reagent grade chemicals and anhydrous SOs (Math- 
eson 99.98%) were used in all experiments. Because i t  
could be obtained in high pur i ty  (Puritronic grade, 
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Johnson Matthey Chemicals), MnO2 was used in pre- 
paring the Mn oxide-Na2SO4 mixtures. However, our 
x-ray diffraction analysis revealed that MnO2 is 
quickly converted to Mn~O~ on heating in air at 725~ 
with a corresponding 9% loss in weight. The weight 
gain readings were corrected therefore to account for 
this reaction. 

The composition of the CoCrA1Y coating was 20.9Cr, 
12.9A1, 0.32Y, and balance Co weight percent (w/o) 
according to the supplier. D-C argon plasma atomic 
emission analysis indicate the Nickel 200 to be 98.85Ni, 
0.33Zn, 0.31Mn, 0.25Fe, 0.08Co, 0.05Cr, and 0.01Cu, 
(w/o). The Rene 80 was not analyzed, but should 
be near alloy specifications, i.e., 14Cr, 9.5Co, 5.0Ti, 4.0 
Mo, 4.0W, 3.0A1, 0.17C, 0.03Zr, 0.015B, balance Ni 
(w/o). The metal specimens were washed with hot 
water and detergent and rinsed with methanol before 
use. The corrosion specimens were mounted in epoxy 
without rinsing and dry polished to prevent loss of 
water soJuble salts from the corrosion surface. A speci- 
men tilt angle of 20 ~ was used in the scanning electron 
microscopy/energy dispersive x-ray analysis (SEM/ 
EDXA) examinations, with palladium rather than gold 
(to avoid possible Au interference with the sulfur 
x-ray peak) being used for the anti-charging coating. 

Results and Discussion 
Mixed MnSO4-NazS04 formation.--The formation is 

considered to proceed with MnO2 first rapidly con- 
verted to MnsO3 at temperature 

2MnO~ ~ Mn20~ + 1/2 02 [1] 

and Mns03 then sulfated by the reaction 

MnsO~ + 2SO~ --~ 2MnSO4 + 1/2 O3 [2] 

As MnSO4 is generated, it is taken into solution (solid 
solution initially and then liquid solution) by Na2SO4 

MnS04 + Na2S04 ~::~MnSO4-Na2SO4 [3] 
Since the Mn~Os-SOs-MnSO4-Na2SO4 system is bivari- 
ant, some equilibrium concentration of MnSO4 in 
Na2SO4 will be formed for each SOs concentration, 
even for sub-ppm levels of SOs. This is in contrast to 
the univariant MnzCh-SO3-MnSO4 system, where for 
a given temperature, no MnSO4 wilt form until the 
"decomposition" SO3 partial pressure is exceeded, and 
then there will be complete conversion to MnSO4. Com- 
plete sulfation of 250 mg of 50 m/o MnsOs-Na-,SO4 
via reactions [1]-[3] produces a 79 mg weight gain. 
By noting the weight gain, it is possible to calculate the 
mol percent of MnSO4 formed at any time. 

Figure 1 shows representative weight gain behavior 
under different sulfur oxide concentrations. Except for 
the !000 ppm SOs run, the tests were made with a 
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Fig. 1. W e i g h t  g a l n  f o r  5 0  m / o  Mn20~-Na.~SO4 (250 mg spec i -  
m e n s )  exposed under SO2 or equilibrated SO~-SO2 in air at 725~ 

platinum catalyst upstream in the 725~ zone of the 
furnace, and thus with essentially equilibrated SOs- 
SO8 (within _ 10%). This was confirmed by compar- 
ing the analyzed SOJSO2 ratios with the 0.84 theoreti- 
cal SO3-SO2 ratio for SO2-SOs in air (0.21 atm O2) 
at 725~ (8). The weight gains for 225 ppm SOs (500 
ppm SO~) and 160 ppm SO3 (350 ppm SOz) are sub- 
stantially higher than for 1000 ppm SOs, indicating 
that SOs is critical in the formation of MnSO4-Na2SO4. 
This is similar to earlier results, where SOs was shown 
to be critical in COSO4- and NiSO4-Na2SO4 formation 
(4, 5). 

The sulfate phases in Fig. 1 began to become par- 
tially molten after weight gain of ,,, 45 rag, which cor- 
responds to formation of 36 m/o MnSO4 in Na2SO4. 
The only MnSO4-Na2SO4 phase diagram available (Fig. 
2 )  indicates the sulfate to be completely molten at 
725~ at ----- 42 m/o MnSO4, but does not show the 
lower boundary of the concentration region where 
solid solution and liquid MnSO4-Na2SO4 exist simul- 
taneously. Our findings suggest this boundary should 
be at ,~ 36 m/o MnSO4, giving the region a breadth of 
about 6 m/o which is close to the breadth of the equiv- 
alent regions shown in the NiSO4-Na2SO4 (9) and 
CoSO4-Na2SO4 (10) diagrams. There is good agreement 
therefore between the MnSO4-Na2SO4 phase diagram 
and the mixed MnSO4-Na2SO4 formation reactions de- 
picted in Fig. 1. 

X-ray diffraction was applied to the deposits pro- 
duced by the 225 ppm SOs, 160 ppm SO3, and 1000 ppm 
SOs runs in Fig. 1 to identify the mixed sulfates formed. 
X-ray diffraction was applied also to a fourth "calibra- 
tion" specimen consisting of 250 mg of 50 m/o MnSO4- 
Na2SO4 which was heated for 7 hr at 725~ under 
1000 ppm SO2, and then quenched and ground just the 
same as the Fig. 1 deposits. The resulting patterns were 
poor, with only 7-8 peaks detected (Table I). However, 
the patterns were the same for the three deposits from 
Fig. 1 and the calibration specimen and appeared to 
be derived from the high temperature Na2Mn(SO4)2 
pattern, although many lines were missing or had in- 
correct relative intensities. The deposits produced in 
Fig. 1 are therefore indicated to be mixed sulfates and 
at least partially Na2Mn(SO4)2, although the x-ray 
identification was not as good as would be desired. 

Although MnSO4-Na2SO4 is formed under "pure" 
1000 ppm SO2 in air in Fig. 1, the actual reaction prob- 
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Fig. 2. MnSO4-N(~$04 phase 4|agram. [G. Calcagni and D. 
Marotta (7), reprinted from the "Phase Diagrams for Ceramists" 
by permission of The American Ceramic Society, Incorporated.] 
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Table I. Identification of x-ray patterns from MnSO4-No~SO~, deposits 

275 

$-NaaMn. 
(SOD= Mn=O, 10O0 ppm 160 PPm 225 PPm 50 rn/o 

(JCPDS (JCPDS SO= SOs SOs MnSO~- 
20-1126) * 10-69) * deposit deposit deposit Na~Ot  
d ( I /h)  d ( l l lz )  d ( l / h )  d ( l l h )  d ( I /h)  d ( I /h)  

4.58 (23) 
4.38 (20) 
3.84 (100) 
3.74 (100) 
3.21 (25) 
3.10 (25) 
2.92 (20) 
2.89 (50) 
2.85 (40) 
2.796 (50) 

2.557 (60) 
2.534 (45) 

2.169 (15) 
1,915 (10) 

8.55 (30) 
3.84 (25) 3.83 (10o) 3.84 (10o) 3.83 (10o) 3.81 (10o) 

3.70 (20) 3.76 (28) 3.73 (15) 3.72 (50) 

9.05 (20) 3.05 (20) 3.06 (20) 
2.91 (25) 

2.88 (30) 
2.85 (70) 2.86 (75) 2.87 (75) 

2.81 (20) 2.80 (25) 
2.72 (100) 2.71 (30) 2.72 (25) 2.73 (20) 

2.58 (35) 2.58 (50) 2,59 (50) 2.56 (35) 
2,55 (20) 2.53 (25) 

2.35 (11) 

1.92 (25) 1.92 (20) 1.92 (20) 1.91 (25) 

* Lines with l l h  of i0 and below omitted. 

ably involves SO3 produced by Mn203 catalysis of the 
reaction, SO2 -t- 1/2 O2 ~=; SO3, at the Mn20~-Na2SO4 
mix surface. Catalysis by Co304 and NiO to produce 
SO3 and promote mixed sulfate formation wa~ seen 
previously (4, 5). To examine the suspected catalytic 
activity of Mn~O3, tests were made using equivalent 
volumes (weight/densi ty)  of CocO4, NiO, and Mn2Os 
with 500 ppm SO2 in air  which gave SO3/SO2 ratios 
of 0.44, 0.39, and 0.32, respectively. These are not quan- 
ti tative data since the conditions were not rigorously 
standardized, but they confirm that the oxides are all 
clearly catalytic (blank runs without oxides yielded 
SO3/SO2 ratios below 0.05). It is reasonable to expect, 
therefore, that substantial  SO~ is formed at the metal  
oxide-sodium sulfate mix surface. This idea was in- 
vestigated earl ier  by Reid et al. for Fe2Os-Na2SO4 (11), 
who also used S35-tagged SO3 and SO2 to show that 
S O s  i s  30,000 times more reactive than SO2 in the 
formation of Fe,Na mixed sulfates. 

Finally, the reaction kinetics for mixed MnSO4- 
Na2SO4 formation in Fig. 1 are distinctly slower than 
those seen for mixed COSO4- or NiSO4-Na2SO4 forma- 
tion (4, 5). For the lat ter  sulfates at 725~ (cf. Fig. 3), 
the equilibrium sulfate compositions are reached within 

10 hr, whereas the Mn,Na sulfates are not clearly in 
equilibrium even after 100+ hr. However, despite the 
slow kinetics, molten Mn,Na sulfate phases are pro- 
duced ul t imately after approximately 100 hr under 225 
ppm SO3 (500 ppm SOx) and 160 ppm SO.3 (350 ppm 
SOz), but not under 100 ppm SO8 (210 ppm SOx). The 
critical part ial  pressure of SO3 for molten Mn,Na sul- 
fate a t  725~ is thus indicated to be ,~ 1.5 X 10 -4 atm. 
This is somewhat more than the Pso~ required for 
molten CoSO~-Na2SO~ formation (,~ 1 X 10 -~ atm) 
(1, 4), but less than that  necessary for liquid NiSO4- 
Na2SO4 production (,~ 5 X 10 -~ atm) (1, 5). 

Mixed (Mn,Ni)SO4- and (Mn, Co)SO~-NazSO~ ~or~na- 
tion.--Some tests were also made (Fig. 3) to indicate 
effects Mn20~ might have in reactions with preformed 
Ni,Na or Co,Na sulfates on turbine blade surfaces. The 
procedure was to bring 250 mg specimens of 50 m/o  
NiO-Na2SO~ or Co304-Na2S04 to constant weight un- 
der 500 ppm equilibrated SO2-SO~ at 725~ make 44 
mg additions of Mn20~, and follow the resultant  weight 
gain behavior. Complete sulfation of Mn20~, assuming 
no other change in the sulfate mixture, would yield a 
40 mg weight gain. 

As Fig. 3 shows, the NiO-Na2SO4 and Co30~-Na.~SO~ 
came to limiting weight gains corresponding to forma- 
tion of 12 m/o NiSO~ and 34 m/o COSO4, respectively. 
These results are consistent with earl ier  work (4, 5). 
Neither composition represents the full 50 m/o MSO4 
formation possible, and in the case of NiO-Na2SO4, 
the mixed sulfate is not molten and therefore non- 

corrosive (5). The sulfation of Mn~O8 after addition 
appears to proceed vir tual ly independently of the p r e s -  
e n c e  of NiO or C0304. However, comparison with Fig. 
1 (where twice the weight of Mn2Oa was involved) 
suggests that in fact the sulfation of Mn~:)3 may be 
somewhat promoted in NiO-NiSO4-Na2SO4 and re-  
tarded in CosO4-CoSO4-Na~SO4. 

From a corrosion standpoint, the important  facts 
brought forth by Fig. 3 are (i) that when Mn2Os occurs 
with NiO Dr Co304 in Na2SO4 deposits, more total 
mixed sulfate can be formed (i.e., the amount of p o -  
t e n t i a l  corrodent is increased) for a given SOs partial  
pressure than with any one of the oxides alone, and 
(ii) that  molten corrosive mixed sulfates may be pro-  
duced on Na2SO4 deposited nickel-based metals by 
the presence of Mn~O3 under Psos levels where nor-  
mally only solid noncorrosive sulfates would be 
formed. 

Corrosion o~ CoCrAIY by MnSO~-Na2S04 deposits.~ 
To determine if molten MnSO4-Na~SO4 itself would be 
corrosive, small deposits (approximately 0.5 mm thick 
by 2 mm diam) of 50 m/o MnSO4-Na2SO4 were placed 
on CoCrA1Y coating specimens, which then were ex- 
posed under flowing air at 725~ As the deposits came 
to temperature,  they melted and flowed, wetting the 
surface well, and then darkened as the MnSO4-Na~SO4 
underwent thermal decomposition and reaction with 
the underlying CoCrA1Y. When the specimens were 
metallurgically cross sectioned and examined, they 
were found to have suffered areas of localized cor- 
rosion (Fig. 4) which displayed the typical LTHC 
morphology (1). The extent of corrosion was signifi- 

7O I l t I I I I I I 

60 - 44 mg Mn203 A D D  

Co O,-N. SO, \ #  
--Z / M  OLTE ~  ~: 40 LTEN PHASE HERE 
I- 
"- 30 

20 NIO-Na2SO4/144 mg Mn203 ADDED 
o 

10 "~NOT MOLTEN) 

0 2' 40 1'0 20o 
TIME (hrs) 

Fig. 3. Weight gain for 250 mg specimens of 50 m/o C0304- 
Na2SO4 and NiO-Na2SO4 under 225 ppm SO3 (500 ppm SO~) in 
air at 725~ with 44 mg additions of Mn203. 



276 J .  Eleetrochem. Soe.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  February t983 

Fig. 4. SEM micrograph and S, AI, and Co x-ray maps of corrosion 

cant ly  less however  (a l though l a rge r  pits than  the one 
shown in Fig. 4 could be found) than  wi th  s imi lar  ex-  
per iments  in ea r l i e r  work  wi th  CoSO4-Na2SO4 and 
NiSO4-Na2SO4 deposi ts  (4, 5). This difference in cor-  
ros iv i ty  has not  been unequivoca l ly  explained.  When  
mol ten  NiSO4- and CoSO4-Na2SO4 reac t  wi th  
CoCrA1Y, bubbles  form in the l iquid deposits,  and the 
most severe  LTHC is found benea th  the bubble  sites 
(4). Li t t le  if  any  bubbl ing  was evident  wi th  the  
MnSO4-Na2SO4 deposits.  The bubbles  a re  p r e sumab ly  
SOs (a l though poss ibly  containing SO~ also) ,  and the 
SOs pressure  is thus in fe r red  to be  h igher  in the  
mol ten  Ni,Na and Co,Na sulfates than  iVln,Na sulfate.  
However ,  s imple the rmal  decomposi t ion of the  mixed  
sulfates  cannot  p roduce  a Psos h igher  than  tha t  r e -  
qui red  for  the i r  formation.  The SOs (or  SO2) bubbles  
must  thus resul t  f rom some aspect  of the  mol ten  su l -  
fa te /CoCrA1Y react ion,  and i t  is not  cer ta in  whe the r  
the  evolved gases p l a y  a significant corrosive role, or  
a re  mere ly  products  indica t ing  a g rea te r  (unspecified) 
a t tack  b y  the Ni,Na and Co,Na mixed  sulfates.  

Some clues to the  possible corrosion in i t ia t ion  mech-  
anism can be seen in Fig. 4. As the mic rograph  and 
sulfur  x - r a y  map  show, the su l fa te  film is essent ia l ly  
st i l l  p resen t  on the una t t acked  CoCrA1Y areas  (at  the 
r ight  of the pi t)  even  a f te r  19 hr  at  t empera tu re ,  but  
it  is gone above the corrosion pit,  wi th  su l fur  how-  
ever  showing in the p i t  corrosion product .  Also, the  
A1 x - r a y  m a p  indicates  a band of a luminum concent ra -  
t ion on the CoCrAIY surface under  the  sulfate  film 
(and ex tend ing  over  the corrosion pi t)  which could 

of CoCrAIY by 50 m/o Mn$O4-Na2SO4 after 19 hr under air at 725~ 

represent  a "protec t ive"  l aye r  of AltOs. This morpho l -  
ogy suggests tha t  the COCrA1Y was pro tec ted  f rom 
mol ten  MnSO4-Na2SO4 a t tack  b y  a surface A1203 layer ,  
wi th  corrosion being in i t ia ted  only at  sites whe re  e i ther  
the Ps08 f rom the MnSO4-Na~SO4 react ion (or o ther  
a t tack)  was especial ly  high, or  the A12Os l aye r  was 
weak.  Since the  A120s l aye r  st i l l  exists  over  the  corro-  
sion pit, it  is l ike ly  that  the  l aye r  was pene t ra ted ,  
r a the r  than being subs tan t ia l ly  dissolved away  by, e.g., 
reac t ion  wi th  SO3. The na tu re  of the  pene t ra t ing  spe-  
cies is uncer ta in ,  but  the Mn x - r a y  map  (not shown)  
gave l i t t le  evidence of Mn in the  p i t  corrosion product ,  
indicat ing that  pene t ra t ion  b y  MnSO4-Na2SO4 per  se 
was p robab ly  l imited.  The manganese  was mos t ly  con- 
cen t ra ted  in the co lumnar  par t ic les  on top of the su l -  
fate  film, which are  p robab ly  at least  pa r t i a l l y  man-  
ganese oxide produced by  the rma l  decomposi t ion of 
the or iginal  MnSO4-Na2SO4. However ,  not ice tha t  these 
par t ic les  also contain cobal t  (Co x - r a y  map  of Fig. 4), 
which  suggests that  cobal t  f rom the CoCrAIY subs t ra te  
was taken  into and t r anspor t ed  th rough  the  MnSO4- 
Na2SO4 film while i t  was mol ten  at  t empera tu re .  The 
"MnSO4-Na2S04" film m a y  therefore  have ac tua l ly  
contained a sizable CoSO4 component  dur ing  the cor-  
rosion process. 

Corrosion of Nickel 200 by Mn~gs-Na2S04 undm" 
SOz-SO~.--Small deposits  (.~ 0.5 m m  thick by  2 m m  
diam)  of 50 m/o  Mn20~-NaeSO4 were  p laced  on Nickel  
200, Rene 80, and CoCrA1Y coat ing a l loy specimens 
and exposed under  500 p p m  equ i l ib ra ted  SO= (225 
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ppm SOs, 275 ppm SO~) to (i) show the effect of the 
substrate metal  composition, and (ii) elucidate the 
different molten sulfate formation and LTHC pro- 
cesses. With Nickel 200, molten sulfate deposits were 
formed after ,~ 48 hr  with corrosion resulting as shown 
in Fig. 5. Little corrosion occurred until the Mn~Oa- 
Na2SO4 surface deposits became molten. The corrosion 
in Fig. 5 has proceeded by a sulfidation-oxidation at-  
tack,~i.e., where metal  sulfides were formed but  then 
oxidized, with the released sulfur penetrat ing further 
into the metal  to produce new oxidation-susceptible 
sulfides. The x - r ay  maps of Fig. 5 show an Mn-S phase, 
probably a sulfide, at the sulfidation front. At higher 
magnification, globular MnS phases could be detected 
in the metal  in advance of the sulfidation front. Our 
Nickel 200 stock contains 0.31 w/o Mn, and it is not 
certain that the Mn in the MnS phases comes exclu- 
sively from the original Mn2Oa-Na2SO4 surface deposit. 
However, examination of the morphology (micrograph 
and Mn x - r ay  map in Fig. 5) suggests that this is 
likely, part icular ly for the MnS at the sulfidation front. 
Presumably therefore, molten MnSO4-NaeSO4. formed 
on the Nickel 200 surface and reacted with the metal, 
creating a manganese sulfide phase which diffused in- 
ward with the corrosion front. 

Whether formation of the MnS phase increases the 
sulfidation-oxidation rate is not known, but it does 
appear to affect the overall  corrosion morphology. In 
equivalent experiments with NiO-Na~SO4 on the same 
Nickel 200 stock (5), liquid eutectic Ni-Ni~S~ formed 

beneath and then broke through the surface oxide, pro- 
ducing distinctive spheres of Ni-NisS2 on the Nickel 
200 surface which subsequently oxidized to NiO. No 
spheres of NiO were detected here, which suggests that  
the MnS prevented formation of liquid nickel-nickel  
sulfide phases (MnS is thermodynamically more stable 
than either Ni3S2 or  NiS). However, the SO8 concen- 
tration was higher in the NiO-Na2SO4 experiments 
(1100 ppm SOs at 750~ and the absence of liquid 
nickel sulfide here may result simply from the lower 
SOs part ial  pressure. Fur ther  study is needed to under-  
stand the MnS vs. NiS formation processes. 

Corrosion of Rene 80 by MnzO3-NazS04 under SO~- 
SO3.--Corrosion experiments under the same condi- 
tions as with Nickel 200 gave the characteristic LTHC 
morphology for Rene 80, i.e., a clean corrosion front, 
absence of advance sulfide phases in the metal, and 
transport  of nickel outward from the corrosion pit  
(Fig. 6). There was pronounced spalling of the corro- 
sion product, as commonly seen with Rene 80, with 
some suggestion that  al ternate spalling layers com- 
posed predominantly of n icke l  and chromium oxide 
were involved (Ni and Cr x - r a y  maps in Fig. 6). The 
Mn x- ray  map (not shown) indicated that the Mn 
concentration was low and mostly in the outer corro- 
sion product. On the other hand, the Co x , r a y  map 
(not shown) revealed significant cobalt in the corro- 
sion product above the attack site, with the distr ibu- 
tion of cobalt being essentially the same as that 

Fig. 5. SEM micrograph and Mn, S, and Hi x-ray maps of corrosion of Nickel 200 by 50 m/a Mn20~-Na2SO4 after 46 hr under 225 ppm 
$Oa (500 ppm SO~) in air at 725~ 



278 J. Etectrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  February I983 

Fig. 6. 5EM micrograph and S, Ni, and Cr x-ray maps of corrosion of Rene 80 by 50 m/o Mn~Os-Na2SO4 after 91 hr under 225 ppm SOa 
(500 ppm SOx) in air at 725~ 

shown for n ickel  in the Ni x - r a y  map  in Fig. 6. Rene 80 
contains ,~ 9 w /o  cobalt,  and finding of cobal t  in the 
outer  corrosion product  suggests that  a mol ten  Co,Ha 
or Co,Ni,Na sulfate  m a y  have formed under  the 225 
p p m  SO3 present ,  and  in i t ia ted  LTHC wi thout  any  
m a j o r  par t ic ipa t ion  by  the  manganese.  

Corrosion o~ CoCrAIY by Mn~O3-Na2S04 under S02- 
SOs. - -Extens ive  LTHC occurred af te r  only  41 hr  (Fig. 
7) when  CoCrA1Y wi th  50 m/o  Mn20~-Na2SO4 deposi ts  
was exposed  under  225 ppm SO8 at 725~ The d is t r ibu-  
tions of su l fur  and  cobalt  shown in Fig. 7 a re  charac -  
ter is t ic  for  LTHC of CoCrA1Y (1), wi th  h e a v y  t r ans -  
por t  of cobal t  into the outer  corrosion layer :  The man-  
ganese has r ema ined  most ly  above the or iginal  
CoCrAIY surface and pene t r a t ed  l i t t le  if any  into the  
corrosion pit  (Mn x - r a y  map  in Fig. 7). The manganese  
also appears  to have  never  wet ted  the CoCrA1Y sur -  
face; tha t  is, it  appears  tha t  a fu l ly  mol ten  MnSO4- 
Na~SO4 phase  was never  formed to give the  type  of 
s t rong wet t ing  seen with  50 m/o  MnSO4-Na2SO4 (cf. 
Fig. 4). Consider ing the high concentra t ion of cobal t  
avai lable ,  and the appa ren t l y  slow kinet ics  of MnSO4- 
Na2SO4 formation,  i t  is l ike ly  tha t  the  mol ten  phase 
formed here  to in i t ia te  LTHC, as p robab ly  wi th  Rene  
80 above, was p r edominan t ly  CoSO4-Na2SO4 ra the r  
than  MnSO4-Na2SO4. 

This idea  was suppor ted  by  a subsequent  expe r imen t  
where  a CoCrA1Y specimen deposi ted wi th  Na2SO4 
alone developed a mol ten  CoSO4-Na2SO4 phase and 
suffered equiva len t  LTHC in essent ia l ly  the  same t ime 

(55 hr ) ,  when  exposed  under  the  same 228 ppm SOs 
and 725~ condit ions as the Mn203-Na2SO4 deposi ted 
CoCrA1Y. 

Conclusions 

Molten MnSO4-Na2SO4 can be formed unde r  as l i t t le  
as 1.6 • 10 -4 a tm (160 ppm)  of SO3 in a i r  at  725~ 
as compared  wi th  N 1 • 10 -4 a tm of SO8 for CoSO4- 
Na2SO4 (1, 4) and ,~ 5 • 10 -4 a tm of SO8 for NiSO4- 
Na2SO4 (1, 5). 

The sulfat ion of Mn203-Na2SO4 mix tures  by  SOa 
appears  to be subs tan t ia l ly  s lower  (at  least  10• ) than  
the equiva lent  sulfat ion of Co304- or  NiO-Na2SO4 m i x -  
tures. This is of potent ia l  scientific and  technological  
impor tance  and mer i t s  fu r the r  invest igat ion.  

Su l fur  t r ioxide  is c lear ly  more  react ive  than  SO2 
in Mn203-Na2SO4 sulfat ion,  and m a y  in fact  be cr i t ical  
for  the reaction. However ,  Mn~Oz catalyzes the  SO2 ~, 
SOa oxida t ion  and wil l  produce SO3 at  the mix surface 
even when  the gas s t ream contains only  SO2. 

T e r n a r y  sulfates are  formed by  the sulfa t ion of 
Mn203 by  SO~ in the presence of NiO-Na2SO4 or  CoaO4- 
Na2SO4. Deta i led  s tudy  of these (and l ike)  t e r n a r y  sys-  
tems could aid in pred ic t ing  the i r  p roper t i e s  and possi-  
ble roles in LTHC. 

Thermal  decomposi t ion / reac t ion  of mol ten  MnSO4- 
Na~SO4 causes LTHC of CoCrA1Y, bu t  not  to the  ex -  
tent  of NiSO4-Na2SO4 or CoSO4-Na2SO4. The reason 
for this difference in corros iv i ty  is not  c lear  at  this 
t ime. 
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Fig. 7. SEM micrograph and S, Mn, and Co x-ray maps of corrosion of CoCrAIY by 50 m/u Mn20~-Na2SO4 after 41 hr under 225 ppm 
SO3 (500 ppm SO~) in air at 725~ 

On the basis of the present experiments, Mn~Os 
would not be expected to significantly accelerate the 
LTHC of gas turbine alloys containing 8-9 w/o and 
upward of cobalt. However, occurrence of Mn208 on 
blades constructed of superalloys not containing cobalt 
(e.g., 713C) could conceivably promote LTHC. 

These experiments simulate the deposition of Mn208 
on blade surfaces and may not necessarily relate to Mn 
as an alloying element. For example, in the original 
burner rig testing (6), the ratio of the w/o of water 
soluble Mn in the surface salt to the w/o Mn in the 
alloys was approximately 1O times the equivalent ratio 
for cobalt, indicating that Mn was preferentially trans- 
ported into and/or retained in the surface sulfate. 
Manganese-may still have unrecognized properties, 
therefore, that require caution in its applications in 
marine gas turbines. 
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ABSTRACT 

The anodic oxidation of molybdenum in acetic acid electrolyte is s tudied using a self-nulling el l ipsometer to follow 
field-induced changes in the optical propert ies of the oxide film. When oxidized at constant  field, the oxide exhibits the 
greatest optical anisotropy of any oxide studied thus far. When the field is removed, the oxide retains more than half of its 
original anisotropy. The oxide film thickness increases when the field is applied, and the dependence  of strain on field is 
linear at low fields. There is a corresponding decrease in the dielectric constant of the film when the film thickness in- 
creases. The zero-field optical anisotropy is not removed by an electrochromic conversion cycle. 

When oxide films a re  g rown on valve  meta ls  bY 
anodic oxida t ion  at  constant  cur ren t  densi ty ,  the  e lec-  
t r ic  field in the  g rowing  film remains  constant  at  sev-  
era l  mi l l ion  V/cm.  Opt ical  measurements  made  with  
e l l ipsometers  which  can fol low the growth  process have 
shown tha t  most  v a l v e - m e t a l  oxides are  opt ica l ly  an-  
isotropic under  these conditions. The oxides of t an ta lum 
(1), n iob ium (2-4),  and tungsten (5) have  been re- 
ported to lose this an iso t ropy when  the anodizing field 
is removed,  but  vanad ium oxide appears  to re ta in  s ig-  
nificant opt ical  an iso t ropy  at  zero field (6). Opt ical  an-  
i so t ropy in amorphous  and nonpolar  c rys ta l l ine  oxides 
is thought  to be due to electrostr ict ion,  the un iversa l  
second-order  effect which couples the e lect r ica l  and 
mechanica l  p roper t ies  of the  oxide. Al though e lec t ro-  
s t r ic t ive effects are  expected  to vanish  a t  zero field, 
oxides g rown in a high field exper ience  a stress when 
the field is removed,  and m a y  re ta in  some degree of 
opt ica l  an i so t ropy  at  zero field if  the  stress does not  
re lax.  

In teres t  in e lectrost r ic t ion in anodic oxides was 
spa rked  by  the surpr is ing  observat ion  that  ins tead  of 
decreas ing s l ight ly  due to "condenser  pressure,"  the  ox-  
ide  film thickness ac tua l ly  increases  by  more  than  a 
tenth of a pe rcen t  when  the field is appl ied.  Examina t ion  
of the  theo ry  of e lec t ros t r ic t ion shows that  the  sign of 
the f ie ld- induced s t ra in  is d ic ta ted  by  the sign of the 
s t ra in  dependence  of the  d ie lec t r ic  constant  (7). The 
exper imen ta l  resul ts  can on ly  be exp la ined  if the  di-  
e lectr ic  constant  also has an expl ic i t  field dependence  of 
opposi te  sign which  dominates  the  s t ra in  dependence.  
This conclusion, r equ i red  by  energy  conservat ion,  is 
jus t  as surpr is ing  as the  or iginal  observa t ion  of an in-  
crease in film thickness,  and calls for  fur ther  exper i -  
men ta l  verification. 

In  this pape r  we presen t  the  resul ts  of  s tudy  of op-  
t ical  an i so t ropy  and electrost r ic t ion in the  anodic 
.oxide of molybdenum.  A priori we expect  mo lyb de num 
to behave  more  l ike  wanadium (and to a lesser ex ten t  
tungsten)  than  l ike  t an t a lum or  niobium. 

Experimental 
The e l l ipsometer  used in this s tudy  is a modified ver -  

sion (8) of  the se l f -nu l l ing  ins t rument  which has been 
in use at  the  Univers i ty  of  Water loo  for many  years  (9). 
Quadra tu re  F a r a d a y  modula t ion  is decoded b y  a two-  
phase lock- in  ampli f ier  and the d -c  e r ror  signals are  
fed back  to the  s tepping motor  dr ives  th rough  vo l tage-  
to - f requency  converters .  The s ine-cosine  quadra tu re  
dr ives  have  a nomina l  resolut ion  of 1/1600th of a de -  

Key words: capacitance, dielectrics, ellipsometry. 

gree, and under  typ ica l  opera t ing  .conditions the  ins t ru-  
ment  has a response t ime of a few tenths  of a second 
and a resolut ion of a few thousandths  of a degree.  A 
he l ium-neon  laser  is the  l ight  source, and all  re f rac t ive  
indexes quoted in this paper  are  for a wave leng th  of 
6328A. The hollow equi la te ra l  glass p r i sm used as a cell 
requires  an angle  of incidence of 60 deg. The cell has 
s t a n d a r d - t a p e r  joints  th rough  which the electrode 
holder ,  a p l a t i num counterelect rode,  a reference elec-  
trode, and a gas dispers ion tube  are  inserted.  The cell  
was filled wi th  acetic acid e lec t ro ly te  containing 2% 
wa te r  and sa tu ra ted  wi th  sodium borate .  A p la t inum 
wire is used as a re ference  e lect rode wi th  this e lec t ro-  
lyte,  and  al l  exper iments  we re  pe r fo rmed  at  room tem-  
pe ra tu re  (22~ 

The ci rcui t ry  used wi th  the  cell  is opera ted  by  the 
HP 2114B process-cont ro l  computer  which  logs the  op-  
t ical  da ta  and opera tes  the  on- l ine  d i sp lays  ( two stor- 
age oscilloscopes and an  X-Y p lo t t e r ) .  The current 
source consists of a d ig i t a l - to -ana log  conver ter  con- 
nected to a h igh  vol tage opera t iona l  amplifier ,  and a 
second amplif ier  follows the po ten t ia l  of the reference  
e lec t rode  re la t ive  to the  work ing  e lec t rode  which  is 
held at  v i r tua l  ground.  A p r o g r a m m a b l e  ampli f ier  in-  
terfaces the fo l lower  to a 16-bit  ana log - to -d ig i t a l  con- 
ve r te r  wi th  a 25 microsecond conversion t ime. 

The cy l indr ica l  work ing  electrode,  p repa red  f rom a 
single c rys ta l  of molybdenum,  exposes a ver t ica l  su r -  
face 1.45 cm 2 in a rea  to the  e lec t ro ly te  when  it  is 
c lamped be tween  Teflon washers  in a glass e lec t rode  
holder.  The opt ical  measurements  are made on a fiat 
ground on one side of the cyl inder .  Be tween  exper i -  
ments  the e lect rode is s tored wi th  an oxide film on its 
surface,  and al l  tha t  is r equ i red  to p r e p a r e  the surface 
for an expe r imen t  is to dissolve the  oxide film by 
r ins ing the e lec t rode  in dis t i l led water .  

Results and Discussion 
The resul ts  of an expe r imen t  in which mo lybd enum 

is oxidized anodica l ly  at  a cur ren t  dens i ty  of 345 ~A/  
cm 2 are  shown in Fig. 1 and Fig. 2. A p lo t  of potent ia l  
vs. t ime is shown in the  lower  por t ion  of Fig. 1, and the  
locus t raced  out by  the nul l  set t ings of the e l l ipsometer  
are shown on a po l a r i ze r - ana lyze r  plot  in the  upper  
portion. F igure  2 shows the t ime dependence  of the  po-  
tentiM and the po la r ize r  nul l  set t ing for region A - B  in 
Fig. 1. The potent ia l  increases slo~wly at first, and the po-  
la r izer  nul l  set t ing exhibi ts  an ar res t  for app rox ima te ly  
100 sec before undergoing  the  rap id  S - shaped  change 
shown in Fig. 2. In  the th in-f i lm region, the  change in 
polar izer  nul l  se t t ing  is app rox ima te ly  p ropor t iona l  to 
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oxidation of molybdenum at a current density of 345 FA/cm ~ in 
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Fig. 2. The time dependence of the change in petential (solid 
curve) and the cha~ge in polarizer null setting (broken curve) for 
region A-B of the experiment plotted in Fig. 1. 

the  change  in  film thickness,  and  the curves  shown in 
Fig. 2 a re  charac ter i s t ic  of a pass iva t ion  process which 
proceeds  by  a d i sso lu t ion-prec ip i ta t ion  mechanism.  The so 
length  of the  dissolution p la t eau  and the  height  of the 
subsequent  p rec ip i ta t ion  rise are  s t rong funct ions of 
both the  cur ren t  dens i ty  and the  wa te r  content  of the  
e lectrolyte .  The anodic oxida t ion  process requi res  the 
presence of wa te r  in the  e lect rolyte ,  bu t  if too much ~ 40 
wa te r  is p resen t  the e lect rode wil l  not  passivate.  We 
found a 2% wate r  e lec t ro ly te  to be op t imum for our  

(:3 expe r imen ta l  conditions.  In  a l l  of our  exper imen t s  ex -  o. 
cept  the one shown in the  first two figures, we pass ivate  
the  e lec t rode  at  690 #A/cm~ in order  to minimize  dis-  o 
solut ion effects, then  reduce  the  cur ren t  dens i ty  by  a 
fac tor  of four  to m a k e  i t  easier  for the  e l l ipsometer  to 
fol low the  film growth.  

Af t e r  the  ini t ia l  passivat ion,  the  potent ia l  r ises l in-  
ea r ly  to about  80V before  curva ture  becomes signifi-  
cant, s ign i fy ing  a change in the oxida t ion  process.  The 
corresponding opt ical  da ta  ~n the uppe r  por t ion  of Fig. 
1 t race  out  two s imi la r  loops, the second diplaced 
s l igh t ly  to the  r igh t  of the  first. This opt ical  behav ior  is 

characteristic Of the growth of a transparent anisotropic 
film with a lower refractive index for light polarized 
perpendicular to the surface (Nz) than for light po- 
larized parallel to the surface (Nx). For transparent 
isotropic films the second loop superimposes on the first, 

-~ and for absorbing films the second loop spirals outward 
from the first. The field-dependent data (shown below 
in Fig. 3) require the film to be optically anisotropic, 5o 
so there is little point in trying to model the film as a 
superposition of isotropic layers with differing indexes, 

<z even though such a model might be made to fit the data 
in Fig. 1. If we compare the optical data in Fig. i with 

30 data obtained on other valve metals under similar con- 
ditions, we see that all valve metals have the second 
optical loop displaced to the right of the first, and that 
molybdenum has the largest displacement of any of the 
metals studied thus far. 

There  a re  two chfferent approaches  one can  fol low 
when  analyz ing  anisotropic  opt ica l  data.  In  the  first 
approach  one uses a p r o g r a m  which  var ies  Nz, Nx, and  
the subs t ra te  index  to min imize  the  devia t ion  be tween  
the theore t ica l  curve  and opt ical  da t a  such as tha t  in 
Fig. 1. This process converges fa i r ly  quickly  because 
the spacing be tween  the loops (C-E and D - F )  essen-  
t i a l ly  de te rmines  the difference be tween  Nx and Nz, 
and  the wid th  of the  loops (C-D and E - F )  de te rmines  
Nx. The subs t ra te  index  mus t  be var ied  s l igh t ly  be -  
cause one is not sure  how thick a film is p resen t  in i t ia l ly  
on the nomina l ly  ba re  surface. T h i s  is the  approach  
which was used in the  vanad ium s tudy  (6),  and is the  
approach  we wil l  use here.  

In  the  second approach,  the  field is removed  a t  in-  
t e rva ls  dur ing the  exper iment ,  and the zero-f ield da ta  
are  fitted first using a p r o g r a m  which var ies  the sub-  
s t ra ta  index  and the index of  an isotropic  film (N).  The 
f ie ld-up da ta  a re  then fitted b y  varyir~g two parameters ,  
e i ther  Nz o r  Nx and the ra t io  ( N - N z ) / ( N - N x ) ,  usu-  

i s  ~ .ally re fe r red  to as beta. Beta  is de te rmined  b y  re -  
qui r ing  the degree  of an i so t ropy  to be independen t  of 
thickness  (an assumpt ion which  is necessary  in both  

9- approaches) .  Beta  is then  assumed to r ema in  constant  
S as the field changes, and on ly  one pa ramete r ,  Nz or  Nx, 

8 ~" remains  to be var ied  when  analyz ing  the field depend-  
ence. This is the  approach  which  has been  fol lowed in 
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all  of the  o ther  studies, and is the logical  approach to 
fol low when there  is no significant olIset be tween  the 
zero-field da ta  obta ined  on d i i le ren t  loops, when  the 
offset is significant, as was found for vanadium,  e i ther  
the second approach  mus t  be modified or the first ap -  
proach mus t  be used. 

The  expe r imen t  we use to s tudy  the f ie ld-dependence  
of opt ica l  an i so t ropy  in the m o l y b d e n u m  system is 
shown in Fig. S. The poten t ia l  is s tepped to zero when 
the opt ical  .data reach the lef t  and r ight  ends of the  
first two loops (points C, D, E, and F in Fig. 1). The 
da ta  obta ined in regions C-E and D - F  are  shown on ex-  
panded  scales in  the  upper  lef t  and upper  r ight  of Fig. 
3, and a typica l  po ten t i a l - s t epp ing  t rans ient  is shown 
in the  lower  por t ion  of the figure. The poten t ia l  is 
s tepped to zero in e ight  e q u a l  steps of th ree-second 
durat ion,  then it is s tepped up five steps, down five 
steps, and back up e ight  steps p roduc ing  a W-shaped  
t ransient .  The first s tep is somewhat  rounded  b y  the 
sof tware rout ine  used to s tep the  potent ia l ,  bu t  the re -  
main ing  steps a re  sha rpe r  than  is indica ted  in the 
figure ( the l ines connect points  recorded at one-second 
in te rva l s ) .  When the potent ia l  is s tepped,  the  polar izer  
and ana lyzer  nul l  set t ings change, but  the changes are 
less than the d i sp lacement  be tween  the loops, and the 
zero-field da ta  f rom the two loops do not l ie  on the 
same curve. The slow dissolution of the  oxide in the 
2% wa te r  e lec t ro ly te  causes the  W-shape  of the  po ten-  
t ia l  t rans ient  to be reflected in the opt ical  data.  

In  analyzing the opt ical  da ta  in Fig. 3 fol lowing the 
first of the approaches  out l ined above, we make  up da ta  
sets for the nine poten t ia l  steps, then  analyze  each set 
s epa ra te ly  using a common subs t ra te  index.  One can 
include al l  of the da ta  obta ined  at a pa r t i cu l a r  po ten t ia l  
in the  da ta  set, or one can average  the  da ta  at  a com- 
mon potent ia l  wi th in  each W-~ans i en t .  Since the 
t ransients  a re  symmetr ic ,  the  averaging  process e l imi-  
nates  the  effect of  film dissolut ion as wel l  as any  up -  
s tepping vs. down-s t epp ing  hysteresis .  We wil l  use 
the averaged  da ta  in w h a t  fol lows in o rder  to reduce 
the complex i ty  of the figures. 

F igure  4 shows the resul ts  of the anisotropic  analysis  
on an Nx vs. Nz plot. The va lue s  labe led  both 
sides were  obta ined  using al l  four  points in each anal -  
ysis, and the  values  labe led  lef t  side were  obtained 
using the same subs t ra te  index  but  jus t  the  two le f t -  
end da ta  points.  As the  figure shows, both  sets of resul ts  
l ie on s t ra ight  lines, and hence can be expressed in 
te rms of the  pa rame te r s  N and beta.  The reciprocals  of 
the slopes of the l ines in Fig. 4 give the be ta  values di-  
rect ly,  and the N values are  given by  the intersect ions 
of the  l ines wi th  the  isotropic l ine wi th  Nx _ Nz. 
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Fig. 4. The results of anisotropic analysis of the optical data in 
Fig. 3. The both sides results are fitted to data from all four 
transients, whereas the left side results are fitted to only the 
two transients in the upper left of Fig. 3. The beta values are the 
reciprocals of the slopes of the lines in the figure. 

The difference be tween  the sets of resul ts  is a conse- 
quence of the sens i t iv i ty  of the analysis  to any factor  
such as subs t ra te  topography  which can change as the  
film grows and cause the opt ical  da ta  to d r i i t  to the 
r ight  or  lef t  on a P - A  plot.  The theore t ica l  curves  all  
have app rox ima te ly  the same d i sp lacement  be tween  
loops at  the lef t  and r ight  ends, and so does the exper i -  
men ta l  curve in Fig. 1, but  the  da ta  in Fig. 3 have a s ig-  
nif icant ly l a rge r  d i sp lacement  'at the left  end than at  
the  r ight .  We can get more  nea r ly  equal  d isplacements  
by  repeat ing  the exper iment ,  but  we have no e lect ro-  
chemical  reason for re jec t ing  the da ta  in Fig. 3, and we 
regard  the uncer ta in t ies  in the analytsis  appa ren t  in 
Fig. 4 as typica l  for  a system with  a soluble oxide  and a 
d isso lu t ion-prec ip i ta t ion  pass ivat ion process. I t  is in-  
teres t ing to note that  a l though the  lef t  and r ight  end 
displacements  m a y  va ry  somewhat ,  the f ie ld-switching 
displacements  do not  change, and  hence they  m a y  p ro -  
vide  a be t te r  s ta r t ing  point  for anisotropic  da ta  anal -  
ysis. 

Both of the  analyses  whose resul ts  are  plot ted in 
Fig. 4 suppor t  our  content ion that  the  mo lybdenum 
system exhibi ts  the greates t  opt ical  an iso t ropy of any  
of the  v a l v e - m e t a l  systems studied so far, and show 
tha t  the res idual  an iso t ropy at zero field is more  than  
ha l f  the an iso t ropy  at  the anodizing field. The lef t  side 
analysis  (whose be t a -va lue  is closer to tha t  found in 
o ther  sys tems)  has a difference be tween  Nx and Nz of 
1.8% with  the field applied,  and 1.2% with  the field 
removed,  whereas  the vanad ium system has a differ-  
ence of only  0.9% at  a s l ight ly  h igher  anodizing field, 
and the t an ta lum and n iobium systems exhibi t  much 
lower  aniso t ropy at  substanti~ally h igher  anodizing 
fields. 

The significance of the  l ines in Fig. 4 and thei r  i n t e r -  
sections is apparen t  in Fig. 5 whe re  we show the theo-  
re t ica l  curves .determined by  the  le f t - s ide  analysis  
super imposed  on the ave raged  exper imen ta l  data.  The 
curve th rough  the f ie ld-up da ta  has Nx = 2.166 and 
Nz = 2.127 and the cor responding  curve th rough  the 
zero-f ield da ta  has Nx :_ 2.175 and Nz ~ 2.149. The iso- 
t ropic  curve has N _-- 2.194. Al l  nine averaged  data  
points  are  shown for the  second loop, bu t  the f irs t- loop 
da ta  over lap,  and not  al l  of the points  a re  shown in the 
figure. Had we taken  the o ther  approach to the aniso-  
t ropic  opt ica l  analysis,  we would have done our  geom- 
e t ry  in Fig. 5 r a t h e r  than  Fig. 4. The p rob lem would 
have  been to ex t rapo la te  B-C to find a point  D on an 
isotropic curve which gives the same BC/BD rat io  for 
both loops. This rat io  is 1/3 for the da ta  in Fig. 5, and 
is consis tent  wi th  the  1/3 reduct ion  in anisot ropy 
( f rom 1.8 to 1.2%) found in Fig. 4 when the field is 
removed.  

The opt ical  analys is  gives film thicknesses  for each 
of the points  p lo t ted  in Fig. 5, and hence  we can cal- 

42 i I 

i i 
! i 
! l 

=o. 

I 
I 
I 
l 

c~oooo o 

40 
7.5 10.5 

POLARIZER DEG 
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superimposed on averaged data from the two transients in the 
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cula te  both the  field in the film and the s t ra in  induced  
by  the field. The field in the  oxide  film is 2.~45 X l0 s 
V / c m  at an anodizing cur ren t  dens i ty  of 173 ~A/cm 2, 
and the s t ra in  induced by  the field is p lo t ted  as a func-  
t ion of field in  Fig. 6 for  the  second loop da ta  f rom 
Fig. 5. The s t ra in  is posit ive,  indica t ing  tha t  the  film 
thickness  increases  when  the field is appl ied,  jus t  as it  
does in the  other  v a l v e - m e t a l  systems, and the depend-  
ence on field, l inea r  at  low fields, increases sharp ly  as 
the anodizing field is approached.  The overa l l  increase 
in thickness  of jus t  over  half  a pe rcen t  is about  the 
same as the overa l l  percentage  decrease in Nx, and 
hence measurement s  at  normal  incidence wil l  find tha t  
the  opt ical  thickness  is essent ia l ly  independen t  of the 
electr ic  field. 

The technique we use to s tudy  the die lect r ic  constant  
va r ia t ion  associated wi th  e lect ros t r ic t ion uses a W-  
shaped t rans ien t  s imi lar  in shape to the one used for 
the opt ical  measurements ,  but  wi thout  steps, and of 
two to three  orders  of magni tude  shor ter  durat ion.  
The t r ans ien t  is p roduced  b y  app ly ing  a constant  cur -  
ren t  and switching its sign at  appropr ia t e  points  in 
o rder  to p r o d u c e  a W of the  type  shown in Fig. 7. A 
de ta i led  descr ip t ion  of the  c i rcu i t ry  and the a lgor i thm 
used to app ly  the t rans ien t  can be found e l sewhere  
(10). Note that  the  dura t ion  of the  t rans ien t  is jus t  
over  ~ t e n t h  of  a second, and that  the  effect of e lec t ro-  

0.6 

,~. O. 4 

Z 
< 
n," 

~0.2 

0.0  S 

/ 

O,O 0.75 1.5 2 . 2 5  3 .0  
FIELD 10"6 VOLTS/CM 

Fig. 6. A plot of the strain in the oxide film vs. the applied 
field for the second-loop optical data in Fig. 5. The positive strain 
shews that the film thickness increases when the field is applied. 
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Fig. 7. A galvanostatic charging transient produced by reversing 
the current at intervals in order to produce a W whose central 
potential is 5/8ths of the initial potential. The charging current 
density, 173 #A/cm 2, is sixteen times the initial oxidation current 
densiry. Anodic segments of the transient are shown as solid curves, 
and cathodic segments are shown as broken curves. 

lyre resis tance is apparen t  when  the cur ren t  is r e -  
versed.  The sweeping cur ren t  dens i ty  was 173 # A / c m  2 
for the t rans ient  m ~'lg. 7, and  the in i t ia l  s t e a dy -g rowth  
cur ren t  dens i ty  was one - s ix teen th  of this value.  

The V-Q charging curve der ived  f rom the  W-  
t rans ient  in Fig. 7 is shown in Fig. 8. The charge  is 
ca lcula ted by  in tegra t ing  the cu r r en t  (corrected for 
the  effect of the  ionic cur ren t  at  h igh potent ia ls )  and 
ex t rapo la t ing  to a po ten t ia l  or igin where  the opt ical  
thickness da ta  ex t rapo la te  to zero. There  are  some un -  
cer ta int ies  involved  in the  or igin ex t rapola t ion ,  but  
the exper imen ta l  condit ions are chosen to minimize  
the  effect of any  unce r t a in ty  in how the ionic cur ren t  
depends  on potent ial .  The genera l  fea tures  of the 
charging curve are  s imi lar  to those for the tungsten 
sys tem (10). The d ischarge  segments  exhib i t  p ro -  
nounced upward  curvature ,  and  the charging segments  
a re  a pp rox ima te ly  l inear  except  for some downward  
curva ture  nea r  the or igin and nea r  point  E. What  ap -  
pears  common in most  v a l v e - m e t a l  systems is the  up -  
wa rd  curva ture  of the d ischarge  segments  and  the sub-  
s tant ia l  charge-d i scharge  hysteresis .  The curva ture  
of the charging segments  is a second-order  effect which 
depends  on the difference be tween  the two f i r s t -order  
effects, and its sign can be e i ther  posi t ive or  negat ive  
depending on the system s tudied and the cur ren t  den-  
s i ty  used. 

The in te rp re ta t ion  of the  charging curve in Fig. 8 
is g rea t ly  compl ica ted  by  the fact tha t  the hysteresis  
effect is jus t  as l a rge  as any effect of  d ie lect r ic  constant  
var ia t ion.  A proper  t r ea tment  of the da ta  in Fig. 8' 
would  requi re  an analysis  of polar iza t ion  kinet ics  some-  
wha t  s imi la r  to that  used b y  Tay lo r  and Dignam in 
the i r  s tudy  of ion cur ren t  t rans ients  (11). We do not  
wish to unde r t ake  such an analysis  here.  Ins tead  we 
wil l  s imply  average  the da ta  in much the same way  
as we averaged  the opt ical  data,  and assume that  the 
die lect r ic  constant  values  we calculate  in this m a n n e r  
give a reasonable  indica t ion  of the s t eady-s t a t e  de-  
pendence  of d ie lect r ic  constant  on electr ic  field. The 
resul ts  of this  Calculation a re  shown in a plot  of K o / K  
vs. field in Fig. 9. The  decrease  in  dielectr ic  constant  
observed when the field is appl ied  ( increase in K o / K )  
agrees wi th  wha t  is found in o ther  va lve -me ta l  sys-  
tems. If  the dielectr ic  constant  va r i ed  wi th  dens i ty  in 
the manne r  predic ted  by  the Clausius-Mossot t i  r e l a -  
tion, the precentage  change in K o / K  would  be Ko/3  
t imes the  percen tage  s t ra in  p lot ted  in Fig. 6. The ob-  
served overa l l  change in K o / K  is three  t imes that  
p r e d i c t e d  f rom the overa l l  strain,  and a l though both 
K o / K  and the s t ra in  have a l inear  component  in the i r  
~eld-dependence,  the i r  cu rva tu re  is of opposi te  sign. 

66 

44 .J 
>. 

d 
< 

Z 
LU 

22 
11 

" / /  /f > . / / /  

1.5 

/ 
/ 

/ /  

E// ^j 
/ 

/ 

/ 
/ 

/ 
/ . /  

0 
0 . 0  3 . 0  4 . 5  6 . 0  

CHARGE NICROCOULONB/CN*2 

Fig. 8. Potential-charge plot for the transient in Fig. 7. Corre~ 
sponding points have the same labels in the two figures. Solid 
curves represent anodic segments and broken curves represent 
cathodic segments. 



284 J. EIectrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE A N D  T E C H N O L O G Y  February 1983 

1.21 

Ko=2g. 4 

1.14 

~r  

o 

i. 07 / 
I. O0 

0.0 0.7 

/ J 
J 

1.4 2.1 2. 

FIELD IO'B VOLTS/C~ 

Fig. 9. Plat of Ko/K vs. field obtained by averaging data from 
the initial cathodic and final anodic segments of the charging 
curve in Fig. 8. Ko, the zero-field value of the dielectric constant, 
is found by extrapolating the data to zero field. 

The theory  of e lect ros t r ic t ion (7) l~redicts an  E 2 
dependence  for both  the s t ra in  and K o / K  at  low fields. 
Fa i lu re  to observe this dependence  in anodic oxides  is 
exp la ined  b y  not ing tha t  the  theory  assumes tha t  the 
stress in  the film goes to zero when  the field is removed,  
whereas  anodie oxides  wi l l  be more  nea r ly  free of 
stress a t  the  anodizing held than  at  zero field if the 
atomic movemen t  involved in the ionic conduction 
process is a m a j o r  s t ress - re laxa t ion  mechanism.  A l -  
though there  is nothing quant i ta t ive  in this explanat ion,  
i t  does predic t  a more  nea r ly  l inear  dependence  of 
s t ra in  on field for  oxides wi th  high zero-f ield stress. 
The m o l y b d e n u m  system, wi th  its res idual  an i so t ropy  
indica t ing  a high zero-f ield stress,  and s t ra in  va ry ing  
l i nea r ly  With field a t  low fields, cer ta in ly  fits this pa t -  
tern. 

We can test  the assumed l ink  be tween  res idual  aniso-  
t ropy,  h igh zero-f ield stress, and a l inear  dependence  of 
s t ra in  on field, if we can find a way  to re lax  the  zero-  
field stress. I t  is usua l ly  assumed that  the re laxa t ion  pro-  
cess is d r iven  by  the passage of ionic cur ren t  th rough  
the film, and  if the  ionic cur ren t  depends exponen t ia l ly  
on the  field, there  wi l l  be  no significant ionic cur ren t  
at  low fields. There  is a process which involves the 
passage of subs tant ia l  ionic cur ren t  at  low fields, and  
that  is the  conversion of oxide to oxy -hyd rox ide  which 
colors the film (12) and classes mo lybdenum oxide 
as  an e lec t roehromie  mater ia l .  The o x y - h y d r o x i d e  can 
be conver ted  back  to an oxide by  appl ica t ion  of an 
anodic current ,  and we might  hope that  af ter  such a 
cycle the zero-f ield stress would  be subs tan t ia l ly  re -  
duced.  

F igure  10 shows the resul ts  of an exper imen t  in 
which e lec t rochromic  conversion is used to t ry  to re -  
l ax  zero-f ield stress. The e lect rode was pass ivated  at 
690 ~A/cm 2, and  at  point  B the cur ren t  dens i ty  was re -  
duced to 173 #A/cm e. The cur ren t  was made  cathodic at  
point  C, and  was swi tched back  to anodic at point  D. 
The opt ical  da ta  exhib i t  a definite s t ruc ture  at  the end 
of the  reconvers ion process, and do not  r e tu rn  to point  
C, bu t  the offset is in the di rect ion of higher  anisotropy,  
not  lower .  Under  cont inued film growth,  t h e  offset de -  
creases s teadi ly ,  and the optical  da ta  asympto t ica l ly  
approach  the or iginal  g rowth  curve. The offset at  C is 
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Fig. 10. An anodic oxidation experiment with an electrochromic 
conversion cycle at the left end of the first loop. The current 
density is 690 ~ / c m  2 from A to B, 173 from B to C, --173 from 
C to D, and 173 from D to E. 

more  l ike ly  due to a s t ruc tura l  change in the  oxide 
than  to a change in its anisotropy,  and says more  about  
the processes involved in e lec t rochromism than  about  
the processes we are  s tudying  here.  For  the  present  
we wil l  have to leave the connection be tween  res idual  
anisotropy,  zero-field stress, and a l inear  dependence  of 
s t r a in  on field as an untes ted  hypothesis .  
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Optical Anisotropy and Electrostriction in the Anodic Oxide of 
Niobium 

C. G. Matthews, J. L. Ord,* and W. P. Wang* 
Departmen~ of Physics, University of Waterloo, Waterloo, Ontario, Canada N2L 3G1 

ABSTRACT 

The anodic oxidation of niobium in sulfuric acid electrolyte is studied using a self-nulling ellipsometer to follow the 
optical changes that occur when the field in the oxide film is switched. The oxide is optically anisotropic with the anodiz- 
ing field applied, and the degree of anisotropy, the ratio between index changes parallel and transverse to the field, is found 
to equal 2.2 by a procedure that requires consistency from the analysis of field-switching transients for a wide range of oxide 
film thicknesses. The film thickness increases and its refractive index values decrease when the field is applied. The de- 
pendences are not the parabolic dependences predicted by the theory of electrostriction, and the significance of this 
finding is discussed. Although the galvanostatic charge:discharge transients that are used to study the changes in the low- 
frequency dielectric constant exhibit significant hysteresis, they show that the decrease in dielectric constant with increas- 
ing field observed at optical frequencies occurs also at low frequencies. The results are compared with the dependence of 
dielectric constant on field deduced from open-circuit transient analysis, and the significance of the discrepancy is dis- 
cussed. It is concluded that the possibility that the oxide film has a significantly polar structure remains an open question. 

The anodic oxides of most valve metals appear to be 
optically anisotropic dur ing  anodization. The uniaxial  
negat ive  anisotropy disappears when the field is re- 
moved from tan ta lum (1) and niobium (2-4), but  
substant ia l  anisotropy remains  at zero field for vana-  
d ium (5) and molybdenum (6). The associated changes 
in  the low-f requency dielectric constant are in the 
same direction as at optical frequency, and the frac- 
t ional changes are considerably larger at low frequency. 
The thickness of the oxide film is found to increase 
when the field is applied, and the change is of about 
the magni tude  r.equired by the Clausius-Mossotti  rela-  
t ion to account for the dielectric constant  changes. 

The changes in film thickness and dielectric constant  
are thought to be due to electrostriction, the universal  
second-order  effect which couples strain and field in 
nonpolar  materials.  In  the theory of electrostriction, 
the dielectric constant  depend~ on strain in much the 
same way ,as in the Clausius-Mossotti  relation, and 
the sign of the electrostrictive coefficient determines 
both how the dielectric constant  depends on the s t ra in 
and how the s t rain depends on the field. When we com- 
pare the exper imenta l  results with the theory, we see 
that  it is possible to fit the s t ra in data by choosing a 
sign for the electrostrictive coefficient.that is opposite 
to the sign in the Clausius-Mossotti  relation, but  
ne i ther  sign can fit the dielectric constant data. If the 
dielectric constant  data  are  valid, the theory can be 
shown to violate energy conservation (7), and it must  
ei ther be modified to make the dielectric constant  an 
explicit  funct ion of the field, or the oxide films must  
be assumed to be polar. Since it is the behavior  of the 
dielectric constant  that  is critical in this regard, we 
recent ly developed a technique for s tudying dielectric 
constant var iat ion under  conditions where the require-  
ments  of energy conservation can be tested directly 
(8), and the results confirmed our earl ier  findings. 

The funct ional  form of the field dependence should 
dist inguish clearly be tween a first-order effect in a 
polar mater ia l  and a second-order  effect in a nonpolar  
material .  Parabolic dependences characteristic of elec- 
trostriction have been reported for both tan ta lum (1) 
and n iobium (2), bu t  all of the measurements  made 
in our laboratory have found dependences that have 
been be tween lin.ear and parabolic. We have thus far 
in terpreted these results as indicat ing that  the stress 
in the film does not go to zero when the anodizing 
field is removed, but  we cannot rule out the possibility 
that  the films have some polar characteristics, although 
a first-order polar effect would normal ly  be expected 
to dominate  completely any  second-order  effect. 

* Electrochemical Society Active Member. 
Key words: capacitance, dielectrics, ellipsometry. 

In  vie~v of the difficulties involved in t rying to re- 
late theory to experiment,  and the fact that measure-  
ments  made in .different laboratories agree on little 
beyond the sign of the .effect, we decided to reexamine 
the exper imental  evidence for electrostriction in anodic 
oxides. In  a previous paper (6) we extended the mea-  
surements  to include the mo lybdenum system and 
dealt  with the problems involved in anisotropic ana ly-  
sis in systems with substant ia l  zero-field anisotropy. 
In  a subsequent  paper  we will  report the results of a 
study of the t an ta lum system where the effects are 
very small, but  a great deal of work has been done 
on relaxat ion processes (9, 10). In  this paper  we report  
the results of a study on the most extensively studied 
system, the n iobium system. The n iobium system has 
many  features which make it ideal for electrostrictive 
measurements .  The oxide can be grown with 100% 
current  efficiency and is insoluble in sulfuric acid 
electrolyte. Although the anodizing field is lower than 
in  tan ta lum or tungsten,  the dielectric constant  of the 
oxide is higher, and the electrostrictive effects are re la-  
t ively large. Perhaps the most impor tant  factor for t h e  
optical analysis is the considerable thickness that can 
be at tained before the oxide breaks down or there is 
a change in the growth process. The n iobium system is 
also one of the ones that  exhibits no significant anisot-  
ropy at zero field, and  this fur ther  simplifies the anal-  
ysis. 

The present  study has three specific objectives. We 
first look in detail at the factors that enter  into the 
determinat ion of the degree of field-induced anisotropy. 
We then determine dependence of the film thickness 
and refractive index on the applied field. F ina l ly  we 
use gal-anostat ic  charging curves to s tudy the as- 
socia+ed changes in the low-frequency dielectric con- 
s tant  and compare the results with those obtained 
using open-circui t  t ransients  (4). 

Experimental 
The ell ipsometer used in this s tudy is a modified ver-  

sion (11) of the se l f -nul l ing ins t rument  which has 
been used in this laboratory for m a n y  years (12). 
Quadrature  Faraday modulat ion is decoded by  a two- 
phase lock-in  amplifier and the d-c error signals are 
fed back to the stepping motor  .drives through voltage- 
to-f requency converters. The sine-cosine quadra ture  
drives have a nomina l  resolution of 1/1600th of a de- 
gree, and under  typical operat ing conditions the in-  
s t rument  has a response t ime of a few tenths of a sec- 
ond and a resolution of a few thousandths of a degree. 
A he l ium-neon  laser is the l ight source, and all re-  
fractive indexes quoted in  this paper are for a wave-  
length of 6328A. The hollow equi la teral  glass prism 
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used as a cell requires an angle of incidence of 60 de- 
grees. The cell has s tandard- taper  joints through which 
the electrode holder, a p la t inum counterelectrode, a 
mercury-mercurous  sulfate reference electrode, and a 
gas dispersion tube are i~serted. The cell was filled 
with 0.i molar  sulfuric acid electrolyte, and all ex-  
per iments  were performed at 22 ~ C. 

The circuitry used with the cell is operated by the 
HP 2114B process-control computer which logs the 
optical data and operates the on- l ine  displays (two 
storage oscilloscopes and an X-Y plot ter) .  The current  
source consists of a digi ta l - to-analog c o n v e r t e r  con- 
nected to a high-voltage operat ional  amplifier, and a 
second amplifier follows the potential  of the reference 
electrode relat ive to the working electrode which is 
held at vi r tual  ground. A programmable  amplifier in-  
terfaces the follower to a 16-bit analog-to-digi ta l  con- 
ver ter  with a 25 ~se.c conversion time. 

The cylindrical  working electrode, prepared from a 
single crystal of niobium, exposes a vertical surface 
1.2 cm 2 in area to the electrolyte when it is clamped 
between Teflon washers in  a glass electrode holder. 
The optical measurements  are made on a flat ground 
on one side of the cylinder. The surface was prepared 
for optical measurements  by electropolishing it/ an 
electrolyte consisting of 1 part  hydrofluoric acid to 9 
parts sulfuric acid. Between experiments  the electrode 
was stored with a thick oxide film on its surface, and 
the surface was freshly polished before each experi-  
ment.  

Results and Discussion 
The type of exper iment  used to grow oxide films on 

n iobium and to study their  electrostrictive properties 
is shown in Fig. 1. Potent ia l  is plotted vs. time in the 
lower port ion of the figure, and the corresponding 
locus traced out by the polarizer and analyzer nu l l  
readings is shown in the upper  portion. The  poten-  
tial plotted is actual ly an overpotential  with its zero 
at the potential  where the optical analysis indicates 
that  the film thickness goes to zero. The 0.204 m A / c m  2 
anodizing current  is applied at point A, and the oxide 
is allowed to grow unt i l  the optical data reach the left 
end of the first loop at point  B1. At this point the 
potential  is stepped at 3 sec intervals  down 8 steps to 
C1, up 5 to D1, down 5 to El,  and back up 8 to F1 where 
the anodizing current  is reapplied. The stepping se-. 
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quence is carried out under  program control, and the 
potential  reached at points C1 and E1 is high enough 
to avoid the Faradaic processes associated with elec- 
t rochromism and hydrogen evolution. After the cur- 
ren t  is reapplied, the oxide is allowed to continue 
growing unt i l  the right end of the first optical loop is 
reached at B2 where the Stepping process is repeated. 
The experiment  'continues in this manne r  unt i l  step- 
ping data have been obtained at the left and right  ends 
of three optical loops. 

The optical data recorded in the regions where the 
potential  is stepped are shown on greatly expanded 
scales in Fig. 2. The progressive offset to higher polar-  
izer readings characteristic of uniaxial  negative anisot- 
ropy shows up clearly on these scales. The nomencla-  
ture used to describe the potent ia l -switching transients 
is the same as in Fig. 1, and the six t ransients  are n u m -  
bered in order of increasing film thickness. The points 
plotted are those recorded at 1 sec intervals  dur ing 
film growth, and at 3 sec intervals on all potential  steps 
except the first (where the ionic current  is still ap- 
preciable).  

The anlysis of optical anisotropy is essentially an 
analysis of the geometry of the curves in Fig. 2. On 
completion of the stepping sequence the data re turn  
to their respective growth curves with very little over-  
shoot. The growth curves are clearly defined, and the 
interloop spacing is approximately constant  and the 
same at both ends. The field-down ends of the stepping 
data lie approximately on a common growth curve, 
and hence the oxide film has no significant anisotropy 
with the field removed. At the r ight  end, the first and 
second loops bracket the field-down curve and narrow 
the range of any extrapolat ion to zero field. The sixth 
stepping t ransient  is the only one which deviates sig- 
nificantly from a common zero-field curve. The step- 
ping trarisients themselves are clearly defined with 
parallel  up-s tepping and down-stepping segments 
which have a small offset proportional to film thick- 
ness. A proportionate offset of this type in the direction 
of greater film thickness is characteristic of a relaxat ion 
process rather  than a growth process. What hysteresis 
there is in the stepping transients does not show up 
on a plot of this type. 

The two approaches that have been used previously 
to analyze data s imilar  to that  in Fig. 2 both regard 
the approximately constant interloop spacing as the 
geometric feature that determines the anisotropy. In  
the first approach, one varies the refractive indexes 
in the field direction (Nz)  and transverse to the field 75 
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Fig. 1. Anodlc oxidation of niobium at 0.204 mA/cm ~ in 0. iM 
sulfuric acid with stepped-potential transients applied at the points 
where the polarizer null reading of the ellipsometer passes through 
its minimum and maximum values. 

(Nx)  to find the best fit to the g r o w t h  curve at the 
anodizing field. The fitting procedure must  also vary  
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Fig. 2. Optical data in the region of the stepped-potential 
transients for three cycles of the experiment plotted in Fig. !. The 
B-C-D-E-F labeling identifies corresponding points in Fig. 1 and 2. 
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the substrate  index over a nar row range to deal with 
the uncer ta in ty  in the ini t ia l  film thickness, bu t  by 
using average loop width and average interloop spac- 
ing as parameters  one can set up a procedure which 
converges rapidly to give Nx and Nz. This is the ap- 
proach which was used in the vanad ium study (5), 
and an extension of this approach was used recent ly 
in work on molybdenum (6). The extension involves 
fitting data in the same manne r  at a sequence of lower 
fields in order to determine the field-dependence of 
Nx and Nz. An Nz-Nx  plot of the values determined 
in  this m a n n e r  showed a l inear  relat ion between Nz 
and Nx in the mo lybdenum system. 

In  the second approach, one begins by finding the 
isotro,pic index which gives the best fit to the approxi-  
mate ly  common curve traced out by zero-field data. 
One then assumes a l inear  relat ion between Nz and Nx, 
and uses the interloop spacing along with the offsets 
from the isotropic curve to find the constants in the 
relation. At zero field, Nz and Nx are both equal to the 
isotropic index, and the Nz-Nx  slope, beta, is a mea-  
sure of the degree of anisotropy induced by the field. 
This approach can be applied directly to systems like 
t an t a lum (1) and n iobium (2) which have insignificant 
zero-field anisotropy, and the approach can be extended 
to deal with a small  amount  of residual  anisotropy, 
but  the extrapolations involved become ra ther  large 
when  it is applied to the vanad ium or mo lybdenum 
systems. 

The assumption under ly ing  both of the approaches 
described above is that  the refractive index of the 
oxide film depends on the field in it but  not on its thick- 
ness. Both approaches also implici t ly assume that  the 
refractive index of the substrate  remains constant  as 
the film grows. These assumptions are very  reasonable,  
and there would be no need to question them were it 
not for the ext remely  expanded scales used in the 
analysis and the large difference in film thickness at 
the points where the interloop spacing is determined.  
Dur ing  extended film growth the topography of the 
metal -oxide  interface may change to a greater  or lesser 
extent  depending  on how the surface was prepared, 
and this change in topography shows up in el l ipsometry 
as an apparent  change in substrate  index. As the film 
thickness and potential  both increase, so does the pos- 
sibili ty that p re -breakdown effects may be modifying 
the s t ructure  of the film and changing its index slightly. 
Although one cannot guard against such effects com- 
pletely, one can try to use an analysis approach that  
is less sensitive to their  influence than the approaches 
described above. 

The approach we will  use here to analyze the data 
in  Fig. 2 is based on our observat ion that  al though 
par t icular  interloop spacings may vary  considerably 
from exper iment  to experiment ,  the field-switching 
t ransients  do not  change their shape if the same switch- 
ing sequence is used. We begin the analysis by deter-  
m in ing  the fract ional  changes in index and thickness 
associated with each t ransient  for a range of assumed 
values of beta. We then plot our  results as a function 
of beta to find the value at which the fractional changes 
in index and thickness are most near ly  independent  of 
film thickness. Although this procedure involves a 
n u m b e r  of steps, the results obtained are not  sensitive 
to any of the assumptions required. In  particular,  the 
results at  any  fixed value of beta are not sensitive to 
the location assumed for the isotropic curve, and hence 
are not  sensitive to the substrate index or the isotropic 
layer  index, nor  are they sensitive to the data segment 
used in the analysis provided the ionic current  is low 
enough to avoid significant film growth or relaxation. 
Here we take the lower five-eighths of the first down-  
stepping segment, and use a least-squares fitted func-  
t ion to extrapolate to zero field and interpolate to a 
field of 2.7 X 106 V/cm. We then plot the fractional 
changes in  index and film thickness over this field 
range as a funct ion of beta for all  six transients.  

The strain curves calculated by the above procedure 
are shown in Fig. 3, and the s tandard  deviat ion from 
the average at each beta is shown in  Fig. 4 along with 
comparable data for the fractional  change in index Nx. 
Note that  it is the curves from transients  at the right 
end, 2, 4, and 6, which intersect  at the steepest angles 
and hence determine the value of beta in this pro- 
cedure. The index data  behave similarly,  and the 
curves in  Fig. 4 have their  min ima  at approximately 
the same point, the point  where beta has a value of 
2.2. Previous studies have reported values of 1.6 (2) 
and 2.07 (3) for beta. As Fig. 3 shows, our data give 
s t rain values which differ by more than  an order of 
magni tude  at a beta value of 1.6. Data from lef t -end 
transients  3 and 5 superimpose over a broad region 
spanning the opt imum beta, and the combinat ion of 
high resolution with low beta sensit ivi ty make  t rans i -  
ent 5 the best one to use in de termining the field de- 
pendence of the index and the strain. 

Once we have determined beta we can see how our 
analysis procedure deals with the interloop spacings 
at the anodizing field. Since the analysis is based on 
index changes ra ther  than absolute indexes, we must  
first calculate a value for Nz at the anodizing field by 
averaging the values which fit points B1 through B6. 
With an isotropic index of 2.3375 and substrate optical 
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Fig. 3. Calculated strain values for each of the six transients in 
Fig. 2 for different assumed values of beta, the degree of anisotropy. 
The strain is calculated from the thicknesses at 2.7 X 10 o V/cm 
and at zero field on the initial down-stepping segment of the 
potential transient. 

�9 o 8  I I I 

�9 0 6  

(:3 
(:3 

2 
.04 STRAIN 

O 

U) 

�9 02 -- 

o I I I 
2 2.1 2.2 2.3 2.4 

BETA 
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half of Fig. 3 along with the corresponding deviation in the re- 
fractive index Nx. 
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constants N _-- 3.3447 and K ---- 3.7516, we calculate a 
value for Nz of 2.30548 a t  an anodizing field of 4.3 X 
10 .6 V/cm. Curves calculated using these values are 
plotted in Fig. 5 on the same scales used in Fig. 2. The 
fit, al though reasonable, is far from perfect. Although 
we cannot be certain, we th ink  we know why the fit 
is not  better,  and we present  our opinion here to help 
make our earlier comments about  approaches to data 
an_alysis more specific. What  a~pears to be wrong 
with the geometry in Fig. 2 and 5 is the width of the 
third loop. It is too far  left at the left end and right  
at the r ight  end to fit constant  index growth of an 
anisotropic film. Optical expansion of the third loop 
can be produced either by increasing the index or by 
in t roducing a slight amoun t  of absorption. Physical ly 
these effects could result  from a slight modification in 
the s tructure of the film which occurs at high voltage 
and leads eventua l ly  to breakdown.  If the data in 
Fig. 2 are offset to compensate for the expansion of the 
third loop, the low-field ends of the t ransients  exhibit  
a regular  offset indicative of residual  anisotropy at 
zero field. Al though we believe that the data exhibit  
effects characteristic of s t ructural  modification at high 
voltage and residual  anisotropy at zero field, this is 
only  an opinion, and we do not  argue that  the data 
war ran t  such a conclusion. 

The fractional changes in  film thickness and Nx 
which occur dur ing the course of the 5th t ransient  are 
plotted vs. field in  Fig. 8. Thickness data at the anodiz-  
ing field require film growth corrections and are not 
included in the figure. The increase in thickness and 
decrease in index with increasing field agree with 
previous work and appear to be near ly  universal  char-  
acteristics of va lve-meta l  oxides. The curvature  is away 
from the field axis, bu t  nei ther  slope goes to zero at 
zero field, so the dependences on field are not parabolic. 
The index curve exhibits some hysteresis, but  the 
strain curve exhibits very  little. Since the form of the 
field dependence and the amount  of hysteresis it ex-  
hibits both can depend on the history of the oxide, it 
is impor tant  to specify just  how the exper iment  was 
performed. In  the present  study, the history of the 
oxide and the t rans ient  switching sequence are de- 
fined clearly in Fig. 1, and the results in Fig. 6 per ta in  
to an oxide film with this history. Although the scale 
factors in Fig. 6 are sensit ive to the accuracy with 
which beta is determined by the optical analysis, the 
shape of the curves in the figure is determined main ly  
by  the spacing between data  points on a polarizer-  
analyzer  plot and can be shown to be reproducible over 
a wide thickness range without elaborate analysis. The 
strain scale factor gives a magni tude  for the strain 
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Fig. 5. The optical data at the anodizing field in Fig. 2 along 
with theoretical curves for an isotropic film with index 2.3375 
(broken curve) and for a related anisotropic film with a beta of 2.2 
and an Hx  of 2.3054,8 (solid curve). 
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which is in termediate  between the values reported in  
previous studies (2, 3). Note that the fractional  de- 
crease in Nx is sl ightly larger than the fractional in-  
crease in thickness, and hence normal  incidence optical 
measurements  would indicate a slight decrease in opti- 
cal thickness when the field is applied. 

In our original  s tudy of electrostrictive effects in 
valve metals (13), we used an a-c technique %o s tudy 
the field dependence of the low-frequency dielectric 
constant. More recently (4, 14, 15) we have used open- 
circuit t ransient  analysis for this purpose. The objec- 
tive of the open-circui t  analysis has been more to test 
the hypothesis that the ionic current  is controlled by 
an effective field proport ional  to the dielectric constant 
than it has been to measure the field dependence of 
the dielectric constant itself. When it became apparent  
that a decrease in the dielectric constant with increas- 
ing field has serious implications for the theory of 
electrostriction (7), we developed, a technique for 
s tudying dielectric constant  variat ion under  conditions 
which simplify comparison with the theory (8). The 
theory requires V-Q charging curves to curve toward 
the Q-axis, not away from it, and the exper imental  
technique is designed to produce such curves directly 
using a computer-control led constant  current  source. 
The W-shaped potent ia l - t ime t rans ient  has the same 
tu rn ing  points as the t rans ient  used for the optical 
measurements ,  bu t  it is of much ,shorter duration, and 
has no steps. 

A galvanostatic W-t rans ien t  is shown in Fig. 7. The 
anodizing current,  ini t ia l ly  0.204 mA / c m 2, was reduced 
by a factor of 16 and the overshoot was allowed to die 
away before the transient,  which uses a 0.204 mA/cm 2 
charge-discharge current,  was applied. The factor of 
16 reduces the uncer ta in ty  introduced by the ionic 
current  correction, and this is the reason it is used, but  
it  also appears, to affect the t ime constant  of re laxat ion 
processes, and hence affects the shape of the transient .  
The charging curve derived from the W-t rans ien t  is 
shown in Fig. 8. The discharge segments of the t ransi-  
en t  exhibit  significant upward  curvature,  but  the charg- 
ing segments are close to linear,  with barely  discern- 
ible upward  curvature  at lower potentials, and definite 
downward curvature  as point F is approached. Clearly 
the average curvature is upward,  but  since hysteresis 
and curvature  effects are of the same order, a proper 
analysis of the field dependence of the dielectric con- 
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Fig. 7. Galvanostatic W-transient with alternating cathodic 
(broken curve) and anodic (solid curve) segments. The charge- 
discharge current density, 0.204 mA/cm 2, is sixteen times the initial 
galvanostatic oxidation current density. 
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Fig. 8. Charging curve deduced from the W-t~'ansient in Fig. 7. 
Corresponding paints in the two figures have the same labels. 
Broken curves indicate cathodic segments, solid curves anodic seg- 
ments. 

s tant  must - involve  an analysis of polarization kinetics 
somewhat  s imilar  to that used by  Taylor and Dignam 
in  their analysis of ionic conductivi ty variat ions (9). 
We wil l  not  under take  such an analysis in this paper. 
Instead, we wil l  see what  sort of dielectric constant  
var iat ion is required to account for the shape of the 
first discharge segment,  and we will  compare the re-  
sults with the dielectric constant  var ia t ion deduced 
from open-circui t  t rans ient  analysis. Although the dis- 
charge conditions are ra ther  different, we expect the 
results to show some similarity. 

Figure  9 shows how the reciprocal of the dielectric 
constant  depends on the field for segment B-C of the 
t ransient  plotted in Fig. 7 and 8. A reciprocal plot is 
used because it  gives a simpler funct ional  dependence 
on field. Curve R-S in  the figure is the dependence of 
dielectric constant  on field previously determined by 
open-circui t  t rans ient  analysis (4). Aside from a posi- 
t ive slope, the two curves have noth ing  in  common. At 
the anodizing field, the W-t rans ien t  gives a value of 
53 for the  dielectric constant, whereas the open-circui t  
t ransient  gives 130, a value which does not  appear 
physically meaningful .  

In  second-order  open-circui t  t rans ient  analysis one 
is faced with the problem of analyzing the small  resi- 
due left  after the first-order analysis, and unfor tuna te ly  
the results obtained are quite sensitive to the func-  
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Fig. 9. Plot of reciprocal dielectric constant vs. field in the oxide 
film for segment B-C of the charging curve in Fig. 8. Curve R-S is 
the dependence previously determined by open-circuit transient 
analysis. Curve R'-S' is the dependence obtained from open-circuit 
analysis by assuming a linear dependence of reciprocal dielectric 
constant on field. 

~ 1 . 0  
o 

t ional dependence of dielectric constant  on field used 
in the parameter  var iat ion process. If we regard curve 
B-C in Fig. 9 as approximately  l inear  over the range 
of an  open-circui t  t ransient ,  and use this funct ional  
form in the open-ci rcui t  analysis, we get just  as good 
a fit to the data for the dependence R'-S' as was ob- 
tained previously using R-S. The two curves are wel l  
separated, and the new value for the dielectric con- 
s tant  at the anodizing fietd is 78, a more meaningfu l  
value than the 130 obtained previously. 

We have used second-order  open-ci rcui t  t ransient  
analysis p r imar i ly  to test the effective-field hypothesis, 
not  to measure  dielectric constant  variat ion.  What  
is real ly  needed to test the hypothesis is an analysis of 
the hysteresis in Fig. 8 that  enables one to predict the 
dielectric constant  var ia t ion  which wil l  occur under  
open-circui t  conditions. The open-circui t  analysis can 
then use this d isposable-parameter-f ree  predict ion to 
test whether  or not the dielectric constant  enters into 
the field that  controls the ionic current.  

The basic question as to whether  the effects observed 
are pure ly  electrostrictive or par t ia l ly  polar in na ture  
remains  unanswered  by the results we have presented 
here. The theory of electrostr ic t ion,  even when modi-  
fied to account for the sign of the dielectric constant  
variation, is inheren t ly  second order and requires a 
parabolic field dependence. We have argued previously 
that the observed field dependence may result  from 
the fact that  the stress in the film does not  go to zero 
at zero field as it does in the usual  theoretical models. 
Although the present  results can be interpreted as 
indicat ing some residual  anisotropy at zero field, the 
effect appears to be too small  for there to be sufficient 
zero-field stress to al ter  the field dependence to the 
extent  observed. In  all our measurements ,  we use gal- 
vanostatic oxidation as the reference state at which 
out t ransients  begin and end, and the s tructure of the 
film may be par t ia l ly  polar  under  these conditions. I t  
may be that the parabolic dependences which have 
been reported (1, 2) have been obtained under  ex- 
per imenta l  conditions that  reduce the size of the polar 
component,  bu t  since even fi]m capacitors have been 
reported to re ta in  a polar  "memory" of the anodization 
process (16), we regard this as an open question at 
present.  
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Kinetics of Formation of Passive Oxide Films on Corrosion-Resistant 
Fe-Cr Thin Films 

Boniface A. Okorie 1 and Welville B. Nowak 

Northeastern University, Boston, Massachusetts 02115 

ABSTRACT 

The transient electrochemical behavior of chromium-containing amorphous and amorphous/microcrystalline iron- 
alloy thin films in near-neutral 1M NaC1 solutions has been investigated and compared with the behavior of"bulk"  amor- 
phous and bulk crystalline specimens of comparable compositions. The films have been deposited onto Ebrite (Fe-Cr) sub- 
strates by the ion-plating technique. The transient current-decay behavior upon application of a positive voltage step from 
the specimen rest potential is reported here. This voltage-step technique has revealed several distinct regions in the be- 
havior of current with time. Initially, there is an exponential decay region, with current relaxation time constant (to) of 0.5-0.8 
sec. Then follows another exponential decay with T1 = 5-10 sec. The next region of current decay can be described by a power 
law: i = At-", with n in the range of 0.6-0.7 for the ion-plated films and the "bulk" amorphous Fe-Cr alloy (Metglas 2826A), 
and 1.0 for the bulk polycrystalline alloy (Ebrite). Finally, there is a relatively slow exponential decay region with time con- 
stant (r~) of 200 sec to over 1000 sec for low and intermediate values of the voltage step, AV. For high values of AV, this region is 
approximately exponential over limited periods of time, with ~2 increasing monotonically from a few hundred seconds to 
over 6000 sec. The overall results strongly suggest that different mechanisms are operative at various intervals during the 
formation of the passive oxide layer. 

The superior  corrosion resistance of amorphous Fe- 
Cr and Fe-Ni-Cr alloys has been studied by several 
workers in recent years (1-12). These alloys are pro- 
duced by liquid-quenching techniques (1-3) or by 
vapor-quenching techniques such as thermal evapora- 
tion, sputtering (4, 9, ii), and ion plating (i0, 12). 
These techniques involve rapid deposition of the alloys 
onto highly conducting substrates. Because of the need 
for very rapid heat transfer (desirable cooling rates 
are of the order of i0 ~ K/sec), the specimen dimension 
normal to the substrate surface will necessarily be 
very small. Thus, melt-spun "bulk" amorphous alloys 
are only available ~in the form of thin ribbons or wires. 
Sputtered and ion-plated amorphous alloys, on the 
other hand, are in the form of thin metallic films on 
bulk substrates and can therefore be very useful as 
corrosion-resistant coatings to protect more reactive 
substrates. Moreover, these low pressure techniques 
offer the prospect of progressive buildup of amorphous 
metallic materials. Previous work on the electrochemi- 
cal potentiodynamic behavior of vacuum-deposited 
amorphous and amorphous/microcrystalline thin films 
(4, 9-II) showed that these films exhibit a Tafel-like 
(linear) behavior in the lower passive region, whereas 
crystalline Ebrite (Fe-26Cr-iMo; Airco Incorporated, 
Berkeley, California) and melt-spun "bulk" amorphous 
Metglas 2826A (32Fe-36Ni-14Cr-12P-6B; Allied Chem- 
ical Corporation, Morristown, l~ew Jersey) showed a 
constant, low current passive behavior in this potential 
region. Investigation revealed that this was partly due 

1 Present  address: Box 14, Okpafe Mbaise P.A., Iwo State, Nige- 
ria. 

Key words: films, metal ,  polarization, transients,  

to the scan rate (0.020 V/mLu), and has led to studies of 
transient current decay behavior upon application of: 
(i) a voltage "hold" part way through a potentiody- 
namic scan, and (it) a positive voltage step from the 
specimen rest potential. Results obtained from the pro- 
gressive "voltage-hold" technique have previously been 
reported (12), and the present paper reports on phe- 
nomena observed using the voltage-step technique. 
The purpose of this paper is to investigate the kinetics 
of passive layer formation and compare their differ- 
ences among Ebrite, Metglas 2826A, and Fe-Cr alloy 
ion-plated films. 

Experimental Details 

The thin films employed for this s tudy were fabri-  
cated by ion plat ing in an argon glow discharge estab- 
lished between an  a lumina-coated tungsten crucible 
and a negatively biased (,~ --2 kV) substrate. The 
argon pressure was main ta ined  at 4.7 Pa (35 mTorr ) ,  
and the substrates w e r e  polished Ebrite disks (Fe- 
26Cr-lMo).  About  0.5g of appropriate source mater ia l  
was evaporated from the resistance-heated crucible. 
The source mater ia l  used for the experiments  reported 
here was Metglas 2826A. The substrate- to-source dis- 
tance was 6.7 cm. The substrates were ul trasonical ly 
degreased in acetone and then placed in an a luminum 
holder that was cooled either with Dry Ice and meth-  
anol, or with liquid nitrogen. Just  prior to ion plat-  
ing, the substrates were sput ter -c leaned for 5-10 rain 
at --1.8 kV. F i lm thicknesses were measured by in te r -  
ference microscopy and were about  1 ~m; average rates 
of deposition were about  0.2 ~m/min.  



Vol. 130, No. 2 P A S S I V E OXIDE F I LMS  291 

The "bulk" amorphous Metglas 2826A specimens 
were available in  r ibbon  form. For electrochemical 
measurements ,  the th in  r ibbons were mounted  in a 
polycarbonate holder exposing 1 cm 2. The substrates 
with ion-pla ted films were also mounted  in a polycar-  
bonate holder exposing a circular area of 1 cm 2. 

Three specimen types [polished Ebri te  disks, ion- 
plated films (on Ebri te  substrates) ,  and "bulk" Metglas 
2826A] were used for voltage-step t rans ient  electro- 
chemical measurements  in nea r -neu t r a l  1M NaC1, air  
saturated at room temperature.  Each specimen was left 
in solut ion for 45-60 min  in order to a t ta in  equil ib-  
r ium for the rest potent ia l  Vr. The corrosion cell was 
connected to the potentiostat  through a switch which 
permit ted the cell to be electrically detached from the 
potentiostat  while the desired value of applied anodic 
potential,  Va, was set on the potentiostat.  When the 
cell was switched back to the potentiostat  circuit, the 
working electrode (specimen) encountered a sudden 
voltage step AV (AV _-- Va -- Vr). The behavior  of cor- 
rosion current  with t ime was then plotted on an 
X- t  recorder. Separate specimens were used for each 
voltage step. 

Results 
The s t ructure  of the ion-pla ted films was evaluated 

by scanning electron microscopy, t ransmission electron 
microscopy, and selected area t ransmission electron 
diffraction. The diffraction pat terns  show the diffuse 
halos that are characteristic of amorphous materials.  
Differential  scanning calor imetry (DSC) of the films 
also shows exothermic react ion peaks that  indicate 
t ransi t ion from disordered high energy phases (amor-  
phous) to more stable equi l ibr ium crystal l ine (or meta-  
stable crystall ine) phase. Scanning electron microscopy 
revealed that  the films have a cobblestone surface with 
a few isolated nodules. Chemical analysis of the var i -  
ous films showed that the chromium content  ranged 
from 15 to 40 atom percent. In  general  there was chro- 
mium enr ichment  in the films as compared to the 
source material .  Adhesion of the film to their sub- 
strates was very strong. 

The typical behavior  of a corrosion specimen upon 
application of a voltage step (V _-- 0.TV, AV = 0.75V) 
is shown in Fig. 1. This technique has revealed five dis- 
t inct  cur rent  decay regions (13). 

1. In i t ia l ly  there is a region of very rapid decay. 
Analysis of oscillograms showing the cur ren t - t ime  re- 
sponse (Fig. 2a) shows that  this region exhibits an 
approximate ly  exponent ial  behavior, with t ime con- 
stant  (To) of about 0.5-0.8 sec. The oscillogram shows 
two different signals: a 60 Hz signal wi thin  a 10 Hz 
signal. The 60 Hz signal was probably  from room 

Fig. 2. (a) Typical oscillogram showing initial transient (To 
region). Vertical axis: specimen current density (arbitrary units); 
horizontal axis: time (0.5 sec/div). 

pickup. To check the source of the 10 Hz signal, a resist- 
ance-capacitance circuit having near ly  the same time 
constant as that  calculated from an oscillogram such 
as Fig. 2a was connected in place of the corrosion cell. 
The VR -- t oscillogram resul t ing from this experi-  
men t  is shown in Fig. 2b. The absenrce of the I0 Hz sig- 
nal from this oscillogram indicates that this signal is 
from the corrosion cell. Exper iments  with a dummy 
cell indicate that the t ransient  associated with to is due 
to the passive layer  bui ldup and  not  to stray capaci- 
tances in the measurement  apparatus. 

2. The To region is followed by one of rapid decay 
which could be traced on an X- t  graphical recorder. 
This region shows an  approximate ly  exponent ial  be-  
havior with t ime constant  (T1) of 5-10 s ec for most of 
the specimens studied. For Ebrite, re la t ively high T1 
values (15-20 sec) are encountered for very low po- 
tent ial  steps. 

3. A clearly nonexponent ia l  decay behavior  follows 
immedia te ly  after the T~ region. Data from this region 
(A to B in Fig. 1) faII along a straight l ine on a double 
logarithmic scale, so that  the region can be described 
by a power law 

i = A t - ~  [1] 

where A and n are constants. The value of n lies be- 
tween 0.5 and 1.0 for most specimens. 
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Fig. I. Behavior of current with time following application of a 
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Fig. 2. (b) Response of equivalent RC circuit. Vertical axis: 
"specimen" current density (arbitrary units); horizontal axis: time 
(1.0 sec/div). 
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4. Af te r  the  p o w e r - l a w  decay region,  another  expo-  
nent ia l  decay region  is observed with  t ime constant  
(~2) of 200 to over  1000 sec for most  of the specimens.  

5. At  low values  of  the  vol tage step AV, the T2 decay 
behavior  is cont inued unt i l  the cur ren t  fal ls  to the con- 
s tant  "passive" va lue  of about  2 X 10 -7  A / c m  2. At  
high values  of hV, T~ shows a t ime dependence  for 
some specimens,  va ry ing  monotonica l ly  f rom a few 
hundred  seconds to over  6000 sec. 

Very  s imi lar  decay  curves were  r epor ted  by  Sato 
"etal. (14) for passive film format ion  on iron. However ,  
these authors  did not  comment  on the na ture  of 
the  curves. F igures  3, 4, and 5 show the exper imen ta l  
cur ren t  decay  curves  (log i vs. t) for  Ebri te ,  an ion-  
p la ted  film ( IP-31) ,  and "bulk"  amorphous  Metglas  
2826A, respect ively ,  for  var ious  values of hV. Dur ing  
each vo l tage-s tep  expe r imen t  the  recorder  was au to-  
mat ica l ly  reset  to the s ta r t  each t ime it  reached the end 
of the scale unt i l  the decay  was ful ly  recorded;  but  
for  clari ty,  only  the  first t raverse  to the end of the scale 
is p resen ted  in each case. However ,  most  of the useful  
informat ion  is ava i lab le  in the  por t ions  of the curves 
presented.  The constant  cur ren t  dens i ty  values  at  about  
1.6 X 10 -7  A / c m  2 shown in Fig. 3, 4, 5, and 7 are  not  
due to an ins t rumenta l  l imi ta t ion  but  a re  the dynamic  
equi l ib r ium passive current .  The equ ipment  noise level  
is abou t  10 - s  A/cm2 for our  1 cm 2 specimens. Tab les  
I, II, and I I I  show the values  of the cur ren t  decay 
constants  for the  spec imens  Ebri te ,  ion-p la ted  film, and 
Metglas  2826A, r e s p e c t i v e l y .  These constants  have  
been de t e rmined  f rom Fig. 3, 4, and 5. 

I t  m a y  be noted in genera l  tha t  the va lue  of n ap-  
p rox imates  0.67 for  ion -p la t ed  F e - C r  films and 1.0 for 
Ebr i te  in the passive potent ia l  region. The absence of a 
p o w e r - l a w  region for  the  me l t - spun  Metglas,  except  in 
ve ry  high potent ia l  regions (0.gv and above) is also 
notewor thy .  For  the Metglas,  ~ is r e m a r k a b l y  low 
(20-45 sec) in the 0.5-0.7V potent ia l  region;  r e l axa t ion  
to equ i l ib r ium cur ren t  va lue  is ve ry  rap id  be low 0.5V. 
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Table I. Values of current decay constants for Ebrite in IM NaCI* 

V AV r z  n 72 

0.3 0.295 18 0.46 214 
0.5 0.467 16 0.90 420 
0.7 0.649 7 0.94 920 
0.9 0.782 4 0.72 B K D N  

* V = applied potential (V vs. SCE), ~ = time constant (sec), 
BKDN = breakdown, AV = vo l tage  s tep  above  r e s t  p o t e n t i a l  = 
appl ied  p o t e n t i a l  - rest potential (V). 

Table II. Values of current decay constants for ion-plated Fe-Cr 
film in 1M NaCI 

V AV r~ n v~ 

0.3 0.345 7 0.64 135 
0.5 0.538 8 0.73 665 
0.7 0.800 7 0,60 1500" 
0.9 0.822 1.6 1.0 17{)0" * 

~ r= c h a n g e s  w i t h  t i m e  to 2200 sec ,  
�9 * r~ c h a n g e s  w i t h  t i m e  to 6500 sec .  

Table III. Values of current decay constants for Metglas 2826A 
in 1M NaCI 

V AV ~i n rs 

0.3 0.098 -- -- -- 

0.5 0.298 9 NA* 42 
0.6 0.294 7 N A  26 
0.7 0.352 7 N A  23 
0,9 0.532 6 0.62 670 

* N A  = Not  appl icable .  

The mean  values (and extreme variatior~s) of the 
rest potentials were ~-0.052 (-+-0.057), --0.065 (+_0.031), 
and %0.285 (+_0.083)V (SCE) for Ebrite, ion-plated,  
and Metglas specimens, respectively. The differences 
in  Vr for Ebri te  and ion-plated films were judged to be 
not significant in view of the magni tude  of the voltage 
steps and the observed trends in  the data. Al though 
the Vr differences led to differences in  the ini t ia l  cur-  
rents, only minor  variat ions were observed in  the 
kinetic behavior. Additionally,  changes in the na ture  
of the passive layer  for these Fe-Cr  alloys seem related 
more to the absolute voltage (SCE) than to the voltage 
step (12). Therefore un i fo rm values of absolute volt-  
age were applied ra ther  than uni form values of 5V. 
While the general  kinetics of Metglas is similar to the 
others, more care is needed to match the behavior  with 
an appropriate AV. For example, Metglas at 0.9V may 
be expected to behave approximately  as the ion-pla ted 
films at 0.5V. 
�9 Table IV lists the amount  of charge passed dur ing 

each of the various current  relaxat ion stages. The table 
shows that  apparen t ly  most of the charge is passed 
dur ing  the power- law and ~2 stages. The data also show 
relat ively small  amounts  of charge for the bulk  amor-  
phous specimen (Metglas 2826A). 

If one assumes that Cr203 is the major  const i tuent  
of the passive layer, and that  a negl igibly small  n u m -  
ber of cations go into solution, then the passage of 
10 -4 C/cm 2 would correspond to a passive layer  thick- 
ness of 0.1 nm. Thus, at 0.5V the total charges shown in 
Table IV indicate passive layer  thicknesses of 1.0, 1.0, 
and 0.01 nm for Ebrite, ion-plated,  and Metglas samples, 
respectively. At 0.TV, the corresponding thicknesses are 
2.0, 3.0, and 0.02 rim. The Metglas thicknesses seem du-  
biously smal l  and the other values also seem small. It  
is quite possible that  in the To region there is an aver-  
age current  density of about 10 -3 A /cm 2 for about 1 
sec [see also Ref. (3)].  This would result  in an addi-  
t ional charge of 10-~ C/cm 2 and would add 1 n m  thick- 
ness to all layers, thus br inging  the thickness for Met- 
glas to a more reasonable value and reducing the dif- 
ferences among the materials  to factor of on ly  2 or 3. 
The very large charge of the ion-plated film at 0.9V 
may be associated with cations going into solution. As 
~V is increased, the t ime in terva l  taken by the power-  
law region increases and that  taken by the ~1 region 
decreases. Figure 6 shows a bar  representat ion of the 
t ime intervals  taken by the various decay regions. 
Values of the decay constants are indicated in the ap- 
propriate locations in the chart. The unmarked  gaps at 
the end of some of the ~2 intervals  correspond to t r an-  
sition intervals.  

While most of the ion-plated films exhibit  the be-  
havior reported above, others have been produced that 
are identical  to the me l t - spun  Metglas both in  poten- 
tiodyn,amic voltage v s .  log i behavior  at 0.020 V / m i n  
(Fig. 7) and  in  either vol tage-hold or  voltage-step 
cur ren t - t ime  response. The la t ter  films have been made 
by increasing the substrate- to-source distance, d, in the 
ion-pla t ing equipment  from 6.7 to 13 cm. Transmission 
electron microscopy and selected area electron diffrac- 
tion appear to show no difference between the films. 
The films are either completely amorphous or a mix -  
ture of microcrystal l ine and amorphous material .  How- 
ever, scannin~ electron microscopy shows that, while 
most of the films with d = 6.7 cm have a relat ively 
coarse cobblestone surface, films with d ---- 13 cm have 
relativel:r smooth surfaces with extremely fine surface 
texture. No cracks were observed on any of the films. 

Discussion of Results 
In  the exponential  decay region, the current  is given 

by 
i ---- k exp (-- t /T)  [2] 

so that the charge passed in t ime t is 

S: Q - -  i d t  

-- k~[1 -- exp ( - - t / r ) ]  [3] 

One should note that, a l though the thickness, X, of the 
growing passive layer may be proport ional  to Q, X 
cannot be quant i ta t ive ly  related to Q unt i l  fur ther  in-  
formation is available as to the proport ion of Q that  
goes into oxide layer  formation and the proport ion that 
corresponds to cations going into solution (15). How- 
ever, assuming a direct relat ion between X and Q, ex-  

Table IV. Amount of charge passed in various current decay regions (pC) 

E b r i t e  Ion-p la ted  f i lm M e t g l a s  2826A 

V Q~ Qp Q= Q1 Qp Q~ Q1 Q,  Q2 

0.3 11 80 78 10 78 38 - -  - -  - -  
0.5 134 840 190 73 650 250 5.7 - -  7.8 
0.6 . . . . .  7.6 -- 11 

0.7 2 ~  1360 411 152 1650 1410" 10.3 - -  11.6 
0.9 306 1750 + B K D N  1320 31900 2520" * 23.5 461 404 

+ Charge  m e a s u r e d  on ly  up  to m i d d l e  o f  p o w e r - l a w  r e g i o n  o w i n g  to f i lm b r e a k d o w n .  
* ~= c h a n g e d  f r o m  1500 to  2200 sec;  500 /tC was measured in t h e  r~ = 1500 sec  r e g i o n ,  a n d  910 /tC in the rs = 2000 sec  reg ion .  

** ~ c h a n g e d  f r o m  1700 to 6500 sec. V a l u e  of  c h a r g e  given is measured in ~s = 1700 sec region only. 
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Fig. 6. Bar representation of time intervals taken by various 
current decay regions. 
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per imenta l  data f rom the exponent ial  decay regions in -  
dicate an asymptotic growth law for the passive layer,  
given by 

X ---- K [1 -- exp ( - - t / z ) ]  [4] 

The rate of layer  growth is then 

d X  K 
- -  exp ( - - t / T )  

dt 

K X 

- -  A - -  B X  [5] 

where A = K / ~  and  B = 1/~ are constants. 
In  the power- law region, we have 

i = A f t  - ~  [6] 
and 

1,4 

o 1.0 
U) 

0.8 

0.6 

0.4 
tU ( c |  ~ 

a .  

0 
(a } Ion plated Fe Cr f i lm ( I P - 5 C ) w i lh  d �9 6.7 cm. 
(b) Ion plofed FeCr f i l m ( I P  - 4 1 )  w i th  d �9 13r 

- 0 ' ~ *  (c) " B u l k "  Amorphous Metglas 2 B 2 6  - A  

_ i I I I t I i 
0 , 4  10_7 10_ 6 10_ 5 10_ 4 

ANODIC CURRENT (amps/ct#) 

Fig. 7. Polarization curves for ion-plated films and Metglas 
2826A. 

dX 
= B , t - .  [ 7 ]  

d t  

For Ebri te  in 1M NaC1, n ~ 1. Thus from Eq. [6] 

i - -  A # t  

Since i is proport ional  to the rate of growth of the 
oxide layer we have 

Thus 

i , - -  C 
d X  

d t  

dX C' 
= ~ [8] 

dt t 

In tegrat ion of [8] gives the logari thmic oxidation 
equation~ 

X - -  a + b l o g t  [9] 

In  the general  case where n 4= 1, integrat ion of Eq. 7 
gives 

X -- | Q ~ 

\ 

o r  

X~' = Kp �9 t [10] 

1 
where Kp = ( B i n ' ) n ,  and n" = .... 

When n ~ 0.67 (such as for the ion-plated films, or 
for Metglas 2826A specimen at 0.gv),  Eq. [10] gives 
the cubic oxidation relat ion 

X 8 = K p t  [11] 

where Kp = 27B1 a. Also, when  n ~ 0.5 (such as for 
Metglas 2826A at ~0.95V), we obtain the parabolic 
oxidation law 

X~ = Kpt [12] 
where Kp -- 4B12. 

Our observed transients  indicate that  no single model  
is adequate for explaining the full range of current  
decay behavior exhibited by the specimens. The passive 
layer  thickens by asymptotic growth kinetics in all the 
regions except that  of power law (16). The data in the 
T1 region also fit a logarithmic growth law as well as 
the modified form of the inverse logarithmic law due to 
Ghez (17). In  the power- law region, the passive layer  
thickens by logarithmic, cubic, or parabolic kinetics. 
The amorphous Metglas 2826A obeys either a parabolic 
or a cubic kinetic law, the ion-pla ted Fe-Cr  film obeys 
a cubic kinetic law, and the crystall ine Ebrite (Fe-Cr  
alloy) obeys logarithmic kinetics. 

Four  major  models have been suggested for in ter-  
pret ing film growth on metals, and various invest i -  
gators have at tempted to fit their  kinetic data to these 
models [see, for example, the review paper  of Brusic 
(18) and the more recent work of Lukac e t  al. (19)]. 
These models are: (i) that  of Mott and Cabi:era (20) 
wherein  1 / X  = A - -  B I n  t IX -- film thickness, t = 
time, A and B are constants];  ( i t )  modification of (i) 
by Ghez (17) wherein 1 / X  - -  A '  - -  B '  In [ ( t  + t o ) / X  2] 
( i i i )  Sato and Cohen (21) wherein  X -- C 4- D In 
(t + to); and ( i v )  Fehlner  and Mott (22) where in  a 
different mechanism of growth than that of Sato and 
Cohen is postulated but  leads to the same funct ional  
relationship of X to t. 

Because our data give reasonably good fits to more 
than one of these functions over portions of the current  
decay it is not  possible to select a preferred model. 
Lukac et al.  (19) (for passive films on iron in a borate 
solution at pH 8.6) found a s imilar  si tuation wi th  re-  
spect to choice of model, al though they did not ob-  
serve the mult iple  regions reported here. They also 
encountered inconsistencies between the models and 
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the i r  observed  t e m p e r a t u r e  and po ten t ia l  effects. Their  
conclusion was that  e i ther  the exis t ing models  do not  
pos tu la te  the  correct  mechanism or  they  are  in need of 
modification. 

A Model for Passive Film Formation 
The observa t ion  of five dis t inct  pass ive layer  g rowth  

regions m a y  be mode led  as 5ollo ws. I t  is assumed that ,  
at  the  res t  potent ia l ,  there  a re  one or  two monolayers  
of meta l  o x i d e / h y d r o x i d e  on the me ta l  suriace.  Upon 
appl ica t ion  of a vol tage step, oxide  nucleat ion takes  
place by  the growth  of discrete  oxide is lands on top 
of the in i t ia l  l ayers  jus t  discussed. I t  is assumed tha t  
a large  n u m b e r  of nuclei,  No, is formed ini t ia l ly ,  and 
g rowth  proceeds  by  p l ana r  diffusion pa ra l l e l  to the  
surface of the  specimen.  The cu r r en t - t ime  re la t ion for  
" ins tantaneous"  nuclea t ion  and  growth  is given b y  (17, 
23, 24) 

i --  qmon~82D exp ( - -  x82DNot) [13] 
or 

i = io exp ( - - k t )  [14] 

where  0 is a constant  dependen t  on the potent ial ,  the 
molecu la r  weight  M, and dens i ty  p of the oxide;  D is 
the diffusion coefficient of the me ta l  cation, and 

zFlp 
qmon -" M 

equals  the  charge involved  in  the  fo rmat ion  of a mono-  
l a y e r  (coulombs cm -2)  where  Z -= he ight  of edge, cm. 
The To region corresponds to the " ins tantaneous"  for-  
mat ion  of a ve ry  large number  of discrete  nuclei  (No) 
on the spec imen surface immed ia t e ly  fol lowing the 
appl ica t ion  of a vol tage  step, where  the  t e rm k in Eq. 
[14] is equal  to 1/To. 

The pass ive  l aye r  next  th ickens  by  f ie ld-ass is ted 
diffusion and h igh  field migra t ion  of cations. In this 
region,  the cur ren t  densi ty,  i, depends  on the ra te  of 
cat ion t r anspor t  th rough  the diffusion l a y e r  away  f rom 
the e lec t rode  surface into bu lk  solut ion 

d N  
i -- Z F - -  [15]" 

dt  

where  z ---- n u m b e r  of e lectrons removed  from a meta l  
a tom as i t  is oxidized,  F ---- the F a r a d a y  constant ,  and 
d N / d t  = n u m b e r  of mols reac t ing  in uni t  t ime. The 
reac t ion  ra te  is governed by  the cation diffusion. F r o m  
Fick ' s  first law, we have,  assuming concentra t ion po-  
la r iza t ion  

dN C o -  C 
: DS  - -  [16] 

dt  5* 

where  D = diffusion coefficient of cation, S = surface 
a rea  of specimen, Co and C are  the cation concent ra-  
tions at  the e lect rode and in bu lk  solution, respect ively,  
and 5* is the bounda ry  (diffusion) l aye r  thickness.  

The reac t ion  rate,  d N / d t ,  is equal  to the increase in 
cat ion concentra t ion in a solut ion of volume,  v. Thus 

dN d(Co  -- C) 
: -- v [17] 

at dt 
Thus 

d(Co --  C) 
= -- z F v  [13] 

dt  

F r o m  Eq. [16], [17], and [18] 

di DS  d ( Co -- C) DS 
~ - :  -- z F - -  . =  . . . .  i 

dt  8* dt  5*v 

In tegra t ion  of Eq. [19] gives 

- -  " t  i ---- io exp 8" v 

[19] 

[20] 

which is of the form 

i --  io exp ( - - k ' t )  [21] 
where  

SD 1 

5 * V  2;1 

Equat ion [20] has been obta ined  by  assuming concen- 
t ra t ion  polar izat ion,  bu t  is also val id  for polar iza t ion  
due to an act ivat ion overpotent ia l .  

Owing to the  very  high ra te  of passive l aye r  growth  
in the ~1 decay region jus t  discussed, the l aye r  formed 
in this region is not  wel l  developed,  but  has a porous, 
loose structure.  The amount  of poros i ty  in the in i t ia l ly  
formed passive layer  depends  on values of the potent ia l  
step. Mul ler ' s  model  for pass iv i ty  (25) helps  to expla in  
the mechan i sm of pore  format ion  dur ing  the  in i t ia l  
stages (To stages) of l aye r  bui lding.  According to this 
model,  the passive l aye r  is nuclea ted  at  cer ta in  points  
and extends  ou tward  over  the meta l  surface as a l ayer  
of un i fo rm thickness.  The degree of coverage of the  
meta l  surface depends  on the number  of nuclea t ion  
sites on the me ta l  surface ,during the To stage, and the 
uncovered  areas  give rise to a ne twork  of pores which 
become t rapped  as the l aye r  thickens in the  TI region.  
High electr ic  field s t rengths  exist  in the  v ic in i ty  of the 
pores, and at  some character is t ic  l aye r  thickness cor-  
responding to t ime T1, the  act ivat ion energy  for oxide 
growth  in the  pores  ( leading to pore  filling) becomes 
less than  that  for the  cont inued th ickening of the l aye r  
by  the diffusive movement  of cations to the f i lm-solu-  
t ion interface,  which  is l imi ted  b y  the ra te  of diffusion 
through the bounda ry  layer .  Thus the pore-f i l l ing 
mechanism becomes dominant ,  l ead ing  to the  power -  
law re la t ion  

i = A t  - n  

In time, the passive l aye r  becomes less porous as a 
resul t  of: (i) pore  filling, and (i i)  decrease in pore  
dens i ty  wi th  increase  in thickness in accordance with  
the  re la t ion (26-28) 

Np -- A X  - m  

where  Np = pore  dens i ty  (pores cm-~) ,  X --  film 
thickness,  and A and m are constants  wi th  m ~ 2 to 3. 

The pore-f i l l ing  mechanism becomes l e s s  impor t an t  
as the  passive l aye r  becomes less porous, and  a f ield- 
assisted diffusion and ion migra t ion  mechanism be -  
comes dominant  resul t ing  in a new exponen t ia l  decay 
(T2 region) .  Var ia t ion  of T2 wi th  t ime for high values  
of the  anodic vol tage  could be due to an increase in 
the act ivat ion ene rgy  for ion t ransfe r  wi th  increas ing 
thickness of the passive l aye r  in this region, poss ibly  
due to change in l aye r  composition. 

The expe r imen ta l  resul ts  show tha t  the  p o w e r - l a w  
region  is absent  in the .case of "bulk"  amorrphous  Met-  
glas, and the ion -p la t ed  film at 13 cm subs t ra te - souree  
distance, at low values  of the  anodic voltage.  This might  
be expla ined  by  the h igh - reac t iv i ty  of the amorphous  
s t ruc ture  and the surface morphology.  For  low values 
of anodic voltage,  the re la t ive ly  smal l  field in the film 
resul ts  in a modest  g rowth  ra te  so tha t  a l l  surface 
nuclea t ion  and growth  sites are  fu l ly  act ivated.  Since 
v i r tua l ly  every  surface site is a nuclea t ion  site on the 
h igh ly  reac t ive  surface, a dense, r e l a t ive ly  po re - f r ee  
passive l aye r  develops f rom the ve ry  start .  On the other  
hand, for  high values  of anodic voltage,  a high growth  
ra te  resul ts  f rom the r e l a t ive ly  high electr ic  field and 
h igh  cur ren t  density.  Passive l aye r  g rowth  at  the most  
act ive nucleat ion sites may  be so rap id  tha t  the de -  
ve lopment  of o ther  sites is bypassed.  This would  lead  
to a porous s t ructure  for the ini t ia l  pass ive layer  (To 
and ~1 regions) .  In the  case of c rys ta l l ine  Ebri te ,  the 
specimen surface is less react ive  and fewer  nuc lea-  
t ion centers  m a y  be expected  both for  low and for 
high values  of anodic voltage. A considerable  leve l  
of poros i ty  should therefore  exis t  in the  passive l aye r  
formed at  low as wel l  as high voltages,  and this m a y  
be  associated wi th  observat ion  of the  p o w e r - l a w  re -  
gion for a l l  the values  of  vol tage steps. 
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Summary and Conclusions 
The transient data from the voltage-step technique 

reveal several distinct regions in the behavior of cur- 
rent with time. The results indicate that the process 
of passive layer formation can be very complex and 
cannot be fully explained by a single mechanism. The 
various regions have been attributed to different 
mechanisms that successively become dominant. The 
regions may be modeled in terms of: (i) the nuclea- 
tion of a large number of oxide islands and lateral 
growth of these islands (To region); (it) initial rapid 
growth of a three-dimensional layer with a porous 
structure (31 region); (iii) pore filling together with 
continued film thickening leading to a denser, well- 
developed layer (power-law region); and (iv) thick- 
ening of the dense passive layer by a field-assisted 
diffusion mechanism (T~ region). The -~2 region may 
exhibit a time constant that increases with time (at 
high values of the voltage step) that might be due to 
changes in activation energy for diffusion in the oxide 
film as the film thickens. The experimental data in 
all the regions (except the power-law region) obey 
an asymptotic growth law; the data in the 31 region 
also fit the logarithmic growth law as well as a modified 
form of the inverse logarithmic law. In the power-law 
region, the growth kinetics-are logarithmic for the 
Ebrite substrate, parabolic for the ion-plated Fe-Cr 
films, and parabolic or cubic for the amorphous alloy 
(Metglas 2826A). 

The mechanisms of passive layer formation and 
their associated kinetics depend on the morphology 
of the surface. It has been found possible to reproduce 
the excellent corrosion resistance of certain "bulk" 
amorphous metal alloys by their vapor-deposited (ion- 
plated) film counterparts provided the film is suffi- 
ciently smooth. 

Manuscript submitted June 25, 1981; revised manu- 
script received ca. July 15, 1982. This was Paper 225 
presented at the Los Angeles, California, Meeting of 
the Society, Oct. 14-19, 1979. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1983 
JOURNAL. All discussions for the December 1983 Dis- 
cussion Section should be submitted by Aug. 1, 1983. 
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On The Limiting Rate Of Magnetoelectrolytic Deposition Via Pulsed 
Current 
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ABSTRACT 

Peak currents observed in magnetically assisted pulsed current  electrolysis are compared to peak currents observed in 
the absence of magnetic- fields and with theoretical  current  ratio relationships. The magnetic enhancement  effect, which 
has a min imum at an intermediate frequency, is interpreted in terms of a magnetohydrodynamic  model; a comprehensive 
theory is not available at present  for quanti tat ively accurate predictions. 

In  recent years, a number of researchers carried out 
studies of electrolysis via pulsating potential or current 
in the mass transport-controlled regime, especially 
from the viewpoint of efficiency with respect to d-c 
electrolysis. Despic (I) and Popov et al. (2) used the 
unidimensional unsteady-state diffusion equation with 
appropriate boundary conditions as their model, in 
terms of an effective current and potential defined as 
a time-averaged value over the pulsation cycle. Cheh 
(3) employed the concept of a diffusion layer thick- 
ness at the end of one pulse (0.01-0.1 mm, on an 
average, for cycles of I-I00 sec duration, respectively) ; 
later, Ibl (4) analyzed the efficiency of pulsed elec- 
trolysis in terms of the pulsed diffusion layer thick- 
ness-to-Nernst diffusion layer thickness ratio. His 
treatment leads to results quantitatively similar to 
Cheh's, although numerical discrepancies between the 
two approaches may be as high as 30%, with respect 
to Cheh's model, at large pulse durations and on-times. 
The comprehensive theoretical analysis of Cheh (3) 
yie lds  a r e l a t i ve ly  s imple re la t ionship  be tween  ( i p ) L ,  
the l imi t ing  cur ren t  dens i ty  in pulsed electrolysis  and 
(idc) L, the  l imi t ing  cur ren t  dens i ty  in d - c  e lectrolysis  

(~,p)L 1 
RL = - -  -- [ la ]  

( i d c )  L 8 
1 - -  - -  ~b (O, ,a2) 

where  

~ _ ~  1 

,~=I ( 2 n -  1) 2 

exp [ ( 2 n -  1)2a~] --  1 

exp  [ (2n  --  1)2ae] -- 1 
[ lb ]  

assuming per fec t  mix ing  and a 100% cathode cur ren t  
efficiency of me ta l  deposi t ion.  Compar ison with  exper i -  
men ta l  da ta  ob ta ined  by  Cheh in gold deposi t ion indi -  
cates modera te  to good agreement  wi th  theory,  at  least  
in the systems so far  invest igated.  

The quest ion of re la t ive  efficiency of pulsed elec-  
t rolysis  becomes even more  in te res t ing  in magneto= 
electrolysis  where  a (uni form)  magnet ic  field is super -  
imposed t r ansve r sa l ly  on the pulsed  potent ia l  or  cur -  
rent .  I t  has been r ecen t ly  demons t ra t ed  (5) that  in 
the  ins tance of ha l f - rec t i f ied  s ine -wave  potent ia ls  the  
l a rge r  the magne t ic  field s t rength,  the  l a rge r  the  ra t io  
of peak  currents  (observed in the  presence of the  
magnet ic  field wi th  respect  to the  absence of the mag-  
net ic  f ield),  bu t  as the f requency  is increased,  this 
ra t io  approaches  uni ty;  in o ther  terms,  pas t  a cer ta in  
f requency  the magne t ic  field effect becomes minimal .  
S imi la r  resul ts  were  obta ined  (6) wi th  rectif ied square-  
wave  pulses; moreover ,  the re  appears  to be a definite 
re la t ionship  be tween  frequency,  magnet ic  field s t rength  
and the potent ia l  drop be tween  electrodes beyond  
which  hydrogen  evolu t ion  at  the cathode prevents  the 
fo rmat ion  of a good=quali ty  meta l  deposit .  These re -  
sul ts  c rea te  a considerabIe incent ive  for  a thorough 

* Electrochemical Society Active M e m b e r .  
Key words: pulsed current,  magnetoelectrolysis,  copper deposi- 

tion. 

analysis  of the m a x i m u m  a l lowable  (i.e., l imi t ing)  
deposi t ion rates  in pulsed magnetoelectrolysis ,  wi th  

obv ious  potent ia l  gains for  indus t r ia l  e lectroplat ing.  

E x p e r i m e n t a l  
Aqueous  acidified copper  sulfate solutions were  elec-  

t ro lyzed using a pulsed electr ic  field wi th  a peak  vol t -  
age range of 1-3.2V and  a f requency range  of 1-1000 
mHz, obta ined  f rom a convent ional  signal  gene ra to r /  
amplif ier  assembly.  The magnet ic  field was genera ted  
by  a 5 kW Walke r  r egu la ted  d -c  e lec t romagne t  whose 
s t rength  var ied  be tween  4 ( res idual  flux dens i ty)  and 
685 mT at the appl ied  pole- face  separat ion.  The elec-  
t ro lyt ic  cell  was an open- top  8 cm long rec tangula r  
P lexig las  box where  two ver t ica l  copper  electrodes,  
wi th  act ive a rea  of 2.5 • 1.46 cm were  p laced  in 
grooves 5.8 cm apart .  A typica l  cu r r en t -po ten t i a l  va r i -  
ation, shown in Fig. 1, indicates  the  magnet ic  field 
effect in d-c  e lectrolysis  (used as re fe rence  condit ion) ; 
the  l imi t ing cur ren t  dens i ty  observed  in the  res idual  
field, 489 A / m  2 differs only  by  about  7 % from the theo-  
re t ica l ly  (7) computed  value  of 526 A / m  2. In the  r e l a -  
t ive ly  s t rong magnet ic  field of 685 mT, however ,  
no clear  l imi t ing cur ren t  p la teau  can be observed,  as 
shown in ear l ie r  work,  e.g., (8). Here,  the  l imi t ing 
cur ren t  dens i ty  (point  L in Fig. 1) is defined as the  
la rges t  value i, at  which b r igh t  deposi ts  can be p ro -  
duced. In  Fig. 2 the  combined effect of magnet ic  field 
s t reng th  and pulse  f requency  is demons t ra ted :  as the  
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Fig. 2. The effect of pulsation frequency on a magnetoelectrolytic 
copper deposition (Ai: max. potential drop at which bright deposits 
can be obtained; Bi: onset of visible H2 evolution at cathode). 

f requency  is increased,  both  the  m a x i m u m  voltage 
drop a l lowed for  producing  br igh t  deposits,  Vm, and 
the onset  vol tage for  visible H2 evolut ion increase. 
Vol tage  drops  be tween  points  Ai and Bi corresponding 
to the  same f requency  const i tute  a zone of i nde te r -  
minacy,  where  the  r e l a t ive ly  good qual i ty  of the cop- 
pe r  deposi t  is not  consis tent ly  reproducible .  F r o m  a 
technical  s tandpoin t  Vm is an impor tan t  design pa-  
ramete r  for such a magnetoe lec t ro ly t ic  cell, since i t  
represents  the  larges t  prac t ica l  vol tage  drop imposable  
be tween  the two electrodes.  As demons t ra ted  in Fig. 3, 
Vm is essent ia l ly  a l inear  function of the  magnet ic  flux 
dens i ty  at  a fixed pulsat ion f requency  and its value 
can be cons iderably  h igher  than  under  d-c  conditions. 

Analysis 
In o rder  to compare  the  efficiency of pulse mag-  

netoelect rolys is  to pu l sed -cu r r en t  e lectrolysis  i n  the 
absence of a magnet ic  field, it  is beneficial  to r e tu rn  to 
Eq. [1] and to consider  the specific instance where  
the off- t ime and on- t ime  per iods  are  equal.  Since 02 ---- 
e/2, Eq. [ lb ]  takes  the degenera te  form 

1 exp [1/2 ( 2 n - -  1 ) 2 a ~ - -  1] 

n=i ~ ( 2 n - - l )  2"  e x p [ ( 2 n - - 1 )  2 a O - 1 ]  

[2a] 
which m a y  be r ea r r anged  to read  
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Fig. 3. The variation of the maximum allowable voltage drop for 
producing bright cathode deposits in a magnetoelectrolytic cell 
with magnetic field strength and pulsation frequency. 

= 

1 ~ 1 1 --  exp [ --  1/z (2n -- 1) 2ae] 

~(0) = - 2  n:~r ( 2 a - -  t )  2 s inh [1/2 ( 2 n - -  1)~a0] 

[2b] 

At  inf in i tes imal ly  smal l  values of e, the l imi t ing values 
a re  

~2 

and 

l im ~ = 
0,--> 0 " ~ "  

l im Rn = 2 
8-~o 

On the o ther  hand, as 0 increases indefinitely,  the 
l imi t ing  values become 

l im ~ --  0 

and 
l im RL = 1 

In the in te rmedia te  range  the infinite series m a y  be 
t runca ted  to its first t e rm without  significant loss of 
accuracy,  when ae ~ 1.0, e.g., when ae = 1 the r igorous 
value  of r = 0.75786 compares  f avorab ly  with the 
s ing le - te rm approx imat ion  of 0.75542. In consequence, 
Eq. [1] may  be approx ima ted  at a good accuracy by  

1 
RL ~ [3] 

4 1 - -  ~-  V=ae 

~2 s inh (1/2 a~) 

In Fig. 4 the var ia t ion  of the theore t ica l  peak  cur ren t  
wi th  the (a0) pa r ame te r  is compared  to expe r imen ta l l y  
observed values  in the absence of a magnet ic  field 
and at  the highest  magnet ic  flux dens i ty  a t ta inable  in 
the  exper imenta l  apparatus .  The numer ica l  value  at 
a = 0.01224 s -1 was computed  from es t imated values  of 
the diffusion layer  thickness (5 --  0.339 ram) and the 
diffusion coefficient (D = 5.7 • 10 -6 cm2/s) of the 
e lectrolyte .  I t  is in teres t ing  to note tha t  a l though the 
e lec t ro ly te  was not  s t i rred,  the expe r imen ta l  ra t ios  of 
B : 4 mT do not  differ apprec iab ly  more  f rom the 
theoret ica l  re la t ionship  than Cheh's exper imen ta l  ob-  
servat ions in we l l - s t i r r ed  gold pla t ing solutions. On the 
other  hand,  e x p e r i m e n t a l  RL values  in the  presence of 
a t ransverse  magnet ic  field exhib i t  a s t rong posi t ive 
deviat ion f rom Cheh's model  at h igh frequencies  and 
seem to approach theoret ica l  (ip)L/(id~)L rat ios per -  
ta in ing to (~ --  ~2)/~ < 0.5 conditions. As shown by  
Cheh (3), for the genera l  case of an asymmetr ic  pulse 

0 
l im R L  " -  [ 4 ]  

aO~O 0 -  02 

hence the low-ae  t endency  at  B __= 685 mT in Fig. 4 
0 ~ 02 

suggests a rough ly  equiva len t  behav ior  of the  
0 

0.3, B = 0 case. 
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Fig. 4. Comparison of theoretical and experimental current peak 
ratios (the latter'refer to associated Vm values). 
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I t  is ins t ruc t ive  at  this  poin t  to compare  the  resul ts  
so far  ob ta ined  to Ibl ' s  p rev ious ly  quoted work  (4).  
In the specific case of 0~ --  0/2, Ibl ' s  me thod  y ie lds  in 
this  ins tance 

9. 
RL ---- 

[5a] 

9. 

- -  034955 % / ~ T  [5b] 

As shown in Table  I, the  d i sc repancy  be tween  Cheh's  
and Ibl ' s  model  increases  g radua l ly  as the pulsa t ion  
per iod  becomes l a rger ;  a t  0 < ,~3 sec the  d iscrepancy 
is p rac t i ca l ly  negl ig ib le  bu t  both  models  severe ly  un -  
de res t ima te  RL values  observed expe r imen ta l ]y  in the  
presence of magnet ic  fields. 

In  the  foregoing analysis  the  d -c  l imi t ing  cur ren t  was 
used as the  reference  quant i ty ,  fol lowing Cheh's and 
Ibl ' s  approach.  F u r t h e r  insight  is obtained,  however ,  
if  p e a k  cur ren ts  observed at  var ious  frequencies  bu t  
in the  absence of the magnet ic  field are  compared  to 
peak  currents  observed at the same frequencies,  but  in 
super imposed  magnet ic  fields the  peak  cu r r en t  rat io 

(ip) L ; m / ( i d c )  L Rp = 
(ip) L/(idD L 

Limi t ing  cur ren t  at  Vm, in the presence of a 
magnet ic  field 

= [6] 
Limi t ing  cur ren t  in pulse  electrolysis ,  in the  
absence of a magnet ic  field 

represen ts  d i rec t ly  the magner field effect in pulse 
e lectrolysis  wi thout  re ference  to d-c  conditions.  F igure  
5 compares  expe r imen ta l  values of Rp and the  (ip)L,m/ 
(idc) L rat io  wi th  the  theore t ica l  var ia t ion  of RL as the  
aa p a r a m e t e r  is var ied.  The curves indicate  tha t  a l -  
though the re la t ive  increase  in cur ren t  ampl i tude  wi th  
respect  to magne t ic  f ie ld-f ree  d -c  e lectrolysis  di -  
minishes  as a0 is increased,  the  magnet ic  field effect 
on l imi t ing  cur ren t  in pulse e lectrolysis  reaches  a r e l a -  
t ive m i n i m u m  a t  ar~ in t e rmed ia te  ae va lue  (i.e., at  an 
in t e rmed ia t e  f requency) .  The l a t t e r  finding cannot  be 
exp la ined  quan t i t a t ive ly  at the presen t  t ime b y  means  
of a fundamen ta l  phys ica l  model  due to our  incomple te  
unde r s t and ing  of a l l  processes involved,  bu t  a qua l i t a -  
t ive  in te rp re ta t ion  in terms of magne tohydrodynamic  
(MHD) pr inc ip les  can be offered. 

The s ta r t ing  point  is the  effect of the  MHD force 
genera ted  b y  the  in terac t ion  of  the  pulsed  electr ic  and 
the un i fo rm magne t ic  field. I f  the pulsed cur ren t  is 
r epresen ted  b y  its Fou r i e r  expans ion  with  ampl i tude  
ip and if  B~ is the  magn i tude  of the  magnet ic  flt, x den-  
sity, an MHD body  force pe r  uni t  e lec t ro ly te  volume 

Fd : ~-/PB~ + ~2~B~ ( - -1 )  I cos (2n + 1)~ /~ [7] 
n=0 2n + -~" 

is genera ted  in the  vector  di rect ion mu tua l ly  ue rpen -  
d icular  to the  d i rec t ion  of the  electr ic  and of the mag-  

M A G N E T O E L E C T R O L Y T I C  D E P O S I T I O N  

4.0 

Table I. Comparison of RL values at various lengths of the 
pulsation period 

RL 

B = O  B = 0  
Cheh's model  Ibl's model  Experimental  

s (Eq. [1]) (Eq. [5]) (B = 685 roT) 

0.5 1.94 1.93 3.20 
1.O 1.92 1.9l 2.92 
2.0 1.89 1.87 2.53 
3.83 1.85 1.83 2.27 

10 1.77 1.73 1.88 
20 1.68 1.64 1.80 

100 1.38 1.34 1.63 
1000 ~1.00 0.78 1.58 
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Fig. 5. The variation of current peak ratios in the presence and 
the absence of a magnetic field of Bo = 685 mT. 

netic field. This  pulsa t ing  l a te ra l  force field has a non-  
zero vector  curl  (9, 10) and  according to Kelv in ' s  
theorem 

1 1 
curl  [ ( i  • B) /#]  - -  m c u r l  (i • B) + (i  • B)  g r a d  

[8] 

i t  wi l l  genera te  a vor t ic i ty  field (o -" curl  v due  to i ts 
ro ta t iona l  na ture .  

(_) (_) 1 
D (o eo �9 grad  v := - -  cur l  [9] 

D--~" p - p ~ - - - 7  

Consider  first the f requency  zone to the r igh t  of the Rp 
m i n i m u m  in Fig. 5. In  this low f requency  range  the 
pulsa t ing  force and vor t ic i ty  field possess a r e l a t ive ly  
la rge  pene t ra t ion  dis tance pa ra l l e l  to the  e lec t rode  
surfaces in the associated bounda ry  layer ,  resu l t ing  in 
a concentra t ion grad ien t  field where  each pr inc ipa l  
component  (i.e., each grad ien t  e lement  in the  three  
Car tes ian direct ions)  is r ep resen ted  by  a non-neg l ig i -  
b le  magni tude .  The measured  cur ren t  is de te rmined  in 
the l imi t ing  range by  the concentra t ion grad ien t  com- 
ponent  normal  to the  e lec t rode  surface,  aC/Oy. In  o rder  
to compute  this quant i ty ,  the  convect ive-diffusion equa-  
t ion (s t r ic t ly  correct  only  at  ve ry  low active ion con-  
centra t ions)  

0C 
-f- v �9 g rad  C ---- D d ivg ra d  C [10] 

0t 

would  have to be solved wi th  app rop r i a t e  b o u n d a r y  
conditions,  if they, and the veloci ty  field v were  ac-  
cura te ly  known. As the f requency  is increased the vo r -  
t ic i ty  field genera tes  increas ing ly  la rger  oC/Ox and 
aC/6z components ,  hence the  cur ren t  th rough  the elec-  
t rodes becomes re l a t ive ly  smal le r  (wi th  respect  to 
pulsa t ion  in the  absence of the  magnet ic  field) as OC/ay 
becomes r e l a t i ve ly  smaller ,  hence Rp decreases.  As the 
f requency  of the pulsa t ing  field is increased to values  
shown to the lef t  of the  Rp m i n i m u m  in Fig. 5, the  
MHD force field begins to osci l late a t  smal le r  amp l i -  
tudes,  consequent ly  the genera ted  vor t ic i ty  field wi l l  
p roduce  aC/ax and aC/Oz grad ien t  components  wi th  de-  
creasing ampl i tudes;  the aC/Oy component  becomes 
re l a t ive ly  s t ronger  and cur ren t  th rough  the electrodes,  
hence Rp begins to increase: I t  is impor t an t  to r e m e m -  
ber  that  Rp is not  a d i rec t  measure  of oC/ay in the  
magnet ic  field, in as much as the denomina tor  in Eq. 
[5], also var ies  wi th  frequencies;  Rp is a measure  of the  
re la t ive  var ia t ion  of OC/Oy in a magnet ic  field wi th  re -  
spect  to aC/ay in the  absence of a magnet ic  field, at  a 
given frequency.  

The foregoing analysis  is based on pu re ly  MHD-or i -  
ented arguments ,  wi thout  consider ing kinet ic  aspects  of 
cathodic deposit ion.  As shown b y  the  theory  of cyclic 
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electroanalytical processes (11, 12), interaction with 
kinetic parameters becomes signficant only at much 
higher pulsation frequencies, unless the electrode-ki- 
netic rate is extremely slow. In the case of the elec- 
tronation of cupric ions and within the pulsation fre- 
quency range of this work MHD-based arguments ap- 
pear to be entirely adequate, although a quantitative 
MHD model cannot yet be proposed at this stage. 

Concluding Remarks 
Experimental data so far obtained and the preceding 

treatment of observations in magnetically assisted 
pulsed curren~ electrolysis demonstrate the beneficial 
effect of a magnetic field on transport rates in the pro- 
cess. Although the exact mechanism governing the 
effect of pulsation frequency on the relative transport 
enhancemen.t is not well understood, the approach 
presented here represents the first step towards a com- 
prehensive study of pulse-magnetoelectrolysis. Fast 
electroplating is one particular technology where such 
results might be potentially important. 

Manuscript submitted April 26, 1982; revised manu- 
script received ca. Aug. 27, 1982. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1983 
JOTJ~NAL. All discussions for the December 1983 Dis- 
cussion Section should be submitted by Aug. 1, 1983. 

Publication costs of this article were assisted by the 
University of Waterloo. 

LIST OF SYMBOLS 
a diffusion parameter in Cheh's analysis: a -- 

n2D/4~2 
B magnetic flux density vector; Bo its magnitude 

(unit employed is the millitesla with symbol 
raT) 

C electrolyte concentration 
D electrolyte diffusivity 
i current density vector 
(idc) L limiting current density under d-c conditions, 

and in the absence of a magnetic field 
ip current density amplitude in pulsed current 

electrolysis 
(ip)L limiting current density in pulsed current 

electrolysis, and in the absence of a magnetic 
f i e ld  

(ip)L,m as (ip)L, but in the presence of a magnetic 
field, corresponding to Vm 

RL ratio of (ip)L to (idc)•; Eq. [1] 
Rp defined in Eq. [5] 
t time 
V potential drop imposed between electrodes; 

Vm its maximum value allowed for bright 
cathode deposition 

v velocity vector 
x Cartesian coordinate along the electrode 

height 
y Cartesian coordinate normal to the electrode 

surface 
Z Cartesian coordinate parallel to the electrode 

surface 
8 thickness of the diffusion layer (d-c condi- 

tions) 
0 pulsation period; 02 off-time (half of the pul- 

sation period) 
p electrolyte density 
r vorticity vector; co ---- curl v 
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Electrodeposition of Tantalum Carbide Coatings from Molten Salts 
Kurt H. Stern* and Stanley T. Gadomski 

Chemistry Division, Naval Research Laboratory, Washington, D.C. 20375 

ABSTRACT 

Adherent tantalum carbide coatings have been deposited on nickel substrates from a ternary (Li, Na, K)F eutectic con- 
taining a few percent each of K2TaF7 and K2CO3.Tantalum and carbon are deposited simultaneously on the nickel cathode 
where they react to form the carbide at 750~ ~ The coatings are highly resistant to abrasion and are thermally stable to 
-600 ~ . 

The need in a variety of technologies to protect met- 
als from mechanical degradation caused by wear and 
erosion at increasingly higher temperatures has led to 
mu~ch recent activity in attempting the deposition of 
various coatings to serve this purpose. Refractory car- 
bides, because of their great hardness and good oxi- 
dation resistance, have become prominent candidates 
for such applications. 

Thus far, however, all of the deposition methods 
employed have drawbacks. Most of the methods which 
have been used for the preparation of carbides (1) 
produce the bulk material and thus are not suitable for 

* Electrochemical Society Active Member. 
Key words: ceramics, electrode. 

coatings. Deposition from the gas phase, either by re- 
action of halogenides with carbon-containing gases or 
by decomposition of carbonyls, appears to be a promis- 
ing method for applying coatings, but has not yet been 
fully exploited. Currently, the most successful com- 
mercial method appears to be plasma processing, in 
which finely divided carbides impinge directly on the 
surface to be coated. However, the method, which has 
so far been applied mainly to tungsten carbide deposi- 
tion, requires very high temperatures and is line-of- 
sight. 

Electrodeposition from molten salts, in contrast, 
offers the potential advantages of lower temperatures, 
the ability to coat complex shapes, and the fine control 
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tha t  can be  appl ied  to e lec t r ica l  var iables .  Weiss and 
A n d r i e u x  (2, 3) were  p r o b a b l y  the  first to show tha t  
r e f rac to ry  carbides  could be p r e p a r e d  by  e lec t rodeposi -  
tion. Carbides  of m o l y b d e n u m  and tungs ten  were  p ro -  
duced by  the e lectrolysis  of mel ts  conta in ing B~O3, 
Na~O, or  LifO, LiF,  an oxide  of  the meta l ,  and Na~CO8 
or Li~CO3 as the  source of the  carbon.  The bora te  mel t  
ev iden t ly  served  to dissolve the oxide.  Smal l  crysta ls  
were  p roduced  whose s to ich iomet ry  p r i m a r i l y  de-  
pended  on the  ca rbona te /ox ide  rat io.  More recen t ly  
Gomes and Wong (4) r epo r t ed  the deposi t ion of WC 
from an NaC1 me l t  conta in ing Na~WO4, a graphi te  anode 
serving as the source of carbon.  However ,  the i r  purpose  
was to produce  the ma te r i a l  ra~ther than  a coating; and  
in fact the  deposi t  d id  not  have the proper t ies  des i rable  
in a p ro tec t ive  coating. 

Ea r ly  work  on the e leet rodeposi t ion of r e f rac to ry  
meta ls  f rom mol ten  salts s imi l a r ly  did  not  lead to ad-  
he ren t  coatings.  Mellors  and  Senderoff  (5),  who cite 
much of the  ear l ie r  l i t e ra ture ,  seem to have  been the 
first to p roduce  sa t is factory  coatings. The key  fea tures  
of the i r  process include (i) fluoride as the only  anion, 
(ii) 15-75% of the  cat ion to be K +, Rb +, or Cs +, and 
(iii) the  absence of any  oxyan ion  wi th  which the  me ta l  
to be p la ted  could complex.  To fill these requ i rements  
the t e r n a r y  eutect ic  of L i F - N a F - K F  ( F L I N A K )  is ve ry  
sat isfactory.  Opera t ing  t e m p e r a t u r e  is 750~ ~ and 
the cur ren t  dens i ty  is I0-I00 m A / c m  2. The valence of 
the  cat ion to be p l a t ed  is ev iden t ly  fa i r ly  cri t ical .  Fo r  
example ,  for  tungs ten  it is -54.5, which is obta ined  by  
reac t ing  WF6(g)  wi th  W 'in the  mel t  p r io r  to e lec t ro l -  
ysis. Fo r  t an t a lum it is -55, which is easi ly obta ined  by 
dissolving K2TaF7 in the melt .  

We considered i t  possible tha t  the method  of Sender -  
off and Mellors  might  form the basis for the e lec t ro-  
deposi t ion  of r e f rac to ry  carbides.  I f  carbon could be co- 
deposi ted wi th  the metal ,  and if  the me ta l  and  carbon 
would  then react  on the  substrate ,  an adhe ren t  deposi t  
of ca rb ide  might  form. Ma jo r  quest ions were :  (i) 
whe the r  me~al ,and carbon would  reac t  be low 800 ~ 
since the  react ion be tween  the e lements  in bu lk  typ i -  
ca l ly  occurs nea r  1400 ~ (ii) whe the r  the ca rbona te  
serv ing  as the source of carbon, be ing  an oxyanion,  
would  in te r fe re  wi th  the  me ta l  deposit ion,  and  (iii) 
whe the r  ca rbona te  reduct ion in F L I N A K  would  yie ld  
carbon. 

As regards  the  las t  point,  Bar t l e t t  and Johnson (6) 
have  ca lcula ted  E ~ for  the  e lectrolysis  of pure  a lka l i  
me ta l  carbonates  as a f u n c t i o n  of t empera ture .  They  
find tha t  a l though the anodic react ion is a lways  

C03 ~"- = CO~ -5 ~/20~ -5 2e [I] 

there are four possible cathodic processes 

C03~- + 4e- = ,C + 3 03- [2] 

CO32- + 2 e -  = CO + 2 0 ~ -  [3] 

M n+ + ne --  M [4] 

2CO8 ~- -5 10e-  = C ~ -  + 6 0 2 -  [5] 

Which of these processes occurs is known  for the pure  
carbonates ,  bu t  is unknown  for a d i lu te  solut ion of 
carbonate  in FLINAK.  For  our method  to be feasible  
[2], (or conceivably  [5]) mus t  occur.  

Since the  p repa ra t ion  of a mel t  containing W +4-s is 
expe r imen ta l l y  somewhat  difficult, we decided to be -  
gin wi th  tan ta lum,  whose r equ i r ed  valence of -55 is 
eas i ly  ob ta ined  b y  the  addi t ion  of commerc ia l ly  ob-  
ta inab le  KzTaF7 powder .  

To our  knowledge  there  has been no previous  w o r k  
on the e lec t rodeposi t ion  of t an t a lum carb ide  in any 
form, and no successful  e lec t rodepos i t ion  of any  re-  
f rac to ry  carb ide  coating. 

Experimental 
Ma~erials.--Reagent grade  LiF,  NaF, and K F  were  

ind iv idua l ly  v a c u u m  dr ied  a t  450 ~ for s eve ra l  days.  

KeTaF7 (Alfa)  was used wi thout  p re t rea tment .  Re-  
a g e n t - g r a d e  anhydrous  K~CO3 was oven dr ied  at  120 ~ 
and s tored in a desiccator.  

Tan ta lum anodes were  obta ined  as 1/4 in. d iam rods 
f rom Mater ia ls  Research Corporat ion.  The ma te r i a l  is 
s ta ted  to be 99.996% pure.  Carbon anodes were  Y4 in. 
spectroscopic carbon. They  were  u l t rason ica l ly  cleaned 
in p ropanol  to remove  loose carbon par t ic les  and  oven 
dried.  

Rec tangu la r  cathodes,  5 • 0.8 cm, were  cut f rom 
Nickel  sheet  200 (Hunt ington  Al loys) ,  an a l loy of 
98.85% Ni, and  pol ished wi th  600 gr i t  SiC paper .  (How-  
ever, in l a te r  exper iments  pol ishing was found to be 
unnecessary.)  They were  we lded  onto long steel  rods 
at  thei r  na r row  end for immers ion  into the melt .  Be-  
fore immers ion  they  were  etched for 30 sec in a solu-  
t ion of HNOs, H2SO4, H~PO4, and acetic acid (3: 1: 1: 5), 
washed wi th  HgO, methanol ,  and  dried.  

Procedure.--All  pla t ing  exper imen t s  were  car r ied  out  
in a gas- t ight ,  cyl indr ica l  Inconel  reactor ,  6 in. in  d iam-  
e ter  and 18 in. long, posi t ioned in an  electr ic  furnace.  
At  the upper  end, a wa te r -coo led  annu la r  brass  flange 
was welded  onto the  Inconel  reactor .  The top was 
closed wi th  a brass  plate ,  bo l ted  to the  flange. Four  
brass  tubes were  screwed into th readed  holes in the 
top  of the  plate.  Electrodes and an a lumina - shea thed  
Chrome l -A lume l  thermocouple  passed th rough  these 
tubes into the  reactor  and were  e lec t r ica l ly  insu la ted  
f rom the reactor  wi th  Nylon Swage lok  fittings. Needle  
valves  in the top of the  reactor  pe rmi t t ed  evacuat ion 
of  the reactor  or the  passage of  gases into and out  of it. 

The mel t  was contained in a crucible,  3V~ in. diam, 
5 in. high, posi t ione d on a s tand wi thin  the  reactor .  In 
ea r ly  expe r imen t s  the crucible  was made  of Inconel,  
but  the  fluoride me l t  leached chromium out of the a l -  
loy. Subsequent  expe r imen t s  were  therefore  conducted 
in crucibles made of Nickel  200. 

The p red r i ed  mel t  components  were  weighed and 
mixed  in a d r y  box to give the composi t ion  of  the  
t e r n a r y  eutect ic  ( F L I N A K )  K F - L i F - N a F  (42-46.5- 
11.5 mol  percent ,  mp  457~ t rans fe r red  to the crucible  
and placed in the reactor .  A p p r o x i m a t e l y  800g F L I N A K  
were  used. 

The t empe ra tu r e  was s lowly  r:aised wi th  the reactor  
under  vacuum, for  2-3 days.  When  the t empera tu re  
had reached ,~500 ~ a flow of dr ied  and deoxygena ted  
argon was subst i tu ted  for the  vacuum. A t  this point  
var ious  purif icat ion procedures  were  t r ied.  If  no addi- 
tional purif icat ion was ca r r i ed  out, the  subsequent  de-  
posits were  of poorer  quali ty,  less adherent ,  and the 
cur ren t  efficiency was low. Since vo l t ammet r i c  curves 
indica ted  the  presence  of reduc ib le  impuri t ies ,  an elec-  
t rochemical  purif icat ion step was int roduced.  The  mel t  
was e lec t ro lyzed at  2-3V be tween  carbon electrodes,  
the  cur ren t  and to ta l  charge passed be ing  moni to red  
b y  an ammete r  and coulometer ,  respect ively .  Dur ing  
the e lectrolysis  the  cur ren t  d roppe d  cont inuously  unt i l  
i t  r eached  a final value  of  1/3 of i ts in i t ia l  va lue  a f te r  
,~0.2 equiva lent  6f charge  had  passed. Sol id  deposits  
(not fu r the r  ana lyzed)  were  vis ible  on the cathode. 

F o r  electrolysis  at 3V the cathode evolved gas when  
immersed  in water ,  indica t ing  the deposi t ion of a lka l i  
metal .  No change was obvious on the anode. Both p r e -  
electrolysis  e lectrodes were  removed  immed ia t e ly  af ter  
electrolysis.  5-10 weight  percent  (w/o)  K2TaF7 and the 
des i red  amount  of K2CO~ were  then added  to the  melt .  
(At  h i g h e r  t empera tu res  K~2CO~ appea red  to decom-  
pose before  dissolving.)  Elect rodes  were  then  inser ted  
in the  mel t  and the t e m p e r a t u r e  ra ised to 750~ ~ 
Usua l ly  the OCV was moni to red  with  an e lec t rometer  
(Pr ince ton  Appl ied  Research Model  136) unt i l  the  
vol tage stabil ized.  The effect of the  pur i f icat ion on the  
cu r ren t -vo l t age  curve  and the effect of t e m p e r a t u r e  
on the  purif ied mel t  are  shown in Fig. 1. 

Elect rolyses  were  car r ied  out  wi th  e i ther  a po ten t io-  
star (PAR Model  173) equipped  wi th  a p lug - in  Model  
179 coulometer ,  o r  (at  cur ren ts  > 1A),  a Hewle t t -  
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Fig. 1. The effect of electrolysis and temperature on current- 
voltage behavior of FLINAK. Graphite electrodes. 

Packard Model 6264B Power Supply and Koslow Model 
541 Coulometer. Both constant  current  and constant 
voltage electrolyses were tried, but, after it was noticed 
that the I-V relat ion was not unique,  being dependent  
on factors such as the size of the anode, electrolyses 
were run  at constant  voltage since it is the dr iving 
force for the reaction that  is expected to control the 
na tu re  of the deposition reaction. In  general, 0.02 equi-  
valents of charge were passed, which was small  com- 
pared to the total amount  of carbonate present. 

After  electrolysis, electrodes were freed of adherent  
frozen melt  by ultrasonic cleaning and weighed to 
determine the current  efficiency. Coatings which ap- 
peared sound in  a low power optical microscope were 
fur ther  examined in a scanning electron microscope 
(AMR Model 1000). The composition of the deposit was 
determined by x - r ay  diffraction using a Norelco 
goniometer x - r ay  diffraction apparatus with Ni-filtered 
CuK~ 1 radiation. Selected coating specimens were 
epoxy mounted  and metal lographical ly polished to 
produce cross sections of the coating/substrate,  which 
were examined by SEM/EDXA (energy dispersive 
x - r ay  analysis) to establish the na tu re  of the coating- 
substrate interface and the disposition of the metals 
(by x - r ay  mapping) .  

Mechanical and thermal  tests were also done. For 
this, the cathode was cut with a carbide saw into 2-3 
pieces so that  all tests could be performed on the same 
sample. 

The apparatus used to obtain friction values was a 
"stick-slip" machine  which utilizes a sphere sliding on 
a plane surface. The slider in the "stick-slip" apparatus 
is attached to an elastically restrained friction arm, 
and the sample is clamped to a sliding platform so 
that the disk moves under  the steel (52100) slider. Two 
pairs of resistance s t rain gauges, bonded to the arm, 
measure the normal  and  tangent ia l  forces (load and 
frict ion).  

The sample was cleaned ul t rasonical ly  in acetone and 
then r insed with isopropanol. The sliders were cleaned 
by refluxing benzene in  a Soxhlet  extractor, stored in 
toluene, and when needed, removed and then r insed 
with copious amounts  of acetone and then isopropanol. 

Measurements were done dry-s l id ing in air, with 
the a rm loaded with a force of 9.8N.. Uni la tera l  t ra-  
verses were made at a sliding speed of 0.1 mm/sec.  

Hardness measurements  were made on a Tukon 
Microhardness heater, using loads ranging from 50 to 
1000g on a port ion of the coating which had been pol- 
ished to allow measurements  of the small  indents.  
Selected samples were tested for thermal  stabil i ty by 
hanging them into the hot zone of a furnace in quiet 
air and measur ing the weight change on a Cahn Model 
1000 recording microbalance while the temperature  
was raised over a period of several days. Weight 
changes of 0.1 m g  are easily detected. 

Results 
Several  kinds of p re l iminary  exper iments  were car- 

ried out to ascertain whether  the process, as envisaged, 
was feasible. (A) To determine whether  the carbide 
would form, t an t a lum was plated between a Ta anode 
and a carbon cathode from a melt  containing dissolved 
Ta +5 (added as K2TaFT). Examinat ion  of the Ta-C 
interface by Auger  analysis showed the presence of 
carbidic carbon. (B) The role of the anode in the elec- 
trolytic reduction of CO82- seemed at first somewhat 
ambiguous. In  early exper iments  carbon anodes were 
general ly  .consumed, consistent with the results of 
Gomes and Wong (4) who used carbon anodes as the 
only  source of carbon in the electrolytic formation of 
WC from a chloride melt.  However, when  the fluorides 
were more carefully dried, carbon anodes no longer 
lost weight, even when carbonate was absent from the 
melt  and no carbide formed. It seems l ikely that  carbon 
reacts electrochemically to form fluoromethanes (7), 
but  only in the presence of moisture. There is also an 
"anion effect" on graphite electrodes in melts (8) but, 
the objective of this s tudy being carbide formation, 
fluoride electrochemistry was not pursued further.  It  
seems evident, however, that, since no carbide formed 
dur ing tan ta lum plat ing from shorted t an ta lum and 
graphite anodes when  the melt  contained no carbonate, 
the anode did not serve as a carbon source. 

In  early experiments  it seemed that this a r rangement  
produced better  deposits, but  as the purification of the 
melt  improved, the carbon anode seemed to serve no 
useful purpose and the final a r rangement  consisted of 
t an ta lum as the only anode. 

To gain some insight  into the cur rent -vol tage-com- 
position relations of the deposition process, cur rent -  
voltage curves were run  for the cells TalFLINAK 
K2TaFTINi and C]FLINAK -t- K2CO~INi. To avoid ex- 
ceeding the 1A l imit  of the potentiostat  the cathode 
consisted of a Ni wire, 1.6 mm diam, immersed to a 
depth of 5 cm. Figure 2 shows the current-vol tage  
curve for several concentrations of Ta +~. The reasons 
for the crossing of the lines at low applied voltages is 
not clear, but  at higher voltages the current  increases 
with increasing Ta +5 concentration, as expected. A 
more informative view is shown in Fig. 3, which gives 
the current  as a function of Ta +5 concentrat ion at 
various voltages. Par t icular ly  at higher voltages, l imi t -  
ing currents  are reached beyond which addit ional  
solute does not lead to increased current,  p resumably  
because the current  is l imited by  the reduction kinetics 
at the cathode surface. The l imit ing concentrat ion is 
reached between 5-10 w/o, the concentrat ion range 
suggested by Mellors and Senderoff (5) for Ta plating. 
Corresponding curves for the carbonate reduct ion are 
shown in Fig. 4 and 5. Even at the highest voltages the 
l imit ing concentrat ion lies below 0.5%. The deposit 
formed was carbon, showing that  reaction [2] occurred 
and indicat ing that one prerequisi te for carbide for- 
mat ion was met. On the basis of these curves it was 
expected that  very low c.arbonate concentrat ions would 
be sufficient to yield an adequate amount  of carbon for 
carbide deposition, i.e, for a fixed Ta-Ni potent ial  dif-  
ference the Ta +5 and CO82- concentrat ions could be 
adjusted to yield approximately equal par t ia l  currents  
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Fig. 2. Current-voltage behavior of the cell TaJFLINAK + 
K2TaF~]Ni for various K~TaF~ concentrations at 750 ~ 
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Fig. 4. Current-voltage behavior of the cell C]FLINAK + 
K2COBTNi for various K~CO~ concentrations at 750 ~ 

for  the  two processes.  However ,  this  t u rned  out  not  to 
be the  case and  much  l a rge r  ca rbona te  concentra t ions  
were  requ i red  to y ie ld  carb ide  deposi ts  (cf. Fig.  6). 

Numerous  p la t ing  exper iments  were  run  in a some-  
wha t  Edisonian  fashion, to find condit ions which  would  
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Fig. 5. Current-concentration curves at various voltages for the 
data in Fig. 4. 
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l ead  to carb ide  format ion.  The concentra t ions  w e r e  at  
first selected on the basis of  Fig. 2-5 which  show tha t  
(i) the  l imi t ing concentra t ion  for t an t a lum pla t ing  
is reached  near  7.5 w /o  K2TaFT, i.e., higher  solute 
concentrat ions  do not  lead to h igher  cur ren t  and  Mel -  
lo ts  and  Senderof~ had  found this concentra t ion  to be 
su i tab le  for t a n t a l u m  pla t ing;  and (ii) the  limiting�9 
cur ren t  for carbon depos i t ion  (CO~ 2-  reduct ion)  is 
reached at  much lower  concentrat ions  and h i g h  oxy -  
anion concentrat ions  were  repor ted  (5) to in te r fe re  
wi th  t an t a lum reduct ion.  Since  5 e lect rons  are  requ i red  
for  t an t a lum pla t ing  and 4 e lec t rons  for CO32- reduc-  
tions, concentra t ions  of K~TaF~ and  K2CO~ were  
chosen in  the  region  a round  equal  pa r t i a l  currents  of 
the  t w o  processes. To l imi t  the n u m b e r  of var iab les  
the  K2TaF7 concentra t ion was kep t  cons tant  in a l l  ex -  
pe r iments  a t  7.5 w/o.  Since the  d r iv ing  force for the 
deposi t ion of carbon is p rovided  by  the voltage,  the  
composit ion of the  deposi t  might  also be expec ted  �9 to 
v a r y  wi th  voltage.  Fo r  t a n t a l u m  deposi t ion this is not  
the  case since a t an t a lum anode was used. 

F igure  6 is a map  showing deposi ts  ob%ained at  v a r i -  
ous vol tages and K2CO~ concentrat ions.  Severa l  sym-  
bols a t  a pa r t i cu l a r  coordina te  ind ica te  tha t  e i ther  
x - r a y  l ines of more  than  one ma te r i a l  were  observed  
f rom a s ingle  deposit,  or  tha t  d i f ferent  deposi ts  were  
'obtained in different  exper iments  under  nomina l ly  the  
same conditions.  As regards  this las t  point,  i t  mus t  be 
emphasized tha t  the  carbonate  concentratiol~ is based 
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Fig. 6. Dependence of coating composition on voltage and car- 
bonate concentration. 
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on the weighed quant i t ies  of K2COa only, and the re  is 
now no good method  for a l lowing for  decomposit ion,  if 
any,  and  loss of  ma te r i a l  by  plat ing,  s ince cur ren t  effi- 
ciencies a re  never  100%. Nevertheless ,  i t  can be seen 
f rom Fig. 6 that  (i) no carbide  is deposi ted at  low 
voltages and low carbonate  concentrat ion,  con t ra ry  to 
wha t  would  be expected f rom the cur ren t -vo l t age  
curves in Fig. 2-5; (ii) TaC is formed only at  high 
vol tages and carbonate  concentrat ions  of 3-4%; and 
(iii) Ta2C, e i the r  a lone or  in combinat ion  with  Ta and 
TaC is formed ove r  a f a i r ly  wide range  of condit ions 
and is the carb ide  usua l ly  observed.  We have no way  
at  present  of  appor t ion ing  the contr ibut ion  of each 
const i tuent  (Ta, Ta2C, TaC) in any pa r t i cu l a r  deposit .  

Ano the r  impor t an t  p a r a m e t e r  in e lect rodeposi t ion is 
cur ren t  efficiency. For  pure  Ta deposi t ion this is as 
high as 85% even at  1% K2CO3 and  100 mV, but  drops 
as the  vol tage (and there fore  the cu r ren t )  is increased.  
For  mixed  deposi ts  the cur ren t  efficiency cannot be cal -  
cula ted  exactly,  a l though it  can be es t imated  since the  
weight  of deposit/0.1 equiv, is 0.360g for  Ta, 0.258g for 
Ta2C, and  0.200g for  TaC. In general ,  the  C.E. de-  
creases wi th  increas ing carbonate  concentra t ion and 
voltage. Fo r  example ,  for  Ta2C deposi ted at  1% K2COs 
and 0.4V, C.E. = 57%, bu t  for  the mixed  Ta2C-TaC 
deposi t  at  3% K2CO8 and 0.SV, the C.E. is only  10%. 
Thus, f rom a prac t ica l  v iew poi/~t, the presen t  method  
is most  sui ted  to the deposi t ion of Ta2C. 

Deposits were examined  in two addi t ional  ways:  
SEM pictures  were  t aken  of the surface, and m e t a l -  
lurg ica l  cross sections of the coa t ing / subs t r a t e  were  
examined  by  SEM/EPXA.  F igure  7a shows the surface 
of a Ta2C-coated nickel  coupon at  a magnificat ion of 
2000• The dense and ho le - f ree  na tu re  of the deposi t  
is c lear ly  evident .  F igure  7b shows an opt ical  view, 
and Fig. 7c and d the Ta and Ni x - r a y  maps,  respec-  
t ively,  of the coating cross section. The deposit ,  which 
is ~10 ~ n  th ick  consists of two zones: (a) a region 
nea r  the Ni-coat ing  in ter face  conta ining both Ni and 
Ta, p robab ly  a Ni -Ta  a l loy formed by  diffusion and (b) 
a zone fu r the r  nut, which consti tutes the  t rue  carbide  
coating. An  Auger  Microprobe profile of  the diffusion 
zone shows tha t  n ickel  decreases and t an ta lum in-  
creases wi th  dis tance f rom the subs t ra te  surface. I t  is 
p robab ly  this diffusion zone which is responsible  for 
the exce l len t  adherence  of the coating. 

Mechanical tests.--Figure 8 shows the coefficient of 
fr ict ion of a typica l  Ta2C coating. The plot  of coeffi- 
cient of f r ic t ion vs. number  of un i l a te ra l  t raverses  
shows tha t  a f te r  25 passes, the fr ic t ion coefficient has 
r isen to 0.34 f rom an ini t ia l  value  of 0.18. The ini t ia l  
va lue  of 0.4 is p r o b a b l y  caused b y  a p ro t rud ing  grain.  
(In some samples  there  was no change at  all.) The 
coat ing is ve ry  durable ,  wi th  no vis ible  signs of the 
coating flaking off the  sample.  No "s t ick-s l ip"  behav ior  
was observed.  

Fig. 7. Typical tantalum carbide coating (a) surface, (b) cross section, (c) nickel x-ray map of cross section, (d) tantalum x-ray 
map of cross section. 
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Fig. 8. Friction coefficient of tantalum carbide coating on nickel 

Prof i lomet ry  on the  resu l t ing  sample  was pe r fo rmed  
wi th  a Tay lo r -Hobson  Ta lysur f  4. No measurab le  wear  
had  taken  place on the coat ing surface, e i ther  pe r -  
pend icu la r ly  measured  across the t r ack  or in the t r ack  
itself. The or ig inal  surface is somewhat  rough and 
grainy,  so tha t  minu te  ma te r i a l  losses were  unobserv-  
able on the scale requ i red  by  the recorder .  

The  resul ts  of a typ ica l  hardness  test  are  shown in 
Fig. 9. At  a depth  into the  coat ing of 0.7 #m, hardness  
values  in the  ranges  of 1600-1800 k g / m m  2 were  ob-  
tained.  Measurements  on the pol ished n ickel  subs t ra te  
were  120 k g / m m  2 at  200g loads. 

Thermal tests.--The t i m e - t e m p e r a t u r e  behav io r  of 
al l  the  samples  tes ted was the same in its ma in  fea-  
tures,  a l though  some differences were  observed which 
we have  not  been able  to corre la te  wi th  coating s t ruc-  
ture.  Up to 400 ~ no weight  change is observed.  Be tween  
400 ~ and 500 ~ the weight  increases by  a few mi l l ig rams  
(for a 1.5g sample)  over  a per iod  of severa l  hours to 
2-3 days.  Above 500 ~ this  weight  gain  becomes more  
rap}d, a l though this var ies  f rom sample  to sample.  A 
few showed no weight  change to 650 ~ . A t  t empera tu re s  
be tween  550 ~ and 700 ~ weight  gain is rapid,  subsequent  
to which weight  loss occurs stepwise,  corresponding to 
spa/ l ing of  coat ing par t ic les .  The final p roduc t  is pale  
yel low, identif ied f rom its x - r a y  powder  pa t t e rn  as 
Ta2Os. Since weight  gains f rom the oxida t ion  of n ickel  
are  negl ig ible  over  this  t empe ra tu r e  range,  the ent i re  
weight  gain can  be a t t r ibu ted  to the  oxida t ion  of t an-  
ta lum,  the  weight  loss caused b y  the oxida t ion  of ca r -  
bon be ing  smal l  b y  comparison.  

Discussion 
This work  consti tutes,  to our knowledge,  the  first 

e lec t rochemical  synthesis  of t an t a lum carbide  and also 
the  first e lec t rochemical  deposi t ion of dense,  abras ion-  
res i s tan t  coatings of this mater ia l .  The method  consists 
of co-deposi t ing  t an t a lum and carbon b y  the s imul tane-  
ous reduct ion  of Ta +5 and CO32- f rom a(Li ,  Na, K ) F  
eutect ic  a t  750=-800~ and the  subsequent  reac t ions  of 
the  e lements  to form the  carbide  
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Ta +-~ + 5e- - Ta ~ [6] 

CCh~- + 4e- = C + 3 02- [2] 

Ta + C = TaC [Ta] 

2Ta + C = TasC [Tb] 

Because of its general applicability, this method, ap- 
propriately modified, should lead  to the e lec t rodepos i -  
l ion of o ther  r e f rac to ry  ca rb ide  coatings. Tungs ten  ca r -  
b ide  coatings have  a l r e a dy  been  p repa red  and wil l  be 
r epor ted  soon. Work  on o ther  carbides  is in progress.  

Al though  the  process  descr ibed has resu l ted  in t an ta -  
lum carbide  coatings, the  de ta i led  chemis t ry  of the 
process is not  wel l  unders tood .  Senderoff  and  Mellors  
(5) s tudied  t an t a lum deposi t ion f rom a lka l i  me ta l  fluo- 
r ide  meta l s  b y  chronopoten t iomet ry  and descr ibe  the 
overa l l  process [6] in te rms of two successive reac -  
tions: (a) the diffusion-control led,  revers ib le  reduct ion  
of Ta +~ to a s l ight ly  soluble  form of Ta +2 

[TaF]72-  + 8 e ~  T a F t ( s )  + 5 F -  [8] 

(b) less is known  of the  second step, which is i r r e -  
vers ible  

TaF2(s)  + 2e--> Ta  + 2 F -  [9] 

For  example ,  it  is not  c lear  whe the r  TaF~ is depos i ted  
on the cathode and reduced  there,  or  whe the r  TaF~ 
diffuses away  from the cathode into the mel t  sa tu ra ted  
wi th  i t  and  is subsequen t ly  reduced.  

Nothing is known of the  mechanism of carbonate  r e -  
duct ion in fluoride mel ts  a l though a good dea l  of work  
has been repor ted  on the mechan i sm of reac t ion  [2] 
in mol ten  carbonates  (9, 10) and KC1-NaC1 (11). Such 
studies, as wel l  as kinet ic  work  on the  s imul taneous  
reduct ion  of Ta and C, would  a id  in unde r s t and ing  the 
mechanism of carb}de format ion  and lead  to be t t e r  con- 
t rol  of the  coat ing composition, which  is ev iden t ly  re -  
la ted to both  composi t ional  and  e lec t rochemical  v a r i -  
ables. 
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Electrodeposition of Nickel by an Asymmetric Periodically Reversed 
Step Current 
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ABSTRACT 

We report  the investigation of high current densi ty (-0.15 A/cm 2) nickel  electrodeposit ion with a periodically reversed 
step current and the characterization of the surface morphology of the coatings thus produced.  The deposits show micro- 
structure coherency, characteristics of columnar growth, diameter  and shape of growth features, and porosity, which are 
current controlled. For the same total deposi ted mass, the deposit  thickness is shown to be a function of periodically re- 
versed step current parameters.  The control of deposi t  layers allows the fabrication of nickel  coatings with well-defined 
mechanical  and electrocatalytic properties. 

Metal  p la t ing  under  s teady  cur ren t  dens i ty  m a y  re -  
sult  in an i r r egu la r  morpho logy  of  the  deposi t  idue to 
the  deple t ion  of ions at  the cathode. Methods involv-  
ing agi ta t ion or  a i r  sparg ing  m a y  reduce  this p rob lem 
by decreas ing the thickness  of the diffusion layer ,  
but  pulse  techniques have been shown to provide  the 
best  method of obta in ing good fi l l ing and coherency 
of  the deposi t  (1). 

I t  is known that  meta l  deposi t ion with  high cur ren t  
dens i ty  resul ts  in a g rea te r  un i formi ty  of the l ayer  
thickness if the  e lect rodeposi t ion is pe r fo rmed  by  a 
pulse technique 1-3). The potent ia l i t ies  of revers ing  
cur ren t  in p la t ing  pract ice  have  been  inves t iga ted  
by  severa l  workers  (4-8).  They  have shown tha t  
opera t ing  cur ren t  densi t ies  can, in some cases, be con- 
s ide rab ly  increased compared  with  no rma l  d-c  depo-  
sition, and  duct i le  deposits  can  also be obtained.  A 
de ta i led  survey  of the effects of pulsed cur ren t  on 
var ious  processes of p la t ing  and dissolution is given by  
Despic and Popov (9). In  the  presen t  work  a per iod i -  
ca l ly  reversed  step cur ren t  wi th  different  cathodic and 
anodic magni tudes  was used. The anodic per iods  were  
shor te r  t han  the cathodic ones, and were  ad jus ted  in 
such a w a y  tha t  al l  deposits  have the same amount  of 
nickel.  The deposi ts  show micros t ruc ture  coherency,  
co lumnar  growth  character is t ics ,  d iamete r  and shape 
of g rowth  features,  and poros i ty  which are  cur ren t  
control led.  This control  of micros t ruc tures  of the  de-  
posi t  l aye r  in a precise manner  al lows the fabr ica t ion  
of n ickel  deposi ts  w i th  wel l -def ined  mechanica l  and  
e lec t roca ta ly t ic  proper t ies ,  

The basic pr incip les  of the per iod ica l ly  reversed  
step technique used in this s tudy,  a re  schemat ica l ly  
i l l u s t r a t ed  in Fig. 1, where  the opera t ing  pa rame te r s  
of the  pe r iod ica l ly  reversed  cur ren t  s ignal  a re  de -  
fined. This s ignal  is charac te r ized  b y  the cathodic 
(deposi t ion)  cur ren t  density,  I+,  and the anodic (dis-  
solut ion)  cur ren t  density,  I - ,  as wel l  as by  the t ime 
periods,  t+ and t - ,  dur ing  which cur ren t  flows in the 
cathodic and anodic directions,  respect ively.  Natura l ly ,  
t+ > t -  and  t+ -t- t -  - -  T represents  the  full  per iod 
of the cur ren t  cycle. 

Experimental Method 
The cell  wi th  the e lec t rode  a r r angemen t  used for 

the e lec t ropla t ing  exper imen t s  is shown in Fig. 2. The 
Pla t ing  substrate ,  a grid, was ro ta ted  about  its axis 
at  a constant  speed (20 rpm)  in o rder  to smooth out  
local electr ic  field differences. 

Al l  gr id  subs t ra tes  used were  p repa red  f rom the 
same brass  piece. The brass  gr id  was in i t ia l ly  washed 
in a de te rgent  solution, mechanica l ly  scrubbed,  and 
then cleaned in the fol lowing sequence:  (i) degreas -  
ing  in methanol  for 15 rain; (ii) washing  in an a lka -  
l ine ba th  (KOH 10%) for 5 sec; (iii) r insing in dis t i l led 

" Electrochemical  ~oeiety Active Member. 
Key words: microfeatures, asymmetric reversed current, nickel 

electrodeposition. 

water ;  (iv) washing in an acid ba th  (H2SO4 5%) for 
5 sec; (v) washing in dis t i l led water .  

Al l  c ' ean ing  solutions were  at  25C. 
The n i cke l -p l a t ing  solut ion consisted of the fo l low- 

ing compounds dissolved in dis t i l led water :  NiSO4 �9 
6H20, 300 g .  1-1, NiC12- 6H~O, 45 g .  i -1, and H~BOs, 
30 g �9 1-1. This solut ion was s t i r red  at  80~ in a P y r e x  
beaker .  The countere lec t rode  was a nickel  sheet. The 
solution was hea ted  to 80~ pr ior  to each exper iment .  
The to ta l  n ickel  p la t ing  t ime was 12 min. Af te r  p l a t -  
ing, the  brass  meshes were  washed with  dist i l led wa te r  
and dried.  Smal l  pieces were  then .cut f rom the central  
a rea  of the meshes and mounted  in a mechanica l  sup-  
por t  for observat ion  under  opt ical  and e lec t ron micro-  
scopes. 

Dur ing  the first deposi t ion (Fig. 4a) the  cur ren t  
dens i ty  was a p p r o x i m a t e l y  0.10 A / c m  2. No insu la t -  
ing mate r i a l  was used for edge protec t ion  dur ing  
e lect ropla t ing.  

The fol lowing condit ions were  studied:  (i) s t eady-  
s ta te  ga lvanosta t ic  p la t ing  (Fig. 4a);  (ii) per iodica l ly  
reversed  step pla t ing wi th  T = 1 sec, t+ and t -  va r i -  
able  (Fig. 4b, 4c, and 4d).  The to ta l  charge was iden-  

I_ 

C urrent 

------ t+ ----,-  - t _ ~  

Fig. 1. Time dependence of current 

T ime 

LO =2 0 r.p.m. 

S a m p l e  

E l e t r o l y t e  level 

Porous Nickel Plates 

Fig. 2. Illustration of the electrode arrangement used for the 
electrodeposition. 
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tical in both steady-state and periodically reversed 
step (PRS) plating. 

Typical  cathode efficiency curves for the nickel 
plating bath are given by Wesley and Roehl (10). 
The measured pH of the plating solution was 4.5 
which corresponds to a cathode efficiency higher than 
90% at 80~ 

Results 

Scanning electron microscope (SEM) photographs 
of portions of the grid, Fig. 3 and 4 ( a ) - ( d ) ,  show dif- 
ferences in three dimensional morphology of the elec- 
trodeposits. 

In the PRS mode experiments constant current 
pulses were applied between the electrodes. The volt- 
age pulses displayed showed a rapid initial charging 
of the double layer  and a l inear voltage increase dur-  
ing the plating. The pulse width was chosen so as to 
maintain the current efficiency high, keeping the 
charging and discharging of the double layer at a low 
level. The deposition period was one second and the 
current was applied for 12 min. 

Figure 3 shows a low magnification (400)<) SEM 
photograph of a portion of the deposit obtained by 
using the PRS mode. The picture reveals a columnar 
microstructure of the deposit; it has a light gray color. 
At such low magnification all deposits with pulsed 
current show a similar structure. Higher magnifica- 
tion SEM photographs are necessary to analyze the 
mierostructure in more detail. 

Fig. 3. Typical scanning electron micrograph (400X)  taken from 
a brass mesh electroplated with nickel using current reversal. 

The deposit shown in Fig. 4(a) was obtained by 
applying a constant plating current. The average 
cathodic current density in this sample was about 
0.10 A/cm 2. The deposit has a poor quality. It has an 
incoherent and irregular  columnar microstructure. 
The microfeatures are randomly oriented and the de- 
posit is porous with a faulty structure. Figures 4(b) ,  

Fig. 4. Scanning electron micrographs (8000)<) taken from a brass mesh electroplated with nickel: (a, top left) plated with I+  - -  0.SA 
where i+  is the cathodic (deposition) current, t+ ~ 1 sec where t+ is the flowing time of the cathodic current, I ~  ----- 0 where I -  is an- 
odic (dissolution) current, and t -  ~ 0 where t -  is the flowing time of the aaodic current; (b, top right) !+  ~ 0.Th, t+  - -  0.75 sec, 
I -  ~ 0.1A, t -  ~ 0.25see; (c, bottom left) f+ ~ 1A, t+ ~ 0.Ssec, I -  ~ 0, t -  ~ 0.5 sec; (d, bottom right) I+  ~ 0.7A, t+ ~ 0.56 
sec, I -  - -  0.7A, t -  ~ 0.144 sec. 
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Table I. Deposition parameters 

Deposit 
thickness 

Sample I+ (A) I- (A) t+ (sec) t- (see) ~m lye (A) p/~o AQAe/Qvo 

a 0.3 0 1 0 8.6 0.5 1 0 
b 0.7 0.4 0.817 0.18 4.3 0.5 1.53 0.32 
e 0.7 0.7 0.856 0.14 3.3 0.5 2 0.34 
d 0.7 1 0.88 0.12 3.8 0.5 1.73 0.36 

4(c) ,  and 4(d)  show plat ings  obta ined under  per iod i -  
cal ly  reversed  step cur ren t  conditions.  They are  seen 
to have a ve ry  smooth appearance .  The sample  shown 
i n  Fig. 4(b)  was p la ted  using a constant  posi t ive cur-  
ren t  super imposed  on a pulsed square wave  wi th  depo-  
si t ion and dissolution periods.  There  is a significant im-  
p rovement  in s t ruc ture  coherency.  The dissolution of 
meta l  and the per iodic  re laxa t ion  of the diffusion fields 
p reven t  the deve lopment  of phenomena  that  appear  
under  d-c  condit ions of electrolysis.  The sample  shown 
i n  Fig. 4(c)  was p la ted  using a constant  posi t ive cur-  
rent  super imposed  on a pulsed square wave  resul t ing  
i n  a ne t  posi t ive pulsed cur ren t  on the cathode. The 
micros t ruc ture  obta ined  is s imi lar  to the  one shown 
~in Fig. 4 (b ) ,  except  that  the d iamete r  of the growth  
fea ture  is smaller .  The deposi t  shown in Fig. 4 (d)  
was obta ined wi th  a pulsed cur ren t  where  the nega-  
t ive ampl i tude  was l a rge r  than  the posi t ive one, but  
the deposi t ion per iod  was longer  than  the dissolution 
period, resul t ing  in the same total  posi t ive charge as 
in the deposi ts  shown in Fig. 4 (a ) ,  4 (b ) ,  and  4(c) .  
The deposi t  is dense and coherent,  and the micro-  
s t ruc ture  m a y  be cal led worm- l ike .  The resul t  i n d i -  

cates that  the dissolution cur ren t  densi ty  de termines  
the micros t ruc ture  when it  is l a rger  than  the depo-  
sit ion cur ren t  density.  

Other  deposits wi th  deposi t ion pa rame te r s  shown in 
Table I were  inves t iga ted  by  opt ical  microscopy and 
photographs  were  taken  from represen ta t ive  samples. 
Cross-sect ional  views of the n icke l -p la ted  brass  meshes 
are  shown in Fig. 5 ( a ) - ( d ) .  F igure  5(a)  shows the 
polished cross section of a n i cke l -p l a t ed  brass  wire  ob- 
ta ined  by  app ly ing  a constant  p la t ing  current .  F igures  
5 ( b ) - ( d )  show micrographs  of films deposi ted under  
PRS pla t ing  conditions.  The pla t ing pa rame te r s  are  
presented  in Table I together  wi th  the results  obta ined 
under  various p la t ing  conditions, (a) ,  (b) ,  (c) ,  and 
(d) ,  character ized by  dissolution and deposit ion,  cur -  
ren t  ampli tudes ,  and pulse widths.  The o ther  p a r a m -  
eters  shown are:  the measured  deposi ted l aye r  th ick-  
ness, which has a c lear  m in imum value, the deposi t  
l aye r  dens i ty  under  PRS conditions, p, normal ized  with  
respect  to the value found under  d-c  p la t ing  conditions,  
po, the constant  te rm of the Four i e r  series expansion of 
the p la t ing  cur ren t  IDC, and the rat io  of the  a l t e rna t ing  
charge in one cycle ~QAc, defined as (I+ --  I r e ) t +  = 

Fig. 5. Optical micmgrophs of cross-sectional views of nickel-plated brass meshes. (a, top left) D-C plating conditions: I +  = 0.5(,4); 
I -  ---~ 0, t+  ~--- I sec, t -  = 0. Micrographs of films deposited under a-c plating conditions: (b, top right) I +  ~ 0.7.4, I -  ~_ 0, t+  
0.817 sec, t -  " -  0.18 sec; (c, bottom left) I +  ~ 0.TA, I -  ~-~ 0.04A, t+  ~ 0.856 sec, t -  = 0.14 sec; (d, bottom right) I +  ~. 0.TA, 
I -  = 0.7A, t+  ~_ 0.88 sec, t -  - -  0.12 sec. 
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( I -  -F IDC)t--, to the deposited charge QDC in one cycle 
defined as IDc(t+ 4- t - ) .  

The deposited layer density under PRS conditions, p, 
normalized with respect to the value under d-c plating 
conditions, po, was then plotted as a function of the 
following parameters:  ratio of dissolution and deposi- 
tion currents, I-/I+ shown in Fig. 6(a) ,  dissolution 
and deposition pulse widths, t - / t + ,  shown in Fig. 6 (b), 
and AQAc/QDc shown in Fig. 6 (c). We observe that the 
PRS plated deposits display a more even thickness 
than the d-c plating deposit. 

A deposited mass of 0.0801g was obtained for the d-c 
plating. For the PRS plating, the smallest deposited 
mass was 0.0738g. The difference between them is less 
than 10%. The lower cathode efficiency for PRS plating 
is due to the charging and discharging of the double 
layer. 

D i s c u s s i o n  
This paper  shows how periodically reversed step 

currents affect the microstructure and porosity of elec- 
troplated nickel. In order to compare various deposi- 
tion conditions, the total current was maintained con- 
stant while the sample was rotated for averaging the 
total electric field. In d-c plating, portions of the metal  
deposit grov~ faster than the rest of the deposit due to 
local electric field inhomogeneities, which result in a 

nonuniform surface. The asymmetrical  pulsed elec- 
trolysis corrects this problem by deplating metal pref-  
erential ly at points of highest potential gradient and 
replenishing the depleted layer of ions facing the elec- 
trodes. During the subsequent pulse, metal is uni- 
formly deposited over the whole growth front. 

It is believed that the anodic pulses, in addition to 
removing protrusions on the surface, may also act to 
remove precursory defective solid material.  The 
periodic regression of t h e  solid interface removes 
species blocking the interface along with the solid ma- 
terial, thus yielding, adsorption-free, crystall ine inter-  
face for further growth. Such a mechanism may avoid 
secondary nucleation and results in much larger 
grains. Other defects may similarly be avoided (3). 
We, however, observe tha t  the dissolution in nickel 
plating using a Watts solution is not absolutely neces- 
sary since we obtain very similar results with plating 
using a positive square wave with no dissolution cur- 
rent [Fig. 4(c)]  and with plating using a dissolution 
current (Fig. 4(b) ]. 

A direct consequence of the charging and discharging 
of the double layer, with the same total deposited 
charge, should be a larger deposited mass for d-c 
plating than for PRS plating, but we observe the dif= 
ference to be smaller than 10% for the plating condi- 
tions shown in Table I. 
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ing periodically reversed step current parameters: (a, above left) 
ratio of dissolution and deposition current amplitudes; (b, above 
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of the alternating charge AQAc in one cycle defined as (1+ - -  
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defined as IDc(t+ -t- t - ) .  
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Figures  4 ( b ) - ( d )  show that  the fea tures  resul t ing  
f rom co lumnar  growth  of the nickel  deposits become 
more  or ien ted  and smal le r  in d iameter  as the ra te  of 
p la t ing  is increased.  This different  morpho logy  resul ts  
in deposits  wi th  different  filling factors or  porosi ty;  
consequently,  the dens i ty  of the deposi t  is changed, as 
shown in the cross-sect ion opt ical  micrographs  [Fig. 
5 (a)  - (d) ]. 

A d-c  p la ted  sample  [Fig. 5 ( a ) ]  shows a dendr i t ic  
g rowth  up to severa l  microns on the top of an unde r -  
ly ing  coherent  l ayer  of th ick nickel.  The PRS pla t ing 
led to densification as shown in Fig. 5 ( b ) - ( d ) .  These 
resul ts  are  presented  in Fig. 6, which shows the nor -  
mal ized deposi ted film dens i ty  p/po as a function of 
per iod ica l ly  reversed  step cur ren t  parameters .  F igure  
6 (a )  shows a plot  of P/Po a s  a function of rat io of the 
dissolution and deposi t ion currents .  The m a x i m u m  of 
p/po is obta ined  for I - / I+  ~ 1. F igure  6(b)  shows a 
plot  of p/po as a function of the rat io of pulse widths  t -  
and t+. Vene and Nikolayeva  (11) claim that  the most 
impor tan t  character is t ic  of  a revers ing  cur ren t  is the 
rat io  t + / t - ,  i r respect ive  of the overa l l  cur ren t  dens i ty  
and that  the best  resul ts  are  obta ined  at  t + / t -  : 7. At  
h igher  ratios,  they  claim the effect of revers ing  the 
cur ren t  r ap id ly  decreases,  while  at a lower  ratio,  the 
current  efficiency is cons iderab ly  reduced  and the 
poros i ty  of  the  deposit  is increased.  We observe that  
the best  deposi t  (higher  densi ty)  is obta ined for t+ / t -  
---- 5.9, which is close to the value given in Ref. (11). 
However ,  we have found that  this value  is a s t rong 
funct ion of  p la t ing  ba th  conditions, such as pH, t em-  
pera ture ,  and  concentrat ion,  so that  the observed 
agreement  wi th  previous  repor ts  is me re ly  coinci-  
dental .  

F igure  6(c) shows a plot  of the normal ized  deposi t  
dens i ty  p/po as a funct ion of AQAc/QDc. The m a x i m u m  
of p/po is obta ined  for AQAc/QDc ~- 0.34. This resul t  
shows that  a p la t ing  cur ren t  wi th  dissolution and depo-  
sit ion per iods  should be used in order  to fu r the r  im-  
prove  the dens i ty  of the deposi ted layer .  

F rom the above evidences i t  is reasonable  to con- 
clude that  the per iodica l ly  reversed  step cur ren t  
pa rame te r s  t-~t+, I - / I+,  hQAc/QDc de te rmine  the de-  
posit  density.  The observed dens i ty  m a x i m u m  [see 
Fig. 5 (a) to 6 (c) ]  in nickel  film deposits  is exp la ined  
by  the size of g rowth  features,  as shown in Fig. 3 and 
Fig. 4 ( a ) - ( d ) .  

Conclusions 
This paper  shows that  the  deposi t ion of n ickel  and 

subsequent  dissolution, due to per iod ica l ly  reversed  
step currents ,  p roduce  more  dense, coherent,  and 
smooth deposits.  

The effects of the pulse p la t ing var iables  were  not 
comprehens ive ly  invest igated.  Severa l  trends,  how-  
ever, were  c lear ly  observed.  I t  was found that  the im-  

por tan t  pa rame te r s  for per iodic  reverse  cur ren t  p l a t -  
ing are  t-~t+, AQAc/QDc and I+/ I - ,  and not  jus t  t-~t+ 
as suggested in Ref. (11). Opt imum values  of these 
pa rame te r s  corresponding to the highest  deposi t  
dens i ty  were  found for the descr ibed p la t ing  con- 
ditions. 

Cathodic currents  as high as 150 mA were used suc- 
cessfully. High cur ren t  induces nucleat ion and thus 
produces  finer grains  and uni form growth  features.  

Chemical  dissolution is not  necessary  in o rder  to ob-  
ta in  a good un i fo rmi ty  in the micros t ructure .  It is 
enough to use a pulsed current .  The anodic cur ren t  wil l  
also control  the deposi t  s t ruc ture  when its ampl i tude  
is h igher  than the cathodic current .  

Asymmet r i c  per iod ica l ly  r eve r sed  step galvanosta t ic  
p la t ing  is a single method  of control l ing the growth  
morpho logy  which m a y  be of considerable  prac t ica l  
impor tance  since mechanica l  p roper t ies  as well  as elec-  
t roca ta ly t ic  proper t ies  depend on morphology,  in such 
pract ica l  appl icat ions  as wa te r  electrolysis.  
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A Cyclic Voltammetric Study of Pd-Sn Colloidal Catalysts for 
Electroless Deposition 

Jean Horkans* 
IBM Corporation, Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

ABSTRACT 

A cyclic voltammetric method is described that allows the eva-luation of catalysts for electroless deposition. Information 
about the chemical state and activity of the catalytic layers can be inferred from the measurements.  Differences are illus- 
trated between Pd deposited on Cu through electrochemical exchange, a two-step procedure using SnC12 and PdC12, and 
a one-step activation with a Pd-Sn colloid. The method is sensitive to small differences between colloids of similar structure. 
It has been used to investigate the effect of varying solution composition during synthesis of Pd-Sn colloids. XPS and elec- 
tron microprobe analysis have supported the conclusions of the electrochemical measurements.  

Catalysts  for electroless plat ing on nonconduct ing 
materials  are impor tan t  as more than  simple init iators 
of the plat ing reaction; they can also determine the 
qual i ty  of the resul t ing deposit, its adhesion to the 
substrate,  the coverage, etc. I t  is thus essential to un -  
ders tand and to be able to characterize these catalysts. 
A rel iable means of evaluat ing their  catalytic activity 
would be very useful. 

Electroless deposition on nonconductors  is usual ly  
ini t iated by first deposit ing Pd in  the form of a mixed 
Pd -Sn  activator that adheres to the dielectric surface. 
Typical P d - S n  activators are described in some repre-  
sentat ive patents  (1-3). The l i tera ture  contains con- 
flicting claims about the na ture  of these catalytic 
materials,  but  the work of Cohen and West (4, 5), 
Cohen and Meek (6), and Matijevic et al. (7) has 
convincingly  established that  they are colloids and not 
solution complexes. These authors (4-7) summarize 
the earl ier  l i terature  and the controversies about the 
s tructure of the P d - S n  catalysts. 

Cohen and West (5) postulate  the following model of 
the P d - S n  colloids on the basis of MSssbauer spec- 
troscopic studies of these materials.  When  acid solu- 
tions of SnCI2 and P dCI~ are mixed, a complex be-  
tween Sn ( I I )  and Pd (II) is first formed. Subsequently,  
the reduct ion of the Pd (II) to Pd (0) occurs wi th in  the 
complex, forming a nucleus for the growth of the col- 
loid. The core of the colloid is a metall ic alloy of Pd 
and Sn. This core is surrounded by a stabilizing layer 
of Sa ( I I )  as C1- and O H -  complexes. Format ion  of the 
stabilizing Sn( I I )  stops the growth of the colloid and 
determines the particle size. 

Cohen and West (5) do not ~peculate on the mecha- 
n ism for the formation of the alloy at the center of 
the colloid. The crucial question is how the t in  is re-  
duced to the metall ic state. It  is l ikely that this occurs 
through the underpotent ia l  .deposition of t in  on the 
growing Pd nuclei.  There is l i t t le informat ion  in the 
l i tera ture  concerning UPD of t in on Pd. A predict ion 
of the s t rength of underpotent ia l  interactions can be 
made (8, 9), however,  from, the difference between the 
electronic work functions of the substrate metal  (Pd) 
and the adsorbate (Sn).  Trasatt i 's  tabula ted work 
funct ion values (10) show that  ~ for Pd and Sn is 
on the same order as ~ for systems that show marked 
UPD (e.g., T1 and Au) .  Thus UPD of Sn on Pd is 
l ikely to occur and can explain the presence of metal -  
lic Sn in a Pd -Sn  alloy at the colloid core. 

Colloidal P d - S n  activators are general ly  used in 
conjunct ion with accelerators, which remove t in from 
activated surfaces and expose the catalytic Pd at the 
colloid core. Meek (11) has used Rutherford back-  
scattering to s tudy activated surfaces and to invest i-  
gate how the P d / S n  ratio changes after acceleration 
and after the ear ly  stages of electroless Cu deposition. 

* Electrochemical Society Active Member. 
Key words: activation, catalysis, electroless, printed circuits. 
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Similar  informat ion was obtained by Grunwald  et al. 
(12) using Auger spectroscopy. 

The processes of activation and acceleration have also 
been investigated by Osaka et al. (13, 14), who used 
x - r ay  diffraction, surface analyt ical  techniques, and 
electrochemical methods in their  s tudy of P d - S n  col- 
loids. One of the electrochemical measurements  in-  
volved adsorbing the catalyst  on an Au electrode, then 
determining the coverage of Pd and t in on the Au by 
a subsequent  anodic voltage sweep in  1M HC1 solu- 
tion. The Pd coverage de termined by this method cor- 
relates with the activity of the P d - S n  mixed colloids, 
as evaluated by moni tor ing the potential  of an acti- 
vated Cu wire dur ing  electroless Ni plating. 

Activat ion of surfaces with P d - S n  colloids has now 
largely replaced the two-step procedure of sensitiza- 
tion in SnC12 followed by activation in  PdC12. In 
assessing a technique for evaluat ing ,activated sur-  
faces, however, it is useful to compare the one-  and 
two-step procedures. The two-step procedures have 
been reviewed by Goldie (15). 

Deposition of good C~talytic Pd layers in the two- 
step procedure requires that  a nonconduct ing  surface 
first be covered with S n ( I I ) .  It  is known  (16, 17) that  
the presence of some Sn( IV)  in  the SnCI~ solution can 
improve the performance of the SnC12 sensitizer. Cohen 
et al. (18, 19) have used MSssbauer spectroscopy to 
s tudy t in sensitizing solutions. They propose a model 
of a t in  colloid nucleated by Sn( IV)  and mediated 
by  Sn( I I ) .  They point out (19), however, that  the 
formation of the colloid can depend on the way the 
SnC12 is p r e p a r e d  (i.e., the order of the mixing of 
chemicals).  Controlled colloid formation is a t ta ined by 
suspending the SnC12 �9 2H20 in H20, then adding HC1. 
If the SnCle �9 2H20 i~ first dissolved in concentrated 
HCI, then diluted, a t rue solution may result. 

The present  paper describes a cyclic vol tammetr ic  
method for s tudying surfaces activated by  one-step and 
two-step procedures. Used in conjunct ion with XPS 
and electron microprobe measurements ,  the technique 
gives informat ion about the s tructure of the colloids. 
It  can also be used for a quick and simple estimate of 
catalytic activity. 

Experimental 
Copper test electrodes were used for most of the 

measurements ,  but  Au and other metals  could also be 
employed. The electrodes consisted of 2000A of Cu 
evaporated over a 200A Nb adhesion layer  (20) on 
Coming  0211 glass. Although nonconduct ing surfaces 
could not  be studied by  the electrochemical technique, 
they were used as substrates for electron microprobe 
analysis, as explained below. 

Each electrode was cleaned just  before use by se- 
quent ial  immersions of a minute  or two in ~10% solu- 
tions of NaOH and H2SO4. After  thorough rinsing, the 
Cu surface was submit ted to the activation procedure 
being studied, then once again thoroughly rinsed. The 
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ac t iva ted  e lec t rode  was then  mounted  in a glass and 
K e l - F  cell, descr ibed  e lsewhere  (21), and the cyclic 
vo l t ammet ry  was s tudied in 0.01M HCIO4. The e lec t ro-  
ly te  was deaera ted  wi th  bubbl ing  N2 before measure -  
mea t ;  the  bubb le r  was ra ised above the solut ion sur-  
face/during the measuremen t  itself. 

The in s t rumen t  used for  XPS analysis  was a Hew-  
l e t t - P a c k a r d  5950B x - r a y  photoemiss ion spec t rom-  
e ter  tha t  has a ,crystal monochromato r  on the x - r a y  
source, y ie ld ing  1486.6 eV a luminum K~ x- rays .  X - r a y  
photoemiss ion spect ra  were  obta ined by  cut t ing the 
p repa red  samples  to size and inser t ing  them into the 
ins t rument .  No par t i cu la r  precaut ions  were  t aken  to 
protect  the  samples  f rom air. 

A wide binding ene rgy  range  was first scanned to 
iden t i fy  the  surface species; subsequent ly ,  na r row  
energy  windows were  scanned for each e lement  p res -  
ent. The Sn 3d, oxygen ls, and  Pd 3d b inding  energies 
were  moni tored,  as was the Cu A u g e r  peak.  Since the 
b inding  energy  shif t  for  the S n ( I I )  and S n ( I V )  were  
about  the same wi th  respect  to the metal ,  they  were  
not  resolved.  The Cu Auger  s ignal  could be used as 
a moni to r  of  the  surface coverage  b y  the P d - S n  colloid 
wi th in  the  sampl ing  dep th  (,-~30A). 

The e lec t ron  mic roprobe  technique is a method  
deve loped  by  Reu te r  (22). The detect ion sens i t iv i ty  
for  Pd  and Sn is a p p r o x i m a t e l y  0.1 monolayer .  The 
re la t ive  accuracy  is a t  best  •  and can be worse  
depend ing  on the count ing statistics.  The re la t ive  
precis ion is a furmtion of  the  stat ist ics and  for  th icker  
films is on the o rde r  of --+2% at  the  95% confidence 
level.  The da ta  were  taken  on an Appl ied  Research 
Lab Scanning  Electron Microprobe  Quantometer .  The 
character is t ic  x - r a y  t ransi t ions  used were  Pd I.~ and 
Sn I~ ,  which were  moni tored  s imul taneous ly  using 
wave length  d ispers ion spectroscopy. Nonconduct ing 
samples  were  coated with  app rox ima te ly  100A of A1 
to p reven t  charging dur ing  analysis.  

The  concent ra ted  suspension of the  P d - S n  colloid 
is synthesized s imi l a r ly  to those descr ibed  in the  
pa tents  of Zebl i sky  (3).  The  cata lys t  is p r epa red  f rom 
this concent ra te  by  di lu t ion with  NaC1 solution. 
[Zebl isky (3) claims that  catalysts  p repa red  accord-  
ing  to these pa ten ts  a re  t rue  solutions. Such. catalysts  
were  included in the  inves t igat ion of Mat i jevic  et al. 
(7), however ,  and were  shown to be colloidal.]  

In  o rde r  to assess the  effects of the  S n / P d  ratio,  the  
to ta l  pa l l ad ium concentrat ion,  and the HC1 concen- 
t ra t ion  in the catalyst ,  we  have  also p repa red  some 
colloids va ry ing  these factors. The colloids were  syn-  
thesized in both concentra ted  and di lute  forms. A l -  
though we  had  an t ic ipa ted  that  a di lute  p repara t ion  
would  lead to more  un i fo rm and control led  format ion  
of the  colloid, in prac t ice  the  colloids p repa red  a l r eady  
di lu te  did  not  give be t te r  pe r fo rmance  than  those p r e -  
pa red  ,as concentrates .  

The  ac t iv i ty  of catalysts  was also eva lua ted  by  
moni to r ing  the  open-c i rcu i t  potent ia l  of  an  ac t iva ted  
surface du r ing  the ini t ia l  moments  of electroless Cu 
plat ing.  The electroless  Cu solut ion used contains 
EDTA as complexant  and fo rmaldehyde  as reducing  
agent  (23). I t  is opera ted  at  78~ and a i r  is bubb led  
to p reven t  the  format ion  of meta l l ic  Cu in the  bu lk  
of  the  solution. The reference  e lect rode was separa ted  
f rom the ma in  solut ion compar tmen t  by  a Luggin  
cap i l l a ry  and was ma in ta ined  at room tempera ture .  
Care was t aken  to ensure  tha t  the measured  poten t ia l -  
t ime dependence  was character is t ic  of the  ac t iva ted  
surface and not of the electroless Cu bath.  The solu- 
t ion was heated before  the  addi t ion of the  HCHO. 
Fresh  solutions were  used for  each series of measure -  
ments ;  the solut ions were  used for  no longer  than 
an  hour;  and the reproduc ib i l i ty  was checked severa l  
t imes dur ing  the course of the measurement .  Nonethe-  
less, i r r ep roduc ib i l i t y  was a problem,  as is fu r ther  
discussed below. 

The reference  e lec t rode  in al l  measurements  was 
the me rc u ry  sulfate  ' e lec t rode  (MSE),  Hg/Hg2SO4, 
sat. K2SO4. 

Results ond Discussion 
The cyclic v o l t a m m e t r y  of c lean evapora ted  Cu in 

0.OlM HC104 is shown in Fig. 1. In  this potent ia l  range,  
the main  react ions are  the dissolut ion of Cu at  po-  
tent ia ls  more  posi t ive  than  ~ --0.4V in the  anodic 
sweep and the reduct ion of the  Cu( I I )  species thus 
formed in the  subsequent  cathodic sweep. 

The curve in Fig. 2 is obta ined using a Cu electrode 
that  had been immersed  15 sec in a sensi t izing solu-  
t ion containing 56 g / l i t e r  of SnCI2 �9 2H20 and enough 
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Fig. 1. Cyclic voltommetry of a cleon Cu surface in O.01M HCI04. 
Sweep speed is 20 mV/sec. 
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Fig. 2. Cyclic voltammetry in O.01M HCI04 of o Cu electrode 
that hod been immersed in SnCI2 solution. Sweep speed is 20 mV/ 
$ec, 
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HCI to give a pH of 0.5. The sys tem is character ized 
b y  a pa i r  of peaks  centered at  ~ --0.69V vs.  MSE (i .e. ,  
,~ --0.05V vs.  NHE) .  The in t eg ra ted  charges under  
the  anodic and cathodic  peaks  of Fig. 2 a r e  app rox i -  
m a t e l y  equal.  Some measurements  have shown a 
l a rge r  charge  under  the  cathodic peak;  the worst  d is-  
c repancy  observed was ~15%. 

The  t in -con ta in ing  l aye r  on the Cu surface is fa i r ly  
stable,  bu t  i t  is s lowly r emoved  on cont inued cycling, 
as ev idenced by  the decrease in the magni tude  of the 
cur ren t  peaks.  Af t e r  15 sweeps, the  in t eg ra ted  charge 
under  the  peaks  typ ica l ly  decreases  by ~15%.  The 
ini t ia l  sweep is quite reproducible ,  however ,  for  sam-  
ples receiving the same sensit ization. 

I t  is difficult to assign unequivoca l ly  the observed  
pa i r  of peaks  to a given e lec t rochemical  process. We 
can r epea t ed ly  oxidize and reduce  the  t in species tha t  
have been deposi ted on the Cu elect rode and most of 
which r ema in  there  dur ing  poten t ia l  cycling. Is the 
oxida t ion  reduct ion reac t ion  

S n ( I I )  -1" 2e -  <--> Sn(0)  

S n ( I V )  + 4 e -  <--> Sn(0)  
o r  

S n ( I V )  -F 2 e -  <--> S n ( I I )  ? 

Pou rba ix  (24) considers po t en t i a l -pH d iagrams  for 
Sn for which  the oxides a re  in e i ther  the hydra t ed  or 
unhyd ra t ed  state.  A col loidal  p repara t ion  of the SnCI~. 
(19) makes  i t  l ike ly  tha t  the  h y d r a t e d  oxides  a re  the  
more  r e l evan t  to the presen t  exper iment .  

At  p H  2, the  P o u r b a i x  d i ag ram predic ts  tha t  Sn 
dissolves as Sn 2+ at  ~ --0.35V vs.  NHE when [Sn 2+] 
--  10-6M; the revers ib le  potent ia l  for  the react ion 

Sn  2+ + 4H20 <---> Sn (OH)4 -~ 4H + -k 2 e -  

is shown as ,-,0.05V. These potent ia ls  a re  e i ther  side of 
the potent ia l  of ,~ --0.05V vs.  NHE about  vchich the 
peaks  of Fig. 2 are  centered.  The r epea tab i l i t y  of the 
v o l t a m m e t r y  curve on cont inued cycling, however ,  
impl ies  tha t  m a j o r  amounts  of t in a re  not  r emoved  
f rom the  surface as r ead i ly  soluble Sn 9+ species. In  
l ight  of this fact, it  seems most  reasonable  to assume 
that  the anodic peak  in Fig .  2 is due to oxidat ion  of 
adsorbed t in species to Sn (OH)4 (or a re la ted  Sn (IV) 
sal t )  and tha t  the cathodic peak  is due to the reduct ion 
of this  compound to Sn (OH)2  (or  a re la ted  S n ( I I )  
sa l t ) .  

The eharge  under  e i ther  the  anodic or  the cathodic 
peak  can be used to es t imate  the  t in coverage on the 
"sensit ized" me ta l  surface. No informat ion  is ava i lab le  
about  the or ig inal  ox ida t ion  s tate  of the  t in  as i t  was 
deposi ted on the Cu. In  the example  of Fig. 2, the 
in tegra ted  charge  is 470 ~C/cm 2 (~0.3 #g /cm 2 of tin, 
assuming a two-e lec t ron  reac t ion) .  

The same amount  of t in is deposi ted f rom SnCI~ 
solutions on Au  test  electrodes,  on which  the peak  
potent ia ls  and charges under  the peaks  are  the same 
as on Cu. Since the cycl ic  v o l t a m m e t r y  is v i r t ua l ly  
the  same on "sensit ized" Cu and Au electrodes,  UPD 
phenomena  do not  appea r  to be p lay ing  a role  in this 
po ten t ia l  region.  

The e lec t rochemica l ly  de t e rmined  coverages have  
been compared  to electron microprobe  analyses  of the 
same surfaces. The two methods  a lways  agree in the  
re la t ive  amounts  of  t in coverage, but  the e lec t rochemi-  
cal technique gives a s ignif icant ly lower  t in de t e rmina -  
t ion than  e lect ron microprobe.  The e lec t rochemical  
measurements  a re  quite sensi t ive to smal l  changes in 
surface coverage,  bu t  at  these  low coverages the  
mic roprobe  analyses  have  a precis ion of only  •  
30%. Thus, smal l  differences in sensi t izat ion solutions 
are  eas i ly  detected b y  the electrochemical ,  bu t  not  b y  
the  e lec t ron microprobe ,  analysis.  Nonetheless,  the 
e lec t rochemica l ly  de t e rmined  t in coverage is ~50% of 
that  de t e rmined  by  e lec t ron microprobe.  I t  is possible 
that  this low appa ren t  t in coverage is a consequence of 

the colloid s t ructure .  The tin is adsorbed in clumps, 
and par t  of the  col loidal  par t ic le  m a y  not  be in d i rec t  
contact  wi th  the electrode.  Only  that  por t ion  of the 
t in in contact  wi th  the  e lec t rode  surface wi l l  cont r ibute  
to the to ta l  e lec t rochemical  charge, but  the microprobe  
analysis  detects  al l  of the tin. 

The most  impor tan t  expe r imen ta l  va r i ab le  de te r -  
min ing  t in coverage was found to be the method  of 
p repa ra t ion  of the SnC12 solution. Cohen and West  
(19) point  out  tha t  the  o rder  of the  mix ing  of the  
chemicals  in  p repa r ing  an SnC12 sensi t izer  can de te r -  
mine  w he the r  a colloid or  a t rue  solut ion results .  The 
presen t  s tudy  shows tha t  sensi t izat ion wi th  col loidal  
SnC12 gives a h igher  surface coverage of t in than 
sensi t izat ion with  a t rue  solution of the same nomina l  
composition. Changes in  SnC12 concentrat ion,  acidity,  
and immers ion  t ime resul ted  in much  smal le r  va r i a -  
tions in coverage than  did changes in  the  col loidal  
na ture  of the SnC12. 

Elect ron microprobe  analyses  showed tha t  the t in 
coverage on epoxy  board  was the  same as on Cu. This 
observat ion  also rules out  UPD as cont r ibu t ing  to the  
adsorpt ion of t in  on Cu or  Au. 

The potent ia l  sweeps of "sensit ized" Au  electrodes 
that  Osaka et al. (13) have  publ i shed  were  obta ined  
u n d e r  different  condit ions f rom ours. Only  the  anodic 
sweep was recorded;  the e lec t ro ly te  was 1M HC1; and  
the po ten t ia l  range  of the  measu remen t  was more  posi-  
t ive  than  the potent ia l  range  of our  study.  Whereas  
we observe on ly  one oxida t ion  peak  a t t r i bu tab le  to 
oxidat ion  of t in species, t hey  observe  two. The more  
cathodic of these (~0.14V vs.  NHE) they  assign to de -  
sorpt ion or oxidat ion  of Sn(0)  formed b y  UPD-of  t in 
on Au;  the  more ano,dic peak  (~,0.41V vs.  NHE) is 
assumed to be  due  to 

S n ( I I )  -> S n ( I V )  + 2 e -  

The differences be tween  the two studies cannot  be 
comple te ly  resolved wi thout  fu r the r  exper imenta t ion .  
The observat ion  of a single peak  in the  presefi t  s tudy  
m a y  be  due to conversion of a l l  t in species to h y -  
droxides  or oxides when  the surface is t r ans fe r red  to 
the 0.01M HC104 solution. The s t rongly  acidic C l -  
solut ion in which Osaka et  al. obta ined  the i r  da ta  (13) 
should faci l i ta te  dissolution of t in species (25) and 
m a y  preven t  the format ion  of such oxides.  

F igure  3 shows the cyclic v o l t a m m e t r y  in 0.01M 
HC104 of a Cu film elect rode that  had  been immersed  
15 s ec in a 0.1 g / l i t e r  PdC12 solut ion of pH 2.0 (pH 
ad jus ted  wi th  I-ICt). This t r ea tmen t  resul ts  in deposi -  
t ion of Pd by  an exchange mechanism.  Elect ron micro-  
probe analysis  has shown that  the  Pd coverage on 
this sample  is 0.5 __+ 0.1 ~g/cm 2. A hydrogen  sorpt ion 
cur ren t  is observed in the cathodic sweep for P d -  
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Fig. 3. Cyclic voltammetry in 0.01M HCIO4 of a Cu electrode that 
had been immersed in PdCI~ solution. Sweep speed is 20 mV/sec. 
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covered Cu where none is observed for clean Cu. The 
reverse sweep shows anodic currents due to desorption 
of the hydrogen. The process is quite irreversible, pre-  
sumably due to the small  size of the Pd crystallites. 
It is known (26) that the grain size can have a large 
effect on the hydrogen sorption processes in Pd. 

The potential  at which the hydrogen sorption process 
begins is a rel iable quali tat ive measure of the amount  
of Pd on the surface: the less negative the potential  
at which the cathodic current  appears, the more Pd is 
on the surface. It  is difficult to quant i fy  the method, 
however, since H~ evolution is also thermodynamical ly  
possible over par t  of the potent ia l  range in which the 
sorption reaction occurs. 

A somewhat different behavior  is observed for Cu 
surfaces after two-step activations. In  Fig. 4 is shown 
the cyclic vo l tammetry  in 0.01M HCIO4 of a Cu sur-  
face af ter  a 15 see immersion in  an SnC12 solution 
containing 30 g/ l i ter  of SnC12.2H20, 10 ml / l i t e r  of 
12M HCI followed by a 15 see immersion in a PdC12 
solution wi th  0.1 g / l i te r  of PdCI:2, pH 2.0. Electron 
microprobe analysis of the surface showed 0.8 ± 0.1 
~g/cm 2 of Pd and 0.6 ± 0.1 ~g/cm 2 of tin. The cyclic 
vol tammetry  in 0.01M HC104 of a clean Pd foil is also 
shown for comparison. The Pd deposited on the Cu 
surface by the two-step activation requires a substan-  
t ial ly more negative potential  than bulk  Pd for hydro-  
gen sorption. The two-step procedure deposited on 
the Cu near ly  twice as much Pd as the equivalent  im-  
mersion in PdC12 with no t in sensitization. Hydrogen 
sorption is more reversible in Pd deposited by the 
two-step procedure than  in Pd deposited by exchange. 
This is perhaps due to the greater amount  of Pd de- 
posited by the two-step procedure, bu t  it may also 
be related to differences in morphology in the Pd de- 
posited by the two processes. 

There is no clear t in  contr ibut ion of the cyclic volt-  
ammet ry  of Fig. 4, even though the t in  coverage is 
comparable to that  of the t in -on ly  sample of Fig. 2. 
To some extent, the currents  due to t in  may be masked 
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Fig. 4. Cyclic voltammetry in 0.01M HCIO4 of clean Pd metal 
) and of Cu after sequential immersions in SnCI2 and 

PdCI~ solutions ( - - ~ ) .  Sweep speed is 20 mV/sec. 
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by those due to Pd. Another  contr ibut ing factor may 
be the manner  in which the t in  species contact the 
electrode. It may be that, after the PdC12 immersion,  
the t in  tends to be clumped and not in in t imate  contact 
with the electrode surface; such a hypothesis requires 
fur ther  substantiat ion.  

The cyclic vol tammetry  of a Cu surface covered by 
an activating layer of a P d - S n  colloid is shown in  
Fig. 5. The Cu was immersed  in  the colloidal solution 
for 5 rain prior to being examined in the 0.01M HCIO.~ 
solution. Activation using these conditions typically 
results in ~1  ~g/cme of Pd and 2-5 ~g/cm~ of t in  on a 
Cu surface. The currents  in Fig. 5 can be divided into 
those due to the P d - S n  alloy at the colloid core and 
those due to the stabilizing stannous layer surrounding 
the core. The anodic peak at -- --0.55V vs. MSE and 
the cathodic shoulder at , -  --0.SV occur at  the same 
potentials as the pair  of peaks observed on Cu im-  
mersed only in SnCI2 (Fig. 2). These peaks are due to 
the oxidation and reduct ion of the stabilizing t in layer. 
The P d - S n  alloy at the colloid core contributes a 
cathodic hydrogen sorption current,  which part ial ly 
overlaps the Sn( IV)  reduction peak, and a peak at 

--0.75V due to desorption of hydrogen, 
Coverage by the colloid markedly  reduces the Cu 

dissolution current.  The extent  of depression of the 
Cu dissolution current  can be taken as an indication 
of the unformi ty  of the surface coverage. Uniform 
coverage is not  necessarily associated wi th  good cata- 
lytic activity, however, since the inhibi t ion of Cu dis- 
solution can be caused by t in species. 

The charge due to oxidation and reduct ion of the 
t in salts on the surface was found to correlate poorly 
with the t in  coverage determined by electron micro- 
probe. Only the ionic stabilizing t in contributes to this 
pair  of peaks; the alloying t in in the colloid core does 
not. It  is also possible that a port ion of the ionic t in  
is not  in electrical contact with the electrode surface 
and cannot be oxidized and reduced. Electron micro- 
probe shows that  the one-step activation deposits more 
t in  than  the two-step activation. 

Hydrogen sorption into the P d - S n  core is seen to 
occur less readi ly than  into Pd deposited by  a two- 
step activation. In  other words, the cathodic hydrogen 
sorption currents  and the anodic desorption peak 
occur at more negative potentials for the one-step 
activation of Fig. 5 than for the two-step activation of 
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Fig. 5. Cyclic voltammetry in 0.01M HCI04 of a Cu electrode 
that had been immersed in a Pd-Sn mixed colloid solution. Sweep 
speed is 20 mV/sec. 
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Fig. 4. The alloying of Pd with Sn in the colloid core 
and the presence of ionic tin in the stabilizing layer  
undoubtedly account for t h e  larger energy required 
for hydrogen sorption in ~the colloid. 

The size of the desorption peak at ~ -0.75V can be 
used to estimate the catalytic act ivi ty of the colloid. 
The peak height does not correlate well with Pd 
coverage of the Cu; the observed magnitude of the 
peak can vary extensively for samples that  are shown 
by microprobe analyses to have similar Pd coverages. 
The peak height is instead related to the structure of 
t h e  ,catalyst. A small peak is observed under conditions 
of high tin coverage; that  is, a very thick stabilizing 
tin layer  results in a small hydrogen desorption peak. 
The thick tin layer  can isolate the Pd in the c o r e  

from the electrode surface, and it will not be detected 
electrochemically. Since a thick tin layer  can also 
isolate the Pd from reactants in solution, a small hy-  
drogen desorption peak is associated with low cata- 
lytic activity. 

Electron microprobe results show that the Pd-Sn 
colloids give a significantly higher coverage on CU 
than on the surface of epoxy board. 

Behavior characteristic of a poor catalyst is shown 
in Fig. 6. The colloid was prepared with half the HC1 
concentration of the colloid studied in Fig. 5 and was 
known to have inferior catalytic activity. The peak 
at --0.75V is much smaller for the less active catalyst. 
The lower acid concentration is insufficient to main- 
tain stannic species in solution (25), and the stabiliz- 
ing layer  grows very thick, burying the Pd catalyst. 
In such cases, the Cu dissolution current is usually 
small, since the Cu is also uniformly covered by tin 
species. 

Changes in the curve will  occur on continued cycling, 
as shown in Fig. 7. Repeated cycling removes some 
of the tin from the surface. As the colloid core is thus 
exposed, the currents due to hydrogen sorption in Pd 
increase in magnitude. Because we want to assess the 
activity of the catalyst as it is deposited on the surface, 
only the first and second sweep are recorded in prac-  
tice. Care is taken that all samples are handled iden- 
tically. 

Comparison of Fig. 3, 4, and 5 shows that this tech- 
nique gives information about the state of the Pd 
catalyst on the surface. In this, it differs from the 
technique of Osaka et at. (13) that gives a quanti ta-  
tive determination of the surface coveraee of tin and 
Pd but does not differentiate between Pd deposited 
by various methods. The present method is sensitive 
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Fig. 7. Changes that occur upon repeated cycling. Same condi- 
tions as Fig. 5. 

to changes in colloid structure; it can differentiate be-  
t w e e n  catalysts that may give similar Pd coverages 
but that may vary in activity because the growth or 
aging of the colloid differed. 

Examination of activated Cu surfaces using XPS has 
corroborated the conclusions of the electrochemical 
studies. Typical results are given in Fig. 8. Three 
evaporated Cu films were activated by immersion in 
Pd-Sn colloids. Although both catalysts A and B nomi- 
nal ly had the same composition as the catalyst of 
Fig. 5, colloid A had been found electrochemically to 
be less active than colloid B. The peaks in Fig. 8 are 
assigned as follows: the 570 eV peak is a Cu Auger 
peak; the 530 eV peak is due to oxygen; the doublet 
at N490 eV is due to tin; the small doublet at ~330 
eV is due to Pd. 

Comparison of the top and bottom curves in Fig. 8 
shows differences between the colloids entirely con- 
sistent with the conclusions of the electrochemical in- 
vestigation. For  the worse catalyst, the main signals 
are due to tin and oxygen. The Cu Auger signal is in- 
distinct, and there is no significant Pd signal. I t  is 
known from electron microprobe that the Pd cover- 
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Fig. 6. The cyclic voltammetry in O.O1M HCI04 of a Cu electrode 
activated with a Pd-Sn colloid known to have inferior catalytic 
activity. 
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Fig. 8. XPS spectra of three activated Cu surfaces. Top: activation 
using a catalyst shown electrochemically to have good catalytic 
behavior; bottom: activation using a catalyst shown electrochemi- 
cally to have bad catalytic behavior; center: same as bottom 
catalyst, but followed by NH4BF4 accelerator. 
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ages are 0.6 __ 0.1 ~g/cm 2 for colloid A and 1.0 _. 0.1 
pg/cm 2 for colloid B and that tin coverages are 2.0 +_. 
0.3 ~g/cm 2 for A and 1.9 _ 0.1 ~g/cm 2 for B. (In other 
words, microprobe does not show major differences 
between the colloids.) Yet XPS shows that the Pd 
of colloid A is buried by a layer of tin salts at least 
30A thick (the sampling depth). 

The tin salts can be removed by an accelerating 
solution, such as 1M NH4BF4. The effect of such an 
accelerator is shown in the middle spectrum of Fig. 8. 
A strong tin signal remains even after the acceleration 
step, but the Cu and Pd signals are much more pro- 
nounced. The XPS spectrum of catalyst A after ac- 
celeration is similar to that of catalyst B with no ac- 
celeration. 

We have used cyclic voltammetry to examine the 
effect of varying solution composition during synthesis 
of the colloid. It was found that colloids with the same 
Sn/Pd ratio gave identical results even though the 
absolute values of the tin and palladium concentra- 
tions varied by a factor of two. Increasing the pal- 
ladium concentration with all other variables held 
constant led to degradation in the catalytic activity 
as estimated from the cyclic voltammetry. The effect 
of reducing the acid concentration has already been 
discussed. These results are quite consistent with 
Cohen and West's (5) model of colloid formation and 
growth: the most uniform growth occurs with a high 
Sn/Pd ratio. 

The cyclic voltammetric estimate of catalytic ac- 
tivity was compared to estimates based on the poten- 
tial-time dependence of activated Cu surfaces during 
the initial moments of electroless Cu plating. Clean 
Cu will initiate the electroless Cu reaction without a 
Pd catalyst. Plating begins as soon as a Cu surface 
is immersed in an electroless Cu bath; that is, the 
initiation time is too short for convenient measurement 
using an X-t  recorder. Copper that has been immersed 
in Pd-Sn mixed colloids is less active than clean Cu; 
it shows a measurable initiation time before the 
steady-state plating potential is reached. The length 
of this initiation time is used to evaluate the activity 
of the colloid, 

Figure 9 shows the potential-time dependence for 
Cu wires that had been "activated" by two different 
colloid formulations. The curve showing a very short 
initiation time before reaching the steady-state poten- 
tial was obtained for the colloid formulation repre- 
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Fig. 9. Potential-time measurements during electroless Cu plating 
of Cu wires activated using o good sample of the Pd-Sn colloid and 
using a sample prepared with half the SnCI2 concentration. The 
latter requires longer to reach the steady-state potential. 

sented in Fig. 5, shown by cyclic voltammetry to have 
readily accessible catalytic Pd. The other curve, which 
shows a delay of several seconds before the steady- 
state plating potential is reached, was obtained using 
a colloid prepared with half the SnC12 concentration 
of the first. This colloid had shown unpromising be- 
havior in a cyclic voltammetric analysis. 

Cyclic voltammetry and potential-time measure- 
ments gave generally good agreement in evaluating 
the relative activities of catalysts. The cyclic voltam- 
metric evaluation, however, was considerably more 
reproducible than the potential-time measurement. 
Using the latter method, measurement-to-measure- 
ment variations for the same colloid could be as large 
as sample-to-sample variations for different colloids. 
Electrode materials other than Cu gave equally it- 
reproducible results. 

Some of the irreproducibility of the potential-time 
measurements may be inherent in the electroless depo- 
sition process; evaporation of formaldehyde causes a 
constant drift in the steady-state plating potential. 
This explanation does not entirely account for our re- 
sults, however. Osaka and co-workers (27) also moni- 
tored electrode potential in evaluating catalysts. They 
report good reproducibility when the activator was 
used in conjunction with an accelerator; otherwise, 
they also observe irreproducibility. These irreproduci- 
bilities when using unaccelerated colloidal activators 
probably arise from slow breakdown and removal of 
the stannous layer covering the Pd nuclei. 

An additional factor in the present work is that we 
are measuring small differences in colloids of similar 
structure. Because of its reproducibility and sensitiv- 
ity, the cyclic voltammetric method is well suited for 
measuring these small differences. 

Conclusions 
A cyclic voltammetric method has been described 

that allows a straightforward evaluation of the activity 
of catalysts for electroless deposition. Activated Cu 
surfaces are studied in 0.01M HC104 solution. The 
present technique differs from an earlier linear sweep 
method (3) in that it gives information about the 
chemical state of the catalyst on the activated surface, 
rather than simple quantitative information about the 
amount of catalyst deposited. The differences are il- 
lustrated between Pd layers deposited on Cu by ex- 
change, by a two-step procedure using SnC12 and 
PdC12, and by a one-step procedure using a Pd-Sn 
mixed colloid. 

These three activation procedures deposit Pd with 
qui~e different electrochemical behavior. The amount 
of Pd deposited by electrochemical exchange with Cu 
can be estimated from the potential at which hydro- 
gen sorption begins. Unless it is very thick, Pd de- 
posited in this way shows highly irreversible hydrogen 
sorption. The two-step procedure deposits more Pd 
than a simple exchange with the same immersion time 
in PdC12. Hydrogen sorption in this Pd is more re- 
versible than in the exchange deposit, but still re- 
quires a substantially more negative potential than 
hydrogen sorption in bulk Pd. 

The cyclic voltammetry of surfaces activated with 
Pd-Sn colloids is more complex than either of the 
above cases. The stannous layer that serves to stabilize 
the colloid contributes a pair of peaks due to the 
Sn(IV) + 2e- e-~ Sn (II) couple. The integrated charge 
cloes not correlate with the tin coverage because the 
metallic tin in the colloid core does not contribute to 
the current and because some of the ionic tin may not 
be in direct contact with the electrode surface. The 
hydrogen sorption in the Pd-Sn colloid core requires 
a more negative potential than the hydrogen sorp- 
tion in the Pd deposited by a two-step procedure. The 
magnitude of the hydrogen desorption peak gives a 
good estimate of the catalytic activity. 
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The method can be used for day-to-day monitoring 
of catalysts. Differences between catalysts of the same 
nominal composition are readily detected. The electro- 
chemical method has been used in conjunction with 
XPS and electron microprobe analyses to show that 
thick tin layers can build up around the active colloid 
c o r e ,  thus decreasing the catalytic activity. The small 
differences between similar colloids are readily de- 
tected using the present technique; the method of 
monitoring the electrode potential of activated (but 
not accelerated) surfaces is too irreproducible to allow 
the detection of these small differences. 

The technique has been used to evaluate the effect of 
changing the solution composition during preparation 
of the alloys. It is the Sn/Pd ratio that most strongly 
determines activity. This finding is in agreement with 
current models of colloid growth (5), which postulate 
the most uniform growth for a high Sn/Pd ratio. The 
HCI concentration is also important; a high HC1 con- 
centration is necessary to maintain Sn (IV) in solution. 
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Ni(OH)2-1mpregnated Anodes for Alkaline Water Electrolysis 
D. E. Hall 

Inco AlLoy Products Company Research Center, Sterling Forest, Suffern, New York 10901 

ABSTRACT 

Porous nickel-coated oxygen evolution anodes were impregnated with nickel hydroxide by electrochemical precipita- 
tion methods. A one-step process produced superior Ni(OH)2 deposit morphology and control over the Ni(OH)2 loading. The 
quantity of Ni(OH)~ deposited was a linear function of the charge passed during electrochemical precipitation. Oxygen evo- 
lution overpotentials in 30 weight percent KOH at 80~ were about 45-60 mV lower on Ni(OH)2-catalyzed anodes than on 
similar uncatalyzed anodes. The maximum overpotential reduction was obtained at low Ni(OH)2 loadings. An overpotential 
increase at higher loadings was caused by plugging of the coating surface pores by Ni(OH).z, leading to a decrease in effective 
surface area. 

Nickel and its alloys have been and remain the ma- 
terials of choice for alkaline electrolysis anodes. Nickel 
is highly corrosion resistant under anodic polarization 
in alkaline electrolytes and is relatively inexpensive. 
The oxygen evolution overpotential on nickel, while 
too high to be fully satisfactory, is nevertheless lower 
than on other nonprecious metals. 

* Electrochemical ~ociety Active Member. 
Key words: catalysis, electrode. 

Efforts to improve the efficiencies of nickel anodes 
have focused on raising their effective surface areas 
(1, 2) as well as applying electrocatalysts to their 
surfaces (3). More fundamental studies have investi- 
gated the oxygen evolution reaction mechanism (4) 
and the nature of the surface on which the reaction 
takes place (5). The latter work established that nickel 
oxyhydroxide is the preferred electrocatalytic species 
for oxygen evolution. Nickel oxyhydroxide forms 
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when nickel  hyd rox ide  is e lec t rochemica l ly  oxidized 
to the  + 3  valence state. A p p l e b y  and co-workers  re -  
cent ly  demons t r a t ed  tha t  oxygen evolut ion overpo-  
tent ia ls  were  cons iderably  lower  on porous s in tered 
nickel  when it was impregna ted  with  n ickel  hydrox ide  
(6). I t  is l ike ly  tha t  n icke l  hydrox ide  impregna t ion  
produces  more  of the p re fe r r ed  e lec t roca ta lys t  nickel  
oxyhydrox ide  than  is genera ted  anodica l ly  on a me ta l -  
lic n ickel  si~rface. 

The nickel  hyd rox ide  impregna t ion  process has 
been examined  thorough ly  as a means  of loading ac-  
t ive mass into ba t t e ry  electrodes.  The requi rements  
for oxygen evolut ion anodes are  not  necessar i ly  the 
s'ame, because the  reasons for using Ni(OH)2 are  con- 
s ide rab ly  different .  The in ten t  in mak ing  the ba t t e ry  
e lect rode is to load the m a x i m u m  prac t ica l  amount  of 
n ickel  hydrox ide  into the e lec t rode  voids, while  a 
high surface a rea  ca t a lys t  coating is des i red  on the 
wa te r  electrolysis  anode. No systemat ic  s tudy  of the 
op t imum impregna t ion  method or e lec t rocata lys t  load-  
ing and morphology  has appeared  in the l i te ra ture .  
However ,  the  fundamen ta l  and appl ied  resul ts  cited 
above would  seem to wa r r an t  such work.  

The present  paper  repor ts  on such a s tudy  with  
n ickel  hyd rox ide - impregna t ed ,  porous n icke l -coa ted  
electrodes.  The proper t ies  of the  un impregna ted  elec- 
t rodes were  descr ibed  in a recent  publ ica t ion  (1). 

Experimental 
Preparation o~ high surSace area nickel-coated elec- 

trodes.--High surface area  n icke l -coa ted  electrodes in 
sheet  form were  p repa red  as descr ibed  e lsewhere  (1, 
7) using INCO 1 Type  123 nickel  powder  as the coating 
mater ia l .  Po lys i l i ca te -based  pa in t  containing the n ickel  
powder  was sp read  onto steel  sheets using a drawbar .  
Anode screens were  p repa red  f rom 20 • 2 0  mesh 
(wires  per  inch) mi ld  steel  screen wi th  0.036 cm wire 
d iameter .  The screen, in the uncoated state, had a 
weight  pe r  uni t  a rea  of  0.138 • 0..0.007 g /cm ~. The screen 
samples,  each measur ing  about  2.7 • 5.2 cm, were  
dipcoated.  The coated sheets and screens were  then 
s in tered in a dissociated ammonia  a tmosphere  for  10 
min at  870~ 

The coat ing weights  p e r  square  cent imeter  of anode  
screen (average  ~65 m g / c m  ~) were  de te rmined  by  
weight  difference. On this basis, the anode screens were  
d iv ided  into th ree  sets; w i th in  a g iven set, the var ia t ion  
in the  quan t i ty  of s in tered n icke l  coating per  uni t  
a rea  f rom one e lect rode to another  was less than •  
f rom the set average.  The to ta l  var ia t ion  in coating 
weight  pe r  uni t  a rea  f rom the th innest  to the  th ick-  
est coat ing in the three  sets was less than  25%. Ear l ie r  
work  (1) showed tha t  this var ia t ion  produced  neg-  
l ig ib le  differences in the  oxygen evolut ion overpoten-  
t ials  of unca ta lyzed  anodes. 

Ni(OH)2 impregnation.--Two nickel  hyd rox ide  im-  
p regna t ion  methods  were  used. The first, r e fe r red  to 
in this  p a p e r  as method  A, was ou t l ined  b y  Sa lk ind  
and F a l k  (8), and was used on ly  wi th  shee t - type  elec-  
trodes.  In  this method,  the  e lect rodes  were  first soaked 
in an e lec t ro ly te  solut ion containing 250 g / l i t e r  of 
n ickel  as the n i t ra te  sal t  and 1% by volume of n i t r ic  
acid. The t empera tu re  of the soak solution was 50~ 
the soak t ime  was not  crit ical.  The electrodes were  
l i f ted f rom the soaking tank  and excess e lec t ro ly te  was 
d ra ined  f rom the i r  surfaces. They were  then immed i -  
a te ly  immersed  in a 20 weight  percent  (w/o)  KOH 
solut ion at  70"C and ca thodica l ly  polar ized  for 20 
min  at  a cur ren t  dens i ty  of 80 m A / c m  2 to e lec t rochemi-  
cal ly  prec ip i ta te  Ni (OH)2  wi th in  the coating pores. 
The electrodes were  then washed thorough ly  for 1-4 
h r  wi th  deionized wa te r  a t  60~176 and oven dr ied at 
80~ To increase the  Ni (OH)2  loading,  the  ent i re  
sequence was repea ted  as m a n y  as four  times. Ca ta -  
lys t  loading was de te rmined  by  weight  gain. 

Trademark of the Inco family of companies. 

Impregna t ion  method B genera l ly  fo l lowed the p ro -  
cess aescr ibed  by  McHenry  (9).  In  p r e l im ina ry  exper i -  
ments,  e lectrodes were  first ca thodmal ly  cleaned in 30 
w/o  KOH at  50~ a s tep recommended  s impreg-  
nat ing porous nickel  ba t t e ry  plaques.  However ,  subse-  
quent  exper iments  indica ted  that  this p r e t r ea tmen t  
step was unnecessary,  and i t  was e l iminated.  The 
n icke l -coa ted  sheet  e lectrodes were  immersed  in aque-  
ous n ickel  n i t r a te  solut ion at  50~ and a l lowed to soak 
for 1:2 min whi le  the e lec t ro ly te  was st i rred.  S t i r r ing  
was then discont inued and the electrodes were  ca th-  
odical ly  polar ized  to prec ip i ta te  Ni (OH) 2. The 
Ni(NO3)2 concent ra t ion  was 0.2M, and the cathode 
cur ren t  dens i ty  was 7 m A / c m  2. Cathodizat ion t imes 
were  varied,  producing  different  Ni (OH)2  loadings  
which  were  de te rmined  b y  weight  gain. These t imes 
var ied  f rom 2 to 25 rain. The electrodes were  then 
wa te r  r insed and dried.  

Anode screens were  impregna ted  using method  B 
only. Screens were  soaked for 1 min in the e lec t ro ly te  
before  cathodic cur ren t  was applied.  Two oversize 
nickel  countere lect rodes  were  used, one on each side 
of the  screen and p lane  para l l e l  to it. A cathodic cur ren t  
dens i ty  of 12 m A / c m  2, based on the geometr ic  d imen-  
sions of the screens, was used to prec ip i ta te  Ni(OH)2.  
This cur ren t  dens i ty  was calcula ted by  mul t ip ly ing  
tha t  used for sheet  e lectrodes (7 m A / c m  2) by  a 1.7 
area  correct ion factor  re la t ing  the ac tua l  surface area  
of  the screen to its geometr ic  area.  

Impregna t ion  of the anode screens in each set was 
carr ied  out  by  successively increas ing the per iod of 
t ime that  cur ren t  was applied.  Weight  gains showing 
the Ni (OH)2  loading ob ta ined  per  square  cent imeter  
of geometr ic  a rea  were  de te rmined  by  weight  differ-  
ence measurements  for sets 1 and 2. The morphologies  
of Ni (OH)2  deposits  in the anode screen coatings, and 
~ e i r  var ia t ion  with  Ni (OH)2  loading,  were  inves t i -  
gated by  scanning e lect ron microscopy.  

Electrochemical tcsts.--The impregna ted  anodes were  
tes ted in 30 w/o  KOH at 80~ Al l  test ing was pe r -  
formed galvanosta t ica l ly ,  wi th  electrodes opera ted  at  
a cur ren t  dens i ty  of 200 m A / c m  2 for about  6 hr. Ex-  
pe r imen ta i  overpoten t ia l  measurements  were  made  vs. 
a commercia l  SCE reference  e lec t rode  connected to the 
cell through a Luggin  probe.  Data  were  fu r the r  cor-  
rec ted  for the effects of res is t ive  components  of the 
measured  potent ia l  using a computer  method  or ig ina l ly  
developed by  LeRoy et al. (10). Coefficients of de te r -  
ruination for the I inearized,  /R - f r e e  da ta  were  high, 
i.e., grea te r  than  or  equal  to 0.997 for 80% of the anodes 
tested.  Af te r  testing, severa l  ca ta lyzed anodes were  
thoroughly  washed with  water ,  dried,  and examined  
by  scanning e lec t ron microscopy to de t e rmine  if s t ruc-  
t u r a l  degrada t ion  had  been caused b y  the e lec t rochem-  
ical  test.  

Results and Discussion 
Impregnation method A . - - T h e  oxygen  evolut ion 

overpotent ia l s  of porous n icke l -coa ted  sheet  anodes 
were  reduced signif icant ly by  Ni (OH)~  impregnat ion.  
However ,  some difficulties wi th  the impregna t ion  p ro -  
cess were  identified. The morphology  of the Ni (OH)2  
impregna ted  using method A was not  comple te ly  sat is-  
factory.  A uni form dis t r ibut ion  of ca ta lys t  th roughout  
the porous coating wi thout  surface pore blockage was 
desired;  pore blockage in ter feres  wi th  e lec t ro ly te  
pene t ra t ion  and gas evolution.  However ,  some bui ldup  
of Ni (OH)2  on at  least  pa r t  of the face of the porous 
coating was usua l ly  observed even at low loadings.  On 
some electrodes,  this was extensive enough to be 
visible as a dense green l aye r  over  par ts  of the  elec- 
t rode  surface.  I t  was concluded that  surface bu i ldup  of 
p rec ip i t a ted  Ni (OH)z was more  of a p rob lem wi th  the 
porous electrode coatings impregna ted  in the  present  
work  than with  porous nickel  ba t t e ry  plaques  because 
the  coating was less porous and only  accessible from 
one side. In  a reas  where  surface bu i ldup  was not  ob-  
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served, method A produced a uniform, fluffy catalyst 
distribution. 

Nickel hydroxide loading could not be easily con- 
trolled through changes in process variables. In suc- 
cessive impregnation cycles, it was not possible to pre- 
dict the Ni(OH)2 pickup accurately. The initial elec- 
trode soak in the acidic Ni(NO3)2 solution with no ap- 
plied potential produced slight but noticeable corro- 
sion of the steel substrates, as shown by stains on the 
impregnated electrodes. It was possible to minimize 
this problem by using short soak times, as only a slight 
reduction in oxygen evolution overpotential was ob- 
tained by extending the soak time beyond 3 min. 

Despite these difficulties, overpotential reductions of 
30-55 mV at a current density of 200 mA/cm 2 were 
produced by method A nickel hydroxide impregnation. 
An experiment which investigated the overpotential 
reduction as a function of the number of impregna- 
tion cycles showed that there was little or no benefit in 
increasing the Ni(OH)2 loading from 2.3 to 5.3 rag/ 
cm 2. As discussed in more detail in the next section, 
this indicates that the higher loadings produced 
plugged coating pores or excessive surface buildup, 
thus blocking portions of the electrode from partici- 
pating in the electrode reaction. 

Impregnation method B . ~ I n  1967, McHenry (9) de- 
scribed an electrochemical precipitation process for 
impregnating porous nickel battery electrodes in which 
a porous electrode is cathodized at constant current 
density in a nickel nitrate electrolyte. A local pH rise 
within the coating pores causes Ni (OH)~ to precipitate 
from the nickel nitrate solution. This method was 
found to have several advantages for impregnating 
high surface area nickel electrode coatings. In method 
A, the amount of nickel precipitated as Ni(OH)~ was 
limited to what had been carried within the coating 
pores from the so.ak solution. In the one-step process of 
method B, however, nickel ions continued to diffuse 
into the coating until the pores were uniformly 
plugged, permitting a considerable range of Ni(OH)2 
loadings with only one cycle. Thus, process time and 
the number of operations required wer? minimized. 
The surface buildup of Ni (OH)2 which occurred with 
method A was eliminated by proper selection of im- 
pregnation conditions. Because the electrodes were 
held at a cathodic potential during most of their ex- 
posure to the acidic nitrate solution, and there were 
fewer exposures of moist electrodes to air than in 
method A, substrate corrosion was reduced. In prac- 
tice, there was no rust staining. 

McHenry's results indicated that it should be possible 
to control the Ni(OH)2 loading accuratelY by regulat- 
ing the total charge passed during the impre~.nation 
process. In the present work, the Ni (OH)2 loading in- 
creased linearly with the charge passed until saturation 
loading was reached, as shown in Fig. 1 for several 

series of impregnations from 0.2M Ni(NO~)2 solution. 
The dashed line is a linear regression (correlation co-  
efficient 0.980) for the sheet anode data points. The 
linear regression (correlation coefficient 0.998) of the 
screen anode data is shown as a solid line. For both 
sheet and screen anodes, Fig. 1 shows that passage of 
1C of charge produced an Ni(OH)~ loading of about 0.7 
rag, indicating nearly constant charge requirements 
from one electrode form to another. 

Scanning electron micrographs of the Ni(OH)2 de- 
posits produced by method B showed that they were 
compact rather than open-structured or dendritic. The 
morphology of the underlying sintered nickel was pre- ~ 
served, as shown in Fig. 2a. With higher catalyst load- 
ings, the Ni(OH)2 deposit began to plug the nickel 
coating pores, as seen in Fig. 2b, and the deposit 
displayed a cracked, "mud fiats" appearance. This 
progression in deposit morphology with increasing 
Ni(OH)2 loading was always observed at both sheet 
and screen anodes. However, the onset of plugged pores 
and cracked deposits did not always occur at the same 
loading. For example, with screen anodes, this oc- 
curred at lower loadings in set 2 than in set 1. 

When the Ni(OH)2-impregnated sheet anodes of 
Fig. 1 were operated, their overpotentials were con- 
siderably lower than those obtained with similar non- 
impregnated anodes. The overpotential for oxygen 
evolution decreased rapidly at low Ni(OH)~ loadings 
(0 to 1.5 mg/cm 2) and then remained nearly constant 
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Fig. 1. Ni(OH)~ loading v s .  total charge passed for sheet and 
screen anodes impregnated in 0.2M Ni(N03)2. 

Fig. 2. Scanning electron micrographs of Ni(OH)2 deposits on 
screen anodes, 3000X.  (a) Set 1, 180 sec impregnation, Ni(OH)2 
loading m_ 1.6 mg/cm 2. (b) Set 1, 700 sec impregnation, Ni(OH)~ 
loading ---~ 6.1 mg/cm 2. 
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up to 5 mglcra2, the maximum load studied. At  that 
loading, the overpotential reduction was about 60 mV 
at a current density of 200 m.A/cm2. 

The majori ty  of the overpotential decrease at the 
Ni(OH)a-hmpregnated sheet anodes was caused by a 
decrease in Tafel slope rather  than an increase in ex- 
change current density. The Tafel slopes of the cata- 
lyzed sheet anodes were 23-30 mV/decade, with most in 
the range 23-27 mV/decade. The slopes of the uncata- 
lyzed anodes, in agreement with earlier results (1), 
were 33-34 mV/decade. The exchange current  densi- 
ties for the uncatalyzed anodes were ,~1 • 10 -8 A/cm 2. 
This value for the present anodes, sintered at 870~ 
was slightly lower than that reported earlier for simi* 
lar  .anodes sintered at 760~ where more of the surface 
area of the nickel powder was retained after sintering 
(1). In comparison, the Ni(OH)~-impregnated sheet 
anodes had /o  values ranging from 5.7 • 10 -9 to 5.2 • 
10-8 A/cm~, i.e., both above and below the io value for 
the uncatalyzed anodes. In order for the observed 60 
mV overpotential decrease to have been a surface area 
effect, a surface area increase of 66 times would have 
been necessary for anodes with a 33 mV/decade Tafel 
slope. However, this is not supported by the exchange 
current density data. In addition, no evidence of a 
large increase in surface area was detected by scanning 
electron microscopy, as discussed earlier. 

The results with Ni(OH)2-catalyzed anode screens 
were similar to those for anode sheets in several re-  
spects. As shown in Fig. 3, the anode overpotential 
showed a sharp initial drop at low Ni(OH)2 loadings. 
This was followed by a range of Ni(OH)2 loadings 
(about 2-4 mg/cm 2) in which the overpotential was 
relat ively constant. The Ni(OH)2 loadings for set 3, 
which were not measured, were assumed to follow the 
change vs. loading line for screen anodes in Fig. I. 

At higher Ni(OH)~ loadings, anode overpotentials 
again rose. A reasonable explanation for this behavior 
is that pore plugging by the Ni (OH)2 deposits hindered 
the interior surface of the coatings, which are known to 
participate in the oxygen evolution reaction (1), from 
serving as reaction sites. This explanation is consistent 
with the anode overpotential rise at lower Ni(OH)~ 
Ioadings in set 2 than in set 1, because scanning elec- 
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tron micrographs showed that the onset of pore plug- 
ging also occurred at lower loadings in set 2. 

The conclusion drawn from the data for sheet an- 
odes, i.e., that the observed overpotential decrease at 
Ni(OH)~-impregnated anodes is not merely a surface 
area effect, is substantiated by the screen anode data. 
Tafel slopes for uncatalyzed screen anodes were 34 mV/ 
decade, while catalyzed screen anodes had Tafel slopes 
in the range 23-29 mV/decade. The exchange current 
densities for uncatalyzed screen anodes were 4-6 • 
I0 - s  A /cm 2 (geometric).  Corresponding io values for 
the catalyzed screen anodes fell within or below this 
range. The exchange current density for the most 
heavily impregnated anode in set 2 (Fig. 3) was sig- 
nificantly lower (4.2 X 10 -I~ A/cra 2) than all others. 
This is further confirmation for the pore plugging effect 
discussed above. 

The porous nickel coatings in the present work 
were about 50% dense. Using a coating weight of 65 
mg/cm2, - the approximate average of the three anode 
screen se..ts, complete packing of the coating pores 
would produce an Ni(OH)2 loading of 30 mg/cm 2. How- 
ever, plugging of coating surface pores with Ni(OH)2 
occurred at considerably lower loadings, about 6 mg/  
cm 2 or 20% of the theoretical maximum value. This 
indicates that the coating interior received a much 
lighter loading than the surface, even using a low cur- 
rent density (7 mA/cm 2) for impregnation. The rela-  
tively low porosity (,-,50%) and small pore size of the 
anode coatings limit the diffusion of Ni +2 into the 
coatings. Using porosity and thickness specifications 
reported by McHenry (9) for the porous nickel plaques, 
a maximum theoretical Ni(OH)2 loading of about 250 
mg/cm 2 was calculated for those electrodes. However, 
saturation loading (i.e., passing further charge produced 
litt le or no weight gain) occurred at a loading of about 
80 mg/cm 2, or roughly 30% of the theoretical maxi-  
mum. The higher percentage loading was due to the 
greater porosity and average pore size of the nickel 
plaques, compared to the porous nickel-coated elec- 
trodes of the present study, and to the fact that two 
faces rather than one were exposed to the impregnation 
electrolyte. 

Differences in the behavior of the two types of 
electrodes as a function of Ni (OH)2 loading were evi- 
dent. The capacities of the impregnated bat tery plaques 
increased until  saturation loading was reached. In addi- 
tion, Ni(OH)2 deposited in the initial phase of im- 
pregnation was less efficient than that deposited sub- 
sequently. In the present work, however, as Fig. 3 
shows, the opposite behavior was found. The first 2 
mg/cm 2 of Ni(OH)2, about 6% of the theoretical 
maximum, produced almost all of the improvement in 
the electrocatalytic act ivi ty of the porous nickel-coated 
screen anodes. 

The anodes from set 1 were examined by scanning 
electron microscopy at the conclusion of electrochem- 
ical tests. There was no evidence of degradation of the 
Ni(OH)2 catalyst deposits or of the porous nickel coat- 
ings themselves. 
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Ceramic SrTiO  Photoanodes: Enhancement of Photoactivity Through 
Donor Doping 

B. Odekirk and J. S. Blakemore* 

Oregon Graduate Center, Beaverton, Oregon 97006 

ABSTRACT 

Results are reported for the photoactivity of lanthanum-doped, strongly reduced SrTiOs in microcrystalline ceramic 
form. Photoanodes of LaxSr~_~ TiO3 (withx up to 0.01) were used in photoelectrochemical cells with simulated AM2 solar 
illumination, and aqueous electrolytes of various pH. The photoresponse was highest for strongly basic electrolytes, and 1M 
NaOH was used for subsequent experiments. Samples with heavy doping and strong reduction (heated at 1325 K with Po2 ~< 
10 -~s atm, and quenched) showed good photoactivity without external bias. Impurity band formation forx I> 0.003 provides 
an extension of the spectral response to longer wavelengths, and improves the quantum efficiency. Weakly doped samples 
(x < 0.002) show a modest photo-oxidation after operation in a PEC cell for several hours, but this feature is absent for larger 
doping. No significant photodecomposition effects were seen after operation at AM2 illumination for up to 50 hr. 

SrTiO~ has received a great deal of attention in the 
past few years as being the first of the wide bandgap 
semiconductors to be shown to successfully photodis~ 
sociate water without any external biasing and without 
decomposing (1). Since then a number of studies have 
appeared on the performance of single crystal SrTiOs 
(made n-type semiconducting by donor doping and/or 
reduction) in a photoelectrochemical cell (2-9). 

Thus, gases produced during cell operation have been 
collected and analyzed (2-4), and shown to be O2 
(formed at the photoanode) and H2 (at the cathode). 
The ratios of H~ to Os conformed to the desired chem- 
ical reaction, and the quantities collected agreed with 
the current densities produced, indicating electrode 
stability (2). High density photocurrents of up to 5 
A/craS produced by irra~liation with the 351, 364 nm 
lines of an argon ion laser (380 W/cme) indicated that 
single crystal SrTiO8 is stable to decomposition, and 
that the cell rate-limiting step is illumination intensity 
(5). Use with p-type semiconductor photocathodes in 
bipolar illuminated cells has produced efficiency to 
sunlight of 0.18% (with p-CdTe) and 0.67% (with 
p-GaP) (7). 

SrTiO~ is of particular interest not only because of 
its stability, but also because it requires no biasing 
potential to assist the process. The biasing requirement 
of a particular material is determined by the flatband 
potential, Vfb (i.e., the position of the conduction band 
edge, Ec, when there is no band bending in the semi- 
conductor). Vfb for SrTiO8 has been measured in a 
number of different ways, including by standard ca- 
pacitance measurements (4), by differential stress 
measurements (10), and by rectified alternating pho- 
tocurrent voltammetry (11). These measurements in- 
dicate that in 1M NaOH, Vfb ~ --1.2V (vs. SCE) and 
that it changes with pH in the expected manner (--60 
mV/pH).  It is generally known that n-TiOs, while 
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also useful as a stable photoanode in the photodissocia- 
tion of water, requires anodic biasing of about 0.2V to 
initiate the process (12); and since it has been shown 
that V~b for TiOs is about 0.3 to 0.4V more positive 
than that of SrTiOs (4), it is apparent that SrTiOs 
acts as a good demarcation between those materials 
that will require biasing to assist photolysis and those 
that will not. 

The energy level of the O2/OH- redox agent in a 
photoelectrochemical cell (PEC) lies at 1.23 eV below 
the system Fermi level (i.e., the H2/H + level), which 
in turn is very near the conduction bandedge of the 
semiconductor. Since the bandgap of single crystal 
SrTiOs is Eg -- 3.21 eV (considered to be indirect, with 
a direct transition at 3.78 eV) (13), the photogenerated 
minority carriers must find a way to communicate 
with the appropriate redox level without the possibility 
of isoenergetic charge transfer to the valence band. 
This has generally been attributed to the action of 
surface states. 

LCAO and Green's function calculation techniques, 
applied to the predominant pd~ interaction by Wolf- 
ram (14, 15), indicate that the two-dimensional char- 
acter of the SrTiOs conduction band will trap impurity- 
related surface states in the bandgap. Powell and 
Spicer (16) subsequently deduced from UVPS analysis 
that midgap surface s~ates on the SrTiO8 (001) face, 
if existent, would have a density less than 1018 cm -2. 
On the other hand, Henrich et aL (17) (also using 
UVPS techniques) found for vacuum-fractured sur- 
faces, a surfa.ce state density ~5 • 1018 cm -2, at an 
energy some 1.7 eV above the valence bandedge Ev. 
This was attributed by Henrich et al. to extrinsic 
states composed of TiS+-Ov complexes, because of the 
effect of O2 exposure in decreasing the peak height. 
States were also found near Ev + 2.2 eV, associated 
with step sites on the fracture plane. 

Usinr a variety of analytical techniques (LEED, 
AES, EELS, UVPS), Lo and Somo~ai (18) also re- 
ported midgap surface states on SrTiOa, near Ev -~ 
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1.6 eV. They  a t t r ibu ted  these to Ti a+ ions. Using a 
v ib ra t ing  capaci tance probe for  surface photovol tage  
measurements ,  Mavr0ides  and Kolesar  (19) found a 
s t rong dependence  of the SrTiO3 work  funct ion on the 
incident  hgh t  I requency,  caused p re sumab ly  by  filling 
and empty ing  of surface  states wi th in  the gap. 

Henr ich  et al. (20, 21) have  also r epor t ed  on the 
effects of O~ adsorp t ion  on d isordered  surfaces of c ry-  
s ta l l ine  SrTiO3. I t  has  been shown (22) tha t  orb i ta l  
over lap  of oxygen  adsorbants  can resul t  in a b road  
surface band,  some 3 eV wide. 

The  s ta tements  and  citat ions of the  preceding p a r a -  
graphs  were  made  to emphasize  tha t  midgap  surface 
s ta tes  do appea r  in a number  of guises on SrTiOa sur -  
faces, and tha t  the  effectiveness of  SrTiO~ as a photo-  
anode m a t e r i a l  depends  cr i t ica l ly  on the role such 
states can play.  Thus the  condit ion of the crys ta l  sur-  
face, how this was formed,  and  the  defect  chemis t ry  of 
the  under ly ing  latt ice,  a l l  influence the  photoact iv i ty .  
We thus  suggest  tha t  a (cont ro l lab ly)  d i so rdered  sur -  
face m a y  wel l  be super ior  to an o rde red  one for  photo-  
e lec t rochemical  purposes,  p rov ided  this can be crea ted  
reproducib ly ,  and that  i t  is stable.  The su i tab i l i ty  of 
microcrys ta l l ine  ceramic  SrTiO3 as a photoanode  ma-  
te r ia l  thus mer i t s  careful  examina t ion :  on the one 
hand  since this can be much less costly than  the single 
c rys ta ls  used for  the  above-c i ted  work,  and also be -  
cause this  could wel l  be more  effective than  the same 
mass of monocrys ta  ! in p rov id ing  useful  surface 
states. 

Goodenough  et al. (23) have brief ly r epor t ed  the  
improved  spec t ra l  response of ceramic SrTi l -xCrxO3-~,  
as compared  wi th  the  action spec t rum for undoped 
SrTs (also in po lycrys taUine  fo rm) .  They demon-  
s t ra ted  an extension of  the opti,cal ac t iv i ty  to a round  
550 nm, and a t t r ibu ted  this to e lect ron tunnel ing  under  
high anodic bias  f rom the  0 2-  (2p 6) valence  band to 
a local ized hole on a Cr 4+ ion. This in teres t ing  resul t  
is, however ,  too s low to p reven t  t rapp ing  of conduct ion 
band  electrons by  the Cr  4+ ions, and hence  decays 
r ap id ly ' excep t  wi th  high anodic bias. 

The  resul ts  in the  present  pape r  concern SrTiO~ in 
microcrys ta l l ine  ceramic  form as influenced by  l an -  
thanum doping,  and w i th  prepara t ion ,  h igh t empera -  
ture  equi l ibra t ion  reduct ion  (24, 25) and quenching 
(26) so as to es tabl ish  a known the rmodynamic  con- 
di t ion for the  in te r io r  of each crystal l i te .  We find 
this ma te r i a l  to be stable,  and to be photochemica l ly  
active. 

Experimental 
Ceramic  samples  used in this  work  were  p repa red  

by  a l iquid mix  technique (24, 25) tha t  pe rmi t t ed  im-  
pu r i ty  s tabi l iza t ion  to 10 ppm.  Powder  samples  were  
pressed  into disks,  1 cm diam, and some 0.1 cm thick, 
and s in tered in a i r  at  1625 K for 12 hr. The par t ic le  
size was de t e rmined  f rom SEM analysis  to be about  
0.5 ~ra, wi th  a dens i ty  95% of tha t  for  single c rys ta l  
mater ia l .  The s in tered disks were  then  equ i l ib ra ted  
at  a chosen Po2 ( f rom a flowing CO2/CO or  H2/CO2 
gas mix tu re )  for  a per iod  of 8-15 h r  a t  1325 K, and 
quenched in the  ambien t  gas. 

Of the  LaxSr l -xTiOa composit ions tha t  can be p r e -  
pa red  in the  above  manner ,  we have  on occasion 
s tudied  samples  wi th  x as large  as 0.05. That  corre-  
sponds to [La] ~ 9 • 102o cm -3. However ,  al l  the re -  
sults r epor ted  here in  re la te  to the  doping  r a n g e  0 - ~  x 
~-~ 0.01. 

For  each reduced  and  quenched ceramic disk,  ohmic 
contact  was  made  to the  back  b y  rubb ing  wi th  
In0.995Ga0.005 alloy.  Ind ium solder  was then used to 
a t tach a t inned  copper  wire  to this  back  surface, which  
was then coated wi th  du  Pont  conduct ing s i lver  paste.  
We have  found contacts  so p repa red  to be ohmic, of 
low resistance,  and wi th  no de tec tab le  aging effects 
at  room t e m p e r a t u r e  for per iods  on the scale of a year.  

The photoanode  d isk  was then sealed with  epoxy  
resin to the lower  open end of a U-shaped  glass tube,  

so that  only  the un t rea ted  front  face was exposed to 
the  e lectrolyte ;  the  rea r  contact  wire  being pro tec ted  
inside the U-tube.  

Fo r  the cathode of the  PEC cell, we have used a P t  
wire  hel ix  (of surface area  ,~0.3 cm 2) or P t  foil of 
a rea  , -6 cm 2. Samples  were  at  first tested in e lect ro-  
lytes  ranging  in pH from 2 to 14; wi th  acid solutions 
made  f rom HC1 and deionized water ,  and basic solu-  
tions f rom NaOH. As i t  became clear  tha t  s t rongly  
basic solut ions worked  best, a lmost  all  subsequent  ex-  
per iments  were  done with  1M NaOH. In a l l  cases re -  
por ted  herein,  the  photoanode  was  tes ted in a one 
compar tmen t  cel l  exposed to the  a tmosphere .  Thus, 
opera t ion  was photovol ta ic  for low bias. 

I r r ad ia t ion  for  PEC cell  opera t ion  was provided  by  
an Oriel  300W solar  s imula tor  f i l tered to AM2. The 
(a lmost)  shor t -c i rcu i t  photocur ren t  was moni tored  
f rom the vol tage across a 100~ resistor,  and cont inu-  
ously p lot ted  wi th  a H e w l e t t - P a c k a r d  7100B s t r ip  
char t  recorder .  Ex te rna l  bias, when applied,  came from 
a H e w l e t t - P a c k a r d  6248A d-c  power  supply,  whi le  
e lec t ro ly te  pH was measured  with  a VWR digi ta l  pH 
meter .  

The spect ra l  response of a ceramic photoanode  was 
de te rmined  b y  recording the PEC cell  pho tocur ren t  
(as descr ibed above)  wi th  chopped monochromat ic  
l ight  and phase-sens i t ive  detection.  I r r ad ia t ion  for 
this expe r imen t  came f rom the combinat ion of a 75W 
xenon l amp  source, 5a r re l l -Ash  Mark  X monochroma-  
tor, and Rofin var iab le  speed  chopper.  The mono-  
chromator  resolut ion was usua l ly  set for ,~3 nm. The 
photocur ren t  output  at the  chopping f requency (in 
the  range 50-800 Hz) was de tec ted  wi th  a PAR 113/ 
5101 p reampl i f i e r / l ock - in  detector  combinat ion;  co- 
axia l  cable was used for  contacts to both PEC cell 
e lectrodes to obvia te  ex t raneous  pickup.  Spec t ra l  r e -  
sponse curves,  such as those to be presented  short ly  
in Fig. 3, were  der ived  f rom X-Y recorder  traces, us-  
ing the  signal  f rom the  monochromator  spectra l  dr ive  
to control  the abscissa scale. 

Results and Discussion 
Figure  1 shows 300 K data  of photocur ren t  densi ty  

J vs. any appl ied  bias V, for microcrys ta t l ine  ceramic 
LaxSrl-xTiO~ photoanodes  in aqueous e lect rolytes  of 
var ious  pH. Each of the  photoanodes  for Fig. 1 had 
been s t rongly  reduced  (Po2 ---- 10-20 a tm at 1325 K)  
and quenched.  

The t rend  shown in par t s  (A) and (B) of Fig. 1, 
tha t  pho toac t iv i ty  is most  pronounced  for a h igh  pH 
e lec t ro ly te  in both undoped SrTiO8 and 1% La-doped  
mater ia l ,  was found also to be the case for o ther  dop-  
ing s t rengths .  Accordingly ,  a lmos t  al l  subsequent  PEC 
cell  tests have  used a 1M NaOt t  e lectrolyte .  

The two par ts  of Fig. 1 have ve ry  different  ord ina te  
scales, so tha t  pa r t  (B) could show the large  photo-  
cur rent  resul t ing  f rom ex te rna l  bias to a PEC cell 
wi th  a s t rongly  basic e lectrolyte ,  and a s t rongly  doped, 
s t rongly  reduced photoanode.  This should not  obscure 
the  exper imen ta l  observat ion  of zero-b ias  photocur -  
ren t  densi t ies  of f rom 2.5 to 95 ~A/cm2 for var ious ly  
p repa red  photoanodes and e lec t ro ly tes  under  AM2 
i l luminat ion.  

Al l  photoanode mate r ia l s  r epor ted  on here  were  
reduced by  a 1325 K equi l ib ra t ion  under  condit ions in 
the  range  10 -20 ~ Po2 ~-~ 10-16 a tm pr io r  to quench-  
ing. Par t s  (A) and (B) of Fig. 2 i l lus t ra te  the depend-  
ence of the i l lumina ted  J-V character is t ic  (in 1M 
NaOH elect rolyte)  on l an thanum doping s t rength  for 
these two ex t remes  of the reduct ion condition. For  
the s t rongest  reduct ion,  Po2 -~ 10 -20 atm, Fig. 2 (A)  
shows a monotonic  increase  of photoac t iv i ty  wi th  dop-  
ing. This contrasts  wi th  the  s i tuat ion in Fig. 2(B) ,  for 
less severe reduct ion (Po2 ---- 10-16 a tm) .  

That  contras t  is not  incongruous,  since the  defect  
chemis t ry  of quenched LaxSrl-xTiO3 has been  shown 
(26, 27) to change form wi th in  the reduct ion  range  
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Fig. 1. Photocurrent density J (#A/cm 2) vs. applied bias (if any) 
for PEC cells using ceramic photoanodes, and aqueous electrolytes 
of various pH. For all cases shown here, the photoanode material 
was reduced at Po~ - -  10 -2o arm. (A) For SrTiO3 that was not 
deliberately doped. (B) For LaxSrl-xTiO3 with x ~ 0.01. Results 
for other values of the dopant index x were similar to these data. 
The illumination intensity and spectral distribution was AM2. 

10 -2~ - -  Po2 ' ~  10-18 arm. At  the upper  end of that  
Po~ range,  the  la t t ice  contains excess oxygen,  has Sr  
vacancies  in the  perovsk i te  cells, and par t s  of SrO 
planes  in te r l eav ing  those  perovski te  units  (28). For  
more  severe  reduct ion,  the  oxygen  content  is forced 
back  to s toichiometry,  l an thanum incorpora t ion  p ro -  
motes  Ti Iv ~ Ti m (con t ro l l ed -va lency  mechan ism) ,  
and an ex t ra  e lec t ron f rom donor  doping can become 
ava i lab le  for conduction. High t empe ra tu r e  (27) and 
low t empera tu r e  (26) conduct iv i ty  measurement s  in-  
dicate  tha t  this requi res  Pos -~ 10 - i s  arm for the 1325 K 
equi l ibra t ion .  

F igure  3 shows spec t ra l  response scans for  four of 
the  many  LazSr l -xTiO2 photoanodes studied,  recorded 
in a work ing  PEC cell. These show quan tum efficiency 
n (response pe r  incident  photon)  vs. ~, wi th  the loga-  
r i thmic  o rd ina t e  scale a re la t ive  one. The ver t ica l  
separa t ions  of the four  curves  have  been reduced,  bu t  
a re  in the  correct  order :  thus curve (A) is for  a 
w e a k l y  responsive  anode  (undoped SrTiOa),  whi le  
samples  wi th  x --  0.005 or  0.01 as in curves (C) and 
(D) showed a l a rge r  responsivi ty ,  as wel l  as an ex-  
t ended  spec t ra l  response.  

The d a r k  conduct iv i ty  of LaxSr1-xTiO3 through  the 
t e m p e r a t u r e  range  10 ----- T --~ 500 K was found to be 
max imized  for  x ~ 0.002 (26). This was a t t r ibu ted  
to the  fo rmat ion  of a donor i m p u r i t y  band,  wi th  sig- 
nificant over lap  occurr ing wi th  the  conduct ion band  
for  x ~- 0.003. [The da rk  conduct iv i ty  cont inued to 
decrease  un t i l  x ~ 0.005, and the rea f t e r  increased 
s lowly  wi th  fu r the r  doping (26).] Tha t  i n t e rp re t a t ion  
of da rk  conduct iv i ty  da ta  is suppor ted  by  the change 
of spec t ra l  response wi th  doping  i l lus t ra ted  by  the 
var ious  curves  of  Fig.  3. 

Thus curve (A) shows the charac te r i s t ic  spec t ra l  
response of undoped  SrTiO3 that  has been sufficiently 
reduced  to provide  enough d a r k  conduct iv i ty  in the  
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Fig. 2. Photocurrent density vs. bias for variously prepared ceramic 
LaxSrl-=TiO3 photoanodes, in PEC cells with a 1M NaOH strongly 
basic electrolyte. (A) J-V plots for undoped SrTiOs, and for x - -  
0.002, 0.005, and 0.010; all material reduced at Po2 = 10 -2o arm. 
(B) Plots for undaped SrTiO3, and for x = 0.002 and 0.005; mate- 
rial reduced at Po2 ~ 10-z6 arm. 

bu lk  for faci l i ta t ion of the  measurement .  The quan tum 
efficiency ~1 fal ls  off r a p id ly  for hv < 3.5 eV (~ > 355 
nm) ,  as the ac tua l  "edge" of in t r ins ic  t rans i t ions  is 
approached.  

Koffyberg  et el. (13) and Dwight  and Wold (29) 
have both  analyzed  comparab le  da ta  for  the  r ap id  
fal l-off  of respons iv i ty  wi th  decreas ing hv for mono-  
c rys ta l  SrTiO~, using a (qui te)  simplif ied form of the  
expression (30) app rop r i a t e  for an  indi rec t  (phonon-  
a ided)  t ransi t ion.  Thus if one assumes tha t  ~1 = ( A /  
by) (h~ --  Eg)2, then  Eg is obta ined  as the  in te rcept  
in a plot  of (~lh~) '/~ vs. h~. In  this way,  Koffyberg et  al. 
deduced Eg --  3.21 eV, and Dwight  and Wold  r epor t ed  
Eg .= 3.2 eV (Xg ~ 388 nm) .  A s imi lar  value  is ob ta in -  
able  wi th  the comparab le  plot  for  the undoped  ceramic 
sample  of curve  (A) .  The  shor ter  wave length  fea-  
tures  of curve (A) [i.e., the  decrease of s lope at 355 
n m  (3.5 eV),  and the m a x i m u m  near  310 n m  (4.0 eV) ] 
both correspond to those fea tures  as s e e n  by  Dwight  
and  Wold (29) for  undoped single c rys ta l  mater ia l .  

Severa l  differences are  appa ren t  be tween  curves 
(A) and (B) .  I t  is impor t an t  to keep  in perspect ive  
those ar is ing from l an thanum doping (x --- 0.002), 
ones influenced b y  the  oxygen defect  chemis t ry  [Po2 
_-- 10 -16 arm for the samples  of bo th  curves (A) and 
(B)] ,  and  those influenced by  o ther  var iables :  mean  
crys ta l l i te  size, and the granule  surface character is t ics .  
Thus, compared  with  curve (A) ,  one can say of curve 
(B) that :  (i) The overa l l  respons iv i ty  is l a rge r  for  a l l  
wavelengths .  (ii) The quan tum efficiency changes 
more  be tween  310 and 355 nm. (iii) The "edge" re -  
gion for  ~ > 355 nm is less steep, and ex t rapola tes  to 
an Eg some 0.1 eV smaller .  
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Fig. 3. Semilogarithmic spectral response plots for four repre- 
sentative LaxSrl-xTiO,~ microcrystaUine photoanodes, as identified 
above for dopant index x, and for reduction state. All were mea- 
sated in 1M NoaH. The ordinate scale is the quantum efficiency 
vl, i.e., the response per incident photon, expressed in arbitrary 
units. To make the figure more compact, the curves have been 
moved closer together than their actual responsivities would have 
placed them. Thus, at ~L "- 350 #m, the sample of curve D had 
some 25 times larger than for the undoped sample of curve A. 

That small evidence of gap reduction is greatly 
amplified by the spectral curves for samples (C) and 
(D), with their stronger lanthanum doping, and is 
consistent with electrical conductivity data (26) con- 
cerning the formation of an impurity band, which 
merges wi~h the conduction band and provides a low 
energy tail to that band. 

Thus curve (C), compared with curve (B), shows 
a distinct extension of the long wavelength response, 
with a perceptible structure at the spectral location 
(hv ~ 3.37 eV, ~ ~ 368 nm) where Dwight and Wold 
(29) had speculated about one of the indirect thresh- 
olds. For longer wavelengths, the quantum efficiency of 
curve (C) has an exponential slope similar to that in 
curve (B). However, the more heavily doped sample 
of curve (D) (x : 0.01) shows a large extension of 
the long-wave response, still detectable at 440 nm 
(2.2 eV). 

One may note also that separate maxima near 310 
nm (4.0 eV) and 320 nm (3.9 eV) are apparent for 
both curves (C) and (D) of Fig. 3, as indeed they 
were for other strongly doped photoanodes we have 
measured. Koffyberg et aL (13) and Dwight and Wold 
(29), both inferred a direct gap fo r  SrTiO3 between 
3.7 and 3.8 eV, and one can expect the optical absorp- 
tion coefficient ~ to exceed 104 cm-1 for shorter wave- 
lengths. One might expect some maximization of the 
quantum efficiency for a ceramic sample when the 
optical penetration depth ~-1 is comparable with the 
average particle radius (~0.2 ~m), provided that 
minority carriers can have a diffusion length at least 
this large, even for strong doping. 

In order to maximize the useful photoaetivity of 
a material, it is desirable to minimize the optical band- 
gap, while at the same time allowing efficient separa- 
tion of charge carriers within the depletion region. 
This is controlled by Vrb of the material, in the solu- 
Lion to be used. It is also important that the dark bulk 
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conductivity be large enough not to detract from the 
expectation of a high quantum efficiency. As pointed 
out in the introduction, there must additionally be a 
mechanism by which photogenerated holes can com- 
municate with the appropriate species in the electro- 
lyte. This is presumably accomplished via surface 
states with energies in the semiconductor bandgap. 

As has been shown (26), the conductivity itself is 
maximized by moderate doping ( [ I~]  ~ 0.002), and 
the room temperature conductivity is some ten times 
smaller for x = 0.01. On the other hand, extension 
of the spectral response is accomplished by lanthanum 
doping up to 1%. These competing effects are best 
reconciled by use of heavy doping and quenching 
from a fully reduced state, since reduction assists 
e~00 for a given [La] until exhaustion is reached. We 
have confirmed this with the performance of 
La0.01Sr0.99TiO~ reduced at Po2 -- 10 -30 atm, as 
epitomized by the curves in Fig. I(B) and 2(A). 

Before leaving the spectral response curves of Fig. 
3, and the indications therein of (i) impurity band- 
ing, (i{) reduction of the photon energy threshold, and 
(ii{) increase of the overall responsivity with doping, 
a further comment on the experimental techniques is 
appropriate. The interpretations were based on a-c 
photoconductivity measurements, as a matter of con- 
ver~ence in data acquisition. However, d-c photo- 
currents were observed for hv < Ei with the more 
strongly doped samples. Indeed, the d-c response was 
used in calibrating the X-Y plotter for the subse- 
quent a-c scans. 

Figures 4 and 5, and Table I, address the question 
of electrode stability. This is a question which appears 
important enough even with single crystal electrodes 
of some semiconductors, and can be expected to be of 
extreme importance in deciding on the viability of an 
electrode in microcrystalline form. Figure 4 shows 
the dark electrical conductance (expressed as the 
equivalent bulk electrical conductivity in ohm -1 cm -1 
for fully densified homogeneous material) for 
La0.o02Sro.99sTiO8 that had been quenched from Po~ = 
10 -~o arm equilibration. The conductivity was mea- 
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Fig. 4. Electrical conductance (measured in a back surface van 
der Pauw arrangement, and expressed as equivalent to bulk con- 
ductivity ~ for homogeneous material) vs. 100/7, for microcrystal- 
line LaxSrl-xTiO~ samples (x ~ 0.002) reduced at Po9 : 10-2~ 
arm. (A) The material as first prepared, reduced, and quenched. 
(B) Material similarly prepared, measured after operation in a PEC 
cell with a 1M Noah electrolyte and AM2 illumination for 13.6 
hr. (C) The sample of curve (B), after a rereduction at 1325 K with 
Po2 = 10 -20 arm. 
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Fig. 5. Photecurrent density J (#A/cm 2) vs. time of illumination 
at AM2 spectrum and intensity, in a PEC cell with a 1M blaOH 
electrolyte. The sample here is microcrystalline undoped SrTiOa, 
partially reduced in Po~ = 10 -z8 atm prior to quenching. For 
most of the other (doped) photoanodes studied in the same way, 
the responsivity was (of course) larger, but the fractional change 
of J with time was smaller. 

sured  using a four corner van der Pauw probe to the 
unexposed (back) surface of the photoanode, done to 
avoid surface effects. 

Curve (A) in Fig. 4 shows log (r vs. 100/T over the 
range 10-300 K for this material as quenched. Curve 
(B) shows the conductance (similarly expressed as 
equivalent conductivity) for a similarly prepared sam- 
ple that was then operated in a PEC cell for 13.6 hr, 
using 1M NoaH electrolyte and AM2 illumination. It 
will be seen that this operation in a PEC cell has 
lowered the conductance, by a factor of some 3:1 for 
the higher temperatures, and by nearly 5:1 for low 
temperatures. Curve (C) is for the same sample as in 
curve (B), but after a second high temperature 
equilibration/reduction/quench sequence. Note that 
the room temperature conductivity has been restored 
essentially to the original value, though this is not so 
for low temperatures. 

The tests illustrated in Fig. 4 are not perfectly quan- 
titative, since all three curves could not be obtained 
with the identical sample. Moreover, sample cleaning 
after PEC cell use (30 min ultrasonic bath in 37% 
HCI, and running deionized water rinse) may no~ have 
removed all of the indium and silver contact material. 
Subsequent reduction at 1325 K could then have al- 
lowed in-diffusion of these impurities, where they 
would serve as acceptors, and reduce especially the 
low temperature conductivity. Thus the most interest- 
ing aspect of Fig. 4 is that, despite that source of po- 
tential contamination, re-reduction did restore the 
room temperature conductivity to almost its original 
value. 

Thus electrode photo-oxidation may be occurring to 
some extent, but as a reversible process. Similar tests 
done with more strongly doped La=Srl-~TiO8 anodes 
showed an interesting reversal of the trend. Table I 
gives values for the apparent ~0o of six renresentafive 
doped samples, before and after PEC cell operation. 

Table I. A comparison of 300 K conductance (expressed as apparent 
hulk conductivity) for samples before and after use as a photoanode 

in a PEC cell 

M a t e r i a l  
1~reparatlon 

La Reduc- Time in 
dop-  t i o n  P E C  
lng P %  ce l l  

x ( a t m )  ( h r )  

A p p a r e n t  bulk 
conductivity 

r (~-~ e m  -1) 

B e f o r e  A f t e r  C o m m e n t s  

0,002 10 - ~  12.3 6.0 
0.002 10 -~~ 13.6 8.5 
0.005 10 -18 27.6 0.56 
0.005 10 -~~ 49.1 0.66 
O.O1 10 -18 28.4 0.64 
O.O1 10 -~~ 20.8 1.3 

1.8 D i f f e r e n t  s a m p l e s  
2.6 D i f f e r e n t  s a m p l e s  
0,48 I d e n t i c a l  samples 
0.50 I d e n t i c a l  samples 
0.73 D i f f e r e n t  s a m p l e s  
1.7 Different samples 

Note that samples doped with x = 0.005 show a qui te  
small drop in conductance after operation in a ceil, 
while samples doped with x - -  0.01 actually show a 
small conductance increase. This suggests that photo- 
oxidation may occur only for weakly doped material, 
and may be precluded for [La] ~ 0.005. That is indeed 
fortuitous, in the light of our finding that strong dop- 
ing is advantageous for optimizing the quantum effi- 
ciency and the spectral response. 

Figure 5 plots photocurrent vs. time for a ceramic 
photoanode. These data happen to be for undoped 
SrTiO3 reduced in Po2 = 10-16 atm; one of our l ess  
responsive samples. The figure shows that zero-bias 
photocurrent for AM2 illumination tends to rise to a 
maximum after some 4-6 hr, followed by a fairly 
rapid decline to a steady level. No further change in 
performance was observed out to 22 hr of operation. 

Various other photoanodes have been monitored for 
periods of I2-50 hr of simulated solar illumination; 
showing only modest changes in photoactivity, mostly 
less prominent than those in Fig. 5. Visual and micro- 
scopic examination showed no apparent changes, sup- 
porting an interpretation that SrTiO8 and LaxSrz-~TiO8 
in reduced ceramic form are stable to photodecompo- 
sition in 1M NaOH. 

Conclus ions 
The performance of ceramic SrTiOa photoanodes, 

modified by both donor doping and reduction, has 
been investigated for use in the photodissociation of 
water. The monitoring of photocurrents (produced in 
the photovoltaic mode) as a function of materials de- 
fect chemistry, in conjunction with measurements of 
electrical conductivity (26) and of spectral response, 
provide the following conclusions: (i) These ma- 
terials function best in a high pH environment, as do 
SrTiO3 monocrystals (3, 4, 9). (//)Lanthanum doping 
promotes formation of an impurity band for [La] 
0.002, and the spectral response confirms expectations 
from dark conductivity (26) that the conduction and 
impurity bands are fully merged with a substantial 
band tail by the time [La] ~- 0.01. (ii{) As a result 
of (/i), and the fact that conductivity increases with 
reduction until complete reduction (Po2 ~ 10-i8 atm) 
is attained, optimal photoanode performance requires 
strong lanthanum doping and strong reduction prior 
to' quenching. (iv) No significant photocomposition 
effects were seen as a result of operation in a PEC cell 
at AM2 illumination for periods of up to 50 hr. (v) 
Modest photo-oxidation appears to occur for samples 
with [La] ~ 0.002, but not with stronger lanthanum 
doping. (vO Ceramic La~Srl-xTiOs, doped with x 
0.01, and fully reduced (high temperature equilibration 
at Po2 ~ 10-2~ atm prior to quench), shows a vigor- 
ous photoactivity in  1M NaOH, without any external 
bias requirement. I t  is assisted in this regard by an 
amply adequate dark conductivity, by the effect of 
impurity band tailing below the conduction band in 
reducing the optical bandgap, and evidently by the 
presence of a substantial density of midgap surface 
states. 

Of more significance than any of the above noted 
individual and specific conclusions, is the demonstration 
that studies of photosensitive materials in microcrys- 
talline form can yield a great deal of useful informa- 
tion, with a considerable savings of time and cost. 
While the response of ceramic SrTiOa-based materials 
is apt to be orders of magnitude smaller than for their 
single crystal counterparts, it is nevertheless adequate 
for analytical study. The implications of this are clear: 
families of materials (particularly oxides) that are 
either unavailable or too costly in monocrystalline 
form, can often be created and brought into a specified 
thermodynamic condition in the laboratory, at minimal 
expense. Results obtained with such microcrystalline 
samples can then provide enough information to indi- 
cate the areas of maximum priority for any (narrower 
range) single crystal investigations. 
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Photoelectrolysis of Water under Visible Light with Doped SrTiO  
Electrodes 

Michio Matsumura, Masahiro Hiramoto, and Hiroshi Tsubomura 
Department of Chemistry, Faculty of Engineering Science, Osaka University, Toyonaka, Osaka 560, Japan 

ABSTRACT 

Various pieces of sintered strontium titanate doped with metal oxides were used as photoanodes in aqueous solutions. 
Some of them (having Ru, V, Cr, Ce, Co, Rh) caused photocurrents with light in the visible region. The production of oxygen 
at the semiconductor electrode and hydrogen at the counterelectrode was confirmed. For the electrode doped with RuO2, 
the quantum efficiency of the photocurrents with the visible light (400-500 nm) reachedca. 2% under anodic polarization. 
Based on these results and the reflection and electroluminescence spectra of the sinter, it is concluded that the 
photocurrent arises from an electronic transition from a dopant level to the conduction band, the former lying a little above 
the valence band. 

The photoelectrochemical phenomena of semiconduc- 
tor electrodes have been attracting attention in recent 
years in view of solar energy conversion. The feasibil- 
ity of hydrogen production from water or of other 
chemical storage process is the most interesting point of 
these electrochemical solar cells. Some oxide semicon- 
ductors, e.g., TiO2 (1), SrTiO3 (2, 3), BaTiO~ (4), SnO2 
(5), etc. (6) are known to decompose water in photo- 
electrochemical cells. Unfortunately, their bandgaps 
are so large (>  3.0 eV) that they can absorb light only 
in the ultraviolet region. The theoretical limit of the 
sunlight engineering efficiency for the semiconductor 
with a bandgap of 3.0 eV is only 7%. The practical effi- 
ciency is much lower. Therefore, it is very important 
to develop electrode materials having smaller band- 
gaps. 

Key words: semiconductor electrode, photoeleetrochemical cell, 
hydrogen production, eleetroluminescence. 

Scaife (7) pointed out that, for oxide semiconductors 
with their valence bands formed by the 2 p orbitals of 
oxygen atoms, the bandgaps should be higher than 2.94 
eV in order that they can decompose water. Semicon- 
ductors with their valence bands formed by the d 
orbitals of the metal ions may be devoid of such re- 
striction. In fact, Cr-doped TiO2 (8) and SrTiO3 (9) 
and some other similar systems (10-14) have been re- 
ported to show photoresponse to visible light. In this 
paper, we report the photoelectrochemical behavior of 
SrTiO3 sintered electrodes doped with various metal 
oxides. SrTiO3 has a flatband potential most suitable 
for the decomposition of water. 

Experimental 
The SrTiO3 sintered electrodes doped with metal 

oxides were synthesized by the following procedure. 
SrTiO3 powder, 99.9% pure, from Fuji Titanium Indus- 
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try Company, Limited, was mixed with reagent  grade 
metal  oxide in an agate mortar. The mixture was 
pressed into disks 1 cm in diameter and sintered at 
1400~ for 2 hr. The two faces of the sintered disks 
were polished with alumina powder 1 ~m in particle 
size and were heated in a stream of hydrogen at 900 ~ 
1200~ for 1 hr so as to gain electrical conductivity. 
The optimal temperature depended on the kind of the 
added metal  oxide. The ohmic contact with a copper 
wire was taken by indium evaporated on the sinter 
surface. Single crystals of SrTiO~ from Nakazumi Crys- 
tal Company, Limited were also used as electrodes. 

The electrochemical measurements were made in 
most cases under potentiostatic condition using a 
Hokutodenko HA 101 potentiostat with a saturated 
calomel electrode (SCE) as a reference electrode. A 
plat inum plate was used as a counterelectrode. Mea- 
surements were made in 1M (mol dm -8) NaOH, 0.SM 
K2SO4, borate buffer (pH 8.8), and acetate buffer (pH 
4.6) solutions. The electrodes were i l luminated with a 
500W high pressure Hg lamp or a 500W Xe lamp, both 
from Ushio Electric Incorporated combined with a 
grating monochromator from Japan Jar re l -Ash Com- 
pany. 

The reflection spectra of the sinters were measured 
with a Shimadzu UV-360 spectrophotometer equipped 
with an integrating sphere. The electroluminescence 
from the electrodes was measured under cathodic po- 
larization in aqueous solutions of 0.SM Na~S2Os and 
0.2M NaOH using a grating monochromator (Jobin 
Yvon, H-20) and a Hamamatsu TV, R-712 photomulti-  
plier. 

Results 
The undoped SrTiOa sintered electrodes showed al-  

most the same quantum efficiency, action spectra, and 
onset potential of the photocurrent as those of the 
single crystal electrodes. This suggests that the mo- 
bil i ty of the electric carriers and the photoabsorptivity 
of SrTiOs in the polycrystall ine structure of the sinter 
do not differ much from those of the single crystal. 

The SrTiO3 electrodes doped with RuO2, V205, Cr208, 
Ce203, CoO, and Rh208 showed photoresponse to the 
visible light, while undoped SrTiO~ and those doped 
with other metal oxides, ZnO, A120~, etc., showed pho- 
tocurrent  only with u.v. l ight as indicated in Table I. 
The action spectra of the photocurrents for the elec- 
trodes either undoped or doped with the oxides in the 
former group are shown in Fig. 1. Most of the results 
shown in Table I and those described later were ob- 
tained by the electrodes containing dopants from 0.01 
to 0.05 weight percent (w/o) .  When they were doped 
more lightly, the photocurrents due to visible light 
were smaller. When they were doped more heavily, the 
photocurrents became smaller in the whole wavelength 
region from u.v. to visible. 

The quantum efficiency of the photocurrent, i.e., the 
number of flowing electrons per incident photon, can 
be calculated from the results of Fig. 1 and the in- 
tensity of the incident monochromatic light. The quan- 
tum efficiency of the electrode doped with RuO~ is 1-  
2% over the wavelength region from 400 to 500 nm 
as shown in Fig. 2. 

The undoped SrTiO~ sinter is colorless before the 
reduction by hydrogen. After  the reduction, it turned 
gray presumably by the formation of oxygen vacancies. 

Table I. Classification of dopants with respect to the sensitizing 
effect on the photocurrents of the SrTi03 sintered electrodes at 

wavelengths longer than 400 nm 

1. T hos e  s h o w i n g  sens i t iz ing  e f fect :  
RuO.~, V~Os, Cr~Os, Ce20~, CoO, Rh20~ 

2. Those showifig weak ef fec t :  
Fe~Os, La208 

3. T hose  s h o w i n g  v e r y  l i t t le  or no e f fec t :  
AI~O3, SiO2, TiO~, MnO~, NiO, CuO, ZnO, Ga~Os, SrO, Nb~Os, 
MOO3, PdO, SnO2, Ta~)~, WOs, ThO, PhO2, Bi~Os 

6 RuO 2 O.OOgwt% 
I 

CoO O. 02 wt ~/o 

5 Ce203 O. 0]_5 wt % 

,~' \ R/h Cr203 0.2!wt% ~ 

4 \,X/\Y Ru Rh203 0.028wt 

~ \ ~ ' k k . / ' ~  V205 0. 02 wt % 

Cr 
2 U = +0.5 V vs. SCE 
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Fig. ]. Action spectra of the photocurrents for the SrTiO~ elec- 
trodes doped with metal oxides in aqueous solutions of pH 4.6 under 
the potential of 0.SV vs. SCE. 

0 "  

80 , 8 

20 

0 
300 600 

. . . .  pure SrTiO 3 

doped with RuO 2 (0. 02 wt %) 

U = + 0.SV vs. SCE 

! ~ k  pH : 4.6 

400 500 

wavelength / nm 

Fig. 2. The quantum efficiency of the photocurrent for the un- 
doped and RuO2-daped (0.02 w/o) SrTiO~ electrodes in aqueous 
solutions of pH 4.6 under 0.SV vs. SCE. 

On the other hand, the doped sinters showing photo- 
response in the visible region are colored before the 
reduction. The reflection spectra of the doped sinters 
which caused photocurrents in the visible region have 
absorption bands in the visible region as shown in Fig. 
3. Even after the reduction, the absorption bands due 
to the dopants persist in the same wavelength region, 
though they become diffuse. It can be seen from Fig. 1 
and 3 that the absorption spectra of the sinters are not 
all in good parallelism with the action spectra of the 
photocurrents. Though the electrodes doped with Cr20~ 
or Rh203 have strong absorption at around 600 nm, 
they have no photocurrent response in this region. 
Similarly, some colored electrodes such as CuO-doped 
electrode have no photocurrent response in the visible 
region. I t  is expected from these results that the photo- 
currents in the visible region are caused by the transi-  
tions from dopant levels to the conduction band. This 
is discussed later in more detail. 

When the electrodes doped with RuO2, V205, Cr20~, 
Ce203, CoO, and Rh203 were irradiated in the visible 
region by use of a 500W Hg lamp and a cutoff glass 
filter (~ < 430 nm) dipped in a water  jacket, photocur- 
rents higher than 1 mA cm -2 flowed under anodic po- 
larization, and bubbles appeared on the electrode sur-  
faces irrespective of the pH of the solutions from 4.6 
to 14. The photocurrent flowed continuously as shown 
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Fig. 3. The reflection spectra of SrTiOs sintered disks before the 
reduction by hydrogen. The broken lines show possible division into 
two components of the spectrum for the RuO2-doped sinter. 

in Fig. 4. The total electrical quanti ty carried through 
by the il lumination reached 40C. The bubbles formed 
by il luminating the RuO~-doped electrode biased at 
+0 .gv  with respect to the counterelectrode in 'a cell 
containing a platinum counterelectrode and an aqueous 
solution of K2SO4 were collected and analyzed by a 
quadrupole mass spectrometer. The mol ratio found 
was H2:O2:N~ -- 2:1:0.2. It is substantiated from this 
result that water  is decomposed by visible light into 
hydrogen and oxygen. No corrosion of the semiconduc- 
tor electrode was observed. 

The i-V curve of the undoped sintered electrode ob- 
served under irradiation in the u.v. region was nearly 
the same as that of the single crystal electrode (Fig. 
5a). The photocurrent rises at ca. --0.65V (vs. SCE), 
which is 0.15V more negative than the potential of the 
hydrogen electrode in an aqueous solution of pH 4.6. 
On the other hand, the photocurrents for the doped 
electrodes starts and reaches saturation at more anodic 
potentials. For example, the i-V curves for the Ru- 
doped electrode observed under il lumination with an 
Hg lamp are shown in Fig. 5b and c. In this case, the 
short-circuit  current density was 50 and 19 ~A cm -2, 
respectively, by illumination from an Hg lamp and 
from the same lamp with a u.v. cutoff filter. The cur-  
rent densities were much lower than that observed for 
the undoped electrodes i l luminated by the same lamp 
without a filter. These low current densities are prob-  
ably due to the generation of the electron-hole re-  
combination centers produced by the doping. The elec- 
trodes doped with other dopants showed short-circuit  
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Fig. 5. The i -V  curves far the undoped SrTiO3 sintered electrode 
(a), and for that doped with RuO2 (0.02 w/o) (b) and (c), obtained 
in aqueous solutions of pH 4.6. The electrode was illuminated by a 
500W Hg lamp in the case of (a) and (b), and by the some light 
source equipped with a cutoff filter (k < 430 nm) in the case of 
(c). ise means short-circuit photocurrent. Broken lines indicate the 
current for a platinum electrode. 

photocurrents nearly equal to or lower than that  of the 
RuO2-doped electrode. 

Discussion 
The appearance of photocurrents in doped 8rTiC~ 

sintered electrodes with less- than-bandgap excitation 
can be explained by the formation of localized levels 
in the bandgap as shown in Fig. 6. The electronic 
transition from such levels to the conduction band 
produces free electrons and trapped holes. The trapped 
holes are expected to move toward the surface by hop- 
ping through the localized levels and decompose water  
to oxygen and protons. 

It is found from the i-V curves (Fig. 5) that the 
anodic photocurrent rises up much more slowly with 
increasing anodic polarization in the case of the less- 
than-bandgap excitation than in the caSe of the band-  
gap excitation. As the density of the dopant in the 
electrode is very low, the photoabsorption by the 
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I I I I i 
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Fig. 4. The photocurrent vs. time for the 0.02 w/o RuO~-doped 
electrode in aqueous solutions of pH 12.6 under 0.SV vs. SCE. The 
arrows indicate the time when the bubbles formed on the glass 
filter in the water jacket are removed. 
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Fig. 6. A model for the generation of the 'photocurrent by the 
irradiation of less-than-bandgap light in the < doped SrTiOJ 
solution/metal > cell system. 
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dopant is usually weak. By increasing the anodie po- 
larization, the thickness of the space charge layer is 
increased and the dopant absorption in this layer will 
increase. This should enhance the photocurrent. The 
slow rising of i -V curve for less-than-bandgap excita- 
tion can thus be understood. 

As to the origin of the localized levels in the band- 
gap, there may be two possibilities: (i) the impurity 
levels due to doped metal ions, i.e., the d orbitals of 
the metal ions, and (ii) the defect of the lattice intro- 
duced by the doping tre~trnent. Maruska et aL (8) 
have proposed that the photocurrent of the Cr-doped 
TiO~ caused by visible light is due to the former 
mechanism. We also conclude that the former mech- 
anism is appropriate for the photocurrents observed in 
the doped SrTiOa electrodes by reason that the action 
spectra of the photocurrents for the electrodes doped 
with various metals differ one after another as shown 
in Fig. 1, showing that the various dopant levels a r e  
responsible for the photocurrents. 

The above-mentioned results are consistent with the 
model (Fig. 8) in which the oxidation reactions are 
assumed to proceed through surface states [or surface- 
trapped holes (15)]. In this model, only those dopants 
with energy levels existing below the surface states are 
capable of transporting holes to the solution via the 
surface states. This mechanism is supported by the re- 
sults of Fig. 7, where the response of the photocurrent 
of the Ru-doped SrTiO3 electrode measured at several 
wavelengths are shown. Steady photocurrents are ob- 
served by excitation at wavelengths shorter than 500 
rim, whereas decaying photocurrents were observed by 
excitation at longer wavelengths. The decaying photo- 
currents are attributable to those from dopant levels 
existing at energy levels higher than the surface states, 
where the holes produced in the bandgap are not 
transported to the surface levels and thus are unable to 
cause steady photocurrents. 

Based on this model, the reflection spectrum of the 
Ru-doped SrTiO8 can be explained by assuming that 
it consists of two components as shown qualitatively 
by broken lines in Fig. 3. The bands at wavelengths 
longer than 500 nm are attributable to the levels lying 
above the surface state. Only the other band is there- 
fore relevant to the photocurrent. Similar interpreta- 
tion can be made for the electrodes doped with other 
dopants. 

In an attempt to further elucidate the dopant levels 
and the surface state, the electroluminescence spectra 
arising from the cathodically polarized electrodes were 
measured in alkaline Na2S~Os solutions. Typical results 
are shown in Fig. 8. The electrode of SrTiOz single 
crystal showed nearly the same spectra as that of 
the undoped sintered electrode. These spectra are as- 
signed to a transition from the conduction band to the 
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Fig. 7. The change of the photocurrents vs. time observed at 
several wavelengths in aqueous solutions of pH 4.6 at 0.SV vs: SCE. 
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Fig. 8. The electroluminescence of the doped SrTiO3 sintered 
electrodes observed in aqueous solutions of 0.SM Na2S2Os and 0.2M 
NaOH under --4.0V vs. SCE. i, undoped. 2, 0.1 w/o Cr203. 3, 0.03 
w/o P dO. 4, 0.01 w/o SiO2. 5, 0.015 w/o cede3. 6, 0.05 w/o RuO~. 
7, 0.02 w/o V~Os. 

surface state (15), emptied by the SO4- radical ion 
(16). From the peak wavelength of the electrolumin- 
escence of the undoped electrode, the energy level of 
the surface state on the SrTiO3 electrode is estin~ated to 
lie at 1.9 eV below the conduction band. 

The electroluminescence spectra of the doped elec- 
trodes can be classified into the following three groups: 

1. Those which are almost the same as that of the 
undoped electrode; observed in the electrodes doped 
with ZnO, Al~O3, Ta~Os, etc., which show no photo- 
current and absorption bands in the visible region. It 
is asserted that the metal ions of this group have no en- 
ergy levels in the bandgap, or, alternatively do not 
penetrate into the lattice of SrTiOs. 

2. Those having very intense and narrow lumines- 
cence bands; found in the Cr2Os- and PdO-doped elec- 
trodes. These luminescence bands can be assigned to 
the transitions between the energy levels of the doped 
ions themselves, viz., 2E -* 4A~ transition of Cr 3+ ion 
(17) in the case of Cr-doped SrTiOs. 

3. Those with a broad band at wavelengths shorter 
than that of the undoped electrode; found in the elec- 
trodes doped with Ru, V, and Ce, showing photore- 
sponse in the visible region. The luminescence of the 
third group is expected to be due to the electronic 
transition from the conduction band to the vacant 
dopant levels. From the wavelength of the lumines- 
cence, the differences of the energy levels of the doped 
ions from the conduction band can be estimated. They 
indicate that the dopant levels of this group lie deeper 
than the surface states. 

These results of the electroluminescence are consis- 
tent with the mechanism of the photocurrent shown in 
Fig. 6, where the photogenerated trapped holes in the 
bandgap deeper than the surface states can cause pho- 
tocurrents. 

Manuscript submitted May 20, 1981; revised manu- 
script received July 18, 1982. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1983 
JOURNAL. All discussions for the December 1983 Dis- 
cussion Section should be submitted by Aug. 1,, 1983. 

Publication costs of this articte were assisted by 
Osaka University. 
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Photoelectrochemical Processes In Bismuth Germanium Oxide, 
Bil GeO 0 Single Crystals 

K. Kochev, K. Tzvetkova, and M. Gospodinov 
Central Laboratory for Solar Energy and New Energy Sources, Institute for Solid State Physics, and Bulgarian Academy of 

Sciences, Sofia, Bulgaria 

ABSTRACT 

The basic photoelectrochemical  behavior of reduced Bi12GeO2o single crystals has been invest igated for the first time. 
Photoinduced current  as a function of appl ied voltage as well as the spectral distr ibution of the photoresponse were meas- 
ured. Photosensi t ivi ty up to 0.5 ~m in the visible range of the spectrum has been observed. The approximate  value of the 
flatband potential  was determined from the linear Mott-Schottky relation and it occurred to be UF~ ~ -- 0.68V vs. SCE. No 
apparent  electrode degradation under anodic polarization has been observed. The role of hydrogen reduction process is 
discussed. 

In  recent  years  an ever  increas ing in teres t  has been  
demons t ra ted  toward  photoe lec t rochemical  processes 
at  the semiconduc tor -e lec t ro ly te  interface,  which m a y  
be appl icab le  for  d i rec t  solar  energy  conversion into 
chemical  or  e lect r ica l  energy.  Many  semiconductor  m a -  
ter ia ls  were  inves t iga ted  as photosensi t ive  e lectrodes 
(1, 2),  bu t  no sui table  one tha t  is s table  in the  e lec t ro-  
ly te  and  has a good absorbance  for sunl ight  has been 
found unt i l  now. Genera l ly  the semiconductors  tha t  
a re  s table  in the  e lectrolyte ,  such as TiO~, SrTiO3 and 
others,  have la rge  bandgaps  (Eg ~ 3-3.5 eV).  As a 
resul t  they  have essent ia l ly  zero solar  absorpt iv i ty .  
Hence, they  are  ineffective in systems for solar  energy  
conversion ( m a x i m u m  repor t ed  conversion efficiency 
wi th  sunl ight  is 1%).  In  our  opinion promis ing  ma te -  
r i a l s  for e lectrodes are  some complex oxides,  Bix2GeO20, 
Bil2SiO~0 and others,  which having  la rge  bandgaps  
never the less  are  sensi t ive in the  vis ible  range  of the  
solar spec t rum (3). In  this pape r  for  the  first t ime are  
r epo r t ed  some photoelec t rochemical  p roper t ies  of 
Bi1~GeO20 (BGO) single crystals .  These crys ta ls  have 
photoconduct iv i ty  and opt ical  ac t iv i ty  and have  been 
used so far  in e lec t ro-opt ica l  device~ and as a ma te r i a l  
for  volume holographic  s torage of informat ion  (4, 5). 

Experimental 
Single  crys ta ls  of BGO crysta l l ize  in the  cubic phase 

body -cen t e r ed  lat t ice and have bandgap  Eg --  3.25 eV 
(3). Our  crysta ls  were  grown b y  the Czochralski  
method  (6-8) from the Bi~O3 and GeO2 melt .  Al l  semi-  
conductor  samples  were  cut pe rpend icu la r  to the  
g rowth  axis into 500 ~m slices. The  crystals  .were 
pol ished wi th  d iamond  abras ive  and then  etched for  
15 sec in concent ra ted  HC1. Such p repa red  samples  
have  res is t iv i ty  of 10 n ~ �9 cm. To decrease the ma te r i a l  
resistance,  the  single crysta ls  were  reduced  in h y d r o -  
gen a tmosphere  at  500~176 for 1 hr. A~ a resu l t  of 
this  t rea tment ,  the  samples  were  reduced  un i fo rmly  in 

Key words: photoelectrochemical cell, visible light photore- 
sponse, flatband potential, hydrogen reduction. 

the  whole  volume, and the i r  resis tance fel l  down to 
10~. Af te r  the reduct ion  process the ini t ia l  ye l low 

color of the crysta ls  changed to da rk  gray.  The I n - G a  
eutectic was used to provide  the  wafers  wi th  an o h m i c  
contact. 

The e lec t rochemical  measurements  have been p e r -  
f o r m e d  in usual  two compar tmen t  cell. The  5N NaOH 
elec t ro ly te  was p repa red  f rom reagent  grade chemicals  
and dis t i l led water .  As a reference  e lect rode a sa tu-  
r a t ed  calomel  e lec t rode  was used and p l a t i num as 
ceuntere lect rode.  The l ight  source was e i ther  100W 
xenon h igh  p re s su re  l amp or  tungsten lamp. The l ight  
in tens i ty  of the i l luminat ion  was .-~ 200 m W / c m  ~. The 
direct ion of the  l ight  beam was no rma l  to the (100). 
The spectra l  response measurements  were  car r ied  out  
employing  in ter ference  filters and the resul ts  were  
normal ized  t o - c o n s t a n t  l ight  intensi ty.  The space 
charge capaci ty  measurements  were  car r ied  out  wi th  
a So la r t ron  1174 Frequency  Response Analyzer .  

Results 
A typica l  cu r r en t -po ten t i a l  curve  wi th  sweep ra te  of 

200 mV/min ,  for  a reduced  sample  of Bi12GeO20, is 
shown in Fig. 1. Dur ing  anodic polar iza t ion  a smal l  
da rk  cur ren t  is observed.  I l lumina t ion  of the semicon-  
ductor  e lec t rode  resul ts  in significant anodic pho tocur -  
rent  which  is typica l  for n - t y p e  semiconductor  e lec-  
trode. In  this  potent ia l  range the pho tocur ren t  is as-  
sociated wi th  oxygen  evolution. Dur ing  cathodic po la r -  
izat ion a high cathodic cur ren t  is observed when the 
vol tage  is be low the threshold  of U --  --0.6 to --0.7V 
vs. SCE. It  was not iced that  af ter  the  flow of la rge  
cathodic cur ren t  of more  than  300 ~A/cm ~, the  anodic 
cur ren t  increases signif icantly in the potent ia l  range  of 
--0.5 to 0V vs. SCE both in da rk  and under  i l l umina -  
tion. Unreduced  BGO samples  had  negl igible  anodic 
and cathodic cur ren t  and  d idn ' t  show any photosens i -  
t ivi ty.  

The  spec t ra l  response of the pho tocur ren t  measured  
at  0.5V vs. SCE for reduced  BGO single c rys ta l  is 
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Fig. 1. Current-potential curves of BGO crystal in 5N NaOH, 
sweep rate 21111 mV/min. 

L-J 

L -  

O 
% 
L3. 

0,5 

300 400 500 
wavelength 1[ nm ] 

Fig, 2. Spectral distribution of the anodic photocurrent at V]~ ----- 
+0.SV vs .  SCE for BGO crystal in 5N NaOH. 

shown in Fig. 2. The m a x i m u m  of photosens i t iv i ty  lies 
be tween  330-380 nm which  corresponds to the intr insic  
absorbance  of this  ma te r i a l  (9). In  the visible range  a 
photosens i t iv i ty  was observed  up to 500 nm. 

The  different ia l  capacitance,  measured  in 5N NaOH, 
of the  reduced  samples  as a funct ion of appl ied  po ten-  
t ia l  is shown in Fig. 3. The frequencies 10-20 kHz in our  
measurements  were  selected in such a w a y  so tha t  the  
dominan t  measured  capaci tance was a resul t  of the 
space charge layer .  The f ia tband poten t ia l  de te rmined  
f rom C-V measurements  is UFB ~ - -0 .7V v s .  SCE.  A s  
can b e  seen f rom the curve in Fig. 3 two par ts  w i th  
different  slopes can be  dist inguished,  f rom which  
donor dens i ty  can be obtained,  resu l t ing  in Na ~ 4.8 �9 
10 iv cm -3 and Na = 1.24 �9 lO TM cm -8  for e = 38 (10). 

The s tab i l i ty  of the semiconductor  electrodes in basic 
e lec t ro ly te  was invest igated.  Af ter  five hours  i l l umina -  
tion, no apparen t  changes in the  pho tocur ren t  were  
noticed, and no changes in the surface were  visible 
unde r  microscopic examinat ion.  

Discussion 
As can be seen f rom cur ren t -vo l t age  character is t ics  

the reduced  wafers  of BGO show typica l  e lec t rochem-  
ical  p roper t ies  of n - t y p e  semiconductor .  I t  can be as-  
sumed tha t  dur ing  the rmal  t r e a tmen t  in the reduct ion  
a tmosphere ,  oxygen  vacancies a re  c rea ted  which  lead  
to changes in s toichiometry.  This  is suppor ted  by  the 
fact  tha t  a t he rma l  t r ea tmen t  for a shor t  t ime in oxy-  
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Fig. 3. Mott-Schottky plot" of BGO crystal immersed in 5N NaOH 
for 10 kHz. 

gen a tmosphere  of the  a l r eady  reduced  samples  leads 
to complete  res tora t ion  of the i r  p r i m a r y  e lec t r ica l  and 
opt ical  proper t ies .  Some a t tempts  were  made  for r e -  
duct ion of the BGO crysta ls  in argon a tmosphere .  They 
showed that  c rys ta l  p roper t i e s  change negl ig ib ly  wi th  
respect  to the  changes tha t  could be observed  af te r  
reduct ion  in hydrogen  a tmosphere .  I t  is  possible  that  
dur ing  the reduct ion  process hyd rogen  is in t roduced  
in  the crys ta l  creat ing sha l low donor  levels.  At  room 
t empera tu r e  they  are  comple te ly  ionized which  leads  
to considerable  increase  of conduct ivi ty .  As can be 
seen f rom Fig. 3 the  Mot t -Scho t tky  plot  is descr ibed 
by  two curves. In  our  opinion regions of different  
slopes (Fig. 3) m a y  represent  a change of donor con- 
cent ra t ion  as a funct ion of distance. We assume tha t  
the  b reak ing  of Bi-O bonds dur ing  hea t  t r e a t m e n t  in a 
reducing a tmosphere  is responsible  for  the  exis tence 
of the donor levels  (11). 

The  observed photosens i t iv i ty  in  the  v is ib le  range  
of 400-500 nm is considered to be due to Ge vacancies 
(3), which appear  dur ing  the g rowth  of BGO crystals .  
As far  as the  appl ica t ion  of these crys ta ls  for  pho to -  
e lectrolysis  of wa te r  is concerned,  the re la t ive  posi t ion 
of the  energy  bands  at  the semiconductor  sur face  is of 
significant importance.  Since the f la tband potent ia l  of 
these crys ta ls  is more  posi t ive  than  the H+/H~ po-  
tential ,  i t  is impossible  to use them in photoelect rolys is  
wi thout  app ly ing  an ex te rna l  voltage.  However  one 
cannot  ru le  out  the  use of this  ma te r i a l  wi th  appro-  
pr ia te  redox  system in self regenera t ing  solar  cells. 
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Diffusivity in Zinc Chloride-Potassium Chloride Electrolyte 
D. Loftus, J. Roberts, R. Weaver, .1 S. Leach,* and L. Nanis .2 

SRI International, Menlo Park, California 94025 

ABSTRACT 

Integral  and differential salt diffusivities have been measured by the capillary method for electrolytes of interest to mass 
transfer of zinc in the zinc-chlorine hydrate battery. No dependence of diffusivity on the concentration of ZnC12 was found 
over the range 0.4-1.6M ZnCI~ in 3.5M KC1. The average diffusivity was 0.88 x 10 -5 cm 2 sec-* at 26.5~ and 1.49 x 10 -5 cm 2 sec 1 
at 47.5~ 

Diffusivity is an impor t an t  t r anspor t  pa r ame te r  in 
concent ra ted  e lec t ro ly te  mix tures  of prac t ica l  interest .  
In  proposed  load level ing ba t te r ies  wi th  flowing elec-  
t rolyte ,  large  changes in ion concentra t ion  m a y  occur 
as, for example ,  dur ing  the charging cycle in a zinc- 
chlor ine hydra t e  or z inc-bromine  cell. Typica l ly ,  e lec-  
t ro lytes  for these systems requi re  high concentrat ions  
of zinc hal ide  to sus ta in  a large  loading o_n the zinc 
e lec t rode  wi thout  to ta l  deple t ion  of zinc ion dur ing  
charge and also large  concentrat ions  of indifferent  salts 
to improve  conduct iv i ty  and energy  efficiency. The 
diffusivi ty is needed  for appl ica t ion  of mass t ranspor t ,  
correla t ions  for  opt imizat ion  of ba t t e ry  per formance  
such as predic t ion  of the  diffusion.-limited cur ren t  d e n -  
s i ty  for  zinc deposi t ion dur ing  charging of a zinc- 
chlor ine cell. 

In  general ,  the  e lec t ro ly te  composi t ion var ies  f rom 
3M ZnCI~ + 3M KC1 to 0.5M ZnC12 -5 3M KC1 dur ing  
the charge cycle in the  z inc-chlor ine  hydra t e  cell. 
Agnew and Pa te rson  (1) confirmed tha t  ZnCl~-H20 
solutions are  se l f -complex ing  since the zinc t r ans fe r -  
ence n u m b e r  becomes negat ive  at concentrat ions  
grea te r  than  1.9M ZnC12. Zinc chloro-aquo complexes 
such as ZnC14 =, ZnCla -  m a y  exist  depending on the 
ch lor ide- to-z inc  ion rat io  dur ing  the charge-d i scharge  
cycle of the z inc-ehlor ine  hydra t e  cell, thus influencing 
the diffusivi ty and t r anspor t  behavior .  Accordingly ,  the 
p resen t  s tudy was unde r t aken  to de te rmine  whe ther  
diffusivi ty depends  on concentra t ion in the  ZnCle-KC1- 
H20 system. 

Experimental Details 
The cap i l l a ry  method was selected for the  exper i -  

ment  because of its s impl ic i ty  for measurement  of both  
the in tegra l  and different ia l  sal t  diffusivi ty and was 
de te rmined  on the basis of zinc ion concentra t ion 
changes. The cap i l l a ry  method  has been descr ibed in 
de ta i l  (2-4) and is r ev iewed  here  only briefly. 

T h e  diffusivi ty measurement  is s ta r ted  by  placing a 
c losed-end cap i l l a ry  in i t ia l ly  filled wi th  concent ra ted  
solut ion in a large  volume of d i lu te  solution. The con- 
cen t ra ted  solut ion is pe rmi t t ed  to diffuse ,out of the 
open-ended  mouth  of the cap i l l a ry  into the su r round-  
ing di lu te  volume for a specified per iod  of time. Ana l -  
ysis of the  zinc ion concentra t ion in the cap i l l a ry  yields  
the average  concentra t ion remain ing  af ter  a p r ede t e r -  
mined  t ime has elapsed. F rom a ma themat i ca l  analysis  
of the  diffusion profile wi th in  the capi l lary,  the average  
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concentra t ion is known  as a funct ion of the  d imension-  
less p a r a m e t e r  Dt/L ~ where  D is the diffusivi ty (cm 2 
sec -1) ,  t is the t ime (sec),  and L is the cap i l l a ry  length 
(cm).  

For  one-d imens iona l  diffusion wi th in  the capi l lary ,  
the concentra t ion profile a t  any  t ime is obta ined  by  
solut ion of the  diffusion equation, Eq. [1] w i th  the 
bounda ry  conditions of zero flux at the closed end of 
the capi l lary,  Eq. [2], and zero concentra t ion  at  the  
open mouth  (x = L)  of the capi l lary ,  given by  Eq. 
[3]. Fo r  different ial  measurements ,  the concentra t ion 
pa rame te r  is considered to be wi th  respect  to the ex-  
te rna l  reservoir  concentra t ion as background,  as de-  
find in Eq. [4]. 

02c 1 0c 
= 0 [1] 

Ox '~ D at 

.OC 
= 0; x = 0 [2]  

ax 

C = 0  x = L  [3] 

The expe r imen ta l  es tabl i shment  of the  bounda ry  con- 
di t ion at  the mouth  of the cap i l l a ry  to match  the ma th -  
emat ica l  requ i rements  of Eq. [3] has been  the subject  
of severa l  studies. S t i r r ing  in the ex te rna l  reservoi r  for 
this purpose  has in t roduced errors  in the measured  
diffusivi ty b y  convect ing diffusant out  of the capi l lary.  
The average  concentra t ion in the cap i l l a ry  becomes 
less than tha t  corresponding to diffusion only, and an 
er roneous ly  large  appa ren t  diffusivity is measured.  

When  the ex te rna l  solut ion is not  s t i r red,  the re-  
qu i rement  of Eq. [3] is r e laxed  and diffusion out  of 
the capi l la ry  is, in theory,  cont inued b y  diffusion into 
a quiescent  ex te rna l  volume. Such a diffusion s i tuat ion 
has been analyzed  (5) to show that  Eq. [4] and [5] 
provide  a diffusivity value  which  is only  a few percent  
too large  when the mathemat ica l  t r ea tmen t  based on 
s t i r r ing (Eq. [3]) is used, even when the re  is no ac tua l  
st irr ing,  provided  the cap i l l a ry  is dep le ted  to about  
60% of the  or iginal  concentrat ion.  However ,  it has been 
shown (2) that  na tu ra l  convection is induced b y  the 
difference in solut ion densi ty  at  the mouth of the capi l -  
l a ry  compared  wi th  the  less dense ex te rna l  solution. 
The downward  s t reaming  na tu ra l  convection is l inked  
to a flow of solution across the mouth  of the cap i l l a ry  
tha t  acts as v i r tua l  st irr ing.  In the presen t  study,  there  
was no ex te rna l  s t i rr ing.  However ,  the average  capi l -  
l a ry  concentra t ion was fi t ted to the  ma themat i ca l  r e -  
sults for s t i rr ing,  obta ined  f rom the solut ion to Eq. [1], 
[2], and [3]. The convective flow induced b y  dens i ty  
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gradients at the capi l lary mouth  and by thermal  gradi-  
ents i r / t he  external  volume were considered sufficient 
to meet  the requirements  of Eq. [3]. 

Capil lary lengths were from 2 to 4 cm and were 
chosen so that at 26.5~ a cross check would be pro-  
vided by fitting Eq. [5] to a depletion level less than  
50% remain ing  of the ini t ia l  concentrat ion (r < 0.5) 
for the 2 cm capillary, whereas Eq. [4] would be a 
best fit for the 4 cm capillary. Typically, the 2 cm capil- 
lary would be depleted to 45% of the ini t ial  concentra-  
tion remain ing  in 30 hr, dur ing  which time the 4 cm 
capil lary was depleted to 72% of the original  concen- 
tration. Diffusion times of about  7 hr  at 26.5~ and 4 
hr at 47.5~ were sufficient to deplete the 2 cm capil- 
lary to 75% of the ini t ia l  concentration. The capillaries 
had in te rna l  diameters of about 2 ram, giving approxi-  
mately  60-100 ~liter of  solution for analysis. At the 
conclusion of an ' exper imenta l  run, the capil lary con- 
tents were washed into 10 ml flasks and diluted with 
distilled water. The zinc concentrat ion in the aliquots 
from these samples was evaluated by atomic absorption 
spectrometry and polarography. Standard  solutions for 
calibration were prepared by  dissolution of a known  
weight of pure zinc (99.999% Zn) in HC1. 

At least five determinat ions of diffusivity were made 
for each ZnC12 concentrat ion at 26.5 ~ and 47.5~ Tem- 
pera ture  was controlled to ----0.5~ in  an air bath. U n-  
wanted s t i r r ing at the s tar t  of each exper iment  was 
avoided by covering the mouth  of the filled capil lary 
with a th in  microscope cover glass. After  the reservoir  
solution was filled to a level above the capil lary mouth, ~ 
t h e  cover glass was slowly removed with a smooth side- 
ways motion to ini t iate  diffusion. Terminat ion  of the 
diffusion exper iment  is accomplished with a reverse 
procedure. The cover glass is replaced and the reser-  
voir drained. Separate experiments  with s trongly 
colored KMnO4 solutions were used to verify that  
there was min imal  dis turbance of the l iquid caused by 
the sideways motion of the thin cover glass. 

Results 
The integral  salt diffusivity may  be obtained from 

the analysis of the residual  concentrat ion of zinc in  the 
capillary, measurement  of the length  of the capillary, 
and the t ime of diffusion. For the measurement  of the 
differential diffusivity, the zinc concentrat ion in the 
reservoir  is required in addition. Solution of Eq. [1] 
with Eq. [2] and [3] as boundary  conditions can be 
accomplished by  the method of separation of variables 
and also by Laplace t ransform techniques. Each method 
yields a series solution for which the first term is en-  
t i rely adequate over a wide range of residual concen- 
tration. From the Laplace t ransform methods, an ac- 
curate result  valid for 0.5 < �9 ~ 1 is 

Cave(t) -- Cres 2 (Dt) ~/~ 
r = = 1 [4] 

C i n i t -  Cres ~ 1/2 L 

From the separation of variables method, for 0 < r 
0.5 

= ~ exp [5] 

where C~w(t) is the average concentrat ion remaining  
after t ime t, Cinit is the ini t ia l  constant  concentrat ion 
in the capillary, Cres is the concentrat ion of diffnsant in 
t h e  large volume of the reservoir  external  to. the capil- 
lary, L is the capil lary length, and D is the diffusivity. 

Integral  diffusivity results are summarized in Table  
I together with the apparent  activation energies for 
the tempera ture  in terval  26.5~176 The reservoir 
solution ini t ia l ly  contained no ZnC12 and was of suf-  
ficient volume so that the amount  that  diffused out of 
the capil lary made a negligible contribution.  

For all integral  diffusion runs, the reservoir  solut ion 
was 3.65M KCI. 

Table I. Integral salt diffusivities of ZnCI2-KCI solutions 
diffusing into 3.65M KCI 

Initial capillary 
concentrat ion ,  Dif fus iv i ty  

(M) (cm 2 sec -1 x 165) Activation 
�9 energy 

KC1 ZnCh 26.5~ 47.5~ (kcal/rnoi) 

3.48 0.40 0.82 • 0.06 1.53 ----- 0.16 5.6 ----- 1.6 
3.44 0.81 0.87 ----. 0.0,5 1.55 • 0.1O 5.2 ~ 1.0 
3.35 1.21 0.94 ----. 0.04 1.40 ----- 0.21 3.6 ----- 1.8 
3.25 1.62 0.88 ~ 0.0'3 1.46 • 0.12 4.6 ~ 1.1 

Differential diffusivity results are shown in  Table II 
in which the associated KC1 concentrat ions are the 
same as those listed in  Table I. 

Discussion 
From the results shown in Tables I and II, it may be 

seen that, at 26.5~ both the integral  anGl differential 
salt diffusivities are essentially constant  over the range 
of concentrations studied, wi thin  the confidence limits 
(95%) obtained. Since the integral  salt diffusivity a t  
47.5~ is essentially constant, it  is reasonable to con- 
sider the differential diffusivity to be constant  also. 
The diffusivity results are usefUl in predict ing l imit ing 
electrochemical rates and electrode kinetic behavior in  
the zinc-chlorine ba t te ry  system. Kim and Jorne  (6) 
report  a value of 0.89 • 10 -5 cm 2 sec -1 for the diffu- 
sion coefficient of zinc ion in 0.05M ZnC12-1.0M KC1 at 
25~ in good agreement  with the present  results. How- 
ever, the rotat ing disk method used by Kim and Jorne 
is l imited to solutions that are re la t ively  dilute in elec- 
troactive species. This l imitat ion also applies to the 
polarographic method for obta ining diffusion coeffi- 
cients. At higher concentrations, both the rotat ing disk 
and the polarographic method require large currents  to 
achieve the l imit ing current  densi ty condition. A fur-  
ther problem occurs when  the overpotent ial  for the 
s imultaneous evolution of hydrogen masks the concen- 
t ra t ion polarization wave. The current  efficiency for 
the metal  ion reduction step must  also be determined to 
properly apply the equations relat ing current  and con- 
centrat ion to diffusivity. The capillary method offers 
no such problems. In addition, it is not necessary to 
know the viscosity of the solution or its temperature  
dependence in order to apply the capil lary method at 
temperatures  of interest  in contrast with the rotat ing 
disk method. Fur ther  advantages of the capil lary 
method are the abil i ty to obtain differential diffusivities 
(as present ly shown) and the diffnsivities of nonelec-  

troactive species. 
Addit ional  t ransport  parameter  informat ion such as 

t ransference n u m b e r  and conductance are required to 
use the present  diffusivity data for modeling the dis- 
t r ibut ion  of complex ions in  the KCI-ZnCI~ electrolyte. 
Raman  spectroscopic data will  also be useful for this 
purpose. The effective activation energies listed in 
Table I are centered around 5 kcal/mol,  in  agreement  
with values found typically for ion diffusivity in aque-  
ous electrolytes (7). 

Agnew and Paterson (1) confirmed that  ZnC12-H20 
electrolytes exhibit  self-complexing on the basis of 
t ransference n u m b e r  measurements .  For  diffusivity 

Table II. Differential salt diffusivities* of ZnCI2-KCI at 26.5~ 

Reserv o i r  
conce~tra- Initial capillary concentration (M) of ZnC12 
tion (M) 
o~ ZnC12 0.40 0.81 1.21 1.62 

0 0.82 • 0.06 0.87 • 0.(~5 0~94 • 0.04 0.88 • 0.03 
0.40 0.89 ----- 0.10 0.98 -+" 0.06 1.01 • 0.15 
0.81 1.02 • 0.13 0.94 • 0.05 
1.21 0.88 • 0.08 

* D • 10~ ( c m  -~ sec-1) .  
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measurements,  they used an interferometric method to 
follow concentrat ion as a function of distance and 
time. However, the interferometr ic  method is more 
readily applied to solutions of a single, salt ra ther  than 
to mixed electrolytes. Their  exper imental  salt diffusion 
coefficient for 0.05M ZnC12 at 25~ is 1.048 X 10 -5 cm 2 
sec-1. For dilute ZnC12 concentrations in mixtures  of 
ZnC12 and KC1 in water, the KC1-H20 electrolyte may 
be considered as the solvent for ZnCle. The Einste in-  
Stokes relat ion or Walden's  rule may be used to pro- 
vide an estimate of the diffusivity of ZnC12, with the 
proviso that the size of the single diffusing species 
is unchanged.  The product  of solution viscosity and 
salt diffusivity should be constant at constant tem- 
perature,  as indicated in  Eq. [6] 

~H20 Dznc l2  "-- TIIt20 + KCl Dznc l2  + KCl [6 ]  

The produc t  of salt diffusivity for 0.05M ZnC12 and 
the viscosity (~) of water  at 25~ (0.8903 centipoise) 
may be used in Eq. [6] to estimate the diffusivity for 
a KC1 solution. For 1M KC1, the recent  viscosity 
determinat ions of Kestin et al. (8) may be used. The 
contr ibut ion of the ZnC12 to the density is ignored in 
computing molal i ty for use in the Kestin correlation. 
At 25~ the viscosity of 1M KC1 is computed to be 
0.904 centipoise, in  agreement  with the value 0.898 
centipoise determined by Roffel and van de Graaf (9). 
From Eq. [6], a diffusivity of 1.03 • 10 -5 cm 2 sec -1 
is predicted, i n  contrast with the exper imental  value 
of 0.89 X 10 -5 cm 2 sec - I  obtained by Kim and Jorne 
(6) for effective diffusivity and the value 0.32 • 10 -5 
cm 2 sec -1 obtained for 0.40M ZnC12, the most dilute 
concentrat ion used in  the present  study. Increased 
solvation of zinc ions or enhanced formation of zinc 
chloro-complex ions may account for the smaller  than 
predicted sal t  diffusivities in ZnC12-KC1 aqueous elec- 
trolytes. 

Summary 
The capil lary method has been used to determine the 

integral  salt diffusivity of ZnC12, based on Zn analysis 

in ZnC12-KC1 aqueous mixtures  at 25.6 ~ and 47.5~ and 
the differential diffusivity at 26.5~ No dependence on 
concentrat ion from 0.4 to 1.6M ZnC12 (in approxi-  
mately 3.5M KC1) was found for the diffusivity, which 
has an average value of 0.88 • 10 -5 cm 2 sec -1 at 
26.5~ and 1.49 • 10 -5 cm 2 sec -1 at 47.5~ 
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Water Absorption and Donnan Equilibria of Perfluoro Ionomer 
Membranes for the Chlor-Alkali Process 

K. Kimoto* 
Asahi Chemical Industry Company, Limited, 1-2, Yurakucho 1-chome, Chiyoda-ku, Tokyo, Japan 

ABSTRACT 

The water absorption and Donnan equilibria of perfluoro ionomer membranes for chlor-alkali production were 
thermodynamically analyzed, utilizing an elastic matrix model. To relate these equilibria , two single parameter model equa- 
tions were developed that express effective fixed ion concentration and swelling pressure. The empirical parameters ~ and 
fl were chosen to give the best fits to the observed water absorption data by Nelder and Mead's modified simplex method of 
optimization. The value of~, which is related to ion pair formation and strong association in the ion cluster in the membrane, 
was in the range of 0.09-0.12 and was fairly uniform among the four membranes investigated. From the calculated value, it 
was concluded that the degree of ion pair formation increases sharply when the hydration number  of sodium ion decreases 
below 4 and that it is higher for carboxylic acid membrane than for su]fonic acid membrane, increasing with the equivalent 
weight (EW) of the membrane and the external concentration. The parameter B, expressing the resistance of the polymer 
matrix against swelling, ranged from 0.14 to 0.55 and was larger for the carboxylic acid membrane than the sulfonic acid 
membrane. It was larger for the membrane with shorter and less bulky pendant  structure to which the ion-exchange group 
is connected. Conversely, it was found to be smaller for the pretreated membrane which exhibits a greater rate of swelling. 
Calculated swelling pressure was in the expected range, and sorbed electrolyte concentration agreed quite well with the 
observed value. The factors to be considered in membrane design and use in the chlor-alkali process are discussed on the 
basis of these results. 

The first commercial  application of the ion-exchange 
membrane  chlor-,alkali process utilized perfluorosul- 
fonic acid membrane ,  which has excellent  chemical 

* E l e c t r o c h e m i c a l  Society Active Member. 
Key words: ion-exchange membrane, w a t e r  equi l ibr ia ,  chlor- 

alkal i .  

durabi l i ty  in  cell envi ronments  (1). This membrane,  
however, exhibits relat ively low current  efficiency in 
concentrated caustic soda, due to its high water  con- 
tent. Various membranes  c o n t a i n i n g  weaker acid 
groups, such as those of carboxylic acid (2-7) and 
sulfonamide (8), have been developed in at tempts to 
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overcome this difficulty and research for this purpose 
continues highly active. 

In  this paper, a semi-empirical  model is proposed 
as a basis for understanding and predicting the mem-  
brane characteristics and for the design and use of the 
membranes.  

Water  absorption and Donnan equilibria are the 
most important  factors in predicting the performance 
of the ion-exchange membrane.  Water  absorption data 
(9-11) and a n  empirical equation with three pa ram-  
eters (9, 11) have been reported for perfluoro ionomer 
membranes,  as have results for computer  simulation 
of water  absorption based on a statistical dynamics 
approach utilizing an ion cluster model with four em- 
pirical parameters  (12, 13). No quanti tat ive data have 
yet  been reported on Donnan equilibrium, although 
qualitative comments have been made (14). However,  
none of these reports have provided a sufficient basis 
for prediction of membrane  performance in concen- 
trated caustic soda, because they do not meet  the need 
for simultaneous consideration of both water  absorp- 
tion and Donnan equilibria. 

Thermodynamic  models of elastic matrices have been 
employed in many  studies on ion-exchange membranes  
consisting of hydrocarbon polymers (15-17). With the 
aid of an optimization technique, this orthodox ap-  
proach was also adopted here ix order  to relate the 
water  absorption and the Donnan equilibria of per-  
fluoro ionomer membranes.  Two single parameter  
equations expressing effective fixed ion concentration 
and swelling pressure were  introduced, and a set of 
model equations was developed to describe the system. 
The empirical  parameters  ~ and ~ were chosen to give 
the best fits to the observed water  absorption data, by 
Nelder and Mead's modified simplex method (18). Cal- 
culations were made for two perfluorosulfonic acid 
membranes  (PSA-1, PSA-2)  and two perfiuorocar- 
boxylic acid membranes  (PCA-1, PCA-2) .  Water ab- 
sorption data were measured for PSA-1 and PCA-1 
and were obtained from the li terature for PSA-2 (9) 
and PCA-2 (1O). Discussion centers on the essential 
factors in designing and using the membranes,  .with 
consideration of the obtained parameter  values as well 
as of osmo%ic coefficient, activity coefficient, swelling 
pressure, effective fixed ion concentration, and sorbed 
electrolyte concentration in terms of the formation of 
ion clusters and ion pairs in the membrane.  

Theoretical 
Donnan equil ibrium is general ly expressed by Eq. 

[1] for the ion-exchange membrane  in equilibrium with 
an aqueous solution of a strong electrolyte AB, one 
mol of which dissociates into one equivalent of the cat- 
ion A and one of the anion B (19) 

where a~, ai -- activity of ion i in the solution and in 
the membrane,  respectively; = -- swelling pressure 
(atm) ; VAS = partial  molar  volume of the electrolyte 
AB (1 mo1-1) ; R _-- gas constant (1 atm mo1-1 de g -1) ; 
and T ---- absolute temperature  (K).  

For  an electrolyte of NaOH, Eq. [2] was obtained 

mNamoI~TNaOH 2 ( ~VNaOH ) 
---- exp - -  [2] 

mNamOHT"NaOH 2 R T  

where mi, mi = molali ty of ion in the solution and in 
the membrane,  respectively (mol /kg-H20)  ; and 7NaOH, 
'~NaOH = mean activity coefficient of NaOH in the solu- 
tion and in the membrane,  respectively. 

For  a cation exchange membrane,  Eq. [3] expresses 
the etectroneutral i ty condition 

m~ = ~R + ~oH [~1 

where mR ---- total fixed ion molality in the membrane  
(mol/kg-H~O).  

Equat ion [4] can be obtained ,by substitution of Eq. 
[3] into Eq. [2] 

m--OH (~R -}- ~OH) 
(TNaOH)'~exp ( ~rVNaoH> [4] 

= mNamoH . ~"NaOH R T  

Y is defined by Eq. [5] employing W%NaOH (mol /kg-  
H20),  the molality of the external  solution 

_ ( 7NaOH ) '~ 
Y mNaW/,OH ---~aO H e x p (  ~VNaOH > RT 

~NaOH ~ '$ ) [5] 
----.mNaOH2 (~_NaOH, e x p (  ~VNaOHRT 

From Eq. [4] and [5], it follows that  mOH and tuNa 
can be expressed as follows 

moH ---- (1/2) (N/mR 2 -5 4Y -- ma) [6] 

~Na = (1/2) (A/mR 2 -5 4Y -5 mR) [7] 

On the other hand, water absorption equil ibrium can 
be expressed by Eq. [8] (19) 

aw 
~Vw = -- RT In [8] 

aw 

where Vw = partial molar volume of water (liter 

mol -I) ; and aw, aw = activity of water in the solution 
and in the membrane, respectively. 

aw in Eq. [8] is related to the osmotic coefficient ~b 
through Eq. [9] (19) 

- ~ZmiMw 
--In aw -- [9] 

1000 

where ~ = osmotic coefficient of the electrolyte in the 
membrane;  Zmi = total molal i ty of all mobile ions in 
the membrane  (mol /kg-H20) ;  and M~v = molecular 
weight of water  (g mol-1) .  

Equation [10] is obtained by  substituting Eq. [9] 
into [8] 

~Vw r 
= in aw [10] 

R T  1000 

The set of Eq. [5], [6], [7], and [10] describes the 
water  absorption and Donnan equilibria of the cation 
exchange membrane  which is in equilibrium with a 
caustic soda aqueous solution. As Helfferieh pointed 
out (19), however,  theoretical calculations are impos- 
sible for "7NaOH, ~b, aw, and ~, thus preventing the anal-  
ysis from proceeding further.  

Empirical  model Eq. [11] and [16] are therefore 
introduced in connection with the total fixed ion con- 
centration mR and the swelling pressure =,based on the 
following considerations. 

1. Sorbed electrolyte in the membrane  forms a 
mixed solution with the salt of fixed ion-exchange 
groups. Attempts to calculate the mean activity co- 
efficient of the electrolyte in these systems by appli-  
cation of Harned 's  rule, which was originally de-  
r ived for free aqueous mixed solutions, have not  been 
highly successful (16, 19). On the other hand, spectral 
studies have shown that ion-exchange groups, sodium 
ions, and associated water  molecules form hydrophil ic 
ion clusters, while the fluorocarbon backbone consti- 
tutes a hydrophobic  region in the perfluoro ionomer 
membranes  (12-14). Furthermore,  marked ion pair  
formation occurs when the hydrat ion number  of so- 
dium ion decreases below 4, as revealed by NMR 
study (20). The contribution of the fixed ion-exchange 
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groups to ~'NaOH is therefore  qui te  complicated and is 
g rea t ly  reduced  f rom tha t  which  would be indica ted  
by  the value  of ma. Here,  we define the effective fixed 
ion concentra t ion mR* (mo le /kg -H20)  by  Eq. [11], to 
express  the  influence of ion pa i r  format ion  and s t rong 
associat ion in the  ion cluster,  and assume that~u 
can be ca lcula ted  as if  caustic soda solut ion in a con- 
cent ra t ion  of ms*  + m O H  exitsts  in the membrane  

mR 
mR* = [11] 

1 + a~R 

where a ---- an empirical parameter. 

In Eq. [II], mR* decreases with increase of a. This 
corresponds to a decrease in the contribution of fixed 

ion-exchange groups to 7NaOH, which is caused by ion 
pair  fo rmat ion  or  s t rong association in the ion cluster.  
Po lynomia l  Eq. [12] for  7NaOH was deve loped  by  leas~t 
squares,  f rom da ta  on the mean  ac t iv i ty  coefficient of 
caustic soda aqueous solutions given in Robinson and 
Stokes '  table  (21). 

7N'aOH - - -  --0.835814 X 10--SmNaOH 5 

+ 0.346;129 X 10--3mNaOH 4 

--0.304021 • 10-2mNaOH s 

+ 0.404923 • 10--1mNaoi~i 2 

--0.105001mNaoH + 0.763891 [12] 

To calculate  7NaOH, mNaOH wil l  be subs t i tu ted  by  m--R* 
+ moll as shown in Eq. [13] 

mR* + mOH "-'> mNaOH [13] 

Equat ion  [12] reproduces  Robinson and Stokes '  data  
f a i r ly  wel l  in the  range  f rom 0 to 22 (mol /kg-H~O) as 
shown in Fig. 1. This covers a sufficient range of con- 
centrat ions,  as calculat ions show the m a x i m u m  value  
of mR* + mOH to be 17 ( m o l / k g - H 2 0 ) .  

2. Gregor  et al. calcula ted the osmotic coefficient of 
the sa l t  of fixed ion-exchange  group from water  ab -  
sorpt ion da ta  on H- fo rm sulfonated po lys ty rene  resin 
and to luene sulfonic acid in an a tmosphere  of va ry ing  
h u m i d i t y  and concluded that  the number  of ions p ro -  
duced upon dissociat ion is one for  sul fonated po ly -  

~/NaOH 

Or 

~-NaO H 
30 

20 

10 

o 

o 

o o 

lO 20 

mN.on or ~ +  moll (mole/kg-H20) 

Fig. 1. Mean activity coefficients of NaOH aqueous sMutlon. 
�9 Calculated by Eq. [12] or [13]; C), Robinson and Stokes 

(21). 

s tyrene  res in  and 2 for toluene sulfonic acid (15). 
Gluekauf  repor ted  s imi lar  resul ts  for  po lys ty rene  
sulfonates (17). I t  has been concluded that  under  
these condit ions the fixed ion-exchange  groups have 
a negl ig ible  effect on the osmotic coefficient of the 
e lect rolyte  in the membrane .  However ,  it  is not  clear  
how these resul ts  can be appl ied  to perfluoro ionomer  
membranes  when they  a re  ut i l ized in the  concent ra ted  
a lkal i  of the ch lo r -a lka l i  process, as they  were  ob-  
ta ined  for sys tems contaifiing no sorbed electrolyte .  We 
therefore  calcula ted the osmotic coefficient ~ in the 
same manne r  as 7~aOH, by  assuming tha t  caustic soda 
exists in the membrane  in the  concentra t ion of m--R* + 
m0H. Po lynomia l  Eq. [14] was developed b y  least  
squares to reproduce  Robinson and Stokes '  da ta  (21), 
as shown in Fig. 2 

~ ' =  0.886714 • 10 -7 (mR* + m'--OH) 5 -~- 0.108135 X 10 -4 

(ma* + moll) 4 

- 0.96884 x 10 -3 (mR* +mOH) 3 + 0.188595 X 10-* 

(mR* + mOH)S 

+ 0.215761 X 10 -2  (mR* + moH) + 0.94022 [14] 

The to ta l  concentra t ion of  mobi le  ions in the mem-  
brane  is therefore  expressed by  Eq. [15] 

�9 ~ni = 2 (mR* + moH) [15] 

3. Swelling pressure ~, resulting from the contract- 
ing force of the elastic matrix, increases with the 
strength of the polymer matrix and the degree of 
matrix expansion. In the polystyrene-divinyl benzene 
resin, swelling pressure increases linearly with the 
content of divinyl benzene utilized for cross-linking 
(15, 17, 22) and with the equivalent volume of the 
resin, which increases with the water activity of the 
atmosphere (17, 22). Perfluoro ionomer membranes 
are prepared by copolymerizing tetrafluoroethylene 
(TFE) and perfiuoro vinyl ether with ion-exchange 
group or its precursor (PVEX), the structures of 
which are shown below (23) 

2.5 

2.0 

1.5 

1.0 

10 20 

mR ~ +moH (mole/kg-H.~O) 

Fig. 2. Osmotic coefficients of NaOH aqueous solution. - , Cal- 
culated by Eq. [14]; O ,  Robinson and Stakes (21). 
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TFE: CFs = CFs 

CFs 
i 

PVEX: CFs = CFO (CFsCFO)p(CFz)qX 

where X = ion-exchange group or its precursor; and 
p--0-- l,q--l-- 12. 
�9 Although no cross-linking agent is generally utilized, 
the polymer backbone based on TFE forms a partially 
crystallized hydrophobic region, which can be con- 
sidered to function as a quasi crossulinked point (4, 
6, 23). It is therefore reasonable to postulate that the 
swelling pressure tends to vary proportionally to the 
TFE content. Gluekauf's data seem to show the swell- 
ing pressure  var ies  p ropor t iona l ly  to aw --~ a,v s of the  
a tmosphere  for  po lys ty rene  sulfonates  (17). I f  in  this  
l ight  the  swel l ing pressure  is assumed to va ry  wi th  
the  second power  of the  wa te r  ac t iv i ty  of the ex te rna l  
solution, aw 2, the  fol lowing model  equat ion is obtained,  
in which  the p a r a m e t e r  ~ is an express ion of the re-  
sistance of the  po lymer  m a t r i x  against  swel l ing  

: ~ ( E W  -- MWo)aw 2 [16] 

where  ~ : empi r ica l  pa rame te r ;  E W  = equiva len t  
weight  of the  m e m b r a n e  ( g - d r y  p o l y m e r / e q u i v a l e n t ) ;  
and  M W o  = molecu la r  weight  of PVEX monomer  wi th  
the ion-exchange  group in H- fo rm (g m o l - 1 ) .  A com- 
par i son  of this equat ion and a s imi lar  equa t ion  wi th  
a wa te r  ac t iv i ty  exponent  of one is p resented  in the  
Discussion section. 

By  definition, the  to ta l  fixed ion concentra t ion mR 
is re la ted  to the w a t e r  content  of the  membrane  
th rough  Eq. [17] 

1000 
mR = [17] 

E W X  W 

where  W ---- w a t e r  content  of the  membrane  (g -H 20 /  
g - d r y  po lymer ) .  

The value  of ~ and ~ can be chosen to give the best  
fits to the  observed wa te r  absorpt ion da ta  obta ined  as 
a function of E W  and mNaoH ut i l iz ing a set of these 
equations.  F o r  this purpose,  wa te r  ac t iv i ty  a~ is read  
f rom the curve of Robinson and Stokes '  da ta  (24) in 
Fig. 3, or  ca lcula ted  by  Eq. [18] 

aw 

--0.94963 X I0 -I~ 19%NaOH 6 --0.455318 X 10--SmNaoH s 

+0.196235 X 10 -4 mNaoH 4 --0.123436 X 10 -3 mNaoH 3 

--0.237131 X 10 -2 mNaoH 2 --0.299838 X 10 - I  mNaoa 

+1 .0  [18] 

The op t imum value  of ~ and ;~ can be calcula ted b y  
the fol lowing a lgor i thm:  

(a) Assume cer ta in  values  of ~ and ~. 
(b) Calcula te  mR, mR*, ~/NaOH, and = wi th  Eq. [17], 

[11], [12], and  [16]. 
(c) Assume a cer ta in  value  of moll. 
(d) Calculate  "YNaOH and Y with  Eq. [13] and [5], 

and then  obta in  moH cmc wi th  Eq. [6]. 
(e) Repea t  steps (c) and (d) ,  unt i l  mon caI~ con- 

verges to mow 
(f) Calcula te  tuna, r and ~mi with  Eq. [7], [14], 

and  [15]. 
(g) Calcula te  aw talc wi th  the  fol lowing equat ion,  

which is de r ived  f rom Eq. [10] 

( ~ V w  ~Zm,Mw ) 
aw calc : exp [19] 

R T  1000 

(h)  Fo r  a l l  data,  the  summat ion  of squares  of er rors  
is ca lcula ted  wi th  Eq. [20] and minimized  b y  ad jus t -  
ing ~ and 

:SE2 = Z (a~ --  aw ~1r s [20] 

aw 

1.0 

0.6 

0.2 

10 20 

m~,oH ( m o l e / k g - H 2 0 )  

Fig. 3. Activity of water in NaOH aqueous solution. , Cal- 
culated by Eq. [18]; O ,  Robinson and Stokes (24). 

The convergence of mOH was pe r fo rmed  by  a ~ecant 
method.  Fo r  opt imizat ion,  Nelder  and Mead 's  modified 
s implex  method (18) was employed.  Though it  is also 
possible to adopt  ZE2 --_ z (W -- W calc) 2 as the funct ion 
to be minimized,  the convergence of W necessary  to the  
a lgor i thm for all  sets of ~ and fl was difficult to achieve 
and requ i red  a ve ry  long computa t ion  t ime. The afore-  
ment ioned a lgor i thm,  wi th  W as input  da ta  and aw 
as an observed  value, was adopted  for this  reason.  

The fol lowing va lue  is used for Vw in the calculat ion 

V~v - -  0.018 ( l i t e r  mo1-1) 

The pa r t i a l  mola r  vo lume of NaOH, VNaOH, is ex-  
pressed by  Eq. [21] as a funct ion of the mo la r i t y  C 
(mol l i ter  -1)  for r e l a t ive ly  d i lu te  aqueous solutions 
(25) 

VNaOH = --  6.7 + 4.18 ~/C" [21] 

On the o ther  hand,  Eq. [1] was der ived  on the as-  
sumpt ion  tha t  VNaOH d o e s  not  v a r y  wi th  the concen- 
t ra t ion  (19). Fu r the rmore l  the  appI icab i l i ty  of Eq. 
[21] is not  clear,  because sodium hydrox ide  forms a 
mixed  solut ion wi th  the  sa l t  of fixed ion group in the  
membrane ,  the mola l i t y  of which is 4-60 ( m o l / k g -  
H20) .  In this study,  VNaOH was  set at  0.015 ( l i ter  
m o l - 1 ) ,  as the pa r t i a l  molar  volume is genera l ly  in 
the  range  of 0.015-0.040 ( l i ter  mo1-1) for  most elec-  
t ro ly tes  (19), and the resul ts  were  compared  wi th  
those ob ta ined  with  values  of 0.010 and 0.030 ( l i ter  
m o l - 1 ) .  

Exper imental  
Membrane  samples  were  perf luorosulfonic acid mem-  

branes  (PSA-1)  wi th  E W  of 1000, 1200, 1350, and 1600 
and per f luorocarboxyl ic  acid membranes  (PCA-1)  
wi th  E W  of 1014, 1114, 1264, and 1514. The chemical  
s t ructures  of the membranes  are  as follows: 

-- (-CF~CF2-).:-- ( -CF~CF-)  u'-- 

O CF~ CFO CF~ CF~ SO~H 
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- -  (-CF2CF2-) z-" ( -CF2CF-)  ~--  
l CF3 

I 
O CF~ CFO CF2 CO2 H 

A sample  in Na form was equi l ib ra ted  in wa te r  and 
caustic soda solutions at  90~ for 16 hr  af ter  boi l ing 
in hot  wa te r  for  1 hr. The surfaces were  wiped  with  
fi l ter paper ,  and the sample  was then weighed to ob-  
tain W1. The sample  was nex t  dr ied  at  50~ for 16 h r  
in vacuum and then at  room t empera tu re  for 40 h r  
in a desiccar and then weighed to obta in  W2. Sam-  
ple equ i l ib ra ted  in caustic soda solut ion was washed 
in wa te r  for  2 days  to remove a t tached and absorbed 
sodium hydroxide ,  d r ied  in the  above manner ,  and 
then weighed  to obta in  W~. The wa te r  content  was, 
respect ively,  ca lcula ted as (W~ - -  W~)/W~ and (W1 - -  

~ ) / ~ .  

The concentra t ion of sorbed sodium hydrox ide  moll 
was obta ined for the  membrane  PSA-1  wi th  EW = 1200 
and the m e m b r a n e  PCA-1 wi th  EW -- 1114 by  mea -  
sur ing the weight  (W2), e lu t ing the sorbed sodium 
hydrox ide  by  immers ion  in wa te r  at  room t empera -  
ture, t i t ra t ing  with  0.1N HC1, and then dividing the 
equiva lent  of sorbed e lec t ro ly te  by  the wa te r  content.  

Results and Discussion 
The computer  p rog ram was wr i t t en  in BASIC and 

took 17 rain to find the  op t imum values  of a and 
with  16 sets of input  data, and about  4 rain af ter  com- 
piling. The convergence was s table  when the ini t ia l  
values of ~o and #o were  (0.01, 0.01), (1, 1), and (4, 4). 

Computa t iona l  results  are  shown in Tables  I to V. 
The resul ts  do not  change when VNaOH is var ied  f rom 
0.010 to 0.030 ( l i ter  m o l - 1 ) ,  as indica ted  in Table I, 
which  means  tha t  the  swel l ing pressure  ~ is de te r -  

Table I. Calculated parameters ~ 

Coefficient of Standard 
Membrane Structure of PVEX m o n o m e r  MWo a ~ cor re l a t ion  dev ia t ion  ZE= 

CFs 
I 

PSA-1 CF==CFOCFsCFOCF~CF2SO~H 444 0.0924 0.274 0.998 0.0132 2.26 x I0 -~ 
PSA-1 b As  above  444 0.0887 0.278 0.998 0.0145 2.72 x 10 -~ 
PSA-1 o As above 444 0.0937 0.272 0.998 0.0128 2.14 x 10 -3 

CFs 
I 

PCA-1 CF==CFOCF2CFOCF~CO=H 358 0.0968 0.346 0.990 0.0218 6.16 X 10 -a 
CF3 

I 
PSA-2 ~ CF~=CFOCF~CFOCF~CF2SOaI'I 444 0.1157 0.144 0.999 0.0074 4.93 x 10-~ 
PCA-2 ~ CF2ffiCFOCF~CF2CF~CO~Ht 292 0.0907 0.542 0.999 0.0093 4.33 x 10-~ 

" =o = ~o = 1, and VN,OH = 0.015 ( l i t e r  mo l  -z) except for  ~ and e. 
b VNaOH = 0.030 ( l i t e r  real-Z). 

VN~OH = 0.010 (liter mol-Z). 

Water absorption data taken from Ref. (9). 
�9 Water absorption data taken from Ref. (10). 
t Estimated from Ref. (4 and 10). 

Table II. Calculated results for PSA-! 

Observed values  

E W  ~f~NaOH aw W 'YCt~OH aw ealc 

Calcula ted  va lues  

1100 O 1 0.217 -- 1.01 0.888 
1100 5.1 0.783 0.139 -- 0.794 0.732 
1100 8.2 0.595 0.109 -- 0.590 0.563 
1100 10.7 0.445 0.097 -- 0.436 0.425 
1200 0 1 0.172 0 1.02 0.873 
1200 5.1 0.783 0.109 1.8 0.795 0.725 
1200 8.2 0.595 0.086 4.0 0.592 0.561 
1200 10.7 0.445 0.076 5.5 0.438 0.425 
1350 0 1 0.093 - -  0.975 0.812 
1350 5,1 0,783 0.073 -- 0.792 0.708 
1350 8.2 0.595 0.060 -- 0,594 0.557 
1350 10.7 0.445 0.050 -- 0.442 0.426 
1600 0 1 0.062 -- 0.982 0.778 
1600 5.1 0.783 0.050 -- 0.799 0:693 
1600 8.2 0.595 0.038 -- 0.599 0.551 
1600 10.7 0.445 0.027 -- 0.451 0.430 

0,764 0.759 1.09 180 4.19 3.02 0 
1.08 1.32 1.44 110 6.54 4.08 1.94 
2.20 2.51 1.82 63.6 8.34 4.71 4.04 
3.92 4.28 2.14 35.6 9.37 5.02 6.08 
0.764 0.792 1.12 207 4.84 3.35 0 
1.06 1.35 1.46 127 7.64 4.48 1.66 
2.20 2.52 1.83 73.3 9.69 5.11 3.67 
3.92 4.27 2.14 41.0 11.0 5.45 5.65 
0.764 0.977 1.26 248 7.96 4.59 0 
1.08 1.44 1.49 152 10.2 5.24 1.18 
2.20 2.55 1.84 87.8 12.3 5.78 3.08 
3.92 4.24 2.14 49.1 14.8 6.25 4.82 
0.764 1.11 1.34 317 10.1 5.22 0 
1.08 1.53 1.53 194 12.5 5.80 0.866 
2.20 2.59 1.85 112 16.4 6.53 2.41 
3.92 4.17 2.13 62.7 23.1 7.38 3.62 

Table III. Calculated results for PCA-1 

Observed v a l u e s  

E W  ~NaOH aw W ~ o H  aw ealc 

Calcula ted  values  

1014 0 1 0.184 - -  1.02 0.865 
1014 5.1 0,783 0.130 - -  0.807 0.729 
1014 8.2 0.595 0.105 -- 0.600 0.565 
1014 10.7 0.445 0.090 0.442 0.428 
1114 0 1 0.140 0--- 1.02 0.845 
1114 5.1 0.783 0.i00 2.1 0.811 0.721 
1114 8.2 0.595 0.072 3.9 0.601 0.561 
1114 10.7 0.445 0.052 3.6 0.446 0.430 
1264 0 1 0.077 - -  0.985 0.782 
1264 5.1 0.783 0.056 - -  0.794 0.690 
1264 8.2 0.595 0 .~0  - -  0.601 0.554 
1264 10.7 0.445 0.028 -- 0.459 0.439 
1514 0 1 0.042 -- 0.966 0.719 
1514 5.1 0.783 0.025 - -  0.755 0.630 
1514 8.2 0.595 0.017 - -  0.597 0.538 
1514 10.7 0.445 0.010 -- 0.478 0.431 

0.764 0.813 1.14 227 5.36 3.53 0 
1.08 1.33 1,45 139 7.59 4.37 1.70 
2.20 2.49 1.82 80.4 9.39 4.92 3.80 
3.92 4.23 2.14 45.0 11.0 5.32 5.73 
0.764 0.871 1.19 262 6.42 3.96 O 
1.08 1.38 1.47 161 8.98 4.80 1.41 
2.20 2.51 1.83 92.7 12.5 5.65 3.13 
3.92 4.14 2.13 51.9 17.3 6.46 4.56 
0.764 1.09 1.33 314 10.3 5.15 0 
1.06 1.55 1.54 192 14.1 5.96 0.757 
2.20 2.56 1.84 111 19.8 6.78 2.12 
3.92 4.03 2.11 62,1 28.3 7.56 3.30 
0.764 1.39 1.47 400 15.7 6.23 0 
1.08 1.95 1.67 245 26.4 7.42 0.259 
2.20 2.74 1.88 142 38.9 8.16 1.00 
3.92 3.80 2.08 79.3 66.1 8.93 1.71 
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Observed v a l u e s  

EW 7~NaOH a w  W a w  ca I c 

Calculated values 

1030 0 1 0.530 1.00 
1000 5.1 0.783 0.400 0.791 
1000 8.2 0.595 0.350 0.693 
1000 10.7 0.445 0.300 0.438 
1200 0 1 0.270 0.996 
1200 5.1 0.783 0.200 0.792 
1200 8.2 0.595 0.180 0.591 
1200 10.7 0.445 0.160 0.438 
1400 0 1 0.170 0.992 
1400 5.1 0.783 0.120 0.794 
1400 8.2 0.595 0300 0.595 
1400 10.7 0.44~ 0.090 0.441 

Observed va lues  

EW WSN,OE 6 w  W Ct~ ca ! e 

0,947 0.764 0.689 0.985 80.1 1,89 1.55 0 
0.763 1.06 1.18 1.37 49.1 2.5 1.94 3.58 
0.589 2.20 2.35 1.78 28.4 2.86 2.15 6.33 
0.433 3.92 4.14 2.12 15.9 8.33 2.41 8.55 
0.919 0,764 0.708 1.03 109 3.09 2.27 0 
0.754 1.08 1.22 1.39 66.8 4.17 2.81 2.83 
0.574 2.20 2.37 1.80 38.6 4.63 3.02 5.56 
0.432 3.92 4.16 2.13 21.6 5.21 3.25 7.73 
0.896 0.764 0.743 1.08 138 4.20 2.83 0 
0.746 1.08 1.25 1.41 84.4 5.95 3.83 2,26 
0.574 2.20 2.40 1.80 43.7 7.14 3.91 4.67 
0,432 3.92 4.14 2.13 27.3 7.94 4.14 6.84 

Table V. Calculated results for PCA-2 

Calculated values  

699 3.9 0.843 0.160 0.845 
699 6.2 0.720 0.126 0.712 
699 10.7 0.445 0.084 0.440 
699 16.7 0.200 0.055 0.208 
813 3.9 0.843 0.112 0.849 
813 &2 0.720 0.084 0.714 
813 10.7 0,445 0.055 0.44% 
813 16.7 0,200 0.039 0.2"14 

0.753 0.862 1.22 1.39 157 8.94 4.94 0.716 
0.655 1.38 1.76 1.61 114 11.4 5.60 1.69 
0.426 8,92 4,26 2.14 43.7 17.0 6.69 4.39 
0.207 12.2 11.7 2.66 8.83 26.0 7.75 8.69 
0.733 0.862 1.32 1.44 201 11.0 5.50 0.501 
0.641 1.38 1.86 1.65 146 14.6 6.29 1.22 
0.428 3.92 4.22 2.14 55.9 22.4 7.39 3.66 
0.212 12.2 11.4 2.65 11.3 31.5 8.17 8.07 

mined  subs tan t i a l ly  by  Eq. [8] and  is l a rge ly  unaf -  
fected by  Eq. [1]. 

The  values  aw calc and aw agree  qui te  well,  wi th  cor-  
re la t ion  coefficients of 0.995'or higher .  The ca lcula ted  
swel l ing pressure  = ranges f rom 9 to 400 ( a tm) ,  in 
close correspondence  wi th  the  values  for  membrane  
of p o l y s t y r e n e - d i v i n y l  benzene res in  (15, 17, 19, 22). 
Agreemen t  be tween  the calcula ted and o b s e r v e d  va l -  
ues for  the  concentra t ion  of sorbed e lec t ro ly te  TnOH is 
qui te  sa t i s fac tory  for  PSA-1  and fa i r ly  good for PCA-1 
in v iew of  the  expe r imen ta l  difficulty in handl ing  con- 
cen t ra ted  caustic soda. 

Fo r  PSA-1,  calculat ion was also pe r fo rmed  wi th  aw 
held  to the  first power  in Eq. [16]. Obta ined  values  
were  ~ • 0.0697, fl = 0.304, and 2~E 2 - -  6.21 X 10 -3, 
much less favorab le  than  when  the equat ion was ap-  
pl ied wi th  aw in Eq. [16] ra ised to the  second power.  

In  Fig. 4, ca lcula ted  mR* is p lo t ted  against  mR. AS 
is f a i r ly  constant  among the four  membranes ,  all 

da t a  fa l l  on a smooth curve  which shows a r ap id  sa tu-  
ra t ion  wi th  the  increase  of mR. Al though  m~ itself  does 
not  contr ibute  d i r ec t ly  to 7NaOH or  ~, as noted in the 
theore t ica l  disc.ussion, these resul ts  indicate  that  the  

A 

o 

Q 

O 

E 

IE 

20 40 60 

mR (mole/kg-H20) 

Fig. 4. Calculated effective fixed ion concentrat ion vs. total 
fixed ion concentration. O ,  PSA-1; /% PCA-1; @, PSA-2; A ,  
PCA-2. 

effective fixed ion concentra t ion  mR* is decreased  by  
ion pa i r  format ion  or  s t rong associat ion in the ion 
cluster  as mR increases. To show this more  clear ly,  
the  rat io  of ma* /mR was p lo t ted  agains t  the  h y d r a -  
t ion number  of sodium ion, which is ca lcu la ted  as 
55.6/(mR + mOH), as shown in Fig. 5 and 6. The 
value  of mR*/ma  decreases sha rp ly  when the hydra t ion  
number  falls off be low 4 for  the  membranes  PSA-1,  
PCA-1,  and PCA-2,  which corresponds to the r ap id  in-  
crease in ion pa i r  format ion  in the  same region,  which 
is revealed  by  NMR s tudy  (20). These resul ts  indicate  
that  the  ion pa i r  format ion  is g rea te r  for perf luorocar-  
boxyl ic  acid than  for perf iuorosulfonic acid membrane ,  
and also grea te r  for h igher  EW and concentrat ions  of 
caustic soda. The membrane  PSA-2  shows much less 
t endency  for ion pa i r  fo rmat ion  than  PSA-1 ,  even 
though the  two have  the same chemical  s t ructure ,  as 

mR* 

m R  

0.8 

0.6 

0.4 ,,' ,4, 

t' / o . 2  , 
/ 

4 8 12 16 

55.6/(PnR + ~oH) (mole-H20/equivalent-Na) 

Fig. 5. The ratio m R * / m R  vs. the hydration number of sodium 
ion. -, PSA-1; . . . . . . .  , PCA-1; O ,  E W  = 1100 or 1014; FI, 
E W  = 1200 or 1114; /% E W  " -  1350 or 1264; e ,  E W  = 1600 or 
1514. 
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Fig. 6. The ratio mR*/mR vs. the hydration number of sodium 
ion. , PSA-2; . . . . . . .  , PCA-2; � 9  EW = 1000; r-i, EW - :  1200; 
A ,  EW : 1400; l ,  EW : 699; I I ,  EW : 813. 

sho.wn in Table  I. This is pro 'bably caused by  the swel l -  
ing of the  PSA-2  membrane  pr io r  to the  measure -  
ment,  due  to boi l ing in ho t  wa te r  wi th  H - f o r m  (9, 26), 
which expands  the  dis tance be tween  the  fixed ion 
groups. This would also expla in  w h y  the va lue  of a 
is s l ight ly  h igher  for  PSA-2  than  for the other  th ree  
membranes .  

The swel l ing pressure  = is p lo t ted  agains t  the  ex-  
t e rna l  concentra t ion as shown in Fig. 7 and 8. The slope 
of the  curve is l a rge r  wi th  h igher  values  of # and EW, 
as indica ted  by  Eq. [16]. Per f luorocarboxyl ic  acid 
m e m b r a n e  has less t endency  to swel l  than  pe r f luoro-  
sulfonic acid membrane ,  as indica ted  b y  comparison of 
the values  of  # for  PCA-1  and PSA-1.  Among the pe r -  
f luorocarboxyl ic  acid membranes ,  the  va lue  of # is 
much l a rge r  for PCA-2  than  for  PCA-1.  This is p rob -  
ab ly  due to the  shorter ,  less b u l k y  pendan t  s t ruc ture  
of PCA-2,  which  is ind ica ted  in Table  I, and the  r e -  
sul t ing dense r  po lymer  m a t r i x  wi th  h igher  res is tance 

400 "X"'X, 

3OO 

4 8 

m ~ o ~  ( m o l e / k g - H 2 O )  

Fig. 7. Calculated swelling pressure vs. mNaOH, - ,  PSA-1; 
. . . . . . .  , PCA-1; O ,  EW = 1100 or 1014; F-I, EW = 1200 or 1114; 
~ ,  EW = 1350 or 1264; e ,  EW = 1600 or 1514. 

200 

10C 

l 

4 8 12 16 

mN~.OH (mole/kg-H20) 

Fig. 8. Calculated swelling pressure vs. mNaOH. . . ,  PSA-2; 
. . . . . . .  , PCA-2; O ,  EW : 1000; r l ,  EW - -  1200; A ,  EW : 1400; 
e ,  EW = 699; I I ,  EW : 813. 

agains t  swell ing.  Fo r  perf luorosulfonic acid m e m b r a n e  
also, the  pend .emt s t ruc ture  is a key  factor  in designing 
the membrane  (6, 23). The  value  of ~ i s - l o w e r  for 
PSA-2  than  for PSA-1.  This is a t t r ibu tab le  to the  in-  
creased swel l ing and weakened  in terac t ion  of i on -ex -  
change groups caused b y  the p re t r ea tmen t  process (9), 
Munn repor ts  the  s t rong dependence  of wa te r  content  
of perf luorosulfonic acid  m e m b r a n e  on the  p r e t r ea t -  
merit  procedures  (26). 

Cur ren t  efficiency is genera l ly  known to increase as 
the concentra t ion of  sorbed e lec t ro ly te  decreases.  ~oH 
is lower  at  h igher  EW and g rea te r  TFE content  as in-  
d ica ted  in Tables II-V. This corresponds to the  gen-  
e ra l  t endency  for the  perf luorosulfonic acid m e m -  
b rane  wi th  h igher  EW to exhib i t  h igher  cur rent  effi- 
ciency (14). mon is also lower  for membranes  with 
g rea te r  values  of ;~, ,as shown in Fig. 9, where  mo~ is 
p lot ted  for membranes  PSA-1,  PCA-1,  and PSA-2  of 
s imi lar  TFE content  and for  m e m b r a n e  PCA-2  of 
lower  TFE content.  The va lue  of ~ is h ighest  for 
PCA-2,  and resul ts  in a low mOH despi te  an EW of 813 
which corresponds to its low TFE content.  For  com- 
parison,  a plot  of the resul ts  ca lcula ted  from data  re -  
po r t ed  for  po lys ty rene  su l fonate  in an aqueous sodium 
chlor ide  solut ion is also included in the  figure (27). The 
re la t ive  posit ion of the curve  is reasonable  when con- 
s ider ing its h igher  wate r  content  than  PSA-2.  

In  Fig. 10, moll is p lo t ted  agains t  EW with  mNaOH 
held  at 10.7 ( m o l / k g - H 2 0 )  for al l  four membranes .  
Wi th  its h igh  ~ value,  membrane  PCA-2  wi th  EW of 699 
to 813 yields  moll values  equal  to those for membrane  
PCA-1  wi th  EW of 1120-1220 and m e m b r a n e  PSA-1  
with  EW of 1450-1590. This c lear ly  indicates  tha t  the  
op t imum range  of EW should be lower  for membrane  

~ 8  

O 
E 4 

IE f "  

/ 
4 8 12 1"6 

mN~o~ (mole/kg-H20) 

Fig. 9. Calculated sorbed electrolyte concentration vs. rnN~O~. 
O ,  PSA-1 (EW = 1200); A ,  PCA-1 (EW = 1114); O, PSA-2 
(EW = 1200); A ,  PCA-2 (EW = 813); I-1, polystyrene sulfonate 
(EW = 900) (27). 
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Fig. 10. Calculated sorbed electrolyte concentration vs. EW at 

mNaoH = 10.7 (rnol/kg-H~O). O ,  PSA-1; ~ ,  PCA-1; @, PSA-2; 
A,  PCA-2. 

with higher F, which is in accord with our experience. 
As the model indicates higher moll values for mem- 
brane PSA-2 than for PSA-1, it also predicts lower 
current efficiency. This is in agreement with Munn's re- 
port of a decrease in the current efficiency of the per- 
fluorosulfonic acid membrane after it is subjected to 
pretreatment which induces swelling (28). 

In Eq. [15], Na+-OH - ion pair formation in the 
membrane phase is not considered, as mR is generally 
much larger than m'-on under conditions strongly favor- 
ing ion pair formation, and also because a, by its 
nature as an empirical parameter, incorporates the 
effect of any Na +-OH- ion pairing which actually does 
O c c u r .  

In conclusion, the model developed here provides a 
theoretical basis for the design and use of membrane 
for the chlor-alkali process. It will be extended to 
other systems and also be utilized in analysis of mem- 
brane transport properties. 
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ABSTRACT 

A new multipurpose electrochemical reactor, based on the plate and frame principle, has been developed for use in both 
laboratory research and industrial production. Among its advantages, this ElectroSynCell (ESC) exhibits good mass trans- 
fer characteristics due to efficient turbulent  promoters. Experimental studies of limiting currents have shown that the spe- 
cially designed grid promoter gives a more than threefold increase in mass transfer rates. The possible application in small- 
scale chlor-alkali processes has also been investigated. Cost estimates based on the reported experimental results show that 
the ESC is competitive in this field. 

In the development  of new electrochemical processes, 
the scale up of laboratory reactors to commercial pro- 
duction units  costs a lot of t ime and money, and is 
often not  well  p lanned  for in the design of the labora-  
tory experiments.  A new monopolar  membrane  cell 
system has therefore been developed for use in  both 
laboratory and pilot p lant  evaluations,  as well as in 
the commercial production of chemicals. The design is 
based upon the plate and frame principle (Fig. 1). 

The electrodes are mounted in inject ion molded 
frames made of polymer material,  and these are stacked 
with membranes  in between (if needed) to form 
modules of the desired size. The projected electrode 
area of such a module can be chosen in the range of 
0.04-1.04 m 2. The design objectives and the details of 
the cell design have recently been discussed elsewhere 
(1). 

In  many  presumptive applications of the ElectroSyn- 
Cell the optimal current  density corresponds to a mass 
t ransfer  l imited process. In  order to achieve high mass 
t ransfer  rates, the turbulence  promoter  is a vital  par t  
of the design. The effects of various types of turbulence  
promoters in the ESC have therefore been investigated 
experimental ly.  As one of the objectives of this paper 
the results of these exper iments  will be reported. 

The ESC has earl ier  been tested wi th  good results 
for the product ion of glyoxylic acid from oxalic acid 
and the oxidation of Ce 3+ to Ce 4+ (1). An expanding  
market  for small-scale chlor-alkal i  processes can be 
expected in the near  future. The membrane  process fits 
very well  for this purpose. The performance of an 
ESC for this application has been investigated. The 
second objective of this paper is thus to report  the 
results of these studies. 

Mass Transfer Studies 
Experimental.~The enhancement  of mass t ransfer  

to the electrodes by means of turbulence  promoters was 
studied in  an ESC with only one anode chamber  and 
one cathode chamber,  both equipped with nickel elec- 
trodes. The dimensions of the electrodes were 148 • 
297 m m  and the distance between the electrodes was 9 
mm. The cross-sectional area for the electrolyte flow 
was 12 • 154 ram, including the space behind the elec- 
trodes. 

The exper imenta l  apparatus is shown in  Fig. 2. The 
electrolyte was stored in  a vessel at room tempera ture  
(20~ and was recycled through the ESC by  means 
of a centr i fugal  pump. The flow rate was measured 
with a cal ibrated rotameter  and the pressure drop 
over the cell with a U- tube  wi th  water. The cathode 

Key words: membrane, cell, mass transfer, electrolysis. 

potential  was measured vs. an Hg/HgO reference elec- 
trode. 

The electrolyte was an equimolar  solution of 
I~Fe(CN)6 ,  and K4Fe(CN)~ in 1.0M KOH. The elec- 
trode reactions were thus the reduct ion of ferr icyanide 
at the cathode with its reoxidation at the anode. Before 
each exper imental  run, the electrodes were cleaned by 
the evolution of hydrogen and oxygen, respectively, in 
a strong alkal ine solution. 

In  order to determine mass t ransfer  rates, l imit ing 
currents were measured at different recycle flow rates 
of the electrolyte and for the following different types 
of turbulence promoters: (i) cylindrical  rods of plexi-  
glass with diam of 5 and 7 mm, respectively. These 
were placed between the electrodes in the middle of 
the flow channel,  perpendicular ly  to the direction of 
the electrolyte flow. (ii) a specially designed plastic 
grid with t r i angu la r  threads of polypropylene. The grid 
is attached to the electrodes and is supplied with flow 
distributors at the inlet  and the outlet (see Fig. 3). 

In  addition, the use of electrodes of expanded nickel 
instead of flat electrodes was studied. The mesh size 
was 10 • 5 mm. Pre l iminary  experiments  showed no 

Fig. 1. Principal design of the ElectroSynCell. The figure shows a 
seven-module unit. 
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Fig. 2. Experimental apparatus used in the mass transfer studies. 
1, ESC; 2, U-tube manometer; 3, rotameter; 4, reservoir; 5, cen- 
trifugal pump; 6, reference electrode with capillary. 

effect of an ion exchange  m e m b r a n e  upon the  l imi t ing  
current .  Al l  expe r imen t s  were  therefore  pe r fo rmed  
wi thout  membrane .  

Resu l t s . - -The  l imi t ing  cur ren t  p l a t eau  was v e r y  
dis t inct  up to a concentra t ion of 3.0 mM (see Fig. 4). 
This concentra t ion  was the re fore  chosen as a s t anda rd  
in the  expe r imen ta l  plan. The  l imi t ing cur ren t  mea -  
su red  as a funct ion of F e ( C N ) 6 3 -  concentra t ion  at  a 
flow ra te  of 3.0 l i t e r s /m in  gives a good l inear  depen-  
dence (Fig. 5). The s t ra igh t  l ine in Fig. 5 does not  
pass t h rough  the origin,  because  of the  reduct ion  of 
dissolved oxygen.  In  the expe r imen ta l  design wi th  
high recycle  flow rates,  i t  was difficult to deaera te  the  
e lectrolyte .  Instead,  the measurements  of l imi t ing  cur-  
ren t  were  cor rec ted  by  subt rac t ing  the  cur ren t  at  zero 
concentrat ion.  

The  exper imen t s  wi th  cy l indr ica l  p romoters  s ta r ted  
wi th  a search  for the  op t imal  dis tance be tween  the  
rods. Wi th  10, 20, 30, and  40 m m  distances, respect ively ,  
the  m a x i m u m  l imi t ing  cur ren t  was obta ined  for the 
dis tance of 20 m m  for both  d i am of  the rods. The re -  
sults of the  exper imen t s  using this  d is tance are  shown 
in Fig. 6. This figure also shows the resul ts  for  the  
SU-gr id  as wel l  as the  resul ts  for flat and expanded  
me ta l  e lec t rodes  wi thout  any  tu rbu lence  promoters .  
The s t ra igh t  l ines in Fig. 6 are  least  square  fits of 
log(Ilim) vs. log q wi th  corre la t ion  coefficients va ry ing  
be tween  0.996 and 0.999. The figure also shows the re -  
sul ts  expressed  in dimensionless  quant i t ies  as Sh  vs. 
Re. The  s t ra ight  l ines then r ep resen t  correlat ions of the 
form 

Sh = a RexSc 1/3 [1] 

Here,  Re is defined wi th  respect  to an equiva len t  d iam 

De = 2bh/  (b -t- h),  

Re = uDe/v [2] 

The average  mass t ransfe r  coefficient used in the eva l -  
ua t ion  of the  Sherwood  n u m b e r  can be  ca lcula ted  
f rom the l imi t ing  cu r ren t  

IlimSi 
_ - -  [3] 

AnFcb 

The es t imated  values of a and x in Eq. [2] a re  sum-  
mar ized  in Table  I for  the  var ious  promoters .  F igu re  6 
shows tha t  the  specia l ly  designed gr id  was the most  

Fig. 3. Single electrode compartment with: 1, electrode; 2, frame; 
3: grid; 4, flow distributor. 

effective turbulence  p romote r  among those inves t i -  
gated. 

In  Fig. 7 the  enhancement  of mass t ransfe r  to the  
e lect rodes  due to tu rbu lence  p romoters  is p lo t ted  as a 
funct ion of flow rate.  In  the exper iments ,  the  gr id  
p romote r  gave be tween  three  and six t imes h igher  
mass t ransfe r  rates  than  fiat e lectrodes alone. I t  is also 
in teres t ing  to note  tha t  wi thout  tu rbulence  p romote r s  
the  e lect rode of expanded  meta l  gave a lmost  twice as 
high mass t ransfe r  rates  as a flat electrode,  in spite  of 
i ts sma l l e r  effective area. This could be expla ined  by  

Table I. Correlation of mass transfer data for ESC with various 
types of promoter. 70 ~ Re ~ 800, Sc = 1572, 

= 1,065 �9 10 -6  m2/sec 

Electrode Promoter Sh ( Re ) 

F l a t  W i t h o u t  0.39 R e  ~ Scl/~ 
C y l i n d e r s  d -- 5 m m  0.38 Re  ~ Scl/~ 
C y l i n d e r s  d = 7 m m  0.98 ReO.~ Sci/~ 
S U - g r i d  5 57  R e  ~ ~o Scl/~ 

E x p a n d e d  m e t a l  W i t h o u t  0.82 R e  ~ Sc~/3 
S U - g r i d  2.15 R e  ~ Sc TM 
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Fig. 4. Limiting currents for different turbulence promoters, t ,  
Without promoter; 2, cylinders d ~ 7 mm; 3, SU-grid flat elec- 
trodes, ferricyanide concentration - -  3.0 mM, flow rote ----- 3.4 
liters/mia. 
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Fig. 6. Limiting current as a function of flow rate and Sh vs. Re 

far different turbulence promoters. Data for flat electrode (F) and 
expanded metal electrode (X). S ~ SU-grid, C "-" cylinders, N = 
no promoter. 
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Fig. 5. ~.imiting current as a function of the ferricyanide concen- 

tration in the bulk. SU-grid, flow rate ~ 3.0 liters/min. 

the fact that  the expanded metal  electrode itself acts as 
a turbulence  promoter.  With grid promoters,  on the 
other hand, the flat electrode with its higher  surface 
area gives a higher l imit ing current.  

A comparison with l i terature  data (2) shows that  
our measured mass t ransfer  coefficients are about 1.3-3 
times higher. This may be due to the special geometric 
design or the effect of the flow distributor.  The results 
for empty  channel  are in  fair ly good agreement  with 
l i terature  data for the entrance region of a cell. 

A p p l i c a t i o n  in Smal l  Scale  C h l o r - a l k a l i  Processes 

ExperimentaL--The exper imenta l  apparatus is 
shown in Fig. 8. The frames in the cell were in this 
case made of PVDF to insure thermal  and chemical 
resistance. The anode was a DSA 107. Steel, graphite, 
and nickel were used as cathode materials  in  different 
runs. The best results were obtained with nickel cath- 
odes. NAFION 390 and 901 were used as membranes  
respectively. Although there are no mass t ransfer  l imi-  
tati0ns in the chlor-alkal i  electrolysis, the plastic grids 
were used to hold the membrane  in its correct position. 
In  technical applications of the ESC for chlor-alkali  
production, the grids could be omitted to avoid their 
shielding effect on the current.  

Especially the NAFION 90t requires an u l t rapure  
brine. The var iat ion of the cell voltage with time when 
using an unpurif ied br ine  can be seen in  Fig. 9. The 
tests with NAFION 901 were carried out continuously 
and purification of the br ine  was evident ly  necessary. 
The brine was therefore passed through an ion ex- 
change column wi th  Amberl i te  IRC-718. On the other 
hand, the tests with NAFION 390 were carried out 
batchwise with recycled flow and therefore no ion ex- 
change was necessary. 

Both the ano]yte and catholyte were recycled 
through their  respective electrode chambers. The resi-  
dence t ime was about 1 sec. Distilled water  was fed to 
and caustic was taken  out from the catholyte flow into 
a vessel where also the hydrogen was vented off. Pur i -  
fied brine was in a s imilar  way supplied to and 
drained from the anolyte flow in  a vessel where the 
chlorine was vented off. For the purification of the raw 
br ine  it has to be slightly alkal ine (pH ---- 8-10) and 
warm (60~176 and was therefore heated in the 
chlorine vent ing  vessel. To simplify the exper imenta l  
setup, and since the ion-exchanger  resin does not  
stand free chlorine, water  was evaporated from the 
anolyte recycling system keeping the salt contents high. 
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Fig. 7. Enhancement factor due to the effect of different turbu- 

lence promoters. The symbols are the same as in Fig. 6. 

Fig. 8. Experimental setup. I, Brine storage; 2, ion exchanger; 3, 
brine outlet; 4, brine inlet; 5, chlorine outlet; 6, anode; 7, cathode; 
8, membrane; 9, caustic outlet; 10, hydrogen outlet; 11, water inlet. 

Results.--Cell voltage and current  efficiency are im-  
portant  factors as they  de te rmine  the energy consump- 
tion. The  cell vol tage is affected by the choice of e lec-  

Table II. Comparison of data 
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Fig. 9. Cell voltage vs. time. ( ~ )  Purified brine, (~k) unpurified 
brine. 
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Fig. 10. Cell voltage for various membranes. ( I )  NAFION 901, 
70~ caustic strength 10M. ( e )  Nation 390, 60~ caustic strength 
3M. 

trodes and membrane.  In Fig, 10 cell vol tage v s .  
current  density for the two membranes  are shown. 
At  3.0 k A / m  2 the cell vol tage could be as low a s  
3.6V w h e n  NAFION 390 is used. The measured value 
at 3.0 k A / m  2 when  NAFION 901 was used is somewhat  
higher,  about  4.0V, but  p lanar  nickel  was then  used 
instead of porous. NAFION 901 also seems to be more  
sensit ive to alkaline ear th  meta l  impurit ies.  In the tests 
of NAFION 901 these impuri t ies  were  kept  at a level  
of 250 ppb. 

The current  efficiency was s t rongly dependent  on 
the caustic s t rength produced. However ,  there  are 
principal  differences be tween  NAFION 390 and 901. 
When using the 390 the current  efficiency decreased 

far the SU ElectroSynCell 

SU ElectroSynCeU with NAFION 390 NAFION 901 Hooker Diamond Asahi Asahi 
MX DM-14 chemical glass 

Current density (kA/cmS) 
Cell voltage (V) 
Temperature (~ 
Caustic conc. (w/o) 
Power consumption d-c 

kW-hr/MT NaOH 
Power cost 

$/MT NaOH 

2.0 3.0 4.0 
3.2 3.6 4.0 

60 60 60 
10 20 10 20 10 

2520 2820 2840 3170 3150 

101 113 114 127 126 

2.0 
3.6 

70 
20 30 

3530 2540 

141 102 

3.0 3.0 3.1 4.0 2.0 
4.0 n.a. 3.9 3.75 3.7 

70 n.a. n.a. n.a. n.a. 
30 17-30 28 22 35 

2820 2800 2950 2703 2610 

119 . . . .  

n.a. -- not available. 
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with  increas ing s t r eng th  of  the caustic. Caustic wi th  a 
s t r eng th  of 10% can be produced  wi th  90% cur ren t  
efficiency, but  at  a s t rength  of 20% is on ly  about  75%. 
This is in good agreement  wi th  da ta  presented  in (3). 
On the o ther  hand,  when using the 901, cur ren t  effi- 
ciency reaches a peak  at  about  35% caustic. A t  30% 
caustic the cur ren t  efficiency is over  90%. Data  ob-  
ta ined  are  presented  in Table II. This table  also gives 
a comparison wi th  da ta  for o ther  commercia l  cells (3). 

Very  l i t t le  chlor ide  diffused over  the membrane  and 
seal ing gaskets.  Under  p rope r  condit ions jus t  about  
100 ppm chlor ide  was measured  in the caustic. 

Conclusions 
The resul ts  of these invest igat ions  show that  the ESC 

fits into the smal l - sca le  chIor -a lka l i  appl ica t ion  area.  
Su i tab le  product ion  volumes should  range  f rom 150 kg 
Cl2/day (1 module)  up to 5-10 tons C12/day (50 mod-  
u les) .  

Since the capi ta l  cost is a compara t ive ly  large  pa r t  of 
the  to ta l  product ion cost, the to ta l  economics favor  a 
high cur ren t  density.  The 'highest  accepted level  for  
the  m e m b r a n e  and cur ren t  collectors is 5 k A / m  2 w i t h  
the  ESC. The product ion  costs are  c lear ly  compet i t ive  
in smal l - sca le  product ion.  

Manuscr ip t  submi t ted  June  30, 1982~ revised m a n u -  
script  received Sept.  2, 1982. This was Paper  393 p re -  
sented at  the Montreal ,  Que., Canada,  Meet ing of the 
Society,  May 9-14, 1982. 

A n y  discussion of this pape r  wi l l  appea r  in a Dis-  
cussion Section to be publ i shed  in the December  1983 
JOURNAL. Al l  discussions for  the  December  1983 Dis- 
cussion Sect ion should be submi t ted  by  Aug. 1, 1983. 

Publication costs of this article were assisted by the 
Swedish National Development Company. 

LIST OF SYMBOLS 

a dimensionless  coefficient in Eq. [1] 
A elect rode area, m 2 
b cell width,  m 
CD bulk  concentra t ion of K3Fe (CN) 6, k m o l / m  3 
d d iamete r  of cy l indr ica l  p romote r  
D diffusion coefficient of Fe (CN)8 s - ,  m2/sec 
De equivalent  d iamete r  of the cell = 2 b h / ( b +  h), 

m 
F Faraday's constant, 96.5 X 106 As/kmol 
h dis tance be tween  electrodes,  m 
l current ,  A 
[lim l imi t ing current ,  A 
[%m l imit ing cur ren t  for cell wi thout  promoter ,  A 
k average mass t rans fe r  coefficient over  the elec-  

trode, m/sec  
n number  of e lectrons t r ans fe r red  in the  e lect rode 

react ion 
q flow rate,  l i t e r s / ra in  
Re Reynolds  number ,  see Eq. [2] 
si stochiometr ic  coefficient in Eq. [3] 
Sh Sherwood number ,  kDe/D 
Sc Schmidt  number ,  olD 
u l iquid velocity,  m/sec  

pa rame te r  in Eq. [1] 
v k inemat ic  viscosity, m2/sec 
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Electrochemically Modified Electrodes 
Poly(2-Methyl-8-Quinolinol) and Poly(8-Quinolinol) Complexing Films Obtained by 

Electropolymerizing Substituted Phenols: Their Voltammetric and Electrical Properties in Relation to 
Their Geometric Structure 

Minh-Chau Pham, Jacques-Emile Dubois,* and Pierre-Camille L.acaze 
Institut de Topologie et de Dynamique des Syst~mes de l'Universit~ Paris VII, associ~ au CJV.R.S., 75005 Paris, France 

ABSTRACT 

Poly(2-methyl-8-quinolinol) and poly(8-quinolinol) films strongly adherent  to metal electrodes are obtained by electro- 
chemical  oxidation of phenol derivatives. Cu(II) and Co(II) ions can be coordinated by these polymer  ligands. The struc- 
tures of the complexed films are analyzed by XPS and infrared spectroscopy: their electrical and electrochemical proper- 
ties depend on the complex geometry. Only the equivalent  of ca. a fifth Of the layer of cationic sites at the metal-film 
interface takes part in the redox process for the cobalt  complex, whereas the equivalent of ca. a dozen layers are involved for 
the copper  complex. 

There  are m a n y  recent  s tudies on modi fy ing  elec-  
t rode  surfaces  b y  coating them wi th  meta l  complexed  
films to obta in  new e lec t rocata ly t ic  proper t ies  (1-6).  
As shown herein,  i t  is possible  to e labora te  po lymer  
films by  ex tend ing  our recen t ly  developed techniques 
for the  e lec t ropolymer iza t ion  of phenols  to h y d r o x y -  
quinol ine der iva t ives  (7, 8). The resul t ing films are  
ve ry  adheren t  to me ta l  surfaces,  ve ry  s table in va r i -  
ous e lec t ro ly t ic  media ,  and have good m e t a l - b i n d i n g  
proper t ies ,  viz. with Cu (I I )  and Co (II)  ions. The dis-  
t inct  e lec t rochemical  and e lec t r ica l  behavior  of  these 
films af te r  complexat ion  of these ions can be ascr ibed 
to the  differences in the  geomet ry  of the meta l  com- 
p lexes  formed by  coordinat ion of  these ions wi th  l i -  
gands from the  po lymer  films. 

* Electrochemical Society Active Member. 
Key words: polymer film formation, metal complexes, XPS 

analysls. 

Experimental 
Reagents.--The quinol inol  der iva t ives  s tudied were  

commercia l  products :  2 -methy l -8 -qu ino l ino l  (Baker ,  
l abo ra to ry  grade)  and  8 -hydroxyqu ino l ine  (Koch-  
Light  Labora to r ies ) .  The copper  (II)  chlor ide  (CuC12, 
2H20) and coba l t  ( II)  chlor ide  (CoC12, 6H20) were  
f rom Prolabo (R.P. Normapur) .  CF3COOH, CF3COONa, 
and NaC104 were  Aldr ich  products .  LiC10r was from 
Fluka.  MeOH was a Merck p.a. product .  Deionized 
wa te r  was twice dist i l led in a quar tz  appara tus .  

Electrochemical apparatus. Elect rochemical  exper i -  
ments  were  per formed  using a PAR potent ios ta t  
(Model  173) connected to a PAR p r o g r a m m e r  (Model  
175). The electrodes were  bu lk  meta ls  (Fe, Cu, Pt, Ni, 
C),  or  thin l aye r  Pt, deposi ted on glass plates  by  spu t -  
ter ing according to a p rev ious ly  descr ibed  process (9).  
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Film identification.--Multiple-refiection in f ra red  
spectroscopy and x - r a y  photoe lec t ron  spectroscopy 
(XPS)  were  used to iden t i fy  the films formed on the 
electrodes.  The  in f ra red  spect ra  were  recorded on a 
Wilks  device (Wilks  Scientific Corporat ion,  Model 9) 
moun ted  on a P e r k i n - E l m e r  225 spec t rophotometer .  
The XPS spect ra  were  recorded on a A E I - E S  200 spec-  
t rome te r  wi th  an FRR adapta t ion  and a magnes ium 
anode. 

The P t ]po lymer  f i lm!Au capaci tors  and the conduc-  
t iv i ty  measurements  were  real ized according to a p re -  
v ious ly  descr ibed  process (10). Thin l aye r  p l a t inum 
elect rodes  (300 nm)  were  deposi ted by  sput te r ing  
(Balzers  Model  Spu t ron  iT). The Au  counter  e lect rode 
(60 nm)  was deposi ted on the po lymer  film by the r -  
ma l  evapora t ion  (Joule  effect) in a vacuum at 10 -~ 
Torr  (Balzers  Model  BA 350). 

Results 
Polymer Film Formation by Oxidizing 8-Quinolinol or 

2-Methyl.8-Quinolinol 
We recen t ly  showed tha t  the  e lec t rochemical  ox ida -  

t ion of 2 -me thy l -8 -qu ino l ino l  leads  to the  format ion  of 
po lymer  films on Pt, Fe, and Cu e lec t rodes  (11). Ana l -  
ogous resul ts  have now been obta ined by  e lec t rochemi-  
cal ly  oxidizing 8-quinol inol  (0.1M) in 0.3M NaOH- 
MeOH wi th  electrodes such as Fe,  Cu, C, and Pt  (Fig. 
1). Af te r  six successive poten t ia l  sweep cycles be -  
tween  0 and 1.4V (SCE) a ve ry  adheren t  homogeneous  
film wi th  a thickness of ca. 60 nm forms on the elec-  
t rode  surface. 

XPS  analysis  confirms the format ion  of a po lymer  
film wi th  the  character is t ics  of po lypheny lene  ox ide-  
type  films. The fol lowing signals  a re  de tec ted:  a Cls 
s ignal  at  286.6 eV corresponding to the  C---O---C b ind-  
ing energy  b lended  with  the  C---N bond (12), a Cls 
s ignal  at  285 eV corresponding to the  aromat ic  C - - C  
bonds (13) b lended  with  the  carbon reference  (13), an 
Ois s ignal  at  532 eV corresponding to the  C----O--C 
binding  energy  of the  polymer ,  and an Nls signal  at 
398.9 eV ascr ibed to the C - - N  bonds (14). 

As in the  case of the films of the po lypheny lene  oxide 
type  (7), multiple-reflection_ in f ra red  spectroscopy 
shows that,  af ter  oxidat ion,  these films no longer  dis-  
p l ay  an absorpt ion  band a round  3200 cm -1 .correspond- 
ing to the  OH monomer ,  whi le  they  do d i sp lay  a very  
in tense  band at  a round  1235 c m - *  tha t  can be  ascr ibed 

to the  C - - O - - C  bond of the polymer .  The absence in 
these spectra  of an absorpt ion  band  ascr ibab le  to C - O  
groups at  a round  1700 cm-1  confirms the exclusive  
format ion  of C - - O - - C  po lyoxide  bonds. 

Metal Complexes Formed by Coordination of Cu(ll) or Co(ll) Ions 
with Ligands from Polymer Films 

The format ion  of complexes  be tween  Cu( I I )  or 
Co ( i I )  ions and po ly (2 -me thy l -8 -qu ino l i no l )  (po lymer  
A) or po ly(8-qu ino l ino l )  (po lymer  B) films requires  
different  t rea tments .  

Fo r  instance, a l though a po lyme r  film need only be 
immersed  for 15 min  in a 10-1M aqueous solut ion of 
CuC12 in o rde r  for complexa t ion  be tween  Cu (II)  ions 
and po lymer  A to occur, this  me thod  does not  work  
wi th  a po lymer  B film. Likewise,  this method does not  
resul t  in  the  format ion  of complexes  be tween  Co( I I )  
ions and po lyme r  A or  B films. 

For  complexa t ion  wi th  Co( I I )  ions, an organic  
med ium is required.  Thus, af ter  dissolving 1O-iM COC12 
in DMF and br ing ing  this solut ion to boi l ing point,  a 
po lyme r  B film immersed  there in  for 15 min  forms a 
complex wi th  the Co (II)  ions. However ,  this technique 
cannot  be used with  po lymer  A films which dissolve in 
boi l ing DMF. 

Af te r  complexat ion,  po lymer  A - C u ( I I ) )  film is 
r insed in d is t i l led  wa te r  b y  ul t rasonic  agi ta t ion  and 
then a i r -d r ied .  

For  po lyme r  B-Co (II)  film, the complexa t ion  reac-  
t ion is done in DMF medium,  the sample  is the re -  
fore  first r insed in DMF by  ul t rasonic  agi ta t ion to 
e l imina te  CoC12 traces. Af te r  that  the coba l t -complex  
film is r insed in methanol  b y  ul t rasonic  agi ta t ion to 
e l imina te  DMF traces. I t  is f inal ly a i r -d r i ed  before  
using in XPS analysis  or  e lec t rochemical  exper iments .  

XPS analysis of a polymer A-Cu(II)  complex.--XPS 
analysis  of a po lyme r  A film before  and a f te r  the t r ea t -  
ment  wi th  CuCI2 (Fig. 2a and b) indicates  tha t  the 
t r ea tmen t  indeed  resul ts  in the  fo rmat ion  of a complex 
be tween  Cu (H) ions and the po lymer  A film. 

The  un t rea ted  po lymer  A film emits  four  XPS  sig- 
nals  (Fig. 2a) : an Ols sigmal at  532.2 eV corresponding 
to the  C - - O - - C  binding energy  in the polymer ,  an Nis 
s ignal  at  398.8 eV ascr ibed to the  C - - N  bonds, a Cls sig- 
na l  at 286.6 eV corresponding to the C--~O--C binding  
energy  b lended  with  the  C - - N  bond, and a Cls 

0 O. a~ 

0 

B 

0.5 1 
E Iv)vs SCE 

0.5 

0.5 

1.5" 
E(V)vsSCE 

Fig. !. i-E curve recorded dur- 
ing oxidation of 8-quinolinol on 
different electrodes: (A) Pt, (B) 
carbon, (C) Cu, (D) Fe; (sweep 
speed, 50 mV" sec-1; medium, 
0.1M 8-quinolinol, 0.3M NaOH- 
MeOH). (a) First sweep, (b) 
second .sweep. 
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Fig. 2. XPS spectra of (a) poly(2-methyl-8-quinolinol) film, (b) 
same film after treatment with CuCI2. 

signal at 285 eV due to the aromatic C-C bonds blended 
with the carbon reference. 

After the treatment with CuC12 (Fig. 2b), there is 
another signal at 934.2 eV characteristic of Cu2p3/2(II) 
(15, 16) and a broadening of the Ols band. This broad- 
ening could be indicative of two unresolved bands, one 
of which might be due t o . C - - O ~ C  bonds in interac- 
tion with Cu(II)  ions. The N~s signal formerly at 398.8 
eV has shifted to 399.6 eV, thereby indicating the in- 
volvement of nitrogen atoms in the coordination of 
the Cu(II)  ions with ligands from the polymer A 
film. Unlike the XPS spectrum of the polymer 
B-Co(II)  complex ,described hereafter  (Fig. 3), that 
of the treated polymer A film displays no second Ols 
signal ascribable to ion complexation with H~O mole- 
cules; this indicates that Cu(II)  ions form a complex 
only with the  N and O ligands of polymer A. 

XPS analysis of a polymer B-Co(II) complex.--The 
XPS spectra of a polymer B film before and after  the 
treatment with CoC12 (Fig. 3a and b) show that: the 
Nls signal from the nitrogen binding energy increases 
from 398.9 eV to 400.1 eV (indicating thereby that the 
part ial  charge from the N atoms increases, in accord- 
ance with actual coordination between Co (II) ions and 
N); the Co2ps/2 signal from the Co binding energy 
drops from 781.7 eV in CoC12, 6H20 to 779.6 eV in the 
film (thereby indicating a decrease in the part ia l  
charge of the Co atom) ; instead of the single Ols signal 
at 532 eV, there are two Ols signals, at 532 eV (broader 
than the initial one) and at 529.4 eV. 

A C ,4 N • Co • 

, I 

286.6 285 

286.6 285 /,00 1 77g,6 

0 x3 3~ 

, , J  I ~,  
5 3 2  

A I I 
532.2 529 4 

binding energy (eVl 

Fig. 3. XPS spectra of (a) poly(8-quinolinol) film, (b) same film 
after treatment with CoCI2. 

As in the case for the polymer A-Cu (II) complex, 
the broader O~s signal at 532 eV can be ascribed to 
coordination between Co(II) ions and the C- -O--C 
bonds of the polymer. As for the Ols signal at 529.4 eV, 
which is not observed for the polymer A-Cu(I I )  com- 
plex, it seems l ikely that this might arise from inter- 
action between H20 molecules and Co(II) ions. It 
should be noted that XPS analysis of CoC12, 6H20 also 
reveals an Ols signal at 532.2 eV emitted mostly by the 
contamination oxygen, and a weaker Ols signal at 531 
eV. The H20-Co (II) interaction .could account for the 
signal at 531 eV. 

Cyclic vol tammetry also indicates that the water 
molecules act as ligands with the Co (II) i'ons. When a 
Pt electrode with a polymer B-Co (II) coating is sub- 
jected for several hours to repeated potential scan 
cycles between 0 and 0.4V (SCE) in NaOH-H20, the 
polymer B-Co (II) complex is a reversible redox sys- 
tem. XPS analysis of the resulting film shows that 
when the cobalt signal diminishes by a factor of 10, 
the O~s signal at 529.4 eV becomes very weak, whereas 
the Ols signal at 532 eV remains constant. 

Measuring the intensity of the XPS signals emitted 
by the various elements while taking into account the 
sensitivity of each (17) gives the following approxi-  
mate formula of the polymer B-Co(II)  complex: 
ClsOsN1.6Co1C10.16. This calculation, based on the 
atomic percentage of the elements in the XPS spectra, 
corroborates that, at the most, two moieties of the 
polymer take part  in the complexation of a Co(II)  
ion. 

The overall information points to a penta- or hexa-  
coordinate structure for the polymer B-Co(II)  com- 
plex in which the O and N ligands of two moieties of 
the polymer form a complex with a Co (II) ion, and the 
fifth or fifth and sixth ligands of the structure are 
water molecules. 

Multiple-reflection infrared spectroscopy of polymer 
B films before and after treatment with COC12 confirms 
the formation of a complex, as detected by XPS. 

The infrared spectrum of polymer B-Co(II)  films 
displays two intense absorption bands at 580 and 660 
cm -1 which, by comparison with observations of 
Co ( I I ) -pyr id ine  complexes in solution reported in the 
literature, can be ascribed to an O-Co(II)  and an 
N-Co (II) bond, respectively. Indeed, the infrared ab- 
sorption band at 605 cm-1 of pyridine in solution shifts 
to a much higher frequency after complexation of the 
metal ions (18, 19). This shift compares with that of 
polymer B from 630 to 660 c m - t  after complexation 
with Co (II) ions. Like the absorption band at 565 cm -1 
for oxygenated bis-sal icylaldehyde-ethylenediimine- 
Co (II) complexes, the intense band at 580 cm-1 for the 
polymer B-Co(II)  complex can be ascribed to the 
O-Co(II)  bond (18). 

Voltammetric Properties of Polymer A-Cu(II) and 
Polymer B-Co(II) Films 

The behavior of the complexed film-Pt system was 
studied by cyclic voltammetry in an aqueous medium 
with different electrolytes. 

Polymer A-Cu(I I )  films were studied in 0.2M 
CF3COONa with the pH adjusted to 4 by CFsCOOH 
and in O.2M NaC10~ or LiC104 with the pH adjusted to 
4 by HC104. In each case, a "forming" phenomenon is 
observed, corresponding to a progressive increase of 
the peak current with the number of potential cycles. 
After about ten potential sweep cycles between 0.0 
and 0.8V (SCE), the peak current stabilizes (Fig. 4a). 
The peak current then varies l inearly with the scan 
rate. Integration of the voltammograms shows the 
approximate concentration of redox centers in the com- 
plex to be 4 • 10 -3 mol cm -2 (11). 

The voltammogram in Fig. 4b, obtained in 0.2M 
LiC104-HC104 (pH 4), shows an oxidation and a re-  
duction peak for the polymer A - C u ( I I ) / p o l y m e r  
A-Cu(I )  couple at +0.51 and -F0.36V (SCE), respec,  
tively. 
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Fig. 4. (a) Cyclic voltemmogroms recorded with a Pi electrode 

coated with poly(2-methyl-8-quinolinol)-Cu(ll) film: successive 
sweeps from 1st to 10th; (medium, 0.2M LiCIO4 adjusted to pH 4 
with HCIO4; scan rate, 200 mV" sec-1). (b) Vohammograms re- 
corded at different scan rates with a polymer A-Cu(II) coated 
electrode. The scan rate (mV �9 sec -1)  is indicated for each curve; 
electrode surface, 2.5 cm ~. 

Unlike the vol tammograms of the film with a copper 
complex, that  of a polymer  BiCo (II) coated Pt  elec- 
tro.de in  0.1M NaOH-H20 indicates a reversible redox 
system. Indeed, in this case, "forming" occurs in a dif-  
ferent  way. The polymer B-Co ( I f ) / po lymer  B-Co (III)  
redox system is perfectly well-defined provided there 
is a first potential  cycle between 0 and 1.5V (SCE). As 
for the second sweep be tween 0 and 0.4V, the vol tam- 
mogram is characteristic of a revers ible  redox system 
corresponding to the polymer B-Co ( I f ) / po lymer  
B-Co(I I I )  couple at 0.12V (SCE). The peak currents 
are proport ional  to the scan rates (Fig. 5) and the 
width of the peak at ha l f -he ight  is 90 inV. 

The polymer  B-Co (If) film is very  stable when  im-  
mersed in vcater or organic solvents. When  subjected to 
~u~ccessive cyclic volt 'ammetry scans between 0 and 
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Fig. 5. Cyclic voltammograms recorded with a Pt electrode coated 

with poly(8-quinolinol)-Ca(ll) film. The scan rote is indicated for 
each curve (medium, 0.1M NaOH-H~O; electrode surface, 2.5 cm2). 

0.3V at 200 mV sec - I ,  the Co2p3/2 signal detected by 
XPS diminishes by  ca. 60% after 3 hr. 

In tegrat ion of the current  peaks shows that about 
6 • 10 -11 tool cm -2 of the cationic sites participate 
in the redox process. An approximate  calculation 
achieved by considering the size of the moieties of the 

'po lymer  (0.27 nm2/molecule)  yields a theoretical con- 
centrat ion of 6 • 10 -I0 mol cm -2. Assuming that  all 
the l igands of the polymer take par t  in  the complexa- 
tion, the m a x i m u m  concentrat ion of cationic sites 
would be ca. 3 • 10 - I~  mol em -2 (two polymer moi-  
eties would form a complex with one cation according 
to the proposed s t ructures) .  Thus one can estimate 
that  for the polymer  B-Co (If) complex, the equiva-  
lent  of ca. a fifth of the layer  in  the vicini ty of the 
electrode participates in  the redox process, whereas 
for the polymer A - C u ( I I )  complex the equivalent  of 
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ca. a dozen layers are involved. This would explain 
why ~Ep = (Epa -- Epo) is nil for the polymer 
B-Co(II) /polymer  B-Co(III)  couple and 150 mV for 
the polymer A-Cu (II) /polymer A-Cu (I) couple (11). 
This difference in behavior should probably be sought 
in the structure of the complexes. As shown previously, 
the cobalt in the polymer B-Co(II) complex can co.- 
ordinate with five or six ligands of the polymer and 
water molecules, whereas the copper ion in the poly- 
mer A-Cu(II)  complex can coordinate with four lig- 
ands of the polymer. In this tetracoordinate structure, 
the distances between the Cu(II) ions are more en- 
hancing to the electron transfer between redox centers 
than in the complex with cobalt. The electron transfer 
within the polymer A-Cu(II)  coating is probably 
electron hopping conduction, whereas within the poly- 
mer B-Co(II)  coating probably only the cationic 
sites at the metal-film interface participate in the 
redox process. This interpretation is in keeping with 
the fact that the voltammograms of two electrodes 
coated with polymer-cobalt films of unequal thickness 
(60 and 10 nm) are identical (~Ep = 0) and have the 
same current peak intensity. 

Electrical Properties of Polymer A-Cu(II) and Polymer B-Co(II) Films 
Dry state measurements of the conductivity of the 

PtlfilmlAu capacitors also corroborate the results ob- 
tained by cyclic voltammetry. 

For the polymer A-Cu(II)  film, the concentration of 
Cu(II) can be made to vary. Like the variation in 
peak currents (Fig. 6a), the conductivity is highly de- 
pendent on Cu(II)  concentration (Fig. 6b). With con- 
centrations between 10 -3 and 10-~M of CuC12 solutions 
used to treat the polymer A films, the conductivity, 
like the peak current, is noticeably constant. In the 5 
• 10-2-10-1M range, the conductivity increases 
abruptly from 5 • 10 -l~ to 5 • 10 -~ 12 -1 cm-1; like- 
wise, the cathodic peak current increases from 18 to 
230 ~A cm -2. For CuCle solutions in concentrations 
greater than 10-~M, the .conductivity remains prac- 
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Fig. 6 (a). Peak current variation for a polymer A-Cu (11) coated 

electrode with CuCI2 concentration of the solutions used in the 
treatment of the polymer films. (b) Conductivity variation of 
polymer A-Cu (11) film (in dry state) with CuCI2 concentration in 
the treatment solutions. 

tically constant at 5 • I0-~ F~ - I  cm - I  and the cathodic 
peak current also stays at the maximum 230 ~A cm -~. 
These variations in current and conductivity show that 
the treatment with Cu(II) can lead to the fixation of 
a sufficiently high concentration of redox centers so 
that the charge transfer could occur within the thick- 
ness of the polymer A-Cu (If) film. 

For the polymer B-Co (If) film, the treatment of the 
polymer B film with CoC12 does not allow for variation 
of the Co (If) concentration in the film. The conductiv- 
ity of the complexed film is ca. 10 -I0 ~ - i  cm-1, which 
is identical to that of the untreated polymer B film. It 
is noteworthy that this value is the same as that of the 
polymer A-Cu (II) film with a low Cu (If) concentra- 
tion. 

Conclusion 
Films with stable complexes formed by coordination 

of Cu(II) or Co(II) ions with ligands from quinolinol 
polymers have been obtained by chemically treating 
electrochemically obtained polymers. The structure of 
the poly (2-methyl-8-quinolinol)-Cu(II) complex seems 
to be tetracoordinate, whereas that of the poly(8-qui- 
nolinol) -Co (II) complex seems to be penta- or hexaco- 
ordinate. Indeed, the electrochemical behavior actually 
observed for these complexes would be appropriate for 
such structures. The more compact tetracoordinate 
structure enhances electron transfer by electron hop- 
ping conduction between redox centers, whereas with 
the penta- and hexacoordinate structures only the cat- 
ionic sites at the metal-film interface take part in the 
redox process. 

The results reported here indicate that aside from 
applications in analytic and electrocatalytic fields, films 
with metal ion complexes can provide fundamental in- 
sight into the electron transfer mechanism in polymer 
carriers. In view of these goals we are extending our 
research on stable metal ion complexes formed by the 
coordination of these ions with polymer ligands. 

Manuscript submitted March 1, 1982; revised manu- 
script received ca. June 15, 1982. This was Paper 624 
presented at the Montreal, Quebec, Canada, Meeting 
of the Society, May 9-14, 1982. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1983 
JOURNAL. All discussions for the December 1983 Dis- 
cussion Section should be submitted by Aug. 1, 1983. 
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Photoelectrochemical Properties of Polycrystalline Ti02 Thin Film 
Electrodes on Quartz Substrates 

S.-E. Lindquist,* B. Finnstr6m, and L. Tegner* 
Institute of Physical Chemistry, University of Uppsala, S-751 21 Uppsala, Sweden 

ABSTRACT 

Thin film electrodes of TiO2 have been prepared by vapor deposit ion of Ti on a quartz substrate  followed by partial  
oxidation to leave a thin Ti layer as back-side contact. The electrodes were characterized for their photoelectrochemical  
activities both on i l lumination through the electrolyte and through the substrate (back-side illumination). The t ransparent  
substrate  made it possible to record the action spectrum for back-side i l lumination down to 250 nm. Simple theory has been 
used to est imate bandgap,  flatband potential,  and doping density. Observed bandshifts  in the action spectra due to changes 
in doping density and electrode potential  have been shown to be in accordance with theory. 

Dur ing  the last  decade much in teres t  has been d e -  
v o t e d  to TiO2 as a semiconduct ing photoanode in 
photoe lec t rochemical  cells wi th  the  a im of finding 
a ma te r i a l  sui table  for the  product ion  of hydrogen  
f rom wate r  using l ight  as the  energy  source. S tud -  
ies have been pe r fo rmed  on single crystals  of ru t i l e  
s t ruc ture  (1-7) and  on po lycrys ta l l ine  ma te r i a l  e i ther  
as a s in tered powder  (7-9) or as th in  layers  of TiO2 
films (10-22). Exper imen t s  to ex tend  the photoresponse  
into the  vis ible  region by  doping have also been  re-  
por ted  (6-13). 

Thin film electrodes of TiO2 have been p repa red  by  
chemical  vapor  deposi t ion (CVD) and r ad io - f r equency  
spu t te r ing  (16-22). MSllers et al. (19) sp rayed  t i t an ium 
acetylacetone  onto a hot  subs t ra te  of t i t an ium sheet  
meta l  or  glass plates  covered wi th  a conduct ing SnO2 
layer .  F le i schauer  and Al len  (22) p r epa red  photo-  
sensi t ive anodes by  r ad io - f r equency  spu t t e r ing  of TiOs 
onto a glass p la te  coated wi th  a thin l ayer  of Sn -doped  
In208. 

In the p resen t  work,  th in  film electrodes of TiO~ 
have  been p repa red  from vapor -depos i t ed  t i t an ium on 
quar tz -g lass  substra tes .  The t i t an ium films were  
t r ea ted  in pure  oxygen  at  e leva ted  t empera tu re s  in th e  
range  400~176 

No special  t r ansparen t  back-s ide  contact  l aye r  w a s  
used. Ins tead  a ve ry  thin film of Ti was lef t  af ter  the 
oxida t ion  which a l lowed inves t igat ion of the spect ra l  
response even for "back-s ide"  i l lumina t ion  down to 
250 nm. This extension of the spect ra l  range made  
feas ible  a more  complete  analysis  of the act ion spect ra  
of the TiO2 thin  film electrodes.  

Theory 
Since thin film semiconduct ing e lect rodes  on t r ans -  

pa ren t  subs t ra tes  can be i l lumina ted  f rom ei ther  side 
the  fol lowing assignations are  made:  EE, l ight  incident  
upon the e lec t ro ly te -e lec t rode  in ter face  and SE, l ight  
inc ident  upon the subs t ra te -e lec t rode  interface.  

* Electrochemical Society Active Member. 
Key words: photoelectrolysis, polycrystalline, semiconductor, 

thin film, tunneling. 

Light incident upon the electrolyte-electrode inter- 
]ace (EEL--Elaborated models, t ak ing  surface recom-  
bination,  react ion kinet ics  at the interface,  r ecombina-  
t ion in the space charge region, etc. into account, have  
been worked  out  (23-28). As a l imi t ing case at high 
t ransfer  veloci ty  (27) most of these models  reduce  to 
the w e l l - know n  G~ir tner-Butler  express ion (29, 30). 
To uni fy  the descr ip t ion  of the expe r imen ta l  da ta  we 
have chosen to reduce the number  of ad jus tab le  pa -  
ramete rs  and present  our  resul ts  in terms of this s imple  
model. Deviat ion and reasons for devia t ion  f rom the 
theoret ica l  model  are  discussed fu r the r  on. 

The quan tum efficiency CEE is, according to the 
G~r tne r -Bu t l e r  model  expressed  by  

1 
~bEE = i - -  exp (-- ~w) [I] 

1 + alp 

where a is the optical absorption coefficient, Lp the 
diffusion length of the minority carrier (holes in the 
case of an n-doped semiconductor), and w the deple- 
tion layer width given by 

( 2,~o y/" 
w = \ eND / (U -- UFB) */2 = wo(U -- UFB) */s 

[2] 

Here the band bending is expressed by the difference 
between the electrode potential U and the flatband 
potential UFB, e is the relative dielectric constant, eo is 
the permittivity of free space, ND is the donor concen- 
tration, and e the elementary charge. 

For small values of a the exponential factor in Eq. 
[i] can be expanded in a Taylor series and one ob- 
tains after simplification 

CEE Lp -~ W "~" -{- Lp [3] 

As shown by  But le r  (39), Eq. [1] can be combined 
wi th  (31) 
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(hv --  E~)"/s 
a = A [4] 

hv 

which assuming aLp < <  1 gives 

( - -  hv ln  ]1 -- CEz[) n/2 -- S ,  (hv -- Eg) [5] 

In  Eq. [4] and [5] A is a constant  and Eg the bandgap 
energy, v the freqency of light, h Planck's  constant, and 
Sn = (Aw) '2/~. The value of n depends on whether  the 
optical t ransi t ion is direct (n = 1) or indirect  (n = 4). 
In  the case of an indirect  t ransi t ion and after insert ion 
of Eq. [2] one obtains 

S44 = (A �9 Wo)~(U -- UFa) [6] 

Light incident upon the substrate-electrode interface 
(SE).--For the case of back-side i l lumina t ion  the fol* 
lowing expression (32) applies 

1 
CSE = 1 -- aLp exp [--  a(d -- w)]  -- exp [ - - ~ d ]  [7] 

where d is the thickness of the semiconductor.  
By differentiat ing Eq. [7] (assuming a Lp ~<~ 1) the 

extreme values of ~sE can be found: 
1. Maxima or min ima  are found for da/dl : 0, that  

is for all  extreme values of the absorption coefficient. 
2. Maxima appear in CSE when  

w/d  -- 1 -- exp (--  amax*W) 0 < w/d  < 1 [8] 

is satisfied. Here CCmax* denotes the absorption coeffi- 
cient at the wavelength where ~SE has a max imum 
value. If a lp  < <  1 a comparison of Eq. [1] and [8] 
shows that  

w / d  " -  ~bEE [ 9 ]  

at this wavelength. Consequently if d can be deter-  
mined independent ly,  a combination of results of mea-  
surements  made for the two cases of i l luminat ion  EE 
and SE gives informat ion about the depletion layer 
width. 

Rearranging Eq. [8] to In It -- w/d  I = -- am~*W and 
expanding the le f t -hand side in a Taylor series (two 
terms) gives after insert ion of Eq. [2] 

We 1 
~m~* = -- - -  (U -- UFB) ~/~ + d d ~ - -  [10] 

As can be seen from Eq. [10] the value of '~max* is de- 
pendent  on We, the film thickness d and the band  bend-  
ing U -  UFB. Thus if ~ changes monotonical ly  in a 
wavelength interval,  one expects a shift in the position 
of the max imum ~bsE max of the quan tum efficiency if 
any of the parameters  is changed. If, e.g., d~/d~ < 0 the 
shift of r max will be toward shorter  wavelengths 
when U is increased. In  the l imit  of very small  ratios 
w/X, Omax* wil l  be given by 

1 
~max* " " -  [II] 

d 

Mater ia ls  
Titanium, Ti (Tec) technical quality contains, accord- 

ing to the producer, traces of O (0.07%), Fe (0.03%), 
N (0.007%), and C (0.002%). 

Ti tanium, Ti (Pure) ,  Kock-Light  van Arkel  (99.9%). 
Chromium, Highways (99.998%). 
Aluminum,  technical quality. 
Na2SO4, Anhyd, CP Baker's Analyzed. 
For etching a solution of 20% hydrofluoric acid, 30% 

nitr ic acid, and 50% deionized water  was used (15). 
Oxygen, 2.8 AGA Special Gas. 

Appara tus  
The ins t rumenta l  a r rangement  is shown in Fig. 1. 

The light source was a 450W xenon lamp (Osram 
XBO). Its output  passed through a 40 m m  water  filter 
into a high in tensi ty  grat ing monochromator  (Schoeffel 

APP!IED ~ 
7 

5 

Fig. 1. Photoelectrolysis apparatus with side view of cell. 1, O- 
ring sealed quartz glass substrate; 2, Tie2 thin film anode (WE); 
3, Mercury contact; 4, Pt electrode (CE); 5, glass filter; 6, satu- 
rated calomel electrode (SCE); 7, optically flat quartz window; 8, 
optical filter; 9, shutter; 10, exit slit of monochromator; 11, high 
intensity monochromator; 12, water filter; 13, 450W xenon lamp; 
14, operational amplifier. 

GM252) with a grat ing blazed at 240 n m  and with 
1180 groves /mm and an analogous readout for scan- 
ning. The image of the exit slit was focused onto the 
surface of the working electrode (WE) of the photo- 
electrolysis cell. To el iminate the effect of stray light 
passing through the monochromator,  a Schott filter 
UG5 was used when measurements  were performed 
at wavelengths shorter than  350 nm. A cutoff filter 
(Schott GG15) was used when action spectra were 
registered in the wavelength region above 400 rim. 

The light entered the cell (see Fig. 1) through an 
optically flat fused quartz (Suprasil)  window. The cir- 
cular quartz substrate (r = 20 mm) with the thin film 
working electrode was mounted in a plexiglass holder 
exposing the central  film area ( ~  1.8 cm 2) to the  elec- 
trolyte. Ohmic contact was made at the per iphery of 
the film with mercury. The edge of the substrate and 
the mercury  was sealed from contact with the elec- 
trolyte by Viton O-rings. The holder could be turned 
through 180 ~ so that the light beam could enter  the 
electrode film from either side. 

The cell was equipped with a p la t inum net  counter-  
electrode (CE) (area ,~3 cm 2) separated from the 
reference electrode (RE) and WE by a glass filter (No. 
1). A calibrated saturated calomel electrode (SCE) 
(0.242 _ 0.001V) served as the RE. The light intensi ty  
was measured in the position of the WE with an 
optical power meter  (Photodyne, Model 44XL with a 
silicon photodiode Model 450 AS radiometric sensor 
head. Calibrat ion accuracy _ 10%, reproducibi l i ty  • 
0.5%). The potential  U of the working electrode rela-  
tive to SCE was controlled by a potentiostat. The pho- 
tocurrent  between the WE and CE was measured as a 
potential  drop Ui over a 100~ external  resistance. The 
potentials were displayed on two Keithley microvolt  
digital mul t imeters  Model 177 or fed to a Hewlett  Pack- 
ard Model 7044A X-Y recorder. All  cur ren t -poten t ia l  
curves were registered (usual ly point  by point)  from 
negative to positive potentials. 

Absorbance and reflectance spectra were recorded on 
a Zeiss DMR 10 spectrophotometer (range 200-800 nm)  
and on a Beckman DK 2A spectrophotometer (range 
400-2500 nm) .  The reflectance measurements  were per-  
formed with a specially constructed reflection assembly. 

The Tie2 electrode surfaces were analyzed by using 
an x - r ay  powder diffractometer (Philips l~ 1050), 
while powder scratched from the surface of the elec- 
trodes was examined in an x - r ay  powder diffraction 
Guinier-H~gg focusing type. In both cases monochro-  
matic CuK~l radiat ion was employed. 
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Preparations 
In  the case of t i t an ium films on quartz plates the 

metals were evaporated in vacuum (at ~ 1 mPa)  from 
point  sources (hair p in  filaments) on electrically 
heated tungs ten  wires and condensed onto the sub-  
strate. Typical condensation rates were ~ 20 n m  min  -1. 
The substrates were pretreated in  the etching solution 
(see Materials) for ~ 10 sec and rinsed with deionized 
water  before being placed in  the vacuum chamber. 
In  the case of s imultaneous evaporat ion of A1 (or Cr) 
and Ti, the relat ive composition of the film was con- 
trolled by a rotat ing disk with a slit between the 
sources and the substrate  and by their  relat ive dis- 
tance. In  these exper iments  Ti (Pure)  was used. No 
at tempt  was made to keep a constant  evaporat ion rate. 
To get as homogeneous a composition as possible, the 
amount  on each point  source was matched and only 
par t ly  evaporated. The metal  films produced were 
smooth and bright  and showed almost neu t ra l  spectra 
(see Fig. 2). 

The thermal  oxidat ion of the Ti films and Ti metal  
plates was carried out as follows: the preparat ions 
were placed in an evacuated quartz tube at a pressure 
< 10 mPa and introduced into a preheated oven. After  
12-15 min  when tempera ture  equi l ib r ium had been 
established, oxygen was introduced. After  a predeter-  
mined time the oxygen was pumped off and the evacu- 
ated tube was removed from the oven. The tempera-  
ture was measured with a P t /P t ,  Rh (10%) thermo-  
couple close to the sample(s) .  The gradient  along the 
largest  sample (20 mm) was less than 2 ~ at 408~ 
which was the tempera ture  most f requent ly  used. Typi-  
cal oxygen pressure was 13.3 kPa. No systematic in-  
vestigation of the T i O2  film depth as a funct ion of tem- 
pera ture  and oxidation t ime was made. Single observa- 
tions, however,  were in agreement  with those reported 
by Hass (33). 

The thickness of the TiO2 films was determined from 
the interference fringes of the reflection spectra re-  
corded in  the range 400-2500 nm. In the calculation of 
the film thickness, the refractive index of TiO~ (rut i le)  
given by Hass (33) was used. 

From exper iments  on a great number  of preparat ions 
(ca. 40), only  data from a few but  typical are pre-  
sented in detail. Table I summarizes some essential 
properties of the TiO2 films and conditions of their  
fabrication. 

Characterization of the Ti02 Thin Film Electrodes 
According to Hass (33) TiO2 layers prepared by 

oxidation of pure  t i t an ium films at 400~176 in air 
are of rut i le  structure.  The present  x - r ay  analysis of 
the th in  films produced around 400~ gave no informa-  
t ion about the crystal structure,  probably due to the 
small  crystal sizes. Samples treated at 650~ gave 

Table I. Some essential parameters for the TiO2 electrodes used in 
the present work. Common parameters for all electrodes are 

oxidation temperature 408~ and oxygen pressure 13.3 kPo 
(100 mm Hg). The final film thickness (when all Ti in the 

film has been converted to Ti02) is estimated from the 
interference pattern of the reflection spectra. Refractive 

index from Hass (33) was used in the calculations. 

Final 
film 

thick- 
Prepa- ness  of 
ration Sub. Oxidation TiOs 

No. Material s t ra ta  t ime (hr)  (nm) Remarks 

la Ti (Tee) Quartz 1+1+3+16 
lb Ti (Tec) Quartz 1+1+3+16 

+21 
2a Ti (Tec) Quartz 3 

2b Ti (Tec) Quartz 3 
3a Ti (pure) Quartz 2 
31) Ti (pure) Quartz 2 
3c Ti  (pure) Quartz 2 

16s Last  21 h r  at 
5{)5~ 

58 
Back-side con- 

53 tact of A1 

Cr doped 
A1 doped 

typical TiO~ ruti le  lines. Transmission electron micros- 
copy (TEM) pictures of self-support ing thin films in-  
dicate an increasing crystal size with t ime of oxidation. 

Results and Discussion 
Absorption and action spectra.--Curves showing ab-  

sorption and photoresponse spectra at six different 
oxidation times for two Ti(Tec)  thin films (Prepara-  
tion la  and lb)  on the same quartz substrate are pre-  
sented in Fig. 2 and 3, respectively. Figure  2 shows 
how the almost neu t ra l  spectrum of t i t an ium gradual ly  
disappears and how an absorption band corresponding 
to TiO2 builds up in  the wavelength region below 400 
nm. Interference fringes in the t ransparen t  region (~. ~> 
400 nm)  of TiO2 can be observed for the ful ly oxidized 
films. Note in  Fig. 2 (Preparat ion la)  the slight dif- 
ference between curve 5 which shows a spectrum of 
an electrode with good photoresponse (see Fig. 3) and 
curve 21 which shows the spectrum of a completely 
oxidized Ti film with no photoresponse. The absorption 
coefficient ~ was estimated from three ful ly  oxidized 
TiO2 films of the following thicknesses: 43, 150, and 
168 nm. Curve c in Fig. 4 is fitted to the exper imenta l  
points ~mean values) and extended to 400 n m  by  ap- 
plication of Eq. [4]. a ---- 1.0 �9 107 m -1 at )~ = 335 n m  
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Fig. 2. Absorhanee, A, of two thin films lo and lb on the some 
quartz substrate cumulatively oxidized in oxygen at 408~ and 
100 mm Hg (13.3 kPa). Reference: quartz plate. The numbers on 
each curve show oxidation time in hours. For film lb  the last 21 hr 
of oxidation took place at 505~ Final thicknesses of the films 
were dza = 4~ nm and dlb ---- 16s nm. 
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Fig. 3. Action spectra for the films la and lb recorded with a 
bandwidth (FWHM) of 6.7 nm. The incidence of light is evident 
from the small sketch in each figure. The oxidation times (in hours) 
are indicated by the numbers on each curve. The potential of WE 
vs. SCE was kept constant at 1.00V. 

and E~ = 4.89.10 -19 J (3.05 eV) were used to adjust  
the calculated part  of the curve to the exper imenta l  
data. A value A = 5.5. l0 ss m -1 J -1  was thus ob- 
tained. 

Parameters influencing the photoresponse of the TiOz 
thin film electrodes.--The properties of the T ies  films 
formed in the oxidation process depend on a n u m b e r  
of parameters  such as the na tu re  of the under ly ing  
substrate, the ini t ia l  Ti film thickness, the concentra-  
t ion and na ture  of impurities,  the oxidation atmo- 
sphere, the temperature,  and time in  the oxidizing en-  
v i ron rnen t  

The Tie2 films produced showed photoresponse di- 
rectly after  the oxidation period. No subsequent  
t rea tment  in a reducing atmosphere was made. For 
some of the very  th in  films (<  50 nm)  the photore-  
sponse diminished when oxygen was bubbled  through 
the electrolyte and when they were subjected to long 
time measurement  series. 1 

Impurity doping.--Figure 5 shows that  the TiO~ 
electrodes made from thin films of Ti (Pure)  on quartz 

1 Aging effects in defect-doped sem~conducting electrodes have 
been reported [cf. Butler (34) for references] .  
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Fig. 4. The absorption coefficient of TiO~ as a function of wave- 
length. Curve c has been fitted to experimental data [O] and ex- 
tended to 400 nm, as described in the text. Curves a and b from 
Ref. (35) and (19). 
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Fig. 5. Action spectra of thin film TiO,2 electrodes oxidized in 
pure oxygen for 2 hr at 408~ and 100 mm Hg (13.3 kPa). 3a, no 
doping; 3b, Cr-doped; and 3c, AI-doped. Light incident upon the 
electrolyte-electrode interface fEE). 

substrates have a much lower photoresponse than such 
electrodes doped with A1 or Cr. Similarly,  Tie2 films 
made from Tie2 (Tec), containing Fe, gave good quan-  
tum efficiencies in  the range 250-409 nm. These results 
are in agreement  with the observations of Ghosh and 
Maruska (6) on single crystals of Tie2 of ruti le struc- 
ture  and with the results of Augustynski  e ta l .  (14) 
on polycrystal l ine mixed oxides of TiO2-A12Os. Thin 
films doped with Cr showed the same spectral broaden-  
ing toward the visible region as has previously been 
reported (6, 7, 9, 11-13). 

Bandshifts in the action spectra upon increased oxi- 
dation.--By varying only the oxidat ion period, some 
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genera l  t rends  in the  deve lopment  of the TiO~ films 
can be dist inguished:  As the oxida t ion  proceeds  the 
gra in  size and film dep th  (33) increase  whi le  the 
n u m b e r  of oxygen  vacancies (or donor  sites) in the 
TiO2 la t t ice  decrease,  which  (at  a given work ing  elec-  
t rode  poten t ia l )  resul ts  in an extens ion of the deple t ion  
layer .  F igure  3 shows the act ion spect ra  of P repa ra t ions  
l a  and  l b  reg is te red  wi th  the WE fixed at  IV vs. SCE. 
Both films were  formed on the same quar tz  disk and 
oxidized at  408~ at  the  t ime in te rva ls  shown in Table  
I. The  dis t inct ive  fea tures  of the spec t ra  in case of EE 
( l ight  inc ident  on the T i O J e l e c t r o l y t e  in ter face)  upon 
increased oxida t ion  are:  (i) an increased quan tum 
efficiency in  the  shor t  wave leng th  region and (ii) a 
shif t  of the  m a x i m u m  toward  shor t e r  wavelength .  

Wi th  reference  to the genera l  t rends  in the  deve lop-  
men t  of the TiO~ films given above one can expect  ve ry  
na r row  bar r i e r s  (vide infra, Table  II)  in the in i t ia l  
s teps of oxidat ion.  Tunnel ing  of the  e lectrons f rom the  
in te r io r  of  the  semiconductor  to the surface is a p roba -  
ble  process and i t  should  be most significant for elec-  
t rons photoexc i ted  to the  conduct ion band  in the im-  
media te  v ic in i ty  of the  TiO2 surface. As oxida t ion  
proceeds the  ba r r i e r  region is broadened.  The  increase  
in quan tum efficiency (see Fig. 3) wi l l  thus be most  
pronounced  in the shor t  wave leng th  region (250-280 
nm)  where  the TiO~ absorpt ion  coefficient is largest .  

If  the  TiO2 films a re  ve ry  thin, e lec t ron-hole  pairs  
genera ted  in the ba r r i e r  region at  the Ti/TiO~ in te r -  
face m a y  also cont r ibute  to the photocurrent .  The 
anomalous  behavior  of the act ion spect ra  in  the long 
wave leng th  region (~. > 330 nm) ,  especia l ly  the  high 
quan tum efficiency at  shor t  oxida t ion  times, may  be 
a t t r ibu ted  to such a "double  bar r ie r . "  Appl ica t ion  of 
the  G~r tne r -Bu t l e r  model  for ve ry  th in  films is thus 
not  sui table .  

Wi th  longer  oxida t ion  per iods  the  m a x i m u m  ~bSE max 

is d isp laced  toward  longer  wavelengths ,  while  at  the 
same t ime the overa l l  quan tum efficiency is increased 
(Fig. 3). These changes can qua l i t a t ive ly  be expla ined  
as follows: as ox ida t ion  proceeds,  th icker  layers  are  
formed and the a lmost  wave length  independent  ab-  
sorp t ion  in the  Ti back-s ide  contact  is rep laced  by  the 
s t rongly  wave leng th  dependent  absorpt ion  in TiO2. 
Wi th  an increased TiO2 film depth  the rat io w / d  will  
also decrease  and Eq. [11] wi l l  apply.  As ~bSEmax ap-  
pears  in a wave leng th  region where  d~/d~ < 0, a red  
shif t  wi l l  be observed.  

The observed  band  shifts in the act ion spect ra  of the  
thin films, both  in the  case of EE and SE, contras t  
wi th  the resul ts  of MSllers et al. (19). Using the CVD 
technique they  produced  somewhat  th icker  TiO~ elec-  
t rodes (100-1000 nm)  than the films used in the present  
work.  A conduct ing l aye r  of SnO2 served  as the back -  
side contact  in the i r  samples. In  the case of EE they  
observed  a red  shi f t  wi th  increas ing film thickness and 
in the  case of SE repor ted  tha t  "the highest  y ie ld  in 
pho tocur ren t  is obta ined  if the  e lec t ron-hole  pa i r  is 
c rea ted  near  the back- s ide  contact"  since "the spec t ra l  
d i s t r ibu t ion  of the pho tocur ren t  is independen t  of the  

t h i c k n e s s  of the  TiO2-1ayer and its m a x i m u m  occurs 
in the  shor t e r  wave leng th  range." P re l im ina ry  mea -  
surements  made  at  our  l abo ra to ry  on th ick  (50-3000 
nm)  TiO~ layers  p roduced  by  the rma l  oxidat ion  of Ti-  
p la tes  give (in the case of EE) resul ts  in good agree -  
men t  wi th  those of MSllers et al. Est imated  deple t ion  
layer  wid ths  in these p repara t ions  are, however ,  much 
l a rge r  (10-150 nm, at  a work ing  e lect rode potent ia l  
of 1V vs. SCE) than  in Prepara t ions  l a  and lb.  Such 
wide  ba r r i e r s  make  tunnel ing  of photoexci ted  electrons 
th rough  the  ba r r i e r  insignificant.  

Onset  vo l tage . - -As  can be seen f rom Fig. 6 the "ap-  
pa r en t  onset  vol tage"  for  th in  film electrodes made  
f rom Ti (Tec) a re  shif ted to h igher  potent ia ls  wi th  
increas ing  oxida t ion  time. There  is no significant d i f -  
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Fig. 6. The quantum efficiency r at a constant wavelength of 
320 nm as a function of the potential U (vs. SCE) of the working 
electrode. The measurements were made on the same thin films 
la and Ib as represented in Fig. 2 and 3. Electrolyte 0.2M Na2S04, 
pH = 5.7. The numbers on each curve denote oxidation times in 
hours (pure oxygen, 13..3 kPa) at 408~ 

ference in the  onset  vol tage of the ~ vs. U curves 2 for 
a film cont inuously oxidized for 5 hr, compared  to a 
film oxidized for 5 hr  a t  var ious  t ime in terva ls  (such 
as l a  and l b )  if the condit ions are  o therwise  the same. 
An  Al -doped  Ti ( P u r e ) - t h i n  film (P repa ra t ion  3c) 
oxidized at  408~ for 2 h r  gave, however ,  a much 
lower  onset vol tage  ( - -  0.3V vs. SCE, pH = 5.7) (vide 
inSra, Fig. ii). 

The same resul ts  of A l -dop ing  have ear l ie r  been ob-  
ta ined  by  Ghosh and Maruska  (6) who  a_lso give a 
br ie f  discussion in which they  t ry  to  expla in  the effect. 

Determinat ion of w and Eg.--The calculat ions are  
demons t ra ted  on measurements  made  on two TiO2 
(T e c ) - t h in  films, P repara t ions  2a and 2b on the same 

quartz  substrate.  The films were  ident ica l  (see Table 
I) wi th  the  except ion that  2b was furn ished  wi th  a th in  
back-s ide  contact  of a luminum.  The Ti films were  oxi-  
dized to near  full  t r ansparency  in the vis ible  region 
of the spect rum.  

F igure  7 shows quan tum efficiencies of P repara t ions  
2a and 2b represen ted  in accordance wi th  Eq. [5]. A 
least  squares fit of the  s t ra ight  l ine to the expe r imen ta l  
points  for ~. > 330 nm gives a bandgap  of 4.91 �9 10-1~J 
(3.06 eV).  F rom the slope S = (Aw)V~, a deple t ion  
l aye r  width,  w, of 8 nm was es t imated  using the value  
A = 5.6 �9 1026 m -1 j - 1  as ca lcula ted  f rom Eq. [4] b y  
the inser t ion of Eg ---- 3.06 eV and ~ ---- 1.0 �9 107 m -1 at  

= 335 n m  der ived  from Fig. 4. 

Band shif ts  in the action spectra due to variations in 
work ing  electrode potent iaL--Equat ion [10] predic ts  

2 I t  should be  m e n t i o n e d  tha t  t h e  q u a n t u m  efficiencies g iven  in 
the  p r e s e n t  w o r k  have  no t  b e e n  c o r r e c t e d  fo r  ref lect ion losses a t  
t h e  in t e r f aces  e lec t ro ly te /TiO2 (case  EE) and a t  the  interfaceS, 
q u a r t z / T i  and  Ti/TiOe in the  case of SE, 
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Fig. 7. Preparation 2a and 2b. Data represented in a plot based 
on Eq. [5].  For X > 330 nm a least squares fit of a straight line 
to the experimental points (i-1 with O without back-side contact 
of aluminum) indicates an indirect optical transition corresponding 
to a bandgap of 4.91 �9 10-19J (3.06 eV). The slope gives a deple- 
tion layer width of 7.7 nm U(vs. SCE) ~ 1.00V. 

that, for a given film i l luminated from the substrate 
side (case SE), ama~* should decrease with increasing 
values of U. A set of exper iments  was performed on 
the two thin films of TiO~ (Tec) Preparat ions 2a and 
2b as ment ioned above. 

Figure  8 shows the quan tum efficiency as a function 
of wavelength in the case of back-side i l luminat ion  
for film 2a in a series of measurements  in which U (vs. 
SCE) was varied. The predicted shift of the max imum 
point  with increased value of U is confirmed (See 
Theory after Eq. [10]). The shift is minor  indicating 
that  the ratio w / d  is small, and that Eq. [10] is closely 
approximated by Eq. [11]. Precise quant i ta t ive infor-  
mat ion in accordance with Eq. [10] cannot be ex- 
pected from the experiment.  A value of d can, however, 
be calculated from Eq. [11]. Taking a ---- 1.8 �9 107 m -1 
(Fig. 4), corresponding to the m a x i m u m  point  for the 
lowest curve U = 0.25V at ~ = 320 nm (Fig. 8), gives 
d = 56 n m  which is close to d = 53 as estimated from 
interference fringes in  the reflection spectrum on the 
same film. 

Figure 9 shows exper imental  points of r vs. Z for 
EE and SE i l luminat ion  together with theoretical 
curves calcula ted from Eq. [1] and [7] using the values 
of w ---- 7.5 nm, Lp ~ 0, and d = 70 nm. The value of w 
is s e e n  to b e  i n  good  a g r e e m e n t  w i t h  t h e  v a l u e  o b -  
t a i n e d  f r o m  Fig.  7 as g i v e n  above .  T h e  v a l u e  of d, h o w -  
eveP, is s o m e w h a t  l a r g e  c o m p a r e d  to d = 5s n m  es t i -  
m a t e d  f r o m  t h e  i n t e r f e r e n c e  f r i n g e s  i n  r e f l ec t ion  m e a -  
s u r e m e n t s  fo r  t h e  f u l l y  o x i d i z e d  f i lm a n d  d = 56 n m  
o b t a i n e d  f r o m  t h e  p o s i t i o n  of t h e  m a x i m u m  p o i n t  Css 
vs. ~ c u r v e  ( see  a b o v e ) .  T h e  d i s c r e p a n c y  c a n  a t  l e a s t  
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Fig. 8. The quantum efficiency, r  as a function of wavelength at 
six different potentials U (vs. SCE) of a thin film (Preparation 2a) 
Ti02 electrode illuminated from the substrate side (SE). Electrolyte 
0.2M N a 2 S ~ ,  pH = 5.7. NB: the red shift of the maximum with 
increasing U. 
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Fig. 9. Preparation 2a and 2b. The measured (D,  O ,  @) and 
calculated (solid lines) quantum efficiency spectra depicted to- 
gether with the absorption coefficient spectrum (dashed line) of 
TiO2. Light incident upon the substrate-TiO2 interface (SE) �9 and 
upon the electrolyte-TiO2 interface (EE) with [ ]  and without Q 
back contact of AI. Calculated curves are based on Eq. [1] and 
[7] with d = 70 rim, w = 7.5 rim, Lp = 0 nm. U (vs. SCE) = 

1.00V. 
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p a r t l y  be exp la ined  by  the reflection and absorpt ion  
losses at  the back- s ide  contact  in the case of SE. These 
losses do not  affect the  posi t ion of the m a x i m u m  ~SE max 
to any  grea t  ex ten t  as they  are  r e l a t ive ly  independen t  
of wavelength .  

Wi th  the  values  given above for  w (8 and 7.5 nm)  
and d (70, 53, and 56 nm)  the rat io  w / d  fal ls  in the  
range  0.11-0.14. Equat ion  [9] predic ts  w / d  ---- ~bEE at 
the  wave length  of ~bsE max. F r o m  Fig. 9 i t  can be seen 
that  a t  this poin t  CEE --~ 0.13. Al though  not  conclusive, 
the good agreement  be tween  the resul ts  suppor t s  the 
va l id i ty  of the  der ived  Eq. [5], [7], and [9]. 

Determinat ion of UFB and wo f rom action spectra 
measurements.--F~ sys temat ic  inves t iga t ion  of the  
quan tum efficiency as a funct ion of the wave leng th  and 
the poten t ia l  U (vs. SCE) will,  in addi t ion  to the band-  
gap ene rgy  Eg, also give t he  "deple t ion  l aye r  width  
constant"  Wo and the f la tband potent ia l  UFB prov ided  
the condit ions for  the de r iva t ion  of the  G~r tne r -Bu t l e r  
express ion Eq. [I]  are  met  and tha t  Eq. [4] is valid.  
The method  based on Eq. [5] and [6] is here  appl ied  
for the TiO2 (pure)  film doped with  A1 (Prepa ra t ion  
3c) (Fig. 10 and 11). Table  II  summar izes  some calcu-  
la ted  da ta  for  P repa ra t i on  3c ( least  squares f i t ted) .  In  
the calcula t ion of ND a value  e ---- 120 (3, 19) has been 
used. I t  can be concluded (see Fig. 10) that  the b a n d -  
gap corresponding to the  indi rect  t rans i t ion  is, wi th in  
expe r imen ta l  error ,  independent  of the  poten t ia l  of 
the  work ing  electrode.  Ex t rapo la ted  f la tband potent ia ls  
de t e rmined  f rom graphs  based on Eq. [6] (Fig. 11) are  
in good ag reemen t  wi th  those es t imated  from plots of 
~EE VS. U keeping  ~ constant.  

If  the  da ta  used in Fig. 10 are  p lot ted  in accordance 
wi th  Eq. [3], Lp + w can be de te rmined  f rom the slope 
of the curve (Fig. 12). The values  of L ,  which can 
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Fig. 10. The photoresponse of Al-doped TiO2 (Preparation 3c) 
represented in accordance with Eq. [5].  The intercepts with the 
abscissa give the bandgap of the indirect transition. Mean value 
of Eg = 4.89 �9 10-19J ' (3.05 _ 0.02 eV). O ,  0.25V; -I-, 0.50V; 
F1, 1.00V; X ,  1.6V vs. SCE. 

Table II. Some fundamental properties of Preparation No. 2 and 3c. 
UFB is given in volt VS. SCE at pH ---- 5.7 

Prepa-  wo 
ra t ion  E~ UFB ( n m  ND 

N o .  ( e V )  ( V )  W / ~ )  ( m  -~) 

2 3 .06 • 0.02 - -  6 2 �9 10 z~ 
3 c  3.05-4- 0.02 - 0 . 3  3, 2 1 �9 10 =: 

Table Ill. Comparison of w values calculated from Wo and UF~ 
values of Table II, and w -~- Lp determined according to Eq. [3J 

P r e p a r a t i o n  U (vs. SCE) 
No. 3c (V) 0.25 0.50 1.00 1.60 

w ( h m )  2.3 2.8 3.6 4.4 
w + Lp (rim) 2.8 3.5 4.1 4.7 

be calcula ted f rom the in tersect ion with  the , . , - t  axis 
are  of low significance because of the  uncer ta in t ies  in-  
t roduced by  the long extrapola t ions .  In  Table II l ,  Lp 
+ w values,  es t imated  for  P repa ra t i on  3c can be com- 
pared  wi th  w values  ca lcula ted  (according to Eq. 
L2] ) f rom the resul t ing  Wo and UFB values  of a plot  
according to Eq. [6] (see Fig.  11). 

Comments  on calculated values o] w,  wo, UFm .and Eg. 
- -Equa t ions  [4] and [5] are  only  val id  for hv close to 
Eg (31), i.e., for 330-400 nm. As here, the  absorpt ion  
coefficient increases wi th  decreasing wavelength ,  a 
l a rge r  par t  of the l ight  inc ident  on the surface of 
the e lect rode (EE) is absorbed  deeper  in the dep le -  
t ion layer  than  for wave leng th  < 330 nm. Therefore,  
for  exci ta t ion in the above-men t ioned  interval ,  t unne l -  
ing of electrons to the surface is less probable .  In -  
creased oxida t ion  as discussed above also counteracts  
tunnel ing.  For  this reason and to avoid too thin  films, 
in which the  ba r r i e r  a t  the  Ti/TiO2 in ter face  has an 
influence on the photoresponse,  es t imat ions  of w, wo, 
UFB, and Eg have  only been demons t ra ted  on somewhat  
th icker  TiO~ films, p roduced  by  oxida t ion  in  2 h r  or  
more  at  408~ giving film thicknesses d < 35 nm (33). 
Resul t ing bandgap  energies  (Table II)  a re  in  good 

S 4 1036 

j - -2 

r 

u 
v ! 

0 , L i 
-1 0 2 

Fig. 11. S-values from Fig. 10 plotted in accordance with Eq. [6]. 
Extrapolated value of UFB = --0.30V vs. SCE. Wo = 3.2 nm 
(giving ND = I �9 1027m -3)  determined from the slope, pH = 5.7. 
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Fig. 12. Same data as in Fig. i0 plotted in accordance with Eq. 
[3]. Lp d- w values calculated from the straight lines are collected 
in Table III. 

agreement with values found in the literature (36). 
The flatband potential of the A1 (impurity) -doped sam- 
ple 3c also agrees with the results of other workers 
(14). 

Conclusions 
In the present work it has been shown that the action 

spectra of thin film TiO~ electrodes on quartz can be 
described by a simple theory both in the case of illu- 
mination through the electrolyte and through the back- 
side contact. Band shifts in the action spectra due to 
changes in film thickness and electrode potential have 
been explained qualitatively in ~erms of the theory. 
The adopted model does not account for tunneling and 
recombination processes. Estimated depletion layer 
widths are for this reason probably too small. It has 
also been shown that back-side illumination (case SE) 
can give complementary information about polycrys- 
talline thin film electrodes. Thus w/d (Eq. [8] and 
[9]) and d (Eq. [10] and [11]) can be estimated from 
the action spectra if the absorption coefficient is known. 

The produced TiO2 thin films have a high donor con- 
centration which results in small depletion layer con- 
stants (Wo). The hole diffusion length Lp is small com- 
pared to Wo in the studied film. Thus the efficiency is 
mainly governed by the depletion layer width. Tun- 
neling of photoexcited electrons through the barrier 
is significant in very thin films, especially in the short 
wavelength region, where the absorption coefficient is 
large. Increased oxidation counteracts the tunneling. 
Impurity doping with Cr extends the photosensitivity 
into the visible region. Al-doped electrodes were more 
"well behaved" than electrodes made from a technical 
quality of titanium [Ti (Tec)], which showed a shift of 
the flatband potential to higher potentials with increas- 
ing oxidation time. 
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Characterization of the Interface Energetics for N-Type Cadmium 
Selenide/Nonaqueous Electrolyte Junctions 
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ABSTRACT 

Single crystal, n-type CdSe photoanodes have been studied in 0.1M [n-Bu4N]C1OJCH3CN solutions containing low con- 
centrations of fast, outer-sphere, one electron redox reagents. A number  of redox couples were studied spanning a wide 
range of redox potentials, E ~ We find that reversible electrochemical response is seen at both dark and illuminated (632.8 

2 + / + / 0 /  nm light) n-CdSe for couples with E ~ more negative than - 1.2V vs.  SCE, e.g., Ru(bpy)3 -. For couples wi the  ~ positive of 
- 1.2V vs.  SCE we find that CdSe is blocking to the oxidation of the reduced form of the redox couple in the dark, but  illumi- 
nation results in its oxidation. The photoanodic current peak in a cyclic voltammogram occurs more negative than at a Pt  
electrode, the difference between these values is the photovoltage, Ev, taken to approximate the barrier height, EB. ForE ~ 
between - 1.2 and - 0.1V vs.  SCE, Ev increases as E ~ increases in a nearly ideal manner. Thus, Es increases nearly linearly as 
E ~ moves positive of the flatband potential, EFB, of - 1.2V vs.  SCE. For E ~ more positive than - 0.1V vs.  SCE Ev is constant, 
independent  ofE ~ The effect of a number  of different etches on the interface energetics of CdSe was investigated, since it 
was previously determined that an oxidizing or reducing etch would yield quite different results for n-CdTe. For CdSe, 
however, the different etches do not give significantly different results with respect to EB vs.  E ~ despite large variation in 
surface composition deduced from Auger and XPS spectra. The highest Ev obtained is -0.8V using Fe(CsMes)2 +~~ and more 
positive redox couples. In general, with respect to EB vs.  E ~ n-type CdSe more closely mimics the behavior of CdS than 
CdTe, despite the fact that the bandgap of CdSe (Eg = 1.7 eV) is closer to that of CdTe (Eg = 1.4 eV) than to.CdS (Eg = 2.4 eV). 

Results from this laboratory have been reported for 
the interface energetics of n - type  CdS (Eg = 2.4 eV) 
and CdTe (Eg _--.1.4 eV) photoanodes (1, 2). CdS was 
found to near ly  fit the ideal model (1, 3, 4) of a semi- 
conductor / l iquid  electrolyte  interface that follows from 
the considerations for an ideal semiconductor /meta l  
interface (4). Reversible electrochemical response was 
obtained in  the dark  for couples with redox potentials, 
E ~ more negative than the conduction bandedge, ECB, 
Scheme I. For  couples with go, positive of EcB and 
negat ive of the onset of decomposition current  the 
open-circui t  photovoltage, Ev, was found to vary  l in -  
early wi th  E ~ as predicted by Eq. [1], where EFB is 
the electrochemical potential  of the semiconductor,  El, 
when  

Ev ~ EB : IE ~ -- EFBI [1] 

there is no band bending,  and EB is the barr ier  height, 
I E c B -  E~ The ideal model leads to the expectation 
that  only couples having E ~ more positive than the 
conduction bandedge, ECB, would have output  photo- 
voltage. Couples near  the top of the valence band, EVB, 
would have the highest photovoltage. In  the ideal 
model we assume that  EVB and ECB remain  fixed rela-  
tive to a reference for E ~ no more than Eg positive of 
ECB, and thus changes in E ~ will result  in changes in  
Ev (1-4). 

With respect to EB vs.  E~ CdTe was found to behave 
quite differently depending on whether  it was etched 
with an etch containing oxidizing or reducing agents 
(2). For CdTe etched with an oxidizing etch nonideal  
behavior  is obtained. The open-circui t  photovoltage 
does not  obey Eq. [1], bu t  instead Ev is constant  at 
~0.5V regardless of the E ~ of the couple used. Couples 
with E ~ from --2.0 to +0.7V vs .  SCE were studied 
spanning a potent ial  range larger than the separation 
of ECB and EVB. N- type  CdTe was concluded to be 
Fermi  level  p inned  (5). This refers to a s i tuat ion in  
which a semiconductor is measured to have a constant  
barr ier  height, EB, independent  of the contacting me-  
d ium over a wide range of redox potentials.  This is 
analogous to the behavior  obtained for some semicon- 
duc tor /meta l  (Schottky barr ier)  interfaces, where  the 
work funct ion of the metal  should determine the ba r -  
r ier  height for an  ideal semiconductor (4, 6). But for 
a n u m b e r  of semiconductor /meta l  interfaces EB is es -  
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t Electrochemical Society Student Member. 
Key words: photoelectrochemtstry, surface etching, barrier 

height. 

sential ly independent  of the work function of the meta l  
over a wide range of work functions (6). This is re-  
ferred to as Fermi  level p inn ing  for a semiconductor /  
metal  interface and is analogous to an E ~ independent  
EB for a semiconductor/electrolyte  interface. In  the 
ideal model the bandedges, EcB and EvB, remain  fixed 
relative to a reference as redox couple potential  is 
varied, whereas with Fermi level p inn ing  EB is fixed, 
the bandedges move, and the potential  changes occur 
across the Helmholtz layer, not  across the semicon- 
ductor. When carrier inversion occurs the Ev can be 
independent  of E ~ (7, 8) but  inversion occurs only 
when the band bending is > 1/2 E s at charge t ransfer  
equil ibrium. For CdTe (2) the band  bending is 0.5V, 
and for TiO2 (9) and SrTiO8 (9) the band  bending is 
also < 1/2 Eg. In  such cases the E ~ independent  Ev is 
a t t r ibutable  to surface states (5, 9). 

Interest ingly,  for CdTe etched with a reducing etch 
the behavior  obtained is near ly  ideal (2). Thus, the 
reducing etch presumably  removes oxidized mate-  
r ial  which causes Fermi  level pinning.  The emphasis 
of this study has been to measure the effects of differ- 
ent etches on the electrochemical behavior  of CdSe, 
in part icular  to determine whether  Fermi  level p inn ing  
occurs and whether  it can be induced or removed with 
an oxidizing or reducing etch. For CdSe Eg = 1.7 eV 
placing it be tween CdTe and CdS in  terms of Eg. In  
addit ion the na tu re  of the oxidized mater ia l  formed 
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Scheme 1. Representation of the interface energetics for n-CdSe 
in contact with a redox couple in an electrolyte solution. 
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on the surface of each of these three semiconductors 
when etched with an oxidizing etch is quite different. 
S is an insulator,  S e a  semiconductor, and Te is a very 
small  bandgap semiconductor. Thus, whether  Fermi 
level p inn ing  occurs may depend on the mater ia l  
formed on the surface by an oxidizing etch, and the 
distribution, density, and na ture  of surface states asso- 
ciated with it. These properties should be quite differ- 
ent for S, Se (or SeOx, S e ~ - ) ,  and Te (or TeOx, 
T e ~ - ) ,  and we do find ra ther  different behavior  from 
CdS, CdSe, and CdTe photoanodes. 

The solid-state data for CdX/meta l  (Schottky bar-  
rier) interfaces show different behavior  for X -- S, 
Se, and Te. For CdS, EB is shown to vary  from 0 to 
0.85V as the work funct ion of the metal  varies, while 
for CdTe EB is almost constant  varying from ,~0.6 to 
~0.8V for a range of work functions spanning ,~2V 
(6, 10). For CdSe EB also appears constant for the 
metals used, however,  the range of work functions 
for the metals used was not as large as for CdS/meta l  
or CdTe/meta l  interfaces (6). Thus, it is possible that  
EB might  decrease and drop to zero for metals with 
smaller  work functions. We now report  our results for 
CdSe/ l iquid electrolyte interfaces that show behavior  
with respect to E~ vs. E ~ that is very  similar to CdS, 
despite the significantly smaller  bandgap of CdSe. 

Experimental 
Electrode fabrication.--Oriented single crystals of 

n-CdSe, (001) plane exposed, ,~0.9 ~t-cm, were ob- 
tained from Cleveland Crystals, Incorporated, Cleve- 
land, Ohio. The crystals were  polished first with 20 
gm a lumina  and then with 10 ~m a lumina  on a polish- 
ing glass. The crystals were finished with 0.3 ~m 
a lumina  on a polishing cloth (Politex Supreme PS, 
Gros Corporation, Stamford, Connecticut) ,  fixed onto 
the glass. Ohmic contact was made to the CdSe by 
rubbing  G a - I n  eutectic onto the back of the crystal. 
A Cu wire was attached using Ag epoxy. The Cu wire 
was encased in a 4 m m  Pyrex  tube and all surfaces 
but  the exposed front surface of CdSe were sealed 
with ord inary  epoxy. The exposed surface of the CdSe 
(typically 3 • 3 mm in dimensions) was the (001) 
face. Just  prior to use all electrodes were etched and 
cleaned as described below. 

CdSe etching procedures.--The C dSe pret reat ing 
etch was one of the following: (i) 5% Br2/MeOH for 
30 sec at 25~ followed by r insing with MeOH, (ii) 4g 
K~Cr~OT, 10 ml conc HNO3, and 20 ml  H20 for 30 sec 
at 25~ followed by r insing With distilled H20, (iii) an 
acid etch consisting of conc HNOJconc  H2SO4/glacial 
acetic acid/conc HC1 (30/20/10/0.1 by volume) for 8 
sec at  the m i x i n g  temperature  followed by  'a  rinse 
wi th  conc H2SO4 for 15 sec at 25~ followed by r insing 
with distilled H20, or (iv) the reducing pre t rea tment  
which involved first the oxidizing etch (i) or (ii) 
followed by immersion into a boil ing solution of 2.5M 
NaOH and 0.6M Na2SO4 for 3 min. The electrode was 
then l iberal ly  r insed with distil led H20. 

Chemicals.--Spectrograde CH~CN was freshly dis- 
tilled from P205 prior to use. The [n-Bu4N]C104 from 
Southwestern Analyt ical  Chemicals was vacuum dried 
at 70~ for 24 hr  prior to use, and NaC104 was ob- 
tained from commercial sources and used without  fur-  
ther  purification. Triply distilled H20 was used for 
solvent in aqueous electrolyte systems. All  chemicals 
used for etching were reagent grade except for Na2S204 
which was purified (low in i ron) .  

Redox reagents were general ly  obtained from com- 
mercial  sources; TMPD was purified by  sublimation;  
Fe(~Is-CsHs)2 was used as received. Other redox cou- 
ples are those used and purified in  this laboratory pre-  
viously (1, 2). Abbreviat ions  for redox couples are 
MV 2+ ~ N,N'-dimethyl-4 ,4-bipyr id inium and TMPD 
- N,N,N' ,N' - te t ramethyl-p-phenylenediamine.  The ;',~ 
values are from cyclic vol tammograms at Pt  or Hg 

electrodes. The E ~ value was taken  to be the average 
position of the anodic and cathodic peaks in the cyclic 
voltammogram. 

Electrochemical equipment and general procedures.-- 
Electrolyte solutions were CH3CN/0.1M [n-Bu4N]C104. 
The nonaqueous electrolyte solution was passed 
through anhydrous,  neu t ra l  A12Oa just  prior to use to 
insure dryness. All electrochemistry was carried out 
under  a positive pressure of pure At'. 

Cyclic vol tammograms were  obtained using a PAR 
Model 173 potentiostat  dr iven by a PAR Model 175 
programmer.  Data were recorded on a Houston Ins t ru-  
ments  X-Y recorder. The electrochemical cell was a 
s ingle-compar tment  cell consisting of a working elec- 
trode of n-CdSe, Pt, or Hg, a Pt  counterelectrode, and 
a reference electrode. A 0.1M AgNO3/Ag/O.1M [n- 
Bu4N]CtO4/CI-IsCN reference (-k0.35V vs. SCE) was 
used as the reference electrode. All EB determinat ions 
are from cyclic vol tammograms at 100 mV/sec. 

For cyclic vol tammograms redox reagents were 
added to solution at ,~1 mM concentrat ion in all cases. 
The photoelectrodes were i l luminated using a beam 
expanded He-Ne laser from Coherent Radiation, pro- 
viding ~50 mW/cm 2 at 632.8 nm. This is sufficient light 
in tensi ty  to  insure that photocurrent  for ,~t mM solu- 
tions of redox reagent  is l imited by diffusion, not  ex- 
citation rate (light in tensi ty) .  

XPS and Auger studies.--Auger spectra were ob- 
tained on a Physical Electronics Model 590A scanning 
Auger spectrophotometer. A 5 keV electron beam with 
a beam current  of 0.1-1 gA was used as the excitation 
source. The samples were mounted  by attaching the 
Cu wire lead to the sample holder to insure electrical 
grounding. A Physical Electronics Model 04-303 dif-  
ferential  ion gun was used to produce a 2 keV Ar + 
ion beam for sputtering. The pressure was main ta ined  
at ,~3 • 10 -8 Torr  in the main  vacuum chamber  and 
1.5 • 10 -4 Torr  of Ar  in the ionization chamber, while 
sputtering. 

X- ray  photoelectron spectra (XPS) were obtained 
on a Physical Electronics Model 548 spectrometer with 
a magnes ium anode. The broad scans (0-1000 eV) were 
recorded with a pass energy of 100 eV and the nar row 
scans with a pass energy of 25 eV. The peak energies 
of the Cd and Te peaks were referenced to the C ls  
b ind ing  energy (284.6 eV) to correct for charging. 
Samples were mounted as above and sput ter ing was 
done with a 5 keV Ar + beam, after introducing Ar 
into the vacuum chamber to br ing the pressure to ,~7 
• 10 -5 Torr. Elements  detected by Auger  and XPS 
were identified by reference to data previously re- 
ported using these techniques (11, 12). 

Results 
The barr ie r  height, EB, is taken to be equal to the 

ma x i mum photovoltage, Ev, obtained from the n-CdSe 
anode. At least, Ev gives a good, reproducible value, 
though Ev underest imates  EB by at least O.IV owing 
to the difference in Ec~ and EFB, cf. Scheme I. Cyclic 
vol tammetry  of various redox couples at Pt  and dark 
and i l luminated  n-CdSe  has been examined in quiet 
solutions of CHsCN/0.1M [n-Bu4N]C104 to measure Ev. 
Low concentrations of redox reagents were used (,~1 
mM), to make sure that currents  observed are not 
l imited by l ight  intensity,  and redox couples having 
fast kinetics were used to insure that the data reflect 
properties associated with variat ion in E ~ and the 
semiconductor energetics. Further ,  the choice of redox 
couples has been restricted to fast one-electron,  outer-  
sphere reagents to minimize complications from ad- 
sorption such as I -  on MoSe2 (13) and S ~- on CdS 
(14). The photovoltage, Ev ~ EB, is obtained by  com- 
par ing the position of the peak of photoanodic current  
for a given redox couple at n-CdSe,  EpA, CdSe, with the 
peak of anodic current,  EpA, Pt at a reversible P t  elec- 
trode, Eq. [2] 
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EB ~ Ev = IEx=A, CdS, - EpA, Pt] [22 

The anodic  cu r ren t  peak  is the  app rox ima te  po ten t ia l  
at  which  the re  is a 1/1 ra t io  of the oxidized and re -  
duced form of the r edox  couple nea r  the surface of the  
electrode.  Thu~, Ev is the ex ten t  to which  the anodic  
peak  on i l lumina ted  n -CdSe  is more  nega t ive  than  at  a 
P t  electrode.  Wi th  h igh  enough l ight  in tens i ty  this is 
the  m a x i m u m  photovoltage.  Equat ion  [2] then  gives 
EB to wi th in  100 inV. There  a re  five classes for  elec-  
t rochemica l  behav ior  of fast, one-e lec t ron,  redox cou- 
ples  a t  n - t y p e  semiconductor  e lect rodes  (15). These  
are  as follows: 

Class I: E ~ i s  sufficiently nega t ive  tha t  revers ib le  
behav ior  is observed  at  the semiconductor ;  E ~ is 
more  nega t ive  than  EcB and  there  is no photoeffect.  

Class II:  E ~ is near  Eca bu t  s l igh t ly  posi t ive of i t  so 
tha t  da rk  oxida t ion  is observed but  ra te  is poor  and is 
improved  by  i r r ad i a t i on  wi th  a smal l  negat ive  shi f t  of 
the anodic cu r ren t  peak.  

Class III :  There  is no d a r k  oxida t ion  of the  reduced  
form of the  couple; EB depends  on E ~ such that  EB is 
p ropor t iona l  to IE ~  EFBI for  E ~ be tween  EFB a n d  
EVB. 

Class IV; There is no dark oxidation of the reduced 
form of the couple but EB is independent of E ~ 

Class V: Redox couples have E ~ sufficiently negative 
or positive that the decomposition current for the elec- 
trode is too grea t  to a l low s tudy of the  redox  couple. 

We have  used this classification scheme in this  cha r -  
ac ter iza t ion  of the  behav ior  of CdSe e lect rodes  in  
CH3CN solutions.  A n u m b e r  of etches have been used 
to p r e t r ea t  a n d / o r  c lean the  surface. Among  these are  
oxidiz ing etches (K2Cr~O~/HNO~, B r J C H 3 O H ) ,  and  a 
reduc ing  etch (Na2S~OjNaOH) .  We found p rev ious ly  
wi th  CdTe tha t  these oxidizing and reducing  etches 
give the different  resul ts  ment ioned  above (2). 

Table  I summar izes  the  da ta  for  de te rmina t ion  of 
EB for n-CdSe.  Var ia t ion  in EB for independen t ly  p r e -  
pa red  samples  is < 100 mV for a given redox  couple. 
Table  I and Fig. 1 show tha t  the  R u ( b p y ) 3 2 + / + / 0 / -  
couples a l l  give revers ib le  behavior  in the  l ight  or  in 
the  da rk  at  n-CdSe.  Thus, according to the  ideal  model,  
EFB mus t  be more  posi t ive than  --1.3V v s .  SCE. Since 
some photovol tage  is observed  for  the  MV +/0 couple 
(N260 mV) EFB is p laced  at ~ --1.2V. A l a rge r  photo-  
vol tage is observed  for  MV 2+/+ (,~350 mV),  however ,  
two, one-e lec t ron  photoanodic  peaks  are  st i l l  d iscerni -  
b le  corresponding to MV ~ ~ MV + and MV + ~ MV 2+. 
For  a comple te ly  ideal  case only  one, two-e lec t ron  
wave  would  be observed,  since both E ~  ~ + / + )  and 
E~  +/~ are  posi t ive of EFB. Thus, when  MV ~ can 
be oxidized MV + should also be able  to be oxidized.  

Table I. Cyclic voltammetry data for various redox couples at 
Pt and illuminated n-type CclSe 

EPA a t  EP~ a t  
C o u p l e  E ~ P t  b n-CdSe ~ Class  ~ 

TMPD~+/1+ + 0.72 + 0.72 + 0.12 IV 
( b i f e r r o c e n e  ) o+/~+ + 0.5 + 0,52 - 0.24 IV 
Fe (~f-C-~I5) § + 0.43 + 0.43 - 0.34 IV 
( b i f e r r o c e n e )  ~+/o + 0.28 + 0.31 - 0.57 IV 
TMPD~+/o + 0.10 + 0.14 -- 0.42 IV 
F e  (7f-C~Mes) ~1+/o -- 0.12 - 0.07 -- 0.87 I I I  
MV~+n+ - 0.45 - 0.41 - 0.76 I I I  
M%n+/o -- 0.85 -- 0.82 - 1.08 I I I  
RU ( b p y )  @+/1+ - 1.3 - 1.26 - 1.26 I 
R u  ( b p y )  81+/~ - 1.49 - 1.45 - 1.45 I 
R u  ( b p y )  a ~ - 1.73 - 1.89 - 1.69 I 

F o r m a l  p o t e n t i a l ,  V v s .  SCE i n  , C H ~ N / 0 . 1 M  [n-Bu4N]CIO4. 
b P o t e n t i a l ,  V v s .  SCE, of  a n o d i c  p e a k  i n  a cycl ic  v o l t a m m o g r a m  

a t  a s can  r a t e  o f  100 m V / s e c  u s i n g  a P t  ( s m o o t h )  w o r k i n g  elec-  
t r o d e  i n  CH3CN/0.1M I n - B u r N ] t i e 4 .  

P o t e n t i a l ,  V v s ,  SCE, o f  p h o t o a n e d i c  p e a k  i n  a cyc l i c  v o l t a m -  
m o g r a m  a t  a s can  r a t e  o f  100 m V / s e c  u s i n g  i l l u m i n a t e d  (632.8 
n m )  n -CdSe  working  e lectrode in  CH3CNIO.1M [n-Bu~N]C104. These  
are typical  data fo r .  f r e s h l y  e t c h e d  e l e c t r o d e  s u r f a c e s  u s i n g  the 
Br~/CHsOH etch. 

CLass I, I I ,  I I I ,  IV,  a n d  V b e h a v i o r  is  g i v e n  i n  the text .  

I {  i 1 I I I I I I ' I 
�9 -- | a) PI in CHsCN/O.I MEn-Bu4N]CI 04/Ru(bpy)$(PF6)2/PQ(PF6)21 
l:~ ~_ Gt IOOmV/sec 2+/1+/0 

| ~ ,2+/1+/o/-I ~ PQ ~ / 
<..L ~ [~r~u~Dpy 

t )  

"s / v 1 

b ) n- Cd Se m CH 5C N/O. t M C n- Bu4N] C104/Ru (bpy)5(PF6)2/ ],, 
PQ (PF6) 2 (]1 IOOmV/sec J 

/ 

I I I ] I I I I I I / 
2.0 -I.6 -I.2 -0.8 -0.4 0 

Po ten t i e l ,  V vs SCE 

Fig. 1. Comparison of cyclic voltammetry at Pt (a) and at illu- 
minated ( ), 632.8 nm, ~ 5 0  mW/cm 2) and dark ( . . . . .  ) n- 
CdSe (b) in the presence of ,--,1 mM N,N'-dimethyl-4,4-bipyridin- 
ium, p Q 2 +  and ,--I mM (Ru(bpy)82+ in CH3CN/O.1M [n- 
Bu4N]CI04. For these scans the initial potential is - -2 .2V vs. SCE; 
consequently, the scan in the dark shows nearly no reducible pQ2+, 
since no pQ2+ is made in the dark positive sweep owing to the 
position of EFB. 

The separa t ion  of the  two photoanodic  waves  is less 
than  at  Pt, and the fact that  two waves  are  discernible  
is p robab ly  associated wi th  in terface  s tates  which  
faci l i ta te  back  e lec t ron t rans fe r  (5, 15). In  the  d a r k  
no cur ren t  at al l  is seen for the  MV ~+/+ couple as ex-  
pec ted  for a couple posi t ive of EFB. F igure  2 shows 
cyclic vo l t ammograms  for  Fe(~5-CsMes)2 +/0 at P t  and 
i l lumina ted  n -CdSe  showing an Ev = ,~0.8V. Scheme I 
represents  the in terface  energet ics  in this case. The 
waves  for  Fe  (ns-CsMes) 2 +/0 are  somewhat  b roader  on 
CdSe than  on Pt. However ,  the peak  cur ren t  is 
st i l l  p ropor t iona l  to (scan ra te)  1/2, as expec ted  for  a 
d i f fus ion- l imi ted  oxida t ion  process.  The da ta  for  
couples w i th  more  posi t ive E ~ (TMPD 2+/+/0 and 
Fe(CsMes)2 +/~ seem to indicate  that  the photo-  
vol tage  reaches ,,800 mV for E ~ ~ --0.2V v s .  SCE 
then  levels off and is independen t  of E ~ This is in-  
d icat ive  of Class IV behav ior  posi t ive of --0.20V v s .  

SCE and could mean  tha t  the  m a x i m u m  ideal  photo-  
vol tage is not  obta ined  due to photoanodic  decomposi-  
t ion processes. Photoanodic  corrosion of CdSe is known  
to occur, Eq. [3] (16) 

CdSe 4- 2h + -~ Cd 2+ + Se [3] 

The data from Fig. 1 and 2 and Table I were taken 
on the first several scans after etching the electrode in 
B r j C H s O H ,  since some surface changes occur a f t e r  
repea ted  scanning.  Couples hav ing  E ~ more  posi t ive  
than  +0.7V v s .  SCE cannot  be examined,  owing to 
severe  photoanodic  corrosion of the n-CdSe.  Thus, 
couples wi th  E ~ more  posi t ive than  +0.7V v s .  SCE 
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i I i t ~ I i I i I 
Decamethyl Ferrocene at Decomethyl Ferrocene 
IIluminaled n-CdSe at Pt 

I 0 |  , ~ /  U4 f fA /d i 9  40t~A/div 
81- / -] 400mV/sec I00 mV/sec 
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Fig. 2. Cyclic voltammetry for ,~1 mM Fe(xP-CsMes)~ at illumi- 
nated n-CdSe (pretreated with Br~/MeOH etch) in CHeCN/O.1M 
[n-Bu4N]CI04 and at Pt. Different current scales are due to dif- 

ferent electrode areas. The dashed curve is for n-CdSe in the dark. 
Inset shows the scan rate dependence for the photoanodic current 
peak at n-CdSe. In all cases the initial potential is the negative 
potential limit. 

are assigned to Class V in CHsCN/0.1M [n-Bu~T]CIO4. 
Indeed,  i t  appears  tha t  EB declines somewhat  for the  
more posi t ive redox couples and we a t t r ibu te  this to 
decomposi t ion of the  sur face  to y ie ld  a film of Se on 
the surface. Genera l ly ,  couples negat ive  of ~0.0V vs. 
SCE will  give a constant  EB for m a n y  scans when the 
e lect rode potent ia l  is not  t aken  more  than  100 mV more  
posi t ive than  the photoanodic  peak. For  the more  posi-  
t ive couples photoanodic  corrosion leads to lower  pho-  
tovol tage even af ter  < 5 scans. 

Etches o ther  than  Br JCH3OH have been used to p re -  
t rea t  the  e lect rode surface, but  the best  cyclic vo l t am-  
mograms,  in te rms of peak  wid th  and separa t ion  of the  
anodic and cathodic peaks,  were  obta ined using a Br~/ 
CH3OH etch. Other  etches used are  l isted in the Ex-  
per imenta l ,  and include both oxidizing (K2Cr20~/ 
HNO~) and reducing  etches (Na2S204/NaOH). Auge r  
spectroscopy and x - r a y  photoelec t ron spectroscopy 
(XPS)  have been used to examine  etched n -CdSe  
electrodes and to de te rmine  whe the r  differences in the  
qual i ty  of e lectrochemical  behav ior  using different  
etches could be corre la ted  to surface s toichiometry.  
Auger  and XPS  spect ra  of oxidized, reduced,  and spu t -  
te red  n - C d S e  surfaces do revea l  large  differences in  
the  rat io  of Cd /Se  as shown in Fig. 3. Using e i ther  
B r J C H z O H  or  K2Cr2OT/HNO8 as the oxidizing etch 
gives s imi lar  spec t ra  to the  ones shown in the middle.  
Table  II  gives the Cd /Se  s ignal  rat ios obta ined  by  
Auge r  spectroscopy for n -CdSe  electrodes e tched wi th  
a va r i e ty  of etchants.  There  is considerable  var ia t ion  
in the  values  obta ined  using a given etch, thus the  
values  given are  only  approximate .  However ,  i t  can 
be easi ly  seen tha t  the rat io of Cd /Se  is s ignif icant ly 
lower  for e lect rodes  etched using an  oxidizing etch 
than  for e lectrodes etched wi th  a reducing  etch or  
A r  + sput ter .  The HC1 etch gives a s i m i l a r  rat io to tha t  
for  a s ample  etched with  a reducing etch. The rat ios  
obta ined are  essent ia l ly  independen t  of whe the r  the  
Cd or  Se face was exposed, when any etch was used 
except  the HCl etch. Using the HC1 etch the  average  
value  ob ta ined  for the Cd /Se  ra t io  was somewhat  
h igher  ( ,~40%)  for the Se face than  for the Cd face. 

L a') ' /dS:. "rledu:ing'l'etc'h J I d') I CdSe, "r'edulcmg"etch 1 

F so sJ ]; 
' 'L__~, ~ i:l II ~ / L ~  Cd I 

b) CdSe "oxidizing" etch e) CdSe, "oxidizing" etch 

I Cd c dE 

S~ Se l 
C 

, I , I I , I I , ! , 
CdSe, spultered f) I CdSe, sputtered 

N(E) 1 0 Cd 0 Cd d~ 
I Se 

I , i : , ~ I I I ~Cd l  ~ : ~ , 
I000 800 600 400 200 0 0 400 800 1200 1600 

BINDING ENERGY, eV ELECTRON ENERGY, eV 

Fig. 3. Comparison of XPS (left) and Auger spectra (right) for 
n-CdSe pretreated with a reducing etch (NaOH/Na2S~04), an oxi- 
dizing acid etch (HNO3/H2SO4/HOAc/HCI), and sputtered with 
Ar + in the spectrometer until no changes in relative signals oc- 
curred. 

The range of values  ob ta ined  for each face was fa i r ly  
large,  and the ranges  of values for the  two faces do 
over lap  each other.  This resul t  m a y  be due to differ-  
ences in t opography  of the two surfaces. The HC1 etch 
produces  a smooth mi r ro red  finish on the Cd face and 
a dul l  surface consist ing of microscopic 6-sided p y r a -  
mids on the Se face. Since the  escape depth  (and thus 
sampl ing  depth)  for the Cd (376 eV) and Se (1315 
eV) electrons are  signif icantly different  (17), changes 
in topography  could change the rat io of Cd /Se  de-  
tected. Al l  o ther  etches p roduced  smooth  finishes. 

In  spite of the large differences in Cd /Se  rat ios 
obta ined for different  etches there  appears  to be no 
corre la t ion be tween  the e lec t rochemical  da ta  and the 
surface ana ly t ica l  results.  Poor e lect rochemical  be -  
havior  is obta ined using etches that  produce low as 
wel l  as high Cd/Se  ratios. I t  is ev ident  f rom the Auge r  
data  that  the oxidizing etches leave  a surface r ich in 
Se. However ,  this does not  cause Fe rmi  level  p inning  
over  the  ent i re  po ten t ia l  range  found for  n -CdTe 
etched wi th  an oxidizing etch (2). 

Discussion 
Despite r a the r  large  surface composit ion changes 

f rom different  etches, Table  II, the behavior  of n -CdSe  
wi th  respect  to EB vs. E ~ of a contact ing redox couple 
is independent  of the etch. In  par t icu lar ,  Class I be -  
hav ior  is exh ib i ted  b y  Ru(bpy)32+/1+/~ at  a l l  
n -CdSe  surfaces. This resul t  s tands in contras t  to tha t  
for  n -CdTe for the same so lven t / e l ec t ro ly t e / r edox  

Table II. Auger data for n-CdSe electrodes after various 
pretreatments 

Su r f ace  p r e t r e a t m e n t  a Cd/Se  ratio~ 

Conc HCI 5 • 1 
Br2/CH3OH 1 -- 0.5 
Na~S.oO#NaOH 6 -- 1 
HNO~/H~SOJHOAc/HCI 1 -- 0.5 
I~Cr~O~/HNO3 1 • 0.5 
Ar+ s p u t t e r e d  7.5 • 0.5 

Etches  used  and Ar+ s p u t t e r i n g  condit ions a re  descr ibed  in 
the  Exper imen ta l .  

b Ratio of the  peak-to-peak he igh t s  of  the  Cd (376 eV) and  Se 
(1315 eV) A u g e r  signals,  u n c o r r e c t e d  for  e l e m e n t a l  sensi t ivi ty.  
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couple where an oxidizing etch gives Class IV behavior 
and a reducing etch gives Class I behavior (2). In 
fact, the behavior of n-CdSe closely resembles that for 
n-CdS (1) in that there is an ,~I.0V range of E~ 
where EB Vs. E ~ is nearly ideal, Table Ill. For n-CdSe, 
though, the region more positive than --0.2V vs. SCE 
gives no greater EB out to the most positive E ~ In 
the same region, n-CdS is likewise clearly nonideal, 
but experimental data showing EB to be completely in- 
dependent of E ~ are not available owing to photo- 
anodic corrosion for the very positive E~ As noted 
above, it is possible for photoanodic decomposition to 
account for a lowering of photovoltage, and EB values 
for the most positive redox couple are likely lower for 
this reason. But for both n-CdS and n-CdSe the 
Ru (bpy)~: + n +/0/i- couples are Class I, independent of 
surface pretreatment. 

Further, both n-CdS and n-CdSe give an EB vs. E ~ 
that is nearly ideal (Class II, III behavior) until some 
positive g ~ beyond which Class IV behavior is found. 
For n-CdSe the Ev associated with Class IV behavior 
is ,-0.8V, showing that the surface is not strongly in- 
verted where EB is independent of E ~ Similarly, the 
Ev associated with Class IV behavior at n-CdS is 
,~0.9V, less than Yz Eg. The behavior of n-CdS and 
n-CdSe appears to be similar to that for n-TiO~ (9) 
and n-SrTiO~ (9) where there is a region below ECB 
that is essentially free of surface states. But below ECB 
the surface state density becomes sufficiently great that 
for some sufficiently positive E ~ (~ --0.2V vs. SCE for 
n-CdSe) some potential drop occurs across the semi- 
conductor, EB, and any additional drop occurs across 
the Helmholtz layer, as shown in Scheme II for CdSe. 
It is noteworthy that CdSe gives an EB about as large 
as for CdS, despite its 0.7 eV smaller Eg. The ratio 
EB/Eg is even larger for reduced n-CdTe (2). 
At the oxidized surface of n-CdTe all redox couples 

exhibit Class IV behavior with EB ~ 0.5V (2). This is 
consistent with an overlayer of material on the n-CdTe 
that behaves as a metal with a work function that 
gives an Es of 0.6V (5). For such a situation the Ev 
measured by cyclic voltarnmetry would be independent 
of E ~ since the electrode would behave as a buried 
Schottky barrier. We proposed that the oxidized over- 
layer is a Te-rich layer, removable by reduction with 
$204 s- (2). While a Te overlayer could serve as a 
metal to form a Schottky barrier on CdTe, the oxida- 
tion of CdSe does not lead to a surface layer having 
such properties. 

Table III. Comparison of barrier heights at n-CdSe/metal or liquid 
electrolyte interfaces 

Barrier Barrier 
height, height, 

Metal Ev, Redox couple EB (eV ~ 
(r V) ~ (eV) b (E ~ V vs. SCE) c • 0.1V) 

Pt (5.30) 0.37 
Au (4.75) 0.49 
Cu (4.53) 0.33 
Ag (4.40) 0.43 

TMPD:+/~+ (0.7) 0.6 
( B i f e r r o c e n e )  ~*/1. (0.5) 0.76 
F e  (~-C~H5)21+/~ (0.43) 0.77 
( B i f e r r o c e n e )  1+/a (0.28) 0.88 
TMPDI+/~ (0.10) 0.56 
Fe  (~-C~Mes) 2~+/o ( - 0 . 1 2 )  0.80 
MVS+n + ( - 0 . 4 5 )  0.35 
MVI+/~ ( - 0 . 8 5 )  0.26 
R u  (bpy)~+/1+ ( - 1 . 3 )  " O h m i c "  
R u  (bpy)al+/o ( - L 4 9 )  " O h m i c "  
R u  (bpy)8O/-~ ( - 1 . 7 3 )  " O h m i c "  

D a t a  f o r  w o r k  f u n c t i o n s  of  m e t a l s  are from Ref .  (10a) .  
b D a t a  f o r  n - C d S e / m e t a l  b a r r i e r  heights  are f r o m  Ref.  (6) .  
c Th i s  w o r k .  B a r r i e r  h e i g h t ,  EB, is t a k e n  as  the difference in  

p h o t o a n o d i c  c u r r e n t  p e a k  a t  CdSe  a n d  a t  P t ,  T a b l e  I, in  the cyclic 
v o l t a m m o g r a m  a t  100 m V / s e c  s can  ra te .  " O h m i c "  r e f e r s  to  a si tu- 
a t i o n  w h e r e  EB is 0.0 a n d  e s sen t i a l l y  r e v e r s i b l e  electrochemistry 
is obse rved .  T h e s e  d a t a  a r e  --0.10 eV a n d  a r e  c u l l e d  f r o m  a vari- 
ety of m e a s u r e m e n t s  of  t h e  s o r t  r e p r e s e n t e d  in  F ig .  1 a n d  2 and 
Tab le  I. 

The use of cyclic v o l t a m m e t r y  to measure  the in-  
terface energet ics  of semiconduc to r / l iqu id  e lec t ro ly te  
interfaces is a technique tha t  could lead  to signif icant  
errors.  Such a p rob lem has been suggested in a recent  
s tudy  of p - G a A s  (18). In  the  p resen t  case there  ap -  
pears  to be good in te rna l  consistency, and the E F B  
for CdSe de te rmined  here  in CI-I~CN is s imi la r  to tha t  
in H20 in the  absence of specifically adsorbed  species 
such as S 2-  (14). Fur ther ,  while  there  may  be an e r ro r  
of ~100 mV, the  va lue  of EFB is r a the r  wel l  defined b y  
the fact  tha t  i t  is located be tween  E ~  2+/+)  
and E ~ (MV +/0) because  the  Ru sys tem exhibi ts  Class I 
behavior  and the MV +/0 is in Class III. 

Data  for  m e t a l / C d S e  Schot tky  b a r r i e r  systems are  
sparse  (6), bu t  the EB de te rmina t ions  seem to give 
smal l  EB values  compared  to those f rom the  l iquid  
junct ion systems,  Table  I lL The  EB da ta  f rom the l iquid  
junct ions suggest  tha t  be t t e r  Schot tky  ba r r i e r s  could 
possibly  be made  wi th  CdSe b y  exp lor ing  a wide r  
r ange  of ba r r i e r  format ion  conditions. However ,  i t  
should  be emphas ized  tha t  any me ta l / s emiconduc to r  
contact  wi l l  resul t  in g rea te r  in terface  chemis t ry  than  
is associated wi th  the in terac t ion  wi th  an  ou te r - sphe re  
redox  couple  such as Fe(~5-CsMeD2 +/0. The m e t a l /  
semiconductor  in ter face  energet ics  wi l l  l ike ly  v a r y  in 
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for n-CdSe as a function of the 
E ~ of the contacting redox 
couple. For E ~ more negative 
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contact whereas couples between 
EFB and --0.2V vs. SCE nearly 
"ideal" variation in EB obtains. 
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fixed. Redox couples beyond 
+0 .7V  vs. SCE give corrosion. 
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ways that depend on the chemistry that occurs as well 
as on variations in work functions (19). The analogous 
complication in electrochemistry is the finding that 
different redox couples, having the same E ~ but dif- 
fering chemistry give different EB's at a given semi- 
conductor/solvent/electrolyte interface. For example, 
in the same aqueous electrolyte where Eredox of 
Fe(CN)6 S-/4- and I s - / I -  can be the same, a different 
Ev would be obtained for n-MoS2 and related metal 
dichalcogenides for these two couples (15). The I ~ - / I -  
system gives a significantly larger Ev owing to its 
strong adsorption to the surface (15). Manipulating 
and exploiting metal/semiconductor or liquid/semi- 
conductor interfaces depends on controlling the in- 
terface chemistry. 
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A Mechanistic Study of Oxygen Evolution on Li-Doped CO304 
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ABSTRACT 

Oxygen evolution studies were carried out on preanodized Teflon-bonded C0304 and Li-doped C0~O4 electrodes in 
KOH medium. The oxygen evolution performance was found to increase with increase in Li doping. The results suggest the 
Co 3+ ions are the major active sites for oxygen evolution. Steady-state current-potential measurements gave a Tafel slope of 
~60 mV per decade on all the oxides. This Tafel parameter was confirmed by potentiostatic transient measurement. A 
mechanistic sequence for oxygen evolution 

T + O H - - - ) T O H  +e 
TOH + OH- ~ TO- + H20 

O 
/ \ 

TO + M--* T M + e  

O 
/ \ 

2T M--+2T +2M +O2 

has been put forward where T is trivalent cobalt and M is divalent or trivalent cobalt. The proton abstraction step is rate 
determining. This is supported by experimental reaction order parameters. These studies enabled the development of an 
efficient oxygen evolution electrocatalyst. Teflon bonded, preanodized, 10 a/o Li-doped Co304 electrode was found to be 
1.52Vvs. the dynamic hydrogen electrode (DHE) at a current density of 1A cm -2 in 5N KOH in 70~ Laboratory durability 
tests carried out on these electrodes under  practical conditions showed good stability of structure and performance for 5800 
h. 

Hydrogen has recent ly  at tracted considerable in-  
terest as a secondary energy wector (1, 2). Various 
methods have been proposed for the large scale pro - 
duction of hydrogen fuel, of which water  electrolysis 
remains  the simplest and most economical method. 
Fur the r  research leading to improvements  in vcater 
electrolysis may lower the cost of electrolytically 
produced h:(drogen fuel so that  it  will  be competitive 
with other fuels. One main  drawback in the energy 
economics of a lkal ine  water  electrolysis is the high 
overvoltage o,f the oxygen evolving anode. In  the 
recent  pas~t m a n y  workers have developed electro- 
catalyst based on t ransi t ion metal  oxides such as 
MnO~ (4), LixNil-xO (5), NiCo~O4 (5, 6), NiLa204 
(7), and CocO4 (8) having potent ial  use as practical 
oxygen evolving anodes for alkaline water  electroly- 
sis. The use of metal  anodes is not feasible due to its 
tendency to form a nonconduct ing oxide film, caus- 
ing its oxygen evolution performance to deteriorate 
with time. This is specially t rue  for nickel  anodes 
(9), whose oxygen evolut ion potent ia l  is found to 
increase by 10-4V every hour  after 300 hr of oxygen 
evolution. On s imi la r  reasoning it will  be impor tant  
for bu lk  oxides to have fair ly  good electrical con- 
duct ivi ty  to give a stable oxygen evolut ion perform- 
ance on a long term basis. 

In  a recent  invest igat ion (10) we suggested that  
the ini t ia l  oxygen evolut ion currents  on NiCo204 
having  a Tafel  slope of 40 mV per decade to be due 
to active t r iva lent  cation si,tes and higher current  
having a Tafel slope of 120 mV per decade was a t -  
t r ibuted to divalent  Ni and Co ions being active. The 
cation dis t r ibut ion (11), of the mixed spinel  NiCo204 
obtained by freeze drying is shown to be Co0.92+ Co0.1S + 
(Ni0.93+Ni0.1s+Co S+) Os.~2-O0.s - ,  where cations in-  
side the parenthesis are in  octahedral  env i ronmen t  
and those outside are in te t rahedra l  environment .  Ac- 
cordingly 40% of the cations are tr ivalent ,  of which 
92% are Co S+ . Therefore, if the postulat ion that the 
presence of Co S+ in an oxide system having lower 
oxygen evolut ion potent ial  is correct, then an oxide 

* Electrochemical  Society Act ive  Member. 
Key words: oxygen evolution, Li-doped cobalt oxide, potentio- 

static transient study. 

containing a high concentra t ion  of Co 3+ should be a 
good oxygen evolving anode. 

This paper  reports the oxygen evolution studies 
obtained by steady-state ~alvanostatic technique on 
CosO4 with different levels of Li doping, in KOH me- 
dium. From the trends shown in these exper iments  
and by the analysis of Tafel and react ion order pa- 
rameters,  a reaction mechanism has been put  for- 
ward. The oxygen evolut ion performance of the Li 
doped oxides at 70~ have also been determined.  A 
major  problem encountered in s tudying gas evolving 
electrodes is the blockage of the electro,chemically 
active surface area by gas bubbles.  The amount  of 
blockage will  vary  with current  density. This prob- 
lem is fur ther  enharmed in  porous electrodes (14), 
where the bubbles formed wi th in  the pores will  push 
the electrolyte out of the pores, thus significantly 
reducing the amount  of surface avai lable for electro- 
chemical reaction. Therefore, to confirm that  the Tafel 
pa ramete r  obtained by  the s teady-sta te  technique is 
solely due to activation polarization, and is free of 
(i) the above ment ioned complication caused by  oxy- 
gen bubbles and (ii) concentrat ion polarization which 
is associated with porous electrodes, the Tafel slope 
was also obtained by potentiostatic trar~sient tech- 
nique (15, 16). 

The Choice of Cobalt Oxide Systems 
Co has three well-defined oxides (12), CoO (cubic),  

Co2Os (hexagonal) and Co304 (normal  spinel) .  The 
cation dis t r ibut ion (13) in Co304 is Co 2+ [Co~ S+] O42- 
where all the Co 2+ are in te t rahedral  env i ronment  
and all C.o ~+ are  in  octahedral  envi ronment .  The 
electrical resistivities of CoO and  Co203 are > 10 ~ 
f~-cm arid the electrical resist ivity of CosO4 is 4 X 108 
~-cm. However, it is possible to lower the electrical 
resist ivity of CoO and Co304 by incorporat ing Li into 
the lattice. The Co s+ concentrat ion could be increased 
ideally from 0 to 33% of total cations in CoO (i.e., 
Lix + COl_~ ~+ CoxS+O 2-)  and from 67 to83% in Co~O4 
(i.e., Lix + Col-2x 2+ Cox ~+ [Co23+] O4~-). Thus the 

Li-doped Co~O4 system was chosen for this study. 
A fur ther  advantage of s tudying the spinel system 
compared to the CoO is that  the former  requires re la-  

3 6 5  
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tive~y low s inter ing temperatures  for spinel  forma-  
tion whereas the CoO phase is formed only above 
950~ 

Experimental 
Electrocatalyst preparat ion and electrode fabrica- 

tion: CocO4 containing 0, 4, 7, and 10 a/o of Li were 
prepared by freeze dry ing  (17) a solution containing 
appropriate amounts  of Li and Co ni t ra te  (ANALAR) 
that  will  give 10g of product in  150 cm ~ of water. The 
dried mixed n i t ra te  solution was vacuum decomposed 
at 300~ and subsequent ly  heat - t rea ted  at 600~ for 
10 h r  to obtain the Li-doped spinel. Teflon-bonded 
electrodes of the four polycrystal l ine powders were 
prepared by  mixing  the powder, Teflon dispersion, 
and methanol,  and pa in t ing  the resul t ing s lur ry  on 
100 mesh nickel screen. The electrodes were dried 
at  100~ for 1 hr  and cured at 300~ for 1 hr. The 
electrocatalyst to Teflon ratio was 10/3 (W/W) in all 
cases. 

Electrochemical evaluation.--The Teflon-bonded 
electrodes were preanodized at 1 Acm -2 in 5N KOH 
at 70~ for approximately 200 hr in each case. This 
t rea tment  reduced the oxygen bubble  size consider- 
ably. A three compar tment  glass cell was used for 
this study. A 6 • 8 cm 2 nickel  mesh was used as a 
evolution V-i  measurements  were obtained on the 
(DHE) was used as the reference electrode. The elec- 
trolyte was prepared by dissolving ANALAR KOH 
in doubly  distilled deionized water. A Chemical Elec- 
tronics potentiostat  (Mode TR40-3A) was used in the 
galvanostatic mode to obta in  the steady state V-i mea-  
surements,  and  the in te r rup t0r  technique (18) was 
used to measure the ohmic drop between the Luggin 
capil lary and the working electrode. The oxygen 
evolur V-i  measurements  were obtained on the 
preanodized Teflon-bonded electrodes of the four ox- 
ides (electrocatalys~ load:ing ,~10 mg cm -2) in 5N 
KOH at 25~ The V-i measurements  on 10 a/o 
Li-doped CosO4 oxide electrode was also obtained 
in  0.4, 0.6, 1.0, and 1.5N KOH at 25~ The DHE 
was calibrated against  the RHE in the five KOH 
solutions at 25~ The oxygen evolution performance 
was also measured at 70~ in 5 mol d m - 3  KOH on the 
Li-doped Co304 electrodes (electrocatalyst loading 
~23 mg cm-2) .  The potentiostatic t ransient  studies 
(15, 16) for oxygen evolution were carried out on 
preanodized Teflon-bonded 10 a/o Li-doped CozO4 
electrode in 5N KOH at 25~ Single potent ial  jump 
inputs  were applied to the electrode under  study from 
1.5V in  seeps of 50 mV( unt i l  the t ransient  oxygen 
evolution current  is ,-~IA cm -2) by  means of a Wenk-  
ing potentiostat  in conjunct ion with a Chemical Elec- 
tronics (Type 01) pulse generator. The t ransient  
current  response was measured against time across a 
l l~ resistor in  series wir the cell and stored in a 
t rans ient  recorder (Data Laboratory DL 901) and the 
stored response was obtained on an X - Y - t  recorder 
(Bryans 29000, A4). The t ransient  current  was read 
only after the double layer  charging had been com- 
pleted. The double layer  t ime was determined ex- 
per imenta l ly  to be 200 ~sec, by  pulsing from 0.8 to 
0.gv in 5N KOH purged with N2. The potential  range 
0.8-0.9V was chosen to obtain the double layer  charg- 
ing t ime because at this range  there were no faradaic 
currents. This was indicated by  cyclic vol tammetry.  
The transien.t potent ia l  was corrected for iR by the 
in te r rup tor  technique. 

Results and Discussion 
The room tempera ture  electrical resistivities of the 

four powders were measured using a Teflon dye (17), 
and are given in Table I. The BET specific surface 
areas of the powders were found to be ,~8 m 2 g - L  
X- r ay  powder  diffraction analysis confirmed spinel 
phase formation in all four powders. The incorpora-  
t ion of Li into the lattice was confirmed by chemical 
analysis. 

Table I. Resistivity and oxygen evolution performance of 
Li-doped Co304 (21) 

O2 evolution 
Resistivity performance 

Li (a/o) (~-cm) (V) * 

0 l 0  t 1.69 
4 10 1.56 
7 1 1.535 

10 1 1.52 

* 5 tool dm -3 KOH, 70~ 1A cm-~. 

Figure 1 gives the V-i plot for oxygen evolution 
on the ~our Co~O4 electrodes at 25~ in  5N KOH. A 
point  to note is that the oxygen evolution potential  
decreases with Li doping. Two reasons could be at-  
t r ibuted for this t rend:  (i) an increase in  electrical 
conductivi ty with Li doping (see Table I ) ;  and (ii) 
an increase in the Co 3+ ions with Li doping. A con- 
sideration based solely on increased elecLrical con- 
duct ivi ty will not  explain the trend, especially the 
difference in performance of the 7 and 10 a/o Li- 
doped Co804, both having an  electrical resistivity of 
1 ~-cm.  However, if all  the Li + enters the te t rahedral  
sites, the cationic percentage of Co ~ + ion in  this spinel 
will  be 70, 69, 68, and 67 for 10, 7, 4, and 0 a/o doping. 
This t rend is more in  accordance with the oxygen 
evolution trends. The te t rahedral  site preference of 
the Li + ion in  Co304 spinel  lattice can at present  
only be justified by (i) the ionization potent ial  (3) of 
Co 3+ (53 eV) being greater  than that of Co 2+ 
(33.5 eV), and (ii) Co2Oz being resistant  to Li doping. 
The resist ivity of Co208 (106 ~ - c m)  was not lowered 
when sintered with 10 a/o Li § in the form of LiOH, 
at 600~ in N2 for 10 hr. Therefore, the increased 
electrical conductivity of the Li-doped Co304 is at- 
t r ibuted to an electron hopping process in the Co 2+ 
and Co s+ ions in  the te t rahedral  sites of the lattice. 

Figure 2 gives the V-log i relat ionship for oxygen 
evolution on p reanodized 10 a/o Li-doped Co304 ob- 
tained by potentiostatic pulse technique in 5N KOH 
at 25~ showing a Tafel region of slope 64 mV per 
decade up to a current  density of 1A cm -2 (,~l.7V). 

The ~afel  slopes for the evolution of oxygen on all 
four oxide systems obtained by the steady-state  
technique (Fig. 1) are ,-,60 mV per decade up to a 
current  densi ty of ,-,0.05A cm -2, thus indicat ing 
that the steady-state slopes of 60 mV per decade to 
be activation controlled. Figure 3 gives the V-i plots 
for evolution of oxygen on the 10 a/o Li-doped Co~O4 
electrode in KOH concentrations of 0.4, 0.6, 1.0, and 
1.5 mol dm -3 KOH at 25~ The exper imental  re-  
action parameters  (2V/0 log CoH-)i;r  and (0 log i~ 
0 log Con-)V,T for the oxygen evolution were obtained 
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Fig. I. Oxygen evolution on preanodized, Teflon-bonded CocO4 
doped with0 (D), 4 (A), 7 (A), and 10 (e )  a/o Li at 25~ in 5N 
KOH. 
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Fig. 2. Oxygen evolution on preanodized, Teflon-bonded 10 a/o 
U-doped Co304 at 25~ in 5N KOH obtained by potentiostatic 
pulse technique. 
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Fig. 3. Oxygen evolution on preanodlzed, Teflon-bonded 10 a/e 
Li-doped Co304 at 25~ in KOH electrolyte of concentration 0.4 
(A),  0.6 (11), 1.0 (@), and 1.5 (Z~) mol dm -3. 

as shown in  Fig. 4 and  5, and  are  --0.117V and  1.76, 
respectively. 

Coulometric studies carried out  on NiCo~O4 (19) 
indicated M S+ --> M S+ ~ M 4+ transitions,  where  M 
is nickel  or cobalt. Thus cobalt  in  the spinel lattice 
wil l  a t ta in  a m a x i m u m  oxidat ion state of -54 at a 
potent ial  of 1.45V before decomposing to give oxy-  
gen. Controlled potent ial  coulometry carried out on 
IA-doped CosO4 showed similar behavior  and these 
results will  be published at a la ter  date. 

The first mechanist ic  step dur ing oxygen evolution 
on a Co S+ ion site (T) in the anode, in alkali  medium~ 
will form the te t ravalent  oxidat ion state 

T -5 OH- -~ TOH -5 e [I] 

the next  step should necessari ly be the chemical pro- 
ton abstraction step 

TOH + OH- -~ TO- + I-I20 [2] 

It is to be noted that mechanistic steps such as 

TOH + OH- -~ T(OH)s + e [3] 
or 

TOH -5 OH- -~ TO -5 H~O + e [4] 

are not possible since these will form a Co 5+ state. 
Therefore, the reaction cannot proceed via the Krasil- 
shchikov mechanism (20), i.e., steps [I], [2], [4] and 

1.65 
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o 
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Fig. 4. Effect of KOH concentration on the oxygen evolution po- 
tential of a 10 a/o Li-doped CosO4 Teflon-bonded electrode at a 
current density of 5 mA cm -2, at 25~ 
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Fig. 5. KOH concentration dependence of current density on 10 
o/o Li-doped CosO4 at an oxygen evolution potential of 0.75V, at 
25~ 

2TO -~ 2T + O~ [5] 

For the reaction to proceed to evolve oxygen, the 
tetravalent TO- species (19) should react with a 
divalent cobalt ion (M) to form a bridge compound, 
i.e. 

O 
/\ 

TO- + IV[-~ T M + e [6] 

and the oxygen evolution will take place by 
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O 
/ \  

2T M ~ 2T + 2M + O2 [7] 

The rate-determining step (RDS) is step [2] at low 
coverage conditions. Accordingly, the rate equation 
that will govern oxygen evolution is 

VF 
i -- nFKCoH -2 exp 

RT 

where K is constant, Coil- is the activity of OH-  
and n, F, R, V and T have the usual meanings. 

The experimental Tafel slope and the reaction 
order parameters are in reasonable agreement with 
the theoretically predicted values from the rate 
equation. This is shown in Table II. The divalent co- 
balt ion does not interfere with the above discussed 
kinetics, since (i) it is M in the bridged compound 
formed after the RDS, (ii) it forms a trivalent species 
and t~kes part  in step [2], and (iii) even if it attains a 
tetravalent state, it is isolated and cannot evolve oxy- 
gen. 

The oxygen evolution potential of Co304 and the 
three Li-doped oxides at a current density of 1A 
cm-2 in 5N KOH at 70~ are shown in Table I. This 
indicates that the performance is remarkable, the 
10 a/o I i -doped CosO4 electrode gave 1A cm -2 at a 
potential of 1.52V vs. the DHE. 

Long term durability tests (21) carried out on Teflon- 
bonded 10 a/o Li-doped Co~O4, at 1A cm-2, 85~ 
in 45% KOH showed good stability of performance. 
After 5800 hr of continuous running, the performance 
of Li-doped Co.~O4 electrode was found to increase 
by only ,~60 mV. Furthermore, chemical Li analysis 
carried out on a electrode after 5800 hr of running 
indicated no change in the Li content of the electro- 
catalyst, compared to its original Li level. 

Conclusions 

The oxygen evolution performance of a preanod- 
ized Teflon-bonded electrode made of i0 a/o Li-doped 
CosO4, is remark.able, being 1,52V vs. the DHE at a 
current density of 1A cm-2 at 70~ in 5N KOH. This 
performance is attributed to Co s+ active sites in the 
oxide. The mechanism of oxygen evolution is similar 
to the Krasilshchikov mechanism. However, due to 
the restriction of electron transition on the Co s+ 
active site, the formation of a bridged compound is 
postulated before oxygen is evolved. 

Table II. Kinetic parameters for oxygen evolution on 10 a/o 
Li-doped Co304 

Kinet ic  p a r a m e t e r  T h e o r e t i c a l  E x p e r i m e n t a l  

(0V/8  log i)COH-,T 2.303 ( R T / F )  60 mV 
= 59 m Y  

(O log i/8 log CoH-)v.z 2 1.76 
(8V/8 log  COH-) l,T 2.303 ( ~ 2  R T / F )  - 1 1 7  m V  

= --118 m V  
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The Nickel Metal Catalyzed Decomposition of Aqueous 
Hypophosphite Solutions 

James H. Marshall 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Hot aqueous hypophosphite (H2PO~ ') solutions are exhaustively decomposed to orthophosphite (HPO~2) in the pres- 
ence of etched Ni wire according to the rate law d[H2PO~']/dt = - ko [H~PO~ ~] x (catalyst area). The activation energy is about 
2.6 kcal/mol and the rate increases 4-fold with pH in the range 3 -< pH -< 7. Ni catalyzes the isotopic exchange between H~PO~ -~ 
and D20 as well as the decomposition. When [HPO~ -2] -> 0.15~/at the start of reaction, the catalyst is completely passivated 
with respect to the decomposition but not with respect to the isotopic exchange. The H2:HD:D2 volume ratio of the evolved 
gas is about 5:6:7. A mechanism for the decomposition is discussed and related to "electroless" plating. 

In  spite of numerous  investigations into the chem- 
istry of "electroless" plat ing (1), exper imental  re- 
sults re levant  to the pr imal  catalyzed hypophosphite 
decomposition 

Ni 
H2PO~ -1 + H20--> HPO3 -'2 ~ H2~ + H +1 [1] 

A 

are few. Although H2PO~. -1 is dist inguished by a 
s tandard redox potent ia l  of --0.SOV (2), reactions 
with most oxidizing agents are very slow, especially 
at 25 ~ and  n e u r a l  pH. This lack of react ivi ty  is gen- 
eral ly  ascribed to very small  concentrat ions of a 
"3-centered" in termediate  (3-5) which H2PO2 -1 must  
rearrange pr ior  to its oxidation. 

The electrochemical oxidation of H2PO2 -1 is also 
slow and occurs at appreciable rates only  at elevated 
tempera ture  on Ni and  Pd surfaces (6). At room 
temperature  only  02 i s -evolved from an Ni anode, 
and H2PO2 -1 is not  electrochemically oxidized on Pt  
even at elevated temperature.  

Similari t ies between the behavior  of the s tandard 
hydrogen electrode 'and that of Ni electrodes im-  
mersed in  hot H2PO2 -1 solutions suggested that  Ni 
electrodes are saturated with hydrogen (7). At room 
tempera ture  and neut ra l  pH, the rate of isotope ex- 
change between H2PO2 -1 (D2PO2 -1)  or HPO3 -~ 
(DPO3 -2) and D20(H20)  is negligible (8-12), bu t  
at room tempera ture  and pH ~ 2 the rate of exchange 
for I'-I2PO2 -1 is comparable to the rate of decomposi- 
tion cor~ducted at 100 ~ and neu t ra l  pH (13, 14). 

Reaction [1] is negligible in  the absence of cata- 
lyst  at 100 ~ and does not take place without  H20 (15). 
The .decomposition rate at 100 ~ is 1.2 mM/hr  �9 cm 2 for 
[H2PO2-1] -- 0.25M (Fig. 2). In  the presence of 3 
mM Ni +2, bu t  unde r  otherwise comparable  conditions, 
H2PO2 -1 is consumed at 3.2 m M / h r  �9 cm 2 (16). Dur-  
ing "electroless" plat ing ([Ni +2] -= 0.1M) H2PO2 -1 
is consumed at 5 m M / h r  �9 cm 2 (15). 

When H2PO2 -1 and D20 or D2PO2 -1 and H20 are 
decomposed at  pH's be tween 3 and 5 over finely 
divided Ni, approximate ly  equal amounts  of the 
hydrogen isotopes are present  in the evolved gas 
(17-19). Dur ing  Ni plat ing the gas is heavi ly  en-  
riched in the hypophosphite isotope while this isotope 
is not  detected in  the water  (17, 20, 21). 

Difficulties in  prepar ing a reproducible Ni surface 
exhibi t ing a sustainable and useful  level of activity 
have been a major  h indrance  to obtaining definitive 
mechanist ic data. This problem was noted in  Ref. 
(16 and 22). Catalyst  sensit ivi ty may  be more notice-  
able under  conditions for reaction [1] which do not 
provide continued renewal  of the catalyst surface as 
"electroless" plat ing does. Certain anions and cations 
(16, 22, 23), as well  as O2 (24), have been shown to 
inh~bit catalyst  activity. Because of these results and 

Key words: hydrogen, i sotopes,  e lectroless ,  exchange, plating. 
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our own experiences we wish to emphasize that  the 
use of qual i ty  reager~ts and the el iminat ion of 02 
may be especially impor tant  for achieving repro- 
ducible exper imenta l  results for reaction [1]. 

Due to the sketchiness of previously reported ex-  
periment,al procedures, the degree to which difficulties 
with catalyst  preparat ion persist is unclear  al though 
ment ion  of them was made in a recent  review (1). 
Subsequent ly  the possibility of obta in ing rel iable 
kinetic data for reaction [1] was demonstrated (25). 
It  is apparent  that  reported experiments  with reaction 
[1] have frequently,  if not  invariably,  utilized freshly 
prepared Ni in a finely divided form. To what  degree 
these catalysts ma in ta in  their  activity is not reported, 
bu t  their  surface areas :are difficult to estimate and 
Ni +2 (which enhances mthe rate of reaction [1]) may 
have bee~ present. In contrast  to the above reports 
we have determined that  a useful  catalyst surface is 
easily obtained by an acid etch of bu lk  Ni and  that  
such a surface sustains its a c t i v i t y u n t i l  the complete 
conversion of H2PO2 -1 to HPO~ -2, a process requi r -  
ing over 48 hr for most of our experiments.  

Experimental 
Preparation of Ni catalysts.--30.5 cm lengths of 0.63 

mm diam Ni wire (Alfa Inorganics)  were loosely 
wound into coils about  0.5 cm in diameter  and 2.5 cm 
long. Immedia te ly  before placement  in the hot 
H2PO~ -1 solution, 2 coils were washed with acetone, 
washed with deionized H20 (Millipore Super -Q) ,  
etched for 5.0 min  in 25 mli ters  of 70% ENOs, 1 and 
thoroughly rinsed in  deionized H20. Two coils were 
used for most experiments.  For  kinetic calculations 
we assume the area of each coil equals its geometric 
area prior to etching (6.03 cm2). Coils were weighed 
before and after  each exper iment  to confirm that  the 
etch had reduced their  weight by the usual  11%. The 
• scatter in data .can be accounted for by  etch- 
ing variations. 

Preparation of solutions.--Solutions were prepared 
daily from analyt ical  grade chemicals and deionized 
H20. They were refluxed under  argon for 15 min  prior 
to addition of the Ni coils. The pH was adjusted 
at room tempera ture  to • pH units  with sodium 
citrate/ci tr ic acid buffer. The pH changes dur ing  some 
exper iments  exceeded i pH unit ,  bu t  most of this 
change occurred in the first hour  of the exper iment  

1 The primary reason for utilizing the HNOs etch was  the  ease  
with which reproducible results could be obtained. Other etch 
procedures are effective in producing an Ni surface capable of 
sustaining the decomposition of H~PO2 -1. For example, if the coils 
are etched in concentrated HC1 followed by an etch in 1:1 vol- 
umes of 98% H~SO~ and 70% HNOs the decomposition rate was ap- 
proximately 10 times greater than that observed for coils  e tched 
by 70% HNO3 alone. The faster decomposition rate is comparable 
to or exceeds most of the reported decomposition rates observed 
during "electroless" Ni plating. Only the HNO3 etch was tested 
with respect to reproducibility. The sensitivity of the HNOs 
etched catalyst is illustrated by the fact that a final rinse in ace- 
tone followed by drying in a stream of N~ completely passivates it 
with respect to the decomposition. 
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and we have  re l ied  only on da ta  obta ined  af ter  1 hr. 
Fo r  runs  requi r ing  D20 (Aldr ich  99.8 a tom percent  D) ,  
NaH2PO2. H20 was d r i ed  overn igh t  at  105 ~ and 
Na~C6H50~" 2H20 at  150% while  ci tr ic acid  was not  
employed.  Sodium or thophosphi te  was p repa red  f rom 
H20 solutions of NaOH and H3PO~ fol lowed by  c rys -  
ta l l izat ion f rom H20/methano l .  

Experimental runs.---Solutions were  decomposed 
under  a r g o n / h y d r o g e n  with  mi ld  refluxing. S t i r r ing  
had a negl ig ible  effect and was not  employed.  The 
amount  of decomposed H2PO2 -1 was de te rmined  by  
measur ing  the vo lume of evolved hydrogen.  (Hydro -  
gen volumes refer  to d r y  gas at  STP.) The volumet r ic  
resul ts  were  confirmed by  measu remen t  of the H~ 
NMR signal  he igh t  rat io  of H2PO~ -1 to HPO8 -2 wi th  
a spec t rometer  opera t ing  at 60 MHz. Between pH's  of 
4 and 8 the  H 1 NMR l inewidths  of H2PO~-I and 
HPO~-~ are  n e a r l y  equal.  Resul ts  f rom the two m e t h -  
ods agreed  to wi th in  2%. Based on the  resul t  that  
h[H~PO2 -1] = --  ~[H2] and in order  to avoid  con- 
fusion in the read ing  of graphs  only  " [ H e P O ~ I ]  ' '  
labels  a r e  employed  even though the p r i m a r y  method 
of de te rmin ing  [H~PO2 -1] was by  measur ing  hydro -  
gen volumes.  F i f ty  mi l l i l i te rs  of solut ion were  p laced 
in a 100 mli ters  round  bo t tom flask topped with  a re -  
flux condenser  and a t tached to a gas collector.  Fo r  
NMR measurements  0.5 ml i te r  of solut ion was re -  
moved  at  appropr i a t e  intervals .  Runs were  f requent ly  
cont inued to 25% decomposi t ion (ca. 7 hr )  to insure  
~ a t  the  reac t ion  was proceeding regular ly .  

Results and Discussion 
The H 1 N1VIR in tens i ty  of HPO8 -2 in a thoroughly  

decomposed H~PO2 -1 solut ion is ha l f  the  in tens i ty  of 
H~PO2 -1 in the  unreac ted  b lank  showing tha t  HPO3 -2 
accounts for a l l  the  H~PO=-~ decomposed.  (The amount  
of PO~ - s  generated,  if any, does not  exceed the NMR 
measuremen t  e r ror  of 2-3%.) F igure  1 is a plot  of 
da t a  f rom a typ ica l  Ni ca ta lyzed decomposit ion.  The 
slope of the  curve at t = 1 hr, (d[H~PO=-~]/dt)z, was 
selected as the  point  best  r epresen t ing  the  kinetics.  
The use of slopes at  points where  t < 40 min in t ro-  
duced subs tan t ia l  sca t ter  in the analysis.  These dis-  
crepancies  a re  p robab ly  due to s l ight  var ia t ions  in 
man ipu la t ive  procedures  wi th  the  Catalyst tha t  affect 
the  t ime r equ i r ed  for the  ca ta lys t  surface to reach  a 
s teady  state. 

F igures  2, 3, and 4 i l lus t ra te  the  - - ( d [ H 2 P O ~ - ~ ] /  
d t )z  dependence  on [H~PO~-~]z, ca ta lys t  area, rand 
pHz, respect ively .  Measurement  of  (d[H2PO2-~]/dt)~ 
for  solut ions to which  sodium or thophosphi te  was 
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Fig. 1. [H2PO2 - 1 ]  as a function of reaction time. Solid line 
represents exponential decay. Conditions: pHo = 6.1 (total citrate 
= 1.0M); pH:25 = 5.9; catalyst area = 24 cm 2. 
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Fig. 2. Rate of decomposition after 1 hr of reaction as a function 

of [H2PO2-1 ] .  Conditions: pH0 = 8.1 (total citrate = 0.34M); 
pHI  ~ 6.5; catalyst area = 12 cm 2. 
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Fig. 3. Rate of decomposition after | hr of reaction as a function 
of catalyst area. Conditions: CH~PO~- I ]0  - -  0.4M; pHo = 8.1 
(total citrate = 0.34M); p i l l  ~ 6.5. 

added  p r io r  to the  s ta r t  of decomposft ion indica ted  
tha t  for  [HPO3-2]0 ~ 0.15M, the ca ta lys t  is com- 
p le te ly  passivated.  This contrasts  wi th  the fact  that  
solutions in Fig. 1 ( [HPO3-2]0 = 0) to ta l ly  decompose 
to HPO8 -2 in about  60 h r  ([HPOa-2]60 = 0.SM), 
showing no dependence  on [HPOa-2] .  These resul ts  
suggest  tha t  dur ing  the in i t ia l  stages of decomposi t ion 
when  [HPO3-'*] < 0.15M the ca ta lys t  undergoes  a 
fast  (wi th  respect  to decomposi t ion)  condit ioning r e -  
action which desensit izes i t  to h igher  [HPOs-2] .  

In  i ts l inear  region, Fig. 2 yields a ra te  constant,  k0 
4.7 X 10-3 /hr  �9 cm 2. Level ing for [H2PO2-1]0 > 

0.SM probab ly  resul ts  f rom the l a rge r  decrease  in 
p H  dur ing  the 1 h r  of decomposi t ion for the more  
concentra ted  solutions. 
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Fig. 4. Rate of decomposition after 1 hr of reaction as a function 

of pH. Conditions: [H2PO~-I]o = 0.SM; total citrate = 0.34M; 
catalyst area = 12 cm 2. 

Figure  3 ~confirms a previous  e x p e r i m e n t  (26) which 
sugges ted  tha t  the ra te  of react ion [1] is d i rec t ly  p ro -  
por t iona l  to ca ta lys t  area.  The slope yields  a ra te  
constant  of 4.3 • 10-3 /h r  �9 cm 2 which is close to the 
va lue  of k0 above. 

F igu re  4 i l lus t ra tes  that  an increase in [H + ] of 104 
decreases  the decomposi t ion  ra te  by  a factor  of 4. 
This smal l  effect of  pH on the decomposi t ion ra te  
suggests  tha t  i t  s tems f rom changes in the  e lec t ro-  
chemical  po ten t ia l  of the ca ta lys t  (7, 25) imposed by  
the ha l f -ce l l  reac t ion  

1/2 H 2 ~ H  +1 + e -1 

In fact  this resul t  suggests  that  the  decomposi t ion 
ra te  is independen t  of [H+] .  The ra te  of decomposi -  
t ion is also n e a r l y  independen t  of c i t ra te  concent ra -  
t ion a l though da ta  for low c i t ra te  concentrat ions  are  
difficult to ana lyze  due  to inadequa te  buffering.  

Measur ing  (d[H2PO2-1]/dt)l at  100 ~ 93 ~ and 69 ~ 
y ie lded  an act ivat ion ene rgy  of  about  2.6 kca l /mol .  
Such a smal l  value  reflects the  effectiveness of the  
ca ta lys t  in lower ing  the  energy  requ i red  to in i t ia te  
the  decomposi t ion.  A la rge  en t ropy  component  seems 
appa ren t  and  lends credence to the  "3-centered"  in-  
t e rmed ia t e  concept  (3-5) proposed for the  homo-  
geneous phase  reac t ions  of H2PO2 - I  as wel l  as for 
its Ni ca ta lyzed decomposit ion.  Fo r  example  

INERT REACTIVE 

Mass spec t rograph ic  analyses2 of  the  gases evolved 
dur ing  the decomposi t ion of H2PO2 -1 in D20 are  
shown in Table  L In a l l  cases the  H : D  rat io  is about  
h l .  Expe r imen t s  I - I V  suggest  tha t  the  H2:HD:D2 

2 The mass spectrographic analyses were performed by  F. Gal- 
lob and Associates, Berkeley Heights, NJ.  

Table I. Composition of gas evolved during decomposition of 
H2PO~ -1  in D20 

Expt. 
No. %D %H~ %HD %D~ 

I ~ 42 NRo NR NR 
II  ~ 44 NR NR NR 
I I I  ~ 48 NR NR NR 
IV b 55 28.0 34.1 37.9 
V b 62 22.5 30.9 46.6 

F r o m  Ref .  (17). 
b T h i s  work .  

N i t  = Not reported, 

ra t io  is about  5 :6:7  at  pH ~ 5 and favors  D2 at  h igher  
pH. E xpe r ime n t  V was run  at  [H2PO2-1]0 ---- 3M wi th -  
out  buffer, and the ca ta lys t  v~as not  ac t iva ted  by  our 
usual  procedure .  V was inc luded in spite  of the va r i -  
ant  p rocedure  employed  to i l lus t ra te  the factor  of 
2 difference in the  amounts  of  H2 and D2 detected even 
though the H : D  ra t io  is not  too far  removed  from 1:1 
and the  amount  of HD detected lies be tween  tha t  of 
H2 and D2 as in IV. 

Exposure  of  ca ta ly t ic  meta ls  to equa l  amounts  of 
H~ and D2 resul ts  in equal  surface coverages of H'* 
and D'*.  S imple  recombina t ion  stat is t ics  d e m a n d  
H2:HD:D2 rat ios  of 1:2:1 at  equ i l ib r ium (27). A l -  
though the  chem}cal sys tem we are  inves t iga t ing  is 
more  complex than  the gas phase  ca ta ly t ic  equi l ib-  
r ium, reasonable  mechanis t ic  options for  the  decom-  
posi t ion of H2PO2 - I  in D20 including the one we 
propose (see below) d ic ta te  equal  s teady-s ta to  cover-  
ages of  H'* and D'*.  The 5:6:7 rat io  we observe ap-  
pears  feasible if  t he - s t eady  s ta te  is a nonequi l ib r ium 
mix tu r e  of H'* and D'*. Such a s teady  s tate  could 
arise if H2PO2 - I  decomposes at  specific ca ta ly t ic  sites. 
This would  resul t  in a localized deposi t  of H'*  and a 
surface "concentra t ion"  g rad ien t  (of H'* wi th  respect  
to D'* ) if  surface diffusion were  slow. 

The ra te  of  decomposi t ion of H~PO2 -1 in H20 or  
D20 is nea r ly  the  same wi th in  expe r imen ta l  er ror .  
However  when H2PO2 -1 is decomposed in 1)20, the 
number  of mols of HPO~ -2 de tec ted  (by  NMR) rep re -  
sents  less than  half  the  hypophos 'phi te  (by  gas vol-  
ume)  decomposed.  Only  for  reac t ion  t imes  less than  
1 h r  does the  amount  of HP03 -2  detected appea r  to 
approach the amount  of hypophosphi te  decomposed.  
Af te r  a few hours  of  reaction,  NMR satel l i tes  a t t r i bu t -  
ab l e  to HDPO2 -1 make  up an  increas ingly  grea te r  
por t ion  of the NMR detec tab le  hypophosp,hite.  When 
the ca ta lys t  is pass iva ted  wi th  added  HPO3 -2, the 
ra te  at  which  these satel l i tes  grow increases wi th  
passivat ion.  

Unde r  no condit ions was there  ev idence  tha t  HPO3 -~  
undergoes  isotopic exchange.  If  the ca ta lys t  is pass i -  
r a t e d  (usin~ HPOs -2)  so that  NMR detects  no change 
in [HPO~ -2] dur ing  24 h r  of  reflux, NMR indicates  
tha t  [H2PO2 -1] and [HDPO~ -~] approach  zero in the  
same period.  Af t e r  7 h r  of ref lux no exchange  be tween  
HH2PO2 - I  and  D20 w.as detected in the absence of 
catalyst .  Therefore  Ni appears  to ca ta lyze  both  the 
decomuosi t ion of I.I~PO~ -1 and its isotopic exchange 
with  D20, and only I-IPO3 -2 resul ts  f rom the decom- 
posi t ion of HH2PO2 -1 in D20 whi le  DPO3 -2 resul ts  
f rom the decomposi t ion of I-IDPO2 -1 or  of  D2PO~ -1 
in D20. The decomposi t ion ra te  is comparab le  to the 
exchange  rate.  

In  s u m m a r y  our  resul ts  indicate  tha t  the decompo-  
simon s to ichiometry  corresponds to 

H2PO~ -1 4- D20--> HPO3 -2  -5 H" -5 D 4- D + 

The mechanism we  propose  is 

kl  
H2POz-1 ~ H~PO2-t* [2] 

k -1  

k2 
H2PO~- 1, ; e  HPO2I.I- 1. [3 ] 

k - 2  

k~ 
H.IPOaI-1-1. 4- D~O --> HPO3 -2  -5 H'* 4- e*-  -5 21) +1 [4] 

k4 
1)20 -5 e-*--> D*' + OD -I [5] 

H*" -5 D*" --> H2,I-ID,D~ [6] 

where  the  as te r i sk  indicates  ~a ca ta lys t  adsorbed  
species. 

React ions [4] and [5] are  the  k e y  reactions.  Reac-  
t ion [4] is r a t e  de te rmin ing  and represents  the  de-  
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composit ion of the  r ea r r anged  H2PO2 - i  to HPO~ -2, 
H', and e - ,  wi th  D20 serving only  as the suppl ie r  of 
0 - 2  r a the r  than  as an e lect ron acceptor.  D~O is not  
reduced unt i l  s tep [5] and only ha l f  the  reducing 
c~pacity of the  H2PO2 -~ (~/~ of 2e - i )  is ava i lab le  
due to the  i r r evers ib i l i ty  of [5]. Steps [4 ]  and [5] 
impose an H:D rat io  of 1:1 on the evolved gases. They 
are  also consis tent  wi th  the  observat ion  that  the 
evolved gases are  enr iched in the  hypophosphi te  iso- 
tope when  Ni +2 and wa te r  a re  compet ing oxidizing 
agents (17), and wi th  repor ts  that  the  number  of 
mols of H2PO2 -1 oxidized are at  least  twice those of 
Ni +2 reduced  (1).  The i r r eve r s ib i l i t y  of [5] implies  
tha t  H'*, once deposi ted  on the ca ta lys t  as in [4], 
does not  r eve r t  to H + (in solution) and  e*-.  Steps 
[2] and [3] p rov ide  the ca ta lys t  adsorbed  in t e rmed ia te  
(HPO2H - i*)  for  e i ther  the isotopic exchange or  the 
decomposit ion.  

A 1:1:1 H2:HD:D:2 ra t io  follows f rom a s imple  
model  involving H'* format ion  at a l inear  source. 
In  the s t eady  s tate  a l inear  concentra t ion  grad ien t  
wil l  occur (28) wi th  [H'*]  oc (1 --  x) ,  where  0 --~ x 
-~ 1 measures  the dis tance on the crys ta l l ine  surface  
f rom the source. For  ful l  monolayer  coverage, [D'*] 

dt  2 ,,0 6 

d[HD] f l  1 
- - o c l  x ( 1 - - x )  dx------ 

d~ 0 6 

x and 

Our expe r imen ta l  resu l t  of 5: 6:7 is then expl icable  on 
the basis of  the ca ta lyzed isotopic exchange.  

Reactions [2]-[6]  y ie ld  the  kinet ic  expression 

d [H2PO2 -1 ] klk2k8 [H2PO2 -~ ] [H20] [Ni*] 

dt k-lk-2~ + k3[H20] (k -1  + k2) 

where  [Ni*] equals  the concentrat ion of unoccupied 
ca ta ly t ic  centers.  F o r  L a n g m u i r  kinet ics  

[Ni*] + [HuPO2-1Ni *] + [HPO2H-1Ni *] ---- [Nis] 

In  terms of coverage pa r ame te r s  

~Ni ~- ~H2PO 2 ~- 0HPO2H "-- 1 

the kinet ic  express ion becomes 

d [H2PO2 -1] k~k2;k~[H2PO~ -1] [H20] [Nis] 

dt k - i k - 2  + k, [H20]  (k -1  + k2) 

X (1 - -  0H,2PO 2 - -  ~ H P O 2 H )  

Solving for  0H~PO2 and 0~PO2H yields  

X 10-~/hr  �9 cm 2, obta ined  f rom Fig. 2 and with  the 
value,  k0 : 4.3 X 10-~/hr  �9 cm 2, obta ined f rom 
Fig. 3. 

We suggest  that  the  phosphorus  (P) in "electroless" 
Ni deposits  resul ts  f rom the  occlusion of one or  more  
of the  P-con ta in ing  species (fol lowed by  its reduc-  
tion) (1, 29). If the me ch,anism for the "codeposit ion" 
of P is d is t inct  from the mechanism for the  ca ta ly t i c  
decomposi t ion of H2PO2 - i  and  "electroless" plat ing,  
then except  for possible  complexa t ion  equi l ibr ia  of 
Ni +2 with  c i t ra te  anions and H2PO2 -1, the  only add i -  
tion to [2]-[6]  needed  to encompass  "electroless" p la t -  
ing is 

Ni +2 + 2e*-  --> Ni 0 [7] 

Manuscr ip t  submi t ted  Jan.  14, 1982; revised m a n u -  
scr ipt  received Aug. 13, 1982. 

A n y  discussion of this pape r  will  appea r  in a Dis-  
cussion Section to be publ i shed  in the  December  1983 
JOURNAL. Al l  dis~-~assions for the December  1983 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1983. 

Publication costs of this article were assisted by Bell 
Laboratories. 
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ABSTRACT 

Experimental  verification for theoretical behavior of ion crossings at a water/nitrobenzene interface is given. This in- 
cludes s tudy of migrat ion-dependent  single ion transport ,  as well as diffusion-controlled s imultaneous and successive two- 
ion transport .  Chronopotent iograms have been obtained for te tra-n-alkylammonium salts from methyl  through heptyl  and 
for te t rabuty lammonium ion in support ing electrolytes CsC1 through LiC1. These are discussed in terms of part i t ioning ef- 
fects, interfering ions, l imited potential windows, and free energies of ion transfer. Problems in obtaining "true" transit ion 
t imes and associated transfer coefficients for various ammonium ions are also discussed. 

Liquid/Liquid Interface Studies 
Separa t ion  of bu lk  and in ter fac ia l  kinet ic  proper t ies  

for two- in te r face  m e m b r a n e  systems is not  theore t i -  
ca l ly  possible in al l  si tuations.  Consequently,  de ta i led  
analyses  of potent ial ,  field, and concentra t ion urofiles 
at  single interfaces,  such as aqueous e l ec t ro ly t e / syn -  
thetic ion exchanger  and aqueous e l ec t ro ly t e / immis -  
cible organic  e lec t ro ly te  must  be achieved by  o ther  
methods.  The obvious choice is use of th ick phases such 
that  e lectrodes can be placed wi th in  the phases on each 
side of the  single in terface  under  study. This opt ion is 
not  genera l ly  avai lab le  for biological  membranes ,  m a n y  
po lymer  films, and synthet ic  ion exchange membranes .  
Use of immiscible  l iqu id / l iqu id  in ter face  systems that  
mimic  proper t ies  of r e la ted  microscopic membranes  
seems to open possibi l i t ies  for de te rmina t ion  of p ro -  
cesses and e lec t rochemical  condit ions at single in te r -  
faces. In  1902, Nerns t  and  Riesenfeld ( I )  began a s tudy  
of ion crossings at immiscible  l i qu id / l iqu id  interfaces  
in the  absence of suppor t ing  electrolytes .  Only  in the 
las~ 10 years  has this topic been pursued  in a funda -  
menta l  way. F rumkin ' s  last  work  (2-8) renewed  in te r -  
est, and research  began anew in a few labora tor ies  
a round the world:  Gavach (Montpel ier )  (9-20),  
Kory t a  (Prague)  (21-26), Senda  (Koyoto)  (27-28), 
and Buck (Chapel  Hil l)  (29-32). 

S t ruc ture  of the double layer ,  (charge,  potent ial ,  
field) at  immiscible  l iquid e lec t ro ly te  interfaces  is a 
cont rovers ia l  topic, and the solut ion is essent ial  to cor-  
rect  i n t e rp re t a t ion  of ion-cross ing kinetics.  F o r  single 
par t i t ioned  salt  systems,  ( N I ~ + X  - )  at  w a t e r - n i t r o b e n -  
zene interfaces,  for example ,  s ingle- ion free energies in 
each phase de te rmine  equ i l ib r ium space charge and, in 
par t ,  control  po ten t ia l  differences, (p.ds.).  For  non-  
equ i l ib r ium appl ied  p.ds. and currents ,  the overpoten-  
t im m a y  be en t i re ly  accounted for in space charge pe r -  
turbat ions ,  or  as p.ds. in compact  layers  in each phase,  
or  as combinat ions  of both. We have p rev ious ly  pub-  
l ished analyses  of chronopotent iometr ic  po ten t i a l - t ime  
curves for these var ious  assumptions  (29, 30). Log ana-  
ly t ica l  plots are  now avai lab le  for  i n t e rp re t ing  p.d. 
dependences  on t ime for the var ious  cases inc luding a 
compact  l aye r  whose o rde r  and capaci tance depend on 
charge. The one-  and two- ion  t r anspor t  p roblems  at  
constant  cur ren t  have  been t rea ted  for a va r i e ty  of 
kinet ic  conditions,  inc luding revers ib le  cases, wi th  and 
wi thout  addi t iona l  suppor t ing  e lec t ro ly te  in each phase 
(29, 30). 

In addi t ion  to double  l aye r  charge dis t r ibut ion,  the 
surface  excesses of solvents  and possible mot ion of 
the in terface  dur ing  cur ren t  flow mus t  be considered.  
Desolvat ion dur ing  ion t r anspor t  can, in pr inciple ,  
c rea te  nonuni form solvent  excesses that  d i lu te  t rans-  
po r t ing  and non t ranspor t ing  (suppor t ing)  e lec t ro ly tes  

* Electrochemical Society Active Member. 
Key words: kinetics, potential window, ion crossing, migration, 

transition time. 

wi th  creat ion of spurious IR drops and the appearance  
of i r revers ib i l i ty .  

Exper imen ta l  methods  for s tudying  rates  of ion  
t ranspor t  across immiscible  interfaces are  t ime ly  for 
four  reasons: (i) kinet ic  bar r ie r s  (e.g., dependences  on 
activit ies,  in te r rac ia l  p.ds., and t empera tu re )  for ion 
crossings n e e d  measu remen t  to de te rmine  re la t ion-  
ships that  suggest  r a t e - d e t e r m i n i n g  processes;  (if) 
rates  of in ter fac ia l  ion crossings are p resumed to reflect 
local s t ructures  such as potent ia l  and concentrat ions  in 
diffuse and compact  layers  at the interface.  These 
s t ructures  a re  not  p resen t ly  known  for l iqu id / l iqu id  
interfaces;  (iii) secondary  processes such as invo lve-  
ment  of homogeneous react ions  dur ing  in te r rac ia l  
processes (e.g., ra tes  of in ter rac ia l  react ions be tween  
aqueous ions and oi l -soluble  t rans locators)  m a y  be-  
come di rec t ly  measurab le  or ca lculable  using t r anspor t  
theory  of coupled processes;  and (iv) processes at  
l i qu id / l iqu id  interfaces  m a y  resemble  processes be -  
tween e lec t ro ly tes  and cell  or  tissue components.  

In  this paper  we present  sys temat ic  expe r imen ta l  
da ta  on one-  and two- ion  t ransfers  in suppor t ing  elec-  
t rolytes.  The resul ts  are  in te rp re ted  on the assumpt ion 
that  overpotent ia ls  occur most ly  across compact  layers .  
Expe r imen ta l  evidence for this assumption has a l r eady  
been publ i shed  (30). Sys temat ic  effects of suppor t ing  
e lec t ro ly te  components  and concentrat ions  are  ex-  
plored. 

Experimental 
Cel~ design.--Cell designs der ive  f rom classical  U-  

tube exper iments .  Our  best  design is shown in Fig. 1. 
The cell is const ructed of P y r e x  and consists of three  
compar tments .  The lef t  compar tmen t  contains a Kontes  
O-r ing  Teflon va lve  which is opened for degassing ahd 
s t i r r ing wi th  N~. The n i t rogen l ine is connected to the 
open side arm. A cap i l l a ry  tube connects the lef t  to the  
cent ra l  compar tment ,  so as to produce  smal l  bubbles  
when s t i r r ing  the solution. The r ight  compar tmen t  con- 
tains a second Teflon valve  for ad jus t ing  the level  of 
the interface.  The centra l  compar tmen t  is the work ing  
a rea  of the  cell. This  contains the  four  electrodes,  a 
piece of Teflon tubing,  and  a Teflon stoPcock. The 
l a t t e r  is opened to a l low s t i r r ing  with  the  electrodes 
in place. There  are  two ident ica l  e lect rode housings 
(glass) each containing a reference and work ing  elec-  
trode. A housing has two concentr ic  tubes,  the center  
serv ing  to sheathe  the e lect rode leads  f rom one an-  
other. A copper  wire  passing th rough  the center  tube  
is so lder -connected  to the  reference  wire .  Ano the r  
be tween the glass tubes is soldered to the work ing  coil. 
Al l  the electrodes are  pla t inum.  The housings are  con- 
nected to the cent ra l  compar tmen t  by  O- r ing  joints  
and he ld  in place  b y  jo in t  clamps, assur ing r ep roduc i -  
ble  posit ioning. The compar tmen t  is na r rowed  in the  
in ter face  region, giving a cross-sect ional  a rea  of 0.32 
cm 2 inside the Teflon tubing. 

373 
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Fig. 1. Cell for liquid/liquid transport studies 

Chem~caIs.--Fisher reagent grade nitrobenzene, the 
organic solvent, was first dried over Linde 3A mo- 
lecular sieve and passed through an activated alumina 
column. The nitrobenzene was then repeatedly washed 
with 0.1M sodium carbonate, followed by  washing 
with copious amounts of deionized water. The water-  
saturated nitrobenzene was stored in a dark bottle. The 
electrolyte for the organic phase w a s t h e  te t raphenyl-  
borate salt of the tetraalkylammonium ion (TAATPB) 
to be studied. This salt was prepared by dissolving 
Aldrich Gold Label sodium tetraphenylborate (NaTPB) 
in a 50/50 water/acetone solution and mixing with 
an equal molar quantity of Kodak tetraalkylammonium 
bromide (TAABr) dissolved in the same solvent pair. 
The precipitate was suction filtered through a glass 
frit, redissolved in reagent grade acetone, and repre-  
cipitated by the slow addition of an equal volume of  
water. After filtering, the precipitate was vacuum dried 
at 60~ for 24 hr and then stored in a desiccator. 
Aqueous supporting electrolyte solutions were pre-  
pared from Mallinckrodt LiC1, NaC1, NaBr, NaI, 
NaC104, KC1, and alpha RbC1 and CsC1. Kodak TAAX 
salts were used for the transporting ion without fur- 
ther purification. 

Summary of Galvanostatic Theory for One- and 
Two-Ion (Same or Opposite Sign) Transfer 

In 1902 Nernst and Riesenfeld (1) treated the prob- 
lem of single salt transport  under constant current 
across an immiscible l iquid/l iquid interface. They con- 
sidered the reversibly parti t ioned case (KI3 at water /  
phenol) in the absence of supporting electrolyte. Their 
solutions for concentration-distance and concentration- 
time profiles predate the better  known work of Sand 
on the closely related topic of solid electrodes. Their 
initial transport equation is 

I(t+--t+)/F: [ - - D  0--~ c D~C'] 
Ox + a~ ==o 

in which transference numbers (t+ and t-- for positive 
aqueous and organic phase ions) and salt diffusion 
coefficients (D, D, c, and c aqueous and organic, re-  
spectively) appear. This equation does not apply in 
the presence of supporting electrolytes, but other 
appropriate equations can be found. However, trans- 
port of ions across immiscible l iquid-electrolyte inter-  
faces differs in several significant ways from electro- 
lyte-metal  interface processes. Diffusion-migration via 
the Nernst-Planck equation must be considered on 
both sides of an interface. Interfacial transport  of ions 
of opposite sign must be accounted for with considera- 
tion of salt  parti t ion equilibria. Part i t ion equilibria 
lead to nonlinear boundary conditions that preclude 
use of l inear transform methods for the general trans- 
port equation solutions. Linearization conditions can 
be found. These factors cause a somewhat wider range 
of behavior, even for reversible systems, than is ob- 
served for electrolyte-metal  examples. Coupling of 
ionic motion in parti t ion-controlled cases causes a 
great difference between transport  of a single salt 
component in the absence or presence of a supporting, 
nonpartitioning, inert electrolyte in one or both phases. 
Absence of inert salt can render a single salt system 
with a well-defined transition time to be completely 
ohmic, with no transition time at all. This difference is 
more than a prolonging of transition times by migra-  
tion. There is a fundamental change in the shapes of 
concentration-distance profiles caused by inert salts 
for systems that involve migration and partitioning. 

For reversible and irreversible single ion transport  
in the presence of excess, inert, nonpartitioning elec- 
trolytes, depletion concentration polarization on the 
side of the exiting ion determines the transition time. 
Since ion fluxes are continuous across the interface, 
concentration profile slopes have the same sign in each 
phase. Accumulation of the transporting ion occurs 
on the entering side. For a reversibly parti t ioned salt 
in supporting electrolyte, ions of both sign carry cur- 
rent across the interface. For all of the cases computed, 
as a consequence of the limited accessible potential 
range, depletion concentration polarization occurs on 
both sides of an interface in a coordinated way. 

A further unusual effect in the absence of supporting 
electrolyte is electrosorption, identified by Blank (33). 
For a single reversible salt, mass transport  with par-  
titioning produces accumulation or depletion of salt in 
the diffusion layer, depending on current direction and 
relative ion transference numbers in the two phases. 

The procedure for the solution of the linear problems 
uses semi-infinite boundary conditions and Laplace 
transformation methods for the arrangement: 

Aqueous solution Organic solution 

Concentration ci Concentration ci 
Diffusion coefficient Di Diffusion coefficient Dt 
Increasing negative x Increasing x 

x = 0  

Fick's second law is obeyed in all cases with proper 
definition of salt diffusion coefficient. The lat ter  elim- 
inates the field term in the Nernst-Planck equation. 
Positive currents are positive charges moving in the 
positive x-direction. Concentrations in the organic 
phase, and the corresponding transport  parameters 
have super bars. The basic Nernst-Planck equation is 

Oci ziDiF Od~ 
Ji -- -- D i -  cl 

Ox RT Ox 

In supporting electrolytes the second term can be 
omitted, and equations for both ions combined with 
electroneutrali ty of fluxes (equality of part ia l  cur- 
rents) gives 

0el I 
Ji = -- D 4- zl$i 

Ox F 
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with D -- 2D+D-/(D+ + D - ) ,  the "salt" diffusion co- 
efficient. The transference numbers are bulk values: 
ti = D ]  (Dl + Dj) for aqueous ions and ti = ~ / ( D l  + 
Dj) for organic ions. Boundary conditions for all ion 
transfers are continuity of fluxes at x = 0, and for salt 
(two ion) transfers 

C + C -  
K g ' =  . . at x = O  

C + C - -  

is obeyed by surface concentrations. In addition, ci = 
ci ~ at x :  -- oo and ci : ci ~ at x = do. 

Methods for solution are straightforward. Only the 
use of boundary conditions differs from case to case. 
From Fick's second law, for supported cases 

~ci  = ci~ + Ai exp [ (s/Di) v~ x] 

Cc~ = ci0/s + Bi exp [-- (s/Di) ~4 x] 

For the unsupported conditions, replace Di by D, and 
Di by D. For two-ion transport cases there will be two 
A unknowns and two B unknowns to be established 
from other boundary conditions. Here s is the trans- 
form variable. 

The following cases have been studied by analytical 
and by numerical methods. 

Case I: Single ion of charge +1 reversibly trans- 
ferred from aqueous to organic phases (or the reverse) 
in supported electrolyte. 

Case II: Single ion of charge +1 reversibly trans- 
ferred from aqueous to organic phases in the absence 
of supporting electrolyte. 

Case III: Two ions of charge +1 and --1, respec- 
tively, reversibly transferred from aqueous-organic 
phases in the presence of supporting electrolyte. 

Case IV: Two ions of charge +1 and --1, respec- 
tively, reversibly transferred from aqueous-organic 
phases in the absence of supporting electrolyte. 

Case V: Single ion of charge +1 reversibly trans- 
ferred from aqueous to organic (or the reverse) in 
aqueous supporting electrolyte, but not organic-phase 
supporting electrolyte. 

Case VI: Two ions of charge +1 and --1, respec- 
tively, reversibly transferred from aqueous-organic 
phases with aqueous supporting electrolyte, but no 
organic-phase supporting electrolyte. 

Digital simulations were used to evaluate numeri- 
cally the nonlinear problems, Cases III and VL 

Concentration-distance-time profiles.IFOr the sim- 
plest classical case of one cation moving from aqueous 
to organic phase (left to right), typical depletion and 
accumulation regions are seen in Fig. 2. These results 
are essentially the same as those described by Delahay 
(34). When the supporting electrolyte is removed, 
as in Case II, the results are similar for the single ion 
cases. Transition times, discussed below, are signifi- 
cantly different. 

In Fig. 3, the transport of two ions of opposite 
charge in supporting electrolyte (Case III) is illus- 
trated. For positive current, depletion of aqueous 
cations and organic anions occur simultaneously. The 
transition time occurs when both surface concentra- 
tions reach zero. The concentration profiles for Case 
III are similar to Cases I and II, in the sense that 
cation depletion and accumulation occur in aqueous 
and organic phases, respectively, while simultaneous 
anion depletion and accumulation happen in the or- 
ganic and aqueous phases, respectively. 

Conversely, in Case IV, the most interesting result 
for a single salt without supporting electrolyte, is 
shown in Fig. 4. The response depends on all diffusion 
coefficients, current, concentrations, and partition co- 
efficients. For example, here the current is positive and 
K = 1; consequently surface concentrations are equal 
initially, and profiles show simultaneous depletion or 
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Fig. 2. Concentratlon-distance-time profiles for one univalent 
cation moving reversibly from aqueous to organic with inert, blocked 
supporting electrolyte. K ----1, I = 1 X 10 - 4  A/cm 2. 

Ion Charge Daq Dorg Caq Corg 

Rev. cation 1 0.3 0.75 1 X 10 - 3  1 X 10 - 3  
Inert 1 0.3 0.3 1 1 
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Fig. 3. Concentration-distance-time profiles for two, univalent, 
reversible ions moving: cation aqueous to organic; anions moving 
organic to aqueous with supporting, inert, blocked electrolyte. K = 
1,1 = 1 X 10 - 4 A / c m  2. 

Ion Charge Daq Dorg Caq Corg 

Iiev. cation 1 0.3 0.3 1 X 10 - 3  1 X 10 - 3  
Rev. anion - -1  0.3 0.3 i X 10 - 3  1 X 10 - 8  
Inert 1 0.3 0.3 1 1 
Inert - -  I 0.3 0.3 1 1 

to = 0;  t l  = 30;  t2 = 78.1 = ~. 

accumulation in both phases. Depletion occurs (for 
positive current) when t-+ < t+. 

Irreversible transport of one and two ions has been 
treated theoretically for the same cases. Rate constants 
can be expressed in several ways depending on whether 
rates are computed in the space charge region or in 
the bulk, and for unit activity or for equilibrium ac- 
tivities (30). In terms of the potential-independent 

"chemical" rate constants "kc and kc, individual ion 
fluxes can be written 

J•  : ~r177 (FC) a(bulk) exp [~zyA~] 

- ~ c •  (FC) a(bulk) exp[•  (1 -- a)zfh#] 
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Fig. 4. Concentration-distance-time profiles for two, univalent, 
reversible ions moving as in Fig. 3. No supporting electrolyte. K 
i ,  1 =  1 • 10 - 4 A / c m  2. 

p 

Ion Charge Daq Dorg eaq r 

(a, top) Electrosorption 
Rev. cation 1 0.3 0.75 1 X 10 - 3  1 X 10 -3  
Rev. anion --1 0.075 0.4 1 X 10 -3  1 X 10 -s  

to---- 0 ; t l  = 5 0 ; t 2 =  1 9 2 - - ~ .  

(b, bottom) Electrodesorption 
Rev. cation 1 0.075 0.3 1 X 10 -3  1 X 10 -3  
Rev. anion - - !  0.4 0.075 1 X 10 -s  1 X 10 -3  

to = 0; tt = 50; t2 ---- 94.5. 

with ~r --  ~ --  @, FC -- the  F r u m k i n  Correc t ion  --  
[exp {(a --  1)zf(~2 --  r -F z$(@ --  ~2)}] de r ived  p rev i -  
ously (30), for  ion t ransfers  a t  doubly  diffused in t e r -  
faces. The simplif icat ion in terms of bu lk  concent ra -  
tions gave approx ima te  formal  express ions  for fluxes 

J •  --  ks• c e x p [ ~  azfh~] --  kb• c e x p [ _  (1 --  a)z]h.@] 

Signs app ly  to mobi le  posi t ive and negat ive  ions. 
The pr inc ipa l  resul ts  of the theory  using digi ta l  

s imula t ion  are  hypothe t ica l  chronopotent iograms and 
log ana ly t ica l  plots. The character is t ic  behavior  f rom 
dis t inguishable  two-wave ,  k ine t ica l ly  l imi ted  cases to 
merged,  undis t inguishable ,  s ing le -wave  behavior  has 
been i l lus t ra ted.  When  both  ions are  s low (10 -11 < 
k4 < 10 "-~ cm/sec) ,  but  one of the ions has a f o rw a rd  
ra te  constant  four  orders  of magni tude  or  more  l a rge r  
than  the other,  two dis t inct  waves  are  predicted.  As 
kf for each ion approaches  a common value,  a single, 
to ta l ly  i r r evers ib le  wave  is found. Merging  of two 
waves  into an unusual  s ing le - t rans i t ion  t ime chronopo-  
t en t iogram is the in te rmedia te  result .  Merging  of two 
i r revers ib le  waves  into a single, revers ib le  wave  can 
also occur when  the ra te  constants  are  a l lowed to 
increase.  

Log ana ly t i ca l  plots of separa ted  waves  give ex-  
pected i r revers ib le  slopes, RT/~F. Sub-Nerns t i an  cu rv -  
a tu re  at  t imes near  the t rans i t ion  t ime is character is t ic  
o f  in ter ference  by  a second t ranspor t ing  ion of the  
same or  opposi te  charge.  

Results 

Aqueous ionic strength e~ects.--In solutions of low 
ionic s trength,  both  diffusion and migra t ion  p l ay  im-  

por tan t  roles in the de te rmina t ion  of chronopotent i -  
ometr ic  t rans i t ion  t imes (~). The effects have been 
ex tens ive ly  s tud ied  by  Morris  and Lingane  for redox  
processes at  me ta l  surfaces (35-36). I t  has also been 
proposed tha t  s imi lar  var ia t ions  of �9 wi th  ionic 
s t rength  should be observed (29) ..for s ingle ion t r ans -  
por t  across a l iqu id / l iqu id  interface.  The resul ts  should 
depend  only  on the ionic s t reng th  of the  l iquid f rom 
which the ion is existing. Migra t ion  becomes most  im-  
por tan t  when the concentra t ion of suppor t ing  e lec t ro-  
ly te  is equal  to or  less than the  concentra t ion of the 
t ranspor t ing  ion. Expe r imen ta l  verif icat ion of this  is 
shown in Fig. 5 for the  t r anspor t  of t e t r a b u t y l a m m o -  
n ium (TBA + ) f rom wate r  to n i t robenzene  at  var ious  
concentrat ions of aqueous NaC1. Qual i ta t ive  agreement  
be tween  the theory  (29) and exper imen ta l  observa t ion  
of the dependence  of the  t rans i t ion  t ime on suppor t ing  
e lec t ro ly te  is ve ry  good. 

The t rans i t ion  t ime for a un iva len t  ion in suppor t ing  
e lec t ro ly te  is g iven by  the Sand  equat ion 

c+F(D+)I/2 

2I 

For  a un iva len t  ion wi th  no suppor t ing  electrolyte ,  the  
t rans i t ion  t ime is (30) 

c + F [ 2 ( D +  4- D_) (D+~/D_)]v2 
TV2 .-- 

2I 

The relationship between the transition times can be 
expressed as 

2(D+ + D - )  
T t m s u p p  ~ -  ' T s u l ) p  

D -  

where  D+ and D -  a re  the diffusion coefficients of the  
t r anspor t ing  ion and its anion, respect ively,  in the 
phase  f rom which the cation exists. The diffusion co- 
efficient for TBA + can be calcula ted f rom its t rans i t ion  
t ime in suppor ted  electrolyte .  The value  obta ined  is 
6.2 X 10-6 cm2/sec. The t abu la ted  va lue  for C1- is 
2.03 X 10 -5  cm2/sec (37). F r o m  these, theory  predicts  
a t rans i t ion  t ime of 40 sec for the to ta l ly  unsuppor ted  
system, in good agreement  wi th  the  observed va lue  of 
38 sec.. 

Anticipated equilibrium potential "window" for two 
salt systems: MX, M Y . - - F o r  a typica l  two-phase ,  
wa te r /n i t robenzene  sys tem conta ining equ i l ib ra ted  
salts  MX and MY, some MX and MY wil l  be found in 
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Fig. 5. Variation of transition time vs.  concentration of support- 
ing electrolyte (LiCI). Aqueous solution of TBACI 5.7 X 10 -4M;  
nitrobenzene solution TBATPB 2 X 10-2M;  current density: 47 
~A/cm 2. 
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each phase. The concentrations in each depend on the 
salt partition coefficients KM/K x and KM/K Y. When 
M + is a short chain tetraalkylammonium ion TAA + 
and X ___ CI-, while Y -- tetraphenylborate (TPB-) ,  
MX is predominately in water while TAATPB is pre- 
dominately in nitrobenzene. This result, determined 
experimentally, can now be predicted from tabulated 
values (Table I) of Ki or G(trans. w -* 0) (25, 38). For 
this example we have chosen Ky > >  Kx and from the 
relation aG ---- - -RT  In Ki, the transfer free energy for 
X is more positive than the value for Y. 

The interracial p.d. for an entirely equilibrated sys- 
tem containing constant MY -- 10-~F in nitrobenzene 
with variable added formality of MX, can be calcu- 
lated. For illustration, consider a system with Ky ---- 
106, KM "- 102, and Kx -- 10 -~. The interracial p.d. 
Ae -- e -- r is shown in Fig. 6. The potential "window" 
is determined by the p.ds. for excess NIX (point A) 
and pure MY (point E). The limiting p.d. at point A is 
given by 

~ = ~ l n  = --118 mV at 25~ 
2f KXTM~X 

while at point E 

1 [ KM"/M~y ] 
~,~ = ~ I n  -z = --118 mV at 25~ 

2f KrVM'CV 

(Activity coefficient values have been assumed to be 
unity.) At point A, Donnan Exclusion by Y is violated, 
while at infinite dilution of MX the interracial p.d. is 
determined by extraction equilibrium of MY at point E. 

In the midrange of the figure, point C, the response 
approaches Nernstian behavior. In the transition re- 
gions, points B and D, the p.d. equations are quadratic 
(31). The potential window depends on the ratios 
KM/Kx and KM/KY. The response along the activity 
axis depends on the extraction coefficient products 
KMKx and KMKy. 

Effects of aqueous alkali cations on the potentiaZ 
window. - -There  is very little freedom in choice of 
acceptable aqueous supporting electrolytes for general 
ion transport studies. The tendency for support cations 
to carry current, in addition to the cation being studied, 
is related to the free energy of transfer for the co- 
cation. The most hydrophilic co-cations are required to 
obtain the best negative-going potential limit. The 
limited potential range is illustrated by comparing the 
chronopotentiograms of TBA + transport from water 
to nitrobenzene using various aqueous alkali chloride 
solutions, Fig. 7. The ultimate negative potential limit 
is determined by TPB-  transport. The TBATPB elec- 
trolyte gives a range of about 375 mV for observation 
of the TBA + chronopotentiogram. This accessible 
range, required for sharp breaks with easily deter- 
mined �9 values, is attainable with LiC1, and NaC1 is 
also acceptable. Clearly, Cs +, Rb +, and K + are un- 

Table I. Standard Gibbs energies of transfer from water to 
nitrobenzene, single ion partition coefficients (nitrobenzene over 

water), and the standard electrical potential difference, Cn'r (38) 

h G ~  
I o n  ( k J / m o l )  k.l.~. /,r ~, ,,,, (V) 

L i  + 38.2 2.10 • 1O-~ - 0 . 3 9 5  
Na+ 34.2 1.04x 10 -e --0.354 
K + 23.4 8.12 x 10 4 --0.242 
R b  + 19.4 4.01 x 10 4 - 0 . 2 0 1  
C s +  15.4 2.05 x 10 -~ - 0 . 1 5 9  
T M A  § 3.4 0.256 - 0.035 
TEA+ - 5.7 9.94 0.059 
TPA+ --15.5 5.06 x 102 0.160 
TBA+ - 2 4 . 0  1.55 x 104 0.248 
T P B -  - 3 5 . 9  1.94 x l 0  o - O  372 
I -  18,8 5.06 x 10 .4 0.195 
B r -  28.4 1.03 x 10 -5 0.295 
CI-  31.4 3.34 x 10 -e 0.324 

120 I I I I ~ I ,~ 
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Fig. 6. An example of the potential "window." Computation for 
two salts: MX mainly water soluble and MY mainly oil soluble. 
Formal concentration of MY = 10-2; slngle-ion partition coeffi- 
cients Ky = 106, KM = 102 , and Kx = 10 -2  �9 The computed 
potential window is 336 mV. CM and cx and added concentrations, 
e.g., formal concentrations. 
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Fig. 7. Overvoltage-time curves for aqueous solution of TBACI 
8 X 10-4M; nitrobenzene solution of current density: 59 #A/cm 2. 
Curve a, 0.1M LiCI; b, 0.1M NaCI; c, 0.1M KCI; d, 0.1M RbCI; and 
e, 0.1M CsCI. 

acceptable as supporting electrolyte cations in many 
transport studies. 

As the small potential window for observing ion 
crossings via chronopotentiometry is diminished, tran- 
sition regions are spread out and �9 values are more dif- 
ficult to determine. The source of this effect is current 
distribution (between the ion under study and other 
electrolyte components) at times near the transition 
time, i.e., the cation of the aqueous supporting electro- 
lyte (or the anion of the organic supporting electro- 
lyte) carries part of the current. This distribution is 
apparent when the potential is plotted against -- In [1 
-- (t/T)v2]. Figure 8 shows these plots for the chrono- 
potentiograms in Fig. 7. As more current is carried by 
the supporting electrolyte at long times, the log anal- 
ysis plots show a marked sub-Nernstian deviation from 
linearity, This deviation becomes greater as the in- 
terference increases. Although it is not illustrated here, 
the effect of varying the anion of the organic support- 
ing electrolyte (in this case TPB-)  is equivalent to 
changing the cation of the aqueous supporting electro- 
lyte. 

While not as important as the partitioning of current 
at long times, another cause of sub-Nernstian deviation 
in the log analysis plots is the limited solubility of 
most TAATPB salts in nitrobenzene (particularly for 
the low molecular weight TAA+'s). The result is a 
breakdown of the assumption that the surface con- 
centration of the transported ion on the entrance side 
is approximately constant, a requirement needed to ob- 
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Fig. 8. Log analysis plots of curves in Fig. 7 

ta in l inear  log analysis  plots. This resul t  has  prev ious ly  
been descr ibed in deta i l  (29). 

Aqueous anion effects.--There are  two effects of 
anions on observed chronopotent iometr ic  t rans i t ion  
t imes of the T A A  + cation. These arise f rom re la t ive  
anion hydrophobici t ies .  Firs t ,  the iner t  sal t  in the  
aqueous phase can pa r t i t ion  into the  organic phase. 
This results  in t r anspor tab le  anions, e.g., I -  f rom NaI, 
C104- f rom NaC104, etc., t ha t  can be carr ied  back  
into the  aqueous phase as TAA + moves under  posi-  
t ive current .  Second, the sal t  TAAX can par t i t ion  into 
the organic phase. The effect on chronopotent iograms 
is one of a l te r ing  the t rans i t ion  t ime,  but  not  creat ion 
of a second wave.  If  only  t r anspor t  of TAA + is de-  
sired, the aqueous suppor t ing  e lec t ro ly te  needs to be 
LiF,  LiC1, NaF, or NaC1. 

Typical ly ,  par t i t ion ing  causes t r anspor t  by  both  
TAA+ and X - .  The resul t  m a y  be  a longer  or  a 
shor ter  t rans i t ion  t i m e  depending on D + vs. D- .  When 
al l  of the T A A  + is ex t rac ted  into the organic  phase, al l  
cur ren t  is car r ied  by  X - .  If  excess X -  is in the organic  
phase, as in the case of TAAI  in NaI, the  t rans i t ion  
t ime wil l  be increased over  that  of T A A  + alone. Fo r  
suppor t ing  e lect rolytes  containing oi l -soluble  anions 
such as I -  and C104-,  the dominan t  factor  i s t h e  solu-  
b i l i ty  of TAAX in ni trobenzene.  As shown in Fig. 9, 
when  NaI  or  NaC104 is used as the suppor t ing  e lect ro-  
lyte,  al l  of the TBA + has par t i t ioned  into the  n i t ro-  
benzene as TBAX. When  cur ren t  is passed,  only  I -  
is t r anspor ted  f rom the n i t robenzene  to wa te r  (or  
C104- if NaC104 is used) .  The  change in the ini t ia l  
potent ia l  r equ i r ed  to pass cur ren t  (TBA+ vs. I -  vs. 
C104-)  provides  a key  to the  t r anspor t ing  ion and 
reflects the re la t ive  solubi l i ty  of the  t r anspor t ing  ion 
in the  two phases. S t a n d a r d  Gibbs free energies  of 
t ransfe r  f rom wa te r  to n i t robenzene and s t anda rd  elec-  
t r ical  po ten t ia l  differences be tween  these phases have 
been calcula ted and repor ted  for severa l  ions (25, 38). 

The complicated in te rmedia te  case arises when  a 
s l igh t ly  o i l -soluble  anion is used as the suppor t ing  
electrolyte.  A n  example  is B r -  tha t  par t i t ions  (as 
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Fig. 9. Overvoltage-time curves for aqueous solutions of TBACI 
1 X 10-8M; organic solutions of TBATPB 2 X 10-~M; current 
density 62.5 ~A/cm 2. Curve a, 0.1M NaCI; b, 0.1M NaBr; c, 0.1M 
Nal; and d, 0.1M NaCIO4. 

TAABr)  into the n i t robenzene  and increases the net  
concentra t ion of t ranspor t ing  ions. The resul t ing  in-  
crease in the  t rans i t ion  t ime is shown in Fig. 9. Since 
the  concentra t ion of suppor t ing  e lec t ro ly te  is two to 
three  orders  of magni tude  l a rge r  than  the concentra-  
t ion of the ion to be studied,  the sal t  pa r t i t ion  coeffi- 
cient of the suppor t ing  e lec t ro ly te  does not need to be 
ve ry  la rge  to yie ld  pro longed t rans i t ion  t imes. 

Examples of two-ion transport.--When the  f o rwa rd  
ra te  constants  of two ions differ by  one o rde r  of magni -  
tude or  less, only  one wave  is predicted.  This behavior  
is seen in  the co- t ranspor t  of TBA + and I - .  S imul t ane -  
otis t r anspor t  of two opposi te ly  charged ions can be 
achieved through the use of mixed  suppor t ing  e lec t ro-  
lytes. Fo r  example ,  Fig. 10 shows the chronopotent io-  
grams for  a 9 X 10 -4 solution of TBAC1 wi th  combina-  
tions of NaCI and NaI  used as the aqueous suppor t ing  
electrolyte .  For  r e l a t ive ly  smal l  amounts  (0.04M) of 
NaI in the suppor t ing  electrolyte ,  the t ranspor t  in-  
volves both  TBA + from wate r  to n i t robenzene and I -  
f rom ni t robenzene to water .  Since the potent ia ls  at  
which  the two ions t r anspor t  are  close, on ly  one wave  
is observed in the chronopotent iogram.  At  h igher  con- 
centra t ions  of NaI, all  cu r ren t  is car r ied  by  I - .  

Two- ion  t r anspor t  can also resul t  in the appearance  
of two separa te  waves. An  example  of this effect for  
two ions of opposi te  charge is the  t ranspor t  of t e t r a -  
e thy l ammon ium + (TEA + ) f rom wate r  to n i t robenzene 
and I -  f rom ni t robenzene  to water ,  Fig. l l a .  S imi la r  
po ten t i a l - t ime  t ransients  a re  obta ined for  the  crossing 
of TBA + and TEA + from water  to n i t robenzene shown 
in Fig. l l b .  In  suppor ted  e lec t ro ly te  solutions, s imul-  
taneous crossing of two opposi te ly  charged ions is 
v i r tua l ly  indis t inguishable  f rom the t r anspor t  of two 
ions of the same charge. 
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Fig. 10. Simultaneous two-ion transport; aqueous solution 
? X 10-4M TBACI; organic solution 2 X 10-2M TBATPB; cur- 
rent density 59 #A/cm2. Curve a, 0.1M NaCI; b, 0.1M NaCI 4- 
1.4 X 10-2M Nal; and c, 0.1M NaCI + 0.1M Nal. 
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(a) Aqueous solution of 2.8 X 10 - 4 M  TEACI and 0.1M L!CI; 
organic solution of tetraheptylammonium iodide 6.6 X 10 -4M and 
7.0 X 10-SM tetraheptylammonium tetraphenylborate; current 
density 59 ~A/cm 2. First process I - (org)  --> I - (aq) .  Second process 
TEA + (aq) --> TEA .+ (org), 
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(b) Aqueous solution of 4.8 X 10-4M TBACI, 2.6 X 10-4M 
TEACI, and 0.1M LiCI; organic solution of 2 X 10 -2M TBATPB; 
current density 125 ~A/cm 2. 

Fig. 1 i. Two-step ion transport. 

Comparison of various cation crossings.mRepresenta- 
t ive  chronopotent iograms for  the t r anspor t  of severa l  
TAACI's  a re  s h o w n  in Fig. 12. As expected,  as the  
T A A  + becomes less oil  soluble, a more  negat ive  po-  
ten t ia l  must  in i t i a l ly  be appl ied  to pass current .  In  
the  case of  t e t r a m e t h y l a m m o n i u m  ion (TMA +),  the  
potent ia l  difference be tween  the  t r anspor t  of TMA + 
and tha t  of T P B -  is too smal l  to provide  an accurate  
t rans i t ion  t ime. Even  wi th  a c lear  b r e a k  in the  po ten-  
t i a l - t ime  t ransient ,  accurate  de te rmina t ion  of the t r an -  
sit ion t ime  can be  difficult. We have used the Kuwana  
method  in which the t rans i t ion  t imes are  de te rmined  
by  ex tend ing  tangent ia l  l ines f rom the two inflection 
points  on the chronopotent iogram.  T is t aken  to be the  
t ime be tween  the beginning  of cur ren t  flow and the 
in tersec t ion  po in t  of  the  two lines. Unfor tuna te ly ,  

onset of t r anspor t  by  a second ion ( T B P -  in this ex -  
ample)  affects the  slope of one tangent ,  t he reby  a l t e r -  
ing the point  of in tersect ion and changing the appa ren t  
z. As the poten t ia l  window diminishes,  measured  t r a n -  
s i t ion t imes become shorter .  This effect is, un fo r tu -  
nately,  not  not iceable  for var ious  solutions having  
different  concentrat ions of the same t r anspor t ing  ion 
and suppor t ing  e lect rolyte ,  and i t  is not  affected by  
current  densities.  A p p a r e n t l y  constant  iT'/2/c values are  
obta ined for a given sa l t  system, but  these reproducib le  
values  cannot  be considered accurate.  

A method  of curve superpos i t ion  at  shor t  t imes  im-  
proves accuracy  for a given t ranspor t ing  ion. Com- 
par ison of t rans i t ion  t imes for  solutions conta ining 
different  aqueous suppor t ing  e lect rolytes  (same anion, 
different  cations in Fig. 7) shows the var ia t ion  of T 
values.  Using these uncorrec ted  t rans i t ion  t ime values 
would  r e su l t  in logar i thmic  plots  each wi th  different  
in i t ia l  s lope and inaccura te  de te rmina t ion  of t ransfe r  
coefficients. F igure  8 shows the logar i thmic  plots  af ter  
correct ion of �9 values  for  second ion t ranspor t .  

A more  difficult p rob lem is de t e rmina t ion  of �9 for 
different  t ranspor t ing  ions as in Fig. 11. The in t e r -  
ference of T P B -  t r anspor t  dur ing  s imul taneous  cation 
t ranspor t  for  the less o i l -soluble  ammonium ions dis-  
torts  the shapes of the  po ten t i a l - t ime  profiles and  
shortens the measured  t rans i t ion  times. Superpos i t ion  
is not  a v iab le  process and var ia t ion  of a lpha  wi th  
a lky l  chain length  is difficult to measure.  Transfer  co- 
efficients for  a few T A A + ' s  have been r epor t ed  (10), 
bu t  these  values seem much too low. Accura te  mea -  
su rement  of these quant i t ies  is fundamen ta l  to the 
unders tand ing  of the ba r r i e r  at the l iqu id / l iqu id  in t e r -  
face. 

Distor t ion of chronopot,entiogram shape is g rea te r  
when T A A  + ions la rger  than  t e t r abu ty l  are  studied. 
F igure  13 shows the resul ts  for the t r anspor t  of t e t r a -  
pen ty l ammon ium ions. The shape of this t rans ien t  
c lear ly  shows adsorpt ion  of  the cation at  the interface.  
Evaluat ion of ra te  constants and t ransfe r  coefficients 
may  not  be possible  using convent iona l  da t a  t rea tment .  

Conclus ion  

Smal l  potent ia l  windows and re l a t ive ly  low solu-  
b i l i ty  of p resen t ly  avai lable  organic  suppor t ing  elec-  
t ro lytes  res t r ic t  the number  of ions whose behav ior  at  
a l i qu id / l iqu id  in terface  can be studied. The tendency  
for la rge  ions to adsorb  at  these in terfaces  creates 
fur ther  difficulties in the analysis  of k inet ic  p a r a m e -  
ters. Two- ion  successive or s imul taneous  co- t ranspor t  
is expected to be a f requent  occurrence,  a phenomenon 
that  mus t  be recognized if the chronopotent iograms are  
to be correc t ly  in terpre ted .  The l imi ted  potent ia l  win-  
dow makes  accurate  de te rmina t ion  of t rans i t ion  t imes 
much  more  difficult than  for redox processes at  a 
me t a l / l i qu id  interface.  Unt i l  this  p rob lem can be re -  
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solved, it is unlikely that meaningful kinetic parame- 
ters can be obtained. 

Manuscript submitted April 12, 1982; revised manu- 
script received Aug. 10, 19~2. This was paper 635 pre- 
sented at the Montreal, Quebec, Canada, Meeting of 
the Society, May 9-14, 1982. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1983 
JOURNAL. All discussions for the December 1983 Dis- 
cussion Section should be submitted by Aug. 1, 1983. 

Publication costs of this article were assisted by the 
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Applications of Porous Flow-Through Electrodes 
I. An Experimental Study on the Hydrogen Evolution Reaction on Packed Bed Electrodes 

B. G. Ateya *'l and E. S. Arafat 

Department of Chemistry, Faculty of Science, Cairo University, Cairo, Egypt 

ABSTRACT 

This work was aimed to test the possibility of using porous (packed bed) flow-through electrodes for generating hydro- 
gen electrolytically. It has been shown that this electrode system can be used for this purpose. The system chosen for study 
was copper electrodes in H2SO4 media. Measurements were obtained over a range of variables, e.g., particle size, flow rate, 
and electrode material and thickness. Over the tested range of variables, variations in the electrolyte flow rate did not affect 
the current-polarization relations. On the other hand, the electrolyte concentration was found to affect the current- 
polarization relations. This behavior has been accounted for. It was concluded that concentration polarization is negligible, 
and the polarization behavior of the electrode is controlled by activation polarization, and by the ohmic potential drop in the 
pore electrolyte. The effect of electroplated Ag and Pt on the current-polarization relations has been evaluated and 
explained. 

The electrolysis of water has long been the means of 
obtaining pure hydrogen. At the present time, there is 
a recurrent interest in hydrogen as a medium for en- 
ergy storage and transport. A good deal of the liter- 
ature pertain~n~g to this subject is available in several 
chapters, books, and symposia proceedings (1-5). An 
electrolysis cell consists of two electrodes separated by 

~ Electrochemical Society Active Member. 
1 Present address: Faculty of Science, University os the United 

Arab Emirates, A1-Ain, Abu Dhabi. 

an ion-permeable membrane while an aqueous basic 
solution circulates between them. The design and con- 
struction of industrial water electrolyzers has received 
considerable attention. Nevertheless, conventional elec- 
trolyzers operate with essentially primitive electrodes, 
being usually in the form of steel plates coated with a 
thin layer of nickel. It is recognized that the major 
part of power consumption in water electrolyzers is 
used to overcome the various types of polarizations, 
e.g., activation and ohmic polarizations. Consequently, 
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a large  decrease in the ac t iva t ion  polar iza t ion  a n d / o r  
in the  ohmic potent ia l  drop  would  const i tute  a signifi-  
cant  improvemen t  in the  power  consumpt ion  of this 
process. 

The e lect rode react ions  of wa te r  electrolysis ,  namely ,  
hydrogen  and oxygen  evolut ion,  a re  ve ry  s low on al l  
but  the noble  metals ,  e.g., Pt, Ir,  Pd  . . . .  , etc. The use 
of such mate r ia l s  is exc luded for obvious reasons. Since 
the ra te  of an e lec t rochemical  react ion increases  wi th  
the surface a rea  of the  electrode,  i t  is possible  to in-  
crease the  reac t ion  ra te  considerably-, at  the same level  
of polar izat ion,  by  using porous ( th ree -d imens iona l )  
electrodes.  These  e lect rodes  possess ve ry  la rge  t rue  
( in te rna l ) ,  compared  to appa ren t  ( ex te rna l ) ,  surface 
areas. The  specific surface a rea  of a porous e lect rode 
( a r ea /un i t  volume)  m a y  be severa l  powers  of 10 de-  
pending  on the s t ruc tu ra l  p roper t ies  of the e lec t rode  
mater ia l .  

Porous electrodes work ing  on l iquid reac tants  m a y  
be classified according to the  p redominan t  mode of 
mass t rans fe r  into flooded diffusion electrodes,  where  
the reac tan t  ions are  t r ans fe r red  to the in te r io r  of the 
e lec t rode  b y  diffusion, and  f low- through  eIectrodes,  
where  the  reac tants  are  t rans fe r red  by  forced convec- 
t ion (mass flow) th rough  the electrode.  A flooded d i f -  
fusion e lec t rode  does not  pe r fo rm  pa r t i cu l a r ly  wel l  
for gas evolut ion react ions  since the evolved gas dis-  
places  the e lec t ro ly te  away  from the in te rna l  surface 
of the  e lec t rode  (6). Eventual ly ,  only  the  ex te rna l  su r -  
face of the  e lec t rode  remains  ava i lab le  for the reac-  
tion, and the  porous e lect rode behaves  much l ike  a 
p l ana r  electrode.  This p rob lem can be e l iminated  by- 
using f low-through electrodes.  As a resul t  of the con- 
t inuous flow of e lectrolyte ,  the resul t ing  gas bubbles  
a re  swep t  away.  In fact, e lec t ro ly te  c i rcula t ion was 
found to have a significant effect in lower ing the  ohmic 
potent ia l  drop,  due to gas bubbles  in a convent ional  
ver t ica l  cell  wi th  p l ana r  e lectrodes (7). 

In  this  paper ,  we presen t  the p r e l i m i n a r y  exper i -  
men ta l  resul ts  ob ta ined  on the cur ren t -po la r i za t ion  re -  
la t ions  of the  hydrogen  evolut ion  react ion (HER) at  a 
porous f low- through elect rode f rom a sulfide acid so-  
lution. The e lec t rode  ma te r i a l  was copper  part icles .  
These par t ic les  were  subsequent ly  e lec t rop la ted  in situ 
with  e i the r  Ag or  Pt. The effects of these noble  meta ls  
on the  cur ren t -po la r i za t ion  re la t ions  were  measured  
and expla ined.  

Experimental 
Steady - s t a t e  cu r ren t -po ten t i a l  re la t ions  were  mea -  

sured  for  HER in HeSO4 at  var ious  concentra t ions  and 
flow rates.  The deta i l s  of the  cell have been  repor ted  
e l sewhere  (8).  F igure  1. shows a schematic  of the  a r -  
r angemen t  of the  porous electrode,  countere lec t rode,  
and the respect ive  direct ions of cur ren t  and e lec t ro ly te  
flow. A constant  e lec t ro ly te  flow speed was ma in ta ined  
using a s imple  flow sys tem wi th  a constant  pressure  
head. The e lect rodes  were  in  the fo rm of packed  cy-  
l indr ica l  beds  2 cm in d i a m e t e r  and 2.1 cm long corn- 

coun fe r  
e [ec f ro  de 

porous e{ecfrode 

e[ectr olyfe electrolyte 

v c r n s  - l  

Fig. I. Schematic of the arrangement of electrode and electro- 
lyte flow. Curves 1-4 represent distribution of reaction rate for 
increasing electrolyte conductivity (for 1-4) see text. 

posed of copper  part icles .  Some elect rodes  were  made  
of spher ica l  par t ic les  about  0.03 cm average  d iam (spe-  
cific surface a rea  as measured  by  l iquid pe rmeab i l i t y  is 
S -~ 130 cm2/cm3), and  others  were  made  of wire le ts  
0.2-0.3 cm long and 0.04 cm in d i am (S --  175 cm~/ 
cm3). The poros i ty  for  bo th  was 0.47. Copper  par t ic les  
were  used for reasons of  cost and avai labi l i ty ,  and 
H2SO4 to ensure tha t  the  e lec t rode  surface was ox ide-  
free. In  pr inciple ,  any  good conduct ing ma te r i a l  can be 
used for p repa r ing  the porous electrode.  

One of the e lectrodes (spherical  par t ic les )  was sub-  
sequent ly  e lec t ropla ted  wi th  s i lver  in situ using a di-  
lute solut ion of s i lver  cyanide complex,  whi le  the o ther  
was s imi la r ly  coated wi th  p la t inum f rom a di lute  solu-  
t ion of hexachloropla t in ic  acid. 

Measurements  were  t aken  ga lvanos ta t ica l ly  at  25 ~ 
+_ 2~ The direct ion of e lec t ro ly te  flow was opposi te  
to tha t  of  the current .  The packed  bed e lec t rode  was 
held in a ver t ica l  position. The e lec t ro ly te  en te red  
th rough  the lower  end and ex i ted  th rough  the uppe r  
end which  faced the counterelect rode.  The potent ia l  
was measured  at  both  ends using Hg/Hg2SO4 reference  
electrodes wi th  fine Luggin  capi l lar ies .  We repor t  be -  
low only the polar iza t ion  at the  exi t  side, because i t  is 
the value  of prac t ica l  in teres t  (a f te r  correct ing for  the 
ohmic potent ia l  drop ex te rna l  to the  e lec t rode) .  The 
polar izat ion was defined f rom the the rmodynamic  equi-  
l ib r ium potent ial ,  and was correc ted  for the l iquid 
junct ion  potent ia l  be tween  the e lec t ro ly te  solut ions in-  
s ide and outs ide the  t ip of the Luggin  capi l lary.  

Results and Discussion 
E~ects o~ electrolyte concentration and flow ra t e . -  

The effect of acid concentra t ion on the c u r r e n t - p o l a r -  
izat ion relat ions,  at  var ious  flow rates,  is shown in Fig. 
2-4 for Cu electrodes and Ag-  and P t - coa t ed  electrodes,  
respect ively.  The results  on Cu show cons iderab ly  more  
random scat ter  than  those on Pt  and Ag. This may  be 
a t t r ibu ted  to possible differences in the mechanism of 
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Fig. 2. Effect of the sulfuric acid concentration on the current- 
polarization relations for the HER on Cu electrodes. 
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Fig. 4. Effect of the sulfuric acid concentration on the current- 
polarization relations for the HER on Pt-coated Cu electrodes. 

bubble  growth  and release on the different  meta l  su r -  
faces. An  increase  of e lec t ro ly te  concentra t ion causes 
a decrease  in  polar iza t ion  at  a cer ta in  cur ren t  for  
e i ther  Cu, Ag, or  Pt. At  this level  of acid concentra-  
tion, the  conduct iv i ty  increases wi th  concentrat ion.  
This decrease  in polar iza t ion  m a y  be due to one or  
more  of the fo l lowing reasons:  ( i) .  Decrease  of the 
magni tude  of concentra t ion polarizat ion.  (ii). Decrease 
of the ohmic potent ia l  drop in the  pore  e lec t ro ly te  as a 
resul t  of the increase  of its conduct ivi ty.  The l a t t e r  is 
necessar i ly  accompanied by  a more un i form d i s t r ibu-  
t ion of the react ion wi thin  the porous e lec t rode  (see 
Fig. 1). In  less conduct ive  electrolytes ,  and due to the  
difficulty of ion t ranspor t ,  most  of the react ion is local-  
ized in a th in  react ion zone near  the end of the elec-  
t rode  (9, 10). Consequently,  the cur ren t  t ravels  only  a 
shor t e r  distance in a more  res is t ive  medium.  Under  
this  condition, a large  par t  of the in te rna l  surface of 
the  e lec t rode  is not  pa r t i c ipa t ing  in suppor t ing  the re -  
action. (iii). Decrease of the  act ivat ion polar izat ion.  
This is a consequence of the increase  in  the surface 

area  par t ic ipa t ing  in the  reaction, as a resul t  of the  
more  un i fo rm dis t r ibut ion  of the react ion inside the  
pores (see above) .  

I t  appears  tha t  concentra t ion polar izat ion is not  a 
possible  cause of the observed  effect, since, as dis-  
cussed below, the hydrogen  ion concentrat ion is not 
s ignif icantly deple ted  upon passage of the  e lect rolyte  
through the electrode. 

The resul ts  of Fig. 2-4 also show that  the flow speed 
of the e lectrolyte ,  over  the tested range,  has no effect 
on the cur ren t -po la r iza t ion  re la t ions  for Cu, Ag, and 
Pt. This can only  be t rue if the re  is no significant de-  
crease in the  hydrogen  ion concentra t ion inside the 
electrode,  and, hence, no significant concentra t ion po-  
larizat ion.  This conclusion can be suppor ted  by  the 
fol lowing argument .  In  a porous f low-through elec-  
trode, the  cur ren t  dens i ty  (per  uni t  of cross-sect ional  
a rea)  is given b y  

i = nFv (RI -- Ro) 

: ~FvRi (1 -- Ro/Ri) 

where  i is the  cur ren t  density,  F is the  F a r a d a y  con- 
stant,  v is the  e lec t ro ly te  flow speed, and Ri and Ro are  
the inlet  and the out le t  reac tan t  concentrat ions.  Fo r  

m o s t  of the  resul ts  r epor ted  here, v - -  0.05 cm sec -1, Rl 
0.5N, and i ~ 200 rnA cm -2. Therefore,  (Ri --  Ro)/ 

Ri ~ 10%, and concentra t ion var ia t ions  inside the po-  
rous e lec t rode  are  negligible.  Hence, i t  is concluded 
that  the  polar iza t ion  (power)  loss of the electrode,  un-  
der  the present  exl~erimental  conditions,  is caused by  
both  act ivat ion polar iza t ion  and ohmic potent ia l  drop 
in the  pore electrolyte .  

The concentra t ion effect, shown in Fig. 2-4, does not  
cont inue much above 1N H2SO4. Thus, i t  was found 
tha t  the  cur ren t -po la r i za t ion  re la t ions  in 1-3N H2SO4 
solutions are  v i r t ua l l y  the  same, as shown in Fig. 5a-c 
for Cu, Ag, and Pt  surfaces. This becomes more  sur -  
pr is ing in view of the fact tha t  the specific conductance 
of  0.5, 1, and 3N sulfuric  acid solutions are  about  0.1, 
0.2, and  0.5 1% -1 cm -1, respect ively.  Thus, whereas  
about  a twofold increase of conductance  ( f rom 0.5 to 
1N) br ings about  a 200 mV decrease  in polar izat ion (a t  
a cur ren t  of 20 m A  c m - g ) ,  a g rea te r  increase  ( f rom 1N 
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HER on Pt-coated electrodes in 1 and 3N H~SO4. 

to 3N) hardly causes any decrease in polarization. This 
phenomenon may result from the interplay of some in- 
terrelated, and possibly opposing factors, resulting 
from resistance variations. Thus, as the resistance of 
the electrolyte increases, most of the reaction is lo-  
calized in a narrow region near the (exit) end of the 
electrode (see above).  Since the surface area of this 
reaction zone is less than that of the entire electrode, 
a corresponding increase in activation polarization is 
necessary if the electrode is to support the same cur- 
rent output. On the other hand, most of the current 
travels only a short distance albeit in a more resistive 
medium. Under some conditions, this might result in 
a decrease of the overall ohmic potential drop in the 
pore electrolyte. There is an obvious optimization prob- 
lem which needs to be dealt with, but it appears that 
above IN H2SO4 the two effects balance each other. 
The situation is admittedly more complex because of 
the profuse hydrogen evolution taking place inside the 
pores which generates vigorous convection. The gas 
bubbles are l ikely to change the electrolyte resistance, 
current distribution, and to insulate some of the in- 
ternal area of the electrode from the electrolyte. These 
effects may also be current-dependent in v iew of the 
findings (11, 12) that the size and velocity of the hy-  
drogen gas bubbles evolved on planar electrodes and 
their hydrodynamic effects depend on the current. A 
more quantitative explanation of this concentration ef- 
fect necessarily requires the development of an ade- 
quate model. Work in this direction is underway. 

E~ect of electrodeposited Ag and Pt.--Figures 6a-c 
show the effect of electroplated Ag and Pt on the cur- 
rent-polarization relations for hydrogen evolution from 
0.5, 1, and 3N H2SO4, respectively. The results are pre- 
sented for various flow speeds at each acid concentra- 
tion. The general trend of the results is quite clear re- 
gardless of the acid concentration of flow rate. Thus, 
at the same polarization, the Pt-coated surface sup- 
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ports more current than the Ag-coated surface, which 
in turn supports more current than the copper elec- 
trode surface. This effect of the electroplated metals 
(Ag and Pt) can be explained on the basis of their 
better catalytic activity towards the HER, which is 
in the order of Pt > Ag > Cu. This sequence has been 
amply confirmed on planar electrodes (13). 

Conclusions 
The main objective of this work was to test whether 

porous flow-through electrodes can be used for water 
electrolysis. It has been proven that such an electrode 
can be used for the HER. There is no reason to preclude 
the use of a similar electrode with a suitable packing 
material for the oxygen evolution reaction. Assuming 
the electrolyte flow rate is constant and there is a con- 
venient outlet for the gas, the electrode would operate 
steadily. 

The choice of sulfuric acid was dictated by the use 
of a less noble (oxidation prone) packing material, 
i.e., copper particles. This, in turn, was used because 
of cost and availability. It is recognized that the acti- 
vation polarization for the HER on Cu is rather high, 
and suIfuric acid is corrosive. Nevertheless, the results 
prove the validity of the system for this purpose. 

Furthermore, we have shown that the electrolyte 
flow rate does not significantly affect the current- 
polarization relations under the present conditions. A 
better-designed system would involve a much thinner 
electrode made of much finer particles of either a noble 
metal or a good quality graphite. The electrolyte should 
preferably be alkaline, in order to avoid corrosion 
problems. Work in this direction is in progress and 
will be reported later. 

There now exist in the literature (14) several math- 
ematical models which describe the behavior of porous 
flow-through electrodes. However, most of these mod- 
els treat electrode reactions with soluble reactants and 
products. Neimark et at. (15) have used simple mod- 
els of pore structure and gas streams to calculate the 
gas content of porous electrodes operating on gas 
evolving reactions. The evolution of gas within the 
porous electrode admittedly complicates the problem 
further, since gas bubbles, even at the conventional 
planar electrodes, increase the electrolyte resistance, 
change the potential and current distributions, and 
cause other related hydrodynamic effects, see Ref. 
(7, 11, 12, 16-18). We are now developing a model 
which simulates the dynamic character of this pro- 
cess, and includes the effect of the generated gas 
bubbles on the current-polarization relations. This will 
also be reported later, along with a comparison with 
the experimental results. 

Manuscript submitted Jan. t9, 1982; revised manu- 
script received Aug. 23, 1982. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1983 
JOURNAL. All discussions for the December 1983 Dis- 
cussion Section should be submitted by Aug. 1, 1983. 
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XLVII. A-C Impedance Technique for Evaluating Surface State Properties of n-MoTe2 in Acetonitrile 

Solutions Containing Various Redox Couples 
G. Nagasubramanian, Bob L. Wheeler, G. A. Hope, *'1 and Allen J. Bard* 

Department of Chemistry, University of Texas at Austin, Austin, Texas 78712 

ABSTRACT 

Measurement  of the in-phase (0 ~ and quadrature (90 ~ components  of a small (12 mV) a-c signal at frequencies of 1-5000 
Hz imposed on the d-c potential  allows the determinat ion of the a-c equivalent circuit. S tudy of the a-c impedance  as a func- 
tion of potential  and frequency permits  the determinat ion of the propert ies  of the semiconductor/solution interface. Results 
of measurements  on n-MoTe2 in MeCN containing various redox couples spanning a wide range of redox potentials are 
reported. The advantages of the in-phase (0 ~ component  for extracting propert ies  of surface states are discussed. In the 
region 0.3-0.5V negative of the valence bandedge,  the total surface-state densi ty is ca. 10 l~ cm -2. The adsorption in the I-/I~ 
system on the n-MoTe2 surface in aqueous and acetonitri le solvents are compared. 

Surface  states,  due to the  abrup t  d iscont inui ty  at  a 
c lean surface,  were  first pos tu la ted  by  Tamm (1) and  
a r igorous analysis  of a more  genera l  model  was given 
by  Shockley  (2). The ab rup t  d iscont inui ty  of the  or -  
dered  crys ta l  la t t ice  at  the surface resul ts  in dangl ing  
or unsa tu ra ted  bonds, producing  surface  energy  levels  
different  f rom those in the bu lk  mater ia l .  In ter face  
s ta tes  p roduced  by impur i t i es  incorpora ted  at  the sur -  
face, e.g., by  specific adsorpt ion  of solut ion species or  
by  fo rmat ion  of corrosion products  at the semiconduc-  
tor  e lec t rode  surface, also can produce localized en-  
e rgy  levels in the bandgap  of the semiconductor  e lec-  
trode. These ene rgy  levels in the fo rb idden  gap can 
serve  as reservoirs  of charge at  the semiconductor  sur-  
face. The  posi t ion of the Fe rmi  level  at  the surface  de-  
te rmines  whe the r  these energy  levels are  filled or  va -  
cant. The de te rmina t ion  of the energy  and dens i ty  of 
in terface  states as well  as the t ime constant  associated 
wi th  the  exchange  of charge car r ie rs  wi th  the  bu lk  and 
the cap ture  cross sect ion is impor tan t  in unde r s t and -  
ing the  behav io r  of semiconductors  in  contact  wi th  a 
me ta l  or  w i th  a solution. 

Indeed,  the re la t ive  independence  of the  Schot tky  
ba r r i e r  heights  of low bandgap  semiconductors  in con- 
tact  wi th  meta ls  of wide ly  differing work  functions 
was exp la ined  by  Bardeen  (3) and others  (4, 5) in 
te rms of p inning  of the  Fe rmi  level  at the  surface by  a 
h igh  dens i ty  of surface  states.  A s imi lar  phenomenon 
has been observed  in  photoelec t rochemical  (PEC) cells 
where  low bandgap  semiconductors  such as Si (6, 7), 
CdTe (8), and GaAs (9) exhibi t  a nea r ly  constant  
photovol tage  in contact  wi th  solutions containing a 
n u m b e r  of redox couples whose redox  potent ia ls  span  
a potent ia l  reg ime much  wider  than  the Eg of the  semi-  
conductor.  Such behavior  can also be exp la ined  by  
pinning of the  Fe rmi  level  by  in ter face  states (10). In-  
terface states can be s tudied  by  a number  of opt ical  
and e lect r ica l  methods.  Severa l  techniques have been 
deve loped  for  the measuremen t  of in te r facers ta te  p rop -  
er t ies  in so l id -s ta te  devices. These include measu re -  
ments  of (i) the  i so thermal  dielectr ic  r e l axa t ion  cur-  
ren t  (IDRC) (11); (ii) the the rmal  dielectr ic  r e l ax -  
a t ion cur ren t  (TDRC) (12); (iii) the low f requency  
capac i tance-vo l tage  behavior  (13); and (iv) the a-c  
conductance (14). However ,  the l iquid  e lec t ro ly te  in 
PEC systems prec ludes  the  appl ica t ion  of the  first two 
methods,  since meaningfu l  resul ts  can be  obta ined  only 
over  a wide range  of t empera tu res  which is res t r i c ted  
by  the l iquid range  of the solvent.  The  quas i -s ta t ic  low 
f requency  capaci tance technique and the a -c  conduct-  
ance method do not  suffer this l imita t ion,  and  capaci -  
tance measurements  have been  f requen t ly  employed  to 
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s tudy  the semiconduc to r / l iqu id  in ter face  (15, 16). 
However ,  the capaci tance technique is of l imi ted  value  
in s tudying  in ter face  states. For  example ,  in the case of 
me ta l -ox ide - semiconduc to r  (MOS) devices the capaci-  
tance method for the  de te rmina t ion  of sur face-s ta te  
proper t ies  is said to suffer from the fol lowing l imi ta -  
tions (14a): (i) T h e  var ia t ion  in the capaci tance va l -  
ues requi red  to find the  surface capacitance,  even when 
the f requency  is increased by  one o rde r  of magni tude ,  
is ve ry  small ;  this leads to er rors  in calcula t ing the  
dens i ty  of surface states and the i r  t ime constants.  (ii) 
The sur face-s ta te  capaci tance has to be ex t rac ted  f rom 
a combinat ion of the space charge layer ,  surface  state,  
and the oxide l aye r  capacitances.  Since the oxide  l aye r  
capaci tance is in series wi th  the semiconductor  capaci -  
tance, i t  de te rmines  the m a x i m u m  semiconductor  ca-  
paci tance tha t  can be measured.  This means  tha t  sur-  
face states located nea r  the middle  of the gap cannot  
be identif ied wi thout  g rea t ly  decreas ing the thickness  
of the oxide layer ,  which in tu rn  permi t s  tunnel ing  of 
charge carriers .  The pic ture  may  be fu r the r  compl i -  
cated b y  the invers ion layer  capacitance.  

The  para l l e l  equiva lent  conductance (Gp) ( the in-  
phase component  of the total  admi t tance  correc ted  for 
the space charge res is tance)  is more  useful  in char -  
acter izing in ter face  states since one can measure  di-  
rec t ly  the proper t ies  re la ted  to the capture  and 
emission rates of charge carr iers  by  surface states. 
Fur ther ,  i t  is useful  in ex t rac t ing  da ta  when the sur -  
face-s ta te  dens i ty  is as low as 109-1011 cm -~ eV - I  
(14a). In addit ion,  Gp can be used to de te rmine  the va l -  
ues for capture  probabi l i ty .  Even in those cases where  
the  quadra tu re  signal gives a f requency  independen t  
capac i tance-vol tage  plot, the locat ion of surface states 
and the i r  t ime constants  can be de te rmined  f rom the 
in -phase  component .  If  the t ime constant  for the  sur -  
face states is independen t  of potent ial ,  the in -phase  
component  is re la ted  to the sur face-s ta te  capaci tance 
by  the fol lowing equat ion (see Append ix )  

C s s ~  
Gplw = [1] 

(1 + c,~z 2) 

where  Css is the sur face-s ta te  capacitance,  ~ is the  an-  
gular  f requency  of the appl ied  a-c  signal,  and  r is the  
t ime constant  associated wi th  ca r r i e r  exchange.  F rom 
the re l evan t  equiva lent  circuits  for the in terface  given 
in Fig. la ,  i t  is clear  tha t  the  conductance does not  con- 
tain CD, the deple t ion  l aye r  capacitance,  but  depends  
only on the sur face-s ta te  b ranch  of the  equiva len t  c i r -  
cuit. A plot  of Gp/~ at a given poten t ia l  wi l l  have a 
m a x i m u m  va lue  at  a pa r t i cu la r  f requency;  the  rec ip-  
rocal  of that  f requency  yields a we igh ted  average  of 
the  t ime constant  associated wi th  the surface states,  
when  ~ ---- 1. This leads to a m a x i m u m  va lue  in Css 
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Fig. I. (a) Equivalent circuit for "single-level" time constant 
surface states in parallel ~ to the depletion layer capacitance in MOS 
devices. (b) Equivalent circuit for "multi-level" time constant sur- 
face states in parallel to the depletion layer capacitance in MOS 
devices. Key: CD, depletion layer capacitance; Css, surface-state 
capacitance; Rss, surface-state resistance; Gp, equivalent parallel 
conductance of the surface states. 

equal  to 2Gp/~. Hence, the capaci tance associated wi th  
the surface s ta tes  can be r ead i ly  calculated.  The den-  
s i ty of surface s ta tes  at a given energy,  Nss (in units  
of eV -1 cm-2 ) ,  can easi ly  be obta ined  f rom Gp, since 

Nss ~- 2Gp~/e [2] 

(where  e is the electronic charge) .  The value of , ,  as-  
sumed to be independen t  of potent ial ,  is t aken  as tha t  
corresponding to the  peak  value  in a plot  of Gp/~ vs. ~. 

There  have not  been many  reports  on the use of the 
a-c conductance technique in s tudies  of e l ec t ro ly te /  
semiconductor  PEC systems (17, 18). Barabash  and 
Cobbold (17) repor ted  some p re l imina ry  invest igat ions  
on the dependence  ef in te r face -s ta te  p roper t ies  of e lec-  
t ro ly te /S iO2/S i  s t ructures  on pH. Essent ia l ly  the  re -  
sults pa ra l l e l  those observed  for MOS devices and con- 
firm the va l id i ty  of a -c  conductance technique for eva l -  
ua t ing  in te r face -s ta te  p roper t ies  of semiconductor /  
l iquid junctions.  DuBow and Ra jeshwar  (18) have re -  
por ted  a sys temat ic  s tudy  of the admi t tance  charac-  
ter is t ics  of the  n -GaAs /A1Cl~-bu ty lpyr id in ium chlo-  
r ide room t empera tu r e  mol ten  salt  in terface  and 
demons t ra ted  that  the equiva lent  pa ra l l e l  conductance 
is more  sensi t ive to in te r face-s ta te  p roper t ies  than  the 
para l l e l  equiva len t  capacitance,  a l though both  funda-  
men ta l l y  contain  ident ica l  informat ion  about  the  su r -  
face-s ta te  proper t ies .  

We repor t  be low the resul ts  of a-c. impedance  tech-  
nique studies of n-MoTe2 in MeCN, 0.1M t e t r a - n - b u t y l -  
ammonium perch lo ra te  (TBAP)  containing a n u m b e r  
of redox  couples wi th  wide ly  differing redox poten-  
tials. MoTe2 is a l a y e r e d  compound whose proper t ies  
as a semiconductor  e lect rode were  first s tud ied  b y  

Tributsch and co-workers  (19). More  recent  s tudies  
of PEC cells wi th  MoTe2 are  descr ibed b y  A b r u n a  
et al. (20). 

Experimental 
Crystal growth.--The ~-MoTe2 crysta ls  were  grown 

by  ha logen vapor  t r anspor t  f rom MoTe2 powder  (Grea t  
Wes te rn  Inorganics,  Golden, Colorado, 99.9%.) Ei ther  
Br2 (70 mg) or  TeCl4 (100 mg) was used as a t r ans -  
por t ing  agent  for eve ry  5g of MoTe2. These were  in-  
t roduced into a quar tz  tube ( length 19 cm, d iamete r  
18 mm) ,  evacua ted  to be t t e r  than  5 X 10 .5  Torr,  and  
sealed. Samples  using b romine  t r anspor t  were  he ld  at  
l iquid n i t rogen  t empera tu re  dur ing  evacuation.  The 
sealed tube, wi th  the powder  evenly  d is t r ibu ted  along 
the length  of the tube,  was in t roduced into a hor i -  
zontal  spl i t  tube furnace  (Hev i -Du ty  Electr ic  Com- 
pany,  Water town,  Wisconsin;  length,  18 in., d iamete r  
11/4 in.) and  he ld  at  a m a x i m u m  t e m p e r a t u r e  of 875~ 
The t e m p e r a t u r e  decreased to a round  800~ at  the 
ends of the sample  and increased crys ta l  growth  could 
be  not iced in these regions.  Favorab le  condit ions for 
crys ta l  g rowth  were  ensured when  the tube was cooled 
by  convection of a i r  th rough  the spl i t  tube furnace,  
wi th  the m a j o r i t y  of the  crysta ls  growing on the wal l  
above the or iginal  charge. Af te r  the  t r anspor t  had p ro -  
ceeded sufficiently, the tube was removed f rom the fu r -  
r~ace and a su i tab le  section was held  under  runn ing  
wa te r  to condense the vapor  phase. The res t  of the tube 
could then  be cooled wi thout  h e a v y  contaminat ion  of 
the  crystals  wi th  the t r anspor t  agent.  

Samples  t r anspor ted  wi th  b romine  requ i red  2-3 days  
to produce  large  crystals  ( - ,  50 ram2), whereas  TeC14 
could t ranspor t  good crystals  in a pp rox ima te ly  18 hr.  
In  both cases, an increased concentra t ion of t r anspor t  
agent  increased the growth  rate;  condit ions for g rowth  
of the best  crystals  a re  those given above. Crysta ls  
occurred in clusters, a w a y  from the side of the tube 
in the form of p la te le ts  of  up to 1 cm ~ in area. Some 
crysta ls  exhib i ted  hexagonal  g rowth  spirals  and m a n y  
were  twinned.  However ,  a significant f ract ion had one 
flat crys ta l  surface, and a few grew as flawless hexag-  
onal  plates  f rom one corner.  Elect ron microprobe  
anaIysis  could not detect  the presence of halogens in 
the  t ranspor ted  crystals  or any  var ia t ion  in composi-  
t ion be tween crystals .  

Electrodes.--Single crysta ls  of a-MoTe2 were  se-  
lected f rom the clusters  of crystals  and cut wi th  a razor 
blade  to the  desired dimensions.  The face I C axis 
was peeled off wi th  adhesive tape and back-ohmic  con- 
tacts  were  made  wi th  G a / I n  alloy. A copper wire  l ead  
for el.ectrical contact  was a t tached to the  back-s ide  
wi th  s i lver  conduct ive pa in t  (All ied Product  Corpo-  
ration,  New Haven.  Connect icut)  and was subse-  
quent ly  covered wi th  5 rain epoxy. The assembly  was 
mounted  into 7 m m  d iam glass tubing  and he ld  in po-  
sit ion with  si l icone rubbe r  sealant  (Dow Corning Cor-  
porat ion,  Midland,  Michigan)  which also se rved  as an 
effective seal  against  the  seepage of e lec t ro ly te  solu-  
t ion to the rear  of the semiconductor .  The exposed area  
of the e lec t rode  was about  0.05 cm 2. The surface  of the  
e lec t rode  was t r ea ted  p r io r  to use wi th  6M HC1 for 5-10 
sec and then r insed thoroughly  wi th  dis t i l led  wa te r  
and dried. 

The solvent,  acetoni t r i le  (MeCN),  was purif ied and 
s tored as descr ibed e lsewhere  (21). Al l  chemicals,  em-  
p loyed af ter  purif icat ion or in the pures t  form com- 
merc ia l ly  avai lable ,  were  dr ied  under  vacuum before  
use. A check of the  pu r i ty  of al l  chemicals  used was 
pe r fo rmed  by  cyclic v o l t a m m e t r y  at a P t  d isk  elec-  
t rode (0.02 cm 2) at  the  beginning  of each exper iment .  
Po la rographic  grade  t e t r a - n - b u t y l a m m o n i u m  perch lo-  
ra te  (TBAP) ,wh ich  was twice recrys ta l l ized  f rom ace-  
tone -e the r  and dr ied  under  a vacuum of < 10 -5 Tor r  
for two days, was used as the suppor t ing  e lec t ro ly te  at 
0.1M concentrat ion.  
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A three-compartment electrochemical cell was used. 
A large area (~  40 cm s) Pt gauze counterelectrode im- 
mersed in the same compartment as the working elec- 
trode was used in impedance measurements. A P t  
gauze, separated from the main compartment by a me- 
dium porosity glass frit was used as the counterelec- 
trode for coulometric bulk electrolysis. The reference 
electrode was an aqueous saturated calomel electrode 
(SCE) with a saturated KC1 agar plug, immersed di- 
rectly in the main compartment. All potentials, unless 
stated otherwise, are reported vs. this SCE. 

A Princeton Applied Research (PAR) Model 173 
potentiostat and a PAR Model 175 universal program- 
mer, equipped with a Houston Instruments (Austin, 
Texas) Model 2000 X-Y recorder were used to obtain 
cyclic voltammograms. For impedance measurements, 
a Soltec (Sun Valley(California) Model 6432 X-Y1Y2 
recorder was employed. The lock-in amplifier tech- 
nique, which yields the in-phase (0 ~ and 0ut-of,phase 
(90 ~ components of a sine wave superimposed onto 
a linear potential ramp was employed. The a-c signal 
(12 mV peak-to-peak) at different frequencies was 
provided by an external signal generator, a Hewlett- 
Packard (Palo Alto, California) Model 200CD wide 
range oscillator. Components of the total impedance 
were obtained with a PAR Model 5204 lock-in am- 
plifier. All solutions were prepared and sealed in a he- 
lium-filled Vacuum Atmosphere Corporation (Haw- 
thorne, California) glove box. 

aqueous solutions containing I -  and I - ] I ~ -  are given 
in Fig. 9. 

i n  

~o 
N~ 

501 

~c::) f (kH:) O 

1 0 -  

, 

+0.4 0.0 -0 .4  
V v s S C E  

Fig. 2. Mott-Schottky (MS) plots of n-MoTe2 in MeCbl contain- 
ing 0.]M TBAP alone, at different frequencies. 

Results 
Capacitance-voltage p~ots.wThe two important pa- 

rameters, the flatband potential (VFB) and doping 
density are usually deduced from Mott-Schottky (MS) 
plots. Such MS plots for n-MoTes in MeCN containing 
0.1M TBAP alone are given in Fig. 2 for frequencies in 
the range 200 Hz-7 kHz. Although there is a very small 
dispersion in the slope, the VFB for all plots is located 
at --0.3V vs. SCE. If the dielectric constant of n-MoTes 
is taken as that of n-MoSes (22), the donor density 
(ND) is calculated to be about 2 X 1017 cm -3. The dif- 
ference (aEF) between the conduction bandedge (CB) 
and the Fermi level (EF) can be calculated from the 
Fermi-Dirac equation (23). With the reduced mass for 
the electron taken as the rest mass (22), aEF is --, 0.1 
eV, so that the conduction bandedge lies at --O.4V. 
With an MoTe2 bandgap 1.1 eV (24), the valence band- 
edge is at 0.7V vs. SCE. The band positions and the 
formal potentials of the redox couples employed in 
this study are given in Fig. 3 .  

Conduct ivi ty . - -The value of the conductivity has 
been computed from the equation �9 = ne~, where ~ is 
the conductivity (~-1 cm-1),  n is the charge carrier 
density (cm-Z), e is the electronic charge (1.6 • 
10-19C), and ~ is the mobility (cmsfV sec). A value of 

= 20 is taken from the literature (25). With n = 2 
• 1017 cm -3, the resistivity (1/~) is found to be 1.56a 
cm. This is in good agreement with previous values re- 
ported (26) for single crystal n-MoTes. 

Impedance measurements . - -The properties of the in- 
terface were primarily deduced from a-c imPedance 
measurements. The impedance of the semiconductor/ 
electrolyte interface was measured as a function of 
both the electrode potential and frequency (or angular 
frequency, ~,). The frequency range studied was 50 Hz- 
7 kHz. Typical plots of Gp vs. V and C vs. V are shown 
in Fig. 4 for n-MoTe2 in MeCN containing 0.1M TBAP 
alone. Figure 5 shows similar plots in the presence of 
various redox couples. As described previously, a plot 
of Gp/~ vs. J can be employed to determine the time 
constant of surface states. Such a plot is given in Fig. 
6a for MeCN, 0.1M TBAP at 0.3V vs. SCE. Plots of Gp 
vs. V and C vs. V in MeCN in the presence of I -  (as 
TBAI) and both I -  and In- are shown in Fig. 7 and 8, 
respectively. For comparison, plots of n-MoTe~ in 
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- 0 . 4  

. . . .  
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. . . . .  FeCP 2 
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. . . . . .  1 0 - M I  ~1+ 
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Fig. 3. Position of bandedges of n-MoTe2 in M~CN containing 
0.1M TBAP. CB, conduction bandedge; VB, valence bandedge; EF, 
Fermi level; I, iodine; FeCp2, ferrocene; IO-MP, lO-methylpheno- 
thiozine; Th, thianthrene. 



388 J.  Electrochem. Soe.: E L E C T R O C H E M I C A L  SCIE N CE  A N D  T E C H N O L O G Y  February  1983 

Discussion 
The presence of surface states can cause f requency  

dependent  slopes and f latband potent ia ls  (VFB) in MS 
plots, and the absence of surface s tates  is sometimes 
assumed when  one obtains  f requency independent  MS 
plots. Al though  n-MoTea shows f requency  independen t  
MS plots,  the  in -phase  component  provides  evidence 
for surface  states. The in -phase  component  of the 
total  impedance  has been shown to dea l  d i rec t ly  wi th  
ra tes  of emission and capture  of car r ie rs  f rom surface 
states to e i ther  the bandedges  or the bu lk  t raps  (14a). 
Consider  Fig. 4, where  the  Gp vs. V and C vs. V plots  
are g iven for n-MoTes in MeCN containing 0.1M TBAP 
alone. The C-V plots  are  f requency independent ;  how-  
ever, the plot  of G l, vs. V shows a hump near  +0.3V 
whose magni tude  is f requency  dependent .  The Gp va l -  
ues in the deplet ion region va ry  wi th  f requency by  
nea r ly  two orders  of magni tude  whi le  the  overa l l  ca-  
paci tance values  change only marg ina l l y  in the same 
f requency regime. This observat ion,  that  the equiv-  
a lent  pa ra l l e l  conductance is more sensi t ive to the 
presence of surface states than  the quadra tu re  compo-  
nen t  for semiconduc tor / l iqu id  junctions,  para l le l s  tha t  
observed in MOS devices (17). Nicol l ian and Goetzber -  
ger  (14a) observed tha t  for  Si /SiO~/M the capaci tance 
increased by  only  14% while  the in -phase  component  
var ied  by  one order  of magni tude  for the same f re-  
quency domain.  Severa l  authors  have shown tha t  the  
surface states located in a pa r t i cu la r  potent ia l  reg ime 
m a y  be composed of surface states wi th  different  t ime 
constants  (27). The equiva lent  circuit  for  this condi t ion 

is shown in Fig. lb ,  whe re  severa l  different  •i-Ci e l e -  
m e n t s  are  connected in pa ra l l e l  wi th  the  space charge 
layer  capacitance. For  s implici ty,  however ,  we assume 
that  the surface states in n-MoTe2 can be represen ted  
by  a single t ime constant  and the equivalent  circui t  is 
shown in Fig. la. The plot  of Gp/w vs. f for a given po-  
ten t ia l  exhibi ts  a peak  at a pa r t i cu la r  f requency  char -  
acteris t ic  of the t ime constant  of the  surface  s ta te  (Fig. 
6a). The peak  va lue  occurs at 3000 Hz, corresponding 
to a t ime constant  w-* --  (2=]) -1 _-- 5 X 10 -5 sec. This 
t ime constant  p robab ly  represents  a weighted  average  
of t ime constants  associated wi th  sur face  states near  
0.3V. The increase  in Gp/~ at low frequencies  suggests 
that  a faradaic  component  also contr ibutes  to the  mea -  
sured total  conductance at  these frequencies  (18). If 
the  50 ;~see t ime constant  is t aken  to represen t  tha t  as-  
sociated wi th  surface states at n-MoTe2, the densi ty  of 
surface s ta tes  (Nss) can be calcula ted f rom Eq. [2]. 
F igure  0b is a typica l  p lot  of Nss (cm -2 eV -1)  for the  
n-MoTe2 elect rode in  MeCN, 0.1M TBAP solut ion con- 
ta ining FeCp20/+ over  the  potent ia l  range +0.4  to 
§ vs. SCE, where  a peak  in the Gp vs. V plot  oc- 
curs. The sur face-s ta te  densi ty  in this potent ia l  range 
var ies  be tween  6 X 101~ and 3 X 101~ cm -~ eV -1. The 
t ime constant  indicates  tha t  these surface s ta tes  a re  
fast surface states (28). In tegra t ion  of N~s wi th  potent ia l  
over  this region (0.2-0.4V) yields  a to ta l  surface den-  
sity, Nss', of ca. 1010 cm -e,  Note tha t  this dens i ty  of 
surface  s tates  is not  sufficient for F e r m i  level  p inning  
to occur (10). This is demons t ra ted  for  a 10-methyl -  
phenothiazine  (10-MP ~ solut ion (Fig. 5c) whose 
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Fig. 4. Parallel equivalent conductance (Gp) (0 ~ component) and capacitance (C) (90 ~ component) vs. V for n-MoTe: in MeCN contain- 
ing 0.1M TBAP. Frequency (#) - -  (a) 200 Hz; (b) 500 Hz; (c) 3000 Hz; (d) 5000 Hz. 
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10 mM FeCp2; f ----- 500 Hz. (c) 10 rnM 10-MP and ! mM 10-MP+; f "- 2000 Hz. (d) 8 mM Th~ f = 2000 Hz. 

Vredox is located +0.1V posi t ive of the VB of n-MoTe2. 
In the  presence of 10-MP ~ the G ,  vs. V and C vs. V 
curves are  essent ia l ly  the same as those ob ta ined  wi th  
b lank  solution, ind ica t ing  no change in VFB. Addi t ion  
of o ther  redox  couples, such as th ian th rene  (Th ~ 
and FeCp20/+, also produced  no appa ren t  shift  in VFB. 
This lack  of change in VFB for n-MoTe2 in the  presence 
of both  forms of the r edox  couple para l le l s  the  be -  
havior  found for  o ther  l aye red  compounds (29). These 

resul ts  can be contras ted  to those of o ther  e lementa l  
and  compound semiconductors  where  a monotonic  shift  
of VFB withVredox in the presence of both  forms of the 
couple in NIeCN solut ion was found (30). This be -  
hav ior  of the l aye red  compounds suggests that  surface 
states a re  not impor t an t  in es tabl ishing the equi l ib-  
r ium proper t ies  of the in terface  and tha t  specific ad-  
sorp t ion  of e lect roact ive  species on the e lec t rode  sur -  
face does not  occur. Note tha t  the a-c  impedance  mea -  
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Fig. 6. (a) Gp/c~ ( in s e c / ~  
cm 2) vs. f for n-MoTe~, in MeCN, 
0.1M TBAP solut ion.  Potent ia l :  
-J-0.3V vs. SCE. (b) Nss vs. V for  
n-MoTes in MeCN, 0.1M TBAP 
conta in ing  FeCp2 ~ 
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Fig. 9. (a) Gp and C vs. V for n-M~Te2 in aqueous solution con- 
taining 1M KI. f ~ 2000 Hz. (b) Gp and C vs. V for n-MoTe2 in 
aqueous solution 1M KI/0.1M 12. f = 2000 Hz. 

surements  carr ied  out in the presence of I -  and l - / I s -  
(Fig. 7 and 8) [iodine has been shown to be specifically 
chemisorbed on e lec t rode  surfaces (31)] indicates  no 
change in the  Gp vs. V and C vs. V plots  except  for a 
small  hump around  --O.IV vs. SCE at low frequencies  
in MeCN. This suggests  tha t  in MeCN, I -  and I8-  a re  
not  specifically adsorbed on l aye red  compound~. How-  
ever, impedance  measurements  in aqueous solut ion in 
the  presence of both  I -  and I - / I s - ,  shown in Fig. 
9a and b, demons t ra te  tha t  while  there  is no effect wi th  
I -  alone, the presence of 18- shifts  VrB to more  posi-  
t ive values and comple te ly  e l iminates  the humps  a t -  
t r ibu ted  to the  surface states. Kau tek  and Ger ischer  
(32) reached a s imi la r  conclusion for M oSe2 in aqueous 
solutions in the presence of I - / I 8 - .  

Conclusions 
The a -c  impedance  of the semiconduc tor / l iqu id  in-  

terface para l le l s  that  for MOS devices. The in -phase  
component  is more  sensi t ive to sur face-s ta te  proper t ies  
than  the quadra tu re  component .  For  n-MoTe2 in 
MeCN, the to ta l  sur face-s ta te  dens i ty  was about  1010 
c m  -2,  which is too smal l  for Fe rmi  level  p inning to 
occur. The s ing le- leve l  t ime constant  was es t imated  as 
5 X 10 -5 sec, which falls  in the domain of fast surface 
states. The behavior  of n-MoTe2 para l le l s  tha t  of o ther  
l aye red  compounds in MeCN. While  adsorpt ion  of I s -  
in MeCN solutions was not  found, shifts of VFB in 
aqueous I8-  solutions suggests  in terac t ion  of this spe-  
cies wi th  the e lect rode surface under  these conditione. 
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APPENDIX 
The overall equivalent circuit for the semiconductor/ 

solution/metal counterelectrode cell is given in Fig. 
A-1 (a). 

Since the counterelectrode area is about 500 times 
larger than that of the semiconductor electrode, the 
contribution of the Ccounter and Rcounter to the overall 
cell impedance can be neglected. ]~ecause the electro- 
lyte concentration is fairly high and the bulk resistance 
of the electrode is small, the contribution of CH and 
Cdiff should be small. The equivalent circuit then re-  
duces to that shown in Fig. A,1 (b). Finally, since dark 
faradaic currents are not observed, RF should be very 
high. Since it is in parallel to Rss, the RF term can be 
neglected. Then the equivalent circuit of the semicon- 
ductor/liquid junction in the dark reduces to Fig. 1 (a). 
Analysis of the admittance of this circuit, Av, where 

Ap : Gp ~- j~Cp [A-l]  

yields the following expressions for the conductance, 
Gp (in-phase component) and capacitance, Cv (quad- 
rature component) 

(,~CsD~R~s ~Cssx G o -- [A-2] 
I H- (~RssCss) ~ I H- (~T) 2 

(.) 

Csc 

C~ 

_L 
CDIFF 
cH T 

T 
I 

t Rss 
T Css 

R= 

~RB 
J- 1 RCOUNTER CCOUNTER T 

J 

(b) 
o I 

I ~Rss R~ Csc T Css 

o I 
Fig. A-I.  Equivalent circuit for the semiconductor/solution/metal 

counterelectrode cell. Ceounter, capacitance associated with coun- 
terelectrade/liquid junction; Caiff, diffuse layer capacitance; CH, 
Helmholtz layer capacitance; Cse, space charge layer capacitance; 
Css, surface-state capacitance; RB, resistance associated with bulk 
resistance of the electrode and solution resistance; Rcounter ~ any 
resistance associated with interface between counterelectrode and 
solution; RF, resistance due to faradaic impedance; Rss, resistance 
arising from the presence of surface states. 

Css 
Cp : Cse -~ = Cse + 

1 + (O~RssCss) ~2 

Css 
1 Jr (~r 

[A-3] 

where �9 = RssCss. 
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Open-Circuit Photopotentials at Doped  -Fe O, Electrodes in 
Aqueous Solution 

Ruth Shinar and John H. Kennedy* 
Department of  Chemistry, University of  California, Santa  Barbara, California 93106 

ABSTRACT 

The influence of redox couples in aqueous solution on the interface energetics of chemically and thermally doped 
polycrystall ine ~-Fe2Os photoanodes has been investigated. Experiments  were carried out at several pH values. Results are 
compared to those obtained from a single crystal electrode. It is shown that the potential of the semiconductor  under  illumi- 
nation shifts toward positive values when the energy level of the redox couple in solution is increased. The role that grain 
boundaries  in the sintered electrodes may play, the effect of pH and the redox couple concentration are discussed. 

Photovol tage  measurements  ,aimed a t  s tudy ing  the  
in ter fac ia l  energet ics  a t  the  semiconduc tor / l iqu id  
junc t ion  using a va r i e ty  of  r edox  couples in aqueous 
(1-6) and nonaqueous  (7-9) solutions have  been 
s tudied  previously.  Severa l  models,  adopted  f rom mod-  
els descr ib ing  the s e m i c o n d u c t o r - m e t a l  interface,  have 
been used to descr ibe  the  expe r imen ta l  resul ts  (10). 

The idea l  model  assumes that  the bandedges,  Vcb and 
Vvb, a re  fixed. According  to the  model  the m a x i m u m  
open-c i rcu i t  photovol tage,  Voc(max), is given by  

Voc(max) "-" VFB ~ Vredox [1] 

w h e r e  Vredox is the  r edox  po ten t ia l  of the  couple and 
VFB is the f la tband po ten t ia l  of the semiconductor .  

Thus, if the  species in solut ion do not  in terac t  wi th  
the semiconductor  surface (10), changes in Vredox 
wil l  resu l t  in ident ica l  changes in the  photovoltage.  
However ,  for n - t y p e  semiconductors  no photovol tage  is 
expected for  Vredo x m o r e  negat ive  than Vcb. Fo r  Vredo x 
more  posit ive than  V,D the photoeffects are  also ex-  
pec ted  to be min ima l  (10). Such an idea l  behav ior  
v ~ s  observed  for  a CdS e lec t rode  in aqueous solut ion 
(1). However ,  changes in VFB wil l  occur wheneve r  
specific adsorpt ion  or  surface react ions  take  place 
(10). 

F o r  severa l  semiconductors  in  solut ion (2, 6-8, 10 
and references  there in)  i t  was observed  tha t  Voc(~ax) 
is p rac t i ca l ly  constant  over  a wide range  of Yred~x 
values.  In  addit ion,  r edox  couples wi th  Vredox s i tuated 
outside the  bandgap  gave rise to a photovol tage  (9, 10 
and references  the re in ) .  The model  descr ibing this 
behavior  assumes pinning of the  Fe rmi  level  in the 
semiconductor  due to a high dens i ty  of surface states 
a round  a cer ta in  potent ial .  

Studies  dea l ing  wi th  the semiconduc tor / l iqu id  junc-  
t ion were  car r ied  out  ma in ly  on nonoxide  semicon-  
ductors  (1-10) and the Fe rmi  level  p inning model  was 
usua l ly  employed,  in accordance  wi th  resul ts  obta ined  
a t  the  semiconduc to r /me ta l  interfaces  (6-8, 10 and 
references  there in)  for  s imi lar  mater ia ls .  However ,  
fewer  studies have been carr ied  out  on oxide  semicon-  
ductors  in contact  wi th  solution. 

In  this work  we  have s tudied the  energet ics  of the  
~ -Fe2OJ l iqu id  junc t ion  in the  presence of severa l  
redox  couples. An ~-Fe203 semiconductor  e lec t rode  
interacts  wi th  H + and O H -  ions and thus its f la tband 
potent ia l  is pH dependen t  (11) s imi lar  to o ther  semi-  
conductors  (12 and references  the re in ) .  This in te rac-  
t ion must  be considered as wel l  as the effect caused by  
o the r  couples in solution. Therefore,  wheneve r  i t  was 
possible,  exper imen t s  were  car r ied  out  at  severa l  p H  
values  for  each couple. The  poss ible  effect of the e lec-  
t rode  p repa ra t ion  procedure  (i.e., the  exis tence of 
gra in  boundar ies )  ,and the concentra t ion of the  r edox  
couple were  also considered.  

* Electrochemical Society Active Member. 
Key words:  grain boundaries, redox couples, pH. 

Experimental 
Polycrys ta l l ine ,  t he rma l ly  ,and chemical ly  doped 

--Fe20~ elect rodes  were  p repa red  as descr ibed ear l ie r  
(13). The dop,ants used in this s tudy  were  ma in ly  0.5 
a tomic  percen t  (a /o )  Nb205, 0.05 a /o  V205, 0.005 a /o  
FeO, and 0.004 a /o  HfO2. However  the  behavior  of 
many  o ther  chemical ly  doped electrodes was checked 
and found to be qua l i t a t ive ly  the same. The the rma l ly  
doped electrodes were  p repa red  by  reduct ion in an He 
a tmosphere  as descr ibed ear l ie r  (13), or  by  s inter ing 
a-Fe~Os containing 1% (mol percen t )  A14Cs. Single  
c rys ta l  ~-Fe2Os electrodes were  p repa red  f rom A t o m -  
ergic  Chemicals  Corpora t ion  platelets .  These p la te le ts  
were  reduced at  ~-,1000~ in an He a tmosphere  to 
improve  conduct ivi ty.  Electr ical  contact  was made  
with s i lver  epoxy  for both  single crys ta l  and s intered 
samples.  

The electrodes were  about  1 cm ~ area  and thei r  r e -  
sistances, measured  at  1 kHz with  a conduct ivi ty  
bridge,  were  10-1000ft. 

Open-c i rcui t  photopotent ia ls  were  measured  in an 
e lect rochemical  cell  conta ining the semiconductor  
electrode,  a Pt  electrode,  and a sa tu ra ted  calomel  elec-  
t rode  (SCE).  The redox potent ia l  of the couple in 
solut ion was measured  as an equi l ib r ium poten t ia l  
using the  P t  e lec t rode  vs. SCE, and the open-c i rcu i t  
photopoten t ia l  was measured  vs. the P t  electrode.  The 
potent ia ls  of a-Fe203 e lect rodes  were  also measured  
in the da rk  vs. the  Pt  electrode.  

The l ight  source was a 150W Xe l a m p u s e d  wi th  an 
in f ra red  filter. The l ight  in tens i ty  was measured  wi th  
an EG & G Model 450-1 r ad iomete r /pho tomete r .  Lamp 
in tens i ty  at  the  e lec t rode  surface was about  380 m W /  
cm 2. Neut ra l  dens i ty  filters were  used to reduce  l ight  
in tens i ty  to a des i red  value.  

Measurements  were  carr ied out over  a wide pH 
range  (4N H2SO4 to 4N NaOH) wi thout  an addi t ional  
redox couple and at  severa l  pH values  (pH ---- 0, 4.5, 
8.5, and 11.5) in the  presence of redox  couples. F l a t -  
band potentials ,  VFB ~ have been  measured  prev ious ly  
in solutions containing no added  redox  couple at sev-  
era l  pH values using capaci tance measurements  (11) 
and also by  using chopped i l lumina t ion  (11). 

The fol lowing redox couples were  used: $22- /S  ~- 
prepared  by  adding sul fur  to a solution of sodium sul-  
fide at  basic pH values;  0.1M Na2S203 containing a 
smal l  amount  of the oxidized form, S4062-; 10-4-0.1M 
F e ( C N ) 6 8 - / 4 - ,  ~ - , 5  10-5-3 �9 10-3M I2/0.1M I - ;  
~-,10-8M IO~-/0 .1M I - ;  0.05M Fe S+/2+ (perch lora te ) ;  
~ 5  �9 10-5-10+3M BrJ0.01-0.1M B r - ;  and 10-S-1M 
Ce 4+/3+. A l l  mate r ia l s  were  ob ta ined  f rom Mal l inck-  
rod t  except  for Alfa  Products  Fe(C104)2 �9 6It20, 
F e(C104)3 �9 9H20, and Ce(NO8)8 �9 6H20 and MC & B 
(NH4)2 Ce (NOs)6. Iodine  and bromine  were  genera ted  
in solut ion by  means  of a constant  cur ren t  source. 
The pH of the  solutions was regu la ted  by  addi t ion of 
H204 and NaOH. 
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Measuremenets under i l lumination were usually 
taken at low concentrations of the redox couples to 
avoid light absorption by highly colored solutions. In 
addition, the electrodes were kept as close as possible 
to the cell's window. However, measurements in the 
dark were also carried out at relat ively high concen- 
trations. We did not use all the redox couples over 
the whole pH range since their  s tabil i ty is generally 
confined to a l imited pH range. 

Results 
Open-circuit  photopotentials of polycrystalline, 

doped a-Fe~O3 electrodes, in the presence of several 
redox couples and at several pH values were measured 
as a function of light intensity. Typical results are 
shown in Fig. 1. I t  can be seen that the photopoten- 
tials reached a saturation value at the highest light in- 
tensity employed (~380 mW/cm2). This qualitalive 
behavior was observed for all dopants and reduction 
methods used in the preparat ion of the electrodes, 
and in the presence of all redox couples and electro- 
lyres used. 

Semilogarithmie plots of the photopotential  as a 
function of light intensity (In IL) are shown in 
Fig. 2. The lowest light intensity used was 0.21 mW/ 
cm 2. Usually, the slopes of the lines were in the range 
of 25-28 mV, however, somewhat larger slopes were 
obtained for B r J B r -  and Fe(CN)68-/4-  (~38 and 
,~43 mV, respectively).  

The open-circuit  photopotential as a function of 
the actual redox potential of the solution for an He- 
treated sintered electrode is shown in Fig. 3. It should 
be noted that  the measured redox potentials for some 
couples .differed from the thermodynamic, reversible 
values. Measurements were taken at pH = 0, 4.5, 8.5, 
and 11.5. As can be seen from this figure, the open- 
circuit photopotential changed gradually with Vredox. 
However, the curve deviated from the ideal straight 
line of unity slope expected when the bandedges are 
fixed. Similar values of open-circuit  photopotentials 
were observed for different electrodes showing similar 
properties and photoactivity, including a single crystal 
electrode. 

The potential of the semiconductor was also mea- 
sured in the dark. Results for several electrodes, in- 
cluding a single crystal, are presented in Table I. The 
potential in the dark was measured at different con- 
centrations of the reduced and oxidized forms of the 
redox couples and at  several pH values. In addition 
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l-h 0.5 a/o Nb~O5 in 12/ I - ,  pH ~ 4.1; Vredox ~ 0.23, slope 
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for sake of comparison, Table I includes open-circuit  
photopotentials for the various electrodes. 

The open-circuit  photovolmge in electrolytes such 
as NaOH, H2SO4, or Na2SO4 was independent of the 
pH as expected from the ideal model. A value of 
about --0.4V vs. Pt was measured for an He-treated 
electrode. The potential of the semiconductor under 
il lumination vs. SCE, V1 (though different from the 
flatband potential, VFB ~ measured from capacitance 
values or by using pulsed illumination in the absence 
of an added redox couple) also shifted to more positive 
values at ,,60 mV/pH as the pH was decreased. How- 
ever, a potential  difference between the sintered semi- 
conductor electrode and Pt electrode was observed 
under dark conditions. The dark potential vs. SCE was 
also pH dependent but increased ~45 mV/pH as the pH 
decreased. A stable value was obtained only after 
soaking the electrodes for about 24 hr  in the solution. 
The potential at the single crystal electrode in the 
dark was essentially zero in basic and neutral  solu- 
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Table I. Potential measurements at a-Fe203 electrodes 

Dopant Solution 

V4 Voc 
Vredox VFe208 VFe20 ~ 
VPt v s .  (dar~) (Ugnt) 

SCE v s .  VPt v s .  V~, t  

0.05 a/o V20~ 0.11~I Fe(CN)@-/t- 0.13 0.90 -0.41 
pH = ,t.5 

0.05 a/o V~O~ 10-aM Fe(CN)@-/t- 0.13 -0.02 -0.42 
_ pH = 4.5 

0,05 a/o V~Oa ~2 �9 1O-~M Fe(CN)~-#- 0.14 -0.09 -- 

pH = 4.5 
He-treated ~ 5  �9 10-5M L/0.1M KI 0.20 -0.20 -0.51 

pH = 4.5 
Single crystal  ~ 5  �9 10-5M &/0.1M KI 0.20 -0 .03  -0 .43 

pH = 4.5 
He-treated ~3 �9 10-aM IJ0.1M KI 0.26 -0.03 -0.54 

pH = 4.5 
He-treated 5. 10-~M BrJ0.1M Br- 0.76 -0.47 -0.67 

pH = 4.5 
He-treated 10-~M Br2/10-~M Br- 0.83 - 0.17 - 0.67 

pH = 4.5 
Single crystal  10-~M Br~/10~-M Br- 0.83 --0.14 -0.63 

pH = 4.5 
He-treated 10-~M Ce~+/~+ in IF H.,-SO~ 1.15 -0 .25  - -  

He-treated 10-~M Ce~+/~+ in 1F HvSO~ 1.13 - 0 . 3 5  -0 .65  
0.5 a / o  Nb.~O~ 0.1N HeSO~, 1M Na.~SO~ -0 .24  -0 .37  
He-treated 0.1N H.~SO~, 1M Na~SO~ -0 .24  -0 .37  
Single crystal  0,1N H~SO~, 1M NaeSO~ -0.21 -0.40 
He-treated 10-~M Fe (CN)~S-/~- 0.12 -0.02 -0.37 

pH = 8.5 
0.002 a/o HfO~ 10-~M Fe(CN)~a-/~ - 0.12 -0.04 -0.36 

pH = 8.5 
He-treated ~0.05M FeS+/~+ 0.45 - 0.01 - 0.13 

1M HC10~ 
He-treated 0.1M Na~S~Oa -0.07 -0.02 -0.39 

pH ~ 8.5 
He-treated 0.1M Na~SeO~ - 0.11 + 021 - 0.49 

pI-I ~, 11.5 
He-treated S~-/&- - 0.62 + 0.03 - 0.21 

pH ~ 11.5 
0.5 a/o Nb~O~ 10-~M IOa-/~0.1M I- 0.16 -0.03 -0.59 

pH ~ 13 

t ions ;  h o w e v e r ,  i n  ac id ic  s o l u t i o n s  t he  p o t e n t i a l  i n  t h e  
d a r k  was  a l w a y s  n e g a t i v e  v s .  t h e  p l a t i n u m  e l ec t rode .  
S u r f a c e  t r e a t m e n t  on  t h e  s i n t e r e d  e l ec t rode ,  m e c h a n i c a l  
p o l i s h i n g  a n d  c h e m i c a l  e t c h i n g  i n  d i l u t e  or  c o n c e n -  
t r a t e d  acids,  d id  n o t  c h a n g e  t h i s  b e h a v i o r .  

F i g u r e  4 s h o w s  a n  e n e r g e t i c  s c h e m e  f o r  a n  a l m o s t  
i d e a l  s i t u a t i o n  of t he  . , -Fe203 s e m i c o n d u c t o r / l i q u i d  
j u n c t i o n  i n  t h e  p r e s e n c e  of  ( a )  3 �9 10-~M I2/0.1M I -  
a n d  (b )  10-SM F e ( C N ) 6  ~ - / 4 -  a t  p H  = 4.5. T h e  f la t -  
b a n d  p o t e n t i a l ,  VFB ~ a n d  t h e  O 2 / H 2 0  e n e r g y  l e v e l  a r e  
also i n d i c a t e d .  A d i f f e r e n t  s i t u a t i o n ,  m a r k e d l y  d e -  
v i a t i n g  f r o m  t h e  i d e a l  b e h a v i o r ,  is p r e s e n t e d  in  Fig.  
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Fig. 4. An energetic scheme of the semiconductor/liquid junction 
for two systems approaching the ideal behavior. (a) In 3 �9 10-3M 
12/0.1M I -  and (b) in 10-8M Fe(CN)63- /4 -  at pH ~ 4.5. Vd 
electrode's potential in the dark, VI ~ electrode's potential under 
illumination, Vo* = turn-on voltage, Vph ~ = theoretical photo- 
potential, and Vph = observed phetevoltage (V1 - -  Vd). 

5 fo r  (a )  5 �9 10-~M I2/0.1M I -  s o l u t i o n  a t  p H  --  10.9 
a n d  (b )  10-SM Ce 4+;~+ in  1M H2SO4. T h e  f l a t b a n d  
p o t e n t i a l s  a t  p H  ~_ 0 a n d  10.9 i n  t h e  a b s e n c e  of a d d e d  
r e d o x  couples ,  t h e  c o r r e s p o n d i n g  O 2 / H 2 0  e n e r g y  
leve ls ,  a n d  t h e  d e c o m p o s i h o n  l e v e l  of Fe~O~ (14) ,  
ED ~ a r e  also i n d i c a t e d .  

T h e  o p e n - c i r c u i t  d a r k  a n d  p h o t o p o t e n t i a l s  i n  1M 
N a O H  w e r e  m e a s u r e d  b e f o r e  a n d  a f t e r  s o a k i n g  a 
0.005 a / o  F e e - d o p e d  ~-Fe208  e l e c t r o d e  i n  I 2 / I -  s o l u -  
t ion ,  a t  a n e u t r a l  pH,  fo r  10 days .  No a p p r e c i a b l e  
c h a n g e  was  o b s e r v e d ,  a l t h o u g h  t h e  s h o r t - c i r c u i t  p h o -  
r e c u r r e n t  was  c o n s i d e r a b l y  h i g h e r ,  s i m i l a r  to p r e v i -  
ous ly  p u b l i s h e d  r e s u l t s  (15) .  

Discussion 
F r o m  t h e  p l a t e a u  v a l u e s  in  Fig.  1 i t  i's c l ea r  t h a t  

t h e  o p e n - c i r c u i t  p h o t o p o t e n t i a l  r e a c h e s  a n e a r - m a x i -  
m u m  a t  t h e  h i g h e s t  l i g h t  i n t e n s i t y  e m p l o y e d .  H o w -  
e v e r  i t  is s t i l l  pos s ib l e  ' t ha t  h + - e  - r e c o m b i n a t i o n  
p roces se s  m a y  p r e v e n t  a c h i e v i n g  e v e n  h i g h e r  va lues ,  
a n d  i ndeed ,  i t  a p p e a r s  t h a t  VFB ~ [ t h e  f l a t b a n d  p o t e n -  
t i a l  m e a s u r e d  in  a s o l u t i o n  c o n t a i n i n g  no  a d d e d  r e d o x  
c o u p l e  (11) ]  was  n e v e r  q u i t e  r e a c h e d .  S i m i l a r  v a l u e s  
of o p e n - c i r c u i t  p h o t o p o t e n t i a l s  w e r e  o b t a i n e d  fo r  s i n -  
t e r e d  a n d  s ing le  c r y s t a l  e l ec t rodes .  I t  s h o u l d  b e  n o t e d  
t h a t  e s s e n t i a l l y  t he  d i f f e r ences  b e t w e e n  s i n g l e  c r y s t a l  
a n d  s i n t e r e d  e l e c t r o d e s  w e r e  o b s e r v e d  in  t h e  d a r k .  
Thus ,  r e c o m b i n a t i o n  a t  g r a i n  b o u n d a r i e s  i n  t h e  s i n -  
t e r e d  e l e c t r o d e s  was  n o t  a m a i n  sou rce  fo r  losses.  I t  
s h o u l d  also b e  n o t e d  t h a t  s u r f a c e  t r e a t m e n t  on  t h e  
s i n t e r e d  e l e c t r o d e s  d id  n o t  i m p r o v e  t h e  s i t ua t i on .  As  
can  b e  s een  f r o m  Fig.  4 a n d  5 t h e  e l e c t r o d e s '  p o t e n t i a l s  
u n d e r  i l l u m i n a t i o n  w e r e  a l w a y s  p o s i t i v e  t,o VFB ~ b u t  
w e r e  e q u a l  to t h e  t u r n - o n  vo l t ages ,  Vo* ( t h e  v o l t a g e  
of  t h e  p h o t o c u r r e n t  o n s e t ) .  Th i s  pos i t i ve  d e v i a t i o n  m a y  
be  .due to r e c o m b i n a t i o n  p r o c e s s e s  o r  to c h a n g e s  in  
VFB i n d u c e d  b y  t h e  r e d o x  couples ,  as is d i s c u s s e d  la te r .  

A s lope  of ,,~25 m V  in  Voc(max) v s .  In  IL p lo t  is e x -  
p e c t e d  a c c o r d i n g  to a s i m p l i s t i c  m o d e l  (4 a n d  r e f e r -  
ences  t h e r e i n )  a n d  i n d e e d  a s lope  of  ,~25 m V  has  
b e e n  o b s e r v e d  in  s e v e r a l  cases (4, 13).  H o w e v e r ,  
h i g h e r  v a l u e s  h a v e  b e e n  r e p o r t e d  fo r  CdS  a n d  CdSe  
(3) a n d  fo r  MoSe~ a n d  WSe~ u s e d  in  s o l u t i o n s  c o n -  

-08" 
o b 

-06- 

-04- v~,v*-~ 
Vph -095V  Vph-O24V 

- 0 2 -  V d ~- 

03 

> 

o o  r 

0 2 -  

0 4 -  

0 6 -  

0 8 -  

4.0- 

1 2 -  
SEMICONDUCTOR 

voo 
Vredox 

02/H20 

SOLUTION 

! - V f % - -  
i 

i 
I 

v~ , v o ~  

I v~ ..23v v V ~ V  

Vo~ 
(Fe205+ 6h 

SEMICONDUCTOR 

02/H20 

-~ Fe3+ + ~  02 ) 

- - ~  Vredox 

SOLUTION 

Fig. 5. An energetic scheme of the semiconductor/liquld junction 
for two systems exhibiting marked deviation from the behavior pre- 
dicted by the ideal model. (a) In 5 �9 10-5M 12/0.1M I -  at pH 
10.9 and (b) in 10-3M Ce 4+ /3+  in IM H2SO~. Vd = electrode's 
potential in the dark, Vt = electrode's potential under illumination, 
Vo* ~ turn-on potential, ED ~ ~ decomposition potential for Fe2Os, 
Vph ~ ~ theoretical photopotential, and Vph ~ observed photo- 
voltage (Vt - -  Vd). 
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ta ining I2 / I -  and several  other  re,dox .couples (4). In  
our  work a slope of ,-,25 mV was usual ly  observed. 
However, somewhat higher slopes were obtained for 
Br2 /Br -  and Fe(CN)6~- /4-  as can be seen in Fig. 2. 
Values near  25 mV probably  indicate that  specific 
interact ions between the couples used and ~-Fe203 
which affect the carr ier  dis t r ibut ion in the space 
charge layer  do not exist (4). Even surface adsorption 
of I2 / I -  that was confirmed earlier (15) and caused 
photocurrent  enhancement  did not affect recombinat ion 
centers accord ing  to these photopotential  results. 

Since the flatband potent ial  of ~-Fe203 is pH de- 
pendent  (11, 12 and references therein)  the effect of 
different redox couples was studied at constant  pH 
values. Results for several couples at four pH values 
are shown in Fig. 3. It can be seen that nei ther  the 
ideal model ( that  predicts a straight l ine of slope 1 
when  Voc~ax) is plotted vs. Vredox) nor  the Fermi  level 
p inn ing  model (that predicts a constant  output  voltage 
over a wide range  of Vredox) is applicable to the Fe~O3 
system. An increase in  Vec(max) magni tude  as Yredo x 
increased was observed but  as can be seen in Fig. 3, 
all  the curves deviated from the straight l ine of slope 1 
s tar t ing at VFB ~ 

A possible explanat ion  for this deviat ion is a cor- 
rosion reaction of the electrode in contact with a redox 
couple in  the dark (4). I f  corrosion were the only 
reason for the behavior  then the electrode's potential  
vs. Pt in  the dark should ,also differ from zero. Poten-  
tials of the .electrodes in  the dark in the presence of 
various redox couples were measured and the results 
are summarized in Table I. It  can be seen that  for the 
Fe (CN)63-/4-  couple the potential  of the semiconduc- 
tor against  the Pt  electrode was pract ical ly zero down 
to concentrat ions <10-~M. For the I2 / I -  couple this 
dark potential  was near ly  zero for a single crystal 
in  a solution containing 5 X 10-sM I2/0.1M I -  and for 
a s intered electrode in 3 • 10-8M IJ0.1M I -  at pH = 
4.5. Thus, the deviation f rom a straight line of un i ty  
slope occurred even for cases of zero dark potential.  
F rom this it  may be concluded that corrosion in the 
dark was not  the only  reason for the exper imental  
results shown in Fig. 3. This conclusion was confirmed 
by  checking the stabil i ty of the electrodes in these 
solutions for long periods in the dark or under  i l-  
lumina t ion  in open- or short-circuit  conditions. No 
change in  the electrodes' performance was observed. 

Differences between single crystal and sintered 
electrodes shown in Table I suggest that preparat ion 
conditions play a role in establishing dark  potentials. 
It is possible that  the dark  potentials originate from 
grain boundaries  and other defects (16) in the s in-  
tered samples. The dark  potential  may be a steady- 
state value ar is ing from charge exchange between 
the semiconductor and some other donor/acceptor 
level  in addit ion to the redox couple level through 
levels due to flaws or grain boundaries.  It  should be 
remembered  that  the O2/H20 couple was alvcays pres- 
ent  and might  have cont r ibuted  to the observed values. 
If more than one level is involved in the charge t rans-  
fer processes in the dark  (a mixed potential) ,  an in-  
crease of the concentrat ion of the redox couple may 
increase the rate of its charge exchange with the 
semiconductor and thus change the dark potential.  
Indeed, dark potentials  approached zero at relat ively 
high concentrat ions of several redox couples, as can 
be seen from Table I. It should be noted that the po- 
tentials  measured in the dark in the presence of the 
redox couples were reproducible, whereas values mea-  
sured in  the absence of an added redox CouDle de- 
pended on the time the electrodes were exposed to the 
solution and on previous use in  the presence of other 
couples. 

In highly acidic solutions and in solutions contain-  
ing Br2 /Br -  and Ce 4+/~+ couples (Vredox--~0.8 and 
1.1V vs. SCE, respectively) the dark potentials were 
never  zero as shown in Fig. 5 for Ce 4+/z+ even at the 

single crystal electrode. However, their values were 
somewhat  reduced as the concentrat ions of the redox 
couples were increased. In  highly acidic solutions cor- 
rosion of the electrode under  open-circui t  conditions 
occurred. It  was especially noted in the presence of 
Ce4+/~+. This is in accordance with the decomposition 
energy level, ED ~ (14) of a-Fe203 as indicated in Fig. 
5b. Therefore, corrosion does play a role with some 
redox couples. 

Re turn ing  to the previous question concerning de- 
viat ion from the theory shown in  Fig. 3 we note that  
Tributsch (4) observed a s imilar  t rend in the open- 
circuit photvpotential  with Vredo x for MoSee and WSe2. 
Because of the gradual  change of Yoc(max) with Vredo x 
he ruled out the possibility of a specific chemical in-  
teraction between the electrode and  the solution and 
concluded that  the results indicated that charge ex-  
traction from the electrode took place. It is possible 
that  in our case, as for MoSe2 and WSe~ (4), experi-  
menta l  results can be explained by a shift of the flat- 
band potential  to positive values as Vredox is increased. 
Such a shift may be a result  of several situations. First, 
the reduced form, Fe 2+, in a doped ~-Fe~O8 electrode 
may be par t ia l ly  oxidized by a redox couple resul t ing 
in a change in  the surface charge. Such a process 
should affect the photoactivi ty of the electrode while 
in this electrolyte because of the shift in flatband P0- 
tential.  If the effect is i r reversible  a pe rmanen t  change 
in photoactivity will  result. A change in  an electrode's 
performance was observed only  after experiments  at 
pH _~ 0 and main ly  after using Ce 4+/~+, as ment ioned 
before. A second more l ikely mechanism is the exist- 
ence of surface states (in single crystal or sintered 
electrodes). The charge of the surface states on an 
electrode's surface could vary  with Vredo~ (1, 5) and 
thus cause a change in the flatband potential.  

In  Fig. 4 an energetic scheme for an almost ideal 
s i tuat ion is presented. The potent ial  of the electrode 
in the dark vs. SCE is close to Vredox and  the potential  
under  i l luminat ion  differs f rom VFB ~ by <100 mV. 
On the other hand, Fig. 5 presents two si tuations far 
from ideal. No equi l ibr ium exists between the redox 
couple and the semiconductor,  and the potential  of 
the semiconductor electrode under  i l luminat ion  is sig- 
nificantly more positive than VFB ~ Differences be-  
tween the situations presented in Fig. 4 and 5 include 
the following effects: (i) Vd, the dark  potential,  differs 
from Vredo x for low concentrations of iodine but  not 
at high concentrat ions;  (ii) V1, the potent ial  under  
i l luminat ion,  differs from VFB ~ at the same pH and this 
difference is pronounced the higher the pH for the 
I2 / I -  couple; (iii) for Ce 4+/~+ corrosion in the dark 
takes place, and ( iv)  the observed open-circui t  photo- 
potentials shown in Fig. 3, which are lower than pre-  
dicted by the simple theory, may be caused by a 
positive shift in VFB with increasing Vredo~. 

Summary 
The behavior  of ~-Fe203 in  acid-base solution is in 

accordance with the ideal model  that  assumes fixed 
ban dedges. However, VFB ~ was never  achieved, prob-  
ably due to h+-e  - recombinat ion processes. The dif- 
ferences in the dark potent ial  be tween-s ingle  crystal 
and sintered electrodes, suggest that  grain boundaries  
play an impor tant  role in producing this dark  potential.  

In  the presence of redox couples in aqueous solu- 
tion the ideal model cannot .explain all the experi-  
menta l  results. The Voc(max) vs. Vredox curves (Fig. 3) 
may result  from a change in ~ZFB with Vr~dox due to 
surface states. However, the densi ty  of surfaces states 
on an a-Fe~O8 surface is apparent ly  not high enough 
to cause complete Fermi  level p inn ing  which would 
result  in  an output  voltage that is constant  over a 
wide range of Vredox values. 

Decomposition and /or  oxidation (Fe 2+ ~ Fe 3+) 
probably take place in acidic solutions and at high, 
pos i t ive  Vredox values under  open-circui t  conditions. 
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Equi l ibra t ion  wi th  some couples in the da rk  occurred 
only when re la t ive ly  high concentra t ions  of the  ox-  
idized forms were  used. 
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Electrochemical and Spectroscopic Studies of Metal 
Hexacyanometalate Films 

I. Cupric Hexacyanoferrate 
Lorraine M. Siperko and Theodore Kuwana* 

Department of Chemistry, The Ohio State University, Columbus, Ohio 43210 

ABSTRACT 

A method for the electrodeposit ion of thin films of cupric hexacyanoferrate (CuHCF) on glassy carbon and tin oxide 
electrodes has been devised. At low scan rates, in 0.5M K2SO4, these films exhibit  nearly ideal cyclic voltammetric  current- 
potential  waves with a peak potential of +0.69Vvs. SCE on glassy carbon. Similar to the Prussian blue films described by 
Neff (1, 2), I taya (3), and others (4), potassium ion is t ransported into the film during reduction. XPS and visible spectros- 
copy indicate that  the redox involves the ferric and ferrous states of the hexacyanoferrate and not Cu(+2/+ 1). The electro- 
chemical  properties as a function of potassium ion concentration and film thickness have been determined primari ly from 
cyclic vol tammetric  studies, and evidence for electronic conduction through the film has been observed. Optical propert ies  
of the films were determined using CuHCF deposi ted on tin oxide substrates. Support ing descript ion of the electrochem- 
ical propert ies  of the film has been obtained by a-c impedance measurements.  The CuHCF film behavior  is consistent with 
a model  previously reported for Prussian blue films. 

Our  in teres t  in the fabr ica t ion  and subsequent  e lec-  
t rochemical  and spectroscopic s tudy  of meta l  hexacy-  
anometa la te  films deposi ted on conduct ing subst ra tes  
has been s t imula ted  by  the  repor ts  of Neff (1) and 
Ellis, Eckhoff, and Neff (2) on the i ron hexacyano-  
fe r ra te  film of Pruss ian  blue (PB).  They observed 
tha t  the PB film could be e lec t rochemical ly  reduced  to 
Ever i t t ' s  sal t  (ES) or oxidized to Ber l in  green (BG) 
and tha t  these redox processes gave wel l -def ined cyclic 
vo l tammet r ic  waves. Because marked  color changes 
were  associated wi th  the redox processes, it  was p ro -  
posed that  such films could be used for e lect rochromic 
devices. Thin films of PB have now been deposi ted by  
chemical  (1, 2), ga lvanosta t ic  (3), potent iosta t ic  (5),  
and o ther  e lec t rochemical  methods (4). The impetus  
for  considering other  meta l  hexacyanometa la te  films 
such as the  copper  hexacyanofe r ra te  film repor ted  
here in  has been provided  by  Neff's work  (1, 2). Also, 
we have been in t r igued  by  the prospects  of using such 

* Electrochemical Society Active Member. 
Key words: films, electrode, spectra, conduction. 

films as mediators to catalyze electron transfer reac- 
tions (6, 7). 

To date, we have been able to form electroactive 
films of metal hexacyanoferrates, hexacyanoruthenates, 
and hexacyanocobaltates on conducting substrates. 
Our present discussion is restricted to the thin films 
of copper hexacyanoferrate (CuHCF). The bulk prop- 
erties of CuHCF, a PB analog, have been well studied 
and documented. Infrared, visible and ultraviolet spec- 
troscopic (8-10), and x-ray crystallographic (11) data 
as well as physical properties of stability, solubility, 
and ion permeability (12) have been tabulated. 

Stable films of CuHCF on glassy carbon surfaces, 
for example, that can withstand repeated redox cycling 
seem to be formed only through a specific electro- 
chemical sequence. The film deposition procedure is 
discussed in addition to the electrochemical and spec- 
troscopic characterization of these films by cyclic 
voltammetry (CV), a-c impedance, x-ray photoelec- 
tron spectroscopy (XPS) ,  Four i e r  t r ans fo rm in f ra red  
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(FTIR) ,  ex te rna l  reflectance (FTIR-ER) ,  and photo-  
acoustic spectroscopy ( F T I R - P A S ) .  

Experimental 
Reagent  grade  (ACS) cupric  n i t ra te ,  cupric  su l fa te  

(F i sher  Scientific Company) ,  potass ium fe r rocyanide  
(Matheson, Coleman and Bell  Company) ,  potass ium 
perch lora te  (J. T. Baker  Chemical  Company) ,  and po-  
tass ium sul fa te  (Mal l inkrodt ,  Incorpora ted)  were  used 
wi thout  fu r the r  purification. Wate r  was t r ip ly  dis t i l led  
wi th  the final d is t i l la t ion made  f rom an a lka l ine  pe r -  
mangana te  solut ion in an a l l -g lass  still.  

The glassy  carbon electrodes (GC-20 grade,  Tokai  
Electrode Manufac tur ing  Company,  Tokyo, J apan )  
were  c i rcular  disks wi th  a geometr ic  a rea  of 0.61 cm 2 
which were  pol ished to a m i r r o r - l i k e  finish on an 
opt ical  flat using 1.0, 0.3, and 0.05;~ a lumina  (Buehler  
L imi ted ) .  Af te r  polishing,  the e lectrodes were  cleaned 
in an ul t rasonic  ba th  wi th  a 1:1 w a t e r - m e t h a n o l  m ix -  
ture,  and then  cleaned wi th  t r ip ly  dis t i l led water .  Sub-  
s t ra tes  of doped t in  oxide on glass (PPG Glass Com- 
pany,  P i t t sburgh,  Pennsy lvan ia )  were  used as opt ica l ly  
t r anspa ren t  e lectrodes (OTE's) for  spec t roe lec t ro-  
chemical  studies. These electrodes were  p re t r ea t ed  by  
washing  wi th  di lute  acid and base solut ions fol lowed 
by  ul t rasonic  c leaning as descr ibed for  the glassy car -  
bon (GC) electrodes. 

A glass e lec t rochemical  cell  wi th  a volume of 25 ml  
was const ructed for use wi th  the  GC electrodes.  The 
GC d i sk  was placed in a ver t ica l  posi t ion by  inser t ion 
into an ACE adap tor  wi th  th readed  fitting. Elect r ica l  
contact  was made  by  the p lacement  of a brass  screw 
against  a th in  copper  sheet  p laced  at  the back  of the  
GC disk away  from the solut ion side and held  in 
place by  the adap tor  bushing. A BAS (BioAnalyt ica l  
Systems,  Incorpora ted ,  West  Lafayet te ,  Ind iana)  sa tu -  
r a t ed  calomel  e lect rode (SCE) wi th  a Luggin  cap i l l a ry  
adap to r - t i p  se rved  as the reference  electrode.  The 
cap i l l a ry  tip was p laced  ca. 1 m m  from the surface  of 
the work ing  electrode.  The aux i l i a ry  e lect rode was a 
shie lded Pt  wire  tha t  was separa ted  f rom the main  
compar tmen t  by  a f r i t t ed  disk. S t anda rd  t ape red  joints  
sealed to the cell  a l lowed for the p lacement  of the  
reference  and aux i l i a ry  electrodes and the tubings used 
for degassing purposes.  The configuration for the  spec-  
t roe lec t rochemica l  cell  has been p rev ious ly  descr ibed 
(13). 

Elec t rochemical  exper iments  were  pe r fo rmed  using 
a PAR Model  174A/175 Pola rographic  A n a l y z e r / U n i -  
versa l  P r o g r a m m e r  (Pr ince ton  Appl ied  Research Cor-  
porat ion,  Pr inceton,  New Je r sey )  and da ta  were  r e -  
corded on a Houston Model 2000 X-Y recorder  (Hous-  
ton Ins t rumen t  Company,  Houston, Texas) .  The cou- 
lombic charge consumed by  the film in any  redox 
process was ca lcula ted  f rom the in tegra t ion  of the 
CV cu r ren t -po ten t i a l  (i-E) curve. 

Fa rada ic  impedance  measurements  were  made  using 
a So la r t ron  F requency  Response Ana lyze r  Model  1174 
(So la r t ron  Electronics  Group, Limited,  Furnborough,  
England)  coupled to a Wenking  potent ios ta t  (Br ink-  
mann  Ins t ruments ,  •  Westbury ,  New 
York)  wi th  da ta  acquisi t ion and control  by  an App le  II  
mic rocompute r  (Apple  Company,  Cupert ino,  Cal i -  
fo rn ia ) .  A s inusoidal  modula t ion  of 10 mV p e a k - t o -  
peak  was added  to the d-c  bias voltage,  and the f re-  
quency range  s tudied was be tween  0.2 and 10 ~ Hz. 
The e lec t rochemical  cell  used for the impedance  mea -  
su remen t  was the  same as that  used for the CV work  
except  tha t  a la rge  Pt  gauze se rved  as the  aux i l i a ry  
e lect rode and was placed in the main  solution com- 
p a r t m e n t  wi th  the work ing  electrode.  

Visible spec t ra l  da ta  were  obta ined  using a p rev i -  
ously  descr ibed scanning spec t romete r  under  computer  
da ta  acquis i t ion and control  (14). In f r a red  ex te rna l  
reflectance and photoacoust ic  spectroscopic da ta  were  
obtaiz~ed using a modified (15) Nicolet  FTIR spec t rom-  

eter  (Nicolet  Ins t rument  Company,  Madison,  Wiscon-  
sin) .  

A Cambr idge  $4-10 Scanning Elect ron Microscope 
(EG & G Ortec, Oak Ridge, Tennessee)  was used to 
examine  the surface topography.  Ene rgy  Dispers ive 
X - r a y  Analys is  (EDAX) was pe r fo rmed  for e lementa l  
analysis  using an ORTEC mul t i channe l  Ana lyzer  Model  
6200 which was a t tached to the Cambr idge  unit.  

A PHI  Model 548 E S C A / A u g e r  Spec t romete r  (Phys -  
ical Electronics, Incorporated,  Eden Prai r ie ,  Minnesota)  
wi th  sample  in t roduct ion sys tem and computer  con- 
t rol led da ta  acquisi t ion (16, 17) and ~smoothing (18, 
19) was used for the XPS studies. XPS spec t ra  were  
obta ined wi th  the ana lyzer  chamber  opera t ing  at  a base 
pressure  of less than  10 -9 Tor t  of p ressure  wi th  the 
x - r a y  source (magnes ium anode)  opera t ing  at  a 
vol tage of 10 kV and a cur ren t  of 40 mA. Low reso- 
lut ion spec t r a  were  taken  wi th  the spec t rometer  pass 
energy set at  100 eV and high resolution,  s i g n a l - a v e r -  
aged spe c t r a  were  obta ined  at  25 eV pass energy.  The 
spec t rometer  was ca l ibra ted  assuming the gold 4f7/2 
peak  to be at  83.8 eV. 

Procedure for Film Deposition 
The GC electrodes were  in i t ia l ly  CV scanned be-  

tween the potent ia ls  of -50.40 and W0.05V for severa l  
cycles in an aqueous solut ion of ca. 4 X 10-3M cupric  
n i t ra te  in 0.05M KC104. The i-E "background"  was de-  
void of any  cur ren t  ass ignable  to redox  react ions such 
as copper  deposi t ion or  background  oxidat ion.  Copper  
was then deposi ted on the e lect rode by  s tepping  the 
potent ia l  f rom -50.03 to --0.50V, and subsequent ly  re -  
moved (s t r ipped)  by  l inea r ly  scanning the potent ia l  
f rom --0.50 to -50.50V. The deposi t ion and remova l  
sequence was repea ted  unt i l  a reproducib le  i-E curve 
was obta ined dur ing  the s t r ipping  procedure.  The 
CuHCF film was formed by  s tepping the e lec t rode  po-  
tent ia l  in the  presence of cupric  ion f rom -50.03 to 
--0.50V and af te r  wai t ing  for a per iod be tween  3 and 
10 sec, an al iquot  of K ~ e  (CN)6 solut ion was injected 
into the cell. The  final fe r rocyanide  concentra t ion  in 
the cell  was ca. 4 X 10-~M. Thicker  films could be 
formed by leng then ing  the de lay  t ime pr io r  to the 
fe r rocyanide  injection.  With in  a few seconds af te r  the  
addi t ion  of ferrocyanide,  the cur ren t  decayed  to zero. 
The cell was then disconnected f rom the poten t ios ta t  
and the e lect rode was removed  and washed thoroughly  
wi th  dis t i l led water .  I t  was used immed ia t e ly  or  s tored  
in a desiccator.  

Results and Discussion 
PB analogs of the genera l  composi t ion (M1A)k 

[M2B(CN)m]~-xHeO, where  M1 and M2 a re  e i ther  
ident ical  or  d iss imi lar  metals ;  A and B are  the valences 
of M1 and Me, respect ively,  and k, m, and 1 indicate  the 
s to ichiometry  of  the complex;  a re  formed by  mix ing  
solutions of M2 B(CN)6 n -  wi th  an appropr i a t e  sa l t  of 
M1 • (20, 21). If  M1 and M2 are  t rans i t ion  metals ,  the  
poss ibi l i ty  of forming a wide va r i e ty  of compounds 
exists due to the  abi l i ty  to change not only  the  me ta l  
ions, bu t  also the i r  valences. When  the fe r rocyanide  
solut ion is in jec ted  into the e lec t rochemical  cell, a 
r e d - b r o w n  fer rocyanide  sol is immed ia t e ly  formed.  
Af te r  a shor t  t ime, the current  of the work ing  elec-  
t rode  falls  to zero indica t ing  complexat ion  of the  
Cu 2+ ion. The  actual  mechanism of the film fo rma-  
t ion has not  been e lucidated  b u t  the codeposi t ion of 
copper  is impor tan t  in the  format ion  of s table  films. 
F i lms  formed by  a galvanosta t ic  or  potent ios ta t ic  
method f rom solutions of cupric  ion and fe r r i cyan ide  
ion showed not iceable  de te r io ra t ion  wi th in  a few CV 
scans. F i lms  formed by  the codeposi t ion procedure,  
however ,  are  ab le  to wi ths tand  CV cycling on the 
order  of 103 in K2SO4. I t  is noted tha t  the l i fe t ime is 
h ighly  dependent  on severa l  factors,  including film 
thickness,  e lectrolyte ,  scan rate,  and the potent ia l  
range  scanned. The codeposi ted films are  also able to 
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be s tored for  per iods  of up to six weeks  in d r y  state 
with  no apparen t  change in the cyclic vo l t ammet r i c  
behavior .  I t  is be l ieved tha t  the codeposi t ion p rocedure  
provides  a f resh copper  surface to which the film ad-  
heres. Fo r  example ,  i t  has been shown tha t  cyanide  
and cyanide  compounds s t rongly  adhere  to copper  
surfaces (22). When  the compound is immobi l ized  on 
the e lec t rode  surface, i t  is able  to undergo oxida t ion  
and reduct ion  in the presence of po tass ium ions. 

Cyclic Voltammetry 

If  a CuHCF film in 0.5M K2SO4 is CV scanned be- 
tween the potent ia ls  of --0.20 and +0.95V, two redox  
couples appear .  There  is a wel l -def ined  revers ib le  
couple tha t  is charac ter i s t ic  of an  adsorbed species ap -  
pear ing  wi th  a peak  poten t ia l  of ca. +0.69V. Ano the r  
couple at  more  negat ive  poten t ia l  is observed wi th  the 
cathodic peak  at  ca. 0.00V and the anodic peak  at  ca. 
+0.35V. This l a t t e r  broad,  i l l -def ined CV wave  p rob -  
ab ly  involves the  reduct ion of cupric  ion in the  CuHCF 
film. Because of the i r revers ib le  na tu re  of the  wave  
at  more  negat ive  potent ials ,  the da ta  r epor ted  here in  
deal  wi th  the r eve r s ib l e - appea r ing  CV wave  at  
+0.69V. F igu re  1 shows a typical  s t eady-s ta te  i-E curve 
for a CuHCF film cycled in 0.5M K2SO4 at a sweep 
ra te  of 0.002 V/sec  be tween  the potent ia ls  of +0.50 
and +0.90V. S teady-s t a t e  i-E waves occurred af ter  one 
complete  CV cycle; i.e., there  is no b r e a k - i n  period.  
The rat io  of the  anodic to cathodic charge ob ta ined  
f rom the in t eg ra ted  i-E curve for a l l  the films ob-  
served  is 1.00 (•  In Fig. 1, the cathodic (Epc) 
and anodic  (Epa) peak  potent ia ls  are  at  -{-0.690 
(•  vs. SCE and the peak  widths  at  ha l f -he igh t  
a re  0.12 and 0.11V, respect ively.  F rom the v iewpoint  of 
ideal  behavior ,  the  p e a k - t o - p e a k  separa t ion  should be 
zero at  all  sweep  rates  and the peak  wid th  should  be 
0.0906/n V (i.e., 3.53 R T / n F )  with the anodic and 
cathodic i-E curves being mi r ro r  images of each o ther  
(23). F rom the corresponding da ta  in Table  I, i t  can 
be Seen tha t  the p e a k - t o - p e a k  separa t ions  for  sweep 
rates  of less than  0.005 V/sec  are  zero, indica t ing  
tha t  the ra tes  of charge t ransfe r  and counter ion t r ans -  
por t  are  fast  compared  to the scan rates  and tha t  the  
film behavior  approaches  idea l i ty  (24). The s l ight ly  
b roader  than  ideal  peak  width  may  be caused by:  (i) 
repuls ive  in terac t ions  be tween  ions in the lattice,  (if) 
differences in spat ia l  d is t r ibut ion  of redox centers,  and 
(iii) dis t r ibut ion  of species wi th  different  E ~ values  
(25). 

The re la t ionship  tha t  describes the peak  cur ren t  for  
a th in  film of a mono laye r  or less wi th  an ideal ized 
behav ior  (23) is given by  Eq. [1] 

ip = (n fF2/4RT)rAr* [1] 

where  Ar*  is the n u m b e r  of tools of e lec t roact ive  sur -  
face species, v is the sweep rate,  and the o ther  symbols  
have  the i r  usual  meaning.  The peak  current  for the 
f i lm in Fig. 1 was found to be l inear  wi th  scan r a t e  up 
to ca. 0.10 V/sec.  As noted in Table  I, the film behav ior  
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Fig. 1. Cyclic voltammetric curve of a CuHCF film on GC. Elec- 
trolyte: 0,5M K2SO4. Sweep rate: 0.002 V/sec. Charge: ca. 2.8 
mC/cm 2. Epa --" Epc = +0.69V vs. SCE. Epa,1/2' "- 0.11V. 
Epc,1/2 = O.12V. 

in KCI is similar to that observed in K2SO4 but with 
narrower peak widths and with peaks appearing at 
slightly more positive potentials at low scan rates. The 
film in Fig. 1 consumed ca. 2.8 mC/cm 2 of charge which 
corresponds to a thickness of ca. 500A. The thickness  of  
the  film, d, m a y  be es t imated  f rom the rat io  of the 
actual  number  of uni t  cells present  on the e lect rode 
surface to the theoret ica l  n u m b e r  necessary  to form 
one molecular  layer ,  for  example  

d = (C /nFA)  (13No/4) [2] 

where  C is the value of the in tegra ted  charge in cou- 
lombs, I is the  length  of the uni t  cell (10.0A) (26), F is 
the F a r a d a y  constant,  A is the  area  of the electrode,  
and No is Avogadro ' s  number .  I t  is assumed tha t  the 
redox  react ion involves one e lect ron change per  each 
i ron  and that  al l  the HCF in the film are  electroact ive.  
Thus the value  of 4 appears  in the  equat ion since there  
a re  4 effective i ron atoms in an uni t  cell. SEM topo-  
graphica l  studies of films on glassy  carbon have shown 
that  the surface of a CuHCF modified e lec t rode  is 
fa i r ly  smooth wi th  no exposed subst ra te ;  therefore  i t  
was assumed tha t  the film thickness was uniform. 

For  each of the e lec t ro ly te  condit ions l is ted in Table 
I, there  is a scan ra te  reg ion  above which the /pc and 
ipa become l inear  wi th  the square root  of scan rate.  
We are  assuming that  the ion t r anspor t  ra te  of K +, 
t o - a n d - f r o m  or  th rough  the film, is responsible  for 
this square  roo t  dependence.  The devia t ion  f rom 
l inea r i ty  of peak  currents  wi th  the sweep ra te  also 
occurs ear l ie r  as the film thickness  increases,  and the 
observed " ta i l ing" of the  cur ren t  at  h igh sweep ra tes  
is a t t r ibu ted  to such kinet ic  effects (27). However ,  the 

Table I. Peak widths and peak potentials for CuHCF films on GC 

Sweep  
r a t e  
p/V 

sec -1  Ep./V 

0.5M I~SO,  �9 1M KC1 b 1M KCI + 10% E t O H e  

AEpa,xl~l AEpc,1/~l AEpa,zl~l AEpc,ll21 
Ep~/V V V EpalV Ep~/V V V 

AEpa,zl~l AEvc,Ilsl 
Ep~/V EpclV V V 

0.001 + 0.690 
0.002 0.690 
0.005 0.690 
0.010 0.692 
0.020 0.697 
0.050 0.705 
0.100 0.745 

+ 0.690 0.I10 0.122 + 0.710 + 0.705 0.094 0.109 + 0.712 + 0.712 0.091 0.097 
0.690 0.110 0.122 0.710 0.705 0.100 0.103 0.712 0.710 0.091 0.097 
0.685 0.110 0.122 0.710 0.702 0.100 0.106 0.715 0.707 0..094 0.097 
0.685 0.110 0.126 0.710 0.697 0.100 0.108 0.720 0.705 0.088 0.094 
0.682 0.114 0.124 0.715 0.692 0.100 0.113 0.727 0.700 0.100 0.103 
0.680 0.114 0.126 0.730 0.660 0.109 0.125 0.742 0.680 0.106 0.119 
0.665 0.128 0.134 0.760 0.660 0.128 0.134 0.760 0.660 0.128 0.128 

�9 Peak  c u r r e n t  
b P e a k  c u r r e n t  
e P e a k  c u r r e n t  

t h e  w i d t h  o f  t h e  

linear with sweep rate up to 0.100V sec -I. 
linear with sweep rate up to 0.050V sec-L 
linear with sweep rate up to 0.010V sec -I, linear with square root of sweep rate from 0.010 to 0.100V sec =I, AEp,I/s is 
peak at half-height. 
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influence of pu re  res is tance on the shape of the i -E 
wave cannot  be dismissed (28). 

I t  has been noted that  potass ium ion is impor t an t  in 
the redox  chemis t ry  of CuHCF films, as in PB, due to 
i ts ab i l i t y  to fit wi th in  the zeolite cage. The d iamete r  
of the  zeolit ic channel  has been de t e rmined  to be 
3.2A. (26) and the effective d iamete r  of the hyd ra t ed  
K + ion is 2.4A (29). I t  would  be expected,  therefore ,  
tha t  a l a rge r  cat ion would  in te r fe re  wi th  the  incorpo-  
ra t ion of K +. F igure  2 i l lus t ra tes  the effect of Na +, a 
cat ion wi th  an effective hyd ra t ed  d i ame te r  of ca. 3.6A 
(29), on the  CV behavior  of a film wi th  a charge of 
ca. 4.2 m C / c m  s at  a scan ra te  of 0.002 V/sec.  As the  
mol ra t io  of Na  + increases  and K + decreases,  the  ipc 
and ipa values  and consequent ly  the Qc and Qa values  
also cor responding ly  decrease.  The  Epc and Epa also 
shif t  to less posi t ive values.  In  Fig. 3 the logar i thm of 
the K + concentra t ion  is p lo t ted  as a funct ion of the  
midpo in t  po ten t ia l  [(Epc + Epa)/2].  A l inear  plot  is 
observed  indica t ive  of the film behavior  being 
Nerns t ian  in po tass ium ion, in accord wi th  the resul ts  
found by  Ellis, Eckhoff, and Neff (2) for  PB films. 
The slope of the plot  is 77 mV pe r  decade change in 
the  K + concent ra t ion  r a the r  than  the  idea l  60 mV 
Nerns t ian  slope. The reason for  this smal l  devia t ion  
f rom ideal i ty  is p r e sen t ly  unexpla ined.  However ,  the  
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Fig. 2. Cyclic voltammetric curves of a CuHCF film on GC in 
solutions containing varying nmounts of sodium and potassium ions. 
Total concentration of cation is 1.0M, anion is sulfate. Sweep rate: 
0.002 V/sec. Initial charge, Qi: ca. 4.1 mC/cm 2. 
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Fig. 3. Plot of - - log of potassium ion concentration vs. (Epa -~ 
E~)/2. Taken from data in Fig. 2. 

unexpec ted  and s t r ik ing  resu l t  is the  l inear  re la t ionship  
found be tween  the in t eg ra ted  charge,  Qc or  Qa, of the 
i -E  waves  on the mol  rat io  of Na + or  K + as seen in 
Fig. 4. Obviously,  the CuHCF film has p re fe ren t i a l  
se lec t iv i ty  to K + wi th  respect  to Na +. On the o ther  
hand, the concentra t ion of K + in the solutions at  al l  
the tool rat ios  used is more  than  sufficient to sat isfy 
the amount  needed to main ta in  charge neu t r a l i t y  for 
the e lect rolyzed films. The inhibi t ion  to the charge 
t ransfe r  process by  the presence of the  Na + suggests  
a "blocking" mechanism at the  f i lm-solut ion interface.  
I r respect ive  of the  mechanism which may  be governing 
the amount  of film being electrolyzed,  the in teres t ing  
aspect  is the dependence  of the fa rada ic  charge on the 
tool ra t io  of sodium ion wi th  respect  to potass ium ion. 

If  an aqueous solut ion of 1M KC1 which is 10% 
ethanol  by  volume is used as a solvent ,  the peak  cur -  
rent  is l inear  wi th  scan ra te  up to only  0.01O V/see  
and then becomes l inear  wi th  the square  root  of scan 
ra te  af ter  ca. 0.010 V/sec  which is cons iderab ly  ea r l i e r  
t han  for solutions wi thout  ethanol .  In  addi t ion  the 
presence of alcohol causes a decrease  in the  peak  
wid th  as m a y  be seen f rom the da ta  in Table  I. The 
role of alcohol in na r rowing  the peak  widths  is p rob -  
ab ly  due to the same phenomenon as observed for bu lk  
CuHCF. In the bu lk  species, alcohols tend  to a l t e r  
the membrane  permeabi l i ty ,  and in some instances 
the presence of alcohols al lows species not  usua l ly  
pe rmeab le  to pass r ead i ly  because of a l te ra t ions  of the 
pore  size (11); i.e. swel l ing of the membrane .  Fo r  the 
films at high sweep rates,  the addi t ion  of alcohol resul ts  
in a pronounced ta i l ing  of the  i -E wave,  indica t ing  that  
there  is insufficient t ime for  the  react ion to occur 
inside the film (27). This is wha t  would  be expec ted  
if the addi t ion  of alcohol resul ted  in film swel l ing  and 
would  correspond to a behavior  tha t  would  be e x -  
pected of a th icker  film. 

If  alcohol is added  to the solut ion containing Na +, 
the inhibi t ion effect is less pronounced.  Also, l i th ium 
ion, wi th  an effective d iamete r  of 4.7A (29), has  l i t t le  
effect on the  i -E waves at the  same mol rat ios as p re -  
v iously  used for sodium to potass ium ion. At  an Li  + 
concentra t ion of 1M, however ,  the  i -E w a v e  is con- 
s ide rab ly  b roadened  and the charge  is reduced.  Trans-  
fe r r ing  this film from the Li  + solut ion to one conta in-  
ing 1NI K + and CV cycl ing v i r tua l ly  res tored  com- 
p le te ly  the or iginal  i -E wave  obta ined  in a potass ium 
ion medium. This is in contras t  to a film exposed to 
sodium ion where  the film e lec t roac t iv i ty  cannot  be re-  
stored. I t  appears  tha t  the revers ib i l i ty  of the  film to 
different  cations depends  both on the t ype  and size of 
the cation. 

P r e l i m i n a r y  studies of the use of CuHCF films as 
e lec t ron t ransfer  media tors  indicate  tha t  these films are  
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Fig. 4. Plot of charge vs. mol fraction of cation. Taken from data 

in Fig. 2. 
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able to e lec t ro lyze  solut ion species (e.g., f e r r i - / f e r r o -  
cyanide,  ascorbic acid) over  a wide range  of potent ia ls  
in the  presence of potass ium ion. The i -E  wave in these 
instances is a composite  of the wave  for CuHCF and 
the solution species. Hence, the redox wave  of the  
solution species is c lear ly  observed,  suggest ing tha t  the  
film behaves  essent ia l ly  as an electronic conductor.  A 
plaus ib le  mechanism is "e lec t ron-hopping"  be tween  
meta l  a toms in the film as b r idged  by  the cyanides.  
Such a mechanism has been suggested by  Neff (2) and 
I taya  (6) for PB films. Addi t iona l  s tudies a re  cur -  
r en t ly  u n d e r w a y  to eva lua te  more  fu l ly  the ex ten t  
and  mechanism ef charge coupling wi th  solut ion 
species. 

The CV i -E  waves of CuHCF deposi ted on a t in ox-  
ide OTE are  much b roade r  than  ~ those on glassy carbon 
and are  character is t ic  of i r revers ib i l i ty .  Th~ p e a k - t o -  
peak  separa t ion  of the  Epc and Epa ranges  f rom 0.03 
to more  than  0.30V at  scan ra tes  of 0.002-0.050 V/sec,  
respect ively.  In  addi t ion  to the  large  peak  width,  the  
foot of the wave  is ex tended  and the in tegra ted  charge 
decreases as the scan ra te  increases.  This is in cont ras t  
wi th  the film behavior  at  a GC elec t rode  where  the  
values of Qe or  Qa were  independent  of scan ra te  over  
a wide range.  The CuHCF films on t in  oxide were use-  
ful, however,  for  obta in ing opt ical  absorpt ion  spec t ra  
of the  oxidized and reduced forms of the films as is 
discussed la ter .  

A-C Impedance Measurements 
Since t h e  CV behavior  of a CuHCF modified elec-  

t rode in the presence of alcohol as wel l  as p r e l im ina ry  
cat ion studies gave evidence for membrane  porosity,  
the  poss ib i l i ty  of app ly ing  an a -c  impedance  method  
to evalua te  e lec t rochemical  pa rame te r s  of the  film ap-  
pea red  at t ract ive .  This method has been  used in the  
s tudy  of porous electrodes (30-32) and PB films (5). 
Among the advantages  offered by  the a-c  method  is the  
ab i l i ty  to obta in  values  of the double  layer  capaci tance 
and the act ivat ion resistance in the same measurement .  
A deta i led  discussion of analysis  of a -c  impedance  da ta  
is avai lable  (33). 

F igure  5 shows the impedance  p lane  plot  ( imag ina ry  
component ,  Z" vs.  rea l  component,  Z')  for a CuHCF 
film in contact  wi th  0.5M K2SO4. The in tercept  of the  
semicircle  at  h igh frequencies wi th  the  rea l  axis (Z')  
yie lds  a value  for  the ohmic resis tance (Re) of 1.6 
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Fig. 5. Impedance plane plot (partial) for CuHCF film on GC in 
contact with 0.SM K2SO4. Ed.e. = E ~ Re = 1.6 ,~/cm 2, io = 
1 mA/cm 2. Inset: Bode plot of impedance data. Double layer 
capacitance: 100 /~F/cm -2.  Adsorption pseudocapacitance: 13.4 
mF/cm% 

~/cme which represents  the  value of the solut ion re-  
sistance. The necessi ty of placing the  radius  of the  
semicircle  be low the rea l  axis is due to the complex i ty  
of the system; i.e., a simple model  does not  suffice and 
a t ransmiss ion line model  is more  appropr ia te  (30, 
32). In  this  model,  the act ivat ion resistance,  Ra, is 
found to be 42.411. Since the data  were  t aken  at  Ed.c. = 
E ~ the exchange cur ren t  densi ty  m a y  be calculated 
f rom the equat ion (34) 

Ra : R T / n F i o  [3] 

where  Ra is the act ivat ion resis tance in ohm; io is the 
exchange cur ren t  density,  and  the other  symbols  have 
thei r  usual  meaning.  The value  of io was found to be 
0.61 • 10-~A or  normal ized  to the geometr ic  a rea  of 
the  electrode,  ca. 1 • 10 -'~ A/cm~. The magn i tude  of 
this ra te  is indicat ive  of a fast e lec t ron t rans fe r  re -  
action. 

The  ir~et  to Fig. 5 is a Bode plot, or  a plot  of In IZI 
vs.  In ], where  $ is the  f requency  and JZJ is defined as 

Iz[ = ( z ~  + Z"~)~ [4] 

When Z' is corrected for  ohmic resistance,  the double  
l aye r  capaci tance m a y  be found from the Bode plot. 
In  the  high f requency region the slope of the l ine 
tends toward  a value  of --1 (--1.020 in Fig. 5) and 
the double  l aye r  capacitance,  Cdl, m a y  be obta ined  
f rom the value  of [Z I where  this l ine intersects  the 
point  at  which In ] is equal  to zero (i.e., f - -  1). The 
value  of Cdl equal  to 100 ~F /cm 2 is obtained.  Also, in 
the  low f requency region, the  points  approach  a s lope 
of --1, and a s imi lar  analysis  gives an approx ima te  
value  of 13.4 mF/cm% This region of the Bode plot  
corresponds to the low f requency  por t ion  of the im-  
pedance plot  where  the slope of the l ine r ises sharp ly  
indicat ing an adsorpt ion pseudocapaci ' tance associated 
with  h ighly  adsorbed species. High values  of the  ad- 
sorption pseudocapaci tance have also been observed  
for porous gold and n ickel  e lectrodes (35), as wel l  as 
for PB (5). In the f requency  range be tween  79.2 and 
12.5 Hz, the slope of the  impedance  p lo t  is 33 ~ in-  
d icat ing tha t  the  behavior  of the  CuHCF film is s imi lar  
to that  ol  porous electrodes (31, 35). I t  has been shown 
that  when  the ra te  of heterogeneous e lec t ron t ransfe r  
processes is diffusion l imi ted  by  the m e m b r a n e  pore 
size, in theory  the  impedance  p lane  plot  wi l l  be a 

s t r a i g h t  l ine wi th  a s lope equal  to ~/8. The more  oc- 
cluded the pore, the more  the impedance  exhibi ts  a 
pseudo t ransfe r  resistance (32), i.e., the  line wi l l  bend 
in the  high f requency region and wil l  assume a semi-  
c i rcular  shape. If  the impedance  behav ior  of a CuHCF 
film. is examined  at  potent ia ls  far  r emoved  f rom E ~ 
for  example  at  Ed.c. = -I-0.50 or  0.90V, i t  is found tha t  
the  behavior  is essent ia l ly  capaci t ive in nature .  Ex ten-  
sive a -c  impedance  studies including an  evalua t ion  of 
the  effects of alcohol  a re  cu r ren t ly  underway .  

Spectroscopic Results 
The u t i l i ty  of t in oxide OTE's for ob ta in ing  vis ible  

absorpt ion  spec t ra  was noted earl ier .  F igure  6 shows 
the background  corrected spec t ra  of a CuHCF film on 
t in  oxide in contact  wi th  O.5M K2SO4. It  is noted tha t  
s imi lar  spec t ra  a re  observed in 1.0M KC1. Trace  a is 
a spec t rum of the reduced  film obta ined  b y  app ly ing  
a potent ia l  of +0.35V vs. SCE. The broad  band at  ca. 
490 n m  is associated wi th  the  i ron  to copper  charge 
t ransfer  in cupric  ferrocyanide.  Trace b is the  corre-  
sponding spec t rum of the oxidized film obta ined  b y  
app ly ing  a po ten t ia l  of + l . 0 5 V  vs.  SCE. The band  at  
ca. 420 n m  is a t t r ibu ted  to the  cyanide  to i ron  charge 
t ransfer  band for  the fe r r i cyan ide  species. Both bands  
are  shif ted f rom those repor ted  for the bu lk  species, 
which are  only  in fair  agreement  wi th  ca lcula ted  
values  (10). The change in the opt ical  spec t ra  wi th  
the  appl ied  potent ia l  indicates  that  the  redox  process 
involves a change in the  oxidat ion  s ta te  of the  i ron  in 
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Fig. 6. Background corrected absorbance spectra for CuHCF film 
on Sn02 in contact with 0.SM K2S04. Trace a: reduced form. Eappt 
---- -FO.35V vs. SCE. Trace b: oxidized form. Eappl ~- +1.05V vs. 
SCE. 

fe r r i -  and  ferrocyanide.  The corresponding change in 
t h e  opt ical  spect ra  wi th  the  change in oxida t ion  s t a t e  
of i ron is cor robora ted  b y  bu lk  CuHCF exper iments .  
That  is, when  one mixes  cupric  ion wi th  an equi -  
mola r  amount  of fe r rocyanide ,  a r e d - b r o w n  cupric  
fe r rocyan ide  sol results.  However ,  the mix ing  of cupric  
ion wi th  an equ imolar  amount  of f e r r i cyan ide  p ro -  
duces, a ye l low sol. The average  value  of the molar  
absorp t iv i ty  of CuHCF calcula ted  f rom the exper i -  
men ta l  absorbance  at  ca. 490 nm is on the order  of 
2 • 103 l i t e r / m o l  cm. This value  is app rox ima te ly  1/3 
t h a t  for  the  charge  t ransfe r  band  in PB films (3).  One 
of the  reasons for the low value  of the  molar  absorp-  
t i v i ty  m a y  be the effect of nonhomogene i ty  which 
would  resul t  in a nonuni form pa th  length. Nonhomo-  
genei ty  would  also cont r ibu te  to the  peak  b roaden ing  
observed  in the CV behavior  of  the films on t in oxide 
substrates .  

Hysteres is  effects are  observed in the absorbance  vs .  
t ime profiles obta ined  by  s tepping  the poten t ia l  be -  
tween  +0 .35  and + l . 0 5 V  v s .  SCE and moni tor ing  t h e  
absorbance  a t  4 9 0  nm. It  was necessary  to app ly  a 
considerable  overpo ten t i a l  to comple te ly  reduce or  
oxidize the  CuHCF, due to the less revers ib le  behav ior  
of the  film on the t in oxide surface. Upon oxidat ion,  the  
absorbance  decreases l i nea r ly  wi th  t ime before  a t t a i n -  
i n g  the m i n i m u m  value  of the ful ly  oxid ized  film. Upon 
reduct ion,  the  absorbance  cor respondingly  increases,  
bu t  in a non l inear  manner ,  as the m a x i m u m  value  is 
approached  for  a fu l ly  reduced  film. The  t ime to 
achieve a fu l ly  oxidized or  reduced  film requi red  ca. 5 
sec for  the overpoten t ia l s  used. 

The  use of XPS for the s tudy  of mixed  valence com- 
pounds (MVC's) has been repor ted  in the  l i t e ra tu re  
(36, 37). Recent ly  our  l abo ra to ry  and others  (6) have  
app l ied  XPS to s tudy  thin films of PB and CuHCF 
in o r d e r  to define the  surface composition. 

When  a cupric  sa l t  is added  to an a lka l i  sal t  of 
Fe (CN)64- ,  a cupric  fe r rocyanide  complex  which in-  
corpora tes  nonstoichiometr ic  amounts  of the  a lka l i  ion 

(12), is formed.  However ,  i t  has been shown t h a t  
for a given set of conditions, the  amount  of a lka l i  
meta l  is constant,  but  the  molecule  is p robab ly  ve ry  
complex and may  consist of a definite number  of mole-  
cules of the  pure  meta l l ic  fe r rocyanide  wi th  one or  
more  molecules  of  the double  sa l t  (21). 

When  cupric  sul fa te  and potass ium fe r rocyan ide  are  
mixed  together  in a potass ium perch lora te  solution, the 
prec ip i ta ted  CuHCF is contamina ted  by  e lec t ro ly te  
species. High resolut ion XPS  spec t rum of the  washed 
a n d  dr ied  sample  shows considerable  amounts  of e le-  
menta l  potassium, as l is ted in  Table  II. Su rvey  XPS 
of the sample  also revea led  the presence of sul fur  a n d  
chlorine. S imi lar ly ,  the surface of a f reshly  p repa red  
CuHCF film on a carbon electrode,  a f te r  washing  and 
drying,  indica ted  incorpora t ion  of potass ium in the 
film as wel l  as traces of o ther  " impur i t ies"  f rom t h e  
solution electrolyte .  However ,  when  a CuHCF film is 
redox  cycled be tween  the potent ia ls  of -{-0.50 a n d  
+0.90V vs .  SCE by CV, the reduced film contains po-  
tassium ion whereas  the  oxidized film does not. No 
sulfur  is observed in the spec t ra  of e i ther  of t h e  
cycled films. As noted in Table  II, the K / F e  e lementa l  
rat ios  as ca lcula ted f rom the in tegra ted  XPS high reso-  
lut ion band,  a f te r  cross-sect ion correction, are 1,9 __. 
0.7 and less than  0.2 for the reduced  and oxidized 
films, respect ively.  EDAX, which has a much greater  
surface pene t ra t ion  depth  than XPS, confirmed the 
results.  Thus, the difference in the potass ium content,  
as de te rmined  b y  XPS, is not  a reflection of a l te ra t ion  
of the sample  surface by  the w a s h / d r y  p rocedure  of 
the films pr io r  to in t roduct ion  into the XPS chamber.  

The surface  e lementa l  rat ios  of N / F e  a n d  C u / F e  do 
n o t  vary  apprec iab ly  f rom bulk  to e lect rode samples.  
It appears  that  e lec t rochemica l ly  p repa red  samples  
have no apprec iab le  n i t ra te  contaminat ion,  since no 
addi t ional  peak  at ca. 6 eV h igher  b inding energy  f rom 
the cyanide N ls  peak  (38) is observed.  The  nonstoichi-  
ometr ic  C u / F e  and K / F e  rat ios indicate the  format ion  
of complex species or var ia t ions  in the surface com- 
posi t ion wi th  respect  to the bulk.  However ,  a significant 
amount  of potass ium is consis tent ly  detected in the re-  
duced film, whereas  in the  oxidized CuHCF, at  most 
only  t race amounts  are  observed.  

High resolut ion spec t ra  of the copper  2p region for  
all  samples reveal  " shake-up  peaks,"  addi t ional  peaks  
at a h igher  b inding energy  than  the main  peaks.  These 
are  character is t ic  of the  copper  + 2  ox ida t ion  s t a t e  
(39) and the i r  presence in both  the oxidized and re-  
duced films indicate  tha t  no change occurs in the  cop- 
per  oxidat ion  state. The full  widths  at h a l f - m a x i m u m  
(FWHM) are  la rge  (ca.  2.4 eV) but  comparab le  for  
both forms. 

High resolut ion spec t rum of the i ron 2ps/~ region re -  
veals  a peak  for the  reduced film to be  symmet r i ca l  
wi th  a FWHM of ca.  1.5 eV. This same band  for  the 
oxidized film, however ,  is. b road  and unsymmet r i ca l  
wi th  a FWHM of ca. 2.7 eV. The b roade r  peak  for  t h e  
oxidized film is consistent  wi th  the ' trend observed for 
potass ium fe r r i -  and fe r rocyanide  and for ferrocene 
modified electrodes (37, 40). The ve ry  broad  a sym-  

Table II. XPS peak 1 positions and atomic ratios 2 

Sample  Fe  21~/~ Cu 2ps/~ N l s  K 2p3/~ C ls* N / F e  K / F e  Cu/Fe  

P o w d e r  s 712.4 937.7 401.4 297.5 288.4 10.0 "+" 0.9 10.1 + 3.2 1.8 ~ 0.3 
Fresh  e lectrode 4 712.2 937.7 401.5 296.5 288.2 9.6 + 0.6 3.2 ~ 0.4 3.1 --  0.5 
Oxidized 6 ** 938.7 401.4 288.0 10.0 • 0.7 0.0 to trace 1.8 • 0.6 
Reduced e 712.4 939.4 401.7 297.5 288.7 9.5 -- 0.6 1.9 + 0.7 2.2 ----. 0.4 

i Experimental, uncorrected (• eV). 
2 Normalized to photoelectron cross-sections. C Is = 1.00. 
s Precipitated from cupric sulfate and potassium ferrocyanide in perchlorate media. 
Film prepared as described in procedure, not electrochemically cycled. 
Electrochemically cycled in 0.5M KsSO~ between +0.500 and + 0.900V vs. SCE, then open-circuited at + 0.900V. 
Electrochemically-cycled in O.5M K~SO~ between +0.500 and +0.900V vs. SCE, then open-circuited at +0.504)V. 
* C Is (from Ref, 37) for the cyanide carbon PB, 286.1; K~Fe(CN)e, 286.4; KaFe(CN)e, 286.3. 
** Refer to discussion. 
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metric shape of the peak makes determination of the 
peak position difficult, but qualitatively useful. It is felt 
that the change in the shape and width of the iron 
peak is associated with a change in oxidation state. 
The narrow, symmetric peak is observed for the ferro- 
cyanide species, and the broad, asymmetric peak is 
ooserved for the ferricyanide species. The unusual 
breadth of the peak lot me oxidized films is not asso- 
ciated with residual ferrocyanide, and this assumption 
is substantiated by infrared data. 

Both the reflectance and photoacoustic spectra of 
oxidized films on GC substrates place the cyanide band 
at 2090 wave numbers (cm-1). This is in close agree- 
ment with Ayers et al. (8) who place the CN stretch 
of a bulk cupric ferricyanide sample in KBr at 2100 
cm -1. No additional peak at 2060 cm -1, indicative of 
cupric ferrocyanide (8), was observed in the oxidized 
films. 

The change in the XPS spectra of the iron 2p~/~ 
region, substantiated by the infrared spectra, estab- 
lishes the redox couple as the ferri-ferrocyanide cou- 
ple. The detection of significant amounts of potassium 
in the reduced form, as well as the cyclic voltammetric 
behavior, infer a potassium ion dependence. The re- 
action can thus be formally represented by the follow- 
ing equation 

Cua+~[Fe(CN)63-]2 + 2K + + 2e 

= K~Cu3+~[Fe(CN)64-]z [5] 

where the role of potassium ion is its incorporation 
within the zeolitic cage to maintain charge neutrality 
during reduction. 

Summary 
The values of the ohmic resistance and the exchange 

current for a typical film in 0.5M K2SO4 indicate that 
the barrier to electron transfer through the CuHCF film 
is very low. Thus, the film behavior is similar to a 
conductor whereby different solution species undergo 
oxidation/reduction reactions governed by their redox 
potentials and independently of the film redox reac- 
tion. This is in contrast to immobilized polymer redox 
mediators that control the potential at which charge 
can be transported through the polymer film to solu- 
tion species. The change in the optical properties of 
these metal hexacyanoferrates, such as Prussian blue 
and copper hexacyanoferrate, and related mixed metal 
valent compounds that can be stabilized as films, make 
these films potentially valuable for electrochromic de- 
vices. We also envision several other interesting ap- 
plications. Further details of the physical and electro- 
chemical properties of the PB and CuHCF films as well 
as those fabricated from other transition elements will 
be reported in the near future. 
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Anodic Dissolution of Copper in Concentrated LiCI Solution at pH 

Between 3 and 7 

Louis Brossard* 
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Interest in the anodic dissolution of copper in acidic 
chlorinated solutions has come about as the result  of 
the wide use of such solutions particiflarly for the 
electropolishing and electrochemical  machining of 
copper, and the dominant  role played by C1- ions in 
the copper corrosion process (1-12). The de te rmin ing  
step in  the active dissolution of copper in the presence 
of C1- is general ly  a t t r ibuted  to the diffusion of an 
ionic species in  the l iquid phase, such as Cu +, Cu + +, 
CuC12-, CuCl3-,  and C l - ,  according to the concentra-  
tions under  s tudy (1-12). 

Recently, Moreau (2) proposed a dissolution mecha-  
n ism based on the theory of absorbed intermediate  
species. This model  provides a consistent explanat ion 
for the behavior  of copper while the copper dissolu- 
t ion rate~ calculated according to this model, is in 
accordance with exper imenta l  results for concentrated 
HC1 solutions. However, comparison between the cal- 
culated values and exper imenta l  results has been 
l imited to a simple activity in chloride ions, namely,  
1 mol / l i t e r  for currents  below 0.08 m A / c m  2. Kozin and 
co-workers (3), on the other hand, who studied the 
dissolution of copper in acidic aqueous solutions with 
1-4M LiCt, suggest that  copper dissolves according to 
the mechanism Cu -~ Cu + + le and that  the dissolu- 
t ion rate  is de termined by  the diffusion of Cu + from 
the electrode to the solution. 

The aim of the work presented here is to pursue the 
s tudy of the active dissolution of copper in slightly 
acidic or quasi neu t ra l  aqueous solutions with a high 
LiC1 concentration. 

Experimental 
Ceff and accessories.--Conventional electrochemical 

cells were used with a copper working electrode, a 
plat inized p la t inum counterelectrode, and saturated 
calomel reference electrode. The solution in contact 
with the counterelectrode was separated from the 
parent  solution by  a sin~ered glass; whereas, the ref-  
erence .electrode was immersed in the upper  section 
of the Luggin capil lary tube, the end of which was 
only 1 m m  from the surface of the copper electrode. 

The copper electrode (Ventron Corporation, 99.99%) 
consisted of a vertical  0.64 mm di.ameter wire  or of a 
horizontal  0.95 cm diameter  disk, which gave a sam- 
ple surface area of 0.5 and 0.71 cm 2, respectively. The 
samples were not exposed to hea t - t rea tment  prior to 
the experiments,  and tr iple-dist i l led water  was used 
to prepare  the solutions. 

Test procedure.--After 6 hr  of argon bubbl ing,  the 
working electrode was immersed in  the solution. The 
solutions were either slightly acidic or auas i -neutra l ,  
wi th  a pH ranging from 3 to 7. and contained be tween 
0.2 and 10M of dissolved LiC1. When necessary, a potas- 
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s lum phtalate-based buffer was used to stabilize the 
pH. 

Using Shoesmith et aL's copper polishing method 
(13), the sample was buffed with silicon carbide paper 
then polished wi th  a 1~ .alumina paste. It  was subse- 
quent ly  r insed with alcohol, acetone, and finally dis- 
tilled water  before being immersed in  the solution. 

Experimental techniques.--The cell polarization~ 
curves were obtained by  s tandard techniques. A 
Tacussel G-STP2C generator  connected to a Wenking 
potentiostat  served to vary  the voltage applied to the 
copper electrode either l inear ly  with time or in steps. 
An electronic coulometer measured the quanti t ies of 
electricity in the oxidation stage. 

In  order to determine the influence of st irr ing on 
the copper dissolution current,  a constant  voltage was 
applied to the copper electrode and ~ yeas varied step- 
wise from 100 to 9 rps, keeping it constant  for 1 rain 
at each value. The electrode was polished between 
each experiment.  

The chloride activity ]C1- I was calculated from 
Davies' formula as modified by Robinson, and by Gug- 
genheim, and Bates (14) taking account of the values 
for the mean activity coefficient available in the l i t -  
erature  for dissolved LiC1 (15). Moreau (2) adopted 
a similar approach to determine !C1- I in solutions 
with a high HC1 concentration. 

The dissolution valency was determined by applying 
a constant  voltage to the copper and measur ing the 
electric charge involved dur ing  .copper active dissolu- 
tion. The amount  of copper dissolved was obtained 
by weight loss measurement .  Once it had been ensured 
that  there were no corrosion products on the surface 
of the electrode. Faraday 's  l aw was applied giving 
the dissolution valency (2, 16). Unless otherwise noted, 
all electrode potent ial  values are given with respect 
to an  SCE as reference. 

Experimental Results and Discussion 
Copper electrode behavior.--The formation of a cor- 

rosion product, CuC1, on a s tat ionary electrode sur-  
face was observed only  at applied potentials very 
close to the reversible potent ia l  for the reaction Cu + 
C1- -->,CuC1 + e. Similar  observations have been done 
in concentrated HC1 solutions (17). So, the electrode 
surface should be considered free of corrosion prod- 
uct dur ing its dissolution in the potential  range con- 
sidered here. 

The main  characteristics of the behavior  of the 
copper electrode are: (i) The relat ion E -- log10 i is 
l inear  with a slope close to 60 mV/decade (Fig. 1) at 
a fixed ~ and C1- concentration. (ii) The i -- ~1/2 re la-  
tions are l inear  .and the ordinate at the origin passes 
very  close to zero (Fig. 2) at a fixed applied potential  
and C1- concentration. (iii) The relations E -- loglo 
(i~'/2) are l inear  with a slope equal or very close to 
60 mV/decade (Fig. 3) at a given C1- concentrat ion,  

403 
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(iv) The dissolut ion va lency is close to 1, as i t  was 
observed  by  Kinoshi ta  e t a l .  (16) for  the ac t ive  dis-  
solut ion of copper  in concentra ted  LiC1 solutions. 

Proposed dissolution mechanisms.--Copper that  dis-  
solves in  aqueous solutions wi th  high concentra t ion 
in C1- shows a m a r k e d  tendency  to be associated 
wi th  chlor ide  (1-1O), CuCla-  and CuCI~ = being the 
most  p robab le  complexes in the range  of concent ra-  
t ion considered. In  addit ion,  the  re la t ions  i --  ~/~ given 
in Fig. 2 suggest  tha t  the anodic dissolution of copper  
is diffusion control led.  When  the CuCI~- species is 
considered, the  react ions of impor tance  are  

Cu + 2C1- : (CuC12-)i  + e [1] 
and  

(CuC12-) i'-> (CuC12-) s rds  [2] 

where  the  subscr ipts  i and s re fe r  to concentra t ions  
at  the copper-so lu t ion  interface  and the bu lk  solu-  
tion, respect ively .  The r a t e -de t e rmin ing - s t ep  [2] is 
the  diffusion t r anspor t  of CuC12- f rom the in terface  
to the  bu lk  solution. S tep  [1], the  oxidat ion  of copper  
to C u C l i - ,  is assumed to be in equ i l ib r ium for which  
the Nernst  equa t ion  

RT (CuC19.-) i 
E : E ~ + I n  [ 3 ]  

F (C1-)  2 

is app l i cab le  and f rom which  (CuC12-)i  is obta ined  

F(E - -  E o) 
(CuCI2-) i -- (CI-) 2 exp [4] 

RT 

t0 I I I 

.0 7 /  

~' 0.1 

5 6 M  

T 

0.01 - 

0001 ...... I I I 
-350 -300 -250 -200 

Electrode polential (mV vs SCE) 

Fig. 3. i~ - I / 2  vs. applied potential at different LiC! concen- 
trations. 

Substi t lzt ing (CuC12-) i into the  ra te  de te rmin ing  d i f -  
fusion t r anspor t  equat ion (Fick 's  first law) 

ZFD (CuC12-) i 
i = [5] 

8 

leads to the ra te  express ion 

ZFD F ( E  --  E o) 
i = ~ (C1-)~ exp  [6] 

8 RT 

6 is given by  (18) 

5 = 1.61 DCuCl2-1/3vl/6w -1/2 [7] 

The subst i tu t ion o~ 8 in Eq. [6] gives 
F ( ~  - -  E o) 

I : 0.62 ZFvl/6Dcuc12-2/3~ 1/2 IC1-12 exp 
RT 

[8] 

In  Eq. [8], Z, the charge  on the species undergoing  
mass t ranspor t  (CuCI~-) ,  is 1; v is the  k inemat ic  
viscosi ty which was de te rmined  exper imen ta l ly ;  
Dcuc12- is the diffusion coefficient for C u C I i - ;  w is the 
ro ta t ing  speed in rad ians  per  seconds; ]CI-I ,  the ac-  
t iv i ty  of CI - ,  is subs t i tu ted  to C1- concentrat ion.  E ~ 
m a y  be deduced f rom the rmodynamic  values (19). 

The der iva t ives  of Eq. [8] are  

(OE/O log i) = 59 m V / d e c a d e  (Fig.  1) [Sa] 
29s K, ]Cl-I 

( 0 ~ )  : C O N S T A N T  (Fig. 2) [Sb] 
CI--, E 

[ 8 c ]  

They correspond to character is t ics  ( i ) ,  (ii), and (iii) 
found for the  dissolut ion of copper.  The diffusion co- 
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Table I. Experimental values of diffusion coefficient a Table II. Influence of pH on anodic current a at three potentials 

CI- (M) - 3 0 0  mVsc~. - 2 7 5  mVscE - 2 5 0  mVse~  

1 2.6 x 10-5 2.7 x 10 -~ 2.0 x 10-~ 
cm~/sec  c m 2/ se c  cm2/sec  

1.83 1.8 1.9 2.2 
2.56 2.2 2.1 2.0 
3.54 1.7 
4 1.9 1.8 1.9 
5.5 0.88 1.1 1,3 
7 0.5 0.6 0.6 

D w a s  ca lculated  f r o m  Eq. [8] and the  e x p e r i m e n t a l  va lues  of  
I-~1/~ s lopes .  

efficient ca lcula ted  f rom the expe r imen ta l  values  of 
cu r ren t  a re  g iven in Table  I for different  values  of C1- 
concentra t ion and appl ied  potentials .  

The values of D are 0.5 • 10 -5 cm2/sec at 7M LiC1 
to be 2.0-2.6 • 10 -5 cm2/sec at 1M LiC1. D values  given 
in the l i t e r a tu re  va ry  from 0.6 • 10 -5 cme/sec beyond 
4M in C1- (20) to 1.6 • 10 -5 cm2/sec at a round 1M 
(21). The  sl ight  difference observed  be tween  the cal -  
cula ted  D values  and those given in the l i t e ra tu re  m a y  
be a t t r ibu ted  to the fact that  C1- ion activi t ies used in 
Eq. [8] are  approx imates  and Dcuc12- ava i lab le  in the 
l i t e r a tu re  a re  for  dissolved NaC1 or CuC12 only. 

I t  should also be pointed out that  H + or O H -  ions 
are not  involved  in the dissolut ion process. Conse- 
quent ly,  the pH of the  solut ion is expected to have no 
influence on the ra te  of dissolution. The expe r imen ta l  
resul ts  confirmed that  the influence of pH is marg ina l  
(Table  I I ) .  

Conclusions 
The anodic cur ren t  process is under  diffusion con- 

t rol  of a n i o n i c  species in the solution. The dissolut ion 
cur ren t  observed,  over  a wide  range  of C1- concent ra-  
tions in s l ight ly  acidic solutions, is in agreement  wi th  
the cur ren t  values  ca lcula ted  f rom a two-s tep  react ion 
where  the  l imi t ing  step is the diffusion of CuC12- 
f rom the e lec t rode  surface to the bulk.  The main  cha r -  
acter is t ics  of the anodic  dissolut ion of copper,  namely,  
the  l i nea r i ty  of the  E --  log10 (i~-~/2) re la t ionship  wi th  
a slope close to 59 mV/decade ,  and the l i nea r i ty  of the 
i --  ~'/~ re la t ions  are  in agreement  wi th  the dissolut ion 
process considered here.  In  accordance  wi th  this 
model, the  dissolut ion current  is independen t  of the 
pH and the dissolut ion va lency  is close to 1. 
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- 2 0 0  m V  
pH ( / S C E )  - 1 5 0  m V  - i 0 0  m V  

3 0.11 b 0.62 3.2 
4 0.06 0.35 1.9 
5 O.O9 0.50 2.9 
5.8 0.09 0.50 3.0 
5.9 0.08 0.48 3.1 
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a T h e s e  va lues  are  der ived  f r o m  cycl ic  v o l t a m m e t r i e  curves  
E - logloI w i th  p = 0.4 m V / s e c  and LiC1 = 0.71M. 

b In m A / c m  2. 
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The Equilibrium Constant for the Reaction H2S + 3H20 + (Lio.=Ko.3,)  
C03 + + (Lio. Ko. 4) S04 at Elevated Temperature 

S. W. Smith* and S. M.  Kapelner 

United Technologies Corporation, Power Systems Division, South Windsor, Connecticut 06074 

The presence of t race levels  of H2S in the fuel  s t ream 
of a mol ten  carbonate  fuel cell causes a cell pe r fo rm-  
ance loss (1-3),  which  depends  on the bu lk  gas corn- 

* E l e c t r o c h e m i c a l  Soc i e ty  A c t i v e  M e m b e r .  

posi t ion fuel  ut i l izat ion,  and the HeS level.  One of the 
possible causes for this pe r fo rmance  loss is the react ion 
of the H2S wi th  the  e lec t ro ly te  according to 

M2CO3 -~- H2S -}- 3H20 ~- M2SO4 -~ COs -}- 4H~ 
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Such conversion of the e lec t ro ly te  would  cause a 
Nernst  potent ia l  loss at  the  anode due to a reduct ion in 
carbonate  ion ac t iv i ty  in addi t ion to o ther  possible 
effects, i.e., changes in e lec t ro ly te  conduct ivi ty,  wet t ing  
angle, viscosity, etc. 

A previous  s tudy (2) concluded tha t  m a j o r  e lec t ro-  
ly te  conversion would  occur  for most opera t ing  condi-  
t ions and fuels. The ra te  would,  of course, be de te r -  
mined by  the ra te  of H~S input,  the  e lec t ro ly te  volume, 
and the scrubbing  effectiveness of the cell. Because of 
some doubt  tha t  these expe r imen ta l  resul ts  were  ac tu-  
a l ly  obta ined at  equi l ibr ium,  the  measurements  have  
been repea ted  using a modified technique where  
equ i l ib r ium can be obta ined in a short  t ime and ap-  
proached  f rom both sides. 

Experimental 
The technique used to de te rmine  the equi l ib r ium 

constant  consisted of the passing of var ious  fuel gases 
containing H2S over  a thin l aye r  of e lectrolyte ,  and 
de te rmin ing  the composit ion of the e lec t ro ly te  at 
equi l ibr ium.  

A schematic  d iag ram of the appara tus  used is shown 
in Fig. 1. The e lec t ro ly te  was contained in a 100 cm 3 
crucible  of 80 Au-20 Pd a l loy ( P A L A U ) .  The amount  
of e lec t ro ly te  no rma l ly  used was 2-4 cm 3 which gave a 
thin l aye r  of mel t  in the  bot tom of the conta iner  and, 
thus, short  equi l ibra t ion  t imes. The cup had a gold foil  
cap wi th  a centra l  hole th rough  which the gas inlet  
tube  extended.  The gas lef t  the cup a round  the inlet  
tube and under  the foil at the r im, then exi ted  f rom 
the -con t a inmen t  vessel th rough  an ai r  condenser  to 
remove  water ,  fo l lowed by  a sampl ing  por t  for inse r t -  
ing a K i t agawa  tube for H.2S determinat ion.  

A smal l  Ni tube was inser ted  down the center  of the 
gas inlet  tube  to a point  jus t  above the melt .  Samples  
removed  from this tube were  ana lyzed  in a gas 
ch romatograph  to de te rmine  the CO and CO2 levels.  
Since the  mel t  gas was a mix tu re  of H2 and CO2 satu-  
r a t ed  to the des i red  dew point,  wa t e r -ga s  shif t ing 'of 
this gas occurred  wi th in  the test  appara tus .  This a n a l y -  
sis enabled  the degree  of shif t ing to_be determined.  

A Chrome l -Alume l  thermocouple  inser ted  th rough  
the conta inment  vessel  cover touched the outs ide of 
the crucible.  H2S was added  to the  inlet  H2 s t ream by  
means  of a Dynaca l  t ubu la r  type  pe rmea t ion  device. 
This s t ream was mixed  wi th  a wet  CO2 s t ream jus t  
pr ior  to en te r ing  the vessel. The salts used were  of re -  
agent  grade.  The gases were  of "high pur i ty ,"  and the 
flow ra te  was measured  by  bubble  meter .  Weighing 
was done on a single pan  balance  to -4-0.1 mg. 

Each expe r imen t  was s ta r ted  by  adding a mix tu re  of 
d ry  salts to the crucible  to give the  des i red  su l f a t e /  
carbonate  rat io  at  a constant  L i / K  rat io of 1.63. The 

gas composit ion was ad jus ted  to a pp rox ima te ly  tha t  
expected to be in equ i l ib r ium wi th  the melt ,  and the 
sys tem al lowed to equ i l ib ra te  for about  20 hr. The in-  
le t  and effluent H2S levels were  then  measured,  and  
the gas composit ion a l te red  stepwise unt i l  the two 
levels  were  equal.  In  some exper iments ,  the equi-  
l i b r ium was approached  f rom both sides wi th  respect  
to gas composit ion,  and in one case, wi th  respect  to 
t empera ture .  

Af te r  equ i l ib r ium had been at ta ined,  the  sys tem was 
cooled r ap id ly  by  removing  the pot  from the furnace.  
The solid was removed  and analyzed  for Li, K, CO8 -2, 
and  SO4 -2. The Li and K were  de te rmined  by  atomic 
absorpt ion,  the CO3 -2 by  a g rav imet r i c  method,  and 
the SO4 -2  by  ion chromatography .  

Results and Discussion 
Measurements  were  made at  three  rat ios of CO3-2/ 

SO4 -2 and at  three  tempera tures .  The resul ts  a re  given 
in Table  I where  X1 is t he  mol  fract ion of i and K is the 
equ i l ib r ium constant  for the react ion above. 

The gas composit ions for each of these exper iments  
is given in Table  II. 

These resul ts  are  m a r k e d l y  differen~ from those p re -  
sented prev ious ly  (2), except  for one previous  result ,  
which was obta ined at  condit ions where  sulfate  levels  
in the range  of the presen t  s tudy were  found. The 
other  exper iments  had  low H2S concentrat ions,  where  
the  values found for  SO4 -2 were  only at  the 10-100 
ppm level.  Spur ious ly  high SO4 -2  contents were  ap-  
pa ren t ly  found as a consequence of the ini t ia l  sulfur  
contained in the reagent  grade salts  used, 2000 ppm for 
Li~CO8 and 40 ppm for K2CO8, and the design of the 
expe r imen ta l  appara tus .  The mel t  was contained in a 
smaU Ni cup wi th  an L /D  rat io l a rge r  than  one, m a k -  
ing the process of sulfur  removal  f rom the mel t  a slow 
one, and equi l ib r ium was appa ren t ly  not  reached.  
These resul ts  are  also in reasonable  agreement  wi th  
those repor ted  in (1) runs  CS 8-10, which were  closely 
approaching  equi l ibr ium.  

Table I. Variation of the equilibrium constant K with temperature 

Run Temp. Xso~2/ 
NO. ~ Xc% "~ XLi * XK* K ( a t m )  

1 1096 0.25 0.67 0.33 0.498 
2 1200 0.24 0.71 0.29 0.043 
3 1200 0.25 0.66 0.34 0.045 
4 1200 0.83 0.69 0.31 0.0124 
5' 1200 1.83 0.64 0.36 0.092 
6 1306 0.25 0.66 0.34 0.0024 

�9 Pos t  t e s t  data - - in i t ia l  va lues  w e r e  XT.I = 0.62, XK ---- 0.38. 

Table II. Gas compositions for the experiments of Table I. 

Pi  ( a t m )  

Run  H~S 
NO. H~ CO2 H~O CO • 10e 

j TO CHROMATO6RAPH 

THERMOCOUPLE 
~1~ ~GASIN ~GASOUT 

] I ] CONTAINMENT 
jj j VESSEL---._.~ 

Ill COVER 

HP166-1 

Fig. 1. Apparatus used for determining equilibrium fuel gases 

1 0.065 0.550 0.385 0.0002 80 
2 0.036 0.57! 0.393 0.0003 82 3 0.036 0.571 0.393 0.0003 84 
4 0.020 0.421 0.558 0.0000 32 
5 0.033 0.483 0.484 0.0002 102 
6 0.027 0.380 0.594 0.0004 94 

Table Ill. Free energy of formation, ~F o for several temperatures 
and compositions 

~F ~ (M~SOD 
Temp., ~ m/o CO~ -2 keal mo1-1 

1096 80 --283.1 
1200 35 --273.7 
1200 65 -- 270.0 
1200 80 -- 272.3 
1306 80 - 260.4 
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These da ta  a l te r  the expected effects of sulfate  
fo rmat ion  on the mol ten  carbonate  cell  somewhat .  The 
m a x i m u m  sulfa te  concentra t ion  at  equ i l ib r ium wil l  not  
be sufficient to cause significant anode Nernst  concen- 
t ra t ion  poten t ia l  loss. However ,  the e lec t ro ly te  wil l  not 
act as a large sump for H2S, and thus, the  H2S pressure  
in the cell, for any  given H2S input,  wil l  be l a rge r  than 
prev ious ly  thought .  This m a y  increase  o ther  su l fur -  
re la ted  per fo rmance  losses. 

Using these da ta  and the l i t e ra tu re  values for the 
the rmodynamic  proper t ies  which are known (2),  the 
free energy  of formation,  ~F ~ for (0.66 Li2SO4 --  0.34 
K2SO4), can be calculated.  These resul ts  a re  presented  
in Table III.  

F rom the slope of a plot  of In K vs. l/T, the en tha lpy  
change in the react ion can be de termined.  F rom the 
da ta  for 80 m/o  carbonate  at 1200~ the value  is --76.8 
kca l /mol .  
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ABSTRACT 

Experimental data for the stepped current and open-circuit transient methods were fitted to one form of the modeling 
equations given by Dignam. A good representation of the data was obtained except that extreme linearity was found for 
logJ~ vs. E data for the peak field in stepped current experiments where some degree of nonlinearity was expected. Another 
question involves the role of electrolyte incorporation in causing the observed curvature of steady-state logJ vs. E plots. It is 
shown that if a model is preferred in which the history effects are due to structural changes in the glassy oxide rather than to 
the special current-driven polarization model of Dignam, then one can obtain equations equivalent to Dignam's by writing 
the activation energy for ionic transport as a function of a parameter describing the structural condition of the oxide, except 
that some relations between parameters which follow naturally from Dignam's model do not then appear. 

The study of the growth of anodic oxide films gives 
a un ique  means of invest igat ing ionic conduction at 
high fields (10s-10 7 Vcm-1) ,  and the very reproducible 
and precise data which are obtained clash very effec- 
t ively with the classical models for ionic conductors. 
The purpose of the present  paper  is to test some new 
data, which we have recently reported, ,against a model 
due to Dignam and to test whether  a model can be 
developed in which history effects are due to s t ructural  
changes in  the oxide ra ther  than the special polariza- 
tion process proposed by Dignam. 

We ' s ta r t  by  briefly out l in ing what  we consider to be 
the key problems which have to be dealt with by any 
set of equations which are proposed to predict the 
ionic current  density f o r  all  exper imental  situations, 
whether  these equations are pure ly  empirical  or are 
based on some specific physical model. 

If the classical equation for ionic conduction at high 
fields applied 

J---- J o e x p - -  [ ( W - -  qaE) / kT]  [1] 

in which ions of charge q are supposed to hop over 
energy barr iers  W lowered with assistance from an 
electric field E by an amount  qaE, where a is the dis- 
t ance from m i n i m u m  to m a x i m u m  potent ial  energy, 
then k T  0 log J/OE should be a const'ant. In  practice, 
for s teady-state  conditions for t an ta lum (1), this 
quant i ty  for different fields and temperatures  is fitted 
by q(a  -- 2/~E), i.e., it is l inear  in E. Plots of log J vs. 
E are curved instead of being l inear  as predicted by  
Eq. [1]. This seemed to be explained if the activation 
energy was considered to be nonl inear  in E in Taylor 
series fashion, through some secondary effect such as 
quadratic electrostriction (which would affect W by a 
term proport ional  to E2). However, the ionic current  is 
history dependent ,  that is, it depends not  just  on the 
instantaneous field bu t  on the history of fields which 
have been applied. If the field is rapidly swept through 
a range  of values, s tar t ing  from steady-sta,te conditions 
which are obtained (supposedly) by holding E con- 
s tant  at some value Eo for sufficient time, then the 
ionic current  at each E should correspond to its value 
with whatever  causes the history effects frozen at its 
condition for the ini t ial  s teady-state value Eo. For this 
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situation it was found (2) (,and our  recent  data (3, 4) 
confirm this with increased accuracy) that kT  
0 log J /0E for different Eo and T is again l inear  in Eo, 
as for the s teady-state  case. However, no definite 
curvature  of log J vs. E where E is the swept field (as 
opposed to Eo, the ini t ia l  field) has ever been observed 
in stepped field experiments.  If, therefore, the kT  
0 log J/OE dependence or E is taken as due to non-  
l inear  dependence of activation energies .on E, a com- 
b ina t ion  of activation energies for steady state, a single 
one referr ing to the hopping process for stepped fields, 
one has an anomaly  of sorts, which we will  discuss 
later. 

When a high constant  field is applied to a film whose 
history makes it exhibit  a low latent  ionic conduction, 
the current  builds up with t ime slowly at first .and 
then more rapidly  (2). One of us suggested that this 
was because the bui ldup of current  was cur ren t -con-  
trolled due to some kind of momen tum transfer  pro- 
cess involving moving ions. For the ini t ial  stages of 
bui ldup it was found that OJ/Ot oc j2. If one assumes 
the "transient"  to be due to the bui ldup in the concen- 
trat ion N of so,me kind of lattice defect involved in 
ionic t ransport  (5), then the required bui ldup towards 
a steady state in  which N is exponent ia l ly  dependent  
on the steady-state field could be obtained by wri t ing 
ON~Or : CNJ (TE/kT  -- in  N). 

Structural Change Model 
Anodic oxide films have usual ly  been considered to 

be glassy in nature.  Because of this, as Vermilyea (6) 
has stressed, their s t ructure  is to be expected to be 
quite variable. This is borne out by recent  s t ructural  
studies. In the case of films on t.antalum, the s tructure 
is probably made up of variable length, i r regular ly  
linked, and bent  chains of pentagonal  bipyramids with 
t an ta lum atoms in the middle and oxygen at the apexes 
(7, 8). We have argued in  a previous paper  (5) that  

such a s t ructure  would appear to have ample possibil- 
ities of s:howing history effects of the kind observed. 
These history effects might  be convenient ly  described 
in  terms of variations in the concentrations of mobile 
species or variat ions in  activation energies.  The extent  
of the variat ion of the ionic current  which is produced 
by  a given field in the oxide is so large that, to a t t r ib-  
ute it ent i re ly  to a variat ion in  the concentrat ion of 
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some mobi le  species could  be quest ionable.  I t  is in te r -  
es t ing to t ake  a genera l  approach  to this by  assuming 
tha t  the  s t ruc ture  of the oxide  is charac ter ized  by  some 
p a r a m e t e r  S, the  na tu re  of which  need not  be specified. 
I t  is easy to ex tend  this to have  more  than  one p a r a m -  
e ter  ($1, $2, etc.) .  The ac t iva t ion  energy  for  ionic 
t r anspor t  is then  a funct ion of S as wel l  as E. In  a 
MacLaur in  expans ion  (wi th  E and S smal l )  

~W E OW S I O2W E 2 w(s,~) = w(o,o) + ~ + - ~  +-~ a.--- ~ 

1 .O~W O~W ES + -- S 2 + 
2 OS 2 OEoS 

-= W~ + a g  + , b S  W c E  2 + d S  2 W eES 

The ionic cu r r en t  dens i ty  is then at  al l  t imes  given by  

j = J o e X P _  ( W ( S ' E )  ) 
kT 

I t  is c lear  tha t  S var ies  s luggishly  wi th  change of E. 
To obta in  the  des i red  in i t ia l  expe r imen t a l  l aw  0J/Or 
oc J$ and the fol lowing sa tura t ion  for  s t eady-s ta te  
conditions,  we can  construct  an equat ion for the ra te  
of  change  of S 

OS 
= BJ(fE -- S) 

Ot 

Here we have assumed a linear dependence of S on E 
in the steady s~ate. This would correspond to the 
simplest linearization approach for the variation of W. 
The dependence on J implies that each moving ion 
catalyzes the adjustment of the structure as it sweeps 
out a volume determined by some area of influence at- 
tached to the ion. The form of the equat,ion for the 
rate of change of S is, of course, determined teleologi- 
cally. However, any mathematical modeling of such 
structural changes must, it seems to us, be somewhat 
empirical and based on plausibly constructing a set of 
equations which fit the experimental data. 

Current Driven Polarization Model 
A set of  equat ions  which in va ry ing  forms have been  

appl ied  by  Dignam and col labora tors  to a developing  
model  wil l  now be considered.  Dignam or ig ina l ly  p ro -  
posed these equat ions  for conduction in an e lec t r ica l ly  
neu t r a l  fi lm (9), bu t  l a t e r  modified them to descr ibe  
r a t e  control  by  the  ox ide / e l ec t ro ly t e  in terface  (10, 11). 
Neglect ing  m a n y  subt let ies ,  for  which the or iginal  
papers  should be consulted,  the  basic phys ica l  content  
f rom which the equations are  der ived  is tha t  ionic 
conduct ion is d r iven  by  an effective or cav i ty  field Ed,  
which involves contr ibut ions  f rom the polar izat ion 
(dipole  momen t  p e r  uni t  vo lume) ,  in which  ~ is a 
re la t ive  pe rmi t t i v i t y  corresponding to polar iza t ion  
which fol lows the field rapidly ,  gd is a p a r a m e t e r  r e -  
l a t ing  to detai ls  not  impor t an t  here,  and Pj a re  com- 
ponents  of po lar iza t ion  which are  supposed to have a 
Debye  type  of t ime dependence,  except  that  the  re -  
l axa t ion  t imes  z$ a re  inverse ly  p ropor t iona l  to the  ionic 
cur ren t  dens i ty  

dPj 1 
-- __ (eoXjE -- Pj) 

where  1 /~  = BjJ. Usual ly  on ly  one or two terms Pj 
have  been  invoked.  The  bas ic  phys ica l  idea  was tha t  
the  mot ion  of the  ions sweeps out  a volume in which 
the ,approach to an equi l ib r ium polar iza t ion  is e x -  
pedi ted.  This idea  is indeed plausible ,  but  we would  
be happ i e r  wi th  the concept i f  the change induced 
by  ionic mot ion  was in the s t ruc ture  of the  films, since 
there  is no p receden t  for  a d ie lect r ic  po lar iza t ion  p ro -  
cess of the k ind  envisaged.  At  fields low enough for  
no growth  to be  occurr ing,  the die lect r ic  behavior  cor-  
responds  to a wide  range  of r e l axa t ion  t imes  app rox i -  
ma t ing  the  d i s t r ibu t ion  f( 'O = 1/~ for  ~, < v <: ~s, 

such tha t  t an  8 = e~/,1 is rough ly  constant  (12). There  
is no evidence for  one or  two discrete  processes.  

In  o rde r  to comple te  the model,  Dignam has to as-  
sume that  the ac t iva t ion  ene rgy  for  ionic t r anspor t  is 
non l inear  in the effective field 

J = Jo exp {-- (W -- =Ed -~ flgd2)/kT} [2] 

If this assumption is no~ made, then the field depen- 
dence of kTa log J/aE both for steady state and 
stepped field is not accounted for. 

In the  s teady  s ta te  each P~ has come to i ts equi l ib -  
r ium va lue  Pj = eo)CjE SO that gdEd -- (KI "~ Zxj)E = 
~sE, say where  as a s ta t ic  p e r m i t t i v i t y  (which is, 
however ,  ve ry  different  f rom the va lue  measured  at  
fields where  no ionic cu r r en t  flows).  Thus in the  s teady  
s tate  

J --  Jo exp ( - -  {W -- =(KS/~D)E + ~(Ks/iKD)2E2}/kT) 

Compar ing  coefficients wi th  the  r e l a t ion  proposed  by  
one of us to fit expe r imen ta l  da t a  (1):  J = Jo exp  
( - - { W  -- 5q=ssE + 5q~ssE~}/kT) 

5q~ss = a(~s/~n) 

5qFss = ;3 (KS/~D) 

In the  above J is the  ionic conduct ion cur ren t  den-  
si ty.  The ex te rna l  cur ren t  pe r  uni t  of  oxide  area  is 

dE dPj 
J~ = J + eo~1-~ + ~ 

j dt 

In the stepped field experiment the film is grown 
under a steady-state field Es and the electric field is 
then stepped to some new value E. The value of the 
polarizations Pj remain at their initial values corre- 
sponding to Es (i.e. Pi = 'oXiEs) so tha t  E d  = (K1/~D) 
(E + (Ks --  ~ i /~ l )Es) ,  and hence J is given by  the 
usual  Eq. [2] wi th  Ed given this value.  Hence 

kTd ln  J/dE --aK1/~D - -  2fl(K1/KD) ( K S / ~ D ) E S  

-}- 2~(t:I/KD)2AE 

where  ~E = E --  Es or, for AE ~ 0, an  ini t ia l  value  
is obta ined  

kTd In J/dE -- a (K1/KD) --  2;S (KJKD) (KS/~D) ES 

Compar ing  coefficients wi th  the  empir ica l  re la t ion  re-  
por ted  by  one of  us (2) 

kTd In J/dE = 5q~SF - -  10q~SFES 
gives 

5q~s~ = ~(KdKD) 
and  

5q~s~ = ;3 (~d~D) (KS/~D) 

The numer ica l  values of the var ious  pa rame te r s  which  
we have  used are  l is ted in Table  I. 

Comparison of the Structural and Current Driven 
Polarization Models 

The equations for  these models,  t ak ing  only one Sj 
p a r a m e t e r  and  on ly  one Pj pa ramete r ,  are  essent ia l ly  
ident ica l  as regards  pred ic t ing  the  ionic cur ren t  den-  
si ty.  A change of P should be observed as an ex te rna l  
cur rent  in Dignam's  model  whereas  no expl ic i t  r e l a -  
t ion of  this  k ind  has been m a d e  for  S. If, for  example ,  

Table I. Values of parameters 

P a r a m e t e r  V a l u e  R e f e r e n c e  

Jo I0 ~2'~4 A / m  2 
W 2.185 eV 
ass 0.6995 n m  
~ss 0.335 n m / M V m m - 1  

as~ 0.223 n m  
~SF 0.106 nm/MVmm-1 

~, 27.6 

Z 

19 
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variations in S made a difference in  thickness, some 
effect of this kind might  be observed. However, as 
discussed previously (5), the evidence for any  direct 
observation of such effects is questionable. However, 
the exper imental  value of the ratio ~ss/~ss was noted 
by Dignam (13) to equal those for ~SF/J3SF both for 
Ta and AI. This was taken as not accidental. This. 
equali ty follows from Dignam's model because in the 
expression for W -- .nEd --}- fled 2, Ed is a l inear  combina-  
tion of E and P. In  the .equations derived by wri t ing 
W as a general  funct ion W(E, S) the equali ty is not 
implied. If the equali ty is not accidental, then it tells 
one something about how E and S enter  W. 

Comparison with Experiment 
We now test the applicabil i ty of these equations to 

new. .experimental data which we have reported in 
two recent papers, involving firstly stepped current  
experiments  (3) in which the field in the oxide is 
followed after  a step in the externa l  current,  and sec- 
ondly so-called open-circui t  t rans ient  data (4), which 
is the t ime evolution o~ the field when the specimen is 
open circuited after being at steady state, i.e., the oxide 
capacitor is self-discharged by ionic conduction, or if, 
one wishes, a special case of stepped current  in which 
the second current  is zero. 

In  both cases the equations were numer ica l ly  inte-  
grated using a UBC Computer  Centre 4th order Runge-  
Kut ta  rout ine with error  correction. The accuracy was 
checked by comparison of single ~and double precision 
~ersions. 

Stepped Current Experiment 
Figure  1 shows stepped current  E(Q) data recorded 

at I~ with J1 ---- 0.08 A / m  2 and current  ratios J2/J1 
= 4, 16, and 64. E(Q) data calculated by numerica l  
integrat ion are .also plotted in the figure. The values 
of xi and Bi, given in Table II, are the same as reported 
by Goad and Dignam (14) from an analysis of De- 
wald's stepped current  t rans ient  data (15). We note 
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Iqg. 1. Experimental ( + )  and computed stepped current tran- 
sients for the same J1 but different current ratios J1/J2. 

Table II. Parameter values used in fitting stepped current transient 
J(E) data 

Parameter Value 

x'J 36 
Xs 16,4 
B2 0.657 m'~/C 
B3 4.34 m~/C 

that Goad and Dignam obtained their values of xi and 
Bi by a method of analysis different from the one used 
here. The exper imental  and calculated data a re  in close 
agreement  everywhere except near  the peak field. 
Similar  agreement  between experiment  and theory 
was obtained at other values of J1 and temperature.  
The temperature  independence of xi and Bi is consist- 
ent with data obtained with the constant field t ransi-  
ents method (16). 

Other values of xi and Bi were tried, bu t  the fit to 
the data could not be improved significantly. In  par-  
ticular, if only one polarization term was used, no 
combinat ion of x2 and B2 could be found which gave 
as good a fit to the .data as when two terms were used. 

Figure 2 shows J2 plotted against the peak field Ep 
for stepped current  t ransients  recorded at 25~ with 
J1 -- 0.08 A / m  2 and 3.0 A / m  2. The calculated J2(Ep) 
relations (using the parameter  values in Table II) are 
also plotted for these formation currents. The com- 
pute.d log 52 (Ep)  relations are clearly nonl inear  where-  
as the exper imental  data, as discussed in the second 
paper of this series (3), are best represented by a 
l inear  relation. This is m o s t a p p a r e n t  with the data 
for J1 = 0.08 A / m  2, since the data extend over a very 
large range of fields. It  seems improbable that a re-  
laxat ion process would so exactly compensate the pre- 
dicted nonlineari ty.  Some of the difference may also 
be due to exper imental  errors. 

The curvature  of the exper imental  and computed 
log ,1"2 -- Ep data for J1 = 0.08 A/m 2 in Fig. 2 are com- 
pared in Fig. 3. The slope d log J/dE of the experi-  
menta l  .data was approximated by taking first divided 
differences between adjacent  data points. Apart  from 
scatter in the data, the slope of the exper imental  data 
is constant. The slope of the computed curve, how- 
ever, decreases at a constant rate. The rate of change 
of this slope is almost independent  of J1 and tem- 
perature.  In t roducing a third slow polarization term 
did not el iminate the curvature  of the computed curve. 

Open-Circuit Transient 
Figure 4 shows E( t )  data for an open-circui t  t r an -  

sient recorded at 25~ with an init ial  s teady-state 
current  J1 ----- 0.33 A/m~. Only every third data point 
is plotted. The E (t) re lat ion calculated with the same 
,parameter values as for the stepped current  t ransient  
(Table II) is plotted as curve A in the figure. The ex- 
per imenta l  and computed data are in  relat ively close 

T = 25 ~ C STEA 
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Fig. 2. Experimental and computed stepped current data showing 
J2 plotted against the peak field Ep. 
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Fig. 3. The slope of the J~-Ep data in Fig. 2, calculated by divided 
differences. The diagonal line is the slope predicted by Dignam's 
equations. 

agreement  dur ing  the in i t i a l  stages of the  t ransient ,  
bu t  d iverge  w i th  increas ing  t ime,  the  exper imen ta l  
da ta  fa l l ing  off more  r ap id ly  wi th  t ime than  the com- 
pu ted  data.  The  fas ter  r a t e  of decrease of the exper i -  
men ta l  da t a  indicates  a l a rge r  ionic cur ren t  than  
p red ic ted  wi th  the  values  of xi and Bi in Table II. Wi th  
t he  v ~ u e s  of- B2 and B3 t aken  as correct ,  the  values  of 
x2 and x3 were  "corrected"  to ob ta in  a be t te r  fit to the 
data.  Curve  B in Fig. 4 was ob ta ined  wi th  x2 = 45 and 
xa --  30. For  this combinat ion  of • and  Bi, the expe r i -  
men ta l  and  computed  da t a  a re  in close ag reemen t  
over  the  en t i r e  range  of da ta  p lo t ted  in the figure. 

The E(t) da ta  were  also fitted using only  one slow 
polar iza t ion  term.  Tak ing  B2 ---- 0.657 m2/C (as 
above) ,  the  computed  curve wi th  x2 ---- 62.5 gave as 
good a fit v i sua l ly  to the  da ta  as wi th  two terms.  

As shown in Fig. 5, the open-c i rcu i t  t rans ient  E(t) 
recorded at  o ther  in i t ia l  s t eady-s ta te  cur ren t  densi t ies  
and  temper~atures were  in close agreement  wi th  the 
computed  data .  The computed  curves were  obta ined  
using the values of xi and  Bi given in Table I I I ( a ) .  
The  t e m p e r a t u r e  independence  of  B2 and B3 is con- 
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Fig. 4. Experimental ( + )  and computed E(I) data for an open- 
circuit self-discharge. Curve A was calculated using the same 
parameter values as used to fit the stepped current data. Curve B 
was calculated using a different set of values to fit the experiment 
data. 
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Fig. 5. f(t) data for 3 open-circuit transients. The solid lines 
were computed using the same parameter values as for curve B in 
Fig. 4. 

sistent  wi th  the  analys is  of the  s tepped  cu r r en t  t r an -  
sient  da ta  in the previous  section. 

F igure  6 shows typica l  open-c i rcu i t  t rans ient  J(E) 
da ta  ca lcula ted  by  numer ica l  d i f ferent ia t ion of ex-  
pe r imen ta l  E(t) data,  assuming e = constant .  The 
ini t ia l  cur ren t  densi t ies  are  0.33, 3.0, and 30 A / m  2. 
Only  some of the e xpe r ime n t a l  da t a  a r e  p lot ted  so as 
to avoid c lu t ter ing  the graph.  The solid l ine d rawn  
through  the da ta  points  for  each t rans ien t  is the J (E) 
re la t ion  pred ic ted  by  the equat ion  for the ideal  s tep-  
ped  field t ransient .  The close ag reemen t  b e t w e e n  ex-  
pe r imen ta l  and computed  da ta  shows that  the  open-  
circui t  t rans ien t  is an excel len t  approx imat ion  to the 
s tepped field t ransient .  The  J ( E )  da ta  ca lcula ted  for 
the  open-c i rcu i t  t rans ients  wi th  the  p a r a m e t e r  values 
given in Table I I I  also agreed with  the  expe r imen ta l  
data,  as expected f rom the agreement  with the E(t) 
da ta  in  Fig. 4 and 5. 

Discussion 
One p rob lem is the r e m a r k a b l e  l inea r i ty  of log J vs. 

peak field for the s tepped cur ren t  data.  If  these are  
t aken  as approx imat ing  r a p id ly  swept  field conditions, 
the  predic ted  non l inear i ty  seems quite detectable .  The 
anomaly  is, however ,  arguable .  I t  could be dismissed 
as a cancel la t ion of the curva tu re  by  apprec iab le  re -  
l axa t ion  towards  s t eady-s t a t e  conditions.  The p rob lem 
tha t  the  values  for pa rame te r s  selected to give the 
best  fit to one type  of expe r imen t  give apprec iab le  
e r ror  for  others  is to be expected.  Regarded  as no more  
than  empi r ica l  equations,  which  can be used to r ep re -  
sent  the  da ta  for  al l  conditions,  the  equat ions are  re -  

Table III. Values of parameters xi and Bi used in fitting the 
open-circuit transient data 

Value 

Parameter (a) (b) 

X~ 45 62.5 
X~ 30 0 
Bs 0.657 0.657 m=/C 
B~ 4.34 0 m~/C 
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Fig. 6. J(E) data calculated by numerical differentiation of the 
self-discharge data, assuming e = constant. The lines drawn 
through the data points are the J(E) relations calculated for the 
ideal stepped field transients. 

m a r k a b l y  effective. However ,  the da ta  are  for one pa r -  
t icu lar  d i lu te  e lec t ro ly te  solut ion only. I t  is known  
tha t  the cu rva tu re  of the  s t eady-s t a t e  log J vs. E l ine 
increases as the -concen t ra t ion  of H2SO4 is increased 
(12). The curva ture  is also l a rge r  for di lute  phosphoric  
acid. Del l 'Oca and Young (17) a t t empted  to expla in  
this cu rva tu re  on the basis tha t  the  films consist of 
tyro layers,  an inner  par t  due  to oxygen  ion t r anspor t  
and  an ou te r  pa r t  due  to meta l  ion t ranspor t .  The 
l a t t e r  picks up e lec t ro ly te  species dur ing  its growth.  
There  is evidence th~at the  e lec t ro ly te  species may  be 
mobile  dur ing  subsequent  growth.  The field ~ppears 
to be h igher  for the  lower  pe rmi t t i v i t y  ou te r  film. 
The cu rva tu re  was a t t r ibu ted  to the observed va r i a -  
t ion of  t r anspor t  number  wi th  field (18). I t  is difficult 
to exp la in  this away.  I f  t rue  it seems to des t roy  the 
whole basis of the explanat ions  for the behav ior  of 
kTd log J/dE for swept  field and t rans ient  field con- 
ditions. However ,  the  behav ior  of this quan t i ty  is so 
precise  and s imple  tha t  i t  would  seem probab le  that  
i t  has some s imple basis. We have  not  been able to 
construct  a deta i led  theory  based on the two l aye r  
na tu re  of  the  films. Dignam has expressed the  view 
tha t  this dup lex  na tu re  of the film does not  ma t t e r  
for  the  solut ion used. I t  is cer ta in ly  t rue  that,  unl ike  
films grown in phosphor ic  acid, e l l ipsomet ry  shows no 
signs of a dup lex  na tu re  for  films grown in the  pres -  
en t  solut ion (19). However ,  the  ori~.inal t racer  studies 
showed some sulfa te  to be incorpora ted  (20). 

A fu r the r  question is whe the r  the  success of the 
equations implies  the va l id i ty  of Dignam's  model.  The 

model  has changed  f rom bu lk  control  to surface con- 
trol,  and doubtless  in o ther  respects,  bu t  the fea tures  
which are  essential  are  (i) the  special  polar iza t ion  
process,  (ii) the  va l id i ty  of an effective field, and (iii) 
the quadr~atic dependence  of act ivat ion energy  on this 
field. As regards  the h is tory  effects we prefe r  a model  
based on s t ruc tura l  changes. However ,  as we have 
seen, making  the act ivat ion energy  a funct ion of a 
s t ruc tu ra l  p a r a m e t e r  as wel l  as E does not  produce  
the re la t ion be tween  the ~'s and #'s which the polar iza-  
t ion model  predicts .  
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On the Reaction Mechanism of GaAs MOCVD 

J. Nishizawa* and T. Kurabayashi 

Research Institute of Electrical Communication, Tohoku University, Sendal 980, Japan 

ABSTRACT 

In this paper, the reaction mechanisms of GaAs metalorganic chemical  vapor deposit ion (MOCVD) have been investi- 
gated using infrared absorption spectroscopy. The growth of GaAs from Ga (CH3)3 and AsH3 under  H~ gas atmosphere in a 
hot wall reactor was studied. The composit ions of gases which are sampled through a quartz capillary are observed by infra- 
red spectroscopy. Infrared spectra of (Ga(CH3)3 + H2), (ASH3 + H2), and (Ga(CH3)3 + AsH3 + H2) systems were measured in the 
range from room temperature  to 930~ In the (Ga(CH~)3 + AsH3 + H2) system, a new absorption peak at 2080 cm- '  which 
exists in neither  the (Ga(CH3)3 + H2) nor the (ASH3 + H2) system is observed. In the (ASH3 + H2) system, when Ga(CH3)3 is 
added into the reacting gas, the concentration of AsH3 decreases drastically. The decomposit ion of AsH3 is affected strongly 
by the addit ion of Ga(CH3)3. 

In  our  labora tory ,  since 1961, the  react ion mecha-  
nisms of si l icon chemical  vapor  deposi t ion (1-4) and 
p l a sma  etching (5) have  been inves t iga ted  using in f ra -  
r ed  absorpt ion  spect roscopy and photochemical  reac-  
tions. In f ra red  spectroscopy,  in situ observat ion,  and 
indi rec t  sampl ing  measurements  have given in fo rma-  
t ion about  the  react ion mechanism of these processes. 
Complete  unders tand ing  of the  react ion mechanisms 
and the es tab l i shment  of in situ moni tor ing  of eve ry  
process seem ve ry  impor t an t  for obta in ing be t t e r  de -  
vices. In  the case of emission spectroscopy,  the  sorts 
of exis t ing atoms can be identified; however ,  sorts of 
molecules  tha t  we wan t  to know most  can be identif ied 
by  the use of in f ra red  spectroscopy. 

There  a re  two methods  for in f ra red  spectroscopy 
measurement s  (3);  they  are  sampl ing  and di rec t  ( in 
situ) observa t ion  methods.  In  the  sampl ing  method,  
the  spec t rum of  gas sampled  th rough  a quar tz  capi l -  
lary'  f rom the reac tor  is measured.  This method  has an 
advan tage  of quant i t a t ive  analysis  a t  the  sampl ing  
posi t ion and a s imple  sys tem for opt ical  measurements .  
However ,  s ince the  gas is cooled for  the  sampl ing  
t ime, we cannot  obta in  exact  in format ion  about  t h e  
hot  reac tan ts  in  the  reactor .  In  the  direct  (in situ) 
spectroscopy,  the  in f r a red  beam pene t ra tes  the  high 
t empe ra tu r e  gas. This has the  d i sadvan tage  tha t  the 
absorpt ion  spec t rum is averaged  along the l ight  beam 
and i t  is difficult to de te rmine  the spa t ia l  d i s t r ibu t ion  
of the  gaseous species and thei r  quant i ta t ive  concen-  
t ra t ions  because  of  the  nonun i fo rm d is t r ibu t ion  of the 
t empera tu re .  

The  c rys ta l  g rowth  of  I I -VI  and I I I - V  compounds by  
MOCVD (6) has been  inves t iga ted  act ively.  The 
g rowth  of GaAs is comparab le  wi th  ha logen t r anspor t  
systems,  and  device fabr ica t ion  has been  accomplished.  
Nevertheless ,  the  reac t ion  mechanism is no t  ye t  c la r i -  
fied, and only  a few repor ts  have been publ i shed  (7, 8). 

In  this pape r  the  react ion mechanisms of GaAs 
grown by MOCVD from t r ime thy lga l l i um (TMG) and 
AsI-Ia is repor ted .  Here  the reac tan t s  in  the  hot  wa l l  
r eac to r  were  measured  by  in f ra red  absorpt ion  s p e c -  
t r o s c o p y  of gas sampled  th rough  a quar tz  cap i l l a ry  
( sampl ing  me thod) .  In  ano ther  paper ,  we  wil l  r epor t  
the da ta  of in f ra red  spectro.~copy by  di rec t  observa t ion  
in a hot furnace.  

Experimental Procedure 
Figure  1 s h o w s  a schematic  d i ag ram of the  a tmo-  

spher ic  pressure  MOCVD system and the measu remen t  
system. As a ga l l ium source, l iquid t r ime thy lga l l i um 
(TMG) is kep t  a t  a constant  t empe ra tu r e  (0~ As an 
arsenic  source, 1% AsH3 in pure  H2 is used. A quar tz  
hor izonta l  reac tor  is used, and i t  is hea ted  b y  a res is t -  
ance furnace.  Because the  furnace  heats  up  the  quar tz  
tube,  susceptor,  and gas, the  gas t empe ra tu r e  is nea r ly  

�9 Electrochemical Society Active Member. 
Key words: MOCVD, infrared spectroscopy, reaction mecha- 

nism. 

equal  to the measured  t e m p e r a t u r e  at  the  susceptor.  
The t empe ra tu r e  of the furnace  is constant  a round  the 
sampl ing  position. The length  of the constant  t em-  
pe ra tu re  zone is about  10 cm. The  inner  d iamete r  of 
the  quar tz  tube is 32 mm. The reac tan ts  were  sampled  
th rough  a quar tz  cap i l l a ry  to the  in f ra red  gas cell  in 
which the spect ra  of the gases were  measured.  The 

s a m p l i n g  flow rate  in the cap i l l a ry  is 140 cm3/min. 
The sampl ing  posit ion and t empe ra tu r e  measuremen t  
are  shown in Fig. 2. The  sampl ing  posi t ion is in the  flat 
t empe ra tu r e  region, and i t  is expected  tha t  the t em-  
pe ra tu re  and the r eac tan t  d i s t r ibu t ion  in rad ia l  d i rec-  
t ion of the quar tz  tube ha rd ly  changes. The length  of 
the gas cell is 10 cm and the inner  d iamete r  is 3 cm. 
TMG and AsH8 are  measured  by  the in f ra red  spec-  

TMG 

-<. 

SPECmOMETER IMEA~F~=r&'~" R 

REFERENCE ~-~" I 
1~ AsH3 IN H~ 

Fig. 1. Schematic diagram of atmospheric pressure MOCVD 
system. 
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--I 

T.C. 
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I / \  
I - -  A I 

LING OSITION 

Fig. 2. Schematic diagram of sampling position and temperature 
measurement. 
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trometer distinguishably at the 50-100 ppm level with- 
out any special arrangements. 

Results and Discussion 
(TMG + H~) system.~The infrared absorption spec- 

trum of the (TMG + He) system was measured at 
various temperatures. The spectra are shown in Fig. 
3a, b. In Fig. 3a, the absorption peaks of TMG in H~ 
at room temperature are given. When the temperature 
is about 400~ CH4, which has peaks at 3014 and 1304 
cm -1, was detected. Above 580~ the percent transmis- 
sions of CH~ peaks saturated, and the TMG spectrum 
disappeared. Here, TMG is measured distinguishably 
about 100 ppm in our infrared spectrometer. At high 
temperature (930~ peaks at 946 and 729 cm -1 were 
observed in addition to those at 3014 and 1304 cm-*. 

From this result, we think that the C--H bonds of 
CH~ decompose, and C~I-4 (946 cm - t )  and other hydro- 
carbons (729 cm -~) are composed. The decomposition 
of TMG vs. temperature is shown in Fig. 4. TMG de- 
composed drastically from 500 ~ to 550~ and when 
the gas was heated up above 580~ TMG decomposed 
completely. From these results the next reaction is 
suggested 

3 
Ga(CH~)s + ~ H~* Ga + 8CH4 

(AsH~ + H~) system.--In the measurements of the 
(AsHs + Ha) system, the decomposition of AsI-I~ w a s  

criUcal in the range of 650~176 as shown in Fig. 5. 
The pyrolitic reaction of (AsH~ 4- H~) follows 

1 3 ~ - ~  -i-.~ + .-ffH~ 
Infrared absorption peaks of AsI-~ were observed at 
2122, 2112, 1002, and 906 cm-~. Above 750~ these 
peaks vanished and the spectrum coincided with the 
base line completely, most of AsH3 decomposed at this 
temperature. 
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Fig. 3a. Infrared absorption spectrum of TMG at room tempera- 
ture. Concentration of TMG is 1.54% in H2. 
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Fig. 3b. At 930~ TMG decomposes completely, CH4 and other 
material are detected. 
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Fig. 5. AsH8 decomposition vs. temperature. Concentration of 
AsH8 in input gas is 1340 ppm. 

(TMG + AsH~ + He) system.--In the measurements 
of the (TMG + AsHz + He) system, the spectrum dif- 
fered from that expected from (TMG + Hz) and 
(ASH8 + He) spectra separately. The spectrum was 
not equal to a superposition of (TMG + He) and 
(ASH3 + H2) spectra in the measured range of 400 ~ 
560~ The result is that the concentration of CI-I4 in- 
creases, TMG and AsHs decrease, and a new absorp- 
tion peak is observed at 2080 cm -1 in the (TMG + 
AsHs + He) system, comparing with (TMG + He) and 
(ASH3 + He) systems, as shown in Fig. 6a-c. For exam- 
ple, in the (TMG + He) system, the percent transmis- 
sion of the peak at 581 cm -1 is 74%, but in the (TMG + 
AsH8 + He) system the value is 83%. Furthermore, 
the CH4 peak at 1304 cm -1 changes from 82 to 70%. 
As for AsHs, the percent transmission at 2122 cm -1 
changes from 37% in the (ASH8 + He) system to 45% 
in the (TMG + AsI-Ia + He) system. The infrared 
absorption peak at 2080 cm -1 did not exist for either 
the (TMG + He) or the (AsI-Iz + Ha) spectra. 

From Lambert-Beer's law, the intensity of the in- 
frared absorption is proportional to the concentration 
of the material. The result of the absorbability at 2080 
cm -1 vs. input AsH3 concentration is shown in Fig. 7. 
The absorbability D is defined as 

Ta 
D = l o g -  = a b c  

Tb 

Tb is the percent transmission of the peak at 2080 
cm -1. Ta is the percent transmission of AsHs at 2080 
cm -1, as shown in Fig. 8, a is the absorption coeffi- 
cient of the 2080 cm -1 peak (unknown), b is the length 
of gas cell (10 cm), and c is the concentration of this 
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D = a b c ,  as here  ab is constant.  Therefore,  we es t i -  
ma ted  the peak  by  D. The resul t  is tha t  by  increas ing 
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D at  2080 cm -1 increases,  on the  condi t ion tha t  the  
TMG concentra t ion is constant.  

Fur the rmore ,  observ ing  the peak  at  2080 cm -1, s top-  
ping TMG supply,  this peak  d i sappeared  comple te ly  
and only  AsH3 was observed.  F rom the dependence  
of this peak  on TMG addit ion,  we th ink  tha t  the new 
ma te r i a l  is composed of TMG and ASH3. The absorba -  
b i l i ty  at  2080 cm - t  vs. t empe ra tu r e  is measured  as 
shown in Fig. 9. I t  seems tha t  the  composi t ion is ac-  
t ive ly  in the range  of 510~176 The spec t rum at  
this  t empe ra tu r e  is shown in Fig. 10. The peak  at  
2080 cm -1 is c lear ly  dis t inguished.  We th ink  this ma te -  
r i a l  suggests an in t e rmed ia te  fo rmat ion  in the reaction,  
but  we have not  ye t  identif ied the mater ia l .  

Decomposition of AsH3 in the (AsHs + H~) and the 
(TMG + AsHs + Hz) systems.--In the measurements  
of the  (TMG Jr AsH3 -{- H2) system, the spec t rum is 
not superposi t ion of the (TMG -{- H2) and the (AsI-I~ 
+ H~) spec t ra  as shown in Fig. 6. Quant i ty  of decom- 
posed AsI-I3 is different  be tween  the (ASH3 -{- H2) and 
the (TMG + AsH3 + H2) systems.  We th ink  TMG ad-  
di t ion is the cause of this effect. The resul t  of detected 
AsI-I~ concentra t ion  vs. AsH~ concentra t ion in input  gas 
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Fig, 9. Absorbability D of 2080 cm - t  peak depends on tempera- 
ture. 
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in these systems is shown in Fig. 11. In the (TMG + 
AsI~ + H~) system ( O ) ,  the decomposition of AsHa 
is promoted compared with the (AsI-Is + H2) system 
( e l .  Namely, the decomposition of AsHa is promoted 
by TMG addition. When the concentration of AsI-I~ in 
input gas was lower than 2400 ppm in the (T1VIG + 
AsI-I~ + H~) system ( O ) ,  AsH~ decomposed perfectly. 
When the concentration of AsH~ was higher than 3000 
ppm, the graph rm~s parallel  to the one of (AsH~ + 
H2) system ( � 9  

We think that the decomposition of AsHs in the 
(TMG + AsH~ + H2) system is promoted by forming 
GaAs at the vapor phase and by GaAs or Ga particles 
in the hot wall reactor. The reason is that by the for- 
mation of GaAs, As, and Ga species are consumed, 
therefore, part ial  pressures of As~ and Ga species re -  
duce and decompositions of AsH3 and TMG are pro-  
moted. The other possibility is that Ga or metalorganic 
radicals formed by TMG affect, the decomposition of 
AsH~. The effect of surface reactions on GaAs wafers 
will be estimated by bringing GaAs wafers into 
the reactor. However, when there are wafers on the 
susceptor, the difference in AsH~ concentrations was 
not measurable compared to reactions occurring with-  
out wafers on the susceptor. But in the decomposition 
experiments, GaAs and Ga were deposited on the re-  
actor wall, and this deposited area is much larger than 
that of the wafers, making it possible to detect the ef- 
fect of GaAs or Ga on the decomposition of AsI-Is. 

We think that  deposited GaAs or Ga particles near 
the sampling position affect the reaction of AsH~. In the 
(ASH~ + H2) system, the concentration of AsH3 with 
GaAs ( � 9  and without GaAs (A)  in the reactor is 
clearly different as shown in Fig. 11. The decomposition 
of AsH~ is largely promoted by GaAs or Ga in the hot 
region. Furthermore, we carried out another experi-  
ment as follows. First  of all, after the quartz tube is 
cleaned, only AsH~ + He mixed gas is introduced in 
the reactor, then only the peaks of AsI-I~ are de- 

tected. At  this time, detected AsI~  concentration 
was 2120 ppm. Second, TMG was added (2.2 • 
10 -4 mol/min) for 6 min. Now, AsI-Ia concentration 
was below 50 ppm. Next, stopping the addition of 
TMG, the detected AsH~ concentration is 490 ppm. The 
result of this experiment is shown in Fig. 12. The last 
concentration level did not recover to the first level 
again. The difference between the last and the first 
level is the effect of deposited GaAs or Ga particles 
by TMG addition. Furthermore, to estimate the effect 
of GaAs or Ga in the reactor, the following experi-  
ments were carried out. After  cleaning of the reactor, 
AsHa concentration was measured in AsI-Ia + H~ mixed 
gas at 530~ At this time, total TMG addiUon is zero. 
Next, after AsH~ was purged out completely by hydro-  
gen, TMG + H~ mixed gas was introduced into the 
reactor at 530~ and Ga was deposited about 20 cm 
length in the direction of gas stream around the center 
of the furnace. TMG gas was purged out by hydrogen, 
now, AsH~ + H2 mixed gas was introduced, and the 
AsH~ concentration was measured. These procedures 
were done over and over again; the concentrations of 
AsH~ were measured in relation to the total TMG ad- 
dition. The results are shown in Fig. 13. Concentration 
of AsH~ which is calculated from percent transmission 
of AsHa at 2122 cm -~ peak decreases exponentially, 
as the total TMG addition increases. In this figure, 
saturation of AsH3 concentration may correspond to 
saturation of surface concentration of Ga particles in 
hot region. It is suggested that the concentration of 
Ga particles affects the decomposition of AsH~. At this 
time, Ga particles may turn to GaAs partially. But, 
this effect of GaAs or Ga does not vary in spite of the 
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Fig. 12. TMG is added for 6 min. Wave number was fixed at 
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amount  of AsHa which is introduced in the reactor .  
It seems that GaAs or  Ga ca ta lyze  the  decomposi t ion 
of AsHs. 

Conclusion 
(TMG + H2), (ASH8 + H2), and (TMG ~- AsI-I~ -t- 

H2) systems were measured  to obta in  informat ion  
about  the reaction mechanisms.  In  the (TMG W H2) 
system, TMG decomposes d ra s t i ca l ly  in the range  of 
500 ~ ~ 550~ and above  580~ on ly  CI-I~ was detected.  
But at high temperature (930~ peaks at 946 and 
729 cm -1 were observed. We think tha t  C~I~ and o ther  
hydrocarbons  are  composed. This  phenomenon m a y  re-  
la te  to carbon contamination in MOCVD. 

In  the  (ASH3 W H2) system, AsH~ decomposes dras- 
t ical ly  in the range of 650~176 In  the  (TMG + 
AsH~ + H2) system, we could observe the new i n f ra red  
absorption peak at 2080 cm-1;  this m a y  be in te rmedia te  
formation in the reaction. But we  have  not yet  identi-  
fied the  mater ia l .  This material  may  be composed ac- 
t ive ly  in the range of 510~176 

Decomposit ion of AsH3 was affected sensi t ively  by  
TMG addit ion.  We th ink  that  forming of GaAs or some 
kinds  of radicals  fo rmed  by  TMG are the cause of 
this  effect. In  the ( A s I ~  -t- H2) system, the  quan t i ty  of 
AsH3 decomposi t ion is affected by  deposi ted  GaAs or  
Ga par t ic les  on the reac tor  wall.  We th ink  tha t  this 
phenomenon is caused by  the catalysis  of AsH3 decom- 
posi t ion by  GaAs or  Ga particles. In the  (TMG ~- AsHs 
-t- H~) system, this  effect is expected  for  the  decom- 

posi t ion of AsI-I3 as wel l  as TMG addit ion.  Af te r  writ-  
ing this paper ,  it has been observed  tha t  a lo t  of GaAs 
wafers  on the susceptor  p romote  the decomposi t ion of 
AsI-I3. In  ano ther  paper ,  we wil l  r epor t  these data. To 
ident i fy  the  react ion mechanisms of MOCVD growth,  
m a n y  more  in situ exper iments  are  necessary.  

Manuscr ip t  submi t t ed  Apr i l  27, 1982; revised m a n u -  
scr ip t  rece ived  J u l y  29, 1982. 

A n y  discussion of this paper  wi l l  appea r  in a Dis-  
cussion Section to be publ i shed  in the  December  1983 
JOURNAL. Al l  discussions for the  December  1983 Dis-  
cussion Sect ion should be submi t ted  b y  Aug. 1, 1983. 

Publication costs oi this article were assisted by 
Tohoku University. 
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The Low-Energy-Electron (LEE) Excitation of SnO2:Eu Powder 
Phosphor; Fundamental Characteristics 

T. Matsuoka,* T. Tohda, and T. Nitta* 
Matsushita Electric Industrial Company Limited, Material Research Laboratory, 1006 Kadoma, Osaka, Japan 

ABSTRACT 

The physicochemical  propert ies  and fundamental  luminescent  characteristics of SnO2:Eu powder  were examined for 
use as low-energy-electron (LEE) excitation phosphor.  Solubil i ty limit of Eu into SnO2 was 0.05-0.06 a/o and smaller mean 
diameter,  higher resistivity (order of 10 ~ ~ - cm), and more intensive diffused reflectance were observed with increased Eu 
addition. Although the same emission spectra by f-f transit ion o fEu  (SDo-7F1 strongest peaks) were observed in u.v., high and 
low-energy-electron excitation, broad intrinsic emission from SnO2 matrix, which coexist  with the f-f transit ion emission, 
was different for each excitat ion method. In LEE excitation, the max imum intensity wavelength of the intrinsic emission 
was longer than in high-energy-electron excitation. The intrinsic emission was not observed at room temperature  in u.v. 
excitation. Excitat ion spectrum with a peak at 300 nm was at t r ibuted to matr ix excitation, i.e., electron hole generation. 
Optimal addit ion of 0.1 a/o Eu for brightness, 5.9 msec decay (1/10), and an efficiency of 2 lm/W at 9 - 10 V were observed 
under  LEE excitation. Efficiency increased with lower voltage and current excitation due to sublinearit ies of brightness- 
voltage and current  dependences.  

Recently,  new LEE excitation phosphors, in addi t ion 
to ZnO:Zn  emi t t ing  b lu i sh -g reen  color  have been  in-  
tens ively  developed in response to a s t rong demand  for 
flat panel  d i sp lay  devices such as graphic,  character ,  
and  TV displays,  and  for ins t rument  panels  in the 
au tomobi le  and ou tput  level  meters  in audio equ ipment  
(1-6) .  

These d i sp lay  devices have more  and more  tended  
toward  mult icolor ,  so th ree  p r i m a r y  colors of LEE ex-  
ci ta t ion phosphors,  especia l ly  red  color, a re  impera t ive .  

W e  have  successful ly  deve loped  a new powder  
phosphor  SnO2:Eu emi t t ing  reddzsh orange color b y  
LEE exci ta t ion (7). Subsequent ly ,  we inves t iga ted  
fundamen ta l  p roper t ies  and p repa ra t ion  methods  of 
SnO2.' Eu powder  phosphor  for  prac t ica l  use. Al though  
luminescen t  character is t ics  of single c rys ta l  SnO2:Eu 
exci ted  at  h i g h - e l e c t r o n - e n e r g y  were  examined  by  

* Electrochemical Society Active Member. 
Key words: inorganic, cathodoluminescence. 

Crab t r ee  (8-11), the fundamen ta l  physicochemica] 
and  luminescent  character is t ics  of SnOa:Eu powder  
phosphor  have not  yet  been examined.  Since surface 
e lect r ica l  res i s t iv i ty  of SnO2 has been repor ted  to be 
ex t r eme ly  different  f rom tha t  of bu lk  (12), some of 
the powder  character is t ics  of wide surface areas  were  
expected to be different  f rom those of the  single 
crystal .  This paper  is a r ranged  in two parts .  The first 
pa r t  outl ines the physicochemical  propert ies .  The sec- 
ond par t  describes the luminescent  character is t ics  of 
the  powder  phosphor.  

Experimental Procedures 
Powder preparation.--The pr ior  a r t  powder  phos-  

phor  was p repa red  by  r ap id ly  pour ing  SnC12.2H20 
and EuCls alcohol solut ion into (NH4)2C204" H20 
aqueous solut ion to make  an oxa la te  coprecipi ta te ,  and 
then, firing the  prec ip i ta te  into an oxidizing a tmosphere  
at  1300~ for 2 hr  (7). The improved  procedure  is as 
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follows. High p u r i t y  SnC12 �9 2H~O and EuC13 ~queous 
solut ion was poured  s lowly  at  a ra te  of 4.8 cm3/min 
into (NI~ ) sC204 .  H20 aqueous solut ion at  t empera -  
tures  of 70~176 to make  a single c rys t a l , l i ke  oxa la te  
coprecipi tate .  The precipitate contained no segregation.  
The oxala te  coprecipi ta te  conta ining 1 a tom percent  
(a /o )  Eu showed sl ight  shift  of x - r a y  peaks  to longer  
d-values ,  which was not observed  in the  pr ior  p ro -  
cedure.  

The oxala te  coprecipi ta te  was then fired at  850"C for 
3-5 h r  in a Vitreous quar tz  boat  in a i r  a tmosphere  
wi thout  the  powder  spout ing phenomenon,  observed in 
the pr ior  art .  In  this stage, the powder  emi t ted  redd ish-  
orange luminescence,  a l though the oxa la te  p r epa red  by  
the prior procedure did not  show luminescence unde r  
850 o C firing. 

This fact  suggests more  in t imate  mix ing  of Sn and 
Eu ions than in the previous  procedure .  Af te r  s l ight  
mix ing  in mor tar ,  the  powder  was fired at  1350~ for 
2-3 hr  in a loosely covered a lumina  crucible.  F u r t h e r  
addi t ives  for the  SnO2:Eu phosphor  were  in t roduced 
af te r  h e a t - t r e a t m e n t  of the  oxa la te  a t  850~ Sb, Nb, 
Ta, V, and F, which  are  considered to form donors in 
SnO2, showed a s t rong k i l l e r  effect. This effect is p rob -  
ab ly  due to Auger  quenching,  observed  in ZnS :Mn  
phosphor  (13). Fur the rmore ,  even Ti, Ge, and  Ce, 
which are  thought  to dissolve into the SnO~ la t t ice  
wi thout  mak ing  any  defects,  were  also found to have a 
k i l l e r  effect. I t  was found tha t  the  SnO2:Eu phosphor  
r equ i r ed  a c rys ta l  la t t ice  as pure  as possible.  Among  
the fluxes examined,  MgF~, Li=B4OT, CeF~, and  ZnF2 .  
4H~O exhib i ted  a s t rong par t ic le  g rowth  effect and a 
s imul taneous ly  s t rong k i l l e r  effect, both  of which were  
considered ma in ly  due to the fluoride ion. F luxes  wi th -  
out  a k i l l e r  effect have not been found to date.  There-  
fore, the physicochemical  and luminescent  proper t ies  
of SnO2:Eu phosphor  descr ibed he rea f t e r  were  e x a m -  
irked in the state of no addit ives.  

Measurements of physiocochemical properties.--In 
each p repa ra t ion  step, SEM was used to examine  the 
d iamete r  and  shape of the powder .  Chemica l  phase  and 
Eu solubi l i ty  l imi t  were  examined  by  x - r a y  powder  
diffraction and l ine analysis  of XMA. Mean d iamete r  
of the powder  was measured  as a mean  specific surface 
d iamete r  using an  N2 gas adsorpt ion  method  and shape 
fac tor  of 6. 

Elec t r ica l  res i s t iv i ty  was measured  using an SnO2: 
Eu ceramic p repa red  as follows. The powder ,  a f te r  
the rmal  decomposi t ion of the  oxa la te  coprecipi ta te ,  
was pressed at  800 kg/cm~ into a disk of 16 m m  diam 
using PVA as a binder .  The disk was embedded  in the 
same composit ion,  SnO~:Eu powder ,  in an a lumina  
crucible,  and s in tered at  1350~ for 2 hr  in air.  The 
s in tered  d isk  showed an apparen t  dens i ty  of 53-60% of 
theoret ical .  The disk had I n - G a  electrodes a t tached  to 
it, and e lect r ica l  res i s t iv i ty  was measured  by  Whea t -  
stone b r idge  in a d a r k  vacuum chamber .  Diffuse re -  
flectance spect ra  were  measured  using a spec t ropho-  
tometer  and an MgO ceramic  as a s t anda rd  of 100% 
reflectance. 

Measurements o:f luminescent characteristics.--In 
LEE excitat ion,  b r i g h t n e s s - E u  addit ion,  and b r igh t -  
ness-vol tage ,  cu r ren t  dependences  were  measured  us-  
ing the demoun tab le  appara tus  shown in Fig. 1. 

The powder  phosphor  was coated on an a lumina  sub-  
s t rafe  a t tached  to an A g - P d  e lec t rode  at  a ra te  of 15 
mg/cm~ with  no binder .  F ive  subst ra tes  at  most  were  
moun ted  on a tu rn tab le  in a vacuum chamber  able  to 
a t ta in  5 • 10 -7  Torr .  A hot wi re  cathode and mesh gr id  
were  fixed jus t  be low the v iewing  port,  and  the sample  
subs t ra tes  were  set jus t  be low the mesh and cathode in 
sequence, by  ro ta t ing  the tu rn tab le  to exci te  the phos-  
phors  under  the  same conditions.  The exci ta t ion vol t -  
age was changed by  app ly ing  different  vol tages be -  
tween the hot  cathode and A g - P d  e lec t rode  (anode) ,  
and cur ren t  was control led  b y  vol tage of the mesh grid. 

Phosphor 
sample 
r Grid 

Turn table ~- 

~~___ Main 
valve 

Detector 

'l tViewing port 

Emission 
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~f 

~-~-Anode 

]~ 

~__ Roughing 
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Sorpt ionL_h,/i_JOil rotary 
pumpl ~'~ I pump 

Fig. 1. Demountable measurement apparatus of luminescence for 
LEE excitation. 

The emission spectrum, b r igh tnes s - t empe ra tu r e  de-  
pendence,  decay  character is t ic ,  and efficiency were  
measured  by  const ruct ing p l a t e - l i ke  vacuum fluores- 
cent tubes which were  comple te ly  the same in pr inc i -  
ple  as in Fig. 1. 

In  those tubes, the phosphor  was coated on the anode 
composed of carbon and low mel t ing  point  glass, at  a 
r a t e  of about  6 m g / c m  2 by  screen pr in t ing  method.  The 
tubes were  evacuated  (at  350~ and sealed, then  the 
Ba-A1 get te r  was operated.  The t empe ra tu r e  depen-  
dence of br ightness  was measured  by  control l ing the 
t empe ra tu r e  of the tube  itself. The emission spectrum, 
decay, and efficiency were  measured  at  room t empera -  
ture.  Under  h igh -ene rgy -e l ec t ron  excitat ion,  the emis-  
sion spectrum,  b r igh tness -Eu  addi t ion dependence,  and 
decay character is t ic  were  measured  in the demount -  
able  e lec t ron b o m b a r d m e n t  equipment .  The phosphor  
l aye r  in a thickness of 3 m m  in a copper cell  was ex-  
cited by  h igh -ene rgy-e l ec t rons  at  a cur ren t  dens i ty  of 
0.05/~A/cm 2. 

The exci ta t ion spec t rum was measured  using a deu-  
t e r ium discharge tube as a l ight  source, and  emissions 
wi th  wave  length  grea te r  than  550 nm were  monitored.  

A cryosta t  was used to examine  the glow curves. The 
phosphor  was coated (3 m g / c m  2) on a copper  plate,  
coolpd b y  l iquid ni trogen,  exci ted at  254 nm u.v., and 
then heated at  a ra te  of 16~ To detect  the glow 
emission, a 590 nm in te r fe rence  filter was used for 5D0- 
7D1 emission of Eu and no filter was used for the  in t r in -  
sic emission of pure  SnO2. 

The same cryostat ,  as in the glow curve measu re -  
ment,  was used for measuremen t  of emission in tens i ty-  
t empe ra tu r e  dependence  in 254 nm u.v. excitat ion,  
where  a 590 nm in te r fe rence  filter for 5D0-TD~ emission 
of Eu, and a 512 nm in te r fe rence  filter for  the  intr insic  
emission of pure  SnO2 were  used. 

Results and Discussion 
Characterization of powder.--The resu l tan t  c rys ta l -  

l ine phases were  s imi lar  to those prev ious ly  r epor ted  
(7).  F u r t h e r  refined x - r a y  powder  diffraction and l ine 
analyses  of XMA showed tha t  the composit ions wi th  
>0.1 a /o  Eu consisted of the SnO2 phase and the 
Eu2Sn207 phase.  No change in la t t ice  constants  was ob-  
served  wi th in  expe r imen ta l  error .  

The par t ic le  size of the  sys tem SnO2: Eu was affected 
by  added  Eu, as shown in Fig. 2. The par t ic le  size is 
cons iderab ly  reduced in the addi t ion region 0.01-0.06 
a /o  Eu. Above 0.06 a/o,  the par t ic le  size ha rd ly  changes 
wi th  ~he addit ion.  This behavior  coincides wi th  a solu-  
b i lRy  l imi t  of  Eu into the SnO2, as also discussed la ter .  
Tl~erefore, the  reduced  par t ic le  size m a y  be due to 
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format ion  of Eu2Sn207 at the surface of SnO2 par t ic les  
at an in i t ia l  s tage of Eu diffusion. 

The res is t iv i ty  of the SnO2:Eu increased wi th  add i -  
t ion of Eu, as shown in Fig. 3. This fact indicates  tha t  
Eu acts as an acceptor  for n - t y p e  semiconductor  SnO~. 
F rom the results,  i t  was confirmed tha t  the so lubi l i ty  
l i m i t  of Eu into SnO~ was 0.05-0.06 a/o.  The res is t iv i ty  
was about  3 • 106 12cm at most. Hence, conduct ion 
electrons were  not  compensated  for  comple te ly  by  
doping. 

The conduct ion mechanism can be exp la ined  in te rms 
of the  con t ro l l ed-va lence  theory  as follows. Nea r ly  
pure  SnO2 exhibi ts  nons to ich iometry  (14-17) 

Oo ~ V0"" + 2 e -  + 1 / 2 0 ~ ( g )  [1] 

K0 = [Vo"] [ e - ]  ~ Po~ 1/2 [2] 
or  

Snsn 4+ ~=~ Sn" r .  + 4 e -  + O~.(g) [3] 

Ki -" [Sn"r . ]  [ e - ]  4 P02 [4] 

By the doping of  Eu 8+ 

Eu203 + 1/2 O2(g) + 2 e -  ~ 2Eusn' + 2SNO2 [5] 

Decrease  of e lec t ron concentrat ion,  resu l t ing  from 
incorpora t ion  of Eu 3+, is responsible  for  increased  re-  
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s is t iv i ty  of SnO2: Eu. Fur the rmore ,  assuming Ko and K1 
constant,  IV0"] and [Sn"r . ]  must  increase  by  moving 
the equi l ib r ia  equat ions [1] and  [3] to the  r ight .  
Therefore,  incorpora t ion  of Eu 8+ should increase  ion-  
ized la t t ice  defects such as oxygen  vacancy  (the first 
ionized leve l  0.03 eV, and the second ionized level  0.15 
eV) (17). 

The diffused reflectance spec t ra  of the SnO2:Eu are  
shown in Fig. 4 ( r ight  s ide) .  The SnO2: Eu powder  wi th  
h igher  Eu addi t ion exhib i ted  higher  reflectance at  
<500 rim, and the body color became more whit ish.  
The rap id  decrease  at  380-310 nm may  be due to the 
fundamenta l  absorpt ion  of the SnO2 itself, which is 
re la ted  to the bandgap  (3.54 eV at room t empera tu re  
(18). That  r ap id  decrease is also considered due to 
charge t ransfe r  absorpt ion  by  E u s + - - O  - -  bonds, but  
we concluded this poss ib i l i ty  should be re jec ted  be-  
cause of an exci ta t ion spec t rum descr ibed la ter .  Weak  
absorpt ion  was observed at  400-420 nm (2.9-3.1 eV) 
and tends to reduce with  addi t ion  of Eu. Houston and 
Kohnke  proposed an energy  level  scheme for SnOe 
(19, 20). The energy  level  consists of severa l  t r ap  lev-  
els such as 0.21, 0.52, and 0.62 eV. Since the energy  at  
weak  absorpt ion  of the SnO2:Eu is not different  f rom 
pure  SnO2, weak  absorpt ion  may  be exp la ined  by  elec-  
t ron t ransi t ions  re la t ing  to the  t rap  levels  descr ibed 
above and valence band.  

The t rap  concentra t ion and e lect ron dens i ty  at  each 
t rap  level  should be na tu ra l ly  different  f rom those of 
pure  SnO2, because of in t roduct ion  of the  Eu ion act ing 
as acceptor.  

Luminescent Characteristics 
Emission spectra.--The pr ior  a r t  f - f  t rans i t ion  spec-  

t rum at 10 kV h igh -ene rgy -e l ec t ron  (7) was observed  
at  both  18V LEE and 365 nm u.v. exc i ta t ion  in the 
present  examinat ion.  

High sens i t iv i ty  measurements  under  LEE exci ta t ion 
(Fig. 5) revea led  green emission peaks  f rom 5D1 level  
wi th  ve ry  low intensit ies,  which are  due to the  5DI-SDo 
re laxa t ion  process (1750 cm-1 ) .  A re l a t ive ly  high 
m a x i m u m  phonon energy  750 cm -1 of the SnO2 (21) is 
thought  to make  the re laxa t ion  p robab i l i t y  high. 

The re la t ive  in tens i ty  of 5D1 peaks  to 5D0-~F1 emis-  
sion in 0.001 a /o  Eu was higher  than  tha t  in 0.1 a /o  Eu 
as observed in other  Eu-doped  phosphors.  The int r ins ic  
emission of the SnO2 ma t r i x  was found not  to be com- 
p le t e ly  suppressed by  added  Eu. The SnO~:Eu with  
smal le r  added  Eu showed s t ronger  in t r ins ic  emission. 
This is also confirmed by  a change of color point  as 
descr ibed in Fig. 5. The m a x i m u m  in tens i ty  of i n t r i n -  
sic emission exci ted  at  10 kV was observed at  about  
490 nm. On the o ther  hand, the in tens i ty  of in t r ins ic  
emission exci ted at  18 V LEE increased monotonica l ly  
toward  higher  wavelengths .  Therefore,  the emission 
exci ted  at 10 kV seems more  yel lowish to the  naked  
eye than the LEE emission. The int r ins ic  emission at 
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Fig. 4. Diffused reflectance spectra and excitation spectrum of 
SnO2:Eu powder phosphors. 
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Fig. 5. LEE emission spectra 
of SnO2:Eu (0.001 and 0.1 a/o) 
powder phosphors. 
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u.v. excitation was completely quenched at room tem- 
perature,  but  observed at low temperatures.  

Brightness-Eu addition.~The dependence of br ight-  
ness on added Eu was examined over a wide range of 
10 kV to 20V. The currents  are 0.05 ~A/cm 2 and 0.4 m A /  
cm ~ at 2.5-10 kV and 20-100V excitations, respectively. 
The results are shown in Fig. 6. The brightness is nor-  
malized at 1 a/o Eu addition. An amount  of added Eu at 
max imum brightness changed with the excitation 
~'oltage 10 kV (1 a/o Eu) and 20-100V (0.1 a/o Eu) .  
SnO2:Eu (0.1 a/o)  v i r tua l ly  contains the soluble l imit  
of Eu ~+ ion. The highest concentrat ion of Eu in the 
SnO2 lattice without  any segregation of the Eu2Sn207 
is preferred for LEE excitat ion of SnO2: Eu. 

Effects of different resistivity of the phosphor (shown 
in Fig. 3) on brightness should be considered in LEE 
excitation. Assuming an effective phosphor layer  thick- 
ness of 22 ~m (15 mg/cm2),  voltage drop through the 
phosphor layer  was simply calculated to be 0.88V using 
a current  0.4 m A / c m  2 and a resistivity of 10 ̀6 ~ �9 cm. 
Therefore, the effect of resist ivity was considered 
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Fig. 6. Dependence of brightness of SnO2:Eu phosphor on Eu 

addition in high and LEE excitations. 
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negligible. The intr insic low resist ivity of 104-106 
~ .  cm is general ly  preferable for LEE excitation. 
Therefore, the SnO~:Eu system can be understood to 
show no charge-up phenomena even at 20V excitation. 

Brightness-voltage, current.--The dependence of 
brightness on voltage is shown in Fig. 7. The relat ion-  
ship is expressed by B oc V0.~8 at 0.3 m A / c m  2 and 
B cc V0.29 at 3 mA / c m 2, being different from B cc V I at 
>5 kV excitation in prior art  (7). The brightness also 
depends subl inear ly  on current  density (Fig. 8); 
B cc I0.59 at 20V, B oc I0.h0 at 40V, and V cc I0.~ at 70V. 
The sublineari t ies are promoted at both high current  
density and high voltage side, which may be at t r ibuted 
to the low solub!e l imit of Eu ~+ ion into SnO2 and an 
effect of surface defects. 

Decay.~The decay characteristic of SnO2:Eu under  
h igh-energy-e lec t ron-exci ta t ion  (10 kV, ~0.05 ~A/cm 2, 
12.5 msec pulse) is shown in Fig. 9. The decay curve 
consisted of the intr insic matr ix  and Eu 8+ emissions. 
The intr insic emission has a very short decay time of 
5 ~sec ( 1/e ), 8 #sec (1/10). 

On the contrary, the decay time of Eu ~+ red emission 
is only 4.1 msec(1/e) ,  13-14 msec(1/10);  almost the 
same for SnO2:Eu with different Eu additions. Influ- 
ence of increased lattice defects, such as ionized oxy-  
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Fig. 7. Dependence of brightness on voltage in LEE excitation 

of Sn02:0.1 a/o Eu (current parameter). 
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gen vacancy by  Eu incorporation, was not found. But 
decay times of the overall  emission ( intr insic + E u  ~+ 
red emissions) become shorter in phosphors with 
smaller  Eu additions, because of the lower ratio of 
Eu ~+ emission in tens i ty  to that o f  intr insic  emission. 
The decay curve of the Eu ~ § red emission was found to 
follow the e - t  relation, and to be a mixture  of spon- 
taneous afterglow and metastable afterglow. 

On the other hand, a different decay characteristic 
was observed in LEE excitation. The decay and bui ld-  
up t ime excited at 70V, 30 msec pulse were examined 
using fluorescent vacuum tubes. A decay time of 5.9 
msec(1/10) and bu i ld -up  time 1.5 msec (90%) were 
observed. The decay time under  LEE excitation was 
found to be about half  that under  h igh-energy-e lec t ron  
excitation. This difference is probably  related to the 
geometrical s t ructure  of the fluorescent vacuum tube. 
In  fact, with other  tube dimensions in prior art  (7) a 
10-11 msec decay was observed under  LEE excitation. 

Excitation spectrum.--The excitation spectrum of the 
SnO~:Eu(1 a/o)  po-~der phosphor is shown in  Fig. 4 
(left side). A band  spectrum with a peak at 300 n m  
(4.1 eV) was observed. The excitat ion energy absorp- 
tion mechanism can be explained on the basis of the 
excitat ion spectrum, and the ionic field s t rength  of the 
SnC% matrix.  The absorption bands of phosphors at u.v. 
excitat ion are usual ly  classified into four cases: (i) f -d 
transit ion,  (ii) charge transfer,  (iii) fundamenta l  ab-  
sorption, and (iv) sensitizer. 

The excitation spectrum in Fig. 4 can be apparent ly  
explained by the fundamenta l  absorption of the SnO2 
matr ix.  However, superposit ion of the mat r ix  funda-  
menta l  and charge t ransfer  absorption should be taken 
into consideration. Representat ive phosphors such as 
Y20~:Eu and YeO2S:Eu exhibit  charge t ransfer  bands 
at 270 and 310 rim, respectively. The charge t ransfer  
bands with lower electron potential  energy of O 2- ion 

in the mat r ix  tend to shift toward shorter wave-  
lengths. Therefore, the ionic field s t rength of the mat -  
r ix was considered a good cri terion for est imating the 
charge t ransfer  band energy. 

Dietzel (22) calculated the ionic field strengths of 
the various oxides, using the following equation 

F.S. = Z/a 2 

Z --  valence of cation 

a = average inter ionic  distance 

According to the calculated results, SnO2 has a 
s tronger ionic field s t rength than  YeO~. This implies 
that  SnO2:Eu has a charge t ransfer  band  at shorter 
wavelength than YsO3:Eu (270 rim). Therefore, we at-  
t r ibuted  the excitation spectrum of SnO2:Eu at 300 n m  
to the mat r ix  fundamenta l  excitation, not  to charge 
transfer.  

Temperature dependence.--The t empera ture  depen- 
dence of SnO2: Eu phosphor emission excited by 254 
nm u.v. is shown in Fig. 10. The in tens i ty  is normalized 
at 20~ to be 100%. As shown in  the figure, the tem- 
perature  dependence of the photoluminescence shows 
almost the same t rend independent  of Eu addition. Two 
peaks at about --20 ~ to 10~ (highest emission in ten-  
sity) and --90 ~ to --80~ were observed. 

The peak at the --20 ~ to 10~ shifts to higher tem- 
peratures with increase of Eu addition. The emissions 
of SnO~: Eu with any  Eu addit ion are almost quenched 
at 120~ The tempera ture  dependence of intr insic  
emission in pure SnO2 was also examined (Fig. 10). 

Intr insic  emission shows a strong decrease at about 
--190 ~ to --140~ and is completely quenched at 
--20~ However, intr insic  emission can be observed at 
room tempera ture  in high energy and LEE excitation 
al though only the longer wavelength region appears 
under  LEE, especially in SnO2: Eu with the small  Eu 
additions as described before. The tempera ture  depen-  
dence of brightness under  LEE excitation (30V) was 
also examined for SnO~:Eu with 1 a/o Eu addit ion 
(Fig. 10). 

A tempera ture  dependence curve similar to that  of 
photoluminescence was observed with a peak at about 
0~ But temperature  quenching is smaller  in the high 
tempera ture  region 0-100~ than for photolumin-  
escence. The tempera ture  dependences of SnO2:Eu 
show temperature-sens i t ive  characteristics. This might 
be due to the relat ively high ma x i mum phonon energy 
750 cm -1 of SnO2 (21). 

Glow curve.--The glow curves of pure SnO2 (the in-  
trinsic emission) and SnO2:Eu phosphors (0.001 and 
0.1 a/o Eu) were measured. The results are shown in 
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Fig. 10. Dependences of emission intensity on temperature ex- 
cited at 254 nm u.v. (SDo-TF1 emission of Eu 3+ and pure SnO2 in- 
trinsic emission), and temperature dependence of brightness for 
SnO~:l a/o Eu phosphor in LEE excitation (30V). 
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Fig. 11. As shown in Fig. 11, the  peak  at about  --150 ~ 
to -130~  does not  change with  Eu addit ions.  But new 
peaks  at  about  --120 ~ to --90~ and --400 to --20~ 
appear  by  adding  Eu. The glow curves are  composed of 
superposi t ion of severa l  peaks,  and i t  is difficult to be 
quan t i t a t ive ly  exact.  Our results  were  found to be 
different  from those of the single c rys ta l  examined  by  
Crabt ree  (9) as descr ibed in the following. In the pure  
SnO~, Crab t ree  observed fa i r ly  sharp single peak  at  
147 K (--126~ E = 0.19 eV) in s ingle c rys ta l  hea t -  
t r ea t ed  in an a lumina  envi ronment ;  we fu r the r  ob-  
serX, ed broad  peaks  ex tending  to h igher  t empera tu res  
up to --  30 ~ C. 

According to the Crab t ree  examinat ion,  a glow peak  
at  --63~ which appears  when hea t - t r ea t ing  in a silica 
envi ronment ,  was a t t r ibu ted  to Si impur i ty .  Since we 
used an a lumina  crucible  for h e a t - t r e a t m e n t  at  1350~ 
the broad  glow peaks  ex tend ing  to --30~ were  con- 
s idered due to not  the impur i ty ,  but  surface t rap  levels  
character ized by  powder  form. On the o the r  hand, the 
glow curves of Eu-doped  SnO2 a re  also different  for 
powder  and single c rys ta l  (Crab t ree ) .  Al though the 
same glow peaks  at  about  --150 ~ to --130~ and --40 o 
to --20~ were  observed  in both single crys ta l  and 
powder ,  severa l  g low peaks  were  fu r the rmore  ob-  
served  in the t empe ra tu r e  region of --120 ~ to --70~ 
be tween the two peaks  descr ibed above. Since no glow 
peaks  were  observed at  --100 ~ to --80~ by  Crabtree ,  
the  above resul ts  m a y  be a t t r ibu ted  to a character is t ic  
of the  powder  wi th  large surface area  because of we l l -  
known la rge  differences of character is t ics  be tween  
surface and bu lk  such as e lect r ica l  res is t iv i ty  (12). 

I t  is es t imated  that  the glow peak at  about  --140~ 
in both the pure  and E u - a d d e d  SnO2 is due to a doubly  
ionized oxidized vacancy.  The or igin of the newly  ap-  
pear ing  glow peaks  at  about  --30~ by  the Eu incorp0-  
at ion are  not clear.  These t rap  levels have no influence 
on decay t ime of Eu emission as descr ibed above. 

Luminescent efficiency.--The efficiencies under  LEE 
exci ta t ion were  examined  using fluorescent vacuum 
tubes. The efficiencies 2 l m / W  (9 ,~ 10V, 1.9 ,~ 2.0 m A /  
cm~), 1 l m / W  (18 ,-~ 19V, 3.2 mA/cm2) ,  and 0.5 l m / W  
(32V, 5.0 m A / c m  2) were  obta ined  under  LEE d-c  ex-  
citation. Higher  efficiencies a re  observed at  lower  
voltages and cur ren t  densit ies.  We a t t r ibu te  this fact 
to the subl inear i t ies  of the br ightness-vol tage ,  cur ren t  
dens i ty  dependences  descr ibed before.  The h igher  effl- 
ciencies above  2 l m / W  can be obta ined in the vol tage 
region lower  than  10V. When a lumen  equiva lent  of 
~480 l m / W  (calcula ted  f rom 595 nm)  is applied,  then 
an efficiency of 0.42 w / w / o  is obtained.  

Summary 
The so lubi l i ty  l imi t  of Eu ion into SnO2 was found to 

be 0.05-0.06 a/o.  The excess Eu forms Eu2Sn207 phase 
wi th  r e l a t i ve ly  smal l  part ic les .  

The mean  d iamete r  of the phosphor  decreases r ap id ly  
at  0.01-0.06 a /o  Eu and ha rd ly  changes above 0.06 
a /o  coinciding with  the solubi l i ty  l imi t  of Eu. 

The e lect r ica l  resis tance of  the SnO2:Eu can be ex-  
p la ined  b y  consider ing the acceptor  action of Eu ion 
and its so lubi l i ty  l imit .  The res is t iv i ty  increases up to 
0.06 a /o  Eu addi t ion  (Eu solubi l i ty  l imi t ) ,  and then 
sa tura tes  a t  an o rde r  of 108 ~2 �9 cm. 

In  the diffused reflectance spectra,  absorpt ion  by  
charge t ransfe r  could not  be observed and only funda-  
menta l  ma t r i x  absorpt ion  was observed.  The reflec- 
tance increases wi th  the  addi t ion of Eu. 

In  emission spectra,  the  same spect ra  were  obta ined 
in the high and l o w - e n e r g y , e l e c t r o n  and u.v. exc i ta -  
tions. The ve ry  weak  emission from ~D1 level  was 
fu r the r  detected in the  green emission region.  The in-  
t r insic  emission f rom m a t r i x  SnO~ was found not  to be 
suppressed  comple te ly  by  Eu addi t ion except  for u.v. 
exci ta t ion at  room tempera ture .  The int r ins ic  emission 
spect ra  changed according to the e lect ron energy  of 
excitat ion.  Under  LEE excitat ion,  longer  wave length  
emission appears.  

An exci ta t ion spec t rum having a peak  at  300 nm was 
observed.  The spec t rum was ascr ibed to ma t r ix  funda-  
menta l  exci ta t ion mechanism, not to charge t ransfer .  

The br ightes t  phosphors  were  obta ined  at  0.1 a /o  Eu 
for the low energy  e lec t ron exci ta t ion (<100V),  and at  
1 a /o  Eu for 10 kV elect ron excitat ion.  The S n Q : E u  
phosphor  was found to show strong subl inear i t ies  in 
br ightness  vs. vol tage and current  density.  

The decay curves are  composed of the superposi t ion 
of the in t r ins ic  emission f rom SnO2 ma t r i x  and Eu ~+ 
red  emission. The intr insic  emission has ve ry  shor t  de-  
cay t ime of 8 #sec (1/10).  On the other  hand, Eu 8+ red 
emission has a long decay t ime of 13-14 msec (1/10) at 
10 kV. The decay curve of the Eu 3+ red emission fol-  
lows an e - t  relat ion,  and is a mix tu re  of spontaneous 
af te rg low and metas tab le  af terglow.  Under  LEE ex-  
citation, 5.9 msec (1/10) decay t ime was obtained.  This 
value  was considered to change according to the  d i -  
mensions of the tubes used. 

The emission of the SnO2: Eu phosphor  shows a r e l a -  
t ive ly  s t rong t empe ra tu r e  dependence.  At  h igher  tem-  
pe ra tu res  than 100~ emission by  u.v. is a lmost  
quenched,  but  the emission by  LEE keeps >40% of the 
br ightness  at  20~ 

Different  g low curves f rom those of Crab t ree  (single 
c rys ta l )  were  ob ta ined  for both pure  SnO2 intr insic  
emission and Eu 8+ red  emission. Severa l  peaks  were  
fu r the r  observed in the t empe ra tu r e  region be tween 
the two main  peaks  observed by  Crab t ree  in SnO~: Eu 
single crystal .  These peaks  were  considered due to sur -  
face t rap  levels in the powder .  

The efficiencies under  LEE exci ta t ion were  h igher  in 
lower  vol tage and current  densi ty  excitat ions.  Effi- 
c iency of 2 l m / W  (-~0.42%) at  9-10V, 1.9 ,~ 2.0 m A /  
cme was obtained.  
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ABSTRACT 

The kinetics of cubic~hexagonal  transformation of CdS conforms to a second-order rate equation with an activation 
energy of ca. 67 kcal/mol. The transformation is enhanced by the addition of NaC1 of 0.001-0.1 weight ratio with little change 
of the activation energy. The role of the NaC1 added is considered to reside, in that NaC1 makes the movement  and rearrange- 
ment  of atoms in C dS easy as a flux, and that the contact points of CdS particles with NaC1 provide the starting points of the 
further phase transformation. The mechanism of this transformation is presumed to be a linear growth process where the 
cubic-hexagonal interface moves progressively along the [111] direction of the cubic form. 

Cadmium sulfide (CdS) has been uti l ized as a yellow 
pigment  and as an excellent  mater ia l  for photoconduc- 
tors, phosphors, etc. This compound is well known to 
have two crystal structures, the zinc-b!ende and 
wurtzi te  types (1). Since there is a significant differ- 
ence between the bandgaps or the fundamenta l  absorp- 
tion edges of each type, their photoconductive, l umin -  
escent properties and color also differ from each other. 
These properties are affected by the degree of crystal-  
lization, the stacking faults, the lattice defects, etc. 

For zinc sulfide (ZnS),  an isomorph of CdS, it is 
known that zinc blende (cubic form) is stable below 
1020~ and wurtzi te  (hexagonal  form) above that  
temperature .  The phase t ransformat ion of ZnS has 
been investigated by a number  of workers as follows: 
the influence of additives (2-5); the influence of at-  
mospheres (6, 7); the t ransformat ion induced with the 
aid of mechanical  stress (8); the t ransformat ion be-  
haviors of the solid solutions (Zn,Cd)S (9, 10). 

On the other hand, only a few facts are known about 
the phase t ransformat ion of CdS. No established 
t ransformat ion tempera ture  has been reported so far, 
a l though it is empirical ly known that  this compound 
transforms completely to hexagonal  a round 600~ 
through the hea t - t rea tment  used in a dry  process wi th-  
out oxidation for the preparat ion of a photoconducting 
material .  The lack of detailed knowledge appears to 
be a t t r ibuted  to the facts that  the behavior  of the phase 
t ransformat ion depends largely on the s tar t ing mate-  
rial  and the t rea tment  method, and that  the reverse 
hexagonal  --> cubic t ransformat ion is not  known up to 
now. Ri t tner  et al. (11) reported that  in ammonium 
sulfide solution of high concentration, the phase t rans-  
formation occurred even at room temperature .  Ahlburg  
et al. (12) also showed that  the hexagonal  form was 

Key words: inorganic, crystallography, phase transformation, 

stable above 20~ in ammonium hydrogen sulfide solu- 
tion of high concentration, and that  in a hydrothermal  
t reatment ,  cubic seeds for single crystal growth of 
CdS transformed to hexagonal  at re lat ively low tem- 
peratures (120~176 

Besides the above studies, other investigations with 
regard to the phase t ransformat ion are: the influence 
of the conditions of precipitat ion on the crystal form of 
CdS (13), the effect of gr inding (14), and both the 
effects of gr inding and af terheat ing with those to the 
body-color change (15). 

The present  authors have found under  hydrothermal  
conditions that the phase t ransformat ion of CdS pro- 
ceeded at appreciably low temperatures;  that  it also 
proceeded more rapidly in CdS of poorly crystal l ine 
state; and that hydrothermal ly  treated CdS showed a 
high reflectance of visible rays, implying a low content  
of lattice defects (16). 

In  the present  study the kinetics of the phase t rans-  
formation of CdS has been studied with the addit ion of 
NaC1, which is usual ly  used as a flux for the prepara-  
tion of photoconducting or luminescent  materials;  and 
the role of NaC1 on the phase t ransformat ion has been 
discussed. 

Experimental 
Cadmium sulfide powder of luminescence grade 

(Dai Nippon Pa in t ing  Company, Limited) and NaC1 of 
G. R. (Wako Pure Chemical Industries,  Limited) were 
used. CdS was carefully mixed with NaC1 at various 
weight ratios in an a lumina  ball  mill  with ethyl alco- 
hol. The mix ture  was then evacuated (,~10 -2 Torr) to 
dryness at about 100~ in half a day, ba i l -mi l led  again 
for about an hour, and stored in a desiccator with silica 
gel. Several grams of the mixed powders were heat-  
treated in an evacuated, dry-ni t rogen-f i l led  silica tube. 
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A horizontal  electric furnace with SiC heat ing ele- 
ment  controlled by an electronic tempera ture  con- 
troller was used. It  took a few minutes  for the tem- 
perature  to be restored to a prescribed value, after 
placing the silica tube in the furnace. Tempera ture  
fluctuation was wi thin  2~ After  the hea t - t rea tment  
the silica tube was taken out from the furnace and 
cooled by  an electric fan to room tempera ture  within 
a few minutes.  The samples were still loose and 
powdery without  any  sintering. 

X- r ay  diffraction measurements  on the powders were 
carried out by using a Rigaku Geigerfiex x - r a y  dif- 
fractometer with Ni-filtered CuK~ radiation. Hexag- 
onal content, H, of CdS was calculated by means of 
Eq. [1] proposed by Short etal .  (17). 

1.96R 
H =  [1] 

0.96R + 1 

where R is the ratio of two integrated intensit ies 
measured in the ranges 2e = 46.75~ ~ and 28 _-- 
42.75~ ~ respectively. 

Results and Discussion 
Since CdS and NaC1 were mixed by using a ball  mill, 

the phase t ransformat ion of CdS might  possibly be 
affected simply by a mechanochemical  effect (14, 15). 
To ascertain this question, CdS powder alone was bal l -  
mil led for various intervals  of 0-60 min  and then was 
heated at 600~ for 30 rain. Since there was no signifi- 
cant change in the hexagonal  content  with the mil l ing 
time, the mechanochemical  effect of ba l l -mi l l ing  on the 
phase t ransformat ion was considered to be negligible 
under  the present  exper imental  conditions. 

Figure 1 shows the tempera ture  ranges in which the 
phase t ransformat ion of CdS occurred for 100 min  of 
the heat ing t ime without  and with added NaC1. The 
temperature  at which the hexagonal content, H, be- 
came 50% was about 53,0~ in the case of CdS alone, 
and it was lowered to about 500~ in CdS added with 
NaC1 of 0.001 weight ratio, and to about 390~ of 0.01 
or more. 

The H's in  CdS without  and with NaC1 added of 
0.001 weight ratio are shown in Fig. 2 as a funct ion of 
heat ing t ime at various temperatures;  the phase t rans-  
formation was accelerated by means of the addition of 
NaCl. These data were found to be compatible with a 
special case of the t rea tment  given by Avrami  (18) and 
formulated in a second-order rate equation at suffi- 
ciently large t by Czanderna et at. (19), which takes 
the form 

1 
- -  = 1 + ~GNgt [2] 

1 - - H  

where ~ is a shape factor, G is the l inear  growth rate of 
the new phase, -~'g is the ini t ial  density of nuclei, and t 
is the heat ing time. As shown in Fig. 3, a plot of 1/ 
(1 -- H) vs. t will  give a slope equal to the composite 
quant i ty  aGNg which is taken to be the formal rate 
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Fig. 1. Effect of the addition of NaCI of various ratios on the 
cubic-> hexagonal transformation of CdS heated for 100 rain: Q ,  
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Fig. 2. Time dependence of hexagonal content in CdS at various 
temperatures: (a), CdS; (h), CdS with NaCI of 0.001 weight ratio. 

constant k. The intercepts were not always in unity,  
because the as-received CdS powder already contained 
9.8% H, and little t ime was taken for the temperature  
to rise o~ fall, as a sample was inserted into or pulled 
out of the furnace. 

One of the several assumptions in the application of 
this rate equation to the phase t ransformat ion was that 
the growth of the new phase was linear.  Gashurov 
e t a l .  (4) showed by a kinetic s tudy that  the hexag-  
onal --> cubic t ransformat ion of ZnS proceeded by a 
l inear  growth process, where the hexagonal-cubic  
interface moved along the c-axis of the  hexagonal 
form. Subsequently,  Bansagi e t a l .  (6) confirmed this 
finding in ZnS heat- t reated in vacuo and in sulfur  
vapor. This phase t ransformat ion could crystal~_ograph - 
ically be represented by  changing the stacking se- 
quence of the common close-packed layers, the (111) 
plane of the cubic form and the (00 �9 1) plane of the 
hexagonal form, at the interface through the rotat ional  
displacements of atoms within  the layers (3). It seems 
reasonable then to presume that the mechanism of the 
cubic --> hexagonal  t ransformation of CdS a]so is simi- 
lar ly  a l inear  growth process, where the cubic-hexag-  
onal interface moves progressively along the [111] 
direction of the cubic form. 

The activation energy was calculated from the 
s tandard Arrhenius  plots; the logari thm of the formal 
rate constant, k, vs. the reciprocal temperature,  1/ 
T ( K ) ,  as shown in Fig. 4. The activation energies of 
66.8, 77.6, 57.9, and 62.3 kca l /mol  for NaC1 of 0, O.001, 
O.01, and 0.1 weight ratios, respectively, show no sub-  
stantial  differences. 

Thus, the phase t ransformat ion of CdS was markedly  
enhanced by the addition of NaC1. The role of NaC1 
appears to be to enlarge the frequency factor without  
significant change of the activation energy. The effect 
described above appeared even when the ratio was 
only 0.001, gradual ly  increased with an increase in the 
ratio up to 0.01, and was saturated at the larger ratio 
than that. This behavior appears to be analogous to 
the effect of CUO addit ion on the anatase- ru t i le  t rans-  
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formation by Shannon  et al. (20) ; 1% CuO would com- 
pletely cover the available TiO~ surface as a mono- 
molecular  layer  of the oxide and its promotion effect 
on the phase t ransformat ion was saturated above this 
content. It  is therefore suggested that the contact 
points of CdS particles with NaC1 provide the star t ing 
points of the fur ther  phase t ransformat ion of CdS. 

The ~tuestion also arises whether  the phase t rans-  
formation might  be influenced by means of an in te r -  
mediate  or catalytic compound, such as in the case of 
GeO2, where l i th ium or potassium germanate  formed 
by  the reaction of L]2CO.~ or KCI as additives, respec- 
t ively (21). In  the present  study, such a compound was 
not observed in any  x - r ay  diffraction pat tern;  no solid- 
state reaction occurred between CdS and NaC1 even if 
the equimolar  mix ture  was heated up to 800~ in N~. 
Although the phase diagram in the system CdS-NaC1 is 
not known thus far, it is speculated that  NaC1, whose 
mel t ing  point  is not  so high (800.4~ serves as a flux 
to enhance the movement  and rea r rangement  of atoms 
i n  CdS, but  a more detailed analysis must  await  fur ther  
work. 

Summary 
The kinetic s tudy of the cubic -+ hexagonal  t rans-  

formation of commercial ly available CdS was carried 
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Fig. 4. Standard Arrhenius plots for the phase transformation of 
CdS mixed with NaCI; weight ratios of NaCh C), null; O, 0.001; 
I-1, 0.01; I ,  0.1. 

out with NaC1 additions. The phase transformation,  to 
which a second-order rate equat ion was applicable 
with an activation energy of ca. 67 kcal/mol,  was ef- 
fectively enhanced by the addit ion of NaC1 of 0.001- 
0.1 weight ratio without  substant ia l  change of the ac- 
t ivat ion energy. 

An in terpre ta t ion of the mechanism is that  the phase 
t ransformat ion proceeds through a l inear  growth pro- 
cess where the cubic-hexagonal  interface moves pro- 
gressively along the [111] direction of the cubic form 
being common to the [00 �9 1] direction of the hexag- 
onal form. NaC1 serves as a flux to enhance the move- 
ment  and rea r rangement  of atoms in CdS. The contact 
points of CdS particles with NaC1 provide the star t ing 
points of the phase transformation.  

Manuscr ipt  submit ted June  15, 1982; revised m a n u -  
script received Oct. 1, 1982. 

Any  discussion of this paper  will  appear in  a Dis- 
cussion Section to be pubiished in  the December 1983 
JOURNAL. All  discussions for the December 1983 Dis- 
cussion Section should be submit ted  by  Aug. 1, 198& 
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Phosphor Deterioration in Fluorescent Lamps 
Willi I.ehmann 

Westinghouse Research and Development Center, Pittsburgh, Pennsylvania 15235 

ABSTRACT 

The well-known deterioration of phosphors in fluorescent lamps consists essentially of two parts, a short-time degrada- 
tion over roughly one hour possibly due to color center formation, and a long-time effect extending over thousands of hours 
explained by a slow build-up of a disordered and non-luminescent  layer on the phosphor  particles. Such layer has been 
observed on deteriorated zinc silicate, it is very thin. Its optical absorption is the main reason of decreasing lamp brightness. 
Mercury buried in, but  not absorbed on, the dead laz_~r may contribute to the optical absorptioN. The brightness-t ime func- 
tion of the long-time degradation is B/Bo = e x p ( -  Vt/T) with T as a t ime constant. This model  agrees well with observations. 
Conclusions are drawn concerning the stability of phosphors  in lamps and its dependence  on some parameters.  

The s low bu t  s t eady  de te r iora t ion  of phosphors  in 
fluorescent lamps  has been the ob jec t  of some specu-  
lat ions and cont roversy  in the past. Severa l  possible 
models  have been proposed.  (i) Absorp t ion  of me rc u ry  
(or, possibly,  me rcu ry  oxide)  on the  phosphor  pa r t i -  
cle surfaces (1-6).  Invo lvement  of mercu ry  cer ta in ly  
does occur at  least  in some cases. However ,  Burns and 
Kas tner  (7) s tud ied  the  de te r iora t ion  of halophos-  
phate  phosphors  in l amps  using radioac t ive  mercu ry  
as t racer  but  could not  find a quant i ta t ive  corre la t ion 
be tween  mercu ry  absorpt ion  and decreasing phosphor  
brightness.  Also, degrada t ion  has been repor ted  in 
cases where  the phosphor  did  not come into contact  
wi th  any mercu ry  (8-13). These l a t t e r  observat ions  
were  confirmed in our  l abo ra to ry  on many  different  
phosphors  tested in lamps  containing on ly  argon (no 
mercu ry )  which, in eve ry  case, gave degradat ions  at  
least  comparab le  to that  observed in presence of mer -  
cury. Clearly,  me rcu ry  absorpt ion  cannot  be the main  
cause of phosphor  de ter iora t ion  in fluorescent lamps. 
(ii) Format ion  of color centers  b y  the u l t rav io le t  
rad ia t ion  in the  lamp. Color centers  have been fa i r ly  
ex tens ive ly  inves t iga ted  in ha lophosphate  phosphors  
(10-14) and, a t  least  for this  phosphor  type,  have been 
considered to be a ma jo r  cause of deter iorat ion.  I t  
has also been shown tha t  color centers  in  halophos-  
pha te  phosphors  are  c rea ted  by  the 185 nm bu t  
b leached aga in  by  the 254 nm rad ia t ion  of the Hg-  
discharge (11-13). How far  that  appl ies  also to o ther  
phosphors  is s t i l l  unknown.  (iii) St ruc tu ra l  changes in 
the  phosphor  ma te r i a l  caused by  exposure  to ion bom-  
b a r d m e n t  of the  gas discharge.  Some undefined change 
on the sur face  of zinc si l icate par t ic les  in l amps  had  
been repor ted  by  Harr i son  (6) a l r eady  in 1960. In l a te r  
years,  ion b o m b a r d m e n t  has only  occasional ly  been 
mentioned,  but  not  ser iously invest igated,  in connec-  
t ion wi th  phosphor  in lamps,  appa ren t ly  because i t  is 
not  c lear  where  the necessary  energet ic  ions should 
come from. Only  two ve ry  recent  papers  consider  the  
poss ibi l i ty  again. Tada  et al. r epor t ed  an amorphous  
surface l aye r  on zinc si l icate af ter  de te r iora t ion  in a 
300V rf  d ischarge  in argon and, wi th  var ious  o ther  
phosphors,  a corre la t ion  be tween  the r ap id  de te r io ra -  
t ion in  such rf  d ischarge and the  much  s lower  o n e  

in regu la r  f luorescent lamps (15). Lehmann  et at. l im-  
i ted the  work  to Na~Ce0.6~Tb0.85(PO4)2 and repor t  a 
nonluminescent  and appa ren t ly  heavi ly  damaged  sur -  
face l aye r  to g row on the par t ic les  dur ing  aging in 
a demountab le  l amp  (16). (iv) Oxidat ion  or  reduct ion 
of ac t iva tor  ions, or  of the phosphor  host  ma te r i a l  
itself, to a nonluminescent  s ta te  b y  action of energet ic  
l ight  quanta  (main ly  185 nm u.v.) (8, 9). The ox ida -  
t ion of Mn 2 + to Mn 3 + may  be an example .  This effect 
has been criticized, however ,  (17) and the effect has 
not  been s tudied in detail .  (v) Some dependence  of 
phosphor  de te r iora t ion  on the k ind  of l amp  glass has 
been repor ted  implying  an in te rac t ion  be tween  phos-  
phor  and glass subs t ra te  (18). As an explanat ion,  Na + 
ions might  diffuse out  of the glass and onto the phos-  
phor  par t ic les  where  they  could act as seeds for  
me rc u ry  adsorpt ion.  This poss ibi l i ty  cannot  be com- 
p le te ly  ignored and might  w a r r a n t  fu r the r  inves t iga-  
t ion but,  wi th  our p resen t  knowledge,  there  is no 
reason to expect  it  to be a ma jo r  cause of phosphor  
deter iorat ion.  (vi) Electrode effects. Mate r i a l  m a y  be 
removed from the electrodes by  sput ter ing,  or  a l r eady  
dur ing  ac t iva t ion  of the  electrodes,  and be deposi ted 
onto the phosphor  par t ic les  causing opt ical  absorpt ion  
of exci t ing u l t rav io le t  a n d / o r  visible emission light.  
Al te rna t ive ly ,  e lectrode ma te r i a l  on the phosphor  
par t ic les  might  act as seed for subsequent  absorpt ion  
of mercury .  In  e i ther  case, the  effect mus t  be r e -  
s t r i c t e d  to the ends of the l amp and be insignificant in 
the  middle.  

Given this abundance  of possibi l i t ies  one might  ex -  
pect  the  complete  de te r iora t ion  of a phosphor  in a 
l amp  to be a superposi t ion  of severa l  effects, each one 
act ing to a degree  depending  on the circumstances.  
This v iew is expressed by  But ler  and co-workers  (18), 
who describe the l amp  br ightness  as a funct ion of t ime, 
t, by  a sum of three  terms each one of the form 
Ai [1 --  exp ( - -  ai t ) ]  where  Ai, ai a re  constants.  The 
equat ion implies  three  different  de te r iora t ion  mecha-  
nisms but  does not  permi t  identification. Also, since 
the accuracy wi th  which  exper imen ta l  de te r iora t ion  
dependences  can be measured  is not too good, the i r  
comparisons wi th  an equat ion conta ining six a r b i t r a r i l y  
ad jus tab le  constants appears  to be open to question, 
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We observed a surpr is ingly  good fit of exper imenta l  
lamp phosphor degradations to a very  much simpler  
formula  

B/Bo : exp (--  ~ / t ~ )  [1] 

where t is the t ime and B/Bo the brightness ratio with 
B0 as the zero-hour brightness. The only a rb i t ra ry  
parameter  in this equation is the t ime constant, T, 
denoting the t ime necessary to let  the brightness,  B, 
de creas~ to exp (- -1)  ~ 37% of the original.  

Equat ion [1] had original ly been derived under  the 
assumption of ion bombardmen t  damage as the most 
impor tan t  mechanism of phosphor degradation. This 
assumption may not  str ict ly be correct; its applicabil i ty 
is discussed in the Discussion and Conclusion Section. 
The following section describes some exper iments  de- 
signed to shed more  l ight  onto the problem of phos- 
phor deteriorat ion in  fluorescent lamps. 

Some Experiments 
Damage caused by low-energy ions.--Very th in  and 

uni form (quasi-monopart ic le)  layers of various phos- 
phors were coated onto metal, plates with an organic 
b inder  which, subsequently,  was burned  out in  air at 
400~176 The particles of the phosphors in  these 
screens were directly in contact with the metal  sub-  
strates. T~e  screens were tested about 2 cm unde r  a 
coated tungs ten  filament serving as electron emit ter  
(Fig. 1). The electrons from the filament were ac- 
celerated by an a l te rnat ing  (10 Hz) voltage and, in 
vacuum, caused about  1 cm 2 area of the phosphor layer  
to l ight  up in  cathodoluminescence. That  required a 
screen voltage of several 100V for insula t ing phosphors. 
Severe space charge effects occurred in  the phosphor 
layers at lower voltages. Only ZnO (P-24) was enough 
electrically conducting to permit  uniform and visible 
cathodoluminescence down to about 20V. In  vacuum, 
of course, the  cur ren t  consisted ent i re ly  of electrons 
and was measurable  only dur ing  the half-cycles when  
the f i lament was negative. Phosphor exposures for 
1 hr  with about 10-4A did not cause a detectable 
deterioration. 

The s i tua t ion  became_ diffel:ent with the admission 
of about 10 -4 Torr  of argon. The current  now had 
equal  magni tudes  in  both directions (i.e., no rectifica- 
t ion) and, fair ly obviously, consisted largely of argon 
ions dur ing the half-cycles when the filament was posi- 
tive. The energy of singly charged ions could not have 
been more than  the applied screen voltage. A contr i-  
but ion of doubly, or higher, charged ions is believed 
to be negligible. The phosphor screens were so ex-  
posed to a beam of about 10-4A consisting al ter-  
na t ing ly  of electrons and ions. All observed phosphor 
deteriorat ion is believed to be caused by ions, not  by 

electrons. Litt le or no dis turbing space charge effects 
were observed on the phosphor layers, down to about  
25V, because of mutua l  neutra l iza t ion of adsorbed 
electrons and ions. 

Deteriorat ion of the phosphor layers exposed to this 
mixed electron-ion current  was quite severe and 
easily visible already dur ing  the first few minutes  of 
bombardment .  All phosPhor layers also became slightly 
discolored to a degree, and of a color, depend ing .on  
the phosphor. Deteriorat ion data were obtained by 
measur ing the brightness of photoluminescence of the 
screen under  excitation by 254 n m  u.v. before and 
after 1 hr bombardment .  Some results are given 
in Table I. Although this brief  exper iment  was too 
simple to permit  more quant i ta t ive  conclusions, it  does 
confirm that  phosphors can be damaged by ions of 
fair ly low energies. 

Tests in a demountable fluorescent lamp.--The con- 
struct ion of this lamp is described elsewhere (16), 
The phosphor samples to be tested were coated on 
small glass pieces with an organic binder  which, sub-  
sequently,  was burned  out by lehr ing in air  at 400 ~ 
500~ The atmosphere in the lamp consisted of slowly 
flowing argon (99.995% pure, from a tank) which 
could be loaded with mercury  from a drop of mercury  
at the "upstream" end of the lamp. Electric power 
was applied from a current - l imi ted  transformer.  Limi-  
tat ion of the current  to 18 mA caused a potential  of 
about 400V between the two ends of the lamp. When 
Hg was present  in the lamp, the phosphor brightnesses 
were about comparable to those in  a regutar  fluorescent 
lamp. Most tests were l imited to 20 hr. Obtained ma in -  
tenances were reproducible to about _ 1%. Some data 
obtained with typical lamp phosphors are given in 
Table II. 

This demountable  lamp was used to test zinc silicate 
under  various conditions. Results are summarized in 
Table III. Zinc silicate phosphor deteriorates in pla in  
argon even stronger than in  Ar ~- Hg, indicat ing that, 
at least for this phosphor, mercury  adsorption cannot 
be a dominant  factor. This confirms earl ier  reports 
(8-13) on zinc silicate and other phosphors. Some 

Table h Results of I hr bombardment with electrons plus ions, 
,..10-4 A]cm 2 

Mainte- 
Emission Screen nance Dis- 

Phosphor color voltage ( % ) coloration 

Zn~iO4:Mn green 25V 94 brownish 
Zn~SiO4:Mn green 50 87 brownish 
ZmSiO4:Mn green 100 75 brownish 
ZnrSiO, (no Mn) dead 110 grayish 
ZnO (P-24) blue-green 110 ~ brown-gray 
MgAI~O4:Mn green  110 m very  little 
CaBaAI~40~:Ce,Mn green  110 92 brownish  

Table II. Maintenances of some lamp phosphors tested in 
demountoble lamp, 20 hr in Ar + Hg 

% 

F . p h o s p h o r  
/ 

. . . . . . . . . .  . . . . . . .  ~ . . . . . . . . . . . . . . .  Jo . . . . ~ , , , ,  

I "" ~ ~ \ \  \ \ \ \ \ \  \ \ \ \ \ \ \ \ \ \ \ ~  + 
Y////////////~ 

Fig. !. Experimental setup used to bombard phosphor layers with 
low-voltage electrons and ions. Applied voltage: variable ac of 10 
Hz. Filament: 2V ac of 60 Hz. 

Cool-white halophosphate  93 
Srs(PODs:Eu ~+ 97 
y2Os:Eu s§ 94 
Zn~SiO~: Mn 2. 85 

Table III. Maintenance of zinc silicate under various conditions 
(demountable lamp, 20 hr) 

Mainte- 
Samples  covered Atmosphere  nanee  % 

n o  A r  + Hg 85 
n o  A r  52 

quartz glass A r  + Hg i00 
MgF~-glass A r  + Hg i00 

Y2Oa (evap,)  A r  + Hg 95 
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samples  were  tested, not  openly  exposed  to the  gas 
discharge but  loose ly  covered wi th  th in  and opt ica l ly  
c lear  slices, e i ther  of quartz  glass or of ho t -p ressed  
MgF2. These samples,  a l though exci ted  in the l amp  to 
br ightnesses  comparab le  to those of the  uncove red  
ones, d id  not  measu rab ly  de te r iora te  wi th in  20 hr, 
indica t ing  that  u l t rav io le t  rad ia t ion  in the  l amp  can-  
not  be a fac tor  ei ther.  I n  st i l l  ano ther  exper iment ,  
some samples  were  coated (af te r  lehr ing)  wi th  about  
0.17 #m of clear  Y203 appl ied  by  vacuum evaporat ion.  
When  in te rp re t ing  the resul t  of the life test  in the  
lamp, one should keep  in mind  tha t  deposi t ion b y  
vacuum evapora t ion  is a h ighly  d i rec t ional  process;  
only  the  f ront  surfaces of the phosphor  par t ic les  can 
be expected  to be covered. By contrast ,  the gas dis-  
charge  in the l amp  is ve ry  diffuse and can reach  also 
par ts  of par t ic les  not covered b y  Y203. The conse- 
quence is a l imi ted  protect ion,  the main tenance  is im-  
proved  bu t  not  to 100%. The ex t rapo la t ion  appears  to 
be wa r r an t ed  to expect  a near-100% protec t ion  if the 
Y2Oa would have coated al l  par t ic les  f rom a l l  sides, in 
perfect  ag reement  wi th  the resul ts  on samples  covered 
wi th  quar tz  glass or wi th  MgF~ ment ioned  above. 

Test by cathodoluminescence.--The bui ldup  of a 
dead surface l aye r  dur ing  de te r iora t ion  of zinc si l icate 
in a l amp  could be confirmed by  measur ing  the ca th-  
odoluminescence.  Two glass pieces were  coated wi th  
zinc si l icate using an organic  b inder  and lehred  at  
,~ 500~ in air.  One sample  was then  aged in the gas 
discharge (Ar  ~ Hg) of the demountab le  l amp unt i l  
the emission br ightness  had  de te r io ra ted  to 67.5% of 
the  original ,  the o ther  sample  was not  aged and served 
as control.  Both samples  were  then  excited,  side by  
side, by  electrons in vacuum to cathodoluminescence 
using beam vol tages  of 2-10 kV. The rat ios  of the  
emission br ightnesses  aged /unaged  were  mul t ip l ied  
wi th  the  used beam vol tages and the resul ts  p lo t ted  as 
funct ion of the beam vol tage (Fig. 2). The points  are  
ve ry  closely on a s t ra ight  l ine in tersect ing the abscissa 
at a "dead vol tage"  of about  150V which, f rom the 
known re la t ionship  be tween  dead vol tage  and l aye r  
thickness (19), t rans la tes  to a dead  layer  thickness of 
5-10A. This is a dead l aye r  present  on the aged but  
not  on the unaged phosphor,  and the only w a y  it  could 
have  come from is the  expo,sure of  the aged sample  
to the discharge in the lamp. 

I t  might  be surpr i s ing  that  such a th in  surface layer  
on the phosphor  par t ic les  could have  a not iceable  

10. 

(D 

�9 ~ 5- 

0 5 10 kV 
electron beam voltage 

Fig. 2. Cathodoluminescence of a sample of zinc silicate aged in 
the demountable fluorescent lamp to 67.5% of the original, com- 
pared to that of fresh zinc silicate. The ratio between the readings 
an these two samples is multiplied by the number of kV used to 
accelerate the electron beam and the result is plotted as ordinate. 
The "dead voltage" of about 150V indicates a dead layer about 
5 - ]0A thick on the particles of the aged sample. 

effect on the emission brightness.  However ,  al l  it  r e -  
quires is an opt ical  absorp t iv i ty  for  the exci t ing u.v. 
of some 106 cm -1, wel l  wi th in  the range  of no rma l  
mater ials .  I t  is also in line wi th  the known  protec t ion  
due to the addi t ion  of a l i t t le  Sb20~ to fluorescent l amp 
phosphors.  Sb203 is s l igh t ly  volat i le  at  l amp lehr ing  
t empera tu res  (~600~ and, a f te r  lehring,  appa ren t ly  
sur rounds  (to some degree  at  least)  a l l  phosphor  
par t ic les  wi th  thin layers.  If  one assumes un i fo rmly  
coated par t ic les  in the 1-10 #m size range,  the  custo-  
mar i l y  added  0.1-0.2% of Sb203 ends up in layers  
about  2-20A thick, the same o rde r  as tha t  observed  
above. 

Theoretical Considerations 
The expe r imen ta l  resul ts  descr ibed above  point  to 

ion b o m b a r d m e n t  damage,  or  a re la ted  effect, as a 
cause of phosphor  de te r iora t ion  in f luorescent lamps. 
The question m a y  be considered wha t  poss ibly  could be 
expected if ion b o m b a r d m e n t  damage would be the  
only responsible  mechanism. 

Damage  of phosphors  by  h igh -ene rgy  ions is wel l  
known. Streck,  in 1939, s tudied the effect of a - r a y s  
( :  He 2+ ions) on phosphors  (19), and Berthold,  in 
1957, the damage  caused by  H2 + ions (20). Much re-  
cent research  re l evan t  to ion beam damage  of crys ta ls  
(a l though not  necessar i ly  phosphors)  can be found in 
var ious  publ icat ions  deal ing wi th  ion implan ta t ion  or 
wi th  rad ia t ion  f rom other  sources (2t-23) .  The general  
observat ion  is tha t  the  ion beam causes gross la t t ice  
disorder.  Crysta l  a toms are  displaced f rom the i r  or ig i -  
nal  posit ions to other,  more  or less i r regular ,  sites; the 
crys ta l  becomes increas ingly  amorphous.  If the crys ta l  
is a phosphor,  this approach  to the amorphous  s tate  
effectively ki l ls  al l  luminescence.  Tha t  a l l  is wel l  es- 
tablished.  

Gas ions in a fluorescent l amp  have much lower  
energies.  They cannot  poss ibly  pene t ra te  into the 
crys ta l  la t t ice  but  can affect on ly  the crys ta l  surfaces. 
As an approximat ion ,  the  wr i t e r  considers the model  
schemat ica l ly  shown in Fig. 3. Lat t ice  atoms are  as- 
sumed to be knocked f rom the i r  or iginal  posit ions to 
others  which are  not  necessar i ly  r egu la r  la t t ice  sites. 
This type  of damage res t r ic ted  to the surface is known 
(23) and the  requi red  min imum energies can be es t i -  
mated.  For  zinc silicate, for instance, they  are  about  
2,0-25 eV. 1 Incidental ly ,  tha t  is also the energy  range  
f rom which spu t t e r ing  occurs (24). The wr i t e r  assumes 
a d isordered  surface l aye r  s lowly  to bu i ld  up in this 
way, and considers the  process to be essent ia l ly  a di f -  
fusion of a la t t ice  d isorder  into the crys ta l  wi th  the  
diffusion energy  suppl ied  by  the gas discharge.  

If this v iew is correct,  then,  as in any o ther  diffusion, 
the thicknesses,  s, of the  d isordered  top l aye r  can be 
expected to grow propor t iona l  to the  square root  of 
the  t ime, t, and intensi ty,  I, of the gas d ischarge  in the 
lamp 

s = c x / t  I [2] 

I Estimate supplied by one of the reviewers  of this paper, based 
9n Ref. (23). 
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Fig. 3. Creation of an amorphous surface layer on a crystal by 
ion bombardment (schema). 
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where c is a constant ,describing the stability of the 
phosphor against damage by bombardment. This layer 
is nonluminescent but optically absorbs lights, mainly 
the exciting u.v. If its optical absorption constant is a, 
the emission brightness, B, of the phosphor must be 

a = Bo exp ( - -  as) 

-~- So exp (-- acv ' t  I) [3] 

The intensity, I, of the gas discharge in a lamp nor- 
mally does not significantly change with time so that 
the three constants in [3] can be combined to 

: I / ( ~ c 2 1 )  [4] 

which immediately leads to Eq. [I]. 
The shape of the curve described by Eq. [1] is shown 

in Fig. 4. The curve declines most rapidly in the be- 
ginning in accord with what one intuitively would 
expect, since a top layer already on the phosphor 
protects the healthy phosphor underneath against fur- 
ther damage (the better the thicker the top layer is). 
It is also in accord with what actually is observed 
during deterioration of lamps. 

Comparison With Observations 
The deterioration formula of Eq. [1] has been 

checked against various experimental data by plotting 
log B as function of the square root of the time, t.. 
If Eq. [1] is valid, all points should be on a straight 
line. Results are shown in Fig. 5-10. 

Figure 5 corresponds to the maintenance of ordi- 
nary Zn2SiO4: Mn observed during a run in a demount- 
able fluorescent lamp in our laboratory. Technical rea- 
sons did not allow this test to be extended to times 
beyond about 45 hr. 

Figure 6 shows data from routine maintenance tests 
on Westinghouse 40W lamps containing halophosphate 
phosphor. Every point represents the average over 
some 100-200 individual lamps tested during one of 
the years 1974-1978. Although only three readings per 

1 ~  B/Bo=exp(- t~-~) 
B/Bo 

o 
0 015 tit" 

Fig. 4. Deterioration curve according to Eq. [1] 
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Fig. 5. Average maintenance of three samples of Zn2SIO4:Mn 
tested in this laboratory in the demountable fluorescent lamp. 
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Fig. 6. Maintenances of Westinghouse 40W fluorescent lamps 
containing halophosphate phosphor. Each point represents a year 
with an average of more than 100 lamps. 

lamp (I00, 3000, and 7500 hr) were available, the 
approach to a straight line is evident. 

Figures 7 and 8 correspond to experimental 40W 
lamps made by GE and containing either Zn2SiO4:Mn 
(Fig. 7) or CaSiOg:Pb,Mn. (Fig. 8). The brightness 
data are taken from a table in a paper published in 
1966 (7). 

Figures 9 and 10 show data of 40W Sylvania lamps 
made back in 1948 when (Zn, Be)SiO4:Mn was still 
commonly used. The data are taken as well as could 
be done, from figures in a 1949 publication (5). Figure 
9 corresponds to production lamps, Fig. 10 apparently 
to experimental lamps., 

Considerable experimental scatter seems to be un- 
avoidable in measuring lamp maintenances. For this 
reason, every point in Fig. 5-10 corresponds to not 
one, but to averages over many lamps. Some scatter 
still remains. However, the approach to straight lines 
in the figures is very obvious. 

In routine maintenance tests of fluorescent lamps, the 
"zero-hour" brightness reading usually is done not 
immediately after the lamp is turned on, but after a 
short burn-in time. This time was about 1/2 to 1 
hr for the data of Fig. 6, and is believed to be in the 
same order for Fig. 7-10. The question arises, what 
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Fig. 7. Average maintenances of two sets (8 lamps each) of ex- 
perimental 40W fluorescent lamps made by GE. The lamps contain 
two different samples of Zn,2SiO4:Mn. Data from Ref. (7). 
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Fig. 8. Average maintenances of two sets (8 lamps each) of ex- 
perimental 40W fluorescent lamps made by GE. The lamps contain 
two different samples of CaSiO~:Pb, Mn. Data from Ref. (7). 
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Fig. 9. Average maintenances of 20 40W fluorescent lamps made 
by Sylvania. The lamps contain a blend of 88% (Zn,Be)~SiO4:Mn 
and 12% MgW04. Replutted from a diagram in Ref. (5). 
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Fig. 1O, Average maintenances of 40W fluorescent lamps made 
by Sylvania. The lamps contain a blend of 88% (Zn,Be)~SiO4:Mn 
and 12% MgW04. Two groups of lamps with different amounts of 
Sbs03 added to the phosphor blends. Replotted from a diagram in 
Ref. (5). 

happens  dur ing  t h e  very  first t ime  when  t h e  l amps  a r e  
tu rned  on? 

The on ly  publ i shed  measurements  cover ing also t h e  
first few minutes  appea r  to be those by  Vrenken  et aL 
(25). Data  were  t aken  f rom a figure of tha t  paper ,  a s  

well  as could be  done, and rep lo t ted  in Fig. 11. A l l  
points  in  Fig. 11 a re  on s t ra igh t  l ines for  t imes in 
excess of abo~ut 1 hr  indica t ing  Eq. [1] to be valid,  
and point ing to bu i ldup  of a dead surface l aye r  as 
the dominant  mechanism of long- t ime  deter iorat ion.  
The wr i t e r  bel ieves the  addi t ional  de ter iora t ion  dur -  
ing the  first hour  of opera t ion  to be  caused by  color 
center  formation.  This effect appears  to come to an 
equi l ib r ium be tween  format ion  (by  185 nm u.v.) and 
bleaching (by  254 nm u.v.) wi th in  about  1 hr. Ac-  
cept ing this explanat ion,  i t  appears  f rom Fig. 11 tha t  
an addi t ion  of smal l  amouns of cadmium to a ha lo-  
phosphate  phosphor  reduces the  in tens i ty  of  color 
center  formation,  bu t  has l i t t le  or  no effect on the 
bu i ldup  of a dead  surface  layer .  

Discussion and Final Conclusions 
The observat ions  and resul ts  descr ibed above poin t  

to the  slow bui ldup  of a nonluminescent  but  l ight  
absorbing surface l aye r  on the phosphor  part icles ,  a s  
the dominant  mechanism of long- t ime  phosphor  degra -  
dat ion in fluorescent lamps. The  l aye r  is nonlumines-  
cent  because its crys ta l  s t ruc ture  is heav i ly  damaged,  
perhaps  approaching  or  reaching the amorphous  state. 
Such damage  can, in pr inciple ,  be created by  gas ions 
if thei r  energy exceeds some threshold.  This th resho ld  
is in the  20-25 eV range  for zinc si l icate and can be  
expected to be not  too different  in o ther  l amp  phos-  
phors. The question is whe the r  there  a re  gas ions of 
tha t  energy  in a fluorescent lamp. 

The mean  ene rgy  of ions in the  posi t ive column of 
the gas discharge is l i t t le  over  3/2 kT ( ~  0.04 eV),  
which cer ta in ly  is too smal l  to cause any  damage.  The 
mean  energy of free electrons is higher,  p robab ly  sev-  
e ra l  eV, bu t  the mass of an e lec t ron is too low to 
cause much havoc on the phosphor  surface. A rad ia l  
"sheath  potent ia l"  of 10-15V near  the  l amp wal ls  (26) 
caused by  the very  different  mobil i t ies  of electrons and 
ions can accelera te  ions towards  the phosphor,  and  
might  at  least  pa r t i a l l y  be responsible,  but  is s t i l l  
on the low side. Severa l  discrete energies  are  ava i l -  
able, e.g., l ight  quanta  of the  u l t rav io le t  rad ia t ion  of 
254 n m  ( - -  4.9 eV),  of 185 n m  ( - -  6.7 eV),  and severa l  
ve ry  weak  l ines going to more  than  10 eV. F u r t h e r  
energies  are  f rom the neut ra l iza t ion  of Hg + (10.4 eV) 
and A r  + (15.7 eV) which both are  l ibe ra ted  p r i m a r i l y  
in contact  wi th  a solid surface, e.g., the phosphor.  The 
overa l l  s i tua t ion  is ve ry  complex but  i t  seems tha t  
ne i ther  of the above energies  reach3s the  threshold.  

One might  argue tha t  a gas ion hi t t ing  the phosphor  
surface m a y  have the combined energy  of the  sheath  
potent ia l  and of its neutra l izat ion.  That  would  amount  
to about  20-25 eV for Hg + and to about  25-30 eV for 
Ar  +, and these energies appea r  to be high enough to 
cause a tom d isp lacement  by  collision on the phosphor  
surface. These and other  detai ls  a re  st i l l  open for in-  
vest igation.  

Independen t  of details,  the  model  of ion b o m b a r d -  
ment,  or  a re la ted  effect, bui ld ing  up a damaged  and 
nonluminescent  surface l a y e r  on the  phosphor  pa r -  
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Fig. 11. Short-time maintenance of 40W fluorescent lamps con- 
taining halophosphate phosphor with different amounts of added 
cadmium. Replotted from a diagram in Ref. (25). 
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ticles permits the following conclusions. (i) The dam- 
aged surface layer is very thin, probably below 100A 
even after strong deterioration of the phosphor. The 
layer grows in thickness proportional to (time)~/2. (ii) 
Mercury simply adsorbed on top of the damaged layer 
is not likely involved. At least, there is no visible rea- 
son why such adsorption should lead to a deteriora- 
tion-time dependence described~by Eq. [1]. However, 
mercury buried in the dead layer may very well be in- 
volved. It simply contributes to the optical adsorption 
cor~tant, a, in Eq. [3] but leaves the shape of the de- 
terioration function [1] unchanged. It is at least c~n- 
ceivable also that the amount of mercury buried in 
the layer depends on the phosphor material. This point 
may warrant further study. (iii) Even without any 
contribution of buried mercury, the dead top layer has 
also an optical absorption on its own. That is partic- 
ularly so for Zn2SiO4 because it contains so much u.v.- 
absorbing ZnO, and that may be a reason of its well- 
known relatively poor maintenance in fluorescent 
lamps. The same is the case for any other phosphor 
absorbing exciting u.v. directly into the host lattice. 
Optical absorption caused by impurities generally is 
much weaker and may largely disappear when the 
crystal becomes amorphous. It appears that phosphors 
with impurity absorption can, in principle, be expected 
to be more stable than otherwise comparable phos- 
phors with host crystal absorption. That seems to be 
in agreement with general experience. (iv) The sta- 
bility with which a phosphor resists damage by bom- 
bardment is a function of the binding energy between 
atoms of the material; the higher this energy the more 
stable the phosphor. This binding energy also deter- 
mines the stability against thermal disruption; the 
higher the energy the higher the melting temperature. 
Consequently, phosphors whose host materials have the 
highest melting points likely are those which have the 
best maintenance in lamps. Examples are Y~O~ and va- 
rious aluminates. Again, this is in general agreement 
with experience. (v-) An oxidation of Mn 2+ to Mn s+ 
in Mn-activated phosphors, a reduction of V 5+ to V 8+ 
in vanadate phosphors, or any similar oxidation or re- 
duction observed during deterioration of a phosphor in 
a lamp can easily be understood for quasi-free atoms or 
iorLs kicked about the surfaces of the phosphor parti- 
cles by primary energy quanta but not so easily for 
atoms deeper in the healthy lattice. From this point of 
view, oxidations and reductions are not the cause of 
deterioration but a consequence of the damage and 
the buildup of a dead layer on the phosphor particles. 
(vi) Color center formation appears to be a separate 
effect independent of bombardment damage. The ten- 
dency to form color centers must depend on the phos- 
phor material. Zinc silicate shows little indication of it 
and hatophosphates, where color centers are well 
known, apparently come rapidly to a near equilibrium 
between formation and bleaching (Fig. 11). The pos- 
sibility exists that color center formation is not a major 
cause of long-time deterioration of any phosphor in 
fluorescent lamps. (vii) A barrier between gas discharge 
an~. phosphor, optically transparent for exciting ultra- 
violet but not for gas ions, should considerably ira- 

prove long-time phosphor maintenance in fluorescent 
lamps. This barrier needs to be only very thin, about 
100A or less should already be effective, provided only 
that it is at least as stable against ion bombardment as 
the phosphor to be protected. This idea has already 
been anticipated in a recent patent (27) but, to our 
knowledge, is not yet used in practice. 
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Preparation and Cathodoluminescence of CaS:Ce and Cal. r S:Ce 
Phosphors 
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ABSTRACT 

Efficient CaS:Ce phosphors  consisting of well-grown crystallites have been prepared by heating calcium carbonate 
containing an appropriate  amount  of cerium with sulfurizing flux. The flux consists of either elemental  sulfur plus carbon- 
ates, or thiosulfates of alkali metals. Because of good crystall inity and large particle size, the phosphors  prepared by the flux 
method are relatively stable against atmospheric  carbon dioxide and water, yet have luminescence efficiency comparable 
to the best  CaS:Ce prepared by the H2S method. The emission spectrum of the flux-grown CaS:Ce phosphors  is similar to 
that  of the CaS:Ce prepared by the H~S method, but  shifted to shorter wavelengths by about 10-15 nm. Ca~_~Sr~S:Ce phos- 
phors have also been prepared by the flux method.  With the increase of the mol fraction of SrS, the lattice parameter  in- 
creased linearly, and the emission spectrum shifted toward shorter wavelengths. 

Alka l ine  ea r th  sulfides have  been known to be ex-  
cel lent  and  versat i le  phosphor  hosts. A la rge  number  
of different  ac t iva tors  p roduce  phosphors  having  d i f -  
ferent  emission colors rang ing  f rom the  near  u l t r a -  
violet  to the deep red (1-5).  Calcium sulfide ac t iva ted  
by t r iva len t  cer ium has been known as an  excel len t  
g reen-emi t t ing  phosphor  (2). The ca thodolumines-  
cence efficiency and emission color a re  comparab le  to 
those o f  the best  g reen-emi t t ing  ZnS- type  phosphors.  
Fu r the rmore ,  CaS:Ce  phosphor  shows much less 
br ightness  sa tura t ion  a t  h igh beam currents  (2). In  
recen t  years,  c a thode - r ay  phosphors  are  desired for 
opera t ion  at  h igher  cur rents  to get  h igher  br ightness ,  
especia l ly  for  appl icat ions  in p ro jec t ion  TV. The 
CaS: Ce phosphor  is o n e  a t t r ac t ive  candidate  for  such 
appl ica t ion  because  of  its smal l  cur ren t  saturat ion.  

The a lka l ine  ea r th  sulfides a re  usua l ly  p repa red  by  
the sulfur izat ion of the  corresponding oxides or  car-  
bonates  wi th  hydrogen  sulfide or  carbon disulfide. 
These sulfides a re  also p repa red  b y  reducing the cor-  
responding  sulfates wi th  hydrogen  or  carbon, or  by  
reac t ing  the corresponding o~r or carbonates  wi th  
sulfur.  Lehmann  and Ryan  (1, 2 ) p r e p a r e d  CaS!Ce 
phosphors  by  a two-s tep  react ion;  unac t iva ted  CaS 
was p repa red  b y  firing CaSO4 in an a tmosphere  of 
H2 and H2S. Then the CaS mixed  wi th  Ce2S~, NH4C1, 
and su l fur  was fired in  argon a tmosphere  at  1200~ 
for 2 hr. Vij and Mathur  (6, 7) p r e p a r e d  CaS:Ce  
phosphors  by  reducing  CaSO4 conta ining cerous n i -  
t ra te  [ C e ( N O a ) 3 . 6 H 2 0 ]  wi th  carbon in the  presence 
of a large  amount  of Na2SO4 flux at 900~ for 2 hr. 
In  this process the  reduct ion of CaSO4 to CaS, and 
the ac t iva t ion  of CaS wi th  Ce, were  achieved in a 
s ingle firing process at  r e l a t i v e l y  tow tempera tures .  

Lehmann,  Vii, and Mathur  (8) compared  the  CaS: Ce 
phosphors  p repa red  a t  Lehmann ' s  l abo ra to ry  (2) wi th  
those p r e p a r e d  b y  Vij and Mathur  (6, 7). They  found 
tha t  the  l a t t e r  phosphor  consists of we l l -deve loped  
par t ic les  about  10 ~m in size, having somewhat  h igher  
s tab i l i ty  in a w a t e r  s lurry,  ,but the  luminescence effi- 
ciency is on ly  ,approximate ly  30-49% of the  former  
phosphor.  

In this  paper ,  we r epor t  new flux composit ions to 
p repa re  CaS :Ce  and Ca l -xS rzS :Ce  phosphors.  The 
phosphors  p repa red  by  this method have  good crys-  
ta l l in i ty ,  la rge  parti .cle size, and ~ g h  luminescence 
efficiency. The resul ts  a re  compared  with  those of 
phosphors  p repa red  by  the o ther  methods.  

Experimental 
X-ray di~raction.--Lattice pa rame te r s  were  de te r -  

.mined b y  x - r a y  powder  diffract ion using a JEOL 
(Type JDX-7D)  x - r a y  d i f f rac tometer  wi th  Ni- f i l te red  

z Present address: Corning Research, Incorporated, 971-2 Zushi- 
machi, Machida City, Tokyo 194-02, Japan. 

Key words: inorganic, luminescence, synthesis, cathode-ray, cur- 
rent saturation, flux, calcium sulfide, strontium sulfide, cermm. 

CuK~ radiat ion.  Sodium .chloride was used as an in-  
t e rna l  s tandard .  

Cathodoluminescence measurements.--Cathodolumi- 
nescence spec t ra  were  measured  on powder  samples  
packed  into shal low stainless steel  pans.  Twelve  sam-  
ples were  moun ted  on a ro ta t ing  sample  ho lder  of a 
demountab le  ca thode - r ay  tube. A focused e lec t ron 
beam was magne t ica l ly  deflected to produce  a ras ter  
of the  des i red  size. The incident  beam was no rma l  to 
the sample  face and the luminescence was observed 
f rom the bombarded  side at an angle  of 30 ~ to 'the 
incident  beam. The phosphor s  were  typ ica l ly  exci ted 
by  8 kV electrons at a p p r o x i m a t e l y  0.1 #A/cm 2 cur- 
rent dens i ty  at  room tempera ture .  Luminescence 
spec t ra  were  measured  with  a Nikon P-250 mono-  
chromator  and an HTV-R376 photomul t ip l ie r .  The 
spect ra l  response of the  monochromator  and photo-  
mul t ip l i e r  was ca l ibra ted  wi th  an EG&G M o d e l  595 
S t anda rd  Tungs ten-Halogen  Lamp.  

Results and Discussions 
Preparation.--The sulfur izing flux method  is wide ly  

used for p repa r ing  r a r e  ea r th  oxysulf ide phosphors  
(9-11). However ,  a ppa re n t l y  no one has a t t e m p t e d  to 
app ly  the  sulfur iz ing flux method  to p repa re  CaS, 
p robab ly  due to the a priori assumpt ion that  CaS can- 
not  wi ths tand  hot  wa,ter washing  of the  fluxed pro.d- 
ucts because CaS is known  to dissolve in wa te r  by  
decomposit ion,  We found that  the  same flux method  is 
appl icab le  to p repa re  high qual i ty  CaS phosphors.  The 
flux can be r emoved  by  washing with  cold wa te r  w i th -  
out  de te r iora t ing  the  CaS in any a p p r e c i a b l e a m o u n t .  
T h e  CaS p repa red  by  the flux method  consisted of 
we l l -deve loped  and non'aggregated part icles .  The 
par t ic le  sizes were  much l a rge r  than  those p repa red  
by  the nonflux method.  I t  seems that  good c rys ta l -  
l in i ty  and la rge  par t ic le  size enhance chemical  s ta-  
b i l i ty  against  wa te r  reducing the  ra te  of dissolution. 
The lower  dissolut ion ra te  al lows the flux method  to 
be used to p r e pa re  CaS. 

Starting compositions.--All chemicals  except  sul fur  
were  of reagent  grade.  The sul fur  w a s  of 99.999% 
puri ty .  Calcium and s t ron t ium compounds used were  
ei ther  oxides, hydroxides ,  carbonates ,  or oxala tes  of 
calcium and  s t ront ium. The sulfur izing flux used was a 
m ix tu r e  of sulfur  and e i ther  sodium carbonate,  potas-  
s ium carbonate,  or  the i r  combinat ions.  The carbon-  
ates m a y  be subst i tu ted up to 50 mol  pe rcen t  by  l i th ium 
carbonate.  Sodium or  potass ium thiosulfa te  was also 
used as a sulfur iz ing flux. To p repa re  phosphors,  a 
source of  ac t iva tor  is inc luded in the s ta r t ing  mix ture .  
A n y  e lements  known to be act ivators  for CaS and 
SrS  can be used. We have successful ly tested ac t iva-  
t ion wi th  Ce, Eu, Mn, Sb, and Pb.  For  cer ium ac t iva-  
tion, t r iva len t  cer ium compounds such as sulfate  

432 
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[Cea(SO4)8 �9 8H20], nitrate [Ce(NO~)3 �9 6H20], chlo- 
ride (CeC13.7H~O), or sulfide (Ce2S3) were used. 
The change in anions had no effect on the material  
and luminescence properties. The nominal concen- 
trat ion of cerium is expressed by the tool ratio to 
one mol of phosphor host (CaS or Cal-xSr~S) before 
firing. For example, CaS:Ce0.001 means that the phos- 
phor was prepared from a starting mixture contain- 
ing one tool of CaCO3 and 0.001 mol of cerium. The 
actual concentration of cerium in the produced phos- 
phor has not been chemically analyzed. 

The CaS:Ce phosphors cited in this paper  were 
prepared from start ing compositions consisting of 
CaCO~, Na.2C08, sulfur, and Ce2(SO4)~'8H20. To 
prepare  Cal-xSrxS: Ce, CaCOs was proportionally sub- 
stituted by SrCO3. The amount o f  Na~CO8 and sulfur 
was not crit ieaI to the particle size and the lumines- 
cence efficiency, but  excess sulfur was always required 
for good reproducibil i ty of results. The mol ratio of 
CaC03, Na~CO~ (anhydrous) ,  and sulfur was usually 
I: I: 3 or I: I: 4. The concentration range of cerium 
studied was from 10 -4 to 10 -2 tool per  one tool of 
CaC03. 

Procedure.--The s.tarting compositions were inti- 
mately mixed by ball  milling. For  uniform mixing of 
an extremely small amount of activator, s lurry mixing 
was used. The mixture was placed in a covered alu- 
mina crucible. When h igh  temperature and long heat-  
ing were used, the crucible was put in a large alumina 
crucible, and the space between the two crucibles was 
filled with carbon to avoid oxidation of the reactants 
and products. The ,crucible with its contents  was 
placed in a resistance-heated furnace with lid under 
ordinary ,atmospheres, and heated to about 800 ~ 
I200~ for 0.2 to 72 hr, It was then cooled to room 
temperature. During heating, sulfides and polysulfides 
of alkali metal  are. formed in the mixture and these 
dissolve substantial ly all of the calcium compounds 
and the activator source. During the cooling step, 
particles of the desired sulfide crystallize in the molten 
mass, which then solidifies. The solidified mass was 
crushed to a fine powder and then the flux was re-  
moved by dissolving and washing with cold deionized 
water. After  rinsing with ethyl alcohol, the product 
was dried at  100~ 

CaS:Ce.--As mentioned previously, the CaS pre-  
pared by the sulfurizing flux method consisted of 
well-crystall ized, independent particles. Figure 1 
shows photographs of CaS: Ce phosphor particles pre- 
pared using the flux mixture of Na2CO3 and sulfur at 
different reaction temperatures and times. Particle 
size ranges from a few microns to submillimeters de- 
pending upon the reaction temperature and time. The 
higher the temperature and the longer the time, the 
larger  the particle size. Table I gives the approxi- 
mate particle size obtained at different firing condi- 
tions. The phosphors prepared by the flux method 
had a smaller dissolution rate in water than those 
prepared by nonflux method, as confirmed by the 
time variation of the pH and the conductance of the 
water containing dispersed phosphor particles. The 
good crystall inity and the large particle size (small 
surface-to-volume ratio) seems to enhance the sta- 
bi l i ty  against water. Particle growth was much slower 

Table I. Particle size of CaS:Ceo.oot prepared using the flux 
mixture of Na2C03 and sulfur at different firing conditions 

Reaction Reaction Max. Average  
terap (~ t ime  (hr)  size (~m)  size (~m) 

900 6 I0 5 
900 72 37 26 

I000 4 20 12 
1000 12 23 14 
1100 4 30 23 
1100 72 120 70 

Fig. !. Photomicrographs of particles of CaS:Ceo.ool prepared 
using the flux mixture of Na2C03 and sulfur at different firing 
conditions. (Observed under Nikon differential interference micro- 
scope.) 

for the flux combination of K2COs and sulfur than 
for the combination Na2CO3 and sulfur. 

The yield of CaS: Ce was studied for different batch 
sizes between 14 and-170g of the starting mixture. 
We found that yields were in the range 85-95% 
of the theoretical yield independent  of batch size. The 
main losses in the yield are caused by fused mass 
stuck to the crucible wall, and by the washing away 
of small particles in the process of removing the fluxes 
by decantation. The unactivated CaS a p p e a r e d  as a 
slightly discolored white powder. It had the NaCl 
type of structure with the lattice parameter  a 
5.696A (13). The body color of the cerium-activated 
CaS changes from light brown through a light yel-  
lowish green to light yellow as the cerium concentra- 
tion increases from 10 -4 to 10 .2 mols. 

Cal-xSrxS:Ce.--The sulfurizing flux method is also 
applicable to the preparat ion of SrS by replacing 
CaCO3 with SrCOa in the starting mixture. Because 
SrS decomposes in contact with water much more 
easily than CaS, the flux was first washed with the 
minimum amount of cold deionized water, then with 
a large quantity of ethyl alcohol. 

Solid solutions, Ca1-~SrxS:Ce0.00t (x --_ 0-1), were 
also prepared by the reaction at II00~ for 4 hr. In-  
creasing the strontium fraction causes the body color 
to change from yellowish green to light bluish green. 
The crystal structure was NaCl-type in t he  whole 
range of x, and the lattice parameter  increased l inearly 
with the tool fraction of SrS as shown in Fig. 2. This 
result indicates that the solid solution obeys Vegard's 
law, and also suggests that the flux method produces 
the solid solution having the same mol fraction as 
added to the starting mixture. Chemical stabili ty 
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Fig. 2. Lattice parameters of Cal-xSrxS:Ceo.ool as o function of 
the tool fraction of SrS. 

against  water  decreases with increasing s t ront ium 
content. 

Other alkal ine earth sulfides such as MgS and BaS 
could not be prepared by the sulfurizing flux method 
because these sulfides are very easily attacked by 
water. 

C a t h o d o l u m i n e s c e n c e  
Cathodoluminescence spectrum and e]f~ciency.~Fig- 

ure 3 shows that  the cathodoluminescence spectra of 
CaS" Ce0.o01 prepared by the sulfurizing flux method, 
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Fig. 3. Cathodoluminescence spectra of CaS:Ceo.ool ( ), 
CaS:Ce (Lancaster) (---), and (Zn,Cd)S:Cu,AI ( ...... ), measured at 
8 kV and 2/zA/cm 2. 

CaS:Ce ~ prepared by 'the non-f lux method, and (Zn, 
Cd)S:Cu,A1.2 They all had comparable peak in ten-  
sities. However, the emission band  of CaS: Ce0.001 was 
nar rower  and was more shifted toward shorter  wave-  
lengths fur ther  away from the eye sensitivity maxi -  
mum than the others. These two factors account for 
the lower visual efficiency of CaS:Ceo.001. The emis- 
sion color was visibly differenr green for CaS: Ce0.001 
and yellowish green for CaS:Ce (Lancaster) and 
(Zn, Cd)S:Cu,A1. Table II summarizes the cathodo- 
luminescence characteristics of these three phosphors 
measured at  8 kV and 2 ~A/cm e. 

The luminescence efficiency depended on beam cur-  
rent.  Figure 4 shows that the efficiency 0 f (Zn,Cd)S: 
Cu,A1 drops markedly  as current  density increases, 
whereas the efficiency drops are small for the CaS:Ce 
phosphors. Because the beam was applied continuously 
(not pulsed),  the measured results include both cur-  
rent  saturat ion and heat effects. 

Comparison of the sulfurizing flux method with the 
]~ux-reduction method.--For comparison, we also 
prepared CaS:Ce by the f lux-reduction method de- 
scribed in  Ref. (6, 7), that  is, by reducing CaSO4 con- 
taining cer ium activator with carbon in the presence 
of a large amount  of Na2SO4 flux. The CaS:Ce pre-  
pared by this method consisted of well-developed large 
particles, and the emission peaks were shifted to 
shorter wavelengths similar to our  phosphors prepared 
by the sulfurizing flux method. However, the lumines-  
cence efficiency was always much lower. Because car- 
bon powder and a carbon crucible were used in the 
reaction, the carbon stoichiometry was very difficult to 
control. If an insufficient amount  of carbon was used, 
the reduction was incomplete, but  if too much was 
used, excess carbon remained in the product. Unreacted 
CaSO4 or excess carbon was difficult to remove from 
the fluxed product. This seems to be one of the reasons 
for the low luminescence efficiency of the phosphor 
prepared by the f lux-reduct ion method. On the other 
hand, our sulfurizing flux method uses an  excess 
amount  of sulfur  and Na2COs, and the fluxes such as 
sodium sulfide and polysulfides formed at high tem- 
perature  are easily removed by  water  washing because 
these fluxes are very soluble in water. 

Ef]ect of sodium ions on Ce s+ luminescence in CaS: 
Ce. - -Lehmann  (8) pointed out that the emission peak 
of the CaS:Ce prepared by the f lux-reduction method 
(6, 7) is shifted to shorter wavelengths than that of 
the CaS:Ce prepared by the nonflux method (1, 2). 
We found almost exactly the same peak shifts in our 
CaS:Ce phosphors prepared by the sulfurizing flux 
method. This resul t  suggests that  the peak shifts are 

2 Both phosphors were furnished by RCA Picture Tube Division, 
Lancaster, Pennsylvania. The CaS:Ce was prepared by reacting 
CaCO~ containing 10~0 ppm cerium with H~S at 1200~ for 2 
hr, followed by cooling in nitrogen atmosphere. The phosphor 
consisted of aggregated small particles of a few microns in size. 
In the following, the phosphor is designated as CaS:Ce (Lan- 
caster). (Zn,Cd)S:Cu,A1 was the standard phosphor for color 
TV application. 

Table II. Cathodoluminescence characteristics of 
CaS:Ceo.ool,CaS:Ce (Lancaster), and (Zn,Cd)S:Cu,AI, measured 

at 8 kV and 2 ~ J c m  ~ 

CaS:Ce 
(Lan- 

Phosphor CaS:Ceo.~l caster) (Zn,Cd)S:Cu,A1 

Peak position (nm) 509 521 540 

Relative peak inten- 
sity 103.8 105.1 100.0 

Relative energy effi- 
ciency 100.3 114.5 100.0 

Relative visual effi- 
ciency 87.0 103.1 100.0 

Color coordinates: 
z 0.318 0.356 0.333 
y 0.582 0.583 0.602 
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Fig. 4. Energy efficiency as a function of current density tot 
CaS:Ceo.ool ( . . . . .  ), CaS:Ce (Lancaster) (---), and (Zn,Cd)S: 
Cu,AI (.....), measured at 8 kV. 

caused by  sodium ions incorpora ted  into the CaS: Ce 
because,  in both methods,  a large  amount  of sodium 
compound is used as a flux component .  In  fact, in the 
CaS :Ce  phosphors  p r epa red  by  the sul fur iz ing flux 
method,  0.06-0.08 weight  percen t  (w/o)  of sodium was 
detected by  atomic absorpt ion  spec t rophotometry ,  
whereas  the  CaS: Ce (Lancas ter )  contained only  0.004 
w/o  of  sodium. 

To confirm the effect of sod ium ions on the peak  
shift,  CaS :Ce  phosphors  were  p repa red  using the 
s ta r t ing  composit ions wiCh or  wi thout  sodium by  the 
nonflux method,  tha t  is, by  sul fur iza t ion wi th  carbon 
distilfide v~por  car r ied  by  n i t rogen gas flow at 850~ 
for  5 hr.  The emission spect ra  of the phosphors  thus 
p repa red  were  compared  wi th  each other. The resul ts  
a re  given in Table  III,  which shows that  the emission 
peak  of the  phosphors  p r epa red  in the  presence of so- 
d ium was shif ted to sho r t e r  wavelengths  f rom those of 
the  o ther  phosphors.  F r o m  this result ,  i t  is c lear  tha t  
the  peak  shif t  is due to the  incorpora t ion  of  sodium 
into CaS-la t t ice ,  and not  due to the difference in ce- 
r i um concentrration or  to the o ther  unknown impur i t ies  
which  might  be Lutroduced f rom fluxes. This is fu r ther  
suppor ted  b:~ the  fact  tha t  our  CaS: Ce was p repa red  
using fluxes different  f rom Vij ' s  (6, 7), but  both  
showed a v e r y  s imi la r  peak  shift. CaS:Ce  p repa red  
using K2CO3 (with  or  wi thou t  Li~CO3) as a flux com- 
ponent  also showed the  peak  shif t  s imi la r  to that  
found for  CaS:Ce  p repa red  using Na2CO,~-flux. F r o m  
these results ,  w e  conclude tha t  the  peak  shif t  is caused 
b y  the  incorpora t ion  of a lka l i  me ta l  ions into the  CaS-  
la t t ice  as a charge  compensator  for  t r iva len t  cer ium 
ions. 

In  the  case of  CaS :Eu  2+, the  peak  posi t ion of the 
emission spec t rum was not  affected by  the presence of 
a lka l i  me ta l  ions (12). This is p robab ly  due  to the fact  

that  d iva len t  Eu ions do not  need charge  compensat ion 
in the  CaS-la t t ice .  

E~ect of chloride ions on CeS+ luminescence in CaS: 
Ce. - -The  good resul ts  we obta ined  with  luminescence 
efficiency in CaS: Ce tend to refute  Lehmann ' s  s ta te -  
ment  (2) that  the presence of ha logenide  ions is essen-  
t ia l  to s t rong emission. To explore  this fur ther ,  we p re -  
pa red  CaS: Ce by  the sulfur izing flux method  using a 
s ta r t ing  mix tu re  containing a large  amount  of NaC1 or 
NI~C1. We d id  no t  find any  efficiency improvement .  
In  general ,  our  negat ive  resul ts  on the  effect of chlo-  
r ide  ions on luminescence proper t ies  tend to agree  
wi th  the  observat ion  by  Vij and Mathur  (8). H o w -  
ever, i t  m a y  be that  the effect of chlor ide  ions is over -  
whe lmed  by  the la rge  quan t i ty  of sodium ions in the  
CaS phosphors  p r epa red  by  the flux methods.  

Dependence of luminescence characteristics on Ce- 
concentration.--The emission spec t rum shif ted to 
longer  wavelengths  as the  cer ium concentra t ion in-  
creased f rom 10 -4 to 10 -2 mol. Efficient phosphors  
were  obta ined  for CaS conta in ing  about  10 -3 mol of 
cerium. Table IV gives the  peak  posi t ion of the  main  
emission band and also the  x ,y-coord ina tes  of the ca th-  
odoluminescence.  

Cal-xSr~S:Ceo.ool (x = 0 to / ) . - - T h e  emission spec-  
t rum consisted of main  and minor  peaks  s imi lar  to that  
of CaS: Ce as shown in Fig. 5. As the mol  fract ion of 
s t ront ium increased,  the  emission peak  shif ted toward  
shor ter  wavelengths .  Accordingly ,  the  emission color 
changed f rom yel lowish  green  to bluish green. L u m i -  
nescence efficiency decreased with  increas ing s t ron-  
t ium fraction.  The peak  wave leng th  shif ted l inear ly  
wi th  the tool fract ion of SrS  as shown in Fig. 6. 'l~able 
V gives the  la t t ice  parameter ,  the peak  posi t ion of 
the  main  emission band,  and the x ,y-coord ina tes  of 
the cathodoluminescence.  The x,y-coordinates of 
Cal-xSrxS:Ce0.001 and the o ther  green phosphors  of 
in teres t  are  p lo t ted  in Fig. 7. 

Summary and Conclusions 
We have  shown  tha t  the sulfur iz ing flux method  

wide ly  used to p repa re  ra re  ea r th  oxysulfides is ap-  
p l icable  to the  p repa ra t ion  of CaS, SrS, and the i r  solid 
solutions. If  an ac t iva tor  source is added  to the s t a r t -  
ing mixture ,  the corresponding phosphor  is obta ined 

Table IV. Dependence of cathodeluminescence characteristics of 
CaS:Cez on cerium concentration 

Ce-concen- Peak 
tration position 

x (rim} 

Color 
coordinates  

x y 

1.0 x 10 "~ 504 0.289 0.558 
5.0 x 10-~ 506 0.294 0.571 
7.5 x I0-~ 506 0.299 0.573 
1.0 x 10 -s 507 0.303 0.574 
2.5 • 10-~ 559 0.322 0.579 
5.0 X 10 -~ 512 0.350 0.571 
1.0 x I0-~ 516 0.378 0.564 

Table V. Dependence of lattice parameter and cathodoluminescence 
characteristics of Cal-xSrxS:Ceo.ool on the mol fraction of SrS 

Table III. Cathedoluminescence characteristics of CaS:Ceo.ooz 
prepared by nonflux method using different starting compositions 

Start ing 
composit ion:  Peak Color 

CaCO~ posi- coordinates 
+ 0.001Ce~ ( SO, ) 8 Phosphor tion 

�9 SHsO phase  (nm)  

Compo- Lattice Peak 
sition parame- position 

z ter (A) (nm) 

+ 0.05Na2CO3 CaS: Ce,Na 508 
+ 0.05NAG1 CaS: Ce,Na,Cl 508 
+ (None) CaS:Ce 517 
+0.1NH,CI CaS:Ce,C1 521 

CaS:Ce(Lan-  
easter)  521 

0.2 
x y 0.4 

0.6 
0.S 

0.296 0.578 1.0 
0.303 0.577 
0.342 0.581 
0.356 0.578 

* F r o m  Ref .  
0.354 0.587 ** F r o m  Ref .  

Color 
coordinates 

X y 

5.696 508 0.317 0.579 
(5.6948*) 
5.754 504 0.299 0.566 
5.822 501 0.279 0.551 
5.887 494 0.249 0.522 
5.956 488 0.217 0.477 
6.018 483 0.198 0.435 

(6.020"*) 

(13). 
(14). 
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Fig. 5. Cathodoluminescence spectra of CaS:Ceo.ooz and SrS: 
Ceo.ool. 
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Fig. 6. Peak wavelength of the main emission band of Cal-xSrxS: 
Ceo.ool as a function of the tool fraction of SrS. 

in a single firing process. Sulfides p repa red  by  the flux 
method  consist of we l l -c rys ta l l i zed  and nonaggre-  
gated part icles .  The h igher  the react ion t empera tu re ,  
and  the longer  the  react ion t ime, the  la rger  the pa r -  
t icle size. We have  obta ined CaS par t ic les  ranging  in 
size f rom a few microns  to a f ract ion of a mi l l imeter .  
Because of good c rys ta l l in i ty  and la rge  par t ic le  size, 
the  phosphors  p r epa red  by  the flux method are  r e l a -  
t ive ly  s tab le  against  a tmospher ic  carbon dioxide and 
water .  This made  i t  possible, at the  final stage of the  
flux method,  to wash  away  the flux wi thout  de te r io ra t -  
ing the  CaS phosphor  par t ic les  to any apprec iab le  ex-  
tent.  The flux method  uses a modera t e ly  low t empera -  
ture  (900~176 wi thout  any  react ive  gas, and is 
prac t ica l  for  a large  quan t i ty  product ion.  Another  ad-  
vantage is the easy control  of c rys ta l l i te  size by  re -  
action t empe ra tu r e  and time. The y ie ld  of CaS:Ce  
was 85-95% of theoret ical .  

The CaS: Ce phosphors  p repa red  by  our  flux method  
had 'h igh  luminescence efficiencies comparab le  to those 
p repa red  by  the H2S method.  The emission spec t rum of 
the f lux-grown CaS: Ce phosphors  was s imi lar  to that  
of the CaS :Ce  p repa red  by  the H.2S method,  but  
shifed to shor ter  wave lengths  by  about  10-15 nm. 
Cause for the shif t  is poss ib ly  due to sodium or  the 
o ther  a lka l i  meta l  ions in t roduced into the CaS la t t ice  
f rom the flux. Increas ing  Ce-concent ra t ion  shif ted the 
emission bands  toward  longer  wavelengths .  Phosphor  
containing about  l0 -3 mol  of cer ium had the highest  
luminescence efficiency. Chlor ide  ions had  no effect on 
the  emission proper t ies  of  the f lux-grown CaS:Ce.  
With  increas ing mol fract ion of SrS,  the  la t t ice  pa -  

0.9[ ~F~ , i , , ' r - -  

520 525 

" Lm~ / ~ r  -Zn2 Si04 HV}n (P- I) 

0.7hi- ~..~.5.~o 
l'i 505 ",,.5~5 5~5 ',[ ~ 5 6 0  ~z~ CdS:O~,A, (z-9,0) 

0 . 6 ~  ~176 -- ~ , ~ a o ~  CaS',Ce (Loncaster) 
i 50 o,2 570 

. . . .  

Y _ 4L ~-495 / "",#95 
u. r / ~S~o~o, ~.~oo 

0.5 9o ; 50 

148~ 
o., I 

0 0.1 0.2 O.5 0.4 0.5 0.6, 0.7 0.8 

X 

Fig. 7. X,y-coordinates of the cathodoluminescence of Cal-xSrxS: 
Ceo.ooz and other green phosphors of interest. 

r a me te r  of Ca l -xSrxS :Ce  increased l inear ly ,  and  the 
emission spec t rum shif ted toward  shor ter  wavelengths .  

The sulfur izing flux method is also appl icab le  to the 
p repara t ion  of CaS and SrS phosphors  ac t iva ted  wi th  
e lements  o the r  than  t r iva len t  cerium. Other  a lka l ine  
ea r th  sulfides such as MgS and BaS could not  be p re -  
pa red  b y  the flux method  because they  were  ve ry  
easi ly  a t tacked  b y  water .  
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Long-Term Persistency of X-Ray Intensifying Phosphor Screens 
P. De Maayer* and R. Bollen* 

Agfa-Gevaert N. V., R and D Laboratories, Mortsel, Belgium 

ABSTRACT 

Two methods are presented to measure the photographic  effect of long-term persistency in x-ray intensifying screens. 
The influence of afterglow on the sensitometric characterist ics of screen-film systems has been studied, respectively, as a 
function of t ime and of excitation radiation level. Data accumulated for most current and potential  x-ray phosphors  prove 
that a certain persis tency level may be tolerated without any risk of ghost images. 

The overa l l  pe r fo rmance  profile of x - r a y  in tens i fy ing  
screens depends  on a number  of phosphor  charac te r i s -  
tics. Luminescence  br ightness  under  x - r a y  exci ta t ion  
and resolution,  or s ignal  modula t ion  t rans fe r  are  func-  
tions of the  in t r ins ic  opt ical  p roper t ies  of the  phosphor  
mater ia l ,  and  of the b inder  sys tem used in screening 
the phosphor.  Conversion efficiency, noise equiva lent  
x - r a y  absorpt ion,  posi t ion of the K - e d g e  of the p r i m a r y  
absorbing  e lement  of the luminescent  compound, as 
wel l  as its specific weight  have the i r  bea r ing  on the 
s igna l - to -no ise  rat io  and the overa l l  image qual i ty .  

When opt imizing the diagnost ic  image  qua l i ty  of 
screen-f i lm systems for  medica l  and indus t r ia l  r ad iog-  
raphy,  or  when "screening" or  eva lua t ing  potent ia l  
cand ida te  mate r ia l s  for this  appl icat ion,  o ther  "lesser" 
p roper t ies  m a y  be decisive for the choice of e i ther  con- 
cept  or  mater ia l ,  or both. One of these ma te r i a l  charac-  
ter is t ics  is a f te rg low or  persis tency.  

We have s tudied the photographic  effect of long-  
t e rm pers i s tency  (a f te rg low wi th  re laxa t ion  t imes 
longer  than  1-5 min)  both as a funct ion of rad ia t ion  
exci ta t ion  level  and as a funct ion of t ime af te r  exc i ta -  
tion. The methods  used and the values  genera ted  may  
be of d i rec t  in teres t  to screen-f i lm manufac turers ,  as 
t hey  a l low for direct  assessment  of the  possible adverse  
effects of pers i s tency  on diagnost ic  x - r a y  imaging.  

Experimental and Evaluation Procedure 
A pa i r  of screens is made  f rom the phosphor  to be 

eva lua ted  by  using s t andard  doctor  b lade  dispers ion 
coat ing techniques.  The exact  n a t u r e  of b inders  and 
solvents  used is not  r e l evan t  to the  method,  nor  a re  the 
p i g m e n t - b i n d e r  ra t ios  and coating thicknesses.  

In  our  studies, the b inder  sys tem consisted of a m i x -  
ture  of an acryl ic  resin and a cellulose ester.  A mu l t i -  
solvent  combinat ion,  compris ing butanone,  me thy l -  
glycol,  and e thy lace ta te  was used, whi le  the  incorpora-  
t ion of d ispers ing  agents  and plas t ic izers  is known to 
those ski l led  in the  ar t  of screen making.  A p igmen t -  
b inder  weight  ra t io  8/1 was chosen, i r respect ive  of 
phosphor  dens i ty  or  specific weight .  The p igmen t -  
b inder  layers  were  coated to an average  phosphor  coat-  
ing weight  of 45 m g / c m  2. Screens cu r r en t ly  on the 
m a r k e t  span a thickness range  of 30 to 60 m g / c m  2. 

Method I: Atterglow vs. Time 
The measu remen t  of l ong - t e rm  pers i s tency  proceeds  

as fol lows:  
(i) Pe rs i s t ency  regis t ra t ion:  P a r t  of the  screens is ex-  

posed to a high, un i form x - r a y  dose, Eeoc, measured  
d i rec t ly  by  means  of an Ionex 2500/3 dosemeter .  Un-  
filtered, 80 kVp, l a rge  focus tungsten radia t ion  is used 
f rom a s t a n d a r d  Phi l ips  tube.  Af te r  1 rain, the  

~ Electrochemical Society Active Member. 
Key words: coatings, x-ray, luminescence. 

screens are  brought  in close contact  wi th  the  two sides 
of r egu la r  double  coated x - r a y  film in a vacuum 
sealed, l ight  t ight  plast ic  bag. This so-ca l led  Vacumat  
bag obviates  the  need for any  pa r t i cu la r  cassette and 
ensures ideal  screen-f i lm contact. For  blue  a n d / o r  u.v. 
emi t t ing  phosphors  A g f a - G e v a e r t  Cur ix  RP1 film is 
used, green sensi t ized Eas tman  Kodak  Ortho G film for 
g reen-emi t t ing  phosphors.  The screens  are  lef t  in con- 
tact  wi th  these films f o r  va ry ing  times. 
(ii) Sensi tometr ic  exposure:  Before processing the 
film, a fu r the r  series of exposures  is made  at  r ight  
angles to the first exci ta t ion exposure.  Smal l  focus, 80 
kVp, tungsten rad ia t ion  is used, f i l tered by  an Ansi  Ph  
2.43 s t anda rd  test  object  for chest  rad iography.  By 
vary ing  the x - r a y  tube vs. screen-f i lm sys tem dis tance 
a sens i tometr ic  s tep wedge is c rea ted  wi th  exposure  
increments  of ix log E = 0.10 on both p re -exposed  and 
nonexposed par t s  of the  films. Af t e r  development ,  we 
can now genera te  the  respect ive  sensi tometr ic  dia~ 
grams D vs. log E, where  D is the t ransmiss ion dens i ty  
of the  processed film. 
(iii) Determina t ion  of equiva len t  pers i s tency  dose 
•per-eq: As is shown in Fig. 1. for any  given reference  
dose Eref used for  sensi tometr ic  exposure,  the dens i ty  
increase  resul t ing  f rom pers is tency can be de termined.  
A dose Eper-eq needed to cause an equiva lent  densi ty  
increase  in the nonexci ted  area  can be defined, and 

5.0 

)o + I 

I 
. _L  

i.o 
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2 

I 

i 
0 

j "  
I ! O.17mR 

o.6o t , . z o ~  ,.so 2.40 . s.oo 

Eref Eref+ Eper-eq log Erel 

Fig. 1. Sensitometric curves for the nonexcited screen area, I ,  
and after 5 min, 2, 30 min, 3, and 24 hr, 4, persistency registra- 
tion at the pre-excited screen area for the MR 400/CurixRP1 com- 
bination (Method I). 
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wil l  be a funct ion of Eref. The most  s t r ingent  condi t ion 
for the phosphor  occurs at  Eref ~ 0, as the ex t rapo la t ed  
value  of Eper-eq wil l  be la rges t  at  this point  and pe r -  
cept ib i l i ty  of dens i ty  var iat ions,  caused by  af terglow,  
greates t  in the range  of lowest  densi ty.  On the sensi-  
tometr ic  curves,  the equiva lent  pers i s tency dose m a y  
be deduced d i rec t ly  f rom the dose needed to obta in  a 
dens i ty  increase  in the  nonexci ted  area  equal  to the 
fog level  of the  curves,  inc luding the effect of pe r -  
sistency. 
(iv) Definition of pers i s tency  rat io  (PR) :  L o n g - t e r m  
pers is tency in x - r a y  phosphors  m a y  best  be cha rac te r -  
ized by  the pers i s tency  rat io  PR ---- Eexc/Eper-eq at  Eref ----- 
0. Since the  exposure  scale is logar i thmic,  the  loga-  
r i t hm of PR is ac tua l ly  the  most  prac t ica l  measure  of 
t h e  eventua l  photographic  effect of a f te rg low on the 
rad iographic  image.  

Method Ih Afterglow vs. Excitation Radiation Level 

This second eva lua t ion  method  roughly  follows the 
out l ine of the prev ious ly  descr ibed procedure.  I t  differs 
ma in ly  in the construct ion of sens i tometr ic  curves for 
screen areas  receiving different  amounts  of exci ta t ion 
exposure,  and af ter  having given pers is tency ample  
t ime to regis te r  on the  s i lver  hal ide  med ium (72 hr ) .  
The exact  values  of these p re - exposu re  energies  wil l  
depend on the magni tude  of the  pers is tency effect, but  
typ ica l ly  exposures  are  given f rom 0 to 20 RSntgen 
with  increments  of 5R. 

The values Y, seen in Fig. 2. d i rec t ly  corre la te  to 
pers is tency and, actual ly ,  define the ex t ra  exposure  to 
be given to the nonexci ted  screen a rea  (curve 1) in 
o rder  to cause an equiva len t  photographic  effect. By a 
s imple mathemat ica l  der ivat ion,  we find 

log (ant i log Y --  1) ---- lOgr (Eper-eq/El)  

where  E1 is the dose needed  to obtain a densi ty  of 1.0 
above fog level,  and is a function of screen-f i lm sys tem 
s e n s i t i v i t y ;  Eper-eq is an equiva lent  dose indica t ing  the ~ 
effect of pers is tency for  a pa r t i cu la r  exci ta t ion level  
(Fig. 2). In  Fig, 3, log (Eper.eq/E1) is p lo t t ed  as a func-  
t ion of exci ta t ion dose. F rom this plot  we deduce  the 
dose A yie ld ing  sufficient af terglow, to cause a densi ty  
1.0 above fog, i.e., Eper-eq equals E~. 

In this second method,  we define a f te rg low by  the 
rat io  ALE1. Again,  the logar i thmic  va lue  wil l  be of 

3.0 

2.7 

2.4 

2.1 

? 1.5! 

1.2! 

0.9 

0.6 

0.$ 

0 

........ ::::::::::::::::::::::::::::: 

urea 5 ' ........... :'""]J'"/E"Y 5 ....... r--q7. ~ : ~  

4 ....... /" '" ;" I 
. . . . . . .  . . '  

....... . ..... / :'r i 3 . . "  . '  " 

....... / / I  I 
.......... / 

/ /I I I 

z ......... /"1 I I 
/ : I 

7 / - -  Z. .,r I I I 
. /  /I i i 

" . ...... I ~1 ~ , ~ l l ~  
...... t ;t ~i ~ l i ~  

....... t ~t ? ~~ t~ 
..... c l  ='[ =~l='l I ~u- 

I I I I I  
I I I I I  
1 I I / f  

log Ere f 

Fig. 2. Sensitemetric curves for the MR 400/Curix RP1 screen- 
film system for the nonexcited area, 1, and after 72 hr persistency 
registration of screen areas which received a pre-excltation ex- 
posure of 5, 10, 15, and 20 R6ntgen (curves 2-5) (Method II). 
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Fig. 3. Plot of log (Eper.eq/Et) as a function of excitation dose 
Eexc. Dose A yields sufficient persistency to cause o transmission 
density increase of 1.0 above fog level of the processed x-ray film. 

more  direct  re levance  to the  potent ia l  d i s turbance  of 
the rad iographic  image. 

Results  
Long-term persistency of MR 400 screens as a Sunc- 

tion of time.--The first eva lua t ion  procedure  was ap-  
pl ied to A g f a - G e v a e r t  MR 400 screens in combinat ion 
with  Curix  RP1 film. These screens, based on LaOBr:  
Tb a + phosphor,  were  given a p r e - exposu re  of 8R. Af te r  
contact  wi th  the  films for 5 min, 30 rain, and 24 hr, 
these were  given a sensi tometr ic  exposure  and p ro -  
cessed. The resul ts  are  shown in Table  I and Fig. 1. A 
dose of 0.17 mR was requ i red  in t h e  nonexci ted  a rea  
in o rder  to obta in  an optical  film t ransmiss ion dens i ty  
of 1.0 above fog level.  F igure  4 indicates  how, in this  
pa r t i cu la r  case, the af terglow becomes negl igible  af ter  
app rox ima te ly  60 rain. 

Afterglow as a function of exposure energy l eve l . -  
The resul ts  of our  inves t igat ion of a number  of r a r e -  
ea r th  x - r a y  phosphors  as wel l  as of CaWO4, the i r  
"classical"  counterpar t ,  is summar ized  in Table  II. For  
some phosphors,  severa l  lots f rom the same suppl ie r  
have been eva lua ted  indica t ing  the i r  reproducib i l i ty .  
F igures  2 and 3 are  typica l  resul ts  for the LaOBr:  Tb 3+ 
used in our MR 400 screens. F rom Fig. 3, we note the 
l inear  increase  in pers i s tency wi th  exci ta t ion level  
over  the complete  exci ta t ion range  studied.  

Discussion 
The quest ion we have to answer  is whe the r  or not  

the  levels of pers i s tency  measured  for x - r a y  phosphors  
will  be of consequence to image  qua l i ty  th rough  the 
genera t ion  of ghost images. As can be seen f rom Fig. 4, 
the  af te rg low decay t imes of the  screens are  genera l ly  
long compared  to the  t ime be tween  successive ex-  
posures.  Wi th  modern  fast  f i lm-changers  work ing  up 
to 8 exposures  pe r  sec, a cumula t ive  effect takes  place 
and even tua l ly  problems  m a y  occur. In  indus t r ia l  ap -  
plications,  the  effect m a y  be p r i m a r i l y  caused by  the 
ex t r eme ly  high doses tha t  a re  somet imes used. 

Table I. Long-term persistency of MR 400 screens as a function 
of time 

Time of 
c o n t a c t  Eper-eq a Eexo/  log (Eexd 
(mill) x 1 0 - 8 R  E p e r - e q  b Eper-eq) 

5 0.11 72,700 4.84 
30 0.14 57,100 4.76 

1440 (24 hr) 0.15 53,300 4.73 

F o r  E r e f  ---- 0.  
b Ee=v = 8 R .  
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Table II. Long-term persistency of various x-ray phosphors 

log (Eeze/ 
Phosphor  type Lot specification Eexe/Eper-eq Eper-eq) 

LaOBr:Tb 8+ (high brightness)  Lot I 9.7 x 1 ~  4.99 
Lot  II 6.7 x 104 4.83 
Lot III 4.5 x 104 4.65 

LaOBr:Tb s§ (fine-grained) Lot I 1.9 x 104 4.34 
( low brightness)  Lot II 2.2 • 10' 4.28 

LaOBr:Tb,Yb (kil led,  l ow con- 
vers ion  efficiency) None  ( >10 s) 5.0 

LaOBr:Tm 8+ None  
Y=O2S:Tb a* Several  suppliers  None  
CaWO~ Several  suppliers  None  
Gd~O~S :Tb a+ Several  suppliers  None  
Y2Os:Gd s+ 2.8 • 104 4.45 
BaFCI:Eu 8+ Supplier A: lot  I 1.2 • 1(~ 3.06 

lot  II 2.2 • 108 3.34 
lot  III 3.3 x los 4.52 

Supplier B: lot  I 8.3 x 10~ 4.92 
lot  H 3.9 x 104 4.69 

Suppl ier  C None  
Suppl ier  D None  

In  o rder  to de te rmine  our  m a x i m u m  to le rab le  pe r -  
sistency, we have to go back to the sens i tometr ic  curve 
of the  screen-f i lm sys tem (Fig. 5). We have chosen a 
re la t ive  exposure  energy  scale, since the exact  posi t ion 
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Fig. 4. Log of the persistency ratio Eexe/Eper-eq as a function of 
time. Clearly in the case of the LaOBr:Tb 3+, phosphor used in the 
MR 400 screen persistency is virtually completed after approxi- 
mately 60 min. 
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Fig. 5. Possible adverse photographic effects of persistency will 
occur if the position of Eper.eq iS shifted into the low density foot 
of the sensitornetric curve. The negligible effect for a single lateral 
lumbo-sacrol exposure with an MR 400/Curix RP1 screen-film com- 
bination is illustrated in this graph. 

of the  sensi tometr ic  curve wil l  depend  on the ac tua l  
sys tem sensit ivi ty.  The pers is tency values  resul t ing  
f rom our evalua t ion  do not depend on system sens i t iv-  
i ty;  however,  the effect on image qual i ty  does, as this 
is a direct  function of the posit ion of the  sensi tometr ic  
curve. 

In  medica l  applicat ions,  the  average  dens i ty  in the 
rad iographic  image area  wil l  be 1.3 and, depending  on 
the pat ient ,  the to ta l  exposure  la t i tude,  in case of a 
l a te ra l  l umbo-sac ra l  exposure,  m a y  be in the order  of 

log E _-- 2.0. For  the typica l  example  of our  MR400/ 
Curix  RP1 system, the pers is tency dose can be seen to 
be un impor tan t ,  the dens i ty  increase resul t ing  f rom 
af te rg low being smal le r  than  the fogging level  of the 
film. However ,  when tak ing  severa l  rad iographs  in 
fast sequence, Eexc, a t  the  image edge, wi l l  shift  to 
l a rge r  values.  A s imi lar  shift  of the  sensi tometr ic  curve 
to the lef t  occurs when a h igher  sens i t iv i ty  f i lm is used 
immed ia t e ly  af te r  a low sens i t iv i ty  one. The s i tuat ion 
wil l  become even more  cr i t ica l  in the  case of the  ex-  
t r eme ly  high doses, which are  common pract ice  in in-  
dus t r ia l  r ad iog raphy  (100R and more  for screen-f i lm 
sys tems) .  

Taking  al l  this and an addi t iona l  safe ty  factor  into 
account, a m a x i m u m  to lerable  pers i s tency level  of log 
(Eexc/Eper.eq) = 4.0 may  be chosen. We conclude from 
our  results,  therefore,  that  most x - r a y  phosphors  on 
the m a r k e t  to -da te  presen t  no p rob lem wi th  regard  to 
persis tency.  Only for the BaFCI :Eu  2+ of one pa r t i cu -  
la r  suppl ie r  did we find an unacceptab le  level  of pe r -  
sistency. A word  of caut ion seems therefore  appro -  
pr ia te .  

C o n c l u d i n g  Remarks  
Due to its reciproci ty,  s i lver  hal ide  film is pa r t i cu -  

l a r ly  sui ted as an in tegra tor  for the  reg is t ra t ion  of 
af terglow. The methods we descr ibed in this pape r  
offer the  poss ibi l i ty  of a direct  insight  in eventua l  
image qual i ty  problems  ar is ing f rom long - t e rm  per -  
sistency. Method I has the advan tage  of giving a more 
cri t ical  value,  but  i t  is more  tedious and requi res  the 
use of severa l  x - r a y  films. The second method,  y ie ld ing  
a good approx ima te  value,  is, therefore,  p r e fe r r ed  as a 
s tandard  technique for the evalua t ion  of a f te rg low of 
x - r a y  phosphors  in our  labs. 

Manuscr ip t  submi t t ed  5uly 20, 1982; rev ised  m a n u -  
scr ip t  rece ived  Ju ly  22, 1982. This was Pape r  488 p re -  
sented at  the Montreal ,  Canada,  Meet ing of the  Society,  
May  9-14, 1982. 

A n y  discussion of this pape r  wi l l  appear  in a Dis-  
cussion Section to be pu]=lished in the December  1983 
JOURNAL. Al l  discussions for the December  1983 Dis-  
cussion Sect ion should be submi t t ed  b y  Aug. 1, 1983. 

Publication costs of this article were assisted by 
Agfa-Gevaert N.V. 
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ABSTRACT 

A study was made of the darkening of sodium and potassium silicate glasses by a low pressure mercury discharge, using 
electron spectroscopy, Rutherford backscattering,  and transmission electron microscopy. Initial changes in glass exposed 
to a mercury discharge are twofold: (i) mercury from the discharge penetrates very rapidly into the glass to depths of the 
order of 1 nm. (ii) Alkali ions migrate more slowly away from the surface in a photoelectric field that  is caused mainly by 
t rapping of photoelectrons. However, mercury entering the glass does not replace alkali ions. Rather, the mercury 
penetrates into voids in the glass network that  are sufficiently close to the surface. From this "surface reservoir" mercury 
migrates slowly deeper  into the glass. This migration is slower in mixed than in single alkali glasses. We assume that  mer- 
cury migrates as ions in a photoelectric field, assisted by photoelectrons. Ultimately the mercury ions are reduced by 
photoelectrons to atoms that agglomerate into droplets  of metallic mercury reponsible for glass darkening. A mercury dis- 
charge provides not only(i) mercury ions and (excited) atoms entering the glass and(ii) photons, creating a photoelectric 
field in the glass. The discharge also provides (iii) low energy electrons flooding the glass. The latter greatly enhance the 
strength of the photoelectric field in the glass by recombinat ion with photoholes in the glass near the surface. As regards the 
effect on the darkening of the glass composition, not only the overall composit ion is considered (e.g., conductivity, molar 
volume, shear modulus), but  also superficial changes in the composition. 

I t  is wel l  known tha t  a low pressure  me rcu ry  dis-  
charge  opera ted  in a soda l ime glass envelope  wi l l  
g radua l ly  da rken  the envelope unless the  l a t t e r  is 
coated wi th  a fluorescent powder  or  o therwise  p ro -  
tected (1-4).  This da rken ing  is associated wi th  the  in-  
tense b o m b a r d m e n t  of the  glass by  photons,  mercu ry  
ions and electrons,  and the associated recombina t ion  
energy  of the  ions (10.4 eV).  For  a 1 in. f luorescent 
tube geomet ry  the photon flux is about  1(} n photons 
of 4.9 eV and 1'01B photons of 6.7 eV per  cm 2 per  sec. 
Fo r  the  ions and e lect rons  the  flux is about  1014 (5). 
A n  in te rp re ta t ion  of long s tanding  for the  darkening,  
that  is wel l  k n o w n  from the pa ten t  l i t e ra tu re  [see 
examples  in Ref. (2)] ,  is as follows. Sodium ions from 
the glass migra te  to the  inner  surfaoe of the envelope. 
Here  they  are  neut ra l ized  by  the incoming electrons 
f rom the discharge and the resul t ing  sodium atoms 
serve  as nuclei  for the  condensat ion of minute  d rop-  
lets  of m e r c u r y  on the surface of the  glass. These give 
the  glass its da rk  appearance .  This view is tempt ing,  
since it is wel l  known tha t  the inner  surface of the  en-  
velope acquires  a negat ive  potent ia l  of about  8V wi th  
respect  to the  discharge.  The exis tence of this poten-  
t ia l  difference can easi ly  be demons t ra ted  by  pa in t ing  
a conduct ive coat ing on the outer  wa l l  of the envelope 
and connecting i t  v ia  an e l ec t romete r  wi th  one of the  
e lect rodes  of an  a - c  opera ted  discharge tube.  A spon-  
taneous d-c  cur ren t  of about  1 n A  cm -2  is then  seen 
to flow th rough  the glass corresponding to the t r ans -  
por t  of sodium ions f rom the outer  to the inner  wall .  
When  this cur ren t  is enhanced wi th  an ex te rna l  d -c  
vol tage the glass s o o n  tu rns  a g ray ish  da rk  color, 
caused by  minute  drople ts  of sodium ama lgam on the 
inner  wal l  of the glas~ (I, 2). This effect has long been  
mis taken  for  the cause of the spontaneous d a r k e n i n g  
of soda l ime glass exposed to a me rcu ry  discharge.  In  
an ea r l i e r  pape r  (3) we showed the  t rue  na tu re  of the  
spontaneous darkening.  I t  has nothing to do wi th  the 
condensat ion of me rcu ry  on the surface  of the glass 
but  is caused by  mercu ry  forming minute  drople ts  in-  
side the  glass ne twork .  In  the  fol lowing the ea r l i e r  
resul ts  are  discussed in more  deta i l  and expanded.  We 
show that  one can dis t inguish at  least  three  stages in 
the  pene t ra t ion  of mercu ry  into the  glass: (i) a ve ry  
rap id  pene t ra t ion  into the  outermost  reg ion  of the 
glass, (ii) a much s lower  migra t ion  of  m e r c u r y  to 
depths  of about  30 nm, and (iii) the format ion  of d rop-  
lets of metal l ic  m e r c u r y  inside the  glass. We also dis-  
cuss some of the under ly ing  mechanisms of the d a rke n -  

Key words: mixed alkali effect, ESCA, RBS, transmittance, phQ- 
toeleetric effect. 

ing as we l l  as some proper t ies  of the d ischarge  and 
the  glass tha t  affect the  ra te  of the  darkening .  

Effects of a Mercury Discharge on Sodium Silicate 
Glass (ESCA) 

Ear ly  changes in sodium si l icate  glass exposed to a 
low pressure  m e r c u r y  discharge have  been  s tudied 
with  photoelec t ron spectroscopy (ESCA).  The infor -  
mat ion  depth  of this  technique is de te rmined  b y  the 
mean  free pa th  of photo or Auger  electrons e jec ted  
f rom var ious  (core)  levels  b y  the exci t ing monochro-  
mat ic  roentgen rad ia t ion  (A1 Ka; energy 1487 eV).  
Average  repor ted  values  (6) of this free pa th  va ry  
f rom roughly  2 nm for sod ium- i s  electrons (kinet ic  
energy 410 eV) to 4 nm for the si l icon-2p peak  (photo-  
e lectron energy  1380 eV).  Since the escape angle  of 
the detected photoelectrons  is about  42 degrees the 
effective a t tenua t ion  dep th  is cor respondingly  smaller .  
On the average  i t  amounts  to a depth  of 3-7 layers  of 
SiO4-subunits  in the glass. 

Since fresh glass surfaces  a re  ve ry  r ap id ly  modified 
by  react ions wi th  wa te r  and carbon dioxide  f rom the 
sur rounding  air (7), we took precaut ions  to minimize 
this  glass corrosion. Pa r t  of our  studies were  made on 
f rac tu red  surfaces of glass rods b roken  inside an a t -  
t achment  to the ESCA appara tus  (vacuum 1() -8  Pa ) .  
F r o m  here  samples  could be t r ans fe r red  wi th in  minutes  
to the  ESCA chamber  (vacuum 10 - s  Pa)  to be  ana-  
lyzed. 

To s tudy the effects of a discharge on a sample,  i t  
could be t r ans fe r red  f rom the ESCA chamber ,  wi thout  
exposure  to air, v ia  the compar tmen t  where  the  glass 
rod had been  broken,  into a th i rd  compar tmen t  con- 
sist ing of a pumped  glass tube  p rov ided  wi th  a gas 
inlet  and two electrodes,  in which  a discharge could be 
operated.  Dur ing  exposures  samptes  were  posi t ioned on 
an insula ted  support ,  wi th  the f rac tu red  surface flush 
wi th  the inner  surface of the discharge tube  (Fig. 1). 
Our technique for handl ing  and t ransfer  of samples  
be tween  evacuated  compar tments  has been  descr ibed 
e lsewhere  (8). 

The lower  curve in Fig. 2 represents  a typica l  ESCA 
spec t rum measured  on the f rac tu red  surface of a rod  
of sod ium si l icate glass containing 20 tool pe rcen t  
(m/o)  of sodium oxide. The rod was b roken  in the  
vacuum of the ESCA appara tus  and analyzed  imme-  
d ia te ly  af terward.  Peaks  character iz ing the e lements  
of the glass are marked  accordingly.  The subscr ip t  
A designates an Auger  peak.  The background,  in-  
creasing at  lower  kinet ic  energies,  is caused by  "sec- 
ondary"  electrons,  t ha t  is, e lectrons tha t  have  suffered 
one or  more  collisions on the i r  way  out  of the  glass, 
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Fig. 1. Discharge tube, 1, diameter about I in., attached to ESCA 
apparatus via straight-through valve (not shown), with gas inlet, 2, 
and pump outlet, 3. Most of the gas streams through a T-tube, 4, 
inside the discharge tube. to the tube ends. The sample, 5, has the 
form of a glass red, which rests in its holder, 6, on an insulated 
support, 7. As a measure of the temperature of the sample we used 
the temperature reading obtained from a thin thermocouple, 8, 
making thermal contact with a thin walled "finger" through a 
droplet of mercury. 
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Fig. 2. ESCA spectra of sodium silicate gloss with 20 m/o Nasa, 
broken inside the vacuum of the ESCA apparatus and analyzed 
before (lower curve) and after exposure (upper curve) to a normal 
mercury discharge during I hr. 

t he reby  losing the i r  informat ion  value. Secondary  
peaks to the  lef t  of ma jo r  peaks  represen t  photoelec-  
t rons  that  have  lost  a we l l - de t e rmined  amount  of en-  
e rgy  by  producing  a p lasmon in the glass. Smal l  peaks  
to the r ight  of photoe lec t ron  (but  not  Auger )  peaks  
are  exci ted  b y  the weak  A1K~ component  of the ex-  
ci t ing roentgen  radiat ion.  In addi t ion  to the e lements  
tha t  const i tute  the glass, carbon is seen in the  spec-  
t rum, p r e sumab ly  s temming  from carbon dioxide  
p icked up by  the glass surface  f rom the res idual  gas. 
Using l i t e ra tu re  da ta  (9) on the cross sections of the 
sodium ls, oxygen  ls,  and silicon 2p peak  the Na: O: Si 
ra t io  works  out as 0.25: 2: 1, which should be compared  
wi th  the  expec ted  rat ios  of 0.5:2.2:1. A pa r t i a l  ex-  
p lana t ion  of the low observed sodium in tens i ty  m a y  
be screening  of sodium by  the r a the r  la rge  amount  of 
carbon (d ioxide)  se lec t ive ly  bound b y  sodium at the 
surface  of the glass. The to ta l  carbon concentra t ion is 
es t imated  to be 1.6 • 1015 cm -2. This is far  too low to 
account for  the  low apparen t  sodium concentrat ion.  
Cross sections for ESCA have l imi ted  accuracy  (9), 
bu t  even so i t  seems that  the  sodium concentra t ion is 
lower  at  the surface than  in the bu lk  of the  glass. 

A second spec t rum taken  on the same sample  gave 
an ident ical  picture,  showing tha t  ESCA is a r e l a t ive ly  

mild  technique,  inducing no changes in the  sur face  
composit ion of glass samples.  In  par t icu la r ,  no changes 
were  induced in the surface concentra t ion of the ve ry  
mobile  sodium ions. This is in contras t  wi th  techniques 
where  glass samples  are  bombarded  wi th  charged  
par t ic les  (electrons in Auger  e lec t ron spectroscopy or 
ions in secondary  ion mass spect roscopy) .  The carbon 
peak  did not  change, ei ther ,  showing that  no fu r the r  
carbon dioxide was picked up and tha t  no carbonaceous 
f ragments  of  res idual  gas accumula ted  on the surface, 
as is often seen in Auge r  spectroscopy. 

Af te r  being analyzed  in its v i rg in  state the  sample  
was t r ans fe r red  to the  discharge tube a t tached to 
the ESCA appara tus ,  exposed to a me rcu ry  discharge 
of no rma l  in tens i ty  (a -c  cur ren t  densi ty  of 80 m A  
cm-2 ) ,  and re tu rned  to the ESCA chamber  for fu r the r  
analysis.  The spec t rum recorded af te r  an exposure  of 
about  1 h r  is represen ted  by  the upper  curve in Fig. 2. 
Mercury  peaks are  c lear ly  in evidence in the spec t rum 
af ter  exposure.  In the low resolut ion wide scan spectra  
of Fig. 2, the la rges t  me rcu ry  (unresolved,  double 4f) 
peak  coincides wi th  the (unresolvable ,  double)  s i l icon-  
2p peak.  

What  is the amount  of m e r c u r y  as seen wi th  ESCA? 
One can make  two ex t r eme  assumptions.  Firs t ,  o n e  
can assume tha t  the me rcu ry  is un i fo rmly  d i s t r ibu ted  
over  the informat ion  depth  of ESCA ( <  10 nm) .  In  tha t  
case s t andard  cross sections can be used and the 
mercu ry  concentrat ion is found to correspond to  o n e  
mercu ry  a tom for about  20 SiO4 units, or 1014 mercu ry  
ions per  cm ~ and per  nm thickness of  the glass. The  
opposite assumpt ion is tha t  the mercu ry  is concen- 
t r a ted  so close to the surface tha t  a t t enua t ion  of the 
mercu ry  photoelectrons  b y  the glass ma t r i x  can be 
neglected.  When  it  is fu r the r  assumed tha t  the mean  
free pa th  of these electrons is 4 rim (uncorrec ted  for 
the escape angle  of the photoelect rons)  the surface 
concentra t ion works  out  to be about  2.4 • 1014 cm -2. 
In  the fol lowing i t  wi l l  become appa ren t  tha t  this 
second assumption is nea re r  the t ruth.  

Assuming for the  moment  tha t  the m e r c u r y  seen 
wi th  ESCA is ve ry  close to the surface, the nex t  ques-  
t ion to ask is whe the r  it  is present  as a compound,  most  
p robab ly  mercu ry  oxide, adsorbed  on the surface,  or  
r a the r  inside the glass. A first clue seems to be that  the 
si l icon-2s peak  (1330 eV) is not  smaller ,  but  in fact  
somewhat  l a rge r  in  the spec t rum af ter  exposure  than  
in the or iginal  spectrum.  This is not only  found af ter  
br ie f  exposures,  but  also af ter  exposures  of hundreds  
of hours. The presence of me rcu ry  compounds on the 
surface of the glass would, of course, tend  to reduce the 
in tens i ty  of the sil icon peaks.  The amount  of mercu ry  
seen with  ESCA is too small,  however ,  to cause serious 
screening of the  glass. Unambiguous  evidence that  all  
the m e r c u r y  is indeed inside the glass is discussed 
later .  The mercu ry  seen wi th  ESCA is appa ren t ly  
f i rmly lodged inside the glass, since the mercu ry  peaks  
were  s tab le  in the vacuum o f  the ESCA appara tus  
under  exposure  to the roentgen source:  t ak ing  succes- 
sive spectra  on the  same exposed sample  produced no 
changes in the mercu ry  peaks.  

A second impor tan t  effect of the  m e r c u r y  discharge 
is the marked  decrease of the sodium peak :  A glass 
surface wi th  less sodium wil l  have  a reduced affinity 
for carbon dioxide.  I t  is not unexpected,  therefore,  to 
find tha t  the decrease in sodium is accompanied  by  a 
decrease  of the carbon peak,  even though the sample  
was passed f rom the discharge tube to the ESCA cham-  
ber  via  t h e c o m p a r t m e n t  where  the rod had  or ig ina l ly  
been b roken  and where  carbon dioxide was or ig ina l ly  
p icked up. The d isappearance  of sodium from the sur -  
face of the glass is a second factor, that,  together  wi th  
desorpt ion  of carbon dioxide,  tends to enhance the in-  
tens i ty  of t he  silicon peak  af te r  exposure  to the dis-  
charge. 

A typical  behavior  of the height  of var ious  peaks  in 
t h e  ESCA spec t rum is shown as a function of the log-  
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Fig. 3. Area of selected ESCA peaks measured on sodium silicate 
glass as a function of the logarithm of the accumulated time of ex- 
posure to a normal mercury discharge. 

ar i thm of the  exposure  t ime in Fig. 3. I t  is seen tha t  
the mercu ry  peak  is comple te ly  sa tu ra ted  wi th in  5 rain 
exposure  to the discharge.  Sodium and carbon dis-  
appear  in about  1000 min and silicon remains  approx i -  
ma te ly  constant. 

Comparison of Single and Mixed A lka l i  Glasses (ESCA) 
Considering Fig. 2 and 3 one might  be t empted  to 

conclude that  the  mercu ry  pene t ra t ing  the glass essen-  
t ia l ly  subst i tutes  the sodium ions that  are  seen to dis-  
appear  f rom the surface. This is not, however ,  the case. 
To show this we discuss resul ts  obta ined with  ESCA 
for three  types  of glass: sodium sil icate,  potass ium si l -  
icate, and a mixed  sod ium-potass ium sil icate glass 
(! :  1), each with  20 m/o  a lkal i  oxide  and, in addit ion,  
10 m/o  calcium oxide. Rods of these three  glasses were  
b roken  in a s t ream of d ry  argon and, wi thout  exposure  
to air, p laced side by  side in a discharge tube a t tached 
to the  ESCA appara tus  (an ear l ie r  version, accessible 
via a UHV flange).  The tube was sealed, pumped,  and 
ignited. Af te r  36 hr  exposure  to a no rma l  me rcu ry  dis-  
charge the samples  were  t r anspor ted  th rough  vacuum 
into the ESCA chamber  and analyzed.  For  comparison 
we also give the da ta  obta ined on a second sample  of 
t h e m i x e d  sod ium-potass ium glass, but  this t ime 
broken  in the vacuum of the ESCA appara tus  and 
analyzed wi thout  exposure  to a discharge.  Table  I gives 
the amounts  of sodium, potassium, silicon, arid mer -  
cury  found in the four samples.  I t  is seen tha t  the  
amount  of me rcu ry  is twice as high in the  po tass ium-  
containing glasses as in the sodium sil icate glass. The 
mercu ry  concentrat ions  have been ca lcula ted  neglect -  
ing a t tenua t ion  of the mercu ry  photoelectrons  by  the 
glass mat r ix .  Sodium, potassium, and si l icon concen- 
t ra t ions  are  given in terms of ions cm -8, normal ized  to 
Si = 100 in the po tass ium-conta in ing  glasses, in each 
of which the same sil icon (2s) in tens i ty  was measured.  
The ~ numbers  be tween  bracke ts  give the re la t ive  con- 
centra t ions  calcula ted f rom the bu lk  composit ion o f  
the  glass, aga in  assuming Si = 100. I t  is seen tha t  s o -  
d i u m  has a lmost  comple te ly  d isappeared  f rom the sur -  
face of the sodium si l icate glass. In contrast ,  the a lka l i  
ions a re  presen t  in h igh  concentrat ions  at  the  s u r f a c e  

Table I. Concentrations of sodium, potassium, silicon, and mercury 
in silicate glasses measured with ESCA 

Potas -  
A lka l i  ( m / o )  Sodium sium Silicon Mercury 

( 1014 
Na=0 K=O (Relative concentrations) c m  -~) 

20 ~ 0.3__(57) - -  127 1.9 
- -  78 (57) 100 4.2 
10 10 13 (29) 32 (29) 100 4.2 
10 10 6 (29) 22 (29) 100 - -  

of the exposed po tass ium-conta in ing  glasses. Compar -  
ing the exposed and the unexposed mixed  glass both  
sodium and potass ium are  seen to have  in fact  in-  
creased as a resul t  of exposure  to the me rc u ry  dis-  
charge. In  the exposed glasses the potass ium is h igher  
even than  the bu lk  concentrat ion.  The higher  silicon 
signal  in the sodium glass agrees wi th  the  h igher  re l -  
a t ive concentra t ion of silicon, caused by  the d i sappea r -  
ance of the sodium. 

W e  are led to the  conclusion that,  a l though mercu ry  
pene t ra tes  inside the glass network,  it  does not  do so 
by  subs t i tu t ing  for  a lka l i  ions. To s tudy the d is t r ibu-  
t ion of mercu ry  and to obta in  unambiguous  quan t i t a -  
t ive informat ion,  we tu rned  to the  technique of Ru th -  
erfo~rd backscat ter ing.  

Comparison of Single and Mixed Alkali Glasses (RBS) 
Ruther fo rd  backsca t te r ing  (RBS) is a su i tab le  tech-  

nique for s tudying  me rc u ry  in glass. Since mercu ry  
has a h igher  atomic weight  t han  al l  the e lements  nor -  
ma l ly  presen t  in soda l ime glass, the  impinging  (2 MeV 
hel ium) ions coll iding with  me rc u ry  nuclei  loose less 
energy  than those sca t tered  by  the atoms of the glass 
matr ix .  Therefore  me rc u ry  gives r ise to a w e l l - r e -  
solved, isolated peak  at  a h igher  k inet ic  energy  than  
the r ema inde r  of the spectrum. The number  of scat -  
te red  ions gives accurate  informat ion  about  the total  
amount  of me rc u ry  in the glass, while  the wid th  of the  
peak  shows the d is t r ibut ion  of the me rc u ry  wi th  a 
resolut ion o.f about  7 nm ( informat ion dep th  1 ~zn). To 
avoid electrostat ic  charging,  al l  samples  s tudied  wi th  
RBS were  coated with  20-30 nm of carbon. An  i l lus t ra -  
t ion of an RBS spec t rum is given in Fig. 4, t aken  on a 
f rac tu red  surface of a rod of a mixed  a lkal i  glass ex-  
posed to a no rma l  me rc u ry  discharge for 1500 hr. Car -  
bon is p resen t  on the sur face  and mercu ry  is also 
concentra ted re la t ive ly  close to the surface. These 
elements  give rise, therefore,  to peaks,  whereas  the  
const i tuents  of the  glass give r ise  to plateaus,  each 
s tar t ing at  a character is t ic  energy.  Mercury  is seen to 
be concentra ted  at a dep th  of about  30 nm below the 
surface of the glass. The total  amount  of me rcu ry  in 
this pa r t i cu la r  sample  is about  1016 cm -2. 

We begin wi th  some resul ts  of exper iments  wi th  sig- 
gle and mixed  a lka l i  glasses that  can be compared  
wi th  the ESCA resul ts  obta ined  on s imi lar  glasses and 
discussed earl ier .  Rods of a sodium, a potassium, and a 
mixed  sod ium-po tass ium glass were  b roken  and shor t  
lengths of the rods were  in t roduced into a discharge 
tube in a s t ream of d ry  argon. The rods were  p laced 

t 
counts  

I t I i 1 i 1 

\ C L 2 M e V  He + Hg 
k ~ 1 7 0 o ~ ~  depth (nm) 

glass detector 

, S i  

0 , _ l  ~ 100 200 300 400 500 
channe l  numbe r  

Fig. 4. Rutherford backscattering spectrum taken on a sample of 
a mixed alkali glass (fracture surface of a rod) after 1500 hr ex- 
posure to a normal mercury discharge. Surface positions are in- 
dicated for various elements. 
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in the tube side by side, perpendicular  to the tube 
axis. The tube was sealed and processed without  delay. 
The alkali  content  of all three glasses was 17 m/o. 
Minor consti tuents were barium, a luminum,  and boron. 
Table II gives the sodium and potassium contents of 
the glasses and the amounts  and penetra t ion depths of 
mercury  found in these glasses after exposure to a 
normal  mercury  discharge (80 mA cm -2) dur ing 50 hr 
(two sets of samples exposed in separate discharge 
tubes) and after 500 hr exposure. 

An impor tant  conclusion can be drawn from a com- 
parison of the amounts  of mercury  in the two sets of 
glasses exposed dur ing 50 hr, as given in Table II. One 
of the two sets was washed, before being analyzed, 
with a 10% solution of acetic acid in methanol.  This 
is a very  good solvent for various mercury  compounds, 
especially mercury  oxide. The fact that  washing with 
the acid solution had no effect on the amount  of mer-  
cury found in  the glass is strong evidence that all the 
mercury  is inside the glass network, and not adsorbed 
on the surface of the glass. 

A comparison of Tables I and II shows a s t r ik ing dif- 
ference be tween the results of ESCA and RBS. In the 
ESCA exper iment  about twice as much mercury  is 
found at the surface of the potass ium-conta ining 
glasses as in  the sodium silicate glass (after 36 hr 
exposure),  whe reas -wi th  RBS ~he total amount  of 
mercury  is about half  as large in the mixed glass as 
it is in the single alkali  glasses (after 50 hr  exposure).  
With RBS all the mercury  is found to be located with-  
in  7 nm of the surface. These results are clearly in -  
compatible when  it is assumed that the mercury  is 
uni formly  distr ibuted over this depth. Given the differ- 
ent informat ion depths of ESCA and RBS, the obvious 
conclusion is that much of the mercury  is present  in a 
shallow surface reservoir with a depth of the order 
of 1 nm. Mercury in this surface reservoir  contr ibutes 
s t rongly to ESCA (effective mean  free path of photo- 
electrons about 3 nm) .  This surface reservoir  is rap-  
idly filled (Fig. 3) with a concentrat ion that is rela-  
t ively high and higher in the potass ium-containing 
glasses than in  the sodium silicate glass (ESCA). From 
the surface reservoir  mercury  slowly migrates deeper 
into the glass. The rate of this migrat ion seems to cor- 
relate with the mobi l i ty  of the alkali ions in the glass. 
I t  is re la t ively high in the single alkali  glasses and 
lower in  the mixed glass (Table II) .  A major  differ- 
ence between single and mixed alkali  glasses is, of 
course, in  the mobil i ty  of the alkali ions, which is two 
to three orders of magni tude  smaller  in mixed glasses. 
In  the mixed glasses, where most of the mercury  
is still in the surface reservoir the two techniques 
should yield about the same results. This is in -  
deed seen to be the case: 4.2 • 1~014 cm -2 is found 
with ESCA (min imum concentrat ion calculated 
o n  the assumption that  all mercury  is concen- 
trated right  at the surface),  while RBS gives 5.1 • 
1014 cm -2. The difference between the mercury  con- 
tents of single a n d  mixed glasses is even larger after 
an exposure of 500 hr  (see Table II) .  Whereas the 
amount  has doubled or quadrupled  in the single alkali  
glasses, that in  the mixed glass has increased by only 
50%. It is clear, then, that  we are dealing with two 
consecutive processes: rapid filling of a surface r e s e r -  

Table II. Mercury content in silicate glasses measured with RBS 

Mercury content  in lOa4 era-2 and (between 
brackets)  max imum penetration depth in nm 

Alkali (m/o) 
After  After  After  

Na~O K~O 50 hr 50 hr* 500 hr 

17 0 10.7 (7• 3) 9.5 16.4 (30) 
0 17 11.1 (<4) 11.3 42.8 (20) 
9.5 7.5 5.1 (<4) 4.2 7.43 (7-~ 3) 

* Washed with 10% acetic acid in methanol  before analysis. 

voir and slow migrat ion of mercury,  presumably  as 
mercury  ions, from the reservoir  deeper into the glass. 

A Photoelectr ic Ef fect  in Glass 
One of the driving forces operative in  the migra t ion 

of mercury  and sodium ions from the surface deeper 
into the glass seems to be a photoelectric field. Evi-  
dence for a photoelectric field in glass was obtained 
when glass was exposed to radiat ion from a pure a r g o n  
discharge (80 mA cm-2) .  In  these exper iments  glass 
rods were broken in the vacuum of the ESCA appa-  
ratus and i rradiated in  the discharge tube attached to 
the ESCA apparatus. Before igni t ing the discharge 
the discharge tube and the sample inside it were pre-  
heated with hot air to the tempera ture  that is a l s o  
reached by samples inside the tube dur ing  normal  op- 
erat ion of the discharge (about 60~ In this m a n n e r  
hea t ing-up  effects were largely eliminated. After  i r ra-  
diation the sample was t ransported "internal ly,"  wi th-  
out exposure to air, to the ESCA chamber  and ana-  
lyzed. It was then t ransported back to the discharge 
tube for fur ther  irradiation.  The solid l ine curves in 
Fig. 5 show the-relat ive decrease of the sodium ls and 
sodium Auger peaks for a sodium silicate glass (single 
alkali, with 17 m/o  sodium oxide),  while the dashed 
curves give the corresponding decrease of sodium ls 
and potassium 2s peaks for a mixed alkali  glass (9.5 
m/o  sodium and 7.5 m/o potassium oxide).  

The curves give the relat ive peak area as a func-  
tion of the square  root of the accumulated exposure 
time. The composition of the glasses corresponds to that  
mentioned in  Table II. F rom the disappearance of the 
sodium Auger peak (marked NaA in  Fig. 5) it can be 
concluded that  90% of the sodium had disappeared 
from the topmost 2 nm of the glass wi thin  6 min. 
Sodium and potassium are seen to disappear much 
more slowly from the surface of the mixed alkali glass. 
The rate at which alkali  ions disappear from the sur-  
face of i rradiated glass apparent ly  correlates with the 
mobil i ty of the ions in the glass. This suggests that  
their disappearance is caused by an electric field gen-  
erated by the radiat ion from the discharge in the sur-  
face region of the glass, where the radiat ion is ab-  
sorbed (10, 11). This local photon-generated field runs  
counter  to, and overrules the p lasma-genera ted  field 
due to the recombinat ion of ions and electrons at sur-  
faces exposed to the discharge. This suggests that  the 
disappearance of sodium from the surface of sodium 
silicate glass exposed to a mercury  discharge, as i l lus- 
t rated in Fig. 3, is also caused by a (much weaker)  
photoelectric field in the glass. The same cause would 
be responsible for the (slow) migrat ion of mercury  
ions from the surface reservoir deeper into the glass. 
The lower s t rength of the photoelectric field in glass 
irradiated with a mercury  discharge is unders tandable  
given the lower energy of the mercury  photons (4.7 

i~\~'~ ~ - - J ' 1 7  mole% Na20 

countsl/~ \ ~ o . . . .  [9.5 rnole% Na20 
r// > \  ~ " ' ~  17s .... K2o 

/t \ \~ "\~'~\'- 
I \ ~ Na(ls) ~ " ' -  

5 10 15 V/t (min.) 
Fig. 5. Decrease of the area of sodium ESCA peaks measured on 

sodium silicate glass (solid line curves) and of sodium and potas- 
sium peeks for a mixed alkali glass (dashed line curves) vs.  the 
square root of the accumulated time of exposure to an argon dis- 
charge (3 Tort, 80 mA cm-2). 
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and 6.9 eV vs. 11.7 eV for argon),  the lower flux of 
high energy 6.9 eV mercury  photons enter ing the glass 
arid the much larger penetra t ion depth of the mer-  
cury photons. The lat ter  can be inferred from the ab-  
sorption spectrum measured on a 1.6 ~m film of 
(mixed alkali)  glass measured up to 7.5 eV (Fig. 6). 

Penet ra t ion  of M e r c u r y  into the  " S u r f a c e  Reservoir"  
The photoelectric effect in glass wil l  become weaker  

when the flux of photons enter ing the glass is de- 
creased. This flux can be decreased by decreasing the 
discharge current .  The following experiment,  designed 
to s tudy the effect of the discharge current  density on 
the influx of mercury,  gave some int r iguing clues as to 
the mechanism of this influx. Small  portions of one 
and the same 1 in. discharge tube made of soda l ime 
glass were exposed sequentially,  vary ing  the discharge 
current.  This was possible by moving a glass cylinder, 
having an open window of about 2 • 2 cm 2, inside the 
discharge tube (Fig. 7). 

Each time the cyl inder is moved 2 cm to the left a 
fresh port ion of the wall  is exposed, while screening 
the regions previously exposed through the window. 
The envelope was made of glass that had suffered rel-  
at ively little corrosion by ambient  alr, since the tube 
had been taken hot from the production l ine and had 
been stored in dry argon unt i l  it was made into a dis- 
charge tube. Before exposures were started the tube 
was operated for several  days to clean up as much as 
possible adsorbed and residual gases. The tempera ture  
of the exposed par t  of the tube wall  was controlled by 
water  circulating through a thermostat  and was kept  
at 70~ The amounts  of mercury  fouz/d with RBS ex- 
posure of 1 hr  are plotted vs. the cur ren t  density in 
Fig. 8. 

It can be seen that  the amount  of mercury  penet ra t -  
ing into the glass is perfectly constant  for current  den-  
sities from 5 ~A cm -2 to about 5 mA cm -2. For larger  
currents  there is a slow increase, a threefold increase 
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Fig. 6. Transmission of a !.6 #m thick film of the mixed alkali 
glass of Table II. 

Fig. 7. Discharge tube, 1, with cylindrical glass screen, 2, inside 
the tube. By shifting the cylinder a selected region of the tube can 
be exposed through an open 2 X 2 cm 2 window in the cylinder, 
while screening previously exposed regions. The temperature of the 
exposed region is controlled through water circulating through a 
jacket, 3, and a thermostat. 
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Fig. 8. Effect of discharge current on mercury take up. Total 
•mounts of mercury in different regions of the wall of a discharge 
tube made of soda lime glass and exposed during 1 hr to a mercury 
discharge are plotted vs. the current density of the discharge. Dif- 
ferent regions of the wall were exposed sequentially using the 
cylindrical screen of the preceding figure. 

being observed when the current  density has reached 
80 m A c m  -2. No mercury  was found in parts of the 
wall that had been pe rmanen t ly  protected by the cylin-  
der. This exper iment  shows the influx of mercury  to 
be independent  of the flux of mercury  ions arr iving 
from the discharge at the surface, when the discharge 
current  is sufficiently low. Since the photon flux is also 
proport ional  to the discharge current  it can be fur ther  
concluded that the rapid init ial  influx of mercury  is not 
l imited by the photon flux reaching the glass from the 
discharge. 

The influx at low currents  was independent  of the 
tempera ture  of the glass wall. The same amounts  of 
mercury  were found whether  the water  circulating 
around the tube wall  was kept  at 50 ~ 70 ~ or 90~ 

What  is the l imit ing factor for the influx of mercury  
at low discharge currents? We suggest that  it is the 
l imited number  of voids in the glass that are suffi- 
ciently large and sufficiently close to the surface to be 
accessible to mercury  atoms or ions arr iving at the sur -  
face with a l imited energy (excitation, recombinat ion 
and /or  kinetic energy) .  Since this energy is at most of 
the order of 10 eV the accessible voids could hardly  be 
located at depths much in excess of 1 nm. The mech- 
anism by wh ich  mercury  penetrates  into the glass net-  
work needs fur ther  consideration. We re tu rn  to this 
point  later. 

Di f fus ion  vs.  M i g r a t i o n  in an Electr ic  Field 
The slow increase of the influx of mercury  with in -  

creasing current  for current  densities above 5 mA cm -2 
(Fig. 8) may reflect the onset of the photoelectric ef- 
fect. Such an effect would not be operative at low cur-  
rent  densities, however. Still, the total amount  of mer-  
cury in  the glass increases with time, also at low cur-  
rent  densities, long after the surface reservoir  has 
been filled. In experiments  with a discharge tube with 
cylindrical  screen (Fig. 7) the amount  of mercury  
four~d with RBS in the tube wall  increased approxi-  
mately  as the square root of the exposure time, for ex- 
posures of up to 12 hr. This type of t ime dependence 
suggests that we might  be observing, in the absence 
of a photoelectric field, a diffusion process. A square 
root dependence on time has also been found for the 
amount  of mercury  in glass protected by a coating of 
fluorescent powder (12). After  a diffusion process one 
expects to find a distr ibution profile characteristic of 
a diffusion process. The wall  of a discharge tube is not, 
however, a promising sample in which to look for a 
diffusion profile. For all our precautions the glass 
would have been corroded to some extent, and this 
would imply an inhomogenei ty  in depth. A simple set-  
up, where the ini t ia l  homogeneity of the sample ex- 
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posed to the discharge seems assured, is i l lustrated in 
Fig. 9. 

Here glass rods about  150 mm long and with a cir- 
cular  scratch in the middle, are placed in a discharge 
tube with borosilicate ends sealed to a central  metal  
bellows. To begin with an argon discharge was run  for 
several days to clean up and desorb residual gases. A 
mercury  capsule was then opened and the discharge 
was operated for another  day. Final ly  the rods were 
broken by bending the bellows and the hMf-rods slid 
into the side tubes, so that the fractured surfaces were 
flush with the discharge wall. The samples were then 
exposed dur ing 1 month to a low current  discharge at 
an ambient  tempera ture  of 80~ The tube was opened 
and the fractured surfaces studied with RBS. In  none 
of the samples studied v~as evidence found for a diffu- 
sion profile. Either  all the mercury  was concentrated at 
7 __+ 3 n m  below the surface (the resolution of the tech- 
nique is about 7 nm) or there was a concentrat ion at a 
sl ightly larger depth of not more than 20 n m  below 
the surface. The penetra t ion of the mercury  is not, 
therefore, a passive diffusion process, even in the ab-  
sence of a photoelectric field. We seem to be observing, 
in all cases, a process of migrat ion in an electric field. 

Fur ther  evidence that  mercury  migrates as mercury  
ions was obtained when rods of single and mixed alkali 
glasses were broken inside the "flexible" discharge 
tube. After  an exposure of 1 hr to a low current  dis- 
charge at 70~ ten times more mercury  was found in 
the single alkali  than in  the mixed glass. In  glasses 
with compositions as specified in Table I these amounts  
were, in terms of 10 TM ions cm -2, 10 for the potassium 
glass, 9 for the sodium glass, and 1 for the mixed glass. 

To obtain some idea of the s trength of the local 
fields responsible for the migrat ion of mercury  ions in 
the glass, we studied the effect on the migrat ion of an 
external  potential  applied between the plasma and the 
outer discharge wall. The exper iment  was made with 
a "fresh" tube of soda lime glass (wall thickness 0.8 
mm) ,  in  which a low current  a-c discharge was ma in -  
tained. Five equal ly  spaced, cylindrical,  si lver elec- 
trodes were painted on the tube wall, four of which 
were mainta ined at negat ive potentials of 2000, 1500, 
1000, and 500V, respectively, with respect to the earthed 
electrode of the discharge. The fifth silver electrode 
floated electrically, with an earthed guard r ing between 
it and the neighboring --500V electrode. The amounts  
of mercury  found after 8 hr operation are plotted vs. 
voltage in Fig. 10 for ambient  temperatures  of 20 ~ 
and 50~ 

As before, the amount  of mercury  is almost indepen-  
dent  of tempera ture  in the absence of an applied field. 
However, there is a pronounced effect of temperature  
in the presence of an applied field. At 2000V 170 mer-  
cury has entered the glass in 8 hr ( in terms of 1014 
ions cm-2) .  Dur ing  the same period the "spontaneous" 
influx (in the absence of an applied voltage) is about 
10. This indicates that  the spontaneous electromigration 
takes place in an electric field that is about 16 times 
smaller  than the applied field of 2000V over 0.8 mm 
glass or, say, a field of 1000 V/cm. 

A s t r iking i l lus t ra t ion of the concepts of a surface 
reservoir and subsequent  migrat ion in an electric field 
can be seen in Fig. 11. 

Here we give RBS spectra measured on fragments  of 
the soda l ime glass discharge tube after exposure 
dur ing  8 hr to a low current  mercury  discharge at an 
ambient  tempera ture  of 50~ The dotted l ine spectrum 
was measured on glass exposed in the absence of an 
applied field and the solid line spectrum for --2000V 
applied between the discharge and the outer tube wall. 
In  the high voltage spectrum one sees two accumula-  
tions of mercury:  one at the very surface (the reser-  
voir) and a second one just  above the interface be- 
tween sodium-depleted and normal  glass. The sodium 
depletion is clearly evident  in t he  spectrum, as is a 
small accumulat ion of potassium, between the bulk  

Fig. 9. Discharge tube with metal bellows, 1. After cleanJup of 
residual gases one or more prescratched rods, 2, are broken by 
bending the bellows. The half-rods are slid into the side tubes, 3, 
with their fractured surface flush with the tube wall. 
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Fig. 10. Effect of d-c applied field on mercury take up. Total 
mercury in the wall of a discharge tube made of soda lime glass 
and exposed to a low current discharge (5 mA cm -~) during 8 hr 
at a temperature of 50~ is plotted vs .  the d-c potential difference 
applied between the discharge and different portions of the outer 
wall of the tube. 
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Fig. 11. RBS spectra of soda lime glass exposed to a low current 
mercury discharge during 8 hr and at 50~ Solid line curve, in the 
presence of an applied field of --2000V; dotted curve, without ap- 
plied field. In the solid line spectrum two mercury peaks are seen, 
one forming the surface reservoir and a second showing a pileup of 
mercury just above the interface between normal and sodium- 
depleted glass. 

glass and the mercury  pile up. This indicates that  the 
mobil i ty  of potassium ions is in termediate  between 
those of sodium and mercury  ions. 

Darken ing:  Ef fect  of High Energy Photons 
So far we have been concerned with the ini t ia l  

stages of the penetra t ion of mercury  into glass. In  
these stages the glass remains perfectly t ransparent .  
This can be inferred from Fig. 12 that  gives the optical 
density (at 560 nm)  of soda l ime glass darkened to 
various degrees plotted against the amount  of mercury  
in the glass determined with Rutherford backscat ter-  
ing. 

The relationship between the absorbance and the 
amount  of mercury  is seen to be linear, bu t  the straight 
line fitting the data does not pass through the origin. 
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Fig. 12. Absorbanee of soda lime glass at 5600 nm vs. the total 
amount of mercury in the glass (RBS). Mercury in glass does not 
absorb at visible wavelengths below a critical concentration. 

The glass begins to turn  da rk  only when the mercu ry  
concentrat ion is h igher  than a cri t ical  concentra t ion of 
about  3 • 1015 cm -2. Below this concentra t ion the  
mercury  is appa ren t ly  present  in an invisible  form, 
p r imar i l y  as mercu ry  ions. Beyond this concentra t ion 
da rken ing  sets in. 

In  an ear l ie r  paper  (3) we showed glass da rken ing  
to be caused by  the groWth of ve ry  smal l  drople ts  
of metal l ic  mercu ry  inside the glass mat r ix .  The pres -  
ence of me rcu ry  droplets  inside da rkened  glass was 
revealed  by  t ransmission e lect ron microscopy. F igure  
13 gives an example  of an electron mic rogram showing 
a ga laxy  of t iny mercu ry  droplets  in a ma t r i x  of soda 
l ime glass. 

The sample  was a thin glass film da rkened  inside a 
mercury  discharge tube and th inned down fur ther  by  
ion mill ing.  The mercu ry  is ev ident ly  inside the glass, 
since the drople ts  did not  d isappear  in the vacuum of 
the electron microscope, a l though occasional ly a b lack 
dot was seen to boil  off by  the heat  of the e lect ron 
beam. ESCA spect ra  t aken  on s t rongly  darkened  glass 
y ie lded  a silicon-2s signal  of the same magni tude  as 
that  obta ined on fresh glass, showing the glass ne twork  
to ex tend  to the ve ry  surface  also in da rkened  glass. 
RBS per fo rmed  on samples  of da rkened  glass showed 
mercu ry  to be concentra ted  at depths  of typ ica l ly  30- 
40 nm. 

The theory  of the  opt ical  proper t ies  of finely dis-  
persed metals  has been given by  Mie (13). One resul t  

Fig. i& Electron microgram of mercury droplets in a matrix of 
soda lime glass. Bar length designates 0.1 #m. 

is tha t  the  opt ical  densi ty  of the me ta l  is p ropor t iona l  
to the to ta l  amount  of the meta l  in the  part icles ,  in 
agreement  wi th  Fig. 12. 

What  is the mechanism by  which  droplets  of metal l ic  
mercu ry  are  formed f rom mercu ry  ions? I t  seems tha t  
the p r i m a r y  process is photoreduct ion  of mercu ry  ions. 
This follows f rom exper iments  where  the energy of the 
photons f rom the discharge was increased wi thout  
changing o ther  ex t e rna l  pa ramete r s  (d ischarge  cur-  
rent,  wa l l  t empera ture ,  type of glass) .  The photon en-  
e rgy  was increased by  creat ing a cold spot  in a dis-  
charge tube. Mercu ry  wil l  condense on the cold spot, 
its vapor  pressure  decreases and the lower  the pressure  
the more  the  color of the  discharge turns  into that  of a 
pure  argon discharge.  Increas ing the propor t ion  of en-  
erget ic  argon radia t ion  in this manner  had  a d ramat ic  
effect on the ra te  of darkening,  as i l lus t ra ted  in Fig. 14. 

The curves in this figure represent  the da rken ing  of 
adjoin ing regions of one and the same discharge tube, 
made  of soda l ime glass. The different  par t s  were  ex-  
posed to the discharge (80 mA cm -2 in all  cases) by  
moving an open-ended  inner  tube sl iding in the dis-  
charge  tube. A cold spot was created behind one of 
the e lectrodes moun ted  on ex tended  supports .  The pa r t  
of the wal l  being exposed was he ld  at  70~ by  wa te r  
c i rculat ing th rough  a thermosta t ,  as in Fig. 7, and the 
darken ing  of the newly  exposed region was cont inu-  
ously moni tored  by  recording the in tens i ty  of the  365 
nm radia t ion  f rom the discharge.  The pa rame te r s  in 
Fig. 14 give the t empera tu re  of the cold spot and the 
associated in tens i ty  of the argon radia t ion  as measured  
in the near  ul t raviolet .  The ra te  of da rken ing  is seen 
to increase enormously  wi th  i n c r e a s i n g  in tens i ty  of 
the argon radiat ion,  down to cold-spot  t empera tu re s  
of 10~176 F u r t h e r  cooling did not  resul t  in a fu r the r  
increase in the ra te  of darkening.  

The genera l  shape of the da rken ing  Curves in Fig. 
14 is the same, apa r t  f rom different  t ime scales. Also 
where  flat curves are  seen in Fig. 14 (cold spot t em-  
pera tures  o f  25~ and above) s imi la r ly  shaped d a r k -  
ening curves are  ob ta ined  af ter  much longer  expo-  
sures. Compar ing the absorbances  in Fig. 12 and 14 
it can be concluded tha t  there  is an induct ion per iod 
of at least  4 h r  dur ing  which the mercu ry  content  
increases to a few t imes 1015 cm -2, fol lowed b y  a sud-  
den influx of up to 3 • 1015 cm -~ h r  -1. The la tent  
per iod can be in te rp re ted  as a per iod in which nuclei  of 
metal l ic  m e r c u r y  are  formed. These act as s inks for 
mercu ry  ions dur ing  the subsequent  per iod of rap id  in-  
flux. Increas ing the in tens i ty  of the  argon radia t ion  
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Fig. 14. Effect of cold-spot temperature on the increase of the 

absorbonce of a soda lime glass discharge tube during operation of 
a mercury discharge (80 mA cm -2 ,  wall temperature 60~ The 
curves are marked by the cold spot temperatures and the associ- 
ated intensities of the argon radiation in arbitrary units. 
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enhances both the nucleat ion and the growth of mer-  
cury droplets. 

Argon radiat ion with its shorter wavelength com- 
pared to mercury  radiat ion wil l  produce a steeper 
gradient  and a higher concentrat ion of charge carriers 
at the surface of the glass. The steeper gradient  will 
result  in a higher photoelectric field s t rength  in the 
glass, resul t ing in a higher t ransport  rate of mercury  
ions. The higher concentrat ion of photoelectrons will 
cause a more rapid photoreduction of mercury  ions. 

The reason for the sa turat ion of the darkening rate 
for cold-spot temperatures  below 10~176 (the argon 
intensi ty  doubles between 15 ~ and 5~ is not so obvi- 
ous. The darkening  is certainly not rate l imited by  the 
flux of mercury  ions and atoms arr iving from the dis- 
charge at the glass surface. This follows immediate ly  
from the very steep rise of the "5~ curve." A possi- 
bil i ty to be considered is sa turat ion of the photoelec- 
tric field strength, l imit ing the t ransport  of mercury  
ions from the surface to the nearest  droplet. Saturat ion 
will occur when all electron traps are filled, even the 
shallower ones. 

Darkening: Effects of Glass Structure 
Final ly  we ment ion  the role of the glass matr ix  in  

the darkening process. The ease with which mercury  
nuclei  can be accommodated in the ne twork  wil l  de- 
pend on the details of the s tructure and composition of 
the glass. The growth of relat ively large droplets (up 
to 20 n m  in diameter  in  Fig. 13) is even more de- 
manding,  given the modest size of the voids normal ly  
present  in glass. An example of a compositional effect 
on the rate at which mercury  accumulates in glass is 
given in Table III. 

In this table we compare again a sodium and a po- 
tassium silicate glass and some mixed glasses, all with 
the same total alkali content of 17 m/o. Short rods of 
these glasses, with one fresh, fractured surface, were 
placed in a normal  mercury  discharge with the frac- 
tured surface perpendicular  to the axis of the dis- 
charge. After 500 hr exposure the tube was opened 
and the amount  of mercury  in the fractured surfaces 
determined with RBS (see table) .  Other data given 
in the table are the water  content  of the glasses, the 
electrical resistance at the temperature  of the experi-  
ment  (60~ extrapolated from data at 250 ~ and 350~ 
and, finally, the calculated shear moduli. The lat ter  is 
the mechanical  parameter  impor tant  for the growth of 
particles of a foreign substance (mercury  droplets) 
inside a given matr ix  (glass) (14). Comparing glasses 
1 and 2, it is seen that  the pure potassium glass con- 
tains far more mercury  than the pure sodium glass, al-  
though the lat ter  has a much lower electrical resistance. 
The same applies to the mixed alkali glasses 3 and 4. 
These have a much higher resistance, not very dif- 
ferent  for the two glasses, and an accord ing ly  lower 
mercury  content, bu t  the highest content  is found in 
the glass with the larger potassium concentration. Po- 
tassium glasses not only offer more space to mercury  
ions on account of their  larger molar  volume. Another  
difference between potassium and sodium glasses is 
in the shear moduli  (see table) ,  facil i tat ing the growth 
of mercury  droplets in potassium glasses. Glasses 4-6 
are identical  and demonstrate  the reproducibi l i ty  of 

Table III. Mercury content in silicate glasses 

Mercury Resis- 
Alkal i  ( m / o )  Water  content  t iv i ty  

Glass con ten t  (101~ log (a  Shear 
No. Na~O KfO (ppm)  c m  -~) �9 cm) modulus 

1 17 0 4.4 16.4 10.7 22.1 
2 0 17 2.1 42.8 12.4 21.2 
3 7.5 9.5 2.6 12.6 14.9 21.6 
4 9.5 7.5 2.9 7.4 14.5 21.7 
5 9.5 7.5 6.1 7.6 14.5 21.7 
6 9.5 7.5 5.8 7.8 14.5 21.7 
7 9.5 7.5 0.4 4.6 14.5 21.7 

the procedure. Glass No. 7 is identical to i tems 4-6, 
except that its water  content  is extremely low. The 
low water content  seems to lead to a low rate of 
mercury  take up, since only half as much mercury  is 
found in the dry glass as in glasses 4-6, that  are other-  
wise identical. One we l l -known role of water  (OH- 
groups) in glass is that of electron trap (18). This 
would be impor tant  for the s t rength of the photoelec- 
tric field discussed earlier, explaining the relat ively 
low rate of mercury  take up by dry glasses. 

A final example of an effect of glass s tructure on 
the r a t e  of darkening  is i l lustrated by darkening  
curves given in Fig. 15, that were measured on a 
mercury  discharge tube made of soda l ime glass with 
a locally modified composition of the glass. The com- 
position of the glass had been locally modified at the 
inner  wall by passing a d-c current  through the wall  
of the tube, while an a-c mercury  discharge was run -  
ning, using electrodes of si lver paint  on the outer wall. 
After 1, 2, . . . ,  8 hr electrolysis, creating a sodium- 
depleted region of increasing depth at the inner  wall, 
the silver electrodes were removed. At this point  the 
under ly ing  glass was still  perfectly clear. When the 
discharge was now cont inued the "electrolyzed" re- 
gions of the glass darkened very rapidly, the more so, 
the deeper the depletion layer  (the parameter  of the 
curves in Fig. 15 is the depletion depth calculated from 
the charge t ransported and confirmed by RBS data).  
It  is not clear just  how the depleted glass is restruc-  
tured. At any rate one would not expect problems with 
e lectroneutra l i ty  (photoconduction) and indeed no 
polarization effects were observed, when  the elec- 
trolysis was interrupted.  The point to be stressed here 
is the enormous effect on the darkening  rate of the 
Softening of the glass network that results from the 
removal  of sodium ions from the surface region, where 
the mercury  droplets are formed. 

Summary and Discussion 
In  the darkening of silicate glasses by a low pressure 

mercury  discharge at least three stages can be dis- 
t inguished: (i) a very rapid influx of mercury  into a 
surface layer of the glass with a thickness of the order 
of 1 nm, (ii) a much slower migrat ion of mercury  
from the surface reservoir deeper into the glass, and 
(iii) a photoreduction of mercury  ions and agglomera-  
tion of mercury  atoms to droplets of metall ic mercury  
absorbing visible light. 

(i) During the rapid ini t ial  influx of mercury  into 
the glass the mercury  does not substi tute for alkali  ions 
(Table I).  The mercury  is firmly lodged in the glass: 
it is not removed when the glass is washed with acetic 
acid, nor  does it disappear in  the ul t rahigh vacuum 
of the ESCA apparatus, not  even under  i r radiat ion with 
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A b s o r b a n c e  ~ 1 4 0 n m  
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Fig. 15. Development of the optical density at 500 nm of "elec- 
trolyzed" regions of a soda lime glass discharge tube during sub- 
sequent exposure to a normal mercury discharge. The parameters 
denote the calculated sodium depletion depths (confirmed by RBS 
measurements). 
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the  ESCA roentgen source. I t  seems, then, tha t  the 
mercu ry  pene t ra tes  in the small  voids tha t  are  com- 
monly  presen t  in glass [compare  the densi ty  of quar tz  
crystals  (2.65) and that  of fused quar tz  (2.2 g cm -~)  ], 
The voids at  the surface are  r ap id ly  filled (Fig. 3) and 
the amount  of m e r c u r y  at  the  surface,  as seen wi th  
ESCA, seems to be de te rmined  essent ia l ly  b y  the 
n u m b e r  of accessible voids. 

I t  is wor th  ment ioning  in this connection tha t  we 
found mercu ry  also in the  sur~[ace region of fused 
quartz,  a f te r  this had  been exposed to a me rcu ry  dis-  
charge. The amount  found at the surface of  quar tz  was 
comparable  to tha t  found in soda l ime glass (ESCA) .  
I t  is also unders t andab le  in this p ic ture  tha t  more  
mercu ry  is found at  the  surface of po tass ium si l icate 
glasses (single a lka l i  or  mixed)  than  in sodium si l icate 
glasses, given the l a r g e r  molar  volume and conse- 
quent ly  l a rge r  p ropor t ion  of s izable voids in the  po-  
tassium glasses (15). More w o r k  wil l  be needed to 
establ ish the  precise  va lency  of the  m e r c u r y  in  the 
voids at  the surface of the  glass. 

Since the rma l  me rcu ry  a toms do not  en te r  the glass, 
wha t  is the source of energy  a l lowing the m e r c u r y  
to enter  the glass f rom a discharge? The mercu ry  ions 
a r r iv ing  f rom the  p l a sma  th rough  the  "sheath" be -  
tween p lasma  and wal l  a t  the surface of the  glass 
have a k inet ic  energy of about  1 eV (16). This seems 
r a the r  low for pene t r a t ing  into the  glass. A more  
serious p rob l em is tha t  the  surface reservoi r  is filled 
wi th in  1 hr  a t  cur ren t  densi t ies  of the  discharge tha t  
are  so low that  the total  number  Of mercu ry  ions 
a r r iv ing  f rom the p l a sma  at  the sur face  in this  per iod  
(about  1013 cm -2)  is an  o rde r  of magni tude  less than  
the amount  of me rcu ry  pene t ra t ing  the  glass (Fig. 8). 
There  is, of course, one energet ic  species tha t  is not  
in short  supply,  not  even at  the lowest  cur rents  used 
in Fig. 8, viz., mercu ry  a toms exci ted  at  the surface, 
or  so close to the  surface tha t  t hey  can reach  the wal l  
before de-exci ta t ion.  De-exc i ta t ion  at  the wal l  p ro -  
duces a local t he rma l  spike  tha t  appa ren t ly  aDews the  
mercu ry  to enter  the glass. Mercury  ions, acquir ing  a 
( l a rger )  recombina t ion  energy  wil l  a ]ortiori be able 
to enter.  The r e l a t ive ly  low energy  of the  mercu ry  ions 
or  a toms en te r ing  the glass implies  tha t  the dep th  of 
the  "surface reservoi r"  could not be much  in excess of 
1 nm. 

(ii) F r o m  the r ap id ly  filled surface  reservoi r  ionic 
me rcu ry  migra tes  s lowly deeper  into the glass. One of 
the  dr iv ing  forces is a photoelect r ic  field genera ted  by  
absorpt ion  of u l t r av io le t  r ad ia t ion  close to the  surface  
(185 nm rad ia t ion  f rom mercu ry  and, to an extent  
depending  on the vapor  pressure  of the mercury ,  115 
nm rad ia t ion  f rom argon) .  This photoelec t r ic  field, 
often cal led Dember  field, arises when absorpt ion  of 
l ight  causes a g rad ien t  in the  dens i ty  of charge car -  
riers.  The s t rength  of the field depends on different  
mobil i t ies  of photoelectrons  and photohotes.  A n  electr ic  
field wi l l  also arise when  one type  of car r ie rs  is p re fe r -  
entiaDy t r apped  in the  glass (17). Since electrons are  
genera l ly  more  mobi le  than  (photo)holes  and are, 
moreover ,  p re fe ren t i a l ly  t r apped  in glass, the genera l  
t rend  is t ha t  mobi le  m e r c u r y  ions are  pu l led  in  the  
di rect ion of decreas ing l ight  intensi ty.  Impor t an t  e lec-  
t ron  t raps  in glass are  wa te r  molecules  (OH-groups)  
(18) that  a re  p resen t  in the  bu lk  of soda Iime glass in 
concentrat ions  of, typical ly ,  3 ppm. Water  concent ra-  
tions at  the  surface of glass tha t  has  been exposed to 
the a tmosphere  can be cons iderably  higher.  When  glass 
is exposed to a vacuum, w a t e r  molecules  tend  to di f -  
fuse out  of the  nea r - su r f ace  region of the glass, espe-  
c ia l ly  under  i r rad ia t ion  wi th  u l t rav io le t  l ight  (19). 
In  tha t  case a wa te r  g rad ien t  wi l l  develop,  which  
would enhance  the t r a p - d e t e r m i n e d  photoelect r ic  field. 
This photoelect r ic  field runs  counter  to, and  appa re n t l y  
overrules ,  the  macroscopic field across the  tube  wal l  
tha t  tends to dr ive  posi t ive ions f rom the outer  to the 

inner  wall .  Superpos i t ion  of the two fields wi l t  p roduce  
a potent ia l  min imum at some smal l  d is tance f rom the 
surface.  The  posi t ion of this m i n i m u m  can be in fe r red  
f rom the dep th  at  which me rc u ry  u l t ima te ly  accumu-  
lates:  genera l ly  at  30-40 nm below the surface. 

Mercu ry  migra tes  f rom the "surface  reservoir"  
deeper  into the glass also at  ve ry  low discharge cur -  
rents.  In  this  case the  exis tence of a photoelec t r ic  
effect seems unl ikely ,  however .  We are never theless  
deal ing wi th  migra t ion  of mercury  ions, not atoms. A 
clear  indica t ion  for the  migra t ion  of ions is the  p ro -  
nounced mixed  a lka l i  effect a t  low discharge currents .  
Could we be observing,  then, pass ive diffusion of 
mercury  ions? This  seems not to be the case. Long-  
t e rm  exposures  of clean f rac tu red  surfaces to a low 
cur ren t  d ischarge resul ted  in concent ra t ion  of mercu ry  
genera l ly  at depth  of 4-10 nm and sometimes as deep 
as about  20 nm. This type  of profile cannot  arise in a 
diffusion process and points to migra t ion  of ions in an 
electr ic  field. Could i t  be that  some of the low energy  
electrons flooding the  glass pene t r a t e  sufficiently deep 
into the glass, get  t rapped,  and set  up a local "p lasma-  
genera ted"  field analogous to the photoelec t r ic  field? 
Mean free paths  of ve ry  low energy  electrons can be  
considerable:  the  la rges t  value  repor ted  in Ref. (6) is 
100 nm at  1 eV for a number  of e lementa l  solids. Values  
of 10 nm are commonly  quoted for inorganic  solids at  
10 eV. 

A t  high discharge currents  one cannot  rule  out  the 
poss ibi l i ty  tha t  the  migra t ion  of me rc u ry  is to some ex -  
tent  photon  assisted. A fleeting exis tence  as me rcu ry  
atoms would  lower  coulomb ba r r i e r s  and faci l i ta te  the 
migrat ion.  That  me rc u ry  ions eas i ly  pick up photo-  
e lectrons is evident ,  because they  are  u l t ima te ly  re -  
duced b y  photoelectrons  and form drople ts  of meta l l ic  
mercury .  An indicat ion of photon-ass is ted  migra t ion  
is tha t  the mixed  a lka l i  effect is much less pronounced 
at h igh discharge currents  than  at  low currents!  Bar -  
r iers  to ionic migra t ion  exis t ing in mixed  glasses are  
appa ren t ly  r e l axed  in the presence of high concen-  
t ra t ions  of photoelectrons.  I t  would be difficult, how-  
ever, to d isentangle  photon-ass i s ted  migra t ion  and mi -  
gra t ion  in a photoelect r ic  field. 

(iii) Before the nucleat ion and g rowth  of meta l l ic  
drople ts  the mercu ry  exists  in the  glass as me rcu ry  
ions that  do not  absorb  light.  A second form of " invis i-  
ble" mercu ry  tha t  has to be considered,  however ,  is 
that  of drople ts  of molecu la r  m e r c u r y  of a subcr i t ica l  
size, bound by  Van d er Waals  forces s imi la r  to those 
b inding  me rc u ry  d imers  (20). 

The nucleat ion and growth  of m e r c u r y  drople ts  is 
vas t ly  enhanced when  the propor t ion  of a rgon r ad i a -  
t ion f rom the discharge is increased by  lower ing  the 
mercu ry  vapor  pressure.  There  is, ho,wever, a l imi t  to 
the  da rken ing  ra te  tha t  may  welt  be set  by  sa tura t ion  
of the t r a p - d e t e r m i n e d  photoelect r ic  field that  occurs 
when  al l  ava i lab le  e lect ron t raps  are  filled, even the 
sha l lower  ones. 

If the  "surface reservoi r"  can be  filled by  exci ted  
mercu ry  atoms and if mercu ry  ions migra te  f rom this 
reservoi r  in a photoelectr ic  field and are  u l t ima te ly  re-  
duced b y  photoelectrons,  what ,  then, is the  role  of the 
p lasma in the process of glass darkening?  Wil l  glass 
da rken  also in the  absence of a p l a sma  and in the  pres -  
ence of m e r c u r y  vapor  and u l t rav io le t  l ight? The  
answer  is tha t  it  wil l  not  or ha rd ly  at  all. This was 
found when  pa r t  of the  Wall of a discharge tube  of 
soda l ime glass was screened by  a quartz  glass cyl inder ,  
w i th  50% transmiss ion for 185 nm radia t ion,  inside the  
tube. However ,  u l t rav io le t  photons in combinat ion  wi th  
mercu ry  vapor  were  able  to da rken  soda l ime glass 
a f te r  i t  had  been  modified b y  "electrolysis ,"  removing 
sodium ions f rom the glass near  the inner  wall.  Thus 
modified, soda l ime glass is except iona l ly  prone  to 
darkening,  appa ren t ly  on account  of i ts r e l a t ive ly  open 
s t ructure  (compare  wi th  Fig. 15). The da rken ing  of 
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Fig. ]6. Darkening of different sections of a discharge tube of 
soda lime gloss after "electrolysis" of the gloss with a d-c current. 
The dashed curve gives the darkening of a tube section exposed to 
the plasma, whi|e the solid curves were measured on sections 
screened from the plasma. One section was totally screened from 
energetic ultraviolet light (curve marked "Pyrex"), another section 
was irradiated with 254 nm only ("TUV") ,  and a third was irradi- 
ated with both 254 and 185 nm radiation ("quartz"). 

"elect rolyzed"  glass screened by  var ious  opt ical  filters 
is shown in Fig. 16. 

Sect ions of a discharge tube  of soda l ime glass were  
e lec t ro lyzed  by  passing a d -c  cur ren t  th rough  the 
tube  wal l  while  an a -c  mercu ry  d ischarge  was running.  
As ment ioned  above this t r ea tmen t  leaves the  glass 
pe r fec t ly  t ransparen t .  The amount  of me rcu ry  at  the  
end of the "electrolysis"  was 7 • 10 z5 cm -2, which 
would  n o r m a l l y  cause a s l ight  da rken ing  (compare  
wi th  Fig. 12). No da rken ing  is expected,  however ,  when  
this amount  of me rcu ry  is d i s t r ibu ted  over  a much  
grea te r  dep th  than  it no rma l ly  is (compare  wi th  the  
profiles in Fig. 11). Cyl inders  of different  k inds  of 
glass inside the  tube  were  now shif ted to screen the 
e lec t ro lyzed regions and no rma l  opera t ion  of the a -c  
discharge was resumed.  The curves in Fig. 16 show 
that  the tube sect ion screened by  glass opaque to u l t r a -  
violet  l ight  did  not  da rken  at  all, the tube sect ion 
seeing 254 nm radia t ion  da rkened  apprec iab ly  and 
the sect ion exposed to both  254 and 185 nm rad ia t ion  
da rkened  rapidly .  The ve ry  rap id  da rken ing  of un-  
screened,  e lec t ro lyzed glass is given by  the dashed 
curve. 

The fact  that  no rma l  soda l ime glass requi res  ex -  
posure  to a ful l  p lasma  for apprec iab le  da rken ing  and 
the large  effect of the p lasma  on the da rken ing  of 
"e lec t rolyzed"  soda l ime glass (compare  curves m a r k e d  
"quar tz"  and "discharge" in Fig. 16) show tha t  the  
p lasma contr ibutes  an essent ia l  factor  to the  d a r k -  
ening process, in addi t ion to u l t rav io le t  l ight  and (ex-  
ci ted) me rcu ry  atoms. This cont r ibu t ion  is not  in the  
form of mercu ry  ions, since the influx of me rc u ry  is 
not  a l imi t ing  factor  (compare  wi th  Fig. 8). Having 
e l imina ted  mercu ry  and photons, this leaves only low 
energy  electrons f rom the p lasma  flooding the glass 
wall.  Low energy  electrons can pene t ra te  f rom the 
p lasma into the glass and recombine ,  wi th  photon-  
exci ted  holes. As a resul t  the s t a t ionary  concentra t ion 
of photoelectrons  t r apped  in e lec t ron t raps (for e x a m -  
ple, OH-groups)  wi l l  be much higher  in the presence 
of the ful l  discharge,  wi th  a concomitant  increase in the  
s t rength  of the photoelect r ic  field. In the absence of a 
p lasma this field is too weak  to cause da rken ing  of 
normal  soda l ime glass, but  s t rong enough to cause 
rap id  da rken ing  of "e lect rolyzed" glass. 

Final ly ,  we sum up some examples  of effects of 
proper t ies  of the glass ma t r i x  on the da rken ing  rate.  
The da rken ing  wil l  obviously  depend  on the overa l l  
composi t ion of the glass. Potass ium glass darkens  more  
r a p id ly  than  sodium glass, because i t  is roomier  and 
sof ter  mechanical ly .  In  m i x e d - a l k a l i  glasses the  mi -  
gra t ion of me rc u ry  ions is impeded.  The ra te  of d a r k -  
ening can also be affected by  minor  components  of 
the glass. Thus wa te r  molecules  (OH-groups )  can act 
as e lec t ron  t raps  increas ing  the s t rength  of the  pho to -  
e lectr ic  field, and, possibly,  also as nuclea t ion  sites 
for me rc u ry  droplets .  F inal ly ,  the da rken ing  ra te  can 
be influenced by  local changes in the composit ion of the 
glass, for instance, whe re  glass has been  sof tened by  
"electrolysis,"  removing  sodium ions f rom the ne twork .  
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van  Pelt.  Pa r t  of the exper iments  were  car r ied  out  
by  Mrs. N. van  Weer t  and Mr. T. Rietveld.  The d r a w -  
ings are  b y  Mr. I. van Dommelen.  The  manusc r ip t  was 
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Manuscr ip t  submi t ted  May 17, 1982; rev ised  m a n u -  
script  rece ived  Aug. 23, 1982. This was Pape r  502 p re -  
sented at  the Montreal ,  Quebec, Canada,  Meet ing  of the  
Society,  May  9-14, 1982. 

A n y  discussion of this paper  wil l  appea r  in a Dis-  
cussion Section to be publ i shed  in the December  1983 
JOURNAL. Al l  discussions for  the December  1983 Dis- 
cussion Section should be submi t ted  by  Aug. 1, 1983. 
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Composition and Structure Control by Source Gas Ratio in LPCVD 
SiNx 

Takahiro Makino 
Nippon Telegraph and Telephone Public Corporation, Musashino Electrical Communication Laboratory, Musashino-shi, 

Tokyo 180, Japan 

ABSTRACT 

The effect of the ammonia(NH3)-to-dichlorsilane(SiH~C12)ratio, R, on film composition and structure have been investi- 
gated using He backscattering, infrared absorption, ellipsometry, and electron spin resonance. Films were deposited at 
770~ with an R ranging from 0.1 to 10 at reduced pressure in hot wall reactor. The composition of film with R= 10 was found 
to be nearly stoichiometric, whereas silicon-rich films were obtained when R decreased. To be silicon-rich, nitrogen atoms 
should be coordinated with less than three silicon atoms as a result of the formation of N-H or N-N bonds. However, in the 
present work, the concentration of N-H bonds was so small that nitrogen-rich film was not obtained. The refractive index 
on the SiNx was deduced to be a bonding-density-weighted linear combination ofns~3N4 and ns, An ESR signal with a g-value 
of 2.003 was found for silicon-rich films, and was associated with silicon dangling bonds. Annealing at 1100~ caused com- 
plete effusion of hydrogen atoms, but a slight increase in ESR spin density. This indicated that formation of Si-N bonding or 
valence alternation pairs during the annealing was responsible for rather small ESR spin density. 

CVD (chemically vapor deposited) silicon ni t r ide has 
been widely used for oxidation and diffusion masks 
(1-3), dielectric layers, and nonvolat i le  MNOS memory 
elements in  LSI's (4, 5). Because of the interest  in this 
material ,  several  at tempts have been made to use 
differing method~ to obta in  silicon ni tr ide films, in -  
cluding through pyrolysis of SiH4-NI~ (1, 4, 6-10), 
SiC]4-NH3 (11), or SiBr4-NH~ (12) gases in an atmo- 
spheric pressure cold wall  reactor. In addition to its 
hydrogen content and stress, the electrical properties 
of this material,  its refractive index, and etch rate i n  
HF acid have been extensively studied. Nevertheless, 
only a small  amount  of informat ion about  defects in 
silicon ni t r ide  has come to light, and the relationship 
between defects and film structure remains similarly 
unknown.  

In recent years, there has been a growing interest  
in  a new LPCVD (low pressure chemical vapor deposi- 
tion) method (13, 14), owing main ly  to the excellent 
uni formi ty  of film thickness and composition, and high 
through-put  of wafers that results from it. It is re-  
ported that  SiH4~NH3 pyrolysis under  a var ie ty  of 
flows and pressures provides wafer thickness un i form-  
ities worse than  __.20%, while the use of SiH2C12 
achieves .excellent wafer uni formi ty  without requir -  
ing any  quartz modifications (13). As with atmo- 
spheric CVD silicon nitride, the refractive index and 
etch rate in HF acid of LPCVD silicon nitr ide have 
been examined under  various deposition conditions 
(13, 14). However, the physical  properties of LPCVD 
silicon ni tr ide are not  well known.  Fi lm composition 
and defects have not been investigated, either. 

The purpose of this s tudy was to characterize LPCVD 
silicon nitride,  including its physical properties, film 
composition, and defects. This was done through anal -  
ysis of the silicon ni tr ide by means of He RBS 
(Rutherford backscat ter ing),  ellipsometry, inf rared  
(IR) absorption and ESR (electron sp4n resonance).  
On the basis of these results, film structure is discussed 
in relat ion to its defects. 

Experimental 
Sample preparation.---Silicon ni t r ide films were pre-  

pared by pyrolytic reaction between gaseous SiH~C12 
and NHa in a resis tance-heated conventional  hot wall  
reactor at reduced pressure (13, 14). Total gas flow 
rates for the SiH2CI~ and NH3 were main ta ined  at 220 
cm3/min, and  total pressure was kept constant  at 
about 0.4 +_ 0.04 Torr  with an automatical ly controlled 
butterfly valve. In  order  to chan~e film properties, the 
gas flow ratio NHJSiH2C12 (--R) was changed from 
0.1 to 10. Immedia te ly  after cleaning in an I-I202-H2SO4 

Key words: backscattering, ESR, infrared absorption. 

mixture  and subsequent  d i p p i n g  in dilute HF acid, 
the substrates were placed vert ical ly on a fused silica 
boat, and positioned in the level temperature  zone 
(770~ of the reactor. On loading the boat into the 
reactor, it  was evacuated to 10 -3 Torr  and then ni t ro-  
gen gas was introduced dur ing the substrates warm-  
up period, dur ing  which a pressure of 0.4 Torr was 
maintained.  Silicon nitr ide films were deposited to a 
thickness of 2000-2500A on both side's of the substrates. 

Silicon substrates used were (111) oriented n- type  
single crystal wafers of a 100-200 l%cm resistivity, me- 
chanically and chemically polished. For ESR and RBS 
measurements ,  ordinary 0.3 m m  thick substrates were 
used.  For IR absorption measurements ,  1 mm thick 
substrates polished on both sides were used so as to 
avoid any optical interference. 

The film thickness and refractive index were mea-  
sured by an ell ipsometer (Rudolph Research Auto 
EL-I)  equipped with an He-Ne laser light source (k _-- 
6328A). A complex index of 3.858-0.018i for the silicon 
substrate was a, dopted (15, 16). No correction was 
performed for the possible 10-20A nat ive  oxide be-  
tween the silicon ni tr ide film and silicon substrate. 
Since the film thickness was confirmed by Talysurf  
measurement ,  the measured refractive index seems 
correct, at least for the thick films, despite ignoring 
the native oxide. 

RBS measurements.--RBS measurement  of 2 MeV 
4He ions was utilized to determine the film composi- 
tion, such as the silicon and ni t rogen concentrations, 
and the atomic ratio N/St. Figure 1 shows a typical 
spectrum for RBS measurements.  The atomic ratio 
N/St  ( ~ X )  was determined with a yield ratio of Si 
in SiNx to pure St. Pure  silicon yield was estimated 
by interpolat}on of Si yield between the substrate and 
polycrystal l ine silicon deposited on SiNx prior to 
RBS measurement .  The stopping power of SiNx was 
calculated according to Bragg's rule with Si and solid- 
phase N stopping power (17). Density and atomic 
concentrations were quotients of the surface density 
and atomic concentrat ion (measured by RBS) divided 
by film thickness (measured by ell ipsometer),  as- 
suming uni form density and atomic concentrations 
throughout  the films. A detailed description of the 
analysis will  be given elsewhere (18). 

IR absorption measurements.--.Hydrogen atoms, 
which were expected to be introduced in the SiNx 
films as decomposition products from SiH~CI~ and NH3, 
were detected with IR absorption. A typical IR ab-  
sorption spectrum is shown in Fig. 2. The bands at 
2190 cm -1 and 3310 cm-1 are ascribed to Si-H and 
NH vibrations,  respectively ~(8). 
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1.0 

• 3 • 0.3 mm. The measured  g -va lue  and l ine 
width  were  calibra.ted wi th  Mn ++ in MgO. The 
number  of spins was es t imated f rom Ns cc IWH 2 (19). 
Here, Ns is the total  n u m b e r  of spins tha t  contr ibute  
to a signal  wi th  a p e a k - t o - p e a k  height  I and width  
W, which was ca l ibra ted  wi th  s t andard  sample  con- 
ta ining a known  n u m b e r  of spins. 

F igure  3 shows the der iva t ive  ESR absorpt ion  curves 
of as -depos i ted  si l icon n i t r ide  wi th  NHJSiH~Cls  = 
0.1 and 10. The observed  signal  has a n e a r l y  gaussian 
shape, wi th  a g -va lue  of 2.003 and l ine wid th  (peak-  
to -peak  width)  of 9.9G. The s ignal  does not  show 
any g- fac to r  anisotropy;  the  same g -va lue  was Qb- 
ra ined regardless  of sample  or ien ta t ion  in  the magnet ic  
field. No o ther  signals were  observed for  the mag-  
net ic  field ranging  f rom 3150-3550G, which corresponds 
to a g - fac to r  of 1.9-2.14. 

Structure and Properties of SiN= 
Film composi~ion.--RBS measurements  were  made  

in o rde r  to de te rmine  the atomic ratio,  a tomic con- 
centrat ion,  and dens i ty  of  depos i ted  S iNx films. The 
resul l s  a re  summar ized  in Fig. 4 as a funct ion of the 
NHs/SiH2C12 gas rat io  ( - R ) .  Wi th  decreasing R, the  
silicon concentrat ion,  Nsi, increases  s l ight ly  f rom 3.75 
to 3.95 • 1022 cm -3, while  the  NN decreases  f rom 
4.9 to 4.2 • 1022 cm -3. A t  the  h ighes t  R (R = 10), 
the composit ion of the  film is found to be nea r ly  stoi-  
chiomet r ic  ( N N / N s i  : 1.31), whereas  it becomes 
s i l icon-r ich  wi th  decreasing R. Namely  n i t rogen- r i ch  
film was not  obta ined  desp i te  the  fact  tha t  the  NHs 
flow ra te  was ten t imes as large  as tha t  of SiH~C12, 
though s i l icon-r ich  films can be eas i ly  ob ta ined  as 
long as gas rat io R is at least  less than  1. These resul ts  
a re  discussed in the  fol lowing section. 

Refractive index and etching rate.--Since film com-  
posit ion affecCs the proper t ies  of silicon n i t r ide  films, 
the ref rac t ive  index and etch r a t e  in 49 % HF solut ion 
were  measured  (Fig. 5). At  the  h ighes t  R, the re f rac -  
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ESR measurements.--ESR was measu red  at  room 
t e m p e r a t u r e  us ing an X - b a n d  spec t romete r  wi th  a 
field modula t ion  f requency  of 100 kHz and a modu la -  
t ion field of 2G. Care was taken  to avoid power  sa tu-  
ra t ion  which causes incorrect  absorp t ion  intensi ty.  
Specimens  were  cut into thin r ec t angu la r  p la tes  50 

I I I 

2.031 2_..003 1.981 

g-VALUE 
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t i r e  index  is 1.987, which  is the  value  of Si3N4 (20). 
Wi th  decrea~ing R, the  ref rac t ive  index increases, and 
the etch ra te  decreases.  This is p r e sumab ly  because 
the composit ion of the  films g radua l ly  becomes si l icon- 
rich. 

F igure  6 shows the re la t ionship  be tween  the film 
atomic ra t io  and the ref rac t ive  index, both  for the 
p resen t  SiH~CI~-NI-I~ system a~ 770~ and for  the  
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Fig. 6. Optical density for peaks of the N~H and Sill bands as a 

function of the NHJSiH2CI2 ratio. 

SiH4-NH8 system at 850~ (20). The two resul ts  are  
in good agreement  wi th  each other,  suggesting that  
the re la t /onship  be tween  the atomic rat io  and r e -  
f rac t ive  index  is independent  of  deposi t ion conditions.  
This re la t ionship  wil l  be theore t ica l ly  discussed in 
the fol lowing section. F igure  6 can be used to de te r -  
mine  the  N/S i  ra t io  f rom the va lue  of the re f rac t ive  
index,  which is eas i ly  measured.  

Hydrogen content.--Hydrogen atoms were  not  in ten-  
t iona l ly  added,  but  were  in t roduced as decomposi t ion 
products  f rom the SiH2C12 and NHI8 source gases. The 
opt ical  dens i ty  log (Io/I) for the  S i -H  and N-H ab-  
sorpt ion peaks is p lo t ted  in Fig. 7 as a funct ion of R. 
The N - H  absorpt ion  increases wi th  increas ing R, 
whi le  S i -H  is only  s l ight ly  dependen t  on R. 

Ste in  and Wegener  (8) ca l ib ra ted  the  opt ical  dens i ty  
of the N-H bond to bond dens i ty  on h y d r o g e n - i m -  
p lan ted  sil icon n i t r ide  samples  as 

2.3 [optical  densi ty]  
bond dens i ty  --  

[8 • 10-20(cm2) ] [film thickness]  

Consequently,  an opt ical  dens i ty  of I • 10-3 gives a 
6.5 • 1020 cm -3 bond density.  However ,  s t e in ' s  r e l a -  
t ion seems to overes t imate  the bond dens i ty  because 
the  i on - imp lan ted  hydrogen  atoms m a y  not  al l  form 
bonds with  silicon or n i t rogen atoms. 

Af t e r  annea l ing  in a n i t rogen a tmosphere  at  l l00~ 
both S i -H  and N-H bond absorpt ion  are  comple te ly  
lost, as was p rev ious ly  repor ted  for sil icon n i t r ide  films 
p repared  by  a react ion of Sill4 and NHa (8, 9). 

ESR measurements.--Since ESR is an effective t o o l  
for s tudying paramagne t ic  defects and impur i t ies  in 
solids, many  repor ts  have been publ i shed  concerning 
defects in SiO2 and Si-SiO2 as measured  by  ESR (21, 
22). However ,  less is known about  Si3N4 or  SiNx films. 

F igure  3 shows typica l  ESR absorpt ion  curves.  The 
ESR signal  was observed on ly  for  s i l icon-r ich  SiN film 
(R ~ 0.1 f i lm),  and d i sappeared  for s toichiometr ic  

SigN4 film (R ---- 10 f i lm):  This suggests that  the ob-  
served ESR center  exists  at  an Si dangl ing  bond 
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(trivalent Si having one unpaired electron). Figure 8 
summarizes the dependence of spin density on NHs/ 
SiH2C12 gas ratio, both before and after annealing at 
ll00~ After the annealing, spin density increased ex- 
clusive of the stoichiometric Si3N4 case (R ~ 10). It is 
noted that the observed spin density is far smaller 
than the Si-H or N-H bond concentration. 

In order to determine the distribution of the ESR 
center in the film, E SR measurements were performed 

after Successive film etchings in HF solution. Signal 
intensity is almost proportional to film thickness, as is 
shown in Fig. 9. Therefore it is thought that the ESR 
center is distributed almost uniformly in the film. In 
other words, the signal is closely involved with the 
film's bulk property, and not its surface. 

Discussion 
Nitrogen-rich silicon nitride.--In ideal stoichiomet- 

tic silicon nitride (Si3ND (23), the silicon atom is co- 
ordinated by four nearest-neighbor nitrogen atoms in 
a distorted 4etrahedral arrangement. The ni:trogen 
atoms are threefold coordinated by silicon atoms in a 
nearly planar trigonal arrangement. 

Here, let us consider the composition of silicon ni- 
tride that contains hydrogen atoms. To be nitrogen- 
rich, it is clear that the nitrogen atoms should be co- 
ordinated by less than three silicon atoms as a result 
of the formation of N-H and/or N-N bonds. If half 
of the nitrogen atom has one N-H bond, Si~,.sN4H~ 
(N/Si -- 1.6) film will be obtained. In other words, an 
N-H bond concentration of about 2.4 • 1022 cm-S 
(cf. Fig. 4) yields N/Si -- 1.6 film. Similarly silicon- 
rich film can be deposited by the formation of Si-H 
and/or Si-Si bonds. 

Nitrogen-rich silicon nitride film was not obtained 
even with a high NHs/SiHsC12 gas ratio of 10, whereas 
silicon-rich film was easily deposited as tong as R was 
small. A similar result was reported for the pyrolysis 
system of SiI~ and NH8 in an atmospheric pressure 
cold wall reactor (20). In that case the film composi- 
tion was stoichiometric despite the fact that the N H J  
Sill4 gas ratio was 100. Accordingly it is concluded that 
by the CVD method the N-N or N-H bond concentra- 
tion was too small to yield nitrogen-rich film. This can 
be confirmed by the following reasons. The N-N bond 
formation is prevented by the fact that sp2 hybrid or- 
bitals of nitrogen atoms arranged in a planar trigonal 
arrangement are not favorable for the formation of 
three-dimensional material. The small N-H bond con- 
centration is due to the deposition method of CVD, 
which involves thermal decomposition of gaseous 
SiH2Cle (Sill4) and NH3 requiring reduction of hy- 
drogen in principle. It is noted that a smaller hydrogen 
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atom concentra t ion is in t roduced than  expected  wi th  
use of Stein 's  ca l ibra t ion  factor,  because th rough  it  
(an assumpt ion of 5.9 X 1021 NH and 1.3 • 10 zl S i l l  
bond concentrat ion)  Si2.~N4H0.59 film, i.e., N/S i  = 
1.38, is der ived.  On the contrary ,  S i -S i  bonding is 
r ead i ly  formed as in the case of amorphous  silicon. 
Therefore  s i l icon-r ich film can be obta ined  wi thout  a 
la rge  amount  of S i -H  formation.  

In  contras t  wi th  CVD method,  Yoshimi et al. re -  
por ted  that  n i t r ogen - r i ch  film is ob ta inable  by  means  
of glow~discharge method  under  low t empera tu r e  of 
130~ (24). Composi t ion of the  n i t rogen- r i ch  film is 
Si2.jN4I-Ia.3, cor responding  to 33 a /o  hydrogen  content  
(24). This  resul t  indicates  tha t  n i t rogen- r i ch  films 
should contain a large  amount  of hydrogen  atoms. Ac-  
cording to the pr inc ip le  to be n i t rogen- r i ch  as men-  
t ioned before,  i t  is thought  that  the  hydrogen  atoms 
form bonds wi th  ni trogen.  A la rge  amount  of the h y -  
drogen is a t t r i bu ted  to the deposi t ion method with  rf  
p lasma to provide  some of the  act ivat ion energy  
needed for the  react ion be tween  SiI-14 and NH3 or N2. 
In conclusion, n i t rogen- r i ch  film is obta ined only with  
g low-d ischarge  method  as a resul t  of a large  amount  of 
N - H  b o n d  formation.  

Atomic ratio reiractive index relationship.--The 
re la t ion  of the atomic ratio,  N /S i  (~-x),  to the re f rac -  
t ive index,  n (x) ,  is a s imple  one as is shown in Fig. 
6. I t  is deduced  as follows. 

Assuming  that  n (x)  of the  s i l icon-r ich  film is a 
bond ing -dens i t y -we igh t ed  l inear  combinat ion of NScsN4 
and Nsi, the s imple  n (x)  expression 

NSI-NnSiaN4 + Nsi.siNsl 
nCx) = 

Nsi.~r + Nsi.si 

can be obtained.  Here the contr ibut ion  of smal l  
amounts  of  NN-H and Nsi-H is ignored. Bonding dens i ty  
rat io is given by  the atomic rat io  

NSi-N 3NN 3X 

Nsi.si ( ) 2 Nsl -- NN 1 -- -- x 
4 

In this way, the n (x) to x relation is obtained as 

8 
nst -}- -~- X (2nSisN4 --  nsi) 

n(x )  = 
3 

l + ~ x  
4 

This re la t ion  agrees  wel l  wi th  the expe r imen ta l  r e -  
sults, when  Nsi ---- 3.85 (16) and NSiaN4 "- 1.98 are  
chosen. 

Origin of ESR signal.---Silicon dangl ing  bonds have  
one lone pa i r  e lec t ron and are  accordingly  p a r a m a g -  
netic. In  t he rma l ly  oxidized silicon, the  ESR signal  
(g -va lue  2.000-2.010) has been confirmed to or iginate  
f rom the sil icon dangl ing bonds  pe rpend icu la r  to the 
(111) Si-SiO~ interface,  where  s i l icon-r ich silicon di-  
oxide  exists  (21, 22). In  CVD SIO2, an ESR signal wi th  
a g -va lue  of  2.003 and a l ine width  of 6G was ob-  
served  (25). The ESR signal  in CVD SiO2 is p robab ly  
the  same one observed  in t he rma l ly  oxidized silicon. 
Therefore,  the  presen t  ESR signal  of s i l icon-r ich  si l i -  
con n i t r ide  is thought  of as belonging to sil icon dan-  
gl ing bonds. 

As shown in Fig. 8, ESR signals  increase wi th  an-  
neal ing.  In  annea l ing  at  II00~ hydrogen  is f reed 
f rom S i -H  and N - H  bonds, and leaves addi t ional  s i l i -  
con and n i t rogen dangl ing  bonds.  However ,  i t  seems 
tha t  the increase in ESR spin dens i ty  af ter  the  an-  
nea l ing  is smal le r  than  the number  of S i -H bonds, a l -  
though Stein 's  re la t ion  overes t imates  S i -H  bond n u m -  
ber.  

This d i sc repancy  comes from the fact tha t  silicon 
and n i t rogen dangl ing  bonds form new S i -N  or  S i -S i  

bonds, or  new valence  a l te rna t ion  pairs  (VAP) .  Sp in -  
less defects are formed via  the exo thermic  reac t ion  of 
sil icon dangl ing bonds:  2Si3 o -> Si~ + -{- Si~-  (26). 
Here  the pos i t ive ly  charged Sia + a tom has three  sp 2 
bonding orbi tals ,  and the nega t ive ly  charged Si~-  has 
three  p bonding orbi tals ,  both  orb i ta l s  being occupied 
wi th  th ree  electrons.  Therefore,  Si3 + and Si~-  a re  spin-  
less defects. The concept of VAP occurr ing in silicon 
n i t r ide  was proposed to expla in  the  character is t ics  of 
MNOS m e m o r y  devices (27). In  this conceptual izat ion,  
one of the  lone pa i r  e lect rons  of the threefo ld  coordi-  
na ted  n i t rogen is t r ans fe r red  to a n i t rogen  a tom tha t  
has a dangl ing bond, and a silicon a tom tha t  has a 
dangl ing  bond forms a new S i -N  bond. This resul ts  in 
a spinless Si-N4 + bond and N2-,  out  of a pa i r  of si l i-  
con and n i t rogen  dangl ing bonds (27). In  any  case, 
whe the r  th rough  the format ion  of new Si-N, S i -S i  
bonds or  VAP, these react ions reduce the concentra t ion 
of unpa i red  electrons.  By assuming these r e a r r ange -  
ments, the  expe r imen ta l  resul ts  can be wel l  ex-  
plained.  Spin dens i ty  does not  increase  wi th  anneal ing  
at  l l00~ for silicon n i t r ide  when R = 10. In  R --  10 
film, the  number  of silicon dangl ing  bonds is sup-  
posed to be smal le r  than  that  of ni t rogen.  Therefore  
sil icon dangl ing bond forms bonds with  n i t rogen so 
r ead i ly  tha t  the  spin dens i ty  does not  increase.  

I t  is noted that  R --- 10 silicon n i t r ide  annea led  at  
II00~ contained a l a rge  number  of n i t rogen  dangl ing  
bonds even af te r  fo rmat ion  of S i -N bonds or  VAP. 
This is supposedly  due  to the  fact  that  the amount  of 
N-H is la rger  than  that  of Si-H.  However ,  an ESR 
signal  corresponding to a n i t rogen dangl ing bond was 
not  observed.  This fact  can be a t t r ibu ted  to valence 
a l te rna t ion  of the n i t rogen dangl ing  bonds, e.g., 2N2o 
--> N2 + + N~-,  or  to weak ly  bonded  N-N. To confirm 
this va lence  a l te rna t ion ,  fu r ther  s tudies a re  required.  
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Partial Purification of Metallurgical Silicon by Acid Extraction 
T. L. Chu and Shirley S. Chu 

Southern Methodist University, Dallas, Texas 75275 

ABSTRACT 

Metallurgical grade silicon may be purified by the acid extraction technique because of the segregation of impuri t ies  at 
grain boundaries  during the solidification of the melt in the manufacturing process. The partial  purification of pulverized 
metallurgical  silicon by refluxing with acids has been investigated in detail using aqua regia, hydrochloric  acid, and an 
equivolume mixture of sulfuric acid and nitric acid. Aqua regia is most effective, and the extent  of removal  of metallic impu- 
rities under  atmospheric  pressure has been determined as a function of the duration of refluxing. Although more than 80% 
of metallic impuri t ies  can be removed, the dissolution of impurit ies is a slow process. The rate of dissolution may be in- 
creased many folds by carrying out the aqua regia extract ion in a closed system at high temperatures  under  pressure. 

Semiconductor  grade  sil icon is manufac tu red  f rom 
the me ta l lu rg ica l  g rade  sil icon th rough  the formation,  
purif ication,  and t h e r m a l  reduct ion  of t r ichlor0si lane.  
Because of the high cost of this process, severa l  direct  
puri f icat ion techniques have rece ived  renewed  in teres t  
r ecen t ly  as low cost means  for the pa r t i a l  purif icat ion 
of me ta l lu rg ica l  grade  sil icon for solar  cell  purposes.  
They  include the  t r ea tmen t  of pu lver ized  meta l lu rg ica l  
sil icon wi th  acids to dissolve the  impur i t ies  (1, 2), the 
ge t te r ing  of impur i t i es  f rom mol ten  meta l lu rg ica l  s i l i -  
con wi th  fused si l icates (2, 3), and the t r ea tmen t  of 
mol ten  meta l lu rg ica l  silicon wi th  gaseous reagents  to 
se lec t ive ly  remove  impur i t ies  (4, 5). 

The acid ex t rac t ion  technique,  being a low t e m p e r a -  
ture  process is more  economical  compared  with  o ther  
approaches .  The acid ex t rac t ion  technique is based on 
the la rge  difference in solubil i t ies  of many  meta ls  in 
l iquid  sil icon and in solid silicon. Metal l ic  impur i t ies  
such as iron, a luminum,  copper,  gold, nickel,  t i tanium,  
etc., are  h igh ly  soluble in mol ten  silicon; however ,  
the i r  solubi l i t ies  in solid silicon are  r e l a t ive ly  low. For  
example ,  the  solubil i t ies  of iron, copper,  and a luminum 
in sil icon at  850~ are  app rox ima te ly  2 • 1015, 7 • 
10 TM, and 1019 cm -3, respect ively ,  and  are  lower  at  
lower  t empera tu re s  (6). Thus, dur ing  the solidification 
of mol ten  me ta l lu rg ica l  sil icon in the  manufac tu r ing  
process, a ma jo r  por t ion  of the  low-so lub i l i ty  impur i -  
t ies should prec ip i ta te  a t  gra in  boundar ies  or a t  in te r -  
s t i t ia l  positions. When the cast me ta l lu rg ica l  silicon 
blocks are  pulver ized,  the  b reakage  occurs most ly  at  
gra in  boundar ies .  The smal l  grains,  1 m m  for example ,  
a re  e i ther  single c rys ta l l ine  or  are  aggregates  of sev-  
era l  single crystals .  Therefore,  a ma jo r  por t ion  of the 
m e t a l l i c  impur i t i es  a re  concent ra ted  at  the  surface of 
the  grains,  and pro longed  t r ea tmen t  of pu lver ized  
me ta l lu rg ica l  sil icon with  acids should be effective in 
removing  these impur i t i es  as wel l  as the impur i t i es  at  
gra in  boundar ies .  The t r ea tmen t  of pu lver ized  me ta l -  
lu rg ica l  silicon wi th  aqua regia,  sulfur ic  acid, h y d r o -  
fluoric acid, etc., has been cla imed to produce  sil icon 
su i tab le  for mic rowave  diodes (1).  I t  has also been re -  
por ted  tha t  over  90% of al l  impur i t ies  except  boron, 
copper,  and  phosphorus  can be removed  f rom me ta l -  
lurg ica l  sil icon by  etching wi th  hydrochlor ic  acid, 
aqua  regia,  and hydrof luor ic  acid for 12 h r  at  75~ (2). 

The effectiveness of this  technique depends  on the 
par t ic le  size of me ta l lu rg ica l  silicon, the chemical  r e -  
ac t iv i ty  of the acid, and  the t e m p e r a t u r e  and dura t ion  
of t rea tment .  In  this work,  the  purif icat ion of me ta l -  
lurg ica l  grade  sil icon by  acid ex t rac t ion  has been 
s tudied in detai l ,  and the expe r imen ta l  procedures  and 
resul ts  are  summar ized  below. 

Relative Effectiveness of the Acids 
Metal lurg ica l  grade  sil icon used in this work  was 

purchased  f rom the Fer roa l loys  Division of the Union 
Carbide  Corporat ion.  I t  contains about  0.35% (weight)  
i ron and 0.15% a luminum as the  ma jo r  impuri t ies .  
Three  types  of acids were  used for  the  ex t rac t ion  pro-  
cess: hydrochlor ic  acid, aqua regia,  and an equivolume 
mix tu re  of sulfur ic  acid and ni t r ic  acid. To de te rmine  
the re la t ive  effectiveness of the acids, 1.5 kg of pu lve r -  
ized meta l lu rg ica l  si l icon was  ref iuxed wi th  2.5 l i ters  of 
the acid for 1O0 hr, and the acid was rep laced  and the 
ref luxing process repeated .  The i ron content  in the  suc-  
cessive ext rac ts  and in the resul t ing  sil icon was used 
as the  cr i te r ion  for  the  effectiveness of the  acid. 

The concentra t ion of i ron was de te rmined  spect ro-  
photomet r ica l ly  using the complex  fo rmed  by  the fe r -  
rous ion and 1,10-phenanthroline,  C12N~Hs (7). Fer r ic  
ions can be reduced  to the  fer rous  s ta te  b y  using hy -  
d roxy lamine  hydrochlor ide .  The complex formed is an 
oc tahedra l ly  coordinated  ferrous  ion and th ree  mole-  
cules of 1,10-phenanthroline.  Its opt ical  absorpt ion  
band peaks  at  about  510 nm. At  low concentrat ions,  the 
in tens i ty  of this peak  is d i rec t ly  p ropor t iona l  to the 
concentra t ion of i ron in solut ion when an excess of the 
complex agent  is present .  Fo r  example ,  an aqueous 
solut ion wi th  an i ron concentra t ion of 0.10 ppm at a 
thickness  of 1 cm shows a t ransmi t tance  of 95.5% at 
510 nm. Thus this technique is su i tab le  for  the qu,anti- 
t a t ive  de te rmina t ion  of i ron at  ve ry  low concentrat ions.  
To de te rmine  the concentra t ion of i ron in silicon, a 
weighed quan t i ty  of the  specimen was dissolved in an 
ammonium f luor ide-ni t r ic  acid mix tu r e  (20g NH4F in 
100 m l  70% HNO3) ; ammonium fluoride was  used in-  
s tead of hydrofluoric  acid because  of the presence  of a 
r e l a t ive ly  high concentra t ion of i ron in hydrofluoric  
acid, about  17 ~g/ml.  The solut ion was neu t ra l ized  
wi th  ammonia  to a pH of 2-2.5, fol lowed by  the add i -  
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t ion of 5 ml  of a 10% solution of h y d r o x y l a m i n e  hy -  
drochlor ide  to reduce the ferr ic  ions to the ferrous  
state, and 15 ml of 0.3% solution of 1,10-phenanthroline 
to form the complex (this amount  is four  t imes the 
s toichiometr ic  amount  requi red  to complex al l  the i ron 
in a 5 ppm solut ion) .  However ,  no color develops unt i l  
the pH of the solut ion is increased to 6.5, and the pH of 
the  solution is the most impor t an t  factor  de te rmin ing  
the re l iab i l i ty  and reproduc ib i l i ty  of this spect ropho-  
tometr ic  technique.  The solut ion was then di lu ted  to a 
known volume, and its absorbance  was measured  at  
510 nm. 

A series of ac id -ex t rac t ion  exper iments  were  car r ied  
out. The resul ts  indicate  tha t  aqua regia  is most  effec- 
t ive while  hydrochlor ic  acid is least  effective for the 
r emova l  of i ron f rom meta l lu rg ica l  silicon. F igure  1 
shows the i ron concentra t ion  in four  successive aqua 
regia  and sulfuric  ac id-n i t r i c  acid extracts ;  the i ron 
concentra t ion in hydrochlor ic  acid ext rac ts  is consid-  
e r ab ly  lower  and is not  shown here.  In  al l  cases, the  
first ex t rac t  contained the highest  concentra t ion of 
iron, and the i ron concentra t ion decreased rap id ly  wi th  
fu r the r  extract ions.  Since the react ion be tween i ron 
and the acids a re  known to be r ap id  at  the boil ing 
point  of the acids, the observed resul ts  suggest  tha t  the  
dissolution of i ron f rom the surface of meta l lu rg ica l  
silicon takes  place readi ly ,  while  the dissolut ion of 
i ron from the gra in  boundar ies  is a slow process. Af te r  
four  ext rac t ions  wi th  aqua regia,  the  concentra t ion of 
i ron in sil icon is reduced  to 0.03-0.04%. 

Aqua Regia Extraction Under Atmospheric Pressure 
The purif icat ion of me ta l lu rg ica l  silicon b y  ref luxing 

wi th  aqua regia  under  a tmospher ic  pressure  was fu r -  
ther  s tudied to de te rmine  the ex ten t  of removal  of 
o ther  impuri t ies .  Abou t  1.5 kg of meta l lu rg ica l  silicon 
and 2.5 l i ters  of aqua regia  were  refluxed for a p r e -  
scr ibed t ime period,  24 or 100 hr. The aqua regia  was 
replaced,  and the ref luxing cont inued for the  same du-  
rat ion.  This process was repea ted  two more  times, and 
the to ta l  t ime of aqua regia  t r ea tmen t  was 96 or 400 hr. 
The impur i ty  contents in the  successive aqua regia  ex -  
t racts  were  ana lyzed  b y  atomic absorpt ion  and spec- 
t rophotomet r ic  techniques,  and the resul ts  of 4 succes- 
sive 24 hr  and 100 hr  ref luxing exper iments  are  sum-  
mar ized  in Table  I. The dissolution of i ron is considered 
first. The majo r  por t ion of ex t rac tab le  i ron is r emoved  
by the first acid t rea tment ,  and the longer  dura t ion  of 
ref luxing is more  effective. Dur ing  the first extract ion,  
about  2.15g of i ron was removed  from 1.5 kg of me ta l -  
lurgical  sil icon af te r  24 hr  of refluxing, and 3.75g of 
i ron was removed  af te r  100 hr  of refluxing~ The to ta l  
amounts  of i ron removed  af te r  4-100 hr  and  4-24 h r  of 
ex t rac t ion  are  4.38 and 3.05g, respect ively.  Since the 
s ta r t ing  ma te r i a l  contains about  0.35% or 5.25g iron, 
more  than  80% of the i ron was removed  by  4-100 hr  
ref luxing with  aqua regia.  These resul ts  a re  in qua l i ta -  
t ive agreement  wi th  the i ron concentra t ion in the  
s ta r t ing  ma te r i a l  and in the ac id - t r ea ted  meta l lu rg ica l  
silicon descr ibed la ter .  The dissolution of a luminum,  
copper,  manganese ,  vanadium,  and t i t an ium takes  
place  more  r ead i ly  than tha t  of iron, as indica ted  by  
the concentra t ion of these impur i t ies  in the successive 
extracts ;  more  than  90% of the ex t rac tab le  impur i t ies  
are  dissolved af ter  100 h r  of ref luxing wi th  aqua regia.  
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Fig. I. Concentration of iron in solution (rag/I) after successive 
extractions o,f pulverized metallurgical silicon with acids. 

It  should be noted that  the  i m p u r i t y  concentrat ions  in 
the second ex t rac t  af ter  24 hr  ref iuxing are  h igher  than  
those af ter  100 hr  refluxing, due to the h igher  impur i t y  
content  in meta l lu rg ica l  silicon af te r  the first 24 hr  re -  
fluxing. The to ta l  amount  of each i m p u r i t y  removed 
af ter  the four ref luxing per iods  increases wi th  increas-  
ing dura t ion  of refluxing, and the use of 100 h r  r e -  
fluxings is more  effective. However ,  not  al l  impur i t ies  
which can be dissolved by  aqua regia  have  been re-  
moved by  the four 100 h r  refluxing. The presence of an 
apprec iab le  concentra t ion of i ron and nickel  in the 
four th  ex t rac t  indicates tha t  fu r ther  ex t rac t ion  would  
be useful. 

The concentra t ion of ma jo r  impur i t ies  in me ta l lu rg i -  
cal sil icon af ter  four  100 hr  ref luxing with  aqua regia 
was ana lyzed  by  atomic absorpt ion a n d  spect ropho-  
tometr ic  techniques.  The average concentrat ions  de te r -  
mined  by  at  leas t  th ree  analyses  a re  shown in Table 
II. The removal  of a luminum and iron f rom me ta l lu rg i -  
cal silicon is far  f rom complete,  due ma in ly  to the in-  
ab i l i ty  of acids to dissolve impur i t ies  p rec ip i t a ted  
wi thin  the grains.  Thei r  concentrat ions  can be reduced  
to 100-150 ppm by  get ter ing  with  phosphorus  pen tox-  
ide at  l l00~ However ,  this p rocedure  is tedious, and 
silicon becomes heav i ly  doped wi th  phosphorus.  

Meta l lurg ica l  silicon purif ied by  aqua  regia  ex t rac -  
t ion was unid i rec t iona l ly  solidified on graphi te  to y ie ld  
large  gra in  po lycrys ta l l ine  silicon sheets. The resul t ing  
ma te r i a l  is p - t y p e  wi th  a room t empera tu r e  res is t iv i ty  
of 0.04-0.06 ~-cm.  The minor i ty  car r ie r  diffusion length  
in the recrys ta l l ized  meta l lu rg ica l  silicon, measured  by  
the surface photovol tage  method (8), is 3-5 ~m. Large  
gra in  po lycrys ta l l ine  ingots p repa red  by  the un id i rec -  
t ional  solidification of aqua regia  t r ea ted  meta l lu rg ica l  

Table I. Concentration of metallic impurities (mg/liter) in successive aqua regia extracts after refluxing with metallurgical 
silicon for various durations 

D u r a t i o n  
of  reflux- 
ing ( h r )  

F i r s t  extract  Second extract  Third extract  Fourth extract T o t a l  

24 100 24 100 24 100 24 100 96 400 

Aluminum 470 670 25.4 14.2 2.1 4.1 0.80 Z.1 498 691 
I r o n  860 1,430 136 135 120 76 102 112 1,218 1,753 
C o p p e r  10.2 13.8 0.53 0.31 0.31 0.33 0.23 0.24 11.3 14.7 
Manganese 169 250 11.4 10.7 8.6 3.9 3.0 2.7 192 267 
Nicke l  5.0 35.6 12.3 10.6 14.5 11.7 11.4 11.2 43.2 69.1 
Vanadium 0.9 3.1 0.2 0.3 0.1 0.2 0.1 0.1 1.3 3.7 
Titanium 7.6 16.7 1.1 1.1 0.4 0.7 0.4 0.5 9.5 19 
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Table I1. Concentration of major impurities (ppm by weight) in 
as-received and purified metallurgical silicon 

Purified 
Metallurgical metallurgical 

Element silicon silicon 

AI 1450 320 
Cu 35 15 
Fe 3450 850 
Mn 200 20 
Ni so /~:~. 
Ti N.D. 
V N.D. N.D. 
Zr N.D. N.D. 

silicon in a graphite container exhibit similar prop- 
erties. Large area (30 cm 2) solar cells have been pre-  
pared by depositing a silicon layer containing an n+p 
junction on unidirectionally solidified acid-treated 
metallurgical  silicon, and AM1 efficiencies higher than 
9% have been obtained (9). 

Aqua Regia Extraction under High Pressures 
One major disadvantage of the purification of metal-  

lurgical silicon by refluxing with aqua regia is the low 
rate of dissolution of metallic impurities. The low dis- 
solution rate is due at least to two factors:, the gradual 
depletion of acids in solution and the low reaction tem- 
perature. Commercial grade nitric acid and hydro-  
chloric acid contain about 68% (weight) HNO8 and 
38% (weight) HC1, respectively. During the refluxing 
process, the boiling point of the solution is about 86°C 
initially, and the reaction between nitric acid and 
hydrochloric acid yields nitrogen dioxide and chlorine 
which escape from the solution. Hydrogen chloride 
also vaporizes from the solution until its concentration 
is reduced to about 20% (weight), when the concentra- 
tion of hydrochloric acid in solution remains constant 
(constant boiling hydrochloric acid) and the boiling 
point of the solut ionis  increased to about ll0°C. Thus, 
the rate of reaction between aqua regia and impurities 
in metallurgical  silicon decreases with time due to the 
depletion of acids in the solution. Since the dissolution 
of metallic impurities in constant boiling hydrochloric 
acid is known to be slower than that in aqua regia, the 
aqua regia must be replaced periodically. The temper-  
ature of the refluxing process at atmospheric pressure 
is limited by the boiling point of the acid, about ll0°C 
for the constant boiling hydrochloric acid. Thus, the 
dissolution rate of metallic impurities can be increased 
by increasing the temperature of the reaction mixture 
and by maintaining the acid concentration at a high 
level. This can be achieved by carrying out the aqua 
regia t reatment  in a closed system at high tempera-  
tures under pressure. Since the activation energy of 
the dissolution reaction is on the order of 1 eV, the 
reaction rate approximately doubles for each 10°C in- 
crease in temperature.  The vapor pressure of the acid 
mixture increases exponentially with temperature. It is 
estimated that the boiling point of the acid mixture 
can be increased from about 86°C at atmospheric pres- 
sure to 200°C at approximately 10 arm. Thus, by carry-  
ing out the aqua regia treatment in a closed system, 
the reaction rate can be increased more than 50 t imes 
as compared with the atmospheric process. Further,  
since the acid concentration remains essentially con- 
stant, the increase in reaction rate will be more pro- 
nounced. This high pressure process is more readily 
scaled up than the atmospheric process, and the acid 
mixture can be better utilized because of no evapora- 
tion loss. 

Because of the corrosive nature of the acids, no com- 
mercial autoclave is suitable for this purpose. Teflon, 
being chemically inert and stable at temperature up to 
250°C, is best suited as the container for the aqua regia 
treatment of metallurgical  silicon in a closed system. 
To withstand the high pressure encountered in the 
process, a close fit metal vessel was used to enclose the 
Teflon container, and the temperature outside the Tef- 
lon container was monitored continuously. The im- 
portant process parameters in the closed system pro- 
tess are the temperature (pressure) and duration of 
the treatment. Many experiments were carried out 
using 1.5 kg of metallurgical silicon and 2 liters of aqua 
regia at 2O0°C for various durations, and the concen- 
trations of iron in the resulting silicon analyzed by the 
spectrophotometric technique. It has been found that 
60 h r  of t reatment at 200°C yields about the same re- 
sults as four 100 hr periods of refluxing under at-  
mospheric pressure. The concentration of iron is in the 
range of 200-250 ppm, and the results of spectropho- 
tometric determinations were confirmed by atomic ab- 
sorption analysis. The concentrations of aluminum and 
copper determined by the atomic absorption technique 
are 190-200 and 4-5 ppm, respectively. Thus, the use of 
aqua regia extraction in a closed system increases the 
reaction rate significantly, and considerably less acid 
is required. 

Conclusions 
The treatment of pulverized metallurgical silicon 

with boiling acids is an economic technique to dissolve 
a major portion of the metallic impurities precipitated 
at grain boundaries. Among the three types of acids 
investigated, their effectiveness decreases in the order: 
aqua regia ~ equivolume mixture of nitric acid and 
sulfuric acid ~ hydrochloric acid. However, the dis- 
solution of impurities is a slow process, and the rate of 
dissolution may be increased significantly by using 
high temperatures and pressures in a closed system. 
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ABSTRACT 

The oxidation resistance characteristics of silicon thermal nitride films are studied theoretically and experimentally. A 
four-layer model for the oxidation resistance kinetics has been developed in general, and the oxidation resistance time has 
been defined and used to evaluate the oxidation resistance of high structure density films on silicon in oxygen ambient. 
The thermal silicon nitride films prepared by nitridizing the silicon surface in ammonia ambient  have been used to justify 
the developed oxidation resistance model, and reasonable agreement between the developed model and the oxidation re- 
sistance characteristics of the fabricated thermal silicon nitride films have been obtained. Based on the developed model, 
the diffusivity and diffusion length of the oxidant species in the thermal silicon nitride films have been deduced and their 
activation energies are estimated to be -2.091 and -0.672 eV, respectively. 

Silicon n i t r ide  has been an impor tant  mater ial  in  
the fabrication of high performance integrated circuits 
and devices due to its higher structure density which 
exhibits strong oxidation resistance and barr ie r  against  
diffusion of impuri t ies  (1-3). Recently, several  invest i-  
gators (4-6) have reported that higher structure den-  
sity films can be prepared by directly ni t r idizing the 
silicon surface in ammonia  gas or nitrogen. Some i m -  
por tant  applications of the as-grown thermal  ni t r ide 
films in  MOSFET (7) and electrically al terable ROM 
(8) have also been reported. 

The major  difference between the thermal  n i t r ida-  
t ion and the thermal  oxidation is that  the as-grown 
thermal  ni t r ide films have higher s t ructure  density, so 
"self-l imiting" growth can easily occur for the thermal  
ni t r idat ion of the silicon surface in ni t rogen or am- 
monia ambient.  The growth kinetics of the as-grown 
thermal  ni t r ide film in  a~mmonia or ni t rogen gas has 
been proposed by  us (9). It has been shown that  the 
self- l imit ing growth of the thermal  silicon ni t r idat ion 
in ammonia  or ni t rogen gas is main ly  due to the fact 
that  the characteristic diffusion length of the n i t r idan t  
species in the as-grown thermal  ni t r ide film is much 
smaller  than the thickness of the as-grown films. The 
characteristic diffusion length of the n i t r idant  species 
has been estimated to be smaller than 10A for n i t r ida-  
tion temperatures  below 1200~ 

In this paper  an oxidation resistance model for the 
silicon thermal  ni tr ide films in oxygen ambient  is de- 
veloped to in terpre t  the oxidation resistance charac- 
teristics observed from the silicon thermal  ni tr ide 
films oxidized in dry O2 ambient.  A characteristic time 
which is called the oxidation resistance time is defined 
and used to evaluate the structure density of the as- 
grown silicon thermal  ni tr ide films. Based on compari-  
sons between the developed model and the oxidation 
resistance characteristics of the as-grown silicon ther-  
mal  nitride films, the diffusivity and diffusion length 
of the oxidant species in the as-grown silicon thermal 
nitride films are deduced. It has been shown that the 
diffusivity of the oxidant species in the as-grown sili- 
con thermal nitride films is much smaller than that of 
the oxidant species in the as-grown silicon dioxide and 
the diffusion length of the oxidant species in the as- 
grown silicon thermal nitride films is smaller than 12A 
for dry 02 oxidation below I154~ 

Theoretical Model 
For a high structure density film grown on a silicon 

surface, the t ransport  of the oxidant  species across this 

�9 Electrochemical Society Active Member. 

film can be represented by Fig. 1, in which this film 
can be a CVD SigN4 or silicon thermal  nitride.  A c c o r d -  
in g  to Fig. 1, there are four basic steps for the oxida- 
tion kinetics: (i) the oxidant  species must  be t rans-  
ported from the bulk  of the oxygen ambient  to the  
interface between the film and the bulk  gas; (it) some 
oxidant  species may diffuse across the film and reach 
the interface between the film and the silicon dioxide. 
During this process, some oxidant  species may react 
with silicon ni tr ide film and then transform the silicon 
nitr ide film into silicon dioxide or oxynitr ide film; 
however, these t ransformed films are of lower struc-  
ture density and are assumed to be t ransparent  to the 
oxidant  species; (iii) the oxidant  species must  t rans-  
port across the previously as-grown silicon dioxide 
and reach the silicon surface; (iv) the oxidant  species 
then react with silicon. Note that  the four basic pro- 
cesses described above form the generalized oxidation 
resistance model, which can be used to describe some 
impor tant  special cases. For example, in the case of 
thick silicon nitr ide film, the oxidant  species may not 
t ransport  across the whole silicon ni t r ide film, then 
X2 ---- 0 and Cin -- 0, so the oxidation processes are  
l imited at the surface of the silicon ni t r ide film. More- 
over, this model m a y  also be used to describe the 
chemical resistance properties of the silicon ni tr ide 
film or others. According to the oxidation processes 
described above, the oxidant  flux in  each region can 
be separately described as follows: 

(i) In  region (I),  the oxidant  flux can be expressed 
by the conventional  form for the thermal  oxidation, 
which can be wri t ten  as (10) 

4 5 8  

I 

Gas 
II ~I IV 

si3  

% ~"qCiN I 
Coo~....~C 

-X 0 X2 X 
Fig. 1. Schematic diagram of the oxidation resistance model 
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F~ = h (C* - -  Co~) [1] 

where  C* is the  concentra t ion  of the ox idan t  species, 
which  is in  equ i l ib r ium wi th  the  pa r t i a l  p ressure  in  
the  bu lk  of the oxygen  gas PG; Con is the  concent ra-  
t ion of the ox idant  species at  the outer  surface  of the  
sil icon ni t r ide ,  which  is p ropor t iona l  to the pa r t i a l  
p ressu re  of the  ox idan t  species r ight  nex t  to the  sil icon 
n i t r ide  surface  Ps, i.e., Con = HPs, where  H is the  
H e n r y  law constant.  

(ii) In region  ( I I ) ,  the  ox idant  flux can be assumed 
to be a diffusive flux and is wr i t t en  as 

dCo (x) 
F~(X) = -- Don ~ [2] 

dx  

w h e r e  Don is the diffusivi ty  of the  ox idant  species in 
the  sil icon n i t r ide  layer .  As descr ibed before,  the oxi -  
dan t  species  does reac t  wi th  si l icon n i t r ide  and form 
si l icon dioxide  or oxyn i t r ide  film at  the outer  surface 
of the  sil icon n i t r ide  film. However ,  this oxidized film 
has lower  s t ruc ture  dens i ty  and can be assumed to be 
t r anspa ren t  to the  ox idant  species. If  the ox idant  spe-  
cies across the  si l icon n i t r ide  film are  charac ter ized  
by  a l i fe t ime Ton, then  the diffusion equat ion for the  
ox idan t  species across the sil icon n i t r i de  f i lm can be 
wr i t t en  as 

d2Co(X) Co(X) 
- -  = 0 [3] 

d X  2 Loa 2 

where  Lon -~ (Donjon) 1/2 is the diffusion length  of the 
ox idant  species in the si l icon n i t r ide  film. 

Solving Eq. [3] by  using the bounda ry  conditions 
C o ( -  X1) --  Con and Co(o) = Cin we obta in  

Cin sinh Con sinh 
Lon 

Co(X) = 

[4] 
The diffusive flux in region (II)  can then  be wr i t t en  

as 

F2 (X)  = --  Don - ~  \--~-on / 

Lon [5] 

(iii) In  region ( I I I ) ,  the  a s -g rown  si l icon dioxide  
l aye r  has  lower  s t ruc ture  density,  the  diffusion length  
of the  ox idant  species in the  oxide layer  can be as-  
sumed to be  much  la rger  than  the oxide  thickness,  
then  the flux of the ox idant  species can be expressed  
b y  

Coo - -  Cio 
Fs --  Doo --  Constant  [6] 

X2 

where  Doo is the diffusivi ty  of the ox idan t  species in  
the  oxide layer ;  X2 is the  thickness  of the  a s -g rown  
silicon dioxide;  Coo is the concentra t ion of the  ox idan t  
species at  the  outer  surface  of the  a s -g rown  si l icon 
dioxide;  Cio is the concentra t ion of the oxidant  at the  
si l icon surface. 

(iv) In  region ( IV) ,  the ra te  of the oxida t ion  at  
the  si l icon surface can be  expressed by  the conven-  
t ional  form for the  t he rma l  oxidat ion,  which can be  
expressed  b y  

F4 = KsoCio [7 ] 

where  Kso is the chemical  su r face- reac t ion  ra te  con- 
s tant  for the  t he rma l  oxidat ion.  

Using the cont inuous condit ions for the  flux at  each 
boundary ,  i.e., F ~ ( - - X l )  = FI, F2(0) ---- Fs = F4, and 

le t t ing  Coo = mCin wi th  m the solubi l i ty  ra t io  of the  
ox idan t  species be tween  these two regions, we obta in  

C~ { D~ c o t h ( X 1  ) 

+ h  Oon2 c s c h (  X1 ) 
- -  Lo-----n- (1 + ksoX~/Doo) \ Lon 

XI 

+ 1 + ~ Do, cosh \ L o , / J  [8] 

c  =Con ( 
Don + ~ / 

[0] 

If  the number  pe r  uni t  volume of the ox idant  species 
needed  to replace  ni t rogen radicals  in si l icon n i t r ide  
is N1 and the number  per  uni t  volume of the ox idant  
species incorpora ted  into a uni t  volume of oxide  is N2, 
then we obta in  

dX1 
- -  N 1  - -  = A F  = F 2 ( - -  Z i )  - -  /72(0) 

dt  

(Doo  { 
---- \ ' ~ o n  / 

 Coo_ ) -   L-:j 

s i n h (  X-~o~a ) 

[io] 

[ii] 

dX2 
N~ = 0  

dt 

F r o m  Eq. [14] and [15] i t  is c lear ly  seen tha t  the  
oxidat ion  ra te  of the  silicon n i t r ide  is a constant  and 
tha t  of the silicon surface is zero if the thickness of the  
silicon n i t r ide  film is much  l a rge r  than  the diffusion 
length  of the oxidant  species in the  si l icon ni t r ide.  
The oxida t ion  resis tance t ime of the sil icon n i t r ide  can 
be defined as the t ime  tha t  the  thickness of the re -  
s idual  n i t r ide  film approaches  to half  of the diffusion 

for  X I > > L o a  

[15] 

dX2 ksomCin 
N~ T = ksoCio --  ksoX2 

1 + ~  
Doo 

Pu t t ing  Eq. [8] and  [9] into Eq. [10] and [11] we 
obta in  two s imul taneous  first order  different ia l  equa-  
tions which can be solved by  using a computer .  How-  
ever, if the  silicon n i t r ide  film is th icker  than  the 
diffusion length  of the ox idant  species, i.e., X1 > >  
Lon, then  F~ ---- F4 = 0. In  this  case, Eq. [8] and  [9] 
can be simplif ied to be  

Cin ---- 0 [12] 

for  Xz > >  Lon 
hC* 

Con --  -- Constant  [13] 
Don 

h + - -  
L o n  

and Eq. [10] and [11] can also be expressed  as 

dX1 hC* 
--  N1 ~ --  - -  Constant  [14] 

dt hLon 
1 + ~  

Don 
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length  Lon. This definit ion wil l  cause the hyperbol ic  1000, terms in Eq. [8] and 19J to have greater changes so I that  the ox ida t ion  ra te  increases ve ry  rap id ly .  Based 
on this definition, the  oxida t ion  resis tance t ime tot can 
be expressed  as 

Lon (Xl _ Lon~ N1 
XI-T 9. / 

tot 
"--~" hC* 

h~n (, 
[16] 

F r o m  Eq. [16] it  is shown tha t  the oxida t ion  res is t -  
ance t ime is l inea r ly  dependent  on the thickness of 
the sil icon n i t r ide  film for XI > >  Lon/2. Note tha t  
there  a re  a total  of nine var iab les  in two s imul taneous  
different ial  equat ions as shown in Eq. [8]-[11];  some 
of them can be chosen f rom the pure  oxida t ion  of 
si l icon and the others  can be deduced f rom the exper i -  
menta l  curves of the  oxida t ion  res is tance exper iments ,  
which wil l  be discussed la ter .  

Experimental Results and Theoretical Comparisons 
Sil icon p - t y p e  wafers  of <100>  or ien ta t ion  and the 

res is t iv i ty  of 10 ~ - c m  were  used as the s ta r t ing  ma te -  
rials. Af t e r  s t anda rd  cleaning processes, the wafers  
were  d ipped into buffered I-IF acid for 1 rain in o rde r  
to remove the na t ive  oxide  on the sil icon surface  and 
then were  r insed in deionized wa te r  for  10 min. Af te r  
d ry ing  using a n i t rogen gun, the c leaned wafers  were  
then put  into the  quar tz  tube p repurged  wi th  ni trogen.  
Hydrogen  gas was then used to replace  the  n i t rogen 
gas in o rde r  to remove  the res idual  na t ive  oxide on 
the sil icon surface. Af te r  severa l  minutes  of hydroger~ 
gas flow, the ammonia  gas was in t roduced into the re -  
ac tor  tube for the rmal  nitrid.ation and the  hydrogen  
gas was then tu rned  off. The thickness of  the  a s -g rown  
silicon the rmal  n i t r ide  films was measured  by  e l l ip -  
someter  (Rudolph 436-200E). The growth  ra te  of the  
a s -g rown the rmal  n i t r ide  films at  different  n i t r ida t ion  
t empe ra tu r e  has been discussed in deta i l  (9), and wil l  
not  be repea ted  here. However ,  i t  has been shown tha t  
the "se l f - l imi t ing"  g rowth  of the a s -g rown  the rmal  
n i t r ide  films is ma in ly  due to the fact  that  the charac-  
ter is t ic  diffusion length  of the n i t r i dan t  radicals  in t he  
a s -g rown the rmal  n i t r ide  films is a lways  sma l l e r  than 
10A for n i t r ida t ion  t empera tu res  be low 1200~ and the 
act ivat ion energy  of the character is t ic  diffusion length  
is measured  to be about  0.181 eV. The s t ruc ture  dens i ty  
of the a s -g rown the rmal  n i t r ide  films has been tes ted 
by  the chemical  resis tance method,  which shows s imi-  
l a r  p roper t ies  to those of s i l icon ni t r ide.  The ox ida t ion  
resis tance studies of the a s -g rown  silicon t h e r m a l  
n i t r ide  films are  ano,ther test  for s t ruc ture  density.  In  
this  paper ,  the  a s -g rown  si l icon the rma l  n i t r ide  films 
were  oxidized in d ry  O~ ambien t  at  three  tempera tures ,  
1O00 ~ 1050 ~ and 1154~ The thickness  of the oxidized 
s i l icon the rma l  n i t r ide  films was measured  by  e l l ip-  
someter.  

F igure  2 shows the character is t ic  curves of the fabr i -  
cated sil icon the rmal  n i t r ide  in 1000~ d ry  02 ambient ,  
in which the solid curves are  calcula ted by  the  de-  
veloped model  and  the pa rame te r s  used are  cited in 
Table  I. I t  is c lear ly  seen tha t  genera l  agreement  be-  
tween  the expe r imen ta l  measurements  and the theo-  
re t ica l  calculat ions has been obta ined  a l though some 
expe r imen ta l  da ta  are  s l igh t ly  out of the theore t ica l  
curves. F r o m  Fig. 2, it  is shown tha t  th icker  the rmal  
n i t r ide  films do give s t ronger  oxidat ion  resistance,  and 
longer  n i t r ida t ion  t ime does give h igher  s t ructure  den-  
s i ty  for  the si l icon the rmal  n i t r ide  film, which, in turn, 
shows s t ronger  oxidat ion  resistance.  S imi lar ly ,  Fig. 
3 and 4 show the oxidat ion  resis tance character is t ics  of 
some sil icon the rmal  n i t r ide  films oxidized in d r y  
oxygen  for the oxidat ion  t empera tu res  of 1050 ~ and 
1154~ respect ively,  in which  the pa rame te r s  used 
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Fig. 2. Oxidation resistance characteristics of thermal nitride 
films oxidized in 1000~ dry 02 ambient. Solid lines represent 
theoreticat calculations; *, O, Q ,  A ,  I I  represent experimental 
data. 
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Fig. 3. Oxidation resistance characteristics of thermal nitride 
films oxidized in 1050~ dry 02 ambient. Solid lines represent 
theoretical calculations; e ,  X ,  A ,  III, * represent experimental 
data. 
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Table I. Parameters used for theoretical calculations 

Parameters Don 
oxidation (/Lm-V Lon Doo h ks 

temp, h r )  (A) (~m2/hr)  ( ~ m / h r )  ( /~m/hr)  

1000~ 0,12 6.2 2.11 x 108 1.39 x 10 e 3.6 x 10~ 
105O~ 0.20 8 3.135 x 10 ~ 10 c 3.6 x 104 
1154~ 0.93 12 1.023 x 10' 9.217 x 105 3.6 x 104 

N1 = 6.674 x 1O~/cm 3, N~ = 2.2 x 10~/cm 8, m == 12~ C* = 5.47 x 
10vq c m  ~ . 

in the  theore t ica l  calculat ions are  Lalso ci ted in Table  L 
Again,  genera l  ag reement  be tween  the  expe r imen ta l  
measuremen t  and the theore t ica l  calculat ions has  been  
obtained,  and the oxidat ion  res is tance proper t ies  of 
the  a s -g rown  sil icon the rma l  n i t r ide  films wi th  re -  
spect  to the film thickness  and n i t r ida t ion  t empera -  
tu re  a re  s imi la r  to those discussed for  the  sil icon the r -  
mal  n i t r ide  films oxidized at  1000~ 

If  the diffusion lengths  of the  oxygen species in the 
si l icon the rma l  n i t r ide  films as cited in Table  I are  
p lo t ted  as a funct ion of the  inverse  t empera tu re ,  the  
s t ra ight  l ine using the least  square  fi t t ing is shown 
in Fig. 5, which  gives the ac t iva t ion  energy  of --0.672 
eV for the  diffusion length  of the  oxygen  species  in 
the sil icon t he rma l  n i t r ide  films. I t  is shown tha t  the 
diffusion length  of the oxygen  species in the silicon 
the rma l  n i t r ide  films is smal le r  than  12A when  the 
oxida t ion  t e m p e r a t u r e  in d ry  oxygen  is be low 1154~ 
which  is the m a j o r  reason tha t  the a s -g rown  sil icon 
the rma l  n i t r ide  films have s t ronger  ox ida t ion  res is t -  
ance when  the thickness of the  a s -g rown  the rma l  n i -  
t r ide  films is l a rge r  than  the diffusion length  of the 
oxygen  species. Note tha t  the diffusion length  of the 
oxygen species in the  sil icon the rma l  oxide is much  
longer  than  tha t  in the  sil icon the rma l  n i t r ide  films, 
which  is ma in ly  due to the  fact  tha t  the  sil icon the r -  
mal  oxide  films are  less dense in s t ruc ture  when  
compared  to tha t  of the  a s - g r o w n  si l icon the rma l  n i -  
t r ide  films. S imi lar ly ,  the diffusivi ty  of the oxygen  
species in the  silicon the rma l  n i t r ide  films as a func-  
t ion of the  inverse  t e m p e r a t u r e  is shown in Fig. 6, the  

3 s i i i 

1154~ DRY 02 OXIDATI0 N 
THEORY 

o o1200~ NH31hr 
�9 1100"C NH31hr 
"1000 C NH35hr 

�9 �9 BARE Si 
" S0A" 

O 2 _ _  . ~SA" 

(,13 
bq 
UJ 
Z .,(, 

M 
T 1 

I I / I 

0 1 2 3 
OXIDATION TIME (hr) 

Fig. 4. Oxidation resistance characteristics of thermal nitride 
films oxidized in 1154~ dry 02 ambient. Solid lines represent 
theoretical calculations; t ,  O ,  i ,  �9 represent experimental data. 

i~s4"c ~oso'c looo'c 
50 , , , 

-.< 

__7 
::i: 
~ I 0  Z 
N 
Z o 5  

Ix_ 
Ix_ 
123 

I I I 

1065 0.70 025 Q80 08.5 
INVERSE TEMP(IO/~K) 

Fig. 5. Diffusion length of oxygen species in thermal nitride film 
as a function of inverse temperature. 

=k 

121 

~154~ io5o~Iooo~ 
! i | 

I.C 

O5 

65 0.70 075 Q80 085 

INVERSE TEMP(10~'K ) 

Fig. 6. Diffusivity of oxygen species in thermal nitride films as a 
function of inverse temperature. 

s t ra ight  l ine using the least  squares method  is plot ted,  
which  gives the act ivat ion energy  of --2.091 eV. F r o m  
this plot, i t  is shown tha t  the  diffusivi ty of the  oxygen  
species in the  a s -g rown  si l icon the rma l  n i t r ide  films is 
much smal l e r  than  that  of the  oxygen species in  the  
silicon the rmal  oxide. However ,  the ac t iva t ion  energy  
of the  diffusivi ty for the  oxygen  species in the  a s -  
g r o w n  sil icon the rmal  n i t r ide  films is l a rge r  than  tha t  
of the  oxygen species in the  a s -g rown  the rmal  oxide 
films. This shows tha t  the  oxida t ion  resis tance of the  
a s -g rown sil icon the rmal  n i t r ide  films becomes poor  at  
h igher  oxida t ion  t empera tu re ,  which is ma in ly  due to 
l a rge r  diffusion length  and diffusivi ty of the  oxygen  
species in the a s -g rown  n i t r i d e  fi]ms as the oxidat ion  
t empera tu re  is increased.  In  the  last,  the oxidat ion  r e -  
sistance t ime as a funct ion of n i t r ide  thickness  deduced 
f rom the ex t rapo la t ion  of the oxida t ion  character is t ics  
of Fig. 2-4 is p lo t ted  in Fig. 7. I t  is shown that  the oxi -  
dat ion res is tance  t ime is l i nea r ly  dependent  on the 
thickness of the silicon the rmal  n i t r ide  film, which  is 
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in agreement with the prediction of Eq. [16] for X1 > >  
Lon/2. 

Conclusions 
This paper has developed an oxidation resistance 

model for the silicon thermal nitride films oxidized in 
dry oxygen ambient. The developed model has been 
formulated by using four-layer transport for the silicon 
thermal nitride films oxidized in oxygen ambient, in 
which the transport of the oxygen species across the 
silicon thermal nitride films has been characterized 
by a diffusion length. It has been shown that the devel- 
oped model is in agreement with the experimental 
measurements. Moreover, based on comparisons be- 
tween the developed model and the experimental data, 
the diffusivity and diffusion length of the oxygen spe- 
cies in the silicon thermal nitride films have been de- 
duced and their activation energies are +0.672 and 
+2.091 eV, respectively. The most interesting result 
obtained is that the diffusion length of the oxygen 
species in the as-grown silicon thermal nitride films is 
smaller than 12A for oxidation temperature below 
1154°C in dry oxygen ambient. In addition, an analytic 
oxidation resistance time is defined and shown to be 

proportional to the thickness of the as-grown thermal 
nitride films when the diffusion length of the oxygen 
species is much smaller than the thickness of the as- 
grown silicon thermal nitride films, which is in agree- 
ment with the experimental data. 
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ABSTRACT 

The physiochemical effects of heating gold thin films on GaAs, namely, the arsenic evolution, gold-to-silver color transi- 
tion, and microstructural changes, were investigated by in situ mass spectrometric evolved gas analysis and scanning elec- 
tron microscopy. The gold-to-silver color transition was found to occur after a small amount of arsenic evolution. The transi- 
tion temperature increased with increasing air pressure and gold film thickness. The relative quantities of arsenic species 
evolved followed the order As4 > Ase> As > As3. We observed a new microstructure consisting of interconnected irregularly 
shaped protrusions which appeared after a small amount of arsenic evolution and changed to the previously reported micro- 
structure of aligned rectangular protrusions near the completion of the arsenic evolution. 

Gold has been used extensively as a contact metal formance of the devices at high temperatures are of 
for Schottky barrier diodes, Gunn diodes, IMPATT technological concern. 
diodes, and as an ohmic contact metal for GaAs power Various physiochemical effects of heating gold thin 
microwave FET's and devices. The reliability and per- films on GaAs have been reported. They include ar- 
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senic evolut ion (1-3),  the  go ld - to - s i lve r  color t r ans i -  
t ion (4),  and  mic ros t ruc tu ra l  changes (2, 4-11). This 
pape r  descr ibes  the corre la t ion among these phys io-  
chemical  effects. Fur the rmore ,  we r epor t  the first ob-  
se rva t ion  of  the  pressure  dependence  of the  go ld- to -  
s i lver  co lor  t ransi t ion.  The effect of the  ambien t  at-. 
mosphere  (vacuum, ni t rogen,  or air)  on the  phys io-  
chemical  changes is also presented.  The arsenic evolu-  
t ion was s tud ied  by  in situ mass spec t rometr ic  evolved 
gas analysis  (EGA) ,  which  showed that  the  re la t ive  
quant i t ies  of arsenic  species evolved were  in the o rde r  
As4 > As2 > As > Asa. The ,color t rans i t ion  was moni -  
tored visual ly;  the  mic ros t ruc tu ra l  changes were  ob-  
served by  scanning  e lect ron microscopy (SEM) ; chem-  
ical analysis  was  pe r fo rmed  by  x - r a y  spectroscopy and 
scanning A u g e r  e lec t ron spectroscopy.  

Experimental Techniques 
The GaAs subs t ra tes  were  p - type ,  Zn-doped ,  wi th  

a dopant  concentra t ion of 2.5 X 10 TM cm-3  for  the 
(100) wafers  and 2.0 X 10 is cm -~ for the (111) wafers.  
The  pol ished wafers  were  c leaned  by  t r ichloroethylene ,  
acetone, and e thyl  alcohol, e tched in H202-H2SO4-H20 
solut ion for  2 min  and then were  soaked in HC1-HeO 
solut ion for  5 rain. Af te r  r ins ing in deionized water ,  
the wafers  were  coated with  gold b y  electron beam 
evapora t ion  at  a p ressure  of 10 - s  Torr.  The th ick-  
ness of the gold film was measured  b y  an in ter ference  
microscope. 

H e a t - t r e a t m e n t  was  done e i ther  in vacuum (10 -8 
Torr )  inside the  bel l  j a r  of a vacuum system or on a 
hot  s tage in  a i r  or  flowing ni t rogen.  The sample  t em-  
pe ra tu re  was measured  by  an  i ron-cons tan tan  the rmo-  
couple. Heat ing  in vacuum was achieved by  a furnace  
wi th  a smal l  the rmal  mass p laced inside an  evacuated  
be l l  ja r ;  the  t e m p e r a t u r e  of the furnace  was rcontrolled 
by  a TECCO t empera tu r e  p rogrammer .  EGA was 
pe r fo rmed  in situ with  a F inn igan  3200 mass spec t rom-  
eter,  which  had  a spec ia l ly  designed sample  probe  
contro l led  b y  a t empe ra tu r e  p r o g r a m m e r  to an ac-  
curacy  of _+5~ The ionizat ion potent ia l  of the mass 
spec t romete r  was 70 eV. SE1VL was pe r fo rmed  ex  situ 
by  using a JEOL J'SM 35 scanning  electron, micro-  
scope wi th  a KEVEX energy  dispers ion x - r a y  a t -  
tachment .  Fo r  e lementa l  dep th  profile analysis,  a 
Phys ica l  Electronics  scanning Auger  system with  an 
e lec t ron beam spot size of 0.1 ~m was used. 

Correlation of the Physiochemical Effects 
The A u / G a A s  samples  were  hea ted  to var ious  t em-  

pe ra tu res  at  an average  hea t ing  ra te  of , -30~ for 
EGA studies.  Then the samples  were  a l lowed to cool 
to room tempera tu re ,  removed  from the mass spec-  
t rometer ,  and the i r  color and micros t ruc ture  observed.  
F igure  1 shows t h e  resul ts  ob ta ined  on four  690A 
A u / ( 1 0 0 ) G a A s  samples  which were  sepa ra te ly  hea ted  
in the  mass  spec t romete r  a t  ,-,5 X 10 -7 Torr  to 225 ~ 
255 ~ 273 ~ and 400~ These t empera tu res  were  on 
both  sides of the peak  t e m p e r a t u r e  for arsenic evolu-  
tion, i.e., 269~ as indica ted  in Fig. 1 (a) .  The sample  
heated to 225~ did not  exhibi t  arsenic evolut ion;  its 
color  r ema ined  gold and i t  showed l i t t le  micros t ruc-  
tu ra l  change. [See Fig. 1 (b ) ] .  In  spite of l i t t le  micro-  
s t ruc tu ra l  change, smal l  r ec tangu la r  prot rus ions  were  
fa in t ly  vis ible  unde rnea th  a film of unreac ted  gold. 
The sample  hea ted  to 255~ underwen t  a smal l  amount  
of arsenic evolut ion;  its color tu rned  silver,  and it 
exh ib i ted  a d r ama t i ca l l y  different  micros t ruc ture  con- 
sist ing ma in ly  of the interconnected,  i r r egu la r ly  shaped 
p ro t rus ion  shown in Fig. l ( c ) .  The sample  hea ted  
to 273~ had almost  comple ted  arsenic  evolut ion;  its 
color  tu rned  s i lver  and it exhib i ted  a micros t ruc ture  
consist ing ma in ly  of a l igned rec tangula  r protrusions.  
[See Fig. 1 (d) . ]  The sample  hea ted  to 400~ completed  
the  arsenic evolut ion;  i ts color tu rned  s i lver  and it 
exh ib i ted  a micros t ruc ture  [Fig. 1 (e ) ]  qui te  s imi lar  to 
that  of Fig. l ( d ) .  Fig. l ( d )  and (e) are  s imi lar  to 
those r epo r t ed  by  previous  worke r s  (2, 7-11). 

Fig. 1. EGA and SEM results on 690A Au/(100) GaAs. (a) EGA 
As + ion temperature profile at ~5  • 10 -7  Torr. (b) SEM micro- 
graph of sample heated to 225~ during EGA [arrow in (a)]. (c) 
SEM micrograph of sample heated to 255~ during EGA [arrow in 
(a)]. (d) SEM micrograph of sample heated to 273~ during EGA 
[arrow in (a)]. (e) SEM micragraph of sample heated to 400~ 
during EGA [not indicated in (a)]. 

We have thus found that  (i) l i t t le  mic ros t ruc tu ra l  
change occurred  before  arsenic evolut ion,  (ii) a new 
micros t ruc ture  consist ing of in terconnected  i r r egu la r ly  
shaped protrus ions  appeared  af te r  a smal l  amount  of 
arsenic evolution,  (iii) the p rev ious ly  repor ted  micro-  
s t ruc ture  consist ing of a l igned rec tangu la r  prot rus ions  
appeared  af ter  the arsenic evolut ion was near  com- 
pletion, (iv) l i t t le  addi t ional  mic ros t ruc tu ra l  change 
occurred upon fu r the r  hea t ing  af te r  the  complet ion of 
arsenic evolution,  (v) the go ld - to - s i lve r  color t r ans i -  
t ion occurred af te r  a smal l  amount  of arsenic evolu-  
tion; (vi) the s i lver  color was not  affected by  fu r the r  
arsenic  evolut ion or  fu r the r  mic ros t ruc tu ra l  change. 
Thus, the complet ion of arsenic evolut ion  signifies the 
a t t a inmen t  of equi l ibr ium,  which is character ized by  
the micros t ruc ture  in Fig.  1 (e) and  the s i lver  color. 

The deta i led  character is t ics  of arsenic evolution,  
color t ransi t ion,  and micros t ruc tu ra l  change were  
found to depend  on the gold film thickness  and the 
ambien t  pressure.  These dependences  are  given be low 
for each physiochemical  effect. 

Arsenic Evolution 
Figure  2 shows the effect of film thickness  on the 

peak  t empe ra tu r e  for  arsenic evolution. Two A u /  
(100)GaAs samples  wi th  film thicknesses of 200 and 
2100A were  used. The heat ing was done at  25~ 
in the mass spec t rometer  a t  ~ 5  X 10 -.8 Torr.  The peak  
t empe ra tu r e  was observed at  305~ for  the 200A 
sample,  and at 358~ for the 2100A sample.  The in-  
crease in the peak  t e m p e r a t u r e  wi th  increasing film 
thickness was more  significant than  that  repor ted  by 
Kinsborn  et al. (2), p robab ly  pa r t l y  due to the h igher  
hea t ing  ra tes  used in this work.  The effect of hea t ing  
~ate is descr ibed la te r  in this section. 
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In addi t ion  to As+ ions (shown in Fig. 2), ions of 
Ass +, As8 +, and As4 + were  s imul taneous ly  observed.  
Except  for the  difference in intensi ty,  al l  four  arsenic 
species were  observed at  the  same tempera tures ,  wi th  
the  same shape in the  plot  of ion in tens i ty  vs. t empera -  
ture.  F o r  this reason, such plots  for ions o ther  than 
As + are  not shown here. No Ga evolut ion was detected.  

The r e l a t ive  quant i t ies  of the four  arsenic  species 
were  found to follow an order  which was consis tent ly  

As4 > Ass > As > Ass 

for  film thicknesses l a rge r  than  1000A. Fo r  smal le r  
film thicknesses,  the  o rder ing  did not  fol low a con- 
s is tent  pa t t e rn  f rom sample  to sample.  

The  dependence  of arsenic  evolut ion on the hea t ing  
ra te  was also explored.  F igure  3 shows the plots  of 
the  As + ion in tens i ty  aga ins t  the  t e m p e r a t u r e  for  
1000.& Au/ (100)  GaAs hea ted  a t  25~ and 100~ 
min in the mass spec t romete r  a t  N5 X 10 -6 Tort .  The 
wid th  of the  peak  was found to decrease  wi th  increas-  
ing  hea t ing  rate .  The difference in peak  t empe ra tu r e  
for the  two heat ing  rates  in Fig. 3 was due to a sys-  
temat ic  e r ro r  of t e m p e r a t u r e  measurement .  
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Fig. 3. EGA As + ion temperature profiles of 1000A Au/(100) 
GaAs at ~ 5  • 10 - 6  Torr and heating rates of 25~ and 
100~ 

Comparison of the peak  arsenic evolut ion t empera -  
tures of Fig. 1 ( ~ 5  X 10 -7  Torr )  and Fig. 2 (,~5 X 
10 - s  Tor t )  suggests tha t  the  peak  t empera tu re  de -  
creases wi th  decreas ing air  pressure.  The pressure  
dependence  was inves t iga ted  sys temat ica l ly  by  ob-  
serv ing  the  go ld - to - s i lve r  co.lor t ransi t ion,  as given 
in the nex t  section. 

S imi la r  in situ mass spect rometr ic  s tudy  on P d /  
(100)GaAs led to the detect ion of As, As2, As3, As4, 
and PdGa.  At  a hea t ing  r a t e  of 100~ the peak  
arsenic evolut ion was observed at  a round  380C. 

Gold-to-Silver Color Transition 
Figu re  4 shows the var ia t ion  of  the go ld - to - s i lve r  

color t rans i t ion  t empera tu re  (T) wi th  the hydro -  
s tat ic  air  p ressure  (P) ranging  f rom 10 -6 Tor r  to 1 
atm. The t rans i t ion  t empera tu re  at  each pressure  was 
de te rmined  v isua l ly  by  hea t ing  a number  .of samples  
sepa ra te ly  to different  t empera tu res  and not ing the 
t empera tu re  which resul ted  in a color  be tween  gold 
and silver.  The hea t ing  was carr ied  out  at  a ra te  of 
100~ and the t empe ra tu r e  was then he ld  con- 
s tant  at  the m a x i m u m  for 5 min. Af te r  that,  the  hea te r  
was tu rned  off and the sample  was a l lowed to cool to 
room tempera ture .  The t empera tu re  range  through 
which  the color  change took place was ~20~ wide. 
Because of the  high hea t ing  ra te  used, the t ransi t ion 
t empera tu res  given in Fig. 4 are  not  equ i l ib r ium t r an -  
si t ion tempera tures .  However ,  Fig. 4 c lear ly  shows 
tha t  the  color t rans i t ion  t empera tu re  increased with  
increas ing pressure .  

Also shown in Fig. 4 is the  var ia t ion  of the color 
t rans i t ion  t empe ra tu r e  wi th  the  gold film thickness.  
Thicknesses of 200, 690, and 2750A were  employed.  
Fo r  each pressure ,  the t rans i t ion  t empera tu re  increased 
wi th  increas ing film thickness.  

In  a plot  of log P against  l /T,  the da ta  points for 
each film thickness fel l  rough ly  on a s t ra ight  line, 
having  a negat ive  slope. The magn i tude  of the slope 
appeared  to increase wi th  increas ing film thickness.  
This suggests the  s imi la r i ty  of the  t rans i t ion  with  the 
vapor iza t ion  of arsenic l iquid,  for which the magni -  
tude  of the slope gives the hea t  of vaporizat ion.  This 
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ture with the hydrostatic air pressure for Au/(100) GoAs of three 
different Au film thicknesses. 
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In addi t ion  to s tudy ing  the  color t rans i t ion  in air,  
this  t rans i t ion  was observed  in  n i t rogen  at  1 atm, 
where  the t rans i t ion  t e m p e r a t u r e  was 530~ for 1000A 
film thickness.  This va lue  is close to the  value  of 525~ 
de te rmined  in air  a t  1 arm for  the  same film th ick-  
hess. Thus, the  pressure  dependence  in n i t rogen  i s  
p robab ly  s imi la r  to that  in a i r  (Fig. 4), imply ing  that  
oxidat ion,  if any, does not  affect the pressure  depend -  
ence. 

Microstructural Changes 
To s tudy  the process of fo rmat ion  of the new micro-  

s t ructure ,  namely ,  the in terconnected  i r r egu la r ly  
shaped  pro t rus ions  [Fig. 1 ( c ) ] ,  th ree  200A Au/ (100)  
GaAs  samples  were  sepa ra t e ly  hea ted  in a vacuum of 
~10 -8 Torr  to 295 ~ 310 ~ and 336~ at a hea t ing  ra te  
of 100~ The samples  were  then  he ld  at  the 
respect ive  m a x i m u m  tempera tu re s  for 25 min. Af te r  
this, the  furnace  was tu rned  off and the samples  were  
a l lowed to cool to room t empera tu re  at  a cooling ra te  
of ~70~  In  contras t  to Fig. 1, a sma l l  film th ick-  
ness was used in o rde r  to r evea l  the mic ros t ruc tu ra l  
changes at  the  interface.  F igu re  5 shows SEM micro-  
graphs  of these samples  a f te r  heat ing.  Af te r  the 295 ~ C 
hea t - t r ea tmen t ,  Au- r i ch  r ec t angu la r  pro t rus ions  were  
observed  be low a thin gold film. Af te r  the 310~ hea t -  
t rea tment ,  the  b reak ing  up of the thin gold film was 
observed.  Af t e r  the  336~ hea t - t r ea tmen t ,  the  gold 
film ba l l ed  up  and was rep laced  by  i r r egu la r ly  shaped 
globules which  br idged  the rec tangu la r  protrusions.  
The th i cke r  the  gold film, the h ighe r  was the t e m p e r a -  
ture  needed for  ob ta in ing  the micros t ruc ture  shown 
in Fig. 5 (c) .  Because of the l imi ted  hea t ing  t ime,  the 
mic ros t ruc tu re  t rans i t ion  t empera tu re s  given above 
are  not  equ i l ib r ium t rans i t ion  tempera tures .  

E l emen ta l  analysis  of var ious  par t s  of the  micro-  
s t ruc ture  of  Fig. 5 (c) was pe r fo rmed  b y  se lec ted  area  

Fig. 5. SEM micrographs of three 200A Au/(100) GaAs samples 
which were separately heated in vacuum to (a) 295~ (b) 310~ 
and (c) 336~ 

x - r a y  spectroscopy.  F igure  6 shows x - r a y  spec t ra  ob-  
ta ined  at  (a)  the  d a r k  region,  (b) the rec tangu la r  
b r igh t  region,  and (c) the  large  i r r egu l a r  b r igh t  r e -  
gion. The da rk  regions were  found to be p r i m a r i l y  
GaAs,  w i th  a smal l  amount  of gold; the  b r igh t  rec -  
t angu la r  regions were  r e l a t ive ly  r ich in gold; the 
la rge  b r igh t  i r r egu la r  regions were  ve ry  r ich in gold. 
In  suppor t  of the resul ts  of  x - r a y  spect roscopy are  
resul ts  of scanning Auge r  spectroscopy.  Shown in 
Fig. 7 a re  e lementa l  concentra t ion profiles of 1000/k 
Au/ (100)  GaAs before  and af ter  heat ing.  The hea t ing  
was carr ied  out  in vacuum ( ~ 1 0 - 6  Torr )  f rom 25 ~ to 
400~ at  100~ The pro,files a f te r  hea t ing  shown 
in Fig. 7 were  obta ined  at  an Au- r i ch  globule.  F igure  7 
indicates that  interdiffusion had  occurred at  room 
t empera tu r e  and that  hea t ing  increased the ex t en t  of 
interdiffusion.  The sput te r ing  ra te  of gold was ~128 
A / m i n  in obta in ing the A u g e r  concentra t ion profiles. 

A s imi lar  mic ros t ruc tu ra l  s tudy  was car r ied  out  
wi th  (111) GaAs. F igure  8 shows SEM micrographs  
of 200 and 800A A u / ( l l l )  GaAs af te r  hea t ing  in 
vacuum (,-,10 -6  Torr )  f rom 25 ~ to 400~ at  100~ 
min. Tr iangu la r  Am-rich pro t rus ions  were  observed  
in the  20OA sample  [Fig. 8 ( a ) ] .  The t r i angu la r  
shape was less c lear  for th icker  gold filrrs, i.e., the 
800A sample  [Fig. 8 ( b ) ] .  E lementa l  concentra t ion 
pro,files obta ined  by  scanning Auger  spectroscopy af ter  
heat ing are  shown in Fig. 9 for  the  800A sample  at  an 
Au- r i ch  globule  and off the globules.  At  the  surface, 
a 50A th ick  region  r ich in oxygen  and ga l l ium was 
observed,  probably ,  due to an oxide  of Ga at  the su r -  
face. F igure  9 shows the occurrence of interdiffusion.  
The region off the  Au- r i ch  globules was not  pure  GaAs 
but  conta ined a smal l  amount  of gold. 

Relationship of Microstructural Changes with 
Etching of GaAs 

To inves t iga te  the  relationsrhip of t he  micros t ruc-  
tu ra l  changes wi th  the s t ruc ture  of the GaAs sub-  
strate,  the  sur face  morpho logy  of chemical ly  e tched 
GaAs was compared  w i th  tha t  of hea ted  A u / G a A s .  

F igure  10 (a) and  (b) show SEM micrographs  at  two 
di f ferent  magnifications of the (100) GaAs surface  
which  had  been  e tched for  6 min  b y  the S i r t l  etch, 
a solut ion of 33 weight  percen t  (w/o)  CrO~ and 46 
w/o  HF. The mic rograph  of h igher  magnif icat ion 
[Fig. 10 (b) ] c lear ly  shows that  the  e t ch ing  produced  
r ec t angu la r  hil locks.  The sides of  the r ec t angu la r  etch 
hi l locks were  a l igned a long the  [110] and [170] d i -  
rections. This a l ignment  is s imi lar  to tha t  of the 
r ec t angu la r  Au- r i ch  pro t rus ions  observed  in hea ted  
Au/ (100)  GaAs [Fig. l ( d ) ] .  F igu re  10(c) and  (d) 
show SEM micrographs  of (111) GaAs which had  been 
etched in a s imi lar  manner .  Hexagonal  (a lmost  t r i -  
angu la r )  etch hi l locks were  observed,  in contras t  to 
the r ec t angu la r  etch hi l locks observed  on the (100) 
surface. These hil locks were  s imi la r  to the  t r i angu la r  
(a lmost  hexagona l )  Au- r i ch  prot rus ions  observed in 
hea ted  A u / ( l l l )  GaAs [Fig. 8 ( a ) ] .  

I t  was observed by  Olsen et at. (12) tha t  the  rec -  
t angu la r  etch hi l locks of (100) GaAs were  a l igned in 
such a way  tha t  the  di rect ions  of a l ignment  on the 
two sides of a wafe r  ~vere pe rpend icu la r  to each other .  
Moreover  they  sugges ted  tha t  the fo rmat ion  of such 
etch hil locks was due  to the  different  etching ra tes  for  
the  (111) As and (111) Ga planes  of GaAs. F i g u r e  11 
shows the SEM micrographs  of an Au/ (100)  G a A s / A u  
sample  (i.e. GaAs wi th  a 200A gold film on each side) 
a f te r  heat ing.  The a l ignment  d i rec t ion  of the  rec-  
t angu la r  Au- r i ch  prot rus ions  on one side [Fig. l l ( a ) ]  
was found to be pe rpend icu la r  to tha t  on the  o the r  
side [Fig. 11 (b ) ] .  This d i rec t ional  behav ior  is s imi lar  
to tha t  of the  r ec t angu la r  etch hil locks.  

The  s t rong s imi la r i ty  be tween  the e tched GaAs sur -  
face and the hea ted  A u / G a A s  suggests  that  the  rec-  
t angu la r  or t r i angu la r  A u - r i c h  pro t rus ions  and the 
etch hi l locks  have  s imi la r  origins,  as suggested by  
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Fig. 6. X-ray spectra obtained at various parts of the micra- 
structure of Fig. 5(c): (a) the dark region, (b) the rectangular 
bright region, and (c) the large irregular bright region. 
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Fig. 7. SAM elemental concentration profiles perpendicular to the 
Au-GaAs interface for 1000A Au/(100) GaAs before and after 
heating. 

Fig. 8. SEM micrographs of Au/(111) GaAs after heating for Au 
film thicknesses (a) 200A, and (b) 800~.. Note that (a) and (b) 
have different scales. 

K u m a r  (8). The reac t ion  be tween  Au  and GaAs m a y  
be considered as the chemical  etching of GaAs by  Au. 
Since Au  "removes"  Ga more  effect ively than  As, we 
may  consider  Au  as a p re fe ren t ia l  etchant .  Vozmilova 
et al. (13) showed tha t  different  e tchants  have differ-  
ent  re la t ive  e tching rates  on the (111) As and (111) 
Ga p l a n e s  of GaAs. Therefore,  the  aspect  ra t io  of the 
r ec t angu la r  etch hil locks obta ined by  using the S i r t l  
etch is not  necessar i ly  s imi lar  to those of the  hil locks 
obta ined by  o ther  etchants.  

Discussion 
The pressure  dependence  of the go ld - to - s i lve r  color 

t rans i t ion  t empera tu re  was observed  for  the first t ime. 
The t rans i t ion  t empera tu re  increased wi th  increas-  
ing a i r  pressure  ranging  f rom 10 -6 Torr  to 1 atm. 
S imi la r  p ressure  dependence  was observed  for  the 
arsenic  evolut ion t empe ra tu r e  in the pressure  range  
f rom ,~5 • 10 -7 to ~ 5  X 10 -6 Torr.  This depen-  

d e n c e  is a t t r ibu ted  to the arsenic evolut ion p ro -  
cess, which accompanies  the  color t ransi t ion.  The 
t rans i t ion  t empera tu re  of 480~176 observed by  
Mi l le r  (4) for  hea t ing  in H2 (1 arm) agrees wi th  the 
va lue  for  hea t ing  in a i r  (1 arm) de te rmined  in this  
work.  

The arsenic evolut ion phenomenon was s tudied  b y  
in situ mass spec t rometr ic  evolved gas analysis.  In  
addi t ion  to As and As2, which  were  observed b y  
previous  workers  (1-3),  As8 and As4 were  observed.  
Fu r the rmore ,  the abundance  of the  four  arsenic species 
was found to be in the  o rde r  As4 > As2 > As > Ass 
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for gold film thicknesses larger  than 1000A. For thinner 
gold films, no consistent ordering was observed. On 
the other hand, the abundance of the arsenic species 
evolved is in the order As4 > Ass > As for As metal 
at 700°C and is in the order As2 > As4 > As for GaAs 
at 900°-1250~C (14). The resemblance of the ordering 
between Au/GaAs and As metal  suggests similarity 
between these two arsenic evolution processes. The 
presence of As3 from our Au/GaAs samples is probably 
due to the high Sensitivity of our gas detection tech- 
nique. It is not clear if the formation of arsenic mole- 
cules occurs at the surface or in the Au film. The 

Fig. 10. SEM micrographs of GaAs (without gold) after etching. 
(a) and (b): (100) GaAs at two different magnifications, (c) and 
(d): (111) GaAs at two different magnifications. 

Fig. 11. $EM micrographs of the two sides of an Au/(100) GaAs/ 
Au sample after heating. 

widening of the arsenic evolution peak with decreasing 
heating rate (Fig. 3) is probably because a higher 
heating rate provides less time for equilibration and 
results in a larger arsenic concentration gradient. 

The rectangular protrusions observed by SEM on 
Au/(100) GaAs after heating were also noted by 
previous workers by SEM (2, 9-11) or TEM (7, 8). The 
tr iangular  protrusions which we found by SEM on 
Au/(111) GaAs after heating were observed by Kumar  
(8) by TEM. The elemental analysis results obtained 
here are in agreement with previous analyses o f  Au/  
GaAs using selected area electron diffraction (7) and 
x- ray  spectroscopy (1I),  and of Au:Ge/GaAs  using 
scanning Auger spectroscopy (9). The fact that inter-  
diffusion occurred in Au/GaAs at  room temperature 
is in agreement with the Auger electron spectroscopy 
results of Hiraki et aI. (15). 

The new microstructure of i rregular  and intercon- 
nected protrusions reported here [Fig. 1(c)] is an 
intermediate state which occurs prior to the forma- 
tion of the large aligned rectangular protrusions [Fig. 
1 (d)]  in Au/(100) GaAs. I t  should be noted that small 
aligned rectangular protrusions coexist with the large 
i rregular  protrusions and are formed prior to the for- 
mation of the large irregular  protrusions. A small 
~mount of arsenic evolution accompanies the forma- 
tion of the large irregular protrusions. In contrast, 
negligible arsenic evolution accompanies  the forma- 
tion of the small rectangular protrusions, which can 
be faintly seen under the gold film in Fig. 1 (b).  To 
reach the final state represented by the large aligned 
rectangular protrusions [Fig. 1 (d) ], the arsenic evolu- 
tion process needs to be close to completion. Once this 
final state has been reached, further heating causes 
l i t t le additional microstructural  change [Fig. l ( e ) ] .  
Although the new microstructure reported here is an 
intermediate state, it can be obtained as a stable room 
temperature structure by careful control of the heat-  
Lug conditions. It is of technological interest to in- 
vestigate the electrical characteristics of this inter-  
mediate state. 

The process of the microstructural  changes was 
followed ex situ by SEM examination of 200A Au/(100) 
GaAs. As shown in Fig. 5, the process appears to in- 
volve (i) formation of small rectangular protrusions 
at the interface underneath a thin unreacted Au film, 
(ii) breaking up of the gold film, and (iii) balling 
up of the gold film to form irregularly shaped pro- 
trusions. 

The silver color is characteristic of both the inter-  
mediate state [Fig. 1(c)] and the final state [Fig. 
l ( d ) ] ,  whereas the gold color is maintained after the 
small interracial microstructural change which occurs 
prior to arsenic evolution [Fig. l ( b ) ] .  The origin of 
the silver color is not clear, although it might be due 
to the color of the Au-Ga compound(s) (16). 

The arsenic evolution temperature,  the color transi- 
tion temperature, and the microstructural change tem- 
perature were all found to increase with increasing 
gold film thickness. This common characteristic is a 
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further indication of the close relationship among 
these three physiochemical effects. 

Acknowledgments 
Support from the Materials Research Laboratory 

Section, Division of Materials Research, National Sci- 
ence Foundation under Grant No. DMR 76-81561 A01 
is acknowledged. The authors greatly appreciate the 
assistance of Dr. Lynn Rathbun of the National Re- 
search and Resource Facility for Submicron Struc- 
tures at Cornell University in performing the scan- 
ning Auger electron spectroscopy. They also thank 
Professor Xian-Fu Zeng of Carnegie-Mellon University 
for stimulating discussion. 

Manuscript-submitted March 30, 1982; revised manu- 
script received Sept. 9, 1982. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1983 
JOURNAL. All discussions for the December 1983 Dis- 
cussion Section should be submitted by Aug. 1, 1983. 

Publication costs of this article were assisted by 
Carnegie-Mellon University. 

REFERENCES 
1. T. Sebestyen, M. Menyhard, and D. Szigethy, Elec- 

tron. Lett., 12, 96 (1976). 

2. E. Kinsbron, P. F. Gallagher, and A. T. English, 
Solid-State Electron., 22, 517 (1979). 

3. D. D. L. Chung and L. K. W(>ng, Proc. 10th Conf. o.f 
North American Thermal Analysis Society, pp. 
149-151, Boston (1980). 

4. D. C. Miller, This Journal, 127, 468 (1980). 
5: H. Gyulai, J. W. Mayer, V. Rodriquez, A. Y. C. Yu, 

and H. J. Gopen, J. Appl. Phys., 42, 3578 (1971). 
6. C. J. Todd, G. W. B. AshweU, J. D. Speight, and 

R. Heckingbottom, in "Metal-semiconductor Con- 
tacts," p. 171, The Institute of Physics Conf. Ser. 
No. 22, London (1974). 

7. T. J. Magee and J. Peng, Phys. Status Solidi A, 32, 
695 (1975). 

8. K. Kumar, Jpn. J. Appl. Phys., 18, 718 (1979). 
9. A. Christou, Solid-State Electron., 22, 141 (1979). 

10. J. M. Vanderberg and E. Kinsbron, Thin Solid 
Films, 65, 259 (1980). 

11. X.-F. Zeng and D. D. L. Chung, ibid., 93, 207 (1982). 
12. G. H. Olsen, M. S. Abrahams, and T. J. Zamerowski, 

This Journal, 121, 1650 (1974). 
13. L. N. Vozmilova and V. T. Maslennikova, Inorg. 

Mat., 8, 1147 (1972). 
14. F. E. Roberts, Phys. Status Solidi, 22, 873 (1967). 
15. A. Hiraki, S. Kim, W. Kammura, and M. Iwami, 

Surf. Sci., 86, 706 (1979). 
16. V. Simic and Z. Marinkovic, Thin Solid Films, 34, 

179 (1976). 

Incorporation of a Resistivity-Dependent Contact Radius in an 
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ABSTRACT 

An integration technique is described which allows the rapid calculation of the correction factor introduced by 
Schumann and Gardner for spreading resistance calculations. The time required to calculate one point is typically 0.03 sec 
on a VAX-11/780 minicomputer, the accuracy being better than 0.1%. The technique can be easily implemented for using a 
resistivity-dependent contact radius. Model spreading resistance data are used to illustrate the efficiency of the integration 
technique. 

Two-probe spreading resistance measurements are 
widely used for determining doping profiles in semi- 
conducts (1-4). The conversion of the measured re- 
sistance profile to a resistivity profile has been the 
subject of a number of publications during the last 
decade (1, 2, 5-16). One conversion scheme which is 
very attractive with respect to snpeed and computation 
time is the local slope approximation proposed by 
Dickey (5). This method, however, is not very accurate 
in some cases, and the computed resistivities can differ 
from the correct solution by as much as 25% as was 
shown by Albers (6). Another powerful scheme is 
based on the multilayer approach of Schumann and 
Gardner (7, 8). The solution of this approach is given 
by 

1 H. E. Maes  is a research leader of the Belgian National Science 
F o u n d a t i o n  ( N F W O ) .  

K e y  w o r d s :  s p r e a d i n g  r e s i s t a n c e ,  m u l t i l a y e r  ana lys i s ,  impurity 
prof i les ,  

R -- ~ CF [1] 
2a 

where R i,s the resistance measured on the nth-layer 
with resistivity Pn, a is the contact radius, and CF ac- 
counts for the influence of the resistivities of the 
underlying layers and is given by 

4 S ~  { J , (at)  Jo(st) } 
CF : - -  [1 + 2~(t)] 

o at 2 

sin (at) 
dt [2] 

t 

In this formula a is the separation between the probes, 
J0 and J1 are the Bessel functions of zero and first 
order, respectively, and 0(t) is a function which is de- 
termined by the resistivity profile of the sample. The 
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der iva t ion  of Eq. [2] was based on the assumpt ion of a 
var iab le  cur ren t  dens i ty  d i s t r ibu t ion  under  trm probe  
contact.  A n  a l t e rna t ive  approach  is to assume a uni -  
form cur ren t  dens i ty  d i s tnuu t ion  (17). The correct ion 
factor  is then  given by (20) 

i t C F - - ~ -  o [ l + 2 0 ( t ) ]  at  2 

J1 (at)  
dt [3] 

t 

The va l id i ty  of both formula t ions  was inves t iga ted  by  
Leong et al. in a series of papers  (18-22). F r o m  thei r  
work  we m a y  state  tha t  (i) in case of a l ayer  on top 
of a conduct ing substra,te (per fec t ly  conduct ing or  of 
f in i te  conduct iv i ty)  the unizorm dens i ty  d is t r ibut ion  
is p re fe rab le  as long as the thickness of the l aye r  is 
less than  0.3 t imes the  contact  radius;  (ii) in case of an 
insula t ing  subs t ra te  the choice of the d is t r ibut ion  is not  
r e l evan t  since the  resis tance is a lmost  en t i re ly  de te r -  
mined  by  the l a te ra l  flow of the cur ren t  and not  by  the 
d is t r ibu t ion  under  the  contacts;  (iii) the resul ts  differ 
a t  most  by  8% f rom each other.  I t  should be r e m a r k e d  
here  tha t  since the contact  rad ius  is of the  o rder  of 
1-4 ~m (2),  the  un i form d is t r ibu t ion  is more  sui ted for 
submicron  profiles (0.3-1.2 /~m deep) whi le  the var i -  
able  d i s t r ibu t ion  complies  more  for the deeper  profiles. 

We decided  to use the  var iab le  current  dens i ty  dis-  
t r ibut ion  by  rea l iz ing tha t  most  of the  submicron 
profiles to be profiled, a re  formed by  a junct ion  (i.e., 
emi' t ter  region of a b ipo la r  t ransis tor ,  the  d ra in  and 
source contacts  of  MOS t ransis tors)  which corresponds 
to an insula t ing  bounda ry  where  the  d i s t r ibu t ion  does 
not  ma t t e r ,  and  tha t  for the  deeper  profiles the  va r i -  
able  dens i ty  d i s t r ibu t ion  is the  best  approximat ion .  
F ina l ly  ir should also be ment ioned tha t  the use of the 
var iab le  cur ren t  dens i ty  d is t r ibut ion  al lows obta in ing 
a r a the r  s imple express ion for  the in tegra l  of Eq. [2] 
where  for Eq. [3] such an expression is not  avai lable .  

The use of Eq. [1] was or ig ina l ly  l imi ted  by  two 
problems.  F i r s t  of a l l  in o rde r  to de te rmine  0(t) one had  
to inve r t  a (2N • 2N) m a t r i x  which becomes an  enor -  
mous tasl< for a large number  of layers  N. This p rob-  
l em could be c i rcumvented  by  different  authors  by  
using a p o w e r - l a w  in te rpola t ion  (9), a reduc t ion  tech-  
nique of the  (2N • 2N) ma t r ix  invers ion to the  solu-  
t ion of N (2 >< 2) matr ices  (10), or f inal ly by  the 
wide ly  used recur rence  re la t ion of Choo et al. (11). 
The second p r eb l em arises f rom the in tegra l  in Eq. [2] 
or  Eq. [3] which contains s t rongly  osci l la t ing func-  
tions, tks shown by Lee (12) s t anda rd  in tegra t ion  
techniques would  r equ i r e  an ex t r eme ly  la rge  number  
of evaluat ions  of the  in tegrand  in o rder  to obtain a rea -  
sonable accuracy.  Choo et al. (13) solved this p rob -  
lem by spl i t t ing  the in tegra l  into three  pieces and using 
an adap t ive  Simpson rule for  each of them. Using 150 
in tegrand  evaluat ions  they  obta in  an accuracy be t te r  
than  2% (14). However  as pointed out  in recent  papers  
(6, 14) the  accuracy of the  in tegra t ion  is e x t r e m e l y  im-  
por t an t  in the  convers ion procedure.  We have  found 
tha t  the  inaccuracy  should be less than 0.1% in o rde r  
to calculate  the res is t ivi t ies  wi th  an inaccuracy  of less 
than  1% (14). 

Requi r ing  an accuracy of 0.1% on the in tegra t ion  
does not mean  tha t  the final ca lcula ted  values of a rea l  
profile wi l l  be accurate  wi th in  1%. It  only  guarantees  
tha t  Eq. [1] is solved wi th in  1% and that  the  ca lcula ted  
resis t ivi t ies  do not have an error ,  which  may  be qui te  
la rge  (14), s imply  due to the l imi ted  in tegra t ion  ac-  
curacy  (6). 

Ln add i t ion  to the in tegra t ion  e r ror  the re  a re  st i l l  
o ther  factors influencing the accuracy,  s~/ch as cal i -  
b ra t ion  errors  and bevel  rounding  effects which be-  
come the  l imi t ing  factors  when  Eq. [1] is solved ac-  
curately.  

With  these conclusions in mind  one can conclude 
that  the use of this technique is inadequate .  In  a l a te r  

publicat ion,  Choo et al. (15) proposed an in tegra t ion  
procedure  based on a 33-point  Gauss -Lague r re  for -  
mula  which is about  6-8 t imes fas ter  than  the S imp-  
son integrat ion.  U n m r t u n a t e l y  the  inaccuracy  wi th  this 
fo rmula  is as high as 5%, which  can cause serious 
er rors  (14). Fol lowing the approach  of Choo et ah 
(15), a modified fo rmula  for Eq. [2] has been der ived  
(14) which can be in tegra ted  by  a 150-points Gauss-  
Lague r re  fo rmula  wi th  an accuracy  of 0.15%. 

Ano the r  technique based on the use of p re - s to red  
pa r t i a l  in tegra ls  as proposed by  D'Avanzo et al. (1, 2), 
also a t ta ins  an inaccuracy  less than  0.1% using 70 
evaluat ions  of the in tegrand  and 210 calculat ions of co- 
efficients. The calculat ions of the pa r t i a l  in tegra ls  are 
pe r fo rmed  using the Romberg  method and are  very  
slow bu t  need to be done only  once. 

In  a recent  pape r  Berkowi tz  et al. (16) proposed an  
in tegra t ion  technique based upon an approx imat ion  of 
the par t  of the in tegrand  in Eq. [2] containing the 
Bessel functions.  This technique requi res  only  22 
eva lua t ions  of ~(t) but  reaches an accuracy of not be t te r  
than  1%. 

It  should  be emphasized tha t  al l  the methods  men-  
t ioned above make  use of the fact  that,  if  the  effective 
contact  radius  does not  change wi th  res is t ivi ty ,  the 
Bessel functions need to be calcula ted only once and 
can be s tored in the  computer .  The assumption that  
the effective contact  radius  is independent  of res is t iv i ty  
is however  not en t i r e ly  just if ied as can be concluded 
f rom the ca l ibra t ion  curves  of resis tance vs. re-  
s is t iv i ty  (1, 2, 9, 23-26). Usual ly  a rela'tion of the  form 

R = Ap B [4] 

is found wi th  a B value  be tween  0.8-1.2 and A vary ing  
from 900 to 6000 depending on impur i t y  type,  crys ta l  
or ientat ion,  and surface p repa ra t ion  (2, 25). A number  
of contact  models  have  been proposed which more  or  
less descr ibe  the dependence  of the contact  radius  on 
res is t iv i ty  (27-30). [For  a deta i led  discussion on con- 
tact  models  see Ref. (30)].  K r a m e r  a n d V a n  Ruyven 
(31) proposed  a model  wi th  a constant  contact  radius  
and a res is t iv i ty  dependen t  ba r r i e r  t e rm K(p) .  This 
t e rm is defined as 

RB 
K(~) = 1 + 

Rs 

with RB = the barrier resistance and Rs = the spread- 
ing resistance p/2a. 

I t  is c lear  that  K(p) should a lways  be grea te r  than  one. 
However  when  assuming a constant  rad ius  a, K r a m e r  
and Van Ruyven  found values  less than  one for ve ry  
high and ve ry  low resist ivit ies.  Measurements  by  o ther  
invest igators ,  ment ioned  in Ref. (31), also indicate  
values of K less than  one. As K r a m e r  and Van Ruyven 
(31) pointed out, this inval ida tes  the assumpt ion of a 
constant  con.tact radius.  

St rong evidence for the r e s i s t iv i ty -dependen t  contact  
rad ius  can also be found in the  work  of Ehrs te in  et al. 
(32). They  ca lcula ted  the res is t iv i ty  profile using d i f -  
ferent  conversion a lgor i thms wi th  constant  and wi th  
va ry ing  contact  radius  and compared  the resul ts  with 
SIMS and C-V measu remen t s .  They found that  when 
using a var iab le  contact  rad ius  the  best  agreement  wi th  
the exper iments  can be obtained.  Hence, incorpora t ion  
of a r e s i s t iv i ty -dependen t  contact  radius  into Eq. [1] 
seems to be necessary  (30). An a t t empt  in this direct ion 
was made  by  Yeh (33), who pe r fo rmed  the double  
i t e ra t ion  on res is t iv i ty  and contact  radius  using the 
s low ma t r ix - inve r s ion  technique for de te rmin ing  0(t) .  
Morris  et al. (34) also use a r e s i s t iv i ty -dependen t  con- 
tact  rad ius  in the i r  p rog ram SRPROF for ep i tax ia l  
layers .  The usefulness and the accuracy of this p rog ram 
however  are ve ry  l imited.  Due to the s impl ic i ty  of the  
equations in the  local  slope approx imat ion  of Dickey  
(5), this can be easi ly  imp lemen ted  when using a con- 
t inuous ly  changing contact  rad ius  (30, 32). Unfor tu -  
na t e ly  this approach  is not  un iversa l ly  appl icable  with 
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sufficient accuracy, as can be deduced from model data and 
calculations (6). 

Looking at the Schumann  and Gardner  approach the 
problem becomes very temous due to the complex in-  
tegral function. Use .of a res is t iv i ty-depenaent  contact where 
radius is impossible with the methoa of D'Avanzo 
(1, 2) since the part ial  integrals have to be recalcu- 
lated for each value of a. An intermediate  solution, 
although very inetticient with respect to computer stor- 
age, would be to calculate the integrals for a n u m b e r  of 
values of a. For any  a rb i t ra ry  value of a an in ter -  
polation technique could then be used. This technique, 
however, will probably lack accuracy and speed. 

In  principle, the 150-points Gauss-Laguerre  formula  
(14) is suited for incorporat ing a variat ion of a. How- 
ever, changing the value of a means that one can no 
longer store the values of ~ the Bessel functmns as is 
usual ly done (13-15), bu t  that one has to recalculate 
the Bessel funct ion of the first order in each i tera- 
tion on a. Using the normalized equation by replacing 
ta by x (15) does not  solve the problem, since when 
doing so, the normalized probe spacing d = s/a and 
o(t/a) would now be a funct ion of a. This then would 
require the recalculation of the Bessel function of zero 
order and the recalculat ion of the recurrence relat ion 
describing o(t/a). This results in considerable long 
computat ion times. 

The same problem exists for the integrat ion tech- 
n i q u e  of Berkowitz et al. (16). The original version 
was described for the normalized form of Eq. [2] with 
ta replaced by x. Their  integrat ion technique uses fixed 
values of x where the in tegrand is evaluated. This 
means, however, that  e(t/a) has to be recalculated each 
t ime a different value of a is used. This implies that  
the recurrence relat ion has to be applied for all the un -  
derlying layers each t ime a is changed. This results in 
long computat ion times. 

Using the actual form of Eq. [2] with ta instead of 
x does not el iminate the problem since Berkowitz et al. 
(16) determine the points where the in tegrand is 
evaluated in terms of the normalized probe spacing 
and the zeros of the Bessel funct ion of first order. 
Changing a would mean that the position of the zeros 
changes and hence necessitates evaluat ing the inte-  
grand at other  points. This again requires the recal-  
culat ion of 0 (t) .  where  

With regard to the shortcomings of the above-men-  
t ioned techniques, we tleveloped a new integrat ion 
technique keeping in mind  the foIlowing two require-  
ments:  first, the accuracy should be bet ter  than 0.1%, 
and  second, the technique should be suited for in-  
corporating a res is t iv i ty-dependent  contact radius. I t  
will  be shown in the following sections that the de- 
veloped method satisfies both requirements  since ac- 
curacies bet ter  than  0.1% are obtained and since the 
Bessel functions are no longer evaluated due to the 
fact that  the integral  is computed analytically.  

Description of the Integration 
The correction factor of Eq. [2] can be wr i t ten  in 

the following form (11) 

4 f ' ~  ( 1 - - k ( t ) e  -pt ) 
CF = # o 1 ~- k( t )e-v t  r  [5] 

where  

r -- [ ,Jl(at)  Jo(st) ] s i n a t  
at 2 2t 

p = 2 • d with d the thickness of one layer, a -- the 
contact radius, s -- the separation between the probes, 
t = the integrat ion variable,  and k( t )  is given the 
recurrence relat ion of Choo (11). Equation [5] can 
be wri t ten  as 

CF : (4h -- 812)/~r [6] 
where go 

I1 = ,  ~ ( t ) d t  [7] 

f I2 : ,  G(t)~( t )dt  [8] 

k ( t ) e - p t  
G( t )  -- [9] 

1 + k( t )e  -pt 

I1 can be calculated analyt ical ly  to give 

I1 -- - -  -- - -  arc s in [10] 
4 2 \ s /  

For  the computat ion of I2, G(t) is approximated by 
a sum of exponentials  

M 

G(t )  ~ e - ~ t  ~.~ c]e-Lqt 0 ~ t - - o o  [11] 
/=0 

where q is a free parameter.  The choice of q, M, and 
the computat ion of the coefficients cl will be discussed 
later. Vqhen subst i tut ing Eq. [11] into Eq. [8] we ob- 
tain 

M 

I2 ~ cl ,e-a~+v)t r  dt [12] 
l='0 

The integral  on the r igh t -hand  side of Eq. [12] can 
be evaluated analyt ical ly (35) using the expression 

f : e - d t r 2 4 7  ( a )  

s i n ( 0 § 2 4 7  ( - a )  2 ) sin 

§ arc tan 

2o 

"'in +Vl+/ >"inil 
-- arc s in 2a } [13] 

Vl § r,2 

k ----In (u) 

l + k  ----In(u) u~/q 
q 

f o r 0 ~ u - - - -  1 

[14] 

The construction of the polynomial  approximation in 
Eq. [14] is a s tandard problem in  numerica l  analysis 
and several computer programs are available, bu t  of 
course, the efficiency of the method and the accuracy 
of the final result  depend on the approximation method 
used. The following technique, based on a Chebyshev 

a 
e = arc tan  - -  

4 

1 2a 
= - -  arc tan  

2 a 

We now consider the construction of the aplproxima- 
tion of G(t), i.e., Eq. [11]. Subst i tu t ing e-qt  = u, we 
have for ep t . G(t) in Eq. [9] and [11] 
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po lynomia l  approx imat ion  (36), has p rov ided  exce l -  
len t  results .  Using a ve ry  efficient Fas t  Fou r i e r  Trans -  
form technique  (37), the  coefficients bl are  computed  
in the  app rox ima t ion  

q ~-- blT*l(U) [15] ) ,-~ 
l + k  - - - - l n ( u )  up/q 

q 

where  T*l(u) is the, shif ted Chebyshev  po lynomia l  of 
the first k ind  and degree I. I t  is we l l  known that  fast 
F F T - a l g e r i t h m s  can be developed for  some special  
eases (38). The use of 12 or 24 polynomia ls  in Eq. [ lg]  
presents  such a ease (33). We t r i ed  12 as wel l  as 24 
po lynomia ls  in Eq. [15]. F r o m  the calculat ions it tu rned  
out  tha t  the  coefficients bl (l > 12) were  so smal l  
tha t  t hey  did not  b r ing  any  change in the ca lcu la ted  
resul t .  Only  in case of an insula t ing  subs t ra te  ne i the r  
12 no r  24 po lynomia l s  were  able  to app rox ima te  the 
in t eg rand  accurate ly .  This special  case shall  be t rea ted  
fur ther .  

The accuracy  of the  fit can  be  deduced f rom the 
fact  tha t  the coefficients bl form a decreas ing row wi th  
bl for  the  la rges t  values  of l, be ing ve ry  smal l  ( typ i -  
ca l ly  less than  i 0 - 4 ) .  A smal l  value  of bl means  tha t  
the app rox ima t ion  is no longer  improved  by  an add i -  
t ional  Chebyshev  polynomial .  The p a r a m e t e r  q mus t  
be chosen so tha t  the  Chebyshev  series expans ion  in 
Eq. [15] is r a p i d l y  convergent .  F r o m  an  extens ive  set 
of calculat ions we found q = 0.2 • 10 -~ to be an  ap-  
p rop r i a t e  value.  I t  mus t  be emphasized that  the  choice 
of q was not  cr i t ical  in o r d e r  to  obta in  the requ i red  
accuracy.  Af t e r  expand ing  T*i(u)  in terms of uJ (0 - -  
j ----- l) using s t andard  formulas,  d iv id ing  both sides 
of Eq. [15] by  u and neglec t ing  the te rm in I/u, the 
approx imat ion  of Eq. [14] is obtained.  Neglect ing the 
t e rm in 1/u does not  in t roduce  any  serious e r ro r  since 
the  coefficient corresponding to this te rm is ve ry  small,  
usua l ly  less than 10 -15. I t  should be noted tha t  the  
approx imat ion  requi res  on ly  12 evaluat ions  of the 
funct ion k (t)  for  the computa t ion  of  the 13 coefficients. 
Hence this is app rox ima te ly  one evalua t ion  of k ( t )  
for  each by 

When  the  res is tance of  the  subs t ra te  is v e r y  high, 
G (t) becomes ve ry  large  in the  ne ighborhood of t --  0. 
In  the case of a per fec t ly  insula t ing  subs t ra te  G ( t )  
even has a s ingula r i ty  at  t = 0. In  this case i t  is im-  
possible  to app rox ima te  G (t)  by  a sum of exponent ia ls  
(Eq. [11]).  The method descr ibed above is then  modi-  
fied as follows. Ins tead  of t ry ing  to app rox ima te  G ( t )  
in (0, r162 by  a sum of exponent ia ls ,  we only approx i -  
mate  G ( t )  in the in te rva l  (L, r b y  Eq. [11], where  
L is a posi t ive rea l  number .  By an appropr i a t e  choice 
of L, the  s ingula r i ty  of  O ( t )  is e l imina ted  and the 
app rox ima t ion  is qui te  accurate.  

The  sum of exponent ia ls  represents  now a function 
G* (t)  which  is a lmost  ident ica l  to G ( t )  for t l a rger  
than  L bu t  differs f rom G ( t )  for t sma l l e r  than  L. This 
is i l lus t ra ted  in Fig. 1. 

G* (t)  can now be described,  s imi l a r ly  to Eq. [11], 
as 

M 

G* (t)  ~ e -~~ ~ el e- lqt  [16] 
~=0 

The funct ion  G (t)  can then be wr i t t en  as 

G ( t )  = [G( t )  - -  G * ( t ) ]  + G*(t)  

M M 

= [ G ( t )  - -  e - , t  ~ Cle-~q*] + e - , t  ~ cie-Zqt [17] 

The in tegra l  I~ (Eq. [8] ) can be  expressed as the sum 
of in tegra ls  I2A and I2B 

G*, G 
(a.u,) 

L 
i 

I 

L 

Fig. I.  The function G(t), solid line, and the approximation G*(t), 
dashed line, as function of the integration variable t for a layer on 
top Of an insulating substrata. For t > L G*(t) coincides witn 
G(t). The shaded part represents the integrand which is used for 
the computation of Eq. [19]. 

f 
~ 

I~= o G ( t ) r  

-" I2A + I2B [18] 
where  

I2A = ,  [ G ( t )  --  G*(t)]e~(t)dt 

and  

? I2B = G*(t)e~(t)dt 
, o 

M 

"- Cl e-aq+')t ~(t)dt  
l=o 

I2B can be calcula ted using the ana ly t ica l  express ion 
(Eq. [13]) for the integral .  Since G(t) ---- G*(t) for 
t > L, I2A reduces  to 

l :  I~A = [G( t )  --  (G* ( t ) ] ~ ( t ) d t  

M 
.fL X = [G (t)  - e -~t  cle-lqt] ~ (t) dt [19] 

0 / = 0  

The in tegrand  be tween  bracke ts  of /2A corresponds to 
the  shaded area  of Fig. 1. I2s can be computed  using a 
s t andard  in tegra t ion  procedure  because the s ingular i ty  
or  peaked  behav ior  of  G ( t )  is smoothed out  by  the 
presence of the  factor  r  The difficulty of the nu-  
mer ica l  in tegra t ion  depends on the value of the  probe  
spacing s. If  s is large  the  in tegrand  is s t rongly  oscil-  
lat ing.  F o r  this in tegra t ion  we use an in tegra t ion  
fo rmula  of high precision, i.e., a high o rde r  Gauss-  
Kronrod  rule  (40). A lower  bound on L is imposed b y  
the r equ i r emen t  tha t  the  s ingula r i ty  of G ( t )  has to 
be  removed  sufficiently to a l low an accura te  approx i -  
mat ion  wi th  exponent ia ls .  An l~pper bound  is given 
by  the fact  tha t  fa r  too large  values  of L, the numer ica l  



472 J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY February  1983 

in tegra tor  cannot  adequa te ly  pe r fo rm the in tegra t ion  
of the  osci l lat ing functions over  the large  in te rva l  
wi th  87 evaluat ions.  A sui table  value  of L was ~ound 
to be 0.35 X 106 which was der ived  from a large num-  
ber  of in tegra t ions  wi th  different  values of L and com- 
pa r ing  the resul ts  wi th  the exact  values ob ta ined  f rom 
a numer ica l  in tegra t ion  p rog ram (14). 

The value  of 0.35 • l0 s is ve ry  reasonable  since 
when mul t ip l ied  with  a (1-4 ~ n ) ,  one obta ins  values  
be tween  0.35 and 1.4 for ta. As i l lus t ra ted  in the  work  
of Choo et al. (41), a t  these values  of ta the  s ingu la r i ty  
in the in tegrand  has a l r eady  d isappeared .  For  the 
numer ica l  in tegra t ion  one can see that  as the  probe  
spacing varies  f rom 30 to 500 #m, there  a re  approx i -  
ma te ly  3 or  50 zeros of J6 included in the in tegra t ion  
interval .  As has been shown in the  work  of Piessens 
et al. (37), the numer i ca l  in tegra tor  is accura te  for 
osci l lat ing funct ions as long as the  number  of  osci l la-  
tions is less than  or  roughly  equal  to the number  of 
function evaluat ions  used in the in tegrator .  Since we 
al low a m a x i m u m  of 87 evaluat ions,  the in tegra t ions  
wil l  be accura te  for probe  spacings less than  500 ~m. 
Limi t ing  the value  of s to 500 #m is a conservat ive 
res t r ic t ion in view of the  t rend  to smal le r  p robe  spac-  
ings (our  setup now has a spacing of 57/~'n). 

Results and Discussion 
As ment ioned  in the  previous  sect ion we ca lcula ted  

the profiles of Choo (15) wi th  the above-desc r ibed  
techniques wi th  an accuracy of at  least  0.1% on the 
correct ion factor.  The profiles wi th  a per fec t ly  con- 
ductir~g or  a homogeneous  subs t ra te  could be ca lcula ted  
using on ly  12 evalua t ions  of k ( t ) .  

For  the case of the insula t ing  subs t ra te  the use of 
Eq. [16] was required.  This requ i red  in addi t ion  to 
the 12 evaluat ions  of  k ( t ) ,  23 or  87 evaluat ions  of the 
in tegrand  depending on whe the r  a normal ized  probe 
spacing of 30 or  500 was used, respect ively .  The t ime 
requi red  to pe r fo rm the  calculat ions wi th  thi.r new 
technique var ies  f rom 3/4 to 5/4 of  the t ime requ i red  
when using the 150-point Gauss -Laguer re  fo rmula  
which uses s torage of the Bessel funct ion values.  A 
typical  va lue  for  comput ing al l  the  spreading  res is t -  
ance values  of a profile subdiv ided  into 300 layers  
using an inverse  p rog ram (6), is 10 see on a VAX-  
11/780 minicomputer .  In  o rder  to decide whe the r  Eq. 
[12] or  Eq. [16] should be used dur ing  rout ine  ca lcula-  
tions, the convergence  of the  Chebyshev coefficients is 
tested. I t  was found dur ing  our  calculations,  including 
s imulat ions  of Gaussian profiles, tha t  as long as b~2 is 
less than  9 X 10 -8 Eq. [12] can be used. This was 
tested by  calcula t ing the correct ion factor  for the top 
l aye r  for a set of profiles using Eq. [12] and Eq. [16]. 
As long as bl was less than  9 • 10 -3 the resul ts  using 
both equations ag reed  wi th in  0.1%. Convergence of 
this Chebyshev  coefficient means  tha t  the  a lgor i thm 
is capable  of approx ima t ing  the in tegrand  factor  wi th  
sufficient accuracy.  

The above-men t ioned  r e s u l t s - w e r e  ob ta ined  using 
a cons tant  contact  radius.  The use of a res i s t iv i ty  de -  
penden t  contact  rad ius  presents  no p rob lem for this  
a lgori thm. The coefficients of the  Chebyshev po ly -  
nomials  a re  de te rmined  independen t  to the  contact  
radius  and are  on ly  influenced by  the res is t iv i ty  p ro -  
file since they  represen t  an approx imat ion  to G ( t )  
where  k ( t )  is depending  on ly  on the res is t ivi t ies  of 
the under ly ing  layers .  The radius  a enters  only  in 
Eq. [13] which is easi ly  calculated.  

D 'Avanzo et al. (1, 2) de t e rmine  the i r  constant  rad ius  
f rom Eq. [4] by  the  fol lowing re la t ion  at  p --  1 ~%-cm 

P 
= Ap B [20] 

2a 

In  order  to demons t ra te  the  versa t i l i ty  of the  a lgor i thm,  
we used Eq. [20] for  each va lue  of # to es tabl ish a 
re la t ionship  be tween  p and a. Genera t ion  of spreading  
resistance values  for a mode l  res is t iv i ty  profile 

requi red  the same t ime as when using a con- 
s tant  radius.  Recalcula t ing the res is t iv i ty  profiles, 
again, wi th  using Eq. [20], only  requ i red  1.5- 
2 t imes more  than  wi th  a constant  radius.  A 
typical  value  for calculat ing a 300-layer  profile is 
55 see as compared  to 30 sec for the  constant  radius  
version. The increase  in t ime is expla ined  by  the fact  
tha t  one has to pe r fo rm  two or  three  more  i tera t ions  
in o rder  to a r r ive  at  the  correct  values  of  p and a. One 
should real ize tha t  we are  dea l ing  now with  a set of 
two nonl inear  equations,  i.e., Eq. [1] and Eq. [20], 
wi th  two unknowns.  The double  i t e ra t ion  is pe r fo rmed  
as follows. S ta r t ing  with  a value  of p, es t imated  from 
the a l r eady  calcula ted values of the under ly ing  layers,  
the corresponding value  of a is ca lcula ted  using Eq. 
[20]. The correct ion factor,  Eq. [2], is then ca lcula ted  
using these values.  The convergence of Eq. [1] is then 
checked and if not, a new es t imate  of p is made  and the 
i te ra t ion  is res tar ted .  Usual ly  convergence is reached 
af ter  5-6 i terat ions.  The use of two nonl inear  equat ions 
however ,  presents  a special  p rob lem since the  solut ion 
now is no longer  unique. This is i l lus t ra ted  in Fig. 2. 
By using an inverse  p rogram we calcula ted  the sp read-  
ing resistar~ce values for  a Gauss ian  profile (Rp ---- 
0.17 ~m, ~RD _-- 0.054 Frn) on top of a homogeneous  
subs t ra te  wi th  p --  126 12-cm. The s t ruc ture  was as-  
sumed to be  1 ~m deep, the  probe spacing being equal  
to 30 ~n .  The s t ruc ture  was subdiv ided  into 300 layers  
wi th  l ayer  300 being the substrate .  Ar r iv ing  a t  l aye r  
122 dur ing  the recalcula t ion  of  the  res i s t iv i ty  profiles, 
we ca lcula ted  p and CF (p, a) for different  values  of 
a such tha t  Eq. [1] was satisfied. The solid l ine in 
Fig. 2 shows the obta ined combinat ions  {p, a}. Using 
Eq. [20] we also de te rmined  the var ia t ion  of the  con- 
tact  radius  a as a funct ion of p (A ---- 5000, B = 0.9). 
As indica ted  on Fig. 2 there  are  two combinat ions {p, a}. 
which sat isfy both Eq. [1] and  Eq. [20]. The exact  
combinat ion  {pe, ae} Js one of them. Dur ing  a large  
number  of s imulat ions  the fol lowing technique was 
found to a lways  lead to the exact  solut ion {pe, ae}. Be-  
fore s ta r t ing  the i te ra t ion  in one layer ,  a cubic spline 
ex t rapo la t ion  of the  profile is made  using the previous  
corrected points.  In  the second l aye r  t h e  ex t rapola t ion  
is de t e rmined  on the basis of the spreading resistance 
va lue  wi th  regard  to tha t  of the first layer .  If  the re-  
sistance of the  second layer  is higher,  the ex t rapo la ted  
res is t iv i ty  is also taken  h igher  than  the last  one and 
vice versa.  (A s imi la r  ex t rapo la t ion  is used by  
D'Avanzo (2) for de te rmin ing  a first guess in the  re -  
s i s t iv i ty  i tera t ion.)  The i te ra t ion  is then forced to 
proceed into the  di rect ion indica ted  by  the ex t r apo-  
la ted  resis t ivi ty .  The resis t ivi t ies  of previous  layers  
are  also ind ica ted  on Fig. 2 b y  the ar rows fol lowed b y  

a[,am ] 

1.15 

114 

;12 

11 

lOa 

105 

104 

1.02 

1 

J 

ix/V7 
vj// 

v//// t2 t ~ t ~ 
extm~Leted 123 12& 125 

Fig. 2. The dashed line gives the contact radius a as determined 
from Eq. [16] with A ~ 5000, B ~ 0.9. The solid line gives every 
pair { p , a }  which satisfies Eq. [1] for layer 122 of a Gaussian pro- 
file. For details see t e x t .  AIsa indicated are by the arrows followed 
by the number of the layers, the resistivities of the previous layers. 
{pe, ae} correspond ta the exact solution. 
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the n u m b e r  of the  layer .  Also indica ted  is the ex-  
t r apo la t ed  res i s t iv i ty  for the  l aye r  122. The success of 
this  technique can be exp la ined  by  the fact tha t  i t  
forces the  a lgo r i thm to ma in ta in  the  cont inui ty  of the  
res is t iv i ty  profile which phys ica l ly  is ve ry  reasonable.  
I t  should be ment ioned  tha t  if one uses the  wrong 
solut ion {p, a} in one layer ,  sometimes dif fer ing only 
15% of the  exact  one, the  p rog ram a lways  breaks  down 
in  the  n e x t  layer .  This means  tha t  if the  p r o g r a m  
finds a solut ion for the profile, one can be reassured  
tha t  i t  also is the correct  one. 

Using the model  resis tance data,  ca lcula ted  wi th  a 
res i s t iv i ty  dependent  contact  radius,  for an exponen-  
t ia l ly  va ry ing  profile (p(z) = 0.5 exp  ( - -2z ) ,  0.5 ~m 
deep, P s u b s t r a t e  - - "  1.356 ~2-cm, A ---- 5000, B _ 0.9), we 
reca lcu la ted  the  profile wi th  both a r e s i s t iv i ty -de -  
penden t  contact  rad ius  ,and a constant  radius.  For  this 
las t  case a was de te rmined  f rom Eq. [20] at  p --  1 
f~-cm and found to be 1 ~m. The resu l tan t  profiles a re  
shown in Fig. 3. The solid l ine shows the profile cal-  
cula ted  wi th  the  radius  cont inuously  va ry ing  f rom 
1.031 ~m for the  subs t ra te  l aye r  to 0.933 #m for the  
topmost  layer .  The rad ius  i s  indica ted  b y  the dash-  
do t ted  l ine  in  Fig. 3. The profile differs f rom the 
or ig inal  one by  less than  0.2%. The dashed l ine shows 
the profile ca lcula ted  wi th  constant  rad ius  which dif -  
fers b y  as much  as 17% from the exact  solut ion as 
can be expected.  By this s imula t ion  we in tend to show 
that  if there  is a dependence  of the radius  on res is t iv i ty  
and this would  be neglected,  serious errors  can be in -  
t roduced  in the  calculations.  I t  is clear tha t  the  nex t  
step wi l l  be  to inves t iga te  whe the r  there  is a de pe nd -  
ence of the  radius  on the res is t iv i ty  by  compar ing  a 
real  profile measured  with  different  techniques and 
ca lcula ted  with  and wi thout  var ia t ion  of the contact  
radius,  s imi la r  to the work  of Ehrs te in  etal .  (32). 

F ina l l y  i t  should be ment ioned  t ha t  in some cases 
i t  was impossible  to recalcula te  the ent i re  profile be-  
cause at  a cer ta in  point  dur ing  the calcula t ions  a dev ia -  
t ion f rom the exact  profile was found, which increased 
a lmost  exponen t ia l ly  as successive layers  were  com- 
puted.  Increas ing the accuracy  of the  calculat ions 
could on ly  r e t a rd  the p rob lem a few points.  As we 
found from a det~ailed invest igat ion,  this devia t ion  is 
not  due to an er ror  in the calculat ion of the in tegra l  
neither,  to the choice of the wrong pa i r  {p, a} in the 
i terat ion.  We suspect  tha t  i t  is caused by  ins tabi l i t ies  
(42) in t roduced by  the correct ion algori thm, which 
incorpora tes  a r ecur rence  re la t ion into an invers ion 
problem.  Evidence  in this d i rec t ion  is given by  the 
fact tha t  when  using dou.ble precis ion var iables  
th roughout  al l  the  roaleutations in the program,  the  
p rob lem was solved in one case whi le  in another  case 
it was  de layed  a number  of layers.  Also the observat ion  
of Lee  (12) that  the calculat ions of a res is t iv i ty  p ro -  
file amplifies the  noise on the spreading  resis tance 
data,  points  in the  same direct ion.  This p rob lem is 
however  st i l l  under  invest igat ion.  

Conclusion 
We have  presen ted  a new in tegra t ion  technique 2 

for  de t e rmin ing  the correc t ion  factor  of Schumann and 
Gardner .  This technique a l lows a ve ry  fast  (less than 
0.03 sec /poin t )  and accura te  (be t te r  than  0.1%) eva lu -  
a t ion of the integral .  I t  is also ve ry  wel l  su i ted  for  using 
a : res is t iv i ty-dependent  contact  radius  in the calcula-  
tions. This has been demons t ra ted  using model  da ta  
and Eq. [20] for es tabl ishing a r e l a t i o n  be tween  a and 
p. The prob lems  involved have been discussed. I t  
should be ment ioned  tha t  a l though we used Eq. [20] 
to de te rmine  a, this is not  res t r ic t ive.  One could, in -  
s t ead  of us ing a log- log  fit for the ca l ibra t ion  data, 
use a tab le  of the  measured  values and in te rpo la te  at  
i n t e rmed ia t e  points.  We have  pointed out tha t  i t  is 
possible to use a var iab le  contact  r~dius  wi th  this  i n -  

T h e  p r o g r a m  P R O F A  incorporating this technique for sp r ead -  
i n g  resistance analysis is available from the authors (W. Vander- 
vorst and H. Maes) on request. 
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Fig. 3. Comparison between the profile calculated with a resistiv- 
ity-dependent contact radius (solid line) and with a constant radius 
(dashed line). Also indicated is the variction of a (dash-dotted 
line) for the first case. 

tegra t ion  technique in case a means  for de te rmin ing  
the res i s t iv i ty -dependence  of the contact  radius  is 
avail, able. Using this in tegra t ion  technique we are  now 
inves t iga t ing  how this res is t iv i ty  dependence  can be 
de te rmined  f rom measurements  on a known profile. 

Manuscr ip t  submi t t ed  Nov. 10, 1981; revised m a n u -  
scr ipt  received Ju ly  24, 1982. 

A n y  discussion of this  paper  wi l l  appea r  in a Dis-  
cussion Section to be publ i shed  in the December  1983 
JOURNAL. Al l  discussions for the December  1983 Dis- 
cussion Sect ion should be submi t t ed  b y  Aug. 1, 1983. 
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Practical Considerations in the Implementation of Same-Level Mixed 
Lithography 

T. D. Berker* 
Sperry Research Center, Sudbury, Massachusetts 01776 

ABSTRACT 

Some practical considerations involved in the use of same-level mixed l i thography are discussed. This new process 
involves e-beam exposure of the fine features of a pat tern and optical exposure of the large features onto the same resist 
layer, followed by a single-development step. With the use of a diazo-type resist, either positive or negative e-beam images 
can be obtained so that suitable selection of the photomask tone allows complete flexibility in the choice of polarity of the 
composite pattern. In the posit ive-polarity mode, pat terning of a 0:5/~m AZ-2415 film typically requires an electron dose of 
50 ~C/cm 2 and an optical dose of 80 mJ/cm 2, with a 70 sec development  t ime in a 1:3.5 mixture  ofAZ-2401:H20. A negative- 
polarity mode patterning of a 0.5/~m AZ-2415 film typical ly requires an electron dose of 60/~C/cm 2 and an optical dose of 300 
mJ/cm 2, with a 15 sec development  in the same 1:3.5 mixture of AZ-2401 :H20. In each polarity mode, a close examinat ion is 
made of the "joint" region where the e-beam-exposed area meets the optically exposed area. Pat terning of an MOS device 
using this same-level mixed l i thography process in the negative polarity mode is described. Gate lengths as small as 0.6 ~m 
have been defined and anisotropically plasma etched into doped polysilicon. This new technique combines high resolution 
with high throughput  on the same level while maintaining a simple process with only one coating, one development,  and 
one transfer step. 

E lec t ron-beam l i thography  (EBL) is an excel len t  
method for defining smal l  geometr ies  in complex semi-  
conductor  devices. However ,  this h igh resolut ion is 
accompanied by  an increase in the t ime requi red  to 
ser ia l ly  expose the pat tern .  In  order  to make  use of the 
h igh-reso lu t ion  pa t t e rn ing  capabi l i ty  of EBL without  
to ta l ly  sacrificing the h igher  th roughput  of photo l i th-  
ography,  the exposure  of an in tegra ted  circuit  is some- 
t imes done by combining opt ical  and e -beam methods.  
In  this "mixed l i thography"  approach,  EBL is usua l ly  
res t r ic ted  to jus t  those levels which contain cr i t ica l ly  
s m a l l  fea tures  while  pho to l i thography  is used exclu-  
s ively on the remain ing  levels.  It f r equen t ly  happens,  
however ,  that  the  e -beam levels also contain la rge  
geometr ies  which  do not  requi re  h igh- reso lu t ion  pa t -  
terning;  ser ia l ly  exposing these areas  can lead  to ex-  
cessively long wr i t ing  times. Fur the rmore ,  because 
different  resis t  systems are  genera l ly  used for the e-  
beam and optical  exposures,  processing is needless ly  
complicated.  

In order  to solve these deficiencies in c o n v e n t i o n a l  
mixed  l i thography  processing, we have recen t ly  de-  
veloped a new approach.  This same- leve l  mixed  l i thog-  
r aphy  (SLML) process (1) uti l izes EBL and photol i -  
t hography  on the same level  and in the same resis t  
l aye r  fol lowed by  a s ing le -deve iopment  step. 

* Electrochemical Society Active Member. 
Key words: polymers, integrated circuits, masking. 

Same-Level Mixed Lithography 
The same- leve l  mixed  l i thography  process is shown 

in Fig. 1. The smal l  geometr ies  on any given level  of an 
in tegra ted  circuit  pa t t e rn  are  exposed using an e lect ron 
beam, while  the large  geometr ies  of the same level  are  
defined using opt ical  l i thography.  The two exposures  
are  fol lowed by  a single deve lopment  step which yields  
the complete  pa t t e rn  of the ent i re  level.  The imaging 
is done in commonly used d iazo- type  posit ive photo-  
resists such as Shipley ' s  AZ resists, which are  sensit ive 
to both  electrons and photons. An a t t rac t ive  fea ture  of 
these resists  is that  they  can be processed to form 
ei ther  posi t ive or  negat ive  images. The use of these 
resists  wi th  SL,ML, therefore,  makes  possible a ve ry  
flexible l i thographic  process, capable  of high resolut ion 
and acceptable  throughput .  

W a t e r  p lays  a key  rc~le in the imaging  process in 
d iazo- type  photoresis ts  (2). I r r ad ia t ion  of the resist  in 
the presence of wa te r  converts  the photoact ive (diazo) 
compound (PAC) to a carboxyl ic  acid, and subs tan t i -  
a l ly  enhances the solubi l i ty  of the resis t  in a basic 
developer  solution. Posi t ive resist  behavior  results.  In a 
w a t e r - f r e e  env i ronment  (e.g., vacuum) ,  opt ical  or  
e lect ron exposure  converts  the PAC to an ester,  which 
diminishes the subsequent  deve lopment  ra te  of the 
resist  in the basic developer .  The impor t an t  point  here  
is that  the chemis t ry  of these two processes is domi-  
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Fig. 1. Same-level mixed lithography (SLML). The left-hand path 
uses a dark-field photomask and a long development time, which 
results in an overall positive image. The right-hand path uses a 
light-fie]'d photomask and a short development time, which results 
in an overall negative image. 

na ted  b y  the ava i l ab i l i ty  of wa te r  dur ing  exposure  and 
not  by  the  rad ian t  sources. 

E lec t ron  exposure  in a vacuum causes not  only  the  
convers ion of the PAC to an ester,  which  can lead  to 
nega t ive  behavior ,  bu t  also scission react ions in t he  
Novalac  resinous base of the  resist,  which can lead to 
posi t ive behavior  (3). Diazo- type  resists  can therefore  
be processed e i ther  as posi t ive or nega t ive  e lect ron r e -  
sists b y  control l ing the  deve lopment  ra te  of the  back-  
g round  areas  ( those regions not exposed  to electrons)  
r e l a t ive  to the  e l ec t ron-exposed  areas.  Negat ive  res is t  
s t ruc tures  can be fo rmed  by  exposure  of the  pa t t e rn  
wi th  an e lec t ron beam i n  vacuum, fol lowed by  a flood 
opt ical  exposure  in air, to change the background  into 
a h igh ly  soluble s ta te  (4, 5). A shor t  deve~-opment t ime 
( typ ica l ly  15 sec) is used, so tha t  the negat ive  na tu re  
of the e lec t ron-exposed  areas  is p rese rved  while  the 
background  is deve loped  away.  In  the  absence of a 
flood exposu re  in air, the  background  areas  develop 
v e r y  s lowly and a longer  deve lopment  t ime ( typ ica l ly  
60 sec) causes the  e lec t ron- induced  scission react ions 
to dominate ,  resu l t ing  in a posi t ive image.  I t  is the 
r e l a t ive  deve lopment  ra te  of the background  and the 
e lec t ron-exposed  area,  as wel l  as the  to ta l  deve lopment  
t ime,  t ha t  de te rmines  the  tone of  the  image.  

The  f lexibi l i ty  of SLML hinges upon the fact  tha t  
d i azo- type  resists  can be used as e i ther  posi t ive or  
nega t ive  e lec t ron resists. Shaw and Hatzakis  (6) first 
charac te r ized  the posi t ive  e lec t ron behavior  of severa l  
posi t ive photoresists .  Thei r  resul ts  showed tha t  the  AZ-  
type  resists  have modera te  sensi t ivi ty,  h igh resolution,  
and  high etch resis tance.  The use of AZ-1350 as a 
negat ive  e lec t ron  resis t  was repor ted  b y  Oldham and 
Hieke  (4) and Mochij i  et al. (15). They  found tha t  the  
sensi t ivi ty,  resolution,  and etch resis tance of nega t ive  
AZ-I$50 are  s imi la r  to those of posi t ive  AZ-1350. 
Be rke r  and  Casey (7) r ecen t ly  charac ter ized  the nega-  
t ive e lec t ron resis t  behavior  of AZ-2415. They  inves t i -  
ga ted  the effect of e lec t ron dose, opt ical  dose, and  
deveIopment  t ime  on the resis t  profiles. These s tudies  
have  shown tha t  d iazo- type  resists  make  excel len t  
negat ive  e lec t ron resists  wi th  modera t e  sensi t ivi ty,  
submicron resolut ion,  and high d ry  e tch resistance.  
Fu r the rmore ,  unl ike  convent ional  negat ive  resists, t hey  
do not  swel l  dur ing  deve lopment  and exhib i t  no vac-  
uum cur ing effect. 

Positive-Polarity Exposure Mode 
When a d iazo- type  resist  is processed in a pos i t ive-  

po la r i ty  dua l - exposu re  mode (Fig. 1), the res is t  acts 
as a posi t ive e lect ron resis t  and a posi t ive photoresist .  
The smal l  fea tures  of the  pa t t e rn  are  defined wi th  an 
e lect ron beam. The la rge  fea tures  a re  then opt ica l ly  
exposed using a darkf ie ld  photomask  so tha t  the  back-  
ground  areas  receive no radia t ion.  Dur ing  deve lop-  
ment,  the  background  develops very  slowly,  whi le  the  
la rge  opt ica l ly  exposed areas  a re  removed  rapid ly .  
The deve lopment  t ime is made  long enough for  the e- 
beam exposed areas, which  develop more  s lowly  due 
to conversion of some PAC's  to esters,  to be removed,  
and  a posi t ive composite image  is obtained.  

Except  for the over lap  areas  of the pa t te rn ,  each r e -  
gion of  resis t  receives only  one type  of radiat ion.  In 
the region of the over lap ,  exposures  "add" and, under  
cer ta in  conditions,  this can lead  to a s l ight  widening  of 
the  e -beam genera ted  l ine at  the " joint"  region where  
the  e lec t ron-exposed  area  meets  the  opt ica l ly  exposed 
area. F igure  2(a)  shows an  SEM micrograph  of a de-  
veloped resis t  pa t t e rn  in a Ship ley  Microposi t  3000 film 
of 1.2 ~m ini t ia l  thickness on doped polysil icon. E - b e a m  
genera ted  0.7 ~m lines are  connected to a la rge  opt i -  
cal ly  genera ted  pad. The e lect ron dose was 80 ~C/cm 2 
wi th  an accelera t ion  vol tage  of 20 keV. The opt ical  ex-  
posure was done wi th  a 4:1 pro jec t ion  a l igner  and the 
in tegra ted  dose was 56 m J / c m  2. The deve lopment  t ime 
was 75 sec in Microposi t  300 developer .  

F igure  2(b)  is an en la rgement  of the  jo int  region 
and shows c lear ly  the s tanding  waves  on the opt ica l ly  
exposed resis t  walls.  The e - b e a m  defined a rea  is 

Fig. 2(a). Positive-polarity SLML resist image in a Shipley Micro- 
posit 3000 film of 1.2 #m initial thickness. (b) An enlargement of 
the 0.7/~m e-beam generated line joining large optically generated 
pad. The electron dose was 80 p.C/cm 2, optical dose was 56 m J/ 
cm 2, and development was far 75 sec in Microposit 300 developer. 
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undercu t  and there  are  no s tanding waves.  The optical  
exposure  is not  comple te ly  a t t enua ted  at  the photo-  
mask  edge, and a smal l  amount  of rad ia t ion  is absorbed  
along the pe r ime te r s  of the masked  areas. This causes 
a s l ight  b roaden ing  of  0.1 ~m of the e -beam genera ted  
l ine at  the jo int  region, wi th  the s tanding  wave  pa t t e rn  
ex tend ing  a round  the corner.  

N e g a t i v e - P o l a r i t y  Exposure M o d e  
When a d iazo- type  resis t  is processed in a nega t ive -  

po la r i ty  dua l - exposure  mode (Fig. 1), the resis t  acts 
as a negat ive  e lec t ron resis t  and  a posi t ive photoresist .  
The smal l  fea tures  of the pa t t e rn  are  defined wi th  an 
e lect ron beam. The large  fea tures  a re  now exposed 
using a l ight- f ie ld  pho tomask  wi th  a high opt ical  dose, 
so tha t  the background  is changed into a h igh ly  solu-  
b le  state. The background  is r emoved  ve ry  rap id ly  
dur ing  a shor t  development ,  which preserves  both the 
e -beam exposed areas  and the opt ica l ly  masked  pads.  

F igure  3 shows an SEM micrograph  of a deve~.oped 
resis t  pa t t e rn  in an AZ-2415 film of 0.5 ~m ini t ia l  th ick-  
ness. E - b e a m  genera ted  0.4 ~m lines are  connected to 
la rge  opt ica l ly  genera ted  pads.  The e lect ron dose was 
50 #C/cm 2, the  opt ical  dose was 222 m J / c m  2, and deve l -  
opment  was for 12 sec in a 1:3.5 mix tu re  of AZ-2401: 
H20. The e lec t ron exposures  have cont inued into the 
pad  area.  A s tanding  wave  pa t t e rn  shows c lear ly  on 
the opt ica l ly  exposed resis t  walls.  

The e lec t ron-exposed  areas  also receive  optical  
radiat ion.  As exp la ined  earl ier ,  the  mechanisms in-  
volved in the negat ive  e lec t ron genera ted  behavior  and 
the posi t ive opt ica l ly  g e n e r a t e d  behavior  are  different,  
and  the exposures  do not "add." However ,  diffraction 
at  the m a s k - p a t t e r n  edge can lead to a var ia t ion  in 
opt ical  dose which affects the e - b e a m  defined l inewidth  
at  the  over lap  region (7). F igure  4 shows the effect of 
opt ica l  dose on the developed l inewid th  of AZ-2415 at  
severa l  e lect ron doses. The ini t ia l  film thickness  was 
0.5 #m and the deve lopment  t ime was 15 sec in a 1:3.5 
mix tu re  of AZ-2401:H~O. The nomina l  wr i t t en  l ine-  
wid th  was 1 ~m. As the opt ical  dose increases  above 
the min imum value,  which causes complete  develop-  
men t  of the  background  areas  (170 mJ /cm2) ,  the l ine-  
wid th  decreases rapidly ,  then sa tura tes  at  an opt ical  
dose of app rox ima te ly  300 mJ/cm~. 

If  a pa t t e rn  is exposed at an opt ical  dose be low the 
sa tura t ion  value,  any  diffraction at the photomask  edge 
wil l  resu l t  in l i newid th  var ia t ions  of  the e - b e a m  de-  
fined areas.  F igure  5 shows this effect. F igure  5 (a) is a 
schemat ic  of the pa t t e rn  and  Fig. 5(b)  is an SEM 
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Fig. 4. Negative AZ-2415 developed linewidth vs. optical dose for 
a nominal 1 /~m line. The tinewidth saturates at approximately 300 
mJ/cm ~, independent of electron dose. 

micrograph  of an etched polysi l icon s t ruc ture  af ter  re -  
sist removal .  F igure  6 shows a p rope r ly  exposed pa t -  
tern.  There  is no l inewidth  var ia t ion  and the e lec t ron-  
defined gate connects  smoothly  to the opt ica l ly  defined 
pad. 

Device Pa t te rn ing  
An MOS device wi th  a submicron gate was pa t t e rned  

using same- leve l  mixed  l i thography.  The gate level  
was defined using the nega t ive -po la r i t y  exposure  mode 
(Fig. 1) in 0.5 ~m of AZ-2415 and anis0tropic  p lasma 

Fig. 3. Negative-polarity SLML resist image in an AZ-2415 film 
of 0.5 ~m initial thickness. The 0.4 #m e-beam generated lines 
continue into the optically generated pad. The electron dose was 
50 ~C/cm2; optical dose was 222 mJ/cm2; and development was 
for 12 sec in a 1:3.5 mixture of AZ-2401 :H20. 

~-Ig. S. (a) Schematic and (b) SEM micrograph of a polysillcan 
structure patterned using negative polarity SLML. Diffraction at 
the phatomask edge has caused a variation of linewidth in the 
e-beam defined areas. 
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Fig. 6. (a) Schematic and (b) $EM micrograph of a resist-covered 
polysilicon structure patterned using negative-polarity SLML. 
Proper optical exposure has resulted in an e-beam defined gate 
which has a constant linewidth as it joins the optically generated 
pad. 

etching of the  unde r ly ing  5000A of doped polysil icon. 
An e lec t ron  dose of 80 #C/cm ~, an opt ical  dose of 300 
mJ/cm~,  and a deve lopment  t ime of 15 sec was used. 
The developed gate length  was 0.7 ~m and there  was 
no measurab le  loss of l inewid th  dur ing  p lasma etching. 
F igure  7(a)  is an SEM micrograph  of the p la sma-  
etched s t ruc ture  p r io r  to res is t  removal .  F igure  7 (b) 
shows the connection be tween  the e - b e a m  defined gate 
and the opt ica l ly  defined pad  af te r  resist  removal .  

As in convent ional  mixed  l i thography,  a l ignment  to 
any  previous  pa t t e rned  levels is done using e -beam 
reg is t ra t ion  marks.  The photomask  is then a l igned to 
the  presen t  and  previous  levels  using opt ical  a l ignment  
marks .  A n y  des i red  over lapp ing  of the e - b e a m  areas  
and opt ica l ly  masked  areas  is p rov ided  for in the de-  
sign of the  pat terns .  As can be seen in Fig. 7 (a) ,  the 
e - b e a m  defined gate extends  wel l  into the opt ica l ly  
defined pad. 

Conclusion 

We have  examined  here  the use of a new l i thographic  
process tha t  uses both e - b e a m  and opt ical  exposure  of 
a single resis t  layer .  Same- l eve l  mixed  l i thography  
makes  use of the  h igh- reso lu t ion  pa t t e rn ing  capabi l i ty  
of EBL whi le  p rese rv ing  much of the th roughput  of 
photo l i thography.  This s imple process uses only one 
coating, one development ,  and one t ransfe r  step. 
Fu r the rmore ,  diazo resists  hold up wel l  under  the d ry  
e tching processes which  are  necessary  for the  fa i thfu l  
t ransfe r  of ve ry  high resolut ion pat terns .  The ab i l i ty  to 
create  both posi t ive and nega t ive  images  f rom one 
commonly  used photores is t  makes  this an ex t r eme ly  
flexible process tha t  is fu l ly  compat ib le  wi th  exis t ing 
semiconductor  processing.  

~Same-level mixed  l i t hography  was developed,  in 
par t ,  to address  the th roughpu t  p rob lem of EBL. 

Fig. 7. (a) SEM micrograph of a plasma-etched polysilicon gate 
defined by negative-polarity St.ML prior to resist removal. (b) An 
enlargement of the joint area after resist removal. 

There  can be a significant t ime savings when using 
SLML ins tead of EBL; however ,  the exact  savings de-  
pends upon the pa r t i cu la r  pa t t e rn  being exposed. The 
t ime saved by  not exposing the la rge  geometr ies  by  
ser ia l  exposure  wi th  the e lect ron beam must  be offset 
by  the  t ime spent  b y  an ex t r a  a l ignment  and flood 
exposure.  The t ime savings and th roughput  increase  
are  therefore  maximized  in a fu l l -wa fe r  opt ical  ex-  
posure system and somewhat  reduced in a wafe r -  
s tepped system. To date, we have only used SLML to 
fabr ica te  discrete  devices. We are  now in i t ia t ing  a 
quant i ta t ive  analysis  of the th roughput  considerat ions  
o f  SLML through  the use of special ized pa t te rns  and 
more compl ica ted  circui t  designs. 
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A Three-Layer Resist System for Deep U.V. and RIE Microlithography 
on Nonplanar Surfaces 
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ABSTRACT 

The three-layer resist system AZ1350J/Si/PMMA was used to define high-resolution pat terns on nonplanar  surfaces 
with topographical  features typically encountered in the fabrication of VLSI circuits. The substrate was coated successively 
with a thick layer of polymethyl  methacrylate (PMMA) for planarization, a thin layer of amorphous silicon for masking, and 
a thin AZ1350J resist layer in which the optical or electron beam exposed pattern was defined. Transfer of the resist image 
pattern into the amorphous silicon film was performed anisotropically by reactive ion etching (RIE) in a CF4 plasma. The 
pattern in the Si layer was then replicated in the underlying PMMA layer either by blanket  deep u.v. exposure (200-300 rim) 
and solvent development  or by in situ RIE in an 02 plasma. Both pat terning techniques were comparable in defining 
submicrometer  features in PMMA films 1-3/~m thick with good l inewidth control and high aspect  ratio over steps 1/~m 
high. Experimental  details are described and the complexi ty  of deep u.v. and RIE patterning techniques are discussed with 
part icular emphasis  on the planarizing characteristics of PMMA. 

High- reso lu t ion  submic rome te r  resist  pa t t e rns  for 
VLSI appl icat ions  are  of ten difficult to genera te  on 
nonp lanar  surfaces due p r i m a r i l y  to the nonun i fo rm 
thickness of the  res is t  l ayer  covering topographica l  
s tructures.  Good l inewidth  control  w i th  high resolu-  
t ion requires,  ideal ly ,  a un i form resist  film less thari 1 
~m thick on a per fec t ly  p l ana r  surface. Good step cov-  
e rage  and large h e i g h t - t o - w i d t h  aspect  ra t io  over  1 ~m 
high topography  demand,  however ,  the use of a resis t  
l aye r  subs tan t ia l ly  th icker  than 1 ~m (1). 

To overcome the conflicting requi rements  imposed 
on the resis t  film thickness,  mu l t i l aye r  resis t  systems 
have  been developed which  separa te  the imaging  and 
s t ep-coverage  functions in different  layers.  Sens i t iv i ty  
of the imaging process and definition of res is t  pa t t e rns  
could thus be enhanced independent ly ,  wi thout  sacr i -  
ficing s tep  coverage or  aspect  ra t io  (1-33). In  two-  
l aye r  systems (4-18), a th ick resist  film is first appl ied  
over  the surface to cover ver t ica l  fea tures  and to p la -  
narize its topography.  The th ick layer  is then over -  
coated wi th  a th in  res is t  film in which the  image pa t -  
te rn  is defined. The smal l  thickness of the top imaging 
layer ,  and its r e l a t ive ly  la rge  distance f rom the sub-  
s t ra te  surface, enhance  the resolut ion  of pa t t e rns  ob-  
ta ined  by  opt ical  and .electron beam exposure.  This is 
due  to a reduct ion of diffract ion effects in the opt ical  
case and a decrease  of e lectron scat ter ing effects in the  
lat ter .  Transfer  of the  top image pa t t e rn  to the un-  
der ly ing  thick layer  has been accomplished by  the use 
of solvents  (7-9),  se lect ive  developers  (10, 34, 35), 
deep u.v. exposure  and deve lopment  (4, 15-18), and 
by  d r y  etching in an oxygen  p lasma (11-14, 19-29). 

One of the d rawbacks  of t w o - l a y e r  resis t  sys tems is 
the  nonun i fo rm  mix ing  which sometimes occurs at  
the interface be tween  the layers,  resul t ing in p roces s -  
ing difficulties and poor pa t t e rn  definition. To minimize  
this effect, and to improve  processing selectivi ty,  t h ree -  
l aye r  resist  systems have been in t roduced which incor-  
pora te  a ba r r i e r  film sandwiched  be tween  the two r e -  
smi'st layers  (17-32). The ba r r i e r  film prevents  mix ing  
be tween  t h e  top and bot tom layers ,  and thus, permi t s  
a wider  choice of resis t  mate r ia l s  and pa t t e rn  t ransfer  
techniques.  The increased processing f lexibi l i ty  serves 
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to enhance imaging  sensi t ivi ty,  and to achieve be t t e r  
control  of pa t t e rn  geometry.  The pa t t e rn  t ransfe r  p ro-  
cesses in t w o - l a y e r  and t h r e e - l a y e r  resis t  systems are  
s imi lar  and the i r  se lect iv i ty  de termines  how fa i th fu l ly  
the exposed  image is repl icated.  

This s tudy was unde r t aken  to explore  the feas ibi l i ty  
and processing complex i ty  associated wi th  the  use of 
a s i l icon ba r r i e r  l aye r  in a t h r e e - l a y e r  system for pa t -  
terning submicrometer  fea tures  over  1 ~m topography  
employ ing  wet  and d ry  processes. The imaging l aye r  
used was AZ1350J, and the p lanar iz ing  l aye r  was po ly -  
methy l  me thac ry l a t e  (PMMA).  Silicon was selected as 
the  ba r r i e r  ma te r i a l  (23, 25, 26) in the  AZI350J /S i /  
PMMA th ree - l aye r  sys tem because of its compat ib i l i ty  
wi th  Si in tegra ted  circui t  fabr ica t ion  processes, its ve ry  
low etch ra te  in an oxygen plasma,  and its opac i ty  in 
the  deep u.v. ~egion of the spec t rum (200-300 nm) .  
Amorphous  Si b a r r i e r  layers  wi th  smooth  un i fo rm su r -  
faces are  read i ly  deposi ted as doped or undoped films 
on resis t  surfaces (36-38). The use of doped Si films 
is advantageous  in e lect ron beam exposures  because 
an e lec t r ica l ly  conduct ing layer  is less subject  to su r -  
face charging,  and thus, mis reg is t ra t ion  associated 
with  this effect is s ignif icant ly reduced  (25). 

The  pa t t e rn  in AZ1350J resist  was defined b y  e i the r  
opt ical  or e lect ron beam exposure,  and then rep l ica ted  
in the Si film by RIE. Amorphous  Si films were  ob-  
ta ined  by  p lasma CVD of silane or  by  e lec t ron-gun  
evapora t ion  of silicon (38). Pa t t e rn  t ransfe r  to the  
PMMA planar iz ing  layer  was accomplished ei ther  by  
b lanke t  deep u.v. exposure  and solvent  deve lopment  or  
b y  in situ RIE in an oxygen  plasma. Processing detai ls  
wil l  first be described,  fol lowed by  a discussion of the  
expe r imen ta l  results.  

Experimental Procedure 
High-reso lu t ion  test  pa t t e rns  in  the A Z / S i / P M M A  

sys tem were  defined on 57 m m  diamete r  Si wafers  pa t -  
ternemd wi th  surface steps 1 ~,m high. The steps we re  
repet i t ive  gra t ing  s t ruc tures  of different  size, defined 
photo l i thographica l ly  in an SiO2 film 1 /~m thick. The 
s tepped surface was first coated wi th  a l ayer  of PMMA 
1.5-3 ~m thick fol lowed by  a th in  si l icon film ~100 nm 
thick and finally a film of AZ1350J photores is t  ~0.5/~m 
thick to serve as the top imaging  layer .  

The h igh- reso lu t ion  l ine / space  test  pa t t e rn  which 
ranged f rom 0.5 to 5/~m was defined in the AZ imaging  
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layer  perpendicular to the underlying grating struc- 
tures. Exposures were per ibrmed either with a direct 
write Vector Scan electron beam system (39) or with 
a 5• s tep-and-repeat  optical projection printer  (40). 
The exposed and developed image pattern in the AZ 
resist layer  was replicated in the sandwiched Si film 
by RIE in a CF4 plasma (41). Transfer of the Si pat tern 
to the underlying PMMA layer  was performed either 
by flood exposure to deep u.v. radiation (200~260 nm) 
followed by development of the image pat tern in or- 
garlic solvents, or by in situ RIE in an oxygen plasma 
(11-14, 19-29). A typical process sequence is outlined 
below and is i l lustrated schematically in Fig. 1. Typi- 
cal patterns of PMMA resist Iine~ crossing over SiO~ 
steps are shown in Fig. 2. 

Process sequence.~Spin-eoat HMDS. Spin-coat 1 ~m 
PMMA. (Dupont Elvacite 2041, 10% by weight in 
2-methoxyethyl  e t h ~ ) .  Bake 15 min at 85~ Repeat, 
spin-coat  1 ~m PMMA. Bake 1 hr at 160~ Deposit 
amorphous Si 30-260 nm by plasma CVD of Sill4 or by 
electron gun evaporation of Si. Bake 1 hr  at 1O0~ in 
air. Spin-coat HMDS. Spin-coat 0.45 ~m AZ1350J using 
2 AZ1350J: 1 AZ thinner. Bake 15 min at 85~ Expose 
test pat tern either by (i) electron beam at 30 ~C/cm 2, 
20 keV, or (ii) on a 5>< optical projection printer  at 
15 mJ /cm 2 usiilg 405 nm monochromatic radiation. De- 
velop image in AZ developer, then bake 30 min at 
100~ RIE Si in CF4. RIE patterning: (i) In situ RIE 
PMMA in O~. plasma, and (ii) clip etch 5-10 sec in buf- 
fered HF to clean off residues. Deep u.v. patterning: (i) 
flood expose to deep u.v. at 0.5-1 J / cm 2, and (ii) de- 
velop image in either chlorobenzene or methyl  isobutyl 
ketone (MIBK). 

Resist ]ilms.--Although resist films other than PMMA 
were used for planarization, PMMA was selected for 

Fig. !. Deep u.v. and RIE processes for patterning over topography 
using the three-layer resist system AZ1350J/Si/PMMA. The elec- 
tron beam or optically exposed pattern is generated in the thin top 
AZ layer, and then replicated in the sandwiched amorphous silicon 
film by RIE in CF4. The Si pattern is transferred to the thick bot- 
tom PMMA planarizing layer by deep u.v. exposure and solvent 
development or by RIE in oxygen. 

Fig. 2. Typical high resolution line/space test patterns in the 
three-layer system AZ/Si /PMMA defined over 1 ~m high grating 
structures etched in an SiO2 film. Top: Optical micrograph of part 
of the test pattern showing line/space features ranging between 
0.5-5 ~m. Bottom: SEM of equal line/space features 3 ~m wide in 
3/~m thick PMMA generated by RIE in oxygen. 

detailed study because of its deep u.v. sensitivity (42) 
and its high etching rate in an O2 plasma. PMMA films 
> I  #m thick were obtained by applying multiple coat- 
ings in order to avoid cracking, and to promote bet ter  
planarization of the substrate surface as discussed be- 
low. Adhesion of PMMA to Si and SiO2 surfaces was 
enhanced by prior coating with the adhesion promoter 
hexamethyl disilazane (HMDS). However, the use of 
HM_DS was essential to ensure adequate adhesion of 
AZ1350J photoresist to the Si surface. 

Despite its low sensitivity, AZI350J resist was se- 
lected as an imaging layer because it offered the con- 
venience of both optical and electron beam sensitivity. 
The initial thickness of AZI350J resist was reduced by 
~0.I  ~m after development to a final nominal thick- 
ness of 0.4 ~m. The lat ter  was quite adequate to mask 
the underlying Si layer in a CF4 plasma during the pat-  
tern transfer process. 

Silicon films.--Plasma CVD silicon films were depos- 
ited in the plasma reactor i l lustrated in Fig. 3 using a 
mixture of SiI-I4 and He at 4 and 65 mTorr part ial  pres- 
sures, respectively. The wafers were placed on the 125 
mm diameter lower electrode, and after pumping to 
a pressure of 5 • 10 -7 Tort, the deposition was per-  
formed at 50~ substrate temperature,  at a rate of 15 
nm/min using a power density of 0.6 W/cm 2. Films de- 
posited under these conditions were hydrogenated 
amorphous silicon containing as much as 30% H2 (43- 
46). Films obtained by electron gun evaporation of 
pure silicon on substrates maintained at or sl ightly 
above room temperature were functionally indistin- 
guishable from CVD Si films. 

Thin films obtained by plasma CVD of silane and 
electron gun evaporation of silicon were part icular ly 
well suited for lithographic processing because the 
films were clear, smooth, and amorphous. The optimum 
thickness for most patterning applications was 90 • 20 
nm although patterns were defined in films 30-200 nm 
thick. Silicon films were t ransparent  in the visible 
spectrum as shown in Fig. 4, but more importantly, 
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Fig. 3. Sketch of plasma CVD sy~em for the deposition of hydro- 

genated amorphous silicon films from a silane/helium mixture. The 
14 cm diameter electrodes 6 cm apart operated at 13.56 MHz. 
Typical conditions: Sill4 4 mTorr, He 65 mTorr, upper electrode 
850% lower (substrate) electrode 0V, power 0.6 W/cm 2, deposition 
rate 15 nm/min. 

they  were  to ta l ly  opaque in the  deep u.v. region be low 
300 nm. The films were  excel lent  b locking layers  for 
deep u.v. pa t t e rn  t ransfe r  appl icat ions  as sugges ted  by  
the PCM techniques discussed by  Lin (1, 4, 16-18). 

Pattern replication.--Transfer of the image  pa t t e rn  
f rom the top AZ l aye r  to the  Si film was pe r fo rmed  b y  
RIE in a d iode reactor  wi th  a pe r fo ra ted  grounded  a lu-  
minum catcher  p la te  posi t ioned be tween  the electrodes 
to minimize  backsca t te r ing  of spu t t e red  a luminum 
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Fig. 4. Transmission spectrum of a 100 nm thick film of hydro- 
genated amorphous silicon deposited by plasma CVD of a silane/ 
helium mixture on a quartz (suprasil) substrate. The film is trans- 
parent in the visible region with a peak at 620 nm and is totally 
opaque below 400 nm. Similar spectra are exhibited by films as thin 
as 20 am including those obtained by electron-gun evaporation. 

(47). The sys tem was first pumped  down to 10 -6 Torr ,  
and Si was then etched in CF4 at  2.5 mTorr  pressure ,  
0.25 W / c m  2 rf  power  densi ty  at  13.56 MHz. Using end-  
point  laser  detect ion (48) and 50% overe tching beyond 
end point  ensured complete  and un i form remova l  of 
the Si layer .  

Etching of the  under ly ing  PMMA or  po lymer  l aye r  
was pe r fo rmed  in an oxygen  p lasma  at  20 mTor r  p res -  
sure  and 0.06 W / c m  2 rf  power  density.  Overe tching 
var ied  be tween  50 a n d  100% depending  on the topog-  
r aphy  present  and the m a x i m u m  thickness of resist. 
The etch rates of the 3 layers  viz., Si, AZ1350J, and 
PMMA in CF4 were  40, 50, and 70 nm/min ,  respec-  
t ively,  while  in 02 the etch rates  of the same films 
were 0, 35, and 70 nm/min ,  respect ively .  Repl icat ion 
of the AZ image pa t t e rn  in an Si film 100 nm thick re -  
su l ted  in an AZ film loss of 200 rim, while  rep l ica t ion  
into a PMMA laye r  ~ 1  ~m resul ted  in the  total  Ioss of  
the AZ film. 

Transfer  of the Si image pa t t e rn  to the PMMA laye r  
was al~o pe r fo rmed  by  flood exposure  to deep u.v. r a -  
diation, fol lowed by  deve lopment  in e i ther  ch loroben-  
zene or  MIBK at room tempera ture .  A 1 k W  Hg-Xe  
deep u.v. source manufac tu red  by  Hanovia  was used 
to expose ind iv idua l  wafers  in air. The exposure  t ime 
var ied  be tween 2-10 rain depending on the sens i t iv i ty  
and thickness of the p lanar iz ing  resis t  as wel l  as on 
the composit ion of the  developing solvent.  To obta in  
the same dissolution ra te  of PMMA, the deep u.v. e x -  
posure necessary for MIBK deve lopment  was approx i -  
ma te ly  twice  that  requi red  for chlorobenzene.  

Results and Discussion 

High-resolu t ion  l ine / space  features  over  1 ~m topog-  
r aphy  were  defined in the t h r ee - l aye r  system A Z / S i /  
PMMA using RIE and deep u.v. pa t t e rn ing  techniques.  
The min imum dimension defined in PMMA layers  1-3 
#m thick was 0.5 ~m using e lect ron beam exposure  of 
the top AZ layer.  Optical  exposure  on a 5•  s t ep -and -  
repea t  project ion system using 405 nm monochromat ic  
radia t ion  produced  min imum l ine /space  fea tures  of 1 
#m. F igure  5 shows 1 ~m and 0.75 #m l ine / space  fea-  
tures defined in the Si layer ,  and repl ica ted  in 2 ~m 
th ick  PMMA by  deep u.v. exposure,  and deve lopment  
in chlorobenzene.  S imi la r  tes t  pa t te rns  1 ~m/0.5 ~m 

Fig. 5. SEM micrographs of hlgh resolution line/space test pat- 
terns defined in the AZ/Si/PMMA system over 1 ~m high topog- 
raphy. A: Equal 1 ~m line/space features in AZ1350J and Si ob- 
tained by electron beam exposure followed by RIE etching of Si. B: 
Same pattern after deep u.v. exposure and development of PMMA 
2 ~m thick. C: Same as B showing vertical sidewalls of PMMA 
crossing over an oxide step i .urn high. D: Equal 0.75 #m line/space 
features similar to C. 
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and 1 ~m/1 ~m were  ob ta ined  b y  RIE of PMMA in an 
oxygen  p lasma as shown in Fig. 6. 

The RIE and deep u.v. pa t t e rn ing  techniques were  
equa l ly  capable  of genera t ing  un i fo rm resis t  fea tures  
wi th  good l inewidth  control,  quas i -ver t i ca l  s idewalls ,  
and high aspect  ra t io  over  1 ~m topography  as i l lus-  
t ra ted  i n F i g .  2, 5, and 6. Such pa t te rns  a re  h igh ly  de -  
s i rable  for  sub t rac t ive  and addi t ive  processes in VLSI  
fabr icat ion.  The differences be tween  the RIE and deep 
u.v. pa t t e rn ing  techniques were  ma in ly  de te rmined  b y  
the character is t ics  of the p lanar iz ing  l aye r  as dis-  
cussed below. 

RIE patterning.mRIE processing was more  to le r -  
ant  of var ia t ions  in thickness  and composi t ion of the  
p lanar iz ing  l aye r  by  v i r tue  of  the  aniso t ropy of RIE, 
and the high etch ra te  of organic  resist  mate r ia l s  r e l a -  
t ive to Si in  an oxygen  plasma.  Radia t ion  sens i t iv i ty  of 
the p lanar iz ing  l aye r  was also not  a r equ i r emen t  in 
RIE processing. The  select ion of useful  organic  coat-  
ings was, therefore,  wider ,  and the  processing flex- 
ibi l i ty,  for example  wi th  respect  to h i g h - t e m p e r a t u r e  
bak ing  and the rma l  cycling, was g rea te r  than  deep u.v. 
processing. 

Undes i rab le  res is t  residues,  which appeared  on sur -  
faces a f te r  e tching by  R1E, were  removed  by  a c lean-  
ing p rocedure  such as d ip -e tch ing  in  d i lu te  HF solu- 
tion. F igure  7 i l lus t ra tes  the effectiveness of the I-IF 
d ip -e t ch ing  technique in c leaning off a l l  t races  of res i -  
dues f rom R I E - p a t t e r n e d  surfaces. Where  exposure  to 
I-IF was incompat ib le  wi th  the mate r ia l s  on the wafer  
surface, a l t e rna te  cleaning procedures  were  used in 
conjunct ion wi th  modified R1E conditions. Poten t ia l  
contamina t ion  f rom metals  spu t t e red  f rom the sub-  
s t ra te  holder  and rad ia t ion  damage f rom energet ic  pho-  
tons could be d rawbacks  in some applicat ions,  but  the i r  

Fig. 6. SEM micrographs of line/space patterns defined in the 
AZ/Si/PMMA three-layer system over 0.8 #m high topography, Top: 
Line/space pattern 1 /~m/0.5 Fm obtained by RIE of PMMA 2.5 #m 
thick. Bottom: Similar pattern with llne/space features 1 Fm/1 /~m. 
Decrease in linewidth is less than 0.1 ~m. 

Fig. 7. SEM micrographs of patterns defined in a PMMA film 2 
#m thick by RIE in oxygen. Resist residues on etched surfaces were 
cleaned off by dip etching in buffered HF for 10-15 sec. A,C: After 
RIE. B,D: After cleaning. 

effects could be e l imina ted  or  minimized by  ad jus t ing  
RIE conditions (47). 

Deep u.v. patterning.--In deep u.v. pa t te rn ing ,  res is t  
residues se ldom appeared  af ter  solvent  deve lopment  
of adequa te ly  exposed PMMA. Residues tended to ap-  
pear  when the overa l l  PMMA thickness was excessive,  
or  the  thickness var ia t ion  over  s teps was large.  This 
could be a t t r ibu ted  to the s t rong a t tenua t ion  of the  
deep u.v. in tens i ty  in th ick layers ,  resu l t ing  f rom the 
s t rong absorpt ion  of PMMA in the spect ra l  region be-  
tween 200-260 nm (42). As the so lubi l i ty  of PMMA was 
a s t rong funct ion of the energy  absorbed,  the a t t enu -  
at ion f rom top to bot tom of thick PMMA layers  re -  
sul ted  in a corresponding decrease in deve lopment  rate.  
This phenomenon influenced res idue- format ion ,  as wel l  
as the cross-sect ional  profile and aspect  ra t io  of resis t  
features.  Where  PMMA thickness var ia t ions  due to to-  
pog raphy  were  large,  deve lopment  in chIorobenzene 
resul ted  in be t te r  l inewid th  control  than  und i lu ted  
MIBK. Development  in chlorobenzene could  also be 
used to re ta in  the top imaging resis t  film, and genera te  
a t h r ee - l aye r  s t ruc ture  which  is po ten t i a l ly  useful  in 
l if t-off appl icat ions (49-51). S imi la r  s t ruc tures  could 
also be genera ted  by  RIE using a top imaging  resis t  
film which is s table in an oxygen plasma.  

An  advantage  of the deep u.v. pa t t e rn ing  process 
was its re la t ive  insens i t iv i ty  to pinholes  or cracks  in 
the  ba r r i e r  l aye r  when the top imaging  film was in tac t  
and opaque in the deep~u.v. In  the  absence of the  Si 
ba r r i e r  layer ,  a film of AZ1350J photores is t  0.3 ~m 
thick is sufficient to block deep u.v. rad ia t ion  f rom ex-  
posing the PMMA layer  (4). Despi te  the infinite 
so lubi l i ty  of exposed PMMA re la t ive  to silicon, the 
m a x i m u m  useful  thickness of PMMA was l imi ted  to 
3 ~m due to the  severe  a t tenua t ion  of the  deep u.v. in -  
t e n s i t y ,  and the t endency  of th icker  layers  to c rack  
af ter  bak ing  or  pa t t e rn  development .  

Film integrity.JSuccessful pa t t e rn ing  of the A Z / S i /  
PMMA sys tem requ i red  careful  opt imizat ion of the  film 
thicknesses and the expe r imen ta l  condit ions which af-  
fected the in tegr i ty  of the 3 layers.  In par t icu lar ,  the 
stress, the adhesion, and defect  levels  in one l aye r  a f -  
fected d i rec t ly  the in tegr i ty  of the two other  layers  
dur ing processing. The film character is t ics  and the p ro-  
cessing tolerances va r ied  wi th  the hor izonta l  and ve r t i -  
cal geometry of the u~derlying topography. 
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Hydrogenated amorphous Si films deposited by 
plasma CVD often formed blisters (Fig. 8) on poorly 
planarized PMMA surfaces. Such blister formation was 
presumably due to excessive stress induced in t h e  Si 
film by the underlying topography. Silicon films de- 
posited at room temperature by electron gun evapora- 
tion were more susceptible to loss of adhesion than 
plasma CVD Si films. The evaporated films were more 
specular and uniform, resulting in better defined pat-  
terns. The etching and deep u.v. blocking character- 
istics of evaporated and CVD films were identical. 

Poorly adhering and highly stressed silicon films often 
cracked and peeled after the imaging layer was pat-  
terned. Deposition above room temperature and an- 
nealing of the films prior to the application of th e top 
imaging layer alleviated this problem. Similar be- 
havior was observed with evaporated films of A1 and 
Ti used as barr ier  layers between PMMA and AZ1350J. 

The thickness of the top imaging resist layer and the 
baking conditions also influenced the integri ty of the 
silicon barr ier  layer. Resist films ~0.5 ~m thick baked 

at about 100~ were readily processed over a wide 
range of PMMA and Si ~ m  thicknesses. Good step cov- 
erage and adequate planarization were essential to ob- 
tain a uniformly thick imaging layer. Inadequate pla-  
narization resulted in variations in thickness of the 
imaging layer with corresponding variations in line- 
width and profile geometry. Multiple reflections at the 
resist-silicon interface also contribute to linewidth va- 
riations in the case of optically exposed patterns. The 
effect is clearly i l lustrated in Fig. 9 which shows the 
systematic variation in linewidth of 5 paral lel  resist 
lines nominally 2 ~m wide crossing over 2 raised oxide 
steps 1 #m thick and 2 ~m wide. 

Planarization.--Due to the importance of the pla-  
narizing function of PMMA, an empirical evaluation of 
the coating characteristics of a variety of films was 
made using single and multiple coatings on stepped 
surfaces. Oxidized wafers, with sets of periodic l ine/  
space structures 2.5-25 #m wide, were coated by con- 
ventional resist spinning and baking methods. The un- 
dulations of the resist surface profile conforming to the 
substrate topography were scanned with a mech.anical 
stylus to determine the planarization or leveling ac- 
complished by a coating layer. 

The curves in Fig. 10 show the peak- to-val ley  am- 
plitude of the resist surface profile covering surface 
steps 0.8 ~m high. The degree of planarization, repre-  
sented by the amplitude, varied with the molecular 
weight of PMMA, the thickness and number of PMIVIA 
layers, the line/space dimensions of the substrate top- 
ography, and their periodicity or pitch. As the average 
molecular weight of PMMA decreased, the amplitude 
of the surface undulations decreased indicating en- 
hanced planarization. This effect is i l lustrated in Fig. 
10(a) with three PMMA compositions of average mo- 
lecu]ar weight 500,000, 150,000, and 33,000. The films 
were nominally 2 ~m thick coated on seks of paral lel  
steps 5 ~m wide and varying pitch. 

The expected improvement in planarization with in- 
creasing PMMA thickness is i l lustrated in Fig. 10(b) 
for the same sets of steps 5 ~m wide and 0.8 ~m high. 
The amplitude of the surface undulations also pro- 
gressively decreased as the number of PiVIMA layers 
increased. It is interesting to note that  better p lanar-  

Fig. 8. Hydrogenated amorphous silicon films 100 nm thick de- 
posited on PMMA at room temperature. Blisters indicative of com- 
pressive stress in the film are randomly distributed on the surface. 
Top: Single blister after film deposition. Bottom: Appearance of 
blister after patterning. 

Fig. 9. Linewidth variation of PMMA resist lines that run from 
top to bottom of the micrograph traversing two 1 ~m high SiO'2 
steps. Narrowing of the resist lines occurs at the top of the steps 
where the resist is thinnest. 
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Fig. 10. Planarizatian of 0.8 /~m high steps with PMMA films of 
various thickness. The steps consisted of repetitive grating struc- 
tures 2.5-25 p,m wide. The amplitude representing the vertical 
distance between the maxima and minima of the undulations of the 
PMMA surface profile is plotted against the pitch, i.e., width of 
step or gap. (a) Amplitude decreases, i.e., planarizatian improves 
as the average molecular weight decreases from 500,000 to 150,000 
to 33,000. The PMMA films were 2 #m thick covering steps 5 #m 
wide; (b) Amplitude decreases as the thickness of PMMA is in- 
creased by succesive coat-and-bake cycles. From the top down: 1 
layer 1.1 p~m, 2 layers I ~m each, 3 layers 1 #m each, and 5 layers 
0.5 #m each. Despite the lower overall thickness, 5 X 0.5 ~m 
layers planarize more effectively than 3 • 1 #m layers. PMMA 
2041 (avg. MW - -  500,000), covered steps 5 ~m wide; (c) Ampli- 
tude increases or planarization degrades as the pitch increases far 
steps 2.5, 3.8, and 5 p,m wide, and for gaps 2.5 and 3.8 ~m wide. 
PMMA 2041 was 2 ~m thick and covered steps 0.8 Fm high. 

odicity of surface structures, as well as the molecular 
weight of the resist and its mode of application. 

Patterning by deep u.v. and RIE was also accom- 
plished in a variety of three- layer  systems using high- 
sensitivity imaging resists, Ti and A1 barr ier  layers, 
and Novolak-based planarizing photoresists baked at 
elevated temperature. The processing complexity was 
essentially similar to AZ/Si/PMMA, and their  l i th-  
ographic performance was comparable. 

Conclus ions  
Deep u.v. and RIE patterning of submicrometer fea- 

tures over 1 ~m topography were achieved in the 
three- layer  system AZ1350J/Si/PMMA. The patterns 
in PMMA 1-3 ~m thick exhibited uniform linewidth 
and high aspect ratio which are desirable attributes for 
VLSI applications. The two patterning methods were 
comparable in processing complexity, and were equally 
sensitive to defect levels in the three layers. Adequate 
planarization of topography, and optimization of the 
adhesion and stress in the Si layer  were essential re- 
quirements for both processes. Planarization of topog- 
raphy was strongly influenced by the horizontal geom- 
etry and periodicity of surface structures, as well as by 
the resist composition and its mode of application. Deep 
u.v. patterning was performed by conventional wet 
processing methods which are adaptable to large-scale 
fabrication. New positive and negative deep u.v. resists 
(53-61) offer the potential for deep u.v. patterning of 
both imaging and planarizing layers in the same three-  
layer system. RIE patterning allowed a wider selection 
of imaging and planarizing resist materials as well as a 
greater latitude in processing. RtE was more readi ly 
adaptable to a l l -dry  processing, and was par t icular ly  
useful in the generation of resist patterns with vertical 
sidewalls and large aspect ratio over extreme topog- 
raphy. 
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ization was achieved with five 0.5 ~m layers than with 
three 1 #m layers. A PMMA film nominally 2.5 ~m thick 
was thus more effective than a 3 ~m film to planarize 
the same substrate topography. This result suggests 
that multiple thin coatings could be applied to pla-  
narize severe topography withcut  unduly increasing 
the overall  resist thickness. 

Planarization also improved as the horizontal dimen- 
sions of l ine/space patterns and their periodicity de- 
creased as shown in Fig. 1O(c). For a given line/space 
pattern between 2.5-5 ~m, the amplitude of the surface 
undulations increased as the pitch increased. Isolated 
lines were thus more difficult to planarize than closely 
spaced lines or isolated spaces. This observation sug- 
gests that nonfunctional topographical steps deliber- 
ately introduced in the vicinity of critical surface re- 
gions would promote bet ter  planarization and conse- 
quently .achieve better control of pat tern dimensions. 
Similar effects on the planarization of metal patterns 
with thin polyimide films have been reported by Roth- 
man (52). 

The planarization experiments, though limited, lead 
to the conclusion that  step coverage cannot be pre-  
dicted from step height and resist thickness only. Im- 
portant  factors which also affect the planarization of 
topography include the horizontal geometry and pert-  
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Short Time Annealing 
T. O. Sedgwick* 

IBM Corporation, T. J. Watson Research Center, Yorktown Heights, New York 10598 

ABSTRACT 

Short time annealing has recently become of interest in silicon processing as a technique to activate ion implanted 
dopants, remove defects, and regrow amorphized silicon, with minimal diffusion of the dopant atoms. Short time annealing 
is carried out using a variety of energy sources ranging from arc lamps and resistance heaters with heating times of a few tens 
of seconds, to laser, electron, and ion sources with heating times of a few milliseconds down to nanoseconds. The annealing 
processes are grouped according to the time durations of the anneal and with reference to the thermal response time of the 
silicon. These are designated as adiabatic for < 10 -~ sec; thermal flux for 10-6-10 -2 sec, and isothermal for > 10 -~ sec. Pro- 
cesses in the adiabatic regime result in surface melting, regrowth of silicon free of extended defects, and complete dopant 
activation. However, the dopant diffuses throughout the melt zone. In the thermal flux and isothermal annealing regimes 
the dopant can be activated, and amorphous silicon regrown epitaxially with little dopant diffusion. In the limited results 
reported to date, the complete removal of extended defects has not been achieved. Further investigation may yield new 
results in extended defect removal. 

Short time annealing (STA) encompasses a wide 
range of processing techniques that can thermally 
process materials over an extremely wide range of 
times, 10-s-102 sec, all short compared to standard 
annealing. Th i spape r  deals with the application of 

" Electrochemical ~ociety Active Member. 
Key words: silicon, ion implant. 

STA techniques in silicon technology particularly to 
activate, regrow, and remove damage in ion irgplanted 
junctions. The scaling down of device dimensions, 
which is a continuing trend and an integral part of 
VLSI device design, requires shallower junctions, 
higher doping levels, and reduced defect density. The 
inadequacy of standard furnace annealing to achieve 
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these  goals has mot iva ted  the  search for  n e w  processes 
that ,  in addi t ion  to the  above, wi l l  hopefu l ly  have  ad-  
vantages  in min imiz ing  the overa l l  t he rma l  cycle and 
process power  consumpt ion whi le  s imul taneous ly  in-  
creasing wafer  th roughput .  

In  this  paper ,  first, the  basic  processes impor t an t  
in annea l ing  of ion implan t  damage,  i.e., dopant  ac t i -  
vation,  c rys ta l  regrowth ,  diffusion, and  both  point  and 
ex tended  defect  removal ,  are  discussed in the  t ime-  
t e m p e r a t u r e  reg ime made  ava i lab le  by  these new p ro -  
cesses. Second, eva lua t ions  of ma te r i a l  qual i ty ,  p ro -  
cessing compat ib i l i ty ,  and device r e s u l t s  f rom the 
extens ive  studies using pulsed and CW lasers,  elec-  
t ron  beams,  and  the more  recent  efforts to use 1-100 sec 
i so thermal  annea l ing  techniques are  made.  F ina l ly ,  an 
a t t empt  is made  to perce ive  trends,  point  out  areas  left  
unexplored ,  and make  some comment  on possible 
fu tu re  promise  and directions.  

Othe r  rev iews and ar t ic les  have  dea l t  wi th  this sub-  
ject  and  wi th  processing compat ib i l i ty  considerat ions  
(1), o the r  po ten t ia l  processing areas  for  STA pro -  
cesses, such as ma te r i a l  reflow (2), si l icon on insulators  
(3),  l a se r - induced  diffusion (4, 5), laser  c leaning of 
semiconductor  surfaces (6), and anneal ing  of other  
semiconductors  (7). 

Annealing Time, Silicon Thermal  Response, 
STA Apparatus, and Geometry Factors 

Shor t  t ime annea l ing  (STA) techniques va ry  over  a 
wide  range  in the  mode of energy  t ransfe r  f rom source 
to sample.  They  include vis ible  and in f ra red  laser  l ight,  
incoherent  l ight,  e lect ron and ion beams,  and b lack  
body  rad ia t ion  f rom a res is tance heater .  The absorp-  
t ion dep th  of the rad ia t ion  depends  on doping, c rys ta l -  
l ini ty,  and wave leng th  but  except  for the CO2 laser  
wi th  10.2 #m radiat ion,  which pene t ra tes  Si deeply,  the 
vis ible  wavelengths  as wel l  as e lectrons a t  10-30 keV 
are  al l  absorbed  wi th in  0.01-2 #m of the  surface and 
are  conver ted  to heat  in a t ime short  compared  to the  
processes indica ted  in Fig. 1. 

The most  impor t an t  ,difference be tween  these hea t  
sources is the  t ime scale in which the energy  is 
de l ive red  and how it  compares  wi th  the the rmal  re -  
sponse t ime, t, of si l icon where  

t = s2k -1  

where  s is the  t he rma l  diffusion length  or the  sample 
d imension  and k is the t he rma l  diffusivi ty (8). k var ies  
be tween  0.8 cm2/sec at  25~ and 0.1 at  1400~ For  
k = 0.2 cm2/sec and s ---- 10 #m, i.e., the  ex tended  
junc t ion  region, tj ~ 5 X 10 -6 sec but  for the wafer  
thickness  s ---- 375 #m arid tw ~ 7 X 10 -8 sec. F igure  2a 
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shows graph ica l ly  tha t  for pulsed energy  sources 
where  the energy  is absorbed in the surface region and 
where  the pulse is short, <100 nsec, compared  to the 
the rmal  response time, the sys tem behaves  ad iaba t i -  
cally. ]:'he t empera tu re  r ise is ex t r eme ly  rap id  and the 
sample  melts.  The mel t  depth  depends  only  on the en-  
e rgy  density.  Af te r  the  pulse the mel t  cools, reso l id i -  
ties, and the hea t  is removed  by  the rmal  spreading  into 
the bu lk  in a few hundred  nanoseconds. 

In the the rmal  flux regime a point  (or l ine)  source 
wi th  input  d iamete r  (or .width) smal l  compared  to the 
wafer  thickness is ras te r  scanned over  a l a rge r  area. 
The dwel l  t ime is typ ica l ly  in the  range  10-4-10 -2 sec, 
which is long compared  to the  the rmal  response t ime 
of the 10 ~m deep surface region,  but  is comparab le  to 
the the rmal  response t ime of the Si wafer  thickness.  In  
this case the  t empera tu re  of the  hea ted  region is a 
funct ion of beam p o w e r / b e a m  d iamete r  ratio,  the  scan 
rate,  and the t empera tu re  of the hea t  s ink at  the  wafer  
back. Fo r  implan t  damage removal ,  CW scanning is 
opera ted  at  a power  level  be low the  mel t ing  point.  
Both the adiabat ic  and the t he rma l  flux techniques 
resul t  in intense heat ing of only  the surface. In  p r in -  
ciple, this could have  an advan tage  in avoiding the 
hea t ing  of bur ied  layers .  S imi lar ly ,  the  use of smal l  
area  beams could faci l i ta te  localized l a t e ra l  processing. 
However ,  to date, th i s  has  not  been shown to be ad -  
vantageous.  In  fact, the d isadvantages  of local ized 
the rma l  stress, scan over lap  p rob lems  as wel l  as wafer  
th roughpu t  considerat ions,  where  a whole  wafer  mus t  
be scanned,  g rea t ly  l imi t  the  genera l  use of such tech-  
niques. These concerns have  s t rongly  influenced the 
search for  more  des i rable  "l ine" and "area"  sources, 
Fig. 3. 

The th i rd  reg ime of STA processing,  i sothermal ,  
1-100 sec, exploi ts  al l  the advantages  of l ine or a rea  
ene rgy  sources whi le  at  the same t ime minimizing the r -  
mal  gradients .  In  this t ime regime,  the  anneal  t ime is 
c lear ly  longer  than  the t he rma l  response t ime of the  
silicon wafer ,  Fig. 2c. In  addit ion,  a fas ter  wafe r  
th roughpu t  compared  to scanned beams is obvious ly  
a t ta inable  and  the energy  sources themselves  are  much 
more  energy  efficient than  pulsed  or scanned lasers.  

Annealing Processes in Ion Implanted Silicon 
In forming shal low junctions,  500-1500A deep, for 

VLSI  technology,  there  is a demand ing  l ist  of cr i ter ia  
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Fig. 3. Schematic showing various important physical aspects of 
STA annealing apparatus. 

which mus t  s imul taneous ly  be satisfied in  any anneal  
process: They are:  (i) r eg row ep i t ax ia l ly  the ion im-  
p lan ted  amorphized  layer ,  (ii) act ivate  dopant  sub-  
s t i tu t ional ly  to achieve ful l  conductivi ty,  (iii) severe ly  
l imi t  ex ten t  of dopant  diffusion to ~500A, (iv) remove 
or avoid format ion  of poin t  and cluster  defects below 
implan t  reg ion  to ma in ta in  mobi l i ty  and suppress  
r ecombina t ion-genera t ion  centers  to reduce junct ion  
leakage,  and (v) remove  or avoid format ion  of ex-  
tended defects,  dislocations,  loops, or  slip to p reven t  
diffusion pipes, precipi ta tes ,  and junct ion shorting. 

For  shal low junct ions  these cri teria,  pa r t i cu la r ly  
i tem (v) ,  a re  much ha rde r  to a t ta in  than for  deeper ,  
e.g., 4000A, junct ions  for two in terac t ing  reasons. In  
deep junct ions  the  furnace  annea l  t ime of an hour  or 
more  at  1000~ or  h igher  a l lows dopant  diffusion of 
severa l  thousand angst roms and i t  also al lows re -  
moval  of some of the ex tended  defects. However ,  the 
key  factor  is tha t  the junct ion  has moved beyond the 
region of ex tended  defects deeper  into the crys ta l  so 
tha t  those defects  r ema in ing  no longer  pene t ra te  the 
junct ion  deple t ion  region. In  shal low junct ion  annea l -  
ing the  avai lable  t i m e - t e m p e r a t u r e  cycle is less, hence 
fewer  defects are  removed,  and because  of the  l imi ted  
diffusion, i t em (iii), the effect of ex tended  defects 
r emain ing  is g rea te r  because  of the i r  locat ion wi thin  
the  space charge  region.  The presence of "knock on 
oxygen"  when the implan t  is done th rough  a screen 
oxide add i t iona l ly  complicates  this process. 

In  adiabat ic  anneal ing,  only  to be considered ve ry  
br ief ly  here,  the mel t ing  and ep i tax ia l  r eg rowth  are  
found to sat isfy  i tems ( i) ,  ( i i ) ,  and (v) ex t r eme ly  wel l  
and i tem (iv) only incomple te ly  provided  the mel t  
dep th  is deep enough, which, in most cases, mus t  be 
wel l  beyond the  implan t  region (see be low) .  However ,  
the  mel t ing  gives r ise  to v e r y  fast  diffusion in the 
l iquid phase  that  resul ts  in dopan t  motion essent ia l ly  
equal  to mel t  dep th  (9).  F o r  sha l low junct ions  repro-  
duci'ble mel t  dep ths  of 500-1500A may  be ve ry  difficult 
to achieve. 

In  o rde r  to discuss quan t i t a t ive ly  the t i m e - t e m -  
p e r a t u r e  space avai lab le  for  shal low junct ion annea l -  
ing consider  Fig. 4 and 5. F igure  4 shows a plot  of the 
t ime r e q u i r e d  for so]:id phase  ep i t ax ia l  (SPE) r e -  

Fig. 4. Reciprocal temperature plot shewing time required for B 
and As diffusion to 500A and solid phase epitaxial (SPE) growth 
of 1000A. layer (see text). 

growth  of 1000k of amorphous  si l icon (10). Clearly,  
t i m e - t e m p e r a t u r e  processing above this curve is r e -  
qui red  to assure complete  regrowth.  The curves for  B 
and As diffusion are  also d isplayed,  which show the 
maximum time allowed for junction motion, axj of 
500A or  less. [This is calculated using Axj ~- 5f-D~t-. 
The factor 5 is appropr ia te  for Gaussian law diffusion. 
A complementa ry  er ror  funct ion law diffusion would  
give 10% less distance.  D is the diffusion coefficient 
(5) and t the  time, and, finally, the rat io of doping 
used at  the  peak  concentrat ion to the concentrat ion at 
the  junct ion  is 2 • 10-8.] For  the  sake of s implici ty,  
ne i ther  concentra t ion (11) nor  radia t ion  (12) en-  
hanced diffusion effects are  included in Fig. 4 which 
would,  if included,  tend to move the curves downward  
and hence shor ten  the t ime a l lowed at a given tem-  
perature .  Thus the desi rable  p a r a m e t e r  space defined 
b y  i tems (i) and (iii) for STA lies below the B and As 
diffusion curves and above the SPE curve (shaded 
a rea ) .  

F igure  5 shows a s imi lar  t i m e - t e m p e r a t u r e  plot  
showing the  ra tes  of r emova l  of var ious  defects. The 
lower  three  curves show removal  rates  for some 
typica l  defect  pairs  vacancy-phosphorus  (V-P) ,  va -  
cancy -oxygen  (V-O) (13), and  d ivacancy  (V-V) (14) 
ex t rapo la ted  f rom low t empera tu re  measurements .  
Since these pa i r  defects and p robab ly  m a n y  others  in 
the  ca tch-a l l  group of i tem (iv) anneal  out  in t imes 
short  compared  to SPE g~owth, Fig. 4, they  are  not  a 
problem.  I t  is clear, however ,  tha t  some nonex tended  
defects wil l  not  be annea led  out in such short  times. 

The most  difficult to remove  defects  are  disloca-  
tions, i tem (v) which seem to form from clusters of 
point  defects in the ea r ly  stages of a convent ional  an-  
neal  but  m a y  be reduced  in number  by  prolonged an-  
nealing. In  o rder  to obta in  a measure  of thei r  r emova l  
rates,  the  fol lowing calculat ions and ext rapola t ions  
have  been made f rom l i t e ra tu re  resul ts  on Si(100) 
surfaces. Curve  I is the  t ime it  would  t ake  to shr ink  
a s tacking fault ,  o r ig ina l ly  formed dur ing  oxidat ion,  by  
1000A by  anneal ing  in  n i t rogen (15). Curves II  are 
the  calcula ted t imes for remova l  in n i t rogen  of 7 0 0 -  
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Fig. 5. Reciprocal temperature plot showing time required to re- 
move various point defects (lower curves) and extrapolated time to 
remove extended defects (upper curves) (see text). 

1500k d iam interst i t ial  loops observed in  a boron im-  
p lan t  (16). Curve III  is the calculated and extrapo- 
lated t ime to annea l  out in vacuum loops of up to sev- 
eral  thousand angstroms in  diameter  observed in a 
boron implan t  (17). The tempera ture  dependence was 
calculated from the tempera ture  dependence of the 
silicon self-diffusion coefficient. Point  IV is the ob-  
served t ime-calcula ted tempera ture  condition for com- 
plete removal  of observed 200-400A loops in As ion im-  
planted Si us ing a CW Nd: YAG laser (18). The t ime- 
tempera ture  parameter  space for removal  of these de- 
fects lies above (shaded area) these curves. 

A n  overlay of Fig. 5 on  Fig. 4 reveals that there is 
no region in  t ime- tempera ture  space where diffusion is 
L500A and where the extended defects will be re-  
moved. Although this comparison dampens  any hope of 
finding an adequate anneal ing  process for shallow 
junct ion,  there are a number  of comments that  should 
be m a d e t h a t  in some sense define the area for future  
research. First, the higher activation energy for de-  
fect removal  as compared to dopant  diffusion implies 
that  the most favorable region for defect removal  lies 
at the highest temperature.  Second, the extended de- 
fect removal  curves of Fig. 5 at high temperatures  are 
extrapolations.  The defects observed in these cases 
were all first formed and then removed under  s tan-  
dard annea l ing  conditions. It  is at least conceivable 
that  STA for t imes of 10-3-1'00 sec and at high tem- 
peratures  will yield new results  on defect formation 
and removal.  Third, as a h in t  in  that direction we note 
the dramat ic  disappearance of oxidation induced stack- 
ing faults at 1175~176 reported by Hu (19). 
Four th  we note the removal  of loops by CW laser an-  
neal_ing at  high power by Ishida et aL (18) even 
lhou~h in this la t te r  case slip was introduced into the 
sample. In  addition, the observat ion by  Baumgar t  et al. 
(20) that  no loops were formed and good electron 
beam induced conductance (EBIC) collection efficiency 
was observed at the center of CW laser scans~ points 
to the fact that  under  some conditions and in  localized 
regions thermal  flux anneal ing  can result  in silicon free 
of extended .defects. It  will  be discussed in detail 
below that significant reduct ion in the thermal  stress 
conditions in  CW laser annea l ing  can be made that  

may  great ly  diminish the defect formation observed 
along the edges of the scans (20, 21). 

Final ly,  it is worth ment ion ing  that control of the 
conditions of the ion implan ta t ion  itself, par t icular ly  
as regards the avoidance of surface contaminat ion or 
avoidance of a screen oxide as well  as the use of low 
tempera ture  implanta t ion  can potent ia l ly  reduce the 
n u m b e r  of defects in junct ions  after  anneal ing.  

T h e r m a l  Stress and Dislocat ion Generat ion  
Spatial  thermal  gradients and  the associated induced 

stress will, when  larger than the critical yield stress, 
cause dislocation formation and motion dur ing  annea l -  
ing, the most obvious of which is slip. Since slip is 
often seen in mater ia l  C W laser annealed at  relat ively 
high powers, there is a significant reason to find l ine 
or area radiat ion sources which more easily avoid this 
problem. 

The evolving 1-100 sec isothermal  STA techniques 
utilize rapid heating and cooling rates of the wafer  as 
a whole. These rates of 102~176 are very modest 
compared to pulsed laser heat ing rates of 101~176 
(22) and  CW laser heat ing rates of 106~ One of 
the reasons that slip is not  observed over a wider range 
of anneal ing  conditions in CW laser annea l ing  is l ikely 
because the critical yield stress increases with the 
s t ra in rate that  must  be very  large in  pulsed or scanned 
CW laser annealing.  Even in 1-100 sac iosthermal STA 
annealing,  it will  be difficult to totally avoid spatial 
gradients. Relevant  is Fig. 6, which shows the occur- 
rence of wafer warpage and slip generat ion for ver t i -  
cally stacked wafers that  were quickly pulled from a 
convent ional  anneal ing furnace at the indicated tem-  
perature  into air and allowed to cool by radiat ion and 
convection (23). The ma x i mum AT from the wafer cen- 
ter to edge reached after  a few seconds for a pull  at 
1000~ is about 175~ Note that  all the wafers pul led 
under  these conditions warped. Also, the dependence of 
warpage on precipitated oxygen content  is strong. This 
data should make clear the need for careful design of 
anneal ing apparatus in the 1-100 sec isothermal region. 
Since the critical yield stress decreases with increasing 
temperature,  this concern becomes even more critical 
at the l ikely anneal  temperatures  of 1050~176 in 
STA. As in all semiconductor processing, the use of 
wafers free of dislocation sources such as edge cracks 
and chip,s will be also very important .  

Adiabat ic  Annea l ing  
Pulsed laser .~Pulsed laser anneal ing studies usual ly 

employ a Q switched ruby  or Nd: YAG laser. The large 
di'ameter beam several mil l imeters  to 1 cm, of the ruby  
laser makes it  easy to anneal  and analyze single shot 
samples and this laser could conceivably be used in a 
single shot per chip fabricat ion mode. Cullis et aL (24) 
have reported a beam homogenizer which greatly im-  
proves the un i formi ty  of the beam. Very large areas 
are obtained by rapid pulsing and scanning with the 
inevi tably  necessary but  undesirable  overlap problems. 
In  this adiabatic process pulses 10-100 nsec long and 
with energies of about 1 J / c m  2 will  mel t  the silicon 
surface. The tempera ture  of the bu lk  wafer  is not  con- 
trolled. To achieve good single crystal regrowth it is 
necessary to melt  in depth at least to the amorphous-  
crystal l ine interface (25). 

The dramatic discovery that  by using pulsed laser 
anneal ing  the regrown silicon was in fact total ly free 
of external  defects (26) was a t remendous boost to the 
STA approach. It was, however, also shown that in 
order to get good electrical junct ion properties the 
melt  mus t  proceed well below the original amorphous-  
crystal l ine interface (27-29). Wang et al. (27) have 
shown, for instance, that  for a 8 • 1015/cm 2 implant  
of 90 keV As with a mean  range of about 650A, it was 
necessary to melt  to a depth of about 7000A in order 
to remove damage and produce good low leakage, 2 • 
10 - s  A/cm 2, mesa diodes. 
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Fig. 6. Wafer warpage as a function of "pulW temperature and 
precipitated oxygen concentration [after Leroy and Plougonven 
(23)]. 

Perhaps the most serious side effect of pulsed laser 
anneal ing is the formation of ripples (vertical undu la -  
tions) in  bare silicon or SiO2 coated silicon areas (30). 
There are several explanations for this effect, but  it 
appears to be par t ia l ly  avoidable by the use of A1, 
polycrystal l ine St, or  phosphosilicate glass masks (22, 
81-33) which have been employed in the fabrication of 
diodes (31-33) and transistors (32, 33). Diodes were 
made by P or As implanta t ion  with a dose of 1015-101~ 
cm 2 followed by pulse laser anneal ing and finally fol- 
lowed by a 415~ forming gas anneal  or a 600~ N2 
anneal.  The post laser annea l ing  step (34-36) great ly 
reduces the reverse leakage giving values of 10-9-10 - s  
A/cm2 at 1-2V and seems to some extent  to avoid the 
necessity of very .deep mel t ing to remove defects men-  
toned earlier. In the few cases where transistors have 
been made, the results were only par t ia l ly  successful 
(33,  3 7 ) .  

Pulsed e-beam.--Electron beams in general  have im-  
portant  advantages, at least in principle, compared to 
laser beams for STA. The beam energy and hence the 
depth of electron penetra t ion may be selected from a 
few keV to several hundred  keV. 20 keV electrons 
penetrate  about  2 #m (38). Electrons at 125-150 keV 
should be avoided since they can cause displacement 
damage (39). Curren t  is also variable, al though cur-  
ren t  and voltage are not always independent ly  var i -  
able. E-beams penetrate  many  materials  inc luding 
polycrystal l ine St, crystal l ine St, and SiO2 with about 
the same absorption and to the same depth for a given 
energy. At  the same t ime interference effects due to 
the reflecting and antireflecting properties of SiO2 of 
various thicknesses encountered with laser anneal ing  
are total ly avoided. 

There is cur rent ly  ava i lab le  commercial pulsed 
e -beam equipment  which is being evaluated for low 
cost solar cell impur i ty  dopant  activation and silicon 
regrowth. In  this equipment  (40) electron pulses of 
10-100 keV for 20-200 ~sec yield an energy of 0.5-10 
J / cm 2. Pulses at a repeti t ion rate of 0.5 Hz can be 
achieved and the beam diameter  can be as large as 10 
c m .  

Pulsed e -beam processing Hke pulsed laser pro- 
cessing occurs in the adiabatic regime with the re-  
sul tant  melt  formation and silicon regrowth from the 
melt. Similarly,  dislocation-free silicon has been ob- 
served (41). Inada et al. (42) have shown by anodic 
sectioning 100% dopant  activation, a relat ively flat 
phosphorous concentrat ion profile at 1.5-2 • 1020/cmS 

which implies mel t ing and a mobil i ty  of 60 cm2/Vsec 
down to about 0.3 #m depth of ,an e -beam pulse an-  
nealed phosphorous implanted sample. The sample was 
implanted with a 5 X 1015/cm 2 dose of 120 keV phos- 
phorous and was annealed wi th  a single 60 nsec pulse 
of 20 keV electrons. The mobi l i ty  was increased to 80 
cm2/Vsec upon post e -beam annea l ing  from 500 ~ to 
700~ for 20 min  in  iner t  gas. Kamins  et al. (43) have 
prepared diodes by implan t ing  1 X 1016/cm 2 As ions 
with an energy of 185 keV through 1000A gate oxide 
as in  conventional  MOS integrated circuit fabrication. 
The diodes were pulse e -beam annealed with a 4 cm 
diam beam with _+5% lateral  power uniformity.  This 
was followed by a final anneal  at 450~ in a hydrogen 
ambient.  The test diodes had leakages of 1 • 10 - s  
A/cm 2 with a square root dependence on reverse volt-  
age implying  uni form genera t ion-recombinat ion in 
the space charge region and hence no impor tant  lo- 
calized defects. On the other hand,  the diode leakage 
was quite variable across the beam diameter  indicating 
a high sensit ivi ty to beam nonuniformit ies .  In  addition, 
mel t ing of the surface under  the oxide was observed to 
cause ripples as is often observed in pulsed laser an-  
nea l ing .  

Ion beam anneaIing.--Hodgson et al. (44) have re-  
ported the use of a pulsed ion beam source to produce 
ions e.g., t~a +, Ar+,  Li +, B + for s imultaneous ion 
implanta t ion  and melt  annealing.  Ion pulses of 50-400 
nsec and energies of 150-350 k'eV with typical doses of 
1018 ions/cm 2 have been investigated. Although the 
technique is only in the early stages of exploration, 
it has already been found that Si layers can be melted 
and regrown epi taxial ly .as indicated by Rutherford 
backscattering spectroscopy. 

To date, full  activation of dopants has not been re- 
ported nor  have electrical properties been discussed. 
Ini t ial  defect studies show the layers to contain ex- 
tended defects (45). This technique which couples an-  
neal ing with implanta t ion is restrictive, the abi l i ty  to 
achieve shallow junct ions  when melt ing is required is 
uncertain,  and the disadvantages of melting, diffusion, 
and l ikely ripple formation make this technique not  
promising for practical STA processes. 

Thermal Flux Annealing 
CW laser annealing.--Argon ion, Nd:YAG, and to a 

much lesser extent  CO2 lasers have been used in CW 
laser STA studies. Most CW lasers can be quite stable 
and the argon laser power is stable to within 1%. For 
the argon laser, a spot size of 20-150 #m diam, a scan 
speed of 1-10 cm/sec, and an overlap between scans of 
5-95% includes most exper imental  conditions. The 
substrate temperature  is a significant process param-  
eter and studies using samples held be tween room 
tempera ture  and 500~ are reported. Successful an-  
nea l ing  takes place wi th in  a small  "power window" 
where low power levels do not result  in complete SPE 
(see Fig. 4) and high power levels result  in slip forma- 
t ion in addit ion to annealing.  At sufficiently high 
power the Si melts. Typical ly the "power window" for 
implanta t ion damage anneal ing  would be centered at 
about 75% of the power needed to melt. Depending 
somewhat on parameters,  the power /beam diameter  
ratio (W/~m) found to melt  silicon is 0.20-0.22. 

The early result  (46-49) in CW laser anneal ing that 
greatly s t imulated interest  was the discovery that dop- 
ants could be ful ly activated and amorphous silicon 
epitaxially regrown in the solid state with minimal ,  
<200A for B (50) and <50A for As (48, 49), dopant  re-  
distribution. In  addition, the surface was smooth, 
showed no signs of roughening or ripple formation due 
to melting, and optically, at least, showed no evidence 
of the scan overlapping which is necessary to cover 
large areas. Erarly reports of mater ial  free of defects 
were overly optimistic and there is no doubt the early 
results with pulsed laser anneal ing  in e l iminat ing de- 
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fects were  ex t rapo la t ed  i nadve r t en t l y  to include the 
CW case. 

Recent  extens ive  studies of both ex tended  and elec-  
t r i ca l ly  act ive defects  by  t ransmiss ion  e lect ron mi -  
croscopy (TEM) (18, 20, 21), deep level  t rans ien t  spec-  
t roscopy (DLTS) (51-53), luminescent  efficiency (54, 
55), EBIC collect ion efficiency (20, 21, 56, 57), and in 
diode format ion  (58, 59) a l l  give g rea te r  de ta i l  to the 
na tu r e  and d i s t r ibu t ion  of both  ex tended  and poin t  
defects  in CW laser  annea led  Si and  suggest  some ap-  
proaches  to avoid them. I t  is appa ren t  f rom the lumi -  
nescence, DLTS, and diode measurements  tha t  there  
is a r a t h e r  na r row  range  in laser  power  for  opt imal  
e lec t r ica l  p roper t i e s  and  impl ied  10w defect  density.  
EBIC and TEM studies also revea l  the dramat ic  change 
in p roper t i e s  across (or thogonal  to scan direct ion)  a 
typica l  scan where  the cen te r  region of the scan yields 
h igh  efficiency e lec t ron  collection in an EBIC pic ture  
and few if ,any ex tended  defects  (18, 21, 56). At  the 
edges of the  scan,  however ,  are  tangled  ne tworks  of 
dislocat ions and an e x t r e m e l y  low EBIC collection effi- 
ciency. Wi th  an unusua l ly  broad  laser  beam, 500 
~m, I sh ida  et at. (18) were  able  to remove  ex tended  
defects, but  only  a t  laser  powers  so h igh  tha t  slip was 
in t roduced into the sample.  

I t  is c lear  that  considerable  improvemen t  can sti l l  be 
made  in CW laser  anneal ing.  Close examina t ion  of the  
l i t e ra tu re  shows tha t  the de ta i led  expe r imen ta l  con- 
di t ions used are  v e r y  impor tant .  In  al l  cases the "best" 
low .defect, h igh e lec t r ica l  qua l i ty  resul ts  were  ob-  
ta ined  wi th  e i ther  a wide beam (18), h igh beam over lap  
(55, 57-59) up to even 95%, tuning  to op t imum powe r 

leve l  (18, 55, 58), use of  high subs t ra te  t empera tu re  
(18, 53, 57-60) at  leas t  250~ and up to 500~ o r  some 
combinat ion  of these condit ions and including a post  
l ase r  anneal  in forming  gas. Annea l ing  with  a CO2 
laser,  which  because of its low absorp t ion  coefficient 
tends to heat  the  sil icon ve ry  deep ly  and hence wi th  
lower  spa t ia l  t he rmal  gradients ,  also was capable  of 
y ie ld ing  layers  wi thout  ex tended  defects  (21). Al l  
these condit ions indicate  a f a i r ly  na r row  laser  "power  
window" for  op t imum proper t ies  and also point  to the 
need to minimize  the rmal  gradients  to even out  the  
wafer  exposure  so tha t  a l l  par ts  of the  sample  have  
equiva len t  or  nea r - equ iva l en t  t he rma l  experience.  
St i l l  h igher  subs t ra te  t empera tu res  above 500~ as wel l  
as fas ter  scan rates  m a y  have significant advantages  
since the  cr i t ical  y ie ld  stress increases wi th  the s t ra in  
rate .  

Under  nea r  op t imal  condit ions (58) shal low p + n  and 
n + p  diodes were  made  using ion implan ta t ion  of 1013- 
1014/cm 2 of 20 keV B or 1014/cm 2 of 50 keV As into 
1700A th ick  oxide  defined areas  fol lowed by  argon laser  
annea l ing  in a forming  gas a tmosphere  at 500~ Low 
reve r se  l eakage  values  of 10-9-10 - s  A / c m  2 at  65 and 
30V b reakdown  for the p + n  and n~-p devices,  respec-  
t ively,  were  obtained.  These compared  ve ry  closely to 
reverse  leakage  va lues  for  furnace  annea led  diodes. 
Sandow (59) also repor ts  that  diodes formed by  a 4 X 
1015/cm 2 dose 35 keV As implan ta t ion  th rough  3200A 
th ick  SiO~ openings  and argon laser  annea led  at  350 ~ C 
subs t ra te  t empe ra tu r e  resul ted  in leakages  of only 
10 -~s A/cm2 at  10V. In addit ion,  N and P channel  
MOSFET's  have  been  made  (60) by  argon laser  an-  
nea l ing  at  300~176 substr.ate t empe ra tu r e  which  
d i sp layed  reduced  r ing  osci l la tor  delays  and source-  
d ra in  leakages  of  1-3 X 10 -11 A/;~m of channel  length.  
The laser  i r rad ia t ion  was car r ied  out  wi th  a po ly -  
c rys ta l l ine  Si gate in place and .an oxide  coating on the 
source and d ra in  regions.  In  each of the  above  cases, 
the ox ide  thickness  was designed to be app rop r i a t e ly  
reflecting or  ant iref iect ing to achieve the des i red  an-  
neal.  In  no case was it r epor ted  tha t  the  oxide  r ipp led  
or was damaged  dur ing  the process. 

CW e-beam annealing.mMuch less extens ive  than  
pulsed  o r  CW laser  annea l ing  studies a re  invest igat ions  
of CW e - b e a m  annea led  silicon. In  spi te  of t he  po ten-  

t ia l  advantages  of e - b e a m  anneal ing  (see above) ,  the 
scarc i ty  of scanning e - b e a m  appara tus  ~may be l imi t -  
ing such studies. To date  most  exper iments  have been 
car r ied  out  wi th  scanning point  sources, but  swept  l ine 
sources (61-63) a re  now becoming avai lable .  A point  
source e -beam is ras te r  scanned s imi la r  to CW laser  
scanning where  the sample  at  least  s tar ts  at  room 
t empera tu re  and in some cases has been de l ibe ra te ly  
heat  sunk. Typical  beam pa rame te r s  are  10-30 keV, 15- 
150 ~A, 5-500 ~m beam diameter ,  and  scan rates  in the 
1-10 cm/sec  range.  

To first order  the resul ts  wi th  CW e -beam anneal ing  
are  the  same as those for  CW laser  anneal ing.  The 
amorphous  si l icon is r eg rown epi taxia l ly ,  the dopants  
are  ac t iva ted  and do not diffuse much. At  least  in the 
ea r ly  work  (64, 65), ex tended  defects and a high re-  
s is tance l aye r  (66) were  observed in the  region of the 
implan t  a f te r  anneal ing.  

Recent  work  using EBIC and DLTS indicate  tha t  CW 
e -beam annealed  silicon has fewer  defects (31, 57) than 
s imi l a r ly  CW laser  annea led  silicon. These studies and 
others  show that  there  is a somewhat  wider  "power 
window" in e -beam scanning for op t imum luminescent  
efficiency. The op t imum over lapp ing  of the ras te r  scan 
can be more  easi ly  a r ranged  to give high and uni form 
EBIC elect ron collection efficiency (57). The differ-  
ences could be due to different  the rmal  profiles caused 
b y  the different  shape and depth  of energy  deposit ion 
of the two techniques or  to some other  unident if ied in-  
t r ins ic  difference. However ,  the fact  tha t  samples  in the 
Vacuum env i ronment  of an e - b e a m  appara tus  may  r ise 
in t empera tu re  dur ing  anneal ing  unless de l ibe ra te ly  
hea t  sunk, could p lay  a role  in these results  (see be -  
low) .  In  any event,  the use of h igher  s ubs t ra te  t em-  
pera tu res  is a promis ing  w a y  to minimize  the rmal  
gradients  and reduce the rma l ly  induced damage  and 
m a y  lead to in teres t ing  results.  No diode or  t ransis tor  
fabr ica t ion  resul ts  are known at this t ime (see be low) .  

Isothermal Annealing 
Incoherent light annealing.--The newest  and cur-  

r en t ly  the most  ac t ively  inves t iga ted  area  of STA and 
p robab ly  the most  promis ing  approach  uses a va r ie ty  
of incoherent  l ight  sources to hea t  the  sample  for 
1-100 sec. Typica l ly  the sil icon is b rought  to, say, 
l l00~ in a few seconds, a l lowed to "soak" at  1100~ 
for 2-10 sec, then cooled. L igh t  sources are high power  
halogen lamps  (67-69), arc  lamps  (63, 70-72), r ad i a t -  
ing resistance hea te rs  (73, 74), and even a CO2 laser  
(obviously  coherent )  (75). In  o rde r  to get  sufficient 
power  into a sample  and t o  evenly  d i s t r ibu te  the r ad i -  
ant  energy,  mul t ip le  ha logen lamps  are  necessary  in 
combinat ion wi th  reflectors. A new arc l amp  (72) wi th  
ve ry  high power,  125 kW, in a tube 11 m m  diam X 
210 m m  long can yie ld  60 W / c m  2 over  a 5 >< 6 in. area.  
Most such lamp systems the rma l ly  isolate the wafe r  on 
an  insula t ing  subs t ra te  holder  or s imply  al low it to 
s tand in a i r  or  an iner t  gas (Fig. 3). Cooling occurs by  
radiat ion.  An even s impler  a r r angemen t  uses the  wafer  
hor izon ta l ly  p laced on a res is tance hea ted  g raph i te  
slab ~ h e r e  hea t ing  and cooling is d i r ec t ly  dependen t  
on the t empera tu re  of the graphi te  slab (73). A tech-  
nique w he re by  wafers  are  p laced  at  a dis tance from the 
rad ia t ing  graphi te  hea te r  has also been inves t iga ted  
(74). 

There  are  severa l  obvious advantages  of these tech-  
niques. They use area  sources, or  swept  l ine sources 
(63, 70) and use incoherent  l ight  so that  in ter ference  
effects observed  in the coherent  l ight  exposures  are  
avoided.  Depending  on design it is possible to assure 
that  the  wafer  wi l l  not  be in contact  wi th  another  hot  
surface or in fact it  m a y  be the only hot  object  in the  
anneal ing  cavity,  thus g rea t ly  reducing the poss ib i l i ty  
of  contaminat ion.  F ina l ly ,  all  such sources a re  in t r ins i -  
ca l ly  cheaper  in ini t ia l  cost and are  powerwise  more  
efficient, 50-100%, as compared  to lasers  or e -beams.  
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Compared  to furnaces  they  are  h igh  loss systems, bu t  
the exposure  is for seconds ins tead of hours. 

Results  to ,date show tha t  the common dopants  B, P, 
As, and Sb can a l l  be ac t iva ted  subs t i tu t iona l ly  af ter  a 
few seconds at  1050~176 Repor ted  dopant  profiles 
show tha t  As (69, 70) red is t r ibu t ion  can be held  to 
<100A and B (74, 67) to <1000A. However ,  a t  h igh 
concentrat ions near  or  above the solubi l i ty  l imi t  at 
the peak  of the implant ,  these re la t ive ly  long anneal  
t imes, seconds, .can lead  to less than  100% subst i tu t ion 
for  both  As and Sb p robab ly  because  prec ip i ta t ion  
occurs more  r ap id ly  than  diffusion (68, 69). Repor ted  
car r ie r  mobi l i ty  values  are  comparable  to bu lk  values,  
but  few diode measurements  a re  avai lable .  An  e x -  
cept ion is the s tudy  of the n + p  diodes made by  Fulks  
et al. (74) by  implan t ing  1 • 1016/cm ~ As ions at  185 
keV and anneal ing  for 10 see in a resis tance r ad ian t  
heater .  The es t imated wafer  t empera tu re  was 950 ~ 
1000~ Exce l len t  low leakeLge values  of 7 • 10 -1Q 
A / c m  2 at  5V were  obta ined  un i fo rmly  over  a 3 in. 
wafer.  This compares  very  favorab ly  to leakage  values  
of 5 • 10-10 A / c m  2 for  furnace annea led  controls  af ter  
an anneal  at  1000~ for 30 rain. 

Deta i led  studies .of damage by  TEM and o ther  
studies a r e  p r e sumab ly  forthcoming.  One DLTS s tudy  
indicates  the  presence of Fe  contaminat ion  in ma te -  
r ia l  annealed  by  a ha logen  l amp  (69). 

E-beam annealing.~Plasma annealing.--Plasma 
sources for  anneal ing  of  ion implan t  damage are  on ly  
jus t  beginning  to be s tud ied  (76, 77). The first r epor t  
descr ibes  the  use of an abnorma l  discharge in neon in 
a long tube  at  30-160 mTor r  using a cur ren t  of 5-80 
m A  and a vol tage  of 3-10 keV. In this appara tus  the 
cold cathode emits  electrons tha t  a re  accelera ted  in the 
cathode da rk  space and increase the i r  number  by  
avalanching.  When they  reach the nega t ive  glow they  
have an ene rgy  about  ha i l  of the anode-ca thode  po-  
ten t ia l  d rop .  A magnet ic  lens m a y  be p laced  beyond 
the anode to give a wide  range  of power  densit ies on 
the sample,  0.2-170 W / c m  2, p laced  s t i l l  f a r the r  down 
the tube.  Annea l ing  of 150 keV BF~ + implan t  doses 
of 5 • 1014-2 X 1015/cm2 for 15 sec at  an apparen t  
t empera tu re  of 660~ resul ted  in comple te  act ivat ion 
and ep i tax ia l  regrowth .  Different ial  sheet  p measure -  
ments  on sectioned samples  show complete  act ivat ion 
and no measurab le  diffusion, but  the presence of deep 
damage  located deepe r  than  the ion implan ta t ion  peak  
(77) is observed.  

E-beam annealing.--The first actual  r epor t  of iso- 
thermal ,  1-100 sec STA anneal ing  employed  an e -beam 
(78, 79). In  this case a r ap id ly  ras te r  scanned or  r a n -  
domly  in ter laced  e -beam was used to hea t  a t he rma l ly  
floating sil icon chip of a few mi l l imeters  on a side to 
an unknown anneal ing  t empera tu re  for 5-10 sec. Re-  
cently,  this technique has been modified to include a 
second beam for spot or  l ine scanning (80) on top of 
the  chip whi le  the first beam he,ats the chip as a 
whole  f rom the bottom. 

More recent ly ,  a s imi lar  approach has been re-  
por ted  (81). In  this case a ve ry  large  d iamete r  beam, 
0.25 in. d i am at  5.2 keV and 52 mA was s lowly ras tered  
at  0.13 in. /sec across a wafer  where  the py rome t r i ca l l y  
measured  t empera tu re  of 850~ was observed to hold 
for  3-4 sec. Each a rea  was annea led  only once. 50 keV 
B atoms implan ted  wi th  a dose of 1014/cm 2 showed an 
act ivat ion of only  75% perhaps  because  of p rec iv i t a -  
tions, see  above, and  a m a x i m u m  diffusion of 500A. 
Diodes were  subsequen t ly  ,annealed in forming gas at 
450~ and showed leakages  of 4 • 10 -9 A / c m  2 at 5V. 
Diodes had a V'/~ dependence  of leakage on reverse  
vol tage  indica t ing  uni form junct ions  free of defects to 
a dep th  of 4 or  5 #m. No r ipples  or  damage  to the  oxide 
were  observed.  

Summary and Conclusions 
A wide var ie ty  of annea l ing  techniques are  being 

used to annea l  ion implan ted  sil icon junctions.  These 

techniques,  which use pulsed and CW lasers  and  
e -beams  ion beams, plasmas,  incoherent  l ight  sources, 
and  Mack body rad ian t  heaters,  m a y  be cal led short  
t ime anneal ing  (STA) processes. They differ signifi- 
cant ly  f rom convent ional  anneal ing  by  del iver ing en-  
e rgy  to the  work  piece in ve ry  shor t  times, 10-s-10 e 
sec, compared  to furnace anneal ing.  

VLSI  devices requ i re  shal lower  junctions,  h igher  
doping levels,  and  lower  defect  densi t ies  than  in p r ev i -  
ous generat ions  of devices.  Successful  junc t ion  an-  
neal ing requires  that  dopan t  act ivat ion,  sih.con epi-  
t ax ia l  regrowth,  point  defect  removal ,  and ex tended  
defect  r emova l  a l l  t ake  place in a t i m e - t e m p e r a t u r e  
exposure  that  does not  resul t  in significant dopant  
diffusion. 

The first group of STA techniques,  which includes 
pulsed laser,  e -beam,  and ion beams, al l  de l iver  energy 
to the  si l icon in t imes short ,  i.e., 10-100 nsec, compared  
to the the rmal  response t ime of the sil icon wafer .  A l l  
resu l t  in surface mel t ing  in essent ia l ly  an adiabat ic  
process. This mel t ing  and subsequent  ep i tax ia l  re -  
g rowth  yields si l icon layers  to ta l ly  free of ex t ended  
defects and is the only anneal ing  process cur ren t ly  
ava i lab le  tha t  does so. On the o ther  hand,  the com- 
birmtion of surface mel t ing,  fast  dopant  diffusion in 
the l iquid phase, and pa r t i cu la r ly  the format ion  of r ip -  
ples on bare  sili.con or ox ide-coa ted  si l icon surfaces 
is undes i rab le  for  micros t ruc ture  fabr icat ion.  Ripple  
format ion  can be suppressed b y  an addi t iona l  masking  
step. The reproduc ib i l i ty  and un i fo rmi ty  of large  area  
e -beams  have  not  been demons t ra ted .  Fo r  these rea-  
sons, adiabat ic  STA involving mel t ing  is not promis ing  
for shal low junct ion  format ion  for VLSI.  

In  other  STA processes where  the silicon regrows by  
so l id-s ta te  epi taxy,  the  most  difficult r equ i remen t  to 
achieve is the  remova l  of ex tended  .defects. In  fact, 
ex t rapola t ion  of furnace anneal ing  da ta  of ex tended  
defect  r emova l  ra tes  to the  short  t imes  and high 
t empera tu res  of STA indioat.es tha t  such defects .can- 
not  be comple te ly  removed.  However ,  i t  is possible that  
at these r e l a t ive ly  high temper,atures exper iments  wil l  
yield new resul ts  not  pred ic ted  by  ex t rapola t ion  of 
furnace annea l ing  data.  

The second group of STA techniques hea t  the silicon 
for t imes of 10-4-10 -~ sec, comparable  to the  the rmal  
response t ime of the  silicon work  piece. These are  
called the rmal  flux processes and include r a s t e r  
soanned poin t  (or  l ine)  CW laser  a~d e - b e a m  energy 
sources. Wi th  the rmal  flux anneal ing,  dopant  diffusion 
is minimal ,  bu t  both  point  and ex tended  defects that  
a re  la rge ly  removed  at  the center  of a l ine scan are  
not  r emoved  and in fact  are  in t roduced at  the edges 
of  a l ine scan ur~der high the rmal  stress conditions. I t  
appears  possible  tha t  cons iderable  opt imizat ion in CW 
scanning, including power  level,  ;scan speed, scan over-  
lap, and especia l ly  subs t ra te  t empera ture ,  wi l l  reduce 
the rmal  stress and could yie ld  signif icantly be t te r  re -  
sults t i tan obta ined so far. Since the rmal  flux process-  
ing occurs ,at the h ighest  t empera tu res  short  of me l t -  
ing, i t  would seem that  the  chance of obta in ing new re -  
sults on ex tended  defect  r emova l  would be best  at high 
t empera tu re  and in the  10-4-1 sec t ime region. I t  
would be h ighly  des i rable  in fu ture  work  to ac tua l ly  
measure  the  t empera tu re  of the workpiece  in wha t  is 
fundamen ta l ly  a the rmal  process (82) in o rder  to 
mean ingfu l ly  character ize  a given exper iment .  As dis-  
advantages ,  we  note tha t  in te r fe rence  effec'ts due to 
oxide  thickness  and lase r  (but  not  e - b e a m )  energy 
coupling m a y  be res t r ic t ive  for device .design and 
could requi re  an addi t ional  mask ing  step. Raster  
scanned energy point  sources wil l  necessar i ly  in t ro-  
duce localized the rmal  stress into a silicon wafer  and 
wil l  resul t  in lower  wafer  th roughput  than techniques 
employing  large  area  radi,ation sources. 

I so thermal  anneal ing  in the 1-100 sec t ime range  is 
cu r ren t ly  the  most  ac t ively  inves t iga ted  area  in STA. 
Incoheren t  l ight  f rom ha logen  o r  arc  lamps,  electrons; 
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from e-beams or plasmas, or infrared radiation from 
black body resistance heaters are all being used. In 
most cases, the whole wafer is heated. This great ly re-  
duces localized thermal stresses. Early results show 
part ial  dopant activation and limited dopant diffusion. 
Extended defect removal studies are not yet avail-  
able. Of all  STA techniques, isothermal .annealing 
could have the highest wafer throughput and would 
seem to be easily adaptable to manufacturing. The 
lowest leakage d iodes ' to  date, 7 • 10 - l~  A/cm 2 at 
5V, have been made by a black body radiant isothermal 
process (74). 

In order to demonstrate the quality of ion implanted 
silicon after annealing by any process, a number of 
electrical and materials evaluations should be made. 
TEM mierographs should be taken to reveal any ex- 
tended defects. The extent  of dopant activation must 
be determined. Dopant concentration profiles should be 
obtained before and after annealing to show any dop- 
ant motion. To reveal damage deep beneath the im- 
plantation which is electrically active, conductivity and 
Hall measurements on samples sectioned as a function 
of thickness would be desirable. Diode reverse leakage 
as a function of voltage out to breakdown gives a good 
indication of junction quality and some measure of 
minori ty carrier  lifetime. Diode leakage on realistic 
structures with other thin films in place and as a 
function of position over the whole wafer seem neces- 
sary. The effect of the annealing on oxide integri ty 
must also be ascertained. 

Until the above range of information is available we 
must consider all the proposed STA processes as ex- 
ploratory. 
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Initial Results of a High Throughput MBE System for Device 
Fabrication 

J. C. M. Hwang, T. M. Brennan, and A. Y. Cho 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

A custom-designed MBE system has been used for device fabrication with high throughput. Up to six, 2 in. diameter 
substrates can be prepared and loaded into the system at once. The growth cycle for a GaAs FET structure is typically 2-3 hr. 
As many as 200 FET wafers with a total of more than 300 ~m epitaxial layers can be grown between source replenishments. 
With continuous azimuthal rotation of the substrate, extreme uniformity in doping and thickness was achieved. The sur- 
faces of the epitaxial layers were highly specular. The irregularly shaped defects commonly associated with the gallium 
spitting problem were eliminated. The remaining surface defects were oval-shaped with a density < 104 cm -~. Silicon nitride 
was used to protect the back side of the substrate from indium attack during growth. Doping concentrations from 2 x 10 TM 

cm -3 to 2 x 10 is cm -~ were obtained using Sn as dopant. Highest Hall mobilities measured were 7,600 cm2/Vsec at 300 K and 
67,000 cm2/Vsec at 77 K. State-of-the-art FET's were fabricated from materials grown by using this system. 

Molecular beam epitaxy (MBE) is a powerful  ma-  
terials preparat ion technique because of its superb 
control over doping and thickness. It  has m a n y  im-  
por tant  applications in  the growth of compound semi- 
conductors for high speed and optoelectronic devices, 
such as the high electron mobil i ty  transistor  (1) and 
the double-heterost ructure  laser (2). However, for 
MBE to become a viable technique for large scale de- 
vice fabrication,  a system which can reproducibly 
grow very  pure and uniform layers with high through-  
put  is required. Such a system was custom designed in 
collaboration with Varian engineers (3) and has been 
used to generate some very encouraging results wi thin  
a year  since it was installed. 

In  this paper, we will briefly describe the system 
hardware  and then how it was used to achieve high 
throughput  and extremely uni form growth without  
sacrificing the qual i ty of the material .  Some pre l imin-  
ary results of devices fabricated from materials  grown 
by this system will  also be presented. 

System Description 
The MBE system consists of three ul t ra  high vacuum 

chambers:  a loading chamber, an analysis chamber, 
and a growth chamber. The chambers are inde-  
pendent ly  pumped and are connected to one another  
through gate valves. The substrates are moved be-  
tween the chambers using magnet ical ly coupled t rans-  
fer rods. The loading chamber and the analysis cham- 
ber  each have s i x  substrate holders, whereas the 
growth chamber has only  one. The analysis chamber  
is equipped with a scanning Auger electron spec- 
t rometer  and extra  ports for future  addition of other 
analyt ical  ins t ruments  such as secondary ion mass 
spectrometer, etc. 

The details of the growth chamber  are shown 
schematical ly in  Fig. 1. This chamber incorporates 
m a n y  impor tan t  features, such as a substrate holder 
capable of continuous azimuthal  rotation, an auxi l iary 
port  above the substrate holder for a cold finger or a 
mechanical  mask, viewpoints which allow one to look 
down to the bottom of the source crucibles, two 10 kW 
electron gun's for evaporat ion of refractory metals, and 
a viewport /gas  inlet  at normal  incidence to the sub- 
strafe. A microcomputer,  which controls the source 
temperatures  and shutters as well  as substrate t em-  

i Present address: General Electric Electronics Laboratory, 
Syracuse, New York 13221. 

perature  and motion, is also included. These features 
make the system flexible for either research or pro- 
duction application. 

Throughput 
The following are impor tant  factors for high 

throughput  of epitaxial materials:  large size substrate, 
mult iple  wafer loading, short growth cycle, and large 
capacity source. These factors will  be discussed in 
sequence. 

The substrate  size has been standardized to 50 mm 
diameter  circular wafers. The use of s tandardized sub-  
strates helped to s t reamline not  only substrate prep-  
arat ion before growth, but  also device processing after 
growth. Larger substrates up to 4 in. diameter  can be 
accommodated by simple modification of the substrate 
holders. 

Specially designed quartz jigs and wafer spinner  are 
used for mult iple  substrate preparation.  The wafers 
are usual ly  boi!ed in solvents and etched in acids in a 
batch of six. At the last step, each wafer is r insed in 
deionized water  to grow a controlled surface oxide 
layer  then spun dry. The wafers are then mounted  on 
the substrate blocks and loaded into the MBE system 
together. Immedia te ly  before growth is ini t ia ted on 
each wafer, it is heated to a high tempera ture  to desorb 

Fig. I. Schematics showing the details of the growth chamber 
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the oxide so that growth commences on an atomically 
clean surface. The temperatures  at which the oxide 
desorbs as determined by reflection high energy elec- 
tron diffraction (RHEED) observations from a n u m b e r  
of wafers prepared in the same batch are listed in 
Table I. The tight distr ibution of the oxide desorption 
temperatures  indicated that  the sulostrate preparat ion 
was reproducible from wafer to wafer, and that mul t i -  
ple substrate preparat ion for MBE is feasible. After  
oxide desorption the substrate temperature  is fixed at 
approximately  600~ for growth. 

A GaAs field effect t ransistor  (FET) s tructure typ-  
ically consists of 1-2 ~m of epitaxial  material .  At a 
growth rate of 1 ~m/hr,  actual  growth of an FET wafer 
takes 1-2 hr. Transfer  of ~he substrate, heating up and 
cooling down the substrate, etc., take approximately 
1 hr in total. Therefore, the cycle t ime of each wafer 
is typically 2-3 hr. Thus, we have been able to prepare 
and grow six FET wafers each day. It  is conceivable 
that a higher growth rate may shorten the cycle time. 
Eventually,  the finite preparat ion t ime involved in each 
cycle will  become the l imit ing factor. 

The incorporat ion of vacuum loadlocks in  the sys- 
tem design makes it possible to operate the system 
continuously and vent  the growth chamber  only when 
the source materials  are depleted. The group V ele- 
ments  are usual ly  the first to be depleted. Using a 40 
cm 8 capacity As source, we have grown epitaxial layers 
with a total thickness greater than 150 ~m. Therefore, 
with two As sources installed in the system, a total of 
200 FET wafers can be grown between source replen-  
ishments. 

Uni formi ty  
For high yield device processing, we need wafers 

that are not only  uni form in doping and thickness, but  
also smooth on both sides. By using the rotatable sub- 
strate holder, we have obtained extreme uni formi ty  in 
doping and  thickness. Figure  2 shows the doping con- 
centrat ion as a funct ion of depth as measured by the 
Miller (4) profiler from a GaAs layer grown while  the 
substrate was rotated at 4 rpm and doped periodically 
with Sn. Five doping profiles were measured on differ- 
ent spots of the wafer. The spread in the peak heights 
of the doping profiles indicated that the var iat ion in 
doping was wi thin  _+1%. Whereas the spread in the 
periodicity of the doping profiles indicated that  the 
variat ion in thickness was wi thin  _+0.5%. Similar  un i -  
formity results have been previously reported (5). 

Next we will discuss uni form surface morphology. 
There are usual ly  two types of morphological defects 
present  on the surface of the MBE grown layers. One 
type of defect, i r regular ly  shaped, is a t t r ibuted to "gal- 
l ium spit t ing" (6). The other type is oval-shaped and 
its origin is not well understood (7). 

As an example, Fig. 3a shows a scanning electron 
microscope (SEM) .image of an i r regular ly  shaped de- 
fect. X- ray  analysis confirmed that  it was Ga-r ich com- 
pared to the Surrounding area (Fig. 3b). In  order to 
unders tand  the effect of Ga source on defect density, 
we have compared Ga sources of different configura- 
tions side by side in the same system. We found that 
filling the Ga crucible to its capacity or keeping the 
lip hotter than the rest of the crucible had little effect 
on the defect density. However, we could reproducibly 
el iminate the i r regular ly  shaped defects by a long 
(72 hr) bake out of the entire growth chamber at ap- 

Table I. Oxide desorption temperatures of substrate wafers prepared 
in the same batch 

Oxide 
desorption 

Wafer temperature (~ 

J-6290 633 
J-6300 630 
J-7010 630 
J-7060 631 
J-7070 630 
J-7310 640 

Fig. 2. Doping concentration as a function of depth from the sur- 
face of a GaAs layer grown with the substrate rotated at 4 rpm 
and doped periodically with Sn. Five traces were measured on dif- 
ferent spots of the wafer as indicated. 

Fig. 3. (a) SEM picture of an irregularly shaped defect. (b) X-ray 
analysis of the defect (dotted line) showing that it is Ga-rich com- 
pared to the surrounding area (bar graph). 

proximately  200~ Our observations suggest that the 
"spitting" is probably  related to the presence of an im-  
pur i ty  layer on the surface of the Ga source due to the 
reaction between molten Ga and the residual gases 
(e.g., H20) in the vacuum chamber. The bake out re-  
duces the part ial  pressure of the residual gases there-  
by inver t ing  the direction of the reaction and e l iminat -  
ing the impur i ty  layer. 

After  the "gallium spitting" problem was el iminated 
only the oval defects remained on the surface. Figure  
4a is an optical micrograph taken under  Normaski con- 
trast condition which shows that the oval defect 
density was typically ~104 cm -2 on an FET wafer. The 
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Fig. 4. (a) Normaski optical micrograph showing typical density 
of oval defects. (b) SEM micrograph showing details of an oval de- 
fect. (c) SEM micrograph of the cross section of an oval defect 
showing that its ridge is approximately 0.2 #m high. 

oval defect is typical ly 10 #m long and 2 ~m wide, with 
its long axis paral le l  to [110] on a (001) substrate  
(Fig. 4b). Its ridge is approximately 0.2 ~m high (Fig. 
4c). Presently,  there is evidence indicat ing that at least 
some of these defects are related to the threading dis- 
locations or iginated from the substrate (8). Although 
we have found no adverse effect of the oval defects on 
discrete devices, they may present  a problem for in te-  
grated circuits. 

The indium, which is used to mount  the substrate 
onto its heater  block, usual ly  reacts wi th  the GaAs 
substrate dur ing  MBE growth. When the ind ium is 
etched off after growth, the back side of the epitaxial  
wafer  becomes very  rough. This in  tu rn  causes severe 
processing difficulties in vacuum handling,  mask al ign-  
ment,  etc. We have used plasma-deposi ted silicon 
ni t r ide on the back side of the wafer to protect it from 
the ind ium attack (9). Figure 5b shows that  the back 
side of the GaAs substrate in this case was much 
smoother than in the case without  silicon ni tr ide pro- 
tection (Fig. 5a). However, a few pits were still pres-  
ent probably due to pinholes in the silicon nitride. This 
made it difficult to chemically thin the substrate dur ing  
the final processing steps, if it is necessary to_ reduce 
the thermal  impedance of the devices. Fur ther  im-  
provements  are obviously in order. 

Mobility 
I,t is impor tant  that  the qual i ty  of the materials  

grown is not sacrificed in the a t tempt  to achieve high 
throughput.  Figure 6 shows the pre l iminary  results of 
the 77 and 300 K electron mobilit ies in 3 ~m thick GaAs 
layers doped with different concentrat ions of Sn. The 
solid curves indicate the theoretical values calculated 
by Rode and Knight  (10) for the case of zero compen- 
sation. The exper imental  data followed the same t rend 
as the theoretical curves with the compensation ratio 

Fig. 5. Optical micrographs comparing the back-side morphology 
of GaAs wafers (a) without and (b) with silicon nitride protection 
during MBE growth. 
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Fig. 6. 77 and 300 K electron mobilities in GoAs layers doped 
with Sn. The solid curves indicate theoretical values for the case of 
zero compensation. 

(NA/ND) varying from 0.3 to 0.7. These results are 
comparable to the previously reported values for 
MBE-grown Sn-doped GaAs layers of comparable 
thickness (11). 

Device Results 
To i l lustrate the device qual i ty  of the MBE materials,  

power and low noise FET wafers were grown accord- 
ing to previously developed specifications based on 
wafers grown by chemical vapor deposition (CVD) 
(12, 13). Throughout  the device processing sequence, 
the MBE wafers exhibited the same characteristics as 
s ta te-of- the-ar t  CVD wafers. 

As an example, Fig. 7 shows the drain  characteristics 
of a typical power FET processed from an MBE wafer. 
The total gate width was 1 mm and the gate length  was 
1.5 #m. The channel  thickness was approximately  0.5 
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Fig. 7. Drain characteristics of a typical power FET processed 
from the MBE material. Total gate width ----- 1 mm. Gate length = 
1.5 #m. Channel doping = 9 X 10 J6 cm -3. Channel thickness 
0.5~. 

~m wi th  doping equal  to 9 • 10 TM cm -3. The t rans is tor  
showed an 80 m s / m m  t ransconductance  which is typ i -  
cal for devices  of this type. RF  measurements  (14) 
confirmed that  these MBE FE,T's were  s t a t e - o f - t h e - a r t  
mic rowave  devices.  

Summary 

The feas ib i l i ty  of MBE as a mate r ia l s  p repa ra t ion  
technique for large  scale device fabr ica t ion  has been  
s tudied using a specia l ly  designed system. The fo l low-  
ing capabi l i t ies  have been demonst ra ted :  

1. S ix  2 in. d i ame te r  s tandard-s ized  wafers  can be 
s imul taneous ly  p repa red  and loaded.  

2. A typica l  GaAs FET s t ruc ture  can be grown wi th -  
in a 2-3 hr  cycle. 

3. A tota l  of more  than 300 #m ep i tax ia l  layers  can 
be grown between source replenishments .  

4. Ex t r eme  un i fo rmi ty  over  a 2 in. wafer  was 
achieved wi th  doping var ia t ion  less than ___1% and 
thickness var ia t ion  less than  --+0.5%. 

5. Surface defect  dens i ty  was reduced to less than 
104 cm-2,  

6. GaAs with  high pu r i t y  was obta inable  as evi-  
denced by  mobi l i ty  measurements .  

7. S t a t e - o f - t h e - a r t  FET's  were  ob ta ined  from ma te -  
r ia ls  grown by  this high th roughpu t  system. 
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Electromigration Induced Shallow Junction Leakage with AI/Poly-Si 
Metallization 

S. Vaidya,*  A. K. Sinha,* and J. M .  Andrews* 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

It is generally accepted that one way to prevent  junct ion spiking during the 450~ anneal at shallow junct ion con- 
tacts, is to use a composite metallization of A1 over n + poly-Si. We observe that while such a composite  can prevent  
thermally induced A1/Si interpenetration, the devices are still susceptible to failure by junct ion leakage at posit ively biased 
windows, resulting from the electromigration of Si into the overlying metal. The process involves a localized diffusion of 
poly-Si into A1, followed by the transport  of Si across the metal-semiconductor  interface. The lifetimes exhibit  a strong de- 
pendence on current, varying as I -~, where N ~ 10, indicative of steep temperature  gradients in vicinity of the contacts. 
However, if the contact window current  is scaled down in accordance with the established criterion for electromigration in 
the  i n t e r c o n n e c t  ( -  105 Acre-2), our  r e su l t s  i n d i c a t e  tha t  A1/poly-Si  con t ac t s  to sha l low j u n c t i o n s  wil l  r e m a i n  
electromigration resistant despite a decrease in window dimensions. 

The phenomenon  of e lec t romigra t ion  in thin film Ai  
has been ex tens ive ly  inves t iga ted  in the past.  However ,  
most  of  the repor ted  work  deals  wi th  the  format ion  of 
hi l locks and open circuits e i ther  in the in terconnects  

* Electrochemical Society Active Member. 

themselves  or  at  me ta l - semiconduc to r  contacts (1, 2). 
Re la t ive ly  l i t t le  effort has been expended  in charac-  
ter iz ing the effect of cur rent  flow th rough  contact  w in -  
dows on the under ly ing  junct ion  itself. Wi th  A1 con- 
tacts, joule heat ing in the windows could accelera te  Si  
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dissolution into A1, producing crystallographic etch 
pits in  the substrate and, ul t imately,  shorted junct ions 
(3). Alternat ively,  the electromigrat ion of Si into the 
overlying metal  at positively biased windows could also 
lead to the formation of Al-spikes in the contact region. 
Black (4) hassugges ted  that, whereas at low temper-  
atures, device-electromigrat ion failures are caused 
by open circuits in  the A1 runners ,  at T > 210~ they 
occur predominant ly  by the electromigrat ion of Si 
from the substrate  into the overlying A1 and the devel-  
opment  of shunted junctions.  More recent results (5) 
have also pointed out that  "burned contacts" are the 
p redominan t  cause for fai lure in 3500A deep junct ion  
devices. 

With the progressive scaling in  device dimensions, 
such nonuni fo rm A1/Si interact ion at contacts could 
pose a serious threat  to device reliability. As a conse- 
quence, various approaches are cur rent ly  _being ex- 
plored to minimize this phenomenon.  Among these, a 
two- layer  metal l izat ion consisting of A1 over doped, 
CVD poly-Si  appears to be a par t icular ly  at tract ive al-  
ternative,  since the poly-Si  layer  is sufficient to satisfy 
solubili ty requirements  in  A1 at elevated temperatures  
while s imultaneously compensating for Al - th inn ing  at 
steps (6). Moreover, this s t ructure  can easily retrofit 
into the cur ren t  silicon integrated-circui t  process l ine 
(7). However, this paper demonstrates that, although 
the poly-Si  l ayer  successfully inhibits  junct ion pene-  
t ra t ion dur ing  the contact anneal,  as well as resul t ing 
from localized joule heating, the devices are still sus- 
ceptible to the t ranspor t  of Si from the substrate into 
the overlying metal  at positively biased contacts by 
m o m e n t u m  exchange with the conducting electrons. Si 
electromigrat ion continues, unt i l  a pit filled with A1 
grows to short the under ly ing  junctions.  This failure 
mechanism may, therefore, appear to define an inher -  
ent l imita t ion to the adequacy of A1/poly-Si in ma in -  
ta ining contact integrity. However, if the contact win-  
dow current ,  assumed equal to the interconnect  cur-  
rent,  is scaled down with the design rule on the basis 
of the established cri terion for electromigrat ion in the 
latt~er (~105 Acm-2) ,  results indicate that  A1/poly-Si 
contacts to shallow junct ions will  remain  electromigra- 
tion resistant  despite a reduction in window size from 
6 t o  2 ~m.  

Exper imental  Detai ls  
The test s t ructures  were fabricated using a specially 

designed mask set (8). P - type  <100> Si wafers of 
6-8 ~2 cm mater ia l  were oxidized in a dry-HC1 ambient  
at 1000~ followed by steam at 950~ to a total oxide 
thickness of 3500A. Windows were opened in the ox- 
ide by react ive- ion etching (9) (RIE), and the wafers 
implanted  with 7 • 1015 As* ions /cm 2 accelerated to 
30 keV. The implanted regions were reoxidized at 
950~ for 10 min  in steam to grow a 1200A layer  of 
SiO2. This hea t - t rea tment  served s imultaneously  to a c -  
t i v a t e  and drive in  the As to a depth of ,-,1000A below 
the oxide, forming n + / p  junctions,  of sheet resistance 
Rs ,~ 80 a / [ ] ,  in  selected areas. Such a shallow junct ion  
depth (xj) was del iberately chosen to characterize the 
worst case si tuat ion with real devices, since 1000A 
approaches the current  lower l imit  on junct ion  depths, 
which can be reproducibly fabricated using conven-  
t ional  methods of ion- implanta t ion  and furnace a n -  
n e a l i n g .  Windows, nomina l ly  2, 4, and 6 ~m square, 
were subsequent ly  etched in  the regrown oxide over 
the junctions.  A 0.25 ~m layer  of CVD poly-Si  was then  
deposited and phosphorus diffused at 900~ for 60 min  
to yield a sheet resistance of 70 12/D. Such a hea t - t rea t -  
ment  was not expected to increase the junct ion depth 
by > 200Jk in the contact regions. Final ly,  a 0.7 ~m A1- 
0.5T~" Cu layer  was evaporated onto the wafers, ma in -  
ta ined at 250~ dur ing  the deposition from an induc-  
t ively heated source. Contacts and interconnect ions 
were defined in the A1/poly-Si metal l izat ion by RIE in 
a (BCI~ Jr C12) gas mix ture  (7). The runner s  were 5 #m 

wide for structures with 2 and 4 t~m windows, and 7 
~m wide for those with 6 ~m windows. An At-contact 
was deposited on the back side, and the wafers were 
given a 450~ rain H2 anneal prior to aging. 
Avalanche breakdown for these diodes occurred at 
~40V; junction leakage (IR) at a 10V reverse bias was 
in the 10-9A range. Such a high reverse bias current 
may be due to the absence of gettering or a "chanstop" 
implant, without which, impurities and/or surface in- 
version will  give rise to an addit ional contr ibut ion to 
junct ion leakage. (This Im however, is negligible in 
the context of this study.) A p lan-v iew and cross 
section of a typical junct ion  tester are i l lustrated in  
Fig. 1. 

Accelerated aging was conducted at average window 
current  densities (J'[D) of 8 X 104 to 7 X 105 Acm 2, 

and at various temperatures  (T) in  the range of 135 ~ 
190~ At higher temperatures  or currents,  either the 
lifetime was too short to be measurable,  or else the 
reverse bias exceeded the junct ion avalanche break-  
down. The test s t ructure for each window size con- 
sisted of 7 interconnected n + - t u b s  (Fig. 1) powered 
from a constant current  source, in order to s imulate  
mult iple contacts in  real circuits. Fai lure  was defined 
as the t ime taken to produce an irreversible junct ion  
leakage of ~ 50 ~A at 10V reverse bias (RT). Once 
failed, the devices were examined by scanning electron 
microscopy (SEM) to identify the failure modes. Eight 
to ten l ifetime measurements  in each case were used 
to obtain the mean  time to failure (MTF),  and the 
standard deviation (~) of the distribution. The activa- 
t ion energy for fai lure was extracted from the MTF's 
at different temperatures  to support  the physical evi- 
dence of failure mechanism presented in the scanning 
electron micrographs. Furthermore,  an in ter re la t ion-  
ship between lifetime and contact window current  (I) 
was established by measur ing the MTF for each win-  
dow size, at different current  levels. 

Results 
Figure 2 i l lustrates typical  plots of increase in  junc-  

tion leakage (IR) with time for a nomina l ly  2 X 2 ~m 
window and a 4 X 4 ~m window, respectively. Each 
data point  was taken by in te r rup t ing  the test, cooling 
the wafer to room temperature,  and measur ing leak-  
age: It is clear that  IR remains fair ly low almost up 
to failure, and then increases several  orders of magni -  
tude in a relat ively short t ime interval.  Above 2-300 
~A, this increase in IR is accompanied by a sharp de- 
cline in voltage required to main ta in  the preset cur-  
rent,  or equivalently,  a marked decrease in the total 
effective string resistance from its ini t ial  value. Com- 
par ing the plots for different window sizes, it is evident  

n§ JUNCTION 

E . . . . . . . . . . . .  ~ ' -  . . . . . . . . . . .  " 7  A l / P O L Y - S i  

- Al ~ 
n + POLY- si 

n + p-si 

SECT, A-A 

Fig. !. Typical device used for contact electromigratlon studies. 
Each test structure consists of 7 interconnected junctions. 
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tha t  sma l l e r  windows  can wi ths t and  subs tan t i a l ly  
h igher  JE]'S pr ior  to fai lure.  

The  MTF for s t r ings of different  window sizes as a 
function of wafe r  t empe ra tu r e  a re  shown in Fig. 3. 
The l i fet imes fi t ted a lognormal  d i s t r ibu t ion  wi th  a's 
ranging  be tween  0.5-1.0. The r ight  o rd ina te  axis has 
been scaled such tha t  a l ine th rough  G pa ra l l e l  to 
the expe r imen ta l  da ta  points  d i rec t ly  measures  the  ac-  
t iva t ion energy  (Q) for  fai lure.  I t  is obvious that  the  
t he rma l  ac t iva t ion  for  fa i lure  is independen t  of w in -  
dow size and ranges be tween  0.85-1.0 eV. The MTF's  
corresponding to va ry ing  window cur ren t  l eve l s ,  a t  a 
fixed test  t empera ture ,  are  shown in Fig. 4. For  both 
the 2 ~m and the  6 ~m window-s t r ings ,  i t  is clear  tha t  
the l i fe t imes exhibi t  a s t rong dependence  on current ,  
va ry ing  in accordance  wi th  (I)  -10--.1. 

In  order  to ra t ional ize  these observat ions,  the  test  
devices were  examined  both opt ica l ly  and by  SEM at 
various stages dur ing  the aging process. The resul ts  are  
i l lus t ra ted  in Fig. 5 and 6. F igure  5a depicts  a typica l  
posi t ively  biased 2 ~m window in a mul t ip l e - junc t ion  
s t r ing which  has been aged to fa i lure  and is charac te r -  

300 

25O 

200 
? 
v 

: 150 

~ I00 

5O 

i i I , ~  1 i i 

o [3 ~ ~..~. 

0 2 / l m  WINDOW o 4F~m WINDOW ' 0 6 ~ m  WINDOW 
21 mA 55mA 38mA 

25 I I ~(, I I 
0.I" I I0 I I0 

MTF (HOURS} 

2.0 

1.5 

I.O 
0.9 

0,8 z 
Q 

0.7 

0.6 ~ 

,(~),~j I I10.5 

I0 IO0 

Fig. 3. MTF for the 2, 4, and 6 #m windows at different test 
temperatures. Respective window currents are listed on the plot. A 
line through O parallel to the data points intersects the right- 
hand axis to directly yield the activation energy for failure. 
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Fig. 4. Log-log plot of MTF vs. window current, for the 2 and 6 
~m window-strings, at a constant substrate temperature of 150~ 
The slope of the straight lines _ 10. 

Fig. 5. Scanning electron micrographs depicting typical failures 
at 2 #m windows; (a) and (b) illustrate the same, positively biased 
window, as-failed and after AI etch; (c) illustrates a complete 
junction with both positive and negative contacts, exhibiting a 
reverse leakage of 200 #A at 10V. While the negative window is 
intact, the positive window has developed a large density of Si 
precipitates. 

ized by  a reverse  leakage  of 600 ~A at 10V. Besides 
some evidence of void growth  in the A1 over  the  con- 
tact  window, there  is no o ther  indica t ion  of contact  
de ter iora t ion  or  any  subsurface  interact ion.  However ,  
upon p re fe ren t i a l ly  e tching away  the A1 (Fig. 5b),  a 
large  densi ty  of prec ip i ta tes  is exposed over  the ent i re  
window area. Preced ing  the increase  in junct ion  l eak -  
age, the  po ly -S i  s tar ts  to become porous over  the  
pe r iphe ry  of the posi t ive contact  wi th  a h igher  dens i ty  
of pores  at  the inner  contact  edge. This is fol lowed b y  
the appearance  of one or  more  par t ic les  in the win -  
dow, of the k ind  depic ted  in Fig. 5b, and coincides wi th  
the increase in IR to the ~A range (Fig. 2). In  contrast ,  
the nega t ive ly  biased window (Fig. 5c) appears  com- 
p le te ly  und is tu rbed  by  current  flow. Auger  analysis  
(10) of the par t ic les  observed on the surface af ter  the  

A1 etch indicates  the i r  composit ion to be Si. I sola ted  
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Fig. 6. Scanning electron micrographs of a failed junction with 
6 ~m windows, exhibiting o reverse bias leakage of 100 /~A at 10V. 
Only the positive window is damaged, with the development of a 
poly-Si denuded zone containing crystallographic etch pits, as 
identified in (b). 

la rge  prec ip i ta tes  ( away  f rom the contacts) ,  observed 
in both Fig. 5b and c, appea r  to be genera ted  by  the 
dissolut ion of po ly -S i  into A1 dur ing  the 450~ hydro -  
gen s inter  and its reprec ip i ta t ion  (11). They are, there -  
fore, ex t raneous  to this study.  

Such a po la r i ty  effect in contact  degradat ion ,  wi th  
the negat ive  window remain ing  intact  and the posi t ive 
window exhib i t ing  extensive me ta l - subs t r a t e  in te rac -  
tion, is observed  for al l  window sizes. However ,  the 
d is t r ibu t ion  of po ly -S i  unde rnea th  the  A1 is consider-  
ab ly  different  in the  pos i t ive ly  b iased 4 and 6 #m 
windows (Fig. 6). In  these, the passage of cur ren t  
causes a g radua l  d i sappearance  of po ly -S i  f rom the 
l e ad ing / i nne r  edge of the posi t ive contacts. This S i -  
denuded  zone continues to widen  into a crescent  shape, 
covering 1/3-1/4 the  window area,  as i l lus t ra ted  in 
Fig. 6. Up to this stage, there  is no de tec tab le  increase  
in junc t ion  leakage  above the ini t ia l  v~lue of ~1  n A  
(Fig. 2). F u r t h e r  aging resul ts  in the format ion  of 
c rys ta l lographic  etch pits in the subs t ra te  wi th in  this 
denuded  area,  as i l lus t ra ted  in Fig. 6b. As these pits, 
fil led wi th  A1, grow to p ierce  the n + / p  junct ion  in t e r -  
face, the reverse  leakage  begins to regis te r  an increase,  
unt i l  the  deple t ion  layer  is fu l ly  pene t ra t ed  and the 
device "fails." Subsequent  aging causes the vol tage 
across the  str ings to collapse (for al l  window sizes) ,  
wi th  a s imul taneous  increase  in  junct ion  leakage  to 
the  m A  range.  Viewed opt ical ly,  devices in this s tate 
r evea l  a meta l l ic  (high ref lect ivi ty)  f i lament b r idg ing  
the posi t ive and negat ive  contacts. 

A more  comprehens ive  s tudy  descr ibing the different  
s tages in contact  degradat ion ,  together  wi th  the effect 
of e l imina t ing  the po ly -S i  l aye r  or  va ry ing  the junct ion  
depth,  wi l l  be  the subject  of a subsequent  publ ica t ion  
(12). This ar t ic le  wi l l  be res t r ic ted  to the mechanism 
for junct ion  leakage  at  pos i t ive ly  b iased windows,  the  
kinet ics  of the  process, as wel l  as, the effect of v a r y -  
ing window size, and finally, the  impac t  of this fa i lure  
made  on sha l low junct ion  device re l iabi l i ty .  

Discussion 
Pr io r  to e lect r ica l  aging, a p re fe ren t i a l  A1 etch con- 

f irmed that  both  the  posit ive and the nega t ive  windows 
were  covered wi th  a un i fo rm laye r  of poly-Si .  Since 
the contacts  are  ohmic, the  jou le -hea t ing  produced  in 
the  contact, as wel l  as the  meta l ,  should  be indepen-  
dent  of the  direct ion of cur ren t  flow. However ,  the  de-  
t e r io ra t ion  of posi t ive contacts  only  suggests  a supe r -  
imposed  e lec t ron cur ren t  con t r ibu t ion  at  the  pos i t ive ly  
biased m e t a l - s e m i c o n d u c t o r  interface.  Moreover ,  the  
a symmet r i ca l  na ture  of damage,  especia l ly  in the  case 
of the  l a rge r  windows, indicates  a size dependent  non-  
un i fo rmi ty  in cur ren t  dis tr ibut ion.  In  this section, a 
ra t ionale  for such an increas ing a s y m m e t r y  in contact  
degrada t ion  wi th  increas ing  contact  size wi l l  be deve l -  
oped first. This wi l l  be fo l lowed b y  the der iva t ion  of 

an in te r re la t ionsh ip  be tween  l i fet ime,  contact  window 
current ,  and contact  dimensions.  This r e l a t ionsh ip  wi l l  
subsequent ly  be ut i l ized to pred ic t  the influence of a 
scal ing in window size on device per formance .  

For  hor izonta l  cu r ren t  flow in Si, severa l  ana ly t ica l  
models  have been deve loped  to descr ibe  the  cur ren t  
d i s t r ibu t ion  at  me ta l - semiconduc to r  contacts (13, 14). 
On the basis of these, it  is genera l ly  accepted tha t  the  
cu r r en t  dens i ty  J ( x )  in the windows is nonuniform,  
decreasing wi th  increas ing dis tance x f rom the leading  
contact  edge (x ---- 0). Berger  (13), for example ,  has 
a t t r ibu ted  this ver t ica l  cur ren t  c rowding to the  differ-  
ence be tween  the semiconductor  sheet  resis tance and 
the in terface  contact  resistance,  and used the equations 
of the  t ransmission l ine to descr ibe  its magni tude .  For  
different  values  of a p a r a m e t e r  ~d, where  

~ /  (Si sheet  resistance,  Rs) 

V (contact  res is t ivi ty ,  ~c) 

and d is the  l a t e ra l  d imension of the window, col l inear  
wi th  x, his model  predicts  va ry ing  cur ren t  dens i ty  
profiles as i l lus t ra ted  in Fig. 7. Al though  these ca lcula-  
tions do not correct  for  hor izonta l  cur ren t  c rowding or 
a finite junct ion  depth,  they  are  never theless  useful  in 
analyzing our  results.  If we assume ~c ~ 2 • 10 -6 
cm 2, as suggested by  measurements  on s imi la r ly  f ab r i -  
cated wafers  (15), a d in the presen t  testers  would  in-  
crease f rom 1.2 for the 2 ~m windows to 2.5 and 3.6 for  
the  4 and 6 ~m windows, respect ively .  According  to 
Fig. 7, this increase  in ad  wil l  be mani fes ted  in greate  r 
cur ren t  crowding in the l a rge r  windows. 

An  increase in inhomogenei ty  in cur ren t  d i s t r ibu t ion  
wi th  increas ing window size is verified by  Fig. 5 and 6 
which depict  the  po ly -S i  coverage in the  pos i t ive ly  
b iased windows pr io r  to pi t  fo rmat ion  and junct ion  
spiking. An  e lec t ron cur ren t  from the subs t ra te  into 
the meta l l iza t ion  wil l  create  a diffusion flux of po ly -S i  
into the over ly ing  A1. The  extent  of Si t r anspor ted  
f rom each point  over  the contact  wi l l  be p ropor t iona l  
to the corresponding J(x)  at that  point.  Thus, the de-  
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Fig. 7. Current density J(x) distribution along a rectangular dxL 
contact for horizontal current flow with ad os a parameter (13). 
I is the total current through the window. The variable x and 
dimension d ore measured parollel to, and L, perpendicular to the 
current. In the present testers, d ~ L ~ 2, 4, or 6 #m and, as- 
suming pc ~ 2 X I0  - s  Qcm 2, cr ~ 6.3 • 103 cm -1 .  
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ple t ion of po ly -S i  wi l l  essen t ia l ly  repl ica te  the  in i t ia l  
cu r ren t  d is t r ibut ion  in the  contact. Such nonuni form 
po ly -S i  e lec t romigra t ion  wil l  be  fu r the r  enhanced by  
the corresponding nonuni form joule  hea t ing  in the  
window. Al though  the diffusion of  po ly -S i  into A1 is 
expected to be at  least  pa r t i a l l y  compensated  by  elec-  
t romigra t ion  of Si f rom the subs t ra te  into poly-Si ,  this 
l a t t e r  must  ev iden t ly  proceed much more  slowly. The 
e lec t romigra t ing  Si wi l l  be car r ied  downs t r eam by the 
cur ren t  unt i l  i t  equi l ibra tes  wi th  the su r roundings  and 
prec ip i ta tes  out. The observat ion  of a h igher  dens i ty  
of Si par t ic les  over  the posi t ive  contact  pad  in com- 
par i son  to the  negat ive  (Fig. 6a) suppor t s  the above 
argument .  Once the po ly -S i  is r emoved  f rom over  the  
window, a lbei t  locally,  the  A1 can d i rec t ly  communi-  
cate wi th  the subs t r a t e  in this region. Thus, fu r the r  
cur ren t  flow wil l  t r anspor t  Si f rom the subs t ra te  into 
the metal ,  unt i l  a pi t  filled wi th  A1 grows to shunt  the  
under ly ing  junction.  Examples  of such etch pits  are  
identif ied in Fig. 6b. This mechanism for fa i lure  is 
cor robora ted  by  the measured  0.9 eV act ivat ion en-  
e rgy  (Fig. 3), which  corresponds to g ra in  bounda ry  
dffusion of Si in thin f i lm A1, and has been recen t ly  
verified for t he rma l ly  induced pi t  g rowth  at A1/Si con- 
tacts (16). The lack  of po ly -S i  edge d isp lacement  
and the symmet r i ca l  de te r io ra t ion  of the  2 ~m win-  
dows is consistent  w i th  much less cur ren t  c rowding 
(see Fig. 7~ in these in compar ison  to l a rge r  geometries.  
However ,  even a localized subst i tu t ion of po ly -S i  b y  A1 
in the window area  wi l l  be sufficient to provide  a high 
conduct iv i ty  pa th  for funnel ing the cur ren t  and cre-  
a t ing subsurface pits. Hence, va ry ing  the contact  di -  
mensions mere ly  al ters  the cur ren t  d is t r ibut ion  in the  
contacts, and in tu rn  the  window morphology,  wi thout  
affecting the fa i lure  mechanism.  

F igure  4 demons t ra tes  an ,~1-1~ p ropor t iona l i ty  of 
l i fe t ime on window cur ren t  for both the  smal l  and the 
large  contacts. S imi la r  large  exponents  on cur ren t  den-  
s i ty have been observed  in e lec t romigra t ion  l i fe t ime 
tests on conductors  a t  high cur ren t  levels  ( 2  105 
Acm -2) (17), and ascr ibed to excessive joule  hea t ing  and 
consequent  large  the rmal  gradients  in the runners .  In  
the  p resen t  test  s t ructure ,  high t empera tu res  wi l l  be 
genera ted  as the cur ren t  passes f rom the semiconductor  
into the metal .  Fur the rmore ,  cur ren t  c rowding in the  
windows wil l  enforce an addi t ional  t empe ra tu r e  g rad i -  
ent  in the contact  region. Thus, under  the synergis t ic  
influence of a nonuni form current ,  as wel l  as t em-  
pe ra tu re  profile, such an exaggera ted  dependence  of 
MTF on I, as depic ted  in Fig. 4, is not  implausible .  I t  
m a y  be a rgued  that  a process ac t iva ted  by  excessive 
heat ing in the contacts  should be independent  of sub-  
s t r a te  t e m p e r a t u r e  wi th in  the  prescr ibed  range  of 
test conditions. However ,  beyond the confines of the  
window, the  cur ren t  wi l l  fan out  into the  A1, wi th  a 
precipi tous  decline in t empe ra tu r e  to the ambien t  state. 
This l a t t e r  will,  therefore,  control  the diffusion kinet ics  
of Si in A1 and, in turn,  the  ra te  of subsurface p i t t i ng  
and fai lure.  

The appearance  of a nega t ive ly  biased window (Fig. 
5 and 6) remains  unchanged  upon aging. This confirms 
that  the po ly -S i  l aye r  protects  the  subs t ra te  f rom any 
the rma l ly  genera ted  Al - subs t r a t e  interact ion,  such as 
observed on devices meta l l ized  wi th  pla in  A1 (16). 
Fur the rmore ,  despi te  ident ica l  cur ren t  crowding effects 
at  both  contacts, the re  is no evidence of any  damage  
o r  even of A1 deposi t ion in the negat ive  window re -  
sul t ing f rom e lec t romigra t ion  in the  runner .  This l a t t e r  
suggests  that  wi th in  the specified range  of test  condi-  
tions, e lec t romigra t ion  in the  in terconnect  is much 
s lower  than  tha t  occurr ing at  the posi t ive contact  in-  
terface. The absence of damage  in the negat ive  window 
confirms that  the  posit ive contact  degrada t ion  is a 
consequence of e lec t romigra t ion  r a the r  than  of joule  
heat ing.  

Figures  2 and 3 appear  to suggest  tha t  sma l l e r  win-  
dows can c a r r y  h igher  J ' s  p r io r  to fai lure.  However ;  

[] 

since the cur ren t  profiles wi th in  the  windows v a r y  
wi th  window size, i t  is inaccura te  to compare  the i r  r e -  
sistance to e lec t romigra t ion  on the  basis of the  average 
cur ren t  pe r  uni t  a rea  or  even pe r  uni t  l ength  of the  
lead ing  contact  edge. On the basis of Fig. 3, the median  
l i fet imes for the  th ree  window sizes are  comparable  for 
the cur ren t  levels  specified in the  figure. This suggests 
that  the effective J (x) cont r ibu t ing  to fa i lure  must  be 
s imi lar  for  the th ree  cases. The  above hypothesis  can 
be verified by  developing a mathemat ica l  re la t ionship  
be tween  l ifet ime, window current ,  and contact  d imen-  
sions. F rom the  resul ts  presented  in Fig. 4 

[__,1 MFT oc [1] 
L wo.6J 

at a constant  test  t empera ture .  Thus, ins tead of an 
areal  cur ren t  density,  an edge cur ren t  density,  or  even 
the m a x i m u m  value  of J ( x )  ca lcula ted  f rom Berger ' s  
model  (13), the l i fe t ime depends  upon an effective 
cur ren t  dens i ty  Je defined by  [I/w0.6]. The magni tudes  
of Je for the 2, 4, and 6 ~m windows, corresponding to 
the  currents  l is ted in Fig. 3, are  13.7, 13.9, and 13.0, 
respect ively,  which corrobora tes  the s imi lar i t ies  in 
thei r  MTF's.  

With  a scale down in device geometry,  the fa i lure  
t imes wil l  decrease in  accordance wi th  Eq. [1] for  a 
constant  cur ren t  flow through the contacts. I t  may,  
therefore,  appear  as if this mechanism wil l  p r e -  
sent  an inherent  l imi ta t ion  to A1/poly-S i  me ta l l i za -  
t ion for sma l l e r  contact  geometries.  However ,  if Irunner 
( =  Ioontact) is scaled wi th  design rule  according to the 
es tabl ished cr i te r ion  for e lect romigrat ion,  viz., keeping 
its cur ren t  dens i ty  constant  at  10 5 Acre -2, Icont,ct wi l l  
no longer  be constant,  bu t  instead,  v a r y  as 

/contact "-- 0.7 (w + 2) m A  [2] 

for 0.7 ~m thick A1 films, where  w represents  the  edge 
of a square window and 2 arises f rom including a 1 ~m 
meta l  border  a round  the window. Thus /contact wil l  
decrease f rom 5.6 mA, for  the  6 ~m windows,  to 2.8 
m A  only, in the  case of the 2 ~m windows. This cor-  
responds to a <5% change in Je upon decreasing win-  
dow dimensions f rom 6 to 2 #m. F rom Eq. [1] and 
the measured  MTF's  (Fig. 4), the l i fet imes at specified 
design currents  (Eq. [2]) can be computed.  These 
are  3.7 • 109 and 3.1 • 109 hr  at  150~ for the  6 and 2 
~m windows, respect ively.  These t ime scales a r e  s ig-  
nif icantly longer  than those pred ic ted  for the  deve lop-  
men t  of an open ci rcui t  in the runners  (18) or  for o ther  
fa i lure  modes opera t ing  in a device. Hence, contact  
e lec t romigra t ion  does not  represent  a '  potent ia l  re l i -  
ab i l i ty  hazard  for A1/poly-Si  contacts to shal low junc-  
tions, despi te  a progress ive  scal ing in  contact  d imen-  
sions. 

Conclusions 
The e lec t romigra t ion  behav ior  of sha l low junct ion 

(1000A) devices meta l l ized  wi th  A1/poly-Si  has been 
invest igated.  Results  indicate  tha t  (i) a l though such a 
two- l aye r  meta l l iza t ion  protects  the  s t ructures  f rom 
the rma l ly  induced subs t ra te  shorts,  the devices a re  
prone  to junct ion leakage  by  S i -e lec t romigra t ion  at the  
pos i t ive ly  b iased windows;  (ii) the fa i lure  t imes ex-  
h ibi t  a therma~l act ivat ion of ,~0.9 eV and a s t rong de-  
pendence on window cur ren t  given by  1-10• (iii) de-  
creasing the window size reduces the  ex ten t  of cur ren t  
crowding in the windows;  (iv) however ,  for a constant  
r unne r  cur ren t  dens i ty  of 105 Acm -2, A1/poly-S i  con- 
tacts r ema in  e lec t romigra t ion  resistant ,  in spi te  o,f a 
reduct ion in window dimensions f rom 6 to 2 ~m. 
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On the Kinetics of the Thermal Oxidation of Silicon 
IV. The Two-Layer Film Approximation 

W i l l i a m  A.  T i l l e r  

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

ABSTRACT 

An analysis has been made of the oxidation rate for a film that  contains an interface blocking layer with different trans- 
port  propert ies  than the bulk oxide. The results reproduce the Deal-Grove (11) formalism, satisfy the Doremus requirement  
(12), the Tiller requirement  (2), the Taft-Cordes results (6), and the van der Meulen exper iment  (13). The temperature  and 
oxygen pressure results for thin oxides may be quanti tat ively matched by the two-layer film model. The present  analysis 
restricts itself to neutral  species. 

In  P a r t  I of this series (1), i t  was shown tha t  the  
free energy,  hG~, re leased by  the react ion of Si and 
02 is consumed via  three  main  processes:  (i) oxygen  
t r anspor t  th rough  SiO2, AGs, (ii) atomic react ion to 
form the SiO2 species, AGk, and (iii) s torage of energy 
in the  form of s t ra in  and defects, AGE. Since the  mo-  
lecular  valence  of SiO2 is so much l a rge r  than  tha t  for 
Si, ve ry  la rge  AGE are  possible and pa thways  for the 
sys tem to reduce  AGE become f i r s t -order  considerat ions.  
Clearly,  the  t rans format ion  occurr ing  at  the Si/SiO2 
inters wi l l  be to a s t ruc ture  tha t  un ique ly  reduces 
the s t r a in  energy  associated wi th  the volume change, 
and two mechanisms have been proposed to do this: 
(i) the p re fe r r ed  SiO~ structure ,  c rys ta l l ine  or  amor -  
phous, requires  the  genera t ion  of apprec iab le  si l icon in-  
terst i t ials ,  Sii, at  the  in terface  which par t i t ion  be tween  
the Si and  the SiO2 (2, 3) and  (ii) a significant por t ion  
of the  volume difference be tween  the Si and  SiO2 m a y  
be accommodated  by  an a r r a y  of discl inat ions or  d is -  
locat ions ly ing  para l l e l  to the Si/SiO2 interface  (4) 
(see Fig. 1). The g rowth  of the oxide  involves c l imb of 
these dislocat ions plus the nuclea t ion  of n e w  ones a t  
the edge of the  sample.  Since this dis locat ion cl imb is 
most  l ike ly  to requi re  the  movemen t  of Sii in the SIO2, 
we m a y  assume tha t  both  mechanisms opera te  s imul -  
t 'aneously and cooperat ively.  

As discussed in Pa r t  I I I  (3),  because of the  Sii, t h e  
region of the SiO2 close to the  in ter face  is more  dense 
than  regions in the  bu lk  SiO2 because viscous flow and 
vacancy diffusion re l ieve the  bu lk  oxide.  The si l ica 
s to ich iomet ry  and  s t ruc ture  in the  nea r  in terface  region 
Changes due to the in te rna l  ox ida t ion  of these Sii. 
Because o f  the  associated swel l ing stresses,  this oxide 
becomes vi t reous  (3). Qual i ta t ive  plots of the  swel l ing 

Key words: semiconductor processing, silicon dioxide, thin ox- 
ides, pressure dependence,  field dependence,  new model  formula- 
tion, 

stresses, Cs, and of the  in ters t i t ia l  channel  volume, ?)ch, 
th rough  this region are given in Fig. 2. Thus, this in-  
ter face  region out  to the dis tance 8, where  Cs begins to 
exceed the sil ica flow stress, ~f, becomes a b locking 
layer  for oxygen t r anspor t  and we may  consider a two-  
l aye r  film approx imat ion  where in  oxygen  t r anspor t  is 
normal  in the  region x > 8 and is much reduced  in 
the  region O < x < 5 (4, 5). Because the in t e rna l ly  
oxidized SiO.~ f ragments  that  have not  progressed to 

t T 

SJ SiO 2 

T 

T b 2 

r T 
X 

Z 

Fig. 1. Interface ledges between Si and SiO2 for a ledge density 
factor of 2 between Si and SiO2,. The dislocations at the kink posi- 
tions have Burger's vector bl ~ asi02 - -  asi, while those between 
the kink positions have Burger's vector b2 = asi02 (a ~ molecular 
spacing). 
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Fig. 2. Schematic plot of swelling stress ~s, and interstitial 
channel volume, V=h, as a function of position ahead of the inter- 
face relative to the blocking layer thickness, 8. 

the  SiO4 s ta te  a r e  thought  to be the or ig in  of fixed 
oxide charge (3) (perhaps  in association wi th  vacan-  
cies at b r idg ing  oxygen  s i tes) ,  the blocking l aye r  wi l t  
have  a vol tage  difference, AVa, across it  which impedes  
the mot ion of nega t ive ly  charged species to the  in t e r -  
face. 

This t w o - l a y e r  film approx imat ion  is consistent  wi th  
the findings of Taft  and Cordes (6) and others  (7).  
They found tha t  an opt ical  l ayer  ,~ 6A th ick  wi th  an 
index of ref rac t ion  of 2.8 at  X ---- 5461A was requi red  
be tween  (111) silicon and its t he rmal  oxide  in o rde r  
to fit thei r  e l l ipsometr ic  data. Oxides g rown at  lower  
t empera tu res  requi re  a th icker  l aye r  of in te rmedia te  
opt ical  ma te r i a l  than oxides grown at h igher  t empera -  
tures. They  sugges ted  tha t  the i r  i n t e r l aye r  contains 
two ex t ra  layers  of Si a toms (2 X 1015 Si a toms /cm 2) 
p roduc ing  an SiOx s to ich iomet ry  wi th  x ~, 1.2. Ion 
backsca t te r ing  studies also find excess Si in an in t e r -  
face t rans i t ion  l aye r  be tween  Si and SiO~ (8, 9). F r o m  
an ear l ie r  s tudy  (10), Taf t  found, using a single l aye r  
film approximat ion ,  tha t  the average  index  of re f rac -  
t ion increased wi th  decrease of oxidat ion  t e m p e r a t u r e  
and was l a rge r  for the <100> than  for the <111>  sub-  
s t ra te  or ientat ion.  This or ien ta t ion  difference d i sap-  
pea red  for ox ida t ion  t empera tu res  ~ 1100~ F rom 
this, one might  conclude that  8(ioo) > 8czn) for a given 
tempera ture .  

The purpose  of the presen t  pape r  is to analyze  the  
t w o - l a y e r  film approx imat ion  for  the  oxidat ion  of Si to 
see if i t  can account for the expe r imen ta l  da ta  be t t e r  
than  can the s ingle l aye r  film model  proposed  by  Deal  
and Grove  (11). The genera l  da ta  comstraints tha t  we 
a t t empted  to sa t i s fy  were:  

1. The Dea l -Grove  (11) ma themat i ca l  fo rmal i sm of  
l inear  and parabol ic  g rowth  domains  must  result .  

2. The  Doremus resul t  (12) tha t  the  parabol ic  ra te  
constant,  B, mus t  be propor t iona l  to Po2 and have the 
act ivat ion energy  for O2 diffusion in bu lk  silica. 

3. The  Ti l ler  conclusion (2) that  a much la rger  AGs 
is needed for oxygen  diffusion than  tha t  p red ic ted  b y  
the single l aye r  film model. 

4. The van der  Meulen findings (13) that ,  for  th in  
oxides,  the l inear  ra te  constant  exhibi ts  (i) a p res -  
su re  dependence,  at  constant  T, tha t  var ies  be tween  
--0.5 and ~1.0 and (ii) a t empe ra tu r e  dependence,  at  

1 a tm pressure,  that  cannot  be fitted by  a single ac t iva-  
t ion energy. I t  wi l l  be shown that  al l  of these con- 
s t ra in ts  plus others  can be satisfied by  the t w o - l a y e r  
film approximat ion.  The presen t  analysis  is res t r ic ted  
to neu t ra l  species for s implici ty.  The case of both  
neu t ra l  plus ionized species wi l l  be t rea ted  in the nex t  
paper  of this series. 

Analysis 
We shall  begin by  consider ing the fol lowing a p -  

proximat ions:  (i) single layer ,  single diffusing species, 
(ii) two- layer ,  single diffusing species, same species in 
each layer ,  (iii) two- layer ,  single species, different  spe-  
cies in each layer ,  and (iv) two- layer ,  mul t ip le  species 
diffusing in each layer .  The ma themat i ca l  fo rmal i sm 
for each wil l  be developed to see if  they  match  the 
Dea l -Grove  (DG) formal i sm (11), that  is a good fit to 
the  main  body of expe r imen ta l  data. By single or  
mul t ip le  species, is meant  ma jo r  ox idant  species. Af te r  
finding those cases tha t  match  the DG formalism,  we 
shal l  proceed wi th  the  assessment  of the o ther  da ta  
constraints.  

(i) Single layer, single species.--This is the  case 
leading  to the  DG t r ea tmen t  (11) which is p ic to r ia l ly  
i l lus t ra ted  in Fig. 3a. The mathemat ica l  results  a re  

Xo 2 + A Xo = B (t + ~) [1] 

A '-- 2 Deft + ~ [2] 

B = 2 Deft C*/N1 [3 ]  

ki +------u [4] 
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Fig. 3. Plot of oxidant concentration vs. distance in the bulk 
oxide (region I), plus oxidant concentration in the blocking (region 
II): (a) single layer film, single species approximation, (b) two- 
layer film, single species, same species approximation, (c) two- 
layer film, single species, different species. 
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and 
= (X~S + AXO/B [5] 

Here, Xo is the oxide film thickness,  t is t ime, Deft is the  
effective diffusion coefficient of the  ox idan t  species 
th rough  the film, C* is the  so lubi l i ty  of the  ox idan t  
in the  film at  the gas / f i lm interface,  N1 is the  n u m b e r  
of O J c m  3 in SiO2, ki and h are  the  reac t ion  coefficients 
at  the Si/SiO2 and SiO2/gas interfaces  respect ive ly ,  B 
is the  parabo l ic  r a t e  constant ,  and  B / A  is the  l inear  
ra te  constant  while  Xi is some in i t ia l  film thickness 
tha t  has a h igher  oxida t ion  veloci ty  than  given by  the 
l inear  ra te  regime.  

(ii) Two-layer,  single species, same species.--The 
concentra t ion profile for this case is i l lus t ra ted  in Fig. 
3b where  we have assumed tha t  a pa r t i t i on  coefficient 
for the oxidant ,  k* ---- C6H/C6 I, exists  be tween  the 
"average"  b locking l aye r  dens i ty  and the bu lk  oxide  
density.  The  procedure  fo l lowed was the  same as tha t  
used by  DG so that,  in te rms of ox idan t  fluxes, we have 

F ,  : Fs : Fs : F4 : F [6] 
where  

FI : h(C* -- Co) [7] 

(Co - C8 I) 
Fs -- DzWI [8] 

(k*C~ I - C0 
F:8 : D n W n  [9] 

F4 "-- k i C i  [I0] 

and W, and Wn are the diffusivity enhancement factors 
due to all types of fields (14), i.e., for the i species of 
a multiple diffusing species system 

O in a*i ~ Zi O in a*j 
W* : (1 --  ti) O In C*--------? Xw tj Z j O i n C * j  

j~ i ,  e-, e+ 
[hi  

In Eq. [11], a ---- activity,  * refers  to neu t ra l  species, 
Z = valence,  and ti is the t ransference  n u m b e r  for spe-  
cies i. In  Eq. [8] and [9], D refers  to the t racer  diffu- 
sion coefficient. 

The ox ida t ion  velocity,  dXo/dt,  is given by  

dXo F [12] 
dt  - -  N1 

and, by  inser t ion  of Eq. [6]-[10],  we obta in  

dXo C*IN~ 
: [13] 

dt ~ 1 1 (Xo --  5) 
�9 k * D I I W I 1 - 5  ~ -5 -h" -5 DIWI 

O,n in tegra t ion ,  this leads  to 

( X o  - -  ~)2  + A ( X o  - -  ~) = B t  [14] 

[ 1  1 ~ ] [15] 
A = 2D,W~ -~ -5 ~ -5 k * D n W n  

B = 2 DIW,C*/N1 [16] 

since Xo = 5 at  t ---- 0, and t ime is only  considered to 
s ta r t  a f te r  the  b locking l aye r  has  been bui l t  up. 

We note  br ief ly  tha t  the DG formal i sm is ob ta ined  for  
this case, tha t  the  parabol ic  ra te  constant  is unchanged,  
and tha t  t r anspor t  t h rough  the b locking l aye r  enters  
the  l inear  ra te  constant .  

(iii) Two-layer,  single species, different species.--The 
concentra t ion  profiles for this  case a re  given in Fig. 
3(c)  where  a specific example  of O as the  diffusing 
species in l aye r  II  has been used only for i l lus t ra t ion.  
F o r  this case, the  resul ts  are ident ica l  to case (ii), 
except  for A which  is now given b y  

] A ---- 2 DIWI + ~ i k  + k D'nW'n [17] 

where  the  pr ime  refers  to the species in region II  and 

where  ~ is given by  

O2 ~ 2 O; K2 = [0] '2/[02] [18] 

k'* = C~u/C% I [19] 
and 

: C'~IIIC'81 : k'* C'~I I /C6I I  : k ' *  K2v~/[O$]8'/, 

[20] 

When equi l ib r ium does not  hold for Eq. [18] and 
supersa tura t ion  (SS) of the O~ species prevai ls ,  we re-  

place K2 by  K2 exp (nGss/RT).  This va lue  of k may  
have a dii~erent Po~ dependence  depending  upon the 
pa r t i cu la r  species ctlf~usmg through region II. Again,  
we see that  the DG formal i sm holds. 

(iv) Two-layer,  multiple species, same species.--For 
this case, Eq. [12bJ becomes 

d (Xo - 8) 

d$ 

: ~ mjCj*/N1 

~ [ 1 1 5 (Xo--6) ] 

-~j "q- ~ "~ kj$DiijWiij "91- ~IjWIj 
[21] 

where mj = 1 for 02 species and ~j = i/~ for all 0 
species. The j species to be considered are  02, O, etc. 
Clearly,  the  solut ion of this di f ferent ia l  equat ion wil l  
not  lead  to a resul t  l ike Eq. [1] or  Eq. [13]. Thus, we  
can conclude  that  mul t ip le  ma jo r  ox idan t  species diffu- 
sion is not  consistent  wi th  the expe r imen ta l  data.  

F rom the foregoing, we m a y  conclude: (i) that  oxi-  
dat ion occurs p r i m a r i l y  via the diffusion of on ly  one 
const i tuent  in each l aye r  (even though severa l  may  be 
present ) ,  (ii) tha t  the  parabol ic  ra te  constant,  B, is 
de te rmined  by  DIWI ~ DI so that  O2 diffusion in l ayer  
I would  provide  the  p roper  act ivat ion energy  and pres -  
sure  dependency, .  (iii) that  diffusion th rough  layer  I I  
enters  the  l inear  ra te  constant  B/A ,  and (iv) that  most  
of the dr iv ing  force, AGs, is consumed in l aye r  IL The 
l a t t e r  conclusion is fortified by  Fig. 3(b)  and 3(c)  
where  we find that  

AGs -- -- RT  in [74o2c4o~/71~ [22a] 

where  Cl~ is the  concentra t ion of O2 in the oxide at  
the  ox ide /gas  interface and C4 o~ is the  equ i l ib r ium con- 
cen t ra t ion  of 02 for the pa r t i cu la r  concentra t ion  C% ~ 
of the species O at  the  Si/SiO2 interface.  This assumes 
equi l ib r ium exis t ing at the I / I I  in ter face  for both  the 
par t i t ion ing  of O species and for the  0 2 / 0  reaction. If  
these equi l ibr ia  are not  mainta ined ,  we find tha t  

AGs : 

_RT{In[ 72~176 ]+in[ "2~176 ' ] 
710~010$ '~'20(eq)C2 ~ J 

7S ~ (eq) CS ~ (eq) 7s~ ~ 

=--RT{In[ "7"0"c2~ ] In[ "/20020] 
.I -5 .yfO (eq) C2O (eq) 

[ 74~176 ] [22b] 
+ in L 73o (eq) C3 ~ (eq) 

where  74o~ is the ac t iv i ty  coefficient for 02 at  locat ion 4 
in Fig. 3c. This  resul t  would  also hold  for a different  
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species in l aye r  II  wi th  C4 ~ being the concentra t ion 
of O~ in equ i l ib r ium wi th  the  concentra t ion of C'4 ~ of 
species O. Since the rat io  C4/C1 is so much l a rge r  than  
the rat io  C J C I ,  the hGs value  for the two=layer  film 
model  is much l a rge r  than  tha t  for the single l ayer  film 
model.  

D i s c u s s i o n  

In the  las t  section, we saw that  the  t w o - l a y e r  film 
model  is able  to account  for  the  constraints  ( i ) -  (iv) 
l is ted in the  introduct ion.  Before  we address  const ra in t  
(v) ,  le t  us note tha t  Eq. [13] does not  include the p a -  
r ame te r  T. This is because the  s t eady  state was as-  
sumed to begin at  the  point  in t ime when the blocking 
layer  of thickness 8 had been formed,  i.e., t = 0 at Xo 
---- 8. The length  of t ime tha t  is r equ i red  for  the t r an -  
sient condit ions to create  the  blocking l aye r  and the 
magni tude  of 5 are  not  considerat ions tha t  can be deal t  
wi th  at  the  present  level  of modeling.  They must  be 
assumed as "given" in the study.  If  , '  is considered as 
the t ime needed to reach  this s t eady-s t a t e  condit ion 
and t' is the t ime f rom the beginning of oxidat ion,  
then  t = t '  --  T'. For  th ick oxides,  Xo > 500A, Eq. [13] 
becomes 

Xo 2 Xo 
~- - -  -- t' -- ~' [23] 

B B / A  

which is the  DG resul t  (11). For  th in  oxides, 50A 
Xo ~ 500A, we can expect  to find 

Xo ~ Xo t ' - -  ( ~ '  8 2 8 X o )  

~ -  + B/---E- B/A B 

-- t' -- V' (Xo) [24] 

where  T"(Xo) is a funct ion of Xo, decreas ing as Xo 
increases. For  the case of ve ry  thin oxides where  
Xo ~ 5, i t  is p re fe rab le  to use 

(Xo - 5)~ (Xo - 8) 
+ _ t' - .~ '  [25] 

B B / A  

so tha t  two parameters ,  8 and T', need to be se lec ted  
to place the expe r imen ta l  da ta  in this s imple form. 
F rom a numer ica l  point  of view, if 8 , -  6A at 1000~ 

= 0.35 hr  in Eq. [23], 5 / ( B / A )  ,~ 0.01 h r  and 2 8Xo/B 
0.1 Xo h r  wi th  Xo in Nn. Thus, the effect is ve ry  

smal l  for this choice of 8 and ~" ~ , ' .  However ,  if  8 is 
an o rde r  of magni tude  larger,  then the effect becomes 
significant. A l though  the region  of SiOx nonstoichiome= 
t ry  may  be  ~ 6A at the interface,  the  region of en-  
hanced dens i ty  and reduced channel  volume, Vch, could 
indeed be ,~ 50A because three  events a re  involved in 
forming the b locking  layer :  (i)  the in te rna l  oxida t ion  
of the Si~ to the SiO2 state, (ii) the eventua l  presence 
of two br idg ing  oxygen  vacancies in the ad jacen t  ne t -  
work  containing the in te rna l  f r agment  so tha t  it  can 
t ru ly  become a pa r t  of the ne twork ,  and (iii) the 
re laxa t ion  of the  ne twork  to form the p roper  r ing size 
(6 -membered  r ings) .  

If  we wish to character ize  the th in  film da ta  using 
the th ick film parameters ,  B, B /A ,  and , '  then, for 
Xo ~ 300A, Eq. [25] yields  

Xo ~ Xo 
- - + - - = t ' - - ~ '  [26a] 

( B / A ) '  B 
where  
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1 
(B /A)"  = ( B / A )  

8 

B (  8 1 (=~o)'={ - ) = - -  1 + . . . . . .  [26b] 
A Xo 2 

Thus, the  th in  film effects can be looked at  phenomeno-  
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logical ly  as a depa r tu re  f rom the th ick film results.  No 
change in B and ~' is needed to describe the  thin film 
results  p rovided  tha t  the ( B / A ) '  paramete r i za t ion  is 
used. 

To i l lus t ra te  the point  made  fol lowing Eq. [21] tha t  
the diffusion of mul t ip le  ma jo r  ox idan t  species do not 
lead to an  equat ion of the form exhib i ted  by  Eq. [1] 
and Eq. [13], let  us consider  the case of two oxidant  
species 1 and 2 in each layer .  F rom Eq. [21J, we have 

d (Xo -- 5) ~ .  •jBj 
[27a] 

dt  J 2 ( X o - -  5) + Aj 

miB1 m2B2 
-~ + [27b] 

2 ( X o - -  5) d- A1 2 ( X o - -  8) W As 

2(Xo - - 5 )  -}- A1 2(Xo --  5) q- A~ 

2 ( X o - -  8) + A1 

[27c] 
Rear rang ing  and integrat ing,  this  leads to 

(Xo - 8) 2 (Xo - 8) 
+ -- mit 

B1 B1/A1 

f [  2 ( X ~  + A 1  ] d t  [28] 
+ m2(B2/Bi)  2 ( X o ~  ~ + A2 

Only  for  the case of ve ry  thin oxides, where  2 (Xo --  8) 
< <  A1 ,~ A2, or for  ve ry  th ick oxides, where  2 (Xo --  8) 
> >  A1 ,~ A2, wi l l  Eq. [28] lead  to the same form as 
Eq. [1] and [13]. In be tween  these two limits,  a d i f -  
fe rent  behavior  is evidenced. Increas ing ly  Xo --  8 f rom 
ve ry  smal l  values,  we find the second te rm on the 
r ight  of Eq. [28] to be given by  

m 2 - -  [2(Xo --  8) + A l l  
BiB2 

[ 1 - 2 ( X ~  ( X ~  + A22 --  �9 �9 �9 ] d t  [29a] 

and, for  (Xo --  6) ~- 3t, this becomes 

m2B2 f f l ( 1  A i ) t ~  

2~2 A1 ) ,3-b } [29b ] 
+ T E ; ( N  - 2  . . .  

The inclusion of Eq. [29b] for the second te rm on the 
r ight  of Eq. [28] i l lus t ra tes  that ,  for  smal l  t imes but  
not ve ry  smal l  t imes, the l inea r  growth  region does 
not obtain. Only at  ve ry  smal l  t imes does Eq. [28] 
wi th  Eq. [29b] conform to the DG formalism. 

The van der Meulen constraint.--In our  evalua t ion  
of Eq. [13], an impor t an t  issue is the pressure  depen-  
dence of the ra te  constants. The most obvious conclu- 
sion is that  the pressure  dependence  of the parabol ic  
ra te  constant,  B, in Ecl. [15] is given by  the pressure  
dependence  of C* provided  WI is independen t  of p res -  
sure (which it should be to first o rde r ) .  This is the  
same as the DG resul t  (11). 

The pressure  dependence  of the  l inear  ra te  constant,  
B/A,  is not  so easi ly  assessed. If  we neglect  1/h with  
respect  to the other  two terms in Eq. [14], in accord-  
ance with  DG, then we  obta in  the  form 

B / A  = a(T)  Po2n/[1 + b (T)Po2q] [30a] 

a (T) Po2 n ---- kik*C*/N,  [30b] 

b (T) Po2q = 8 k i / D n W n  [30c] 

wi th  n and q as pa rame te r s  tha t  m a y  be functions of T. 
We know that  C* has a l inear  Po~ dependence,  bu t  
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we do not  know the pressure dependence of kb k*, 
or 8/DnWn. Fortunately ,  the data of van  der Meulen 
(13), on the kinetics of formation of u l t r a th in  oxide 
layers on silicon, provides us with a testing ground for 
the different factors in Eq. [30]. 

Van der Meulen (13) found that  a plot of log B/A  
vs. log Po2 gave a l inear  relat ionship for a single tem- 
pera ture  and wafer or ientat ion with the slope increas- 
ing toward un i ty  as T increases (Tmax --~ 10O0~ and 
with the slope decreasing towards ~/z as T decreases 
(Tmin ---- 700~ The la t ter  pressure l imit  is consistent 
with the observat ion of Law (15) who observed, close 
to room temperature,  an exponent ia l  growth rate in 
the 1-2 monolayer  region with a square root depen-  
dence on Pos in  the 10-4-10 -2 Torr  range. It was also 
found by van der Meulen (13) that  (i) a plot of B / A  
vs. 1/T did not lead to a straight l ine with a single 
act ivation energy and (ii) d in  ( B / A ) / d l n P o 2  was 
greater  for the (111) than for the (1O0) or ientat ion at 
a given T just  as ( B / A ) ( m )  > (B/A)(loo) for a given 
Po2. Let us see if Eq. [30] can account for the observa-  
tions. 

From Eq. [30], we note that  there wil l  be at least 
two activation energies involved in a B/A  vs. 1/T plot, 
one from each of a(T) and b(T).  We note also that, if 
b(T)  is large w.r.t, un i ty  at high temperatures  and 
small  w.r.t, un i ty  at low temperatures,  we can have (i) 
a Po2 dependence at high temperatures  given by n -- q 
and (ii) a Po2 dependence at low temperatures  given 
by n. Thus, if the Po2 dependence of ki is -- ~ ,  then  
n ---- �89 which would be consistent with Law's data 
(15), and n -- q ----. 1 provided 6/DHWn and k* have no 
pressure dependence at high T. If 5/DnWH has a pres-  
sure dependence that  changes with T, because of ther-  
mal  re laxat ion processes in the blocking layer, the q 
wil l  definitely be tempera ture  dependent  and the slope 
of d log (B /A) /d logPo2  will  change with tempera-  
ture, i.e. 

d log (B /A)  q b (T) Po~ q 
_ n -- [31] 

dlogPo2  1 + b(T)Po~q 

We can see qual i ta t ively from Eq. [31] that, e v e n  for 
q ---- constant, a tempera ture  dependence is found for 
the slope. We see also that  the slope, at fixed T, is not  
completely independent  of Po2 as suggested by the 
data of van  der Meulen (13). However, for b(T)Po2q 
> >  1, Eq. [31] can be expanded to give 

d log (B/A)  q 
: n - - q +  Po,~ q + .  �9 �9 [32]  

d log Po2 

and the pressure dependence enters  only as a small  
correction term. This small  degree of curvature  may  
not have been noticed in  the data. 

A quant i ta t ive  fit of Eq. [30] and [31] to the van  der 
Meulen tempera ture  and pressure data has been made 
for the (111) or ientat ion wi th  a good match being 
given by  

a(T) = i0 to exp (-- 45.5/RT) [33a] 

b ( r )  = 350 e x p  ( - -  10.2/RT) [33b] 

n = 0.5 [33e]  
and 

q ~ - -  0.5 e x p  ( - -  1 . 3 5 / R T )  [33d]  

The expression for q in  Eq. [33d] is  a forced fit to an  
exponent ia l  funct ion whereas it actual ly exhibits an 
S-shape as shown in Fig. 4. There is insufficient data 
to ful ly  assess the (100) or ientat ion case; however, the 
following give a good representat ion of the existing 
data 

a(T) = 7.4 • 109 exp ( - -  45.5/RT) [34a] 

b (T) -- 260 exp ( - -  lO.2/RT) [341o] 
and 

n = 0 . 5  [34c] 

q ~ -- 0.5 exp (--  2.55/RT) [34d] 

whereas, the more appropriate description of q(100) is 
also given in Fig. 4. 

From the foregoing, we see that  the two-layer  film 
approximat ion also satisfies all the constraints of the 
van  der Meulen results (13). Matching these results 
leads to the interest ing conclusion that  the pressure 
dependence of ki is Po2 -~/2. This will  require a very 
specific mechanism for the interface reaction and will  
be treated in the next  paper of this series. Because of 
this specific dependence of ki, we note that  the pressure 
dependence of 5/DIIWII is q + 1/z which goes to zero 
at high temperatures.  This is exactly as expected for a 
relaxat ion process that is controlled by viscous flow at 
high temperatures.  

Before concluding this section it should be noted 
that a characteristic s ignature  of the two- layer  film 
model is the one i l lustrated in Fig. 5. A plot of oxida- 
tion velocity, V, as a funct ion of l /T ,  for fixed oxide 
thickness, X o -  8, exhibits a concave upwards plot 
with the curve s traightening out as X o -  5 increases 
in magnitude.  This conclusion follows directly from 
Eq. [12b]. The data of van  der Meulen (13), for B/A  
at Po~ ---- 1 atm, represents the case for Xo -- 8 = 0. 

The most l ikely neut ra l  oxygen species to diffuse 
through the blocking layer  is O so that  this model 
would have some characteristics similar  to the model 
proposed by  Blanc (16). However, in  the present  
model, one need only be concerned about the dissocia- 
tion reaction of 02 into 2 O at the outer  edge of the 
blocking layer, x = 5, ra ther  than at all x. This great ly 
simplifies the mathematical  t reatment.  Since the main  
purpose of this paper was to introduce and evaluate  
the blocking layer concept, there is l i t t le point  in  dis- 
cussing the relative merits  of Blanc's contr ibut ion (16) 
vs. the present  contr ibut ion because the present  work 
is incomplete in that  it ignores the effects of ionized 
oxygen species, O +, O - ,  O ++, O =, etc. These ionized 
oxygen species are thought to be an impor tant  contri-  
but ion  to the overall  oxidation process even in the case 
of zero applied field. 

The blocking layer  concept is an impor tant  concept 
to be included in the ult imate,  general  model, of silicon 
oxidation; however, it is only one factor and others are 
still needed to complete the picture. This paper has 
been restricted to a discussion of the blocking layer 
concept pr imar i ly  to emphasize the need for breaking 
with a single layer  film model. 
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Fig. 4. Plot of oxygen pressure exponent, q(T), as a function of 
temperature for (]11) and (100) orientations needed to fit the van 
der Meulen data (15) via. Eq. [30] and [31] ,  respectively. 
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t 
InV 

AX 2 > A X  > AX o 

!:~ 
1 
T 

Fig. 5. Qualitative plot of InV vs. 1/T to illustrate the upward 
curvature and its increase in magnitude as ~X = Xo - -  5 de- 
creases in magnitude. 

Conclusions 
The t w o - l a y e r  film model, in its phenomenologica l  

form, has been s tudied  with  respect  to a wide range 
of expe r imen ta l  da t a  and genera l  theoret ica l  expec ta -  
tions for the oxida t ion  process and found to ful ly  sa t -  
isfy the wide range  of constraints.  This model  gives a 
much be t te r  fit wi th  the broad  range of da ta  than  the 
or iginal  single l aye r  film model  of Deal  arid Grove (11). 
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Electrochemical Studies of Dopant Redoxing and Diffusion at the 
Pt, 021 CaF2 Interface 
Schiao F. Chou 1 and Robert A.  Rapp* 

Department of Metallurgical Engineering, The Ohio State University, Columbus, Ohio 43210 

ABSTRACT 

The t ransport  of mass and charge across the Pt, O2j CaF2 interface has been studied by a-c complex impedance (admit- 
tance) measurements  as a function of the oxygen pressure in the gas phase. In very pure argon, the interface is blocking to 
reactions; with increasing oxygen content in the gas phase, redox reactions become possible and the circuit exhibits a 
Warburg impedance corresponding to a diffusion mechanism in CaF~. D-C measurements  of the CaF2 conductivity with 
reversible oxygen electrodes and Tubandt-type titration experiments support  the existence of oxygen redoxing and conduc- 
tion in CaF2. The use ofa  CaF2 electrolyte to measure differences in oxygen chemical potentials in a galvanic cell is clarified. 

The  CaF2 solid e lec t ro ly te  has been used to m e a s u r e  
the free energies  of fo rmat ion  of borides (1), phos-  
phides (2), carbides (3), sulfides (4), and silicates (5). 
In  each case, the electrodes were  chosen to define spe-  
cific fluorine act ivi t ies  indirect ly .  Galvanic  cell  mea-  
surements  of the fo l lowing  oxygen  concentra t ion cell  
have  also been prev ious ly  r epor ted  (6, 7) 

* Electrochemical Society Active Member .  
1 P r e s e n t  address:  Babcock  and  Wilcox Research Laboratory ,  

Al l iance ,  Ohio 44601. 
Key words:  solid e l ec tro ly te ,  CaF2, oxygen doping,  a-c impe-  

dance.  

Ni + NiO I CaF2 I Cu + Cu~O [I] 

The emf values of this cell a t  various t empera tu res  are  
in good agreement  wi th  w e l l - know n  Gibbs energy  of 
format ion  da ta  for nickel  oxide and cuprous oxide. 

Ramanarayanan ,  Narula,  and Wor re l l  (7) proposed a 
model  to expla in  the behavior  of cell I, which involved 
assumptions that  the CaF2 e lec t ro ly te /e lec t rode  in te r -  
face was sa tu ra ted  wi th  CaO, bu t  that  fluorine ions 
were involved in both  the e lect rode react ions and in 
conduction in the electrolyte.  The present  authors  (6) 
in te rp re ted  the behavior  of cell I as an oxygen  con- 
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cent ra t ion  cel l  as evidence that  the  oxygen  (an im-  
pur i ty )  ion is involved in both the e lec t rode  react ion 
and in conduct ion in CaF2, and  the presence of a CaO 
prec ip i ta te  in CaF2 is not necessary.  

A T u b a n d t - t y p e  oxygen  t i t ra t ion  expe r imen t  also 
demons t ra ted  significant t ransference  of oxygen  ions 
in CaF2 (6). The bu lk  e lect r ica l  conduct iv i ty  of a CaF2 
s ingle  c rys ta l  increases i r r eve r s ib ly  upon hea t ing  in 
oxygen  because of the  fol lowing doping react ion (8) 

I~ 02 + 2FF x-+ F2 -~ OF' + VF" [I] 

where FF x, OF', and VF' are a normal sited fluorine ion, 
an oxygen ion substituted on a fluorine lattice site, and 
an anion vacancy,  respect ively.  Consider ing the low 
oxygen  act ivi t ies  at  the Ni + NiO and Cu + CusO 
elect rodes  and the much  higher  s tab i l i ty  of CaF2 com- 
pa red  to that  of CaO, the CaO prec ip i ta tes  repor ted  
in  previous  work  (9) were  p robab ly  formed dur ing  the 
cooling process. Even upon hea t ing  a CaF2 single 
crys ta l  in 1 arm oxygen  for 20 h r  a t  850~ the CaF2 
exhibi ts  only  a thin oxidized surface l aye r  wi th  c loudy 
appearance ;  the bu lk  of the  e lec t ro ly te  remains  c lear  
and no CaO prec ip i t a te  is detected by  x - r a y  diffraction. 

The a-c  impedance  analysis  can separa te  the e le-  
ments  of in ter fac ia l  and  bu lk  e lec t rochemical  phenom-  
ena upon the in te rp re ta t ion  of an e lect r ica l  equiva len t  
circuit.  /k circui t  conta ining f r equency- independen t  R 
and C components  genera l ly  produces  semic i rcu la r  
figures in  an  admi t tance  or impedance  complex  plane.  
If  the  sys tem has f r equency-dependen t  R and C com- 
ponents  (a d i s t r ibu ted  t ime  cons tant ) ,  the center  of 
the semicirc le  is be low the rea l  axis. The w-w depen-  
dent  W a r b u r g  impedance,  cor responding to an infinite 
R-C combinat ion  in ser ies  wi th  a bu lk  resistance,  p ro -  
duces idea l ly  a qua r t e r  c i rcular  arc  in the admi t tance  
d i ag ram (9) and a s t r a igh t  l ine wi th  45 ~ slope in  the  
impedance  d i ag ram (10). The W a r b u r g  impedance  
genera l ly  corresponds to a s low f ie ld-f ree  diffusion 
process in the e lec t ro ly te  in the presence of a suppor t -  
ing e lec t ro ly te  (11). This  condi t ion m a y  cor respond to 
the  discharge of  a foreign charge ca r r i e r  or  an elec-  
t ronic species at  an e lect rode which is b locking to the  
nat ive  charge  carrier:.  The  diffusion of e lec t rochemi-  
cal ly  genera ted  atoms in the e lect rode (12), a porous 
e lec t rode  (13), and smal l  inhomogenei t ies  in the elec-  
t ro ly te  (14) (such as pores, crevices, rough surface,  
or  a p rec ip i t a t e  in  the e lec t ro ly te )  m a y  also produce  
W a r b u r g  impedance.  The ideal  W a r b u r g  impedance  is 
expressed a s  (10) 

Z -~ (1 --  J)K~-'/~ [2] 

where  K is the  W a r b u r g  pa ramete r ,  ~ is the  angu la r  
frequency,  and j is ~ / - -1 .  

In  the  p resen t  paper ,  e lec t r ica l  conduct ion in the  
CaF2 e lec t ro ly te  and the character is t ics  of the elec-  
t rode/CaF~ e lec t ro ly te  react ion in an oxygen  a tmo-  
sphere  were  inves t iga ted  by  a -c  impedance  and d -c  
polar iza t ion  and t i t ra t ion  exper iments .  More general ly ,  
this inves t igat ion represents  a s tudy  of the redox  re -  
act ion for a dopant  and dopant  i m p u r i t y  conduct ion 
in the  CaF2 sol id  e lectrolyte .  

Experimental Materials and Procedures 
The CaF2 e lec t ro ly tes  were  Harshaw opt ica l ly  pure,  

r andomly  oriented,  single c rys ta ls  of 12.7 m m  d iam 
and different  thicknesses.  In  the galvanic  cell  and  
t i t ra t ion  exper iments ,  the  Cu + Cu20, Ni + NiO, and 
n icke l  e lect rodes  were  12.7 m m  d iam X 3.0 m m  th ick  
powder  pel le ts  s in te red  in o x y g e n - p u r g e d  A r  (O.P. 
Ar )  wi th  Po2 ~ 10-15 atm, at  900~ commerc ia l  argon 
wi th  Po2 ~ 10-4 a tm was fu r the r  c leaned and purged  
of oxygen  b y  flowing through  Drier i te ,  Ascari te ,  Cu 
turnings  at  50O~ and Ti sponge at  750~ Oxygen  ac-  
t ivi t ies  were  measu red  sepa ra te ly  by  a ZrO~(CaO) 
solid e lec t ro ly te  oxygen  probe  wi th  a Cu + Cu~O re f -  
erence electrode.  
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The e lements  of galvanic  cell (I)  were  posi t ioned 
and held  in a c losed-end ceramic mul l i t e  tube by  spr ing  
pressure.  Nickel  wires  used as e lec t r ica l  leads were  
s p a r k - w e l d e d  to p la t inum foils contact ing the elec-  
trode. Voltages for cell I were  measured  over  a t em-  
pe ra tu re  r ange  f rom 820 ~ to 1040~ The fol lowing 
T u b a n d t - t y p e  cells were  used at 850 ~ 962 ~ and 986~ 

Cu + Cu~O I CaF~ [Ni  [IIa] 

Ni + NiO [CaF~ [Ni  [IIb]  

where  the Cu + Cu20 and Ni + NiO electrodes were  
used as oxygen source electrodes.  The cell  cur rent  was 
main ta ined  at  200 to 300 ~A, such that  the  vol tage 
across the  cell  (less than  1400 mV) was far  below the 
CaF2 decomposi t ion potential .  

A W a y n e - K e r r  a -c  conduct iv i ty  bridge,  a Genera l  
Radio tuned amplifier,  and a H e w l e t t - P a c k a r d  oscil-  
l a to r  were  used to de te rmine  the to ta l  c ircui t  con- 
ductance (R -1)  and capaci tance C s imul taneous ly  over  
a f requency range  f rom 20 Hz to 20 kHz. The imped-  
ance and admi t tance  of cell I I I  were  s tudied (wi thout  
any  d-c  bias) in argon and oxygen  a tmospheres  at 
different  t empera tu re s  

P t  I CaF2 I P t  [III]  

The electrodes were  nonporous p l a t i num foils pressed 
against  the CaF2 crystal .  The s ignal  ampl i tude  was 
main ta ined  at  5 to 50 mV. The resul ts  were not  sensi-  
t ive to the a-c  ampl i tude.  A lump circui t  wi th  known 
resistances and capaci tance was used to assure the 
proper  funct ioning of the ins t rumenta t ion .  The com- 
p lex  admi t tance  Y was eas i ly  ob ta ined  as 

Y --- R -1 + j~C [3] 

The impedance  was ca lcula ted  th rough  the fol lowing 
t rans format ion  equations (2) 

tan o ---- R C ~ [4] 

Z = R cos 2 0 --  jR sin 8 cos 0 [5] 

where  8 is the phase angle. 
D-C polar iza t ion  measurements  were  conducted 

O.P. Ar,  P t  
1 

wi th  the fol lowing cell  IV 

porous 
CaF2 Pt  

pa in t  
2 

Zr02 (CaO) 
C a  + 

Cu20 

3 

Pt  

Wi th  this cell, the local oxygen  ac t iv i ty  in the th in  
porous P t  e lect rode 2 was es tabl ished by  the appl ica t ion  
of a vol tage be tween  e lect rodes  2 and 3, E2.~ 

Po2(2) ---- Po2(3) exp (E2.JRT) [6] 

Then d-c  cu r ren t - t ime  measurements  be tween  elec-  
t rodes  1 and 2 were  made  as a funct ion of the vol tage  
E2.3, i.e., the oxygen  ac t iv i ty  of e lec t rode  2. 

Results and Discussion 
Galvanic cell measurements.--Figure 1 shows the 

emf values of cell I measured  in the t empera tu re  range  
820~176 The solid l ine descr ibed  by  Eq. [7] re -  
sults f rom a ZrO2 (CaO) e lec t ro ly te  cell wi th  the same 
electrodes (15) 

E (mV) = 346 --  7.16 • 10 -2 T [7] 

Then the measurements  of the  cell I vol tage are  in 
good agreement  wi th  the exis t ing equi l ib r ium da ta  
(15) for  oxide  s tabi l i t ies  and  the work  of R a m a n a r a y a -  
nan  et al. (7). 

Titration experiments.--For cells I Ia  and b, green 
films were  formed at  the in terface  of the  Ni anode wi th  
the  CaF2 e lec t ro ly te  in a l l  three  t i t ra t ion  exper iments  

[Iv] 
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Fig. 1. EMF values for cell I as a function of temperature. Solid 
line corresponds to values calculated from well-known thermody- 
namic data (16). 

at 850% 962 ~ and 986~ for  per iods  of four  to five days. 
These green films were  a l l  identif ied as NiO by x - r a y  
diffraction. Other  exposed surfaces of the nickel  e lec-  
t rodes were  br igh t  and free f rom oxida t ion  in the oxy-  
gen -pu rged  argon atmosphere .  

In  the  two runs  at  962 ~ and 986~ the cur ren t  and the 
t i t ra t ion  t ime were  recorded.  The green NiO films ad -  
herent  to the CaF2_at the  Ni/CaF2 interfaces  were  dis-  
solved in a boi l ing 1N HC1 solution, and the nickel  
amounts  were  de te rmined  by  atomic absorpt ion  ana l -  
ysis. The calcula ted (min imum)  oxygen t ransference  
numbers  were  0.31 and 0.20 for the 962 ~ and 986~ 
runs, respect ively.  Some fur ther  NiO lef t  on the n ickel  
e lec t rode  could not  be separa ted  successfully. The re -  
sul ts  do not exclude tha t  considerable  fluorine ions 
were  also involved  in the  cur ren t  passage,  especia l ly  
for short  times. But these resul ts  f rom the t i t ra t ion  ex -  
per iments  do prove tha t  oxygen  enters  the CaF2 
e lec t ro ly te  at  the  oxygen  source e lec t rode  surface 
th rough  one of the fol lowing e lec t rochemical  reduct ion 
steps 

MxO 4-  VF" 4- 2 e ' ~  0 ~ '  4-  xM [8a] 

1/~. 02 -F VF" 4- 2e'-~ OF' [8b] 

where  M represents  e i ther  Cu or  Ni. Under  the influ- 
ence of the  appl ied  field, the oxygen ions migra te  
across the CaF2 e lec t ro ly te  v ia  a countercur ren t  of 
fluorine vacancies and react  wi th  the  n ickel  e lect rode 
to form NiO. Consider ing the s imi lar  ionic radi i  of 
oxygen  and fluorine ions, 1.36A and 1.33A (16), r e -  
spect ively,  and the i r  ident ica l  electronic s t ructure ,  i t  
is not  surpr i s ing  tha t  oxygen  ions migra te  r ead i ly  over  
fluorine vacancies.  

A-C admittance analysis in A r . - - T h e  complex ad-  
mi t tance  d i ag ram of cell  I I I  in O.P. argon (Po~ ,,, 
10 -1~ a rm) ,  or  in commercia l  argon (Po~ ,~ !0 -4 a tm) ,  
shows the semic i rcular  figure, Fig. 2, wi th  its center  
located s l igh t ly  be low the real  axis. The  semici rc le  
intersects  the rea l  axis a t  Oct (charge t ransfe r  con- 
ductance)  on the low f requency  side and mo (bu lk  con- 
ductance)  on the h igh  f requency  side. F igure  3 gives 
a magnif ied v iew of the  low f requency  data. S imi la r  
a -c  admi t tance  plots were  obta ined  at  var ious  t em-  
pe ra tu res  in O.P. a rgon for  cells wi th  different  e lec t ro-  
ly te  thickness,  0.079 cm and 0.638 cm, respect ively.  
For  instance, the  rat ios of #b values  a re  7.1:1 at 850~ 
8.3:1 at 767~ and 8.4:1 at 692~ whi le  the rat io  of 
the  e lec t ro ly te  thicknesses was 8.1:1. ACcording to this 
correlat ion,  the  ~b va lue  is identif ied as the bu lk  con- 
ductance,  i.e., for  blocking Pt  electrodes,  the  conduct-  
ance of fluorine over  vacancies in CaFs. Because the 
oc t in te rcept  va lue  of  Fig. 3 was independen t  of the 
e lec t ro ly te  thickness,  r represents  the ex t r eme ly  low 
charge t ransfer  conductance of the two CaF~IPt in-  
terfaces. The equiva lent  circui t  is shown in Fig. 4a 
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Fig. 2. Complex admittance plots for cell I I I ,  PtlCaF~,lPt, in O.P. 
argon at 850~ Curves A and B far 0.079 and 0.638 cm thick CaF2 
electrolytes, respectively. 

where  Cdl is the doub l e - l a ye r  capacitance.  Because the 
r value  is h igher  than  ~et by  2 to 3 orders  of magni tude ,  
cell I I I  in A r  involves p rac t i ca l ly  blocking electrodes 
( idea l ly  polar ized e lect rodes) .  According to Eq. [10], 
the doub le - l aye r  capaci tances at  different  t empera tu re s  
were  calcula ted from the f requency  at  the m a x i m u m  
of the semicirc le  in the admi t tance  d i a g r a m  and are  
l is ted in Table Ia. 

R b C d l c 0 m a x  = 1 [9] 

The doub le - l aye r  capaci tances are  2 to 3 orders  of mag-  
n i tude  lower  than  those f rom some other  solid elec-  
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Fig. 3. Complex admittance plots for cell I I I ,  PtICaF21PI, in O.P. 
argon at 850~ enlarged low frequency portion of Fig. 3. 
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argon, P ~  ~ 10 -25  atm; (2) in commercial argon, Po2 ~ 10 - 4  
atm; (3) in O.P. argon for CaF2 preheated in oxygen at 888~ 
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Fig. 4. Equivalent circuits for interpretation of a-c impedance 
measurements for cell I l l :  a.) ideally blocking electrode in O.P. 
argon, b.) non-blocking electrode, c.) Randle's circuit. 

t ro ly te  systems (9, 17, 18) p r o b a b l y  because the P t  
e lectrodes were  not  t igh t ly  bonded  to the e lec t ro ly te  so 
that  gas gaps exis ted  at the e l ec t rode /e lec t ro ly te  in-  
terface. Miliotis  and Yoon (9) in te rp re ted  the dielectr ic  
r e laxa t ion  of NaC1 and KCI in te rms of a i r  gaps in the 
e lec t ro ly te -e lec t rode  contacts. Also, ~ Ber t  et al. (20) 
demons t ra ted  tha t  the small  t e m p e r a t u r e - d e p e n d e n t  
capaci tance of 0.2-0.5 ~F /cm 2 in the cell  Ag/AgC1/C 
might  be caused by  the a i r  gaps at  the  interface.  At  
low tempera tures ,  a second rise in the admi t tance  plot  
at  high frequencies  corresponds to the dielectr ic  re -  
l axa t ion  in the e lec t ro ly te  p robab ly  associated wi th  
defect  complexes  (21). 

The  a -c  admi t tance  of cell I I I  p rehea ted  in 1 a tm of 
oxygen  at  888~ for 3 days  was also measured  in O.P. 
argon at  var ious  tempera tures .  The admi t tance  figures 
are  s imi la r  to those of v i rg in  e lec t ro ly te  in O.P. argon 
and commercia l  argon. The 0% values  are  shown in 
Fig. 5 and Cdl values  are  l is ted in Table  Ib. These 
doub l e - l aye r  capaci tances  are  close to those f rom o ther  
solid e lec t ro ly te  systems and independen t  of t empera -  
ture. The  Cdi values  for CaF2 annea led  in O2 increased 
significantly,  p robab ly  because the cell  exper ienced  

Table I. Values of double-layer capacitances for one interface of 
cell I l l ,  Pt[CoF21Pt; a) in O.P. argon, Po2 '~ 10-25 arm, at 

different temperatures; b) preheated in pure 02, measured in 
O.P. argon 

a. T e m p e r -  Cdl,  b.  T e m p e r -  Cdl,  
a t u r e ,  ~ ; ~ F / e m  2 a t u r e ,  ~ ~ F / c m  -~ 

413 1.2 • I0 -~ 567 I I  
474 3.5 x 10- ~ 620 17 
617 2.2 x I0 -s 678 19 
675 1.9 x 10 -2 734 19 
692 8.S x 10- ~ 791 19 
767 1.2 x 10 -I 835 IS 
850 B.5 x I0  -~ 887 15 

prolonged hea t ing  at  high t empe ra tu r e  and high d-c 
currents ,  such that  the  gas gaps at  the  in terfaces  were  
collapsed. The CaF~ p re t r ea t ed  in oxygen  exhib i ted  the  
highest  ~b, and the Vb value  in commercia l  argon (Po~ 

10 -4  a tm)  is h igher  than  that  in O.P. argon (Po~ ,~ 
10 -15 a tm) .  Each plot  of log ~bT vs. 1/T in Fig. 5 has  
th ree  domains,  L, I, and H. The intr insic  a n t i - F r e n k e l  
defects dominate  in domain  H at  high tempera tures .  
The act ivat ion energy  of conduct ion is 

Ef 
EH --  - ~ -  + E m  [10] 

where  Ef and Em are  the en tha lpy  of format ion  for the  
intr insic  a n t i - F r e n k e l  defects, and the ac t iva t ion  en-  
e rgy  for the mobi l i ty  of the anion vacancy, respec-  
t ively.  The ext r ins ic  defects created by  the oxygen  
dopant  must  dominate  in domain  I at in te rmedia te  t em-  
peratures .  Fo r  CaF2 prehea ted  in oxygen  or  in the 
commercia l  argon Po2 " 10-4 atm, the  concentra t ion of 
anion vacancies equals that  of the oxygen  dopant;  the  
conduct ion act ivat ion energy  must  equal  the act ivat ion 
energy for vacancy migrat ion,  Era. At  low t e m p e r a -  
tures, domain  L, oxygen dopant  should  be associated 
wi th  an anion vacancy  to form a neu t ra l  complex 

VF' + Of' '-> (VF'OF') x [11] 

The act ivat ion energy  for e lec t r ica l  conduct ion in this 
domain  is 

Ediss 
EL : ---- -}- Em [12] 

2 

where  Ediss is the s t anda rd  en tha lpy  for  the dissocia-  
t ion of the  complex.  In  O.P. argon, Po2 " 10-15 arm, 
the complex could ar ise  e i ther  f rom res idual  oxygen  
or ig ina l ly  present  in the crys ta l  or  f rom other  impur i -  
ties. The EL, EI, EH, Era, El, and Edlss values f rom this 
s tudy  are  in good agreement  wi th  the resul ts  of o ther  
researchers ,  as shown in Table II. 

F igure  6 shows for three  different  t empera tu re s  that 
the charge t ransfe r  conductance r in commerc ia l  
argon (Poe ~ 10-4 a tm)  is h igher  than  that  in O.P. 
argon (Po2 "" 10-15 a tm)  by  a factor  of app rox ima te ly  
15. Obviously,  in the presence of oxygen  at  a P t  elec-  
trode, redox react ions become possible  and oxygen  ions 
en te r  or  leave the CaF2 crys ta l  according to Eq. [8b]. 
This e lect ron t ransfe r  react ion should involve  the  
fol lowing steps: (i) diffusion of oxygen molecules into 
the gas gaps at  the P t /CaF2 interface,  (ii) adsorpt ion  
of molecular  oxygen  on the surface  of the  Pt  electrode,  
(iii) dissociat ion of oxygen  molecules  on the Pt  e lec-  
trodes,  (iv) diffusion of oxygen  atoms on the P t  to the 
P t /CaF2 interface,  (v) e lec t rochemical  reduct ion to 
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T.ble II. Values of the activation energies for the intrinsic, extrinsic, and association regions; formation energy of 
anti-Frenkel defects, activation energy for the mobility, and dissociation energy for defect complexes 

E H ,  E M ,  E L ,  E r a ,  E f j  E d l  s sj  
Atmosphere kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol 

CO-CO~ 46.1 59.0 

Ar 46.1 14.5 80.0 14.5 62.3 30.0 ~ Levitskii et aL (8) 

Oxygen 48.4 14.8 30.0 14.8 66,9 30.0 

Neon 44.3 12.7 22.8 12.7 62.3 20.3 Bollmann et at. (22) 

O.P. Ar, Po s ~ l045 atm 44.5 16.0 31.4 16.0 67.0 30.9 Virgin 

Commercial At ,  Po s -.~ 10-~ 42.4 12.6 23.2 12.6 59.6 21.2 CaF~ 
atm 

O.P. Ar, P% ,-, 104~ atm 12.3 26.4 

form oxygen ions at the Pt/CaF2 interface 

0 + 2e-  ~ O 2- [13] 

(vi) incorporat ion of oxygen ions into the CaF~ lattice 

O 2- + VF' --> OF' [14] 

The values for Cdl in Table Ia indicate that the Pt  
foil electrode of cell III  contained gas pockets. 

It is known  that p la t inum is covered with a t ight ly 
bound monolayer  of oxygen atoms even at low oxygen 
pressure and high temperature,  and that  oxygen  
molecules are weakly adsorbed on this monolayer  (23, 
24). Then  heating Pt  in O.P. argon should not  destroy 
the adsorbed monolayer  of atomic oxygen. In  O.P. 
argon Po2 ~ I0 -~5 arm, the concentrat ion of oxygen 
molecules adsorbed on top of t h e  monolayer  is be-  
lieved to be insignificant; most of the adsorbed oxy- 
gen is in the form of atoms strongly bound to the 
p la t inum surface. Therefore, for the electrode reaction 
in  a v i r tua l ly  oxygen-free  gas, the first three steps are 
not considered impor tant  to the mechanism. The small  
a l ternat ing current  only involves a small  fraction of 
the atomic oxygen in  the monolayer  in the redox reac- 
tion. According to the resistance for the charge t ransfer  
step, the amount  of charge carried by the Faradaic 
current  across the interface in one cycle in O.P. argon 
at 900~ corresponds to only about 10 -4 of the total  
oxygen atoms in  a monolayer.  Since the concentrat ion 
of t ightly bonded atomic oxygen is ra ther  insensit ive 
to the oxygen pressure in the atmosphere, the act 
value increased only by a factor of 15 when  the oxygen 
pressure increased from 10 -15 to 10 -4 atm. As wil l  be 
indicated later,  the act value increases rapidly in  the 
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2 4 - -  
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Y '  ( lOOp. .  M h o )  

Fig. 6. Partial complex admittance plots for low frequency region 
for cell III, PtlCoF~!Pt; A) in O.P. argon, Po~ = 10 -15 atm; B) 
in commercial argon, Po2 - -  10 - 4  atm: (1) at 900~ (2) at 800~ 
(3) at 850~ 

This work 

12.3 28.2 CaF~ preheated 
in O3 

oxygen pressure range from 10 -4 arm to 1 atm; there-  
fore, the corresponding mechanism for the redox re-  
action in  oxygen-conta in ing gases also involves the 
first three steps previously suggested. Figure 7 shows a 
plot of log act vs. 1/T for both O.P. and commercial 
argon. The activation energy in  O.P. argon is 24.4 kcal /  
tool corresponding to the steps (v) and (vi) (redox 
and incorporation reactions).  P resumably  the activa- 
t ion energy is much less for surface diffusion (25). 
In  commercial argon the activation energy is 30.2 
kcal/mol,  corresponding to a mechanism involving also 
the first three  mechanistic steps of molecular  arr ival  
and dissociation. Thus, for argon containing oxygen, 
the concentrat ion of adsorbed oxygen atoms near  triple 
points also exhibits a small  tempera ture  dependence, 
probably through the dissociation step. 

Impedance analysis in oxygen.--Figure 8 shows the 
complex impedance diagram of cell III (electrolyte 
thickness 3.2 mm) for (a) O.P. argon, (b) oxygen, and 
(c) vacuum at 888~ In  O.P. argon the curve repre-  
sents a blocking electrode, curve A. In  oxygen (curve 
B), the curve is a straight line of 48 ~ slope between 
200 and 20 kHz. The plots of Z' and Z", the real and 
imaginary  parts of the impedance, vs. ~-~/2 are two 
straight lines with slopes of 2.64 • 108 and 2.80 • 108 
9,sac -1/2, respectively; the line from the Z" vs. ,~-'/2 plot 
passes through the origin. The average of these slopes 
is the Warburg  parameter,  so that the total impedance 
is 

Z ( a )  -- 50 4- 2.72 X 103 (1 -- j) ~-,/2 [15] 

When the oxygen pressure is reduced by evacuation 
(or by replacing oxygen with argon),  the curve rises 
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Fig. 7. Log ~ct vs. 1/T(K) for cell III, A) in O.P. argon, Po~ - -  
10 -15 arm; B) in commercial argon, Pc~ ---- 10 - 4  arm. 
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rapidly again, curve C in Fig. 8, and the electrodes be,  
come rather  blocking. 

After cooling the same cell to 773~ the impedance 
figure is close to a 45 ~ slope line between 20 arid 20 
kHz. The slopes of Z' and Z~ vs. ~ -1/2 plots are 5.96 • 
l0 s and 6.00 • 103 s so that the total impedance 
is 

Z(12) = 1 . 5 X  1 0 2 + 6 . 0 X 1 0  z ( 1 - j )  s-'/2 [16] 

The intercept on the high frequency end in the im- 
pedance diagram (50s at 888~ and 150s at 773~ 
is in good agreement with the bulk resistance of the 
CaF2 electrolyte preheated in 1 atm oxygen and mea- 
sured in O.P. argon, Fig. 5. The impedance of cell 
III  with a 0.8 mm thick electrolyte was also studied in 
pure oxygen at 773~ The real part  of the impedance 
obtained from the high frequency intercept (3.512) is 
in good proportion to that of the earl ier  cell according 
to their electrolyte thicknesses. Cell III  transforms 
from a blocking electrode in Ar of Fig. 4a to a non- 
blocking electrode with Warburg impedance in oxygen, 
as described in Fig. 4b. The total impedance for cell 
III  in oxygen is described by 

Z = Rb + K(1 -- j ) ~ - ~  [17] 

where the Warburg parameter  K is a function of the 
concentration and diffusivity of a diffusing species gen- 
erated at the electrode (26). In oxygen, the interface 
resistance Rct for the electrode reaction is much less 
than the bulk resistance of the electrolyte. Compared 
to the interface resistance in O.P. argon and commer- 
cial argon, Fig. 6, the interface resistance is decreased 
drastically in oxygen. The Warburg impedance may be 
at tr ibuted to the relat ively slow diffusion of oxygen 
ions compared to the fast electrode reaction. Fluorine 
vacancies act as a supporting electrolyte to shield the 
oxygen ions from the external  electrical field, as oxy- 
gen ions diffuse over fluorine vacancies in the CaF2 
lattice according to their  concentration gradient. The 
rate-determining step in the oxidation of CaF2 is also 
the diffusion of oxygen ions in CaF2 (27). 

The following reaction could increase the electronic 
conductivity of CaF2 

V~ 02 + VF" -~ OF' + 2h' [18] 

where h' is a positive hole. The diffusion of positive 
holes in CaF2 could also contribute to the existence of 
the Warburg impedance (under the condition that re-  
action [18] is reversible, since the Warburg impedance 
disappeared when oxygen was removed).  The true 
Warburg impedance and interface resistance for each 
interface are one-half  of the values in Eq. [17], be- 
cause ~he cell had two identical interfaces. At 880~ 
the 45 ~ slope line curved down toward the real axis in 
the impedance diagram, because at lower frequencies 
the a-c diffusion layer becomes comparable with the 
thickness of the electrolyte (26). 

Cell III  re-established the characteristics of a block- 
ing electrode when the oxygen pressure is reduced. 
The transformation from a nonblocking electrode to 
a blocking electrode is a slow process, since the oxygen 
adsorbed at the electrode/electrolyte interface in the 
gas gaps is still available in the electrode reaction. The 
ideal blocking electrode was observed when the cell 
stayed in O.P. argon for 2-3 days. 

The complex impedance diagram of cell III  in oxy- 
gen with 3.2 mm thick electrolyte shows two relaxation 
mechanisms at 675~ Fig. 9. The equivalent circuit is 
the well-known Randle circuit, Fig. 4. At high fre- 
quencies the relaxation corresponds to the double 
layer polarization, while at low frequencies a Warburg 
impedance arises from a diffusion mechanism in CaF2. 
The Randle circuit requires (9) 

Rot 4- Rb -- 2K2Cd! - -  47012 [19] 

Rot" Ym ' 2a Cdl -- 1 [20] 

where Cdl and K are the effective double layer capaci- 
tance and Warburg parameter  for the two identical 
interfaces, and fro, corresponding to the maximum dis- 
persion frequency for the double layer, is taken to be 
3000 Hz. The best curve fitting gives Rb = 28012, Rct -- 
235s and Cat = 0.23 #F. The normalized double layer 
capacitance is 0.36 ~F/cm 2 for each interface. For cell 
IIl with a 0.8 nun thick electrolyte, the similar analysis 
gives Cal -- 0.66 ~F, Rct -- 9612, and Rb = 8012. The 
ratio of the bulk resistances for two cells is 3.5 which 
is reasonably close to the ratio of two electrolyte thick- 
nesses, 4.0. The bulk conductivity obtained is in good 
agreement with that of the C aFe electrolyte preheated 
in oxygen, Line 3 in Fig. 5. The differences in -Rct 
and Ca1 for the two cells are at tr ibuted to the different 
degree of contact between the electrode and electrolyte. 

Admit tance  analysis of  cell III  in oxygen . - -Figure  10 
shows the influence of oxygen on the complex admit-  
tance plot of cell III  at 798~ For measurements in 
argon, the complex plot is a slightly til ted semicircle 

"•E 8oo 

O 

"N 
6OO 

I L t I I / 

5OOOHz ~ E]O / /  \ 

200 ,:tOO 600 800 IOOO 1200 
Z' (Ohms) 

Fig. 9. Complex impedance diagram for cell I I I  Pt lCaF~IPt ,  0.32 
cm thick CaF2 in oxygen at 675~ 
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Fig. 10. Complex admittance plots for cell III, PtlCaF21Pt, at 
798~ A) in O.P. argon; B) in oxygen after 33 hr; C) in oxygen 
after 43 hr. 

with  a depressed angle  of 6% curve A, cor responding  
to a blocking electrode.  Upon in t roducing oxygen  into 
the systemj the semici rc le  expands  and the center  
moves fu r the r  be low the real  axis. Curves B and C 
are  admi t t ance  plots  af ter  the cell  was exposed in 
oxygen for  33 and 43 hr, respect ively.  At  888~ the 
admi t tance  plot  in oxygen shows an approx ima te  
qua r t e r  c i rcular  arc wi th  a depressed angle  of 45 ~ 
Af te r  evacuat ing and exposing in O.P. argon for two 
days, the cell rees tab l i shed  the blocking electrodes.  In  
oxygen  the  admi t t ance  plot  at  773~ is an exac t  
qua r t e r  c i rcular  arc  wi th  a depressed angle  of 45 ~ 
which is expected  according to Fig. 4b. 

Results and discussion of d-c analysis.--In suppor t  of 
the a-c  measurements ,  a 50 mV d-c  vol tage was appl ied  
across cell  I I I  wi th  a CaF~ e lec t ro ly te  p rehea ted  in  
oxygen  at  888~ for 72 hr. Then the cur ren t  va r ia t ion  
wi th  t ime  at the same t empera tu re  was recorded.  
Compared  to the d-c  cur ren t  in O.P. Ar,  the d -c  cur -  
rent  in oxygen  was h igher  by  a fac tor  of 80 at  t = 0 
and a factor  of 50 at  t = 26 sec. This r esu l t  supports  the  
previous  conclusion tha t  P t  e lectrodes on CaF2 exposed 
to O5 suppor t  a r edox  reaction.  

The cell  I I I  was polar ized  wi th  50 mV in oxygen  
and then discharged by  shor t ing the  leads. Plots  of 
the discharge cur ren t  vs. t -~ ,  for many  t empera tu re s  
were  l inear,  again, indica t ing  a diffusion mechanism in 
CaF2. 

In cell IV, the oxygen potential at electrode 2 was 
moni tored  b y  app ly ing  var ious  d -c  voltages,  --100, 100, 
200, 300, 400, 500, and 700 mV to e lec t rode  2 wi th  re -  
spect  to the reference  electrode Cu -5 CueO. The oxy -  
gen pa r t i a l  p ressure  in e lec t rode  2 is r e la ted  to the  ap-  
p l ied  voltage,  E, by  Eq. [6]. A d-c  vol tage  of 150 mV 
was appl ied  to e lect rode 1 wi th  respect  to e lect rode 2 
wi th  e lec t rode  1 at  pos i t ive  polar i ty ;  Fig. 11 shows the 
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Fig. 11. Current vs.  time for cell IV at 897~ 

plot  of the  corresponding d - c  cur ren t  vs. t ime for  va r i -  
ous e lect r ica l  potent ia ls  on e lect rode 2 at  897~ The 
h igher  d -c  cu r ren t  th rough  CaF2 for h igher  oxygen  
pressure  at  e lec t rode  2 is a t t r i bu ted  to the  conduct ion 
of the  oxygen ion or  an e lect ronic  species in  CaF2. 

The Wa rbu rg  impedance  is not  a t t r ibu ted  to the mi -  
croheterogenei t ies  such as microcrevices,  rough surface, 
a n d / o r  CaO precipi ta tes .  These factors cannot  exp la in  
the presence and d isappearance  of W a r b u r g  impedance  
in response to the  changes in oxygen  pressure.  The 
pe rmeab i l i t y  of oxygen  in P t  is ex t r eme ly  low (28). 
Since the d -c  cur ren t  in cell I I I  increased  signif icantly 
and ins tan taneous ly  when changing the su r round ing  
a tmosphere  f rom argon to oxygen,  oxygen  mus t  have 
reached the e lec t rode /e lec t ro ly te  in ter face  th rough  the 
gas gaps r a the r  than  b y  diffusing in the  electrode. 
The diffusion of oxygen  in the P t  e lect rode is then not  
considered to be the cause of the W a r b u r g  impedance.  

Oxygen Concentration Cell with CaF2 Solid Electrolyte 
The fol lowing equations descr ibe the equ i l ib r ium 

conditions at the two interfaces  of cell  I according to 
Eq. [8b] 

~]vr. (R) -5 %/~o2 (R) + 2~]e (R) = ~IOF' (R) [21a] 

~VF. (L) -5 1~/~o 2 (L) + 2~h (L) = ~loF' (L) [21b] 

where  ~VF., ~OF' ~e represen t  the  e lec t rochemical  po-  
tent ia ls  of the fluorine vacancy,  oxygen dopant ,  and 
electron, R represents  the  Cu W Cu20 ( r igh t -hand)  
electrode,  L represents  the Ni -5 NiO ( le f t -hand)  elec-  
trdde, and  ~os is the  chemical  potent ia l  of oxygen.  Sub-  
t rac t ing  Eq. [21b] f rom Eq. [21a] gives 

~VF. (R) -~VF.  (L) + V~[~OS (R) - ~ o 2  ( L ) ]  

-5 2 [~e (R) --  ~]e (L) ] --  ~]OF' (R) --  ~]oF' (L) [22] 

When  galvanic  cell I reaches equ i l ib r ium dur ing  an 
open-c i rcu i t  emf measurement ,  the e lec t rochemical  
potent ia l  ~VF. of the  fluorine vacancy,  which is the most 
mobile  defect  in pure  CaF2 crystal ,  is constant  th rough-  
out  the  e lectrolyte .  The d -c  t i t ra t ion  expe r imen t  proves  
that  the oxygen ion is quite mobile  over  fluorine vacan-  
cies, to --~ 0.31. Therefore,  the e lec t rochemical  potent ia l  
of ~OF', is also constant  in the equi l ib r ium state, so that  

1]VF. ( R )  = I]VF. ( L )  [ 2 3 a ]  
and 

']OF' (R) = ~]OF' (L) [23b] 

Then the e lec t rochemical  potent ia ls  of e lect rons  at the 
two electrodes can be expressed  as 

me (R) = ~e (R) --  Fr  (R) [24a] 

We (L) ----#e (L) - - F r  (L) [24b] 

Also, the chemical  potent ia l  of electrons is the same 
when both electrodes are  connected to p l a t i num or 
o ther  ident ical  leads 

/~e ( R )  = / ~ e  ( L )  [ 2 5 ]  

Then  Eq. [22] can be simplified as 

#o~ (R) --  #o9. (L)  --  4F [ r  - -  r  ---- 4FE [26] 

The emf values  obta ined  f rom cell  I confirm Eq. [26]. 
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Chemical Bath Deposition of Thin Film Cadmium Selenide for 
Photoelectrochemical Cells 

R. A. Boudreau and R. D. Rauh* 
EI C Laboratories, Incorporated, Newton, Massachusetts 02158 

ABSTRACT 

Chemical bath deposition provides an attractive, low cost method of producing cadmium chalcogenide thin films. Inti- 
mate contact between the bath solution and the substrate material permits uniform deposition on substrates of complex 
geometry, presently difficult with spray pyrolysis, vacuum evaporation, or electrodeposition techniques. For CdSe, rigor- 
ous control of deposition conditions promotes the formation of a hexagonal, specularly reflecting deposit rather than a less 
desirable sphalerite (cubic) powdery deposit. Scanning electron microscopy reveals a small grained layered plate morphol- 
ogy similar to that produced by the evaporation method. Specularly reflecting CdSe films can be formed over large area 
substrates at a thickness optimal for their use as photoelectrochemical cells (PEC). Employing polysulfide as the redox 
couple, conversion efficiencies as high as 6.8% have been achieved in our laboratory for these films using a tungsten- 
halogen white light source. 

Cadmium selenide has shown great promise as a 
semiconductor materi.al for photoelectrochemical solar 
cells (PEC's) (1, 2). In aqueous polysulfide electro- 
lytes, solar conversion efficiencies of 8.4% (3) and 6.5% 
(4) have been reported for single crystal and vacuum 
evaporated thin film CdSe, respectively. CdSe thin 
films for PEC's have also been prepared by spray py-  
rolysis (5) and electrodeposition (6). I n  a recent 
communication (7), we demonstrated that PEC devices 
could be fabricated with CdSe films derived from a 
chemical bath method. Pursuing further refinements 
of the deposition process, we have found that this 
method produces CdSe films yielding cell efficiencies 
comparable to any of the other methods, but that care- 
ful control of plating conditions were necessary for 
achieving reproducibil i ty of morphology and photo- 
voltaic properties. Compared to the other methods, the 
bath process is uniquely suited for depositing a uni- 
form film over large substrates of complex geometry, 

* Electrochemical  Society  Act ive  Member. 
Key words: solar, photovoltaic,  liquid junction, polysulfide. 

as might be found in production scaled solar panels. 
The substrate need not be conductive, have a high 
melting point, or be combustion resistant. Film forma- 
tion is t ruly a deposition of CdSe rather  than a co- 
deposition of separate elements. Chemical bath deposi- 
tion (CBD) is a low technology process, requiring no 
high vacuum, high power supply, or expensive equip- 
ment. 

The chemical bath method has been used in the past 
to make polycrystall~ne films of PbSe (8, 9). ZnSe 
(10), CdSe (9), and CdS (11). In each case, thin film 
formation proceeds simultaneously with the precipita- 
tion of the respective chalcogenide. The precipitation is 
controlled by slowly generating ions that are in equi- 
librium with a chalcogenide precursor and a cation 
complexing agent, usually NH~. The reactions are 
highly dependent on temperature and complexing 
agent concentrations. For the case of cadmium chalco- 
genides, the following reactions apply 

Cd(NHa)42+ ~ Cd 2+ + 4NHs [1] 
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(AX) + OH- ~A' + HX- [2] 

HX- + OH-~H20 + X [3] 

For CdSe, the compound AX is either sodium seleno- 
sulfite (Na2SeSOs) or selenourea. The symbol A' rep- 
resents the oxidized counterpart to AX', while X rep- 
resents the appropriate chalcogen. Reactions [I] and 
[3] provide for slow generation of reacting ions. Am- 
monia complexation prevents the precipitation of 
excess Cd (OH)~ in the alkaline media. 

The CdSe CBD process, as originally engineered by 
Kainthla and co-workers (9), was not addressed at the 
reproducible preparation of efficient photoelectro- 
chemical films. Attempts to use the process directly in 
photoelectrode fabrication lead to several problems in- 
cluding: (i) the deposition of films having a terminal 
thickness too low for efficient solar collection, ({i) the 
deposition of we~kly photoactive, poorly structured 
films, and (iii) the uncontrolled evolution of NHs dur- 
ing deposition, making conditions difficult to repro- 
duce. The work described below addresses these prob- 
lems, further refining CBD as a process for producing 
large area CdSe semiconducting films which yield effi- 
cient photoelectrochemical devices. 

Experimental Procedures 
All chemicals were reagent grade. Titanium and 

stainless steel substrates were prepared by abrading 
with emory cloth and cleaning with chromic acid. 
Indium tin oxide (Nesatron) conductive glass sub- 
strates (p = 8 s were prepared by cleaning in 
dilute HC1. CdSe film thickness was determined by 
weighing, using the l i terature density and the geomet- 
ric area of the deposit. Photoelectrochemical evalua- 
tion of the films was carried out in an aqueous poly- 
sulfide electrolyte (1M NaOH, 1M Na~S, 1M S).  

All current-voltage measurements were made using 
a Wenking LT 73 potentiostat coupled with a ramp 
function generator and X-Y plotter. Counterelectrodes 
consisted of CoS coated Ni screen or CuS coated brass 
(12). Solar radiation was simulated with a 100W 
tungsten halogen lamp employing a KG2 Melles Griot 
infrared filter. Half-cell  electrochemical potentials 
were determined vs. a platinum wire reference. Full  
cell measurements were made by connecting the high 
performance counterelectrode to both the counter and 
reference inputs of the potentiostat. Light intensities 
were calibrated and measured using an EG&G Model 
450-1 Radiometer. 

CdSe deposition.--The deposition bath was prepared 
by mixing 30 ml of 0.13M Na2SeSO8 reagent, 1.0 ml of 
7M NH4OH, and 3.0 ml of 0.5M Cd(CHzCOO)~ in that 
order. The sodium selenosulfite reagent was freshly 
prepared by filtering a 500 ml solution containing 95g 
of Na2SO~ and 5g of finely powdered amorphous black 
Se that had been stirred for several hours at exactly 
65~ under nitrogen bubbl ing/o  dissolve the selenium. 
The excess Na~SO~ enhanced the Se dissolution rate, 
and had litt le discernible effect on the resulting films. 
After mixing, the deposition bath turned yellow in 
color, probably indicating the onset of colloidal CdSe 
precipitation. 

The abraded and cleaned substrates to be used for 
CdSe deposition were soaked at ~50~ in a suspension 
of Cd(OH)2 for 5 min and lightly rinsed in distilled 
water just before use. The substrates were added, and 
the bath solution was heated rapidly in a stoppered 
glass container with a 90~ constant temperature bath. 
While heating, the deposition bath developed a red 
CdSe precipitate. Occasionally, the bath was swirled to 
prevent the precipitate from adhering to the substrate. 
By placing the substrate in the bath so that the desired 
face of the substrate pointed do.wnward, precipitate 
adherence was minimized. After 30-60 rain of deposi- 
tion, the CdSe film appeared as a transparent red coat- 
ing on surfaces exposed to the bath. The substrates 

were then removed from the bath, rinsed with distilled 
water, and heat- treated for 15 rain at 500~ 

Following the heat-treatment,  which improved film 
adherence, the substrates were treated again with 
Cd(OH)~ suspension, rinsed, and plated again. No in- 
tervening heat- treatments were necessary for subse- 
quent depositions to sustain film adherence. After the 
final deposition, a final heat- t reatment  of 550~ for 30 
rain in air was used to activate the films. Air was a 
necessary ingredient for the heat-treatment,  and 
higher heat- t reatment  temperatures resulted in exces- 
sive film vaporization and damage while lower tem- 
peratures resulted in incomplete film restructuring and 
lower photoresponse. The heat- treatments converted 
the reddish films to a dark gray color. Following the 
final annealing, the CdSe films were etched for 20 sec 
in 9M HC1 at room temperature and rinsed. A post etch 
treatment to reduce dark current losses consisted 'of 
dipping the e!ectrode in 1M ZnC12 (13), allowing the 
zinc solution to dry on the electrode, and then rinsing 
with distilled water. 

The ammonia concentration and reagent freshness 
were critical to good film formation. If a yellow color 
did not form in the solution prior to heating, the am- 
monia concentration was too high, but if excessive 
white Cd (OH)2 precipitated, the ,concentration was too 
low. 

CBD process optimization.--The procedure of Kain- 
thla and co-workers (9) for bath deposition of CdSe 
was carried out in an open vessel and employed a large 
excess of NH4OH. This excess gives rise to an induction 
period for CdSe precipitation, while enough NH~ evap- 
orates from the hot bath to allow the release of some 
Cd +2 ions. No deposit forms if the vessel is sealed. 

Using the published procedure (9), the resulting 
films were, in our hands, of irreproducible morphology, 
which may be related to an uncontrolled NI-I3 effusion 
rate. The deposits were sometimes specular and some- 
times powdery in nature. On glass substrates, the as- 
deposited specular films appeared clear red or orange 
in transmitted light and shiny dark brown in reflected 
light. In contrast, the powdery films appear translucent 
pink in transmitted light and light brown in reflected 
light. After annealing, the mechanically softer powdery 
deposits appeared flat black and etched rapidly in HC1, 
while the specular films possessed a metallic sheen and 
etched slowly. The electron micrograph in Fig. 1A 
shows that the specular deposits are large grained and 
exhibit widely spaced cracks. The electron micrograph 
of a powder deposit, Fig. 1B, reveals smaller grains and 
smaller cracks. 

In order to remove the NH~ effusion step and bath 
contact with the open atmosphere, further  experiments 
were conducted in sealed tubes. The bath composition 
was held constant except for the NH4OH concentration, 
which was varied from 2M to below 0.1M. The deposit 
began to appear at ~l .5M NI-~OH, gradually thicken- 
ing as the NH4OH concentration was lowered. At the 
higher NI-~OH concentrations, the powdery morphol- 
ogy was observed. Only below ~0.3M NH4OH did the 
desired transparent red deposits occur in these sealed 
tubes. Our modified procedure employs 0.2M NH4OH, 
at which concentration a small amount of Cd(OH)~ 
precipitate forms at room temperature. 

Even with the optimized bath composition, sub- 
strates that were not thoroughly cleaned often devel- 
oped inhomogeneous mixed powder and specular de- 
posits. Homogeneous specular deposits, with micro- 
scopic structure similar to Fig. 1A, could be enhanced 
by pretreating the substrates with a paste of Cd (OH)~. 
It has been suggested by Kainthla and co-workers (9) 
that Cd (OH)2 provides nucleation sites for CdSe, and 
promotes the formation of hexagonal over the thermo- 
dynamically less favorable cubic crystal structure. 

Adapting the process for producing films of thickness 
>1-2~ is, of course, critical to photovoltaic application. 
I t  was found that by carrying out the deposition in 
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Fig. I. Scanning electron mlcrographs of chemically deposited 
CdSe. Sample annealed at 500°C for 15 min in air. Magnification, 
2500X. A) Specularly reflecting deposit; B) powdery deposit. 

sealed tubes at 90°C with a stoichiometric excess of 
Na~SeSO~, an optimized average growth rate of ,-,0.02 
~ /min  could be achieved without adversely affecting 
the specular morphology. Under  these conditions, the 
bath becomes depleted of active reagents in ~20 min  
due to competing homogeneous CdSe precipitation. 
Thus, the deposit could, in principle, be cont inual ly  
thickened by periodically renewing the reagents. Fig-  
ure 2 shows how the thickness of the CBD film devel-  
ops with successive depositions, with in te rven ing  an-  
neals. The hea t - t rea tments  are most impor tant  in the 
early depositions, as they not  only improve film ad- 
herence, but  also photovoltaic activity. 

CdSe photoelectrochemical cells.~Employed as a 
photoelectrode in polysulfide, half-cel l  characteristics 
for 1 cm2 CdSe films were measured as a funct ion of 
deposit thickness. Figure  3 shows that  for films on t i-  
t an ium substrates at 67 m W / c m  2 insolation, solar con- 
version efficiency increases l inear ly  with thickness up 
to a thickness of 2.5 microns. The output  voltages 
were typical ly 0.1V higher than voltages observed for 
films prepared by  other techniques, al though voltages 
were highly dependent  on film morphology (see be- 
low). Deposits on stainless steel displayed open-circui t  
voltages ,~0.1V lower than comparable films on t i ta-  
nium, pr imar i ly  as a result  of increased cathodic dark 
current .  Deposits on stainless steel and t i t an ium 
showed lit t le difference in their  short-circuit  photocur-  
rents. The best films to d.ate, possessing an area of 1 
cm 2, displayed a conversion efficiency of 6.8% at 50 
mWAcm 2 insolation on t i t an ium at room temperature.  

Figure  4 shows half-cel l  characteristics for a typical 
1 ¢m 2 electrode as a funct ion of l ight  intensity.  The 
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Fig. 2. Thickness of CBD CdSe film following successive deposi- 
tions with intervening heat-treatments at 500°C. 
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Fig. 3. Effect of film thickness on photoelectrochemical cell 
characteristics of chemical bath deposited CdSe on Ti. Test condi- 
tions: 67 mW/cm ~ tungsten-iodide lamp with KG-2 filter, unstirred 
aqueous polysulfide (1M NaOH, 1M Na~S, 1M S), room tempera- 
ture. 

efficiency increased as the l ight in tensi ty  was reduced 
unt i l  a point was reached where the cathodic dark 
current  proport ionately contr ibuted a large influence. 
Concentrat ion polarization or a l imit ing dissolution 
rate of anodically formed neu t ra l  sulfur  decreased the 
photoanode efficiency at high l ight  intensities.  

Deposit s t ructure and morphology were critical to 
the performance of these films. The powdery films dis- 
play very  high cathodic dark currents  and conse- 
quent ly  low solar conversion efficiencies. One typically 
observed a dark current  of ~5  m A / c m  e for powdery 
deposits as compared to ~1 m A / c m  e for specular de- 
posits at --0.4V vs. Pt/redox.  The difference may arise 
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Fig. 4. Half-cell current-voltage characteristics for a 1 cm 2 CED 
CdSe deposit on Ti as a function of light int~.nsity. Test conditions: 
tungsten-iodide lampwith KG-2 filter, unstirred aqueou ~- poly- 
sulfide, room temperature. 

from the film defects or differences in surface area. 
The observed darl~ current losses represent a catalyzed 
reduction of polysulfide by the CdSe deposit. The re- 
duction is represented by 

2e- + $2 ~- ~ 2S 2- 

The catalysis mechanism is presumably similar to that 
operating at the.surface of the CoS and CuS counter- 
electrodes when the current if flowing in the normal 
direction for generating power (13). When bare Ti sub- 
strafes were measured in place of the photoelectrodes, 
there was only about 0.1 mA/cm~ of dark current. The 
poor catalytic behavior of bare Ti probably explains 
why we observe essentially no detrimental effects 
arising from the presence of pinholes on Ti. The PEC is 
thus more "forgiving" to the effects of pinholes than 
would a solid-state photovoltaic device. 

The use of conducting glass substrates enabled the 
construction of chemically deposited backwall PEC's. 
These PEC's operated by illuminating the semiconduc- 
tor through the transparent substrate material rather 
than from the top. Backwall PEC's possess the ad- 
vantage of allowing the use of stabilizing opaque elec- 
trolytes such as polysulfide/selenide and permits the 
counterelectrode to be placed very close to the semi- 
conductor electrolyte interface. The CdSe backwall 
cells of 4 cm 2 area and ,-~1.5~ film thickness produced 
8 mA/cm 2 short-circuit current and an open-circuit 
voltage of ,--0.4V vs. Pt/redox under 67 mW/cm 2 in- 
solation with polysu]fide electrolyte. The beneficial 
acid etch and zinc treatments were not employed as 
they tended to shear the deposits from the very smooth 
conductive glass. 

The CBD method is useful for homogeneously coat- 
ing large area electrodes with irregular surfaces, as 
might be found in practical photoe]ectrochemical cell 
designs. Preliminary measurements on CBD CdSe/ 
polysulfide cells possessing photoelectrodes of 100 cm 2 
area resulted in measured efficiencies that were about 
half those found for 1 cm 2 electrodes. Losses appear to 
relate to restricted ion flow to some segments of these 

large electrodes, and to the impedance of electrode 
structure itself. The design and scaling of practical 
photoelectrochemical cells will be a subject of a future 
publication. 

Summary 

The procedure of Kainthla and co-workers (9) for 
the chemical bath deposition of CdSe has been modi- 
fied to produce high efficiency photoanodes for photo- 
electrochemical solar cells. These modifications in- 
clude: (i) operation at a lower NI-~OH concentration 
in a sealed cell, to improve morphological reproducibil- 
ity; (ii) employing a Cd(OH)~ substrate coating, to 
promote specular deposits of hexagonal crystal struc- 
ture; (iii) depositing at a higher temperature and with 
excess Na2SeSO3, to improve the deposition rate; and 
(iv) layering successive deposits to achieve practical 
film thicknesses. Using the modified procedures, CdSe 
films on Ti substrates may be routinely produced 
which yield >6% solar conversion efficiencies in pho- 
toelectrochemical cells with a polysulfide electrolyte. 
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Surface and Redox Reactions at GaAs in Various Electrolytes 

S. Menezes* and B. Miller* 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The behavior of n- and p-GaAs at open circuit and under  Controlled potential in various redox electrolytes has been 
investigated by rotating ring-disk electrode vol tammetry  and hydrodynamical ly  modulated disk techniques. These meth- 
ods es tabl ished the reactions at the GaAs surfaces to be one or more of the following: oxidation or reduction of solution 
species, corrosion of GaAs by charge injection from an oxidant, photoanodic corrosion of GaAs, cathodic protection of 
GaAs against  dissolution, and the participation of surface film products  on GaAs in altering the possible reaction paths. In 
six redox systems in acid and base where surface films do not form, the reaction path at both n- and p-GaAs can be well 
correlated with the relative posit ion of solution redox potential  and the bandedges  of GaAs at the given pH per Gerischer 
theory. At intermediate pH, when film formation at the GaAs interface is a competit ive path, further surface oxidation is 
suppressed and hole transfer to a soluble reductant  (Fe+2-EDTA) occurs efficiently, although not expected from potential  
level alone. In the case of GaAs, however, film thickness  cannot be well enough controlled, either over t ime or potential  
range, to be suitable for the demands  of photoelectrochemical  cells. 

Unders tand ing  the processes of  subs t ra te  corrosion 
and charge  t rans fe r  to r edox  species at  the  semicon-  
duc to r -e lec t ro ly te  in terface  is v i ta l  to the appl ica t ion  
of such junctions,  whe the r  they  act as the  photoact ive  
e lement  in  a l i gh t - s t imula t ed  e lec t rochemical  cell or 
a re  being de l ibe ra t e ly  e tched to a pa t te rn .  The par t i a l  
and ex te rna l ly  imposed cur ren ts  account ing for these 
react ions at  the semiconductor  a re  made more  complex 
in appearance  than  those at  meta ls  because  of the rec-  
t i fying na ture  of the  semiconductor - l iqu id  in terface  
and its sens i t iv i ty  to gener~ation of carr iers  in the semi-  
conductor  by  l ight .  

The dissolut ion of n - t y p e  semiconductors  tends to be 
suppressed  in the  dark,  both under  open-c i rcu i t  (o-c)  
and impressed  potent ial ,  because of the  deficiency of 
hole cur ren t  a t t r i bu tab le  to the  exis tence of a forb id-  
den gap. Mass t ransfe r  (MT) control led corrosion, 
however ,  can occur even at  o.c. by  appropr ia t e  oxidiz-  
ing agents  th rough  charge inject ion into the semi-  
conductor  producing  a pa r t i a l  anodic corrosion cur ren t  
(1) or  by  equiva len t  chemica l  steps (2). The o-c  be -  
hav ior  is of particul~ar impor tance  since i t  de te rmines  
the  chemical  s tab i l i ty  of the  semiconductor  in the me-  
dium. In  regenera t ive  photoe lec t rochemica l  cells based 
on n - t y p e  semiconductor  l iquid junct ions  unde r  i l lu-  
minat ion,  i t  is r equ i red  that  the des i red  e~ectrochemi- 
ca]. react ion proceed in the reverse  d i rec t ion  to that  of 
the  hole in ject ion descr ibed above.  Holes are  genera ted  
by  l ight  absorpt ion  in the solid and are  accepted by  
reducing  agents  in solution. Electrons then flow toward  
the back ohmic contact  and cell  countere lec t rode  to 
produce  an ex t e rna l  cur ren t  th rough  a load. 

Both  the  expe r imen ta l  demons t ra t ion  of redox 
charge inject ion resul t ing  in subs t ra te  corrosion and 
the theo ry  for i ts or igin in a charge t ransfer  involving 
the over lap  of  energy  levels  in the  semiconductor  wi th  
avai lab le  states of  the solut ion redox pa i r  were  given 
somet ime ago b y  Gerischer  (1). Exper iments  in the  
case of GaAs de t e rmined  the pa r t i a l  currents  at  the  
semiconductor  in ter face  th rough  the in tegra l  p rocedure  
of pos t - so lu t ion  analysis  a f te r  a l lowing  sample  corro-  
sion under  control led  condit ions (3, 4). The ass ignment  
of valence  or conduct ion band par t ic ipa t ion  in the 
charge  inject ion process wi th  different  redox  couples 
was made  by  comparison of l ight  and d a r k  cu r ren t -  
vol tage character is t ics  (1). 

Re la ted  sys temat ic  s tudies  of the  charge t ransfer  re -  
act ions at  a semiconductor  subs t ra te  wi th  measu re -  
ment  techniques capable  of r ea l - t ime  informat ion such 
as the ro ta t ing  r i ng -d i sk  e lec t rode  (RRDE) began only 
more  recen t ly  (5). Subsequent  studies" have been 
ma in ly  o r ien ted  to moni tor ing  the  compet i t ion under  
i l lumina t ion  be tween  the processes of photocorrosion 
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and hole t ransfer  to reduc ing  agents.  We have  appl ied  
ro ta t ing  disk e lect rode (RDE) and RRDE methodology  
in severa l  forms, including that  of s inusoidal  h y d r o -  
dynamic  modula t ion  (SHM) (7), to sys temat ic  studies 
of semiconductor  o-c  s tab i l i ty  to oxidants,  analogous to 
those done with  meta ls  (6) to y ie ld  pa r t i a l  currents .  
These exper iments  y ie ld  r ea l - t ime  ana ly t ica l  in fo rma-  
t ion combined wi th  an unders tand ing  of the sensi t iv i ty  
of the systems to surface concentrat ions of reac t ive  
species. 

In the  course of such photoelec t rochemical  work  in 
this l abo ra to ry  we have accumula ted  diverse  da ta  on 
GaAs re la t ing  to o-c  da rk  corrosion and the r e l a t ive  
posi t ion of redox potent ia ls  and bandedges.  These m e a -  
surements  have been made on n-  and p - subs t r a t e s  to 
compare  the  influence of both the common chemical  
proper t ies  of the ma te r i a l  and different  charge type 
on the protec t ion  of the  photoconver t ing  surface 
against  dissolution. 

In p r io r  e lect rochemical  s tudies  on GaAs some redox  
pairs  such as Fe (CN )6  - 8 / - 4  have  been cited both as 
da rk  corrodents  and photo hole  acceptors  (3, 8), 
an apparen t  incompat ib i l i ty  only  pa r t i a l l y  resolved 
by  such consider,ations as bandedge  shifts wi th  pH. 
Dominant  here  is the funct ion of surface f i lm ing  in 
k ine t ica l ly  di rect ing the compet i t ion of substa'ate and 
solution species reac t ing  at the photoelec t rodes  (9, 10). 
For  informat ion  on this point  we have also s tudied 
GaAs in media  in which  sur face  oxide films are  a 
compet i t ive  anodic path.  

Experimental 
n-GaAs  (Si doped to 2 • 1011 cm -3) and p - G a A s  

(Cd doped to 2 • 1016 cm - s )  crysta ls  cut  to expose 
( 1 t l )  faces were  fabr ica ted  into RDE's  and RRDE's  
a f te r  ohmic  back  contacts were  applied.  Ring e lec-  
t rodes were  p la t inum.  The e lect rodes  were  no rma l ly  
etched in 1:1 H2SO4: 30% H202 pr ior  to runs.  

Elect rolytes  were  p repa red  wi th  r eagen t  grade 
chemicals  and t r ip ly  dis t i l led '  water .  A n i t rogen a tmo-  
sphere  was main ta ined  for al l  cell  runs. The e lect rode 
faces were  i l lumina ted  by  a 100W tungs ten-ha logen  
l amp  in convent ional  e lect rochemical  cells th rough  
the addi t ion  of bo t tom opt ical  flat windows. Carbon 
rod countere lect rodes  were  used wi th  sa tu ra ted  calo-  
mel  e lectrodes as reference.  Vol tammet r ic  in s t rumen-  
ta t ion  for  the RRDE exper iments  and signal  processing 
electronics for SI-IM methods  have  been descr ibed be-  
fore (11, 12). 

Nominal  RRDE dimensions  were  0.47, 0.52, and 0.63 
cm for the  disk (same for RDE's)  and inner  and ou te r  
r ing  diameters ,  respect ively.  The collection efficiency, 
N, for  this geomet ry  is 0.33 (13). To obta in  the  un -  
shie lded r ing  current ,  ir ~ (defined as that  a t t r ibu tab le  
to ox idan t  or  r educ tan t  flux in the  absence of d isk  
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react ions)  where  the d isk  was reactive,  a lacquer  coat-  
ing was appl ied  to the disk. 

Results and Discussion 
RRDE Monitoring of Corrosion 

The r ing  e lec t rode  moni tors  the  flux of e i ther  p rod-  
uct  (col lect ion) or  of r eac t an t  (shielding)  due to 
redox react ions  at  the disk.  In  the case o~ zero net  
disk current  (de l ibera te  o.c. or the  region in which the 
near  equiva lent  resul ts  f rom diode b lock ing) ,  the  r ing  
can st i l l  de tec t  changes in the flux of r edox  species 
or iginat ing f rom the pa r t i a l  anodic and cathodic disk 
cur ren t  components.  Under  the  zero appl ied  cur ren t  
condition, the  pa r t i a l  currents  mus t  a lgebra ica l ly  
cancel, iaaodir -I- icathodi~ "- 0 at  the disk. The soluble  
products  f rom GaAs i tself  [Ga(III) and As(III) species] 
were  genera l ly  not  found to in te r fe re  wi th  these mea-  
surements  and a r e t h u s  not  fur ther  ment ioned  here,  
The possible control  of d isk  react ions b y  MT of the  
redox  reagents  was inves t iga ted  by  observing ap-  
p ropr ia te  r ing current  changes wi th  ro ta t ion speed, ~. 

n - G a A s  behavior  was examined  in the  fol lowing 
redox electrolytes .  

Fe(CN)6 -3/-4, pH 14.--The Pt  r ing cu r ren t -po ten -  
t ia l  curves wi th  the  open-c i rcu i ted  disk, e i ther  ex-  
posed (i~ e) or  lacquered  (ir~ are  shown in Fig. 1. The 
r ing l imi t ing  cur ren t  regions correspond to Fe (C N )6  -4  
oxidat ion  ( +  sign) at  0.4V and Fe (CN)6  -8 reduct ion 
( - -  sign) at 0.0V vs. SCE. The i r ~  and i r ~ ( + ) ,  and 
ir o ( - - )  and  ir e ( - - )  nomencla tures  are  fol lowed for the 
various redox systems in the subsequent  figures. The 
respect ive  differences be tween  the ir e and ir o t races 
at  the two moni tor ing  potent ia ls  represent  the con- 
sumpt ion  of Fe (CN)6  -3 and format ion  of Fe (C N )6  -4  
from the oxidat ion of the  exposed disk. F u r t h e r  mea -  
surements  a t  constant  r ing potent ials ,  not  shown here,  
ver i fy  that  ir o (-t-),  ir ~ ( -- ), ire ( "$" ), and ir e ( --  ) are  al l  
l inear  with oW,. In  the  absence of bu lk  Fe (CN )6  -4, 
i r  ~ (-t-) is zero. For  given ro ta t ion  speeds at  these l imi t -  
ing currents ,  the data  show [ir ~  ~ ir e ( - ) ]  "-- 
[ir ~ ( -[- ) --  ir e (-~-) ]. These differences are  also found 
equal  to the  product  of N and the disk l imit ing cur ren t  
for Fe(CN)6 -3 reduction.  The l a t t e r  is e i ther  separa te ly  
de te rmined  at  a meta l  electrode,  or  f rom Fig. 2. 

The more  genera l  exper imen t  is the  control led  disk 
potent ia l  scan shown in Fig. 2, wi th  the r ing  detec t ing  
F e ( C N )  6 -4 and F e ( C N )  6 -8 l imi t ing  currents,  as de -  
fined above. Three  disk si tuat ions are  considered; id o 
(no cu r r en t  flow, disk l acquered) ,  and ia e (dark)  and 
ia '  (hv) corresponding,  respect ively ,  to exposed disk 
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Fig. 2. Disk potential (Ed) scans at 10 mV/sec in 5 mM 
Fe(CN).6 - 4  -t- 5 mM Fe(CN)6 - ~  -}- 1M KOH with n-GaAs disk 
lacquered, id ~ (zero current line), or exposed, id e, indicated on plot 
as to in light (hz,) or dark. Corresponding ring traces, i r~  and 
i r e ( ~ )  at Er(-t-) ~- 0.4V; i r ~  and / re ( - - )  at E r ( - - )  ~ 0V. 

~ 1600 rpm. Both ir e traces same in light and dark. 

in the  d a r k  and light.  The r ing  cur ren t  responses for  
exposed disk scans in the da rk  or l ight  a re  found 
ident ica l  and thus are  given only by  the single traces 
ir e ( + )  and ir e ( - ) .  At  potent ia ls  posi t ive of the  r e -  
duct ion wave  at  the disk,  /r e ( + )  and ire ( - - )  do not  
r ever t  to the unshie lded levels ir~ -)  and i t ~  as 
would be  observed at an all  noble  meta l  RRDE under  
pa ra l l e l  conditions, bu t  continue to detect  Fe  (CN) 6-8 
reduct ion  by  the disk at  an unchanged level.  Thus the 
da rk  cathodic cur ren t  component  at  o.c. must  be 
compensated  by an equal  ano.dic cur ren t  component.  

I l lumina t ion  resul ts  in a nega t ive  shi f t  of the po-  
ten t ia l  and an anod ic  photocur ren t  control led  by  l ight  
flux. None of this is recognized by  the r ing processes 
which remain  unchanged f rom da rk  to l ight.  An MT 
l imi ted  disk reduct ion of Fe (CN)6  -8 must  st i l l  p ro -  
ceed even when  the  disk is photocorroding.  This re -  
duct ion current ,  detected by  the ring, has st i l l  to be 
compensated  b y  an equiva len t  anodic cu r r en t  resu l t -  
ing f rom hole injection.  Both of these  components  a lge-  
b ra ica l ly  cancel  in the ex te rna l ly  measured  disk photo-  
cur ren t  which is l ight - f lux  l imited.  Thus the ne t  disk 
current  observed posit ive of the o-c  potent ia l  (--1.15V) 
is the  sum of pa r t i a l  currents  of the  coupled cathodic 
reduc t ion-anodic  oxidat ion  hole inject ion process 
(adding  to zero) and tha t  a t t r ibu tab le  to e lec t ron-  

hole pa i r  genera t ion  by  photon absorption.  No pa r t  
of  the anodic cur ren t  can be going to Fe  (CN)6 -4  oxi-  
dat ion since i t  would  be observed  as a r ing  flux change. 
Thus the  holes in jec ted  by  the Fe  (CN)6 -8 and by  l ight  
exci ta t ion  must  both  lead  to the  dissolution of the 
GaAs surface. 

Ce +4/+s, pH 0 . - -The  behavior  of n - G a A s  in this  
redox system in acid solut ion is not  shown because  
it is ident ical  in al l  respects  to that  seen in the  cor-  
responding  exper iments  of Fig. 1 and 2, except  only  
that  the poten t ia l  scale shifts posi t ive  by  nea r ly  a 
vol t  f rom that  observed in Fe  (CN)6 - s / - 4 ,  pH 14 elec-  
t rolyte .  

Fe+3/+~, pH 0. - - In  this sys tem the behavior  of GaAs 
is different  from that  above and is shown in Fig. 3 
for an exper imen t  carr ied  out  as tha t  in Fig. 2. The 
d isk  cur ren t  traces,  id e (dark)  and id e (hv), are, how-  
ever, not  in essence different  f rom those of Fig.  2, 
except  that  due to a lower  i l lumina t ion  level ,  anodic 
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Fig. 3. Potential scans as in Fig, 2 at n-GaAs disk exposed (/d e) 
to 5 mM Fe +2 4- 5 mM Fe +3 4- 1M H2S04 in light and dark. 
Ring traces, ire(-+-) at Er(4-) = 1.0V and / r e ( - )  at Er(--)  = 
--0.2V. 

dissolut ion cur ren t  is l ight  l imi ted  at  posi t ive  po ten-  
tials. The r ing  curves /r e (4-) and i r e ( - ) ,  at Er of 1.0 
and --0.3V vs. SCE, respect ively,  moni tor  the fluxes 
of Fe  +2 and Fe +3, but  in contras t  to Fig. 2, ire(-{-) and 
i r e ( - )  are  not  constant  throughout .  In  the region for  
which  ia is zero or  anodic in Fig. 3, these t races coin- 
cide w i th  those of the  constant  values of ir ~ (not  in-  
d icated)  measured  wi th  a lacquered  disk. The differ- 
ence be tween  the two p la teau  levels wi th in  each r ing  
t race  is in agreement  wi th  N t imes the  id e l imi t ing 
cathodic cur ren t  in the --0.6V vs. SCE region. F rom 
these observat ions  i t  m a y  be concluded for the  da rk  
case tha t  Fe +2 is p roduced  only b y  ex te rna l  current ,  
i.e., hole inject ion by  Fe  +~ is min ima l  and corrosion 
of n - G a A s  at  o.c. is cor respondingly  low. 

The photocurrent ,  id e (hv) does not genera te  a 
change in r ing  response over  tha t  in the da rk  case. 
Thus Fe  +2 is not  pho to-ox id ized  at n - G a A s  in this 
med ium and the  pho togenera ted  holes a r e  al l  in -  
volved in n - G a A s  dissolution,  wi th in  r ing  de tec tab i l i ty  
l imits .  

Fe(CN)6 -s/-4,  pH 0.- -RRDE curves in  this  sys tem 
were  analogous to those shown in Fig. 3, not ing also 
tha t  the  redox  potent ia ls  of the  two e lect rolytes  are  
essent ia l ly  identical .  There  is a c lear  opera t iona l  differ-  
ence, however ,  in tha t  the  reduct ion wave  could only  
be observed  at  a f reshly  etched disk and d i sappeared  
on cycling. A p robab le  exp lana t ion  is tha t  the  smal l  
amount  of ex te rna l  anodic disk cur ren t  in the b lockage  
direction,  or  the anodic component  of charge inject ion 
at  levels  not  de tec tab le  to r ing  e lec t rode  accuracy,  
forms a film, insoluble  in acids, which  inhibi ts  re -  
duct ion of Fe (CN)6  -8 at  the  potent ia ls  observed  at  a 
clean surface. The addi t ion of Fe (CN)6  -4 to Ga+a 
dissolved in 1M H2SO4 produces  a green prec ip i ta te  
(which dissolves in a lka l ine  solu t ion) .  Except  for  the 
effects a t t r i bu ted  to the e lec t rode  filming by  a specific 
anion effect, the conclusions re la t ing  to on ly  a low level  
of o-c  corrosion would be ident ica l  to those of the  
Fe+S-pH 0 case. 

I-I~, pH 0 . - -For  this redox  sys tem with  a po ten t ia l  
less than  200 mV nega t ive  of the  acid Fe  +8/+2 and 
F e ( C N ) 6  - ~ / - 4  couples, the  character is t ics  found for 
n - G a A s  disk electrodes resembled  those of Fig. 3. 

p-GaAs.~The above combinat ions  of redox  systems 
and RRDE exper imen t s  were  r epea ted  wi th  p - G a A s  

as a d isk  electrode.  Two represen ta t ive  s i tuat ions  were  
encountered,  as in  the  case of n -GaAs.  

Fe(CN)8 -~/-4, pH 14.--Ring shie lding and collection 
exper iments  wi th  p -GaAs ,  which  m a y  be d i r ec t ly  com- 
pa red  to those in Fig. 2 wi th  n-GaAs,  are shown in 
Fig. 4. The p - t y p e  semiconductor  crys ta l  used in these 
exper iments  was much more  res is t ive  in the da rk  than  
the n - G a A s  analog. The appa ren t  res is tance decreased 
on i l lumina t ion  but  the slopes and definit ion of the E-{ 
character is t ics  were  lower  than  wi th  the n - t y p e  ma te -  
r ia l  and resul t  in a widening  of the poten t ia l  scale. 
Nevertheless ,  the flux changes identif ied b y  the r ing  
were  as seen in Fig. 2; constant  values  for /re(~ - and 
--) and ir ~ ( +  and - - )  across the poten t ia l  scan, inde-  
pendent  of i l luminat ion  level.  Cathodic cur ren t  for 
Fe (CN )6  -~ reduct ion  at  the  d isk  is low in the da rk  
(b locking di rec t ion  for  p - t y p e  e lec t rodes)  and in-  
creases to an MT-cont ro l led  level  on sufficient i l lumi-  
nation. The fo rward  or  anodic dissolution curve is 
s teepened cons iderably  by  the photoconduct ive,  r a the r  
than the photovoltaic ,  effect of l ight.  

The lack  of effect on r ing cur ren t  when  the i l lumi-  
na ted  disk is passing a net  cathodic cur ren t  impl ies  tha t  
dissolution of p - G a A s  is suppressed  in the l ight  
[Fe(CN)6  -3 is reduced by  ex te rna l  current]  and oc- 
curs in the da rk  (hole in jec t ion) .  The r ing moni tors  an 
MT-cont ro l led  reduct ion of Fe (CN)6  -~ at the  disk in 
al l  cases so tha t  the sum of these two modes o f  
Fe (CN)~  -3 reduct ion  is a constant .  Posi t ive  of o-c  
potent ia l  dissolution processes at  the p - t y p e  disk are  
independent  of i l lumina t ion  e~rcept for  va ry ing  po ten-  
t ia l  sensi t iv i ty  t raceable  ma in ly  to the  aforement ioned 
resis t ive effects. The conclusions are  thus pa ra l l e l  to 
those observed at  i l lumina ted  n -GaAs ,  including no 
evidence of  F e ( C N ) 8  -4  oxida t ion  de tec table  in the 
r ing  traces.  

Fe +s/+2, pH &--The  p - G a A s  d isk  cur ren t  curve id(hv) 
and r ing  responses shown in Fig. 5 d isp lay  the  same 
overa l l  character is t ics  as the  n - t y p e  analogy in Fig. 
3. The r ing currents  are consistent  wi th  cathodic 
reduct ion  of Fe  +3 at  the i l lumina ted  disk and no oxi-  
dat ion of Fe  +2 at the disk for  any  case. The r ing cur-  
rents  r ema in  the same throughout  the disk scan in the  
da rk  when  the reduct ion of Fe  +3 a t t r ibu tab le  to photo-  
cathodic cur ren t  is blocked.  The r ing  currents  for disk 
potent ia ls  posit ive of 0V vs. SCE are  at the  same level  
seen when the disk is lacquered.  
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Fig. 5. Experiment of Fig. 3 at p-GaAs RRDE. Dashed lines re.p- 
resent changes in ring and disk currents when light is intercepted. 

p - G a A s  behavior  in the  o the r  redox  systems falls  
into one of the  two categories  shown in Fig. 4 and 5, 
keeping the same grouping  as found for n -GaAs.  

SHM Application 
The sens i t iv i ty  of GaAs reac-tions to MT o~ redox  re -  

agents was also inves t iga ted  by  means of the response 
of the  disk cur ren t  to SHM. The results  for the semi-  
conductor  a re  compared  to those for  the superf icial ly  
analogous case of an Fe  disk in an F e + a / H  + solut ion 
to re la te  charge inject ion processes to classical  me ta l  
(14) behavior .  

The response of n - G a A s  to SHM in a lka l ine  
Fe (CN)6  -8 for da rk  and l ight  condit ions is shown in 
Fig. 6. Only the  reduct ion  of Fe (CN)6  -8 b y  ex te rna l  
current ,  in e i ther  l ight  or  dark,  produces  the theoret ica l  
SHM cur ren t  p la teau  wi th  ~i = (A~V2/~Y2)i d re la t ion 
for an MT l imi ted  disk current .  Nei ther  the reduct ion  
of suppor t ing  e lec t ro ly te  (He evolut ion)  at  < --1.7V 
nor  the  semiconductor  l igh t - s t imula ted  oxidat ion  have  
any dependence  on MT. Al though  the r ing  currents  in 

0.6 

E 

rY 
O 

- 0 . 6  

0 h v ~  "~- 

ii]I/ 

- -I 0 
POTENTIAL, V vs SCE 

Fig. 6. Average disk current (solid lines) and modulated com- 
ponent normalized to average disk current level (dashed lines) af  
n-GaAs in 10 mM Fe(CN)6 -~  + 1M KOH. ~ = 1600 rpm, ~wl/~ 

2 rpm 1/~, and modulation frequency ~ 2 Hz. 
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the previous  f igures  show the pa r t i a l  cur ren ts  to be 
to ta l ly  MT control led in the  b locking region (Ea posi -  
t ive of --0.SV vs. SCE),  the in te rna l  cancel la t ion of cell 
cur ren t  impl ic i t  in the  hole in ject ion process e l iminates  
the  MT effect on the .disk response. This s i tuat ion corre-  
sponds to essent ia l ly  galvanosta t ic  control  ( thus no 
SHM outpu t ) ,  even though the ex te rna l  potent ia l  is 
~pparen t ly  being exper imentaJ ly  regula ted .  This s i tua-  
t ion has been e lsewhere  e labora ted  upon in the  context  
of photoe lec t rochemica l  cells (15). 

The SHM exper imen t  in Fig. 7 para l le l s  the  corre-  
sponding curves in Fig. 6. Reduct ion of Fe +S by  ex -  
t e rna l  cur ren t  at  the  semiconductor  is the only  MT 
sensi t ive process occurring.  Disk da ta  alone do not  
d iscr iminate  be tween  the two contras t ing si tuat ions 
given by  Fig. 2-3 and Fig. 4-5 pai rs  for  n -  and p - m a t e -  
rials,  respect ively.  Ring moni tor ing  of mass flux chem- 
ical changes is necessary  to d is t inguish  the  different  
behaviors  of each charge  type.  

The behavior  of an Fe  disk in an F e + L a c i d  solut ion 
(16); as shown in Fig. 8, is an analog of the  Fig. 2 and 
4 semiconduc to r /ox idan t  si tuations.  SHM and conven-  
t ional  cur ren t  response to Fe  dissolution in acid is first 
examined  in the  region of o-c po ten t ia l  wi th  no Fe +3 
present .  The SHM response is nil  over  the ent i re  region 
f rom H2 evolut ion at  the  disk, H + + e --> H2, to an-  
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Fig. 7. SHM experiment of Fig. 6 but in 10 mM Fe +3 + 1M 
H2SO4. 
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odic disk dissolution, Fe -* Fe ( I I )  + 2e. Fe anodic 
dissolution is kinet ical ly  i r reversible  (Tafel) ,  depen-  
dent  on ly  on potent ia l  and not  at all on the surface 
concentrat ion of Fe +2 in  this region of free (no film) 
dissolution. The H + reduct ion by externa l  current  has 
no ~ .dependence (ni l  SHM current)  because of both 
the high H + concentrat ion and the i r reversibi l i ty  of 
the process (7 and references there in) .  

When Fe +s is present  the conventional  trace in  Fig. 8 
shows the MT controlled reduct ion of Fe+~, Fe+3 4- e 
--> Fe +2, added to the other two processes above. The 
SHM trace, however,  responds throughout  the range of 
the scan at the theoretical level  to the MT controlled 
Fe+S reduct ion (seen in  the total disk current  cathodic 
step),  even when the net  disk current  is dist inctly 
anodic. (The o-c potential  is about a volt negative of 
the Fe +a + e -- Fe +2 potential.)  Most impor tant  for 
discussion per  the GaAs exper iments  is the fact, that, 
i n  contrast  to the semiconductor case (Fig. 6), modu-  
lated current  response to the par t ia l  cathodic Current 
for the reduct ion of Fe +3 continues unchanged dur ing 
metal  dissolution. 

For  the metal  case the part ial  anodic and cathodic 
components have independent  characteristics as a 
funct ion of potent ia l  (14) and the net  disk current  
wil l  vary  with speed because of its cathodic, MT con-  
trolled component.  In  the case of the semiconductor the 
process of charge inject ion dissolution is a coupled one. 
The part ial  anodic dissolution cur ren t  cannot flow in  
the dark at any  given potent ial  without  the exactly 
compensating part ial  cathodic current  of Fe +8 reduc- 
tion. Thus the sensit ivi ty to SHM vanishes because of 
the complete coupling of the par t ia l  currents  and their 
algebraic cancelation. Yet, as seen clearly from the 
r ing  data, o-c corrosion rates are proport ional  to ~,w 
as expected for MT control. 

Thus, for the semiconductor,  an SHM current  re- 
sponse in  the regions of active substrate  dissolution, 
but  zero .external current,  will  not  exist, in  contradis-  
t inct ion to the superficially similar  case of a corroding 
metal  under  MT controlled oxidant  reaction. Ring cur- 
rents  which moni tor  the actual  mass loss will  respond 
to rotat ion speed variat ion in both instances. SHM re- 
sponse may occur at the semiconductor under  applied 
potent ia l  when the external  current  is both in the for- 
ward direction of the diode (cathodic at n - type)  and 
sensitive to surface concentrat ions of some electroac- 
rive species, as in Fig. 6 and 7. Anodic dissolution of the 
semiconductor by  photon s t imulated processes does not  
have an SHM response for the same kinetic reasons 
( i rreversibi l i ty)  as in the Fe case. 

Influence of Inferfacial Films 

The RRDE results in the various pH 0 and 14 solu- 
tions above showed no detectable efficiency for oxida- 
t ion of the reducing member  of any  of the redox 
couples invest igated with ei ther  n -  or p-GaAs, in the 
dark or light. Between these two extremes of pH, 
varying  degrees of efficiency for hole t ransfer  to 
Fe (CN)s  -4 (8) and Fe( I I )  EDTA (9) have been re-  
ported. Since the F e ( I I ) - E D T A  couple is more stable 
with t ime than Fe (CN)6 -4, par t icular ly  in white light 
(17), we have investigated the potential  and time de-  
pendence of these processes at the n -GaAs  RRDE in 
different buffered solutions of EDTA. 

The traces in Fig. 9 show the effects of successive 
additions of EDTA and Fe +~/+2 redox couple on the 
vo l tammet ry  of an i l luminated  n-GaAs disk in pH ,~ 0 
solution, id (1) represents the photodissolution current  
in  1M HClO4 alone, finally l imited only by light level. 
/d(2) shows the effect of saturat ing the solution with 
EDTA which is to produce a passive t ransi t ion (peak) 
in the anodic current .  On addit ion of 0.1M Fe +2 con- 
ta in ing a much lower concentrat ion of Fe +8 from air 
contact, trace /d(3) shows a cathodic Fe +8 reduction 
v~ave and an anodic photocurrent  s imilar  to that  seen 
in  the case of Fig. 3. The corresponding r ing curve, 
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Fig. 9. Disk potential scans at illuminated n-GaAs RRDE at pH N 
0. id(1) in 1M HCIO4; id(2) in saturated EDTA 4- 1M HCIO4; 
id(3) in 0.1M total Fe +3/+2 4- saturated EDTA 4- 1M HCIO4 
with it(3) at Er = --0.2V. Effect of light blocking shown on id(3) 
trace. Plateau levels for ir(3) same in light and dark. Scan rate 
10 mV/sec. Rotation speed = 1600 rpm. 

/r(3),  moni tor ing Fe +3 flux, defects the Fe +a reduct ion 
but  no evidence of Fe +2 oxidation by the disk as i t(3) 
traces are identical  in the dark (no anodie disk cur-  
rent)  and light. 

The same series of experiments  available at higher 
EDTA concentrat ion in a pH 2 buffer are shown in Fig. 
i0. The disk curves are roughly  similar in shape but  
r ing response (collection of Fe +3) definitely increases 
from dark to i l luminated  conditions, indicat ing propor-  
t ionate photo-oxidat ion of Fe +2 by the disk. The col- 
lection efficiency for this process is, however,  lower 
than that  observed for the cathodic disk reaction which 
is close to theory. Thus the anodic disk process at pH 
2 involves both surface and solution reactions. 

Figure 11 shows that GaAs passivates in pH 5 buffer, 
curve ia(1), in the absence of EDTA, and gives even 
lower currents  again with EDTA, curve id(2). In the 
presence of the redox couple, however, the collection 
efficiencies for both photo-oxidat ion of Fe +2 and dark 
reduct ion of Fe +8 are identical and close to theory. 
But, as seen in the scan to more positive potentials (or 
in,deed by holding the potential  constant  in the region 
of ini t ial  Fe +2 oxidation currents) ,  both id (3) and Jr(3) 
decline to the dark level. GaAs is stabilized against  
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Fig. 10. Experiment of Fig. 9 but with 0.1M EDTA 4- 0.5M 
Na2SO4 4- 0.5M NaHSO4 pH 2 buffer replacing 1M HCIO4 4- 
saturated EDTA. 
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5 -0.3 cannot  compete  for holes wi th  the subs t ra te  dissolut ion 
. . . . . .  " \  DARK reaction. The tendency  to film format ion  is s t rong ly  

\x '~  . . . . . . . . . . . . . . . . . . . . .  ~;-'~---0.6 accentuated  by  the react ion of Ga +3 products  wi th  
4 h u \ \ ~  ir I3) / /  EDTA under  the condit ions shown. (Note this is p a r a l -  

/ < lel  to the behavior  descr ibed above  for Fe (CN)6  - u - S  
\ / -0.9 e in acid solution where  an insoluble  produc t  could be 

5 \ I 
\ \ , ,  / / ~ , , / /  z~ exlSected.) The na ture  of the  film formed in the pros-  

,,, once of a complexing agent  of K = 10 ~0 format ion  
~: 2 / ~ - ~ "  ,, - I .2  ~ constant,  as for (soluble)  Ga-EDTA,  is not  known from 

o this work,  only  its vo l t ammet r ic  consequences. 
:~ I \ z 
~L~~ id (3~,/ " -~ Conclus ions 

lay ~'d O) \ \ , ,  Vol t ammet ry  at  the  GaAs interface and the unde r ly -  
/ ~i='~-~_~ "-~_ ing chemis t ry  can be analyzed in terms of t he  fo l low- 

0 I ._......~..#l~.(2i~T:'..-:-~.":..-:'~';-.-:~-..'~'.-~r,-~ . . . . ~ " - ~  / /  DARK ing possible react ions:  (i) reduct ion  of an oxidant ,  (ii) 
/ ox ida t ion  of a reductant ,  (iii) surface  passivat ion,  (iv) 

i I , subs t ra te  dissolution by  ex t e rna l  current ,  and (v) sub-  
-I.2 -0.8 -0.4 o s t ra te  dissolution by  hole in ject ion f rom an oxidant .  

DISK POTENTIAL. V vs SCE These react ions  may  be coupled or consecutive. F rom 
the various systems surveyed  by  the RRDE four  cate-  

Fi~. 11. Experiment of Fig. 10 at pH 5, in 0.SM HOAc -Jr- 0 .5M gories emerge,  each charac ter ized  by  a specific corn- 
NaOAc. Er(3)=--0 . iV.  b ina t ion  of react ions (i) to (v) .  They are  discussed 

wi th  reference  to Fig. 13 where  the redox couples are  
photocorrosion to a low level  in this solut ion by  the p laced with  respect  to the conduction and valence 
format ion  of a passive, p ro techve  film, in i t ia l ly  thin bandedges  of GaAs at  the respect ive  pH values  for 
enough to sustain a redox  reaction. The film thickens which they were  examined  here. The resul ts  for S o - 2 /  
as a funct ion of t ime or  po ten t ia l  and eventua l ly  in-  S e z  2 are cited f rom a previous  RRDE and SHM s tudy  
hibits  both corrosion and redox reactions,  by  us (20). 

As pH increased the t r end  to achieving a nea r ly  theo-  A. In redox  e lec t ro ly tes  wi th  poten t ia l  sufficiently 
retical ,  if t ransi tory ,  collection efficiency tends to re -  negat ive  of the  valence band and  adequate  kinetics,  the 
verse  and N decreases  to the negl igible  level  exhib i ted  redox react ions (i and ii) can compete  against  GaAs 
in.Fig.  9, in ve ry  a lka l ine  solutions. This t rend  is shown corrosion react ions (ill-v).  This ca tegory  is exemplif ied 
in Fig. 12 in the plot  of the  m a x i m u m  normal ized col- by  the S.e-2/Sex -2 red  ox couple. The n -GaAs  junct ion 

with  that  e lect rolyte  is the basis of an efficient regen-  lection efficiency of the pho to -ox ida t ion  of F e ( I I ) -  
EDTA as a funct ion of pH. This plot  is in genera l  era t ive  solar  ceil (21). 
ag reement  wi th  the t rend  of resul ts  shown by Frese  B. In the Fe ( I I ) -EDTA,  pH 5 sys tem redox react ions 
et al. (9) for F e ( E D T A )  or  c i t ra te  complexes and the  (i and ii) are  concurrent  wi th  film format ion  (iii). 
ear l ie r  work  of Memming (8) wi th  Fe (CN)6  -4. These C. In  this group of redox couples located posi t ive of 
methods involved chopped l ight  schemes a n d / o r  in i -  midgap,  anodic dissolution (iv) at potent ia ls  posi t ive 
t ia l ly  cleaned surfaces to obta in  max ima l  response at  of o.c. is observed.  The ox idan t  can undergo reduct ion 
the ring. The scans here  and the decay  with  t ime (ii) at GaAs at potent ia ls  negat ive  of o.c. 
c lear ly  indicate  that  n - G a A s  in these media  could not  D. With  these redox  couples ly ing  at  potent ials  posi-  
l ike ly  be the basis of s t eady - s t a t e  regenera t ive  cells, five of valence band, corrosion predomina tes  at  po-  
Our  ear l ie r  work,  compar ing  porous  d isp lacement  tent ia ls  both  posi t ive of o.c. (iv) and at o.c. (v) .  Oxi-  
p la ted  gold wi th  nea r ly  homogenous electrodeposi ts  on dant  reduct ion  by  ex te rna l  cur ren t  (i) .occurs at  
n -GaAs  surfaces in pH 5 Fe (CN)6  -4, indicates  (17, 18) n -GaAs  and i l lumina ted  p - G a A s  at  potent ia ls  negat ive  
that  protec t ion  (19) in this manne r  is not  pe rmanen t  of o.c., where  both are s table as long as sufficient 
e i ther  and tha t  g rowth  of oxide films wil l  even tua l ly  cathodic protect ion is mainta ined.  
inhib i t  cur ren t  t ransfer .  We conclude tha t  in the  in te r -  
media te  pH region, the GaAs surface is modified by  
the format ion  of an insoluble  film that ,  when suffi- CONDUCTION 

BAND 
cient ly  thin, can st~pport efficient pho to -ox ida t ion  of , / / / / / / / / , , , / / / •  

the  reduced solut ion species. Slow th ickening  of the 
film wil l  quench charge t ransfer  through it  to low T 

0.2V rates.  In  s t rong acids and bases alone, films do not  _t  
no rma l ly  p l ay  a role  since the  anodic react ions of GaAs 
y ie ld  soluble products  and solution oxida t ion  react ion 
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Fig. 12. Plot of normalized collection efficiency for n-GaAs RRDE 

as a function of solution pH. N measured as the ratio of the dif- 
ferences between light and dark values of 4(3) and id(3) near the Fig. 13. Redox potentials correlated to the levels of the: GoAs 
plateau of ring collection for scans as in Fig. 9-11. bandedges for the respective ,oH values of the given redox couple. 
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The interfacial chemistry at both conduction types 
of the semiconductor in the various electrolytes is con- 
sistently similar, as expected. Observed differences arise 
from the photon-generated flux of minority carriers 
and the accompanying increased photoconductivity. 
Photo-oxidation has always to compete with corrosion 
at an n-type crystal, whereas photoreduction at a 
p-type crystal can shield its surface against degrada- 
tion, even in category D-type situations. These results 
on n- and p-substrates illustrate both the overriding in- 
fluence of the common chemical properties and the 
recognized advantages of constructing photoelectro- 
chemical cells with photocathodes. In these cases the 
possible photocathodic corrosion of GaAs (to Ga ~ 
ASH3) does not seem a significant factor in the pres- 
ence of any of the oxidants. 

The energy band diagram in Fig. 13 provides a useful 
reference frame from which the search for a given 
semiconductor-electrolyte pair for solar cell applica- 
tion can be started. It is, however,not  always possible 
to foresee category B from Fig. 13. Interposition of a 
film distinguishes the type B junction from type C 
with which it overlaps. The practicality of type B 
junctions depends on the optimization of the interfa- 
cial layer thickness and the nature of the products. In 
spite of the fact that the c~rcumstances can be adjusted 
to achieve close to 100% current efficiency for a given 
photo-oxidation on a film, in the GaAs systems it ap- 
pears from our results tl~at this situation will be ex- 
tremely difficult to sustain effectively against passiva- 
lion over a period of time. 
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Hydrocarbon-Oxygen Mixture as a Resist Etching Gas with Highly 
Anisotropic Etching Feature 

H. Namatsu, Y. Ozaki, and K. Hirata 
Nippon Telegraph and Telephone Public Corporation, Musashino Electrical Communication Laboratory, Musashino-shi, 

Tokyo, 180 Japan 

Multilevel resist schemes are a promising approach 
for providing high resolution patterns on stepped and 
highly reflective substrate surfaces, such as are typ- 
ically encountered in LSI fabrication processes (1-2). 
In the multilevel process, the pattern formed on a top 
resist is transferred to a thick bottom resist with or 
without an inorganic, intermediate, masking layer. 
The bottom resist is usually patterned by reactive ion 
etching (RIE) in pure oxygen plasma. To obtain fine 
patterns with submicron accuracy, it is necessary to 
realize anisotropic etching of the thick bottom resist. 
The authors have already reported that the undercut- 

Key words: resists, etching, polymerization. 

ting decreases markedly with etching performed at 
low oxygen pressure, and a low substrate temperature 
(3). This paper describes a novel anisotropic resist 
etching approach using hydrocarbon-oxygen mixtures 
as an etching gas. With this approach, substrate cooling 
is not necessary. 

Experimental 
Samples were prepared as follows. A 1.3 ~m thick 

photoresist AZ-1370 layer was spun on a silicon wafer. 
It was baked at 200~ for 1 hr in a nitrogen atmo- 
sphere. Then, an SiO2 intermediate layer was deposited 
by an ion beam sputtering technique to a 0.4 ~m thick- 
ness. A 0.5 ~ n  thick photoresist AZ-1350 layer was 
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used as a top resist. After patterning the top resist, the 
SiO2 was reactive ion-etched in CF4 + H2 plasma (4). 
Etching of the bottom resist was accomplished in a 
conventional RIE apparatus. The sample was set on a 
465 mm diameter carbon electrode, which was con- 
nected to a 13.56 MHz rf generator. The distance be- 
tween the carbon electrode and counterelectrode was 
65 ram. The temperature rise during etching was at 
least 100~ 

Hydrocarbons employed in the present experiments 
were methane (CHD, ethane (C2H6), ethene (C~H4), 
and ethyne (C~H2). The rf power density, total gas flow 
rate, and pressure were kept at 0.06 W/cm 2, 15 sccm, 
and 3.3 Pa, respectively. 

Results 
Figure 1 shows the dependence of undercutting on 

gas composition. Undercutting (A) is normalized to 
etching depth (B). Etching depth was kept at 60-70% 
of initial thickness. As is seen, the A/B ratio value was 
above 0.1 in pure oxygen plasma. It decreased gradu- 
ally as the hydrocarbon fraction increased, except in 
the case of methane, where A/B was reduced by only 
a factor of 2 at a 40% hydrocarbon content. Methane 
mixing was not efficient in reducing the undercutting. 

Figure 2 shows the dependence of the vertical etch- 
ing rate on the gas composition. Hydrocarbon addition 
caused the etching rate to decrease linearly. This can 
be understood as the result of an oxygen content de- 
crease in the mixed gas of a fixed flow rate, the con- 
sumption of the active oxygen radical(O) due to the 
following oxidation reaction in the plasma C=Hy + (O) 
-* CO2, H20, and the possible formation of a polymer-  

0.20 

0,15 
o 

'- 0.10 

<{ 
0.05 

. -0- CH4 
C2H6 

-O- C2H4 
ResistT~ ' -El- C2H2 

0 10 20  30 40 50 

% CxHu in CxH Y + 02 

Fig. 1. Undercutting as a function of hydrocarbon content in hy- 
drocarbon-oxygen mixtures. 

ized film on the etched resist surface, as is discussed 
below. 

The relationship between etching time and under- 
cutting is shown in Fig. 3. The etching gas was 33% 
ethene/67% oxygen. Etching time was normalized to 
the time when resist was just removed completely. In 
an oxygen plasma, the undercutting increases l inearly 
with increased etching time. In an ethene-oxygen 
plasma, on the other hand, undercutting does not in- 
crease at all. Rather, it decreases and disappears under 
prolonged over-etching. This indicates that the use of 
a hydrocarbon-oxygen plasma is extremely suitable 
for the providing of accurate anisotropic submicron 
mult i layer  resist patterns. 

The reason for the hydrocarbon mixing effect on the 
reduction of undercutting was examined next. First, a 
resist pat tern with about 0.2 ~m undercutting under 
an SiO2 mask was prepared in oxygen plasma. Figure 
4(a) shows an SEM photograph of the resist pat tern 
thus formed. Next, the pattern was etched in a 33% 
ethene/67% oxygen plasma. Figures 4(b) and (c) 
show SEM photographs of the patterns etched for 45 
and 90 min, respectively. Films were observed at 
these patterns'  sidewalls. The film thickness increased 
as the etching time increased. These films seemed to 
be plasma polymerized films synthesized by the 
ethene-oxygen plasma process. The unique etching be- 
havior sho.wn in Fig. 3 can easily be understood from 
the results shown in this figure. 

Similar experiments were performed on a silicon 
substrate. First, the silicon pattern was formed with 
an undercutting under an SiO~ mask. The pat tern was 
then exposed to 33% ethene/67% oxygen plasma. No 
plasma polymerized film was observed on the silicon 
sidewall. This was differing from the case for the re- 
sist sidewall. Such a result  indicates that the plasma 
polymerized film formed tends to be deposited on the 
organic underlayer surface. 

Figures 5(a) and (b), respectively, show patterns 
after 60% removal of the bottom layer, and with 50% 
overetching using a 33% ethene/67% oxygen plasma. 
As can be seen in Fig. 5 (a), plasma polymerized film 
was also observed as splotchy patches on the fiat etched 
organic surface. However, this film was removed by 
prolonged overetching, and remains only at the side- 
wall, as can be seen in Fig. 5 (b). 

These results are interpreted as follows. On a flat 
etched surface, the etching rate is faster than  the po- 
lymerization rate, because ions having large kinetic 
energy enhance the etching reaction, perhaps by sput- 
tering the plasma polymerized film. On a sidewall, on 
the other hand, incidence of high energy ions is pre-  
vented by the SiO2 mask. Consequently, the polymer- 
ization rate  becomes faster than the etching rate (5-7). 

._ 1000-  -O- CH4 
I::: % ~ C2H6 

-0- C2H4 
, <  C2H2 

500 

.E 

.u_ 0 I , ~ I I i 
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Rg. 2. Vertical etching rate as a function of hydrocarbon con- 
tent in hydrocarbon-oxygen mixture. 
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Fig. 3. Undercutting as a function of normalized etching time 
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Fig. 4. SEM photographs of re- 
sist patterns with 0.4 ~m thick 
Si02 mask (a) before etching~ 
(b) after etching for 45 rain, and 
(c) after etching for 90 rain in a 
33% ethene/67% oxygen plas- 
ITICl. 

Similar experiments were performed on ethane and 
ethyne, and essentially the same results as those shown 
in Fig. 3-5 were obtained. Methane provided inferior 
results, probably because of its slow methane polymer- 
ization rate (8). 

Conclusions 
Based on these results, it is concluded that the use of 

hydrocarbon-oxygen plasma is very effective in achiev- 
ing a steep profiled resist pattern showing no under- 
cutting during multilevel RIE processing. This appears 
to be due to the fact that the hydrocarbon forms a po- 
lymerized film at the resist pattern sidewall. 

Fig. 5. SEM photographs of patterns after (a) 60% removal, and 
(b) 50% overetching. A 33 ethene/67% oxygen plasma was em- 
ployed. 
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Porous Perovskite Electrode as Molten Carbonate Cathode 

Kevin Scott,* M. P. Kang,* and Jack Winnick 
Georgia Institute of TechnoLogy, AtLanta, Georgia 30332 

The standard cathode in molten carbonate 
fuel cells is porous Ni0, formed from sintered 
Ni powder, reinforced with Ni screen and oxi- 
dized in-situ. Long-term degradation and 
economic considerations have stimulated the 
search for alternative materials. 

The perovskite-type compounds 
LnI_xMxM'O3(Ln = lanthanoid element, M = alka- 
line earth element, M' = transition metal ele- 
ment) have been shown (i) to be satisfactory 
in both polarization characteristics and sta- 
bility under working conditions as oxygen 
electrode materials. We have tested the per- 
formance of a partially sintered 
La 0 8Srn ~Co0^ electrode in a molten carbonate 
C02"con~tra~or cell. The perovskite powder 
was prepared by decomposing the metal acetates 
and oxidizing in air. This powder was then 
mixed with methylcellulose to form a mixture 
approximately 95% by weight perovskite. This 
was then cold-pressed at i0,000 psia and 
sintered in air for 4 hours at i150~ to form 
a 1.5 mm thick disc conductive at 25~ and 
with good mechanical strength. 

Figure 1 shows an electron micrograph of 
the final electrode material. For comparison, 
a section of a Ni0 electrode is shown in 
Figure 2, The Ni0 electrode was prepared by 
using a section of Ni electrode material sup- 
plied by Gould, Inc. It was not pre-lithiated 
and was oxidized in-situ. BET specific 
surface analysis indicated 0.9~ 0.i m2/g for 
the perovskite and 0.5+ 0.i m2/g for the NiO. 

The perovskite discs were used as both 
electrodes in a simple cell with 7.92 cm 2 
superficial electrode area as shown by Win- 
nick (3,4). The electrolyte tile, donated by 
General Electric Corporation, was of the 62/38 
Li-K carbonate eutectic hot-pressed with 45 
weight percent LiAI02. The reference elec- 
trode, as shown by ref. 4, was a gold flag 
bathed in 30% CO2, 70% air. 

All polarizations were run at 600~ with 

two cathode gas compositions: 0.5% CO 2 in 
air and 1.0% CO 2 in air. These are gas compo- 
sitions appropriate to tests of the molten 

carbonate COp concentrator for application to 
manned spaceSraft (2,3~4). The anode was 
swept with nitrogen at 80 cc/min, 

The IR-free polarizations are shown in 
Figures 3 and 4, The data are compared with 
those taken under identical conditions with 
Ni0 electrodes. The Ni0 and perovskite data 
at each gas composition were combined, first 
in the low polarization region to estimate 
the exchange current density, i ~ (superficial 
area basis): 

i = di RT 
o dq 2F 

Linear regression produced i o values of 
32 ma/cm 2 and 21 ma/cm 2 at 0.5 and 1.0% CO 2 
on a superficial area basis. The exchange 
currents, based on the BET areas, are shown 
in Table i. 

2 
Table i: Exchange Current Densities,ma/cm xl~ 

Perovskite Nickel Oxide 

0.5% CO 2 ii. ! 4. 21. ! 8. 

1.0% CO 2 6. ~ 2. 15. i 7. 

The values for the Ni0 are approximately an 
order of magnitude lower than those found 
recently by Kunz (5). However, while the 
surface areas compare well, that study was 
performed at 650~ with 67% CO 2 and 33% 02 . 

The intermediate-range data were fit 
with the Butler-Volmer equation in the Allen- 
Hickling form: 

Zn i/[exp(2Fq/RT)-l] = in i - ~__nF/RT 
O 

with i set with the low-polarization values. 
The transfer coefficients, a, obtained from 
linear regression were 0.59 and 0.73 for the 

*Electrochemical Society Active Member. 
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0.5 and 1.0% CO 2 data as shown in Figure 5. 
The scatter in the data precludes any conclu- 
sion other than that they are consistent with 
an a of 0.6, as found earlier in a more com- 
prehensive study using NiO. The difference in 
exchange current densities between the 0.5 
and 1.0% CO 2 gases is also not considered 
significant. 

At high current densities at higher gas 
flow rates mass transfer effects become 
appreciable. Here, in Figure 4, the perov- 
skite cathode is seen to be somewhat inferior 
to the Ni0. We presume this to be due to 
mass transfer resistance in our crudely-~rmed 
material. 

Figure 3 shows that at the lower gas ~ow 
rate 100% CO 2 utilization is obtained at a 
much lower current density, 21 ma/cm 2. At 
these lower current densities, the mass trans- 
fer characteristics of the perovskite elec- 
trode appear equivalent to those of the Ni0. 

The most significant finding is the cor- 
respondence between the perovskite and Ni0 
kinetic performance. Other features equally 
important for commerciaielectrode materials 
e.g., life, cost, were beyond the scope of 
this preliminary study. However, our results 
indicate perovskite materials are attractive 
candidates for such further assessment. 

Fig. 1. Scanning elect~on microGraph of 
perovskite electrode. 
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Thermodynamic Considerations in the Crystal Growth of Yttrium 
Oxide by the Chemical Transport Reaction 

Koichi Matsumoto, Tsuneaki Kawanishi, and Katsuki Takagi 
Research Institute of Electronics, Shizuoka University, Johoku, Hamamatsu 432, Japan 

and Shoji Kaneko 
Department of Industrial Chemistry, Faculty of Engineering, Shizuoka University, Johoku, Hamamatsu 432, Japan 

A chemical transport method which 
has been used as a kind of crystal 
growth techniques is applicable even to 
nonvolatile or dissociative compounds, 
because they react with transporting 
agents (mainly halogens or halides) 
changing to volatile substances. Also, 
it can be employed to advantage for the 
reason of a simple apparatus and proce- 
dure. However, the chemical transport 
of oxides where the equilibrium rele- 
vant to the transport reaction is apt 
to lie far away in either side of the 
system is often difficult. In such a 
case the chemical transport may be car- 
ried out if any reductant is used to- 
gether with a halogen or a halide and 
then the equilibrium condition becomes 
adequate (i). 

Yttrium oxide (Y203) has been used 
as receptacles of Na lamps, and as 
phosphors for color tubes and lumines- 
cent lamps with high color rendering. 
Its application to infrared-visible 
converters or to laser matrix has also 
been investigated (2,3). The crystal 
growth of Y203 has mostly been carried 
out by means of a fusion method (4). A 
largely complicated apparatus is re- 
quired in the method, as the melting 
point of the compound is so high(2440~ 
Henee we attempted the crystal growth 
of Y203 by the chemical transport meth- 
od. Small needle crystals of Y203 were 
grown at relatively low temperatures by 
using simultaneously bromine and carbon 
monoxide as transporting agents, on 
which thermodynamic considerations were 
performed in detail. 

EXPERIMENTAL 

The chemical transport was carried 
out by heating a fused silica ampoule 
of ~12 mm in inner diameter and ~190 mm 
in length (~20 cm 3 volume) containing 

Key words: yttrium oxide, crystal growth, 
chemical transport method, thermodynamics. 

Y203 powder (Dai Nippon Painting Co., 
Ltd., luminescence pure) in an eleu~tric 
furnace with two separated zones. Bro- 
mine as a transporting agent was filled 
in the ampoule by slow heating of fro- 
zen bromine after evacuation. Carbon 
monoxide as a reductant was introduced 
to the ampoule by heating of a mixture 
of Calcium carbonate and zinc at 750~ 

RESULTS AND DISCUSSION 

The chemical transport of Y203 was 
attempted by using bromine as a trans- 
porting agent first. In this case the 
equilibrium relevant to the reaction is 
assumed to be Eq. [i]. 

Y203(s) + 3Br 2(g) 

2YBr 3(g) + 3/2 02(g) [1] 

In practice, however, any reaction did 
not occur. 

Thermodynamic data required to 
discuss this situation are listed in 
Table I. The values given in ref. (3) 
were adopted for Y203(s), Br2(g), and 
02(g). The values of YBrB(g) which 
were not found in any reference were 
estimated as follows. For the standard 
enthalpy of formation of YBr3(s), the 
arithmetic mean value -193 kcal/mol be- 
tween -239.0 kcal/mol of YCl3(s) and 
-149.4 kcal/mol of YI3(s) (6) was a- 
dopted. According to the estimation 
methods described in ref. (5) with var- 
ious values of YBr 3 (melting point 
904~ enthalpy of fusion 9 kcal/mol, 
boiling point 1470~ and enthalpy of 
evaporation 44 kcal/mol) (7), -126 
kcal/mol was obtained as the standard 
enthalpy of formation hH~298 of YBr3(g) , 
86.3 cal/K'mol as the standard entropy 
s~298 for the molecular weight 329, and 
18 cal/K-mol as the heat capacity ~p 
due to the case of nonlinear gaseous 
molecule of four atoms. The standard 
free energy change from left to right 
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Table I. Thermodynamic data relevant to the chemical transport of Y203 

AH} S ~ - 
298 C 298 p 

(kcal/mol) (cal/K'mol) (cal/K'mol) 

Y203(s) -455.4• 23.7• 

Br2(g) 7.39• 58.64~D.05 

YBr3(g) -126 * 86.3* 

O2(g) 0 49.0• 

CO(g) -26.42• 47.22• 

C02(g) -94.05• 51.07• 

29.60+I.20xI0-3T-4.78• 

8.93+0.11x10-3T-0.51x105T-2 

18" 

7.16+l.0x10"3T-0.40x10ST-2 

6.79+0.98xI0-3T-0.11xI05T -2 

10.55+2.16x10"3T-2.04x105T -2 

* Estimated by the procedure described in the text. 

in the reaction [i] is given by means 
of Eq. [2] which was determined by us- 
ing these values. 

AG~[I] = 184000 + 23.0TlogT- II4T [2] 

The temperature dependence of the equi- 
librium constant (K[I]=exp{-AG~[I]/RT}) 
is shown by curve [i] in Fig. i. Under 
the present conditions logK takes large 
negative value, and it is therefore 
presumed that the reaction scarecely 
occurs. The experimental results a- 
greed well with this presumption. 

For the optimum transport logK 
should be near zero, or the extreme 
value must be avoided. This can be 
done, for instance, if one choose car- 
bon monoxide as a reductant jointly 
with bromine. Then the equilibrium 
relevant to the transport reaction is 
assumed to be Eq. [3]. 

Y203(s) + 3Br2(g) + 3CO(g) 

++ 2YBr 3 (g) + 3C0 2(g) [3] 

The additional data necessary to the 
thermodynamic discussion are also given 
in Table I. The standard free energy 
change from left to right in the reac- 
tion [3] is given by means of Eq. [4]. 

(..9 

0 

0 

" -40  

[a] 

-2O 

[1] 

- 6 0  

400 800 1200 
TEMPERATURE [~ 

Fig. i. Temperature dependence of the equi- 
librium constant in the following equations: 
[i] Y203(s)+3Br2(g) ~ 2YBr3 (g) +3/2 02 (g) and 
[3] Y203 (s) +3Br 2 (g) +3CO (g) # 2YBr 3 (g) +3CO 2 (g). 
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AG$[3]= -19600 + 16.1TlogT- 31.4T [4] 

The temperature dependence of the equi- 
librium constant K[3] is shown by 
curve [3] in Fig. i. The equilibrium 
condition is now considered to be opti- 
mum for the small absolute value of 
K[3], although the transport rate is 
presumed to be low on account of the 
small temperature dependence. 

An experiment based on these con- 
siderations caused the transport of 
Y203 to occur, and then small needle 
crystals were obtained (Fig. 2). The 
conditions were as follows: bromine 3 
atm, CO 3 atm (at i130~ source zone 
I160~ growth zone II00~ 13 days. 

It is summarized that the crystal 
growth of Y203 by the chemical trans- 
port method was unsuccessful by using 
bromine alone as a transporting agent, 
but was successful by using simultane- 
ously bromine and carbon monoxide, be- 
ing in agreement with the thermodynam- 
ic considerations. 

REFERENCES 

i. K. Matsumoto, S. Kaneko, and K. 
Takagi, J. Cryst. Growth, 40, 291 
(1977). 

2. C. Greskovich and J. P. Chernoch, J. 
Appl. Phys., 45, 4495 (1974). 

3. H. Tsuiki, T. Masumoto, K. Kitazawa, 
and K. Fueki, Jpn. J. Appl. Phys., 
21, 1017 (1982). 

4. ~. Tsuiki, K. Kitazawa, T. Masumoto, 
K. shiroki, and K. Fueki, J. Cryst. 
Growth, 49, 71 (1980). 

5. O. Kubaschewski and C. B. Alcock, 
"Metallurgical Thermochemistry, 5th 
Edition," Pergamon, Oxford (1979). 

6. "NBS Technical Note 270-5," U.S. 
Government Printing Office, Washing- 
ton, D.C. (1971). 

7. "Comprehensive Inorganic Chemistry, 
Vol. 3," J. C. Bailar, Jr. et al., 
Editors, Pergamon, Oxford (1973). 

Fig. 2. Needle crystals grown. 

Manuscript received Sept. 24, 1982. 

Publication costs of this article were 
assisted by Shizuoka University. 



J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

E L E C T R O C H E M I C A L  S C I E N C E  
- - - -  A N D  T E C H N O L O G Y  

MARCH 

1983 

Ion Clustering and Proton Transport in Nafion Membranes and Its 
Applications as Solid Polymer Electrolyte 

Richard S. Yeo* 
Pinnacle Research Institute, Cupertino, California 95014 

ABSTRACT 

The concentrations of fixed ion in Nation | membranes  have been calculated based on both the homogeneous model  
and the ion cluster model  while the concentrations of co-ion were calculated from the Donnan expression. The experimen- 
tal results on the concentrations of co-ion reveal that the ions in this material do form clusters and the membrane  also exhib- 
its a strong Donnan exclusion effect. The ionic mobil i t ies obtained from the conductivity and diffusivity studies are in fairly 
good agreement.  Strong acidity coupled with high proton mobil i ty in this membrane  provide an important  solid polymer 
electrolyte for a variety of electrochemical applications. The impact  of polymer morphology on cell performance is also 
discussed. 

In te res t  in  perf luorosulfonic  acid (Nation@) has in-  
creased cons iderab ly  in recen t  years  (1-23) and  i t  has 
been  an impor tan t  subjec t  in m a n y  recent  scientific 
meet ings  (24-30) because of i ts indus t r ia l  impor tance ,  
especia l ly  in e lec t ro ly t ic  processes. Because of the i r  
exce l len t  chemical  s tab i l i ty  and high conduct ivi ty ,  
Nation membranes  find appl icat ions  in ch lo r -a lka l i  
cells (10), wa te r  e lec t ro lyzers  (4, 12, 13), hyd rogen-  
a i r  fuel  cells (12), hyd rogen -ha logen  cells (2, 3), zinc- 
b romine  cells (11), a n d  Donnan d ia lyzers  (19). 

Nation belongs to a class of ma te r i a l s  known as 
ion-conta in ing  po lymers  (31). Al though a significant 
number  of s tudies have been unde r t aken  on the ion-  
containing po lymers  to date, the state and s t ruc ture  
of the  ion aggregat ion,  and  the  modifications which  
occur on hydra t ion  are  genera l ly  not known  quant i -  
ta t ively ,  even though they  m a y  have m a j o r  importance.  
The reasons for the  lack  of  unders tand ing  of the 
mic ros t ruc tu re  of ion-conta in ing  po lymers  l ie in the i r  
complexi ty .  One series of studies (1, 15, 32-36) pos tu-  
la tes  the  _e~stence of sizable regions,  of dimensions 
of ca. 50A, in which the  ions are  c lus tered (37), the 
most  d i rec t  evidence coming f rom smal l  angle  x - r a y  
scat ter ing.  Ano the r  group (38-40) suggests tha t  the 
ions a re  d ispersed throughout  the  sample  in a v e r y  
low state of aggregat ion,  i.e., ei ther  as ion pairs  or  
ion quartets .  The evidence in suppor t  of these smal l  
ionic groups was der ived  f rom dynamic  mechanical  
da ta  (38), nuc lea r  magnet ic  resonance da ta  (39), and 
viscosirty measurement s  (40). 

Ion c luster  phenomena  in Nation were  first ind i -  
ca ted by  Yeo and Eisenberg  based on smal l  angle  
x - r a y  sca t ter ing  and the rmo- rheo log ica l  da ta  (1). 
Many  recent  s tudies  (5, 7, 9, 14-17) have  also a r r ived  
at the same conclusion that  the ions are  clustered.  
This ion cluster  morpho logy  of  Nation accounts for its 
m a n y  unusua l  proper t ies ,  such as the rmo- rheo log ica l  
complex i ty  (1), dual  cohesive ene rgy  densit ies  (5),  
and pe rco la t ive  ion t r anspor t  (14). 

Extens ive  studies have been  made  on the t r anspor t  
of the a lka l i  ions (9, 10, 14), e spec ia l ly  the  sodium 
ion, in Nation membranes  because of the i r  wide ap-  
p l ica t ion  in the  rchlor-alkali  indust ry .  In  contrast ,  

* Electrochemical  Soc ie ty  Act ive  Member.  
Key words:  electrolyte, polymers, separators ,  transport,  

the re  have been few studies on t r anspor t  p roper t ies  
of Nation in acidic e lect rolytes  (2, 3, 7, 11). 

In  this s tudy  an a t t empt  is made  to br idge  the gap 
be tween the basic po lyme r  science concerning the 
micros t ruc ture  of this perf luor inated  ionomer  and the 
e lec t rochemical  c r i te r ia  de te rmin ing  the per formance  
character is t ics  of this po lymer  for  var ious  e lec t ro-  
chemical  applicat ions.  This research  is a imed at in-  
vest igat ing the role the ion cluster ing of the  po lymer  
p lays  in cell  performance.  The resul ts  of this s tudy 
m a y  provide  some direct ion for the  fu ture  deve lop-  
ment  of high per fo rmance  membrane  cells in indus t r ia l  
e lec t ro ly t ic  or  separa t ion  processes. Final ly ,  this  paper  
serves the purpose  of demons t ra t ing  the use of a 
"s imple" e lec t ro ly te  sorpt ion technique in inves t igat ing 
the myster ious  ion cluster ing phenomena  in ionomers.  

Experimental 
Membrane materials.--Measurements were made on 

Nation membranes ,  ob ta ined  f rom du Pont,  that  had  an 
equiva lent  weight  of 1200 and a thickness  of 0.025 
cm. Equiva len t  weight  (EW) is defined as the weight  
of acid po lymer  that  wi l l  neut ra l ize  one equiva len t  
of base. EW is equal  to the rec iprocal  of ion exchange  
capaci ty  ( IEC).  The rece ived  ma te r i a l  absorbs ca. 17 
weight  percent  (w /o )  wa te r  when  immersed  in water .  
These samples  are  assigned as normal  (N) form. The 
wa te r  up take  of the  ma te r i a l  increases  to ca. 30 w/o  
When boi led in wa te r  for  more  than  30 min  and these 
samples a re  deno ted  as expanded  (E) form. The m e m -  
b rane  wi l l  cont inue to hold that  same amount  of 
wa te r  at  room tempera ture ,  unless the effect is de-  
s t royed by  d ry ing  at e levated  t empera tu res  (22). 

Electrolyte concentration in membranes.--The equi-  
l ib r ium e lec t ro ly te  content  of the m e m b r a n e  was 
de te rmined  by  a method  prev ious ly  descr ibed (3). 
Also, the  membrane ,  on reaching equi l ib r ium in the  
electrolyte ,  was removed,  surface dried,  and then 
thorough ly  leached wi th  water .  The ex t rac t  was t i -  
t r a t ed  for acid content .  The concentra t ion of co-ion 
in the membrane  was ca lcula ted  from the e lec t ro ly te  
content  and the amount  of acid leached out of the 
membrane .  

Electrolyte difJusion in membranes.--A dry film 
sample  was immersed  in  the  e lec t ro ly te  in a cons tant -  
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t empera tu re  bath.  Af te r  a cer ta in  t ime period,  the 
sample  was removed  f rom the electrolyte ,  surface dried,  
and the weight  gain (Mt) was determined.  The same 
sample  was then replaced  in the ba th  at the same 
t empera tu re  for  a second t ime period, and  the weight  
was redetermined.  The procedure  was repea ted  unt i l  
there  was no fur ther  weight  gain; the  total  weight  
gain is re fe r red  to as the equi l ibr ium sorpt ion M| Al l  
the weighing procedures  were  done in less than 10 sec. 

Membrane conductivity.--The m e m b r a n e  conduct ivi-  
ties were  measured  in a Teflon cell descr ibed else-  
where  (7). The electrodes were  bonded onto the mem-  
brane  surface by  a hot  press ing method.  The electrodes 
were  connected to an a-c  br idge  (Gen Rad 1658 RLC 
Digibr idge) .  Measurements  were  made  at 1 kHz. 

Results and Discussion 
The sulfonic acid groups of Nation membranes  are  

h igh ly  ionized in water .  The proton of these groups 
is a mobile,  rep laceable  ion (so-cal led counter ion)  
whi le  the  sulfonate  group is fixed into or  re ta ined  by  
the po lymer ic  ma t r i x  (so-cal led  fixed ion).  The anions. 
wi th  charge s imi lar  to the fixed ions, are  called co-ions. 

Concentration of fixed ion.--Homogeneous mode l . -  
If one assumes low, or  no, ion aggregat ion  in  the 
membrane ,  then the membrane  is regar~ded as a micro-  
scopical ly homogeneous medium. The amount  of ionic 
groups is given by  IEC whereas  the volume that  the 
ionic groups represen t  is equal  to the whole  volume of 
the wet membrane ,  V0. V0 can be es t imated from the 
weight  and the dens i ty  of the wet  membrane .  The 
concentra t ion of fixed ion (in te rm of mo l / l i t e r )  can 
be given by 

IEC 1000 
C f  = 1 0 0 0  X - -  - -  - -  x d 0  [1] 

Vo EW 

where  do is the dens i ty  of the  wet  membrane ,  which 
can e i ther  be es t imated  f rom the expression given 
e lsewhere  (23) or  by  d i rec t  measurements .  
Ion cluster model.--In this model,  two basic types  of 
ionic aggregates  a re  pos tu la ted  (37) : small  aggregates  
consist ing of a few ion pairs  t e rmed mul t ip le t s  and 
la rger  aggregates  t e rmed  ion clusters.  The s t ructure  
of Nation membrane  can be b road ly  des'cribed as tha t  
of a mic rophase - separa ted  sys tem in which a ma t r ix  
of low ion content  (due to mul t ip le ts )  is in te rspersed  
with  ion- r ich  domains  (ion c lus ters ) .  Pa r t  of the 
wa te r  contained wi thin  the membrane  is associated 
with  the sulfonic acid groups; pa r t  in teracts  wi th  the 
organic m a t r i x  (17, 18, 20); whi le  st i l l  gnother  pa r t  
forms wa te r  clusters (16). Roche ,et al. (16) has p ro -  
posed a two-phase  model  in which the ion clusters 
a re  considered as a hydrophi l i c  phase  whereas  the  
organic  m a t r i x  is the  hydrophobic  phase.  

The amount  of ionic groups wi th in  the hydrophi l ic  
phase  (ion clusters)  is equal  to IEC • fi where  fi is 
the  fract ion of ionic groups in the  ion clusters. The 
volume of the i on  c luster  is given by  Vw X f~, where  
Vw is the vo lume of e lec t ro ly te  absorbed by  the mem-  
brane  and fw is the  fract ion of e lec t ro ly te  in the  ion 
clusters. Vw can be ca lcula ted  f rom the e lec t ro ly te  
up take  of the membrane .  

If  one assumes tha t  the concentra t ion of fixed ion 
in the hydrophi l i c  p h a s e  can represen t  that  of the  
whole  membrane ,  that  concentra t ion can be given by  

- -  I E C f i _  lO00de ( '~ -w)  
c, = lOOO x Vw iv, ~w i---~ x [2] 

where  fe and de are  the  weight  f ract ion and dens i ty  
of the  e lec t ro ly te  absorbed  by  the membrane ,  respec-  
t ively.  

Al though the s t ruc ture  of Nation m e m b r a n e  h a s  

been character ized,  the  evaluat ion of fi and f~ values  
seems qui te  difficult because of the  l imi ta t ion  of ava i l -  
able  research  tools. In  addit ion,  these values change 
with  the p reh i s to ry  of the  m e m b r a n e  and the  env i ron-  

ment  the m e m b r a n e  encounters.  Roche et al. (16) have 
made  a rough es t imat ion of fi and fw for Nafion-Na 
by  using a small  angle  neu t ron  sca t ter ing  technique.  
They found that  fi and fw are  >40% and >76%, re -  
spectively,  for  N- fo rm samples  whereas  the values 
are  >60% and >84%, respect ively,  for  E - fo rm sam-  
ples. Fa lk  also es t imates  that  about  three  quar ters  of 
the  wate r  is in the  ion cluster  based on in f ra red  data  
(18). Therefore,  the value  of fi p robab ly  var ies  be-  
tween 0.4 .and 1.0 whereas  the  value of fw var ies  in 
the range  of 0.76-1.0. Accordingly ,  the rat io of fi/fw 
varies  be tween 0.4 and 1.32. I t  is ve ry  l ike ly  that  fi/f~ 

1 because of the hydrophi l ic  na tu re  of the ionic 
groups. Since no per fec t ly  sat isfactory values  of fi and 
fw can be used, it  is assumed that  fi/fw --  1 for the 
sake of s impl ic i ty  in calculation. The e r ror  in this as- 
sumption,  to a reasonable  approximat ion ,  may  be 
mi t iga ted  by  the  expe r imen ta l  e r ror  in de te rmin ing  
the value of re. Moreover,  Gierke  (15) has assumed 
that  both fi and  fw are  equal  to 1 in the es t imat ion of 
the size of ion clusters.  

The wate r  up take  of Nation for various EW has been 
repor ted  prev ious ly  (22). F igure  1 shows the cal-  
culated concentra t ion  of fixed ions for Nation of va r i -  
ous EW in equ i l ib r ium wi th  water .  For  the  case of no 
ion aggregat ion,  the concentra t ion of fixed ion de-  
creases wi th  increas ing EW due to less ionic groups 
present  in the sample  while  V0 varies  ve ry  l i t t le  wi th  
EW. In contras t  to the homogeneous  model,  the con- 
cent ra t ion  of  fixed ion increases wi th  EW if  the ion 
cluster ing concept is adopted,  because Vw is far  smal ler  
than V0. Thus, the decrease of ionic groups with  in-  
creasing EW is less significant in comparison with  
the  decrease of  Vw, which in tu rn  is re la ted  to the  
wa te r  uptake.  Ano the r  impor t an t  f ea tu re  is tha t  
m e m b r a n e  p r e t r e a tme n t  has a s trong effect on the 
concentrat ion of fixed ion, especial ly  in the case of 
ion clustering.  The concentra t ion of fixed ions is 
h igher  for N - f o r m  samples  than  for  E - fo rm samples  
since wa te r  up take  increases by  boi l ing the sample  in 
water .  I t  is expected that  the concentra t ion of fixed 
ion could fur ther  increase  by  d ry ing  the membrane  at  
e levated t empera tu res  p r io r  to the  soaking in wa te r  
(3). 

I t  is impor t an t  to note tha t  the ma te r i a l  should ex-  
h}bit a ve ry  s t rong acidic behavior  in wa te r  when ion 
cluster ing occurs. As can be seen f rom Fig. 1, the  
concentrat ion of fixed ion for Nation of 1200 EW in 
E - fo rm is equivalent  to 13 w/o  sulfuric  acid and it is 
in good agreement  wi th  the value of 10 w/o  sulfuric 
acid repor ted  by  LaCont i  et al. (41). Recently,  an ap-  
pa ren t  PKa < 1 for Nation of 1150 EW has been ob-  
served, suggest ing a s t rong acidic behavior  in this 
ma te r i a l  (10). 
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Fig. I .  Calculated concentration of fixed ion for Nation of vari- 
ous EW in equilibrium with water at 25~ N-form, --- E- 
form. 
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The electrolyte uptake of Nation in various elec- 
trolytes has been reported previously (3, 22, 42). 
Figure 2 shows the dependence of concentration of 
fixed ion on HC1 concentration for Nation of 1200 EW. 
As ion clustering occurs the concentration of fixed ion 
increases drastically with electrolyte concentration. 

Concentration of co-ions.--The equilibrium of this 
ion exchange membrane with a uni-univalent salt in a 
solution of concentration C is given by the Donnan 
expression 

C~ = C,(Cn + CD (~I~)~ [3] 

where Cf and Cn are the concentrations of fixed ion 
and co-ion, respectively. 7 and 7-are the activity co- 
efficients in the external and membrane phase, re- 
spectively. 

Figure 3 indicates a plot of C, vs. C for N-form 
Nation in HC1 electrolyte. The solid curves are cal- 
culated by Eq. [3] based on Cf given in Fig. 2 and on 
the basis that the activity coefficient ratio in Eq. [3] 
is unity. For estimation of co-ion concentration, this 
assumption seems useful as the agreement with the 
experimental data is reasonable. Besides, the same 
assumption has also been employed successfully in 
many membrane systems which differ considerably 
in structure (43, 44). The dashed line is for the case 
in. which there is no Donnan exclusion effect for the 
membrane ( ~  ---- 0). A similar plot for E-form Nation 
in HBr electrolyte is given in Fig. 4. 

The data strongly support the suggestion that Nation 
possesses ion-cluster morphology and is not a homo- 
geneous medium. Furthermore, the materials exhibit a 
Donnan exclusion effect, which decreases significantly 
when the material is boiled, primarily due to the 
lower concentration of fixed ion, resulting from dilu- 
tion by absorbed water. An extremely high Donnan 
exclusion effect in Nation has also been found for the 
case of NaOH electrolyte (45). 

Conductivity of hydrated membrane.--Figure 5 rep- 
resents the membrane conductivity of Nation in water 
as a function of water content (in terms of H~O/SO3-). 
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Fig. 2. Calculated concentration of fixed ion for Nation of 1200 
EW in various HCI electrolyte at 25~ . N-form, --- E-form. 
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Fig. 3. Concentration of co-ion for N-form Nation of 1200 EW in 
equilibrium with various HCI electrolytes at 25~ Dashed curve, 
no Donnan effect; solid curves, calculated from Eq. [3].  
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Fig. 4. Concentration of co-ion for E-form Nation of i200 EW in 
equilibrium with various HBr electrolytes at 25~ Dashed curve, no 
Donnan effect; solid curves, calculated from Eq. [3].  

Due to the strong acidity of the sulfonic acid groups 
(as shown by the dashed curve), the membrane is 
highly conductive to protons. The solid curve is cal- 
culated from the following equation 

-- A~e (I -- 0) z'~ [4] 

where 8 is the volume fraction of polymer and Ke is 
considered as the conductivity of sulfuric acid with 
concentration equal to that of the sulfonic acid group 
of the ion-clustered membrane. The pre-cxponential 
factor A~-- - 0.54 is observed. This factor could be 
ascribed to both the physical shape of the conductivity 
cell as well as the deviations from the assumption 
made on Ke. 

It has been reported (2, 3) that the conductivity of 
Nation in concentrated acid electrolytes is one order 
of magnitude smaller than the electrolyte conductivity. 
However, the membrane conductivity is higher than 
the electrolyte conductivity in the case of very dilute 
electrolytes or nonaqueous solvents (7, 46) because 
the intrinsic conductivity (42) of the membrane be- 
comes important. 
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Fig. 5. Membrane conductivity of Nation 1200 EW with various 
water content at 25~ Solid curve, calculated from Eq. [4];  
dashed curve, concentration of fixed ions as a function of water 
content; dotted curve, the conductivity of sulfuric acid with con- 

centration equal to Cf. 

Hsu et al. (14) r epor ted  tha t  the membrane  conduc-  
t iv i ty  of Nation in a lka l ine  e lec t ro ly te  exhibi ts  ion 
percola t ive  behavior  and  can be given by  

K -- Ke (I -- 0 -- ~)*.s [5] 

where ~ is the threshold volume fraction of the aque- 
ous phase and Ke iS the electrolyte conductivity. There 
is an (ionic) insulator-to-conductor transition in 
Nation around r Based on the percolation theory, @ 
is 0.15 whereas the experimental value of 0.I0 for 
Nation in NaOH electrolyte is observed. 
In order to explore the relationship between the 

membrane conductivity and the volume fraction of 
the p o l y m e r  phase,  the  conduct iv i ty  results  on o ther  
systems are  of interest .  The conduct iv i ty  of com- 
posite mate r ia l s  can be re la ted  to the volume frac-  
t ion of nonconduct ing par t ic les  by  the fol lowing 
equat ion 

= Ke (1 - -  O)" [6 ]  

where  n is an empir ica l  exponent ,  which Archie  (47) 
found to be appl icable  to unconsol idated  sand (n --  
t .3) and sandstones (n ---- 1.8-2.0). 

Equat ion [6] becomes the w e l l - k n o w n  Bruggemann  
equat ion (48) if n = 1.5. Tobias et al. (49) have  shown 
tha t  the  Bruggemann  equat ion can be used to descr ibe  
the conduct iv i ty  of  r andom dispersions of spher ica l  
insula tors  wi th  a large  size range  of spheres,  such as 
occurs in gas -e lec t ro ly te  emulsions.  More recent ly ,  
Hino et al. (50) have repor ted  tha t  the superficial  
conduct iv i ty  of the  NaOH solut ion containing gas 
bubbles  also agreed  wel l  wi th  the  Bruggemann  equa-  
tion. 

There  is a s t rong s imi la r i ty  be tween  these different  
systems. The re la t ionship  be tween  the conduct iv i ty  
and the vo lume fract ion of nonconduct ing media  can 
be ve ry  wel l  descr ibed by  different  forms of the  
Bruggemann  equation.  

The Bruggemann  equat ion was der ived  wi th  the 
assumpt ion  that  the  nonconduct ing par t ic les  a re  
spher ica l ly  shaped. I t  is genera l ly  not appl icable ,  pa r -  

t i cu la r ly  not  if the par t ic les  a re  g rea t ly  e longated  or 
when they  contain cavities. 

The conduct iv i ty  of membranes  wi th  var ious  wa te r  
content  and at  var ious  t empera tu res  has been  mea -  
sured. F igure  6 shows a plot  of log ~ vs. 1/T. The 
behavior  is of the  Ar rhen ius  type,  the act ivat ion en-  
e rgy  for  conduct ion is 2.25 kca l /mol ,  smal le r  than 
tha t  for  the case of HC1 elect rolytes  (2). 

Sorption of HCI by Nation membrane.--For short  
times, the amount  of e lec t ro ly te  Mt absorbed  by  the 
po lymer  film in t ime t is given by  the fol lowing equa-  
t ion (51) 

Mt 4 ( D r ) ' / ,  [ 1 

M-q = -5-  

+ 2 ( - 1 ) " i e r f e  ~ [7] 
,=0 2 (Dt) Y, 

whe re  D is the  diffusion coefficient, I is the thickness  
of the  sheet, n is a posi t ive integer,  and ierfc X ---- 
(1/='/2) exp  ( _ X e )  --  X erfc X, where  erfc X is 1 - 
erf  X, erf  being the e r ror  function. 

F igure  7 shows the typica l  sorp t ion  curves for  va r i -  
ous HC1 concentrat ions.  The l inea r i ty  of the plots 
be low Mt/M| _-- 0.5 suggests that  the diffusion is 
F ick ian  and tha t  a constant  diffusion coefficient is 
operative�9 The values  of D were  calcula ted f rom the 
ini t ia l  slope of the plots, i.e., by  set t ing t the second 
te rm in the  bracke t  equal  to zero (52, 53). 

F igure  8 shows a plot  of log D as a funct ion of HC1 
concentrat ion.  I t  is c lear  that  the diffusion of HC1 
e lec t ro ly te  in Nation is fast. Fo r  d i lu te  e lectrolytes ,  
i t  is one order  of magni tude  sma l l e r  than  the se l f -  
diffusion of HC1. 

Ion mobility in Nation membrane.--Ion mobi l i ty  
can genera l ly  be calculated from conduct iv i ty  and 
diffusivi ty data.  The resul ts  of these calculat ions are  
summar ized  in Table  I. The conduct iv i ty  test mea -  
sures the sum of proton mobi l i ty  and co-ion ( O H -  
and C1- )  mobil i ty .  On .the o ther  hand, the ion mobi l -  
i ty  obtained from the diffusivi ty s tudy  is ascr ibed 
to the "combined" mobil i t ies  of the HC1 molecules and 
wa te r  molecules.  I t  is l a rge ly  a t t r i bu ted  to the co-ion 
mobi l i ty  as the proton mobi l i ty  is r e l a t ive ly  high. 
Fur the rmore ,  the resul ts  in Fig. 3 indicate  that  the 
Donnan effect of t h e  m e m b r a n e  could make  the mo-  
b i l i ty  of HC1 in the membrane  s lower  than  tha t  for 
the wa te r  molecule.  The diffusion coefficient obta ined 
f rom the sorpt ion method can be considered on ly  as 
an "apparen t"  value because of these complications�9 I t  
is thus meaningless  to es t imate  the  t r anspor t  numbers  
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Fig. 6. Arrhenlns plots for membrane conductivity of Nation with 
various water contents. ( O )  This study; (A )  Ref. (41). 



1.0 

0 

0.6 

M t 

0.4 

0.2 

0.r 

/ 
/ 

I i 
4 

J 

/ 
/ 

Vol. I30, No, 3 ION C L U S T E R I N G  IN N A F I O N  M E M B R A N E S  537 

I I I i i t. 
8 12 16 

t �89 {rain) �89 

Fig.  7. Plot of Mt/M~ vs. V't-for Notion of 1200 EW. ( * )  H 2 0 ,  
(A )  10% HCI, ( •  20% HCI, ( Q )  25% HCI. 

1,6 

u 1.2 

x 

2 

~ 0.8 

.,-i 

i 0.4 

L I I I I | I I 
0 2 4 6 

HCI Concentration, mole/litre 

Fig. 8. Apparent diffusion coefficient of HCI electrolyte in Nation 
of 1200 EW as a function of HCI concentration at 25~C. ( O )  
This study, (o) Ref. (1). 

of var ious  ions in the  m e m b r a n e  b y  combining the  
t w o  sets of mobi l i ty  da ta  despi te  tha t  t hey  are  in the 
same o rde r  of magni tude  and fol low the same t r end  
wi th  e lec t ro ly te  concentrat ions.  

Applications of Nation as solid polymer electrolyte.- 
High ion mobi l i ty ,  toge ther  wi th  s t rong ac id i ty  and 
hydrophi l i c i ty ,  makes  this  membrane  a good "e lec t ro-  
lyre"  for  m a n y  e lec t rochemica l  applicat ions.  This p e r -  

Table I. Ion inabilities calculated from conductivity 
and diffusivity data 

Elec- 
trolyte  
concen- 
tration K C't U~ • I0 B" D • I0 ~ Uv • I0 s~ 

( w / o  (~-~ (tool /  (cm~V -I (cm �9 (cm~V -I 
HCI) cm o~ ) l iter) sec-1) sec-*) sec -I) 

0 0.051 5.11 I0.1 1.66 6.53 
10 0.06 7.13 8.73 1.31 5.15 
20 0.028 9.40 3.09 0.64 2.52 
25 0.016 11.21 1.48 0.33 1.30 

�9 U~: ion mobility calculated from conductivity data. 
b UD" ion mobil ity calculated from diffusivity data. 

f l u o r o  sulfonic acid po lyme r  has  r ecen t ly  been  shown 
to have  poten t ia l  for  use as a solid "st~peracid" ca ta -  
lys t  for  many  e lec t ro-organic  syntheses  (54) as wel l  
as a semisol id pro ton  conductor  in  WO3-based elec-  
t rochromic  displays  (55). The concept  of using an  i o n  
exchange m e m b r a n e  as "e lec t ro ly te"  in fuel  cells was 
in t roduced by  Grubb  (56) in the  e a r l y  sixties.  

The beau ty  of using Nation membranes  in  e lec t ro-  
chemical  cells can be wi tnessed by  the uniqueness  of 
the sol id  po lymer  e lec t ro ly te  (SPE) cells, which are  
being deve loped  at  var ious  indus t r ia l  labora tor ies  
(12, 57). The ca ta ly t ic  par t ic les  are  bonded to the  
membrane  tha t  also serves as both  the  cell  separa to r  
and the sole "electrolyte ."  Al though  deionized wa te r  
is the  only fluid c i rcula ted th rough  the SPE wate r  
electrolyzer ,  the env i ronment  tha t  the e lect rodes  en-  
counter  is h igh ly  acidic. The sulfonic acid groups at  the 
membrane  surfaces produce  an  acidi ty  equal  to 20 
w/o  sul fur ic  acid. Because of this acidic media,  acid 
res is tant  noble  meta l s  or  the i r  oxides are  used as 
anode  mate r ia l s  (13, 58) whi le  p l a t inum serves  as the 
cathode mater ia l .  

The re la t ionsh ip  be tween  the morphology  and 
proper t ies  of the perrnselect ive  m e m b r a n e  and its im-  
p l ica t ion  to the e lec t rochemical  appl ica t ion  is r a the r  
compl ica ted  (59). I t  is des i rable  for the  membrane  
to  have  the  ion c luster  morpho logy  such that  the con- 
cent ra t ion  of fixed ion is higher,  which, in turn,  yields 
a h igher  Donnan effect. Consequently,  a be t t e r  cur -  
ren t  efficiency in e lec t rochemical  cells can be real ized.  
This is pa r t i cu l a r ly  t rue  for  ch lo r - a lka l i  cells, h y d r o -  
gen-b romine  cells, and zinc bromine  cells. However ,  
this  ion c luster  morphology  may  in t roduce  poor  con-  
duc t iv i ty  as ion percola t ion  occurs at  low volume 
fract ion of aqueous phase.  On the o ther  hand,  the  
homogeneous morpho logy  is des i rable  if one requi res  
good conduct iv i ty  whi le  sacrificing cur ren t  efficiency. 
Of course, i t  is essent ial  that  the m e m b r a n e  is macro-  
scopical ly homogeneous,  free of pinhole  and defects,  
such tha t  an even c u r r e n t  .distribution across  the  
cell  can occur. 

The cur ren t  efficiency of a cell  ut i l iz ing a Nation 
m e m b r a n e  can be fac i l i ta ted  by  t h e  ion-c lus te r ing  
effect of the  membrane..AAso, the conduct iv i ty  of this 
m e m b r a n e  is r a the r  high because of its fast  ion t r ans -  
por t  propert ies .  I n  most  cell opera t ing  conditions, the 
percola t ion effect in Nation d isappears  as the volume 
f rac t ion of the  aqueous phase is in excess of the 
threshold  value. Fo r  the  case of a lka l ine  solutions, a 
volume fract ion of more  than  0.1 is r equ i red  (14). F o r  
the  case of acid e lectrolytes ,  it  is l ike ly  there  is no 
percola t ion  effect in the  pro ton  t r anspor t  since the 
threshold  vo lume fract ion is a lmost  zero, as indica ted  
by  Eq. [4]. These resul ts  s t rongly  suggest  that  Nation 
can provide  good cur ren t  efficiency and vol taic  effi- 
ciency in e lec t rochemical  applicat ions.  Of course, for  
ch lo r -a lka l i  cells, the carboxyl ic  analogue,  such as 
Nation 900 series (60) and F lemion  (61), etc., are  
be t te r  than  convent ional  Nation as regards  to the  
cur ren t  efficiency. 
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A Zinc Paste Primary Battery 
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ABSTRACT 

Zinc metal  pastes can be electrolytically discharged in a concentrated caustic electrolyte. The ease with which a paste 
can be pumped  is determined by the relative ratios of liquid, zinc, and a smaller particle size phase such as ZnO. These 
ratios are not arbitrary but  are predictable via a model  based on the packir/g of spherical particles. The depth of discharge is 
l imited in part by the original liquid content of the paste. 

Z inc / a i r  ba t te r ies  could, in pr inciple ,  be used to 
power  e lec t r ic  vehicles. One scheme for enhancing the 
p rac t ica l  per formance  of this ba t t e ry  sys tem has been 
to separa te  energy  dens i ty  factors f rom power  den-  
s i ty  factors.  This can be accomplished by  employing  
the act ive negat ive  p la te  ma te r i a l  in the  form of a 
zinc s lu r ry  (1, 2) to be c i rcula ted f rom a rese rvo i r  
th rough  the negat ive  e lect rode compar tment .  In  this  
manner ,  the  b a t t e r y  pe r  se, i.e., the cur ren t  collectors, 
membranes ,  leads,  f rames,  etc., are  sized for the max i -  
m u m  requ i red  power.  Only the zinc paste  s torage 
rese rvo i r  is sized for the requi red  vehicle  range.  Obvi-  
ously,  the zinc loading per  uni t  volume of fluid should 
be as high as possible for  m a x i m u m  range.  S ta t e -o f -  
t h e - a r t  s lurr ies  contain nomina l ly  0.27g of usable  
zinc per  mi l l i l i t e r  of s lur ry .  

An  extension of this fuel  c e l l - b a t t e r y  concept is to 
use the  active m a t e r i a l  as a pumpab le  paste  r a the r  
than  as a s l u r r y  (3). Much h igher  loadings  of zinc 
were  repor ted ,  e.g., 1.9 g /ml ,  as wel l  as, high zinc dis-  
charge  efficiencies, e.g., 85% dep th  of discharge for 
1.6g of act ive zinc pe r  mi l l i l i t e r  of paste. The solid 
zinc was kep t  in suspension wi th  Teflon par t ic les ;  
gel l ing agents  were  not  needed  (3). 

In  this paper ,  we  discuss p r e l i m i n a r y  exper iments  
on formula t ing  and char,acterizing pumpab le  z inc/  
zinc oxide pastes  in the  context  of a p r i m a r y  z inc/  
oxygen  ba t te ry .  A "paste"  is defined here  as a th ick 
viscous mass of solid, un i fo rmly  and semipe rmanen t ly  
d ispersed  in a l iquid phase. 

Not a l l  mix tu res  of Zn, ZnO, and e lec t ro ly te  are  
pumpable .  Firs t ,  we discuss ' the physical  basis for 
pred ic t ing  those so l id / l iqu id  mix tu res  tha t  are  p u m p -  
able  pastes.  Then, we show that  this model  has a 
basis in fact, and tha t  ~the pastes so formed are  indeed 
electroact ive.  

Experimental 
The zinc dust,  obta ined f rom Mal l inkrodt ,  had  a 

mean par t i c le  size of 7 microns.  Zinc oxide, also ob-  
ta ined  f rom Mal l inkrodt ,  had  a mean  par t ic le  size of 
0.3 microns.  Tb:is was de t e rmined  f rom SEM photo-  
graphs,  since agglomera t ion  effects caused sed imenta -  
t ion exper iments  to overes t imate  the  par t ic le  size 
(0.75 microns) .  "F.luoroglide" Tefion powder  and 

du Pont  15162 Teflon had  average  par t ic le  sizes of 
0.4 microns.  Al l  zinc m e t a l - K O H  pastes  were  p repa red  
and hand led  in a glove box unde r  a n i t rogen a tmo-  
sphere.  The s i l ica te -conta in ing  pas tes  (nomina l ly  1M 
SiCk,) we re  eas ier  to handle ,  in that  a i r  oxida t ion  ap-  
pea red  to be slower.  The rat io  "vol. ZnO/100g Zn" 
was pa r t i cu l a r l y  convenient  for  p r epa r ing  and iden-  
t i fy ing pastes,  and the da ta  he re in  is, therefore ,  p re -  
sented according to this ratio.  

Viscosi ty  measurements  were  made  with  a Brook-  
field v iscometer  and a "flow appara tus ."  The flow 
system, us ing gas pressure  to force pas te  f rom a r e se t -  

* Electrochemical  Society  Act ive  Member. 
1Present  address: Maintex Incorporated, E1 Monte, California 

91734. 
S Present  address: Johnson Controls, Milwaukee,  Wisconsin 

53201. 
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slurries,  critical p igment  vo lume composition. 

vol t  th rough  the sample  tube,  was pa r t i c u l a r l y  wel l  
sui ted for charac ter iz ing  pas te  flow through  tubing, 
bends, and constrictions.  

The e lec t romechanica l  functions of the p l a t e - a n d -  
f rame cell  were  first es tabl ished wi th  s tat ic  zinc paste  
mix tures  pa in ted  into the  grooves of the negat ive  
plate .  The flow pa t t e rns  of paste  were  first es tabl ished 
with  Z nO /K O H  mixtures .  A plexiglass  cover  was 
placed over  the  cur ren t  col lector  So that  s t agnan t  
areas  would be visible;  a i r  bubbles  were  he lpfu l  in 
fol lowing paste  flow. 

The e lec t rochemical  capaci ty  of the pastes  ("depth  
of d ischarge")  was the  total  n u m b e r  of coulombs 
passed to 70% of open-c i rcu i t  voltage.  The 5 • 5 m m  
negat ive  e lec t rode  channels  machined f rom steel  blocks 
were  gold p la ted  to reduce  o,hmic resistance.  The paste  
was de l ivered  at typ ica l ly  20 ml /min ,  into a p lenum,  
through the channels ,  down the face of the cur ren t  
collector,  and was collected at  an  exi t  p lenum.  The 
posi t ive cur ren t  col lector  used 2 • 2 m m  si lver  p la ted  
channels  wi th  commercia l  p l a t i n u m - o n - c a r b o n  oxy -  
gen cathodes (Giner  Incorporated,  Wal tham,  Massa-  
chuset ts) .  Electrode active area  was 100 cm 2. 

The anode compar tmen t  was separa ted  f rom the 
cathode by  a Celgard microporous  po lypropy lene  sepa-  
rator .  Elec t ro ly te  was cont inuous ly  c i rcula ted wi th  a 
per is ta l t ic  pump th rough  the cathode compar tment .  
F low through the m e m b r a n e  was minimal .  A double  
junct ion re ference  e lec t rode  (SCE) was placed in the  
cathode compar tment .  

The equipment  used for  the  pas te  discharge and 
polar iza t ion  studies was of convent ional  design. A d-c  
power  supply  ( H e w l e t t - P a c k a r d  Model  6267B) was 
used to opera te  the  zinc pas t e /oxygen  ba t t e ry  under  
constant  cur ren t  conditions. The app l i ed  cur ren t  was 
measured  with  a Ke i th ley  Model  179-20A dig i ta l  vol t -  
amp meter .  Cell  vol tages  were  moni tored  wi th  a high 
impedance  Kei th ley  digi ta l  e lec t rometer  and d i sp layed  
on a Linear  I n s t r u m e n t s / S t r i p  Char t  recorder .  A s l ight  
posi t ive pressure  (nomina l ly  2 in. of H20) was ma in -  
ta ined  across the oxygen cathodes. The e lec t ro ly te  
reservoi r  was cont inuously  pu rged  wi th  ni t rogen.  Po-  
ten t ia l  measurements  were  also made  wi th  an in te r -  
rupu te r  br idge  of convent ional  design, at an i n t e r rup -  
tion f requency of  1000 Hz. 

Results 
Mixtures  of zinc powder  and  water ,  or caustic, could 

not  be read i ly  pumped  through  Tygon, glass, or  Teflon- 
l ined glass tubing b y  e i ther  per is ta l t ic  or  pis ton pumps.  
Mixtures  of zinc, caustic, and Teflon p repa red  according 
to the  recipe of Ref. (3) were  pas t e - l ike  ini t ia l ly ,  but  
quickly  separa ted  into a Teflon phase and a z inc/  
caustic phase,  and could not  be pumped.  However ,  
mix tures  of zinc plus zinc oxide  in wa te r  and in 
caustic could be pumped,  but  only  if the  p rope r  com- 
b ina t ion  of ingredients  was used. The fol lowing model,  
based on pa in t  technology (4), was deve loped  to p r e -  
dic t  those combinat ions  of fluid, zinc, and zinc oxide 
which would be p u m p a b l e  w i th  a per is ta l t ic  pump.  
Commerc ia l  meta l l ic  zinc pa in ts  used for  corrosion 

5 3 9  
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protection are made with pigments of 80% zinc and 
20% zinc oxide. 

The basis of the model is that the solid portion of the 
paste must consist of particles with significantly differ- 
ing particle diameters, so that the small particles fill 
the voids between the large particles. Consider mix- 
tures of noninteracting large and small spherical par- 
ticles. (Photomicrographs indicated that the zinc and 
zinc oxide particles as received were substantially 
spherical in shape.) These are five different types, or 
stages, of mixing spherical particles with differing 
sizes: (i) dense random packing of the large spheres, 
(ii) dense random packing of the large spheres with 
some interstitial space filled with small spheres, (iii) 
dense random packing of large spheres with maximum 
filling of interstitial space by dense random packed 
small spheres, (iv) large spheres in a matrix of dense 
random packed small spheres, ,and (v) dense random 
packed small spheres. The equations relating the void 
volume of these mixtures (Q) to the packing fraction 
of the pure powders (~,) are listed in Table I and are 
derived in the Appendix. For present purposes, the 
void volume is taken to be that of the electrolyte 
fluid. The (V) terms are the volumes of the solids only 
(exclusive of void space). CA and CB are measured ac- 
cording to standard techniques (4). Equations [4] and 
[5] are indeed identical. Qc can also be expressed by 
the same equation (see Appendix 1). 

The equations of Table I were combined with these 
data to develop the plot in Fig. 1. The data are plotted 
out in terms of liquid-to- (solid ~- liquid) volume ratio 
vs. ZnO to Zn ratio (vol. ZnO/100g Zn). 

Mixtures below tthe solid line have insufficient liquid 
to completely fill the void space. The circles indicate 
specific mixtures of zinc, zinc oxide, and water used 
to establish that these pastes were not pumpable. The 
"critical pigment volume composition" is the standard 
term to describe paint mixtures on the line. 

The minimum in the curve is a unique ZnO/Zn ratio 
for given values CA and CB. The maximum amount of 
ZnO fills the interstices of the random close packed 
zinc, without disturbing the packing of the zinc. The 
remaining void space is filled with the maximum 
amount o'f fluid, again without disturbing the pack- 
ing of the zinc particles. Increasing either the ZnO or 
liquid content must force some of the zinc particles 
apart, increasing the ohmic resistance of the paste. 
Increasing the liquid content did decrease paste vis- 
cosity so that the mixtures were more readily pumped. 
Mixtures with ZnO/Zn ratios lower than the curve 
minimum were difficult to pump, and had the appear- 
ance of wet gray sand. Mixtures above the dashed 
line in Fig. 1 were poorly dispersed, in that free-stand- 
ing electrolyte was visible. With 12N KOH and 10N 
NaOH, the upper limit ratio was about 6. 

The squares in Fig. 1 represent pumpable zinc pastes 
with zinc metal Ioadings of 1.5-2.8 g/ml of paste. 
These pastes were pseudoplastic; the viscosity de- 
creased with time of mixing and rate of mixing. 
Figure 2 shows a plot of paste viscosity vs. zinc metal 
loading, in 12M KOH with a constant weight ratio of 
0.45 for ZnO to Zn. The viscosity numbers are steady- 

Table h Relationships of void volume to packing fractions 

1. Dense random packing large 
spheres 

2. Some interstitial small spheres 

3. Maximum filling of interstices 

4. Large sphere in small sphere 
matrix 

5. Dense random packing of small 
spheres  

( '  ) Q a = V A  -~-A - 1  

o .  - VB 

- I ) V A  

state readings off the Brookfield viscometer at a con- 
stant rotation rate of 30 rpm. 

Stable pumpable pastes were also formed with TiO2 
and zinc metal powder. These pastes followed the same 
model as the zinc oxide pastes (Fig. 1), adjusted for 
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Fig. 1. Plotted are the ratio, liquid volume-to-total paste volume 
vs. volume ZnO(ml)/100g zinc powder forming the paste. Compared 
are the predictions of the packing model (the curved solid line) 
with experiment (the data points). The solid line represents the 
calculated CPVC. The dashed line represents the experimental 
ratio at which clear fluid separates from the paste. The points 
represented by squares are readily pumpable. 
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ml). The fluid phase was 12M KOH. The weight ratio ZnO/Zn 
was 0.45. 
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the  different  pack ing  f rac t ion of the  pa r t i cu l a r  t i t a -  
n ium dioxide  used. 

S tab le  pas tes  could be formed with  carbon and zinc, 
but  only  if the  t race me ta l  content  of the carbon was 
low enough to main ta in  a low ra te  of hydrogen  evolu-  
tion. Otherwise ,  the  mix  would f roth  rapid ly .  Shown 
in Table II  are  the  hyd rogen  evolut ion  ra tes  for a va -  
r i e ty  of z inc /ca rbon  pastes.  Considerable  f ro th ing  was 
observed  wi th  the XC 72 and vi t reous  carbon m a t e -  
r ia ls  but  not  wi th  the Ul t ra  F. Successful  pastes  were  
const ructed  wi th  Ul t ra  carbons.  The packing  fract ions 
o f  these carbons were  not  de termined.  

Sur fac tan ts  were  tes ted as a means  of decreasing 
pas te  viscosity. F luorosur fac tan t s  did  decrease vis-  
cosity bu t  they  i nva r i ab ly  resu l ted  in separa t ion  of the 
l iquid and solid phases,  espec ia l ly  under  pressure .  
Inc luding sodium si l icate wi th  the pas te  mix tu re  sig- 
nif icant ly decreased  viscosity. Si l icates  are  used for 
this purpose  in commercia l  zinc pa in t  formulat ions.  At  
high head  pressure ,  l iquid  separa t ion  was again  ob-  
served. Shown in Table  I I I  a re  Brookfield viscosi ty 
da ta  at  30 r p m  for z i n c / Z n O / O H -  pastes  wi th  and 
wi thout  si l icate p resen t  (1M SiO2). Different  e lec t ro-  
ly tes  and concentra t ions  were  used than  those for the 
da ta  of Fig. 2. However ,  since the re la t ive  viscosi ty 
of 10M NaOH (16.8) is h igher  than  the re la t ive  vis-  
cosity of 20M KOH (6.5), it  is c lear  tha t  sodium 
si l icate does decrease  paste  viscosity. 

The pastes  made,  according to the  model  of Fig. 1, 
are  e lectroact ive even wel l  away  from the CPVC line. 
Shown in Fig. 3 are  the IR free zinc e lect rode po-  
tent ia ls  as a funct ion of cur ren t  dens i ty  for 2 pastes. 
These ra te  da ta  and the fol lowing capaci ty  da ta  were  
car r ied  out wi th  the "stat ic" test  cell. The ZnO/Zn 
mix  (x points)  had  a l iqu id / so l id  rat io of 0.98, for a 
ZnO/Zn  rat io  (as defined for  Fig. 1) of 28. The z inc/  
ca rbon  m i x t u r e  had  a l iqu id / so l id  ra t io  of 3.4. Z inc /  
ZnO/KOH,  si l icate pastes  gave s imi lar  pe r fo rmance  
data.  

In al l  e lectrolytes ,  the discharge product  was in i -  
t i a l ly  a b lue-co lored  solid. Microscopic observat ion  o~ 
this ma te r i a l  indica ted  zinc me ta l  coated by  a waxy  
gelat inous mass which we presumed to be zinc h y -  
dre, x ide  A whi te  t rans lucen t  ma te r i a l  coating a g ray  
mass wil l  give the i l lusion of a b lue -co lored  solid. 

While  the  in i t ia l  cu r r en t /vo l t age  profiles were  essen- 
t ia l ly  independen t  of pas te  composit ion and e lec t rode  
configuration, pas te  capaci ty  was signif icantly depen-  
dent  upon these factors. I t  is to be expected from Ohm's  
l aw considerat ions  that  n a r r o w  channels,  as wel l  as 
the presence  of an iner t  conductor  (carbon)  wi th in  the  
mix,  would  increase ut i l iza t ion of the zinc component .  
Indeed,  this was the  case. Shown in Table  IV, as a 
function of channel  depth,  are  discharge capacit ies for 
zinc pastes  containing zinc oxide  and carbon. The da ta  
shown are  for equal  weight  ra t ios  of zinc to carbon and 
to zinc oxide. Since the  graphi te  is 2.5 t imes less dense 

Table II. H2 evolution rate from zinc-carbon pastes 
(2.9g carbon ~ 11g Zn ~ 11g KOH) 

Carbon Rate (ml/min) 

None 0.0~6 • 0.003 
V i t r e o u s  carbon 1.45 
Cabot XC 72 0.66 
Ultra  F 0.014 

Table III. Effect of silicate on paste viscosity 

Paste viscosity (10 § ep) 

Zinc loading  Si l icate* + 
(g/ml) 12M KOH 10M NaOH 

0.84 6.2 1.8 
1.01 12 4.3 
1.2 26 8.0 
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Fig. 3. Shown are the initial internal resistance-free potentials 
for the zinc electrode (SCE) vs, current density (rnnA/crn 2) for two 
pastes ZnO/Zn ( X )  and graphite/Zn (~ 

than ZnO, the volume content  of the conduct ing phase 
is much  larger .  At  equal  volume ratios,  the  depth  of 
discharge of the 2.8g Z n / m l  paste  was 26% with  
graphi te  and 9% wi th  ZnO (5 • 5 m m  channels) .  

A p r e l i m i n a r y  s tudy  was made  of pumping  paste  
through an e lec t rochemical  cell. The ma jo r  considera-  
tions in sys tem design were  to avoid constr ict ions 
and to avoid s tagnant  zones. With the appropr i a t e  cell  
design, we were  able to sus ta in  a cur ren t  dens i ty  of 
10 mA/cme  at  1.1V ( including in te rna l  resis tance 
losses) pumping  a Zn /ZnO/s i l i ca te -caus t i c  pas te  for 
18 hr  over  a 3 day  period.  In  this case, the cell  elec-  
t ro ly te  was immobi l ized  and no t  c i rculated;  the p u m p -  
ing was de l ibe ra te ly  semicont inuous to s imulate  on/off  
operat ion,  and nomina l ly  2% of the  pas te  capaci ty  
was discharged.  Eventua l  de te r iora t ion  of the  cell  was 
due to oxygen  elect rode poisoning. 

Hal f -ce l l  measurements  indica ted  a fal l  off in cell 
vol tage  above 50 m A / c m  2 due p r imar i l y  to the  effects 
at  the  oxygen  electrode.  Rota t ing disk studies con- 
f i rmed an increase in p l a t i num oxygen e lec t rode  over -  
vol tage due to dissolved silicate. 

Discussion 
I t  is indeed possible to formula te  me ta l / e l ec t ro ly t e  

pastes  tha t  a re  stable wi th  tittle, pumpable ,  have high 
meta l  loadings,  and a r e  also electroact ive.  The rat ios  
of the components  wi th in  such pastes  are  not  a rb i t r a ry ,  
but  approx ima te  values ca lcula ted  f rom a model  based 
on the fol lowing precept .  I t  is necessary  tha t  there  be 
two Solid par t ic le  size d is t r ibut ions  wi th in  the paste, 
and sufficient smal ler  par t ic les  so tha t  they  at least  
comple te ly  PaCk wi th in  the spaces be tween  the la rger  
part icles .  The requi red  rat io of fine par t ic les  to large 
par t ic les  is then r ead i ly  de te rmined  by  s imple  mea -  
surements  of the  packing dens i ty  of the ind iv idua l  
solids. This concept  is classic to p repa r ing  meta l  
paints  (4). 

We have shown here in  that  e lec t roact ive  pastes  can 
be formula ted  according to this model  f rom b ina ry  
mix tures  of zinc dust, wi th  ZnO, or  TiO2 powders .  Sa t -  
i s factory (as defined above)  g raph i t e / z inc  pas tes  could 
al~so be formed.  Presumably ,  finely d iv ided  zinc could 

Table IV. Depth of discharge vs. channel size (at lOmA/cm ~) 

P a s t e  D e p t h  o f  
(gram Zn/ml) Chalmel size discharge (%) 

2.48 + ZnO 5 x 5 ram 9.4 
1.5 • 1.5 m m  35 

1.05 + graphite 5 x 5 m m  40 
1.5 x 1.5 m m  49 
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have been substituted for the oxides. The smaller 
particle size comPonent, in principal, need not be a 
different chemical than the larger particle size mate- 
rial. This particular variant on the concept was not 
tested. 

These pastes were pumpable but had high vis- 
cosities, The addition of surfactants lowered the vis- 
cosities, but also had an adverse effect on the flow 
characteristics at high head pressures. The flow pat- 
terns chosen for the pastes must avoid stagnant re- 
gions, such as found at abrupt .constrictions. Pumping 
through glass tubes and bends was possible; pumping 
through Teflon-lined tubing required a lower pres- 
sure. It is to be expected that the half-cell potentials 
governing the rate at which electrical charge can be 
exchanged between the paste and current collector 
will be influenced by particle-particle contact (metal/ 
oxide ratio) and the particle-collector contact. Indeed, 
the depth of discharge (to a preselected cutoff voltage) 
was found to increase by using more narrow channels 
surrounding the paste. Pastes containing conductive 
graphite rather than insulating ZnO gave higher 
depths-of-discharge. 

In principle, this model can .also predict the maxi- 
mum depth of discharge for the electroactive paste. 
The half-cell reactions, the packing density of the dis- 
charge product(s), and the packing density of the 
partially discharged starting material (here Zn) must 
be known. Rigorous values for these parameters are 
not available for the zinc/oxygen system. Neverthe- 
less, an approximate depth of discharge can be calcu- 
lated. Assuming the cell reaction to be 

Zn + ~/20~ + H~O = Zn (OH) 

and assuming zinc particles are replaced by zinc hy- 
droxide particles of the same packing density as the 
ZnO used to make the paste, the maximum capacity 
for the 2.48 g/m/ paste described above is 20%. This 
is 0.5g active zinc per milliliter of paste. The 2.48g Zn/ 
ml paste discharged to 35 % had no fluid properties. The 
9% depth of discharge material (originally 2.43g Zn/ 
ml) had a solid crust, coating a paste-like material. It 
is inferred that the approximation is not totally un- 
reasonable. Thus, this 2.48g Zn paste could have a 
capacity significantly higher than zinc/caustic slurries 
(0.28 g/ml).  

Manuscript submitted July 22, 1982; revised manu- 
script received Sept. 28, 1982. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1983 

JOURNAL. All discussions for the December 1983 Dis- 
cussion Section should be submitted by Aug. 1, 1983. 

Publication costs o s this article were assisted by 
Occidental Research Corporation. 

APPENDIX 
Derivation of Table I 

1. Define the packing fraction as ~A : V A / V T  and ~B 
-- VB/VT. VA, VB are the volumes of the particulate 
substances, exclusive of the void volume. These can be 
calculated from the density and the weight of the 
particles. VT is the total volume actually occupied by 
the powder. In this discussion (A) represents the large 
particles, and (B) represents the smaller particles. 
2. Thus, Vvoid : VT -- VA, and Vvoid -- VT(I -- ~bA). 

Here, Vvoid is the space occupied by the liquid, i.e., QA. 
Hence, QA - ' -  (VA/~bA) (I -- r : VA(I/~A -- i). 

3. The most dense packing occurs when Vvoid is VT 
for the smaller particles. Thus, with Vvold defined as 
above 

VB --~bB Wold 
The volume of liquid Qc is, by definition 

Qc = Vvoid -- VB 

Qc : Vvoid(1 - #s) = VT(1 -- #A) (1 - -  ~ B )  

VT : VA/#A 

Qe-VA(TA- 1 > (I -- CB) 

Qc can also be expressed in terms of CB and VB as 
follows 

VB -- ~B Vvold 

(�88 Qc=~V~ ( I - - ~ B ) = V B  - - I  
CB 

This relationship deserves some explanation. Qc is 
the volume of liquid to be added. All the space among 
the large particles that can be occupied by smaller 
particles is occupied by smaller particles. The void 
space left over is that associated with the smaller 
.particles only. The total volume of spheres plus liquid 
is now larger because of the larger particles, but the 
liquid volume is the same as with the smaller particles 
alone. For the same reason QD lacks a contribution 
from VA. 
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Incorporation of Chloride Ion in Passive Oxide Films on Nickel 
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ABSTRACT 

Auger electron spectroscopy and secondary ion mass spectrometry,  in conjunction with ion sputtering, have been used 
to demonstra te  that chloride is incorporated in anodic oxide films formed on nickel in C1--containing, pH 4.0 Na2SO, solu- 
tions. X-ray photoelectron spectroscopy indicates that this chloride is present  as C1-. C1- is found in the first two layers of 
the four layers of the oxide, with the amount  in the second layer being about twice that in the outermost  layer. The extent  of 
C1- incorporat ion is dependent  on the [C1-] in solution, electrode pretreatment  (whether electropolished or cathodically re- 
duced), and the potential and time of anodization. The amount  of C1- in the oxide can thus be carefully controlled and varied. 
C1- incorporat ion does not occur when electropolished nickel is cathodically reduced in a 1.0M C1- solution and then air- 
exposed; anodic polarization in the passive potential  region is necessary to fix C1- in the oxide lattice. C1- is incorporated 
when passive oxide films are formed in non-C1- solutions and then exposed to C1--containing electrolytes with an applied 
anodic potential.  This incorporation is most probably  associated with local breakdown-repair  events at defects in the film 
as the rate of incorporation decreases with increasing perfection of the oxide. 

I t  is wel l  known  that  aggressive anions l ike  C1- 
cause p i t t ing  of meta ls  such as nickel,  iron, and the 
stainless steels.  The rap id  meta l  dissolution associ-  
a ted  wi th  p i t t ing  appears  to be due  to the ab i l i ty  of 
the  C I -  to in te r fe re  wi th  format ion  of the passive 
oxide  film at  localized surface sites. The impor tance  of 
the oxide  film in pi t  in i t ia t ion and propaga t ion  is 
recognized and some of the  p i t t ing  work  in the l i t e ra -  
ture  has been specifically concerned wi th  the  influ- 
ence of C1- on the na tu re  of passive oxide films (1- 
13). In  this previous  work, there  has been consider-  
~ble d i sagreement  as to whe ther  C1- is incorpora ted  
in the oxide  film pr ior  to pi t t ing.  El l ipsometr ic  studies 
on both i ron and stainless  steel  suggest  that  incorpora-  
t ion of C1- is an in tegra l  pa r t  of the  p i t t ing  process 
and m a y  even de te rmine  the induct ion t ime for p i t t ing  
(3-5).  On the o ther  hand,  analyses  (using UHV sur-  
face ana ly t ica l  techniques)  of passive films fo rmed  in 
C1- solutions, both  before  and af te r  pi t  ini t iat ion,  ap-  
pear  to indicate  tha t  C1- is only  adsorbed  on the oxide 
surface, no de tec table  C1- being found in the oxide  
film (7-13). The presen t  pape r  employs  both Auge r  
e lec t ron  spectroscopy (AES) and secondary  ion mass 
spec t romet ry  (SIMS)  to establ ish t ha t  C1- is incorpo-  
r a t ed  in passive oxide  films on nickel.  The influence 
of the  [C1-]  in solution, potent ia l  and t ime of anodiza-  
tion, and  e lec t rode  p r e t r e a t m e n t  on the  ex ten t  of in-  
corpora t ion  is s tudied.  

Experimental 

Polycrys ta l l ine  n ickel  specimens,  1 X 2.5 crn, were  
p repa red  as descr ibed  p rev ious ly  (14). Potent ia l s  are  
r e fe r red  to the  sa tu ra t ed  ca lomel  re ference  electrode.  
Exper iments  were  conducted at  25~ in a deaera ted  
solut ion of 0.15N Na2SO4 at pH 4.0. In  one series, n ickel  
samples  e lec t ropol ished (EP) in 57 volume percen t  
sulfur ic  acid were  ca thodica l ly  r educed  (CR) at  20 
~A cm -2 and then  were  pass iva ted  in solut ions of 
var ious  [C1-] using the poten t ia l  s tep technique.  The 
same solut ion was used for  both  CR of the p r io r  oxide  
and the anodic pass iva t ion  t rea tment .  In  a second 
series  of  exper iments ,  e lect ropol ished n ickel  was im-  
mersed  d i r ec t ly  in the e lec t ro ly te  wi th  the anodic 
po ten t ia l  appl ied,  i.e., with no CR of the pr io r  oxide.  
In  a th i rd  series, n ickel  samples  were  pass iva ted  in 
non-C1-  solut ions and then  t r ans fe r red  to C l - - c o n -  
ta in ing  solutions for  fu r the r  anodic polar izat ion.  In  
al l  cases, samples  were  ex tens ive ly  flushed with  doubly  
d is t i l led  w a t e r  a f te r  the  anodic t r e a tmen t  to ensure 
tha t  al l  of the C l - - c o n t a i n i n g  e lec t ro ly te  was re -  
moved  f rom the surface. They were  then  dr ied  wi th  
compressed a i r  before  ins ta l l ing  in a Phys ica l  Elec-  
t ronics Incorpora ted  Model  590 Sys tem for analysis  by  

* Electrochemical Society Active Member. 
Key words: corrosion, passivity, surfaces. 

AES, SIMS, and x , r a y  photoe lec t ron  s p e c t r o s c o p y  
(XPS) .  Xenon ion sput te r ing  at  0.5 k V  was used to 
obta in  both Auge r  and SIMS depth  profiles through 
the oxide  films (15-17), and the Auge r  spu t te r  p ro -  
files were  eva lua ted  to give a l a y e r - b y - l a y e r  com- 
posi t ion using the quant i t a t ive  approach  prev ious ly  
descr ibed (18). 

Results and Discussion 
AES and SIMS anaIys.es of oxide films.--Figure 1 

shows Auger  spect ra  of EP nickel  e lect rodes  pass ivated  
at  0.3V for 15 sec in pH 4.0 Na2SO4 solutions of var ious  
[ C I - ] ,  both wi th  and wi thout  CR of the pr io r  oxide. 
Pr inc ipa l  A u g e r  e lect ron signals associated wi th  chlo-  
rine,  carbon, oxygen,  and n ickel  are  indicated;  of pa r -  
t icu lar  in teres t  is the C1 signal  at  181 eV. While  l i t t le  
or  no C1 is ev ident  for  the sample  pass iva ted  in the 
C1- - f ree  solution, i.e., Fig. 1 (a) ,  the  samples  t rea ted  
in C1- -con ta in ing  solutions show a dis t inct  C1 A u g e r  
signal. XPS spect ra  showed that  the chlor ine  is p res -  
ent  as C1- r a the r  than  as an oxychlor ide  such as 
C103- and C104-.  The Auge r  signals in Fig. 1 indicate  
homogeneous  atomic concentra t ions  of C1- of 1.0 
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Fig. 1. Auger electron spectra of electropolished (EP) nickel 
passivated, either with or without cathodic reduction (CR) of the 
prior film, at 0.3V for 15 sec in pH 4.0 NaSO4 solutions with dif- 
ferent [C I - ] .  (a) CR and passivation in a solutlon with [C I - ]  = 
0; (b) no CR and [C I - ]  ---- 1.0M; (c) CR and [C I - ]  = 0.tM; 
(d) CR and [C I - ]  = 1.0M. Above ,~400 eV, spectrum (a) is 
typical of the other three spectra. (Electron beam 5 keV with a 
current ,~0.3 #A; modulation 4 eV peak-to-peak.) 
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atomic percent (a/o) in Fig. l ( b ) ,  1.8 a/o in (c), and 
4.4 a/o in (d);  the oxygen signal corresponds to ~30 
a/o in each case and this represents an average oxide 
thickness of ,~9A, i.e., the usual value for the passive 
film on nickel (14, 16, 17). The homogeneous atomic 
percent of C1- is defined as the concentration present 
if the chloride was uniformly distributed within the 
analysis volume. 

While the Auger analyses indicate the presence of 
C1- in the surface regions of nickel passivated in 
Cl--containing solutions (most of the signal comes 
from the top 15A), they do not indicate how the C1- 
is distributed through the oxide. In fact, different con- 
centrations of C1- within the analysis volume could 
give the same homogeneous atomic concentration 
simply by being distributed differently throughout the 
~4  layers of nickel oxide. This situation arises be- 
cause the contribution of any species to its overall  
measured Auger signal decreases exponentially with 
increasing distance from the outer surface. A layer-  
by- layer  distribution of C1- .can, however, be de- 
termined when the Auger analysis is performed in 
conjunction with ion beam sputtering (18). 

An Auger sputter profile for a nickel oxide film 
with a homogeneous atomic concentration of C1- of 
4.4% is shown in Fig. 2. The peak- to-peak  (P/P)  
signal heights are plotted (cf. Fig. 1) for the various 
species through the film. The carbon signal falls off 
rapidly with most ,disappearing before the equivalent 
of one oxide layer has been sputtered, indicating that 
the carbon is an adsorbed surface contaminant. On 
the other hand, the C1- signal initially increases and 
then falls off slowly as the oxide is removed. While 
the initial increase is at least par t ly  due to the re-  
moval of the carbon contamination which absorbs 
some of the C1- signal, it appears that C1- is incorpo- 
rated or buried in the film rather than simply adsorbed 
on the surface. The Auger sputter profile in Fig. 2 
quantitatively analyzed on a l ayer -by- layer  basis 
(18) gives the elemental compositions listed in Table I. 
While the C1- is concentrated in the outer layers of 
the oxide, the increase from 6 a/o in the outermost 
layer to ---14 a/o in the second layer st~ggests that the 
C1- is incorporated in the oxide lattice. These cal- 
culated concentrations best fit the experimental  pro- 
files of Fig. 2; noticeable differences between cal- 
culated and experimental  values occur if some of the 
C1- of layer  2 is put into layer  3. It should be further 
noted that  the .depth distribution given in Table I is 
independent of the total amount of C1- incorporated 
in the oxide. Also, similar l ayer -by- layer  analysis of 
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Fig. 2. Auger peak-to-peak (P/P) sputter profiles of various 
species in a nickel oxide film formed at 0.3V in 1.0M C I -  solution. 
(Film corresponds to spectrum (d) in Fig. 1 and has a homogeneous 
C I -  concentration of 4.4 a/o.) Sputter rate using 0.S kV xenon is 
0.6 layer mln-1;  1 layer ~_. 2 A  of NiO. (Each profile drawn 
through ,~60 data points.) 

Table I. Layer-by-layer composition (18) of the oxide formed by 
anodizing cathodically reduced (CR) nickel at 0.3V for 15 sec in 

pH 4.0 Na2SO4 ~ 1.0M C I -  solution. Electron neutrality is 
maintained in each layer. (1 layer =_ 1.6 • 1015 atoms 

cm - 2  ~ 2 A  NiO). 

Atomic  compos i t ioa  (%) 

Layer  Ni 0 CI C 

i 0.37 0,34 0.06 0.24 
2 0.47 0.40 0.14 0.00 
3 0.50 0.50 0,00 0.00 
4 0.50 0.50 0.00 0.00 

the oxide film on Fe-26Cr electropolished in HC104/ 
CHsCOOH shows that substantial amounts of C1- are 
also incorporated in the outer 6 layers of the ~10 
layers of oxide (18). 

The anodic oxide films formed with various [C1-] 
were also analyzed by SIMS which has a very high 
sensitivity for C1- detection; the sputter profiles for 
films corresponding to (a), (b) and (d) in Fig. 1, are 
shown in Fig. 3. The curve shown for oxygen is repre-  
sentative of the O -  SIMS profile in each case. The 
SIMS profiles also indicate that C1- is incorporated in 
the oxide, the maximum C1- SIMS signal occurring 
after ~1 layer has been removed. The passive film 
gives only a very small C1- signal as anticipated for 
a film formed in a non-C1- solution. This C1- is 
thought to be due to system contamination and like C 
is on the sample surface. The film formed in 1.0M 
CI-  solution after CR of the prior oxide gives a sub- 
stantial ly higher maximum C1- signal than the film 
formed without CR, in agreement with the Auger 
analysis in Fig. 1. Indeed, the maximum SIMS signal 
for C1- may be correlated with the homogeneous 
atomic percent concentration of C1- determined by 
AES over a wide range of incorporated C1- levels. 
This is shown in Fig. 4 and Table II for samples pre-  
pared at different potentials and with different [C1-] 
in solution. 

AS indicated by the data in Table II, the Auger 
analysis is not reliable below a C1- level of ~,0.5 a/o, 
but SIMS can detect very small amounts of CI -  in 
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Fig. 3. SIMS C I -  (mass 35) sputter profiles of electropolished 
(EP) nickel, passivated either with or without cathodic reduction 
(CR) of the prior film, at 0.3V for 15 sec in pH 4.0 Na2SO4 solu- 
tions with different [ C I - ] .  (i) CR and passivation in a solution 
with J'CI-] ~ 0 (---); (ii) no CR and [ C I - ]  ~ 1.0M (No ) ;  (iii) 
CR and [ C I - ]  ~ 1.0M ( ). Also shown is a representative 
sputter profile for O -  (mass 16). Sputter rate using 0.5 kV xenon 
is 0.6 layer min-1;  1 layer ~ 2.A of NiO. (Each profile drawn 
through ~ 6 0  data points.) 
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Fig. 4. Correlation between the homogeneous atomic percent con- 
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signal for C I -  obtained during sputtering of anodic oxide films 
containing various incorporated CI -  concentrations. (Error bars 
represent a 95% confidence level determined from five measure- 
ments.) 

the: oxide film. As the C1- level increases above --5 
a/o, the SIMS signal (Fig. 4) becomes less sensitive to 
changes in [C1-] so that at these higher concentra- 
tions AES is the preferred method of analysis. At 
intermediate C1- levels both SIMS and Auger can 
be effectively used to study C1- incorporation into 
anodic oxide films on nickel. 

Factors influencing the extent of C~,- incorporation. 
--Figure 5 shows the influence of bulk [C1-] in pH 4.0 
Na~SO4 solution on the amount of C1- in the anodic 
oxide film formed at 0V. This amount increases loga- 
rithmically with increasing bulk [C1-]. Figure 6 shows 
the influence of anedic potential on the extent of C1- 
incorporation in solutions containing 0.1 and 1.0M 
C1-. The amount of C1- in the film increases with 
potential, the data generating an S-shaped profile 

Table II. Comparison of SIMS and Auger signals for C I -  in oxide 
films farmed on nickel after different electrochemical treatments 

in pH 4 .0  Na2SO4 solutions with various [ C i - ]  (EP, 
electropolished; CR, cathodlcally reduced). The SIMS signal quoted 
is the maximum obtained during sputter etching by 0.5 kV Xe ions. 

T r e a t m e n t  

H o m o g e -  
Counts neous 
(C1-) by a/o CI- 
SIMS by Auger 

(--10%) (_+0.2%) 

A n o d i z e d  in  C1--free s o l u t i o n  2,000 0.4 
EP  + CR in  0.1M C1- + a i r  e x p o s u r e  2,800 0.4 
E P  + CR in  1.0M C1- + a i r  e x p o s u r e  3,609 0.4 
CR a n d  a n o d i z e d  a t  0V in:  O.025M C1- 7,800 0.6 

O.IM CI- 16,000 0.9 
1.OM CI- 37,000 1.8 

CR a n d  a n o d i z e d  i n  1.0M C1- a t :  - 0 . 3 V  8,400 0.6 
0V 37,000 1.8 
0.3V 60,000 4.4 

A n o d i z e d  a t  0.2V in  O.IM C1- a f t e r :  CR 33,600 1.5 
No CR 10,000 0.5 

A n o d i z e d  a t  0.3V in  1.0M C1- a f t e r :  CR 60,000 4.4 
No  CR 19,000 1.0 
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Fig. 5. Dependence of amount of CI -  in oxide f i lm,  determined 
by AES, on bulk [C I - ]  in pH 4.0 NQ~O4 solutions. In each case, 
electropolished nickel was cathodically reduced (CR) to remove the 
prior oxide film; the  potent ia l  was then stepped to 0V and held 
there for 15 sac. (Error bars for the 95% confidence level are 
smaller than in Fig. 4 and 6 since all samples were analyzed dur- 
ing same machine loading.) 

often found for adsorption isotherms [cf. Ref. (19)]. 
(Experiments cannot be performed beyond 0.SV with 
1.0M C1- since pitting starts almost immediately under 
these conditions.) The results in Fig. 5 and 6 indicate 
that the amount of C1- incorporated in the passive 
oxide film on nickel can be controlled and varied 
through the bulk [CI-]  in solution and the anodic 
potential. 

To check the influence of time of anodization on 
the amount of incorporated CI-, samples were pre- 
pared at 0V (in both 0.1 and 1.0M CI- )  for 3 sec, 60 
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Fig. 6. Dependence of amount of C1- in the oxide film, deter- 
mined by AES, on anodizing potential in pH 4.0 No,SO4 solutions 
containing 0.1M CI-  and 1.0M CI- .  ElectrapMished nickel was 
cathodically reduced (CR); the potential was then stepped to the 
desired value and held there for 15 sec. At potentials above 0.4V 
with 0.1M CI-  and 0.3V with 1.0M CI- ,  the holding time was 
only 3 sec since pitting began at longer times. (Error bars repre- 
sent a 95% confidence level determined from five measurements.) 



5 4 6  J. EZectrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE A N D  T E C H N O L O G Y  March 1983 

sec, and 1 hr  and then  analyzed for C1- by  AES. The 
amount  of incorpora ted  C1- was independent  of 
anodizing t ime at  each solut ion [C1-] ,  indica t ing  tha t  
C1- incorporates  rapidly .  This is not surpr is ing since 
most  of the  C1- should incorpora te  while  the film 
is fo rming  and most  of the  oxide  forms dur ing  the 
first few seconds af ter  the potent ia l  is s tepped into 
the passive region (14, 20). Thus, the ex ten t  of C1- 
incorpora t ion  de t e rmined  at  h igher  potent ia ls  (>0.4V),  
using shor ter  anodizat ion t imes to avoid pi t t ing,  can 
be compared  with  the da t a  obta ined at  lower  po-  
tent ia ls  where  somewhat  longer  anodizing t imes are  
used (cf. Fig. 6). 

To de te rmine  the ex ten t  of C1- incorpora t ion  in 
t h e  absence of an appl ied  anodic potent ial ,  e lec t ro-  
pol ished electrodes were  immersed  in 0.1 and 1.0M 
C1- pH 4.0 Na~SO4 solutions, the pr ior  oxide was 
ca thodica l ly  reduced and the electrodes were  then 
exposed to the  air, immedia t e ly  flushed with  doubly  
dis t i l led water ,  and dried.  The resul ts  of the C1- 
analysis  indicate  tha t  ve ry  l i t t le  C1- is incorpora ted  
in the oxide in the absence of an anodizing potent ia l  
(Table  I I ) .  Whi le  an oxide  is formed immedia t e ly  on 
the ox ide - f ree  n ickel  surface  upon exposure  to the 
air, C1- in the e lec t ro ly te  remain ing  on the surface 
is not  subs tan t i a l ly  incorpora ted  into the film. 1 This 
indicates that  most of the C1- presen t  in the  film 
is fixed in the  film dur ing  the passivat ion t r ea tmen t  
and is not  due  to the  specimen ei ther  being ca thodi -  
cal ly  reduced  in the C1- solut ion or  being brief ly in 
contact  wi th  the C1- -con ta in ing  e lec t ro ly te  af ter  re -  
mova l  f rom the cell  p r io r  to washing.  Table  II  also 
shows tha t  the ex ten t  of C1- incorpora t ion  is sub-  
s tan t ia l ly  decreased  if the pr ior  oxide  on the e lec t ro-  
pol ished electrode is not  ca thodica l ly  reduced  before 
the  anodic  pass ivat ion (see also Fig. 1). The increase  
in oxide  film thickness upon pass ivat ion  of e lec t ro-  
pol ished samples  is only  ~30% (17), and the smal l  
amount  of C1- that  is incorpora ted  in the oxide  m a y  
be associated with  this increase  in film thickness.  

Final ly ,  the kinet ics  of C1- incorpora t ion  into pas -  
sive oxide films were  s tudied by  in i t ia l ly  p repar ing  
the oxide in a C1- - f r ee  solution fol lowed by  polar iza-  
t ion for different  t imes in a C1- -con ta in ing  solution. 
The resul ts  obta ined with  a 10 min pr ior  pass ivat ion 
at  0.2V and subsequent  polar iza t ion  at  this potent ia l  
for  different  t imes in 1.0M C1- are  shown in Table 
III. The amount  of incorpora ted  C I -  increases wi th  
t ime of polar iza t ion  in 1.OM C1- so lu t ion -and  even-  
tua l ly  approaches  the value expected if the film had 
been p repa red  i n t h e  1.0M C1- solut ion (cf. Fig. 6). 
The resul ts  can be expla ined  in terms of the  "defect  
model"  of the passive oxide film and  the b r e a k d o w n -  
r epa i r  events  that  occur at  local sites wi th in  the  fi]m 
(13, 17, 20-22). When the film is polar ized  in C1- 

solution, local b reakdown  of  the oxide (by, e.g., chemi-  
cal dissolut ion) is fol lowed by  its reformat ion,  and 
thus C1- is local ly  incorpora ted  into the film. Break -  
d o w n - r e p a i r  events  occur  at r andom on the surface 

The same result is obtained if the flushing of the Cl--containing 
electrolyte from the sample with doubly distilled water is delayed 
f or  ..-5 sec  a f t er  air exposure. 

Table Ill. Extent of CI-  incorporation (as determined by AES) into 
preformed Cl--free oxide films as a function of time of exposure 
to 1.0M CI -  pH Na2S04 solutions at 0.2V (EP, electropolished). 

Time os expo- H o m o g e n e o u s  
sure  to  1.0M a/o C1- 

Prior t r e a t m e n t  CI- at 0.2V (• 

Anodized  at 0.2V for  10 m in  60 sec  0.5 
A n o d i z e d  at 0.2V for  10 rain 10 rain 0.8 
Anodized at 0.2V for I0 rain 24 hr 2.7 
Anodized  at 0.2V for 50 hr 24 hr 0.6 
EP 15 sec  1.0 
EP 10 rain 2.1 

and, if the t ime per iod is sufficiently long, a l l  of the  
surface wi l l  exper ience  these events and the level  of 
incorpora ted  C1- wi l l  even tua l ly  reach  a s teady  va lue  
appropr ia te  for tha t  solut ion [C1-]  and anodic po-  
tential .  The ra te  of increase  of incorpora ted  C1- is 
not  constant  wi th  t ime because the oxide film perfects  
with t ime of anodization,  even .in a C1- -con ta in ing  
solution. This means  tha t  there  a re  fewer  defects to 
b reak  down and the reby  lead to C1- incorpora t ion  in 
the  film. The kinet ics  of C1- incorporat ion are  also 
h igh ly  dependen t  on the defect  s tate of the p r io r  oxide 
since this de te rmines  the f requency  of b r e a k d o w n -  
r epa i r  events.  The ra te  of incorpora t ion  is unde r -  
s t andab ly  higher  wi th  the e lect ropol ished film (Table  
I I I )  since this oxide is more  defect ive than the anodic 
film formed af te r  10 min  at  0.2V. On the other  hand,  
a h igh ly  perfect  passive film l ike  tha t  formed by  a 
50 h r  anodizat ion at  0.2V has few defects  and con- 
sequently,  as seen in Table III,  the ra te  of C I -  in-  
corporat ion is low. 

Local  incorpora t ion  of C1- into passive oxide films 
may  be impor tan t  in the  ini t ia t ion of p i t t ing  on pre -  
v iously  pass ive  meta l  surfaces and more  work  along 
these lines is underway.  I t  should be noted, however ,  
that  whi le  the presen t  work  shows that  considerable  
C1- can be incorpora ted  into the  oxide  lattice,  this 
does not  mean  tha t  such incorpora t ion  is a necessary 
precursor  to pi t  ini t iat ion.  

Manuscr ip t  submi t ted  May 10, 1982; rev ised  manu-  
scr ipt  rece ived  Sept.  2, 1982. 

A n y  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1983 
JOURNAL. Al l  discussions for the  December  1983 Dis-  
cussion Sect ion should  be submi t ted  by  Aug. 1, 1983. 

Publication costs of this article were assisted by the 
National Research Council o5 Canada. 
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Experimental Determination of the Passive-Active Transition for Iron 
in 1M Sulfuric Acid 

Philip P. Russell* and John Newman** 
Department of Chemical Engineering, University of California, Berkeley, California 94720 

ABSTRACT 

Current-voltage curves from three iron rotating disks are obtained using a polarization device which permits  determina- 
t ion of the transi t ion region between the active and passive states. Diameters of the three electrodes are 0.494, 0.298, and 
0.0986 cm, respectively. Results from the smallest electrode have the least amount  of ohmic distortion. Trends in the data, 
which are observed as the electrode size is decreased,  form the basis for the conclusions that  are drawn from this work. 
Analysis  of these t rends indicates that the active-passive transit ion is characterized by a nearly vertical  line on a current  vs. 
potential  plot. The Z-shaped nature of the current-voltage curves, reported by Epelboin et al., is entirely due to ohmic poten- 
tial drop in the solution. Analysis of the data, within the framework of a mathematical  mode l  presented  by Law and 
Newman, indicates that  the average current densi ty on the active port ion of the disk increases as the size of the active area 
decreases during the passivation process. 

Pass iva t ion  of i ron  in  sul fur ic  acid was first ob-  
se rved  by  F lade  (1). More  recent ly ,  i t  has been shown 
tha t  polar iza t ion  curves for i ron ro ta t ing  d isk  elec-  
trodes,  obta ined  wi th  a potent iostat ,  in 1M sulfuric  
acid have  d i sp layed  a hysteres is  loop tha t  obscured  
the cu r r en t -vo l t age  behav ior  of the  ac t ive-pass ive  
t ransi t ion.  Epelboin  et at. (2) have  shown how this 
obscured cu r r en t -vo l t age  behavior  can be t raced  in a 
s tab le  m a n n e r  using a polar iza t ion  device known  as 
a Negat ive  Impedance  Converter .  Because of  thei r  
charac ter i s t ic  shape,  cu r r en t -vo l t age  curves  obta ined  
wi th  this  device  were  t e rmed  Z-shaped  curves.  Law 
and N e w m a n  (3) deve loped  a ma thema t i ca l  model  
descr ibing the pass iva t ion  process.  This model  qual i -  
t a t ive ly  dupl ica ted  the Z-shaped  pass ivat ion curves 
tha t  were  e x p e r i m e n t a l l y  obta /ned by  Epelboin  et al. 
The model  indicates  that  the Z-shape  is due en t i re ly  
to ohmic po ten t ia l  drop.  The resis tance be tween  the 
d isk  and  the countere lec t rode  increases  as the  act ive 
area  of the  e lec t rode  decreases  dur ing  the passivat ion 
process, resu l t ing  in a compl ica t ion  of the  analysis.  

The purpose  of this pape r  is to p resen t  and analyze 
a ser ies  of expe r imen ta l l y  de te rmined  p,assivation 
curves,  each having  a d i f ferent  amount  of d is tor t ion  
due to ohmic poten t ia l  drop.  Results  of this analysis  
indicate  tha t  the  unde r ly ing  assumptions  in Law and  
Newman ' s  ma themat i ca l  model  a re  correct.  Specifically,  
the  impor t an t  assumpt ion  tha t  the local  pass iva t ion  
behav ior  of i ron can be  represen ted  by  a ver t ica l  
t rans i t ion  on a cur ren t  dens i ty  vs. (V -- r p lot  is 
verified. Here,  V is the  e lec t rode  poten t ia l  and r i s  
the  po ten t ia l  in the  solut ion jus t  outs ide the  electr ic  
double  layer .  

Three  ro ta t ing  d isk  electrodes,  each hav ing  a di f -  
fe rent  d iameter ,  were  used in this  s tudy.  The smal les t  
of these e lect rodes  passed the least  amount  of to ta l  
current ;  therefore ,  i t  r ende red  resul ts  tha t  had  the  
least  amount  of ohmic distort ion.  Conclusions were  
d r a w n  f rom t rends  in the  e x p e r i m e n t a l  resu l t s  t ha t  
were  observed  as the  degree  of  ohmic d is tor t ion  was 
reduced.  

The act ive  a rea  of the  d i sk  decreases  as the  disk 
goes f rom the act ive to the  passive state.  The m a t h e -  
mat ica l  model  of Law and Newman  (3) indicates  tha t  
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t a m m e t r y .  

the average  cur ren t  dens i ty  on the act ive por t ion  of 
the  e lect rode should  increase a s  the  act ive a rea  de -  
creases. Using opt ical  microscopy to de te rmine  the 
act ive area, Epelboin  et al. (2) r epor ted  the opposi te  
phenomenon;  cur ren t  dens i ty  on the active a rea  de -  
creased as the  act iv~ a rea  decreased:  Analys i s  of our  
exper imen ta l  results ,  in a m a n n e r  s imi la r  to tha t  de-  
veloped by  Law and Newman,  indicates  that  the  ave r -  
age current  dens i ty  on the ac t ive  a rea  o f  the  e lec t rode  
increases as the act ive a rea  decreases dur ing  the pas -  
s ivat ion process.  

The pr inciples  governing  a polar iza t ion  device tha t  
provides  a load l ine wi th  a posi t ive slope have  been 
presen ted  by  Epelboin  et al. The reasons w h y  such a 
device mus t  be used for polar iza t ion  control  of a pas -  
s iva t ing  sys tem a re  br ie f ly  reviewed.  

Assume the I vs. (V - -  ~PRE) character is t ics  of an 
e lec t rochemical  sys tem tha t  undergoes  pass iva t ion  
can be represen ted  as in Fig. 1. I f  a polar iza t ion  device 
wi th  a ver t ica l  load line, such as a potent ios ta t ,  is used 
to polar ize  this cell, the  curve a - b - c - d - e  wi l l  be ob-  
ta ined  for  a posi t ive  vol tage  sweep. F o r  a nega t ive  
vol tage  sweep, the  curve e - d - f - b - a  is obtained.  Curve 
c-f, which  is of interest ,  is obscured  wi th in  the  
hysteresis  loop. The special  polar iza t ion  device p ro -  
duces a posit ive s loping load l ine,  represen ted  by  L. 
This al lows de t e rmina t ion  of a s table  da ta  point  at 
(V*, I*) .  Ad jus tmen t  of the  potent ia l ,  E, and  the 
slope of l ine L allows de te rmina t ion  of the  curve c-f. 
A polar iza t ion  device wi th  this capab i l i ty  was used to 
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Fig. !. Current vs. (V - -  @RE) characteristics for a passivating 
electrochemical system. 
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s tudy the th ree  different  sized i ron  ro ta t ing  disk elec-  
t rodes in the  ac t ive-pass ive  t rans i t ion  region.  

Experimental 
The ro ta t ing  disk electrodes were  the  cross sections 

of different  d i ame te r  i ron rods  ( Johnson-Mat they ,  
Pu ra t ron ic ) .  Three  electrodes,  each wi th  a different  
d iameter ,  were  used in this work.  Table  I gives the  
rad ius  and the cross-sect ional  a rea  of each electrode.  
The electrodes were  embedded  in an  insula t ing  cyl in-  
de r  tha t  was 1.95 cm in diameter .  The insula t ing  cyl in-  
de r  was composed of a 6:5 mix  of Shel l  Epon 826 epoxy 
res in  and Versamid  140 po lyamid  hardener .  

Elec t rode  surface p repa ra t ion  was ca r r i ed  out  on 
a pol ishing wheel  ob ta ined  f rom Buehler ,  Limited.  
Ini t ia l ly ,  600 gr i t  si l icon dioxide  abras ive  paper  was 
used on the wheel.  This s tep rendered  a ma t t e  finish 
on the i ron surface. Next,  a pol ishing cloth was used 
wi th  9, 3, and 1 micron  d iamond pastes. The electrodes 
were  then  carefu l ly  r insed in dis t i l led water .  In i t i a l  
surface p repa ra t ion  wi th  abras ives  finer than  1 micron 
w a s  not  necessary because  the  surface of the  e lectrode 
was r ap id ly  dissolved dur ing  the exper iments .  

The glass cell  tha t  was used is shown schemat ica l ly  
in Fig. 2. Separa te  compar tments  were  p rov ided  for 
both  the reference  e lect rode and the counterelectrode.  
Each compar tmen t  had  two connections to the  cent ra l  
por t ion  of the cell. The uppe r  connection had  an inner  
d iamete r  of app rox ima te ly  0.6 cm and contained a 
porous glass fri t .  The lower  connection was an  open 
glass tube  wi th  an i n n e r  d i ame te r  of app rox ima te ly  
1 cm. 

Ni t rogen (Liquid  Carbonic,  "High Pure" )  was b u b -  
b led  th rough  the 1M sulfur ic  acid e lec t ro ly te  for at  
least  1 h r  before  the exper iments  were  begun. Ni t ro -  
gen bubbl ing  was cont inued dur ing  the exper iments .  
The cell  was p laced  in a constant  t empe ra tu r e  ba th  
tha t  was control led  to 25.0 ~ __ 0.5~ Polar iza t ion  of 
the  cell  was control led  w i th  a potent ios ta t  (S tonehar t  
Model  BC 1200) tha t  had aux i l i a ry  c i rcu i t ry  p rov id ing  
a load l ine wi th  a posi t ive slope. 

Two different  types of exper iments  were  carried- 
out. The first type,  which is re fe r red  to as po ten t iody-  
namic  sweeps, were  runs  where  the  load l ine  of  the  
potent ios ta t  was vert ical .  The poten t ia l  of the  disk was 
var ied  f rom --1.0 to 0.6V wi th  respect  to a m e r c u r y -  
mercurous  :sulfate re ference  electrode.  Slow sweep 
rates  of  20-40 mV/sec  were  used. The sweep genera tor  
was a Pr ince ton  App l i ed  Research,  Model 175, Uni-  
versa l  P rog rammer .  Cur ren t -vo l t age  plots  were  re -  
corded on a Hewle t t -Packa rd ,  Model  7047A, X - Y  
Recorder .  Trans ients  associated wi th  the  ac t ive -pas -  
sive and pass ive-ac t ive  t ransi t ions  exceeded the t ime  
response capabi l i t ies  of the X-Y recorder .  These t r ans i -  
ents were  accura te ly  moni tored  wi th  a Nicolet  Ins t ru -  
ment  Corporat ion,  Model  206, Digi ta l  Storage Oscil lo- 
scope. 

The second type  of expe r imen t  incorpora ted  the use 
of the  potent ios ta t  c i rcu i t ry  tha t  p rovided  a posi t ive 
s loping load line. By choosing a base potent ia l ,  E, 
which was usua l ly  --0.27V wi th  respect  to the mer -  
cu ry -mercu rous  sulfa te  re fe rence  electrode,  the  Z-  
shaped pa r t  of the  polar izat ion curve (c-f)  could be 
t raced  out  b y  d e c r e a s i n g  the slope of the  load line. 

A schemat ic  d i ag ram of the  expe r imen ta l  appara tus  
is given in Fig. 3. Al l  runs  were  made  at  a d isk  ro ta -  
t ion speed of 1600 r p m  (167.6 r ad / sec ) .  

Table I. Values of the radius and the cross-sectional area for 
each electrode 

Radius ro Cross-sectional 
Electrode (cm)  area (crn~) 

SIDE VIEW 

depth of 
electrolyte 
~S.O crn 

[ - - - ]  ,, 
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TOP VIEW 
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-,o ,,aI  

;~-2.0 :;: 2.5 :; 
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JE 

�9 ~ S p a r g i n g  Vent 

Fig. 2. Schematic diagram of the experimental cell. All dimen- 
sions are given in centimeters and are approximate. The electrodes 
are indicated in their usual operating positions: WE, working elec- 
trode; RE, reference electrode; and CE, counterelectrode. 

Two different  pur i t i es  of the  1M sulfur ic  acid 
e lec t ro ly te  were  used. One solut ion was p repa red  us-  
ing Mal l inckrod t  Sulfur ic  Acid, "Analy t ica l  Reagent ,"  
and dis t i l led water .  The second solution, which was 
composed of J. T. Baker  Sulfur ic  Ac id -Ul t r ex  and 
purif ied wate r  having  a specific res is tance of 17 MfZ- 
cm, was much lower  in contaminants  than  the  first 
solution. There  was no apparen t  change in the resul ts  
due to the difference in these solutions. 

Results and Discussion 
Figure  4, which is t aken  f rom Epelboin  e t a l . ,  shows 

a hysteres is  loop in the cu r ren t -vo l t age  curve ob-  
se rved  when a po ten t ios ta t  (ver t ica l  load l ine)  is 

SWEEP GENERATOR 
I PAR Universal 
I Programmer ] Mad.,,: I 

WE Stonehar t I X-Y RECORDER 
CE RE R~ Model BCI2OO J HP Mad i CE Volto<Je Current X 7047A 

x l I  / CELL I I 

Constant Temperature 

Control i 6x 6Y I 
N 2 Sparging of 

Electrolyte OSCILLOSCOPE 
NI"C Model ;>06 

A 0.247 0.1917 ' ' 
B O.149 0.06984 
C 0.0493 0.00763 Fig. 3. Schematic diagram of the experimental apparatus 
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Fig. 4. Current-voltage curve for a 5 mm diam iron disk in IM 

sulfuric acid, rotating at 750 rpm, taken from Epelboin et al. 

used to polar ize  a 5 m m  iron disk in 1M sulfuric  acid 
at  750 rpm. A sa tu ra t ed  ca lomel  reference  e lect rode 
was used in the i r  work.  

The to ta l  cu r ren t  is r educed  when an e lec t rode  with  
smal le r  cross-sect ional  a rea  is used. A reduct ion  in 
cur ren t  wi l l  cause the  ohmic potent ia l  drop in solu-  
t ion to decrease,  even though the resis tance increases. 
This should resul t  in a decrease of the wid th  of the 
hysteres is  loop. F igure  5 shows po ten t iodynamic  sweep 
resul ts  for the three  different  sized electrodes.  The 
cu r ren t  is r epor ted  as the average  cur ren t  density,  
:( .=  I/~ro 2, where  ro for  each e lect rode is given in 
Table  I. As expected,  e lectrode C has the  na r rowes t  
hysteres is  loop because i t  passed less cur ren t  than  
e i ther  e lec t rode  A or  e lect rode B. The wid th  of the 
hysteresis  loop for e lec t rode  B is na r rower  than  for 
e lec t rode  A for the  same reason. 

A l imi t ing  cur ren t  p l a t eau  was observed on al l  of 
these runs. Epelboin  et al. observed the same phenome-  
non in thei r  exper iments .  A l imi t ing  cur ren t  dens i ty  
of 1350 m A / c m  2 was observed  for e lectrodes A and B. 
The l imi t ing  cu r ren t  dens i ty  for e lectrode C was 8% 
lower  than  that  for the  l a rge r  electrodes.  A possible  
exp lana t ion  for  the lower  current  dens i ty  on electrode 
C could involve d is rupt ion  of the known disk h y d r o -  
dynamics .  As the  electrodes dissolve they  recede up 
into the  insula t ing  disk. As this recess becomes deeper  
we would expect  an increased resis tance to mass 
t ransfer .  This effect wi l l  be the  greates t  for  e lect rode 
C 'because  the rat io  of depth  of recess to ro wi l l  be the 
la rges t  for  this electrode.  

Fo r  e lectrodes B and C we see an overshoot  above 
the l imi t ing  current  that  is observed only  on the po-  
ten t ia l  sweep in the  posi t ive  direct ion.  This cur ren t  
overshoot  has been prev ious ly  observed  and is c o n -  

s idered to be an expe r imen ta l  a r t i fac t  due to the  finite 
vol tage sweep ra te  (2).  As evidence of this, consider  
the curve for  e lect rode C in Fig. 5. I f  the  posi t ive 
sweep is s topped at  poin t  s, the cur ren t  wi l l  fal l  to 
the l imi t ing va lue  at  point  t. The cur ren t  wi l l  r emain  
there  so long as the  po ten t ia l  is he ld  at  Vt. As fu r the r  
evidence, the  cu r ren t  fo l lowed the curve th rough  point  
t on the nega t ive  sweep. S imi la r  phenomena  were  ob-  
served for  e lec t rode  B; however ,  the  negat ive  sweep 
is not  inc luded in Fig. 5 to minimize  confusion. This 
overshoot  was not  observed  w i t h  e lec t rode  A because 
the  sweep r a t e  was only 20 mV/sec  as compared  to  
40 mV/sec  for  the  o ther  two electrodes.  

A n  unexpec ted  fea ture  of this p lo t  is the difference 
in potent ia ls  a t  which the pass ive-ac t ive  t ransi t ions  
occur  for  the  th ree  electrodes.  For  e lect rodes  A, B, 
and C the t rans i t ion  occurred at  V --  CH~/Hs~SO4 "-- 
--0.170, --0.185, and -0.192V, respect ively .  Epelboin  
et aI. (4) obta ined a value  of V --  ~Hg/H~2SO4 -- --0.17 
for  a 5 m m  d iam disk, which  is in precise  agreement  
wi th  our  resul ts  for e lectrode A. The dependence  of 
this po ten t ia l  on e lec t rode  size indicates  tha t  the  change 
f rom passive to active s ta tes  does not  occur prec ise ly  
at  the  F lade  potent ia l ,  bu t  ins tead at  a s l ight ly  more  
posi t ive potent ial .  A definit ion of the  F lade  poten t ia l  
is best  de layed  unt i l  the resul ts  obta ined  using the 
posi t ive s loping load l ine have  been  discussed. 

The de te rmina t ion  of the cu r ren t -vo l t age  behavior  
of a pass iva t ing  system requires  the use of a po lar iza-  
t ion device having  a load l ine wi th  a posi t ive slope. 
The posi t ive feedback circuit  on the  S tonehar t  po ten -  
t iostat  p rovided  this capabi l i ty .  F igure  6 presents  these 
exper imen ta l  results;  again, the  cur ren t  is expressed  
in terms of the average cur ren t  dens i ty  based on the 
cross-sect ional  a rea  of each electrode.  The most  im-  
por tan t  f ea tu re  of Fig. 6 is the shape of the  curves 
dur ing  the t rans i t ion  be tween  the act ive s ta te  and 
the passive state. The Z-shape  for e lec t rode  A is most  
prominent .  However ,  the t rans i t ion  for e lectrode C is 
more  closely character ized b y  a ve r t i ca l  l ine. The 
curve for  e lect rode C has less ohmic dis tor t ion than  
the curves for  e i ther  electrodes A or  B. 

F rom the  progress ive  changes observed in these 
th ree  curves, it  is concluded that,  in the  l imi t  of zero 
electrode size, both  the ac t ive -pass ive  and pass ive-  
act ive t ransi t ions  are  charac ter ized  by  a nea r ly  ve r t i -  
cal l ine on an I vs. (V  -- ~RE) plot.  The vol tage  at  
which this t rans i t ion  would occur is the F lade  po ten-  
tial.  The de te rmina t ion  of this po ten t ia l  and the genera -  
t ion of the dot ted por t ions  of the curves in Fig. 6 a re  
discussed l a t e r  in this section. Some difficulties as-  
sociated with  ohmic compensat ion  and a discussion of 
some of the o ther  fea tures  of Fig. 6 are  now taken up. 

A t t empt ing  to compensate  for the ohmic resis tance 
in solut ion by  subt rac t ing  IRa, using a constant  Ra, 
is not  val id  for  th~ pass ivat ion process. As the  disk 
passivates,  the  act ive a rea  decreases.  This  leads  to a 
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continuous increase in the ohmic resistance. This can 
be seen more clearly by recaning the formula for the 
ohmic resistance between the edge of the active por- 
tion of the disk and a hemispherical counterelectrode 
located at infinity given by Law and Newman 

@ 

R~ = 4~rp [1] 

where  e is a number  which var ies  f rom 1 for a p r i m a r y  
cur ren t  d i s t r ibu t ion  to 8/n 2 for  a un i form cur ren t  dis-  
t r ibut ion.  In t e rp re t ed  physical ly ,  e is the ohmic po-  
ten t ia l  drop to the edge of t h e  disk at  the  given cur ren t  
d is t r ibut ion  d iv ided  by  the potent ia l  drop  to the edge 
of the  d i sk  which would  exis t  for  a p r i m a r y  cur ren t  
dis t r ibut ion,  assuming ! and rp are  constant .  There -  
fore, e can be thought  of as a dimensionless  ohmic 
poten t ia l  drop,  scaled b y  the p r i m a r y  cur ren t  d is t r i -  
but ion case. The pass ivat ion radius,  rp, is defined in the 
fol lowing way. For  r > rp, the  disk is pass ivated;  for 
r < rp, the disk is active. 

In  Fig. 6, the  dashed port ions of the l imi t ing cur ren t  
curves represen t  an uns table  region in which the 
cur ren t  could not  be controlled.  In  cer ta in  potent ia l  
ranges  of this uns table  region the cur ren t  osci l la ted 
in a sustained manner .  The average value of these 
oscil lat ions is represen ted  by  the dashed line. This 
effect is different  f rom the r a the r  slow fluctuations 
which were  descr ibed  by  Epelboin  et al. in the same 
region of the curve. 

The  cu r ren t  overshoot  above the l imi t ing  cur ren t  
is again  seen for  the posi t ive vol tage sweep. The cause 
and associated phenomena  are the  same as for the 
curves which were  obta ined  under  po ten t iodynamic  
control.  

The de te rmina t ion  of the F lade  potent ial ,  which wil l  
be denoted  as Vp*, is now made.  The basic p rocedure  
involves fitting the  cur ren t -vo l t age  da ta  to a theo-  
re t ica l ly  based equation.  The ex t r apo la t ion  of this 
equat ion to the  point  of zero cur ren t  wi l l  then yield 
the F l ade  potent ia l .  

Extrapolation of the Z-shaped curv,e.--The dot ted 
por t ions  of the  curves in Fig. 6 could not  be obta ined 
wi th  our  polar iza t ion  device because the min imum 
load l ine slope tha t  the potent ios ta t  could provide  had  
been reached.  The dot ted  por t ions  of the curves were  
ex t rapo la ted  i r om a least  squares  curve fit (5) th rough  
the data .  

To begin, the fol lowing equat ion is reca l led  from 
L a w  and N e w m a n  

ek/nliavg*' 
Y --  eRE = Vp* -~ ~RZ [2] 

4K 

This equation describes the cu r ren t -vo l t age  behavior  
dur ing  the passivat ion process. The F lade  potential ,  
Vp*, is the  poin t  at  which the local cur rent  densi ty,  i, 
goes to zero. I t  is p resumed  tha t  the F lade  poten t ia l  
prevai l s  at  the  edge of the  active por t ion of the  disk. 
When the F l ade  potent ia l  reaches the  center  of the 
disk the ent i re  surface is passive, and the to ta l  cur ren t  
falls  to zero. I t  is impor tan t  to unders tand  the differ-  
ence be tween  i-and iavg*. The average  cur ren t  density,  i, 
is defined as the  to ta l  cur ren t  d ivided by  the cross-sec-  
t ional  a rea  of the electrode,  i" = I/~ro 2. The quan t i ty  
iavg* is the  total  cur ren t  d ivided by  the active a rea  of 
the  electrode,  iavg* "-- I/~vrp 2. Equat ion [2] can be r e a r -  
r anged  to give 

I = b ( V - -  Vp*)2 [3] 
where  

b - -  [4] 
~'~avg* 

I f  �9 and  iavg* are  constants,  then  a plot  of f vs. (V  -- 
Vp*) 2 should be a s t ra igh t  l ine passing th rough  the 
origin. Table  I I  is a r ep resen ta t ive  set of I vs. V da ta  
f rom the  th ree  electrodes.  The e lec t rode  f rom which  

Table II. Values of the current at various potentials for the 
three electrodes 

Potential 
(V - ~a~) Current  

E lec t ro de  ( V )  (mA) 

C - - ~ 1 2 5  1.78 
C - 0 . 1 0 0  2.61 
C - 0 . 0 7 5  3.59 
C - 0 . 0 5 0  4.80 
C - 0 . 0 2 5  6.20 
C 0.000 7.95 
B 0.040 10.5 
B 0.100 14.5 
B 0.200 24.0 
B 0.300 38.0 
A 0.370 56.0 
B 0.400 57.0 
A 0.400 62.0 
B 0.450 69.0 
A 0.500 90.0 
A 0.600 125 

0.650 143 
0.700 164 

each data point was taken is noted. Extensive work 
with the data indicated that a plot of I vs. (V -- Vp*) 2 
would not be linear for any reasonable value of Vp*. 
This indicated that the quantity (e2iavg*) was varying 
as the passivation process occurred. In order to ac- 
count for these variations the data were fit with the 
following equation 

I m ao + a z ( V - -  Vp*)2 + a 2 ( V - -  Vp*) 4 [5] 

The cur ren t  must  be zero when  V --  Vp* because  the 
disk becomes ful ly  pass ivated  at  tha t  point;  therefore,  
a 0 : 0 .  

The computer  p r o g r a m  which de te rmined  Vp* 
worked  in the  fol lowing way. An  in i t ia l  va lue  of Vp* 
was provided.  A leas t  squares curve fit p rog ram then 
genera ted  values of a0, as, and a2 that  were  based on 
the 18 da ta  points  in  Table II. If a0 was not  equal  to 
zero, then a new value  of Vp* was de te rmined ,  and  the 
least  squares  p rog ram reca lcu la ted  a0, al,  and  as. This 
process was repea ted  unt i l  a0 was sufficiently close to 
zero. The final values  obta ined for  a0, ai, az  and Vp* 
are  shown in Table III. F igure  7 is a plot  of the  cur-  
ren t  against  (V --  Vp*)e, where  Vp* = --0.26168V. The 
compute r  genera ted  curve (Eq. [5]) is shown as the 
solid line for comparison wi th  the data.  

The va lue  of the pass ive-ac t ive  t rans i t ion  potent ia l  
depends  on the passive film s tabi l i ty .  A smal le r  disk 
electrode has smal ler  potent ia l  and concentrat ion fluc- 
tuat ions  over  its surface. I f  such fluctuations lead  to 
b reakdown  of the film, then i t  is reasonable  to ex-  
pect  tha t  the  passive film wil l  r ema in  stable at  a more  
negat ive  poten t ia l  on a sma l l e r  electrode.  

In  the po ten t iodynamic  sweep  exper iments ,  the 
pass ive -ac t ive  t rans i t ion  potent ia l  becomes more  nega-  
t ive as the e lect rode size decreases.  The resul t  f rom 
the curve fit p rocedure  is equiva lent  to obtaining the 
pass ive-ac t ive  t rans i t ion  f rom a po ten t iodynamic  
sweep expe r imen t  for  an e lect rode of infini tesimal 
area.  

This explains  the  range  of t rans i t ion  potent ia ls  v a r y -  
ing f rom a calcula ted value  of --0.2168V for an in-  
f ln i tes imal ly  smal l  e lect rode to an observed va lue  of 
--0.17V for the larges t  electrode.  

The dot ted  porHons of the curves in Fig. 6 were  ob-  
ta ined  in the fol lowing way. F r o m  .a given va lue  of 
(V --  Vp*) ~, Eq. [5] es t imates  the  to ta l  current ,  I. 

Table III. Values of the parameters in Eq. [5] determined by 
the least squares fit 

Least squares  
Variable Dimension result 

Vp* V -0 .26168 
a~ m A  0.00040397 
al  m A / V  ~ 99.737 
a~ m A / v  t 86.525 
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Fig. 7. Experimental values of I plotted against (V --  Vp*) 2. 
Equation [5] is shown as the solid line for comparison with the 
data. 
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This va lue  was d iv ided  by  the  appropr ia t e  cross- 
sect ional  a reas  (see Table  I)  to obta in  the  corre-  
sponding average  cu r ren t  densi t ies  for each electrode.  
This p rocedure  was used to ex t r apo l a t e  f rom the poin t  
of zero cur ren t  at  V --  Vp* up to the first da ta  point  for  
each electrode.  

Determination o] iav~*.~We now de te rmine  the va r -  
iat ions in iavg* as the e lec t rode  passivates.  This is ac-  
compl ished wi th in  the f r a m e w o r k  of the model  p r e -  
sented by  L a w  and Newman.  The curva tu re  in F ig  .7 
indicates  tha t  ~ and or  iavg* are  changing dur ing  passi-  
vation.  Equat ions  [3] and  [4] can be combined to give 

( 4 ~ )  2 ( V - V p * ) ~  [6] 
e2/avg* "-- - - -~  I 

At  this point,  Eq. [5] indicates  how I var ies  wi th  (V 
--  VD*); therefore ,  iavg* could be de te rmined  f rom Eq. 
[6] if the  dependence  of �9 on (V --  Vp*) was also 
known.  Previous  resul t s  obta ined for a nonpass iva t -  
ing disk e lec t rode  by  N e w m a n  (6) indicate  the  com- 
p l ex i ty  of this  dependence.  We now app ly  these resul ts  
on the  act ive por t ion  of  the  e lec t rode  to calculate  how 
�9 depends  on (V --  Vp*). This p rocedure  is now d e -  
ve loped .  

In  general ,  the  cu r ren t  d i s t r ibu t ion  wil l  depend  on 
the  pa rame te r s  J, 8, aa, and  ~c. For  the  pass ivat ion  
p rob l em 

iorpnF 
J =_ [7] 

RT,c 

L a w  and N e w m a n  give a va lue  of  0.1 X I0 -5 A/cm2 
for  the  exchange  cur ren t  dens i ty  when  the  fer rous  ion 

concentra t ion is 4.0 rea l / l i t e r .  Hur l en  (7) indicates  
tha t  the dependence  of the  exchange cur ren t  dens i ty  
on hydrox ide  and fer rous  ion concentra t ions  is 

log (i0) [ A / c m  2] = 3.58 --  pOH - -  p F e  [8] 

Because on ly  smal l  amounts  of i ron  were  dissolved 
dur ing  the exper iments ,  the fer rous  ion concentra t ion 
can be considered negligible.  Equat ion  [8] indicates  
tha t  the  exchange  cu r ren t  dens i ty  was ve ry  smal l  for  
our  expe r imen ta l  conditions.  F r o m  this reasoning,  
i t  was concluded  tha t  the  approx imat ion  J _-- 0 was 
va l id  in the analysis  of this work.  

The second p a r a m e t e r  is g iven by  

aaFrp~avg* 
6 = [9] 

RTe 
In  1M sulfur ic  acid ~ is 0.40 ( ~ - c m )  -1 at  25~ (8),  
and  aa is 1.0 for  the  anodic  dissolut ion process (3).  The 
dependence  of (i/iavg*)It=0, the cur ren t  dens i ty  at  the  
center  of the  disk d iv ided  by  iavg*, on  5 is illustra%ed in 
Fig. 8. Focusing a t ten t ion  on the curve for  J --  0, we 
see that  as 8 -~ oo, (i/iavg*)It=0 approaches  a va lue  of 
0.5 and a p r i m a r y  cur ren t  d is t r ibut ion  is obtained.  Un-  
de r  these condit ions e = 1.0. 

At  the o ther  ex t reme  when 5 --> 0, a un i fo rm cur ren t  
d i s t r ibu t ion  is obtained.  Fo r  this  case  (~/iavg*)lr=0 
has a va lue  of 1.0. Under  these  condit ions �9 ---- 8/~ 2. 

With  the  re la t ionship  

I ---- iavg*~'p 2 [10] 

i t  is possible  to e l imina te  rp f rom Eq. [9] and ob ta in  

-aF ~/iavs*l 
8-'.,RT~V ~ , [ I I ]  

Subs t i tu t ion  of Eq. [2] into Eq. [11] gives 

4 ~ F  
8 = - -  (V  - -  V#) [12] 

~RT 
Equation [11] can be rearranged to give 

( R T . ) ' n  
iavg* ----- 82 ~ T [13] 

In o rde r  to eva lua te  8 f rom Eq. [12] we mus t  once 
again  face the  p rob lem of de te rmin ing  how e var ies  
wi th  (V --  Vp*). ,& computer  p rog ram descr ibing the 
secondary  cur ren t  d i s t r ibu t ion  on a disk electrode,  
developed by  Newman  (6), was ava i lab le  to calculate  
e and 5 for  given values  of J and the potent ial .  Results  
from this p rog ram are  given in Fig. 9. This plot  ind i -  
cates how e varies  wi th  the p a r a m e t e r  a a F ( V  - -  V p * ) /  
RT, when J : 0.1. The p rog ram could be re run  wi th  
J = 0; however ,  the  change in resul ts  would  be in-  
significant, as can be  seen f rom Fig.  8. 

The r ema in ing  steps in the de te rmina t ion  of {avg* 
as a funct ion of r ,  were  as follows. Firs t ,  a va lue  of 
(V - -  Vp*) was selected. With  aa ---- 1.0 (3),  a value  

I-O[-~,j = 0 I i i -1 o 

o 0 . 8 ~  
% 0.7 

* ~  0.6 
. -  

0 5 I0 15 20 
8 

Fig. 8. Current density at the center of the disk as a function 
of 8. 
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Fig. 9. Plot of e vs. the parameter a a F / R T ( V  - -  Vp*) from New- 
man. 

of + was obtained from Fig. 9. The parameter  5 was 
then determined from Eq. [12]. The total current ,  I, 
at the given value of (V -- Vp*) was given by Eq. 
[5] ; ul t imately,  iavg* was obtained from Eq. [13]. These 
results are presented in  Table IV. The first two col- 
umns  were taken directly from the computer  program 
used to generate values plotted in  Fig. 9. The values 
of 5 and iavg* were computed according to the method 
outl ined above. The radial  point  of passivation, rp, was 
obtained from Eq. [10], using the known values of I 
and iavg*. 

The calculations used to determine 8, iavg*, and rp 
were repeated for the extreme cases of a p r imary  and 
a uni form current  distribution. For a pr imary  dis- 
t r ibution,  ~ is taken as 1, while for the un i form dis- 
t r ibution,  e is taken as 8/~ 2 in the procedure outlined 
above. These results are shown as a plot of iavg* vs .  rp 
in  Fig. 10. When the active port ion of the disk was 
small, the calculated curve for iavg* approached the 
value corresponding to a un i form current  distribution. 
As the active area increased, the calculated value of 
iavg* decreased rapidly  and approached the pr imary  
dis tr ibut ion asymptotically.  

For values of rp ~ 0.077 mm, the calculations which 
generated the curves in Fig. 10 are based on the ex- 
per imenta l  data. For  rp < 0.077 mm the curves have 
been extrapolated. This region of extrapolat ion cor- 
responds to the dotted portions of Fig. 6. 

Table IV'. Values of +, ~, iavg*, and rp at various potentials 
calculated from the experimental data 

a . F  
- - ( V  - V~*) 
RT 

~avg* 
(A/ rp S o u r c e  a vo 

e 6 cm~) (ram) of data (ram) 

0.02752 0.811 0.04321 12.47 0.000357 Extrap .  - -  
0.05504 0.811 0,0~653 12.45 0.000714 Extrap ,  - -  
0.08703 0.812 0.1365 12.40 0.00113 Extrap .  - -  
0.1231 0.814 0.1925 12.33 0.08161 E x t r a p .  - -  
0.2752 0.820 0.4276 12.16 0.60361 Extrap .  - -  
0.3892 0.822 0.6029 12.09 0.00513 Extrap .  - -  
0.8703 0.831 1.334 11.83 0.0116 Extrap .  - -  
1.231 0.837 1.873 11.66 0.0165 Extrap .  - -  
1.741 0.844 2.626 11.45 0.0236 Extrap .  - -  
2.462 0.853 3,677 11.21 0.0337 Extrap .  - -  
3.015 0.860 4.466 11.00 0.0417 Extrap ,  - -  
3.461 0,864 5.130 10.87 0.0485 Extrap .  - -  
3.892 0.868 5.713 10.76 0.0545 Extrap .  - -  
4.262 0.871 6.230 10.65 0.0601 Extrap .  - -  
4.768 0.875 6.938 10.54 0.0,677 Extrap .  - -  
5.321 0.879 7.707 10,41 0.0761 C 0.493 
6,294 0.886 9.045 10.18 0.0913 C 0,493 
7.267 0,892 10.38 9.98 0.107 C 0.493 
8.240 0.896 11.71 9.80 0.123 C 0.493 

10.19 0.905 14.34 9.43 0.156 C 0,493 
14.08 0.916 19.57 8.74 0.23,0 B 1.49 
21.86 0.932 29.87 7.38 0.416 B 1.49 
25.76 0,938 34.96 6.73 0.534 A 2.47 
27.70 0.94t 37.50 6.42 0.601 B 1.49 
33.54 0.948 45,05 5.53 0.837 A 2.47 
37.43 0.952 50.09 5.01 1.03 A 2.47 
41.34 0.955 55.14 4.54 1.25 Extrap .  - -  

= The symbol "Extrap." indicates that this data po in t  w a s  ob- 
t a i n e d  by an e x t r a p o l a t i o n  of  Eq. [5]. A capital letter identifies 
t h e  e l e c t r o d e  f r o m  w h i c h  t h e  g i v e n  data point was obta ined .  F o r  
t h e s e  cases ,  t h e  c o r r e s p o n d i n g  e l e c t r o d e  radius  i s  g i v e n  f o r  com- 
parison w i t h  rp. 
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Fig. 10. Average current density on the active portion of the disk 
plotted against rp. 

The results obtained in  this work are qual i tat ively 
similar to those presented by Law and Newman in  
their  mathemat ical  model describing the kinet ical ly  
l imited case. Both indicate that  iavg* increases as the 
active electrode area decreases. As rp -> 0 (complete 
passivation),  the value of iavg* based on these experi-  
ments  reaches a value of 12.44 A /cm 2, this compares 
with a value of 17.1 A/cm 2 estimated by Law and 
Newman. The qual i tat ive agreement  of these results 
was expected. The same model was used in both cases; 
however, the data bases were different. 

The continuous increase in iavg* as rp decreases can 
be explained in the following way. First, assume that 
the current  densi ty  at r _~ rp is constant. For  the ex- 
per imenta l  results obtained here, i l r=r  , = 12.44 A/  
cm 2. For  a large active area the p r imary  current  dis- 
t r ibut ion is approached. Under  these conditions ilr=0 

iavg* < <  i t r = r  , ,  which is consistent with experi-  
mental  observation. As the active area decreases and 
rp -> 0, we approach a uni form current  distr ibution,  
for which zl~=o ~ iavg* ~ i l r=r  , .  

Law and Newman also calculated a value for the 
l imit ing current.  Their  calculations were based on a 
disk rotat ion speed of 4500 rpm. Since these experi-  
ments  were carried out at 1600 rpm, it  was necessary 
to correct for the difference in rotat ion speeds by using 
the Levich relat ionship (9) 

Ilim ---- ~/42 [14] 

The adjusted value was 1.64 A /cm 2, which is to be 
compared with a value of about 1.35 A /cm 2 obtained 
in this work (see Fig. 5 and 6). 

C o n c l u s i o n s  
Exper imenta l  results obtained from three i ron ro- 

tat ing disk electrodes indicate that  the local passiva- 
t ion phenomenon can be represented as a near ly  ver-  
tical l ine on a current  vs .  ( V  - -  r plot. If it is as- 
sumed that  the active port ion of the electrode always 
has a disk configuration, then this work has shown 
that  the Z-shaped polarizat ion curve, obtained wi th  
a Negative Impedance Converter,  is due only to ohmic 
potent ial  drop in solution. This effect is complicated 
because the active area of the electrode decreases dur -  
ing the passivation process, resul t ing in  a cont inuously 
increasing ohmic resistance to the disk. Analysis of 
the data obtained in these experiments,  wi thin  the 
f ramework of the Law and Newman model, indicates 
the average current  density on the active area of the 
electrode increases as the size of the active area de- 
creases dur ing passivation. 

Recall that  Epelboin et al. have observed the op- 
posite phenomenon;  current  density on the active area 
decreased as the active area decreased. This difference 
can be explained if the local current  density v s .  pa ten-  
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t ia l  behav ior  is assumed to be different ,  as exp la ined  
in  the  fol lowing example .  

Consider  two cases: (i)  the local  cur ren t  dens i ty  
monoton ica l ly  increases  as V - r increases  toward  
Vp* and (ii) the local cur ren t  dens i ty  monotonica l ly  
decreases as V --  ~o increases  toward  Vp*. The value  
of iavg* is ob ta ined  by  averaging  the cur ren t  dens i ty  
contr ibut ions  over  the values  of (V --  ,~o) tha t  exis t  on 
the  act ive area.  The var ia t ion  in (V --  r f rom the 
center  to the  edge of the d isk  becomes smal le r  as the  
act ive a rea  decreases.  Fo r  case ( i) ,  a l a rge  act ive area  
impl ies  tha t  cur ren t  densi t ies  cons iderab ly  below 
ilr=r p will  be included in the average;  for smal l  active 
areas  only  cur ren t  densi t ies  s l ight ly  below i]r=r, will  
be included.  The resul t  is an increas ing value  of iavg* 
as rp decreases.  Fo r  case ( i i ) ,  a la rge  act ive a rea  im-  
plies that  cu r ren t  densi t ies  cons iderab ly  above ilr=ru 
wil l  be inc luded in iavg*; for  smal l  act ive areas  only  
cur ren t  densi t ies  s l ight ly  above ilr=r v are  included.  
The resu l t  is a decreas ing value of iavg* as rp decreases.  

In  this work  we have measured  e2iavg * and ca lcula ted  
,. This permi t s  iavs* to be de te rmined  as a funct ion 
of active area.  This p rocedure  indicates  tha t  iavg* in-  
creases as rp decreases.  Our  resul ts  would have been 
s t ronger  if iavg* i tself  had been  expe r imen ta l ly  mea-  
sured,  ins tead  of re ly ing  on calculations.  The ap -  
pa ren t  value  of the cur ren t  dens i ty  at  the point  of 
passivation,  ilr=rp, obta ined  f rom this s tudy is 12.44 
A / c m  2. Our  local  cur ren t  dens i ty -po ten t i a l  re la t ionship  
corresponds to case ( i) .  

The resul t  of Epelboin  et al. corresponds to case (ii). 
F u r t h e r  work  is p re sen t ly  u n d e r w a y  to de te rmine  

the cause of the l imi t ing  cur ren t  for the anodic dis-  
solut ion of  iron. Previous  observat ion  (2) has shown 
tha t  the  l imi t ing  cur ren t  for this process obeys  the 
Levich re la t ion  (9). In the unstable  region of the  
l imi t ing  cu r r en t  curve  i t  is observed tha t  /avg* > ilir~ 
and ilr=r , > /lira. We also see tha t  r ,  < ro for  al l  da ta  
points  l i s ted  in Table  IV. This s i tua t ion  is uns table ;  
the e lec t rode  m a y  j u m p  between states tha t  have  d i f -  
ferent  act ive areas. This j ump ing  expla ins  the  ob-  
se rved  rap id  cur ren t  oscillations. F u r t h e r  s tudy  is 
needed to de te rmine  the t r igger ing  mechanism for 
the  ac t ive-pass ive  jumping.  

The pr inc ipa l  resu l t  of this work  is Fig. 7. Having  
the ac t ive-pass ive  t rans i t ion  da ta  for  the  three  elec-  
t rodes fal l  on the same curve indicates  that  the pass i -  
vated por t ion of the disk does not  affect the active 
portion. This verified a ma jo r  hypothes is  in Law and 
Newman ' s  model.  
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LIST OF SYMBOLS 

a0, al,  a~ constants  in Eq. [5] 
A elect rode wi th  d iamete r  of 0.494 cm 
B elect rode wi th  d iamete r  of 0.298 cm 
C elect rode with  d iamete r  of 0.0986 cm 
E base potent ial ,  Fig. 1, V 
F Faraday~s constant,  96,487 C/equiv.  
i local  cur ren t  densi ty,  A / c m  2 
i0 exchange cur ren t  densi ty ,  A/cm~ 

average  cur ren t  dens i ty  based on en t i r e  e lec-  
t rode  area, A / c m  2 

iavg* average  cu r ren t  dens i ty  based on active elec-  
trode area, A / c m  2 

/lira l imi t ing cur ren t  density,  A / c m  2 
I to ta l  cur ren t  on the disk, m A  
Iiim l imi t ing current ,  A 
J kinet ic  parameter ,  see Eq. [7] 
L load l ine wi th  posit ive slope, Fig. 1 
r rad ia l  coordinate,  cm 
ro radius  of the electrode,  cm 
r~ radia l  point  of passivation,  cm 
R un iversa l  gas constant,  8.3143 J / m o l - K  
Ra ohmic resis tance in solution, ~2 
T absolute  t empera tu re ,  K 
V,* pass ivat ion potent ia l ,  V 
V disk potent ial ,  V 

Greek letters 
a a anodic t rans fe r  coefficient 
~c cathodic t ransfe r  coefficient 

constant  in Eq. [14], A-sec'/2 
5 k inet ic  parameter ,  Eq. [9] 
, cur rent  d is t r ibut ion  parameter ,  Eq. [1] 

bu lk  solution conduct ivi ty,  ( n - c m ) - !  
n 3.14159 
tHg/Hg2SO4 potent ia l  of s a tu ra t ed  mercurous  su l fa te  

re ference  electrode,  V 
r potent ia l  in solut ion jus t  outside the electr ic  

double  layer ,  V 
eRE reference  e lec t rode  potent ia l ,  V 
~SCE potent ia l  of s a tu ra t ed  ca lomel  electrode,  V 
~2 disk ro ta t ion  speed,  sec -~ 
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ABSTRACT 

Laser-enhanced electroplating on good heat-conducting bulk materials is not very effective, as laser-beam irradiation 
results in a limited temperature rise only. It is shown, both experimentally and theoretically, that the application of a thin 
layer of a relatively poor heat-conducting material may lead to a considerable local temperature increase. The dimensionless 
parameter determining this effect is given by the product of the ratio of the thermal conductivities of bulk and layer material 
and that of layer thickness to laser-spot diameter. 

Laser-enhanced electroplat ing has been shown to be 
a promising technique for maskless selective plat ing 
(1, 2). By focusing a laser beam onto the surface of an 
optically absorbing substrate in a plat ing solution, 
the plat ing rate at the laser spot and in the area sur-  
rounding it can be increased significantly. For rela-  
t ively low laser intensities the temperature  of the 
solid-l iquid interface in the i rradiated area will  re-  
main  below the boil ing temperature  of the solution. 
Under  such circumstances the temperature  dependence 
of the rate of the electrode reaction mainly  determines 
the locally increased plat ing rates. At temperatures  
below the boil ing point microconvection cannot sig- 
nificantly contr ibute  to the enhanced p l a t i n g  phe-  
nomenon,  as the Grashof numbers  involved are far 
too small  (3). With a heated area of 200 microns only, 
a max imum tempera ture  difference of 80 K, a thermal  
expansion coefficient of 10 -4 K - I ,  and a kinemat ic  
viscosity of 4 �9 10 -7 m2/sec, the Grashof~rlumber will 
have the value 4. Thus, only a very modest contr ibu-  
t ion can be expected from ordinary  convection. 

At increasing intensi ty  of the laser beam, the local 
tempera ture  of the electrode surface will  eventual ly  
exceed the boil ing temperature  of the liquid. In  this 
case, "local boiling" occurs, e.g., nuclei  (cavities) at 
the heated spot on the electrode surface are activated 
to generate vapor bubbles periodically. These bubbles  
grow (at the side facing the electrode) and implode 
(at the opposite side facing the bulk l iquid) s imul tane-  
ously; i.e., if the bulk  l iquid is at room temperature,  
the bubbles  adhere to the electrode surface dur ing  
their entire short l ifetime (4). This bubble  behavior  
causes very rapid oscillatory motions (and pressure 
waves) in  the l iquid adjacent  to the electrode. Ult i -  
mately, the result  of the periodical action of the 
bubbles  is a considerable enhancement  of the convec- 
tive t ranspor t  at the electrode surface up to an order 
of magnitude.  

At sufficiently high laser power densities, a re la-  
t ively large liquid region in the immediate  vicinity of 
the electrode, and sur rounding  the heated spot, will  
be heated to temperatures  considerably above the 
original  bulk  temperature.  In this case t iny  bubbles 
depart  from the electrode, and bubble  jets are ejected 
in a direction normal  to the surface. It should be noted 
tha t  local boil ing differs from what  is commonly known 
as '~pool boiling." As the lat ter  occurs in any tea kettle, 
it  is the more famil iar  k ind of boiling. Its main  char- 

Key words: boiling, eIectrodeposition, films, metals. 
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acteristic is that the bu lk  is first raised to the boil ing 
temperature  before actual  boiling occurs at the heated 
surface. In  that case bubbles are ejected almost r ight  
from the start  of the boiling process. 

Bubble ejection leads to considerable s t i rr ing near  
the irradiated area and therefore to increased l oca l  
t ransport  of reactants toward the electrode. Moreover, 
forced convection causes a nar rowing of the tempera-  
ture profile in the i rradiated area. This will  yield a 
more selective plat ing and therefore a more discrete 
metal  deposition. 

Von Gutfeld et al. describe experiments  in which 
various metals are deposi ted selectively on substrates 
(1, 2) consisting of thin metall ic films on glass. If 
the layer thickness is very much smaller  than the 
laser-spot diameter,  laser-enhanced plat ing yields 
metal  spots with sizes comparable to the size of the 
laser spot itself. Very discrete Spots can be obtained 
with relat ively low laser-power densities. However, 
for thicker films the radial  heat flux through the film 
surface increases. This causes the plated spot to be-  
come larger and less discrete. Besides, more laser 
power is needed to reach the boiling point at the hot  
spot. 

In  electronics the application of laser-enhanced elec- 
t roplat ing offers distinct advantages over other plat ing 
techniques, if it can be applied to selective metal  dep- 
osition on bulk  metals or metal  alloys, especially for 
plat ing relat ively expensive metals such as gold. We 
have carried out laser p la t ing experiments  with gold 
on nickel- i ron and copper-zinc alloy substrates. On the 
n icke l - i ron  substrates a continuous incident  laser 
power of 4W (power density at laser spot of the order 
of 50 kW �9 cm -2) is found to be sufficient to cause local 
boiling and to deposit well-localized gold spots, e.g., 
with a diameter  of 400 ~,m and a height of 1 ~m. The 
plated spot diameter  increases as a funct ion of time, 
main ly  due to lateral  heat diffusion through the gold 
deposit. The max imum deposition rate is of the order 
of 5 ~m �9 sec - I .  

However, the thermal  conduetivities of our copper- 
zinc substrates are about four times higher than the 
conductivi ty of nickel-iron.  As a consequence, it is im-  
possible to deposit discrete gold spots of the above- 
ment ioned geometry on bare copper-zinc subs'trates 
with a continuous laser, even at a laser-power density 
as high as 250 kW �9 cm -2. It  is t rue that  discrete spots 
can be obtained by the application of very short l ight 
pulses from a pulsed laser (1), bu t  the disadvantage 
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of such a me thod  is the  low d u t y  cycle, which means  
that  the  effective deposi t ion ra te  wi l l  decrease  con- 
s iderably .  Indeed,  g rowth  wil l  be min ima l  dur ing  the 
l a rge r  pa r t  of the  cool -down per iod  and in the in i t ia l  
stages of the  power -on  phase.  

We have  found tha t  the p rob lems  wi th  l a se r - en -  
hanced p la t ing  on a good hea t -conduc t ing  bu lk  meta l  
can be solved by  cover ing the subs t ra te  wi th  a thin, 
opt ica l ly  absorbing,  meta l l ic  l aye r  of r e l a t ive ly  low 
t he rma l  conduct ivi ty .  The r e l evan t  theory  behind  this 
resul t  is descr ibed in this p a p e r  and  i l lus t ra ted  by  
some e x p e r i m e n t a l  observat ions.  

Temperature Calculation 
If a good hea t -conduc t ing  bu lk  subs t ra te  is i r r ad i -  

a ted  by  a laser  beam, the  t e m p e r a t u r e  r ise at  the laser -  
impac t  a rea  m a y  be qui te  l imited.  In  this  section we 
show, using a s imple  ma themat i ca l  model,  that  a con- 
s iderable  t e m p e r a t u r e  r ise  can be achieved at  the 
l a se r -hea t ed  spot when the  subs t ra te  is covered wi th  a 
thin film of a r e l a t ive ly  poor  hea t -conduc t ing  mater ia l .  
In  this model  we avoid compl ica t ing  factors,  such as 
boi l ing hea t  t r ans fe r  and l a te ra l  t he rmal  conduct ion 
th rough  the p la ted  spot. 

We are  a l lowed to make  these assumptions  as we 
have  a l imi ted  goal  in mind.  Indeed,  we only  wish to 
show tha t  the th in  film al lows t empera tu res  to be 
reached at  which the enhanced p la t ing  effect can be 
observed.  Below a given t empe ra tu r e  there  wil l  be no 
boi l ing of the e lec t ro ly te  and consequent ly  hea t  t rans-  
fer  wi l l  occur ma in ly  through conduction. If  the  t he r -  
mal  conduct iv i ty  of the subs t ra te  ma te r i a l  is consider-  
ab ly  h igher  than  tha t  of the e lectrolyte ,  conduct ive 
and convect ive heat  t r ans fe r  t oward  the l a t t e r  m a y  be 
d is regarded.  As a resul t  most  of the  diss ipated laser  
power  wi l l  be conducted into the substrate .  

Le t  us consider  a semi- inf ini te  reg ion  bounded  by  an 
infinite p l ane  surface (Fig. 1). We use Car tes ian  co- 
ordinates  (x, y, z) ,  denot ing the bounding p lane  by  
z --  0. The semi- inf ini te  reg ion  sha l l  be tha t  of posi t ive 
z, and this region is occupied en t i re ly  by  two hea t -  
conduct ing mate r ia l s  of different  the rmal  propert ies .  
The first ma te r i a l  ( the rmal  conduct iv i ty  kD fills the 
l a y e r  denoted  by  0 ~ z < 8, whi le  the  second (k2) is 
to be found in z > 8. The two mater ia l s  a re  thought  to 
have  a perfect  bond in the  p lane  z = 8 resu l t ing  in the  
absence of a n y  addi t iona l  t he rma l  resistance.  

The hea t -conduc t ing  region descr ibed above is 
hea ted  b y  a Gauss ian  laser  beam which  has its axis 
centered on the l ine r = 0, where  r ---- (x  2 -I- y2) 'I,. As-  
suming a negl ig ible  pene t ra t ion  dep th  for the ab-  
sorbed laser  power  a continuous hea t  input  at  z ---- 0 
is ob ta ined  

or  Q 
kl . . . . .  e-,'wa~ [1] 

0Z ~aS 

where  T is the  t empera tu re  and Q denotes the  absorbed  
power  of the laser.  Clear ly  the p a r a m e t e r  a is a m e a -  

a x i s  of 
laser beam 

layer- - 

Fig. I. Geometrical configuration 

sure  of the wid th  of the  laser  beam (63% of the  laser  
power  is expended  in the in te rva l  0 ~ r ~ a) .  

Trans ient  e r ec t s  m a y  be neglec ted  as the charac-  
ter is t ic  t ime tc - -  a2/K is much less than  the t ime the 
laser  is in operat ion,  which  is of the  o rder  of one 
second; ~ is the  the rmal  diffusivi ty  of the bu lk  ma te -  
rial.  Since a ,~ 10-4m and ~ ,,~ 10 -4 m 2 �9 sec -1, we 
have  tc -~ 10 -4 sec, so that  the  inves t igat ions  m a y  be 
l imi ted  to the s t eady-s ta te  s i tuat ion.  We shal l  consider  
the Laplace  equat ion 

V2# = 0 [2] 

in the  reg ion  z ~ 0, where  # denotes  the t empe ra tu r e  
r ise above the ambien t  level.  A t  the in ter face  z - -  8 
the  t empera tu re  and the heat  flux ought  to be con- 
tinuous, which leads to the condit ions 

00 - -  k~ a0 I [3] 
= k i , T  z , = o - o  

Fina l ly  
# o 0  if X ~ + Y ~ + Z ~ - >  ~ [4] 

The solut ion to the ma themat i ca l  p rob lem defined by 
the equations and bounda ry  condit ions given by  Eq. [1] - 
[4] wil l  be der ived  in the Appendix .  In  this section we 
concentra te  on the final results.  A l though  the genera l  
solution describes the  t e m p e r a t u r e  field in the  com- 
p le te  domain,  we a re  here only  in te res ted  in the  t em-  
pe ra tu re  d is t r ibut ions  in the  p lanes  z --  0 and z --  8. 
I f  the rat io  of the  t he rma l  conduct ivi t ies  is denoted 
by  

"y -- k2 /k l  [5] 

and if i t  is assumed tha t  

> > 1  and 5 / a < < l  [6] 

we m a y  der ive  the fol lowing app rox ima te  express ion 
for  the  t empe ra tu r e  in the  p lane  z --  0 

=ak2 ~'/2 8 
e-V~r21a~I o ( y~. r2/a2) ~- *t ~ e-r~/a= �9 Q o (x , y ,O) ,~  2 a 

[7] 

where  I0 is a modified Bessel funct ion [Ref. (5), Chap. 
9.6]. To the same level  of approx imat ion  we have  

e(x ,y ,~)  = e- ' / ,~/a~Io(y 2 r2/a2) [8] 
q 2 

where  0(x, y, 5) is the t empe ra tu r e  d is t r ibu t ion  in the 
p lane  z : 5. 

The condit ions of [6] are  ac tua l ly  in conformi ty  wi th  
what  we set out  to invest igate ,  namely ,  the influence 
of a thin l aye r  of poor  hea t -conduc t ing  ma te r i a l  on 
the t empe ra tu r e  d is t r ibut ion  in the l a se r - impac t  area.  
The second of the two condit ions mere ly  expresses  
tha t  the laser  beam is much wider  than the l a y e r  is 
thick. I t  is Eq [7] that  presents  the  answer  to our  
question. Indeed,  if  the  thickness of the l aye r  tends 
to zero, the  difference be tween  [7] and [8] vanishes.  
This shows tha t  Eq. [8] gives the  t empe ra tu r e  d is t r i -  
but ion at  the  outer  surface in the absence of the  poor  
hea t -conduc t ing  skin. However ,  if the thickness  of the  
l aye r  increases,  the  impor tance  of the  second t e rm 
on the r i g h t - h a n d  side of [7] grows in re la t ion  to tha t  
of the  first. Now a s i tuat ion m a y  a r i se -where  the  sec- 
ond t e rm is ac tua l ly  dominant ,  which is when  the  
p a r a m e t e r  

F -- ,yS/a > 1 [9] 

Of course, in this  model,  the  thickness  of the  poor  hea t  
conductor  m a y  not  grow indefinitely,  as the second 
condit ion of [6] would  then  be violated.  In  tha t  case 
the l aye r  i tself  would  become a bu lk  mater ia l ,  so tha t  
it  would  no longer  be just if ied to call  it  thin. However ,  
i t  is per fec t ly  obvious that  va lues  m a y  be chosen for 
the  pa rame te r s  ~ and ~/a tha t  sa t i s fy  [6], bu t  which  
yie ld  a va lue  of F in the range  defined b y  [9]. This, 
then, leads  to the  t e m p e r a t u r e  increase  tha t  we have  
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been trying to achieve by the application of the poor 
heat-conducting skin, which is the central theme of our 
paper. 5.~ 

It is interesting to note that the temperature in the ~Qk2 
good heat-conducting bulk is hardly affected by the Q 5e.r 
presence of the layer. Indeed, the temperature in z ---- 8, 
its bounding plane (Eq. [8] ), is practically the same 
as that which would have existed in the absence of the 4.5 
skin. 

In Fig. 2a the two terms on the right-hand side of 4.0 
Eq. [7] are shown separately. Clearly, the first term is 
represented by a much wider curve than the second. 3.5 
This can be attributed to the fact that the mathemati- 
cal structures of the two terms are quite different. The 
second term reflects the power-input function of Eq. 30 
[1] with its typical rapid exponential decay. The first 
term, on the other hand, is a slowly decaying function. 25 
Using the asymptotic representation of the function Io, 
valid for large values of the argument (5), we may 20 
find 

e-~r~/a~Io( �89 r2/a2) ~, �89 air i f r  > >  a [10] 1.5 
2 

This suggests that spots plated on homogeneous sub- 10 
strates tend to be much wider than the laser spot 
itself (Eq. [1]). If [9] is satisfied we may expect a spot .5 
the width of which more or less reflects the lateral 
extent of the laser beam. Therefore, as a consequence 0 
of the enhanced temperature effect, the application of a 
thin film of poor heat-conducting material permits the 
plating of spots of limited size. 

Unfortunately~ should the material of the plated spots 
have a high thermal conductivity, the lateral spreading 
of injected heat through the spot tends to obscure this 
effect. Indeed, a high thermal conductivity results in 
elevated temperatures at the rim of the spot. Despite 
its low conductivity, the layer in the immediate neigh- 
borhood of the periphery will have a high temperature 
over a distance outside the spot which is of the order 
of & Since high temperatures at the outer surface of the 
film lead to increased plating rates, the spot will con- 
tinue to grow until the temperature at its periphery 
drops below a critical value. The higher the con- 
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Fig. 2a. Comparison of the two functions appearing in Eq. [7 ]  
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Fig. 2b. Temperature enhancement due to the presence of a layer 
of poor heat-conducting material. 

ductivity of the plated material, the wider the spot 
will grow. 

Figure 2b presents the two terms of Fig. 2a, but now 
their effects are added up for various values of F. These 
graphs clearly indicate that the influence of the layer 
increases rapidly with F. Finally, from Fig. 3 one may 
obtain the temperature enhancement as a function of 
layer thickness at the center of the laser-impact area 
for various conductivity ratios. 

Temperature distributions in laser-heated layered 
materials have been studied before, e.g., in connection 
with laser welding (6), machining (7), and hole burn- 
ing (8). It is difficult, however, to apply the general 
results obtained in these papers to the special case 
considered in our work. To obtain the temperature dis- 
tributions ([A-8] and [A-9] of Appendix) a rederiva- 
tion seemed justified. 

Experimental 
The experimental setup is shown in Fig. 4. The beam 

of a continuous argon-ion laser (Spectra Physics. 
Model 171; maximum output power 20W; wavelength 
region 450-510 nm) is focused onto the substrate sur- 
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Fig. 3. Temperature enhancement as a function of layer thickness 
at the center of the laser-impact area for various conductivity 
ratios. 
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10 I 

6 i I 11 [ [ 

Fig. 4. Experimental set, up: 1, laser; 2-4, optical lenses; 5, 
photographic shutter; 6, electroplating cell; 7, anode; 8, reference 
electrode; 9, cathode; 10, potentiostat. 

face by  means  of an opt ical  lens system. A photographic  
shu t te r  is appl ied  to faci l i ta te  i r rad ia t ion  of the sub-  
s t r a te  dur ing  wel l -def ined  per iods  of t ime. The sub-  
s t ra te  is ve r t i ca l ly  moun ted  as the  cathode in an elec-  
t rop la t ing  cell. A sa tu ra ted  calomel  e lect rode (SCE) is 
used as the  re fe rence  e lec t rode  and a go ld -p la ted  t i -  
t an ium gauze funct ions as the  anode. The e lec t ro-  
p la t ing  vol tage is set by  a potent iostat .  

The  po ten t ia l  of the  cathode wi th  respect  to the SCE 
is set a t  --800 mV. Our  p la t ing  solut ion contains 100 
g �9 d m  -3 K A u ( C N ) 2  and 90 g � 9  -3 ci tr ic acid. The 
pH of the  solut ion is ad jus ted  to 5.9 wi th  KOH. Sub-  
s t ra tes  of copper-z inc  a l loy (Tombak;  85% copper,  15% 
zinc) ,  covered with  n icke l -phosphorous  layers  of v a r i -  
able  thickness,  are  used for  l a se r -enhanced  e lec t ro-  
plat ing.  Al l  exper iments  a re  car r ied  out  a t  ambien t  
ba th  t empera tu re .  

Results and Discussion 
The expe r imen ta l  resul ts  for  Tombak  substrates,  

covered wi th  n icke l -phosphorous  layers  of va r iab le  
thickness,  are  shown in Fig. 5 and 6. The photographs  
were  made  th rough  an opt ical  microscope. For  com- 
parison,  Fig. 6a shows the r a the r  poor resul t  for  a 
subs t ra te  covered wi th  a n ickel  layer .  The explana t ion  
for this is tha t  the t he rma l  conduct iv i ty  for n ickel  is 
a lmost  20 t imes h igher  than  tha t  for n icke l -phos -  
phorous.  F r o m  Fig. 5 it  appears  that  the  cri t ical  l aye r  
thickness  is about  4 ~m. Inser t ing  this value  in Eq. 
[9], toge ther  wi th  the  t he rma l  conduct ivi t ies  of Tom- 
bak  (k2 N 160 W �9 m - :  �9 K - : )  and n icke l -phosphorous  
(kl  N 4 W �9 m -~ �9 K - : )  and the l a se r - spo t  d iamete r  
of 50 ~m, as used in the  exper iments ,  yie lds  a value  for 
the  p a r a m e t e r  F which is of the o rde r  of 3. This means  
tha t  the  t empe ra tu r e  increase in the i r r ad ia t ed  area  
of the  surface is four  t imes as high as for  a subs t ra te  
wi thout  a n icke l -phosphorous  layer .  These two s i tua-  
tions are  shown in Fig. 5a and e, respect ively .  Wel l -  
local ized gold spots of good qua l i ty  a re  achieved for 

Fig. 6. The effect of a thermal film for laser-enhanced gold plat- 
ing on Tombak; laser power 20W, irradiation time 2 sec. (a) 2 ~m 
Ni; (b) 2 #m NiP; (c) 4 ~m NiP. 

l aye r  thicknesses above 4 ~ n  with  deposi t ion ra tes  on 
the order  of 2 ~m/sec. 

The effect descr ibed above is ve ry  in teres t ing  f rom a 
physical  poin t  of view. The incident  laser  power  wi l l  
pa r t ly  be absorbed  and diss ipated at  the surface  of the 
n icke l -phosphorous  layer .  Most of this .heat takes  the 
shortest  rou te  through the poor  hea t  conductor  t oward  
the region where  the the rmal  conduct iv i ty  is high. The 
influence of the thin l aye r  on the t e m p e r a t u r e  profile in 
the Tombak  subs t ra te  is thus negligible.  In  the  l aye r  
itself, however ,  a ve ry  definite and concent ra ted  high 
t e m p e r a t u r e  region is created.  I t  is the combinat ion  of 
the poor ly  conduct ing film and the high conduct iv i ty  
bu lk  which is responsible  for this effect. Should  the  
subs t ra te  have consisted en t i re ly  of a poor hea t  con- 
ductor,  the  t empe ra tu r e  concentra t ion effect would  
have been absent .  

Summar iz ing  we m a y  conclude tha t  the se lec t iv i ty  
and the p la t ing  ra te  of l a se r - enhanced  e lec t ropla t ing  
on subst ra tes  tha t  conduct  hea t  wel l  can be improved  
signif icantly by  app ly ing  a thin film of a poor hea t  

Fig. 5. The influence of the film thickness on the selectivity of laser-enhanced gold plating on Tombak; laser power 5W, irradiation 
time 32 sec. (a) NiP strike; (b) 1 #m NiP; (c) 4 #m HiP; (d) 8 #m NiP; (e) 16 #m NiP. 
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conductor on top of the substrate. In this way discrete 
metal spots can be obtained without the need of ex- 
tremely high laser-power densities. 
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APPENDIX 

To solve the problem defined by Eq. [1]-[4], the 
double-Fourier transform 

e(i, ~, z) : / y  e~(x~+~')~(x, y,z)dxdy [A-I]  

reduces the problem to 

d~ 
- -  - -  (~ + n~)~ = O [ A - 2 ]  

dz2 

d-'~ = -- k'-~" -- T (~ + ~ )  if z =  0 

[A-3] 

with three conditions that are similar to those of Eq. 
[3] and [4J ; a simple calculation yields 

b '= Q 1 - Ne-~=(~-=) 
�9 exp (-- az -- a2a2/4) 

kla 1 + Ne -2a5 
if O ~ z < 5  [A-4] 

and 

~= 2Q exp ( -  ~z -- c.2~/4) 

( k l  + k 2 ) a  1 + Ne -sa6 

if z > 8  

k 2 -  kl 
a - -  (~2+~2)~/~ and N =  

k~ + kt 

[A-5] 

[A-6] 

with 

Employing the inverse Fourier transform 

4~2 
[A-7] 

using polar coordinates in the (5 ~) plane we obtain 
finally 

 s:0( ) O (x, y, z) = J0 
2~akl a 

1 - - N e - 9 ~ 6 - z ) a / a ( z ~ )  
- -  - -  ~r - -  d~, 1 + Ne -~r/a exp a 

if 0 ~ z < 5  [A-8] 
and 

0 (x, y, z) -- Q Jo r m(kx + kD 

exp - -  - -  r - -  - -  
a 4 

de, if z > ~  CA-9] 1 + Ne-SS~/a 

In deriving [A-8] and [A-9] we used the following re- 
lationship (3) 

f:~" e-~ r de = 2aJo(r [A-10] 
A 

The temperature distribution 0 that would have ex- 
isted in the absence of the layer can be obtained from 
Eq. [A-9J by putting 8 -- 0 
^ 

o (x, y, z) = Jo 
2~ak~ 

exp (-- za/a -- ~=/4)do. [A-I1] 

For convenience, it is assumed that the absorption c o -  
e f f i c i e n t  of the bare suostrate is equal to that of the 
substrate covered with a thin layer. This assumption 
does hardly influence experimental results, Q being 
determined by the optical properties of the plating 
material immediately after the initial plating step. We 
may now define the temperature-enhancement effect 
by considering the ratio 

0(0,0, O) 7 ~r 1- -Ne  -2~a/a 
"~ = ~ 0  e - ~ / 4  d a  [ A - 1 2 ]  0(0, 0, 0) " ~  1 + Ne -28am 

Finally, it will be useful to know the temperature 
distributions in the planes z -- 0 and z --- 8. In z = 0 
we have 

r~ak2 r 
Q o(x,Y,O) = � 8 9 1 6 3  ) 

1 - -  N e - 2 ~  a/a 
e-~=14 de [A-13] 

1 + Ne-28~/a 

When 7 > >  1 and 8/a < <  1, we may simplify this ex- 
pression as follows 

~ak2 o(x,y,O) -- ~/aT y Z  Jo( ~ r  ) 
Q 

1 -- N 4N 5a ] 
[ -i-4-~ - -  de + ( I + N )  2 a J e-o~/4 

~ - -  e-~r~/~ Io(Vzr~/a~) + 7 - - e  -r~/=" [A,14] 
2 a 

A similar expression valid in the plane z = 8 is given 
by Eq. [8] 
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ABSTRACT 

Current distributions during electroptating within a tubular electrode were studied. A theoretical model was developed 
taking into account the various factors influencing the current distribution: metal electrode resistance, electrolyte phase 
resistance, mass transfer resistance, charge transfer resistance, as well as geometrical parameters and the applied potential. 
The model enables the prediction of the relative importance of each of these factors in obtaining uniform current distribu- 
tion inside the holes. Criteria for obtaining uniform metal thickness inside holes based on limiting values of four dimension- 
less parameters are presented and discussed. 

Knowledge of the current distribution in various 
geometrical configurations in electrolytic cells is im- 
portant both for the analysis of data obtained in elec- 
trochemical experiments and for the design and scale- 
up of useful plating tanks in the electroplating indus- 
try. 

Tubular  geometry has a part icular  importance in the 
printed circuit industry and the production of mill i-  
meter  waveguides. For example, production of multi-  
layer printed circuits requires careful electroplating of 
copper in holes dril led through boards in order to 
provide electrical connection between various circuit 
layers. 

In mil l imeter  waveguides complex forms that are 
basically cylindrical  in shape are produced by electro- 
plating on a die. In the case of a printed circuit the 
diameter and depth of the holes are in the order of 
magnitude of millimeters, whereas in the case of mill i-  
meter waveguides the dimensions may be much larger. 

I~uowledge of the parameters which influence the 
cm.~rent distribution within tubular  electrodes is im- 
portant in finding the optimal plating condition in the 
electroplating processes. The current distribution de- 
pends on many factors such as cell and .electrode ge- 
ometry, electrolyte conductivity, electrode kinetics, 
mass transfer, and electrode resistance. 

The mathematical  analysis of the electrochemical 
system, and specifically the solution of the equations, 
arc: very complex. 

Owing to the complexity of the problem of current 
distribution within electrolytic cells only relat ively 
few specific cases for given geometries have b e e n  
solved. 

Newman (1) and Parrish and Newman (2) analyzed 
current distribution in laminar forced convection e l e c -  
trodes  having various two-dimensional slots. Alkire 
and Mirarefi (3) analyzed current distribution within a 
tubular  electrode under unidirectional flow. Newman 
(4) solved the probelm of current distribution on 
rotating disk electrode. However, none of these investi- 
gators considered the possible initial  ohmic resistance 
of the metallic electrode. Alkire and Varjian (5) de- 
veloped a mathematical  model which simultaneously 
takes account of the concentration field and the po- 
tential  field in both the electrode and electrolyte phases 
for a resistive wire electrode moving at a steady 
s p e e d  through an electrolysis cell. The transient b e -  

. Electrochemical Society Active Member. 

havior was treated by Alkire (6) for electrodeposition 
onto a metal strip of high ohmic resistance, and by A1- 
kire and Tvarusko (7) for current distribution along 
high resistance wire electrode during unsteady-state 
diffusion. However, in these two studies a uniform 
pr imary current distribution was assumed to be 
formed along the electrode, and the electrolytic solu- 
tion ohmic resistance was neglected. 

In many electroplating processes such as those 
mentioned above, a thin metallic layer is first de- 
posited chemically followed by electrochemical plating. 
In these cases, both initial ohmic resistance and mass 
transfer may be of considerable importance in current 
distribution. 

The object of the present work was to study current 
distributions during electroplating within a tubular 
electrode taking into account both initial ohmic re-  
sistance and mass transfer effects. 

Consideration was also given to a periodic fluctua- 
tion in the liquid flow fluid similar to those encountered 
in the plating through holes in printed circuit board 
fabrication. 

Mathematically, the problem to be solved invokes 
coupling of the Laplace equation for the electrolyte 
solution, mass transfer equations and the electrode 
kinetics equation occurring near an electrode surface, 
together with a nonuniform electrode potential distr i-  
bution due to the initial high ohmic resistance of the 
thin metal electrode. The la t ter  introduces transient 
effects. 

Mathematical Model 
The electrochemical system under consideration is 

shown schematically in Fig. 1. An electrically insu- 
lated tube of length 21 and of radius ro is inserted in 
an electrolyte solution and positioned between two 
parallel  counterelectrodes. The inside wall of the tube 
is init ially plated with a thin metal layer of thick- 
ness ao. This initial layer  is obtained by chemical 
deposition prior  to the onset of the electrochemical 
pro cess. 

The tube openings z -- 0 and z ---~ 21 are cathodically 
connected to a power supply, while the parallel elec- 
trodes are connected anodically. The electric potential 
between the cathode and anode is kept constant. There- 
fore, it can be assumed that the potential difference 
between the electrical contact point at the tube open- 
ings (z ---- 0, r---- Vo, andz = 2l, r ---- to) and the elec- 
trolytic solution near this point is also constant. 

559  
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z~0 z : t  . Z=2~ 

Fig. 1. Schematic diagram ot the electrochemical system 

The following simplifying assumptions are used: 
I. Only one electrode reaction occurs and the re- 

versible reaction rate has the form given by Eq. [1] 
in accordance with Butler-Volmer kinetics. 

IL The electrical double layer and the mass transfer 
diffusion layer attain pseudo steady-state conditions 
relative to the rate of the electrode ohmic resistance 
changes. 

III. The surface of the electrode remains smooth 
during the course of metal deposition. The electrode 
thickness change is small compared to the tube diam- 
eter, and therefore no significant geometric changes 
occur during the electrolysis. 

IV. The reactive solution species are present in a 
dilute concentration. Therefore, because of the pres- 
ence of a relatively high concentration of the support- 
ing electrolyte, the effect of reactive species on the 
electric field is negligible. 

V. The electrolyte flows through the tubular elec- 
trode in a fully developed laminar flow. Edge effects at 
the hole entrance are neglected. 

VL The dimensionless P~clet number, 2% ~z/D, is 
large. Therefore, the concentration differences in the 
electrolyte caused by the electrochemical reaction are 
confined to a very thin layer near the tube wall. Out- 
side this layer the electrolytic solution is of uniform 
composition so that the potential distribution obeys 
the Laplace equation. 

Assumption I requires further clarification and 
elaboration. 100% cathodic current efficiency is to be 
expected of a copper acid plating bath at the prac- 
tical current densities, e.g., Ref. (8). The local elec- 
trochemical reaction rate j(z) proceeds at the tubular 
electrode wall (r = 7o) and is given by the Butler- 
Volmer expression 

J (Z) =io [exp ('~a~T ns )--exp (--'ac n~-~ns ) ] 
[I] 

The exchange current density io is related to the 
reactant cation concentration by an empirical ex- 
pression 

io(c = cD = io(C = Cb) [2] 
~ C b  / 

Since it is difficult to measure the local surface 
overpotential it is convenient to relate the reaction 
rate to the potential difference between metal and 
solution phase, thus including the concentration over- 
potential 

~lW = (~bm -- 'r -- Eeq --" ~]s "~- "l]C [~] 

where the concentration overpotential is given by 

RT Cs 
"oe = , l n - -  [41 

,'tF Cb 

Substitution of Eq. [2], [3], and [4] in [1] relates 
the reaction rate to the local surface concentration 
and potential difference 

( cs ~ ' -" .  /~anF 
j(z) = / o ( c  = c s ) [  "'~'b" exp ~ " - R ~  ~IT) 

( c, ~ , - ' ,  
- 

We may relate the potential difference between the 
metal and the solution to the applied potential 

Cm -- ~s = (Ca ~ - r ~ + (Ca -- Cm ~ - (r - r ~ 

[e] 

and by subtracting Eeq from both sides and rearrang- 
ing 

+ ~ s + ~ + ( r 1 6 2  ~ [7] 

The quantity on the left side of Eq. [7] is the ap- 
plied potential between the electrode and the solution 
at the tube openings. This potential consists of four 
irreversible phenomena, namely, ohmic losses (~am) 
in the electrode phase, surface (activity) overpotential 
(ms), concentration overpotential (~c), and ohmic 
losses (~as) in the electrolyte phase. 

Thus we see that the system may be conveniently 
divided into three regions: (i) the electrode phase, 
(ii) a thin diffusion layer near the electrode surface 
within which a concentration variation takes place, 
and (i/i) the bulk solution, of uniform composition, 
which fills the tubular electrode. 

The Bulk Region 
The potential distribution in the bulk region obeys 

the Laplace equation. In cylindrical coordinates this is 
given by [9] 

1 0 (0r 0'r 0 [8] 
u o-7 , r - 7 -  + = 

With reference to Fig. 1, the boundary conditions are 

r  f o r z = 0  and 0 ~ 7 ~ r o  

C s = C s  ~ for z = 0  and r - - 7 o  [9a] 

0~s 
= 0  for z - - l  and 0 ~ r ~ r o  [gb] 

Oz 

O~s j 
= - - - - f o r  7 = r o  a n d 0 ~ z < 2 ~  [9c] 

Ov r 

The function ](7) which describes the potential 
distribution at the tube openings (z -- 0, z -- 2Z) 
should be found experimentally, however, we shall 
assume a uniform potential distribution, namely 

f(r)  = r  ~ for z - - 0  and 0 < r < r o  

The Electrode Phase 
Figure 2 (a) describes schematically the metal layer 

on the tube wall. The current density is given by 
Ohm's law 

dcm 
im = - -  r .... [10] 

dz 

The current density in the metal phase varies with 
position owing to the electrode reaction. From a cur- 
rent balance on an element of length dz in the metal 
layer [Fig. 2(b)]  a differential equation can be ob- 
tained describing the variation of the current density 
in the electrode phase 
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b .,..~ , t l  

Z= 
Z=O Z:| Z=21 

(b) 

i~z~d im= ~ i ~  

d z  

Fig. 2. (a) Schematic representation of the metal substrate on 
the tube wall. (b) Current balance on an element of length dz in 
the metal substrate. 

d[im" a] = --5 [11] 
dz 

Substituting im from Eq. [10] in [11] gives a differ- 
ential equation which describes the variation of the 
electrode potential 

- -  a �9 - -  [ 1 2 ]  
dz dz 

There are two boundary conditions 

Crn----~m ~ at z - - 0  (and z----2/) 

d ~ b r a  
= 0  at z : l  [13] 

dz 

The local deposit thickness is obtained by integra- 
tion of the local current density over the period of 
electrolysis 

a(z,  t) -- ao -b ~ '~/v,_ [jldt [14] 
4V o ctnF 

The Diffusion Layer 
I n  accord w i t h  the assumpt ion  t ha t  the P6clet  n u m -  

be r  is large, the steady-state equation of laminar 
convective diffusion in the tube is 

0c D [ O S c  1 O c ]  
v ~ ( r )  ~  = ar---T + 7 7 .  [15] 

The diffusion layer under this condition is very 
thin and the velocity distribution is approximately 
linear with distance from the wall; for small values 
of z provided that (zD)/(2Vzro 2) < <  0.01, L~v~que 
(9) recognized that there is a diffusion layer near the 
wall and derivatives with respect to r become large, 
thus the following approximations apply 

and 

1 dc O2c 
- - - -  < <  - - -  [ 1 6 ]  
r Or Or 2 

4 2  
v z =  y; y < < l  [17] 

ro 

where y is the distance from the tube wall 

(�88 y = ro 1 -- [18] 

By inserting these approximations in Eq. [15] o n e  

obtains 

y-- = D . . . . .  [19] 
r o  ~z ~yS 

At the limiting current condition the surface con- 
centration of the solute is zero, and Eq. [19] can be 
solved using the similarity transformation 

ri = y \ 9"~ro ,' [ 2 0 ]  

The concentration profile given by the solution o f  

[ 1 9 ]  i s  

- -  = ~ e - . '  dn [ 2 1 ]  
cb r(4/3) 

The limiting current distribution is therefore 

jltm "" nFD OC t -- ~FDCb ( 

/ 

1 1 3  

[22] 
Oy ~=o r (4/3) '  ~ , ~  / 

In this electrochemical system the surface concen- 
tration of solute is not zero. Smyrl and Newman (10) 
solved Eq. [19] for currents below the limiting current. 
They obtained a relation between the surface concen- 
tration distribution and the current distribution by ap- 
plying Duhamel's theorem to Eq. [22] 

nFD ( 4Vz ~ ' / ~ =  dcs(z') dz' 

J = r(4/3-------~ \--ff~ro / d z - - "  (z -- z') 1/3 [23] 

Equation [23] gives the local electrochemical reac- 
tion rate. 

The electrolyte velocity, v ( z ) ,  and therefore the 
local surface concentration, c (z), are changing period- 
ically due to the "side to side" tube motion caused by 
the cathode rod reciprocation agitation. 

The theoretical prediction of the electrolyte velocity 
profile and the surface concentrations is exceedingly 
difficult under these circumstances. Edge-effects 
caused by the sharp-edged tube entrance, phase shift 
between the flow in the tube, and the cathode motion 
generated by the oscillating flow field are some of the 
considerations which indicate that fully developed 
laminar flow constitutes the conservative bound for 
the mixing in the mass diffusion layer at the tube 
surface [Engelmaier and Kessler (11)]. 

To avoid the mathematical difficulties we shall use 
an approximate value for the local surface concentra- 
tion by defining the arithmetic mean of two surface 

concentration distributions: Cs(Z) which would be if 
the electrolyte flows in the tube under fully developed 

laminar regime to one side and ~s(z) which would be 
if the electrolyte flows in the opposite direction, and 
assuming that the change in the electrode thickness 
during one cycle does not significantly affect the elec- 
trode potential. 

This means, cs (z), given by [24] 

+ 
cs(z) = [241 

2 

gives an approximation to the effective local surface 
concentration. 

Since the system is symmetrical around z = I and if 
we assume that during one cycle the potential dis- 
tribution, Cm and Cs do not change, one gets 

- >  4 -  

cs(z) = Cs(2l - -  z) [ 2 5 ]  
and 

.-> <-  

c~(z) + c~(21 - -  z) 
~,(z) = C~o] 

2 
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The mean  concentra t ion calcula ted by  Eq. [26] wil l  
be used in the subsequent  analysis.  

Dimensionless Equations 
Complying  with  the assumptions  of the  model,  the 

potent ia l  and  the cu r ren t  d~s~rmutions, as w e d  as the 
concentra t ion d is t r ibu t ion  insiae the tubu la r  electrode,  
may  be de te rmined  ~rom the solut ion ot coupled dil~er- 
ent ia l  Eq. [SJ and [12j, a lgebra ic  Eq. L5J, and in te-  
gra l  Eq. [14j and [23J. Bes conduct ing the calcula-  
tions, i t  is convenient  to t ransform the equations into 
dimensionless  form. 

By in t roducing  the fol lowing dimensionless  var iables  

z r ro 

ff---~ P----I Po-'--i 

nF nF 
~ *  = = =  [ ~  - ~ m ~  r = [ ~  - r176 

nF 
~ba* --" : [~bm ~ - -  ~bs r - -  E e q ]  

n F  
l iT*  : " : ' ~ I I T  : ~bm* + ~bs* D F ~b a 

RT 

C:--- a *  - - - -  J ' - - -  
Cb ao iav 

where  iav is defined by  [271 

[27] 

• jdz 

iav - -  - -  [28] 
l 

the  number  of independen t  systerr~ pa rame te r s  is r e -  
duced to four  independen t  dimensionless  quant i t ies  

nF 12 io 

RT ro K 

n F  12 io 
~m= 

RT ao r 

nF DCb ( 4Vz ~1/3 

iav 
--, [29] 

io 

The dimensionless  equations which descr ibe  the  model  
a re  

.02r * 1 at, s* 02r * 
- -  + f - -  = o [30] 

O~ 2 p ,Op ap 2 

~ *  (Ore) : f (p) ,  r (O,po) : o 

(l,p) = 0 
a~ 

r0r 
(Lpo) --  po~sflJ [31] Op 

d~ d~ 

d~bm* 
r - - - -  (1) = 0  

d~ 
1 

J : -- [ c ~ - ~  exp ('~a~lT*) -- c ~+~ exp ( - -C~cTIT*)  ] 

1 ~'~ dc (~') d~' 
J = - - N  Jo ,8 d~' (~,_ ~-,) i/8 

~o t Mio J~dt 
a* = 1 -{- odnFa~ 

[32] 

[33] 

[34] 

[35] 

[36] 

Boundary  conditions [31] as well  as Eq. [321 are  non-  
l inear  and therefore  Eq. [301 and [32] cannot  be solved 
analyt ica l ly .  

Method of Solution 
The solut ion of the set  of equat ions and boundary  

condRions which descr ibe the model,  Eq. [30]-[36],  
was carr ied  out using an i t e ra t ive  p rocedure  as de-  
scr ibed in Appendixes  A and B. 

The calculat ions were carr ied out on an IBM 370 
d ig i ta l  computer  at the Technion Compute r  Center.  

Results  p resen ted  in this work  were  de te rmined  
with the use of 50 ~m increments  in the axia l  direct ion 
in the in terva l  0 < ~ < 1 and t ime increment  of 

1 dnFao 

10 M~o 

For  the range of pa ramete r s  s tudied  here,  there  was 
no apprec iab le  improvemen t  in the  numer ica l  resul ts  
by  the use of smal le r  steps. A run  consists of calcula-  
tions of meta l  and  solut ion potent ia l  d is t r ibut ion  for  
a pa r t i cu la r  set of p a r a m e t e r  values,  dur ing  the t r an -  
s ient  t ime of e lectroplat ing.  The calculat ions were  t e r -  
mina ted  when "prac t ica l ly"  s t eady- s t a t e  condit ions 
were  at ta ined,  tha t  is, when ~m was below 0.001. 

A typica l  run  for one set  of pa rame te r s  was found 
to take  app rox ima te ly  30 sec on an IBM 360 com- 
pu te r  when the p rog ram is compiled in FORTRAN X. 

Results and Discussion 
According to the model  descr ibed here  the  appl ied  

potent ia l  drops over  four  resis tances:  me ta l  (elec-  
t rode)  resistance,  e lec t ro ly te  resistance,  charge t rans-  
fer  react ion resistance,  and mass t ransfer  resistance.  
The re la t ive  share  of each is indica ted  by  three  d i -  
mensionless  pa rame te r s  

n F  D io 

RT ao a 

This is p ropor t iona l  to the  ra te  of the cathodic reac-  
t ion rate  d ivided by  the  me ta l  conduct iv i ty  

n F  D io 

RT ro 

which in tu rn  is p ropor t iona l  to the  ra te  of the ca th-  
odic react ion ra te  d iv ided  by  the solut ion conduct ivi ty,  
and 

nF DCb ( 4~z )1/3 

r ( 4 / 3 )  io \9--D-~rot 

indica t ing  the ra t io  be tween  ra te  of mass t ransfe r  to 
the cathode surface and the cathodic react ion rate.  
The value of the gamma funct ion r ( 4 / 3 )  is 0.893. An 
addi t ional  p a r a m e t e r  defines the geometr ic  configura- 
t ion of the t ubu la r  e lec t rode  

~o 
l 

Calculat ions based on the theore t ica l  model  have  been 
conducted in o rder  to predic t  severa l  essent ia l  fea tures  
of the  t ubu la r  e lect rode of high ohmic resistance.  Al l  
calculat ions have  been conducted for cathodic depo-  
sition wi th  use of symmet r i c  t ransfer  coefficient (aa : 
~r --  0.5) and  n = 2. 

The dimensionless  pa rame te r s  employed  in the fol-  
lowing analysis  should pe rmi t  the appl ica t ion  of the  
resul ts  to a wide var ie ty  of ac tual  systems (e.g., the 
pr in ted  circuit  i ndus t ry ) .  

F i rs t  consider  the four  overpoten t ia l s  which con- 
s t i tu te  the appl ied  potent ia l .  

F igure  3 i l lus t ra tes  how these overpotent ia l s  va ry  
wi th  dist.ance along a t ubu la r  e lec t rode  for one t y p i -  
cal s i tuat ion (~s --  O.1, ~m = 0.1, N = 100, Ca* ---- --9, 
and po ---- 0.1). Note tha t  the  sum of the four  overpo-  
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Fig. 3. Overpotential partition within a tubular electrode at the 
onset of electrodeposition. 

tentials is always a constant and equal to the applied 
potential. 

Thus at the tubular  electrode edge (z = 0), the only 
components of the applied potential are the charge 
transfer  overpotential  and the concentration over-  
potential (which is relat ively small for this typical ~ _jm 
example) .  As we move inside the tube, the ohmic re-  z 
sistances of the metal and of the electrolyte, qam and ~ zr  ~as, respectively, act to consume an ever increasing 
proport ion of the applied potential, decreasing the ~= 
charge transfer  overpotential.  The variat ion of charge ~ 
t ransfer  overpotential  along the tube length lead to ~ 
a nonuniform current  distribution Thus the local " ~  
reaction rate is always the highest at the tube edge E 
and decreases with distance inside the tube. The uni-  ~ c:~. 
formity  of the current  distribution depends on the 
values of  the parameters  mentioned earlier. ~ .  

Let  us consider the influence of each of these pa-  
rameters.  Figure 4 illustrates the current  density dis- Q= aa ~, t r ibution dependence on parameter  ~m. N-" 

If  ~m is large, the ohmic loss in the metal  is large # 
and the current  distribution is nonuniform; as the ~ 
value of ~m decreases, the current  distribution tends to ~, i 
be more uniform. When ~m is less than 0.01, the metal -~! 
(.electrode) resistance is negligible and the other over-  -'~ 
potentials predominate. A similar behavior is described ~'0!~ 
by  Fig. 5 which shows the current  density distribution 
dependence on the parameter  is. 

Again if is is large, there is a large ohmic loss, this 
time, in the electrolyte solution, and the current  dis- 
tr ibution is nonuniform. As the value of is decreases 
the current  distribution becomes more  uniform. At 
very  low values of }s (say, is < 0.01), the electrolyte 
ohmic resistance is very  small and its value has no 
influence on the current  distribution. 

Let us now consider the influence of the third pa-  
rameter,  N. The current  density distribution in the 
tubular  electrode is shown in Fig. 6 for several values 
of N. For a large value of N the mass t ransfer  resist- 
ance is small compared with charge transfer  near  the 
electrode. 

l "' i 1 i ~' i , i i I "'" 

i N =100 

~e | 
_N" 
z .o=o.1 

z r  

~ o 

~ ~m--~. 

4 I I �9 I I I I i } 
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Fig. 4. Distribution of current density for different contributions 
of metal resistance, parameter ~m. 
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Fig. 5. Distribution of current density for different contributions 
of electrolyte resistance, parameter is. 

Thus the current  distribution depends merely  on 
the charge transfer  overpotential  near the electrode 
(assuming that  the electrolyte and metal  ohmic re- 
sistance are small) and is relatively uniform. For small 
values of N, the mass transfer  process tends to be rate 
limiting, the concentration overpotential  predominates,  
and the current  distribution is nonuniform. 
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Fig. 6. Current density distribution for different mass transfer to 
charge transfer resistance ratios, parameter N. 
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Fig. 7. Dependence of the mean surface concentration on the 
parameter H.  

The concentra t ion of reac t ive  species nea r  the  t ubu -  
l a r  wa l l  varies  a long the tube axis. F igu re  7 i l lus t ra tes  
the  mean  surface concentra t ion dependence  on pa -  
r a m e t e r  N. (The tube is p laced be tween  two counter -  
e lectrodes and is per iod ica l ly  moved to the  lef t  and 
to the  r ight . )  

When N has la rge  values,  mass t ransfer  resis tance 
is smal l  and the surface  concentra t ion approaches  that  
of the  bulk.  Note that  surface  concentra t ion d i s t r ibu-  
tion is uniform. As N decreases  the mass t ransfe r  r e -  
sistance increases and lower  surface concentrat ions 
are  encountered.  The surface concent ra t ion  d is t r ibut ion  
tends to be nonuniform.  For  in t e rmed ia te  values  of N 
at  the  tubu la r  edge, the e lec t rochemical  reac t ion  ra te  
is high and also the react ive  species is accessible; on 
the  o ther  hand,  a t  the  tube center  the react ive  species 
is less accessible but  also the reac t ion  ra te  is slower.  

These phenomena  cause the  mean  surface concen- 
t ra t ion  to be h igher  at  the  t ubu la r  e lect rode edge and 
center  than  in in te rmedia te  points  be tween  them. They  
do not occur when N is small (N < I) or large (N > 
100). 
The current density distribution varies with geo- 

metric configuration of the tubular electrode. 
Figure  8 i l lus t ra tes  the effect o f  the geometr ic  pa -  

r a me te r  po on the cur ren t  dens i ty  dis t r ibut ion.  
If  po is small ,  i.e., ~he tube  d iamete r  is smal l  com- 

pa red  to the  tube length,  ohmic resis tances of the 
meta l  and the e lec t ro ly te  a re  high ( la rge  values  of 
fm and Is), the  cu r ren t  d is t r ibut ion  is ve ry  nonuniform.  
On the o ther  hand,  if po is large,  i.e., the  tube d iameter  
is large compared  to the tube  length, the cur ren t  d is-  
t r ibu t ion  becomes uni form as on a flat electrode.  

An  impor t an t  factor  in the e lec t ropla t ing  indus t ry  is 
the ra te  of p la t ing  which is p ropor t iona l  to the to ta l  
cur ren t  consumed by  the e lec t rochemical  reaction.  We 
re fe r  here  to the  average  cur ren t  dens i ty  which is 
obta ined by  in tegra t ing  the local  cur ren t  dens i ty  over  
the ent i re  tubu la r  electrode.  

The dependence  of the average  cur ren t  dens i ty  /~ 
on the  appl ied  potent ia l  is i l lus t ra ted  in Fig. 9, for  
severa l  values  of p a r a m e t e r  fro. 

Fo r  la rge  values of fro, most  of the  appl ied  poten t ia l  
falls  over  an  ohmic  loss in the  me ta l  electrode,  the 
charge t ransfe r  overpoten t ia l  is smal l  and therefore  
the  e lec t rochemical  react ion ra te  which var ies  wi th  
charge t ransfe r  overpoten t ia l  according to Eq. [1] is 
low and depends  l i nea r ly  on the  appl ied  potent ia l .  On 
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Fig. 8. Dependence of the current density distributions on the 
geometric parameter, po. 
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Fig. 9. Dependence of the average current density on applied 
potential for different metal resistance, parameter ~m. 
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Fig. 10. Dependence of the current density distribution on the 
distance at different applied potentials Ca*. 

the o the r  hand,  when  ~m is small ,  the  ohmic loss is 
negligible,  the  charge t rans fe r  overpo ten t i a l  dominates ,  
and  we obta in  a Tafe l - l ike  (exponent ia l )  dependence  
of the react ion r a t e  on the app l ied  potent ia l .  

The appl ied  potent ia l  also influences the  cur ren t  den -  
s i ty  dis t r ibut ion.  A n  increase  in  the  app l ied  po ten-  
t ia l  causes a more  nonun i fo rm cur ren t  d is t r ibut ion  
wi th in  the  t ubu la r  electrode.  This phenomenon  is 
shown in Fig. 10. 

F ina l ly ,  let  us consider  the  t rans ient  behavior  which 
occurs dur ing  the e lec t ropla t ing  process (which causes 
th ickening  of the  me ta l  e lec t rodes  and lowers  the  
ohmic res is tance) .  

We tu rn  back  to the  typica l  s i tuat ion i l lus t ra ted  in 
Fig. 3 ($s = 0.1, hn : 0.1, N --  100, Ca* : 9, po : 0.1): 
consider  copper  deposi t ion f rom an acidified sul fa te  
ba th  for  which  M : 63.57, d : 8.9 g / cm 3, io : 10 -8  
A / c m  2, ao --  5 • 10-5 cm (a typ ica l  electroless  de -  
posi t  th ickness) .  

F igu re  11 i l lus t ra tes  how the four  overpoten t ia l s  
v a r y  wi th  dis tance along a t ubu l a r  e lect rode af te r  a 
long per iod  of e lec t rop la t ing  (in this s i tuat ion af ter  
200.0 sec).  hn is smal l  and thus the ohmic loss in the  
me ta l  e lec t rode  is negligible,  the  charge t r ans fe r  over -  
po ten t ia l  increases  (by  more  than  50% at the  tube  
center)  and the e lec t rochemical  reac t ion  is enhanced.  

The e lec t ro ly te  ohmic overpo ten t i a l  increases mode r -  
a te ly  ( fol lowing an increase  in the  cur ren t  dens i ty )  
whi le  the  concentra t ion  overpo ten t ia l  p rac t i ca l ly  does 
not  change, since for this typica l  example  the mass 
t rans fe r  res is tance is low (N --  100). 

Var ia t ion  of the cur ren t  dens i ty  d i s t r ibu t ion  dur ing  
e lec t rop la t ing  is descr ibed in Fig. 12 for  the  same 
s i tuat ion ment ioned  ea r l i e r  but  wi th  ~m : 1. 

The  cur ren t  d i s t r ibu t ion  which is ve ry  nonun i fo rm 
at the  in i t ia l  s tage of the  p la t ing  process becomes more  
un i fo rm as the  coat ing thickens  and even tua l l y  a t ta ins  
the  so-cal led  " p r i m a r y  cur ren t  d is t r ibut ion  which is 
de t e rmined  b y  'the e lec t ro ly te  p roper t ies  (descr ibed 
b y  &) and the e lec t rochemical  cell  geomet ry  (Do). Fo r  
this  tyv ica l  e x a m p l e  the  mass t ransfe r  resis tance is 
negligible.  
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Fig. 11. Overpotenfial partition within a tubular electrode after 
a long period of time of electrodeposition. 

Conclusions 
A theore t ica l  model  has been developed which  takes  

into account the var ious  factors influencing the current  
d is t r ibut ion:  me ta l  e lect rode resistance,  e lec t ro ly te  
phase resistance,  mass t rans fe r  resistance,  charge  
t r ans fe r  resistance,  as wel l  as geometr ica l  pa rame te r s  
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Fig. 12. Current density distribution during electreplnting 

1,00 

and the appl ied  potential .  The model  enables  the  p re -  
diction of the re la t ive  impor tance  of each of the above-  
ment ioned  factors in obta in ing un i form cur ren t  dis-  
t r ibut ion  (i.e., uniform meta l  thickness inside the 
holes) .  

I t  is shown that  in o rder  to obtain a un i form cur ren t  
d i s t r ibu t ion  each one of the fol lowing dimensionless  
pa ramete r s :  

~m--proport ional  to the ra t io  of cathodic  react ion 
ra te  to meta l  conduct iv i ty  

~s--propor t ional  to the  rat io  of cathodic ra te  to so- 
lut ion conduct iv i ty  

N- - ind i ca t i ng  the rat io  be tween  ra te  of mass t rans-  
fer  to the cathodic surface and the cathodic react ion 
ra te  

Ca*---dimensionless appl ied  poten t ia l  
should be in the  fol lowing range:  ~m ~ 0.01; ~s ~ 0.01, 
N ~ 100, I(a*l ( 3. Also, i t  is des i rable  tha t  the  geo- 
met r ica l  p a r a m e t e r  po should be above 0.1. However ,  
if this c r i te r ia  for  po cannot  be met,  it  is possible to 
improve  the  cur ren t  d is t r ibut ion by  changing the 
o ther  pa rame te r s  as indica ted  below. 

In indus t r ia l  e lec t ropla t ing  two effects are  requi red:  
un i form meta l  thickness and h igh  deposi t ion rate.  
These two des i red  effects usua l ly  work  in opposi te  
direct ions when appl ied  to p l ana r  surfaces. The pres-  
ent  genera l  model,  th rough  the above-ment ioned  d i -  
mensionless  parameters ,  makes  i t  possible to predic t  as 
wel l  as to make  the p rope r  decision wi th  respect  to 
the op t imal  condit ions for  e lectroplat ing.  The usual  
prac t ica l  condit ion is tha t  the  geometr ica l  factors, po, 
a re  given. ~m is dependent  on the ini t ia l  me ta l  th ick-  
ness and, a f te r  a short  per iod  of e lectroplat ing,  its in-  
fluence tends to become negligible.  I f  the  ini t ia l  ~m is 
too large  and it is not  feasible to increase ao dur ing  
the me ta l  deposi t ion processes, the s i tuat ion can be 
remedied  by  decreas ing  the ini t ia l  appl ied  potent ia l  
(i.e., decreas ing Ca*). Once the value  of ao has in -  

creased enough due to th ickening which occurs dur ing  
e lec t ropla t ing  process and ~m has reached a value  be -  
low 0.01, the  appl ied  potent ia l  can be increased in 
o rde r  to speed up e lect ropla t ing.  

The value  of ~s de te rmines  the p r i m a r y  cur ren t  dis-  
t r ibut ion.  Smal l  enough values of ~s can be achieved 
b y  increasing the e lec t ro ly te  conduct ivi ty ,  i.e., in-  
creasing K. 

Large  enough values  of N can be achieved by  in-  
creasing the e lec t ro ly te  flow veloci ty  th rough  the hole 
Vz, the  meta l  ion concentra t ion ~o; and the diffusion 
coefficient D. The l a t t e r  can be ob ta ined  by  increasing 
the t empera tu re .  

Manuscr ip t  submi t t ed  J u l y  27, 1981; rev ised  m a n u -  
script  received Ju ly  1, 1982. 

A n y  discussion of this paper  wil l  appea r  in a Dis-  
cussion Section to be publ i shed  in the December  1988 
JOURNAL. Al l  discussions for the  December  1988 Dis- 
cussion Sect ion should be submi t ted  by  Aug. 1, 1983. 

A P P E N D I X  A 
Iterative Solution of the Model Equations 

(i) Make  some ini t ia l  guess of the  potent ia l  d i s t r ibu-  
t ions (s* (~:, po) and (m* (D.  

(ii) Calculate  the concentra t ion  d is t r ibu t ion  c ( f )  
( f rom Eq. [34J and [35]. 

(iii) Calculate  Cm* (D by  solving Eq. [82]. 
(iv) Calculate  (s* (~, po) by  solving Eq. [30]. 
(v) Using the ca lcula ted  Cm* and Cs* r e tu rn  to 

i te ra t ion  (ii) and repea t  the sequence of operat ions 
un t i l  convergence is achieved. 

(vi) Calculate  the cur ren t  dens i ty  d is t r ibut ion  J ( D  
using the values  of r Cm*, and C which were  calcu-  
la ted  previously .  This is the  in i t ia l  cur ren t  d is t r ibut ion  
th rough  the hole (at  t = 0). 

(vii) Calculate  the  meta l  thickness which  wi l l  be 
e lec t rodeposi ted  dur ing  a shor t  t ime in te rva l  At at  the 
ca lcula ted  cur ren t  densi ty  J(~) (according to Eq. 
[36~). 

(viii) Having the new meta l  thickness  d is t r ibut ion  
repea t  the sequence of calculat ions (i i-vi) ,  this t ime 
the values are  computed for At sec af ter  the s tar t  of 
the  e lectroplat ing.  These values are  used to calculate  
the  me ta l  deposi t  dur ing  the per iod  of t ime of At sec 
f rom t ime At to 2At. 

(ix) The calculat ion is cont inued unt i l  the system 
arr ives  at a s teady s ta te  and  the change in the values  
of the  var iables  f rom t ime t to t -t- At is less than  a 
smal l  chosen value. 

A P P E N D I X  B 

Mathematical Solution Details 
By ex t rac t ing  J f rom Eq. [34] and [35], an a lgebra ic -  

in tegra l  equat ion is obta ined which may  be eva lua ted  
by  the method of Acrivos and Chambre  (12), thus, for 
known values of r and Cm* i t  is possible to calculate  
the concentra t ion d is t r ibut ion  inside the tube. 

The potent ia l  d is t r ibut ion  in the me ta l  l aye r  (m* (~) 
is found by  solving Eq. [32J and its bounda ry  condit ion 
(given by  Eq. [33j) .  This is a second-order ,  nonl inear  
equat ion which is solved numerica l ly .  The equat ion is 
l inear ized and then solved by  using finite difference. 

The potent ia l  d is t r ibut ion  in the  e lec t ro ly te  solut ion 
Cs* is ca lcula ted  f rom Eq. [30J and the set of bounda ry  
conditions given by  Eq. [31]. 

The second-order  par t ia l  different ial  equat ion with  a 
non l inear  bounda ry  condit ion is solved by  a pseudo-  
analy t ica l  method.  (s* (~, p) is assumed to have  a solu-  
t ion of the fo rm 

iV 

2 sinh [an(1 ~ ,  - ~ ) ]  Jo(~o)  
Cs* (~, p) 

po e n=l sinh (an) Jo2(anPo) 

fo~ no--1 Zo(  o) 
n=l Xn sln ( ~ )  I1 (~-nPo) 

where  an, n : 1, and N are  N roots of the equat ion 

J1 (amOo) ---- 0 
and ~.n are  eigenvalues given by  

~n : [ 2 ( m -  l ) - b  1]~/2 
The coefficients An, n : 1, and N were  ca lcula ted  nu -  

mer ica l ly  using Grey ' s  a lgor i thm (13) for  nonl inear  
opt imizat ion.  
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LIST OF SYMBOLS 

metal electrode layer thickness, cm 
metal electrode layer thickness a/ao, dimen- 
sionless 
initial metal electrode layer thickness, cm 
concentration of reactant in bulk electrolyte, 
gmol/cm a 

reactant concentration at electrode surface 
when the electrolyte is moving to the right, 
gmol/cm s 

reactant concentration at electrode surface 
when the electrolyte is moving to the left, 
gmol/cm 8 
mean reactant concentration at electrode sur- 
face, gmol/cm 3 
mean reactant concentration at elec+,rode sur- 
face c/cb, dimensionless 
diffusion coefficient, cm2/sec 
density of electrode metal, g/cm 3 
potential difference between electrode and 
electrolyte at equilibrium, V 
Faraday's constant, 96,5100 C/g-equiv. 
current density in metal electrode, A/cm 2 
average current density (Eq. [28]), A/cm 2 
exchange current density, A/cm 2 
local limiting current density, A/cm 2 
local reaction rate along electrode, A/cm 3 
local reaction rate along electrode, dimension- 
less 
tube length, cm 
atomic weight of electrode metal, g/g-atom 
number of electrons taking part in the elec- 
trode reaction, g-eq/mol 
ratio of mass transfer resistance to charge 

nF Dcb ( 4V, ~l/a 
transfer resistance, r (4/3) io \ 9Dro'--'-"~ ] ' 

dimensionless 
P6clet number, 2~ovz/D, dimensionless 
special variable in radial direction, cm 
radius of tubular electrode, cm 
gas constant, 8.31 J/gmol K 
Reynolds number, 2roVz/v, dimensionless 
radius of multilayer board hole, cm 
Schmidt number, v/D, dimensionless 
time, sec 
multilayer board thickness, cm 
temperature, K 
electrolyte velocity along tube axis, cm/sec 
electrolyte velocity in z direction, cm/sec 
special variable normal to electrode surface, 
cm 
special variable parallel to the tube axis, cm 
anodic transfer coefficient in reaction rate ex- 
pression, Eq. [1] 
cathodic transfer coefficient in reaction rate 
expression, Eq. [1] 
average current density, iav/io, dimensionless 
constant in Eq. [2], dimensionless 
gamma function of 4/3 
special variable in axial direction, dimension- 
less 
similarity transformation, y (4vz/gzDro)1/3, di- 
mensionless 
concentration overpotential, V 

*Is 
~]s* 

~lnm 

~]~s* 

TIT 

g 

&. 

concentration overpotential, (nF/RT)~c, di- 
mensionless 
charge transfer overpotential, V 
charge transfer overpotential, (nF/RT)~s, di- 
mensionless 
metal oi~mic overpotential, V 
metal ohmic overpotential, (nF/RT)~am, di- 
mensionless 
electrolyte 6hmic overpotential, V 
electrolyte ohmic overpotential, (nF/RT)~lns, 
dimensionless 
total overpotential, V 
total overpotential, (nF/RT)~T, dimensionless 
electrolyte conductivity, (~-cm)-1  
kinematic viscosity, cm2/sec 
ratio of metal ohmic resistance to charge 

nF D io 
transfer resistance, RT ao a ' dimensionless 

is ratio of electrolyte ohmic resistance to charge 
nF D io 

. . . .  , dimensionless transfer resistance, RT ro 

Ca* applied potential, dimensionless (Eq. [27]) 
Cm potential in metal electrode, V 
~sm ~ potential in the metal electrode at the tube 

entrance, V 
r potential in the metal electrode, nF/RT (r -- 

r ~ dimensionless 
~s potential in the electrolyte (outside the diffu- 

sion layer), V 
r ~ potential in the electrolyte, at the tube en- 

trance, V 
Cs* potential in the electrolyte, nF/RT (r -- ~s~ 

dimensionless 
p special variable in radial direction, r/to, di- 

mensionless 
?o geometric parameter, to~l, dimensionless 

metal conductivity (l%-cm)-1 

Subscripts 
m pertains to metallic electrode phase 
s pertains to electrolytic solution phase 
r in r-direction 
y in y-direction 
z in z-direction 
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ABSTRACT 

The perpendicularly oriented crystal structure conditions of electroless plated film for high density perpendicular re- 
cording media were investigated mainly by (002) plane rocking curves and cross sectional SEM observation. A highly ori- 
ented narrow dispersion of c-axis orientation normal to the surface plane was consequently obtained, and the columnar 
structure ofhcp crystal with ca. 0.05/~m diam was confirmed. As a result of preparing disks A and B, which were chemically 
plated from an optimum bath and a more improved bath, respectively, the recording characteristics with a combination of 
ring head were obtained as recording densities of Dso = 18,500 FRPI for disk A and 25,000 FRPI  for disk B, in spite of a 
relatively thick magnetic medium. The di-pulse waveforms, which are characterized with perpendicular recording, were 
observed at low bit recording density. It was indicated by the above results that the chemically plated Co alloy films are 
applicable as a perpendicular recording medium. 

Perpendicular  magnet ic  media for high densi ty r e -  
c o r d i n g  have been studied by many  workers (1), since 
a proposal regarding its recording system by the 
Iwasaki  school (2, 3). In a previous paper (4), the 
authors reported the development  of electroless cobalt 
alloy plat ing bath for a perpendicular  recording me-  
dium. The crystal s t ructure  for film plated from the 
electroless bath  is reported in the present  paper. 

Recording and reproducing characteristics for a 
perpendicular  Co-Cr flexible disk medium were first 
tr ied by using a single-pole head (3). The combinat ion 
of a perpendicular  medium with a r ing head, which 
might  be a first step toward practical use of a perpen-  
dicular recording system, was also reported by several  
workers (5, 6). This paper reports 8 in. diam disk 
media and their  recording characteristics using a r ing  
head. 

Experimental 
Plat ing conditions for Co alloy films and de termining  

several properties for their  films were the same as 
shown in  a previous paper  (4). The film cross section 
was observed by scanning electron microscopy. Two 
kinds of magnetic  films for plated disks were pre-  
pared from electroless plat ing baths A and B, shown 
in  Table I. Figure 1 demonstrates the disk structure,  
using a s t ructure  s imilar  to that  for 8 in. longi tudinal  

* E l e c t r o c h e m i c a l  S oc i e ty  Act ive  Me m b e r .  
Key  words ;  e l ec tro le s s ,  f e r r o m a g n e t i s m .  

protective overcoat ( SiO 2) 0.02 or 0.1 pm 

~ \ \ \ \ \ ~  recording medium _~'~ 
(Co-ai-Mn-P} ~X~ 3 or 5 pm 

intermediate layer ~Ni-P) 25pm 

/////////A 
/ / / disk substrate / I 

/ / (Aluminum alloy)"//1 1.85mm 

Fig. 1. Plated disk structure for perpendicular recording medium 
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high density recording plated disk (7) developed by 
Nippon Electric Company Limited. The magnetic films 
have a 5 /~m plat ing for disk A or a 3 /~m plat ing for 
disk B on a polished Ni-P substrate, which was chemi- 
cally plated on an a luminum alloy plate. The SiO2 (8) 
protective overcoat, 0.1 ~m for disk A and 0.02 ~m 
for disk B, was formed by  hea t - t r ea tmen t  at  200~ 
after being covered with te t rahydroxy silane alcohol 
solution by a spin-coat method. Disk and head proper-  
ties for a read/wr i te  measurement  are shown in 
Table II. 

Results and Discussion 
Investigation on c-axis orientation normal to surface 

plane.--The effects of three factors in  the bath (i.e., 
MnSO4 concentration, bath pH, and NiSO4 concentra-  
t ion) on c-axis or ientat ion were studied by rocking 
curves for the (002) plane. The  MnSO4 concentrat ion 
effect on c-axis or ientat ion is demonstrated in Fig. 2, 
where the ~050 value means the peak breadth  at half- 
max imum intensi ty  for (002) plane peak in rocking 
curve. The AOs0 value represents the c-axis or ientat ion 

Table I. Electroless plating bath compositions and operating 
conditions 

Chemica l s  Bath A Bath B 

NaI-IsPO2 �9 H20 0.20 M �9 1-1 0.20 M �9 1-1 
(NH~) ~SO+ 0.50 0.50 
CHs(COONa)~ �9 I-I~O 0.50 0.50 
CsH~OH(COONa)I 0.05 0.05 
COSO4 �9 7H.~O 0.025 0.035 
NISO+. 6H20 0.01 0.01 
MnSO+ �9 4 ~ 5H+~O 0.04 0.04 

Bath t e m p e r a t u r e  85~ 80~ 
pH adjus ted  by NH4OH 9.6 9.6 

Table II. Disk and head characteristics 

Disk  A D i s k  B 

Medium mater ia l  Co-Ni-Mn-P Co-Ni-Mn-P 
M e d i u m  t h i c k n e s s / ~ m  5.0 3.0 
Coerciv i ty ,  Hc(I)/Oe 1530 1040 
Overcoat  t h i c k n e s s / # m  0.10 0.02 
Substrate  mater ia l  Po l i shed  Ni-P Po l i shed  Ni-P 

on A1 alloy on AI al loy 

Core material Mn-Zn ferrite Mn-Zn ferrite 
Gap length//~m 1.0 0.5 
Track width//tm 50 30 
Flying height/#m 0.2 at 22 m/sec 0.1 at 7.89 mlsec 
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degree  no rma l  to the surface plane.  In  the 0 ~ 0.015M 
MnSO4 range,  the  hexagona l  c rys ta l  for  p la ted  films 
reaches an i n -p l ane  or ientat ion.  The c-axis  or ien ta t ion  
changes f rom in -p l ane  to pe rpend icu la r  form, wi th  the 
increase  in MnSO4 concentrat ion.  F r o m  the  0.025M 
MnSO4 point,  the  hexagona l  c rys ta l  c-axis  or ients  com- 
p le te ly  to the perpendicu lar .  The ~o50 va lue  becomes 
m i n i m u m  at 0.04M MnSO4. This condit ion corresponds 
wel l  to the  x - r a y  diffract ion pa t t e rns  and magnet ic  
proper t ies  shown in the previous  pape r  (4). In  ]~ig. 2, 
the  resul ts  for  two k inds  of substrates ,  Cu and pol ished 
Ni-P ,  were  p lo t ted  as a funct ion of MnSO4 concent ra-  
tion. The hes0 values  for  N i -P  subs t ra te  a r e  a lways  
lower  than  those for  Cu st~bstrate. The subs t ra te  rough-  
hess effect on magnet ic  proper t ies  was  p rev ious ly  dis-  
cussed (9). I t  was concluded tha t  the  l a rge r  var ia t ion  
in surface  roughness,  obta ined  by  an emery  paper ,  for 
example ,  is too la rge  to affect the magnet ic  proper t ies .  
I t  was also concluded that  the  smal le r  var ia t ion,  p ro -  
duced b y  such a c rys ta l l i te  gra in  size, g rea t ly  influences 
magnet ic  proper t ies  (9). The above fact  m a y  be due 
to the  smal l  difference in surface roughness  produced 
by  such a crys ta l l i te  gra in  size (cf., the  mean  surface 
roughness  values  for  Cu and pol ished N i -P  a re  0.1 
and 0.015 ~m, respec t ive ly) .  The most  un i fo rmly  pe r -  
pend icu la r -o r i en ted  condit ion for hcp crysta ls  is ob-  
ta ined  at  the O.04M MnSO4 point,  where  hes0 repro-  
duc ib ly  shows a m in imum value  of ca. 10 ~ This 
m in imum value  was a lways  reproduc ib ly  obtained,  
bu t  a more  h ighly  un i form s t ruc ture ,  ca. 6% 
was occasional ly  obtained.  The plots  in the  figures do 
not  show the best  da t a  indica t ing  less than  10 ~ 
Instead,  the plots  show typica l  da ta  r ep roduc ib ly  ob-  
tained.  The  hes0 value  is ve ry  sensi t ive to surface 
roughness.  Different  values  appea r  even in the  case 
of a l i t t le  difference, such as crys ta l l i te  sizes in the  
order  of, a t  least,  less than  O.1 #m. Therefore,  the  su r -  
face flatness for such a l i t t le  difference is also an im-  
por t an t  factor,  which mus t  be pa id  a t ten t ion  to in ob-  
ta ining a more  h igh ly  un i fo rm c-axis  or ien ta t ion  nor-  
mal  to the  surface  plane.  

The ba th  pH effect on Aes0 is shown in Fig. 3, where  
the h050 value  for  N i -P  subs t ra te  is also a lways  lower.  
There  is a m in imum ~es0 value  at  ba th  p H  9.6 for  Cu 
substrate .  However  for N i -P  substrate ,  the h~)~0 values  
become the lower  constant  va lue  for  ca. 10.5 ~ 
at  the pH 9.4 ~ 9.8 range.  The resul ts  for Cu sub-  
s t ra te  correspond wel l  to those for  x - r a y  diffract ion 
pa t t e rns  and magnet ic  p roper t ies  descr ibed in a p re -  
vious p a p e r  (4). 

In  o rde r  to get  a pe rpend icu la r  an iso t ropy  it is also 
necessary  to lower  the sa tura t ion  magnet izat ion,  Ms, 
for  film as wel l  as to make  the c-axis  or ien ta t ion  
no rma l  to the surface plane.  An  a t t empt  w a s  made  to 
codeposit  n ickel  into films for  this purpose.  The NiSO~ 
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PH 

Fig. 3. Bath pH effect on 405o for plated films. O :  Cu sub- 
strafe, A :  Ni-P substrate. 

concentra t ion effect on AO~0 was demons t ra ted  in Fig. 4. 
When Cu subs t ra te  is used, the  Aos0 va lue  g radua l ly  
becomes la rger  wi th  the  increase in NiSO4 concent ra-  
tion. For  N i -P  substrate ,  the  AOs0 va lue  gives a lower  
constant  value,  even wi th  the  increase  in NiSO4 con- 
cent ra t ion  up to 0.01M NiSO4 concentrat ion.  F rom tha t  
point  on, i t  g radua l ly  becomes larger .  Since the  pe r -  
pendicu la r  or ienta t ion  un i fo rmi ty  on the Ni -P  sub-  
s t r a te  is re ta ined  up to O.OlM-NiSO4 concentrat ion,  as 
seen in  Fig. 4, the NiSO4 addi t ion  into the  ba th  solu-  
t ion can be a l lowed up to 0.01M, in o rde r  to decrease  
Ms in the film. 

SEM observation on crystal  s tructure for fi lm plated 
under op t imum condit ions.--Figure 5 shows a typica l  
cross sect ion of Co al loy film p la ted  under  op t imum 
pla t ing  condi t ion shown in Table I -A.  The  most  typica l  
cross section mic rograph  is shown in Fig. 5 (a ) ,  whe re  
the 11.6 ~m thick cross sect ion is shown incl ined 60 ~ 
f rom the subs t ra te  plane.  In  Fig. 5 (a ) ,  the  Co-Ni-  
M n - P  film cross section indicates  a un i fo rm co lumnar  
growth  s t ruc ture  wi th  ca. 0.2 ~m diam in appearance ,  
which  is composed of po le - l ike  crystals .  Since the  
p la ted  film sur face  gives f a i r ly  rough  conditions,  the  
surface was pol ished to mi r ro r  condit ions when  mak ing  
disk B. In o rde r  to confirm co lumnar  crystals  in detai l ,  
a Co al loy film cross section containing pa r t  of the  
b roken  columnar  crystals ,  p roduced  dur ing  the cut t ing 
process, is demons t ra ted  in Fig. 5 (b ) .  The a r row in 
Fig. 5 (b) indicates  the posi t ion revea led  under  magn i -  
fication shown in Fig. 5 (c) .  Since the  co lumnar  s t ruc -  
tures are  composed of po le - l ike  crys ta l  wi th  ca. 0.05 ~m 
diam, as seen in Fig. 5(c) ,  the  appa ren t  co lumnar  
s t ruc ture  wi th  ca. 0.2 ~m diam, shown in Fig. 5 (a) or  
(b) ,  is in a s ta te  of aggregat ion  for co lumn- l ike  crys-  
tals  wi th  ca. 0.05 ~m diam. F i lm  made  f rom such 
co lumnar  crys ta ls  wi th  ca. 0.05 ~m d i am is consid-  
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Fig. 2. MnS04 concentration effect on /~05o far plated films. Fig. 4. HIS04 concentration effect on A05o for plated films. 
O :  Cu substrate, A :  Ni-P substrate. O :  Cu substrate, A :  Ni-P substrate. 
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protective overcoat for disk B is also made thinner, 
0.02 ;~m, for lowering the head-medium spacing. The 
characteristics for disk media A and B and their read/ 
write conditions are shown in Table II. The plated 
magnetic film polishing process was added only for 
disk B, using the head with lower spacing conditions. 

Reproduced waveforms, low bit density (740 FRPI) 
and high bit density (23 KFRPI) for the read/write 
conditions in Table II-A, were shown in Fig. 6. Since 
an output voltage waveform at low bit density, in per- 
pendicular magnetic recording using a ring head, is 
confirmed by the Iwasaki school (11) to show a dipulse 
shape, the dipulse waveforms shown in Fig. 6(b) is 
considered to be produced by the perpendicular re- 
cording results. It also supports the perpendicular re- 
cording performance wherein the waveforms at high 
bit density, 23 KFRPI, are produced by using the 
thicker magnetic medium, 5 ~m thick, because such a 
high density recording is performed only in the case  
of very thin magnetic medium (less than ca. 0.1 ~m) 
in the case of a longitudinal recording system. 

Figure 7 demonstrates the recording characteristics 
for Co alloy magnetic disks A and B, which were mea- 
sured under the disk and head conditions shown in 
Table II. The recording densities for Ds0, which m e a n s  
the recording density at half the maximum output 
voltage value, are observed to be 18,500 FRPI for disk 
A and 25,000 FRPI for disk B, respectively. 

The authors have studied the use of an electroless 
cobalt alloy magnetic medium for a perpendicular re- 
cording medium, considering that magnetic films show- 
ing incompletely perpendicular magnetic anisotropy 
can also be used for this medium, as well as when 

Fig. 5. Scanning electron micrographs showing a cross section 
of film plated under optimum condition listed in Table I-A using 
Ni-P substrate. (a): Typical cross section for plated film using 
Ni-P substrate (• (b) and (c): Other cross section parts of 
plated film containing broken columnar crystals, which are pro- 
duced during cutting, [XS,000 for (b)] and [X10,000 for (c)]. 
The arrow shown in (b) indicates the part corresponding to the 
enlarged section shown in (c). 

ered to be suitable for a high density perpendicular 
recording medium (e.g., the 100,000 FRPI recording 
density corresponds to 0.25 #m length for one bit). 

Magnetic disks preparation and their read~write 
properties.mTwo kinds of 8 in. diam disks, A and B, 
were prepared from baths A and B shown in Table I. 
The composition and operation conditions for bath A 
for disk A were determined and reported in the pre- 
vious paper (4). The conditions for bath B for disk B 
were improved for the higher, density recording. The 
recording density naturally depends not only on disk 
properties, but also on read/write conditions, especially 
depending on gap length of ring head and head-me- 
dium spacing (5). Since the higher Hc for disk A has  
to be lowered, in order to be able to use a ring head 
with narrower gap length for establishing higher den- 
sity recording, the bath B conditions were improved to 
obtain a lower Hc film than that plated from bath A. 
Improved bath B, with higher COSO4 concentration a n d  
lower bath temperature, makes it possible to combine 
ring head conditions for a narrower gap length. The 

Fig. 6. Reproduced waveforms, (a) low density of 740 FRPI (b) 
high density of 23,000 FRPI. The disk and ring head are used with 
the condition shown in Table II-A. 
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Fig. 7. Recording characteristics for Co alloy disks. A and B 
characters represent the data using disks A and B, respectively. 

using complete perpendicular magnetic anisotropy 
media, such as an rf sputtered Co-Cr film. The 
possibility of a perpendicular recording medium is 
consequently confirmed by using disks A and B whose 
magnetic films do not show a complete perpendicular 
magnetic anisotropy (12), such as an rf sputtered film. 
Finally, it can be concluded that chemically plated Co 
alloy magnetic film is applicable as a high density 
perpendicular recording medium. 
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ABSTRACT 

A theory is developed which shows how high power and high current densities can be generated by a (CH)x battery cell 
despite the slow diffusion and low conductivity characteristic of ionic motion in polyacetylene. The presence of a small 
driving potential (or a load) causes current to flow and generates a large electric field within the fibrils. This field drama- 
tically increases the ion transport rate when the electronic screening length is comparable to or greater than the radius of a 
fibril. 

Polyacetylene, (CH)x, is the prototype example of 
a conducting polymer (1). Recent studies have dem- 
onstrated that after synthesis, (CH)~ can be oxidized 
or reduced chemically (1, 2) or electrochemically (3) 
at room temperature. As a result of these controlled 
doping procedures, increases in electrical conductivity 
of over twelve orders of magnitude have been ob- 
served (4). Doping to high levels results in a semi- 

�9 E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member. 
Key words: conducting polymer batteries (CH)~, poIyacetylene 

ionic diffusion. 

coaductor-metal transition (5-7), giving a whole 
new class of highly conducting "plastic" metals with 
a wide range of electronegativity. The partly oxidized 
material is relatively electronegative and exists as a 
stabilized polycarbonium ion, (CH+~)~, in combina- 
tion with the corresponding number of monovalent 
counterions, A- ,  such that the overall composition is 
(CH+yAy-)x. Similarly, the partly reduced material is 
relatively electropositive and exists as a polycarbanion, 
(CH-~) x, in combination with the corresponding num- 
ber of monovalent countercatioi.~, M +, such that the 
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overal l  composit ion is (My+CH-~)x.  Since revers ib le  
e lec t rochemical  oxida t ion  and reduct ion (i.e., doping 
and "undoping")  have  been demonst ra ted ,  the possi-  
b i l i ty  of using po lyace ty lene  as an electrode in an 
e lec t rochemical  cell  has been proposed (8-10). In-  
deed, in ea r l i e r  expe r imen ta l  studies i t  has been 
demons t ra ted  (8-10) tha t  films of pa r t l y  oxidized or 
reduced  (CH)x can be used as the  cathode and anode 
mate r ia l s  in l ightweight  rechargeab le  s torage bat ter ies .  

Electron microscopy studies (11, 12) show tha t  the 
as -grown (CH)x films consist of r andomly  or ien ted  
fibrils wi th  typica l  fibril d i amete r  ,-~200A. The d i a m -  
e ter  can be reduced  signif icant ly wi th  different  po ly -  
merizat ion condit ions (13). The bulk  dens i ty  is about  
0.4 g / c m  8 compared  with  1.2 g / cm a as obta ined  
by  flotation techniques,  indicat ing tha t  the  po lymer  
fibrils fill only  about  1/3 of the to ta l  volume, and that  
the  effective surface a rea  in contact  wi th  the  e lec t ro-  
ly te  is quite high, ,-~60 m2/g. 

Dur ing  the doping and undoping processes which 
accompany ba t t e ry  charge  and discharge,  the  ions 
f rom the e lec t ro ly te  must  diffuse into and out  of the 
(CH)x fibrils, i.e., be tween  the ind iv idua l  (CH)x po ly -  
mer  chains. However ,  since the sol id-s ta te  ionic mobi l -  
i ty  in (CH)~ is much smal le r  than  the ionic mobi l i ty  
in the electrolyte ,  the shor t -c i rcui t  cur ren t  and power  
dens i ty  of an e lect rochemical  cell  might  be expected  
to be l imi ted  by  the slow diffusion of ions th rough  
the po lyace ty lene  fibrils. 

In  fact, recent  measurements  (14) of free diffusion 
of Li+ ions into (CH)x fibrils in e lec t rochemical  cells 
revea l  diffusion constants  of D _~ 4 X 10 - i s  cm2/sec. 
The diffusion of C104- dur ing  p -dop ing  is of the  same 
o rde r  of  magni tude .  On the same cells, however ,  high 
shor t -c i rcu i t  cur rents  and high power  densit ies  are  
ob ta ined  (8-10, 15). An exp lana t ion  of this apparen t  
contradic t ion is necessary,  and i t  is the  subject  of this 
paper .  

Summary of Experimental Results 
A deta i led  descr ipt ion of the diffusion studies wil l  be 

presented  e lsewhere  (10, 14). We briefly summar ize  
the expe r imen ta l  resul ts  here  as background  infor -  
mat ion  for  quant i ta t ive  input  into the calculat ions 
which fol low and which are  the pr inc ipa l  point  of this 
paper .  A ba t t e ry  cell is constructed by  pressing (CH)x 
film (--0.1 m m  thickness by  N1 cm2; ,-,3 mg) onto 
p la t inum mesh to act  as the work ing  e lec t rode  (9).  
L i th ium meta l  embedded  in n ickel  mesh (Delker  Cor-  
pora t ion)  acts as the countere lec t rode and is sepa-  
r a t ed  f rom the (CH)x by  a k i l n -d r i ed  piece of glass 
filter paper .  A second ( ident ical)  l i th ium elect rode is 
used as the  reference  electrode.  Basic ac t iva ted  a lu -  
mina  serves as a scavenger  for  impuri t ies .  One molar  
L iC104/ te t rahydrofuran  is added  as the e lec t ro ly te -  
solvent  sys tem for n - t y p e  doping of (CH)x, while  1M 
LiC104/propylene carbonate  is used for p - t y p e  doping. 
P r io r  to use, the  LiCIO4 is mel ted  under  dynamic  vac-  
uum. Te t r ahydro fu ran  (Fischer  Scientific Company)  is 
kep t  in sodium benzophenone,  while  p ropy lene  ca r -  
bonate  (Aldr ich  Chemical  Company)  is spin  band dis-  
t i l led and s tored over  l i th ium chips. The cell  is en-  
cased in r ec tangu la r  glass and sealed under  vacuum 
across p l a t i num wires  which are  spot welded  to the 
electrode.  This construct ion yields  s tab le  cells wi th  
in te rna l  res is tance which  is typ ica l ly  about  100~. 

Measurements  of the diffusion time, To, and the d i f -  
fusion constant  for Li + ions were  made  by  moni to r -  
ing the  recovery  of the open-c i rcu i t  vol tage (Voc) 
a f te r  s tep poten t ia l  changes in charging.  In  a typica l  
exper iment ,  the appl ied  vol tage was s tepped by  0.1V 
and held at  the new potent ia l  unt i l  the cur ren t  fel l  
(dur ing  about  20 min) to ,-,1/10 of i ts in i t ia l  value. 
The power  supply  was then disconnected,  and the 
open-c i rcu i t  vol tage was moni tored  by  per iodica l ly  
connect ing the cell  to a high input  impedance  digi ta l  
vol tmeter .  For  example ,  at  3% doping, a f te r  an in i t ia l  
t rans ient  of  about  1.5 hr, the  open-c i rcu i t  vol tage ap-  

proached its equi l ib r ium value  exponen t ia l ly  wi th  a 
t ime constant  To of about  12 hr. In i t ia l  exper imen t s  
y ie ld  a t ime constant  of the same magni tude  for  p -  
doping (wi th  CIO4-) .  Dur ing  this t ime, no cur ren t  
was flowing; the  change in Voc occurs as the dopant  
ions f ree ly  diffuse into the  fibrils in response to the 
concentra t ion grad ien t  impar ted  by  the s tep change 
in appl ied  voltage. Assuming cyl indr ica l  geomet ry  
for the (CH)x fibrils, the diffusion constant  can be 
obta ined  f rom the exponent ia l  pa r t  of the curve (16) 

Do = to2/((2.405) 2) To [I] 

where  ro is the  radius  of the  (CH)x fibril, ro __ 100A. 
F rom this expression,  a t ime constant  of 12 hr  cor-  
responds to a diffusion constant  Do ___ 4 • 10 - i s  cm2/ 
sec. On the same cells, shor t -c i rcu i t  currents  were  
typ ica l ly  as high as 100 m A / c m  2 of (CH)z  film with 
anax imum power  densit ies,  for (CH(C104)~)x vs. Li, 
of 30 k W / k g  (excluding weight  of e lectrolyte ,  cur rent  
collectors, and conta iner  (10). 

To fur ther  quan t i fy  the anomaly  of high cu r ren t  
and  power  densit ies  in spi te  of smal l  free diffusion 
rates, we use the measured  free diffusion constants 
to es t imate  the  in te rna l  resis tance of the cell. The ionic 
conduct iv i ty  is given by  ~I -: ne;~ where  ~ _-- e D / k T  
is the ionic mobil i ty .  For  1% doping, n ---- 2 X 102o 
ions/cmS; using Do : 10 -18 cm2/sec, one obtains  for 
the  ionic conduct iv i ty  ~i ---- 10 -15 ~ l - l - c m  -1. Fo r  a 
1 cm 2 piece of (CH)x film, 0.01 cm in thickness,  the 
effective surface area  is As ---- 2.5 • 103 cm 2. Using 
R1 ---- piro/As to es t imate  the total  resistance,  we ob-  
tain R~ --  4 • 10~n, th ree  orders  of magni tude  g rea te r  
than the value  measured  from the cur ren t  ( typ ica l ly  
in the range  10-100 m A / c m  2) th rough  a series of 
known load resistors. 

Field Enhanced Diffusion in (CH)~ 
The fa i lure  of this calculat ion stems from ignoring 

the effect of the electr ic  field on the ionic t ransport .  
For  example ,  af ter  a vol tage step, hV, cur ren t  flows 
and an electr ic  field exists;  E ,,~ hV/ro where  ro is the 
radius  of a fibril. Taking  V : 0.5V, and ro - -  102A, 
E : 5 X 105 V/cm.  Such enormous  e lect r ic  fields wil l  
l i t e r a l ly  d r ive  the ions into (or out  of) the fibrils l ead-  
ing to significant enhancement  of the net  ion t ranspor t  
rate.  

To unders tand  this effect in more  detail ,  we  first 
consider  the  free diffusion equat ion descr ibing mass  
t ranspor t  due to a concentrat ion grad ien t  

OC~ 
= -- DoV2CI [2] 

0t 

where  CI is the ion concentrat ion,  which wil l  in gen-  
e ra l  va ry  across the  thickness of a fibril. This equation 
has been solved for the cyl indr ica l  geomet ry  app rop r i -  
ate to po lyace ty lene  fibrils (16). Af te r  a short  t r an -  
sient, the t ime dependence  of the  concentra t ion g rad i -  
ent  becomes exponent ia l ,  wi th  t ime constant  To given 
by  Eq. [1]. Under  condit ions of cur rent  flow, an electr ic  
field exists in the  (CH)x fibrils, and a second te rm must  
be added  to the first in tegra l  of  the  diffusion equat ion 

-Do C + EaJ 

where Jz is the ion current density in the (CH)z elec- 

trode, and ~1 is the average ionic conductivity in the 
absence of a field. Assuming that ion motion into (or 
out of) the fibril limits the kinetics, the local concen- 
tration of ions will differ from that of electrons while 
cur ren t  is flowing, thereby ,  giving rise to the  e lect r ic  
field t e rm  in Eq. [3]. Since this e lectr ic  field can be 
screened by  a red is t r ibu t ion  of the electronic density,  
i t  wil l  be impor tan t  only  under  condit ions when the 
electronic screening length  t ransverse  to the  (CH)z  
chains is comparable  to a fibril  radius,  ,,~50-100A. This 
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wil l  cer ta in ly  be the  case at  low doping levels,  i.e., 
below the  semiconduc torzmeta l  t ransi t ion.  Moreover ,  
because of the  h igh ly  anis t ropic  e lectronic  p roper t ies  
( imply ing  a h igh ly  anl.~otropic effective mass) ,  this  
condi t ion should be satisfied wel l  into the  meta l l ic  
regime.  We note,  however ,  tha t  the  exis tence of a s ig-  
nificant e lectr ic  field effect is d i rec t ly  re la ted  to the 
exis tence of the f ibr i l lar  morpho logy  wi th  fibril  d imen-  
sions of the  same magn i tude  as e lectronic  screening 
lengths.  

- - )  --> 

Different ia t ing Eq. [3] (V �9 J i )  and  using the conti-  
- )  - - )  

nui~y equa t ion  for  the  ion cur ren t  (V �9 J ,  : OC:/ot) 

and the Maxwel l  equat ion [V.~ E : 4=e ( C I - - C e ]  
leads  to a "forced" t r anspor t  equat ion 

0CI 
: -- DoV2CI + ~l (C~ -- Ce) [4] 

In  the  above, we have used the  fact  tha t  the net  charge 
dens i ty  is e (Ci --  Ce) where  e is the electronic charge, 
and  Ct and Ce a re  the local concentrat ions of ions and 
electrons (or holes in the  case of p -dop ing ) ,  respec-  
t ively.  Note tha t  r igorous ly  ~i is p ropor t iona l  to C,. 
In  wr i t ing  Eq. [4], we have l inear ized the equat ion by  
keeping  only  the leading  term,  i.e., the  dependence  on 
(Cx - C~). 

Under  open-c i rcu i t  conditions,  no cur ren t  flows and 
C[ --  Ce. If  the  appl ied  vol tage differs from Voc, or if 
the  cell  is p laced under  load, cur ren t  flows f rom Ohm's  
l aw 

Voe - -  Vex~ __ evd ~ (C: ~ Ce) [5] 
Ri Ot 

w h e r e  Vext  is the ex t e rna l  cell vol tage  (i.e., the vol tage 
at  the  po lymer  e lec t ro ly te  in te r face) ,  v is the volume of 
the (CH)~ electrode,  d is the number  dens i ty  of (CH) 
units,  and R~ is the measured  in te rna l  resis tance of the 
cell. Al though Eq. [5] appl ies  to the  sample  as a whole, 
we can use i t  to calcula te  the  local concentra t ion 
wi th in  a fibril. This fol lows since the  e lec t ro ly te  is in 
contact  wi th  al l  the fibril surfaces. Moreover,  even 
though e lec t ron inject ion into the (CH)~ occurs only  
at  the contact,  the  e lectronic  res is t iv i ty  is sufficiently 
smal l  along the chain direct ion tha t  al l  of the fibrils a re  
at a common average  e lect r ica l  potent ia l .  

Assuming  CI and C~ have  the same t ime dependence  
(e- t /~) ,  Eq. [4] can be l inear ized using Eq. [5] and 
the empi r ica l  re la t ion  s found for V~  vs. Q for  (CH)~ 
(vs. Li) 

Voe ~_ A • bQ~ : A  4=_ Bv~C:~ [ 6 ]  

where  A, B, and 7 are  fi t t ing parameters .  In  Eq. [6], 
the  + and --  s igns r e fe r  to p - t y p e  and n - t y p e  doping, 
respect ively .  F r o m  Eq. [4] and Eq. [5] 

- -  = - - D o V 2 C i  + 4 ~  (Voe - -  Vex~) [ 7 ]  

and from [6] 

--D~ ---- -- --~ -- \e-~i/ g (A -- Veer) 

- -~ 'o~  ]c~ C8] 

With  the above assumpt ion  of an exponent ia l  depen-  
dence for  CI, this  equat ion has the form of the free 
diffusion equat ion (Eq. [2]) imply ing  an effective de -  
cay ra te  given b y  

E q u a t i o n  [6] p rov ides  an  exce l lent  empirical  fit to the V v s .  (~ 
da ta  for  b o t h  p- type (Ref. 10) and  n- type (Ref. 15) doping.  Typi-  
cal  va lues  (e.g., for  n- type)  a re  A = l.OV, B = 0.75, and  ~ = 3/3. 

A - -  Voc A - - V ~  

where  1/To is given by  Eq, [ i ] .  This express ion is on ly  
val id  for  AV ~ IVext - -  Voel smal l ;  for  hV large,  the 
change in Vor over  a t ime T is too large,  and the equa-  
tion cannot  be l inearized.  

Al though Eq. [8] has the form of an effective dif-  
fusion equation,  i t  should not  be in t e rp re t ed  a s  i m p l y -  
ing an  increase  in the  ionic conduct ivi ty .  The ent i re  
analysis  was car r ied  out  in the  l inear  response  regime,  
i.e., ~ri was assumed to be field independent .  The  in-  
creased t r anspor t  ra te  does not  arise f rom an increase 
in r but  f rom the in te rna l  e lect r ic  field genera ted  
dur ing  cur ren t  flow (see Eq. [3] and [4]) .  In  obta in ing  
Eq. [8] and [9], we assumed a s imple exponen t i a l  de-  
cay t oward  equ i l ib r ium for CI. The t rue  t ime depen-  
dence impl ied  by  s imul taneous  solut ion of Eq. [4], [5], 
and [6] in the  cyl indr ica l  geomet ry  appropr ia t e  to the  
(CH)x fibrils is more  complex  so tha t  the  resul t  (Eq. 
[9] ) is on ly  approx imate .  We note,  however ,  tha t  the 
expe r imen ta l  resul ts  y ie ld  an  exponent ia l  decay  af ter  
an ini t ia l  t ransient ,  suggesting tha t  the assumpt ion  is 
reasonable .  We have,  fur thermore ,  ignored  any  in-  
t r ins ic  dependence  of Do (and ~l) on the dopant  concen- 
t rat ion.  Therefore,  Eq. [9] does not  p red ic t  any  fine 
s t ruc ture  ar is ing f rom the dependence  of ro on con-  
centrat ion.  

F igures  l a  and b show the dependence  of �9 on V = 
[Vext - -  Voel for  different  values  of ~i and  Voc (n - t ype  
doping)  ca lcula ted  f rem Eq. [9]. F r o m  the figures, 
i t  is evident  t ha t  a smal l  d r iv ing  po ten t ia l  g rea t ly  r e -  
duces the ionic t r anspor t  t ime. For  example ,  at  Voc = 
1.TV and r --  10 -16 ~ -1 -cm-1 ,  an ex te rna l  po ten t ia l  
Vext  = 1.75V decreases the  diffusion t ime from 4 • l04 
see (Vex?; : VoC) to --'125 see (lVcxt - Voc] = 0.05V). 
The increase in ionic t r anspor t  ra te  of ~103 indica ted  
in Fig. l a  and b provides  the exp lana t ion  of the  large  
values  observed for  shor t -c i rcu i t  cur rents  (and power  
dens i ty)  in e lec t rochemical  cells using (CH)x elec-  
trodes. 

W h e n  Vext  : Voc, the potent ia l  dependen t  t e rm van -  
ishes, Eq. [10] becomes z-1 = ~o~1, and the free diffu- 
sion behavior  is recovered.  We note  tha t  in absence of 
cur ren t  flow, the electr ic  field inside a fibril  is zero 
(whe the r  o r  not  the  doping is un i fo rm) .  The sharp  
drop in r due to smal l  d isplacements  f rom the equi -  
l i b r ium Vo~ ( resul t ing  f rom cur ren t  flow) is due d i -  
rec t ly  to the  unioue morpho logy  of  Dolyacetylene and 
the la rge  resul t ing  poten t ia l  gradients  tha t  occur  
wi th in  the  fibrils. 

Quant i ta t ive  measurements  of  �9 as a function of V 
are underway .  P r e l i m i n a r y  resul ts  a re  in o rde r  o f  

a i  = r0-1~ ~ - i  _ c m - I  5. I = 10-Is ~ - I  _ cm-I 

T O = 4x104 sec TO= 4 X 104sec 
00C I __ 

9 0 0  i 

8 0 C  - -  8 0 0 [  

- -  6 0 0  6 0 0  T(sec)  

5 0 0  - -  80C 
r (sec) v I 0 volf 

4oo, /o0= ....... - ~oo~ \ j  
8 0 0  - -  3 0 0  / ~ . ~ , ~ ,  

2 0 0  9 \ ,  . ,  / /Voc-  I 7 volt - -  2 0 0 / \ , ~  . . ~  v~162 = I 7 volt ~ ~  

i oo~, . . . . . . . .  ~ _  - J oo I- ". . . . . . . . . . . .  

0 80 160 240 320 0 80 160 240 320 

I v~-Vo~ l  (~,l:ivolt,) IVext-Vod {m,lhvolts) 

Fig. 1. r vs. IVext - -  Vocl for r = l O - a S ~ - l - c m  - 1  (Fig. la) ,  
and r  = l O - l e ~ - L c m  - 1  (Fig. lb).  Curves corresponding to two 
values of Voe are shown (1.0 and 1.7V). The internal resistance is 
taken to he IOOD,. 
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magnitude agreement with the behavior predicted 
above. 

Conclusion 
The theory developed in this paper shows how high 

power densities and current densities can be generated 
by a (CH)x battery cell despite the slow free diffusion 
and low conductivity characteristic of ionic motion in 
polyacetylene. The presence of a small driving po- 
tential (or a load) causes current to flow and generates 
a large electric field within the (CH)~ fibrils. This 
field increases the effective ion transport rate by 
several orders of magnitude. 

Other mechanisms may also contribute. For example, 
enhancement of diffusion can also arise from the 
change in electrochemical potential with concentration 
(17). Although this mechanism may play a role at the 
most dilute doping levels, it will not be important 
above about 0.5% where the Vo~ vs. y curve is rela- 
tively flat (10). More rapid ionic diffusion might be ex- 
pected in amorphous regions as compared to crystal- 
line regions. However, this cannot explain the apparent 
contradiction (high measured short-circuit currents 
and slow measured free diffusion) outlined at the be- 
ginning of the paper. On the other hand, the electric 
field enhancement mechanism presented in this paper 
provides the explanation of the unusual result re- 
ported earlier (10) that one obtains higher Coulomb 
efficiency with a faster discharge. Under rapid dis- 
charge conditions, Vo~ -- Ve~t is large so that the field 
enhanced ion transport  mechanism is most effective. 

In conclusion, the fibrillar morphology of polyacety- 
lene is critically important to the potential use of this 
polymer as a battery electrode in two ways: (i) the 
fibrils provide a microgrid such that ions from the elec- 
trolyte need to traverse distances no greater than 
about 100A, and (ii) the small diameter of the fibrils 
provides an enhancement of the local electric field 
(during charging and discharging) which increases the 
ionic transport rate by several orders of magnitude 
over that obtained from free diffusion. 
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Studies of the Reduction of Oxygen on Gold in Molten Li2CO3-K2C03 
at 650~ 

W. M. Vogel,* S. W. Smith,* and L. J. Bregoli 
United Technologies Corporation, Power Systems Division, South Windsor, Connecticut 06074 

ABSTRACT 

Limiting currents obtained with rotating gold wire cathodes indicate that oxygen dissolves in Li, K carbonate melt pre- 
dominantly as superoxide. The reduction of dissolved oxygen proceeds at polarizations only moderately larger than the 
diffusion overvoltage for the complete reduction of superoxide. The remaining polarization can be rationalized as mostly 
zomc concentration overvoltage. In some experiments, a second wave is observed which appears to be due to some cathodic 
process which does not involve oxygen. 

A summary of previous work on the reduction of 
oxygen in molten carbonates has been given by Ap- 
pleby and Nicholson (1). The same workers also 
studied the reaction in Li2COa on gold (1) and in the 

* Electrochemical  Society  Act ive  Member. 

ternary Li, Na, K eutectie on gold and on silver (2, 3). 
Silver is a rather special case, presumably because of 
the large solubility of oxygen in this metal. The e s -  
s e n t i a l  findings were that dissolved molecular O~ can 
be neglected as primary (diffusing) species. The c a t h .  
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odic cu r ren t  was s ta ted  to be  due to successive reduc- 
tion of perox ide  and superoxide  fo rmed  by  chemical  
reac t ion  of oxygen  wi th  the  melt .  The reac t ion  was 
repor ted  to be  fu r the r  compl ica ted  by  the s low r e -  
act ion of oxide ions wi th  dissolved CO2 ta  CO8 =. The 
cat ion composi t ion was of m a j o r  impor tance  for  the 
kinet ics  of the  reaction.  The  p resen t  work  was u n d e r -  
t aken  to fu r the r  e lucidate  the oxygen  reduct ion  mech-  
anism wi th  the  b i n a r y  mel t  62 t o o l / p e r c e n t  (m/o)  
Li2CO8-38 m / o  K2CO8 because of the  impor tance  of this 
e lec t ro ly te  for  mol ten  carbonate  fuel  cells. Because of 
the  indica ted  complex  na tu re  of the  dissolved reactant ,  
pa r t i cu l a r  a t ten t ion  was paid  to the  control  and  selec- 
t ion of  the  O2-COe mixtures .  

Separa te  s tudies  of  the  oxygen  solubil i t ies  (4) have  
quantif ied the findings of App leby  and Nicholson wi th  
r ega rd  to the n a t u r e  of oxygen  dissolved in this mel t  

650~ The to ta l  so lubi l i ty  should  obey  Eq, [1] 

S =: kPo2 + 0.5 K1Po2~ 
0.75 K2Po2~ ~ equiv, tool  O2/cm 3 [1] 

In  Eq. [1], k is the  Henry ' s  l aw constant  for  molecu la r  
O2, and  K1 and K2 are  equ i l ib r ium constants  for the  
fo rmat ion  of pe rox ide  and superoxide,  r espec t ive ly  

K1 =- (0~ =) Pco~/Po~ ~ K2 -- ( O z - )  Pco2~ ~ 

[21 

The  so lub i l i ty  da ta  was exp la ined  nea r ly  equa l ly  wel l  
wi th  

kl  ~ 0, K1 ,~ 3.2 �9 10 - s  tool  atm0.5/cm 3, 

K2 ~ 1.5 �9 10 -7  tool /ore  s a tm  ~  [3a] 
or  w i th  

k ,~ 0, K1 ~ K2 ~ 2.5 �9 10 -7, m o l / c m  3 a t m  ~ [3b] 

These resul ts  ind ica te  tha t  superoxide  is the  reac t ive  
oxygen  species in the mel t  under  most  condit ions ac-  
cording to 

( C h - ) / C ( h  ffi) = ~ (Po2O.5 Pco~)O.S 
K1 

~--4.7 (Poz o.5 Pco2) o.s, equiv . /equiv .  [4] 

The p resen t  exper iments  were  ex tended  to ve ry  small 
reac tan t  pressures  in o r d e r  to v a r y  the  ra t io  of r e -  
actants.  

Experimental 
The appa ra tus  used is shown schemat ica l ly  in  Fig.  

la .  The e lec t ro ly te  (approx.  300 cm a) is contained in 
an a lumina  beake r  (99.8% A1208), which is p laced in-  
s ide  an Incoloy 800 container.  A cover  for  the  conta iner  
carr ies  al l  of the cell  components  and is sea led  wi th  a 
g raphi te  gasket.  The appara tus  is hea ted  in a crucible  
furnace  contro l led  by  a thermocouple  be tween  the 
conta iner  wal l  and the furnace  elements;  the t empera -  
ture  of the  mel t  is measured  by  a thermocouple  in an  
A]203 tube immersed  in the melt .  

The design of the  work ing  e lect rode is shown in 
Fig. lb .  I t  is ro ta ted  by  a be l t  d r ive  appara tus  to a 
m a x i m u m  capabi l i ty  of 10,000 rpm. Severa l  e lec t rode  
shapes were  evaluated,  wi th  the one shown giving 
the most  consistent  resul ts  and used to take  the  da ta  
repor ted  here.  Because of the lack of s t rength  of A u  
at  opera t ing  tempera ture ,  it  was necessary  to use a 
r e l a t ive ly  shor t  e lec t rode  of large  d i a m e t e r  (1 cm • 
0.1 cm) .  Forma t ion  of a meniscus e lec t rode  inside the 
tube  was p reven ted  by  choosing the v<ire and tube  
d i ame te r  such tha t  a solid plug was formed which  
sealed the  system. 

The reference  electrode and countere lec t rode  were  
both  contained in AI20~ tubes which communica te  wi th  
the solut ion th rough  a packed  bed of crushed A1203 
and a smal l  slit  cut  in the  side of the  tube. The r e fe r -  
ence e lect rode consisted of a pa r t i a l l y  immersed  gold-  

Working 

Gas out~ 
Gas in~ 

Reference Thermocouple 
electrode / 

~1 II j C o u n t e r  
-~r ~ electrode 

/ 

I 

q 

Fig. la. Schematic description of test apparatus 

~ Chuck jaws 

AI2~O3 tube 

~ Au wire 

Fig. lb. Details of electrode construction 

wire  under  1/3 a t m  02-2/3 a tm CO2. The  furnace,  
rotator ,  and e lec t rochemical  cell were  al l  a t t ached  
to a common f rame which made  a solid connection 
f rom the work ing  e lec t rode  to the ro ta tor  possible. 

All exper iments  were  conducted at  650~ in 62 m / o  
Li2CO3-38 m / o  K2CO3. The salts  used were  reagen t  
grade  and were  fu r the r  purif ied to remove i ron and 
sulfur.  The i ron was removed  by  t rea t ing  the mel t  
wi th  02 to  prec ip i ta te  an insoluble  oxide  which was 
removed  f rom the solid mass a f te r  freezing. The solids 
were  crushed,  remel ted ,  and t r ea ted  wi th  H2 for seve ra l  
days  to remove sulfur.  The gases were  p r i m a r i l y  of 
"high pur i ty"  grade,  a l though severa l  grades  of CO2 
were  eva lua ted  to obta in  m i n i m u m  res idual  currents .  
Gas mix ing  was done wi th  a Matheson Model 8249 mass 
flow control ler .  

The polar iza t ion  da ta  were  t aken  at  a sweep ra te  of 
100 m V / m i n  o r  wi th  each poin t  he ld  for  5 rain. These 
two techniques gave the same results.  Higher  ro ta t ion 
rates were  not  used because of the  p rob lem of keeping  
the wire  shape constant .  
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Results and  Discussion 
The s teady-s ta te  polar iza t ion  curves  show essen-  

t ia l ly  two waves,  the  second one ba re ly  observable  in  
some exper iments ,  see Fig. 2. The first wave  s ta r t s  a t  
the the rmodynamic  potent ia l  of the  oxygen  e lec t rode  
and has  a polar iza t ion  not  much  l a rge r  than  the con- 
cen t ra t ion  overvol tage  for  a two or  th ree  e lec t ron p ro -  
ce6s  

RT 
= In ,I,1 - -  i/ium) n = 2 o r  3 [5] 

n F  

The l imi t ing cur ren t  of the  first wave  va r i ed  a c -  
c u r a t e l y  with  square  root  of ro ta t iona l  speed and is 
therefore  diffusion controlled.  

Values of l imi t ing  currents  a t  1600 r p m  of the  first 
wave  are  g iven  in Table  I. The cur ren ts  in this  wave  
are  re la ted  to oxygen reduct ion  since the  wave  d isap-  
pears  unde r  oxygen - f r ee  CO2 as is shown in Fig. 3. 

6 0 (  

40C 

2 0 0  

i / I /~ 

576 

/ 

0 I 
0 

I I I I J 
2 0 0  4 0 0  6 0 0  

- r / ,  mV 

Fig. 2. Irreproducibility of second wave. Two experiments in 
supposedly similar melt batches. Po2 ---- 0.04 atm, Pr ----- 0.0004 
atm, 400 rpm. Dashed lines: (I) calculated from Eq. [5] with n 
3, (H) with n = 1. 

3O 

2O 

- I  
F A  

10 / ~  400 rpm 

I I I 

2oo 

- E,  mV 

Fig. 3. Currents at Pco2 = 1 otto, after best efforts to eliminate 
oxygen traces. 

Table I. Limiting currents at 1600 rpm 

--ll lm Po= (atm) Po% (atm) (1600 rpm) 

0.64 0.0016 2290 
0.64 0.0019 2030 
0.33 0.67 
0.296 0.09b 1~. 
0.16 0.0O08 1260 
0.16 0.0011 1070 
0.16 0.0032 590 
0.101 0.0016 615 
0.0635 0.0008 750 
0.074 0.098 48 
0.04 0.0004 960 
0.04 0.0007 670 
0.04 0.0016 30O 
0.04 0.0O32 200 
0.04 0.0064 135 
0.04 0,0256 68 
0.04 0.1025 37 
0.03 0.20 20 
0.0076 0.01 40 
0.0076 0.10 16 
0.0O3 0.063 12 

If the  ocp for  this case is assumed to be  the  equ i l ib r ium 
02 potent ial ,  the  gas used would be calcula ted to con- 
ta in  about  5 ppm O2. The corresponding oxygen  con- 
cent ra t ion  in the  mel t  would  be of the o rde r  5 �9 10 -11 
tool O2/cm s according to Eq. [1]. The da ta  in  Fig. 3 
represen t  the best  effort to e l iminate  a l l  potent ia l  
sources of t race oxygen  f rom the  counterelectrode,  
the  reference  electrode,  and ai r  leaks.  

The l imi t ing  currents  of the  first wave  could be  due 
to the reduct ion of O2-,  of O2 =, or  of both  species 
s imultaneously.  In  the  l a t t e r  case, a plot  of the  da ta  in 
the table  according to Eq. [6] should y ie ld  a s t ra igh t  
l ine 

I.m Pco~/Po20'~ = const. [Kt " Do~= 

+ K2Do2- �9 Po, o.~ Pco~0.5] [6]  

The plot  is shown in Fig.  4. Not shown in the  figure is 
the  point  for Po2 = 0.33, Pco2 --  0.67, which  lies on the 
s t ra ight  l ine at  Po~ 0.25 Pco~ 0.5 _-- 0.62. F r o m  the  s lope 
and ord ina te  in tercept  of  the  l ine 

K2 .  Do2- > >  K1 �9 Do~=  [7]  

This resu l t  indicates  tha t  superoxide  is the  p r e d o m i -  
nan t  diffusing and e lec t roact ive  species in the first 
wave. Equat ion [7] does not  indicate  if peroxide  is 
present  in the bu lk  mel t  in significant concentrat ion,  
but  is not  reduced  in the first wave. 

The reduct ion  of 0 2 -  appears  to be complete  in  the 
first wave. I f  O~- were  reduced to peroxide ,  i t  should  
be comple te ly  reduced  at l a rge r  polar iza t ion  in  a sec-  
ond wave,  and  the  l a t t e r  should increase  in p ropor t ion  
to the  first wave. This has not  been observed.  F u r t h e r -  
more,  the  ox idan t  diffusion overvol tage  due to pa r t i a l  
reduct ion  of 0 2 -  can be ca lcula ted  f rom the observed  
l imi t ing  currents ,  using Eq. [5] wi th  n ---- 1. A n  e x a m -  
p le  is given in Fig. 2 as dashed  l ine  II. The  ca lcula ted  

3O 
0 . 5  0 .5  

139 (Pal P ~  

-- Ilim •  . . 

Pco,/P~ 
1o 

o 0 0.04 0.08 0.12 0.16 0.20 
0 . 5  0 . 5  

(P02 PC02) 

Fig. 4. Limiting currents at 1600 rpm, plotted assuming 02- 
and 0 2 =  as diffusing species. 



VoL 130, No. 3 R E D U C T I O N  O F  O X Y G E N  5 7 7  

overvol tage  is l a rge r  than  the observed  one, which  
makes  no sense. Using the value  n --  3 for  comple te  
reduct ion  of Oz-  resul ts  in curve  I in Fig. 2. Thus, the  
first wave  is exp la ined  'by essent ia l ly  diffusion con- 
t ro l led  and complete  reduct ion of superoxide .  

As has been mentioned,  the  resul t ing  Eq. [7] leaves 
open the poss ib i l i ty  tha t  peroxide  is p resen t  in the 
bu lk  melt ,  but  tha t  i t  is not  reduced  in  the  first wave.  
If this is true,  O2 = should  be reduced  at  l a rge r  po la r -  
ization, i.e., in  a second wave.  If  Pco2 is increased  a t  
constant  Poe, the equ i l ib r ium concentra t ions  of Oa-  
and O~ = decrease,  wi th  the decrease in (O2 =) being 
more  pronounced  according to Eq. [4]. If  the observed  
second wave  were  due to bu lk  peroxide  reduct ion,  i t  
should decrease  more  than  the first wave  on such v a r i -  
a t ion in gas composition. Results  of r e l evan t  tests are  
shown in Fig. 5 for  Poe = 0.04 atm. The first wave  
var ies  wi th  Pco2 ~ i.e., with  the  superox ide  concent ra-  
tion. The second wave  should  decrease  wi th  Pco~ - I ,  
i.e., by  the  factor  64 in the  sequence Pco2 --  0.0016 to 
0.1024 atm. In  ac tual  fact, i t  r emained  app rox ima te ly  
constant,  indica t ing  that  the  second wave does not  
represen t  the  reduct ion  of bu lk  peroxide.  These resul ts  
suggest  tha t  the second wave is not  due to peroxide  
reduct ion,  be it bu lk  perox ide  or  On = produced  by  
p a r t i a l  reduc t ion  of On- in the first wave.  

The second wave  in  fact  is ve ry  difficult to explain.  
It was found to be ve ry  i r reproduc ib le  unless the same 
batch of the  same age was used. I t  was essent ia l ly  ab -  
sent  in  some tests, but  ve ry  pronounced  in others  as 
can be seen in Fig. 2. When observed,  the second wave  
showed large polar iza t ion  and no l imi t ing cur ren t  to 
potent ia ls  where  CO2 reduct ion commences.  I t  is con- 
c luded tha t  this  wave  is due to some other  process not  
involving oxygen.  This would also exp la in  the  resul ts  
in Fig. 3 for  e x t r e m e l y  smal l  O2 and large  CO2 pres -  
sures. 

Neglected in the  discussion so far  has been the  ve ry  
impor t an t  ro le  of  CO2 in the oxygen  reduct ion.  Owing 
to the smal l  so lubi l i ty  of molecu la r  COo, mol ten  car -  
bonate  can be compared  wi th  a salt  solut ion of smal l  
pH-buf fe r  capacity.  In  such a solution, an H + - c o n s u m  - 
ing reac t ion  such as the  evolut ion of  Ha does  not  y ie ld  
a cathodic  H + - l i m i t i n g  current .  Rather ,  the po la r i za -  
t ion curve  shows an inflection which corresponds to the 
change f rom the acidic to the a lka l ine  hydrogen  r e -  
act ion (5). S imi lar ly ,  COe-diffusion too s low to sus ta in  
the  format ion  of  ca rbona te  should not  resul t  in a CO2- 

-I 
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3 0 0  

2 0 0  

S 
L 

- i -  

0 I I t I J 
1 0 0  3 0 0  5 0 0  7 0 0  9 0 0  

- E, mV 

Fig. 5. Steady-state polarization curves at 400 rpm. Po2 = 0.04 
arm, Pco2 as indicated. Dashed lines calculated from Eq. [5] with 
1 1 = 3 .  

l imi t ing current ,  but  in an inflection corresponding 
to the change f rom Eq. [8] to [9] 

O2- + 2CO~ + 3e- = 2COs = [8] 

O2- + 3e- = 20 = [9] 

Equations [8] and [9] are coupled by the acid/base 
react ion 

o = + co~ = COs = [10] 

The combined oxidant and ionic diffusion overvoltage 
is derived by assuming equilibrium of Eq. [8]-[10]. 
The overvoltage is now 

RT In (02-) [ (O=)o ]2 

3e (o-b- :7:o,qb-zVJ 

RT in  (0~-) [ (CO~) l ~' 
= 8F ( 0 2 2 i ' : L ~ J  [n] 

The index/suff ix  (o) indicates  the  values  in the  bu lk  
melt .  The rat io ( 0 2 - ) / ( 0 2 = ) 0  is ca lcula ted  f rom the 
observed l imit ing cur ren t  using Fick ' s  l aw  

( 0 2 - )  i 
- - _  i [i2] 
(O2-)  o ilim 

The rat ios (0=)o/(0 =) and (CO2)/ (COe)o  a re  equal  
and  a re  de r ived  as follows. The cur ren t  dens i ty  is equal  
to the combined fluxes of O = and CO2 

1.5FDo = 
i = [ ( O = ) o - -  ( O = ) ]  

8 
1.5FDco2 

+ [(CO~) -- (CO~)o] [13] 
8 

Introducing the following formal limiting currents 

1.5FDo= 
io = = ( 0  =) o [ i4]  

- 1.5FDco2 
ico2 = (CO~)o [15] 

8 

Equat ion  [13] can be w r i t t e n  in the  fo rm 

i = i o = [ 1  (O=) ] [ ( O = ) ~  ] [16] (0=)o + ico~ i (0 =) 

Equat ion  [16] y ie lds  

( 0 = ) ico~ i 
2 ~ = I +  . 

(0=)o 'o= io= 

[( ) + 1 + ico2 i ~-- 4i--~- = [17] 
io= 

The polar iza t ion  curve  for  pure  diffusion overvol tage  
can be calcula ted f rom Eq. [11] us ing Eq. [12] and [17] 
p rov ided  io= and {co2 are  known.  F o r  cer ta in  combina-  
tions of t he  three  l imi t ing  currents ,  s ingle waves  a r e  
calculated,  for o ther  values  a double  wave.  A l l  curves  
end in the O2- l imi t ing  current .  

Such changes had  been  expected  in the  tests  which  
produced  the curves  in Fig. 5. In  these tests, the  ra t io  
of superox ide  to CO~ concentra t ion in the  mel t  va r i ed  
f rom 170 (at 0.0004 a tm  CO2) to 0.04 (a t  0.1024 a t m  
CO2). These values  were  ca lcula ted  wi th  the  va lue  of 
Eq. [3b] for  Ke, and the  Henry ' s  l aw  constant  of C02, 
k ---- 10 -5 m o l / c m  a a tm (8, 7).  Despi te  the  v e r y  l a rge  
range of the  rat io  (O2-)  / (CO~), l i t t le  change and ce r -  
t a in ly  no inflection is seen in the  shape of the curves  
in Fig. 5. The reason, p resumably ,  is tha t  changes in  
Pcoe at  constant  Poe do not  s imply  change ~coe and io= 
i n  opposi te  directions,  but  tha t  the  superox ide  concen-  
t ra t ion  also changes. Because of this, the t rans i t ion  
f rom a s ingle wave  at  low Pcos (Eq. [9]) to a s i n g l e  
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Fig. 6. Concentration overvoltage calculated from Eq. [11], 
[12], and [17] with ico2 = 1500 Pco2, io= = 1.5/Pco2, ion-  = 

4/Pco2 z/2 far Po2 = 0.04 atm. 

wave at large Pco2 (Eq. [8] ) may have occurred with- 
out a noticeable double wave at intermediate COn pres- 
sures. This possibility is demonstrated in Fig. 6 which 
was calculated from Eq. [11], [12], and [17] with the 
following assumed values 

Fib = 10 z3, ~A sec/cm equiv. 

Dco2 kcos = 10 -1~ mol/cm sec atm 

Ks �9 Do2- = 1.5 • 10 -z'2, mol/cm 3 sec atmV, 

KB �9 Do= = 10 -13, mol atm/cm sec 

where KB is the equilibrium constant of Eq. [10]. The 
curves in Fig. 6 resemble the experimental ones in Fig. 
5. No attempts at better fitting the latter were made 
because of the large number of unknown constants 

which have to be used. An experimentally determined 
value is available only for K~ (Eq. [3] ). Values for 
kco2 (6) and KB (8) apply to ternary melts containing 
Li, Na, K-carbonate. 

Conclusions 
Oxygen dissolves in fused Li, K-carbonate (62 m/o 

Li) primarily as superoxide with some peroxide pres- 
ent at very small CO2 pressures. Molecular On is negli- 
gible in the melt. The dissolved oxygen is reduced com- 
pletely on gold in a single wave. The polarization is 
moderately larger than the superoxide diffusion over- 
voltage. The difference appears to be mainly ionic 
concentration overvoltage for submerged electrodes. 
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ABSTRACT 

Mixed CdS-CdSe films have been electrodeposi ted cathodically from DMSO solutions containing cadmium chloride, 
elemental  sulfur and elemental  selenium. The mixed  films were characterized structural ly using x-ray diffraction, scan- 
ning electron microscopy, and Rutherford backscat ter ing spectrometry.  The photoelectrochemical  response of the CdS- 
CdSe material  was s tudied in a photoelectrochemical  cell with a sulfide-polysulfide electrolyte. It has been found that  the 
composi t ion and optical bandgap of the CdS-CdSe films can be varied by changing the composit ion of the deposi t ion solu- 
tion. However,  the films with higher  CdSe content  are amorphous,  and have a higher resistivity than pure CdS. 

T h e  cathodic e lec t rodepos i t ion  of thin films of CdS 
and o ther  meta l  chalcogenides  on meta l  subs t ra tes  
f rom nonaqueous  e lec t ro ly te  solutions has been dis-  
cussed prev ious ly  (1, 2). This s imple  technique al lows 
one to fabr ica te  CdS films exhib i t ing  a high degree  of 
c rys ta l l in i ty  and cont inui ty ,  in a physical  configurat ion 
s~i table  for direct  incorpora t ion  into photovol ta ic  and 
photoe lec t rochemica l  cells (PEC) .  Since the bandgap  
of CdS is r a the r  la rge  (2.4 eV) for efficient ut i l izat ion 
of inc ident  solar  radiat ion,  i t  is des i rable  to examine  
composi te  CdS-CdSe  mate r i a l s  w i t h  smal le r  bandgaps  
(1.7-2.4 eV).  

There  has been some in teres t  in mixed  n - t y p e  CdS-  
CdSe (3, 4) and CdSe (5) e lectrodes for incorpora t ion  
into PEC's. The m a x i m u m  theore t ica l  efficiency of a 
PEC for i l lumina t ion  wi th  l ight  at  the bandgap  energy  
(6) can be expressed  as 

(Vredox -- VFB) F VocF 
= E~ - Eg  [1]  

where Vredox is the equilibrium potential of the redox 
couple in the electrolyte, VFB, the flatband potential of 
the semiconductor in the electrolyte, Voc, the open-cir- 
cuit voltage, Eg, the bandgap of the semiconductor, and 
F, the Faraday. Both the maximum open-circuit volt- 
age and the efficiency of the device are functions of VFB 
and Eg. It has been shown that VFB of CdX films can be 
shif ted s ignif icant ly in the  cathodic direct ion in aque-  
ous e lec t ro ly tes  conta ining S 2-  (7), and tha t  the  de -  
gree of shif t  is a funct ion of the composit ion of the 
mixed  CdS-CdSe  ma te r i a l  (3, 4). Thus, the  efficiency 
of such a solar  device m a y  be opt imized b y  the man ip -  
u la t ion of the composit ion of the semiconductor  e lec-  
trode,  and hence VFB and Eg. I t  has also been suggested 
tha t  high efficiency PEC's  could be obta ined  th rough  
the use of CdS-CdSe  electrodes wi th  a g rad ien t  com- 
posi t ion as a funct ion of dep th  (3).  This g rad ien t  m a y  
a l low a maximiza t ion  of Voc th rough  an advantageous  
shift  in VFB achieved by  a l te r ing  the surface composi-  
t ion of the  film, and  a minimiza t ion  of E~ on the basis 
of opt imizing the composi t ion of the bu lk  of the  film. 

I t  has been  found tha t  smooth coherent  po lyc rys ta l -  
l ine and amorphous  films of CdSxSe~ can be ca thodi -  
ca l ly  e lec t rodeposi ted  on meta l  subs t ra tes  f rom a d i -  
methy l su l fox ide  (DMSO) e lec t ro ly te  solut ion con- 
ta ining cadmium chloride, e lementa l  sulfur,  and e le-  
menta l  selenium. The composit ion of the mixed  semi-  
conductor  films may  be al tered,  b y  va ry ing  the p a r a m -  
eters  control l ing the  e lec t rodeposi t ion of the  films, and 
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the concentra t ion  of Se in the  e lec t ro ly te  solution. The 
resul ts  of a charac ter iza t ion  of the s t ruc tu ra l  p roper t ies  
of the e lec t rodeposi ted  CdSxS% films and measu re -  
ments  of Eg in aqueous e lec t ro ly tes  conta ining Na2S 
and e lementa l  S are  presented  in this paper .  

Experimental 
All  CdSxSey films were  e lec t rodeposi ted  on smooth 

subst ra tes  of  high pu r i t y  P t  spu t te red  on glass. The 
p repa ra t ion  of the Pt  subs t ra te  has been descr ibed 
e l sewhere  (2).  The conf igurat ion of the cell  and  the 
p rocedure  used for  the  e lectrolysis  were  ident ica l  to 
those descr ibed for the e lect rodeposi t ion of the  CdS 
films (1, 2). The e lec t ro ly te  solution consisted of 
0.055M CdC12, and  0.19M S wi th  a va ry ing  concent ra-  
t ion of Se in reagen t  grade  DMSO. The t e m p e r a t u r e  of 
the e lec t ro ly te  solut ion was he ld  constant  b y  immers -  
ing the cell in an oil  ba th  whose t e m p e r a t u r e  was 
main ta ined  at l l0~  b y  a t empe ra tu r e  con t ro l l e r /  
c i rculator .  

The s t ruc tura l  p roper t ies  and composit ion of  de-  
posi ted SdSxS% films were  examined  using e lec t ron 
microscopy, x - r a y  c rys ta l lography ,  Ruther ford  back-  
sca t ter ing  spectroscopy,  and  thickness  measurements  
as descr ibed p rev ious ly  (2).  Se lec ted  CdSxSey films 
were  incorpora ted  into a photoe lec t rochemical  cell,  
using a P t  countere lec t rode  and sa tu ra ted  calomel  
e lectrode reference.  The aqueous e lec t ro ly te  solut ion 
contained 1.0M NaOH, 1.0M Na2S and 0.01M S. The 
cells were  i l lumina ted  wi th  a 1000W xenon l amp  
th rough  a 7.0 cm H20 in f ra red  filter. Al l  pho tocur ren t  
outputs  were  corrected for  the power  agains t  w a v e -  
length  output  of the lamp.  For  comparison purposes,  
the photoresponse for a CdSe film e lec t rodeposi ted  
f rom an aqueous solut ion was also measured .  In  this 
case, the e lectrodeposi t ion solut ion consisted of 2g 
CdSO4, and , , , lg H2SeO~ in 100 ml  of 0.1M H.2SO4 (9);  
the  film was deposi ted at  a cu r ren t  dens i ty  of 15 m A  
cm -2  for 600 sec, the  t e m p e r a t u r e  of the  ba th  being 
60~ It  was annea led  in argon for 1 h r  at  400~ No 
a t t empt  was made to annea l  films e lec t rodepos i ted  
f rom DMSO because of p rob lems  wi th  cracking.  

Results and Discussion 
The CdSxSeu films e lec t rodeposi ted  b y  the  method  

descr ibed above  appea red  ve ry  smooth and uni form 
and exh ib i ted  ex t r eme ly  good adhesion to the Pt  sub-  
strate.  The color of the films was a funct ion of the  Se 
concentra t ion in the  e lec t ro ly te  solution, ranging  f rom 
the fami l ia r  ye l low-go ld  of CdS for [Se] _-- 0 to a da rk  
r edd i sh -pu rp l e  for  films deposi ted  f rom the  solut ion 
sa tu ra ted  wi th  Se ( a p p r o x i m a t e l y  0.01M Se) at  l l0~ 
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Elect ron micrographs  of typica l  films grown f rom elec-  
t ro ly te  solut ions conta ining a range of Se concent ra-  
tions are  shown in Fig. 1. A t rans i t ion  f rom crystal l ine,  
h igh ly  c racked  films (Fig.  l a )  to smooth, g lass- l ike  
films (Fig. ld)  was observed as the  Se concentra t ion in 

the e lec t ro ly te  solut ion was increased f rom 0.0025M to 
saturat ion.  This t rans i t ion  f rom a h ighly  s t ruc tured  to 
an amorphous  film upon incorpora t ion  of Se is also 
evident  f rom the x - r a y  di f f rac tometer  pa t t e rn  of the 
same series of films (Fig. 2a-2d) ,  As the Se concentra-  
t ion was increased,  the intense peak  at  2~ ,-~ 32 ~ which 
is a t t r ibu ted  to CdS, 1 became less intense, unt i l  i t  dis-  
appea red  for a film grown from a solut ion sa tu ra ted  
wi th  Se. The ex t raneous  peaks  at  36.5 ~ and 38 ~ are  due 
to a l imi ted  degree  of or ien ta t ion  of the  under ly ing  
subs t ra te  Pt. 

Plots  of the vol tage appl ied  to the cel l  dur ing  deposi -  
t ion agains t  the t ime of deposi t ion are  shown in Fig. 3. 
The increase  in the slope of the  V against  t plots wi th  

1 Fur the r  x-ray analysis of the electrodeposited CdS films de- 
scribed in Ref. (2) has indicated that  the CdS has a hexagonal 
structure.  The intense peak in the x-ray pattern (see Fig. 2) a t  
29 ~ 32" is due to secondary reflection from the 001 planem 
indicating that  the crystall i tes are oriented with the i r  c-axes per- 
pendicular  to the substrate.  
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Fig. 2. X-roy diffractometer patterns of CdSxSe~ films deposited 
on Pt from DMSO electrolyte solutions, containing various concen- 
trations of Se as indicated (Co, K~ emission). 

Fig. 1. Electron micrographs of CdSzS% films deposited on Pt 
from DMSO electrolyte solutions containing 0.020M sulfur, 0.055M 
CdCI2, and (a) 0.0025M Se (mag 5000X); (b) 0.0040M Se (mag 
7900X); (c) 0.0050M Se (mag 5230X); (d) sat. Se at 110~ 
(mag 5340 X) .  
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Fig. 3. Vol tage a g a i n s t  d e p o s i t i o n  t ime during d e p o s i t i o n  o f  
CdSxSey on Pt f r o m  e l e c t r o l y t e  s o l u t i o n s ,  c o n t a i n i n g  v a r i o u s  c o n -  
c e n t r a t i o n s  of Se as indicated. The current density was 2.5 mA 
cm -2  and the temperature, 110~ 
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increase in the Se concentration in the electrolyte indi- 
cates that the resistivity of the films also increases. This 
result is also consistent with the decrease in the degree 
of crystallinity of the CdSxSey deposit with increasing 
Se concentration. Attempts to measure resistivities 
were not successful, due to the difficulty in making 
ohmic contacts to the thin films. The average film 
thickness as a function of applied current density dur- 
ing deposition and as a function of the time of deposi- 
tion is shown in Fig. 4 for varying Se concentrations. 
The decrease in slope at both long deposition time and 
high current density with increasing Se concentration 
probably reflects a lower efficiency of deposition of 
CdS=S%, with respect to that for CdS. These results 
suggest that the rate of film formation depends on the 
nature of the chalcogen involved. 

A plot of the average CdSxSey film thickness against 
the solution temperature during deposition for films 
grown from the electrolyte solution saturated with Se 
is shown in Fig. 5. The composition of the same series 
of films as determined by Rutherford backscattering 
spectrometry (8) is summarized in Table I (see also 
Fig. 6). The films grown at temperatures in the range 
from 350-390 K appeared to have the highest quality 
and uniformity, and exhibited good adhesion to the 
substrate. It is significant that the ratio of total chal- 
cogen to cadmium in these films remains approxi- 
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Fig. 4. Average thickness of CdSxSe~ films deposited on Pt from 
electrolyte solutions containing 0.020M sulfur, 0.055M CdCI~, and 
0.0025M Se (t-I), 0.0040M Se (~ ) ,  or sat. Se ( O )  at 110~ against 
current density, j. Deposition time and solution temperature were 
held constant as indicated. 
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Fig. 5. Average thickness of CdSzSeu films deposited on Pt from 
electrolyte solutions containing 0.020M sulfur, 0.055M CdCI2, and 
saturated with Se against solution temperature. Current density 
and deposition time were held constant as indicated. 
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Fig. 6. Rutherford spectrum of backscattered a particles from a 
CdSxSeu film on Pt in the energy ranges 0.60-0.85 MeY and 1.15- 
1.43 MeV, corresponding to scattering from S and Se, Cd atoms 
respectively. 

mately constant and stoichiometric over this tempera- 
ture range. 

In Fig. 7, the S/Cd ratio is plotted against the Se/Cd 
ratio for a variety of CdSxSey films grown from solu- 
tions with a range of Se content. Although there is 
considerable scatter in these results, there is a general 
trend of increasing Se/Cd ratio with decreasing S/Cd 
ratio. This result may indicate that the mechanisms by 
which the chalcogens, S and Se, are incorporated into 
the film are similar. A graph of the Se/Cd concentra- 
tion ratio in the CdSxSey films is plotted against Se 
content in the electrolyte solution in Fig. 8. It is ap- 
parent that the Se content of the semiconductor can be 
varied over a wide range by varying its concentration 
in the electrodeposition solution. 

Typical plots of photoresponse against wavelength 
for selected electrodes in PEC's illuminated by the 
xenon lamp at 100 mW cm-2 are shown in Fig. 9. It 
was noted that films deposited from aqueous solution 
had a black porous appearance, as opposed to the 
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Fig. 7. S/Cd ratio against Se/Cd ratio for CdS=Sey films de- 
posited on Pt, from electrolyte solutions containing various concen- 
trations of Se, and at several current densities (from Rutherford 
baekscattering spectrometry). 
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Fig. 8. Se/Cd ratio of CdSxSey films deposited on Pt against Se 
concentration in electrolyte solution (from Rutherford back~atter-  
ing spectrometry). 
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Fig. 9. Relative photoresponse of CdSzSey electrodes in an aque- 
ous solution containing 1.OM NaOH, 1.0M Na2S, O.01M S against 
wavelength of illuminating light: --- CdSe (deposited from aqueous 
solution) . . . .  CdSe (deposited from DMSO solution saturated with 
Se at 110~ - - - - -  CdSo.~Seo.5, CdSo.9Seo.1, 
CdS (deposited from DMSO solution). 

smooth glassy appearance  of CdSe films deposi ted f rom 
the nonaqueous bath.  In  recording the photoresponse 
curve for the sample  grown from the aqueous medium,  
the  wave length  was swept  r ap id ly  (1 nm sec -1) to p re -  
vent  any  significant effect from surface degrada t ion  of 
the  sample,  due  to S-Se  exchange.  "Values of the 
bandgap,  Eg, es t imated  f rom the onset of photoanodic 
cur ren t  are  summar ized  in Table  II. The decrease in 
re la t ive  photoresponse  with  increas ing Se content  is 
p robab ly  due to the increas ing res is t iv i ty  of the films. 
The reason for  the  d iscrepancy be tween the es t imate  of 
Eg for  CdSe deposi ted f rom DMSO (1.94 eV) and f rom 
aqueous solut ion (1.74 eV) is unclear ,  but  it  p robab ly  
resul ts  f rom the grea t  s t ruc tura l  difference be tween  
the two mater ia ls .  Moreover,  the es t imated  bandgaps  
for a l l  the CdS=Sey films are  l a rge r  than  expected on 
the basis of p rev ious ly  repor ted  da ta  for mixed  films 
(4, 5). This resul t  is p robab ly  d u e  to the  amorphous  

charac te r  of the  e lec t rodeposi ted  mater ia l ,  and m a y  
also reflect some incorpora ted  impuri t ies ,  such as 
solvent  molecules  which may  be t r apped  in the film 
dur ing  deposit ion.  

The f la tband potential ,  ~ r F B  of the e lect rodeposi ted  
CdS films in the aqueous e lec t ro ly te  used in the  PEC, 
was de te rmined  to be --1.35V agains t  a sa tu ra ted  
calomel  e lect rode on the basis of Mot t -Scho t tky  plots. 
Values  of  VFB for the graded  composit ion CdSxSey 

Table I. Composition of CdSxSey films as a function of 
deposition temperature* 

[Se + S] IS] 

T, K [Se]/[Cd] [S]/[Cd] [Cd] [S + Se] 

353 0.55 0.55 1.10 0.50 
363 0.48 0.58 1.06 0.55 
373 0.54 0.56 1.10 0.51 
383 0.52 0.55 1.07 0.51 

* The deposition solution contained 0.187M S and 0.050M CdCb, 
and was saturated with Se; the current density was 2.5 mA cm-~ 
and the growth time~ 200 sec. 

Table II. Variation in the estimated bandgap, Eg for CdxSe~ films 
in a PEC configuration as a function of film composition* 

[Se], M x y E~, eV 

0 1.0 0 2.34 
0.0025 0.1 0.9 2.25 
0.0040 0.2 0.8 2.25 
0.0060 0.4 0.6 2.10 
0.0080 0.5 0.5 2.00 
Sat. 0.5 0.5 2.00 

Sat. ([8] = 0) 0 1.0 1.94 

* The deposition solution contained 0.187M Ss and 0.055M CdCI~; 
the current density was 2.5 mA cm -~, growth time, 200 see and 
temperature, 383 K. The electrolyte solution in the PEC con. 
tained 1.0M NaOH, 1.0M Na2S, and 0.10M S. 

ma te r i a l  could not  be de te rmined  prec ise ly  in the 
aqueous electrolyte .  I t  is possible that  H20 interacts  
s t rong ly  wi th  DMSO or its decomposi t ion products  in-  
corpora ted  in the  films dur ing  deposition, the reby  
a l te r ing  the adsorpt ion  character is t ics  of the system 
and mak ing  the de te rmina t ion  of ~7FB difficult. A sl ight  
negat ive  shift  in the onset potent ia l  of the PEC's f rom 
--1.2 to --1.3 vs. SCE was observed as the composit ion 
of the anode was changed from CdSxSey to CdS. This 
shift  m a y  be due  to a shift  in V F B  to more  negat ive  
values as the S content  of the films is increased.  As 
pointed out by  Noufi et al. (3), a film of g raded  com- 
posit ion with  high CdSe content  in the bulk  to achieve 
a low bandgap,  and high CdS content  at the surface to 
achieve a more  negat ive  f latband potential ,  would be 
more  efficient according to Eq. [1]. The present  elec-  
trod'eposition technique would  be idea l ly  sui ted to the 
fabr icat ion of such films. 

In conclusion, the ca thodical ly  e lect rodeposi ted  
CdSxSey films, despi te  thei r  amorphous  na tu re  and high 
resis t ivi ty,  are  promis ing  mater ia l s  for incorpora t ion  
into PEC devives. The films show excel lent  mechanical  
s tabi l i ty ,  and are  photoconduct ive  wi th  a composit ion 
and bandgap  which can be control led  by  vary ing  the 
Se content  in the e lect rodeposi t ion solution. The tech-  
nique therefore  lends i tself  wel l  to the fabr icat ion of 
composite electrodes.  

Manuscr ip t  submi t ted  June  1, 1982; rev ised  m a n u -  
scr ipt  received Sept. 30, 1982. 

Any  discussion of this paper  wi l l  appea r  in a Dis-  
cussion Section to be publ ished in the December  1983 
JOURNAL. Al l  discussions for the December  1983 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1983. 

Publication costs of this article were assisted by the 
University of Guelph. 
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Filtration Coefficient and Hydraulic Permeability of Nation 125 
Membranes in Metal Alkali Solutions 

C. Fabiani, S. Scuppa, L. Bimbi, and M. De Francesco 

E JV.E A., Divisione Chimica, Laborato~'io Chimica Fisica, CRE Casaccia, Rome, Italy 

ABSTRACT 

Membranes  based on Nation ( trademark of E. I. du pont  de Nemours & Company), a copolymer  of tetrafluorethylene 
and a vinylsulfonic acid, have received to date a great deal  of exper imental  work (1-6) because of their  very interesting char- 
acteristics for use in electrolysis (7, 8), fuel cells (9), and batteries (10, 11). Experimental  results on mechanical  (2), structural 
(4), chemical  (6, 10), and t ransport  propert ies (5, 8) of Nation membranes  demonstrate  that  their  peculiari ty depends  mainly 
on the ion sequestering structure (clusters) and swelling properties. The water content and salt up-take of the membrane  
exposed  to electrolyte solutions are of fundamerital  importance for the membrane  t ransport  propert ies  (7, 12). Among the 
t ransport  coefficients, the hydraulic permeabi l i ty  and filtration coefficient have been less extensively s tudied despite the 
useful correlations which can be stated between them and the electroosmotic permeabili ty,  pore diameter,  and solvation 
(13). In this paper  exper imental  results on the hydraulic and filtration coefficients of Nation 125, an homogeneous 5 mils 
thick membrane  of 1200 equivalent weight, are presented.  The dependence  of these parameters  on the applied pressure 
difference, salt concentration, and counterion nature is discussed. 

Experimental 
Membranes  were  ac t iva ted  according to the fo l low- 

ing procedure :  equi l ib ra t ion  in 0.1M HC1 (~24  hr)  and 
in boi l ing wa te r  (for 72 h r ) .  Swel led  membranes  in the 
H + fo rm are  then  equi l ib ra ted  in the  des i red  elec-  
t ro ly te  solut ion unt i l  complete  exchange  is obtained.  
The hydrauli .c pe rmeab i l i t y  (when  membranes  a re  e x -  
posed to pu re  wa te r )  and  the f i l t rat ion coefficient 
(when m e m b r a n e s  are  exposed  to salt  solutions) Ks, 
(both in m 3 N -1 sec-1  uni t s ) ,  were  de te rmined ,  in 

a two chamber  cell made  of Pe r spex  [a p o l y ( m e t h y l  
m e t h a c r y l a t e ) r e s i n ]  and the rmos ta ted  at  20 ~ __. 0.5~ 
by  measur ing  the l iquid meniscus d i sp lacement  in a 
ca l ib ra ted  p ipe t te  (hh)  when  a 5P pressure  difference 
is imposed be tween  the two half-cel ls .  The presence 
above  and be low the po lymer ic  film of two r ig id  pe r -  
fora ted  stainless steel  disks prevent  the  membrane  f rom 
deforming.  The two ha l f -ce l l s  a re  fi l led wi th  w a t e r  or 
wi th  ident ica l  solutions.  The volume flow ra te  a = 
shh/t  [with s (cm 2) the  p ipe t te  cross section and t 
(sec) the expe r imen ta l  t ime in te rva l ]  becomes a con- 
s~ant a f te r  some time, i.e., a l inear  s~h vs. t p lot  is ob-  
tained.  The hydrau l i c  or f i l t rat ion coefficient for a 
m e m b r a n e  of a rea  A in cm2 (we have  assumed A = 
7.08 cm2, the  geometr ica l  m e m b r a n e  surface)  is given 
b y  

Ks = (Jv /~P)  = (~h/t)  ( s / A ) / ~ P  = ( a /~P)  ( l / A )  [1] 

The independence  of Ks on the appl ied  p ressure  d i f -  
ference has been tes ted  in the  ~P : 13.3-80.0 kPa  
r ange  wi th  a l l  the  examined  NaCI solutions. Resul ts  
for some of these solutions are  repor ted  in Fig. 1. The 
wa te r  pe rmeab i l i t y  in any  o the r  sys tem (i.e., in the  
a lka l i  h y d r o x i d e  solutions) was measured  at  a fixed 
lap : 50.7 kPa  value.  

The f i l t rat ion coefficient Ks is defined as 

Ks " -  ( Jv/~P) ~E=o, ac=0 [2] 

whe re  E = e lec t r ica l  potent ia l ;  C = concentrat ion;  Jv 
is the  volume flow given b y  Jv = ~iJiVl -I- JwVw (J l  
and Jw are  the  fluxes of the  i th species and water ;  Vl 
and Vw are  pa r t i a l  molar  vo lumes) .  Theore t ica l ly  when 
a solut ion conta ining charged species is forced across 

Key words: applied pressure difference, salt concentration, 
counterion nature. 

a charged  membrane ,  a s t r eaming  po ten t ia l  shows up. 
Therefore  since AE ~ 0, the  expe r imen ta l  condit ions 
of the  Ks definit ion are  not  fulfilled. However ,  i t  has 
been demons t ra ted  (14) tha t  in cha rged  membranes  
this contr ibut ion  is less than  1% and  there fore  

(Jv/~P)  ~E=0, ~C=O ~- (Jv/~P) I=O, ~c=0 [3] 

(I  - -  cu r ren t  dens i ty )  and condit ions I - :  O, hC --  0 
correspond to our  e xpe r ime n t a l  a r rangement .  

I t  mus t  be noted that  the  f i l t rat ion coefficient r e p -  
resents  also an hydrau l i c  pe rme a b i l i t y  (15) of the  m e m -  
b rane  exposed to sal t  solutions when  the s a l t  flow 
under  an appl ied  pressure  is p rac t i ca l ly  zero, i.e. 

Jv = ]~iJi~]'i + JwVw ~ JwVw [4] 

These condit ions are  ob ta ined  wi th  h igh ly  charged  
and permse lec t ive  membranes  exposed to aqueous, 
nonconcent ra ted  solut ions (no sa l t  u p - t a k e  in the  
m e m b r a n e  phase  and Donnan co-ion exclus ion) .  In  
fact it  is known  (16) tha t  Nation 125 membranes  are  

1,0_ 

O.  

Ks X 1014(~ N -1 s - l )  

_ _0_ . . . . . . . . . . . . . . . .  Q _ _  
0 

. . . . . .  J L  . . . . . . . . . . .  - t -  

A ~ A 

NAF ION 125 
NaC{ 0.1 M O 

3.0 
4.0 �9 

....... I I I 
10 210 310 4'0 ,50 610 70 AP (kPa) 

Fig. 1. Filtration coefficients, Ks, for Nation 125 membranes in 
NaCI solutions at different concentrations as a function of the 
applied pressure difference ~P (kPa). 
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perrn te lec t ive  in a lka l i  ch lor ide  and hydrox ide  solu-  
tion~ for  concentra t ions  as high as 1-2M. 

Results 
The hydrau l ic  and f i l t ra t ion  coefficients, K~, should 

depend  on the wa te r  content  of  the membrane ,  w % 
(d ry  po lymer ) ,  which is a funct ion of the ex te rna l  
solut ion concentra t ion C (mols l i t e r - i ) .  These effects 
are  shown Ln Fig. 2 for  Nation 125 in NaCI solutions. 
The w % in the  m e m b r a n e  phase  was measured  ac-  
cording to a p rocedure  a l r eady  r epor t ed  (17). The 
pronounced  decrease  in Ks values  above C = 1M 
corresponds to the  observed  dras t ic  reduct ion  in wa te r  
content  above this concentra t ion (Fig. 2) which is 
also reflected in the decrease  in cationic select ivi ty  
(tNa+, counter ion t r anspor t  n .umber in NaCl solutions,  
decreases  f rom C = 0.90 at  1M down to 0.72 a t  4M) 
and e lec t r ica l  res is tance ( f rom 4.1 l~-cm2 in NaC1 
1M to 2.0 ~ - c m  2 in NaC1 5.0M at 25~ (18). 

The wate r  content  and dependen t  m e m b r a n e  p rop -  
erties,  such as the  e lectr ical  resistance,  depend on the 
counter ion present  in the ex te rna l  solut ion (18). This 
counter ion dependence  should also be expected in the 
fi l trat ion coefficient values.  To show this effect the  
filtraUon coefficient in the  a lka l i  hyd rox ide  series 
LiOH, NaOH, KOH, and CsOH has been measured  at  
a fixed concentra t ion 0.1M (Fig. 3). The Ks va lue  
st i l l  decreases as the  m e m b r a n e  wa te r  content  de-  
creases. Moreover,  as for o~her m e m b r a n e  t r anspor t  
p roper t ies  dependent  on the membrane  sa lvat ion  [for 
e xamp le  the  m e m b r a n e  resistance (7, 18)] a s t ra igh t  
corre la t ion  be tween  the  f i l t rat ion coefficient and  the 
counter ion hydra t ion  exists in Nation membranes  ex-  
posed to a lka l i  hyd rox ide  solutions. The corre la t ion 
follows the series (Fig. 3) 

M + (nhyd.) : Li(4.25) > Na(2.9) > K(1.2)  > Cs (0) 

W% (dry polymer) 

~ e(H20) 

I I I I 
-3 -2 -1 0 log CNaCI 

Fig. 2. Dependence of the filtration coefficient Ks and membrane 
water content, w % (referred to the dry polymer weight), on the 
salt concentration C for Nation 125 membranes in NaCI solutions. 
The point x (H20) represents the membrane hydraulic permeability. 
All meas~urements were made at T = 20.0 ~ + 0.5~ 

NAFION 125 MOH 

KsX1014(m 3 N -I s-l) 

/ 4- ./- Li 

-" Na-t. / 

0.1 M 

W% 

3.0 _ 20 

2.0, -- 
/ 

//K+ 1.0. .," 

Cs + _10 
O .  

~ 2 ~ ~ ' nhydr 

Fig. 3. Correlation between filtration coefficients and counterion 
hydration number, nt~yd., for Nation 125 membranes in alkali hy- 
droxide 0.1M solutions at T = 20 ~ • 0.5~ The membrane water 
content w % (referred to the dry polymer weight) is also shown. 

Table I. Evaluation of the pore radius, rp (A.) in Nation 125 
membranes by using Eq. [5] :  with I = 0.013 cm and d = 47.3A 

[from Ref. (20) ] 

K, x 101 
Electrolyte ( ra3 N-1 

(mols hter -I) ~(cP) �9 sec-1) rp (A) 

H~O 1.002 5.33 7.89 
NaC1 0.001 1.388 4.04 7.99 

0.010 1.424 3.17 7.57 
0.1O0 1.436 2.53 7.17 
1.00 1.589 2.48 7.31 
2.00 1.707 2.53 7.48 
3.00 1.974 1.79 7.12 
4.00 2.284 1.94 7.53 
5.00 2.609 0.97 6.55 

" n(eP) in membrane has been calculated according to the  
method of Ref. (21). 

[nhyd. are  t aken  f rom Ref. (19)].  However ,  no differ-  
ence in the f i l t rat ion coefficients appears  in e lect rolytes  
wi th  a common counter ion (Na + ) and different  co-ions 
(CI - ,  O H - )  at  a given concentrat ion (0.1M). In  fact 
K~. (NaC1 0.1M) = 2.53 • 10 -1 and Ks (NaOH 0.1M) 
= 2.92 • 10 -1 both in m 8 N -1 sec -1. 

Evaluation of membrane pore radius, rp . - -  I t  seems 
in teres t ing  to evaluate  the  membrane  pore  radius  f rom 
fi l t rat ion coefficient data.  Gierke  (20) repor ts  a pore 
d iamete r  (2r , )  of 12A ( f rom wate r  diffusion measure -  
ments)  and 13A (from hydrau l ic  pe rmeab i l i t y  da ta )  
for Nation 120, a m e m b r a n e  which differs on ly  in 
thickness (10 mils)  f rom Nation 125. These values 
were  ca lcula ted  b y  means  of the equat ion (20) 

rp = (8/~l~Ksd ~) v4 [5] 

wi th  I the  m e m b r a n e  thickness (0.013 cm) ,  Ks the 
hydrau l i c  permeabi l i ty ,  ~l the viscosi ty of the m e m -  
brane  in ters t i t ia l  solution, and d the Bragg  dis tance  
be tween  clusters in the Nation s t ructure .  By means  of 
Eq. [5] and the w a t e r  pe rmeabi l i t i e s  repor ted  in Fig. 
2 as Ks, the  pore radius  values for  Nation 125 in NaC1 
solutions in t h e  concentra t ion range 10-3-5M have 
been obta ined  and are  r epor ted  in Table  I. These va l -  
ues do not  seem to depend s t rongly  on the membrane  
sa lva t ion  as they  change f rom 6.5 to 8.0A. As com- 
p a r e d  wi th  Gie rke ' s  da t a  values  r epor ted  in the  tab le  
a re  ve ry  similar .  In  fact  the  two comparable  quanti t ies  
a re  13A (Gierke)  and 2 X 7.9 = 16A (f rom the Ks 
va lue  repor ted  in the table  in the case of a m e m b r a n e  
exposed to wa te r ) .  

F rom the above discussion we m a y  conclude tha t  
the  wa te r  pe rme a b i l i t y  th rough  Nation 125 membranes  
depends  on the m e m b r a n e  wa te r  content  and on the 
e lec t ro ly te  concentrat ion.  Moreover ,  a l inear  cor re la -  
t ion be tween  f i l t rat ion coefficients and counter ion h y -  
dra t ion  has been observed  in the  a lkal i  hyd rox ide  
series. However ,  the  membrane  pore  radius  does not 
seem to depend on the m e m b r a n e  salvat ion.  

Manuscr ip t  submi t t ed  March 15, 1982; rev ised  m a n u -  
scr ipt  rece ived  Oct. 7, 1982. 

A n y  discussion of this pape r  wi l l  appea r  in  a Dis-  
cussion Section to be publ ished in the December  1983 
JOURNAL. Al l  discussions for  the  December  1983 Dis-  
cussion Section should be submi t t ed  by  Aug. 1, 1983. 

Publication costs o] this article were assisted by CRE 
Casaccia. 

LIST OF SYMBOLS 

d Bragg  dis tance be tween  clusters  in Nation 
s t ruc ture  (A)  

h meniscus  level  in the  cell  cap i l l a ry  (cm) 
Z m e m b r a n e  thickness (cm) 
nhyd. counter ion hydra t ion  number  
r m e m b r a n e  pore  radius  (A) 
s cap i l l a ry  cross sect ion (era z) 
t t ime (see) 
A geometr ica l  m e m b r a n e  a rea  
C concentra t ion (mols l i t e r  - I )  
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Ji, Jw 

Ks 
P 
V i, Vw 

w %  

volume flow (m3m -2  sec -1)  
fluxes of i th  species and water ,  respect ively ,  
(mols m -2  sec -1)  
hydrau l i c  or f i l t rat ion coefficient (m s N -1 sec -1) 
pressure  (Pa)  
pa r t i a l  mola r  volume of i th species and water ,  
respect ively ,  (cm 8) 
wa te r  content  (in weight)  of the swel led  m e m -  
brane  as r e fe r red  to the d ry  po lymer  weight  
volume flow rate  (m 3 sec -1)  
viscosi ty of the m e m b r a n e  in te rs t i t i a l  solut ion 
(cP) 
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Cyclic Voltammetry in Solutions of Aluminum Bromide and KBr in 
Aromatic Hydrocarbons 

II. The Behavior of Pb and Sn 

M. Elam, E. Peled,* and E. Gileadi* 

Institute of Chemistry, Tel Aviv University, Ramat Aviv, Israel 

ABSTRACT 

The electrochemical behavior of dilute solutions of SnBr2 and PbBr~ in a nonpolar  solvent system consisting of solu- 
tions of 1.0M A12Br6 and 0.80M KBr in ethylbenzene was studied. Cyclic vol tammograms show well defined peaks for the 
deposi t ion and dissolution of the divalent metal. Oxidation to the tetravalent  state could not be detected in the available 
potential  region. The diffusion coefficients were 1.1 x 10 .6 cmf/sec for lead and 2.7 • 10 -6 cmf/sec for tin. Lead ions inhibit  
the electrodeposit ion of a luminum while tin ions seem to have little or no effect. An overpotential  associated with initial 
nucleation on a pla t inum electrode is observed for both metals and electrodeposit ion does not start until  V reaches a value of 
about 30-40 mV. Format ion of a thermodynamical ly  unstable A1/Pb alloy at sufficiently cathodic potentials in solutions 
containing PbBr2 is indicated. 

In  the first paper  in this series (1) the  surface p r o -  
cesses t ak ing  place  on th ree  types  of e lect rode m a t e -  
r ia l s  (Pt, Au, and glassy carbon)  were  s tudied in 
solut ions conta ining A12Br6 and KBr  in a romat ic  h y -  
drocarbons  (most ly  e thy lbenzene) .  On glassy carbon 
no surface phenomena  were  observed in the  avai lab le  
potent ia l  region (ca. 1.4V in e thylbenzene)  be tween  
a luminum deposi t ion  on the cathodic s ide and bromine  
evolut ion  on the anodic side. When  p l a t i num is used 
as the  work ing  e lec t rode  in the  same solvent,  a clear  
anodic adsorpt ion  peak  is observed,  at about  1.0V vs. 
RA1E ( revers ib le  a luminum electrode in the same 
solut ion) .  Analys is  of the  peak  (2-4) shows that  it  
corresponds to the  format ion  of a monova len t  surface 
species, which  was identif ied as adsorbed  b romine  
atoms. Conduct iv i ty  and t ransference  n u m b e r  mea -  
surements  in this sys tem showed (5) that  the ionic 
species exis t ing in solution are  r a t h e r  complex,  bu t  a 
s imple  reac t ion  cor responding  to the  t rans fe r  of a 

* Electrochemical Society Active Member. 
Key words: electrodeposition, overpotential, reversibility, nucle. 

ation. 

s ingle  e lec t ron  p e r  a tom of  b romine  adsorbed  on the 
surface can never theless  be wr i t t en  (1). 

The ini t ia l  potent ia l  for  b romine  evolut ion was found 
to depend  signif icant ly on the  solvent,  r ang ing  f rom 
1.20V for mes i ty lene  to 1.45V RA1E for benzene.  Good 
corre la t ion  was observed  (1) be tween  this po ten t ia l  
and  the ra te  constant  for  ha logenat ion  of the solvent  
molecules.  

The cyclic vo l t ammograms  on gold electrodes are  
more  complex.  The format ion  of severa l  types  of su r -  
face compounds such as AuBr3, AuBr,  and possibly  
AuBr4 -  was assumed to account for  the  observed  
peaks.  

In  a subsequent  p a p e r  (6) the  behav ior  of iodide 
ions in the  same type  of :solutions was studied, em-  
p loy ing  p la t inum work ing  electrodes and a number  
of different  solvents.  

The ha l f -wave  po ten t ia l  for  ox ida t ion  of iodide was 
found to be ca. 1.10V RAIE (compared  to 2.20V RA1E 
in aqueous solut ions) .  Pe rhaps  the  most  s t r ik ing  re -  
sult  of these expe r imen t s  is that  iodine produced e lec-  
t rochemica l ly  (or in t roduced as such) can oxidize 
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bromide.  The b romine  l ibe ra ted  reacts  wi th  the sol-  
vent,  sh i f t ing the equ i l ib r ium in the  direct ion of fu r -  
ther  ox ida t ion  of bromide.  This process can take place 
as a resul t  of the  r e l a t ive ly  smal l  difference in po ten-  
t ia l  be tween iodine and bromine  evolut ion (0.1V when 
mes i ty lene  is employed as the sotvent,  compared  to 
ca. 0.50V in aqueous solut ions)  and the fact that  the 
solvent  molecules  act as scavengers  for  the  bromine  
formed.  

In the p resen t  work  the behavior  of SnBr2 and 
PbBr2 in solutions of A12Br6 and KBr  in e thylbenzene 
was studied. The s tandard  revers ib le  potent ials ,  which 
are essent ia l ly  equal  for these two elements  in aqueous 
solut ions (1.54 and 1.53V RA1E for Pb and Sn, re -  
spect ively)  a re  di f ferent  in the  presen t  solvent  sys-  
tem (0.16 and 0.29V RA1E for Pb and Sn) and both 
a re  much closer to the revers ib le  potent ia l  for a lumi -  
num deposit ion,  as discussed e lsewhere  (1, 7, 8). 

Experimental 
The cell, e lectrodes,  and electronic  equipment  em-  

p loyed for  measurements  of cyclic vo l t ammograms  
were  descr ibed in the first pape r  in this series (1). 
Potent ios ta t ic  t ransients  were  per formed  wi th  a PAR 
Model 173 potent ios ta t  and the currents  were  recorded 
on a Yukogawa Type 3077 X - Y - t  recorder .  Al l  ex-  
pe r iments  were  pe r fo rmed  employing  a P t  work ing  
electrode,  unless otherwise  specified. 

Al l  exper iments  were  pe r fo rmed  inside a glove box 
filled wi th  pure  argon (9, 10), in r igorous ly  dr ied  so- 
lut ions of 1.0M A12Br6 and 0.80M KBr  in e thylbenzene.  
The methods  of p repa ra t ion  of  the  solutions and the 
purif icat ion and d ry ing  of  the  compounds have  been 
descr ibed e lsewhere  (1, 7, 9). Lead b romide  (BDH, 
98%) was dr ied  by  hea t ing  overn ight  at 250~ in 
vacuum. Stannous b romide  (ROC/RIC, anhydrous  
99.5%) was used wi thout  fu r the r  purification. Al l  po-  
tent ia ls  r epor t ed  were  measured  against  a revers ib le  
a luminum electrode in the same solut ion (RAlE) .  

Results and Discussion 
Cyclic voltammograms for SnBr~.--Typical cyclic 

vo l t ammograms  for  a solut ion containing SnBr2 are  
shown in Fig. 1 for two sweep rates.  The revers ib le  
po ten t ia l  for  t in in the  same solut ion is 0.227V (11). 
The anodic peak  corresponds to the oxida t ion  of me ta l -  
l ic  Sn to Sn ++ and  has a character is t ic  shape cor-  
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r e s p o n d i n g  to such processes, as is discussed below. 
A second an odic peak  which wvuld  correspond to the 
oxidat ion  of d iva len t  to t e t r ava len t  t in could not  be 
detected in the  whoIe potent ia l  region up to bromine  
evolut ion.  

The cathodic peak  cur ren t  ip(c) is propor t ional  to 
the concentra t ion of SnBr~ up to a concentra t ion of 
about  80 mM. At  h igher  concentrat ions deviat ions 
occur .  The same behav ior  was observed for  PbBr2 and 
is discussed be low (cf. Fig. 5). The peak  poten t ia l  
E , ( c )  changes by  about  28 mV/decade  for sweep 
rates  (v _-- dE~dr) above 10 mV/sec  as seen in Fig. 2. 
This behav ior  corresponds to an i r revers ib le  react ion 
wi th  a Tafel  slope of 2.3RT/F (12-14). On the o ther  
hand,  Ep(c) depends  on  the concentra t ion of SnBr2 
(ca. 33 mV/decade )  as shown in Fig. 3, as would be 
expected for a two-e lec t ron  revers ib le  process. The 
complexi ty  of the react ion is fu r the r  indica ted  by  the 
fact  tha t  ip(c) is not  p ropor t iona l  to v'/2 and the co- 
efficient d log {p(c ) /d  log v is about  0.36. 
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I I 
As the concentration of SnBrs was increased above 

0.10M, the conductivity decreased significantly. Since 
Sn.Br~ is not soluble in the pure aromatic solvent but 
dissolves well if aluminum bromide is added and, 
moreover, the conductivity of a solution of aluminum 
bromide in ethylbenzene is increased by several orders 
of magnitude on the addition of tin or lead bromide, 
it is reasonable to assume that these salts are com- 
plexed with aluminum bromide to form [Sn (AI2BrT)~], 
which is analogous to [K(AIsBrT)] (5). Solution of 
1.0M aluminum bromide and 0.80M KBr can accom- 
modate no more than 0.10M tin or lead bromide be- 
fore a significant change in the nature of the dissolved 
species must occur. This can account for the lower 
conductivity and also for the deviation from linearity 
of the ip(c) vs. C(SnBrs) relationship observed at 
h ighe r  concentrat ions.  A s imi la r  dev ia t ion  f rom l in -  
ea r i ty  of the Nerns t  plots  at  h igh concentra t ion of 
SnBr~ and PbBr2 was also observed  (11). 

Cyclic voltammetry for PbBr~..--Two vo l t ammo-  
grams  t aken  in a solut ion containing PbBrs  are  shown 
in Fig. 4. The revers ib le  po ten t ia l  for  lead  in this 
solut ion is 97 mV RA1E (11). Because of significant 
nuc lea t ion  overpotent ia l ,  the onset  of lead  deposi t ion 
is de l ayed  and the cathodic peak  occurs at  potent ia ls  
nega t ive  to that  of revers ib le  a luminum.  However ,  as a 
resul t  of an inhibi t ion  effect, a luminum deposi t ion does 
not  commence  in solut ions containing Pb + + ions un-  
t i l  much more  negat ive  potent ia ls  are  reached.  

The  cathodic  peak  cur ren t  is p ropor t iona l  to the  
concent ra t ion  of PbBr2 up t,o ca. 0.IOM and then tends  
to leve l  off, as seen in Fig. 5. As in solut ions conta ining 
SnBr2, this behav ior  is a t t r ibu ted  to the  fact  tha t  new 
types  of species must  be formed in solution above this 
concentl,  ation. These m a y  a l low deposi t ion of the meta l  
on ly  at  h igher  cathodic potent ia ls  and may  have a 
smal le r  diffusion coefficient, which would  expla in  the  
observed  devia t ion  f rom l inea r i ty  in Fig. 5. 

The cathodic peak  poten t ia l  s h i f t s  wi th  concentra-  
t ion ( imply ing  revers ib i l i ty )  and wi th  sweep ra te  
( imply ing  i r r evers ib i l i ty )  as in solut ions conta in ing 
Sn + + ions. The dependence  of peak  cur ren t  on sweep 
ra te  is given by  (d log ip(c)/d log v) = 0.41, which 
devia tes  signif icantly f rom the value  of 0.50 expected  
for  a s imple  charge  t r a n s f e r  process (12), indica t ing  
tha t  a complex  process  takes  place.  

A second anodic peak,  which would  correspond to 
the  oxida t ion  of d iva len t  to t e t r ava len t  lead, was not  
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observed throughout  the  po ten t ia l  region up  to b ro -  
mine  evolution.  

Aluminum deposition in the presence oS PbBr~.-- 
In Fig. 6 three  vo l tammograms,  al l  s ta r ted  at  -l-0.25V 
RAtE and taken  under  ident ica l  conditions,  except  for 
the  ex t reme  cathodic poten t ia l  reached,  a re  shown. 
The solid line, which ends at  --50 mV RA1E (common 
to a l l  three  sweeps) ,  is ve ry  s imi lar  to the  vo l t ammo-  
grams shown in Fig. 4. A l u m i n u m  deposi t ion is com- 
p le te ly  inhibi ted  by  the presence of 2.0 mM PbBr2 
in solution. When  the cathodic l imi t  is ex tended  to 
--70 mV RA1E, a nuclea t ion  loop, ev idenced as a ca th -  
odic peak  cu r ren t  dur ing  the  anodic  sweep,  is c lear ly  
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seen. On the anodic branch, a small shoulder can be 
observed at the potential corresponding to the dis- 
solution of aluminum (a few mV positive to zero). 
More significantly, a new anodic peak appears at a 
potential of ca. 0.15V, beyond the peak corresponding 
to the dissolution of lead. Extending th~ cathodic l imit  
by a mere 5-75 mV causes a very large increase in the 
cathodic current, yet  the aluminum dissolution peak 
at -t-10 mV stays very small. The new anodie peak at 
0.15V increases fourfold while the main peak due to 
lead dissolution increases by less than 10%, showing 
that the new peak is to be associated with the dis- 
solution of aluminum. Close examination of the volt- 
ammograrn shows that, while the potential is swept 
,anodically, lead deposition continues after aluminum 
deposition has stopped, so that most of the aluminum 
is buried under layers of lead and cannot be dissolved 
until most of the lead has been dissolved. The position 
of the dissolution peak at 0.15V probably indicates the 
formation of a Pb/A1 alloy which dissolves anodically 
at a higher potential than lead itself, Although equi- 
l ibrium phase diagrams show no Pb /Al  alloy (15), it is 
well known (16-18) that supersaturation and forma- 
tion of unstable phases can occur in electrodeposited 
alloys. 

In Fig. 7 two wl tammograms are shown, one in the 
presence of a low concentration of lead (0.5 mM 
PbBr2) and the other in its absence. 

With the sweep ending at  --40 mV RA1E, cathodic 
deposition and anodic dissolution of aluminum are 
observed. The low concentration of PbBr2 used clearly 
inhibits this process. The current loops formed in the 
cathodic region in Fig. 6 and 7 are characteristic o~ 
crystal growth requiring nucleation (19). 

The inhibition effects discussed above were not ob- 
served in solutions containing SnBr2 instead of PbBr2. 

Reversibility.--In metal  deposition, the potential 
difference between the cathodic and anodic peaks 
cannot serve as a criterion for reversibil i ty (20). The 
anodic peak depends on the amount of metal deposited 
in the previous cathodic sweep. This is demonstrated 
in Fig. 8 which shows that ~p(a) increases and Ep(a) 
moves to more positive potentials as the potential is 
swept to more cathodic values in the previous half-  
cycle, i.e., as more metal  is deposited. 

When the dissolved metal ion is not stable in solu- 
tion and must be comDlexed (as is the case in the 
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present system), a diffusion limitation may be ob- 
served in the anodic peak as a result of depletion of 
the complexing agent near the electrode surface. Such 
behavior was observed for solutions containing SnBr2 
or PbBr2, as seen in Fig. 9, where the function i/c is 
plotted vs. potential. A distinct broadening of the 
peak is observed at higher concentration on the de- 
scending part  of the peak. The width of the peaks at 
half-height, ~E1/2, is independent of concentration, 
while hell+ increased from 34 to 42 mV and further 
to 47 mV as the concentration of SnBr2 is increased 
from 3.9 to 13.6 mM and further to 23.6 raM. 

A convenient criterion for establishing reversibil i ty 
in metal deposition is to examine the difference be- 
tween the cathodic peak potential Ep (c) and the value 
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of the poten t ia l  Ep/2 at i ..= ip (c) /2 .  The difference 

d E  = Ep - -  Ep/2 [ 1 ]  

should be - -0 .77RT/nF --  --0.020/n V .at 25~ for  the  
revers ib le  deposi t ion of an insoluble  substance (21). 
A va lue  of ~E = 10 mV was observed  in our  exper i -  
ments  only  for solut ions of PbBr2 at  the lowest  sweep 
ra te  tes ted (1.1 m V / s e c ) .  Assuming revers ib i l i ty ,  one 
can es t imate  the  diffusion coefficient f rom the re l a -  
t ionship (22) 

{p(C) ---3.67 X 10 ~ n 3/2D1/2C~ [2] 

The va lue  ob ta ined  for  l ead  at  25~ is 

D ( P b  ++)  = (1.1 • 0.1) X 10-6 cm2/sec 

This should  be compared  to values  of 0.8 X 10-6 and 
4.0 X 10 -6  cm2/sec found for Hg + + in mesi ty lene  
and toluene,  respect ively ,  in somewhat  more  concen-  
t ra ted  solut ions (A12Br6 1.15M; K B r  0.76M) (23). 

The viscosi ty of solutions of A12Br6 and KBr  in 
different  a romat ic  solvents  was s tudied recen t ly  in 
our  l abo ra to ry  (24, 25). The resul ts  show tha t  the  
va lue  of D (Hg + + ) in toluene quoted above was t aken  
at  nea r ly  the  same viscosi ty as in  the  presen t  system, 
whi le  in mes i ty lene  the  viscosi ty  was ca. 80% higher .  
Thus the solvat ion  rad ius  of pb+  + ca lcula ted  f rom 
the re la t ionsh ip  

D = k r l 6 x ~  [3] 

is comparab le  to tha t  of  Hg + + in mes i ty lene  (5-6A).  
The va lue  of the  diffusion coefficient for  Sn ++ 

could not  be de t e rmined  accura te ly  bu t  was es t imated  
to be  

D (Sn + +) --  (2.9 _ 0.6) X 10 -8  cm2/sec 

This es t imate  agrees  we l l  wi th  a value  of 2.7 X 1 0 - 6  
obta ined  f rom potent ios ta t ic  t ransients ,  as is shown 
below. 

T h e  var ia t ion  of  Ep(c) wi th  concentra t ion of e i ther  
PbBr~ or  SnBr2 would  indicate  revers ib le  behavior ,  
while  the  dependence  of Ep(c)  on  sweep ra te  shows 
lack  of r eve r s ib i l i t y  (22). A t  the  same  t ime,  the  p lo t  
of log ip(c) vs. log v is l inea r  over  three  orders  of 
magni tude  of sweep ra tes  (0.001-1.0 V/sec ) ,  bu t  the  
s lope devia tes  s ignif icant ly f rom a value  of 0.50 p r e -  
d ic ted  for  a s imple  cha rge - t r ans fe r  react ion.  Com- 
b in ing  the above observat ions  suggests that  a p reced-  
ing o r  fol lowing chemical  s tep m a y  be involved (12). 
This could be  the  decomposi t ion  or  re forming  of a 
complex  ion of  the  type  [Pb(AI~Br~)]+ or  
[Pb(AI~BrT)8]-  or  a sur face  process such as ada tom 
format ion  or  nucleat ion.  

NucZeation.--The deposi t ion of  a me ta l  on a foreign 
subs t ra te  is of ten control led  b y  the  ra te  of nuclea t ion  
(26-30). F igure  10 shows this type  of behav ior  for 
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both lead  and tin. Curve  No. 1 is t aken  in both  cases 
on a P t  e lec t rode  f resh ly  coated wi th  the  respect ive  
metal ,  whi le  curve 2 is t aken  on a bare  P t  e lectrode.  
Deposi t ion of lead  (or  t in)  on P t  does not  s t a r t  unt i l  
a significant ove rpo ten t i a l  (ca. 30 mV) is reached.  
At  this point  the cur ren t  rises ve ry  rapid ly .  

A dif ferent  expe r imen t  depic t ing  the same type  of 
phenomenon is shown in Fig.  11, where  c u r r e n t / t i m e  
t rans ients  fol lowing a potent ia l  s tep  f rom 0.30V RA1E 
to the values  marked ,  a re  plot ted.  At  the  most  ca th-  
odic po ten t ia l  (155 mV RA1E), the cur ren t  decays 
in a r egu la r  manner  wi th  t - ~ .  A t  more  anodic po ten-  
tials, the cu r ren t  on the  bare  P t  e lec t rode  first de -  
creases bu t  as soon as a sufficient l aye r  of Sn is 
formed,  nuc lea t ing  overpoten t ia l  d isappears  and the 
cur ren t  rises to the  value  i t  would  have  on a f reshly  
depos i ted  Sn electrode.  

This behavior  is fu r ther  exemplif ied in Fig. 12, 
where  the  shapes of the  t rans ients  ob ta ined  on P t  
electrodes (broken  l ines)  are  compared  to those ob-  
ta ined on f reshly  deposi ted  t in electrodes.  This type  
of  behav ior  has  been observed before  for different  
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metals  deposi ted f rom aqueous (26) solutions as wel l  
as f rom mol t en - sa l t  sys tems (27-30) and has p robab ly  
l i t t le  to do with the  na tu re  of the solvent.  

Replot t ing  the  uppermos t  curve in Fig. 11 as 1/i vs. 
t'/~ yields  a s t ra ight  line. The diffusion coefficient of 
t in ca lcula ted  f rom the slope is 2.7 X 10 -6 cm2/sec, 
in excel lent  agreement  wi th  the value of (2.9 + 0.6) 
• 10 - ~  cm2/sec ob ta ined  above  f rom cyclic vo l t ammo-  
grams. 

Conclusions 
Lead  and tin can be deposi ted  f rom solut ions of 

A12Brs and KBr  in e thyl  benzene and s imi lar  a romat ic  
hydrocarbons .  In the presence of lead, a luminum 
deposi t ion is inhibi ted and does not  occur unt i l  an 
overpoten t ia l  of ca. --70 mV is reached.  1 Tin, which is 
deposi ted at  a more  anodic potent ial ,  does not  exer t  
a s imi lar  inhibi t ion effect. 

The anodic peak  depends on the amount  of meta l  
deposi ted in the  previous  cathodic ha l f -cyc le  and 
cannot be used to analyze  the course of the reaction.  
When  the po ten t ia l  is a l lowed to reach  a sufficiently 
cathodic po ten t ia l  to deposi t  a luminum in the pres-  
ence of lead, a second anodic peak  appears ,  which 
can p r o b a b l y  be associated with  the  format ion  of an 
A I / P b  alloy.  

On p l a t inum electrodes a nucleat ion process takes 
place and deposi t ion of  both Sn and Pb requires  a 
threshold  overpo ten t i a l  of ca. 30 mV for deposi t ion 
to start .  The diffusion coefficients of lead and tin were  
found to be l . l  • I0 - s  and 2.7 X 10 -6 cm2/sec, re -  
spectively,  as compared  to a va lue  of 4.0 X 10 -6 em2/ 
sec for  m e r c u r y  in solutions of to luene of nea r ly  the 
same viscosi ty (23-25). 
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The potential at which A1 deposition starts moves to more 
negative values as the concentration of lead is increased. The  
value of -70 mV RA1E was observed for a concentration of 2.0 
mM PbBr2. 
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ABSTRACT 

The "Swiss-roll" cell was developed in 1973. This paper is concerned with the most important application of the cell; the 
oxidation of DAS to DAG, which is one of the steps in the synthesis of vitamin-C. For proprietary reasons the details of this 
work have not been divulged until  now. Because of the differing factors involved, but more especially to give an insight into 
how the project developed, the material is presented in more or less chronological order. 

Origin of the "Swiss-Roll" Design 
The development  of cell designs to make use of new 

materials  took on a surge of activity in  the 70's, 
mostly due to the impetus of the Southampton and 
Newcastle schools. An effort in this direction was 
needed since it  was t rue to say that much of the re-  
sistance to organic electrosynthesis stems from the un -  
sui tabi l i ty  of existing electrolysis cells or electrodes, 
mostly because of economics. The design of the "Swiss- 
roll" electrolysis cell came as a result  of a consideration 
of electrode materials  and also the electrode reaction 
rate. Up to that  time, apart  from a few isolated exam- 
ples, the most commonly used electrode materials  for 
anodes were pla t inum,  graphite, or lead dioxide. These 
materials  all  have some disadvantages. P l a t inum is 
very expensive, graphite often undergoes severe ero- 
sion, and PbO2 is also prone to stabil i ty problems. In  
contrast  to m a n y  other materials  they are all stable in 
acidic solutions. There are, however, many  processes 
that  can be carried out in alkal ine solution, in  which 
some very  inexpensive metals are quite stable. 

The Pourbaix  diagrams for copper and nickel show 
that  in  the alkal ine range and anodically polarized the 
oxides are the stable form present. These oxides are 
electronically conducting. In  1971 our a t tent ion was 
caught by the publ icat ion of F le ischmann et al. on 
the oxidation of alcohols and amines at nickel  anodes 
in  KOH (1). Al though this was to be expected on the 
basis of early l i terature  [Fichter (2)],  i t  was seen as 
a confirmation that  useful  results could be obtained 
with inexpensive materials�9 

The oxidation of amines to nitriles, p r imary  alcohols 
to acids, and secondary alcohols to ketones were all 
shown to give almost quant i ta t ive  yields even before 
optimization of the oxidation conditions (Table I) .  
The mechanism of the oxidation was proposed to go 
through a nickel  (III)  species which acts as a hydrogen 
abstractor 

Ni(OH)2 + O H -  ~ NiOOH -t- H20 -t- e 

NiOOH -t- R1R~CHOH ~-Ni  (OH)2 ~ R1R2COH 
$ 

fur ther  
oxidat ion 

�9 / se\condary p r imary  
alcohol alcohol 

a c i d  ketone 
* Electrochemical Society Active Member, 

The organic compound is thereby oxidized a n d  t h e  
nickel (III)  species reduced back to Ni(OH)2 which 
at a suitable potential  (-~400 mV vs. Ag/AgC1) is im-  
mediately r~oxidized to nickel (III) .  The nickel  hy -  
droxide is formed as a thin film on a nickel  surface 
when placed in an alkal ine solution. This film is stable 
as well as the oxidized form unde r  normal  conditions. 
Corrosion problems, however, occur with "obvious" 
agents such as chloride ions. 

The oxidation rates measured by  Fleischrnann were 
found to lie well under  the diffusion-controlled limit. 
The ra te-control l ing step was therefore the hydrogen 
atom abstraction. The oxidation currents  for 0.1M sub-  
strafes at polished nickel electrodes were well under  1 
mA/cm2j  This implies a factor of about 100 or more 
under  the l imit ing current.  This has very  negative im-  
plications for a proposed industr ia l  synthesis, since for 
operation at such a current  density an excessively 
high electrode area would be needed (Table II) .  De- 
spite the or iginal ly reported low oxidation rates, the 
oxidations with nickel anodes were regarded as impor-  
tant  enough to war ran t  the development  of a compact 
cell based on nickel sheet electrodes. The cell that  

1 Later work showed that the pretreatment of the anode allows 
s~gniflcant higher current densities to be attained. Other factors 
that can increase the current are a higher substrate concentra. 
tion and a higher temperature. 

Table I. Percent current yield of products from the anodic oxidation 
of organic substrates at a nickel anode in 1M KOH 

Substrate Product* 

n-Propylamine 
n-Butylamine 
Ethanol 
Propanol 
Isopropanol 

Ethyl cyanide (84), propionaldehyde (11) 
Propyl cyanide (85), n-butyraldehyde ( 6 ) 
Acetic acid (98) 
Propionie acid (95) 
Acetone (90) 

* Percent current yield in parentheses. 

Table II. Anodic oxidation of alcohols 

Substrate 

Current for 0.1M 
substrate in 0.87M 
KOH at polished 

Ni (mA/cm~) 

Electrode area 
for production 

of i ton/day 
(m s) 

Methanol 
Ethanol 
n-Propanol 
Isopropanol 
Sec.butanol 

0.24 
0.34 
0.21 
0.08 
0.07 

29,100 
14,300 
17,700 
46,500 
43,100 

5 9 1  
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evolved was not  f a r  r emoved  f rom the  form of the  
n ickel  sheet  received f rom the suppl ier ,  a roll. The 
elect rochemical  cell  took the form of a ro l l ed -up  sand-  
wich and the reby  had a form ve ry  s imi lar  to tha t  of 
the "Swiss- ro l l , ' "  the  Engl ish name for the pa s t ry  
shown in Fig. 1. ( Incidenta l ly ,  bui ld ing instruct ions are  
wide ly  avai lab le  in books o ther  than  e lec t rochemical  
ones!) The e lect rochemical  equiva lent  of this s t ruc-  
ture is shown schemat ica l ly  in Fig. 2. 

The main  components  of the "Swiss - ro l l "  e lectrolysis  
cell are: two sepa ra to r  cloths, 1, which serve  to elec-  
t r i ca l ly  isolate the anode, 2, and cathode, 3, f rom each 
o ther  and also to provide  an e lectrolysis  chamber .  
These layers  are  a r ranged  as a sandwich,  ro l led  up 
a round  an axis (often act ing as  a cur ren t  f eeder  to 
one of the  e lect rodes) ,  and pressed into a cy l indr ica l  
conta iner  wi th  the  necessary  in le t  and out le t  for the 
electrolyte ,  which  is pumped  through. The ma in  p rop -  
er t ies  of the cell  are  a h igh  specific e lect rode area,  a 
ve ry  high mass t ransfe r  rate,  construct ional  s implici ty,  
and ease of scale-up.  This then was the  basic "Swiss-  
rol l"  cell  as used in the  labora tor ies  at  the ETH for 
the  oxidat ion  of organic  subs t ra tes  (3). At  about  the 
same t ime Wil l iams and co -worke r s  at  du Pont  had 
developed a ve ry  s imi la r  " Je l ly - ro l l "  cell  (4). In  fu tu re  
work  (1975-1980) the  components  of the  cell  were  

s tud ied  in some deta i l  and  even new concepts in 
cell  construct ion developed (5). 

As shown in Fig. 3 there  are  var ious  components  
tha t  can be incorpora ted  into the "Swiss - ro l l "  cell: 
sheet  or  net  e lectrodes (6-8),  turbulence  promot ing  
separa to r  c l o t h s  (9), and "convect ion dampers"  to 
reduce the  ex ten t  of d i f fus ion-control led loss react ions 
at  the countere lec t rode (10, 11). So much for the de-  
ve lopments  tha t  followed. Back in 1973 the "Swiss-  
rol l"  cell had  mere ly  been used to repea t  the resul ts  
of F le i schmann wi th  alcohols and amines, which for 
indus t ry  were  of l i t t le  importance.  The react ion that  
tu rned  out  to be the launching  pad  for the "Swiss - ro l l "  
cell was a s tep in the synthesis  of v i tamin-C.  

Application of the "Swiss-Roll" Cell in V i tamin-C 
Synthesis 

This indust r ia l  process is carr ied  out  on the scale of 
severa l  10,000 tons per  yea r  wor ld -wide .  I t  is a six 
step process (scheme 1). The first step, a hydrogena -  

C•C3f C g~ 

/- NT.0 

o . ~  c c ~  ~.', c. c , ~ .  ~ 

I~. 2 iced- 

~ /C~A 3 

0 O H 
~.Cj  

I,I 4- iAzO 

Fig. 1. The "original" "Swiss-roll" with "building" instructionsT 

tion, was carr ied  out  e lec t rochemica l ly  be tween  1937 
and 1948 (12) but  is now superseded  by  a ca ta ly t ic  re -  
action. I t  was, however ,  the  four th  s tep tha t  was for  
us of interest .  This is the  oxida t ion  of a p r i m a r y  
alcohol to a carboxyl ic  acid. The publ ica t ion  tha t  
t u rned  our  a t ten t ion  to it was tha t  of  Vertes  et  al. ( I3) .  
They  showed that  high yields  could be obta ined b y  
the  d i rec t  e lec t ro ly t ic  ox ida t ion  at  nickel.  P r e l im ina ry  
exper iments  wi th  the  "Swiss - ro l l "  cell  indeed con- 
f irmed the resul ts  of Vertes. A 95% mate r i a l  y ie ld  of 
d i ace tone -2 -ke to -L-gu lon ic  acid (DAG) was obta ined 
in an 11 batch oxidat ion  of 10% d iace tone-L-sorbose  
(DAS) in 1M KOH electrolyte .  

The cur ren t  indus t r ia l  processes for the  oxida t ion  of 
DAS to DAG are  a ca ta ly t ic  a i r  oxidat ion  or a sodium 
hypochlor i te  oxidat ion.  Looking more closely at  the 
sodium hypochlor i te  route  in Fig. 4 it  is obvious tha t  
i t  is s imi lar  to the  direct  e lect rolyt ic  route  in tha t  an 
electrolysis  step is involved as wel l  as a n ickel  catalyst .  
The sod ium hypochlor i te  oxidat ion  m a y  therefore  be 
r ega rded  as a ve ry  indi rec t  e lec t ro-oxidat ion.  

A comparison of both  routes  involving nickel  would,  
a t  least  in te rms of the  n u m b e r  of process s teps  i n -  

Fig. 2. The "Swiss-roll" electrolysis cell. The main components 
are: 1, separator net; 2, anode sheet; 3, cathode sheet. Fig. 3. Building blocks of the electrode sandwich 
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Fig. 4. Industrial routes for the oxidation of DAS to DAG. Left: 
hypochlorite oxidation with Ni catalyst; right: direct electro-oxi- 
dation at a nickel anode. 

volved, appea r  to come out  in favor  of the  direct  
e lec t rochemical  oxidat ion.  At  this s tage of the  work  
Hoffman-LaRoche  showed an in teres t  and  the rea f t e r  
car r ied  out  the bu lk  of the  work  on the d i rec t  elec-  
t ro ly t ic  oxida t ion  of DAS and the sca le -up  of the  
"Swiss - ro l l "  cell to product ion  size. 

The work  at  the  ETH concent ra ted  on inves t iga t ing  
var ious  aspects  of the  behavior  of n ickel  anodes and the 
mechanism of the  oxida t ion  of organic  subs t ra tes  at 
them. This served  in most  cases as confirmation of the  
resul ts  be ing  obta ined  in Basel. F o r  this work  we were  
pa r t i cu l a r ly  for tuna te  in having a computer ized in-  
s t r u m e n t  which a l lowed complex  test ing p rograms  to 
be run  (often s imul taneous ly  wi th  6 e lectrolysis  cel ls) .  
The ma in  fea tures  of it  are  shown in Fig. 5. I t  is com-  
posed of a PAR po la rograph  which had  been modified 
for  r emote  control,  an HP IEEE- in te r face  and digi ta l  
p lo t t e r  and a Commodore  PET "home" computer .  

Questions of impor tance  for the  synthes is  in Basel, 
such as "wha t  is the  best  p H  to oxidize at?," "wha t  
condit ions lead  to corrosion of the  electrodes?,"  or  
"wha t  are  the  factors hav ing  an influence on the ac-  
t iv i ty  of the  e lect rodes?"  were  answered  with  the  
he lp  of this  equipment .  The re inves t iga t ion  of  the  

oxidation of organic compounds at nickel anodes in 
fact revealed some features that had not previously 
been reported. 

Current/potential plots as a function of pH showed 
that the oxidation rate was not independent of pH as 
reported by F1eischrnann, but a linear function of COH-- 
up to a critical COH- beyond which the oxidation rate 
of the  alcohol r emained  constant .  In  Fig. 6 the  we l l -  
known  features  of the n ickel  e lec t rode  in  a lka l ine  
solut ion are  visible,  namely ,  the oxida t ion  of the  
Ni (OH)2  to NiOOH at about  450 mV and its back  re -  
duct ion at  350 mV (here  the  compute r  was p ro -  
g rammed  so as to separa te  the fo rwa rd  and reverse  
scans, a l though they  were  obta ined  wi thout  any  pause  
be tween) .  The l inear  dependence  of the cu r r en t  on 
COH-, its d i f fusion-control led charac ter i s t ic  at  lower  
COH- values,  and the format ion  of a s t eady- s t a t e  ox ida -  

t i o n  peak  beyond the d i f fus ion-control led  region (k i -  
netic con t ro l -hydrogen  abs t rac t ion)  came as a surpr ise  
(14). 

The prac t ica l  significance of these resul ts  was, in the  
first instance, to define the m i n i m u m  O H -  concent ra-  
t ion necessary  to achieve the  m a x i m u m  l imi t ing oxi -  
dat ion ra te  for a given DAS concentrat ion.  The resul ts  
a re  summar ized  in Fig. 7, which  shows the peak  ox ida -  
t ion cur ren t  as a funct ion of COH- for var ious  D A S  
concentrations.  The l inear  por t ion  of the  curve had  
more  or  less the  same slope regard less  of subs t ra te  
or its concentrat ion.  A p p a r e n t l y  in this region the oxi -  
da t ion  is l imi ted  by  the flux of O H -  to the electrode,  
These currents  were  di f fus ion-control led as subs tan-  
t ia ted  by  ro ta t ing  disk e lec t rode  exper iments .  The 
magni tude  of the  currents  corresponded to those ex-  
pected for a diffusion of the O H - .  

Wi th  regard  to the  oxida t ion  rate,  Vertes  in his 
exper iments  p repa red  the n icke l  anodes by  cathodic 
deposi t ion of a n ickel  hyd rox ide  l aye r  f rom a solut ion 
of a n ickel  salt.  By this means th ick  layers  of hyd rox ide  
m a y  be bui l t  up, which  are  appa ren t ly  porous and 
offer a large  act ive area  for the  oxida t ion  of DAS to 
DAG. Much higher  cur ren t  densi t ies  m a y  the reby  be 
at tained.  We have  also inves t iga ted  this, in fact  the 
da ta  in the last  two figures were  ob ta ined  at  " th ick"  
n ickel  oxide  electrodes.  

F igure  8 compares  e lect rodes  tha t  have been p r e -  
t r ea ted  by  va ry ing  amounts.  Again  the  peak  cur ren t  
for the  oxida t ion  of the organic  subs t ra te  (in this case 
e thanol)  is p lo t ted  as a funct ion of co i l - .  Longer  
deposi t ion t imes give a th icker  Ni(OI-I)2 l aye r  which 
is immed ia t e ly  obvious f rom the  he igh t  of the peak  for  

Fig. 5. Schematic of the computer-controlled instrumentation 
used for the study of the nickel anode behavior and the oxidation 
kinetics of DAS. 

Fig. 6. Current potential sweep measurements for the oxidation 
of DAS at a nickel anode. Top: forward scan; bottom: backward 
scan (both at 5 mV/sec) at several different hydroxyl ion concen- 
trations. 
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Fig. 7. Peak current for the oxidation of DA$ on an etched nickel 
anode at various concentrations as a function of hydroxyl concen- 
tration. 
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Fig, 8. Activity of a nickel ~xide electrode as a function of the 
oxide layer thickness and hydroxyl concentration as manifest by the 
peak oxidation current for 0.17M EtOH. The following electrode 
pretreatments were employed: (a) polished; (b) 5 sec cathodic 
deposition of nickel at 4.8 mA/cm 2 from a 0.1M Ni(NO~)2 solu- 
tion; (c) 10 see; (d) 20 sec; (e) 40 sec. 

the oxida t ion  of N i ( I I )  to N i ( I I I )  and f rom the in-  
creased ac t iv i ty  for the  oxida t ion  of the organic sub-  
strate.  Current  increases  of the o rde r  of about  10 (in 
comparison to the  pol ished e lect rode)  m a y  be realized.  

Scale-Up of  the Process in Size and T i m e  
In  the  mean t ime  Roche had advanced to a some~vhat 

l a rge r  synthesis  setup wi th  a "Swiss- ro l l"  ce l l  of 
area  3 m 2 and rad ia l  e lec t ro ly te  flow. This equipment ,  
which  al lowed continuous operat ion,  is shown sche-  
mat ica l ly  in  Fig. 9. The main  fea tures  are: cent r i fugal  
pump,  ro tameter ,  mona -po l a r  "Swiss- ro l l"  cell, hea t  
exchanger ,  e lec t ro ly te  reservoir ,  and  oxygen  meter .  

A t  first, batch exper iments  were  car r ied  out  wi th  a 
12 l i ter  charge  of 10% DAS solution. Abou t  500g of 
DAG could be p repared  pe r  hour. Dur ing  the react ion 
only NaOH was added  to main ta in  constant  pH. In  
o rder  to de te rmine  the behavior  of the system over  
long per iods  of time, the first continuous expe r imen t  
was planned.  I t  was in tended to run  the exper imen t  
for  100 h r  f rom Monday  to Fr iday .  The first phase of 
the exper imen t  went  very  sat isfactor i ly .  Af te r  5 hr  a 
s t eady  s ta te  was reached and al l  expe r imen ta l  p a r a m -  
eters  such as DAS, DAG, and NaOH concentrat ion,  

NaOH 
DAS 

0 %  0 

R.~otameter b _ ~ p  SWI~S_~OLj_ ~ 

Fig. 9. Schematic diagram of flaw system used for the batch and 
continuous oxidation of DAS with a "Swiss-roll" cell with anode 
area of 3 m 2. 

current ,  c e l l  potent ia l ,  and oxygen  content  in the  vent  
gas s tayed constant.  On the r ecorde r  hours  and hours  
of s t ra ight  l ines were  regis te red  so tha t  one a lmost  
had to fight agains t  boredom. However ,  a f te r  40 h r  
the anode became progress ive ly  deact ivated,  the de-  
gree of oxida t ion  sank as wel l  as the cur ren t  and  
select ivi ty.  The sca le -up  in t ime had  encountered  the 
first problems.  The answer  to this p rob lem was lucki ly  
a l r eady  at  hand f rom previous  work  b y  Roche in 
Nut ley  and more  recen t ly  publ i shed  confirmat ion by  
Fioshin  and co-workers  who in the  first hal f  of the 
70's were  also work ing  in tens ive ly  on the e lect rolyt ic  
oxida t ion  of DAS (15).  The  addi t ion  of ca ta ly t ic  
amounts  of a n ickel  sa l t  effectively suppressed the  
deactivat ion.  This phenomenon was s tudied at  the  
ETH to define more  precisely,  using ins t rumenta l  
methods,  the  condit ions leading to and the ex ten t  of  
the  problem.  These results  confirmed those of Roche 
which were  based more  on the p repa ra t ive  exper i -  
ments. The e lec t rode  ac t iv i ty  was ascer ta ined  f rom 
cu r r en t /po t en t i a l  curves obta ined per iod ica l ly  dur ing  
an electrolysis  of DAS at  530 inV. The observat ions  
f rom the p repa ra t ive  exper iments  were  cat, f i rmed 
(Fig. 10): the decrease of the  peak  height  for DAS 
oxida t ion  and the increased ra te  of oxygen  product ion.  

The addi t ion of a smal l  amount  of n ickel  b rought  
a s table  ac t iv i ty  to the  n ickel  anode and, more  s t r ik -  
ingly,  complete  inhibi t ion of oxygen evolution.  The 
resul ts  shown in Fig. 11 are  in the  first 3 hr  l i fe  of 
the electrode.  The posi t ive effect of the  nickel  salts  
was also confirmed over  a 60 hr  per iod  (Fig. 12). 
Pass ivat ion  would a lways  set in if a n icke l - f ree  elec-  
t ro ly te  was employed.  In  the  d i ag ram the resul ts  of 
such a test a re  also shown. Af te r  60 h r  successful 

Electrolysis at 0.52 V 
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Fig. 10. Current/potential sweeps obtained during the electrolysis 
of DAS at 520 mV (vs. Ag/AgCI) as a function of electrolysis time. 
Note the decrease of DAS oxidation current and the increase (at 
end of scan) of the oxygen evolution. 
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Electrolysis at 0.52 V 

0 ~ ~  O'01M. NI2§ 

l ~ / ~ J / / ~  mAJcm2 
t/h~ ~ 5  / 

0.3 0.4 0.5 
E (Ag/AgCI) / V 

Fig. 11. As for Fig. 10 except that the electrolyte contains 10 mM 
nickel salt. The loss of electrode activity for the oxidation of DAS 
is net observed. 

Electrolysis at 0.52 V 10 min - - ~ - ~  
0.6M NaOH 

2.9% O A ~  
O.OlM Ni 2§ 

0~ 

t/hour J 2 

6 0 ~ 0  0.3 0.5 
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Fig. 12. As for Fig. 11 except over an extended electrolysis time 
of 60 hr. The insert figure shows the behavior of the 60 hr old 
electrode when the electrode is changed to no-nickel composition, 
the electrode deactivates. 

opera t ion  in a n icke l -con ta in ing  electrolyte ,  the  solu-  
t ion was changed to a n icke l - f r ee  sys tem and i m m e -  
d ia te ly  the  passivat ion,  typified by  a decrease of the  
DAS oxida t ion  Current and the onset of oxygen  evolu-  
tion, se t  in. A res tora t ion  of the  or ig inal  s tate p ro -  
ceeded only  p a r t l y  on addi t ion  of a n ickel  salt .  

Because the  so lubi l i ty  of n ickel  sal ts  in such an  
a lka l ine  solut ion is low it  is tQ be  expected  tha t  smal l  
amounts  of n ickel  are  sufficient to b r ing  the beneficial  
effect. The ac t iv i ty  of n ickel  anodes is expressed in 
Fig. 13 a s  the  peak  cur ren t  for  DAS oxida t ion  nor -  
mal ized  wi th  respect  to its in i t ia l  value.  I t  is p lo t ted  
as a funct ion of t ime for different  values  of the  to ta l  
n ickel  concentrat ion.  A l r eady  at  0.001M the p rob lem 
of pass ivat i0n  is solved. 

In te res t ing ly  the cat ion of the  suppor t  e lec t ro ly te  
also influences the  pass ivat ion behavior .  In  Fig. 14, 
which  is s imi la r  to the  previous,  the  effect of the  ca-  
t ion of the  suppor t  e lec t ro ly te  ( in the absence of a 
n icke l  sal t )  on the  anode act iv i ty  is shown. Potass ium 
gives the  leas t  loss of act ivi ty,  whi le  a qua t e rna ry  am-  
mon ium sal t  is the most serious offender. 

A l l  of the  observat ions  obta ined  here  on the oxi-  
dat ion of DAS a t  nickel,  of course, have impl icat ions  
on the reac t ion  mechanism.  I t  appears  doubt fu l  tha t  
the  N i ( I I I )  species is r ea l ly  the  act ive species since 
the  oxida t ion  occurs in the  range  where  N i ( I I I )  is 
oxidized fur ther ,  and cat ions are  incorpora ted  into the  
oxide  film (perhaps  expla in ing  the  sens i t iv i ty  of the  
e lect rodes  to cat ions and the observed pass ivat ion 
effects).  

Dur ing  this phase  two complex  questions had  to be  
answered  in Basel:  (O the  process  condit ions for 
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Fig. 13. Peak oxidation current normalized with respect to the 
initial value (new electrode) for the electro-oxidation of a 10% 
DAS solution in 0.1M NaOH as a function of time for different con- 
ceatrations of nickel. 1, 1 raM; 2, 0.1 mM; 3, 0~01 mM; 4, 0. 

100 

i/io 

50  

0 

o KOH 
~o * LiOH 

�9 N (CH3)4OH 
k ~ 1 7 6  NaOH 

o o~omOmmlommomo ~ 

! 

Fig. 14. Peak oxidation current normalized with respect to the 
initial value (new electrode) for the electro-oxidation of a 10% 
DAS solution in 0.1M NaOH as a function of time for different 
support electrolytes. 

opt imal  opera t ion  (yield,  cur ren t  efficiency, energy 
consumption per  kilo DAG, NaOH consumption as a 
funct ion of the cur ren t  densi ty,  t empera tu re ,  NaOH 
concentrat ion,  pumping  ra te  and  so on, and (~i) the  
reac t ion  condit ions that  led to a drop in yield! The 
l a t t e r  seems to be a s t range  form of occupat ional  
t he r a py  but,  in fact, it  was of considerable  impor tance  
to define to the  product ion  engineers  condit ions tha t  
were  to be avoided.  The process,  in fact, t u r n e d  out  
to be e x t r e m e l y  uncri t ical .  In  the continuous opera t ing  
mode wi th  recychng  of the  e lec t ro ly te  a high conver-  
sion of DAS to DAG can only  be rea l ized wi th  
min imum electrode a rea  when  a cascade of reactors  
is opera ted  in series. The nex t  s tage of the  p i lo t ing 
was therefore  to s imula te  a two-s tage  cascade of 
reactors.  In  this test  the  processed solut ion f rom a 
first pass in which a 90% conversion had  been ob-  
ta ined  was collected and then with  condit ions s imu-  
la t ing a second stage re -e lec t ro lyzed  to 99% conver-  
sion. The electrolysis  condit ions and the  resul ts  ob-  
ta ined are  given in Table  III .  In  l ong - t e rm exper i -  
ments  these condit ions could be rea l ized for severa l  
weeks. 

Scale-Up to the Commercial Cell Size 
The w o r k  in Basel  was more  or  less complete.  The 

deve lopment  of the  "Swiss - ro l l "  cell  and  the process  
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Table III. Oxidation of DAS in mini-pilot plant 

Stage 1 Stage 2 Total 

Current, A 120 18 
Cell potential, V 2.2 1.9 
NaOH c0nc, M 0.3 0.2 
Degree of oxidation, % 90 99 99 
DAG production rate, kg /hr  0.26 
Energy requirement,  kW-hr/kg 1.2 
Current efficiency, % 70 
Isolated yield, % 93 

for the oxida t ion  of DAS was then t rans fe r red  to 
Grenzach (the site of Roche Vi tamin-C product ion 
in Europe) .  At  first  a "Swiss- ro l l"  cell  of anode a rea  
30 m 2 was put .  into service  (Fig. 15). The resul ts  
ob ta ined  in the l abora to ry  were reproduced  or  even 
bet tered.  The pe r fo rmance  of b ipo la r  "Swiss - ro l l "  
cells was also successful. The e lec t ro ly t ica l ly  produced  
DAG matched al l  product ion requi rements  and passed 
al l  qual i ty  controls. As a resul t  a full  scale uni t  was 
constructed,  w h e r e b y  through  repl icat ion a p roduc-  
tion capaci ty  of severa l  thousand tons per  yea r  could 
be realized. The pr inciples  of the min i -p i lo t  p lan t  
could be car r ied  over  to the large  sys tem with  ve ry  
l i t t le  modification. The main  fea tures  of the large  
p lan t  were  severa l  b ipolar  "Swiss- ro l l"  cells ope ra t -  
ing in a cascade at currents  f rom 20 kA down in s teps 
to 1 kA. Each "Swiss- ro l l"  had severa l  hundred  m 2 
anode area. One of these units is shown in Fig. 16. 
With  this oxida t ion  s tage  more  than  2 tons of DAG 
could be produced daily.  The cells have a l r eady  been 
opera t ing  successfully for  severa l  thousand hours. A 
close invest igat ion of the electrodes and the sepa ra to r  
nets revea led  that  no corrosion had occurred.  

Conclusions 
The di rec t  e lect rolyt ic  oxida t ion  has a l r eady  been 

compared  with  the hypochlor i te  route. What  can be 
said now that  the process has been brought  to the  
product ion stage? Al though  the product ion costs for 
the two routes  do not  g rea t ly  differ, the e lec t rochem-  
ical route  uses less e lect r ica l  energy  (main ly  on ac-  
count of the lower  cell  vol tage of 2V in comparison 
to the 4V of a ch lo r / a lka l i  e lectrolysis)  and gives 
less NaCl- Ioaded  waste  water .  

In  te rms of the  cr i te r ia  that  are  of ten used to poin t  
to profi table e lect rochemical  routes, the D A S / D A G  
oxidat ion  involves:  (i) fewer  processing steps, (ii) a 
product  is p roduced  on the anode and on the cathode 
(H2 is used in the  hydrogena t ion  of the glucose) ,  
(iii) few sca le-up  difficulties were  encountered,  (iv) 
the  s tabi l i ty  of the electrodes was tolerable,  (v) the  
e lec t ro ly te  conduct iv i ty  was high, (vi) DAS and 
DAG are  ve ry  soluble  in the electrolyte ,  (vii) there  

Fig. 15. Pilot-plant with 30 m 2 "Swiss-roll" electrolysis cell (left) 
for the continuous oxidation of DAS. 

Fig. 16. One of the commercial size "Swiss-roll" cells used by 
Roche in a cascade of reactors for the production of 2 ton/day 
DAG. 

is no need for an expensive suppor t ing  electrolyte ,  
and (viii) there  was no special  r equ i rement  for the  
feedstock and the product  w o r k - u p  was as for  the  
convent ional  process. 

Manuscr ip t  received Ju ly  16, 1982. This was Pape r  
586 presen ted  at  the Montreal ,  Quebec, Canada,  Meet -  
ing of the Society,  May  9-14, 1982. 

Any  discussion of this  paper  wi l l  appea r  in a Dis-  
cussion Section to be publ ished in the December  1983 
JOURNAL. Al l  discussions for the December  1983 Dis-  
cussion Section should be submi t t ed  by  Aug. I, 1983. 

Publication costs of this article were assisted by the 
Swiss Federal Institute o] Technology. 
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Electrochemical Determination of Cation Radical Stabilities of 
Monomethylbenzo[a]pyrenes 

Donald A. Tryk,* Su-Moon Park,* and Guido H. Daub 
Department of Chemistry, University of New Mexico, Albuquerque, New Mexico 87131 

ABSTRACT 

All twelve monomethylbenzo[a]pyrenes were studied using cyclic voltammetry and single- and double-potential-step 
chronoamperometry at a plat inum electrode in acetonitrile, in order to determine the kinetic stability of the cation radicals, 
and to obtain information on the decay reaction mechanisms. For most of the compounds there may be more than one mech- 
anism operating in parallel, but single-potential-step chronoamperometric data were amenable to calculation of rate con- 
stants for the reaction of cation radical with water. With some exceptions, larger rate constants correlate with lower calcula- 
ted localization energies. There are some parallels between the kinetic results and animal carcinogenicity data reported 
eleswhere. 

Polycyclic aromatic hydrocarbons (PAH's) have long 
been studied with a view towards correlating physi-  
cal properties and theoretical parameters  w i t h  car- 
cinogenicities. Examples of at tempts at correlations of 
carcinogenicities with electrochemical properties can 
be found (1, 2). Ionization potentials and polarographic 
ha l f -wave  potentials (2, 3) yield fair  correlations with 
carcinogenicities, and have led some to propose that  
cation radicals are involved as intermediates in car- 
cinogenesis (4). More easily formed cation radicals 
should be more  potent  carcinogens. However, if there 
is a cellular  oxidizing agent sufficiently strong to oxi- 
dize most PAH's, the next  most impor tant  cri terion 
should be the kinetic stabil i ty of the cation radical  
(5). This s tabil i ty mus t  fall  wi thin  a certain range: 
too low a stabil i ty will  not  allow the species to reach 
a DNA molecule unchanged,  whereas too high a sta-  
bi l i ty will not allow it to react even after reaching a 
DNA molecule. 

A theoretical measure  of kinetic s tabi l i ty  is the 
localization energy for the reaction of cation radical 
with nucleophile, a reaction in  which charge becomes 
localized at a par t icular  carbon in  the PAH upon b ind-  
ing with the nucleophile. For most  groups of related 
PAH's, a larger  localization energy and consequently 
higher stabil i ty would mean  greater carcinogenicity. 

Caspary et al. (5) describe an exper iment  which 
measures such a kinetic stability, in which they de- 
te rmine  the steady-state  ESR signal of a frozen ben-  
zene solution containing iodine and PAH. The corre- 
lat ion is quite good for 14 compounds, with the ex- 
ception of perylene,  which probably falls into the 
too-stable category, and of d ibenz[a ,c]anthracene and 
dibenz [a,h] an thracene  (discussed below).  

An al ternate  method of de termining  cation radical 
stabilities is a t rans ient  electrochemical experiment,  
such as cyclic vo l tammetry  or chronoamperometry  
(6). The advantages of such techniques are (i) that  
the potential  can be controlled and (ii) that the cation 
radical decay mechanisms can be determined.  Iodine 
activation is not a t rue test of radical s tabil i ty because 
the yield of radicals varies with the redox potential  of 
the compound in question. Dibenz[a ,h]anthracene  and 
dibenz[a ,c]anthracene are re la t ively difficult to oxi- 
dize, and this fact may account for the low ESR sig- 
nals observed (5). Both compounds are either mu ta -  
genic or carcinogenic, however (5, 7). 

We have studied the monomethyl  derivatives of 
benzo[a]pyrene  (BaP) using cyclic vol tammetry,  and 
single- and double-potent ia l -s tep  chronoamperometry  
in  order (i) to obtain informat ion about  the overall  
electron t ransfer /chemical  reaction mechanisms. (ii) 
to obtain chemical reaction rate constants, (iii) to 
compare the la t ter  with cation radical  charge distri-  
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nogenicity, HMO calculation. 

butiOns and localization energies calculated using sim- 
ple MO theory, and (iv) to compare all of these re- 
sults with known carcinogenic properties. The n u m b e r -  
ing system for BaP is 
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Experimental 
Monomethylb.enzo [a]pyrenes.--1-, 2-, 3-, 4-, 5-, 11-, 

and 12-methylbenzo[a]pyrenes  (MeBaP's) were syn-  
thesized and purified by one of the authors (GHD) 
and co-workers (8-12). Syntheses for 3- and 5-MeBaP's 
have been reported (13-15). The remain ing  MeBaP's 
were obtained from the National  Cancer Inst i tute  
Chemical Repository and used as received. Syntheses 
have been reported (14, 16-19). 

Reagents.--Eastman spectrograde acetonitr i le was 
distilled on a high vacuum line three times from P205 
and then stored under  vacuum. T h e  background water  
concentrat ion has been estimated to be approximately 
4 mmol  on the basis of measured rate constants (kl 
in Eq. [1]) with s tandard additions of water. Po-  
larographic grade t e t r abu ty l ammonium perchlorate 
(TBAP) from Southwestern  Analyt ical  Chemicals, 
Austin, Texas, was dried on a vacuum line overnight  
at 90~176 

Preparation o] electrochemical cell.--A three-elec-  
trode cell adapted for use on a vacuum line was used. 
The ce l l  and its use have been described previously 
(20). The TBAP and MeBaP concentra t ions  were 0.1M 
and approximately 0.5 mmol, respectively. The plat i -  
n u m  working electrode (0.0228 cm 2) was polished 
with Fisher grade B gamma a lumina  (<0.1 ~m par-  
ticles), and placed in concentrated HNO~ for 1 min. 
The reference electrode was an Ag wire pseudo refer-  
ence, which was approximately ~-0.16V with respect to 
a saturated calomel electrode. Water  was added to the 
cell while he l ium was flowing to minimize Contact 
with air. 

Electrochemical experiments.~Cyclic vol tammetry  
(CV) and single- and double-step chronoamperometry  
(CA1 and CA2) were performed using a Pr inceton 
Applied Research Model 175 Universal  Programmer  
and Model 173 galvanostat-potentiostat .  For  pulse 
widths less than  1 sec, a Tektronix  Model 5115 storage 
oscilloscope was used and, for pulse widths of 1 sec or 
longer and for CV, a Houston Model 2000 X-Y recorder 

5 9 7  
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was u,sed. For  CA1 and CA2 exper iments ,  the  cel l  solu-  
t ion was m a n u a l l y  s t i r red  and then potent ios ta ted  at  
0V for 10 see p r io r  to activation.  At  act ivat ion the po-  
ten t ia l  was s tepped to a value a t  which the concentra-  
t ion of  e lec t roact ive  ma te r i a l  a t  the e lect rode surface 
would be r educed  to zero, app rox ima te ly  100 mV posi-  
t ive of the  first oxidat ion  CV peak. The first oxidat ion 
peak  occurred at  a potent ia l  at leas t  250 mV negat ive  
of the  second oxida t ion  peak,  except  in the  case of 
BaP, where  the  separa t ion  was 200 mV. For  CA2, the 
potent ia l  was then s te~ped af ter  the nomina l  pulse 
width  to a point  at which  the concentrat ion of cation 
radical  a t  the e lect rode surface would  be reduced to 
zero, 100 mV negat ive  of the  re - reduc t ion  peak  po ten-  
tial. IR compensat ion  was not  used; instead,  cur ren t  
values were correc ted  by  subst rac t ing  background  cur-  
rents  at  var ious  pulse widths,  which were  measured  in 
a cel l  p r epa red  wi thout  e lec t roact ive  ma te r i a l  and  
sub jec ted  to s imi lar  potentials .  At  0.1 see the correct ion 
was on the o rde r  of 10% of the total  current .  The napp 
values  were  computed for the MeBaP's  assuming tha t  
diffusion coefficients were  the same as those repor ted  
by  Jef t ic  and Adams  for BaP (21). 

MO calculations.--A s tandard  Hfickel MO p rog ram 
(22) was employed,  in which an h value  of --0.5 ( in-  
duct ive  model)  was used for the  carbon at  which a 
methy l  group was a t t ached  (23). Charges were  com- 
puted for the cation radicals  by  summing the squares 
of the AO coefficients, and local izat ion energies  were  
calcula ted by  comput ing the difference in to ta l  b ind-  
ing  energy  be tween  the cat ion radica l  and the con- 
juga ted  sys tem formed when the charge  is localized at 
C-6. Both systems contain 19~ electrons.  

Results and Discussion 
Electrochemical experiments.~In the  p resen ta t ion  of 

resul ts  it  wi l l  be he lpfu l  to re fe r  to an anodic ox ida-  
t ion scheme for benzo [a ]py rene  (BaP)  i tself  based 
on the one deve loped  by  Jef t ic  and Adams  (21). This 
scheme is in the form of a series of six electron t rans-  
f e r / chemica l  react ion (EC) steps. R refers  to BaP 
wi thout  two of its hydrogen  atoms. The groups r ep re -  
sented wi thout  parentheses  a re  a t tached at the 6-car-  
bon, whi le  the  groups wi thin  parentheses  can be a t -  
tached at  the 1-, 3-, or 12-carbons 

--e- + H20,kl  
El: R(H)H~R(H)H" > R(H)HOH" ~- H + 

[I] 

Es: R(H)HOH'~R(H)HOH + -->R(H)OH ~- H + 

C2] 

- - e -  + 

Es: R(H)OH~R(H)OH. ~R(H)O.+H + [3] 

- e -  H20,k4 
E4: R(H)O"  <-j--;t- R ( H ) O  + ~ R ( O H ) O H  -b H + 

[4] 

~-- + ~r 

Es: R(OH)OH <----~R(OH)OH. ~=~R(OH)O. -~ H+ 

[S] 

- - e -  k6 
Ee: R(OH)O" <----~R(OH)O + ~R(O)O + H + [6] 

Thus the final p roduc t  R ( O ) O  is a mix tu re  of the 
BaP  diones, 1,6-dione, 3,6-dione, and 6,12-dione. Also, 
some of the  chemical  s teps m a y  be revers ible ,  espe-  
c ia l ly  [3], [5], and [6]. 

React ion [1] is shown d i a g r a m m a t i c a l l y  below, 
b roken  into e l emen ta ry  steps. 

1 H H OH2 H OH 

Cyclic vo l t ammograms  for B aP are  shown in Fig. 1 
before  and azter the addi t ion of enough wa te r  to br ing  
the concentra t ion to 39.0 retool. In  this and other  vol t -  
a m m e t r y  shown, the  ini t ia l  posi t ive potent ia l  scan is 
reversed  af te r  the  cat ion radival  is produced;  the see- 
ond scan is reversed  af te r  dicat ion is p roduced  at more 
posi t ive potentials .  In  Fig. la ,  format ion  of cat ion 
radical  is seen at  + 1.09V 'and format ion  of anion rad i -  
cal is seen at  --2.09V, both vs. Ag. Two fused peaks  
corresponding to reduct ion of products  wi th  the main  
peak  at -F0.58V have  been associated wi th  the reduc-  
tion of 6 -oxo-BaP cat ion to its free radica l  ( react ion 
[4]) and the reduct ion  of 6 -OH-BaP cat ion radical  to 
6 -OH-BaP  (react ion [3]) (21). Af t e r  the addi t ion of 
wa te r  (Fig. lb)  a peak  cor responding  to reduct ion of 
BaP dione appears  at  +0.27V (21). 

Methy la ted  BaP cat ion radicals  are  on the whole 
more  s table than  that  of BaP, as can be seen in  Fig. 2, 
showing CV of  3-MeBaP. Vol tammograms  for the o ther  
MeBaP's  a re  fa i r ly  s imilar  except  for var ia t ions  in 
peak  shapes due  to adsorpt ion  and kinetics.  The most  
pronounced example  of adsorpt ion  is 6-MeBaP, whose 
CV is shown in Fig. 3. Here  the cation radica l  ad-  
sorbs, and its reduct ion is seen as a smal l  spike when 
no wa te r  has been added. Note tha t  the  decay of ca t ion 
radical  gives r ise to no c lear ly  defined product  peaks 
while  the decay of dicat ion gives rise to two c lear ly  
defined peaks.  The second product  peak,  he re  seen at  
-t-0.23V, is much more  pronounced than  it was for 
any  of the  o ther  compounds.  This peak  could again 
correspond to reduct ion of a dione. In  suppor t  of this, 
there  is a s trong s imi la r i ty  be tween  the  CV for 
6-MeBaP observed with added  wa te r  (Fig. 3b) and 
that  for  BaP with  added  wa te r  (Fig. l b ) .  

CA2 cur ren t  rat ios  (Ri -~ i2T/iT, where  ~ is the pulse  
width)  are shown for represen ta t ive  MeBaP's  in Fig. 4. 
I t  has been he lpfu l  to compare  these resul ts  with 

~ A 

b. 

J 

I i J I I 

+2.0 +1.0 0.0 -1.0 -2.0 
E, V vs. Ag 

Fig. 1. CV of RaP (0.49 mmol) at 100 mV sec -1  in acetonitrile. 
The arrow marks indicate the potential scan corresponding to the 
cation radical generation, a. No H~O added, b. 39.0 mmol H~O. 
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b.~. 

I I I I i 

+2.0 + I . 0  O.O - 1 . 0  - 2 .0  
E, V vs .  Ag 

Fig. 2. CV of 3-MeBaP (0.46 mmol) at 100 mV sec -z  in aceto- 
nitrile, u. No H20 added, b. 10.2 mmol H20. 

a. 

+2.0 +1.0 0 .0  - 1 , 0  ~Z.O 
E, V vs.  Ag 

Fig. 3. CV of 6-MeBaP (0.49 retool) at 100 mV see -1  in aceto- 
nitrile, o. No H20 added, b. 13.5 mmol H~O. 

the comprehensive set of digi tal ly simulated working 
curves published by Hanafey et al. (24). The be- 
havior of l l -MeBaP  indicates that  it has the most 
stabIe cation radical, and the curve approaches the 
first-order EC working curve shown for comparison 
at large T values. However there are about ten other 
possible mechanisms which give similar working 
curves, including ECE, ECEC, and ECC mechanisms. 
All of these exhibit the approach at small ~ values of 
Ri to the vaIue of 0.293, which is predicted for a simple 
diffusion-controlled electron transfer uncomplicated by 
chemical reactions (25). The explanation for the fact 
that Ri is less than expected is that adsorption equilib- 
r ium is not being established at short times (26). 

0.3 

R i 

0.2 

0 . I  

0,0 I 
- I  0 +I log ~, S 

1 

+2 

Fig. 4. CA2 current rat~s as a function of pulse width for several 
MeBaP's in anhydrous acetonitrile. ( � 9  1-MeBaP; CA) 2-MeBaP~ 
([-1) 3-MeBaP; ( e )  6-MeBaP; and (A)  11-MeBaP. Points are 
averaged from two experimental values. All concentrations were 
approximately 0.5 mmol. Dashed line: first order EC working curve; 
dotted and dashed line: EC, radical-radical coupling working 
curve (37). 

1-MeBaP has a somewhat stable cation radical ac-  
cording  to its Ri vs. log r behavior. Less stable are the 
cation radicals  of 3-MeBaP and 2-MeBaP. 6-MeBaP 
exhibits unique behavior and is discussed below. All 
of the other MeBaP's not represented in Fig. 4 (4, 5, 
7-10, and 12) exhibited plots intermediate between 
those of 2- and 3-MeBaP. As the stabili ty of the cation 
radicals decreases, Ri seems to fall off more gradually, 
as in the case of 2-MeBaP. This kind of behavior is in- 
dicative of a second-order process for the decay of 
cation radicals. Hanafey et al. present working curves 
for five such possible mechanisms, all involving the 
coupling of two electrogenerated species (24). Two 
possible mechanisms which have relevance in the pres- 
ent case are (i) EC, radical-radical  coupling ~and (ii) 
ECC, second-order disproportionation. The first pos- 
sibility can be represented as follows 

§ 

2R(H)H" -~ ( H ) R- - R( H )  -t-2H+ [7] 

Here the coupling occurs at the 6-position, as has been 
documented for BaP (21). BaP, 8-MeBaP, and l l -  
MeBaP all experienced irreversible adsorption of prod- 
uct, which in the case of BaP has been found to be 
composed mainly of BaP dimer (21). A film coats the 
electrode as current is passed for extended periods. 
Thus for these compounds, reaction [7] is probably 
a significant pathway. 

The second possibility can be represented as follows 

+ 

2R(H)H" -> R ( H ) H  + R(H)H~+ [8] 

R ( H ) H  2+ + H~O--> R(H)OH + 2H + [9] 

Supporting evidence for this mechanism is the fact 
that  when the potential is swept in the C-V to values 
at which dication can be formed (Fig. 1 and 2), there 
is more efficient production of products. Both mecha- 
nisms have vir tual ly identical working curves (24), 
and the curve corresponding to reaction [7] is shown 
for comparison in Fig. 4. 

For most of the MeBaP's the current ratio plots lie 
somewhere between the first-order EC-type and the 
second-order-type working curves. The reason is 
probably that reactions [1]-[6], [7], and [8]-[9] 
are occurring in p~rallel  but in various proportions 
for the different MeBaP's. 

After  water was added to the level of about 10 mmol, 
the Ri plots for most of the compounds shifted to the 
left, indicating a lessening of cation radical stability. 
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Also, for  a l l  compounds except  1- ,and  l l - M e B a P  (and 
6-MeBaP, to be discussed below) the second-order  
charac te r  of the  plots  increased.  This phenomenon 
could be consistent  wi th  r ad ica l - r ad ica l  coupling ( re-  
act ion L7]) i~" one assumed tha t  water ,  even while  ac-  
ce lera t ing the  decay  of cation radical  th rough  react ion 
[1], was enhancing the adsorpt ion of  both  pa ren t  com-  
pound and cat ion radical ,  and thus increas ing the 
concentra t ion of cat ion radicals  near  the electrode.  
The assumpt ion is val id  because the presence of 5.2 
mmol  wa te r  increased the surface excess of 1-MeBaP 
from 6.8 • 10 -1~ to 1.2 X 10 -9 tool  cm -~, and that  of 
1-MeBaP cation radica l  f rom 2.1 X 10 -1~ to 4.6 X 
10 -10 tool cm-e ,  as de t e rmined  from chronocoulometr ic  
measurements .  This phenomenon could ' a l so  be con- 
sistent  wi th  d ispropor t iona t ion  (react ions [8] - [9] )  for 
the same reason. The Ri plot  for 6-MeBaP (Fig. 4) 
shows values less than  expected  at  the shor t e r  pulse  
widths  p robab ly  again due to adsorpt ion  of  .compound. 
As was seen with  cyclic vo l tammet ry ,  there  is also 
adsorpt ion  of cation radical ,  which def ini te ly  accounts 
for the  la rge  Rj values  at  the longer  pulse  widths.  

Represen ta t ive  resul ts  for  s ing le -po ten t ia l - s tep  chro-  
noaraperomet r ic  (CA1) exper iments  done wi thout  
added  wa te r  a re  presented  in Fig. 5. Al l  of the da ta  
a re  character ized b y  a monotonic  increase in t%app as 
t ime proceeds.  Results  for the MeBaP 's  not presented  
in the  f igure a re  ve ry  s imi la r  in shape to those for 1- 
and 2-MeBaP. The plot  ior  6-MeBaP has been fit as-  
suming n8 --  0.5 and that  for  l l - M e B  has been fit 
assuming n~ _-- 1. Those compounds wil l  be discussed 
in more  deta i l  below. A t  t imes shor ter  than 0.1 sec, al l  
of the  napp values r ise  wi th  decreas ing t ime due to 
adsorp t ion  of compound at  the e lect rode surface, as 
discussed above. 

Fo r  s imple  ECE mechanism,  napp, the apparen t  n u m -  
ber  of  electrons t r ans fe r red  should rise to a p la teau  
va lue  according to the  number  of e lectrons involved  in 
the second elect ron t ransfer  [6] based on the equat ion 
9%app ~ n l  ~- n2 (1 -- e - ~ 0 .  Here  nl and n2 are  the n u m -  
ber  of  electrons t r ans fe r red  before  and af ter  the chemi-  
cal step, and k is the ra te  constant  for the chemical  
step. The lower  por t ion of the expe r imen ta l  curves 
(Fig. 5~a and b)  can be fit r easonab ly  wel l  to the  ECE 
work ing  curve in which n~ --  I and n~ _-- 2. Over  the 
region where  n~,, is 2 ,,~ 3 the curves s tar t  devia t ing  
due p r o b a b l y  to the opera t ion  of fu r the r  e lect ron 
t ransfe r  steps. F ina l ly  at  much longer  t imes (<60 sec) ,  
the  ac tual  cur ren t  reached ,a s t eady-s ta te  value  in 
e v e r y  ~case, and thus the Rapp values began to increase 
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Fig. S. CAI  napp values as a function of time for (a) 1-MeBaP, 
(b) 2-MeBaP, (c) 6-MeBaP, and (d) 11-MeBaP in anhydrous ace- 
tonitrile. Concentrations were approximately 0.5 mmol. EC:E work- 
ing curves are shown which assume nl ---- 1 and (a) n2 = 2, (b) 
n2 = 2, (c) n2 = 0.5, and (d) n2 = 1. Squares and circles desig- 
nate points obtained using an oscilloscope and an x-y recorder, 
respectively. 

steeply.  I t  is p robab le  tha t  this phenomenon  is due  in 
pa r t  to a ca ta ly t ic  mechamsm because the  t ime at  
which s teady  state was reached depended  on the com- 
pound. However ,  it  is difficult to separa te  the contr i -  
but ion of s t eady- s t a t e  cur ren ts  b rought  on by  r ad ia l  
diffusion and by  na tu r a l  convection from such a cata-  
ly t ic  current .  

I t  has been shown using cyclic vo l t ammet ry  and 
chronopoten t iomet ry  that  severa l  d ime thy lbe nzo [a ] -  
pyrenes  exhib i t  ca ta ly t ic ,  or  r egenera t ive  behavior  in 
the presence of Water (27). A possible mechanism 
would be 

+ 

R ( H ) H  �9 ~- HfO-> R ( H ) H  ~- products  [I0] 

I t  appears  tha t  wha teve r  mechanism is involved,  i t  
holds  at long t imes tor  al l  of the compounds except  
for 6-MeBaP. 

An  ECE mechanism with  nl  - -  1 and n2 = 2 would 
be consistent  wi th  rea,ctions [1]-[6]  if k~ were  re la -  
t ive ly  large.  Effect ively then, react ions [2] and [3] 
would be combined  

--2e- + 

R ( H ) H O H .  ~ R ( H ) O H .  -]- H + [11] 

The resul t ing  cation radica l  (der ived  f rom BaP)  has 
been shown in our  l abo ra to ry  to be s table  on the 
cyclic vo l tammet r ic  t ime scale (100 mV sec -1 scan 
ra te ) .  Thus, the ra te  constant  ka seems to be ra the r  
small .  The product  of react ion [3J, the 6 -oxo-BaP  
free radical ,  is also a s table species which can undergo 
fu r the r  oxida t ion  ( react ion  [4]) to fo rm 6-oxo-BaP 
cat ion (21). Nucleophil ic  .attack upon this cation by  
wa te r  (react ion [4]) is r e l a t ive ly  slow, as seen by  
the fact  that  in the  CV not  much cur ren t  is observed 
for  reduct ion of fu r the r  products ,  espec ia l ly  wi th  the 
MeBaP 's  (Fig. 2). Therea f t e r  the last  two elect ron 
t ransfers  seem to blend smoothly  in the  napp vs. log t 
curves (Fig. 5b).  

I t  is difficult s imply  by  moni tor ing  cur ren t  to dis-  
t inguish ECE from ECC-heterogeneous  d i spropor t iona-  
tion, in which the e lect ron t rans fe r  in react ion [2] is 
effected in solut ion by  BaT' .cation radical ,  ins tead of 
at  the  e lect rode (24) 

+ 

R ( H ) H  ' -~ R ( H ) H O H '  -> R ( H ) H  -~ R ( H ) H O H  + [12] 

Pa ren t  compound is regenera ted  and  thus this mecha-  
nism is s imi la r  to one-ha lE-order  regenera t ion  (28). 
Amato re  and Savean t  (29) predic t  a d is t inguishing 
fea tu re  in the CA2 behavior  be tween ECE and dis-  
propor t ionat ion,  but  i t  is not  appl icab le  here  because 
of the  exis tence of  fu r the r  chemical  steps. ECEC and 
d ispropor t iona t ion  can have ve ry  s imi lar  CA2 behavior  
(24). The CA1 behavior  for the two mechanisms is 
also quite s imi la r  (30), and the calculat ion of k values  
should y ie ld  s imi lar  values  in both cases. 

I t  is also difficult in s ing le -poten t ia l -~ tep  expe r i -  
ments  to d is t inguish be tween  ECE and ECC, second- 
o rde r  d i spropor t iona t ion  (react ions [8] and [9]) .  
Marcoux  (31) predic ts  a s l ight ly  less s teeply  r i s ing 
napp vs. log t curve for  the l a t t e r  mechanism.  However ,  
the pronounced effect of a second-order  mechanism 
which was seen in doub le -po ten t i a l  step exper imen t s  
(Fig. 4) is not  ev ident  in the  CA1 da ta  (Fig. 5). Thus, 
the calculat ion of k values f rom CA1 da ta  based on 
a n  in i t ia l  ECE mechanism seems valid. 

Rate  constants  for a l l  compounds except  for  6-MeBaP 
and l l - M e B a P  have  been de te rmined  by  fit t ing the 
da ta  to an ECE work ing  curve in which nl - -  1 and n~. 
_-- 2; they  are  t abu la ted  in Table I. Fo r  6- and l l -  
MeBaP, values of  n2 of 0.5 and L0, respect ively,  were  
used for  the calculation. The ra te  const'ants calculated,  
assuming n2 = 2 wi l l  be control led by  both kl and k2 
and wil l  be des ignated  as k', al though k' ~ ks. The 
rank ing  of s tabi l i t ies  of cation radicals  based on Table  
I genera l ly  fol lows the r ank ing  based on CA2 resul ts  
as wel l  as  that  based on CA1 resul t s  w i th  added  water .  
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Table I. Pseudo-first order rate constants (sec -1)  for reaction of 
BaP and MeBaP cation radicals, based on CA1 data, 

assuming nl - -  1 

/r s e c - 1  

Table II. Charges and localization energies for MeBaP cation 
radicals 

+ AElocb in 
q, [R(H).]a ~ units r 

B a P  1.12 2 
1-MeBaP 0.21 2 
2-MeBaP 0.76 2 
3-MeBaP 0.63 2 
4-MeBaP 0.32 2 
5-MeBaP 0.71 2 
6-MeBaP 0.72 0.5 
7-MeBaP 0.36 2 
8-MeBaP 0.60 2 
9-MeBaP 0.20 2 

10-MeBaP 0.26 2 
I I -MeBaP  0.37 i 

12-MeBaP 0.32 2 

,BaP 0.1884 1.5893 6 
1-MeBaP 0.1611 1.6479 6 
2-MeBaP 0.1877 1.5914 6 
3-MeBaP 0.1628 1.6417 6 
4-MeBaP 0.1675 1.6271 6 
5-MeBaP 0.1821 1.6361 6 
6-MeBaP 0.4132 1.2416 6 
6-MeBaP 0.0903 1.8681 1 
7-MeBaP 0.1854 1.6349 6 
8-MeBaP 0.1835 1.5917 6 
9-MeBaP 0.1746 1.6217 6 

10-MeBaP 0.1807 1.6057 6 
I I -MeBaP  0.1765 1.6098 6 
12-MeBaP 0.1679 1.6343 6 

The •app values for 6-MeBaP plateau a t  around 1.5 
electrons (Fig. 5c) ,  indicat ing a different mechanism 
at work, as was hinted at by the CA2 results. Coupling 
of cation radicals is probably  occurring as in reaction 
[6], but  possibly through the methyl  group. In teres t -  
ingly, however,  when  the dication is produced in  a 
CV experiment ,  h ighly  efficient formation of a dione 
seems to occur (Fig. 3). This diorie could be a 1,3 type. 

In  any case, 1-MeBaP has a ra ther  reactive cation 
radical. In  comparing rate  constants in  Table I, the 
fact that  the decay rate  for 6-MeBaP cation radi,cal is 
second order in hydrocarbon makes it appear more 
stable than  it actual ly is. Note that the concentrat ion 
of hydrocarbon is about 0.5 mmol  while the estimated 
concentrat ion of background water  is 4 mmol. Thus a 
comparison based on second-order  rate constants 
would show this cation radical  to be the most reac- 
tive. 

The l l - M e B a P  cation radical is the most stable, 
based on CV and CA2 data. The CA1 data points, if 
they are fit to an ECE working curve in which nl  ---- 1 
and n2 = 2, also show a very low decay rate constant. 
However, the fit is bet ter  for n2 : 1 (Fig. 5d), indi-  
cating that the k2 value is small. Thus the calculated 
rate constant  represents a true kl value. 

Summar iz ing  the mechanistic results for the MeBaP's 
there are several  pathways which can operate in 
paral lel :  (i) E C E C . . .  EC. (ii) E C C . . . ,  heterogeneous 
disproportionation. Here the successive electron t rans-  
fers can be mediated by solution species, pr incipal ly  
the cation radical. It is impossible at this point  to de- 
te rmine  the relat ive contr ibut ions of mechanisms [1] 
and [2], but  calculated k values are v i r tua l ly  identical. 
(iii) EC, radical-radical  dimerization. This pathway 
is impor tant  for the three compounds which undergo 
filming of the electrode, BaP, 8-MeBaP, and l l -  
MeBaP, as well  as for 6-MeBaP. (iv) E C C . . . ,  second- 
order disproportionation. This pa thway is impor tant  
for all  of the compounds except 1-MeBaP and l l -  
MeBaP, especially with added water. Mechanisms [3] 
and [4] affect the CA2 behavior  much more than they 
affect the CA1 behavior. Therefore, k values can be 
calculated on the basis of mechanism [1] using CA1 
data. (v) E C . . . ,  second-order  regenerative.  At long 
electrolysis times, this pa thway predominates  for all 
compounds except 6-1V~eBaP. 

MO calculations.--HMO calculations give the result  
that  the 6 carbon of the cation radical BaP and of the 
M eBaP's has the highest positive charge as well as 
the lowest localization energy. Thus it should be the 
most reactive, according to considerations of both the 
ini t ial  state in a potent ial  energy diagram and of the 
activated complex with water. Values are given in  
Table II. For  most of the MeBaP's there is an inverse 
relat ionship between charge and localization energy, 
except for 5- and 7-MeBaP. They have high charges 
but  also high localization energies. 

. This quantity is the charge at the r position, where r is l isted 
in the fourth column. 

bThis quantity is the localization energy or the energy differ- 
ence between the cation radical and the cation radical plus water 

+ + 
AEloe = - { E [ R ( H ) H O H -  ~  - -  E [ R ( H ) H ' ] l r  

fl unit ~ 18 kcal/mol. 

Support  for the concept of addit ion of water  to the 
cation radical  as a ra te -de te rmin ing  step is given by 
a potential  energy diagram (Fig. 6). HMO total b ind-  
ing energies were calculated for the species involved 
in reactions [1]-[3], in addit ion to the activated state 
itself, cation radical plus water. The fact that there is 
a plateau at the highest potent ial  energy (lowest b ind-  
ing energy) is misleading however:  the chemical 
t ransformations are occurring outside the conjugated 
system and thus do not affect the total energy. 

If the logar i thm of the rate constant  k' is plotted 
against localization energy (Fig. 7)~ one sees a basic 
trend, but  with several  exceptions. 1-, 7-, 12-, 4-, 8-, 
and 2-MeBaP follow the expectation that  lower locali- 
zation energies 'are correlated with larger  rate c o n -  
stants. The cation radicals of 5- and 7-MeBaP were 
predicted to have relat ively large positive charges at 
the 6-carbon, but  relat ively high localization energies. 
The rate constant  for 7-MeBaP seems to fit bet ter  with 
the localization energy, while that  of 5-MeBaP fits 
bet ter  with the charge. 

For 10- and l l - M e B a P  there should be some steric 
h indrance  between the methyl  group and the ne igh-  
boring hydrogen atom. By analogy with several meth-  
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-e H20 -H + -e -H + -e -H + 
+ + + 

R'H ~ R'H- --> R'H .H20 --> R'HOH" -> R'HOH --,-> R'Olt ---> R'OH + ---> E'O' 

Fig. 6. Total HMO Binding energies in # units for oxidation 
products and intermediates of BaP ( � 9  and 1-MeBaP (A) .  R' 
refers to BaP or 1-MeBaP without a hydrogen atom at the 6 
position. 
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ylbenz [a] anthracenes and methylchrysenes, there 
should also be a deviation from planarity for such 
compounds (32-34). Perhaps such an effect could ex- 
plain the larger than expected stability of the cation 
radical if a thermodynamic argument were used: de- 
stabiliZation due to nonplanarity might affect.the neu- 
tral molecule more unstable than the cation radical, 
leading to a lowered redox potential. Rough measure- 
ments using a saturated calomel reference electrode and 
correcting for following reactions indicate that 10- 
and l l-MeBaP do indeed have more negative poten- 
tials for oxidation. However, the apparent difference 
in k2 value between ll-MeBaP and, say, 1-MeBaP 
remains to be explained. It implies something sur- 
prising, i.e., that a dearomatized .intermediate, 
R(H)HOH + in reaction [2], is stabilized for 11- 
MeBaP. Perhaps there is an interaction between the 
nonplanarity mentioned above and an enhanced reson- 
ance stabilization through a mechanism such as 
hyperconjugation. 

Carcinogenicity.--Carcinogenicity data have been 
gathered from the literature and are given in Table 
III. Data in the lefthand column tend to support the 
theory of diolepoxide intermediacy (35), which would 
predict no activity for 7-, 8-, 9-, or 10-MeBaP, al- 
though the nonzero activities for 7- and 10-MeBaP 
suggest that there might be another mechanism at 
work (3). The lack of activity for 8- and 9-MeBaP is 
at complete variance with the theory of cation radical 
intermediacy, however. 

Data in the righthand column of Table III for a 
limited group of MeBaP's show that methylation at 
some positions leads to enhanced carcinogenicity. This 
fact is consistent with the assumption that compounds 
with more stable cat~on radicals (within limits) should 
be more active. 2-MeBaP has greater radical stability 
than BaP, but has the lowest of the MeBaP's and also 
shows a slightly lower carcinogenic activity, l l -  
MeBaP has the highest cation radical stability and 
shows a slightly higher activity. 

Even these very limited parallels should encourage 
further work along these lines, given the complex na- 
ture of the carcinogenic process. Since many biological 
testing systems may involve several simultaneous 
pathways, it may be useful to devise systems which 
involve only one path~vay, such as that involving the 
cation radical. Such an approach is being taken by 
Cavalieri and co-workers (36, 37). 
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Fig. 7. Log of the ECE rate constant computed trom CAi data 
(see Table I) vs. the localization energy for C-6 in p units, log k" 
-~  - - 0 . 8 9  for ]I-MeBaP assuming n2 ~- 2 (see text). A least 
squares line is plotted based on all points except that for 11-MeBaP. 

Table Ill. Carcinogenicities of MeBaP's 

No.  of  
p u l s e s  ( + ) a I b a l l  i n d e x  b 

B o P  4 69 
1-MeB a P  - -  _ 

2 - M e B a P  4 92 
3 - M e B a P  4 95 
4 - M e B a P  4 95 
5 - M e B a P  2 - -  
6 - M e B a P  4 - -  
7-MeBaP 2 - -  
8 . M e B a P  0 
9 - M e B a P  0 - -  

10-MeBaP~ 1 - -  
I I - M e B a P  4 103 
12-MeBaP 4 97 

T h e  n u m b e r  of  p l u s e s  ( + ) i s  b a s e d  on  B a d g e r ' s  s y s t e m  (38) .  
D a t a  f o r  5- t h r o u g h  9 - M e B a P  a r e  a l so  f r o m  B a d g e r .  D a t a  f r o m  
L a c a s s a g n e  et  a~. (39) f o r  t h e  r e m a i n i n g  c o m p o u n d s  w e r e  con-  
v e r t e d  to  t h i s  s ca l e .  

b The I b a l l  (40) 
% t u m o r s  �9 I00  

c a r c i n o g e n i c i t y  i n d e x  = 
a v g  l a t e n c y  p e r i o d  i n  d a y s  

I n d e x e s  w e r e  c o m p u t e d  u s i n g  d a t a  f r o m  L a c a s s a g n e  e t  at. (39) .  
D a t a  f r o m  H a r v e y  (41) i n d i c a t e  t h a t  10 -MeBaP  i s  l e s s  t h a n  

I / i 0  as  p o t e n t  a s  B o P ,  w h i l e  t h a t  f r o m  H e c h t  e t  al. (33) i n d i c a t e s  
t h a t  i t  is  r o u g h l y  1 /2  a s  p o t e n t  a s  B o P .  

Acknowledgments  

We would like to express our appreciation to Dr. 
J. N. Keith, NCI Chemical Repository, IIT Research 
Center, Chicago, for supplying samples of 6-, 7-, 8-, 
9-, and 1O-MeBaP. We would also like to acknowledge 
helpful discussions with Dr. Kenneth Wiberg, Yale 
University and with Dr. Tsutomu Ohzuku, Okayama 
University. 

Manuscript submitted June 7, 1982; revised manu- 
script received ca. Oct. 10, 1982. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1983 
JOURNAL. All discussions for the December 1983 Dis- 
cussion Section should be submitted by Aug. 1, 1983. 

REFERENCES 

I. A. C. Allison, M. E. Peover, and T. A. Gough, 
Nature, 197, 764 (1963). 

2. V. Podany, E. Rezabkova, and L. Bahna, Nee- 
plasma, 25, 57 (1978). 

3. E. Cavalieri, R. Roth, C. Grandjean, J. Althoff, K. 
Patil, S. Liakus, and S. Marsh, Chem.-BioL In- 
teractions, 22, 53 (1978). 

4. M. Will{, W. Bez, and J. Rochlitz, Tetrahedron, 22, 
2599 (1966). 

5. W. Caspary, B. Cohen, S. Lesko, and P. O. P. T-q'o, 
Biochem., 12, 2649 (1973). 

6. D. D. MacDonald, "Transient Techniques in Elec- 
trochemistry," Plenum Press, New York (1977). 

7. 5. McCann, E. Choi, E. Yamasaki, and B. N. Ames, 
Prec. Nat. Acad. Sci. USA, 72, 5135 (1975). 

8. J. L. Adelfang and G. H. Daub, J. Am. Chem. Soc., 
77, 3297 (1955). 

9. J. L. Adelfang and G. H. Daub, ibid., 79, 1751 
(1957)'. 

10. J. W. Patton and G. H. Daub, ibid., 79, 709 (1957). 
II. J. L. Comp and G. H. Daub, ibid., 80, 6049 (1958). 
12. C. Doyle, Jr. and G. H. Daub, ibid., 80, 5252 (1958). 
13. J. M. L. Cameron, J. W. Cook, and R. Schoental, 

J. CHem. Soc., 257 (1952). 
14. L. F. Fieser and E. B. Hershberg, J. Am. Chem. Soc., 

60, 2542 (1938). 
15. R. S. Bodine and G. H. Daub, J. Org. Chem., 44, 4461 

(1979). 
16. L. F. Fieser and E. B. Hershberg, J. Am. Chem. 



Vol. 130~ No. 3 CATION RADICAL STABILITIES 603 

Soc., 60, 1658 (1938). 
17. L. F. Fieser and M. Fieser, ibid., 57, 782 (1935). 
18. M. S. Newman and S. Kamer, J. Org. Chem., 42, 

3284 (1977). 
19. W. E. Bachmann and M. J. Carmack, J. Am. Chem. 

Soc., 63, 2494 (1941). 
20. S.-M. Park, This Journal, 125, 216 (1978). 
21. L. Jeftic and R. N. Adams, J. Am. Chem. Soc., 92, 

1332 (1970). 
22. K. B. Wiberg, "Computer Programming for Chem- 

ists," pp. 215-225, W. A. Benjamin, New York 
(1965). 

23. A. Streitwieser, Jr., "Molecular Orbital Theory 
for Organic Chemists," p. 135, John Wiley & Sons, 
New York (1961). 

24. M. K. Hanafey, R. L. Scott, T. H. Ridgway, and 
C. N. Reilley, Anal. Chem., 50, 116 (1978) and 
supplementary material. 

25. A. J. Bard and L. R. Faulkner,  "Electrochemical 
Methods: Fundamentals and Applications," p. 
182, John Wiley, New York (1980). 

26. R. H. Wopshall and I. Shain, Anal. Chem., 39, 1514 
(1967). 

27. S.-M. Park, J. J. Michnovicz, and G. H. Daub, Anal. 
Biochem., 90, 374 (1978). 

28. T. H. Ridgway, R. P. Van Duyne, and C. N. Reilley, 
J. Electroanal. Chem., 67, 1 (1976). 

29. C. Amatore and J. M. Saveant, ibid., 107, 353 (1979). 
30. C. Amatore and J. M. Saveant, ibid., 102, 21 (1979). 

31. L. Marcoux, J. Am. Chem. Soc., 93, 537 (1971). 
32. D. W. Jones and J. M. Sowden, Cancer Biochem. 

Biophys., 4, 43 (1979). 
33. S. S. Hecht, N. Hirota, and D. Hoffman, Cancer 

Lett., 5, 179 (1978). 
34. S. S. Hecht, M. Loy, R. Mazzarese, and D. Hoffman, 

J. Med. Chem., 21, 38 (1976). 
35. D. M. Jerina, R. Lehr, M. Schaefer-Ridder, H. Yagi, 

J. M. Karle, D. R. Thakker, A. W. Wood, A. Y. H. 
Lu, D. Ryan, S. West, W. Levin, and A. H. Con- 
ney, in "Origins of Human Cancer," H. Hiatt, 
J. D. Watson, and I. Winsten, Editor~, pp. 639-658, 
Cold Spring Harbor Laboratory, Cold Spring 
Harbor, NY (1977). 

36. E. Cavalieri, E. Rogan, and R. Roth, in "Free Radi- 
cals and Cancer," R. Floyd, Editor, Marcel Dek- 
ker, New York (1982), In press. 

37. E. Rogan, R. Roth, E. Cavalieri, P. Katomski, and J. 
Benderson, Chem.-Biol. Interactions, 22, 35 
(1978). 

38. G. M. Badger, Brit. J. Cancer, 2, 22 (1948). 
39. A. Lacassagne, F. Zajdela, N. P. Buu-Hoi, O. 

Chalvet, and G. H. Daub, Int. J. Cancer, 3, 238 
(1968). 

40. J. Iball, Am. J. Cancer, 35, 188 (1939). 
41. R. G. Harvey and F. B. Dunne, Nature, 273, 566 

(1978). 

Crystallographic Anisotropies in Electrochemical Etching of Pt 
R. Caracciolo and/.  D. Schmidt 

Department of Chemical Engineering and Materials Science, University of Minnesota, Minneapolis, Minnesota 55455 

ABSTRACT 

Single crystal microspheres of Pt are examined by scanning electron microscopy following electrochemical and chemi- 
cal etching in chloride and cyanide solutions. In all cases, a single maj or crystal plane is formed which is not the close packed 
(111) plane. Rates of dissolution and facet formation also vary among planes and with etching conditions. The largest anisot- 
ropy occurs with aqua regia where initial attack is exclusively near (210) but only (110) facets are formed. The (111) and (100) 
planes are attacked in aqua regia only from their edges, but eventually these orientations are transformed completely into 
(110) facets. Electrochemical chloride etching with a-c potentials produces large smooth planes near (100), and the (111) 
plane is attacked readily to form (100) facets. Electrochemical cyanide etching produces the most rapid attack of the (111) 
orientation to produce facets of (110). Possible mechanisms for these processes and implications for preparation of Pt elec- 
trodes are discussed. 

Platinum, the standard electrode in most electro- 
chemical processes (1), derives its usefulness from its 
high reactivi ty in electrode reactions combined with 
inertness towards erosion and deactivation through 
solid compound formation. Because of these properties, 
Pt electrodes exhibit a reproducibil i ty unequaled by 
any other electrode materials. On the other hand, Pt 
does erode electrochemically in some solutions, and 
faceting and recrystallization produce changes in 
properties with time. Plat inum electrodes must be 
prepared and treated in a specified manner to obtain 
quantitative reproducibility. 

Different crystal  planes of Pt behave quite differently 
in adsorption and reactions. The variations in H2 and 
O2 evolution with crystallographic orientation have 
been par t icular ly  well documented (2-6). It has typi-  
cally been assumed that polycrystall ine wires or foils 
facet into the close packed (111) plane because this is 
the lowest free energy plane at the metal-vacuum 
interface. However, it is not obvious that this plane is 
most stable in electrolyte solutions because rates of 
surface dissolution and rearrangement processes in- 
fluence which planes are formed. 

Many years ago Gwathmy and co-workers (7, 8) 
introduced the use of polished single crystal spheres to 
study crystallographic anisotropies. They examined 
the thickness of oxide films on ,~1 cm diam Cu spheres 
~and also studied facet ing produced by H2 oxidation on 

Cu and Ni spheres. In this laboratory (9), smaller 
spheres of Pt have been used to study catalytic etching, 
.the faceting which occurs in catalytic reactions of 
gases at high temperatures. We showed that the rates 
of etching and the stable planes depended strongly on 
crystallographic orientation. We also found that the 
stable plane is f requent lynot  the (111), and that each 
reaction produces different morphologies. Single crystal 
spheres ~1 mm in diameter are very easily prepared 
by melting of a wire in a torch, and these sizes are con- 
venient for examination in the scanning electron 
microscope (SEM). 

The objective of this research is to determine the 
role of crystallographic orientation in faceting of Pt in 
specimens which are free of grain boundaries and 
stresses, because both of these effects can compete with 
crystallographic anisotropies in influencing erosion 
processes. 

There have been many studies of erosion of Pt elec- 
trodes (10-13). It is widely recognized that rates vary 
with crystal plane and conditions, and the mechanisms 
of etching have been discussed (10, 11). However, to 
our knowledge, the crystal plane dependence of rates 
of etching and stabilities have not yet been identified. 

Experimental 
The electrodes for these experiments were platinum 

single crystal microspheres, ~0.02 cm diam, prepared 
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by mel t ing  the ends of  high p u r i t y  (99.9+ %) 0.006 cm 
Pt  wires  in a CH4-O2 torch as descr ibed prev ious ly  
(9). The surface of these spheres  af ter  solidification 

appears  spher ica l  and  smooth except  for flat (111) and 
smal ler  (100) facets. These planes  are  identif ied by  
thei r  th ree -  and four - fo ld  symmetr ies ,  respect ively .  
This is p r o b a b l y  the  high t empe ra tu r e  equ i l ib r ium 
form in which the flat a reas  are  or ienta t ions  wi th  min i -  
mum surface free energy  which form cusps in a Wulff 
plot  (9). The s te reographic  t r iangle ,  the  "uni t  cell" of 
possible or ienta t ions  on a curved surface, can be iden t i -  
fied on a single c rys ta l  sphere b y  s y m m e t r y  to give a 
complete  charac ter iza t ion  of the surface. Severa l  
spheres were  spot  welded  to one l a rge r  wi re  so tha t  a 
number  of spheres could be t r ea ted  and examined  
s imul taneously .  

Throughout  this manusc r ip t  we shal l  use the  no ta -  
t ion (h, k, 1) to des ignate  the f ami ly  of crys ta l  planes  
wi th  this Mi l le r  index.  The same nota t ion wil l  be used 
for both  the descr ip t ion  of a c rys ta l  p lane (smooth sur -  
face or  or ien ta t ion  of facet  p lanes) ,  as wel l  as for  the 
nomina l  or ien ta t ion  of a surface. For  example ,  the 
(111) or ien ta t ion  of the  or ig inal  sphere  is in some 
cases e tched into smal l  (110) facets whi le  the nomina l  
or ienta t ion  of the  region can st i l l  be identif ied as 
(!11).  

F o r  e lec t rochemical  etching, 2V a -c  at  60 Hz was 
used wi th  a P t  or  carbon counterelect rode.  Curren t  
dens i ty  was ma in ta ined  below 4 A/cm2.  The e lec t ro-  
l y re  for  chlor ide e tching was a solution of aqueous 
HC1, 20% by  volume,  wi th  KCI added  to saturat ion.  For  
eyanide etching, the e lec t ro ly te  was a mix tu re  of 0.1M 
KCN and 0.1M KOH. Etching t imes var ied  from sev-  
e ra l  minutes  to severa l  hours.  Dissolution of P t  in 
cyanide solut ion was more  rapid,  resu l t ing  in the 
des t ruct ion  of  the e lec t rode  assembly  in less than 10 
min at  this voltage. The reagent  for chemical  e tching 
was boi l ing aqua regia.  (HC1, HNO3, H20 in a 3-1-4 
volume ra t io ) .  Etching t imes va r ied  f rom 10 to 35 min. 

The resul t ing  surface morphologies  were  examined  
by  SEM in e i ther  a Cambr idge  Ins t ruments  SEM or a 
JEOL JEM I00CX STEM with  resolut ions of 300 and 
30A, respect ively.  Some samples  were  also examined  
using a P e r k i n - E l m e r  Phys ica l  Electronics  scanning 
electron microprobe  (SAM) wi th  a l a te ra l  resolut ion 
of 500A. No nonmeta l l ic  impur i t ies  were  present  on the 
surfaces at levels  up to 1%. The surfaces contained 
p r i m a r i l y  C, O, N, and C1, a l though no significant 
var ia t ions  in composit ion between facets could be de-  
tected. Spu t t e r  depth  profi l ing indica ted  that  the 
spheres were  pure  Pt  for  depths > 10A be low the 
or ig inal  surfaces.  

Results 
Chloride electrochemical etching.hFigure 1 shows 

spheres af ter  e tching in HC1/KCI under  condit ions jus t  
described.  The or iginal  sphere t ransforms into a 
s l ight ly  deformed cube whose (100) facets bulge  
s l ight ly  and whose (111) corners  r ema in  flat. F igure  
l a  shows a complete  sphere,  while  Fig. lb,  c, and  d 
show another  sphere  at  increas ing magnifications.  

The only  s table planes  are  wi th in  10 ~ of (100), wi th  
this or ienta t ion  being smooth except  for a square of 
shal low curved py ramids  at  ~ 5  ~ f rom (100). The re -  
gion closer to (100) is again smooth, bu t  a pointed 
cusp occurs exac t ly  at  the (100) poles. 

The (111) is not  smooth, but  is comple te ly  b roken  
into t r i angu la r  etch pits  which are be tween  0.1-3~ 
across. Examina t ion  of these facets shows that  they  are  
exclus ive ly  (100) planes.  

The edges of  the  cube, wi th  Mil le r  indices (1, 1, x) 
wi th  0 ~ x ~ 1, is constructed f rom the intersect ion of 
the large  sharp  smooth faces near  (100). Thus, the 
(110) and its vicinals  d i sappear  completely.  The only 
except ion is a smal l  flat facet  on the edge nea r  (331) 
which is vis ible  in Fig. lb  and  c. 

We have examined  ,--50 spheres  fol lowing 5 s imi lar  
etching procedures ,  and all  exh ib i ted  morphologies  

Fig. I. Platinum spheres following electrochemical etching in 
aqueous chloride solution. Micrographs (o-d) show a single crystal 
sphere at increasing magnifications, while (e-f) show a sphere which 
contained a grain boundary. 

essent ia l ly  ident ica l  to those shown in Fig. 1, except  
for  the  ex ten t  of etching which va r ied  somewhat  
among spheres.  

F igures  le  and f show a sphere which i l lus t ra tes  
etching at  a gra in  bounda ry  and ear l ie r  stages of e tch-  
ing than  Fig. l a -d .  In  this sphere,  the edges have not  
ye t  become sharp,  but  the  (100) and (111) regions can 
be identif ied by  symmet ry .  Py ramids  near  (100) and 
etch pi ts  on (111) are  also observed to form af ter  short  
times. 

This sphere exhibi ts  two grain  boundar ies  which are  
formed on ,-,20% of spheres and are  caused by  nuclea-  
t ion of severa l  crysta ls  dur ing  solidification. These 
micrographs  and others  of spheres wi th  gra in  bound-  
aries show that  no p re fe ren t ia l  e tching occurs at  gra in  
boundaries .  The bounda ry  of Fig. I f  is be tween  
crystals  which are  nea r  (100) as identif ied f rom cusps 
in each crystal .  The walls  of the gra in  bounda ry  also 
appear  to be near  (100), and no evidence of extensive 
gra in  bounda ry  grooving is noted. 

Chloride chemical etching.--Figure 2 shows severa l  
Pt  spheres a f te r  e tching in boi l ing aqua regia. Ex ten-  
sive etching t ransforms the sphere into roughly  a 
cubic shape, jus t  as wi th  chlor ide  e lect rochemical  
etching. However ,  the morphology  is quite different  
wi th  the cube faces broken  into microfacets  of (110) 
planes.  

F igure  2a shows the ent i re  cube in nea r ly  its final 
configuration. The corners  of the cube are  flat t r i -  
angles, whose th ree- fo ld  s y m m e t r y  identifies them as 
(111) p lanes  whi le  the rest  of the sphere  is faceted. The 
corners  are  st i l l  smooth and unetched due to the p ro-  
gression of etching as wil l  be expla ined  below. F igures  
2b and c show regions which include the (111) and 
(110) nomina l  orientat ions,  respect ively.  One can de-  
te rmine  the c rys ta l lographic  or ien ta t ion  of the facets 
by  examin ing  the facets a long the edge of the cube. 
These facets are  pa ra l l e l  to the (110) nomina l  o r ien ta -  
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Fig. 2. Platlnurn spheres following chemical etching in aqua 
regia. Micrograph (a) shows the entire sphere while (b, c and d) 
show various regions of another sphere. Micrographs (e and f) show 
a sphere in initial stages of etching which shows that the (210) 
region is the first to be attacked. 

Fig. 3. Platinum spheres following electrochemical etching in 
aqueous cyanide solution. Micrographs (a and b) show one sphere 
while (c-f) show another sphere at increasing magnifications. 

tion, and al l  facets on the rest  of the  sphere a re  pa ra l l e l  
to them. F igure  2d is a high magnif icat ion of the corner  
of the cube on which  is a smal l  project ion.  Facets  in 
this region are  va r i ab le  in size, bu t  al l  facets have 
(110) or ientat ion.  At  the  end of the pro jec t ion  is the 

or ig ina l  (111) or ien ta t ion  which has sh runk  and almost  
d isappeared .  

The progress  of  the  dissolution process can be seen 
f rom Fig. 2e and f. In i t ia l  s tages  of a t t ack  show that  
chemical  e tching is more  anisotropic  than  chlor ide 
e lec t rochemical  etching. The four - lobed  depressions 
a round  the (100) poles indicate  tha t  e tching ini t ia tes  
nea r  the  (210) regions and spreads unt i l  the ent i re  
sphere  is even tua l ly  faceted. The wal l  a round  the 
(100) poles (upper  left  corner  of Fig. 2f) is f a i r ly  
la rge  and smooth and consists of the r e l evan t  (110) 
planes.  The or ig inal  (110), (111), and (100) o r i en ta -  
tions are  not  a t t acked  ini t ia l ly .  These surfaces are  only  
affected by  the e tching process as the  "front ,"  o r ig ina t -  
ing f rom the (210) or ientat ion,  spreads  to finally en-  
velop them f rom thei r  edges. These edges are  en t i re ly  
(110) planes.  

As noted previously ,  the  (111) or ienta t ions  at the 
corners  of the cubes are  res is tant  to the  dissolution 
process. As a result ,  the sphere  in its final configuration 
has project ions  at the corners  (Fig. 3c and d) ,  because 
as the sphere  is dissolving and decreasing in size, the 
(111) p lanes  are  res is tan t  to dissolution and do not  
d i sappear  unt i l  they  shr ink  to zero size. 

In  summary ,  facet ing in aqua regia  or iginates  at  the 
(210) or ientat ion,  spreads  to envelope the (110), then  
the (100), and f inal ly the (111). The final shape of the 
sphere  is a cube covered wi th  (110) facets which are  
0.5-1# across. 

Electrochemical etching in cyanide solution.--Figure 
3 shows micrographs  of P t  spheres fol lowing a-c  elec-  
t rochemical  e tching in basic 0.1M KCN solution. I t  is 
found tha t  p l a t inum is removed  more  r ap id ly  in this 

solution than  in e i ther  aqua regia  or e lec t ro ly t ic  
chlor ide solutions, since the suppor t  wires  a re  e tched 
a w a y - w i t h i n  severa l  minutes.  Examina t ion  of Fig. 3a 
and c shows tha t  e tching is most  r ap id  nea r  (111) and 
less on (110) and (100). The erosion of the (111) to 
produce nea r ly  fiat (but  heav i ly  faceted)  regions 
causes the or ig ina l  sphere  to t rans form into the shape 
of an oc tahedron wi th  (100) at  i ts  corners  and (t10) 
at  its edges. The (110) remains  curved and smooth, 
whi le  the (100) or ienta t ion becomes poin ted  but  wi th  
large  etch pits near  the (100) pole. 

The 0.5-2# facets on the (111) region appear  to con- 
sist exc lus ive ly  of planes  near  (110). Al l  wal ls  in the  
sawtooth  pa t t e rn  at  the  r ight  side of Fig. 3e and the 
t r i angu la r  etch pits  nea r  the center  (111) a re  exc lu-  
s ively (110) planes.  

Towards  (110), Fig. 3e, the facets d isappear ,  and  the 
surface is smooth wi th  a la rge  radius  of curvature ,  
showing tha t  regions wi th in  ~10 ~ of (I10) are  
smoothly  and un i fo rmly  etched. 

Sur round ing  the (100) ver t ices  at  the  corners  of the 
oc tahedron are  smooth pa r t i a l l y  faceted planes  as 
shown in Fig. 3b. However ,  the angle  be tween  these 
n e a r l y  fiat p lanes  is not  large  enough to be (111) 
planes,  and  we es t imate  them to be app rox ima te ly  
(211) or  (311) planes.  The vert ices  themselves  are  
decora ted  with  la rge  (~5~ across) ,  t r i angu la r  etch pits  
which appea r  to have  wal ls  near  (110). 

Etching in other so~utions.--Electrochemical etching 
in chlor ide  or cyanide  wi th  d -c  potent ia ls  p roduced  no 
vis ible  etching;  a f t e r  1 h r  wi th  2V applied,  no etch 
pa t te rns  or  sphere  size reduct ion were  evident  wi th  the  
spheres  at e i ther  the anode or the  cathode even though 
vigorous bubbl ing  occurred.  

Etching was a t t empted  under  s imi la r  expe r imen ta l  
condit ions using a-c  and d -c  potent ia ls  in 10% by 
volume sulfur ic  and phosphoric  acid electrolytes .  A l -  
though reconst ruct ion  or dissolution of p l a t inum is r e -  
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por ted  to occur (3, 14), no visible etching pa t te rns  
could be detected af ter  1 hr. 

Discussion 
Etching is obviously  a ve ry  compl ica ted  process, and 

our  discussion wil l  be l imi ted  to a survey of behavior ,  
qual i ta t ive  comments  on the p robab le  processes, and a 
s u m m a r y  of impl icat ions  for  P t  electrodes.  

Table  I summarizes  these results  for the three  etch-  
ing situations.  Af te r  sufficient t ime, only  a single p lane  
exists  on the sphere  ( two planes in cyanide) .  This is 
the "s table"  plane, a l though it is not  c lear  tha t  it  is 
the min imum free energy or equi l ib r ium p lane  but  
mere ly  the one which  is fo rmed under  these etching 
conditions. The identif icat ion of the p lane  a t tacked  
most  r ap id ly  comes f rom not ing  which regions lose 
meta l  most  rapidly .  This m a y  or  may  not  be the crys-  
ta l lographic  or ien ta t ion  which forms. The planes a t -  
tacked most s lowly are  identif ied as those on which 
meta l  loss is least  and which  do not r ap id ly  form facets. 
In  aqua regia,  the (111) and (100) p lanes  are  to ta l ly  
iner t  except  for a t tack  f rom the i r  edges which even tu-  
a l ly  causes thei r  complete  d isappearance .  

The overa l l  shape of  the resu l tan t  s ingle crysta ls  is a 
resul t  of the r ap id  erosion of (100) or  (111) to form 
cubes and octahedra,  respect ively.  I t  is evident  that  the 
shape does not necessar i ly  corre la te  wi th  the  planes 
which form, because the regions a t tacked  read i ly  also 
facet  except  in the case of e lec t rochemical  chlor ide  
etching. 

Crys ta l lographic  anisotropies  involve:  (i) re la t ive  
rates  of e tching and (ii) re la t ive  s tabi l i t ies  of planes.  
In  pract ice,  these are  in t r i ca te ly  coupled because etch-  
ing is a ra te  process in which the approach  to equi-  
l ib r ium in var ious  steps is unknown.  The equi l ib r ium 
configuration of a surface is de te rmined  by  the surface 
free ene rgy  ~, vs. crys ta l lographic  orientat ion.  A 
crys ta l l ine  solid may  exhib i t  faces exposing one or  
more flat crys ta l  planes,  both  flat and curved surfaces, 
or only  curved surfaces, depending on the aniso t ropy 
in 7 wi th  or ienta t ion  (15, 16). If  v exhibi ts  cusps on a 
plot  of ~ vs. or ienta t ion  (the Wulff p lo t ) ,  then those 
planes  wil l  exhibi t  flat faces while  otherwise  a range 
of or ientat ions  wil l  be stable. Clean p la t inum exhibi ts  
la rge  c rys ta l lographic  anisotropies  in -~ wi th  vcul~ < 
v~00~ < 7r A clean p la t inum crys ta l  would form a 
cubo-oc tahedron  exposing only  (111) and (100) 
planes,  and o ther  or ienta t ion  should form facets of 
these planes  only.  

However ,  wi th  adsorbates ,  there  is a t  p resen t  no way  
to predic t  the order ing  of ~, on different  planes  or the 
size of its anisotropies.  If the s table  p lanes  observed in 
these exper iments  were  control led by  equi l ib r ium con- 
siderat ions,  then the resul ts  imply  that  (100) or  (110) 
and thei r  vicinals  have much lower  7 than do o ther  
or ientat ions  inc luding the close packed  (111) plane. 

Kinet ics  of dissolution and t r anspor t  should be 
equa l ly  impor t an t  in control l ing morphologies  and  
s tabi l i t ies  in an e tching si tuation.  I t  should also be 
noted that  e tching may  involve both  dissolution and 
deposition, pa r t i cu l a r ly  wi th  a-c  potent ials .  Thus, in 
some situations,  ma te r i a l  may  be removed  from some 

Table h Comparison of crystallographic anisotropies in etching 

Planes Planes 
attacked attacked 

Etching Planes Overall  most most 
method formed shape rapidly slowly 

Aqua regla (110) Cube (210) (Ill)  * 
(100)t (100)* 

A-C C1- elec- Near (100) Cube (100) (110) 
trolysis (111) 

A-C CN- elec- ( 1 1 0 )  Octahedron (111) (110) 
trolysis Near (221) 

* Inert except  for attack from edges. 
The (100) plane is initially inert,  but once attack from edges 

is complete,  this region erodes more rapidly than any others. 

planes  and deposi ted on ad jacent  facets, whi le  in 
others, meta l  may  be dissolved f rom all  regions bu t  at  
different  rates.  Calculat ions of concentra t ion  gradients  
para l l e l  to the surface wi th  react ion indicate  tha t  
l a te ra l  t r anspor t  in the bounda ry  layer  and by  surface 
diffusion m a y  be impor tan t  (15). 

Etching of a meta l  must  involve format ion  of a 
soluble meta l  ion, and the iner tness  of P t  is associated 
wi th  the ins tab i l i ty  and insolubi l i ty  of most ions con- 
ta in ing Pt. Chloropla t ina te  PtC16 = and cyanopla t ina te  
P t  (CN)4 = are  the most s table aqueous ions of Pt, and 
these species a re  a lmost  cer ta in ly  formed in e lec t ro-  
chemical  and chemical  e tching as discussed by  many  
authors  (10-12). In  any si tuation,  dissolution involves 
oxidat ion  of P t  at the  surface to P t  +e or  pt+4, its com- 
p lex ing  with  C I -  and C N -  at  the  surface, and  the dis-  
solut ion of the s tab le  anion. In  each solution, dis t inct  
processes should occur for each step. 

Aqua regia.-- Oxidat ion  of P t  is p r o b a b l y  by  a t tack  
of C1 atoms genera ted  in solution. A possible sequence 
of react ions is 

Cl (so l 'n )  --> Cl (s )  

4Cl(s)  + P t ( s )  -~ PtCl4(s)  

PtC14(s) -}- 2C1- -~ PtC16 = (sol 'n)  

a l though the oxida t ion  states and complexes  of P t  in-  
t e rmedia tes  on the surfaces are  of course unknown.  

Etching in aqua regia exhibi ts  the  grea tes t  c rys ta l -  
lographic  aniso t ropy wi th  only the (210) or ien ta t ion  
a t t acked  in i t ia l ly  to form (110) facets. The (111) and 
(100) p lanes  are  not a t tacked  d i rec t ly  unt i l  facets of 
(110) have formed.  This suggests tha t  these planes  

e i ther  do not  adsorb  C1 atoms, tha t  C1 is not  capable  of 
oxidizing P t  atoms, or that  the complex does not  dis-  
solve. The hexagonal  and square close packed  planes  
of P t  are  appa ren t ly  iner t  t oward  direct  at tack.  I t  is 
also possible that  a monolayer  or mu l t i l aye r  film such 
as oxide,  carbide,  or  an i m p u r i t y  acts to pass iva te  
these planes.  

Electrochemical chZoride.--This process is p r o b a b l y  
s imi lar  to tha t  in aqua regia, except  now the C1 is 
deposi ted e lec t rochemica l ly  at  the  surface 

Cl- (sol 'n)  -* C1 (s) + e -  

The e lec t rochemical  potent ia l ,  thus, m a y  induce C1- 
adsorpt ion  and Pt  oxidat ion  on planes  where  the  C1 
atom in solut ion wil l  not  react.  The fact  that  a -c  po-  
tent ia ls  ar~ necessary  for  erosion has been suggested to 
arise from the necess i ty  to remove adsorbed  oxygen or 
oxide  before C1- a t tack  is possible (10-13). Evidence 
on the exis tence and  na ture  of such oxides is not  suffi- 
cient to decide this issue. An  a l t e rna t ive  is that ,  in the 
cathodic cycle, the adsorbed PtCI~ = species is desorbed 
into solut ion to a l low a t tack  Of the under ly ing  Pt  
metal .  The etching rates also suggest  tha t  P t  meta l  m a y  
be redeposi ted  on some crysta ls  p lanes  in C1- solutions. 

Electrochemical cyanide.--Presumably, this process 
is s imi lar  to that  in  C1- except  the  anion involves pt+2. 
However ,  a different  p lane  is formed,  and dissolut ion 
is much more  rap id  in C N -  solution. Significant d i f -  
ferences must,  therefore,  exis t  in the var ious  s teps 
leading  to dissolution. 

Summary 
The most impor t an t  conclusions f rom these expe r i -  

ments  a re  tha t  e tching produces  p r e domina n t l y  one 
crys ta l  plane,  that  the p lane  fo rmed  is different  for 
each si tuation,  and tha t  it  is not  the close packed  (111) 
plane.  Elec t ro ly t ic  t r ea tmen t  of po lycrys ta l l ine  P t  
wires,  foils, and  single crysta ls  is h ighly  effective in 
t r ans forming  surfaces into these orientat ions.  This 
t ransformat ion  is much fas ter  in a -c  chlor ide and cy-  
anide solutions than  wi th  d-c  etching or  in o ther  e lec-  
t rolytes .  However ,  our  cr i te r ion  is the format ion  of 
facets > 1000A in size, shor ter  t imes, and  mi lde r  con- 
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ditions may still readily produce microfacets. We sug- 
gest that the standard procedures prescribed for 
"cleaning" Pt surfaces are probably highly effective in 
forming facets of another crystallographic orientation. 
We know of no straightforward technique to detect 
formation of microfacets except by the chemistry they 
produce. 

Adsorption studies on single crystal planes of Pt 
imply that the adsorption and reaction properties of 
each crystal plane are quite distinct. For CO (17), H~ 
(18), and NO (19) on all of the major planes, results can 
be summarized as indicating much higher heats of ad- 
sorption and reactivities on those planes, exposing 
four-fold adsorption sites on (100) than the two- and 
three-fold sites on (110) and (111). The (111) and 
(110) planes exhibit similar behavior in most respects, 
and behavior on high index and stepped planes gener- 
ally appears to be correlated with the existence of, 
several types of sites. It is interesting to note that 
stepped planes, associated with curved surfaces near a 
high density orientation, do not appear to form in our 
experiments except for the (100) plane in chloride 
solution; this plane is itself highly reactive. Stepped 
planes are predicted to be highly unstable if the high 
densityplane exhibits a cusp in its Wulff plot (15, 16). 

While we have only attempted to offer qualitative 
explanations of the molecular processes responsible for 
these phenomena, detailed studies of these processes 
are obviously necessary to explain this behavior. 
Crystallographic anisotropies play a dominant (and 
unavoidable) role in all electrochemical processes. The 
use of additional analytical techniques and detailed 
modeling will be necessary to explain these situations 
and to exploit them to control processes at electrode 
surfaces. 
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The Electroreduction of Carbon Dioxide and Formic Acid on Tin and 
Indium Electrodes 

S. Kapusta* and N. Hackermant 
Chemistry Department, Rice University, Houston, Texas 77251 

ABSTRACT 

The electrochemical reduction of carbon dioxide and formic acid has been studied in aqueous solutions on tin and in- 
dium electrodes using a-c impedance and photoemission techniques. Carbon dioxide reduction to formic acid (or the 
formate ion) proceeds with high current efficiencies (about 95%) although the overall power efficiency is low due to the 
high overpotential of the reaction. The reaction mechanism on tin and indium is similar to that postulated on mercury cath- 
odes (17). The reaction rates are higher than on mercury and are affected by adsorption of intermediates and kinetics compli- 
cations due to side reactions. Reduction of formic acid was only observed on tin cathodes at low current densities. The 
poor efficiency of this reaction is related to the formation of organometallic complexes on the electrode surface that acceler- 
ate the rate of hydrogen evolution. 

The cathodic reduction of carbon dioxide has at-  
tracted considerable attention in recent years, espe- 
cially as an alternative to photosynthesis for the pro- 
duction of organic raw materials or fuels [Ref. (1-7) 
and references therein]. The main reaction product in 
aqueous solutions is formic acid (or the formate ion), 
with faradaic efficiencies of over 90% on metal elec- 

* E l e c t r o c h e m i c a l  S o c i e t y  Ac t ive  M e m b e r .  
t Electrochemical Society H o n o r a r y  M e m b e r .  
Key words: tin, indium, reduction, c a r b o n  d iox ide ,  f o r m i c  ac id ,  

photoemission. 

trodes. The reduction of formic acid is more difficult. 
The best electrocatalyst materials are metals with 
high hydrogen overpotential (lead, tin, indium) and 
low pzc (3, 7). This latter condition may be related 
to the adsorption and desorption of reaction interme- 
diates. 

In this paper we report on the reduction of both 
carbon dioxide and formic acid in aqueous solutions 
on tin and indium cathodes. Both a-e impedance and 
photoemission techniques have been used in addition 
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to e lec t rochemical  measurements  to de te rmine  the r e -  
action kinet ics  and  mechanism.  

Exper imenta l  
All  measurements  were  pe r fo rmed  in a s tandard ,  

three  compar tment ,  a l l -g lass  cell  at  23 ~ -4- 0.2oC. The 
cell  was fitted w i th  a quar tz  window to a l low i l lu-  
mina t ion  of the electrodes.  P repa ra t ion  of the elec-  
t rodes has been descr ibed  e lsewhere  (8). Solutions 
were  made  f rom ana ly t ica l  grade reagents  and con- 
duct iv i ty  wa te r  (8) and  were  deaera ted  by  cont inu-  
ous bubbl ing  of purif ied ni trogen.  Nitrous oxide  was 
used as a s t anda rd  to ca l ibra te  the photoemiss ion 
currents  (9). The concentra t ion of carbon d ioxide  was 
a l te red  b y  changing the rat io  of N2 to COs in the  gas 
flowing th rough  the  so lu t ion  and was ca lcula ted  f rom 
s tandard  the rmodynamic  da ta  (10). The pa r t i a l  cur -  
rents  of the  CO2 e lec t roreduct ion  were  de t e rmined  
by  subt rac t ing  the hydrogen  evolut ion cur ren t  mea -  
sured in solutions sa tu ra ted  wi th  n i t rogen  f rom the  
cur ren t  measured  in a CO J N 2  atmosphere .  I t  was 
assumed that,  as a first approximat ion ,  the pa r t i a l  
cur rents  of hydrogen  deposi t ion and COe reduct ion 
were  addi t ive,  i.e., the re  is no ca ta ly t ic  accelera t ion 
or  inhibi t ion of the hydrogen  evolut ion process in the 
presence of CO2. The pa r t i a l  cur ren t  of formic acid 
reduct ion was ca lcula ted  f rom the charge consumed 
in methanol  product ion  dur ing  l ong - t e rm  electrolysis  
exper iments ,  fo l lowing the procedure  descr ibed in 
Ref. (2).  

The circuits and techniques used for  e lec t rochemi-  
ca l , .pho toe lec t rochemica l ,  and impedance  measu re -  
ments  were  descr ibed ear l ie r  (8, 11). Al l  resul ts  are  
r e fe r red  to the geometr ica l  e lec t rode  a rea  (1 cm2), 
a l though roughness  factors of 2 for t in and 1.4 for  in -  
d ium were  es t imated  f rom the capaci tance results.  Al l  
potent ia ls  are  r e fe r red  to the sa tu ra ted  calomel  elec-  
t rode (SCE).  

Results and Discussion 
Reduction of Carbon Dioxide 

Electrochemical reduction.--The polar iza t ion  curves 
of the  e lec t roreduct ion  of CO2 on t in  and ind ium ca th-  
odes in a 0.95 KCl  4- 0.05 NaHCO3 solut ion sa tu ra t ed  
with  CO2 are  shown in Fig. 1, toge ther  wi th  the  re -  
sults repor ted  on mercu ry  under  s imi lar  condit ions 
(7). The effect of concentra t ion  polar izat ion has been 
e l imina ted  using the values  of [i - id/(id --  i) ] as o rd i -  
nates, where  id is the  l imi t ing diffusion cur ren t  in 
uns t i r red  solutions and i is the cathodic cur ren t  mea -  
sured at  any  poten t ia l  E. 

Two Tafel  regions are  observed in the case of tin. 
The first one, at  potent ia ls  E > --1.45V, has a sIope 
of 115 mV/decade  and extends  over  app rox ima te ly  
two orders  of magn i tude  of current .  The second re -  
gion, at --1.45V > E > --1.SV, has a s lope of 320 • 20 
mV. The par t i a l  cur ren t  of the COs reduct ion is diffi- 
cult  to es t imate  in this second region,  since the h y -  
drogen evolut ion cur ren ts  a re  high and depend on 
both s t i r r i ng  and the buffer  capabi l i ty  of the  solu-  
tion. In  the  case of indium, a single Tafel  line, wi th  a 
slope of 140 mV/decade ,  is observed  over  the  ent i re  
potent ia l  range  studied. 

With in  expe r imen ta l  accuracy,  the  "partial COe re -  
duct ion cur ren t  in the  first Tafel  region does not  de-  
pend on solut ion pH, in the  r~nge 1-6.5. In  the  second 
region,  the  cur ren t  tends to increase s l ight ly  wi th  
pH, a l t h o u g h ,  as ment ioned  above, the  expe r imen ta l  
e r ror  is large  at  these la rge  negat ive  potent ials .  The 
par t ia l  cur ren t  is also independent  of solution com- 
position, i.e., s imi la r  resul ts  a re  ob ta ined  in carbonate,  
phosphate,  acetate,  and bora te  buffer solutions. Some 
exper imen t s  were  pe r fo rmed  using t e t r ame thy l  a m -  
monium chloride ins tead  of KC1 as suppor t ing  elec-  
t rolyte.  In  a l l  cases, fo rmate  ions are  the main  produc t  
of the re.action. In  fact, oxalate,  mallate ,  or  glycol la te  
were  not  detected b y  careful  analysis  of the  solut ion 
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Fig. I.  Petentiostatic current, i (for $n and H8) or [ ( i - i d ) /  
(id - -  i)] (for In), vs. potential, E, polarization curves of the partial 
current of carbon dioxide reduction measured on tin (curve 1), 
indium (curve 2), and mercury (curve 3) electrodes in a 0.95 KCI 4- 
O.05M NaHC03 solution saturated with C02 at 1 atm. Results for 
mercury taken from Ref. (7). 

fol lowing the p rocedure  descr ibed in Ref. (12). The 
react ion order  wi th  respect  to CO2 is 1 over  the  en -  
t i re  potent ia l  range.  These resul ts  a re  in excel len t  
ag reement  wi th  previous  repor ts  (6, 13). 

The CO2 reduct ion  process can be represen ted  by  
two successive e lect ron t ransfe r  reactions,  p receded  
by  an adsorpt ion  equ i l ib r ium 

CO2 aq ~ CO2ads [1] 

CO2 a~s + e -  ~ CO2-a~  [2] 
and 

CO2~ads + AH + e -  ~ HCO2- + A- [3] 

where AH is the proton donor and ads indicates an 
adsorbed species. 

Both capacitance and potential decay measurements 
indicate that coverage of the electrode by adsorbed 
species is small (< 5%). Assuming Langmuir condi- 
tions, the Tafel slopes of ~120 mV/decade and the 
independence of the cathodic currents on pH indi- 
cate tha t  step [2] is the  r a t e -de t e rmin ing  step (rds)  
of the  react ion on both electrodes,  at  leas t  a t  the  more  
posi t ive potent ials .  The change to a TafeI s lope of 
,-,340 mV/decade  at  more  nega t ive  potent ia ls  (E < 
--1.4V) on tin cathodes can be t aken  as an  indica-  
t ion of a change in the rds. 

Ex t rapo la t ing  the Tafel  l ines measured  at  the  more  
posi t ive potent ia ls  in Fig. 1 to the  revers ib le  po ten t ia l  
of the  react ion under  these expe r imen ta l  condit ions 
(pH -~ 7), i.e. 

CO2 + H20 + 2e- -* HCO2- + HO- Er = -- 0.76V 

[4] 
the approximate values of the exchange current den- 
sities 4 o for Hg ---- 5 X 10 -I* A/cm 2, Sn _-- 1 X 10 -9 
A / c m  2, and  In  _-- 1 X 10 - s  A / e m  2 can be calculated.  
Even though cur ren t  efficiencies as high as 99% c a n  
be obtained,  the overa l l  power  efficiency of the r e -  
d u c t i o n  process is low because of the  low io (or  h igh  
overvol tages)  of  the react ions involved.  
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Photoelectrochemical reduction.~Further informa- 
tion about these reactions can be obtained from 
photoemission experiments. The irradiation of a po- 
larized metal surface in 'contact with aqueous electro- 
lytes with light of a certain energy (wavelength) leads 
to the photoemission of electrons into the solution (9, 
14). In the presence of an appropriate electron scav- 
enger, capture of the photoemitted electrons results in 
generation of radical anions at or near the electrode 
surface. The measured photocurrent depends on the 
decay mechanism of these radicals: photocurrents can 
be observed only if they decay to electroinactive 
species either through dimerization or reduction at 
the electrode. 

Figure 2 shows the potential dependence of the 
photocurrents measured on a tin electrode in a 0.95M 
KCl + 0.05M NaHCOa solution, saturated with N~O 
and CO2. In the first case a photocurrent ip is observed 
at all potentials E < --0.9V. The shape of the ip vs, E 
curve differs from that measured, e.g., on mercury, 
since electrochemical reduction decreases the concen- 
tration of N20 at the surface at high negative poten- 
tials (8). In the solutions containing CO2 as elec- 
tron scavenger, a photocurrent appears only at E < 
--1.2V. The ratio of the photocurrents, ip(CO2)/ 
ip(N20), first increases wit h potential, but then re- 
mains constant for --1.4 > E > --1.6V. Once again, 
the decrease in ip (CO2) at large negative potentials is 
due to the depletion of CO2 by electrochemical re- 
duction. Similar results were obtained on indium 
electrodes. 

A parameter usually employed for analyzing the 
results of photoemission experiments is the stoichi- 
ometric number, v. This number represents the total 
number of electrons transferred from the electrode 
for each successful act of photoelectron capture in 
solution. For instance, ~Nso = 2. Fnr any scavenger S, 
and using N20 as calibration standard, the value of 
rs can be calculated from (15, 16) 

2ip(S) [ kN20 " CN20 ] V2 
PB -- ip(iNT20------'-}- ks Us [5] 

where ks and kN2o are the rate constants for the homo- 
geneous reaction of solvated electrons, eaq, with S and 
N20, respectively, and Cs and CNsO are the corre- 
sponding concentrations. At potentials where the pho- 
tocurrents are diffusion limited, the dependence of ip 
on the concentration of scavenger, S, can be approxi- 
mated by (9, 16) 

[ k s ' C s  ] '/~ 
% = ~'~ t . -b -~- - .  [6] 

where ie is the total photoemission current, De is the 
diffusion coefficient of eaq, and 8 is a parameter that 
depends on the function used to describe the solvated 
electron redeposition. Therefore 

ip(CO2) [ kco2- Cco2 ] 1/~ 
: = k--~o" C ~ o  [73 ~p ( N20 ) 

Figure 3 shows the dependence of the constant photo- 
current ratio (see above) on the square root of the 
CO2 concentration. From the slope of this line, the 
rate constant for the homogeneous reaction of hydrated 
electrons with CQ2 can be calculated. A value of keo2 
= 7 X 109 M -1 sec -1 is obtained, in excellent agree- 
ment with previous reports on Hg (15). This inde- 
pendence of the reaction rate on electrode material is 
typical of homogeneous reactions. 

The following mechanism has been proposed to ac- 
count for the photocurrents observed in COs solu- 
tions (15) 

COs + e-aq'* CO2 ~ [8] 
followed by 

C02 ~ + AH + e-M-~ HC02- + A- [9] 
and/or 

COs ~ ~ CO2 + e-M [10] 

Here the subscripts aq and M indicate electrons that 
are hydrated in solution or in the metal, respectively. 
Some of these species may be adsorbed on the elec- 
trode surface (see below). This mechanism shows 
that a photocurrent will be. observed only if the radi- 
cal anion formed after capture of e~q by COs, Eq. [8], 
is further reduced at the electron through step [9] 
(rcos = 2). Otherwise, if the radical is re-oxidized 
through step [10], no photocurrent should appear 
(vcos -- 0). From the results in Fig. 2, we conclude 
that vcos goes from 0 to 2 over a narrow potential 
range (~150 mY). 

~6. 
. i-- 

Z 

Ct2 

<4 \ 

\ 

-1.6 -1~. -1.2 

Fig. 2. Potential dependence of the photocurrent ip measured on 
a fin electrode under periodic illumination. 0.95M KCI + 0.05M 
NaHCO3 solution saturated with N~O (~ )  or CO2 (O) -  Chopping 
frequency 17 Hz. Wavelength = 410 nm. Light intensity ~10  
mW/cm s. 

16 

N 

~  o o:, o , s  

Fig. 3. Dependence of the ratio of the photocurrents, ip(COs)/ 
ip(NsO), on the square root of the CO~ concentration. Potential 
range --1.5 to --1.65V. Other conditions as in Fig. 2. 
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Considering Eq. [8]-[10],  th~ steady-state photocur-  
rent  is given by (14, 15) 

ip -- 
2ioko~C.~H exp [ - -  =I(E -- Eos) ] 

kolo exp[~F(E -- Eol0) ] "l- ko9CAH exp[ - -  af(E -- Eo9) ] 

[11] 

where io is the electron photoemission current  after 
subtraction of the redeposition current  of electrons 
that do not react  with the CO2 scavenger molecule, 
f -- F /RT ,  CAH is the concentration of the proton 
donor AH, ko9 and kol0 are the rates of reactions [9] 
and [10], respectively, at the corresponding standard 
potentials Eos and fog, and a and ~ a re  the charge 
transfer  coefficients. The factor 2 in Eq. [11] repre-  
sents the stoichiometric number  for the total photo- 
electrochemical reduction of CO~. From Eq. [11], the 
photocurrent  goes to 0 at the more positive potentials 
(E -- Eol0 > >  0), and to 2io at more  negative poten- 
tials (E -- Eo9 < <  0). 

Equation [11] can be rearranged to give 

E = l l f ( ~  + ~) (ln [(2io//p) -- 1] 

+ l n ( k J k l o )  + InCAH} [12] 

Here k9 --- ko9 exp(a]Eog) and kl0 -- kol0 exp( - -  MEol0). 
The product  of solvated electron capture by  N~O 

(i.e., HO' )  is completely reduced at potentials E < 
--0.gv. Therefore (14) 

[ kco~ 'Cco2 ] ~/' 
2io : ip(N20) • kN20 CN20 [13] 

Figure 4 shows the results of plotting the experi-  
mental  data obtained on tin and indium electrodes 
according to Eq. [12]. The value of (2io/i, -- 1) gives 
the ratio between the rates of CO2 ~ reduction and 
oxidation according to Eq. [9] and [10], l:espectively. 
This ratio is equal to 1 at  a potential E* : --1.35V 
on tin, --1.25V on indium, and --I .SV on mercury  (15). 
At more positive potentials, corresponding to the first 
Tafel region of the polarization Curves of tin in Fig. 1, 
the oxidation rate of CO2- is higher than its reduction 
rate. At  potentials E < --1.35V, i.e., in the second 
Tafel region in Fig. 1, the reduction of CO2 ~ pre-  
dominates over its oxidation. From the slope of the 
lines in Fig. 4, the value a + ~ -- 0.6 for  both tin and 

indium can be calculated. On mercury,  on the other 
hand, this value is ca. 0.9. The values of E@ are inde- 
pendent  of pH above 5.5, indicating that  water  mole-  
cules act as proton donors. As expected from Eq. [11], 
E* are also independent  of the CO2 concentration. 

The differences between the values of overpotential  
for CO~ reduction on Hg and Sn in the dark (~0.25V) 
and under il lumination (,-~0.15V) are almost equal. We 
can thus assume that  the reaction mechanism on both 
metals is the same, as described by Eq. [1]-[3] .  Step 
[2] is the rds at g > --1.4 (in the first Tale! region).  
At  more negative potentials, step [3] determines the 
reaction rate. The small potential dependence of the 
current  in this region may  be due to a decrease in 
the surface concentration of CO2 ~ as the electrode po- 
tential is made more negative. As mentioned earlier, 
the partial current  of CO2 reduction increases slightly 
with pH in the second Tafel region, a result  that  is 
at variance with the postulated rds. This apparent  
contradiction arises f rom the assumption that  the back- 
ground current  due to hydrogen ion reduction re-  
mains constant in solutions saturated with CO~ or 
N2. This assumption may  not be valid in acid solu- 
tions (see below).  The dependence of the reaction 
rate (and E@) on the nature of the cathode indicates 
that  the reaction intermediates are adsorbed on the 
surface. The surface coverage, however,  is very  small. 

Some photoelectrochemical experiments were per-  
formed in 1M KC1 solutions saturated with either N2 
or CO~ and containing 1 • 10 -a, 2 X 10 -3 , 5 X 10 -3 , 
and 2 • 10-2M HC1 to adjust the solution pH. Since 
two electron scavengers, H + and CO2, are present, 
the resulting photocurrents  are determined by the 
electrochemical behavior of the pr imary  products 
formed, H" atoms and CO2" radicals. In a first ap-  
proximation, we can neglect any secondary reactions 
between the radicals initially formed and the scav- 
engers in solution. Thus, the photocurrent  measured 
with two competing scavengers, A and B, is related 
to that produced by a single species by (9) 

ip(A + B) I~AkACA -[- rBkBCB 
- -  [14] 

ip(A) yA(kACA) 1/2 (kACA + kBCB) u 

Figure 5 shows some typical results obtained on tin 
electrodes in acid solutions saturated with N~O, N2, 

IO 

1 

r;i 
0.1' 

I I I I I 

f3 

I I ~ I I 
-2.0 -1. -1.2 E/v 

Fig. 4. Resuhs of plottlng the data frem Fig, 2 according to Eq. 
[12]. Results for Hg taken from Ref. [15]. 
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Fig, 5. Potential dependence of the photoc.rrents ;p measured 
on a tin electrode under periodic illumination in a 1M KCI + 
0,001M HCI sofutlon, pH = 3.0, saturated with N20 (O), N2 
(A) ,  and CO2 (D) .  Other conditions as in Fig. 2. 
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a n d  COs. A comple te ly  s imi lar  behavior  was observed 
on ind ium cathodes.  The  constant  ra t io  ip(H)/ip(NsO) 
at  potent ia ls  E > --1.2V indicates  tha t  ox ida t ion  of  
the  H" atoms formed a f te r  the in i t ia l  e lec t ron cap -  
ture  by  H + does not  occur wi th in  the potent ia l  range  
considered here.  Thus, the  photoe lec t rochemica l  re -  
d u c t i o n  of H + can be descr ibed  b y  

H + + eaq-~ H" [1,5] 

H' + H + + e ~ -  ---> H~ [16] 

F r o m  the dependence  of the pho tocur ren t  ra t io  o n  
the  hydrogen  ion concentrat ion,  a va lue  of kH = 1.3 
X I0 TM M -1 sec "1 can be calculated,  i~ good agree -  
ment  wi th  previous  repor t s  (9). The decrease in ip(H) 
at  h igh  nega t ive  potent ia ls  is caused by  the  dep le -  
t ion of H § ions due to the i r  e lec t rochemical  reduct ion.  

When  the resul ts  obta ined  in the COs-sa tura ted  
solut ion a re  ana lyzed  using Eq. [14], negat ive  values  
of ~co2 are  ca lcula ted  at  E > --1.1V. The fa i lure  of 
this model  to descr ibe  the behavior  of acid COs solu- 
tions arises f rom the assumpt ion  tha t  there  is no i n -  
teract ion  be tween  the radicals  and the scavengers  in 
solution. This in terac t ion  m a y  be s ta ted in t e rms  of 
the  react ion be tween  a f rac t ion of the H' a toms p ro -  
duced th rough  Eq. [15] wi th  CO2 molecules  in  solu-  
t ion (15, 16) 

H" + COs ~ COOH [17] 
or 

H'+ CO~ C02 ~ -5 H + [18] 

If  the  COOH or  COs = radica ls  thus formed are  oxi -  
dized there  wil l  be a net  decrease  in the  pho tocur ren t  
as compared  wi th  COs-free  solutions. The rat io  of 
photocur ren ts  wi l l  then  be  given as (15, 16) 

ip(H + + CO~) 

~co2 (kcosCco~ -5 8QHkHCH) -5 're (1 -- 8OH) kHCH 

~H (kHCH -5 kcosCcos) 1/~ (kHCH) 1/, 
[Z9] 

where  QH = (kx.Ccos/DH)~, kH. is t he  ra te  constant  
of the  reac t ion  of H" wi th  CO2, DH is the  diffusion co- 
efficient of H' ,  and  ~QHkHC, accounts for the  reac-  
t iv i ty  of  H" a toms toward  CO2. The p a r a m e t e r  (1 --  
8QH) can be ca lcula ted  f rom the  pho tocur ren t  rat io 
at  potent ia ls  E > - -1 . IV (15) and is equal  to 0.7. 
Equat ion  [19] can be used to de te rmine  the potent ia l  
dependence  of ~coe in acid solutions.  However ,  i t  is 
s impler  to analyze  the da t a  in te rms of an equat ion 
equiva len t  to Eq. [12], n a m e l y  

ln[  (2/rcos) - -  1] - -  ln(k9/klo) -5 f [E(1  --  ~ 4- P) 

- -  (1 - -  ~)Eo9 -- /~Eo] - -  In CH [20] 

where  fl and Eo are  the t ransfe r  coefficient and s tan-  
dard  poten t ia l  of the reduct ion  of CO2 ~ radicals  in  
acid  solutions,  i.e. 

CO~'- -5 H + -5 eM- -~ HCOs- [21] 
or 

CO~ ~ -5 H + -* COOH 
[22] 

COOH -5 eM-- -'~ H C O s -  

F igure  6 shows the  resul t  of p lo t t ing  the  photocur -  
ren t  da ta  obta ined  on a t in e lect rode in acid solutions 
s a tu ra t ed  wi th  CO2 according to Eq. [20]. Measure -  
ments  at  pH < 2 are  difficult because the  da rk  cur-  
rents  become high and the e lec t rode  surface is covered 
wi th  hydrogen  bubbles.  An  average  va lue  of ~ -5 ~ = 
0.5 can be ca lcula ted  f rom the slope of the  lines, as 
compared  wi th  0.6 on mercury .  As expec ted  f rom Eq. 
[20], E* shifts t o w a r d  more  posi t ive potent ia ls  wi th  
an increase  in the  hydrogen  ion concentrat ion.  F r o m  
the  l imi ted  da ta  ava i l ab le  i t  is not  poss ible  to d e t e r -  

p H =  

1 

10 

I r I ] I 

I I ] 1 0  I 
-1.8 -1.4 -1. E/v 

Fig. 6. Results of plotting the data from Fig. 5 according to 
Eq. [20]. 

mine the pH at which the react ion mechanism changes 
f rom tha t  descr ibed by  Eq. [9]-[10] to tha t  of Eq. 
[21]-[22].  

Hydrogen  atoms can also be formed dur ing  the elec-  
t rochemical  reduct ion of H + in the dark,  i.e., H + -5 
eM- <'--> H ' .  These atoms can then react  wi th  adsorbed  
CO~ molecules,  fol lowing a mechanism equiva lent  
to Eq. [18]. The resul t  of this  process would  be the  
"chemical"  reduct ion  of CO2, wi th  s imul taneous  e l im-  
inat ion of H" atoms. Fo r  this reason, the  pa r t i a l  cu r -  
rent  of hydrogen  evolut ion m a y  decrease  in the  pres-  
ence of COs. The expe r imen ta l  p rocedure  used to de -  
t e rmine  the  pa r t i a l  COs reduct ion  cur ren t  was based  
on the assumpt ion tha t  the hydrogen  cur ren t  remains  
constant  in both N~- and COs-sa tura ted  solutions. 
Therefore,  coupling of the  two react ions leads to e r -  
roneous conclusions regard ing  the pH dependence  of 
the COs reduct ion rate.  A s imi la r  exp lana t ion  was ad-  
vanced in the  case of me rc u ry  cathodes (15). 

Reduction of Formic Acid 
Electrochemica~ reduction.--The elec t rochemical  r e -  

duct ion of formic acid on both t in and ind ium elec-  
t rodes is a slow process. Solut ion analysis  (2) re -  
vealed that  methanol  was the on ly  de tec tab le  react ion 
product .  Dur ing  long - t e rm electrolysis  exper imen t s  (48 
hr  at  currents  be tween  1 and 50 ;LA), the h ighes t  
cur rent  efficiency (,~95%) was measured  on t in ca th-  
odes in a 0.SM HCOOH -5 0.5M HCOONa solut ion at  i 
N 5 ~A, corresponding to a potent ia l  E = --0.95V. The 
efficiency fel l  quickly  at  more  negat ive  potent ials .  

A t  constant  po ten t ia l  (--0.85V > E > --1.2V) the  
cur ren t  increased s lowly  wi th  t ime due to an acce lera-  
t ion of the  hydrogen  evolut ion process. A s imi la r  be -  
havior  was observed dur ing  electrolysis  of fo rma lde -  
hyde  solutions (8) and ascr ibed to the  format ion  of 
t in complexes  on the surface tha t  reduce the  hyd ro -  
gen overpotent ial .  The low efficiencies for formic acid 
reduct ion  can thus be  a t t r i bu ted  to the compet i t ion 
of the  hydrogen  evolut ion reaction. 

F u r t h e r  in format ion  about  the sys tem can be ob-  
ta ined  f rom elect rode impedance  measurements .  

Photoelectrochemical reduction.--The p r i m a r y  p rod -  
uct  fo rmed af te r  cap ture  of eaq by  HCOOH m a y  de-  
compose according to (15) 

HCCOH ~ --> H C O O -  -5 H" [23] 
o r  

HCOOH ~ ~ HCO" -5 H O -  [24] 
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H" atorr~ may also react with the formate ion I 
i 

H" + H C 0 0 -  -* H~, + CO~" [9.5] IO00 J 

The photoelectrochemieal behavior of formic acid 
solutions should be similar to that of CO2-saturated N 
solutions, with the additional complication introduced ~--" 5 0 0  
by reaction [24]. This has been shown to be the case 
on mercury electrodes (15) : the potential dependence "W" 
of the photocurrent exhibited a prewave, due to the 
reduction of CO2 "~ radicals following Eq. [23] and 
[25] and a main wave due to the reduction of HCO" 

radicals. On tin and indium, on the other hand, a 
single wave is found. The ratio ip(HCOOH)/ip(N~O) 
is eor~tant over the entire potential range considered, 
indicating that  reduction of the HCO" radical is a dif- 
fusion-limited process. Figure 7 shows the HCOOH 
concentration dependence of this constant ratio, from 
which a value of kHcooH ---- 1.4 X 109 NI-1 see-1 can 
be calculated. This value is one order of magnitude 30' 
larger  than the one "reported by Gordon et al. (18), 
which seems too low, and similar to the one mea- 
sur#d on mercury (15). From these results we con- 
elude that  the rds of HCOOH reduction on both tin N 
and indium is the transfer of the first electron to the 
HCOOH molecule. The reaction mechanism involves 
HCO" radicals as an adsorbed intermediate. The dif- ' I0 
ferenees observed with respect to mercury electrodes 
can be ascribed to the higher rate of H" and CO~ ~" 
reduefion on these metals. It is also possible that  the 
electrode surface has a significant influence on the way 
the init ial ly formed radical decomposes, i.e., the ratio 
of H- to HCO" produced. 

Impedance measurements.--Impedance measure- 
ments have been extensively used in the study of 
electrochemical reactions [e.g., Ref. (19) and refer-  
ences therein]. Figure 8 shows the frequency response 
of the impedance measured on a tin electrode in a 
1M HCOOH -F 0.1M HCOONa solution at pH -- 3.5. 
Similar results were obtained on indium electrodes. 
The complex plane spectrum (CPS) shows a single 
loop within the frequency range 10 kHz-2 Hz that 
can be analyzed on the basis of a Randles equivalent 
circuit (19). It is then possible to calculate the double 
layer  capacitance, Cd~, the charge transfer and elec- 
trolyte resistances, Rct and Re, and the Warburg im- 
pedance, Rw. Figure 9 shows the potential dependence 20 
of the electrode capacitance, Cs (series equivalent 
circuit),  and Cdl obtained from the CPS analysis. 

The low values of Cdt are usually taken as an in- 
d icat ion of adsorption, in this case of HCOOH. De- 
sorption of this species was not observed. The product 
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Fig. 7. Dependence of the photocurrent ratio ip(HCOOH)/ip(N20) 
on the square root of the HCOOH concentration. Tin electrode. 
E < - -  1.0V. 
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of a tin electrode measured in a 1M HCOOH + 0.1M HCOONa 
solution at the potentials indicated. Experimental points correspond 
to frequencies in Hz. Dotted lines show the best fitting to the 
results expected from a Randles equivalent circuit. 
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Fig. 9. Potential dependence of the series capacitance, Cs, 
measured at 1 kHz ( O ) ,  and double layer capacitance, Call, deter- 
mined from CPS (A) ,  of a tin electrode in 1M HCOOH Jr 0.1M 
HCOONa, pH ---- 3.5 (open symbols) and O.1M HCOOH -t- 1M 
HCOONa, pH - -  4.5 (full symbols) solutions. 

R~t X i (where { is the cathodic current measured 
under potentiostatic conditions) is constant over the 
entire potential range here considered. Under these 
conditions it is not possible to separate the contribu- 
tion of the HCOOH reduction reaction to the overall  
current. Future work will involve extending the low 
frequency limit below 1 Hz in order t o  observe slow 
processes, e.g., desorption of HCOOH. 
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Polymer Films on Electrodes 

XI. Electrochemical Behavior of Polymer Electrodes Produced by Incorporation of 
Tetrathiafulvalenium in a Polyelectrolyte (Nation) Matrix 

Timothy P. Henning* and Allen J. Bard** 
Department of Chemistry, University of Texas, Austin, Texas 78712 

ABSTRACT 

The electrochemical behavior of the cation exchange polymer Nation containing tetrathiafulvalenium (TTF +) on a plat- 
inum sub strate is described. The polymer electrode shows cyclic voltammetric behavior similar to that of solid films of TTF 
on platinum. In 1.0M KBr the oxidized form of the electroactive molecules in the polymer (TTF § forms nonstoichiometric 
complexes with Br-. The peak potentials in cyclic voltammetry shift with changes in concentration of supporting electro- 
lyte, temperature, and anion of the supporting electrolyte. Very narrow cyclic voltammetric waves are observed that result 
in part from attractive interactions between the electroactive molecules. The separation in peak potential of the reduction 
and oxidation waves is explained by formation of TTFBr07 which stabilizes the oxidized form (TTF § and makes it harder to 
reduce. Peak potentials for the oxidation and reduction shift closer together as the scan rate is lowered, which is explained 
by a "square (reaction) scheme." 

The electrochemistry of layers on electrode surfaces, 
both solids and polymers, has been investigated by 
many research groups. The cyclic voltammetric be- 
havior of the surface-confined layers frequently de- 
viates from the theoretical "thin film" behavior of a 
one-electron nernstian reaction at 25~ i.e., peak 
width at half-height (hE1/2) of 90.6 mV and no split- 
ting between the anodic and cathodic peaks (2~Ep 
Epa -- Epc ---- 0) (1). Relatively few films show a hE1/2 
significantly smaller than 90.6 mV (2). These narrow 
cyclic voltammetric (CV) waves were attributed to 
interactions among the electroactive molecules and 
phase formation in the layer. Large peak separations 
observed in cyclic voltammetry at fast scan rates (1 
V/sec and larger) have been attributed to slow hetero- 
geneous kinetics and resistance effects in the layer. 
Even at slow scan rates, where heterogeneous ki- 
netics and resistance usually are not of importance, 
finite hEp values have been observed. These have been 
explained by kinetic effects associated with phase for- 
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Key words: cyclic vol tammetry,  scan rate, chronoamperometric  

behavior.  

mation (nucleation overpotential) (2d) and intercon- 
version between different forms of the polymer-con- 
tined electroactive molecules with different standard 
potentials (3). 

We recently described unusual CV behavior of a 
pelymer electrode in which tetrathiafulvalenium ion 
(TTF + ) was incorporated into a layer of the per- 
fluorinated sulfonate polymer, Nation (NAF) (4). 
This polymer electrode exhibited narrow (~EI/2 ~ 20 
mV) CV waves and AEp of ~ 150 mV at intermediate 
scan rates (e.g., 10 mV/sec). This is remarkably similar 
to the electrochemical behavior of solid films of TTF. 
In this paper we describe more detailed studies of the 
electrochemical behavior of the TTF/NAF polymer 
electrode, examining the effects of supporting electro- 
Iyte concentration, different supporting electrolytes, 
temperature, and different scan rates in cyclic voltam- 
merry. We also obtained absorption spectra of the 
TTF polymer on SnO2 transparent conducting elec- 
trodes, which yielded information about the nature of 
the electroactive TTF molecules in the polymer. In 
a related paper the behavior of solution redox species 
on the TTF polymer electrodes is described (5). 
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Experimental 
Materials.--TTF (Aldr ich)  was purif ied by  several  

v a c u u m  sublimations.  TTFCl~ was synthes ized by  dis-  
solving TTF in benzene and adding  dropwise  a ben-  
zene sQlution which was sa tu ra ted  wi th  chlorine. The 
purp le  TTFC1 prec ip i ta te  was washed  wi th  e ther  and 
ai r  dried. The suppor t ing  e lec t ro ly tes  were  used as pu r -  
chased. The 970 eq wt  Nation dissolved in e thanol  was 
a gift  f rom the E. I. du  Pont  de Nemours  & Company.  

Apparatus.mAll elec t rochemical  exper iments  em-  
p loyed a Pr ince ton  App l i ed  Research (PAR)  Model  
175 universa l  p rogrammer ,  Model  173 potent iostat ,  and 
Model 179 digi ta l  coulometer .  Slow potent ia l  scans 
( <  1 mV/sec)  were  accomplished by in t roducing  a 
vol tage d iv ider  be tween  the p r o g r a m m e r  and poten t io-  
stat. The work ing  electrode used in al l  the  e lec t ro-  
chemical  exper imen t s  was a P t  d isk  (area  _-- 0.027 
cm 2) embedded  in a glass rod. A P t  mesh was used as 
a countere lec t rode  and a sa tu ra ted  calomel  e lectrode 
(SCE) was used as a reference.  Resistance compensa-  
t ion was used at  al l  scan rates  fas ter  than  10 mV/sec  
b y  ad jus t ing  the  amount  of posi t ive feedback jus t  shor t  
of oscillation. 

Procedure.--The electrodes were  p repa red  by  cov- 
e r ing  the P t  d isk  wi th  10 #l i ter  of an EtOH solut ion of 
Nation (2% by  weight )  and  a l lowing the EtOH to 
evaporate .  The d ry  thickness  of the  resul t ing  films 
( typ ica l ly  1 ~m) was de te rmined  wi th  a Sloan Dek tak  

surface  profile measur ing  system. The TTF+ was in-  
corpora ted  into the Nation film by  immers ing  the elec-  
t rode  in an aqueous solut ion of -~ 1 mM TTFC1 for 10 
min. The electrode,  denoted P t / N A F , T T F  +, tu rned  a 
golden color a f te r  immers ion  in the  TTF+ solution, in-  
d ica t ing the incorpora t ion  of TTF +. The average  con- 
cen t ra t ion  of e lec t roact ive  TTF in the  e lect rode was 
typ ica l ly  about  0.3M as de t e rmined  by  the  in tegra ted  
charge under  a s t eady-s t a t e  CV wave. 

Results 
Cyclic voltammetry.--The behavior  of a f reshIy  

formed P t / N A F , T T F  + elect rode in aqueous 1.0M KBr  
is shown in Fig. 1. The  first reduct ion scan of the elec-  
t rode  to TTF produced  a b road  cathodic wave. The oxi-  
dat ion of the  e lec t rode  back to TTF + produced a sharp 
anodic wave  which  shif ted toward  less posi t ive poten-  
t ia ls  wi th  fu r the r  cycling. The second reduct ion scan 
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Fig. !. Cyclic voltammogram of a Pt/NAF,TTF + electrode in 1M 
KBr at 10 mV/sec, (a) initial CV, first cycle; (b) third cycle; (c) 
fifth cycle. Integrated charge under the anodic wave, Qt ~ 74 ~C. 

produced a sharp  cathodic wave;  this wave  shif ted ve ry  
l i t t le  in potent ia l  wi th  fur ther  cycling. The  P t / N A F ,  
TTF + electrode,  which was or ig ina l ly  golden in color, 
became colorless when the film was reduced in 1.0M 
K B r  and then  purp le  when  the film was oxidized.  Af t e r  
about  I0 cycles the anodic wave  a t ta ined  a constant  
shape and peak  potential .  The in tegra ted  charge under  
the CV waves  decreased for the first 4-5 cycles after 
which the in tegra ted  charge was about  ha l f  tha t  of the 
first reduct ion  and then remained  essent ia l ly  constant.  
Af te r  about  2 hr  the peak  currents  for  the  CV waves  
s lowly decreased wi th  continuous scanning and after 
about  12 hr  the  waves  had disappeared.  

While  the  first CV reduct ion  wave  (Fig. 1) was a 
broad,  d r a w n - o u t  wave  with  a s lowly decaying  (diffu- 
sive) tail,  which is character is t ic  of the  CV waves  seen 
for o ther  e lect roact ive  molecules  bound into Nation 
po lymer  layers  (6), the subsequent  oxidat ion  and re -  
duct ion waves  had  shapes different  f rom those p r e v i -  
ously seen in po lymer  electrodes.  The purp le  color of 
the  oxidized form of the  e lectrode af te r  the  first and 
subsequent  reduct ions has been ascr ibed to the  fo rma-  
tion of a TTFBr0.~ complex,  r a the r  than the  or ig ina l  
golden mater ia l ,  where  the TTF + ion is associated wi th  
the sulfonate  group on the polymer .  The s tab i l i ty  of 
the  f resh ly  formed e lec t rode  was also ve ry  different  
f rom the e lec t rochemical ly  cycled electrode.  When  a 
f reshly  formed P t / N A F , T T F  + e lec t rode  was taken  out  
of the aqueous TTFC1 solut ion in  which incorpora t ion  
of TTF + took place, the go lden-co lored  e lect rode could 
be immersed  in wa te r  at open circui t  for  at  least  one 
week wi thout  any  appa ren t  effect on the  subsequent  
e lec t rochemis t ry  of the  polymer .  If  the  e lec t rode  was 
immersed  in 1.0M KBr,  however ,  colored mate r i a l  d i f -  
fused out  of the  po lymer  into the solution. With in  a 
few minutes  the  amount  of e lect roact ive  TTF+ re -  
main ing  in the  po lymer  was g rea t ly  reduced  over  tha t  
which would  have  been found if the  e lec t rochemical  
cycling of the po lymer  had  begun  immedia te ly .  This 
exper imen t  indica ted  tha t  TTF+ was indeed  e lec t ro-  
s ta t ica l ly  bound into the Nation po lymer  f rom the 
aqueous TTFC1 solut ion and the s tab i l i ty  of the  po ly -  
mer  in wa te r  can be a t t r ibu ted  to the  absence of ca-  
tions in solut ion capable  of exchanging wi th  the  TTF + 
on the po lymer  sites. In 1.0M~ KBr,  K + can replace 
TTF + on the po lymer  sites. Note, however ,  tha t  after 
a few reduct ion or  oxidat ion  cycles, the e lectrode could 
be  immersed  at  open circuit  in 1M KBr  in e i ther  the  
TTF + or  TTF form wi th  l i t t le  loss of e lec t roact ive  m a -  
te r ia l  over  1 hr. The difference in  s tab i l i ty  be tween  the 
in i t ia l ly  formed golden TTF + e lec t rode  and the e lec .  
t rochemica l ly  oxidized purp le  e lec t rode  in 1.0M K B r  
indica ted  tha t  the  e lec t rochemica l ly  oxidized fo rm of 
the  po lymer  was ve ry  different  f rom the in i t ia l ly  
fo rmed  mater ia l .  

The s teady-s ta te  cyclic vo l t ammogram of a P t / N A F ,  
TTF + e lec t rode  is shown in Fig. 2a. For  comparison,  a 
cyclic vo l t ammogram for a nerns t ian  one-e lec t ron  re-  
action showing thin l aye r  behavior  (7) w i th  the  same 
area  unde r  the waves  is shown. This theore t ica l  CV 
wave  emphasizes both the unusua l  sharpness  of the  
peaks  and the  na tu re  of the  peak  separa t ion  at  this  
scan rate.  Also included in Fig. 2 is the  CV of a sol id  
film of TTF on a P t  electrode,  denoted  P t /T T F .  This 
film was formed b y  p lac ing  a drop of benzene con- 
ta in ing dissolved TTF on a P t  e lect rode and a l lowing 
the benzene to evaporate .  The  s imi lar i t ies  be tween  the 
solid and po lymer  layers  of TTF suggest  tha t  the  TTF 
species in the  po lyme r  af te r  cycl ing r e sembled  the 
solid TTF and T T F + - B r  - phases. However ,  whi le  the  
P t / N A F , T T F +  e lec t rode  was reproduc ib le  and s table  
upon  cycl ing for hours, the P t / T T F  elect rode was less 
reproducib le  and became i r r eve r s ib ly  oxidized in  less 
than  1 h r  of e lec t rochemical  cycling. 

CV: ef]ect o] scan rate .~The CV behav io r  of a P t /  
NAF,  TTF + e lec t rode  was s tud ied  in  l/Y/ K B r  for  scan 
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Fig. 2. Cyclic voltarnmogram at 10 mV/see of (a) Pt/NAF, TTF + 
electrode in 1M KBr, Qt - 147 #C; (b) ideal l e -  thin layer elec- 
erode using Ot as in (a) and an E ~ of 0.0V; (c) Pt/TTF electrode 
(,~800A. thickness) in 1M KBr. 

ra tes  (v) of 0.02-10 V/sec  (Fig. 3-5).  Wi th  increas ing 
v, the  peak  po ten t ia l  of the anodic wave  (Epa) shifts  
t oward  more  posi t ive values  and tha t  of the cathodic 
wave  (E~)  t o w a r d  more  nega t ive  values  (Fig. 6). 
In  inves t igat ions  at  v < i mV/sec  (Fig. 3), the  elec-  
t rode  was scanned at  1 mV/sec  unt i l  N 150 mV before  
the  CV wave  and then  v was decreased to the  des i red  
va lue  unt i l  the  peak  was t raversed,  then  increased to 1 
mV/sec  again  unt i l  the  opposi te  peak  was reached.  A l -  
though both  waves  shif ted wi th  increas ing v, the be -  
hav ior  of the  anodic  and cathodic waves  wi th  v was 
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Fig. 3. Cyclic vo|tammogram (ip/vA vs. E) of a Pt/NAF,T TF+ 
electrode in IM KBr at various sweep rates. The outside cathodic 
and anodic peaks correspond to a sweep rate of 0.5 mV/sec with 
subsequent anodic and cathodic peaks corresponding to sweep rates 
of 0.2, 0.1, 0.05, and 0.02 mV/sec. Qt ~ 152 F,C. 
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Fig. 4. Cyclic voltammogram (ip/vA vs. E) of a Pt/N'AF,TTF + 
electrode in IM KBr at various sweep rates. The outside cathodic 
and anodic peaks correspond to a sweep rate of 100 rnV/sec with 
subsequent anodic and cathodic peaks corresponding to sweep rates 
of 50, 20, 10, 5, 2, and 1 mV/sec. Qt ~ 44/~C. 
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Fig. 5. Cyclic voltammogram of a Pt/NAF,TTF + electrode in 1M 
KBr at sweep rates of (a) 1 V/see, S ~ 14 mA/cm 2, Qt - -  55 ~C; 
(b) 10 V/see, S ~ 74 mA/cm 2. 

different.  The anodic peak  sh i f ted  out  and became 
b roader  and ipa/V decreased wi th  increas ing v. The 
cathodic peak  shif ted out  but  ma in ta ined  rough ly  the  
same  shape,  and for v ~ 50 mV/sec,  ipc/v was nea r ly  
the  same (Fig. 4).  The in tegra ted  charges  under  the  
oxida t ion  and reduct ion  waves  were  wi th in  5% of 
each o ther  and  constant  for  the range  1-10 V/se  c. The  
in t eg ra ted  charge at  v ~ 1 mV/sec  was not  measured,  
but  the constant  shape of the  waves  suggests  tha t  the  
charge  was the  same for al l  scan rates.  The e lec t rode  
de te r io ra ted  more  r ap id ly  at  10 V/sec  than  at  s lower  
scan rates, p robab ly  because  of the  la rge  cur ren t  den-  
s i ty  (0.16 A / c m  2) being passed th rough  the film at  t h i s  
v (Fig. 5). 

The shape of the CV waves  of P t / N A F ,  TTF+ elec-  
t rodes  va r i ed  s l ight ly  f rom elec t rode  to electrode;  the  
peak  currents  were  d i rec t ly  influenced b y  the amount  
of TTF + incorpora ted  into the  po lyme r  layer .  The ex -  
amples  given in the  figures represen t  typ ica l  behavior .  
Because the  life of any  single e lec t rode  was l imited,  
the  da ta  r epresen t  the  behav ior  f rom severa l  different  
electrodes.  The in tegra ted  charge under  a s t eady - s t a t e  
wave  in cyclic v o l t a m m e t r y  is included wi th  each figure 
to make  comparisons be tween  figures easier.  The CV 
behavi0r  for  the  P t  subs t ra te  was not  unique.  The CV 
waves  of the  N A F - T T F  po lyme r  on Au, p y r o l y t i c  
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Fig. 6. Plot of Epc ( Q )  and Epa ( [ ] )  vs. log v. Same electrode as 
used in Fig. 4. 

graphite, optically t ransparent  SnO~-coated glass, and 
Ta substrates were very similar  to that  on a Pt  sub-  
strate. 

Equilibrium behavior.--To investigate whether  the 
peaks would shift in and exhibi t  the same Ep value as 
equi l ibr ium was approached, the potential  was scanned 
to a given potent ial  and held there unt i l  the current  
dropped below 1.5 nA (i.e., 0.1 ~C of charge per min) .  
The ratio of the charge passed at a given potential  to 
that  needed for complete reduct ion or oxidation of the 
film, 8, as a funct ion of E, is shown in  Fig. 7. This CV 
isotherm taken at essenti.ally an infinitesimal scan rate 
showed a sharp break in both the cathodic and anodic 
branches which occurred well before the peaks in  the 
cyclic vo l tammogram at 10 mV/sec. If the time re-  
quired for establ ishment  of equi l ibr ium was decreased 
by set t ing higher  current  limits, the effect on the iso- 
therm was to shift the breaks in the isotherm to more 
negative and more positive potentials;  this is the same 
effect as seen for the peak potentials in  cyclic vol tam- 
merry with faster scan rates. The potent ial  of the break 
was invar ian t  with the amount  of electroactive mate-  
rial  reduced or oxidized in  the layer  dur ing the break 
in the isotherm. If the potential  was shifted to less 
negat ive potentials dur ing  the break in  the cathodic 
isotherm the reaction immediate ly  ceased. The cath- 
odic isotherm had a long slow rise before the sharp  
break in the isotherm which possibly resulted from the 
existence of other forms of TTF +, such as bound to the 
SOs-  groups in the polymer. 

CV: e~ect of scan reversaL--Reversal in the direc- 
t ion of a potential  scan at different points along the CV 
wave was suggested by Conway et al. (8) to be a use-  
ful  way of de termining  the effect of interactions among 
the molecules in  the surface layer. The effect of scan 
reversal  into both the oxidat ion and reduction waves 
of a P t /NAF,TTF + electrode is shox~-n in  Fig. 8. The 
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Fig. 7. (a) Cyclic vottammogram of a Pt/NAF,TTF + electrode 
in 1M KBr at 10 mV/sec, Qt = 159 ~C; (b) (circles and squares) 
electrochemical isotherm of the same electrode as shown in (a), 
showing total charge passed at given potential normalized to 159 
~C. 

current  after reversal  of the scan was larger  than that  
seen before the potential  direction was reversed with 
this effect being more pronounced for the reduct ion 
wave. This effect is not  usual ly  seen with polymer  or 
modified electrodes and points to strong positive (at-  
tractive) interactions among the oxidized molecules in 
the polymer with a smaller  positive interact ion among 
the reduced molecules. The potential  of the reverse 
peak also showed a much larger shift for the reduct ion 
wave as compared to the oxidation wave. 

CV: effect o~ supporting electrolyte concentra~ion.-- 
The concentrat ion of support ing electrolyte was var ied  
to determine the effect of changes in  B r -  concentra-  
t ion on the cyclic vol tammogram of a P t /NAF,TTF + 
electrode. The results of vary ing  the KBr concentra-  
t ion from 3.5 to 0.1M are shown in Fig. 9 for the same 
electrode. A plot of the shift in peak potent ia l  of both 
the cathodic and anodic waves vs. the log of the KBr 
concentrations for all  concentrat ions investigated is 
shown in  Fig. I0. The fact that  the CV waves of the P t /  
NAF,TTF + electrode responded to changes in the sup- 
port ing electrolyte concentrat ion was not  surprising, 
because it has already been established that the oxi- 
dized form of the electrode involved formation of a 
T T F + - B r  - complex. The shift in potent ial  was close to 
the expected r 5 9  mV per tenfold change in  B r -  con- 
centration. A significant deviation in  the shape of the 
waves occurred at the lowest concentration,  0.1M. At 
this concentrat ion each wave looked to be two waves, 
a broad diffusional looking wave with a sharper  wave 
superimposed. Significantly, the color of the oxidized 
form of the wave at the lowest concentrat ion was no 
longer purple  bu t  golden. The average molar  concen- 
t rat ion of electroactive TTF molecules in the polymer 
films, as was stated earlier, was typically 0.3M. The 
concentrat ion of KBr present  in  the polymer after ira- 
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Fig. 8. Cyclic voltamrnogrorn of a Pt/HAF,TTF + electrode in 
I M  KBr at |0 rnV/sec with (a) scan reversal into the cathodic 
wave; and (b) scan reversal into the anodic wave; Qt - 90/~C. 

mersion in a KBr solution is unknown, but  examination 
of the polymers coated on Pt in a scanning electron mi-  
croscope using energy dispersive spectroscopy showed 
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Fig. 9. Cyclic voltammogram of a Pt/HAF,TTF + electrode at 
10 rnV/sec in (a) 3.48M KBr; (b) 1.0M KBr; Qt ~ 108 #C; (c) 
0.1M KBr. 

-1.0 -0.5 0,0 0,5 

Ioz c (M) 

Fig. 10. Peak potential vs. log KBr concentration horn the ex- 
periment shown in Fig. 9. Lines are drawn with a slope of - -59 rnV. 

that after soaking in a KBr solution, Br was present in 
the polymer. Experiments using NaOH showed that 
after equilibration the Nation achieved nearly the same 
concentration of NaOH as that present in solution (9). 
These facts suggested that the electrochemical process 
changed at  the lowest concentration because of an 
excess in electroactive TTF over bromide ion present 
in the polymer. 

CV: temperature egects.--The effect of varying the 
temperature on CV waves has been used to obtain in- 
formation about the kinetics o f  reactions coupled to 
electron transfer reactions (10). Unusual temperature 
effects on the CV waves of TTF-TCNQ pressed pellet 
electrodes were previously observed (11). The tem- 
perature of the Pt /NAF,TTF + electrode immersed in 
the solution was held at a g iven  value by placing the 
electrochemical cell in a water  bath. The SCE refer-  
ence electrode remained at room temperature through- 
out the experiment with only the reference electrode 
tip in the solution. The CV waves of a Pt /NAF,TTF + 
electrode were strongly temperature dependent as is 
shown in Fig. 11. Both the cathodic and anodic waves 
shifted closer together with increasing temperature.  
The reduction waves at the higher temperatures (36 ~ 
and 55~ were init ially sharper than those at lower 
temperatures but  within a few cycles broadened out to 
the shape shown in Fig. 11. The shift in peak potential 
with temperature was greater for the reduction wave 
as is shown in the plots of reduction and oxidation peak 
potentials vs. temperature (Fig. 12) which were l inear 
over the temperature range studied. 

CV: eJ]ect of diJ]erent hahde ions.~The halide ion in 
the supporting electrolyte was varied to determine the 
effect of the counterion on the CV waves of a P t /  
NAF,TTF + electrode (Fig. 13). The CV peaks shifted 
to more negative potentials in the order C1- < B r -  
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Fig. t2. Peak potential vs. temperature from the experiment shown 
in Fig. ! 1. 

< I -  and the oxidized form of each electrode was pur -  
ple. In  KF  the CV waves were broad and had a shape 
similar  to that  of other electroactive molecules ob- 
served in Nation. The shape of the CV waves and the 
color of the oxidized form of the electrode, golden, in  
KF was identical to the electrode behavior  observed 
using potassium acetate and potassium sulfate as sup- 
port ing electrolytes. TTF + is known  to form one-d i -  
mensional  conducting complexes with CI- ,  B r - ,  and 
I - ,  but  no conducting complexes have been reported 
using F - ,  acetate, or sulfate. If the same electrode was 
used in  different support ing electrolytes, the behavior  
was unaffected by the order in which the different so- 
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Fig. 13. Cyclic voltammogram of a Pt/NAF,TTF + electrode at 
|0 mV/sec in various supporting electrolytes: (a) 1M KF, $ - -  74 
~A/cm2; (b) 1M KCI, S ---- 740- - (~40)  #A/cm~; (c) 1M KBr, S - -  
740 #A/cm 2, Qt ~ 137 ~C; (d) 1M KI, S ~- 740 #A/cm 2. 

lutions were investigated. No effect on the cyclic vol-  
tammogram of a P t /NAF,  TTF + electrode ~n a B r -  so- 
lu t ion was seen when the cation of the support ing elec- 
trolyte was changed from potassium to sodium. 

Chronoamperometric behavior.--Chronoamperomet- 
rie methods can be useful in de termining the apparent  
diffusion coefficient, Dapp, of a species confined to a 
layer  on an electrode surface. When Dapp is measured 
using chronoamperometr ic  methods, the value may be 
associated with a specific ion diffusion through the 
polymer, an electron hopping process, or both, depend-  
ing on what  process limits the current  (12). A poten-  
tial step (0-0.25V) was applied to a reduced P t /NAF,  
TTF + electrode in a 1M KBr solution and the cur ren t -  
t ime (i-t)  t ransient  recorded. The plot of i vs. t -1/~ 
(Fig. 14) shows a l inear  region with zero intercept  
(Cottrell  region).  The slope of the l inear  region 
yielded Dapp of 8 • 10 .7  cm2/sec based on the Cottrell 
equation and assuming an average concentrat ion of 
the electroactive TTF molecules uni formly  distr ibuted 
throughout  the film and a one-elect ron process. Based 
on the thickness of the layer  and Dapp, the onset of 
deviations from Cottrell behavior  which occur at 
longer times due to thin layer  effects occurred at ap- 
proximately the expected time. The current  f rom the 
i-t trace for the reduct ion of the electrode using a po- 
tent ial  step from 0.2 to --0.4V decayed rapidly after 2 
msec, presumably  showing the effect of reduction of 
the bulk  of the TTF +. The processes by which the elec- 
trode reduced and oxidized dur ing a potential  step 
were clearly different. 

Spectroscopy.--Electrodes were formed on a t rans-  
parent  SnO2 glass conducting substrate so that  ab- 
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Fig. 14. Current vs. t - z / 2  for the oxidation of a Pt/NAF,TTF + 
electrode in 1M KBr. The potential was stepped from 0.0 to 0.25V. 

sorpt ion  spect roscopy could be  used to iden t i fy  the 
form of t h e  oxidized and reduced molecules  in the 
polymer .  The e lec t rochemis t ry  of the SnO2/NAF,TTF + 
electrodes was s imi lar  to that  of e lectrodes using P t  
substrates .  The v i s -nea r  in f ra red  spec t ra  of d ry  elec-  
t rodes were  recorded  wi th  a Cary  14 spec t rophotome-  
te r  for  e lect rodes  before  e lec t rochemical  cycl ing and 
a f te r  e lec t rochemical  cycling wi th  the  e lect rode lef t  in 
the  reduced  or oxidized forms (Fig. 15). The  resul ts  
f rom these spect ra  a re  shown in Table I along wi th  re -  
sults f rom previous  s tudies  of TTFBr0.79 and TTFC1 
crysta ls  (13). The spec t rum of the  e lec t rode  before  
e lec t rochemical  cycl ing was close to that  of the d imer  
d ica t ion of TTF  + as observed for TTFC1 crysta ls  (13). 
The peak  at  790 nm (kcw) corresponds to an in t e r -  
molecu la r  electronic t rans i t ion  be tween  the molecules 
of the  dimer.  The spec t rum of the  reduced  form of 
the  e lect rode did not  show any  peaks  in the  vis ible  
region;  this corresponds to publ i shed  spec t ra  of TTF 
(13) where  only  an absorpt ion  peak  in the u.v. was 
seen. The surface of the  reduced  fo rm of the e lect rode 

0 , 6 "  

O . . . .  

0 , 2  

I I I I 
4 0 0  700 1000  1300 1600 
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Fig. 15. Absorption spectrum of a dry glass-SnO2/blAF,'l:TF + 
electrode (a) freshly formed; (b) after electrochemical cycling in 
1M KBr, removed from solution in the oxidized state; (c) after 
electrochemical cycling in 1M KBr, removed from solution in the 
reduced state. 

Table I. Absorption maxima of SnO2/NAF,TTF + electrodes 

:~,.,~ k,h XoT 
(nm) (rim) (am)  

Fresh SnO~/NAF,TTF+ electrode 400 490 760 
TTFCI (dimer) * 380 030 790 
Oxidized SnO~/NAF,TTF~ electrode 397 561 1890 
TTFBro.~o* 374 537 1970 

�9 Absorption spectrum of powdered samples dispersed in KBr 
[from Ref. (13)]. 

was pa r t i a l l y  covered wi th  the nonelec t roac t ive  crys-  
tals  of TTFBr0.~ (5), bu t  the absence of any  peaks  
in the  spec t ra  due to the  nonelect roact ive  crys ta ls  
means  t hey  cont r ibuted  ve ry  l i t t le  to the  absorpt ion  
spect rum.  The spec t rum of the e lec t rode  in the oxi -  
dized form also was s imi la r  to tha t  for  crys ta ls  of 
TTFBr0.~9, where  the peak  presen t  in the n e a r , i n f r a r e d  
was shown to correspond to in te rmolecu la r  e lectronic  
t ransi t ions  along the  conduct ing axis of the  crystal .  
The presence of the n e a r - i n f r a r e d  peak  leads to t h e  
conclusion tha t  the oxidized form of the e lec t roact ive  
molecules  in the  e lect rode was TTFBr0.~.0.s. 

Discussion 
The e lec t rochemical  inves t iga t ion  of P t / N A F , T T F  + 

electrodes leads to the  fol lowing mode l  for  the  ox ida -  
t ion and reduct ion of the  e lec t roact ive  TTF molecules  
in  the  po lymer  layer .  The  consistency of the  exper i -  
men ta l  resul ts  to this  model  is discussed below. In-  
corpora t ion  of TTF + into the  Nation l aye r  produces  a 
go lden-co lored  film in which  TTF + has no special  
s t ruc tu ra l  a r r angemen t  and Lxists p redominan t ly  as 
TTF+,- -SO~ - pairs.  However ,  upon severa l  reduct ion  
and oxida t ion  cycles, counterions f rom the e lec t ro ly te  
(e.g., B r -  and K + ) a re  incorpora ted  into the l aye r  
and the oxidized form of the l aye r  is now purp le  and 
has an organized T T F + B r  - s t ruc ture  (p robab ly  in 
the  conduct ive nonstoichiometr ic  form, TTFBr0.~). The 
overa l l  r edox  react ion upon cycling can then  be 
wr i t t en  as 

TTFBr0.T ~ 0.7e ~ TTF  § 0 .7Br-  Eol [1] 

However ,  the  s t ruc tu ra l  changes tha t  occur dur ing  
these  redox  react ions cause the  e lec t rochemical  be-  
hav ior  to devia te  f rom that  expected  when al l  p ro -  
cesses and e l emen ta ry  steps are  rap id  and revers ib le .  
Neu t ra l  TTF has a c rys ta l  s t ruc tu re  in which  the flat 
TTF molecules  lie pa ra l l e l  to one another ,  fo rming  
stacks of TTF wi th  each molecule  assuming a s tag-  
gered  (st)  configurat ion wi th  respect  to the  one be low 
it  (14). The  crys ta l  s t ruc ture  of TTFBr0.~ also in-  
volves s tacks of  TTF + molecules,  bu t  these assume 
an ecl ipsed (ec) posi t ion wi th  respect  to one ano ther  
(13). The reduct ion  of the  film involves loss of B r -  
and s t ruc tura l  r e a r r a nge me n t  of the  molecules f rom 
the  ec TTF + form to the st configurat ion of the  neu-  
t ra l  TTF molecules. The  s tabi l iza t ion  of the TTF+ 
molecules  b y  fo rmat ion  of the  B r -  complex  makes  
the complexed form of T r F  + ha rde r  to reduce than  
the uncomplexed  one. The reac t ion  then  occurs b y  a 
"square  scheme" mechan i sm (3) 

TTFBro.~(ec) + 0.7e --  T T F  (ec) + 0 .7Br-  [2] 
t k '  ~k 

TTFBr0.7 (st)  + 0.7e --  T T F  (st)  + 0.TBr- [3] 

(where  the under l ined  forms are  the  s table  ones) .  T h e  
go for  reac t ion  [2] is more  negat ive  than  E~ by  an 
amount  re la ted  to the  energy  difference be tween  the 
ec and st forms of neu t ra l  TTF, and E ~ for  react ion [3] 
is more  posi t ive than  E~ by  an amount  re la ted  to the 
energy  difference be tween  the st  and ec forms of t h e  
TTF + species. The different  Eo-values for oxida t ion  
and reduc t ion  resul t  in  the  peak  spl i t t ing  shown i n  
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the CV waves. However ,  the  peaks  do not  occur a t  
potent ia ls  governed by  the i r  respect ive  Eo's because 
the  fol lowing i r revers ib le  react ions  cause the peaks  
to shift  in ( toward  Eol). This behav ior  is cha rac te r -  
istic of revers ib le  e lect ron t ransfers  fol lowed by  i r -  
revers ib le  fol lowing react ions of  solut ion species (an 
Er-Cl react ion)  ( lb ,  15) and of surface  monolayers  
(16). The ex ten t  of the shif t  in  the CV peaks  de-  
pends on the ra te  constants  of the fol lowing react ions 
(k and k ')  and  the scan ra te  (v) in a manner  con- 
s is tent  wi th  the  behav io r  shown in Fig. 3 and 4. The 
rap id i ty  and i r revers ib i l i ty  of the  s t ruc tura l  r e a r -  
rangements  is shown by  the r ap id  scan (v --  10 V /  
sec) exper iments ,  where  no reversa l  peaks  corre-  
sponding to e i ther  react ion [2] or  [3] a re  observed  
(Fig. 5). A t  essent ia l ly  inf ini tes imal  scan ra tes  (Fig. 
7), the behavior  approaches  tha t  governed by  the 
overa l l  react ion,  (Eq. [1]) ;  the  resul ts  suggest  tha t  
Eol = 0.O0 • 0.02V vs. SCE. 

The  model  is consistent  wi th  the  59 mV shif t  of 
both peaks  pe r  tenfold  change in B r -  concentra t ion 
(Fig. 10). The shifts in Eol w i th  suppor t ing  elec-  
t ro ly te  anion (Fig. 13) point  to s t ronger  complexat ion  
of TTF + by  I -  (E~ ,-- --0.1V vs. SCE) and weaker  
complexa t ion  by  C1- (Eol ,~ -~ 0.05V vs. SCE).  F luo-  
r ide  ion does not  form a conduct ive complex,  so the  
wave  loses its t h in - l aye r  shape in  a F -  med ium and 
the s t ruc tu ra l  reorganiza t ion  effects are  absent  (Fig. 
13a). 

The  quant i ta t ive  e lec t rochemical  behavior  and  the 
deta i led  shapes  of the waves depend on o ther  factors, 
such as a t t rac t ive  interact ions  wi th in  the film which 
cause the  ex t r eme  nar rowness  of the reduct ion peak.  
A d ig i ta l  s imula t ion  t r ea tmen t  of this  sys tem wil l  be 
discussed e lsewhere  (17). However ,  thin l aye r  ErCi 
behav ior  (16) p r o b a b l y  is a reasonable  approx imat ion  
for both par t s  of the square  scheme. The react ion of 
the  P t / N A F , T T F +  elect rode is considered to be thin 
l aye r  at  scan rates  be low 10 V/sec  because the  in te-  
g ra ted  charges  under  the  CV waves  are  independent  
of v. The theory  predicts  tha t  in the  scan ra te  re -  
gime where  the  ra te  of the fol lowing react ion is much 
l a rge r  than  the scan ra te  and the e lec t ron t ransfer  
is revers ib le  (i.e., where  ( R T / n F ) ( k / v )  ~ 10), no 
peaks  are  observed for  the unreac ted  form of the 
molecules  and the var ia t ion  in peak  potent ia l  is de-  
scr ibed b y  Eq. [4] (16) 

Ere "- E~ "t- (2.3RT/nF) log ( R T k / n F v )  [4] 

The plot  of Epc vs. log v for a P t / N A F , T T F +  elect rode 
(Fig. 6) was l inea r  over  the  in t e rmed ia te  range  of  
scan rates  (,~ 10 -4 to 10-2 V/sec) .  The slope of the 
l ine (--19.4 mV) is much smal le r  than  that  p red ic ted  
by  Eq. [4] for a one-e lec t ron  t ransfer .  The pred ic ted  
va lue  of ~E1/2, the  wid th  at  ha l f -height ,  for a thin 
l a y e r  ErCi reac t ion  is 66/n mV (16). The wid th  of the 
anodic wave  is ~20 mV but  the cathodic wave  i s  much 
nar rower .  The nar rowness  of the reduct ion  wave  can 
be expla ined  by  a t t rac t ive  interact ions  among the  
oxidized molecules  in the  po lymer ;  these are  also 
responsible  for  the unusua l  behavior  found for  scan 
reversa l  at  different  points into the cathodic wave,  
where  the cathodic cur ren t  increases on reversa l  
(Fig. 8). This is exp la ined  as follows. The oxidized 
e lec t rode  is in i t ia l ly  ha rd  to reduce because  the a t -  
t rac t ive  in teract ions  mus t  be overcome; this causes 
the  cathodic  wave  to be shif ted to more  negat ive  
potent ials .  As the  e lec t rode  is pa r t i a l l y  reduced  the 
re ta rd ing  effect of the in teract ions  is decreased be -  
cause of the  smal le r  concentra t ion of oxidized mole-  
cules wi th in  the  film, so the reduct ion r ap id ly  accel-  
erates,  p roducing  a narrow,  ta l l  reduct ion  wave. This 
effect is less pronounced  for  the  oxidat ion  wave  in-  
d ica t ing that  the a t t rac t ive  interact ions  among the 
reduced  molecules  a re  smal le r  than  among the oxi-  
dized ones. S imi lar ly ,  the  AE1/2 of the  oxida t ion  wave  

is a p p a r e n t l y  less affected b y  a t t rac t ive  in terac t ions  
than  the reduct ion wave.  If  the  ErCi model  is val id  for  
this system, the  slope of the Ep vs. log v l ine  suggests  
an n -va lue  of 3 (i.e., 3 electrons t r ans fe r red  per  mole -  
cule) .  One can speculate  tha t  the cr i t ica l  la t t ice  uni t  
is (TTF)4Br~ and the overa l l  reac t ion  is 

(TTF)4Br3 -t- 3e ~ (TTF)4 -~ 3 B r -  [5] 

The devia t ions  at  high scan ra tes  can be a t t r ibu ted  
to the  onset of the significance of heterogeneous k i -  
netics. 

The effect of va ry ing  the  t empe ra tu r e  on the CV 
peak  potent ia ls  of a P t / N A F , T T F  + e lec t rode  (Fig, 11) 
showed that  the  change in en t ropy  (hS)  for  the  re-  
duction and oxida t ion  processes were  not  of equal  
magni tude  and, fu r thermore ,  d id  not  have  the same 
sign. This resul t  can be exp la ined  by  first assuming 
the cathodic and anodic processes a re  ErCl react ions 
in a thin layer ,  and then examin ing  the t empe ra tu r e  
dependence  of the peak  potent ia l  for such a react ion 
(Eq. [4]) .  This is done by  express ing E o as a funct ion 
of its enthalpic  (AH o) and entropic  (aS o) cont r ibu-  
tions and the ra te  constant ,  k, by  the  Ar rhen ius  
equat ion in terms of the act ivat ion entha lp ic  (hH#)  
and entropic  (~S#)  contr ibutions.  The resul t  is Eq. 
[6] where  h is P lanck ' s  constant  and NA is Avogadro ' s  
number .  The sign is plus for  a reduct ion  and minus  
for  an oxida t ion  

nFEp = -- ~H ~ + TAS o 

• (TAS# -- hH# + R In (RT2/NAnFhv))  [6] 

The der iva t ive  of Eq. [6] wi th  respect  to t empe ra tu r e  
is given by  Eq. [7] 

nF dE, : ~S o • ( a S S  + R In (R~T2/NAnFhv) -k 2R) 
dT 

[7] 

Over  the  expe r imen ta l  t empera tu re  range,  dE/dT  
should be constant  to wi th in  2%. The expe r imen ta l  
peaks  shif ted l inea r ly  wi th  t empe ra tu r e  (Fig. 12), 
wi th  a cathodic peak  slope of 1.44 mV/K,  and an 
anodic peak  slope of --0.34 mV/K.  There  are  four  
te rms in Eq. [7] which cont r ibu te  to the slope, one 
of which, aS  o, has been ex tens ive ly  s tud ied  for solu-  
t ion redox species (18). The change in en t ropy  for  
the reduct ion of a cation in solut ion is genera l ly  posi-  
t ive  wi th  dE/dT in the range  0.2-2.0 mV/K.  The peak  
potent ia ls  of both the  oxida t ion  and reduct ion waves 
should shift  to more  posi t ive potent ia ls  wi th  increas-  
ing t empe ra tu r e  as a resu l t  of the  ~So term.  T h e  o the r  
th ree  terms in Eq. [7] resul t  f rom the pe r tu rba t ion  
caused b y  the fol lowing reaction.  While  hS#  is un -  
known for the  reaction,  the  o ther  two te rms can be 
es t imated  and y ie ld  • m V / K  for~ n --  1 (T --  
298K, v : 0.01 V/sec)  and  • m V / K  for n - -  3 
(T _-- 298 K, v = 0.Ol V/sec)  (W for reduct ion,  - -  for 
ox ida t ion) .  The two te rms cause a shift  in the  reduc-  
t ion wave  to more  posi t ive potent ia ls  and the oxi-  
dat ion wave  to more negat ive  potent ia ls  wi th  increas-  
ing tempera ture .  The two ca lcula ted  te rms are  .in the  
same direct ion as the effect aS  o for  the  reduct ion  peak,  
but  are  opposite to the aSo t e rm for the  oxida t ion  
peak. This could exp la in  why  the cathodic process has  
a l a rge r  posi t ive slope than  the anodic process and 
why  the anodic process has a slope w i th  a sign opposi te  
to tha t  of the reduct ion process. 

We do not  bel ieve that  o ther  explanat ions  of the  
observed CV peak  separat ions  and na r row  waves  for  
P t / N A F , T T F  + electrodes are  as reasonable.  Fo r  e x a m -  
ple, resis tance effects can cause peak  separat ions  in 
cyclic v o l t a m m e t r y  (19), but  a large  resis tance (R 
0.1 M~)  would  be needed to cause the  peak  sepa ra -  
tions observed in the slow scan ra te  exper iments ,  be -  
cause of the smal l  cur rents  being passed. The cell  r e -  
sistance of a P t / N A F , T T F  + e lec t rode  in 1.0M KBr 
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was small (20a) as determined by observing the charg- 
ing of the double layer in response to a potential step 
in a nonfaradaic region. A small heterogeneous elec- 
tron transfer rate constant can produce peak splittings 
in cyclic voltammetry. However, the peak separation 
found at 0.02 mV/sec would yield (with a = �89 and 
na = 1) a rate constant, k ~ of 2 • 10 -s  cm/sec (20). 
This seems unreasonably small compared to other 
values reported for electroactive molecules in Nation 
(6b, c). Attractive interactions between reduced and 
oxidized molecules will not normally produce CV peak 
splittings. Large attractive interactions that occur with 
the onset of phase transitions can produce CV peak 
splittings; however, the isotherm under those con- 
ditions would not have the shape found for Pt/NAF, 
TTF + electrodes. 1 

Conclusion 
A freshly formed Pt/NAF,TTF + electrode contains 

TTF +, probably as TTF22+, electrostatically bound on 
the --SO3- cation exchange sites of the polymer. After 
electrochemical cycling the electroactive molecules in 
the polymer form small domains of solid which show 
similar behavior to electrodes made from thin films 
of TTF. This aggregation occurs within the polymer 
film, where the reduced form of the electroactive mole- 
cules is neutral TTF and the oxidized form is TTFBro.7. 
The sharp, narrow CV waves for the oxidation of 2"rF 
and reduction of TFBro.7 are split by over 100 mV; 
this can be explained by structural transitions be- 
tween the oxidized and reduced forms. The shape and 
hysteresis found on scan reversal demonstrates that 
attractive interactions which are greater for the oxi- 
dized form exist between the electroactive molecules. 
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ABSTRACT 

Molten KHSO4 offers the possibility of studying the electrochemical process related to the electroadsorption and 
electrodesorption of the O-containing species on Pt, under a large concentration of ionic species and a low possibility of 
impurity interference. The potentiodynamic response of the corresponding interface with different complex potential/time 
perturbation functions, as well as the potential decay at open circuit, indicates the existence of at least three different aging 
effects of the O-electrosorbed species. Each aging effect can be related to a particular energetic configuration of the 
electrosorbed layer. 

The electrochemical kinetics of the O-electroadsorp- 
tion and O-electrodesorption in noble metal electrodes 
both in aqueous and in molten salt electrolyte is ex- 
plained through a complex reaction pattern where 
various electron transfer and structural reactions re-  
lated to aging effects of the O-electroadsorbed species, 
a t  the monolayer level are involved (1-6). Different 
configurations of the O-electroadsorbed species can 
be achieved through either short or long range term 
transformations involving as possible contributing pro- 
cesses, dehydration, "i.e., a change of interaction be- 
tween the electroadsorbed species and surrounding 
water (7-9), surface reaccommodation of the O-con- 
taining layer  (8, 9), restructuring of the metal  sub- 
strate (12, 13), ionic specific adsorption (14), changes 
in the film stoichiometry related to possible dispro- 
portionation reactions occurring therein (2) and pos- 
sible formation of peroxidic-type structures (15-17). 
This paper  attempts to contribute to the understanding 
of the aging processes through the electrochemical 
behavior of the Pt/KHSO4 (melt) interface, a system 
where the aging effect under open-circuit  conditions 
was first determined (18). 

Experimental 
The experimental  arrangement is similar to the one 

described in previous publications (18, 19). The work- 
ing electrodes are made of polycrystalline Pt wires 
(spectroscopic quality) of apparent  area in the 0.15- 
0.49 cm ~ range. The potential of the working electrode 
was measured against a reversible hydrogen electrode 
in molten KHSO4 a{ 1 atm H~ saturation. The smooth 
working electrode was cleaned in 1:1 H~SO4-HNOa 
mixture, and rinsed with t r iply distilled water. This 
procedure was repeated for each new experiment. 

Molten AR (Merck) KHSO4 was used as electrolyte. 
O2 was carefully removed from the melt following the 
usual procedures. Runs were made at 245~ Three 
different potential perturbat ion programs were used. 
Program A (Fig. 1) involves the potential sweep from 
Es,c to Es.a and backward until the null  net current 
potential (Ei=o) is reached. At this potential the cur- 
rent  is interrupted leaving the system under open cir- 
cuit during the time ~oc. After  ~r162 the open-circuit  po- 
tential shifts to Er and immediately af terward the po- 
tential scan is continued to reach Es,e. Program B (Fig. 
2) involves a preset potential  holding (for instance, at 
Es,a) during the time ~p. Program C (Fig. 3) corre- 
sponds to that already described to promote the po- 
tentiodynamie aging of the layer forming species (3). 
In this case E's,~ can be either more positive or more 
negative than the potential of the O-electrodesorption 
current peak (Ep). The nomenclature used in the 
present work to identify the different charges playing 
part  in the potentiodynamic aging is the same as that 
a lready described in a recent publication (3). 

�9 E l e c t r o c h e m i c a l  S o c i e t y  Active Member. 
Key words: metal, electrode, voltammetry, chemisorption. 
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Results 
Electroreduction profiles obtained with program A. - -  

The electroreduction E/I  displays obtained with pro-  
gram A (Fig. 1) when Tor ---- 1.5 rain start  from a com- 
mon potential (E _-- 0.32V). The electroreduction 
charge at any v remains constant and the first portions 
of the electroreduction profiles are coincident. At  ~oc 
larger  than 10 min, the electroreduction charge de- 
creases (18). For a constant electroreduction charge, 
the potential of the electroreduction peak at 50 mV/sec 
is shifted 25 mV more negative than the potential of 
the electroreduction peak recorded under comparable 
repetit ive tr iangular potential  sweeps (RTPS). The 
kinetic analysis of these profiles were already dis~ 
cussed in Ref. (18). 

Electroreduction profiles run with program B.--The 
electroreduction El i  displays resulting after holding 
the potential at Esa during a time ~p (0 < Tp < 30 rain) 
(Fig. 2) show a progressive increase in charge and a 
gradual shift of the potential of the electroreduction 
peak toward negative potentials as ~p increases. The 
potential holding at Es,a involves the aging of the film 
and its subsequent growth beyond the monolayer thick- 
ness. In this case, a part ial  dissolution of the oxide 
film is probably also involved in the overall  process 
occurring at Es,a. 

EIectroreduction profiles after perturbation program 
C.kThe  intermediate repetit ive tr iangular  potential 
sweeps (IRTPS) in program C involve the periodical 
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Fig. 1. Potentiodynamic E/I profiles run at a constant anodic 
potential sweep rate; va ~ 0.05 V/see and at different cathodic 
potential sweeps; ve after the current interruption at the null cur- 
rent potential. Apparent area ~ 0.49 cm ~. 
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Fig. 2. Potentiodynam|c E l l  profiles run at 0.4 V/see. Poteetio- 
static aging at Es,a - -  0.62V. Influence of -cp, 0i ---- 0.68. Apparent 
area ---- 0.18 cm ~. 

removal and rebuilding a fraction of the O-containing 
surfacespecies initially produced. The electroreduction 
displays (Fig. 3) run at 0.4 V/sec IRTPS during a pre- 
set number of cycles depend quite remarkably on 
E's,c. The splitting of the electroreduction profile is 
only noticed when E's.~ is slightly more negative than 
Ep in the conventional RTPS display (3). The time 
required to attain a definite splitting in the electro- 
reduction profile increases as E's,e is increasingly more 
negative. The optimal splitting condition (OSC) corre- 
sponds to an E's,r value involving the removal (Or) and 
rebuilding of about 70% of the initial O-containing 
surface species (0i) during the first IRTPS. Then, the 
potential difference of the two electroreduction peaks 
attained after xi = 4 min is slightly larger than 0.1V. 

When E's.e is more positive than E, (Fig. 4) and only 
30-40% of the O-surface coverage is involved in the 
IRTPS, a single electrodesorption peak is observed 
afterward. The potential of the broad electroreduc- 
tion peak becomes gradually more negative and simul- 
taneously the cathodic charge increases accordingly 
with ~t, exceeding that in the conventional RTPS pro- 
file when rt is greater than 10 sec. In this case, during 
the IRTPS most of ~he surface is covered by the O-spe- 
cies. The shift of the electroreduction peak potential 
after xi = 30 rain is ca. 0.20V (Fig .4). 

When Es,a is such that only a fraction of the 
O-monolayer is formed, an increasin~ inhibition of the 
O-electroadsorption during the IRTPS is observed. 
This suggests a probable competition effect between 
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Fig. 3. Potentiodynamic E / I  profiles run at 0.4 V/see. IRTPS at 
0.4 V/see (100 cycles). Influence of E%c. Apparent area = 0.18 
cm 9-. 
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Fig. 4. Potentiodynamic E / I  profiles run at 0.4 V/see. IRTP5 at 
0.4 Y/sec between E's,c - -  0.29V, Es,a - -  0.80V. Influence of Ti; 
(Or /Oi  ~ 0.35). Apparent area - -  0.15 cm% 

the restructuring of the O-containing species and the 
adsorption of anions on the available free metal sites 
(14). 

Aging and film growth processes.--The charge of the 
O-containing species, QT, and the charge associated 
with aged O-species, Qag, increase proportionally to In 
T (Fig. 5). The potentiostatic O-layer growth fits a 
good linear QT vs In T relationship, whose slope in- 
creases with the initial amount of O-containing species 
at the metal surface. Otherwise, the accumlation of the 
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Fig. 5. Accumulated charge vs. In r plot for the potential per- 
turbation programs B and C. - . . . .  Potentiostatic aging, - -  po- 
tentiodynamic aging with 0r/0i ~ 0.5, ~ - - ~  patentiadynamic 
aging with Or/Oi ~ 0.5, (~ (~ C) QT vS. In Xp with 0i = 0.68 
(potentiostatic aging), ~ ~ ~ QT vs. In Tp with 01 = 0.46 (paten- 
tiostatic aging), q l  O I QT vs. In xl with 0i = 1.2 and IRTPS at 
0.4 V/sec, �9 �9 �9 QT vs. In xt with 01 = 0.98 and IRTPS at 0.4 
V/see, I I I QT vs. In xl with 0i = 0.46 and IRTPS at 0.4 V/see, 
[~t - I  I-'1 Qag vs. In xt with 0i = 0.61 and IRTPS at 4 V/sec, A A A  
Qag vs. In xi with 0i ---- 0.5 and I~RTPS at 0.4 V/sec, A, JLA QT vs. 
In xi with 0i = 0.40 and IRTPS at 0.4 V/see. 



624 J. EIectrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY March 1983 

200 

~;~150 

1oo 

50 

20C 

150 

100 

O-containing species during the potentiodynamic aging 
also fits either a QT o1:.Qas vs. In ~p plots but involving 
two linear regions. In the first region, at values of In 
T < 4, the slope increases wtth 0i and, at 0~ > 0.6 ap- 
proaches the slope of O-layer growing process under 
potentiostatic conditions. In the second region, at 
values of in ~ > 4, the slope is lower than in the first 
region but increases on 0i, for 0 i < 0.5. It should be 
borne in mind that under potentiodynamic ~_ging per- 
turbation conditions, the smaller 01 is, the smaller the 
average potential related to the IRTPS. 

Runs using the potential perturbation program B 
(Fig. 2) at low values of v show the occurrence of 
two different processes when the potential is held at 
any Es.a lying within the range of the potential corre- 
sponding to the formation of the O-electroadsorbed 
monolayer and the equilibrium potential of the Pt /  
PtOH couple (1, 2). These processes can be related 
to the restructuring of the fraction of the O-monolayer 
initially formed and the competition between the 
O-electroadsorption and the anion adsorption for the 
sites available at the metal surface. 

For the potentiodynamic aging at large values of v 
(high frequencies), a single O-electroreduction profile 
is recorded, its potential being shifted toward more 
negative values than that of the corresponding con- 
ventional RTPS profile. The potential shift (hEp) is, 
however smaller than that observed when the splitting 
of the peak takes place. This suggests that at the larg- 
est frequency the reaccommodation of the O-species 
at the surface is to a large extent hindered, and as 
practically no free sites for the location of new species 
through the O-electroadsorption process become avail- 
able. 

For a constant percentage of the O-containing spe- 
cies removed and rebuilt in the IRTPS, hEp increases 
as 0i increases (Fig. 6) because as the amplitude of 
the IRTPS depends on 0i, the time available to promote 
the restructuring of the surface species increases. Like- 
wise, for a constant number of IRTPS cycles, AEp in- 
creases as v increases, as in this case the formation of 
more stable O-containing species is assisted. On the 
other hand, when the electroreduction charge of the 
O-species invoived in the IRTPS is lower than that 
corresponding to the OSC value, AEp is sensitive to 
E's.c. But, when E's,c is more cathodic than the OSC 
value, A~p becomes independent of E's~c. The amount 
and degree of stabilized O-containing species de- 
creases as the frequency of the IRTPS decreases. 
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Fig. 6. AEp vs. In N (number of cycles) for different Es,a and 
E's~. (a) v = 0.4 V/see and (b) v - -  4 V/sac. 

Change of the open-circuit potential.--The decay of 
the open-circuit potential from Es.a was determined 
in the following different ways (Fig. 7), (i) after ob- 
taining the stabilized E/I profile under RTPS, (~) 
after the IRTPS during either 100 or 300 cycles, cover- 
ing a potential range where 65% of the O-containing 
monolayer is initially removed and rebuilt, (iii) the 
same as (ii) but covering a potential range involving 
only 30% of the surface coverage, (iv) aRer holding 
the potential at Es,a during preset times which are the 
same as those used in (i//). 

For case (i), (iii), and (iv) a single transition time 
was observed. The fastest potential decay corresponds 
to case (i). In case (ii) a complex potential decay is 
shown, where two relatively poorly defined transition 
times (at Er (1) and E'r (1), respectively) are apparently 
observed. In cases (i), (iii), and (iv) the potential 
decay plateau (Er (1)) is located between 0.30-0.35V. 
The final potential (Er ~2>) which is the same for cases 
(i) to (iv), is located at 0.1V. The results from (ii) in- 
dicate the existence of at least two coupled reactions 
related to the potential decay. The time required to 
attain Er (2) increases with the number of IRTPS. 

Activation of the 08 and Ha evolution reactions.-- 
Modifications in the electrolytic activity of the elec- 
trode surface is envisaged from the potentiodynamic 
Eli  displays when the electrode is subjected to a com- 
bined potential perturbation program, covering the 
initial portions of both the H2 and O2 evolution reac- 
tions (Fig. 8) at v = 0.3 V/sec, adjusting later Es,c to a 
new E's.~ value to remove and rebuild about 90% of 
the O-containing species during each potential sweep 
at the same v and immediately afterward, applying 
an RTPS during 5-15 rain at a greater v. Finally, the 
RTPS is again run in the E's,c to Es,a range at the 
initial v. 

Under these .circumstances the Os-evolution reac- 
tion is enhanced and the O-electroreduction charge is 
remarkably smaller than the one initially formed in 
the same potential range. A further potential cycling 
produces a gradual increase of the O-electroreduction 
peak, but the activity for the O2 evolution reaction re- 
mains practically the same. At the final stage when 
E's.~ is changed to Es.c, there is a remarkable electrore- 
duction current at the low potential region. This per- 
turbation procedure induces a drastic temporary ac- 
tivation of the electrode surface for both the Hs and 
O2 evolution potential ranges. On further cycling, the 
E/I profile approaches slowly that initially depicted 
under RTPS. The largest transient electrocatalytic 
activation of the O8 evolution reaction is related to a 
set of optimal values (E's;c, f, and gs,a) (Fig. 9). 

Discussion 
The application of each perturbation tehnique pro- 

duces a definite shift of the O-electroreduction current 
peak toward the negative potential side which is in- 
terpreted in terms of aging of the O-electroformed 

~ 
l l t ,  �9 . 

T i m e  ( s a c }  

Fig. 7. Open-circult potential decay curves. (o) IRTP$100 cycles; 
(b) IRTPS 300 cycles. The identification of the curves is given in 
the text. 
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Fig. 8. Potentiodynamic E/I profile run at 0.3 V/sac. Initial 
RTPS, Es~c ----- O.02V and Es,a = 0.92V. Afterward Es,c was 
changed to 0.22V, and v was increased to 26 V/sec and the IRTPS 
was maintained during 15 rain. Immediately after the IRTPS was 
repeated at the same v initially used. After 10 cycles Es,c was ex- 
tended again to 0.02V. The initial E/I profile is shown in the upper 
part of the figure. Apparent area ~ 0.18 cm 2. 
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Fig. 9. Potentiodynomic E/! profile run at 0.3 V/sac with the 
same conditions described in Fig. 8, but the IRTPS was made at 115 
V/sec daring 4 rain. Under these circumstances the largest increase 
in current at Es,a is obtained. Apparent area ~--- 0.18 cm 2. 

l aye r  on p la t inum.  In  this  case, however ,  the p l a t i -  
num electrode in KHSO4 mel t  exhibi ts  under  p e r t u r b a -  
t ion p rograms  B and C, an accumulat ion  of charge 
l a rge r  than that  found in 3.7M H2SO4 (3). A com- 
par ison of runs  made  for a constant  number  of po ten-  
t ia l  sweeps (100 cycles) at  0.4 V/sec,  is shown in Table  
I. The AEp values  resul t ing  under  pe r tu rba t ion  p ro -  
g rams  B and C in any  case a r e  r e m a r k a b l y  l a rge r  than  

Table I. Potential shifts (AEp) of the 0-electroreduction current 
peak at 0.4 V/see as compared to the peak potential of the 

stabilized E/I profile after 100 IRTPS cycles 

IRTPS Qa, 
ampli- after Pertur. 
rude/ Split- AEpl IRTPS bation 

0,/0~ (V) ting (V) (mC/cm s) program 

- -  - -  No 0.025 ~ A 
~0  0.26 No 0.090 1.16 B 
,-,0.35 0.52 No 0.150 1.03 C 
~0.67 0.56 Yes 0.163 1.76 x 10-* C 
~0.85 0.59 Yes 0.163 3.88 x 10 4 C 

those resul t ing  f rom the O-e lec t rodepos i t ion  profile 
af ter  open-c i rcu i t  aging (18). This shir t  is r e la ted  to 
the  overa l l  ene rgy  change occurr ing at the surface 
af ter  aging e i ther  because of r e a r r a nge me n t  of the  
surface  species or  by  accumulat ion  of the  O-conta in ing 
species. 

The ~Ep obtained under open circuit is the same 
found for the aging of metal hydroxide multilayers in 
acid and alkaline electrolytes at room temperature 
(20). Its magnitude is close ~ that of hydrogen bond- 
ing energy. In these circumstances it appears that the 
energy does not depend on the type of film formed 
neither on the metal substrate. Hence, the main process 
under open-circuit aging, should be associated with 
either a dehydration of the O-containing layer or a 
structural change involving a shift of water through 
hydrogen bond breakage. 

The electroreduct~on profile resulting after poten- 
t iodynamic  pe r tu rba t ion  p rog ram C exhibi ts  two 
different  behaviors  depending  whether  the  E's,c dur ing  
the IRTPS is more  anodic or move ca thodic  than  Ep 
in the convent ional  RTPS display.  When  E's,c is more  
anodic than  Ep, the  accumula ted  charge increases ex-  
ceeding the monolayer  charge,  and s imul taneously ,  
there  is no spl i t t ing of the O-e lec t ro reduc t ion  peak,  
but  a single peak  progress ive ly  shif ted to nega t ive  po -  
tentials.  In  this case, as E's,c becomes more  posit ive,  
the fol lowing fea tures  should  be dis t inguished:  (i) the 
decrease  of the average area  avai lab le  for reaccom-  
modat ion  of the  O-species dur ing  the IRTPS,  as the  
average  poten t ia l  pe r tu rb ing  the in terface  dur ing  each 
cycling in the  IRTPS becomes more  posit ive;  (ii) the 
grea te r  poss ib i l i ty  of producing  h igher  oxida t ion  s ta tes  
at the me ta l  surface;  (iii) the  incorpora t ion  of anions 
e i ther  on or  in the O-conta in ing  layer ;  (iv) the th ick-  
ening of the  film; (v) the  poss ible  dehyd ra t i on  of the 
film throug h e lec t rochemica l  deprotonat ion.  These 
contr ibut ions  which  are  re la ted  to continuous and 
monotonous changes of the surface film proper t ies  
should be magnified by  both the  high t empe ra tu r e  and 
high ionic concentra t ion in the  mol ten  electrolyte .  
Therefore,  under  these condit ions no spl i t t ing  of t h e  
O-e lec t ro reduc t ion  current  peak  should  be expected.  

As E's,~ approaches  to Es,a, the  response of the  El i  
profile af ter  the IRTPS tends to tha t  obtain~ed af te r  
holding the poten t ia l  at Es,a for a cer ta in  t ime (p ro -  
g ram B) .  On the o ther  hand,  when  E's~ is more  ca th-  
odic than Ep so tha t  the  charge p lay ing  pa r t  dur ing  
the IRTPS is r e l a t ive ly  large,  the surface reaccom-  
modat ion  of the O-species becomes then  possible  as 
wel l  as the  s imul taneous  res t ruc tu r ing  of the  meta l  su r -  
face. Under  these ci rcumstances the  P t /KHSO4 (mel t )  
in terface  approaches  the c ha r a c t e r i s t i c s  of the P t /  
H2SO4 3.7M interface  at 55~ as p rev ious ly  discussed 
(3). 

The _AE, corresponding to the potent ios ta t ic  and po-  
tent ioclynamic ag_~ng for  E'~,~ not  far  f rom E~.~ are  
nea r ly  the  same. The la rges t  peak  potent ia l  shifts  are 
re la ted  to the more  s table s t ruc ture  of the  O-conta in ing  
l aye r  as wel l  as to the th ickening of the film. In this  
case. the s tabi l izat ion of the  film forming species could 
be  a~si,~ted b y  anion adsorpt ion.  When  the e lect rode 
potent ia l  in the me l t  is ma in ta ined  at  a va lue  suffi- 
c ient ly  posi t ive  dur ing  a r e l a t i ve ly  pro longed t ime, 
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then anion adsorption on the O-containing film would 
assist the stabilization of the O-containing nlm under a 
relatively strong electric tield. 2'he tnicl~ening o~ the 
film can then be conceived in terms of a place ex- 
change mechanism assisted by the electrical field set 
up between the metal prone and the prone of anion 
adsorption. The O-containing layer should acquire a 
more compact structure because of the electrostriction 
effects produced through the adsorption of anions at 
the layer-electrolyte  plane. Therefore, in this case 
the hEp values may be considered a direct measure of 
the electrostriction effect. 

The AEp found for the potentiodynamic aging for 
E's,r more cathodic than Ep impl/es a more remarkable 
change in the structure of the surface species. The 
main process has been assigned to a change in position 
of the O-species in relation to the metal lattice (3). 
This change also should imply a change in position of 
the atoms in the first metal plane and to a lesser ex- 
tent in other metal  planes in depth which may be 
comparable to the reorganization of the O-coverage in 
oxygen adsorption on Pt (10, 11). The overall pro- 
cess should include the participation of the solvent 
both as a constituent of the electrochemical interface 
and through its direct interaction with the O-con- 
taining film. The existence of the two surface species 
which are involved in this case is also revealed through 
the E/t  curve at open circuit. 

The existence of two well-defined O-species on Pt, 
depending on the aging conditions, is also clearly re- 
vealed through the Tafel plots (Fig. 10) of the initial 
portion of the electroreduction profiles shown in Fig. 4. 
A constant Tafel slope of about 1.5 times larger than 
the RT/F ratio is obtained for short aging times. Con- 
versely, for aging times larger than 1 rain a second 
constant Tafel slope results whose value is close to the 
RT/F ratio. Taking into account that the decrease in 
the Tafel slope follows the corresponding cathodic 
charge increase, the effect is just ly the reverse of the 
effect predicted for this type of processes where any 
aging effects are disregarded (21). 

The film growth process folIows apparently the same 
form of rate law already established for anodic film 
growth on various metals (22), but the rate depends 
whether the growth occurs potentiostaticallv or it is 
produced potentiodynamically. For the latter, at ei 
< 0.4, the }ow growth rate should be aDDreciabl~r in- 
fluenced by anion adsorption (14). The change of slope 
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Fig. 10. Tofel plots obtained from the initial portion of the Eli 

cathodic profiles when ~r/0z ~ 0.35. Data token from Fig. 4. 

in the QT vs. In ~ plots occurred at a ~ value in the 30 
sec < ~t < 1 min range, and it is associated with the 
existence of at least two di~terent O-containing species 
independently of the amount of O-containing species 
at tne metal-solution interface. 

The difference in the kinetics of film growth cor- 
relates with the E/ln I plots for the electroreduction 
of O-containing layer after different aging times (Fig. 
10). in this case, the time range for the transition in the 
E/log I slope coincides with that related to the change 
of the slope in the QT/ln T plots. 

The existence of different O-containing species is 
also deduced from the open-circuit  potential decay. The 
different species involved in the potential decay pro- 
cess should be related to the values of the arrest poten- 
tials. The first arrest potential (Er (1)) obtained after 
the different aging conditions from the potential decay 
curves is practically the same, Er (1) : 0.340 _. 0.005V 
while the final rest potential (Er (2)) is lower, Er (2) -- 
0.110 • 0.005V. 

The contribution of each O-containing species during 
the electrochemical process associated with the po- 
tential decay at open circuit depends on the extent of 
the aging reached at the interface for the O-electro- 
adsorbed species (Fig. 7). 

A c k n o w l e d g m e n t  
INIFTA is sponsored by the Consejo Nacional de In- 

vestigaciones Cientificas y T~cnicas, the Universidad 
Nacional de La Plata, and the ComisiJn de Investiga- 
ciones Cientificas (Provincia de Buenos Aires).  This 
work was part ial ly supported by the Regional Pro-  
gram for the Scientific and Technological Development 
of the Organization of American States. 

Manuscript submitted July  30, 1981; revised manu- 
script received Oct. 11, 1982. This was Paper 504 pre-  
sented at the Minneapolis, Minnesota, Meeting of the 
Society, May 10-15, 198t. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1983 
JOURNAL. All discussions for the December 1983 Dis- 
cussion Section should be submitted by Aug. 1, 1983. 

Publication costs of this article were assisted by In- 
stituto de Investigaciones Fisicoquimicas TeJricas y 
Aplicadas (1NIFTA). 

REFERENCES 
1. N. R. de Tacconi, J. O. Zerbino, and A. J. Arvfa, 

J. Electroanal. Chem., 79, 287 (1977). 
2. J. O. Zerbino, N. R. de Tacconi, A. J. Calandra, and 

A. 3. Arvla, This Journal, 124, 475 (1977). 
3. M. E. Folquer, 3. O. Zerbino, N. F. de Tacconi, and 

A. 3. Arvia, ibid., 126, 592 (1979). 
4. B. E. Conway and S. Gottesfeld, J. Chem. Soc. 

Faraday Trans., 69, 1090 (1973). 
5. B. E. Conway, H. Angerstein-Kozlowska, F. C. Ho, 

J. Klinger, B. MacDougall, and S. Gottesfeld, 
Discuss. Farad. Soc., 56, 210 (1973). 

6. A. J. Arvia, Israel 3. Chem., 18, 89 (1979). 
7. G. B. Fisher and B. A. Sexton, Phys. Rev. Lett., 

44, 683 (1980). 
8. B. A. Sexton, Surf. Sci., 94, 435 (1980). 
9. G. B. Fisher and J. L. Gland, ibid., 94, 446 (1980). 

10. S. K. Shi, 3. M. White, and R. L. Hance, J. Phys. 
Chem., 84, 2441 (1980). 

11. H. Niehus and G. Comsa, Surf. Sci., 93, L147 (1980). 
12. M. Salmeron and G. A. Somorjai, ibid., 91, 373 

(1970). 
13. 3. P. Biberian, ibid., 97, 257 (1980). 
I4. I. I~ Labkovskaya, V. I. Luk'yanyacheva, and V. S. 

~agotskii, Elektrokhimiya, 5, 580 (1969). 
15. S. Shibata, Bull. Chem. Soc. Jpn., 38, 1330 (1965). 
16. A. Hickling and G. Vrojosek, Trans. Faraday Soc., 

57, 123 (1951). 
17. M. I. Florit. M. E. Martins, and A. 3. Arvia, J. Elec- 

troanal. Chem., 126, 255 (1981). 
18. N. R. de Tacconi, A. J. Calandra, and A. J. Atr ia ,  

ibid., 51, 25 (1974) ; 57, 325 (1974). 
19. J. O. Zerbino, N. R. de Tacconi, and A. J. Arvla, 

This Journal, 125, 1266 (1978). 



VoL 130, No. 3 D I F F E R E N T  A G I N G  EFFECTS 6 2 7  

20. M. E. Mart ins ,  R. CSrdova  O., and A. J. Arvia ,  
Eleetrochim. Acta, 25, 453 (1980). 

21. K. J. Vet te r  and J. W. Schultze,  J. ElectrOanal. 
Chem., 34, 131 (1972); 34, 141 (1972). 

22. M. 5. Dignan, in "Compress ive  Treat ise  of Elec t ro-  
chemistry ,"  J. O'M. Bockris,  E. B. Conway,  E. 
Yeager,  and  R. E. White,  Editors,  Vol. 4, p. 247, 
P l enum Press  New York  (1981). 

Technical Notes @ 
A Lithium Electrode with a Zinc Substrate for Secondary Batteries 

Yoshiharu  M a t s u d a , *  M a s a y u k i  M o r i t a ,  and H idenor i  Katsuma 

Department of Industrial Chemistry, Faculty of Engineering, Yamaguchi University, Tokiwadai, Ube, Yamaguchi, Japan 

The deve lopment  of a l i th ium secondary  ba t t e ry  
using an organic  e lec t ro ly te  has been ac t ive ly  pursued  
in recent  years  (1, 2). An efficient Li e lect rode is re -  
qui red  to real ize  such rechargeab le  bat ter ies .  Some Li 
negat ives  wi th  meta l  subs t ra tes  have been proposed  in 
o rder  to obta in  good efficiency of charge-d i scharge  
cycl ing (3-9).  Especial ly,  i t  is wor th  not ing  tha t  high 
coulombic efficiency was achieved by  using an A1 sub-  
strate,  which forms an a l loy wi th  deposi ted Li dur ing  
t h e  per iod  of the  charging (8, 9). Previously ,  the  
authors  poin ted  out  the impor tance  of the corre la t ion 
be tween  the a l loy format ion  of the subs t ra te  meta l  and 
the cha rge -d i scharge  efficiency on the subs t ra te  (10). 
Fur the rmore ,  it  was found that  Zn, as well  as A1, is a 
p romis ing  subs t ra te  for secondary  l i th ium elect rodes  
(10). The  presen t  note shows the charge-d i scharge  

character is t ics  of the Li e lect rode wi th  a Zn subs t ra te  
in p ropy lene  carbonate  (PC) solut ion containing 
l i th ium perch lora te  (LiC104) or l i th ium te t raf luoro-  
bora te  (LiBF4).  The resul ts  are  briefly discussed by  
compar ing  the character is t ics  wi th  those obta ined  on 
the A1 substrate .  

E x p e r i m e n t a l  
The subs t ra tes  used in this work  were  high pur i ty  

(>99.9%) Zn and A1 disks (12.5 diam, 0.5 m m  th ick) .  
Af te r  having  been pol ished wi th  emery  papers ,  these 
were  thoroughly  washed with  acetone in an u l t rasonic  
cleaner.  The subst ra tes  were  then fitted to Teflon 
holders;  the effective surface area  of the  resul t ing  sub-  
s t ra te  was 0.95 cm 2. The e lec t ro ly te  was PC containing 
LiC104 or LiBF4 (1 mol d m - a ) .  The solvent  and the 
salts  were  purif ied and dehyd ra t ed  by  usual  methods  
(11, 12). W a t e r  content  of the solut ion was less than  

80 r a g .  dm -3. The  cha rge -d i scharge  character is t ics  
were  eva lua ted  by  ha l f -ce l l  tests. A p l a t inum sheet  
hav ing  a l a rge  surface area  was used as the  counter -  
electrode.  The reference  e lec t rode  was a sa tu ra ted  
calomel  e lect rode (SCE),  which was connected to the 
test  e lec t rode  by  a Luggin  cap i l l a ry  filled wi th  the  
organic  solut ion being invest igated.  The cha rge -d i s -  
charge  tes t  was car r ied  out  b y  a cycl ing p rocedure  in 
which Li was charged at  a constant  cur ren t  of 0.10 m A  
(0.11 mA/cm~) for  1 h r  fol lowed by  a discharge at the  
same cur ren t  densi ty  unt i l  the  e lectrode potent ia l  was 
--1.0V vs. SCE. The cu r ren t -po ten t i a l  curves were  
measured  af ter  the  four th  charge.  These measurement s  
were  conducted under  a d ry  N~ a tmosphere  at  25~ 

Results and  Discussion 
Typica l  charge  and discharge curves are  shown in 

Fig. 1. In  any  case, the coulombic efficiency ( ampere -  

* Electrochemical Society Active Member. 
Key words: lithium cell, cycling, negative electrode, alloy for- 

mation. 

hours d i s cha rged /ampere  hours  charged)  tends to 
decrease s l ight ly  wi th  cycl ing af te r  the  four th  dis-  
charge. The charge-d i scharge  character is t ics  of the Zn 
subs t ra te  are  a lmost  s imi lar  to those of the A1 sub-  
s t ra te  af ter  severa l  cycles, but  the  d ischarge  potent ia l  
of Li on Zn is a l i t t le  lower  than tha t  on A1. This is 
because the potent ia l  of the a l loy fo rmat ion  in the Li -  
A1 sys tem is more  posi t ive than that  in the Li -Zn  sys- 
tem (10, 13). On the Zn substrate ,  moreover ,  a l i t t le  
potent ia l  s tep is observed at  the  first s tage of the  dis-  
charge, which corresponds to the  t rans i t ion  in the 
anodic dissolution f rom the meta l l ic  Li to the L i -Zn  
alloy. One of the advan tages  in the use of a Zn sub-  
s t rafe  is tha t  the charge-d i scharge  per formance  is 
l i t t le  affected by  a smal l  amount  of wa te r  in the  elec-  
t ro ly te  as compared  wi th  the case using an A1 sub-  
s t ra te  (10). The cycl ing character is t ics  ob ta ined  in the 
LiBF4 solution is a lmost  the same as those in the 
LiC104 solution. F r o m  the v iewpoin t  of solut ion s tab i l -  
i ty  (1),  however ,  it  wou ld  be p re fe rab le  to use t h e  
LiBF4 solution. 

F igure  2 shows the polar iza t ion  curves of the Li 
electrodes wi th  Zn and A1 subst ra tes  af ter  the  four th  
charging.  The polar izat ion character is t ics  on the A1 
subs t ra te  in the LiBF4 solution are  a lmost  equiva len t  
to those in the  LiC104 solution. On the Zn substrate ,  
the potent ia l  in the LiC104 solution is genera l ly  more  
negat ive  than  that  in the LiBF4 solution, and  the max i -  
mum cur ren t  densi ty  in the fo rmer  is also h igher  than  
tha t  in the l a t t e r  solution. Curren t  shoulders,  which  
resu l ted  f rom the heterogeneous  dissolut ion of the  

. . . . . . . . . .  _ , . _ 6 _  . . . . .  . . . .  
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, , , . . . - - ,  , , , 
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o,.J JY/ 
- '  ] 
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Fig. 1. Charge and discharge curves of Li negative electrodes 
with Zn and AI substrates, i ~- 0.10 mA (0.1] mA/cm~), A: | mol 
dm - 8  LiCIO4 in PC, B: ] mol dm - a  LiBF4 in PC, : Zn sub- 
strate, - - - - :  AI substrate, (Figures on the lines denote cycling 
numbers). 
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~ - 2 . 5  
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-3 .0  ~ t 
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Fig. 2. Anodic polarization curves of Li electrodes with Zn and 
AI substrates, open symbols: 1 mol dm -3 LiCIO4 in PC, dosed 
symbols: 1 mol dm -3 LiBF4 in PC, O ,  $:  Zn substrate, ~ , , 0 :  
AI substrate. 

alloy, are observed in both solutions at about --2.3V on 
the electrode with the Zn substrate while the anodic 
dissolution on the A1 substrate seems to occur homo- 
geneously. It is apparent  from the current-potential  
curves that good discharge performances can be ex- 
pected in the potential region from --2.7 to --2.4V at 
the Zn substrate. For both of the substrates, however, 
deep discharges should be avoided because of the low- 
ering of the current density at more positive potentials. 

The efficiency of the charge-discharge cycling on the 
Zn substrate, which alloys easily with deposited Li, is 
as high as that on the A1 substrate. The present results 
hint on how to develop an efficient negative electrode 
for secondary li thium batteries. However, it is further 

necessary to examine the corrosion resistance of the 
substrates and the combination with other solvents, in 
connection with the durabil i ty of the cycling over a 
longer period of time. 
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Lithium Cycling in Polymethoxymethane Solvents 
J. S. Foos* and J. McVeigh 

EI C Laboratories, Incorporated, Newton, Massachusetts 02158 

During the past few years, several Li ba t t e ry  elec- 
trolytes have been reported which allow the plating 
and stripping of Li in greater than 95% efficiency at 
25~ Newman reported the use of LiClO4 in dioxolane 
in Li/TiS~ cells (1). The cycling efficiency in these  cells 
is very good, but unfortunately they are susceptible 
to detonation (2). Koch has reported the use of 2- 
methyl tetrahydrofuran (2Me-THF) (3) and diethyl 
ether blends (4) as solvents for LiAsF6 in Li half-cells. 
The conductivity of these electrolytes is low. 

The solution of LiAsF6 in dioxolane is an electrolyte 
with good conductivity but is reported to polymerize 
readily (5). Ring strain may contribute to the reactiv- 
i ty of dioxolane. It might be anticipated that the open- 
chain analogues of dioxolane might be less reactive. 
Dimethoxymethane (DMM) I and tr imethoxymethane 
(TMM)II were investigated as solvents for possible 
use with LiAsF6 in Li batteries 

CH2 (OMe) ~ CH (OMe) 
I II  

We wish to report  that these solvents produce con- 
ductive solutions with LiAsF6, show good stabili ty at 
70~ and cycle Li well in half-cell  tests. 

* Electrochemical Society Active Member. 
Key words: electrolyte, organic, battery, conductance. 

Experimental 

The solvents, DMM and TMM (trimethyl orthofor- 
mate),  were obtained from the Aldrich Chemical Com- 
pany. Before use, the solvents were purified first by 
prel iminary drying using MgSO4 and /o r  molecular 
sieves (3 or 4A) for DMM; and molecular sieves (3 or 
4A) only for TRIM. Subsequently, they were distilled 
from Na benzophenone ketyl  (6). Some difficulty was 
encountered in forming the blue ketyl  in TMM. This 
was at tr ibuted to surface films on the Na which can be 
disrupted by placing the reaction flask in an ultrasonic 
bath. 

The electrolytes for cycling and storage tests were 
prepared using LiAsF6 (U.S. Steel, as-received) with 
cooling, using Cu shot previously cooled by Dry Ice. The 
solvents, if treated with alumina, were passed through 
a column of activated alumina (Woelm N-Super  1) 
and the first 10% discarded. Where applicable, pre-  
electrolyses were done by passing a current (1 m A /  
cm 2) between two Li metal electrodes (--30 cm 2) sus- 
pended in the electrolyte (100 ml) for --16 hr. 

Conductivities were obtained using dried distilled 
DMM and TMM. The conductivities were determined 
in conductivity cells with cell constants determined 
using aqueous KC1. An a-c conductivity bridge (YSI 
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Model  31) was used to measure  the cell  resistance.  The 
conduct ivi t ies  were  de t e rmined  at, or  correc ted  to, 
25~ wi th  a precis ion of , -5%.  The s torage tests were  
done in screw cap (Tef lon- l ined)  gla~s vials.  These 
were  s tored at  70~ 

The Li  cycl ing was done in p r i smat ic  glass cells con- 
ta in ing 15-20 ml  electrolyte .  This exper iment ,  de-  
scr ibed prev ious ly  (7), involves making  a p rep la t e  of 
4.5 C /cm 2 of Li on an Ni subs t ra te  (Ni shim) fol lowed 
by  s t r ipp ing  and then  rep la t ing  1.1 C / c m  2 o n  the  p r e -  
p la ted  Li. The average  efficiency for  cycle E, is cal-  
cu la ted  in Eq. [1] 

Q~ 
Q s -  

n 
E = [1] 

Qs 
where  n is the number  of apparen t  "100%" cycles, Q~ 
is the  charge  s t r ipped  (1.1 C/cm2),  and  Qex is the  
charge  in the  excess Li  (3.4 C/cm 2) at  the s ta r t  of the  
exper iment .  

Solut ion p repa ra t ion  and the e lec t rochemical  expe r i -  
ments  themselves  were  conducted at  room t empera tu r e  
under  an Ar  a tmosphere  in a Vacuum-Atmospheres  
Corpora t ion  d r y  box equipped wi th  a Model  HE-493 
Dr i -Tra in .  

Results 
Conductivity of electrolytes.--In orde r  to minimize  

e lec t ro ly te  IR drop, the e lec t ro ly te  in a ba t t e ry  
should show m a x i m u m  conduct ivi ty.  The solvents  I 
and II  give e lec t ro ly t ic  so lu t ions  wi th  grea te r  conduc-  
t ivi t ies  than  most  o ther  noncyclic  ethers.  

The conduct ivi t ies  of solut ions of LiAsF6 in e thers  
a re  genera l ly  high as compared  to solut ions of o ther  
sal ts  such as LiC104, LiBF4, etc. For  instance, the  m a x -  
imum conduct iv i ty  of LiAsF8 in T H F  is 0.017 ~ - 1  cm-1  
(7) as compared  to 0.006 and 0.004 for  LiC104 (8) and 
LiBF4 (9), respect ively.  The e therea l  solutions of 
LiAsFe prev ious ly  k n o w n  to cycle Li  wi th  high effi- 
ciency, i.e., 2Me-THF and DEE blends,  have m a x i m u m  
specific conduct iv i t ies  in the 0.002-0.004 12 -~ cm -1 
range.  

Conduct iv i ty  vs. concentra t ion profiles for LiAsF6 in 
DMM and TMM are  shown in Fig. 1. The conduct iv i ty  
profiles are typica l  for solut ions of LiAsF6 in e thers  
and  show m a x i m u m  conduct ivi t ies  of -,0.0065 ~ - 1  
cm - I  for DMM and ,-0.008 s -1 cm -1 for  TMM. 

Lithium cycling in haIf-cMls.--The pla t ing  and s t r ip -  
p ing  of Li at  25~ is a r igorous  test  of e lec t ro ly te  s ta -  
bi l i ty.  Elect rolytes  were  eva lua ted  for  ha l f -ce l l  cy-  

cling efficiency using e lec t ro ly tes  p r epa red  using dis-  
t i l led so lvent  (D) ,  dis t i l led solvent  ~reated wi th  a lu-  
mina  (DA),  and e lect rolytes  tha t  were  add i t iona l ly  
p re -e lec t ro lyzed  (DP) .  

The f resh ly  p l a t e d  Li, genera ted  dur ing  p r e - e l ec -  
trolysis ,  should be especial ly  react ive.  I t  was hoped  
that  this Li  would  react  wi th  i m p u r i t i e s  in the elec-  
t ro ly te  giving insoluble  react ion products  a n d  the reby  
pur i fy  the e lec t ro ly te ,  The  resul ts  for DMM and TMM 
elect ro ly tes  a re  shown in Table  I. This tab le  shows 
represen ta t ive  cycling efficiencies which i l lus t ra te  t h e  
effect of different  purif icat ion on Li  cycling. In these 
tests, both  e lect rolytes  show high  cycl ing efficiency. 

Electrolyte stability at 70~ cycIing tes t  above  
al lows the evaluat ion  of room t e m p e r a t u r e  s tab i l i ty  of 
the  e lec t ro ly te  towards  f reshly  p la ted  Li  over  t h e  
per iod  of the  exper iment ,  one or two days. An  ac-  
ce lera ted  test  for  long t e rm  s tab i l i ty  is the  s torage of 
e lect rolytes  at  70~ in the presence and absence of Li. 
A solvent,  2Me-THF, which  has proved  useful  in L i /  
TiS2 cells shows excel len t  s tab i l i ty  when s tored wi th  
Li at 70~ (7).  

S tab i l i ty  tests were  conducted by  s tor ing samples  of 
1.5M LiAsF6 in DMM and TMM in the presence and ab -  
sence of Li a t  70~ The resul ts  are  shown in Table  II. 
The TMM appears  more  s table  wi th  no appa ren t  r e -  
action noted at  20 days at  70~ These  tests m a y  be 
somewhat  misleading.  Al though no react ion was ob-  
served  visually,  the TMM elec t ro ly te  s tored  at  70~ 
wi th  Li subsequent ly  fa i led  comple te ly  to cycle Li. The 
DMM resul ts  were  var iable ,  wi th  the  resul ts  r epo r t ed  
typica l  of severa l  tests. Despi te  the appa ren t  lack  of 
s tab i l i ty  in DMM electrolytes ,  the  samples  s tored  wi th  
Li  re ta ined  modera te  cycling abil i ty.  

Discussion 
The conduct iv i ty  of the e lec t ro ly tes  s tudied makes  

t hem in teres t ing  candidates  for  Li ba t t e ry  use. How-  
ever,  the  s tab i l i ty  of the  e lec t ro ly tes  under  ac tua l  cell  
condit ions is of p r i m a r y  concern. This includes s t a b i l i t y  
towards  reduct ion by  Li and to the rmal  decomposi t ion 
in the bu lk  electrolyte .  The ha l f -ce l l  cycl ing resul ts  in-  
dicate a r e l a t ive ly  high degree  of s tab i l i ty  of e lec t ro-  
ly te  towards  Li. However ,  this test  is somewhat  insensi-  
t ive to e lec t ro ly te  decomposi t ion due to the la rge  e x -  
cess of e lec t ro ly te  present .  The var ia t ion  of the cycl ing 
efficiency wi th  purif icat ion appears  to be reproducible .  
I t  is a t t r ibu ted  to var ia t ions  of the  levels  of impuri t ies .  
Wha t  is not  c lear  is the na ture  of the  impur i t ies  and 
whe the r  they  improve  ha l f -ce l l  and s torage  tes t  be -  
havior.  I t  m a y  be t ha t  the  e lec t ro ly te  containing only  
pu re  solvent  and sa l t  would  give the  ,best resul ts .  On 
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Fig. I. Conductivity of LiAsF~ solutions in DMM and T M M  
(25~162 

Table I. Half-cell cycling tests using DMM and TMM electrolytes 

1.51K LiAsF0 in DMM (D) �9 97.3 
(DA) 97.5 
(DP) 96.5 

1.BM LiAsFe in TMM (D) 93. 9. 
(DP) 95.1 

Table II, Storage tests and cycling after storage using DMM and 
TMM electrolytes at 70~ 

Solvent With Ll Without  Ll 

D M ~  (D) Electrolyte  c lear  wi th  a Electrolyte  clear >19 
small  amount  of Li COro days then  darkened 
rosion at I0 days rapidly 

DMM (D) Cycled after 10 days stor- 
age with Li -~ 67.5% 

DM1K (DA) Electrolyte c lear with  a Electrolyte dark at  6 
small  amount  of Li cot~ days 
rosion, > 1 month  

DMM (DA) Cycled after 10 days stor- 
age with Li-~ 86.9 

TMM (D) No reaction at 20 days No reaction at 20 days 
TMM (DP) Cycled after 14 days with 

LI (no reaction) -~ 0% 
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the o ther  hand, perhaps  smal l  amounts  of impur i t ies  
m a y  scavenge undes i rable  react ive  in termedia tes .  Dif-  
fe rent ia t ing  be tween  these possibi l i t ies  is difficult. 

In  this work, e lect rolytes  which were  opt imized in 
ha l f -ce l l  work  were  chosen for  s torage tests and cy-  
cling a f te r  storage.  The DMM elec t ro ly tes  (D and DA) 
gave s imi lar  cycling efficiencies before s torage and s im- 
ilar,  though decreased,  efficiencies a f te r  storage. The 
e lec t ro ly te  purified wi th  a lumina  (DA) gave con t ra -  
d ic tory  resul ts  in that  i t  appea red  more  s tab le  than the 
DMM (D) in the  presence of Li  and less s table in the 
absence of Li. The TMM elect ro ly te  also gave cont ra-  
d ic tory  results  by  showing no apparen t  react ion in s ta-  
b i l i ty  tests and ye t  fa i l ing to cycle af ter  storage.  

The above  observat ions  i l lus t ra te  the  difficulty in 
evalua t ing  e lect rolytes  for Li  ba t t e r i e s  using hal f -ce l l s  
and the appearance  of s torage tests. F u r t h e r  inves t iga-  
t ion Q f these e lect rolytes  in Li/TiS2 test cells as wel l  
as a more  thorough chemical  analysis  of the s torage 
tests is in progress.  
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Electrodeposition of Calcium and Strontium Ions on Carbon Electrode 

H. J. Huang 
Department of Chemistry, National Sun Yat-Sen University, Kaohsiung, Taiwan 800, China 

Electrodeposi t ion is one of the  versa t i le  e lec t rochem-  
icaI techniques used in different  fields for var ious  pu r -  
poses, e.g., elec t ropla t ing  of Ag, Cd, Ni, and Cr for 
prac t ica l  decorat ing and protec t ion  purpose,  e lect ro-  
winning  and electrorefining of cer ta in  special  meta ls  
for  me ta l lu rg ica l  purpose,  e l ec t rograv ime t ry  and coul-  
ome t ry  for ana ly t ica l  purpose.  But so far,  the  appl ica-  
t ion of e lec t rodeposi t ion technique is l imi ted  to those 
e lect roact ive  species. In  this exper iment ,  the appl ica-  
t ion of cathodic prec ip i ta t ion  method for  the deposi t ion 
of cer ta in  e lec t ro inact ive  species (i.e., the a lkal ine  
ea r th  meta l  ions) was studied.  Basically,  ins tead of the 
e lect roinact ive  me ta l  ion, an e lec t roact ive  reagent  can 
be reduced  on e lect rode surface,  and  if  the reduced  
species is subsequen t ly  able to form an insoluble  com- 
pound wi th  the inact ive  meta l  ion in solution, the inac-  
t ive meta l  ion then  becomes possible to be depos i ted  on 
the e lect rode surface.  The deposi t ion processes can be 
expressed by  fol lowing equations 

Rsoln ~- pe -  ~ RP-elde [1] 

Mn+soln -J- qRP-elde -> MRq.elde [2] 

Where  Mn+soln, Rsoln are  the  inact ive  meta l  ion and the 
reducible  reagen t  in solution, respect ively ,  RP-elde is 
the e lec t rochemical ly  genera ted  species on e lec t rode  
surface, ]~/Rq,elde is the insoluble  meta l l ic  compound 
fo rmed  on e lect rode surface,  and q �9 p : n. 

Experimental 
The e lect rolys is  was accomplished e i ther  po ten t io-  

s ta t ica l ly  or  ga lvanos ta t ica l ly  by  PAR 173 Poten t io -  
s t a t /Ga lvanos ta t .  The work ing  e lect rode was p repa red  
f rom spectroscopic carbon rod wi th  a d iamete r  of 0.78 
cm (purchased  f rom the Nat ional  Carbon Company,  
divis ion of Union Carbide  and Carbon Corporat ion,  
New York, New York) .  A Tracor  Nor the rn  NS-880 

Key words: electroinactive, cathodic precipitation, diffusion con- 
trol, dioxane. 

x - r a y  fluorescence (XRF)  spec t rome te r  was  used for 
the de te rmina t ion  of Ca ~+ and Sr  2+ deposi t ion on car -  
bon electrode.  Af te r  pol ishing and cleaning, the  elec-  
t rode was inser ted into a cyl indr ic  Teflon e lect rode 
holder  which ensured  a wa te r t i gh t  fit and p reven ted  
seepage of e lec t ro ly te  along the inner  side of the 
cylinder.  

A m m o n i u m  ni t ra te  was used as the suppor t ing  elec-  
t rolyte ,  and the ionic s t reng th  of the e lect rolyt ic  solu-  
t ion was kept  at  0.2. The pH of the solut ion was a d -  
jus ted  to 8.5 by  the addi t ion of NaOH solution. The 
polar iza t ion  potent ia l  was set agains t  a s a tu ra t ed  calo- 
mel  e lect rode (SEC).  The  e lect rodeposi t ion was pe r -  
fo rmed in s t i r red  solutions at  ambien t  t empera ture .  On 
complet ion of each deposit ion,  the  carbon elect rode 
with  its holder  was removed  from the e lec t ro ly t ic  solu-  
t ion wi th  potent ia l  or cur ren t  applied.  The e lect rode 
holder  was r insed carefu l ly  wi th  d is t i l led-de ionized  
water .  Af t e r  a i r  drying,  the carbon e lec t rode  wi th  its 
holder  was covered with  a piece of KAPTON film 
(from SPEX Industr ies ,  Incorpora ted)  and sc rewed  
onto a Teflon r ing which has an outer  d imension jus t  
fitted into the  sample  cell of the X R F  spect rometer .  
Accumula ted  counting t ime used for collecting the 
XRF data  was 500 sec. The da ta  were  obta ined  f rom the 
digi t ized spect ra  by  a compute r -ass i s ted  in tegra t ion  of 
the analy t ica l  peak. In  o rder  to e l imina te  the in t e r f e r -  
ence f rom absorbing gases and x - r a y s  emi t ted  by  a t -  
mospher ic  argon, the  XRF measuremen t  of Ca 2+ de-  
posit  was done in vacuum. 

Results and Discussion 
A simple sys tem consist ing of Ca 2+ in aqueous solu-  

t ion was chosen for  demonstra t ion.  The e lec t ro ly t ica l  
solutions contained various concentrat ions of Ca 2+ and 
fixed amount  of suppor t ing  electrolyte .  Dur ing  elec-  
trolysis,  the  wa te r  molecule  in solut ion (corresponds to 
Rsoln in Eq. [1]) was decomposed to genera te  hyd rox -  
ide ion O H -  (corresponds to RP-elde in Eq. [1]) on  



E L E C T R O D E P O S I T I O N  OF C A L C I U M  631 

10.0 

carbon electrode.  The e lec t rochemical  react ion p ro -  
ceeded on carbon elect rode is 

2H~O + 2 e -  --> H2,gas -t- 2 O H -  [3] 

Afer  sufficient amount  of O H -  has been generated,  the 
Ca2 + s t a r t ed  to react  wi th  the  hydrox ide  ion and form 
the insoluble  Ca (OH)2 compound on e lec t rode  surface  

Ca2+sola -' l" 20H-elde- '> Ca ( O H )  2,elde [4] 

The amount  of Ca 2+ deposi ted on e lect rode was de te r -  
mined by  the  XRF spec t romet r ic  method.  The ob-  
ta ined  XRF da ta  were  normal ized  and expressed  as 
the number  of counts per  uni t  a rea  (cm 2) of e lec t rode  
sur face  pe r  500 sec of accumula ted  counting t ime.  
Due to the  difficulty of reproduc ing  exac t ly  the 
same e lec t rode  surface,  a 10% er ror  was es t imated  
for the var ia t ion  of e lect rode surface a rea  even if the 
same pol ishing procedures  were  followed. 

Different  f rom the convent ional  e lect rodeposi t ion of 
me ta l  ions, severa l  s teps a re  involved in the  deposi -  
t ion processes of Ca u+ (Eq. [3], [4]) on electrode.  
They  are  (i) t r anspor t  of the reducib le  reagen t  H20 
and the meta l  ion Ca ~+ f rom solut ion bu lk  to e lec t rode  
surface, (it) t r ans fe r  of e lectrons (preceding  of e lec-  
t rochemical  reac t ion) ,  (iii) r emova l  of the genera ted  
species O H -  f rom elect rode surface to solut ion bulk,  
(iv) nuclea t ion  of insoluble  compound Ca(OH)a  on 
e lec t rode  surface or  in the  solut ion near  electrode,  
and possibly,  (v) diffusion of the insoluble  compound 
from e lec t rode  to solution. Af t e r  the  beginning  of e lec-  
trolysis ,  the concentra t ion of OH-e]de wil l  increase  
rapidly ,  but  no insoluble  compound can be fo rmed  
unt i l  the concentra t ion  of Ca ~+ and O H -  is l a rge r  
than  cer ta in  supersa tu ra t ion  value.  Wheneve r  the so- 
lu t ion is beyond  the metas tab le  supersa tu ra t ion  state,  
i t  is r ega rded  as labi le  and is subjec ted  to spontaneous 
deposi t ion of the  insoluble  Ca(OH)2 compound (1). 
Af t e r  the in i t ia t ion of nucleat ion,  the insoluble  com- 
pound  Ca(OH)2  wi l l  be fo rmed  spontaneous ly  as long 
as the  concentra t ion  product  of (Ca ~+) and ( O H - )  2 is 
l a rge r  than  the Ksp of Ca(OH)2.  Dur ing  electrolysis  if 
the appl ied  potent ia l  or  cur ren t  dens i ty  is la rge  
enough, Eq. [3] wi l l  proceed rap id ly ,  and  the r educed  
species O H -  is genera ted  at  a fast  rate,  therefore ,  the  
t r anspor t  of H20 or  Ca 2+ f rom solut ion bu lk  to elec-  
t rode  sur face  wi l l  domina te  the  whole  deposi t ion 
processes and become the ra te -con t ro l l ing  step (for  
s implici ty,  the  effect of the step (iii) and step (v) 
a re  assumed to be negl ig ib le ) .  Since the  concent ra-  
t ion of the  reducib le  species H20 in solut ion is much  
l a rge r  than  tha t  of the me ta l  ion Ca 2+, the  diffusion 
of Ca 2+ becomes the r a t e -de t e rmin ing  step a f te r  the 
nuclea t ion  of the  insoluble  compound has  been  in i -  
t ia ted.  

For  a diffusion control led  process,  the ra te  of depo-  
s i t ion and the  to ta l  amount  of deposi t  can be  de r ived  
eas i ly  by  fol lowing the same procedures  as tha t  of 
the  convent ional  semi- inf ini te  l inear  diffusion (2). The 
resul t ing  equat ion descr ibing the amount  of insoluble  
compound Ca(OH)2  fo rmed  on e lec t rode  surface  Ns(0, 
t)  wi th  e lectrolysis  t ime, t is 

DoA (C  ~ - -  C ' )  
N~ (o, ~;) = [5 ]  

for  deposi t ion in s t i r red  solution. Where  C ~ r e p r e -  
sents  the  Ca 2+ concentra t ion  before  electrolysis ,  C" 
represen ts  the  sur face  concentra t ion  of Ca 2+ at  t ime 
t, is equal  to Ksp,ca(oH)2/(OH)2, A is the  geometr ic  
a rea  of electrode,  5 is the th ickness  of diffusion layer .  
Both C o and C' are  in uni t  of tool cm -3, whi le  A is in 
cm 2, Do is in cm 2 sec -z ,  t is in sec, a is in  cm, Ns is in 
tool. 

According  to Eq. [5], the amount  of insoluble  com- 
pound  Ca(OH)2 deposi ted on e lect rode surface  is d i -  
rec t ly  p ropor t iona l  to the  concentra t ion  of Ca 2+ in 

solut ion and to the  electrolysis  t ime t. The re la t ion-  
ships be tween  solut ion concentra t ion ( f rom 2.5 • 
10 -4 to 1.25 X 10-~M) and the  amount  of Ca 2+ d e -  
p o s i t  (e lec t ro lyzed at  --1.6V for 30 min)  a re  shown 
in Fig, 1. The in tercepts  obta ined  f rom ex t rapo la t ion  
(as ca lcula ted  by  the l inear  regress ion  me thod)  is 
0.28 X 10-4M. This va lue  is, therefore,  equal  to C' in 
Eq. [5] and represents  the  Ca ~+ concentra t ion  on 
electrode surface dur ing  electrolysis.  Since the deposi -  
t ion t ime  used in this  expe r imen t  is 30 min  which  is 
be l ieved to be much longer  than  the possible induc-  
t ion per iod  for nuclea t ion  of Ca(OH)2 (3), the nu-  
cleat ion process would  become un impor t an t  and the 
diffusion process would  thus domina te  the  whole  
deposi t ion processes and become the r a t e -de t e rmin ing  
step. The dependence  of the amount  of Ca 2+ deposi t  
upon the t ime of e lectrolysis  is shown in Fig. 2. The 
s t ra ight  l ine obta ined  confirmed the exis t ing l inear  
re la t ionship  be tween  the amount  of deposi t  and the 
electrolysis  t ime descr ibed by  Eq. [5]. 

Since the  format ion  of insoluble  compound on elec-  
t rode  surface also depends on the magni tude  of solu-  
b i l i ty  product ,  the  change of dielectr ic  constant  (also 
polar i ty )  in e lect rolyt ic  solut ion would  affect the 
deposi t ion processes. The influence of solvent  on 
deposi t ion efficiency was s tud ied  b y  adding  an in-  
creasing amount  of d ioxane  ( f rom 10 to 50%) to 
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Fig. I. Amount of Co .'+ deposit vs. Ca 2+ concentration in solu- 
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Fig. 3. Plots of the amount of Ca 2+ (O) and $r 2+ (O )  deposit 
vs. the dioxane' concentration in solution. Solutions used contained 
1.0 • 10-~M of Ca 2+ and 5.0 X !0-6M of Sr ~+, respectively. 

the aqueous e lec t ro ly t ic  solution. Deposit ions were  run  
ga lvanos ta t ica l ly  wi th  a cur rent  dens i ty  of 1.0 A / c m  2 
in vigorous s t i r r ing solution. F igure  3 shows the incre-  
ment  of the  amount  of Ca 2+, Sr  2+ deposi t  in accord-  
ance with  the  change  of d ioxane concentra t ion in so-  
lution. The re la t ionships  be tween  the amount  of Ca ~+, 
Sr  2+ deposi t  and solut ion concentrat ion,  e lectrolysis  
t ime in d ioxane solut ion were  found to be s imi lar  to 
those shown in Fig. 1 and 2. Thus, the  deposi t ion p ro -  
cesses in mixed  solvent  sys tem fol low the same be-  
havior  as that  of  aqueous. The deposi t ion efficiency in 
40% (a rb i t r a r i l y  selected)  d ioxane solut ion was found 
to increase app rox ima te ly  wi th  an order  of two in com- 
par i son  wi th  tha t  of aqueous. 

F r o m  the results  of this  invest igat ion,  deposi t ion of  
o ther  e lect roinact ive  species on appropr i a t e  subs t ra te  
can be achieved easi ly  if p roper  reagent  (by  Eq. [1]) 
has been chosen. F u r t h e r  exp lora t ion  of this tech-  
nique might  lead  to some useful  applications.  For  
example ,  th in  films (wi th  known quan t i ty )  of rad io-  
active Sr  2+ or  Ba ~+ (both  are strong ~-emit t ing  spe-  
cies) ion can be p repa red  on sui table  subs t ra te  and 
thus serve as a ca l ibra ted  s t andard  for  rad ioac t iv i ty  
measurement .  The possible  s imul taneous  deposi t ion 
of a lka l ine  ea r th  meta l  ion wi th  o ther  e lect roact ive  
species might  induce some in teres t ing  techniques for 
the  deposi t ion of b ina ry  meta l  oxides (or hydrox ides ) ,  
such as SrTiO3, BaTiOs which are  solar  energy  con- 
vers ion re la ted  compound (4, 5). Also, the quan t i t a -  
t ive deposi t ion of Ca 2+, Sr2+ on e lec t rode  can be used 
as a p reconcent ra t ion  step and, thus, might  become a 
useful  ana ly t ica l  p rocedure  for  t race analysis  of these 
species. 

Acknowledgment 
The au thor  wishes to thank  UIRL in Hsinchu, Tai -  

wan  for the  full  suppor t  of this work.  

Manuscr ip t  submi t ted  March  18, 1982; revised manu-  
script received ca. Nov. 5, 1982. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ ished in the December  1983 
JOURNAL. Al l  discussions for the December  1983 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1983. 

Publication costs of this article were assisted by 
National Sun Yat-Sen University. 

REFERENCES 
1. H. A. La i t inen  and W. E. Harris ,  "Chemical  Ana ly -  

sis," 2nd ed., pp.142-149, McGraw-Hi l l  Book Com- 
pany,  New York (1975). 

2. P. Delahay,  "New Ins t rumenta l  Methods in Elec t ro-  
chemistry ,"  p. 47, Interscience,  New York (1954). 

3. V. K. La Mer, Ind. Eng. Chem., 44, 1270 (1952). 
4. M. S. Wrighton,  A. B. Ellis, P. T. Wolczanski ,  D. L. 

Morse, H. B. Abrahamson,  and D. C. Ginley,  
J. Am. Chem. Soc., 98, 2774 (1976). 

5. R. D. Nasby and R. K. Quinn, Mater. Res. Bull., 11, 
985 (1976). 

Mechanism of Hole Injection on Ferric Oxide Photoelectrodes 

Tamds Pajkossy 

Hungarian Academy of Sciences, Central Research Institute for Physics, Budapest, H-1525, Hungary 

I t  seems tha t  ferr ic  oxide is advantageous  as a semi-  
conductor  photoelec t rode  for ut i l izing solar energy  
(1-10). Fer r ic  oxide is an n - type  semiconductor ,  its 
bandgap  is reasonable  for such purposes,  i t  can be 
m anufac tu r ed  eas i ly  and cheaply,  and  i t  is r easonab ly  
stable.  I t  does, however ,  suffer f rom the d isadvantage  
of low quan tum efficiency. The efficiency can be in-  
creased if the surface  processes are  understood,  and i t  
is known how to suppress  surface recombinat ion.  

Recently,  analysis  of photo t rans ien ts  was used by  
Iwanski  et al. to invest igate  processes tak ing  place on 
i l lumina ted  fer r ic  oxide electrodes (8). The resultw 
of s imi lar  exper iments  a re  presented  here.  Our  a{m 
was to de te rmine  whe the r  hole in ject ion at the in te r -  
face proceeds  d i rec t ly  from the valence band or via 
surface states. Wi th  this in mind, the  photocur ren t  
was measured  on fer r ic  oxide electrodes at  constant  
e lec t rode  poten t ia l  and s l igh t ly  modula ted  i l lumina-  

Key words: photoelectrochemistry, hole injection, ferric oxide, 
semiconductor. 

t ion as a funct ion of reducing agent  concentrat ion.  
The average  value  of the  pho tocur ren t  was measured  
direct ly,  and the cur ren t  t ransients  due to l ight  modu-  
la t ion were  recorded,  using the s ignal  averaging  tech-  
nique. 

Experimental 
Ferr ic  oxide e lect rodes  made b y  the rma l  oxida t ion  

of i ron specimens were  used. The detai ls  of p r e p a r a -  
t ion and charac ter iza t ion  of these electrodes a re  re -  
por ted  e lsewhere  (10). The electrodes behave  s imi-  
l a r ly  to those repor ted  in Ref. (4 and 7); f rom 
the convent ional ly  de te rmined  Mot t -Scho t tky  plots 
a donor dens i ty  of 101S/cm 3, and a f la tband potent ia l  of 
a round  --0.35V vs. sa tu ra t ed  calomel  e lec t rode  (SCE) 
at  pH 9.0 were  evaluated.  The long wave length  edge 
of the spec t ra l  response of the pho tocur ren t  was found 
to be a round  610 rim, indica t ing  that  the  bandgap  of 
the semiconductor  is about  2.1 eV. The overa l l  oxide 
thickness was 0.15 ram. 
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The solutions were 0.2M borate buffers of pH 9.0 
With different concentrat ions of KI  (0-22 mM).  These 
solutions were carefully deaerated before and dur ing 
experiments  by means of bubbl ing  high pur i ty  n i t ro-  
gen. The electrode potent ia l  was main ta ined  at 0.2V 
vs. SCE, since at this potential  only KI is oxidized 
under  i l luminat ion  (10). 

The measurements  were made using a s tandard 
three-electrode cell, whose overall  resistance is around 
30~, de termined by extrapolat ion of high f requency 
impedance data. From the same impedance data the 
cell capacitance was also evaluated; it was found to 
be less than 1 ~F, thus, the cell response t ime is less 
than 30 ~sec. (The change in KI concentrat ion of the 
solution had only a minor  effect on the cell t ime 
constant.) 

A med ium speed potentiostat  (AFKEL 415.5 ~sec 
rise t ime) and a current  amplifier of 30 ~ e c  rise t ime 
range (Keithley 427) were applied. The electrode was 
steadily i l luminated  by a 150W tungsten  lamp, fed 
from a d-c power supply, and by a smal ler  lamp 
(50W), whose light was in ter rupted  by a rotat ing 
sector. This sector gave rec tangular  l ight pulses of 
60 ~sec rise t ime and about 5 msec dura t ion  every 30 
msec. The light modulat ion depth was about 1%. (The 
use of white  l ight may seem inexact  in photoelectro- 
chemical measurements ;  however, as our  pre l iminary  
exper iments  revealed, the measured t ransients  were of 
the same shape at any wavelength,  they differed from 
each other only in height.) 

It  is seen f rom the above data that  the t ime con- 
stants of the cell, electronics, and shut ter  are much 
smaller  than 10 msec, this value being a characteristic 
decay t ime found in the experiments.  

The cur ren t  t ransients  were recorded by means of 
an averaging t rans ient  digitizer (KFKI,  Hungary) .  
The number  of the t ransients  repeated and averaged 
was usual ly  21~ = 4096. 

Theory 
As has been shown in detai l  elsewhere (10) the 

steady state photocurrent  on ferric oxide at constant  
potential  is highly influenced by the concentrat ion of 
the reducing substances, i.e., hole acceptors in  the 
solution. The difference between the photocurrent  
and dark current ,  which we call excess photocurrent,  
j ', depends on the concentrat ion of reducing agent in 
the solut ion in  steady state according to Eq. [1] 

l / i s '  -- (1/jh) (1 + kz/k2Cred) [1] 

where 3h is the hole flux to the surface, and kl and k2 
are phenomenological  rate coefficients for recombina-  
t ion and injection, respectively; is' is the steady-state 
excess photocurrent;  and Cred is the concentrat ion of 
the reducing agent at the interface. 

Equat ion [1] was obtained taking into account the 
following (10): Photogenerated charges in  the semi- 
conductor space charge layer  are separated by t rans-  
port  processes, the details of which are beyond our 
present  scope. A hole flux reaches the surface of the 
semiconductor,  where holes are ei ther injected into 
the solution and react with a hole acceptor, or recom- 
b i n e  with electrons in the semiconductor.  At med ium 
electrode potentials, holes react only with s trongly re-  
ducing substances (e.g., [Fe(CN)6] 4-, I - ) ,  not with 
water  molecules. At these electrode potentials there is 
competit ion between hole inject ion and recombina-  
tion; the competi t ion between the different hole ac- 
ceptors can be neglected. By means  of Eq. [1], from 
the dependence of excess photocurrent  on reducing 
agent concentrat ion the hole flux and the ratio of the 
rate  constants can be obtained. 

A n u m b e r  of kinetic models can be formulated for 
steady state leading to Eq. [1] (11-14). The surface 
processes invclved in these models can be summarized 
as follows: 

Hole inject ion proceeds either directly (model B) or 
via surface states (model A). Recombinat ion is as- 
sumed  to proceed via surface states only (15). These 
two al ternat ive kinetic models are i l lustrated in  Fig. 
1. In  order to be able to decide which of the two s im-  
plified models is more sui table for the i l luminated  
ferric oxide electrode, rate equations are established 
and compared with light modulat ion exper iments  for 
both cases. 

Let us suppose, for both cases, that hole current  jh 
arr iving at the surface responds immediate ly  to the 
change of i l luminat ion  intensity,  because the charge 
carrier t ransport  in this semiconductor is considered 
to be very fast in comparison with surface processes. 
This can be supported by the results of photocurrent  
rise t ime calculations given in Ref. (13), being in  
the order of magni tude  of 10-~-lO -~ sec. The charac- 
teristic decay t ime presented here, and ascribed to 
surface processes, is at least one order of magni tude 
longer. 

On the other hand,  the diffusion of hole acceptors 
in the l iquid phase can also be considered to be very 
fast. This was elsewhere demonstrated (10) as a con- 
sequence of the measurements  being carried out, using 
an i l luminated  rotat ing ferric oxide electrode. 

Thus, the t ranspor t  processes in both phases can be 
regarded as not to be rate de termining and may be 
ignored, allowing our a t tent ion to be centered on the 
surface processes. The role of surface states in our  
models is to act as intermediate  states of charge. Their  
physical and /or  chemical na tu re  is not  known,  and 
from the present  point  of view their  na ture  is quite 
i rrelevant .  

Let us suppose for both models that  the part ial  
order for every reaction par tne r  in  the surface pro- 
cesses is one. A remark  needs to be made concerning 
this assumption: The surface concentrat ion of the hole 
acceptor in  the l iquid phase is considered to be pro- 
port ional  to the bu lk  concentration. In  Ref. (10) it 
has been shown that the competit ion kinetics, ex-  
pressed in the form of Eq. [1], holds only if the sur-  
face and bulk  concentrat ions of the reducing substance 
are proport ional  to each other, i.e., weak adsorption 
O c c u r s .  

In  both models the measured excess photocurrent  
is the difference between the hole flux, ja, and the 
electron flux due to recombination,  Jr 

j '  = J h  - Jr [2] 

In  the following the rate equations are presented. We 
calculate the current  response of suddenly increasing 
i l luminat ion for both models. 

Model A (Fig. 1A) 
Let the surface charge density of holes captured by 

surface states be denoted by p, then 

dp/dt  -~ -~ 3h --. kiCred P - -  krnep [3] 

where kr is the rate coefficient of surface recombina-  
tion, ne the electron density at the interface, and ki 

A B 

MODEL A MODEL B 

R~IECOMBINATIO N 

t .1 RECOMBINATION CAPTURE BY 
HOLE FLUX HOLE FLUX URFACE STATES 

I 
l 

" ' - -  " INJECTION 

Fig. I. Two possible kinetic schemes of surface reactions. Surface 
states are denoted by "S". 
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the  ra te  coefficient of hole in ject ion into the solution�9 
Since both  kr and ne are  thought  to be constant  at  con- 
s tant  e lec t rode  potent ia l ,  krne wil l  be constant  and de-  
noted by  kr'. If, at  t = 0, the  l ight  in tens i ty  is in-  
creased ins tan taneous ly  f rom I to I + AI, then  the 
hole flux, 3h, increases f rom jh ~ to jh ~ + Ajh. The l a t t e r  
change wi l l  be considered as an  increase  of s tep func-  
t ion form. In  this case Eq. [3] has the  form af te r  
r e a r r angemen t  

alp~dr + (kiCred -~ kr ' )p  = j h  ~ + ~Jh  " u ( t )  = 0 [4] 

where  u ( t )  is the  uni t  s tep funct ion (16). 
Since under  s teady  i l lumina t ion  d p / d t  _--_ 0, the 

ini t ia l  condi t ion is given as the s t eady- s t a t e  solut ion 
of Eq. [4], i.e. 

p ( t < 0 )  = "h~ 3 i red "~- kr ' )  [5] 

Thus the solut ion to Eq. [4] equals  

p ( t )  : (kiCred -~- kr ' )  - 1  . {jh o _}. Ajh �9 u ( t )  

�9 [ 1  - -  exp ( - - (k iCred+  kr') " t ) ]}  [6] 

The  e lec t ron flux due to recombinat ion,  Jr', is equal  
to kr'p, so for t > 0, JA', the  excess pho tocur ren t  f rom 
model  A, using Eq. [2] and [6], is given as 

3A" : [kicred/(kicred-~- k r ' ) ]  {3h ~ -~ A3h(1 -~- (kr'/kiCred) 

�9 e x p  [ - -  (kiCred "-~ kr ' )  " t ] )  } [7] 

Model B (Fig. 1 B) 
For  the  analogous de r iva t ion  we have to take  i t  

into account that  only  the ~ ---- kiCred/(kiCred -~ ka) 
f ract ion of the  hole flux is in jected into the  solution, 
the  remain ing  (1 --  ~) f ract ion is cap tu red  b y  surface  
states. The phenomenologica l  ra te  coefficient of cap ture  
is denoted by  ka. Genera l ly  the  ra te  of hole cap ture  
by  surface states is p ropor t iona l  to the occupancy of 
these s tates  by  electrons (15). In  view of the  smal l  
l ight  pe r tu rba t ion  applied,  the  occupancy can be re -  
garded  as constant,  and therefore  in the  express ion 
of ~, it  is incorpora ted  into the phenomenologica l  
ra te  coefficient ka. In  this case for the surface charge  
densi ty  of holes, the  fol lowing balance  equat ion holds 

d p / d t  ~- Jh (1 - -  ~) - -  kr'p [8] 

S imi l a r ly  to the de r iva t ion  appl ied  for  model  A, using 
i l lumina t ion  of the same s tep  form, and tak ing  ini t ia l  
condi t ion for  t < 0 

P ( t  < 0) = ( jh /kr ' )  

o n e  gets for the excess pho tocur ren t  f rom this model ,  
i 'm for  t > 0 

J' = $" {Jh ~ + hJh [1 + (1/D (1 - -  ~) �9 exp ( - -  k r ' .  t )  ]} 

[9] 
If  the  i l lumina t ion  of the  e lect rode is modula ted  by  
smal l  r ec tangu la r  pulses, the  pho tocur ren t  t rans ients  
can be compared  wi th  Eq. [7] and  [9]. Right  at  the  
s ta r t  of the l ight  pulses an  immedia te  increase  of 
pho tocur ren t  is expected.  The increase for  both  models  
is the  same, and equals ~Jh. Jus t  a f te r  the pho tocur ren t  
j u m p  a decay por t ion is expected�9 The ini t ia l  s lope of 
t h e  t rans ients  for  mode l  A is 

djA'/d$ ~ - -  j h  " kr' [ 1 0 ]  

which is seen to be independen t  of Cred. 
Fo r  model  B, however ,  one finds 

djB' /d t  ~ -- Jh " k / � 9  (1 - -  ~) = - -  jh"  kr'  

�9 ka/(kiCred + ]Ca) [11] 
In t roducing  the nota t ion 

= - -  (1/Ajh) (d j ' /d t )  t-,o [12] 

one finds for model  A the expression 

�9 A ---- 1/kr '  [13] 

whereas  the same t ime constant  for  model  B is 

�9 B -- (1 /kr ' )  (1 + kiCred/ka) [14] 

If the modula t ion  dep th  is ve ry  small ,  tha t  is, hi  < <  I 
hence ~Ja < <  Jh ~ then  the average  va lue  of j '  under  
modula ted  i l lumina t ion  can be considered to be t h e  

same as tha t  under  constant  i l luminat ion,  tha t  is, j ;  
is' so the  average  excess pho tocur ren t  for  model  A 
can be ca lcula ted  as 

1/jA' -= (1/jh ~ (1 + kr ' /k iCred)~ l / i s '  [15] 

for  model  B, - f  is given by  

1 / ~ '  ---- ( 1 / j h  ~  (1 -~ ka/kiCred) ~ 1~is' [16] 

Both Eq. [15] and [16] a re  of the  same form as Eq. 
[1]; but  the phys ica l  meaning  of the  two fo rmer  
equations is more  specified. 

Results and Discussion 
The t rans ients  in solutions conta ining different  con- 

centra t ions  of KI  can be seen in Fig. 2. The descending 
par t  of the t rans ients  depends  on KI  concentrat ion.  
Consequent ly  model  A must  be inadequa te  (cf. Eq. 
[ 1 0 ] ) .  

The comparison be tween  model  B and exper imen t s  
was as follows: Since the r ise t ime of the t rans ients  
is about  1 msec (not  zero as in our  oversimplif ied 
model ) ,  the  ini t ia l  slope of the descending par t  can 
be de te rmined  wi th  l imi ted  accuracy only.  However ,  
the expe r imen ta l  values,  according to Eq. [14], de-  
pend l i nea r ly  on Cred (Fig. 3). F r o m  the Slope and 
in tercept  of the T vs. Cred plot,  ka/k i  can be de termined.  
According to least  squares fit ka/k i  : 23 • 6 mM. As 
said above, ka/ki  can be de te rmined  independen t ly  
f rom the is' vs. Cred curve (Eq. [16]). F rom the s t eady-  
s ta te  measurement ,  ka/ki  = 36 • 1 mM (Fig. 4). 
Given the simplif icat ions of the model,  these two 
values  agree reasonab ly  well.  

Qual i ta t ively ,  the same tendency  of ini t ia l  slopes was 
observed in the  solutions of two o ther  reducing 
substances,  K4[Fe(CN)s ]  and  Na2SO3; the  charac te r -  
istic t ime of the  decay  of the  t ransient ,  T, s ignif icant ly  
increased wi th  the i r  concentra t ion in the solution, 

o 

I i I I I 
0 1 2 3 t-to(mS) 

Fig. 2. Some representative current transients for different con- 
r of KI in 0.2M borate buffer of pH 9.0 (1-0 raM, 2-9.5 
mM, 3-16.3 mM, 4-18.2 raM). [n each cose the base lines are 
made to coincide. 
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Fig. 3. Dependence of 1; on CreW. The straight line is the least 
squares fit (cf. Eq. [14]). 

indicating that model A is inappropriate also with 
these solutes. 

Consequently, model B appears to be the more suit- 
able for describing hole injection from ferric oxide, 
i.e., holes are injected into the solution directly from 
the valence band, not via surface states. 

This statement seems to be reasonable if we con- 
sider the energetics of the surface processes. The 
location of the valence bandedge of ferric oxide is 
2.2 eV at pH 9.0 (17), the redox potential of the 
I - / I~  couple is 0.62 eV on the hydrogen scale. (The 
E~ values for the two other redox systems, 
[Fe(CN)6]4-/[Fe(CN)6] a- and SO82-/SO42- at pH 
9.0, are 0.36 eV and --0.60 eV, respectively). Taking 
these data into consideration, hole injection from the 
valence band, since this process is highly exothermic, 
is energetically possible. It is not possible in view of 
there being insufficient data, however, to give any 
estimate of the phenomenological rate coefficients as 
they depend upon many factors: electrode potential, 
illumination intensity, nature of solute, etc. Our fur- 
ther work is aimed at the investigation of these de- 
pendences. 
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straight line is the least squares fit (cf. Eq. [16]). 
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Reliable Glass-Polyethylene Dropping Mercury Electrode for 
Electrocapillary Measurements 

M.  Carl(~ and G. Aloisi  

Universitd di Firenze-Istituto di Chimica Fisica, 50121 Firenze, I taly 

The d rop - t ime  method  is an a t t rac t ive  technique  for  
in ter fac ia l  tension measurements  both because i t  is in-  
t r ins ica l ly  s imple and because it lends i tself  to au toma-  
tion. 

Measurements  are  usua l ly  pe r fo rmed  using d rawn 
and in te rna l ly  sil iconized glass capil lar ies .  However ,  
a h igh degree  of t ra in ing  and skil l  is r equ i red  to 
d r a w  a good capi l lary .  Moreover,  measurements  are  
unre l iab le  in severa i  e lec t ro ly t ic  solutions, some of 
which are  pa r t i cu l a r ly  useful  for adsorpt ion  studies 
(say, HF, NaOH, di lu ted  NaF (1, 2), etc.) .  Teflon t ips 
jo ined  to a glass cap i l l a ry  have been proposed for 
po larographic  measurements  (3, 4), but  they  are  me-  
chanica l ly  or  e lec t r ica l ly  bored,  and do not  offer the 
geometr ica l  r egu la r i t y  needed for accurate  d rop- t ime  
measurements ;  besides, they  require  a complex m a -  
chines for  construction.  Po lye thy lene  tips have been 
repor ted  to give good resul ts  in d rop - t ime  measu re -  
ments  because of the i r  accuracy,  s tabi l i ty ,  and chemi-  
cal inertness.  However ,  fol lowing the construct ion p ro -  
cedure  out l ined in  Ref. (2), we were  unable  to obta in  
fu l ly  sa t i s fac tory  results .  

In  this communicat ion,  we descr ibe  in deta i l  a ve ry  
s imple  p rocedure  for the construct ion of a composite 
g lass -po lye thy lene  d ropping  mercu ry  e lec t rode  f rom 
read i ly  ava i lab le  l abo ra to ry  mater ia ls .  

Capillary Construction 
T h e  polye thy lene  tip is d r awn  f rom a piece of 

3 X 0.9 m m  tube, about  8 cm long. 1 The tube is d r a w n  
by  holding i t  in a ver t ica l  posi t ion under  a 10g tension 
(appl ied  th rough  a si lk wi re  to avoid tube bend ing) ,  
and by  wa rming  i t  local ly  at  about  1/3 of its length  
wi th  a flow of a i r  hea ted  to 200~ As soon as the po ly -  
e thylene  tube reaches the softening t empera tu re  the 
a i r  flow is removed,  and the tube  e longat ion is me-  
chanica l ly  s topped at  3.5 cm. The po lye thy lene  tube is 
a l lowed to cool before  removing  it, then it is f rozen 
wi th  l iquid ni t rogen together  wi th  a razor  blade,  and 
f inal ly cut wi th  the blade normal  to its axis at its 
smal les t  cross section. The orifice which resul ts  has a 
ve ry  sharp  and clean edge, wi th  an in te rna l  d iamete r  
ranging  f rom 200-300 ~m. 

The po lye thy lene  t ip is then joined, th rough  an  
inox Swage lock  (1/'8-3/16) adap te r  wi th  Teflon cones, 
to  a s tandard  glass cap i l l a ry  for po larography,  whose 
in te rna l  d iamete r  and  length  are  chosen to provide  the 
des i red  drop time. The e lect rode is connected to a 
m e r c u r y  reservoi r  and  filled, whi le  keeping  it in a 
ver t ica l  posi t ion wi th  the t ip upward .  I t  is not  neces-  
s a ry  to connect the e lect rode to a vacuum system. I f  
p rope r  care is t aken  in cut t ing the  po lye thy lene  tube  
no rma l  to its axis, the  above procedure  resul ts  in a l -  
most  one work ing  e lect rode for  each a t tempt ,  wi th  a 
l imi ted  sca t te r  of character is t ics .  

Results 
Severa l  e lectrodes wi th  drop  t imes in the range  f rom 

10 to 20 sec were  tested, and in all  cases reproduc ib i l i ty  
in drop t ime of the o rde r  of 1 msec dur ing  a severa l  
hours '  run  was obtained.  The ins t rument  was cal i -  
b ra t ed  agains t  a Vos and Los e lec t rocap i l l a ry  curve for 
0.1M KC1 (5), the  only ava i lab le  e lec t rocap i l l a ry  curve 
ob ta ined  en t i re ly  by  an absolute  method.  

Key words: Interracial tension, drop time. 
We used the internal insulator of RG 58/U cable from Fab- 

brica Milanese Conduttorl, Milano. 

636 

Elec t rocapi l la ry  curves for 0.1M HC104 and 1M KC1 
as measured  wi th  one of these electrodes are  shown in 
Fig. 1 and 2. These figures also show that  agreement  
wi th  other  authors '  da ta  (6, 7) is quite sat isfactory,  
discrepancies  being no g rea te r  than 0.6 dyne cm -1. 
Data scat ter  be tween  two different  runs is be t te r  than  
0.2 dyne  cm -1 for  any  measu red  value.  

One of these electrodes has been work ing  for severa l  
months  for adsorpt ion measurements  of a l iphat ic  
compounds f rom 0.1M NaOH solutions. As an example ,  
Fig. 3 shows the e lec t rocap i l l a ry  curves of n - h e x y l -  
amine solutions of different  concentrat ions,  as obta ined  
b y  measur ing  three  consecutive drop t imes for each 
appl ied  potent ia l  at  25 mV intervals .  The data  are  very  
regu la r  even though no smoothing process was used. 
Even in these NaOH solutions, where  the reproduc ib i l -  
i t y  a t t a inab le  wi th  convent ional  glass e lectrodes is 
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Fig. 1. Electrocapillary curve of 0.!M HCIO4: a) solid line: our 
data; squares: data from Ref. (6). b) Difference between the two 
sets of data. 
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Fig. 2. Electrocapillary curve of IM  KCh a) solid line: our data; 
squares: data from Ref. (7). b) Difference between the two sets of 
data. 
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Fig. 3. Electrocapillary curves of N-hexylamine in 0.1M NaOH. 
Amino concentration ranges from 1.0 X 10-4M to 2.0 X 10 -2M 
with 0.1 decimal logarithmic step. 

very poor, a reproducibility of 0.2 dyne cm -1 was ob- 
served between different runs. 
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Erratum 

In the paper "Electron Traps in SiO2 Grown in the 
Presence of Trichloroethylene" by A. B. Bhattacharyya 
and L. Manchanda which appeared on pp. 2772-2778 in 
the December 1982 JOURNAL, Vol. 129, No. 12, Fig. 9 
should read as follows 
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ABSTRACT 

The deposition mechanism of reactive ion beam sputtered silicon nitride was studied. Using RBS analysis, the composi- 
tion of SixN~ layers deposited at room temperature has been investigated as a function of different parameters. Irrespective 
of the nitrogen partial pressure, ranging from 10 _4 to 0.2 Pa, the stoichiometry of the film depends only on the sputtering 
yield of silicon in the range 0.4-20 keV. Si3N4 layers can be obtained at low voltage, but only with a low deposition rate (typi- 
cally I nm/min at our experimental conditions). In order to obtain Si3N4 films with higher deposition rates, we increased the 
nitridation of deposited silicon, either by introducing in the deposition chamber a highly reactive molecule such as NH3, or 
by using electronic bombardment, which stimulates the adsorption of N2 on the growing film. 

Al though  the e lec t r ica l  character is t ics  of s i l icon 
oxide films and of the i r  in terface  wi th  silicon subs t ra te  
a re  good enough to a l low MIS sil icon devices to be 
wide ly  used, there  a re  no commerc ia l ly  avai lab le  MIS 
devices on GaAs or  InP substrates.  Direct  oxida t ion  
of GaAs subs t ra tes  can be pe r fo rmed  by  the rmal  oxi-  
dat ion (1), chemical  anodizat ion (2, 3), or  p lasma  
oxida t ion  (4);  however ,  up to now, these techniques 
led  to a high value  of in te r fac ia l  t r ap  dens i ty  ( ~  10 TM 

cm -2  eV -1) and to var ious  stoichiometries.  Deposi t ion 
of d i f ferent  d ie lect r ic  layers  has not  given any  sig- 
nif icant ly be t t e r  resul ts  (5) ; fol lowing Wieder  (6) this  
behavior  seems to be inheren t  in using GaAs mate -  
rial.  However ,  good MIS character is t ics  m a y  be  
achieved when the na tu ra l  oxide l aye r  has been re-  
moved f rom the  subs t ra te  before  deposi t ion of the di-  
e lectr ic  layer ,  especia l ly  for  pure  Si3N4, as shown 
ea r l i e r  by  Bayrak ta rog lu  (7). Ano the r  impor tan t  use 
of SisN4 is as an encapsula t ing  layer :  i t  has been 
shown tha t  sil icon n i t r ide  becomes an effective di f -  
fusion ba r r i e r  for  Ga atoms when  its oxygen content  
is lower  than  1% (8, 9). 

Various n i t r ide  deposi t ion techniques have been de-  
veloped such as d-c  and rf  sput ter ing,  ion plat ing,  
chemical  vapor  deposi t ion (CVD), t he rma l ly  ini t iated,  
catalyzed,  o r  assisted by  an r f  p lasma  (10). The in-  
congruent  evapora t ion  of Ga and As f rom GaAs at  
t empera tu re s  h ighe r  than 600~ (11) prohibi ts  the 
use of t h e r m a l l y  in i t ia ted  CVD (at  900~176 
whi le  r f  p lasma  deposi t ion ( a t  200~176 produces  
h igh ly  pure  Si3N4 films (7, 8). React ive d -c  spu t te r ing  
can be carr ied  out  at  nea r ly  room t empera tu re  and 
can lead  to layers  wi th  suitabJe composit ion,  but  this  
method  needs ve ry  careful  handl ing  (12). To avoid 
the  complex phenomena  ar is ing f rom the  presence of 
the  plasma,  which makes  in situ character iza t ions  more  
difficult, it  is possible to use a var ia t ion  of the  basic 
spu t te r ing  method,  ion beam sput ter ing,  which  was 
first proposed by  Weissmante l  (13). 

* Electrochemical .Society Active Member. 
Key words: dielectric, films, stoichiometry, adsorption. 
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In  our  case, react ive  ion beam s p u t t e r i n g  uses  the  
in terac t ion  of a monoenerget ic  n i t rogen  ion-beam,  
genera ted  in a separa te  duop lasmat ron  ion-source,  
wi th  a silicon ta rge t  s i tua ted  in the  deposi t ion chain-  
ber  which can be main ta ined  at  the r equ i red  ve ry  
low pressure  ( <  10 -'2 Pa) .  Spu t t e red  atorm~ are  de -  
posi ted on a subs t ra te  in f ront  of the  target .  In this 
range of pressure,  the  mean  free  pa th  is ve ry  la rge  
in comparison with  the  dis tance be tween  the ta rge t  
and the substrate.  We are  concerned wi th  the  mecha-  
nisms of react ions occurr ing on the surfaces of the  
target ,  and of the growing film. A number  of authors  
have shown tha t  the b o m b a r d m e n t  of a si l icon ta rge t  
by  a n i t rogen ion beam leads to the format ion  of a 
n i t r ide  layer  at the  surface of the  ta rge t  (14, 15). 

The deposi t ion mechanisms which  m a y  be consid-  
ered to expla in  the  composit ion of the n i t r ide  films 
are  those we have prev ious ly  discussed for  i on -beam 
spu t t e red  Nb-Ti  thin films (16). The incorpora t ion  of 
n i t rogen into the l aye r  can occur according to three  
processes: (a) Ni t rogen ions, a f te r  implan ta t ion  into 
the  target ,  a re  then sput tered,  l inked or  not wi th  si l i -  
con atoms, by  subsequent  ion bombardment .  In  the  
s t eady  state,  the sput te r ing  yield of implan ted  n i t ro -  
gen per  impinging  atomic ion is obviously  equal  to 
one, if the f ract ion of sca t te red  ions can be neglected.  
Therefore,  the  corresponding rat io  N /S i  of the de-  
posi ted layer  should be in inverse  rat io  to the  spu t t e r -  
ing y ie ld  of silicon "S." For  ident ica l  angu la r  d i s t r ibu-  
tions and the same s t icking coefficient on the  deposi-  
t ion subs t ra te  for  spu t te red  si l icon and spu t t e red  
a n d / o r  reflected ni t rogen species, the  contr ibut ion  of 
this process is equal  to 1/S. In any case, i t  is a func-  
t ion only of the ion energy.  (b) Molecular  n i t rogen 
would  be absorbed on the surface  of the  t a rge t  and  
then spu t t e red  as single or l inked  atoms towards  the  
growing film. The contr ibut ion  of this process depends  
on the n i t rogen par t i a l  pressure  and on the  cur ren t  
dens i ty  of ions which can produce two opposed ef-  
fects such as ion s t imula ted  desorpt ion and a possible 
increase  of the reac t iv i ty  of adsorbed n i t rogen  wi th  
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silicon. (c) Molecular  n i t rogen  would  be adsorbed  
on the th in  film i tself  dur ing  its format ion;  this p ro -  
cess contr ibutes  to the  N / S i  rat io,  as a t e r m  p ropo r -  
t ional  to the  flow rate  of n i t rogen  towards  the  g row-  
ing film, and to the s t icking coefficient of N~ on it, for 
a g iven  deposi t ion ra te  of silicon. 

The s to ichiometry  of the  deposi ts  is de te rmined  by  
the sum of the effects of these th ree  mechanisms.  The 
purpose  of the  p r e s e n t  work  is to eva lua te  each of 
the i r  respect ive  contr ibutions.  As our  ion beam con- 
sists of b o t h  N + and N2 + ions, we  first t r y  to de te r -  
mine  the  cont r ibut ion  of each k ind  of ions dur ing  the 
s t a t ionary  in terac t ion  of the beam wi th  the  si l icon 
target .  In  a second par t ,  we  s tudy  the effect of the  
n i t rogen  pa r t i a l  p ressure  which was va r ied  over  a 
la rge  range  of pressure.  Moreover,  to t ry  to evalua te  
the  s t icking coefficient of molecu la r  n i t rogen on the 
growing film, some deposi ts  were  made  unde r  a mo-  
lecu la r  beam b o m b a r d m e n t  of the substrate .  In  a 
th i rd  par t ,  the  effect of t h e  ion -ene rgy  is shown and 
discussed. F ina l ly ,  we propose two methods  for ob-  
ta ining s toichiometr ic  sil icon ni t r ides  b y  increasing 
the n i t r ida t ion  of deposi ted silicon: (i)  by  in t roduc-  
ing in the deposi t ion chamber  a h igh ly  react ive  
molecule  such as NHs, for  example ,  and  (ii) by  using 
electronic  b o m b a r d m e n t  (17) for dissociat ing or  for  
exci t ing the  molecu la r  ni trogen.  

Experimental Procedure 
Deposition.--The expe r imen ta l  se tup  has been  de-  

scr ibed e l sewhere  (16); however ,  some improvements  
have  been  included to make  it su i table  for  this  s tudy  
(Fig. 1):  (i) an e lect ros ta t ic  lens which al lows us to 
lower  the  acce lera t ing  vol tage down to 0.4 kV wi th  a 
beam cur ren t  up to 1.5 mA. (ii) a molecu la r  beam 
genera to r  made  out  of a mul t i channe l  nozzle wi th  
about  900 channels  of 0.1 m m  d iam and 2.5 cm length. 
I t  p rovides  on the subs t ra te  surface a molecu la r  flow 
equiva len t  to a ca lcula ted  (18) local p ressure  up to 

I i 

i I 

i i 

i I 

i I 

I _ _  i 

Fig. 1. Experimental setup used for silicon nitride deposition: 1. 
duoplasm~ron ion source, 2. extractor, 3. electrostatic lens, 4. 
substrate-holder, 5. "target, 6. molecular beam generator, 7. tung- 
sten-rhenlum filament. 

0.2 Pa. A l iquid He cryogenic  pump with  a Pumping 
speed of 5000 1/sec for n i t rogen gives a m a x i m u m  
isotropic pressure  P1 - - 5  • 10 -3 Pa dur ing  the ex -  
pe r iments  wi th  the  molecu la r  beam generator .  (ii i)  
a t ungs t en - rhen ium r ibbon  which  is posi t ioned in 
f ront  of the substrate .  This s imple  e lec t ron  gun de-  
l ivers  an electronic cur ren t  up to 50 m A  under  an 
accelera t ing  vol tage  of 150V. I t  m a y  induce some tung-  
s ten incorpora t ion  in the  deposit ,  bu t  this  does not  
change any th ing  in the  mechanisms we wan t  to study.  

High' pu r i ty  v i t reous  carbon subs t ra tes  p rov ided  b y  
Carbone Lor ra ine  were  used in o rde r  to ob ta in  d i -  
rec t ly  by  MeV 4He backsca t t e r ing  the Composition of 
the deposits.  These subs t ra tes  were  chemica l ly  c leaned 
by  immers ing  them in t r ichloroethylene ,  e thanol ,  and 
acetone successively,  r insed in deionized water ,  and 
baked  out  at  160~ in vacuo. All  the  films descr ibed  
in this paper  were  deposi ted  at  room tempera tu re .  

Dur ing deposit ion,  the isotropic pressure  of N2 can 
va ry  f rom 7 X 10 -~ Pa to 5 • 10 -3 Pa  according to 
the  different  exper iments .  A gas ana lyzer  gives a con- 
t inuous moni tor ing  of pa r t i a l  pressures :  2:4 X 10 -~ Pa  
of N2, 1.7 X 10 -6 Pa  of t t20,  and  5 X 10 - ;  Pa  of COs 
are  typical  values measured  dur ing  a deposi t ion p ro -  
cess. 

A separa te  appara tus  was used to make  N + or  N2 + 
implan ted  si l icon samples;  i t  consisted of a duop lasma-  
t ron ion source and a magnet ic  mass separa tor .  The 
energy  of the  ions can be va r i ed  f rom 4 to 10 keV, 
the  current  densi ty  on the sample  being typ ica l ly  
equal  to 50 #A/cm 2. 

Nuclear microanalysis.BThe exper imen t s  were  car -  
r ied out  on the  2 MeV Van der  Graa f  acce lera tor  of the  
Groupe  de Phys ique  des Solides de I'E.N.S. 

The composit ion and s to ichiometry  measurement s  by 
Meu 24He backsca t te r ing  have  been descr ibed gen-  
e ra l ly  (19), and  more  accura te ly  in the  case of s i l icon 
n i t r ide  deposi ted on sil icon and carbon suhst ra tes  (12). 
The absolute  de te rmina t ion  of the  numbers  of a toms /  
cm 2 is made  using a t a n t a l u m  th in  film s t anda rd  (20). 

The to ta l  amount  of n i t rogen  N + or Na + imp lan t ed  
in si l icon samples  has been  de te rmined  by  compar ison  
wi th  a s t anda rd  (21), using the nuclear  reac t ion  14N(d, 
a) 12C in i t ia ted  by  a deu te ron  beam wi th  an  ene rgy  of 
1300 keV. 

Results and Interpretation 
Study oi the implanted target.--During the  ion 

b o m b a r d m e n t  of a solid, a s t eady  s t a t e  is reached 
when  the sur face  of the solid has been  etched fu r the r  
than  the par t ic le  p ro jec ted  range  Rp. The to ta l  amount  
of imp lan ted  atoms becomes constant ,  and  the i r  depth  
d is t r ibu t ion  in the ta rge t  is s ta t ionary .  I f  no diffusion 
occurs, the  s t eady  s ta te  impl ies  tha t  the  spu t t e r ing  
y ie ld  of imp lan ted  atoms is equal  to one a tom per 
imping ing  atomic ion. Moreover ,  Biersack  has ca lcu-  
l a ted  (22): (i) the  to ta l  amount  NN o f  imp lan t ed  n i -  
t rogen given b y  

qi% hrN - .  

where  q is the  implan ta t ion  ra te  (a toms cm - s  sec - I )  
and  v, the  speed of surface  erosion (nm sec -1  if  Rp is 
expressed  in rim).  (ii) the  m a x i m u m  concentrat ion,  
CN, of imp lan ted  ni t rogen,  nea r  the  sur face  in  our  
case, g iven  b y  

q 
CN " - - - -  

v 

If  we neglect  the  reflected ions, this re la t ionsh ip  m a y  
be  expressed as N / S i  = n/S where  S is the spu t t e r ing  
y ie ld  of si l icon per  molecu la r  ion, cons t i tu ted  of n 
atoms (in our  case, n -~ 1 or  2 for  N + or  N2 + r e -  
spec t ive ly ) .  We have  to make  some r e m a r k s  about  
the dependence  of NN on the  energy:  NN is propor-  

4 
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t ional  to Rp and in inverse  rat io  to S. LSS theory  (23) 
shows that  Rp is nea r ly  p ropor t iona l  to the energy  E. 
Therefore,  NN would  be l inear  wi th  E in a range  of 
energy  where  S is nea r ly  constant :  in our  case, be -  
tween 2 and 20 keV. This range has been de te rmined  
using Sigmund 's  theory  (24) for pure  silicon spu t t e red  
by  N+ ions. We t ry  now to use this a rgumen t  in  o rde r  
to de te rmine  the effect of N2 + ions in compar ison 
wi th  tha t  of N +. A s imple hypothesis  which  can  be 
made about  the  behavior  of N2 + as bombard ing  pa r t i -  
cle is tha t  this  ion wi th  an energy  E has its N - - N  bond 
b roken  when  impinging  on the sur face  of the solid, 
and can be then considered as two N + ions wi th  
the  energy  El2. Therefore,  the  to ta l  amount  of i m -  
p lan ted  ni trogen,  in the  s teady  state,  would  be lower  
by  half  for N2 + ions than  tha t  ob ta ined  for N + wi th  
the same energy.  

Our  expe r imen ta l  resul ts  seem to ver i fy  this hy -  
pothesis;  some implan ta t ions  at  n o r m a l  incidence have 
been made  on (111) si l icon targets  wi th  ion beam 
energies  ranging  f rom 4 to 10 keV, and wi th  b o m b a r d -  
men t  doses up to l0 TM ions cm -~ of N~ + or  N +, respec-  
t ively.  F igure  2 shows tha t  the implan ted  doses a re  
nea r ly  p ropor t iona l  to the acce lera t ing  vol tage with  
slopes equal  to 2.40 • 10 TM atoms cm -2 keV -1 and 
1.16 • 10z8 a toms cm -2 keV -1 for N + and N~ +, re -  
spect ively.  

The same expe r imen ta l  setup (25) permi t s  us to 
measure  t h e  composit ion (N§ Ne+) of the ion beam 
de l ivered  by  the  duop lasmat ron  source according to 
its discharge conditions. We were  able  to de te rmine  
the values  of the  parameters ,  which give a composit ion 
of the ion beam s tabi l ized at  80-90% of N2 +. In  the fol -  
lowing tex t  we call  this value  #. These expe r imen ta l  
condit ions were  used to obta in  the  deposi ted films we  
s tudy  in this work.  

to be ava i lab le  for  s i l icon-n i t r ide  film, we first t r i ed  
to deposi t  SisN4 films wi th  an ion beam e n e r g y  of 10- 
20 keV. F igure  3a shows the RBS spec t rum obta ined  
for  a typica l  l aye r  deposi ted on a carbon subs t ra te  
wi th  a beam energy  of 10 keV at a n i t rogen pressure  
Pz = 10 -4  Pa. The  thickness  of the  deposi t  is about  
65 nm. There  is a s l ight  oxygen  peak  near  the sur-  
face, corresponding to about  10 TM atoms cm -s ,  the  re-  
ma inder  being un i fo rmly  dis t r ibuted.  The  analysis  
of this  spec t rum yields  the fol lowing composition, ex-  
pressed in atomic rat ios:  N / S i  = 0.53 and O/S i  ,~ 0.01 
in the  depth  of the film. Therefore,  these deposi t ion 
conditions lead to a film wi th  an N /S i  rat io  much less 
than  for s toichiometr ic  n i t r ide  films (N/S i  --  1.33 
for  SiaN4 films).  

In  o rde r  to evalua te  the effect of molecular  n i t rogen,  
some deposi ts  have been made  wi th  increas ing pres -  
sures  of Nz ranging  f rom Pz --  10 -4 Pa  to Pz : 7 • 
10 -3 Pa. The resul ts  are  presented  in Table  Ia: no 
significant increase  of N /S i  rat io can be noted in this 
range  of  pressure.  Thus, a h igher  pressure  is needed  
to de te rmine  the s t icking coefficient of molecu la r  n i -  
t rogen,  but  7 • 10 -3 Pa  seems to be the  m a x i m u m  
value  compat ib le  wi th  a wel l -def ined ion beam in our  
appara tus ,  because the sca t te r ing  of ions b y  gas mole-  
cules becomes impor t an t  at  h igher  pressure.  A mo-  
lecular  beam generator ,  in our  case a mul t i channe l  
nozzle, pointed at  the surface of the film, a l lows us to 
avoid this difficulty. The flow ra te  of Ng_ impinging  on 
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Table I. Stoichiometry of nitride layers deposited at nearly 
constant deposition rate of silicon expressed as a function of 

(a) the isotropic pressure of nitrogen Px 

Ion-beam Depos i t i on  ra te  
Pz current of sUicon (10 ~ 

(10-4Pa) (mA) atoms cm -~ ser N / S i  

1.0 6 1.0 0.49 • 0.02 
2.7 6 0.g 0.50 ----. 0.02 

18.3 6 1.0 0.51 • 0.02 
24.0 3 0.3 0.53 -- 0.02 
70.0 6 0.7 0.48 --+-- 0.02 

(b). The input pressure Pt in the molecular beam generator 

Depo-  Depo-  
s i t ion  s i t ion 

ra te  of  ra te  of  
Input  Calcu la ted  n i t r o g e n  s i l icon 

Pres sure  local  
Pz p r e s s u r e  (I0 ~ a t o m s  

( I ~  Pa )  (Pa)  c m  -s sec  -I) N/SL 

0 0.002 0.19 0.34 0.53 -- 0.02 
1.6 0.02 0.18 0.32 0.57 • 0.02 
6.0 0.08 0.18 0.31 0.60 -- 0.02 

13.4 0.18 0.20 0.34 0.59 ~ 0.02 
16.0 0.21 0.19 0.27 0.72 --  0.02 

the surface of the film has been calculated as a func-  
tion of the dimensions of the channels  and of the 
input  pressure, Pi, according to numerica l  results (18) 
derived from Zugenmaier ' s  theory. 

The RBS spectrum shown on Fig. 3b corresponds to 
a layer  deposited with a ni t rogen molecular  beam 
directed towards the film surface, the ni t rogen beam 
being produced with an input  pressure of 1300 Pa. 
The other deposition conditions are those described 
above for Fig. 3a. There is no difference be tween the 
two spectra: the amount  of ni t rogen is near ly  the 
same, and furthermore,  the oxygen peak in spectrum 
3b corresponds to a small  proport ion of oxygen ( ~ 3 % ) .  

Table Ib shows the values of the deposition rates 
of n i t rogen and silicon as a function of the input  pres-  
sure  Pi. No significant effect of nitrogerr pressure is 
observed; however,  if such an effect exists, the maxi-  
m u m  increase of the ni t rogen incorporat ion rate would 
be ~ 2 • 1018 atoms cm -2 sec -1 for a localized sur -  
face n i t rogen pressure of ~ 2 • 10 -1 Pa, correspond- 
ing to a st icking coefficient of N2 on the growing film 
equal to ~ 2 • 10 -5. 

Other results (Fig. 4) obtained for a n i t rogen par-  
tial pressure of 10 -4 Pa and various ion beam intensi-  
ties suggest that  N/Si  may be correlated to the deposi- 
t ion rate of silicon, Nsi. Figure 4 shows an increase of 
N/S i  from 0.5 to 0.7 when  Nsi decreases from 10 • 
1014 to 1.6 • 1014 atoms cm -~ sec-1; dividing Nsi by  6 
induces much more effect than mul t ip ly ing  the pres-  
sure by  70. This can be explained by process (b).  As 
we h a v e  shown that  N/Si  does not  depend on the 
pressure from 10 -4 to 10 -2 Pa, the contr ibut ion of this 
process seems to be fixed only  by  the cur ren t  densi ty 
in  this pressure range. 

EfJect of the beam energy.~We have assumed the 
stoichiometry of the ni t r ide films to be determined by 
the sum of three contributions:  the first (i) depends 
on the energy, the second (ii) is more d i f f icu l t  to 
evaluate  bu t  is cer tainly a funct ion of the cur ren t  den-  
sity, and the third (iii) is proport ional  to the N2 
pressure. The la t ter  has been found to be negligible 
and (ii) is of l i t t le influence. S tudy of the first one is 
the purpose of this section where  we show the effect 
of the beam energy. 

The RBS spect rum shown on Fig. 5 relates to a 70 
n m  thick ni t r ide layer  deposited with an accelerating 
voltage value of 500V, and a beam current  of 1.5 mA. 
The N/Si  ratio is found equal to 1.16, and the oxygen 
content  in the depth of the layer  does not  exceed 2%. 
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Fig. 4. Stoichiometry of SizNy films expressed as a function of 
the deposition rote of Si. The nitrogen pressure is equal to 10:-4 Pa. 
Ion beam energy "- 10 keV. Current intensity varies from 1-6 mA. 

Experiments  have been made with ion beam en-  
ergies ranging between 0.4 and 10 keV, and for two 
values of the beam intensi ty  1.5 and 0.75 mA. The 
focusing conditions have been adjusted to ensure the 
same divergence of the ion beam for each value of 
the current.  For  a given accelerating voltage, the 
average current  densities could be roughly evaluated 
equal  to 150 and 75 /~A/cm 2 for 1.5 and 0.75 mA 
values, respectively. Figure  6 shows the normalized 
deposition yields of ni t rogen and silicon Nsi (Fig. 6a), 
and N~, (Fig. 6b), respectively, and the N/Si  ratio 
(Fig. 6c) expressed as a funct ion of the accelerating 
voltage V. The N/Si  ratio depends sharply on 9" in 
the range 0.4-1 kV, and for the lowest values the 
SisN4 stoichiometry is near ly  reached. The points car- 
responding to the lowest current  densi ty are s l ightly 
above the average curve. Above 5 kV, N/Si  ratio is 
constant  and equal to ,~ 0.5. The value of Nsi increases 
l inear ly  with log V up to 4-5 kV and becomes constant 
above this value, while NN increases with V in  a 0.4- 
0.9 keV range and then  remains  constant. In  order  
to explain these results, we have to formulate  the de- 
pendence of NN and Nsi on the sput ter ing process 
itself: (i) assuming the sticking probabi l i ty  of silicon 
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to  be equal to one, the deposition yield of the silicon 
by uni ty  bombardment  dose is given by  "7 

Nsi = K �9 S �9 I �9 t [ l -a ]  .~ E 20 
where S is the sputter ing yield of silicon, t the deposi- ~ '  
t ion time corresponding to the un i ty  dose, I the beam ~ ,  
in tensi ty  expressed in ions/sec, and K a geometrical E,, 15 
coefficient. This formula summarizes the complete ex-  
pression we have previously used (16) 

f s  ~ 10 
Nsi / t  = S �9 j (x ,  y)  . cos o/~ �9 n (x ,  11) d x d y  

(D 

[ l - b ]  -- 5 
~5 

where s is the surface of the target, j (x, y) the current  z 
density, cos 0/n the proport ion of sputtered atoms 
emitted in  direction e, measured from the normal  to 0 
the surface, and ~2(x, y) is the solid angle unde r  which 
the substrate  is seen from point (x, y) .  

Assuming the ion beam has a gaussian spatial distr i-  
but ion of ha l f -width  6, we can deduce the values 
of K as a funct ion of ~ [Eq. l -b ]  and then evaluate S 
from the measurement  of Nsi [Eq. l - a ] .  The spot of q.~ 
the ion beam on the surface of the target  gives a value ~ 20 
of ~ ranging from 2 to 3.5 cm; for instance, S - -  1 a tom/  -~ 
ion corresponds to Nsi = 10.5 >< 1016 and 9 X 10 TM 8 
atoms cm -2 coulomb -1 for 2 and 3.5 cm, respectively, c~ 'E 15 
(ii) We have previously seen that  an N2 + ion beam of " 
energy E may be considered as an N + ion beam with 
the energy E/2  and a doubled current  density. If the ~ 10 
proportions of N + and N2 + in the ion beam are respec- ,o 
t ively ~ and/9, S must  be wr i t ten  as ~o 

5 S -- ~S ' (E)  + 2~S ' (E /2 )  [2] z 
Z 

where S' is the sput ter ing yield of Si by N + ion. The 
/9 value is in the range 0.8-0.9 (25). (iii) The sput ter-  0 
ing yield of implanted ni t rogen must  be equal, in the 
steady state, to one a tom/atomic ion if the fraction of 
reflected ions may be neglected; following the theo- 
retical calculations of Bottiger (26), this fraction is 
equal to about 10% with our exper imenta l  conditions, 
a value which seems to be more l ikely at high ener-  
gies (27). But, if the angular  dis t r ibut ion of reflected 1.3 
ions is near ly  the same as that of sput tered ni t rogen the 
lat ter  cannot be differentiated from the reflected spe- 
cies. So, NN must  be wr i t ten  as 1 

NN -" a (a -~- 2/9) I �9 f;, ~ [3-a] 

where a is the st icking probabi l i ty  of sputtered ni t ro-  . -  
gen on the growing film. Assuming that  sputtered n i -  
trogen has the same angular  distr ibution as sputtered z 
silicon, we can use the same value of K for these var i -  0.5 
ous species. Considering our exper imental  value of ~, 
[3-a] can be wr i t ten  

NN ,~ 2a �9 I �9 t �9 K [ 3 - b ]  

From Eq. [ l -a ]  and [3-a], we obta in  for N/Si  ratio 

N 
= a(~ + 2/9)/S [4-a] 

Si 

If ~ can be neglected and if S ' ( E / 2 )  ~_ S ' ( E ) ,  Eq. 
[4-a] becomes 

N 
- -  , - ,  a / S '  ( E / 2 )  [ 4 - b ]  

Si 

Let us discuss the results of Fig. 6 using the  above 
considerations. The first feature to examine is Nsi in-  
creasing with log V (Fig. 6-a). From this dependence 
and considering Eq. [ l -a ] ,  we can deduce that S in -  
creases l inear ly  with log V when V varies from 0.4 to 
about 5 kV. For higher, values of V, S remains prac-  
t ically constant  and equal t o  about 2. This kind of 
behavior  is in good agreement  with Sigmund's  theory 
(24). Nevertheless, in  the logarithmic domain, the va-  
r iat ion of S with log V is two times larger than  that  
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(Fig. 6b) expressed in atoms cm - 2  coulomb -z ,  and the atomic 
ratio N/Si (Fig. 6c) as a function of the accelerating voltage V. 

predicted by Sigmund. This unexpla ined result  has al-  
ready been reported in the case of a noble gas ion beam 
(24). If we took for the theoretical energy a value equal 
to half  the exper imental  one, a satisfactory agreement  
would be obtained between the energy position of the 
max imum of S in the theoretical curve, and that of 
Nsl (i.e., of S) in the exper imental  one. This is in 
agreement  with the hypothesis we have made about the 
behavior  of N2 + ions, which are the main  component 
of the ni t rogen beam. The theoretical value of the max-  
imum of S' (E/2) is found equal to 1.3, assuming a bond 
energy of 7.8 eV which is that  of pure silicon, and con- 
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s ider ing a 45 ~ angle of  incidence. It  appears that  the 
exper imenta l  value of S m a x i m u m  is in  agreement  with 
the theoretical  one if S ~ 2S'(E/2).  

Next, we shall  discuss the var ia t ion of N• with en-  
ergy (Fig. 6-b).  In  the  voltage range 1-10 I~V and from 
Eq. [3-b], we deduce that  a, s t icking probabi l i ty  of 
sputtered ni t rogen on the growing film, is equal  to 
about  0.5. This is a large value in comparison wi th  that 
of the sticking coefficient of molecular  nitrogen, which 
has been estimated above to be lower than about  10 -5 . 
This confirms that  implanted  ni t rogen would be sput-  
tered as atoms l inked with silicon or as h ighly  reactive 
single atoms. Let us note  that  the proport ion of sput-  
tered Si~Ny clusters would depend on the density of 
damage induced by  the impinging ions; consequently,  
the coefficient a is a funct ion of the current  density, 
and then varies with the focusing and the composition 
(N~+/N +) of the ion beam. 

Below 900V, NN decreases with V. This can be ex- 
plained by  two processes: (i) the m a x i m u m  concen- 
t ra t ion of n i t rogen at the target surface is given by  
N / S i  ---- 2/S for N2 + impinging ions, if the fraction of 
reflected ions still may be neglected at low energy. 
(See section on s tudy of the implanted  target.) The 
surface of the target  is then very  over-stoichiometric 
when S is lower than 1, as is t rue in this range of en-  
ergy (Fig. 6-a),  and ni t rogen in  excess may be sput-  
tered (or desorbed) as N2 molecules with a low stick- 
ing probabil i ty.  (ii) The fraction of reflected ni t rogen 
ions increases with decreasing energy, as has been re-  
ported for iner t  gas (27) and ni t rogen ions (17), and 
their  angular  dis t r ibut ion is very  different than  that  of 
the sputtered species. In  these conditions, an impor tan t  
par t  of emit ted n i t rogen does not  reach the growing 
film. 

For low values of V, giving near ly  stoichiometric 
SigN4 layers, the balance we can make for deposited 
silicon and incorporated ni t rogen-- , --  0.5 Si and ~ 0.6 
N atoms for one N2 + ion- - i s  in  good agreement  with 
the formal equat ion proposed by Weissmantel  (13) 
for a sput ter ing yield of 0.48. 

Deposition of stoichiometric Si3N4,~Stoichiometric 
ni t r ide layers can be obtained in our apparatus with 
the required energy of the ions (Fig. 6), but  with a 
very  low deposition rate, typical ly 1 n m / m i n .  In  order 
to obtain Si3N4 films with higher deposition rates, we 
used two different methods. The first one consists of 
in t roducing a par t ia l  pressure of ammonia  in  the depo- 
sition chamber. This molecule being much more un -  
stable that  N2 should be a more  efficient n i t r id ing  
agent. The sticking probabi l i ty  of N2 has such a low 
value that the production of an intense molecular  beam 
towards the growing film does not significantly change 
its s toichiometry (second section). The assumption that  
atomic n i t rogen has a very  different behavior  suggests 
the second method, which consists of depositing a n i -  
tride layer  with a significant flow rate of Na and a si- 
mul taneous  electronic bombardment  on the growing 
film. The following results were obtained: 

E~ect of a partia~ pressure of ammonia.--Typical re-  
sults are presented in Fig. 7. They are for layers depos- 
ited with an ion beam of 6 keV energy and of 3 mA in-  
tensity, the par t ia l  pressure of ammonia  P (NHs) being 
varied from 0 to 5 • 10 -3 Pa. The N/Si  ratio, NN and 
Nsi are plotted vs. the pressure of NH3. N/Si  increases 
s trongly with P(NHs)  and reaches a sa tura t ion  value 
greater than 1.33 for a pressure equal to 2 • 10 - s  Pa. 
N~ also increases and reaches an asymptotic value, but  
at a lower pressure value ( ~  3 • 10 -4 Pa) ,  while Nsi 
shows an unexpected decrease in the same range of 
pressure. 

The behavior  of NN and Nsi cannot be ent i re ly  ex- 
plained by process (c) (direct adsorption of NH~ on the 
growing film) as this process cannot  induce a decrease 
of Nsi. So we have to take into account the process (b) 
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Fig. 7. Deposition yields of silicon and nitrogen and stoichiometry 
of ion-beam sputtered silicon nitride films deposited with an 
nitrogen ion-beam energy of 6 keV at a current of 3 mA expressed 
as a function of the partial pressure of ammonia. 

which is related to the adsorption of NH8 on the target: 
this adsorption should change the composition of the 
target  surface and thus lower the sput ter ing yield of 
silicon. Moreover, over-stoichiometric ni t r ide films 
were obtained for higher pressures of NH3; ni t rogen in 
excess may be incorporated as N-H radicals. We are 
s tudying this possible effect. 

E~ect of electron bombardment combined with N~ 
molecular beam.--Layers were deposited with a beam 
of energy equal to 10 keV and of in tensi ty  equal to 3 
mA. The input  pressure in the molecular  beam gene- 
rator was main ta ined  equal to 1600 Pa and the calcu- 
lated value of the corresponding local pressure of N2 
was equal to 0.2 Pa (18). The in tensi ty  of the elec- 
tronic bombardment  ranged from 0 to 50 mA with 150V 
applied to the substrate. Figure 8 shows the N/Si  ratio 
as a funct ion of the electronic current:  it increases and 
near ly  reaches the SigN4 stoichiometry for intensit ies 
higher than 30 mA. The oxygen content  can be reduced 
to less than  3% (Fig. 3b) when  great care has been 
taken  for the gas ent ry  system. 

From the slope of this curve, at I ---- 0, and knowing 
the deposition rate of silicon, we obtain a value 

dnN 
---- 2.9 • 10 la atoms cm-2sec  -1 mA -1 

dI 

From this, we can deduce the increase of the st icking 
probabi l i ty  0f N2 with electronic bombardment  

da/dI ---- 7 • 10-5 /mA 

To explain this increase we assume the following pro-  
cess: n i t rogen molecules are adsorbed on the growing 
films and then are dissociated by the electronic bom-  
bardment ;  this atomic n i t rogen is the reactant  for n i -  
t r idat ion of unbound  silicon. We can also determine the 
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Fig. 8. N/Si ratio as a function of the electronic bombardment 
intensity corresponding to ion-beam sputtered silicon nitride films 
deposited under an N2 molecular beam (local pressure: 0.2 Pa) 
with an ion-beam energy of ]O keV and a current intensity of 3 
mA. 

coverage density of adsorbed N2, assuming the dissoci- 
ation cross section to be the same for adsorbed and free 
molecules [about 2 X 10 -16 cm 2 at 150 eV (28)]; we 
find a value of about 10 TM atoms/cm 2, equivalent to one- 
hundredth of a monolayer. 

Conclusion 

This study allowed us to determine the respective 
e, mtnbut ions  of different mechanisms which take place 
during the deposition of silicon nitrides by ion beam 
sputtering. It has been shown that: (i) The sticking 
probability of molecular nitrogen on the growing film is 
negligible (less than 2 • 10 -5 in 10 -4 to 0.2 Pa pres- 
sure range),  (ii) The incorporation in the growing film 
of nitrogen sputtered and/or  reflected f rom the target 
is independent of the ion beam energy in 1-10 keV 
range. The corresponding sticking probability is equal 
to 0.5, Moreover the contribution of the adsorbed mo- 
lecular nitrogen on the target seems to be limited by 
the current deasity and independent of the pressure 
for values greater  than 10 -4 Pa. The N/Si ratio is fixed 
by the sputtering yield of silicon: it is equal to about 1 
for 0.9 keV and decreases linearly with log E, from 1 to 
0.5 in the 1-5 keV energy range, while the sputtering 
yield S varies from 1 to 2 a tom/ ion  Note that S must 
be reduced if we want to reach the SigN4 stoichiometry; 
we have obtained 1.25 for the N/Si ratio at 0.4 keV, for 
S ---- 0~5 atom/ion. (iii) Stoichiometric silicon nitrides 
were obtained by increasing the sticking probability of 
molecular nitrogen on the growing film by using elec- 
tronic bombardment;  with our experimental condi- 
tions the corresponding increase is equal to about 10-4/ 
mA. Another possibility is to use NHs as a highly reac- 
tive molecule: nitrogen-rich nitride is obtained from 
PNH3 greater than 10 -~ Pa. 
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ABSTRACT 

A simple process of sputter-etching planarization was developed for multilevel metallization, which utilized an angular 
dependence of sputter yield. Silicon nitride and phosphosilicate glass as interlevel insulators were planarized to a slope 
angle of 45 ~ by using rf sputter etching with an argon gas. The surface topology was well predicted by computer simulation. 
The sputter-etching planarization was successfully applied to three-level metallization, resulting in very high yields of inter- 
connection continuity, interlevel insulation, and via holes. 

Planar surfaces become increasingly important in 
LSI's, especially in multilevel interconnections for the 
demand of higher packing density. Since the existence 
of topographic steps extremely restricts minimum 
feature size, and reduces metallization yield and reli- 
ability, extensive works have been devoted to achieve 
planarization (1, 2, 3). Among them, it is a well-known 
technique to flow phosphosilicate glass (1), which can- 
not, however, be applied to aluminum-aluminum in- 
terconnections because of its higher temperatures re- 
quired. Recently, other methods have been studied for 
low-temperature processing. For example, films cov- 
ering stepped surfaces were coated with photoresist 
and then removed by either plasma etching (2) or ion 
beam etching (3) under the same etching rate for the 
film and the resist. Although this process provides very 
smooth surfaces, it was complicated and difficult to 
control the etching condition which depends on the 
film material. 

Sputter etching is a commonly used technique to 
delineate fine patterns. A number of papers have re- 
ported on the change of surface profiles by ion bom- 
bardment (4-10). The etched profiles are mainly deter- 
mined by an angular dependence of sputter yield, 
which results in sloping walls. It is the purpose of this 
paper to provide a simple process for planarization 
utilizing the angular dependence of sputter etching. 
The evolution of surface profiles of silicon nitride and 
phosphosilicate glass films is presented and compared 
with the results of a computer simulation. In order to 
evaluate the planarization effect, the technique is then 
applied to three-level metallization. 

Computational Model 
The basic mechanism of the sputter-etching planar- 

ization is based on the fact that the sputter-etching rate 
depends on the angle of ion incidence. Since sub- 
strates are normally bombarded by ions in an rf s p u t r  
tering system, the etching rate is different at various 
locations on the surface due to its original topology, 
which results in a continuous modification of the pro- 
file. A computer simulation of the surface profile was 
performed in a similar manner which Lehmann re- 
ported as follows (10). 

The variation of the sputter yield, as a function of 
the angle of incidence with resPect to the surface nor- 
mal, is written by the following analytical expression 

S(O) = = cos e + p cos 20 + "V cos 4 e [1] 

where a, fl, and ~, are the constants given by the bound- 
ary conditions as 

dS 
8 ( 0 " )  - -  1, do  - -  0,  a n d  8 ( 4 5  ~  - -  8 p  [2 ]  

o - -  45 ~ 

Key words: multi level metallization, planar  metallization, sur- 
face coverage, sputter ing.  

This function S (0) has a maximum of Sp at an angle 
0 : 45% Figure 1 plots these functions for Sp = 3.3 
and 5.0. 

The original profile is expressed by the curve as 
shown in Fig. 2, where D is the step height, and the 
corners at the step region are approximated by circles 

I I I I I 

S(Q) = =cose, ~cos2e �9 rcos4e 

4 
v 
U3 

~a 3 
~  

2 
3 
Q.  

U3 

1 

0 I, I I I I 

0 30 60 90 

Angle of Inc idence,  e (degree)  

Fig. !. Sputter yield as a function of angle of ion incidence for 
Sp " -  3 . 3  and 5.0. 
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Fig. 2. Schematic illustration of evolution of surface profile due 
to sputter etching. 
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with radi i  RI at  the  top and Re at  the bottom. These 
parameters ,  D, R1, R2, L1,/-,2, and M, are  de te rmined  by  
t rac ing the or ig inal  topology. The profile is app rox i -  
ma ted  at  al l  t imes by  the same number  of segments  
connecting a finite number  of points  Pi, where  i ---- 1, 
. . . ,  80. As indica ted  in Fig. 2, the sput te r  e tching 
causes the points  Pi to move by  the amount  and the 
direct ion as 

nsz = --n �9 So ' S(ei) �9 cos 01 [3] 

where n is a unit vector of the surface normal and 
So is the sputter yield for unit cycle when ei = 0 ~ A 
new profile is then given by the shifted segments. In 
our simulations, the sputter-etched materials are as- 
sumed to be homogeneous and isotropic. Although the 
effect due to redeposition of sputtered materials might 
affect the etched profiles and become increasingly sig- 
nificant with decreasing feature size, the redeposition is 
a secondary effect, and is neglected in the present 
simulations. This point will be discussed later. 

Exper imenta l  
A l u m i n u m  al loy  films, A l - S i  and A1-Si-Cu, were  

formed by  d-c  p l ana r  magne t ron  sput te r ing  for in t e r -  
connections. Silicon n i t r ide  films (P-S iN)  and phos-  
phosi l icate  glass films ( L P - P S G )  were  ut i l ized for 
in te r leve l  insulators .  P - S i N  were  deposi ted by  a 
p lasma CVD technique at 300~ employing  Sill4 and 
NHz gases d i lu ted  with  an iner t  gas. L P - P S G  were de-  
posi ted by  a low pressure  CVD technique at  430~ 
using Sill4, 02, and PH8 gases d i lu ted  wi th  an iner t  gas. 
The via holes in P - S i N  were  opened by p lasma etching 
employing  a gas mix tu re  of CF4 and 02, whi le  those in 
L P - P S G  by chemical  wet  etching using an HF solution. 
The surfaces were  p lanar ized  by  rf  spu t te r  etching us-  
ing an Ar  gas in the fol lowing condit ions:  a dis tance 
be tween  pa ra l l e l  p la te  electrodes was 2.5 cm, an argon 
pressure  was 1.7 Pa, and  an rf  power  dens i ty  was 0.5 
W/cme. These condit ions were  ma in ly  decided b y  the 
per formance  of the  spu t te r ing  appara tus .  The chosen 
argon pressure  and the rf  power  dens i ty  p rov ided  a 
s table rf  p lasma and uni form etching rates.  The etching 
ra tes  of A1, P-SiN,  and L P - P S G  were  about  100, 70, 
and 60 A/min ,  respect ively .  Dur ing  the spu t te r  etching, 
the t empera tu re  of samples  rose to above 200~ 

Results and Discussions 
Figure  3 shows cross-sect ional  SEM pictures  of as-  

deposi ted P-SiN,  wi th  a thickness  of 1.47 ~m covering 
0.72 #m of pa t t e rned  AI-Si ,  and those af te r  spu t te r  
etching. I t  can be c lear ly  seen that  the facet  wi th  an 
angle  of 45 ~ develops and the surface is p lanar ized.  The 
etching ra te  of 67 A / m i n  was obtained at  the fiat areas  
on meta l  lands. 

The s imula ted  profiles were  then compared  wi th  the 
expe r imen ta l  ones as shown in Fig. 4, where  we set 
Sp -~ 3.3 and So --  0.02 ~m, which  corresponds to an 
etch t ime of 3 min. A fa i r ly  good agreement  was ob-  
ta ined  be tween  the calcula ted and expe r imen ta l  re -  
sults, which indicates  t h a t  the ana ly t ica l  express ion 
S(0) employed  is ve ry  s imi lar  to the ac tual  spu t te r  
y ie ld  function. The on ly  difference is observed at  the 
bot tom of the steps, where  the ac tual  etched depth  is 
sha l lower  than  the ca lcula ted  one. This would  be a t -  
t r ibu ted  to redeposi t ion of spu t t e red  P-SiN,  and was 
not  observed when the wid th  of the groove was l a rge r  
than 5 #m. The effect of redeposi t ion causes the l imi ta -  
t ion of ion etching, whi le  it  is advantageous  for  p l ana r -  
ization because  the step height  decreases.  In  the case 
of the example  shown in Fig. 4, the ini t ia l  step height  
of 0.93 ~m was reduced  to 0.83 ~m dur ing  sput te r  e tch-  
ing of 30 min b y  the redeposi t ion effect. 

S imi la r  resul ts  were  also obta ined  for  LP-PSG.  LP-  
PSG films exhib i ted  poorer  step coverage than  P - S i N  
films, and the  step angle  made  b y  the L P - P S G  going 
over  an A1 step was l a rge r  than 90 ~ i.e., a negat ive  
slope. Even if the slope angle was negat ive  as in the 

Fig. 3. Experimental evolution of profile for P-SiN covering pat- 
terned AI-Si steps. (a) Original profile. (b) After sputter etching 
for 15 rain. (c) After sputter etching for 30 min. 

' - - - - r  T "1 T 

1 5 mJn. 

P-SiN "~  

Calculated 

x E x p e r i m e n t a l  30 min. 

x \  / /  Z ~, 

P S i  N X,x.' , ,/..~" 

lpm 
Fig. 4. Calculated evolution of profile corresponding to Fig. 3. 

Dotted line and X indicate original profile and experimental re- 
sults on profile traces, respectively. 
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case of L P - P S G ,  sufficiently long etching t ime, say 60 
min, resu l ted  in a gent le  slope w i th  a s tep angle  of 45 ~ 

I n  o rde r  to eva lua te  the spu t t e r -e tch ing  p l ana r i za -  
tion, this technique was appl ied  to t h ree - l eve l  me ta l -  
l ization. The process flow is summar ized  in Fig. 5. The 
deposi t ion of spu t te red  A1 films follows immed ia t e ly  
af te r  the spu t t e r - e t ch ing  process in the  same appa ra -  
tus, which  leads  to an addi t iona l  advan tage  of a good 
s tep coverage of the metal ,  since the sput te r  e tching 
causes the  t e m p e r a t u r e  rise of samples  as ment ioned  
above. F igure  6 shows a resul t  of  a test  pa t t e rn  of the 
th ree - l eve l  me ta l  s t ructure ,  where  the coverage is 
r e l a t ive ly  smooth due to the  spu t t e r -e t ch ing  p lana r i za -  
tion. F igure  7 shows a cross-sect ional  SEM micrograph  
of a via  hole be tween  the first and second level  metals .  
I t  can be seen tha t  the s loped contour  of the  v ia  s ide-  
wa l l  provides  a good s tep coverage of the  second level  
conductor  pat tern .  I t  also can be seen tha t  the  first 
level  meta l  of about  0.3 ~m is e tched at  the via  by  the 
p lanar iza t ion  process.  

The test  chip was also used to de te rmine  crossover 
cont inu i ty  yield,  via hole y ie ld  and  insula t ion yield.  
The s t ruc tures  and a typica l  set of resul ts  are  l is ted in 
Table I, where  the almost  100% yields  have proved the 
usefulness of the  p lanar iza t ion  process.  Al though the 

Fig. 6. 3rd-level metal coverage over 1st- and 2nd-level metals 
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Fig. 5. Process flaw and parameters for three-level metallization 

Fig. 7. 2nd-level metal coverage over via hole to Ist-level metal 

size of the  first v ia  hole was 3 X 3 ~m 2 and the contact  
resis tance would  be sensi t ive to the effect of redepos i -  
tion, there  was no difference observed be tween  the 
contact  resis tances wi th  and wi thout  the  spu t t e r - e t ch -  
ing planar izat ion.  This i s -p robab ly  because the/%1 con- 
tact  surface is sufficiently etched dur ing  the p lanar iza -  
tion process as ment ioned  above, so tha t  the amount  of 
the redepos i ted  dielectr ics  onto the contact  surface is 
negligible.  The contact  resis tance of the second via  
hole, the size of which  10 X 10 /~m 2, w a s  not affected 
by  the redeposi t ion effect. The presen t  spu t t e r -e tch ing  
p lanar iza t ion  did not  degrade  the contact  resis tances 
of the via holes. Also the e lec t r ica l  character is t ics  of 
t ransis tors  were  not  affected by  the sput te r  etching. 

Summary 
The angula r  dependence  of r f  spu t te r  e tching was 

ut i l ized to achieve planar izat ion.  The slope angle  of 
45 ~ was obta ined  for  P - S i N  and L P - P S G  as in ter leveI  
insula t ion films by  sput te r  e tching wi th  an argon gas, 
an angle  of which was de te rmined  b y  the angu la r  va -  
r ia t ion  of the spu t te r  y ie ld  for the  mater ia ls .  Also the 
step height  was s l ight ly  reduced,  due to redeposi t ion  
when the wid th  of the groove was n a r r o w e r  than  a few 
#m. The spu t t e r -e tch ing  process has been successful ly 
appl ied  to th ree - l eve l  metal l izat ion,  resul t ing  in ve ry  
high yields  for interconnection,  cont inui ty,  in te r leve l  
insulat ion,  and via  holes. No effect on device cha rac te r -  
terist ics was observed  af te r  the p lanar iza t ion  process. 

Al though the slope angle obta ined  is r e la t ive ly  large,  
a round  45 ~ , due to the phys ica l  p roper t ies  of the spu t -  
te red  mater ia ls ,  the spu t t e r -e t ch ing  p lanar iza t ion  for 
mul t i l eve l  meta l l i za t ion  appears  to be of g rea t  ad -  
vantage.  I t  should be noted  tha t  the p lanar iza t ion  p ro -  
cess is e x t r e m e l y  simple,  and the subsequent  meta l l i za -  
t ion could be cont inuously  car r ied  out a f te r  the p l a n a r -  
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Table I. Structures of test patterns and resultant ylelds 

March 1983 

Test Structure 

Average 
resist- 
ance Yield 
(~) (%) 

Metal integrity Width Space 
(~ra) (~ra) 

Ist level 3 3 
2nd level 5 4 
3rd level 20 10 

Interlevel lnsu- Area 
lation (mra ~) 
1st to 2rid 1.8 
2nd to Srd 1.7 

Area Num. 
Via hole (/Lm x ~ra) her  

1st to 2rid 3 x 3 1600 
2rid to 3rd 10 x 10 300 

Length 
(era) 

15 2740 99 
I0 847 99 
3 33.4 100 

99 
96 

372* 97 
11.6" 100 

* The resistance of AI interconnection is included. 

izat ion in the same spu t te r ing  appara tus .  The technique 
should be appl icable  to a wide va r i e ty  of  mater ia ls .  
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Langmuir Probe Measurements on CHF3 and CF4 Plasmas: The Role of 
Ions in the Reactive Sputter Etching of Si02 and Si 

Ch. Steinbr~chel 

Laboratories RCA Limited, CH~8048 Zi~rich, Switzerland 

ABSTRACT 

Langmuir  probe measurements  on CHFs, CFt, CF4-H~, and CF4-O2 plasmas with concurrent  etch rate measurements  on 
SiO2 and Si have been made in a reactive sputter  etching system= At an rf power of 300W and a pressure of 15 mTorr, the ion 
densi ty is typical ly 1.5 • 101~ cm -~, the electron temperature  2 eV, the plasma potential 30 eV, and the ion energy (i.e., the 
sheath potential) of the order of 500 eV. The dependence  of these parameters  on rf power, pressure,  reactor geometry, and 
plasma gas composit ion is investigated, as well as the spatial uniformity of the plasma. For  SiO~, etch rates vary essentially in 
proport ion to ion densities with all the different plasmas. For  Si in CF4-O2 plasmas, the anisotropic part  of the etch rate also 
parallels the ion density. F rom the measured ion densities the ion flux to the substrate is estimated. Thus, etch rates per  ion 
can be determined,  which turn out to be similar to those in reactive ion beam etching, although in reactive sputter  etching 
ion energies are much smaller. 

Dry  processing is rep lac ing  more  and more  wet  chem- 
ical  methods  in the  fabr ica t ion  of microelect ronic  de-  
vices, the  reason being tha t  d r y  methods  a l low for 
be t t e r  d imens iona l  control  of s t ruc tures  to be formed 
in different  mater ia ls .  

Fo r  Si-ba~ed mater ia ls ,  d r y  processing occurs in a 
p lasma of a react ive  gas such as CF4 or CHFs. A la rge  
number  of processes have been developed to etch a 
pa r t i cu l a r  ma te r i a l  se lect ively  over  another ,  wi th  e tch-  
ing being p r e f e r ab ly  anisotropic  at the  same t ime (1).  
Yet in format ion  on the deta i l s  of the chemical  mecha-  
nisms under ly ing  the var ious  processes is st i l l  r a the r  
incomple te  (1-3).  

Key words: semiconductor, integrated circuits, discharge, sput- 
tering. 

The ma in  diff iculty in unders tand ing  d r y  etching 
processes a t  the  molecular  level  stems f rom the fact  
tha t  a react ive  p l a sma  is a complex  mix tu re  of i n t e r -  
act ing chemicai  species. Ions m a y  remove  ma te r i a l  
phys ica l ly  f rom the substrate ,  or  they  m a y  react  
chemical ly  wi th  the substrate ,  or  they  m a y  promote  
chemical  react ions  of the subs t ra te  wi th  o ther  gas 
phase species such as atoms and radicals .  Not only is 
i t  difficult to measure  the  concentrat ions  and reac t iv -  
it ies of the var ious  species, but  the p lasma  composi-  
t ion also depends  in a compl ica ted  manne r  on the ex-  
te rna l  opera t ing  parameters .  

Nevertheless;  a coherent  p ic ture  is beginning  to 
emerge  of  the impor tan t  qua l i ta t ive  aspects of d ry  
etching, most ly  f rom re la t ing  etch r a t e  da ta  to opt ical  
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(4-9) and mass-spectrometric measurements (8-14) 
on plasmas. The connection between the state of an 
etched surface and etching conditions has also been 
investigated (15, 16). For Si and SiO2, the major 
characteristics of dry etching may be summarized 
very briefly from the literature as follows (1-3): A 
dry-etch process must yield only volatile products. In a 
fluorine-based plasma, F atoms are the main etchant 
for Si, but are probably less important for the etch- 
ing of SiO~. Selective etching of SiO2 over Si requires 
a fluorine-deficient plasma. Anisotropic etching is re- 
lated to the impact of ions on the substrate. Plasma 
conditions must be chosen such that no deposition of 
polymeric material on the substrate can occur. 

It is the purpose of this paper to establish more 
clearly the role of ions in reactive sputter etching (36) 
[sometimes also called reactive ion etching (1)]. To 
this end we present Langmuir probe measurements of 
ion densities and electron temperatures in etching 
plasmas, and we relate these to concurrent etch rate 
measurements. Specifically, we study the etching of 
SiO2 and Si in CHF~, CF4, CF4-O2, and CI-I4-H~ plas- 
mas. In the process we are able to estimate plasma 
potentials, average ion energies, and ion fluxes onto the 
substrates. We discuss our results in relationship to 
previous work using other plasma-diagnostic tech- 
niques, and in relationship to recent results on re- 
active ion beam etching. 

Langmuir Probe Plasma Diagnostics 
A Langmuir probe is a simple well-known device 

(17) consisting of a small electrode in contact with 
the plasma. 2he basic measurement involves record- 
ing the current to the probe, Ip, as a function of the 
applied potential, Vp. Fore this type of measurement, 
informatmn can be gained on the plasma ion density 
and electron temperature. 

In spite of their simplicity, Langmuir probes have 
been used only rarely in connection with sputtering- 
type plasmas. This is due partly to experimental diffi- 
culties in obtaining reliable measurements (see sec- 
tion on experimental arrangement), and partly to 
problems in interpreting such measurements (see 
below). Langmuir probe experiments have been re- 
ported to map out the dark space in adischarge (18), to 
demonstrate the effect on the plasma potential of a 
positive electrode in contact with the plasma (19), 
and to determine ion densities and electron tempera- 
tures in an Ar discharge (20, 21). Langmuir probes 
were used also to compare qualitatively CF4 and NF~ 
discharges (22), to determine electron temperatures 
and estimate ion fluxes in plasma mixtures of He with 
other gases including F2 (12), and to obtain electron 
densities in CF4 plasmas (37). 

Qualitatively it is straightforward to explain the 
current vs. potential characteristic of a Langmuir 
probe (21, 23, 24) (see also Fig. 1 and 2). At large 
negative potential, a sheath of positive ions forms 
around the probe such that only ions are collected, and 
electrons are repelled. In the transition region of small 
negative potential where the slope of the characteristic 
changes rapidly, the probe acts as an energy selector 
for electrons, and ions and electrons contribute in 
comparable measure to the probe current. At large 
positive potential the probe current consists only of 
electrons. The electron saturation current is much 
larger than the ion saturation current because of the 
higher mobility of electrons. 

For the purpose of quantitative description it is 
easiest to deal with the electron current in the transi- 
tion region (23, 24). There the probe reduces the elec- 
tron density in its vicinity such that for a thermal elec- 
tron distribution at a temperature Te 

Ie -- eNeA (kTe/2~Me) ~/~ exp X [1] 
In [1] Ne is the electron density in the bulk plasma, A 
the probe area, Me the electron mass and X a dimen- 
sionless potential de~med as 

X = e COp - Vs)  I k T .  [2 ]  

where Vp is the potential applied to the probe, and Vs 
is the local plasma potential. Thus, a plot of log 
I e vs. Vp should give a straight line with a slope in- 
versely proportional to To. 

It is much more difficult to describe quantitatively 
the ion saturation region, at large negative Vp (23, 24). 
The difficulty arises because the positive ion sheath 
shields the probe only incompletely. A small but sig- 
nificant tail of the probe potential extends to large 
distances. At the same time, the ion density at the 
sheath edge is depressed somewhat with respect to the 
bulk of the plasma, and ions enter the sheath with a 
mean energy of about kTe. Consequently, the simple 
Langmuir theory for ion collection assuming a sharp 
sheath edge (23) does not hold, and one must resort to 
elaborate numerical computation for obtaining the ion 
current as a function of the probe potential. 

Comprehensive numerical results have been pre- 
sented by Laframboise in a form useful to the ex- 
perimenter (24, 25). First we note that a typical plasma 
in reactive sputter etching is collisionless: the mean 
free-path for charged particle-neutral collisions is of 
the order of 1 cm, and thus much larger than the 
Debye length 1D 

~D - - "  (kTe/4xNee2) l/g [3] 

which turns out to be of the order of 10-2 cm. Further- 
more, the ions in the bulk plasma are close to room 
temperature (~0.1 eV), whereas Te is typically a few 
eV. For such a plasma and a cylindrical probe of radius 
rp, Laframboise represented the ion current Ii as 

li = eNiA (kTe/2~/[i)  ~/gii [4] 

where Ni is the ion density in the bulk plasma, A the 
probe area, Mi the ion mass, and ii a dimensionless 
current depending on rp/1D and on the potential X, but 
only weakly on the ion temperature Ti. Moreover, from 
Laframboise's results, one can infer that as long as 
rp/tD ~ 3 and Ti/Te < <  1 

ii 2 : 1 . 2 7 ( - - X )  [5]  

to within about 3%. Thus, from [4] and [5], Ii 2 will 
be a linear function of the probe potential Vp with a 
slope determined by the ion density Nl 

--~ (Ii 2)/~Vp : 0.20eSNi~A2/M! [6] 

The plasma potential Vs can be deduced if one notes 
that at the floating potential Xf, electron and ion cur- 
rents to the probe are equal (23, 24). Upon combining 
[1], [4], and [5], and assuming Ni = No, one finds 
that Xf must satisfy the equation 

1.1 (Me/Mi) ~/" ( - - X f )  �89 = exp Xr [7] 

Hence, Xf can be calculated as the solution of [7]. [For 
example Xf = --4.8 for a CHFs plasma and Xf = --5.0 
for a CF4 plasma. 1 ] Then from [2] with X = Xf 
(at Ip = 0) 

Vs = Vp(Ip "-- 0) -- kTeXf / e  [8] 

where Vp(Ip = 0) is the potential applied to the probe 
at which the net probe current is zero. (It should be 
mentioned that in [8] a d-c shift, induced by the rf 
component of the potential between the probe and the 
plasma, is neglected [Ref. (37)]. This would imply a too 
negative Vp(Ip : 0) as compared to Xf, .and thus a 
somewhat too small Vs calculated from [8].) 

Experimentally, one proceeds as follows: Having 
recorded an Ip (Vp) curve, one determines first Ni from 
a plot of Ip 2 vs. Vp at large negative Vp, where Ip -- Ii 
(see Eq. [6]). Next, one extrapolates Ii into the transi- 
tion region of fp (Vp) to obtain Ie (Vp) as the difference 

We assume that CFs+ is the major  ton in a CF, plasma, and 
CHF$+ in a CHF3 plasma [see Ref. (3, 26) ]. 
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of Ip and  Ii. A plot  of log le vs. Vp wil l  y ie ld  Te (see 
[ i ] ) .  The p lasma poten t ia l  Vs then follows f rom Eq. 
[7] and [8j, toge ther  wi th  the  expe r imen ta l  value  for 
TV'p ( Ip = 0) .  2 

Experimental Arrangement 
The ma in  components  of our  setup are  a s ta inless-  

s teel  vacuum chamber  p u m p e d  by  a 1800 1/sec oil  
diffusion pump,  and rf  electronics by  MRC, ope ra t -  
ing at  13.56 NIHz, for ma in ta in ing  a discharge in the 
chamber .  The chamber  is 42 cm in diam, and 24 cm in 
height,  and acts as the grounded  e lec t rode  for the dis-  
charge. The r f -d r iven  e lec t rode  (or cathode)  is made  
of copper,  is watercooled,  and covered by  an SiO2 plate,  
and  is usua l ly  38 cm in diam. I t  is also shie lded at 
the  edge by  a d a r k  space shield.  The r f - induced  d-c  
vol tage is measured  d i rec t ly  at  the copper  plate,  via a 
low-pass  filter. Severa l  gases can be admi t t ed  indepen-  
den t ly  to the chamber  via  flow control lers  (Tylan  FC-  
260). The pressure  is measured  by  a ba ra t ron  cell 
(MKS Type 170 M-6B) .  The pumping  speed at the  
chamber  can be va r ied  wi th  a home-bu i l t  i r i s  d ia -  
phragm.  

Our  Langmui r  p robe  is s imi la r  in design to one by  
Eser  et al. (21). I t  consists of a shor t  piece of tungsten 
wire  of  0.25 nun diam, soldered to a long piece of tung-  
s ten wire  of 1 m m  d iam which, nea r  the solder ing joint ,  
is sealed into a P y r e x  tube of 5 m m  diam. The thin  
probe  wi re  is pa r t i a l l y  shie lded by  the glass tube,  such 
tha t  i ts length  exposed to the  p lasma  is 1 cm. The 
probe  is connected via a tuned fi l ter to a se% of ba t -  
ter ies  w i th  a vo l t age -d iv id ing  ne twork ,  so that  Ip(Vp) 
character is t ics  can be  recorded  d i r ec t ly  on an X - Y  
recorder ,  the re fe rence  e lec t rode  being the grounded  
vacuum chamber  in contact  wi th  the  p lasma [cf. Ref. 
(21)] .  

In  o rde r  to get  re l iab le  probe  measurements ,  one 
needs to take  cer ta in  shor t  as wel l  as long t e rm p re -  
cautions. Firs t ,  if  the p robe  is exposed to the p lasma  at  
floating potent ia l ,  contaminat ion  can be not iced wi th in  
a few minutes  in a CHFa plasma,  and wi th in  an hour  
even in an Ar  plasma,  since the probe  character is t ic  be-  
comes d is tor ted  in the t rans i t ion  region. 3 This is caused, 
p resumably ,  e i ther  b y  mate r i a l  spu t te red  f rom the 
SiO2 cathode (in Ar )  or  by  po lymers  deposi ted f rom 
the p lasma  (in CHF~). But if  the probe  is he ld  at  
--180V be tween  tak ing  Ip(Vp) traces,  then ion bom-  
ba rdmen t  is appa ren t l y  sufficient to keep i t  clean, or  
at  leas t  in a reproduc ib le  condition, indef ini te ly  in 
an A r  or  O2 plasma.  In a CHF3 p lasma  contaminat ion  
st i l l  becomes not iceable  af ter  about  an hour,  b u t  then  
the probe,  at  --180V, can be c leaned easi ly  in an 02 
plasma.  (A probe  made  out  of a p la t inum wire  tu rned  
out  to be much more  prone  to contaminat ion  and more  
difficult to r egenera te  than  the tungsten wi re  probe.)  
Unfor tunate ly ,  the  p rocedure  for main ta in ing  a clean 
probe has a side effect, in tha t  the  probe  wire  i tself  
is be ing  e t ched  slowly.  This br ings  about  a not iceable  
decrease of the  wire  d i ame te r  over  an ex tended  per iod  
of time, thus affecting the effective probe area. 

Effects of geomet ry  on the discharge are  inves t iga ted  
by  compar ing  p lasmas  wi th  cathodes of 38 and 15 
cm diam. Also, the  probe  can be posi t ioned e i ther  4 
or 12 cm above the center  of the  cathode, or i t  can be  
moved  in a hor izonta l  direct ion.  (The cathode d a r k  
space in our exper iments  is typ ica l ly  1-2 cm high.)  

Samples  to be etched are  smal l  (,~1 cm 2) pieces of 
s t e a m - g r o w n  SiO2 or  po ly -S i  ('v = 0.05) p laced d i -  
r ec t ly  on the  SiO2 cathode plate.  Etch ra tes  are  m e a -  
sured  in t e r f e romet r i ca l ly  using an He-Ne laser.  

=Values  for v. thus obtained roughly agree with those  us ing  
the point of electron current saturation, although that point is  not 
too  wel l  defined (the "knee" in the Ip(Vp) is  not  v e r y  pro- 
nounced, and the e lectron current  does  not  really saturate). Also ,  
in that region the probe draws enough  current  so as to get hot  
quickly and disturb the plasma. 

a Similar contamination problems have been noted before [Ref. 
( 18, 24) ]. 

Results 
In Fig. 1 to 3 we i l lus t ra te  how to obta in  ion den-  

sities Ni and e lect ron t empera tu res  Te f rom recorded 
Ip (Vp) curves.  F igure  1 shows a set of r ep resen ta t ive  
Ip(Vp) curves for  a CHF~ p la sma  at  i i  mTor r  pressure ,  
and 14 sccm flow, wi th  the probe  close to the SiO2- 
covered cathode (4 cm above the cen te r ) .  F rom these 
curves one can construct  plots  of Ip2 vs. Vp (Fig.  2) 
and log le vs. Vp (Fig. 3) as descr ibed above. Clearly,  
the pos tu la ted  s t r a igh t - l ine  re la t ionships  (cf. Eq. [I]  
and [6]) de te rmin ing  Ni and Te are  wel l  obeyed.  Also, 
one notes immed ia t e ly  the  h igher  ion dens i ty  and lower  
e lect ron t empe ra tu r e  at  h igher  power.  

On this basis, e tching p lasmas  of severa l  gases 
have  been examined  under  var ious  conditions.  The 
resul ts  for  CHFa etching SiO2 are  summar ized  in Fig. 4 
to 7. At  constant  pressure  and flow (Fig. 4), the etch 
ra te  Re depends  l inear ly  on the rf  power  applied.  
The ion densi ty  Ni varies  less s trongly,  be ing  pro-  
por t iona l  to the  square  root of the power.  Also, wi th  
decreas ing power  the e lect ron t empe ra tu r e  Te increases 
marked ly ,  whereas  the  ion energy  E1 decreases m a r k -  

I Ip (pA) 
_ l O O W  I ~ . , , .  )0 

I I - Vp 
- oo -5o ol \ (volt) 

Fig. 1. Probe characteristics for CHF3 at 11 mTorr and 14 sccm. 
Probe 4 cm above large cathode (see text). Dashed lines give ex- 
trapolated ion currents. 

201 ; 7  
16 

0 9 t I 

0 -50 -I00 
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Fig. 2. Plots of ip2 vs. Vp from curves of Fig. 2 
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Fig. 3, Plots of log le (electron current) vs. Vp from curves of 
Fig. I. 
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Rg. 4. Reactive spotter etching of SiO~ in a CHF8 plasma: plots 
of etch rate Re, ion density Ni, electron temperature Te, and ion 
energy Ez, vs. rf power, p = 10 mTorr, flow rate = 15 seem. 
Probe 4 cm above large cathode. 

edly .  Ei  iS taken as the difference between the plasma 
potential Vs and the rf-induced d-c voltage at the 
cathode, VDO It is noteworthy that here, as well as in 
all other cases, variations in Ei are due mostly to 
changes in VDC, Vs being quite constant. For the condi- 
tions of Fig. 4, Vs is about 30V, and VDC varies between 
--400 and --70V, as the power varies from 300 to 50W. 
At constant power and flow but variable pressure, 
(Fig. 5), Ni, Re, and Ei are fairly constant, whereas Te 
increases strongly at lower pressure. 

Certain geometrical aspects of the plasma are illus- 
trated in Fig. 6 and 7. First, regarding the probe posi- 
tion, one consistently obtains somewhat higher values 
f o r  Ni and Te with the probe 4 cm rather than 12 cm 
above the center o'f the cathode (Fig. 6). Also, 4 cm 
from the edge of the cathode in the horizontal direc- 
tion,' Ni is typically 20% lower than in the center of 
the discharge. Figure 7 shows that for fixed external 

plasma parameters, R e is considerably higher with the 
15 cm than with the 38 cm diam cathode, even at a 
pressure where Nl is lower. Evidently, the major 
factor responsible for this difference is the ion energy 
which, in turn, is determined mostly by the induced 
d-c potential: For the small cathode Ei ~ 1400V (VDC 
-- --1400V, Vs : 35V), and for the large cathode El 
450V (VDc = --400V, Vs -- 30V), at 300W, regardless 
of the pressure. Interestingly, if with the small cathode 
the power is reduced (typically by a factor ~2.5) to 
the point where Re is the same as with the large cath- 
ode, then Ni and E~ turn out to be very similar in the 
two cases. 

Analogous results for a CF4 plasma etching SiO2 
are displayed in Fig. 8 and 9. Overall, qualitative 
trends are very similar to those for a CHF3 plasma. 

A �9 o �9 
Ei Re Ni re 

(eV) (~/min) (lOl~ 

600 600  I.~ 6 

400  4 0 0  .C 4 

200 200 O.: 2 

O-  0 = i i 0 -0 
0 5 I0 15 

PRESSURE (mTorr) 

Fig. S. Reactive sputter etching of Si02 in a CHF3 plasma: plots 
of etch rate Re, ion density Ni, electron temperature Te, and ion 
energy E l vs. pressure. RF power ~ 300W, flow rate = 15 sccm. 
Probe 4 cm above large cathode. 
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Fig. 6, Plots of ion density Ni  and electron temperature Te vs. 
pressure of CHF3 with variable probe position. A,  O :  probe 4 cm 
above large cathode; A ,  � 9  probe 12 cm above large cathode. RF 
power ~ 300W, flow rate = 15 sccm. 
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Fig. 7. Plots of ion density NI and etch rate Re of SiO~ vs. pres- 
sure of CHF8 with variable cathode size. A ,  I I :  large cathode (38 
cm diam); L~, O :  small cathode (15 cm diam). RF power "- 
300W, flow rate = 15 scorn. Probe 4 cm above cathode. 
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Fig. 8. Reactive sputter etching of SiO~ in a CF4 plasma: plots 
of etch rate Re, ion density Nj, electron temperature Te, and ion 
energy Ez, vs. rf power, p = 19 reTort, Row rate = 19 sccm. 
Probe 4 cm above large cathode. 

More specifically, w i th  given ex te rna l  p lasma  p a r a m -  
eters, Re is about  the  same for  the two gases, whereas  
Ni is s l ight ly  higher,  and Ei s l ight ly  lower  for  CF4 than 
for  CHF3. The effects in va ry ing  cathode size and 
probe  posi t ion are  the  same as for CHF3. 

In  Fig. 10-12 some mix tures  of CF4 with  o ther  gases 
a re  considered.  In  CF4-H2 mixtures ,  both Ni and Re 
for SiO2 decrease  cont inuously  wi th  increas ing H2 con- 
tent, whereas  Te is r e l a t ive ly  constant  (Fig. 10). On 
the o ther  hand,  in CF4-O2 mixtures  Ni and Re for  SiO~ 
exhibi t  a weak  m a x i m u m  .at about  10% Oz content,  
and Te is increased m a r k e d l y  as soon as the  p lasma  
contains even a smal l  amount  of  02 (Fig. 11). The etch 
ra te  for Si peaks  much more  sharp ly  than  tha t  for 
SiO2, bu t  at  about  the same Ch concentra t ion (Fig. 12). 
Nei ther  Vs nor  Ei depend  signif icantly on the gas cam-  
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Fig. 9. Reactive sputter etching of SiO2 in a CF4 plasma: plots 
of etch rate Re, ion density Ni, electron temperature Te, and ion 
energy Et vs. pressure. RF power = 200W, flow rate = 19 sccm. 
Probe 4 cm above large cathode. 
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Fig, 10. Reactive sputter etching of SiO~ in a CF4-H~ plasma: 
plots of etch rate Re, ion density Nb and electron temperature Te 
vs. gas composition. RF power = 300W, p = 20 reTort, flow rate 
-" 24 sccm. Probe 12 cm above large cathode. 

position. Our data on etch rates vs. composition agree 
with earlier work (8, 9, 27, 28). 

Discussion 
In  the  discussion of  our  work  we wish first to address  

some prac t ica l  issues re la ted  to ob ta in ing  re l iab le  data.  
Second, we examine  the proper t ies  of etching p lasmas  
as they  emerge  f rom our  resul ts  on the  var ious  micro-  
scopic p lasma parameters .  And  third,  we re la te  these 
pa rame te r s  to etch rates,  wi th  a v iew on cont r ibut ing  
to the  ongoing discussion on e tching  mechanisms.  

Experimental aspects.--Given a cer ta in  set of dis-  
charge  parameters ,  the quant i t ies  best  reproduc ib le  
(i.e., to wi th in  a few percent )  a re  the ion dens i ty  Ni 
and the e tch  ra te  Re. Plots  of Ip2 vs. Vp de te rmin ing  
Ni (Eq. [6] ) indeed turn  out to be accura te ly  l inea r  in 
the  ion sa tura t ion  region (cf. Fig. 2). A somewhat  
l a rger  uncer ta in ty  is associated with the  e lec t ron  tem-  
pe ra tu re  Te, a typical  e r ror  being 10% for smal l  va lues  
of Te, less for  l a rge r  values.  Pa r t  of  the  reason for  this 
is that  Te der ives  f rom the  electron current  Ie to the 
probe  in the t ransi t ion region (cf. Eq. [1]) ,  where  Ie is 
equal  to the smal l  difference Ip --  Ii, and at  the  same 
t ime the probe  is most  sensi t ive to con tamina t ion  (cf. 
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Fig. !1. Reactive sputter etching of SiO~ in a CF4-Gs plasma: 
plots of etch rate Re, ion density Nb and electron temperature Te 
vs. gas composition. RF power - -  300W, p - -  20 mTorr, flow rate 
- -  20 sccm. Probe 4 cm above large cathode. 
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Fig. 12. Reactive sputter etching of SiO~ and Si in a CF4-02 
plasma: plots of etch rates Re and ion density Ni vs. gas composi- 
tion. RF power - -  IOOW, p - -  20 mTorr, flow rate - -  20 sccm. 
Probe 4 cm above large cathode. 

Fig. I). Nevertheless, log Ie usually is a linear function 
of Vp over at least a decade (cf. Fig. 3). The least re- 
liable figures are those for the ion energy Ei, the reason 
being that Ei is largely a function of the induced d.c 
potential VDc at the cathode, and the value of VDC 
may vary appreciably on a day-to-day basis, depend- 
ing on what gases have been used previously for etch- 
ing, even though presputtering in as is always done at 
the beginning of a run in order to clean the probe 
and the system. Furthermore, VDC is measured at the 
copper cathode, whereas the sample is put on the SiO2 
plate on top of the copper cathode. However, the 
trends shown in the figures for the various quantities 
are observed consistently, and are thus believed to be 
representative of the plasma conditions investigated. 

Plasma properties.--Our resul ts  show, as expected ,  
tha t  a t  a given pressure  and flow, h igher  r f  power  
leads  to h igher  ion dens i ty  Nl for both  CHFz and CF4 
(Fig. 4 and 8). The highest  values  measured  for  Ni, 
a round  1.5 • 101~ c m - a  at  300W, correspond to a de -  
gree  of ionizat ion of about  10 -4. Also, a high value  for 
Ni a lways  seems to go with  a low value  for Te. This is 
somewhat  con t ra ry  to expecta t ions  (1, 12), s ince ions 
are  said to be p roduced  by  electrons f rom the h igh-  
energy  ta i l  of the d is t r ibut ion ,  and  such e lec t rons  wi l l  
be  more  numerous  at  h igher  Te. The a p p a r e n t  cont ra -  
dict ion m a y  be  resolved  if one does not  th ink  in terms 
of a cer ta in  e lec t ron-energy  d is t r ibu t ion  giving rise to 
a cer ta in  ion densi ty.  Rather ,  one should see the  p lasma 
as ma in ta in ing  a dynamic  ba lance  be tween  electrons 
and ions, such tha t  Nt, To, the  sheath potent ia l ,  as wel l  
as the  cross sections and mean  free paths  for  ionizing 
and o ther  ( inelas t ic  or  elast ic)  collisions, a re  a l l  in-  
t e rdependent .  F u r t h e r  insight  into this contradic t ion 
might  be gained f rom computa t iona l  modeling,  as de -  
scr ibed by  Kushne r  (37). 

Wi th  r ega rd  to the  genera l  va l id i ty  of our  analysis ,  
we note tha t  t h e  p lasma condit ions inves t iga ted  in our  
exper imen t s  typ ica l ly  r ange  f rom N~ --  1.5 • 101~ 
cm -3, Te --  2 eV at  h igh power  (300W), to N( = 0.5 
X I01~ em -3, Te : 7 eV at  low power  (50W). Thus the 
Debye  length  tD, Eq. [3], var ies  be tween  0.9 • 10 -2  cm 
and 3 • 10 -2  cm. and with  the rad ius  rp of the  probe  
wire  equal  to 0.0125 cm. one has 1.4 ~ rp/~.D ~ 0.4. 
This means  tha t  the  condit ion for Ii 2 to be p ropor t iona l  
to X, rpl~v <~ 3, is we l l  fulfi l led in a l l  cases. 

For fixed power and flow but variable pressure p, 
the ion density Ni, the plasma potential Vs, and the ion 
energy Ei are all fairly independent of p, whereas the 
electron temperature Te tends to increase at lower p, 
particularly for CHF3 (Fig. 5 and 9). Here again, a 
complicated interaction of various plasma processes 
manifes ts  itself, in tha t  a h igher  p does not  necessar i ly  
produce a h igher  Ni (2) but,  apparen t ly ,  at  lower  p the 
increased mean  free pa th  of electrons,  and thus the 
h igher  e lect ron energy,  compensate  for the  lower  gas 
dens i ty  as far  as the  creat ion of  ions is concerned.  I t  is 
wor th  not ing that  the  behavior  of Te vs. p para l le l s  the  
p res su re -dependence  of  the  exci ta t ion  efficiency, as 
de te rmined  f rom opt ica l  emission measurements  (5). 
Also, our  values  for the  p lasma  potent ia l  Vs (--30V) 
are  comparab le  to those observed in s imi la r  expe r i -  
ments  at low p (,~10 mTor r )  (10, 12), bu t  a re  much 
lower  than  values quoted for p lasmas  at  h igher  p 
(>100 mTor r )  (29). 

In  a l l  exper imen t s  we have  observed  ve ry  l i t t le  in-  
fluence of the flow rate,  at  cons tant  power  and pres-  
sure, on the  p lasma  pa rame te r s  Ni, Te, Vs, wi th in  a 
range  of flow rates  of 10-25 sccm. 

Cer ta in  geometr ica l  p roper t ies  of the  p l a sma  can 
be in fe r red  f rom the resul ts  obta ined  with  different  
probe  posit ions and di f ferent -s ized cathodes. With  the 
probe  12 cm away  from the cathode, Ni and Te are  
consis tent ly lower  than  with  the  probe  4 cm from the 
cathode (Fig. 6). This sl ight  inhomogene i ty  of the 
p lasma  can be exp la ined  if one notes tha t  in the  far  
position, the  probe  is cer ta in ly  some dis tance  into the 
negat ive  glow, at  which  point  electrons have  undergone  
seve ra l  more  collisions than  at  the  nea r  posi t ion close 
to the  da rk  space. If  one moves the  probe closer to the 
cathode yet,  into the da rk  space, then a decrease of Ni 
b ~ o m e s  apparent .  

The size of the  cathode affects the  p lasma proper t ies  
in subt le  ways  which  cannot  be exp la ined  easily.  
Whereas  the p l a sma  poten t ia l  V~ is quite independent  
of cathode size, the  induced d -c  poten t ia l  VDC is con- 
s ide rab ly  la rger  a t  the smal l  cathode. However ,  the 
rat io  of  vol tages at the  powered  and unpowered  elec-  
t rode var ies  much less s t rong ly  than  the four th  power  
of the  area  rat io  of the unpowered  and powered  elec-  
t rode  (29, 30). Also, wi th  a smal l  cathode, the ion den-  
s i ty  Ni changes roughly  as the p ressure  p for both  
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CHF3 (Fig. 7) and CF4, but  wi th  the la rger  cathode, Ni 
is qui te  independen t  of p (Fig. 5-7, 9). Fur the rmore ,  
we nave seen evidence for  an e lect ron energy  d i s t r ibu -  
t ion corresponding to two different  t empera tu res  (,~1 
eV and ~ 4  eV) in a CF4 p lasma with  the smal l  cathode. 

The most  in teres t ing  Iea tures  of CF4-02 p lasmas  are  
a s l ight  but  c lear  m a x i m u m  of Ni at  a round  10% O2 
content  and a significant increase  in Te,at  even lower  
02 concentra t ion (Fig. 11). At  35% 02 N1 is st i l l  as 
high as in pu re  CF4, and Te is unchanged  wi th  respect  
to its value  at  5% O2 (Fig. 11). Thus, the addi t ion of 
O~ to CF4 ne i ther  cools the e lect ron d is t r ibut ion  (5, 8), 
nor does i t  reduce the  e lect ron dens i ty  if one assumes 
app rox ima te  charge neu t ra l i ty  (6). Fur the rmore ,  even 
at  35% 02, the  charac te r  of the p lasma  is st i l l  s t rong ly  
de te rmined  by  CF4, in contras t  to wha t  was observed 
in  the  a f t e rg low of  a 2450 MHz discharge (13). (For  a 
pure  O~ p lasma  at  the condit ions of Fig. 12 /Vi --  1.5 
X 101~ cm-~  and Te ---- 1.5 eV.) 

Etching mechanisms.--The impor tance  of ions in  
many  etching procea~es has, of course,  been long recog-  
nized. In  most  instances,  however ,  the evidence was 
indirect .  Fo r  example ,  profiles e tched in SiO2 t~rned  
out  to m i r r o r  the expected d is t r ibut ion  of electr ic  Iield 
l ines in a reac to r  (31). Etching of Si and SiO2 was 
typ ica l ly  fas ter  and more  anisotropic  with the subs t ra te  
on ~ e  dr iven,  r a the r  than  on the grounded electrode 
(1, 10, 12), and  was found also to depend  on the cou- 
p l ing  be tween  the subs t ra te  and the electrode (32). 

We bel ieve  tha t  the present  resul ts  establish,  for the 
first t ime, a d i rec t  connect ion be tween  ions in the  
p lasma and etch ra tes  for the case of SiO2 e tched in a 
CHF8 or  CF4 plasma.  The connection is s implest  for 
CF4-O2 and CF4-H2 mixtures  where,  given no ma jo r  
var ia t ion  of the  r e l evan t  potentials ,  e tch rates Re and 
ion densit ies  Ni (and thus  ion fluxes) change p ropor -  
t ionate ly  (Fig. 10 and 12). The changes of Re with  rf  
povzer (Fig. 4 and 8) can also be unders tood via  
changes in Ni, if one al lows for  a s l ight  dependence  of 
Re on the ion energy  Ei (cf. also Fig. 7). Fo r  var iab le  
pressure  p, the changes in Re and N~ tend to be smal l  
a l though with  opposi te  t rends  (Fig. 5 and 9), but  one 
should keep  in mind  tha t  va ry ing  p changes the spa-  
t ia l  character is t ics  of the p lasma (mean  free paths,  
da rk  space he ight )  so tha t  the p robe  does not  neces-  
sar i ly  measure  Ni at  a un i fo rm posi t ion re la t ive  to the  
d a r k  space. As an aside, we note that  the power  dens i ty  
is not  r ea l ly  r e l evan t  in character iz ing an etching 
plasma, bu t  the microscopic quant i t ies  N~ Te, and  Vs 
are. Indeed we find that  wi th  the smal l  cathode twice 
the  power  dens i ty  is requi red  to achieve the same Re 
as wi th  the  large  cathode, but  condit ions of equal  Re 
are  a lways  associated with  very  s imi lar  values  for  Ni, 
Te, and  Vs. 

Of course, as one var ies  the composit ion of the 
p lasma  gas or  o ther  p lasma parameters ,  addi t ional  
changes in the p lasma  chemis t ry  may  occur. Fo r  ex -  
ample,  i t  is wel l  known (6-9, 11, 13) that  adding  O2 
to a CF4 p lasma wil l  increase the F a tom concentra t ion 
but  decrease  the  amount  of CF and CF2, whereas  in 
CF4-H2 or  CHF~, jus t  the  opposi te  happens.  Such 
changes seem to be of secondary  importance,  however ,  
in l ight  of the exce l len t  correspondence be tween  ion 
densit ies  and etch rates  of  SiO~. 

The role of  ions in the  etching of Si is somewhat  
different  as becomes ev ident  f rom Fig. 12. The la rge  
increase in the  etch ra te  wi th  about  10% O~ in CF4 is 
not re la ted  to the ion density,  but  r a the r  para l l e l s  the 
we l l - known  increase in the concentra t ion of F atoms 
(6, 8, 9). This addi t ional  e tch ing  is also essent ia l ly  
isotropic (9, 28). On the o ther  hand,  in pure  CF4 or at 
large  02 concentrat ion,  the etching of Si has a consider-  
ab le  anisotropic  component  (9. 28, 32), and that  again 
scales qui te  wel l  wi th  the  ion densi ty .  

Since we can de te rmine  ion densities,  p lasma  and 
sheath  potent ials ,  we are  also able  to es t imate  the ion 
flux to the subs t ra te  if  we  make  a reasonable  assump-  

t ion about  the ion veloci ty  d i s t r ibu t ion  at  the  probe  
position. Consider ing two ex t reme  cases, we note  tha t  
if the  probe  were  sufficiently fa r  away  from the  da rk  
space, the d is t r ibut ion  would  be Maxwel l i an  with  t em-  
pe ra tu re  Ti (near  room t e mpe ra tu r e ) .  If  the  probe  
were  at  the edge of the sheath  formed by  the da rk  
space, there  would be a flux of ions wi th  energy kTe 
towards  the cathode. Taking  then typica l  condit ions of 
Re ---: 14OA/min  and Ni ---- 10 TM cm -'~ for  CF4 etching 
SiO2 (Fig. 8), one finds tha t  the  ion fluxes to the  sub-  
s t ra te  for  the two veloci ty  d is t r ibut ions  are  0.012 m A /  
cm 2 and 0.29 m A / c m  2. Thus one obtains  the fol lowing 
etch ra tes  re per  incoming ion in react ive  sput te r  e tch-  
ing (RSE) ,  which can be compared  to values from ion 
beam exper iments  (RIBE) 

Ion 
energy  Etch rate re 

SiO~/CF, (eV)  (a toms / ion)  

RSE (100W, 20 reTort)  120 0.8 ~ re ~ 20 
RIBE: Ref. (33) 400 1.4 

Ref. (34) 500 3 

We note first that  in our  RSE exper iments  the probe  
is p robab ly  located near ,  but  not  at the da rk  space 
edge. Thus, re wil l  p robab ly  be about  1, i.e. compar -  
able  to re in the R~BE mode. Also the values for re in 
RIBE are  l a rge r  than expected  for physical  sput ter ing,  
the  difference be tween the two figures p robab ly  being 
accounted for by  var ia t ions  in the ion beam composi-  
tion, and in the flux of neu t ra l s  to the substrate .  4 From 
the above we conclude tha t  e tching of SIO2, a l though 
induced by  ions, is somewha t  different  in the  two 
etching modes. In RIBE, etching resul ts  from the im-  
pac t  of ions on a surface whose state is also de te r -  
mined,  to a considerable  extent,  by  the ion beam, a l -  
though neu t ra l  species par t i c ipa te  significantly in the 
etching process. In  RSE the etch ra te  per  ion is of the 
same o rde r  as in RIBE, in spite  of the ion energy  being 
much lower.  Because of the difference in pressure,  in 
RSE neu t ra l  react ive  species are  presen t  in abundance,  
essent ia l ly  sa tu ra t ing  the subs t ra te  surface, ye t  the 
overa l l  e tch ra te  is st i l l  de t e rmined  l a rge ly  by  the ion 
flux to the substrate .  

We also note the somewhat  different  se lec t iv i ty  for 
RSE and RIBE in e tching Si over  SiO2 with  CF4. In 
RIBE the rat io  of etch ra tes  is tyDically 1:6 (33). In  
RSE, on the o ther  hand,  taking into account only  the 
anisotropic  (i.e. ion- induced)  pa r t  of Si etching, the  
rat io  of etch rates  is about  2:1 (9, 28) (cf. also Fig. 12). 
For  the etch rates  re pe r  incoming ion one finds 

Ion 
energy Etch rate re 

Si/CF~ (eV) (atoms/ion) 

RSE (100W, 20 mTorr) 120 1.2 ~ re ~ 30 
RIBE: Ref.  (15) 3000 1.5 

(33) 1200 1.5 
(35) 3000 1.7 

Fol lowing  arguments  given above, we conclude that  
in the RIBE mode the etching of Si by  CF4 (i.e. CF3 +) 
is mos t ly  due to physical  sput ter ing ,  whereas  in the  
RSE mode the neu t ra l  species are responsible  for e tch-  
ing, but  etching is s t rongly  ion-enhanced.  

Summary 
We have  presented  Langmui r  probe  measurements  

on low-pressu re  etching plasmas of CHFs, CF4, CF4-H2, 
and CF4-O~. Under  condit ions typica l  for react ive  
sput te r  etching, we find ion densit ies  be tween  0.5 • 
1010 cm-3  and 1.5 X 10 l~ cm -8, and e lect ron t em-  
pera tu res  be tween  7 eV and 2 eV. We are  also able to 
est imate p lasma potentials ,  which turn  out  to be fa i r ly  
low (~30 eV) and qui te  independen t  of the e xpe r i -  
menta l  conditions, as wel l  as ion energies,  which  

The ion composition os the beam depends on the ion source 
operating parameters, and different ions have different reactiv- 
ities. Also, a dependence of the etch rate on pressure is observed 
[see Ref. (34) ]. 
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are 100-500 eV. For SiO2 etch rates vary essentially in 
proportion to ion densities with all the different 
plasmas. In addition, there is evidence for a depen- 
dence of the etch rate on the ion energy. For Si in 
CF4-O2 plasmas of different composition, the aniso- 
tropic part of the etch rate also parallels the ion den- 
sity. From an estimate of the ion flux ~o the substrate 
we are able to determine etch rates per ion in reactive 
sputter etching. These turn out to be comparable to, 
possibly even larger than, those in reactive ion beam 
etching, although in reactive sputter etching ion en- 
ergies are much smaller. 
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A Laser Interferometer System to Monitor Dry Etching of Patterned 
Silicon 
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and A. W. Hartman 

National Bureau of Standards, Washington D.C. 20234 

ABSTRACT 

A laser interferometer system to monitor plasma etch rate, and to control etched depth of isolation areas in silicon for 
oxide isolated bipolar devices, is reported. The etching process is stopped as soon as the desired etched depth is achieved. 
The accuracy of the system is 4-6%, depending on the masking material. It is found that this method of laser interferometry 
can be particularly useful in process development for observations in real time of changes in etch rate. 

Laser interferometers have been used in integrated 
circuit processing to monitor the etch rates of dielec- 

* Electrochemical Society Active Member. 
Key words: semiconductor, lasers, interferometry, etching. 

tric films in plasma etch processes (1, 2, 3). In partic- 
ular the detection of the completion of the process, the 
so called end-point detection, is of high interest. This 
is because during an overetch period, undercutting may 
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occur as wel l  as mask erosion, each causing undes i r -  
able  loss of l inewidth  control.  Also, e tching th rough  an 
under ly ing  l aye r  may  occur as a resul t  of poor  selec-  
t iv i ty  be tween  the etched film and the under ly ing  
layer .  

In some processes, such as the  p lanar iza t ion  of phos-  
phorous doped SiO2 (4), and the etching of  grooves or  
tubs in a si l icon substrate ,  the  etched ma te r i a l  is not  
etched to completion.  In these types  of processes o ther  
methods of end-po in t  detection,  such as opt ical  emis-  
sion (5), mass spect roscopy (6), p lasma  impedance,  
and  reac tor  pressure  (7) cannot  be used. But a laser  
i n t e r f e rome te r  can be used in these cases because i t  
has the advan tage  of measur ing  the ac tual  e tched dep th  
in real  t ime. 

In  this  paper  we r e p o r t  the appl ica t ion  of a laser  in-  
t e r f e romete r  sys tem in moni tor ing  the dep th  of p lasma  
e tched areas  in a si l icon subst ra te .  The p la sma  etched 
regions are  of the o rde r  of one micron deep, and are  
used as oxide isolat ion areas  in "OXIL" b ipolar  device 
processing. The sys tem moni tors  the etch ra te  by  in-  
d ica t ing at each moment  in t ime how much "depth"  
has been etched. The p lasma etching is s topped as soon 
as the requi red  dep th  is reached.  

Equipment and Experimental Setup 
An in t e r f e rome te r  tha t  measures  the  distance be-  

tween  the etched surface and the unetched surface of 
a s i l icon wafer  was chosen as the sys tem to moni tor  
the  etched depth.  A l inea r ly  polarized,  2 mW He-Ne 
laser  was used as a l ight  source wi th  wave leng th  ~. - -  
6328A. (Shor te r  wave leng th  laser  l ight  sources would  
be des i rable  for  h igher  f r inge  resolution, but  a re  not  
as convenien t ly  avai lable . )  

At  first we bui l t  a two beam in te r fe romete r  into a 
pa r a l l e l -p l a t e  sil icon p lasma etcher.  The pr inc ipa l  of 
opera t ion  is shown in Fig. 1. This sys tem is a s impl i -  
fied version of a double  beam, double  pass, step he ight  
polar izat ion in te r fe romete r  wi th  one nanomete r  reso-  
lution, designed and bui l t  by  H a r t m a n  (8). The 
laser  l ight  is spl i t  into two pa ra l l e l  beams (2 m m  
apar t )  by  a beam spli t ter .  The two beams pass th rough  
an optical  window W in the top e lec t rode  and are  then 
reflected f rom each side of a growing s t e p  in silicon. 
The reflected beams are  brought  toge ther  by  the same 
beam sp l i t t e r  wi th  a smal l  offset, so that  the  reflected 
l ight  can be collected by  pr i sm P and d i rec ted  towards  
photocel l  F. The  output  of the photocel l  shows the  
no rma l  in te r fe rence  response as a function of the g row-  
ing step height  d. Wi th  this sys tem we have  done r ea l -  
t ime  step height  measurements  in si l icon using a l u m i -  
num as a mask.  The etching condit ions were:  p ressure  
0.4 Torr;  power  1.5 kW 13.6 MHz, flow ra te  100 m l / m i n  
CF~C1, e lec t rode  spac ing  1 in., 22 in. diam, pa ra l l e l  
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plate  p lasma etching machine  wi th  a hole in the top 
e lect rode to admit  the laser  light.  A typica l  f r inge  re -  
sponse curve is shown in Fig. 2. The agreement  be tween  
the step height  ca lcula ted  f rom the in te r fe rence  fr inges 
and the s tep height  o b t a i n e d  by  an "a lpha"  etep profi-  
lometer  was typ ica l ly  be t te r  than  2%. 

But this sys tem had some ser ious drawbacks .  I t  r e -  
quires  large  areas, a pp rox ima te ly  2 • 2 mm, next  to 
each o ther  to reflect the two laser  beams. Each laser  
beam is ~1 m m  in d iam and both beams have to be 
accura te ly  posit ioned,  so tha t  one beam reflects f rom 
the masked  (unetched)  a rea  and t h e o t h e r  beam re -  
flects f rom the unmasked  (e tched)  area. This tu rned  
out  to be a cumbersome and tedious procedure ,  which 
can be avoided by  using a single beam system in which  
one beam is reflected f rom a closely spaced repea ted  
number  of steps in the silicon. This is bas ica l ly  reflec- 
t ion f rom a re l ief  diffract ion grat ing,  whe re  we only  
consider  the  cen t ra l  image reflection (or zero order  
diffract ion) .  This single beam laser  in te r fe romete r  is 
s imi la r  to those descr ibed in (1) and (3), and was 
mounted  on a para l l e l  p la te  p lasma  reac tor  as wel l  as 
in a react ive  sput te r  etch (RSE) reactor .  The  p r in -  
ciple of opera t ion  is shown in Fig. 3. A 2 m W  l in-  
ea r ly  polar ized He-Ne  laser  emits  l ight  into a po-  
lar iz ing beam spl i t ter .  With  the  polar iza t ion  p lane  ad-  
jus ted  as shown almost  al l  the l ight  is reflected to the  
left. I t  passes a qua r t e r  wave  re t a rda t ion  plate  and  an 
opt ional  beam expande r  BE. The gra t ing  type  sample  is 
located in the p lasma  region behind  an opt ical  window. 
The reflected l ight  is spl i t  into var ious  diffract ion a n -  
gles, but  we only collect the zero order  reflected l ight.  
At  0 ~ angle  of incidence, the l ight  passes back  onto i t -  
self  through the qua r t e r  wave  plate.  The plane of po-  
lar iza t ion is tu rned  90 ~ as a resul t  of double  passage 
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through the ~/4 plate, and the beam passes through 
the polarizing beam split ter into a photocell. The out-  
put  of the photocell is recorded as a funct ion of time. 
It appears that  most integrated circuit pat terns form a 
a grat ing dur ing etching so that  no extra  test pat terns 
are needed. For perpendicular  i l lumina t ion  (0 ~ angle 
of incidence),  whenever  the groove depth d satisfies 
the relation, 2d ---- h/2, 3h/2, 5~/2 . . . .  , the reflected in -  
tensi ty of the central  diffraction image will  be  at a 
min imum.  On the other hand, when  2d -- 0, ~, 2 ~ , . . . ,  
the reflected light is at a maximum.  Dur ing  the etch- 
ing process, the depth of the Si trenches increases and 
the l ight in tens i ty  in  the zero order  of the diffraction 
pa t te rn  changes periodically. In  an ideal case where 
the etch mask itself has zero etch rate, the voltage out-  
put  of the photocell wil l  be sinusoidal.  This happens 
when  a l u m i n u m  is used as a mask. In  most practical 
cases, a dielectric film and /or  a photoresist film is used 
as a masking material ,  which has itself a measurable  
etch rate. The output  voltage of the detector in these 
cases is periodical but  not purely  sinusoidal. The period 
of the voltage waveform corresponds to a change of d 
:-  ~/2 in  the depth of the etched trenches. A detailed 
t rea tment  of a grat ing test pa t te rn  is given by Kle in-  
knecht  and Meier (3). 

In  order to make the system compatible with auto- 
matic process control, the voltage output  s ignal  v ( t )  
has to be processed. The signal must  be smoothed and 
the t ime derivat ive calculated using a desk top com- 
puter. The zero crossings of the t ime derivat ive of t h e  
voltage funct ion v'~t) corresponds to the maxima and 
min ima  of the l ight in tens i ty  in the zero order of the 
diffraction pattern.  The etched depth between two zero 
crossings of v ' ( t )  corresponds to ~/4 = 1582A, and the 
average etch rate for a part icular  period can be calcu- 
lated, knowing the period of v'( t) .  The averaged etch 
rate per period can be integrated to calculate the total 
etched depth, and the process can be stopped when the 
preset depth is reached. 

Exper imenta l  Results 
The samples were silicon wafers pat terned using 

7000A A1 as a mask  for exper iments  in  a paral le l  plate 
plasma reactor, and using 4000A SiO2 as a mask for ex- 
per iments  in Reactive Sput ter  Etching (RSE) and 
other plasma reactors. The etched depth calculated 
from the etch rate was compared to Talystep or a lpha-  
step measurements .  The etched area was reduced be-  
low 25 % of the total area, wi thbut  affecting the signal 
to noise ratio or the accuracy of determined depth. 
Figure  4 demonstrates  the method for an A1 mask on 
single crystal silicon in  a plasma process. The etch 
conditions used were 100 m l / m i n  CF3C1 at 0.4 Torr  and 
1.5 kW; the average silicon etch rate was 1000 A/min ,  
and the a luminum was not etched. It is apparent  from 
the voltage waveform that the optical properties of t h e  
surfaces are near ly  constant  dur ing  the process. The 
accuracy of the method in  de te rmin ing  the etch rate is 
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bet ter  than  4%. Figure  5 shows the results for an SiOe 
mask over silicon. The selectivity of the silicon etch 
rate over the SiO2 etch rate was del iberately reduced 
to 5:1, and the accuracy was still bet ter  than 6%. The 
changes in the ampli tude of the voltage signal corre- 
spond to beats because of the relative etch rates of the 
dielectric film and the silicon. 

For an a l ignment  free system a beam expander  is 
used. An X 8 expansion covers a full  chip. There is no 
effect on the signal to noise ratio, or on the accuracy of 
the results when an expanded beam is used instead of 
the original beam size. 

It was observed that  when the selectivity of mask t o  
substrate is fur ther  reduced to values approaching 1:1, 
the accuracy decreases fast and the method reaches its 
l imit  of usefulness. 

Conclusions 
A simple interferometr ic  method to moni tor  the etch 

rate of pat terned silicon layers was developed, to con- 
trol the etched depth of isolation areas for bipolar 
technology. The accuracy of the method is bet ter  than 
6%, even if the selectivity of silicon over the masking 
mater ia l  is as low as 5: 1. When the selectivity ap- 
proaches a value as low as 1: 1, the accuracy decreases 
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and the method reaches its l imit  of usefulness. An ac- 
curacy of bet ter  than  4% is achieved for an infinite 
selectivity with the use of a luminum as a mask. 

I t  was found that this method of laser j n t e r f e rom-  
etry can be par t icular ly  useful in  process development.  
For instance, it can be observed in real t ime how etch 
rates change in situ, while process parameters  such as 
pressure, power, and flow rate are changed (e.g., Fig. 
6). 

The method is compatible with an automatic process 
control system. It can also be used to monitor  the etch 
rates of pat terned metals like A1. In order for the 
method to be reasonably accurate, the total etched 
depth has to be more than ~./2, where ~. = laser wave-  
length. It should be noted that the interferometer  sys- 
tem described herein  is readily usable for the more 
conventional  end-poin t  detection of dielectric layers, 
where an optical grat ing is not needed (1, 2, 3, 9). 
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Control of Silicon Dioxide Properties by RF Sputtering 
M. K. Lee,* C. Y. Chang,* J. S. Tzeng, and Y. K. Su 

Research Institute of Electronics and Electrical Engineering, National Cheng Kung University, Tainan, Taiwan, China 

ABSTRACT 

We have examined the effect of simultaneously sputtered Teflon on the properties of sputtered silicon dioxide films. 
C-V measurements show that positive ions in sputtered silicon dioxide can be compensated. It also shows that the compen- 
sation effect can be controlled by the negative voltage of bias sputtering during deposition. 

Silicon dioxide films are extensively used in semi- 
conductor device technology. They perform many  
functions such as surface passivation, impur i ty  mask- 
ing, active device dielectric, etc. SiO2 films deposited 
by sput ter ing have many  advantages over thermal ly  
grown films; for example, the former can be prepared 
at relat ively low temperature.  However, the result ing 
films show instabi l i ty  due to ionic contamination.  Posi- 
tive charges degrade SiO2 films. The reduction of posi- 
tive charges is an important  factor in determining the 
qual i ty of semiconductor devices. In  this report, the 
effect of fluorine ions (1) sputtered into SiO~ films to 
compensate positive charges was studied. 

Experimental 
An MRC SEM-8620 sput ter ing system was used for 

the deposition of SiO2 films. It  has a 11/2 kW rf power 
generator, and provides the user with all rf sput ter-  
ing functions, sputter-etching,  and rf bias sput ter ing 
The space between target and substrate holder was ad- 
justed to 5 cm in the experiments.  The target, IC grade 
SIO2, 6 in. in diam and 3/16 in. in thickness, was also 
supplied by  MRC. It  is water  cooled via a cathode 
plate. The vacuum system consisted of an oil diffusion 
pump and  a rotary pump. In an MRC 8620 sput ter ing 
system, the cathode head is insulated from its mounts  
by Pyrex  glass. In a typical run, however, the Pyrex 
glass was subst i tuted by Teflon (CF2 = CF2) in our 
experiments  for comparison. High pur i ty  (5N) argon, 
purified by the inert  gas purifier and filtered through 

* Electrochemical Society Active Member. 
Key words: sputtering, SiO2, fluorine, doping. 

millipore gas line filter (0.25 ~xn pore size), was fed 
into the chamber  dur ing deposition. 

The silicon wafers are n- type  ~111~ oriented, and 
have resistivities of 3-5 ~-cm. Before being loaded onto 
the substrate holder, the silicon wafers were cleaned 
sequential ly in TCE, ACE, tt2SO4:H202 = 3:1, HF: 
H~O = 1:10, then rinsed in deionized water. 

The copper plat ing technique (2) was used for the 
pinhole test. MIS s tructure  was adopted for the study 
of electrical properties of SiO2 film. An a luminum 
(99.9%) electrode was evaporated over the oxide film 
through a metal  mask. The thickness and area of A1 
films were 3000A and 0.01 cm ~, respectively. For mea-  
surement  of the breakdown strength, the polari ty of 
A1 electrode is positive. Capacitance was measured at 
10 kHz with SANWA Type M1-316B capacitance meter. 

Results and Discussion 
In order to study the effects of Teflon s imultaneously 

sputtered on the properties of SiO2 film, three different 
sput ter ing processes were tried and compared. In pro- 
cess I, Teflon was used as insulator  of the electrode. 
The ini t ial  pressure of the system was pumped down 
to less than 4 • 10 -6 Torr. Pr ior  to deposition, the 
target  was presput tered under  argon pressure of 
5 • 10 -3 Torr, then pumped down again to 4 • 10 -6 
Torr. The argon p r e s s u r e  was kept at 5 • 10 -~ Torr  
dur ing sputtering. The sput ter ing power was 300W. 

In process II, Pyrex  glass was used as insulator  of the 
electrode. The substrates were sput ter-etched at 400W 
under  argon pressure of 3 • 10 -8 Tort  for about 1 ~m. 
To minimize radiat ion damage, the rf power was de- 
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Table I. Properties of sputtered Si02 films of three processes 

Table I. Properties of films of three processes. 

Process I ! 

Process I I  

Process nl 

Pinhole density 
( I /cm 2) 

26  

P etch rate 

(A/rain.) 
132 

break| smencj~ 
( v/cm 
3 xlO s 

18 140 7.5 x 106 

1 2  1 2 8  I x I O r 

creased toward  the end in steps of 6 min at  50, 40, 15, 
and  10W (3).  The o ther  condit ions were  the same as 
tha t  of process I. 

In  process III ,  bias sput te r ing  was used. The Si sub-  
s t ra te  was nega t ive ly  b iased  with  bias  vol tage  (4) of 
--40V for Teflon as insula tor  of electrode.  The o ther  
condit ions were  the same as tha t  of process II. 

The qual i ty  of the  SiO2 films p r e p a r e d  f rom above 
th ree  processes was examined  by  p inhole  test, P etch 
ra te  (5), and b r eakdown  strength.  The resul ts  a re  
summar ized  in Table  I. Obviously,  process I I I  gives the  
best  qual i ty  in al l  three  measurements ,  The b r eakdown  
s t rength  obta ined  is h igher  than  those of previous  re-  
ports.  This may  be due to the effect of F -  ion f rom the 
Teflon. 

The C-V curves  of MIS samples  ob ta ined  from the 
above  three  processes are  shown in Fig. 1. For  Fig. lb,  
P y r e x  glass was used as insulator ;  the C-V curve is 
l ike  tha t  of a t he rma l ly  oxid ized  one. The  imbedded  

C /C~o~ 

l , O  . . . . .  

tbJ . ~  0.4 
(c) 

Q2 

. iT,"~ 
/ / y  Aldiameter=LOmm 

~ Frequency =IOKHz 
. j "  RE power = 300 W 

-e ' 4 ' - # ' o '  # ' 4  '  'ib 
V (volts~ 

Fig. I. (a) C-V curve for Teflon as insulator of electrode. Si02 
film thickness is 1500A. (b) C-V curve for Pyrex glass as insulator 
of electrode. SiO2 film thickness is 1500A. (c) C-V curve with bias 
voltage - -40V for Teflon as insulator of electrode. Si02 film thick- 
ness is 1200A. 

charges are  posit ive as usua l ly  repor ted  (6). When  
P y r e x  glass was subs t i tu ted  b y  Teflon, the  C-V curve  
shif ted toward  the r ight  as shown in Fig. la .  I t  appears  
tha t  negat ive  charges are  imbedded  in the spu t t e red  
SiO2 film, Contrary to process II. I t  can be p resumed 
tha t  the negat ive  charges were  re la ted  to the Teflon. 
The negat ive  charges might  come from the F -  ions of 
Teflon, and the t r apped  F -  ions could compensate  the  
effect of posi t ive charges. If  the  Si subs t ra te  is nega-  
t ive ly  biased dur ing  bias sput ter ing,  the  negat ive  bias 
vol tage would  r e t a rd  the t r app ing  of the  nega t ive  
charges. F igure  lc shows tha t  the  C-V curve shif ted 
toward  lef t  wi th  --40V bias vol tage dur ing  bias spu t -  
ter ing.  That  is to say, the concentra t ion of negat ive  
charges in SiO2 film could be decreased by  the nega-  
t ive bias vol tage  of the Si subs t ra te  dur ing  bias spu t -  
ter ing.  This phenomenon could also prove  the fact  tha t  
the t r apped  charges are  nega t ive ly  charged.  As to the 
sense of the hysteresis ,  Fig. la ,  c indicate  charge ex-  
change across the silicon dioxide-s i l icon interface.  That  
is opposi te  to the sense of Fig. lb.  This phenomenon is 
usua l ly  re fe r red  to as Si inject ion (7). I t  could be asso- 
ciated wi th  the t r apped  negat ive  charges.  

Conclusion 
We conclude tha t  if Teflon is s imul taneous ly  sput -  

te red  wi th  the SiO2 target ,  it  can reduce posi t ive 
charges in MOS device. The compensat ion effect could 
be re la ted  wi th  the F -  ions. 
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Island Stage of InP Anodization 
W .  H.  M a k k y  and C.  W .  W i i m s e n  

Department of Electrical Engineering, Colorado State University, Fort Collins, Colorado 80523 

ABSTRACT 

The island growth of anodic oxides on InP has been studied with t ransmission electron microscopy. The islands appear  
smooth for all growth conditions tested in contrast  to the rough edge anodic oxide islands of GaAs. Changing the pH, elec- 
trolyte, or i l lumination did not significantly change the island shape. The islands were often observed to form in closely 
spaced rows indicating a heterogeneous nucleation. Coalescence appeared to be caused by a rapid growth in the regions 
between the touching islands. 

Recent ly  we repor ted  on a t ransmiss ion e lect ron 
microscope (TEM) s tudy of the  i s land  g rowth  of 
anodic oxides  on GaAs (1).  I t  was found tha t  the  is-  
lands  on GaAs va r i ed  in size, had  very  rough and p i t t ed  
edges, and had a dis t inct  bounda ry  be tween  coalescing 

islands unt i l  the neck region was comple te ly  filled in. 
In  this paper  we brief ly r epo r t  on a s imi la r  TEM s tudy 
of the anodic oxide  is lands of InP. 

The growth  and proper t ies  of anodic oxides on InP  
have been inves t iga ted  b y  numerous  authors  (2-9) 



660 J. Electrochem. $oc.: S O L I D - S T A T E  SCIENCE A N D  T E C H N O L O G Y  March 1983 

who have repor ted  the chemical  composit ion,  g rowth  
characteris t ics ,  and e lec t r ica l  p roper t ies  of the  oxides. 
The oxides appear  to be a mix tu re  of In203 and P2Q,  
wi th  the rat io  being dependent  upon the e lec t ro ly te  
and e lec t ro ly te  pH (6, 7). Based on the vol tage vs. 
t ime curve dur ing  anodizat ion it was prev ious ly  sug- 
gested (5) that  the oxide growth  was in i t ia ted  by  a 
nucleat ion and is land growth  s tage as is the case for  
the anodizat ion of GaAs.  

The presen t  paper  shows that  the is lands on InP 
differ f rom those on GaAs and that  the is land charac-  
terist ics did not  change for e lec t ro ly te  pH equal  to 2.7 

and 7.0, the amount  of i l luminat ion,  the e lectrolyte ,  and  
r ins ing wi th  wa te r  or methanol .  

Exper imental  Technique  
The InP wafers  were  (100) undoped,  n - t y p e  with  

ca r r i e r  dens i ty  of 4 • 1016 cm -3 f rom Crys ta l  Com- 
municat ions,  Incorporated.  The samples  were  etched 
in 10% HC1 for 10 min, r insed  wi th  deionized (DI) 
water ,  and then blown dry  with  N2. The surface was 
chemomechanica l ly  pol ished using 1% Br /me thano l  
and a Pel lon P a n - W  pol ishing pad, r insed  thoroughly  
wi th  methanol ,  then r insed wi th  acetone to remove the 

Fig. I. Anodic oxide islands on InP formed with different growth conditions; (a) dipping in a tartaric acid electrolyte at a pH ~ 7, 
(b) growth in tartaric acid, pH ~ 7 with a strong light, (c) growth in phosphoric acid, pH ~ 2.7 with strong light, (d) same as (b) except 
in the dark, (e) same as (c) except in the dark, and (f) same as (b) except rinsed with methanol. 
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Crystal  Bond, and b lown dry with N2. The surfaces of 
the bare  substrates were replicated using a 4% col- 
lodion solution in amyl  acetate. The collodion was left 
to dry at room temperature.  The collodion replicas 
were then removed with the help of DI water  vapor. 
The samples were then anodized with a constant  cur-  
ren t  density of approximate ly  0.2 m A / c m  2. The anodi-  
zation process was stopped before the passivation t ime 
was over, i.e., somewhere  dur ing the "fiat" portion of 
the vol tage-vs.- t ime curve. Some samples were 
anodized in the dark while the others were anodized 
under  a strong light. Electrolytes  of a 3% phosphoric 
acid solution (pH ----- 2.7) mixed 1:1 with propylene 
glycol, and a 3% tartar ic  acid solution (pH ___ 7) mixed 
1:6 with propylene glycol were used. The effect of 
r ins ing the samples with methanol  and DI water  for 
a few seconds after anodization was examined. The 
surfaces of the anodized samples were replicated in the 
same way as discussed above. 

The collodion replicas were then shadowed with Pt  
at an angle of 25 ~ and coated with 200A of carbon using 
a "Balzers 301 Evaporator." To el iminate possible var i -  
ations in the shape of the TEM pictures of the sample 
before and after anodization due to the shadowing 
process, the collodion replicas of each sample before 
and after anodization were shadowed together. The 
Pt -C secondary replicas were obtained by placing the 
shadowed collodion replicas on SPI (400 mesh-3 mm) 
Cu TEM specimen grids and then digesting the col- 
lodion with amyl  acetate. 

Results 
Nucleation and island growth.--The six photomicro- 

graphs of Fig. 1 i l lustrate the pr imary  island structure 
of anodic oxides on InP. While the samples for Fig. 1 
were prepared in different ways, each one has the same 
smooth, round  islands which we believe to  be the basic 
is land shape. The smooth edged islands of the InP  
oxide are much different than the ragged and pitted 
edges of GaAs anodic oxide is land shown in Fig. 2 and 
discussed in detail in a previous publicat ion (1). The 
InP  islands often (but  not always) form rows ~ 0.2- 
0.6~ apart. The l in ing up of the islands imply that  there 
are lines of preferred nucleat ion sites which could be 
the resul t  of mechanical  damage due to sawing or pol- 
ishing, steps on the surface, or doping striations. Saw 
damage is expected to be much more widely spaced 
and much larger in extent. Polishing scratches should 
have more random directions. Both sawing and polish- 
ing damage should be removed by deep polishing but  
this did not appear to be possible with these samples. 
Doping striations should not appear in low doped ma-  
terial such as was used in this investigation. Thus, sur-  
face steps appear to be the most l ikely cause of lines 
of preferred nucleation.  

The islands shown in Fig. la  were formed by dip- 
ping the InP  in the electrolyte for 10 min without con- 
nect ing any leads. The fact that  the islands formed 
means that the contact potential  between the InP  and 
the electrolyte was sufficient to ini t iate  the nucleat ion 
and growth process as we previously suggested for 
GaAs (5). There is a dis t r ibut ion of island sizes which 
suggests that the nucleat ion process occurs over a pe- 
riod of time. However, the islands'  size of the other 
photomicrographs have a much smaller  spread and 
most of the islands are approximate ly  the same size on 
a given sample. This is different from GaAs anodic is- 
lands and may in part  be due to the preferred nuclea-  
tion sites on InP. The smallest island found on the 
sample of Fig. la  had a diameter  of ~250A and the 
largest was ~5000A. 

The islands of Fig. lb  and c were grown under  strong 
i l luminat ion  while those of Fig. ld and e were grown 
in  the dark. The same basic island shape is observed 
for all growth conditions. The rough background 
(probably an oxide) seen in Fig. lc cannot be at-  
t r ibuted solely to the state of i l luminat ion  since ident i -  
cal results were obtained with growth under  strong 
light, Fig. Id. We be]ieve that the rough background 
seen in Fig. lc and d is caused by a rough nat ive  oxide 
which sometimes grows on the InP  and has occasion- 
ally been observed dur ing the course of our work on 
thin plasma (10, 11), thermal  (11), and anodic (12) 
oxides of InP, but  the cause is not  present ly known. 

The sample for Fig. i f  was grown under  strong il- 
lumina t ion  and was rinsed with methanol  instead of 
water  as were the samples for Fig. la-e .  It  is seen that  
methanol  r insing produces the same type of smooth 
island as does a water  rinse. The islands shown in Fig. 
If are randomly distr ibuted and are all  approximately 
the same size. The smaller  dimpled "islands" seen in 
between the smooth islands were also observed with 
other growth conditions. 

The approximate height of the islands was estimated 
by measurement  of the shadow length and knowing the 
angle at which the samples were shadowed. The shad- 
ows on the InP  replicas were not as distinct as those 
on GaAs (1), which reduces the accuracy of the mea-  
surement  and prevents  est imation of shadow length of 
the smaller  islands. For the larger  islands this method 
yields a height of ~200A, which is s imilar  to that ob- 
tained on GaAs (1). 

Coalescence.--Some coalescence is seen in the islands 
of Fig. lb  in which islands in the same line form 
elongated islands. Similar coalescence is seen in the is- 
lands of Fig. 3. The coalesced islands are all  smooth 
with no distinct boundary  between them, as is the case 
with GaAs (1). However, as with GaAs, the islands 
appear s ta t ionary with the neck regions filling in by a 
fast growth process due to electric field enhancement  

Fig. 2. Anodic oxide islands on GaAs grown in tartaric acid, pH Fig. 3. Anodic oxide islands on InP showing coalescence. Growth 
7 with strong light, in tartaric acid, pH ~ 7 in the dark. 
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in these regions. The elongated and i r regular  island 
shapes argue against a l iquid- l ike coalescence due to 
surface migrat ion of molecules as discussed previously 
for GaAs (1). 

Summary 
The TEM micrographs show that the anodic oxida- 

tion of InP  is ini t iated by nucleat ion and island 
growth. In  contrast  to GaAs, the islands on InP  are 
smooth without rough edges. However the islands on 
InP  are approximately the same height and area as 
those observed on GaAs. The same basic island shape 
of the InP  islands was observed for all growth condi- 
tions tested. Some variat ion from run  to run  was ob- 
served but  this was not consistent and could not be 
a t t r ibuted to the electrolyte, electrolyte pH, or in ten-  
sity of i l luminat ion.  It is believed that the observed va-  
riations were due to the qual i ty of the substrate polish 
and not  the changes in the growth conditions. On many  
of the samples, the islands were in rows separated by 
~0.2-0.6~. These are thought to be due to surface steps 
which cause a heterogeneous nucleation. 

The coalescence of the islands appeared to be caused 
by rapid growth in the neck region between the two 
touching islands similar to that observed for GaAs. 
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The A-C Conductivity of Polycrystalline LISICON, Li2+ Zn, xGe04, 
and a Model for Intergranular Constriction Resistances 

P. G. Bruce ~ and A. R. West 

University of Aberdeen, Ddpartment of Chemistry, Meston Walk, Old Aberdeen AB9 2UE, Scotland 

ABSTRACT 

The a-c conductivity ofa polycrystalline, Li + ion conducting solid electrolyte, LISICON, Li2+2xZnl-xGeO4, has been mea- 
sured over the frequency range 10-3-107 Hz and attention focused on the methods of data analysis. The data show intragran- 
ular (bulk) and grain boundary effects in which, for a given sample, both effects are characterized by a similar activation 
energy; a constriction resistance model for the latter is proposed based on air gaps existing in polycrystalline sinters of less 
than theoretical density. The data only crudely fit a Debye-like equivalent circuit, composed of frequency independent  
resistors and capacitors, but fit well an equivalent circuit that contains Jonscher elements, i.e., frequency dependent  admit- 
tances, in addition to normal R and C elements. Two such Jonscher elements are needed, one for the grain boundary and one 
for the intragranular contribution. With this circuit, departures from ideality in, e.g., the cpmplex impedance, admittance, 
and electric modulus planes are accounted for. 

The a-c conductivi ty of solid electrolytes is general ly  
analyzed in terms of equivalent  circuits composed of 
f requency independent  resistors and capacitors. Very 
often, however, the a-c response does not correspon~l 
to that predicted by simple, ideal circuits; for instance, 
semicircles in the complex impedance Z* plane are 
often broadened and distorted into asymmetr ic  arcs. 
Various at tempts have been made to deal with this 
problem: empirical  functions based on the Cole-Cole 
(1-3) or Cole-Davidson (4) expressions have been 
used to fit the exper imental  results; a dis t r ibut ion of 
hopping processes leading to a dis t r ibut ion of re lax-  
ation times has also been postulated (5). Such non-  
ideal response is only observed in electrolytes with a 
high concentrat ion of charge carriers. These are just  
the systems in  which cooperative interactions are man-  
ifest. 

~Present  address: Department of Inorganic Chemistry, Uni- 
versity of Oxford, Oxford OXl 3QR, England. 

A recent approach which is gaining increasing accep- 
tance is based on 5onscher's "universal  law of dielec- 
tric response" (6, 7), which, unl ike  the above ap- 
proaches, can be derived from theories of cooperative 
migrat ion (8-11). When this theory is applied to a-c 
conductivity, f requency dependent  elements must  be 
introduced into the equivalent  circuit. This approach, 
uti l izing one frequency dependent  element, has been 
used by Jonscher (7, 12), Huggins and others (13-15) 
to model the a-c response of polycrystalI ine materials.  
We have shown (16) that the bulk  a-c response of s in-  
gle crystal E-alumina can be treated in the same way, 
and that  the observed large departures f rom Debye- 
like behavior  can be fitted to a relat ively simple equiv-  
alent  circuit. In  this paper, we discuss the application 
of Jonscher circuits to a polycrystaUine Li + ion con- 
ducting electrolyte LISICON, and show how both the 
grain  boundary  and bulk  regions may  be satisfactorily 
described, extending previous approaches by  ut i l izing 
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two f requency  dependen t  elements.  We also show how 
the depar tu res  f rom Debye - l i ke  response are  m a n i -  
fes ted in al l  four  complex formalisms,  the  admi t t ance  
(Y*) ,  impedance  (Z*) ,  pe rmi t t i v i t y  ( ,*) ,  and  mod-  
ulus (M*),  which a re  i n t e r r e l a t ed  (17) 

Y* --  CZ*)- I  = j~ ,Co(M*)-1  = j~Co,* [1] 

whe re  ~ is the  angu la r  frequency,  2~f, and Co is the  
vacuum capaci tance  of the conduct iv i ty  ceiL 

In addi t ion  to the  above-men t ioned  represen ta t ion  
of g ra in  b o u n d a r y  response,  the or igin of such g ra in  
boundar ies  in LISICON is discussed and a mode l  for 
t hem presented.  

Experimental 
The synthes is  of l i t h i u m  zinc ge rmana te  phases and 

the i r  analysis  by  x - r a y  diffract ion has been discussed 
prev ious ly  (18). Pel le ts  for  conduct iv i ty  measurements  
were  p repa red  b y  cold-press ing powders  of the -vn-type 
sol id  solut ions at  45,000 psi, fol lowed by  s in ter ing  at  
t empera tu re s  be tween  1000 ~ and l l00~ for 1-2 hr. A 
few pel le ts  were  covered  with  powder  of the  same 
composi t ion to reduce l i th ia  loss and  s in tered at 1200~ 
for 5-10 hr. Pe l le t  densi t ies  were  typ ica l ly  75-80% of 
the  theore t ica l  values.  In  some cases, uns in te red  pe l -  
lets  were  pa r t i a l l y  mel ted  by  hea t ing  in closed P t  en-  
velopes for 10-15 rain at  t empera tu re s  above the soli-  
dus. No significant d is tor t ion  of the pel le ts  occurred.  
This gave densi t ies  ~-, 85% of the theore t ica l  value.  

Gold e lect rodes  were  appl ied  to opposi te  pel le t  faces, 
gene ra l ly  by  vapor  deposit ion.  Care was  taken  to mask  
the edges of the  pe l le t  to p reven t  pene t ra t ion  of the  
gold onto the  sides of the  pel let .  In  o ther  cases, gold 
e lect rodes  were  appl ied  wi th  Englehard  paste,  hea ted  
at  150~176 in successive s teps to remove the organic  
solvent,  decompose the  o rgano-go ld  complex,  and 
ha rden  the  meta l l ic  residue. In some instances, before  
the electrodes were  applied,  the pe l le t  surfaces were  
pol ished wi th  successively finer grades of silicon car-  
b ide  paper ,  using e thanol  as lubr icant ,  and f inal ly wi th  
a ro t a ry  pol isher  using 1 ~m diamond paste. The in-  
t e rna l  mic ros t ruc tu re  and composi t ion of some pel le ts  
were  examined  b y  scanning e lect ron microscopy com- 
bined wi th  microprobe  analysis.  

The conduct iv i ty  j ig  took the form of a s tainless  
steel  G-c lamp,  Fig. 1. The cell  was held  be tween  high 
pu r i t y  s i l ica glass disks and pressure  ma in ta ined  by  a 
spr ing loaded p lunger  (evapora ted  e lec t rodes) .  Con- 
nect ion was made  to the  measur ing  appara tus  by  in-  
ser t ing gold foil s t r ips  be tween  each sil ica disk and 
celt face. Each gold foil s t r ip  was wrapped  a round  a 
p l a t i num wire  mounted  wi th in  a stainless s teel  cyl-  
inder,  f rom which  it was insu la ted  b y  a concentr ic  si l-  
ica glass tube. In te rna l  surfaces of the  j ig head  were  
l ined wi th  an insula t ing ma te r i a l  (py rophy l l i t e ) .  The 
t empe ra tu r e  was measured  wi th  a C h r o m e l / A l u m e l  
thermocouple ,  the  t ip of which was main ta ined  in 
close p rox imi ty  to the  cell for m a x i m u m  accuracy.  The 
j ig was moun ted  in a si l ica glass tube, thus pe rmi t -  
t ing measurements  to be made  in vacuum or  different  
a tmospheres .  The ent i re  assembly  was c lamped  cen- 
t r a l ly  inside a non induc t ive ly  wound, hor izonta l  tube 
furnace a t tached to a Euro the rm P.D.I. control ler .  
Tempera tu res  were  control led  and measured  to _2~ 

Two te rmina l  a -c  measurements  were  conducted 
over  the  f requency  range  10-3-107 Hz, using a combi-  
nat ion of b r idge  and au tomated  phase sensi t ive de tec-  
t ion techniques.  F o r  the  range 100 Hz-70 kHz, a Wayne  
K e r r  B224 b r idge  was used with  a Brookdea l  9472 sig- 
nal  source and 9654 null  detector.  The signal  genera tor  
ou tput  was ma in ta ined  at  25 mV rms throughout ;  how-  
ever,  the  vol tage  ou tput  f rom the b r idge  depended  on 
the pa r t i cu l a r  admi t tance  range  selected. An  accu-  
racy, in the  measured  admi t tance  values,  of be t t e r  than  
3% was typ ica l ly  obtained.  

Fo r  the  range 70 kHz-7 MHz, a B602 rf  b r idge  and 
combined source /de tec to r  unit,  SR268L, were  used a l -  

Fig. 1. A-C conductance jig 

though at  the  ex t remes  of  this f requency  range,  the 
expe r imen ta l  data  points showed some scatter.  The 
appl ied  vol tage  was 25 mV rms. For  the f requency  
range  10-3-10 ~ Hz, a Sch lumberge r  Solar t ron  F r e -  
quency Response Ana lyze r  (F.R.A.) Model  1170 was 
used. Norma l ly  500 mV rms was appl ied  across a s tan-  
dard  resis tance and the cell, which were  connected in 
series; only  a p ropor t ion  of this appl ied  vol tage  ap-  
pea red  across the cell therefore,  and  this propor t ion  
va r ied  wi th  frequency,  s ince the  cell  impedance  was 
f requency  dependent .  

Genera l ly ,  the matching  and cont inui ty  of resul ts  
f rom the F.R.A. and the two br idges  was good. 

Results 
Impedance data--general comments.--Three typica l  

sets of a-c  data, in the fo rm of complex  impedance  
p lane  plots, are  given in Fig. 2 for A u / L I S I C O N / A u  
cells. T h e  LISICON solid e lec t ro ly te  composit ion was 
Li2+2xZnl-zGeO4: x = 0.55; s imi lar  behavior  was ob-  
served  for o ther  x values.  The da ta  sepa ra te  c lear ly  
into a high f requency  region, which contains two semi-  
circles, and a low f requency  region,  which  contains a 
s p i k e  that  was somet imes l inear  and sometimes curved. 
The spike was associated wi th  the  e lec t rode-e lec t ro -  
ly te  in terface  since i t  was sensi t ive to pol ishing of the  
pel le t  surface pr ior  to appl ica t ion  of the electrodes.  
The h igh  f requency region was assigned to the a-c  
response of the e lec t ro ly te  itself, since i t  was inde-  
pendent  of the magni tude  of the appl ied  electr ic  field, 
at  least  up to 9.0V rms. 

With in  the high f requency  region, Fig. 2, two s l ight ly  
dis tor ted semicirc les  are present ,  bu t  the i r  re la t ive  
sizes are  different  in the three  cases. The magni tude  of 
the  low f requency semicirc le  va r i ed  cons iderab ly  f rom 
cell to cell and at  the same tempera ture .  In  some cases 
it was the  l a rge r  of the two (c) and  in others  it  was the  
smal ler  (a, b) .  This indicates  that  the two semicircles  
had a different origin. 

The high f requency  semicircle,  which  passes th rough  
the origin, was associated with  t he  i n t r ag r anu l a r  or  
bu lk  response of the solid e lectrolyte .  The intercept ,  
Rg, on the Z' axis gives the res is tance of the  grains. 
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Fig. 2. Typical complex impedance plots for three Au/LISICON/ 
Au cells, at 59~ a) cell constant, k ---- 0.55 cm-1;  b) cell con- 
stant, k ~ 0.47 cm-1;  c) cell constant, k ---- 0.64 cm -1. 

For a given composition, x, and temperature,  the v a l u e  
of Rg was the same, wi thin  a factor of 2-3, in all sam- 
ples studied [large changes in R~ occurred on pro- 
longed aging of samples, however (24) : see later] .  Us- 
ing the relat ion ~RC = 1, which holds at the max i mum 
of an ideal semicircle, the capacitance of the high fre-  
quency semicircle was evaluated as ~1-2  pf cm -I .  
This corresponds with that expected from the dielec- 
tric polarization of the crystals, assuming a typical bulk  
dielectric constant  of ~5-25. 

The second, low frequency semicircle is a t t r ibuted to 
a grain boundary  impedance in series with the in t ra -  
granular  impedance. The value of its capacitance, C~D, 
calculated from the max imum of the second semicircle 
is in the range 10-400 pf cm -1 and represents charge 
polarization at the grain boundaries.  These Cgb values 
are relat ively small  compared with grain boundary  ca- 
pacitances observed in solid electrolytes, such as Na 
~-a lumina  [800 pf cm -1 (Ref. 19) 21, nf  cm - i  (Ref. 
20)], and doped CeO2 [50 nf  cm -1 (Ref. 21)]. The 
magni tude  of the grain boundary  resistance, Rgb, 
varied from sample to sample at the same composi- 
tion and was usual ly  in  the range 0.2 Rg < Rgb ~ 8Rg. 

Although the magni tudes  of Rg and Rgb were nor-  
mal ly  different, an impor tant  result  is that, for a given 
sample, they appeared always to have the same activa- 
t ion energy, in contrast to the results of Bayard (22). 
Typical results are shown in Fig. 3 for a pellet in 
which both Rg and Rgb could be determined over a 
range of temperatures.  The two sets of data fall on 
straight  lines that are paral lel  wi thin  exper imental  
error. Similarly,  parallel  sets of data were obtained: 
(i) for a var ie ty  of compositions, x; (it) for samples 
that  had undergone a phase t ransi t ion to give one of 
various ~v-derivative phases; (iii) for samples that had 
aged, i.e., had undergone a marked decrease in con- 
ductivi ty on anneal ing (24). 
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Fig. 3. Arrhenius plot of the intracrystalline conductivity (1/Rg)-- 
Q and intercrystalline conductivity (1 /Rgb) - - I  of an LiSICObl 
solid solution. 

The s imilar i ty  in  the activation energies of R~ a n d  
Rgb indicates that charge migrat ion in the in t racrys-  
tal l ine and grain boundary  regions occurred by the 
same process. In  part icular ,  the grain boundary  effect 
is believed to be associated with a constriction of 
current  pathways at the necks between crystals. A 
model for this is presented in the third section. 

Various al ternat ive explanations for th~ occurrence 
of more than one semicircle were considered but  were 
rejected. These al ternat ive explanations, with reasons 
for their rejection are as follows: (i) The presence 
of a surface layer  on the electrolyte at the interface 
with the electrode, arising from, e.g., surface attack 
(23) or electrochemical reactions. This layer  would 
have a different s tructure and composition to the 
bulk, and probably,  therefore, a different activation 
energy for conduction, in contrast  to the results. (it) 
If the crystal conductivi ty was marked ly  anisotropic, 
the presence of crystals in  different orientations could 
possibly give rise to broadening of, or resolution into, 
two complex impedance semicircles. Again, however, it 
is l ikely that the two associated resistances would have 
different activation energies. (iii) Compositional var i -  
ations between or within the crystallites (i.e., a var ia-  
t ion in x) could give rise to the appearance of more 
than one complex impedance semicircle. However, the 
activation energy for conduction in these LISICON 
solid solutions is very composition dependent  (24), 
and any addit ional semicircles arising from composi- 
tional inhomogeneities should have different activa- 
t ion energy from the bulk. (iv) Dielectric re laxat ion 
may occur due to the formation of dipoles between, 
e.g., subst i tut ional  and interst i t ial  Li + ions. If this was 
the cause of the appearance of two semicircles, it can 
be shown that  the dielectric re laxat ion time, which 
should be a fundamenta l  proper ty  for each composi- 
tion, in fact varied from sample to sample. This pos- 
sibility is discounted, therefore. Details of the analysis 
and an equivalent  circuit which may be used to rep-  
resent a solid electrolyte that  contains both free ions 
and dipoles, is given in the Appendix.  

The intracrystalline (bulk)  a-c response.--In the 
above analysis, it was assumed that  the bulk  proper-  
ties could be approximated by a parallel  combinat ion 
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of a resistance and a capacitance. In fact, departures 
from this ideal behavior  occurred, as shown in Fig. 
4a, where data are presented as spectroscopic plots 
of M" and Z" against  frequency. In  the ideal case, the 
M", Z" peaks should be similar-shaped,  Debye peaks 
(Y2a = 1.14 decades) with their  maxima occurring 
at the same frequency (17). In fact, the peak maxima 
occur at different frequencies in  Fig. 4a, and the M" 
peak is noticeably broadened on the high frequency 
side. The Z" peak shows a spur on the low frequency 
side which is due to the onset of polarization associ- 
ated with the grain boundary  effect. 

In  order to analyze fur ther  these nonideal  data, use 
is made of an equivalent  circuit that contaifis a fre-  
quency dependent  admittance,  Y* (~), in paral lel  with 
the normal  R and C elements,  Fig. 5b. This circuit 
was also used to analyze data for single crystal 
beta a lumina  (16). The method of data analysis is as 
follows: 

First, the impedance data are replotted in the ad- 
mit tance formalism, on logari thmic scales. This is done 
in  Fig. 4b for one data set. The Y' plot shows two 
steps, or f requency independent  plateaus, one below 

300 Hz and one between --~ 104 and 105 Hz, and a 
high f requency dispersion, above -~ 105 Hz. The low 
frequency plateau represents  the overall  electrolyte 
conductivi ty and  after correction for the cell constant, 
is given by (Rg 4- Rgb) -1. The high frequency plateau 
represents the bulk, in t racrysta l l ine  conductivity, 
(Rg) -L  The Y" plot shows an apparent  plateau be-  
tween l0 s and 104 Hz, with a steep ramp at higher 
frequencies and another  dispersion at lower fre-  
quencies. At this stage we are concerned with the 
bu lk  response only, which is given by  the data above 
, -  10 4 Hz. 
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resents an ideal Debye peak. Temperature: 39~ (b) Log Y' and 
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The bu lk  admit tance datal above ~ 10 4 Hz, can be 
represented by circuit (b),  Fig. 5 whose complex 
admit tance is 

Y* : Rg -1 + j~C| Jr (A~ n -}- jB~ n) [2] 

The term in brackets is Y* (~), where A, B, and n are 
constants, B : A t an (nn /2 )  and ~ ---- 2nf: th i s -de -  
scribes the nonideal  features of the response. Therefore 

Y' : Rg-1 + Awn, Y" = B,~n + ~C| [3] 

since 
Y* = Y' + jY" [4] 

The equation for Y' contains two terms; Rg -1 is the 
value of the bu lk  conduct ivi ty  and gives rise to the 
plateau in Y' between ,~ 10~-10 5 Hz; A~ n represents 
the conductance ramp above -,-10 5 Hz. The equat ion 
for Y" also contains two terms; o~C~ gives the l imit ing 
slope of un i ty  observed above ,~ 10 4 Hz. The term B~ n 
should give a low frequency slope o] n, bu t  below 
,~ 10 ~ Hz, grain boundary  phenomena influence the 
Y" data and the region cor responding  to B~ n is not 
clearly distinguished. Values of the various parame-  
ters, extracted from Fig. 4b by curve fitting, are given 
in Table I. A test of the qual i ty  with which Eq. [2] 
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Fig. 5. Traditional (a) and new (b) equivalent circuits for the 
intracrystalline a-c response of a polycrystalline electrolyte. (c) 
Equivalent circuit for the entire a-c response of polycrystalline 
LISICON. 
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Table I. Equivalent circuit parameters extracted from Fig. 4b 

Bulk region Grain boundary region 

R -i 3.9 x 10 -7 ohm -~ cm -1 1.2 x 10 -~ ohm -i em -~ 
A 4.3 x 10 -n ohm -i cm -trad -a 8.7 X 10 -it ohm -~ crn -~ rad-. 
B 5.9 x I0 -~1 ohm -i cm -~ rad -~ 2.3 x 10 -~0 olim -1 cm -~ rad-~ 
n 0.60 0.77 
C 1.3 x 10 -i-~ F cm -1 1.9 x 10 -'l F cm -1 
k 0 . 5 5  c m  -x 0 .55  c m  - i  

models the exper imental  data is given by the closeness 
of the agreement  be tween calculated and exper imental  
admit tance data. This is described in section below, in 
which the total admit tance of the electrolyte, includ-  
ing both in t rag ranu la r  and grain boundary-effects,  is 
calculated and compared with the exper imental  re-  
sults. The solid l ine in Fig. 4b represents calculated 
values and it can be seen that  the agreement  with 
the exper imental  data  is good. 

The complex admit tance of circuit [Fig. 5 (b ) ]  may 
be converted into the three other  complex formalisms 
using Eq. [1] and hence, the response of the equiva-  
lent  circuit in all  four formalisms may be calculated. 
The l imit ing high and low frequency expressions for 
each of the four formalisms are given in Table II. 
Equations [1] and [2] permit  a bet ter  unders tanding  
of the different expressions of nonideal i ty  seen in  
the various formalisms and plots. For  instance, the M" 
peak, on a logarithmic scale, has a l imit ing slope of 
1 at frequencies below the peak maximum,  but  a 
l imit ing slope of n -- 1 (0 < n < 1) at frequencies 
above the peak maximum. In contrast, the Z"  peak 
has l imit ing slopes of n and --1 at low and high fre- 
quencies, respectively, Table II. This accounts for the 
marked tendency, noted in  various ionic conductors 
and Fig. 4a, for the M" peak to be broader  than the 
Z" peak at frequencies above the peak maximum.  
Further ,  the simulations show that the maxima of the 
M" and Z" peaks are not coincident, but  that  the 
M" spectrum always peaks at higher frequencies than 
the Z"  spectrum. The present  results on LISICON 
show smaller  departures from Debye response than 
observed in /~-alumina (16). This may be because 
the mobile ion concentrat ion in LISICON is consider- 
ably less than  expected, in keeping with a model of 
ion t rapping to be discussed elsewhere (25). 

Grain  boundary  e f ]ec t s . - -Polycrys ta l l ine  LISICON 
sinters gave complex impedance plane plots that  
showed two semicircles, Fig. 2; the high frequency 
semicircle is a t t r ibuted to the bulk  response and the 
low frequency one to an in te rgranula r  or grain bound-  
ary  effect. Since the resistances de termined from the 
intercepts of the two semicircles on the Z' axis have 
similar  activation energies in all samples studied, the 
origin of the low frequency semicircle is believed to 
be in the constriction of the current  pathways at the 
necks which connect adjacent  grains. These necks are 
clearly seen in a scanning electron micrograph, Fig. 6, 
and the porous na ture  of the s inter  is also apparent.  
While, in  some systems, an in te rgranu la r  blocking 
phase of different composition to the bu lk  crystals 
may give rise to a constriction and a second semicircle 
in the a-c data (26), there is no evidence for such a 
second phase here: on extended exposure, Guinier  
x - r ay  powder diffraction photographs of powdered 
pellets, there was no evidence of a second phase. In  
addition, electron microprobe analysis of materials 
such as those shown in Fig. 6a, showed no difference 
in  Zn,Ge content  between the bu lk  and in te rgranular  

regions. It is believed, therefore, that  the necks or 
in te rgranula r  regions are composed of mater ia l  of the 
same composition and s t ructure  as the bu lk  of the 
crystals. In  the following, a model is proposed to show 
how constriction of cur ren t  pathways by the presence 
of air  gaps between grains can lead to an extra  semi- 
circle in the complex impedance plane. 

A schematic, idealized constriction between two 
grains is shown in  Fig. 7a and a model equivalent  
circuit in  Fig. 7b. The essential difference between 
grain and constriction regions lies in their  relative 
cross-section.al area. It is assumed that  there are no 
extra resistances at the contact points between grains, 
and that the crystal s t ructure passes cont inuously 
from one grain to the next  via the constricted region; 
it is also assumed that conduct ion is isotropic, and that 
differences in grain  orientat ion do not affect the be- 
havior. The grain  and constriction resistances are set 
equal to R1 and Ra (the resistivities, Pi and  ~,  are 
equal, bu t  the two regions have a different effective 
cell constant) .  The capacitances of the two regions are 
C1 and C2; Ci corresponds to the bu lk  capacitance of 
the grains, C~ represents the combinat ion of the ca- 
pacitance of the constriction region, Cc and the capaci- 
tance of the air  gap, Ca. The Maxwell  re laxat ion times, 
�9 , of the grain and constriction regions are given, 
assuming simple geometries, by 

"~i - "  R 1 C 1  : pc'Co 

T~ : R~C2 

where ,' is the bulk  dielectric constant  and eo the 
permit t iv i ty  of free space. But 

c~ : cr + c~ 

Ac (Ag - -  Ac) 

where Ac, Ag, and lc are defined in Fig. 7 (a). Assum- 
ing that Ag > ~  A~ 

Ae Ag 

�9 + o lo 

Hence 
Ag I 

T~ = ~i + n--'-- [5] 
A~ ,' 

As an order of magni tude  calculation, if , '  = 10 and 
Ag ----- 90 Ac, then T2 ----- 10~i. In  complex impedance 
plots, semicircle maxima  occur when  ~ _-- I, and 
therefore, two semicircles separated by one decade in 
frequency would be expected. 

In  order to t ry  and modify the constriction resist- 
ances, some pellets were par t ia l ly  melted and their  a-c 
conductivi ty measured. SEM photographs are shown 
in Fig. 6b, c for a pellet of composition x ---- 0.55, 
which was par t ia l ly  melted at ,,-1350~ and subse- 
quent ly  annealed at 1150~ for 1 hr. Electrodes were 
then applied and the a-c response of this cell deter-  
mined. After  conductivi ty measurements ,  the elec- 
trodes were removed, the pellet crushed to a fine 
powder, repelleted, and sintered at 1150~ for 1 hr;  an 
SEM micrograph is given in Fig. 6d. The two pellets 
should differ only in their  texture,  therefore. It can 
be seen that the par t ia l ly  melted pellet, Fig. 6b, c, had 
a much larger average grain size than the reground 

Table II.. Limiting high and low frequency expressions calculated for the Jonscher circuit, Fig. 5(b) 

Y' Y" e" e" Z' Z" M' M" 

-> 0 1/R Be n (B~ "-l)/Co 1/~RCo R R~B~ ~ R~CoB~ ~+1 RCo~ 
-~ ~ Aw n ~C| C| (A~ "~i) I Co (A~-~) IC| 11~C~ Co/C| ( CoA~- -i ) IC| 
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air 
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(a) 

667 

R1 R2 

Fig. 6. Scanning electron micrographs of a) a sintered polycrystal- 
line LISICON electrolyte, x = 0.55, fracture surface, b) and c) A 
partially melted electrolyte, x = 0.55, fracture surface. The micro- 
graph (c) is a 10•  magnification of the central region of (b). 
d) Sample (b, c) after grinding, repelleting, ,and sintering. 

and s intered pellet ,  Fig. 6d. The pa r t i a l l y  mel ted  pel le t  
also had lower  porosi ty,  as confirmed b y  measu re -  
ments  of the  densit ies  of the two pel le ts :  the  pa r t i a l l y  
mel ted  e lec t ro ly te  was 30% less porous than  the re -  
g round  sinter .  The a -c  response of the  two pel le ts  was 
m a r k e d l y  different,  especia l ly  tha t  pa r t  associated 
wi th  the  low frequency,  g ra in  b o u n d a r y  semicircle.  In  

II o, Iic2 
(b) 

Fig. 7. (a) Schematic dia~lram of an intergranular constriction 
resistance. Rl--resistance of the grain region, R2--resistance of the 
constriction region, Cl--capacitance of the grain region, Ce-- 
capacitance of the constriction region, Ca--capacitance of the air 
gap, A~--~ross-sectional area of the grain region, Ac--cross-sec- 
tional area of the constriction region, I~--Iength of the grain re- 
gion,/c--length of the constriction region. (b) The equivalent elec- 
trical representations. C2 = Ca -t- Co. 

par t icu la r ,  C2, the  capaci tance associated wi th  the  in -  
t e rg r anu l a r  constr ict ion was about  ten  time.~ l a rge r  
in the  pa r t i a l l y  mel ted  pel le t  than  in the  r eg round  
and s in tered pellet .  This is because the constr ict ion 
resis tances st i l l  exist  bu t  a re  now much thinner ,  Fig. 
6c: the  SEM micrographs  show tha t  in the  pa r t i a l l y  
mel ted  sample,  cracks run  th rough  some crysta ls  and 
na r row gaps exist  be tween  grains.  

I t  is concluded qua l i t a t ive ly  tha t  constr ict ion res is t -  
ances in porous sinters  m a y  be t rea ted  as sepa ra te  RC 
e lements  in the  equiva len t  circuit  and, depending on 
the r e l a t ive  magni tudes  of r for the  bu lk  and con- 
s t r ic t ion regions, a separa te  or p a r t l y  resolved second 
semicirc le  may  be presen t  in, e.g., the complex  im-  
pedance  plane. The re la t ive  magni tudes  of ~g and ~gb 
depend  on the  magn i tude  of the constr ict ion capaci -  
tance Ca. This, in tu rn  depends  on: (i) the  geometry ,  
and (ii) the  pe rmi t t i v i t y  of the  constr ict ion region.  
For  an a i r  gap, e' is app rox ima te ly  one ten th  tha t  ex -  
pected for  a second phase  (which could also give rise 
to a constr ict ion res is tance) .  This contr ibutes  to the  
r e l a t ive ly  low gra in  b o u n d a r y  capaci tances  observed 
here.  

Quantif icat ion of the  above  model  for constr ict ion 
resis tances is difficult because of the h igh ly  he te roge-  
neous na tu re  of po lycrys ta l l ine  sinters.  However ,  ac-  
count must  also be taken  of the nonideal  response of 
the  constr ict ion region,  in the  same way  tha t  the 
bu lk  response is not  Debye- l ike .  In  the  nex t  section, an 
analysis  of the constr ict ion region in te rms of f re -  
quency dependent  admi t tances  is presented.  

Analysis of grain boundary a-c data using a circuit 
containing a frequency dependent admittance.--It was 
shown in the  section above tha t  the  in t rac rys ta l l ine  re -  
sponse could be represen ted  by  an equiva len t  circuit ,  
Fig. 5b, tha t  incorpora ted  a f requency  dependen t  ad -  
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mittance.  I t  is expected  tha t  a s imi la r  circui t  m a y  be 
of Use in represen t ing  the  constr ict ion region. In  
o rder  to analyze  the da ta  in this way, it  was first 
necessary  to sub t rac t  that  component  due to the in-  
t racrystaUine response f rom the expe r imen ta l  data. 
Since the  gra in  and constr ict ion resistances are  in 
series, this subt rac t ion  was made  using corresponding 
impedance  da ta  

Z* (gb) -- Z* ( t )  - -  Z* (b) [6] 

where  Z* (gb) is the  res idual  impedance  that  is lef t  
af ter  sub t rac t ing  the i n t r ag ranu l a r  impedance,  Z* (b) ,  
ca lcula ted using t h e  pa rame te r s  given in Table I, 
f rom the total  expe r imen ta l  impedance,  Z* ( t) .  Results  
a re  shown in Fig. 8b for  Z*(gb),  which was ob-  
ta ined by  processing the  data  given in Fig. 8a. The 
Z * ( g b )  da ta  fal l  on a d is tor ted  semicircle.  These 
da ta  were  conver ted  back into the Y* formalism,  re -  
p lo t ted  on logar i thmic  scales, s 8c, and analyzed as 
descr ibed in the sect ion above. The da ta  again  fit Eq. [2] 
but  in this case, C~ is rep laced  by  Cgb, and Rg by  Rgb. 

In  contras t  to the  in t rac rys ta l l ine  response, C~b is 
dominated  by  the  express ion B~, (Y" data ) .  The Y" 
data  cover the f requency  region over  which both  
the terms Rgb -1 and A~" are  significant. The values  
ex t rac ted  f rom Fig. 8c are  given in Table I. 

Modeling thee overall a-c response of LISICON 
polycrystalline electrolytes.--It has been shown that  
both the i n t r ag ranu l a r  and constr ict ion regions give 
an a-c  response that  m a y  be descr ibed by  an RC 
circuit  containing an addi t ional ,  f requency  dependent  
admi t tance  element.  The total  a -c  response of the 
pel le t  may  be represen ted  by assuming that  these two 
regions occur in series, wi th  the equiva lent  circuit  
shown in Fig. 5c. S imula t ions  based on this circuit  are  
shown in Fig. 4b, 8a, d, and e for the  pa rame te r s  
l is ted in Table  I. The calcula ted response (solid 
curves)  agrees ve ry  well  wi th  the  expe r imen ta l  da ta  
points wi th in  the l imits  of erro~ inherent  in the use 
of log- log  plots to ex t rac t  p a r a m e t e r  values. I t  is pa r -  
t i cu la r ly  reassur ing to note  good agreement  in al l  four  
formalisms,  since each places a different  emphasis  

30 

2 0  
Z" /  

s • 10 -5 

10  

, Hz. 
300Hz 

e e � 9  o 

lal 
I [ i p r r i r f i r I I r I r i I 

10 20 30 L0 50 50 70 50 

Z ' / A x l 0  - 5  

I:o 
20 3OOHz �9 i 6Hz 

Z " /  �9 �9 �9 �9 �9 

~q.x i 0 -5 �9 �9 �9 �9 �9 

1 0  �9 ~ �9 

0 10 20 30 40  50 60 70 

7'/.s ~ ]0 - 5  

- 5  
lO 

y '  y " /  

..0.-1 

- 6  
10 

- 7  
10 

- 8  
lO 

o/O Y" 

O / 

o / w "  
/ 

e / ~ y, 
, / o /  ~ .m  ~ 4 . . l j  �9 

~ 4 l o  ~ 

e f 

I F I 
10 2 10 3 10 4 

( c )  

107 

106 

Z " / A  

105  

104  

(d) 
103 i I I I I 1--  

102 103 10 z' 105 105 102 

f / H z  

10 - I  

N "  

10 -2 

~o -3 

lo -4 
(e) 

I i i I i I 
102 103 104  105 106 107 

f / H z  

Fig. 8. (a) Complex plane plot of the total impedance, Z*(t), of 
cell d. The solid line represents the calculated total electrolyte 
impedance. (b) Complex plane plot of the grain boundary im- 
pedance, Z*(gb), of cell d, after subtracting the simulated intra- 
crystalline impedance, Z*(b'), from the total a-c response, Z*(t). 
At the lowest frequencies the data in (a) and (b) are significantly 
affected by the electrode impedance. (c) log Y'-log f and log 
Y"-Iog f plots for the data in (b). Intra- and intercrystalline 
a-c response of cell d expressed as plots of: (d) log Z" against log 
f for data in a), (e) log M" against log f for data in a). In d) and 
e) solid circles represent experimental data and solid lines the 
calculated a-c response. 
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on the form of the a-c  response. The  use of a series 
circui t  to model  the to ta l  a -c  response  does not, of 
course, p rec lude  the poss ibi l i ty  of a l t e rna te  pa ra l l e l  
pa thways .  However ,  the  cur ren t  is l ike ly  to fol low the 
pa ra l l e l  pa thways  of least  impedance  so that,  to a 
first approximat ion ,  more  than  one pa ra l l e l  p a thw a y  
need not  be considered.  The circui t  then  reduces to a 
ser ies  d is t r ibut ion  of bu lk  and gra in  bounda ry  e le-  
ments.  

The successful  model ing  of the overa l l  e lec t ro ly te  
response, using ci rcui t  5(c) ,  is achieved wi thout  spe-  
cifically t ak ing  into considerat ion any var ia t ion  in 
the asp,ect rat io of c rys ta l  and neck  geometries ,  which 
mus t  inev i t ab ly  be presen t  in the pellets.  I t  is possible 
tha t  the difference in n be tween  the two regions is 
re la ted  in  some w a y  to the  considerable  d i s t r ibu t ion  
in the  geometr ies  of the gra in  bounda ry  regions. More 
work  is c lear ly  needed on different  types  of gra in  
b o u n d a r y  in o rde r  to de te rmine  the factors tha t  a re  
impor t an t  in control l ing the a-c  response. 

The electrode-electrolyte interface.--Ideal blocking 
behav ior  a t  the  e lec t rode-e lec t ro ly te  interface,  which  
is signified by  a l imi t ing  low frequency,  ver t ica l  spike  
in the complex  impedance  plane,  was not observed  
wi th  the  present  mater ia ls .  Instead,  the  e lect rode spike 
was incl ined to the  Z' axis a t  an angle  of much less 
than  90 ~ and, pa r t i cu l a r l y  at  low frequencies,  showed 
evidence of a d o w n w a r d  curva ture ,  Fig. 2a. A deta i led  
s tudy  of the  e lec t rode-e lec t ro ly te  response has not  
been  made  a l though some p r e l i m i n a r y  observat ions  
were  made.  The nonver t ica l  na tu re  of the spike was 
not associated s imply  wi th  roughness  of the  e lec t ro ly te  
surface:  a l though the sp ike  was somewhat  sensi t ive to 
polishing,  a ver t ica l  spike  was never  obtained.  I t  has  
been shown in o ther  systems tha t  a Jonscher  expres -  
sion, containing a f requency  dependen t  admit tance,  
m a y  be used to model  nonidea l  e l ec t rode-e lec t ro ly te  
response (12-14); it  could p robab ly  also be re levan t  
to the  present ,  low f requency  data.  

A P P E N D I X  

A Model for Dielectric Relaxation 
Dielectr ic  r e l axa t ion  in solid e lec t ro ly tes  m a y  occur 

if dipoles, fo rmed by  the pa i r ing  of ions, exist.  In  the 
LISICON solid solutions, dipoles m a y  feas ibly  form by 
the pa i r ing  of subs t i tu t iona l  and in te rs t i t i a l  Li  + ions, 
whch ca r ry  effective charges of --1 and +1,  respec-  
t ively.  An  equiva len t  circui t  r epresen ta t ion  of a solid 
e lec t ro ly te  tha t  contains both mobile  (i.e., "free")  
ions and dipoles is g iven in Fig. 9. I t  is assumed tha t  
the  dipole reor ien ta t ion  processes, r epresen ted  by  Rn 
and CD, occur in pa ra l l e l  wi th  the long range  ionic mo-  
tion, r ep resen ted  by  Rg. The l imit ing,  high f requency  
capaci tance of the ma te r i a l  is given by  C| 

In  the  complex impedance  plane,  the circui t  given 
in Fig. 9 would  in pr inc ip le  give rise to two semicircles,  
due to the  coupling of R=, CD and RD, C| The two semi-  
circles can be resolved prov ided  the i r  t ime constants,  

Rg 

RD 

Fig. 9. Equivalent circuit for a solid electrolyte containing dipoles 
which give rise to dielectric relaxation. Rg--Iong range ionic migra- 
tion, C~--hlgh frequency polarization of the electrolyte, Co, RD-- 
dipole reorientation process. 

given by  the magni tude  of the products  RC, are  qui te  
different  and RD ~ Rg. However ,  a l though these t ime 
constants may  be defined for the complex  impedance  
plane,  the dielectr ic  reor ien ta t ion  process has a differ-  
ent  t ime constant  TD, given by the product ,  RDCD. ~D 
is a fundamenta l  p rope r ty  of the reor ien ta t ion  process 
and should have an Ar rhen ius  t empera tu re  dependence  
zD : ~0 exp (E/kT) ,  tha t  is expressed  in the t e m p e r a -  
ture  dependence  of RD. The die lect r ic  r e laxa t ion  pro-  
cess, which is represen ted  b y  a series element,  RD and 
CD, would not  therefore  be observed d i rec t ly  in the 
complex impedance  plane,  since semicirc les  ar ise  f rom 
para l l e l  R, C combinations.  However ,  the  re levan t  pa -  
rameters  may  be extracted,  RD from the high f requency  
semicircles and CD f rom the low f requency  semicircle.  
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Lattice Parameter Changes in AIo39Gao lAs Due to O, Ge, Si, and S 
Doping 

W. R. Wagner, N. E. Schumaker,* J. 1.. Zilko, P. J. Anthony,* and V. Swaminathan 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The change in lattice parameter of epitaxial films of Alo.zgGa0.61As was investigated as a function of growth solution 
doping. With the lattice constant of GaAs as the reference constant, it was found that the presence of either O2 in the growth 
ambient  or Ge in the growth solutions dilated the lattice. Growth solution doping with Si was found to initially dilate the 
lattice while further Si doping resulted in a lattice contraction. Sulfur doping contracted the lattice. It was found that the 
lattice dilation due to Os in the growth ambient  principally resulted from a reduction in the background S contamination of 
the epitaxial films. 

The purposeful addit ion of selected impuri t ies  is 
central  to semiconductor materials  technologies. The 
measurement  of dopant incorporat ion into such mate-  
rials is commonly l imited to electrically active species 
since the measurement  of total dopant  incorporat ion 
is more difficult. Secondary ion mass spectroscopy 
(SIMS), radioisotope, and neu t ron  activation tech- 
niques are the usual  techniques used to moni tor  their  
incorporation. Insights into both dopant  incorporat ion 
and dopant  behavior  can be provided by combining 
electrical measurements  and less direct techniques such 
as precision lattice parameter  measurements.  The de- 
te rminat ion  of dopant- induced or process-induced 
lattice parameter  changes can provide a direct mea-  
su rement  of the effective size of an impur i ty  or va-  
cancy in  the lattice. If the effective sizes are known, 
low impur i ty  concentrations can be measured. Also, 
the defect chemistry of dopants can be invest igated 
by measur ing lattice parameter  changes as a function 
of dopant incorporation. For instance, in  GaAs, the 
incorporation of electrically active Te saturates  at 
approximately 8 • 10 is free carr iers /cm s (Ref. 1), 
but  radiotracer techniques indicate that  Te continues 
to be incorporated unt i l  at least 10~0/cm ~ (Ref. 2). 
When the effective Te distr ibution coefficient de- 
creased, a relat ively large lattice dilation was measured 
that  increased directly with increased Te doping (3). 
This indicated the formation of s train centers such as 
high concentrations of interst i t ial  defects or precipi-  
tates. Transmission electron microscopy revealed that  
these defects were nucleated by GaTe microprecipi-  
tates that were presumably  the strain centers first 
detected with the x - r ay  lattice parameter  measure-  
ment.  

The lattice constant  of GaAs has been measured 
often (4, 5). It is known as a funct ion of the growth 
technology (5), i.e., LPE, VPE, Bridgeman, and Czo- 
chralski, and as a funct ion of doping (4, 5), and 
ranges from 5.65317 to 5.65333A. On the other hand,  
only powder measurements  of the lattice constant  of 
AlAs exist (6, 7, 8), with a ---- 5.6605 _ 0.OO05A. Also 
it  has been shown that  the lattice constant  of 
AlxGal-xAs alloys followed Veygard's law (6, 9, 10), 
such that  

a(AlxOal_xAs) ~- a(GaAs) --~ x[a(A1As) -- a(GaAs) ] 

Lattice parameter  measurements  of AI~GaI-~As alloys 
other than determinat ions of the lattice mismatch be- 
tween a heteroepitaxial  film and its substrate have 
not been made. 

In  this paper  we report  double-crystal  x - ray  dif- 
fractometric measurements  of lattice parameter  
changes of LPE A10.39Ga0.61As films resul t ing from the 
addit ion of Si, Ge, and S to the growth solution and 
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from the presence of 02 in  the growth ambient.  Growth 
conditions resembled the mult iple  growth well, mul t i -  
ple layer  growth env i ronment  used for manufac tur ing  
double heterostructure laser crystals. Selected contam- 
inants  were increased to identify their  effects on a laser 
structure. This was deemed desirable because the r e -  
p r o d u c i b i l i t y  of the electrical characteristics of indi -  
vidual  Alo.4Gao.6As films is excellent, while the electron 
tr~ansport properties of the same film grown from the 
same growth solution in  a mult iple  growth well  en-  
v i ronment  is not  (11). 

Fundamental Considerations 
The under ly ing  principle of the latt ice parameter  

measurements  is na tura l ly  Bragg's law 

n~ = 2d sin.0 
and its differential 

~d 
= A0 cot 0 

d 

where ~ is the incident x-ray wavelength, d is the 
interplanar spacing of the diffracting planes, and 0 is 
the angle of incidence of the x-rays. Implicit in the 
statement of Bragg's law is the assumption of a 
single incident x-ray wavelength and a single angle of 
incidence, i.e., a plane wave. Real x-ray sources, how- 
ever, generate polychromatic spherical waves. The 
double-crystal x-ray experimental arrangement (12) 
transforms this radiation into a good approximation 
to a plane wave such that the fundamental Darwin= 
Prins (12) linewidths can be closely realized. The in- 
cident radiation is first collimated, then diffracted 
from a highly perfect monochromator crystal. If the 
diffraction condition is arranged to be asymmetric, i.e., 
the diffracting planes are not parallel to the surface, 
the divergence of the diffracted beam can easily be 
reduced by another factor of 10 (12) 

sin (0 -- L) 
b----- 

sin (0 + L) 

where b is the asymmetry  factor, 8 is the Bragg angle, 
and L is the angle between the surface and the dif-  
fracting planes. 

If a plane wave of x-rays  is incident  on a hereto-  
s t ructure  consisting of an AlxGal-xAs film on a GaAs 
substrate, the Bragg condition will be satisfied for two 
angles of incidence for every set of diffracting planes 
arising from the two different in te rp lanar  spacings. 
In  practice, the sample is approximately aligned to the 
Bragg angle, then rotated slowly and precisely through 
both Bragg angles. The diffracted in tensi ty  is recorded 
as a function of rotation angle generat ing a "rocking" 
curve consisting of two peaks separated by an angle 
A8 that defines the difference in in te rp lanar  spacing 
between the substrate and the epitaxial  film. 

6' /0  
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The difference in in t e rp lana r  spacing measu red  in 
this m a n n e r  is a measuremen t  of a s t ressed e las t ica l ly  
deformed heteros t ruc ture .  When  a film of a different  
la t t ice  constant  is g rown on a substrate ,  the resu l tan t  
s t ruc ture  is s t ressed in such a w a y  tha t  the  uni t  cell  
of the  ep i t ax ia l  fi lm is t e t r agona l ly  deformed  (13, 14). 
Compared  to the  deformat ion  of the ep i tax ia l  film the  
de format ion  of the  subs t ra te  is negl ig ible  because (15) 

tL 
a'su b - ' -  - -  o'[ 

tsub 

where  the rat io of ep i - th ickness  tz to subs t ra te  th ick-  
ness ts, tz/ts, is t yp ica l ly  1/50. In  the  ep i tax ia l  film, 
the  p lanes  pa ra l l e l  to the  growth  in ter face  are  con- 
s t ra ined  e las t ica l ly  to have the same in te ra tomic  spac-  
ings as the  substrate .  The la t t ice  then  deforms in the  
di rect ion of growth.  The re laxed  la t t ice  constant  of 
the  ep i tax ia l  fi lm was der ived  by  Horns t ra  and Bar te ls  
(16) and by  Estop and Sauvage  (6). For  {100} g rowth  
in terfaces  

Ad ,Ac[ 
- -  = 0 . 5 2 5 - -  
drelax dstressed 

This elasticity correction from the experimental values 
is indeed significant. 

The tetragonal deformation of the unit cell is easily 
observed with x-ray diffractometry. Because of the 
deformation, lattice planes that are not parallel or 
perpendicular to the growth interface will not be 
parallel to corresponding planes in the epitaxial film. 
With a ~511> diffraction condition and a (001) in- 
terface 

h# ([15) ~ 2he (11"5) 

If  a ~511>  diffract ion condit ion is used to de te rmine  
ha~a, then  the a r i thmet ic  mean  of the  two A0 measu re -  
ments  (9) has to be used to compute  ha/a. 

Exper imenta l  A r r a n g e m e n t  
Double-crysta~ x-ray di~ractometry.--The white  Cu 

rad ia t ion  (emi t ted  b y  a 6 kW Rigaku  ro ta t ing  anode 
genera tor )  is first col l imated,  then diffracted f rom a 
h igh ly  perfect  Ge monochromato r  crystal .  The mono-  
ch romato r  had  pol ished (111} faces and was a l igned to 
the  incident  x - r a y s  to exci te  the  ~511>  reflection. 
This a l ignment  corresponds to an  a s y m m e t r y  factor  
b = 0.107, indica t ing  tha t  the  reflected beam wil l  be 
roughly  ten  t imes wider  than  the incident  beam whi le  
the  angu la r  d ispers ion is one - t en th  its or ig inal  value.  
A second sl i t  was used to reduce the wid th  of  the re -  
flected beam because  samples  were  curved as a resul t  
of he te roep i t ax ia l  stresses and the reby  dispersed the 
Bragg condition. Samples  were  a l igned in a W-geom-  
e t ry  to again  exci te  the <511>  reflection. 

The possible  Bragg  reflections of a he te ros t ruc tu re  
wafe r  were  examined  by  scanning a smal l  angle  near  
0~ --  45.2 ~ about  an axis pe rpend icu la r  to the  x - r a y  
beam. Specimens  could be t r ans la ted  pa ra l l e l  to the  
(100} sur face  to examine  the un i fo rmi ty  of a l loy com- 
position. The x - r a y  intensi t ies  reflected f rom the 
spec imen wafe r  were  measured  wi th  an L iF  sc in t i l la -  
t ion counter  and p lo t ted  agains t  the  rocking angle  in 
0.25 sec / s tep  increments .  

L~quid phase epitaxy.~Great care was t aken  wi th  
the  LPE growth  of our  spec imens  to insure  tha t  the r e -  
p roduc ib i l i ty  of the A1 al loy composit ions of the  r e -  
sul tant  ep i tax ia l  films was wi th in  +--0.25% A1. The basic  
LPE technique was pa t t e rned  af te r  Dawson 's  (17) 
source - seed-s l ide r  method.  Al l  LPE reactors  were  s t an -  
dard ized  to a common 780~ t empe ra tu r e  wi th  a single 
P t - P t  10% Rh thermocouple .  The g rowth  schedules  
were  r igorous ly  dupl ica ted  as were  the  basic  composi-  
t ions of t h e  g rowth  solutions. Severa l  growths  were  
made  wi th  va ry ing  amounts  of Ge, Si, and S in t roduced  
into each mel t  and  wi th  a flowing growth  ambien t  of 

pure He (~I ppb O2) or He containing 0.7 ppm Os. In 
every growth, at least one melt composition of a previ- 
ous experiment was duplicated as a check on reproduci- 
bility. With our growth technology, six different epi- 
taxial films could be grown simultaneously on six dif- 
ferent substrates. Twelve substrates from three ad- 
jacent wafers of the same Si doped ingot were used to 
assure a uniform substrate lattice constant. In all 
growth solutions used in this experiment, the AI con- 
tent was 6.43 mg with a standard deviation of _+0.04 
mg in an 8 --- 0.05g Ga growth solution. In the direc- 
tion of the flowing ambient, the first growth solution 
remained undoped, the second contained 50 mg Ge as 
did the next four solutions. The third solution also 
contained 50 ~g Si, the fourth 500 mg Si, the fifth 5 mg 
Si, and the sixth 50 mg Si, all in addition to the 50 mg 
Ge. A single layer of A10.39Ga0.61As approximately 3 ~m 
thick was grown on every substrate. In aU, three dif- 
ferent epitaxy reactors supplied samples for this expe- 
riment. 

Results 
A pai r  of d i f f ractometr ic  plots of the  <511>  diffrac- 

t ion condit ion were  obta ined  f rom every  A10.89Ga0.61As- 
GaAs he te ros t ruc ture ;  one plot  for  the  29 ~ angle  of in -  
cidence (Fig, 1) and the o the r  for the  61 ~ angle  of in-  
cidence (Fig. 1), F r o m  these, the re laxed  (Aa/a)  were  
computed.  These values are p lo t ted  agains t  the  growth  
solut ion composit ion in Fig. 2 and l is ted in Table I. 
The addition of 0.7 ppm of-02 to the growth ambient 
was found to uniformly dilate the lattice by 14 _+ 4 
ppm, as compared to films grown in the pure He am- 
bient, regardless of the Ge or Si doping of the growth 
solution. Doping the growth solution with 0.6 atom 
percent (a/o) Ge was found to dilate the resultant 
A10.39Ga0.6~As lattice compared to undoped films by 15 
-4- 4 ppm. Si doping to the level of 1.6 X 10 -3 a/0 was 
found to dilate the lattice by 3-10 (_+4) ppm beyond 
the lattice constant of the Ge-doped films, while addi- 
tional Si doping contracted the lattice by 13 ppm for 
each order of magnitude increase in the Si doping of 
the growth solution, a total decrease of 45 ppm between 
1.6 • 10 -8 to 1.6 a/o Si in the growth solution. 

The incorporation of sulfur in the A10.39Ga0.61As lat- 
tice was found to result in a significant lattice contrac- 
tion also. As little as 6.4 • 10 -~ a/o S in the growth 
solution was found to contract the A10.89Ga0.61As fat- 

! 
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Fig. 1. Typical difffactometric plot of an Alo.39Gao.61As hetero- 
epitaxial film on a GaAs substrate. The diffraction peak arising 
from the film is at the right. 



672 J.  Electrochem. Sac.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY March  1983 

=. = , ,  y%',, - + .  

~c / /  ~" \ OAT.% II 

S,.S 6.4 �9 104AT. % S 

|"~ TI "' 
~ u 

5.2 1.7 x lO4AT. % S 

UNOOPEI i J  l J  1.6 U 11.6 AT. % Ill 
il 1.,ixlg "3 1Jlxlll "Z L l i  1.1 AT. % Ill 

glUlWl"N NUnlNI  

Fig. 2. Plot of the latt ice changes ,~o/o as a function of growth 
solution doping and growth ambient. 

tice by 14 ___ 4 ppm from the Ge- and Si-doped level. 
Fur thermore,  1.7 X 10 -3 a/o S in the growth solution 
contracted the lattice by 44 • 4 ppm. Separate samples 
reproducing earl ier  growths were found to have the 
same lattice constant  well wi thin  the estimated limits 
of error of this experiment.  

Discussion 
Sources of error . - -The  measurement  of dopant - in -  

duced lattice parameter  changes on A10.4Ga0.6As films 
with double-crystal  x - r ay  diffractometry requires two 
constants. The lattice parameter  of the substrates used 
had to be uni form on the scale of the lattice parameter  
changes to be measured, and the A1 content  of the epi- 
taxial films had to be reproducible and uniform to sub- 
s tant ial ly  bet ter  than 1%. The importance of repro- 
ducible A1 concentrat ions is i l lustrated by the length 
of the 1% A1 bar in Fig. 2. Lattice parameter  fluctu- 
ations in mel t -g rown GaAs were studied extensively 
by Mull in et al. (5). Samples doped to 2 X 10 is free 
carr iers /cm 8 with a variety of dopan t s  ("Te and other 
dopants") as a group fluctuated by halo = __+4 X 10 -6. 
The subgroup of Si-doped samples was not separately 
identified, but  it can be expected to fluctuate even less. 
Furthermore,  the electrical characteristics of the sub-  
strates used for our s tudy were quite homogeneous, 1.5 
X 10 TM free carr iers /cm 3 and 2700 cm 2 V-sec inabilit ies 
at room temperature .  Electrolytic etching of typical 

substrates indicated also that  doping levels were homo- 
geneous even on a small  scale. It could, therefore, be  
presumed that  the lattice parameter  of the substrates 
used in  this exper iment  was constant  to  1 ppm. In -  
cluded in  this consideration were thermal  expansion 
effects dur ing  the x:ray~ measurement .  The thermal  
expansion coefficients of GaAs and AlAs lie between 
5-6 X 1 0 - 6 / ( K  -1) (17, 18). A I~ tempera ture  gradi-  
ent  in  the 25 ~m penetra t ion depth of the x - r a y  beam 
is possible only for a 10~ temperature  gradient  in the 
entire sample. The thermal  conductivi ty of the mate-  
rial  (0.37 W / c m  K) and the long equi l ibrat ion time of 
each specimen indicate that even a I~ tempera ture  
gradient  in the sample was unlikely.  Thermal  ex-  
pansion effects were then much less than 1 ppm. 

A significant source of error consisted of the mea-  
su rement  of the angle A0. This angle was generated 
with a differential micrometer,  100 divisions per 0.005 
in., and 1.2 divisions per sec of arc. The repeatabi l i ty  of 
measurement  was found to be _1  div, i.e., • 8 sec.  
The accuracy of the micrometer  was found to be at  
least "4-0.001 (a l / l ) .  Mechanical  error  should then be 
of the order of +0.8 sec, corresponding to Aa/a = __+3.8 
X 10 -8 for the <511> reflection used. The accuracy in  
determining the center of mass of the diffraction peaks 
was subs tant ia l ly  better. Rocking curves that did not 
result  in two symmetric  peaks of bet ter  than 10 sec 
ha l f -max imum widths were repeated with bet ter  speci- 
men alignments.  The midchord peak construction (19) 
was used to determine the center of mass. For  each dif- 
fraction peak, this de terminat ion was accurate to at 
least ___0.1 sec. The total error in ho was conservatively 
estimated to be • sec of arc. The data, in fact, indi -  
cated a bet ter  degree of reproducibili ty.  Repeated 
measurements  of different areas of the same sample 
wafer at different times agreed to bet ter  than  1 sec 
of arc. 

The reproduc':bility of the A1 alloy compositions of 
the heteroepitaxial  films was the most impor tant  con- 
sideration in assessing tl~e val idi ty  of these results. An 
evaluat ion of this was, in fact, the secondary goal of 
this experiment.  As already mentioned,  considerable 
care was taken in the LPE growths to achieve repro-  
ducible growth conditions. Unfortunately,  the deter-  
minat ion  of absolute A1 compositions to the x ---- • 
accuracy necessary to differentiate between alloy and 
doping effects appears impossible. Photoluminescence 
measurements  of the completely undoped film and the 
equivalent  fitm grown in the 1 ppm O~ ambient  indi -  
cated equivalent  A1 alloy compositions. Certainly, a Ax 
---- 0.03 decrease in the alloy content  of l ight ly and 
heavily Si-doped films did not occur. To an accuracy of 
x ---- 0.01, these measurements  indicated that  the A1 
compositions remained constant. The data listed in the 

Table I. Data summary of growth solution doping, impurities, and lattice change 

G r o w t h  solut ion doping ( a /o )  

Latt ice  change  
Impur i t i e s  in the  sol id m e a s u r e m e n t s  

( x  10-1~/cm 8) (Aa/a) x 104 

Wafer  No. Xe (A1) xe (Ge)  xe (Si) xe (S) Go Si S Fi rs t  Second 

426 - -1  0.208 0.6 1.6 0.0 20* 500* 
---2 0.206 0.6 0.16 0.0 20* 50* 
- -3  0.204 0.6 0.016 0.0 20* 5* 
- -4  0.209 0.6 0.0016 0.0 20* 0.5" * 
- -5  0.207 0.6 0.0 0.0 20* <0.1"  
- - 6  0.208 0.0 0.0 0.0 < I *  <0 .1"  

83 --i 0.208 0,6 1.6 0,0 20* 300* 
---2 0.209 0.6 0.16 0.0 20* 30* 
- -3  0.206 0.6 0.016 0.0 20* 3* 
----4 0.208 0.6 0.0016 0.0 20* 0.3* * 
---5 0.209 0.6 O.0 0.0 20* <0.1" 
- - 6  0.208 0.0 0.0 O.O < 1 "  <0.1"  

45 - -3  0.208 0.6 0.0013 1.7 • 10-~ 20* 0.9** 
46 - -3  0.209 0.6 0.0013 1.7 • 10-3 20* 1.2"* 

---6 0.209 0.6 0.0013 0.0 20* 0.5* * 
48 - -6  0.209 0.6 0.0013 6.4 • 10 -~ 20* 0,4** 

1" 5.16 
1" 5,36 5.37 
1" 5.44 
1"* 5.64 5.63 
1" 5.61 5.60 
I* 5.42 5.44 
0.3* 5.37 
0.3* 5.56 
0.3* 5.65 
0.3"* 5.80 5.77 
0.3* 5.71 
0.3* 5.55 

300** 5.15 
270** 5.23 5.20 

0.5* * 5,64 5.62 
10"* 5.48 5.52 

* E s t i m a t e d  concentrat ion .  
** Concentrat ion  m e a s u r e d  by  SIMS. 
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t ab le  indicate  an al loy r ep roduc ib i l i t y  be t t e r  t han  hx  
= 0.002. Unquest ionably ,  this da ta  proves a sa t i s fy ing 
degree  of r epea tab i l i t y  in our  ep i tax ia l  g rowth  tech-  
nology. Two different  LPE reactors  on severa l  occa- 
sions p roduced  films wi th  the same  la t t ice  constant  
f rom g rowth  solut ions of the same composition. 

Wi thou t  a precise  de te rmina t ion  of the A1 al loy com- 
posi t ions of the  ep i t ax ia l  films, the da ta  may  be in t e r -  
p re t ed  in two ways:  e i ther  the  d i s t r ibu t ion  coefficient 
for A1 in doped  GaAs solut ions changes sys temat ica l ly  
a t  low dopan t  concentrat ions,  or  the incorpora t ion  of 
impur i t i es  in A10.39Ga0.61As sys temat ica l ly  changes the  
la t t ice  constant.  We suppor t  the  l a t t e r  view. It  is diffi- 
cul t  to accept  tha t  0.7 ppm of O~ in the  g rowth  am-  
bient ,  the  accepted background  contaminat ion  of most  
LPE reactors,  would  increase  the d is t r ibu t ion  coeffi- 
c ient  of A1. This level  is s ignif icant ly be low the  solu-  
b i l i ty  l imi t  for oxygen  in Ga; both Ga203 and GaO in 
Ga solutions are  reduced  in such an ambient .  The level  
of oxygen in the  g rowth  solut ions wi l l  be too smal l  to 
resul t  in any  change in the  d is t r ibu t ion  coefficient. F u r -  
thermore ,  a possible oxygen  reac t ion  wi th  A1 would 
tend  to reduce  the effective d i s t r ibu t ion  coefficient. 
The same a rgumen t  can be appl ied  to the  effects of S 
on the d is t r ibu t ion  coefficient of A1. It  is not  reason-  
able tha t  1.7 • 10 -3  a /o  S in the g rowth  solut ion could 
reduce the  A1 concentra t ion  by  hx  = 0.03. In  fact, pho-  
to luminescence  spectroscopy indicates  that  x changed 
by  less than  0.01. In  the  case of Ge doping of 
A lxGa l -xAs  films, an e lec t ron beam de te rmina t ion  of 
A1 composit ions indica ted  a decrease in the A1 d is t r i -  
but ion  coefficient only  for a /o  Ge grea te r  than  1% in 
the g rowth  solut ion (20). Our  resul t  could be inter= 
p re t ed  on ly  in  te rms of an  increase in  the d is t r ibu t ion  
coefficient. The  Si  doping of the growth  solutions is 
more  extensive,  ranging  f rom 1.6 • 10 -3 to 1.6 a/o.  
Whi le  i t  is not  inconceivable  t ha t  1.6 a /o  Si in  the  
g rowth  solut ion might  a l t e r  the  A1 d is t r ibut ion  coeffi- 
cient, the  change mus t  be less than  x = 0.01, but  then 
two and th ree  orders  of magni tude  lower  Si  doping 
cannot  be expected  to have  a significant effect. 

The best  a rgumen t  for  constant  A1 composit ions and 
dopan t - induced  la t t ice  changes l ies in the  se l f -con-  
s is tent  na tu re  of the da ta  as a set as shown in Fig. 2. 
The s y m m e t r y  of the  figure is a s t rong a rgumen t  for  
the  occurrence of dopan t - induced  la t t ice  changes 
r a the r  than  changes in the A1 d i s t r ibu t ion  coefficient. 
Di lu te  dopants  at  concentra t ions  of roughly  one im-  
pu r i t y  a tom p e r  1000 uni t  cells can be  expected  to be -  
have  as single s t ra in  centers  wi th  c lear ly  di f ferent iable  
effects for each dopant  species. On the o ther  hand, 
changes in the  A1 d is t r ibu t ion  coefficient w i th  respect  
to the  composi t ion of the  g rowth  solutions can be ex -  
pec ted  to be in terac t ive  such that  one species is p re -  
dominant ,  A para l l e l i sm such as appears  in this da ta  
where  the  effects of oxygen,  Ge, Si, and S are  c lear ly  
d i f ferent ia ted  would  be surpris ing.  

The significance o$ the results.--The knowledge  of 
the precise  impur i t y  concentra t ion of the  ep i tax ia l  
filrns would  be  of grea t  a id  in the in te rp re ta t ion  of the  
results .  Hal l  measurements  can give only an order  of 
magni tude  es t imate  of the total  impur i ty  concentra t ion 
in this a l loy because so many  carr iers  en ter  the (L and 
X indi rec t )  conduct ion bands. Actua l  i m p u r i t y  con- 
centra t ions  m a y  be deduced f rom o ther  data. There  
exists  good evidence ind ica t ing  that  the d is t r ibu t ion  
coefficient o f G e  does not  change in AlxGa l -xAs  al loys 
at  low doping levels  (21). The observed  la t t ice  d i la -  
t ions due to Ge doping m a y  then be compared  to s imi-  
la r  measurements  in GaAs. According to Ke tchow (22), 
our  doping of 0.6 a /o  Ge should be equiva len t  to 2 • 
10 TM f ree  c a r r i e r s / c m  3 (in GaAs) .  Two other  la t t ice  p a -  
r a m e t e r  measurement s  a re  known to us. Mul l in  et al. 
(5) measu red  ha/a = 1.5 X 10 -5  for  2 • 10 TM free ca r -  
r i e r s / c m  8, Ge-doped ,  Br idgeman  grown GaAs, also by  
x - r a y  techniques.  Rode  et al. (23) measu red  a di la t ion 

o f A a / a  = 4 • 10 -8 in a f i l m  doped to 4 • 1018 free 
ca r r i e r s / cm 3 by  curva tu re  measurements  of ep i tax ia l  
bi layers .  In  this exper iment ,  we measured  a somewhat  
l a rge r  d i la t ion  of ~a/a : 1.5 X 10 -5 in Ge -doped  
A10.39Ga0.s1As. There  exists  then  a consensus tha t  Ge-  
doping di la tes  both the  GaAs and AlxGa l -xAs  latt ice,  
indica t ing  again  that  Ge is incorpora ted  into the  As 
sublatt ice.  However ,  the observed  magn i tude  of this 
effect is a t  least  one order  of magni tude  h igher  than  
can be ca lcula ted  using Veygard ' s  l aw and Paul ing ' s  
covalent  rad i i  (5).  Rode et al. (23) suggested tha t  
the  pr inc ipa l  source of this la t t ice  d i la t ion consisted of 
bond-b reak ing  by  free holes, but  the  la t t i ce  change 
ca lcula ted  wi th  his mode l  is also s ignif icant ly less than  
was observed  here. 

Wi th  Si doping, in addi t ion to the "background"  Ge 
doping, an ini t ia l  s l ight  la t t ice  d i la t ion  was fo l lowed 
by  a more  severe  contract ion at  h igher  g rowth  solu-  
tion doping. In  four  samples,  the Si content  of the  
ep i tax ia l  film was measured  to be nea r  0.5 X 1017/cm 3 
by  SIMS using a Cs + beam and negat ive  ion spec-  
troscopy, y ie ld ing  an atomic d is t r ibu t ion  coefficient of 
0.14, the  publ ished value  (25) for an effective acceptor  
d i s t r ibu t ion  coefficient for  Si in GaAs is 8 X 10 -9  a t  
800~ If the assumption is made  tha t  the Si d i s t r ibu-  
t ion coefficients for  GaAs and A l x G a l - ~ s  are  r e l a -  
t ive ly  insensi t ive to x, our  da ta  can be compared  to 
the  exis t ing resul ts  of la t t ice  changes in S i -doped  
GaAs. In B r i d g e m a n - g r o w n  GaAs doped wi th  Si to  a 
level  of 2 • 10 ts free ca r r i e r s / cm 3, a la t t ice  contract ion 
of app rox ima te ly  Aa/a = 4 X 10 -6 was repor ted .  This 
doping level  would  correspond to our growth  solut ion 
doping of 0.16 a / o  resul t ing in ex t rapo la t ed  Si levels 
of 5 • 101S/cm 3 and 3 • 10 TM free ca r r i e r s / cm 3. The 
la t t ice  change measured  in this expe r imen t  was sub-  
s tan t ia l ly  grea te r  than  the r epor ted  value,  namely,  
a contract ion of ~a/a = --2.5 • 10 -5. In  v iew of the 
amphoter ic  na tu re  of Si, this d i screpancy  is not  sur -  
prising. Dur ing  Br idgeman  growth,  Si is p r edominan t ly  
incorpora ted  as a donor,  while  in LPE growth  Si  en ters  
p redominan t ly  as an acceptor.  The actual  s i te  d is t r i -  
but ion should be ve ry  complex,  as is indica ted  by  the 
grea t  d i spar i ty  be tween  the es t imated  a tomic  and f ree-  
ca r r i e r  d is t r ibut ion  coefficient. These S i -doped  films 
are cer ta in ly  heav i ly  compensated  (26). For  both Si 
and Ge doping in GaAs,  i t  was suggested (26) tha t  the  
incorpora t ion  of the impur i t y  proceeds s imul taneous ly  
wi th  the incorpora t ion  of compensat ing  centers  tha t  
were  p re sumed  to be impur i t y -vacancy  complexes.  
The la t t ice  effects ar is ing f rom these compensat ing  
centers  cannot  be identif ied at this t ime bu t  they  are  
cer ta in  to be a ma jo r  cause of the  d iscrepancy be-  
tween measured  and ca lcula ted  la t t ice  changes. 

Qual i ta t ively ,  the da ta  suggest  tha t  the la t t ice  
di la t ion due to Ge doping should be p r inc ipa l ly  an 
electronic effect whi le  la t t ice  changes due to the 
incorpora t ion  of Si wil l  ar ise both  f rom electronic ef-  
fects and effects due to the smal le r  covalent  rad ius  of 
Si re la t ive  to Ge and As. The ini t ia l  la t t ice  d i la t ion 
is p robab ly  an electronic effect ak in  to the  bond b r e a k -  
ing sugges ted  by  Rode (23). At  h igher  doping levels,  
the electronic effects can be expec ted  to diminish due 
to the  increase  in se l f -compensa t ion  (25). Then, co- 
va lent  bond effects p redomina te  to contract  the latt ice.  
Wi th  the  s imple model  used by  Mull in  et  al. (5),  
qual i ta t ive  agreement  wi th  the  measured  la t t ice  con- 
t rac t ion  is reached wi th  the es t imated  3 • 10 TM free 
donors /cm 8 and 5 • 10 TM a toms /cm 3 rest t l t ing f rom 
0.16 a /o  Si in the  g rowth  solution. Se t t ing  

Na + Nd = Na (Si on As sites) 

+ Nd (Si on Ga sites) = 3.6 X 1019/cm 3 

and 
Na -- Nd = 3 • 101S/cm 3 

a lattice contraction of Aala = --9.5 X 10 -5 is cal- 
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culated and a contraction of Aa/a = --4.5 X 10 -5 was 
measured. 

The incorporation of S into the A10.39Ga0.61As lattice 
can be expected to contract the lattice solely on the 
basis of sulfur 's  smal l  covalent radius, 14% smaller  
than that of As. SIMS measurements  (24) of films 
grown from solutions containing 6.4 X 10 -5 a/o S 
and 1.7 X 10 -a a/o S were found to contain 1 X 10 TM 

and 3 X 10 TM atoms S/cm 3, respectively. The corre- 
sponding lattice contractions were measured to be 
Aa/a : -  --1.4 X 10 -5 and --4.5 X 10 -5. These results 
are at var iance with the results of Mull in  e ta l .  (5) 
of Br idgeman-grown S-doped GaAs. At a presumed S 
level of 2 X 10ZS/cm 3, a contraction of ha/a = --3.5 X 
10 -6 was measured, and at a level of 4 X 10ZS/cm 8, a 
dilation of ha/a -- 7 X 10-6 was measured. Their  re-  
sults are in te rna l ly  inconsistent  and, thus, cannot be 
used as a reference standard. 

The calculation of the expected sulfur  concentra-  
t ion in t he  epitaxial  films from our data based on co- 
valent  radii (5) results in a value of 5.2 X 10ZS/cm 3 
and 1.7 • 1019 impur i t i es /cm 3 (as compared to the 
measured values of 1 X 1016/cm3 and 3 X 1019/cm 8) 
for the two doping levels. As was the case with Si, at 
low doping levels the measured lattice change was too 
large to be explained with this simple model. At 
the higher doping levels, this model appears to hold 
up much better, but  this is probably fortuitous. The 
unknown  lattice effects of the high concentrat ion of 
compensating centers (26) combined with the l ikely 
presence of s t ructural  defec ts  (27, 28) should make the 
predict ion of lattice changes at high doping levels a 
very difficult task. 

Based on its very small  covalent radius, the incorpo- 
rat ion of oxygen in GaAs or A10.89Ga6.61As is expected 
to contract the lattice as sharply as sulfur. Indeed, in 
Br idgeman-grown O-doped GaAs, Mull in  e t a l .  (5) 
measured a contraction of Aa/a = --1.2 X 10 -5 for 
only 1 X 1017 presumed oxygen doping. This contrac- 
tion was more than one order of magni tude  greater  
than could be expected based on covalent radii. 

Quite different from their findings, our results 
clearly indicate a uniform lattice dilation, irrespective 
of growth solution doping, presumably  the result  of 
the presence of the in tent ional  0.7 ppm O2 in the 
growth ambient.  The observed lattice dilation is cer- 
ta inly  not an ionic effect, but  it  could be an electronic 
effect if oxygen is thought to result  in acceptor levels 
(29). But since oxygen has v i r tual ly  the same co- 
valent  radius as sulfur,  identical lattice effects should 
be expected. To explain this, the key findings resulted 
from SIMS. The expected increase i n  the background 
concentrat ion of oxygen was not  found. The oxygen 
content of all samples was found to be less than 3 X 
10~7/cm ~, below the ins t rumenta l  detection l imit  for 
the oxygen species. On the other hand, in the samples 
grown in an ambient  of pure He plus 0.7 ppm 02, the 
sulfur  concentrat ion decreased from 1 X 1027 to 3 X 
1016/cm 3. The observed lattice dilation could then be 
due in  part  to the decrease in the sulfur-based con- 
t ract ion and in part  to the lattice dilat ion resul t ing 
in  the increased concentrat ion of free holes, i.e., broken 
bonds arising from the decreased concentrat ion of 
donors associated with sulfur  (30). Reproducibly low 
film resistivities were achieved in the P - t e rna ry  layer  
(A10.4Ga0.6As) of A1GaAs-GaAs laser heterostructures 
with the combinat ion of 02, Si, and Ge in  the growth 
environment .  

The incorporat ion of dopants into GaAs or 
Al=Gal-xAs is basically not understood. It  seems fairly 
certain that  high concentrations of compensating 
centers are formed readi ly (26), bu t  it is not real ly 
known if they are impur i ty -vacancy  complexes or in -  
terst i t ial  clusters. The surpr is ingly  large lattice dila- 
tions or contractions which were found here and by  
Mull in  (5) indicate that  simple subst i tut ional  in -  

corporation, perhaps occasionally on the wrong sub-  
lattice, may not be the major  mode of incorporation. 
Calculations based on simple electron bonding will be 
in error for the same reason. As long as the lattice 
effect of the compensating centers are unknown,  com- 
putations based on covalent radii will be at best esti- 
mates. 

Conclusion 
With the demonstra t ion that Al~Gaz-=As films could 

be reproducibly grown by LPE, lattice changes due to 
impur i ty  incorporation have been measured. The ob- 
served lattice changes can be at t r ibuted to both elec- 
tronic bonding effects and ion size effects, but  the lack 
of the detailed knowledge of self-compensation effects 
makes it  impossible at this t ime to reach more than a 
quali tat ive unders tanding  of these changes. 
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Deposition of GaAs Epitaxial Layers by Organometallic CVD 
Temperature and Orientation Dependence 

D. H. Reep* and S. K. Ghandhi* 
Department of Electrical, Computer and Systems Engineering, Rensselaer Polytechnic Institute, Troy, New York 12181 

ABSTRACT 

Epitaxial  layers of GaAs have been grown in an atmospheric  organometallic CVD system, for a wide variety of gas phase 
reactant  partial  pressures and over a broad range of temperature  (450~176 The growth rates for (100), (100) + 3 ~ --* < 110>, 
(110), (111)Ga, and (111)As substrates are reported as functions of temperature  and gas composition. Three distinct  tempera- 
ture dependent  regions of growth are identified, corresponding to a mid-temperature mass t ransport  l imited range, a low- 
temperature  kinetic controlled regime, and a high-temperature desorption limited region. The growth rate is s tudied as a 
function of the growth parameters  and substrate orientation, and is related to the decomposi t ion of the two reactants tri- 
methylgal l ium and arsine. A model  for the epitaxial  growth of GaAs by the organometallic process is proposed, based on 
these findings. 

The growth  of thin ep i tax ia l  layers  of GaAs, b y  the 
organometa l l ic  CVD technique,  has received much a t -  
tent ion recent ly .  In par t icu lar ,  the use of such layers  
for optoelect ronic  (1, 2), mic rowave  (3, 4), and high 
speed digi ta l  circuits  (4) has given promis ing  results.  
This technique has also produced  layers  approaching  
the pu r i t y  and mobi l i ty  of the best  layers  grown by  the 
hal ide  or  hydr ide  techniques,  and has genera ted  much 
in teres t  due to its s impl ic i ty  and flexibil i ty.  

Compared  to the ha l ide  and hydr ide  growth  systems, 
l i t t le  has been publ i shed  in r ega rd  to the mechanisms 
of g rowth  by  the organometa l l i c  process. While  i t  is 
considered to be a "s imple"  pyrolys is  of t r ime thy l -  
ga l l ium (TMG) and arsine,  the g rowth  of GaAs films 
by  this technique ce r t a in ly  involves complex  processes. 
This is, in par t ,  due to the na tu re  of the pyro ly t ic  re -  
action, which occurs far  f rom equi l ib r ium and p re -  
cludes reversa l  of the deposi t ion reaction.  Hence, there  
is no poss ib i l i ty  of any  " reorder ing"  of the deposi ted 
GaAs film, in the sense of the revers ib le  h a l i d e / h y d r i d e  
reactions,  owing to the absence of an etching halogenic 
species in the  deposi t ion zone. This effect is most p ro-  
nounced in te rms of the resul t ing  ep i tax ia l  l aye r  mor -  
phology,  as de ta i led  in our  ea r l i e r  work  (5).  

In  this paper ,  we repor t  on the growth  of GaAs epi-  
t ax ia l  l ayers  on a va r i e ty  of subs t ra te  or ienta t ions  
[(100),  (100) + 3 ~ --> <110>,  (110), ( l l l ) G a ,  and  
( l l l ) A s  faces],  and  over  a wide range  of deposi t ion 

t empera tu re s  and reac tan t  pa r t i a l  pressures .  Vqe 
descr ibe  three  dis t inct  regions of growth:  a m i d - t e m -  
pe ra tu re  mass t r anspor t  l imi ted  region, a low t e m p e r a -  
ture  k ine t i ca l ly  control led  g rowth  regime,  and a high 
t empe ra tu r e  surface species desorpt ion l imi ted  range.  
The dependence  of the observed GaAs deposi t ion ra te  
on gas phase  reac tan t  pa r t i a l  pressures  and subs t ra te  
or ienta t ions  is considered in conjunct ion with  the ac-  
t ivat ion energies  of deposi t ion that  a re  associated with  
the three  growth  regions. A s imple g rowth  model  is 
proposed,  based on these observat ions.  

Experimental Procedure 
Epi tax ia l  layers  of GaAs were  grown by  the p y r o l y -  

sis of  a rs ine  and TMG, using hydrogen  as the  ca r r i e r  
gas. Anhydrous  hydrogen  chlor ide  was ava i lab le  for  

* Electrochemical Society Active Member. 
Key words: organometaUic, OMVPE, OMCVD, epitaxy, gallium 

arsenide. 

in situ etching of the GaAs subst ra tes  pr ior  to ep i tax ia t  
l ayer  growth.  The layers  were  deposi ted  at  t empera -  
tures  ranging  from 450 ~ to 1050~ with  the input  TMG 
par t i a l  pressure  va ry ing  f rom 4.6-37 X 10 -5 atm. 
Ars ine  flows were  also var ied  over  a wide range,  cor-  
responding to AsH3/TMG rat ios of 4.7-75 at  the reac tor  
inlet .  The hydrogen  ca r r i e r  gas flow was fixed at  5 
l i t e r s /min  for all  of the g rowth  runs  car r ied  out  for 
this study.  

The single c rys ta l  semi- insu la t ing  GaAs subs t ra te  
ma te r i a l  that  was used in this s tudy  was obta ined  from 
ei ther  Crys ta l  Special t ies,  Incorporated,  Monrovia,  
Cal i fornia  or Cambr idge  Ins t ruments ,  Incorpora ted ,  
Monsey, New Jersey.  The wafers  were  purchased  
l apped  and chem-mechan ica l Iy  pol ished on one side, 
and were  or iented (100), (100) -}- 3~ <110>,  (110), 
or ( l l l ) A s .  

The ( l l l ) G a  subst ra tes  were  p repa red  at  our  faci l -  
ity, by  mechan ica l ly  pol ishing the reverse  side of 
( l l l ) A s  wafers  wi th  successively finer grits, to a final 
0.05 /~m a lumina  (Buehler ,  Limited,  Lake  Bluff, I l l i -  
nois) polish. Af te r  demount ing  from pol ishing slugs, 
the wafers  were  c leaned sequent ia l ly  in baths  of 
methanol ,  acetone, and t r ichloroethylene .  A chemical  
pol ishing etch of 5 rain durat ion,  in a solut ion consist-  
ing of l lHNO3 (70%):  49H3PO4 (85%) at 60~ p ro -  
duced mi r ro r - l ike ,  damage  free (111) Ga surfaces (6). 

The (100), misor iented  (100), (110), and  ( l l l ) A s  
wafers  were  degreased  as descr ibed ear l ier ,  and  given 
a 1 min free etch in hot  Caro 's  acid [3H2SO4 (97%):  
1H202 (30%):  1H20, at  60~ to remove any res idual  
surface damage.  This procedure  gave m i r r o r - l i k e  sur -  
faces on al l  of these subs t ra te  orientat ions,  and r e -  
moved 15-25 ~m from thei r  surfaces. 

The ep i tax ia l  reactor  consisted of an a tmospher ic  
pressure,  horizontal ,  r f  heated,  cold wal l  sys tem as 
descr ibed ear l ie r  (7). Gases were  de l ivered  to the 50 
m m  ID quar tz  react ion chamber  th rough  316 stainless 
steel  or Monel tubing.  The subs t ra te  t empe ra tu r e  was 
moni tored  wi th  a type  R thermocouple  (P t /P t -13% 
Rh) ,  sheathed in quartz,  and inser ted  into a wel l  in 
the back of the g raph i te  susceptor.  

TMG (Alpha  Products ,  Danvers ,  Massachuset ts )  
vapor  was in t roduced  into the  reac tor  b y  bubbl ing  h y -  
drogen through  the l iquid,  which  was held  at  0~ in a 
stainless steel  bubbler .  An  LED grade,  10% mix tu re  of 
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ars ine  in hydrogen  (Ai r  Products ,  Tamaqua,  Pennsy l -  
van ia ) ,  was used to provide  AsH8 in concentrat ions  
necessary  for good ep i tax ia l  l aye r  growth.  A 1% m i x -  
ture  of electronic grade hydrogen  chlor ide  in hydro -  
gen (Ai r  Products ,  Tamaqua,  Pennsy lvan ia )  was ava i l -  
ab le  for in situ etching of the  subs t ra te  when required .  
U l t r apure  hydrogen  ca r r i e r  gas was obta ined by  p a s s -  
i n g  commercia l  grade  hydrogen  (Ai r  Products ,  Tama-  
qua, Pennsy lvan ia )  t h r o u g h  a P d - A g  a l loy  purifier.  In  
al l  cases, the  reac tan ts  were  mixed  jus t  pr ior  to en t ry  
into the  react ion chamber .  

The subs t ra tes  were  loaded into the  reac tor  immed i -  
a te ly  a f te r  chemical  e tching and  microscopic inspect ion 
of the i r  surfaces. The reac tor  was evacuated,  and  then  
purged  wi th  commercia l  grade  argon (Air  Products ,  
Tamaqua,  Pennsy lvan ia ) ,  fo l lowed by  hydrogen.  Af te r  
sufficient purging,  the des i red  flows of hydrogen  and 
ars ine were  set. For  those exper iments  involving an  
in situ etch pr ior  to growth,  the susceptor  was hea ted  
and a l lowed to s tabi l ize at  the etch tempera ture ,  
typ ica l ly  945~ Af te r  a per iod of 5 rain which  was 
considered sufficient to remove any oxide on the GaAs 
surface lef t  f rom the chemical  free etch (8), the sub-  
s t rafes  were  given an in situ etch of the type  p r ev i -  
ously  deta i led  (9). The susceptor  t empe ra tu r e  was 
then reset  and a l lowed to stabil ize at  the g rowth  tem-  
pe ra tu re  for  2 rain p r io r  to the commencement  of 
TMG flow. 

F o r  expe r imen t s  where  no in situ etch was pe r -  
formed,  the  susceptor  was hea ted  to the  growth  t em-  
perature1 and s tabi l ized for 5 rain, before  the TMG flow 
was te rmina ted ,  and  the system main ta ined  at  the  
g rowth  t empe ra tu r e  f o r  an addi t ional  3 rain. The sus- 
ceptor  was then a l lowed to cool in the A s H J H 2  a t -  
mosphere,  fol lowed by  an argon purge  af te r  the t em-  
pe ra tu re  fel l  below 200~ 

The growth  ra te  of the ep i t ax ia l  l aye r  was de te r -  
mined  e i ther  by  weight  change, when no in situ etch 
was per formed,  or  by  cleaving and staining, fol lowed 
b y  opt ical  microscope inspection using Nomarsk i  d i f -  
fe rent ia l  in te r fe rence  contrast .  Scanning electron mi -  
croscopy was employed  to s tudy  the surface mor -  
phol0gy. 

The (100) -l- 3 ~ -~ <110>  or ienta t ion  is of ten used in 
commercia l  practice.  Consequently,  an ini t ia l  series of 
exper iments  were  car r ied  ou t  wi th  s ide -by - s ide  growth  
on (100) and (100) + 3 ~ --> <110> or iented  subst ra tes  
for purposes  of comparison.  In  al l  cases, these gave 
ident ica l  g rowth  rates  and morphology,  which were  
dependent  only  on the g rowth  parameters .  Subse-  
quently,  the remain ing  exper iments  were  conducted 
wi th  s imul taneous  growth  on (110), ( l l l ) G a ,  and 
( I l l ) A s  substrates ,  in addi t ion to the  (100) + 3 ~ 
wafers,  since they  were  more  read i ly  avai lable  for this 
s tudy.  

Results 
All  of the (100) layers  (or ien ted  as wel l  as mis-  

or ien ted)  showed good surface qual i ty  over  a wide 
range  of growth  tempera tures .  Fur the rmore ,  the mor -  
phology  was found to be essent ia l ly  independen t  of the 
TMG or  ars ine  flows for these samples  as de ta i led  
ear l ie r  (5) for film growth  at  700~ However ,  layers  
grown on (110), ( l l l ) G a ,  and (111)As faces showed a 
s t rong dependence  of morpho logy  on both the ars ine 
and TMG flows. In  the ear l ie r  study,  i t  was also shown 
tha t  for  al l  g rowth  conditions, the best  morphology  for 
these or ienta t ions  was obta ined  wi th  a gas phase A s H J  
TMG rat io  at  the reac tor  inlet  in the 18-37 range.  Con- 
,sequently, the bu lk  of the growth  ra te  da ta  r epor ted  
here wi l l  fal l  in this  range  as well.  

The growth  ra te  for the (100), (110), ( l l l ) ' G a ,  and  
( l l l ) A s  samples,  p lo t ted  vs. reciprocal  t empera ture ,  
can be seen in Fig. 1 for inlet  pa r t i a l  pressures  of TMG 

1 A minimum of 700~ was used for the pregrowth heat-treat- 
ment, as this is just sufficient to rapidly remove any trace sur- 
face oxide (8). Thus, for those depositions performed below 
700~ the susceptor temperature was restabiUzed as appropriate 
following this deoxidation treatment. 
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Fig. 1. Growth rate vs. reciprocal temperature for epitaxial layers 
on (100), (110), (111)Go, and (111)As oriented GoAs substrates 
with PTMG = 1.8 • 10 - 4  arm and PAsHa ---- 3.3 • 10 - ~ a t m  
(AsHa/TMG - -  19). 

equal  to 1.8 • 10-4 arm and AstIa equal  to 8.3 • 10 -8 
arm ( A s H J T M G  _.-- 19). The appa ren t  ac t ivat ion en-  
ergies a re  shown for each or ienta t ion  and for each of 
the three  dist inct  g rowth  regions.  These are  identif ied 
as a m i d - t e m p e r a t u r e  mass t r anspor t  l imi ted  region, 
a low t empera tu r e  k ine t i ca l ly  control led  regime, and 
a high t empera tu re  desorpt ion l imi ted  range.  

Singl ing out one pa r t i cu la r  deposi t ion t empe ra tu r e  
in each of the th ree  g rowth  regions, the effect of v a r y -  
ing  the TMG or  AsH~ par t i a l  pressures  is seen in Fig. 
2-4, as a function of subs t ra te  c rys ta l lographic  or ien-  
tation. Each of these regions wi l l  be considered 
separa te ly ,  wi th  the impor t an t  fea tures  of  each noted. 

Mid-temperature, mass transport limited g r o w t h . -  
As seen f rom Fig. 1, the growth  is weak ly  dependent  on 
the deposi t ion t empera tu re  be tween  600~176 Here,  
the apparen t  ac t iva t ion  energy  ranges  f rom 1.5 to 2.4 
k c a l / m o l  as is expected  for diffusion control led  mass 
t r anspor t  l imi ted  film growth  (10). Addi t iona l ly ,  the  
growth  ra te  is r e l a t ive ly  insensi t ive  to the  subs t ra te  
or ienta t ion  in this t empe ra tu r e  region,  wi th  the  m a x i -  
mum var ia t ion  be tween  the highest  and lowest  values  
shown being app rox ima te ly  20%. 

F igures  2a and b show the growth  ra te  vs. PTMG and 
PAsHa, respect ively,  at  700~ Here, al l  subs t ra te  o r i en-  
tat ions used show the same l inear  var ia t ion  in growth  
ra te  wi th  PTMG, and independence  of g rowth  ra te  
(wi th in  the l imits  of  exper imen ta l  e r ror )  on PAsH3, as 
has been commonly  repor ted  in the l i t e r a tu re  (11-13). 
Moreover,  in this mass t r anspor t  l imi ted  regime,  the  
na tu re  of the growth  mechanisms is masked  since the 
growth  ra te  is l imi ted  by  the diffusion of the minor i ty  
species in the gas s t r eam to the growing  crys ta l  
surface. 
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Low temperature, kinetic controlled growth.--The 
deposi t ion ra te  is k ine t ica l ly  l imi ted  at  t empera tu re s  
be low a p p r o x i m a t e l y  600~ (550~ for the  ( l l l ) G a  
face) ,  showing an overa l l  ac t iva t ion  energy for the 
deposi t ion process rang ing  f rom 16 k c a l / m o l  for the 
( l l l ) A s  to 22 kca l /mo l  for the  ( l l l ) G a  (Fig. 1). 
F igu re  3a shows the effect of va ry ing  the TMG par t i a l  
p ressure  whi le  hold ing  PAsHa constant  at 500~ whi le  
Fig. 3b shows the case for  va ry ing  PAsHa at  constant  
PTMG again  at  500~ F r o m  these graphs,  one can see 
tha t  the  (100), (110), and ( l l l ) A s  or iented  layers  a l l  
behave  in a ve ry  s imi lar  manner ,  showing a s l ight  sub-  
l inea r  var ia t ion  of g rowth  ra te  wi th  PTMG and weak  
dependence  of the deposi t ion on PAsHs. In  cont ras t  to 
this, the  ( l l l ) G a  face shows s t rongly  nonl inear  be -  
hav io r  of the g rowth  ra te  wi th  PTMO, and a significant 
dependence  of g rowth  ra te  on the magni tude  of PAsHa. 

High temperature, desorption limited growth.--For 
ep i t ax ia l  deposi t ion at  t empera tu re s  grea te r  than  
850~ the  g rowth  ra te  fal ls  off wi th  increas ing t em-  
pe ra tu re  at  a ra te  which  is h igh ly  or ienta t ion  sensi t ive 
(Fig. 1). The lowest  fal l  off is seen for  the  ( l l l ) A s  face 
at  5 kca l /mol ,  whereas  the (100), (110), and  ( l l l ) G a  
faces show a fal l -off  "ac t iva t ion  energy"  of 11-12 kca l /  
tool. The g rowth  ra te  on the var ious  or ientat ions  is 
also qui te  different,  wi th  growth  on ( l l l ) A s  face be -  
ing app rox ima te ly  42% fas ter  than  the ( l l l ) G a  at  
1000~ 
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Final ly ,  Fig. 4a and b show the g rowth  ra te  vs. PTMG 
and PAsHa, respect ively ,  a t  1000~ Here, the  deposi t ion 
ra te  was found to be l inear  wi th  PTMG, wi th  growth  
being fastest  on the ( l l l ) A s  face, and  slowest  for the 
( l l l ) G a  or ientat ion,  wi th  in te rmedia te  values  for the 
(100) and (110) faces. The deposi t ion ra te  was also 
found to be independen t  of  PAsHa at  this t empera tu re ,  
for fixed PTMG, but  va r i ed  wi th  c rys ta l lographic  or ien-  
ta t ion in the  same o rde r  as above. 

Discussion 
This section in te rpre t s  our  e xpe r ime n t a l  resul ts  in 

terms of classical  g rowth  mechanisms which have  been 
descr ibed in the l i te ra ture .  Fo r  s implic i ty ,  reac t ing  
species a re  wr i t t en  as TMG and AsI-~. However ,  the  
ac tual  surface species which lead  to GaAs growth  are  
cons iderab ly  more  complex in organometa l l i e  CVD. 
Al though  the i r  na ture  is uncer ta in ,  some conjectures  
wil l  be made  based  on the ava i lab le  studies of decom-  
posi t ion of the reactants .  

In  previous  studies,  the  pyrolys is  of TIVIG and AsI-I3 
has been modeled  both wi th  a L a n g m u i r - R i d e a l  mech-  
anism (14) where  gas phase  ga l l ium species react  wi th  
surface adsorbed arsenic,  and by  a L a n g m u i r - H i n s h e l -  
wood mechanism (15) where  TMG and AsHa adsorb on 
the surface pr ior  to pa r t i a l  decomposi t ion and reaction.  
These two heterogeneous  react ion mechanisms should 
be d is t inguishable  by  the dependence  of the  growth  
ra te  on the pa r t i a l  pressures  of TMG and AsI-Ia in the 
gas phase.  
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For the Langmuir -Ridea l  case, assuming AsHa is ad- 
sorbed prior to decomposition, the growth rate, R, is 
given by  

R -- K1 9ASH3 PTMG 

where Ks is a rate constant, PTMC is the gas phase TMG 
part ia l  pressure, and #ASH3 is the surface coverage of 
arsine as predicted by the Langmui r  adsorption iso- 
therm (after (10)) 

~AsH3PAsH3 
OAsH3 "-- 

1 q- flAsHaPAsH3 

Here, PAsHa is the arsine gas phase partial pressure 
and #AsHa is the ratio of the rate constant for adsorp- 
tion of arsine to the rate constant for desorption. If 
#AsH3 PAsH~ >> 1 due to strong arsine adsorption, then 
this equation reduces to 

R = K1 PTMG 

SO that  the predicted growth rate is l inear ly  dependent  
on the part ial  pressure of TMG, and independent  of the 
AsI-I8 overpressure. 

The Langmuir -Hinshelwood model for noncompet i -  
tive adsorption of TMG and AsHa2 followed by sur-  
face reaction predicts that 

R : K26AsH8 8TMG 

~Noncompetitive surface adsorption is expected, due to the 
strong Lewis acid-Lewis base interaction of AsH3 with a Ga sur- 
face atom, or of an As surface atom with TMG. Thus, a two site 
adsorption mechanism is probable, as a result of this complexing 
of the reactants with the surface (16). 

where the terms are analogous to those defined for the 
Langmui r :Ridea l  case, and 

K2flAsHsflTMGPAsH3PTMG 
R :  

(i + ~AsHaPAsH3) (I+ #TMGPTMG) 

SO that the predicted growth rate is sublinear in both 
TMG and Asl-l~. This equation also assumes no hinder- 
ing effect of desorption of reaction by-products such 
as CI-14 as has been experimentally verified (16). 

Mid-temperature, mass transport limited region.-- 
In  the temperature  range from 600~176 the ob- 
served growth rate is l inear ly  dependent  on the TMG 
part ial  pressure and independent  of the AsHa part ial  
pressure. This is as expected for growth which is l im-  
ited by diffusion of the less abundan t  species to the 
crystal surface. Moreover, the surface reactions pro- 
ceed faster than this diffusion process, so that  informa-  
tion on the growth rate gives little insight with respect 
to the mechanisms of reaction in this temperature  
range. Independence of growth rate on crystallographic 
or ientat ion is also observed, since the surface de- 
pendent  processes are effectively masked by the na ture  
of the mass t ranspor t  l imited growth. 

Low temperature, kinetically controlled growth.-  
Our results show that, over this tempera ture  range, 
the growth of GaAs is subl inear  with respect to both 
TMG and AsH~ for all substrate orientations (Fig. 3a  
and b) .  Thus, the Langmuir -Hinshe lwood model can 
be used to describe the growth process. Here, the ad-  
sorption of both arsenic and gal l ium species plays a 
role in  this deposition. However, we propose that  pro:  
cesses associated with arsenic adsorption dominate, 
since the growth rate on the ( l l l ) G a  face is higher 
than that  on the ( l l l ) A s  face. 

In  this region, the measured activation energy for 
the deposition of GaAs on the (111)Ga face is 22 kcal /  
tool. Since this is very near ly  the same as the energy 
measured for the heterogeneous decomposition of AsHa 
(23.2 kcal/mol,  (17)) corresponding to rapid removal  

of the first H atom subsequent  to adsorption, we postu- 
late that  the adsorption and rapid decomposition of ar-  
sine on the growing surface is the dominant  process. 
Further ,  the lower value for the activation energy on 
the ( l l l ) A s  face (15 kcal /mol)  suggests that the pres-  
ence of the Ga-bear ing  reactant  enhances the probabi l -  
i ty of chemisorption of ASH2, probably as a result  of 
coordination with these species. We expect this coordi- 
nat ion to follow the gas phase part ial  pressure of the 
minor i ty  species (TMG), such that the decomposition 
remains  a strong function of the minor i ty  reactant,  as 
is verified by the exper imental  results of Fig. 3a. 

The availabi l i ty of many  coordination sites for AsI-I3 
on the (111)Ga face should result  in the growth being 
a funct ion of the AsH3 part ial  pressure, as seen in Fig. 
3b. On the ( l l l ) A s  face, however, the growth should 
be relat ively independent  of the AsH~ overpressure, 
since this surface provides an abundance of As atoms. 

In  the previous s tudy (15), an activation energy of 
13 kca l /mol  was measured for the low temperature,  
surface catalyzed reaction of TMG and AsHa, where 
no oriented single crystal substrate was present.  A 
value of 13 __. 5 kcal /mol  was reported previously (14), 
for the growth on (100)GaAs substrate material .  Both 
of these values compare favorably with our results. 

Thus, the growth of GaAs films at ]ow temperatures  
is aided by the adsorption of both reactants  leading to 
significant deposition even at low temperatures,  where 
homogeneous AsI-i3 decomposition cannot take place to 
any  significant extent  (18). Finally,  comparison of the 
value for the third GaCH3 bond dissociation energy 
(77.5 kcal /mol)  (19) and the observed activation en-  

ergy of GaAs deposition indicates that  no gas phase re-  
actions are expected to occur in this temperature  range. 

High temperature, desorption limited region.--In 
this region (>850~ the growth rate falls off with in -  
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creasing t empera tu re .  This can be caused by  gas phase 
deple t ion  effects (which were  not  observed at  the flow 
ra tes  used in our  exper imen t s )  or  by  increased desorp-  
t ion of reac tan t  species. We note, however,  tha t  the 
g rowth  ra te  var ies  l i nea r ly  wi th  PTMG and is inde-  
penden t  of the ars ine  overpressure  to t empera tu res  as 
high as 1050~ This would  indicate  tha t  the dominan t  
factor  control l ing growth  in the high t empe ra tu r e  
range  is the desorpt ion  of the ga l l ium species and not  
the arsenic  species (14). Fol lowing  this l ine of r ea -  
soning, we would expect  the ga l l ium species to be 
more  s t rong ly  adsorbed  on the ( l l l ) A s  face, resul t ing 
in a s lower fa l l  off wi th  t empera tu re  than  for the 
( l l l ) G a  or ientat ion.  Moreover,  we would expect  the 
g rowth  ra te  to be h igher  on the ( l l l ) A s  face due to 
the l a rge r  n u m b e r  of ava i lab le  ga l l ium k ink  sites. Both 
of these observat ions  were  noted in our  exper iments  
(see Fig. 1 and 4). 

Al though desorpt ion  of the ga l l ium species is the 
control l ing factor,  an impor tan t  considerat ion is that  
g rowth  takes  place in an excess arsenic  overpressure .  
Thus, the observed  g rowth  behavior  may  be exp la ined  
by  the Langmui r -Hinshe lwood  model  (both  species 
surface adsorb  pr io r  to react ion) ,  where  

~AsH3 PAsRS > >  1 and flTMG PTMG < <  1 

Under  these condit ions of r e l a t ive ly  s t rong As adsorp-  
tion, and  increas ing  Ga-species  desorpt ion 

R ~--- K2 PTMG 

as seen in our  expe r imen ta l  resul ts .  
We have ru led  out deplet ion react ions as a cause for 

the observed high t empera tu re  growth  ra te  fal l  off for 
three  reasons.  Firs t ,  we observed  no gas phase react ion 
products  e i ther  in the gas s t ream or  on the reactor  
wal ls  in the  v ic in i ty  immed ia t e ly  preceding  the hot 
susceptor,  at  the gas flows used in our  work  ( total  flow 

5 l i t e r s / m i n ) .  Second, we observed no dependence  
of the  fal l  off in growth  ra te  on the AsI-I~ p a r t i a l  p res -  
sure. This rules out gas phase TMG-AsH3 coordinat ion 
react ions  of the type  repor ted  for the  growth  of 
GaInAs,  where  deple t ion  of In f rom the gas phase in-  
creased monotonica l ly  wi th  PAsHa (20). Third,  the pos-  
s ib i l i ty  of  pa r t i a l  gas phase  decomposi t ion of TMG 
lead ing  to po lymers  of t h e f o r m  (GaCH3)n seems un -  
l ikely ,  since these po lymers  should react  r ead i ly  wi th  
AsH3 at  low t empera tu re s  (15, 16). 

Nature of the surface species.--The form of the ga l -  
l ium and arsenic  bear ing  species on the c rys ta l  surface 
has not ye t  been expl ic i t ly  de termined.  However ,  
severa l  s tudies of the  kinet ics  of TMG decomposi t ion 
(19), the decomposi t ion of ars ine  (17), the  in terac t ion  
of TMG with  an arsenic film (21), and  the surface in-  
te rac t ion  of TMG wi th  AsH3 (15, 16) can be used to 
gain some insight  into the i r  nature .  

The s tudy  of the decomposi t ion kinet ics  of TMG (19) 
gave dissociat ion ac t iva t ion  energies  of 59.5, 35.4, and 
77.5 k c a l / m o l  for  the  first, second, and  th i rd  GaCtt8 
bonds, respect ive ly .  Fo r  the t empe ra tu r e  range  of 
400~176 decomposi t ion led to only format ion  of 
Ga -bea r ing  polymers ,  p r e s u m a b l y  (GaCH3). ,  in add i -  
t ion to CH4, C2Hs, and  to a much smal le r  extent ,  sev-  
e ra l  more  complex  hydrocarbons .  Moreover,  the ra te  
constant  for the  dissociation of the  first GaCH3 bond 
was cons iderab ly  h igher  than  that  of the second bond, 
even though its ac t ivat ion energy  was higher.  Thus, 
the ra te  l imi te r  for the the rmal  decomposi t ion of TMG 
is in a l l  p robab i l i t y  the  b reak ing  of the last  GaCHs 
bond. 

A s tudy  pe r fo rmed  on the decomposi t ion of AsH~ 
(17) suggested that  the  ra te  l imi te r  in this case is the 
remova l  of the first hydrogen  a tom or the  energy for 
d i rec t  chemisorpt ion  onto the  surface. Moreover ,  the 
chemisorpt ion  onto an As surface 

AsH3 (g) --> ASH2* + H* 

(where  the * denotes su r face -adsorbed  species) has 
been found to proceed wi th  a r e l a t ive ly  low act iva t ion  
energy  of 23.2 kca l /mol ,  wi th  subsequent  hydrogen  re-  
lease being more rapid.  In a l a te r  s tudy (16), AsH3 was 
found to decompose over  GaAs at  172~ by  a surface 
ca ta lyzed reaction,  lending suppor t  to the notion of its 
easy chemisorpt ion fol lowed by  rap id  decomposit ion.  

A recent  s tudy  de ta i l ing  the homogeneous  b r eak -  
down of AsI-Ia using mass spectroscopy showed that  the 
p reva len t  b r eakdown  products  are  As and H2 below 
620~ with  As2 and As4 format ion  occurr ing only  at  
h igher  t empera tu res  (22). A s tudy of the AsH3 content  
of the gas s t ream of a cold wal l  o rganometa l l i c  CVD 
reactor  nea r  the end of the decomposi t ion zone has also 
demons t ra ted  significant amounts  of undecomposed 
AsH3 are  present  for a susceptor  t empe ra tu r e  of 70O~ 
(23). This s tudy  prov ided  addi t iona l  evidence of en-  
hanced AsH3 b reakdown  in the presence of a GaAs 
substrate .  Thus, at  the growth  t empera tu re s  commonly  
used for organometa l l ic  deposi t ion of GaAs, the l imi ted  
communicat ion be tween the gas s t ream and hot  sus-  
ceptor  at typical  flow rates  combined with  the surface 
ca ta lyzed b reakdown  of AsH8 would  suggest  that  the 
amount  of As2 and As4 presen t  wi l l  be less than tha t  
p red ic ted  by  thermodynamics .  

The in terac t ion  of TMG and AsI-I3 enhances the 
b reakdown  of the G a -be a r ing  reactant .  Suppor t  of this 
comes from the observa t ion  tha t  hea ted  mix tures  of 
TMG and AsH3 give products  of the form (CH3)3-~- 
GaAsHs-y  which even tua l ly  evolve to GaAs by  420~ 
(15). Moreover,  these pa r t i a l  decomposi t ion products  
react  wi th  AsH3 at  t empera tu re s  as low as 364~ to 
give GaAs (16), and TMG breaks  down in the presence 
of an a rsen ic-coa ted  surface at  t empera tu res  in the 
vic ini ty  of 285~ (21). In  contrast ,  the  decomposi t ion of 
TMG to ga l l ium in the absence of an As -bea r ing  
species has not  been observed be low 800~ (19). 

Based on these observat ions,  we propose tha t  the 
most p robable  s i tuat ion is tha t  GaCI5~* and AsH* are  
the p r i m a r y  reac tan t  species on the growing surface. 
Moreover,  the abundance  of hydrogen  (PH2 ~ 1 a tm)  
in our  system should lead to a large  surface popu la -  
t ion of ASH*, and promote  dissociat ion of Ass and As,  
species. The deposi t ion react ion may  fol low 

GaCH3* + AsH* --> (CH~Ga --  AsH)  * 

(CH~Ga --  AsH) * --> GaAs(s~ + CH4(g~ 

Thus, at  g rowth  t empera tu res  above 420~ the se- 
quent ia l  demethy la t ion  of (CHs)8 -zGaAsHs-y  seems 
unlikely,  in v iew of the p robab le  surface ca ta lyzed  
format ion  of CHsGa-AsH. 

An a l t e rna te  v iewpoin t  is that  GaCH3* is chemi-  
sorbed on the surface and diffuses to a ga l l ium k ink  
site where  i t  even tua l ly  forms GaAs. This process is 
enhanced by  the presence of arsenic, so that  this reac-  
tion most p robab ly  proceeds as follows 

AsH* -> ASAs + H* 

GaCH3* + ASAs + H* --> GaAscs~ + CH~cg~ 

where  AsAs denotes arsenic  on an arsenic  la t t ice  site. 
F inal ly ,  the react ion may  be a ided by  the format ion  of 
C2H6, as detected both in the absence of  AsH~ (19) as 
wel l  as in its presence (24). This would  correspond to 

2ASH* --> 2AsAs + H2r 

2GaCHs* + 2ASAs--> 2GaAs~s~ +4- C2H6~g~ 

We note, however ,  that  this s i tuat ion is less p robable  
than  the previous,  since TMG is the lesser  reac tan t  and 
much less abundan t  than  hydrogen.  Moreover,  the ex-  
cess of the  As-species  would  suggest  tha t  in terac t ion  
of the adsorbed  Ga-  and A s -be a r ing  reac tants  would  
occur fas ter  than  the Ga-species  would  find a la t t ice  
k ink  site. The dist inct ion here  is whe the r  mobi le  Ga-  
and As -bea r ing  r eac tan t s  diffuse to the i r  appropr i a t e  
k ink  sites p r io r  to decomposing,  or whe the r  these 
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species interact to form a mobile (CH~Ga-AsH)* 
complex 3 which diffuses to the growing crystal step. 
Neither of these cases greatly alters the growth model, 
as both should fit a Langmuir-Hinshelwood type reac- 
tion and will be indistinguishable based on studies of 
the reactant input partial pressures and overall deposi- 
tion process. 

The gas phase complexing of AsH3 with TMG has 
not been detected (15); however, the possibility of 
such a complex diffusing to the crystal surface and 
heterogeneously decomposing cannot be entirely ruled 
out. 

In summary, therefore, the actual gas phase and sur- 
face reaction processes are quite complex. However, 
the primary result of these processes is the strong ad- 
sorption of GaCH~* and AsH* on the surface of the 
gallium arsenide over the useful practical range of 
growth temperatures. 

Conclusions 
We conclude that the deposition of GaAs epitaxial 

layers by the pyrolysis of TMG and AsH~ most prob- 
ably occurs following a Langmuir-Hinshelwood type 
reaction. That is, both the gallium- and arsenic-bearing 
reactants are expected to adsorb on the growing crystal 
face prior to reaction. Furthermore, such a reaction is 
heterogeneous in nature, and no evidence of gas phase 
reactions was found even in the high temperature 
range. 

Three distinct growth regions were identified as the 
deposition temperature was increased from 450 ~ - 
1050~ The low temperature kinetically controlled 
growth regime was characterized by an orientation 
dependent deposition rate and activation energy that 
suggest the chemisorption and subsequent decomposi- 
tion of the As-bearing species is essential to the growth 
in that region. Furthermore, the deposition in this 
range was found to vary sublinearly with the gas 
phase partial pressures of both the Ga- and As-bearing 
reactants, as predicted by the Langmuir-Hinshelwood 
model. From approximately 600~ a mass trans- 
port limited growth region was observed. Here, the 
apparent activation energy for the deposition of GaAs 
epitaxial layers corresponded to growth which was 
limited by reactant diffusion through a stagnant 
boundary layer. Finally for temperatures above 850~ 
a decrease in the layer growth rate with increasing 
temperature was noted. This was explained on the 
basis of GaCH8 desorption, since even in that region, 
the growth was independent of the gas Stream partial 
pressure of ASH3. The substrate orientation depen- 
dence of the observed high temperature fall off in 
deposition rate was used to provide evidence of a lack 
of significant depletion effects for our reported flow 
conditions, and to give further support to the Lang- 
muir-Hinshelwood growth model. 

3 This ease is essentially analogous to that suggested to explain 
experimental results for the halide growth of GaAs, where AsGaC1 
is thought to be the mobile reactant responsible for deposition (25). 
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ABSTRACT 

The uranyl  ion has rather unique stereochemistry,  and its ul t raweak electron transfer bands are compared with other 
t ransi t ion-group spectra. The 6 most recent MO calculations are shown to be inconclusive about the distr ibution of the many 
exci ted levels. The first excited state has very different chemical propert ies  compared with the ground state, reacts with 
polarizable cations and anions, and shows a potent  photochemistry  of electron and of hydrogen atom abstraction. Its fluo- 
rescence (with much higher quantum yield in glasses than in aqueous solution) can be used for flat-plate concentrators of 
solar energy. 

The  fluorescence of u r a n y l  compounds first studied 
by  Brews te r  1833 a l lowed Stokes to formula te  his law 
(of photon  energies  lower  or  equal  to the beginning 
of the first absorpt ion  band)  in 1852 and p layed  an in-  
c idental  (but  fa te -changing)  role in Becquerel ' s  d is-  
covery  of rad ioac t iv i ty  in 1896. Con t ra ry  to absorpt ion  
spec t ra  app rox ima te ly  fol lowing Beer 's  law, the  s tudy  
of luminescence  lacks notor ious ly  a p ropor t iona l  (or 
even a monotonic)  dependence  of in tens i ty  on concen- 
t rat ion,  and in m a n y  cases, a t iny  concentra t ion of an 
"ac t iva tor"  ( f requen t ly  of unknown const i tut ion)  p ro -  
vides the fluorescence. On the o ther  hand, efficient 
energy  t rans fe r  to quenchers,  or  concentra t ion quench-  
ing due  to c ross - re laxa t ion  (1) m a y  p reven t  the l ight  
emission. The first inorganic  s toichiometr ic  compound 
not  needing  a trace ac t iva tor  was a u rany l  salt .  This 
does not  p reven t  that  also u r a n i u m ( V I )  f requen t ly  
acts as ac t iva tor  (1-6) in vi t reous  and crys ta l l ine  
solids. 

The in te rp re ta t ion  of exci ted states of luminescent  
species usua l ly  goes th rough  a p r e l i m i n a r y  s tudy  of 
the absorpt ion  spect rum.  In most of this century,  there  
has been  genera l  ag reement  that  the  na r row absorpt ion  
bands  of t r iva len t  lan thanides  (of which the posit ions 
h a r d l y  depend  on the l igat ing atoms)  represen t  t r ans i -  
t ions to exci ted  J - l eve l s  of a pa r t l y  filled 4f shel l  (1), 
and in 1933, the  same proposi t ion was made  for green 
5f 2 u r a n i u m ( I V )  compounds,  which  recen t ly  (7) could 
be  compared  wi th  U +4. This is so much more  r e m a r k -  
ab le  as the  only  gaseous M +3 of the  4f group wi th  
ident if ied J - l eve l s  are  Ce +8, P r  +8, and Yb +~. On the 
o ther  hand, the  ass ignment  of the (usua l ly  b roader )  
absorp t ion  bands  of d -group  compounds only  deve l -  
oped a f te r  1954 (8, 9). The  two main  categories are  
" l igand field" t ransi t ions  (9, 10) be tween  approx i -  
ma te ly  nonbonding  and an t ibonding  orbi ta ls  be -  
longing to the pa r t l y  filled d-shel l ,  and e lec t ron t r ans -  
fer  spec t ra  (8, 11) o~ which  the most common type  
involves  one (or severa l )  reducing l igands  loosing one 
e lec t ron to e m p t y  or  pa r t l y  filled d - l ike  orbi ta ls  cen-  
t e red  on an oxidiz ing atom. 

Since ce r i um( IV)  is a c losed-shel l  sys tem isoelec-  
t ronic  wi th  xenon, there  was no doubt  tha t  the broad  
absorp t ion  bands  in the  near  u l t raviole t ,  p rovid ing  the 
orange  to ye l low colors, are  due to e lec t ron transfer ,  
and  the h igh  w a v e - n u m b e r s  for 4f ~ 5d exci ta t ion  (1) 
in c e r i u m ( I I I )  and the detect ion (12, 13) of e lec t ron 
t ransfe r  bands  in 4f 8 eu rop ium( I I I ) ,  4f is y t t e r b i u m  
(III) ,  4f 5 s a m a r i u m ( I I I ) ,  and 4f 12 t h u l i u m ( I I I )  lef t  no 
doubt  tha t  the e lec t ron goes to the  4f shell. In  v iew 
of the  ground states of U(V)  and U ( I V )  belonging to 
5f 1 and 5f 2, it  was h igh ly  l i ke ly  tha t  the  ye l low colors 
of u r any l  compounds are  due to e lec t ron t ransfe r  to the  
e m p t y  5f shell .  

Key words: inorganic, solar, visible, quantum theory. 

The crys ta l  s t ruc tures  (14) f r equen t ly  show a l inear 
OUO +2 group, wi th  the U-O dis tance as short  as 1.7- 
1.8A, to be compared  wi th  distances be tween  2.2 and 
2.5A to 6 or  5 oxygen or fluorine atoms in the equator ia l  
plane. Like CO2 and CO, the u r any l  ion lacks pro ton  
affinity in solution, and the ve ry  slow 1sO exchange 
shows that  tau tomer ic  r ea r r angemen t  to U(OH)4  +~ 
does not  occur. At  this point,  the chemis t ry  of U ( V I )  
is s t r ik ing ly  different  f rom C r ( V I ) ,  M o ( V I ) ,  and 
W ( V I )  but  shows some s imi la r i ty  (15) wi th  trans- 
dioxo oc tahedra l  complexes  of the d iamagnet ic  ( two 
electrons in a nonbonding  x y - o r b i t a l )  4d 2 ru then ium 
(VI) ,  5d 2 rhen ium (V),  and 5d 2 o s m i u m ( V I ) .  

Seen f rom a spectroscopic poin t  of view, i t  is su r -  
pr is ing tha t  the first e lec t ron t ransfe r  band  of u r any l  
ions occurs a l r eady  close to 20,000 cm - I  (2.5 eV) when 
compared  wi th  mo lybda te  (43,200 cm - I )  and tungsta te  
(50,300 cm -1) of s imi lar  chemical ly  oxidiz ing charac-  
ter. These te t roxo complexes  (16, 17) also show un-  
expected t rends  compared  wi th  hexaha l ide  complexes 
(11). Though the orange CrO3X-  have the i r  first 
e lect ron t ransfe r  band  ear l ie r  than  the unsubs t i tu ted  
chromate,  the wave  number  h a r d l y  depends  on X = 
F, C1, Br, or  OH, and the usual  t r ea tmen t  of opt ical  
e lec t ronegat iv i t ies  (9, 11) useful  not  only  for halides,  
but  also for  many  o ther  l igands,  is not as convincing 
for oxide (1, 18). I t  m a y  be noted that  the p a r a m e t e r  
30,000 cm -1 (a l lowing xopt for hal ides  to have the P a u l -  
ing values of the e lec t ronega t iv i ty  x) most unexpec ted -  
ly  has shown up (19, 20) as the product  of 8.7 eV and 
xopt being roughly  1 eV lower  than  the lowest  ioniza-  
t ion energy  I of gaseous ha l ide  molecules,  and 0-1 
eV higher  than  I of solid halides. The a ppa ren t l y  
excessive oxidizing charac te r  of U (VI) is also r e m a r k -  
ab le  (6, 21) by  comparison of UF6 and WF6. 

I t  is ve ry  character is t ic  for u r any l  complexes  that  
they  are  h ighly  anisotropic  (22), the  (much broader ,  
and re la t ive ly  more intense)  e lect ron t r ans fe r  bands  
due to reducing l igands in the  equator ia l  p lane  have 
wave  numbers  in much be t t e r  ag reemen t  wi th  Xopt 
de t e rmined  f rom m a n y  o ther  complexes.  Thus, the 
fox - r ed  color, of u r any l  complexes  of su l fur -conta in ing  
l igands  and of ferrocyanide,  and orange UO214 -2, in-  
dicate Xopt of U ( V I )  as low as 1.8; whereas ,  Xopt = 
3.1 for the  two oxo l igands would  provide  Xopt " ~  2.4 
for U ( V I )  to be compared  wi th  1.8 (1.5, when  cor-  
rec ted  for sp in -pa i r ing  energy)  for U ( I V )  in  UI6 -2  
(22). 

The anomalous  low wave n u m b e r  of the  e lec t ron 
t ransfe r  band due to the two l igands wi th  except ion-  
a l ly  shor t  U-O in te rnuc lea r  distances is not  the only 
enigmat ic  aspect  of the  u r any l  ion. The osci l la tor  
s t rength  P (cal led f b y  many  authors)  is 4.32 �9 10 -9  
t imes the in tegra ted  area  of the mola r  ext inc t ion  co- 
efficient as a function of the wave  number ,  and is 7.2 
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�9 10 -5 for  the whole  blue and violet  region be tween  
20,000-25,000 cm - i  (23) now known to represent  a t  
least  four  electronic t ransi t ions  as discussed below. 
This value  is only  one o rde r  of magni tude  higher  
than for the  n a r r o w  bands  of t r iva len t  lan thanides  (1) 
and is much smal le r  than  10-" character iz ing pa r i t y -  
forb idden t ransi t ions  (8) f rom even MO to d - l ike  
orbi ta ls  in hexaha l ide  complexes,  or  0.02-0.5 for cor-  
responding p a r i t y - a l l o w e d  t ransi t ions  from odd MO. 

In so far  as the exci ta t ions  are  mani fes t ly  localized 
wi th in  the  t r ia tomic  u rany l  group, there  is no longer  
any doubt  tha t  these u l t r aweak  t ransi t ions  are  a l l  
parity-forbidden and, hence, go from ~u or ~u orbitals 
formed mainly from oxygen 2p orbitals on a LCAO 
picture (6) to the empty 5f shell. There are certainly no 
parity-allowed transitions below 30,000 cm-i; whereas, 
a rather indefinite background slope is raising at 
higher energies (2). It has been noted for a long time 
(23, 24) that the absorption spectrum consists of a 
roughly equidistant series of maxima with the distance 
around 700 cm-L The fluorescence emission spectrum 
typically shows 5-6 approximately equidistant peaks 
(one coinciding with the Stokes threshold at 20,600 
cm - I  or 485 nm in the aqua ion) with a separation 
close to 850 cm -I. This increased difference is in- 
terpreted as vibrational structure, the electronic 
ground state having a higher force constant than the 
excited state. The large Stokes shift indicates the 
equilibrium internuclear distances to be considerably 
elongated in the excited state. 

However, it cannot be justified to speak about one 
3xcited state. It seems to be a numerical accident that 
the energy differences between several electronic 
states happen to be close to a multiple of the lower 
vibrational wave number, and still the intensity dis- 
tribution and the variation of subsequent distances are 
perceptibly irregular. This situation was clarified by 
the careful study of Cs2U02C14 at liquid helium tem- 
perature by Denning, Snellgrove, and Woodwark (25) 
using isotopic IsO substitution to shift the vibrational 
structure and identify I i  electronic origins between 
20,096 and 27,758 cm-L It had previously been noted 
(24, 26) that the appropriate quantum number (be- 
sides even or odd parity) to use in the linear uranyl 
ion is 11 being O +, O-, or a positive integer (I0, 27) 
having the same relation to J in spherical symmetry 
as A has to L. In particular, states with well-defined 
Mj have t~ = iMj]. The excited states of the uranyl 
ion are rather unique by combining strong effects of 
spin-orbit coupling (2F7/2 of 5f i is situated (28) 7609 
cm - I  above 2F5/2 in gaseous U +5, and the absorption 
spectrum of aqueous uranyl perchlorate (24) seems to 
repeat itself after 7900 cm -1 above the first origin) 
with almost coinciding energy of at least four 5f-like 
orbitals with symmetry types Cu and 8u. One corollary 
(26) is that it has no meaning to discuss whether the 
excited states (14) are triplet (S ~ I) or singlet. 
The  two MO of s y m m e t r y  type  ~a are  expected  to 
have the component  ~ ~- 3/2 a t  s l ight ly  h igher  energy  
than  ~ = 1/2. This sepa ra t ion  is ha rd ly  due to spin-  
orbi t  coupl ing opera t ing  close to the oxygen  nuclei, 
bu t  could be a few thousand cm ~ by  par t ic ipa t ion  of 
the  empty  U7p or  filled U6p in LCAO descriptions.  
The ~a has exac t ly  ~ = 1/2. Each of such two ~ values  
provides  16 ~ values  by  t ransfe r  of an e lect ron to the  
5f shell. The lowest  exci ted  s tate  (25) has selection 
rules in po lar ized  l ight  c lea r ly  indica t ing  ~ _-- 1. This 
can be  i n t e rp re t ed  as t ransfe r  of ~,  (~ --  3/2) to the 
lowest  (~  = 5/2) component  of 2F5/2 represen t ing  
about  equal  squared  ampl i tude  (24) of Cu and 8u. An-  
o ther  a l t e rna t ive  is t ransfe r  of Cu (~ ~ 1/2) to the  
(~  = 3/2) component  of 2F5/2 expected  (29, 30) to be 
some 2000 cm - i  above  the (~  ~_ 5/2) component .  
However ,  i t  is conceivable  tha t  the l igands in t h e  
equa tor ia l  p lane  destabi l ize  Cu to a s l ight ly  l a rge r  ex-  
tent  than  8u. Denning et aL (25) assign six ~ values  

to the  11 origins found in Cs2UO2C14, the  t e t r agona l  
s y m m e t r y  induced by  the four  equator ia l  chlor ide  
l igands spl i t t ing  posi t ive even a value by  severa l  
hundred  cm -1. Denning prefers  the second a l ternat ive ,  
but  this question is by  far  not  resolved (6). I t  is 
beyond dispute  that  severa l  (of at  least  16) a values 
correspond to weak  t ransi t ions  h idden in the back-  
ground. 

One might  have hoped that  MO calculat ions might  
th row l ight  on the p rob lem whe the r  ~u or ~u is most 
read i ly  excited. There  have been severa l  p r e v i o u s ' a t -  
tempts  (14), but  Table  I gives the pred ic ted  ionizat ion 
energies I in eV ( =  8055.48 cm -1) of four  re la t iv is t ic  
calculat ions (31-34) at a high level  of sophistication,  
and  of one pa ramete r i zed  ex tended  Hiickel  calculat ion 
(35). Wadt  (36) is in teres ted  in the gaseous mole-  
cule ThO2 (known to be bent  at 122~ and Table  I 
includes the results  for l inear  ThO2 wi th  the dis tance 
R --  1.92A and for the isoelectronic U Q  +2 assuming 
the short  R = 1.64A. Both Walch and Ellis  (31) and 
Boring and Wood (33, 34) agree wi th  the Denning 
hypothesis  ( that  ~u is the highest  occupied MO),  bu t  
in al l  three  cases, even MO occur less than 1 eV below 
Vu. This difficulty does not  occur for Pyykk5  and Lohr  
(35) nor for the ThO2 calculat ion (36); whereas ,  t h e  
two o ther  u rany l  calculat ions (32, 36) have  an even 
MO highest. The precis ion of these resul ts  does n o t  
seem be t t e r  than 2 eV, making  them inconclusive f or  
the descr ip t ion  of the e lect ron t ransfe r  spectrum.  I t  
mus t  be said in al l  fairness tha t  the  o rde r  of MO en-  
ergies is more  significant than  the ze ro-po in t  of e n -  
e r g y .  The neglect  of a background  Madelung potent ia l  
for  the u rany l  cation has increased the four  f irs t  
l ines of Table  I by  a contr ibut ion  of the  order  10 eV, 
but  four  calculat ions (on a comparab le  level  of so-  
phis t ica t ion)  of the neu t ra l  molecule  UF6 (33, 37-39) 
also scat ter  by  severa l  eV (6) though much be t t e r  
agreement  exists about  the o rde r  of MO energies,  and  
the resul t  that  the h ighest  occupied MO are  the t lu 
in contradis t inct ion to rig in al l  o ther  neu t ra l  hexaf luo-  
r ides and hexaha l ide  anions. The dispers ion of resul ts  
for the u rany l  ion in Table  I is comparab le  to the  
effect of th rowing  dice. 

A very interesting aspect of the calculations is that 
the squared amplitude of U5f character in the highest 
filled ~u orbital is 0.87 by Pyykk5 and Lohr (35), 
0.59 by Boring and Wood (33), and in the results 
of Wadt (36) 0:57 for UO2 +2 (though here, ~g is the 
highest MO), and 0.25 for linear ThO2. A squared U5f 
amplitude well above 1/2 would mean that the visible 
absorption of uranyl compounds is not strictly speak- 
ing due to electron transfer, but to an electron jumping 
from a bonding to approximately nonbonding 5f-like 
orbitals, and also that the conditional oxidation state 
(9) of the ground state is U[IV]. This hypothesis has 
been further analyzed (40), and it is argued that if 
Denning's proposal of lower excitation energy of Vu 
than  of ~u is valid,  i t  is r a the r  due to "pushing  f rom 
below" by  the filled U6p orbi ta ls  having  modera te  I. 
The l a t t e r  explana t ion  is recognized in UF6 (33, 38) 

Table 1. Calculated molecular orbital (MO) ionization energies 
in eV 

5f (~  5f  (~  
R e f .  = 3 / 2 )  = 5 / 2 )  ~u vu ~ f  ~R 

(31)  22.0 22.2 22.5 25.3 24.5 23.5 
(32)  24.0 24.3 26.5 25.6 24,6 26.3 
(33) 19.6" 23.1 23.6 23.5 24.9 
(34) 1 ~ 8  19.52 23.0 23.3 23.2 24.6 
(35) - -  - -  10 12 13 13 
(36) ,  UO2 +2 - -  - -  29.5 29.4 29.5 28.7 
(36) ,  l i n e a r  - -  - -  8.8 10.7 11.9 12.3 

ThO~ 

* T h i s  v a l u e  i s  o b t a i n e d  b y  c o r r e c t i n g  I = 19.09 e V  r e p o r t e d  for  
Cu a n d  ~u b y  t h e  s p i n - o r b i t  s t a b i l i z a t i o n  0.54 e V  in g a seo us  U *~. 
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where the squared U6p amplitude in the highest oc- 
cupied MO (tlu) is 0.09 and 0.07, and the large calcu- 
lated spin-orbit  coupling corresponds to about a- tenth 
U6p character (6). By the same token, Wadt (36) finds 
0.09 in UO2 +2 and 0.15 Th6p character in l inear ThO2. 
Several authors (34, 36) point out that the U6p charac- 
ter increases strongly as a function of decreasing R. 
Hence, the high energy of r is a specific effect of very 
short R. 

This whole grid of rationalizations may have a 
weak point, All  MO calculations tend to overestimate 
the extent of covalent bonding, when the d- or f-shell 
of a transit ion-group central atom has the same (or 
slightly higher) ionization energy I as the loosest 
bound orbitals of the ligands. A closer analysis (41- 
43) shows that this paradox has its root in the electron 
affinity of the par t ly  filled shell (being much smaller 
than I in the case of small average radii) being the 
significant quantity to be compared with I of the 
ligands. It would seem that the calculations (33, 35, 36) 
predicting the squared amplitude of U5f in Vu to be 
above ~ are influenced by the somewhat accidental 
coincidence of (predicted) I (U5f) and I (O2p). At 
this point, it should not be neglected that I (O2p) of 
solid oxides is known from photoelectron spectra (19, 
20, 41) to fall in the interval 10-11 eV in most cases, 
and I (F2p) of solid fluorides usually between 12-13 eV. 

The first excited state of the uranyl ion is notable 
both for its fluorescence and for its extensive photo- 
chemistry (2, 14, 44, 45). An excited state living for 
longer than some 10 -9 sec looses its vibrational energy 
to the thermal reservoir of the surrounding condensed 
matter, and remains in the vibrational ground state 
(if the frequencies are much higher than kT) of the 
electronically excited state. Adamson (46, 47) calls 
such thermally equilibrated excited states "thexi" 
states. Frequently,  their chemistry is highly different 
from the electronic ground state, corresponding to 
noble-metal  central atoms with conspicuous chemical 
polarization (48). The excited state is simultaneously 
much more reducing and much more oxidizing than 
the ground state, by having its free energy increased 
by the Stokes threshold hr. Thus, the standard oxi ,  
dation potential E ~ for ionization G --> G + of the ground 
state is decreased to (E ~ -- h~) for the oxidation of the 
thexi state T ~ G+; E. ~ of the process G -  -> G ex- 
pressing the oxidizing character of G is increased to 
(E. ~ + hv) for G -  --> T. This argument is slightly 
modified by the Franck-Condon co-excitation of v ibra-  
tions, but it  is true within 1/10 eV that E ~ for UO2 + -> 
UO2 +2 _-- +0.06V (relative to the standard hydrogen 
electrode; it is (20, 48) +4.5V relative to vacuo) is 
increased by h~ -- 2.56 eV to close to +2.6V indicating 
an oxidizing character of the excited uranyl  ion (in 
the following *UO2 +2) almost as strong as of free 
fluorine. Seen from this point of view, one would have 
expected the photolysis of water to 2H2 -}- O2 by visible 
light to have been much easier than it seems to be in 
practice (49, 50). It is also clear that the redox reac- 
tions of a thexi state during its lifetime are more de- 
termined by kinetic activation energy than by con- 
siderations of free energy. 

Einstein proposed in 1917 a formula for the radiative 
half-l ife of an excited state (1, 6) being inversely pro-  
portional to the product P(hr )  2. The first (~ -- 1) 
state of the uranyl  ion has (at most) P = 5 �9 10 -6 cor- 
responding to a mean lifetime (equal to 1.44 times the 
half- l i fe  for exponential decay) of 1.4 msec. Such last- 
ing luminescence is known for several crystalline 
uranyl salts, and glasses; whereas, the lifetime is close 
to 10 -6 sec for aqua ions (51, 52) though slightly de- 
pendent on pH and temperature. However, 0.67-15M 
phosphoric acid increases the lifetime to values between 
0.2-0.02 msec, to be compared with 0.4 msec in phos- 
phate glass of stoichiometry NaPO3 (29, 51, 53). Since 
a single anion bound in the equatorial  plane in many 

cases stretch the lifetime by a factor of 20-100, it  can- 
not be argued that the nonradiative de-excitation by 
ephemeral hydrogen atom abstraction from water mol- 
ecules (52) is prevented by lack of coordinated H20, 
but it may suggest that the H atom is abstracted close 
to one of the oxygen atoms in *UO2 +2. If the ground 
state has a charge distribution (9) close to z -- +3  
on U and --0.5 on O, the thexi state may have almost 
neutral  oxygen atoms. It would be comparable to 02 + 
if z -- +2  for uranium in the ground state, 

Many reducing anions quench the urany! fluorescence 
(14, 51, 53) show the two main reactions induced by 
*UQ +2, electron, and (of greater versati l i ty in or-  
ganic molecules) hydrogen atom abstraction. Flash 
photolysis of uranyl  solutions containing Mn (O!'I2) 6 +2 
produces purple manganese(III)  aqua ions (54). Sev- 
eral other cations, usually with high chemical polar-  
izability (48), quench, and it can be shown (55, 56) 
that *UO2 +2 binds one s i lver( I ) ,  and one or two 
thal l ium(I)  cations. The 5f 2 system neptunium(V) 
NpO2 + reacts already in its ground state (57) with 
AI( I I I ) ,  Fe( I I I ) ,  In ( I I I ) ,  Th(IV),  and many other 
aqua ions, and it is possible (58) to isolate 
ONpOM(OH2)~ +4 with M ---- Cr and Rh. A compara- 
ble U(V) and Cr(I I I )  adduct is formed (59) by re-  
ducing UO2 +2 with chromium(II)  aqua ions. Both 
UO2 + and NpO~ + f o r m  adducts with UO2 +~ which 
were recently reviewed (6, 60). It is not surprising that 
*UO2 +2 shows even more complicated behavior; Mar-  
cantonatos (52, 61) argues that exciplexes Such as 
*UO2HUO2 +4 are formed, with the emission spectrum 
slightly different from *UO2+% Oligomeric hydroxo- 
bridged complexes might form (6) at slightly higher 
pH. 

The 10-aM uranyl  carbonate complexes present in 
sea water (and sometimes higher concentrations in 
rivers and lakes) are excited, on the average, every 
10 min, when the sun stands in zenith. It is possible 
(15) that this catalyst (with rapid turn-over)  photo- 
oxidizes otherwise nonbiodegradable organic com- 
pounds arriving: in the ocean from the large Amazon 
and Zaire rivers. 

The fluorescence of uranyl  glasses (62) and subse- 
quent energy transfer (1, 63) to neodymium(III)  and 
holmium(III)  has been applied in flat-plate lumines- 
cent concentrators, trapping the radiation by a se- 
quence of total reflections and, hence, diminishing 
the area of photovoltaic silicon on the rim of the plate 
an order of magnitude, relative to the plate area (64). 

*UO2 +2 is dark blue, having an intense broad band 
in the yellow (14). Among its other unusual physical 
properties is the Becquerel effect (65) of imperfectly 
understood differences between electrode potentials 
in i l luminated and dark volumes of a uranyl solution. 
We have been speaking as if *UO2 +2 is represented 
exclusively by the first excited state. Actually, it seems 
as if the previous reports about fluorescence originat- 
ing in a second state have been reinterpreted as traps 
in cooled Cs2UO2Br4 crystals (66) and as vibrational 
structure (67). Nevertheless, it is true (68) that  all  
excited states start  immediately to luminesce, with an 
integrated quantum yield which is the ratio between 
the observed "and the (Einstein) radiative lifetime. 
The 48 12 levels due to transfer of an electron from 
the odd MO to the 5f shell (they would split into 84 
electronic origins in sufficiently low symmetry of the 
equatorial plane) must decay very rapidly to the (12 
_ 1) origin. If these levels have a radiative half-l ife 
of 1 msec, a higher level with the half-l ife 10 -8 sec 
would have the quantum yield of 10 -5 . 

Besides the fascinating spectroscopic and photochem- 
ical properties, the inexpensive 238U available as by-  
product from isotope separation may help the uranyl  
fluorescence contributing to utilization of solar energy 
(64, 69). 
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Contact Angles Between I II-V Melts and Several Substrates 
U. K~nig and W. Keck 

AEG-TELEFUNKEN, Forschungsinstitut Ulm, D 7900 Ulm, Germany 

ABSTRACT 

The wett ing behavior of several melts with different III-V compound semiconductors  is studied. The characteristic pa- 
rameter  measured is the contact angle of a melt  drop with a solid. It is evaluated by a geometrical  measurement  of the melt  
drop. The importance of clean surfaces of drop and solid is shown. Contact angles between 20 ~ and 60 ~ are found, depending 
on the type and composit ion of the melt  and substrate.  The temperature  dependence amounts  to about  - 4  ~ per 100 K in- 
crease. In addition, the contact  angle varies with the substrate orientation. The (100) orientated substrates are wetted bet ter  
than (111) A orientated ones. 

In  l iquid  phase  ep i t axy  (LPE)  of  a I I I - V  compound 
semiconductor ,  a meta l l ic  me l t  is in contact  wi th  a 
solid subs t ra te  and a crucible,  usua l ly  graphi te .  The 
wet t ing  behav ior  of a I I I -V  mel t  influences the ca r ry -  
over  of melt ,  and by  this the ep i tax ia l  qua l i ty  wi th  re -  
spect  to un in ten t iona l ly  grown layers  [e.g., (1)] .  

The qua l i ty  of the  wet t ing  m a y  also affect the crys-  
ta l l ine  per fec t ion  of an ep i tax ia l  l aye r  along the me l t  
meniscus due to surface tension (2). When  removing  
the mel t  f rom the  semiconductor ,  it  moves by  a "s t ick-  
sl ip" motion.  This  forms the w e l l - k n o w n  meniscus 
l ines (3). 

The rep resen ta t ive  p a r a m e t e r  for wet t ing  is the con- 
tact  angle  at  the  me l t  meniscus be tween  the me l t  su r -  
face and the subs t ra te  surface covered by  the mel t  
[e.g., (4)] .  The be t t e r  the  wet t ing,  the  smal le r  the con- 
tact  angle  is. The l i t e ra tu re  da ta  for Ga on GaAs wi th  
contact  angles  >90 ~ f rom Muni r  and  co -worke r s  (5, 
6), do not  agree  wi th  the  phenomenologica l  exper ience  
of cap i l l a ry  ascension at  LPE of I I I -V  compounds.  
When  mel t  and subs t ra te  are brought  into contact,  one 
usua l ly  observes  a creeping of the mel t  on the  sub-  
s t ra te  under  the  mel t  chamber  walls.  Very  recent ly ,  
Smal l  and Potemsl~i (7) r epor ted  on smal le r  angles for 
GaAs and Ga0.4A10.~As, when regard ing  a microscop-  
ical deformat ion  of the  solid a round  the pe r iphe ry  of 
the  drop.  We have  eva lua ted  contact  angles in a m a -  
croscopical  measure  of mel t  and solid to find r ep re -  
senta t ive  da ta  for LPE. Severa l  I I I -V  compound sys-  
tems and different  subs t ra te  or ienta t ions  have  been 
s tudied in a hydrogen  a tmosphere .  

Experimental 
We have used a hor izonta l  LPE appara tus ,  consist ing 

of a movable  heat  p ipe  furnace,  a quar tz  react ion tube,  
a Pd  diffusion cell, and a crucible  of high p u r i t y  
g raph i te  wi th  fixed mel t  chambers ,  and a s l iding sub-  
s t ra te  holder .  A s ide -wa l l  of one mel t  chamber  was 
omi t ted  in o rder  to d i rec t ly  observe the mel t  contact  
angles.  Dur ing  a 3 hr  heat  c leaning at  1145 K in pu r i -  
fied hydrogen ,  the  mel t  drop, of about  5 m m  diam, lies 
on the  g raph i te  s l ider  wi th in  the  chamber  of 24 • 24 
nuns separa ted  f rom the  subst ra te .  The  subs t ra te  is 
pro tec ted  b y  a g raph i te  cover. The s l iding mechanism 
al lows us to rol l  the  mel t  drop  on the graphi te  s l ider  
so that  its sur face  can be exposed to reducing  hyd ro -  
gen, even its inc ip ient  contact  area.  Only  af te r  the hea t  
c leaning is the  subs t ra te  r ap id ly  moved  under  the mel t  
drop. The drop  spreads  on the subs t ra te  surface w i th -  
out  touching the chamber  walls,  and forms an equi -  
l i b r ium contact  angle. Fo r  mak ing  a photograph,  the  
furnace  is moved  pa r t i a l l y  away  f rom the crucible.  
Moving of t he  me l t  and photographing  did not  las t  
more  than  10 sec in o rde r  to avoid a t e m p e r a t u r e  de -  
crease l a rge r  than  20 K (measured  benea th  the  mel t  
chamber  wi th  a thermocouple  and deduced  f rom the 
shiny drop surface  free of c rys ta l l iza t ion) .  The photo-  

Key words: wetting, orientation dependence, gallium arsenide, 
liquid phase epitaxy, 

graphs had to be corrected for the viewing angle to 
determine the contact angles. 

In the case of a Gal-xAlxAs semiconductor which 
ter~ds to form stable surface oxides, the wetting exper- 
iment takes place just after depositing an epitaxial 
Gal-xAlxAs layer under an appropriate melt in a sep- 
arate chamber of the crucible. This may provide an 
oxide-free semiconductor surface when one brings the 
melt drop into contact with the solid. 

The GaAs substrates are heavily Zn doped (~2 �9 1018 
cm-S). The doping level of the epitaxial layers Ga0.ss- 
A10.ssAs and Ga0.gsIn0.04As are  a round  5 �9 1017 cm -~. 

To avoid the  format ion  of a t he rma l ly  s table  ox ide  
film on a drop conta ining A1, Which would  not  a l low 
represen ta t ive  wet t ing,  a hea t  c leaning s tep at  750 K 
is in t roduced.  This t empe ra tu r e  is sufficient to l ibera te  
contaminat ions  f rom the drop  a n d  low enough to p re -  
vent  r ap id  A1 oxida t ion  (8). 

The composit ions of the mel t  drops  are  de te rmined  
f rom the i r  respect ive  phase d iagrams  (9, 10). They 
correspond to a t e m p e r a t u r e  a few degrees  be low our  
typica l  drop t empera tu re .  This avoids spontaneous 
crys ta l l iza t ion  wi th in  or  on the mel t  drop, as wel l  as, 
a severe mel t  back  of the substrate .  As a fu r the r  p re -  
vent ive  measure,  the t ime per iod be tween  the first con- 
tact  of the  drop with  the subs t ra te  and  the pho tograph  
is chosen as shor t  as possible (see above) .  

Different  c leaning precaut ions  are  used for  the  
growth  system and the components.  The LPE react ion 
tube is hea ted  under  hydrogen  flow for about  4 h r  at  
1150 K. The crucible  is baked  out  in high vacuum for 
8 h r  a t  about  1400 K in a special  reactor ,  fo l lowed b y  a 
get ter ing  procedure  for  severa l  hours at  1150 K wi th  a 
hydrogen  flow and wi th  Ga filled mel t  chambers  wi th in  
the LPE system. The melts  a re  composed of 6N meta l  
components,  wet  chemical ly  cleaned. Al l  subs t ra tes  a re  
given a s tandard  p reep i t ax ia l  c leaning process.  

Results and Discussion 
The contact  angles found for severa l  I I I -V  compound 

systems, i.e., for (111) A or ien ta ted  GaAs substrates ,  
Ga0.9~In0.0~As and Ga0.35A10:65As ep i tax ia l  layers  wi th  
Ga, In, Ga-As,  Ga- In -As ,  and  G a - A I - A s ,  a re  l is ted in 
Table I. Because of the  impor t an t  influence of the we t -  
t ing behav ior  wi th  the  crucible  ma te r i a l  dur ing  LPE, 
g raph i te  is also r ega rded  as a substrate .  Contact  angles 
above 140 ~ are  found (Table  I ) .  This angle  depends  
on the graphi te  type  and the  machined  surface rough-  
hess. Clean I I I -V  semiconductors  a re  be t t e r  we t t ed  by  
I I I - V  l iquids according to contact  angles be tween  20 ~ 
and 63 ~ . Ind ium containing mel ts  form the smal les t  
contact  angles wi th  the  GaAs and Ga l -x InxAs  sub-  
strates.  Fo r  l iquid  composit ions f rom XAs ---- 0 to XAs = 
3.16 a/o,  Table  I, the  contact  angle  is found to increase  
wi th  the amount  of the solute. 

Specia l  considerat ions  a re  r equ i red  for  A1 conta in-  
ing systems. An  insufficiently hea t  c leaned Ga-A1-As 
mel t  forms no definite drop.  In  addit ion,  a Gal-~a- lxAs 
semiconductor  wi l l  be poor ly  we t t ed  ( large  contact  

685 



6 8 6  J. Elee$roehem. Sac.: SOLID-STATE SCIENCE AND TECHNOLOGY March 1983 

Table I. Contact angles at 1125 K for several melt compositions 
with (111) A orientated III-V compound semiconductors and with 

two types of graphite, typically used in LPE 

Contact 
Substrate  Melt angle (~ 

GaAs 

Ga 28 _ 1 
In  20 • 2 
Ga-As 
3.16 a /o  A s  40 • 2 
Ga-In-As 
70 a / o  In 
11 a / o  As  32 -4- 2 
Ga-A1-As 
0.8 a / o  AI 51 ~-- 1 
L29 a/o As 

Ga.In-As 
Gao.~Ino.o~S 70 a /o  In 34 • 1 

11 a / o  As  

Gao.~Alo.~As 
oxidized 126 --  4 

Ga-As 
3.16 a / o  A s  

Ga0.a~Alo.mAs 53 ~- 3 
fresh  

Ga-AI-As 
0.8 a / o  A1 63 - - 3  
1.29 a / o  A s  

Graphite 
FE 49 140 __. 3 

Ga-As 
3.16 a / o  As 

Graphite 
P a c e  153 • 2 

angle, see Table I) ,  when the semiconductor is grown 
in a preceding LPE process, or well wetted (small con- 
tact angle, see Table I) ,  when the Gal-xAlzAs layer  is 
freshly deposited just before the wetting with the test 
drop. Apparently,  there is a thermally stable oxide 
coating on the Gal-zAl~As surface which prevents 
wetting. 

The contact angles found at 1125 K, Table I, are for 
a typical LPE process temperature. For a wetting ex- 
periment with the Ga/GaAs (111) A-system at 570 K, 
we obtained a contact angle of 48 ~ ___ 2 ~ This indicates 
a contact angle decrease of about 3.6 ~ for a 100 K 
increase. 

The orientation dependence of the contact angle ob- 
tained for (111)A and (100) orientated GaAs and 
Gai-xAlxAs substrates is presented in Table II. The 
(100) orientated substrates are better  wetted. This 
agrees with the observation of a stronger capillary 
ascension on (100) orientated substrates under melt 
chamber walls in an LPE-crucible. The contact angles 
seem to be independent of the orientations in the sub- 
strate surface, according to the circular contact areas 
of the drops. 

Contrary to our low values <63 ~ in hydrogen, and 
those <83 ~ of Small and Potemski (7), contact angles 
around 110 ~ were reported for a I II-V system in high 
vacuum and inert  gases (5, 6). The question is whether 
the different surrounding atmospheres can be respon- 
sible for such differences. Principally, a difference can 
be expected according to Young's law, which relates 
the contact angle with the surface tensions between 

Table II. Dependence of the contact angle on the substrate 
orientation for two systems at 1125 K 

Orien. Contact 
Melt tat ion Substrate  angle  (~ 

GaAs 40 ~ 2 
(lll)A 

Gao.~Alo.e~As 53 • 3 Ga-As 
3.16 a / o  As  

GaAs 35 • 1 
(lOO} 

Ga~4 .1o .~As  48 + 3 

solid-vapor (or vacuum), l iquid-vapor (or vacuum), 
and solid-liquid [e.g., (4)]. However, the surface ten- 
sions of the known liquid and solid elements (11, i2) 
and also of  some compounds (13) are nearly unaffected 
by the ambient gas or vacuum. Presuming this f o r  
III-V compounds, too, the contact angles observed here 
and in (5, 6) should not differ so much. Even the 
lower temperatures (<752 K) of Ref. (5) cannot be 
responsible for this discrepancy, for we have found 
much lower angles also in this temperature range 
(see above). One should consider that, in Ref. (5, 6), 
melt and substrate were already brought into contact 
a few degrees above the melting point, where Ga ox- 
ides strongly affect the melt meniscus. The following 
heating up in vacuum is not sufficient to produce an 
oxide-free Ga drop like a reducing hydrogen a t m o -  
s p h e r e .  Therefore, in Ref. (5, 6), the contact angle of 
the initial melt meniscus is given, which remains fixed 
on the substrate by oxides on the drop. In experiments 
with insufficiently cleaned Ga drops, we have obtained 
comparable large angles. 

Conclusion 
We have evaluated some quantitative dependences 

of the contact angle on the type of the III-V solid, o n  
the type and composition of I II-V melts, on the temper-  
ature, and on the substrate orientation. An estimation 
of contact angles by means of comparison with Young's 
law fails because of the poor knowledge of surface ten- 
sion data for III-V components. Particularly, the solid- 
vapor and the solid-liquid surface tensions are very un- 
certain (14) or even unknown. 

The carry-over  of melts, undesirable during LPE, is 
probably due to the good wetting, part icular ly for In 
melts and (100) orientated III-V semiconductors. The 
knowledge of the contact angles will help to overcome 
these problems by adapting the crucible material  and 
construction to the respective wetting behavior of the 
system melt/substrate.  

Manuscript submitted July  20, 1982; revised manu- 
script received Oct. 7, 1982. 

Any discussion of this paper will  appear  in a Dis- 
cussion Section to be published in the December 1983 
JOURNAL, All discussions for the December 1983 Dis- 
cussion Section should be submitted by Aug. 1, 1983. 
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ABSTRACT 

The effects of low-dose ion implantation of inert gas ions, prior to thermal annealing on the interactions between Pt and 
NiPt thin films with various forms of silicon, have been investigated. Specimens were implanted with Kr ~+ and then an- 
nealed along with unimplanted samples in the temperature range 350~176 The extent of silicide formation and the phases 
formed were determined by Auger electron spectroscopy (AES), x-ray diffraction, and transmission electron microscopy 
(TEM). The unimplanted Pt  films reacted to form complete layers of Pt2Si which then continued to react to form highly 
textured layers of PtSi. However, in the implanted samples, no distinct Pt2Si layers were observed, and the final PtSi phas- 
es were fine grained and polycrystalhne. In the case of NiPt films, ion implantation inhibited the formation of the distinct 
Pt  silicide layers found during the early stages of the reaction in unimplanted samples. The differences between implanted 
and unimplanted NiPt samples became progressively smaller with increasing annealing temperature. The final phase 
formed in both types of specimens was the ternary silicide, NizPti_xSi. 

M e t a l  s i l i c i d e s  are physically and chemically com- 
patible with in tegrated circuit fabricat ion processing 
and are used cur rent ly  as Schottky barriers,  ohmic 
contacts and low-resis t ivi ty  gates, and interconnects  
(1-4). There is interest  in  the use of silicides in VLSI 
devices since they can be processed to form self-al ign-  
ing shallow contacts with f ine-grained structures that 
are sui table for submicron  pat terning.  There are sev- 
eral  possible ways to adjust  the Schot tky-barr ie r  
heights of metal  silicides in order to tailor them for a 
specific application, including ion implan t ing  a thin p- 
or n - type  layer  at the interface between the metal  and 
the silicon before forming the silicide (5, 6), by using 
paral le l  contacts (7), or by using two metals to form 
an alloyed silicide (8-10). 

In  the case of alloyed-sil icide diodes, silicides formed 
by  thermal  anneal ing  of p la t inum and nickel layers on 
silicon have received the most a t tent ion (8-10). 
Measured bar r ie r  heights on n - type  silicon were be- 
tween 0.66-0.87 eV, which are the values for NiSi and 
PtSi, respectively. There also appeared to be a correla- 
tion between the bar r ie r  height and the Pt  content  (8). 
While the  system does appear to have highly desirable 
electrical characteristics, thermal  anneal ing  produced 
mul t i l ayer  s tructures with nonuni fo rm composition. r 
(8, 10). This is a very undesi rable  characteristic since 
each diode has to be mechanical ly  and electrically 
stable to fur ther  processing. 

In  order to form uni form stable alloy silicides, the 
nucleat ion processes and the growth kinetics must  be 
modified in  order to al ter  the composition, the un i -  
formity, and the grain  size. Nucleat ion is usual ly  an 
activated process with an activation energy that  is 
higher than that for subsequent  growth of the new 
phase. As a result, while a highly energetic process 
must  be used to ini t iate  compound formation, a less 
energetic method can be employed to complete the 
growth. In  the case of Pt  silicides, Pt2Si and Pt~i  have 
been  the only  two phases detected when  th in  films of 
Pt  on Si have been thermal ly  annealed  (11). However, 
ion implanta t ion  of iner t  gas ions through the Pt  into 
the Si prior to thermal  annea l ing  caused the formation 
of the metastable  phase Pt2Si8 (12). 

* Electrochemical Society Active Member. 
1Present  address: Magnetic Peripherals, Incorporated, Bloom- 

ington, Minnesota 55435. 
= Present address: Brewer Science, Rolla, Missouri 65401. 
Key words; suicides, interdiffusion, ion implantation. 

We investigated the structures formed when a com- 
b ina t ion  of low-dose ion implan ta t ion  followed by 
thermal  anneal ing was used to form the silicides from 
double layers of nickel and p la t inum on various forms 
of silicon. The low ion dose should modify the nuclea-  
tion process because of the resul tant  collision-cascade 
mixing and enhanced solid-state diffusion while pro- 
ducing min imal  damage, and the subsequent  thermal  
anneal ing  should improve the thermal  stabil i ty and 
reduce stresses in the silicide. 

Experimentol 
Thin layers of Pt  and Ni were sequential ly  deposited 

by  rf sput ter ing at rates of 20A/min onto several types 
of chemically cleaned and backsput tered substrates. 
Both n-  and p- type  Si(100), poly-Si,  and SiO2 were 
coated, and the substrate temperatures  remained be-  
low 100~ dur ing deposition. After deposition, some 
samples were ion implanted to a dose of 5 • 1014 cm -2 
with 600 keV Kr 2 + ions at room temperature.  Krypton  
impIanta t ion into Au under  these conditions would 
produce a broad profile peaked about 900A below the 
surface (13). In  order to insure that the ions pene-  
trated into the substrate and caused the atomic mix-  
ing necessary for silicide formation (11, 12), the total 
metal  thickness for the implanted specimens was kept  
less than  800&. 

Both implanted and un implan ted  specimens were 
annealed in  a tube furnace in flowing ni t rogen at tem- 
peratures between 350 ~ and 650~ for various times. 
The processed samples were analyzed by Auger elec- 
t ron spectroscopy (AES) to determine compositions as 
functions of depth, by x - r ay  and electron diffraction 
to determine the phases formed, and by transmission 
electron microscopy (TEM) to examine  the micro- 
structures of some of the Pt  silicides. The wafers were 
not pat terned to form diodes, and no electrical mea-  
surements  were made. 

Auger  analysis showed the presence of carbon and 
oxygen on all surfaces and more oxygen present  after  
annealing.  Since the presence of impuri t ies  in the 
metal  film has been shown to alter reaction rates and 
the phase growth sequence, the carbon and oxygen 
Auger peaks were monitored in all depth profiles; but, 
since these levels were less than 1 atomic percent  (a/o) 
in  both the as-deposited metals  and the silicides, the 
traces were not included in the figures. No bui ldup of 
impurit ies was found at any interface in the as-depos- 
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i ted or  annea led  specimens. The peak  Kr  concentra t ion 
was about  3 • 10 TM cm -2  or  about  0.05 a /o  which was 
too low to be  detected.  

Results and Discussion 
Pt/Si.--The as -depos i ted  P t  l ayers  had  s t rong (111) 

textures .  Tex tu r ing  has been observed  not  only  in 
th icker  spu t t e r -depos i t ed  P t  layers  (14) but  also in E-  
beam evapora ted  layers  on Si(100) (15). Even though 
no in te r rac ia l  mix ing  was appa ren t  in AES depth  p ro -  
files, se lec ted-a rea  e lec t ron diffraction da ta  f rom a 
specimen th inned  for TEM analysis  did show the pres -  
ence of both  Pt~Si and PtSi  near  the P t / S i  interface.  
When un implan ted  samples  were  annea led  at  350~ 
PtsSi  formed at  the in terface  and grew rap id ly  con- 
suming al l  of the  Pt  in a few minutes  as shown in Fig. 
l a  (16-19). Cont inued annea l ing  at  350 ~ resu l ted  in a 
slow conversion of the Pt2Si to PtSi.  The conversion 
ra te  was much fas ter  at  h igher  tempera tures ,  but  P tSi  
was st i l l  the final phase formed at  t empera tu re s  up to 
650~ 

Both silicides had un i form tex tures  wi th  gra in  sizes 
about  50OA, and both had  sharp  interfaces wi th  the Si 
substrate .  The sys temat ic  absence of l ines in the x - r a y  
diffraction da ta  indica ted  that  both sil icides were  
h ighly  oriented.  The da ta  for the PtSi  were  ve ry  s imi-  
la r  to those of Jouber t ,  Auvray ,  and Henry  (14) who 
de te rmined  tha t  thei r  sample  had a (101) texture .  
Other  dominan t  or ientat ions,  such as (002) (20) or a 
mix tu re  of (110) and (121) (15), have been repor ted  
also. The discrepancies  have been a t t r ibu ted  to differ-  
ent  film thicknesses  (20). There  were  no obvious di f -  
ferences in the sequence of phases formed, the  rates  of 
growth,  or  film morphology  among the various types of 
subs t ra tes  used, except  for the SiO2 where  no react ion 
was observed at  350~ 

Auger  depth  profiles of the i on - imp lan t ed  P t / S i  
samples  showed that  the e lements  had been in te rmixed  
over  a dis tance of severa l  hundreds  of angstroms.  
While  no new phases could be detected in the x - r a y  
diffraction pat tern ,  high resolut ion AES spectra  of the 
Si LVV region revea led  the addi t ional  fine s t ructure  
character is t ics  of Pt  silicides (8, 21) th roughout  the 
mixed  region. Thermal  anneal ing  at  350~ caused ad-  
di t ional  in te rmix ing  with  the Pt  to Si atomic rat io  de-  
creasing monotonica l ly  wi th  dep th  (Fig. l b ) .  

The t ransmission x - r a y  diffraction pa t te rns  for un-  
implan ted  and imp lan ted  samples that  had been an-  
nea led  at  350~ for l0 rain are  shown in Fig. 2. The 
un implan ted  sample  (Fig. 2a) was Pt2Si, and the dis-  
continuous diffraction r ings indica ted  that  there  was a 
p re fe r r ed  or ienta t ion  for the grains.  The implan ted  
specimen (Fig. 2b) contained PtSi  as wel l  as Pt2Si, and 
t h e  grains  were  or iented  randomly.  This compound 
l aye r  even tua l ly  formed a uni form laye r  of PtSi,  but  
the ra te  of g rowth  was much s lower than tha t  of 
t he rma l ly  genera ted  PtSi, and the gra in  size was much 
smaller .  No macroscopic region of Pt~Si was detected 
dur ing  growth.  

Since ion implan ta t ion  causes la t t ice  damage  as wel l  
as atomic mixing,  a wafe r  was implan ted  wi th  K r  2+ 

10 15 
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(a) 

i i ~ 0 5 10 
SPU'i-fER TIME (MIN) 

Ib) 

Fig. I. Auger depth profiles (5 keV, 5 ~A, 100 A/mln) of 500~. 
Pt/Si(100) after (a) annealing at 400~ for 10 min and (b) ion 
implantation (5 X 1014 cm -2  with 600 keV Kr 2+) followed by 
annealing at 350~ for 5 min. 

Fig. 2. Transmission x-ray diffraction patterns (Co radiation, 35 
keV) of 500A Pt/Si(100) samples annealed at 350~ for 10 rain: 
(a) as deposited and (b) implanted with Kr 2+ before annealing. 
Discontinuous diffraction rings indicate that the silicide film had a 
preferred orientation. 

before  Pt  deposi t ion in o rder  to de te rmine  the re la t ive  
impor tance  of these effects for sil ieide growth.  There  
were  no differences in phase g rowth  sequence, g rowth  
rate,  or in ter face  wid th  be tween  un implan ted  samples  
and those implan ted  before  metal l izat ion.  As a result ,  
the observed differences be tween  un implan ted  speci-  
mens and those implan ted  af te r  meta l  deposi t ion were  
due p r i m a r i l y  to atomic mixing.  

The resul ts  for  the  un implan ted  P t / S i  samples  a re  
in good agreement  wi th  the  f a i r ly  extens ive  l i t e ra tu re  
on the the rmal  growth  of P t  si l ieides f rom thin films 
deposi ted on Si (14-21). Both the  react ions 

2Pt + S i - ~  Pt2Si [1] 

Pt2Si + Si-~ 2PtSi  [2] 

a re  diffusion control led  wi th  reproduc ib le  act ivat ion 
energies  but  wi th  kinet ics  that  were  h igh ly  dependent  
upon impur i t y  content  (16-19). Rapid  atomic diffusion 
at  low t empera tu res  can be s t rongly  suppressed  by  the 
segregat ion of impur i t ies  along the fast  diffusion paths.  
Very  low levels  of impur i t ies  decora t ing  the si l icide 
gra in  boundar ies  a re  the  most  p robab le  cause for the 
large  var ia t ion  in observed P t  diffusivities (16, 17, 19). 
In fact, si l icide growth  can be inhib i ted  comple te ly  by  
the format ion  of very  thin layers  of silicon oxides  or 
ni t r ides  (14, 19, 22, 23). The kinet ics  of P t  si l icide 
format ion  are  not ye t  es tabl ished clearly,  but  severa l  
mechanisms have been proposed (2). The low t em-  
pe ra tu re  needed  to in i t ia te  the react ion (19), the p a r a -  
bolic g rowth  ra te  (16-19), and the rad io t raee r  da ta  
that  indicate  that  P t  is the dominant  diffusing species 
(24) all  favor  a model  in which in te rs t i t i a l  diffusion of 
P t  into the  Si is responsible  for the release of Si atoms 
from the lat t ice.  

Previous  studies on the effects of ion implan ta t ion  
th rough  P t  films on Si have shown tha t  cont inued i m -  
p lan ta t ion  resut ted  first in the fo rmat ion  of a complete  
l aye r  of Pt2Si fol lowed by pure  atomic mix ing  with  no 
detec table  sil icide format ion  (11). The phase PtSi  was 
not  observed,  and, in fact, i t  was shown to be uns table  
to ion b o m b a r d m e n t  (12). For  low-dose  ion imp lan t a -  
tion, both Pt2Si and PtSi  were  observed  af te r  the rmal  
anneal ing  for a short  t ime. In  this case, mic roc rys t a l -  
l i tes  of both phases were  r andomly  genera ted  th rough-  
out  the  in t e rmixed  region, and then the subsequent  
the rmal  g rowth  produced  a f ine-grained,  r a n d o m l y  
or iented  final phase of P tSi  wi th  no dist inct  i n t e rmed i -  
ate l ayers  ever  being formed. The slow growth  of the 
mixed  phases indica ted  a reduced  supp ly  of reac tan t  
which p reven ted  the p redominan t  g rowth  of Pt2Si a t  
the expense  of PtSi.  The reduced  diffusion ra te  was 
s imi lar  to tha t  observed for  high levels of impur i t i es  
(19); however ,  in this case, no excessive contaminat ion  
was detected in the Pt  film or  at  the P t / S i  interface.  
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The slower reaction rate was not due to the presence of 
Kr which is inert but ra ther  to a change in the growth 
mechanism. Instead of the formation of a single phase 
along a uniform growth front, there was competitive 
growth of two Pt silicides f rom a large number of 
randomly distributed microcrystallites. 

Ni/Pt/Si.--The presence of Ni over the Pt did not 
have any detectable effect on the initial P t -Si  interac- 
tion. Annealing an unimplanted sample at 350"C pro- 
duced first a complete layer of Pt~Si (25) via reaction 
[1]. No Ni /Pt  interdiffusion was apparent  in the AES 
depth profiles during this stage of growth. The next 
step was the formation of PtSi by reaction [2] at the 
Pt2Si/Si interface. The growth rate of the PtSi was 
much slower than that observed in P t /S i  samples. The 
onset of PtSi formation was accompanied by the diffu- 
sion of Ni through the Pt silicides toward the Si sub- 
strate. Ni-rich layers were eventually formed at both 
the PtsSi/PtSi  and PtSi /S i  interfaces as seen in Fig. 3a. 

Continued annealing produced the layered Structure 
indicated by the spectrum shown in Fig. 3b. The pres- 
ence of Pt silicides in these structures was confirmed 
by x - r a y  analysis, but no Ni silicides could be identi-  
fied because the layers were so thin. The Ni to Si 
atomic ratio determined by AES suggested the forma- 
tion of NiSi which is the end phase formed from Ni/Si  
couples at temperatures between 350~176 (2.6, 27). 

Annealing at higher temperatures caused a reaction 
among the Ni remaining at  the surface, the PtSi layer, 
and additional Si 

Ni --F PtSi - f -  Si-> Ni=Ptl-=Si [3] 

The resultant NixPtl_=Si/NiSi layered structure has 
been observed previously (8, 10). Raising the anneal- 
ing temperature even higher resulted in additional re- 
distribution of the Pt and Ni to form a homogeneous 
layer of the ternary as shown in Fig. 3c. Concentration 
gradients were usually observed in the high tempera-  
ture specimens with the Ni concentration highest near 
the substrate (22, 28). The x - r ay  diffraction data from 
several samples with different Ni to Pt atomic ratios 
correlated very well with the results reported for the 
proposed ternary silfcide Ni=Ptl-=Si (25). 

Ion implantation through a 400A Ni/150A Pt /Si  
sample (Fig. 4a) resulted in atomic mixing at both 
interfaces as shown in Fig. 4b. High-resolution Auger 
spectra again indicated silicide formation in the region 
near the Pt /S i  interface. Annealing at 400~ for a short 
time (Fig. 5) did not produce the distinct Pt silicide 
layers that were evident in unimplanted samples an- 
nealed under the same conditions (Fig. 3a). Long, term 
annealing at 400~ eventually resulted in the forma- 
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Fig. 4. Auger depth profiles of 400A Ni/150A Pt/Si(100) (a) as 
deposited and (b) after ion implantation with Kr 2+. 

5 10 15 
SPU~ER T~ME (MIN) 

Fig. 5. Auger depth profile of an ion implanted sample of 400A 
Ni/150• Pt/Si(100) annealed at 400~ for 10 min. 

tion of the layered NizPtl-zSi/NiSi structure. No uni- 
form layers of Pt silicides were ever detected. Increas- 
ing the annealing temperature decreased the differ- 
ences in annealing times needed to produce similar 
structures in the implanted and unimplanted speci- 
mens. The only detectable differences in the depth 
profiles were much longer Ni diffusion tails into the 
substrate in the implanted samples. It was not possible 
to ascertain if the Ni in the diffusion tail had reacted to 
form a silicide, because there is no fine structure in the 
Si LVV Auger peak for the Ni silicides and Ni diffu- 
sion into Si without silicide formation has been re- 
ported (29). 

The growth of silicides from Ni and Pt layers on Si 
will be described in terms of the relative interdiffusion 
coefficients, their temperature dependences, and the 
abili ty of some phases to act as diffusion barr iers  to 
some species. The initial stage in the thermal growth, 
i.e., the formation of a complete layer  of Pt2Si below 
the Ni, occurred because of the rapid diffusion of Pt 
through Pt2Si at temperatures as low as 200~ and 
because of the very slow interdiffusion of Pt and Ni at 
temperatures below 500~ (30). 

Once all of the Pt had been converted to Pt2Si, both 
P t  and Ni began to diffuse through that layer  to form 
P t S i  at the Pt2Si/PtSi interface and NiSi between the 
PtSi and the substrate. This simultaneous diffusion re-  
sulted in different kinetics from those observed for 
either metal alone. The growth rate of PtSi was much 
slower than that observed in Pt /S i  samples because 
the Ni in the grain boundaries probably interfered 
with the Pt  diffusion. In the case of the Ni, no first 
phase of Ni2Si (26, 2) was observed either because the 
Ni2Si reacted very quickly to form NiSi or the Pt re-  
stricted the supply of Ni enough to alter the first phase 
formed. Implantat ion of nitrogen has been reported 
(23) to cause such an alteration in Ni silicide growth 
kinetics. The depth profile shown in Fig. 3a indicates 
that Ni diffuses faster through Pt2Si than through PtSi. 
The relative growth rates of Pt2Si and PtSi samples 
indicates that Pt also diffuses faster through Pt2Si than 
PtSi. 

Once the Pt2Si had been completely converted to 
PtSi, no more Ni diffused into the substrate to form 
NiSi. In the thicker Pt samples, there was still a dis- 
tinct layer  of Ni at the outer surface along with some 
Ni in the PtSi (Fig. 3b). Since PtSi is clearly not a 
diffusion barr ier  to Ni, another phase must have begun 
to form at this point. A l ikely candidate is NizPtl-xSi  
formed at the PtSi /NiSi  interface by reaction [3]. 
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The existence of this monosilicide as well as PdNi 
and PtPd ternary silicides has been proposed on the 
basis of x - r ay  data (25, 31). The additional Si could be 
supplied by either diffusion of Si atoms from the sub- 
strate through the NiSi or by the decomposition of 
NiSi at the PtSi /NiSi  interface followed by Ni diffu- 
sion toward the substrate where it formed NiSi. These 
possibilities cannot be distinguished readily, and the 
slow reaction rate is consistent with both mechanisms. 

These data indicate that the reaction of Si with PteSi 
to form PtSi was favored over the reaction of Si with 
PtSi and Ni to form NixPh-xSi, and that the formation 
of NixPh-xSi  was favored subsequently over the re-  
action of the remaining outer layer of Ni with the 
PtSi to form NiSi and Pt. The ternary silicide con- 
tinued to form until it consumed the Ni and PtSi layers 
resulting in a NizPt1-~Si/NiSi structure with some 
PtSi decorating the NiSi grains. This structure could 
be converted to a uniform l a y e r  of the ternary mono- 
silicide by annealing above 500~ where Pt /Ni  inter-  
diffusion (23) and Si mobility (32) are known to be 
high. The gradients in the Ni and Pt concentrations 
would persist until complete interdiffusion of the 
monosilicide and the NiSi had occurred. 

Electrical measurements have been made by others 
(8-10, 28) on layered structures with various Ni/Pt  
atomic ratios formed at temperatures below 500~ 
The barr ier  heights were between 0.66-0.87 eV, which 
are the values for NiSi and PtSi, respectively; they 
appeared to vary smoothly with the Pt content. It has 
been suggested (25) that the amount and distribution 
of Pt (or a Pt silicide) among the NiSi grains con- 
trolled the barr ier  height. These data are in agreement 
with the previous observations. The reported stabili ty 
of diodes annealed below 500~ may be related to the 
abil i ty of the monosilicide to act as a diffusion barrier.  
The Pt distribution in the NiSi phase did not appear to 
change until the outer layers had been converted com- 
pletely to the ternary monosilicide which is a slow 
process at temperatures below 500~ 

Comparison of Fig. 3a and 5 clearly show that ion 
implantation greatly reduced the amount of interdiffu- 
sion in Ni /P t /S i  samples during the initial stage of 
annealing. Analogous to the Pt /S i  case, the most l ikely 
cause of the reduced silicide formation rate was the 
competitive growth of several phases that had been 
randomly nucleated as a result of the ion implantation. 
Even though Pt, Ni, and Si were intimately mixed at 
this stage and the Si Auger peak indicated the forma- 
tion of a silicide, no detectable amount of the ternary 
silicide was formed. Continued annealing resulted in 
the eventual diffusion of Ni to the substrate where it 
formed NiSi. 

Once an appreciable amount of NiSi had been 
formed, there were no differences between the im- 
planted and unimplanted specimens with further an- 
nealing except for the deeper penetration of Ni into 
the substrate in the implanted samples. Berning and 
Levenson (29) proposed that, when Ni was deposited 
on defect-free Si, interdiffusion occurred without sili- 
cide formation. Comparison of the results for the im- 
planted and unimplanted samples suggests the opposite 
conclusion. In the unimplanted samples, the near sur- 
face region of the Si substrate was first converted to 
PtSi; and then Ni diffused through that layer to form 
NiSi in the defect-free region and below the original 
surface. In the implanted samples, no distinct Pt layers 
were formed, and the Ni diffused into the damaged 
region where it not only formed some silicide but also 
continued to diffuse deep into the substrate. 

Conclusions 
Ion implantation of inert gas ions through Pt thin 

films into the Si resulted in the random nucleation of 
both Pt2Si and PtSi and the subsequent formation of a 
layer  containing both phases during thermal annealing 
instead of a layer of Pt2Si. Continued annealing of an 

implanted specimen produced a final phase of PtSi that 
was fine-grained and randomly oriented instead of 
highly textured as found in unimplanted samples. 

Unimplanted NiPt layers on Si formed multi layer 
structures when annealed at temperatures below 
500~ This nonuniformity may have resulted from the 
formation of a ternary silicide, NixPtl-xSi, which may 
be an effective diffusion barr ier  for Ni at low tempera- 
tures. 

Ion implantation through NiPt thin films caused 
atomic mixing at both interfaces and inhibited the 
formation of distinct Pt silicide layers during thermal 
annealing at low temperatures possibly due to the 
random nucleation of several phases. 

There were no major differences between implanted 
and unimplanted NiPt samples when they were an- 
nealed at high temperatures. The final phase formed 
in both types of specimens was the ternary silicide, 
NixPtl-xSi. 

Note: G. Ottaviani et al. [J. App. Phys., 53, 4903 
(1982) ] observed the formation of NiSi at the metal /Si  
interface after annealing NiPt alloy films on Si(100) 
at low temperatures (300~176 
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Compositional Depth Profile of a Native Oxide LPCVD MNOS 
Structure Using X-Ray Photoelectron Spectroscopy and Chemical 

Etching 
J. A. Wurzbach 1 and F. J. Grunthaner 

Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91109 

ABSTRACT 

A composit ional  profile of a native oxide LPCVD MNOS structure has been obtained byx- ray  photoelectron spectros- 
copy used in conjunction with a stopped-flow chemical  etching procedure.  A depth resolution of 5-10A was achieved. Stoi- 
chiometric Si3N4 was found in the bulk with about  0.4 atomic percent  (a/o) oxygen impurity.  In  contrast  to profiles com- 
pleted by other techniques, SiO2 was found intact at the interface; complete conversion of oxide to oxynitr ide during 
LPCVD did not occur. The oxide/nitride interface is best  described as sharp; the oxygen concentrat ion drops by 80% in less 
than 8A. There is also a diffuse oxynitr ide gradient  extending into the film, but  the oxygen concentrat ion in this region is 
quite low. Evidence was also found for an 8~ layer containing excess bonds  to silicon between the oxide and nitride layers. 
Possible charge trap structures that might limit device performance are discussed along with processing suggestions aimed 
at minimizing the formation of traps. 

Studies  of the  composi t ion and interfaces  of sil icon 
n i t r ide  on oxidized silicon have been d r iven  by  the  
wide appl ica t ion  of these s t ruc tures  in e lec t r ica l ly  a l -  
te rable ,  nonvola t i le  MNOS m e m o r y  devices (1).  Many  
of the  e lec t r ica l  p roper t ies  of these devices a re  re -  
la ted  to the s t ruc ture  and composi t ion of the n i t r i de -  
oxide  and oxide /s i l icon  interfaces.  Charge s torage in 
MNOS s t ructures  involves modified F o w l e r - N o r d h e i m  
tunnel ing  across the thin oxide  l aye r  to t raps  at  or 
beyond the n i t r i de /ox ide  interface  (2). Shifts in the 
logical  vol tage  window have been re la ted  to states at  
the  ox ide / subs t r a t e  in ter face  (1). Endurance  and re -  
ten t ion  prob lems  (1) mani fes t  themselves  af te r  r e -  
pea ted  w r i t e / e r a s e  cycling moves charge  across MNOS 
interfaces.  I t  is, therefore ,  des i rable  to achieve an accu-  
ra te  under s t and ing  of the  s t ruc ture  and composit ion of 
MNOS systems in the  bu lk  region and pa r t i cu l a r ly  a t  
the interfaces.  

Numerous  techniques have been appl ied  to the  cha r -  
ac ter izat ion of si l icon n i t r ide  and MNOS interfaces  in-  
c luding:  A u g e r  e lec t ron  spect roscopy (AES)  (3-9) ,  
energy- loss  spect roscopy (ELS) (10), spectroscopic e l -  
l i p somet ry  (SE) (8, 1!) ,  Ru ther fo rd  backsca t te r ing  
(RBS) (5c, 8, 12, 14), nuc lea r - reac t ion  analysis  (5c, 
1"|, 15), secondary  ion mass  spectroscopy (SIMS)  (9b) ,  
mul t ip le  in te rna l  reflection (MIR) (5c, 15, 16), and  
x - r a y  photoe lec t ron  spect roscopy (XPS)  (17). 

AES work  has been  done in conjunct ion wi th  argon 
ion spu t te r ing  to ob ta in  profiles of composi t ion vs. 
depth.  Ea r ly  work  (3) suggested an appa ren t  width  of 
20-30A FWHM, or 50A 10/10%, for  the  in terface  be -  
tween  bu lk  sil icon n i t r ide  and the silicon subs t ra te  of 
m e m o r y - t y p e  MNOS structures .  These  es t imates  were  
not  corrected for  the  b roaden ing  effects of di f ferent ia l  

Key words: silicon nitride etching, charge trap structures, 
traps. 
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m e a n - f r e e - p a t h s  and ion knock-on.  More recent  AES 
work  (7, 8) also shows an appa ren t  20A interface,  bu t  
in recogni t ion of spu t t e r -b roaden ing . e f f ec t s ,  20A is 
quoted only as an upper  l imi t  of interdiffusion and not  
as a defined wid th  (8). S imi la r  resul ts  were  ob ta ined  
by  ELS (10). 

Al l  of this work  has fai led to show any evidence of 
in ter rac ia l  SiO2. This fact, toge ther  wi th  the a p p a r -  
en t ly  b road  interfaces  seen by  these techniques,  has  
been in te rp re ted  in t e rms  of complete  conversion of 
SiO2 to SiOxNy dur ing  n i t r ide  deposi t ion (3, 10). How-  
ever, Frenze l  and Balk  (9) have demons t ra t ed  tha t  the 
b road  interfaces  observed by  AES are  expe r imen ta l  
ar t i facts  r a the r  than  the resul ts  of chemical  reaction,  
diffusion, or  nonuni form thickness.  They  show tha t  
sput te r ing  induces surface roughness  on the o rde r  of 
20A in SiO2 (9a).  In  MNOS structures ,  t hey  show tha t  
p re fe ren t i a l  s p u t t e r i n g  (4, 9b) and bond cleavage lead 
to atomic mix ing  when spu t te r ing  across the  in ter face  
of a double  layer .  Broadening  due to these effects was 
ca lcula ted  to be 45A. Accordingly ,  an uppe r  l imi t  of 
8 • 4A was placed on the ac tual  wid th  of the n i t r i d e /  
oxide interface (9b).  These authors  conclude tha t  r e -  
l iable  in format ion  about  in terface  s t ruc ture  can only  
be obta ined  by  methods  tha t  do not  requi re  spu t t e r  
profiling (9a).  

SE has been shown to be  an effective method  of 
nondes t ruc t ive ly  detect ing bur ied  layers  in th in  films; 
however ,  the  analysis  of these layers  must  be in fe r red  
f rom leas t - squa re  regression calculations.  F o r  e x a m -  
ple, SE data  have identif ied an opt ica l ly  absorbing re -  
gion be tween  the oxide  and n i t r ide  layers  (11). This 
region has been modeled  as a 12A l aye r  of amorphous  
silicon. However ,  the  authors  (11) caut ion tha t  this  
model  m a y  not  be qui te  real is t ic;  they  suggest  only  
tha t  the amorphous  silicon dielectr ic  funct ion is a use-  
ful  p ro to type  for descr ibing this region, and tha t  this  
region must,  therefore ,  contain S i -S i  bonds.  The  oxy -  
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gen analysis  f rom SE refers  to effective "SiO2" vol -  
ume fract ions wi thout  imply ing  an ac tua l  oxygen  
content.  

RBS resul ts  have  shown tha t  bu lk  sil icon n i t r ide  is 
s toichiometr ic  (5c, 8, 12, 14), but  the  depth  resolut ion  
(N 40A) was not  adequa te  to quant i fy  the oxide in-  
terface. 

Thus, despi te  the i r  technological  impor tance ,  there  
has not  been an unambiguous  analysis  of the composi-  
t ion and in ter fac ia l  s t ruc ture  of MNOS systems. In this  
paper ,  we p resen t  the resul ts  of depth-prof i l ing  an 
MNOS s t ruc ture  b y  combining x - r a y  photoelec t ron 
spect roscopy (XPS)  wi th  a control led  s topped-f low 
chemica l -e tch ing  procedure .  XPS  is sensi t ive to the 
s t ructure  of surface layers ,  whi le  s topped-f low etch-  
ing permi t s  the control led  r emova l  of over ly ing  ma te -  
r ia l  on a scale of atomic layers  (19), to expose new 
surface layers  as a funct ion of thickness.  Therefore,  
wi th  careful  analysis  of observed intensi t ies  at  mea -  
sured depths,  this combinat ion  of techniques affords 
depth  resolut ion be tween  5 and 10A. Thus, direct  ob-  
servat ions can be made about  the  detai ls  of the com- 
posi t ion and s to ichiometry  of the n i t r i de /ox ide / s i l i con  
interfaces and the t rans i t ion  to the bu lk  n i t r ide  in 
MNOS structures.  The  da ta  show intact  SiO2 at  the 
subs t ra te  in terface  and some evidence s t rongly  sug-  
gestive of a thin l aye r  containing excess bonds to si l i -  
con on top of the SiO2. Al though an oxyn i t r ide  g ra -  
d ient  is found to ex tend  into the film from the ox ide /  
n i t r ide  interface,  the oxygen concentra t ion is so low 
tha t  the  in terface  is s t i l l  best  descr ibed as sharp.  

Experimental 
Samples  for the depth  profile were p repa red  by  

LPCVD (750~ 0.5 Torr,  NHJSiH2CI~ = 9) of silicon 
n i t r ide  onto crys ta l l ine  silicon subst ra tes  (n- type ,  
4-8 ~-cm,  [100]) in a hot  wal l  tube reactor.  The final 
thickness was 483A, measured  e l l ipsomet r ica l ly  (6328A, 
ref rac t ive  index 1.99). The n i t r ide  was deposi ted di-  
rec t ly  onto the  na t ive  oxide resul t ing f rom wet  chem-  
ical processing of the subs t ra te  wafer.  No the rmal  ox-  
ide was in ten t iona l ly  grown. The thickness of the 
nat ive oxide has been es t imated  by  e l l ipsomet ry  to be 
5-7A. These dimensions  correspond to a typical  na t ive  
oxide MNOS s t ruc ture  for m e m o r y  applicat ions.  

Thin ni t r ides  were  p repa red  as control  samples.  Some 
were  fabr ica ted  on na t ive  oxides, exac t ly  as descr ibed 
above, to a n i t r ide  thickness of ~ 40A. A second set 
was deposi ted over  in ten t iona l ly  grown the rmal  oxides 
22A thick (steam, 7O0~ 9.5 min) .  These 22A oxides 
were  then  covered wi th  ~ 20A silicon ni t r ide  b y  
LPCVD (800~ NHJSiH2C12 : 5). 

The e tchant  used is a modification of the pa ten t  by  
Loic (18). I t  consists of HF (48%), H~PO4 (85%), and 
ethanol  (absolute)  mixed  in the rat io 15: 10:60 by  vol-  
ume. Ethanol  is used as a solvent  ins tead of wa te r  be -  
cause i t  films over  sil icon n i t r ide  more  uni formly,  i t  
dries quickly,  and it is r e l a t ive ly  more  inert .  This e tch-  
ant  is nea r ly  anhydrous ;  it  contains about  9% wate r  
f rom the concent ra ted  l iquid acids, HF, and H3PO4. 

A s t r ic t ly  anhydrous  r inse was p repa red  by  bubbl ing  
HC1 gas th rough  absolute  ethanol.  Sufficient HC1 was 
dissolved in the  e thanol  to give an appa ren t  "pH" of 
~ 1 .  

Detai ls  of the s topped-f low etching procedure  are  
descr ibed e lsewere  (19). In  summary ,  the e tchant  is 
appl ied  dropwise  on a % in. square  sample  which  is 
spinning at  12,000 rpm. The etch is done at room t em-  
pe ra tu re  in an iner t  N2 ambient .  Each etching step is 
fol lowed by  an ethanol/HC1 rinse or  a r inse wi th  ab -  
solute ethanol ,  or  both. The observed etch ra te  is 100- 
150A n i t r ide /ml .  Many  var iables  affect the etch rate.  
Some, such as t empera ture ,  are  obvious; others  which 
are  re la ted  to the specific exper imen ta l  geomet ry  in-  
clude: drop size (0.01-0.02 ml ) ,  d ropping  ra te  (,~ 12 
d r o p s / m i n ) ,  rpm, and humid i ty  in the N~ ambien t  
( idea l ly  zero) .  

Uni fo rmi ty  of ma te r i a l  r emova l  was checked e l l ip -  
somet r ica l ly  and by  C-V measurements .  Af te r  etching 
,~ 300A of the ni tr ide,  the  remain ing  film thickness was 
found by  e l l ipsomet ry  to be uni form wi th in  • 5A at 
the center  of the  % in. square  sample  and wi thin  10- 
15A going f rom one corner  to the  opposi te  corner.  Since 
the XPS  expe r imen t  measures  only a l imi ted  por t ion  
of the center  of the sample,  this un i fo rmi ty  was more  
than adequate.  As an independen t  second check, 
mercu ry  probe C-V measurements  were  performed.  
The results  cor robora ted  the e l l ipsometr ic  findings of 
local un i formi ty  and a sl ight  thickness  grad ien t  across 
the sample  diagonal .  

F i lm thickness was measured  e l l ipsomet r ica l ly  unt i l  
about  60A of the film remained.  At  tha t  point,  the Si2p 
signal  f rom the subs t ra te  was detectable ,  and the 
film thickness could be de te rmined  f rom the rat io  of 
the  in tegra ted  Si2p signals  f rom the n i t r i de /ox ide  and 
subs t ra te  (20, 28). 

The conversion of the  n i t r ide /ox ide :  subs t ra te  in-  
tens i ty  rat io to a thickness requires  a knowledge  of 
the photoelect ron m e a n - f r e e - p a t h  ~. th rough  the over -  
ly ing  film mater ia l .  Tay lo r  et al. (21) have der ived  an 
es t imate  of ~S~p ~ 36A in SisN4. The da ta  in this 
work  are  consistent  wi th  somewha t  lower  values 
ranging  from the low to high twenties.  F i lm thickness 
is the only ca lcula ted  p a r a m e t e r  which depends  on 
~si2p, the  value  of which is cu r ren t ly  tentat ive.  There-  
fore, to be technical ly  correct,  the thickness coordinate  
in figures re levan t  to the  in ter face  has been given in 
mul t ip les  of ~si2p. However ,  as an in tu i t ive  aid, a th ick-  
ness scale is also given in angstroms,  based on ~si2p 
selected at  30A as a reasonable  average of the avai lab le  
estimates.  Al l  o ther  calculat ions are  based on mean-  
f r ee -pa th  ratios, which can be ca lcula ted  quite accu-  
r a t e ly  (24) wi thout  any  dependence  on a specific 
choice of ~si2p. 

To obta in  accurate  intensi t ies  for this study, it  was 
necessary  to account for residues left  on the surface  by  
the etching procedure.  The dominant  residues are  sur-  
face react ion products  of e thanol  and e thyl  fluoride, 
which form spontaneously  at  room t empera tu r e  in 
acidic, alcoholic fluoride solutions. These species are  
t ight ly  bound to the  surface;  in control  exper iments ,  
t empera tu res  exceeding 100~ fai led to desorb them 
into the UHV environment .  Ols  f rom res idual  e thanol  
react ion products  in te r fe red  with  the Ols  f rom im-  
pur i t ies  in the bu lk  ni tr ide.  I t  was possible to correct  
for this p rob lem by es t imat ing the magni tude  of the 
e thanol  contr ibut ion f rom a fit of the Cls  spectrum. 
Addi t iona l ly ,  a smal l  peak  was often observed  4 eV 
from the main  Nls  peak  (see Fig. l a ) .  In  control  ex-  
per iments ,  this fea ture  d i sappeared  af te r  the  sample  
was wa rmed  to 50~ in vacuum; s imul taneously ,  the  
F l s  signal  decreased by  ,~ 10%. These resul ts  a re  best  
in t e rp re ted  as fluorine, p robab ly  in the form of I-IF, 
loosely bound to n i t rogen  lone pai rs  p ro jec t ing  f rom the 
surface. Therefore,  we might  use HF as a convenient  
m a r k e r  for  the f ract ion of surface n i t rogen atoms wi th  
exposed lone pairs.  T h e  da ta  in Fig. la ,  for example ,  
suggest  that  HF is bound to the lone pairs  of ~ 10% of 
the surface n i t rogen atoms. F igure  2 shows tha t  res idual  
sodium, p robab ly  f rom trace amounts  of sodium phos-  
phate  in the phosphor ic  acid, was effect ively r e -  
moved by  a r inse wi th  the anhydrous  ethanol /HC1 
descr ibed above. F e w e r  sweeps were  accumula ted  on 
the sample  af ter  the r inse than  before,  which resul ted  
in a r e la t ive ly  h igher  noise level. Af t e r  the da ta  were  
scaled to the same number  of sweeps, i t  was found 
that  the sodium level  had been reduced  by  a t  leas t  an 
order  of magni tude.  A sodium ls  contr ibut ion equal  
to 10% of the or iginal  in tens i ty  would sti l l  be de tec t -  
ab le  despi te  the noise in the a f t e r - r inse  spectrum. In 
a more  sensi t ive test, the a f t e r - r in se  da ta  were  
smoothed by  cross corre la t ion  wi th  the in i t ia l  sodium 
ls  signal. The resul t  indicated a v i r t ua l ly  complete  
e l imina t ion  of sodium. 
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Fig. 1. (a) Nitrogen ls spectrum from the bulk of the nitride film. 
These data shaw the most pronounced example of a peak shifted 
4 eV to high binding energy, probably by HF loosely bound to sur- 
face nitrogen lone pairs. (b) Typical Si2p spectrum from the bulk 
of the nitride film. 

Results and  Discussion 
Bulk film composition.--Typical N l s  and Si2p l ine-  

shapes f rom the  bu lk  n i t r ide  are  shown in Fig. 1. The 
resul ts  (22) of a chemical  depth  profile are  shown 
in. Fig. 3. In t eg ra t ed  intensi t ies  correc ted  for  re la t ive  
photoemiss ion cross sections (23), but  not corrected 
for e scape-dep th  differences (24), a re  shown in Fig. 
3a. The Nl s  and Si2p signals corre la te  wi th  one an-  
other,  especia l ly  th rough  the bu lk  region of the  film 
f rom about  400 down to 75A. Fluc tua t ions  of N l s  and 
Si2p th rough  this region are  genera l ly  an t icor re la ted  
wi th  the Cls  intensi ty,  which  s t rongly  suggests tha t  
the  f luctuations are  due to var ia t ions  in a carbonaceous 
surface  over layer .  

The da ta  in Fig. 3a cIear ly  show an oxyn i t r ide  grad i -  
ent  ex tend ing  f rom the surface into the  bu lk  of the  
film. This fami l ia r  fea ture  has a l r eady  been wel l  
documented  [Ref. (17, 3, 6, 8, 10, 11, 13, and 15)]. The 
Ols  in tens i ty  drops  off r ap id ly  toward  the bu lk  Ols  
va lue  whi le  the  Nls  in tens i ty  rises correspondingly.  
The wid th  of the g rad ien t  a t  ha l f -he igh t  can be est i -  
ma ted  f rom the Ols  da ta  to be about  25A, which is 
consistent  wi th  previous  es t imates  of 6A equiva lent  
of SiO2 (XPS on LPCVD ni t r ide)  (17), 8A. equiva len t  
of SiOz (RBS on LPCVD ni t r ide)  (8), and N 30X 
(AES on p lasma  n i t r ide)  (4). The Ols  da ta  points  a t  
436 and 392A suggest  the  poss ibi l i ty  tha t  the ta i l  of 
the  g rad ien t  m a y  ex tend  deeply,  but  at  low concent ra -  
tion, into the bu lk  of the  n i t r ide  film. If  th is  deep 
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Fig. 2. Sodium ls etchant residue was effectively removed by an 
anhydrous ethanol/HCI rinse. Fewer sweeps were accumulated in 
the lower spectrum, which resulted in a higher noise level relative 
to the upper spectrum. Smoothing of the lower spectrum by cross- 
correlation with the uppo~ spectrum indicated the virtually com- 
plete removal of sodium. 
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Fig. 3a. Intensities from a chemical depth profile of a nitride/ 
native oxide/silicon structure. Intensities are corrected for cross 
sections, but not for escape-depth differences. Si2p refers to the 
contribution from silicon atoms in the silicon nitride film. Substrate 
was observed when the film was etched to less than 80Jk; however, 
no Si2p intensity from the substrate is shown in the graph. 

pene t ra t ion  t ru ly  exists, i t  p robab ly  resul ts  f rom ex-  
posing the  n i t r ide  film to the  a tmosphere  whi le  i t  is 
st i l l  hot f rom the furnace.  

With in  the bu lk  of the n i t r ide  film, the Ols  in tens-  
i ty drops to a level  indicat ive of 0.4 _ 0.2 a tomic pe r -  
cent (a /o)  oxygen.  This level,  and signif icant ly h igher  
levels,  of oxygen incorpora t ion  wi th in  the  bu lk  are  also 
wel l  documented  in the l i t e ra tu re  (3, 5, 6, 8, 13), and 
it has been a t t r ibu ted  to oxygen-con ta in ing  impur i t i es  
in the  NH3 s t ream b y  corre la t ing  oxygen  in tens i ty  wi th  
wi th  the NI-T~/SiH4 rat io (3, 6). 

Using publ i shed  procedures  (24c, d) ,  the in tegra ted  
intensi t ies  in Fig. 3a were  conver ted  to the atomic 
rat io of n i t rogen/s i l i con  as a function of dep th  th rough  
the bulk.  The in tegra ted  intensi t ies  of Fig. 3a were  
a l r eady  corrected for  re la t ive  photoionizat ion cross 
section (23). Correct ions for m e a n - f r e e - p a t h  were  
made  by  tak ing  ~ N l s / ~ S i 2 p  - - -  (ENls/Esi2p)0.75 (24a, b, d) ,  
where  ~. is the m e a n - f r e e - p a t h  and E is the  photo-  
e lectron kinet ic  energy.  This s imple express ion gave 
resul ts  which  agreed  wi th in  < 1% wi th  the theore t ica l  
calculat ions of Penn  (24c). These correct ions are  a l l  
based on a homogeneous film wi th  a thickness much 
grea te r  than  the mean- f r ee -pa th .  F igure  3a shows tha t  
the  composit ion of the film is r a the r  uni form over  
hundreds  of angstroms.  Thus, the  use of these cor-  
rections wi th in  the  bu lk  seems justified. The resul ts  
a re  replo t ted  in Fig. 3b where  the  ord ina te  is now 
the atomic rat io  of n i t rogen/s i l i con  correc ted  for cross 
sect ion and m e a n - f r e e - p a t h .  
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Fig. 3b. Atomic ratio of N/Si vs. depth, corrected for cross sec- 
tions and mean-free-path. Dotted lines shows the ratio for Si~N4. 
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Figure  3b shows tha t  the composit ion of the film is 
nea r ly  s toichiometr ic  SigN4, in agreement  wi th  AES 
(6) and RBS analyses  of CVD sil icon n i t r ide  (5c, 8, 
12). The average  N/S i  rat io th rough  the bulk  region 
is 1.31, compared  to the s to ichiometr ic  ratio, 1.33. The 
agreement  is good, and it lends confidence to the cross- 
section and m e a n - f r e e - p a t h  corrections. The sl ight  
devia t ion  be low 1.33 m a y  even suggest  a small  con- 
t r ibut ion  f rom Si -Si  bonding (12, 15a). F igure  3b also 
shows that  the  composit ion is more  un i form than  i t  
would seem f rom Fig. 3a; the fluctuations in  Fig. 3a are  
less significant when rat ios are  t aken  for Fig. 3b. 
The correctkons leading to Fig. 3b are only val id  wi th in  
the  bu lk  of the  film. The composi t ional  grad ien ts  a t  
the in ter face  requi re  a more  deta i led  t rea tment ,  which 
is given below. 

Interracial SiO2.--It has  gene ra l ly  been bel ieved 
tha t  n i t r ida t ion  converts  the tunnel ing oxide of MNOS 
s t ruc tures  comple te ly  to a graded composit ion of oxy -  
ni tr ide,  wi th  no SiO~ surv iv ing  the n i t r ida t ion  process 
in tac t  (3, 6, 10). We have observed a region of  graded 
oxyn i t r ide  in this work,  but  in addit ion,  we have  un -  
ambiguous ly  identif ied SiO2 at  the subs t ra te  interface.  

F igures  4a and b show, respect ively,  the N i s  and 
Si2p regions af te r  the  final etch. These spec t ra  r ep re -  
sent  a n i t r ide  + oxide  film wi th  a nominal  thickness 
of 12A, as de te rmined  by  the rat io  of n i t r ide  and oxide 
Si2p to subs t ra te  Si2p. The Si2p da ta  show a s y m m e t r y  
at 103-105 eV, where  SiO2 contr ibutes  (25), and not  
the var ious  forms of oxyn i t r ide  (17). This a s y m m e t r y  
does not  exis t  in the Si2p spec t ra  of the  bu lk  sil icon 
n i t r ide  (Fig. l b ) .  I t  is possible to es t imate  the  con- 
t r ibut ion  of sil icon n i t r ide  in Fig. 4b, sub t rac t  it, and  
analyze  the region of a s y m m e t r y  in detail .  The resul t  
is in Fig. 4c, which shows the Si2p da ta  of Fig. 4b 
wi th  an over lay  of a Si2p n i t r ide  signal  f rom the bulk.  
The over lay  has been scaled to represen t  the equiv-  
a lent  amount  of n i t r ide  Si2p in tens i ty  corresponding 
to the n i t r ide  Nls  in tens i ty  in Fig. 4a. Subt rac t ing  the  
over lay  gives the resul t  shown in Fig. 4d. 

The smal l  peak  in Fig. 4d has the character is t ics  of 
an Si2p signal  f rom amorphous  SiO~. The separa t ion  
be tween the smal l  peak  and the subs t ra te  Si2p peak  
is 4.2 eV. Thin films of a-SiO2 show a separa t ion  r ang -  
ing f rom 3.9-4.3 eV (25b), depending on film thickness.  
The energy  separa t ion  be tween the smal l  Si2p peak  
and the corresponding Ols  peak  is 429.7 eV, which 
agrees exac t ly  wi th  the Ols -S i2p  separa t ion  found 
for  1-2 mono laye r  films of a-SiO2 [Fig. 2 in Ref. (25b)]. 
(Ols  f rom res idual  e thanol  does not in ter fere  wi th  
the de te rmina t ion  of this separa t ion  because i t  ac-  
counts for  only  10% of the in tens i ty  in the O1s peak  
corresponding to Fig. 4d. I t  is only a minor  pe r tu rba t ion  
in the spect ra  at  the interface.)  Final ly ,  the atomic 
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Fig. 4a. Nls signal from a nitride/oxide film with a nominal 
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Fig. 4b. The corresponding Si2p signal from the same film as 4a. 
Fig. 4(c) 4b overlayed with an Si2p nitride spectrum from the Bulk. 
Overlay has been scaled to represent that amount of nitride which 
would be necessary to account for the Nls intensity in 4a. Fig. 4(d) 
4b minus the nitride contribution. Shows the interracial SiO2 contri- 
bution clearly. 

rat io of O/S i  for the 104 eV peak corrected for  cross 
section and escape depth  is 2.44, i.e., SiO2 wi th  a smal l  
amount  of oxygen avai lab le  for some oxyn i t r ide  fo rma-  
tion and possibly  SiOH species. Since this smal l  peak  
in F ig .  4d appears  where  SiO2 is expected,  beyond 
the region where  oxyni t r ide  is found (17), and since 
i t  shows the character is t ics  de te rmined  f rom pure  
a-SiO2 films (25), i t  is c lear  tha t  this peak  represents  
SiO2 sti l l  in tac t  at  the in ter face  af te r  ni t r idat ion.  Tak-  
ing the rat io  of this SiO2 peak  to the subs t ra te  peak,  
i t  was found tha t  this peak  represents  a thickness of 
a-SiO2 equiva lent  to 4-5A. of SIO2, a pp rox ima te ly  0.8 
monolayer .  I t  is, therefore,  l ike ly  tha t  the SiO2 layer 
is not  continuous, and that  n i t rogen-conta in ing  species 
m a y  extend al l  the w a y  to the interface.  The rat io  of 
oxide  to subs t ra te  intensi t ies  is independen t  of the  
thickness of an over layer .  Both intensi t ies  wi l l  be a t -  
t enua ted  b y  the same factor  a f te r  pass ing th rough  the 
over layer ,  and the rat io wil l  r ema in  unchanged.  There -  
fore, the  thickness of the  in ter rac ia l  SiO2 layer ,  which  
is der ived  d i rec t ly  f rom the oxide  to subs t ra te  ratio,  
can be de te rmined  more  accura te ly  than  the dep th  
resolut ion would  o rd ina r i ly  allow. There  are, however ,  
l imi ts  to the un i formi ty  of the etching;  consequent ly  
we a l low for the  poss ibi l i ty  of a ful l  monolayer  of 
SIO2, but  cer ta in ly  less than  two monolayers .  

The SiO2 thickness observed here  is then compared  
to es t imates  of a 15-20/k equiva lent  thickness  of "SiO~" 
in o ther  n i t r ide  samples  (11). Firs t ,  i t  must  be r e m e m -  
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bered  tha t  the MNOS s t ruc ture  profi led in this  work  
includes only  a na t ive  oxide  es t imated  by  single wave -  
length  e l l ipsomet ry  to be app rox ima te ly  5A th ick  be-  
fore the sil icon wafer  was p laced  in the  reactor .  A 
much  s t ronger  SiO2 peak  would  be expected  for  a 
MNOS s t ruc ture  made with  an in ten t iona l ly  grown 
the rmal  oxide. Second, the 15-20A "SIO2" es t imate  
f rom SE resul ts  (11) is expla ined  to be a v i r tua l  th ick-  
ness which  refers  only  to the s i l i con-oxygen  content  
in a given n i t r ide  film, and not  the  identif icat ion of 
the  specific chemical  s ta te  of s toichiometr ic  SIO2. 
Final ly ,  i t  is conceivable  that  the nat ive  oxide  on 
this sample  m a y  have been pa r t i a l l y  e tched at  the  
s ta r t  of LPCVD by ch lor ine- f ree  radicals  re leased 
f rom the pyrolys is  of SiH2Cl2. 

The exis tence of in te r rac ia l  SiO2 was s t rong ly  sug- 
gested by  ea r l i e r  exper iments  on specia l ly  p repa red  
control  samples  (26). The samples  were  th in  (20-40A) 
layers  of LPCVD silicon n i t r ide  on both nat ive  and 
t he rma l ly  g rown tunnel ing  oxides.  The  deposi ted ni-  
t r ide  films were  in ten t iona l ly  made  th inne r  than  a 
f e w  photoelec t ron mean- f r ee -pa ths ,  so that  XPS could 
be used to s tudy  the n i t r ide /ox ide  and ox ide / subs t r a t e  
in terfaces  s imul taneous ly  wi thout  the r equ i r emen t  of 
etching.  The resul ts  a re  shown in Fig. 5, which  com- 
pares  the  Si2p da ta  for  a 20A n i t r ide /22A the rmal  
ox ide / s i l i con  s t ruc ture  (Fig. 5a) wi th  Si2p da ta  f rom 
a 16A film of the rmal  SiO2 (Fig. 5b).  A resolut ion en-  
hancement  a lgor i thm based on m a x i m u m  en t ropy  spec-  
t r a l  es t imat ion has been appl ied  to each set  of data;  
this  a lgor i thm and its appl icat ions  have  been descr ibed 
in de ta i l  e l sewhere  (27). The resul ts  of the  resolut ion 
enhancement  a re  over l aye red  on the da ta  in Fig. 5. 
Extens ive  work  (25) has lead  to a de ta i led  unde r -  
s tanding  of the Si2p spec t rum of SIO2, such as the  da ta  
in Fig. 5b. Three  peaks  are  conspicuous nea r  104 eV in 
the  reso lu t ion-enhanced  SiO2 spec t rum in Fig. 5b. 
This t r i ad  is r ep roduc ib ly  found in all  such enhanced 
SiO2 spectra;  i t  has been suggested (25) tha t  these 
peaks  reflect S i -O-S i  bond angles of app rox ima te ly  
120, 144, and 160-180 degrees. The a-SiO2 peaks  in Fig. 
5b are  labe led  wi th  the bond angles which they  r ep re -  
sent. In  the  absence of gross interference,  this t r i ad  
can be  taken  as an ident i fy ing  chara 'cterist ic of a-SiO~ 
in XPS  Si2p data.  

In  the  thin n i t r i d e / t h e r m a l  oxide  da ta  of Fig. 5a, the  
energy  reg ime where  SiO2 Si2p photoelectrons  are  
found is chemical ly  shif ted beyond the  region where  
the  n i t r ide  and oxyn i t r ide  Si2p cont r ibu te  (17). Thus, 
the oxide region of the  spec t rum is r e l a t ive ly  free of 
in terference,  and we can look for  the  a-SiO2 t r i ad  in 
the reso lu t ion-enhanced  spec t rum as evidence of a-SiO~ 
in the film. In the  SiO2 region of Fig. 5a, the resolut ion-  
enhanced da ta  show a t h r e e - p e a k  s t ruc ture  which 
closely corresponds to the t r iad  in the SiO2 model  
spec t rum in Fig. 5b. This ag reemen t  was' not  bui l t  
into e i ther  spec t rum by  any manipu la t ion  of the 
a lgori thm. S imi la r  resul ts  on two o ther  samples  led 
us to conclude that  a-SiO2 was a component  of these 
tb in  n i t r ide  control  samples.  Beyond the identif icat ion 
of a-SiO2, the  enhanced spec t rum of Fig. 5a becomes 
difficult to in terpre t .  Wi th in  the  b inding  energy  region 
of 101-102 eV, one expects  a mul t ip l i c i ty  of chemical  
states due to oxyni t r ide ,  ni t r ide,  and hydrogen  bond-  
ing. An extens ive  enhancement  calculat ion would  be 
requ i red  to resolve  the d ivers i ty  of sub t ly  shif ted 
chemical  states in this  region. Therefore,  the peaks  
observed in this region of Fig. 5a are  only r ep resen ta -  
t ive of the possible contr ibut ions;  these peaks  cannot  
be assigned unambiguously .  These complicat ions were  
not  p resen t  in the enhancement  of SiO2 data  such as 
in Fig. 5b. 

Interface composition.--The calculat ion of the N / S i  
a tomic rat io  in Fig. 3b was done assuming a thickness 
much  grea te r  than  the m e a n - f r e e - p a t h  wi th  a un i fo rm 
composi t ion wi th in  the  film. This reasoning was only  
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Fig. 5. (a) Si2p data from a 20~- LPCVD silicon nitride/22A 
thermal oxide/silicon (100) structure. (b) Si2p data from a 16A 
thermal oxide. Both data sets are shown with the results of resolu- 
tion enhancement. [See Ref. (25 and 27).] The triad of oxide peaks 
is shown with each peak labeled according to the Si-O-Si bond 
angle which it represents (25, 27). Spectrum (a) has been shifted 
to align the 144 ~ oxide peaks for clarity. It then appears that the 
substrate signals near 100 eV differ by 0.2 eV. This difference is 
within the errors of computation, doping differences, and surface 
potentials. 

val id  in the bulk  of the film; analysis  of atomic rat ios 
wi th in  a few m e a n - f r e e - p a t h s  of the in terface  must  
account for the composi t ional  gradients  in this region. 
The method  for  calculat ing atomic rat ios in this r e -  
gion is a s t r a igh t fo rward  adapta t ion  of the  calculat ion 
b y  Vasquez (28) on the SiO2/Si interface.  

The region of var iab le  composi t ion is modeled  as 
a stack of thin layers,  wi th  each layer  having a uni -  
form composition. The in tens i ty  (normal ized  wi th  re-  
spect  to re la t ive  cross section) f rom a s tack of n layers ,  
I ( n ) / r  is re la ted  to the in tens i ty  f rom n --  1 layers ,  
I (n  -- 1)/~ by  Eq. [ la ]  

I (n)  I (n  -- 1) 
_ exp ( - -  d/k sin 0) 

Vr 

+ I x A T ~ s i n ~ [ 1 - - e x p  ( - - d / k s i n ~ ) ]  [ l a ]  

where  I is the observed in tens i ty  of photoelectrons  f rom 
a given orb i ta l  of a given atom, ~ is the re la t ive  cross 
section for photoemission,  p is the atomic dens i ty  of 
the a tom being measured,  k is the photoe lec t ron  m e a n -  
f ree -pa th ,  d is the  thickness of one of the hypothe t ica l  
layers,  and IxAT sin e a re  the ins t rument  pa rame te r s  
represen t ing  x - r a y  intensi ty,  sample  area, spec t romete r  
t ransmission,  and photoelec t ron takeoff  angle  8 ---- 38.5 ~ 
Equat ion [ la ]  can now be solved for p, the atomic 
density.  If  this procedure  is fol lowed for  two compo-  
nents, e.g., ni t rogen and silicon, a rat io  of a tomic densi -  
ties c a n  be de r ived  in which  the ins t rumenta l  p a r a m e -  
ters cancel  to a close approx ima t ion  
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The intensi t ies  are  measured,  and rat ios  of cross sec- 
tion (23) and m e a n - f r e e - p a t h s  (24) can be ob ta ined  
to sufficient accuracy.  The use of kSmp -- 30A causes 
< 2 %  er ror  in the calculat ion of pN/pSi, because Eq. 
[ lb]  depends  only  w e a k l y  on the choice of ks~p. 
Ratios of N /S i  and O/S i  were  calculated,  f rom which  
an N/O ra t io  could be der ived.  F r o m  these data,  a tomic 
fract ions of O, N, and Si could be de r ived  as a func-  
tion of thickness,  as shown in Fig. 6. These atomic 
fract ions do not  include a contr ibut ion  f rom h y d r o -  
gen, which cannot  be d i rec t ly  measured  by  XPS. 

The oxygen profile shown in Fig. 6 decreases r ap id ly  
at  the interface,  and the oxygen  concentra t ion drops 
to 20% of its in i t ia l  va lue  wi th in  a few angstroms,  in 
general ,  agreement  wi th  the conclusion reached in-  
dependen t ly  by  Frenze l  and Balk  (9). Over  the  next  
16A, the  concentra t ion decreases s l ight ly  and is ap-  
p r o x i m a t e l y  constant.  Af t e r  24A, the oxygen  con- 
cent ra t ion  declines unt i l  i t  merges  wi th  the  bu lk  con- 
cent ra t ion  of 0.4 _ 0.2 a/o. There  is no appa ren t  
evidence of SiO~ in this region; therefore,  it  is l ike ly  
that  the composit ion is best  descr ibed in te rms of a 
low concentra t ion oxyn i t r ide  gradient .  Within  45A, 
the oxygen  level  drops below 2 a/o;  the bu lk  composi-  
t ion is reached at  a thickness be tween 50-60A. The 
amount  of oxygen in this g rad ien t  i~ represen ted  pic-  
tor ia l ly  in Fig. 9. 

The n i t rogen profile is consistent  wi th  the oxygen  
results,  showing the l ike l ihood of n i t rogen-conta in ing  
species ex tend ing  to the  interface.  The rest  of the p ro -  
file is consis tent  wi th  the low concentra t ion oxyn i t r ide  
gradient ,  which reaches nea r ly  pure  SizN4 at  ,~ 45A. 

The si l icon profile in Fig. 6 shows a conspicuous in -  
crease at a thickness of 4-8A. To in t e rp re t  this in-  
crease, we invoke the same bonding model  descr ibed 
by  Phi l ipp  (29) and Raider  (17), that  al l  silicon is 
bonded t e t r ahed ra l ly  by  single bonds to o ther  silicon, 
oxygen,  and n i t rogen (29), and that  al l  oxyn i t r ide  
bonding Occurs in the form of s i loxane (S i -O-S i )  and 
s i lazane (S i -N-S i )  br idges  (17). Within  the context  
of this model,  the  total  n u m b e r  of avai lable  silicon 
single bonds must  equal  the  combined numbers  of 
oxygen  and n i t rogen single bonds. In Fig. 7 we divide 
the number  of ava i lab le  silicon single bonds (4•  
a tomic f rac tmn of Si) b y  the  sum of oxygen and 
ni t rogen single bonds (2•  oxygen f ract ion -k 3 •  ni-  
t rogen f rac t ion) .  Where  this f ract ion deviates  f rom 
unity,  we  must  consider  some devia t ion  f rom the 
s imple oxyn i t r ide  model,  such as S i -S i  or  S i -H  bond-  

[I (n)  N1s --  I (n --  1) Nls exp ( - -  d/LNls sin 0) ] ~sispLsi2p [1 -- exp ( - -  d/~si2p sin e) ] 
[ l b ]  

[I (n)s~p - - l ( n  -- 1)si2p exp ( - -  d/ls~p sin 0)] ~Nlsi~cls [1 -- exp  ( - -  d/kNls sin e)] 

ing. F igure  7 shows a l aye r  of excess bonds to sil icon 
about  8A thick. The rat io  .~n Fig. 7 peaks  at  4-8A, 
where  there  is found a c lear  excess of silicon bonds 
which cannot  be accounted for  by  s imple oxygen and 
n i t rogen  coordination.  I t  seems tha t  the excess exists  
on top of the na t ive  oxide layer .  

Cer ta in  aspects of this  observat ion  are  in qual i ta t ive  
agreement  wi th  resul ts  obta ined  by  others  (11). How- 
ever,  it  is un l ike ly  that  this region contains any sub-  
s tant ia l  amount  of amorphous  silicon. In the presence 
of oxygen and excess n i t rogen at e levated  t empera -  
tures, amorphous  si l icon would be uns table  wi th  re -  
spect to the format ion  of oxides and nitr ides.  S i -Si  
and S i -H bonding plus Si dangl ing  bonds wi th in  an 
oxyn i t r ide  f r a m e w o r k  are  more  plausible .  Therefore,  
r a the r  than speaking of excess silicon, we re fe r  to this  
system in te rms of excess bonds to silicon. F igure  7 
indicates  tha t  as much as 90% of the silicon in the 
region of peak  excess m a y  have a bond not  going to 
n i t rogen or  oxygen.  A reasonable  represen ta t ion  of 
this bonding a r r angemen t  is shown in Fig. 9. 

I t  is impor tan t  to emphasize that  the excess bonds 
to sil icon cannot  be a t t r ibu ted  to a spurious subs t ra te  
sil icon contr ibut ion  due to nonuni form etching or  
some o ther  artificial  result .  The subs t ra te  and n i t r i d e /  
oxide silicon form two dis t inct  Si2p peaks  resolved 
f rom one another .  (See Fig. 4b.) Subs t ra te  Si2p ap-  
pears  at  99.5 eV; n i t r i de /ox ide  Si2p appears  at  102 
eV. The subs t ra te  contr ibut ion  was not  included in 
tak ing  Si2p intensi t ies  for the silicon profile. 

While  this evidence s t rongly  suggests  the exis tence 
of the excess bonds, ful l  confirmation awai ts  the  r ep l i -  
cation of these observat ions  on o ther  samples.  The 
source of the excess also remains  to be identified. 
React ion products  f rom etching are  possible con t r ibu-  
tors. I t  is l ike ly  tha t  e tching leaves some surface 
silicon bonds hydrogena ted  af te r  the  e l iminat ion  of 
ni trogen.  The re la t ive  contr ibut ion  of this surface  l aye r  
becomes increas ingly  significant as the  film thickness  
decreases;  the apparen t  resul t  would  be a g radua l  in-  
crease in S i -H bonding as the etching approached  the 
interface.  However ,  the peak  shown in Fig. 7 rises 
so sha rp ly  that  one is led to also consider  the  LPCVD 
process as a source of the  excess bonds to silicon. P e r -  
haps the  excess bonds hold clues about  the mecha-  
nisms involved in the in terac t ion  of reac tan t  gases wi th  
the na t ive  oxide dur ing  the ini t ia l  s tages  of LPCVD. 
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One poss ib i l i ty  is the reduct ion  of in te r fac ia l  SiO~ 
and SiO2 dur ing  the in i t ia l  n i t r ida t ion .  This process 
was once used as a method  of mak ing  silicon n i t r ide  
according to the  fol lowing reac t ion  (30) 

H2 
3SiO~ + 6C -I- 2N~ ) SigN4 -I- 6CO [2] 

1200~176 

Many of the conditions of this reaction are satisfied 
by the system being considered here. Carbon is avail- 
able as a contaminant found on the native oxide sur- 
face before deposition, and LPCVD conditions provide 
hydrogen and nitrogen species. Although reaction [2] 
could be run at 1200~ using oxide catalysts, the tem- 
perature st i l l  exceeds the LPCVD range of 750~ 
However ,  the high t empe ra tu r e  m a y  only  have been 
necessary  to c leave  the N~ bond in react ion [2], and 
this s tep is not  requ i red  in LPCVD using NH~. There -  
fore, i t  is possible  that, at  lower  LPCVD tempera tures ,  
a reac t ion  would  start ,  bu t  not  necessar i ly  go to com- 
plet ion as in Eq. [2]. Instead,  some mechanism s imi-  
l a r  to Eq. [2], and  involving in ter fac ia l  SiOx, might  
govern  a reac t ion  which stops af te r  consuming the 
carbon  contaminant  layer ,  and yields products  of sub -  
oxides,  subni t r ides ,  and oxyni t r ides  containing S i -S i  
and S i -H  bonds. 

A n o t h e r  poss ib i l i ty  is a surge of SiHfC12 when  the 
in le t  valve  is opened at  the  s t a r t  of LPCVD. Other  
mechanisms are  not as wel l  defined. Nevertheless ,  
under  these condit ions of deposi t ion and etching, the  
da ta  indicate  the  exis tence of one or two monolayers  
of oxyn i t r ide  containing excess bonds to si l icon on 
top of the na t ive  oxide. 

Implications for Device Performance and Processing 
Severa l  fea tures  of the  in te r fac ia l  s t ruc ture  de te r -  

mined  in this  s tudy  m a y  be  significant in t e rms  of 
MNOS endurance  and re ten t ion  effects. In  par t icu lar ,  
the  region of excess bonds  to sil icon is l i ke ly  to be 
chemical ly  labi le  under  e lec t r ica l  stress. A plaus ib le  
bonding a r r angemen t  represen ta t ive  of this  region is 
given schemat ica l ly  in Fig. 8. Two sil icon atoms are  
connected to n i t rogen and oxygen  by  single bonds. 
The  silicons are  also connected to one another  th rough  
a single bond, which is one example  of an excess bond 
to si l icon not  accounted for b y  n i t rogen  or  oxygen.  
Other  possibi l i t ies  include S i -H  and Si dangl ing bonds. 

The S i -S i  bond s t rength  has been measured  at  va r i -  
ous values  ranging  f rom 2-3 eV (31). Therefore ,  it  is 
possible  tha t  dur ing  w r i t e / e r a s e  cycling, hot  e lectrons 
(or holes)  could cleave S i -S i  bonds near  the interface.  
Recombinat ion  is expected,  unless the b roken  bond  is 
s tabi l ized chemical ly,  or  unless la t t ice  re laxa t ion  pul ls  
the  sil icon atoms too far  apa r t  to rees tabl i sh  a bond, 
thus forming  Si dangl ing bonds. Relief  of la t t ice  s t ra in  
is, therefore ,  a cen t ra l  theme in this proposal .  The 
s t ra in  concept has a l r eady  been successful  in p rov id -  
ing a basis for unders tand ing  the format ion  of Si +3 
sites a t  the  S i O J S i  in ter face  (32); the Si dangl ing 
bond sites formed in Fig. 8 a re  analogous to the Si +3 
formed in the S i O J S i  system. 
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Fig. 8. Representation of Si--Si bond cleavage in an oxynitride 
structure to yield trapped positive charge at the interface after 
write/erase cycling. 

During  fu r the r  wr i t e / e r a se  cycling, e lec t ron  impact  
m a y  ionize the Si dangl ing  bonds and leave a posi t ive 
charge at  the inter~ace. The net  effect observed elec-  
t r ica l ly  would be a shift  in the logical  vol tage window. 
I t  is expected  that,  as an int r ins ic  resul t  of the LPCVD 
process, some Si dangl ing  bonds exist  in the film even 
before  wr i t e / e r a se  cycling;  they  should behave  the 
same way  as the Si dangl ing  bonds p roduced  in Fig. 8. 

S i -H  bonds are  also subjec t  to c leavage and the 
format ion  of Si dangl ing  bonds. I t  has, in fact, been 
shown that  e lec t ron i r r ad ia t ion  unde r  a negat ive  bias  
condit ion is capable  of conver t ing in te r rac ia l  S i -H  to 
Si0 in na t ive  oxide  MNOS structures;  i t  is possible to 
in te rp re t  the  Si0 observed  in this conversion as an Si  
dangl ing bond (35). Fol lowing hydrogen  removal ,  an 
Si dangl ing bond is lef t  to be ionized, again  leaving 
a fixed charge at  the  interface.  

In these terms,  a mechanism can be proposed  to 
expla in  recent  exper ience  in hydrogen  anneal ing  (34). 
In this case, S i -S i  l inkages  would be conver ted  to 
Si-H. No addi t ional  dangl ing bonds would  be  formed;  
those dangl ing bonds wbicn exis t  in t r ins ica l ly  a f te r  
LPCVD would  also be conver ted  to Si-H.  There  would  
be a subs tan t ia l  reduct ion  in the number  of Si dan-  
gl ing bonds remain ing  to be ionized by  e lect ron im-  
pact. Since the  bond energies  of S i -H and S i -S i  are  
comparab le  (31), the cleavage of S i -S i  bonds by  Hs is 
p robab ly  assisted by  la t t ice  strain.  Thus, the  hydrogen  
anneal ing  process m a y  also be i n t e rp re t ed  as a s t ra in  
re l ief  mechanism, i t  is found that  hydrogen  anneal ing  
mit igates  the endurance  problem,  but  does not  e l im-  
inate  it. Therefore,  we mus t  propose tha t  s t ra ined 
S i -S i  bonds, which may  exist  before  hydrogen  annea l -  
ing, cleave more  read i ly  than  uns t ra ined  S i -H  bonds 
af ter  hydrogen  annealing.  

Si dangl ing bonds are  not l imi ted  to a role  as e lec-  
t ron donors lead ing  to in te r fac ia l  posi t ive charge.  A 
s ingly  occupied dangl ing  orb i ta l  can also accept  an  
electron. Therefore,  dangl ing  bonds a re  expected  to 
be amphoter ic ,  i.e., having the ab i l i ty  to act as an 
e lect ron acceptor  as well  as an e lect ron donor.  As 
e lect ron acceptors,  Si dangl ing  bonds could receive  
electronic charge f rom the bulk  and t rap  i t  near  the  
interface,  where  it could tunnel  out  of the film. Thus, 
Si dangl ing bonds can funct ion as "hopping" si tes  for 
e lectrons to l eak  back  into the  substrate ,  resul t ing  in a 
loss of retention.  Si dangl ing bonds resul t ing  f rom the 
dehydrogena t ion  of S i -H  centers  have been proposed 
as the cause of increased conduct iv i ty  in t he rma l ly  an-  
nea led  silicon n i t r ide  films (37). 

The silicon ni t r ide,  oxyni t r ide ,  and oxide  are  also 
sources of dangl ing bonds and o ther  amphoter ic  sites. 
Al though S i -N and Si-O bonds are  s t ronger  than  S i -S i  
and S i -H bonds, they  are  s t i l l  sub jec t  to cleavage d u r -  
ing e lec t r ica l  stress, pa r t i cu l a r ly  in the presence of a 
s t ra ined latt ice.  The cleavage of Si-O bonds in SiO2 
under  e lect ron b o m b a r d m e n t  has a l r eady  been docu-  
mented  (32). The resul t ing  Si +3 sites and non-  
br idging oxygen  sites have been descr ibed in te rms 
of being amphoter ic ,  se l f -annea l ing  charge traps.  In  
silicon ni t r ide,  S i -N bond cleavage leading  to ampho-  
teric, annealable  charge t raps  has also been proposed  
(36). The low- leve l  oxyn i t r ide  g rad ien t  ex tend ing  
into the  film may,  therefore ,  be a source of "hopping" 
sites for the  diss ipat ion of charge  f rom the bu lk  back  
into the subst ra te .  

The na t ive  oxide  layer ,  which  was found in tac t  
at  the  in terface  in this work,  r epresen t s  a sys tem 
which  has been  shown to contain  s t ra ined  bonds and 
silicon suboxides  (25, 32). Suboxides  of silicon, espe-  
c ia l ly  Si +3, have been found to be act ive as in ter face  
states (25, 32) which are  capable  of amphoter ic  charge 
t r app ing  behavior .  Si +s has also been  shown to dis-  
p ropor t iona te  into Si +4 and Si 0 under  e lec t ron i r r ad i -  
a t ion (33); the  Si ~ then becomes avai lab le  for  the  
format ion  of S i -S i  and  S i -H  bonds, which  have a l -  
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r e a d y  been discussed in te rms of charge  t rapping.  
These considerat ions are  pa r t i cu l a r ly  r e l evan t  in the 
case of na t ive  oxide MNOS structures,  because the 
condit ions which exist  at  the in terface  dur ing  deposi-  
t ion (hydrogen,  surface carbon, h igh t empe ra tu r e )  
would p romote  the reduct ion of the oxide to suboxides.  

These  resul ts  p rompt  the considerat ion of processing 
steps a imed  at  minimizing the format ion  of t rap  sites 
which  l imi t  device performance.  The potent ia l  sources 
of t raps  impl ica ted  in this  work  include the excess 
bonds to silicon, la t t ice  strain,  in te rmedia te  oxida t ion  
states  of si l icon in the na t ive  oxide, and the oxyn i t r ide  
g rad ien t  ex tending  into the film. This s tudy suggests 
that  excess bonds to silicon m a y  be due to the in t e r -  
act ion be tween  the LPCVD reac tan t  gases, surface car -  
bon, and the nat ive  oxide;  a momen ta r i l y  high pa r t i a l  
pressure  of SiH2C12 may  also contr ibute.  Accordingly ,  
control  of surface carbon contaminat ion  and the e l im-  
inat ion of an SiH2CI2 pressure  surge at the  s t a r t  of 
deposi t ion might  l imi t  the format ion  of excess bonds to 
silicon. 

In t e rmed ia te  oxidat ion  states, oxyni t r ide ,  s t ra ined  
bonds, and  excess bonds to silicon axe al l  re la ted  to 
the  na t ive  oxide. Therefore,  it  m a y  also be des i rable  
to e l iminate  the na t ive  oxide l aye r  wi th  an in situ 
HC1 etch in the  reac tor  tube. Pyrolys is  of SiH2C12 
p robab ly  contr ibutes  toward  the remova l  of some na -  
t ive oxide;  the br ie f  addi t ion  of HC1 to the gas s t ream 
immed ia t e ly  pr ior  to SiH2CI2 should complete  the re -  
moval  process. 

A n y  or  a l l  of these processing changes m a y  assist 
in producing  more  effective na t ive  oxide  MNOS de-  
vices. 

Conclus ions 
Stopped-f low chemica l  e tching has been used in con- 

junct ion  wi th  XPS  to obta in  a deta i led composi t ional  
profile of a na t ive -ox ide  LPCVD MNOS structure.  
Numerous surface  and bu lk  fea tures  were  observed,  
including a surface oxyn i t r ide  grad ien t  and stoichi-  
ometr ic  n i t r ide  in the bu lk  film. The bu lk  s to ichiome-  
t ry  was essent ia l ly  equal  to the ideal  SigN4 wi th  a 0.4 
a /o  oxygen  impur i t y  and poss ibly  an observable  con- 
t r ibut ion  f rom Si -Si  bonding. 

The in te r fac ia l  region has been revea led  at  a high 
level  of de ta i l  and depth  resolution. The essential  fea-  
tures  of the  in ter face  are  summar ized  in Fig. 9. Some 
SiO= has been found intact  at  the in ter face  af te r  n i -  
t r idat ion.  The  total  amount  present  is app rox ima te ly  
a monolayer ,  and  p robab ly  about  0.8 monolayer .  
Therefore,  i t  is l ike ly  tha t  the SiO2 is not  continuous, 
and  that  n i t rogen-con ta in ing  species may  reach  al l  
the w a y  to the  interface.  This thin coverage is con- 
sistent  wi th  the  fact  tha t  only  a na t ive  oxide  was 
present  before  ni t r idat ion.  

On top of the na t ive  oxide, there  is a l aye r  conta in-  
ing excess bonds to silicon. The thickness of this region 
is about  8A. The excess bonds do not  imply  a dis t inct  
phase of amorphous  silicon. Instead, it  is most  l ike ly  
that  the  excess bonds represent  S i -Si  and S i -H  bonds 
plus Si dangl ing bonds in an oxyn i t r ide  f ramework .  
These three  possibi l i t ies  cannot  be d is t inguished easi ly 
because XPS cannot measure  hydrogen  direct ly.  The 
mechanism of the fo rmat ion  of the excess bonds has not  
been confirmed. Etching by-produc t s  m a y  account for  
some of the bonds, bu t  the ini t ia l  react ion of the  
LPCVD gases wi th  the  nat ive  oxide surface  must  also 
be involved.  A reduct ion  mechanism and an SiH2C12 
surge  are  also proposed as possible explanat ions.  

The ox ide /n i t r i de  in ter face  is character ized by  both 
sharp and diffuse features.  Wi th in  less than  8A, the 
oxygen concentra t ion drops off to one fifth of the  ini t ia l  
concentra t ion at the subs t ra te  interface.  Thereaf ter ,  an 
oxyn i t r ide  g rad ien t  does indeed exist.  However ,  the 
amount  of oxygen incorpora t ion  is quite modest,  never  
exceeding 10 a/o, and dropping  be low 2 a /o  wi th in  45A. 
At  50-60A, the  composi t ion of the film is indis t inguish-  
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Fig. 9. Schematic diagram showing the essential features of o 
native-oxide LPCVD MNOS interface determined from this study. 
The bonding arrangement shown is one example of a geometry 
which would be consistent with the atomic fractions and chemical 
shifts observed in this work. Specific examples are given for excess 
bonds to silicon, strained bonds, and oxynitride. To maintain 
clarity in this 2-dimensional representation of a 3-dimensional situ- 
ation, some of the bonds to nitrogen and oxygen have not been 
included. Also, for simplicity, strain is not shown explicitly in the 
oxynitride gradient, although it is believed to exist. The hydrogen 
bonds have been drawn from inference because hydrogen cannot be 
measured directly by the techniques used in this work. 

able  f rom the bu lk  wi thin  the  detect ion l imits  of this 
technique. Thus, a t  least  in this case of a na t ive -ox ide  
MNOS structure,  the ox ide /n i t r i de  in terface  is best  de -  
scr ibed as being sharp with  only a low concentra t ion 
of oxygen ex tend ing  into the LPCVD film. 

The excess bonds to silicon, the Si-O and Si -N bonds, 
and in te rmedia te  oxidat ion s ta te  of si l icon may  be 
sources of endurance  and re ten t ion  problems.  Under  
the influence of la t t ice  strain,  these systems may  un-  
dergo bond cleavage resul t ing  in amphoter ic  t rap  sites. 
Some suggestions are  proposed  for processing steps 
d i rec ted  at  minimizing the fo rmat ion  of these t rap  
structures.  
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A Study of Impurities and Traps in Liquid Phase Epitaxial InP in 
Relation to Melt Prebaking 
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ABSTRACT 

Deep- and shallow-level defects in liquid phase epitaxial InP have been detected and characterized by transient capaci- 
tance, Hall transport, and photoluminescence measurements. The background impurity levels in the undoped crystals were 
varied by varying the period of prebaking of the In melt. A single deep electron trap with activation energy AET = 0.38 -+ 0.02 
eV is present dominantly with a concentration almost three orders lower than the background carrier concentration in the 
layers. From electron capture measurements, the electron capture cross section is found to obey the law ~r,(T) = 4.78 + 10 -15 
exp (-0.13/kT). The consistency of its concentration, irrespective of the purity of the crystal, and its removal after short-term 
heat-treatment leads us to believe that the trap is related to native defects. A hole trap with an activation energy of 0.22 eV 
was detected in some samples at low temperatures. 

The fabricat ion of InP  microwave and mi l l imeter  
wave devices necessitates the growth of active layers 
of high purity.  Liquid phase epitaxy (LPE) is a widely 
used technique for growing device qual i ty  InP. High- 
pur i ty  epitaxial  InP  and InP-based  compounds are also 
being considered as an al ternate  host mater ia l  for the 
fabrication of ion- implan ted  devices (1, 2). The pres- 
ence of un in ten t iona l  impurit ies in the melt, substrate, 
source materials,  and growth ambient  have plagued the 
growth of LPE InP  with reproducible purity.  It has 
now been recognized that Si and S are the two major  
background donor impur i ty  species present  in the In  
and InP  used to form the growth solution, and C is the 
pr incipal  acceptor, originating from the graphite boat. 

In  addit ion to impuri t ies  giving rise to shallow donor 
and acceptor levels, there may also be present  deep 
levels arising from impuri t ies  or g rown- in  and propa- 
gating nat ive defects. There has not been any report  
of a detailed study of trap levels in LPE InP, except 
that of the presence of a 0.36 eV electron trap in such 
mater ia l  by Nickel and Kuphal  (3). 

In  this paper, we report  the LPE growth of undoped 
single layers of I nP  which are suitable for a detailed 
s tudy of traps. The layers were grown with vary ing  
periods of prebaking of the In melt  in an u l t rapure  
H2 ambient.  Prolonged prebaking of the melt  is one of 
the most successful methods utilized to grow high- 
pur i ty  crystals (4, 5). Silicon present  in the melt  is 
converted to SlOe by minute  traces (<0.1 ppm) of H20 
present  in the Ha ambient  according to 

Si(1) + 2H20(g) ~ SiO2(s) + 2H2(g) 

SiO2 does not affect the pur i ty  of the crystal. Other 
techniques which are now being used to achieve high 
pur i ty  are: in t roduct ion of controlled amounts  of H20 
in the growth ambient  (6), use of epitaxial  InP  grown 
on dummy substrates as the source mater ia l  (7), 
growth in a PI-I~ atmosphere (8), and extended pro- 
baking of the melt  in high vacuum (,~10 -6 Torr) (9). 
The last method is claimed to be par t icular ly  effective 
for the removal  of S. It has also been found that  the 
in ten t ional  in t roduct ion of H20 can lead to inferior  
surface morpho!ogy and the creation of O-related 
traps (9). The electrical and optical qual i ty of the 
layers grown by us were evaluated from analysis of 
tempera ture  dependent  Hall-effect data and high- 
resolution photoluminescence (PL) spectra,_ respec- 
tively. We find that  layers with reasonable pur i ty  
(n300 K = 4 • 1015 cm -3, m7 K : 30,000 cm2/V �9 sec) 
can be grown with only 20 hr  prebaking  of the In  melt  
in our growth system. 

Detailed t rans ient  thermal  emission and capture 
measurements  were performed to determine the trap 
spectra in undoped LPE InP  of reasonable puri ty.  We 
find that the 0.36 eV electron trap reported by  Nickel 

and Kuphal  (3) is also dominant  in  our layers. We 
have studied the physicochemical origin of this trap 
by varying  the growth conditions and by performing 
postgrowth anneal ing.  An addit ional  hole trap, located 
0.22 eV above the valence band, was detected in some 
layers at low temperatures,  but  was not a dominant  
center. Our results lead us to conclude that the 
dominant  electron trap in LPE InP is related to a na-  
tive defect. Transit ions involving acceptor impuri t ies  
were detected in the low- tempera ture  PL spectra. 

Experimental 
Liquid phase epitaxial growth of InP.--Single layers 

of LPE InP, 5-7 ~m thick, were grown on nominal ly  
(100)-oriented I n P : F e  substrates in a horizontal 
graphite sliding boat system. The reaction tube was 
made of suprasil  quartz. The graphite boat was first 
heated at 1000~ for 4 hr under  a vacuum of 2 • 10 -7 
Torr and then back-filled with He. The boat was then 
loaded in the reaction tube, and all the grooves were 
loaded with 99.9999% In (Johnson Matthey) and baked 
at 730~ for 72 hr under  Pd-diffused H2 flow. This 
purging step is crucial for the removal  of residual im-  
purit ies in the walls of the boat. The boat was cooled 
to room tempera ture  and loaded with 49 In for the in 
situ melt-e tch and 2.5g In for the growth melt  which 
were then baked at 730~ for periods ranging from 10- 
70 hr. The system was again cooled and an appropriate 
amount  of polycrystal l ine source InP  (m7 K ---- 75,000 
cm~/V �9 sec) was added to the growth melt  to form the 
growth solution. The t ime- tempera ture  cycle for a 
typical epitaxial  growth run  is depicted in Fig. 1. The 
reaction tube was sealed and purged with purified H2 
for at least 2 hr (A to B). The I n - l n P  solution was 
baked at 730~ for 10 hr (C to D). During this period, 
the solution was covered with a graphite cap to prevent  
evaporation of P atoms. At time E, the polished and 
cleaned substrate was loaded into the boat at room 
temperature.  The growth system was again purged 
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Fig. 1. Time-temperature cycle for a typical epitaxial growth run 
with ramp-cooling and in situ meltback etching. 
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wi th  H2 for 2 hr  (E to F ) .  The t e m p e r a t u r e  was 
then ra ised to and held  at 680~ for 30 min. Dur ing  
this t ime (G to H) ,  the subs t ra te  was covered wi th  
a g raphi te  cap to minimize  loss of P f rom its sur -  
face. A ramp-coo l ing  was then set in the p r o g r a m -  
mer -con t ro l l e r ,  and the boat  wi th  its contents  were  
cooled at  l~  It  is our  exper ience  that  r a m p -  
cooling gives be t t e r  surface morpho logy  than s tep-  
cooling for the growth  of single InP layers.  When 
the t empe ra tu r e  of the growth  mel t  reached 675~ 
( t ime I ) ,  in situ etching of the subs t ra te  was ac-  
complished b y  s l iding the pure  In  mel t  on top of the 
subs t ra te  for a few seconds. Ep i tax ia l  g rowth  was then 
in i t ia ted  b y  pu l l ing  the I n - I n P  sa tu ra ted  mel t  on the 
substrate .  Growth  was t e rmina ted  at  t ime J by  sl iding 
the mel t  away  from the grown epi tax ia l  layer .  The 
g rowth  t ime va r ied  typ ica l ly  f rom 15 to 20 min. F igure  
2 depicts  the surface morphology  of a l aye r  grown 
af te r  20 hr  p r ebak ing  of the melt .  The fea tures  are  
character is t ic  of LPE InP  grown on (100)-or iented  
subst ra tes  and are  s imi lar  to ear l ie r  repor ts  (10). 

Successful  ep i tax ia l  g rowth  l a rge ly  depends  on the 
ava i l ab i l i ty  of defec t - f ree  and clean substrates .  A 
r ig id  procedure  was fol lowed to minimize  the damage 
in t roduced  into the subs t ra te  dur ing  subs t ra te  p r e p a r a -  
t ion and handl ing.  The e tch-p i t  dens i ty  in the InP:  Fe 
substrates ,  g rown at  Var ian  by  the l iquid  encapsula t ion 
Czochralski  technique,  was less than 5 • 103 cm -2. 
The surface morpho logy  of the pol ished subst ra tes  
were  fu r the r  improved  by  chemimechanica l  pol ishing 
wi th  bromine  methanol  in stages. The final pol ish was 
achieved wi th  a 0.5% solution. The polished subs t ra te  
was degreased  by  boil ing sequent ia l ly  in h i g h - p u r i t y  
t r ichloroethylene ,  acetone, and  i sopropyl  alcohol 
( IPA) .  This was fol lowed by  a 30 sec etch in aqueous 
HC1 (1: 1) and a final r inse in IPA. The subs t ra te  was 
f inal ly d r ied  in IPA vapor  and loaded in the growth  
cell. The same procedure  was used to clean the po ly -  
c rys ta l l ine  InP  source mater ia l .  Ind ium for the mel t  
was etched in aqueous HNOs (1:1) for 1 or  2 min 
immed ia t e ly  before  each growth  sequence. 

The pu r i t y  of the samples  was g rea t ly  influenced by  
the ambien t  and flow ra te  of the purified He. I t  was 
ensured  tha t  the react ion tube was l eak -p roo f  to the 
extent  that  it  could hold a vacuum of at least  10 -6 
Torr.  A flow rate  of N15 l i t e r s / h r  was ma in ta ined  du r -  
ing ep i tax ia l  growth.  The t empe ra tu r e  profile along 
the ent i re  length  of the  boat  was uni form and was 
cont ro l lab le  wi th in  _+0.1~ 

Photoluminescence measurements.--Photolumines- 
cence spect ra  of the LPE InP  samples  mounted  in a 
s t r a in - f r ee  manne r  were  recorded at 4.2 K. Exci ta t ion  
was p rov ided  by  the second harmonic  (5300A) l ine of 
a CW N d : Y A G  laser.  The focused beam at the  sample  
surface  had a d iamete r  of ~0.1 mm, and the power  ab-  
sorbed by  the sample  was be tween  0.10 and 0.15W. The 

in tens i ty  of the l ight  could be var ied  by  neu t ra l  dens i ty  
filters. The luminescence was collected and analyzed  by  
a double monochromator  (SPEX 1402) wi th  a resolu-  
t ion of 2A or bet ter .  

Low t empera tu r e  PL  spect ra  of LPE InP  have been 
recorded and analyzed  by  severa l  authors  (11-13). 
Their  resul ts  were  used as the basis for identif icat ion 
and comparison of our data. The main  fea tures  in the 
PL  spect ra  of our samples  are  observed in Fig. 3, where  
the bandedge  luminescence of a l aye r  grown af te r  10 
hr  p rebak ing  of the mel t  is shown. The s t rong emission 
at  1.4168 eV is be l ieved  to arise f rom exci tons bound to 
neu t ra l  donors (D~ (11, 12). A shoulder  to this peak  
on the h igh -ene rgy  side at  1.4184 eV has been iden t i -  
fied as the free exc i ton -po la r i t ron  emission (11, 12). 
The peak  at  1.38 eV, observed by  severa l  authors  (13- 
15), is ascr ibed to band- to -accep to r  (BA) and donor-  
to -acceptor  (DA) t ransi t ions  involv ing  shal low ac-  
ceptor  impuri t ies .  I t  is recognized tha t  C is the most 
dominant  background  acceptor  impur i t y  in LPE InP  
and peaks at  1.3803, and 1.3839. eV have  been ascr ibed 
to DA and BA transi t ions  involv ing  C (13). No o ther  
acceptor  species were  detected in the layers .  However ,  
the peak  at  1.38 eV, shown in Fig. 3, was the s t rongest  
observed in our samples  and was undetec tab le  in 
layers  grown wi th  longer  p rebak ing  in te rva ls  of the In 
melt .  T h i s  s t rongly  suggests that  the peaks  observed 
in our  samples  may  not be due to C. I t  was also ob-  
served that  in genera l  the  in tens i ty  of the free exci ton 
peaks  increased with  i n c r e a s e d  dura t ions  of p rebak ing  
in the range  10-70 hr. Measurements  at severa l  points  
on the surface confirmed the spat ia l  homogene i ty  of 
the layers.  

Transport measurements.--The f r e e - ca r r i e r  concen- 
t ra t ion and Hal l  mobi l i ty  in the undoped ep i tax ia l  
layers  were  measured  in the t empera tu re  range  77- 
300 K. Hal l  measurements  were  pe r fo rmed  wi th  a mag-  
netic  field of 0.5 Tesla and wi th  the lowest  possible 
current .  The f ree -e lec t ron  concentra t ion at  room tem-  
pe ra tu re  in the samples  s tudied is l is ted in Table  I. 

The measured  var ia t ion  of the f ree-e lec t ron  concen- 
t ra t ion (nil) and the Hal l  mobi l i ty  #H wi th  t empera -  
ture  in a l aye r  grown af ter  20 hr  p rebak ing  of the In 
mel t  are  shown in Fig. 4. The da ta  are  represen ta t ive  
of more  than one sample  grown under  ident ical  condi-  
tions. I t  might  be noted that  mobi l i ty  at 77 K in our  
samples are  lower  than the highest  values  measured  in 
undoped LPE InP (4, 9), but  are  s t i l l  of the o rder  of 
values c la imed to be reasonably  good (5).  

The t empe ra tu r e  dependence  of the  e lec t ron mobi l -  
i ty  in the different  samples  was analyzed  by  fitting the 
measured  values wi th  theore t i ca l ly  computed  ones. 
These l a t t e r  values  were  ca lcula ted  by  consider ing the 
mobil i t ies  l imi ted  by  ion ized- impur i ty ,  po la r -op t i ca l  
phonon, piezoelectric,  and deformat ion  poten t ia l  scat-  
tering.  The t empe ra tu r e  dependence  of the  ca r r i e r  

Energy{eV) 1.4252 1,4090 1.3932 1.3777 15 
1.4168eV 

1 1.4184eV 

'~-10 ti_~5 '~ <~ ] t : = ~  

1.3~eV 

- 870 ' ~ ~0 -- ~ 890 ~ 9~)0 ' x(nm) 

Fig. 2. Photomicrograph of an epitaxlal layer grown on (lO0)-InP Fig. 3. Edge photoluminescence spectrum at 4 K of an epffaxlal 
substrate after 20 hr melt prebaking, layer grown after 10 hr prebaking of the melt. 



702 Y. E l e c t r o c h e m .  Soe . :  S O L I D - S T A T E  SCIENCE AND TECHNOLOGY M a r c h  I 9 8 3  

Table I. Variation of electrical properties and relative trap 
densities with duration of melt baking in LPE InP. The data 

indicate that the 0.38 eV trap concentration is almost independent 
of background doping 

nH at 300 K 
Melt baking ( x 10 ~)  /~H at 100 K NT/n 

t ime (hr)  (cm -3) (cm~/V �9 sec) ( x 10 -s) 

l0 14.0 11,041 0.6 
20 4.5 26,331 1.9 
30 4.3 21,128 1.9 
40 6.1 14,972 0.7 
50 1.6 6,601 4.1 
60 9.5 14,008 0,6 
70 10.0 16,761 0,8 

concentrat ion was fitted by taking charge-neut ra l i ty  
conditions into account. The continuous lines in Fig. 4 
indicate the average fitting to the data. Values of ND ---- 
5.3 X 1025 cm-~ andNA----  8.0 X 1014 cm -~ were ob- 
tained from the fits to the concentrat ion and mobil i ty 
data for this par t icular  layer. It was observed that 
(No -- NA) in  the layers decreased, in genera1 with 
longer prebaking of the melt. We believe that  the 
values of NA and ND are representat ive of the concen- 
trations of acceptors and Si and S as donors, respec- 
tively, in the LPE material .  The low value of nH in the 
sample grown after 50 hr mel t -bak ing  and the slight 
increase in its value in the samples grown after 60 and 
70 hr mel t -bak ing  are a t t r ibuted to addit ional impur i ty  
incorporat ion and compensation. 

Trap  m e a s u r e m e n t s . - - T r a n s i e n t  capacitance mea-  
surements  were performed with Schottky diodes made 
on the n - I n P  layers with Au dots and I n - S n  ohmic 
contacts. In  brief, the measurement  procedure is as 
follows. The diode is normal ly  reverse-biased in the 
quiescent state. Electron traps in a portion of the de- 
pletion region are filled by applying a major i ty-car r ie r  
pulse to the diode. The traps then thermal ly  re-emi t  
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Fig. 4. Typical variation of the Hall mobility #H and Hall elec- 
tron concentration nff in undoped LPE InP. The solid lines are 
theoretical fits to the data. 

the captured electrons to the conduction band with a 
characteristic time constant dependent  on temperature.  
Similarly,  hole trap emission to the valence band  can 
be observed after filling the traps with intr insic photo- 
excitation. The resul t ing capacitance change is moni-  
tored by a 1 MHz capacitance bridge and recorded. 
The incremental  capacitance change ~Co due to t rap-  
filling is a measure of the trap density NT by vir tue of 
the approximate relat ion 

NT ---- (ND -- NA)2hCo/C| [i] 

where C~ is the quiescent reversed bias capacitance of 
the diode. Other expressions for calculating the trap 
density more accurately have been given by one of us 
(PKB) in earlier publications (16, 17). The thermal 
activation energy of the trap level AET, inclusive of 
the barrier to carrier capture, AEB, is determined from 
the measured thermal emission rates by detailed bal- 
ance considerations (16). The electrical field values in 
the depletion region should be kept at a low value to 
minimize the effects of field-enhanced trap emission. 
In our experiments, the quiescent bias was adjusted so 
that the electric field in the region of the depletion re- 
gion, where trap capture and emission processes are 
operative, was less than 10 5 V/cm. 

The thermal capture cross section of the trap can 
be estimated from the emission rate prefactor in the 
detailed balance equation (16), but a more accurate 
value can be obtained from direct measurements of 
electron capture rates. The capture cross section to 
electrons, ~n, is related to the capture rate, c, by  

c = ~nVthn [2] 

where vth and n are, respectively, the thermal  velocity 
and concentrat ion of electrons in the conduction band. 

The temperature  dependence of the emission time 
constant for the only electron trap detected in all our 
layers is shown in Fig. 5. The activation energy ob- 
tained from a regression analysis of the data is AET ~- 
0.38 _ 0.02 eV. An electron trap with aET ---- 0.36 _ 
0.005 eV in the same temperature  range was reported 
by Nickel and Kuphal  (3). The tempera ture  depen-  
dence of the capture cross section, ~n, is also depicted 
in Fig. 5. The data can be fitted by the equation ~rn(T ) 
---- ~= e x p ( - - ~ E B / k T )  and values of AEB ---- 0.13 _ 0.02 
eV and ~= ---- 4.78 X 10 -15 cm 2 are obtained. A value of 
~| ---- 1.44 • 10 -25 cm 2 is obtained from the emission 
rate prefactor of the detailed balance equation (16). 
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Fig. 5. Variation of the thermal emission time constant and 
thermal electron capture cross secHon of dominant traps in LPE 
InP. The slopes of the ptots give the thermal activation energy and 
the barrier energy, respectively. 
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The rat io  NT/n in the different  samples  are  l is ted in 
Table  I. I t  is apparen t  tha t  the  absolute  t rap  dens i ty  
is a lmost  constant  and thus independen t  of the baking  
per iod  (pur i ty )  of the sample.  A hole t rap  wi th  AET : 
0.22 _____ 0.01 eV and ~ : 1.5 • 10 -23 cm 2 was observed 
in some layers  in the  t e m p e r a t u r e  range 190-220 K. 
This center  has not  been detected before  and more  
work  on i t  is in progress  in our  laborator ies .  

Heat-treatment.--A few layers  of a s -g rown  InP  were  
h e a t - t r e a t e d  in an LPE furnace  under  Ha-flow at 470~ 
for 15 rain by  placing the sample  in the g rowth  cell. 
The exposed surface morpho logy  was severe ly  de-  
graded,  and no device could be made wi thout  remova l  
of this port ion.  By covering the sample  wi th  a piece of 
InP  dur ing  the anneal ,  such degrada t ion  of the surface 
morpho logy  could be avoided.  I t  was observed  that  the 
0.38 eV elect ron t rap  was removed  at the surface. Con- 
s ider ing  a cer ta in  amount  of P evapora t ion  to be op-  
e ra t ive  in our  mode of h e a t - t r e a t m e n t  the format ion  
of, or  an increase  in, P -vacanc ies  nea r  the surface can 
be assumed.  The possibi l i t ies  of outdiffusion of i m p u r i -  
ties towards  the surface or any  indiffusion that  might  
t ake  place f rom spurious impur i t i es  from the surface 
cannot  be ru led  out. 

Discussion 
Our resul ts  c lear ly  indicate  tha t  the  0.38 ___ 0.02 eV 

elect ron t rap  is a dominan t  center  in LPE InP. We 
have  in ten t iona l ly  va r ied  the pur i ty  of the crystals  by  
va ry ing  the p rebak ing  t ime of the g rowth  melt .  The 
concentra t ion  of the res idual  impuri t ies ,  pa r t i cu l a r ly  
S, Si, and C, are  g rea t ly  a l te red  and subsequent ly  the 
background  impur i t y  concentra t ions  in the crysta ls  a re  
also different.  The t rap  concentrat ion,  however ,  re -  
mains  a lmost  invar iant .  This indicates  that  the center  
p robab ly  or iginates  f rom nat ive defects. 

I t  is l i ke ly  tha t  in our  mode of hea t - t r ea tmen t ,  wi th  
a p rox imi ty  cap of InP,  there  is s t i l l  a s l ight  loss of P -  
a toms f rom the surface. In  o ther  words,  the  s l ight  
overpressure  of P provided  by  the InP cap only helps 
to main ta in  the surface morphology,  but  does not  en-  
hance the P / I n  rat io  at  the surface.  If  this is t rue  then 
the t rap  is re la ted  to an In site. Possibi l i t ies  o ther  than  
an isolated vacancy  are  an ant is i te  defect  Pin, in-s i te  
impuri t ies ,  or Vin- impur i ty  complexes.  The possible 
source of some of these impur i t i es  have been men-  
t ioned in the previous  section. However ,  if dur ing  the 
hea t - t r ea tmen t ,  there  is enough overpressure  of P, the 
t rap  could be re la ted  to P. These aspects  are  being 
s tudied by  va ry ing  the condit ions of hea t - t r ea tmen t .  

The character is t ics  of the t rap  detected in our crys-  
tals  is s imi lar  to those of the t rap  observed  by  Nickel  
and Kupha l  (3), and we bel ieve  that  they  are  the same 
centers.  Our  measurements  have also revea led  some of 
the e lect ron cap ture  proper t ies  of the trap.  I t  is c lear  
tha t  the t he rma l  capture  cross-sect ion for e lectrons is 
t h e r m a l l y  ac t iva ted  with  a ba r r i e r  energy of 0.13 • 
0.02 eV. This va lue  is about  the  same as for most dom-  
inan t  t raps  in GaAs and GaP (18). I t  is of in teres t  to 
note that  McAfee etal.  (19) have repor ted  an e lec t ron 
t rap  wi th  an ac t iva t ion  energy  of 0.35 • 0.03 eV ( level  
E2) to be present  in bu lk  LEC-g rown  InP. However ,  
the t e m p e r a t u r e  range  in which level  E2 was detected 
is much lower  than the range  in which  the e lec t ron 
t rap  was de tec ted  in our  samples.  

Since the  concentra t ion  of the  0.38 ..+. 0.02 eV elec-  
t ron  t r ap  is genera l ly  low, and i t  is de tec ted  at  t em-  
pe ra tu res  much lower  than  300 K, i t  is expected  tha t  
the per formance  of devices made  f rom such layers  wi l l  
not  be affected. And  even if i t  did, our  exper iments  
show that  de fec t -annea l ing  can be achieved by  a 
s imple hea t - t r ea tmen t .  In  addit ion,  LPE InP  should 
prove to be a t r a p - f r e e  host ma te r i a l  for i on - imp la n t a -  
tion. 

Summary 
We have grown h i g h - p u r i t y  undoped  LPE InP wi th  

va ry ing  p reg rowth  conditions,  which a l t e red  the  pu r i t y  

of the layers .  The e lect r ica l  and  opt ical  p roper t ies  of 
the layers  were  de te rmined  f rom t empera tu r e  de-  
penden t  Hal l  and l o w - t e m p e r a t u r e  PL  measurements .  
Deta i led  capaci tance "transient emission and capture  
measurements  were  pe r fo rmed  on Au Schot tky  diodes 
made  on the ep i tax ia l  layers .  A single e lect ron t rap,  
wi th  a the rmal  act ivat ion energy  of 0.38 ___ 0.02 eV has 
been  consis tent ly  detected in al l  the  crystals .  I ts  cap-  
ture cross section is t he rma l ly  act ivated,  wi th  a ba r r i e r  
energy  AEB ___ 0.13 ~- 0.02 eV and its concentra t ion  is 
~10 TM cm -3 i r respect ive  of the un in ten t iona l  back~ 
ground doping. S h o r t - t e r m  h e a t - t r e a t m e n t  at  470~ 
anneals  the t rap  comple te ly  in regions close to the  
surface of the layers.  These facts point  to the associa-  
tion of the t raps  wi th  na t ive  defects. 
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ABSTRACT 

Autodoping from 0.001 f~-cm arsenic-doped wafers interferes with the use of 10 ft-cm P-type wafers for evaluating epi 
resistivities. A diffused layer is formed in the test wafers by arsenic atoms that  evaporate from the N § wafers during the 
post-HC1 bake prior to deposition. This layer leads to an erroneous four-point probe measurement  of the epi-layer sheet 
resistance on the test wafer. A model  is given that  describes the formation of the diffused layer and its dependence  upon the 
number  of N § wafers. The model  accounts for the epi resistivity as determined from the test water. A two-step epi procedure 
is described that allow the use of this type of test wafer for evaluating resistivities up to =30 fL-cm. 

A growing  epi  l a y e r  has  m a n y  sources of dopants  
whose re la t ive  magni tudes  influence the  abi l i ty  to con- 
t ro l  epi res is t ivi ty .  The g~neral ly  recognized sources 
are purpose ly  in t roduced gas-phase  dopants  ( in jec t ) ,  
dopant  evapora t ion  f rom front  and back sides of the 
substrates,  so l id-s ta te  diffusion of dopant  f rom the 
subs t ra te  into the  epi layer ,  and ext raneous  dopant  
evapora t ion  f rom other  surfaces such as the bel l  j a r  
or susceptor.  Ext raneous  sources can be  ignored  when 
the background  res is t iv i ty  can be control led  to grea te r  
than  100 ~2-cm by  careful  c leaning of the reactor  sur-  
faces and by  proper  t r ea tment  of the susceptor,  such as 
etching and coating be tween  runs. The contr ibut ion of 
so l id-s ta te  diffusion (1, 2) is descr ibed  by  an erfc dis-  
t r ibu t ion  wi th  effects localized to the  ep i - subs t ra te  
interface.  Dopant  evapora t ion  f rom the front,  back, and 
sides (3-8) of the  subs t ra te  add to the in jec t  dopant  
in the  gas phase dur ing the deposi t ion cycle. Pr io r  to 
the deposit ion,  the  subs t ra te  is at  g rowth  t empera tu re  
wi th  dopant  evapora t ing  and approaching  a s t eady-  
s ta te  concentra t ion in the s tagnant  l aye r  above the 
subs t ra te  surface  (9).  When the deposi t ion begins, the 
front  surface is effect ively sealed off and no longer  
contr ibutes  to the gas phase  because the epi  g rowth  
ra te  is g rea te r  than  the dopant  diffusion ra te  (1). 
However ,  in the  case of ant imony,  surface adsorpt ion  
and red is t r ibu t ion  at the growing in ter face  have  been 
shown to occur (10). The back  side may  continue to 
cont r ibute  dopants  th roughout  the deposi t ion cycle. 
Various  repor t s  (3, 5, 7) demons t ra te  tha t  seal ing the 
back  side, e.g., with  oxide (3), can reduce this contr i -  
but ion to autodoping.  A comprehens ive  review (11) of 
autodoping in a hor izonta l  epi reactor  has considered 
the above effects in s t ructures  wi th  bur ied  layers  (12). 

We inves t iga ted  the effect of au todoping on l igh t ly  
doped P - t y p e  test wafers  used to moni tor  the res is t iv-  
i ty  of h igh- res i s t iv i ty  a r s ine -doped  SIC14 epi on N + 
a rsen ic -doped  wafers  in a ver t ica l  reactor.  The extent  
of au todoping dur ing  the bake  was cor re la ted  with  the  
number  of N + wafers,  and the subsequent  diffused 
l aye r  is shown to dominate  the t e s t -wafe r  res is t iv i ty  
(4). A model  tha t  re la tes  the  surface area  and concen- 
t ra t ion  of the N + wafers  to the diffused layer  accounts 
for  the measured  resist ivit ies.  A two-s tep  procedure,  
which  reduces  the f ron t -  and back-su r face  concen-  
t ra t ions of  the N + wafers  before  the test  wa fe r  is in-  
t roduced,  g rea t ly  reduces the autodoping and resul ts  
in measured  res i s t iv i ty  as high as 30 ~t-cm. 

Experimental 
The epi  deposit ions (SiC1D were  done in an Appl ied  

Mater ia l s  AMV-800 ver t ica l  reactor .  The test  wafe r  
was ~10 ~-cm,  P type,  <111>,  and the run  wafers  
were  ~0.001 f t-cm, arsenic  doped, <111>,  and 2 in. 
in diam. The test  wafer  was ac tua l ly  quar tered ,  and two 
chips were  p laced on the susceptor  as shown in Fig. 1. 
(F rom here  on, "P - type  test  wafer"  means  a quar te r  
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of a wafer . )  The subs t ra te  p lacements  for  one- ,  four- ,  
and e igh t -wafe r  runs  are  indicated.  The epi sheet  r e -  
sistance was measured  wi th  a four -po in t  probe,  and 
junct ion  depths  were  de te rmined  with  a g roove -and-  
stain technique using a sodium l ight  source for in te r -  
ferometry .  The spreading- res i s tance  profiles were  mea -  
sured on an ASR-100 spread ing- res i s tance  probe. 

A descr ipt ion of typ ica l  process condit ions is given 
in Table I. To begin  the procedure,  the susceptor  is 
etched with HC1, and a th ick layer  of polysi l icon is 
coated onto it. An  intr insic  run  wi th  only a test wafer  
is done to ver i fy  the background  doping level  of the 
sys tem ( typ ica l ly  50-150 ~%-cm). The reactor  is t a r -  
geted for a specific res is t iv i ty  in a test  run  using the 
above procedures  to eva lua te  res is t iv i ty .  Af ter  a 
sa t is factory  ta rge t  run,  N + wafers  and test  wafers  are  
added to the reactor  and a deposi t ion using the doping 
conditions of the test run  is done. The susceptor is 
etched and coated pr ior  to subsequent  depositions.  

Results 
Fol lowing  these procedures,  a series of deposi t ions 

was done with differing numbers  of wafers  but  wi th  al l  
o ther  condit ions held  constant.  The test  run  res is t iv i ty  
was 6.5 n -cm,  and the resul ts  (Fig. 2) show that  the tes t -  
wafer  res i s t iv i ty  decreased as the  number  of N + wafers  
increased.  

To aid in de te rmin ing  the cause of these effects, a 
scheme using three  test wafers  was introduced.  The 
procedure,  out l ined in Table  II, involves in te r rup t ing  
the process a f te r  the  post-HC1 bake. Test  wafer  1 
(TW1) is removed af ter  the bake,  TW2 remains  and 

goes through the ent i re  process, and TW3 is inser ted 
af ter  the bake  and has on ly  the epi deposit ion.  A run  
using this procedure  wi th  four  N + wafers  was ta rge ted  
for 5.1 2 -cm.  The results,  summar ized  in Table  III, in -  
dicate  that  the  test wafer  is affected before  the epi 
deposit ion.  An N- type  layer  is present  a f te r  the bake,  
and the test  wafer  that  has gone th rough  the ent i re  
process shows a lower  res i s t iv i ty  than the one that  has 
only the epi deposit ion.  A subsequent  run  subst i tu ted a 
4 C~-cm N- type  test wafer  in p lace  of the usual  10 
f~-cm P type.  This wafer  was removed  af ter  the bake  
(e.g., TW1),  and a spread ing- res i s tance  profile (Fig. 3) 
shows a .diffused l aye r  a t  the  surface.  

o n e N  § f o u r N  § e i g h t N  + 

Susceptor 
Rotation 

Fig. 1. Schematic representation of test-wafer (A) and run-wafer 
(X)  placements on the susceptor. 
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Table I. Typical conditions for high-resistivity epi process on 
N + substrates 

| ep Warm Up Etch Bake 

Conditions ~1  
Tirce(min) , ~ ~ - -  
Temperature 23 -51200 1200 1100 

(~ 
H 2 (main) ~ 38 ~pm / 38 ~pm 38 ~'pm 
SiCl41SiH 4 ~, - -  ; - -  
HCI / 0.67 ~'pm - -  
AsH 3 (source) / - -  
= 50 ppm in H 2 
H 2 (dituent) 
AsH 3 (inject) 

Dep 
SiCI 4 

lO 
1180 

38 ~'pm 
0.25 ~'pm 

0.028 tprc 

3.96 tprc 
0.021 tpm 

Table II. Sequence to evaluate process effects on test-wafer 
resistivities 

TW1, TW2, and N + Substrates 
I 

Warm Up, 25~ - 1200~ 5 min 
I 

HCI Etch, 1200~ 1 min 
at 0.5 pmlmin 

I 
Bake, 1180~ 10 min 

I 
Cool, Open Bell Jar, Add TW3 

I v 
Warm Up, 25~ - 12oo~ 5 rain 

Remove TWl I 
Epi Deposition SiCI 4, 1180~ 10 min 

al 1.0 pmlmin 
I 

Evatuate-TW1, TW2, TW3 

Table I lL Test-wafer evaluation of epl process 

TW Resist iv i ty  (~'l.cm) 
Number of N + 

Substrates Warm Up Full  Process Epi Only 
to Bake (TW2) (TW3) 

(TW1) 
o - -  5]1 - -  
4 1,4 3.7 5.1 

Model for Test-Wafer Resistivity 
The essential  features of the model are that  arsenic 

evaporates f rom the N + wafers and diffuses into the 
test wafer dur ing  the post-HC1 bake, which results 
in an erfc dis t r ibut ion (dep) with a surface concen- 
t ra t ion that  is dependent  upon the n u m b e r  of N + 
wafers present.  This diffused layer  then redistr ibutes  
to a near -Gauss ian  profile dur ing  the epi deposition. 
The measured tes t -wafer  conductance results from the 
sum of the conductances of the epi layer,  the dep 
diffusion into the epi, and the dep diffusion into the 
substrate. The s t ructure  is shown schematically in 
Fig. 4. 

Fol lowing Skelly and Adams (5), the amount  of 
arsenic evaporat ing from the N + wafer  (13, 14) for 
the case of un i form ini t ia l  dopant  concentrat ion Co and 
zero gas-phase concentration,  is given by  

-C(t) = 2Co(Dt) ~/~ (~),/~ 

[! -- exp (Z2) erfc (Z) ]  "~ [1] 

J 

A 
E 
O 

4 
. 1  
.>_ 

"~ 3 
rv" 

v,.. 

.wJ 

I I I I I I I I I 

t 
E 

COT" 

E 

[] 

[] 

[] 

I I I I I I I I 

0 1 2 3 4 5 6 7 8 

N u m b e r  of N + S u b s t r a t e s  

9 

Fig. 2. Dependence of test-wafer resistivity on the number of N + 
wafers in the epi run. Gas-flow settings, temperatures, and times 
were held constant for all data points. The epi targets were 6.5 
~,-cm and 10.0 #m. 

1016 

~ 1015 
o=" o 

C 
aJ 

1014 

I I I I 

I I I I 
0.5 1.0 1.5 2.O 

D e p t h  (pm)  

Fig. 3. Spreading-reslstance profile of 4 C~-cm N-type test wafer 
after post-HCI bake showing diffused layer at surface. 

where Z = Kt/(Dt)'/a. The arsenic diffusion coeffi- 
cient is D, and the evaporat ion coefficient is K. In  the 
following calculations, the diffusivity data of Masters 
and Fairfield (15) were used to calculate outdiffusion 
from the N + substrates and the diffusion into the test 
wafer. Abe's (2) value of K at 1250~ 7 • 10 -9 cm 
sec -1, was adjusted to 1200~ assuming that  the tem- 
perature dependence of K is the same as that  of D 
(16). Equat ion [1] gives the total n u m b e r  of evapo- 
rated atoms per uni t  surface area for a given time. In  
this way, the effect of vary ing  the n u m b e r  of N + 
substrates can be accounted for. Using this equation, 
the average rate of evaporat ion is just  C ( t ) / t .  

The tes t -wafer  surface concentrat ion of arsenic dur -  
ing the bake can be calculated from Henry 's  law. If  
the m a x i m u m  dopant  concentrat ion is <10 TM atoms/  
cm 8, then the activity coefficient of arsenic can be ap-  
proximated to un i ty  (17), and Henry 's  law becomes 
Co ---- HPA~, where H is Henry 's  law constant, PA~ is the 
part ial  .pressure of arsenic, and  Co is the arsenic con- 
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I ~ Background 
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d[ 7 x 10 TM (Epi Doping Level) 

I 
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I 

X = 0  
,r �9 

Depth (pm) 

Fig. 4. Schematic illustration used for calculating test-wafer 
resistivity. 

cent ra t ion  in  the  wafer .  The  arsenic  pa r t i a l  pressure  
can be es t imated  f rom PAs - -  RAs/Rns, where  RAs is 
the average  ra te  of arsenic evapora t ion  f rom Eq. [1], 
and RH~ is the flow ra te  of hydrogen  in the  reactor .  
This es t imat ion  assumes complete  mix ing  in the  system, 
which  gives the lowest  es t imate  of  PAs. Evapora t ion  of 
arsenic occurs f rom both sides of the  N + wafers,  but  
the  back side contr ibut ion  is less effective because of 
t r anspor t  l imitat ions.  This factor  is es t imated  by  assum- 
ing tha t  the  effective surface area  of the back side is 
equal  to 10% of the front.  Henry ' s  law constant  was 
ob ta ined  f rom a plot, Fig. 5, of the pa r t i a l  pressure  of 
amine  vs. the arsenic concentra t ion in epi layers.  This 
plot  gives a value  of H ---- 3.2 • 1024 atoms cm -8 a tm -1 
at  1200~ wi th  a s lope of 0.98. The resul t ing  diffusion 
into the test  wafer  is descr ibed by  

C Co,t) 
- -  _ erfc (y)  - exp  (Z 2) exp  (yz) erfc (y + Z)  

C0 
[2] 

where  y --  x/2(Dt)'/s and Z = Kt/(Dt)~'=. This equa-  
tion converges  to a s imple  e r ror  function when Kt > 
(Dr) v= 

The predeposi t ion cycle is d iv ided into 3 t ime seg-  
ments:  wa rm up (5 rain f rom room t empera tu re  to 
1200~ HC1 etch (1 min) ,  and bake  (10 min) .  I t  is 
poss ib le  that  some diffusion into the test wafer  could 
occur before  the HC1 etch and remain  af ter  the etch. 
However ,  in our case, (Et/Dt)'/~ ~ 12, we have as-  
sumed tha t  no diffusion remains  af ter  the  etch, so 
on ly  diffusion dur ing  the  bake  is considered.  

Since the epi  l a y e r  grows fast  compared  wi th  the  
diffusivi ty of arsenic, the  red i s t r ibu t ion  of the diffused 
l aye r  can be t rea ted  as a thin source diffusing f rom two 
sides into an infinite body. This red is t r ibu t ion  is ana l -  
ogous to a dep and dr ive  in which the dep length  
(Dl t l )  v2 is smal l  compared  wi th  the  dr ive  length  
(D~tz) ,/s, and the dep  is then represen ted  by  a de l ta  
function. In the present  case, Dltl/D~t~ ~ 1 and the 
d is t r ibut ion  is be t t e r  r epresen ted  b y  solutions for the 
two-s tep  diffusion (18). However ,  the assumpt ion of a 
Gaussian d is t r ibut ion  does not  lead  to an e r ror  grea ter  
than  ~25% in es t imat ing conductance.  This assumption 
was made to reduce the computa t iona l  bu rden  by  using 
I rv in ' s  curves (19). The  resul t ing  dep th  of diffusion 
into the  wafe r  or into the  epi  l aye r  is 

xJ~ = 4D~t~ In [ C._~o(D,t~)~, 1 [s] 
J 

where  CB is the appropr i a t e  background  1concentration, 
The conductance of the  diffused layers  can be es t imated 
by  using xj ca lcula ted f rom Eq. [3]. The d i f fused- layers  
plus the e p i - l a y e r  conductance then gives the  to ta l  
conductance O'T "-" Cd--s  "~" crd--e ~- O'epi. The res is t iv i ty  is 
then p = 3cj/o- T. In Eq. [1]- [3] ,  we used K --  1.63 X 
10 -7  c m  s e e  - 1 ,  Dex  ---~ 5 . 0 7 8  X 10  - 1 2  c m  2 s e c  - 1 ,  D i n  " -  
2.59 X 10 -13 cm 2 sec -1 (1200~ Din = 1.64 X 10 - l a  
crn2 sec-Z (1180~ and Co = 1.92 X 1017 atoms cm -8, 
where  D~, is for  N + wafers  and D i n  is for test  wafers.  

The resul ts  of  these calculat ions are  shown as the 
solid l ine in Fig. 6 super imposed  on the expe r imen ta l  
resul ts  of Fig. 2. Given the simplifications made in the 
model, it  r easonably  accounts for the  observed results.  

Modified Epi Process 
In o rde r  to use a P - t y p e  test wafer  in the presence of 

N + wafers,  the diffused l aye r  mus t  be e l iminated.  
The ra te  of arsenic  evapora t ion  is p ropor t iona l  to the  
surface concentra t ion of the N + subst ra tes  (5). Reduc-  
ing the f ron t -  and back-sur face  concentrat ions  before  
the test wafe r  is put  in p lace  should  reduce the  ex ten t  
of the diffused layer .  A procedure  for doing this, ou t -  
l ined in Table  IV, involves seal ing the back  surfaces 
by  t rans fe r r ing  polysi l icon f rom the susceptor  to the  
back  of the  wafer  (6) dur ing the HCl etch and the 
short  epi (SIC14) deposit ion.  The f ront  surface is also 
sealed by  the short  deposit ion.  Spread ing- res i s t ance  
profiles, Fig. 7, of the front  and back  surfaces of an N + 
wafer  a f te r  this t r ea tmen t  show severa l  o rders  of mag-  
n i tude reduct ion in surface  concentrat ions.  

The process is i n t e r rup ted  at  this point;  the  test 
wafer  is inserted,  and the epi  deposi t ion follows. The 
short  HC1 etch included at this s tep  is necessary  in 
o rder  to main ta in  good surface  qual i ty .  Autodoping  
should now be reduced  as a resul t  of the low surface 
concentrat ion of arsenic in the  coated N+ wafers.  This 
r educ t ion  was verified by  spread ing- res i s tance  profiles 
(Fig. 8) of in t r ins ic  epi  on ~-4 Q - a n  N - t y p e  test  wafers  
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F;g. 5. Variation of doping concenfratlon in the epl tayer with 
orslne partial pressure for SiCI4 epi. 

i i i i i i r - " ~  , 

5 ~ test wafer results 
0~. 4 ! ~  ~ o f  test-waf istivity . . . . .  
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Fig. 6. Effect of number of N + substrates an test-wafer res|stiv- 
ity as predicted by the model (solid line). 
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Fig. 7. (A) Front side concentration profile after a I min epi 
deposition, and (B) back side profile after HCI etch and 1 min epi 
deposition. 
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Fig. 8. Doping profiles of intrinsic epi layers obtained for (A) 
one-step and (B) two-step deposition processes. The test wafers 
were 4 ~-crn, N type. 

in the presence of seven N + wafers.  The or iginal  s ingle-  
s tep process c lear ly  gives a diffused layer ,  but  none is 
appa ren t  in the modified two-s tep  process. 

In  o rde r  to es t imate  the uppe r  l imi t  of res is t iv i ty  ob-  
ta inable  wi th  this process, the  p rocedure  was repea ted  
using 10 ~l-cm P - t y p e  test  wafers  and int r ins ic  epi. 
The resul ts  of severa l  runs wi th  e i ther  4 or  8 N + wafers  
a re  l is ted in Table  V. Some res idua l  autodoping effects 
a re  appa ren t  since al l  resul ts  are  less than  the typica l  
backg round  res is t iv i ty  (-----50 ~l-cm).  A compar ison  of 
the  resul ts  of 4 and 8 wafers  also indicates  a loading 
effect. These effects m a y  have been reduced  if the sys-  
tern had  been cleaned and the susceptor  e tched and 
coated af ter  the  bel l  j a r  was opened.  

Summary 
The use of a 1O ~ - c m  P - t y p e  test  wafer  to evalua te  

N - / N  + epi  res is t iv i t ies  is i nappropr i a t e  because of a 
diffused l aye r  formed dur ing  the post-HC1 bake.  A r -  
senic out -d i f fus ion and evapora t ion  f rom the N + 
wafers  is the  source of the  diffused layer ,  and the ex-  
tent  of  the  diffusion depends  upon the n u m b e r  of N + 
wafers  present .  The  diffused layer  leads to erroneous 
res is t iv i ty  evaluat ions.  A model  was given tha t  re la tes  
the  autodoping process and the resul t ing  diffused layer  
to the  observed res i s t iv i ty  evaluat ions.  A two-s tep  
process in which the N + wafe r  surfaces are  sealed 
before  the  test  wafe r  is inser ted  has given 20-30 ~l-cm 
res i s t iv i ty  measurements .  

Table IV. Sequence for the two-step process 

Step 1 

Step 2 

8 N + Substrates on Poly-Si Coated Susceptor 

Warm Up (5 min) 
(23oC.  1200oC) 

HCI Etch (2 min) 
(1200~ 

4, 
Epi Deposition ( =1 IJm) 

(1180~ for SiCI4) 

Cool, Open Bell Jar, Add TW 

Warm Up 15 min) 
(23oc - 1200oC) 

HCl Etch 11 min) 
(1200~ 

Epi Deposition 
(1180~ for SiCI4) 

- -  Completion of Epi and TW Evaluation 

Table V. Test-wafer resistivities with intrinsic SiCI4 epl using the 
two-step process 

Resistivity (~.cm) 

# Wafers TW2 (complete) TW3 (epi only) 
4 5.7 27.3 
4 5.1 32.4 
8 2.7 20.3 
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Some Illumination on the Mechanism of SiO  Etching in HF Solutions 

Henry Nielsen and David H a c k l e m a n *  

Hewlett-Packard Company, Corvallis, Oregon 97330 

ABSTRACT 

The etching of SiO, in aqueous buffered HF solutions can be impeded or stopped through the application of an electric 
field. In CMOS fabrication, very low levels of light can cause the effect. Parallel  reaction paths are proposed for the dissolu- 
tion process, coupled with the electric field's abili ty to stop or redirect  the reaction at an intermediate  step. 

The dissolution of SiO~ in HF solutions is a funda-  
menta l  s tep in the fabr ica t iou  of in tegra ted  circuits  
The  overa l l  chemical  react ion involved is no rma l ly  
unders tood as 

SiO2 + 6HF--~ 2H + Jr  SiF6 = -t- 2H20 [1] 

Etch rates  and etch profiles are contro l led  by  buffering 
a n d / o r  d i lu t ing the  HF solut ion (1, 2) and by  doping 
or  damaging  the  glass l aye r  via  t he rma l  diffusions (2) 
or ion implan ta t ion  (3). Based on the knowledge  be -  
hind these techniques,  e tching the s t ruc ture  shown in 
Fig. 1 should occur isotropical ly,  wi th  only  a modes t  
decrease in the etch ra te  of the  boron doped glass found 
over  the p +  region when  compared  to the  phosphorus  
doped mate r i a l  above the n +  area.  A s l ight  overe tch  
on the p +  side of the hole may  occur due to the differ-  
ent ia l  in oxide  thickness,  but  this would  be a minor  
difficulty. 

Under  some condit ions of high n +  and p +  doping 
concentrat ions,  shal low junctions,  and very  low sil icon 
surface defect  densities,  when  the  s t ructure  in Fig. 1 
is etched in the  ye l low l ight  p resen t  in most  in tegra ted  
circui t  processing photomasking  areas,  i t  has been ob-  
served tha t  the n +  side wi l l  not c lear  regard less  of the  
overe tch  time. In some cases, a b r igh t ly  colored l aye r  
is visible over  the  n +  oxide. This l aye r  is insoluble  in 
nonoxidizing HF solutions. On the other  hand, if the  
etch is pe r fo rmed  in absolute  darkness,  the oxide dis-  
solves un i fo rmly  over  both n +  and p +  silicon. This 
l ight  sens i t iv i ty  indicates  possible photocharging  of the 
junct ion  structures.  Exper iments  were  set up to in-  
vest igate the effect of an appl ied  E-field on the e tch-  
ing of SiO2 layers.  The effect of va ry ing  the junct ion 
s t ruc ture  was also examined.  Last ly,  Auge r  and SEM 
analyses  of the ma te r i a l  r emain ing  in actual  contact  
hole etches on in tegra ted  circuits were  per formed.  

Exper imenta l  
Wafers ,  wi th  the  s t ruc ture  shown in Fig. 1, wi th  

va ry ing  junct ion  depths  were  etched in ambien t  light,  
405 nm light,  and total  darkness.  The wafers  etched in 
darkness  or  405 nm light  p roduced  no HF- inso lub le  
layer .  Wafers  e tched in the  ye l low ambien t  l ight  gene-  
r a t ed  the HF- inso lub le  layer.  The junct ion depths  
ranged  from 500 to 1000 nm. Changing the junct ion  
depth  had no d iscernable  influence on the etching 
behavior .  

The effect of changing the over lap  of the n ~  and p +  
junct ions shown in Fig. 1 was examined  using an a l ign-  
ment  moni tor  test  cell. The a l ignment  monitor ,  shown 
in Fig. 2, consists of a series of p - w e l l  regions, each 
spl i t  into an n +  and a p +  diffusioin. The cross sec- 
t ions of these regions look s imi lar  to Fig. 1 except  tha t  

* Electrochemical Society Active Member. 
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the masks  for  the diffusions are  d r a w n  to give 0, •  
___2, and ___3 microns over lap  of the n +  and p +  diffu- 
sions. (These values change somewhat  in pract ice,  due 
to the rmal  s ide-diffusion of the dopants  dur ing  ac t iva-  
t ion of the implants  and also due to photomasking  mis-  
a l ignments . )  When  these a r r ays  are  e tched in ambien t  
l ight,  the oxide over  both the  n +  and P-t- s i l i con is r e -  
moved uniformly,  p rovided  the diffusions do not  over -  

PHOTOAESIST ~ OTORES!ST 

FIELD ~ ~ FIELD 
OXI]~E ~ p+ ~/ n+ 

' / 

P-HELL 

n -  SUSSTRATE 

Fig. 1. Overlapped n ~  and P-t- diffusions in a CMOS p-well 
(vertical scale exaggerated for clarity). The oxide thickness over 
the n-~ is 75 nm; over the p ~ ,  it is 50 nm. 

f i' ! M, 
i i! i!!ll !i Ei[l\ liil ] ' ill ![ il]iJ ii i]i! iI! [2+ 

Fig. 2. N-~-/p-~- diffusion overlap test structures. Solid lines 
designate islands; dotted lines are contacts; dot-dash lines are 
diffusions, as labeled. Diffusions are shown only on the bottom row 
for clarity; cross sections are similar to Fig. 1. 
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lap. I f  there  is .any over lap  of the  diffusions, the n +  
oxide  wi l l  not  be removed.  When  an  oxidant ,  such as 
oxal ic  acid, is added  to the etchant ,  then  diffusions tha t  
over lap  only s l igh t ly  wi l l  also c lear  un i fo rmly  in am-  
b i e n t  light.  When  the s ame  a r r ays  are  e tched in to ta l  
darkness  wi th  no ox idan t  in the etchant ,  the oxide is 
r emoved  un i fo rmly  over  both  n +  and p +  sil icon re -  
gardless  of the  diffusion overlap.  

If  the cross-sect ional  a rea  of the  hole be ing  etched 
in the  ambien t  l ight  is smal l  (10-40 ~m~), the  n +  ox-  
ide  appears  h igh ly  colored. If  the hole is l a rge r  (up to 
1000 ~me), a s l ight  colorat ion m a y  or m a y  not  be  vis-  
ible. In  al l  cases, however ,  an insoluble  film is p resen t  
on the  outer  surface of the oxide, as shown in Fig. 3. 
The amount  of colorat ion depends  on the posi t ion of the 
hole  wi th  respec t  to the  n +  diffusion and the  amount  
of diffusion a rea  a t tached  to it. The p a t t e r n  and degree  
of colorat ion are prec ise ly  that  of the E-f ield tha t  
would  exis t  if the n +  and p +  diffusions were  being 
he ld  at  different  potent ials .  

Samples  were  p repa red  for potent ios ta t  exper iments  
b y  growing  100 n m  of oxide on n < l O 0 >  sil icon wafers,  
p - -  5 12-cm, in a s team ambient .  Af t e r  a 1000~ 30 
min  anneal  in ni t rogen,  the  wafers  were  diced and a t -  
tached to IC lead  frames.  A wi re  was ~t tached to the  
lead frame,  and the samples  were  sealed in an e lec t r i -  
ca l ly  insula t ing  plastic,  leaving only  the oxidized f ront  
surface exposed.  The samples  were  then mounted  on 
Plexig las  suppor ts  wi th  epoxy. 

The po ten t ios ta t  samples  we re  e tched in a buffered 
H F  solut ion (I0.3M NH4F, 1.2M HF)  unde r  an app l ied  
poten t ia l  for  300 sec. The  potent ia l  was ma in ta ined  
wi th  respect  to an Ag[AgF reference  e lect rode using 
an EG&G Model  173 Po ten t ios ta t /Ga lvanos ta t .  Af te r  
the 300 se~ etch, the res idual  oxide thickness  measu re -  
ments  were  obta ined  by  using a Nanospec /AFT  sys-  
tem. To obta in  repea tab le  measurements ,  a l0 sec po ly -  
si l icon etch (4) was necessary  to remove  the H F - i n -  
soluble  layer .  These  resul ts  a re  shown in Fig. 4. Sam-  
ples wi th  no appl ied  poten t ia l  were  found to etch com- 
p le te ly  in 180 sec, indica t ing  an etch ra te  of 0.56 n m /  
sec. This e tch  ra te  did  not  change when the e tchant  
was a l lowed to contact  the  back-s ide  of the  silicon sub-  
s t r a te  dur ing  the etch of samples  wi th  no appl ied  
potent ia l .  

The  cu r ren t  requ i red  to ma in ta in  the  appl ied  po-  
ten t ia l  on the  samples  was s table  in i t ia l ly  at  approx i -  
ma te ly  5 nA. At  180 sec of etch time, the  cur ren t  rose 
sha rp ly  f rom the  ini t ia l  level  to a second s table  level  
which  depended  on the appl ied  potent ial .  This second 
cur ren t  level  is shown as a funct ion of the appl ied  po-  
ten t ia l  in Fig. 5. The cur ren t  seems to be l imi ted  by  
ionic t r anspor t  be tween  --1 and --2V, and surface l im-  
i ted at vol tages  more  negat ive  than  this. 
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Rg. 3. Structure of Fig. 1 after etch in ambient yellow light 
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Fig. 5. Current required after 180 sec of etching to sustain a 
potentiostatic condition as a function of desired potential (Si with 
respect to AgFiAg). Area of samples was constant at approximately 
10 mm 2. 
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Auger  and SEM analyses  were  pe r fo rmed  on in te-  
g ra ted  circuit  samples  topological ly  s imi la r  to Fig. 6 
d i rec t ly  af ter  e tching in ambien t  light.  An  overa l l  l ine 
scan of the surface along l ine A of Fig. 6, a f te r  5 n m  
of sput te r ing  to remove contaminat ion,  is shown in  
Fig. 7. Note the  sharp drop in the Si-O signal  inside the  
contact  hole even though the  oxygen  signal  is not  neg-  
l igible  over  the n §  half  of the contact. F igure  8 dem-  
onstra tes  the in te rmedia te  na tu re  of the si l icon peak  
found in the  Pt  l r e g i o n  (see Fig. 6). Pt  2 may  be con- 
s idered  to represen t  an St-St  bond, wi th  Pt  3 an Si-O 
bond as in SIO2. An  Auger  spu t te r  profile of P t  l ,  ca l i -  
b r a t ed  to SiO2 yields  a l aye r  thickness of about  45 nm, 
in  good ag reemen t  wi th  the 40 _ 5 n m  Nanospec r e a d -  
ings obta ined  af ter  r emova l  of  the  HF- inso lub le  layer .  

Discussion 
The env i ronmenta l  l ight ing exper iments  show tha t  

the  etch s topping effect occurs when photons wi th  
wavelengths  longer  than  that  of b lue  visible l ight  a re  
present .  Changing the junc t ion  s t ruc ture  to a l low a 
l a rge r  deple t ion  region (more  efficient photon absorp-  
t ion) enhances the effect, suggest ing tha t  the p +  and 
n +  diffusions are  photocharged  causing an electr ic  field 
across the  oxide. The potent ios ta t  exper iments ,  sum-  
mar ized  in Fig. 4, show that  an E-field across the  oxide  
is capable  of s topping the etch. 

Refer r ing  to Fig. 1, note tha t  the n +  oxide  is th icker  
than  the p +  oxide b y  about  15 rim. If  bo th  oxides  e tch 
at app rox ima te ly  the  same rate,  the  p +  sil icon wil l  be 
in d i rec t  contact  wi th  the solut ion whi le  15 nm of ox-  
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Fig. 8. Auger energy spectra from points I, 2, end 3 of Fig. 6 

ide remains over the n +  silicon. (The doping levels 
in the oxides are low enough that they do not affect 
the oxide etch rates).  If there is a photoinduced po- 
tential difference between the p +  and n +  diffusions, 
a similar potential will appear across the n +  oxide 
when the p +  side clears. The E-field from the charged 
junctions may also impede the etching of the oxide 
over the n +  silicon before the p +  side clears. From 
Fig. 4, a potential difference of 0.5V is sufficient to stop 
the etching of SiO2 at 10-15 nm. As long as this poten- 
tial difference exists, no amount of overetch will clear 
the n +  oxide. The apparent  thickness by Auger and 
Nanospec readings on actual contact holes of 40 nm are 
significantly greater than the 10-15 nm Nanospec read- 
ings on potentiostat samples from Fig. 4. The actual 
contact holes were etched for 150 sec while the poten- 
tiostat samples were etched for 300 sec. It is possible 
that the contact holes, if etched for 300 sec, would have 
oxide thicknesses nearer 15 nm. While this measure- 
ment was not made, it is known that no amount of 
overetch will completely clear the n +  side of the con- 
tact hole. 

It is believed from the Auger analysis that the HF-  
insoluble layer formed on the outer surface of the ox- 
ide is a thin layer of par t ia l ly  reduced SiO2 (SiOx, 
where x < 2). Oxides such as this are believed to be 
insoluble in HF solutions unless an oxidant, such as 
HNOs, is p resen t  (2). The observed films are soluble 
in HF/NHO3 solutions. This identification of the insol- 
uble layer is further supported by the results of the 
oxalic acid addition to the etchant. Slightly overlapped 
junctions, which have smaller depletion regions and 
subsequently smaller charging, clear uniformly in am- 
bient light with oxalic acid in the etchant. The same 
junction structures do not clear in ambient light with- 
out the oxalic acid. 

Mechanisms 
The mechanism for SiO~ dissolution in HF solutions is 

not known entirely. Bridging oxygen bonds are prob-  
ably converted to silanol bonds which are then re-  
placed by Si-F bonds, but the reactive species and 
mechanistic steps have not been isolated to our knowl- 
edge. The etch rate is not a strong function of the F -  
concentration (5), but F -  may be  indirectly involved 
in preventing the precipitation of silicon compounds 
from the solution. For  solutions up to 10M in HF, this 
leaves HF2- and HF as the only appreciable fluoride 
species. Above 10M HF, more complicated H-F  com- 
plexes have been implicated in the dissolution process 
(5). 

For 1M ionic strength HF solutions, the etch rate is 
a linear function of the HHF~- and HF molar concen- 
trations (5) 

Etch rate (A/sec) = 9.66[HF2-] + 2.50[HF] -- 0.14 

(23~ [2] 

Equation [2] implies at least two paral le l  reaction 
paths where either reactive species can replace an Si- 
OH bond with an S i -F  bond, as depicted in Fig. 9a. 
Silanol formation is not considered by this model. 
Silanol bond formation is most probably due to reac- 
tion of a bridging oxygen with H20 or H +, but the 
parallel  reaction of HF with a bridging oxygen gives a 
silanol bond on one silicon and fluorinates the other 
(Fig. 9b). Thus, HF appears to have a dual function, 
reacting with either Si-OH bonds or bridging oxygens. 
Lowering the pH increases the HF concentration and 
probably enhances its action as a direct fluorinating 
agent. 

The overall reaction given in Eq. [1] does not re-  
quire either reduction or oxidation of silicon. However, 
the creation of the insoluble layer in all of the experi-  
ments performed suggests that the normal dissolution 
process involves steps that approach reduction of the 
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Fig. 11. (a, top) Reduction of a surface Si atom by H+. (b, bot- 

tom) Formation of an Si--Si sudace bond. 

Fig. 9. (a, top) Reactions fluorinating silanol bonds by HF2- and 
HF. (b, bottom) Reactions creating silanols and silicon fluorid~ 
from bridging oxygen bonds in silicon dioxide. 

SiO2. The presence of an electr ic  field then shifts the 
local chemical  potent ia l  so tha t  reduct ion  is favored.  

The dissolut ion of SiO2 can be mechanis t ica l ly  
mode led  using only HF~-  ions as in  Fig. 10a. A n  a l -  
t e rna t ive  model  using on ly  H F  is shown in Fig. 10b. 
Due to the  s imi la r i ty  in the  in te rmedia te  sil icon s t ruc-  
tures,  numerous  combinat ions  of the  two dis t inct  
paths  a re  possible,  such as in Fig. 10c. The sum of 
a l l  the  possible  combinat ions  wi th  the  different  r a t e  
constants  for  H F 2 -  and H F  at  each step reduces  to 
an express ion for the  etch ra te  of the  form given in 
Eq. [2]. 

The insoluble  l a y e r  fo rmat ion  can occur in  the  pres -  
ence of an electr ic  field f rom the  ini t ia l  s teps  of any  

OH F 
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Fig. tO. (a, top) A dissolution model for Si02 employing only 
HF2-. (b, middle) A dissolution model for Si02 employlng only HF. 
(c, bottom) A dissolution model for Si02 employing both HF and 
HF2-.  

of the pa thways  shown in Fig. I0. F igu re  l l a  shows 
the format ion  of a reduced  Si surface atom, and Fig. 
11b shows the format ion  of an Si -Si  surface bond. The 
Auge r  energy  scan of Fig. 8 suggests the surface re -  
gion of the  insoluble  l aye r  has bonds  wi th  an energy  
g rea te r  than  a s t anda rd  Si -Si  bu t  less than  Si-O,  
which is consis tent  wi th  the  s t ruc ture  shown in Fig. 
l l b .  S i -S i  double  bonds  have been r epor t ed  (6), bu t  
the  expected  energy in the  Auger  spec t ra  would  be 
closer to an Si-O bond than  an Si -Si  s ingle bond. Also, 
the surface would  need to reorganize  subs tan t i a l ly  to 
a l low silicon double  bonds because one b r idg ing  
oxygen  would need to be  removed  from each of the 
par t i c ipa t ing  silicons. This suggests  the  surface reduc-  
t ion as the  more  l ike ly  event.  The reduct ion  of the  
silicon surface be low valence 4 could occur in a 
manne r  s imi lar  to the a l leged behav ior  of si l icon 
monoxide,  a m ix tu r e  of S i (O)  and S i ( IV ) .  The only 
other  exp lana t ion  is tha t  the si l icon ac tua l ly  is in a 
reduced state, an unexpected,  bu t  nonexc ludable  pos-  
s ibi l i ty.  

Conclusion 
The dissolut ion of SiO2 in I-IF solutions can be 

s topped by  the appl ica t ion  o f  an electr ic  field across 
the SiO2. The field s t r eng th  requ i red  is smal l  enough 
to be genera ted  in shal low-~unct ion CMOSC circui ts  
th rough  photon absorpt ion.  In  some CMOS st ructures ,  
i t  is possible to genera te  an HF- inso lub le  l aye r  at  the  
SiO2[solution interface.  This l aye r  is most  p r o b a b l y  a 
film of pa r t i a l l y  reduced  SiO and is soluble in I-IF/ 
HNO~ solutions.  
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ABSTRACT 

In hydrogenated amorphous silicon solar cells of 100 cm ~, the conversion efficiency of more than 6% has been obtained 
for the cells with metaYn-i-p/ITO/glass and ITO/n-i-p/SS structures under  AM1 (100 mW/cmD illumination. The module 
structure and encapsulating materials suitable for a-Si solar cell were investigated to make a low cost module. Typical out- 
put power underAM1 illumination is 16W for the module composed of 40 sheets of ITO/n-i-p/SS cells with 10 • 10 cm 2 area. 
The a-Si modules have been tested in various environments.  The results show that the a-Si solar cells are highly resistive to 
high and low temperature, high humidity environments,  and thermomechanical stress. 

Hydrogenated amorphous silicon (a-Si :H)  produced 
by glow discharge decomposition of silane has been 
shown to possess desirable properties for thin film 
solar cell (1). Because of the excellent  photoconductive 
proper ty  and the high optical absorption coefficient of 
a-Si: H over the visible region os the solar spectrum, an 
efficient solar cell can be constructed with a 1 #m thick 
a -S i :H  film. Amorphous silicon shows economical ad- 
vantage in cell fabrication processes over conventional  
crystall ine solar cells: lower growth temperature,  ca- 
pabi l i ty  of forming junct ion dur ing the deposition pro- 
cess, and the easy production of large area cells. 

Most of the previously reported discussions on the 
s tructure and performance of a-Si: H solar cell were 
concerned with small  area cells (2). From a practical 
point  of view, our  efforts have been concentrated on 
the development  of large area a -S i :H  solar cell (3). 
We have developed a series of a -S i :H  solar cells for 
consumer electronics like hand-he ld  calculators, and 
put  them on the market  for the first time, in the sum-  
mer  of 1980 (4). For practical application of the cell 
to photovoltaic power generation, the cell performance 
under  the sunl ight  must  be fur ther  improved. In 
a -S i :H  solar cells the conversion efficiency measured 
under  the sunl ight  depends on the cell area, and de- 
creases with increasing cell area (5). We have studied 
the causes of this cell area dependence of the cell per-  
formance, and have found that the conversion effi- 
ciency degradation is caused main ly  by series re-  
sistance in the electrodes (6, 7). By employing these 
results, we have improved the performances of a-Si: H 
solar cells, prepared on stainless steel and glass sub-  
strates with an  area of 100 cm s, as a par t  of this work. 
Pr ior  to applying the a -S i :H  solar cell to practical 
power generation, the opt imum module s t ructure  and 
encapsulat ing mater ia l  must  be developed to make a 
low cost module. The cell performance should be rea-  
sonably retained when the a -S i :H  solar cell is as- 
sembled into a module. Fur thermore,  the module 
should stand for long- te rm use. We reported the mod- 
ule composed of 36 sheets of 7 • 7 cm 2 area a -S i :H  
solar cells, and a solar cell a r ray  which consisted of 
108 pieces of the modules (4). These modules had the 
conventional  glass /s i l icone/metal  plate structure.  

In  this paper, we present a-Si  photovoltaic modules 
with simpler structure.  This paper  also describes the 
env i ronmenta l  test results of the a -S i :H  solar cells, 
encapsulat ing materials,  and the photovoltaic modules. 

Performance of Large-Area a-Si:H Solar Cell 
The structures of a-Si:  H solar cells discussed in  this 

s tudy include ITO/p- i -n / s t a in less  steel (SS), ITO/  
n - i -p /SS ,  and meta l /n - i -p / ITO/g lass .  The a -S i :H  was 

Key words: amorphous semiconductor, solar cell, reliability. 

prepared by glow discharge decomposition of silane in 
capacity coupled rf systems. The window-side a -S i :H  
layer  is p - type  in I T O / p - i - n / S S  cell and n - type  in 
I T O / n - i - p / S S  celt. A 500A thick phosphorous (or 
boron)-doped a -S i :H  layer  was deposited on an SS- 
substrate  at first. Then 0.5 ~ thick undoped a -S i :H  
layer  and a 1O0A thick boron (or phosphorous)-doped 
a -S i :H  layer  were successively deposited. Finally,  a 
t ransparent  conductive ITO film and metal  grid elec- 
trodes were formed. In  me ta l / n - i -p / ITO/g l a s s  cell, a 
100A thick boron-doped a -S i :H  layer  was deposited 
on a glass plate coated with a t ransparent  conductive 
ITO film. Then 0.5 ~m thick undoped and a 500A 
thick phosphorous-doped a -S i :H  layer  were succes- 
sively deposited. And finally metal  film back-contact  
electrodes were formed. This type of solar cell was 
i l luminated  through glass-substrate.  Since the ex- 
cellent window-effect of a -S iC:H was reported by 
Tawada et al. for smal l -a rea  cells (8), we have applied 
a-SiC: H film to a window-side layer  in  the la rge-area  
glass-substrate cell. 

For practical application of the a-Si  solar cell, en-  
largement  of cell area without  conversion efficiency 
degradation is required. However, the short-circuit  
current  (Jsc) and the fiH factor (FF) tend to decrease 
with increasing cell area. We proposed a method for 
analyzing the cell area dependence of Jsc and F F  in  the 
SS-substra te  a-Si  solar cell, and reported the results 
for a 7 • 7 cm 2 cell (6). By applying this technique, 
we have estimated degradation in the performance of 
the ITO/n-i-p/SS cell associated with the increase of 
cell area from 1.2 to 100 cm 2. The est imation has 
been done on a 100 em 2 cell [Fig. 1 (a)]  in  which the 
sheet resistance of ITO film is 50 ~I/K], and the grid 
electrodes are formed by 1.0 p~n thick Ti-Ag layer of 
which resistivity is 2 • 10 -6 ~l-cm. Table I summarizes 
the cell performances for the 1.2 and 100 cm 2 cells, 
and the factors influencing the cell area dependence of 
Jsc and FF. According to the results shown in Table I, 
half  the decrease in  FF associated with the increase in  
cell area from 1.2 to 100 cm 2 is caused by  a series 
resistance, which consists of resistances of the grid elec- 
trodes and ITO. About  80, 10, and 10% of the de- 
crease are caused by the power losses due to the series 
resistances in the stem and branch parts of grid elec- 
trodes, and the ITO film, respectively. About  one third 
of FF degradat ion is caused by  a contact resistance at  
the ITO and metal  interface, and 10% is due to shunt  
resistance of the solar cell, which was measured as  
40~ from dark current-vol tage characteristics. The rest 
(10%) is caused by an  inhomogenei ty  of a-Si  layer. 
Therefore, suppressing the series resistance offers an 
effective measure for improving FF. 
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Fig. 1. Grid electrode configurations of two types SS-substrate 
solar cells with 100 cm 2 area. 

Figure 2 shows FF in  the 100 cm ~ cell as a funct ion 
of grid electrode thickness calculated by considering 
a cell configuration shown in Fig. 1 (a).  By doubling 
the thickness of grid electrodes from 1 to 2 #m, we will  
be able to obta in  0.58 as the value of FF in type 
(a).  However, Fig. 2 shows that the thickness of grid 
electrodes must  be increased to over 10 #m in order to 
improve FF to more than 0.60. We ,designed and pre-  
pared another  type of 100 cm 2 cell shown in  Fig. 1 (b) .  

For  electrical intercolmections of this type of cells, 
pieces of meta l  r ibbons or wires can be soldered on any 
par t  of the stem without  shadowing the active area 
of the cell, to make power loss in  the stem part  of 
grid electrodes negligible. In  such cell, FF of 0.60 is ex-  
pected. 

The s imilar  calcualt ion was conducted in the design 
of a m e t a l / n - i - p / I T O / g l a s s  cell in which uni t  cells 
formed on a glass-substrate  are connected in series on 
the same substrate. The key parameters  to determine 
the FF o,f such a cell include the length of a un i t  cell 
and the sheet resistances of ITO and metal  electrodes. 
The power loss in  ITO and metal  electrodes is shown 
in  Fig. 3. The power  loss was calculated as a function 
of photogenerated current ,  with respect to the length L 
of the uni t  cell, indicated in the inset of Fig. 3. The 
sheet resistances of the metal  and the ITO film were 
assumed to be 0.05 and 10 ~/[3,  respectively. We found 
that  the length of the uni t  cell should be l imited with-  
in 15 m m  to re ta in  the FF degradation wi th in  10% of 
the ideal FF, when the sheet resistance of a t ransparent  
conductive film is 10 ~/E]. The power loss decreases 
with decreasing L, while the active area of the solar 
cell decreases. To use more than  80% of the substrate 
area as an active area, L should be more than  7 ram. 
Two types of a-Si  solar cells on glass-substrate shown 
in Fig. 4 were fabricated. In  Fig. 4(a) ,  10 cells formed 
ona .g l a s s - subs t r a t e  of 10 X 10 crn2 were connected in 
series, and in Fig. 4 (b) ,  6 cells formed on a glass- 
substrate  of 11 X 12 cm 2 were connected in  series. 

Table I. Factors influencing the cell area dependence of 
short-circuit current (Jsc) and fill factor (FF) for ITO/n-i-p/SS 

solar cell 

Jso 
Cell a r e a  F F  ( m A / e m  s) 

1.2 c m  s 0.659 11.2 
100 crn 2 0.549 10.6 

Di f fe rence  0.110 0.6 

Cont r ibu t ion  to FF and  Jsc l ower ing  

Shun t  res i s tance  10% 
Series  r e s i s t ance  50% 
I n h o m o g e n e i t y  10% 100% 
Contact resistance 30% 

FF ~ f , , J , i 

0.6 t ~ ~  

0"4 i 

0.5 2 10 
GRID ELECTRODE THICKNESS (pro) 

Fig. 2 Grid electrode thickness dependence of fill factor (FF) in 
a 100 cm 2 area cell [Fig. l (a) ] .  In the calculation, the resistivity 
of the grid electrode is assumed to be 2 X 10 - 6  O,-cm. 

mlT 

E 163 

o, 7 / o  _ , ~  ~ L = 2  

0 p / ,  ~ ~ o0.5 mrn 

1()6 y [ T O - - - - - ~ ~ . ~  

, . . . .  

0 4 10 12 14 16 
CURRENT (mA/cm 2) 

Fig. 3. Power loss vs. generated current with respect to the 
length of the unit cell (L) of a metal/n-i-p/ITO/glass cell. 

Fig. 4. Two types of glass-substrate cells: (a) 10 series connected 
cell with 10 X 10 cm 2 area, (b) 6 series connected cell with 11 X 
20 cm 2 area. 

Output  characteristics of large area a-Si  solar cells 
on SS:  and glass-substrates are summarized in Table 
II. The Jsc and the conversion efficiency ~ in  Table I I  
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Table II. Output characteristics of large area solar cells under 
AM1 (100 mW/cm 2) illumination 

Jsc 
Cell  area  Voe  ( m A /  

Cell structure (cm ~ ) (V) cm~) FF (%) 

ITO/n-t-p/SS 10 x 10 (a )  0.88 11.4 0.58 5.8 
5 x 20 (b)  0.86 11.8 0.80 6.0 

Metal/n-i-p/ITO/ 10 • 10 (a) 8.5 12.3 0.59 6.2 
glass  11 x 20 (b)  5.28 12.7 0.54 6.0 

are active area values, The solar cell on SS-substrate  
shown in Fig. 1 (a),  in which the grid electrodes were 
~ ~ml in thickness, gives the conversion efficiency of 
5.8% and FF of 0.58. In the 5 X 20 cm 2 solar cell [ (b) 
in Fig. 1], conversion efficiency of 6.0% was obtained. 
The FF for this cell was 0.60. These observed FF's show 
fair agreement  with the expected values proposed in 
the foregoing section. 

The conversion efficiency of 6.2% was obtained in 
the a-Si  solar cell formed on a 100 cm 2 glass-substrate 
[ (a) in Fig. 4]. For  larger solar cells, conversion effi- 
ciency of 6.0% has been obtained in  an 11 X 20 cm 2 
cell [ (b) in  Fig. 4]. The FF of the former cell is 0.59, 
and that of the lat ter  cell is 0.54. This difference in FF 
between the 100 cm 2 cell ( L = 8  mm) and the 11 X 
20 cm~ cell (L -- 15 mm) is due to the difference in 
the uni t  cell length L as discussed above. 

Photovoltaic Module for Power Application 
The a-Si photovolta~c cells can be made on several 

kinds of substrate,  such as metal,  glass, and polymer 
film. Module structure should be chosen by consider- 
ing the substrate  used. We have conducted an invest i-  
gation on module fabrication process for SS-substrate  
cells and glass-substrate cells. 

For SS-substrate  cells, semitempered soda-lime glass 
plate, silicone resin, and polyvinyl  fluoride (PVF) film 
were used for a front cover, encapsulant,  and a back 
cover, respectively. Figure 5 shows the module com- 
posed of 40 cells with 10 X 10 cm 2 area. These 40 cells 
were wired in 4 paral lel  strings of 10 cells wired in  
series. 

When SS-substrate  cells are assembled into a mod- 
ule, they show a definite advantage over other photo- 
voltaic cells, because SS-substrate  cells are resistive 
against mechanical  shock, such as str iking of hail 
or small  stones. Another  advantage is that  positive 
and negat ive electrodes can be made on the same 
plane of substrate, as shown in  Fig. 6. This cell s truc-  
ture  makes wir ing process easy. In  order to make a low 
cost module,  we will examine possibilities to replace 
the semitempered glass pla te  for a front cover by thin 
polymer  film in the nea r  future. 

There is another  possibility to make a low cost 
module with a glass-substrate cell. Since electrically 
separated uni t  cells are connected in series on a glass- 
substrate, high output  voltage can be obtained from a 
glass-substrate cell. Moreover, the substvate glass plate 
may also play as the front cover of a module. There-  
fore, we proposed the "single substrate module," which 
is composed of a large area glass-substrate cell with 
resin coating and a metal  or plastic frame, as schemati-  
cally shown in Fig. 7 (a).  Figure 7 (b) shows the proto- 
type of the "single substrate  module" with a 15 X 22 
cm 2 glass-substrate cell. 

We have tested applicabilities of various materials  
to front cover, encapsulant,  and back cover. Table III  
shows the change in  t ransparency of several  candidate 
materials  for enc~psulant,  under  env i ronmenta l  test 
conditions. Two types of specimens, g lass /polymer /  
glass (type 1), and PVB fi lm/polymer/glass  (type 2), 
were used for the test. After  hea t - t rea tment  at 80~ 
for 500 hr, silicone resin, polyvinyl  bu tyra l  (PVB), and 
ethylene vinylacetate copolymer (EVA) showed little 
change in t ransparancy,  even when they were em-  
ployed for the type 1 specimen. Under  high humidi ty  
condition at 60~ 95% RH for 500 hr, silicone resin and 
PVB showed little change in t ransparency when they 
were employed for the type 1 specimen. However, 
when the type 2 specimen was tested, PVB became 
opaque. In heat shock test (high temperature  condition 
80~ 1 hr: low temperature  condition --20~ 1 hr:  
10 cycles), unsatura ted polyester resins showed severe 
change in  their  appearance, but  the other  materials 
shown in  Table III  showed no change. F rom the above 

Fig. 6. SS-substrate ceils connected with the same plane of each 
substrate. 

Fig. 5. a-Si photovoltalc module composed of 40 pieces of 10 X Fig. 7. Schematics of "single substrate module" (a) and the 
10 cm 2 S5-substrate cells, prototype with a 15 X 22 cm 2 glass-substrate cell (b). 
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Ta,ble III. Change in transparency of several materials 
under the environmental tests 

High humidity 
High temperature 60~ 95% RH, 

Test condition 80~ 500 hr  500 hr  

Specimen construction Type 2 Typ+e_ 1 Typ_e 2 
Silicone resin 94 9 7  
PVB 100 95 100 80 
EVA 98 98 - -  
]gpoxy resin 94 85 91 
Unsaturated polyester 87 80 90 90 

res in  

results, it has been found that encapsulating materials 
are much affected by water vapor permeation, oxygen 
permeation, and mechanical stress in their life. There- 
fore, at selecting encapsulating materials, module struc- 
ture should be considered at the same time. 

To obtain maximum output power of photovoltaic 
module from incident solar energy, transparency of a 
front cover and reflection at a module surface are key 
parameters. As a front cover, semitempered soda-lime 
glass plate was found to be usable instead of semi- 
tempered low iron glass plate, which is generally used 
in single crystalline Si photovoltaic module, because 
the wavelength of the maximum sensitivity of a-Si 
photovoitaic cells lies near 550 nm, which is in the 
lowest optical loss region for soda-lime glass. 

In order to reduce the reflection at the module sur- 
face, the wavelength dependence of surface reflectance 
was measured on an air/ITO/n-i-p/SS cell, and a 
glass/silicone resin/ITO/n-i-p/SS module. The wave- 
length for the minimum reflectance depends on ITO 
film thickness. The thickness which obtains the mini- 
mum reflectance at the wavelength of 550 nm is 750A. 
Figure 8 shows reflectance of the cell and module when 
the thickness of ITO film is 750A. The surface re- 
flectance of the cell at 550 nm (curve a) is about 5%, 
and increases to 18% by impregnating a silicone resin 
between a semitempered glass plate cover and the cell 
(curve b). Thus, the conversion efficiency of SS-sub- 
strate cells decreases by about 10% when they are as- 
sembled into a module. 

The output characteristics of the modules composed 
of 40 cells of 10 • 10 cm 2 have been measured with a 
large area solar simulator. Typical electric output 
power under AM1 (100 mW/cm s) illumination is 12 
and 16W, for the modules using ITO/p-i-n/SS and ITO/ 
n-i-p/SS cells, respectively. Figure 9 shows the typical 
output characteristics of the latter module. 

Reliability of a-Si:H Solar Cell 
An a-Si solar cell is composed of several layers with 

different thermal expansion coefficients, and also sub- 
jected to various temueratures in wiring, encapsulat- 
ing, and servicing. Thermomechanical stress due to 

[TO Thickness 750nrn 
40 a : air/ITO/n-i-p/SS 

b : a i r /g lass/s i l icon resin _ 
o 

/ ITO/n - i -p /SS  . ~ / / /  
U / /  

N 20 

o ' 6 ; 0  ' 700 5OO 
Wavelength (rim) 

Fig. 8. Surface reflectance of SS-substrate cell (a) and module 
(b). 
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Fig. 9. Output characteristics of the module composed of 40 
ceils with 10 X 10 cm 2. 

these temperature changes must affect the cell char- 
acteristics. To evaluate this effect, a heat cycle test 
was conducted on SS-substrate (0.5 mm thick) cells 0f 
I0 X I0 cm 2. 
The cell performance before and after 10 heat cycles 

did not show any noticeable difference, as shown in 
Table IV. The cell appearance also showed no change 
under the usual test conditions. Only a bit of peeling- 
off in the a-Si:H film was observed after 10 cycles, 
under the unusually severe test condition (--200~C 

200~ In the bending test (center load up to 5 kg, 
two end supports), no crack and peeling-off in the a-Si 
film occurred, and the cells have retained their original 
performance. 

Reliability tests for the modules composed of 36 
sheets of ITO/p-i-n/SS cells with 7 • 7 cm2 area were 
carried out under conditions listed in Table V. No 
change in the output characteristics and the appearance 
of modules was found, not only in the heat cycle test, 
but also in other tests listed in the Table. 

A slight decrease in the conversion efficiency was 
found under continuous illumination of AM1 spectrum 
(100-1000 mW/cmS). Figure 10 shows the results under 
continuous illuminations of various light intensity. 
After 240 hr of illumination, the conversion efficiency 

Table IV. Cell characteristics and appearance before and after 
heat cycle test for SS-substrate cells 

Cell characteristics 
Test condition Appearance 

After 10 
Initial cycles 

100~ 30 rain 
$ (1 min) [ 100 102 No change 

-40~ 30 rain .=./ 

200~ 30 rain +1 
$ (1 rain) | 100 110 No change 

-40~ 30 m i n - J  
200~ 30 rain +! 

$ (1 rain) .~ 100 100 No change 
-75~ 30 rain 
200"C 30 rain 

$ (1 rain) . j  100 96 A bit of peeling 
-200~ 30 rain 

Table V. Reliability test conditions for the modules with 
glass/silicone/PVB film configuration 

Tests Present test level 

Humidity cycling 
Heat cycle 
Voltage loading 
Cyclic pressure 

loading 

High humidity 
High temperature 
Cold temperature 
Salt storay 

80~ 95% RH, -20~ 10 cycles 
-20oc ~ 80~ (50~ 50 cycles 
AC 2000V, 1 rain 
Positive + 150 kg/m~ + 300 kg /m z, 2 sec ino 

terval, 1800 cycles 
Negative - 150 kg /m ~ -- 300 kg/m ~, 2 sec in- 

terval, 1800 cycles 
70~ 95% RH, 2000 hr 
89~ 1000 h r  
--40~ 1000 hr 
5% NaC1 solution, 350C, 500 1~ 
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o~ Illumination time 240H 
v 

~2 70: Initial conversion efficiency 
50 (AM 1.100mW/cm 2 ) 

7 : Conversion efficiency after 
i l lumination (AM 1.100mW/cm 2) 

I I I ] ! r I ~ ~ I 

0 500 1000 
Pin (mW/cm :z) 

Fig. 10, Conversion efficiency of modules (ITO/p-i-n/S$) after 
240 hr continuous ill-minotinn normalized by the initial value. The 
axis of abscissa is the incident power density of the continuous 
illumination. 

of the module remained above 90% of the initial value 
~o under all the applied illuminances. 

Conclusion 
A considerable progress has been achieved in cell 

performances of large area a-Si:H solar cells. In the 
ITO/n-i-p/SS cell, the grid electrode configuration 
was designed by considering reduction of power loss, 
and consequently the conversion efficiency of 6.0 % has 
been obtained for the 100 cm 2 cell. Intending to reduce 
the power loss and keep the active area of the cell 
above 80% of the substrate, we have fabricated 100 cm 2 
cell in which 10 cells were connected in series, and 
obtained conversion efficiency of 6.2%. 

The module structure for the a-Si solar cell was 
studied. By assembling 40 pieces of 100 cm 2 SS-sub- 
strafe cells, we fabricated a-Si photovoltaic modules 
with glass/silicone/PVB film configuration. Typical 
output powers of the modules under AM1 illumination 
are 12 and 16W for ITO/p-i-n/SS and ITO/n-i-p/SS 
cells, respectively. We proposed the "single substrate 
module" and demonstrated the prototype with a 15 X 
22 cm 2 glass-substrate cell. 

The a-Si modules composed of SS-substrate cells 
have been tested under various conditions, including 
temperature, heat cycle, humidity, and bending load. 

The results show that the a-Si solar cells are h igh ly  
resistive to high temperature, low temperature, high 
humidity environments, and thermomechanical stress. 
The remaining problem is the slight decrease in the 
conversion efficiency under continuous illumination of 
the sunlight.  
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Technical Note 

Incidence Angle Dependence of Planar Channeling in Boron Ion 
Implantation into Silicon 

Masayasu Miyake, Masahiro Yoshizawa, and Hiroyuki Harada 

Nippon Telegraph and Telephone Public Corporation, Musashino Electrical Communication Laboratory, Musashino, 
Tokyo, 180 Japan 

Ion implantation has been widely used in LSI fab- 
rication process due to its superiority in impurity con- 
centration controllability and reproducibility. In 
order to achieve reproducible doping into single 
crystal silicon by the ion implantation, channeling 
effects must be avoided (1-4). For axial channel- 
ing, which is channeling along a low index axis, a 

Key words: pulsed MOS C-V technique, doping uniformity, criti- 
cal angle. 

number of reports have been published about depth 
profiles for channeled ions and the incidence angle 
dependence of the channeling (2-5). However, 
few such experimental reports have been published 
for planar channeling, which is channeling along a low 
index plane, in boron implantation into silicon. In 
order to avoid the channeling, it is important to reveal 
the channeling effect incidence angle dependence. In 
the present work, a new method for estimating the 
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channel ing  incidence angle  dependence  using C - V  
profi l ing technique was developed.  Using this method,  
the incidence angle dependence  of (110) p l ana r  chan-  
nel ing in boron implan ta t ion  into sil icon was studied.  

CZ, p - type ,  75 m m  diam, <001>  or ien ted  silicon 
wafers  wi th  30 ,~ 50 12 cm res is t iv i ty  were  used. Boron 
was implan ted  into the wafers  at  40 ,~ 150 keV energy  
and 1 • 10 TM cm -2  dose. F igure  1 shows the re la t ion-  
ship be tween  the ion beam incidence d i rec t ion  and the 
wafe r  or ienta t ion.  Ti l t  angle  ~ is defined as the angle 
be tween  the <001>  axis and the ion beam direct ion to 
the center  of the wafer  as shown in Fig. 1. In  o rder  to 
avoid <001>  axia l  channeling,  boron implanta t ions  
were  accomplished at  80 misa l ignment  f rom the <001> 
axis, i.e., at ~ ---- 8 ~ A wel l - focused  ion beam was 
scanned over  a wafe r  using an e lec t ros ta t ic  deflection 
system. The wafers  have  (110) or ien ta t ion  flat. Rota-  
t ion angle  e is defined as the  angle  be tween  the <110> 
or ienta t ion  and the hor izonta l  plane,  as shown in Fig. 
1. Boron implan ta t ions  were  accomplished at  (9 _-- 0 ~ so 
that  p l ana r  channel ing  along the (110) p lane  might  
occur. The p l ana r  channel ing  ion beam incidence angle  
dependence  was es t imated  f rom the var ia t ion  in the 
imp lan ted  boron depth  profiles in a wafer ,  since the 
ion beam incidence angles to the  (110) plane va ry  in 
a wafer  because of the  ion beam elec t ros ta t ic  deflec- 
t ion system. The implan ted  boron dep th  profiles were  
measu red  by  pulsed  MOS C - V  technique  (6, 7) using 
the MOS diodes fabr ica ted  as follows. Af te r  boron ion 
implanta t ion ,  the wafers  were  oxidized in d r y  O2 
ambien t  at  1000~ for 60 min to form 500A th ick  gate 
oxide. Evapora t ing  A1 electrode,  0.5 • 0.5 m m  square  
shaped MOS diodes were  de l inea ted  by  photo l i thog-  
raphy.  MOS diodes were  spaced 1.5 m m  apa r t  in a 
wafer .  

F igure  2 shows boron depth  profiles implan ted  at  
150 keV energy  measured  by  the pulsed MOS C - V  
technique  for posi t ion A, which is the  center  of the 
wafer,  and for  posi t ion B, which is nea r  the  or ien ta t ion  
flat. I f  the x - y  or thogonal  coordinate  sys tem is defined 
as shown in Fig. 2, posi t ion A is r epresen ted  as (0 mm, 
0 mm) ,  and posi t ion B is r epresen ted  as (0 mm, 24 mm).  
I t  can be seen tha t  imp lan ted  boron pene t ra tes  deeper  
at  the  center  of the wafer ,  A, than  at  the edge of the  
wafer ,  B, due to the  p l ana r  channel ing effect along 
the (110) plane.  The profiles a re  not  "as implan ted"  
profiles, but  are  r ed i s t r ibu ted  profiles due to diffusion, 
since the oxida t ion  was pe r fo rmed  at  1000~ for 60 
rain af ter  implanta t ion .  Though the measured  profiles 
a re  not  "as implan ted"  profiles, the  p l ana r  channel ing 
effect can be es t imated  f rom the profiles, since the 
diffusion does not  so ser iously  cause a red i s t r ibu t ion  
(8).  Pene t ra t ion  depth,  Rpe, is defined as the depth  
where  boron concent ra t ion  is equal  to 10 TM cm -8  

TILT ANGLE AXIS 
�9 y 

"---~.~ " ~  /(110) ORIENTATION 
~ FLAT 

WAFER i ~ 

Fig. 1. Ion beam incidence direction and wafer orientation 

B ,  1 5 0 k e V ,  IX  1 0 1 2 c n l  2 

LII )>X 
/ /  _ \ ' , ,  

id5 , t i , t , , , i I 
0 0,5 1.0 

D E P T H  (pm) 
Fig. 2. Boron depth profiles measured by pulsed MOS C-V tech- 

nique for position A, which is the center of the wafer, and position 
B, which is-near the orientation flat. 

(deeper  one) .  The (110) p l ana r  channel ing effect was 
es t imated by measur ing  the pene t ra t ion  dep th  d i s t r ibu-  
t ion in the  wafer .  F igure  3 shows the pene t ra t ion  depth  
dependence  on the posi t ion along the y axis. As can 
be seen, the  pene t ra t ion  dep th  has a m a x i m u m  value  
of 7300A at y ---- --3 mm. That  is, the  p l ana r  channel ing  
along the (110) p lane  most  r e m a r k a b l y  occurred  at  
y ---- --3 mm, which indicates  that  ion beam incidence 
direct ion was pa ra l l e l  to the (110) p lane  at  y - -  --3 
m m  for the wafer .  In  Fig. 4, x di rect ion dependence  of 
the pene t ra t ion  depth  is shown at  y --  --3 mm. As can 
be  seen, the pene t ra t ion  dep th  does not  v a r y  wi th  x 
direction,  since ion beam incidence angle  to the (110) 
plane is 0% and does not va ry  wi th  x direct ion at  y --  
--3 mm. On the o ther  hand, the ion beam incidence 
angle to the (110) p lane  var ies  wi th  y direction.  Angle  
r be tween ion beam incidence direct ion and the (110) 
p lane  is r epresen ted  as follows along the y axis 

-- tan  -1 ( y / l )  - -  tan -1 (yo/ l )  [1] 

where  l is the distance f rom the e lec t ros ta t ic  scanner  
to the  wafer  in the  ion imp lan te r  (l is 100 cm in the 
presen t  work ) ,  and Y0 is the posi t ion where  the  p l ana r  
channel ing most  m a r k e d l y  occurs (Yo is --3 m m  in 
Fig. 3). Using Eq. [1] and  the measured  dep th  profile 
var ia t ion  in the wafer ,  the  channel ing effect incidence 

7000 

Q. 6 5 0 0  
n," 

7 '500 - B,  150 keV 

6 0 0 0  

I I I I i I 
- 4 0  -20  20 40  

Yo 

0 

Y (mm) 
Fig. 3. Penetration depth dependence on the position along the y 

axis. 
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0 
Q.  

7500 - 

7000 

6500 
? 

-40 

B , 150keV 

Y=Yo 

i I = I t I i I 
-20 0 20 40 

X (ram) 
Fig. 4. Penetration depth dependence on the position along the x 

axis at y = - -3  ram. 

angle dependence  can be es t imated  easily.  The inci-  
dence angle  dependence  for the (110) p l ana r  channel -  
ing is shown in Fig. 5, which was deduced f rom the 
da ta  shown in Fig. 3, using Eq. [1]. I t  can be seen that  
increase in the pene t ra t ion  depth  due to the p lanar  
channel ing is about  20%, and that  the pene t ra t ion  
depth  decreases wi th  increas ing the incidence angle  to 
the (110) plane.  I t  can be also seen that  the p lanar  
channel ing does not  occur for l a rger  r than  1.5 ~ It  was 
confirmed that  the pro jec ted  range,  Rp, agrees  wel l  
with the LSS theory  range  for a l a rge r  r than  1.5 ~ (9). 
Cutoff angle, r is defined as the min imum angle tha t  
ensures a r andom equiva len t  implanta t ion.  The cutoff 
angle in the ( l lO) p lanar  channel ing for 150 keV boron 
was es t imated as 1.5 ~ F igure  6 shows boron ion energy 
dependence  of the cutoff angle. I t  is seen that  r 
s l ight ly  decreases wi th  increasing boron energy.  The 
( l lO) p l ana r  channel ing can be avoided by  set t ing r 
l a rge r  than about  2 ~ for the  boron energy  range used 
for LSI  fabricat ion.  The dashed l ine in Fig. 6 r ep re -  
sents the cr i t ical  angle, r for (110) p l ana r  channel ing 
calcula ted on the basis of the cont inuum potent ia l  
model  using screened Coulomb potent ia l ,  which was 
descr ibed in Ref. (1O). The cr i t ical  angle  is the  m a x i -  
mum angle wi th in  which  the cont inuum poten t ia l  ap-  
p rox imat ion  holds. Sl ight  channel ing  effect occurs even 
for  r > r (quas i -channe led  case) (11). Therefore,  the  
cutoff angle  is considered to be  s l ight ly  l a rge r  than  the 
cr i t ical  angle.  I t  is seen f rom Fig. 6 tha t  boron energy  
dependence  of the cutoff angle obta ined  in the presen t  
work  agrees  wel l  wi th  boron energy  dependence  of 
the  cri t ical  angle, and that  the cutoff angle  is s l ight ly  
l a rge r  than  the cr i t ical  angle. The difference be tween  

7500 

7000 

0 
r, 6 5 0 0  n- 

6 0 0 0  

B ~ 150keV 

I [ 
K 2 
I 

I I I , I i I i I 
- 2  - I  0 I 2 

~) ( d e g r e e )  
Fig. 5. Ion beam incidence angle dependence for (!10) planar 

channeling. 

"U 

2.0 

1.0 

4,o 

I i i I i t i i I = ~ i = I 

0 5 0  I 0 0  1 5 0  

B O R O N  E N E R G Y ( k e V )  
Fig. 6. Boron energy dependence of the cutoff angle for (!10) 

planar channeling. Dashed line represents boron energy dependence 
of the calculated critical angle. 

the cutoff angle  and the cr i t ical  angle p robab ly  arises 
from the above-men t ioned  quas i -channe l ing  effect. 

Next,  we consider  how the condit ion of r > ~co can 
be achieved in a prac t ica l  ion implanta t ion .  The inci -  
dence angle  to the (110) plane,  r for a point  P ( x , y )  
in a wafer  is r epresen ted  as follows, re fe r r ing  to Fig. 1 

r ---- s in-1  { l (x  + 1 sin ~) sin O + y cos e l /  

X/ (x  + 1 sin ~)~ + y~ + l 2 cos~ ~} [2] 

The incidence angles in a 75 m m  diam wafer  were  
calcula ted using Eq. [2] for ~ ---- 8 ~ and var ious  values  
of e. The calcula ted resul t  indica ted  that  the condit ion 
of r > 2 ~ can be achieved by  set t ing e l a rge r  than  30 ~ 
for any  point  in a 75 mm diam wafer.  That  is, un i form 
and reproducib le  implan ta t ion  can be accomplished by  
set t ing ~ --  8 ~ and e _- 30 ~ for a 75 mm diam wafer .  
This resul t  was also confirmed exper imenta l ly .  

In summary ,  the incidence a n g l e  dependence  of the 
(110) p l a n a r  channel ing  was s tudied by  measur ing  
depth  profile var ia t ion  in a sil icon wafer ,  into which  
boron was imp lan ted  using the ion imp lan te r  wi th  an 
e lec t ros ta t ic  scan system. The dep th  profile va r i a t ion  
in the  wafe r  was measured  by  the pulsed MOS C-V 
technique.  The cutoff angle  for  40 ,~ 150 keV boron 
was es t imated  as 1.8 ,-, 1.5 ~ I t  was found tha t  the  cut -  
off angle  s l igh t ly  decreases wi th  increas ing  boron 
energy.  Consequently,  a r andom equiva len t  imp lan t a -  
tion, or  un i form and reproducib le  implan ta t ion  can be 
accomplished by  se t t ing ~ l a rge r  than  about  2 ~ for 
boron energy  range used for  LSI  fabricat ion.  The con- 
dit ion of r > 2 ~ can be achieved by  set t ing ~ = 8 ~ and 
e --  S0 ~ for a 75 mm diam wafer .  
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INTRODUCTION 

Thermal oxidation of silicon to form a thin 
Si02 layer is one of the most important pro- 
cesses in VLSI an@VHSIC technology. Present- 
ly, some commercially available, high perfor- 
mance MOS memory circuits use gate oxides as 
thin as 400 A . There is a wide body of ex- 
perimental evidence which indicates that such 
thin layers of Si02 are substantially dif- 
ferent from thicker layers. These differen- 
ces include growth kinetics, optical proper- 
ties, breakdown characteristics, and physical 
structure. In spite of the pioneering stu- 
dies of 2_~al and Grove I and several other 
authors " , the growth of the first several 
hundred angstroms of oxide has not yet been 
quantitatively explained. In this paper we 
propose a conceptually simple modification of 
the Deal -Grove model based on the assumption 
that the oxygen atoms impacting the oxide 
surface have a definite probability of pene- 
trating to a certain depth. Expressions use- 
ful for data analysis and simulation (SUPREM 
II ~d III) are given. 

DRY OXIDATION MODEL 

Blanc 3 proposed a simple model which explains 
well the anomalously high oxidation rate of 
thin oxide. This model assumes that although 
oxygen diffuses molecularly during the dry 
oxidation, the actual oxidant is atomic oxy- 
gen; this leads to a conceptually simple mo- 
dification of the Deal-Grove model. Blanc's 
model was tested in both the thin and thick 
oxide regions and was found inadequate for 
the simulation of both oxide regimes. There- 
fore, here we suggest a semiempirical mod- 
ification of the Deal-Grove formula. It was 
assumed after Deal and Grove, that the oxida- 
tion mechanism arises from the diffusion trans- 

port of oxidant through the growing amorphous 
Si02 layer followed by the reaction of Siwith 
oxidant at the advancing interface. The equa- 
tion of Deal and Grove which describes the 
change of oxide thickness, Z^x, with the oxi- 
dation time, t, has the folloUwing form: 

dZox K 1 Kp 

dt 2KIZox+K p (i) 

Here K 1 and KDare the linear and parabolic 
growth rates ~espectively. They are related 
to the linear and parabolic rate constants A 
and B by A = Kg/K 1 and B = Kp. 
We suggest that for thln oxides the linear 
growth rate K 1 should be replaced by Kn, 
where 

K n : K 1 (I + Zf exp (-Zox/Zl)) (2) 

The new model parameters are: Zf the growth 
acceleration factor, and Z 1 the effective 
penetration depth. Their temperature depen- 
dences (for dry 02 ) as determined by compari- 
son to experimental data are: 

Zf = 39.965 - .08145 + 4.2552 x I0-5T2 (3) 

Z I = I/(692 - 1.3641T + 6.876 x I0-4T 2) 
(microns) (4) 

where T is in ~ 

Integrating equation (I) one obtains the 
well known dependence (Grove's equation): 

Zox 2 Zox 
t: + - -  

Kp K 1 
(5) 

* Electrochemical Society Active Member. 
Key words: oxidation, growth, kinetics. 

This equation will take the following form if 
K n is substituted for K 1 in Eq (I): 
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2 [ ZoxlZl  
Zox Zox Z 1 I + Zfe 

t = + ....... + in (6) 
Kp K 1 K 1 I + Zf 

Equation (6) differs from equation (5) by 
an additional term which causes faster 
growth for thin oxides but is negligible 
for oxides 3 to 4 times thicker than Z I. 

The SUPREM II-05 program models the oxide 
growth by employing approximate empirical 
correction factors to the usual linear para- 
bolic growth law. The model proposed here 
improves the predictive capabilities of 
SUPREM. In Fig. I we compare the oxide growth 
rate dZox/dt calculated from the Deal and 
Grove model with that predicted by the new 
model. Also shown is the growth rate which 
was used in the SUPREM II-05 program. Note 
the sharp discontinuity in the SUPREM II-05 
curve. This is due to the attempt to fit the 
experimental data with a constant accelera- 
tion factor. 

The analysis of the data I, 2,4,5 at 700, 780, 
893, 980 and 1100~ further confirm the vali- 
dity of the proposed model. Figure 2 shows 
the comparison of the theory with experimen- 
tal data for oxidation in dry 02 at 893~ 
The dashed curve is the result of ~ the SUPREM 
II-05 calculations and the solid curve shows 
that the new model provides a auooth transi- 
tion from the accelerated to the linear growth 
regions while maintaining a good fit to 
experimental data for thick oxides. Such a 
good fit, over the entire oxide thickness 
range was not possible with Deal and Grove 
model. 

Ap = -51.12 + 0.182P + 0. I0414T - 5.143 x 

I0-5T 2 - 1.059 x 10-4pT + 2.55 x 

I0-3p 2 (13) 

where T is in ~ 
Equations (3-5), (7-9), (11-13) were directly 
implemented into the SUPREM II program 
(Subroutine OXDEP) to account for the effect 
of chlorine in the dry 02 oxidizing gas. 

To verify our phenomenological model we have 
calculated the oxide thickness as a function 
of the oxidation time for dry 02 oxidation of 
<100> silicon at 975~ and with 4% HCI. The 
calculation is compared with the measured 
values 12 in Figure 3. It is seen that our 
oxidation model agrees closely with the ex- 
perimental data in both the linear and para- 
bolic regimes. The dashed curve represents 
the calculations done assuming that there is 
no oxide present on the silicon surface at 
time t = 0. Usually however there is initial- 
ly a thin layer of oxide present and this can 
easily be included in the calculations by 
using the DEPOSITION step in the SUPREM Input 
Data File before the OXIDATION steps are sim- 
ulated. The full curve represents results of 
calculations for initial oxide thickness of 
25 A with a 9 minute push-in simulated prior 
to the high temperature oxidation. Incorpo- 
ration of these two processing steps brings 
the theory into much closer agreement with 
the experimental data, especially in the thin 
oxide regime. The growth of the initial 25A 
of oxide can be easily associated with the 
standard R.C.A. cold clean process through 
which wafers went before high temperature 
oxidation. 

Equation (10) was solved numerically for each 
of the A coefficients using least squares, 
and the following parametric equations were 
obtained 

Af = 69.79 + 0.150P - 0.13682T + 6.838 x 

I0-5T 2 + 5.18 x 10-5pT - 8.54 x I0-3p 2 

(11) 

A 1 = -12.20 - 0.198P + 3.221 x I0-2T - 1.871 

x I0-5T 2 + 1.636 x 10-4pT - 1.92 x I0-3p 2 

(12) 

CONCLUSION 

The phenomenological model presented here 
should be useful for most (chlorine) oxida- 
tions of practical interest, within the range 
of conditions for which data is currently 
available. Better understanding of the me- 
chanisms involved will be necessary, however, 
for complete predictive capabilityparticular- 
ly outside the available data range. 
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Fig. 3. Comparison of the theory with experi- 
mental data I= for <100> silicon oxidation in 
dry 02 with 4% HCI at 975~ The dashed 
curve was calculated assuming that tox = 0 at 
t=0. The full curve represents results of 
calculations for initial oxide thickness of 
25A with a 9 minute push-in s~mulated before 
the high temperature oxidation. 



The Growth of Zn3P2 by Metalorganic Chemical Vapor Deposition 
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INTRODUCTION 

Recent studies resulting from 
the interest in developing new mate- 
rials for low-cost photovoltaic 
dev ices have shown zinc phosphide 
(Zn3P 2) to be a promising candidate 
for such applications. Amongst its 
advantages are a direct band gap of 
1.5 eV and relatively cheap and abun- 
dant constituent elements. Prey i- 
ously, Zn3P 2 for device applications 
has been grown principally by close 
space vapor transport (1,2). This 
paper reports the first growth of 
Zn3P z by the method of metalorganic 
chemxcal vapor deposition. The 
metalorganic technique possesses the 
advantage that relatively low growth 
temperatures may be used in conjunc- 
tion with the independent regulation 
of the Group II and Group V sources. 
Since the reactor contains only one 
hot zone, in the substrate region, 
the cold reactor walls do not inter- 
fere with the growth, which occurs 
only on the heated substrate. In 
addition, the apparatus may be easily 
scaled to accommodate large-area 
substrates. 

EXPERIMENTAL 

The growth apparatus, shown in 
Fig. i, consisted of a vertical, 
water-cooled, quartz reactor tube, 50 
mm in diameter, containing a molyb- 
denum or silicon carbide coated 
graphite susceptor on which the sub- 
strate was mounted. The temperature 
was monitored by a thermocouple 
embedded in the susceptor and heating 

Key descriptors: 
photovoltaic 

semiconductor, 

accomplished by means of an r.f. 
coil. The zinc source consisted of 
either of the two volatile metal- 
organic compounds diethylzinc or the 
considerably more volatile dimethyl- 
zinc (vapor pressures at 25~ = 16.0 
tort and 369.1 tort respectively). 
These were contained in stainless 
steel bubblers held at room 
temperature. The metalorganic vapor 
was transported by passing a hydrogen 
gas stream through the bubbler. This 
was then mixed with a stream of phos- 
phine gas in hydrogen, diluted with 
extra hydrogen and introduced into 
the reactor where decQmposition of 
the reactants occurred at the heated 
substrate. 

The effects of growth condi- 
tions, in par ticular, temperature, 
zinc source and P/Zn mole fraction 
ratio were examined in detail. 
Growth times were typically on the 
order of 30 minutes with a total gas 
flow of 3500 cm3/min. The zinc mole 
fraction was generally kept at 
~9 x i0 -~, whereas the phosphorus 
mole fraction was varied over the 
range 1 to 9 x 10 -3 . 

SOBSTRATE',  .tSTEEL 

H2 

STAINLESS 
BAFFLE 

EXHAUST 
VACUUM 

Fig. 1 Simplified schematic of the 
MOCVD apparatus. 
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RESULTS AND DISCUSSION 

Initial growth studies employed 
ZnEt 2 as the zinc source and Carbone- 
Lorraine 5890-PT high-density graph- 
ite as the substrate. Although 
growth of Zn3P 2 could be accomplished 
over the rather wide temperature range 
of 300 to 500~ the layers were non- 
uniform and partially covered with a 
brown deposit. Positioning a stain- 
less steel baffle, containing many 
small circular perforations, in the 
reactor tube, directly below the gas 
inlet greatly improved growth unifor- 
mity and eliminated the brown deposit, 
presumably as a result of more effi- 
cient mixing of the reactant gases. 

Using ZnEt~, and a P/Zn mole 
fraction ratio of I.i:i the ZnsP2 
growth rate was examined as a function 
of temperature. As shown in Fig. 2, 
the growth rate was found to increase 
with increasing temperature, from a 
value of 3~m/hr at 300~ to one of 
10~m/hr at 420~ where it remained 
relatively constant over the next 70 .o. . 
This dependence of the growth rate on 
temperature in the lower temperature 
range implies that kinetic control is 
in effect with the overall growth 
limited by some relatively slow sur- 
face process. For temperatures above 
500~ the growth rate decreased rap- 
idly, dropping to 3~m/hr at 550~ 
suggesting that the reacting species 
may be re-evaporating off the 
substrate surface coupled with 

30 - P/Zrl ~....,~,,.ZnMe?.. 
=5,3 
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W 
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Fig. 2 Zn~P 2 growth rate as a func- 
ti6n of temperature 

parasitic nucleation on the reactor 
walls. 

Fig. 2 also shows the results 
obtained using ZnMe 2 as the zinc 
source with the same zinc mole frac- 
tion. Although the overall growth 
pattern was similar, with an initial 
growth rate increase with temperature 
followed by a rapid decrease, the 
highest rates were obtained in the 
550 to 600~ range. This shift of 
the growth region to higher tempera- 
tures is in keeping with the higher 
decomposition temperature of ZnMe2 
compared with that of ZnEt2 (3). A 
notable difference between the two 
sources was the value of the growth 
rate which reached a maximum of 
25~m/hr with ZnMe2 but only 10~m/hr 
uslng ZnEt2. One possible explana- 
tion is that reaction at the sub- 
strate surface is less favorable for 
ZnEt 2 due to the greater steric bulk 
of the ethyl groups compared with the 
methyl. Parasitic nucleation on the 
reactor walls, which depletes the 
zinc source, may also be more of a 
problem for ZnEt 2, particularly since 
the growth occurs at lower 
temperatures. 

Dependence of the growth rate on 
the P/Zn mole fraction ratio was also 
examined for the ZnMe 2 source. As 
shown in Figs. 2 and 3, the growth 
rate increased with increasing P/Zn 
ratio until a ratio of ~6:1 was 
reached. Above this value the rate 
became independent of the l~/Zn ratio. 

=•E 
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Fig. 3 Zn3P 2 growth rate as a 
function of the P/Zn mole 
fraction ratio. 



VoW. 130, No. 3 GROWTH OF ZnsP2 727 

The Zn3P 2 samples, however, were all 
found to exhibit p-type conductivity 
irrespective of the V/II ratio. 

Fig. 4 shows the effect of vary- 
ing the P/Zn ratio on the surface 
morphology. An increase in the ratio 
from i:i in a) to i0:i in b) reduced 
the tendency for growth of isolated 
blocks of Zn3P z crystals to occur at 
the surface. In addition, the grain 
size was found to be larger at the 
higher ratios, increasing from 2 to 
3~m in a) to 5 to 10~m in b). A 
similar increase in grain size was 
also observed on increasing the sub- 
strate temperature from 400~ to 
550~ 

Graphite was originally the sub- 
strate of choice because of its rela- 
tively low cost, in addition to 
several other desirable properties 
such as thermal stability and 
chemical inertness. However, despite 
the large variety of graphite types 
available, the high thermal expansion 
coefficient of Zn3P ~ (14 x 10-6~ -I) 
made it impossible t-o find one with a 
suitably closely-matched coefficient. 
As a result of this mismatch there 
was a problem with the occurrence of 
microcracks and pinholes in the Zn3P 2 
layerS, which provide current leakage 
paths through the material. The 
cracks were particularly evident in 
the samples grown at higher tempera- 
tures. Previous workers have grown 
Zn3Pz successfully on mica and 
silicon steel substrates (4), both of 
which are compatible with the 
metalorganic technique. Thus, in 
order to improve the quality of the 
Zn3P z layers we grew several samples 
on both mica and silicon steel. The 
growth conditions were essentially 
unchanged from those used with 
graphite substrates. The Zn3P2 
layers were found to be highly 
resistive, those grown on mica having 
sheet resistances of 1 to 2 x 10 b 
~/[]. Figure 5 shows SEM photographs 
of two samples grown on silicon 
steel, with P/Zn ratios of I:I in a) 
and I0 :i in b) . No sign of 
microcracks was evident in these 
samples, nor in those grown on mica, 
and the improvement in surface 
morphology at higher P/Zn ratios was 
again observed. 

CONCLUSIONS 

The growth of undoped, polycrys- 
talline Zn3P 2 by the method of metal- 
organic chemical vapor deposition has 
been demonstrated for the first time 
and the growth characteristics deter- 
mined as a function of growth condi- 
tions. The quality of the layers was 
observed to be highly dependent on the 
substrate material. The samples grown 
on graphite exhibited microcracks due 
to a mismatch of the thermal expansion 
coefficient of Zn3P 2 with that of the 
graphite. This problem was eliminated 
by use of mica or silicon steel as the 
substrate. 
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Fig. 4 SEM photographs of Zn3P 2 growth 
on graphite a) P/Zn mole frac- 
tion ratio = I:I, b) P/Zn = 
i0:i. 

Fig. 5 SEM photographs of Zn3P 2 
grown on silicon steel a) 
P/Zn mole fraction ratio = 
i:I, b) P/Zn = i0:i. 



Metal Oxidation as a Heat Pump 

Daniel Cubicciotti* 
Electric Power Research. Institute, Palo Alto, California 94303 

The oxidation of a metal is generally an 
exothermic process, and the rate of heat 
release is slow enough in most cases that the 

detailed location of the site of heat evolu- 
tion is not important. Heat transfer pro- 
cesses, under these conditions, are usually 

rapid enough to dissipate temperature gradi- 

ents. Thus, other than being associated with 
the formation of oxide, the details of heat 

generation are not important in such 
situations. 

During a rapid oxidation however, it is 
interesting to consider the detailed pro- 
cesses of heat generation. For example, 

rapid oxidation of Zircaloy by steam can 
occur during a nuclear reactor accident 
involving core dry out such as occurred at 

TMI-2, and the rate of heat generation from 

that oxidation can be larger than other heat 
sources such as radioactive decay. The locus 

of the heat generation can be important for 

calculating heat transfer rates and thus 
local, transient temperatures in a nuclear 

core during an accident. 

The overall process of oxidation of a 
metal such as zirconium to form a coherent, 

protective oxide can be divided into three 
sets of reactions occurring in the following 
localized regions: (a) at the interface 

between the metal and the oxide layer, 
(b) transport of species through the oxide 
layer, and (c) at the interface between the 

oxide and the oxidizing gas. 

For the oxidation of zirconium by steam, 

which is a case of interest in nuclear acci- 
dents, the reactions occuring in those loca- 
tions can be represented as follows: 

(A) Zr (metal) = Zr +4 (oxide) + 4e (oxide) 

*Electrochemical Society Active Member, 

Key words: metal oxidation, zirconium. 

(B) 4e (in oxide at metal interface) = 

4e (in oxide at gas interface) 

20 -2 (in oxide at gas interface) = 
-2 

20 (in oxide at metal interface) 

(C) 2H20 (gas) + 4e (oxide) = 
20 -2 (oxide) + 2H 2 (gas). 

The heat effects associated with those 
reactions must be evaluated. The reactions 

in B have relatively small heats, which will 
be assumed equal to zero in the present 

treatment. To evaluate the heat associated 

with the reaction at A, the reaction will be 
represented as the sum of four reactions for 
which enthalpy changes can be evaluated: 

(AI) Zr (metal) = Zr (gas); 
~H(A1) = 143.7 kcal 

(A2) Zr (gas) = Zr +4 (gas) + 4e (gas); 
~H(A2) = 1783 kcal 

(A3) Zr +4 (gas) = Zr +4 (oxide); 

AH(A3) = -1320 kcal 

(A4) 4e (gas) = 4e (oxide); 

~(A4) = -287 kcal 

The values quoted were obtained as 

follows: The value of ~H(AI) was taken from 
Ref. 1. ~H(A2) is the sum of the ionization 
potentials for the first four ionizations of 

gaseous zirconium, which is given in Ref. 2 

as 1783 kcal. ~H(A3) was assumed to be the 
negative of half of the lattice energy, that 

is, half of the enthalpy change for the 

reaction: 

Zr +4 (gas) + 20 -2 (.gas) = ZrO 2 (solid); 

AH = -2640 kcal 

which was calculated from the enthalpy 

changes of the following reactions: 

Zr(s) = Zr(g); AH = 143.7 kcal (Ref. 1) 
Zr(g) Zr+~(g) +4e(g); 

~H = 1783 kcal (Ref. 2) 
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1/202(g) = 0 (g); 6H = 59.2 kcal (Ref. 3) 

O(g) + 2e(g) = O-2(g); 
AH = 166 kcal (Ref. 4) 

~H(A4) is equal to four times the nega- 
tive of the work function of ZrO 2 which is 
given in Ref. (5) as 3.12 eV. 

The sum of the enthalpy changes for 

reactions AI to A4 is 320 kcal. This is, per 
mole of zirconium oxidized, 320 kcal of heat 
are absorbed at the metal-oxide interface 
(location A) for a constant pressure oxida- 
tion of one mole of zirconium. 

At location C (the oxide gas interface), 
the enthalpy change is the sum of the 
following reactions: 

(CI) 2 H20 (gas) + 4e (gas) = 
20 -2 (gas) + H 2 (gas); 

AH (CI) = 566 kcal 

(C2) 20 -2 (gas) = 20 -2 (oxide); 
~H(C2) = -1320 kcal 

(C3) 4e (oxide) = 4e (gas); 
~4(C3) = 287 kcal 

For reaction CI, the enthalpy of forma- 
tion of H20(g) is -57.8 kcal (Ref. I), and 
that of 0 2 (g) is 225 kcal (Ref. 3 and 4). 
In reaction C2 the enthalpy change was 
assumed to be the negative of half of the 
lattice energy, and AH(C3) is four times the 

work function of ZrO 2. 

The sum of the enthalpy changes for 
reactions CI to C3 is -467 kcal per mole of 
zirconium oxidized. Thus, 467 kcal of heat 
are evolved at the metal-gas surface 

(location C) for a constant pressure oxida- 
tion of one mole of zirconium by steam. 

Thus, at the metal-oxide interface 
320 kcal of heat are absorbed due to the 
oxidation reaction and 467 kcal of heat are 

liberated at the oxide-gas surface when a 
mole of zirconium reacts with steam. That 
is, the oxidation process acts like a heat 
pump which transfers 320 kcal away from the 
metal-oxide surface and to the oxide-gas 
surface where it is evolved together with the 
net heat of reaction. 

This rather surprising result means that 
during the rapid oxidation of zirconium, 
there should be a temperature gradient 
through the thickness of the oxide. The 

metal side should be cooler than the gas side 
of the oxide. If the zirconium were in a 
fast flowing stream of gas which could effec- 
tively remove the heat pumped through the 

oxide layer to the oxide-gas surface, then 
the substrate metal would be cooled by the 
oxidation process and the temperature of the 

metal would fall below its initial value. 

It should be noted that there may be 
relatively large uncertainties in the values 
used for the reaction enthalpies. For 
instance the value used for the enthalpy of 

attachment of two electrons to an oxygen atom 
is the average of two indirectly obtained 
values that differ by 26 kcal. The work 
function of ZrO 2 in the literature has values 
that differ by 10 kcal and it enters as the 
fourfold product. Also the chemical states 

of the reactants are probably different from 
those assumed. For instance zirconium metal 
at the interface with oxide probably is a 

solution of the metal containing oxide. The 
oxide at the metal interface is probably sub- 
stoichiometric in oxygen. Thus, the present 
treatment is only approximate. However, 
because the amounts of heat calculated to be 
transferred by the oxidation reaction are 
large, the conclusions are expected to be at 
least qualitatively correct. 

The phenomenon can have some impact on 
the temperatures of the UO 2 in fuel rods 
during a nuclear power reactor accident. In 
such accidents, there is substantial gas flow 
past the Zircaloy cladding which is being 
oxidized, rapidly at times. Under those con- 

ditions, the above analysis would predict 
that the Zircaloy oxidation reaction should 
pump heat out of the fuel rods into the 
flowing gas stream. 
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Activated Ir: An Electrode Suitable for Reversible Charge Injection in 
Saline Solution 

I.. S. Robblee,* J. I.. Lefko, end S. B. Brummer* 

EI C Laboratories, Incorporated, Newton, Massachusetts 02158 

INTRODUCTION 

Electrical stimulation of the nervous sys- 
tem with metal electrodes requires reversible 
charge injection processes to mediate the 
change in charge carriers at the metal/solution 
interface and to avoid the formation of toxic 
electrochemical reaction products (i). Revers- 
ible charge injection is possible either by a 
capacitive process, e.g., double layer charg- 
ing, or by faradaic reactions involving species 
that remain bound to the electrode surface. 

The multilayer oxide film that is formed 
on Ir by repetitive potential cycling may 
produce as much as a 100-fold increase in the 
charge capacity of the surface (2-4). The 
increased capacity of so-called "activated" Ir 
is the result of highly reversible H + or OH- 
transfer reactions and valence transitions with- 

in the oxide layer (4-7). These reactions may 
provide an ideal mechanism for reversible 
charge injection providing they proceed revers- 
ibly in the in vivo saline environment and oc- 
cur without excessive dissolution of the oxide. 
This paper describes the results of our initial 
evaluation of activated Ir for use as a stimu- 
lation electrode. 

EXPERIMENTAL 

Cyclic voltammetry was carried out with 
an Amel Model 551 potentiostat programmed with 
a Bromberg sweep generator, or a Bioanalytical 
Systems CV-IB voltammetry unit. Potentials 
were measured against a saturated calomel 
reference electrode and are reported vs. the 
reversible hydrogen electrode (RHE). 

Iridium electrodes, 0.04 to 0.09 cm 2 geom., 
consisted of 0.05 cm diameter Ir wire (>99.9% 
It) sealed into Pyrex glass tubing. To obtain 
an oxide-free, deactivated surface, these elec- 
trodes were held for 5 to I0 minutes at 1.9V 

*Electrochemical Society Active Member 
Key words: dissolution, microelectrode, 
electrochemistry of stimulation electrodes, 
electrical stimulation. 

in IM H2SO 4 (3) . Iridium microelectrodes, 
approximately 10 -6 cm 2 geom., were supplied 
by M. Bak, National Institute of Neurological 
and Ccmmtmicative Disorders and Stroke, NIH. 
These consisted of 25 ~m Ir wire insulated 
with Parylene-C and having exposed tips of 
bare Ir 8 to 20 ~m in length (8). Electrodes 
were activated by repetitive potential cycling 
at I00 mV sec -I between 0.05V and 1.45V in 
IM H2SO4, as described by others (4). Phos- 
phate-buffered saline (PBS) was also investi- 
gated as an alternative electrolyte for acti- 
vating It, particularly for use with the 
Parylene-insulated microelectrodes. The sa- 
line electrolyte contained 0.14M NaCl in 0.1M 
Na2HPO4/NaH2PO 4 buffer, pH 7.4. In order to 
standardize our procedures, all electrodes 
activated for subsequent tests were cycled 
until the charge capacity in the oxide poten- 
tial region, 0.4 to 1.4V, approximated I0 
mC.cm-2. 

Biphasic pulse tests and dissolution meas- 
urements of activated and deactivated Ir were 
carried out in 1 ml volume of PBS containing 
0.02 wt% human serum albumin (PBS-protein) as 
described previously for Pt electrodes (9). 
Because of the low dissolution rates found for 
Ir, aliquots of pulse solution were analyzed 
only at the termination of the experiment and 
not at various time intervals as was done for 
Pt. Metal analysis was performed by flameless 
atomic absorption spectrometry. Analytical 
detection limits for Ir in PBS-protein were 
determined to be 0.03 to 0.06 ~g/ml. Detec- 
tion limits for Pt in the same solution were 
0.01 to 0.02 ~g/ml. 

The charge limits for water electrolysis 
were determined with Ir microelectrodes. These 
were used "as received" or they were activated 
in PBS as described above. Monophasic, 
capacitively-coupled stimulation pulses (0.I 
ms pulse width, 400 Hz) were applied to micro- 
electrodes in PBS-protein while observing them 
at 100X magnification for gas bubble formation. 
The pulse waveform was monitored on an oscillo- 
scope. The stimulation and monitoring circuits 
are described elsewhere (i0). The pulse current 
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was increased very slowly until a gas bubble was 
observed to form at the electrode tip, at which 
t/me the current was decreased quickly to about 
one-half the gassing level. Pulsing was contin- 
ued for several minutes after which the current 
was again slowly increased until bubble forma- 
tion was observed. This procedure was repeated 
several times to evaluate the reproducibility 
of the determination. Both anodal and cathodal 
current pulses were evaluated. 

RESULTS AND DISCUSSION 

Activation of Ir.--Activation of Ir by 
repetitive cycling of the potential between 
0.05V RHE and 1.45V RHE in PBS produced a pro- 
gressive increase in charge capacity in the 
potential region above 0.4VRHE similar to what 
was observed in IM H2SO 4 (Fig. i). In the sa- 
line electrolyte, the main anodic and cathodic 
current peaks occurred at slightly lower poten- 
tials and were less symmetrical about the cur- 
rent axis than in acid solution. However, when 
an electrode activated in PBS was placed in IM 
H2SO 4 for cyclic voltammetry, the resulting i 
vs. E curve was typical of Ir that had been 
activated in H2SO 4 initially. The shift of 
peak potentials in the neutral saline is prob- 
ably an effect due to electrolyte composition 
and pH (5) rather than due to differences in 
the oxide film itself. The buffered saline 
solution~ therefore; should be an appropriate 
electrolyte for activating the type of Ir elec- 
trodes designed for in vivo use, such as the 
microelectrodes evaluated here. 
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0.2- j 

/ 

-0.1-I ' \ ~" // ~ ~ ~ ~- j 

I 

' ' ' 0!8 1!0 1!2 1.4 O 0.2 0,4 O,6 
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0 
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Fig. i. Cyclic voltammetry curves for Ir 
after 60 min repetitive potential cycling in 
IM H2SO 4 (solid line) and PBS (dashed line). 
Scan rate: i00 mV sec -I. Electrode area: 
0.09 cm 2 geom. T = 25~ 

Dissolution Tests.--The results of compar- 
ative dissolution tests of Ir, Pt and Pt:30% 
Ir electrodes are shown in Table I. No disso- 
lution was detected for any of the activas 
Ir electrodes subjected to anodic-first (AF) 
biphasic pulses of varying current and charge 
densities. Deactivated Ir had a significantly 
greater dissolution than activated Ir with AF 
pulses of high current and charge density. 
However, with lower current and charge densi- 
ties there was no detectable dissolution. Ir 
dissolution from the Pt:30% Ir alloy was higher 
than from 100% Ir; Pt dissolution from the 
alloy was comparable to that from 100% Pt. On 
the basis of dissolution behavior alone, acti- 
vated Ir would seem to be the preferred metal 
for use as a stimulation electrode. The Pt:30% 
Ir alloy, which is frequently used in stimula- 
tion electrodes in place of pure Pt because 
of its greater mechanical strength, is at a 
disadvantage due to the likelihood of two metal 
dissolution products rather than just one. 

Gass~g Limits.--The evaluation of anodal 
and cathodal gassing limits for microelectrodes 
indicated that activation of the Ir surface 
extended the useful charge injection limits 
for anodal pulses as much as tenfold (Table 2). 
There was not as dramatic an effect on charge 
limits for cathodal pulses, consistent with the 
charge capacities seen in cyclic voltammograms. 
For instance, the cathodic charge between 0.7V 
and 0.0V on a cyclic voltammogram (the possible 
potential excursion experienced by an electrode 
during a cathodal pulse) is much less than the 
an odic charge between 0.7V and 1.45V (the pos- 
sible potential excursion of an electrode dur- 
ing an anodal pulse). 

CONCLUSIONS 

Reversible charge injection requires that 
no new chemical species be produced in solu- 
tion. With Pt, up to 400 ~C.cm -2 of real area 
can be injected before the onset of water elec- 
trolysis, but a small amount of the injected 
charge is always lost to metal dissolution 
(9,11). The results of these initial studies 
of activated Ir indicate that the charge injec- 
tion limits for water electrolysis might be 
increased by a factor of I0 or greater, and 
that little or no charge is lost to metal 
dissolution. We conclude that activated Ir is 
an exceptionally promising material for use as 
a stimulation electrode. The high capacity 
for reversible charge injection is of great 
advantage for applications such as intracor- 
tical stimulation of single neurons (12) where 
the small size of the stimulation electrode, 
<10-6 cm 2 geom., may result in charge densities 
up to i0 mC.cm -2 geom. Moreover, the superior 
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corrosion resistance of activated Ir, compared 
to Pt or Pt:Ir alloy, will significantly extend 
the useful lifetime of a chronically implanted 
neural prosthesis. 
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TABLE i. SUMMARY OF DISSOLUTION STUDIES OF Ir, Pt:30% IrAND Pt ELECTRODES 

Experimental Conditions: Continuous Charge-Balanced Biphasic 
Pulses; 50 Hz; PBS-Protein Pulse Solution 

Electrode Type 

Number Current Charge Total Aggregate Ir Pt 
of Density Density Time Charg~ Dissolution Dissolution 

Tests (mA. cm -2 ) (~C -cm -2 ) (hr) (coul) (~g) (~g) 

Activated Ir 2 • 800 • 800 66 and 931 and N.D. 2 

(0.04 to 0.09 cm 2 geom) 168 2080 
2 • 400 • i00 48 35 N.D. 

2 • 200 • 50 48 40 N.D. 

~Deactivated Ir 2 • 800 • 800 ~8 636 0.16 • 0.04 

(0.04 to 0.09 cm 2 geom) 1 • 800 • 800 24 297 0.46 
2 • 400 • i00 48 35 N.D. 

2 • 200 • 50 48 40 N~D. 

Pt:30~ Ir 4 • 800 • 800 48 648 1.85 • 1.68 2.45 • 2.24 

(0.09 cm 2 geom) 

Pt (0.06 cm2 geom) 4 • 800 • 800 24 207 1.50 • 0.16 

~Charge per phase (anQdic or cathodic) x total nur~ber of b~phasic pulses. 

2N.D. = None detected. With present analytical detection limits, this 

may be 0.06 - ~g or less. 

TABLE 2. GASSING LIMITS FOR MICROELECTRODES 

Experimental Conditions: Continuous Monophasic 
Capacitively-Coupled Pulses; i00 ~sec Pulse 
Width; 400 Hz; PBS-Protein Pulse Solution 

Anodic Charge Cathodic Charge 

Electrode Type (mC.cm -2 geom) (mC-cm -2 geom.) 

Pt: 30% Tr 1.2-1.3 5e5.3 

~3% X 10 -6 cm 2 geom. 1.3-2.0 0.7-3.3 

Ir, As Received 2.0-9.0 1.4 
0.8-2 x 10 -6 cm ~2 geom. 1.0-7.0 1.9 

Ir, Activated 31-40 3.0-4.0 
0.8-1 x 10 -6 cm 2 geom. 29-30 5.0 
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Dinitrogen Electrochemical Reduction to Ammonia over Iron Cathode 
in Aqueous Medium 

A. Sclafani, V. Augugliaro, and M. Schiavello 
Istituto di Ingegneria Chimica, Universita di Palermo, Palermo, Italy 

The ammonia synthesis is one of the most 

important and best established catalytic in- 

dustrial processes. Neverthless fundamental 

and applied research is still carried out on 

this subject with the objective of finding 

processes which can occur in milder condi- 

tions and in the more general field of dini- 

trogen fixation with the aim to discover new 

routes for transforming dinitrogen into am- 

monia. 

In this latter field the attempts move 

along several paths. One tries to simulate 

the mechanism of biochemical processes car- 

ried out by dinitrogen fixing microbes, which 

operate at atmospheric pressure and room tem- 

perature. Indeed precise knowledge about the 

mechanism of operation of the nitrogenase en- 

zyme will give in future substantial progress 

to this way. A second utilizes aativating 

complexation of dinitrogen molecule with tran- 

sition metals such as Ti, Ru, Os, Rh, Re, Mo, 

Co, etc. and subsequent reduction with very 

strong reducing compounds. Reviews on this 

matter have been reported by Kuchynka (i) and 

Venuto (2). 

Recently a completely new route has been 

suggested by Schrauzer and Guth (3), which 

produced ammonia from water and dinitrogen 

on wet TiO 2 powder. Various photocatalysts 

have been used (4) and a correlation between 

semiconductors properties and the yield of 

ammonia has been found (5). Ammonia has been 

also obtained from dinitrogen and water va- 

pour by heterogeneous photoassisted catalysis 

utilizing iron doped titanium oxides (6-9) 

and titanium exchanged zeolites (iO, Ii). 

A method of electrolytic and chemical re- 

Key words: dinitrogen electrochemical re- 

duction, ammonia production, iron cathodes. 

duction of molecular dinitrogen has been pre- 

sented by Van Tamelen and Akermark (12) and 

Van Tamelen and Seeley (13), which used the 

electrolytic cell as a chemical reducing a- 

gent. Dinitrogen fixation , at room tempera- 

ture and atmospheric pressure , by a photo- 

enhanced reduction process has been carried 

out in a photoelectrochemical cell containing 

a p-GaP cathode and an AI metal anode immer- 

sed in a nonaqueous electrolyte (14) . An 

electrochemical reduction , catalyzed by the 

Ti(OH) 3 -Mo(lll) system, has been performed 

by Gorodyskii et al. (15) on a mercury ca- 

thode in an alkaline methanol solution under 

mild conditions. 

In this communication preliminary results 

of a study concerning the direct electroche- 

mical reduction of dinitrogen over iron ca- 

thode, at atmospheric pressure and low tem- 

peratures, are reported. It must be outlined 

that at this stage of the research only the 

feasibility of dinitrogen reduction to ammo- 

nia has been studied by the use of an elec- 

trochemical cell with aqueous electrolyte at 

suitable values of cathodic potential. 

EXPERIMENTAL 

The experiments have been carried out in 

an electrochemical cell maintained at con- 

stant temperature by means of a thermostatic 

chamber. Three series of experiments at the 

temperatures of 25 , 35 and 45 ~ have been 

performed. An iron cathode with a surface 

area of 0.25 m 2 was utilized while the anode 

was a sheet of AISI 316 stainless steel. The 

electrolyte was a 6 N KOH aqueous solution 

and the cathodic compartment was separated 

from the anodic one by means of a porous po- 

lyethylene membrane. 

Pure dinitrogen (99.99 %purity) was con- 
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tinously fed to the cathodlc compartment by 

means of properly positioned spargers so that 

the whole cathode was hit by the gas bubbles. 

Different values of the gas-solid interface 

have been obtained by using the following va- 

lues of the gas flow rate: i.i, 2.3, 3.7 and 

8.3 cm3/s. To decrease the dinitrogen concen- 

tration in the electrolytic solution, some 

runs have been performed by using dinitrogen- 

argon mixtures , IO and 50 % in N2, at the 

flow rate values previously reported. 

The gas outlet contained the produced am- 

monia that was continuously stripped from the 

cell. Theammonia-dinitrogen mixture was bub- 

bled in a 0.01 N HCI aqueous solution, which 

fixed all the ammonia. A standard colorime- 

tric method (16), specific for ammonia and 

able to appreciate ten parts per billion, was 

used. Before starting the runs, the solutions 

have been carefully tested to check the total 

absence of ammonia. 

The electrolyticprocess has been perfor- 

med at potentiostatic conditions by using an 

Amel potentiostat mod. 551. The cathodic po- 

tential values , measured with reference to 

SCE, ranged from -920 to -1210 mV, for all 

the temperatures used. In order to calculate 

the values of faradic yield with respect to 

ammonia, the quantities of charge passed du- 

ring the runs have been measured by an Amel 

integrator mod. 731. Each experiment lasted 

several hours ; during the run, the ammonia 

fixing solution was replaced every two hours 

and tested. When the analysis of some conse- 

cutive samples gave the same figures, thus 

indicating steady state conditions in the 

cell, the run was stopped and the last figure 

was taken as indicative of the ammonia pro- 

duction. 

RESULTS AND DISCUSSION 

For the used temperatures the experimen- 

tal results, obtained by feeding the cell by 

pure dinitrogen at a flow rate value of 2.3 

cm3/s, are reported in Fig. 1 as ammonia pro- 

duction, ~mol/h, vs. cathodic potential, re- 

ferred to SCE. 

It has been found that, by varying gas 

flow rate and gas composition , the ammonia 

production, at equal temperature and catho- 
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Fig. 1 - Experimental results of ammonia pro- 

duction per unit time vs. cathodic 

potential, referred to SCE, for the 

three temperatures used: �9 , 25 ~ 

O, 35 ~ EE, 45 ~ 

dic potential, did not appreciably change. 

This behaviour suggests the following gene- 

ral considerations . The independence of am- 

monia production from the gas-solid interface 

indicates a transport of dinitrogen towards 

the cathodic surface which occurs through the 

liquid phase; moreover, the independence of 

ammonia production from dinitrogen concentra- 

tion in the liquid phase suggests that the 

mass transfer resistances play a negligible, 

if any, role. 

From the results reported in Fig. 1 the 

following considerations can be made: 

a) ammonia is produced throughout the explo- 

red range of cathodic potential; 

b) ammonia production is enhanced by increa- 

sing the temperature; 

c) for each temperature ammonia production 

increases bY increasing the cathodic po- 

tential; but , when the values of the ca- 

thodic potential are in the region of hy- 

drogen discharge , ammonia production de- 

creases. 
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For all the experiments performed at ca- 

thodic potential values below that of hydro- 

gen discharge, the values of faradic yield, 

calculated with respect to ammonia, were of 

the order of magnitude of a percent. It has 

been also found that these values decreased 

by increasing the absolute value of cathodic 

potential as well as the gas flow rate, at 

equal temperature and potential. Indeed these 

very low values are explainable by conside- 

ring that the relevant process that occurs 

in the cell consists in the redox process of 

iron ions (17, 18), as expected. Moreover, as 

the agitation of the electrolytic solution 

increases by increasing the gas flow rate, 

the transport rates of iron ions increase and 

therefore, being the ammonia production con- 

stant at equal temperature and potential, the 

faradic yield lowers. 

Concluding, the feasibility of direct 

electrochemical reduction of molecular dini- 

trogen to ammonia , probably without the aid 

of activating complexes in the electrolytic 

solution, seems well proved. On the ground 

of all the previous considerations, one may 

hypothesize that the dissolved dinitrogen 

undergoes the following reaction: 

N2(d~ 3H20(I~2NH3(d)+I.502(g).(E25vC=I.14 V) 

The observed decrease of the ammonia pro- 

duction when the cathodic potential is in the 

region of hydrogen discharge, can be explai- 

ned by the occurrence of a competitive adsor- 

ption between dinitrogenandhydrogen species 

on the cathodic surface. 
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A Study of 4 
ABSTRACT 

The  in t e r f ace  c o n t a c t  b e t w e e n  a sol id e l ec t rode  a n d  a sol id e lec t ro ly te  d u r i n g  d i s cha rge  was  e x a m i n e d ,  u s i n g  the  
Li/LiI(A1203)/PbI2, P b  so l id - s t a t e  ga lvanic  cell. U p o n  d i scharge ,  Li  at  t he  in te r face  is ox id ized  to Li  + w h i c h  m i g r a t e s  t h r o u g h  
t he  e lec t ro ly te  to t he  ca thode .  T he  d e p a r t i n g  Li + ions  leave  v a c a n t  si tes a t - the  Li a n o d e  surface.  W h e n  t he  d i s cha rge  ra te  
e x c e e d s  t he  d i f fus ion  ra te  of  Li  to fill t h e  v a c a n t  sites, t he  in te r face  con t ac t  m a y  be  d a m a g e d  r e s u l t i n g  in a s epa ra t i on  be- 
t w e e n  t he  Li  a n o d e  a n d  t h e  LiI(A1203) e lectrolyte .  B a s e d  on  the  d i s cha rge  t i m e  r equ i r ed  for s u c h  a s e p a r a t i o n  to occur,  t he  Li 
d i f fus iv i ty  in  the  Li a n o d e  was  d e t e r m i n e d  to be  (5.6 -+ 0.9) • 10 -11 cm2/sec at  a m b i e n t  t e m p e r a t u r e  (24 ~ -+ 2~ In  add i t ion ,  
f r om the  r e su l t s  of  a n o d e  po la r iza t ion  e x p e r i m e n t s ,  t he  e x c h a n g e  c u r r e n t  dens i t y  of  Li/LiI(A120:~) was  d e t e r m i n e d  to be  145 
-+ 25 /zAlcm 2 at  24 ~ -+ 2~ 

In  a solid-state galvanic cell, both the electrodes 
and the electrolyte are solid. The absence of any l iq-  
uid component  may  cause difficuIties in main ta in ing  
the interface contact between the solid electrode and 
the solid electrolyte dur ing  discharge. Assuming that  
the solid electrolyte, MX, is a cation conductor, the dis- 
charge process of an M/MX/cathode  cell involves the 
oxidation of M atoms to M + ions at the M/MX in ter -  
face. The M + ions migrate  through the MX electro- 
lyte to the cathode. The depart ing M + ions leave va-  
cant sites at the M anode surface. Since the 1VLX solid 
electrolyte is not  a free-flowing liquid, the vacant  
sites must  be filled by  the diffusion of M atoms into 
the vacant  sites or the vacancies into the metal  and /or  
electrolyte to ma in ta in  the M/MX interface contact. 
However, in  the event tha t  the discharge rate is much 
higher  than  the diffusion rate of the M atoms, the 
demand for the metal  atoms for anodic dissolution ex- 
ceeds the supply by diffusion. As a result, more and 
more vacant  sites will  be generated on the metal  sur-  
face at the M/MX interface and eventua l ly  coalesce 
into voids resul t ing in  loss of interface contact. 

This type of interface main tenance  problem was 
noted by Raleigh (1) in his discussion of anodic dissolu- 
t ion mechanisms in solid-state systems. Liang (2, 3) 
observed experimental ly,  in his s tudy of solid-state 
galvanic cells using an Li anode and LiI (A12Os) elec- 
trolyte, that the Li anode was completely separated 
from the solid .electrolyte after a short period of dis,  
charge at a relat ively high current  (500 ~A/cm 2) at 
room temperature.  

Based on the physical model out l ined above, the 
rate of void format ion at the interface depends on the 
diffusion and anodization rates of the metal  atoms. 
These processes may be described by Fick's second law 

,OCM 02C:~ 
= D [1] 

Ot Ox ~ 
where CM is the concentrat ion of metal  atoms in the 

* Electrochemical Society Active Member. 
:L Present address: Allied Corporation, Morristown, New Jersey 

07960. 
Present address: OMNION, Incorporated, Clarence, New York 

14031. 
Key words: interfaces, diffusion, solid electrolyte, exchange cur- 

rent density. 

anode, D is the diffusion coefficient of metal  atoms in 
the anode, and x is the distance of metal  atoms from 
the interface where x ---- 0 (see Fig. 1). Initially,  the 
concentrat ion of metal  atoms at the anode/electrolyte  
interface is Co, i.e. 

CM : Co, 0 ~-x~--L, t : 0 [2] 

Since a constant current  is applied t ~ the cell, a con- 
stant  flow of ionized metal  atoms migrate  away from 
the metal  surface, i.e. 

OCM Io 
--D . . . . .  , x -- 0, t > 0 [3] 

Ox FA 

where Io is the constant anodic current,  A the anode/  

A 
x:L ~ ~ ~ ~  B 
x:O - : /  

C 
D 

(a) 

- - A  

- - C  

( b )  

Fig. 1. Cell configuration: (a) side view, A--Li anode, B--Li 
reference electrode, C--Li + solid electrolyte, and D--cathode, and 
(b) top view. 

737 



7 3 8  J. Electrochem. Soc.: ELECTROCH EMI CA L SCIENCE AND TECHNOLOGY Apr i l  1983 

electrolyte intersect ional  area, and F the Faraday 
constant. We assumed that  no concentrat ion gradient  
of metal  atoms exists at the x = L surface (Fig. la ) ,  
i.e. 

OCM 
Ox = 0 ,  x = L ,  t > 0  [4] 

Accordingly, the solution of Eq. [1] with the condi- 
tions of Eq. [2]-[4] is as follows (4) 

co 

Co -- CM (x, t) _ __2I~ 
FAD 1/2 n=.0 

[ i e r f c 2 ( n ~ - l ) L - - x  2 n L +  x ] 
2(Dt) 1/2 -}- ierfc 2(Dt)V, J [5] 

Assuming that at t = to, the concentrat ion of the 
metal  atoms at the interface approaches zero, i.e. 

CM(0, to) = 0, x = 0, t = to [6] 

then Eq. [5] is reduced to 

2 Io L 2 
Co = . . . .  to ~/', to < <  - -  [7] 

F(=D) 1/2 A D 

Equat ion [7] can be rearranged to 

-A" = J = I ~  CoF2 (~D) ~/'t~ to < < - - ~  [8] 

Equations [7] and [8] are in fact the we l l -known Sand 
equation (5) for the t ransi t ion time for depletion of 
an electroactive species at the electrode surface by a 
constant  current  in a l iquid electrolyte. If one assumes 
that  the time for a cell to discharge to zero volts corre- 
sponds to time to; i.e., when the concentrat ion of the 
metal  atoms at the interface approaches zero, a l in -  
ear relat ion between j and to-~/~ is expected. The dif-  
fusivity of the metal  atoms in the metal  can be cal- 
culated from the slope of the l inear  relation. 

In  the present  study, the solid anode/solid electro- 
lyte interface was examined using the Li /Li I  (A1208)/ 
PbI~, Pb solid-state galvanic cell, wherein  the cathode 
served as a sink for the Li + ions. The exper imental  
results obtained under  constant current  conditions 
were used to determine the diffusivity of Li in the Li 
anode in accordance with Fick's second law. In  addi- 
tion, the potential  sweep technique was applied to 
determine the anode exchange current  density at the 
Li /Li I  (Al~fh) interface. 

Exper imental  
Materials preparation.--The LiI (A1203) solid electro- 

lyre was prepared according to the method used by 
Kuo et aL (6). LiI (Cerac 99.9%) was dried under  
vacuum while heated gradual ly  from room tempera-  
ture to 120~ and main ta ined  at 120~ overnight.  A lu -  
mina  (Alcoa H151) w,as first dried under  vacuum at 
250~ and then treated with n - b u t y l  l i th ium (Al-  
drich, 1.6M solution in  hexane)  using a ratio of about 
2 cm 8 n - b u t y l  l i th ium to one gram of alumina.  The 
excess n - b u t y l  l i th ium was washed using hexane. The 
dried LiI and the treated a lumina  were then mixed in 
a 1 to 1 mol ratio and compacted using a stainless steel 
die. The compact was then heat- t reated at 500 ~ under  
vacuum for 2�89 hr and quenched to room temperature.  
The quenched sample was pulverized into powder for 
use. The typical  conductivi ty of the electrolyte thus 
prepared was 4.0 to 6.5 • 10 -5 ~ c m - L  The cathode 
powder was prepared by mixing PbI2 (Alfa 98.5%), 
Pb (Alfa 99%, --200 mesh),  and the electrolyte in an 
automatic grinder. Li th ium foil (Foote Mineral)  was 
scraped before use. 

Cell fabrication.--The cell as shown in Fig. 1 was 
fabricated as follows: the electrolyte layer was pre-  
pressed at a pressure of 350 kg/cm 2 in  a 1.3 cm diam 

stainless steel die. The c a t b d e  layer  on one of the 
electrolyte surfaces was pressed at a pressure of 7000 
kg/cm z. The l i th ium anoae with or without a l i th ium 
reference electrode was finally pressed onto the other 
surface of the electrolyte at a pressure of about  2500 
kg/cm 2. With the help of a polyethylene disk having 
openings for Li, the Li anode and reference electrodes 
were arranged as shown in Fig. 1. The diameter  of a 
typical Li anode was about 0.59 cm. The electrical 
leads from electrodes were pressed on the electrodes 
dur ing each step of pressing. 

Electrical measurements . - -The  cell potent ial  and 
the polarization of the anode were both monitored 
using a Keithley 616 electrometer while constant  cur-  
rent  was applied using a Keithley 227 constant  current  
source. 

The anodic potential  sweep expe r imen t  was carried 
out using a Pr inceton Applied Research Model 173 
potentiostat /galvanostat ,  a Model 376 logari thmic cur-  
ren t  converter, a Model 175 universal  programmer,  and 
a Hewlett  Packard Model 7044A X-Y recorder. A 
sweep rate of 1 mV/sec was used to approximate 
s teady-state  conditions. The cur ren t -po ten t ia l  curve 
obtained was digitalized and corrected for the IR drop 
across the electrolyte. The IR drop was obtained by 
the current  in te r rupt  method at low currents  (typically 
10-30 ~A/cm2). 

All  of the cell fabrication processes ,and electrical 
measurements  were performed in argon-fil led dry 
boxes (Vacuum Atmospheres) at 24 ~ __. 2~ (ambient ) .  
The electrical leads of the cell were connected to vari-  
ous measur ing ins t ruments  outside the dry box through 
proper feedthroughs. 

Results and Discussion 

The Li/LiZ(Al~03) interface contact .--The cell po- 
tential  decreased sharply at the e n d  of a constant  cur-  
rent  discharge (Fig. 2, 3a, and 4). This mode of cell 
failure was due to the loss of the interface contact 
between the anode and the electrolyte as indicated by 
the fact that after the cell voltage had reached zero 
volts or below, the anode had separated from the 
electrolyte and could be easily removed from the 
electrolyte surface using .a pair  of tweezers. The rapid 
change of voltage at the end of a constant  current  
discharge may also correspond to charging of an air-  
gap capacitor created by the formation of voids. In -  
deed, in  order to confirm that  the loss of interface 
contact between the anode and the solid electrolyte 
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Fig. 2. Cell potential vs .  time under a discharge current of 372 
~A/cm 2 at ambient temperature. (a) Discharge curve of a fresh 
cell. (b) Discharge curve of the renewed cell (Li was pressed on 
the renewed electrolyte surface). 
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Fig. 3. Cell potential (a) and Li anode polarization potential 
(b) as a function of time under a discharge current of 186 #A/cm 2 
at ambient temperature. 
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Fig. 4. Typical discharge curves of Li/LiI(AI~Oa)/PbI~, Pb, ceils 
at 1, 1487; 2, 744; 3, 372; 4, 186 #A/cm 2 at ambient temperature. 

was the  p r inc ipa l  cause  for ceil  fai lure,  the  fol lowing 
expe r imen t s  were  conducted:  

1. A n  Li /Li I (A1203) /PbI2 ,  Pb so l id -s ta te  galvanic  
cell  was d ischarged under  a constant  cur ren t  of 372 
~A/cm 2. Af te r  the cell  had reached a potent ia l  be low 
zero volts, the  anode was removed  and the e lec t ro ly te  
surface  was scraped using an Exacto  k11ife. A new 
disk  of  IA was pressed  onto the e lec t ro ly te  surface. I t  
should  be noted that  the  e l ec t ro ly te /ca thode  pel le t  
could not  be re inser ted  into the  steel  die for press ing 
the  new anode. Therefore,  the new anode was pressed 
on the e lec t ro ly te  surface wi thout  the  const ra in t  of 
the  steel  die. To avoid crushing the solid cell, the 
anode was pressed  a t  650 kg/cm2 ins tead  of the  or iginal  
f abr ica t ing  pressure  of  2500 k g / c m  2. Even unde r  the  
reduced  pressure ,  the  pe r iphe ry  of the cell  was 
cracked.  In  any  event ,  the used cell  wi th  a new anode 
was d ischarged under  the  same 372 ~A/cm 2 cur ren t  
and  the  d ischarge  curve  is shown in Fig. 2b. Al though  
the  cell  po ten t ia l  was lower  and the discharge t ime 
w a s  shor te r  than  the original ,  the fact tha t  a used cell  
wi th  an anode which was much  less than  ideal  could be 
discharged,  fu r the r  indica ted  tha t  the cathode was not  
respons ib le  for the fa i lu re  of the  or ig inal  cell. I t  should 
be no ted  that  the in i t ia l  d ischarge poten t ia l  in Fig. 2 
was somewha t  lower  than  tha t  shown by  curve 3 in 
Fig, 4, though the discharge cur ren t  of the two cells 
was 372 ~A/cmS. This d iscrepancy can be exp la ined  
b y  the  fact  tha t  the  e lec t ro ly te  thickness  of the  cell  
shown in Fig.  2 was g rea te r  than  tha t  of the cell  
shown b y  curve 3 i n  Fig. 4. 

2. A n  Li  reference  e lec t rode  was incorpora ted  in an  
Li /Li I (AI~O~)/PbI2 ,  Pb  solid cell  which  was dis-  
charged  unde r  a constant  cur ren t  of 186 ~A/cm ~. 
Dur ing  discharge,  both  the  cell  potent ia l  and the 
anode polar iza t ion  were  moni tored.  As shown in Fig.  

3, the cell  potent ia l  fol lowed the anode polar iza t ion  
dur ing  the ent i re  course of the  d i s cha rge .  These r e -  
sults again  showed tha t  the cathode was not signifi-  
can t ly  po lar ized  and that  the  cell  fa i lure  was due to 
the in ter face  contact  be tween  the solid anode and the 
solid e lect rolyte .  

I t  should be noted,  however ,  that  under  a h igh  ra te  
of discharge (e.g., 1487 f ,A/cm 2) the anode was not  
comple te ly  separa ted  f rom the e lec t ro ly te  surface, 
though some por t ion  of the  contact  surface did sepa-  
rate.  The r emova l  of the anode f rom the e lectrolyte ,  
using a pa i r  of tweezers,  was more  difficult than  tha t  
exper ienced  for cells d ischarged under  lower  currents .  
This m a y  have  been due to the fact tha t  the  cur ren t  
d i s t r ibu t ion  was less un i form dur ing  the format ion  of 
voids at  high cur ren t  densities. As a result ,  the capaci -  
ta t ive  vol tage bu i ldup  at  the voids occurred more  
quickly,  such tha t  it  canceled out  the cell emf before  
complete  interface separa t ion  h a d  occurred.  

Rate of  discharge and di~usiv i ty  05 L i . - - F i g u r e  4 
shows discharge  curves of the  Li/LiI(A12Os)/PbI2,  Pb  
sol id-s ta te  galvanic  cells under  var ious  constant  cur -  
rents.  Indeed,  according to the  model  of diffusion and 
anodizat ion processes discussed previously ,  the  ra te  
of discharge,  j, should be inverse ly  p ropor t iona l  to 
the square root  of d ischarge t ime before  the fa i lure  
of the  in ter rac ia l  contact,  to v~. F igure  5 shows the plot  of 
j vs. to - ' / , .  A l inear  re la t ion  was indeed noted at  low 
currents .  The devia t ion  f rom l inea r i ty  at  h igh currents  
m a y  be a t t r ibuted ,  at least  in part ,  to the  severe po la r i -  
zation at  the anode as discussed previously .  

The diffusivi ty of Li a toms in the Li anode was 
calcula ted f rom the slope of the  j vs. to -'/2 plot. A 
value  of (5.6 ___ 0.9) • 10 -11 cm2/sec was obta ined  
at  24 ~ _ 2~ This value  of the Li diffusivi ty agreed  
wel l  wi th  the  va lue  of 8.1 • 10-11 cm2/sec for Li  
se l f -dif fusivi ty  ex t rapo la ted  f rom the resul ts  obta ined  
by  Lodding et  al. ( 7 ) u s i n g  t racer  techniques.  

Anodic exchange current  densi ty  of  Li /LiI(Al2Oa).  m 
In o rde r  to inves t iga te  fu r the r  the kinet ic  behav ior  
of the  IA/LiI(A120~) interface,  the  Li anode was po la r -  
ized using the potent ia l  sweep technique at  a ra te  of 
1 mV/sec.  Af te r  correct ion four the IR drop, the  
current ,  j, vs. overpotent ia l ,  ~1, was p lo t ted  and shown 
in Fig. 6. The j vs. ~1 re la t ion  may  be expressed  in ac-  
cordance with  the Bu t l e r -Vo lmer  equat ion (8) 

j ----- jo (exp [(1 -- ~)F~I/RT] -- exp [ - -  ,~F~I/RT]} [9] 

where  jo is the exe~.ange cur ren t  density,  ~, the t r ans -  
ference coefficient, and R, T, and  F are  the gas constant,  
t empera ture ,  and  F a r a d a y  constant,  respect ively .  At  
low polar iza t ion  potentials ,  a l inear  re la t ion  be tween  
j and ~1 m a y  be approximated .  Therefore  

t o , hr. 
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Fig. 5. Discharge current and discharge time relation ( i  vs. 
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Using the linear portion of the curve at low poten- 
tials in Fig. 6 and in accordance with Eq. [10], the 
exchange current density Jo at the Li/LiI (A12Os) inter- 
face was found to be 145 +_ 25 ~A/cm 2 at room 
temperature�9 At higher potentials, the experimental 
j-n ,data (Fig. 6) did not follow the Butler-Volmer 
equation (Eq. [9]) due to the fact that a substantial 
change in Li concentration occurred at the interface 
during the potential sweep�9 Therefore, the steady state 
was not achieved at higher potentials�9 This is also 
evident from Fig. 7 which shows a reduced current 
for the same anode polarization potential at a subse- 
quent sweep. On the other hand, at low potentials the 
change in Li concentration at the interface was not 
substantial. Consequently, the slow sweep could ap- 
proximate the steady state well enough to obtain the 
exchange current density�9 

300  --  t , E ~ ~ 

= 200 

uJr ~ 2nd 

100 
O 

0 I I I I I f 

0 .2 .4 .6 .8 1.0 1.2 
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Fig. 7. Current-potentlal curves of the first and the second po- 
tential sweeps. No correction for the electrolyte resistance was 
made. Sweep rate: 1 mV/sec. 
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The Electrochemistry of Molten Lithium Chlorate and Its Possible Use 
with Lithium in a Battery 
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ABSTRACT 

Lithium chlorate, LiC10~, has reported melting points of 127.6 ~ and 129oC. The specific conductance of molten lithium 
chlorate at 130~ is relatively high compared to common aqueous electrolytic solutions at room temperature. Therefore, 
l i thium chlorate offers the chance to operate a new li thium battery system at a temperature between 130 ~ and 150~ It was 
found experimentally that lithium chlorate is stable in the potential range between 3.2 and 4.6V relative to an Li reference 
electrode. An Li-CI~ secondary battery system was observed to have an open-circuit potential 0f 3.97V, making an Li-C12 
secondary battery in molten lithium chlorate possible, in principle. A lithium-lithium chlorate primary battery system is 
also possible. Lithium negative electrode performance was found to be hindered by corrosion and possiblerunaway reac- 
tions with LiC103. Dendrite formation on charging was observed. The solubility of Li20 and LiC1 in LiCIO3 at 145~ is 7.5 • 
10 -5 and 1.78 x 10 -3 mol/cm ~, respectively. The diffusion Coefficients are 1.5 • t0 -~ for Li20 and 3.4 • 10 -7 cm2/sec for LiC1. 
Plat inum appeared to be an inert positive electrode for chlorate, chlorine, or oxygen reactions for runs on the order of sev- 
eral hours. Nickel shows an active-passive behavior which is complex. Nickel appears suitable for use in a primary cell for 
the cathodic discharge of LiC103, but  it does not appear suitable for a C12 or O2 electrode. 

Lithium, with low equiva lent  weight and large 
negative electrochemical potential,  is an attractive 
choice as a negat ive electrode for batteries of high 
specific energy a n d  power density. Two types of non -  
aqueous l i th ium ba t te ry  systems have been developed, 
ambient  tempera ture  and  high tempera ture  systems. 

Compared to the ,ambient tempera ture  systems, the 
high tempera ture  systems have the .advantage of 
higher power ou tput  capacity because  of the higher 
conduct ivi ty  and the faster electrode kinetics associ- 
ated with mol ten  salt electrolytes used in  high tem- 
pera ture  systems. However,  disadvantages for high 
tempera ture  systems are heat ing in the s tar t ing up 
stage and the mater ia l  problems of sealing and sepa- 
ration. Looking for a mol ten  salt electrolyte which 
works at a lower temperature,  e.g., below 200~ might  
be one of the al ternat ives to solve the mater ia l  prob-  
lems. Li th ium chlorate is one possible electrolyte for 
use in  this tempera ture  range since it has a reported 
mel t ing  point  at about 128~ (1, 2). Therefore, l i th-  
ium chlorate offers the chance to operate a new bat -  
tery system at a tempera ture  between 130 ~ and 150~ 
The specific conductance of molten l i thium chlorate 
varies f rom 0.1150 (~ cm) -1 at 131.8~ to 0.1420 
( a  cm) -1 at 143.01~ (3). 

I t  is reported by  Markowitz et al. (4) that  after two 
days of heat ing at a temperature  of 135~ under  flow- 
ing argon, on ly  0.46% of the l i th ium chlorate was de- 
composed. The products were l i th ium chloride (0.06%) 
or l i th ium perchlorate (0.40%). It  was also reported 
that  a fast exothermic decomposition takes place at 
~bout 376~ Li th ium chlorate at about 140~ is be-  
l ieved to have good thermal  stability. 

In  p re l iminary  experiments,  l i th ium could be suc- 
cessfully deposited and  discharged reversibly from 
molten ' l i thium chlorate on different inert  negative 
electrode substrates including l i thium, nickel, st,ainless 
steel, and pla t inum.  All o~ these substrates are be-  
l ieved to be stable in molten l i th ium chlorate. How- 
ever, the format ion of a l i t h ium-p la t inum alloy em-  
bri t t led the p la t inum substrate. 

The cathodic reaction occur r ing  on the surface of 
an iner t  positive electrode dur ing  discharging is be-  
l ieved to be the reduct ion of l i th ium chlorate to l i th-  
ium oxide and  l i th ium chloride. 
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ren, Michigan 48090. 
2Present  address: Chemical Engineering Department,  Brigham 

Young University, Provo, Utah 84602. 
Key words: molten salt, chlorine, l i thium oxide, l i thium chlo- 

ride. 
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LiC1Oz + 6Li + -~ 6e-  ~ LiC1 + 3Li20 [1] 

E 0 -- 3.241V (5, 6) (relative to Li ref. electrode) 

The various anodic electrochemical reactions which 
are expected on the surface of a positive electrode 
dur ing charging are 

Li20 -> 2Li + + �89 O2 + 2e -  [2] 

E 0 _-- 2.903V (6) relat ive to Li ref. electrode) 

L i C I ~  Li + + 1/2 CI~ -]- e -  [3] 

E o _-- 3.976V (6) (relative to Li ref. electrode) 

LiC103 --> Li + + 1/2 C12 + 3/2 O2 + e -  [4] 

E0 --.= 4.6V 

(from exper imental  data, relat ive to Li ref. electrode) 

In  the present  study iner t  materials  which can be 
used as positive or negat ive electrodes in mol ten l i th-  
ium chlorate were studied. The solution composition 
and the surface condition of the electrodes change as 
Li/LiC108 cells are discharged. Therefore, cur ren t -  
voltage curves were obtained after vary ing  time 
periods of electrochemical discharge. Both Ni and Pt 
were used as the active surfaces for rotat ing disk 
electrodes to s tudy the effects of the accumulat ion of 
discharge products, presumed to be Li20 and LiC1, on 
the vol tage-current  sweeps as a funct ion of t ime of 
discharge. The electrolyte was also analyzed at dif- 
ferent  charging and discharging states to investigate 
the possible occurrence of reactions [1], [2], [3], and 
[4] at iner t  positive electrodes. Gas, evolving from 
the positive electrode dur ing  charging, was collected 
and analyzed to complement  the informat ion obtained 
from liquid phase chemical analysis. The potential  
range; at which molten l i th ium chlorate is electro- 
chemically stable, is discussed. The poss ibi l i ty  of us- 
ing l i th ium chlorate as the electrolyte in a p r imary  
and a secondary l i th ium bat tery  is considered. 

Experimental 
Lith ium chlorate used in  all  exper iments  was pre-  

pared as described by Campbell  and Griffiths (7). A 
1.0M solution of ba r ium chlorate was heated to 85~ 
Then a 1.0M solution of l i th ium sulfate was added 
slowly unt i l  equivalence was reached. The precipitated 
ba r ium sulfate was removed by  filtration. The l i th ium 
chlorate solution was evaporated slowly under  1 cm 
Hg pressure, the tempera ture  being kept below 85~ 
up to an approximate concentrat ion of 90% l i th ium 
chlorate. The concentrated l i th ium chlorate solution 
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was then t rans fe r red  into an argon a tmosphere  glove 
box and heated to 130~C under  5~} ~m Hg pressure  for 
four  weeks. Using this process the  "dr ied" l i th ium 
chlorate  me l t ed  be tween  126 ~ and 128~ According 
to the ch lo ra t e -wa te r  phase d iag ram proposed  by  
Krauss  et al. (8), a mel t ing  po in t  of l i th ium chlorate  
be tween  126 ~ and 128~ corresponds to a water  con- 
tent  of less than 0.5%. L i th ium chlorate  is known  to 
be ex t r eme ly  hygroscopic  (8).  As long as the w a t e r  
content  in  the l i th ium chlorate  was 0.5% or less, no 
gross effects associated with  wa te r  were  observed.  
The 50 ~m of Hg pressure  in the  d ry ing  chamber  was 
most ly  argon leak ing  into the flask. Thus, the pa r t i a l  
pressure  of wa te r  was some smal l  f ract ion of the 50 
#m tota l  p ressu re  at  130~ 

T h e  polar izat ion exper iments  were  conducted using 
ro ta t ing  disk electrodes.  The e lect rochemical  cell  was 
a glass cy l inder  1.9 cm in d iamete r  and 3.8 cm high. 
Two glass tubes, 0.6 cm in d iameter ,  were  connected 
to the cyl inder  at the  bo t tom to accommodate  a l i th -  
ium countere lec t rode  and a l i th ium reference  elec-  
trode. Smal l  s in tered glass blocks 0.32 cm th ick  were  
embedded  inside the  0.6 cm tubes to separa te  the main  
cyl inder  f rom the l i th ium countere lec t rode  and the 
reference  electrode.  Nickel  and p l a t inum rota t ing disk 
electrodes were  used. The n ickel  e lect rode was made  
of 0.32 cm d iamete r  rod, 4.71 cm long, held  inside a 
Teflon sleeve 0.76 cm in diameter .  The p l a t inum ro-  
ta t ing disk e lect rode was a wire,  0.13 cm in d iameter ,  
su r rounded  by  a 0.76 cm d iamete r  Teflon sleeve and 
suppor ted  f rom a 0.32 cm d iamete r  a luminum rod. 

The cell  was placed on a hot p la te  inside a heavy 
a luminum tube, 0.64 cm wal l  thickness.  The a luminum 
tube formed a cavi ty  which was reasonably  constant  
in t empera ture ,  ___ I~ Tempera tu re  was measured  
using an i ron-cons tant~n thermocouple .  Measurements  
were  made  a t  145~ About  6.5g of pure  l i th ium 
chlorate  was added  into the ma in  cy l inder  and melted.  
The two side arms were  half  filled wi th  mol ten  e lec t ro-  
lyte.  Two l i th ium r ibbons,  one inser ted into the  counte r -  
e lec t rode  compar tmen t  and the o ther  into t he  reference  
e lec t rode  compar tment ,  were  he ld  in posi t ion by  Teflon 
stoppers.  The ro ta t ing  disk e lect rode was d ipped into 
the mol ten  l i th ium chlora te  in the ma in  cyl inder .  The 
ro ta t ion  ra te  was contro l led  by  an  ad jus tab le  speed 
motor  and genera l ly  kep t  at  1000 rpm.  Rotat ion ra tes  
of 1200, 1500, and 1800 r p m  were  used in a few cases. 

A l l  exper iments  were  pe r fo rmed  in an argon filled 
glove box, Model  HE-243-2 DRI  LAB, which  was 
suppl ied  by  Vacuum Atmosphere  Corporat ion.  The im-  
pu r i t y  levels  of oxygen  and wa te r  were  es t imated  b y  
the l i fe  of a 25W l ight  bulb  tungs ten  f i lament 
in the glove box. The l ight  bu rned  for a month  du r -  
ing the t ime of the exper iments  indicat ing,  according 
to the  opera t ing  manua l  of the  d r i - l ab ,  tha t  the  oxygen 
plus wa te r  content  was be tween  1 and 5 ppm. The 
t empe ra tu r e  wi th in  the  glove box was 29 ~ __ I~ 

A circuit  consist ing of a potent ios ta t  and an ammete r  
for  measur ing  the cur ren t  w a s  connected in series 
wi th  the  expe r imen ta l  cell. A d ig i ta l  vo l tmete r  was 
connected be tween  the ro ta t ing  disk e lect rode and 
the l i t h ium reference  e lect rode for  measur ing  po ten-  
tial.  Al l  of the  polar iza t ion  curves were  obta ined  po -  
tent ios ta t ica l ly .  

The  chemical  analysis  for  chlor ide ions and oxide 
ions suggested by  Markowi tz  (5) was employed  to 
inves t iga te  the  product ion or  consumption of l i th ium 
chloride and l i th ium oxide in e lec t rochemical  reac-  
t ions occurr ing on the posi t ive e lect rode of a l i th ium 
chlora te  cell. L i th ium chlorate  e lec t ro ly te  was sam-  
p led  and  dissolved in dist i l led w a t e r  at  var ious  t imes 
dur ing  the polar iza t ion  exper iments .  The oxide content  
was de t e rmined  by  t i t ra t ion  to a phenophtha le in  end 
poin t  wi th  hydrochlor ic  acid; the  chlor ide  content  was 
de t e rmined  g rav ime t r i ca l ly  as AgC1. The Ni content  
in the  e lec t ro ly te  was measured  using a P e r k i n - E l m e r  
Atomic  Absorp t ion  Spect rometer .  

Gas, often observed evolving f rom the posi t ive elec-  
t rode dur ing  charging,  was collected and analyzed to 
add to the  imorma t lon  obta ined from l iquid phase 
chemical  analysis.  

Results 
In the first polar izat ion exper iments ,  6.81g o5 

fresh l i th ium chlora te  were  added to the  mare  cy- 
l inder  of the r0 ta tmg disk cell. An Ni ro ta t ing disk, 
pol ished before using, was then  d ipped into the  mol ten  
l i th ium chlorate  e lec t ro ly te  and lef t  unt i l  the open-  
circuit  potent ia l  reached a s t eady  state. The anodic 
polar izat ion curve in fresh l i th ium chlorate  is shown 
in Fig. 1. Elec t rochemical  reduct ion of the l i th ium 
chlorate  was then carr ied  out  using an Ni pla te  1 cm • 
1 cm in the  main  cy l inder  and running  Current be tween 
the Ni plate  and the  Li  coun te re l ec t rode .  Af te r  200, 
600, ~and 1000 microequiva lents  were  discharged,  fu r -  
ther  anodic polar iza t ion  curves were  obta ined  on 
f reshly  pol ished Ni ro ta t ing  disks. These curves are  
also shown in Fig. 1. Af te r  1500 microequiva lents  were  
d ischarged f rom the l i th ium chlorate,  three  anodic 
polar izat ion curves were  run  on an Ni ro ta t ing  disk. 
The first one r ight  af ter  discharging,  the second 2 
hr  later ,  and the th i rd  a f t e r  20 hr. The disk was 
pol ished before  the first r un  and lef t  s tanding  in 
mol ten  l i th ium chlora te  a f te rwards .  These th ree  curves 
are  shown in Fig. 2. 

Compar ing  Fig. 1 and 2 shows tha t  the first vol tage 
plateau,  at  3.0V, appea red  in Fig. 1 a f t e r  1000 micro-  
equivalents  were  discharged.  However ,  this p l a t eau  
was pa r t i a l l y  or  comple te ly  e l imina ted  af ter  the Ni 
ro ta t ing disk was lef t  s tanding  in mol ten  l i t h ium 
c h l o r a t e  for 2-20 h r  as shown in Fig:  2. I t  was also 
observed tha t  the  second plateau,  at 3.6V for fresh 
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lithium chlorate or 3.3V for used lithium chlorate, 
extends  fu r the r  a f te r  d ischarging as shown in Fig. 
1 and  2. The 4.7V p la teau  or  the th i rd  p la teau  ap -  
pea red  at  a lower  poten t ia l  when the l i th ium chlorate  
was fresh. 

In  the  second set  of exper iments ,  6.45g of f resh 
�9 l i th ium 6hlorate  was added  to the  e lec t rochemical  cell. 
Anodic  polar iza t ion  exper iments  were  obta ined  using 
a polis:hed Ni ro ta t ing  disk at  different  ro ta t ing  elec-  
t rode  speeds af te r  400 microequiva len ts  were  dis-  
charged  f rom the e lec t ro ly te  using an Ni p la te  1 cm X 
1 cm area.  In Fig. 3, anodic  polar iza t ion  data,  wi th  ~ --  
1000 rpm,  1200 rpm, 1500 rpm,  and 1800 rpm,  are  
shown. It  was found that  the  l imi t ing  cur ren t  ob-  
served be tween  the second and the th i rd  p la teaus  
obeyed  the square  root  l aw of Levich 's  equat ion (9) 

IL : 0.62nFAD2/3~,-I/6~%l/2C [5~ 

The l i t h ium chlora te  e lec t ro ly te  was then discharged 
fu r the r  us ing the Ni plate .  Fo r  530, 630, and 704 micro-  
equiva lents  discharged,  anodic polar iza t ion  curves 
were  ob ta ined  using a f reshly  p o l i s h e d  Ni ro ta t ing  
disk. The l imi t ing  cur ren t  observed  in the anodic 
polar iza t ion  exper iments ,  shown i n  Fig. 4, reached 
a l imi t ing  va lue  of 290 ~A af ter  630 microequiva lents  
were  discharged.  

Cathodic polar iza t ion  curves  were  also obta ined  in 
the e lec t ro ly te  a f te r  704 microequiva lents  discharged.  
These curves,  shown in Fig. 5, indica ted  that  the  
cathodic cu r ren t  increases at  h igher  ro ta t ing  speeds. 
However ,  the  increase  is not  p ropor t iona l  to the  square 
root  of ro ta t ion rate,  indica t ing  that  the cur ren t  is 
not  comple te ly  or  s imply  control led  by  mass t ransfer .  

In  the fol lowing descr ibed exper iments ,  a pol ished 
P t  d isk  was d ipped  into 6.91g of f resh l i th ium chlo-  
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Fig. 4. Anodic polarization curves at different discharging stages, 
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microequivalents discharged. 
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Fig. 5. Cathodic polarization curves after 704 microequivalents 
discharged, AP~ = 1000 rpm, [ ]0 ,  - -  1500 rpm. 

ra te  and rotated.  The anodic polar iza t ion  curve in 
fresh e lec t ro ly te  is shown in Fig. 6. Af te r  250 and 
450 microequiva lents  were  d ischarged f rom the e lec-  
t ro ly te  using an Ni plate,  more  anodic polar iza t ion  
exper iments  were  run  using a f resh ly  pol ished P t  
ro ta t ing  disk at  two different  ro ta t ing  speeds, 1000 rpm 
and 1800 rpm. The anodic cur ren t  p la teaus  be tween  
3.6 and 4.0V fol lowed the square  root  law, indica t ing  
the l imi t ing  cur ren t  is diffusion controlled.  

Cathodic polar iza t ion  curves on P t  in f resh l i th ium 
chlora te  and af ter  450 microequiva lents  were  dis-  
charged are  shown in Fig. 7 and 8 at  1000 r p m  and 
1800 rpm. The cathodic cur ren t  increased at the h igher  
ro ta t ing  speed but  at  less than  ~/~21/~2 as was found 
using the Ni ro ta t ing  disk. The cathodic cur ren t  p la teau  
decreased in magni tude  with  i nc r ea sed  discharging.  

The p la teau  be tween  4.0 and 4.6V for anodic po la r i -  
zat ion was s tudied at  va ry ing  LiC1 concentrat ion.  
Vacuum dr ied  LiC1 was added  to 8.32g of mol ten  
l i th ium chlora te  stepwise.  Anodic  polar iza t ion  curves 
were  measured  at  different  L i C i  concentrat ions  on a 
pol ished P t  ro ta t ing  disk. At  an analyzed  LiC1 con- 
cent ra t ion  of 1.54 • 104 m o l / c m  3, polar iza t ion  exper i -  
ments  were  conducted at  ro ta t ing  speeds of 1000 and 
1800 rpm.  Two l imi t ing  currents ,  90 and 120 ~A, re -  
spectively,  were  observed as shown in Fig. 9, At  h igher  
concentrat ion,  1.57 • 10 -3 m o l / c m  3, the  l imi t ing cur -  
ren t  increased to 820 ~A at 1000 rpm. When  the l i th ium 
chlora te  was sa tu ra ted  wi th  LiC1, the  l imi t ing  cur ren t  
increased to 1000 ~A at 1000 rpm. A new vol tage 
p la teau  nea r  4.8V was observed in all  cases. 
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Fig. 6. Anodic polarization curves, O in fresh lithium chlorate 
= 1000 rpm, [ ]  after 250 microequivalents discharged CL = 

1000 rpm, O after 250 microequlvalents discharged C~ = 1800 
rpm, A after 450 microequivalents discharged C~ ---- 1000 rpm, V 
after 450 microequivalents discharged ~ = 1800 rpm. 
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Table I. Summarized results of chemical analysis after discharging using an Ni or a Pt electrode 

Type of electrode Ni Ni Pt 

Amount Of LiCIO= in the posi- 
tive compartment 

Amount of discharge 
Amount of Li~O created during 

discharging 
Amount of LiCI created during 

discharging 

5.01g 4.64g 5.31g 

1200 microcquivalents 2200 raicroequivalents 600 mtcroequlvalents 
477/~mol 922 ~mol 242 #real 
( 953 ra[cr0equivalents ) ~ ( 184~ microequivalents) �9 (485 mmroequivalents ) ~ 
264 #m01 500 ~mol 129 ~mol 
(1590 microequivalents) * (3000 microequivalents) �9 (773 m~croequivalents)" 

" Converted based on Eq. [1]. 

The involvement  of Li20 and LiC1 in the electro-  
chemical  reactions on the posit ive e lec t rode  in l~thium 
chlorate was explored by chemical  analysis for LiC1 
and Li20 (5). The l i th ium chlorate mel t  surrounding 
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Fig. 7. Cathodic polarization curves in fresh lithium chlorate, 
O ~  = 1000 rpm, F1D, ~ 1800 rpm. 
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Fig. 9. Anedic polarization curves at different LiCI concentra- 
tion, [ ]  1.542 X 10 -4` mol/cm 3, 12 ~ 1000 rpm, (::)12 ~- 1800 
rpm, /k  ].574 )< 10 -:3 mol/cm 3, 12 ~ 1000 rpm, C) saturated with 
LiCI ~ ~ 1000 rpm. 

the positive electrode was sampled periodically while 
discharging at a voltage around 2.5V. Both nickel  and 
p la t inum were  used as the posit ive electrode material .  
The sampled electrolyte  was then analyzed. The results 
are summar ized  in Table I. About  20% less Li20 and 
30% more LiC1 than expected brased on Eq. [1] were  
created dur ing  discharging of the electrolyte.  

The exper iments  were  continued by revers ing the 
current  and making the posit ive electrode compar t -  
ment  anodic. The charging current  was occasionally 
adjusted to keep the potent ia l  be tween  3.0 and 3.8V. 
The electrolyte  was sampled during charging and 
analyzed for Li.20 and LiC1. I t  was found that  only 
Li20 was consumed during charging, see Table II. 

Gassing has been observed dur ing charging be tween  
3.0 and 3.8V on e i ther  Ni or  Pt  electrodes. The gas, 
collected f rom the posit ive compartment ,  was blown 
through an oxygen absorbent  to analyze the oxygen 
content. The results are shown in Table III. Based on 
the results shown in Tables I I  and III, it is bel ieved 
that  the electrochemical  reaction occurr ing on the 
posit ive electrode during charging be tween  3.0 and 
3.8V is oxygen  evolut ion f rom Li20 as shown by Eq. 
[2]. 

When charging was carr ied  out be tween  4.4 and 
4.7V on an Ni posit ive electrode,  the electrolytic solu- 
tion became dark green in color. Chemical  analysis of 
the e lec t ro lyte  showed that  Li20 and LiC1 were  nei ther  
created nor consumed. However ,  af ter  dissolving the 
cooled, solidified electrolyte  .and the dark green p re -  

Table II. Summarized results of chemcel analysis 
after charging using an Hi or a Pt electrode below 3.8V 

Type of 
electrode Nt Pt 

Amount Of LiCI08 in 4.60g 5,19g 
the positive com- 
partment 

Amount of charge 500 microequiva- 437 microequiva- 
lents 1ants 

Amount of LhO con- 204 ~mol 174/~mol 
sumed during charg- (407 microequiv- (348 microequiv- 
ing alents ) * alents) * 

Amount of LiC1 con- ~ 
sumed during charg- 
ing 

* Calculated based on Eq. [2]. 

Table Ill. The results of oxygen collection 
during charging between 3.0 end 3.8V 

Amount Oxygen 
of charge Amount content 
(micro- of gas in the 

Testing equiv- collected collected 
electrode alents) (ml) gas (ml) 

Ni 200 1.6 

Pt 200 1.6 

1.2 
(195 micro- 

equivalents)" 
1.1 

(179 micro- 
equivalents) �9 

�9 Converted based on Eq. [2]. 
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cipitate in acid, nickel ions were found in the solution 
using an atomic absorption spectrometer. 

When charging was carried out between 4.0 and 
4.6V on a Pt  positive electrode, it was found that both 
LiC1 and LizO were consumed; see Table IV. However, 
dur ing  charging above 4.6V, LiC1 is created as Li20 
is consumed on a Pt  positive electrode. 

Dur ing  charging above 4.6V on a Pt  pos i t ive  elec- 
trode, gas was collected and analyzed for both C12 and 
02. F rom the results shown in Table V, it was ob- 
served that  the quant i ty  of C12 and 0 2  evolved during 
anodic charging above 4.6V is roughly correlated by 
reaction [4]. However, deviations from the stoichiom- 
etry of Reaction [4] suggest that other reactions are 
also occurring. 

Discussion 
Based on the results summarized in Table I and 

after corrections are made for side processes, it can be 
concluded that the reaction occurring dur ing cath ,  
odic discharge of LiC1Oz on P t  or Ni is reduct ion to 
form Li20 and LiC1 as shown in  Eq. [1]. In  l ine 4 of 
Table I, less Li20 is reported than is theoretically 
predicted by applying Faraday 's  law to Eq. [1], that 
is, l ine 3 is greater than the values shown in paren-  
theses in l ine 4. This result  can be explained by the 
hypothesis that  oxide ions were lost by t ransport  
through the sintered glass separator into the negative 
compar tment  or otherwise not sampled. Diffusion alone 
cannot account for the observed oxide deficiency of 
115 to 246 microequivalents.  However, a small  amount  
o f  convection through the separator  or precipitat ion of 
some LizO which was not representa t ively  sampled 
can explain the lower values on l ine 4. More LiC1 is 
reported on line 5 of Table I than is predicted by ap-  
plying Faraday 's  law to Eq. [1], that  is, the values in 
parentheses in l ine 5 of Table I are greater than  the 
values shown in l ine 3. That  discrepancy is explained 
by the slow decomposition of LiC103 to form addi-  
t ional LiC1 plus 02. For example, in the exper iment  in 
which 1125 microequivalents  were discharged, 2.5 cm z 
oxygen (about 223 microequivalents)  were collected. 
The actual  excess shown of l ine 5 over l ine 3 of Table 
I column 2 is 390 microequivalents.  The agreement  is 
reasonable if the difficulty in captur ing all of the oxy-  
gen is considered. 

Dur ing  charging be tween 3.0 and 3.8V, oxygen evo- 
lut ion from Li20 occurs on an Ni or Pt  positive elec- 
trode as shown b y  reaction [2]; see Table IlL The 

Table IV. Summarized results of chemical results after 
charging above 4.0V using a Pt positive electrode 

Amount  of LiCIOs in 4.92g 5.47g 
~he positive elec- 
trode 

Amount of charge 600 microequiva- 600 microequiva- 
lents lents 

Charging potential 4.0-4.6V Above 4.6V 
Amount of Li20 con- 196 ttmol 165 ~mol 

sumed during charg- 
ing 

Amount of LiCI ere- 91 ~mol consumed BO ~mol created 
ated or consumed 
during charging 

Table V. The results of gas collection on Pt electrode 
during charging above 4.0V 

Amount Amount 
Amount Charg-  Charg- of CIe of oxygen 

of charge ing ing e v o l v e d  evolved 
No. of (micro- poten- cur- ( m i c r o -  (micro- 
eharg- equiv- tial rent equiv- equiv- 

trig alents) (V) (mA) alents) * alents ) * * 

1 150 4.72 15 111 514 
2 150 4.72 15 132 611 
$ 150 4.72 15 133 579 

* Converted based on Eq. [4]. 
"~ Based on 4 equivalents  p e r m o l .  
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transi t ion between the second a n d  the third plateau 
in the anodic polarization curves is due to the mass 
t ransfer  controlled oxidation of Li20 on the rotat ing 
disk, since the l imit ing current  increases with increase 
in concentrat ion of Li20 and 12'/2. The diffusion coeffi- 
cient of Li20 in molten l i th ium chlorate can be esti- 
mated using Levich's equation (9) (see Eq. [5]) 
where IL is the l imit ing Current; F is the Faraday 
constant;  A is the disk area; D is the diffusion coeffi- 
cient of Li20; v is the kinematic  viscosity of the elec- 
trolyte; ~ is the angular  velocity of the disk; and C is 
the concentrat ion of Li20. The n is equal to 2 in this 
case since two electrons are given up by each Li20 
molecule dur ing  its reduction. The v can be calculated 
using the equation suggested by Campbell  et al. (10) 
for pure l i th ium chlorate. 

1.979 X 10 - s  
v(cm2/sec) -- . ers13/ar 

P 
T between 128 ~ and 170~ 

R = 1.987 ca l /g-mol  �9 ~ [6] 

The densities of l i th ium chlorate, p, at various tem- 
perature  are also reported by Campbell  et al. (11). Ac- 
cordingly, the diffusion coefficient of Li20 in l i th ium 
chlorate at 145~ was evaluated from Fig. 6 with u 
equal to 0.116 cm-9/see. The diffusion coefficients of 
Li20 as determined from various l imi t ing current  mea-  
surements  and measured Li20 concentrat ions are 
shown below. 

D = 1.40 • 10 - r  cm2/sec for IL = 20 #A, 

CLi2o = 3.221 • 10-5 mol/cm~ 

D -- 1.49 • I0 - r  cmZ/sec for IL = 28 #A, 

Cu2o = 3.221 • 10,  5 mol /cm 8 

D = 1.50 X 10 -7 cm2/sec for IL -- 40 #A, 

CLi2O = 6.I35 • 10 -5 mol /cm 3 

D ---- 1.52 • 10 -7 cm2/sec for Iz = 54 t~A, 

CLizo -" 6.135 • 10-5 m o l / c m  3 

The small value of the diffusion coefficient is a t t r ibuted 
to the high viscosity of the molten salt compared to 
aqueous solutions, since the diffusion coefficient times 
viscosity is approximately a constant, i.e., Waldon's rule. 
The fact that the l imi t ing cur ren t  is proport ional  to 

�9 the Li20 concentrat ion to wi thin  exper imenta l  ac- 
curacy implies that the Li20 is indeed the diffusion 
l imit ing species. 

It is shown in Fig. 4 that the l imit ing current  reaches 
a constant value of 290 ~A, after 650 microequivalents  
were discharged. It is believed that  this constant  value 
is due to the concentrat ion of Li20 becoming saturated 
in the l i th ium chlorate. Therefore, the solubil i ty of 
Li20 in  l i th ium chlorate can be evaluated from Eq. [5] 
to be 7.5 X 10 -~ mol / cm a using an average diffusion 
coefficient of Li~.O of 1.48 X 10-7 cm2/sec. 

From Fig. 9, it can be observed that the length of 
the plateau between 4.0 and 4.6V on a Pt  rotat ing disk 
is proport ional  to the concentrat ion of LiC1 in the 
electrolyte. Therefore, it is believed that  chlorine 
evolution from LiC1 electrolysis takes place on Pt  dur -  
ing charging between 4.0 and 4.6V according to Eq. 
[3]. The l imit ing current ,  shown in Fig. 9, is apparent ly  
due to the mass t ransfer  of LiC1 to the Pt  rotat ing disk. 
Accordingly, the diffusion coefficient of LiC1 in the 
electrolyte can be estimated from Eq. [5]. At different 
LiC1 concentrations and l imi t ing currents,  the diffusion 
coefficients have been calculated using the Levich 
equation as shown. 

D = 3.60 • 10 - r  cm2/see for IL ----- 90 p.A, 

C,.lci = 1.542 X 10 -4 r e e l / e r a  s 
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D = 3.56 X 10 -7 cm2/sec for  IL =- 110 #A, 

CLiCl ---- 1.542 X 10 -4 m o l / c m  :3 

D ---- 3.04 X 10 -7 cm~/sec fOrlL = 820/~A, 

CLiCZ - -  1.574 • 10-~ m o l / c m  :~ 

The smal l  value of these diffusion coefficients is again 
a t t r ibu ted  to the high viscosi ty of mol ten  sal t  com- 
pa red  to aqueous solution. The tact  that  the  l imi t ing 
cur ren t  is app rox ima te ly  propor t iona l  to LiCI con- 
cent ra t ion  s u p p o r t s  the conclusion that  LiC1 is the 
l imit ing diffusion reac tan t  dur ing  the th i rd  charging 
pla teau.  

The solubi l i ty  of LiC1 in l i th ium chlora te  can be 
es t imated  from the l imi t ing  cur ren t  in Fig. 9. When the 
e lec t ro ly te  was sa tura ted,  a l imi t ing cur ren t  of !000 
/LA was observed.  Using the diffusion coefficient of LiC1 
in l i th ium chlorate,  the solubi l i ty  of LiC1 in l i t h ium 
chlora te  is ca lcula ted  to be 1.78 • 10 -~ m o l / c m  3 at 
145~ The da ta  in Table  IV s h o w  tha t  Li20 was 
also consumed dur ing  charging b e t w e e n  4.0 and 4.6V 
at the  P t  electrode.  The fol lowing explana t ion  is p ro -  
posed. Since the observed charging potent ia l  of 3.4V is 
h igher  than oxygen evolut ion  potent ial ,  oxygen evo-  
lution must  be occurr ing at  i t s  l imi t ing rate.  In  add i -  
tion, the react ion be tween  Li20 and CI~ consumes Li20 
to re form LiC1 

Li20 -~ C12--> 2LiCI ~- V~ 02 [7] 

AG ---- --49.5 kcal/mol [6] 

This also helps explain why the data in Table IV show 
less LiCI was consumed than expected based on Fara- 
day's law as applied to reaction [3]. 

Operation at the 4.6V voltage plateau on a platinum 
electrode shows both chlorine and oxygen evolution 
occur as reported in Table V. For example, 3.8 cm3 or 
153 ~mol (6!I microequi,~alents) of oxygen were 
collected in run number 2. If oxygen were 
evolved from Li2.O stoichiometrically, only 150 micro- 
equivalents (37.5 #mol) would be expected. Thus, there 
must be some other sources of oxygen. In addition, 132 
microequivalents of chlorine were observed. The stoi- 
chiometry of reaction [4] roughly correlates with the 
observed data. However, according to reaction [4], 150 
microequivalents of chlorine and 900 microequivalents 
of oxygen should have been produced. Although Eq. 
[4] comes reasonably close to explaining the results of 
Tables IV and V, there is insufficient chlorine, excess 
LiCl, and insufficient 02 and Li20. Assuming that re- 
action [7] occurs to some extent qualitatively, explains 
the increased LiC1 and decreased Li20. In addition, 
some current electrolyzing LiCl according to Eq. [3] 
raises the amount of chlorine compared to oxygen. The 
conclusion is that at the 4.6V plateau on platinum, the 
results reported in Tables IV and V can be quantita- 
tively correla ted,  assuming that  react ion [4] dominates  
whi le  react ions [3] and  [7] occur  at  mode ra t e  rates  
l imi ted  b y  mass t ransfer .  

Chlorine evolut ion  is not  observed on Ni a l though a 
charging p la teau  appears  a round  4.6V for an Ni ro t a t -  
ing disk. F r o m  chemical  ana lys is ,  i t  is found tha t  Ni is 
oxidized to NiO dur ing  charging above 4.6V. 

The first charging pla teau,  observed on an Ni ro ta t ing 
disk in Fig. 2, appears  at  a potent ia l  close to the  s tan-  
dard  potent ia l  of t h e  Ni e lect rode 

Ni ~ Ni +~ Jr 2e-(s) 

E ~ = 2.799V (relative to Li ref. electrode) [8] 

Therefore, it is believed that tiae first charging plateau 
is due to Ni dissolution and the third plateau is prob- 
ably in the transpassive region. The mechanism of Ni 
passivation is described as follows. 

As a polished Ni electrode is dipped into fresh 
mol ten  l i th ium chlorate,  a thin NiO film is be l ieved  to 

form on the surface of the Ni. The film reduces  the 
active area  for Ni dissolut ion and shifts Ni dissolu-  
t ion from curve i to ii as shown in Fig. 10. Then the 
mixed  poten t ia l  would be swi tched from (a) ,  in Fig. 10, 
to (b) or  (c) .  The points  (b) and (c) a re  the in te r -  
sections of curve  ( iv)  for  l i t h ium chlorate  reduct ion 
with  curve (ii) for Ni dissolution and curve (vi) for 
oxygen evolution,  respect ively.  A mixed  poten t ia l  at 
point  ( b )  or (c) impl ies  that  Ni is pass iva ted  and the 
first charge p la teau  for  n ickel  dissolut ion is no longer  
seen on the Ni ro ta t ing  disk (see Fig. 1). 

L i th ium oxide and l i th ium chloride are  formed i n  
the mol ten  l i th ium chlora te  dur ing  discharge using 
Ni plates.  As d ischarge  goes on, LifO wi l l  s t a r t  to p re -  
c ipi ta te  on the  e lec t rode  af ter  the e lec t ro ly te  is sa tu-  
ra ted  with  Li20. This Li,,O prec ip i ta te  could reduce 
the active a rea  for  l i th ium chlora te  reduct ion and 
move curve  (iv) g radua l ly  toward  curve (v) .  F inal ly ,  
the cathodic curve (v) for l i th ium chlora te  reduct ion 
wil l  in tersec t  the  Ni dissolution curve  (ii) in i t s ' ac t ive  
region, namely,  point  (d) in Fig. 10, and reac t iva te  
nickel  dissolution. 

When  the nickel  is react ivated,  the first charging 
p la teau  appears  again. As shown in Fig. 1, a f te r  1000 
microequivalents  d ischarged from l i th ium chlorate,  the 
first charging p la teau  was observed for a ro ta t ing  disk. 

The reac t iva ted  Ni is then react ing wi th  mol ten  l i th-  
ium chlora te  to f o r m  a more  complete  n ickel  oxide 
pro tec t ive  film. Eventua l ly ,  the Ni wil l  be  pass iva ted  
again,  and the Ni dissolut ion curve is sh i f t ed  to (iii) in 
Fig. 10. Since more  Li20 is present  in the e lec t ro ly te  
a f te r  d ischarging the l i th ium chlorate,  the  oxygen  evo-  
l u t i o n  curve is also shif ted f rom (vi) to (vi i ) .  There-  
fore, the mixed  potent ia l  switches to the  intersect ion of 
curve (ii) and (vi i ) ,  i.e., point  (e) in Fig. ! 0. This 
could expla in  the d i sappearance  of the  first charging 
p la teau  a f te r  s tanding  hot  (see Fig. 2) 

Pure  l i th ium works  to some  ex ten t  as a revers ib le  
nega t ive  electrode.  However ,  dendr i tes  are  a p rob lem.  
This p rob lem might  be solved using a l i th ium al loy 
such as Li-A1 (12). The corrosion react ion be tween 
Li and m o l t e n  l i th ium chlora te  is es t imated  to be 
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(11 )  L i C l O 3 + 6 L i + +  6e -  L i C l + 3 L i 2 0  
1 (12 )  Li20 2Li+ + ~O2+ 2e  - 

(16 )  Ni N i+2+2e -  

Fig. lO. T~e r ef m(xed pnrentTa| nf Ni ;n molten lithium 
chlorate. 
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higher  than 0.3 m A / c m  2 a s  LifO and LiC1 are formed.  
No w a y  to control  this  corrosion whi le  the  LiC103 is 
mol ten  is now known.  Therefore ,  if l i t h ium chlora te  
is to be used as e lec t ro ly te  in a l i th ium ba t t e ry  system, 
room t empera tu r e  s torage as a solid wi l l  be necessary 
to l imi t  the  corrosion reaction.  The ca lor imetr ic  da ta  
on l i t h ium chlorate ,  given by  Campbe l l  et. al. (10), 
suggests that  5491 ca l /mo l  is needed  to raise the  t em-  
p e r a t u r e  of one mol of l i th ium ch lora te  f rom 25 ~ to 
145~ 

Conclusion 
Based on the expe r imen ta l  resul ts  p resented  here,  

l i th ium chlora te  is s table  in the  potent ia l  range  be-  
tween  3.2 and 4.6V. Above 4.6V, l i th ium chlorate  will  
degrade  to O2, C12, and Li +. Below 3.2V, l i th ium 
chlora te  wi l l  reduce  to LiC1 and  Li2:O. Therefore ,  
l i t h ium chlora te  can be used as the iner t  e lec t ro ly te  of 
a l i th ium secondary  ba t t e ry  only  if the opera t ing  po-  
ten t ia l  is be tween  3.2 and 4.6V. The C1-/CI~ ha l f  cell  
opera tes  in th is  potent ia l  region on pla t inum.  

A n  Li-LiC103 p r i m a r y  ba t t e ry  sys t em is possible.  
With  an energy  dens i ty  of 3898 W-hr/~kg based  on a dis-  
charge poten t ia l  of 3.2V, the  l i th ium chlorate  p r i m a r y  
b a t t e r y  is theore t ica l ly  one of the  h ighes t  specific en-  
e rgy  p r i m a r y  ba t te r ies  avai lable .  However ,  corrosion 
of Li by  mol ten  LiC103, the r u n a w a y  or explosive in-  
te rac t ion  of  Li  plus LiC103, Li pass ivat ion  by  solid 
Li20 a n d / o r  LiC1, and the cata lyt ic  decomposi t ion of 
LiC103 to LiCI and O3 are al l  serious p rob lems  tha t  
mus t  be managed  in o rde r  to rea l ize  a prac t ica l  device. 
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A Two-Step Anodization Process for Inhibition of the Oxygen 
Reduction Reaction on Iron 

Henry keidheiser, Jr.,* and Hidetaka Konno 1 

Department of Chemistry and Center for Surface and Coatings Research, 
Lehigh University, Bethlehem, Pennsylvania 18015 

ABSTRACT 

Anodization of iron by a two-step procedure, first in a borate solution, and second, in a borate solution containing 
8-hydroxyquinoline, results in a surface which is inactive for the oxygen reduction reaction, and which has good corrosion 
resistance in chloride media. The anodized surface also exhibits good resistance to the disbondment of an organic coating 
under an applied cathodic potential. It is conjectured that the anodized surface consists of a very small amount of surface 
oxide, possibly a layer of a ferric complex of 8-hydroxyquinoline, and an outer layer of unreacted 8-hydroxyquinoline. 

The cathodic ha l f  reac t ion  dur ing  the c o r r o s i o n  o f  
i ron  and steel  in near  neu t r a l  aqueous envi ronments  is 
the  oxygen  reduc t ion  reaction,  HzO + ~/z 02 § 2 e -  = 
2 O H - .  Under  m a n y  condit ions this react ion is the r a t e -  
control l ing step. Many  methods  are  avai lab le  for in-  
h ib i t ing  the  anodic ha l f  reac t ion  but  r e l a t ive ly  few 
methods  are  ava i l ab le  for  inhibi t ing  the oxygen re -  
duct ion  reaction.  Previous  work  in this l abo ra to ry  has  
shown tha t  this react ion m a y  be inhib i ted  on Zinc by  
doping the oxide  on the surface wi th  smal l  amounts  
of cobal t  or  n ickel  (1, 2). I t  has  also been shown that  
cathodic t r ea tmen t  of a chromated  surface on zinc 
leads  to a sur face  which  has  low ac t iv i ty  for the  oxy-  
gen reduct ion react ion (3).  

We r epo r t  here in  a novel  method  fo r  inhibi t ion  of the 
cathodic ha l f  reac t ion  on iron. This method  consists of 
anodizin~ i ron in a bora te  buffer  fol lowed b y  a second 
anodizat ion step in a solut ion conta in ing  an organic  
compound.  This p rocedure  leads to a surface which  is 

�9 Electrochemical Society Active Member. 
I On leave from Hokkaido University, Sapporo, Japan. 

inact ive  for  the oxygen  reduct ion  react ion and which 
has a low rate  of corrosion in a mi ld ly  corrosive 
medium.  

Experimental Procedure 
All  measurements  in this s tudy  were  made on cold-  

ro l led  SAE 1010 steel  panels ,  0.5 m m  thick, obta ined 
f rom the Q - P a n e l  Company.  The a s - r ece ived  panels  
were  cut in the form of a rectangle,  1 cm wide and 7.5 
cm long, wi th  an indenta t ion  at  the  wate r l ine  as shown 
in Fig. 1. They were  immersed  in the e lec t ro ly te  to a 
depth  such that  the  exposed a rea  was 10 cm 2. Samples  
were  used e i ther  in the  e lec t ropol ished condit ion or  
a f te r  a b r a s i o n  wi th  No. 240 emery  paper .  E lec t ropol -  
ishing was carr ied  out  in a 4:1 mix tu re  of glacial  
acetic acid and perchlor ic  acid. Al l  potent ia ls  descr ibed 
in the t ex t  a re  wi th  re fe rence  to the  sa tu ra ted  calomel  
electrode.  

The steel  was anodized in a v igorous ly  s t i r red  0.15M 
sodium bora te  solut ion (pH 8.4) open to the air  in a 
two-s tep  process.  
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Fig. I. Schematic diagram of cell used for electrochemical mea- 
surements. 

Step  I . - -Anodiza t ion  at a potent ia l  (Eal) be tween 
- 0 . 4  and -~2.2V in the bora te  solut ion for 2-10 min. 

Step I I . - -Anod iza t ion  at  a potent ia l  (Ea 2) be tween  
-{-0.5 and §  for 2-10 min in the  bora te  buffer Solu- 
t ion to which  an organic  compound was added.  

Cathodic  polar izat ion curves and corrosion ra te  mea -  
surements  were  made in a 250 cm 8 vo lume of 0.5M 
NaC1-0.15M bora te  at pH 7 in the cell  shown in Fig. 1. 
The solution was ae ra t ed  dur ing the measurements  by  
passing a i r  th rough  the solut ion at  a ra te  of 600 cm~/ 
rain or  was deaera ted  with  purif ied argon gas. The 
measurements  were  per formed  using a Pr inceton Ap-  
pl ied Research Model  350 Corrosion Measurement  
Console fea tur ing  microprocessors  and a da ta  s torage  
system. Unless otherwise  ment ioned,  polar iza t ion  
curves were  de te rmined  using a scanning technique.  
Measurements  were  in i t ia ted  af ter  the  sample  had  
been exposed to the med ium for 10 min and the scan-  
ning r a t e  was 0.3 mV/sec.  Cyclic vo l t ammograms  were  
obta ined  using a s imi lar  p rocedure  wi th  the except ion 
tha t  the scan ra te  was 1 mV/sec.  Corrosion rates  de te r -  
mined by  the polar iza t ion  resis tance (R, )  method" and 

corrosion potent ia l  measurements  were  made  eve ry  30 
min dur ing  a 16 h r  period.  R ,  values were  obtained 
f rom the slope of the polar iza t ion  curve in the po ten-  
t ial  range  of  __.5 mV from the corrosion potent ia l .  

Grav imet r i c  measurements  of the corrosion ra te  were 
made in 400 cm 8 of solut ion main ta ined  in a 600 cm z 
beaker .  Weighed specimens were  immersed  in e i ther  
ae ra ted  or  deae ra ted  solutions for  4-16 h r  and the loss 
in weight  was de termined.  Corrosion products  were  
removed  from the  specimen surface using a nylon  test  
tube brush  under  runn ing  dis t i l led  water .  

Impedance  measu remen t s  we re  made  by  cement ing 
a cy l inder  to the  steel  surface and using m e r c u r y  a s  
the counterelect rode.  The means for  making  the m e a -  
surements  have been descr ibed p rev ious ly  (4). 

Cathodic de lamina t ion  tes ts  were  pe r fo rmed  u s i n g  
t h e  method  p rev ious ly  descr ibed (5). Panels  were  
coated wi th  a commercia l  p roduc t  (Rus t -Oleum p r i m e r  
7773 and Rus t -Oleum topcoat  7791) using two p r imer  
coats and three topcoats to y ie ld  a coating of thickness  
93 ~m, A smal l  defect  was made  in the coating and the 
specimen was made  in the  cathode whi le  immersed  in 
0.5M NaC1 solution open to the air. In  a l l  cases the 
cathode poten t ia l  was po ten t ios ta t ica l ly  m a i n t a i n e d  a t  
--0.8V. 

X - r a y  photoe lec t ron  spectros.copy measurements  were  
made using a Phys ica l  Electronics  Model  548 electron 
spectrometer .  Samples  were  i r r ad ia ted  with  the Ka r a -  
d i a t i o n  of magnes ium in a vacuum of 2.5-4.5 • 1 0 - 7  

Pa. The ana lyzer  energy  was set at  25 eV which y ie lded  
a resolut ion  of 1.22 eV for the  Au  4f7/~ peak  for  t h e  
ful l  width  at  ha l f  max imum.  In  order  to compensate  for  
a smal l  charging shift, the  e lect ron binding energy,  EB, 
was  corrected by  assigning a va lue  of 285.0 eV to the 
aromat ic  carbon or  hydroca rbon  C l s  peak  (6). 

Experimental Results 

During  the ear l ies t  phases of this study,  it  was ob-  
served that  the  addi t ion of severa l  types  of organic 
compounds to a bora te  anodizing bath  caused a m a r k e d  
r e d u c t i o n  in the  cur ren t  at a fixed potential .  This ob-  
servat ion  suggested that  the  anodized procedure  w a s  
leading  to a steel  surface wi th  a lower  act ivi ty.  De te r -  
minat ions  of the cathodic polar izat ion curve, measu re -  
ments  of the corrosion rate,  and genera l  observat ions  
of the  meta l  surface whi le  i t  was exposed to a cor ro-  
sive medium confirmed that  the steel  surface had  been 
inac t iva ted  by  the anodizat ion t rea tment .  As a first 
s tep in a s tudy  of this phenomenon,  a survey  was 
made  of a large number  of organic compounds that  
we fel t  might  be sui table  candidates  for an intensive 
study. Table  I summarizes  the  organic  compounds 
tha t  y ie lded  posi t ive results,  the condit ions of anodiza-  
tion, the effect on the cur ren t  dur ing  anodization,  the  
corrosion potent ial ,  the effect on the cathodic polar iza-  
tion curve, and the corrosion ra te  in a sodium chloride 
med ium as de te rmined  by  grav imet r ic  measurements .  

Table I. Results of an exploratory study of the effect of organic compounds on the electrochemical properties of 
steel during anodlzation 

Corrosion Effect  on cathodic  
potent ia l  polarizat ion curv e  Corros ion 

Conc. i~ at  Ea~ georr i~ at - 0 , S V  ie at  - 0 . S V  rate  rave 
Organic c o m p o u n d  mol l1  A/m~ V vs. SCE A/m~ g/m ~ h r  

N-benzoyl-N-phenyl-  0.004 0.3 - 0.434 0.22 1.68 0.48 
hydroxylamlne 

Cupferron  0.01 1.3 - 0.553 - -  1.88 0,39 
D ipheny lguan id ine  0.004 4.2 -- 0,448 0.22 1,42 0.23 
8-Hydroxyquinol ine  0.004 0.3 -- 0.422 0.02 1.01 0.10 
1-Nitroso-2-naphthol  0,002 0.9 - 0.463 0.24 1.70 0.25 
P h e n y l t h i o u r e a  0.004 1.9 - 0.454 0.03 2.15 0.34 
Sa l i cy lamide  0.01 8.2 --0.425 0.26 1.12 0.21 
Sal icylani l ide 0.002 2.8 -- 0.549 - -  1.31 0.28 
Blank - -  25 -0 .389" 0.25" 2.03" 0.74 

Al l  s a m p l e s  anodized at  Ea 1 = 1.OV and E=2 = 1.4V in a 0.15M borate  so lut ion (pH 8,4) f o r  10 m i n  at  e a c h  potent ia l .  
* E lec tropo l i shed  sp e c im e n ,  
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The resul ts  summar ized  in Table  I indica ted  tha t  
one of the more  in teres t ing  and effective compounds  
was 8 -hydroxyqu ino l ine  (HQ) .  The  decision was then  
made  to confine the  work  repor ted  here in  to observa-  
tions wi th  this compound.  The op t imum expe r imen ta l  
condit ions for m a x i m u m  corros ion inhib i t ion  were de -  
t e rmined  by  va ry ing  Eal in the bora te  solut ion and 
Ea2 in the  bo ra t e -HQ solut ion at  var ious  pH values 
and for  different  anodizing times. The cr i ter ion used to 
iden t i fy  the  op t imum condi t ion  was the degree  of in-  
h ibi t ion as de t e rmined  by  the  cathodic  polar iza t ion  
curve as measured  in ae ra ted  0.5M NaC1-0.15M bora te  
solution. Op t imum condit ions were  Eal - -  0.9-1.8V in 
a bora te  solution, E ,  2 = 1.0-1.TV in a 0.004M HQ- 
bora te  solution, pH 7-10, and anodizing t ime of  10 min  
at  each potent ia l .  I t  was observed  tha t  a sui table  va lue  
for  Eal was  in  the t ranspass ive  region of the  anodic 
polar iza t ion  curve for  steel  in the bora te  buffer, and 
a sui table  va lue  for  Ea2 was in the passive region of the  
azmdic polar iza t ion  curve for s teel  in the  bo ra t e -HQ 
solution. See Fig. 2. At  pH's  lower  than V, a large  n u m -  
ber  of smal l  da rk  spots were  formed on the surface 
du r ing  the anodizat ion and a un i form laye r  was not  
obtained.  A t  pH ' s  h igher  than 10, the dissolut ion ra te  
of! the steel  in Step I was g rea te r  than  desired.  

Typica l  cathodic polar izat ion curves for  HQ- t r ea t ed  
and  panels -anodized  in the  absence of HQ (b lank)  a re  
shown in Fig.  3 for  e lect ropol ished specimens and in 
F~g. 4 for  ab raded  specimens. Unless o therwise  men-  
t ioned, expe r imen t s  were  car r ied  out  on specimens 
anodized a t  Eal --'= t.0V, Ea2 : 1.4V, and p H  8.4. In  
the  case of  the  ab raded  specimens the anodic oxide 
was reduced  dur ing  the cathodic polar izat ion bu t  the 
oxide  on the e lec t ropol ished specimen was s table  under  
mi ld ly  cathodic conditions.  Under  both  sets of condi-  
t ions the  HQ- t r ea t ed  panels  exh ib i t ed  s imi lar  ca th-  
odic  po lar iza t ion  character is t ics .  The cathodic cur ren t  
dens i ty  for  the  HQ- t r ea t ed  panels  was app rox ima te ly  
0.1 of  tha t  of the b l ank  at  --0.45V and app rox ima te ly  
0.5 of that  of the  b lank  at  --0.8V. In  order  to ob ta in  
a c learer  p ic ture  of the  polar iza t ion  character is t ics  in 
the  v ic in i ty  of  the  corrosion potent ia l ,  anodic and 
cathodic polar iza t ion  curves are  p lo t ted  for unanodized 
iron, anodized iron, and the HQ- t r ea t ed  i ron  in Fig. 5. 
I t  wi l l  be noted tha t  the  HQ- t r ea t ed  panels  show 
subs tant ia l  inhibi t ion  of the cathodic react ion and 
significant inhibi t ion  of the  anodic reaction.  

The  two l ike ly  cathodic react ions  on the anodized 
samples  a re  (i) oxygen  reduct ion  and (ii) reduct ion  
of' the  oxide film on the surface. Both these react ions 
appear  to be suppressed on the HQ- t r ea t ed  samnles  as 
shown b y  potent ios ta t ic  po la r iza t ion  a t  --0.8V and 
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Fig. 2. Anodic polarization curves for steel as determined in 
0.15M borate solution (pH 8.4) with and without 0.004M 8-hydroxy- 
qulnoline. Curves determined at a scan rate of 1 mV/sec. 
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Fig. 3. Cathodic polarization curves for electropolished steel 
specimens in aerated 0.5M NaCI-0.15M borate solution. Both 
specimens were anodized in 0.15M borate solution, one in the 
presence of 8-hydroxyquinoline and the other in its absence. 
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Fig. 4. Cathodic polarization curves for abraded steel specimens 
in aerated 0.SM NaCI-0.15M borate solution. Both specimens were 
anodized in 0.15M borate solution, one in the presence of 8-hy- 
droxyquinoline and the other in its absence. 
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Fig. 5. Polarization behavior in the vicinity of the corrosion po- 
tential. The potential axis is normalized with respect to the cor- 
rosion potential. 
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cyclic v o l t a m m e t r y  measurements .  Potent ios ta t ic  po-  
la r iza t ion  at  --0.8V y ie lded  a shor t - t e rm,  s t eady-s ta te  
cur ren t  value  of app rox ima te ly  0.9 A / m  e for the HQ-  
t rea ted  panel  and app rox ima te ly  1.8 A / m  2 for  the 
blank.  These values became 0.73 A / m  2 and 1.87 A / m  2, 
respect ively ,  a f te r  1 hr.  These l a t t e r  values  a re  as-  
sumed to represen t  the  oxygen  reduct ion  cur ren t  and 
are  confirming evidence tha t  the oxygen reduct ion 
react ion is inhibi ted  on the  HQ- t r ea t ed  sample.  

Cyclic vo l t ammograms  for the HQ- t r ea t ed  sample  
(Fig. 6) demons t ra ted  anodic and cathodic scans tha t  
were  ve ry  s imi lar  in both directions,  whereas  the  
vo l t ammogram for the  b l ank  (Fig. 7) suggested tha t  
reduct ion  of the oxide  occurred dur ing  the scan in 
the cathodic direction.  

Cathodic polar iza t ion  measurements  in deaera ted  
ch lo r ide -bora te  solut ion indica ted  tha t  the hydrogen  
evolut ion react ion is also inhibi ted  on the HQ- t r e a t e d  
samples.  Represen ta t ive  curves  are  shown in Fig. 8 
in which i t  wi l l  be  noted tha t  the  cathodic cur ren t  
densi ty  on the t r ea ted  specimen is less than  1/3 tha t  
of the b lank  in the poten t ia l  region be tween  --0.8 and 
--1.1V. 

Impedance  measurements  at 100, 1,000, and 10,000 
12 are  summar ized  in Table  II. I t  is noted f rom these 
d a t a  that  the impedance  of the  HQ- t r ea t ed  sample  is 
s ignif icantly grea te r  than  tha t  of the blank.  

The cathodic polar iza t ion  curves and the anodic 
polar iza t ion  curves suggested tha t  the ra te  of cor ro-  
sion of the  HQ- t r ea t ed  panels  would  be s ignif icant ly 
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Fig. 6. Cyclic voltammogram in 0.SM NaCI-0.15M borate solu- 
tion for a specimen anodized in the presence of 8-hydroxyquinoline. 
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Fig. 8. Cathodic polarization curves for abraded steel speci- 
mens in deaerated 0.SM NaCI-0,15M borate solution. Both speci- 
mens were anodized in 0.15M borate solution, one in the presence 
of 8-hydroxyquinoline and the other in its absence. 

less than that  of an anodized blank.  This conclusion 
was confirmed b y  polar iza t ion  resistance,  Rp, and 
grav imet r ic  measurements .  The var ia t ion  of the Rp 
value  wi th  t ime is shown in Fig. 9 in the case of 
ae ra ted  ch lo r ide -bora te  solution, and in Fig. 10 in 
the case of deae ra ted  ch lo r ide -bora te  buffer  solution. 
In  the  aera ted  med ium the Rp values  were  er ra t ic  
dur ing  the first few hours  and were  occasional ly  ve ry  
high. These  values  a re  p r o b a b l y  of  l imi ted  meaning  
because the polar iza t ion  curve was not  l inear  and the 
lack  of l inea r i ty  was main ta ined  wi th  change in scan 
ra te  o r  scan direction.  The Rp for the  HQ- t r ea t ed  
panel  in ae ra ted  med ia  achieved a s t eady-s t a t e  value  
of app rox ima te ly  3300 12 �9 cm 2 af te r  8 h r  whereas  the 
Rp for the b lank  was less than  1000 a �9 cm 2 af te r  2 
hr.  In  deae ra ted  solut ion the  Rp va lue  of the  HQ-  
t rea ted  pane l  is h igher  than  tha t  for the b lank  over  
the  ent i re  t ime period,  but  the differences are  much 
less than  those observed in the  ae ra ted  solution. 

Grav ime t r i c  measurements  a re  summar ized  in Table  
III.  These resul ts  a re  in good suppor t  of the Rp mea -  
surements .  The ra tes  of corrosion of the anodized 
samples  (b lanks)  were  much  greater  in ae ra t ed  solu-  
t ion than the HQ- t r ea t ed  samples,  and were  s l ight ly  
grea te r  dur ing  corrosion in deaera ted  solutions. 

F igure  11 shows tha t  the corrosion ra tes  of both  the 
b lank  and the H Q - t r e a t e d  ma te r i a l  occur l inea r ly  
wi th  t ime, at least  over  the  16 h r  per iod  of the ex-  
per iment .  

Changes in the  corrosion poten t ia l  as a function of 
t ime of exposure  to the ch lo r ide -bora te  med ium are  
shown in Fig. 12 for the  H Q - t r e a t e d  samples  and the 
b lanks  under  both ae ra ted  and deaera ted  conditions.  
The va lue  of Eeo~r for  the  HQ- t r ea t ed  pane l  d ropped  
a b r u p t l y  af te r  about  3 h r  and achieved a s t eady-  
state value  of  --0.69V. This behav ior  as shown in Fig. 
12 para l le l s  the R~ b e h a v i o r  as shown in Fig. 9. 

Cathodic de lamina t ion  occurred much more  s lowly 
in the case of the  H Q - t r e a t e d  samples  as compared  

Table II. Impedance measurements on HQ-treated 
and blank samples 

Total impe- Calc. resistive 
dance (fi) component (0) 

Fre- 
quency HQ- HQo 

(Hz) treated Blank treated Blank 

100 3.30 0.18 3.29 0.16 
1,000 3.64 0.97 3.51 0.22 

10,000 10.6 9.60 4,52 0.99 
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to the blank or abraded steel. The rate of delamination 
of the HQ-treated panels in 0.5M NaC1 open to the 
air at a potential of --0.8V was 0.004 cm2/hr, whereas 
the abraded panels yielded values in the range of 
0.015-0,023 cm2/hr. The rate of delamination of the 
blank was so high that no quantitative value was ob- 
tained. 

XPS studies (Table IV) revealed that the surface 
of the HQ-%reated specimen was covered with organic 
material which yielded a spectrum identical to the 
spectrum obtained from a sample of 8-hydroxyquino- 
line powder. The electron binding energy of the N 
ls electron in the HQ-treated sample was identical 
to that obtained with the hydroxyquinoline powder, 

Table III. Average corrosion rate during 16 hr period of 
immersion in 0.SM NaCI-0,15M borate (pH - -  7) 

Anodization Corrosion rate 
conditions (g/m 2 �9 hr) 

Sample Ea z E~ s Corrosion HQ- 
No. (V) (V) pH medium treated Blank 

3, 4 1,0 1.4 8.4 D e a e r a t e d  0.060 0.094 
, 2  1.0 1.4 8,4 A e r a t e d  0.10 0.74 

1.0 l.& 7.0 Aerated 0.14 
6 1,0 1.4 10.0 Aerated 0.10 
7, 8 1.8 1.1 8,4 Aerated 0.14 0.95 
9 -- 1.4 8.4 A e r a t e d  0.27 

10% 11" 1.0 1.4 8.4 A e r a t e d  0.22 0.99 
12"* 1.0 1.4 8.4 Aerated 0.18 
13 Abraded only Aerated 0.91 

Note :  AlL s p e c i m e n s  w e r e  a b r a d e d  w i t h  No. 240 e m e r y  p a p e r  
before anodizing. 

* Heated at 200~ for 20 rain after anodization. 
*" Dipped into methanol for 39 rain after anodizatlon. 

Table IV. Results of XPS measurements for 
specimens and standard samples 

E l e c t r o n  b i n d i n g  e n e r g y ,  E ~ / e V  

S a m p l e  C l s  N I s  O I s  F e  21-/J 

H Q - t r e a t e d  285.0 399.S 533.1 m a x  T r a c e  
ca .  531 s h  

B l a n k  285.0 - -  530.3 m a x  711.3 
ca .  532.5 sh  

H Q - t r e a t e d  a n d  ira- 285.0 399.0 530.2 m a x  711,3 
m e r s e d *  287,0 ca .  532 s h  

E l e e t r o p o l i s h e d  s t e e l  285.0 - -  530,3 m a x  711.2 
ca .  532 sh  707.0 

8 - H y d r o x y q u i n o l i n e  285.0 399.5 531.5 - -  
( H Q ) ,  p o w d e r  

F e  ( I I I ) -8 -hydroxy-  285.0 399.1 531,5 711.2 
qu ino l a t e ,  p o w d e r  

max = maximum, sh = shoulder. 
* S p e c i m e n  i m m e r s e d  in  a n  a e r a t e d  0.5M NaCL-0.15M b e r a t e  so- 

lutkon (~H 7.0) for 16 hr. 
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but  was s l ight ly  different  from the binding energy 
for  a powder  of the  ferr ic  complex  oi  8 - n y d r o x y -  
quinoline.  Also, the Fe 2p peaks in the HQ- t r e a t e d  
sample were  ve ry  weak  whereas  they  were  s t rong in 
the ferr ic  complex.  Af ter  a 16 hr  immers ion  in the 
aera ted  corrosion medium, the N ls  peak  changed in 
value  to that  character is t ic  of the ferr ic  complex.  As 
judged  from the intensi t ies  of C ls  and N ls  peaks,  
significant amounts  of the organic compound remained  
on the surface af ter  a 16 h r  exposure  to the corrosion 
medium.  The da ta  are  consistent  wi th  the  view that  
the outermost  par t  of the surface l aye r  of the  HQ- 
t r e a t e d  sample  consists of 8 -hydroxyquino l ine  wi th  
very  l i t t le  chemical  react ion to form the ferr ic  com- 
plex.  

Discussion 
The exper iments  repor ted  here in  show conclusively 

that  i t  is possible to inhibi t  the oxygen  reduct ion re -  
act ion on steel  using an organic compound. It  is in te r -  
est ing to poin t  out tha t  under  s imi lar  expe r imen ta l  
condit ions in which good inhibi t ion was observed in 
this s tudy  on the HQ- t r ea t ed  panels ,  only insignificant 
corrosion inhibi t ion was observed when 8 -hy d roxy -  
quinol ine was present  in the  corrosion med ium and 
was absent  d u r i n g  the anodizat ion procedure.  Weiss-  
tuch, Carter,  and Nathan  (8) observed corrosion in-  
hibi t ion of i ron by  8 -hydroxyquino l ine  in an aerated,  
s imula ted  cooling wa te r  env i ronment  at  pH 7, but  
they also observed  the format ion  of an insoluble, 
nonadheren t  film. A l l  the  evidence genera ted  to da te  
indicates tha t  anodizat ion in the presence of 8 -hy-  
droxyquinol ine  is essent ial  in o rder  to obta in  good 
corrosion inhibit ion.  So far  as we are aware  a two-  
s tep anodizat ion process, the second step of which  is 
carr ied  out  in a med ium to which an organic com- 
pound is added,  is a novel  method for developing a 
corrosion res is tant  surface on steel. I t  is our  expec ta -  
t ion tha t  the p rocedure  can be opt imized to obta in  
meta l  surfaces wi th  a high degree  of corrosion re-  
sistance under  service conditions. 

The  polar izat ion curves shown in Fig. 3, 4, and 5 
indicate  that  the HQ- t r ea tmen t  yields a surface which 
is less active for both the anodic  and cathodic half  
reactions,  a l though the effect is much grea te r  on the  
cathodic ha l f  reaction.  On the basis of the  cathodic 
polar izat ion curves in Fig. 3, it  can be es t imated  that  
the  corrosion ra te  of the b l ank  should be approx i -  
ma te ly  9 t imes tha t  of the  HQ- t r ea t ed  mater ia l .  The 
g rav imet r i c  measurements  for samples  1 and 2 in 
Table I I I  indicate tha t  the  ra te  is 7.4 t imes tha t  of the 
HQ- t r ea t ed  ma te r i a l  for s  measurements  made  
over  a 16 hr  period.  The two types  of experSments. 
along with  the Rp da ta  in Fig. 9, conclusively show the 
Iarge degree of corrosion inhibi t ion  which resul ts  
f rom the anodizat ion in solutions containing 8 -hy-  
droxyquinol ine .  

The mechanism by  which this corrosion inhibi t ion 
occurs is p robab ly  b y  the deve lopment  at  the  i ron 
surface of an organic  layer ,  of unknown thickness  
at  the  present  t ime ,  which impedes the flow of elec-  
t rons which are  a necessary  reac tan t  in the oxygen 
reduct ion reaction, H20 + 1,20~ + 2e -  _-- 2 O H - .  
The da ta  shown in Table  II  prove  that  the HQ- t r ea t ed  
samples  exhib i t  a much higher  impedance  than  samples  
anodized in the  absence of HQ. The da ta  also suggest 
tha t  the  ma jo r  cont r ibut ion  to the impedance  is a 
res is t ive component ,  since over 96% of the impedance  
value  can be a t t r ibu ted  to the  res is t ive component  at 
measu remen t  f requencies  of 100 and 1000 Hz under  
the  assumpt ion tha t  the  equivalent  circuit  consists of 
a resis tance and a capaci tor  in series. 

The most in teres t ing question raised b y  this s tudy is 
"What  is the chemical  na tu r e  .of the  steel  surface 
af ter  the two-s t ep  anodizat ion process?" This quest ion 
is being addressed in studies now u n d e r w a y  bu t  the 
data  a l r eady  ava i lab le  al low cer ta in  conclusions to 

be drawn,  The XPS studies summar ized  in Table IV 
show that  the outer  surface appears  to be 8 - h y d r o x y -  
quinoline immedia t e ly  af ter  anodization,  bu t  that  the 
outer  surface approacnes  a form equiva lent  to a ferr ic  
complex of 8 -hydroxyqu inohne  a l te r  exposure  to the 
corrosive medium.  It is impossible  f rom the present  
dat  a , and it could not be de te rmined  f rom spectra  
taken af ter  sput ter ing,  to ascer ta in  whe the r  the sur-  
face af ter  anodizat ion consists of an inner  ferr ic  
complex of 8 -hydroxyquino l ine  and an outer  8 -hy-  
droxyquinol ine ,  or  whe ther  exposure  to the corrosion 
med ium caused the conversion of the 8 - h y d r o x y -  
quinoline to a fer r ic  complex.  I t  is wel l  known that  
the fer r ic  complex  of 8 -hydroxyqu ino l ine  is ve ry  
insoluble.  

The anodic film formed in bora te  solut ion is r ead i ly  
reduced  as shown b y  the cathodic polar iza t ion  curve 
in Fig. 4 and the vo l t ammogram for the b lank in Fig. 
7, whereas  there  was min ima l  reduct ion in the case 

~ f the HQ- t r ea t ed  sample  as shown in Fig. 6. These 
ehaviors  can be in te rp re ted  in e i ther  of two ways.  

First ,  the oxide presen t  on the HQ- t r ea t ed  sample 
is reduced with  g rea t  difficulty or, second, there  is 
no apprec iab le  amount  of oxide on the HQ- t r ea t ed  
sample.  We are  conjectur ing at the present  t ime, on 
the basis of ve ry  p r e l im ina ry  spectra  obta ined  af ter  
sput ter ing,  that  the amount  of surface oxide on the 
HQ- t r ea t ed  panel  is ve ry  s m a l l  In f ra red  reflectance 
studies, laser  Raman  studies, and  addi t ional  e lec t ro-  
ly t ic  reduct ion  exper iments  must  be pe r fo rmed  before  
a definite conclusion can be reached.  

I t  has been shown previous ly  (7) in the  case of 
galvanized steel  that  a surface t r e a t m e n t  which leads 
to inhibi t ion of the cathodic ha l f  react ion improves  
the per formance  of a coated meta l  in a cathodic de-  
lamina t ion  exper iment .  In  the presen t  s tudies the ra te  
of cathodic de lamina t ion  of an a lkyd  coating f rom 
the HQ- t r ea t ed  surface occurred at significantly lower  
ra te  than  from ei ther  an ab raded  surface or  one that  
had s imply  been anodized in the absence of 8 -hy-  
droxyquinol ine .  These da ta  thus provide  addi t ional  
suppor t  for the  concept that  inhibi t ion of a meta l  
surface for the oxygen reduct ion react ion wil l  increase 
the resis tance of the meta l  to cathodic delaminat ion.  
The procedure  out l ined in this pape r  holds promise  
for the  deve lopment  of a surface t r ea tmen t  method 
tha t  wi l l  reduce the t endency  of a coating to disbond 
f rom a meta l  e i ther  dur ing  corrosion or  dur ing  ca th-  
odic t rea tment .  
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ABSTRACT 

The electrochemical behavior of a carbon steel in 3% NaC1 solution has been investigated using a rotating disk electrode. 
Both steady-state (diffusional current vs. the disk angular velocity plots) and transient (frequency analysis of the 
electrohydrodynamical impedance) measurements which specifically sample mass transport phenomena, have been 
carried out. It is shown that oxygen transport takes place not only in the liquid phase but also through a porous layer of 
corrosion products. From electrochemical impedance measurements, it was found that at the corrosion potential the oxy- 
gen reduction reaction is under  either diffusional or mixed (activation + diffusion) control depending on both the electrode 
rotation speed and on the hold time at the free corrosion potential. In addition, it was shown that the oxygen consumption 
occurs not only by electrochemical reduction but also by chemical oxidation of ferrous to ferric ions. Finally, because of the 
possible occurrence of mixed corrosion control, it is emphasized that the Use of the polarization resistance in order to evalu- 
ate corrosion rates is not always valid. 

In  a previous s tudy (1), s teady-state  electrochemi- 
cal techniques (vol tage-current  curves and polariza- 
tion resistance measurements)  were used to s tudy 
the corrosion of carbon steel in a st irred and aerated 
chloride solution (3% NaCI). It  was concluded that 
the corrosion rate is controlled by the reduct ion of 
dissolved oxygen, and that the corrosion rate deduced 
from electrochemical techniques is in fair agreement  
with that obtained from an  absolute measurement  
such as the de terminat ion  of the amount  of i ron species 
in solution. 

In  the l i terature,  many  stud/es have been devoted 
to corrosion (and inhibi t ion)  in acidic media in order 
to measure the corrosion rate or to ident ify the ele- 
men ta ry  processes. However, re lat ively few studies 
have been carried out in neut ra l  media (2), probably  
because of the formation of insoluble corrosion prod- 
ucts which adhere to the metal  surface (3a, b) .  

In this work, we aimed f irs t ly to be more precise 
about  the quant i ta t ive  influence of mass t ransport  in 
the corrosion process. This was achieved b y  the use 
of specific analyt ical  methods, such as plot t ing of the 
diffusional component  vs. the angular  velocity Of a 
disk electrode, and  by the f requency analysis of the 
so-called EHD impedance {4). 

Secondly, in order to separate the e lementary  anodic 
and .cathodic contr ibut ions near  to the corrosion po- 

Key words: interface,  disk electrode,  porous films, activation- 
diffusion. 

tential,  and, therefore, to get a bet ter  insight of the 
mechanism, we carried out electrochemical imped-  
ance measurements  for various polarization conditions.  

Experimental Conditions 
The steel sample selected for the s tudy is the N 80 

type according to the API  standards,  and has the 
following composition by percent  weight: C _: 0.4; 
Mn ---- 1.38; P = 0.013; S = 0.024; Si : .  0.19; Cu = 0.04; 
Ni ---- 0.03; Cr ~ 0.09; Mo ---- 0.19, and Fe to .100. 

The working electrode consists of the cross section 
of a cylindrical  rod of 1 cm 2 area, a thermoretractable  
sheath prevent ing  the cylindrical  area from making 
contact with the solution, the electrode surface being 
only the cross section. In  order to avoid possible 
crevice conditions between the metal  rod and the 
sheath induced by the successive polishings, the sheath 
was renewed after each run.  The surface is polished 
with a silicon carbide emery cloth (grade 80)r then 
rinsed with water, and finally dried in pulsed warm 
air after an ultrasonic washing in ethanol. This elec- 
trode is screwed into a conducting rotat ing shaft. The 
reference electrode is a saturated calomel electrode 
(SCE) and the auxi l iary electrode is a p l a t inum grid 
of large area. The corrosive medium is a 3% solution 
of NaC1 (pro analysis grade) dissolved in bidi~tilled 
water. The current  potential  curves are plotted with 
either a galvanostatic or potentiostatic regulat ion 
(Tacussel).  
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The impedance  measurements  are pe r fo rmed  by  
means  of a f requency  response ana lyzer  (Sch lum-  
berger ,  Solar t ron  1174). The whole  expe r imen ta l  set-  
up has been descr ibed  in detai l  in Ref. (5) and  in Ref. 
(4) concerning the specific mechanical  features  of 
the  EHD impedance  measurements .  

Exper imenta l  Results 

Current-Potential Curves 
Pr io r  to any exper iment ,  the  e lect rode is held  at  

zero cur ren t  for a given angu la r  veloci ty  ~ ( rpm)  of 
the disk t i l l  the corrosion potent ia l  is s tabil ized.  The 
s teady state occurs r a the r  s lowly and the cu r ren t -  
po ten t ia l  curves are, therefore,  p lo t ted  point  by  point  
in a quasi  s t eady-s ta te  mode. As an example ,  two 
cathodic plots af ter  a hold t ime  at  zero cur ren t  of 
30 ra in  and 2 hr  are d i sp layed  on Fig. 1. A shift  of 
Ecorr towards  more  cathodic potent ia ls  and a decrease 
of the diffusion cur ren t  wi th  an increas ing hold t ime 
at  zero cur ren t  are  concur ren t ly  observed.  

F rom a de ta i led  analysis  of these curves (1), this 
diffusion p la teau  was ascr ibed to dissolved oxygen.  
Moreover,  the var ia t ions  of the l imi t ing cur ren t  den-  
s i ty wi th  the hold t ime have  been  exp la ined  by  
h indrance  to diffusion due to the progress ive  deposi t  
of corrosion products .  

I t  has been verified that  for anodic overpotent ia ls ,  
the current ,  even at  some tens of m A  �9 cm -2  is not  
dependent  on the angular  veloci ty  of the disk (Fig. 2). 
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Fig. 1. Cathodic current-voltage curves obtained in potentiostatic 
mode at D, - -  1000 rpm. Hold time at Ecorr: ( a ) ) 0  min, (b) 2 hr. 
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Fig. 2. Anodic current-voltage curve obtained in galvan0static 
mode at ~ = 1000 rpm. Hold time at Ecorr: 2 hr. 

Cathodic Mass Transport Analysis 
Steady-s ta te  measuremen t s . - -The  e lemen ta ry  ca th-  

odic react ion m a y  be wr i t t en  as 

02 + 2H~O -k d e -  --> 4 O H -  [1] 

For  a shor t  hold t ime at  zero current  (t -- 30 min 
Fig. l a ) ,  the  l imi t ing diffusion condit ions of the cath-  
odic wave  are  es tabl ished f rom --650 mV/SCE;  the 
shape of the  cu r r en t  po ten t ia l  curve ,  be tween  this 
potent ia l  and the corrosion potent ial ,  accounts for 
both the effect of the anodic  e l emen ta ry  component  
and poss ibly  that  of mixed  (dif fusion-react ion)  ki-  
netics for react ion [1]. As a comparison,  the l imi t ing 
diffusion condit ions of react ion [1] evolving on a 
p l a t i num electrode in the same medium are  es tabl ished 
f rom 800 m V / S C E  (Fig. 3). F r o m  the shape of the 
cathodic waves  near  to --700 mV/SCE,  it can be in-  
fe r red  tha t  the overpoten t ia l  of react ion [1] is h igher  
on p l a t i num than  on this carbon steel. Indeed,  if one 
plots  the cathodic c u r r e n t  Ir as Ir VS. E ( V / S C E ) ,  
the  wave  obta ined on P t  is shif ted towards  more 
cathodic potent ia ls  than  tha t  corresponding to carbon 
steel.  

The var ia t ions  of the diffusional component  vs. 1~ 
were measured,  in potent ios ta t ic  regulat ion,  for ca th-  
odic and anodic overpotent ia ls ,  and for the  corrosion 
potent ia l .  The resul ts  are  r epor ted  in Fig. 4. 

At  the cathodic diffusion p la teau  (Ec = --914 m V /  
SCE) the diffusion cur ren t  values  ( $ )  p lot ted  as 
~[unction of ~V~ fa l l  on a s t ra ight  l ine  in tersect ing the  
origin of the  axes. The expe r imen ta l  slope va lue  is in 
agreement  wi th  tha t  deduced f rom the Levich equa-  

I~A.cm -2 

~00C 

500 

-01 -0,2 -0.3 -0,4 -0.5 -0.6 -0.7 -0,8 -0.9 - I  -1@ -%2 

Fig. 3. Cathodic current-voltage curve obtained in potenti0statir 
mode at ,.Q = 1000 rpm on a Pt electrode; 3% NaCI solution. 
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Fig. 4. Diffusion component of the current density vs. E~ 112. 
O :  E corresponds to IA = 250 p.A" cm - 2  at 1~ = 1000 rpm. 
�9 : E = --91< mV/SCE. X : E - -  Ecorr (D, = 1000 rpm). Actual 
diffusional components are obtained by multiplying the above value 
by: 4 ( O ) ,  20 ( X ) ,  100 ( e ) .  
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tion (6) 
IL "- 0.62nFc| I/6~/2A [2] 

for the set of values at 20~ c| = 2 �9 I0 -7 mol �9 cm-3; 
v -- 10-2 cm~. sec-1; D = 1 .74.10-~ cm ~. sec -1 
[this value has been deduced from that measured at 
25~ 2 .  10 -~ cm -~ sec -1 ('7)] where: n, the n u m b e r  
of electrons transferred,  is taken as 4, F is the ~'araday, 
e| the oxygen concentrat ion in the bulk, v the kinematic  
viscosity of the solutmn, D the molecular  di~iusion 
coefficient of oxygen, and A the electrode area (cm~). 

This result  indicates tl~at the whole electrode area 
is active in  regard to the cathodic reaction. 

At  the corrosion potent ial  (X) (Fig. 4), a l inear  
plot through the origin is first observed up to 1500 rpm, 
but  the slope is lower than that  corresponding to Eq. 
[2~. Beyond 1500 rpm, a sharp increase o~ the current  
occurs, the data being fitted by a second l inear  plot 
whose extrapolat ion intersects t h e  ~/~ axis at a posi- 
tive abscissa. However, if the angular  velocity is de- 
creased, the current  values lie again on a straight l ine 
going through the origin of the axes but  with a higher 
slope than previously found between 0 and 1500 rpm. A 
fraction of the electrode area is then covered by a 
thick layer  (1). 

The bare portions of the disk are bounded by  loga- 
r i thmic spirals issued from the rotat ion axis which 
accounted for a hydrodynamic  shearing of the layer  
formed dur ing  the hold time at zero current,  under  
the flow action. Therefore, below 1500 rpm a low por-  
t ion of the interface remains bare and gives rise to a 
dependence Ida Rl/% which can be expected for an 
active surface delimited by a convex contour on a 
rota t ing disk in  laminar  flow. Above 1500 rpm, the 
layer  disrupt ion becomes significant and, therefore, 
the increasing bare surface leads to a jump in the 
diffusion current .  

After  a ho ld  t ime of 2 hr  at an anodic current  of 
250 ~A �9 cm -e  (12 ---- 1000 rpm) ,  the plot Id vs. ~t'/~ ( 0 )  
(Fig: 4) is curved. If the same data are replotted in 
the i -1, ~2-'/~ coordinates, a straight l ine is found again, 
bu t  it does not  go through the origin of the axis 
(Fig. 5). Different causes are known to separately 
produce such an effect: (i) mixed kinetics, i.e., electron 
t ransfer-mass  transfer,  for the cathodic reaction (6), 
(ii) the existence of a porous layer in which mass 
t ranspor t  only depends on molecular diffusion, in ad- 
dit ion to the convective diffusion transport  in the 
l iquid phase (8), and (iii) a part ial  blocking of the 
interface, i.e., a decrease of the active area (9, 10). 

Under  the imposed hold t ime conditions, the metal  
is wholly covered by .~ colloidal layer  of rust. It can 
be easily washed out under  a water  jet ,  and there 
remains  an under ly ing  black powdery layer. If one 
imposes then a cathodic polarization (E = --914 mV/  
SCE) on this surface, the measured diffusion current  
corresponds to that previously obtained on an active 
surface. The occurrence of a part ial  blocking of the 
interface must  then be ruled out. This second layer  
can be also removed by  an ultrasonic cleaning. 

There only remains  the role of a porous layer  played 
by  the colloidal layer, conceivably ferric hydroxide, 
in regard to oxygen diffusion. The mass t ransport  of 
dissolved oxygen would proceed by  both convective 
d i v i s i o n  in the l iquid phase (classical Nernst  layer)  
and by  molecular  diffusion through the colloidal layer. 
Moreover, if one assumes a mixed kinetics control for 
the oxygen consumption, the total current  resul t ing 
from the different series processes involved may  be 
w r i t t e n  as 

!"--1 :- I-- lk ~- I ~ l +  oo -~ _/'~-1 [8] 

where Ik is the "kinetic current"  of oxygen, i.e., which 
would be measured at the corrosion potent ial  on a 
bare surface in the absence of a mass t ransfer  control. 
I is the plateau current  with the colloidal layer  
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Fig. 5. Reciprocal values of the diffusional component vs. D~ -1 /2  
corresponding to the data ( 0 )  of Fig. 4. 

for an infinite a n g u l a r  velocity. Given 8' and D', re-  
spectively, the thickness layer and the molecular  
oxygen diffusion coefficient in this layer, then 

I - C D' /6 '  [3'] 
s ~o r 

Fina l ly  IL is given by  Eq. [2]. Equat ion [8] provides 
then a l inear  relationship be tween 1-1 and fz-Y~, the  
slope of which must  be identical  to the reciprocal of 
that appearing in the Levich equation [Ref. (6)].  Now, 
the exper imental  slope value of 0.15 #A-1 rdl/~ sec-'/2 is 
at variance with the theoretical value of 0.0125. This 
discrepancy will  be discussed later. 

EHD impedance measurements . - -The EHD imped-  
ance method which has been recent ly  proposed for 
the study of electrode processes (11, 12) consists of 
f requency analysis of the current  or potential  response 
of the interface to a small  sine wave modulat ion of 
the angular  velocity. The quanti t ies 8I/5~[y or 5V/Sn]z, 
according to whether  a potentiostatic or galvanostatic 
regulat ion is used, have been predicted (4) in  the 
case of a fast redox reaction occurring at the interface 

8I --3 
- -  : exp (--0.26 pj)  
8f~ v 2~o 

C~-- CO 8 I/3 KI(S) D ms [4] 

1.288 5 A i ( s )  Z 

5V _-- --3 exp ( - -0 .26pj)  
" ~  z 2rio 

c| - -  Co KI  ( s )  
1.28----~ Ai'(s------)) R T ( k f - -  kb) [51 

~2o is the mean  angular  velocity and p = ~/~o, where 
is the modulat ion frequency. Ai(s )  and Ai ' (s )  are the  
Airy funct ion of the first k ind and i ts  first d e r i v a t i v e  
(4), respectively, s = t.57 jp Scl/~; Sc = v/D is  the  
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Schmidt number;  j2 = --1 

~n f ~  5nAi ~3 

4- ~',o(D exl~ ( ~ )  ] d ' 

The definite integrals in the expression of / ~ ( s )  
have been calculated in Ref. (9). ZD is the diffusion 
impedance, R.r the charge transfer resistance, k~ and 
k~ the forward and backward rate constants of the 
redox reaction. Z is the overall impedance, i.e., in- 
cluding the faradaic impedance Z F the electrolyte 

resistance R~ and the double layer  capacity CD. 
In  the present case, the diffusional component is 

identical to the overall  cathodic current,  and it can be 
assumed that  Eq. [4] and [5] established for a redox 
system only, are still valid. 

A salient proper ty  of the ratio 5V/812 is that  for a 
given frequency modulation, its phase shift is constant 
whatever  the polarization point is. 

When the theoretical Eq. [5]  is fitted to the experi-  
mental  data, Sc may, therefore, be determined since p 

is given. The analysis of ~ (Eq. [4] ) yields the 
8~ v 

same information for the region of diffusion plateau 
only and for f requency values in the mid range such 
that  Z~/Z tends towards unity.  

As an example, the diagram displayed in :Fig. 6 
shows the variations of the reduced amplitude A ( p ) /  

,4 (o) and the phase shift 0 vs. p for the quant i ty  ~ , 

at II = 1000 rpm and at the corrosion potential.. The 
measurement  is performed just after immersion of the 
electrode, which is, therefore, still free of corrosion 
products. The best fit of Eq. [5] to the experimental  data 
is found for Se = 615. This leads to an oxygen dif- 
fusion coefficient value of 1.63 10"~ cm~ . see ~ which 
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Fig. 6. Reduced amplitudes A(p)/A(o) and phase lags e of the 
EHD impedance obtained in galvanostatic mode at f~o = 1000 
rpm and at I ---- 0. The measurements are performed just after the 
electrode immersion in the solution. 

is consistent with the steady-state measurements.  Fig- 
ure 7 shows the diagrams obtained under  potentiostatic 
conditions at the oxygen d i tus ion  plateau (E : --914 
mV/SCE)  and for different angular velocities ~o. At 
the velocity ~1o : 200 rpm, the same value of 615 as 
previously obtained is found for Sc. In fact, the rele- 
vant  modulation frequencies w are low and, therefore, 
ZD/Z --> 1. For  increasing 12o values, the adjusted Sc 
values increase. This may  be ascribed to the fact that  
the condition ZD/Z --> 1 is no longer fulfilled, mainly 
because of the presence of a large capacitance (1 mF �9 
cm-2)  in the electrochemical impedance, as demon-  
strated later by the impedance measurements.  

For an anodic current  of 250 ~A �9 cm -2  where the 
layer of corrosion products is homogeneous, the phase 
shift diagrams of the galvanostatic EHD impedance 
have the  form depicted in Fig. 8. These diagrams, ob- 
tained at different 1~o values cannot be reduced to a 
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EHD impedance obtained in potentiostatic mode (E = - -914 
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single curve  vs. p and lead  to the ad jus ted  Sc values  of 
1,500 (~% -- 200 rpm), 4,900 (1%o -- 1,000 rpm), and 20,000 
(1~,o ---- 1,500 and 3,000 r p m ) .  This behavior  has been 
p rev ious ly  p red ic t ed  when  mass  t ransfe r  control  p re -  
vails not  on ly  in the l iquid but  also in a porous l aye r  
adheren t  to the in ter face  (13). 

I t  had then  been demons t ra ted  tha t  the ad jus ted  Sc 
number  is l inked  to the t rue  S c  number  th rough  the 
re la t ion  

6,2 
SCadj. 1/3 ,~  SCtrue 1/3 -~ k �9 a'~ 

D' 

where  6' and D' have  the same definit ion as above. 
To sum up the EHD impedance  m e a s u r e m e n t s  con- 

s idered  be low give more  informat ion  than the s t eady-  
s ta te  measurements  about  the role of the  corrosion 
products  l aye r  concerning mass t ransfer .  

Electrochemical impedance measurements.--As pre-  
viously mer~tioned and unless o therwise  indicated,  
the  e lec t rode  has been he ld  at  zero cur ren t  for 2 h r  
and  at  FLo --  1000 rpm.  The e lec t rochemical  impedance  
has  been measured  in l inear  condit ions (modula t ion  
s ignal  ampl i tude  of a few mil l ivol ts)  at  different  points  
of the  cu r ren t  po ten t ia l  curve, in ga lvanos ta t ic  or  po-  
tent ios ta t ic  conditions.  The Nyquis t  plots (R, - - j G )  are  
gene ra l ly  charac te r ized  by  two capaci t ive  loops which 
a re  more  or  less separa ted  and which  exhib i t  ve ry  low 
character is t ic  frequencies.  In  addit ion,  i t  m a y  be noted 
tha t  the  H F  loop is not  centered on the rea l  axis. These 
points  Will be considered la te r  in the discussion section. 

The influence of different  pa rame te r s  on the im-  
pedance  d iagrams  have  been examined.  

El~ect of the angular velocity ~o . - -An  increase of ~o 
decreases  the d iamete r  of both loops as shown by  the 
d iagrams  in Fig. 9, obta ined in galvanosta t ic  condi-  
tions. In  contrast ,  impedance  measurements  pe r fo rmed  
in potent ios ta t ic  condit ions (where  obviously  I _-- 0 for 

---- 1000 rpm)  exhib i t  an  H F  loop whose ampl i tude  
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Fig. 9. Electrochemical impedance diagrams obtained in galvano- 
static mode (I = 0) and at different rotation speeds. 

and f requency  dependence  a r e  not  modified when s is 
var ied  (Fig. 10). 

El~ect of the oxygen concentration.--By keeping  the 
angu la r  veloci~ty equal  to 1000 rpm, the  same  exper i -  
ment  as before was car r ied  out  wi th  two different  
bubblings,  one wi th  oxygen,  the o ther  wi th  n i t rogen 
(Fig.  11). 

The oxygen  concentra t ion increase  lowers  the  po-  
la r iza t ion  resis tance and p lays  the same role as the  
veloci ty increase  at  a fixed oxygen  concentrat ion.  

EfIect of the hold time at zero current.--Increasing 
the  hold t ime at  zero cur ren t  before  the  impedance  
measurements  leads to an expans ion  of both  loops and, 
therefore,  to an increase of the polar iza t ion  resistance.  
In  addit ion,  a f requency  shift  of the L F  loop towards  
lower  values  is observed (Fig. 12). In  the same way  
the polar iza t ion  resis tance increases  wi th  the  angu la r  
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Fig. 10. Electrochemical impedance diagrams obtained in paten- 
tiostatic mode (E ~ Ecorr when I - -  0 at D, "--1000 rpm) at dif- 

ferent rotation speeds. 
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after different hold times (Q --- |000 rpm). 

velocity that has been imposed during the hold time at 
zero current for a given period of time. 

Finally when the experiments are performed around 
the corrosion potential, two capacitive loops are still 
observed: (i) In the cathodic range, the LF loop di- 
mension increases with overpotential (Fig. 3). (ii) In 
the anodic range, the dimensions of both loops decrease 
with overpotential. 

Above an anodic current of 750 ~A-cm-2 ,  the LF 
loop vanishes and also no influence of the angular 
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Fig. 13. Electrochemical impedance diagrams obtained in gal- 
vanostatic mode for two cathodic overpotentials (.~ = 1000 rpm). 
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Fig. 14. Electrochemical impedance diagrams for anodic over- 
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velocity is observed (Fig. 14) on the remaining HF 
loop. This behavior is qualitatively unchanged what- 
ever the regulation, i.e., galvanostatic or potentiostatic. 

Discussion of  the  Results 
To sum up, the examination of the electrochemical 

impedance diagrams near to the corrosion potential 
leads to the conclusion tha t the interface response 
contains two time constants which are more or less 
clearly separated. 

HF loop.--The values of the HF loop diameter RI, the 
characteristics frequency ~c, the product RII, and the 
capacitance C are reported in Table !. The capacitance 
C has been roughly estimated since the HF loop is not 
centered on the real axis from the characteristic fre- 
quency ~r of the high frequency loop by the relation- 
ship C = (Rz~c)-l. ~c corresponds to the maximum 
value of the imaginary component, and RI is the diam- 
eter of the HF loop. 

The capacitance values C in Table I appear to be ab- 
normally high since, being associated with the HF loop, 
C is likely to be considered as the double layer capaci- 
tance. The other fact previously mentioned is the fre- 
quency dispersiun leading to a flattening of the HF 
loop. To tackle these problems, different hypotheses 
have been put forward independently or concurrently. 

1. As to the high capacitance value: A faradaic ca- 
pacitance relevant to the relaxation of an adsorbed 
intermediate which would interfere with the double 
layer capacitance (14). 

2. As to the frequency dispersion: This behavior 
has often been observed with solid electrodes and is 
generally attributed to the surface heterogeneity 
caused by a distribution of the reaction rate with the 
location on the electrode surface. It has been shown for 
instance on Pt (I4) that such a frequency distribution 
may happen, but the capacitance values (~100 ~F/cm 2) 
are then of the same order of magnitude as that of a 
double layer. 

However, a third cause, which is able to give rise 
simultaneously to effects 1 and 2 may originate from 
both the porous and conductive nature of the powdery 

Table I. Parameter values deduced from the diagrams of Fig. 14. 

IA 
(F~A �9 RI ~e121r R,IA C (~F  �9 
e m  -2) (~  �9 cm~) (Hz)  ( m Y )  c m  -~) 

125 95 • 3 1 +-- 0.25 11.88 ~ 0.38 1800 • 500 
250 66 ~--- 2 1.5 __. 0.25 16.50 +-- 0.50 1664 • 326 
500 45 ---4--- 2 3.2 • 1 22.50 • 1 1244 --~-- 438 
750 33 + 1 3.5 ~-__ 1 24.75 -- 0.75 1515 ---+ 475 

1900 19 "4- 1 7.5 ~'-- 1 28,50 --  1.5 1148 --  212 
3000 11.5 --~ 0,5 14 +-- 1.5 34.50 • 1.5 1007 ~ 151 
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under ly ing  deposi t  r evea led  af ter  hav ing  washed out  
the col loiaal  outer  l aye r  as indica ted  in section "cath-  
odic mass t r anspor t  analysis ."  

In  fact, the powctery s t ruc ture  of this l aye r  is 
c lear ly  subs tan t ia ted  by  a scanning microscopic photo-  
g raph  (Fig. 15) of the interzace a l te r  an anodic hold 
t ime p r io r  to impedance  measurements .  In  addit ion,  
an x - r a y  analysis  indicates  a significant content  of Mn, 
poss ibly  p roduc ing  an electr ical  conduct ivi ty  of this 
l aye r  as suggested also by  the s teady mass t ransfer  
measurements .  The resul t ing  effect is, then, a large  
increase of the specific a rea  in regard  to the p r i m a r y  
cur ren t  d is t r ibut ion  but, wi th  such a s t ructure,  the 
effective a rea  "seen" by  the electr ic  field depends  on 
f requency  and,  therefore ,  is able to give rise to the 
f requency  d is t r ibut ion  and to the high C values  at the 
same t ime (15). 

In  o rder  to check the va l id i ty  of the last  hypothesis ,  
we carr ied  out  the fol lowing procedure;  the capaci-  
tance in pa ra l l e l  for  a phospha te  buffer having  the 
same pH as the NaC1 solution (pH ----6.20) has been  
measured.  The measuremen t  was first pe r fo rmed  on 
-the e lec t rode  surface jus t  a f te r  a polishing. The ca-  
pac i tance  was equal  to 200 ~F �9 cm -2. 

Secondly,  we imposed an anodic cur ren t  of 1 mA 
�9 crn - 2  dur ing  2 hr  in 3% NaC1 so as to genera te  a 
th ick corrosion products  layer .  The capac i tance-was ,  
then, measu red  in the  phosphate  buffer  wi th  and 
wi thout  the  colloidal  l aye r  and finally wi thout  the 
under ly ing  l aye r  ( removed  by  an ul t rasonic  c leaning) .  
The respect ive  values were  1750, 500, and 200 ~ F .  
cm -2. The va lue  of 500 /~F/cm 2 is p r e sumab ly  under -  
es t imated  since a par t  of the powdery  l aye r  is r e -  
moved when t h e  col loidal  l aye r  is washed out. The 
high C value  must  then be p r i m a r i l y  ascr ibed to the 
existence of the  inner  corrosion products  l aye r  

LF loop.--By analogy with  the  d iagrams  cor respond-  
ing to a redox process, cont ro l led  by  diffusion (Randle 's  
circuit), it  would  be t empt ing  to ascr ibe the  LF  loop 
to a r e l axa t ion  of mass  t ranspor t .  However ,  though 

an influence of hyd rodynamic  condit ions can be de-  
tected on this loop, this influence is character ized 
nei ther  by the usual  shape oi a diffusion impedance  

wC~ 2 
(16), nor  by  the re la t ionship  ~ ,~ 2.5 which l inks 

D 
the character is t ic  f requency ~ ,  the Nernst  l aye r  th ick-  
ness 5, and the molecu la r  diffusion coefficient D. 

This may  be expla ined  by  the fact  that, on one hand,  
i t  has been prev ious ly  es tabl i shed  tha t  mass t ransfe r  
takes place  not  only  in the fluid by  convective diffu- 
sion, but  also in the corrosion products  l aye r  by  molec-  
ular  diffusion. 

On the other  hand, due to the mixed  na tu re  of the 
corrosion potent ia l  the equiva lent  circuit  reflecting the 
fa rada ic  impedance v a r i a t i o n s  wi th  f requency  must  
be considered as composed of the cathodic and anodic 
branches  in paral le l .  

As to the cathodic process, the equiva lent  circui t  
is a combinat ion of a resis tance R2 in series wi th  a 
diffusion impedance  ZD, since it corresponds to a redox 
react ion pa r t i a l l y  control led by  mass t ransfer .  For  the 
sake of s implici ty,  the express ion of ZD resul t ing  from 
the Nerns t  hypothesis  wi l l  be chosen (11) 

t h  "V/'~w52/D 
ZD --" RD 

F r o m  the analysis  of the impedance  d iagrams  re -  
corded at an anodic cur ren t  of the o rde r  of 1 m A  �9 cm 2, 
only  one loop is observed.  Therefore,  the  anodic branch  
can be represen ted  by  a resis tance R1 which is ident ica l  
to R~ at high anodic overpotenti.als. This }s confirmed 
in Table I by  the produc t  R~I which remains  close to 
30 mV above 750 /~A. cm 2, indica t ing  a s imul taneous  
t ransfer  of the two electrons.  

To sum up, the uns teady  behavior  of the  in ter face  
can be sa t is factor i ly  represen ted  by  the equiva lent  
circui t  of Fig. 16. The re levan t  d iagrams  have been  
s imula ted  for different  sets of p a r a m e t e r  values.  As an 
example ,  four  typical  d iagrams  are  repor ted  in Fig.  17. 
They d isp lay  similar i t ies ,  as to the  shape and the t ime 
constants  associated with  each loop, wi th  the  exper i -  
men ta l  diagrams,  especiMly those obta ined af ter  differ-  
ent  hold t imes (Fig. 12). 

=> 

| 
q{ 

FI 

Fig. 15. (a) Interface aspect by scanning microscopy after an 
anodic hold time. (b) Energy dispersive x-ray analysis of the corro- 
sion products layer. 
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th 

ZD " R D Cj 
Fig. 16. Equivalent circuit of the interface carbon steel/3% 

NaCI solution, in the vicinity of the corrosion potential. 
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Fig. 17. Simulated electrochemical impedance diagrams accord- 
ing to the equivalent circuit of Fig. 16. C = I inF. I: RI 
150~,; R2 : 150,O,; RD = 5O0D,; ~j2/D = 5 sec. I1:R1 : 150~; 
R2 : 20~;  RD : 50004 82/D : 20 sec. I I1:R1 : 150~; R~ = 
500,; RD : 500~;  ~2/D : 5 sec. IV: R1 : 150H; R2 : 300,q; 
RD : 500~; ~21D : 20 sec. 

According  to the  equiva lent  circuit,  the  d iameter  
R1R2 

of the H F  loop has the value  - - .  This fact  ex -  
R1 -F R2 

plains,  therefore,  why  when using galvanosta t ic  regu-  
lat ion,  an effect of the  angu l a r  veloci ty  on the H F  
loop is observed  though this loop does not  expl ic i t ly  
depend  on mass t ranspor t .  In  fact, when  ~ is var ied,  
a r e su l t i ng  poten t ia l  shif t  of the  in terface  is observed 
and, therefore ,  var ia t ions  of R1 and R2 in the same 

R1R.~ 
direction.  The ra t io  - -  is, then, expected to be 

RI + R~ 
different  as wel l  as the character is t ic  f requency  since 
C is supposed to be  constant .  Now, R2 m a y  be dependen t  
on ~ even for a potent ios ta t ic  regula t ion  when  there  
is a mixed  control  kinet ics  since Co ox c~n increase  up 

1 
to c| when  ~ tends towards  inf ini ty  and R2~ . The 

Co ox 

expe r imen ta l  behav ior  ment ioned  above  would, thus, 
subs tan t ia te  the  hypothesis  expressed  in Ref. (1) ac-  
cording to which the reduct ion  react ion of oxygen  at  
the corrosion potent ia l  would  show mixed  control  (i.e., 
elect ron t r ans fe r -mass  t r ans fe r ) .  In  o rde r  to d isen-  
tangle  the  e l emen ta ry  H F  and LF loops so as to dis-  
p l ay  the i r  ind iv idua l  shapes, we s imula ted  the d ia-  
grams wi th  t ime constants  d i f fe r ing  by  severa l  orders  
of magni tude .  

In  Fig. 18, the s imula ted  d i ag ram shows a semic i r -  
cu lar  H F  loop ascr ibed to the  f requency  response of 

RIR~ 
the pa ra l l e l  associat ion of C and - - .  In  the L F  

R I + R 2  
range,  the  loop which is ma in ly  due to the  re laxa t ion  
of  the mass t rans fe r  process is s t rongly  dis tor ted wi th  
respect  to the  classical  shape of a diffusion impedance  
s imply  because of the  finite v a l u e  of R1 in paral le l .  

-jG(ohm$) 

,iO-2Hm 

�9 i 

80H= �9 " "  
It" eABO ~~176 R(ohm$) 

25 50 '7S i00 125 

Fig. 18. Simulated electrochemical impedance diagram accord- 
ing to the equivalent circuit of Fig. 16. C - -  10-4F;  R1 = 150D,; 
R2 - -  201"),; RD = 500D,; ~2/D - -  100 sec. 

As for  the resul ts  of the mass t ransfer  s tudy,  i t  has 
been shown tha t  the oxygen  diffusion is h indered  by  
the existence of  a porous layer .  This effect mus t  be 
a t t r ibu ted  to the  e x t e r n a l  co l lo ida l  l ayer  of ferr ic  
hyd rox ide  and not  to the  under ly ing  oxide  l aye r  which 
is p r e suma b ly  an electronic conduc to r .  However ,  as 
ment ioned  above, the  d i sagreement  observed  on the 
slope ( i -1 ,  ~-~/~) in Fig. 5 a f te r  an anodic hold t ime 
cannot  be expla ined  by  this in ter face  model.  Concur-  
rent ly ,  the  vanishing of the  diffusional component  at  
low anodic overpotent ia l s  is at var iance wi th  the broad  
poten t ia l  range  of mixed  kinet ics  control  observed  for 
the same reduct ion wave  on p la t inum.  It  must  then be 
s ta ted that  an overconsumpt ion  of oxygen  takes place 
in the v ic in i ty  of the  interface.  This process could be 
the oxidat ion  of the Fe  2+ ions genera ted  in the dissolu-  
tion. In  fact, it  is known tha t  the  Fe  2+ ions cannot  
prec ip i ta te  in our  pH condit ions ( the pH of ful l  p re -  
c ipi ta t ion is h igher  than  9). In  constrast ,  the  pH of 
ful l  p rec ip i ta t ion  of Fe  (OH)3 is h igher  than 3.2, with 
a corresponding p K  equal  to 38. The F e  2+ ions at a 
neu t ra l  pH are  h ighly  reducing  agents so tha t  thei r  
oxida t ion  to Fe  3+ is fast. One par t  of the  oxygen  
molecules close to the  meta l  would, then, be consumed 
in the  chemical  ox ida t ion  of Fe 2+. This process would  
then be enhanced with  the anodic cur ren t  increase 
since a local  increase in Fe  2+ concentra t ion  would in-  
crease the  02 consumption.  The chemical  oxidat ion  of 
Fe  2+ ions is obvious ly  not  a f i r s t -o rder  chemical  re -  
action, in which case one would find again the same 
slope for  the s t ra igh t  l ine  ( i -1 ,  ~_1/~) as tha t  given by  
the Levich relat ionship.  Qual i ta t ive ly  in our  study,  it  
can be assumed that  the effective oxygen concentra-  
t ion c~ is lowered  by  a factor  which is the  more  im-  
por t an t  as the  anodic  overpoten t ia l  increases.  

In  conclusion, this work  provided  f rom both  s teady-  
s ta te  measurements  and  by  the EHD impedance  
method a d i rec t  p roof  of the  occurrence  of  mass t r ans -  
por t  through porous layers  dur ing  the corrosion of a 
carbon steel  in a ne u t r a l  ch lor ide  medium.  

In addit ion,  it  has been shown from a thorough 
analysis  of the  e lec t rochemical  impedance  tha t  the  
corrosion ra te  is control led by  the reduct ion  of dis-  
solved oxygen under  mixed  kinet ics  conditions,  i.e., 
mass t r ans fe r -e lec t ron  transfer .  In  addit ion,  the  L F  
loop, which has been ma in ly  assigned to mass t ransfer ,  
includes as wel l  the influence of the anodic process. 
I t  must  be also emphasized tha t  the measurement  of 
only  the polar iza t ion  resis tance in o rder  to es t imate  
the  corrosion ra te  would  lead  to erroneous values  for 
such a sys tem which is typical  of many  prac t ica l  cor-  
rosion problems.  
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ABSTRACT 

The electrochemical behavior of a carbon steel in 3% NaC1 solution containing 10-2M of diamino-l,2-ethane has been 
investigated using a rotating disk electrode. Both steady-state (current-voltage curves for various disk rotation speeds) and 
transient (frequency analysis of the electrohydrodynamical and electrochemical impedances) measurements have been 
carried out. It was concluded that the oxygen reduction process at the corrosion potential was mainly controlled by 
charge transfer which is at variance with the uninhibited situation. Consequently, polarization resistance measurements 
can be used in this case to estimate corrosion rates. Regarding the mode of inhibition of diamino-l,2-ethane, the data are 
consistent with the chelation mechanism proposed for this type of bifunctional compound; it appears that the inhibitive 
action mainly affects the anodic reaction. 

In previous works (1, 2), corrosion inhibition of a 
carbon steel in a 3 % NaCI solution by aliphatic amino- 
alcohol and diamine type compounds has been studied 
by both weight loss measurements and steady-state 
electrochemical methods. The following conclusions 
have been drawn. (i) The inhibitive efficiency of 
these molecules is only partly due to their alkalinity; 
in addition they exhibit intrinsic inhibitive properties. 
(ii) Correlation between inhibitive efficiency and mo- 
lecular structure suggested that the inhibitor stabilizes 
the ferrous hydroxide film formed on the metal sur- 
face at high pH values. A chelation mechanism is 
likely to take place between organic molecules and 

Key words: interface, disk electrode, organic compound, ki- 
netics. 

ferrous ions in the film Or iron atoms at uncovered 
sites of the surface. 

AS illustrated in the first part of this series (3), im- 
pedance techniques have been shown to provide highly 
useful data regarding the corrosion mechanism of the 
interface studied in Ref. (1, 2) but in the absence of 
inhibitors. I n  the present paper, impedance techniques 
are applied to the corrosion inhibition study by 
diamino-l,2-ethane which appeared among the more 
efficient compounds investigated (2). The role of mass 
transport is analyzed both by means of steady-state 
current-voltage curves in the cathodic range at various 
rotation speeds of the disk and by electrohydrody- 
namical (EHD) impedance measurements. Electro- 
chemical impedance measurements are also performed 
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under  various ,polarization conditions in order to esti- 
mate the anodic and cathodic contr ibutions to the 
corrosion kinetics in the presence of inhibitor.  

It must  be emphasized that these techniques have 
been extensively  applied to the study of corrosion in-  
hibi t ion in acidic media but  much less in neut ra l  ones: 
Moreover, it seems that up to now EHD impedance has 
never  been used in  this field. 

Experimental 
The exper imenta l  procedure is similar to that 

adopted in  the first par t  of this series. Previous to any 
steady-state  or nonsteady-s,tate measurement ,  the 
electrode is held for 2 hr at its free corrosion potential  
at a rotation speed of 1000 rpm. Since a concentrat ion 
of 10-2M of d iamino- l ,2 -e thane  in a 3% NaC1 solu- 
tion results in a pH value of 10.85 (2), a comparative 
test was performed by adjust ing the pH to the same 
value as that  of an inhibi tor-f ree  solution by means 
of a small  addition of 0.5M NaOH. "Pro analysis" 
grade (Merck) d iamino- l ,2 -e thane  was used. All 
other exper imental  conditions are identical  to those 
described in the first par t  of this series. 

Results 
Steady-state and EHD impedance.--Current-voltage 

curves.--The steady-state current-vol tage  curve in the 
cathodic range in a solution containing 10-2M diamino- 
1,2-ethane at a rotat ion speed of 1000 rpm is shown 
in  Fig. la. The dashed curve, c, corresponds to an  in -  
h ibi tor- f ree  solution at its na tu ra l  pH value of 6.20. 
A comparison of curves a and c already shows that 
the inhibi tor  gives rise to a shift of the corrosion 
potential  in the anodic direction and to a possibly 
more marked region of mixed kinetic control of oxy-  
gen reduction. It  is worth not ing also that in contrast 
to the uninhib i ted  solution the l imit ing current  den-  
sity is close to the value predicted by the Levich 
equation for a un i formly  reactive surface (see first 
part  of this series (3)) .  Curve b in Fig. 1 is obtained 
in the inhibi tor- f ree  NaC1 solution, the pH of which 
was adjusted to 10.85 by means of 0.5M NaOH. From 
the view point of both corrosion potential  and l imi t ing  
current  density, curve b is located between a and c. 

Figure 2 shows the dependence of the cathodic 
current-vol tage on the rotat ion speed of the disk. At 
potentials more cathodic than --900 mV/SCE, a l imit ing 
current  density is observed obeying the Levich equa- 
tion whereas the anodic current,  as in absence of in-  
hibitor, is near ly  independent  of the rotat ion speed 
(Fig. 3a). It must  be emphasized that equating the 
corrosion current  to the cathodic l imit ing current  
(Fig. 1) would lead to the con.clusion that the addition 
of inhibi tor  increases the corrosion rate in contradic- 
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ethane (10-2M). 9, ~ 2400 rpm ( e ) ,  1000 rpm (A) ,  600 rpm 
(+). 
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Fig. 3. Anodic current-voltage curves plotted in galvanostatie 
mode. (a) With diamino 1,2-ethane (10-'~M); pH ~ 10.85; ~ 
600 and 2400 rpm, (b) check sample; pH ~ 10.85 (adjusted by 
0.5M NaOH); 9, ~ 1000 rpm, and (c) check sample; pH ~ 6.20; 

~ 1000 rpm. 

tion to weight loss data (2). This surpris ing result  
can be explained by considering the relative position 
of the anodic curves shown in Fig, 3. Increasing the 
pH of the solution from 6.20 to 10.85 increases the 
overvoltage in the immediate  vicini ty of the corrosion 
potential;  addition of inhibi tor  has a similar effect 
but  more marked. Above- approximat ively  750 /~A. 
cm -2, the anodic current  density values in  all cases 
scarcely change. 

EHD impedance.--Before any measurement ,  the elec- 
trode is allowed to corrode for 5 hr at its free cor- 
rosion potential.  Figure 4 shows the phase lag ~ as a 
funct ion of dimensionless f requency p, relative to 
8V/5alz for various rotat ion speeds ~2o and polariza- 
tion conditions. For comparison purposes the hachured 
region corresponds to the data obtained with an in-  
hibi tor  concentrat ion of 5 �9 10-3M (600 < 12o < 3000 
rpm a n d S =  400 and 800 ~A). 

In Fig. 5, the dimensionless modulus A ( p ) / A  (o) and 
the phase lag 8 have been reported as functions of 
dimensionless f requency p, relative to 8I/5~2]v at the 
half -wave potent ial  (E -- --714 mV/SCE)  for various 
speeds ao. 

The Schmidt numbers  for the re levant  ~o values 
fitted from these data are, respectively, Sc = 1500 
(fro = 200 rpm) ,  2500 (ao = 1000 rpm) ,  2750 (ao = 
150.0 rpm) ,  and 3750 (~o = 3000 rpm) .  

Finally,  EHD impedance diagrams for potentio- 
static regulat ion in the cathodic range at a constant 
rotat ion speed are shown in Fig. 6. The fitted values 
of the Schmidt n u m b e r  corresponding to the different 
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Fig. 5. Reduced amplitudes A(p)/A(o) and phase lags # of the 
EHD impedance obtained in potentiostatic regulation at E = 
--714 mV/SCE. ~o = 200 rpm ( ~ ) ,  1000 rpm ( O ) ,  1500 rpm 
(A) ,  300 rpm ( •  

polarization co,nditions in the inhibited solution are: 
510 (E _-- --914 mV/SCE); 1500 (E = --714 mV/SCE) 
3400 (E = E corr). These different behaviors will be 
discussed in the discussion section. 

El, ectrochemical impedance.--The elect rochemical  
impedance  d i ag ram obta ined  in galvanosta t ic  r egu la -  
t ion at  zero d -c  cur ren t  and d i sp layed  in Fig. 7 is 
typ ica l  of the  set of d iagrams  in the  presence of 
d iamino- l ,2 -e thane .  By compar ison wi th  resul ts  f rom 
an uninhib i ted  solut ion (3), i t  is observed that :  (i) 
the re  only  remains  one capaci t ive  loop wi th  a very  
low character is t ic  frequency.  In  fact, the second loop, 
p rev ious ly  assigned to the  molecu la r  diffusion of oxy-  
gen through a porous  l aye r  bui l t  up by  corrosion, has 
vanished;  (ii) the  polar izat ion resis tance is g rea t ly  
increased.  To examine  the in t r ins ic  influence of the  
inh ib i to r  a lka l in i ty  (pH = 10.85), impedance  mea -  
surements  have been pe r fo rmed  in the  un inh ib i ted  

6os o.~ 01:, o.s i 
p = W / . ~  o 

Fig. 6. Reduced amplitudes A(p)/A(o) and phase lags e of the 
EHD impedance obtained in potentiostatic regulation at K~o = 200 
rpm. E (mV/SCE) - -  - -914 (1), - -714 (2), Ecorr (3). 
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Fig. 7. Electrochemical impedance diagram corresponding to gal- 
vanostatic regulation at I = 0 and ~ - -  1000 rpm after a hold 
time of 2 hr. Solution 3% NaCI -f- diamino-l,2-ethane (10-:~M); 
pH - -  10.85. 

medium but  a t  the same pH ad jus ted  by  NaOH; the  
r e l evan t  d i ag ram plot ted  in Fig. 8 presents  the  same 

f o r m  as tha t  of Fig. 7 wi th  an increas ing character is t ic  
f requency  and a decreas ing polar iza t ion  resistance.  

The d iagrams p lo t ted  for  potent ios ta t ic  regula t ion  
at  the corrosion potent ia l  (E = Ecorr) a re  not  in-  
fluenced by  the ro ta t ion  speed va lue  as shown in 
Fig. 9; the same resul t  holds at  I ---- 0 in ga lvano-  
stat ic regulat ion.  

In  the cathodic potent ia l  range,  one capaci t ive loop 
is observed,  the  dimension of which decreases wi th  
overpoten t ia l  (Fig. 10) in s tep wi th  the local  slope 
of the cur ren t -vo l t age  curves but  which is at var iance  
wi th  the uninhib i ted  si tuation.  At  low cathodic over -  
Potentials  (lc - -  125 ~ A .  cm -2)  the  polar iza t ion  r e -  
sistance is found s l ight ly  h igher  only  than  wi thout  
inhibi tor .  This r a t h e r  surpr i s ing  resul t  wi th  respect  
to the  common use of Rp to eva lua te  the  inhibi t ing  
effect wil l  be considered in the  discussion section. 

In the  anodic poten t ia l  range,  the capaci t ive  loop 
becomes smal le r  as the  overpoten t ia l  increases  (Fig. 
11). Below 750 ~ A .  cm-~,  the capaci t ive  loop d i am-  
e ter  is h igher  than  tha t  measured  in the  absence of 
inhibi tor .  Above  this current ,  no influence of the 
inh ib i tor  on this d i ame te r  va lue  is detected,  in agree -  
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Fig. 8. Electrochemical impedance diagram corresponding to gal- 
van�9 regulation at I ~ 0 and D, ~ 1000 rpm. Solution: 3% 
NaCI; pH = 10.85 (adjusted by 0.SM NaOH). 
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Fig. 9. Electrochemical impedance diagrams corresponding to 
potentiostatic regulation (E ~- Ecorr) for two rotation speeds. So- 
lution: 3% NaCI ~ diamina-l,2-ethane (10-~M). 

ment  with the local slope of the current-vol tage curves. 
However, a more pronounced flattening of the dia- 
grams can be observed above 500 ~A.  cm -2. Concur-  
rently,  the average potential  changes with t ime so 
that the diagrams cannot be obtained in  pure steady- 
state condit ions,  and the resul t ing dispersion may be 
ascribed to an increase of the impedance elements 
with time. 

Discussion 
EHD impedance data.--Considering the case of a 

galvanostatic regulat ion (Fig. 4), the phase lag 0 re-  
mains unexpectedly  high when the frequency modu-  
lat ion tends toward zero. However, this l imit ing phase 
lag value at zero f requency is smaller  at the most 
cathodic potent ial  (curve A) .  Besides, the data ob- 
tained with an inhibi tor  concentrat ion of 5 �9 10-SM 
(hachured region of Fig. 4) show that  the low fre-  
quency l imit  is actually zero. 

In  contrast, the "high frequency" data (p ~ 0.1) 
fit the curve ( . . . . .  ) adjusted with Sc ---- 550 when 
Ec ~ --836 mV/SCE, a value which was found for 
the oxygen reduction taking place on a wholly re- 
active electrode surface. At lower cathodic potentials, 
the adjusted Sc values increase. This t rend is more 
conspicuous at an inhib i tor  concentrat ion of 5 �9 10-SM. 
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Fig. 10. E/ectrochemical impedance diagrams corresponding to 
galvanostatic regulation at two cathodic overpotentials and at 
- -  1000 rpm. Solution: 3% NaCI ~ diamino-l,2-ethane (10-2M). 
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Fig. 11. Electrochemical impedance diagrams corresponding to 
galvanostatic regulation at different anodic overpotentials and at 
D, = 1000 rpm. Solution: 3% NaCI ~ diamino-l,2-ethane 
(10-~M). Left column, from tap to bottom: IA ~ 125, 250, 500 
~A cm -2. Right column, from top to bottom: IA ---- 750, 1500, 3000 
#A cm-~. 

The analysis of these results led us to the hypothesis 
that the constant LF phase lag (,.,40 ~ whatever  the 
rotat ion speed ~o, arises from the coverage re laxa-  
t ion of the inhibi tor  with potential  modulation,  oc- 
curr ing with a galvanostatic regulation. It  must  be, 
furthermore,  noticed that with a potentiostatic regu-  
lat ion (Fig. 5 and 6) the l imi t ing LF phase lag is zero 
since in this la t ter  case there is no potential  modula-  
tion. The decrease of this l imit ing phase lag in gal- 
vanostatic regulat ion when Ec -~ --1050 mV/SCE 
(Fig. 4 curve (A) )  would then indicate a lower in -  

hibi tor  adsorption when the cathodic overpotential  
increases�9 As previously mentioned,  the Sc value 
(550) can also be interpreted by  the fact th~at there 
is no meaningful  "layer effect" caused by the accumu- 
lat ion of corrosion products. 

On the contrary,  when the overpotential  is less 
cathodic than --764 mV/SCE, the increasing adjusted 
Sc values may be assigned as in  Ref. (3) to the exist- 
ence of a corrosion products layer. However, this 
layer  appears to be much less  h inder ing  in  regard 
to the molecular  diffusion of oxygen when the in -  
hibitor  concentrat ion is 10-2M instead of 5 .  10-SM 
since in the la t ter  case the Sc values increase with 
~o. This effect is obviously more impor tant  in the 
absence of inhibi tor  (3). 

I t  seems, therefore, difficult to unambiguous ly  ex-  
plain the EHD impedance diagrams in potentiostatic 
conditions either by the existence of a porous layer 
or by a mixed kinetics control of the oxygen reduct ion 
since there is no fair reducibi l i ty of the data in p co- 
ordinates nei ther  when Ec nor  ~o are varied. How- 
e~er the p reducibi]i ty when keeping Ec constant  at 
different ~o values (Fig. 5) is much more satisfactory 
than the p reducibi l i ty  when  ao  is kept  constant and 
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Vr var ied  f rom Vcorr to the diffusion p la teau  condi-  
t ions (Fig. 6). 

The p reva i l ing  e lec t ron- t rans fe r  control  of the oxy-  
gen reduct ion  is, therefore,  h k e l y  to be the  more  ap-  
p ropr i a t e  exp lana t ion  of the EI-iD impedance  da ta  in 
the  v ic in i ty  of the  corrosion potentia[ .  In  addit ion,  i t  
must  be emphasized that  the potent ia l  or  cur ren t  r e -  
sponses to the veloci ty  modula t ion  at  Ecorr are  very  
weak  and needed to be measured  wi th  high gain 
amplifiers.  

F r o m  the e lec t rochemical  impedance  data,  i t  ap -  
pears  tha t  only  one t ime constant  remains  in the 
v ic in i ty  of the corrosion potent ia l ;  the  low f requency 
loop, ar is ing f rom the molecu la r  diffusion of oxygen 
through  the l aye r  of corrosion products ,  has accord-  
ing ly  vanished.  In  addit ion,  the impedance  d i a g r a m s  
a t  the corrosion poten t ia l  for e i ther  potent ios ta t ic  or  
gahmnosta t ic  condit ions are  not  influenced by  the 
ro ta t ion  speed. 

The values  of the  loop d iamete r  RI, the c h a r a c t e r '  
ist ic f r equency  ~ as de te rmined  by  the same p ro -  
cedure  a s  in the  first pa r t  of this series (3),  the p rod -  
uct  Ri/a,  and the capaci tance C are  repor ted  in Table 
I. I t  mus t  be  p o i n t e d  out tha t  these capaci tance values  
a re  much Iower than  those repor ted  wi thout  inhibi tor  
(--2 i n F .  cm -2) at  low anodic overpotent ia ls ,  but  
s ignif icant!y h igher  than the value  of 200 ~ F .  cm-~  
found on a surface p rac t i ca l ly  free f rom corrosion 
products  in a phospha te  buffer solut ion (3). High ca-  
paci tance values  typica l  of un inh ib i ted  solutions are  
found again  when  the cur ren t  dens i ty  IA reaches 3 0 0 0  

~A ~ cm-% This result ,  in agreement  wi th  the 
EHD impedance  data,  subs tant ia tes  the  presence of 
both  dissolut ion products  and  inhib i tor  on the metal l ic  
surface.  In  fact, i t  seems difficult to conceive tha t  
even in the  presence of a good inh ib i tor  [94% effi- 
c iency has been measu red  at  10-fM concentra t ion of 
this  compound (2)]  the meta l  surface remains,  s t r ic t ly  
speaking,  free f rom corrosion products  a f te r  a 5 h r  
immers ion  t ime. However ,  the  s t ruc ture  and com- 
posi t ion of this film must  be different  f rom those ob-  
served  in the  absence of inhibi tor ,  also because of the  
solut ion pH change d u e  t o - t h e  inh ib i tor  (10.85 in-  
s tead of 6.20). 

Concerning the res is tance RI, which identifies i tself  
here  wi th  the polar iza t ion  resis tance R m the sal ient  
f ea tu re  is its nonmonotonous  var ia t ion  wi th  the  over -  
potent ial .  Indeed,  RI decreases f rom the corrosion 
po ten t ia l  when  both  the  cathodic or  anodic overpo-  
tent ia ls  are  increased.  Such a behav ior  suggests that  
the  kinet ics  of the e l emen ta ry  cathodic and anodic 
processes ar  e m a i n l y  unde r  e lect ron t ransfe r  control;  
the value  of  the polar iza t ion  resistance exp res sed  in 
te rms of the  equiva len t  circui t  e labora ted  in the first 
par~ of this series (3) is equal  to the charge t ransfer  

RIR2 
r e s i s t a n c e  - -  (R1 and R2 are  the  charge  t r a n s -  

R 1  + R2 
fer  resistances,  respect ively ,  associated with  the e le-  
m e n t a r y  anodic  and cathodic processes) .  Since R1 and 
R2 are  exponen t ia l  functions which ac tua l ly  va ry  in 
opposi te  direction~ wi th  potent ial ,  i t  is expected that  

the  quan t i t y  R1R..________.~2 reaches  a m a x i m u m  value  at  
R1 4-  R_9 

or nea r  to the corrosion potent ia l .  In  this case only.  

Table I. Parameter values deduced from the diagrams of Fig. 10 

ZA 
( ~ A  �9 /~x ~ / 2 ~ r  Rd~  C ( ~ F  �9 
cm ~) (0 �9 cmD (Hz) (mV) cm-D 

12~; 390 ~ 10 1.5 - -  0.1 4875  • 1.25 275 • 25 
250 310 ----. 20 3,2 -- 0.5 77.5 • 2.5 166 • 36 
50(], 85 + 3 4.5 • 0.5 42.5 - -  1.5 423 • 6i  
750 49 -4-1 8 - -  1 35.75 • 0.75 415 ~ 60 

1500 20.5 ----- 0.5 12 • 1 30.75 • 0.75 655 • 70 
300@ 11.5 • 0.5 12 • 1 33.5 + 1.5 1170 • 150 

a consistent  re la t ionship  is found be tween  the po la r i -  
zation resis tance va lue  and the observed corrosion 
ra te  in the presence of the inhibi tor .  

F inal ly ,  a be t te r  insight  of the action mode of this 
type of inh ib i tor  can be afforded by  analyzing these 
different  results.  An  inh ib i tor  is usua l ly  classified as 
anodic, cathodic, or mixed  according to the r e l evan t  
corrosion potent ia l  shift. In the  present  case. such a 
cr i ter ion is meaningless  because even in the a b s e n c e  
of inhibi tor  a shift  of Ecorr is caused by  the accumula-  
t ion of corrosion products  on t h e  electrode.  I t  is, 
therefore,  necessary to examine  the effect of the in-  
h ib i tor  on the whole cu r ren t -vo l t age  curve. 

At  high cathodic overpotent ia ls ,  the in terface  be-  
haves a s  a bare  surface as demons t ra ted  by  both the 
cu r ren t -vo l t age  curves and the EHD impedance  mea-  
surements;  in par t icular ,  the Levich equat ion applies  
on the cathodic p la tea  u (Fig. 2) which precludes  any 
meaningfu l  b locking process at  the interface.  

In  contrast ,  in the catlmdic range  or near  to the 
corrosion potent ia l  a s t rong effect is p rov ided  by  di-  
a m i n o - l , 2 - e t h a n e  on the cu r ren t -vo l t age  curves and on 
the e lec t rochemical  impedance  d iagrams as well.  The 
inhibi t ing  act ion does not ex tend beyond ! m A  �9 cm -2 
p robab ly  as a resul t  of d is rupt ion  of the pro tec t ive  
layer .  

Therefore,  i t  mus t  be in fe r red  that  the  d i amino- l , 2 -  
e thane and more  genera l ly  this t ype  of b i funct ional  
compound having  a chela t ion effect, can be essent ia l ly  
regarded  as anodic inhibi tors .  

As ment ioned previously ,  the  d iagrams of Fig. 7 and 
8 exhibi t  the same features,  and, hence, the  e lect ro-  
chemical  behavior  of carbon steel  in both  solutions is 
p r e sumab ly  identical ,  though the pH increase alone 
does not  p rovide  such a pro tec t ive  effect as tha t  due to 
d iamino-  1,2-ethane. 

This conclusion is confirmed when considering the 
s imi lar  values of the product  RIIA found with  and 
wi thout  inh ib i to r  (RIIA measurements  pe r fo rmed  
wi thout  inh ib i tor  at a pH of 10.85 lead also to an ave r -  
age va lue  of 35 mV) .  The inhib i tor  action can, then, be 
c lear ly  descr ibed  as a dras t ic  reduct ion  of the  act ive 
area  of dissolution wi thout  modification of the  anodic 
mechanism. The resul t ing  h igh ly  localized d is t r ibu t ion  
of d -c  cur ren t  on the anode  can also provide  an ex-  
p l a n a t i o n  for the  unusua l ly  depressed semicircles 
shown in Fig. 11. 

This analysis  is consistent  wi th  previous  assump-  
t ions regard ing  the inh ib i t ing  act ion of such a type  of 
compound; the inhibi tor  is ab le  to s t rengthen  and fill 
in the "prepass ive"  l aye r  of F e ( O H ) ~  f o r m e d  by  the 
pH increase of the solution, as wel l  as to d i rec t ly  make  
bonds wi th  the atoms of the bare  fract ion of the metal .  

Conclusions 
The fol lowing points  can be emphasized:  (i) by  com- 

b in ing  s teady-s ta te  cu r ren t -vo l t age  curves at  var ious  
ro ta t ion  speeds of the disk and nons teady-s t a t e  tech-  
niques (e lect rochemical  and e l ec t rohydrodynamica l  
impedances ) ;  i t  has been es tabl ished tha t  at open-  
circuit  corrosion poten t ia l  the ra te  of o x y g e n  reduc-  
tion is ma in ly  under  charge t r a n s f e r  control;  (ii) con- 
sequently,  and in contras t  to the  noninhib i ted  s i tua-  
t ion (3),  polar iza t ion  res is tance measurements  can be 
used to eva lua te  the corrosion rate;  (iii) f rom a genera l  
viewpoint ,  the  da ta  a re  consistent  wi th  the chelat ion 
mechanism prev ious ly  proposed  for  inhibi t ion b y  this 
k ind  of organic  compound;  i t  is now clear  tha t  this in-  
h ibi t ing effect is ma in ly  res t r ic ted  to the anodic re -  
action; (iv) more  quant i t a t ive  conclusions can be 
expec ted  f rom a numer ica l  analysis  of  the  data ;  this  
work  is in progress.  

Manuscr ip t  submi t t ed  Jan.  4, 1982; rev ised  m a n u -  
script  received ca. Nov. 30, 1982. 

A n y  discussion of this p a p e r  wil l  appea r  in a Dis-  
cussion Sect ion to be publ i shed  in the December  1983 
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JOURNAL. All  discussions for the December 1983 Dis- 
cussion Section should be submit ted by Aug. 1, 1983. 
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Blue Sputtered Iridium Oxide Films (Blue SIROF's) 
Karam S. Kang* and J. /. Shay* 

Bell Laboratories, Holmdel, New Jersey 07733 

ABSTRACT 

We report on the preParation and properties of"blue"  sputtered iridium oxide films (blue SIROF) and compare their 
properties with those of previous "black" SIROF's as well as anodically grown iridium oxide films (AIROF's). Blue 
S IROF's are prepared by reactive d-c sputtering of iridium in argon/oxygen, 80/20 mixture, at deposition rates of about 200 
s onto substrates held at 238 K. The physical properties of blue SIROF show characteristics similar to AIROF's. In 
contrast to SIROF's previously deposited in pure oxygen onto substrates held at 289 K, the new films have an optical ab- 
sorption spectrum which peaks at 610 nm. The cyclic voltammograms, the magnitude of the electronic conductivity change, 
and their density are closer to those of AIROF's than previous SIROF's. As electrochromic display electrodes, the blue 
SIROF's have an improved open-circuit bleached state and written-state memory, as well as an improved appearance. 

Electrochromism in both AIROF's  (1-6) and SIROF's 
(7-10) have been studied for their  potential  applica- 
t ion in passive displays. The main  at tract ion of the 
i r id ium oxide-aqueous electrolyte (0.5M H2SO4) sys- 
tem compared to other candidates, e.g., WO3, V205, 
MoOa for passive display technologies (11, 12), is in its 
rapid color-bleach cycle and its chemical stabil i ty in 
aqueous electrolyte. At room temperature,  an AIROF, 
170 n m  thick, exhibits a reflectance contrast change, 
~R/R, of 60% at 45 ~ angle of incidence and wavelength 
of 546 nm in 40 msec, under  an anodic potential  of IV 
vs. saturated calomel electrode (SCE), in 0.5M H2SO4 
(1). The ~OD is 0.3 in normal- inc idence  double-pass 
for a charge densi ty of 20 mC/cm 2. The fully bleached 
state is also obtained in 40 msec under  cathodic poten-  
tial of 0V vs. SCE. 

For SIROF's on conducting semit ransparent  glass, 
complete bleaching and coloring occurs wi th in  280-150 
msec in response to higher  potential  limits from 
--0.25 to 1.05V vs. SCE, respectively (9). A ~OD of 0.45 
is obtained between the colored and bleached states, 
wh}ch is equivalent  to 0.9 in a device configuration 
with a diffuse scatterer. If the response t ime is arbi-  
t rar i ly  defined as the time dur ing  which the first 2/3 
of the total ~OD occurs, then the response times are 
comparable to those of AIROF. However, the fast 
response times are not obtained immediate ly  on opera- 
tion of a freshly deposited SIROF (900A thick film), 
but  only after the film has swelled by hydrat ion.  F i lm 
thickness change can be as much as 75% (10) of the 
freshly deposited SIROF. Freshly  deposited SIROF 
suffers from a perceivable residual  coloration which is 
not removed electrochemically (12). Preparat ion of 
improved SIROF's which can be electrochemically 
bleached to 100% has been reported (9): The init ial  
coloration of the bleached state remains unt i l  the 
SIROF has been cycled a few times between --0.25 and 
1.05V vs. SCE in 0.5M H2SO4. 

The macroscopic and microscopic s tructure of AIROF 
is not replicated in SIROF's, main ly  because each is 
prepared under  different conditions. The AIROF is 
electrochemically grown in 0.5M H2SO4 by cycling, 
e i ther  the bulk i r idium metal  electrode between --0.25 
and 1.25V vs. SCE, for which a typical growth rate is 75 
A / m i n  (13), or i r idium film evaporated on SnO2 
coated glass substrates (4). These films are porous, 
containing a high concentrat ion of H20 in the pores and 

* E l e c t r o c h e m i c a l  So c i e ty  Act ive  M e m b e r .  

bound in  the lattice s t ructure  (3, 14). On the o t h e r  
hand, reactive SIROF's prepared on t ransparen t  con- 
ductors, ei ther ind ium t in oxide (ITO) or SnO2, in the 
absence of high concentrat ions of H20 are not macro- 
scopically porous (15). The fast electrochromism in 
an AIROF is a t t r ibuted to its porosity (1, 3) and in  a 
SIROF to its amorphous s t ructure  (15). Two different 
electrochromic coloring mechanisms have been pro- 
posed. One is based on cation extraction (1, 3 ) d e -  
scribed by the reaction 

color 
I r ( O H ) 8 - - H  + - e -  ~ > I r O 2 . H 2 0  [1] 

bleach 

and the second is based on anion inser t ion (5) de- 
scribed by  the reaction 

color 
I r (OH)8 -F O H -  -- e -  < * IrO~ �9 H20 [2] 

bleach 

Irrespective of whether  it is proton extraction, Eq. [1], 
or O H -  insertion, Eq. [2], the bleached state is 
Ir(OH):8 and the colored state is IrO~ �9 H20. 

We report here deposition conditions for prepar ing 
SIROF's having properties similar  to AIROF's both 
optically, i.e., blue in appearance, and electrically, i.e., 
similar  voltammograms.  These "blue" SIROF's have a 
density intermediate  between that of AIROF's  and 
SIROF's. We show that  the blue color results from a 
critical packing densi ty of i r idium oxide in  bound 
water  dur ing preparation.  As a consequence of this 
lower density, blue SIROF's can be ful ly bleached on 
the first cycle, in contrast to SIROF's which hydrate  
and become more completely bleached as they are 
cycled many  times. 

Experimental 
Previously reported (7-10) SLROF's were prepared 

in a Cooke Model C-70-6-4B vacuum system, with 
downhil l  rf sput ter ing in 2 #m Hg oxygen pressure. 
The deposition rate at a power densi ty of 0.7 W/cm~ 
was 10 A/min .  We have prepared similar films by 
uphi l l  d-c reactive sput ter ing from a 7.6 cm ir idium 
target. A 0.015 in. thick i r idium metal  sheet is mounted 
on 5 mm thick stainless steel target  backing with con- 
duct ing epoxy bonding cement. The target  backin~ is 
screwed onto a 2 in. diam water-cooled copper pla t -  
form with thermal  joint  compound. A Pyrex glass dark 
space shield, 8.6 cm in terna l  diam at the target, sur-  
rounds the copper platform and stands 3 mm above 



Y'o[. I30, No. 4 BLUE S I R O F ' s  767 

the i r id ium target .  The i r id ium targe t  was p respu t t e red  
in 20 #m Hg oxygen pressure .  At  1.6 kV, the high 
p la sma  cur ren t  of 7 m A  for t a rge t - shu t t e r  dis tance of 
5.5 cm is due main ly  to the secondary  electrons.  D-C 
sput te r ing  onto a wa te r -coo led  subs t ra te  at 6.5 cm 
above the ta rge t  was car r ied  out in 20 #m Hg oxygen 
pressure ,  at  2 kV and 13 mA, and a deposi t ion rate  o~ 30 
A/min .  SIROF's  p repa red  by  this method  were  also 
meta l l ic  and showed a featureless  cyclic vo l t ammo-  
g r am in 0.SM H2SO4. The absorpt ion  spec t rum was also 
featureless ,  the  film being nea r ly  black.  ~ i lm adhesion 
and the absence of a background  res idual  color in the 
b leached s tate  were  not  consis tent ly  reproducible .  The 
cause of  poor  adhesion was pa r t i a l l y  a t t r ibu ted  to the 
changing condit ions of the  target .  Dur ing  the p respu t -  
ter, S IROF deposi ts  accumula ted  on the r im of the 
i r id ium targe t  shadowed by  the da rk  space shield. 
These deposi ts  a re  powdery  and are  incorpora ted  into 
the f i lm by  spu t t e r ing  and by  electrostat ic  lev i ta t ion  
in the  plasma.  F i lms  could be easi ly  wiped  off on re -  
moval  to the  a tmosphere  or more  f r equen t ly  af te r  cy-  
cling in 0.5M H2SO4. F i l m  dissolut ion would be indi -  
cated by  deposi ts  appear ing  on the t r anspa ren t  con- 
ductor  exposed in the electrolyte .  The adhesion can be 
improved  by  p respu t t e r ing  at  a h igher  pressure  and 
power  dens i ty  than  dur ing  the SIROF film deposit ion.  

D-C sput te r ing  of i r id ium oxide in a rgon /oxygen  
mix tures  at  h igh rates  of deposi t ion onto cooled sub-  
s t ra tes  resul ts  in "blue" SIROF's .  Subs t ra tes  for blue  
SIROF deposi t ion are  mounted  on a copper  p la t fo rm 
wi th  wa te r -coo l ing  facil i ty.  A stainless steel  sheet  
(wi th  d i f ferent  size cutouts  for va ry ing  subs t ra te  
sizes) is used to ho ld  the subs t ra te  al l  a round  the edges 
such that ,  (i) it  is held evenly  and t igh t ly  wi th  the r -  
ma l ly  conduct ing pas te  against  the cooling pla t form,  
and (ii) the copper  is not  exposed to the plasma, as i t  
m a y  be a source of contaminat ion.  A chamber  p res -  
sure of 2 X 10 -7 Torr  is obta ined before  beginning  
the presput te r .  To avoid oil vapor  backs t reaming,  l iq-  
uid  n i t rogen is cons tan t ly  main ta ined  in the diffusion 
pump cold trap.  The i r id ium targe t  is p respu t t e red  in 
40 tm~ Hg of high pur i ty  a rgon at  2.5 kV for 15 rain. 
At  this pressure  and vol tage  setting, the p lasma cur-  
ren t  is 8 mA. As the ma te r i a l  deposi ted  on the i r id ium 
ta rge t  f rom the previous  run  is spu t te red  off, the 
p lasma  cur ren t  reaches a s teady va lue  of 10 mA. The 
effective a rea  of ta rge t  c leaned is 90% of the total  area. 

The subs t ra te  is now cleaned in situ for 25 rain using 
the Ion Tech B25W saddle  field ion source (16-18) 
and B50 power  supp ly  opera ted  at  5 kV/5.6 m A  which  
gives an ion beam cur ren t  of 140 t~A in 1.6 • 10 -4 Torr  
of Ar/O~, 80/20 mix ture .  Fol lowing  the subs t ra te  
cleaning,  the chamber  pressure  is ra ised to 33 ~m Hg 
of Ar /Of ,  and the subs t ra te  is cooled at  7~  by  
pass ing l iquid n i t rogen th rough  the wate r -coo l ing  
coils. S imul taneous ly ,  a second presput te r ,  in 33 ~m Hg 
of Ar/O2, 80/20 mix tu re  is commenced at  2.5 kV and 
6.5 mA. P re spu t t e r  is ma in ta ined  for 10 min  whi le  
t he rma l  equ i l ib r ium and subs t ra te  t e m p e r a t u r e  of 
--35~ are  obtained.  Under  these conditions,  sput te r ing  
is f rom 75% of the  ta rge t  area.  Exposing the subs t ra te  
to the p l a sma  resul ts  in a deposi t ion r a t e  of 200 A /min .  
F i lm thickness  and deposi t ion ra te  are  moni tored  on a 
wa te r -coo led  quar tz  c rys ta l  wi th  an INFICON th ick-  
ness and r a t e  moni to r  Model  XTM. Subs t ra te  t empera -  
ture  is he ld  at --35 ~ _--+ 3~ measured  on the front  face 
of the  substrate ,  by  ad jus t ing  the ra te  of l iquid n i t ro -  
gen flow. 

I m m e d i a t e l y  fo l lowing the sput te r ing  period,  the 
c hambe r  is evacua ted  and then  refi l led wi th  300 ~m Hg 
of oxygen,  du r ing  which t ime the subs t ra te  t empera -  
ture  decreases  to --80~ I t  is a l lowed to wa rm up to 
room t e m p e r a t u r e  before  le t t ing  the  system up to 
n i t rogen  a tmosphere .  

We have  observed  tha t  hea t ing  b lue  SIROF to 50~ 
in vacuum, which  p r e sumab ly  dr ives  off some water ,  

resul ts  in films of s imi lar  opt ica l  chracter is t ics  as 
SIROF. F i lm deposi t ion under  d r y  conditions obta ined 
by  p rebak ing  the in te rna l  f ixtures and the bel l  j a r  re -  
sult  in films which do not  show blue color. A t t empt s  to 
incorpora te  wa te r  by  cooling the subs t ra te  to lower 
tempera tures ,  such that  more  wate r  adsorbs onto the 
substrate ,  produced lower  dens i ty  fi lms of poor ad-  
hesion. Hence, the wa te r  vapor  pressure  in the system 
must  be control led  wi thin  cri t ical  l imits  to reproduc i -  
b ly  obtain adhering,  b lue  SIROF's .  

Blue SIROF Characterization and Discussion 
Fi lm thickness is checked using a s tylus ins t rument ,  

Ta lysur f  Model  4, on a step defined by  a photores is t  
pat tern .  The equi l ib r ium emf vs. SCE of a f reshly  de-  
posi ted blue SIROF on quar tz  subs t ra tes  is 0.7V as de-  
t e rmined  using a po ten t ia l  pro~be 1 made  f rom a half 
cell  

INAFION, 0.5M H2SO4ISCE [3] 

The t ransmiss ion and reflection spec t ra  are  t aken  on a 
Cary 14 double  beam spec t rometer  f rom 0.3 ~m to 1.7 
~m. Cyclic vo l t ammograms  are  t aken  in 0.5M H2SO4 at 
a scan ra te  of 10 mV/sec  for  films deposi ted on SnO2- 
coated glass substrates.  

F re sh ly  deposi ted  i r id ium oxide films are blue as 
shown by the absorpt ion spec t rum (Fig. 1) of a typica l  
b lue  SIROF, deposi ted on a quar tz  substrate .  The main  
fea tures  of the absorpt ion  are, (i) an absorpt ion  peak  
at 610 nm, (ii) lower  absorpt ion  in the IR, decreasing 
wi th  wavelength ,  (iii) a min imum in the visible at  465 
nm which is in the middle  of the blue range,  and (ii) 
an intr insic  absorp t ion  edge at  400 nm. F igure  1 also 
shows the absorpt ion of the same film af te r  b leaching 
i t  in 0.5M H2SO4 wi th  an opt ica l ly  flat disk of ind ium 
pressed in contact  wi th  the SIROF film and electrolyte .  
The shape of the absorpt ion  spec t rum of blue SIROF 
is r e m a r k a b l y  s imi lar  to tha t  of AIROF (12). 

F igure  2 compares  the opt ical  dens i ty  of blue SIROF 
with  S IROF and AIROF films of equiva len t  charge 
density.  The SIROF spec t rum is featureless  wi th  a con- 
stant  and h igher  absorpt ion  in the IR compared  to the 
blue SIROF or  AIROF.  The magni tude  of the IR ab-  
sorpt ion is consistent  wi th  the electronic conduct ivi t ies  
of a l l  three  types  of films. SIROF has the highest  e lec-  
tronic conduct ivi ty:  300 ~ - 1  cm-1  in the  colored state, 

1 M e a s u r e m e n t s  wi th  NAFION, 0.5M He$O4, SCE probes  h a v e  
been  confi~:ed wi th  d i rec t  m e a s u r e m e n t s  in 0.SM H~SO~ v s .  SCE. 
Th ese  probes  have  been  cons t ruc t ed  to m e a s u r e  t h e  i o n i c  c o n -  
d u c t i v i t y  in SIROF to be r e p o r t e d  in a f u t u r e  p u b l i c a t i o n .  

6 / I I I I b I 
COLOURED STATE 

5 ~ 26 rnC/cm 2 

4 

5 
r 

2 

~I "~ 4 __ __ I-- __ -- __ -L . . . .  I . . . .  I . . . .  

0.5 0.5 0.7 0.9 4.t t .3 t .5 t.7 

XIFm) 

Fig. I. Absorption spectra of colored and bleached "blue" 
$1ROF deposited on a quartz substrate at 238 K in 80/20  argon/ 
oxygen. 
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Fig. 2. Comparison of the optical absorption spectrum of "blue" 
SIROF in Fig. 1 with Spectra previously reported for SIROF and 
AIROF, all at a coloration charge density of 26 mC/cm ~. 

26 mC/cm 2, and 40 O ,  - 1  cm -z in the b leached state. 
Blue SIROF has the lowest  conduct ivi ty:  2.6 • 10 -2 
a - z  cm -~ in the  colored st,ate and 26 m C / c m  2 and  6 • 
10-6 a - i  cm-~  in the b leached state. The d -c  conduc-  
t ivi ty  in blue SIROF changes by  almost  four  orders  of 
magni tude  f rom its b leached to wr i t t en  (26 mC/cm ~) 
states, comparable  to the  a-c  conduct ivi ty  change of 
AIROF which ranges f rom 10-e a - ~  cm -1 (at  ,~0.4V 
vs. S e E )  to 102 a - ~  cm -1 at  1V vs. S e E  (19). 

F u r t h e r  s imi la r i ty  be tween AIROF and b lue  SIROF 
is shown in the cyclic voltammograms in Fig. 3 .  The 
cyclic voltammogram of a blue S]ROF on SnO2, taken 
at I0 mV/sec, has major peaks which coincide with 
those of AIROF's. The anodic peak is at 0.75V (vs. 

SEE), and the cathodic peak is at 0.TV vs. SeE, 
whereas the major peaks in SIROF's (9) occur at 0.44V 
vs. SeE, after hydration of the film has occurred. A 
small peak which at 0.42V for the blue SIROF 
is also present in the voltammogram of AIROF's at 
0.3V. In blue SIROF, a bleached state of 98% is ob- 
tained at 0V vs. SeE on the first bleach cycle. No con- 
ditioning of the electrode is required as in SIROF. 
Both AIROF, grown on SnO2, and SIROF have a 

relatively short open-circuit bleach state memory in 
0.5M H2SO~. F igure  4 and 5 show the change in opt ical  
dens i ty  and open-c i rcu i t  vol tage  vs. S e E  for b lue  
SIROF and SIROF, respect ively,  in both  colored and 
bleached states. I f  we define m e m o r y  as the t ime in 
which the t ransmiss ion changes by  10%, i.e., ~OD of 
0.046, then  in blue SIROF the b leached state open-  
circui t  m e m o r y  is 8 h r  (Fig. 4). This is three  orders  
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Fig. 4. Open-circuit memory (voltage and optical density) of 
blue SIROF in colored and bleached states in 0,SM H2SO4. In each 
case, the initial conditions had been held constant for |0 sec. 

of magni tude  be t te r  than  30 sec of open-c i rcu i t  b leach 
state m e m o r y  of S IROF (Fig. 5). S imi lar ly ,  the open-  
circuit  wr i t t en - s t a t e  m e m o r y  is more  than  100 h r  
compared  to 1.5 hr  in SIROF. 

We ten ta t ive ly  pos tu la te  that  the posi t ion of the 
ma jo r  peak  in the cyclic vo l t ammogram is re la ted  to 
the  degree of bound H20 in the film dur ing p repa ra t ion  
which resul ts  in different  packing densities.  AIROF 
has the  m a x i m u m  wate r  content  in its s t ruc ture  dur ing  
its prepara t ion ,  and hence, a porous s t ruc ture  wi th  the 
lowest  dens i ty  of 2 g / cm 3 (14). The dens i ty  of a 
f reshly  deposi ted (2,0) SIROF is repor ted  to be 10 g /  
cm ~ before  swell ing and  7.8 g / c m  3 after .  These v~lues 
measured  on 3000A thick film deposi ted at  12.5 A / m i n  
are closer  to the bulk densi ty  of IrO~ (11.68 g/cmS).  
The posi t ion of the peak  cur ren t  dens i ty  in the cyclic 
vo l t ammogram changes by  app rox ima te ly  0.3V towards  
h igher  potent ia l  vs. SCE as the  film poros i ty  increases 
f rom that  of SIROF to AIROF.  

Blue SIROF has been p repa red  wi th  va ry ing  degrees 
of hydra t ion .  The opt ical  and  e lect r ica l  p roper t i e s  are 
fur ther  repor ted  e lsewhere  (21) for  different  dens i ty  
films. The resonance absorpt ion  peak  is associated wi th  
smal l  spher ica l  par t ic les  ( app rox ima te ly  100A diam) in 
a ma t r i x  of bound water .  This sys tem is a composite 
of a meta l  i r id ium oxide and a dielectr ic  of water .  The 
composite  dielectr ic  constant  ~ for smal l  spher ica l  
par t ic les  is given b y  the 1V~axwell-Garnett theory  (22) 
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Fig. 3. Comparison of the voltammograms of "blue" SIROF on 
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where  ~i is the d ie lec t r ic  constant  of IrO2, e2 is the 
d ie lec t r ic  constant  of bound water ,  and :f is the filling 
factor ,  i.e., the  f rac t ion of vo lume occupied by  IrO2 
par t ic les .  The average  dens i ty  p of the  film is given by  

p : fp l  + (1 - f )p2  [5] 

where  pl and  p2 are  the  densi t ies  of IrO2 and H~O, 
respect ively .  Taking  the d ie lec t r ic  constant  of meta l  
to be given by  

, = 1 [6] 

then, the  resonance absorpt ion  peak  is at 

( E,1 
~ o ' - ~ p  1--I- k 1 - - ]  / 

where  ~,p is the  p lasma  resonance  f requency (for 
IrO2 /~p --  5.39 eV) .  The average  dens i ty  of blue 
S IROF repor ted  here  in Fig. 1 is 4 g / cm 3. Taking  
the dens i ty  of w a t e r  as 1 g / c m  s and that  of IrO2 
as 11.68 g / cm 3, we obta in  a filling factor  of 0.28. 
Subs t i tu t ing  this va lue  for  f and for ~ = no 2 ---- 1.78, 
the absorp t ion  peak  pred ic ted  by  Eq. [7] is at 5930A. 
This is to be compared  wi th  the  expe r imen ta l  value  of 
610OA. 

Based on the composite  model  for b lue  SIROF 
micros t ruc ture ,  i t  is now possible to under s t and  the 
long e lec t rochromic  m e m o r y  achieved b y  these films. 
The m e m o r y  effect is bas ica l ly  dependent  on the mag-  
n i tude  of  the  electronic and ionic mobil i t ies .  Whi le  i t  
is difficult to give a magni tude  of the  ionic mobil i ty ,  
we  can assume that  it  changes l i t t le  be tween  SIROF 
films and AIROF films on the basis that  the electronic 
response t imes are  the same. However ,  the electronic 
conduct iv i ty  and, hence, the mobi l i ty  has b e e n  con- 
s ide rab ly  reduced  by  the low filling factor  of 0.28 for 
blue  SIROF compared  wi th  0.84 for SIROF. In  the  
absence of ex te rna l  fields a p p l i e d  to the electrode,  
equ i l ib r ium of ion ic  and electronic species is de te r -  
mined by  the i r  concentra t ion gradients  which exis t  
for  b leached and colored films wi th  respect  to the  
e lec t ro ly te  pH. Both S I R O F  memory,  Fig. 5, and blue 
S IROF memory ,  Fig. 4, approach  an equi l ib r ium po-  
ten t ia l  of 0.65V vs. SCE, the ra te  of which we bel ieve  
is de te rmined  by  the electronic conduct iv i ty  for a given 
filling ~actor, f. 

Conclusions 
We have shown that  a fast  deposi t ion  of i r id ium 

oxide in a rgon /oxygen  on cold subs t ra tes  resul ts  in 
"blue"  SIROF's .  These films are  of  a much lower  den-  
si ty than  the ea r l i e r  "b~ack" SIROF's  deposi ted at  
l ower  ra tes  in pu re  oxygen.  The electronic conduct iv-  
i ty  change fro.m the insula t ing  bleached state to the  
semiconduc t ing-meta l l i c  colored state is a lmost  four  
orders  of magni tude .  The phys ica l  p roper t ies  of b lue  
S IROF approach  those of A I R O F  more  than  the b lack  
SIROF. 

As e lec t rochromic  d i sp lay  electrodes,  the  blue 
SIROF has an improved  open-c i rcu i t  memory  in both 
the  b leached and colored states. These films requi re  
no condit ioning,  i.e., swell ing,  to produce  the fast  
speed of response. The fu l ly  b leached s tate  is also 
obta ined  in the  f i rs t  cycle. The exis tence of SIROF's  
in different  packing  densit ies  of IrO2 and  H~O and t h e  
d iscovery  of the var ia t ion  in the i r  physical  and chemi-  
cal p roper t ies  in te rmedia te  be tween  thos~ of SIROF 
and AIROF should g rea t ly  assist  in ident i fy ing the 
e lec t rochromic  mechanism.  

Manuscr ip t  submi t ted  Nov. 4, 1981; rev ised  m a n u -  
scr ip t , received Nov. 4, 1982. 

Any  discussion of this pape r  wi l l  appear  in a Dis-  
cussion Sect ion to be publ i shed  in the December  1983 
JOURNAL. Ai l  discussions for  the December  1983 Dis-  
cussion Sect ion should be submi t ted  b y  Aug. 1, 1983. 

Publication costs oi this article were assisted by Bel~ 
Laboratories. 
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The CV Product of Etched Aluminum Anode Foil 

H. J. de W i t  and C. Crevecoeur 

Philips Research Laboratories, Eindhoven, The Netherlands 

ABSTRACT 

This paper deals with the analysis of tunnel  structures in etched a luminum foil for electrolytic capacitors. The depend- 
ence of the capacitance of such foil on anodization voltage and on frequency was measured. Electron microscopy data were 
also used. The product of series capacitance C~ and anodization voltage Uf shows a characteristic decrease with Uf. This 
behavior is first analyzed with the model in which it is attributed to the closing of tunnels  during anodization. This model, 
however, leads to irremediable inconsistencies and has to be abandoned. It is proposed instead that the main cause of the 
decrease of C~Uf ~ Uf is the fact that the oxide layers of neighboring tunnels grow against each other during anodization. 
Results of anodization-stripping-anodization experiments are contrary to the former and in accordance with the latter 
model. 

A l u m i n u m  foil to be used for low-voltage electro- 
lytic capacitors is first electrolytically etched to in-  
crease its surface area. This t rea tment  has the effect 
of forming tunnels  in the metal  which are tens of 
microns in length and a few tenths of microns in 
diameter. Subsequent ly  the surface is covered with 
A1203 dielectric by anodic oxidation. The product of 
series capacitance Cs and anodization voltage Uf, 
which is constant  for a p la in  specimen, decreases in 
the case of etched foil with increasing Us. This is due 
to a decrease o f  the surface area of the dielectric and 
is ascribed (1, 2) to closing of tunnels  when  a luminum 
is replaced by a l u m i n u m  oxic~e with a larger  volume. 

In  this paper  an at tempt is made to quant i fy  this 
picture, that  is to say to .construct a dis t r ibut ion of 
tunnels  af ter  etching which, upon anodization, re-  
produces the observed decrease of CsUf. 

Within  this "closing" model, CsUf gives informat ion 
on the radii  of tunnels  only, since no distinction can 
be made between a large n u m b e r  of short tunnels  and 
a small  number  of long tunnels  closing at a certain 
stage. Informat ion on the lengths of tunnels  was ob- 
tained by measur ing the f requency dependence of the 
capacitance of the foil. The dielectric is distr ibuted on 
the surface of the tunnels  and the different parts are 
connected by different electrolyte resistances with 
the outside of the foil. Figure  1 shows schematically 
a tunne l  grown into the metal  and covered with anodic 
oxide, wi th  its equivalent  circuit below. As discussed, 
e.g,, by Morley and Campbell  (3), the tunne l  behaves 
as a t ransmission line. Figure  2 shows the calculated 
f requency .dependence of capacitance, resistance, and 
losses of such a t ransmission l ine.  Its series capacitance 
is constant  at low frequency but  starts to decrease 
when the applied circular f requency becomes higher 
than Wchsr = l / ( l c  �9 Irs), where l is the length of the 
tunnel  and c and rs, respectively, the capacitance and 
resistance per uni t  length  of the tunnel ,  a~ch~r is called 
the characteristic circular frequency of the t rans-  
mission line. Therefore the measured decrease of the 
capacitance wi th  f requency of the foil gives informa-  
t ion on the lengths of tunnels.  

Fu r the r  informat ion  on the tunne l  .distribution was 
obtained from electron microscopy. 

Cs l l c  1 

Experimental t~Rs~t~ 
Starting material.--Samples were taken from fac- T10-1 

tory-produced low-voltage capacitor foil. 90 #m hard 
a luminum foil had been d-c etched in  20% NaC1 and 
1.5% Na2SO4 in water  at 90~ wi th  a current  densi ty 10_ 2 

of 1.5 A/cm~ to a weight loss of 8.5 mg/cm 2. For the 
present  invest igat ion 1 cm wide samples were punched 
from the etched unanodized foil. 10_3 

Anodization.--Parts of the samples 5 cm long were 
anodized wi thout  any  pre t rea tment  in  a solution of 
17% a m m o n i u m  pentaborate  in  e thylene glycol, at  

Key words: dielectrics, capacitor, impedance. 

room tempera ture  at a dV/dt  of 0;04 Vlsec to the 
desired voltage, which was then held constant  unt i l  the 
current  had .decreased to below 1 m A / c m  2 (projected 
area).  After  the capacitance measurements  a small  
par t  of each specimen was annealed for 15 min  at 
400~ in oxygen and reanodized in the same solution 
and with the same dV/dt,  and the voltage Vp was 
measured at which a peak in the current  occurs .  From 
Vp the anodization voltage Uf was determined with 
the relat ion Uf ---- 0.895 Vp -- 0.85 (Uf and Vp in volts).  
See Ref (4). 

r u 

v_ 

Fig. !. Above: Tunnel grown in aluminum by etching, covered 
with oxide by anodization and filled with electrolyte, Below: Equiv- 
alent circuit. 
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Fig. 2. Calc,latlon of the series capacitance, series resistance, 
and lasses of a transmission line representing a tunnel. 

770  
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Capacitance measurements.mFor the measurement  
of the capacitance the foil was clamped between two 
strips of ptatinized p la t inum with strips of capacitor 
paper  in  between. Pr ior  to the measurement  the non-  
anodized p a r t  of the specimen was covered with 
TechnoviU in  order  to define the area to be measured. 
The capacitance was measured as a funct ion of fre- 
quency in the solution of 17% ammonium penta-  
borate in glycol at room temperature.  The measure-  
ments  were not  corrected for the capacitance of the 
Pt  strips. 

Figure 3 shows the capacitance vs. f requency for a 
sample anodized to 63V. The f requency dependence 
is more  complex than the one calculated for the t rans-  
mission line (Fig. 2). To characterize the exper imental  
f requency dependence we differentiate it, and take the 
f requency at which the quant i ty  2 tan'~ --_ -- ~/2 �9 d 
In Cs/d in  f has the value 0.2 as characteristic fre- 
quency fchar. In  the measurement  shown, it  lies at 
1.9 kHz. Note that feaar is an exper imental  quant i ty  
whereas ~char, defined in  the introduction,  is a theo- 
ret ical  quanti ty.  ~char/2~ ~ ~char. 

Electron microscopy.--For electron microscopy the 
a l u m i n u m  metal  was dissolved after anodization in 
a 10% Br -CI~OH solution and the remain ing  oxide 
layers were investigated in  a Philips EM S01 t rans-  
mission electron microscope. 

Results  a n d  Discussion 
Experimental results.--The measurements  presented 

in Fig. 4 form the s tar t ing point  for the analysis pre-  
sented in this section. This figure gives the value for 
CsUf and fchar obtained on samples anodized to dif- 
ferent  voltages. It  shows the famil iar  decrease of 
CsUf with Uf. Simul taneously  the characteristic fre-  
quency increases. I t  is noteworthy that  for the ex- 
per imenta l  points d2~char/dUf 2 ~ O. 

Closing of tunnels.--For an unetched sample CsUf 
is constant  since CsUf = (eoerA/d) Uf = eaerAEan 
and the dielectric constant  eoer, the anodization field 
Ean, and the surface area A all  remain  constant dur ing 
anodization. The decrease of CsUf for etched foil is 
ascribed (1, 2) to a decrease of the surface area dur ing 
anodization and is explained with the model sketched 
in  Fig. 5. I t  is supposed • the etching t rea tment  
leaves behind a n u m b e r  of separate tunnels  with 
va ry ing  radii  perpendicular  to the surface of the foil. 
Dur ing  anodization the metal  is t ransformed into 
oxide. Since the volume of oxide is larger than the 
volume of meta l  it replaces, the inner  surface of the 
tunne l  grows inwardly.  When the tunne l  has been 
filled completely it  no longer contr ibutes  to the ca- 

Technovit is a cold polymer manufactured by Kulzer GMBtL 
The reason for ehoosin~ this particular expression is the fol- 

lowing: it can be shown that  i f  the  d e c r e a s e  of the capacitance 
is due  exc l us i ve l y  to dielectric losses of the anodic oxide layer, 
wit!~ a loss  angle aox independent of frequency in a wide fre -  
q u e n c y  range ,  then tan'8 as def ined h e r e  b e c o m e s  equal  to ao~. 

10 

Cs 

(/u F/c m 2} 

I I I I 

Uf = 63V 

1 I I I 
10 100 1 k 10 k 

�9 f (Hz)  

Fig. 3. Capacitance Cs as a function of frequency for foil ano- 
dized to 63V and measured in a solution of 17% ammonium penta- 
borate in glycol (p ~ 1000 C~ cm). 
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Fig. 4. CsUf and f~har as o function of the anodization voltage 
Uf for etched foil anodized in a solution of 17% ammonium penta- 
borate in glycol. The characteristic frequency is that frequency at 

d In Cs 
which the quantity tan'a = - -  ~r/2 has the value 0.2. 

dlnf 
The drawn lines are theoretical curves resulting from the model of 
the closing of tunnels during anodization. 

/ 

Fig. S. Model of the closing of tunnets during anadizatioa of 
etched foil. After etching, tunnels with different radii are present 
perpendicular to the aluminum surface which is drawn here. The 
broken lines indicate the oxide surface at Uf ----- 50V, the drawn 
lines indicate it at Uf ----- IOOV. Between 50 and IOOV a number 
of tunnels have become closed and no longer contribute to the 
capacitance at IOOV. The heavily shaded areas indicate the elec- 
trolyte in those tunnels that are still open at IOOV. 

paeitance. Figures 6 and 7 show examples of filled 
tunnels.  Figure  5 is typical  of a si tuation in  which 
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Fig. 6. Electron micrograph of a tunnel closed during anodization 
(only the oxide is shown after dissolution of the aluminum). 

the anodization has been increased from 50V (broken 
lines) to 100V (solid lines). At 100V only the tunnels 
with a shaded center contribute to the capacitance. 
In this way the CsUf product gradually decreases with 
Uf. We have made a quantitative analysis of the data 
of Fig. 4 with the help of this model. The CU~ vs. Uf 
curve itself, interPreted with this model, gives in- 
formation on the radii  of the tunnels. 

Qualitatively this runs as follows. If we anodize 
from voltage Uf to Uf 4- dUf, the CUf product de- 
creases because a number of tunnels become closed 
by the increase of the oxide thickness. From the 
voltage Ut we know the oxide thickness and with the 
volume ratio of aluminum oxide to aluminum metal 
the original etching radius of these tunnels can be 
calculated. The decrease of the CUr product at this 
voltage, then yields the total length of tunnels with 
that radius. Information about the lengths of tunnels 
is given by the characteristic frequencies. When the 
inner radius ri and the outer radius ru ( =  ri 4- d) of 
the oxide have been determined from CUf ,~ Uf, then 
for a given electrolyte resistance, rs and c are fixed, 
and Wchar ~" I / ( ~ 2 r s C )  only depends on I. Figure 8 gives 
the calculated oxide radii, ~char/2~ and CUf values for 
a single tunnel with length 20 #m, radius after etch- 
ing 0.148 #m, electrolyte resistance 1000 s and rela-  
tive dielectric permit t ivi ty 8.4. It is assumed th,at the 
oxide thickness is proportional to Uf, dox/Uf -- 12105 A/  
V. The up.per part  shows the c~osing of the .tunnel, rl 
becomes zero at 200V. Wchar/2~ shows a maximum, at 
low voltage it increases because the capacitance per 
unit length decreases, at high voltages it decreases 
as t h e  electrolyte column becomes narrower and its 
resistance increases. The CUf product remains high up 
to fair ly high voltages and collapses close to the final 
voltage. The object of the analysis given in the pres- 
ent section now becomes to construct, start ing from the 
known properties of a single tunnel, a distribution of 

L i I J I 

ru'rb~ ~ . . . . .  _rb . . . . . .  

(10-5cm) ~ . . . . . . . . . . . . . .  

~char121~2 ~ - . , ~ ~ d ~ r  12Tr" 

0 I ~ ~_I 

Fig. 7. Electron mlcrograph of a tunnel partially closed during 
anedization (dark field). 
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Fig. 8. Calculated values of the outer radius, ru, the inner radius 
ri, ~char/2~, and the CUr product as a function of anodization volt- 
age Uf for a tunnel which, after etching, had a radius rb of 1.45 X 
10 -5  cm and a length of 20 #m. Electrolyte resistivity 1000 ~ cm. 
The tunnel closes at 200V. 



ETCHED A L U M I N U M  ANODE FOIL  773 

t 

tunnels  with vary ing  diameters and lengths which, 
on calculation, reproduces the measured dependencies 
of ]char and  CUr On Uf as plotted in  Fig. 4. This task 
is performed in the Appendix  along the lines sketched 
above. 

One simplifying assumption has been made, viz., 
that  all  the tunne ls  with one part icular  radius rb have 
the same length l(rb) ,  otherwise the calculations 
would become too voluminous.  Apar t  from that, the 
calculation is straightforward. 

Results.--The d rawn  lines in Fig. 4 have been cal- 
culated as explained above. The fit to the CUr points 
is quite reasonable, the calculate d characteristic fre-  
quencies deviate at high voltages. The accompanying 
tunne l  d is t r ibut ion is shown in Fig. 9. n(rb)drb is the 
n u m b e r  of tunnels  with etch radius between rb and  rb 
+ drb. It  is shown in the Appendix  that  to a first 

1 dCU~ 
approximation n is proportional to Uf dUf ' and 

therefore it rises steeply at low voltages. The initial 
decrease of the tunnel length brings about the upward 
curvature of the characteristic frequencies at low 
voltages (remember that a tunnel with rb ---- 0.15 prn 
closes at 200V). 

Discrepancies.--Although the fit of theory with ex- 
per iments  in Fig. 4 is excellent, the resul t ing tunne l  
dis t r ibut ion leads to discrepancies, on the one hand, 
with the results of electron microscopy, on the- other 
hand, with the electri~cal measurements  themselves. 
The calculated dis t r ibut ion involves the presence of a 
large number  of very nar row tunnels.  The exper imen-  
tail dis t r ibut ion of the external  radii of a low-voltage 
foil s imilar  to the one investigated, anodized to 90V 

20 
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Fig. 9. Calculated tunnel distribution which yields the drawn 
lines for CsUf ~, Uf and f char  "~ Uf in Fig. 4. It was assumed for 
the calculation that all the tunnels with a particular rb have the 
same length, n(rb)drb is the number of tunnels per unit area with 
radius between rb and rb i-I- drb. 

in a solution of 1.3% ammonium pentaborate  and 
1.5% acupic acid at 72-C, as determined t rom electron 
microg~apns, is shown in Fig. 10. The wall  thickness 
was exper imenta l ly  determined to be ~ 1000A. The 
dis tr ibut ion shows a ma x i mum when ru is about 0.15 
;~m. These tunnels  original ly had an etch radius rb of 
0.1 #m. Tunnels  with a much smaller rb are not  present 
in the dis tr ibut ion of Fig. 10. Narrow tunnels  as pre-  
dicted by Fig. 9 have been looked for specifically, but  
have hardly  ever been found, the large number  re-  
quired is certainly not present. This could be due to 
(i) a low efficiency of anodization in  this electrolyte 
and (ii) the dissolution of the thin pipes of anodic 
oxide dur ing  the preparat ion of the samples in the 
Br -methanol  solution. Both these points were checked. 
It was found that the efficiency of anodization of this 
type of foil in adipic acid was bet ter  than 90%. More- 
over the thickness of an amorphous anodic oxide layer  
(2420A) prepared by anodization of high-voltage foil 

in apb-glycol  and treated ,afterwards in the Br -meth-  
anol solution, - corresponds reasonably well  with the 
predicted wall  thickness (2230A). 

A second discrepancy is found with the measure-  
ments  of the impedance of the foil as a function of 
frequency. Up to now the decrease of the capacitance 
with frequency has been described wfl:h a single 
quantity, ]char, which was defined as that  f requency 
at which the quant i ty  tan'8 ---- -- ~/2 d In Cs/d In 
has the value 0.2. The pore lengths have been adjusted 
in  such a way that the calculated and measured values 
of fchar coincide. However, if the complete exper imen-  
tal and calculated curves as a funct ion of frequency 
are compared, a quali tat ive difference is found. As 
shown in Fig. 11, the exper imenta l  curve is much 
steeper than the calculated one. 

This effect is also due to the nar row tunnels  which 
are present  in the calculated distribution. At a pa r -  
t icular  anodization voltage (see Fig. 5), some tunnels  
have been closed, others are about to be closed. The 
la t ter  have a nar row hole, an electrolyte column with 
a high resistivity and therefore ,a low characteristic 
f requency (see Fig. 8). Still other tunnels  are wide 
open and have a high characteristic frequency. There-  
fore this model predicts a wide range of characteristic 
frequencies, leading to a decrease of the capacitance in 
a wide f requency range (see Fig. 11). For  the cal- 
culations we assumed that  all  tunnels  of a par t icular  
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Fig. 10. Histogram of the outer radii of etched and anodized 
(90V) anode foil as determined-from electron micrographs after 
dissolution of the aluminum metal. 
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Fig. I1. Experimental and calculated curves of tan'5 = 

d ln Cs 
- -  as a function of the frequency f for etched anode foil 

2 dlnf 
anodized to Uf = 63V. 

rb had the same length. If a distr ibution of lengths 
was assumed, this would lead to an even wider dis- 
t r ibut ion of characteristic frequencies because we 
would then already have a dis t r ibut ion of character-  
istic frequencies at a single rb. This would make the 
discrepancy even worse. 

From both discrepancies we conclude that  nar row 
tunnels  are not present. Since in  this model they are 
required to explain the decrease of C - V  ~ V we have 
to look for another  explanat ion of this effect. 

G r o w t h  of tunne l s  against each o t h e r . - - T h e  model 
used up to now is a special one, because it has been 
assumed that tunnels  do not  touch each other. Dur ing  
etching of the foil under  investigation more than  30% 
of the a l u m i n u m  had been removed. Nonoverlapping 
of tunnels  in such a si tuat ion is improbable,  i f  tunnels  
do touch at a certain stage and the anodization is 
continued, capacitance is lost because the area of the 
metal-oxide interface decreases. In  the following we 
discuss a model in which the decrease of CUr ~ Uf is 
ascribed to this effect. The axes of cylinders perpen-  
dicular  to the plane of the foil, all  having the same 
radius, are assumed to be distr ibuted randomly  on 
the surface of the foil. 

Figure 12 gives an example of such a distribution. 
It is typical of the case where a random ar rangement  
of tunnels  which close at 200V has been anodized from 
50V (broken lines) to 160V (solid l ines).  The si tua- 
tion is equivalent  to that of Fig. 5, in that  the same 
increase of anodization gives about the same de- 
crease of CUt, but  now this is due to the growth of 
cylinders against each other. 

This a l ready shows qual i ta t ively that this model 
can also account for the decrease of CUt ~ Uv More- 
over the discrepancies discussed above have been re- 
moved at one stroke. The model is made up of wide 
pores, so that nar row ones are not expected in the 
electron mierographs, and also the holes remain  with 
a low electrolyte resistance, so that  the wide dis t r ibu-  
tion of characteristic frequencies which caused the 
slow increase of tan'8 vs. f in Fig. 1I is not  present. 

S e m i q u a n t i t a t i v e  evaluat ion  of  the  " random"  model .  
- - W e  have not made a complete quant i ta t ive  evalua-  
tion of the random model. This would require, par t icu-  
la r ly  for the calculation of the characteristic fre-  
quencies, more details of the spatial distr ibution of 
the tunnels  than we have at present. Instead we treat  
a relat ively simple case which shows some qual i ta-  
tive features. The case is the one shown in Fig. 12: 
a random dis t r ibut ion of cylinders with equal d iam-  
eters and equal lengths I. The n u m b e r  of cylinders 
per un i t  area N is the only new variable introduced. 
The capacitance of such an a r rangement  is calculated 
following the theory of Avrami  (5) on phase t rans-  

Fig. 12. Alternative model to explain the decrease of CUr with 
Uf. After etching, the axes of tunnels that all have the same radius 
are randomly distributed on the aluminum surface. The broken 
lines indicate the oxide surfaces at Uf = 50V, the drawn lines in- 
dicate them at Uf : IOOV. With increasing Uf the overlap of tun- 
nels increases, leading to a decrease of the metal-oxide interface 
and a decrease of the CUr product. 

formations, considering the etching and anodizalion 
processes as t ransformations of a l u m i n u m  into nothing 
and anodic oxide, respectively. If the cylinders did 
not grow into each other dur ing  this t ransformation,  
the volume of t ransformed A1 per  un i t  total volume 
at a certain stage would be NJrru 2, where N is the 
n u m b e r  of cylinders per cm 2 and ru the outer radius. 
This hypothetical  volume is called Vex. Say that dur ing 
a certain stage of the process this volume increases 
from Vex to Vex + dVex. ! f dVex is distr ibuted r a n -  
domly over already t ransformed and not yet  t rans-  
formed regions, the amount  dV  of A1 per un i t  total 
volume that actually transforms is given b y  dV  _-= 
(1 -- V)  �9 dVe~. 

Integrat ion gives V -- 1 -- exp (--Vex) = 1 -- exp 
(--N=ru~). To calculate the capacitance, we need the 
surface area of the front between a luminum and a lumi-  
n u m  oxide. If ru increases by dru, the increase of the 
t ransformed volume is d V  = 2N~rudru �9 e x p  (--N~ru 2) 
so that the area of the t ransformat ion front is equal to 
2uNru exp (--N=ru2). For  a single cylinder the dielec- 
tric displacement at ru is given by 

D (ru) : ~e,rUf/[ru In (ru/ri) ] 

We assume that  this is also the value of the dielectric 
d isplacement  or surface charge densi ty at the boundary  
A1-A1203 of the conglomerate of cylinders we are con- 
sidering here. This quant i ty  is mult ipl ied by the sur-  
face area obtained above and so we obtain for CU~ per 
uni t  of volume 

CUt : [2JreoerUf/ln (ru/r i)]  �9 N �9 exp (--N~ru 2) [1] 

The volume of A1208 is 1.65 times the volume of A1 it 
replaces. This gives 

ru : 0.606(Uf/Ean) + (rb 2 --0.2388(Uf/Ean)2)Va 

A crude estimate of the characteristic f requency is ob- 
tained as follows. For a single tunne l  Wchar is given by  
~r = 1/(12crs). We assume that the same equation 
is valid for the complete distribution. 

The capacitance per cm 2 per uni t  length is given by 

C ---- [2~eoer/ln (ru/ri)]  �9 N �9 exp (--N~ru 2) 

The total area of the cross sections of electrolyte col- 
umns  per uni t  area is obtained by subst i tut ion of ri for 
ru in  [1], and the resistance per  un i t  length of the 
complete dis t r ibut ion is rs = p / J 1 -  exp (--N:~rt2)]. 



VoL 130, No. 4 ETCHED A L U M I N U M  ANODE FOIL 775 

In this way we obtain 

In  ( r J r i ) r i  2 (1 --  exp (--N~rf~)) 
Wchar "-" - [2] 

212peoer Nxri2 exp (--N~ru 2) 

Here [ln (ru/ri)ri2]/212peoer is the characteristic circu- 
lar f requency of a single tunne l  and it is indeed the 
l imit  of [2] for N --> 0 when cylinders do not overlap. 
In  Fig. 13 calculations for CUr/volume and ]char with 
Eq. [1] and [2] are presented. 

The parameter  g at the curves is the number  N mul -  
tiplied with =rb 2. The figures also contain the experi-  
menta l  points of Fig. 4. They show that  a relat ive de- 
crease of CUr ~ Uf of the same order  as the experi-  
menta l  one can be obtained wi th  g ---- 1. The calcu- 
lated CUt product  lies above the exper imenta l  points. 
This can be accommodated by assuming that  the t un -  
nel  dis t r ibut ion is inhomogeneous on a larger  scale: 
in some regions, "cauliflowers," the tunne l  density is 
large, other  parts have hard ly  been etched. The curve 
g ---- 1 is also not far from the exper imenta l  points for 
the characteristic frequency, but  at high voltages it 
drops down rapidly. This is because we have assumed 
that  the tunnels  close at 200V, whereas the experi-  
menta l  points for CUt clearly show that  open tunnels  
also exist at 200V. This :shows the need to introduce 
in this model too a d is t r ibut ion of tunne l  diameters 
which makes a complete calculation very complex. 
The exper imenta l  points for the characteristic fre- 
quency in Fig. 4 and 13 form a concave curve, whereas 
the ~r "~ Us curve for a single tunne l  is convex 
everywhere  (see Fig. 8). In  the calculated dis t r ibu-  
t ion of Fig. 9 this was accounted for ra ther  arti~cially 
by an ini t ial  decrease of the tunne l  length at increasing 
rb. ']?he calculated curves for g ---- 1 and even more for 
g - - 3  show that  the random model can account bet tcr  
for this behavior.  I t  is due here to the fact that  the 
decrease in capacitance is caused not  only by the in-  
crease of the oxide thickness but  also by the over-  
growth of the oxide layers, whereas the resistance of 
electrolyte columns does not yet decrease appreciably. 
Altogether the model describes the experiments  well. 

Anodization-stripping (oxide removal )-anodization 
experiments.--In order to discr iminate  between the 
two models experimental ly,  samples of low-voltage foil 
were subjected to successive anodizatiOn and str ipping 
treatments.  Anodizat ion occurred in 170 g/ l i ter  ammo-  
n ium pentaborate  in e thylene  glycol, with dV/dt  of 
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Fig. 13. Calculated values of CUr and fchar as dependent on Uf 
for the random distribution of tunnels shown in Fig. 8, with length 
40 #m and electrolyte resistivity 1000 D, cm. The quantity g is the 
number of tunnels per unit area multiplied by rb 2 where rb is the 
etch radius of 1.45 X 10 -~  cm. The circles are the experimental 
data of Fig. 4. 

0.025 V/sec to 50.0V, after which the voltage was kept 
constant  un t i l  the current  had decreased to 1 mA/cm 2. 
Str ipping occurred in a solution of 35 ml  I-hPO4 (85%) 
and 20g CrO3 with water  added to 1000 ml, at 95~ for 
10 rain. 

It is known that this t rea tment  removes amor-  
phous anodic a l u m i n u m  oxide but  does not attack 
a luminum.  Specimens were either anodized, or anod- 
ized, stripped, and anodized, after which the capaci- 
tance was measured. The weight of the specimen was 
also measured after each step. The question is: What 
do both models predict for the capacitance after the 
second t rea tment  relat ive to that after the first t reat-  
ment?  

In the first model (Fig. 5) the str ipping solution is 
able at least to penetrate  those holes that were also 
contacted by the measur ing  electrolyte and contr ibuted 
to the capacitance. The oxide of these cylinders will  
be removed dur ing  str ipping and holes will be left 
with a larger radius than  the original  etch radius. 
Therefore the capacitance after the second anodization 
will be larger than after the first anodization, in  the 
second model (Fig. 12) the metal  oxide surface after 
the first anodization is indicated by t he  broken line, 
after the second anodization it will  lie near  the solid 
line. The metal-oxide surface area thus decreases and 
the capacitance after the second anodization will be 
lower than after the first anodization. 

In  the exper iment  we found after the first anodiza- 
tion a capacitance of 9.9 ~tF/cl~ 2 which decreased to 8.4 
~F/cm 2 after the second anodization. The weight  mea-  
surements  showed that  more than 90% of the oxide 
formed was removed by the str ipping treatment .  This 
shows that the decrease of the C-V product is for the 
most par t  due to the overlapping of cylinders and not 
not to the closing of cylinders.~ 
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APPENDIX 
It is shown here how, with the tunnel -c los ing model, 

a tunne l  dis t r ibut ion is derived from the exper imental  
CUr vs. Uf points and the measured characteristic fre-  
quencies. (i) First  we assume that  CUr vs. Uf for a 
single tunne l  is constant  up to the voltage where the 
tunne l  closes, and is given by its value at very  low 
voltages 2~rbeoer Uf 1 (rb)/d,  where rb is the etch radius, 
eoer the dielectric constant, l(rb) the length of tunnels  
having radius rb, and d is the oxide thickness. If the 
voltage increases from Uf to Uf + dU~ the CUr product  
decreases. We assume that this is due to the fact that  
n(rb)  drb pores with original  etch radius between rb 
and rb -{- drb close at that Uf, and we have to know 
now the relat ion between rb and Ur. The volume of 
A1203 is 1.65 times the volume of A1 it replaces, which 
gives d : 1.593 rb for the oxide thickness when the 
tunne l  closes; d and Ur are related by  the anodization 
field: d ---- ar Uf where 

At first s ight  one  would expect the decrease of  the  C.V prod- 
uct  in this  e x p e r i m e n t  to  be  equal  to the  d e c r e a s e  of  the  C-V 
product between 50 and 100V of Fig. 4. The amount m e a s u r e d  is 
distinctly less. It should be kept in mind however that the C-V 
product, for instance of a tunnel which closes at 200V, is appre- 
ciably lower at 100 than at 50V, as is shown in the  l o w e r  part  of  
Fig. 8. This causes the  d i f ference ,  and to  that  e x t e n t  the  d e c r e a s e  
of  the  inner  radius  of  the  t u n n e l  st i l l  p lays  a ro l e  in the  n e w  
model. 
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ar -- 1.2 X 10 -7 cm/V, so that rb = ar/1.593 �9 Us 

The contr ibut ion to the Uf product from these n (rb)drb 
tunnels  is 

2n.~oer Uf rb n (rb) l (rb) drb/d = -- (dCU~/dUf) " dUf 

This gives 
(1.593) ~ 1 dCUf 

n ( r  b) l(rb) : 
2~ar eoer Uf dUf 

The exper imental  points of Fig. 4 can be fitted by 

CUf(Uf) = 870.8 + 6.691 Uf + 0.2241 • 10 -1 Uf -~ 

- -  0.3379 10 -4 U~ + 0.1831 • 10 -~ Uf 4 

with CUf in ~C/cm 2 and Uf in volts. This gives as a first 
approximat ion 

n(rb) l (rb)  = 2.28 X 106/rb -- 1.94 X 101'1 

+ 5.6 X 1015 rb -- 5.157 X 101'9 rb 2 

(ii) An  improvement  on these values was obtained by 
calculating the values of the CUf(Uf) product  with 

CUr = Uf f drb �9 [2~eoer/ln (ru/ri) ] �9 n (rb)l (rb) 

and varying  the constants unt i l  a bet ter  fit was ob- 
tained; This hardly changed the values of these con- 

s t an t s .  This completes the fit of CUr ~ Uf, (iii) To ob- 
tain a fit with the exper imental  points for the charac- 
teristic frequencies, it was assumed that  all the tunnels  

with one par t icular  radius % have the same length 
I(rb), and that  the dependence of l on rb can be wr i t ten  
a s :  ~(rb) = to(1-}-Clrb-~-C2rb2), where lo, C1, and  C2 
are constants. With these constants and the parameters  
obtained from the CUf ,,~ Uf fit, the tunne l  distr ibution 
is completely described. It follows that we can make a 
complete calculation of the admit tance Gr of the foil 
as a funct ion of frequency 

Gf = f f dl drb n( l ,  rb) Gtunnel(rb, l) 

where Gtunnel is. the complex admit tance of a single 
tunne l  with e t ch rad iu s  rb and length I. Because of t h e  
assumption made above we have to integrate  over 
only one variable, the radius rb. After  this we can cal- 
culate the value of tan'5 ---- : ~/2 d l n C s / d l n 5  and 
compare the f requency at which this quant i ty  has the 
value 0.2, with the exper imental ly  determined charac- 
teristic frequency. By variat ion of the constants lo, C~, 
and C2 the fit of the upper  half of Fig. 4 was obtained, 
result ing in the tunne l  dis t r ibut ion of Fig. 9. 
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The Kinetics of the Electrochemical Insertion of Lithium into Cubic 
Sodium Tungsten Bronzes 
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ABSTRACT 

The kinetics of the electrochemical insertion of l i thium into sodium tungsten bronzes, Na~WOa (0.4 -< x -< 0.7) to form the 
mixed alkali bronzes, LiaNa,WOn (0 < y < 0.5, x + y < 0.93) have been studied, using transient techniques. The chemical 
diffusion coefficient of Li in single crystal samples was found to decrease with increasing lithium and sodium concentra- 
tions from initial values as high as 10 .7 cma/sec at room temperature. Above x values of about 0.7, insignificant quantities of 
lithium could be inserted into the structure. The trends in the diffusion coefficient are considered in terms of the structural 
and electronic properties of the tungsten bronzes. 

The tungs ten  bronzes are wide range, vario-stoi-  
chiometric mixed valence oxides of formula MxWO3, 
where x varies between 0 and l, and M is a metall ic 
species (1, 2). Depending on the  value of x, a variety 
of crystal s tructures are found which are composed of 
almost regular  WO~ octahedra, l inked by co rne r -  
shared oxygens into three dimensional  frameworks. In  
the case of sodium, for x values from 0.37 to 0.93, a 
single cubic defect perovskite phase exists. At some- 
what  lower x values (0.26-0.35), a more complex but  
related tetragonal  s t ructure containing 4- and 5-sided 
tunnels  is found. For larger  cations such as K § the 
cubic s tructure is not formed, bu t  a hexagonal  s t ruc-  
ture  containing 6-sided tunnels  parallel  to the c axis 
exists. For all these phases, the alkal i  me t a l  is essen- 
t ial ly completely ionized and the electron donated to 
a =* conduction band formed by overlap of'Wt2g and 
Op orbitals. The materials thus behave as completely 
degenerate semiconductors or metals and show very  
high electronic conductivities, metall ic luster, and tem- 
perature  independent  paramagnetism. The bonding in 
these solids has been discussed by  Goodenough (3). 

�9 Electrochemical Society Active Member.  
Key words:  chemical  diffusion, diffusion coefficient, perovskite ,  

intercalation.  

Several  studies have at tempted to find evidence of 
ionic motion wi thin  these ~naterials. Whi t t ingham 
and Huggins (4) were able  to use the tetragonal  so- 
dium bronze as a reversible electrode in solid-state 
cells. Steele (5) at tempted to measure the thermo-  
dynamic and kinetic properties of cubic and tetragonal  
NaxWOa, using a solid-state galvanic cell. Although 
open-circuit  emf values �9 in good agreement  with 
values expected from calorimetric measurements  of 
the enthalpies of formation (6), insignificant amounts  
of sodium could be added or removed from these struc-  
tures at 300~ The chemical diffusion coefficient of 
sodium in the cubic phase was estimated to be less than 
10 -15 cm2/sec at this temperature.  Evidence of some- 
what  higher  values at 100~ for the hexagonal  potas- 
sium bronzes was found. Smith and Dan ie l son  (7) 
measured the diffusivity of sodium in Na0.rsWO3 by 
effusion of sodium, and found a value of less than 10 -11 
cm2/sec at 1000 K. 

Diffusion of Li and H in tungsten bronzes has been 
of interest  i n  connection with WOn-based electrochro- 
mic devices. The diffusion coefficient of H in amor-  
phous WO3 appears to be about 10 -10 cm~/sec at room 
tempera ture  (8), and  that  of l i th ium 1-2 orders of 
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magn i tude  less (9). A recent  s tudy (10) made  on thin 
po lycrys ta l l ine  films Of the  te t ragona l  and cubic l i th -  
ium tungsten bronzes found values of 10 -12 to 10 -14 
and app rox ima te ly  10 -12 cm2/sec, respect ively .  

Recent  work  has suggested that  much h igher  values  
for  the  diffusion coefficient of l i th ium in tungsten 
bronzes m a y  be found if  l i t h ium is inser ted  into ma-  
ter ia ls  which a l r eady  contain a l a rge r  a lka l i  cation. 
Thus Cheng and Whi t t ingham (11) have  found that  
l i t h ium m a y  be inser ted  into hexagona l  K~WO~ and 
(NH4)xWO3 and te t ragonal  NazWO~, ei ther  chemi-  
cally,  using n - b u t y l  Li as the reducing agent,  or elec-  
t rochemica l ly  at  ambien t  t empera tu re  f rom organic 
s o l v e n t - b a s e d  electrolytes .  The presen t  authors  (12) 
found tha t  the chemical  diffusion coefficient of l i th ium 
in single c rys ta l  s a m p l e s  of hexagonal  K~WO~ was 
in i t i a l ly  as high as 10 -7 cm2/sec, and p r e l i m i n a r y  re -  
sults were  also presented ,  indica t ing  tha t  Li could be 
inser ted  into cubic sodium tungsten bronzes, as long as 
the  sodium content  was less than  about  0.7. 

This  l a t t e r  resu l t  was unexpected ,  s ince the  pe rov-  
ski te  s t ruc ture  is r a the r  close packed,  and as ment ioned 
above, the ea r l i e r  resul ts  on l i t h i u m  and sodium mo-  
b i l i ty  in this s t ruc ture  had suggested slow diffusion. As 
pa r t  of  an inves t igat ion into the  the rmodynamics  (13) 
and kinet ics  of a lka l i  meta l  inser t ion react ions  into 
oxide  e lec t rode  mater ia ls ,  a more  deta i led  e lec t ro-  
chemical  s tudy  of the  diffusion kinet ics  was therefore  
unde r t aken  and those resul ts  are  presented  here.  

S t r aumani s  and Doctor  ( !  4) inves t iga ted  phase re-  
lat ions in the LiyNaxWQ3 s~rst4m Oh samp le s  p repared  
at  high t e m p e r a t u r e  (850~176 They  found that  a 
cubic phase  conta ining both l i th ium and sodium ex-  
i s ted  at  composit ions close to the no rma l  range  of the 
cubic sodium bronze (0.35 < x < 0.73, y < 0.3) bu t  
tha t  a two phase region containing pure  Li~WOz and 
LiyNa~WO3 exis ted  at composit ions close to the  no rma l  
range  of the  cubic l i th ium bronze (0.11 < y < 0.51, 
x < 0.26). In  o ther  words,  l i th ium was found to be 
soluble  in the cubic sodium bronze but  sodium was in-  
soluble  in the cubic  l i th ium bronze.  

Sp i t syn  et aL (15) inves t iga ted  the  p repa ra t ion  of 
mixed  L i -Na  bronze crystals  by  electrolysis  of mol ten  
tungsta te-WO3 mixtures .  The on ly  significant d iscrep-  
ancy be tween  this work  and tha t  of S t r aumani s  and 
Doctor  was that  the  former  c la imed tha t  sodium was 
soluble  in cubic  l i th ium bronze to produce  composi-  
tions such as Na0.05Li0.~3WO3. 

Sample Preparation and Characterization 
Single  c rys ta l  specimens of the  sodium tungs ten  

bronzes were  p roduced  by  the e lec t ro ly t ic  decomposi -  
t ion of mol ten  mix tu res  of Na2WO4 and WO3 in an a lu-  
rainy crucible  (16). The electrolysis  was pe r fo rmed  at 
a p p r o x i m a t e l y  700~ under  constant  cur ren t  condit ions 
wi th  p l a t i num electrodes.  Oxygen is evolved at  the  
anode and crys ta l  g rowth  occurs on the  cathode. The 
crysta ls  were  cleaned with  a mi ld  a lka l i  solut ion and 
annea led  in vacuo to el iminate  composi t ional  inhomo-  
geneities.  

Powder  samples  were  p repa red  by  so l id -s ta te  r eac -  
t ion of Na2WO4, WO~, and W in sealed quar tz  ampuls  
at  about  700~ Al though diffusion coefficient measu re -  
men~s were  made  exc lus ive ly  on single crys ta l  sam-  
ples, much of the  the rmodynamic  data,  discussed else-  
where  (13), was ga thered  on sintered,  po lycrys ta l l ine  
electrodes.  

In  o rder  to compare  the mate r ia l s  p roduced  by  l i th -  
ium inser t ion at ambien t  t empera tu res  wi th  the mixed  
bronzes p repa red  at high t empe ra tu r e  by  S t raumanis  
and  Doctor  (14), a compound of  composit ion Lio.~5- 
Na0.45WO3 was made  b y  so l id-s ta te  react ion of Li2WO4, 
Na2WO4, WOs, and W at 725~ The sample  was com- 
p le t e ly  pro tec ted  f rom react ion wi th  the a tmosphere  at  
al l  t imes. 

Three  independen t  techniques:  powder  x - r a y  dif -  
fraction,  t he rmograv ime t r i c  analysis  (TGA) ,  an ~1 

chemical  t i t rat ion,  were  employed  to de te rmine  the 
sodium s to ich iomet ry  of the tungs ten  bronze samples. 

Brown and Banks  (17) have shown that  the la t t ice  
parameter ,  ao, of the cubic phase of sodium tungsten 
bronze var ies  l inea r ly  wi th  the sodium content  ac-  
cording to the  fol lowing equat ion  

ao =- (3.7845 + 0.082x)A 

where  x is the sodium composit ion p a r a m e t e r  in 
NaxWOz. Lat t ice  pa rame te r s  were  de r ived  from h i g h  
angle  (20 > 75 ~ x - r a y  diffraction pa t te rns  using an 
in te rna l  s tandard .  In  addit ion,  severa l  samples  were  
x - r a y e d  af ter  e lec t rochemical  l i th ium insert ion.  These 
samples  were  pro tec ted  f rom react ion wi th  the a tmo-  
sphere.  

NaxWO3 is easi ly oxidized a t  e levated  t empera tu res  
in an air  or oxygen  a tmosphere  to WO3 and sodium 
tungstates.  The weight  change due to the  s toichiometr ic  
up take  of oxygen  i s r e l a t e d  to the sodium content  of 
the bronze. Oxidat ions were  carr ied  out at about  
680~ 

In  addit ion,  the oxida t ion  s ta te  of tungsten in the 
bronzes was de te rmined  by  the method of Choain and 
Marion (18). This technique involved the quant i ta t ive  
oxidat ion  of tungsten to the + 6 oxida t ion  state and the 
reduct ion  of A g ( S C N )  to A g  o. The s i lver  was de te r -  
mined by  Volhard ' s  method.  Assuming no devia t ions  
in oxygen  s to ichiometry ,  the sodium content  of the 
bronze could then be de te rmined  f rom the average oxi -  
dat ion s tate  of the tungsten in the  bronze.  

Electrochemical Measurements 
Elect rochemical  measurements  were  carr ied  out in a 

glove box with  a he l ium a tmosphere  from which N~, 
02, and H20 were  cont inuously  removed.  

Detai led kinet ic  measurements  were  car r ied  out on 
single crystals  of three  different  sodium concentrat ions  
(x = 0.54, 0.64, and 0.71). In  addit ion,  single crysta ls  
and powders  of h igh  sodium content  (x  > 0.75) were  
also examined  e lec t rochemica l ly  but,  as wi l l  be seen 
later ,  a lmost  no l i th ium could be inser ted  at room 
tempera ture .  

Elec t rochemical  cells of the  fol lowing configuration 
were  employed.  

( - - )  Li I LiAsFs ( 1 M i n P C )  I Li~NaxWO3 (+) 
i 

Li reference 

The solvent  and the e lec t ro ly te  solut ion were  d r i ed  
pr io r  to use by  agi ta t ion wi th  l i th ium chips in the 
solvent  and the solut ion for a per iod  of app rox ima te ly  
one week.  The t empera tu re  of  the  cell  was cont ro l led  
be tween  room t empera tu re  and 80~ 

Coulometr ic  t i t ra t ion  curves were  genera ted  by  
i n t e rmi t t en t ly  passing known quant i t ies  of charge 
through the ,above e lec t rochemical  cell  and a l lowing 
the cell to re -equi l ib ra te .  The open-c i rcu i t  vol tage 
was then measured  af te r  each such composi t ional  
change. In  o rde r  to r ema in  wi th in  the  s tab i l i ty  range  
of the e lectrolyte ,  potent ia l  differences less than  1.65V 
or  grea te r  than 3.4V were  not  imposed on the cell. 
The change in the  l i th ium composit ion was ca lcula ted  
f rom Fa raday ' s  law. The t i t ra t ion  was repea ted  m a n y  
t imes to genera te  the  complete  curve. Complete  r e -  
ve r s ib ih ty  was demons t ra ted  by  removing  l i th ium from 
the samples  b y  revers ing  the  d i rec t ion  of cu r ren t  flow. 

At  each composit ion at which a diffusion coefficient 
was measured  on one of the single c rys ta l  samples  
(x = 0.64), the  local  s lope of the  coulometr ic  t i t r a -  
t ion curve was obta ined  as a funct ion of t empera tu re .  
This was necessary  to p r o p e r l y  analyze  the t empera -  
tu re  dependence  of the  diffusion coefficient. 
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Since cubic  LiyNaxWO~ is p r i m a r i l y  an electronic 
conductor,  the measured  vol tage of the  cell  is a direct  
measure  of  the  l i th ium acUvity at  the e lec t ro ly te -  
e lec t rode  interface.  By pe r tu rb ing  the in te r iace  con- 
cent ra t ion  of l i th ium in a contro l led  manner  and by  
not ing the t ime evolut ion  of the sys tem response, so-  
lut ions of Fick 's  laws could be used to  de te rmine  the 
chemical  diffusion coefficient. Esther of two t rans ient  
measuremen t  techniques,  galvanosta t ic  or  po ten t io-  
static,  was employed  to measure  the chemical  diffu- 
sion coefficient of l i t h ium in bronze samples  wi th  two 
different  concentrat ions of the immobi le  sodium species 
over  ranges  Of concentrat ion of the mobile  l i th ium 
species and of tempera ture .  Pe r tu rba t ions  o f  the l i th -  
ium concentra t ion at  the  e lec t ro ly te -e lec t rode  in te r -  
face were  of such a smal l  magni tude  tha t  the  chemi-  
cal diffusion coefficient and the molar  volume could 
be assumed to be invar ian t  dur ing  the measurement .  

In  the  galvanosta t ic  technique (19), a cur ren t  step 
was imposed on p rev ious ly  equi l ib ra ted  cells. The 
bounda ry  conditions for  solut ion of Fick 's  law were  
those of a constant  flux of l i th ium ions across the 
e lec t ro ly te -e lec t rode  interface  of a semi-inf ini te  e lec-  
trode. The vo l tage  response V ( t ) ,  which represen ted  
the changing concentrat ion of the l i th ium ions due to 
the  flux o f  l i th ium ions through the interface,  was 
then recorded and analyzed  using the short  t ime solu-  
tion of Fick 's  law 

V( t )  -- Fs - ~  t < <  [1] 

where  I, Vm, s, F, l, (dE/dy),  and D represent  the 
imposed current ,  the molar  volume, the  surface area,  
Fa raday ' s  constant,  the sample  length, the  local s lope 
of the  coulomet r ic  t i t ra t ion  curve, and the chemical  
diffusion coefficient, respect ively .  

In  the potent ios ta t ic  method  (20) a vol tage step 
was appl ied  to the equi l ib ra ted  e lect rochemical  cell, 
a l te r ing  the l i th ium ,activity at the e lec t ro ly te -e lec -  
t rode  interface.  The cu r ren t  response,  I ( t ) ,  to this 
vol tage change corresponded to the flux of l i th ium 
ions th rough  t h e  in terface  and was recorded and ana-  
lyzed  according to the  fol lowing solut ion of Fick 's  law 

I( t )  = Vm(dE/dy)  t <<--~- [2] 

where  Vm, l, $, and D represent  the app l i ed  voltage,  
sample  length,  t ime, and chemical  diffusion coefficient, 
respect ively.  The d isadvantage  of this technique com- 
pa red  to the  cur ren t  s tep method is tha t  the  vol tage  
drop due to uncompensa ted  resistance is not  constant  
wi th  time. The re ference  e lect rode must  be carefu l ly  
located near  the bronze e lec t rode  to minimize  such 
effects. 

Results 
I n  Table  I, the resul ts  of  the  analysis  pe r fo rmed  on 

the single crys ta l  bronze  samples,  using the techniques 
prev ious ly  described,  are  presented.  Good agreement  
be tween  the resul ts  ob ta ined  f rom the var ious  tech-  
niques was observed.  

The x - r a y  powder  diffract ion exper iments  indica ted  
tha t  the la t t ice  p a r a m e t e r  decreased s l ight ly  on in-  
ser t ion of  l i th ium into the  sodium bronzes. Quan t i t a -  
t ive resul ts  a re  discussed e l sewhere  (13). The pres -  
ence of low in t ens i ty  super la t t ice  l ines on the  l i t h ium-  

Table I. Sodium content of single crystal samples 
as measured by several techniques 

Lattice Thermogravi- AgSCN 
parameter metric analysis reduction 

containing samples  necess i ta ted indexing  the powder  
pa t te rns  on a aouble  cell  of e ight  t imes the  volume 
of the uninser ted  mater ia l .  

In Fig. 1, the coulometr ic  t i t ra t ion  curve for three  
single crys ta l  samples  wzth x -- 0.54, x ---- 0.64, and 
x : 0.71 a r e  plot ted.  As may  be seen, only very  smal l  
quant i t ies  of l i th ium could be inser ted into the bronze 
of highest  sodium composition. This resul t  was con- 
firmed by measurements  on single crystals  and  pow-  
ders  of severa l  different  composit ions wi th  sodium 
contents g rea te r  than  x ---- 0.7. Deta i led  discussion of 
the the rmodynamics  of inser t ion is presented  else-  
where  (13); only the most  impor tan t  points are  re -  
pea ted  here. 

The dependence  of l i th ium chemical  potent ia l  on 
composit ion is wel l  accounted for  by  th ree  cont r ibu-  
tions. The first of these is the change in en tha lpy  of 
the  free e lect ron gas in the  bronze conduction band 
as l i th ium is added to the bronzes. The second is the 
configurat ional  en t ropy  term, which arises f rom the 
d is t r ibut ion  of the inser ted  l i th ium atoms over  the 
vacant  sites, and which gives the character is t ic  shape 
to the  t i t ra t ion  curves. The th i rd  cont r ibu t ion  is a 
small,  constant  pa r t i a l  molar  the rmal  en t ropy  term. 
The en t ropy  contr ibut ions  were  measured  by  observ-  
ing the dependence  of cell emf on tempera ture ,  and it 
was found tha t  the l i th ium atoms were  d is t r ibu ted  
r andomly  over  (1 --  x)  sites, where  x is the a tom 
rat io  of sodium. For  the single crys ta l  sample,  
Nao.TzWO~, on ly  a smal l  amount  of  l i th ium could be 
inser ted;  y had  a m a x i m u m  value of a pp rox ima te ly  
0.01. The chemical  po ten t ia l  of l i th ium increased very  
r ap id ly  wi th  l i th ium content  in this sample.  

The Chemical diffusion coefficients of l i th ium in the 
two single c rys ta l  specimens with  x : -  0.54 and 0.64 a t  
T : 300 K are presented  in Fig. 2 as a function of the 
l i th ium composition. A decrease in the chemical  d i f -  
fusion coefficient wi th  an increase in the l i th ium com- 
posi t ion parameter ,  y, was observed.  Similar ly ,  a de-  
crease in the chemical  diffusion coefficient wi th  an 
increase  in the sodium content  for fixed values of y 
was noted.  In  the single crys ta l  sample  with x --  0.71, 
the chemical  diffusion coefficient of l i th ium fell  r a p -  
id ly  wi th  the  addi t ion  of l i th ium at  low values  of y, 
a l though ini t ia l  values  were  s imi la r  to those m e a -  
sured on the mater ia l s  of lower  sodium content.  Be-  
yond app rox ima te ly  y _-- 0.01, the  ve ry  rap id  decrease 
in cell vol tage with  increase  in y p reven ted  fu r the r  
quant i ta t ive  measuremen t  of the  diffusion coefficient. 

The component  diffusion coefficient. (DLi) is re la ted  
to the chemical  diffusion coefficient (D) by  the fol-  
lowing equat ion (19) 

d In a u  F dE 
_: i - -  DLi ~ y ~ [ 3 ]  D DLi d In cu dy 
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Fig. 2. Chemical diffusion coefficients at 300 K for LiyNao.54WO~ 
and Li~Nao.~WO~. (Three sets of data, obtained on two different 
crystals are shown for Li~Nao 6~WO~ ) 

where (d In aLi/d In CL0 is the thermodynamic en- 
hancement factor, which is calculated from (dE/dy), 
the local slope of the coulometric t i tration curve; R 
is the gas constant, and T the temperature. Chemical 
and component diffusion coefficients for the sample 
Li~Na0.6~WO~ are plotted in Fig. 3 as functions of the 
l i thium composition at T -- 291 K and T -- 350 K. 
These curves show the same trends seen in Fig. 2. 

Arrhenius plots of the component diffusion coeffi- 
cients for a single crystal specimen of Li,~Na~WOa 
(x ---- 0.64) at several values of y are shown in Fig. 4. 
These plots appear to exhibit  some curvature. The 
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room temperature diffusion coefficients are a little 
lower than would be expected from an extrapolation 
of the high temperature results. Activation energies 
for diffusion for the same composition, which were 
derived from the higher temperature values for the 
component diffusion coefficients, are presented as a 
function of the  lithium composition in Fig. 5. A 
general increase in the activation energy with in- 
creasing lithium content is observed, with the most 
rapid change occurring at low lithium contents. 

The sodium ions in cubic sodium tungsten bronze 
are essentially immobile, and therefore it is assumed 
that the chemical diffusion coefficient is determined 
by the mobile l i thium ions, rather  than as a result of 
interdiffusion of these two ions. The cubic phase of 
sodium tungsten bronze is predominantly an electronic 
conductor and therefore the part ia l  l i thium ion con- 
ductivity is given by the following (19) 

~ q + = -  Vm - ~ y  [4] 

where D is the chemical diffusion coefficient, Vm is 
the molar volume, F is Faraday's constant, and (dE/ 
dy) is the local slope of the coulometric titration curve. 
In Fig. 6, the partial lithium ion conductivity of 
LiyNazWO~ (x ---- 0.64) is plotted as a function of the 
lithium composition parameter at T ---- 291 K and T _~ 
350 K. This graph shows the increase in-lithium ion 
conductivity with increase in temperature. Figure 7 
is a plot of the lithium ion conductivity as a function 
of y for samples with sodium composition parameters 
x ----- 0.64 and x ~ 0.54, at room temperature. The 
variation of the lithium ion conductivity with the 
sodium composition for fixed values of y is evident 
in this plot. 
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Fig. 3. Chemical (D) and component ( ~ i )  diffusion coefficients 
at 291 and 350 K for LiyNao.~WO~. 
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Fig. 7. P.rtial lithium ion conductivities at 300K for 
LiyNao.54W03 and LiyNao.64W03. (Three sets of data, obtained 
on two different crystals are shown for Li~N,o.64WO~.) 

The powder  sample of composit ion Li0.3~Na0.4~WO3, 
p repa red  by  high t empera tu re  so l id-s ta te  techniques,  
was inves t iga ted  briefly e lect rochemical ly .  L i th ium 
could be removed  f rom this sample  at  room t empera -  
ture  at  ra tes  comparable  to those found for the phases 
p repared  at low tempera tures ,  suggest ing tha t  at least  
some of the  l i th ium in the high t empe ra tu r e  mate r ia l  
has a high diffusion coefficient. 

Discussion 
The da ta  for  the  measured  diffusion coefficients in 

LiyNaxWO3 indicate  r e la t ive ly  high values  at  these 
modera te  tempera tures .  As ment ioned  ear l ier ,  the  d i f -  
fusion coefficients of both  sodium in cubic Na~WO3 
and l i th ium in LixWO3 are very  low. 

In o rde r  to unders tand  the re la t ive  magni tude  of 
D u  in these three  systems it is necessary to examine  
the s t ructures  of these compounds in some detail .  

Al l  three  compounds have the same defect  perovski te  
s tructure,  in which the a lkal i  meta l  ions occupy sites 
at the  center  of a cube formed from 8 corner - shared  
WO6 octahedra .  

In  recent  years,  however ,  i t  has become appa ren t  
that  the  t rue s t ructures  of the cubic bronzes are  more  
complex  than  first thought ,  and tha t  rotat ions of  the 
a lmost  r ig id  WO6 octahedra  lead  to impor tan t  dev ia -  
tions f rom the undis tor ted  perovski te  model.  Wiseman 
and Dickens (21) pe r fo rmed  a powder  neu t ron  d i f -  
f ract ion s tudy on severa l  cubic bronzes:  Li0.36WOs, 
Na0.54WOs, Na0.73WO3, and La0.14WO~, and found that,  
a l though the mater ia l s  re ta ined  the i r  cubic symmet ry ,  
ro ta t ion of the oc tahedra  produced two k inds  of si tes 
for the inser ted metals .  

A more recent  la t t ice  p a r a m e t e r  s tudy (22) and a 
Raman  s tudy  (23) of NaxWO3 (0.6 < x < 1) have  
identif ied four  phases in this composit ion range.  At  
t empera tu res  above 400 K the mate r ia l s  have the 
und i s tu rbed  perovski te  s t ructure ,  wi th  space group 
Pm3m. A second-orde r  phase  t ransi t ion has also been 
seen at  this t empe ra tu r e  in specific heat  measurements  
(24). Below this  t empera tu re  tb-vee phases exist,  which 
are  re la ted  by  successive t i l ts  of the  oc tahedra  about  
each o f  the  cubic axes. At  room t empera tu r e  the s t ruc-  
ture  is t e t ragona l  wi th  space group I 4 / m m m  (22). 
The difference be tween  an and Co, however ,  is only  
0.15%. Wiseman and Dickens also found a sl ight  t e t r ag -  
ana l  dis tor t ion in Na0.73WO3 (ca. app rox ima te ly  equal  
to 0.9992), but  suggested the or thorhombic  space group 
Immm. In the fol lowing discussion the c rys ta l lographic  
da ta  due to Wiseman and Dickens are used. 

I f  the  sl ight  t e t ragona l  d is tor t ion  is neglected,  the 
two inequiva len t  sites in the room t empera tu r e  s t ruc-  
ture  are  2 (a )  and 6(b)  in Im3 (21). The 6(b)  sites 
a r e  best  descr ibed as 4-coordinated,  the a lkal i  meta l  
is sur rounded  b y  a square  a r r angemen t  of oxygens at 

a dis tance of 2.175A in the case of Li0.3~WO~, and 
2.583A in Na0.5~WO3, whereas  in the 12-coordinated 
sites the  neares t  oxygens  are at  2.657 and 2310A, re -  
spect ively,  for the l i th ium and sodium compounds.  The 
t i l t  of the oc tahedra  depends  ve ry  much on the radius  
of the inser ted  ion. I t  is about  14 ~ for  Li~WO3, 4 ~ "for 
NazWOs, and 0 ~ for LaxWO~. The posit ions of the two 
kinds  of sites in the c rys ta l lographic  unit  cell  are 
shown in Fig. 8. 

There  are  two kinds  of diffusion pa thways  in the 
dis tor ted s t ructures :  6 (b)  --> 6(b)  and  2(a )  --* 6(b)  
-> 2(a ) .  A diffusing a tom cannot  move f rom one 2(a )  
site to another  2(a)  site w i t h o u t p a s s i n g  t h r o u g h  a 
6 (b)  site: In  fact, t h e  ape r tu re  th rough  which the 
diffusing a tom must  move is a lmost  the  same for both 
pa thways .  I t  is a t r i angu la r  a r r angemen t  of oxygen 
atoms, wi th  a passage of rad ius  0.229A in LixWO~, 
and 0.434A in NazWO3. The ape r tu re  is shown in Fig. 9. 
In the comple te ly  r egu la r  s t ruc tu re  wi thout  the t i l t ing 
of the octahedra,  the size of this ape r tu re  would be 
0.462 and 0.514A for the l i th ium and sodium cases, 
respect ively,  assuming the same uni t  cell  size. Thus, 
the dis tor t ion of the s t ructure  reduces the size o f  the 
cr i t ical  ape r tu re  for diffusion. Assuming  ionic radi i  
of 0.56A for Li + and 1.00A for Na +, i t  is c lear  that  if 
they  can be considered ha rd  spheres,  ne i the r  could 
pass th rough  the p a t h w a y  aper tures  in e i ther  LixWO~ 
or  NaxWO~, hut  that  Li + is r e l a t ive ly  close in size to 
the aper tu re  in NazWO3. This is a reasonable ,  a l though 
qual i ta t ive ,  exp lana t ion  of the  much l a rge r  diffusion 
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group Ira3 in the cubic tungsten bronzes. 
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coefficient of l i th ium in the mixed  tungs ten  bronze 
containing sodium than in the  pure  l i th ium bronze.  

The genera l  t rend  in the self-diffusion coefficient 
shown in Fig. 3 is consistent  wi th  a nonin terac t ing  
la t t ice  gas model  (25). In  this model ,  it  is assumed 
tha t  there  is no in terac t ion  be tween  the diffusing 
atoms, except  for shor t  range  repulsion,  which p re -  
vents  jumps  into a l r e ady  occupied sites. A s teady  
decrease in the  diffusion coefficient wi th  increasing 
l i th ium concentra t ion is predicted,  due  to a decreas-  
ing p robab i l i t y  of f inding a n  unoccupied site next  to 
an occupied one. Thus DLi is p ropor t iona l  to the  f rac-  
t ional  number  of vacant  sites, assuming al l  sites have 
an equal  p robab i l i t y  of being occupied. 

Such a model  is consistent  wi th  o the r -p roper t i e s  of 
the  tungs ten  bronzes. The concent ra t ion  of free elec-  
t rons in these  mate r i a l s  is ve ry  high ( app rox ima te ly  
2 • 1022 c m - 3 ) ,  and can be assumed to screen long 
range  coulombic interact ions  be tween  part ic les .  Under  
these  c i rcumstances ,  on ly  the  re la t ionship  be tween  
the d iamete r  of the par t ic le  and the d imensions  of the 
su r rounding  la t t ice  is impor t an t  in de te rmin ing  the 
ac t iva t ion  en tha lpy  for  diffusion in a d i lu te  system. 

This model,  however ,  predic ts  a concen t ra t ion- inde-  
penden t  ac t ivat ion enthalpy,  and  as seen in Fig. 5, 
this  is ev iden t ly  not  the  case. The  act ivat ion en tha lpy  
appears  to increase  quite r ap id ly  at  low concent ra-  
tions of inser ted  l i thium. This p robab ly  also accounts 
for the  dev ia t ion  of the pa r t i a l  ionic conduc t iv i ty  data,  
ca lcula ted  by  use of the Nerns t -Eins te in  equation,  
f rom the parabo l ic  dependence  on l i th ium concent ra-  
t ion expected  f rom the nonin te rac t ing  mobi le  i o n  
model,  shown in Fig. 6 and 7. 

The exp lana t ion  for this  increase in ac t iva t ion  en-  
tha lpy  m a y  l ie  in some local in terac t ion  be tween  the 
l i th ium ions that  is not  screened by  the free e l ec t ron  
populat ion,  bu t  i t  is more  l ike ly  tha t  i t  has a s t ruc-  
tu ra l  origin. As discussed above, the  grea te r  the t i l t ing 

o f  the  octahedra ,  the s m a l l e r  the ape r tu re  th rough  
which  the l i t h ium must  diffuse. The dis tor t ion in the 
cubic sod ium tungs ten  bronzes is sufficiently smal l  tha t  
x - r a y  reflections corresponding to a super la t t ice  a re  
not  observed.  In samples  of low sodium content,  in te r -  
ca la ted  by  l i thium, however ,  super la t t ice  peaks  are 
w e a k l y  visible,  suggest ing tha t  the s t ruc ture  does 
dis tor t  as the  l i th ium concentra t ion increases.  This 
d is tor t ion would  p r e sumab ly  h inder  diffusion, and 
t h u s  increase  the  ac t iva t ion  en tha lpy  for motion. 

The las t  impor t an t  observat ion  to be accounted  f o r  
is the  dependence  of DLi on sodium concentrat ion.  As 
ment ioned  above, i t  is expec ted  t h a t  the diffusion co- 
efficient decreases  as (x + y)  increases.  Thus, h igh  
sodium bronzes should have  lower  diffusion coefficients, 
as observed  in Fig. 2. Wha t  this model  does not  ex-  
p la in  however ,  is the d ramat ic  d rop  in l i th ium solu- 
b i l i ty  and rap id  .decrease in diffusion coefficient at  
about  Na0.TWO~. Only  ve ry  smal l  quant i t ies  of l i th ium 
could be inser ted  into p o w d e r  samples  of this  com- 
position. 

If  the  sodium ions occupy the 2(a)  and  6(b)  sites 
randomly ,  then this observa t ion  is difficult to explain.  
If, h o w e v e r ,  the sodium ions were  o rdered  on the 
6(b)  sites at a round  x = 0.75, then  the l i th ium di f -  
fusion coefficient and so lubi l i ty  would  fal l  r ap id ly  
as this value  is approached,  since a l l  pa thways  would  
be b locked by  the immobi le  Na§ ions on 6(b)  sites, 
and  a d i rec t  2 (a )  --> 2(a)  p a t h w a y  is not  possible. 
Al though Na o rde r ing  at  x ~ 0.75 was used by  Atoj i  
and  Rundle  (26) to account  f o r  the  observa t ion  of a 
super la t t ice  in a s ingle c rys ta l  of Na0.~hWO3 s tudied 
by  neu t ron  diffraction, the i r  final agreement  factors 
assuming the  o rdered  s t r u c t u r e  were  poor.  In  the 
powder  neu t ron  diffract ion s tudy  of Wiseman  and 
Dickens (21), evidence for  Na o rde r ing  was not  
found, bu t  ag reemen t  be tween  o b s e r v e d  and calcu-  
la ted  intensi t ies  was ve ry  ' insensit ive to t h e  state of 
o rde r  of the sodium, so t he  poss ib i l i ty  of o rder ing  

around 0.75 cannot be discounted.  The recent  Raman  
s tudy of F lynn  (23) also provides  some indirect  ev i -  
dence suppor t ing  the hypothesis  of sodium order ing  
at  x --  0.75. 

I t  is also noted that  dur ing  e lect rolyt ic  g rowth  of 
single crys ta l  bronzes, wel l -def ined cubes are  obta ined 
when x is above about  0.7, but  c rys ta ls  grow wi th  
polyfaceted  shapes at  lower  sodium concentrat ions.  An  
explana t ion  for this behavior  has not  been found, but  
F ' lynn (23) notes that  crysta ls  grown wi th  this mor -  
phology appa ren t ly  do not  form the phases wi th  s l ight  
t e t ragona l  dis tor t ions be tween  300 and 400 K. In the  
presen t  study,  the crystals  wi th  x values of 0.54 and 
0.64 grew in the polyfaceted  form. Crysta ls  wi th  h igher  
sodium composit ions wi th  the cubic morpho logy  did 
not  accommodate  any l i thium. 

The s tab i l i ty  of the  cubic a lka l i  bronzes towards  
a i r  and wate r  at room t e m p e r a t u r e  is of kinet ic  origin, 
founded in the  very  slow diffusion of the a lka l i  meta l  
to the  surface. I t  was observed in the present  s tudy  
tha t  cubic LiyNaxWO~ was ve ry  r ap id ly  oxidized by  
air  a n d / o r  moisture,  a l though the p r o d u c t s  of this 
react ion have not  been invest igated.  S t raumanis  and 
Doctor  (14), on the other  hand, r epor ted  that  thei r  
mixed  cubic L i -Na  bronzes formed at h igher  t em-  
pera tu res  were  r e m a r k a b l y  res is tan t  to oxidat ion,  and 
they  were  able to ca r ry  out  x - r a y  diffraction studies,  
p r e sumab ly  in an a i r  ambient .  The impl ica t ion  of this 
is tha t  the phases  p r epa red  at  h igh t e m p e r a t u r e  are  
somewhat  different,  at  least  in the i r  kinet ic  proper t ies ,  
f rom the phases p r epa red  at  ambien t  t empera tu re .  In  
the ambien t  t empera tu re  phases,  the sodium con- 
f iguration is "frozen;" thus, any  p a t h w a y  which a l -  
lows a l i t h ium a tom to diffuse into the s t ruc ture  is 
also avai lab le  for out-diffusion on oxidat ion.  In  the 
high t empe ra tu r e  phases, however ,  the  sodiums are  
p r e sumab ly  mobile  at  the  t e m p e r a t u r e  of p repara t ion ,  
and thus wi l l  block out-diffusion o f l i t h i u m  when the 
phases  are  cooled t o  room tempera ture .  This effect, 
however ,  wi l l  not  be complete,  since s ta t i s t i ca l ly  t h e r e  
wil l  st i l l  be some ava i lab le  diffusion paths.  This is 
consistent  w i th  the e lec t rochemical  behavior  of the 
ma te r i a l  Lio.35Na0.4~WO~ p repa red  at  h igh t empera tu re ,  
where  i t  was found that  some of  the  l i th ium could be 
removed  rap id ly .  This would  suggest  tha t  the  high 
t e m p e r a t u r e  phases a re  in fact  uns table  to a tmo-  
spheric  oxidat ion.  

I t  is of in teres t  to consider  whe the r  one of the main  
conclus ions  of this s tudy,  namely ,  tha t  high l i th ium 
diffusion coefficients are  due p r i m a r i l y  to the presence 
of a larger ,  immobi le  cation, which effect ively p re -  
vents  dis tort ions of the s t ruc ture  de t r imen ta l  to r ap id  
diffusion, is Of more  g e n e r a l  val idi ty .  I t  seems l ike ly  
tha t  it  is indeed so, e~pecially in meta l l i ca l ly  conduct-  
ing l aye r  and f r amework  structures,  a l though other  
examples  appear  to be lacking  at the  present  time. 

Conclusions 
The main  findings of this s tudy may  be summar ized  

as follows. (i) The chemical  diffusion coefficient of 
l i th ium in the mixed  cubic  tungsten bronzes,  
LiyNazWOs, at  ambien t  t empera tu re s  is ve ry  high, 
about  10-~ cm2/sec for low y values,  bu t  decreases 
wi th  increas ing a lkal i  me ta l  content.  Samples  wi th  
x ~ 0.7 can accommodate  ve ry  l i t t le  l i th ium and t h e  
diffusion coefficient appears  to fa l l  r a p i d l y  wi th  in-  
crease in l i th ium concentrat ion.  (if) The diffusion co- 
efficient of l i th ium measured  in these phases is many  
orders  of magni tude  grea te r  than  the diffusion co- 
.efficient of e i ther  l i th ium in cubic L i z W Q  or  of sodium 
in cubic NaxWO3. These differences are  ascr ibed  to 
the size of the  ape r tu re  th rough  which the a lka l i  
me ta l  ion mus t  move. The ape r tu re  size, which is 
control led  b y  the degree  of t i l t ing of the WO6 octa-  
hedra ,  is of comparab le  size to the  Li  + radius  in the 
LiyNaxWO3, bu t  much smal le r  than  e i ther  the  Li + 
radius  in Li~WO3 or  the  Na + radius  in Na~WO3. (iii) 



782  J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  Apri l  1983 

As l i th ium is added to the bronzes of low sodium 
content,  the  degree  of t i l t ing of the oc tahedra  in-  
creases, reducing the aper tu re  size and increasing 
the ac t iva t ion  en tha lpy  of motion. (iv) The sudden 
change in proper t ies  for  sodium contents g rea te r  than 
about  0.7 is consistent  wi th  sodium orde r ing  in the 
s tructure.  (v) Mixed l i t h ium-sod ium bronze phases 
p r epa red  at  high t empera tu re  also contain mobile  
l i th ium ions, a l though no quant i ta t ive  measurements  
on single crysta ls  have  ye t  been  made. 
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Electrochemical Nucleation and Growth of Silicon in Molten Fluorides 

K. L. Carleton,* J. M. Olson,* and A. Kibbler 
Solar Energy Research Institute, Golden, Colorado 80401 

ABSTRACT 

The electrochemical nucleation and growth of silicon on vitreous carbon and graphite are characterized. The anode is a 
copper:si l icon alloy and the electrolyte is a molten solution of KF:LiF:K2SiF6 at 750~ SEM examinat ion of the initial stages 
of electrodeposit ion shows that the nucleation process is instantaneous and is followed by three dimensional  growth. Be- 
cause  the nucleation is instantaneous, the initial nucleation densi ty and the grain size of the deposi ted silicon can be 
controlled. Exist ing theoretical models for nucleation and their failure to model  this system are also discussed. 

The e lee t rodeposi t ion  of meta l s  f rom aqueous solu- 
tions and mol ten  salts  has been s tudied extensively.  
Pa r t i cu l a r  in teres t  in meta l  deposi t ion on foreign 
subst ra tes  has led  to nuclea t ion  studies (1-6) and the 
deve lopment  of theore t ica l  models  to character ize  the  
different  nucleat ion and growth  mechanisms.  

This work  character izes  the nuclea t ion  of sil icon on 
carbon subst ra tes  in an e lect rochemical  process for si l i-  
con purification.  The silicon is electrorefined in a 
mol ten  salt  system and s imul taneous ly  e lec t rodeposi ted  
on POCO| graphi te  subs t ra tes  as thin sheets of po ly -  
c rys ta l l ine  ma te r i a l  (7).  One possible  appl ica t ion  of 
this process is to use the  a s -g rown mate r i a l  as the ac-  
t ive base in a photovol ta ic  cell. In  this case, i t  is de-  
s i rable  to opt imize the gra in  size of the deposi ted mate -  
r ia l  th rough  knowledge  of the  nuclea t ion  process. In  
this paper ,  empir ica l  studies are  descr ibed which p ro -  
vide  a qua l i ta t ive  unders tand ing  of nuclea t ion  and, as a 

* Electrochemical Society Active Member. 
Key words: semiconductor, electrode, current, electrodeposi- 

tion. 

result ,  enable  one to control  the  gra in  size of the  e lec-  
t rodeposi ted  mater ia l .  Exis t ing theore t ica l  models  for 
nucleat ion and the i r  fa i lure  to model  this sys tem are  
also discussed.  

Background 
Nucleat ion  and growth  processes in e lect rodeposi t ion 

are  character ized b y  th ree  pa rame te r s  (2, 3):  the 
growing rad ia l ly ) ,  or three  d imensional  (hemispher ica l  
t ime dependence  of the nucleat ion process. There  are 
th ree  fundamen ta l  g rowth  modes: the  growth  can be 
one d imensional  (a p l ana r  surface growing no rma l  to 
i t se l f ) ,  two d imensional  (such as cy l indr ica l  nuclei  
growing radial ly) ,  or  three  d imensional  (hemispherical  
or spher ica l  nuclei). Independen t  f rom the growth  mode 
is the  l imi t ing g rowth  mechanism.  This r a t e - d e t e r m i n -  
ing step in the growth  process can be e i ther  the in terface  
kinet ics  (such as ada tom surface diffusion or incorpo-  
ra t ion) ,  charge t~ansfer  kinetics,  or the  mass t ransfe r  
of meta l  ions to the  e lec t rode  surface. Final ly ,  there  
are  two broad  categories  for  the  t ime dependence  of 
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the  nuclea t ion  process.  If  a l l  the nuclei  form at e ssen- 
tiaUy the same time, nuclea t ion  is t e rmed  " ins tan ta-  
neous." I f  nucleat ion continues to occur over  a per iod 
of t ime, it  is considered progressive.  

The impor t an t  p a r a m e t e r  in opt imizing gra in  size of 
deposi ted  m a t e r i a l  is the  t ime dependence  of the n u -  
cleation. If nucleat ion is progressive,  nuclei  wil l  con-  
t inua l ly  form and grow, mak ing  gra in  size difficult to 
control.  However ,  if nuclea t ion  is ins tantaneous,  gra in  
size is easi ly  opt imized.  The number  of nuclei  which 
form is a function of po ten t ia l  (2) and with  constant  
cur ren t  g rowth  conditions, this potent ia l  is re la ted  to 
the cur ren t  density.  Because no nuclei  form af te r  the  
ini t ia l  nuclea t ion  process in ins tantaneous  nucleat ion,  
the  ini t ia l  cur ren t  dens i ty  conti-ols the  average  nuc lea-  
t ion density.  The dens i ty  of nuclei  de te rmines  how 
soon the  nuclei  coalesce and therefore  de te rmines  the 
u l t imate  gra in  size (4). 

The g rowth  mode  and t ime dependence  of the nu-  
cleat ion process are  most  eas i ly  de t e rmined  from ob-  
servat ions  of the in i t ia l  shape and size of the he te ro-  
geneous deposit.  The size of each nucleus is p ropor -  
t ional  to the  t ime since its formation.  Therefore,  if 
the  nuclei  a re  of  r andom size, nucleat ion is progressive,  
whereas  if  the  nucle i  are of equivalent  size, nucleat ion 
is ins tantaneous  (2, 8). 

Another  method  for de te rmin ing  the t ime depen-  
dence of nuclea t ion  is to compare the  resul ts  of po ten-  
t ia l  s tep exper iments  wi th  theoret ical  models.  Expe r i -  
menta l ly ,  a po ten t ia l  step is app l ied  to a bare  e lect rode 
and a cu r r en t - t ime  response is measured.  In  processes 
o ther  th.an deposit ion,  the c u r r e n t  decreases wi th  time. 
However ,  for  etectrodeposi t ion,  once nucleat ion has 
occurred,  the  current  usua l ly  increases due to an in-  
creasing surface a r e a  and a change from p l ana r  to 
two-  or  t h ree -d imens iona l  diffusion. This r is ing cur-  
ren t  can be modeled  as a funct ion of t ime and as such 
can be used to de te rmine  the na ture  of the nuclea t ion  
process. 

Models have  been developed for  systems involving 
different  combinat ions  of the  character is t ic  pa rame te r s  
for nuclea t ion  and growth  processes. Ear l i e r  models  
resul ted  in s imple  cu r r en t - t ime  re la t ions  of the  form 

I = Ktn [1] 

whe re  K is a p roduc t  of phys ica l  pa rame te r s  (e.g., 
nucleat ion dens i ty  No, molecu la r  weight  of the  de-  
posi ted me ta l  M, etc.) and n is genera l ly  some half  
in tegra l  n u m b e r  which is character is t ic ,  but  not  
unique, to the proper t ies  of the nucleat ion and growth  
process. Fo r  example ,  for  the ins tantaneous  nucleat ion 
and kinet ics  l imi ted  growth  of th ree -d imens iona l  nu-  
clei, n ---- 2 (9). 

These ea r l i e r  models  assume that  on ly  one process is 
r a t e  control l ing and that  no over lap  of nuclei  occurs. 
More recent  models  (6) t ake  into account the effects 
of over lap  and ingest ion of nuclea t ion  sites resul t ing in 
more  compl ica ted  c u r r e n t - t i m e  relat ions.  A l t e r n a -  
t ively,  more  than  one mechanism m a y  be  ra te  control -  
ling, such as the case of both kinet ics  and mass t rans-  
fer  control.  In  the  fol lowing the  potent ia l  step, cu r r en t -  
t ime response for  a mixed  control,  and ins tantaneous  
nucleat ion process a re  der ived  by  equat ing the currents  
due to mass flux (10) 

I -- n F A k C  exp (HSt) erfc (HtV2) [2] 

and the  cur ren t  due to mass  accumula t ion  for hemi -  
spher ica l  nuclei  

or  
I - -  (2~nFrSp/M) ~ [3] 

at  

where  H = k/D'/~, k is the reac t ion  ra te  constant ,  D 
and. C are  the diffusion coefficient and the concent ra-  
t ion of the  e lec t rodeposi t ing  species, M and p a re  the 
molecu la r  weight  a n d  dens i ty  of the deposi t ing metal ,  
and the o ther  t e rms  have the i r  usual  meaning.  

In tegra t ion  of Eq. [3] yields  an equat ion for  r, the 
radius  of the  nucleus, as a funct ion of t ime 

r -- (kCM/p) [exp (H2t) erfc (Htl/2)H -~ 

+ 2t'/2H-ln-'/2] [4] 

which can then be subst i tu ted  back into I to give 

I ---- (2~nFk'~CaANoM2p -2) {~3/-/-4 

+ 4t'/2a2H-3~ -1/2 + 4taH-2~ -1} [5] 

where  a ----- exp  (H2t) erfc (Ht'/2). This equation,  a long 
with  those of the  form of Eq. [1], is used to analyze  
potent ia l  s tep t rans ients  for this system. 

Experimental 
A vi t reous  carbon crucible  containing the anode 

(silicon source) and the mol ten  sal t  e lec t ro ly te  is s i tu-  
a ted in a res is t ive ly  hea ted  furnace  at 750~C (see Fig. 
1). The anode is solidified in situ f rom a hype reu -  
tectic solut ion of semiconductor  grade  silicon [16 
weight  percen t  ( w / o ) ]  and  copper  (99.999%). The 
e lec t ro ly te  is a mix tu re  of K F :L iF :K 2S iF6  [46 mol  
percent  ( m / o ) : 4 6  m / o : 8  m/o]  where  the  K2SiF6 is 
fo rmed by  reac t ing  SiF4 wi th  excess KF. The L iF  and 
K F  are Suprapur@ grade. 

The I<F and LiF  are  d r ied  in situ at pressures  less 
than  10 -5 Tor t  b y  s lowly hea t ing  f rom 100~176 
This d ry ing  procedure  effect ively prevents  the fo rma-  
t ion of hydrolys is  products  that  have a de t r imen ta l  
effect on the morphology,  of the  silicon electrodeposi t .  
The mol ten  sal t  is fu r the r  purif ied b y  a p re -e lec t ro lys i s  
step. A potent ia l  of 2V is appl ied  to a g raphi te  
e lectrode ( re la t ive  to the  crucible)  unt i l  the  cur ren t  
is less than 1 mA/cm2. 

The silicon reference e lect rode is formed in situ by 
deposi t ing silicon on a 3 mm vi t reous  carbon rod. This 
e lect rode is stabl~ for  2-3 days. Al te rna t ive ly ,  an  ox ide-  
free, single crys ta l  silicon wafer  m a y  be used as a re f -  
erence electrode.  The work ing  e lect rode is the  rounded  
end" of a 3 m m  rod of e i ther  graphi te  or  vi t reous  car-  
bon wi th  a geometr ic  a rea  of 0.3-0.4 cm 2. 

The chronoamperomet r ic  da ta  a re  recorded wi th  a 
Nicolet  d ig i t a l  s torage oscilloscope. F o r  curve fitting 
the  oscilloscope is i n t e r f aced  wi th  a Hewle t t  Packa rd  
9825 computer .  

Results and Discussion 
Figure  2 shows a scanning e lect ron mic rograph  of 

silicon nuclei  grown on vi t reous  carbon.  The size and 
shape of the  nuclei  de t e rmine  the  t ime dependence  of 
nucleat ion and growth  mode for  the system. The n u -  

o 

o 

Argon Flow 

~  C E i e ct r o d earbon 

~J~KF:LiF:K2SiF8 
~ Z ~ 2 ~ - - -  Si:Cu Anode ~~Heating Element 

Quartz 
Graphite Pedestal 

~, Thermocouple 
Fig. 1. Electrochemical cell for silicon deposition 
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Fig. 2. Scanning electron micrograph of silicon nuclei electroae- 
posited at 15 mA/cm 2. Deposition was 10 C of material on 1.5 cm 2 
vitreous carbon. Imperfections in the vitreous carbon surface also 
appear. 

clei a re  hemispher ical ,  indicat ing tha t  the growth  is 
three  dimensional .  The nuclei  a re  also al l  of equal  
size. They mus t  have formed at  essent ia l ly  the same 
time, imply ing  that  the  nuclea t ion  process is ins tan-  
taneous. This means  the g ra in  size of the deposi ted 
sil icon can be control led  by  the ini t ia l  cur ren t  density.  

The impor tance  of the ini t ia l  cur rent  dens i ty  in con- 
t ro l l ing the  gra in  size is i l lus t ra ted  in Fig. 3. These 
SEM micrographs  s h o w  two a s -g rown  sil icon surfaces. 
Al though both were  grown at the  same final cur ren t  
densi ty,  the  in i t ia l  cu r r en t - t ime  profiles were  differ-  
ent. The cur ren t  for the  deposi t  in Fig. 3a was s tepped 
d i rec t ly  f rom zero to the final g rowth  cur ren t  densi ty  
of 70 m A / c m  2. As a result ,  nuclea t ion  occurred at a 
h igh cur ren t  density,  the nucleat ion dens i ty  was large,  
and the gra in  size was small .  The cur ren t  for the de -  
posit  in Fig. 3b was s tepped f rom zero to an in te r -  
media te  cur ren t  dens i ty  of 40 m A / c m  2 and then  
r a m p e d  up to the  final cur ren t  dens i ty  of 70 m A / c m  2. 
In  this  case, a lower  nucleat ion dens i ty  was es tabl ished 
by  a lower  cur ren t  densi ty,  and the resul t ing  gra in  size 
was larger .  This means  that,  by  control l ing the ini t ia l  
cu r r en t - t ime  profile, the  gra in  size of  the  ma te r i a l  can 
be  control led  independen t ly  of the final g rowth  con- 
ditions. One p rob lem can ar ise  if the ini t ia l  cur ren t  
dens i ty  is too low. In  th i s  case, there  are  areas  where  
the  nuclei  do not  coalesce, leaving  voids in the  ma te -  
rial.  Therefore,  there  is a compromise  be tween  max i -  
mizing the gra in  size and ensur ing complete  surface 
coverage. 

Having es tabl ished tha t  nucleat ion is ins tantaneous  
and tha t  the  g ra in  size can be control led,  potent ia l  s tep 
exper imen t s  were  done to t r y  to app ly  nucleat ion 
theory  in this system. A series of potent ia l - s tep ,  cur -  
r en t - response  curves a r e  shown in Fig. 4. [Note tha t  
the  process occurs on a t ime scale of msec, not  sec, as 
is of ten encountered  (1-3).]  The curves can be b roken  
down into severa l  character is t ic  regions. In i t i a l ly  the 
cur ren t  is la rge  as a resul t  of double  l ayer  charging 
and decays exponent ia l ly .  In the  ideal  case, this 
sho~uld be fol lowed by  a nuclea t ion  cu r ren t  which  in-  
creases wi th  time. However ,  in this system, the onset 
of nucleat ion is swamped  b y  a la rge  prenuclea t ion  
current  which decays s lowly in a diffusion l imi ted  ~-~/2 
manner .  In  o rde r  to incorpora te  this large  p renuc lea -  
t ion current  into the  theore t ica l  models,  l inear  sweep 
cyclic vo l t ammograms  were  examined  to de te rmine  its 
cause. 

The cyclic voltammo,gram, shown in Fig. 5, has sev-  
era l  key  fea tures  (11). The inflection point  at app rox i -  
ma te ly  0V is the  revers ib le  po ten t ia l  for si l icon reduc-  
tion re la t ive  to the silicon reference  electrode.  The 

Fig. 3. Scanning electron micrographs of as-grown silicon de- 
posits. Growth conditions: (a, top) current stepped to 70 mA/cm 2, 
(b, bottom) current stepped to 40 mA/cm 2 and then ramped to 70 
mA/cm 2. Total coulombs in each case is approximately 300 C/cm 2. 

63.7 

51.0 

= 7302% 
25.5 

--140 mV 

~ ' - - - - - - - - ~  - -120 mV 

12,7 100 mV 

80 mY 

1 2 3 4 5 

t (msec) 

Fig. 4. Cathodic current transients for silicon electrodeposition 
on 0.3 cm 2 vitreous carbon. Steps are from --t-IV to the final 
cathodic step potentials shown. 

onset of silicon deposi t ion is s l ight ly  offset f rom this 
revers ib le  po ten t ia l  by  the nuclea t ion  threshold,  i~- 
dicat ing nu.cleation is the  in i t ia l  r a t e - l imi t ing  step in 
deposit ion.  The cathodic excurs ion is due t o  silicon 
deposit ion.  The surface increase  loop implies  that  the  
area  of the  growth  surface is increasing.  The increasing 
surface area  resul ts  in a l a rger  cur rent  on the  reverse  
scan than on the fo rward  (cathodic)  scan, and may  be 
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Er 

I Surface Increase Loop 

Jucleation 
]'hreshold 

5 mAI 

50 mV 

Fig. $. Expanded cyclic voltammogram for silicon deposition on 
graphite vs. Si reference electrode with KF:LiF:K2SiF6 electrolyte, 
T = 724~ scan rate - - 5 0  mV/sec, and area - -  0.4 cm 2. The 
cathodic limit, in this case, - -50 mV, along with the scan rate 
determines the quantity of silicon deposited on the carbon elec- 
trode, which in turn is proportional to the height of the stripping 
peak anodic of the reversible potential. The anodic limit is +0.7V. 

due to either two-dimensional  or three-dimensional  
growth. Anodic to the reversible potential,  there is a 
small  cathodic current  which was correlated w i t h  the 
prenucleat ion current .  There are several possible ex- 
planat ions for this current.  For example, the cathodic 
current  is associated with the underpotent ia l  deposi- 
tion (UPD) of silicon on graphite. UPD is the adsorp- 
tion of a monolayer  of metal  atoms onto a foreign sub- 
strate at potentials anodic of the reversible potential.  
There are two theoretical cri teria to determine if UPD 
should occur. One involves the difference in lattice pa-  
rameters  of the substrate  and depositing species. For 
differences in un i t  cell dimensions greater than 1.5A, it 
has been shown that monolayer  formation, and there-  
fore UPD, does not  occur (12). However, conclusions 
made by comparing uni t  cell dimensions for silicon on 
polycrystal l ine graphite are questionable since graphite 
is anisotropic. Other work has related UPD to differ- 
ences in  work funct ion (13). The UPD shift is shown 
to be half  the difference in work functions of the 
substrate and  depositing species. Work funct ion data 
for silicon .and carbon are inconclusive due to the 
wide spread in reported results (14). If the mean  
values are used, UPD should occur at approximately 
0.2V anodic of the reversible potential,  which is ap- 
proximately  what  is observed in cyclic vol tammo- 
grams. However, the presence or .absence of UPD is in-  
conclusive at this time. 

Another  possibility for the prenucleat ion current  is 
the reduction of impurities.  In similar  experiments  in 
which silicon is purposely excluded from the system, 
i.e., with KF, LiF, and Cu only, a large current  results 
in  response to a potential  step. This current  may be 
due to a change in oxidation state of a species such as 
copper, or it may  be due to the presence of oxides since 
there is some correlation between this prenucleat ion 
current  and the height of an oxidation peak at +2.0V. 
These processes are l ikely to occur with silicon also 
present  in the system. 

Because the causes of the prenucleat ion current  
could not be  conclusively determined,  two methods 
were used to treat the step response data. In  one 
method the prenucleat ion current  was assumed to drop 
to zero once nuclea t ion  occurred and the data were 
treated in a s traightforward manner .  In  the other 
method, the prenucleat ion current  was extramolated 
and then subtracted from the total current .  This re-  
sidual cur ren t  was treated as the nucleat ion and 
growth current .  In  ne i ther  method did the current  fit 
any of the simple models (Eq. [1]). 

It  is surpr is ing that this system does not follow a 
simple diffusion-controlled model. Most mol ten salt 

501 i , 
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2ot ~ a  
~ot 

O I  I q I I 

0 10 20 30 40 50 
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Fig. 6. Current time transients for (a) vitreous carbon and (b) 
graphite. Geometric areas are 0.3 cm 2 and potential steps are 
+ I V  to --100 inV. 

systems are diffusion controlled since a't elevated tem- 
peratures, the temperature  activated processes (such 
as charge transfer)  are rapid (2). However, in this 
system, a diffusion-limited current  has not been ob- 
served in cyclic vo l tammetry  (within the limits of the 
apparatus) .  This suggests the mixed control  model Eq. 
[5] might bet ter  describe the system; however, it did 
not. Using a model which accounts for nuclei  overlap, 
again assuming mixed control  (6), also failed to fit 
the data with meaningfu l  parameters.  This suggests 
there are several processes occurring s imul taneously  in  
this system which cannot be understood or decon- 
voluted by  exist ing theories. 

To explore the effects of the substrate mater ia l  on 
the nucleat ion process, potential  step experiments  were 
done on graphite and vitreous carbon. Though both 
materials  are made of carbon, they have different 
properties, as seen by comparing incubat ion times for 
silicon nucleat ion (Fig. 6). The incubat ion times on 
graphite were an order of magni tude  larger than those 
on vitreous carbon. One possible reason is that  vitreous 
carbon has a greater  n u m b e r  of highly active sites for 
nucleation. At the same ini t ia l  current  density, grain 
sizes will  be smaller on vitreous carbon than on graph-  
ite due to its lower resistance to nucleation.  Other 
possible explanat ions can be formulated,  but  no sup- 
port ing data or observations exist. 

Conclusions 
We have shown that the electrochemical nucleat ion 

of silicon on vitreous carbon o r  graphite in a mol ten 
fluoride is ins tantaneous and is followed by th ree ,d i -  
mensional  growth. Though the growth process cannot  
be completely characterized theoretically, the fact that 
nucleat ion is ins tantaneous enables the grain size of the 
as-grown silicon to b e  controlled, and its growth pa-  
rameters  and polycryst~alline s t ructure  to be optimized. 
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Galvanostatic Pulse Plating of Copper and Copper (I) Halides from 
Acid Copper (11) Halide Solutions 

C. W. Yeow and D. B. Hibbert* 
Department of Chemistry, Bedford College, University of London, Egham Hill, Egham, Surrey, England 

ABSTRACT 

CuX (X = C1 or Br) is formed during the galvanostatic pulse plating of copper from acid solutions containing Cu 2§ and 
X-. The reaction Cu 2+ + Cu ~ + 2X- --* 2CuX occurs in the relaxation period of the pulse. Copper (I) chloride anodes for re- 
serve seawater batteries may be made by this method. CuBr is oriented in the {220} plane when deposited on copper foil with 
the {200} plane uppermost. CuC1 tends to dissolve in solutions containing CF to give soluble copper (I) halides. Corrosion 
rates at pure copper were determined from the pulse-plating experiments. 

Studies (1-3) of copper plat ing from acid baths by 
a variety of pulse methods have been made to im-  
prove efficiency and plate quality,  especially in cathode 
geometries having small  holes or pores (1). Different 
additives may also improve plate qual i ty  by com- 
plexing with ions in solution or by adsorption at the 
pla t ing surface. This invest igat ion was inst i tuted to 
observe the effect of additives on pulse plating. Cop- 
per halides were chosen as model systems because of 
the avai labi l i ty  of data and the body of previous work. 

The corrosion of copper in solutions of copper(II)  
chloride has been studied by Hur len  (4, 5) who showed 
that layers of copper(I)  chloride are formed which 
subsequent ly  dissolve giving soluble species such as 
CuCI~-. The rate of copper(I)  chloride formation is 
slow after an ini t ial  monolayer  because of the need for 
solid-state movement  of chloride ions to the under ly -  
ing bulk  copper. Numerous workers (4, 6-8) have 
studied the anodic behavior  of copper in halide media. 
Copper dissolves to CuCI~-, CuCI~2-, and CuC14 ~- via 
films of CuC1. 

Copper(I)  chloride is used as an anode for reserve 
seawater batteries (9), which may be fabricated 
by mixing copper(I )  chloride with an organic binder  
and graphite, or by dipping copper plates into molten 
copper(I )  chloride (9). A method of manufacture  by 
direct reaction at a copper electrode, as described in 
this paper, may provide electrodes which are more 
conducting, have a known-discharge capacity, and u l t i -  
mately  be more economical. 

Experimental 
Materials 

All materials were of An alar  grade and used wi th-  
out fur ther  purification. Electrodes were 2 X 2 cm 
copper foil (BDH 99.99.9%) or 2 X 2 cm p la t inum foil 

* Electrochemical Society Active Member. 
Key words: pulse plating, battery anodes, corrosion. 

(Johnson Matthey 99.99%) on which a thin layer  of 
copper was plated from acid copper sulfate solution. 

Methods 
Corrosion of copper in solutions containing halide 

ions.--A clean copper foil was suspended from a bal-  
ance (CI Electronics Microforce II) in a solution con- 
taining 1 mol dm -8 H2SO4, 0.34 mol dm -3 CuSO4, and 
0.1 or 0.34 mol dm -3 KC1 or KBr. The solution was 
thermostated to 25~ (_+0.5~ Dur ing  the experi-  
ment,  the level of the solution was adjusted relative 
to the electrode to correct for the buoyancy of the 
electrode. The increase in weight of the foil was mea-  
sured (_+0.01 mg) with time. Similar  e~cperiments were 
at tempted with solutions containing fluoride and iodide 
ions. 

Pulse plating.--Copper was galvanostat ical ly (300 
mA) pulse plated from a series of electrolytes con- 
ta ining 1 tool dm -z HzSO4, 0.1 to 0.34 mol dm -8 
CuSO4, and 0.05 to 0.34 mol dm -3 KC1 or KBr. A 
single compar tment  cell was used with a copper or 
p la t inum foil anode. The potential  of the working elec- 
trode was monitored by an oscilloscope against a 
saturated calomel reference electrdde connected with 
the Luggin capil lary by a salt bridge. The cell was 
cont inuously purged with ni t rogen dur ing all experi-  
ments, and thermostated to 25~ (_+0.5~ A t ra in  of 
square wave pulses was produced by a Chemical Elec- 
tronics pulse generator  (CE RB1) and the current  
controlled by a potentiostat  (Thompson Associates 
125) working in a galvanostatic mode. The range of 
pulse periods was 0.5-10 msec, and relaxat ion t imes  of 
10-1000 msec. For analysis of the deposited layer, 
plated p la t inum electrodes were used. 

Analysis of plated layers.--Plated electrodes were 
washed with distilled water  and dried in a ni t rogen 
atmosphere to constant weight. For  copper-plated 
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p l a t i n u m  electrodes,  the weight  o f  the  in i t ia l  copper  
l aye r  was sub t rac ted  f rom the to ta l  deposi t  weight.  
The to ta l  copper  content  was de te rmined  by  atomic 
absorpt ion  spect roscopy of a solut ion ob ta ined  f rom 
dissolut ion of the deposi t  in n i t r ic  acid. Copper ( I )  
ha l ide  was de te rmined  by  cathodic cou lomet ry  in 
n i t r ogen -pu rged  sulfur ic  acid at  25~ A potent ios ta t ic  
step, OCV to 0.1V (vs. SHE) for  CuC1, and to --0.05V 
for CuBr, was appl ied  to the  coppe r ( I )  ha l ide  elec-  
t rode  and the cur ren t  measured  with  time. The charge 
passed as CuX was ca thodica l ly  reduced  to copper and 
X -  (Eq. [ 1 ] ) - g a v e  the amount  of ha l ide  in the elec-  

t rode 
CuX + e ~ Cu + X -  [1] 

for  X --  C1, E ~ --  0.137V; X - -  Br, E o _-- 0.033V. An  
x - r a y  diffract ion pa t t e rn  of the deposi t  was obta ined 
by  p lac ing  an e lect rode at  the focal p lane  of a Phi l l ips  
dif f ractometer .  Fo r  comparison,  the  x - r a y  pa t t e rn  of a 
copper  foil  was also recorded.  

Results 
Corrosion ol copper in copper(II) halide solutions.-- 

Figures  1 and 2 show the increase  in weight  of elec-  
t rodes immersed  in acid copper  chlor ide and b romide  
solutions having  0.1 mol  dm -3  and 0.34 mol d m - 8  
halide.  I t  is seen that  the corrosion ra te  for solutions 
conta in ing b romide  increases wi th  increas ing b romide  
concentrat ion.  In  the  case of chloride,  the weight  even-  
tua l ly  decreases due to dissolution of  CuC1 giving 
soluble  coppe r ( I )  chlorides,  this  effect being grea te r  
at  h igher  concentrat ions.  No act ion of solutions of F -  
was noted. Solut ions conta ining I -  and Cu 2+ reac ted  
e x t r e m e l y  qu ick ly  giving CuI as a whi te  p rec ip i t a te  
which eas i ly  scaled f rom the foil. 

Pulse Plating in Halide Solutions 
Analysis ol deposit--For al l  condit ions of plat ing,  

t h e  weight  of the deposi t  ca lcula ted  f rom the total  
copper content  and the amount  of coppe r ( I )  ha l ide  
agreed  wi th  the measured  weight  showing tha t  the  
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Fig. 2. Increase in weight (~w) of an 8 cm 2 copper foil immersed 

in acid copper bromide solutions at 25~ CuS04 ~ 0.34 mol 
dm -a ,  H2S04 -~ 1.76 mol dm -3.  O :  KBr ~ 0.1 mol dm-3'; e :  
KBr = 0.34 mol dm -3.  Line A is the limiting corrosion rate cal- 
culated from Eq. [5].  

only  species presen t  in the  deposi t  were  Cu, a n d  CuC1 
or  CuBr. Table  I contains x - r a y  da ta  for a copper  foil, 
and for foils coated wi th  CuC1 and CuBr. F o r  the  
coated foils, a background  pa t t e rn  of the  under ly ing  
copper was also observed.  

Dependence of the formation of CuX on plating 
conditions.--Figure 3 shows the percen tage  of cop-  
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Fig. 1. Increase in weight (Aw) of a 8 cm 2 copper foil immersed 
in acid copper chloride solutions at 25~ CuS04 = 0.34 mol 
dm -3 ,  H2S04 ~ 1.76 mol dm -3.  0 : KCI = 0.1 mol dm-3;  O: 
KCI = 0.34 tool dm -3 .  Line A is the limiting corrosion rate cal- 
culated from Eq. [5] and Fig. 6. 
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Fig. 3. Percentage of CuCI in the plated deposit as a function 
of relaxation time of the pulse, during pulse plating in acid copper 
chloride solution at 25~ CuSO~ ~ 0.34 mol dm -~ ,  H2S04 
1.76 mol dm -a ,  KCI = 0.34 mol dm -3.  e :  Pulse length = 10 
msec; 0 :Pulse length = 2 msec. 
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Table I. 

Cu CuCI CuBr 

alia lexp JTth h k ~ d/A irexp Ith 1% ~. Z {2/A lexp Zth /% k I. 

2.085 100 100 1 1 1 3:135 1O0 100. 1 1 1 3.302 100 100 1 1 1 
1.807 >800 46 2 0 0 2.722 4 8 2 0 0 
1.28{) 36 20 2 2 0 1.920 44 55 2 2 0 2.021 >800 60 2 2 0 
1.090 2.1- 17 3 1 1 1.633 23 30 3 1 1 1.722 50 35 3 1 1 

1.243 4 10 3 8 1 1.3~8 90 10 3 3 1 

X-ray diffraction data for  copper foil, and for copper foil coated by pulse-plated CuC1 and CuBr. Theoretical intensities from Ref. (1O). 

pe r ( I )  chlorfde in the plate  as a function of re laxat ion 
t ime a t  constant pulse length. For  s teady-state  plating, 
no copper halides were  found in the deposit. A similar  
plot  is given for copper( I )  bromide in Fig. 4 which 
shows the increase in percentage of CuBr with bro-  
mide concentration. 

The effect of concentrat ion of Cu 2 + and C1- at con-  
stant pulse length and re laxat ion t ime was :studied. 
The results .are shown in Fig. 5. 

Discussion 
The reaction between copper and copper(II) halides. 

- - I n  this s tudy we have confirmed the corrosive action 
of halide ions in copper( I I )  solutions. The react ion to 
give copper( I )  halide is 

Cu + Cu 2+ + 2 X -  --> 2CuX [2] 

We have found that  the order  of  react iv i ty  of  hatides 
to Eq. [2] is F -  < C1- < B r -  < I - .  This is supported 
by thermodynamic  data  (13) which shows a s imilar  
increase in reduct ion potent ial  for Eq. [2], E ~ --- 
0.40,IV, 0.607V, 1.045V for CI - ,  B r - ,  and I - ,  respec- 
tively. The reaction with chloride is complicated by 
dissolution of CuC1 giving CuCI~-, CuCls 2-,  and pos- 
sibly CuC143-. This is seen f rom Fig. 1 where,  on in- 
creasing the concentrat ion of chloride, the increase in 
the weight .of  the foil is less by the react ion 

CuX + X- -~ CuX2- [3] 

For  X : .  Br, dissolution of CuBr is not so important .  
The equi l ibr ium constant for Eq. [3] is 2.8 • 10-2 for 
X = C l a n d  4.5 • 10 -3 for X --= Br (14). Conversion 
of CuBr2-  to fu r the r  species is also less the rmody-  
namical ly  favorable  (14). 

For  chloride and bromide solutions, therefore,  the 
corrosion rate at a fresh copper surface is great, and 
it is this fact which is used in the pulse-pla t ing  exper i -  
ments. During the pulse, approximate ly  a monolayer  of 
copper is formed which, during the re laxat ion time, 
reacts to give the copper( I )  halide by Eq. [2]. Op t i -  
mum production of CuX occurs when  the re laxat ion 
t ime is sufficient to a l low react ion of the monolayer  of 
plated copper, but not so great  as to al low dissolution 
of the halide layer. 

The stoichiometry of the reaction forming CuCl and 
CuBr during pulse plating.--Noting that  format ion of 
CuX o,ccurs only in the re laxat ion  t ime of the pulse by 
corrosion of the newly  plated copper, it is possible to 
obtain the s toichiometry of the react ion with  respect 
to copper and halide ion and, thus, confirm that Eq. [2] 
is indeed of the reaction which produces CuX. Analysis 
of the layers formed gives the total copper content and 
the total weight  of the deposit. The total charge passed 
is also known, and by coulometry  of the reduct ion of 
CuX, the amount  of CuX may be determined.  Exper i -  
ments  have" established that  in s t eady- s t a t e  plat ing 
under  the same conditions, 100% current  efficiency for 
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Fig. 4. Percentage of CuBr in the plated deposit as a function 
of relaxation time of the pulse, during pulse plating in acid copper 
chloridesolution at 25~ CuSO4 ~ 0.34 mol clm -3 ,  H2SO4 --~ 
1.76 reel dm -3 ,  pulse length ~- 30 msec. O :  KBr ~ 0.34 reel 
dm-3;  �9 :" KBr ~ 0,10 mol dm -~.  
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Fig. 5. Weight of CuCI deposited (Wcucl) at different Cu 2+ and 
C I -  concentrations at 25~ H.2SO4 ~ 0.34 mol dm -s ,  pulse 
length ~ 10 msec, relaxation time ---- 90 msec. Duration of plating 

103 min. O :  C I -  ~ 0.05 reel d m - ~ ;  I I :  C I -  ---- 0.10 mol 
dm-3; + :  C I -  ~ 0.20 mol dm-3;  X :  C I -  ~ 0.34 mol dm -3 .  



Vol. 130, No. 4 COPPER AND C O P P E R ( I )  H A LI D ES  789 

plat ing copper is obtained. If the total charge passed 
dur ing  plat ing is Q coulombs, the copper deposited is 
Q/2F g atoms where F is the Faraday.  If Q2 coulombs 
are passed dur ing  reducUon of CuX (molecular  weight 
Mcux), the amount  of CuX formed is Q J F  mol. Let a g 
atom of Cu o react with 1 g atom of X -  dur ing  the for- 
mat ion of CuX. Therefore, the amount  of copper re-  
main ing  after this reaction is (Q/2F -- aQJF)  g atom. 
The total weight (WT) of the deposit is, therefore 

WT = (Q/2F -- aQJF)  x 63.54 + Mcux X Q J F  [4] 

and thus, a may be found from the measured weight. 
Results dur ing  pulse plat ing in copper chloride gave 
a . :  0.51 _+ 0.03 (from 12 experiments)  and for copper 
bromide a _-- 0.49 _ 0.05 ( f rom 6 exper iments) .  This 
t rea tment  is, therefore, in agreement  with a mecha-  
nism in  which reaction occurs dur ing  the off t ime of 
the pulse according to Eq. [2]. 

Calculation of corrosion rates.--The rate of corrosion 
at a fresh copper surface may be determined from the 
formation of the copper(I)  halide at different re laxa-  
tion times. If conditions are chosen such that  conver-  
sion to CuX is low, a constant corrosion rate may be 
assumed. Let nc ,  mol m -2 of copper be plated during 
the period of the pulse Ton sec, at a current  densi ty i A 
m --2. Therefore 

ncu ---- Toni/2F [5] 

At a corrosion rate of C mol sec-1 m -2 dur ing the 
re laxat ion period, To~, ncux mol m -2 are formed, i.e., 
ncux : CToff. Thus 

ncux/nc, = C/ (i/2F) X (Tof~/Ton) [6] 

The ratio ncux/ncu calculated for a single pulse applies 
equal ly  to any  number  of pulses. A plot of ncux/ncu 
against  To,f/Ton should give, from its l imit ing Slope at 
low relaxat ion times, a value for the corrosion rate C. 
Figure  6 shows such a plot for  the corrosion of copper 
in  0.34 mol dm -3 CuSO4 and 0.34 mol dm -3 KC1. The 
l imit ing corrosion rate is 1.10 X 10 -4 m o l m  -2 sec -1, 
which in terms of the increase in weight of a 8 cm e 
copper foil is 0.356 mg m i n - L  This rate is d rawn in 

Fig. 1 as l ine  A. It  is seen that  the rate of corrosion 
by chloride stays close to the l imit ing value for several  
minutes  unt i l  the effect of dissolution becomes impor-  
tant. A similar plot for corrosion in  bromide solution 
gave C ---_ 9.30 X 10 -4 mol m - 2  sec-1, or 4.97 mg min  -1 
for an 8 cm2 foil (line A in Fig. 2). Thus, for those 
metals which may  be plated from solution, the pulse 
plat ing method may be used to give accurate values 
for corrosion rates at fresh metal  surfaces. 

Reactions occurring during pulse plating.-r-The anal -  
ysis of the processes above assumes that  dur ing the 
pulse copper alone is deposited by 

Cu2+ + e--> Cu + [7] 

Cu + + e--> Cu [8] 

where Cu 2+ a n d  Cu + may  be complexed by halide 
ion, and that the reaction in the relaxat ion time is 
given by Eq. [2]. The potential  at the electrode dur ing 
pulse plat ing (150-200 mV vs. SHE) allowed copper 
deposition to take place, bu t  was not sufficient to result  
in reduction of the copper(I)  hal ide via the reaction 
given by Eq. [1]. No evidence was found for the direct 
reduction of Cu e+ in the presence of halide ion 

Cu ~+ + X- + e-> CuX [9]  

Orders of reaction with respect to Cu 2+ and X - . -  
The corrosion Eq. [2], which produces copper(I)  
halide, may be wr i t ten  as a pair  of redox reactions of 
which Eq. [9] is the reduction, and 

Cu + X- -+ CuX + e [I0] 

If Eq. [10] is rate limiting, for a reaction at a mono-  
layer of copper which does not involve diffusion, the 
reaction would be expected to be first order i n  halide 
and zero order in Cu e+. Figure 5 shows that  the pro-  
duction of CuC1 is influenced more by chloride con- 
centrat ion than copper concentration, but  that it is 
not possible to determine exacf reaction orders. As 
Cu a+, Cu +, and C1- are complexed, a series of reac- 
tions involving CuC1 +, CuC12:, CuCI.~-,' CuC142-, and 
CuCI~-, CuC132-, CuC14 ~- would need to be con- 
sidered for a ful l  analysis of the system. 

Structure of the copper halide deposits.--The copper 
foil electrodes used in this work were oriented along 
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Fig. 6. Ratio of CuCI (ncuel/moi) formed in the relaxation time 
(Toll) to copper plated (ncu/mol) during the pulse (Ton), as a 
function of Toff/Ton at 25~ CuS04 ---- 0.34 mol dm -a ,  H2~04 
- -  1.76 mol dm -3,  KCI ~ 0.34 mol dm -3.  0 : Pulse length - -  10 
msec; �9 : Pulse length ~- 2 msec. 

(a) 

�9 @ 

(b) 
Fig. 7. (a) {200) plane of copper, (b) {220} plane of copper (I) 

bromide. 
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the {200} plane.  F rom the x - r a y  results,  copper b ro-  
mide appears  to have  been deposi ted wi th  the {220} 
p lane  uppermost .  Copper  crystal l izes  in  a face-cen-  
tered cubic a r r angemen t  wi th  a uni t  cell  length  of 
3.615A (10). The {200} p lane  of copper  is shown in Fig. 
7a. Copper  b romide  exhib i t s  a zinc b lende s t ruc ture  in 
which copper  is found in t e t r ahed ra l  holes formed by  
b romide  ions wi th  a : 5.691A (11). F igure  7b gives 
the {220} p lane  of CuBr in which the r ad ius  of Cu + 
and B r -  are  0.96 and 1.96A, respec t ive ly  (12). I t  is 
seen that  the  Cu-Cu dis tance in the x di rect ion of the 
two planes is s imi lar  (3.6A in copper  and 3.9A in cop- 
p e r ( I )  b romide ) ,  and thus, a CuBr la t t ice  m a y  be 
bui l t  up by  the inser t ion of b romide  ions wi th  a l imi ted  
re laxa t ion  of copper  ions f rom the under ly ing  lattice.  
Such an obvious or ienta t ion  is not  seen with  CuC1, a l -  
though geometr ica l ly  the same considerat ions apply.  
Dissolution of CuC1 as CuCI~- m a y  resul t  in the re -  
organizat ion of the  CuC1 layers.  

The production of seawater battery anodes.--Pulse 
pla t ing  m a y  be a useful  method for the  product ion of 
copper  chlor ide  anodes for reserve  seawater  bat ter ies .  
Control  of p la t ing  condit ions can produce  a nea r ly  pure  
CuC1 deposi t  of any  requi red  thickness and discharge 
capacity.  A smal l  amount  of copper  in the  layer  gives 
the  anode conduct iv i ty  which is an advan tage  for 
such electrodes.  

Manuscr ip t  submi t t ed  Aug. 9, 1982; revised m a n u -  
scr ip t  received Nov. 16, 1982. 

A n y  discussion of this pape r  wil l  appear  in a Dis-  
cusslon Sect ion to be publ i shed  in the December  1983 
JOU|~NAL. Al l  discussions for the December  1983 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1983. 
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ABSTRACT 

An electroless plating bath for the preparat ion of perpendicular  recording media was developed. I t  was found that the 
hcp structure of Co-P is oriented normal to the film plane with the Mn codeposit ion into the films. First, an ammoniacal  
malonate-malate bath, containing MnSO4, was selected. Nickel was codeposi ted into the films in order to decrease the satu- 
ration magnetization, Ms, since low Ms is necessary to decrease the demagnetizing field. Second, effects were investigated 
for three factors (i.e., MnSO4 concentration, bath p H, and NiSO4 concentration) causing the c-axis perpendicular  orientation 
of the film properties.  Optimum plating condit ions for perpendicular  recording media were thus determined.  

Since a pe rpend icu la r  magnet ic  recording system 
sui table  for  high dens i ty  record ing  was proposed  by  
the Iwasaki  school (1), much effort has been spent  on 
deve loping  that  record ing  system. Co-Cr  film p repa red  
by  an r f  spu t t e r ing  was first used by  Iwasaki  and 
Ouchi (2) for  h igh  densi ty  pe rpend icu la r  recording 
wi th  a combinat ion of a s ingle-pole  and a r ing head 
(3). Spu t t e red  a l loy  films of Co-Cr -Rh  (4), Co-Ru 
(5), or  Ba fe r r i t e  (6), and vacuum evapora ted  a l loy 
films of Co-Cr  (7) and Co-Ni -P  (8) were  recen t ly  in-  
ves t iga ted  as pe rpend icu la r  recording media.  However ,  
these films were  p repa red  in a h igh  vacuum env i ron-  
ment  (i.e., by  a PVD method) .  P la ted  magnet ic  films, 
which have  severa l  advantages,  such as mass p roduc-  
t ion capabi l i ty ,  good cost performance,  and p roduc-  
t ion easiness on a large  scale, were  s tudied by  many  

* Electrochemical Society Active Member. 
Key words: electroless, ferromagnetism. 

workers .  However ,  no p la ted  film for perpendicu la r  r e -  
c o r d i n g  has been repor ted  as yet.  

I t  has been pointed out  (1-3) that ,  in order  to p ro -  
duce a pe rpend icu la r  recording  medium,  the  pe r -  
pend icu la r ly  anisotropic  magnet ic  field, Hk, should be 
l a rge r  than  the demagnet iz ing  field, Hd = 4=Ms (Ms: 
sa tura t ion  magnet iza t ion) .  A Co-Cr  r f  spu t t e red  film 
is an ideal  med ium sat is fying these condit ions wi th  the 
pe rpend icu la r ly  or ien ted  c-axis  of its hcp s t ruc ture  
and wi th  a low Ms due to Cr addit ion.  In  the  case of 
pe rpend icu la r  recording  media,  however ,  a r e la t ive ly  
th ick film can be used, s ince the m e d i u m  thickness is 
almost  independen t  of its potent ia l  pe rpend icu la r  
recording  density.  The condit ion,  Hk > 4~r.Ms, is not  
a lways  requ i red  for  pe rpend icu la r  recording  media,  
because an ac tual  demagnet iz ing field is smal ler  than 
4=Ms, which is the  m a x i m u m  demagnet iz ing  field for  
thin films. Thus, a th ick  p la ted  Co a l loy film, whose 
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c-axis  of cobal t  c rys ta l  is un i fo rmly  o r i en ted  no rma l  to 
the  subs t ra te  plane,  m a y  be  useful  as a pe rpend icu la r  
record ing  med ium (10). 

This p a p e r  repor t s  the  deve lopment  of  an e lec t ro-  
less p la t ing  ba th  for  Co a l loy films. Inves t igat ions  have  
been made  on electroless  p l a t ed  Co a l loy films wi th  a 
view toward  developing a pe rpend icu la r  record ing  
medium.  

Experimental 
Electroless plating bath preparation and plating con- 

ditions ]or Co alloy films.--Electroless Co-Mn -P  and 
C o - N i - M n - P  films were  p la ted  f rom an ammoniaca l  
m a l o n a t e - m a l a t e  p la t ing  bath.  Bath MnSO4 and NiSO4 
components  were  added  to make  the or ienta t ion  of hcp 
s t ruc ture  no rma l  to the subs t ra te  p lane  and to decrease  
Ms of films, respect ively .  A copper  sheet  was used as 
t h e  substrate .  At  the op t imum pla t ing  condit ion region,  
pol ished N i -P  film1 was adopted  as a substrate .  Cobalt  
a l loy films were  p la ted  a f te r  ac t iva t ion  (HS-101, Hi -  
tachi  Kasei  Company  Limi ted)  only  in the case of Cu 
substrate .  Such a p r e t r ea tmen t  was not  used in the case 
of N i - P  substrate ,  and the op t imum pla t ing  condit ions 
were  s l ight ly  different  be tween  Cu and pol ished Ni-P.  
The p la t ing  ra te  was ca lcula ted  f rom weight  change of 
deposi ts  and  the  film thickness was contro l led  by  
p la t ing  time. 

Determination oy structural, compositional, and mag- 
netic properties of plated films.--X-ray diffraction pa t -  
terns  and rocking  curves  for  a s -p la ted  films were  mea -  
sured by  an x - r a y  diffractometer ,  using an Fe  ta rge t  
(RAD-I IA,  Rigaku  Denki  Company L imi ted) .  Com- 
posi t ional  contents  of Co, Ni, Mn, and P in p la ted  films 
were  de te rmined  by  an atomic absorp t ion  spectroscopy 
for  Co, Ni, and Mn and b y  spec t ropho tomet ry  using the 
m o lybdenum blue  method  for  P. The magnet ic  p rop -  
er t ies  of f i l l s  were  measured  wi th  a sensi t ive v ib ra t -  
ing sample  magne tomete r  (VSM-3, Toei Kogyo Com- 
pany  L imi ted ) .  The hysteres is  loops were  measured  
pa ra l l e l  ( / / )  and pe rpend icu la r  ( •  to the film sur -  
face wi th  10 kOe magnet ic  field. 

Results and Discussion 
Investigation on several complexing agents ~or plat- 

ing bath.--A perpend icu la r  or ien ta t ion  of p la ted  Co 
s t ruc ture  c-axis  has been :discussed by  severa l  workers  
(11-14), but  no paper  on pe rpend icu la r  recording  ap-  
pl icat ion has been r epor t ed  in the field of p la ted  
magnet ic  films. 2 It  was pointed out (9, 10) that  the  co- 
deposi t ion of W into Co a l loy  film makes  the c-axis  
pe rpend icu la r  to the  subs t ra te  plane,  and tha t  the  co- 
deposi t ion of Mn also makes  the c-axis  pe rpend icu -  
l a r i t y  more  effective and the Ms value for  the film 
lower.  Thus, severa l  complexing  agents  for  electroless 
Co a l loy p la t ing  ba th  containing MnSO4 were  first 
s tudied,  r ega rd ing  the  b a s i c  four  factors of p la t ing  
rate,  c -axis  or ientat ion,  ba th  s tabi l i ty ,  and  magnet ic  
proper t ies .  Resul ts  a re  shown in Table  I. Bath s ta -  
b i l i ty  was judged  f rom decomposi t ion occurrence  and 
prec ip i ta t ion  presence.  In  the case of one complexing  
agent,  the  films p la ted  f rom malona te  and succinate 
baths,  respect ively ,  showed pe rpend icu la r  c -axis  or ien-  
tat ion,  but  al l  the  factors were  not  satisfied. Since the  
ba th  composed of mixed  ma lona t e -ma la t e  complexing 
agents  gave good resul ts  in the  case of mixed  complex-  
ing agents,  the  fol lowing ba th  condit ions were  s tudied 
on the  basis of the  ma lona t e -ma la t e  bath.  Manganese  
sulfa te  concentra t ion has the grea t  effect on c-axis  
or ien ta t ion  for  films. Bath pH and nickel  sulfa te  con- 
cen t r a t ion -a l so  g rea t ly  affect the  c-axis  or ientat ion.  
Therefore,  the  th ree  main  factors in the  ba th  were  
s tudied unde r  the  basic  ba th  composit ion and ope ra -  
t ional  condit ions shown in Table  II. 

Electroless plated Ni-P sheet  containing 11 w/o phosphorus 
was used as a ~onmagnet ic  film. Its surface was polished to a 
maximum roughness ~max ~ 0.02 ~m. 

=In the revising process, a paper on electroplated films con- 
cerned with perpendicular magnet ic  recording is reported (16). 

Table I. Investigation of various complexing agents 

Mag- 
Bath netic 

Complextng Plating C-axis sta- prop. 
agents  rate orientation bility erties  

Citrate Low In.plane O --  
Tartrate Low In-plane O --  
Malonate Medium In-plane or per- • O 

pendicular 
Succinate Medium In,plane or per- A /1 

pendicular 
Malate Medium In-piano O -- 
Malonate + glu- Low Perpendicular O 

conic acid 
Malonate + suc- Medium Perpendicular • O 

cinate 
Malonate + mal- Medium Perpendicular O O 
ate 

�9 excel lent  conditions, 2,: medium conditions, x: worse con- 
ditions. 

Table II. Basic bath composition and conditions for Co alloy films 

Concentra- 
Chemicals tion/IK liter -1 

N a H 2 P O 2  �9 H 2 0  0.20 
( N H D ~ S O ~  0.50 
C I ~  ( C O O N a  ) 2 �9 I-IK) 0.50 
C ~ I s O H  ( C O O N a  ) a 0.05 
CoSO~ �9 7H~O 0.025 
N i S O ~  �9 6H~O 0;01 
M n S O 4 . 4 - 5 H ~ O  0.04 

Bath temperature: 85~ bath pH adjusted by NH~OH: 9.6. 

E~ect o~ manganese sulfate concentration in the 
bath on film properties.--Typical x - r a y  diffract ion pa t -  
terns for C o - N i - M n - P  f i l l s ,  p l a t ed  f rom baths  wi th  
var ious  MnSO4 concentrat ions,  were  shown in Fig. 1, 
where  the  film thickness was ad jus ted  to 5 #m. The 
p la ted  film wi th  no addi t ion  of MnSO4 shows only the 
(100) p lane  peak  for  hcp coba l t  crystal .  The diffrac-  
t ion peak  for  the (002) p lane  appears  wi th  the  in-  
crease in MnS04 concentrat ion.  A t  0.04M MnSO4, a 
sharp large peak  appears  in the  (002) plane,  whi le  the 
peak  in the  (100) p lane  disappears .  The peak  in the 
(002) p lane  means  pe rpend icu la r  o r ien ta t ion  of hexag-  
onal  crystal .  The diffracted x - r a y  in tens i ty  is ma in ly  
due to the or ien ta t ion  degree  of crystal l i tes ,  because 
the ~050 value  in the  Co (002) p lane  rocking  curve, as 
seen in Fig. 7, becomes m i n i m u m  at m a x i m u m  x - r a y  
in tens i ty  in the  (002) plane.  Thus, the  MnSO4 addi t ion 
into the  ba th  makes  the  c-axis  or ien ta t ion  norma l  to 
the subs t ra te  surface, and the p e r p e n d i c u l a r  o r ien ta -  
t ion becomes m a x i m u m  at 0.04M MnSO4. MnSO4 
caused the p la t ing  ra te  to decrease wi th  the  increase  
in MnSO4 concentra t ion (e.g., 6.0 m g  c m - "  h r - 1  at 
0.04M M n S O 0 .  

a n S O 4  o o v ~ .  

Co(100) / M - r  1 

0 

= J ~  0.02 

0.06 
I I 

2 e /deg. 

Fig. 1. X-ray diffraction patterns for films with various MnS04 
concentrations using Cu substrate. Film thickness: 5 /~m. 
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The film composition with various MnSO4 concen- 
trations was demonstrated in Fig. 2a. The Co, Ni, and P 
contents are almost independent of the ~vlnSO4 con- 
centration (i.e., Co ~ 70-80 w/o, Ni ~ 20-25 w/o, 
P ~ 3 w/o) .  The manganese is not mixed into the film 
until 0.02 MnSO4. From that point, the Mn content 
gradually increases. The c-axis perpendicular orienta- 
tion is clearly caused by the MnSO4 addition into the 
bath, as seen in Fig. 1. However, the  0.04M MnSO4 con- 
dition, which gives the highest perpendicular orienta- 
tion for the hcp structure, does not necessarily corre- 
spond to that giving the maximum Mn content in 
the fihn. 

Figure 3 demonstrates typical magnetic hysteresis 
loops under optimum condition measured in paral lel  
( / / )  and perpendicular ( 1 ) .  The definition of an 
effective ardsotropy magnetic field, Hkeff, which repre-  
sents the anisotropy magnetic field scale, estimated 
from the in-plane magnetization curve, is  also shown 

a) 

c,g 
' ~  6 0  ' -  

c 

4 0  .~ 

~u t u ~ P ' 3 . ~ n  

20' ~ / ~ - - N I  Z u ~ 

i 

\ i 

,o:o2 o.'o4 o'oe o 
MnSO 4 corm./M.i -1 

Fig. 2. MnS04 concentration effect on film composition and mag- 
netic properties using Cu substrate. Saturation magnetization, Ms, 
is expressed with the value divided by film weight, emu �9 g;-Z. Film 
thickness: 5 #m. 

in Fig. 3. The Hkef~ concept was proposed by the Iwa- 
saki school, i t  is aefined as the contact point between 
saturation magnetization value and the tangent line 
from zero point in the magnetization curve in a paral-  
lel magnetic field, as seen in Fig. 3. The MnSO4 con- 
centration effect on magnetic properties for plated 
films was shown in Fig. 2b and c. Two kinds of co- 
ercivity, Hc(•  and Hc( / / ) ,  increase with increasing 
MnSO4 concentration at the 0-0.04M MnSO4 range. At 
the 0.04-0.05M MnSO4 concentration range, very high 
maximum values of over 2 kOe for perpendicular ( •  
and over 1 kOe for paral lel  ( / / )  coercJvity were ob- 
tained. For such a high coercivity in the case of plated 
film, electroplated film was reported to give over 1 kOe 
under perpendicular  orientation conditions (14). The 
difference between these two values also gives a maxi-  
mum at 0.04-0.05M MnSO4. Figure 2c demonstrates 
saturation magnetization, Ms, and effective anisotropy 
magnetic field, Hkeff. The Ms value shows constant at 
105-110 emu �9 g - l ,  regardless of MnSO~ concentration. 
The Hkeff value also becomes maximum at 0.04M 
MnSO4 concentration. The condition showing maxi-  
mum Hkeff and maximum ~Hc -- Hc( j . ) -Hc ( / / )  
coincides with that  giving maximum diffracted x- ray  
intensity for the (002) plane, as shown in Fig. 1. 

Bath pH egect on film properties.--The bath pH also 
greatly affects the perpendicular orientation of hcp 
structure in analogy with MnSO4 concentration. Figure 
4 represents the x - ray  diffraction peak for the (002) 
plane on as-plated films with various bath pH values. 
Only the peak for the (002) plane is observed at the 
region between pH 9.0 and 9.8. Diffracted x- ray  inten- 
sity for the (002) plane increases with the increase in 
pH value at the region between pH 9.0 and 9.6. It be- 
comes maximum at pH -- 9.6. The variation in x - ray  
intensity for the (002) plane is considered to be due to 
the crystallite orientation degree, similarly to the case 
for the 1VInSO4 concentration effect. The bath is de- 
composed at the pH > 9.8 region. This might be due to 
the manganese hydroxide formation. At the pH < 9.0 
region, no (002) plane peak appears and the inplane 
orientation of hexagonal crystal becomes predominant. 
Therefore, bath pH affects clearly the c-axis orienta- 
tion, and pH : 9.6 may be the optimum condition 
for highly uniform orientation for the c-axis normal to 
the surface plane. The bath pH makes plating rate in- 
crease in the region between pH 9.0 and 9.8. 

The compositional variation with various bath pH 
values was shown in Fig 5a. Though the Ni content 
becomes maximum at pH -- 9.2, the Co or Ni content 
does not change so greatly with the bath pH factor. 
The phosphorus content shows a constant at the pH 
9.2 region. The manganese content is somewhat 
changed by pH variation and gives a maximum at pH 
: 9.4. However,  the bath pH 9.4 does not coincide 
with the optimum condition for c-axis orientation. 

M/emu 

~ ~ ~ ~ Hkeff 
~. ~ ~I~1" H/KOe 

-2- 

Fig. 3. Typical hysteresis loops for plated films, measured parallel 
{ / / )  and perpendicular (.L), using polished NI-P substrate. Five 
~m film is plated under optimum conditions shown in Table II. 

9.6 

9.4 ;2ke~ 

9.2 
9.0 _ ~  

t | L [ I I I I I 
5 7  5 7  5 7  

9.8 

I ~ i t I t 
5 7  5 7  

Fig. 4. X-ray diffraction patterns for films with various bath pH 
values using Cu substrates. Film thickness: 5/~m, 
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Fig. 5. Bath pH effect on film composition and magnetic prop- 
erties using Cu substrate. Film thickness: 5 #m, 

The ba th  pH effect on magnet ic  p roper t ies  w a s  
shown in Fig. 5b and c. Coercivi ty  Hc ( •  is a lways  
grea ter  than  that  f o r  H c ( / / )  in this expe r ime n t a l  
region.  At  pH ---- 9.6, the H e ( l )  and Hc( / / )  values  
become m a x i m u m  and minimum,  respect ively ,  and 
the difference be tween  the values,  ~Hc, also becomes 
m a x i m u m  at this point.  The Hkerf value,  which be -  
haves in a s imi lar  manner  to the ~Hc --  HC(.L) -- 
Hc( / / )  value,  also gives a m a x i m u m  at pH -- 9.6. 
The Ms value is constant  wi th  105 emu �9 g - l ,  r e ga rd -  
less of ba th  p H  varia t ion.  The condit ion giving m a x i -  
m u m  Hkefr and m a x i m u m  aHc is in good agreement  
wi th  the  condit ion showing m a x i m u m  x - r a y  in ten-  
sity' for the (002) plane,  as shown in Fig. 4. 

Effect of nickel sulSate concentration in the bath on 
film properties.---Since the  Ni sa tura t ion  magnet iza t ion  
is ;dmost equal  to one - th i rd  of the Co value,  Ni co- 
deposi t ion into the  film is expec ted  to decrease  the  
sa tura t ion  magnet iza t ion  for  Co a l loy films. T h e  Ms 
decrease  for  Co-Ni a l loy is a l r eady  shown by  the 
S l a t e r - P a u l i n g  curves (15). The composi t ional  con- 
tent  of films with  the increase  in NiSO4 concentra t ion  
was demons t ra ted  in Fig. 6a. Crys ta l  states for  Co a l loy 
films change f rom hcp to fcc when  the n ickel  content  
i n  ~he p la t ed  film becomes more  than  30 w/o.  The Ni 
or  Co content  increases  o r  decreases,  respect ively ,  wi th  
the  increase  in NiSO 4 concentrat ion.  The manganese  
content  is independen t  of the  NiSO4 concentrat ion,  
whi le  the  phosphorus  content  becomes l a rge r  at  a 
r ange  g rea te r  than  0.013M NiSO4. The p la t ing  ra te  
is observed  to increase  wi th  increas ing NiSO4 con-  
centrat ion.  

F igures  6b and c represen t  the  magnet ic  p r o p e r t y  
dependence  on NiSO4 concentrat ion.  The coercivi t ies  
for  H c ( •  and HC(//)  are  a lmost  cons tant  at  the 
0-0.01M NiSO4 concerstration range.  They  begin  to 
decrease  wi th  the increase  in NiSO4 concentra t ion at  
a more  than  0.01M NiSO4 range.  The Ms va lue  g radu-  
a l ly  decreases  wi th  the  increase  in NiSO4 concent ra-  
tion, as expec ted  previously .  The Hk~ff value  also s tar ts  
to decrease  r e l a t ive ly  sha rp ly  f rom the  0.01NI NiSOr 
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Fig. 6. NiSO4 concentration effect on film composition and mag- 
netic properties using Cu substrate. Film'thickness: 5 /~m. 

point.  Therefore,  the  op t imum condi t ion is considered 
to be 0.01M NiSO4, at  which the Ms va lue  becomes 
somewhat  lower  wi thout  d e c r e a s i n g  the Hkeff value.  

When the  op t imum pla t ing  conditions,  as shown in 
Table  II, which  were  d e t e r m i n e d  b y  using Cu sub-  
strate,  were  appl ied  to the  pol ished Ni -P  substrate ,  
h igher  pe rpend icu la r  or ien ta t ion  un i fo rmi ty  of c-axis  
was observed.  A typ ica l  x - r a y  diffraction pa t t e rn  for 
the  best  condit ion and its rocking  curve  for the  (002) 
plane peak  using Ni -P  subs t ra te  were  demons t ra ted  in 
Fig. 7. In  the  op t imum condit ion vicini ty,  the  ha l f -  
m a x i m u m  in tens i ty  peak  b read th  for the  rocking 
curve, ~050, became reproduc ib le  nea r  ten degrees.  The 
highest  value,  ~050,which was not  so h igh ly  r e p r o -  
ducible,  became about  six degrees.  

20/deg. 

b) 

I i i i ~ i 
5 2 0  2 5  3 0  3 5  4 0  

O/deg. 

Fig. 7. X-ray diffraction pattern and racking curve for Co(O02) 
plane. Film was platecl at optimum condition using polished Ni:P 
substrate. Film thickness: 5 #m. 
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In the  presen t  paper ,  the electroless ammoniaca l  
ma lona t e -ma la t e  p la t ing ba th  was inves t iga ted  for 
pe rpend icu la r  recording media  by  changing  three  
factors, manganese  sulfate  concentrat ion,  ba th  pH, and 
nickel  sulfate  concentrat ion.  Among the three  factors, 
the  manganese  sul fa te  concentra t ion  p lays  the most  
effective role in making  c-axis  o r ien ta t ion  normal  to 
the subs t ra te  surface. The fact tha t  manganese  sulfate  
causes the  c -ax is  pe rpend icu la r  or ienta t ion  may  be 
concerned with  the  condit ions for manganese  com- 
p lex ing  ions in the ba th  solut ion r a t h e r  than  for the 
Mn codeposi t ion into the film, since the ba th  pH, which 
produces  the var ia t ion  in manganese  complexing  ion 
conditions,  causes a l a rge  var ia t ion  in pe rpend icu la r  
or ien ta t ion  of the  c-axis,  regardless  of the  same 
amoun t  of codep0sited Mn in films. Though the Mn 
codeposi t ion into the  films, of  course, is Considered to 
p l ay  an impor t an t  role, the  a d s o r p t i o n  of manganese  
complexing ions at  the  interface might  have a la rger  
effect on the  film c rys ta l  growth.  The Ms decrease  was 
pe r fo rmed  'by the  Ni codeposition, b u t  a la rge  decrease  
was not  established,  because the increase  in NiSO4 
concent ra t ion  f rom the 0.01M point  began to d is turb  
the  perpend icu la r  or ientat ion.  Therefore,  the s tudy 
on a film which shows a lower  Ms value  should be 
continued. The record ing  and reproduc ing  cha rac te r -  
istics for  a magnet ic  disk, p l a t ed  f rom this basic elec-  
t roless p la t ing  bath,  wi l l  be repor ted  in a fu ture  paper .  
(17). 
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The Effect of Some Additives on Electroless Copper Deposition 

Milan Paunovic* and Russ Arndt 
Kollmorgen Corporation, PCK Technology Division, Melville, New York 11747 

ABSTRACT 

The effect of adenine, guanine, saccharin, and coumarin on electroless copper deposit ion has been studied by cyclic 
vol tammetry  and the weight gain method. It was found that guanine and adenine accelerate electroless copper deposition. 
Coumarin and saccharin have almost no effect on the deposit ion process. Differences in the effect of these two groups of 
addit ives have been correlated to differences in the electronic structure of molecules. 

A d d i t i v e s  presen t  in an electroless  p la t ing  solut ion 
can influence: ( i )  kinet ics  and mechanism of the 
c rys ta l  g rowth  process, (ii) the ba th  pass ivat ion  pro-  
cess, (iii) s t ruc tu re  and morpho logy  of the deposit,  
(iv) physical  p r o p e r t i e s  of meta l  deposit,  and (v) 
pu r i t y  of deposi t  ( type  and  leve l  of inclusions) .  The 
number  of publ icat ions  on the effect of addi t ives  on 
electroless  copper  deposi t ion is r e l a t ive ly  smal l  (1-11). 

Thi  s pape r  t rea ts  only  two t o p i c s  f rom this ve ry  
complex  research  area.  These topics are:  (i) effect of 
a d d i t i v e s  on kinet ics  of pa r t i a l  processes composing 
e l e c t r o l e s s  copper  deposi t ion and (ii) effect of add i -  
t ives on  the  anodic  oxidat ion  of copper  in the a lka l ine  
so lut ion .  A s tudy  of effect of addi t ives  on kinet ics  of 
pa r t i a l  processes  is impor tan t  in o rder  to under s t and  
the  overa l l  reac t ion  of copper deposit ion.  A stu~ly of 
effect of addi t ives  on t h e  anodic oxidat ion  of copper  in 
the  alka l ine  solution, in  the  absence of formaldehyde ,  

* Electrochemical Society Active Member. 
Key words: adsorption, interfaces, electron, catalysis. 

is impor t an t  in o rder  to unders tand  pass ivat ion phe-  
nomena  in e lec t ro less  copper  deposit ion.  

Experimental 
Gravimetric experiments.--Experiments were  car-  

r ied out  in a glass beake r  p laced  in a constant  t em-  
pe ra tu re  ba th  regu la ted  at  25~ (----- 0.5). A p p r o x i -  
ma te ly  500 ml of the electroless copper  solut ion was 
used with  t h e  stainless steel  p la te  sample  of 30 cm 2' 
area.  T h e  steel  p la te  samples  were  ac t iva ted  in PdC12 
pr ior  to immers ion  into the p la t ing  solut ion in order  
to avoid effects of the var iab le  induct ion t ime (13). 
DUring plat ing,  argon was passed above the solution. 
Af te r  30 min of deposit ion,  the steel  p la te  was taken  
out  of the  solution, dried, and the amount  of the de-  
posi ted  copper  was de te rmined  by  weighing.  

Electrochemical experiments.--The solutions were  
p repa red  wi th  ana ly t ica l  grade  reagents  and deionized 
water .  The electroless copper  ba th  used for these  
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studies contained:  0.10M CuSO4, 0.175M EDTA (e th-  
y lened iamine te t raace t i c  ac id) ,  0.050M pa ra fo rma lde -  
hyde,  0.25M Na2SO4, and NaOH to give a pH of 12.50. 
Oxygen  was removed  by  bubbl ing  argon. Tempera tu re  
was 25~ Four  addi t ives  were  c h o s e n :  coumarin,  
saccharin,  guanine,  and adenine  (Fig. 1). They were  
used in the  amount  of 1.5 mg/ l i t e r .  

An al l -glass ,  s ingle  compar tmen t  cell  wi th  three  
electrodes was used. The test  e lec t rode  was a p l a t inum 
wire,  0.359 cmS in area,  and the aux i l i a ry  e lec t rode  a 
p l a t i num sheet  (2 cm 2 in a rea ) ,  both  e lec t ropla ted  
wi th  copper. P la t ing  was done in an acid copper  so- 
lut ion (12) at  10 mA/cmS. A sa tu ra t ed  calomel  elec-  
t rode  (SCE) was used as a re ference  electrode.  

The vo l t ammograms  were  obta ined wi th  a PAR 
(Pr ince ton  App l i ed  Research,  Pr inceton,  NJ)  Model 
173 Po ten t ios t a t -Ga lvanos ta t  and Model  175 Universa l  
p rogrammer .  The cu r ren t -po ten t i a l  (i-E) curves w e r e  
recorded  on a Houston Ins t rumen t s  (Austin,  Texas)  
Model RE0074 recorder .  The scan ra te  was 100 mV/sec.  

Results 
Rate of deposition determined gravimetrically.--The 

rates  of e lectroless  copper  deposit ion,  in the presence 
and the absence of addi t ives,  as de te rmined  using the 
weight  gain method,  are  shown in Table  I. I t  can be 
seen f rom this table  tha t  coumar in  and sacchar in  do 
not  affect the ra te  of copper  deposi t ion whi le  guanine  
and adenine  cons iderab ly  increase it. In  addit ion,  sac- 
char in  and coumar in  do not  change the mixed  poten-  
tial,  whi le  adenine  and guanine  shift  the mixed  po-  
ten t ia l  t oward  more  negat ive  values.  

Cyclic voltammetry of the electroless copper b a t h . -  
Wide scan: --1.3 <--> WO.20V vs. SCE.--The cyclic vol -  
t a m m o g r a m  of a copper  e lec t rode  in the range  f rom 
--1.3 (beginning  of hydrogen  evolut ion)  to 0.20V vs. 
SCE (oxygen evolut ion)  is shown in Fig. 2. F igure  2 
shows tha t  the cyclic vo l t ammogram in this range  has  
four  dis t inct  peaks,  two anodic and two cathodic.  

Cathodic (vs. Em~) range.--The effects of addi t ives  
on the  cathodic peak  in the  range  f rom the mixed  po-  
tential ,  Emp to 1.0V vs. SCE, are  shown in Fig. 3. I t  
can be seen from Fig. 3 tha t  sacchar in  and coumar in  
do not change the cu r ren t -p0 ten t i a l  re la t ionship  in 
this range  whi le  guanine  and adenine produce  a s ig-  
nificant change. Aden ine  and guanine  show an in-  
crease in the peak  cur ren t  when compared  wi th  the 
peak  cur ren t  in the  absence of addi t ives.  The same 
additives show an increase in the rate of electroless 

H ~ t ~ H  ~ )  

Adenine Guanine 
1 ,2 ,3 -  Cation binding sites 1 ,2 ,3 ,4 -  Cation binding sites 

Sacchar in Coumarin 

Fig. 1. Structure of additives used in this work 

Table I. Effect of additives (1.5 mg/liter) on the rate of 
electroless copper deposition 

Concen-  Emp 
t rat~.on ( -- mV Rate 

Additive (/~M/liter) vs. SCE) (mg/hr cm-") 

0 0.0 615 2.16 
Coumarin 10.30 615 2.10 
Saccharin 8.19 615 2.11 
Guanine 9.93 850 2.76 
A d e n i n e  ll.1O 642 3.39 

1 m g / h r  c m  = ~. 1 ~ m / h r  

deposit ion,  Table  I. Adenine  shows a l a rge r  increase  in 
the ra te  and in the peak  current .  

Anodic (vs. Emp) range.--The effects of addi t ives  
on the anodic peak  in the potent ia l  range  be tween  
the m i x e d  potent ia l  Era, and --0.30V vs. SCE are  
shown in Fig. 4 and 5. I t  can be seen tha t  addi t ives  
influence the i-E re la t ionship  for both  fo rward  and 
reverse  direct ions of the sweep. 

In  the fo rward  scan, be tween  Emp and --0.60V, 
there  is an increase  in cur ren t  in the  presence of ade-  
nine and guanine,  and a decrease  in cu r ren t  for sac- 

mA 
Anodic 

4 ~ Start 

200 0 mV2::  SCE 

-4 E 

-8 I" Cathodic - V 

Fig. 2. Cyclic voltammogram of a copper electrode in electroless 
copper solution. 
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Fig. 3. Cyclic voltommograms of a copper electrode in electroJess 
copper solution showing effects of additives on the reduction of 
Cu 2+ ions. 
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Fig. 4. Cyclic voltammograms of a copper electrode in electroless 
copper solution showing effects of coumarin and saccharin on the 
oxidation of formaldehyde. 

charin and coumarin.  The increase  in cu r ren t  (at  a 
g iven potent ia l )  in the presence  of adenine  and 
guanine is r e la ted  to the more  negat ive  Erap in the 
presence of these addit ives.  Also, the first peak  po-  
ten t ia l  w h i c h  is associated wi th  the  oxida t ion  of for -  
ma ldehyde  is more  negat ive  in the  presence of guanine 
and adenine  (--0.52V) than  in the  absence of add i -  
t ives or presence  of sacchar in  and coumar in  (--0.50V).  
The peak  cur ren t  at  about  --0.43V is due to the oxi -  
da t ion  of the  copper  electrode.  The peak  cur ren t  as -  
sociated wi th  the  oxida t ion  of fo rma ldehyde  is lower  
in the  presence of saccharin,  coumarin,  and adenine,  
and higher  in the presence of guanine.  

Al l  four  addi t ives  a re  compared  in Fig. 6. I t  can be 
seen tha t  when  the  fo rward  po ten t ia l  scan is s ta r ted  
a t  --1.0V vs. SCE, adenine  and guanine  c lear ly  show 
an  increase in the cur ren t  associated wi th  the  ox ida -  
t ion of formaldehyde .  The peak  current ,  at  about  
--0.43V, associated wi th  the  oxidat ion  of the  copper 
electrode,  is h igher  than  tha t  for  the  oxida t ion  of f o r -  
ma ldehyde  when  no addi t ives  are  present ,  as wel l  as 
when  sacchar in  or  coumar in  are  presen t  (a t  the scan 
ra te  100 m V / s e c ) .  

The most  significant influence of addi t ives  is seen 
on the reverse  scan. In  the  absence of addi t ives  as 
wel l  as in  the presence of coumar in  and saccharin,  the  
anodic peak  due to the  oxidat ion  of formaldehyde ,  the  
reverse  scan, is ve ry  small .  In  the presence of adenine  
and guanine,  i t  is r e l a t ive ly  large.  

Effect o~ additives on the anodic behavior o~ copper 
in an alkaline solut ion.--Wide scan: --1.5 <--> JrrO.20V 
vs. SCE. - -The  cyclic vo l t ammogram for a single elec-  
t rode (12) sys tem Cu/Cu ~+ in an a lkal ine  solut ion 
(absence of fo rma ldehyde)  is shown in Fig. V. A cyclic 
vo l t ammogram for a copper  e lec t rode  in an a lka l ine  
solut ion (absence of CH20 and Cu ~+) is shown in 
Fig. 8. A comparison be tween  Fig. 7 and 8 shows that  
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Fig. 5. Cyclic voltammograms of a copper electrode in electroless 
copper solution showing effects of adenine and guanine on the 
anodic oxidation of formaldehyde. 
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Fig. 6. Effects of additives on i-E relationships for a copper elec- 
trode in electroless copper solution. 

the cathodic peak  be tween  --1.2 and --1.4V is due to 
the reduct ion  of C u ( I I ) - c o m p l e x  ions since this peak  
appears  only when  Cu 2+ ions are  present .  Two anodic 
peaks  be tween  --0.5 and 0.4V and two cathodic peaks 
be tween  --0.3 and - -0 .gv  are  due to the oxidat ion  and 
reduct ion of Cu electrode,  respect ively.  
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Fig. 7. Cyclic voltammogrom for a copper electrode in 0.175M 
EDTA, 0.1M Cu$O4, 0.25M Na2SO4, and NaOH to pH 12.50. Pres- 
ence of Ca 2+ ions, absence of CH2.O. 
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Fig. 8. Cyclic voltammogram for a copper electrode in 0:175M 
EDTA, 0.25M Na2SO4, and NaOH to pH 12.50. Absence of Cu 2+ 
ions and CH~O. 

Scan be tween  --1.0 and - -0 .2V.- -The effects of ad- 
ditives on formation (~--0.6 <--> --0.3V) and reduction 
(--0.6 <---> --1,0V) of the first oxide layer  on the copper 
electrode are shown in Fig. 9 and 10. Scan reversal  
in this case is adjusted at the potential  before forma- 
tion of the upper  layer  of copper oxide. This range 
is of great importance for the in terpre ta t ion of the 
effects of additives on bath passivation (14, 15) and 
copper bri t t leness (1, 16) associated with oxide for- 
mation. 

Comparison between the detailed i -E profiles, shown 
in  Fig. 9 and 10, and the wide scan i -E profiles shown 
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Fig. 9. Effect of coumarin and saccharin on the anodic behavior 
of copper in 0.175M EDTA, 0.1M CuSO4, 0.25M Na.2SO4, and 
NaOH to pH 12.50. 

Start / 'x  . " /  
" * . ,  . ~  

Jr -800 - 

, o o o  ' 2 0 0  

_j.--:-;'~2:-.... /L" mV vs SCE 

Y: /" '1 I~ - - -  --Adenine 
~ ',1:/ . . . .  aoan,ne 
,I ~bl 
t ',ll 

! 

Fig. 10. Effect of adenine and guanine on the anodic behavior of 
Copper in 0.15M EDTA, 0.1M CnSO4, 0.25M Na2SO4, and NaOH 
to pH 12.50. 

in  Fig. 7 and 8, shows one new impor tant  feature in 
the anodic range. This is a prewave with the peak at 
about --0.56V vs. SCE, which appears only in the ab-  
sence of additives and in the presence of saccharin and 
coumarin (Fig. 9). The prewave is absent in the 
presence of guanine and adenine (Fig. 10). 

The reduct ion in the height of the peak current,  in 
the range between --0.50 and --0.40V in Fig. 10, 
demonstrates that guanine  and adenine suppress oxi- 
dation of copper. Saccharin and coumarin  do not in-  
fluence this process (Fig. 9). 

Discussion 
EfJect of  additives on the cathodic partial r e a c t i o n . -  

The additive effect on the overall  process of the elec- 
troless copper deposition is exhibited as a change in 
the mixed potential  and the rate of deposition (Table 
I) .  

The effects of additives on the part ial  cathodic re-  
action are detected as a change of the peak current  
in a cyclic vol tammogram (Fig. 3). Adenine  and 
guanine  show an increase in the deposition rate and in 
the peak current ;  adenine  shows a larger increase in 
both. Saccharin and coumarin  do not affect the rate 
of electroless copper deposition or the peak current  
associated with the cathodic part ial  reaction. Thus, 
additives used in this work belong to two different 
groups, as shown by  their  effects on the overall  pro-  
cess and the part ial  cathodic process. The first group 
of additives, guanine  and adenine, exhibits the ac- 
celerating effect, while the second group, saccharin 
and coumarin,  does not. 

A comparison of the molecular  structures of the 
ment ioned two groups of additives will be now made 
in order to gain some insight into the mechanism of 
the effects discussed above. All additives used in this 
work are fused rings and heterocyclic conjugated 
systems. Guanine  and adenine are derivatives of 
pur ine  and are made up of two heterocyclic rings: a 
pyr imidine and an imidazole r ing (Fig. 1). Saccharin 
and coumarin are made up of one homocyclic ring, 
benzene ring, and one heterocyclic r ing (Fig. 1). The 
heterocyclic r ing contained in the coumarin  molecule 
is pyran,  and that in saccharin is isothiazol. These 
heterocyclic conjugated systems have mult iple  = bonds 
and b inding  sites for cations (17). These additives 
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can be adsorbed at the metallic substrate surfaces in 
a mult ipl ic i ty  of orientat ions (18:20) and thus intro-  
duce new electrostatic forces into the double layer Of 
the copper-solution interphase (21-24). They can also 
form molecule-electrode charge- t ransfer  complexes 
(21). 

A basic difference between these two groups of ad- 
ditives is in the heteroatoms involved. Molecules of 
additives which show the accelerating effect have five 
ni t rogen atoms, while those which do not show this 
effect have only one (saccharin) or no (coumarin) 
ni t rogen atoms. 

The ni t rogen ~toms in the accelerator molecules are 
bonded in two different manners ,  possessing unpaired  
electrons in different orbitals. In the first case dis- 
cussed below (type 1 ni t rogen) the ni t rogen atoms 
contr ibute one unpaired  p electron to the = bonding 
structure of the molecule, while in the second case 
(type 2 n i t rogen) ,  a lone pair of p electrons is donated 
to the molecular  ~ bonding structure by each n i t r o -  
gen atom. Type 1 ni t rogen is sp 2 hybridized, and 
bonded to two other atoms (pyridine l ike) ,  becoming 
a member  of the conjugated ring. The nonhybridized 
ni t rogen Pz orbital, which is free to = bind into the 
conjugated system, contains one ni trogen electron. 
Type 2 ni trogen is also sp 2 hybridized, but  bonded to 
three other atoms (anil ine like),  and is not a member  
of, but  a subst i tuent  on, the conjugated ring. The non-  
hybridized ni t rogen Pz orbital, which contributes to 
the = bonding structure of the ring, contains two n i t ro-  
gen electrons. 

Guanine  has two type 1 and three type 2 ni t rogen 
atoms. These atoms contribute a total of eight = elec- 
trons to the = system of the ring. Adenine has three 
type 1 and two type 2 ni trogen atoms, which con- 
t r ibute  a total of seven n electrons. On the basis of 
the above quan tum mechanical  analysis, we believe 
that major  factors which are responsible for the ac- 
celerating effect of guanine and adenine are: (i) the 
charge density of the = electron system (25-27), and 
(ii) the exchange of electrons between electrode, =- 
adsorbed molecule, and the complexed Cu(I I )  ions 
in the solution (21). 

Ef]ect of additives on the anodic partial reaction.-  
It was shown that the effect of additives o n  the anodic 
oxidation of formaldehyde is exhibited in two ways. 
First, there is a change in the magni tude  of the anodic 
peak due to the oxidation of formaldehyde in the for- 
ward direction scan (Fig. 6), then secondly, there is a 
change in  the magni tude  and the position (in the po- 
tential  coordinate) of this peak in the reverse direc- 
tion scan (Fig. 4, 5). 

The accelerating effect of guanine and adenine could 
be explained, unt i l  addit ional exper imental  data are 
available, on the basis of the electrostatic interactions 
in the metal-solut ion interphase (22-24). New elec- 
trostatic forces can result  in the decrease of adsorp- 
tion of products or intermediates  (e.g., intermediates  
in the oxidation of formaldehyde) in the overall  re- 
action of deposition. This decrease in adsorption of 
intermediates  or products is equivalent  to an increase 
in the available surface area. An increase in the sur-  
face area results in an increased peak current,  t ransi-  
t ion time [Fig. 13 in Ref. (7)],  and the rate of copper 
deposition. In  this respect the accelerating effect of 
adenine and guanine is probably similar  to that pro- 
duced by other additives in other electrochemical re-  
actions (22-24). 
�9 The very low anodic current  for the oxidation of 

formaldehyde in the reverse scan, in the presence of 
saccharin and coumarin,  indicates strong inhibi t ion of 
formaldehyde oxidation. This inhibi t ion is caused by 
the oxide formed at the electrode in the forward di- 
rection (peak at about --0.43V vs. SCE). In the pres-  
ence of guanine and adenine relat ively high anodic 
current  for the oxidation of formaldehyde is observed 
in  the reverse scan. This indicates less oxide formation 

and less electrode passivation in the forward scan. The 
abil i ty of guanine and adenine to suppress oxide 
formation is of importance when passivation of elec- 
troless baths is a possibility. 

Efdect of additives on the anodic behavior of copper 
in the alkaline solution.--Anodic peaks in Fig. 7 are 
interpreted as follows (28-30): (i) prewave, the peak 
at --0.56V, is due to the free dissolution of copper to 
form Cu + and C u ( O H ) n l - n ;  (ii) peak at --0.43V is 
due to the inhibi ted dissolution of Cu with formation 
of Cu20 layer film; (iii) peak in the range between 
--0.15 and +0.15V is due to the oxidation of Cu20 
into CuO22- and CuO. 

The cathodic peak in the range from --0.40 to 
--0.60V is due to the reduction of CuO in the outer 
substrate layer into Cu20. The peak in the range from 
--0.70 to --0.90V is due to the reduction of Cu~_O and 
CuO; unreduced in the first range, into Cu (28-30). 

Since guanine  and adenine suppress the free and 
uninhib i ted  dissolution of copper, they can prevent  
passivation of the copper substrate. I t  is known that 
passivation is accomplished by a shift of the mixed 
potential  into the region where copper can anodically 
passiyate (14). Format ion of Cu + ions by the free 
oxidation of copper is related to the bulk instabi l i ty  
of the electroless copper bath (31). Some have related 
the free oxidation of Cu+ to the brit t leness of the elec- 
troless copper deposit (1, 16). 

Conclusions 
Additives studied in this work, coumarin,  saccharin, 

adenine, and guanine  form two different groups as 
shown by their effects on the electroless deposition of 
copper. Adenine and guanine  act as accelerators for 
part ial  reactions and the overall  reaction of electro- 
less copper deposition. They also suppress oxidation 
and passivation of metall ic copper in an alkal ine so- 
lution. On the other hand  , coumarin and saccharin 
have almost no effect on the above processes. 

Differences in the function of these two groups of 
additives are probably basically due to differences in 
the number  of ni t rogen atoms and the resul t ing dif- 
ferences in  = electron density, loop current ,  and the 
exchange of electrons between electrode, ~ adsorbed 
molecule, and complexed Cu(I I )  ions in the solution. 
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A Modified Constriction Model for the Resistivity of a Bubble Curtain 
on a Gas Evolving Electrode 

Oscar Lanzi and Robert F. Savinel l *  

Department of Chemical Engineering, The University of Akron, Akron, Ohio 44325 

ABSTRACT 

At gas evolving electrodes, the bubble  curtain at the electrode surface contributes to the voltaic inefficiencies of the 
electrolyzer. Consequently, the structure of the bubble  curtain and its effect on electrolyte resist ivity is of practical impor- 
tance. In order to predict  the resistance of the bubble  curtain several models  have been suggested in the literature. Three- 
dimensional  models  provide an adequate predict ion of the resistance of dilute bubble  curtains with monolayer  gas voidages 
less than 0.55. This paper  proposes a two-dimensional  constriction model  of a dense bubble  curtain which is modified to 
account for a three-dimensional  dispersed phase within the monolayer. The resulting mathematical  expression behaves 
proper ly  in the limits of voidage and its predict ion agrees well with the l imited available data. 

In ch lo r -a lka l i  cells, wa te r  electrolysis,  and o ther  
processes in which  gases a re  p roduced  in e lec t ro ly t ic  
cells, the bubbles  tha t  form as a resul t  give r ise to 
impor t an t  engineer ing prob lems  because they  increase  
the total  cell  voltage.  Fac tors  contr ibut ing  to this in-  
crease in vol tage  include:  (i) A t  the  e lect rode surface 
the  bubbles  a re  closely packed  in a thin l aye r  or  
"bubble  curtain."  The bubbles  effect ively screen the 
electrode,  ra ise  the  effect ive cur ren t  density,  and thus 
increase  the  overpo ten t ia l  on the electrode.  (ii) The 
c r o w d e d  bubbles  offer a high ohmic resis tance at  the  
e lect rode sur face  by  severe ly  res t r ic t ing  the cur ren t  
flow. (iii) Bubbles  disperse  into the  bu lk  e lec t ro ly te  
and hence increase  its resistance.  If  the bubbles  ac-  
cumulate ,  they  g rea t ly  increase  this resistance,  so in 
pract ice  they  mus t  be swept  out  b y  fluid flow. 

F igure  1 depicts  the d is t r ibu t ion  of bubbles  in a cell  
wi th  flat p la te  electrodes.  Note tha t  a l though the  
bubble  cur ta in  m a y  be thin, i t  may  increase  the ohmic 
poten t ia l  drop of the cell  by  severa l  percen t  (1). This 
effect, i.e., (ii) above, is the focus of this work.  A 
mode l  is proposed  to re la te  the res is t iv i ty  of the  
bubble  curtain,  r e la t ive  to the  res is t iv i ty  of b ubb l e -  
f ree  e lect rolyte ,  to gas void f rac t ion and contact  angle.  

Previous Work 
The s t ruc tu re  and behav io r  of the bubble  cur ta in  

has been Studied previously ,  pa r t i cu l a r ly  in connection 
wi th  mass t rans fe r  studies (2-4),  of which Vogt  (5) 
gives an excel len t  summary .  Landol t  et al. (6) ob ta ined  
an empi r ica l  bubb le  size d is t r ibu t ion  in t u r b u l e n t l y  

* Electrochemical Society Active Member. 
Key words: transport, phases, cell, ohmic resistivity. 

flowing e lec t ro ly te  and noted a wide range  of  bubb le  
sizes. 

Recently,  Hine et al. (7) suggested tha t  a bubble  
curtain,  though it may  be thin, can effect the to ta l  cell 
voltage.  Vogt (1) der ived  a model  for  the overa l l  
ohmic potent ia l  drop in a gas evolving cell  wi th  ver t ica l  
electrodes;  he took into account the effect of the bubble  
cur ta in  but  did not examine  it in detail .  He did, how-  
ever, es t imate  t h e  thickness and re la t ive  res is t iv i ty  
of the curtain.  DeJonge et al. (8) s tudied bubble  effects 
in a cell, wi th  a disk e lec t rode  and ana lyzed  bubble  
cur ta in  behavior .  Sides and Tobias (9, 10) examined  
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Fig. 1. Section of an electrolytic cell with gas evolving electrodes. 
The bubbles at the electrode surfaces are closely packed while 
those in the rest of the solution are more sparsely dispersed. 
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the effect of the  bubble  cur ta in  and der ived  two 
models.  These are  the t angen t - sphere  model  (9), in 
which  the bubbles  arc t aken  to be nonin te rac t ing  tan-  
gent  spheres,  and the constr ict ion model  (10), in which 
the bubbles  a re  assumed to in te rac t  s trongly,  and cur -  
ren t  is un i fo rmly  d is t r ibu ted  at  any  cross sect ion pa r -  
a l le l  to the  electrode,  except  for  the area  occupied by  
the bubbles  (see Fig. 2). In  the constr ict ion model,  the 
resistance was ca lcula ted  for the s imple case of mono-  
sized tangent  spheres  in a hexagona l  a r ray .  Equat ion  
[1] describes the different ia l  resis tance but  ignores 
the flow of cu r ren t  pa ra l l e l  to the  e lec t rode  (which 
is caused by  the need for  cur ren t  to get a round  the 
bubbles )  

d R  "- dR1 = dy/K1 (AH -- ABD [1] 

In tegra t ion  and division b y  RL -- 2rr./KLS gives 

2 3~ 
K = tan-  

where  
r = 6~ -- 9r z [3] 

Equations [2] and [3] represent the constriction model 
of Sides (10). Since this expression only applies in 
the monolayer, the maximum value of r is :r/3X/3, i.e., 
for hexagonally close-packed spheres. Although the 
original derivation was based on a hexagonal unit 
cell, the same result can be derived for a random 
distribution. We directed our attention to improving 
the predictions of the constriction model. 

Theory 
Equat ion  [2], in itself, is not  en t i re ly  sa t is factory  for  

a bubble  curtain.  I t '  does not  take into account the  
de format ion  of the  cur ren t  l ines and hence the effec- 
t ive lengthening  of these lines, or the fact  tha t  the  
cur ren t  is not  un i fo rmly  d is t r ibu ted  over  the  cross 
section; these effects appea r  in t h e  t angen t - sphe re  
model  (9). The equat ion also assumes monosized 
spheres,  which  is a poor approximat ion .  

However  the constr ict ion model  is real is t ic  enough 
so tha t  the  deve lopment  may  be extended.  Expe r i -  
men ta l  da ta  of Glas and Wes twa te r  (11) suggest  that  
the  contact  angle  may  be large  enough to be signifi- 
cant, so the monosized spheres may  be assumed to have  
a contact  angle  of  0 wi th  the electrode.  I t  has been 
suggested (1, 2) tha t  the  large  bubbles  m a y  en t rap  
smal le r  bubbles,  account ing for  the  mul t ip le  sizes of 
the  bubbles  in the  curtain;  thus the  sma l l e r  bubbles  
m a y  be considered as a th ree -d imens iona l  dispers ion 
in the  spaces be tween  the l a rge r  bubbles.  A s imi la r  
approach  was taken  b y  Mered i th  and Tobias (12) in 
developing the i r  model  for th ree -d imens iona l  d isper -  
sions. 

These modifications lead to the bubble  cur ta in  s t ruc-  
ture  depic ted  in Fig. 3;  note the g rea te r  complex i ty  in -  
t roduced b y  the modifications. The mathemat ics  which 

/////////// //////// 

Fig. 2. The Sides' constriction model (10) of a densely packed 
bubble curtain. The current is uniformly distributed over the dark- 
ened area. 

oo ( ) / o '  
Ooo\ Ao,  o\ .%oo  o- 

I / / / / / / / / / / / / / / / / /  

Fig. 3. The structure of the bubble curtain according to the 
modified constriction model. 

describe the modified constr ict ion model  are  now p re -  
sented. 

The dispers ion of smal l  bubbles  may  be rega rded  as 
a cont inuum wi th  conduct ivi ty  K2. The resis tance of 
the ouooie  cur ta in  m a y  be taken as 

R --  d R  = [4] 
0 ~s (S --  N1AB1) 

If the bubbles  were  absen t  the res is tance would  be  

6 
m = ,,LZ [ s ]  

F r o m  Eq. [4] and Eq. [5] we have  

K : m :  - -  : K 1 K ~  [6] 
RL ~ S -  N1AB1 ~2 

where  

S 1 s  ~ d y  
Ki = -~ S - NIA~I [Ta] 

- resistivity factor due to monolayer and 

~L 
K~ = - -  [Tb] 

r$ 

= res is t iv i ty  factor  due to the  dispersion.  
Subst i tut ing,  AB1 = I I ( r l  2 --  (y --  rz -{- b) ~) and 6 = 

r l (1  -{- cos0D into Eq. [Ta] and in tegra t ing  gives 

S 1 [ t a n - 1  r i  cos @ 
K1 

L NiII8  ~ / S I N i I I  - -  r l  ~ ~/S/Ni:~ --  r l  2 

rl ] [8] 
+ t a n - i  ~ [ S / N I ~  - -  r l  ~ 

The volume fract ion of gas in the  mono laye r  is 

2Ni~ri 2 ( 1 ) 
~ -  3 ~  (t + cos~D 1---cos01 [9] 

2 

which m a y  be subst i tu ted  into Eq. [3] to give 

2--COS01 [ 3r COS01 39~I "I 
K1 ~-" Ltan -~ -t- tan -1 I 

 vVV 
[10] 

where  

~ l = 6 r  1 - - - - c o s 0 1  --9r [11] 
2 

Equat ion [7b] may  be expressed in te rms of the 
dispersion void f ract ion r 

volume of bubbles  in dispers ion 
r ---- 

volume of cur ta in  --  vo lume of mono laye r  bubbles  

Sides (10) recommends  an equat ion given b y  P r a g e r  
(13) for diffusion in a suspension of solid spheres  in 
liquids, which  m a y  be considered analogous to conduc-  
t ion in a t h ree -d imens iona l  bubb le  dispers ion and is 
wri t t en  as 

K~ = 1 / (  [1 --  r [1 - -  r ) [12] 

This re la t ion  agrees qui te  wel l  wi th  da ta  on disper- 
sions (10). Combining Eq. [10], [12], and  [6] gives 
our  final express ion  

2--cosr [ 3r 
K =  ~ L t a n - ,  ~v~l"- 

34u ] 1 

( , ) 01 = 6r (I -{- cos 01) 1 - -  - -  COS 01 - -  9r s [II] 
2 

where Eq. [11] is rewritten for completeness. 
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Discussion 
Equat ions  [13] and [11] r epresen t  the  modificat ion 

of the constr ict ion model.  This model  in t roduces  con- 
tact  angle  as a p a r a m e t e r  in K1. Table  I is given to 
indicate  the  effect of contact  angle  on K1. Note tha t  the 
effect is secondary,  which is for tuna te  since 01 is sensi-  
t ive to surface proper t ies  of the electrode,  bubble  size, 
etc., and hence difficult to predict .  A l though  Contact 
angles do vary,  in prac t ice  an average  contact  angle  
p a r a m e t e r  0~, would  be obta ined  th rough  expe r imen ta l  
measu remen t  of monolayer  voidage and surface cov- 
erage. The average  contact  angle  could then  be ca lcu-  
la ted  by  app ly ing  Eq. [9] wi th  the expe r imen ta l l y  
measured  monolayer  surface coverage used ins tead  
on the quan t i ty  Nl~r12/S. The modified constr ic t ion 
model  in t roduces  two voidage paraineters .  In pract ice,  
independen t  measu remen t  of these two pa r ame te r s  
m a y  be accomplished by  photographic  techniques. A 
re la t ionship  be tween  the two voidages,  such as the one 
assumed by  Mered i th  and Tobias (12), m a y  exist.  

Sides (10) expe r imen ted  wi th  hexagona l  a r rays  of 
d ie lect r ic  spheres p laced  tangent  to an electrode.  He 
used both  monosized and two-s ized  dis t r ibut ions  and 
obta ined  the expe r imen ta l  da ta  in Table  IL Also given 
in the tab le  are  the theore t ica l  p red ic ted  values  based 
on the or ig inal  and modified constr ict ion models,  the  
P r a g e r  equation,  and the Maxwel l  equat ion (14) 

K = (1 + r  - -  ,r [14] 

This equation,  a w e l l - k n o w n  t h r e e - d i m e n s i o n a l  
model,  fits the  da ta  r e m a r k a b l y  wel l  when  r < 0.5. 

Table I. Effect of contact angle on monolayer resistivity, K1 

r 01 = 0 ~ Oi = 22.5 ~ 01 = 45 ~ O* = 67.5 ~ O~ = 90 ~ 

0.30 1.48 1.47 1.46 1.46 1.48 
0.35 1.62 1.61 1.59 1.59 1.62 
0.40 1.81 1.78 1.75 1.76 1.81 
0.45 2.06 2.01 1.95 1.97 2.06 
0.50 2.42 2.32 2.22 2.25 2.42 
0.55 3.00 2.81 2.60 2.64 3.00 
0.60 4.16 3.66 3.18 3.24 4.16 
0.65 - -  - -  4.23 4.30 - -  

hep* 4.34 4.46 4.85 5.31 4.34 

* A t  hcp 
- ( 

01 = 3"-3"-3"-3"-3"-3"-~" (1 + cos 01) 1 

The hcp  va lue  of  0, ranges from 0.6046 
0.6802 at  01 = 60". 

' ) 
-- - -  COS O~ 

2 
at 0i = 0 ~ and  90' to 

Table II. Comparison of original and modified constriction models, 
Maxwell's equation and Prager's equation with data from Ref. (10) 

Values  of  K f o r  01 = 0 ~ 

~odi-  
:fled 

Con- con- Max- Pra-  
s tr ic-  s tr ic-  wel l  g e r  

Experio t ion  t ion  equa- equa- 
r r r m e n t a l  m o d e l  mode l  t ion  t ion 

0.6046 0.0O00 0.6046 4.640 4.339 4.339 3.294 3.625 
0.6046 0.0478 0.6235 4.817 5.338 4.668 3.484 3.859 
0.6046 0.0934 0.6415 5.176 7.216 5.020 3.684 4.107 
0.5457 0.0000 0.5457 3.129 2.933 2.933 2.802 3.G27 
0.5457 0.0438 0.5656 3.258 3.264 3.136 2.953 3.210 
0.5457 0.0856 0.5845 3.516 3.689 3.351 3.111 3.400 
0.4897 0.0004) 0.4897 2.453 2.332 2.332 2.439 2.595 
0.4897 0.0411 0.5107 2.618 2.518 2.482 2.565 2.745 
0.4897 0.0803 0.5307 2.791 2.738 2.641 2.696 2.900 
0.4368 0.0000 0.4368 2.124 1.935 1.985 2.163 2.272 
0.4368 0.0395 0.4591 2.223 2.113 2.108 2.273 2.400 
0.4368 0.0771 0.4802 2.388 2.258 2.237 2.386 2.532 
0.4368 0.1332 0.5118 2.806 2.528 2.453 2.572 2.753 
0.2963 O.OOO0 0.2963 1.566 1.468 1.468 1.632 1.668 
0.2963 0.0383 0.3232 1.660 1.541 1.556 1.717 1.762 
0.2963 0.'0749 0.3490 1.759 1.620 1.649 1.804 1.861 
0.2963 0.1294 0.3874 1.971 1.746 1.803 1.948 2.025 
0.1999 0 .0000  0 .1999  1 . 3 3 3  1 . 2 6 4  1.264 1.375 1.389 
0.1999 0 .0411  0.2327 1 . 4 2 3  1 . 3 2 6  1.347 1.455 1.475 
0.1999 0.0802 0.2641 1.515 1.392 1.435 1.539 1.566 
0.1999 0.1386 0.31'08 1 . 6 7 5  1.507 1.578 1.676 1.718 

The Maxwel l  equat ion predicts  the  da ta  best  in t h i s  
voidage range because i t  underes t imates  the res is t iv i ty  
of a th ree -d imens iona l  dispersion.  Consequent ly  in 
effect it  corrects  for the lower  resis tance offered by  
surface bubbles.  1 

At  a monolayer  voidage of ,,0.55 the P rage r  equa-  
tion predicts  a res is t iv i ty  of the bubble  cur ta in  which 
is about  the same as pred ic ted  by  the modified con- 
s t r ic t ion model.  This is shown in Fig. 4 as wel l  as in 
Table II. However ,  at  l a rge r  monolayer  voidages the 
P rage r  equat ion predic ts  much lower  resis t ivi t ies  be -  
cause i t  does not  account for a constr ict ion effect. A l s o ,  
at smal le r  monolayer  voidages ( <  0.5) the P rage r  
equat ion predicts  l a r g e r  resis t ivi t ies  because i t  does 
not account for the lower  resis tance offered by  a bub-  
ble tangent  to a surfacv, as opposed to being in the 
bu lk  solution. 

When  r > 0.55, the constr ict ion and modified con- 
s t r ic t ion models  are .needed because in this case the 
l a rge r  (monolayer )  bubbles  form a dis t inct  l aye r  on 
the electrode.  F igure  4 g raph ica l ly  d isplays  the resul ts  
for one value  of r in this range,  i.e., r --  0.6046. 
Clear ly  the constr ict ion model  predic ts  a much too 
strong var ia t ion  of K wi th  r A m a j o r  shor tcoming of 
this model  is that  i t  fails  to dis t inguish be tween  mono-  
l aye r  and dispers ion bubbles.  I t  therefore  fails when  r 
approaches  or exceeds the value  corresponding to 
monolayer  close packing.  For  example ,  as r approaches  
2/3 the value  of K pred ic ted  by  the constr ic t ion model  
goes to infinity. In  the  modified constr ict ion model  K 
also approaches  infinity as r approaches  2/3 for t an-  
gent  spheres.  In  fact, for  tangent  hexagona l ly  close- 
packed  spheres in a monolayer ,  the l imi t  on the mono-  
l aye r  voidage is ~/3~/3. However ,  in the modified con- 
s t r ic t ion model,  ~ is unres t r ic ted  and consequent ly  
can approach  unity.  Fu r the rmore ,  the modified con- 
s tr ict ion model  predic ts  K to approach  infinity as ~b 
approaches  unity., This model  genera l ly  underes t imates  
the da ta  by  roughly  5%. This resul t  is most  l ike ly  
caused by  the fact tha t  K1 is unde res t ima ted  b y  the 
theory,  which does not account  for the component  of 
cur ren t  flow para l l e l  to the e lec t rode  or  the nonuni -  
fo rmi ty  of cur ren t  d is t r ibut ion  in any  cross section 
para l l e l  to the electrode.  Ano the r  approx ima t ion  in 
the modified model  is tha t  the dispers ion m a y  be  
t rea ted  as a cont inuum and therefore  ac t s  indepen-  
den t ly  of the mono laye r  bubbles .  

The discussion presented  here  is subjec t  to the  l imi -  
tat ions of the  expe r imen ta l  data. Specifically,  the fol-  
lowing should be noted:  (i) There  are  only 21 da ta  
points  in all. Of these only three  are  in the voidage 
ranges  r > 0.55, where  th ree -d imens iona l  equat ions 
fai l  to p red ic t  bubble  l aye r  conduct ivi ty .  (ii) The 
expe r imen ta l  da ta  are  al l  t aken  wi th  r < 0.14; a n d  
for  r > 0.5 al l  the expe r imen ta l  da ta  are  t aken  wi th  
r < 0.10. As a consequence the exper imen ta l  da t a  do 
not  represen t  s i tuat ions in which  the  dispers ion is 
crowded wi th  smal l  bubbles.  I t  is, however ,  apparen t  
that  the  modified constr ic t ion model  bes t  cor re la tes  the  
da ta  in the  high voidage range.  I t  may  be considered 
sui table  for ex t rapo la t ion  unt i l  more  expe r imen ta l  da ta  
a re  obtained.  (iii) Perhaps  most  impor tant ,  the bubbles  
in the expe r imen t  were  represen ted  as dielectr ic  
spheres p laced tangent  to an electrode.  Therefore,  the  
effect of contact  angle was not  expe r imen ta l l y  inves t i -  
gated, so that  the theore t ica l  dependence  of K on 01 
could not  be analyzed.  

Conclusions 
The fol lowing conclusions m a y  be made  f rom this 

s tudy:  (i) Conduct iv i ty  equat ions  for  t h r e e - d i m e n -  
sional dispersions are  best  for  pred ic t ing  the  re la t ive  
res is t iv i ty  of a bubble  cur ta in  when  the mono laye r  
voidage is less than  0.55. (ii) When  the  mono laye r  

1 T h e  a u t h o r s  a p p r e c i a t e  a r e v i e w e r ' s  c o m m e n t  wh ich  pointed 
th i s  f a c t  ou t  to us. 
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Fig. 4. Comparison of experimental data from P~ef. (|0) (closed 
circles) with theoretical predictions of bubble curtain resistivity at 
three monolayer voidages: Curves A--constriction model, curves B 
--modified constriction model, curves C--Maxwell equation, curves 
D--Prager equation. 

voidage exceeds 0.55 the modified constr ict ion mode l  
provides  be t t e r  resul ts  than  the constr ict ion mode l  by  
dis t inguishing be tween  mono laye r  and dispers ion 
bubbles.  The presence of a d is t inct  monolayer  in this  
voidage range  is sigr~ficant and causes t h r e e - d i m e n -  
sional  equat ions to fail. (iii) Nothing definite can b e  
said about  contact  angle  effects due to the lack  of 
expe r imen ta l  data,  but  the  theory  suggests  this to be 
of secondary  impor tance .  Void f rac t ion is the  dominan t  
var iable .  I t  m a y  be wor thwhi l e  to ver i fy  this  expe r i -  
menta l ly .  
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A n y  discussion of this pape r  wil l  appea r  in a Dis-  
cussion Sect ion to be publ i shed  in the  December  1983 
JOURNAL. Al l  discussions for  the December  1983 Dis-  
cussion Section should be submi t t ed  by  Aug. 1, 1983. 

LIST OF SYMBOLS 

cross-sect ional  a rea  of mono laye r  bubble  
area  of hexagonal  uni t  cell  
re la t ive  res is t iv i ty  
n u m b e r  of bubbles  on e lect rode surface  
bubble  radius  in monolayer  
resis tance 
total  a rea  of e lect rode surface 
coordinate  direct ion normal  to e lect rode 

thickness o.f bubble  cur ta in  
conduct ivi ty  
contact  angle 
voidage;  volume fract ion of gas 
p a r a m e t e r  in Eq. [3] and [11] 

Subscripts 
L bubb le - f r ee  e lec t ro ly te  
1 including monolayer  only 
2 including dispers ion only 
none inc luding all  bubbles  in cur ta in  
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Intermediates in the Electrochemical Reduction of Carbon Disulfide 
at a Mercury Cathode in Aprotic Solvents 
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ABSTRACT 

Cyclic voltammetric studies of the reduction of carbon disulfide at a HMDE in acetonitrile gave two irreversible reduc- 
tion waves at -1.56V (SCE) and -2.2V (SCE), respectively. The data for the first wave suggested a reduction of carbon 
disulfide to an anion radical which dimerized utilizing the nucleophilic properties of the radical. The resulting species was 
reduced further to a dianion which is the basis for carbon monosulfide, trithiocarbonate, and tetrathiooxalate ions formed 
in large scale electrolyses. The second reduction led to extensive electrode filming and eventual insulation of the electrode. 
Large scale electrolysis at this potential gave a mercury complex. By-products isolated in the large scale reduction of carbon 
disulfide followed by methylation were 4-methylthio-l,3-dithiole-2-thione and 4,5-bis(methylthio)-2,2-dithiol-l,3-dithiole. 
GC-mass spectral studies indicated the presence of methyl dithioformate, dimethyl tetrathiooxalate, derivatives of this es- 
ter, species resulting from the interaction of the solvent acetonitrile and intermediates from the reduction of carbon 
disulfide, species from the interaction of sulfide ion with sulfur, and 4,5-bis(methylthio)-l,3-dithiole-2-one and dimethy] 
dithiocarbonate. 

Two mechanisms have been proposed for the forma- 
t ion of 4 ,5-b is (methyl th io- l ,3-d i th io le-2- th ione(1) ,  
d imethyl  t r i thiocarbonate(~)  and carbon monosulfide 
in the electrochemical reduction and subsequent  
methyla t ion  of carbon disulfide in aprotic solvents 
containing t e t r aa lky lammonium salts 

CH3S-C=C~-SCH 3 CH3S~c 
s ( s /=s 

\f, / CH3S 

1 2 

The first of these suggested the formation of an anion 
radical (3) by the addition of an electron to carbon di- 
sulfide followed by dimerization to the tetrathiooxa- 
late ion (4). This in termediate  (4) is considered 

2 -S-C=S n> -S-C-C-S" 
I I  II 

SS 

3 4 

to react flzrther with carbon disulfide and to form a 
product  which on methyla t ion would form (1) (1, 2). 

Bontempell i  and co-workers (3) on the basis of 
cyclic voltamrrietric studies of the reduction of carbon 
d i s u l f i d e  at a p la t inum electrode, coulometry, and isola- 
t ion of carbon monosulfide, suggested the formation of 
t r i thiocarbonate ion and carbon monosulfide as prod-  
ucts in  the electrochemical reduction of carbon disul- 
fide. A subsequent  reaction of these two species was 
considered to give a product  which on methyla t ion  
formed (1). 

In  the present  investigation, studies of the reduct ion 
of carbon disulfide in acetonitri le at a hanging mer -  
cury drop electrode and the na ture  of the by-products  
formed at a mercury  cathode unde r  various conditions 
have been carried out to obtain more informat ion 
about the steps involved in the formation of (1) and (2). 

Experimental 
Physical methods.--Infrared spectra were deter-  

mined using ei ther  a Pe rk in -E lmer  Infracord or Beck- 

* Electrochemical Society Active Member. 
~Permanent  address: Marquette University, Milwaukee, Wis- 

consin 53233. 
Key words: cyclic voltammetry, hanging mercury drop elec- 

trode, mechanism. 

man Acculab TMI Infrared Spectrophotometer.  NMR 
spectra were obtained with either a Varian A60, Pe rk in -  
Elmer Model R12, or Joel JNM-FXPOQ FT nuclear  
magnet ic  resonance spectrophotometers. Carbon-13 
'NMR were determined with a Model 293 Bruker  NMR. 
Mass spectra were measured using a Hewlet t -Packard  
Model 5985A GC-MS system. The column employed 
was a 6 ft 3% OV101 coating on glass. 

Electrochemical measurements  were performed with 
a PAR Model 173 potent ios ta t /galvanosta t  and a PAR 
Model 175 universal  programmer.  The electrochemical 
cell used had a hanging mercury  drop electrode 
(HMDE) (Metrohm AG Model 491) as the cathode 
and a p la t inum electrode as the anode. The reference 
electrode was a saturated calomel electrode. Studies 
were made in acetonitri le containing 0.2M te t rabuty l -  
ammonium bromide and 0.001M and 0.005M of carbon 
disulfide, respectively.  Purified ni t rogen was  used to 
purge the solution prior  to electrochemical measure-  
ments. 

Electrochemical reduction of carbon disulllde at a 
mercury cathode.--A reduction of carbon disulfide (18 
ml) was carried out in  d imethyl formamide containing 
0.5M te t r abu ty l ammonium bromide (300 ml) at a 
mercury  cathode at a constant  potential  of --2.06V 
(vs. Hg pool) using a PAR Model 371 Potentiostat.  
The anode was p la t inum and was placed in a porcelain 
cup with the s ame  electrolyte. The ini t ial  cur rent  
observed was 0.72A. After  7.5 hr approximately 21,600C 
had been utilized and the electrolysis was terminated.  
The resul t ing red solution upon removal  of the di- 
methyl formamide gave a .red oil which was stirred 
with four 150 ml  portions of distilled water which were 
discarded. The resul t ing red solid was stirred with 
four 100 ml portions of cold absolute ethanol, and the 
result ing ethanol extracts were filter. The resul t ing 
red solid (9.4g) (5) after recrystal l izat ion from ab- 
solute ethanol  melted at 146.5-154 ~ (dec);  infrared 
(nujol)  3.50, 6.85, 7.15, 7.28, 8.5, 8.7, 9.05, 9.43, 9.7, 
10.15, 11.1, 11.35, 12.45, and 13.5~; NMR(D~CCOCD3) 
8 0.89(t, 3H, CH~, J = 0.1 Hz), 1.15-2.18(m, 4H. 
CH2CH2), 3.15-3.65(t, 2H, CH2N, J : 0.1 Hz). 

Analysis calculated for C~sHr2N2SI0Hg: C, 42.33; H, 
6.73; N, 2.60. Found:  C, 42.2; H, 6.49; N, 2.51. 

Mass spectrum: m/e 310, 210, 202, 200, 185, 178, 143, 
142, 122, 100, 90, 86, 76(100). 

C13NMR(CDsCOCD3) 206(C = S);  136(C _ C);  
59 (CH2N); 32, 31, 30, 29.8, 29, 28, 27 (CH2CH2CH2N); 
24, 20, 14 (CHs). 

Methylation of mercuric complex (5 ) . - -A solution of 
the mercur ic  complex (5) (0.49g) in d imethyl form-  

803 
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amide  was t rea ted  wi th  me thy l  iodide (2 ml ) ,  and 
the resu l t ing  solut ion was s t i r red  for 22 hr;  the color 
changed in this  per iod  f rom a deep  red  to a r ed  brown.  
The solut ion was poured  into wate r  (500 ml ) ,  and 
the resul,ting mix tu re  was ex t rac ted  with six 250 ml 
por t ions  of pe t ro l eum e ther  (bp 60-68~ Concent ra-  
t ion of the ext rac ts  to 10 ml  gave brown needles  which 
upon crys ta l l iza t ion f rom the same solvent  me l ted  at 
93~176 (lit. 100~176 yield,  0.054g (27%). 
The in f ra red  and mass spec t ra  were ident ical  to that  
of 4,5-bis (methy l th io)  - 1,3-dithiole-  2- thione 1. 

Reduct ion of carbon disulfide (18 ml)  was car r ied  
out in an a i r - f r ee  solut ion of acetoni t r i le  (400 ml)  
containing 0.hM t e t r a b u t y l a m m o n i u m  bromide  in a 
s imi la r  fashion to that  repor ted  before.  The resul t ing 
da rk  red solution upon r e m o v a l  of the acetoni t r i le  
gave  a solid which was dissolved in d ime thy l fo rmamide  
(150 ml)  and t rea ted  with  me thy l  iodide (8 ml)  at 
room t empera tu re  for 24 hr;  the resul t ing  solut ion was 
then  poured  into wa te r  (600 ml ) .  Ext rac t ion  with  
hexane  gave a b l a c k - b r o w n  solid which upon re crys-  
ta l l iza t ion f rom hexane  gave 5.3g of b i s ( m e t h y l t h i o ) -  
1 ,3-di thiole-2- thione (1) mel t ing  at  99~176 Con- 
cent ra t ion  of the hexane ext rac t  fol lowed by  purif ica-  
t ion on a thin l aye r  p repa ra t ive  s i l ica chromato-  
graphic  p la te  using hexane  gave d imethy l  t r i th iocar -  
bona te  (2) (5% yie ld)  and  a mix tu re  of (1) an.d 4- 
me thy l th io - l , 3 -d i th io l e -2 - th ione  (6). Fu r the r  chromato-  
graphic  separa t ion  using carbon  te t rachlor ide  as an 
eluent  gave an addi t ional  0 7g of 1 or  a total  y ie ld  of 
29%, and a 3% yie ld  of 4 -me thy l th io - l , 3 -d i th io l e -2 -  
thione (6) mel t ing  at 58~ ~ (lit. (1, 4) m p  71~ 
Mass  spect ra l  analysis  of this sample  indica ted  that  it  
(6) was contaminated  by  a smal l  amount  of (1). 

A smal l  por t ion of the above hexane  concentrate  
was examined  by  gc-mass  spec t romet ry  and found to 
contain the fol lowing addi t ional  compounds in ap -  
p r o x i m a t e l y  the yield indicated:  4 ,5 -b i s (me thy l th io ) -  
1,3-di thiole-2-one (22) (0.6%) ; S - th io  d imethy l  d i -  
sulfide (19) (0.07%); S ,S-di th io  d imethy l  disulfide 
(20) (0.13%); d ime thy l  disulfide (0.08%); 2,4,5- 
tris (methyl th io)  - 1 ,3-d i th io le-2-ace ty l th iocarbonyl  (14) 

( 0 . 1 9 % )  m/e 360(12.3), 285(77.9), 238(13.2), 160(7.9), 
135(18.1), 118(10.8), 103(34.0), 91(100), 88(44.5), 
76(12.7), 75(12.5), 47(6.1), 45(8.2); t r i s (me thy l th io )  
ace ty ld i th ioe thy lene  (15) (0.28%) ~n/e 272 (19.6), 
197(100), 150(33.1), 135(12.5), 118(85.9), 103(44.5), 
91(71.7), 88(45.2), 75 (20.9), 59(10.9), 47(17.5), 45(29.2); 
4,4',5-tris (methyl th io)  -5 ' -ace ty l th io -2-sp i ro  [5.5] - 1,1,3', 
3 ' -d i th io le  (16) (0.04%) ~n/e 404(31.7), 329(77.7), 
282(38.3), 250(69.7), 150(33.3), 135(28.4), 118(!7.3), 
103(58.4), 100(29.8), 91(100), 88(76.9), 75(24.7), 
59 (15.6), 47 (9.5), 45 (18.5) ; and d imethy l  t e t r a th iooxa-  
l a te  (13) (0.07%). 

The r e d u c t i o n  of carbon  disulfide was car r ied  out 
in the  presence of carbon dioxide  us ing condit ions 
given ear l ier .  The carbon disulfide (25 ml)  was in-  
t roduced into the a i r - f r e e  acetoni t r i le  solut ion by  en-  
t r a inmen t  wi th  carbon d ioxide  dur ing  the electrolysis.  
The da rk  red  solut ion was separa ted  f rom the mer -  
cury  and t rea ted  wi th  26 ml  of me thy l  iodide for  14 
h r  a t  room tempera ture .  Remova l  of the  acetoni t r i le  b y  
dis t i l la t ion gave a ye l low dis t i l la te  which upon ex-  
amina t ion  b y  gc-mass  spectroscopy contains d imethy l  
t r i th iocarbonate  (2),  me thy l  d i t h i o f o r m a t e  (7),  and  
d imethy l  d i th iocarbonate  (23). 

Ext rac t ion  of the  res idue wi th  six por t ions  of 150 
ml  each of h e x a n .  ~ fol lowed b y  concentra t ion of the 
combined ext racts  to 15 ml of hexane  and separa t ion  
b y  p r epa ra t i ve  tlc using hexane  gave sul fur  (2%) and 
d imethy l  t r i th iocarbona te  (2) (4.5%). F u r t h e r  e lu-  
t ion wi th  carbon te t rach lor ide  gave 4 ,5 -b i s (methy l -  
thio)  -1 ,3-d i th io le-2- th ione  (1) (27%) and 4,5- 
b i sme thy l th io ) - l , 3 -d i th io l e -2 ,2 -d i th io l  (8) (0.5%) ; m p  
46~ ~ Inf ra red(nu~ol )  1415, 1320, 1210, 1065, 955, 
840, 815, 780, 725 cm-1;  NMR(CDCI~) 5 5.29(s, 1H, 
SH) ,  2.76 (s, 3H, SCH3); role 260(0.9), 169(40.7), 

91(100), 77(7.7), 76(22.4), 59(4.6), 47 (8.6), 45(14.8). 
Analys is  calculated for  ChHsS6: C, 22.80; H, 3.12. 

Founcl: C, 23.0d; H, 3.07. 
A smal l  por t ion of the main  hexane  concentra te  

was examined  by  gc-mass  spec t romet ry  and found to 
contain the fol lowing addi t ional  compounds;  thei r  
yields and f r agmenta t ion  pa t te rns  in the mass spec-  
t rum are  l isted: me thy l  d i th ioformate  (7) (0.07%) 
m/e 92(100), 77(23.1); 76(19.1), 47(9.2), 45(20.3); 
d ime thy l  d i th iocarbonate  (23) (0.01%) m/e 122(33.3), 
94(100), 79(48.4), 75(58.1), 47(18.3), 45(16.1); d i -  
me thy l  tr isulfide (21) (0.02%) m/e 126(100), 111(17.3), 
79(30.4), 64(7.6), 47(3.5), 45(6 . i ) ;  me thy l  acetyl  t r i -  
th iocarbonate  (17) (0.3%) m/e 166(100), 151(25.4), 
104(57,8), 103(47.6), 91(28.2), 75(12.9), 45(7.9); 2,2,4- 
t r i s ( t h i o m e t h y l ) - 5 - t h i o l - l , 3 - d i t h i o l e  (12) (0.7%) m/e 
274(3.9), 227(21.5), 195(6.1), 180(6.4), 150(17.0), 
i35(16.4), 106(14.5), 103(22.4), 91(100), 76(33.6), 
88(27.8), 77(9.1), 47(8.3), 45(22.7); me thy l  a -az i r ine -  
d ie th ioaceta te  (18) (3.4%) m/e 145(40), 98(100), 
94(12.6), 58(9.4), 45(4.0); and 4 -me thy l th io - l , 3 -d i th io l e -  
2- th ione (6) (2%) m/e  180(100), 135(21.5), 104(38.0), 
103(66.9), 91(27.3), 89(67.8), 88(14.0), 76(33.1), 
59 (19.0), 45(23.1). 

Results 
The cyclic vo l t ammet r i c  reduct ion  of carbon  disul -  

fide at  a HMDE in acetoni t r i le  containing 0.2M te t r a -  
bu ty l ammon ium bromide  occurred at  Ep = --1.56V 
(SCE) with  a second reduct ion at  Ep -: --2.2V (SCE) .  
The second reduct ion led to extens ive  e lect rode film- 
ing and eventua l  insula t ion of the  e lect rode (Fig. l b ) .  
The first reduct ion  wave  had an inflection at  --1.50V 
(Fig. la )  for 1 mM carbon disulfide which  indicated 
an over lap  of two processes wi th  app rox ima te ly  s imi-  
l a r  potent ials .  I f  only  the  first wave  were  scanned 
through,  no anodic wave  was seen. The reduct ion  wave 
is qui te  sharp  (Epp/2 value~ are  about  46 mV),  and 
the shif t  in the  peak  po ten t ia l  EPc shows only  a weak  
dependence  upon scan ra te  (AEp/A log v ---- 15 rnV). 
The peak  cu r ren t  function, ipc/Cv'/2, corresponds  to 
an overaD one electron process. For  the  1 mM solu- 
tions a revers ib le  adsorpt ion  wave  at  --1.03V was 
observed on the reverse  scan and the second cathodic 
scan, but  was absent  in the in i t ia l  cathodic scan. This 
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Fig. 1. Cyclic vo|tammograms for carbon disulfide in 0.2M tetra- 
butylammonium bromide in ocetonitrile at a HMD~: (o) and (b) 
0.001M CS2 at 20 rnV sec - 1  at 25~ (c) and (d) 0.005M C ~  at 
100 mV sec - 1  at 25~ 
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peak  d i sappeared  nea r ly  comple te ly  for  5 mM solu-  
t ions of  carbon disulfide (Fig: lc,  d) .  

The electrolysis  of carbon disulfide in d ime thy l  
fo rmamide  at  a me rcu ry  cathode at  --2.06V (Hg pool) 
using 0.5M t e t r a b u t y l a m m o n i u m  bromide  as the sup-  
por t ing  e lec t ro ly te  gave a solid which based on ele-  
menta l  analysis,  spec t ra l  data,  and conversion by  
me thy l  iodide  into (1) is the  mercur ic  complex (5) 

+ /s\/\ I 2(C4H9)4N S = C" \G / /Hg ++ ~ \C = \ _/c\/ 

5 

This complex  may  be responsible  for  the  fi lming ob-  
served  wi th  the second reduct ion  wave  at  the HMDE 
(Fig. la ,  d ) .  

The products  isola ted or character ized by  gc-mass  
spec t ra l  analysis  f rom the reduct ion  of carbon disul -  
fide in acetoni t r i le  alone o r  in the  presence of carbon 
dioxide  fol lowed by  me thy la t ion  were  numerous:  Both 
types  of reduct ions gave s imi lar  yields  of the cyclic 
compound (1),  d ime thy l  t r i th iocarbonate  (2), and 4- 
me thy l th io - l , 3 -d i th io l e -2 - th ione  (6). The last  com- 
pound  (6) has been isola ted in the  reduct ion o f  carbon 
disulfide using sodium ama lgam (4) bu t  has not been 
repor ted  in e lec t ro ly t ic  studies 

CH3S-C=CH H~-SCH 3 

\c / 

6 7 

Methy l  d i th io formate  (7) was only  found and iden t i -  
fied b y  gc-mass  spec t ra l  s tudies  in the  reduct ion of 
carbon disulfide in the  presence of carbon dioxide.  This 
e lect rolys is  also y ie lded  4 ,5 -b i s (me thy l th io ) -2 ,2 -d i ,  
t h io l - l , 3 -d i th io l e  (8) and 2 ,2 ,4 - t r i s (methy l th io ) -5 -  
th io l - l , 3 -d i th io l e  (12). The fo rmer  s t ruc ture  was based 
on e l emen ta l  analysis  and n m r  and mass spect ra l  ana l -  
ysis. NMR analysis  showed a singlet  at  5 5.29 for the 
SH group and  a s inglet  at  8 2.76 for  the  SCH3 

CH3S-C:CSCH 3 CH3S- ~ + CH3S-C 

91(1oo) H 

CH3S-C=C-SH 

CH 3 CH 3 

12 

CHoSC-CSCH~ 
o II i! o 

S S  

13 

and had a pa ren t  ion peak  of 91(100) s imi la r  to (8).  A 
f ragment  wi th  an role 105(14.5) would  correspond to 
the  (CH3S)~C group. 

D ime thy l  t e t ra th iooxa la te  (13) was detected by  gc- 
mass spec t romet ry  in ve ry  smal l  amounts  (0.07%) in 
the reduct ion using acetoni t r i le  alone. The reason for  
this low yield may  be the ut i l izat ion of the precursor  
of this ester, the t e t ra th iooxa la te  ion, in the format ion  
of a number  of the  products  identif ied by gc-mass  
spec t romet ry  and l is ted (14-16) in the  exper imenta l .  
The complex behavior  of this species has recen t ly  been 
demons t ra ted  in the  me thy la t ion  of b i s - t e t r ae thy l -  
ammonium te t ra th iooxa la te  (5). 

Other  compounds l is ted in the  l a t t e r  may  be formed 
by  the in teract ion of the solvent,  acetonitr i le ,  wi th  
anion species f rom carbon disulfide (17, 18), and re -  
act ions be tween  sulfide ions and sul fur  (19-21). The 
oxygen  der iva t ives  (22), (23) I isted were  p r o b a b l y  
formed b y  the mercur ic  ion ca ta lyzed hydrolys is  of the 
corresponding sul fur  compounds (1) and (2). 

Discussion of Results 

The vo l t ammet r i c  da ta  obta ined  at the  HMDE is 
consistent  wi th  azi in i t ia l  reduct ion  of carbon d isu l -  
fide to the anion radica l  (3) fol lowed by  a fast  d imer i -  
zation. The value of AEp/A log v is in  agreement  wi th  
such a mechanism.  The  revers ib i l i ty  shown in the 
first step is solely based on the  Nerns t ian  behav ior  of 
the. first reduct ion  

CS 2 + e ~ CS 2" 

CS 2 + CS 2 fast> S=C-S-C=S 
I 
S_ 

S=C-S-C=S + e" --> S=C-S-C=S 
i I 
S S_ 

8 0 169(40.7) 

260(0.9) H/�89 1o 

77(7.7) 
CS 2 

76(22.4) 

11 

The f r agmenta t ion  pa t t e rn  in the  mass  spec t rum shown 
is in agreement  wi th  this  s t ructure .  

Compound (12) was de tec ted  by  gc-mass  spect ra l  
analysis  of the  hexane  ext rac ts  of the products  in this 
e lectrolysis  

24 

The second reac t ion  is not  fast  enough to des t roy  this 
Nerns t ian  behavior .  The inflection in the  wave  for 1 
mM carbon disulfide points  to two reduct ion  p ro -  
cesses wi th  ra the r  s imi la r  reduc t ion  potent ials .  This 
b reak  is absent  for  the  reduct ion  of 0.005M carbon 
disulfide. 

The two step reduct ion  wave  observed  for 1 mM 
carbon disulfide e l iminates  the  poss ib i l i ty  of the  d imer i -  
zat ion of the  anion radica l  to the  t e t ra th iooxa la te  ion 
suggested by  Je roschewski  (6);  such a mechanism 
would  show only one wave.  

The d imer iza t ion  shown uti l izes the  nucleophi l ic  ad-  
di t ion of the anion radica l  (3) to carbon disulfide and 
forms a new rad ica l  which is reduced  fur ther  to (24). 
This dianion (?4)can dissociate into carbon monosulflde 
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S 
- ! 

S=C-S-C=S ~> S:C + C=S 
S_I <---- kS 

24 

and trithiocarbonate ion~ the reaction is considered to 
be reversible since Bontempelli (3) found that these 
species combined to form a product which on methyla- 
tion gave (1). 

The dianion (24) can react further with carbon di- 
sulfide and form a derivative of tetrathiooxalate (25) 

- CS 2 _ 
S:C-S-C=S > S-C-C-S-C=S 

II II I 
I SS S 

24 / /  25 

CS 2 + S-C-C-S- 

4 

sulfide and formation of dithioformate ion. 
The formation of 4-methylthio-l,3-dithiole-2-thione 

(6) in small amounts could be explained by a reaction 
of (24) with carbon monosulfide followed by protonation 

S=C-S-C=S CS > 
~_ H+ 

28 

Ics 
.,c:ccsc:s 

SS- 

/ _cs2 

24 

HC-C-S-C=S 
I; u I 
SS S_ 

HC-CS- 

S 

HC---C-S- 
\ 

S 

S 

js 
S=C ~ < S=C /S-  

S--  S 

27. 26 

which could dissociate to carbon disulfide and tetra- 
thiooxalate ion (4) or cyclize to (26). The last compound 
can lose sulfide ion and form (27). Reduction of (26) and 
(27) electrochemically or chemically with sulfide ion 
would lead to a precursor of (1), (8), and (12). 

The rearrangement of (24)directly to tetrathiooxalate 
ion (4) cannot be eliminated in view of the work of 

:c s - >  s:  os 
! 
S_ 

4 

24 
BontempeIti (3) and Chambers (2). This ion (4), which 
would be converted by carbon disulfide or carbon 
monosulfide into a precursor of (1), has been isolated 
as the insoluble tetraethylammonium and tetramethyl- 
ammonium salts from the electrolysis of carbon disul- 
fide in acetonitrile using either tetraethy!ammonium 
bromide or tetramethylammonium iodide as support- 
ing electrolytes (6). 

The detection of methyl dithioformate (7) in the 
large scale electrolysis mixture suggests a protonation 
of intermediate (24) followed by the loss of carbon di- 

- H+ H -CS2 I 
S=C-S-C=S > S=C-S-C=S ~ >  S: - 

I ! 
S_ S 

24 

The intermediate (28) may lose carbon disulfide and 
form trithioglyoxylic acid or may be converted di- 
rectly by carbon monosulfide or carbon disulfide to a 
precursor of (6). This precursor could also be formed 
by similar reactions with trithioglyoxylic acid. 

The actual mode of formation of the mercuric com- 
plex (5) is not known. Metal complexes of this type 
have been prepared by treating the disodium salt of 
4,5-dithiol-l,3-dithiole-2-thione with metallic and 
tetralkylammonium salts (7). In the present work 
complex (5) is apparently being formed by the oxidation 
of the mercury cathode by a species generated by the 
electrolysis. Since it is well known that mercury is oxi- 
dized by mercaptans and disulfides 

RSH + Hg--~ RSHg + e + H + 

(RS)2 -~ Hg-> (RS)2Hg 

intermediate (27) could behave in a similar fashion 
and form complex (5) by the following reaction 

S 

s =c/\ 
2 I C : S + Hg + 2(C4H9)4 N+ + 2e - -> 5 

S =C / 

\ s  
27 
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with Thin, Ion Exchanging Polymer Films 
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ABSTRACT 

Electrodes modified with various anion exchanging polymer films were investigated in contact with electrolytes con- 
taining the redox system [Fe(CN)~] ~ ~ . With electrochemical techniques the concentrations of the redox ions in the poly- 
mer films were determined. A thermodynamic basis was derived on which the experimental data could be analyzed. Thus 
the work associated with the transfer of the redox ions from the solution into the ion exchanger could be obtained. These 
data are related to the selectivity of the investigated ion exchangers. 

Depositing ion exchangers in the form of thin films 
on electrodes leads to drastic changes of the perform- 
ance of the electrodes. This is main ly  due to the selec- 
t ivity properties of the ion exchangers. This means that 
the ratios of the concentrat ions of the oxidized and re- 
duced form of a redox species in the film, CMox/CMred, 
will usual ly differ significantly from the corresponding 
solution values, CSox/CSred. Such parameters  can be 
determined with the electrochemical methods cyclic 
v01tammetry and chronoamperometry.  The obtained 
data can be analyzed using s tandard thermodynamic  
concepts and give informat ion characterizing the 
system. Thus, besides their electrochemical relevance, 
the film-covered electrodes can be used to get new 
insights into the ion exchange mechanisms, in  par t icu-  
lar, into the accumulat ion process of highly charged 
anions in anion exchange resins, which is little under -  
stood. For this reason anion exchangers derived from 
poly(4-vinylpyridine)  and the redox system Fe(CN)6~-/ 
Fe(CN)64- were chosen as the exper imenta l  system. 

Experimental 
Materials.--K3Fe(CN)6, K4Fe(CN)6, and CF~COONa 

were used as reagent  grade chemicals. Po ly (4 -v iny l -  
pyridine)  was quaternized with the reagents summar -  
ized in Table I by the following procedure. Low mo-  
lecular weight mater ia l  and a red impur i ty  were first 
extracted from the commercial po ly(4-v iny lpyr id ine)  
by  s t i r r ing  three times for 14 hr in 500 ml portions of 
acetonitrile. After  washing twice with diethylether  the 
polymer  was dissolved in 125 ml  of 6N HC1, diluted 
with an equal volume of water, filtered, and the clear 
solution poured dropwise into 2 liters of a st irred 1.5N 
NI~OH solution. The off-white precipitate was isolated 
by suction, washed with water, and dried in vacuo; 
[~] ---- 66.8 cm 3 g-1 (abs. ethanol, 298.2 K) which, ac- 
cording to Fuoss (1) corresponds to a mean  molecu- 
lar  mass of 1.1 • 105. Approximate ly  5 mequiv.  ( re-  
ferred to v inylpyr id ine)  of the polymer were dissolved 
in  10 ml  absolute methanol;  a threefold molar  amount  
of e, lkylbromide (reagent  grade) was added. After  
degassing, this solution was heated in a sealed and 
evacuated tube for a m i n i m u m  of 48 hr  at 60~ (2). 
After  filtering, the brownish  solution was concentrated 
m vacuo and the residue extracted twice with boiling 
diethyl ether. The polymer  was dissolved several t imes 
in methanol  and reprecipitated in dry  ether. The 
products (Q8-Q12, Table I) were colorless and quater -  

Key words: membrane, electrolyte, electrode, ion exchange, 
coatings. 

nized to > 95%. In  the case of p- toluenesulfonic acid 
methyl  ester (Q1 in Table I) only 70 mol percent  
(m/o)  of the alkylat ing agent were used yielding 50- 
60 m/o quaternization.  

Products with an alkyl chain of Ca or longer were 
water insoluble. They were applied to glassy carbon 
electrodes (SIGRI Elektrographit ,  Meit ingen) (mount-  
ed in PTFE holders) with the spin-coat ing technique 
(3) from methanolic  solution. The water  soluble poly-  
mer Q1 was mixed with 1 ,3 -b i s (b romomethy l ) -ben-  
zene in an amount  corresponding to the n u m b e r  of 
free pyridyl  groups in the polymer.  A hea t - t rea tment  
after application (60~ 4 hr) caused a chemical cross- 
l inking which rendered the films insoluble. 

Apparatus and Procedures.--The thickness of the 
dry spin-cast  films was determined from mechanical  
surface profile measurements  using a Talystep, Taylor  
Hobson Step Profiler. A typical thickness of 200 nm 
on electrodes of 0.5 cm 2 surface area was used. The 
volumes of the unswol len  films were used in  the cal- 
culations of the approximate redox-ion concentrat ion 
in the solvated ion exchange polymers. 

Cyclic vol tammograms were carried out in solution 
containing 2.5 mM K3 [Fe (CN) 6], 2.5 mM K4 [Fe (CN) 6], 
and 0.5M CF3COONa. T h e  accumulat ion of the redox 
system in the polymer films with long alkyl  chains was 
followed by continuously cycling the potential  between 
-0 .4  and -~0.4V vs. SCE unt i l  the peak current  had 
reached a stable value. 

Chronoamperometr ic  current  decay curves were re- 
corded with a VUCO VK 22-2 t ransient  recorder (2000 
points).  The d a t a w e r e  evaluated with an LSI 11 com- 
puter  (DEC) connected with the recorder via the IEC- 
Interface-Bus. Coated electrodes previously equ i l i -  
brated in cyclic vol tammetry  experiments  were t rans-  

Table I. Preparation of the poly(4-vinylpyridinum) salts 

Staking 
material Quaternizing agent Product 

1. n-C~T-I.~B r Q12 
-cH2~ n 2. n-C10H~.~Br Q10 

3. n-CsH17Br Q8 

4. CH3-~r-SOcCH~ Q1 

(+) 
55 m/o N--CHa 

then cross-linked with 
1,3-his (bromomethyl)- 
benzene 
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ferred into solutions containing no redox system but 
the supporting electrolyte. In these inert solutions the 
chronoamperometric experiments were carried out. All 
measurements were conducted at ambient temperature 
(22 ~ _ 2~ in solutions freed of oxygen by bubbling 
with nitrogen. Potentials were measured and are re- 
ported with respect to a saturated calomel electrode, 
SCE. 

Results 
The [Fe(CN)e] 3-/4- anodic and cathodic cyclic 

voltammetry peaks obtained with the film-covered 
electrodes were found to be shifted systematically to 
more negative potentials compared with the uncoated 
electrode. Such potential shifts have been noticed pre- 
viously by other authors (4, 5). The potential between 
the anodic and cathodic peak at which the positive and 
negative currents are equal (Fig. 1) will be desig- 
nated as El. For the uncoated electrode E~ corresponds 
to E s, the open-circuit potential. As expected, identical 
open-circuit potentials were always measured with the 
coated and uncoated electrodes. For the generally used 
electrolyte (each 2.5 mM [Fe(CN)6] 4- and [Fe(CN)6] ~- 
in the presence of 0.5M CFsCOONa) this open-circuit 
potential was +0.190V (SCE). The negative potential 
shift, El -- E s, increases with increasing chain length 
of the quaternizing agent (Table II). Ez together with 
the open-circuit potential, E s, can be used to analyze 
the system (see below). 

Potential steps applied in the cathodic direction, 
starting at the equilibrium potential E s, gave current 
decay curves as discussed in the literature (6) for 
thin film cells. By integrating these decay curves and 
using the volumes of the unswollen films, values of the 
concentration of [Fe(CN)e] s -  at the equilibrium po- 
tential, C~ox (equil.), could be determined. These values 
are included in Table II. 

Discussion 
The thermodynamic basis.--The investigated system 

is schematically shown in Fig. 2. For deriving the 
necessary equations it is, for simplification, assumed 
that the two metals Me and Me' are of the same inert 
material. In the following equations ~i symbolize elec- 
trochemical potentials of species i, as defined by Eq. 
[5]-[8]. The superscripts refer to the phase, in cor- 
respondence with Fig. 2. ~ are the standard chemical 
potentials of species i; r is the Galvani potential; ai the 
activity, and 7i the activity coefficient of species i. Zt 
symbolizes the valence number of species i, whereby 

80 

40 

< 0 

-40 

Table II. Experimental results obtained with each 2.5 mM 
[Fe(CN6] 4- ,  [Fe(CN)6] 3- ,  and 0.5M CF3COONa 

(for details see Fig. 1) 

I I I I I I ~  I I 

\i \ \  / \ 

/ 
. 1 , . J - t - f - -  

" ' - . ,  ,,7--, Fo 
"X_/ V 

I I I I I I 1 I ~ 
-0.2 0 04 

C~%x ( e q u i l . )  / 
E 1 / V  ( S C E )  E1 -- E s / v  m o l  l i t e r  -1 

Q12 - 0.055 - 0.245 0.18 
Q10 - 0.04 - 0.23 0.20 

Q8 - 0.025 - 0.215 0.22 
Q1 + 0.07 -- 0.12 0.40 

U n c o v -  
e r e d  E s E s -- E ~ CSoz 
GC 1 + 0,190 0.073 0,0025 

m a x  - -  Z r e d  ~--- 1, according to Eq. [1]. R, T, and F have 
their usual significance. 

For the redox reaction 

ox + e -  = red [1] 

the equilibrium conditions are given by (7-9) 

~Mox + ~M%_ --- ~Mre d at the interface Me/M [2] 

~Sox + ~M%_ _-- ~Sre d at the interface Me'/S [3] 

~Mox = ~Sox, ~red = ~Sred at the interface M/S [4] 

with the electrochemical potentials 
in phase Me 

~+m%_ = +,.,-,+,,:e,_ __ F~,m, 
in phase M 

in phase S 

in phase Me' 

~Mi -- ~Mi + Zi Fr m 

/~sl -- ~sl + Zi F~, s 

[5] 

[6] 

[7] 

[8] 

Fig. 1. Cyclic voltammograms obtained with a bare glassy carbon 
electrode (a) and a Q12 covered electrode (b). Film thickness 260 
nm. Electrolyte: 2.5 mM K3Fe(CN)6, 2.5 mM IQFe(CN)6, and 0.SM 
CF.~COONa. Scan rate 100 mV sec -1. Curve b obtained after 30 
rain continuous cycling. 

-80 -400 

-0.4 0.2 0,6 

E / V I S C E }  

-200 

0 < 

[1O] 
M/S 

4oo 1 RT aSo, 
F(+M -- is) = ~ (o~,Soz _ .l,Moz) + Zo," In aM=' 

1 RT aSred 
200 = C~ ~ + Z,,d In , 

Zr~ aMr~ 

S/Me' 

F(r -- r162 = 

_ [./zSox_OpSred_l. RTln  as~ .~./~Me'e_] [12] 
aSred 

Adding Eq. [10] and [12] results in an expression for 
the potential drop at the interface M/S which is some- 
times (10, 11) called the "Donnan potential" 

1 1 
, M  _ ~ s  = ~ (o,:,m,..d _ . t , s , ,d )  _ ~ (o;,Mo~ _ .~,so.  ) 

RT aSox aMred 
+ In [13] 

F aSred aMox 

For the single ions this potential drop is defined by 
Eq. [11]. 

[n] 

~Me' e_ = ~me'~_ _ F~Me' 

and the chemical potentials of the ions i (ox, red) 

~i -- ~ + RT In ai [9] 

-- ~ + RT In Ci + RT in 7i [9a] 

From the above equations the Galvani potential drops 
across the ai~terent inter~aces are defined as 

Me/M 

F (~b Me - - ~ b  M)  ~--- ~ - -  ~ d -~- RT i n  aM~ ~ -  # M e  e -  
a M r e d  
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Me 

J 
J 
J 

J f 
J 

J 

M 
.~.~+H_CH21 n 

R 
._e- [Fe(CN}6]~_ . 

e -  
[ Fe{CN}6! 3- . 

K § . 

c s c o o -  . 

N o *  

S 

I1> 

, [Fe(CN)sl 4- 
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,, K + 

' CF3CO0- 

- NCl § 
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/ ~ J  
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f J  

J 
J 
/ 

/ 

Fig. 2. Schematic representation of the investigated system. The 
electrode Me ( ~  glassy carbon) is covered with the polymer film 
M. The film-covered electrode is in equilibrium with the aqueous 
solution phase S. 

It  is common prac~ce in  thermodynamic  analyses of 
ion exchange equil ibria to choose infinite dilution in 
both phases as a reference state (10-13). Then the 
s tandard free energy difference, ~ -- ~ (cf. Eq. 
[11] and I13]), is a measure of the chemical energy 
associated with the t ransfer  of species i f rom the 
solution to the membrane  phase at infinite di lut ion 
in each phase. VCe can define (12, 13) 

o~M 1 __ o~Si = RT in  kl [14] 

where kl is the single ion extract ion (part i t ion) coeffi- 
cient. Equat ion [13J can then be wr i t t en  

R T  aSox C*Mred ~ox 
~M _ ~s _-- In - -  [15] 

F aSred aMox kred 

R T  CSox CMre<l ~/Sox ~Mred kox 
= .... In 

F CSred CMox ~Sre d ~ylVtox kre d 

[15a] 

With Eq. [15]/[15a] salt par t i t ioning is separated from 
activity coefficient effects. The membrane-ac t iv i ty  co- 
efficients have the usual  property of going to un i ty  at 
infinite dilution. In  principle, it  would be possible to 
calculate them; however,  with the high charge (--3,  
--4) of the redox ions and the high ionic s t rength (up 
to approximate ly  10M) in our films, such calculations 
are unrel iable  with the available methods (14). There-  
fore calculations of 7Mi were  not attempted. 

We can calculate the molar  work associated with the 
t ransfer  of ox and red from the solution to the mem-  
b rane  phase, WTox and WTred 

"/Mox kox 
WTox : RT in  [16] 

.,/Sox 

~'Mred ~red 
WTred -~ R T  i n  [17] 

7Sred 

These works define the difference in specific chemical 
and electrical interact ion energies which stabilize an 
ion in one phase, except for that  par t  a lready accounted 
for in the Galvani  potent ial  terms (13). They are, of 
course, concentrat ion dependent.  

Among the ion exchanger materials  used in  this work 
the one containing the longest aliphatic chain as 
quaternizing subst i tuent  (Q12, Table I) has the stoi- 
chiometry (C19Ha4NBr),. With a specific mass of 1 
gcrn -3 one can calculate a (unswollen, unreacted)  site 
concentrat ion of 2.8 mot dm -3, a relat ively high value. 
The other polymers (Table I) have higher  fixed site 
densities. Thus, in  the reference state the water  content  
of these hydrophil ic  films will  be so high that  (unl ike 

the si tuation in, e.g., l iquid membranes)  the extraction 
coefficient can realistically be assumed to be un i ty  
(13). The works of ion transfer,  WWox and WTred will  
thus solely be determined by  the activity coefficients, 
and Eq. [15], [16], and [17] can be wr i t t en  

~ T  CSox CMred "~Sox ~,Mre d 
~M _ ~s = in  [15b] 

F CSred CMox ~Sred 7Mox 

'TMox 
Wrox = RT In [16a] 

,~,S~ 

'~Mred 
WWred --  RT in  - [17a] 

'~Sred 

These equations are used as the basis of the following 
analysis. 

The potential  drop across the interface M/S, ~M _ tS, 
becomes high when the polymer film has a high con- 

% + 
centration of fixed charges N--R  and the solution is 

/ 
a very dilute electrolyte. It  becomes negligible when 
the concentrat ion of ions in  the solution is much higher  
than the concentrat ion of fixed ions in the membrane  M 
(10, 11). 

One can, in principle, measure the two Galvani  po- 
tent ia l  drops, (~b Me --~b M) and ( ~ s _  ebMe') against  ref- 
erence electrodes in the phases M and S, respectively. 
One obtains then the redox potentials E M and E s 

RT CMox -r 
EM : ~ ~- F in �9 [18] 

CMred 7Mred 

RT CSo x -r 
E s = ~ 4- - - - ~  In - �9 . [19] 

CSred ?Sred 

~ is the s tandard redox potent ial  which is the same 
for both phases, when kox = kred = 1. Exper imental ly ,  
a direct measurement  of EM was not  a t tempted with 
our system because of the difficulties connected with 
effectively inser t ing a reference electrode into the thin 
film. The difference 

E s -- EM --  ~b M -- ~b S [9.0] 

follows from Eq. [15b]. 

ThermodYnamic analysis of the system with high 
concentration of background electrolyte.--As discussed 
above, with the high concentrat ion of background elec- 
trolyte (0.5M CFsCOONa) the potent ial  difference be-  
tween the phases M and S (the Donnan  potential)  wil l  
be close to zero and we are justified in assuming 

~M _ ~s = 0 

With this assumption the above equations can be used 
to conduct a complete thermodynamic  analysis of the 
system, based on the exper imenta l  data. 

The ratio 7Mox/~Mred.~With tM _ tS --- 0 the potentials 
of the polymer-covered electrodes measured vs. a ref- 
erence electrode in phase S, correspond to E M values 
(Eq. [20]). Assuming that under  the nonequi l ib r ium 
condition of cyclic vol tammetry  near  the electrode, 
CMox at E > 0.2V equals CMred at E < --0.3V and with 
the charge transfer  coefficient a -- 0.5 (15), the equi l ib-  
r ium potent ial  on the EM-scale corresponding to equal 
concentrat ion of CM~x and CMred is defined as the po- 
tent ial  at which the positive charge t ransfer  current  
of the positive sweep is equal  to the negat ive charge 
t ransfer  current  of the negat ive sweep. This value was 
estimated as indicated in Fig. 1 and designated as El. 
With E1 and Eq. [18] one obtains 

~'Mox 
RT In -- F (El -- E ~ [21] 

7Mred 
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The rat ios  of ac t iv i ty  coefficients in  the  mat r ix ,  7Mox/ 
7Mred obta ined  for the different  ion exchanging films 
are  l is ted in Table I II. 

The work o~f trans]er, WToz and WTred.~Whe work  of 
t ransfer  was defined by  Eq. [16] and [17]. To calcu-  
la te  it  we note  that,  wi th  kox ---- kred --  1 and ~#~t --  ~b s 
--  0, Eq. [11] simplifies to 

aSox CSox ~Sex 
= -" 1 [22] 

aMo~ CM~ (equiL) "rMox 

aSred CSred 2~Sred 
: 1 [23] ~- 

aMred CMred (equil .)  ~/Mred 

In these equations CSox and CSred a r e  given, and  
CMox(equil.) was de te rmined  f rom the chronoamper -  
o m e t r y  exper iments .  Thus WWex values can be calcu-  
la ted  using Eq. [16a] and  [22] 

CSox 
WTox "-- RT I n  

CMox (equii . )  

They  are  included in Table  III. 
The calculat ion of W i r e d  is less s t ra ight forward .  This 

is due to the smal l  equi l ib r ium concentra t ion of CMred 
which makes  the  ch ronoamperomet r i c  de te rmina t ion  
inaccurate.  More re l iable  values could be obtained 
from the known values of E1 and CMox(equil.). Since 
we may  assume that  the rat io of ac t iv i ty  coefficients in 
the m a t r i x ,  "yMox/~/Mred , r e m a i n s  constant  over  the 
po ten t ia l  range  E~ to E s, the concentra t ion rat io  
CMo~ (equil .)/CMred(equil .)  can be  found f rom Eq. [18] 

CMox (equil.) 
RT In  --  F ( E  s - -  El )  

CMred (equil . )  

With  the de te rmined  values of CMr~d(equil.) the  WTred  

values of Table  I I I  were  calcula ted according to (cf. 
Eq. [17a] and [23] 

CSred 
Wired = RT In CMred(equil" ) 

Discussion of the obtained values (Table III).--The 
s t r ik ing  resul t  o f  the above analysis  (Table  I I I )  is 
borne out  by  the values  of W w for the t ransfe r  of hexa -  
cyanofer ra te  (H / I I I )  f rom the solut ion into the ion 
exchanger  phase which could  be ob ta ined  wi th  the 
e lec t rochemical  techniques. Clearly,  in the  absence of 
a po ten t ia l  drop at  the in ter face  M / S  the accumula -  
t ion of hexacyanofe r ra t e  I I I  ( =  ox) is favored  by  an 
associated negat ive  energy  change, while  hexacyano-  
fer ra te  I I  ( :  red)  is repe l led  f rom the po lymer  phase. 
I t  is wel l  known that  such specific interact ions  are  the  
origin of ion exchange  se lec t iv i ty  (10). 

Considering the aqueous phase,  S, i t  is known  tha t  
the equ i l ib r ium constant  for  ion pa i r  format ion  wi th  
potass ium is 225 l i ters  reel  -1 for  F e ( C N ) 8 4 -  which  is 
about  ten t imes l a rge r  than the va lue  for  [Fe (CN)6] s -  
(16). This equ i l ib r ium constant  corresponds to a f ree  
energy change of --13 kJ /mo l ,  associated wi th  the  ion 
pa i r  formation.  The values  of Wired in Table  I I I  can 
thus be unders tood as the e n e r g y  of the dissociat ion 
process o f  the  ion pa i r  K + F e ( C N ) 6 4 -  which  is r e -  
qui red  for  the  F e ( C N ) 6 4 -  ion to en te r  the  ion ex-  

Table III. Results from the thermodynamic analyses of the 
film-covered electrodes in the electrolyte containing 2.5 mM 

K~[Fe(CN)~], 2.5 mM [Fe(CN)6], and 0.SM CF~COONa 

C~ox 
( equil. ) / CMred 

CMrea (equil . )  / W~Cox/kJ WTred/kJ 
(equil . )  mol  l i te r  -1 ~'Mox]~ Mred 1TIOI~:~ mol-~ 

Q12 i .4 • 10~ 1.3 • 10 -~ 1.2 x 10 -~ -10 .6  +13.0 
Q1O 7.7 • 10 a 2.6 x 10 -5 2.2 • 10 ~ -10 .9  + 11.3 

QS 4.3 x 10 z 5.1 x 10 -~ 4.0 x lO -~ -11 .1  +9.6 
Q1 1.1 x 10 ~ 3.7 x 10 -s 1.6 x 10 -1 -12 .6  - 1 . 0  

changer.  The var ia t ion  of Wired f rom Q12 to Q1 would  
thus suggest  that  Q12 contains nea r ly  exclus ive ly  
Fe (CN)64-  while  in the much be t t e r  so lva ted  Q1 the 
ion pa i r  exists as in the solution. 

The negat ive  WWox values  suggest  ion pa i r  format ion 
of F e ( C N ) s  3-  wi th  the py r id in ium cations of the 
po lymer  mat r ix .  The preference  of R4N + ions for 
Fe (CN)63-  w.r.t, ionic associat ion is wel l  es tabl ished 
(17-19). I t  was suggested by  Gutmatm and co-workers  
(20) to be the  reason for  negat ive  shifts of the equi-  
l ib r ium potent ia l  of  the F e ( C N ) s  S - /4 -  couple ob-  
served upon addi t ion  of R4N + in aqueous and non- 
aqueous electrolytes;  an effect, which is r a the r  s imi lar  
to the phenomena  discussed in this work.  The s t ronger  
e l ec t ron -pa i r  donat ing proper t ies  of the CN-ni t rogens  
in Fe (CN)64- ,  compared  wi th  Fe (CN)6  ~-,  were  p ro -  
posed to be the  basic reason behind the effect (20). 
Thus, the re la t ive ly  s trong accepter  wa te r  in the co- 
ord ina t ion  sphere can be replaced  in the ma t r i x  by  
the accepter  ammonium ion to form the ion pa i r  wi th  
Fe (CN)6 z- .  In  the case of Fe (CN)64-  s t ronger  bonds 
with wa te r  h inder  this ion pa i r  formation.  

Note tha t  for the considered sys tem cM _ CS --  0, 
i.e., there  is no e lect r ica l  work  associated wi th  the 
t ransfe r  of ox and red f rom the phase  S into M. When, 
however ,  we reduce the concentra t ion of background  
electrolyte ,  a posit ive Donnan potent ia l  wi l l  be es tab-  
lished. According to Eq. [6] and [7] the t ransfe r  f rom 
S to M wil l  then be associated wi th  an e lec t r ica l  free 
energy  change defined by  ziF(~#M--os)o Taking  a 
real is t ic  value of r _ ~s, say 100 mV, we obta in  z~F(r M 
_ ~s) = --29 k J m o l - ~  f o r o x  and --39 k J m o l  - I  for 
red. C o m p a r i n g  these values wi th  WTox and WTred of 
Table I l l  demons t ra tes  that,  in p a r t i c u l a r  wi th  h igh ly  
charged ions, the  energet ic  p ic ture  will  eas i ly  be domi-  
inated by  the e lect r ica l  work  terms.  Indeed,  exper i -  
ments  s imi lar  to the ones charac ter ized  in Fig. l ,  bu t  
wi th  decreasing concentra t ion  of background  e lec t ro-  
lyte,  showed a decrease  of (E s - -  E~), wi th  a value  
of nea r ly  zero in the absence of CF3COONa. Unfor tu-  
nately,  E1 could on ly  be measured  vs. the reference 
e lect rode in the phase S, and values  of ~b M -- cs were  
not de te rmined  (cf. Eq. [18]-[20]) .  Thus, these ex -  
per iments  could not  b e  analyzed exactly.  Still, the re -  
sults s t rongly  suppor t  the overa l l  t he rmodynamic  pic-  
ture  of the sys tem der ived  above. 
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On the Electrochemical Behavior of Iron Phthalocyanine Film 
Electrodes in Acid Solution 

Carlos A. Melendres* 
Argonne National Laboratory, Argonne, Illinois 60439 

and Xikang Feng 
Tianjin Institute of Power Sources, Tianjin, China 

ABSTRACT 

The electrochemical behavior of iron phthalocyanine (FePc) films, supported on gold and other metal  substrates, was 
s tudied in 0.05M H~SO4 solution using cyclic vol tammetry  and rotating disk (with ring) electrode techniques. Reduction of 
oxygen on the electrodes was observed to be accompanied by the product ion of hydrogen peroxide.  Previously reported 
"deactivation" of FePc films with repeated cycling was found to be associated with the adsorpt ion of peroxide intermedi-  
ates. Multiple redox waves on FePc in the region of -0.05 to -1 .0Vvs.  Hg/Hg~SO4 have been assigned as due to hydrogen 
adsorbed on different surface sites. 

Cons iderable  research  on using macrocycl ic  t r ans i -  
tion meta l  complexes  as ca ta lys t  for  the  e lec t rochemi-  
cal reduct ion  of oxygen  have  been  unde r t ake n  re-  
cent ly  (1-5).  I ron  ph tha locyan ine  (FePc)  and its de-  
r iva t ives  appear  to be one of the most potent  cata lys ts  
for  the  oxygen reduct ion  process (6-9).  In  a previous  
w o r k  (10), we r epor t ed  on the  e lec t rochemical  be -  
havior  of FePc  films suppor ted  on glassy carbon sub-  
strates.  Our  resul ts  showed a deac t iva t ion  of the FePc  
on r epea ted  cycling. We also observed some vo l t am-  
met r ic  waves  that  we thought  were  due  to FePc  itself, 
but  did not invest igate  these in detail .  Recently,  in the 
course of our  laser  Raman  spect roe lec t rochemical  in-  
ves t igat ions  on FePc  suppor ted  on var ious  me ta l  sub-  
s trates,  ce r ta in  addi t ional  in format ion  became evi-  
dent  which we would  l ike now to repor t  in this com- 
municat ion.  Cyclic v o l t a m m e t r y  was used to charac.ter- 
ize the e lec t rochemical  behav ior  of FePc  films on Au, 
Pt, Ag, and Cu in 0.05M H2SO4; r ep resen ta t ive  resul ts  
w i th  Au subs t ra te  will ,  however ,  be repor ted  here. 
Rota t ing  disk (wi th  r ing)  e lec t rode  studies were  un-  
de r t aken  to e lucidate  the dearctivation phenomenon  
repor ted  previously .  

Experimental 
Gold, p la t inum,  si lver,  and copper  e lect rodes  were  

fabr ica ted  by  s p o t - w e l d i n g  a 0.25 m m  th ick  • 2.5 
m m  • 40 m m  sheet  of h igh  pu r i t y  (99.999%) meta l  
te a lead  wi re  of  the  same mater ia l .  These were  then  
pol ished wi th  fine sandpaper ,  c leaned wi th  acetone, 
thorough ly  r insed  with  t r i p ly  dis t i l led water ,  and 
dr ied in air. Gold and p l a t inum r ing  disk electrodes 

* Electrochemical Society Active Member. 
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disk electrode. 

were  purchased  f rom Pine  i n s t rumen t  Company,  Grove 
City, Pennsylvania ,  which also suppl ied  the RDE3 
Double  Potent iostat .  FePc  was purchased  f rom Eas t -  
man  Kodak  Company,  Rochester ,  New York. Sample  
pu r i ty  was es tabl ished b y  inf rared ,  MSssbauer,  and 
atomic emission spectroscopy together  wi th  a carbon,  
hydrogen,  and n i t rogen e lementa l  analysis.  As an 
addi t iona l  p recau t iona ry  measure ,  the ma te r i a l  was 
resub l imed  u n d e r  vacuum and used. Subsequent ly ,  
we found  no difference in the  e lec t rochemical  be -  
hav ior  of the s ta r t ing  ma te r i a l  and the resub l imed  
sample,  so that,  henceforth,  the FePc  was used "as is." 
The FePc  ma te r i a l  was suppor ted  on the  meta l  sub-  
strafes in two ways:  ({) the  subs t ra te  was d ipped  in 
a solut ion of 0.25 weight  percen t  (w/o)  FePc  in p y r i -  
dine for 10 min wi th  any  excess solution be ing  re -  
moved by  shaking off the  electrode,  and ({{) a po r -  
t ion of the same solut ion was evapora ted  on the 
surface. In  both cases, the  e lectrode was subsequent ly  
washed with  t r ip ly  dis~tilled wa te r  p r io r  to use. The 
average  thickness  of FePc  fi lm was .calculated f rom 
the amount  of solut ion taken  for  evaporat ion.  The 
0.05M H~SO4 solut ion was p repa red  f rom high pur i ty  
H~SO4 (ULTREX, J. T. Bake r  Chemical  Company)  
and t r i p ly  d is t i l led  water .  I t  was sa tu ra ted  by  bub -  
bl ing commercia l  grade oxygen through;  deaera t ion  
was done using He (grade AA)  which was prev ious ly  
passed th rough  molecu la r  sieves at  l iquid  n i t rogen  
tempera ture .  A t h r e e - c o m p a r t m e n t  e lec t rochemical  
cell  was used for this s tudy.  A Pr ince ton  Appl}ed 
Research Model  173 Poten t ios ta t  and  a Model  179 
Universa l  P r o g r a m m e r  were  used for cyclic vo l t am-  
merry.  Al l  potent ia ls  were  measured  agains t  I t g /  
Hg2SO4 and are  r epor t ed  here  as such. 
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Fig. I. Cyclic voltammograms on FePc film/Au electrode. He 
saturated 0.05M H2S04 solution; scan rate = 20 mV/sec. 

Cathodic behavior of FePc films supported on gold. 
- -F igu re  1 shows a cyclic vol tammogram of an FePc 
film (,~3O00A thick) on an Au substrate in 0.05M H2SO~ 
solution saturated wi th  He. Three cathodic waves 
(Ic, IIc, and IIIc) and three anodic waves (Ia, lIa, and 
IIIa) are observed in the voltage range of --0.5 to 
-0.95V. The cathodic waves (Ic, IIc, and IIIc) are 
hardly  evident  dur ing  the first cathodic scan. Both 
sets of anodic and cathodic waves appear only when 
the sweep potent ial  is Carried to the region of hydro-  
gen evolution, i.e., to --0.gv. As can be seen, the peaks 
are very synunetrical ,  characteristic of reactants con- 
fined to the electrode surface, The integrated charges 
under  each peak are in the order  of ,,300 ~C/cm 2 
which correspond to less than 1 monolayer  coverage. 
To fur ther  characterize the waves, the variat ion of 
peak current  with scan rate was measured, Figure 2 
shows that  the peak currents  are proport ional  to the 
scan rate for waves, Ia, IIa, IIIa, and IIIc. Fur thermore,  
the peak potential  remains r o u g h l y ' s t a t i o n a r y  with 
variat ion of scan rate. These evidences suggest that 
the electron t ransfer  processes occurring involve spe- 
cies adsorbed on the FePc film (11). The same results 
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Fig. 2. Variation of peek current with scan rate for waves shown 
in Fig. I .  

have a lso  been observed on FePc films on silver and 
copper substrates. The peak potentials of the respective 
waves are the same as that on FePc /Au  system. This 
indicates that  the electrochemical redox process is not  
related to the na tu re  of substrate used. Our previous 
studies (10) also showed that  the appearance of these 
waves is independent  of the method of preparing 
the film, and, hence, we have ruled out the possibility 
that  they are due to impuri t ies  or to an effect of pyr i -  
dine on the FePc. To obtain an estimate of the number  
of electrons involved in  the charge- t ransfer  process 
associated with each wave, we assume that  the follow- 
ing equat ion holds for each peak current,  ip, in the 
cyclic vol tammogram ,i.e. 

~2F2r~ 
ip = - -  [ 1 ]  

4RT 

where r is the total surface concentrat ion of the ab-  
sorbed species in mol/cm2, ~ is the potential  scan rate, 
and n is the number  of electrons t ransferred per mole-  
cule. The value of r may  be obtained from Q, the 
charge under  the peak, i.e., r = Q/nF. From the ex- 
per imenta l  values of Q and ip, one obtains values of n 
for each process as nHlc = 1.2, nIHa = 1.2, nIIa "- 1.3, 
and nIa -- 0.94. 

These data provide an indication that one electron 
is involved in each of the redox processes, albeit  ap- 
proximate in view of the fact that the waves are not 
strictly reversible and our lack of knowledge of the 
type of adsorption isotherm involved in the process 
(11). Since in the region of potential  where the waves 
occur, only  hydrogen is oxidized and reduced, it  is 
logical to conclude that the waves observed correspond 
to hydrogen adsorption and desorption on different 
surface sites of the FePc film. In this regard, it is 
worthwhile  to point out the remarkable  s imilari ty of 
FePc to Pt  which shows at least two different types of 
chemisorbed hydrogen. The waves appear to be more 
reversi~ble on Pt  than on FePc though. 

As already mentioned,  similar  electrochemical be- 
havior in the potential  range of --0.50 to --0.95V to that 
for FePc-on-gold were found for FePc supported on 
silver, glassy carbon, and copper substrates. In  our 
previous paper on carbon-supported FePc, we assumed 
that these waves were due to oxidation and reduction 
of FePc itself; our addit ional  measurements  here now 
allow a more rat ional  in terpreta t ion of these waves to 
be made. 

The electrochemical behavior  of Au-suppor ted  FePc 
films Jn the presence of 02 is i l lustrated in Fig. 3. It 
is evident  that FePc fi lms-on-gold promote O2 reduc-  
tion as exemulified by the shift of the O2 reduction 
wave at --0.SV(II) on bare gold to about --0.05(I) 
on the FePc film. This well-defined wave is, however, 
observed only on the first scan, and its in tensi ty  is re- 
duced gradual ly  on subsequent  cyclic scans. We have 
termed this phenomenon as "deactivation" (10). Some 
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Fig. 3. Oxygen reduction on FePc film/Au electrode in 0.05M 
H2S04 solution. Scan rate = 20 mV/sec. 



VoL 130, No. 4 FePc  F I L M  ELECTRODES 813 

of the in tensi ty  of the O2 reduct ion wave can be re-  
covered by  leaving the electrode in solution at open 
circuit for more than 1 hr. We will  discuss this phe- 
nomenon  fur ther  in the nex t  section. It  is evident  here, 
however, that the abi l i ty  of FePc films to reduce O2 is 
the same on  Au substrates as on glassy carbon (10). 

Rotating disk (with ring) electrode studies.--In 
order to elucidate the "deactivation" phenomenon of 
FePc films dur ing cont inued scanning, studies were 
conducted using the rotat ing disk (with r ing)  electrode 
technique. It was first necessary to ascertain that  the 
deactivation process is not  due to a diffusional l imi ta-  
t ion in the t ranspor t  of reactant  or products at the 
electrode. To do this, the disk current  for 02 reduction 
was measured at various rotat ion rates at a given po- 
tential.  Figure  4a shows the results obtained by hold- 
ing the potent ial  on an Au disk without  FePc at 
--0.50V and rotat ing the disk at various angular  fre-  
quencies (~,). The  disk was kept at a par t icular  rotat ion 
rate for 1 rain before a current  reading was made; 
the rotation rate was then stepped to the next  higher 
value. As would be expected for a process l imited by 
diffusion, the current  for 02 reduct ion on the pure Au 
electrode increases with rotat ion rate. The behavior  
of an FePc film on Au towards 02 reduction is shown 
in  Fig. 4b for comparison. The disk current  falls off 
cont inual ly  despite increasing rotat ional  speed. Even 
if the rotat ion rate is held constant  at a given poten-  
tial, the current  still decreases with time. Thus, the 
cause of current  decrease during continued cycling of 
the FePc film electrode is not due to diffusional l imi ta-  
tion in the t ransport  of a solution species. 

We speculated in our  previous paper  (10) that the 
observed deact ivat ion phenomenon  may be due, among 
other causes, to a l imita t ion in the t ransport  of charge 
carriers (i.e., electrons) in the film. If this was so, the 
process should somehow depend on the thickness of the 
film used. We found, however, that  near -monolayer  
films produced by adsorption of the FePc on the elec- 
trode from FePc /pyr id ine  solutions exhibited "deac- 
t ivation" to near ly  the same extent  as thick films. We 
now rule  this possibility out. 

F ina l ly  it is possible that the deactivation process 
may be due to adsorption of some species produced 
dur ing  the reduct ion of oxygen, e.g., a peroxide in ter -  
mediate. To test this, we measured the current  on an 
Au r ing concentric to the FePc-coated-Au disk. Fig- 
ure 5 shows typical results wi th  the r ing potential  set 
at +0.40V, a value designed to oxidize any peroxide 
that  may be produced. Significant current  was ob- 
served on the r ing as the disk potential  was scanned in 
the O2-reduction region. Successive scans  on the disk 
show the electrode deactivation and the consequent de- 
crease in fur ther  production of peroxide. To ascertain 
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Fig. 4a. Variation of oxygen reduction current on Au disk elec- 
trode at --0.5V. 

0 . 1 0 ~  

0.04 

0.02 

, I , I  
4 8 

I , I , I , t 
12 16 20 24 

W, rpmX I02 
Fig. 4b. Oxygen reduction current on FePc film/Au disk elec- 

trode at --O.02V. 

o 

-o.I - 

-0.2 

-0,3 

~-  0.4 o 

-0.5 

-0.6 

-0.7 

I , 3  I , I L I 
-OA -O.2 0 0.2 

DISC POTENTIAL vs. HglHg 2 SO 4 (V) 

Fig. 5. Variation of disk and ring currents with disk potential 
during 02 reduction. Ring potential set at -}-0.4V vs. Hg/Hg2S04. 
Scan rate ~ 20 mV/sec; numbers indicate successive cyclic scan. 

w 

m 

m 

1.0~ 

( . 9  

0 z 
a r  

that  the peroxide is t ru ly  produced on the FePc ra ther  
than on the bare Au surface, we conducted r ing disk 
studies of 02 reduct ion on pure Au. While peroxide is 
produced on the lat ter  surface, this is generated at sig- 
nificantly more negative potentiaIs than on the FePc. 

The question next  arises as to whether  the deactiva- 
tion is due to a loss in  catalytic activity of the FePc 
film by attack of a peroxide in termediate  with subse- 
quent  loss of the i ron center or perhaps a loss in  the 
n u m b e r  of active sites ~ by adsorption of the peroxide 
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in termedia te .  F u r t h e r  evidence for  the l a t t e r  comes 
f rom an observat ion  of the re laxa t ion  of the  open-c i r -  
cuit  potent ia l  (OCV) of the  electrode fol lowing a 
cyclic vo l t ammet r i c  sweep to the O2-reduction region. 
F igure  6 shows a typical  result ,  I t  is apparen t  that  the 
OCV re laxes  to its or ig inal  value ra the r  slowly. Fo l -  
lowing this r e tu rn  to OCV, the FePc is again active 
towards  Oz reduction.  However ,  the ac t iv i ty  is less 
than  wha t  i t  o r ig ina l ly  was. Thus, a l though the deac-  
t ivat ion appears  to be p r i m a r i l y  due to the  adsorp-  
t ion of a peroxide  in termedia te ,  some ac t iv i ty  is also 
lost pe rmanen t ly  by  degrada t ion  of the catalyst ,  p re -  
sumab ly  th rough  loss of the iron center. 
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Error Analysis of the Coulostatic Technique and Comparison to Other 
D-C Relaxation Techniques for the Measurement of Kinetics of 

Electrode Reactions 
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ABSTRACT 

An error analysis of the coulostatic technique was carried out, including the charge impulse and current impulse relaxa- 
tion modifications. The applicability of the coulostatic technique with graphical and computer curve-fitting data- 
evaluation methods was investigated for the determination of the exchange current density of electrode reactions. All ran- 
dom and systematic errors were taken into consideration. The results are presented in applicability diagrams in terms of two 
characteristic times of the electrode reaction: re, the time constant of the double layer capacitance-reaction resistance sys- 
tem, and ~, the time constant of the diffusion impedance-reaction resistance system. The graphical method is limited to 
systems with r~/rc > -100 because of its complete neglect of the concentration changes occurring at the electrode surface 
during the potential relaxation. This method also neglects the concentration changes occurring during the charging pulse 
and, therefore, the field of applicability decreases with increasing pulse width. However, in practical terms, this does not 
limit the technique because at pulse width below 1 ~sec (which is easily achievable) another effect, the dead t ime after the 
pulse, is the final limitation. A dead time of 0.1 tLsec limits the technique to log rc > -6.5.  The computer 
curve-fitting method increases the field of applicability of the coulostatic technique because it corrects for the concentra- 
tion changes occurring during both the charging and discharging processes. This changes the diffusion'limitation to rJrc > 
0.2, and eliminates the sensitivity to pulse width. In comparison to the single and double pulse galvanostatic techniques and 
the potential step technique, the coulostatic technique generally limits the determination of the exchange current density to 
slower reactions and/or larger concentrations. While the coulostatic technique is limited to log rc > -6.5, the other tech- 
niques can be used for orders of magnitude smaller 7c as long as the uncompensated solution resistance is kept small. The 
coulostatic technique is, of course, totally insensitive to solution resistance. On the other hand, for Mow reactions (log rc > 1) 
the coulostatic technique is more applicable because the others are limited by a large signal-to-noise ratio. For intermediate 
re values, the fields of applicability of the techniques depend in a complicated fashion on all characteristic times of the 
electrode reaction (r~, rd, and rr), with the coulostatic technique being generally equal to or less applicable than the others. 

T h e  coulostatic technique is par t  of a group of d-c 
relaxat ion techniques f requent ly  used for the deter-  
minat ion  of kinetics of electrode reactions. In  these 
techniques, an electrode system is per turbed by an 
aperiodic signal, and the subsequent  relaxat ion is used 
to gain informat ion about the kinetics and mechanism 
of the reaction. In  the coulostatic technique, the per-  
turba t ion  is the inject ion of charge into the double 
l a y e r  of an electrode, and the subsequent  open-circui t  
potent ial  re laxat ion of the electrode is recorded. In  the 
original  theory of the technique developed by Delahay 
(1) and Re inmuth  (2), it was assumed that  the 
charge inject ion is instrantaneous, i.e., the faradaic 
processes and, consequently,  the concentrat ion changes 
at the electrode surface were assumed to be negligible 
dur ing  the charging process. The charging was typi-  
cally accomplished by discharging a capacitor through 
the measur ing  cell. This original version of the tech- 
nique is often called the charge impulse relaxat ion 
technique. The current  impulse re laxat ion technique 
was suggested by  Weir and Enke (3) as a modified 
techniqu e in which the charging signal is a short, con- 
s t an t -cur ren t  pulse. For this case, a correction is pos- 
sible for the faradaic processes occurring dur ing  the 
charging of the double layer, as was shown by  Mart in  
and Davis (4). One can consider the charge impulse 
technique an ideal l imit  of the current  impulse tech- 
n ique  as the pulse width approaches zero. This ideal 
l imit  can, of course, never  be reached, but  under  some 
conditions, it can be sufficiently approximated.  The 
exact shape of the charging pulse is immaterial ,  as long 
as either the charge impulse approximat ion can be 
used or a mathemat ical  correction can be made for the 
faradaic process occurring dur ing  the pulse. 

Several  methods have been suggested for the deter-  
minat ion  of electrode kinetic parameters  from the re-  
laxat ion curve. These  include: graphical extrapolat ion 
(1), numer ica l  calculation (5), nomographic analysis 
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(6), Laplace plane analysis (7, 8), and computer  curve  
fitting (4, 9-11). Comparisons among the da ta-evalua-  
tion methods and comparisons of the coulostatic tech- 
nique to other relaxat ion techniques have been pub-  
lished (4, 5, 10, 12), but  the basis of these comparisons 
was not always the same. Consequently,  a direct com- 
parison among all re laxat ion techniques is difficult. 
Furthermore,  no systematic comparison has been made 
previously between the charge impulse and current  
impulse techniques. Recently, a novel representat ion 
was suggested (13, 14) to describe unambiguous ly  the  
l imitat ions of relaxat ion techniques; this involves the 
definition of an applicabil i ty d iagram in terms of char-  
acteristic times of the electrode reaction to be invest i -  
gated. Detailed error analyses have been made already 
to determine the applicabil i ty diagrams for the current ,  
potential,  and voltage step techniques (13-16). It  is de- 
sirable to extend the error  analysis to the cha rge  and 
current  impulse techniques and to make a direct com- 
parison of the applicabil i ty of all d-c relaxat ion tech- 
niques on the same basis. 

Theory 
The derivations of the basic equations of the charge 

and current impulse techniques are described in the 
literature. However, it is useful to recall the general 
assumptions which form the basis of the derivations. 
Consider a general redox reaction, 0 + ne --_ R, which 
can take place in any number of electrochemical and 
chemical elementary steps. It is assumed that one of 
these steps is rate determining and that none of the 
reaction intermediates are lost by diffusion into the 
bulk solution. The uniform flux of the reactant to 
the electrode surface, being equal to the flux of the 
product away from the electrode, is assumed to be 
completely supplied by semi-infinite,  l inear  diffusion 
in the presence of excess support ing electrolyte. This 
flux is equivalent  to the faradaic current  density. A 
l inear  relat ion is assumed between the faradaic current  
densi ty and the overpotential ,  l imit ing the exper iment  

815 
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to a few millivolts. 2 The double layer  capacitance 
is assumed to be independent  of potential  and con- 
centrations wi thin  the limits of the experiment.  
Adsorption and double layer  effects are neglected. In 
the following eiwor analysis, all these assumptions 
are considered completely fulfilled. 

The form of the relaxat ion equation will  depend on 
the shape of the charging pulse. The pulse shapes con- 
sidered in this communicat ion are shown in  Fig. 1. 
Case a represents the ideal charge impulse approxima- 
tion in which the t ime needed to charge the double 
layer  is negligible. Case b represents  the ideal cur- 
rent  impulse  technique in which the pulse generator 
has an infinitely short rise time. Case c represents a 
more realistic current  pulse, a l inear ly  rising and de- 
caying pulse with finite rise times. The last case can 
also be used for any  t r iangular  pulse with t~ = t~. To a 
certain degree, all these cases are idealizations. One 
of the objectives of this error  analysis is to determine 
the conditions under  which these idealizations can be 
used without  causing an unacceptable error in the de- 
te rminat ion  of the exchange current  density. 

The simplest  case is an ideal charge pulse (Fig. la)  
for which all diffusional effects are neglected; i.e., the 
surface concentrat ions of the reactant  and product are 
assumed to remain  unchanged dur ing  charging and 
discharging of the double layer. This will  result  in an 
overpotent ia l - t ime relat ion (1) o f  

~) = ~10 exp (-- ionFt/vRTc) [1] 
w h e r e  

~1o = q/c [2] 

From a plot of log ~ vs. t, the double layer  capacitance 
can be determined from the intercept, and the ex- 
change current  densi ty  from the slope. For this graphi-  
cal data evaluation,  the re laxat ion should be measured 
at very short times to assure that the neglect of the 
diffusional effects is valid. 

A correction can be made for the concentrat ion 
changes occurring at the electrode surface dur ing  the 
discharge (1, 2). The potential  re laxat ion following 
an ideal charge impulse (Fig. la)  can be described as 

ionF~lo { _1 [1 -- exp (a2t) erfc (at'/2)] 
n = ~o ~RTc(b -- a) a 

1 [1 -- exp (bft) erfc (bt'/,)] ~ [3] 
b J 

where 

2unF io ( 1 o DRVfCR 1 )  a = Dol/~C-- 

+ 4u2nfF'-'-'-~ DoVfC~o + DR~/fCR 7-~C' [4] 

and b is the same as a except the expression in brackets 
is preceded by a minus sign. Equat ion [3] forms the 
basis of data evaluations by numerical  calculations 
(5), nomograms (6), Laplace plane .analysis (7, 8), 
and computer :curve fitting (9-11). 

A mathemat ical  correction can also be made for the 
concentrat ion changes occurring dur ing the charging 
of the double layer, in  addit ion to those occurring dur -  
ing the discharge. Thus, the potent ial  re laxat ion fol- 
lowing the pulse shown in Fig. lb  can be described 
by the equat ion .derived by Matsuda et al. (19). (The 
original  equation was derived for the galvanostatic 
double pulse technique, but  it is also applicable for 
the current  impulse relaxat ion technique if one sets the 
second pulse current  to zero.) This equat{on is 

-" The limits of the Unear i-n relation will be taken as 5 mV in 
this paper. There is some controversy in the literature about this 
g~int: Kooi]man et al. (17) consider linearization to be allowed 

nerally only for overpotentials less than 1 mV. while Kudirka 
and Enke (18) have shown by numerical calculations that, with 
the linearized relation, the coulostatic technique will give good 
results up to at least 25 inV. 

] 
o 

a 

t 

t 3 t 

0 t~ 

C I 

t 2 t 3 t 

Fig. 1. Pulse shapes: a, idealized charge pulse; b, idealized cur- 
rent pulse; c, current pulse with finite rise times. 

- ~ - [ G l ( a , t )  Gl(a,  t ts)] 
c ( b - -  a) 

a } 
- -  b - - ~ [ G l ( b , t ) - - G l ( b , t - - t a ) ]  ( f o r t > t 3 )  [5] 

where 

Gl(X,y)  = exp (xfy) erfc (xy'/2) - } - 2x ( y / ~ ) v2 -  1 [6] 

The relaxat ion following the pulse of Fig. lc can be 
expressed as (2.0) 

n = - -  - -  [Gf(t)  -- G~(t -- t l ) ]  
c tl 

1 [G~(t t~) G~(t t3)] ~ (for t > ta) 
t,3 -- t2 3 

[7] 
where 

Gf(y)  -- G1(a,y) - G l (b , y )  
a4(b -- a) b4(b -- a) 

ab- -  ( a +  b) 2 4 ( a +  b) 
+ Y +t- y3/2 [8] 

(ab) 2 3v~a b 

Equations [5] and [7] form the basis of curve-fi t t ing 
data evaluat ion (4). 

The above equations are wri t ten  for the classical 
electrochemical cell containing one working electrode. 
It was shown by Kooi jman et al. (17) that the use of 
two identical working electrodes, one polarized anodi-  
cally and the other cathodically, can extend consider- 
ably the magni tude  of the l i n e a r  current  densi ty-  
overpotential range. The above equations remain valid 
for a two-working-electrode cell if ~I is considered to 
be one half of the total measured overpotential. The 
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equations can also be extended to more complex re-  
actions, as has been shown by Reller  and Ki rowa-  
Eisner (21). 

The parameters  which can be determined f rom the 
evaluat ion of the re laxat ion  curves are: the ratio of 
the exchange current  density to the stoichiometric 
number  (io/v), the double layer  capacitance (c), and 
the diffusion parameter  (1/Do'/,Co ~- 1/DRx~CR). Since 
the technique is l imited to the l inear  i-n range, onlY 
the io/v ratio can be determined and not the exchange 
current  density itself. For the sake of simplicity, the 
te rm "exchange  current  densi ty"  will refer to the 
io/~ ratio throughout  this communication.  

Error Analysis 
The procedures  used in the er ror  analysis were  

s imilar  to those published previously (13, 14) and 
will be described here only briefly. The error  analysis 
consisted of essentially two steps: (i) synthet ic  data 
were  genera ted  with one of the basic re laxat ion equa-  
tions, using a wide range of values for the electrode 
react ion parameters ,  and random errors were  added 
to the data, then (ii) one Of the data-evaluat ion  meth-  
ods was used to determine  the exchange current  den-  
sity, double layer  capacitance, and the diffusion pa-  
rameter.  The errors to be evaluated can be con- 
venient ly  divided into systematic and r a n d o m  errors. 
The systematic  errors are those caused by (i) the 
simplifications of the mathemat ica l  t rea tment  (e.g., 
the neglect  of the pulse width or  the concentrat ion 
changes at the electrode surface dur ing and af ter  the 
pulse) and (ii) the selection of the measur ing time. 
These errors were  evaluated  by (i) generat ing the 
synthet ic  data  with an equat ion ful ly  incorporat ing 
the given effect (e.g., the pulse width)  and evaluat ing 
the data with an equat ion neglect ing it and (ii) by 
evaluat ing the data in different t ime regimes. The 
random errors  include all measurement  errors: charge, 
current,  e lectrode area, potential,  and time. These 
errors  were  considered at ~wo levels: +--1.0% and 
+-0.1%. The errors  of  the first three parameters  were  
int roduced by assigning a value to the charge density 
or current  density in the data evaluat ion that is dif- 
ferent  f rom the value used in the data generation. The 
er ror  of the potent ia l  and t ime were  combined in that  
of the potential,  the value  of which was rounded off 
af ter  2 or 3 significant figures. Thus, data sets were  
created with _+50 or _+5 gV error,  corresponding to 
1.0 or  0.1% of the m a x i m u m  5 mV ove~potential.  

The er ror  analysis was carried out in terms of two 
characteris t ic  times of the electrode react ion system: 
Tr the t ime constant of the react ion resis tance-double  
layer  capacitance system, and TG, the t ime constant of 
the react ion resistance-diffusion impedance system 
(I4),  as defined by 

vRTc 
~ = -  [9] 

nFio 
and 

~v2~2F2 
Td = [10] 

4io ~ ~- 
DoI/~Co DR~AC~ 

All  the errors can be expressed as functions of these 
two t ime constants if ~1o is kept  constant. The situation 
is s imilar  to that  of the galvanostat ic  and po ten t io -  
static techniques (13-16), except  that  in those cases 
a third t ime constant, ~r, the t ime constant of the 
uncompensated solution res is tance-double  layer  ca-  
pacitance system, is also needed to ful ly define the 
errors. The results  of the e r ro r  analysis are presented 
graphical ly  on an applicabil i ty diagram, a format  
discussed ear l ie r  (13, 14). On these diagrams, an area 
is defined in terms of log K and log Xc in such a way 
that  if an electrode system falls wi th in  the borders 
of this area its exchange cur ren t  densi ty  is measurable  

with an error  less than ___20%. 3 In these diagrams, the 
rate constant parameter ,  K(---- k/~/4~d), is used in- 
stead of vd because the former  can be direct ly re-  
lated, under  simplified conditions, to the f irs t-order 
s tandard heterogeneous rate  constant. If one assumes 
that Do ---- Dn = D, Co ---- Cm and v = 1, then K ---- 
2ko/x/D; and for D _-- 10 -5 cm2 sec-1, K ---- 632ko. 

Some general  fea tures  of the applicabil i ty diagram 
are as follows. The main scales (log K, log ~c, and Tr) 
are exact  and v a l i d  for any combinations of the pa- 
rameters  they contain; under  general  conditions, only 
these scales can be used to define the position of an 
electrode system on the diagram. There  are also 
three approximate,  auxi l iary  scales shown (io, ko, and 
C). These are convenient  because they define a system 
with famil iar  parameters ,  but  they are exact  only 
under  restr icted conditions. The io scale assumes that  
c = 20 #F cm -2, T _-- 298K, and n ---- ~ = 1. The 
concentrat ion scale fu r the r  assumes that  Do = Da = 
10 -2 cm 2 sec -1 and C : Co : CR. All  these restr ic-  
tions apply to the ko scale. 

The errors will  be a function, in addit ion to the 
time constants, of the measur ing t ime regime.  This, 
however ,  is under  the control  of the exper imente r  and 
the fol lowing t ime selection was made for this error  
analysis. The first data point was taken at  ta -k 0.1 
~sec. The 0.1 ~sec "dead t ime" is caused by exper imen-  
tal difficulties: an induct ive spike at the end of the 
pulse and the fol lowing r inging caused by impedance 
mismatches make it impossible to obtain a meaning-  
ful potent ial  measurement  during this time. The end 
of the measur ing t ime was set by the potent ial  decay. 
The potential,  which was set to 5 mV at t ime t3 by 
appropriate  selection of  charging pulse, was al lowed 
to decay to 1.0 ___ 0.5 mV. It was considered that  the 
s ignal- to-noise  ratio will  be unacceptably  large below 
this overpotent ial .  A min imum pulse length of 5 ~sec 
was selected to allow sufficient t ime for data collection, 
and the m a x i m u m  pulse length was set to 60 sec to 
avoid the development  of convection in the solution 
(22). In eve ry  case, fifty data points were  generated,  
evenly  distr ibuted during the measurement  time. 
Other t ime regimes were  also tested, but  the above 
regime was found to result  in the smallest  overal l  
error  of the exchange current  density. 

Two data-evaluat ion  m e t h o d s  were examined in 
detail:  (i) the graphical  method based on Eq. [1], for 
which the ,data were  generated using Eq. [5] and (ii) 
curve-f i t t ing methods based on Eq. [3], [5], and [7], for 
which data  were  generated using Eq. [5] and [7]. 

In the graphical  da ta-evaluat ion  method, the first 
ten of the fifty points were used to define the log 
vs. t line; the intercept  and slope were  calculated us- 
ing least squares fitting. The intercept  was defined 
e i ther  at to ---- 0 or  to -- tz. The double layer  capaci-  
tance was calculated f rom the intercept,  and this 
value  was used to calculate  the e x c h a n g e  cur ren t  
density f rom the slope. The double  layer  capacitance 
could also be de termined  f rom the init ial  slope of 
the n vs. t line, but, as has been shown by Kudi rka  
et al. (10), the er ror  of the exchange current  densi ty 
is smal ler  when the .double layer  capacitance is taken 
f rom the intercept,  because of a cancellat ion of  errors. 

The curve-f i t t ing evaluations were  carried out using 
computer  programs described previously  (13). All 
fifty data points  were  used in the calculations; fitting 
with  more  than fifty points was not tr ied because 
ear l ier  work  indicated (13-15) that this will  not ap- 
preciably  increase the field of applicability. When 
fitting with  Eq. [3], the zero t ime was set e i ther  to 
to = 0 or to ---- t3. When fitting with  Eq. [5], a cor-  
rection could be made for the finite rise t ime of the 
pulse by de termining  the charge passed dur ing the 

Appl icab i l i ty  d i a g r a m s  could also be  def ined  f o r  t h e  m e a s u r e -  
m e n t  of t he  double  l aye r  capac i t ance  a n d  the  d i f fus ional  p a r a m -  
e te r ,  bu t  t h i s  e r r o r  ana lys i s  was  c o n c e n t r a t e d  on the  m e a s u r e -  
ment of the exchange current density. 
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pulse and using a modified value of the current  den-  
sity (i' = q/ta) in  the data evaluation. All  calculations 
were carried out  on an IBM 370/195 computer;  the 
computat ional  t ime for the curve-fi t t ing calculations 
ranged from a few seconds to a few tens of seconds. 

Results 
The applicabil i ty diagram for the measurement  of 

the exchange current  density with the graphical data 
evaluation, based on Eq. [1] and with to ---- t3, is shown 
in Fig. 2. The effects l imit ing the applicabil i ty of the 
method are different on each section of the diagram, 
and they are described below, proceeding clockwise 
from the upper  le f t -hand  corner. The l imitat ion of the 
field of applicabil i ty at small  ~c values is caused by 
the neglect of the finite width of the charging pulse: 
the field of applicabil i ty increases as the pulse width 
decreases. When the pulse width becomes less than 
10 -6 sec, another  l imit ing factor takes control: the 
0.1 ~sec dead time after the pulse. The ~ l imit  of the 
applicabil i ty decreases cont inuously as ~c increases 
because of the increased diffusional effects, which are 
completely neglected in this data evaluat ion method. 
The l imit  at large ~c values is the result  of the maxi -  
mum 60 sec measur ing time. Finally,  the 10 -2 mol 
cm-3 concentrat ion l imit  is due to solubil i ty l imitat ions 
and the requi rement  of excess support ing electrolyte. 
The effect of increased measurement  accuracy is in -  
dicated by the dotted lines in Fig. 2. Using to ---- 0 in 
the data evaluat ion makes it  much more sensitive to 
the pulse width, as shown by the solid lines in  Fig. 3. 

The curve-fi t t ing data evaluat ion based on Eq. [3] 
resulted in the applicabil i ty diagram shown in Fig. 4, 
for to -- t~. All  the l imit ing effects are the same as 
those described for Fig. 2. When star t ing the t ime 
from to ---- 0, the method is more sensitive to pulse 
width, as indicated by the dashed lines in Fig. 3. The 
synthetic data evaluated in Fig. 2-4 were generated 
with Eq. [5], u s i n g  an idealized cur ren t -pu lse  shape 
(Fig. lb)  which has a finite width bu t  zero rise time, 
and the effect of the pulse width is indicated on the 
figures. Of course, all effects of the pulse width can 
be el iminated by using the curve-fi t t ing procedure 
based on Eq. [5], thus resul t ing ]n a field of applica- 
bil i ty identical  to the max imum field shown on Fig. 4. 
To use the more realistic pulse shape of Fig. lc, the 
data were generated with Eq., [?]. These data were 
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Fig. 2. Applicability diagram of the graphical data evaluation 
method based on Eq. [ i ] .  The solid line marks the field of applic- 
ability for determining the exchange current density wit,~ a maxi- 
mum error of •  with a measurement accuracy of •  The 
dotted line extends the field to the •  accuracy case. 

I0 

0 

-5 

, I  I ' ' l l ' ' ' ' l ' ' l ' l ' ' ' ' l r  i 
[ ( I0-4)\.( i0 -6) (i0 -e) (lO-'~ -m) 
-- -Z \\ ~ \ \  x\ \ \  

(C=IO reel cm-') \ .  ",. \ \ 
-- \ x \  \ \  \ \  \ \  \ \  
..----(100 ) \\ \\ x\, "x \\ \\ 
.-=-(10) \, \ \_ \ \ \ - 
;:-. ( I ) " \  \\ il~,.~ \\ \',, \\ - 

:.(,o-'~ - \ \  ~. .L~.",:- \  \-, " \  - 
:.(,o-h \\A ~3"N. . ' \ - . . . \ ,  \ - 
�9 ..-Z(lO -~) . < 1 ^ - 7 / \ L - I  "~ I ~ , : - .  \\ - -  

: ( , o")  ' . -  "-e / ' U " L  \ " ~  
=..(,o-S~ : , o  L ~ L I \ \ ~  \ \ .  "~" \ ' \  
::--.-(IO -~) = 5 x i O  " ~  ~ / " 1 .  x \ ,  I \ \  ',~ 
: . ( i o  -'r) : 5 x l O - ~ /  " \  \ \  " ik\ \\ 

\ \  \,, ..-T:( I0- e ) '4\\\\\ -'I 
.T.. (iO -9 ) \\ 
:'" (I0-'~ \\ \L \\\\ 
Z'-.[ko= IO'11 cm s -=) ~ I \ x 

-- (io:5XlO3Acm_Z)(SxlO-2) (5xlO -~) 

-15 - I0 -5  0 5 
log "C c 

-I0 

Fig. 3. Applicability diagram of the graphical data-evaluation 
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Fig. 4. Applicability diagram of the curve-fitting data-evaluation 
method based on Eq. [3].  Conditions same as for Fig. 2. 

evaluated only with the curve-fi t t ing procedures. Us- 
ing the evaluat ion based in Eq. [7], one obtains the 
applicabil i ty d iagram shown in Fig. 5. One can also 
evaluate  the data  generated using Eq. [7] with a 
curve-fi t t ing based on Eq. [5] and make a correction 
for the finite rise t ime of the pulse by using the modi-  
fied current  density (i ' )  in the data evaluation;  this 
procedure resulted in  a field of applicabil i ty only 
slightly smaller  than that shown in Fig. 5. 

For the curve-fi t t ing evaluations, an ini t ial  guess 
is required to start  the calculations. For  Fig. 2-5, guess 
factors of ten were used for the exchange current  
density, the double layer  capacitance, and the diffu- 
sion coefficients (the concentrations were assumed to 
be known exactly).  Numerous tests were also made 
using higher guess factors for the exchange current  
density:  it was found that the applicabil i ty diagrams 
will  remain  unchanged as long as this factQr is not  
larger  than  1000. 

Applicabil i ty diagrams were not determined for the 
calculation of the double layer  capacitance and the 
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Fig. 5. Applicability diagram of the curve-fitting data-evaluation 
method based on Eq. [7]. Conditions same as for Fig. 2. 

diffusion parameter ,  but  the following observations 
were made. The fields of applicabil i ty for the calcu- 
la t ion of the double layer  capacitance completely over- 
lap, and are larger  than those of the exchange current  
density, This was the case for all data  evaluat ion 
methods. On the other hand, the diffusion parameter  
can be calculated only with the curve-fi t t ing methods 
and only  for log K --~ 1. Under  t h e s e  conditions, its 
field of applicabil i ty is somewhat  larger  than that  of 
the exchange current  density. 

Discussion 

In  the following paragraphs,  a comparison will be 
made among the data  evaluat ion methods of the 
charge and current  impulse relaxat ion techniques, 
and the l imit ing effects will  be discussed in comparison 
with the l imitat ions of all other d-c re laxat ion tech- 
niques. 

The neglect of the width of the charging pulse is a 
common l imitat ion of the graphical data  evaluat ion 
based on Eq. [1] and the curve-fi t t ing evaluat ion 
based on Eq. [3]. As indicated in Fig. 2 and 4, the 
field of applicabil i ty decreases as the pulse width in-  
creases. However, f rom a practical standpoint ,  this 
does not l imit  the technique because pulses of 10 -6 
to 10 -7 sec dura t ion  can be easily achieved with 
modern ins t rumentat ion.  Another  factor limits the 
appl icabi l i ty- - the  dead time at the end of the pulse 
when meaningfu l  potent ia l  measurements  cannot be 
made. The dura t ion  of the discharge process decreases 
with increasing reaction rate, and the technique can- 
not be used when most of the discharge occurs dur ing  
the dead time. In  this analysis a value of 0.1 ~sec 
was used for the dead time; this or an even somewhat 
shorter  value can be achieved b y  careful design of 
the cell and ins t rumenta t ion  (23-25). Therefore, it 
can be concluded that pulses shorter than 10 ~6 and 
10 -7 sec can be considered true charge pulses for the 
graphical  and curve-fi t t ing data evaluations, respec- 
tively. Of course, if the dead t ime is reduced by bet ter  
ins t rumentat ion,  this conclusion would be changed. 
The above remarks refer  to the case when the t ime 
scale of the .data evaluat ion starts at the end of the 
pu]ze (to ---- ~3). Star t ing the t ime scale at to ---- 0 will 
produce a much larger sensit ivity to pulse width for 
both data evaluat ion methods (Fig. 3). This is unde r -  
s tandable  since in  the derivation of Eq. [1] and [3] it 
was assumed that the discharge starts at the end of 
the pulse. 

One advantage of the curve-fi t t ing method over the 
graphical one is the abi l i ty  to correct for the diffu- 
sional effects dur ing  the relaxation. This enlarges the 
field of applicabi l i ty  by about 1.5 log K uni t  at any 
value of ~c (compare Fig. 2 with Fig. 4). The decrease 
of the K l imit  with increasing Tc arises from the com- 
peti t ion between the reaction resistance and the dif- 
fusion impedance f o r  the control of the discharge 
curve. The l imit ing case is equivalent  to Td/rc > 100 
and 0.2 for the graphical and  curve-f i t t ing methods, 
respectively. These l imitat ions are in approximate 
agreement  with the results of previous error analyses 
(3, 5, 11). 4 The curve-fi t t ing method also extends the 
applicabil i ty field at large re values, because it is able 
to extract  the kinetic informat ion from data with low 
kinetic content  since it uses all data points of the ex- 
periment.  At the large ~c values, the l imitat ion is 
caused by the fact that, for slow reactions, very  l i t t le 
discharge occurs dur ing  the 60 sec ma x i mum dis- 
charge time; this t ime l imit  was chosen to avoid con- 
vective effects in the solution adjacent  to the electrode. 

The curve-fi t t ing evaluat ion method also gives one 
an opportuni ty  to correct for the pulse width, that  is, 
to account for the concentrat ion changes at the elec- 
trode surface both dur ing  charge and discharge of 
the double layer. Equat ion [7] can be used as the 
basis of curve fitting, resul t ing in the complete el imi- 
nat ion of the pulse-width  effect (Fig. 5) ; however, this 
improvement  occurs at the price of a slightly reduced 
field of applicabil i ty (with a loss of abou~ 0.2 log 
uni t  at all Tc values) due to the increased tendency 
of the curve fitting to give erroneous results as the 
complexity of the fitting equation increases. Using 
Eq. [5] as the basis of the curve fitting for data gen- 
erated with pulses shown on Fig. lc will  result  in a 
field of applicabil i ty smaller than that of Fig. 5. This 
error, which is introduced by the neglect of the rise 
times of the pulse in Eq. [5], can be shown to be 
near ly  equal to the percent  error  in the charge 
and can be corrected for by using a modified valUe of 
the current  (i ').  This modification does not result  in 
a larger field of applicabil i ty than shown on Fig. 5, 
but  the principle can be used to allow curve fitting 
with nonideal  pulses, as follows. Curve fitting can be 
carried out with an idealized pulse shape which de- 
scribes the real  pulse as .closely as possible (e.g., Eq. 
[7] with l inearized rise and fall of the pulse).  And, 
by measur ing the actual charge passed dur ing the 
real pulse (e.g., nonl inear  rise and fall) ,  one can make 
a correction for the nonideal i ty  of the pulse by modi-  
fying the value of the current  used in the evaluation. 

All curve-fi t t ing calculations require ini t ial  guesses 
of the parameters  to be determined;  however, they 
can be obtained easily. The guess for the exchange 
current  density must  be wi thin  a factor of 1000 of the 
true value; this can be obtained using the graphical 
evaluat ion method based on Eq. [1]. The other pa- 
rameters must  be known wi th in  a factor of ten, a n d  
the use of c ---- 20 ~F cm -2 and D : 10 -5 cm 2 sec -1 
will suffice in practically eve ry  case. 

The effect of measurement  accuracy is indicated on 
the applicabil i ty diagrams. The low accuracy (--+1%) 
can be achieved with analog measur ing equipment,  
while the high accuracy  (-+0.1%) can be approached 
using digital ins t rumentat ion.  This higher accuracy 
will result  in about a one-half  order  of magni tude  gain 
in the ~ l imit  because it allows a bet ter  correction for 
the diffusional effects. 

As ment ioned earlier, the t ime regim e of the mea-  
surement  also influences the error of the de terminat ion  
of the exchange current  density. Ear ly  in the dis- 

Different  c r i t e r i a  a re  Used in these  works ,  bu t  i t  can  be  shown 
t h a t  t h e y  are  a p p r o x i m a t e l y  equ iva l en t  to  the  ~'d/vc ratio.  Often,  
t h e  ra t io  ~'W'r,f is used  w h e r e  vd' is the  t i m e  cons t an t  of the  
double  l aye r  capaci tance-di f fus ion imoedance  sys tem;  b u t  vd' = 
~r'r~/4"r, and,  t he re fo re ,  ~'W~'a' ~ Vd/~'c. A n o t h e r  ra t io  used  is (a  + 
b)U/ab,  which  is also a p p r o x i m a t e l y  equa l  to  "rd/rr because  (a  + 
b) = K = X/~r/4rd and ab  = 1/'r~. 
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charge, the reaction resistance is the controll ing ele- 
ment,  but  the control will shift with t ime to the dif= 
fusional impedance as the concentrat ion changes in-  
crease at the electrode surface. Therefore, the ex= 
change current  density shou ld  be determined from 
short t ime data when using the graphical data evalua= 
tion, which neglects the diffusion (1, 10, 12). The 
si tuation is different, however, for the curve=fitting 
data-evaluat ion methods. The transients  were ana-  
lyzed by several authors to establish the regions of 
max imum information content  with respect to each 
parameter,  and it was shown that the exchange current  
density is best calculated from the t ransient  at around 
t = ~c (5, 11), the double layer capacitance at t ~ 0 
(11), and the diffusional parameter  at t ~ ~ .  Thus, to 
determine the best time regime for the calculation of 
the exchange current  density, one needs an estimate 
of the exchange current  density. This difficulty can 
be avoided by selecting a charge pulse that  gives, at 
the beginning of the discharge, the max imum over= 
potential  allowed by the l inearizat ion of the i=~ re= 
lation, and by the following the discharge as long as 
practical ( l imited by the measurement  error of the 
overpotential) .  If this is done, then one can be assured 
that all the informat ion available from the given elec= 
trode system is contained in the transient.  The curve= 
fitting method will then have all the information 
needed for the calculation of all three parameters,  as 
long as the system is within the field of applicability. 
On the other hand, a different optimal time will exist 
if one does not  need to determine all three parameters  
(5, 11). For example, a somewhat different type of 
curve=fitting procedure was suggested by Reller  and 
Kirowa=Eisner (11): they proposed an i terative series 
of one=parameter curve fittings for the determinat ion 
of the exchange current  density and the double layer 
capacitance (assuming that the diffusion parameter  
is known) ,  using different pulse lengths for each pa= 
rameter  to maximize the sensit ivi ty of the measure= 
ments. This method was not ful ly examined in the 
present  work. However, it was determined that, in 
order to take an advantage of the inherent ly  lower 
error resul t ing from the use of fewer parameters,  the 
effect of diffusion must  be negligible or the diffusion 
parameter  must  be exactly known. The max imum per= 
missible error of the diffusion parameter  will depend 
on Tc and ~d; e.g., for the case given by Reller and 
Kirowa-Eisner  (Ref. i l ,  Table II; in our  nomencla-  
ture: log ~ = 2.9, log ~ = --5.5) the three-parameter  
curve-fi t t ing will give better  results unless the error 
of the diffusion parameter  is less than 3%. Therefore, 
care must  be exercised in fixing a parameter  value, 
especially if it has a significant effect on the relaxa= 
tion curve. 

Some discussion of the charging pulse shape is in 
order. The practical shapes are limited, al though in 
principle any shape can be used. This communicat ion 
evaluates some of the most commonly applied shapes: 
the current  pulse with finite rise and fall (the l inear i -  
zation of this rise and fall is a good approximation for 
modern pulse generators) and the t r iangular  pulse. 
Another  often used pulse shape is an exponent ia l ly  
decaying pulse generated by the discharge of a capaci- 
tor. This was not evaluated here, but  the concen- 
t rat ion change by the end of such a pulse would not 
be considerably different from that for a constant 
current  pulse  of the same dura t ion  and equal charge 
content;  therefore, the results presented here will be 
approximately applicable for this case also. Of course, 
when the coulostatic approximation is correct, the 
shape of the pulse is immaterial ,  as has been pointed 
out previously (26). 

In  this communication,  only two extreme cases were 
investigated: graphical data evaluation, which neglects 
concentrat ion changes both dur ing  charge and dis= 
charge, and computer  curve fitting, which has the 
capabil i ty to correct for both effects. Several  other 

data evaluat ion methods, which will  correct for the 
qoncentration changes at the electrode surface dur -  
ing the discharge but  not dur ing the charge, have 
been suggested (5=8). The applicabil i ty diagrams of 
these methods are expected to fall in  between the two 
extreme cases investigated here and were, therefore, 
not evaluated. 

In  the comparison of the coulostatic techniques to 
other d=c relaxat ion techniques, only those data 
evaluation methods will  be considered which result  in 
the largest field of applicabil i ty for each technique. 
This is invar iably  a computer curve=fitting method, 
which extends the field of applicabil i ty to at least one 
order of magni tude  faster reactions over the graphical 
data evaluat ion method. 

A comparison of the coulostatic technique to the gal= 
vanostatlc single pulse technique (14, 16) reveals 
them to be practically equivalent  in  the log ~ range of 
1 to --6.5 (Fig. 6). For  smaller  ~ values only the gal-  
vanostatic technique is applicable, while for larger T~ 
values only the coulostatic technique can be used. For 
fast reactions (small To), the coulostatic technique is 
limited by the 1ast discharge of the double layer; this 
factor does not affect the galvanostatic technique) 
which therefore can be used for log ~c < --6.5. How- 
ever, the galvanostatic technique is l imited by the 
value of Tr and has an  advantage over t h e  coulostatic 
technique only if ~r < 10 -7 sec, a value which can be 
achieved in practice (16). The coulostatic technique is, 
by its nature,  unaffected by the value of Tr. s For  slow 
reactions (large Tc), the galvanostatic technique is 
l imited by the signal=to=noise ratio, while this ratio 
does not l imit  the coulostatic technique. Therefore, the 
coulostatic technique can be used for slower reac- 
tions than the galvanostatic technique, being finally 
l imited by the slow discharge of the double layer  and 
the max imum 60 sec measur ing time. The diffusional 
l imitat ions of the two techniques are approximately 
the same. 

A comparison of the coulostatic technique to the 
galvanostatic double pulse technique (13, 16) results in 
similar conclusions (Fig. 7). At log ~ < --6.5, only 
the galvanostatic technique is usable for reasons given 
above; while at log ~c > 1 only the coulostatic tech= 
nique is applicable because the galvanostatic double 
pulse technique is l imited by the signal=to:noise ratio. 

At large ~'r values, a problem can arise if the measuring device  
goes into saturation during the charging pulse, but this can bo 
avoided using appropriate instrumentation [e.g.) Ref. (27)]. 
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Fig. 6. Comparison of the coulostatic (dashed line) and the gal- 
~anostatic single pulse (solid line) techniques, using the best curve- 
fitting data-evaluation methods. Measurement accuracy: ___0.1%. 
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Fig. 7. Compurison of the r162 (,lashe,I line) un,I the gal- 
vunostutir ,Iouble pulse (solid line) techniques, using the 5est 
curve-fitting dutu-evuluution methods. Measurement accuracy: 
_O.1%. 

However ,  the i r  appl icabi l i t ies  a re  not  ident ical  for  the  
in t e rmed ia te  ~c range.  At  high K values  ( large diffu- 
s ional  effect),  t h e  galvanosta t ic  double  pulse tectmique 
is app l icab le  to e lec t rode  systems with  at  least  one-ha l f  
o rde r  of magni tude  l a rge r  K value,  because this t ech-  
nique,  due  to the fast  p recharg ing  of  the  double  l aye r  
capacitance,  is able  to correct  be t te r  for  the diffusional 
effects. On the o ther  hand, the  galvanosta t ic  double  
pulse technique  is not  appl icable  be low a log ~ value 
of --3, being l imi ted  by  s igna l - to -noise  rat io.  

The ~comparison of  the  ,coulostatie :technique to the 
potent ios ta t ic  technique (15) is more  complicated,  as 
shown in Fig. 8. Again,  only  the coulostat ic  technique 
is app l icab le  at  log ~c > 1, and  on ly  the potent ios ta t ic  
one at  log ~ < --6.5. In  the  in t e rmed ia te  range,  the 
fields of app l icab i l i ty  depend in a compl ica ted  fashion 
on ~r, ~c, and ~. One can general ize  that  the  poten t io-  
s tat ic  technique has the  advan tage  if ~r is small .  

C o n c l u s i o n s  
The graph ica l  da t a - eva lua t ion  method  of the coulo-  

stat ic technique is severe ly  l imi ted  by  its complete  
neglect  of  the  concentra t ion changes occurr ing  at  the  
e lect rode surface dur ing  the  poten t ia l  re laxat ion .  For  
the measuremen t  of the exchange  cur ren t  density,  this 
res t r ic ts  the app l icab i l i ty  of the  method  to ~d/Tc > 100, 
tha t  is, to r e l a t ive ly  slow react ions a n d / o r  large con- 
centrat ions.  The graphica l  method  also neglects  the  
concentra t ion changes occurr ing  dur ing  the charging 
pulse and, therefore,  the  field of app l i cab i l i ty  de -  
creases wi th  increas ing pulse width.  However ,  in p rac -  
t ical  terms,  this does not  l imi t  the  technique because 
at  a pulse  wid th  be low 1 ~sec (which is eas i ly  achiev-  
able)  another  effect, the  dead t ime af ter  the  pulse, is 
the  final l imita t ion.  A dead  t ime of 0.1 ~sec l imits  the  
technique to log Tr > --6.5. At  the  o ther  end of the  
scale, the method is l imi ted  to log ~c <_ 3 by  the 60 
sec l imi t  on the  measur ing  t ime. 

The compute r  curve-f i t t ing  da t a - eva lua t ion  method  
cons iderably  increases the  field .of app l icab i l i ty  of the 
technique because it corrects  for the  concentra t ion 
changes occurr ing d u r i n g  both the  charging and dis-  
charging processes. This changes the  diffusion l imi ta -  
t ion to ~ / ~  > 0.2 and e l imina tes  the  sens i t iv i ty  to 
pulse width.  In  te rms of ~, it  enlarges  the field of ap-  
p l icab i l i ty  b y  1.5 log ~ units, i ndependen t ly  of the 
va lue  of ~r That  is, the compute r  curve fitting al lows 
the measu remen t  of two and a half  o rder  of magni tude  
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Fig. 8. Comparison of the r (clashed line) and the po- 
tential step (solid ling) techniques, using the best curve-fitting 
datu-evuluution methods. Measurement accuracy: ~0 . ]  %. 

faster reactions, at the same solution composition, than 
the graphical method. Furthermore, the curve-fitting 
method allows the calculation of the diffusion param- 
eter from the same data as the exchange current den- 
sity. 

In comparison to the single and double pulse gal-  
vanosta t ic  techniques and  the poten t ia l  s tep tech-  
nique, the  cou]ostatic technique gene ra l ly  l imi ts  the 
de te rmina t ion  of the exchange current  densi ty  to 
s lower  react ions a n d / o r  l a rge r  concentrat ions.  While  
the  coulostat ic  technique is l imi ted  to log T~ > - - 6 . 5 ,  
the o ther  techniques can be used for orders  of mag-  
ni tude smal le r  ~ as long as the uncompensa ted  solu- 
t ion resis tance is kep t  small .  The coulostat ic tech-  
nique is, of course, to ta l ly  insensi t ive to solut ion re-  
sistance. On the o ther  hand,  for slow react ions  (log Tc 
> I)  the  coulostat ic  technique is more  appl icable  be -  
cause the  o thers  a re  l imi ted  by  a large  s ignal - to-noise  
ratio. For  in te rmedia te  ~c values,  the fields of appl ica-  
b i l i ty  of the techniques depend  in a complicated 
fashion on al l  character is t ic  t imes of the  e lect rode re -  
act ion (Tc, ~d. and Tr), wi th  the coulostat ie  technique 

b e i n g  genera l ly  equal  to or less appl icable  than the 
others.  
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LIST OF SYIVIBOLS 
a defined by  Eq. [4] (sec- '&) 
b defined b y  Eq. [4] (sec-'/2) 
c capaci ty  of the double l a y e r  (F  Cm -2)  
C~ concentra t ion of species j in the  bu lk  solut ion 

(tool cm-S)  
Dj diffusion coefficient of species j (cm 2 s e c - I )  
F F a r a d a y  constant  (C tool -1)  
G1 defined by  Eq. [6] 
G~ defined by  Eq. [8] 
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i cur ren t  densi ty  (A cm -2) 
~' modified cur ren t  density,  --  q/t3 ( A c m  -2)  
io appa ren t  exchange cur ren t  dens i ty  ( A c m  -2)  
ko apparen t  s t anda rd  heterogeneous  ra te  constant  

(cm s e c - l ) ,  --  io/nFCotaa/uJCR Cabin), where  ~a 
and ac are  the anodic and cathodic t r ans i e r  co- 
ellicients 

n total  number  of electrons t rans fe r red  in the  over -  
al l  react ion 

O ( index)  ox idan t  
q charge dens i ty  (C cm -2) 
R ( inaex)  reduc tan t  
R universa l  gas constant  (J K -1 real  -1)  
Rr react ion resistance,  _-- vRT/nFio (12 cm ~) 
Rs uncompensated  solut ion resistance be tween  th e  

work ing  and reference  electrodes (~  cm 2) 
t t ime (see) 
to zero t ime for da ta  evaluat ions  (sec) 
t~ defined by ~ ig. 1 (sec) 
t2 defined by  Fig. 1 (sec) 
t3 defined by  Fig. t (sec) 
T t empe ra tu r e  (K) 
~1 overpoten t ia l  (V) 
~1o overpoten t ia l  a t  the beginning of discharge (V) 
K ra te  constant  parameter ,  _-- k/~/4~d (sec- ' /~) 
v s toichiometr ic  number  of the react ion mechanism 
�9 r t ime constant  of the double l aye r  capaci tance-  

react ion resis tance system, =. cRr (sec) 
Id t ime constant  of the diffusion impedance- reac t ion  

o~2n2F2 
resistance sy:qtem, --  

4 ia2(  1 1 )  2 
Do,/,C-- ~ + Da,/,C-------- R 

(sec) 
Tr t ime constant  of the double  l aye r  capac i tance-  

solution resis tance system, ---- CRs (sec) 
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Analytic Expression of the Warburg Impedance for a Rotating Disk 
Electrode 

Bernard Tribollet 1 and John Newman* 
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ABSTRACT 

In the presence of the convective flow pat tern of the rotating disk, the classical Warburg impedance  is modified, partic- 
ularly at low frequencies. The transformation of Scherson permits  the alternating current impedance  problem to be related 
to the transient flux-step or concentration-step behavior  of the same system. Here flux-step results are used to generate low 
and high frequency analytic expressions which overlap at intermediate frequencies. 

Since W a r b u r g  (1) and Kruge r  (2), m a n y  authors  
(3-10) have  given some analy t ic  expression of the  di f -  
fusion or  convective Warbu rg  impedance.  Schuhmann 
(3) obta ined an analysis  based on a s tagnant  Nernst  
diffusion layer.  Homsy and Newman (4) developed an 
asymptot ic  solut ion for  the  effect of convection at high 
frequencies,  t he reby  provid ing  correct ion %o the W a r -  
bu rg  resul t  for a semi- inf ini te  s tagnant  solution. 

* Electrochemical Society Active Member. 
1 Present address: Groupe de Recherche No. 4 du CNRS, "Phys- 

ique des Liquids et Electrochimie," Assoc~e a l'Universite Pierre 
et Marie Curie. 4 Place Jussieu 75230 Paris Cedex 05, France. 

Key words: diffusion, convectionS'mass transfer, alternating cur- 
rent. 

Deslouis et aI. (5-7) developed the method  of F i l inov-  
skit  and Ki r ' yanov  (8), which, a f te r  an approximat ion ,  
reduces the p rob lem to the  canonical  equat ion for  the 
A i ry  functions. Leva r t  and Schuhmann  (9) proposed 
a genera l  method for eva lua t ing  the concentra t ion im-  
pedance of a un i fo rmly  accessible ro ta t ing  disk elec-  
trode; t h e i r  solut ion is an exact  solution, but  i t  is neces-  
sary  to use a computer  in o rder  to de te rmine  the real  
and imag ina ry  parts  of the impedance.  Recent ly  Scher-  
son and Newman  ( i0)  showed how a Laplace  t r ans -  
format ion  could make  the p rob lem ident ical  to a 
t rans ient  concent ra t ion-s tep  p rob lem and the reby  gave 
two series solutions corresponding,  respect ively ,  to the  
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shor t - t ime  series (11, 12) for the high frequencies  and 
to the  long- t ime  series (13) for the low frequencies.  
This solut ion gave a ve ry  good accuracy  only  for the 
high frequencies.  This p rob lem was noticed by  the 
authors  (10) and discussed by  Levar t  and Schuhmann  
(14). 

In  this  pape r  we expla in  the difference be tween  the  
low f requency solut ion of (10) and the exact  solution, 
and we give an exact  low-f requency  solut ion val id  for 
ve ry  large  Schmidt  numbers .  

High-Frequency Solution 
All  ana ly t ic  solutions (1- i0)  agree asympto t ica l ly  

wi th  the express ion of W a r b u r g  

1 1 

0'HF( 0 ) ' K...> r ~ [1] 

Some differences may  be observed if we consider  
different  expansions for large  values  of a pa ramete r ;  
this p rob lem had been discussed by  Levar t  and  Schuh-  
mann  (14, 15), and they  show the in teres t  in using the 
s imples t  express ion for the same accuracy.  In par t i cu-  
l a r  the h igh- f requency  solut ion of Scherson and New-  
man  (10) m a y  be wr i t t en  in an easier  form as 

{ 1 t  - -  I m  .r (0) 

i 9 

~/2K 32%,/'2-KT/2 

{ 1 } 1 
Re 8'HF (0) 

+ 0(K-4) [2] 

3 9 

-~ ~ -~ 3 2 V ~ 7 / 2  --~ 0 (K ~4) [3] 

Equat ions  [2] and [3] correspond exac t ly  to the  first 
te rms of the  deve lopment  given by  Levar t  and Schuh-  
mann (14, 15) and are  easy to use. 

The approx ima te  ana ly t ic  method  developed in (5-7) 
m a y  be in teres t ing  for the high frequencies.  The basis 
o f  this method  is to neglect  the four th  power  of the  
dimensionless  distance to  the electrode,  in comparison 
to the sum of the  dimensionless  dis tance to the elec-  
t rode and of the  dimensionless  frequency.  This method  
becomes val id  when the f requency  tends towards  in-  
finity. With  the  presen t  nota t ion 

1 Ai(0.4808jK) 
- -  --  0.6937 [4] 
0'HF (0) Ai' (0.4808jK) 

By using the deve lopmen t  of the A i ry  funct ion 416) 
we ob ta in  

- - I m {  - -  1 
0'HF(0) } 

I 63 
= : ~ -  s2x/~i~i~' + 0(K-5) [5] 

{ 1 } 1 

3 63 
+ ~ + s2~/2-k~/~ + 0 (K-~s/2) [0] 

The difference be tween  the asymptot ic  solut ion [2], 
[3] and the app rox ima te  solut ion [5], [6] is only  on 
the te rms in K-7/2; that  explains,  for the  high f re -  
quencies, the good accuracy of the solut ion wi th  the  
A i r y  functions.  

Low-Frequency Solution 
The exact  ana ly t ic  express ion of the dimensionless  

diffusion or  convective W a r b u r g  impedance  given b y  
Scherson and Newman (10) is 

(--  0LF'(0) ) -1 . . . .  ~- jK  
P(4/3)  = j K  + kn 

[7] 

where  Bn and kn are  the  coefficients and e igenvalues  of 
the e igenvalue  p rob lem for a concentra t ion step, re -  
spectively,  and the i r  values  a re  given in (13). The 
express ion [7] is appl icable  for low frequencies  and 
corresponds to the l ong - t ime  series (13). In  rea l  space, 
the shor t - t ime  (11, 12) and the long- t ime  series (13) 
over lap  wi th in  a few tenths  of a percen t  in a wide in-  
t e rva l  of t ime, a behav ior  not  r eproduced  in  the  com- 
p lex  plane af te r  a Laplace  t rans format ion  [see Fig. 1, 
Ref. (10) ]. 

In o rde r  to expla in  this difference of behavior ,  Fig. 1 
shows, for two frequencies,  the var ia t ion  of the r e l a -  
t ive e r ro r  in the  real  and imag ina ry  par t s  of - - 1 /  
~LF'(O) VS. n, the number  of te rms in the  summation.  
For  the  two frequencies,  the  er rors  a re  significant and  
decrease s lowly wi th  n. In  o rde r  to obta in  an over lap  
for the two solut ions [2], [3], and [7] i t  is necessary  to 
use a ve ry  large  number  of te rms in the sum. 

The express ion [7] is obta ined  in re la t ion to the 
t rans ient  p rob lem for a constant  concentra t ion at  the  
interface.  In  fact, the  express ion of the diffusion or  
convective Warburg  impedance  may  be obta ined  in 
re la t ion to a t rans ien t  p rob lem wi th  another  b o u n d a r y  
condition, in pa r t i cu la r  w i th  a specified concentra t ion 
grad ien t  a t  the interface.  Thus, the convective W a r b u r g  
impedance  m a y  be obta ined  f rom the long- t ime  series 
for a flux s tep (13) in a t rans ien t  p rob lem 

1 ~ B~ 
: r ( 4 / 3 )  - j K  �9 [8] 

'eLF'(0) I'1----0 ~K "1- ~,n 

where,  in this case, Bn and kn are  the coefficients and 
eigenvalues of the e igenvalue  problem,  respect ively,  for 
a flux step, values being given in (13). (While re fe r red  
to as long- t ime  series, and cor respondingly  l o w - f r e -  
quency series, these series  a re  convergent  for  any  t ime 
but  converge ve ry  wel l  for longer  t imes. The corre-  
sponding impedance  expressions might  be expected  to 
converge wel l  for modera te  to low frequencies.)  F r o m  
[8] the analyt ic  expressions of the  real  and imag ina ry  
component  may  be eas i ly  wr i t t en  

E 

o 
e3 

hJ 

i ~  ' I ~ I ~ I I I t 

0.01 -i I i I i -I i I I 
0 2 4 6 8 

n 
tO 

Fig. 1. Relative error in the real and imaginary parts of the con- 
vective Warburg impedance, when based on the concentra~fion-step 
results according to the method of Scherson and Newman, as it 
depends on the numbers of terms used in the series expansion. 
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I. 
u3 

,6' 

,6 s 

K = I. 5 ,  lx Re/Re 

K : I 0 ,  & I m/ i ra  

K= 1.5, & I m / l r n  

K = I 0 ,  A Re/Re 

0 2 4 6 8 I 0  12 14 
I1 

Fig. 2. Relative error in the real and imaginary parts of the con- 
vecti~,e Warburg impedance, when based on the transient flux-step 
results, as it depends on the number of terms used in the series 
expansion. 

- -1 
Re = r ( 4 / 3 )  --  K2 

e L F ' ( 0 )  n = 0  

Bn 

[9] 

Bnkn 
[10] f Im - -  e L F ' ( 0 )  n = 0  t n  2 -~- g 2 

On Fig, 2 is plot ted,  for  two pa r t i cu la r  frequencies,  
the var ia t ion  of the re la t ive  e r ror  in the  real  and im-  
ag ina ry  par t s  of--1/e 'LF(0)  VS. n, the  n u m b e r  of te rms 
in the summation.  The e r ro r  increases wi th  the  f r e -  
quency, bu t  i t  decreases wi th  the number  of te rms 
fas ter  than  the e r ror  f rom [7]. The values  of the  rea l  
and imag ina ry  components  of the i m p e d a n c e  are  given 

Table I. Comparison of low-frequency series solution based on 
the transient flux-step with the exact solution and with the 

asymptotic high-frequency result in Eq. [2] and [3]. 

L.F. s o l u t i o n  H.F.  s o l u t i o n  
E x a c t  so l t l t ion  Rea l  - - I r a  R e a l  - - I r a  

K R e a l  - - I r a  [9] [10] [2] [3J 

0.00 0.89298 O.O000O 0.89298 O.O00OO 
O.O1 0.89297 0~0266 0.89297 0.00266 
0.05 0.89293 0,01331 0.89273 0.01331 
0.1 0.89198 0.02659 0.89198 0.02658 
0.2 0.88899 0.05296 0.88901 0~05335 
0.5 0.86882 0.12850 0.86882 0.12845 
1.0 0.80575 0.23271 0.80575 0.23260 
1.5 0.72406 0.30195 0.72406 0.30178 
2.0 0.64160 0.33935 0:64160 0.33913 
3.0 0.50637 0.35452 0.50638 0.35421 
5.0 0.35556 0.31152 0.35558 0.31097 

10,0 0~23143 0.22396 0.23147 0.22287 
20.0 0.15998 0.15813 0.16016 0.15595 
50.0 0,10030 0.10000 0.10125 0.09477 

100.0 0.07071 0.07071 0.07428 0.06133 

0.70508 0.48242 
0.49583 0.40400 
0.34694 0.31552 
0.23117 0.22354 
0.16000 015811 
0.10030 O.lOOO0 
0.07071 0.07071 

0.4 
t 

o21 

t I I I I I I I 

~, High frequency solution 
o Low frequency solution 
�9 Exoct solution 

. . . . . . . . .  . . .  

I o / /  

L / ,  i ,  0 " I I I I - [ 1 I I o.o5 
o 0.2 0 4  o.~ 0.8 

Re {-I/~'{o)} 
I0 

Fig. 3. Representation of the function { - - I / 8 ' ( 0 ) }  in the complex 
plane. Solid lines connect equal values of the dimensionless fre- 
quency K. 

for n - -  9 in Table  I. Fo r  K - -  10 the resul ts  f rom ex-  
pressions [2], [3] and [9], [10] a re  ve ry  close, and the 
two solutions HF and LF over lap  on a f requency  range 
(Fig. 3) in good agreement  wi th  the resul ts  in the real  
space (13). The analy t ic  express ion of the d imens ion-  
less convective W a r b u r g  impedance  m a y  be [2], [3] 
f o r K  > 10 and [9], [10] for K < 10, These expressions  
may  be  easi ly  modified in o rde r  to use another  d imen-  
sionless frequency,  such as pSclla 
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XPS Studies of Oxygen Evolution on Ru and Ru02 Anodes 
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ABSTRACT 

Anodic oxidation of Ru and RuO2 electrodes in IN H2SO4 has been investigated using x-ray photoelectron spectroscopy. 
During O2 evolution on Ru a highly defective hydrated oxide film is formed as a result of corrosion. At a temperature of 
310~ in vacuum this film decomposes to metallic ruthenium. The surface of RuO2 anodes prepared by thermal decomposi- 
tion of RuC13 contains some RuOz, which is stable during anodic polarization. A reaction path for O2 evolution and corrosion 
on Ru and RuO2 anodes is proposed. 

Oxygen evolution overpotentials of ru then ium and 
ru then ium dioxide based anodes are among the lowest 
ever observed (1). Therefore these materials  have 
attracted much at tent ion in recent  years as prospective 
candidates for O2-evolving anodes in hydrogen pro- 
duction by water  electrolysis. The pure materials,  how- 
ever, suffer f rom a lack of stability. Ruthen ium anodes 
corrode heavi ly  dur ing 02 evolution, forming a black 
oxide on the surface that  is not capable of prevent ing  
the under ly ing  metal  from fur ther  attack (2). The 
performance of the widely used ru then ium oxide 
coated t i t an ium anode, prepared by  thermal  decom- 
position of RuC13 on t i t an ium substrates, great ly de- 
pends on the preparat ion conditions (3). The catalytic 
properties of RuO2-based anodes for chlorine and oxy- 
gen evolution have been investigated in a var ie ty  of 
exper imenta l  studies which were reviewed recent ly by 
Burke (4) and by Trasatt i  and O'Grady (5). RuO2 
single crystals have a ra ther  low catalytic activity for 
O.~ evolut ion and seem to passivate (6). The immense 
difference in catalytic performance between Ru-  and 
RuO2-based anodes is far from being understood. Al-  
though the essential role of surface morphology is well 
accepted for RuO2-based anodes, the na ture  of the 
active site and the mechanism of 02 evolution in acid 
still remain  questionable. 

The expedience of the x - r ay  photoelectron spec- 
troscopy (XPS) technique applied to electrochemical 
processes has been demonstrated by  several authors 
invest igat ing anodic oxidation (7), underpotent ia l  
deposition (8), or specific adsorption (9). In  the pres-  
ent s tudy we have applied XPS in o r d e r  to gain fur-  
ther  informat ion on the surface composition of Ru and 
RuO2 anodes as a funct ion of electrochemical 
t reatment .  Chemical shifts of the different ru then ium 
oxides, as determined by Kim and Winograd on com- 
mercial ly  avai lable powders (10), are the basis for our 
ana]ysis. 

Experimental 
XPS measurements  were performed in a Kratos ES 

300 Electron Spectrometer using non-monochromat ized 
A1K~ radiation. The ins t rumenta l  resolution was 1.2 
eV (FWHM of the Au 4f7/2 l ine) ,  a value main ly  de- 
terrnined by the width o f  the A1K~ line. Binding en-  
ergies were determined using the Au 4f7/2 l ine as a 
reference with a b inding  energy of 84.0 eV. The base 
pressure in the sample chamber  of the spectrometer 
was 1 • 10 - l ~  Torr. 

Ru then ium samples were prepared by arc mel t ing 
or by sput ter ing onto a glass substrate. Before use, the 
arc-mel ted bulk  Ru sample was polished mechanical ly 
with successively finer diamond paste unt i l  a mir ror -  
like finish was achieved and then was rinsed 
thoroughly in  distilled water. The two samples showed 
no significant difference in XPS spectra or cyclic 
vol tammetry.  At potentials more anodic than ~1.3 
VscE, however, only the bulk  sample could be used 

* E l e c t r o c h e m i c a l  Soc i e ty  Ac t ive  M e m b e r .  
1Present  address: H a h n  M e i t n e r  I n s t i t u t  f~tlr K e r n f o r s c h u n g ,  

D-1000 B e r l i n  39, G e r m a n y .  
Key words: electrode,  ESCA, catalysis, corrosion. 

because of substant ia l  corrosion of the sputtered film 
with a thickness of 2000A. 

RuO2 electrodes were prepared by thermal  decom- 
position of RuClz on an etched t i t an ium substrate (3). 
A 0.1M RuC13 solution in 20% HC1 was dried by heat-  
ing and the residue was dissolved in 2-propanol.  The 
solution was brushed onto the t i t an ium substrate and 
dried by  heat ing at 500~ After deposition of severa! 
layers the electrode was annealed at 500~ for 1 hr. 

Electrochemical t rea tment  of the electrodes was per-  
formed in a i r -sa tura ted  1N tt2SO4 using the standard 
three-electrode potentiostatic arrangement .  All po- 
tentials are quoted with respect to the saturated calo- 
mel electrode (SCE) which served as a reference elec- 
trode. 

After an electrochemical exper iment  the electrodes 
were removed from the electrochemical cell under  po- 
tent ial  control, r insed in distilled water, blown dry 
with nitrogen, and t ransferred to the electron spec- 
t rometer  within 1 min. In  order to provide equal s tart-  
ing conditions, the ru then ium metal  electrodes were 
Ar- ion  bombarded before any sequence of electro- 
chemical experiments.  This procedure could not  be ap- 
plied to the RuO2 electrodes because of preferent ial  
sput ter ing of oxygen. These electrodes were used as 
received. 

Sample transfer  from the electrochemical cell to the 
spectrometer is a very  critical step in any ex situ in-  
vestigation of electrodes. It  h a s  been demonstrated, 
however, that noble metal  electrodes (Au, Pt)  are 
relat ively insensit ive to an aerobic t ransfer  (11). The 
influence of the t ransfer  on a metallic Ru sample was 
checked by removing a freshly sputtered Ru sample 
from the vacuum chamber, exposing it to air, and ap- 
plying the above c lean ing  procedure (H20, N2): No 
change in position of the Ru lines of the XPS spec- 
t rum could be detected. 

Results and Discussion 
XPS was used to study the influence of electrochem- 

ical t rea tment  on the surface composition of ru then ium 
and ru then ium dioxide electrodes. 

The ruthenium anode.--In Fig. 1, XPS spectra of an 
Ru electrode are shown for samples with three differ- 
ent treatments.  For the sputtered sample with no oxy- 
gen on the surface, the position of the Ru 3d5/2 peak 
is in good agreement  with published data (10). Ex- 
posure to IN H2SO4 at 0.75V (SCE) do`es not shift the 
b inding  energies (E•> of ru thenium.  The intensity, 
however, is sl ightly reduced. In  addition, an oxygen 
peak is observed at EB -=-- 530.6 eV. Upon anodizing t he  
electrode at 1.5V, a bluish-black surface film is formed 
dur ing oxygen evolution with s imultaneous yellow 
coloring of the electrolyte. The change in surface com- 
position of the Ru electrode is reflected in the XPS 
data by chemical shifts of the Ru lines and the O ls 
peak. While the Ru 3d and Ru 3p lines shift to higher 
b ind ing  energies by 1.1 and 1.8 eV, respectively, the 
O ls l ine shifts to lower binding energy with hEB : 
--0.7 eV. In addition, a broadening  of the Ru lines 
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Fig. 1. X-ray photoelectron ~- 

spectra of Ru 3ds/~,5/~, Ru 
3p3/2, and O Is levels of o bulk Z 
Ru electrode exposed to Ar + ~__ 
bombardment (4 keY, 30 min, Z 
2.5 mA), 1N H~SO4 (15 rain) at , -  
potentials of 0.75 and 1.5 VscE. 
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and a substantial increase of the oxygen peak is ob- 
served. 

Upon varying the photoelectron emission angle, the 
surface is probed with different depth resolutions. 
Figure 2 shows the change in binding energy of the 
Ru 3d5/2 peak with emission angle for three electrode 
surface conditions. At 0V, no measurable dependence 
is found. The electrode polarized at 0.75V, however, 
shows a marked change in binding energy whereas at 
1.5V the effect is negligible again. 

At small emission angles, the detected photoelec- 
trons originate mainly from the topmost surface lay- 
ers, whereas the sampling depth is ~, 30A for large 
emission angles. The lack of an angular dependence 
for 0.0V polarization indicates metallic Ru is inde- 
pendent of the sampling depth. At 0.75V, the more 
pronounced angular variation implies a thin surface 
layer of partially oxidized Ru. At 1.5V, the angular 
dependence is reduced again, due to the generation of 
a thick oxide layer. 

In order to determine the potential dependence of 
the observed shifts in Fig. 1, the peak positions were 

" 280 

,.=, 

~ z 2 8  '1 

Ru 3 d s / 2  " 

0 3 0  60  9 0  

EMISSION ANGLE e (o) 

Fig. 2. Binding energy of the Ru 3d5/2 level as o function of 
electron emission angle for a bulk Ru electrode after polarization 
at 0.0 VscE ( O O O ) ,  0.75 VscE ( e e @ ) ,  and 1.5 VscE 
( X  X X ) .  The emission angle is given with respect to the ~urface 
plane. 

B I N D I N G  E N E R G Y / e V  

analyzed for a sequence of exposures in the potential 
range between --0.2 and +2.0V. The results are plotted 
in Fig. 3a, b. For both lines, the chemical shift occurs 
within a narrow range. Above and below this poten- 
tial, the peak positions are independent of the elec- 
trode polarization. The inflection points of the curves, 
however, are not identical; they occur at 1.25V for 
R U  3d5/2  and at 1.15V for 0 ls. 
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Fig. 3. Binding energies of (a) the Ru 3d5/~ level and (b) the O 
ls level as a function of electrode potential  for a bulk Ru elec- 
trode ( ) and an RuO2/Ti electrode ( . . . . .  ). Exposure to 1N 
H~O4 for 15 rain. 
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Below the inflection point, electrochemical treat- 
ment introduces an adsorbed oxygen species (Fig. 1, 
0.75V; Fig. 2). The O ls peak position correlates well 
with the value given by Wittrig et al. for dissocia- 
t ively adsorbed water  (12). This finding is also sup- 
ported by cyclic vol tammetry studies where the ex- 
istence of a monolayer of oxygen is claimed from 
coulometric evidence (13). The slight decrease in 
peak intensity of the Ru lines is related to this ad- 
sorbate. 

Above the inflection point, at 1.5V bias, the chemical 
shifts in the Ru lines and in the O ls peak indicate  
the formation of a hydrated oxide phase. The stoichi- 
ometry of this phase appears to be somewhat different 
from the hydrated oxide powder, analyzed by Kim 
and Winograd (10). From binding energy assignments, 
the electrochemically generated hydrous oxide seems 
to have a stoichiometry between RuO2 and pulverous 
hydrated oxide (see Table I) .  The increase of the O 
ls peak height indicates a substantial thickness of the 
hydrous film. 

The difference in inflection potential of the Ru and O 
lines observed in  Fig. 3a, b may be due to consecutive 
steps in the formation of the hydrous oxide phase. The 
shift of the oxygen line, which occurs 100 mV more 
cathodic than the shift of Ru 3d5/2, may be associated 
with the transition from adsorbed OH to a thin oxide 
film. 

At slightly increased anodic potential, site exchange 
between Ru and O might take place, leading to simul- 
taneous oxide formation and corrosion evidenced by 
the shift of the Ru lines. The O ls binding energy re- 
mains unaffected by this site exchange. 

Figure 4 shows the effect of thermal treatment in 
the UHV chamber of the XPS spectrometer for a sam- 
ple anodized at +l .5V. The Ru 3d lines shift from 
281.0 eV at room temperature to 279.9 eV at 310~ 
The line widths decrease with increasing temperature 
by a factor of ,-,2, whereas the peak heights increase 
substantially. A more complicated behavior is ob- 
served for the O ls line. At room temperature the 
peak is located at 529.8 eV, shifts to higher binding 
energy (530.4 eV) upon heating to 120~ and shifts 
back to 529.6 eV at 310~ the peak height decreases 
accordingly. 

From the shifts in Ru lines it is deduced that the 
temperature t reatment  leads to a largely oxide-free 
Ru surface. This is also evidenced by the decrease of 
the O ls intensity. The O ls binding energy at 310~ 
indicates the existence of residual oxide on the sur- 
face, possibly in island form. 

The ruthenium dioxide anode.~Figure 5 shows the 
analogous experiment to Fig. 1 for t i tanium-supported 
RuOu electrodes prepared by thermal decomposition 
of RuCI~ on Ti. Here, the only difference between 
sample s as produced and those polarized to 0.75V and 
polarized to 1.5V is the occurrence of an additional 
maximum in the O ls line at 531.7 eV which is re-  
moved upon exposure to the electrolyte. There is, 
however, still a shoulder detectable on the polarized 

Table I. Binding energies (•  eV) of Ru and Ru02 electrodes 

Elec t rode  Ru 3d5/~ Ru 3ps/~ O l s  A s s i g n m e n t  

Ru 
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1.SV 

RUOQ/Ti 

Spur- 279.9 461.1 ~ Ru 
tared RU, OH ads, 

0.75V 279.9 461.1 530.6 
1.SV 281.0 462.7 529.8 RuO~, RuO2 �9 xH20 

120C~ 280.8 ~ 530.5 Oxide decompo- 
sition, 

230~ 280.3 ~ 530.4 HsO loss 
31O~ 279.8 ~ 529.8 Ru, RuO surfac~ 

280.7 462.2 529.2 RuO2, 
262.4 530.7 RuOs, 
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Fig. 4. X-ray photoelectron spectra of a bulk Ru electrode anodi- 

cally oxidized at 1.5 VSCE for 15 min for different temperatures. 

samples, which is difficult to resolve because of the 
increasing intensity of the main O ls peak. 

The prevalent  existence of RuO2 is confirmed by 
the positions of the Ru 3d5/2 line at 280.7 eV and by 
the O ls line at 529.2 eV (10). At a binding energy of 
282.4 eV, an additional maximum occurs in the Ru 3d 
spectrum which is at tr ibuted to RuO3 or another spe- 
cies with the same oxidation state. It appears that this 
compound is stable on the surface as no significant 
change in the corresponding XPS structure is observed 
with electrochemical treatment. 

The influence of thermal treatment on RuO2 anodes 
is shown in Fig. 6. The Ru 3d5/2 and 3d3/2 lines show 
no significant alteration up to a temperature of 230~ 
At 310~ both lines are shifted by ~0.5 eV to lower 
binding energies. In addition, the shoulder attributed 
to RuO8 (282.4 eV) decreases continuously and dis- 
appears at 310~ The temperature treatment results 
in a gradual decrease of the O ls maximum without 
detectable chemical shift. An increasing asymmetry of 
the O ls peak, however, is noticed with increasing 
temperatures, indicating a second oxygen species with 
a binding energy of ~531.7 eV. The origin of this 
shoulder appearing in Fig. 5 and 6 is not completely 
understood. On well-defined RuO2 single crystal sur- 

, , t  . " -  

290  2 8 5  2 8 0  275  4.70 4 6 0  4 5 0  54.0 5.50 5 2 0  

BINDING E N E R G Y / e V  

Fig. 5. X-ray photoelectron spectra of Ru 3d31~,5/2, Ru 3p~/2, 
and 0 ls level of an RuO2/Ti electrode after preparation and after 
exposure to I N  H~,S04 electrolyte at 0.75 and i.5 VSCE for 15 rain. 
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Fig. 6. X-ray photoelectron spectra of an RuO~/Ti electrode after 
02 evolution at 1.5 VSCE at different temperatures. 

faces two oxygen  species have been observed p robab ly  
due to oxygen  in different  coordinat ion sites (14). 

Comparison of electrode behavior and interpretation. 
- - T h e  expe r imen ta l  da ta  in Fig. 1 and 5 demons t ra te  
that  the behavior  of Ru and RuO2 anodes is d is t inc t ly  
different  even in the potent ia l  range of oxygen  evolu-  
tion. In  the case of Ru, a th ick hydrous  oxide deposi t  
is , formed dur ing  oxygen evolut ion and no evidence 
is found for the exis tence of a s table h igher  oxidized 
species. The s imul taneous  coloring of the e lec t ro ly te  
indicates  the format ion  of RuO4 or H2RuO~ as a corro-  
sion produc t  (4).  o n  Ru02, no i n f l uence  of oxygen 
evolut ion on surface composit ion is detected.  A per -  
sist ing higher  oxide  in the six va len t  state [ R u ( V I ) ] ,  
is p resen t  and  s table  up  to 230~ (Fig. 6). 

Basically,  one would expect  that  upon oxidat ion  of 
Ru toward  oxygen  evolut ion the same surface con- 
dit ion is reached as exists  o n  an RuO2 electrode.  The 
different  behavior  must  or iginate  f rom the s tabi l i ty  of 
in te rmedia tes  on the two electrodes.  Such an in te r -  
media te  might  be the Ru(VI )  species detected on 
RuO2 electrodes.  We therefore  assume tha t  this  species 
acts as subs t ra te  for oxygen evolut ion (15) and the 
corrosion reactions.  In  Fig. 7, we propose tha t  both 
processes proceed via  two-e lec t ron  steps toward  
R u ( V I I I ) .  The re la t ive  s tab i l i ty  of the in te rmedia te  
R u ( V I )  de te rmines  whe the r  RuO4 corrodes (e i ther  
into the gas phase or into solut ion) or dissociates into 
oxygen and Ru (VI) .  

In  pr inciple ,  since RuO2 also is not  comple te ly  stable,  
both react ions wi l l  take  place s imul taneous ly  wi th  
different  rates.  The corrosion of Ru electrodes is 
higher  by  orders  of magni tude  indica t ing  a low s ta-  
b i l i ty  of Ru(VI )  on these surfaces, as is evidenced by  
the absence of a s t ruc ture  in Fig. 1 and 4. The in-  
s tab i l i ty  of R u ( V I )  on Ru can be ur/derstood by  the 
mechanisms governing  the oxidat ion  of Ru electrodes.  
According to the Pourba ix  d iag ram and the resul ts  of 
o ther  invest igators  (16) ,  oxida t ion  of Ru in 1N H2SO4 
star ts  at ,-,O.3V (SCE).  Adsorbed  oxide or hydrox ide  
layers ,  formed in the potent ia l  range  0.3-0.8V, are re -  
vers ib ly  reduced at  about  0.1V (13). This adsorpt ion 
l aye r  is demons t ra ted  in Fig. 1 (oxygen peak  at  0.75V 
polar iza t ion)  and  Fig. 2 for the same e lec t rode  po la r -  
ization. The peak  shift  of the O Is l ine in Fig. 3b be-  

(IV) 

4/2 0 2 .  RuO~(IoHIZ~'"~ 
RuO 2 (hydr.�91 

H20 "~f ~ 
RuO 4 (gas) H++ e -  

Fig. 7. Model for the oxygen evolution and corrosion on Ru and 
RuO~ electrodes. 

tween  1.1 and 1.2V indicates  a t rans format ion  of the 
adsorbed oxygen  layer .  The absence of a cor respond-  
ing peak  shift  of the Ru 3d5/2 line (Fig. 3a) is evidence 
that  this t r ans format ion  is not  connected wi th  a sub-  
s tan t ia l  increase in film thickness.  We conclude tha t  
in analogy to invest igat ions  on Pt  (17) a site exchange 
react ion takes  place.  

This v iew is suppor ted  b y  cyclic vo l t ammet ry  ex-  
pe r iments  whe re  an  increas ing  i r r eve r s ib i l i t y  of the  
oxygen  reduct ion peak  is observed if the anodic sweep 
is ex tended  to 1.1V and beyond (13). At  a potent ia l  
of 1.13V, oxygen evolut ion s tar ts  on this surface layer  
(2, 6, 13). Above 1.2V, af ter  site exchange has taken  

place, the shif t  of the Ru 3d5/2 l ine in Fig. 3a demon-  
s t ra tes  the  g rowth  of a th ick hydra t ed  oxide by  re-  
deposi t ion of corroded R u ( V I I I ) .  We propose that  
s imi lar  surface species a re  formed on Ru and RuO2. 
The difference in s tab i l i ty  is due to different  in te rac-  
tions of the formed in te rmedia te  wi th  the respect ive  
substrate .  For  RuO2, the in te rmedia te  matches  the 
crys ta l  s t ruc ture  a n d  does not give rise to fur ther  
at tack.  The same in te rmedia te  is easier  to remove on 
Ru  because bonding to the  subs t ra te  wi th  a different  
la t t ice  geomet ry  is weaker ,  thus giving rise to cor-  
rosion. 

AcknoWledgments 
The authors  would l ike  to thank  P. Brfiesch for he lp-  

ful  discussions. The excel lent  technical  assistance of 
W. Fodi tsch is g ra te fu l ly  acknowledged.  This work  
was suppor ted  by  the Nat ionale  Energie Forschungs  
Fond. 

Manuscr ip t  submi t ted  May  26, 1982; revised manu-  
script received Oct. 21, 1982. 

A n y  discussion of this pape r  wil l  appea r  in  a Dis-  
cussion Sect ion to be publ i shed  in the December  1983 
JOURNAL. Al l  discussions for  the December  1983 Dis-  
cussion Sect ion should be submi t ted  by  Aug. 1, 1983. 

Publication costs of this article were assisted by BBC 
Brown, Boveri & Company Limited. 

REFERENCES 

1. S. Trasa t t i  and G. Buzzanca, J. Electroanal. Chem. 
Interiacial Electrochem., 29, A1 (1971). 

2. C. Iwakura ,  K. Hirao, and H. Tamura ,  Electrochim. 
Acta, 22, 329 (1977). 

3. G. Lodi,  E. Sivieri ,  A. de Battist i ,  and  S. Trasatti, 
J. Appl. Electrochem., 8, 135 (1978). 

4. L. D. Burke,  in  "Electrodes  of Conduct ive Metal l ic  
Oxides," S. Trasat t i ,  Editor,  p. 141, Elsevier  Sci-  
entific Publ i sh ing  Co., New York  (1980). 

5. S. Trasa t t i  and W. E. O 'Grady,  in "Advances  in 
Elec t rochemis t ry  and Elect rochemical  Eng ineer -  
ing," Vol. 12, H. Ger ischer  and C. W. Tobias, Ed i -  
tors, p. 177, Interscience,  New York  (1981). 

6. S. Stucki  and A. Menth,  Bar. Bunsenges. Phys. 
Chem., 84, 1008 (1980). 

7. P. M. A. Sherwood,  Surf. ScL, 101, 619 (1980) and 



VoW. I3O, No. 4 X P S  S T U D I E S  829  

references  therein.  
8. J. S. Hammond  and N. Winograd,  J. Electroanal. 

Chem. Interracial Electrochem., 80, 123 (1977). 
9. W. N. Hansen,  D. M. Kolb,  D. L. Rath,  and R. Wille,  

ibid., 110, 369 (1980). 
10. K. S. K im and N. Winograd,  J. Catal., 35, 66 (1974). 
11. T. Dickinson, A. F. Povey, and P. M. A. Sherwood,  

J. Chem. Soc., Faraday Trans. 2, 71, 298 (1975). 
12. T. S. Wit t r ig ,  D. E. Ibbotson, and W. H. Weinberg ,  

Surf. Sci,, 102, 506 (1981). 
13. M. Vukovic,  H. Angers te in -Koz lowska ,  and  B. E. 

Conway, J. Appl. El.ectrochem., 12, 193 (1982). 
14. W. E. O 'Grady ,  P r iva te  communicat ion.  
15. L. D. Burke  and J. F. Healy,  J. Electroanal. Chem. 

Interracial Electrochem., 124, 327 (1981). 
16. J. F. Llopis  and I. M. Tordesil las,  in "Encyclopedia  

of E lec t rochemis t ry  of the Elements ,"  Vol. 6, A. J. 
Bard, Editor,  p. 277, Marce l  Dekker ,  New York  
(1976). 

17. B. E. Conway, in "Electrodes of Conduct ive Metal l ic  
Oxides," Pa r t  B, S. Trasat t i ,  Editor,  p. 433, El -  
sevier  Scientific Publ i sh ing  Co., New York  (1981). 

Inelastic Neutron Scattering and Transmission Electron Microscope 
Studies of Lead Dioxide 

P. T. Moseley* 
Materials Development Division, A ~E.R.E. Harwell, Didcot, Oxon, OX1 I ORA, England 

J. I_. Hutchison 

Department of Metallurgy and Science of Materials, Oxford University, Oxford, England 

C. J. Wright 

Materials Physics, Division, A.E.R.E. HarwelI, Didcot, Oxon, OXl l ORA, England 

M. A. M. Bourke 

Materials Development Division, A.E.R.E. Harwell, Didcot, Oxon, OX1 I ORA, England 

and R. I. Hill and Y. S. Rainey 

Materials Physics Division, A.E.R.E. Harwell, Didcot, Oxon, OX1 I ORA, England 

ABSTRACT 

The complementary  techniques of inelastic neutron scattering and high resolution t ransmission electron microscopy 
have been used to s tudy different aspects of the consti tution of several forms of lead dioxide. The neutron scattering tech- 
niques, which are part icularly sensitive to the presence of hydrogenous species, indicate that lead dioxide can accommo- 
date widely varying amounts of hydrogen. The vibrat ion spectra, recorded after various dehydrat ion procedures,  do not 
show sharp characteristic vibrat ions consistent with hydroxyl  groups similar to those known to be present  in other 
hydrogen-contain-ing oxides. They suggest that  the temperature- induced changes observed are consistent with the pres- 
ence of adsorbed water. There appears to be a relationship between the amount  of hydrogen present  in a sample of PbO~, as 
measured by neutron transmission, and the proport ion of reduced lead present  (i.e., other  than Pb 4+) determined by chemi- 
cal analysis. The electron microscopy has allowed the first direct imaging of the crystal structure of fi-PbO2. This form of 
lead dioxide, like ~-PbO2, is prone to coherent s tructure intergrowth but, unlike ~-PbO~, the range of defects present  does 
not include planar faults. 

Despi te  the  an t iqu i ty  of the  concept  of  the  l ead  acid 
ba t t e ry  a n u m b e r  of questions regard ing  its funct ion 
r ema in  unanswered .  Two of these concern the s t ruc-  
ture  of the  active phase  at  the cathode (PbO2). Not 
on ly  is i t  unc lear  why  this phase  typ ica l ly  yields  only 
20 -> 30% of its theore t ica l  capaci ty,  but  it  is also un-  
clear  why  i t  has to be p repa red  by  an e lec t rochemical  
route ,  I t  has been repor ted  (1, 2) that  lead dioxide 
p repa red  b y  chemical  routes  is incapable  of de l iver ing  
e lec t rochemical  capacity,  imply ing  that  the successful 
construct ion of a lead acid ba t t e ry  depends  on the 
format ion  of the  cathode mate r i a l  by  e lec t rochemica l  
means.  F u r t h e r  i t  has been suggested (3) that  long-  
t e rm degrada t ion  of ba t t e ry  capac i ty  is r e la ted  to the 
progress ive  conversion of the  active lead dioxide  into 
a form which resembles  the chemical ly  p r epa red  p rod-  
uct. These phenomena  have  not  been a d e q u a t e l y  ex -  
plained,  and l i t t le  is k n o w n  of the  difference be tween 
chemica l ly  and e lec t rochemica l ly  p r e p a r e d  mater ia l .  

" Electrochemical Society Active Member. 
Key words: defects, cathode, crystallography, stoichiometry. 

It has been proposed (3), or~ the basis of nuclear 
magnetic resonance measurements, that the active 
form of PbO2 contains hydrogen which is related in 
some way to the electrochemical activity. However, it 
is not yet known what form this hydrogen takes, or 
where it is sited. A further theory (3, 4) offers the con- 
cePt that electrochemical activity depends (inversely) 
on the degree of order in the crystals, and thermal 
decov~position studies (5) have led to the suggestion 
that positive plate active material contains an amor- 
phous form of PbO2 in addition to the two known 
crystalline polymorphs ~ (orthorhombic) and ~ te- 
tragonal). 

Questions relating to the possible presence of a hy- 
drogen species in PbO2 and to the form it might take in 
the active mass are conveniently investigated by ther- 
mal neutron scattering in view of the ratios of the 
scattering and absorption characteristics of the princi- 
pal elements of interest (6). Until now neutrons have 
been used to study.PbO2 only by means of diffraction 
experiments (7, 8). In these, use has been made of the 
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similari ty between the scattering lengths of lead and 
oxygen to derive a more precise model o~ the structure 
of fi-PbO2 than was acnievable with x-rays.  More 
recently (9) a neu t ron  diffraction s tudy has shown 
that the t radi t ional  view of lead dioxide as substan-  
t ial ly oxygen deficient is probably incorrect and 
Pbl-xO2 is a bet ter  description. The presence of 
hydrogen in lead dioxide was deduced, in this experi-  
ment,  from the level of the incoherent  background 
scattering, but  informat ion concerning the where-  
abouts of the hydrogen was not obtained. 

The present  paper describes neu t ron  transmission 
and inelastic scattering experiments.  The former have 
been used to estimate the hydrogen content  of-PbO2 
samples, whereas the object of the lat ter  was to iden-  
tify whether  local vibrat ional  modes could be found 
which .were characteristic of hydrogen bound in a spe- 
cific manne r  to the PbO~ lattice. 

Specimens of a- and ~-PbO2 prepared by both 
chemical and electrochemical methods have been ex- 
amined in addition to samples taken from commercial 
bat tery  plates. 

Recently (10) high resolution transmission electron 
microscopy (HRTEM) has been used to observe the 
crystal structure of chemically prepared ~-PbO2. It  
has demonstrated the presence o f  extensive defect 
s t ructure  which other, conventional,  diffraction tech- 
niques had been unable  to detect. The observation of 
defect s t ructure in lead dioxide clearly has relevance 
for theories of electrochemical activity based on dis- 
order. The present  paper, in addition to the neut ron  
scattering, takes the transmission electron microscope 
study on to an examinat ion of other forms of PbO2, 
which are arguab~.y of more direct relevance for bat-  
tery considerations than was the a-PbO2 which was the 
subject of the earlier study. 

Experimental 
a- and ~-PbO2 were prepared by chemical routes as 

described previously (10). The two crystallographic 
modifications were also prepared by electrodeposition 
as anodic layers onto gold substrates following meth-  
ods reported in the l i terature (11). For ~-PbO2 a 2N 
KOH solution saturated with lead monoxide was elec- 
trolyzed at 10 mA/cm e and for/~-PbO~ a solution which 
was 0.15M in both Pb(NO3)2 and nitr ic  acid was elec- 
trolyzed at 100 m A / c m  2. The products were each 
removed from their  gold substrates, ground, and 
checked for phase pur i ty  by x - r ay  powder diffraction 
using CuKa radiation. Only peaks a t t r ibutable  to the 
major  product phase were detected in each case. Cal- 
culations based on the" breadth of the diffraction peaks 
indicated that the average crystalli te size of the two 
products was of the order of 300A. 

The four materials together with two specimens taken 
from bat tery plates were analyzed for total lead con- 
tent  by a gravimetric  method and for Pb TM by iodo- 
metric ti tration. The results are given in Table I. Prior  
to the analyses, the labora tory-prepared samples were 
dried in warm flowing air. In  this way it was expected 
that excess physisorbed water  would be removed, but  
not that  which could be essential to electrochemical 
activity. The two bat te ry  samples were dried by  
being left in air at room temperature.  As pointed out 
previously (10), discrepancies between the values of 

Pb TM and total lead might  be explained on the basis of 
a hydrogen content  and this possibility is discussed 
fur ther  below. 

Crystals of the electrochemically prepared fi-PbOs 
were distr ibuted on a copper grid coated with a per-  
forated carbon film for transmission electron micros- 
copy. 

Two types of neu t ron  exper iments  were performed. 
In the first, the ~ansmiss ion  of neutrons  through com- 
pressed disks of Pb02 samples provided a simple 
measurement  of their total neu t ron  cross sections. Be- 
fore these measurements ,  the disks were heated at 
120~ overnight  in air to remove any weakly adsorbed 
water. In the second, the vibrat ional  spectra of PbO2 
samples were recorded by time-of-fl ight and beryl l ium 
filter spectrometers on DIDO reactor at A.E.R.E. Har-  
well. The t ime-of-fl ight data were recorded at room 
temperature,  whereas the bery l l ium filter spectra were 
recorded at 80 K. 

Neutron Scattering 
The neut ron  tr~ansmission, T, of a sample is related 

to its cross section via the relationship T =- exp (--Net), 
where N is the number  of scattering units  per uni t  
volume, r is the uni t  total cross section, and t the sam- 
ple thickness. 

The masses per uni t  area of the samples used in the 
t ransmission experiments and the measured values of 
their neu t ron  transmissions are given for an incident  
neu t ron  wavelength of 10A in Table II. From this data 
the cross section of each sample per mol of PbO2 can 
be calculated. The cross sections, ~, appropriate to 
~. ---- 10A are also recorded in the table. It is possible to 
compare these cross sections with that which would be 
expected for stoichiometric PbO2. In  the low tem- 
perature  long wavelength limit, the total cross section, 
6"TOT, where 

~ = O'coherent --~ ~in~oherent ~- Crabsorption 

will reduce to the sum of the incoherent and absorp- 
tion cross sections at wavelengths beyond the Bragg 
cutoff (X =. 2d max) (12). This value is 7.66 and 7.0A 
for ~- and /3-PbO2, respectively. For PbO2 at 10,~. 
this l imit ing cross section is  1.4 • 0.05 barns  (13). The 
finding that for /3-PbO2 chemical ~ = 2.5 barns sug- 
gests that inelasticity corrections to the l imit ing value 
of # under  our measurement  conditions are small. The 
large cross sections determined by exper iment  for the 
other PbO~ samples can only be accounted for if there 
is a substant ial  quant i ty  of hydrogen present  in the 
samples. We have estimated the molar  quant i ty  of 
water  that  each sample would have to incorporate to 
produce the measured cross sections and this is given 
in Table III. This calculation does not imply, however, 
that any hydrogen present  in the PbO2 is necessarily 
incorporated as water. The cross section used for the 
water  was 245 barns /molecule  (14). Since the cross 
section for hydrogen is so m u c h  greater  than that for 
any other element,  the discrepancy between the mea-  
sured cross sections and those expected on the basis of 
the samples being pure PbO2 can be accommodated 
with less disruption to the overall stoichiometry by in-  
cluding hydrogen, than would occur with any other 
element.  

Table I. Analysis of lead dioxide (w/o), estimated errors 0.4 w/o 

Pb zv* T o t a l  Pb 

a-PbOs ( c h e m i c a l )  72.2 86.6 
fl-Pb02 ( c h e m i c a l )  85.6 85.5 
a -Pb02  ( e l e c t r o c h e m i c a l )  80.5 84.7 
~-PbO~ ( e l e c t r o c h e m i c a l )  82.0 84.6 
fl-Pb02 (ex b a t t e r y  1) 73.9 84.3 
~-PbO~ (ex  b a t t e r y  2) 75.8 83.3 

* S t o i c h i o m e t r i c  P b 0 2  r e q u i r e s  86.6 w / o  Pb .  

Table II. Transmission of neutrons through five samples of Pb02 

Mass/ Trans- 
area mission c~ x in 

Sample (g/cm 2) at 10A (barns) PbO.o-x(H~O)~ 

a -Pb02  c h e m i c a l  0.98 0.83 75 0.3 
a-PbO~ e lec t ro-  0.99 0.88 50 0.2 

c h e m i c a l  
fl-Pb02 c h e m i c a l  1.57 0,99 2.5 0.0 
~-PbO_~ e lec t ro -  1.16 0.94 21 0.08 

c h e m i c a l  
PbO~ ex  b a t t e r y  1 2.34 0.88 22 0.08 
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Table III. Water contents of Pb02 samples estimated from neutron 
transmission and chemical analysis data 

xPbO~-~ (H20) a Total 
estimated Pb-Pb iv 

from neutron % dff- 
transmission ference 

a-PbO~ chemical 0.3 0.17 
a-PbO= electrochemical 0.2 0.05 
~-PbO= chemical 0�9 0.0 
fl-PbO= electrochemical 0.08 0:03 
PbO= ex battery 1 0.08 0.12 

There  a re  o ther  possible  contr ibut ions  to the cross 
section at  wave lengths  > 8A, diffuse sca t te r ing  being 
one example .  The size of these contr ibut ions,  however ,  
wi l l  s t i l l  be ve ry  much smal l e r  than  the quant i t ies  
measured  exper imenta l ly .  Table  I I I  also shows the 
percentage  difference be tween  the analyses  for to ta l  
Pb  and for  Pb TM and it wi l l  be seen that,  in most  cases, 
these corre la te  qua l i t a t ive ly  wi th  the values  ca lcula ted  
for  x in PbO2-x (H20)x  f rom the t ransmission e xpe r i -  
ment.  The rat io  of  hydrogen  to lead  a toms for  e lec-  
t rochemica l ly  p r e p a r e d  ~-PbO2 (0.16) is s imi lar  to 
tha t  deduced for act ive fl-PbO2 (0.20) b y  Jorgenson  
et al. (9). 

Measurements  were  made  of the inelast ic  neu t ron  
sca t ter ing  f rom PbOe samples  in an a t t empt  to ident i fy  
sca t ter ing  which migh t  or ig ina te  f rom adsorbed  wate r  
or  h y d r o x y l  groups�9 It  is poss ible  to di f ferent ia te  spec-  
t roscopical ly  be tween  those hydrogen  atoms in single 
h y d r o x y l  groups,  as in H0.34MoO3 (15) and H0.4WOs 
(16), those in coordinated  and isolated wa te r  mole-  
cules, as in H2.0MoO~ (15), and those in adsorbed 
drople ts  of w a t e r  as found in the  pores  of silicas (17). 

T h e  analysis  of the measu red  sca t te r ing  da ta  w a s  
h i n d e r e d  by  the lack  of any  previous  expe r imen ta l  
measurements  of the  v ibra t iona l  spec t rum of PbO2, 
and in an effort  to overcome this we recorded the in-  
elastic sca t ter ing  f rom the PbO2 (ex ba t t e ry  2) sample,  
a f te r  i t  had  been subjec ted  to hea t ing  in vacuo at 
300~ The rma l  analysis  da ta  (5) indicate  tha t  at  this 
t empera tu re  al l  the hydrogen  wil l  have  been removed  
from the sample,  wi th  no a t t endan t  change in the PbO~ 
stoichiometry.  This was confirmed by  our  XRD data  
which did not  r evea l  any  PbO phase. F igure  1 compares  
the  da ta  measured  with  a be ry l l i um filter spectrometer ,  
at  80 K, be tween  150 and 1300 cm -~, for  two mater ia ls ,  
d r ied  in a i r  at  room t empera tu re  (ex ba t t e ry  2 and ex 
ba t t e ry  1), ma te r i a l  (ex ba t t e ry  1) hea ted  in vacuo 
at 100~ and ma te r i a l  (ex ba t t e ry  2) hea ted  at  300~ 
in vacuo. It  can be  seen that  there  is a g radua l  r educ-  
tion in sca t ter ing  in tens i ty  as the d ry ing  procedure  be -  
comes more  r igorous.  There  is a ve ry  pronounced  
change be tween  spect ra  (a) and  (b) .  In  spec t rum (a) 
the  sca t te r ing  shows peaks  at  662 and 839 cm -1, en-  
ergies  which resemble  closely the energies p rev ious ly  
observed  for  bu lk  ice at 646 and 831 cm -1 (17). The 
peaks  in spec t rum (b) a t  642, 815, and 1081 cm - i  
appea r  to pers i s t  in the  spec t ra  of the hea ted  mate -  
rials,  bu t  as the  in tens i ty  of these bands  declines, the 
re la t ive  in tens i ty  of  the sca t ter ing  at 476 cm -1 in-  
creases. I t  is assumed that  spec t rum (d) corresponds 
to t he  scat ter ing f rom hyd rogen - f r ee  PbO2. Clear ly  the 
sca t te r ing  f rom any  ice remain ing  in the samples  wi l l  
re inforce  the  sca t ter ing  f rom the PbO2 at  642 and 815 
cm -1, and  the observed  changes in the sca t ter ing  in-  
t ens i ty  on hea t ing  are  a l l  consistent  wi th  progress ive  
loss of w a t e r  nuclei.  There  is no evidence for  any  v i -  
bra t ions  character is t ic  of isolated hyd roxy l  or  --OH2 
groups, since al l  the  fea tures  in spectra  (b)  and (c) 
a re  st i l l  to be found in spec t rum (d) .  However  they  
m a y  be present ,  of course, in lower  concentra t ion than  
the wa te r  nuclei  which have  been removed  by  the rmal  
t rea tment .  

Comparisons of  the  low f requency  t ime-of - f l igh t  
spec t ra  of a-PbO2 (chemical ) ,  and  fl-PbO2 (chemical ) ,  
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Fig. 1. Be filter spectra of PbO~ specimens taken from battery 
plates: (a) material dried in air at room temperature ex battery 2, 
(b) material dried in air at room temperature ex battery 1, (c) ma- 
terial heated in vacuo at 100~ ex battery 1, (d) material heated 
in vacuo at 300~ ex battery 2. 

which the t ransmission da ta  showed to have the high-  
est and lowest  hydrogen  contents,  r evea led  ve ry  l i t t le  
difference be tween  them. No local modes could be 
identif ied as or ig inat ing  f rom hydrogen-con ta in ing  
groups. In  Fig. 2 the peaks  wi th  ~160 cm -1 and lower  
energies  p robab ly  arise f rom the acoustic phonons of 
the PbO2. 

Electron Microscopy  
Specimens of ~-PbO2 p r e p a r e d  e lec t rochemical ly  

and/~-PbO2 p repa red  e lec t rochemica l ly  and chemical ly  
have been examined  in the  present  s tudy.  

Single  crys ta l  diffraction pa t te rns  of the e lec t ro-  
chemical ly  p repa red  ~-PbO2 (Fig. 3) are  consistent  
wi th  the  ru t i le  s t ruc ture  bu t  contain some s t reaked  in-  
tens i ty  away  from the m a x i m a  of the Bragg peaks,  a l -  
though not  to the  same ex ten t  demons t ra ted  by  
chemical ly  p repa red  a-PbO2 (10). 

High resolut ion images revea l  the origins of those 
ex t raneous  features.  F igure  4 shows an area  corre-  
sponding to the  diffraction pa t t e rn  shown in Fig.  3 
[i.e., with the (011) di rect ion of the  main  crysta l  
pa ra l l e l  to the  beam] .  Most of the crys ta l  shows con- 
t ras t  consistent  wi th  an 011- pro jec t ion  of the  ru t i l e  
s t ructure  but  an area, m a r k e d  A, is of a different  p ro -  
ject ion or s t ruc ture  and another  area,  m a r k e d  B, shows 
no contras t  and is p robab ly  amorphous.  F igure  5 shows 
ano ther  crys ta l  which is p r edominan t ly  composed of a 
ru t i le  s t ruc ture  or ien ted  on (011) bu t  which has ye t  
another  s t ruc ture  or or ien ta t ion  (in areas  marked  A) 
coherent ly  grown into the  s t ructure .  In  Fig. 6, we 
see that  different  or ienta t ions  of the same s t ruc ture  
can be grown into the  pa ren t  (011) ru t i l e  crystal ,  as at  
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F i g .  2 .  Neutron scattering spectra recorded between 0 and 8 0 0  
cm -1 for chemically prepared ~- and ~-PbO~, (amplitude weighted 
densities of states). 

B, and there  a re  also areas,  as at  C, where  the same 
s t ruc ture  [(011) fu t i le]  is grown ro ta ted  by  90 ~ A 
s imilar  s i tuat ion in which different  par t s  of the crys ta l  
a re  or ien ted  iden t ica l ly  wi th  respect  to one another  
is shown in Fig. 7 Here  coherent  twin  boundaries ,  such 
as tha t  ar rowed,  can be identified. The appa ren t  ab -  
sence of any  crys ta l lographic  Shear p lanes  is consistent  
wi th  the oxide beihg stoichiometric,  a l though it  does 
not, of course, represent  a proof.  

The types  of coherent  s t ruc tura l  or  or ien ta t ional  in-  
t e rg rowth  shown in Fig. 4-7 appear  to be typica l  of 
~-PbO~. Chemica l ly  p r epa red  ~-PbO2 crysta ls  exhib i t  

Fig. 4. High resolution image corresponding to the diffraction pat- 
tern shown in Fig. 3. Mainly shows contrast attributable to the 

(01i) projection of the futile structure, but there is also a second 
structure type or orientation at A and an amorphous area at B. 

Fig. 5. A second crystal with mainly (011) rutile contrast, but a 
further structure or orientation type is coherently grown in at the 
two areas marked A. 

Fig. 3. Diffraction pattern from a crystal of ~-PbO~ (011-) section 
with some streaking away from the intensity maxima of the Bragg 
reflections. 

Fig. 6. Crystal with the (011) rutile contrast coherently grown to- 
gether in two separate orientations (at A and C) also intergrown 
with a different structure or orientation type (at B). 
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Fig. 7. Crystal with (0H)  rutile contrast in two separate orienta- 
tions both parallel to the beam with a twin boundary marked. 

similar  substructure.  These  features do not appear to 
be caused by interact ion with the electron beam since, 
when  selected features were monitored over extended 
periods of electron irradiation, no changes were seen. 

Crystals of electrochemically prepared ~-PbO2 
yielded streaked diffraction pat terns (Fig. 8) redolent  
of p lanar  f au l t ing  like that exhibited by chemically 
prepared a-PbO2 (10). No such faults were found in 
crystals of ei ther form of fi-PbO2 and this would ac- 
count for the different ways in which the two  struc-  
ture  types responded to attempts at refinement with 
x - r ay  powder data (10). 

Discussion 
The neu t ron  exper iments  in  the present  study ap- 

pear to confirm the abil i ty of PbO2 to accommodate 
hydrogen and indicate that  the major i ty  of the hy-  
drogen is present  as water  droplets ei ther filling pores 
wi th in  the PbO~, or adsorbed at the pore surfaces. 
The correlat ion between the quant i ty  of hydrogen 
found from the neut ron  transmission measurements  
and the difference between the analysis figures for 
tot~il Pb and for Pb TM suggests a formulat ion of lead 
dioxide in which a reduced form of lead (probably 
Pb 2+) is present  with total charge balance main ta ined  
by a component  of this hydrogen. Thus we might  write 
Pbl-.~/24 + Pbz/~ ~ + Hx + 02 and main ta in  the overall  cat-  
ion /oxygen  ratio at 0.5. However the excess of hydro-  
gen present  in  some of the specimens included in Table 
III, beyond that which could charge compensate for 
Pb 2+, and the absence of any observable inelastic scat- 
ter ing from hydroxyl  groups indicate that the hydrogen 
in  the water  droplets is present in greater concentra-  
t ion than  any  cationic hydrogen even after heat ing 
at 120~ 

The electron microscopy has shown that  the coherent 
in tergrowth of crystals of PbO2 in different orientat ions 
is jus t  as characteristic of the ~-form as it is of the 
chemically prepared s-form.  These two materials  differ 
in that  the p lanar  faults exhibited by the a-form are 
not found in the ~-form and this may account for the 
different results of at tempts to refine the two s t ruc -  
tures with x - r ay  powder data (10). The apparent  ab- 
sence of crystallographic shear planes in both cases is 
consistent with any depar ture  from stoichiometry 
(i.e., x in PbOf-~)  being very  small. 

The possibili ty that  crystal faul t ing and s t ructural  
in~;ergrowth have some bear ing  on eIectrochemicaI 
capacity remains  to be tested by a high resolution 
electron microscope study of a sample of PbO2 which 
is known to lack electrochemical activity. 

Fig. 8. Diffraction pattern of a crystal of electrochemically pre- 
pared ~-PbO2. The pattern represents the (11"0) section of the re- 
ciprocal lattice with streaking extending in the C ~ direction. 

In future the neutron experiments can be used to 
test for a correlation between the presence of hydro- 
gen and electrochemical capacity, to seek a connection 
between hydrogen content, crystal faulting, and sur- 
face areas, and to examine in further detail the man- 
ner in which hydrogen is accommodated. 

Conclus ions 
High resolution transmission electron microscopy has 

been used to demonstrate  that substant ial  and coherent 
s t ructural  in tergrowth takes place in electrochemically 
prepared ~- and fi-PbO~. Neutron scattering from a 
variety of specimens of lead dioxide confirms the 
abil i ty of the mater ia l  to accommodate hydrogen. 
Changes observed in the inelastic scattering from the 
PbO2 after hea t - t rea tment  are consistent with a pro- 
gressive loss of water  droplets. There is no evidence for 
any  characteristic vibrat ions associated with isolated 
hydroxyl  or --OH~ groups. 
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Nickel Triphenylphosphine Electrodes 
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ABSTRACT 

Electrodes can be formed from physical  mixtures of carbon, nickel (o), and t r iphenylphosphinated/polystyrene beads. 
The immobil ized Ni(PPh~) complex exhibits electrochemistry similar to that  of the electrolyte-soluble homogeneous cata- 
lyst and will also sustain a catalytic current for the cathodic reduction of chloroform. These physical  mixture electrodes are 
longer lived than electrode surfaces modified with an adsorbed film of nickel- t r iphenylphosphinated polystyrene. 

Chemical ly  modified electrodes continue to be in-  
ves t iga ted  as a means  for doing e lect rocata lys is  [e.g., 
(1-3)] .  Such electrodes must,  of course, be e lec t ro-  
active as wel l  as s t ruc tu ra l ly  durable ,  res is tant  to 
poisoning, and res is tant  to dissolution. To achieve 
these propert ies ,  we have developed a "physieal  m ix -  
ture"  e lect rode s t ructure  by combining a homogeneous �9 
e lect roact ive  cata lys t  (nickel  t r iphenylphosphine)  
wi th  a ca ta lys t - insolubi l iz ing  agent  [commercial  po ly -  
s ty renephenylphosphine  beads (4), cross- l ined 2% for 
insolubi l i ty] .  These beads were  mixed  wi th  an elec-  
t ronica l ly  conduct ing carbon paste  to form the elec-  
trode. The questions addressed  in this s tudy were:  (i) 
would the a t tached homogeneous cata lys t  resemble,  
chemica l ly  and electrochemical ly ,  its soluble, cata lyt ic  
form and (ii) could charge be t r ans fe r red  into and 
out  of the s t ruc ture  fast  enough to media te  an e lect ro-  
cata lyt ic  process? 

The chemical  cata lyt ic  proper t ies  of nickel  t r i -  
phenylphosphine  have been inves t iga ted  sporad ica l ly  
since 1948 (5). Some in teres t ing  potent ia l i t ies  have 
been discussed [e.g., (6)]  a l though commercia l  e x -  
p loi ta t ion of these complexes has not  ye t  been re -  
ported.  Solid, a i r  s table  N i ( I I )  complexes of the s toi-  
ch iomet ry  (PPh3)2NiX2 are  found wi th  X ----_ C1, Br, 
I, NO3-,  N C S - ,  but  not  F - ,  NO2- (7). The solid 
PPhs compound with  chloride and nickel  is t e t r a -  
hedra l  and paramagnet ic .  I t  is also possible to form 
nickel  ( I I ) /PPh3  anions. Sol id [NEt4] [Ni(PPh~)Br3] 
has been prec ip i ta ted  f rom a solution containing an 
excess of b romide  ion.  

Complexes  wi th  PPh3 also exist  for monovalen t  
nickel.  Sol id (PPh~)3NiC1 has been p repared  and is 
pa ramagne t i c  (9, 10). Cryoscopic studies in benzene 
indicate  some dissociation into (PPh3)2NiX and no 
significant Ni-Ni  interact ion.  

The solid, zero va lent  n icke l -phosphine  complex is 
Ni(PPh3)4.  Cryoscopic studies,  NMR, and absorpt ion 
spectroscopy in benzene confirm the solution equi-  
l ibr ium:  N~(PPh3)4 ---- Ni(PPb4)~ -t- PPhs, to y ie ld  
coord ina t ive ly  unsa tu ra ted  N i (O) .  The equi l ib r ium 
constant  was es t imated  as grea te r  than 10, in that  no 
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electroorganic synthesis: 

association was found for 15 mM nickel  in molar  PPhs. 
Such coordinat ive  unsa tura t ion  is considered (12) a 
prerequis i te  for cata lyt ic  activit ies.  There  was no evi-  
dence for Ni-Ni  in teract ions  and no fur ther  dissocia- 
t ion to N i ( P P ~ ) 2  (11). 

Papers  (13, 14) have recen t ly  appea red  on the elec- 
t rochemis t ry  of Ni/PPh3, i.e., wi th  (PPh3)2NiCI2 in 
THF and AN, and with  Ni(C104)~ ~ PPh3 in acetoni-  
trile.  [Here Ni(C104)2 was p repa red  by  anodizat ion 
of metal l ic  nickel  in t e t r a b u t y l a m m o n i u m  perch lo ra te -  
acetoni t r i le  solution (14).] In  acetoni t r i le  and in THF, 
wi th  s toichiometr ic  chloride and excess PPh~, the 
ma jo r  soluble nickel  species was c la imed to be 
(PPh3)2NiCI2. Chloride ion, produced on cathodic re-  
duction, was prec ip i ta ted  wi th  l i th ium ion. With  
chloride scavenged f rom the system, N i ( I I )  was re-  
duced in two dist inct  steps. The e lec t rochemis t ry  of 
N i ( I I )  in the absence of chlor ide ion, in AN, is again 
a two-s tep  process, but  wi th  l i t t le  (<50 mV) sepa ra -  
t ion in ha l f -wave  potent ia l ;  NMR studies of nickel  
(II)  in solut ion indica ted  pa ramagne t i c  nickel;  an 
oc tahedra l  configuration was c la imed (14), wi th  the 
composit ion (PPh3)2Ni(AN)4 +~. However ,  the data  is 
equa l ly  consistent  wi th  t e t r ahed ra l  symmet ry .  I t  is 
l ike ly  that  soluble Ni ( I I ) ,  in excess  PPhs, is st i l l  four  
coordinate  wi th  both solvent  and PPhs, having  the 
composit ion [ (PPhs) 2Ni(AN).2+~]. 

Experimental 
The (PPh3)2NiC12 complex was p repa red  according 

to the method publ ished in Ref. (15); e lementa l  ana l -  
ysis gave the theore t ica l  amount  of nickel.  NiC12DME 
was purchased  f rom Alfa  Chemical  and used as re -  
ceived. LiBF4 was purchased  f rom Alfa  Chemical  
Company;  the t e t r abu ty l  ammonium te t raf luoroborate  
was purchased  f rom Southwes te rn  Chemical  Company,  
Austin,  Texas. 

To remove the res idual  water ,  the LiBF4 was hea ted  
at  150~ under  vacuum for 3 days, dissolved in the sol- 
vent  mixture ,  and perco la ted  down a column of 3A 
Molecular  Sieves of twice the solvent  volume. [Alu-  
mina  powder  reacts  wi th  the N i ( O ) / T P P  complex,  
which p reven ted  use of the a lumina  dry ing  procedure  
discussed in Ref. (16-18).] Oxygen  was removed  from 
the solut ion by  purg ing  with  glove box argon. Tr i -  
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phenylphosphine  was purchased  f rom S t r em Chemi-  
cal Company.  This ma te r i a l  contained at  least  one 
e lect roact ive  impur i ty  which increased the res idual  
Fa rada ic  cur ren t  to 10 # A / c m  2 at --800 mV. Subse-  
quent  e lect rolys is  at --1400 mV, before addi t ion  of 
N i ( + 2 ) ,  decreased this "b lank"  to nondetec tab le  
levels.  

The so lubi l i ty  of NiC12 in AN was less than 2 mM; 
no difficulty was exper ienced dissolving (TPP)fNiC12 
in  4 mM concentrat ions.  Acetoni t r i le  was purchased  
f rom Burd ick  & Jackson Company  and from Mal l in-  
krodt .  The TBABF4/AN elec t ro ly te  was dr ied  by  pass-  
age down an equal  volume of neu t ra l  a lumina.  This 
technique removed  peroxides  and t race chlor ide  ion; 
TEACt solutions t rea ted  s imi l a r ly  lost more  than 90% 
solute to the a lumina  column. The effective cathodic 
l imi t  of the SSE was nomina l ly  --2V on a glassy car -  
bon electrode.  

The e lec t rochemical  cell  was of the convent ional  
t h r e e - c o m p a r t m e n t  design, wi th  a coarse gIass f r i t  
separa t ing  the counter  and work ing  e lect rode com- 
pa r tmen t s  and a Luggin  cap i l l a ry  ad jacen t  to the 
w o r k i n g  electrode.  Gold foil was used as the counter -  
e lectrode;  a P A R / B r i n k m a n n  glassy carbon elect rode 
(0.4 cm 2) was used as the work ing  electrode.  The 
reference  e lect rode was a Beckman "Permaprobe ,"  
capaci t ive ly  coupled to the e lec t ro ly te  via a p la t inum 
wire  (19, 20) to minimize  electronic noise. Nominal ly  
30 rain were  r equ i red  for  s tabi l izat ion of the reference  
eIectrode. The P e r m a p r o b e  avoided the possible l eak -  
age of wa te r  f rom an aqueous e lec t ro ly te  reference  
e lec t rode  and was be t t e r  poised than  the low im-  
pedance  s i lver  wires  commonly  used a s  reference in 
nonaqueous  electrolytes .  The potent ia l  of the PP  vs. 
an aqueous sa tu ra ted  calomel e lect rode was measured  
as +70 mV; two PP 's  gave potent ia ls  ident ical  to 
wi th in  5 mV. 

The cell  was opera ted  wi th in  a Vacuum Atmo-  
spheres d r y  box. The measurements  were  made  with a 
PAR Model  173 Potent iostat ,  Model 175 Universal  p ro-  
grammer ,  Model  179 Coulometer ,  and a H e w l e t t - P a c k -  
a rd  7045 X - Y  Recorder.  Weighings and solut ion p r epa -  
ra t ion  were  also car r ied  out wi th in  the  d ry  box. 

C'ontrolIed poten t ia l  coulomet ry  was done, unde r  
s t i rr ing,  wi th  a pyro ly t ic  g raph i t e  electrode.  The quan-  
tity" of this charge that  could be recovered  by  anodic 
oxida t ion  was less than  100% due to chemical  reac-  
tions of Ni (PPh3)8 wi th  solution impuri t ies .  Since such 
chemical  react ions  y ie ld  Ni ( I I ) ,  " recovery"  was de te r -  
mined  by  the amount  of cathodic charge which could 
be de l ivered  on the second electrolysis,  i.e., af ter  the 
first anodic reoxidat ion .  

Anodic  s t r ipp ing  was used to detect  adheren t  films 
of ze ro -va len t  nickel  on the indica tor  electrode.  S low 
(20 mV/sec)  cyclic sweeps were  made f rom 0.0 mV to 
a selected cathodic potent ial ,  then to +600 mV and 
finally back  to 0 mV. The solution was s t i r red  th rough-  
out  so tha t  the  observed  anodic cur ren t  would  have to 
be due to adheren t  surface films. I t  was thus assumed 
that  a l l  n ickel  meta l  was adherent .  The to ta l  cathodic 
and  anodic  charges passed were  computed  by  in te-  
g ra t ing  the cyclic vo l tammogram.  

The ca ta ly t ic  p o l y m e r  subs t ra te  was po lys ty rene  
(2% cross - l inked)  funct ional ized with  0.4 m e q / g  t r i -  
phenylphosphine ,  purchased  f rom S t r e m  Chemical  
Company  as 20-60 mesh "microspheres ."  These spheres 
were  ac t iva ted  wi th  N i ( I I )  as follows: the pale  ye l low 
beads were  p laced overn ight  in NiC12/ThF solut ion 
c o n t a i n i n g  suppor t ing  e lec t ro ly te .  The beads become 
olive green and were  then  washed with  the solvent  
plus e lect rolyte .  The beads remained  green. Omission 
of the e lec t ro ly te  resul ted  in beads that  were  e lec t ro-  
chemically inactive, although still green in color. Sub- 
sequent equilibration with nickel-free electrolyte 
slowly resulted in electroactive material. 

Films were also formed on polystyrene PPh3, by a 
technique similar to that discussed in Ref, (21). The 
polymer beads [before adding Ni(II)], were first 

soaked wi th  THF overnight  and then removed.  The 
res idual  solution containing some soluble po lymer  was 
dropped  onto the surface of a glassy carbon electrode,  
and the solvent  evapora ted .  An N i C 1 J T H F  solution 
was then d ropped  onto this surface to ac t ivate  the 
polymer .  

PVC was also used as a po lymer ic  subs t ra te  for 
nickel /PPh~.  This mate r ia l  (obta ined f rom Polyscience 
Corpora t ion)  was reac ted  with  l i th ium d iphenyl  phos-  
phide  according to the p rocedure  in Ref. (22). The 
product  was then dissolved in THF and dropped  onto 
an electrode surface. Electroact ive  n ickel  was also 
formed by  reduct ion of NiC12-PPh3 solution onto a 
po lymer -coa ted  surface. 

The carbon paste  e lec t rode  was purchased  from 
Br inkmann.  This "organic e lec t ro ly te"  paste  was s table 
in acetoni t r i le  and p ropy lene  carbonate  ' but  not  in 
e lec t ro ly tes  containing THF, DME, or DMF. The back-  
ground currents  at  potent ia ls  more negat ive  than 
--1100 mV were  excessive.  No procedure  was found 
which signif icant ly d iminished this current .  

A vi t reous  carbon paste  was p repa red  in-house  with  
Apiezon grease; according to Ref. (23). This paste  
remained  intact  in PC, AN, HAc, EtOH, and DMF, but  
d is in tegra ted  in THF, DME, and CHeCI2. The ca ta lys t  
beads were  much more  adheren t  to the Apiezon paste  
than  to the B r i n k m a n n  paste. This paste  was used as a 
plug w i t h i n  a glass tube, backed  with  a pyro ly t ic  
g raphi te  disk. I t  was also possible to form an e lec t rode  
by  spread ing  the paste  across a meta l  screen; poIy-  
s tyrene  beads were then  pressed into the paste. 

Results 
Consider  first the chemical  speciat ion of d iva len t  

n ickel  in acetoni t r i le  solutions containing chlor ide  and 
t r iphenylphosphine  and its effect on nickel  e lect ro-  
chemistry.  The var ia t ions  in the optical  spect ra  (Table  
I)  are  t aken  as evidence tha t  chemical  equi l ibr ia  exist  
be tween n ickel  and two ligands. The identif icat ion of 
ionic species has been publ ished (14, 24, 25). Var i a -  
tions in nickel  e lec t rochemis t ry  were  also found with  
var ia t ions  in l igand concentrat ion.  In  Fig. 1 are  cyclic 
vo l tammograms  taken for N i ( I I )  in TBABF4, AN 
solutions free of chloride, with and without TPP pres- 
ent. The PPh3 shifts the reduction process positive by 
nominally 350 mV; the process also appears to be more 
reversible. The anodic peak in the absence of PPhs is 
a stripping peak. Its potential depends on the quantity 
of nickel plated out during the cathodic sweep. The 
cathodic peak potential is sweep-rate dependent in the 
presence of PPhs. The potential at 20 mV/sec is 120 mV 
more positive than at 200 mV/sec (Table If). 

Stoichiometrie (PPh3)~Ni +2 shows:two reduction 
waves while oxidation takes place in one broad wave. 
The addition of chloride ion in the atom ratio of 2CI/ 
INi [5 mM PPhd, 0.6 mM Ni(ll)] sharpened both re- 
duction waves (Fig. 2). Both reduction peaks were 
then essentially sweep-rate independent. An excess of 
chloride (vs. Ni concentration) significantly altered 
the cyclic voltammogram (Fig. 2). However, now in- 
creasing chloride to 0.1M did not further alter the 
cyclic voltammogram. A broad oxidation wave at 

Table I. Absorption spectra vs. solvent 

Ligand ratio 
Maxima (nm) 

PPh~/Ni CI/Ni AN 

0 0 580 
24 0 495 
0 2 570 

615 
67O 

0 i00 655 
700 

24 2 590 
640 

12 12 625 
650 
7OO 
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Fig. 1. The presence of PPh3 ligand increases the Ni(ll) reduc- 
tion potential and the electrochemical reversibility. The electrolyte 
was 0.6 mM Ni(ll) plus 0.1M TBABF4, chloride free, in acetoni- 
trile, without ( . . . .  ) and with 4 mM PPh3. The sweep rate was 
200 mV/sec. 

nomina l ly  +300 mV was present  in all chloride solu- 
tions (not shown in Fig. 2). 

Zinc and NaBH4 are commonly used to prepare 
Ni(PPhs)~. The open-circui t  potential  in 0.1M TBABF4/ 
AN measured for a zinc strip was --650 mV. The ocp 
for p la t inum in a sodium borohydride solution was 
--930 mV (represent ing the positive potent ia l  l imit 
for the effective reduction potential  of BH~-) .  Obvi-  
ously a n u m b e r  of l igand combinations exist (Table 
II) where zinc would not be effective as a reductant,  
which was confirmed by contacting the appropriate 
solutions with metallic zinc. 

Controlled potential  coulometry was used to identify 
the par t icular  nickel  valence states produced by the 
charge transfer process: Electrolysis of divalent  NiC1J 
PPh~ solution at - - 9 0 0  mV, with TBABF4 and LiBF4 
as support ing electrolytes, yielded soluble red-brown 
solution, a decrease in reducible nickel, and an increase 
in oxidizable nickel. In  Table I l I  are listed the n u m b e r  
of electrons t ransferred as a function of solute. Pub-  
lished coulometric data (14) indicated a two-electron 
reduction of Ni ( I I ) ,  yielding a r ed -b rown precipitate 
in AN/TBABF4PPh3 solution free of chloride. The 
solid ra ther  than red-brown solution is due to a high 
PPh~ and nickel concentrat ion (11). 

Nominal ly  two electrons are t ransferred to Ni(I I )  
at potentials more negative than --900 mV in all sys- 
tems studied. The fractional electron change on elec- 
trolysis of NiCI~/PPhJTBABF4 at --500 mV, rather  

Current 
(~a) 

+2O 

+1(3 

O 

-1(3 

-2C 

-3C 

_4O ! 

- 5 0  

-1400 -1000 -6~)0 

I i i I i I 

f 

I I, [ 
-200 0 

Potential (my vs. PP) 

Fig. 2. The 200 mV/sec cyclic voltammogram of stoichiometric 
(PPh3)2NiCI2 shows broad reduction and oxidation waves ( . . . .  ). 
The addition of excess PPh3 (14 mM) and excess chloride (8.4 mM) 
to 0.6 mM Ni(ll) alters the redox behavior. The AN solution was 
0.1M in TBABF4. 

Table 11. Cyclic voltammetric parameters for nickel redox 
reactions (200 mV/sec on glassy carbon in TBABF4/AN) 

Solution Cathodic 
composition (mV v s .  PP) Anodic 

PPl~/ C1/ ~Ni 
NL Ni-** (mM) Ep/2 AE** E~ &E** 

0 0 1.4 - 7 6 5  120 +560 
7 0 0.6 - 7 0 0  45 +80  1"0 
0 t0 1.4 - 9 2 0  - -  + 120 
7 2 0.6 - 5 9 0  0 + lOO 1-0 

( -300)  
7 14 0.6 - 9 7 0  30 ~ 4 7 0  15 

12 50 2 - 9 7 0  30 -420 20 

* "4- a t o m  ratio.  
** 200 m V / s e c  vs. 20 m Y / s e a .  

Table III. Controlled potential coulometry 
(AN + 2 mM NiCI2 + 20 mM PPh3) 

N u m b e r  of  
e l e c t ro ns  

S e q u e n c e  P a r a m e t e r  TBABF~ LiBF~ TEACI 

1 Cathodic  reduct ion  at  0.40 ----. 0.05 0.97 - -  
- 3 0 0  m V  

2 Anodic  oxidat ion 0.24 0.90 
3 Cathodic reduction at 2.0 2.2 1.8 

- 900 mV 
4 Anodie  oxidat ion + 200 1.9 1.7 1.3 

than a single electron reduction, is a consequence of 
a shift in the reduct ion potential  (Fig. 2) by the l ib-  
erated chloride ions. In  LiBF4 solution, which yields 
insoluble LiC1 on reduction of (PPI~)~NiCI~, the 
--500 mV cathodic process consumes one electron. This 
half- reduced solution was colored pale yellow and was 
slightly turbid. In  both solutions two electrons per 
nickel atom were t ransferred at --900 inV. 

Also listed in the table are anodic "recovery" n u m -  
bers, as defined in the Exper imenta l  section. The 95% 
recovery of Ni (O) in TBABF4 may still have been due 
to chemical reaction and /or  slow diffusion of solution 
out of the working electrode compartment.  The 75% 
recovery for TEAC1 solution is not an exper imental  
artifact. The cathodic/anodic cycle was repeated three 
times with 75% recovery each cycle. Fur thermore,  the 
cyclic vol tammogram cathodic peak current  decreased 
by 25% after each electrolysis cycle. 

One possible product of the cathodic charge t ransfer  
process is nickel metal, par t  of which remains  on the 
electrolysis electrode and part  of which sinks to the 
bottom of the cell. Anodic str ipping experiments  were 
used to test for the possibility of an insoluble nickel 
film. No detectable nickel metal  was found for T-BABF4 
solutions with concentrat ions of PPh3 equal to or 
above stoichiometry. For zero P P ~  in TBABF~, 66% 
of the input  cathodic charge was recovered as nickel  
metal. In LiBF4 electrolyte, some insoluble nickel was 
found at  all  PPh~ levels. 

Shown in Fig. 3 is a cyclic vol tammogram for poly- 
s tyrenephosphine beads, impregnated with nickel ions, 
and mixed in with carbon paste. The currents  are 
much larger than for the mil l imolar  Ni/PPh3 solution 
but  the cathodic pat tern  for the nickel  beads resembles 
that  for solutions of stoichiometric (PPh~)2NiCI~ 
(Fig. 2). However, the only anodic current  peak found 
for the nickel beads was at +300 inV. This peak 
shifted more positive as the cathodic wave became 
larger through repeti t ive cycling. The cyclic vol tam- 
mogram was stable after five repeti t ive cycles. The 
results in LiB F4 were similar to these, except that  the 
sole anodic max imum was at nomina l ly  0.0 mV, the 
potential  for nickel metal  oxidation in LiBF4 solution. 

This electrode was potentiostated at --1200 inV. 
When the current  had decreased to 1 ~A, sufficient 
chloroform was added to make the solution 0.07M. The 
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Fig. 3. The 200 mV/sec cyclic voltammogram for the nickel bead 
electrode shows high currents, cathodic behavior similar to stoichi- 
ometric (PPh3)2NiCI2, and anodic behavior similar to nickel metal. 
Shown here is the third repetitive scan.  

conversion observed  was nomina l l y  800 mols chloro-  
form per  tool Ni (Fig. 4). When the exper imen t  was 
repea ted  in 0.04M chloroform/ace toni t r i l e ,  wi th  LiBF4 
as the suppor t ing  electrolyte ,  the cur ren t  rose to a 
m a x i m u m  of nomina l ly  130 #A in 30 min and remained  
constant  at tha t  level  for the fol lowing 8 hr, at which 
t ime the expe r imen t  was de l ibe ra te ly  te rminated .  This 
pa r t i cu l a r  e lec t rode  had  been exposed to solution for 
a total  of 24 hr  to al low possible l e a c h i n g  of the di-  
va len t  n ickel  out of the e lect rode s t ructure .  

It is p resumed  that  the HCCla is reduced  to CHIC12 
and I-~CC1 b y  Ni(PPhs)8  in acetoni tr i le .  No coupling 
products  were  presen t  in acetonitr i le ,  e.g., 1,1,2 t r i -  
chloroethane,  whi le  such products  were  found in 
t e t r ahydrofu ran .  Deta i led  produc t  analysis  was not  
done. 

In  the  absence of n ickel  and the po lys ty rene -phos -  
phine, the addi t ion  of chloroform genera ted  less than 
1 ~k  increase  in cur ren t  at  --1200 mV. The e lec t ro-  
ca ta ly t ic  reduct ion of chloroform on n ickel  meta l  foil 
was much s lower  than  on the zero va lent  t r i pheny l -  
phosphine  complex.  S imi la r  resul ts  were  ob ta ined  wi th  
e lec t rodeposi ted  nickel.  For  example ,  a glassy carbon 
elect rode was poten t ios ta ted  at --1200 mV in an NiC12 
solut ion of TBABF4 in acetonitr i le .  Af te r  the cur ren t  
decreased to 1 ~A, chloroform was added  to the 0.07M 
level  and the cur ren t  increased by  only 5 #A, wel l  be-  
low tha t  of the beads.  

Fi lms made  of po lys ty rene - t r i pheny lphosph ine  and 
PVC- t r i pheny lphosph ine  on glassy carbon also showed 
e lec t rochemical  ac t iv i ty  a f te r  t r e a tmen t  wi th  Ni +2 so- 
lu t ion but  were  less adherent .  In  AN, a cathodic max i -  
m u m  was also found at  --1400 mV and an anodic 
m a x i m u m  at 4.16,0 inV. However ,  the peaks  d isap-  
peared  a f te r  a few repe t i t ive  cycles. Visual  observa-  
t ion of the  e lec t rode  showed l i t t le  r emain ing  po lymer  
on the e lec t rode  surface. 
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Fig. 4. The electrocatalytic reduction of 0.07M CHCI3 in AN 4- 
0.1M TBABF4 is accomplished by the nickel bead electrode, poten- 
tiostated at --1200 rnV vs. PP. Chloroform was added at time zero 
(after the background current had decayed to S #A). 

Electrocata lys is  was also found wi th  the n ickel  
po lys ty rene t r ipheny lphosph ine  beads,  using chloro-  
methy lbenzoa te  as the organic  substrate .  The react ion 
was slow at room tempera ture ,  but  showed a cur ren t  
increase  of 70 ~A at 50~ and at  --600 mV appl ied  
potent ial .  

Discussion 
The speciat ion of N i ( I I )  in acetoni t r i le  containing 

chlor ide and t r iphenylphosphine  l igands is dependent  
on the re la t ive  rat ios of nickel  to the two ligands. The 
cyclic v o l t a m m e t r y  is consistent  wi th  l igand-r i ickel  
in teract ions  preceding  and fol lowing charge t ransfer ,  
e.g., peak  cu r ren t  shifts wi th  sweep ra te  and the redox 
peak  potent ia ls  are  wel l  separated,  The reduct ion of 
N i ( I I ) / P P h 3  complexes appears  to be a two-s tep  pro-  
cess, e.g., in the absence of C1- 

Ni(PPh3)  2 +2 + e ~ Ni(PPh3)~ + ~ Ni(PPh~)~ ~ 

fol lowed by  l igand addi t ion  to yie ld  Ni(PPh~)8,  the 
most s table  form of Ni(0)  (11). Since this m a t e r i a l  
can be formed in high yields  by  e lect rolyt ic  reduction,  
the ini t ia l  product  of charge t ransfer ,  Ni (PPh3)2, must  
be sufficiently long l ived to a w a i t  the a r r iva l  of the 
th i rd  PPh8 l igand. Otherwise  considerable  n ickel  meta l  
would have been formed.  The fact tha t  the final r e -  
duction product ,  Ni(PPh~)3,  is not  the direct  product  
of charge t ransfer  l ike ly  accounts for the e lec t rochemi-  
cal i r r evers ib i l i ty  of the charge t ransfe r  process. 

The cyclic vo l tammet r ic  peak  potent ia ls  are  not  re -  
l iable  indicators  of the specific N i ( I I )  and Ni(0)  
speciat ion with  PPh3 and C1-. For  example ,  the pres-  
ence of PPh~ in zero chloride solution shifts the re-  
duction potent ia l  of N i ( I I )  nomina l ly  300 mV posi t ive 
of that  for nickel  meta l  deposit ion.  The addi t ion of 
excess chlor ide ion shifts the potent ia l  back  to about  
that  of n ickel  meta l  formation.  Yet exhaus t ive  elec-  
t rolysis  of the chlor ide  solut ion st i l l  genera tes  a red  
Ni (PPh3)3 solut ion ra the r  than nickel  metal .  Anodiza-  
tion of Ni (0) /PPh8 solutions usual ly  genera tes  a broad  
peak  at nomina l ly  zero to 4-300 mV, i.e., at the po ten-  
t ia l  for reoxida t ion  of n ickel  metal .  However ,  s t r ipping 
coulometry  indicates  l i t t le  nickel  metal .  These two 
points, the finite l i fe t ime of Ni (PPh3)z  and the non-  
specie-specific cyclic vo l t ammet ry  are  also consistent  
wi th  the behavior  of Ni (II)  in the phosphina ted  po ly-  
s tyrene  beads.  

The beads do absorb nickel  (II)  f rom solut ion 
(acetoni t r i le  and t e t r a hyd ro fu ra n ) ,  imply ing  the for-  
mat ion  of Ni(PPh~)x +2 entities. I t  is to be concluded 
that  the in te rna l  phosphine  groups are  involved,  ra ther  
than  solely surface groups, since it was necessary  to 
absorb  solute into the beads to observe the  e lect ro-  
chemistry.  The cathodic cyctic vo l tammet r ic  peaks  are  
consistent  wi th  the format ion  of Ni/PPk3 complexes,  
but  with less than s toichiometr ic  t r iphenylphosphine  
present .  This s to ichiometry  is not unreasonable .  The 
number  of l igands involved in charging the beads wi th  
nickel  should be nomina l ly  two per  nickel  (II)  ion. 
However ,  the most s table  N i (0 ) /PPh~  specie requires  
three  l igands  pe r  nickel.  That  n ickel  (0 ) /PPh3 com- 
plexes  are  formed at  all  is indica ted  by  the e lec t ro-  
catalysis.  The phosphine  complexes cata lyze the reduc-  
tion of chloroform, whi le  n ickel  meta l  does not. I t  is 
possible that  some nickel  Ni (PPhs)3  was formed by  
in terac t ion  of Ni(PPh~)2 molecules,  wi th  the con- 
corditant format ion  of some nickel  metal .  However ,  
given the finite l i fe t ime of  Ni (PPhs)2  species in s o l u -  
tion, the fol lowing mechanism is also possible for 
chloroform reduct ion 

Ni (PPI~)  2 + CHCla ~ adduct  

-> Ni (PPh3)2 +~ 4- product  
fol lowed by  

Ni (PPh3)2 +2 4- 2e -> Ni(PPhs)~. 

I t  is only  requ i red  here  tha t  the ra te  of n icke l -n icke l  
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bond formation be slower than that of the reaction to 
form the Ni(0)/CHClz adduct. Obviously considerable 
work would be required to unravel this question. 

The chemistry of the bulk electrolyte does exert an 
effect on catalyst stability implying the inner phase of 
the bead does communicate with the bulk electrolyte. 
For example, chloride ion, formed by the cathodic 
reduction of chloroform, is soluble in TBABF4 but not 
in LiBF4:acetonitrile solution. Chloride ion is also 
capable of displacing phosphine ligands from divalent 
nickel complexes and eventually the nickel leaches 
out of the beads as a chloride complex. But this loss 
mechanism will not operate if C1- first precipitated 
out as LiC1. Thus the catalytic activity degrades with 
time in TBABF4 but not in LiBF4 solutions. (The 
quantity of nickel leached out of the beads was not 
measured. ) 

The main points of this study are the following: 
1. Charge can be transferred into and out of 20-60 

mesh, 0.4 meg/g polystyrene-phosphine beads con- 
taining divalent nickel ions. 

2. The cathodic electrochemistry Of nickel in these 
beads resembles that of nickel in PPh~-containing 
solutions; the anodic electrochemistry does not. The 
stoichiometry of the reduced nickel PPI~ complex in 
the beads is thus different than either nickel metal or 
Ni(PPl%)~. 

3. These ligated nickel atoms can be used as media- 
tors in charge transfer reactions, i.e., as electrocata- 
lysts. 

4. The activities are persistent in organic solvents 
in the absence of nickel coordinating ligands. 

It is presumed that these phenomena are not re- 
stricted to nickel, PPh3, and the reduction of organic 
halides. 

Manuscript submitted Sept. 2, 1982; revised manu- 
script received Nov. 12, 1982. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1983 
JOURNAL. All discussions for the December 1983 Dis- 
cussion Section should be submitted by Aug. l, 1983. 

Publication costs o~ this article were assisted by 
Occidental Research Corporation. 
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Experimental Verification of the Space-Charge Model for 
Electrokinetics in Charged Microporous Membranes 

G. B. Westermann-Clark 1 and J. L. Anderson 

Department of  Chemical Engineering, Carnegie-Mellon University, Pittsburgh, Pennsylvania 15213 

ABSTRACT 

A space-charge model for electrolyte transport in charged capillary pores was examined experimentally with aqueous 
solutions of alkali chlorides and MgC12 in track-etched mica membranes. The model combines the Gouy-Chapman view of 
the double layer with the Nernst-Planck and Navier-Stokes transport equations. The pores of experimental membranes 
were uniform capillaries with a well-characterized cross section. The pore sizes ranged from an order of magnitude smaller 
to an order of magnitude larger than the Debye screening lengths of solutions. Three independent  quantities were mea- 
sured: streaming potential, for which an applied pressure across the membrane is the driving force for transport; pore con- 
ductivity, for which an applied electrical potential is the driving force; and concentration potential, for which an electrolyte 
concentration difference is the driving force. Data follow the trends of model predictions but indicate that chloride ions 
affect the pore wall charge. For monovalent cations, the pore wall charge deduced from pore conductivity measurements 
yielded theoretical predictions for the streaming potential and for the concentration potential that agree quite well with the 
data. Such agreement was not obtained with Mg 2+, probably because these divalent cations adsorbed onto the negative pore 
wall. We conclude that, in the absence of strong interaction between the charged pore wall and free ions in solution, the 
model is quantitatively accurate for pores larger than 30A in radius and for aqueous electrolyte concentrations of 0.1M or 
lower. 

Coupling be tween electrical forces and mass t ransfer  
in  charged porous media becomes impor tan t  when the 
diffuse part  of the double layer  oCcupies an apprecia- 
ble fraction of the pore volume. Stated another  way, 
mass and charge t ranspor t  mechanisms are in terre la ted 
when the Debye screening length (~) is of the s a m e  
order of magni tude  as the smallest pore dimension. In 
the case of circular capillaries of radius a, this occurs 
when  a/~ < 10. In aqueous solutions ~. is usual ly  less 
than 103A, so microporous media (a < 1 t~m) are 
susceptible to electrokinetic coupling; such media in -  
clude ion-exchange and ul trafi l t rat ion membranes,  
porous separators in electrolytic cells, and porous elec- 
trodes. 

There is considerable l i terature  dealing with theo- 
retical models for the effects of double layers on the 
t ranspor t  of ions in long circular  capillaries. The earl i-  
est and most complete publications are from Dresner  
(1) and from Osterle and co-workers (2-4), who as- 
sumed the Gouy-Chapman  model for the double layer  
structure,  the Nerns t -P lanck  equat ion for ion fluxes, 
and a modified Navier-Stokes equation for viscous flow 
of solutions. T h e i r  analyses lead to definite integrals, 
involving the electrostatic potent ial  profile, which must  
be evaluated to obta in  the desired macroscopic t rans-  
port  coefficients for electrical, mechanical,  and chemical 
(concentrat ion)  dr iving forces. Calculations for non-  
circular capillaries (5), using the same basic theory 
for fluid phase t ranspor t  inside the pore, indicate that 
cross-sectional geometry is not impor tant  for ion-dis-  
t r ibut ion dominated phenomena (such as conductance) 
b u t  could be significant for viscous flow phenomena 
(such as electro-osmosis).  

T h e  basic theory of Osterle and Dresner  is c o n -  
c e r n e d  only with the flux of mass and charge, given 
the pore wall  electrostatic condition, and does Hot 
address the impor tant  question of charge-potent ia l  
relationships at the pore wall. 2 By incorporat ing 
charge-potent ia l  relationships based on acid/base equi-  
l ibr ia  into the calculation of the double layer  potential  
profile, Keesom et al. (6) and Koh (7) took the model 
a step fur ther  and obtained reasonably good fits to 
s t reaming potential  data in large pores. 

1Present  address: Department  of Chemical Engineering,  Uni- 
versity os Florida, Gainesville, Florida 32611. 

Key words: electrokinetic ,  transport, membrane,  alkali  chlo- 
rides. 

Gauss' electrostatic condition, relating the electric field to the  
charge density at the pore wall, is included in the theory  (see 
Eq. [13]), but a physicochemical  constraint is needed for the  re- 
lationship between the pore wall  charge and potential  to close 
the model. 

The pauci ty of exper imenta l  studies rigorous e n o u g h  
to test the theoretical models is explained by two ex- 
per imental  difficulties. First, most microporous mem-  
branes do not have the capillary s t ructure  assumed in 
the theory. Second, the solid matr ix  of a porous me-  
dium is usual ly  a nonconductor,  so nei ther  the charge 
nor the potential  of a pore can be measured for making 
a priori predictions from the theory. Thus, on ly  qual i ta-  
tive comparisons between theory and exper iment  have 
been possible. Recent studies using t rack-etched mica 
membranes  have overcome the pore geometry problem 
but  still are hampered to some extent  by uncer ta in ty  
about the pore walt electrostatic condition (8). Bean 
(9) estimated the u n k n o w n  wall  charge by doing two 
independent  electrokinetic exper iments  on a single 
membrane  (conductance and streaming potential)  and 
by then comparing the two measurements ;  his results 
are consistent with the theory of Osterle and Dresner. 
In an at tempt to alter the wall  charge, Frohlich et al. 
(10) attached acid funct ional  groups onto the pore 
walls of mica membranes,  but  in  the process may 
have changed the pore size by  a substant ial  amount.  

In  this paper we present  the results of experiments  
designed to test the quant i ta t ive  accuracy of the 
"classical model" of electrokinetics in charged capil- 
laries (1-4) with a/~ in the range 0.1-10.0, that is, with 
aqueous solutions of alkali  chlorides and MgC12 in 
the concentrat ion range 10-4-10-1M. The most im-  
portant  aspect of the experiments  is the use of t rack-  
etched mica membranes  whose pores were uni form 
capillaries in the range 34-265A radius with pore 
lengths greater than 7 ~m. The next  section outlines 
the classical model and the mathemat ical  strategy for 
computing the macroscopic parameters  measured in ex- 
periments.  Exper imenta l  techniques used to measure 
electrokinetic parameters  are then described. The ex- 
per imenta l  results are presented in the context of eval-  
uat ing the quali tat ive and quant i ta t ive  features of the 
theory. 

Model for Transport in Charged Capillaries 
The porous membrane  is considered to be a s e t  o f  

identical circular capillaries whose length l is infinitely 
greater  than the radius a. Hence, the t ransport  charac- 
teristics of the membrane  are given by the behavior  of 
a single pore, which forms the basis of the analysis. 
The immobile charge density at the pore wall  (~) is 
assumed to be uniform, which reduces the equations to 
a dependence on radial  position (r) and axial position 
(x). Because I/a --> ~ ,  the dominant  resistances to 
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t r anspor t  occur inside the pore;  therefore,  the pore 
contents jus t  inside the pore  at  x = 0 and x = I are  at 
equi l ib r ium wi th  the b u l k  solutions j u s t  outside the 
pore at the respect ive  ends. Boundary  l aye r  polar izat ion 
effects a re  not  considered here;  if they  exist  then  the 
t e rm "bulk  solut ion" refers  to the  solut ion at  the 
m e m b r a n e - b u l k  solut ion interface.  

The bu lk  solut ion contains a s ingle e lec t ro ly te  
which comple te ly  dissociates into ions wi th  e lec t ro-  
valences Z+ and Z-, i.e., the ac t iv i ty  coefficient of the 
e lec t ro ly te  is assumed to be un i ty  at  all  concentrat ions.  
Ions resul t ing  f rom solvent  dissociat ion (H + and 
O H -  ) are  ignored since the concentra t ion  of these spe-  
cies is negl ig ible  compared  to the e lec t ro ly te  concen- 
t ra t ions  considered.  The single ion diffusion coefficients 
(D+ and D - )  are  taken  to be independen t  of e lec t ro-  
ly te  concentra t ion and are  assigned the i r  infini tely 
d i lu te  values,  which are  obta ined  f rom l imi t ing equiv-  
a lent  conductances.  Solut ion proper t ies  such as the 
dielectr ic  constant  (~) and the coefficient of viscosi ty 
(n) are  assumed to equal  the  bu lk  solut ion values.  

The model  out l ined be low follows the der ivat ions  by 
Dresner  (1) and by  Oster le  and co-workers  (2-4);  
we shall  re fer  to i t  as the "classical  theory,"  The basic 
equations are  those of Poisson, Nerns t -P lanck ,  and 
Nav ie r -S tokes  ( low Reynolds  n u m b e r  form) a long 
with  conservat ion of mass and charge  

4~ 
V2~ = - ~ ~e [1 ] 

6 

+c o N~ = -- D~ [ VCi + - - ~ - /  

o = ~v~v - vp - p,v~ [ 3 ]  

p~ = e z ZiCi  [ 4 ]  

V " Ni = 0 [5] 

V �9 v = 0 [6 ]  

is the  e lect ros ta t ic  potent ia l ,  Ni  is the  flux of ions of 
type  i, and v is the mass -ave rage  veloci ty  of the solu-  
tion. The subscr ip t  i is + or  --  for a s imple  e lectrolyte .  
Equat ion [5] is the s t eady-s ta te  conservat ion equat ion 
for species i; the assumption of s teady  state inside the 
pore  is val id  provided  tha t  the t ime constant  of the 
membrane  (/2/D0 is much smal le r  than  the t ime scale 
charac ter iz ing  changes in the bu lk  solutions. The 
bounda ry  condit ions at  the pore  wal l  a re  

r = a:  Vr =0, vz = 0 [7a] 

(Ni)r ---~ 0 [Tb] 

In the limit I/a --> 0% radial fluxes are negligible com- 
pared to axial fluxes and are taken to be zero 

allr: (Ni) r=0 [8a] 

Vr = 0 [8b] 

The tota l  e lect r ica l  po ten t ia l  is sp l i t  into two parts 

kT 
(r, x )  = ~ ,I, (r, x )  + V (x)  [9] 

e 

where ,I, is dimensionless and will be identified with 
the electrostatic potential arising from the double 
layer, while V represents a potential whose difference 
can be measured across the bulk solutions on each side 
of the membrane. After [8] and [9] are substituted, 
the r-component of Eq. [2] can be integrated directly 

Ci = h i (x)  exp ( - -  Ziq') [10] 

The in tegra t ion  p a r a m e t e r  n i (x)  can be in te rp re ted  as 
the  equiva lent  bu lk  concentra t ion that  would  be at  
equ i l ib r ium wi th  the  solut ion in the  pore  cross sect ion 

at  axia l  posi t ion x. The ends of the  pores are at equi-  
l ib r ium wi th  the ad jacent  bu lk  solutions 

Ci(r,  0) --  hi(0) exp [ - -  Zi,I,(r, 0)]  

: Cm ~I) exp [-- Zp~ (r, 0)] 

Ci(r, 4) : ni(~) exp [- -  Ziq,(r, ~)] 

Cib (II) exp [-- Zi~z(r, l)] [ii] 

where Cib (1) and Cib (n) are the bulk solution concen- 
A 

trations of ion i. Defining C as Z+C+b, which is equal 
to --Z-C-b, we have 

n+ (x) = ~ ( x ) / Z +  
[12]  

A 
n - ( x )  = - C ( x ) / Z -  

Subs t i tu t ing  Eq. [4], [9], [10], and  [12] into [1] we 
obta in  

1 O (  Ozz 

----(--~)2[ exp(-Z-'I')-exp(-Z§ ] 9 .  

=. r l a  

8,I, 
= 0: - -  = 0 [131 

~r  

~=I: O~=So (4~e~ 

0~' --= \ e " ~ / a r  

The local Debye  screening  length  ~, depends  on axia l  
posi t ion x through'C" 

, k T  

~2 = 8~e~(z) [143 

A 
C is regarded as the equivalent "sulk concentration that 
would be in equilibrium with the cross section in the 
pore at x. The dimensionless electrostatic potential ,I, 
depends explicitly on ~ with parameters a/k and So, 
and derives its dependence on x from the fact that k is 

A 
a function of C(x). Given these parameters, Eq. [13] 
must in general be solved numerically for ~I, vs. ~. Ana- 
lytical solutions are  possible when ]Sol < <  1 (Debye-  
Huckel  approx imat ion)  and when 1Sol > >  1 wi th  a/k 
- -  1 (8). 

The average  pore  flux is found by  in tegra t ing  the 
local flux over  the  pore cross section, for  example  

2 ~0 'a < (N,)z> = ~ (Nl)z r d r  

We define the current density (I), the average electro- 
lyte flux (J), and the average flow velocity (U) as 

I = <Z+ (N+)z  + Z - ( N - ) ~ >  [15a] 

U = <vz> [15b] 

J : < (N + ) z + ( N - )  x> [15c] 

These pore  fluxes must  be independen t  of x since the 
pore  wal ls  a re  impene t rab le  and t r anspor t  is at s teady 
state. By solving Eq. [3] and  [6] for  vz and p ( r , ~ )  
using the equi l ib r ium condit ion at  each end of the  
pore  to re la te  in t rapore  var iables  to bu lk  var iab les  
(see Eq. [11]), subs t i tu t ing  the resul ts  into the x - c o m -  

ponent  of Eq. [2], and then  averaging  the fluxes over  
the pore  cross sect ion according to [15], the fol lowing 
sys tem of equations is obta ined  
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^ 
dV d ^ dP 

I = Ln ~ + L~2 kT--dx In C + Lla [16a] 

^ 

dV d ^ dP 
J = L21 ~ + L22 kT  - -~  In C + L ~  ~ x  [16b] 

A 

dV d ^ dP 
U = L31 -~x + L~e kT--dx In C + L3a ~ [16c] 

A 
P is the bu lk -equ iva l en t  pressure  which would  be in 
mechanica l  equ i l ib r ium wi th  the solut ion in the  pore  
cross section at  x. The coefficients Lij are functions of 
definite in tegra ls  involving ,I, (~; a/~, So) ; formulas  for  
the coefficients of in teres t  in our  exper iments  a re  given 
in the Appendix .  Note tha t  for  Eq. [16] to fol low 
Onsager 's  rec iproc i ty  theorem (Lij -~ Lji),  the re la t ive  
veloci ty  be tween  e lec t ro ly te  and solvent  would  have 
to be subs t i tu ted  for the e lec t ro ly te  flux J (3). 

On first glance at  the above equations one is t empted  
to assume tha t  the coefficients Lij are  constants,  but  

A 
such is not the case. Since ~. is a funct ion of (2 (x) ,  the 
Lij are impl ic i t  functions of x, which causes some com- 
pu ta t iona l  p roblems  when  different  e lec t ro ly te  concen- 
t ra t ions  exis t  in the bu lk  solutions on e i ther  side of 
the membrane .  In  this case Eq. [13] mus t  be solved, 
given the e lec t ro ly te  and the pore surface charge  (So), 
for the  range  of a/~ f rom the low concentra t ion side of 
the  pore  (smal les t  a/~) to the high concentra t ion side 
( largest  a/)~). If  this is done, al l  e lec t rokinet ic  p a r a m e -  
ters can be eva lua ted  by  numer ica l  in tegra t ion  (11). 

Three  e lec t rokinet ic  pa rame te r s  are  considered here:  
Pore  conduct iv i ty  

,c = -- ----- -- L l l  [17] l --~ Ae=o 
A 

AP=O 

St reaming  poten t ia l  

centrat ions.  Detai ls  of the mathemat ica l  manipu la t ion  
of Eq. [1]-[6]  can be found e l sewhere  (1-4, 11). 

Experiments 
The e lec t rokinet ic  measurements  were  made  wi th  a 

d i aphragm membrane  cell (13) consist ing of two P lex i -  
glas| ha l f -ce l l s  c lamped f irmly toge ther  wi th  the mem-  
brane  sealed be tween  them wi th  Viton| gaskets.  Each 
12 ml ha l f -ce l l  had  severa l  por ts  for  in t roducing  elec-  
t rodes (s i lver  wires  coated wi th  s i lver  chlor ide)  and 
for min ia tu re  Teflon| on-off valves used to fill and 
empty  the cell. Teflon-coated magnets  on in t e rna l ly  
mounted  glass shafts  were  ro ta ted  by  an ex te rna l  mag-  
net, a l though only min imal  s t i r r ing  was needed to 
e l iminate  polar izat ion effects at the membrane  surface 
(membranes  had pore  area  fract ions less than  0.003%). 

The membranes  were  made  from thin  ( ~  7 ~m) 
sheets of muscovi te  mica by  the t r ack -e t ch  process 
(14). A ci rcular  disk of mica was weighed  to de te rmine  
its thickness.  The centra l  por t ion  of the disk was i r -  
r ad ia ted  by  a col l imated beam of fission f ragments  
f rom a Cf 252 source contained in a t h i ck -wa l l ed  glass 
desiccator.  Pores were  formed by  etching the i r r ad ia t ed  
membrane  in aqueous hydrofluoric  acid. The impor -  
tant  features  of these membranes  are  that  (i) the pores  
are  uniform in size; (ii) the pores are  paral le l ,  cyl in-  
dr ical  capi l lar ies  of rhombic  (60 ~ cross section; and 
(iii) the  number  and size of the p o r e s  can be de te r -  
mined before performing the experiments of interest. 

The pore length (1) was equal to the membrane 
thickness because the fission fragment beam was col- 
limated. The number of pores in the irradiated area 
(n) was determined by covering the membrane with 
another mica disk during irradiation, and then etching 
the pores in the top disk to a large size, and counting 
their number density under a microscope. The pore 
radius (a), defined as the radius of a circle of equiv- 
alent area, was determined for each membrane by 
measuring the membrane resistance (Rm) as a func- 
tion of electrolyte concentration, or equivalently, the 
bulk solution conductivity Kb 

AV ) Lls 
v - - ( - ~ -  ^ - [18] 

~C--O L l l  

I--0 

Concent ra t ion  poten t ia l  

( ~V . ~ ) , ,  [19] 
- ( k T / e ) A  In Ae=o 

I----0 

A 

- -  ~ J O a n  511 

The direct ion of ~ is side II  (x  = l) minus  s ide I (x  = 
0). Express ions  for  the Lij are  in the Appendix .  Fo r  
cer ta in  e lec t ro ly tes  (chlorides of l i thium, potassium, 
sodium, and magnes ium)  in wa te r  at  25~ and for pore  
sizes corresponding to those cf expe r imen ta l  mem-  
branes,  we calcula ted the varia'~ion of K, v, and ~ wi th  
So < 0 and a/~ in the range  0.1-10.0. Certa in  l imi t ing  
expressions  can be used to es t imate  these e lec t rokinet ic  
pa rame te r s  for smal l  and la rge  a/~, (5). For  s we 
selected the  low concentra t ion  side (C ~I~) to specify 

a/~ and kep t  C~II)/CCI) --_ ~/10. 
The discussion above outl ines the  classical  theory.  

Impor t an t  assumptions  have a l r eady  been noted:  (i) 
un i form r on the pore  wal l  [ "smear  charge" assump-  
t ion (12)] ;  (ii) I/a----> r162 (iii) complete  dissociation 
of the e lect rolyte ;  (iv) bulk  solvent  proper t ies  (e, , l) ;  
(v) immobi le  wal l  charge; and (vi) ion mobil i t ies  and 
diffusion coefficients which  are  independen t  of ion con- 

a = l i m  [ (l/n:~) IV, 
~ b ~  RmKb 

[20] 

Fo r  even the smal les t  pores used (a -" 343,) the r igh t  
side of Eq. [20] became independent  of Kb when the 
e lec t ro ly te  concentra t ion exceeded 1M. 

Al l  solutions were  made  with  low conduct iv i ty  wa te r  
( <  10 -6 mho/cm)  produced  by  feeding dis t i l led wa te r  
th rough  a Mill i -Q2 (Mil l ipore  Corpora t ion)  i on -ex -  
change purifier. The e lec t ro ly tes  (KC1, LiC1, NaC1, and 
MgC12) were  reagent  grade.  The s i lver  electrodes were  
cleaned and recoated wi th  AgC1 wheneve r  the i r  res t ing 
bias exceeded 1 mV in 10-3M electrolyte .  Direct  cur -  
rents  ( <  1 ~A) were  passed th rough  the membrane  
using a d-c  cur ren t  source (Kei th ley  Model 225) a t -  
tached to an outer  pa i r  of e lectrodes (see Fig. 1), 
while  t r ansmembrane  potent ia l  differences were  mea-  
sured wi th  a floating e lec t rometer  (Kei th ley  Model  
602) a t tached to an inner  pa i r  of electrodes,  

The three  e lec t rokinet ic  pa rame te r s  (~, v, o,) were  
measured  as functions of e lec t ro ly te  concentra t ion for  
membranes  having pore sizes of 34-265A. To stabi l ize 
the charge on the pore wall,  the bu lk  pH was kept  be -  
tween 9-10 by  adding smal l  amounts  of KOH. Al l  
exper iments  were  done at  ambien t  t empe ra tu r e  (25 ~ 
__ 0.5~ The pore  conduct iv i ty  was de te rmined  f rom 

A 

the conductance of the m e m b r a n e  wi th  C (I) = C r 
A A 

and p(I) = p(ii)  

(lln~a 2) 
[21] 
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To cancel electrode bias, the current  direction was 0.6 
reversed in  a square waveform (period > 5 sec). For  
currents  vary ing  by  a factor of 30-100, the voltage- 0.5 
current  proport ional i ty (Rm) was excellent. The 
streaming potential  was measured at near-zero cur'rent 
using an electrometer, with the direction of the applied N-" 0.4 

pressure drop reversed periodically. The measured po- 
tential  difference across the membrane  showed excel- ~- 

0.3 lent  proport ional i ty with the applied pressure, b 
I 

Measuring the membrane  concentrat ion potential  was 
more complicated than the other two measurements .  0.2 r 
The main  difficulty was that the concentrat ion differ- 
ence between the two bulk  solutions caused an elec- 
trode voltage shift independent  of the membrane  char-  0.1 
acteristics. To correct for this thermodynamic  effect, 
the electrodes were assumed to be reversible only  to o 
the chloride ion 0 

kT 
~V = VT + In (a-CZl)/a-CZ)) [22] 

e 

where a -  is the bulk  solution activity of CI -  and VT 
is the measured voltage difference. Assuming that  

A A 
a-Cm/a-(l) ---- CclI)/C(I) introduces only  a small  error  

^ 
(15, 16) because C ~I) - -  0.1M and in  all  experiments  
A ^ 
C('I)/C~I) was only ~/10. 

Results and Discussion 
Characteristics of the pore wal~ charge.--The pore 

walls in t rack-etched mica membranes  are perpendicu-  
lar to the basal (cleavage) plane. To study the pore 
wall  charge we used s t reaming potential  measurements  
on large pores (a/~ > 30). The wall  charge (r was 
computed with the Helmholtz equation for the s t ream- 
ing potential  and the "flat wall" relationship between 
the wall  potential  ('t'w) and charge (17, 18) 

~kT,I,w 
a/)~:> 10: v -- - -  [23a] 

4mle~b 
A 

~r L ' - ~  Z+ 

exp (-- Z-,I,w) -- 1 -I ~/~ 
- -  Z-  J [23b] 

We neglect Stern layer effects because the electrolyte 
concentration used in these large pore experiments was 
10-2M, for which ~ ---- 30A, an order of magnitude 
larger than the size of ions. 

Figure 1 shows the results of wall charge determina- 
tions for a membrane with a/~ > 60 and pH > 8.5 at 
various times after etching. The charge was negative as 
expected (8), but required 48 hr to stabilize, much 
longer than expected. Since the ion diffusion time 
(12/Di) was of order 0.1 sec, the long transient in 
must reflect kinetic limitations in the chemistry o f  

the pore waIi  as i t  relaxes to some equi l ibr ium state 
after  etching. Because of this long t rans ient  in ~, 
freshly etched, smal l -pore  membranes  were allowed to 
equil ibrate  with 0.01M solutions for 2 days before elec-  
trokinetic experiments  were started. 13MY9  ̂

The pH dependence of ~ for one membrane  with a/k 13MY9A 
> 30 (0.OlM KC1) is plotted in Fig. 2. With this and 13MY9^ 

13MY9A 
other membranes  we observed very  little hysteresis in 13MY9^ 

when  the direction of the pH changes was reversed. 24APOA 
Despite the 43 hr  required after etching to reach a 
stable charge, less than 20 min  were required to at ta in  24APOA 
a new, stable charge when  the pH was changed by add- 
ing HC1 or M+OH - ,  where M + is the cation of the 
electrolyte (K +, etc.). Titrat ions at other concentra-  
tions produced the same behavior  as that  shown in Fig. 24APOA 
3: a positive charge at pH < 4, zero charge at pH ~ 24APOA 
4.5, and a pH- independen t  charge for pH 7-10. Note 
in  Table I that  the high pH charge is not  the same for 

I [ I I 

t I I 

50 100 

TIME PAST ETCHING (HOURS) 

I 
150 

Fig. 1. Pore surface charge density vs. time past etching. The 
surface charge of this large-pore membrane was calculated from 
streaming potential measurements in 0.01M aqueous KCI with 
Eq. [23]. (a = 1880A. pH -~ 8.5.) 

all membranes.  These observations led us to perform 
subsequent  electrokinetic measurements  with pH in  the 
range 9-10 to ensure a constant, stable wall  charge 
with each membrane.  Increases in the magni tude  of 

with increases in [C1-], shown in Table I, compli- 
cate the in terpre ta t ion  of data because they mean  that 

is not constant  as k is changed. 
We can only speculate about the origin of the pore 

wall charge in t rack-etched mica. The pH dependence 
of ~ suggests that  exposed silanol groups lose H +, 
and the increase in -- ~ with [C1-] suggests that  C1- 
adsorbs to the pore wall. In  addition, cations (e.g., K +, 
A1 ~+) may be extracted from the mica lattice, leaving 
negat ively charged sites behind (19). However, all 
of these mechanisms would create a negative charge, 
and a source of positive charge mus t  exist according to 
Fig. 3. The adsorption of cations from solution or the 
exchange of mul t iva len t  cations with ions in the mica 
lattice (e.g., K + ) are but  two possible sources of a 
positive wall  charge. Adsorption and /o r  exchange of 
mul t iva len t  cationic impurities,  the extent  of which 
would depend on the history of the membrane,  could 
explain the differences among membranes  of the pH- 
independent  value of ~. Because of the steps taken to 
pur i fy  the water, only small  amounts  of mult ivalent ,  
cationic impuri t ies  should have been present. But as 
discussed later, the use of MgC12 as the p r imary  elec- 
trolyte caused the normal ly  negative wall  charge to 

Table I. Summary of pore wall charge density (~) for large pores 
(a ~ 1000A) as determined from streaming potentials in 

aqueous solutions (pH ~ 7) using Eq. [23] 

Mere- Days  p a s t  
b r a h e  E l e c t r o l y t e  ~r ( $ C / c m  -~ p H  e t c h i n g  

10~]YI KCI 
3 x 10-~M KCI 
10-3M KCI 
10--~ KCI 
10-eM KCI 
10~M KCI 

10-eMNaCl 

0.85 x 10-~M 
LiCI 

0.8D x 10-~M 
MgCl~ 

- 0 . 7 9 8  • 0.020 7.0-7.9 < 1  
- 0 . 2 6 7  -'- 0.004 7.3-9.7 1 
- 0 . 0 9 8  -+- 0.001 7.0-8.9 1 
--0.373 ---+ 0.021 7.1-9.8 2 
- 0.460 ----. 0.040 7.8-10.6 3 
- 0 . 3 3  8.2 3 
- 0 . 2 9  7.1 4 
- -  0.31 9.4 4 

-- 0.26 8.4 5 
--0.21 9.1 6 
- 0 . 1 8  • 0.01 7.3-9.5 7 
- -  0.18 9.6 7 

--0.16 ~ 0.01 7.1-9.6 8 
- -  0 . 1 4  9.4 8 

--  0 . 1 1  9 .3  9 

--0.11 • 0.01 8.0-9.1 I0 
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0.25 r- 

[ ~ 4 " ~ 5  6 7 8 9 10 11 

_o.o  
Fig. 2. Surface charge density vs. pH. The surface charge was 

calculated from streaming potential data in 0.01M aqueous KCI 
with Eq. [23]. (a ~ 1010A. Squares: pH increased from 6.4 to 
10.3; Open circles: pH 10.3 to 2.9; Closed circles: pH 2.9 to 7.6.) 

become positive at sufficiently high MgC12 concentra-  
tions ( ~  0.05M). 

Al though we are not certain of the precise origin of 
the pore wall  charge, the large-pore studies helped us 
to plan and to in terpre t  the small-pore experiments.  
To summarize the large-pore observations: (i) 48 hr 
were required after etching for the pore wall  charge 
to stabilize, while after this period only minutes  were 
required to reach a new, stable ~ when the pH was 
changed; (ii) ~ was near ly  constant  for each membrane  
in the pH range 7-10; and (iii) the pH- independen t  
value of ~ was negative for electrolytes with mono-  
valent  cations, and the magni tude  of this negative 
cbarge increased with C1- concentration. 

Pore fluid conductivi ty . --Experimental  results are 
plotted in  Fig. 3A-C for the pore fluid conductivi ty vs. 
a/~. for a membrane  (a : 103A) exposed to aqueous 
solutions of alkali chlorides. Each solid curve was com- 
puted from the classical theory and corresponds to a 
constant  dimensionless wall  charge (So), known to  be 
negat ive  from s t reaming potent ial  measurements .  Fig-  
ures 4A and B show results for two other membranes  
in  aqueous KC1. The superficial features of the data 
are the same regardless of pore size or cation. Pore 
size dependence is e l iminated when  the ra~lius is scaled 
by  the Debye screening length. For  a given d imen-  
sionless wall  charge the theoretical curves asymptoti-  
cally approach a constant  value as a/k -* 0 because in 
this l imit  s the mean  ion concentrat ion in  the pore 
fluid approaches --2r The pore fluid conductivi ty 
exceeds the bulk  phase conductivi ty because excess 
counterions (cations here) are needed to balance the 
charge on the pore wall;  these excess counterions en-  
hance the  cur ren t -ca r ry ing  abil i ty of the pore fluid 
relat ive to that  of the bulk fluid. The electrokinetic 
enhancement  of the pore fluid conductivi ty is quite 
large when a/h < 1; for example, with KC1 in  103A 
pores (Fig. 3C) the pore conductivi ty is 100 times 
larger than  the bu lk  fluid conductivi ty when a/~ ~ 0.2. 

In  Fig. 3 and 4 the value of So needed to make the 
theory agree with experiments  increases as a/k in-  
creases, or as C1- concentrat ion increases. This t rend 
is consistent with the s t reaming potent ial  results for 
large-pore membranes  discussed previously. Since 
is a free parameter ,  we fitted measurements  of 
to the space-charge model (see Eq. [13] and [17], 
and the Appendix)  to compute the pore wall  charge 
for each membrane  and electrolyte; the results are 
plotted in Fig. 5. These values of r are used below to 
test the space-charge model as applied to the s t ream- 
ing potential  and to the concentrat ion potential. Com- 
pared with using s t reaming potential  data or concen- 
t rat ion potent ia l  data, the use of conductivi ty data to 
determine the only free parameter  of the model is 
justified because the error  in measur ing ~ was quite 

A bulk ion concentration of zero is never actually achieved 
since H+ and OH- must be accounted for. 

small ( ~  1%), and ~ is sensitive to �9 when a/~ < 3 ac -  

c o r d i n g  to the theoretical  model. 

Streaming potential .--The s t reaming potent ial  data 
for aqueous NaC1 and LiC1 are similar  to the data for  
KC1 in Fig. 6. The theoretical curves are interest ing in 
that  they cross at a/k ---- 3-4. At large a/k the Helm-  
holtz relat ion Eq. [23a] applies, and hence the magni -  
tude of v increases with the magni tude  of the wall  
charge; at smal l  a/h, however, [vl increases as ISol 
decreases. For  aqueous alkali  chlorides at high pH, 
all  our s t reaming potential  measurements  in  m e m -  
branes with a ---- 34, 103, and 265A indicate that  the 
pore wall  is negatively charged. The data follow the 
overall  t rend of theoretical predictions, but  as observed 
with the pore conductivity, the magni tude  of So needed 
to reconcile theory and exper iment  increases with a /L  

The magni tude  of v is quite sensitive to So for a/~ 
> >  1, so in this range the s t reaming potent ial  is a good 
measurement  from which to determine the charge (or 
zeta potential)  of the pore wall. However, the cross- 
over of ~ vs. a/?~ in Fig. 6 has an impor tant  implication: 
v is not even unique ly  related to So for a/k ~- 3-4, and 
below this a/k, v is not very sensitive to So. Thus, in  
the range of small  a/k, the pore fluid conductivi ty is 
preferred for est imating the magni tude  of So; never the-  
less, the polari ty of the wall  charge still must  be ascer- 
tained from the s t reaming potential,  even at small  a/h, 
since K does not indicate the sign of So. 

Figure 7 compares the measured s t reaming poten-  
tials with predictions from the space-charge model 
(see Eq. [13] and [18], and the Appendix)  using 
values from Fig. 5. There are no adjustable  parameters  
in this comparison, so the re la t ively good absolute 
agreement  is solid evidence for the correctness of the 
theory. Not shown in Fig. 7 are the data for the mem-  
brane  with 34A radius pores; the measured potentials 
were so low, as predicted by the theory, that  electronic 
noise was a problem. 

Concentration potentiaL--If  the pores of a membrane  
are neutral ,  or if the electrolyte solutions (C r ~= 
CCII)) outside the pores are concentrated (k < <  a), a 
"diffusion" or " junction" potential  is established (16), 
which for our  system is 

D- --D+ 
~ -  lira (~) ---- lira (~) -- 

Solo a/x~ ~ Z + D + -- Z - D -  

We assume that the ratio of ionic diffusivities (D+/  
D - )  is the same for any a l l  For infinitely dilute 
aqueous KC1 at 25~ D + / D -  ---- 0.963 so ~| ---- 0.019, 
which is negligibly small. For the other aqueous elec- 
trolytes (LiC1 and NaC1) the value of w~ is nonzero 
because the diffusion coefficients of Li + and Na + are 
substant ia l ly  smaller  than that  of C1-. If electrolyte 
concentrat ions are low (k ----- a),  ions having an elec- 
t rovalence whose sign is opposite to the sign of ~ are 
v i r tual ly  the only ions inside the membrane.  In  this 
case, the membrane  acts like an electrode reversible to 
these ions (cations here) and the membrane  potential  

approaches the Nerns t ian  value, ( kT / e )  In (CCI)/C~U)). 
The theoretical relationship b e t w e e n  ~ and a/h is  

therefore an S-shaped curve between --1 and ~| as 
shown in Fig. 8A and B for aqueous KC1. In  these 
graphs, h is computed from the smaller  of the two bulk  

electrolyte concentrat ions with c c n ) / c  cI) fixed at h/~6~. 
Fur thermore,  the wall  charge is assumed independent  
of electrolyte concentrat ion in in tegrat ing the theoret i -  
cal equations (Eq, [19]) across the membrane.  While the 
data follow the S-shaped dep<ndence on a/h, Fig. 8B 
indicates that [~1 increases with a/k, as observed for 
the other electrokinetic measurements .  The Concen- 
t rat ion potential  data for aqueous LiC1 and NaC1 show 
the same S-shaped dependence on a/k as the data for 
KC1 except that  ~,= is not zero. 



844 J. E~ectrochem. Soc.: E L E C T R O C H E M I C A I ,  SCIE N CE  A N D  T E C H N O L O G Y  Apri l  1983 

>. 
I -  

I-,- 

D ,.,.,, 

,,.,,, x :  

5~ 
u. 

w ,,w 

2 

0 .01  

- -S o 

1 0 ~  
8 

6 0.001 
4 

a = 1 0 3 ~ ,  
L i C I  

�9 

I I 

�9 

/ 
�9 

o/ 
/ 

/ 
/ / 

I I 
1 10  

a/)~ 

I -  

I -  

D 

_1 
u .  

o 

0,1 

0 .01  

0 .001  

a = 1 0 3 r , ~  

KC I  

] I 

�9 
/ 

/0 
�9 

/ 
�9 / 

sol0 
6 

�9 4 O - - � 9  / 

t I 

1 10  
a/A 

The space-charge  model  is tes ted again  by  using Fig. 
5 to obta in  ~ for a given m e m b r a n e  and solut ion con- 
ditions (wi th  the average  e lect rolyte  concentra t ion 
used to de te rmine  the appropr ia te  X in Fig. 5), and p re -  
dict ing ~ f rom Eq. [13] and [19] (see Append ix  for L12 
and LI1) wi thout  any  ad jus tab le  parameters .  Com- 
par ison of predict ions  and the da ta  is made  in Fig. 9, 
and t h e  agreement  is reasonably  good, a l though not  
quite as good as for the s t reaming  potent ia l  (see Fig. 
7). An  in teres t ing  aspect  of Fig. 9 is tha t  impor t an t  
changes in counter ion selectivity,  as evidenced b y  the 
depa r tu re  f rom the Nerns t ian  potent ia l  (~ = 1), occur 
as a/~ passes th rough  the range 1-3, even though the 
pore  radius  var ies  by  a factor  of ,--8 for  the da ta  in 
Fig. 9. 

Experiments with magnesium chloride.--Experiments 
with aqueous MgC12 were  difficult to in t e rp re t  because 
the s t r eaming  potent ia l  changed sign f rom negat ive  to 
posit ive in going f rom low concentrat ions to high 
concentrat ions  ( >~ 0.05M) of MgC12 (see Fig. 10). This 
reversa l  of sign b y  , impl ies  tha t  the sign of the pore  
wal l  charge became positive. However ,  the  effect of 
h igh MgC12 concentrat ions was not  pe rmanen t  since v 
rever ted  to wi th in  1% of its negat ive  value  in more  
di lute  MgC12 (0.01M) af te r  the high concentra t ion ex -  
periments .  This sugges t s  that  Mg 2+ revers ib ly  adsorbs 
or  exchanges wi th  some component  of the  mica  (e.g., 
K +), a resul t  which is consistent wi th  observat ions  b y  
Gaines (19) tha t  Ca 2+ revers ib ly  exchanges wi th  tC + 
in muscovi te  mica. 

Conclusions 
Our  expe r imen t s  using microporous  membranes  

having  a wel l -def ined  cap i l l a ry  pore  s t ruc ture  gen-  
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Fig. 3. Pore conductivity in aqueous alkali chlorides: (A, upper 
left) Aqueous LiCh (B, upper right) NaCI. (C, lower left) KCI. 
The surface charge parameter So is negative. The theoretical pre- 
dictions (solid curves) were made from Eq. [13], [17], and the 
expression for Lll  in the Appendix. The broken curves are the bulk 
phase conductivities. 

era l ly  suppor t  the space-charge  model  of e lec t ro ly te  
t r anspor t  developed by  Oster le  and Dresner  for  pores  
whose radius  is comparab le  to the  Debye screening 
length  of the solution. This confirmation rests on the 
agreement  be tween model  predict ions  and da ta  for  the  
s t reaming  potent ia l  (Fig. 7) and the concentra t ion po-  
tent ia l  (Fig. 9) when the charge densi ty  on the pore  
wal l  is obta ined  from fitting da ta  for the  pore  fluid 
conduct iv i ty  to model  predic t ions  for the conduct iv i ty  
(Fig. 5). Addi t ional ly ,  the monovalen t  a lkal i  cations 
(K +, Na +, Li + ) al l  seem to show nea r ly  the  same elec-  
t rokinet ic  behavior ,  even in a quan t i t a t ive  sense. 
This conclusion does not  lead to  the asser t ion tha t  al l  
assumptions  of the classical mode l  are  accurate,  bu t  
r a the r  that  in some average  w a y  the model  describes 
ion d is t r ibut ion  and t r anspor t  in charged pores, at  
least  when the pores are  30A in radius  or  larger ,  ionic 
s t reng th  is 0.1M or less, and the counter ions (cations 
here)  are monovalent .  Bean (9) also reached this con- 
clusion f rom more  l imi ted  exper iments  wi th  t r ack -  
e tched mica  membranes .  Based  on conduction and 
electro-osmosis  exper iments  wi th  mica membranes ,  
Koh a n d  Anderson  (8) concluded tha t  the  model  is 
quan t i t a t ive ly  deficient at smal l  a/h, especial ly  at  ve ry  
large  ]Sol Values which  were  obta ined  by  adsorbing 
hepar in  to the pore  wall.  I t  is possible tha t  the  po ly -  
mer  (hepar in)  p l ayed  a role  in the  d isagreement ,  espe-  
c ia l ly  in the  case of smal l  pores. Fu r the rmore ,  Koh  and 
Anderson  pe r fo rmed  measurements  of the two e lec t ro-  
kinet ic  pa rame te r s  on two different  ~nembranes which, 
a l though p robab ly  similar ,  m a y  have differed in wal l  
charge  (see Fig. 5 he re ) .  

Our  calculat ions of the three  e lec t rokinet ic  p a r a m e -  
ters show some in teres t ing  t rends.  When  a/X > 3 the 
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sign of the wall charge bu t  is somewhat  insensit ive to 
its magni tude  when a/X < 3. In  fact, the magni tude  of 

the s t reaming potential  increases as the magni tude  of 
the wall  charge decreases in  this range of a/k .  The con- 
centrat ion potent ial  is sensitive to both the sign and 
the magni tude  of the wall  charge in the range 
1 < a / k  < 5. 

~ g u r e  "5 indicates that the wall  charge is not  con- 
s tant  (nor is the potential)  bu t  depends instead on 
bulk  electrolyte concentration,  or equiva lent ly  ~,, A 
most surpr is ing result  is that  for the pore walls of 
muscovite mica a ra ther  long time (48 hr) is required 
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Fig. S. Surface charge densities determined from pore conduc- 
t[rifles. ~ was determined in e ~ c h  cQse by fitting ca|c,,|otions from 
the space-charge model (Eq. [13] and [17] and Appendix) to 
pore fluid conductivity data. 

pore fluid conduct ivi ty is sensitive to the pore wall  
charge density, bu t  the sign of the charge cannot be 
deduced from this parameter .  On the other hand, the 
s t reaming potential  does aDow determinat ion  of the 
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after etching the membrane  with aqueous hydrofluoric 
acid to reach a stable charge; however, pH t i t rat ion 
requires only minutes  to reach a new stable charge 
and exhibits a reproducible point of zero charge (~4.5) 
and a stable region of constant  charge (7 < p i t  < 10). 
The magni tude  of the high pH charge varies among 
membranes,  perhaps because of na tu ra l  variat ions be-  
tween different sheets of mica or because of mul t i -  
valent  cation impuri t ies  in solution. The charge at high 
p i t  is negative and increases in magni tude  as the anion 
(C1-) concentrat ion increases. Mg +2 reverses the sign 
of the wall  charge even at  high pH, implying that  ad- 
sorption of this cation occurs. 
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APPENDIX 
Listed below are the model coefficients Lu in Eq. 

[17]-[19] 
L n  [A- l ]  
L n  [A-2] 

Lis [A-3] 

L21 [A-4] 
L ~  [A-5] 

It can be shown algebraically that  by slightly al ter ing 
the definition of the electrolyte flux J in Eq. [15c] the 
coefficients Lij can be forced to equal Lji, which should 
be true according to Onsager's reciprocity theorem (3, 
11) 

A 

2e2C ,fo 1 
Ln = ~ [ Z - D -  exp ( - -  Z--I , (~))  

kT 
-- Z+D+ exp (--  Z+,t,(~))]d~ 

A 

ekTC fOt -{- ~ ,~[,I,(1) -- ,,I,(~) ] 

[exp (--  Z+-I,(f))  -- exp ( - -  Z-~i,(~))]d~ 
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LI2 = --~-- ~[D- exp (-- Z-~ , (D)  

A 

-- D+ exp (-- g+-I,(~)) ]d~ -t- ~ 

-- ~ ' ( D ]  

~kT 
LI~ -- 4~e  

~[9(I) 

exp (-- Z+'t ,(O) exp (-- Z -~ ' (O)  ]d~ 

Z+ Z -  

+ 2 z + z _  [~,(1) - < ~ > ]  

Y: ~(1)  - 2 "~(0 ~d~ 

A 
2eC fi 

L21 =- ~ , , 0  ~[D- exp (-- Z_'t,(~)) 

A 

ekTC I i 
- -  D+ exp (-- Z+,I , (D)]df  + ~[~(i) 

-- ,I,($) ] [exp (-- Z+~I,(O ) Z +  exp (-- Z-~'(~)).Z.~ ] d~ 

A 

L22 = ~ ~ Z -  

D+ exp (-- Z+, I ' (0)  l 
d~3 

J Z+ 

A 

2C2a2 I :  [ e x p ( - Z - ' I ' ( D )  § 
Z -  

_ exp (-- Z+~'(O) d~a .... 
Z+ ' ~ ~2 

h Z+ 

exp (-- Z-~I " (~l).) -- 1 "! 
_ d~i 

Z- 

LIST OF SYMBOLS 
a equivalent pore radius, m 
Ci(r,x) concentration of species i inside pore, mol/ 

dm z 

(x) equivalent bulk concentration, mol/dm 8 
Di diffusion coefficient of i, m2/sec 
e magnitude of the charge on an electron, C 
I average current density, A/m 2 
J average electrolyte flux, mol/m 2 sec 
k Boltzmann constant, J /K  
l pore length, m 
L transport coefficients, Eq. [16] and Appendix 
Ni(r, x) flux of i, mol/m 2 sec 
ni (x) equivalent bulk concentration of i, mol/dm 8 
n pore density in irradiated region of mem- 

brane, m -2 

A 
P(x)  
p(r,x)  
r 

Rm 
So 
T 
U 
V(x) 
v (r, x) 
VT 

equivalent bulk pressure, Pa 
pressure inside pore, Pa 
radial position, m 
membrane resistance, 
dimensionless surface charge, Eq. [13] 
temperature, K 
average fluid velocity, m/sec 
electrical potential, V 
fluid velocity, m/sec 
voltage measured in  a concentration poten- 
tial experiment, Eq. [22] 

x axial position, m 
Z~ electrovalence of i 

solvent dielectric constant 
solvent viscosity, Pa sec 
specific conductivity of fluid in pore (Eq. 
[17]), mho/m 

~ Debye screening length (Eq. [14]), m 
streaming potential, V/Pa 
dimensionless radial position, r/a 

~ space charge density, C/m 3 
surface charge density, esu/m 2 or ~C/cm ~ 

(r, x) electrostatic potential in pore, V 
,t, dimensionless electrostatic potential arising 

from charged pore wall, e~/kT 
dimensionless concentration potential 

REFERENCES 
1. L. Dresner, J. Phys. Chem., 67, 1635 (1963). 
2. F. A. Morrison, Jr. and J. F. Osterle, J. Chem. Phys., 

43, 2111 (1965), 
3. R. J. Gross and J. F. Osterle, ibid., 49, 228 (1968). 
4. J. C. Fair and J. F. Osterle, ibid., 54, 3307 (1971). 
5. J. L. Anderson and W. H. Koh, J. Colloid Interface 

Sci.,59, 149 (1977). 
6. W. H. Keesom, R. L. Zelenka, and C. J. Radke, 

Paper presented at 71st Annual A.I.Ch.E. Meet- 
ing, Miami (1978). 

7. W. H. Koh, J. Colloid Interlace Sci., 71, 613 (1979). 
8. W. H. Koh and J. L. Anderson, A.I.Ch.E.J., 21, 1176 

(1975). 
9. C. P. Bean, Paper presented at the International 

Conference on Colloids and Surfaces, San Juan) 
Puerto Rico, June 21-25, 1976. 

10. H. P. Frohlich, B. Klump, and E. Woerman, Z. Phys. 
Chem. (N.F.), 106, 326 (1977). 

11. G. B. Westermann-Clark, Ph.D. Thesis, Carnegie- 
Mellon University (1981). 

12. A. N. Frumkin, This Journal, 107, 461 (1960). 
13. D. M. Malone and J. L. Anderson, A.I.Ch.E.J., 23, 

177 (1977). 
14. J. A. Quinn, J. L. Anderson, W. S. Ho, and W. J. 

Petzny, Biophys. J., 12, 990 (1972). 
15. R. A. Robinson and R. H. Stokes, "Electrolyte Solu- 

tions," 2nd ed., Academic Press, New York 
(1959). 

16. J. S. Newman, "Electrochemical Systems," Sections 
30 and 43, Prentice-Hall, Englewood Cliffs, NJ 
(1973). 

17. A. W. Adamson, "Physical Chemistry of Surfaces," 
3rd ed., Chap. IV, John Wiley & Sons, Inc., New 
York (1976). 

18. E. J. W. Verwey and J. Th. G. Overbeek, "Theory 
of the Stability of Lyophobic Colloids," Elsevier, 
New York (1948). 

19. G. L. Gaines, Jr., J. Phys. Chem., 61, 1408 (1957); 
Also see G. L. Gaines, Jr. and C. P. Rutkowski, 
J. Phys. Chem., 61, 1439 (1957). 



Photoelectrolysis of Water at  -Fe203 Electrodes in Acidic Solution 
John H. Kennedy* and Menahem Anderman* 
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ABSTRACT 

Photocurrent-potential  curves at polycrystall ine ~-Fe20.~ electrodes in acidic solutions are reported to be similar to those 
found in basic solutions. Faradaic collection efficiency of 100% for photoelectrolyzed oxygen has been achieved in a closed 
cell configuration. Stable photocurrents  has been demonstra ted in various acidic media, and trace amounts  of Fe(IID de- 
tected in the working solutions gave an indication of the dissolution rate. The stability of the a:Fe20.~ electrode is discussed 
and compared to other metal  oxide photoanodes.  

The  photoassis ted electrolysis  of wa te r  at  a-Fe203 
photoanodes has  been s tudied ex tens ive ly  in the las t  
few years  (1-11). Various types of electrodes have 
been fabr ica ted  and studied:  chemical  vapor  deposi ted 
(CVD) films (1, 2), single crystals  (3),  s in tered pow-  
ders  (5-11), and flame oxidized i ron meta l  (4, 9). I t  
was genera l ly  found that  po lycrys ta l l ine  mater ia l s  ex-  
h ibi ted  comparable  photocurrents  to the single Crystal 
electrodes,  and wi th  the bandgap  of only  2.2 eV, ~20% 
of solar  i r rad ia t ion  may  be captured.  Whi le  many  
nonoxide  semiconductors  a re  known wi th  s imi lar  or 
lower  bandgaps  and possessing be t te r  solar absorpt ion 
and h igher  pho tocur ren t  quan tum yie ld  character is t ics  
[e.g., CdSe (1.7 eV);  MoSes (1.5 eV);  GaAs (1.4 eV') 
and others  (12)] none of those ma te r i a l s  resist  corro-  
sion dur ing  wa te r  photoelectrolysis .  

With in  the  me ta l  oxide  semiconductors,  i t  has been 
genera l ly  found tha t  mater ia l s  wi th  wide bandgap  are 
more  stable.  However ,  all  mate r ia l s  wi th  bandgap  
>3.0 eV are  imprac t ica l  for  solar  energy  convers ion be-  
cause they  absorb <4% of solar  i r rad ia t ion  unless sen-  
si t ized by  a dye  o r  o ther  absorber .  A number  of oxide 
semiconductors  wi th  bandgap  <3.0 were  found as 
s table  photoanodes for wa te r  photoelectrolysis ,  at  least  
in some pH range (12). I ron  oxide  is one of the  most 
impor t an t  p r i m a r i l y  because of its r e l a t ive ly  low 
bandgap  as an oxide  semiconductor .  

Though much work  has been done on fer r ic  oxide, 
h a r d l y  a n y  r epor t  on its behav ior  in acidic solut ions 
has been publ i shed  af te r  Hardee  and Bard  (1) re -  
por ted  dissolution of the i r  CVD films at pH < 4  even 
under  open-c i rcu i t  conditions.  We repor t  here  the  
a t t a inmen t  of qui te  s table  photocur ren ts  resul t ing  in 
100 • 5% of fa rada ic  yie ld  for  oxygen obta ined  f rom 
~-Fe208 electrodes in acidic solutions, and a deta i led  
s tudy  of the  dissolution ra te  under  open-c i rcu i t  (da rk )  
and shor t -c i rcu i t  (light) '  conditions. 

Experimental 

Electrodes (~1  cm~ area)  we re  p repa red  f rom 
~9.999% a-FezO3 (Alfa  Products )  powder  by  mixing  
wi th  var ious  dopants,  pressing,  and s inter ing at 1300 ~ 
1360~ for 4-24 hr, fol lowed by  quenching to room 
t e m p e r a t u r e  (10) .  Dopants  used in this  work  were  0.02, 
0.1, and  1 atomic percen t  (a /o )  SiC, 1 a /o  SiO~, 0.05 a /o  
SnO~, and 0.00'7 a /o  GeO~ (11). Densit ies ranged f rom 
75% (visibly porous) to near  90% of theore t ica l  densi ty.  

Ohmic contact  was made  by  spu t te r ing  gold on the 
back  surface and was tested for ohmic behavior  wi th  
d -c  probes. Then, a copper wire  was a t tached to the  
contact ing surface wi th  Ag epoxy.  The electrodes were  
mounted  into an appropr ia t e  glass ho lder  wi th  epoxy  
resin. Resistances in solution measured  at  1 kHz wi th  
a conduct iv i ty  br idge  var ied  f rom 20-200 12. A regu la r  
th ree -e lec t rode  a r r angemen t  was used wi th  Pt  foil as 
a countere lec t rode  and a sa tura ted  calomel  e lect rode 
(SCE) as a reference  electrode.  

* Electrochemical Society Active Member. 
Key words: photoelectrolysis, a-FelOn, photoanodes, s effi- 

eieney, oxygen faradale efficiency. 

Exper iments  in which  oxygen  collection efficiency 
was measured  were  car r ied  out  in a specia l ly  con- 
s t ructed closed cell (Fig. 1). The work ing  compar tmen t  
had a 2 ml bure t t e  sea led  on the top of a ~40 ml  glass 
cell. The work ing  e lect rode was moun ted  on the front  
of a male  ground glass jo in t  that  was inser ted  into a 
female  ground glass jo int  sealed to the s idewal l  of the 
40 ml cell. 

Cur ren t -po ten t i a l  curves were  taken  with  a PAR 
174A po ten t iomete r  or  P ine  Ins t rument  RDE 3 po ten-  
t iostat  in conjunct ion with  an X - Y  recorder ,  at a scan 
ra te  of 5-10 mV/sec.  The  l ight  source was a 150W 
Xe lamp,  the  l ight  pa th  included an in f ra red  filter and 
quar tz  lens. The highest  l ight  in tens i ty  on the electrode 
surface was 700 m W / c m  2. 

I ron  ( I I I )  in solut ion was detected by  the ve ry  sensi-  
t ive spec t rophotometr ic  de te rmina t ion  of the  i ron phe -  
nanthro l ine  complex  (13). H202 was de te rmined  iodo-  
me t r i ca l ly  (13) using a coulometer  for the  back  t i t r a -  
tion of the excess thiosulfate.  Al l  chemicals  were  re -  
agent  grade.  An  opt ical  microscope and a Scanning 

- - 4  

8 6 5 3 7 

Fig. 1. A closed cell for oxygen collection. 1. Counter and ref- 
erence electrode compartment. 2. Fritted glass separator. 3. Work- 
ing electrode comportment. 4. 2 ml calibrated burette. 5. Female 
ground glass joint sealed to working compartment. 6. Demountable 
mole ground gloss joint. 7. Working electrode sealed to front 
surface of the mole joint. 8. Copper wire lead. 
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Electron Microscope (SEM) Autoscan (Etec Corpora- 
t ion) were used to examine the electrode surface. 

Results and Discussion 
Current-potent ia l  characteris t ics . - -Current  potential  

curves for an ,~-Fe~O~ anode in 1M NaOH and 1M 
H~SO4 are shown in Fig. 2. The curves are very similar 
in shape and magni tude  suggesting that the ra te - l imi t -  
ing step is identical  in  both solutions. The photocurrent  
as well  as the dark current  in 1M H2SO4 are shifted 
0.98 _ 0.05V in the anodic direction compared to 1M 
NaOH. This represents  a shift of ,~70 mV/pH, some- 
what  larger than  the expected shift of the flatband po- 
tent ial  (VFB), which is 59 mV/pH.  This discrepancy 
may be understood in the following way. The onset of 
s teady-state  photocurrent  which occurred a few tenths 
of a voIt anodic to VFB represents the si tuat ion when  
sufficient band bending  has been established in  the 
semiconductor space charge layer  that  hole t ransfer  
to the reduced species in  the solution competes effi- 
ciently with other processes. These competing pro-  
cesses include electron-hole recombinat ion and elec- 
t ron capture from the conduction band by the oxidized 
species in  solution. Hence,  the discrepancy between the 
59 mV/pH expected for VFB and the 70 m V / p H  found 
exper imenta l ly  for the onset of the steady-state photo- 
current  may suggest that  more band  bending is re-  
quired in  acidic solution to overcome electron-hole 
recombinat ion and /o r  significant back-reaction.  Al-  
though the discrepancy between 59-70 mV/pH is not 
large the proposed hypothesis is also supported by 
t rans ient  photocurrents.  Significant t ransient  photo- 
currents  were observed cathodic to the onset of the 
observed s teady-state  photocurrent.  

Figure  3 shows photocurrent -potent ia l  curves in four 
d i f fe ren t  acidic solutions. It  is evident  from the figure 
that  the photocurrent  onset in  a solution that contains 
C1- is more cathodic than  in solutions containing 
SO42-. It  was also observed that  photocurren t -p0ten-  
tial curves in HC104 media were very similar  to those 
in H2SO+ While the electrode reaction in H2SO4 or 
HC104 was shown to be the oxidat ion of water  to oxy-  
gen, as wil l  be discussed later, oxidation of chloride 
(~o chlorine) was responsible for part  of the photo- 
current  in HC1. The competit ion be tween halogens and 
water  on photo-oxidat ion a t  rc~-~'~e203 will be  reported 
in a future  paper. 

The abi l i ty  of C1- to shift the photocurrent  curve 
to more  cathodic potentials  at a given pH was observed 
throughout  the pH range 0-12.4, bu t  no effect was 
found in 1M NaOH. A similar effectl has been observed 
at a WO~ electrode (14). 

This shift can be explained in two ways. Fi rs t ,  a 
direct shift of the VFB due to specific adsorption may 
occur, and second, C1- may improve the charge t rans-  
fer to the solution, possibly by deact ivat in~ surface 
recombinat ion centers. The fact that the steady-state 
photocurrent  curve in 1M HC1 is shifted exactly 59 
m V / p H  from the one in 1M N,aOH may suggest that  
C I -  is as efficient as O H -  in captur ing the hole from 
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F~g. 2. Current-potential curves for a polycrystalline c~-Fe203 
electrode. (a) IM NaO.H; (b) 1M H2SO4. 
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Fig. 3. Photocurrent density vs. electrode potential in various 
acidic solutions. (a) 0.5M NaCI + HCI, pH 3.0; (b) 1M HCI, pH 
0.3; (c) 0.25M Na2SO4 ~ H2SO~, pH 3.0; (d) 1M H2SO4, pH 0.2. 
Dark current was negligible for the potential range given. 

the Valence band while SO42-, HSO4-,  C104-, and 
water  are not. The photocurrent -potent ia l  curves in 
more neut ra l  solutions (pH 3-12) were f requent ly  
more complex and will be reported i n  a later  paper. 

Anodic dark  current ,  demonstra ted to be formation 
of oxygen, began ~0.9V more positive than the onset 
of photocurrent  in both 1M NaOH and 1M H2SO4. A 
cathodic dark cur ren t  started at < --0.55V vs. SCE in 
1M NaOH and < +0.5V vs. SCE in 1M H~SO4. The 
cathodic dark  current  was high when oxygen was still 
present  on the electrode surface. However, if the elec- 
tro.de potential  was scanned fur ther  in the cathodic 
direction, addit ional  cathodic dark  current  was ob- 
served which dropped with t ime but  did not com- 
pletely disappear. This dark current  was probably  a 
direct reduct ion of the electrode itself 

Fe a+ + e -  -> Fe 2+ [1] 

Subsequent  to this cathodic clark current ,  an anodic 
dark current  was observed if the electrode potent ial  
was scanned back to more positive values. By holding 
the electrode at a potential  anodic to the onset of 
photocurrent  for a few minutes,  it was usual ly  possible 
to recover the performance of the electrode, and the 
anodic dark current  disappeared.  Performance did 
not recover, indicating a more severe damage, when 
the electrode was held at < 0V vs. SCE in acidic media 
or < --1V vs. SCE in basic media for more than a 
few minutes.  

Oxygen  col lect ion.--Previous studies showed that 
oxygen bubble  collect ion from an open cell using a 
bure t te  with a broad opening did not  give 100% fara- 
daic efficiency even when there  was no eviden.ce for 
another  product. Collection efficiency of 30-70% was 
usual ly  obtained. It was also observed that collection 
efficiency usual ly  increased with current  density and 
that  for each new solution there was an induct ion 
time in which a lower collection efficiency was ob- 
tained before reaching the plateau value. Other in-  
vestigations have also reported lo,w col lect ion 'eff i -  
ciency (10-93%) for oxygen at ~-Fe~03 and TiO2 
anodes (7, 14, 15), except for 10O ___10% reported for 
very high light in tensi ty  conditions (16). 

These observations led us to assume that  some of 
the oxygen bubbles are being formed in the bulk  
solution and, thus, are not collected by the burette.  To 
confirm this assumption we constructed a closed ce l l  
(Fig. 1) that  collected all oxygen formed anywhere  
in  the cell after saturat ion wi th  O2. Indeed, after a 
few hours '  induct ion time, a faradaic efficiency of 100 
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+_ 5% was obtained in several solutions which were 
tested including 1M NaOH, borax buffer (pH --~ 9.2), 
0.5M H2SO4, 1M HC104, and 5M H2SO4. A faradaic effi- 
ciency of 100 __ 5% for oxygen production was also 
obtained in  the dark at a potential  of ~ 1V vs.  SCE for 
1M NaOH a n d  at 1.9V vs. SCE for 0.5M H2SO4. The 
induct ion time could be greatly reduced if the solu- 
t ion was saturated with oxygen before electrolysis in 
a fresh solution. 

Two possible mechanisms (a) and (b) could ac- 
count for the low efficiencies reported in the past  

(a) 2 O H -  -I- 2h+ --> H202 (electrode surface) [2] 

H202 ~ H20 + 1/2 02 (bulk solution) [3] 

(b )  2 O H -  -t- 2h  + "-> H 2 0  + ~s O 2 ( a q )  

(electrode surface) [4] 

Os(aq) --> ~ O2(g)~ (bulk solution) [5] 

To dist inguish between these two pathways, we 
have carried out the three following experiments.  
First, the working solution was tested for the presence 
of HzO2. in  all  cases, the amount  found in acidic so- 
lut ion represented < 0.3% of the coulombs passed. 
Second, when a known  amount  of H2.O2, comparable 
to the amount  that would be generated in reaction [2], 
was added to the acidic solution, 60% of i t  decom- 
posed in 20 hr dur ing which the electrode was photo- 
electrolyzing water  at 1.3V vs.  SCE. Third, when this 
same amount  of H202 was added to the solution for 
the same period of t ime while the electrode was at 
open circuit, no decomposition of the H20~. was ob- 
served. 

Exper iment  three indicated that reaction [3] can be 
ignored, and, hence, mechanism (b) is l ikely to be 
responsible for the low collection efficiency observed 
with an open cell at least in acidic solutions. 

However, the above tests do not mean that  H202 is 
not an intermediate  product of the photoelectrolysis. In 
fact, small  amounts  of H202 were consistently found 
in the working solution and could not  come from the 
Pt auxi l iary  electrode compartment  which was iso- 
lated by a double frit ted glass separator i n  these ex- 
periments.  This observation suggests that  HzO2 is an 
in termediate  product  of the photoelectrolysis, but  
due to the favorable energetics of the H202/O2 couple 
compared to that  of the H20/O2 couple (shown in ex- 
per iment  two),  most of the H202 undergoes fur ther  
oxidation before having t ime to diffuse away from 
the electrode. 

S t a b i l i t y . - - F i g u r e  4 shows photocurrent  vs.  t ime 
curves for  three ~-Fe2Q electrodes in various acidic 
solutions. Stable photocurrents  are evident  al though 
a small  drop ( ~ i 0 % )  was usual ly  observed in the 
first few hours when  an electrode was t ransferred from 
a basic to an acidic medium. This drop was probably 
due to a slow adsorpt ion/desorpt ion process and /or  
slow diffusion of some species along grain boundaries  
and is not  surpris ing for polycrystal l ine materials.  
After the small  ini t ial  decay, photocurrents were 
stable for several  days of continuous operation dur ing  
which > 600C were transferred.  Electrodes have been 
used in te rmi t ten t ly  for over 3 months without  any 
damage provided they were always held anodic to 
the onset of cathodic dark current.  

Curren t -poten t ia l  curves were general ly  reproduc- 
ible after the init ial  decay. Curren t -poten t ia l  curves in 
basic solution could also be reproduced after the elec- 
trodes had been used in acidic media. There was no 
observable change in the surface appearance, which 
was examined using optical and scanning electron 
microscopy. 

As a final test of stabili ty the electrolyte solution 
was analyzed for the presence of Fe ~§ ions. The anal -  
ysis technique is qui te  sensitive allowing the detec- 
tion of 3 ~g Fe s+ in the 30 ml  electrolyte solution. 
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Fig. 4. Photocurrent density vs. working time for polycrystalline 
~-Fe203 in acidic solutions. Curve 1: (a) 9.5M H2SO4; 1.2V vs. 

SCE, and (b) 1M HCI; 1.4V vs. SCE. Curve 2: 0.SM H• 1.3V 
vs. SCE. Curve 3: (a) 10M H:2SO4; 1.5V vs. SCE, (b) !.5M Na=SO4 
~- 0.SM H2S04 pH 2.0; 1.4V vs. SCE, and (c) O.5M H2S04; 1.4V 
vs. SCE. Light intensity for electrode 3 was about one-half the light 
intensity for electrodes 1 and 2. 

Some of the results are shown in  Table I. In  agree- 
ment  with Hardee and Bard (1), we found slow dis- 
solution of the electrodes in all  acidic media tested 
under  open-circui t  conditions in  the dark (row VII 
in Table I).  The amount  of dissolution was the l eas t  
in 1M HC104 (~2  ~g/cm 2 i n  24 hr) ,  larger in 0.5M 
H2SO4 (4-30 ~g/cm 2 in 24 hr) ,  and the largest in 1M 
HC1 and 5M H2S04 (,--300-600 #g/cm 2 for 24 hr) .  
These values varied from electrode to electrode with 
the more porous electrodes ( <  80% theoretical den-  
sity) being more susceptible to dissolution. Higher 
dissolution rates were general ly  observed under  work-  
ing conditions (row VI in Table I).  Light in tensi ty  
at the electrode surface was ,~500 m W / c m  2, and the 
potential  was 1-1.5V vs.  SCE for these experiments.  
Subtract ion of the amount  (as ~eq) of Fe 3+ found 
in solution at open circuit from that found in solution 
under  working conditions and dividing by ~eq of 
electrical charge (row VIII  of Table I) represents a 
measure of photocorrosion. 

It is impor tant  to note that at least part  of the in-  
crease in the dissolution rate under  working conditions 
could be due to the intense mixing effect of the 
electrolyte at the electrode surface by the oxygen 
bubbles, and not  involving a direct photocorrosion. 
Possible evidence for this mechanism is the lack of 
any  significant difference in the corrosion rate be-  
tween columns c and d when the amount  of current  
was reduced by a factor of three. Therefore, row VIII  
should be taken as an upper  l imit  of photocorrosion. 
These results demonstrate  that  photocorrosion in 1M 
HC104 and 0.5M H~SO4 is cer ta inly <0.1%, and prob-  
ably < 0.01% of the total charge passed through the 
ceil. 

The open-circui t  dissolution of i ron oxide in  acidic 
solutions can be described by the following reaction 

Fe20~ + 6H + ~- 2Fe ~+ (aq) + 3H20 

AG ~ -- - -1 .97kcal /mol  [6] 

On the other hand  according to Scaife (17), the 
photodissolution of iron oxide to give a monoferric 
species is given in reaction [7] 

6h + -~ Fe~O3 ~ 2yH~O ~,~ 2Fe (OH)y ~-y 

+ 3/2 02 --F 2yH + [7] 

where  the value of y depends upon the pH of t h e  
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Table I. Amount of Fe 3+ found in solution for several a-Fe203 electrodes in various acidic solutions a 

8 5 1  

a b a d e f g 

I Electrode No.  1 2 3 3 3 3 4 
]I Electrolyte  0.5M H,~SO4 0.5M HeSO~ O.5M H,2SO4 0.5M H~SO~ 1M HCIO~ O.SM H~SO4 1M HC] 
HI Average  current  (mA)  3.95 3.8 4.25 1.4 4.6 2.7 1.88 
1V WorKing tmle  (hr)  44 25 23.25 23 20.8 15 47 
V Electrmal  charge  (/~eq) 6480 3550 3690 1200 3570 1510 3300 
VI Fe ~§ found in so lut ion 70 39 55 42 12.2 227 818 

(/tg) 
VII Fe ~+ found in solut ion at 

open circuit  for  the 60 25 3.8 3.8 1.5 77 465 
same t ime period (/~g) 

VIII Percentage  photocorro-  
s ion (/zeq Fe  ~* in 

work ing  so lut ion- -~eq  0.008% 0,021% 0.075% 0,17% 0.016% 0.53% 0.57% 
Fe 3+ at open c ircu i t ) /  
/~eq charge  

= Electrode area: 1 cm~; electrode weight:  0,3g; solut ion volume:  30-1000 ml. 

electrolyte .  A t  pH - -  0, Fe  3+ (aq) is expec ted  to be 
the  dominan t  F e ( I I I )  species, and react ion [7] can 
be wr i t t en  for  y = 0 

6h + + Fe2Oz~- 2Fe 3* (aq)  -t- 3 / 2 0 2  [7a] 

React ion [Ta] is d i f ferent  in essence f rom react ion 
[6] because the dr iv ing  force for corrosion is a s trong 
oxidiz ing agent,  i.e., a hole in the valence band  (ap-  
p r o x i m a t e l y  2V vs.  SCE).  This hole is t h e r m o d y n a m i -  
cal ly  capable  of oxidizing the semiconductor ,  causing 
dissolution. 

The quest ion of the  s tab i l i ty  of n - t y p e  semiconduc-  
tors toward  photocorros ion has been discussed by 
Ger ischer  (18) and by  Bard  and Wrighton  (19). A 
decomposi t ion potent ia l ,  ED, has been assigned f o r  
react ions l ike  reac t ion  [7]. Per fec t  t he rmodynamic  
s tab i l i ty  of the semiconductor  toward  anodic photo-  
corrosion requi res  tha t  ED be more  posi t ive than the 
valence  bandedge  avoiding the poss ibi l i ty  tha t  the 
hole wi l l  oxidize  the semiconductor .  P rac t i ca l ly  a l l  
semiconductors  tha t  have  been s tudied to date as 
photoanodes  in photoe lec t rochemical  cells do not have 
this character is t ic .  Bard  and Wrighton  (12) have 
suggested tha t  l o n g - t e r m  s tab i l i ty  can be achieved i f  
t h e  Fe rmi  level  of the redox couple in ~olution wil l  
be more  nega t ive  than  ED. According  to this, model  
n - t y p e  semiconductors  wi l l  be s table  toward  photo-  
corrosion prov ided  the oxidized species of the  redox 
couple  is t he rmodynamica l l y  incapable  of oxidizing 
the semiconductor .  

F igu re  5 show~ the E D ValUeS for react ions l ike  r e -  
a c t i o n  [7] as a funct ion of the pH of the e lec t ro ly te  
for  y values  of 0-4. Only  monofer r ic  species are  con- 
s idered  here,  the da ta  a re  t aken  f rom La t imer  (20), 
and a s imi lar  scheme was given by  Scaife (17). 

The figure demons t ra tes  tha t  wi th  respect  to t h e  
Bard  and Wrigh ton  cri terion,  ~-Fe203 should be s table  
t oward  photoelec t ro lys is  at  pH > O but  wi l l  exhib i t  
photocorrosion at  pH < 0 when the O2/H20 l e v e l  
crosses the  ED level  of react ion [7a]. However ,  t he rmo-  
dynamic  energy  levels a re  not  expl ic i t  levels  bu t  
r ep resen t  a d i s t r ibu t ion  of  levels,  and some photo-  
corrosion wil l  be expected even when ED ~ Eredox 
(19).  F u r t h e r  examina t ion  of Fig. 5 shows tha t  ED* 
- -  Eredox ~--- 0.12V throughout  the  pH range  - - 1 - 1 4  
(ED* is defined as the most negat ive  ED value  f rom all  
t ype  [7] reac t ion  at a given pH) .  Hence, the  effect of 
pH on the the rmodynamic  s tab i l i ty  of Fe203 (Bard  
and Wrigh ton  cr i te r ion)  is only  modera te .  

C lea r ly  kinet ics  also have to be taken  into account. 
Our  expe r imen t a l  resul ts  which demons t ra te  that  
the f rac t ional  photocorros ion a round  pH > 0 is only  

0.1% and m a y  be much less than  this, and that  the  
f rac t ional  photocorrosion at pH < 0 when the photo-  
corrosion reac t ion  is t he rmodynamica l l y  favored  was 
st i l l  < 0.5%, suggest  that  complex  kinet ics  inhibi t  the 
photocorros ion of  a-Fe2Oa electrodes.  

The mechanis t ic  p a t h w a y  for e i ther  photocorrosion 
or photoelectrolysis  is not  known. Both processes re -  
quire  four  holes per  molecule  of 02 produced,  and the 
expe r imen ta l  results  suggest  that  the photodecomposi -  
t ion reac t ion  must  go through a h igher  act ivat ion 
barr ier .  One such ba r r i e r  could poss ibly  involve  the  
Fe  8+ ion before it has been s tabi l ized by  hydra t ion ,  
this k ind  of ba r r i e r  should be less pronounced  for 
ions wi th  sma l l e r  charge, and  lower  va lent  meta l  
oxide semiconductors  m a y  exhib i t  less s tabi l i ty .  

The resul ts  as presented  in Fig. 4 and Table  I indi -  
cate that  in contras t  to what  was be l ieved before  (12), 
i ron oxide is p robab ly  more  s table toward  photo-  
corrosion than wider  bandgap  mater ia l s  l ike WO:; 
(21), SrTiO3 (22, 23), and is comparab le  to TiO2 (24, 
25). Scaife 's  analysis  is in excel lent  ag reement  wi th  
these findings (17). 

We would fu r the r  l ike to compare  our  resul ts  to 
those of Hardee  and Bard  (1, 2). These authors  re -  
por ted  a r ap id  dissolution of the  CVD film at  --0.5V 
vs.  SCE in pH 4.5, and s low dissolution of the film 
under  open-c i rcu i t  condit ions at  pH < 4. 

I t  should be noted regard ing  the dissolut ion reac-  
t ion tha t  in ter face  energet ics  at  pH 4.5 wil l  be shif ted 
by  ~ +0.55V compared  to the  s i tuat ion at pH 14. 
Hence, a bias of --0.5V vs.  SCE at pH 4.5 is com- 
pa rab le  to --1.05V vs.  SCE at pH 14. Our electrodes 
showed high cathodic da rk  currents  and  de te r io ra -  
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Fig. 5. Decomposition potentials for reaction [7] as a function 
of pH. (a) y = 0; 6h + ~ Fe20~ ~ 2Fe3+aq -t- 3/2 O_~; ED "- 
1.0 -I- 0 p H ,  (b) y ---- 1; 6h + ~ Fe203 ~ 2H20 ~ 2Fe(OH) ~+ 
-I- 3/2 02 -~ 2H+;  ED ---- 1.048-0.0197 pH, (c) y = 2; 6h + -I- 
Fe203 ~ 4H20 :~  2Fe(OH)2 + ~ 3/2 02 ~- 4H§  ED ---- 1.141- 
0.0394 pH, (d) y = 3; 6h + ~ Fe20,3 ~ 6H20 ~- 2Fe.(OH)3 
3/2 O; -I- 6H+;  ED = 1.096-0.0592 pH, and (e) The oxidation of 
water to O2:6h + ~ 3 H ; O ~  6H + -f- 3/2 02; E ~ 0.99-0.0592 
pH. 
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t ion of per formance  under  both conditions, which are  
poss ibly  a l r eady  cathodic to VFB. Hence, the corro-  
sion at --0.5V vs. SCE is not  r ea l ly  meaningful  or 
unique  to acidic solut ion conditions.  

Wi th  regard  to the open-c i rcu i t  dissolution, we have 
found a typical  ra te  of dissolut ion under  open circuit  
of 3-7 ~m in 24 hr. Hardee  and B a r d ' s  films va ry ing  in 
thickness from 1-6 ~m should, there fore ,  exhib i t  shor t  
life. The stable pho tocur ren t  observed in this work  
c lear ly  shows the advantages  of using thick electrodes.  
However ,  the  observed s table  per formance  also means  
t h a t  the new surface exposed to the e lec t ro ly te  as the 
e lec t rode  dissolved was not  s ignif icantly different  f rom 
the in i t ia l  outer  surface. If the  s tab i l i ty  tha t  was 
observed in this work  for  over  80 hr  continues,  inex-  
pensive s intered po lycrys ta l l ine  electrodes could last  
for  severa l  years  whi le  photoelect rolyzing wate r  in 
acidic merdia. 
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The Relation Between Performance and Stability of Cd- 
Chalcogenide/Polysulfide Photoelectrochemical Cells 

I. Model and the Effect of Photoetching 
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Y, Mirovsky and D. Lando 
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ABSTRACT 

Photoetching of CdS, CdSe, and CdTe electrodes, which is known to improve their quantum efficiency in electrochem- 
ical solar cells, is found to improve the electrode stabili ty in polysulfide electrolyte, even though the photocurrent  is in- 
creased after the photoetching (under constant i l lumination intensity). A simple model  for the  performance and the stability 
of Cd-chalcogenide/polysulfide photoelectrochemical  cells is suggested, according to which any parameter  that increases 
the quantum efficiency of the photoelectrode will also increase the electrode stability. Any impediment  on the flow of 
holes into the electrolyte will lead to increased photocorrosion and surface recombination. The validi ty of this model  is 
tested by measuring the quantum efficiency, electrode stability, and photocurrent  transients at various light intensities and 
electrolyte concentrations.  

Photocorrosion of semiconductor  e lectrodes is one of 
the  main  obstacles in the deve lopment  of photoe lec t ro-  

1 Presently on leave of absence as Mineral Fellow, Fritz-Itaber 
Institute of the Max Planck Gesellschaft, Berlin, Germany. 

Key words: photocorrosion, quantum efficiency, photoelectro- 
chemical etching. 

chemical  solar  cells (PEC's)  (1-3).  As the rmodynamic  
a rguments  show (1, 2), al l  n - t y p e  semiconductors  tend 
to photocorrode  in aqueous electrolytes ,  but  they  c a n  
st i l l  be s tabi l ized by  kinet ic  means,  e.g. by  a fast  redox  
react ion which takes  over  the pho togenera ted  h o l e s  
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before  they  can pe r fo rm the decomposi t ion react ions 
(3). A we l l - known  example  is the  s tabi l iza t ion  of Cd- 
chalcogenide electrodes by  polysulf ide solutions (4-7).  
I t  has been shown tha t  the  s tabi l iza t ion of PEC's  of 
this type  is not  an absolute  one, wi th  the consequence 
tha t  exchange react ions  take  place  at  the  semiconduc-  
to r -e lec t ro ly te  interface,  leading,  e.g., to the  format ion  
of a CdS l aye r  on the top of a CdSe elect rode in contact  
wi th  a polysulf ide e lec t ro ly te  (8-11). 

Expe r imen ta l  invest igat ions  of e lect rode s tabi l i ty  
showed that  photocorrosion increases  wi th  increasing 
l ight  in tens i ty  and decreas ing concentra t ion of the re -  
duced  species in the  e lec t ro ly te  (12-14). Fu r the rmore ,  
it  has been  observed  that,  af ter  a photoetching t r ea t -  
men t  of CdSe electrodes the long range s tabi l i ty  is con- 
s ide rab ly  enhanced,  compared  with  the chemica l ly-  
etched electrodes when the same ini t ia l  photocur ren t  
is .drawn from the cell  (15, 16). Taking  into account 
the  increase in the quan tum yie ld  of the cell af ter  
photoetching (17, 18), i t  was t empt ing  to t ry  to see 
whe the r  this corre la t ion be tween  the quan tum yie ld  of 
the cell  and its output  s tab i l i ty  is of much broader  
bearings.  Thus, in this  work  we substant ia te  this notion 
by  s tudying  the effect of Ph0toetching, l ight  intensi ty,  
and e lec t ro ly te  concentra t ion on the pe r fo rmance  and 
the s tab i l i ty  of these cells. A s imple kinet ic  model  of 
the  cell  s tab i l i ty  and per formance  is proposed.  The ex -  
pe r imen ta l  resul ts  a re  compared  qua l i ta t ive ly  wi th  the  
model.  Quant i ta t ive  tests of this model  by  computer  
s imula t ion  a re  in progress.  In  subsequent  papers  we 
wi l l  r epor t  the  effect of photoelect rode potent ia l  and 
e lec t ro ly te  t empe ra tu r e  on cell s tabi l i ty ,  and discuss 
these effects using the model  proposed in this paper .  

Experimental 
The exper iments  were  car r ied  out  in a convent ional  

pb.otoelectrochemical  setup. Materials ,  e lec t rode  p r e p -  
arat ion,  etc. were  as descr ibed p rev ious ly  (3). The 
photoetching t r ea tmen t  was carr ied  out wi th  a 
(0.3:9.7:90% by  volume)  HNO3:HCl:HeO mix ture  
wi th  carbon rod as a countere lec t rode  (17). Subse-  
quen t ly  the  e lec t rode  was immersed  in polysulf ide (to 
dissolve any  free Se) and r insed wi th  water .  The laser  
exper iments  were  car r ied  out wi th  a 7 mW CW Radi -  
a t ion He-Ne  laser  and ca l ibra ted  Si photodiode was 
used for the  de te rmina t ion  of the  absolute  quan tum 
efficiency. A lock- in  detect ion technique  was used to 

avoid the da rk  current  contr ibut ion.  The t rans ient  
( peak / s t eady )  measurements  were car r ied  out wi th  a 
homemade  de tec tor  wi th  I nsec resolution.  

Results 
Satura t ion  of the shor t - c i r cu i t  cu r ren t  vs.  l ight  in- 

tensi ty  proved  to be a good indicat ion ior  slow kinetics 
of the  r~ole-electrolyte react ion leading  to p h o t o c o r -  
rosion (3, 19). F igure  1 shows how photoetching modi-  
fies the photocur ren t  vs.  l ight  in tens i ty  behavior .  I t  can 
be seen tha t  under  condit ions where  the shor t -c i rcu i t  
cu r ren t  (Jsc) of the chemical ly  etched electrodes 
showed sa tura t ion  wi th  the l ight  in tens i ty  ( r  a l inear  
dependence  of Jsc vs.  r was sti l l  observed wi th  the 
photoetched electrode.  Opera t ion  of the chemical ly  
etched e lect rode at cur ren t  densit ies above the sa tu ra -  
tion level  brought  about  a fast  deac t iva t ion  (photo-  
corrosion) ,  while the  photoetched e lec t rode  was found 
to be s table at these l ight  intensit ies.  

F igure  2 shows the dependence  of the quan tum effi- 
ciency on  l ight  in tens i ty  as measured  wi th  an He-Ne  
laser.  The quan tum efficiency decreases for both the 
etched and the photo etched e lec t rode  with  inc reas ing  
l ight  intensi ty.  Under  same condit ions the photoetched 
electrode exhibi ts  b igger  quan tum efficiencies, espe-  
cial ly at  high i l lumina t ion  intensi t ies  and smal l  elec-  
t ro ly te  concentrat ions.  Note that  even under  the most 
favorab le  conditions, i.e., photoe~ched electrode,  high 
e lec t ro ly te  concentrat ion,  and smal l  i l lumina t ion  in ten-  
sity, the quan tum efficiency does not  exceed 85%, due- 
p robab ly  to surface recombinat ion .  

In  prevous  publ icat ions  of this l abo ra to ry  (12, 15) 
it was shown that  both the  surface area  and the l ight  
in tens i ty  p lay  an impor t an t  role in de te rmin ing  the 
ou tput  s tab i l i ty  of these cells. As repor ted  ear l ie r  (15), 
the s tabi l i ty  of a CdSe photoelect rode was found to de-  
crease wi th  increasing i l lumina t ion  intensi t ies  (Fig. 3). 
Trans ient  measurements  were  carr ied  out  to compare  
the  shor t -c i rcu i t  photocur ren t  at the onset  of i l lumina-  
t ion (where  we expect  complete  coverage of the  elec-  
t rode surface with sulfide ions) wi th  the pho tocur ren t  
a f te r  reaching  a s t eady  va lue  (par t i a l  coverage by  
sulfide ions) .  The resul t  of such a measuremen t  i s  
shown in Fi~. 4. Whereas  the s t eady-s ta te  photocur ren t  
sa tura tes  wi th  l ight  intensi ty,  the peak  cur ren t  is l inear  
with l ight  intensi ty.  We found tha t  e lect rode deac t iva-  
t ion is ve ry  rap id  at  l ight  intensi t ies  where  the s t eady-  
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Fig. 1. Photocurrent  vs .  l ight  intensity of etched,  1, and photo- 
etched,  2, CdSe in d i f fe rent  polysulf ide solutions. (a,  upper  lef t )  
( 0 .1 :0 .1 :0 .1 )M with respect to O H - ;  S = and S - ,  respectively. (b, 
lower left )  ( !  :1:1) solution, and (c, upper r ight)  (2 :2 :2 )  solution. 
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Fig. 2. Quantum yield vs. light intensity of etched, 1, and photo- 
etched, 2, CdSe in different polysulfide solution, a, upper left, b, 
lower left, and c, upper right and the light source as in Fig. 1. 

state pho tocur ren t  sa turates  The effect of the  e lec t ro-  
ly te  concentra t ion  on electrode s tabi l i ty  was e labora ted  
in numerous  publ ica t ions  (6, 8, 13, 19, 20). F igure  5 
shows an example  of the  increase  in e lec t rode  s tab i l i ty  
at  h igher  e lec t ro ly te  concentrat ions.  

In  all  exper imen t s  repor ted  ea r l i e r  (15), the com- 
par i son  of the  s tab i l i ty  of chemical ly  etched and photo-  
etched CdSe electrodes has been pe r fo rmed  under  the 
condit ion of ident ica l  in i t ia l  photocurrent ,  which 
means tha t  the  chemical ly  e tched e lect rode has  been 
i l lumina ted  at  a h igher  l ight  intensi ty.  To check, if the 
improved  s tab i l i ty  of the photoetched e lec t rode  is not  
only  due to the lower  i l lumina t ion  intensi ty,  we re -  
pea ted  these exper iments  under  the  condit ion of iden-  
t ical  i l lumina t ion  intensi ty.  In  Fig. 7 it  is shown tha t  
also in this  case the  photoe tched e lec t rode  is more  

s table  than  the chemical ly  etched one, though the 
ini t ia l  pho tocur ren t  of the fo rmer  is higher~ The gain 
in e lect rode s tab i l i ty  wi th  photoe tching  is not  re -  
s t r ic ted to CdSe electrodes,  as can be seen  f rom Fig. 
8 and 9, which show s tabi l i ty  tests of CdS and CdTe 
electrodes in polysulfide electrolyte .  In these tests 
the i l lumina t ion  in tens i ty  was kep t  constant  again:  the 
photoetched electrodes show a h igher  photocur ren t  
and a lower  e lectrode deac t iva t ion  than  af te r  a chemi-  
cal etch. 

Discussion 
Working hypothesis.--Our working  hypothesis  is 

that  photocorrosion arises f rom the d i sc repancy  be tween 
the flux of holes a r r iv ing  at  the surface of the elec-  
tro.de and the  react ion ra te  be tween  these surface 
holes and adsorbed sulfide ions at  the e lec t rode  surface. 
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Fig. 3. Photocurrent of etched CdSe vs, time (output stability) at different light intensities. (a, left) (1:1:1) polysulfide; (b, right) 
(2:2:2) polysulfide. 
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Fig. 4. Peak, I ,  and steady-state, 2, photocurrents as o function 
of light intensity for polycrystalline CdSe electrode in solution of 
1M S = and I M  O H -  and 0.3M S. 

A depletion of adsorbed sulfide ions may occur due 
to a slow adsorption rate resul t ing from low bulk  
concentration, or due to a slow desorption rate (dis- 
solution of oxidized sulfide), which diminishes the 
n u m b e r  of available adsorption sites. 

Increasing the roughness of the electrode (by photo- 
etching) has the effect of reducing the effective surface 
concentrat ion of the holes per uni t  area of the junc-  
tion. This ensures an adequate supply of adsorbed 
sulfide ions, which results in an improved stability. By 
increasing the l ight in tensi ty  we deplete the sulfide 
ions from the interface. Therefore the following holes 
have no redox electrolyte to oxidize and they are im-  
peded On the electrode surface, so that their probabi l -  
ity' to recombine or to oxidize the crystal increases. If 
we increase the concentrat ion of the electrolyte, the 
surface densi ty (coverage) of the oxidizable species of 
the electrolyte increases and, in addition, the kinetics 
of the sulfur  dissolution from the electrode surface is 
improved so that the output  s tabil i ty is improved. 

Correlation between quantum yield and output sta- 
bility--a model and its experimental verification.--The 
model described here takes into account the self-oxi- 
da t ion  of the electrode (photocorrosion) in  addit ion to 
the electrolyte oxidation and surface recombination.  
The hole flux ar r iv ing at the semiconductor surface, J6 
which is proport ional  to the i l luminat ion  intensity,  r is 
consumed by  three different routes: the holes can oxi- 
dize the .electrolyte which leads to a regenerat ive pho- 
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Fig. 5. Output stability of etched CdSe in two concentrations of 
the polysulfide electrolyte. 

tocurrent,  Jreg; they can part icipate in corrosion re-  
action which leads to the corrosion current,  Jcor, and 
they can recombine at the electrode surface leading to 
the recombinat ion current,  Jrec. 2 Hence, we have 

J~ ---- Jreg 2c Jcor -~- Jrec [1] 

The first two currents  are connected with a flow of 
charges through the external  circuit so that  the total 
photocurrent  which we read is 

Jph : Jreg Jr" Jcor [2] 

We define the normalized current  yield as 

qn : JpJJ~ [3] 

which shows the compatibil i ty between the hole flux 
arr iving to the semiconductor surface and the ionic 
flux into the electrolyte. Note that qn can be deter-  
mined directly under  reverse bias only where W > a -1 
(W ---- the width of the space charge layer, ~ _-- absorp- 
tion coefficient) and all the incident  light is absorbed 
in the ~pace charge region, since in this case bu lk  and 
space charge recombinat ion are negligible. In  this case 
the photogenerated holes are effectively swept toward 
the semiconductor surface. Nevertheless qn is not nec-  

T h e  r e c o m b i n a t i o n  c u r r e n t  c o n s i s t s  os a radiationless part a n d  
a radiative part, the latter being exceedingly small, however (21). 
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Fig. 8. Comparison of the output stabilities of etched ( - - - )  and 
photoetched ( ) CdS electrode in sulfide solution containing 
1M S = end O H - .  

essarily equal to 1 in this case, as surface recombina-  
t ion still might  occur, as suggested by the quan tum 
efficiencies in Fig. 2. 

Consider the following sequence of reactions occur- 
r ing at the semiconductor-electrolyte interface under  
i l luminat ion at short-circuit  conditions. 

J~ 
AB ----> AB + h + + e -  (generation) [4] 

Sr 
AB  + e -  + h + ) AB (surface recombinat ion)  [5] 

kl 
AB + h + ~ A + + B (photocorrosion) [6] 

k2 
Cads e-  + h + ----> C -  (electrolyte oxidation) [7] 

k3 
C 2- ---> Cads 2- (adsorption) [8] 

In  this scheme AB is the semiconductor; e -  and h + 
are the photogenerated electrons and holes; Sr is the 
surface recombinat ion velocityp kl and k2 are the rate 

8 H e r e  w e  i n c l u d e  s u r f a c e  a n d  n e a r  s u r f a c e  ( s p a c e  c h a r g e )  r e -  
c o m b i n a t i o n s  b e t w e e n  w h i c h  w e  c a n n o t  d i s c r i m i n a t e  i n  the  pres-  
ent  e x p e r i m e n t s .  

semiconductor 

d x  

i 

jcpl / I 

I~!elect: ~ 

~X 
0 L 

Fig. 9. Comparison of the output stabilities of etched ( - - - )  and 
photoetched ( ) CdTe electrode under ~0.33 AMI light in- 
tensity. Solution is 5M with respect to O H -  and S and 1.5M with 
respect to S =. 

constants for the photocorrosion react ion and for the 
regenerat ive oxidat ion of the adsorbed electrolyte, 
Cads 2-, respectively. It  has been shown that  the ra te-  
de termining factor at an i l luminated  Cd-chalcogenide/  
polysulfide interface is the exchange rate of the oxi- 
dized species by its reduced counterpar t  (20). I n  the 
model presented here we assume that  the ra te -de ter -  
min ing  step is the adsorption of the reduced species 
at the electrode surface (Eq. [8]). A probably  more 
realistic model, in  which the rate of desorption of the 
oxidized species is l imit ing the regenerat ive  photo- 
current  under  moderate and high i l luminat ion  in ten-  
sities, is presented in  the Appendix.  Both models pre-  
dict the same behavior  for the parameters  studied in 
this work. As the simple model (Eq. [4] to [8]) in-  
cludes fewer rate  constants and is more comfortable 
to deal with we preferred to utilize it for the in ter -  
pretat ion of our exper imenta l  results. 

In  this model we assume that  all the new species 
which are formed under  i l luminat ion  (A +, B, and C - )  
are removed fast from the electrode surface. Also since 
we consider the stabil i ty of our  cell under  short-circui t  
conditions (V = 0) we do not  take into account the 
cathodic dark current.  Note that the present  model 
deals with one hole t ransfer  because detailed mecha-  
nism for the Cd-chalcogenide/polysulfide cells is not  
available at present. 

A top insulat ing layer of CdS, which usual ly  forms 
under  i l luminat ion,  is not  taken into account in this 
model, which therefore strictly speaking describes a 
highly idealized case, and is valid for times shortly 
after the onset of i l luminat ion  only. However, it is 
shown below, that  this simple model can be used to 
predict t rends in the stabil i ty behavior of our cells in 
general. The reason for this is that  the top CdS layer  
can be considered as a mediator for the charge in-  
jection into the electrolyte, but  it does not  alter the 
basic kinetic conditions of the interface as presented 
here. 

In  the operation of a PEC considered in this work we 
can differentiate between two distinct t ime scales. 
Whereas a quasistat ionary steady state is established in 
a matter  of seconds o r  less, an observable electrode 
deactivation occurs after hours of i l luminat ion  and is 
very  slow (unless we work at high intensifies and low 
concentrat ion of the electrolyte).  This a rgument  jus t i -  
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ties the use of a quas i - s t eady- s t a t e  solution for the 
model.  Thus, we m a y  wr i te  for  the  excess conCentra- 
t ion of holes on the surface Ps* [Ps* ---- Ps --  Ps(~ -" 
0)Ps* is given in units  of cm -2] the  fol lowing expres -  
sion 

dps* 
0 = = Jr -- Srps* -- klps* -- k2Ps*Ored [9] 

dt 

Here 0re d is the  re la t ive  surface concentra t ion (cov- 
erage)  of t h e  reduced species of the e lect rolyte  (8rea 
: Cads2-/M, where  M is the to ta l  dens i ty  of adsorp-  
t ion sites on the sur face) .  In  Eq. [9] and  [13b] we 
have  assumed tha t  the ra te  of recombinat ion  is inde-  
penden t  of the  surface concentra t ion of e lectrons 
(22). This assumpt ion is suppor ted  by  the fact that  
the quantUm efficiency of the etched CdSe e lec t rode  
close to s h o r t  c ircui t  does not exceed 85% and is po-  
ten t ia l  independen t  (in reverse  b ias) ,  even under  low 
l ight  intensit ies.  One possible  exp lana t ion  is that  the 
chemical ly  e tched e lec t rode  contains la rge  dens i ty  of 
surface s ta tes  wi th  a b road  dis t r ibut ion.  If  these states 
have  good communicat ion  with  the  bu lk  of the  semi-  
conductor,  the ra te  of recombina t ion  at  the surface 
does not  depend  on the posi t ion of the  Fe rmi  level,  
but  on  the dens i ty  of the  surface states. This not ion is 
fu r the r  suppor ted  by  the large  increase in the  quan tum 
efficiency observed  af ter  the photoetching as a resul t  
of  the  "c leaning"  of the  surface. F rom Eq. [9] we 
obta in  

Ps* = J , / ( S r  + kl + k2 0red) [10] 

Simi l a r ly  we can wr i te  for  the  t ime der iva t ive  of 
6red 

d#red 
O = .  = ks(Cred) (1 --  ered) -- keeredPs* [11] 

dt  

Here  (Cred) is the concentra t ion of C 2-  in the solution. 
Note tha t  the ra te  of C 2- adsorpt ion on the e lect rode 
surface is p ropor t iona l  to the  ava i lab le  fract ion of un-  
occupied sites 1 --  0red. We find 

k3 (Cred) 
Or~l = [!2] 

k~(Cred) + k2Ps* 

The dif ferent  routes  for  the consumption of t h e  holes 
on the surface of the  e lectrode are  given by  

Jreg "- k2Ps*#red [13a] 

Jrec = SrPs* [13b] 
and 

Jcor --  kiPs* [13c] 

The normal ized  cur ren t  y ie ld  is then 

k~Ored -+- kl  
qn ---- (Jreg + dcor)/J4) ---- [3a] 

Sr + kl + k~Ored 

Using the resul t s  of this  kinet ic  model  we wi l l  discuss 
now the expe r imen ta l  resul ts  which demons t ra te  the 
corre la t ion  be tween  the pe r fo rmance  and the s tab i l i ty  
of Cd-cha lcogenide /po lysu l f ide  solar  cells. We discuss 
the effect of the  l ight  intensi ty,  surface roughness,  r e -  
moval  of surface defects,  and the effect of the e lect ro-  
ly te  concentra t ion upon the pe r fo rmance  and the s ta-  
b i l i ty  of these  cells. 

E~ect  of light intensi ty .--In the s implest  .case J ,  is 
p ropor t iona l  to r (23). We examine  two ex t reme  cases 
when  ~ is ve ry  smal l  and ve ry  large  r When  r --> 0 
the  coverage of the  surface by  the reduced  species is 
Complete  (6red "-> 1). In  this domain  Ps* increases l inea r ly  
wi th  the l ight  intensi ty.  Therefore,  the  l ight  induced 
currents  in Eq. [13] are  also p ropor t iona l  to the l ight  
in tens i ty  and the quan tum efficiency is a constant.  These 
conclusions are  subs tan t ia ted  by  the resul ts  of the  ex-  
per iments  shown in Fig. 1 and 2. In  these exper iments  
we used an He-Ne  l ight  source of 632.8 nm. Under  
somewhat  l a rge r  l ight  intensi t ies  0red decreases l in-  
e a r l y  wi th  the l ight  in tens i ty  

k2 J~ 
Ored:  1 --  + 0 (q~2) + . . .  

k3 (Cred) Sr -}- kl  + k2 
[14a] 

The regenera t ive  pho tocur ren t  shows sub l inear  depen-  
dence on the l ight  in tens i ty  (or  Ps*) 

( k2ps* ) 
Jreg : k2Ps* 1 k3 (Cred) + " '" [14b] 

and the q u a n t u m  yie ld  decreases wi th  increasing l ight  
in tens i ty  

( k2Ps* ) 
qn---- qn ~ 1 - -  ks(Cred) + ' ' "  [14C] 

For  a ve ry  s t rong l ight  in tens i ty  k2Ps* >> ks (Cred) 
so tha t  

k3 (Cred) 
Ored -:- [1ha] 

k2Ps* 
and 

Jreg --  ks (Cred) [15b] 

On the other  hand  Jrec and Jcor increase indef ini te ly  
wi th  the l ight  intensi ty.  Since Sr >> kx (i.e., corro-  
sion is negi igible  compared  to recombina t ion) ,  most  
of the holes that  do not contr ibute  to Jreg wil l  r ecom-  
bine so that  under  s t rong l ight  intensi t ies  the  observed 
photocur ren t  tends to sa tura te  wi th  the  l ight  intensi ty,  
as is shown in Fig. 1. In  addit ion,  the  ra te  of deac-  
t ivat ion of the  photoe lec t rode  increases wi th  the l ight  
in tens i ty  as was shown before  (12) and as can be 
seen also f rom Fig. 3 for an etched CdSe electrode.  

The assumpt ion Sr > >  kl is just if ied by  the observa-  
t ion tha t  under  condit ions where  the ra te  of e lect rode 
deact iva t ion  is ve ry  slow the quan tum efficiency does 
not  exceed 85% so that  surface (or space charge) recom-  
b ina t ion  is ve ry  large.  Equat ion [15b] suggests  a l inear  
re la t ion  be tween the pho tocur ren t  and the e l e c t r o l y t e  
concentra t ion at h igh i l lumina t ion  intensit ies.  In  the 
exper iment ,  however ,  we see a hype r l i nea r  behavior  
(cf. Fig. 1), The reason for this p robab ly  lies in the fact 
tha t  not  only  sulfide ions but  also ol igomers  of po ly -  
sulfide serve as acceptors  of holes at the e lec t rode  
surface. The average  ra te  constant  for the exchange 
of oxidized species by  reduced  species f rom the solu-  
t ion is improved  b y  increasing the concentra t ion of the 
e lec t ro ly te  (20). An increased series res is tance of the 
cell  under  high i l lumina t ion  intensit ies,  which is ne -  
glected in our  model,  should not  be  expec ted  be low 
photocur ren t  densi t ies  of about  30 mA/cm% 

As to the series res is tance of the e lec t ro ly te  i tself  
i t  is difficult to assess it  accurately.  Under  s trong l ight  
intensi t ies  when the pho tocur ren t  of the  etched CdSe 
elect rode is saturated,  the pho tocur ren t  of the  photo-  
etched CdSe e lec t rode  sti l l  rises wi th  l ight  intensi ty,  
which  shows tha t  series resis tance due to insufficient 
ra te  of mass t ranspor t  of the e lec t ro ly te  may  occur in 
the v ic in i ty  of the interface,  but  it  cannot  be dis-  
t inguished at p resen t  f rom the l imi t ing  ra te  of sulfur  
dissolut ion.  

A more  refined model  of the  cell  mus t  take  into ac-  
count also the f lat tening of the  bands  in the  space 
charge  region as a resul t  of the fast  deple t ion  of the  
adsorbed  S = ions f rom the surface of the  electrode.  
This band  flat tening is not negl ig ible  under  s t rong l ight  
intensit ies,  as numer ica l  analysis  of s imilar  cells sug-  
gests (24). 

The peak  oho tocur ren t  under  weak  and modera te  
l ight  intensi t ies  deoends  mos t ly  on the supply  of holes 
to the  surface of the  e lect rodes  so tha t  

JP -~ k2J~/(St  + kl + k~) [16] 

This peak  pho tocur ren t  is l inear  in the  l ight  in tens i ty  
and is a lways  l a rge r  t han  the s t eady- s t a t e  photocur-  
ren t  j s  _-- Jph as is confirmed in Fig.  4. Under  ve ry  
s t rong l ight  intensi t ies  the  peak  pho tocur ren t  also 
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saturates as a result  of the flattening of the energy 
bands. A correlation between the normalized ratio 
NR : (JP -- Js) /Jp;  the rate of sulfur  dissolution in a 
polysulfide electrolyte and the stabil i ty of CdSe photo- 
electrodes in this electrolyte have been reported earlier 
(20). Under  small  light intensities NR is small  and it 
increases with the l ight intensity.  This increase in NR, 
which goes along with the decrease in the quan tum 
yield and the stability, is connected to the inadequate  
supply of hole acceptors to the surface of the electrode, 
which is the result  of slow rate of sulfur  dissolution. 

A word of caution is necessary here concerning the 
t ime resolution of our photocurrent  t ransient  measure-  
ments. In  view of the recent  fast t rans ient  measure-  
ments  carried out on Cd-chalcogenide/polysulfide 
PEC's (25), in  which response times on nanoseconds 
t ime scales were monitored, it is clear that the mea-  
surements  carried out in this laboratory on a mill isec- 
onds t ime scale are ra ther  crude. But as the ra te-de-  
te rmining  step in the regenerat ive photocurrent  can be 
monitored with our t ime resolution (20), these t ran-  
sient measurements  are very useful in detecting trends 
and effects of different parameters  on the response of 
our system, and these results can be correlated quite 
well  to the performance and the output  stabil i ty of the 
PEC cells under  investigation. 

The conclusion that  emerges from this discussion is 
that under  small  light intensities, the quan tum effi- 
ciency of the cell and its output  stabil i ty are the high-  
est and they decrease with the light intensity,  but  in 
a non l inear  manner ,  as was formerly observed (13, 
19). 

E~ect  o] electrolyte concentration.--The effect of the 
electrolyte concentrat ion is evident  in the present 
model. When (Cred) --> 0 then 8red vanishes and there-  
fore Jreg vanishes too. The corrosion and recombinat ion 
currents  are given by 

k~Jr 
Jcor -- - -  [17a] 

Sr -t- kl 
and 

Jrec -- - -  [17b] 
Sr ~- kl 

But since Sr > >  kl then most of the surface holes re- 
combine and the photocurrent  is small. However, the 
rate of electrode deactivation is relat ively fast even 
under  small  light intensities. Comparison of the quan-  
tum efficiencies of etched CdSe electrodes at three 
electrolyte solutions (Fig. 1 and 2) demonst ra tes  the 
effect of the electrolyte concentrat ion upon the per-  
formance of the cell. Figure 5 shows the effect of the 
electrolyte concentrat ion upon the output  s tabil i ty of a 
cell containing etched CdSe electrode, as was shown 
before (20). In  the measurement  reported here we 
used solutions with the same ratio O H - : S  = and S 
(1/1/1).  This ensures a monotonic increase of the ac- 
tive species of the electrolyte with increas ing  concen- 
t rat ion of the different components. 

When Cred iS very large 0red ~ 1, and Ps* = 
J~ (St + kl -{- k2) attains its lowest value, Jrec and Jcor 
a t ta in  their  lowest values and Jreg is a maximum. 
Therefore, in this l imit  both cell performance and its 
output  stabil i ty are the highest. Most probably the in-  
crease of Cred increases k2 as well so that  the stabil i ty 
and the performance of the cell are fur ther  improved. 

E~ect  of photoetching.--Deliberate photocorrosion Of 
the semiconductor surface for short periods (photo- 
etching) improves the performance of many  photoelec- 
trochemical cells (17, 18). We can discr iminate  be-  
tween two cases. In  CdSe and CdTe crystals the main  
effect of the photoetching is due to the formation of 
pits which increase the surface area of the junct ion by 
about  50%. This increase in the surface area of the 
junct ion  reduces the ~ reflectivity of the surface by  
about 10% and improves the rate  of the hole-elr 

lyte reaction considerably. The surface of CdS does not 
show any observable changes, and the large effect of 
the short photoetching is main ly  due to the removal  of 
surface imperfections. Let us examine in detail how 
photoetching improves  the performance and t h e  sta- 
bil i ty of photoelectrochemical cells. 

In Fig. 6 we give a schematic representat ion of a 
junct ion  between electrolyte and a semiconductor 
electrode with uneven  surface area. We use an ap- 
proach equivalent  to the macrohomogeneous model 
which was found useful for the description of the ki-  
netics of reactions in porous electrodes (26). We con- 
sider an idealized case in which all the pores have 
even shapes so that  the flow of holes from the bulk  of 
the semiconductor into the surface is essentially un i -  
form. We restrict  ourselves to a quas i -unid imensional  
approach in which the complicated y-z  plan kinetics is 
taken into account by the macroscopic terms Sp(cm2/ 
cm3), which gives the specific surface area of a un i t  
volume of the electrode close to the electrode surface 
(0 ~ x ~ L).  The surface roughness parameter  of the 
junct ion  is given by the integral  

s - -  dxSp [18] 

We can forrnulate the model through s or Sp but  we 
prefer the former, since we consider here surface phe- 
nomena  ra ther  than a phenomenon  of the bu lk  as in  
porous electrodes. The parameter  s expresses t h e  
roughness of the electrode surface. It  is the ratio be- 
tween the real surface area of the junct ion  and its geo- 
metrical  surface area. By increasing the roughness of 
the surface area we increase the densi ty of sites by a 
factor, s > 1, so that  the coverage (per geometrical 
area) increases from 8re d to 8Pred. Inser t ing  this new 
value of coverage into Eq. [9] we obtain 

dps* 
0 -- . . . . .  J~ -- Srps* -- kiPs* -- k2ps*0reds [ga] 

dt 
so that  

Ps* -- Jc/  (Sr • kl  ~- k20redS) [19] 

Hence we can wri te  for the regenerat ive mode 

ksJ~ered 
Jreg -- k2ps*Sred " S -- S [20a] 

(Sr + kl + k2ered �9 S) 

SO that the regenerat ive photocurrent  increases with an 
increase  of the surface roughness, s. On the contrary 

J~Sr 
Jrec -- [20b] 

kl -t- S~ + k20red �9 S 
and 

Jck l  
Jcor = [20c] 

kl -~ Sr ~- k~0red " 8 

decrease with s as was confirmed experimental ly.  
Note that if recombinat ion and corrosion would not  

exist so that the only possible mode would be the re-  
generat ive one, because photoetching (or s) would 
have no effect on the quan tum efficiency. 

An indirect effect of s on the light induced currents  
of Eq. [20] comes through the intr insic surface cover- 
age ~red which increases as a result  of the decrease in 
Ps*. Therefore, Jreg increases with s more significantly 
as exhibited by Eq. [20a], whereas Jcor and Jrec de- 
crease even fur ther  with s. The effect of the photo- 
etching on the photocurrent  of CdSe/polysulfide cell is 
exhibited in Fig. 1 and 2, especially under  strong light 
intensit ies and in the dilute solutions. Whereas the 
photocurrent  of the etched electrode is almost inde-  
pendent  of the light intensity,  the photocurrent  of the 
photoetched electrode continues to rise wi th  the in ten-  
sity of i l luminat ion almost l inearly.  Fur thermore,  the 
photoetching decreases considerably the normalized 
ratio, NR, so that  the difference between the s teady- 
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state  pho tocur ren t  and the peak  pho tocur ren t  is 
smaller .  

The increase of the surface area  of the e lect rode was 
repor ted  to decrease  subs tan t ia l ly  the polar izat ion of 
the  oxida t ion  react ion of polysulf ide on iner t  e lectrodes 
(27). I t  was shown tha t  p la t in ized  p l a t inum had sub-  
s t an t i a l ly  smal ler  polar iza t ion  values  than al l  o ther  
iner t  electrodes.  

In  Fig. 7 we compare  the output  s tab i l i ty  of an etched 
and a photoetched CdSe elect rode under  the same in-  
tens i ty  of i l luminat ion.  I t  is observed tha t  the photo-  
e tched e lec t rode  has l a rge r  ini t ia l  pho tocur ren t  and 
g rea te r  s tab i l i ty  than  the etched one as expected from 
Eq. [20a] and [20c]. 

I n  CdS the effect of the pho~oetching on the I -V  
curve  of the cell  was exp la ined  as resul t ing  f rom the 
r emova l  of surface imperfec t ions  (17b). These surface 
imperfec t ions  impede  the holes on the surface of the  
semiconductor  and  increase the i r  p robab i l i t y  to re -  
combine wi th  the  abundan t  electrons.  The main  effect 
of the  photoe tching  here  is therefore  to reduce the  
re 'combinat ion ve loc i ty  Sr. In  addit ion,  surface impe r -  
fections are  gene ra l ly  connected wi th  loosely a t tached 
la t t i ce  atoms which are prone to photocorrosion r e -  
action- (28). Thus, the remova l  of these imperfec t ions  
also decreases,  kl,  so t ha t  the  s tab i l i ty  of photoe tched 
CdS is be t t e r  than  the etched e lec t rode  as is confirmed 
i n  Fig.  8 for  two dis t inct  l ight  intensit ies.  

The s tab i l i ty  of e tched and photoetched CdTe in 
polysulf ide  is shown in Fig. 9. Here (17c) shor t  photo-  
e tching leads to p i t t ing  of the e lectrode surface as in 
CdSe, and the pho tocur ren t  and the fill fac tor  are  im-  
proved.  The  improved  s tab i l i ty  of  the  photoetched 
e lec t rode  is in accordance with  the presen t  model.  

In  po lyc rys ta l l ine  CdSe (17) and CdSe~Tez-x (18) 
electrodes,  the  dens i ty  of surface imperfect ions  on the 
surface of the  e lec t rode  is considerable,  and therefore  
the  effect of the  photoe tching  is dominan t  on the pe r -  
formance  and s tab i l i ty  of the  cel l  unde r  modera te  l ight  
intensit ies.  

Conclusions 
In this w o r k  we t r ied  to show tha t  there  exis t  cor-  

re la t ions  be tween  the different  routes by  which t h e  
pho togenera ted  holes, which  are  collected on the semi-  
conductor  ( C d X ) - e l e c t r o l y t e  (polysulfide in terface  are  
consumed.  In pa r t i cu l a r  any  factor  which  .will impede  
the crossing of  the  holes into the  e lec t ro ly te  wil l  have 
an  adverse  effect on the  ( rea l )  q u a n t u m  yie ld  b y  in-  
c reased  recombina t ion  and on the  s tab i l i ty  (enhanced 
corrosion currents )  of the  cell. 

The s tab i l i ty  of  Cd-cha lcogenide /po lysu l f ide  based 
PEC solar  cells can be improved  by  photoetching.  Con-  
s ider ing  the high s tab i l i ty  of po lycrys ta l l ine  thin film 
CdSe e lec t rode  (29) which can be fu r the r  improved  
b y  adding  e l emen ta l  Se (30) or  indifferent  salts  (31) 
to the  e lectrolyte ,  i t  migh t  be possible to app ly  con- 
cen t ra ted  sunl igh t  on CdSe/polysul f ide  based PEC's. 

Recen t ly  we have  shown that  by  lower ing  the t em-  
pe ra tu re  of the CdSe/polysul f ide  cell  b o t h  the quan tum 
efficiency and the s tab i l i ty  of the  cel l  de ter iora te ,  in 
accordance  wi th  the  presen t  model  (32). 

In  subsequent  publ ica t ions  we wi l l  discuss the  effect 
of the  bias  in the l ight  of this in te rpre ta t ion .  F u r t h e r -  
more  we wil l  show tha t  i t  is possible to fu r the r  improve  
the s tab i l i ty  of these cells by  chopping the l ight  in-  
c ident  on the cell  as can be ant ic ipated  f rom the pres -  
ent  discussion. 
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A P P E N D I X  
We presen t  here  a model  which  descr ibes  the Cd-  

chalcogenide/polysul f ide  cells more  rea l i s t ica l ly  but  is 
more  compl ica ted  than the one presented  in the text.  
The r a t e -de t e rmin ing  step in this model  is not the ra te  
of adsorpt ion  of the reduced species, but  r a the r  the 
ra te  of desorpt ion of the oxidized species, fol lowing 
the hole capture  f rom the semiconductor .  This model  
is being employed  now for the numer ica l  verification 
of the  ideas of the  p resen t  work.  The fol lowing scheme 
of react ions is assumed to take  place on the in ter face  

J~ 
A B  ----> A B  + h + + e -  [ A - l ]  

Sr 
A B  + e -  + h + ---> A B  [A-2] 

kz 
A B  -t- h + --> A+ + B [A-3] 

k~ 
Cad s -  -~- h+ --> Cads [A-4] 

ka 
C- ~- Ca~s- [A-5] 

k - s  

k4 
C -  + Cads---> C~- [A-6] 

In re la t ive ly  s table  cells B is fo rmed in minute  quan-  
t i t ies so that  its r emova l  f rom the surface  is of no k i -  
netic implicat ion.  However  the  r emova l  of sul fur  is 
the rate-Limit ing process (20) and is r epresen ted  in 
Eq. [A-6J.  Assuming  s teady  s ta te  for Ps*, /)red, and 0ox 
we obta in  for t hem the fmlowing expressions  

Ps* --  J J  (St + kz -{- ka0red) [A-7] 

ka (Cred) (1 - -  Cox) 
0~,d : [A-8]  

ka(Cred) + k-3  + k~ps* 
and 

kfPs * 0red 
Oox --  [A-9]  

k4 (Cry )  

Subs t i tu t ing  [A-9] into [A-8] we  obta in  for  0tea 

k3 ( Cred ) 
8rod -~ 

kfPs* / 
ks(Cred) 1 + k4(Cred) -~ k - 8  ~ kfPs* 

[A-1O] 
Therefore  the  three  photocur ren ts  

Jrec ---~ SrPs* [A-11a] 

Jcor - -  kzPs* [A-11b] 
and 

Jreg = kfPs*Ored [A-IIc] 

can be expressed by  Eq. [A-7]  and [A-10].  
To see the  usefulness of that  model  we examine  

some l imi t  cases 

r ~ (s t rong l ight  in tens i ty)  

In  this l imi t  
Ps* ---> or and  8red -'-) 0 

and from Eq. [A-8] Cox -~ 1. Whereas  Jcor and Jrec 
increase  indefinitely,  Jreg : k4(ered) since k -8  > >  k4, 
so tha t  the  regenera t ive  mode depends  on the ra te  
of r emova l  of the  oxid ized  species f rom the e lec t rode  
surface. 

We see that  whereas  the ra te  of Cred adsorpt ion  de-  
t e rmined  Jreg under  s t rong l ight  in tens i ty  in the  model  
p resen ted  in the  text,  he re  Cox desorpt ion is de t e rmin -  
ing Jr*g, which shows the equivalence be tween  these 
two processes in the  two models.  

Other  l imi t  cases can be hand led  s imilar ly .  Fo r  e x a m -  
ple, when C -  ----> ~ then 8red -'> 1 and 8ox ~ 0. Under  
these condit ions the dens i ty  of holes on the semicon-  
ductor  surface is minimal ,  Ps* = J r  -}- k ,  + k f ) ,  
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the rate of hole transfer across the interface Jreg is 
maximum and Jrec and Jcor are minimal. 
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Competition Reactions at c -Fe203 Photoanodes 

Ruth Shinar and John H. Kennedy* 
Department of Chemistry, University of California, Santa Barbara, California 93106 

ABSTRACT 

Photoanodic oxidation of iodide and bromide ions at polycrystalline doped a-Fe203 electrodes in competition with oxy- 
gen production was investigated in the pH range 0-13 in aqueous media. It appears that at high pH values only iodide oxida- 
tion could compete effectively with water oxidation. However, in addition to the photoelectrochemical oxidation of iodide, 
evidence for secondary reactions involving electrogenerated species was observed mainly in highly basic solutions. Ad- 
sorption of I- plays a significant role in the reaction as well as in the phot0electrochemical properties of a-Fe203, a-Fe203 
photoanodes were found to be~stable under illumination in solution at pH 0 with or without the presence of bromide ions. 

Competition reactions involving halide and hydrox-  
ide ions have been studied by Fujishima et al. (1) and 
by Hirano and Bard (2). These investigations were 
carried out at TiO.2 electrodes at relat ively low pH 
values. 

The I # I -  couple was also studied at n-MoSe2 layer-  
type crystaIs (3-5). Measurements indicated a specific 
surface reaction between the I # I -  couple and n-MoSes, 
and as a result of this interaction, induced a negative 
shift in the flatband potential. 

Halide ions were also used to stabilize ZnO photo- 
anodes in aqueous solutions (6). Halide ion oxidation 
competed with the decomposition of ZnO, and the com- 
petitive processes depended on light intensity. Effects 
of illumination intensity on competitive oxidation of 
halide ions were also studied at stable photoanodes 
(7). However, experiments were performed mainly on 
TiO2 electrodes at low pH values. Prel iminary results 
on the competitive oxidation of halides at a-Fe203 
photoanodes in the pH range 9-13 were presented pre-  
viously (8). 

In the present work we have studied the competitive 
oxidation of halide and hydroxide ions over a wide pH 

�9 Electrochemical Society Active Member. 
Key words: halides, iron oxide, oxygen photoelectrochemical 

ceils. 

range at 1 atom percent (a/o) TiO2- and 1 a/o Si0'~- 
doped a-Fe203 photoanodes. Current-potential  curves 
and spectral response for these electrodes have been 
reported previously (9). 

Experimental 
Electrodes were prepared from high puri ty ~-Fe20~ 

(Apache Chemical Company and Alfa Products).  The 
high purity a-Fe20~ was doped with 1 a/o TiO2 and 1 
a/o SiO2 by mixing appropriate amounts in acetone for 
about 24 hr. The acetone evaporated while mixing. The 
dry powder (0.2-0.5g) was pressed at 10,000 psi. The 
TiO2-doped pellets were sintered at 1300~ for 4 hr 
and the 1 a/o SiOe-doped pellets were sintered at 
1360~ for about 20 hr. After sintering, the pellets were 
quenched to room temperature. A copper wire was at- 
tached to the  electrodes by applying silver epoxy. The 
electrode and the wire were then sealed in a glass tube 
with epoxy resin. The resistances of the electrodes, as 
measured with a conductivity bridge a t  1 kHz, w e r e  
about 1-2 k~.. 

Experiments were carried out in a two-compartment 
cell separated by a fri t ted glass disk. One compartment 
contained the semiconductor electrode facing a quartz 
window, and the other compartment contained a 
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pla t inum counterelectrode. In  order  to collect the oxy- 
gen evolved at the electrode efficiently we have also 
used a cell in  which the compar tment  containing the 
semiconductor electrode was closed. The upper  par t  
o f  this compar tment  was a buret te  in  which the oxy-  
gen was collected. 

The light source was a 150W Xe lamp. Light was 
focused on the semiconductor electrode by means of a 
quartz lens. A light in tens i ty  of 380 m W / c m  2 was usu-  
ally used. 

Photocurrents  vs. potential  plots were taken using a 
PAR Model 174 and an X-Y recorder. Chemical re- 
actions were investigated under  constant  potential,  
and the photocurrent  was recorded as a funct ion o f  
time. 

The amount  of iodine (and other possible oxidation 
products such as I O -  and IOn- that  will  yield I2 in  
acid in the presence of an excess of I - ) ,  was  measured 
by adding an excess of thiosulfate to the acidified solu- 
t ion and back- t i t ra t ing  using a constant  current  cou- 
lometer un t i l  the blue s tarch-iodine end point  was 
reached. I~ disproportionates rapidly in base to give I -  
and I O - ,  and IO-: fur ther  disproportionates to produce 
IO3-. However, in the acidified solution iodate will 
react with excess of iodide to yield iodine which is then 
detected by the above procedure. Hydrogen peroxide, 
bromine,  and /o r  brom~te concentrations were deter-  
mined  by adding an excess of iodide to the solution and 
then following the above procedure. 

Results 
~-Fe203 photoanodes are known  to be stable over a 

wide pH range (10). Recent ly (11), stabil i ty in highly 
acidic solutions, containing no added redox couples, 
has been reported. 

The amount  of 02 collected accounted for 10.0% 
(within exper imenta l  error)  of the photocurrent  in 
I-I2SO4, KOH, and buffered K2SO~ solutions in the pH 
range 0-14. Quan tum yields have been reported previ-  
ously (12) and were about  25-50% at 400 nm. However, 
the main  objective in this s tudy was the competit ion 
between different chemical reactions and was carried. 
out using polychromatic light. No significant amount  of 
I-I202 was detected even in the highly acidic solutions. 
The percentage of oxygen collected was independent  
of the applied voltage (for conditions of zero dark 
current )  or  of the l ight in tens i ty  in  the range 70-800 
m W / c m  2. 

Al l  the photoelectrochemical exper iments  were car- 
ried out under  conditions where the dark current  was 
practically zero. No oxygen was produced in the dark. 

The competit ion between O2 product ion and iodide 
oxidation was investigated in the pH range 9-13. Ex- 
per iments  were normal ly  carried out in a i r -sa tura ted  
solutions, bu t  saturat ing the solutions with N2 did not 
al ter  the results in  this pH range. At pH values lower 
than 9, iodide was easily oxidized by dissolved oxygen 
or by oxygen produced at the electrode under  an N2 
atmosphere. 

The iodide concentrat ion was varied from 0-I.SM, 
and the contr ibut ion of its oxidation to the photocur- 
rent  was measured in both st irred and unst i r red  solu- 
tions as shown in Fig. 1 for a 1 a/o TiO2-doped e lec-  
trode at pH 13. The amount  of iodate (which was 
probably  the main  product  in highly basic solutions) 
in the st irred solutions was measured after 1.5 hr of 
i l luminat ion,  except for the lowest concentrat ion of 
I -  where  a longer i r radiat ion period was used. Sur -  
prisingly, a s t i r r ing effect was observed even when 
high concentrat ions of iodide were used, and the per-  
centage of iodate produced was higher  the longer the 
i r radiat ion period. It should be noted that the current  
density vs. potential  was the same for stirred and un-  
s t i rred solutions. Essentially the same results were ob-  
tained at 1 a/o SiO2-doped electrodes. 

A decrease in the oxygen percentage with t ime w a s  
observed in  st irred solutions. This decrease w a s  f o l -  
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Fig. I. Percentage of iodide oxidation as a function of iodide 
concentration in 0.1M NaOH for stirred and unstirred solutions. 
1 a/o TiO2-doped c~-Fez03 electrode. 

lowed by an increase in the iodate amount.  Such a 
behavior  was not observed in uns t i r red  solutions. Table 
I shows the percentage of oxygen production as a func-  
t ion of the i l luminat ion period for a 1 a/o SiO2-doped 
electrode in a stirred solution. 

Blank experiments  uti l izing a disconnected electrode 
at pH 13 containing up to 1.7M KI and lasting up to 
20 hr indicated that  no oxidation occurred while stir- 
r ing the solution under  i l luminat ion.  Also, no oxidat ion 
occurred in the dark for electrodes biased at a potential  
at which no dark  current  was observed. The amount  o f  
oxidation was also checked in iodide solutions through 
which oxygen was bubbled  for about 5 hr. No oxi- 
datiOn was detected. However, small  amounts  of iodate 
( ~  2 ~equiv. in 20 ml of 0.25M KI/0.1M NaOH) were 
detected in the dark and under  i l luminat ion  when, in 
addit ion to oxygen bubbling,  a disconnected electrode 
was inserted into the solution. After  completing this 
series of experiments  photocurrents  vs. potent ial  plots 
were recorded again in 0.tM NaOH, and the photocur-  
rents were found to be unchanged. 

The influence of light intensi ty  was checked by using 
neut ra l  density filters. Photocurrent  was directly pro- 
port ional  to l ight  in tens i ty  down to ~ 9% of the full  
light, the lowest in tensi ty  studied. 

Measurements were also carried out in solutions con- 
ta ining bromide ion. At high pH (0.1M NaOH) nei ther  
bromine  nor bromate was produced in  solutions con- 
ta in ing up to 1.5M KBr in unst i r red or st irred solutions. 
Oxygen formation accounted for 100% of the photo- 
current.  

Fol lowing these experiments,  iodine and bromine  
production were investigated at pH 9. Their  contr ibu-  
t ion to the photocurrent  as a function of the halide 
concentrat ion is shown in Fig. 2 and 3, respectively, f o r  
a 1 a/o TiO2-doped electrode. The bromine production 
increased slowly with bromide concentrat ion and li t t le 
or no s t i r r ing effect was apparent.  The rest of the cur-  
rent  was accounted for by 02 production. 

Plateau photocurrents  at a 1 a/o TiO2-doped elec- 
trode, at pH 9, were higher than at pH 13 and reached 

Table I. Percentage of oxygen measured for different time 
intervals during illumination, 1 a/o Si02-doped o~-Fe208 

electrode. Solution: 0.5M KI/O.1M NaOH. 

Total illu- Time % Oxygen produced 
mination interval for the given 

time (hr) (hr) time interval 

0.7 6.7 74 
1.1 0.4 62 
2,0 0.9 34 
4.O 2.0 19 
6.0 1.0 14 

21.0 16.0 6 
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Fig. 2. Iodine production as a function of iodide concentration 
at pH 9 for stirred and unstirred solutions. 1 o/o TiO,2-doped ~- 
Fe203 electrode. 
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stirred ( •  and unstirred ( O )  solutions at i a/o TiO2-doped 
electrode. The vertical line shows the change in iodate percentage 
in an unstirred solution after treatment with iodide at pH 9. 
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Fig. 3. Bromine ( � 9  X ,  e )  and oxygen (*) percentage as a 
function of bromide concentrations at pH 9 for stirred and un- 
stirred solutions. O ,  Stirred solutions at 1 o/o TiO2-doped elec- 
trode; •  unstirred solutions at I a/o TiO2-doped electrode; |  
unstirred solutions at 1 a/o SiO2-doped electrode; *, unstirred 
solutions at 1 a/o SiO2-doped electrode. Broken line: calculated 
02% assuming 02% = 100-Br2%. 

a value of 4.2 mA/cm~ at 0.9V vs. SCE in  0.75M KI  
solutions, compared to a value of 1.3 m A / c m  2 in  th e  
basic solution. 

The competit ive oxidation of iodide was also mea-  
sured as a function of pH while keeping the iodide con- 
centrat ion at 0.75M KI. The pH was main ta ined  with 
mixtures  of borax and NaOH, and results for a 1 a/o 
TiO2-doped electrode are shown in  Fig. 4. 

Fol lowing these experiments  photocurrents  vs. po- 
tential  were remeasured in 0.1M NaOH. An increase by 
a factor of three was observed at 0.9V vs. SCE for the 
1 a/o TiO2-doped electrode. Iodate percentage in  a 
st irred basic solution was as before (77% compared to 
79%), after ,-~ 1.5 hr of i l luminat ion,  bu t  in  the u n -  
st irred solution an increase from 28 to 64% was ob- 
served. This, too, is shown in Fig. 4. 

Washing the electrode with water and immers ing it 
in water  for 48 hr  had no effect, and the photocurrents  
remained relat ively high. On the other hand, heat ing 
the electrode to ,,~ 130~ for about 1 hr  reduced the 
photocurrents  back to their  original values. The dark 
currents  remained the same after all t reatments.  It was 
also noted that  the increase in the photocurrents  was 
not  a result  of a decrease in the electrode's resistance. 
This enhanced photocurrent  was stable for over 3 
months and even after working in  different electrolytes 

iodine was still present  on the electrode's surface ac -  
c o r d i n g  to surface analysis results. 

Blank experiments  at pH 9 were carried out in  0.1M 
KI for up to 16 hr as described before for pH 13. No 
iodine was detected. At higher  iodide concentrat ions 
some iodine was produced probably  by air  oxidation 
dur ing  long periods of irradiation.  Amounts  of iodine 
were therefore determined after  a ma x i mum of 2 hr  
of i l luminat ion.  In  these short  periods no iodine was 
detected in  b lank  experiments  nor  in the d a r k  

Bromide oxidation was also studied at pH 0. Results 
for a 1 a/o SiO2-doped electrode are shown in  Fig. 5. 
No deterioration of the electrode was observed in this 
solution. A calculated curve of 02 percentage, assuming 
only 02 and Br2 production by  the photogenerated 
holes, is also shown in Fig. 5, while the points are ex- 
per imenta l  values. No dependence on light in tensi ty  or 
applied potential  was observed. 

Discussion 
Iodide solutions at pH 13 remained colorless dur ing  

the course of oxidation unde r  i l lumination.  This may  
be due to a rapid disproport ionation of iodine at pH 
13 or to a direct formation of higher oxidized forms 
such as I O -  a n d  IO8-. A yellow color was formed at 
the electrode's surface at pH --~ 12 clearly indicat ing the 
formation of iodine at the surface under  these condi- 
tions. 
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Fig. 5. Bromine and oxygen percentage as a function of bromide 
concentration in 1M H2SO4 solutions. 1 a/o SiO2-doped c=-Fe2C~ 
electrode. Broken line: calculated 02% assuming 02% = 100- 
Br2%. 
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Figures 1-3 and 5 show that the competitive oxida- 
tion of halide ion is dependent on the halide concen- 
tration in solution. However, in the case of iodide ion 
the production of iodate and/or  iodine increases rap-  
idly with increasing iodide concentration especially in 
stirred solutions while in  the case of bromide ion the 
production of bromine and/or  bromate increases only 
slowly at pH 9 with increasing bromide concentration. 

Little difference was seen between st irred and un- 
st irred solutions for iodide oxidation at pH 9 and for 
bromide oxidation at all pH values investigated. Thus, 
it is apparent  that oxidation of iodide at pH 13 is a 
more complicated process. I t  should be noted that the 
chemical product at pH 13 is IO8-, and the oxidation 
of I -  to IOn- would require 6 photogenerated holes. 
One l ikely intermediate in this oxidation is IO- ,  which 
can be produced as shown in Eq. [1] 

I -  + 2 O H -  + 2h-> I O -  + H20 [I] 

I O -  is known to disproportionate to give IO8- 

3IO- -~ 108- + 217 [2] 

However, IO-  is also an oxidizing agent (E ~ -- +0.49V 
vs. NHE) and could react with oxygen species such as 
"OH at the electrode to give 02. Therefore, stirring of 
the solution could remove I O -  from the electrode sur- 
face eliminating surface reactions and allow reaction 
[2] taking place in the bulk to predominate. 

The effect of time on the oxygen percentage shown 
in Table I is not clearly understood. However, reaction 
[2] is certainly not simple and, if self-catalyzed, would 
increase in speed as the IOn- concentration in solu- 
tion increased. Other plausible explanations could be 
envisaged for the observed effect. 

The increase in iodate percentage at pH 13 in an 
unstirred solution after exposure of the electrode to 
iodide solutions at pH 9 (Fig. 4) can be explained by 
viewing "the a-Fe203 as a chemically modified elec- 
trode. The strongly adsorbed I -  allows the electrode to 
behave as if it were in a solution at the lower pH and 
containing iodide ion leading to higher currents and 
greater I -  oxidation percentage. Thus, surface effects 
appear  to play an important  role in this system. It 
should be realized that  in a 0.1M base adsorption of 
OH-  may be preferred over adsorption of I - .  At pH 9, 
on the other hand, the hydroxide concentration is only 
10-SM and I -  adsorption may compete effectively. The 
photocurrent enhancement observed after soaking an 
electrode in KI solutions at pH 9 required about 3 
weeks to reach a plateau value (9). Such a slow process 
may reflect not only adsorption on the surface but also 
penetration of I -  into the bulk of the electrode along 
grain boundaries. One other observation should be 
noted. The enhancement varied with the electrode. 
Electrodes which exhibited low photocurrents init ially 
showed greater enhancement than those exhibiting 
high photocurrents initially. Thus it appears that the 
iodide treatment removes sites leading to inefficiency. 
For  example, adsorption may occur at surface imper-  
fections which act as recombination sites. Similar ob- 
servations have been made by Ginley and Butler in 
their study of SrTiO8 aged in KF (13). 

In unstirred iodide solutions at pH 13 the relative 
contributions of iodide and hydroxide oxidation to the 

photocurrent were the same for different il lumination 
periods. Thus, it appears that in the unstirred solutions 
iodide ions were mainly oxidized by photogenerated 
holes, however, some contribution from the secondary 
reaction cannot be ruled out. 

Somewhat surprisingly the ~-Fe203 electrodes appear 
to be stable under illumination (>  100 hr)  at pH 0 
with or without added bromide ion. No Fe( I I I )  was 
found in solution after irradiation. All photocurrent 
could be accounted for by H20 or B r -  oxidation as 
shown in Fig. 5, In solutions containing > 0.04M Br - ,  
essentially all photocurrent resulted in B r -  oxidation. 

Oxidation of CI-  does not compete with OH-  oxi- 
dation in neutral  or basic solution while in acid 
solution it appears more complicated than I -  or B r -  
oxidation. Little O2 was observed while at the same 
time only ,~15% of the current could be at tr ibuted to 
production of C12. Intermediates formed and final prod- 
ucts are presently under study using RRDE techniques. 
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Spectroscopic Evidence for the Formation of Polysulfide Species 

during Charging of an Li-AI/S Couple 
Victor A. Maroni and Zygmunt Tomczuk* 

Argonne National Laboratory, Chemical Technology Division, Argonne, Illinois 60439 

The purpose  of this communicat ion  is to repor t  re -  
cent ly  obta ined absorpt ion spec t rophotometr ic  ev i -  
dence for the  format ion  of polysulf ide species dur ing  
the charging of L i -A1/S  cells wi th  mol ten  LiC1-KC1 
electrolyte .  The results  are par t  of an ongoing series 
of studies to character ize  the e lect roact ive  species pres-  
ent  in L i -A1/meta l  sulfide ba t t e ry  systems dur ing va r i -  
ous stages of charge /d ischarge ,  wi th  pa r t i cu la r  empha-  
sis on those species that  may  be cont r ibut ing  to self-  
discharge.  

There  have been numerous  pr io r  s tudies of the  for -  
mat ion of polysulf ide species in mol ten  salts (1 '5)  and 
in other  aprot ic  media  such as d imethyl  sulfoxide (6). 
Gruen et al. (1) repor ted  max ima  at 31,400, 25,600, and 
16,800 cm -1 in the absorpt ion  spec t ra  of solutions of 
Li2S-sulfur  mix tures  in LiC1-KC1. Their  studies, car -  
r ied out  be tween 600 ~ and 800~ indica ted  an equi l ib-  
r ium involv ing  sul fur  ($2), sulfide ($2-), S2- ,  and $3- .  
They assigned the bands  at 25,600 and 16,800 cm -1 to 
$2-  and Sz- ,  respect ively,  but  did not  make  a specific 
ass ignment  of the band at 31,400 cm -1. Giggenbach (2) 
observed max ima  at  25,000 and 17,000 cm -1 in both 
mol ten  KSCN and bora ted  glasses that  were  doped 
with  sulfur  p r io r  to quenching. The two bands  were  
a t t r ibu ted  to Sx 2-  and $2- ,  respect ively .  Mar t in  et al. 
(6) s tudied solutions of Na2Sx (x = 4, 6, 8) in d imethy l  
sulfoxide. They repor ted  a max ima  at  16,200 cm -1 for 
all  values of x, and a second max ima  which shif ted 
from 20,000 to 24,000 cm -1 as the value  of x decreased.  

Bodewig and P lambeck  conducted both e lec t ro-  
chemical  (3) and spect roe lec t rochemical  (4) studies 
of the S(1) /LiC1-KC1/Li  cell. In  thei r  exper iments ,  
they  genera ted  polysulf ide ions by  e lec t rochemica l ly  
discharging a pool of l iquid sulfur  in contact  wi th  
LiC1-KC1. They moni tored  the absorpt ion  spec t rum of 
the e lec t ro ly te  phase as a function of the ex ten t  of 
discharge (p re sumab ly  corresponding to product ion of 
increas ing amounts  of $ 2 - ) ,  and observed the s teady  
growth  in absorbance  of a band at 17,100 cm -1. They 
a t t r i bu t ed  this absorpt ion  to one or  more  unspecified 
polysulf ide anions since there  was evidence in thei r  
da ta  for an equi l ib r ium involving more  than one such 
species. 

More recently,  Chivers  (7) has eva lua ted  a wide 
body of da ta  on polysulfides ( including those dis-  
cussed above) and has ra the r  soundly  argued tha t  the 
band  at  16,700 • 500 cm-~ is due to S~-,  a species 
which gene ra l ly  character izes  the deep blue color of a 
va r ie ty  of a lkal i  polysul f ide-conta in ing media.  In  a 
recen t ly  publ i shed  paper ,  F e h r m a n n  et al. (5) present  
unequivocal  evidence f rom ESR, Raman, and absorp-  
tion spec t rophotometr ic  studies (on sul f ide-conta ining 
CsC1-A1C18 mel ts )  to affirm this argument .  

Experimental 
The exper iments  conducted in  our  l abo ra to ry  have 

been of two basic types.  In  one type  of exper iment ,  we 
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prepa red  solutions of LieS and Li~S-FeS mix tures  in 
LiC1-KC1 and genera ted  polysulf ide  species in si tu by 
s tepwise oxidat ion  of the S 2-  to S ~ using control led  
addi t ions of oxygen.  In  the  second type  of exper iment ,  
a solution of Li:2S in LiCI-KC1 was subjected to elec-  
t rolysis  to again  oxidize S 2- to S ~ The samples  were  
p repa red  using high pur i ty  Li2S and FeS and pola r i -  
g raph ic -g rade  LiC1-KC1 eutectic (8). Solut ions were  
p re - equ i l i b r a t ed  in a he l ium a tmosphere  glove box 
(H20 < 1 ppm) ,  f i l tered th rough  fine quar tz  fri ts  
under  he l ium pressure ,  and  then loaded i n t o  1 cm pa th -  
length  quar tz  spec t rophotometer  cells. In  the case of 
the chemical  oxidat ion  exper iments ,  d ry  a i r  was ad-  
mi t t ed  to the  gas p lenum above the mel t  in the spec-  
t rophotomete r  cell. 

For  the e lec t rochemical  exper iments ,  a 1.6 mm 
molybdenum rod was used as the posi t ive e lect rode 
and a luminum mesh packed  in  a boron n i t r ide  sleeve 
and a t tached to a mo lybdenum rod was used as the 
nega t ive  electrode.  The electrodes were  p laced in a 
10 mm pa th - l eng th  quar tz  spec t rophotometer  cell 
fused to a 200 m m  long, 20 mm diam quar tz  tube.  The 
quar tz  tube t e rmina ted  wi th  a 29/42 male  ground joint.  
A mat ing  female cap containing gasketed feed 
throughs  to accommodate  the  e lect rode leads  and a 
va lved  evacuat ion por t  were  used to seal the cell. Cur -  
rent  was suppl ied and coulombs counted wi th  a Model  
173 Pr ince ton  Appl ied  Research  Potent iostat .  Abso rp -  
t ion spect ra  were  recorded with  a Cary  17-H Spec t ro-  
photometer .  A furnace assembly  des igned  specifically 
for high t empe ra tu r e  measurements  wi th  the Cary 17- 
I t  was used in this study.  

Results and Discussion 
The resul ts  of a typical  chemical  oxidat ion  expe r i -  

ment  are  shown in Fig. 1. In  this exper iment ,  a solution 
of Li2S-FeS in LiC1-KC1 eutectic at  app rox ima te ly  
10% of the sa tura t ion  lira.it was examined  by  absorp-  
t ion spectroscopy at 400 ~ _-5~  The ini t ia l  solution 
(curve  a in Fig. 1) was green in color and  was char -  
acter ized by  a sharp absorpt ion  band at  ,~25,600 cm -1, 
which we presume is due to S:2- fol lowing the w o r k  
of Gruen  et al. (1). Upon in t roduct ion  o f  successive 
al iquots  of d ry  air, this band g radua l ly  gave way  to 
a second band at  17,200 cm -1, which is indica t ive  of 
S~- according to Chivers (7). In fact, the solut ion 
corresponding to curve d in Fig. 1 was the  deep b lue  
color descr ibed by  Gruen  (1), Chivers (7), and others  
(4-6).  With  cont inued addi t ion  of d r y  air, the LiC1- 
KC1 solution even tua l ly  became colorless, and there  
was evidence Of some sul fur  condensat ion in the cold 
end of the p lenum region above the salt  melt .  
T h e  spect roelec t rochemical  measurement  was made  

in an opt ical  configurat ion s imi lar  to tha t  used by  
Bodewig  and P l ambeck  (4).  The mo lybde num posi -  
t ive e lectrode was inser ted  in the cell along one of 
the r ec tangu la r  corners and ex tended  al l  the w a y  to 
the bot tom of the cell. This was done so that  any  ab -  
sorbing species formed along the surface of the post -  

864  
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Fig. 1. Electronic absorption spectra of an Li~-FeS solution in 
LiCI-KCI eutectic as-prepared (curve a) and after successive oxy- 
gen additions (curves b through d). All spectra recorded at 400 ~ 
_+ 5~ 

t ive e lec t rode  would  be  in the opt ical  pa th  of the 
spec t rophotomete r  source beam. The tip of the  nega-  
t ive e lec t rode  ( a luminum e l e c t r o d e ) w a s  immersed  in 
the sal t  mel t  to a level  jus t  a few mi l l imete r s  be low 
the surface.  At  this point  i t  was severa l  centimeterS 
above the opt ical  pa th  of the source beam. The mel t  
s tudied was a n e a r - s a t u r a t e d  solut ion o f  Li~S in LiC1- 
KC1. The absorpt ion  spec t rum of this mel t  obta ined 
af te r  charging the Li-A1/LiC1-KC1/S couple to ,-~2.2V' 
(IR inc luded)  is shown in Fig. 2. This spec t rum 
is ve ry  much the same as tha t  r epor ted  by  Bodewig 
and P l a m b e c k  (4) and that  shown in Fig. 1, curve d. 
The difference be tween  this expe r imen t  and the one 
pe r fo rmed  b y  Bodewig and P l ambeck  is that  the  nega-  
t ive e lect rode was  Li-A1 ( ins tead of pure  Li ) ,  and 
there  was ve ry  l i t t le  excess sulfur  at  the posi t ive elec-  
trode. The s tate  of charge at which the deep blue 
color began to appear  (as evidenced b y  the absorpt ion  
band  at  ~17,200 Cm -1) indicates  that  the  polysulf ide 
species does not  form unt i l  the  sul fur  ac t iv i ty  at  the 
posi t ive e lect rode is  h igh enough to genera te  a po ten-  
t ia l  >2.0V vs. Li-A1. 

The resul ts  of these exper iments  are  in ag reemen t  
wi th  those of Gruen  (et al.) (1) and Bodewig  and 
P l ambeck  (4). The da ta  in Fig. 1 suppor t  the  conten-  
t ion of the previous  studies tha t  there  exists  an equi-  
l i b r ium involving more  than  one sulf ide/polysulf ide 
species. Dur ing  the spect roe lec t rochemical  expe r imen t  
(e.g., Fig. 2), the re  was no evidence for the format ion  
of the species giving rise to the 25,600 cm -1 absorpt ion  
in Fig. 1. We deduce f rom the resul ts  in Fig. 1 that  this 
l a t t e r  species corresponds to a lesser  s tate of charge of 
the Li -A1/S  couples than  S z -  (17,200 cm-1 ) ,  but  the 
range  of S / S  2-  a c t i v i t y  over  which it dominates  the 
absorpt ion  spec t rum may  be qui te  nar row.  Also, a l -  
though the S 2 - / F e  rat io  used in the a i r  oxida t ion  ex-  
pe r imen t  was qui te  high and the amount  of i ron in 
solut ion was ve ry  smal l  ( ~ 8  p p m ) ,  we have not  ye t  

, o  I ' I 
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Fig. 2. In sltu electronic absorption spectrum of the species pro- 
duced during charging of on Li-AI/LiCI-KCVS electrochemical cell 
employing molybdenum current collectors. Total number of cou- 
lombs charged was 5.8. 

en t i re ly  e l imina ted  the poss ib i l i ty  tha t  the 25,600 cm - I  
band is due to an iron sulfide complex.  

We conclude f rom these exper iments  that  at higher  
sulfur  act ivi t ies  one can expect  increas ingly  grea te r  
amounts  of soluble polysulf ide species in both L i - A l /  
S and Li-A1/MS= cells (M ---- e.g., Fe, Co, Ni) .  These 
species wil l  tend to diffuse t o w a r d  the Li-A1 elect rode 
where  they  can react  wi th  l i th ium (in the  e lec t ro ly te  
or  at  the Li-A1 e lec t rode  surface)  to form the less 
soluble species Li2S. Work  on this research  ac t iv i ty  is 
cont inuing in an effort to more  thoroughly  cha rac te r -  
ize the sulfide-species equi l ibr ia  in L i - A l / m e t a l  sulfide 
e lect rochemical  cells. 
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Thermodynamics of Aqueous Sulfur Species to 300~ and 
Potential-pH Diagrams 
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Equil ibria  involving sul fur-conta in ing species in high 
tempera ture  water  are impor tant  for unders tand ing  
corrosion processes in water-cooled systems such as 
nuclear power reactors (I). For these applications, it is 
helpful to utilize the most current data even if some 
estimations are involved. Biernat and Robins (2) pre- 
sented potential-pH diagrams for the stable sulfur spe- 
cies systems up to 300~ based on the room temperature 
thermodynamic data available at .the time and the 
Criss-Cobble method for estimating high temperature 
heat capacities. Since that time, Cobble, Murray, and 
co,workers (3) have critically assessed available ex- 
perimental heat of solution and equilibrium constant 
data to present improved estimates for heat capacities 
t o  300~ Also, the room temperature data have been 
re-evaluated by Wagman et aI. in two reports (4, 5). 

In  the present  paper, whenever  possible, we have 
used the exper imenta l ly  based heat capacities evalu-  
ated in Ref. (3) with the room tempera ture  data of 
Ref. (4) and (5) to calculate the free energies of 
formation of aqueous sulfur  species. In  other cases, the 
free energy changes for re levant  reactions were evalu-  
ated from free energies measured over moderate tem-  
perature  ranges and extrapolated to 30O~ using the 
"Principle of balance of identical like charges" (6). 
This type of extrapolat ion is felt to be an improvement  
over the Criss-Cobble method, which is adequate to 
200~ but  is less reliable at higher temperatures  (7). 
The electrode potentials presented be low reflect the 
revised free energy of formation of $203 -2  given in Ref. 
(5) and, thus, differs somewhat from the potentials in  
Ref. (3). The heat capacity of $20~ -2 was assumed to 
be the same as that for SO4 -2, and that of $205 -2 
the same as for $408 -2, to estimate the high tempera-  
ture values. 

Gibbs energies of formation for the aqueous species 
from Ref. (3-5) are given in Table I. The quant i ty  
tabulated (aG*) is the s tandard Gibbs energy of for- 
mat ion  of the substance referred to the elements in 
their s tandard states at 298 K. The reference states for 
the elements are not  elevated tempera ture  ones. This 
dist inction is impor tant  when these values are com- 
bined with data from other sources. When values are 
combined with others in the table for a given tem- 
pera ture  to obtain a balanced half or whole reaction, 
the room temperature  reference states cancel so that 
the resul tant  Gibbs energy change represents the ele- 
vated temperature  value. Also, since these are "stan- 
dard" values, they represent  dissolved substances a t  

uni t  activity. 
The Gibbs energies evaluated as above can be used 

t o  Calculate s tandard electrode potentials for the half-  
cell reactions listed in Table II. These potentials,  being 
s tandard values, refer to uni t  activity for each species 
in the half reaction. For dissolved substances, the 
activity coefficients are taken to be un i ty  at infinite 
dilution. 

Acid dissociation constants can also be evaluated 
from the Gibbs energy values. These are presented in 
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Table III. It  is interest ing to note the increase of t h e  

pK values with tempera ture  increase. This increase 
reflects the general  decrease of s tabil i ty of ionic species 
relative to un- ionized species or to less highly charged 
ionic species as tempera ture  increases, which is pr i -  
mar i ly  a result  ol the decrease of the dielectric constant 
of water  (3). 

The data in Tables II and III can be used to construct 
diagrams that present  the conditions of electrochemical 
potential  and acidity for which various species are 
stable. Such diagrams are general ly called potent ia l -pH 
diagrams or Pourbaix  diagrams (9). Figure 1 is the 
diagram for the thermodynamical ly  stable species at 
un i t  activities in the S-H20 system at 300~ calculated 
from the present  data. Figures 2-4 give the diagrams 
for individual  su l fur -conta in ing  species relat ive to sul-  
fide. Although these species are general ly  unstable  with 

Table I. Standard Gibbs energies of formation for aqueous 
sulfur species and related substances 

~,G* (cal/mol) 

t H.~S HS- HS~O~- S~O~ "~ 
(~ (aq) (aq) S(rh, mono, 1) A (aq) (aq) 

25  - 6 , 6 6 0  2 , 8 8 0  0 - 1 2 7 , 2 5 0  - 1 2 4 , 9 0 0  
50  - 7 , 4 3 0  2 , 5 5 0  - -  2 0 0  - 1 2 8 , 1 7 0  - 1 2 5 , 2 5 0  

r h o m b  . . . .  mono 
1 0 0  - 9 , 1 9 0  2 , 1 0 0  - 620  - -  1 3 0 , 0 3 0  - -  1 2 5 , 6 1 0  

m o n o  . . . .  l i q  
150  - -  1 1 , 2 4 0  1 , 9 3 0  - -  1 , 1 2 0  - 1 3 1 , 7 4 0  - 1 2 5 , 4 2 0  
2 0 0  - 1 3 , 5 3 0  1 , 9 9 0  - -  1 , 7 0 0  - -  1 3 3 , 2 2 0  - -  ! 2 4 , 6 1 0  
2 5 0  - -  1 6 , 0 3 0  2 , 2 6 0  - -  2 , 3 1 0  - -  1 3 4 , 3 3 0  - -  1 2 3 , 0 7 0  
3 0 0  - -  18 ,730  2 , 7 3 0  - - 2 , 9 7 0  --  1 3 5 , 0 0 0  --  1 2 0 , 7 6 0  

t ( ~  S 4 O G - ~ ( a q )  H ~ O 3 ( a q )  H S O ~ -  ( a q )  S O 3 - 2 ( a q )  

25  --  2 4 8 , 7 0 0  ~ 1 2 8 , 5 6 0  - -  1 2 6 , 1 6 0  - -  ! ! 6 , 3 0 0  
50  --  2 5 0 , 2 4 0  - -  1 3 0 , 0 1 0  - -  1 2 6 , 9 8 0  --  1 1 6 , 6 6 2  

190  - 2 5 3 , 2 8 0  - 1 3 3 , 2 6 0  - 128,60:0 - 1 1 5 , 2 2 6  
150  - 2 5 6 , 1 3 0  - 1 3 6 , 9 4 0  - 1 3 0 , 1 8 0  - -  1 1 3 , 9 1 9  
2 0 0  - -  2 5 8 , 6 5 0  - -  1 4 1 , 0 0 0  - 1 3 1 , 7 3 0  - 1 1 1 , 8 5 4  
2 5 0  --  2 6 0 , 7 2 0  - -  1 4 5 , 4 0 0  - 1 3 3 , 2 5 0  --  1 0 8 , 6 6 4  
3 0 0  - -  2 6 2 , 2 5 0  - 1 5 0 , 1 6 0  - 1 3 4 , 7 5 0  - 1 0 4 , 1 8 4  

t ( ~  HSO4-(aq) SO~(aq) S~Os-r 

25  - -  1 8 0 , 6 8 0  - 1 7 7 , 9 7 0  - 2 6 6 , 5 0 0  
5'3 - 1 8 1 , 3 3 0  - 1 7 8 , 0 1 0  - -  2 6 7 , 9 6 0  

100  - 1 8 2 , 6 6 0  - -  1 7 7 , 7 9 0  - -  2 7 0 , 8 5 0  
150  - 1 8 3 , 9 8 0  - -  1 7 7 , 1 4 0  - -  2 7 3 , 5 4 9  
2 0 0  - -  1 8 4 , 9 6 0  - 1 7 5 , 7 7 0  - 2 7 5 , 9 1 0  
250  - -  1 8 5 , 4 6 0  - -  1 7 3 , 5 6 0  - 2 7 7 , 8 2 0  
3 0 0  - 1 8 5 , 7 7 0  - 1 7 0 , 8 3 0  - 2 7 9 , 1 9 9  

t ( ~  I ~ ( g )  a H e O  ( I )  O H - ( a q )  O 2 ( g ) a  e - b  

2 5  O - - 5 6 , 6 8 7  - -  3 7 , 5 9 6  0 O 
50  - 790  - 5 7 , 1 2 2  - 3 7 , 4 9 8  - -  ! , 2 3 2  - 3 9 5  

100  --  2 , 4 0 0  --  5 8 , ( 9 6  --  3 7 , 1 5 7  --  3 , 7 3 7  - -  1 ,200  
150  - -  4,0.60 - 59 ,191  - 3 6 , 6 5 0  - -  6 , 2 9 1  - -  2 , 0 3 0  
2 0 0  - 5 ,760  - 6 o , 3 9 2  - -  3 5 , 9 2 4  - -  9 , 8 8 8  - -  2 , 8 8 0  
2 5 0  - 7 , 5 0 0  - -  6 1 , 6 8 8  - -  3 4 , 8 9 0  - 1 1 , 5 2 4  - -  3 , 7 5 0  
3 0 0  - -  9 , 2 7 0  - -  6 3 , 0 6 9  - -  3 3 , 4 3 0  - 1 4 , 1 9 7  - -  4 , 6 3 5  

a Data from Ref (8). 
b Values for H+(aq) were t a k e n  t o  b e  z e r o  a t  e a c h  t e m p e r a t u r e .  

On the basis of t h a t  c o n v e n t i o n ,  t h e  s t a n d a r d  G i b b s  e n e r g y  o f  
format/on of the conventional electron takes on t h e  v a l u e s  s h o w n ,  
which are '/~ of the values for H~(g). (Note: The free energy o f  
the conventional electron as u s e d  i n  e l e c t r o d e  r e a c t i o n s  i s  n o t  
t o  b e  c o n f u s e d  w i t h  t h e  f r e e  e n e r g y  o f  a r e a l  e l e c t r o n  i n  a n y  
s t a t e . )  
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Table II. Half reactions and standard electrode 
potentials at elevated temperatures 

A. Half reactions for reduct ion 

T H E R M O D Y N A M I C S  O F  A Q U E O U S  S U L F U R  

(a) S(c,1) + 2H+(aq) + 2e- = H2S(aq) 
(b) S20~-S(aq) + 6H+(aq) + 4e- = 2S(c,1) + 3H20(1) 
(c)  HSsOs-(aq) + 5H+(aq) + 4e- = 2S(c,1) + 3H20(1) 
(d) 2H2SOs(aq) + 2H+(aq) + 4 e - =  S-oO~--~ + 3HsO(1) 
(e)  2H~S0~(aq) + 3H*(aq) + 4e- = HS~O~-(aq) + 31-I20(1) 
(f)  H~;O,-(aq) + 3H+(aq) + 2e- = HeSOz(aq) + H20(1) 
(g) HSO~-(aq) + 9H+(aq) + 8c- --- H~S(aq) + 4H~O(I) 

B. Standard e lectrode potentials  in acid so lut ion a 
(reduct ion potentials)  

Half react ion 
t 

("C) a b e d e f g 

25 0,14 0.490 0.464 0.410 0.436 0.10 0.286 
50 0.14 0.487 0.456 0,380 0.411 0.11 0.279 

100 0.13 0.489 0.441 0.310 0.358 0.14 0.267 
150 0.13 0.502 0.433 0.228 0.296 0.18 0.259 
200 0.13 0.525 0.432 0.133 0.226 0.23 0,255 
250 0.14 0.560 0.438 0.025 0.147 0.31 0.251 
300 0.14 0.605 0.451 0.095 0.059 0.39 0,261 

a T h e s e  potent ials  are  consistent  in sign with those  used  by  
Pourbaix  (9) b u t  are  opposite  in sign to the standard oxidation 
potentials  used  in Section 3 of Ref. (3) or by Latimer (10). T h e  
standard e lectrode potential  for  the hydrogen  couple  is assumed 
to be zero  at any temperature .  

Table Ill. Acid dissociation constants 

A. React ions  

a H~S(aq) ~ HS-(aq)  + H*(aq) 
h HSsOs-(aq) = S2Oa=(aq) + H+(aq) 
c H2SO3(aq) ffi HSOa-(aq) + H+(aq) 
d HSOs-(aq) = SOs=(aq) + H+(aq) 
e l - !SOc(aq) = SOd=(aq) + H+(aq) 
s H20 = H+(aq) + OH-(aq)  

B. pK values  a 

t 
(~ a b c d e f 

25 6.99 1.72 1.76 7.23 1.99 13.99 
50 6.75 1,97 2.05 7.38 2.26 13.27 

100 6.61 2.59 2.73 7.83 2.85 12.26 
155 6.80 3.26 3.49 8,40 3,53 11.64 
200 7.17 3.98 4.28 9.18 4.25 11.30 
250 7.64 4.70 5.08 10.27 4.97 11.20 
300 8.18 5.43 5.85 11.66 8.70 11.30 

a pK = - l o g l o  (equi l ibr ium constant  of  react ion  as  wri t ten  in 
A). 

respect to sulfate (especially at low concentrat ions of 
sulfate) ,  they may, nevertheless; be present  in  finite 
concentrat ions at equil ibrium, or as metastable species 
(i.e., present  in  significant quanti t ies because their  
reactions are slow),  and are, therefore, worth  con- 
sideration. 

The boundaries  between the s tabi l i ty  regions were 
calculated by the methods indicated in  Ref. (9). Bound-  
aries between regions that  involve a change in  oxida- 
t i on  state of sulfur  are defined by equations of the t y p e  

E = E ~ --  i k  p H  .t- gk  log Coz -- h k  l o g  Cred 

in  which E is the electrochemical potential ;  E ~ the 
s tandard potential  given in Table II; ], g, and h are the 
stoichiometric coefficients of the hydrogen ion, the oxi ,  
dized dissolved species, and the reduced dissolved 
species, respectively, in the per t inen t  half  reaction; 
Cox and Cred are  the activities (assumed equal to molar  
concentrat ions) of the oxidized dissolved species and 
the reduced dissolved species; and k is the usual  Nernst  
electrochemical coefficient, namely,  2.303 R T / n F  with 
n equal  to the n u m b e r  of electrons in  the half  reaction 
(k  := 0.1136/n at 300~ Boundaries be tween regions 
that  involve only acid dissociation are vert ical  in  the 
diagrams. The pH of each vert ical  boundary  is equal  
to the pK for the corresponding acid dissociation as 
given in  Table III. 
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Fig. I. Stability diagram for S-H~O system at 300~ for ~er- 
modynomicolly stable species. Boundary lines indicate conditions 
for unit activity of each species. Dashed lines A and B are the 
electrode potentials for H2 and Og ~in water. 
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Fig. 2. Potential-pH diagram considering sulfite species as the 
only oxidized form. Boundary lines indicate conditions for equal 
concentrations (activities) of corresponding dissolved species. 

No stabi l i ty  region for the S -2 ion is presented. Ellis 
and Giggenbach (11) have pointed out  that at elevated 
temperatures  S -2 is a sufficiently strong base that  it 
hydrolyses to H S -  at all pH's below about 14. There-  
fore, we have not included a field for S -2. 

Heat capacity data for aqueous polysuifide species 
(i.e., Sn -2) above room tempera ture  are not  available,  
so those species were not considered for the present  
diagrams (Fig. 1-4). Nevertheless, estimates of the free 
energies and equi l ibr ium constants for the format ion 
of the various polysulfide species can be made using 
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only oxidized form. Lines corresponding to 0 and - -6  refer to 
solutions of one and 10 - 6  molar (activity) sulfide. 

da ta  f rom Ref. (4) and assuming ACp is zero in each 
case. The the rmodynamic  da ta  used and the es t imated  
p K  values are  presented  in Table  IV. The equ i l ib r ium 
constants  are  seen to decrease wi th  increas ing t em-  
pera ture .  The concentrat ions of polysulf ide ions are  
smal l  at  room t empera tu re  when  the ac t iv i ty  of to ta l  
dissolved sulfide is smal l  (because the  S - 2 / H S  - ra t io  
is sma l l ) ,  see Ref. (9), and Table  IV shows tha t  the  
concentra t ions  are  even smal le r  at  e levated t e m p e r a -  
tures.  Fu r the rmore ,  Giggenbach  (12) has  found e x -  

Table IV. Estimated thermodynamics for polysulfide species 

~ s ~  (298 )  
AG ~ (298)  (cal mol -z 

R e a c t i o n s  ( c a l  tool-:) deg-~) 

1) S ( s , 1 )  + S - ~ ( a q )  = S ~ = ( a q )  - 1 5 0 0  
2) S ( s , 1 )  + S ~ - e ( a q )  = S s - ~ ( a q )  - 1 4 0 0  
3)  S ( s , l )  + S~ -2 (aq)  = S4 -S (aq)  - 1 1 0 0  
4)  S ( s , 1 )  + S4 -~ (aq)  = S s - ~ ( a q )  - 8 0 0  

2.7 
1.4 
1.3 
1.8 

E q u i l i b r i u m  c o n s t a n t s  

t ( ~  PK11 p K ~  pK~* p K , "  

25 - 1.10 - 1.03 - 0.81 - 0.59 
100 - 1.00 - 0.88 - 0.70 - 0.53 
200 - -0 .91  - 0 . 7 6  - 0 . 6 1  - 0 . 4 8  
250  - -  0.88 - 0.72 - 0 .58 - 0.46 
300 - 0.86 - 0 .68 - 0.56 - 0.44 

a p K t  = - l o g  o f  e q u i l i b r i u m  c o n s t a n t  f o r  r e a c t i o n ;  a s s u m i n g  
~ C p  = 0 a n d  ~ H  = 0 f o r  m e l t i n g  f o r  s u l f u r .  

pe r imen ta l l y  that  polysulfides a re  not  impor t an t  above 
about  240~ A s tabi l i ty  field for  HS2Os -1 was not  in-  
cluded in the d iagrams because  of insufficient in fo rma-  
t ion about  its acid dissociat ion constant.  

De ta i l ed  compar ison of Fig. 1-4 indicates  tha t  the 
lower  s tab i l i ty  bounda ry  of the species re la t ive  to oxi -  
dat ion state --2 increases s l ight ly  in the o rde r  S, 
H2SO3, HSO4-,  HS~Oj-  in acid solutions (a l though for  
low H2S act ivi t ies  the o rde r  is H2SO3, S, HSO4- ,  
HS203- )  and SO4 =, SO3 =, $20~ =, S in basic solutions. 
That  is, the i r  re la t ive  the rmodynamic  s tabi l i t ies  a t  
300~ decreased in that  order.  

The  d i ag ram given by  Bierna t  and Robins for  300~ 
[Fig. 7 of Ref. (2)] ,  which was based en t i r e ly  on Criss-  
Cobble ex t rapo la t ion  of room t empera tu r e  t he rmody-  
namic  data,  differs somewha t  f rom the presen t  d i ag ram 
(Fig. 1) ,  based on improved  data. The most  significant 
difference is tha t  in the  Bierna t  and Robins t rea tment ,  
the s tab i l i ty  field for H S -  has d i sappeared  f rom t h e  

d iagram so that  H2S goes d i rec t ly  to S = for  pH g rea te r  
than  7.3, whi le  in the p resen t  t rea tment ,  H2S is con- 
ver ted  to H S -  at  pH 8.!. Also, the t rans i t ion  f rom 
HSO4-  to SO4 = occurs at  pH 6.5 in the Bierna t  a n d  

Robins d i ag ram and at  5.7 i n  the  presen t  t rea tment .  
(Note also tha t  the ET scale used b y  Bierna t  a n d  

Robins is shif ted by  +0.103V compared  to the scales 
used in the  p resen t  paper .  Thus, the  E ~ for  hydrogen  
reduct ion in uni t  ac t iv i ty  of H + is 0.103V on the B ie rna t  
and Robins scale at  300~ and 0.0V in the presen t  
paper .  The difference occurs because of differences in 
convention. We a s s u m e  the hydrogen  ha l f -ce l l  has a 
s tandard  e lec t rode  potent ia l  of zero at  any  t empera -  
ture. Bierna t  and Robins assume the s tandard  Gibbs 
energy  for  electrons is zero at  a l l  t empera tures ;  thus, 
the  hydrogen  e lect rode potent ia l  is not  zero except  
at  298 K.) Diagrams for o ther  t empera tu re s  can be con- 
s t ructed f rom the da ta  given in  Tables II  and  III. The 
d iagrams  tend to show a g radua l  t rans i t ion  of fea tures  
f rom the room t empera tu re  d i ag ram given in Ref. (9) 
to the present  Fig. 1. 
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Electrodeposition of Conducting Transition Metal Oxide/Hydroxide 
Films from Aqueous Solution 

Dennis Tench and Leslie F. Warren  

Rockwell International, Microelectronics Research and Development Center, Thousand Oaks, California 91360 

Metal oxide/hydroxide films formed by electrochem- 
ical or chemical growth on the corresponding metal 
electrode have been investigated extensively. Many of 
these oxy-hydroxides are of considerable practical in- 
terest because of their charge storage capabilities 
(Ni, Mn), electrochromic activity (Ni, Rh, Ir), electro- 
catalytic properties (Ru), and photoelectrochemical 
activity (Cu, Ni, Fe), A simple method for the con- 
trolled application of such films onto substrates other 
than the metals themselves (e.g., onto semiconductors) 
does not appear to have been developed. We report 
here our preliminary results describing a general tech- 
nique for the electrochemical deposition of oxide/ 
hydroxide films of copper, nickel, cobalt, iron, and 
manganese from aqueous solution. The general prop- 
erties of these materials, some of which are new, are 
also discussed. 

Films were typically deposited on a 0.5 cm ~ rotat- 
•ng platinum disk electrode (400 rpm), either by 
voltage cycling (50 mV/sec) or at constant electrode 
potential from buffered solutions (pH 6.5-7.5). A s o -  
d i u m  acetate buffer was used since, at the metal ion 
concentrations employed (0.10-0.25M), other common 
buffering agents either precipitate the metal hydroxide 
or strongly complex the metal ion (increase the over- 
potential for deposition). All potentials are given rela- 
tive to the saturated calomel electrode (SCE). 

Figure 1 shows voltarnmograms associated with 
nickel oxy-hydroxide deposition. On the first anodic 
sweep (dashed line), only a slowly increasing anodic 
current is evident. On each subsequent cycle, beginning 
at the positive limit, corresponding reduction and oxi- 
dation peaks, for which the associated (equivalent) 
charge increases with each cycle, were observed. The 
cathodic/anodic peaks correspond to reduction/oxida- 
tion of the nickel oxy-hydroxide film, which is de- 
posited by oxidation of Ni 2+ to Ni 8+ and precipitates 
On the electrode surface, presumably as NiO (OH). Al- 
though the equations are not balanced, the overall re- 
action can be schematically represented a s  

Ni 2+ Ni 3+ ------> NiO (OH) Ni(OH)2 
~ e ~  

[I1 

Key words: metal oxides/hydroxides, electrodeposition PrOced- 
ures, electrochemical properties. 

The current then increases on each cycle as new Ni ~+ 
is oxidized and deposited, and the oxide deposit is 
cycled between NiO (OH) and Ni (OH) 2 

Nickel oxy-hydroxide films prepared by this poten- 
tial cycling technique appear to be uniform and smooth, 
are electrically conducting, and exhibit electrochromic 
properties, rapidly turning from transparent to dark 
brown at well-defined potentials. Figure 2 shows a 
linear plot of film thickness, measured by ellipsometry, 
vs. the integrated peak charge. Approximate calcula: 
tions of the film thickness based on the voltammetry 
peak charge (Fig. 1), assuming a cubic lattice and Ni-O 
bond distance of 4.2A, gave comparable numbers to 
those derived from the ellipsometry measurements. 
Electrochemically, the electrodeposited films resemble 
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Fig. 1. Cyclic voltammograms (50 mV/sec) for a rotating Pt disk 
electrode (400 rpm) in an aqueous solution containing 0.13M 
NiSO4, 0.1M Na2SO4, and 0.13M sodium acetate (pH 7.1). 
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Fig. 2. Plot of the thickness of electrodeposited nickel oxy- 
hydroxide films measured by ellipsometry v s .  the integrated peak 
area (form Fig. i1. 

the thick anodic hydrous oxide films grown on nickel 
electrodes in neutral or basic electrolytes (1),  rather 
than the passive film (2). Films having similar elec- 
trochemical properties have been prepared by cathodic 
deposition from aqueous nickel nitrate solutions (3-5), 
where nitrate reduction to form hydroxide seems to be 
involved. The structures of nickel oxy-hydroxides have 
been previously investigated (3, 4, 6). 

The good electrical conductivity of the nickel oxy- 
hydroxide films prepared by anodic' electrodeposition 
is evident from the voltammograms in Fig. 3. Note that, 
in this basic electrolyte, the redox properties of the 
film, as reflected in the general shape of the voltam- 
mograms, changes somewhat with potential cycling 
(4). The current waves corresponding to ferri-ferro- 
cyanide reduction/oxidation on the oxkie-covered elec- 
trode in this system (onset at 0.1V) are virtually 
identical to those observed for the bare platinum 
electrode. 

Other oxide/hydroxide films prepared by electro- 
deposition from acetate-buffered solutions and the 
deposition conditions are listed in Table 1. At a poten- 
tial of 1.1V, manganese oxy-hydroxide can also be de- 
posited from acidic electrolytes (0.2M H2SO4). It should 
be noted that manganese oxide for use in dry batteries 
has been prepared by anodic deposition for some time 
(7, 8), but the deposition potential at higher pH with 
the acetate buffer is considerably lower. Passivating 
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Fig. 3. Cyclic voltammograms at 50 mV/sec for a stationary 
electrodeposited nickel oxy-hydroxide film (100A) on Pt in 0.1M 
NaOH with (solid curve) and without (dashed curve) added ferro- 
cyanide (0.01M). 

iron oxy-hydroxide films prepared anodically from 
Fe 2+ solutions have also been described previously (9). 
Film thicknesses reported below were derived from 
calculations similar to those used for nickel oxy-hy- 
droxide films. 

Copper oxide films deposited cathodically at con- 
stant Potential under the conditions given in Table I 
are orange and can be grown to a nominal thickness 
of about 5000A; above this limit, the deposition current 
rapidly decays. The film structure was investigated by 
x-ray diffraction which yielded a sharp peak corre- 
sponding to a lattice spacing of 2.468 nm and two 
smaller peaks (2.137 and 1.510 nm), suggesting a struc- 
ture of Cu20 with a preferred orientation. The deposi- 
tion process probably involves reduction of Cu 2+ in 
solution and dehydration of the deposited oxide, which 
can be represented schematically as 

+ e -  --H20 
Cu 2+ ) CuOH ) Cu20 [2] 

OH-  

Consistent with other work (10), these films were 
found to undergo oxidation/reduction and to gradually 

Table I. Deposition conditions for metal oxide/hydroxide films 

Probable film 
Metal Solution composi t ion pH Electrodeposition conditions composi t ion 

Ni 0.13M NiSO4 �9 6H~O 7.14 P o t e n t i a l  cyc l ed  b e t w e e n  +0.3  a n d  N i ( O H ) ~ / N i O ( O H )  
0.13M N a O A c  + 1.1V a t  50 m V / s e c ;  anod ic  depos i .  
0.1OM Na2SO, tion 

Cu 0.1M C u ( O A c ) 9 . 2 H ~ O  6.45 C o n s t a n t  potential at 0.0V; cathodic Cu=O 
O.8M N a O A c  deposition 
( N i t r o g e n  s a t u r a t e d )  

Co 0.1M CoSO, �9 6I-LO 7.52 C o n s t a n t  potential at 1.0V; anodic H y d r o u s  CoO= ( z  < 2) 
0.1M N a O A c  deposition 
0.1M Na2SO4 

Fo  0.1M Fe (NHD~(SOD~ �9 6H~O 6.80 C o n s t a n t  potential at -0 .1V; anodie Hydrous FeOz ( z  < 1.5) 
0.2M N a O A c  deposition 
9.1M Na~O, 
( N i t r o g e n  s a t u r a t e d )  

Mn 0.1M M n ( O A c ) ~  �9 4H=O 7.50 C o n s t a n t  potential at +0.4V; anodic Hydrous MnO= (x  < 2) 
0.1M NaaSO4 deposition 

Where Ac = acetate. 
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dissolve during potential cycling in aqueous solutions. 
However, electrodeposited copper oxide films appear 
to be stable in acetonitrile electrolytes, where oxida- 
tion/reduction of the film itself is not observed, but 
the ferrocene/ferricenium redox reaction (E ~ = 
+0.4V) occurs reversibly on the film-covered elec- 
trode. 

Under illumination, electrodeposited copper oxide 
films exhibit p-type semiconducting behavior. The 
electrolyte used to demonstrate this effect was the 
acetonitrile-phthalonitrile (o-C6H4 (CN) ~) system util- 
ized with p-type Cu20 by Nagasubramanian, et al, 
(10). Figure 4 shows the current-potential character- 
istics of the film-covered electrode under illumination 
with chopped light (tungsten-halogen lamp, 80 roW/ 
cm2). Note that photocurrents in the 100 ~A/cm 2 range 
were observed, a remarkable result considering the 
unoptimized nature of these as-formed films. The p- 
type behavior observed for the electrodeposited mate- 
rial substantiates the assignment of Cu20 as its struc- 
ture. 

Cobalt oxy-hydroxide films anodically deposited at 
constant potential under the conditions given in Table I 
are deep yellow (thinner films exhibit interference 
colors) and appear to have high electrical conductivity. 
Black films approaching a nominal thickness of 1 #m 
can be deposited with no observable decay in the depo- 
sition current. Deposits formed at +0.8V appear to be 
much less conducting, which suggests that a Co (IV) 
species may be responsible for the high conductivity of 
films deposited at more positive potentials (11). X-ray 
diffraction studies indicated that such films are amor- 
phous. As shown by the voltammograms in Fig. 5, in 
the presence of ferrocyanide, reversible Fe (CN)6 ~-/4- 
redox waves are superimposed on the voltammetric 
features corresponding to oxidation/reduction of the 
cobalt oxy-hydroxide film in alkaline solution. The 
voltammograms shown are stable, but slow changes are 
observed for sweeps to more negative potentials. 

Iron oxy-hydroxide  films anodically deposited at 
constant potential under the conditions given in Table 
I are pale yellow and can be grown to a nominal thick- 
ness of ,-, 300A, above which the deposition current de- 
cays. On films below this apparent limiting thickness, 
the ferro-ferricyanide reaction proceeds reversibly, 
whereas thicker films appear to be insulating. Stable 
voltammograms with potential cycling between +0.6 
and --0.8V were obtained for thinner films in 0.1M 
NaOH. No photoresponse was observed for electrode- 
posited iron oxy-hydroxide in any of various electro- 
lytes tested. The film thickness was apparently too 
small to permit determination of the structure by 
x-ray diffraction. 

Like cobalt oxy-hydroxide, manganese oxy-hydrox- 
ide films (orange) anodically deposited under the con- 
ditions given in Table I are highly conducting, as 
evidenced by the stable deposition currents at film 
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Fig. 4. Voltammetric behavior at 50 mV/sec of a stationary 
electrodeposited copper oxide film (5000A.)on p!atinum under 
illumination with chopped light (80 mW/cm 2) in acetonitrile so- 
lutio, containing 0.|M phthalonitrile and 0.1M NaCIO4. 
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thicknesses approaching the 1 ~m range. X-ray diffrac- 
tion studies indicated an amorphous film structure. 
Under potential cycling, these films slowly di.~solve in 
acidic or basic electrolytes, but are apparently stable 
in neutral 0.1M Na2SO4 (pH 7.5) at potentials between 
+1.0 and 0.0V. Figure 6 shows voltammograms ob- 
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added ferrocyanide (0.01M). 
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ta ined for manganese  o x y - h y d r o x i d e  films in the l a t t e r  
e lectrolyte ,  wi th  and wi thout  added  fe r rocyanide  ion. 
The good conduct iv i ty  of the film is also evident  f rom 
the  revers ib le  Fe (CN) ~ - / 4 -  redox wave. 

In conclusion, thin un i form meta l  o x i d e / h y d r o x i d e  
films of copper,  nickel,  cobalt,  iron, and manganese  can 
be elect rodeposi ted  onto conduct ing subst ra tes  from 
aceta te-buffered  aqueous solutions. The as - fo rmed  
copper  oxide films exhibi t  p - t ype  photoact ivi ty .  In  most 
cases, the o ther  e lec t rodeposi ted  o x i d e / h y d r o x i d e  films 
are elec t r ica l ly  conducting, especia l ly  those of manga-  
nese  and  cobalt.  The nickel  o x y - h y d r o x i d e  exhibi ts  
e lect rochromic behavior .  
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Tin(IV)-Based Photoselective Metal Deposition of Cobalt and Nickel 
from Alkaline Baths 

I. Kiflawi* 
Precision Electronic Components Limited, Toronto, Ontario Canada M6M 2V6 

and M. Schlesinger* 
Department of Physics, University of Windsor, Windsor, Ontario Canada N9B 3P4 

The electroless  method for thin meta l  film deposi t ion 
continues to main ta in  and even to expand  its impor -  
tan t  role  in many  indus t r ia l  applicat ions.  The physics 
and chemis t ry  of the processes involved,  however ,  st i l l  
e lude exac t  explanat ions .  Of the  aspects  tha t  on the 
one hand  are  easi ly  explo i tab le  but  on the other  are 
difficult to fu l ly  under s t and  is photoselect ive deposi-  
tion. In  a series of publ ica t ions  (1, 2, 3) f rom our  re -  
search group in Windsor  we showed that  aged Sn (IV) 
chlor ide solut ion can serve  as a sensit izer  for e lec t ro-  
less copper  p la t ing  and for nickel  p la t ing  f rom an 
acidic bath.  Fo r  nickel  (or cobal t)  p la t ing  f rom an 
a lka l ine  ba th  it was observed that  an addi t ional  re -  
ducing ba th  is necessary  be tween  the act ivat ion step 
and the last  rinse. 

Ul t rav io le t  i r r ad ia t ion  of the subs t ra te  af ter  S n ( I V )  
sensi t izat ion and Pd (II)  ac t iva t ion  was shown to have 
a m a r k e d  effect on subsequent  meta l  plat ing.  In a 
copper ba th  p la t ing  was found  to occur only on the 
i r r ad ia t ed  surface p roduc ing  a sharp negat ive  image of 
the photomask.  In  an acidic n ickel  bath  p la t ing  was 
observed to occur only on the non i r rad ia t ed  surface 
producing  a sharp  posi t ive image. I t  was found pos-  
sible to achieve a posit ive image  of the  photomask  
using an  a lka l ine  n ickel  (cobal t )  ba th  if u l t rav io le t  
was appl ied  before  the reducing bath.  

The purpose  of the presen t  pape r  is twofold.  F i rs t  
we repor t  tha t  the product ion of a negat ive  photo-  
image  using a lka l ine  nickel  or  cobal t  meta l l iz ing  baths  
is also possible. Second, we a t t empt  to fu r the r  c lar i fy  
possible mechanisms for the influence of u l t rav io le t  
i r r ad ia t ion  on subsequent  meta l  deposit ion.  

* Electrochemical Society Active Member. 

Experimental 
All  chemicals  were  ACS reagent  grade  suppl ied  by  

F isher  or  Canlab and were  used wi thout  fur ther  pur i -  
fication. 

Sensitizer.--The stock solut ion we used was made 
by dissolving 10g SnCI~-5H20 in 12.5 ml concen- 
trated HCI. To prepare a sensitizer bath 2.5 ml of this 
stock solution was diluted to 200 ml using distilled 
water .  

Aging  of the sensi t izer  solution was  moni tored  using 
optical  absorpt ion.  When the optical  densi ty  reached 
D ---- 0.I cm -1 at ~. : 5200A the aging process was com- 
ple te  and the per formance  qua l i ty  of the solution was 
at  its best  (usua l ly  af ter  about  24 hr ) .  I t  was possible 
to main ta in  good per formance  for per iods  of a few 
months by  per iod ica l ly  adding HC1 or  wa te r  as needed  
to main ta in  the opt ical  dens i ty  at  its s ta ted  value.  

Activator.--To l g  PdC12 we added  1 ml concent ra ted  
HC1 and  I0 mI H20. Af te r  complete  dissolut ion we 
di lu ted  1 ml of the above in 50 ml  of H~O. This was 
the stock solution. Any  of the fol lowing 3 act ivators  
work  equa l ly  well.  They differ only  in the ensuing 
deposi t ion rate.  

deposi t ion ra te  of No. 1 < deposi t ion ra te  of No. 2 

< deposi t ion ra te  of No. 3 
Act iva tor  ba th  No. 1 : 5  ml stock + 95 ml H20 

Act iva tor  ba th  No. 2 : 1 0  ml stock + 90 ml  H20 

Act iva tor  ba th  No. 3 :15  ml  stock 4- 85 ml H20. 

Alkaline nickel and cobalt baths.--The composit ion 
of  these are  given in Table I. The meta l l i z ing  baths  
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Table I. Composition of metallizing baths 
(quantities given for 1 liter of solution) 

Ni Co 

CoSO~ �9 7H20 35g 
NiSOi  �9 6H~O 30g 
NaH~PO2 �9 H20 17g 40g 
Naa- c i t r a t e  100g 35g 
NH4CI 53.6 
( NI-L ) ~SO~ 70g 
pH (adjusted with 8.5 9.1 -~ 9.5 

NH,OH) 

were  used at  62~ Other  baths  were  used at  room 
tempera tu re .  

Substrate.--Two different  subs t ra tes  were  used with  
s imi lar  results.  The one were  Esco prec leaned  Boro-  
si l icate microscope slide glasses. The o ther  were  3M (A1 
Si) ceramic  plates.  

Irradiation.--Ultraviolet i r r ad ia t ion  was car r ied  out  
using a 5W m e r c u r y  vapor  l amp  held at  a dis tance of 
about  5 cm f rom the substrate .  

Results 
Samples  in the presen t  s tudy  were  d ipped in aged 

S n ( I V )  sensi t izer  for 3 min, rinsed, d ipped in P d ( I I )  
ac t iva tor  for  2 min, and  left  unt i l  d r ied  at  room tem-  
pera ture .  The des ignat ion [Sn( IV)  �9 P d ( I I ) ]  refers  to 
the ca ta ly t ic  subs tance  present  on the  subs t ra te  a f te r  
these steps have been completed.  

If  the  above steps are  fol lowed and an a lka l ine  Ni 
or Co ba th  is used no p la t ing  is obtained.  No p la t ing  
is ob ta ined  even if the t empe ra tu r e  of the meta l l iz ing  
ba th  is ra ised as high as 85~ Although,  once the pH 
of the  ba th  has fa l len to a round  6.5, due to ammonia  
evolut ion,  i t  was possible to obta in  Ni or Co plat ing.  
Fur the r ,  i r r ad ia t ion  with  u.v. l ight  resu l ted  in a posi-  
t ive image  (i.e., the i r r ad ia t ed  areas  did not p l a t e ) .  

Ul t rav io le t  i r r ad ia t ion  for  about  10 min fol lowed by  
a shor t  r inse in dis t i l led  wa te r  and subsequent  im-  
mers ion in a lka l ine  (pH ~ 7) Ni ba th  produces  meta l  
deposi t ion on the i r r ad ia t ed  a rea  only. That  is, one 
obta ins  a c lear  negat ive  image  of the photomask.  In  
the case of an a lka l ine  Co ba th  the  same resul ts  a re  
obtained,  except  tha t  for  best  results,  i.e., clear  nega-  
tive, a h igher  pH value  (about  9.1 and up) is advis -  
able. 

As ment ioned in the previous  section, the me ta l -  
l iz ing baths  were  used in the t e m p e r a t u r e  range  60 ~ 

t emp --~ 65~ usua l ly  62~ 
In o rde r  to demons t ra te  that  by  mere ly  changing 

the pH of the  meta l l iz ing  ba th  one can obta in  e i ther  
a nega t ive  or  a posi t ive photoimage,  we pe r fo rmed  the 
following.  F i rs t  we produced  a nega t ive  image  wi th  
the Ni ba th  at  about  pH 8. Second, by  keeping  the 
ba th  at 60~ the pH fell  even tua l ly  to about  6.6. At  
this pH value  we produced  a posi t ive image. Final ly ,  

b y  adding  NH4OH or NaOH, the pH of the ba th  rose 
again  to a round 8 and another  nega t ive  image  was 
produced (see Fig. 1). 

In  Fig. 2 we presen t  the res is tance values of a 
semic i rcu la r ly  shaped, nega t ive  nickel,  s tr ip.  They  are  
given as a funct ion of ro ta t ion angle  f rom one edge. 
The l inear  charac te r  of the funct ion is an indicat ion 
of the  un i fo rmi ty  of the  deposit.  S imi la r  resul ts  were  
obta ined  for  a s t r ip  of posi t ive n ickel  deposi ted wi th  
the help  of an appropr ia t e  mask. 

Discussion 
In Ref. (1) and (2) we have  suggested that  the 

reason t i n ( IV)  sensi t izer  is effective for  Ni p la t ing  
f rom an acidic ba th  but  not  for Cu p la t ing  ba th  is 
that  the hypophosphi te  (in the ac id ic  Ni ba th)  can 
reduce the  a t tached  Pd ( I I )  to Pd  (0), but  fo rma ldehyde  
(in the basic Cu ba th)  cannot.  Our  presen t  resul ts  to-  
ge ther  wi th  those of Ref. (3) indicate  that  a reduct ion 
of the ca ta lys t  [Sn( IV)  �9 P d ( I I ) ]  does occur p r io r  to 

Fig. 1. Positive and negative photoimages of a mask made from 
the same electroless nickel bath by varying the pH. 
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Fig. 2. Resistance vs. angle of rotation from one-edge of a semi- 

circularly shaped strip of electroless nickel, deposited as negative. 

Ni and Co plat ing,  and that  this reduct ion  can proceed 
in acidic hypophosphi te ,  but  not  in neu t r a l  or basic 
hypophosphi te .  

Our  resul ts  of producing  nega t ive -pos i t ive -nega t ive  
f rom the same Ni ba th  by  changing the pH value  
makes  i t  c lear  tha t  it  is the change in pH that  de te r -  
mines whe the r  reduct ion of P d ( I I )  and  hence p la t ing  
occurs onto the catalyst .  Now, the  effect of ra is ing the 
pH on hypophosphi te  is to increase  its reduc t ion  po-  
ten t ia l  [see Ref. (4)]. However ,  P d ( I I )  is much ha rde r  
to reduce in basic s o l u t i o n  than  in acid because i t  
forms Pd (OH)2  which  has a lower  reduct ion poten t ia l  
than  PdC12. Thus we infer  tha t  the  reason no p la t ing  
occurs on non i r r ad ia t ed  [ S n ( I V ) .  P d ( I I ) ]  in basic 
p la t ing  baths  is that  Pd (OH)2  forms which cannot  be 
reduced and cannot  in i t ia te  meta l  plat ing.  I t  has been 
(~bserved (5) tha t  some t ime in the  a lka l ine  meta l l i z -  
ing ba th  is necessary  before  the ma te r i a l  p resen t  on 
the subs t ra te  offer S n ( I I )  sensi t izat ion and P d ( I I )  
act ivat ion is capable  of  ca ta lyz ing  Cu plat ing.  This 
p robab ly  indicates  that  even for the  [Sn ( I I )  � 9  ( I I ) ]  
sys tem reduct ion in the meta l l iz ing  ba th  is a necessary  
step in producing  an active catalyst .  

In his excel lent  rev iew "Photochemical  Select ive  
Act iva t ion  for  Electroless  Metal  Deposi t ion on Non-  
conductors," Paunovic  (6) has suggested chemical  
paths  associated wi th  different  photoe lec t rochemical  
processes. These were  offered in conjunct ion wi th  
S n ( I I )  re la ted  electroless  systems.  Our  p resen t  work  
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refers  to S n ( I V )  photochemis t ry  and we have to con- 
tent  ourselves  wi th  a general ized picture.  

The specific effect of u.v. l ight  on [Sn( IV)  �9 P d ( I I ) ]  
is stil l  not known but  it  is p laus ib le  to assume that  it 
renders  [Sn( IV)  �9 P d ( I I ) ]  capable  of ca ta lyz ing  Ni or 
Co pla t ing f rom a wa rm alkal ine  bath,  by  reducing  it 
to [Sn( IV)  �9 P d ( 0 ) ]  as suggested in Ref. (3). 

The u l t rav io le t  l ight 's  effect is such tha t  in an acidic 
med ium (i:e., pH ~ 7) no meta l  pla t ing occurs on the 

i r r a d i a t e d  areas. This is in ha rmony  with  the assump-  
tion that  the u l t rav io le t  l ight  reduces [ S n ( I V ) .  
P d ( I I ) ]  into [Sn ( IV)  �9 P d ( 0 ) ] .  I n  the a lka l ine  ba th  
where  no fu r the r  reduct ion occurs, deposi t ion wil l  be 
ini t iated.  In the acidic ba th  fu r the r  reduct ion into a 
(c rys ta l l ine?)  form of pa l l ad ium not  capable  of in i t i -  
a t ing deposi t ion wil l  occur (3, 5, 7). 

In  conclusion, we have demons t ra ted  that  an effi- 
cient Sn ( IV)  based system for electroless  meta l  depo-  
sit ion exists,  which is capable  of producing  both posi-  
t ive and nega t ive  images of a photomask  of high un i -  
formity .  We are  led to the assumpt ion tha t  the sensi-  
t i za t ion /ac t iva t ion  stage is ex tended  into t he  me ta l -  
l iz ing ba th  step, and the la ten t  i m a g e i s  not complete ly  
de te rmined  (6) even af ter  the pa l l ad ium bath.  
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The Determination of Nitrite Ion in Copper Pyrophosphate Plating 
Solution 

Thomas M. Tam* and Greg A. Fung 
Lockheed Missiles and Space Company, Process Control Engineering, Sunnyvale, California 94086 

Copper  pyrophospha te  p la t ing  solutions are  wide ly  
used by  the electronic'  i ndus t ry  to manufac tu re  p r in ted  
wi r ing  boards.  This solut ion has been ex tens ive ly  used 
in the  pas t  20 years ;  however ,  an easy method  to ma in -  
ta in  the op t imum opera t ion  of the solut ion is st i l l  de-  
sirable.  Al though  the fundamen ta l  chemis t ry  of this 
solut ion is f a i r ly  wel l  unders tood (1, 2, 3, 4), the effects 
of impur i t ies  a re  less wel l  defined. 

Recently,  Ogden and Tench (5) developed a cyclic 
vo l tammet r ic  technique for de te rmin ing  effective 
b r igh tene r  (PY61-H, M&T Chemicals  Incorpora ted)  
concentrat ion.  Such a method has been adopted to con- 
t rol  our  p la t ing  solution rout inely.  A cyclic vo l t ammo-  
g ram s imi lar  to the one publ i shed  can be obtained f rom 
a f resh ly  p repa red  solution. However ,  a different  
vo l t ammogram is ob ta ined  f rom a used solut ion (1~'~ 
years ) ,  where  a la rge  cur ren t  dens i ty  (5 m A / c m  2, 0.8V) 
begins at  0.65V 1 ( tai l )  as shown in Fig. 1. This 
vo l t ammogram has been  p rev ious ly  publ i shed  (6), 
but  the  chemical  species that  cause the tai l  have not  
been  defined. The in tent  of this pape r  is to r epor t  the 
work  tha t  iden t i fy  this chemical  species. 

Experimental Section 
Material and so~ution.--Copper pyrophospha te  solu-  

tions were  p repa red  f rom Unichrom C10XB and C l l X B  
(M&T Chemicals  Incorpora ted) .  The pH was ad jus ted  
to 8.65 b y  concent ra ted  Nt-I4OH or  pyrophosphor ic  
acid. A typica l  solut ion contains:  [Cu(P2Ov)~ 6- ]  
0.4M and [NI-I~] ~ 0.05M. Used p la t ing  solutions were  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  v o l t a m m e t r y ,  v i s i b l e ,  i m p u r i t y .  
z All  v o l t a g e s  r e p o r t e d  h e r e i n  a r e  w i t h  r e s p e c t  t o  s a t u r a t e d  cal- 

omel  e l e c t r o d e  (SCE) .  

obta ined  from the p la t ing  shop. Solut ions wi th  added  
PY61-H (M&T Chemical  Incorpora ted)  were  aged at 
55~ for at  least  16 hr. ACS grade  potass ium ni t r i te  
was washed wi th  e thano l -wa te r  (10:1) and dr ied  at  
100~ for 3 hr, then s tored in a desiccator.  

Cyclic voltammetric measurements.--A 250 ml 
Br inkmann  t i t ra t ion  vessel  was used to hold the w o r k -  
ing, auxi l iary ,  and reference  electrodes.  The work ing  
electrode was p repa red  by  press ing a 1/s in. D p la t i -  
num rod into a % in. D stainless steel  rod. The elec-  
t rode  body was sealed b y  using Microstop (Michigan 
Chrome & Chemical  Corpora t ion) ,  and  the exposed 
p la t inum surface was pol ished wi th  GRIT 600 silicon 
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Fig. 1. Cyclic vohammogrom of copper pyrophosphote solution. 
o. [Cu(P207)26-] ~ 0.4M; pH = 8.65 • 0.05. b. Temperature 

25 ~ _ 1~ c. Sweep rate ---- 40 mV/sec; rotational speed 
3000 rpm. 
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carbide  gr ind ing  paper .  A Dietzan motor  equipped 
with  a ro ta t ing  m e r c u r y  contact  (Mercotac Incorpo-  
ra ted)  was used to ro ta te  the e lect rode at  3000 r p m  
(wi th  this setup, w e  are  l imi ted  to one reproduc ib le  
speed) ,  The potent ia l  was dr iven  by  a cyclic vo l t am-  
metr ic  uni t  (7). A Soltec X - Y  recorder  (UP 6432S) 
was used to r eco rd  the vol tage  and cur ren t  change. The 
poten t ia l  was scanned be tween  --0.65 and 0.85V at a 
ra te  of 40 mV/sec .  

Spectroscopic measurement.---Spectroscopic mea-  
surements  were  made with  an HP8450A u.v. vis spec-  
t rophotometer .  

Resul ts  a n d  Discussion 
The vo l t ammogram of a used copper  pyrophospha te  

solut ion exhibi ts  a pronounced ra ised tai l  at  about  
0.65V which increases  wi th  ba th  usage. This phenome-  
non has been  observed,  but  never  c lear ly  defined. 
Ogden and Tench (5, 6, 8) suggested that  this ta i l  can 
be re la ted  to the concentra t ion of the br igh tener ' s  
b r eakdown  products  and o ther  organic  impuri t ies .  We 
have a different  exp lana t ion  based upon the fol lowing 
resul ts :  (i) An old t ank  solution (lZ~ years)  was carbon 
t rea ted  twice to remove the organic impur i t i es  (9), 
b u t  the in tens i ty  of  the ta i l  did not  change at  all.  (ii) 
Excess PY61-H (,~10 m l / l i t e r )  was added  to a f resh 
copper  pyrophospha te  solution and hea ted  at  50~ for 
over  2 weeks, F ree  sulfur  (one of the b r eakdown  p rod -  
ucts) prec ip i ta ted ,  but  no tai l  was observed at  0.65V. 
(iii) One l i te r  of f resh ly  p repa red  copper  pyrophos-  
pha te  solut ion with  and wi thout  added  PY61-H was 
d u m m y  p la ted  using a copper  anode and a stainless 
steel  cathode at  25 A / f t  2 overnight ,  The cyclic vol t -  
a m m o g r a m  of the resul t ing  solut ion c lear ly  shows a 
tai l  a t  the region of interest .  

Based upon the resul ts  o f  these three  exper iments  
described,  we concluded the e lec t roact ive  species re -  
sponsible for  the high cur ren t  dens i ty  in the  region 
of in teres t  are  not  due to the rmal  decomposi t ion of the 
addi t ive  or  any  o ther  organic  impuri t ies .  In this  case, 
i t  is due to the  e lect rochemical  decomposi t ion of the 
inorganic  chemicals  that  come wi th  the solutions. The 
p o s s i b i l i t y  of dep la t i ng  different  t rans i t ion  meta ls  a t  
this anodic potent ia l  is unl ikely.  The majo r  t rans i t ion  
e lement  in solut ion is copper,  which is easi ly  dep la ted  
at  --0.2V. Other  t rans i t ion  e lements  exists  only  in ppm 
levels  (i.e., i ron ~40 ppm,  ana lyzed  by  atomic absorp-  
tion spect roscopy) .  This low level  of  impur i t ies  does 
not  account  for  the high cur ren t  dens i ty  observed.  

The exac t  concentra t ion of any  o ther  chemical  
species in solut ion is not known, since i t  is a p rop r i e -  
t a ry  solution. Dini  (1), however ,  indica ted  that  add i -  
tion of ammonium ni t ra te  (NH4NO3) in copper  p y r o -  
phosphate  increases the permiss ib le  cur ren t  dens i ty  
and improves  the qua l i ty  of copper  deposits, and in-  
deed a large  quan t i ty  of NO~- (10) was found in the 
solution. La t imer  (11) has suggested that  n i t ra te ,  
NO~-,  in basic  solut ion is easi ly  reduced  e lec t ro ly t ica l ly  
at  the  copper  cathode to give nitr i te ,  NO2-.  Potass ium 
ni t r i te ,  KNO2, was added  to the copper  solution, and 
the  same vo l t ammogram as that  of the used solut ion 
was observed.  The in tens i ty  of this tai l  is d i rec t ly  
p ropor t iona l  to the amount  of KNO2 added. F igure  2 
d isplays  the l inear  re la t ionship  be tween  the anodic 
cur ren t  density,  i mA/sec  2 at 0.8V vs. [NO2-]M.  

Spectroscopic study.~Figure 3 displays  the spec-  
t ra  of a fresh copper  pyrophospha te  solut ion and a 
solution which has been heav i ly  used for 1 ~  years .  
The spec t rum of the old solution exhibi ts  an  absorp-  
t ion peak  at  356 nm. By adding  KNO2 to the fresh 
solution, the same peak  is obtained.  The absorbance  
of this peak  is d i rec t ly  p ropor t iona l  to the concent ra-  
t ion of NO2-.  Table  I lists the opt ical  p roper t ies  of 
KNO2 in potass ium pyrophospha te  and copper  p y r o -  
phosphate  solutions. This da ta  agrees  wel l  wi th  l i t -  
erasure  value;  we, therefore,  conclude tha t  NO2- in 
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Fig. 2. Dependence of current density (0.8V vs. SCE) on 
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copper  pyrophospha te  solut ion exists  as a noncom-  
p lexed  anionic species. 

F rom the above evidence,  i t  is c lear  that  as the 
ba th  is used extensively ,  NO2- bui lds  up due to the 
reduct ion of NOz- .  The concentra t ion  o f  NO2- can 
be accura te ly  measured  e i ther  by  cyclic vo l t ammet r i c  
or  spectroscopic techniques.  A used sample  solut ion 
was analyzed  for  NO,,-  by  cyclic v o l t a m m e t r y  and a 
different  ana ly t ica l  technique (13). The resul ts  a re  
2.5 and 2.2 g / l i t e r ,  respect ively ,  which  are  in good 
agreement .  

The effect of NO~- on the chemis t ry  of the solut ion 
was s tudied by  adding  7.0 mmol  of KNO2 to 100 ml 
copper  pyrophospha te  s o l u t i o n s  conta ining different  
amounts  of PY61-H. The rat io  of  ro ta t iona l  (3000 
rpm)  to stat ic s t r ipp ing  peak  areas  was plot ted  
agains t  the  volume of PY61-H added�9 This plot  was 
compared  to a plot  genera ted  in the  same manne r  by  
adding PY61-H only.  No apparen t  shif t  of m a x i m u m  
is observed (5). Thus, we conclude tha t  the  effect 
of NO2-  on the funct ion of the b r igh tene r  is e i ther  
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Table I. Optical properties of NO~- in copper 
pyrophosphate and pyrophosphat~ solution 

Solut ion kmaxnm Cem-1 M-1 

Potass ium pyrophosphatc  
+ KNO. oa 356 !----- 1 21.1 • 0.8 

Copper pyrophosphate  
+ KNO~ 356 • 1 24.1 • 0.8 

Sodium nitrite (8) 355 23.3 • 0.8 

�9 [NO~-] = 0.02-0.07M; pH = 8.65; temperature  = 23 ~ "4" l~ 

insignificant or undetec tab le  by  cyclic vo l tammetr ic  
technique.  

Conclusion 
The cyclic vo l t ammogram of a used copper  py ro -  

phosphate  solution shows a dist inct  ta i l  beginning at  
app rox ima te ly  0.65V. We have concluded that  this 
ta i l  is due to the oxidat ion of NOe-  ions. The source 
o f  N O 2 -  is the reduct ion of NO3- dur ing  e lec t ro-  
plat ing.  The concentra t ion of NO2- can be accu ra t e ly  
measured  by  cyclic vo l tammet r ic  and spectroscopic 
techniques.  Ogden and Tench (4) have found that  
the effective concentra t ion of the b r igh tener  is 
changed in a used solution. Based upon our  study,  
this change cannot  be due to the bu i ldup  of NO2-.  
The effect could be due to organic impur i t ies  or to 
the  bu i ldup  of o r thopyrophospha te  (14). 
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The Effect of pH on Electroless Copper Deposition 
John Duffy, Lester Pearson, 1 and Milan Paunovic* 

Kollmorgen Corporation, PCK Technology Division, Melville, New York 11747 

Electroless  copper  deposi t ion is affected b y  pH in 
two dis t inct  ways. Firs t ,  the O H -  ions are  reac tants  in 
the  overa l l  and the pa r t i a l  anodic react ion and thus 
affect these react ions in a direct  way  (p r imary  pH 
effects). Second, pH effects var ious  phenomena  asso-  
ciated wi th  the s t ruc ture  and composit ion of the  me ta l -  
solut ion interphase.  The majo r  phenomena  include:  (i) 
adsorption,  (ii) potent ia l  of zero charge (pzc) ,  (iii) 
s t ruc ture  of the double  layer ,  (iv) s t ruc ture  of the cop- 
pe r  species in the solution, and (v) the ionic s t reng th  
of the  solution. Al l  these phenomena  effect the  ra te  of 
electroless copper  deposi t ion in an indi rec t  w a y  (sec- 
onda ry  pH effects).  

The p r i m a r y  pH effect is expressed  in terms of the 
react ion o rde r  wi th  respect  to O H -  ions, Po l l - ,  and  
g raph ica l ly  as a ra te  vs. pH function. Repor ted  values  
for  POH- by  different  authors  (1-6) va r i ed  f rom --0.70 
to 0,37. There  are  p robab ly  three  ma jo r  reasons for  
these differences among the authors.  (i) The dis-  
ag reement  or iginates  f rom the use of the chemical  in-  
s tead of the  e lec t rochemical  definit ion for  the o r d e r  
of reaction.  The  constant  po ten t ia l  at  the electrode,  h@, 
is an essential  pa r t  of the definit ion of the  e lec t ro-  
chemical  react ion order  (7, 8). This res t r ic t ion was re -  
moved when POH- was de te rmined  on the basis of the  
chemical  definition. However ,  i t  is wel l  known tha t  the  
m i x e d  poten t ia l  var ies  wi th  pH (be tween  --610 and 

* Electrochemical Society Active Member.  
1 Present  address:  Pall  Corporation,  Glen Cove, New York 11542. 
Key words:  interfaces ,  spectra,  additive,  catalysis.  

--780 mV vs. SCE) and wi th  the  type  and concent ra-  
t ion of the l igand used in complexing the copper  ions 
(9, 10). Thus, the  remova l  of the res t r ic t ion  h~ = 
const, could resul t  in a rough approximat ion .  (ii) The 
second reason for d i sagreement  could s tem from the  
neglect  of the dependence  of react ion order  on adsorp-  
t ion (8). (iii) The th i rd  reason for the  d isagreement  
or iginates  from the character is t ic  shape of the  p la t ing  
ra te  vs. pH curve. A plot  of the  logar i thm of the p la t ing  
ra te  against  the logar i thm of the O H -  concentra t ion is 
not a s t ra igh t  line. Analys is  of different  segments  of 
the  curve produces  different  results.  

Plots  of the expe r imen ta l l y  observed  p la t ing  rates  vs. 
pH show an ini t ia l  increase,  a max imum,  and then 
decrease of the  ra te  wi th  increasing pH. The in i t ia l  
increase  of the ra te  is due to the p r i m a r y  pH effect�9 
The m a x i m u m  and the decrease of the  ra te  at  h igh pH 
values  were  in te rp re ted  in te rms of secondary  pH 
effects. Two secondary  effects were  suggested so far :  
(i) change of the re la t ive  concentra t ion of the  m e t h y l -  
ene glycol  and the hydrox ide  ions wi th  pH due to 
the dissociat ion of me thy lene  glycol  (11), and ( / / )  
var ia t ion  of the t ransfe r  coefficient for the oxidat ion  of 
fo rmaldehyde  wi th  pH (12). I t  was shown tha t  dis-  
sociation of me thy lene  glycol  is an impor t an t  factor  in 
electroless deposi t ion of copper,  but  i t  is not  sui~icient 
to expla in  the PH effect (12). 

Addi t iona l  expe r imen ta l  da ta  a re  needed in o rder  to 
fo rmula te  a we l l -documen ted  theory  of the  ra te  vs. pH 
function. We have selected two approaches  in the 
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present  study: electrochemical and spectroscopic. In 
the electrochemical approach, we have investigated 
the effect of pH on the rest potentials and the t ransfer  
coefficients for part ial  processes composing electroless 
copper deposition. In  the spectroscopic approach, we 
have investigated the effects of pH on the composition 
of the adsorption film on the substrate.  The importance 
of these studies is twofold: to elucidate the dependence 
of the rate of electroless copper deposition on pH and 
to in terpret  the dependence of the effect of additives 
on pH (13-16). The accelerating effect of an  additive 
is usual ly  observed in the range of the peak in the rate 
vs. pH function. The inhibi t ing effect of the same ad-  
ditive is observed at the lower and the higher pH 
values (16). For these reasons, Auger  spectra have 
been taken for three characteristic values around the 
maximum.  

Exper imenta l  
The solutions were prepared with analyt ical  grade 

reagents and deionized water. An EDTP [ethylenedi-  
n i t r i lo- te t ra-2-propanol ,  or N,N,N1,NI,-tetrakis-2 (2- 
hydroxypropyl)  ethylenediamine]2 type electroless 
copper bath  was used for these studies (10). The elec- 
troless copper solution contained 0.05M CuSO4, 0.15M 
EDTP, 0.07M (para) formaldehyde,  and NaOH to give 
a desired pH. Oxygen was removed by bubbl ing  argon 
through the solution. 

Gravimetr ic  exper iments  were carried out in a glass 
beaker  placed in a constant  tempera ture  bath  regu-  
lated at 25~ (__ 0.5~ Approximately  500 ml  of the 
electroless copper solution was used. The stainless steel 
plate sample had a surface area of 30 cm 2. The steel 
plate samples were activated i n  PdCI:2 prior  to immer -  
sion into the plat ing solution in order to avoid effects 
of the variable  induct ion t ime (10). Dur ing  plating, 
argon was passed above the solution. After  30 min  of 
deposition, the steel plate was taken out of the solution, 
dried, and the amount  of the deposited copper was 
determined by weighing. 

In  electrochemical exper iments  an  all-glass, single 
compar tment  cell with three electrodes was used. The 
test electrode was a p la t inum sheet of 2.32 cm 2 i n  area, 
and the auxi l iary  electrode a p la t inum sheet (2.5 cm2), 
both electroplated with copper. Pla t ing was done in an 
acid copper solution (17) at 1O mA/cm 2. A saturated 
calomel electrode (SCE) was used as a reference elec- 
trode. 

Galvanostat ic  exper iments  were performed using 
Hewlett  Packa~'d 6177C Precision Constant  Current  
Source. The potent ia l - t ime curves were recorded on a 
Hewlett  Packard 70004A recorder. The recorded 
potent ia l - t ime (E-t)  curves, in  durat ion between 1 and 
2 sec, were extrapolated to t ---- 0 and so measured 
values of overpotent ial  were used to construct the cur-  
ren t -po ten t ia l  (i-E) curves. 

Auger  spectra were obtained with the V.G. Scientific 
Scanning Auger  Microscope at tached to a V.G. ESCA 
unit .  

Results 
The pH effect on the over-aft reaction.--The rate of 

electroless copper deposition as a funct ion of pH is 
shown in Fig. 1. It  can be seen from Fig. 1 that  the 
m a x i m u m  rate of deposition is obtained at p i t  12.5. 

The pH efJect on the partial anodic reaction.--The 
two pH functions characteristic for the rest potent ial  
due to the part ial  anodic reaction were recorded. First, 
the rest potentials  of the copper electrode as a funct ion 
of pH were recorded in the solution containing formal-  
dehyde and a support ing electrolyte (in order to min i -  
mize ionic s t rength  var iat ion with var ia t ion in pH).  
Then, the rest potentials as a funct ion of pH were re-  
corded in  the solution containing formaldehyde,  sup-  
port ing electrolyte, and EDTP in order to see the in -  
fluence of ligand. Results are shown in  Fig. 2. The 

2 Commercially available as, e.g., "Quadrol," BASF Wyandotte 
Corporation. 
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Fig. 2. The rest potential of a copper electrode in 0.13M form- 
aldehyde and 1.0M KCI as a function of pH. Curve 1, the ab- 
sence of ligand; curve 2, the presence of 0.05M EDTP. 

average slope OE/O (pH) of exper imenta l  functions in  
Fig. 2 is --0.096 V/decade. 

The rate of oxidation of formaldehyde at the single 
electrode (absence of copper ions) as a funct ion of pH, 
expressed in terms of the t ransfer  coefficient aF, is 
shown in Fig. 3. Transfer  coefficients were calculated 
from Tafel slopes of Current-potent ial  curves obtained 
by the galvanostatic technique. Overpotentials  up to 
400 mV were recorded. It  can be seen from Fig. 3 that  
t h e  t ransfer  coefficient for the anodic oxidation of 
formaldehyde - f  first increases, passes through a maxi-  
mum, and then decreases when  the pH is varied. This 
is the same type of dependence as for the overall  
process of copper deposition. 
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Fig. 3. The transfer coefficient of the anodic oxidation for form- 
aldehyde in 0.25M KCI, 0.13M CH20 as a function of pH. Cop- 
per electrode. 
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The pH e#ect on the partial cathodic reaction.--A 
plot of the rest potent ial  of the copper electrode in a 
solution of cupric ions, as a function of pH, in  the 
presence of complexing agent is shown in Fig. 4. The 
average slope OE/O(pH) of this funct ion is --0.066 V/  pH of Element 
decade, electroless 

The pH dependence  of the t ransfer  coefficient for solution Na Cu O N C C' 
the cathodic reduction of complexed copper ions, ~CuL, 
is shown in  Fig. 5. Transfer  coefficients were calculated 11.8 7 45 28 25 134 12.5 118 36 3 48 
f rom Tafel slopes of the cur ren t -poten t ia l  relationship. 13.0 4 104 60 4 40 56 
The relationship is of the same type as for the aF -- 
f (pH) function. 

Table II. Auger spectra from valence band region 
Surface analysis of copper deposit by Auger electron 

spectroscopy.--Copper deposits obtained from solutions 
at pH values of 11.5, 12.5, and 13.0, in the air a tmo- Standards eV* 
sphere, and in the presence of sodium 2-mercapto- 
bensothiazole (MBT) were analyzed. Analysis  was Cu s7.5 
carried out ex situ in the as-deposited condition (sam- cu~o 65.0 CuO 63.0 
ple exposed to air atmosphere after deposition) and 
after a very light etch (20 sec, 6 keV) to remove the samples eV* Shift, eV Inference  

adsorbed contaminant  layer. 
Wide scans (1100-100 eV) were used to ident ify the pH 11.5 65.5 -2.0 Cu~O pH 12.5 68.0 Cu 

species present. Narrow scans were carried out f o r  pill3.0 65.5 -2.0 Cu_oO 
transi t ions in the core states for O and N (600-300 eV) 
and Cu (1050-750 eV). Results are shown in Table I. * Relative to C Auger peak 277 eV. 
The valence band t ransi t ion for Cu was observed in  
order to determine the oxidation state of the copper. 
Results are shown in Table II. It  can be seen from 
Table II that the copper deposit from the solution at 
pH 12.5 shows smallest  signal for sulfur, carbon, n i -  
trogen, and sodium. The largest signals for the same 
elements, sulfur, carbon, nitrogen, and sodium were 
observed for the sample deposited at pH 11.5. It  is 
interest ing to note that t he  sample deposited at pH 
13.0 shows a new carbon peak at 256 eV in addition 
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Fig. 4. The rest potential of a copper electrode in 0.1M CuSO4, 
0.175M EDTP, and 0.25M KCI as a function of pH. 

Table I. Species observed and the peak-to-peak heights 
in the etched samples of electroless Copper 

(0.05M CuSOt, 0.15M EDTP, 0.07M CH20, 2 mg/liter MBT) 

72 15 48 

to the peak at 275 eV. Carbon (275 and 256 eV) and 
sulfur  (150 eV) peaks for three samples are shown in 
Fig. 6. Copper Auger spectra from valence band regions 
(67.5 eV) are shown in  Fig. 7. The shift of --2 eV ob- 
served (pH 11.5 and 13.0) here (Table II and Fig. 7) 
is in  agreement  with that  observed earl ier  (18, 19). 
Auger electron spectra of copper for t ransi t ions in  the 
core states did not develop the Auger  peak at 916.7 eV 
corresponding to the Cu-MBT complex (20). 
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Fig. 6. Auger electron spectra of electrolessly deposited copper. 
Electroless solution: 0.05M CuSO4, 0.1SM EDTP, 0.07M CH20, 2 
mg/liter MBT. 

CuL 

O.5C 

0.40 

0 

0.30 o~ 

I i | I I i I 

11.0 12.0 13.0 14.0 pH 

Fig. 5. The transfer coefficient for cathodic reduction of Cu(ll) 
ions in 0.1M CuSO4, 0.175M EDTP, and 0.25M KCI. 
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Fig. 7. Auger electron spectra of copper, valence band region 
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Discussion 
The pH efJect on the partial anodic reaction.--It was 

shown that  the straight l ine represent ing the rest po- 
tent ial  for the copper electrode in the alkal ine solu- 
t ion containing formaldehyde as a function of pH has 
the slope (OE/OpH) of --0.096 V/decade. There are 
two possible reactions that  can control this rest 
potent ial  and the slope. According to Buck and Grif-  
fith (21) the anodic oxidation of formaldehyde at the 
Pt  electrode in an alkaline solution proceeds accord- 
ing to the reaction 

CH20 + 3 O H -  -> HCOO-  + 2H20 + 2e -  [1] 

In  this kinetic scheme the adsorbed hydrogen formed in 
the dissociative adsorption of the electroactive species 
CH2(OH)O-  is desorbed in the electrochemical reac- 
tion. In  a modified Buck and Griffith mechanism (22), 
applicable to the Cu electrode, the adsorbed hydrogen 
is desorbed in a chemical reaction and the anodic oxi- 
dation of formaldehyde then proceeds according to the 
reaction 

CH20 + 2 OH- -~ HCO0- + H20 + 1/2 H2 + e -  [2] 

The rest potential  as a function of pH, at 25~ is given 
by the Nernst  equat ion (23) 

E -- Eo' -- 0.059 (re~n) pH [3] 

and the slope by 

OE/O (pH) -- --0.059 m/n  [4] 

where Eo' combines the s tandard  electrode potent ial  Eo 
and the concentrat ion te rm in  the Nernst  equation, m 
is the n u m b e r  of H + (or OH- )  ions, and n is the number  
of electrons part icipat ing in the reaction. Applicat ion 
of Eq. [4] to reactions [1] and [2] yields the slopes of 
--0.089 and --0.118 V/decade ,  respectively. Since the 
average slope of curves in Fig. 2 is --0.096 V/decade it 
appears that  both mechanisms, [1] and [2], are con- 
troll ing the rest potential  and its pH dependence. 

The expected Tafel  slopes (b = 0.059/an), at 25~ 
and assuming ~ : 0.5, for reactions [1] and [2] are 
0.059 and 0.118 V/decade, respectively. The exper imen-  
tal ly observed Tafel slopes for oxidation of formalde-  
hyde at the Cu electrode, at 25~ and pH 12.50, are in 
the range between 0.290 and 0.330 V/decade (17). Tafel 
slopes be tween 0.205 and 0.840 V/decade were observed 
in  this work when pH was varied. It was shown in Fig. 
3 that  the t ransfer  coefficient ~f increases, p a s s e s  
through a maximum,  and then decreases when  the 
concentrat ion of sodium hydroxide varied. The same 
type of pH dependence was observed for the pH effect 
in the overall  copper deposition process (Fig. 1). 

Tafel slopes higher than 0.118 V/decade are not un -  
usual  in oxidations of organic compounds (24-26). One 
cause for high slopes is the formation of films of ad-  
sorbed intermediates  and the anodic products on the 
electrode surface (27-29). Systems with surface films 
can be treated on the basis of the dual bar r ie r  model 
of the interphase where an overall  t ransfer  coefficient 
is used to describe the cur ren t -poten t ia l  relat ionship 
(28). 

Electrochemical systems where a film of adsorbed 
intermediates  is formed at the surface of the substrata 
have two impor tant  characteristics, besides a high Tafel 
slope. These characteristics are a t ransi t ion region in 
the cur ren t -po ten t ia l  relationship (27, 28) and an ar-  

�9 rest in  the galvanostatic potential  t ime curves (27). A 
t ransi t ion region is characteristic of barr ier  layer  films 
and corresponds to an onset-of a passive behavior  (29). 
Transi t ion regions in systems that  we have studied are 
between overpotentials  of 0.15 and 0.25V, depending 
on conditions. In  the lower region (0 < 0.2V) Tafel 
slopes are smaller, with t ransfer  coefficients between 
0.3 and 0.5. In  the higher  ~ region (o > 0.2V) Tafel  
slopes are larger and t ransfer  coefficients smaller,  as 

reported above. Arrests in  the galvanostatic charging 
curves (E-t) correspond to less than a monolayer  
coverage by an adsorbed species (e.g., about i00 ~C/ 
cm 2 for 0.8 mA/cm2).  

All the above data indicate that  the anodic oxidation 
of formaldehyde does not proceed according to the 
simple kinetic scheme represented by reactions [i] or 
[2] but  by a more complicated scheme based on a 
double barr ier  model. According to this model, t ransfer  
coefficients presented in this paper are overall  t ransfer  
coefficients given by 

= (~F~s/~F + ~) [5] 

where ~F is the transfer coefficient for the field-depend- 
ent migration of the charge carriers and as that for the 
electrochemical charge transfer (28). 

The NH ef]ect on the partial cathodic reaction.--The 
slope OE/O(pH) of the straight l ine represent ing the 
rest potential  of the copper electrode in the alkal ine 
solution of Cu 2+ and EDTP as a funct ion of pH is 
found to be --0.066 V/decade. This slope is in con- 
formity with at least four possible reactions in  this 
system 

Cu + H2L' -- CuL' + 2H + + 2e-  [6] 

where L ---- EDTP, L' = EDTP -- 2H + (30, 31) 

2Cu + H20 -- Cu20 + 2H + + 2e -  [7] 

Cu + H20 -- CuO + 2H + + 2e -  [8] 

Cu + 2H20 ---- Cu(OH)2 + 2H + + 2e -  [9] 

All  these reactions show the following po ten t i a l ' pH 
dependence 

E : E ~ -- 0.059pH [10] 

a n d  the slope OE/O(pH) = --0.059/decade (32). The 
exper imenta l ly  observed slope of --0.066 V/decade is 
in good agreement  with this value. In addition, systems 
that are relevant  to this study, Cu20-CuO, Cu20- 
Cu(OH)2, and Cu20-CU 2+ show the same --0.059 pH 
dependence (30). Thus, the rest potent ial  of the copper 
electrode in the aqueous alkaline solution of cupric ions 
is probably a mixed potential.  

The transfer coefficient for the cathodic reduction of 
complexed copper ions (~CuL) shows the same type of 
pH dependence (Fig. 5) as aF (Fig. 3) and the over-a l l  
deposition ra te-pH funct ion (Fig. 1). A comparison of 
Fig. 3 and 5 shows that  the cathodic sites at the surface 
are less inhibi ted than the anodic sites. 

Surface analysis.--The surface analysis of a copper 
deposit by Auger  electron spectroscopy showed that  
the deposit obtained at pH 12.5 had the least amount  of 
chemisorbed species at the surface. The thinnest  chem- 
isorbed film at the pH 12.5 can be correlated to the 
max imum values for af, ~Cue, and the rate of deposi- 
tion. It  appears that  the dual bar r ie r  model (28) is 
plausible for systems described in this study. 

The above electrochemical and spectroscopic results 
point  to the importance of adsorption, inhibit ion,  and 
passivation phenomena in electroless copper deposition 
and need for more studies in this direction. 
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Standard Free Energy of Formation of Iron Iodide 

Ashok Khandkar,* V. B, Tare, and J. Bruce Wagner, Jr.** 
Center for Solid State Science, Arizona State University, Tempe, Arizona 85281 

Although solid e lect rolytes  are being increas ingly  
used for  the de te rmina t ion  of the rmodynamic  p rope r -  
ties of compounds,  there  are  surpr i s ing ly  few repor ts  
on the  use of s i lver  iodide for this purpose.  S i lver  
iodide is known to exist  in two s table  c rys ta l lographic  
forms:  ~-AgI  (s table  above  147~ is known to be a 
superionic  conductor  wi th  an electronic t r anspor t  
number  app rox ima te ly  10 - s  t imes the  ionic t r anspor t  
number .  ~-AgI  (s table  be low 147~ exhibi ts  a ve ry  
smal l  to ta l  conduct iv i ty  and is also repor ted  to be 
p redominan t ly  an ionic conductor  (1). 

Thus b y  using s i lver  iodide as a solid e lec t ro ly te  i t  
is possible to formula te  a galvanic  cell  

A g l  AgI  I Fe-FeI2  [I] 

to de te rmine  the f ree  energy  of format ion  of i ron 
iodide. The t he rmodynamic  s tab i l i ty  of FeI2 is not  
known precisely,  bu t  it  appears  to be less s tab le  than 
AgI. Thus if the ceil satisfies the cr i ter ia  for revers ib i l -  
ity, the  open-c i rcu i t  emf is re la ted  to the free energy  
change of the cell  react ion by  

AGcell = --  nEF :- 2AG~ --AG~ [1] 

where  n is number  of electrons t r ans fe r red  dur ing  the 
cell  reaction,  E the  emf in volts, and F the F a r a d a y  
constant.  The overa l l  cell react ion is 

2Ag + FeI2 = 2AgI + Fe  [2] 

The s tandard  free energy  of fo rmat ion  of AgI  is 
known and hence i t  is possible to es t imate  the  s t anda rd  
free energy of fo rmat ion  of i ron iodide by  measur ing  

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

the open-c i rcu i t  emf of the above cell  as a function of 
t empera ture .  

A mix tu re  of i ron and i ron iodide was p repa red  b y  
mix ing  i ron  powder ,  --200 mesh and 99.999% pure,  
wi th  99.9% pure  iodine in the  weight  rat io  of 5:1. The 
mix tu re  was sea led  in an evacuated  silica tube and 
hea ted  in i t ia l ly  to 200~ for  8 hr. The complet ion of 
the  react ion of i o d i n e  wi th  excess i ron was evident  
f rom the d i sappearance  of the violet  iodine vapors.  
The mix tu re  was subsequent ly  heated to 600~ for 2 
hr, examined  by  x - r a y  powder  diffract ion for phase 
identification, ground to a fine powder ,  and  pressed 
into a pe l le t  of 12 m m  diam and 6 m m  thick in a steel  
die under  hydros ta t ic  pressure  of 5 tons/ in .  2. The pe l le t  
was annealed  in purif ied argon for  12 h r  at 400~ I ron  
iodide is hygroscopic.  I t  is therefore  essential  to avoid 
contact  wi th  wa te r  vapor.  

An  e lect rolyte  pel le t  of s imi lar  dimensions was p re -  
pa red  by  press ing AgI  (99.999% pure  purchased  f rom 
Aldr ich  Chemicals)  powder  under  hydros ta t ic  pressure  
of 5 tons/ in.  ~2. The pe l le t  was l ight ly  pol ished on a fine 
emery  paper  and sandwiched be tween  two elect rode 
pellets,  one of which was a pure  s i lver  disk, 12 m m  
d iam and 3 m m  thick, and the o ther  was a pe l le t  of 
Fe-FeI~ p repa red  as descr ibed above. The whole as-  
s embly  was placed be tween  two p l a t i num disks each 
wi th  a spo t -we lded  p l a t inum lead  wire  and held  to -  
gether  by  means of a spr ing pressure  assembly.  The 
spr ing- loaded  cell  was in t roduced into a quar tz  tube  
in which  a s teady  continuous flow of d r ied  and purif ied 
argon was mainta ined.  The quar tz  tube was kep t  in a 
Nichrome w i r e - w o u n d  furnace  wi th  a constant  t em-  
pe ra tu re  zone of about  2 in. The t empera tu re  of the 
furnace was control led  to __ 0.5~ b y  a p ropor t iona l  
control ler .  The t empera tu re  of the  cell  was measured  
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independent ly  by  a P t -P t  4- 10% Rh thermocouple 
placed very  near  the cell. The open-ci rcui t  emf of the 
cell was measured by a Hewlet t  Packard digital mul t i -  
meter  with an input  impedance of ~ 10 Ms 

Before s tar t ing the measurements ,  the cell was an-  
nealed at 150~ for about 10 hr  after  which steady, 
n0ndr i f t ing  emf values were obtained. The cell satisfied 
all the usual  criteria of reversibil i ty.  Emf was mea-  
sured at temperatures  which were varied in  a random 
fashion. P re l iminary  investigations showed that  emf 
drifted rapidly at temperatures  above 230~ Similar ly  
below l l0~  the cell took an unusua l ly  long time for 
obta ining steady values, and emf values between dif- 
ferent  runs  were not consistent. On keeping the cell for 
a very  long time ( >  12 hr) at temperatures  above 
230~ visible signs of reaction at the AgI /Fe  4-FeI2 
interface were seen as black spots on the AgI pellet 
surface in contact with Fe 4- FeI2. The measurement  of 
emf on the cell was therefore restricted to the tem- 
perature range 115~176 After the measurements  in 
this tempera ture  range, the surfaces of the electrolyte 
pellet as well as the Fe-FeI2 electrode were examined 
by x - r ay  powder diffraction technique for any possible 
reactions. Emf readings were regarded as reliable only 
when  there was no change in the electrolyte and the 
electrodes after the measurement .  

The cell responded quickly to changes in tempera-  
tures above 150~ Steady emf values were obtained 
wi th in  10-15 min  after obta ining a constant  tempera-  
ture. The response below 150~ was found to be very  
slow. Usual ly 60 min  or more were required to obtain 
steady emf values. 

Table I gives the emf's at various temperatures  mea-  
sured on three different cells  The same data are 
plotted in Fig. 1. The data can be represented by  two 
l inear  relationships between emf and temperature.  

The l inear  regression analysis of the data gave the 
following two expressions 

E~olts 4- 0.09072(___ 0.00774) -4- 1.2(4- 1.9) X 10-ST 

for T < 4 2 2 . 5 K  [3] 

Evolts 4- 0.02017(4- 0.00225) 4- 1.79(4- 0.05) X 10-4T 

for T >  422.5K [4] 

The tempera ture  at which the change in  slope occurs 
is est imated from these two equations to be 422.5 K. 
This tempera ture  Ttrans corresponds to the change in 
crystal s t ructure  of silver iodide from/~ at lower tem-  
peratures to ~ at higher temperatures.  The entha lpy  
change for this t ransformat ion z~Htrans can be estimated 
from the difference in slopes of these lines by using 
the relationship 

A H t ra ns  " -  nFz~slope X Ttrans  [5 ]  

where n = 1 per  mol of AgI. This is calculated to be 
1630 4- 250 cal/mol.  

Table I. Cell emf in mV at various temperatures* 

Cell 1 Cell 2 Cell 3 

T e m p  E m f  T e m p  E m f  T e m p  E m f  
(~ (mY)  ( ' C )  (mV)  (~ (mV)  

156 97.40 155 95.42 152 97.28 
172 99.50 189 102.14 203 105.05 
144 96.07 176 100.27 172 99.50 
217 107.64 217 107.64 139 94.82 
198 103.80 207 106.69 181 101.16 
209 106.22 170 99.50 186 102.48 
227 109.53 191 103.00 219 10&O7 
203 140.77 202 105.83 152 97.28 
189 101.97 224 169.45 161 98.38 
131 95.68 155 95.62 178 100.69 
166 98.95 132 95:23 213 107.60 
119 95.75 125 95.45 128 95.25 

148 96.80 135 95.50 

o Values  are reported in the order  in which  they  were  mea-  
sured .  
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Fig. I. Open-circuit emf of a galvanic cell AglAgljFe-Fel  2 as a 
function of temperature. 

As ment ioned earlier the values of emf obtained at  
temperatures  below 150~ took a long time to stabilize. 
The range of temperature  of measurement  below 150~ 
is also very small  ( ~  40~ The errors in  slope are 
therefore expected to be large. In spite of this, the 
agreement  between the temperature  and enthalpy of 
t ransformat ion reported in the l i terature (2, 3) as 421 K 
and 1.47 4- (0.1) K cal/mol,  respectively, and the one 
estimated from the present  data is good. However, to 
estimate the s tandard free energy of formation of FeI2, 
only the data above the t ransi t ion temperature  have 
been used. This is because at these temperatures  AgI 
is a superionic conductor (~ sp ~ 10 ~ - 1  c m - I  at 200~ 
and is ideal for use as a solid electrolyte. At tempera-  
tures below transi t ion the total conductivi ty is very 
small  (r sp ~- 10 -6 ~ - 1  cm-1 at 25~ (3). The t rans-  
port numbers  of electrons, holes, and ions in this tem- 
perature range have not so far been uniquely  deter-  
mined. Available data indicate that the electronic 
t ransference n u m b e r  is only an order of magni tude  
lower than the ionic t ransference n u m b e r  (1, 4). Our  
inabi l i ty  to obtain reliable data at lower temperatures  
is probably  due to these considerations. 

Using Eq. [1] and [4], one obtains 

AGcen = -- 930(__. 104) -- 8.25(___ 0.23)T cal /mol  [6] 

To obtain s tandard free energy of formation of FeI2 
from this expression, the s tandard free energy of for- 
mat ion of silver iodide has to be known precisely. 

For  this purpose recent compilation of thermody-  
namic data of Bar in  and Knacke (5)  has been used. 
From these data a n  expression for the s tandard free 
energy of formation of a-AgI  above 422K has been 
obtained as 

&G~ : - -  19857 + 7.955T c a l / m o l  [7]  

The error limits for the values of AG~ have not  been 
reported. However, since the data is based on the 
values reported by  Kelley (6) who has claimed the 
accuracy to be only 5%, the max imum error  in the 
values of AG~ can be estimated to be _ 1000 cal/mol.  

Using Eq. [1], [6], and [7] the s tandard  free energy 
of formation of FeI2, from solid i ron and iodine at 1 
a tm pressure has been estimated to be 

AG~ --" - -  38784 4- 24.165T cal /mol  [8] 

To est imate the errors in  the values of ~G~ one 
has to take into account the errors in the values of 
~G~ as well  as the errors estimated in Eq. [6]. The 
m a x i m u m  error in  the la t ter  in the temperature  range 
investigated is calculated to be ___ 200 cal. Combining 
this error with the one reported for ~G~ one can 
estimate the max imum error  l imits in the values of 
hG~ obtained from the present  invest igat ion to be 
_ 2500 cal/mol. One may, however, note that  these 
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large  e r ror  l imits  are p r i m a r i l y  because of the uncer -  
ta int ies  in the values  repor ted  for ~G~ 

The s tandard  free energy  of format ion  of FeI2 can 
also be es t imated  from the data  g iven by  Barin,  
Knacke,  and Kubaschewski  (7) as wel l  as those given 
in the J A N A F  Tables (8). These values  are  based on 
the measu remen t  of decomposi t ion pressures  of iodine 
over  FeI2 in this t empe ra tu r e  range (9) and also on 
the da ta  obta ined by  solut ion ca lo r ime t ry  (10). On the 
basis of  e r ror  l imits  r epor ted  for ~H~ and S~ the e r ror  
l imits  in the calcula ted values of AG~ are  es t imated 
to be __. 5000 ca l /mol .  

An  express ion for the s tandard  f ree  energy  of fo rma-  
tion of FeI2 has been given by  Kubaschewsk i  and A1- 
cock (2) wi th  es t imated e r ror  l imits  in the values  of 
AG~ as +_. 5000 cal /mol .  F igure  2 shows these d a t a  
along wi th  the da ta  obta ined in the p resen t  inves t iga-  
tion. Our  da ta  are  much closer to those repor ted  by  
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Fig. 2. Standard free energy of formation of Fel~ as a function 
of temperature. 

Barin,  Knacke,  and Kubaschewski  (7). The da ta  ob-  
ta ined in the p resen t  invest igat ion can, however ,  be 
considered to be more  accurate  because of the smal le r  
uncer ta in t ies  and the consistency and the re l i ab i l i ty  
of the  technique used. I t  may  be emphasized,  however ,  
that  the uncer ta in t ies  in the values of ~G~ obta ined 
from the presen t  invest igat ions  would be grea t ly  re -  
duced if more  accurate  d.ata for hG~ become avai l -  
able. 
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Evaluation of Tetrafluoroethane-l,2-Disulfonic Acid as a Fuel Cell 
Electrolyte 

Philip N. Ross, Jr.* 
Lawrence Berkeley Laboratory, Materials and Molecular Research Division, Berkeley, California 94720 

It  has been demons t ra ted  in a number  of inves t iga-  
tions tha t  the kinet ics  of oxygen  reduct ion on Pt  a re  
s ignif icant ly h igher  in t r i f luoromethane sulfonic acid 
(TFMSA)  solutions than in phosphor ic  acid (1-3).  
These differences appear  to be due to the h igher  oxy-  
gen solubi l i ty  and the lower  specific adsorpt ion of 
anions in TFMSA (4). However ,  the fu r the r  invest i -  
ga t ion  of TFMSA as a fuel  cell e lect rolyte  has re -  
vea led  the undes i rab le  phys ica l  proper t ies  of this 
ma te r i a l  tha t  may  l imi t  its usefulness.  TFMSA solu- 
tions more  concent ra ted  than ca. 7M have wet t ing  
contact  angles on poly te t ra f luoroe thylene  (PTFE)  

" E l e c t r o c h e m i c a l  Soc ie ty  Act ive  Me m b e r .  
Key  words :  o x y g e n  reduct ion ,  Pt electrocatalyst, carbon mon-  

ox ide  poisoning.  

surfaces, ionic conduct ivi t ies  lower  than  desirable ,  
and  high acid vapor  pressure  (5). The wet t ing  of 
PTFE causes loss of the  hydrophobic  gas-diffusion 
electrode s t ruc ture  essential  for low t ranspor t  losses 
at  high cur ren t  density,  and the high vapor  pressure  
represents  a l ife l imi ta t ion  a n d / o r  main tenance  p rob -  
lem. Pure  hyd rogen -a i r  fuel cells using 6M TFMSA 
at 60~ have shown improved  per formance  re la t ive  
to s t a t e - o f - t h e - a r t  phosphor ic  acid fuel  cells, but  use 
wi th  hydrogen  containing carbon monoxide  at  levels 
above ca. 0.01% severe ly  poisons the  Pt  e lectrode at 
such a low t empera tu re  (6). Use of less vola t i le  
h igher  homologs of TFMSA w a s  suggested by  Bake r  
and co-workers  (7), pa r t i cu l a r ly  the d imer ic  form 
of TFMSA, te t ra f luoroethane-  1,2-disulfonic acid 
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(TFEDSA).  The purpose of this communicat ion is to 
report  some physical properties of TFEDSA re levant  
t o  fuel cell use and pre l iminary  examinat ions of this 
electrolyte in fuel cells with hydrogen containing 
carbon monoxide. 

Exper imenta l  

Tetraf luoroethane-l ,2-disulfonic  acid was supplied 
by KOR (Cambridge, Massachusetts) as a 50 weight 
percent  (w/o)  solution. The acid was purified by re-  
peated vacuum refluxing (200~ with in te rmi t ten t  
peroxide t rea tment  and recrystal l ization of what  was 
presumed to be the dihydrate,  (CF2SOsH.H20)e ;  
e lemental  analysis was consistent with this assump- 
tion. The purification did not, however, appear to 
have  a significant effect on the physical properties 
measured here, a s e q u i v a l e n t  results were obtained 
with the as-received solutions concentrated by evapo- 
ration. Solutions were prepared by weight additions 
of water  to the purified acid hydrate,  or by concen- 
t ra t ion of the as-received solution to a known weight 
loss. Specific gravi ty  at 25~ was used as an in terna l  
s tandard for concentrat ion measurement .  The conduc- 
t ivi ty  of the acid solutionp was measured in a thermo-  
stated microconduct ivi ty cell (cell constant  0.5 cm -1) 
using an a-c impedance bridge (Wayne-Ker r ) .  The 
vapor pressure of the acid solutions was measured 
using the isoteniscope technique (8). The properties of 
the acid as a fuel cell electrolyte were observed using 
a small  (1 cm 2 active area) free electrolyte cell (1.5 
ml) ,  fabricated out of PTFE with phosphoric acid fuel 
cell s tandard supported Pt  catalyst fabricated into 
PTFE-bonded  fuel cell type electrodes (9). PTFE 
capil lary tubing connected the cell to an external  hy-  
drogen electrode in the same electrolyte (all poten-  
tials are referenced to this RHE).  The Pt  loading on 
both electrodes was 0.25 mg/cm 2. The PTFE content  
of the hydrogen electrode was fixed at 25 w/o, with 
a curing tempera ture  20~ below the mel t ing 
point of TFE-30B (327~ Opt imum results were ob- 
ta ined for the oxygen electrode using slightly higher 
PTFE content  with a curing temperature  of 320~ A 
hydrogen-carbon  dioxide-carbon monoxide mix ture  of 
cal ibrated composition 80 H2:19 CO2:1 CO was pur -  
chased from Matheson, and diluted with an 80 H~:20 
CO2 cal ibra ted mixture  (Matheson Ul t r a -Pure  Grade) 
to produce mixtures  containing 0.1% CO and 0.01% 
CO. The composition of the di lut ion gases was 
checked on a mass spec t rometer  u s i n g  the calibrated 
mix ture  as s tandard.  The accuracy of the CO content  
was estimated to be +--0.05 and _0.005%, respectively. 
Fuel  cell polarization data were obtained using a PAR 
173D Potentiostat,  usual ly  in the control led-current  
mode, w i th /R-co r rec t ions  by current  interception us- 
ing a mercury-wet ted  relay. 

Results 
The vapor  pressure data are shown in  Fig. 1. For 

in termediate  temperatures  of 80~176 the vapor 
over the acids was water  with no detectable acid con- 
tent. Vapor pressure data for pure H20 (10), and 85 
and 98 w/o I-IsPO4 solutions (11) are added for ref-  
erence purposes. Practical  fuel cell experience indi-  
cates that  H20 vapor pressures greater  than ca. 200 
Tor t  create a probIem in  water  balance in  the cell. 
Most of the water  in an acid fuel cell is carried out 
by  the air stream, and the cathode polarization is 
reduced by  use of more than stoichiometric air flow 
(12). Simple mater ia l  balances indicate vapor pres-  
sures more than ca. 200 Torr  require air flows close 
t o  stoichiometric, resul t ing in a polarization penalty.  
TFEDSA solutions of 60-70 w/o  have water  vapor 
pressures comparable to 85 w/o H~PO4, which is ca. 
200 Torr  at I00~ For use at higher tempera-  
ture, both TFEDSA and H~PO4 must  become con- 
s iderably more concentrated to be in equi l ibr ium with 
H~O vapor at 200 Torr. At 170~ for example, the 
!~PO4 concentrat ion would be about 98 w/o, while 
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Fig. I .  Vapor pressure of water over TFEDSA solutions 

for TFEDSA the concentrat ion would be about 88-90 
w/o, which is nomina l ly  the composition of the hy-  
drate of the acid. 

Quant i ta t ive measurements  of contact angle have 
not yet been made. However, less precise observations 
of the wett ing of cleaved PTFE surfaces were made 
for 70-85 w/o TFEDSA electrolyte a t  100~ The 
contact angles appeared to be greater  than 90 ~ in-  
dicative that a hydrophobic s tructure would be ob- 
tained with these electrolytes in a PTFE-bonded  
electrode. 

The conductivi ty data is shown in Fig. 2. As ex- 
pected, solutions more concentrated than  40 w/o are 
on the descending side of t h e  conduct ivi ty-concen-  
t ra t ion curve. At an equivalent  normal i ty  of 8N and 
at 80~ TFEDSA appears to have about the same 
conductivi ty (ca. 0.4 ~2-1 cm-1)  as TFMSA (5). The 
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Fig. 2. Conductivity of TFEDSA solutions as a function of con- 
centration and temperature. Tie represents the acid in equilibrium 
wi'th 200 Tort H~O vapor over the range 90~176 
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conductivity of these acids at 6N is significantly higher 
than that for 6M H3PO4 (11), which might be ex-  
pected from the stronger acidity. However, H~PO4 
exhibits the unusua l  and desirable property that the 
conduct ivi ty  remains  high even in ext remely  concen- 
trated form, e.g., the conductivi ty of 98 w/o H3PO4 
at 170~ is 0.6 ,e -1 cm -1. That is not the case with 
either TFMSA or TFEDSA solutions, as the data in 
Fig. 2 show clearly. The t ie- l ine drawn in Fig. 2 
represents (approximately)  the concentrat ion and 
conductivi ty of acid in equi l ibr ium with H20 vapor a t  
200 Torr in the temperature  range of 90~176 In 
comparison to H3PO4 solutions, comparable or super-  
ior conductivity is observed only for 60-70 w/o at 
1O0~176 At 170~ the conductivity of TFEDSA in 
equi l ibr ium with 200 Torr HeO vapor is only 0.12 
n -1 cm -1, a factor of five lower than in 98 w/o 
H~PO4 at this temperature.  The technological con- 
sequences of this lower conductivi ty are severe. In  a 
full-scale PIzPO4 fuel cell, the in terna l  resistance 
losses due to resistance in the electrolyte matr ix  are 
ca. 40 mV at rated load ( I3) ;  increasing this by a 

f a c t o r  of five by substi tut ion of TFEDSA would 
mean  the nonohmic polarization would have to be 
reduced by about 200 mV just  to break even (!). 
Laboratory fuel cell tests have confirmed that opti-  
mum cell voltages were obtained when this electro- 
ly te  was used at the lower temperatures  of 100~176 

Fuel  cell cathode polarization in 70 w/o TFEDSA 
was compared wi th  that  observed in TFMSA and 
H~PO4 electrolytes. The type of electrode used in this 
study was similar  to that described by Kunz and 
Gruver  (14), using a wet-proofed Stackpole carbon 
paper  substrate  with the catalyst layer  applied by di-  
rect filtration. The catalyst was 10 w/o Pt  on Vulcan 
XC-72R carbon black supplied by Prototech and used 
as-received. The PTFE content  and the curing condi- 
tions for the cathodes were optimized for each electro- 
lyte by trial  and error, In  general, in these acids, opti-  
mum polarization was achieved by the use o f  lower 
PTFE content and lower curing temperatures  than is 
usual  practice for phosphoric acid fuel cells, e.g., 25 
w/o TFE-30 cured 10 min at 320~ vs. 40 w/o TFE-30 
cured 15 rain at 350~ The resul t ing polarization 
curves are shown in Fig. 3 on an IR-free basis, but  all 
three electrolytes have about the same conductivi ty at 
the conditions shown (ca. 0.3 ~ - 1  cm-1) .  The polari-  
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Fig. 3. Oxygen electrode polarization curves (IR corrected) in 
HaPO4, TFMSA, and TFEDSA. 

zation behavior in TFEDSA was intermediate  between 
that for 85 w/o HsPO4 and that  for 60 w/o TFMSA. 
The polarization curves shown in Fig. 3 are not  nec- 
essarily representat ive of the relat ive kinetics of oxy- 
gen reduction on Pt  in these electrolytes, so that other 
workers using different gas-diffusion electrodes might 
observe different relative polarization. More quant i ta-  
tive kinetic measurements  in concentrated TFEDSA 
(and TFMSA as well) were at tempted using the ro- 
ta t ing disk method, but  electrolyte impur i ty  problems 
prevented definitive determinations.  It is also possible 
that impuri t ies  are reducing the performance of the 
cathode in  TFEDSA, but  this seems unl ikely  since the 
Pt  surface to electrolyte volume ratio in a fuel cell is 
about 5 orders of magni tude  higher than in a rotat ing 
disk cell. Since a reasonably exhaustive optimization 
of the polarization characteristics of gas-diffusion elec- 
trodes in these electrolytes was made, it was concluded 
that the curves in Fig. 3 are representat ive of elec- 
trode structures with a high degree of Pt wet t ing and 
an effective t ransport  of oxygen into the catalyst layer, 
and that the relat ive polarizations are, in fact, indic-  
ative of the relative kinetics. The polarization curve 
for TFEDSA in Fig. 3 is probably  close to (within 30 
mV or less) the best technologically achievable polar-  
ization in this electrolyte with this par t icular  catalyst. 

Anode polarizations in the simulated reformed hy-  
drocarbon fuels are summarized in Table I. CO poison- 
ing of 0.25 mg P t / c m  2 anodes is severe at 70~C in 
TFMSA even with CO levels as low as 0.01%. Raising 
the temperature  40~ had a dramatic effect on polar-  
ization, as would be expected from the CO absorption 
isotherms reported by Stonehart  and Ross (15). The 
anode polarization of 20 mV in TFEDSA at 110~ on 
0.1% CO is about the same as in 98 w/o H.~PO4 at 
170~ on 2% CO with the same electrode. In  the case 
of methanol  as fuel, CO levels as low as 0.1% can be 
achieved using a combinat ion of thermal  cracking and 
low temperature  shift conversion (16). The polari-  
zation results of Fig. 3 and Table I, together with con- 
duct ivi ty data in Fig. 2, indicate that  it should be pos- 
sible to operate a reformed methanol  (0.1% CO) fuel 
cell using 70'% TFEDSA at l l0~ and achieve 0.63- 
0.64V per cell on air  at 200 mA / c m ~ with 0.75 mg P t /  
cm 2 of catalyst. This performance level is about 30 mV 
better  than what  would be observed with H~PO4 at 
110~ but  is about the same as what  is observed in 
phosphoric acid fuel cells at 170~176 (13). 

There has been some controversy in the l i terature  
(17) over the stabil i ty of TFMSA and its possible re-  
duction at Pt  electrodes at the reversible hydrogen po- 
tential.  We have examined this problem ourselves 
both for TFMSA and TFEDSA, and our findings are in 
agreement  with the comments of Adams and Foley 
(17). An impur i ty  in TFMSA appears to be the source 

of sulfur  produced at a hydrogen electrode in  unpu r i -  
fled acid; the impurity- is probably  SO8. Early samples 
of TFEDSA from KOR were badly  Contaminated with 
sulfur  oxides (and possibly CS.2); but  improvements  
in the synthesis e l iminated these impuri t ies  for the 
most part. Purified forms of ei ther TFMSA or 
TFEDSA showed no chemical instabi l i ty  in the fuel 
cell tests in this laboratory. 

The conclusion of our s tudy of TFEDSA as a fuel 
cell electrolyte is that because of poor conductivi ty at 
high concentrat ion it offers no advantage over H~PO4 

Table I. Polarization* relative to pure hydrogen for 80 H2:20 CO~ 
mixtures containing various levels of CO 

CO level  (vo l  %) 

1% 0.1% 0.01% No CO 

TFMSA (70~ >300 >300 245 5 
TFEDSA (110~C) 60 20 I0 5 

* In m V  at  200 m A / c m  ~ and l o w  uti l ization of  hydrogen,  
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in fuel  cell appl icat ions  where  systems consideration,~ 
favor  cell t empera tu re s  above ca. 120~ 
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The Determination of Ionic Transport Numbers by Use of 
Radiotracers 

Peter J. Smith and Trevor L. Jones 
Imperial Chemical Industries PLC, Mond Division, Technical Department, Winnington Laboratory, Winnington, 

Northwich, Cheshire CW8 4D J, England. 

Transpor t  phenomenon in ion exchange membranes  
can be inves t iga ted  by  a va r i e ty  of techniques.  In  this 
pape r  we repor t  detai ls  of a rec i rcu la t ing  t r anspor t  
cell  for  the de te rmina t ion  of sodium ion t r anspor t  
numbers  by  rad ioac t ive  t racer  methods.  The con- 
s t ruct ion  and opera t ion  of the  t r anspor t  cell  are  dis-  
cussed and, in o rde r  to i l lus t ra te  the  scope of the  t r ans -  
por t  cell, da ta  concerning sodium ion t r anspor t  in a 
1200 equiva len t  weight  Nation m e m b r a n e  are  p re -  
sented.  The ion t r anspor t  da ta  a re  i n t e rp re t ed  in te rms 
of m e m b r a n e  e lec t ro ly te  sorpt ion and membrane  wa te r  
content.  

Ca t ion  exchange  membranes  are  used wide ly  as cell 
separa to r s  in the e lectrolysis  of  sodium chlor ide  solu-  
t ions (1 ) .  Sui tab le  membranes  a r e r e s i s t a n t  to chlor ine  
and s t rong a lka l i  and are  capable  of se lect ively  t r ans -  
por t ing  sodium ions. In  addi t ion  to chemical  s tab i l i ty  
and high sodium ion specificity it  is des i rab le  that  a 
m e m b r a n e  has low elect r ica l  resistance,  so tha t  min i -  
m u m  power  diss ipat ion is caused by  the separator .  An  
indica t ion  of the  overa l l  commercia l  su i tab i l i ty  of 
a ch lo r -a lka l i  m e m b r a n e  can be obta ined f rom a 
knowledge  of the  sodium ion t r anspor t  number  (selec-  
t iv i ty)  and the membrane  vol tage  drop (power  ~ s s i -  
pa t ion) .  Fo r  this reason i t  is impor t an t  tha t  re l iab le  
methods  of de te rmin ing  the sodium ion t r anspor t  n u m -  
ber  and m e m b r a n e  vol tage drop  are  developed.  

In  the  presen t  communica t ion  we repor t  deta i ls  of a 
smal l  cell  for  use in the  de te rmina t ion  of sodium ion 
t r anspor t  numbers .  The cell  sys tem can also be used, 
in specific s i tuat ions,  to measure  m e m b r a n e  vol tage  
drop. The  appara tus  is such tha t  i t  is possible  to ob ta in  
accurate  t r anspor t  n u m b e r  informat ion,  f rom a smal l  
piece of membrane ,  in a r e la t ive ly  short  per iod  of t ime. 
The cell  has been used to inves t iga te  sodium ion t r ans -  

Key words: transport, ehlor-alkali, electrolysis, radio activity. 

por t  in the absence of and presence of concentra t ion 
differences across membranes ,  and to i l lus t ra te  the 
s cope  of the appara tus  we presen t  resul ts  of an in-  
vest igat ion concerning a 120.0 equiva len t  weight  Nation I 
membrane .  The  cell  has also been used to invest igate  
proper t ies  of membranes  tha t  have been used~ in com- 
merc ia l  c h l o r - a l k a l i  cells. 

Methods used to invest igate  t r anspor t  number s  in 
membranes  fal l  b road ly  in two categories  (2, 3) : m e m -  
brane  potent ia l  measurement  and electrolysis  mea -  
surement .  The magni tude  of the membrane  potent ia l  
can be used to infer  a value  of an appa ren t  t r anspor t  
number  whereas  e lectrolysis  s tudies provide  a t rue  
t r anspor t  number .  The value  of the appa ren t  t r anspor t  
number  is not  ident ical  to that  found in the  e lectrolysis  
s i tuat ion and i t  is difficult to re la te  quan t i t a t ive ly  the 
appa ren t  and rea l  t r a n s p o r t  numbers  (4). The mem-  
b rane  potent ia l  technique is not  capable  of being ap -  
pl ied to s i tuat ions where  a membrane  separa tes  two 
s imi lar  e lect rolytes  of equal  concentra t ion and i t  is 
also not  r ead i ly  appl icab le  to b i - ionic  systems. In  ad -  
dition, the inference of appa ren t  t r anspor t  number  
from m e m b r a n e  poten t ia l  measuremen t  rel ies  on an 
accurate  knowledge  of e lec t ro ly te  activities,  wa te r  ac-  
t ivities,  and m e m b r a n e - w a t e r  t ransfe r  coefficient. Fo r  
these reasons we choose not  to use membrane  poten t ia l  
measuremen t  for the inves t igat ion of t r anspor t  num-  
bers  in membranes .  

The t rue  sodium ion t r anspor t  n u m b e r  found in a 
convent ional  ch io r -a lka l i  cell  can be measured  using 
a s t eady-s t a t e  e lectrolysis  cell  

�9 t i t an ium-coa ted  anode/NaC1 ( m l ) / m e m b r a n e /  

NaOH (m2) /n icke l  cathode G 

1 Registered trademark of E. L du Pont de Nemours. 
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In this type  of cell, e lec t ro ly te  and wa te r  are  genera l ly  
fed cont inuously  to the  anode and  cathode chambers  
and the  sodium ion t r anspor t  n u m b e r  ( t+)  is ob ta ined  
by  de te rmin ing  the number  of mols of sodium hy-  
d rox ide  produced  per  F a r a d a y  of charge passed, Le., 
t+ --  mols of sodium hydrox ide  p r o d u c e d / n u m b e r  of 
Fa radays  of charge  passed.  

Calculat ion of the n u m b e r  of mols of  sodium h y -  
droxide  produced,  in a g iven t ime in terval ,  requires  a 
knowledge  of the sodium hydrox ide  concentra t ion 
(which can be obta ined  eas i ly  by  volumet r ic  analysis)  
and an accurate  measure  of the exi t  ca tholyte  flow rate.  
If  the exit  ca tholy te  flow ra te  is not  known  accurate ly ,  
then ca tholyte  l iquor  mus t  be collected over  a long 
per iod of t ime (at  least  16 hr  for  flow ra tes  less than  
25 cm3/hr)  to minimize  er rors  in  flow measurement .  
Fo r  most  smal l  cells, ex i t  ca tholy te  flow is not  wel l  de -  
fined and hence a long sodium hydrox ide  collection 
t ime is required.  This means  tha t  a r ap id  measuremen t  
of t r anspor t  n u m b e r  is not  possible  wi th  the  s t eady-  
s ta te  e lectrolysis  procedure.  

The s t eady-s t a t e  e lectrolysis  cell p rocedure  has  been 
refined by  the appl ica t ion  of radiotracers .  Ea r ly  work  
car r ied  out  in the 1960's by  Meares  (5) resul ted  in a 
t r anspor t  cell  where  ionic fluxes were  in fe r red  f rom 
rad io t race r  movements  and not  f rom convent ional  
volumetr ic  analysis.  This t r anspor t  cell was complex,  as 
i t  incorpora ted  severa l  membranes  to e l imina te  diffu- 
sional  effects, but  i t  d id  provide  accurate  da ta  in a shor t  
per iod of t ime and i t  could be used in s i tuat ions where  
the  m e m b r a n e  separa ted  ident ica l  solutions. The tech-  
nique of rad ioac t ive  flux measurements  provides  an 
inhe ren t ly  e legant  way  of de te rmin ing  sodium ion 
t r anspor t  numbers  and because of this our  presen t  
appara tus  is based on this technique.  

Recent  workers  have  also used rad io t racers  to de-  
t e rmine  sodium ion t r anspor t  numbers  in perf luo-  
r ina ted  membranes .  However ,  both  the  work  of Burk -  
ha rd t  (6) and of  Yeager  (7) involves a procedure  
where  samples  of ca tholyte  l iquor  are  w i t h d r a w n  f rom 
the cell  and analyzed  separa te ly .  Such a procedure  is 
tedious and not  amenable  to automation.  The method  
descr ibed here  involves continuous moni tor ing  of r a -  
d ioact iv i ty  in rec i rcula ted  ca tholy te  l iquor.  With  this 
method,  a sample  of the  rec i rcula t ing  l iquor  passes 
th rough  a flow cell  and  the  leve l  of ac t iv i ty  is r e -  
corded by  a nucleonic s c a l e r / r a t e m e t e r  which is con- 
t ro l led  by  an A p p l e  2 II  microprocessor .  

The Apple  is p r o g r a m m e d  to record  the ca tholyte  
ac t iv i ty  level  at  a prese lec ted  t ime interval ,  d i sp lay  a 
g raph  of ac t iv i ty  vs. elapsed time, and calculate  the  
ra te  of increase of ac t iv i ty  wi th  t ime by  means  of a 
least  squares  fit technique.  In  addi t ion  to this, the mi -  
croprocessor  collects da ta  on m e m b r a n e  cur ren t  den-  
sity, cell: voltage,  vol tage drop across the  membrane ,  
and cel l  t empera ture .  By in te rp re t ing  addi t ional  in-  
fo rmat ion  on the level  of rad ioac t iv i ty  in the anoly te  
l iquor  the  microprocessor  calculates sodium ion flux 
th rough  the membrane  and de te rmines  a va lue  for  the 
sodium ion t r anspor t  number .  

The rad io t race r  technique is ve ry  sensi t ive and re -  
sults can be obta ined  rapidly .  This means  that  the  ac-  
t iv i ty  in the ca tholy te  l iquor  is a lways  ve ry  much less 
than the ac t iv i ty  in the  anolyte  l iquor  and tha t  a l inear  
re la t ionship  be tween  t r anspor t  of sodium ions and 
t ranspor t  of rad ioac t iv i ty  can therefore  be assumed. In 
addit ion,  because the calculat ion of t r anspor t  numbers  
is based on the ra te  of increase  of rad ioac t iv i ty  and not  
on the absolute  level  of radioact iv i ty ,  consecutive mea -  
surements  can be made  on the system wi thou t  chang-  
ing cell l iquors.  

Apparatus and Procedure 
A schemat ic  represen ta t ion  of the  t r anspor t  cell  is 

shown in Fig. 1. The cell, which  is made  of Fluon,  ~ is 

s Registered trademark of Apple Computer Incorporated. 
Registered trademark of Imperial Chemical Industries PLC. 

Fig. 1. Diagram of the cell used to measure sodium io. trans- 
port numbers. 

placed in a wa te r  ba th  and p rehea ted  anoly te  and 
catholyte  l iquors are  c i rcula ted by  means  of a bel lows 
PTFE pump. The rec i rcula t ing  hot  l iquors  ensure r ap id  
t e m p e r a t u r e  equi l ib ra t ion  and faci l i ta te  good mix ing  
of the  bu lk  e lec t ro ly te  ( there  are  about  25 volume 
changes a minute) .  The en t ry  po r t s  to the cell  are  de-  
s igned to promote  fluid mix ing  as this diminishes  con- 
cent ra t ion  polar iza t ion  effects and the cell  exi t  por ts  
a re  large  to enable  gas, fo rmed dur ing  electrolysis ,  to 
be swept  f rom the cell  by  the flowing liquor.  The cat ion 
exchange membrane  (area  ~ 4 cm 2) is sandwiched  
be tween  the two hal f -ce l l s  using neoprene  rubbe r  
gaskets  and c lamped be tween  brass  end plates  wi th  
th readed  bolts. 

The  in te r ior  of each ha l f -ce l l  is cy l indr ica l  as i t  was 
observed that  conical compar tments ,  a l though he lp ing  
gas release, caused an uneven d is t r ibut ion  of the elec-  
t r ic  field lines. I r r egu la r  cur ren t  d is t r ibut ions  m a y  in-  
fluence t r anspor t  n u m b e r  da ta  and an i r r egu la r  cur ren t  
d i s t r ibu t ion  precludes  the use of  the cell  for  de t e rmin -  
ing meaningfu l  m e m b r a n e  vol tage drop. In  addi t ion to 
a thermocouple  pocket,  each ha l f -ce l l  is equipped wi th  
a Luggin  probe  d i rec ted  toward  the membrane .  These 
Luggin  probes, which are  a t tached by  double  junct ions  
to s t andard  calomel  electrodes,  can be used to infer  
membrane  vol tage  drop. The work ing  e lect rodes  are  
made  of p l a t i num sheet  as ea r ly  exper iments  wi th  
coated electrodes resul ted  in p rob lems  f rom corrosion. 
The cell is also equipped  wi th  two p la t inum probes to 
faci l i ta te  measu remen t  of membrane  a-c  resistance.  

The appara tus  for continuous moni tor ing  of the  
t ransfe r  of rad ioac t ive  sodium ions th rough  the m e m -  
b rane  is shown schemat ica l ly  in Fig.  2. The  p rocedure  
for ca r ry ing  out  the measurements  is as follows. 

Reservoirs  A and B are  filled wi th  equal ,  known  
volumes of the l iquors  under  invest igat ion.  Reservoi r  
A contains sodium 22 at  a concentra t ion of 10 k i lo-  
becquere l / cm 3. The membrane ,  which has been equi l i -  
b ra ted  in ca tholyte  l i q u o r  for a min imum per iod  of 
24 hr, is posi t ioned in the cell. The cell  and the  reser -  
voirs a re  then placed in the  w a t e r  ba th  and a l lowed to 
a t ta in  the requ i red  tempera ture .  A sample  is removed  
from reservoi r  A, the ac t iv i ty  pe r  g r am ion of sodium 
per  cm 3 is measured  (xi) ,  and an equiva lent  volume of 
nonact ive  l iquor  is added  to reservoi r  A. The pump,  
which circulates the  ca tholyte  l iquor  th rough  the flow 
cell, and the rec i rcula t ion  pumps  f rom the anoly te  and  
ca thoIyte  reservoirs  a re  swi tched on and the r equ i r ed  
cur ren t  is set on the constant  cur ren t  device. The mi -  
croprocessor  p rog ram is in i t ia ted  b y  select ing the r e -  
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Fig. 2. Schematic representa. 
tion of transport cell system. 

qui red  t ime  in te rva l  and  da ta  points  a re  collected. A t  
the  end of each t ime in te rva l  ( typiCally 60 or  100 sec) 
the ac t iv i ty  in reservoi r  B, the  m e m b r a n e  cur ren t  den-  
sity, the  vo l tage  across the  membrane ,  and the cell  
t e m p e r a t u r e  a re  recorded and the nucleonic counting 
sys tem res tar ted .  

When  sufficient da ta  points  have  been collected to 
define the slope of the  graph  of ac t iv i ty  vs. t ime, wi th in  
prese lec ted  s ta t is t ical  l imits,  the run  is t e rmina ted  by  
switching off the appl ied  cur ren t  and the rec i rcu la t ing  
pumps ,  A l l  of the accumula ted  da ta  are  t r ans fe r red  to 
s torage on a disk and hard  copy is d i sp layed  on a 
pr in ter .  A fu r the r  sample  is removed  from reservoi r  A, 
the  ac t iv i ty  pe r  g ram ion of sodium per  cm 3 is mea -  
sured,  and an equiva len t  volume of nonact ive  l iquor  is 
added  to rese rvo i r  A. As i t  is the ra te  of increase of 
ac t iv i ty  in B which is of in teres t  and not  the absolute  
level  of  ac t iv i ty  (p rov ided  tha t  ac t iv i ty  A is ve ry  much  
grea te r  than  ac t iv i ty  B) ,  fu r the r  measurements  can 
now be caade on this sys tem e i ther  at the same or  at  
different  cu r ren t  densit ies.  

A t  the end of a series of measurements ,  the  flux (Ji)  
of sodium ions th rough  the m e m b r a n e  "at each cur ren t  
dens i ty  and t empe ra tu r e  are  ca lcula ted  by  enter ing  the 
ind iv idua l  "s tandard"  act ivi t ies  

Y l  
Jl -" - - g - i o n s  sod ium/sec  

X~ 
where  Xi = s t anda rd  ac t iv i ty  in becquere l s /g - ion  
sodium of the i th run  and Yt = slope in becquere ls / sec  
of the i th run. 

The sodium ion t r anspor t  n u m b e r  h is r e la ted  to the  
sodium ion flux Ji b y  an express ion of the  fo rm 

J i F  

I i x 2 3  
where  F is the  F a r a d a y  constant ,  Ii is the  i th cu r ren t  
measured  in amperes ,  and  ti has units  of mol /F .  

This s imple  express ion  was used to calcula te  the  
t r anspor t  n u m b e r  and i t  ignores the influence of back-  
diffusion. Omission of a correct ion for back-di f fus ion is 
jus t i f ied  as at  the  high cur ren t  densi t ies  employed  ( >  2 
k A m  -2) this correct ion was shown to be negligible.  

The s t andard  devia t ion  of the ind iv idua l  points  on 
the graph  of sodium ion flux vs. t ime, which  is used 
to calculate  the  t r anspor t  number ,  var ies  wi th  the  
amount  of ac t iv i ty  in the  ca tholy te  compar tmen t  and, 
a t  wors t  is _ 2% of the  count rate.  In  most  instances,  
and for a l l  measurements  of over  2 h r  durat ion,  i t  is 
be t t e r  t han  • 1%. 

W a t e r  sorpt ion measurements  were  car r ied  out  by  a 
convent ional  g rav imet r i c  procedure .  Samples  of po ly -  
mer  (ca. 2g) were  cut f rom a large  sheet  and  a l lowed 

to equ i l ib ra te  wi th  one mola l  sodium hydrox ide  at  
ambien t  t empera ture .  The membranes  were  t h e n  
washed wi th  copious quant i t ies  of wa te r  and dr ied  in a 
vacuum oven ( <  2 Tor r  100~ for  16 hr. Samples  of 
d ry  po lymer  of known mass were  then  equ i l ib ra ted  in 
e lec t ro ly te  at  e levated  tempera ture .  Af te r  a t t a inment  
of equ i l ib r ium the samples  were  r e move d  from the 
equi l ib ra t ing  e lectrolyte ,  surface  washed,  dried,  and 
weighed rapidly .  The weighed sample  of membrane  
was then  t rans fe r red  to the vacuum oven and dr ied 
for  a fu r the r  16 hr. F ina l ly ,  the  mass of  d ry  po lymer  
plus sorbed  solid e lec t ro ly te  was measured.  F rom a 
knowledge  of the ini t ia l  mass of d ry  polymer ,  the mass 
of p o l y m e r / w a t e r / e l e c t r o l y t e ,  and the mass of po ly-  
mer / so l id  e lectrolyte ,  values  for m e m b r a n e  wa te r  up-  
take  and  sorbed e lec t ro ly te  concentra t ion  were  ca lcu-  
lated. 

The va l id i ty  of the  above  procedure  was checked by  
ca r ry ing  out  s t andard  t i t ra t ion  exper iments  to de te r -  
mine  the  quan t i ty  of sorbed e lect rolyte .  I t  was found 
that  the s impler  g rav imet r ic  procedure  gave resul ts  
tha t  were  s imi lar  to the volumet r ic  method.  

Application of the Transport Cell 
I t  is of l i t t le  va lue  to de te rmine  a t r anspo r t  n u m b e r  

r ap id ly  if the measured  value  is not character is t ic  of 
the equ i l ib r ium t r anspor t  number .  We have  inves t i -  
gated this point  for  a 1200 equiva len t  weight  Nation 
membrane .  The anoly te  and ca tholy te  chambers  of the  
cell  were  charged wi th  sodium hyd rox ide  solut ion and 
the t r anspor t  cell  was then used to de te rmine  the 
sodium ion t r anspor t  n u m b e r  of 1200 equiva len t  weight  
Nation immersed  in 8 molal  sod ium hydrox ide  at  90 ~ --  
I~ Values of the  t r anspor t  number  were  deduced at  
30 rain in terva ls  and Fig. 3 is a plot  o f  the  sodium ion 
t r anspor t  number  against  t ime. F rom the da ta  dis-  
p layed  in Fig. 3 it  is ev ident  that  the  t r anspor t  n u m b e r  
measured  af ter  the 30 min  electrolysis  is s imi la r  ( _  2%) 
to tha t  ob ta ined  af te r  the 24 hr  electrolysis .  In  v iew of 
this we are confident tha t  t r anspor t  numbers  measured  
r ap id ly  are  character is t ic  of s t eady-s t a t e  values.  

The re la t ionship  be tween  the sodium ion t r anspor t  
n u m b e r  and t empera tu re  for  two different  sodium hy-  
droxide  concentrat ions  is d i sp layed  in Fig. 4. Tempera -  
ture  does not  have a ma jo r  influence on t r anspor t  num-  
ber; in the 8 mola l  case a change in t e m p e r a t u r e  f rom 
25 ~ to 90~ resul ts  in a 6% reduct ion  in the sodium 
ion t r anspor t  number .  The weak  t empe ra tu r e  depen-  
dence is in agreement  wi th  the observat ions  of Yeager  
(7). Al though  the  g rea te r  pa r t  of our  invest igat ions  
were  car r ied  out  a t  90~ it is in teres t ing  to consider  
reasons for the  smal l  t e m p e r a t u r e  dependence  of the  
sodium ion t r anspor t  number .  
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The magnitude of the sodium ion transport  number 
depends, in part, on the quantity of sorbed sodium 
hydroxide and on the water content of the  membrane. 
High water  contents and large quantities of sorbed 
sodium hydroxide favor hydroxyl  ion transport  and 
hence produce low sodium ion transport numbers. The 
quantity of sodium hydroxide sorbed by the 1200 
equivalent weight ionomer, in several sodium hydrox- 
ide solutions at two temperatures, is shown in Fig. 5. 
The quantity of sorbed sodium hydroxide, expressed as 
a weight percent of the dry membrane, increases only 
slightly with increasing external  sodium hydroxide 
concentration and with temperature.  The membrane 
water  uptake in sodium hydroxide solution is pre-  
sented in Fig. 6. The water uptake, which increases 
with temperature in the range 25~176 declines 
steadily with increasing sodium hydroxide concentra- 
tion. The weak temperature dependence of sorbed 
sodium hydroxide and of polymer water  content is 
responsible for the slight decline of transport  number 
with increasing temperature.  

The dependence of the sodium ion transport  number 
on external  sodium hydroxide concentration for a 
membrane immersed in only sodium hydroxide is 
presented in Fig. 7. The transport  number does not 
decline monotonically with increasing sodium hy-  
droxide concentration. Between 1 and 8 molal sodium 
hydroxide, the transport  number falls, but after this 
there is a small increase in transport  number followed 
by a further decline. 

The diminution of the transport  number in the con- 
centration range 1-8 molal is associated with increasing 
sorbed electrolyte concentration (4). in the middle 
concentration range (8-14 molal) the quantity of water  

12OO EQUIVALENT WEIGHT NAFION 
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Fig. 5. The dependence of sorbed electrolyte content on external 
sodium hydroxide concentration. 0 90~ [ ]  25~ 
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Fig. 6. The variation of membrane water content with external 
sodium hydroxide concentration. [ ]  50~ Z~ 70 ~ O 90~ 

sorbed by the membrane declines. The mechanism of 
hydroxyl  ion transport, in this concentration range, 
may be a conventional diffusion mechanism and this 
will enhance the sodium ion transport  number. When 
the external sodium hydroxide solution is very con- 
centrated (>  17 molal) there is only minimal water  
in the membrane. In order that each ionic species pres-  
ent in the membrane has as many water  molecules 
associated with it as is possible "ion pair" formation 
occurs. This results in the counterions associating 
closely with the fixed sulfonic acid sites and hence a 
rapid decline in sodium ion selectivity occurs. Evidence 
for ion pair  formation in perfluorosulfonic acid mem- 
branes has been presented previously by Mauritz (8). 

The concentration dependence of the transport  
number is not in agreement with the result~ reported 
by Yeager (7) for 1150 equivalent weight Nation. In 
this other study no evidence was found for a minimum 
in the sodium ion transport number. No explanation 
can be given for the differences between the two 
sets of results. 

The sodium ion transport  number of 1200 equivalent 
weight Nation immersed in sodium hydroxide solution 
is compared with the trarL~port number found when 
the membrane is used to separate 4 molal sodium 
chloride and varying sodium hydroz/de concentra- 
tions in Fig. 8. Although the general shape of the two 
curves is broadly similar, the mixed electrolyte graph 
has more pronounced curvature than the single electro- 
lyte data. The mixed electrolyte sodium ion transport  
number is smaller than that obtained while using only 
sodium hydroxide. The deviation between the two 
transport numbers is largest in the concentration range 
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8-12 molal. In the range 0-8 molal the mixed electrolyte 
sodium ion transport  number is about 5% smaller  than 
that found with the sodium hydroxide system. It  is 
suggested that  the difference between the two trans- 
port numbers can be explained in terms of polymer 
water  content. 

The water  content of the anolyte face of the mem- 
brane contains more water when it is in equilibrium 
With brine solution than when in equilibrium with 
sodium hydroxide solutions. It may be that this in-  
creased water  content is responsible for the difference 
in transport  n u m b e r  found with dilute sodium hy-  
droxide. As the external  sodium hydroxide concentra- 
tion increases the concentration of sorbed hydroxide 
ion increases and this further  reduces the sodium ion 
transport  number. The sodium ion transport  number  
does not decline continually with increasing external 
sodium hydroxide concentration because as the osmotic 
water  flux increases this causes the frictional interac-  
tion between migrating hydroxyl  ion and water  mole- 
cules to increase. At  concentrations above 12 molal a 
large frictional interaction between hydroxyl  ion and 
water may reduce the transport  of hydroxyl  ion and 
the sodium transport  number increases (9). At very 
high sodium hydroxide concentration contact ion pairs 

form in the membrane and selectivity toward sodium 
ion declines. 

Conclusion 
We have developed a transport  cell suitable for the 

determination of sodium ion transport  numbers. The 
apparatus makes use of a small sample of membrane 
and is capable of providing accurate transport  number 
data rapidly. The transport  cell has applications in 
examining samples of commercially used chlor-alkali  
membranes. 
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In Situ Raman Spectroscopic Studies of the Rechargeable Low 
Temperature Molten Salt Cell 

Na/Beta"-Alumina/S(IV) in AICI3-NaCI 

K. Tanemoto, A. Katagiri,* and G. Mamantov* 
Department of Chemistry, University of Tennessee, Knoxville, Tennessee 37996 

The rechargeable cell 

Na/~"-alumina/S (IV) in A1C13-NaC1 

is operated at 180~176 and has an open-circuit 
voltage of 4.2V (1-3). High energy densities and long 
cycle life have been achieved. The two discharge 
plateaus (3) correspond to the formation of elemental 
sulfur and sulfide as shown by the simplified equations 
below 

8C14 "t" 4Na = ~ + 4NaC1 

S + 2 N o  = N a ~ S  

Although these equations do not include solvent species 
such as A1C14- and A12CI~-, it L~ apparent that the melt 
chloro acidity decreases during the discharge process 
until the melt becomes saturated with NaCI. 

Electrochemical, u.v.-visible, and electron spin reso- 
nance spectroelectrochemical studies of relatively di- 
lute solutions of sulfur in chloroaluminate melts (4-7) 
have provided evidence for several intermediates 
formed in the oxidation of sulfur to tetravalent sulfur 
in acidic (A1C13-rich) and to monovalent sulfur in 
basic (NaC1 saturated) melts. The Roman Spectroscopic 
studies described in this paper were undertaken to pro- 
vide a better understanding of the chemistry that takes 
place during discharge and charge processes in the 
positive electrode compartment. Roman spectral studies 
of chloroaluminate melts containing tetravalent sulfur 
(8, 9), elemental sulfur (10), and sulfide (11) have 
been reported previously. 

Experimental 
Melt preparation and a number of experimental pro- 

cedures have been reported previously (12, 13). Tetra- 
valent sulfur was added to A1CI~-NaCI (68.3-31.7 mol 
percent (m/o))  melt as SCI~A1C14 (9); its concentra- 
tion was 0.74F. The electrochemical cell was similar to 
that described previously (2, 3); the positive mix of t h e  
above composition was separated from the sodium elec- 
trode by means of a E-alumina tube (from General 
Electric Company). The cell was discharged or charged 
at a low current density (1.4 mA/cm e) at 200~ Roman 
spectra were obtained using either the 514.5 nm excita- 
tion from an argon ion laser (Spectra-Physics Model 
171) or the 587.2 nm line from a Rhodamine-6G dye 
laser (Spectra-Physics Model 375). A Jobin-Yvon Ra- 

* Electrochemical Society Active Member. 
Key words: fused salts, spectra, energy storage, battery. 

manor 2000M spectrometer was used to record the spec- 
tra. The cell was positioned so that the incident laser 
beam illuminated the sample just above the reference 
compartment [see Fig. 1 of Ref. (2)]. Scattered light 

350 an -t 

~2~ 
312 

500 cr~ t 

528 

*4 

*3.5 

*3 

! 

Fig. 1. Raman spectra Of the positive mix in the cell Na//~-alu- 
mina/S(IV) in molten AICI3-NaCI, at different stages of discharge. 
The FOXS is shown on each spectrum. Excitation for top three spec- 
tra 514.5 nm; for bottom two spectra 587.2 nm. Temperature 140~ 
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was observed  a t  r igh t  angles  to the  exc i t ing  beam. 
Polar iza t ion  measu remen t s  were  made  by  ro ta t ing  90 ~ 
the  p lane  of polar iza t ion  of the laser  beam. 

Results and Discussion 
R a m a n  spec t ra  of the posi t ive  mix  taken  at  selected 

points  of the  first d ischarge  p la t eau  (2, 3) a re  shown 
in Fig. 1. The formal  ox ida t ion  s ta te  of su l fur  (FOXS)  
ca lcula ted  f rom the amount  of SC13A1C14 used and 
the amount  of e lec t r ic i ty  passed th rough  the cell, is in-  
d ica ted  for  each spectrum. Spec t rum corresponding to 
a fu l ly  charged cell  (Fig. 1, q-4) is a summat ion  of the  
spec t ra l  fea tures  of A12CI~- (s t ronges t  band  a t  312 
c m - D ,  A1C14- (s t ronges t  band  at  350 c m - 1 ) ,  and 
SCls + (s t ronges t  band  at  503 c m - 1 )  (9, 12). Spec t ra  
t aken  at  different  stages of  the  first d ischarge  p la t eau  
(Fig.  1, ~-3.5 to W1) c lear ly  show the d i sappearance  of 
SCI~ +, the  increase  of A1C14-, and the decrease  of 
AleClz-  bands.  Al l  of the  bands  along wi th  ass ignments  
a re  t abu la t ed  in Table I. Severa l  weak  Raman  bands  
shown in Fig. 1 could not  be assigned;  for  example ,  
bands  a t  ,~ 180 and 247 cm - I  at  F O X S  --  -t-3.5 and 
-~3, shoulders  a t  115 and 195 cm -1 at  FOXS --  + 2  
and -{-1, and  shoulder  at  415 cm - ~  at  FOXS ----- -{-1. 
I t  is w o r t h  not ing tha t  a Raman  spec t rum of $2C12 
dissolved in the A1C13-NaC1 (63-37 m / o )  mel t  has a 
weak  band  at  415 cm -~ which m a y  be due to the  
species $2CI + (5).  

I t  is in te res t ing  tha t  at  FOXS _--- -t-2, SCI~ § is s t i l l  
presen t  in the  melt .  We have  p rev ious ly  (14) ob ta ined  
a Raman  spec t rum of SCls dissolved in the  A1C13-NaC1 
(63-37 m/o )  mel t ;  the  only  su l fur  species tha t  could 
be de tec ted  in the  mel t  was SCI~+. Freez ing  of the  cell  
a t  the  poin t  cor responding to FOXS = -{-2 resul ted  in 
the fo rmat ion  of a ye l low l iquid in a cooled side arm. 
The R a m a n  spec t rum of  the ye l low l iquid showed the  
l iquid  to be $2C12. Thus, SC12 is uns tab le  in ac id ic  
AICI~-NaC1 mel ts  d i spropor t iona t ing  to SCI~ + and 
S~CI~. 

Tbe Raman spectra obtained after the first dis- 
charge plateau are shown in Fig. 2; the observed bands 
are given in Table If. At FOXS = 0 and --I, weak 
bands at  149, 217, and 476 cm -1 m a y  be a t t r i bu ted  to 
Ss (10). In  addit ion,  a shou lde r  a t  --~ 304 cm - I  is 
p resen t  at  FOXS --  --1 besides  the 312 cm -1 band 
of AI2Clv-. The band  a t 3 0 5  cm-~  is c lear ly  ev ident  
a t  FOXS --  ~ 2  (Fig. 2c) since the  312 cm -~ band  
of A12Clv- is no longer  present .  The in tens i ty  of 
the  305 cm -1 band  decreases m a r k e d l y  upon over -  
d ischarge  ( format ion  of a luminum)  (Fig. 2d);  i t  
m a y  be ca lcula ted  tha t  at  this poin t  the mel t  has be -  
come basic  and sa tu ra ted  w i th  NaCI. A shoulder  a t  
,~ 333 cm -~ is also observed in Fig. 2d in addi t ion  to 
the  spec t ra l  fea tures  of A1C14-, 

' 26o ' ' 66o 

A WAVE NUMBERS ( cm -I} 

(c) 

(d) 

Fig. 2. Roman spectra of the positive mix in the cell Na//~-alu- 
mina/S(IV) in molten AICI~-NaCI, at different stages of discharge. 
The formal oxidation state of sulfur corresponding to each spec- 
trum is: (a) 0, (b) --1, (c) and (d) --2. Excitation 514.5 nm. 
Temperature 175~ 

The Raman  spect ra  of sulfide conta ining basic 
ch loroa lumina tes  have  been repor ted  b y  Berg  et  al.  
(11) who a t t r ibu te  the  band at  ,--30~ cm -1 to the  
solvated po lymer ic  (A1SC1), and the band  at  ,~330 
c m -  1 to the  so lva ted  po lymer ic  (A1SC12-) , ;  the  values  
of n a re  bel ieved to be ,~3-4 in d i lu te  melts.  S imi la r  
species have been pos tu la ted  by  Robin.son et al. (15). 

Our  resul ts  are  in accord wi th  those of Berg  et aL 
(11). Based on the i r  assignments,  there  is good evi-  
dence that  the  sulfide ions produced  by  discharge in-  
te rac t  chemical ly  wi th  the solvent  resul t ing  in o l igom-  
eric entit ies.  Fo rma t ion  of such species as wel l  as the  

Table I. Roman spectral data (cm -1)  obtained at selected points of the first discharge plateau 

FOXS +4 +3,S +3 +2 +1 

98 m dp A1C1,- + 99 m dp A1Ch- + 99 m dp A1Clc + 99 m dp A1C1,- + (99) m w  A1Ch- + 
AI~CI~- AI~I~-  AI~CI~- AI~CIT- A 6 C 6 -  

(115) l lS  w dp ? (115) ? 
(152) 

163 m dp A1CI,- + 103 m dp A1CI,- + (163) m AICI~- + (165) m A1C1,- + 165 A1C1,- + AIsCI~- 
AlVIn- A I ~ 6 -  A12C6- AI~C17- 

(180) w (180) w (180) w (180) ? 
(195) 195 w (195) w 

205 m dp 6Ch§ ~ 203 m dp SC18% v, 202 m w  dp SCI~§ ~,. 205 w SCh+, p, 
247 w 247 w 251 w dp ? (247) ? 

(261) ? 
274 m p SC6 § w 274 m p SCIs § ~ 274 m w  p $ C6  § v~ 276 v w  SCh § v2 
311 s p A l ~ l v -  312 s p AlsCI~- 311 s p AI~Clv- 315 s p AI~CI~- 313 s pp AIsCIv- 
349 m w  p A1C1,- 348 m p AICh-  348 s p A1C14- 350 s p A1C1,- 350 s A1CI~ o 
391 w A l ~ h o -  ? 385 w AhCho- ? 390 vw ASCho- ? 

(415) (415) m w  
434 m w  p AIsCI~- 432 m w  p A12CI~- 432 m w  p AlsCD- 434 m w  p AI~Cb- 434 m w  A l ~ l v -  

490 m w  (b road )  
AIC16- 

503 vs p SCIs+, pl 
528 w dp SCS§ w 

503 s p SC]~ § vz 502 s p SCIa § ~I 506 m p SCh% 1,1 
528 w dp SCh § ~ 528 v w  SC12 +, v8 528 v w  SCh § ~s 

s, s t rong ;  m,  m e d i u m ;  w, weak ;  v,  v e r y ;  p, polar ized;  dp, depolarized.  Bands s h o w n  in parentheses  are  v e r y  weak  or  poorly  defined. 
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Table II. Rarnan spectral data (am -1) obtained after the first discharge plateau 

FOXS O --I --2 --2 (basic melt) 

105 m AICh- + AbCI:- 113 m dp AICh- + A]oCI7 - 
149 w Ss, vs 151 w dp Ss, vs 
180 m AICh- + AhCb- 181 m dp AlCh- + AhCD- 
217 W Ss, rs 218 w p Ss, vs 

304 mw p (A1SCI), 
311 ms AhCI~- 313 m p AbCD- 

347 s AICh- 350 s p A1Ch- 
431 mw A12C17- 435 mw p A1~C17- 
476 w Ss, ~1 and p~ 477 w p Ss, n and ~7 
490 w (broad) A1Ch- 490 w (broad) A1Ch- 

116 m dp AICh-, v2 

183 m dp AlCh-, v~ 

305 m p (AISCI), 

349 s p AIClc, n 

490 w (broad) dp AICh-, ~s 

117 m dp AICh-, v2 

183 m dp AICh-, v~ 

304 w p (AISCI), 

333 m (sh.)  p (AISCI~-), 
349 s p A1Ch-, n 

490 w (broad) dp A1Ch-, .,~ 

s, strong; m, medium; w, weak; vo very; p' polarized; dp, depolarized. Bands shown in parentheses are very weak or poorly  defined. 

Table III. Observed Raman bands due to sulfur-containing 
species in the positive compartment of the cell 

Ne/fl-alumina/S(IV) in AICIz-NaCI 

Formal oxidation state of sulfur 

4 3.5 3 2 1 0 - - I  - 2  - 2  

AI(III) / (AI(III) + Na(I) ), % 

?O.0 68.0 66.4 63.2 60.3 57.7 55.2 52.3 49.0 

Estimated melt composition (A1Ch m/o) (Raman data) 

~70 ~68 ~66 ~63 ~60 ~57.7 ~54.5 ~50,3 ~49.8" 

Observed Ramanbands due to sulfur-containing species (cm -I) 

(115i 115 ( l l S ) ?  
140 151 

(152) 
180 180 180 (180)? 

(195) 195 195 
205 203 202 205 

217 218 
247 247 251 (247)? 

(261)7 
274 274 274 276 

(415) 

503 503 502 508 
528 528 528 528 

415 

366 

476 477 

* NaCl-saturated melt.  

presence of e lementa l  su l fur  as Ss may  be responsible  
for the  pronounced  e lec t rochemical  i r r evers ib i l i ty  of 
the  su l fur / su l f ide  couple in ch loroa lumina te  mel ts  (4, 
5, 16). 

Final ly ,  i t  is wor th  not ing tha t  the mel t  composit ions 
e s t ima ted  f rom the intensi t ies  of the Raman  bands  of 
A12C17- at  312 cm -1 and A1C14- at  350 cm -1 a re  in 
reasonable  ag reemen t  wi th  me l t  composit ions calcu-  
la ted  f rom the s to ich iomet ry  of the e lec t rochemical  
process (Table  l l I ) .  This Table  also includes a l l  bands  
tha t  m a y  be a t t r ibu ted  to the  su l fur -conta in ing  species. 
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Stability of Semiconducting TiO2 Photoanodes 
Fu-Tai Liou and Chiang Y. Yang 

Department of Energy and Environment, Brookhaven National Laboratory, Upton, New York 11973 

and Sumner N. Levine* 
Department of Materials Science and Engineering, State University of New York at Stony Brook, 

Stony Brook, New York !1794 

As shown in the extensive study by Harris and 
Wilson ( i ) ,  TiO2 photoanodes tend to undergo aging 
effects characterized by changes in the action spectra, 
quantum efficiency, and surface capacitance. Specifics 
of the aging effect, as well  as photoelectrochemical 
behavior in general, depend on the method of anode 
Preparation (2-4)�9 Migration of interstitial Ti +a (5) 
and hydrogen ions (2, 4) has been proposed as contrib- 
uting to the effect although the detailed mechanisms 
remain obscure. The situation with hydrogen-loaded 
specimens is complicated by the observations that hy-  
drogen in both TiO2 single crystals (6) and sputtered 
films (7) appears to occupy different sites not all of 
which are electrochemically active. 

Reported here are some striking aging effects ob- 
served with relatively highly doped TiO~ anodes which 
have been exposed in the dark to alkaline solutions 
for somewhat over 100 hr. No detailed explanation for 
the effects noted is available at this time. 

Single crystals of TiO2 (National Lead Corporation) 
oriented in the (110) plane were employed. These were 
polished with 0.3/~ A120~ abrasive and then converted to 
n-type material by heating to 700~ in hydrogen for 
20 rain. While a number of specimens were so pre- 
pared, we report on a sample with a carrier concentra- 
tion of 4.8 • 1019/cm 3 as determined by the Mott- 
Schottky method. The reliability of the carrier concen- 
tration was checked with resistivity measurements 
using the Van derPauw technique (8). These gave a 
calculated mobility of 1.87 cm2/V-sec at room tem- 
perature, in agreement ws the value reported in the 
literature (9). Indium solder and silver-plated copper 
wires provided ohmic contacts to the samples. The 
contacts were protected by a coating of silicone rub- 
ber and a glass tube. The cell was fabricated of Pyrex 
and provided with a quartz window to admit illumina- 
tion. A platinu m counterelectrode and a saturated 
calomel reference electrode (SCE) were employed�9 
The electrolyte used was 0�9 NaOH. 

�9 Electrochemical Society,Active Member. 
Key words: photoelectroehemistry, ellipsometry. 
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Fig. 1. The photocurrent vs. time of a single crystal TiO~ for the 
long-term stability study. The electrode was biased at 0.SV (SCE). 
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monochrometer .  L igh t  in tens i ty  was measured  wi th  an 
EPLAB Model  901 thermopi le .  Curren t  vol tage plots 250 
were  made wi th  the a id  of a PAR 175 Universa l  p ro-  
grammer ,  a PAR 173 potent iostat ,  and an HP 7044A 240 
X - Y  recorder .  Mot t -Scho t tky  measurements  were  made  
at  1 kHz with  a surface impedance  bridge.  230 

A fast au tomat ic  e l l ipsometer  was used to analyze  
the var ia t ion  of the  surface  proper t ies  of the  sample  a 220 
in si tu dur ing  a l ong - t e rm  operat ion.  The e l l ipsometer  
a r rangement  was s imi la r  to tha t  repor ted  in the  l i t e r a :  21o 
ture  (10). The wave length  used, employ ing  a tungs ten-  
ha logen lamp,  was 5461A and the anMyzer  was a 200 
Rudolph  Model  RR 2000. The e11ipsometric angles A 
and ,I, were  recorded f rom the d ig i ta l  readout  of the 19o 
analyzer .  The angles descr ibe  the  differences in phase 
and ampl i tude  be tween  the  reflection coefficients for  180 
l ight  polar ized in the p lane  of incidence to tha t  for 
l ight  polar ized  in the  p lane  of the  surface,  i.e., R/R1 -: 
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Fig. 4. The corresponding ellipsometry data of Fig. 1 
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Fig. 3. The corresponding photocurrent spectra of Fig. 2 at dif- 
ferent stages. 

tan ,I, exp (iA). The ini t ia l  ~, and A of the sample  m e a -  
sured in a i r  were  234.0 and 8.2, respect ively .  The 
corresponding rea l  and imag ina ry  indexes of refract ion 
of the  sample  were  n = 2.404 and k --  0.495, respec-  
t ively.  

F igure  1 shows the effect of l ong- t e rm opera t ion  for  
the  sample  that  was heav i ly  doped wi th  a car r ie r  con- 
cent ra t ion  of 4.8 X 1019/cm 3. The sample  was kept  in 
the  da rk  and biased at  0.5V (SCE) at  al l  t imes ex-  
cept  when the measurements  of I - V  curves, photo-  
cur ren t  spec t ra  under  xenon i l luminat ion,  or  of e l l ipso-  
met r ic  da ta  under  tungs ten-ha logen  i l lumina t ion  were  
made.  In  the  first 103 hr, t he re  were  only minor  fluc- 
tuat ions  of the photocur ren t  (measured  at  0.5V SCE).  
However ,  a f te r  103 hr,  the photocur ren t  increased sub-  
s tan t ia l ly  to more  than  twice the or iginal  value.  
Af te r  108 hr, the  pho tocur ren t  s ta r ted  to decrease.  
F igure  2 shows the I - V  curves under  i l lumina t ion  at 
different  stages of the exper iment .  The la rge  change 
be tween 103 and  106 h r  is qui te  dramat ic .  The  corre-  
sponding spec t ra l  dependence  of the  pho tocur ren t  is 
shown in Fig. 3. There  is an appa ren t  shift  to longer  
wavelengths  be tween  103 and I06 hr. Mot t -Scho t tky  
measurements  were  also made  at different  stages du r -  
ing the  s tab i l i ty  exper iments .  The measured  junct ion 
capaci tance as a funct ion of biased potent ia l  is l is ted in 
Table  I. Again,  there  is a drast ic  change be tween  103 
and 106 h r  indicat ive of an increase  in pos i t ive ly  
charged species at  the surface. The e l l ipsometr ic  da ta  
shown in Fig. 4 exhibi t  the s imi lar  ab rup t  var ia t ion  be-  
tween 103 and 106 hr  for both  A and  9.  Af te r  106 hr, A 
cont inued changing whi le  ~P showed only  s l ight  va r i a -  
tion. Inspect ion of the surface of the TiO2 anode under  
the scanning electron microscope before  and af te r  the 
expe r imen t  indica ted  that  there  were  no observable  
changes. 

I t  appears  that  at  I03 hr  s t ruc tura l  changes m a y  
have  been in i t ia ted  at the TiO2 surface character ized by  
a na r rowing  of the  bandgap  and shifts in the  ref rac t ive  
index.  These s t ruc tu ra l  changes m a y  have  resul ted  
f rom a bui ldup in the concentrat ion of pos i t ive ly  
charged species (such as Ti +3 or  H +) tha t  would  be  

Table I. C(~F/cm 2) 

Time (t) (hr) 
V (V) 
(SCE) 0 25 60 85 103 106 122 147 170 

--0.9 25.0 27.0 29.0 29.0 28.0 11.0 14.0 12 .5  12.0 
--0.8 15.0 17.5 15.0 17.0 17,0 8.3 9.5 8.4 8.2 
--0,7 12,0 13.5 10.5 10.6 I0.0 4.7 5.0 4.9 4.7 
--0.6 11.0 11.9 9.5 9.6 9.1 3.3 3.4 3.0 3.0 
--0.5 10.0 11.4 9.0 8.9 8.6 3.0 3.1 2.6 2.5 
--0.4 9.5 10.8 8.5 8.5 0.0 2.8 2.9 2.4 2.3 
- -  0 . 3  9.1 10,5 8.3 8.2 7.8 2.7 2.8 2,3 2.2 
--0.2 8.9 10.2 8.0 7.8 7.5 2.6 2.6 2.2 2.1 

O 8.6 9.5 7.6 7.3 7.1 2.4 2.4 2.0 2.0 
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expected to migrate toward the surface when the elec- 
trode is under positive bias. 

Work is underway to clarify the mechanism of the~ 
above-described effect. 
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Effects of the Helmholtz Layer Capacitance on the Potential 
Distribution at Semiconductor/Electrolyte Interface and the Linearity 

of the Mott-Schottky Plot 
Kohei Uosaki* and Hideaki Kita 

Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060, Japan 

The knowledge of the potential distribution of the 
semiconductor/electrolyte interface is essential for 
understanding the photoelectrochemical behavior of 
the semiconductor electrode. It is usually assumed that 
the Helmholtz layer capacitance is so largecompared 
with the space charge layer capacitance that the total 
capacitance measured can be treated as the space 
charge layer capacitance and all potential change oc- 
curs within the sp.ace charge layer, i.e., bandedge is 
pinned (1). Recently, however, Bard et al. and 
Wrighton et al. have shown that if a significant amount 
of surface states is present all the potential change 
occurs in the Helmholtz layer, i.e., Fermi level is 
pinned, contrary to the above assumption (2-4). The 
bandedge pinning and the Fermi level pinning are the 
two extreme situations of the potential distribution at 
the semiconductor/electrolyte interface, and usually 
the applied potential with respect to the flatband po- 
tential distributes partly in the space charge layer and 
partly in the Helmholtz layer (5). 

The linearity of the Mott-Schottky plot is often 
considered to be evidence of the bandedge pinning (6), 
although De Gryse et at. have shown, by solving the 
Poisson equation for a depletion layer with Mott- 

i 

d~ 

To obtain the potential distribution of semicon- 
du, ctor/electrolyte interface, the following Poisson 
equation must be solved (8) 

d2~ e [ { e(~b---@b) } 
-- -- -- poexp 

dx 2 eoe kT  

- -noexp  { e(q~-- q~b)k.._T } -{-ND - - N A ]  [1] 

where e is the elementary charge, e0 is the dielectric 
constant of the vacuum, �9 is the relative dielectric con= 
stant of the semiconductor, r and Cb are the potential of 
the semiconductor at x from the semiconductor/elec- 
trolyte interface and in the bulk, Po and no are the 
concentration of holes and electrons in the bulk, and 
ND and NA are the concentration of donor and ac- 
ceptor levels, respectively. When the charge at the 
semiconductor/electrolyte interface is distributed con- 
tinuously and does not consist of separate point charges, 
the evaluation gives the following equation for the 
space charge in the semiconductor, Qsc, from the Eq. 
[1] (8) 

-- • A/2~eo kT  {-- (ND -- NA)Ys -[- Po( e-y" -- 1) + no(e~, -- 1}) 

Here Schottky approximation (7), that the linearity holds 
even when the bandedge movement occurs. 

In this note we examine the effects of the Helmholtz 
layer capacitance on the bandedge movement and the 
linearity of the relation between 1/C 2 and the applied 
voltage when no surface states are present by the 
calculation of the potential dependence of the Helm- 
holtz layer capacitance and the potential change in the 
Helmholtz layer without many approximations. 

* Electrochemical Society Active Member. 
Key words: semiconductor, Mott-Schottky plot, Helmholtz layer 

capacitance. 

[21 

e (r -- Cb) 
Ys = kT  [3] 

where r is the potential of the semiconductor at the 
surface. The plus sign appears in front of the root when 
Ys ~ 0 and the minus when Ys > 0. The differential 
capacitance of the space charge layer, Csc, is obtained 
by differentiation of Eq. [2] a s  
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V e~O Csr --  e ~'~'T 

1-- (ND - -  NA)  - -  po e - u "  -~ ~%o1 

~/ - -  (ND -- N A ) Y s ' P  Po(e  -=~. - -  1) + no(e~.  - -  1) i  

[4] 

The measured  capacitance,  C, can be wr i t t en  as 

C - I  = C~o-~ + C . - I  [5] 

where CH is the  different ia l  capaci tance of the  He lm-  
holtz layer ,  and the  e lect rode potent ia l  of the semicon-  
ductor  electrode,  V, wi th  respect  to the f la tband poten-  
tial, VFep, can be  wr i t t en  as 

V - -  VFBP = ~bsr " 4 "  ~ H  [ 6 ]  

where  Ar is the potent ia l  change in the space charge 
layer ,  i.e., a r  = Cb --  Cs, and ACH is the poten t ia l  
change in the Helmhol tz  layer ,  i.e., aCH ---- CH,V --  
~bH.FBP, where  CH,V and CH,FBP are  the  potent ia l  drop in 
the Helmhol tz  l ayer  at potent ia l  V and at the f la tband 
potential ,  respect ively.  By assuming the var ia t ion  of 
CH as a funct ion of the e lec t rode  poten t ia l  is negl ig i -  
ble, aCH can be expressed as 

A C H  " - -  Qsc/CH [7] 

The usual  assumpt ion is ]aCsc] > >  INCH], i.e., the  b a n d -  
edge is pinned.  By u s i n g  Eq. [2], [3], and  [7], the 
ra t io  of ACH to ~r + hCsr i .e . ,  the  to ta l  po ten t ia l  
change, is calculated as a function of (ACH -t- Casc) by  
assuming Cn = 10 ~F �9 cm -2  and the resul ts  are  shown 
in Fig. 1. The contr ibut ion  of hell is surpr i s ing ly  high, 
pa r t i cu l a r ly  at  the potent ia ls  near  the f iatband po ten-  
tial. De Gryse  et al. have der ived  the fol lowing equa-  
tions for n - t y p e  semiconductors  by  using the Mot t -  
Schot tky  approx imat ion  and demons t ra ted  tha t  the 
l i nea r i ty  of the Mot t -Scho t tky  plot  holds even when CH 
and ar  a re  t aken  into account (7) 

2 e e e o  _ . . ~ )  [8]  
0,r = ~ ( ~r176 

e~sohrD 1 
C ~  = - -  , , [9]  

2 Vlr kT 

e 

( ( 2C~ V - VFBp -- C - 2  -- CH-~ 1 -I- e~oN-----~ 

[Z0] 
The comparison is made between ACH/(ACsc-1-ACzz) 
obta ined by  using Eq. [2], [3], and [7] and one ob-  
ta ined by  using Eq. [7] and [8] in Fig. 2. When  the  
potent ia l  change is r e l a t ive ly  large,  two calculat ions 
give s imi lar  results,  but  the difference is significant 
when (ar 4- ACH) < 0.15V. 

I t  is in te res t ing  to see how CH and hell  affect the 
plot  of C - 2  vs. ( V -  VFBP), i.e., Mot t -Scho t tky  plot.  
The values of C-2  obta ined by  using Eq. [4] and [5] 
with CH = 10 ~F �9 cm-~  and oo are  p lot ted  against  (ACsc 
4. Ar in Fig. 2. /'r is ca lcula ted b y  using Eq. [2], 
[3], and [7], The values  of C -2 obta ined  by  Eq. [10] 
wi th  CH : 10 ~F �9 cm -2 are  also p lot ted  agains t  (ACsc 
4. ACH) in Fig. 2. In  this  case ACH is ca lcula ted  by  
using Eq. [7] and [8]. Aga in  the difference be tween  
the plot  wi th  (curve  4) and wi thout  (curve 3) the a p -  
p rox imat ion  becomes significant at  smal l  bias po ten-  
tials. The re la t ion be tween  C -2  and (ACsc 4. ACH) ob-  
ta ined by  Eq. [2], [3], and [7] is l inear  when po-  
tent ia l  change is large  but  curved when  (ACsc 4. ACH) 
< ca. 0.3V. The slope of the l inear  por t ion of the  r e l a -  
t ion (curve 3) is a lmost  the  same as tha t  of C -~ vs. 
(ar 4. aCn) re la t ion  when CH and ACH are  neglec ted  
(curve 5) as demons t ra ted  by  De Gryse  et aL (7). 

.-. ~ ' O ~ z  z 
0.8 

"~-~ 0.6 

0 i I i I i i l I 

o o.2 o., o.6 o.8 

Fig. 1. The ratio of the potential in t~le Helmholtz layer to the 
total potential change as a function of the total potential change. 
e = 173. CH = 10 /LF - cm-; .  Carrier densities are: 1.10 TM cm -3,  
2. 2 X 10 is cm -3, 3. 5 • 10 TM cm-3, 4. 1017 cm -:3, 5. 2 X 10 z7 
cm -e', 6. 5 X 1017'cm -:~,7. 10 Is cm -3 ,  8. 2 X 10 is cm - ~ , ? .  
5 • 10 TM cm -~,  10. 1019 cm -8,  11. 2 • 1019 cm -3 ,  12. 5 • 
1019 cm -3 ,  13. 10 2~ cm -3.  

, I . 0.04 T... 

0 . 2 ~  0.01 

0 I I I I 1 I 0 
0 0.1 0,2 0.3 0.4 0.5 

( " % c ' " % ) / v  
Fig. 2. Dependence of the ratio of the potential change in the 

Helmholtz layer to the total potential change and of C -~  as a 
function of total potential change, e = 173. Carrier density is 10 ly 
cm -3. 1. ACH/(ACH 4. ACsc) vs. A~b H JC A'r calculated by us- 
ing Eq. [2] ,  [3] ,  and [7].  2. As curve 1 but calculated by using 
Eq. [7] and [8].  3. C -2  vs. ACH 4. A~bsc calculated by using Eq. 
[2] ,  [3],  [4],  [5],  and [7],  CH = 10 ~F �9 cm-2. 4. As curve 3 
but calculated by using Eq. [7] ,  [8],  and [10]. 5. As curve 3 but 
C H =  r 

Thus, a l though the I inear i ty  be tween  C -~  vs. (ACsc 
-~- ACH) does not  hold at r e l a t ive ly  smal l  bias and the 
ex t rapo la t ion  of the  l inear  por t ion  of  the re la t ion  to 

k T  eeeoND 
C -2 = 0 does not  give VFBP 4. - -  the  gen-  

e 2CH 2 ' 
eral  conclusion of De Gryse  et  al. is suppor ted ,  because 
usua l ly  the  Mot t -Scho t tky  plot  is p resented  for  r e l a -  
t ive ly  la rge  bias potent ials .  

The fol lowing conclusion can be d r a w n  from the 
above. (i) CH and ACH, i.e., the movemen t  of bandedge,  
cannot be neglected even when  no surface s tate  is 
present ,  pa r t i c u l a r l y  at  h igh ly  doped semiconductors.  
(ii) C -2  vs. V - -  VFBP plot  is l inear  at  r e l a t ive ly  large  
bias potent ia ls  bu t  curved at  smal l  bias  potent ia ls  and 
the slope of  the l inea r  por t ion  is a lmos t  the  same as 
that  of C-2  vs. V - -  VFBP without  t ak ing  into account 
CH and ACH. Thus, the l inea r i ty  of the Mot t -Scho t tky  
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plot at relatively large bias potentials cannot be used 
as evidence of bandedge pinning. (iii) To obtain an ac- 
curate picture of the potential distribution of the semi- 
conductor/electrolyte interface, one must measure the 
differential capacitance-potential relation for a wide 
potential range, particularly at small bias potentials, 
calculate the carrier density from the slope of the 
linear portion of C -2 vs. potential plot, and compare 
the C -~ vs. potential relation calculated by using the 
carrier density thus obtained and Eq. [2]-[7] for 
certain values of VFBP and CH, with the experimentally 
observed C-2 vs. potential plot. 

Acknowledgment 
This work was partly supported by a grant-in-aid 

for scientific research, Ministry of Education, Science 
and CUlture, No. 57470001. 

Manuscript submitted Sept. 21, 1982; revised manu- 
script received Dec. 1, 1982. 

An.y discussion of this paper will appear in a Dis- 
cusmon Section to be published in the December 1983 

JOURNAL. All discussions for the December 1983 Dis- 
cussion Section should be submitted by Aug. 1, 1983. 

Publication costs of  this article were  assisted by 
Hokkaido Universi ty .  

REFERENCES 
1. R. H. Wilson, in "Semiconductor Liquid-Junction 

Solar Cells," A, Heller, Editor, p. 67, The Electro- 
chemical Society Softbound Proceedings Series, 
Princeton, NJ (1977).  

2. A.J. Bard, A. B. Bocarsly, F.-R. F. Fan, E. G. Walton, 
and M. S. Wrighton, J. Am.  Chem. Soc:, 102, 3671 
(1980). 

3. F.-R. F. Fan and A. J. Bard, ibid., 102, 3677 (1980). 
4. A. B. Bocarsly, D. B. Bookbinder, R. N. Dominey, 

N. S. Lewis, and M. S. Wrighton, ibid., 102, 3683 
(1980). 

5. J. O'M. Bockris, K. Uosaki, and H. Kita, J. Appl.  
Phys.,  52, 808 (1981). 

6. J. A. Turner and A. J. Nozik, Appl .  Phys.  Lett , ,  ~ 41, 
101 (1982). 

7. R. De Gryse, W. P. Gomes, F. Cardon, and J. Vennik, 
This Journal,  122, 711 (1975). 

8. V. A. Myamlin and Yu. V. Pleskov, "Electrochem- 
istry of Semiconductors," Plenum Press, New York 
(1967). 



J O U R N A L  D F  T H E  E L E C T R O C H E M I C A L  B r l C I E T Y  

S O L I D - S T A T E  S C I E N C E  
- - - - - A N D  T E C H N O L O G Y  

APRIL 

1983 

Evolution of Scale Microstructure and the Pressure Dependence of the 
Sulfidation Rate of Iron 

R. A. McKee and R. E. Druschel 

Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830 

ABSTRACT 

The sulfidation rate of iron to Fe,_xS has been measured, and the microstructural features of this sulfide have been 
carefully studied. The measurements were made at 700~ in pure sulfur vapor covering the pressure range from 1-103 Pa; 
700~ is a temperature in the midrange of previous measurements,  and was selected to facilitate a study of the general as- 
pects of the microstructure and growth rate of this highly nonstoichiometric sulfide of iron. We find that the growth direc- 
tion and microstructure of the scale are pressure dependent, and contrary to previously reported results, we find no evi- 
dence to suggest that the growth rate of iron sulfide is any different in pure sulfur vapor than in HJH2S mixtures. 

In a series of experiments ,  we have measured  the 
sulfidation rate of iron in pure  sulfur vapor. F rom the 
l i tera ture  that  is available,  there  is a clear indication 
that  micros t ructura l  as well  as physical  proper ty  
characterist ics are influenced by gas pur i ty  and com- 
position. Our effort has not been s imply to survey the 
react ion kinetics (i.e., to de termine  the complete tem-  
pera ture  and pressure dependence) ,  but  to look very  
careful ly  a t  a tempera ture  in the midrange of data 
that  exist and to invest igate the pressure dependence 
thoroughly.  Therefore,  we have  been ex t remely  care- 
ful in measur ing the specimen reaction tempera ture  
and fixing the sulfur pressure in a rel iable and re-  
producible manner .  Two aspects of the i ron-sul fur  
reaction were  of par t icular  importance when we ini-  
t iated our study. First, both Fryt ,  Bhide, Smeltzer ,  and 
Kirka ldy  ( i )  and Nari ta  and Nishida (2) had sug- 
gested that  a t ransformat ion in growth direction of the 
scale forming on the meta l  occurred as the pressure 
was varied;  this is not  a common occurrence in metal  
oxidation and we felt  that  it was impor tant  to ver i fy  
this observation.  Second, it also had been suggested 
that  hydrogen,  ionizing in hydrogen-hydrogen  sulfide 
mixtures  [see Worrel l  and Turkdogan (3) and Zelouf 
and Simkovich (4)] might  somehow play a par t  in the 
sulfide defect s t ructure;  this idea is impor tant  to the 
overal l  evaluat ion of sulfidation processes, and can be 
tested by careful ly  comparing measurements  in 
H2/H2S and pure sulfur vapor;  we have  provided ac- 
curate measurements  in sulfur  vapor  for such a com- 
parison. 

Toward  these aims then we report  our results of a 
study using pure iron I in which we measured  the rate  
of sulfidation using a mul t ispecimen technique, to in-  
sure reproducibi l i ty  and to provide specimens for mi-  
erostructural  observations.  The sulfur pressure was 
var ied  f rom 0.1 to 1000 Pa, and a systematic compar i -  
son of the pressure dependence of the microst ructure  is 
now available.  

Experimental 

We describe several  features  of our exper imenta l  
technique that  we bel ieve are important  in considering 

1 Marz grade iron, supplied by MRC, total metal impurities less 
than I0 ppm, oxygen + carbon less than 60 ppm. 

the mer i t  of our  overa l l  results. The three  pr inc ip le  
areas are (i) the measurement  of the specimen tem-  
perature,  (if) the general  care that  went  into assuring 
that  the sulfur  pressure was specified and reproduc-  
ible, and (iii) the use of a mul t ispecimen technique 
that  allows for a clear demonstra t ion of the reproduc-  
i.bility of the sulfidation rate data and the t ime evolut ion 
of the scale microstructure.  An additional feature,  
which is not at all minor, is specimen purity.  

Specimen temperature measurement . - - In  Fig. 1, a 
schematic of our  apparatus shows that  a P t /P t -10% 
RH thermocouple  was used direct ly  as a hang-down 
or suspension wire for the iron specimen. We were  able 
to weld the thermocouple  direct ly  to the specimen and 
monitor  its t empera ture  throughout  the run. This had 
several  advantages for our  exper imenta l  method, and 
it made it possible to keep a continuous specimen 
t empera tu re - t ime  record. Some of our  exper iments  
were  short t ime (~1  min) exper iments ;  our  measur ing 
technique al lowed the normal  sort of t empera ture  
overshoot  f rom se l f -heat ing  that  occurs at the ini-  
t iation of the react ion to be recorded, so that  t ime-a t -  
t empera ture  corrections could be applied. Moreover,  
since this same thermocouple  was the measur ing 
couple as well  as the input  signal and the furnace con- 
troller,  any tendency for overshoot ing f rom sel f -heat-  
ing could be minimized if not  e l iminated altogether.  

F igure  2 shows the results that  were  regula r ly  and 
f requent ly  obtained as an in situ calibration check of 
our the rmomet ry  methods. In Fig. 2, we plot the tem-  
p e r a t u r e  of the iron specimen heated in vacuum 
through the a--~ phase t ransformation.  The accepted 
t empera tu re  range for this t ransformat ion is 910 ~ 
912~ (5). As is demonstrated in this fgure ,  a thermal  
arrest  occurs at 911.2 ~ _+ 0.5~ As a resul t  of this and 
numerous other  tests, we bel ieve that  we know the ac- 
tual  react ion tempera ture  of the specimen to ___2~ 
The methods that  were  used in this exper imenta l  t em-  
pera ture  measurement  are largely  the resul t  of our ex-  
periences in recent  work  done at this labora tory  on the 
high t empera tu re  oxidation of zirconium and its alloys 
(6-8). 

Sul fur  pressure specif ication.--Numerous studies of 
i ron sulfidation are avai lable  in the l i te ra ture  (1, 2, 
9-11), but  it seems safe to say that  ve ry  few show 
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saturated vapor tempera ture  that  was main ta ined  in 
the oil or salt bath. Moreover, while developing our 
apparatus,  we used several  methods of isolating the 
sulfur  unt i l  the reaction was started. The first method 
was the breaking of an ampul  break-off tip with sub-  
sequent sulfur  egress into the reaction chamber. We 
found this method unsatisfactory because unpredic t -  
able tip size openings gave problems associated with 
the sulfur  egress and l imitat ion of t he  reaction rate. 
An example of the complications that arise from this 
effect is shown in Fig. 3a. The specimen i l lustrated in 
this electron micrograph was exposed to sulfur  vapor at 
a pressure, nomina l ly  1 Pa, that subsequent  tests 
proved to be much lower than expected. The scale 
morphology, the m a n n e r  in which the grains of the 
scale arrange themselve.s in "colonies," and the overall  
scale thickness are typical of scale formation at sul fur  
pressures much lower than 1 Pa. Figure 3b is the 
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Fig. 1. Schematic of reaction chamber and supporting apparatus 
for sulfidation measurements. 

anyth ing  more than qual i tat ive agreement.  In  all 
these studies, there are both absolute rate variat ions 
and real  microst ructural  differences that  are very 
l ikely due to poor specification of the sulfur  pressure. 
The  two questions that  we have sought to answer  in 
our s tudy both require that  the sulfur  pressure be re-  
l iably  fixed. Perhaps the most impor tant  is the "a" to 
"c" growth direction change that occurs as the pressure 
changes (1, 2), and since this has had no mechanistic 
explanat ion,  an accurate :specification of the sulfur  
pressure is essential to describe the range of pressure 
over which the t ransi t ion occurs. 

Our exper imenta l  apparatus is shown schematically 
in Fig. 1. Every segment  of the quartz furnace l iner  
and reaction chamber  were heated ei ther  by the fur-  
nace itself or by  external  heat sources. Thermocouples 
placed at intervals  along the apparatus were monitored 
throughout  an exper iment  to assure that  no point  on 
the react ion chamber  surface was cooler than  the 

Fig. 3a. Scale morphology and colony structure that formed when 
cold spots in the apparatus left the sulfur pressure lower than the 
assumed equilibrium 1 Pa vapor pressure. This micrograph shows 
the specimen surface with a portion of the scale popped off to 
illustrate the scale surface, scale cross section, and the underly- 
ing metal surface; reaction time, 1 hr. 
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Fig. 2. Time-temperature profile for in sltu thermometry checks 
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Fig. 3b. Scale morphology that truly represents steady-state 
growth for an equilibrium sulfur vapor pressure of 1 Pa; reaction 
time, 10 min. 
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micros t rue ture  morpho logy  and scale s t ruc ture  that  r e -  36 
sults when  FeS is g rown to the  s a m e  thickness a~ tha t  
ob ta ined  for  the  specimen in Fig. 3a, except  tha t  the 
pressure  is t ru ly  1 Pa. N o t e  the  differences not  only  4s 
m the t ime  of sulfidation but  in the morphology  of the 
scale-gas  interface,  The  p rob lem jus t  descr ibed was 
e l iminated,  and the method  u s e d  to release sulfur  into 
t h e  r eac t ion  chamber  was to first contain the Sulfur in 4o 
an ampul  or  bulb  and t hen  to sha t te r  the ampul  by  a 
b reake r  dropped  f rom an electromagnet .  If  t h e  ampul  
is b roken  in this manner ,  the  sul fur  can establ ish ther -  7o 22 
real  contact  wi th  the ent i re  surface area  of the r eac t ion  
chamber  tha t  is immersed  in the bath.  The sulfur  ac-  
tua l ly  achieves the ba th  tempera ture ,  and this was ~ 24 
confirmed by  :suspending a thermocouple  into this r e -  
action chamber  area,  and  moni tor ing  the glass sur -  
face t empe ra tu r e  before  the  ampul  is sha t te red  and ~, 
a f te r  i t  is shat tered.  Under  no condit ions did  we ever  5 ~6 
find the  inside surface of the  reac t ion  chamber  o r  the  
su l fur  t h a t  was exposed to i t  when the ampu l  was r u p -  
tu red  to v a r y  b y  more  than  _0.5~ f rom the ba th  s 
t empera ture .  

T h e  actual  ba th  t empe ra tu r e  was control led  to 
•176 and moni tored  th roughout  the exper iment .  The 
ba th  t e m p e r a t u r e  was measured  with  a p e r m a n e n t l y  o 
ins ta l led  P t /P t -10% RH thermocouple  connected to 
a .continuous d ig i ta l  readout .  The absolute  ba th  t em-  
pe ra tu re  was de te rmined  and set against  per iodic  
measurements  using a p l a t i num resistance t he rmom-  
eter.  On an absolute  basis, t h e  ba th  t empera tu res  were  
known  to be wi thin  _0.5~ and control led  to •176 
W e  record  the ba th  t empera tu re s  d i rec t ly  in Table I 
a long wi th  the  sul fur  pressure  values  t aken  f rom Ref. 
(12) tha t  correspond to these s a t u r a t e d  vapor  t em-  
peratures .  Other  vapor  p r e s s u r e - t e m p e r a t u r e  sources 
a re  ava i lab le ,  and a l though Ref. (12) seems en t i re ly  
adequate,  we make  no s ta tement  of suppor t  for these 
values against  any  others. F inal ly ,  we subjec ted  these 
genera l  precaut ions  in exper imenta l  technique for 
sulfur  pressure  specification to a cr i t ical  test. The F e / S  
rat io  is known as a funct ion of Sulfur pressure  for  this 
mater ia l ,  see F r y t  et aZ. (1). When  i ron  specimens were  
sulfidized to complet ion in our  appara tus  at  the p res -  
sures used in our  study, the F e / S  rat ios  compiled and 
repor ted  by  F r y t  et aI. (1) that  had  been de te rmined  
using H2/H~S mixtures  were reproduced  to 1 pa r t  in 
10 ~. 

Multi-specimen technique.~To de te rmine  the ra te  
of su l fur  at tack,  we r an  ind iv idua l  specimens for a 
fixed t ime in sepa ra te  exper iments  and ran  enough 
specimens in this ,manner to obtain a ra te  curve. F i g -  
ure  4 shows our  da ta  for severa l  pressures  p lot t ing the 
scale thickness squared against  t ime. Every  point  on 
this figure represents  a separa te  exper imen t  on a sepa-  
ra te  specimen. Doing our  measurements  in this manner  
requi res  r eproduc ib i l i ty  in specimen prepara t ion ,  
specimen pur i ty ,  react ion tempera ture ,  and  sulfur  
pressure.  This method insures sel f -consis tency of the 
da ta  and permi t s  the t ime evolut ion of the micros t ruc-  
ture  to be studied. 

Specimen purity.~We have used Marz grade  i ron 
suppl ied  by  the  Mater ia ls  Research Cooperat ion:  we 
used analysis  da ta  suppl ied  b y  them and did analyses  
of our own. Metal l ic  impur i t ies  were  l imi ted  to a total  
of less than  10 atomic ppm. By using a fast neu t ron  
analysis,  we find that  oxygen  is be low 30 ppm in this 
mater ia l ,  confirming the analysis  suppl ied  by  MRC. We 

Table I. 

Bath temper- S a t u r a t e d  v a p o r  p r e s s u r e  
a t u r e  (~  of  s u l f u r  (Ref .  13) (Pa )  

95 1 
130 10 
175 I00 
235 1000 

SULFIDATION O F PURE iRON 
IN SULFUR VAPOR -?O0~ 

t000 Po 

/ t 0 0  Po / t 0  Po 

o o 
~, g , g 

~g t Pa g 

,g o 

24 4.8 72 96 '120 f44 
TIME' I0 -1 (sec} 

Fig. 4. Sulfidation rate data as a function of pressure at 700~ 
Each point represents o separate experiment on o different speci. 
men. These data illustrate the reproducibility of specimen prepa- 
ration, specimen purity, reaction temperature, and sulfur pressure. 

have looked at  this mate r ia l ' s  micros t ructure ,  and 
b r igh t  field opt ical  l ight  microscopy shows features  in 
the  i ron tha t  a re  said to be (13) precipi ta tes ;  silicates, 
sulfides, and oxides of Fe  and Mn. Optical  l ight  ,micros- 
copy shows tha t  these par t ic les  are  roughly  spher ica l  
and  ~ - 1  ~m in diameter .  By examin ing  these par t ic les  
wi th  an e lect ron microprobe,  we can detect  Si and Fe. 
The mic roprobe  is not  capable  of ana lyz ing  for oxygen,  
but  sulfur  detect ion is c lear ly  wi th in  its capabil i t ies:  
no sulfide is detected,  and Mn is a ppa re n t l y  n o t  in the 
part icles ,  or  if  it  is, i t  is at a level  of 500 ppm or less in 
the par t ic le  itself. I t  seems ve ry  l ike ly  that  the par t ic les  
observed in our  ma te r i a l  a re  si l icates and i ron oxides.  
These par t ic les  do not  dissolve or  undergo any de tec t -  
able  coarsening in the hea t - t r ea tmen t s  that  occur in 
our  exper iments ,  i.e., 30 rain-1 h r  at  t empera tu res  of 
700~176 P robab ly  more  so than  the overa l l  l eve l  of 
impur i t ies  that  might  be dissolved in the growing 
sulfide, the densi ty  of these prec ip i ta te  par t ic les  could 
be a ma jo r  factor  in influencing the g rowth  kinet ics  of 
a ma te r i a l  l ike  i ron  sulfide, i.e., the par t ic les  accumu-  
late  at  the F e - F e S  interface  dur ing  scale growth.  

Experimental procedure.--Finally, we conclude this 
section by  giving a de ta i led  descr ip t ion  o*f the ex-  
pe r imen ta l  procedure .  Basically,  the  sys tem (see 
Fig. 1) is a reac t ion  chamber  which contains two 
heat  zones: (i) the  ba th  controls  the  sulfur  t em-  
pera ture ,  and (ii) the  furnace  controls  the  speci-  
men tempera ture .  The react ion chamber  is sepa-  
ra ted  f rom a high vacuum system by  bakable ,  metal ,  
h igh -vacuum valves. To begin with,  the specimen is 
welded  to the thermocouple  h a n g - d o w n  wire  and a 
flange with  thermocouple  feed- th roughs  is bol ted  onto 
the react ion chamber.  Al l  connections are he l ium leak  
tested. Then the sys tem is pumped  down unt i l  the 
ionizat ion gauge reads  below 5 • 10 -7  Pa. The high 
vacuum valve  is b lanked  off, and the sys tem is back-  
filled and purged  with  hydrogen  severa l  t imes. Then 
al l  par t s  of the  sulfidation chamber  are  baked  under  
vacuum at t empera tu res  f rom 50~176 above the 
t empera tu re  tha t  corresponds to the su l fur  vapor  t em-  
pe ra tu re  for  the  pa r t i cu l a r  run  condition. Then the  
sys tem is once again evacuated,  backfi l led wi th  h y -  
drogen to a pressure  of a pp rox ima te ly  100 Pa, and  the 
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specimen is ra i sed  to a t empera tu re  of 700~ and an-  
nealed for  20-30 min. Final ly ,  the hydrogen  is pumped  
from the sys tem whi le  every th ing  is up to t empera tu re ,  
i.e., the ba th  at  the r equ i red  vapor -p re s su re  t empera -  
ture  and the specimen at  700~ Under  these condi-  
tions, the  sys tem is pumped  unt i l  the  ionizat ion gauge 
once again  reads  lower  than  5 X 10 -~ Pa. This usual ly  
takes be tween  10 and 20 min. Once this u l t imate  pres-  
sure  is reached,  the  h igh -vacuum system is b lanked  off, 
the sul fur  ampu l  is broken,  and the exper imen t  is 
s tar ted.  The expe r imen t  is t e rmina ted  b y  ab rup t ly  
opening the  react ion chamber  to the  vacuum system 
and shu t t ing  off the furnace  power.  The ba th  is lowered  
to a l low the sul fur  to cool. We used a r ad i an t -hea t ing  
furnace,  and the specimen t e m p e r a t u r e  drops f rom 
700 ~ to 400~ in app rox ima te ly  1 min, f inally cooling to 
room t empera tu r e  in app rox ima te ly  10 min. The speci-  
men i s  then removed  f rom the appara tus ,  sectioned, 
and  pol ished by  s t andard  methods  in p repa ra t ion  for a 
thickness  measu remen t  of the FeS scale. 

Results and Discussion 

To de te rmine  the ra te  of  sulfidation, we ran  our  
exper iments  wi th  m a n y  specimens,  every  one of 
which  was sulfidized at  a constant  t empera tu re  and sul-  
fu r  p ressure  cont inuously  unt i l  some time, t, had  
elapsed.  These specimens were  exposed to sulfur  in-  
d iv idua l ly  and then  removed  f rom the furnace.  The 
scale thickness was measured  af te r  the specimen had 
been moun ted  and polished using s tandard  meta l lo -  
graphic  techniques2 and a series of specimens was run  
to obta in  different  thicknesses.  F igure  4 shows the re-  
sul ts  obta ined  by  this method for  four  pressures,  1, 10, 
100, and 1000 Pa. The scale growth  ra te  is c lear ly  p a r a -  
bolic. (Exper iments  we re  a l so  run  at  0.1 Pa; however ,  
a t  this pressure  the  mean - f r ee  pa th  of su l fur  is so 
long that  geometr ica l  res t r ic t ions  in our  furnace cham-  
be r  caused a su l fur  l imi ta t ion  growth.  The da ta  ob-  
ta ined  at  this  p ressure  a re  not r e l evan t  to our  presen t  
discussion.)  

Microstructure.--In Fig. 5-10, we presen t  a micro-  
s t ruc ture  s tudy  tha t  i l lus t ra tes  severa l  fea tures  of the  
sulf idat ion of pure  iron. We discuss the pressure  depen  - 
dence at  constant  thickness,  the t ime dependence  at 
constant  pressure ,  and the in ter face  fea tures  at both  
the  sca l e -me ta l  and the scale-gas  interfaces.  Br ight  
field, polar ized  l ight ,  and SEM micr0graphs  are  used. 
By first popping  off a scale segment,  we were  able  to 
t ake  the SEM pictures,  and then the same specimen was 
moun ted  and pol ished for  the  b r igh t  field and polar ized 
l ight  microscopy.  

The pressure  dependence  at  constant  thickness can 
be i l lus t ra ted  by  compar ing  Fig. 5 and 6. The scale 
thickness in both cases is app rox ima te ly  100 ~m, but  
the  sul fur  pressure  was 1 Pa  for  the  specimen shown in 
Fig. 5 and 10 Pa  for that  in Fig. 6. 

The  scale grown at 1 P a  is h igh ly  columnar ,  hav ing  
a b room s t raw type  of morphology.  This is i l lus t ra ted  
more  c lear ly  in the h igher  magnif icat ion of this same 
specimen shown in Fig. 7, Notice tha t  this micro-  
g raph  shows a compact,  nonporous,  c rack- f ree  scale. 
The scale did  separa te  f rom the meta l  on cooling, but  
f rom a close examina t ion  of the sca l e -me ta l  interface 
in this figure, and in others  that  we shall  discuss sub-  
sequently,  it  is appa ren t  tha t  the  scale g rew adheren t  
to the  me ta l  wi th  an in tegra l  match  be tween scale and 
meta l  mic ros t ruc tu ra l  features.  A pol  e figure analysis  
indicates  tha t  the  scale is h igh ly  or iented with  the 
ma jo r  g rowth  axis being the "a" di rect ion of the hex -  
agonal  crystal ,  i.e., ~(102}. This resul t  is en t i re ly  con- 
sistent  wi th  the da ta  f rom F r y t  et al. (2), a l though 
the i r  da t a  only ex tend  to 0.1 Pa  at  700~ 

~ M e t a l l o g r a p h y  t e c h n i a u e :  (i) m o u n t  in epoxy ,  (ii) g r i n d  
t h r o u g h  600 g r i t  p a p e r ,  (iii) po l i sh  on Pe l l on  c lo th  w i th  L i n d e  A 
and ethylene  glycol ,  a n d  (iv) po l i sh  on  n y l o n  c lo th  w i t h  '/2 m i c r o n  
d i a m o n d  a n d  e t h y l e n e  glycol .  

Fig. 5. FeS scale on iron, growth at 700~ and 1 Pa sulfur pres- 
sure. The upper portion of the figure shows the scale in cross sec- 
tion, and the lower portion shows the scale C at a 45 ~ angle to the 
surface with a portion of the scale popped off, revealing the metal 
underlayer. 

In comparison to the 1 Pa  result ,  the scale grown at 
10 Pa  and shown in Fig. 6 is st i l l  co lumnar  in  na tu re  
bu t  has a much l a r g e r  gra in  size. This micrograph,  
l ike that  in Fig. 5, also shows a compact,  nonporous,  
c rack- f ree  s,cale. T h e r e  is the  inadver ten t  pol ishing 
ar t i fac t  that  occurs when grain  segments  pul l  out  on 
polishing;  however ,  it  is apparen t  f rom an examina t ion  
of these fea tures  that  they  are  not intr insic  to the e 
scale growth.  A pole figure analysis  of this scale shows 
a change f rom that  obta ined  for  the 1 Pa  result .  The 
scale is st i l l  h igh ly  oriented,  bu t  its ma jo r  growth  
direct ion has changed to some 20 deg off the "c" d i -  
rection. Therefore,  by  increas ing the pressure  only  
one order  of magni tude ,  the growth  direct ion has 
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Fig. 7. FeS scale on iron, grown at 700~ and 1 Pa. This is the 
same specimen as shown in Fig. 5, but at a higher magnification 
to show the scale details. The polarized light picture is the same 
segment as the bright field image of the scale Shown immediately 
below it. 

Fig. 6. FeS scale iron, grown at 700~ and 10 Pa sulfur pressure 

made a rather  substant ial  change. Moreover, by in -  
creasing the pressure again from 10 to 100 Pa, we 
find a complete change to "c" direction growth. After 
that, the microstructure  is essentially that shown in 
Fig. 6, a large grained, compact, nonporous, crack- 
free scale. 

Changing now to a discussion of the time dependence 
of scale microstructure at constant pressure, we con- 
sider Fig. 6 and 8. The scale thickness in Fig. 8 is 
twice that  for the scale in Fig. 6. The important  thing 
to note is that all features shown in Fig. 8 seem to be 
like a magnification of those in Fig. 6. The grains have 
coarsened in time, the scale-gas interface has evolved, 
and as a result  Fig. 8 appears to be a magnification of 
Fig. 6. The observation that suggests itself from this 
result  is that  the t ransport  mechanism is not related 
to grain boundary  diffusion. From Fig. 4, we see that  
at all pressures, the scale growth ra te  was constant  
with t ime and that  scale growth was parabolic. With 
this ra ther  marked reduction in grain boundary  area, 
associated with the grain growth process, would come 

a change in  growth rate if the grain boundaries  w e r e  
important  in  the growth process. This same time de- 
pendence of the microstructure is found at all  pres :  
sures investigated. 

The final aspects of the micros t ructure  that  we 
discuss are the morphological features at the scale- 
gas and scale-metal  interfaces. At the scale-gas in ter -  
face, the surface exposed to the sulfur  vapor is always 
heavily faceted. Significant surface rear rangement  oc- 
.curs as a result  of what  apparent ly  is a ra ther  high. 
ra te  of surface diffusion as opposed to volume diffu- 
sion. The grain diameter  varies from near  10 to 50 
~m depending on pressure and t ime of exposure, but  
the faceted features such as grain  boundary  grooves 
on the scale-gas interface are often as large in di-  
mensional  aspect as the grain diameter  itself. Simi-  
larly, the scale-metal  interface is far from flat, but  
while the faceting on the scale-gas interface is di-  
rectly related to grain boundaries,  the irregulari t ies at 
the scale-metal  interface are apparent ly  unre la ted  
to the grain boundaries,  as can be seen by an exami-  
nat ion of Fig. 9. The scale segment shown in Fig. 9 
is shown at a lower magnification in Fig. 6 and has 
broken off the main  scale segment and lies on the 
metal  surface. Figure 9 i l lustrates the adherent,  "cup- 
and-cone" feature of the scale-me~al interface. 

Kinetics.--At 700~ there are no measurements  of 
the sulfidation rate of i ron in pure sulfur  vapor over 
the pressure range we have covered. Fry t  et al. (1) 
used HJH2S at 700~ but  stopped at 0.1 Pa for the 
sulfur  part ial  pressure. Meussner and Birchenall  (9) 
attempted, but  were unable,  to measure a sulfidation 
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Fig. 9. Scale segment illustrating scale metal interface 

Fig. 8. FeS sca|e on ~ron, grown at 700~ and | Pa, but for a 
longer time to illustrate the time evolution of the scale mlcrostruc- 
tu re. 

r a t e  b e l o w  10 Pa,  and  the  p r e s su re  d e p e n d e n c e  t h e y  
r e p o r t  is no t  r e l i ab l e  un t i l  the  p r e s s u r e  exceeds  100 
i f  no t  1000 Pa.  N a r i t a  and  Nish ida  (2) did m e a s u r e  
t he  su l f ida t ion  r a t e  f r o m  103 to 10~ Pa,  and M r o w e c  
(10) has  r e p o r t e d  l i m i t e d  m e a s u r e m e n t s  a t  104 Pa .  We 

h a v e  m e a s u r e d  t h e  th ickness  of  F e S  f o r m e d  on i ron  
as a f unc t i on  of  t ime,  and f r o m  an e x a m i n a t i o n  of 
Fig.  4, the  da ta  are  parabol ic ,  i m p l y i n g  a d i f fus ion-  
con t ro l l ed  su l f ida t ion  rate .  

W h e n  da ta  in Fig.  4 a r e  c o n v e r t e d  f r o m  the  ra te  
cons tan t  ~ def ined w i t h  

( th ickness  o f  F e S )  2 - -  k t  [1] 

w h e r e  t is t he  t ime,  to the  ra te  cons tan t  kp for  su l fu r  
u p t a k e  def ined f r o m  

( w e i g h  t of  su l fu r  ga in)2  ---- kpt [2] 

ou r  da ta  can  be  c o m p a r e d  w i t h  s im i l a r  da t a  f r o m  F r y t  
et aI. (1),  N a r i t a  and Nish ida  (2),  and M r o w e c  (10). 
S u c h  a compa r i son  is s h o w n  in Fig.  10, and  we  Can 
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Fig. I0. Rate constant data for sulfidation of iron in H2:/H,~FS and 
pure sulfur vapor, along with the pressure dependence of stoichiom- 
etry data for iron sulfide. 

use this to discuss the repor ted  (3, 4) , 'hydrogen effect" 
and the anisot ropy in growth  direct ion (2). 

The suggestion that  ionized h y d r o g e n  influences the 
defect  s t ruc ture  of FeS, discussed by  Worrel  and 
Turkdogan  (3) and Zelouf and Simkovich  (4), is not 
apparen t  in these data. Except  for the increased ra te  
of sulfidation when the g rowth  direct ion changes f rom 
"a" to "c" in this hexagona l  mater ia l ,  i t  is reasonable  
to conclude that  our  measuremen{s in p u r e  sul fur  
vapor  are  s imply  a cont inuat ion to h igher  pressure  
of the da ta  for  sulfidation in H J H 2 S  mixtures ,  i.e., 
no hydrogen  effect. 

The o ther  aspect  of the i ron-su l fur  react ion that  
we c a n  discuss by  reference  to da ta  in Fig. 10, is the 
t ransformat ion  in growth  direct ion of the scale fo rm-  
ing on the meta l  as the sulfur  pressure  is varied.  Nar i ta  
and Nishida (2) repor ted  such an effect, and a l though 
the i r  da ta  span the range of 103 to 105 Pa  and our 
measurements  are  f rom 1 to 102 Pa, the  da ta  are  
qua l i ta t ive ly  similar .  The t ransformat ion  they repor t  
is some three  to four  orders  of magni tude  h igher  in 
p ressure  than  when we observe it, bu t  we bet ieve 
that  there  are  at least  two explanat ions  for this dis-  
crepancy.  First ,  the pressure  specification in the Nar i t a -  
Nishida s tudy  could be in er ror :  they  repor ted  no 
effort to document  or  prove  that  the  sulfur  pressure  
was wha t  they  repor ted.  This is not  un impor t an t  since 
it is so difficult to insure that  cold spots do not  change 
the expected pressure  specification; for  an example ,  
see the  work  by  Meussner  and Birchenal l  (9) where  
nothing more than  a ta rn ish ing  film was observed at 
a repor ted  pressure  of I0 Pa. Cold spots in an ap-  
para tus  wi l l  reduce the  pressure  to some lower  value  
than it is o therwise  thought  to be; hence, Nar i ta  and 
Nashida 's  (2) data  could be t rans la ted  to lower  pres-  
sures on a plot  l ike  Fig. 10. The second and equa l ly  
l ike ly  cause is specimen puri ty .  The micros t ruc ture  
repor ted  b:r Nar i ta  and Nishida and other  studies as 
well, [see Ref. (1, 9)]  is duplex  in that  a smal l  equi-  
axed l aye r  exists undernea th  overgrowing  columnar  
grains. We have demons t ra ted  that  this micros t ruc tura l  
fea ture  is d i r ec t ly  a resu l t  of specimen pur i ty  and 

tha t  i t  effects the pressure  range  where  the "a" to "c" 
g rowth  t ransformat ion  occurs. This ma t t e r  wil l  be 
discussed in de ta i l  in a subsequent  publicat ion.  

A final r e m a r k  on the growth  kinet ics  can be made 
in l ight  of this discussion of the pressure  dependence  
of the  scale growth  direction,  in  Fig. 10, we plot  the 
pressure  dependence  of rate  constants for sulfidation 
and the pressure  dependence  of 5 in Fez-~S. In the 
s tudy by  F r y t  et al. (1) i t  was found tha t  the  growth  
ra te  was s imply  propor t iona l  to 5 in Fe l -~S .  We simi-  
l a r ly  find this result ,  and thus confirm the t racking  
of kp and 5. This has impor t an t  manifes ta t ions  in con- 
s iderat ions of diffusion in this nonstoichiometr ic  com- 
pound.  

Conclusion 
We have  demons t ra ted  tha t  the g rowth  direct ion for 

FeS forming on Fe does change as a funct ion of p res -  
sure, and tha t  when exper iments  are done careful ly,  
there  is no apparen t  difference be tween  the sulfidation 
ra te  of iron in pure  sulfur  vapor  and sulfur  react ing 
f rom H J H 2 S  mixtures .  Moreover ,  i t  seems that  the 
resul t  tha t  was repor ted  by  F r y t  et al. is confirmed: 
namely,  the  rate  constant  t racks  the  var ia t ion  in 
F e / S  ratio. 
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Downstream Atomic Monitoring for Absolute Etch Rate 
Determinations 

David A. Danner, *'! Daniel L. Flamm, and John A. Mucha* 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Monitoring optical emission has become a valuable tool for the plasma processing of semiconductor materials. We have 
extended this technique by monitoring atomic emission from etch products excited in an auxiliary discharge located down- 
stream of the plasma processing region. In  this configuration, process monitoring can be achieved even in the absence of a 
reactive plasma; and emission intensities are independent  of the plasma Characteristics in the process discharge. The 
method is applied to the determination of the absolute etch rate of silicon by atomic fluorine. 

Changes in the in tens i ty  of optical emission from re-  
actants (1) and etch products (2-5) in plasma reac- 
tors are valuable for process end-poin t  detection. Al-  
though these absolute intensities reflect the process 
chemistry and aid in its optimization, %hey are diffi- 
cult to relate to quant i ta t ive  etch rates because emis- 
sion from excited states is a complex function Of the 
plasma composition and the electrical gas discharge 
parameters.  Thus, it would be extremely useful to 
employ a moni tor ing  system in which the relationship 
between intensi ty  and etch r a t e  is simple in form. 
Clearly, the moni tor ing of products ra ther  than etch- 
ing species would be most useful, since one requires 
no detai led chemical informat ion to relate emission 
from product to the etch rate. Ideally, the monitor ing 
system should also be applicable to Simple gas-solid 
reactors (no-plasma)  as well, since recent I I I -V etch- 
ing studies (6) have demonstrated that feature morph-  
ology and  anisotropy can be controlled by a combina-  
t ion of plasma etching and etching with undissociated 
molecular  halogens. 

Mass spect rometry  offers some of these characteris-  
tics; however, the ins t rumenta t ion  is often complex, 
expensive, and insensit ive when  the part ial  pressure 
of product  species is low. We describe a product moni -  
toring technique based on optical emission excited 
downstream of the reactor, which shows promise of 
satisfying all the criteria. Using the etching reaction 
of atomic fluorine with silicon (7) as a model system, 
we have demonstrated the measurement  of absolute 
etch rate wi th  this technique using a simple cal ibra-  
tion procedure. 

Experimental 
Etching was done with the discharge flow system used 

in our  silicon e tching study (7). As a result, the degree 
of dissociation of molecular  fluorine (total flow = 50 
sccm, p = 0.5 Torr) in the 14 MHz rf discharge 
could  be controlled, producing well-defined etch rates 
for the ~1 cm ~ silicon (100) subst~'ate. A s  before, the 
sub strate was mounted on a temperature-control led  
sample holder located far downstream of the dis- 
charge zone. For these experiments,  rf  power was 
40W, yielding an atomic fluorine densi ty (nF) of 4.0 
• :[015 a toms/cm 8 in  the reaction cell as determined by 
the chemiluminescent  t i t rat ion of F atoms with C12. 

The system was modified to incorporate a sampling 
system and second discharge as shown in Fig. 1. A leak 
valve ~30 cm downst ream of the reaction ceil was 
used to extract  a small  sample (N0.1 sccm) of the etch 
product  effluent, which was then diluted in a 100 sccm 
flow of argon. An auxi l iary  l iquid n i t rogen  trapped 
vacuum pump and thrott le valve were used to main-  
tain the pressure in the downst ream sampling system 
at 0.25 Torr. Atomic emission from silicon in the 
argon/product  mix ture  was excited in a 2450 MHz 
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discharge produced using an Evenson- type  microwave 
cavity (8) at 50W net  power. The emission was mon-  
itored through a sapphire window, dispersed with a 
0.3M monochromator  (optical band pass ,--0.15 nm) ,  
located 28 cm from the discharge cavity, and detected 
using a simple photomult ip l ier-picoammeter  strip- 
chart recording system. 

Spectral scans between 250-253 nm were recorded, 
and the Si I emission lines at 251.61 and 252.85 nm 
(9) were used as an indicator of silicon concentrat ion 
(predominant ly  SiF4) sampled from the main  flow 
tube. Under  the present  discharge conditions, the 
251.61 nm line had approximately  twice the in tensi ty  
of the 252.85 n m  line and was preferred for  concentra-  
tion monitoring.  Interference from Ar emission at 
251.68 and 251.56 nm (9) was negligible as shown 

b y  observing emission from the discharge with the 
sampling valve closed. 

It is desirable to monitor  emission at a single wave-  
length. Unfortunately,  we were unable  to do this be-  
cause of the presence of background emission from sil- 
icon contaminat ion and a slow continuous drift  in the 
optical zero. The optical zero drift  was due to the de- 
tection electronics and can be el iminated;  however, 
background contaminat ion is a more serious problem. 
Although we measured the in tensi ty  and var iabi l i ty  of 
background silicon emission, we have been unable  to 
unambiguously  isolate the source. It  or iginated in the 
main  flow tube and varied from r un  to run,  bu t  the in-  
tensi ty was reasonably constant throughout  a given 
experiment.  To minimize the effect of background in-  
terference in  our measurements ,  spectral traces of the 
silicon emission region were taken before in t roduc-  
ing cal ibrant  gas in calibration experiments  and with 
the main  flow tube discharge a l ternate ly  on and off in 
etching experiments.  The difference in Si I emission 
intensi ty  was used as an indicator of concentration. 

Calibrat ion of the emission in tensi ty  per uni t  flow 
of Si into the sampling system was achieved by di lut-  
ing a s tandard 1% Sill4 in Ar mix ture  (0.6-8.5 sccm) 
with the etchant gas (50 sccm) in the reactor. Since 
the s tandard S i I ~ / A r  mixture  was added to the main  
flow in the reactor, it is not necessary to accurately 
know the sampling rate, provided it is constant dur-  
ing a series of measurements .  As a result, simple s tan-  
dard  addition methods (10) can be employed dur ing 
etching, which greatly simplifies the determinat ion of 
absolute etch rates. In  this case, Sill4 is a suitable cal- 
ib ran t  since it is converted to SiF4 before the sampling 
valve. Ideally, the cal ibrat ion mixture  should contain 
the final etch product. 

Results and Discussion 
Calibrat ion curves for the two Si emission lines, 

with s tandard  additions and no substrate in the reac- 
tion cell, are shown in Fig. 2. The emission in tensi ty  
scales l inear ly  with the silicon flow rate in the main  
flow tube, but  exhibits a small  intercept. We  believe 
the offset is a t t r ibutable  to a combinat ion of low sig- 
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Fig. 1. Diagram of discharge flow reactor including downstream 
atomic monitoring network. 

na l - to -no i se  in the  recorded intensi t ies  (e r ror  bars  in 
Fig. 2), and contaminant  emission levels  cont r ibu t ing  
n e a r l y  ha l f  of the total  in tens i ty  of the highest  ca l i -  
bra t ion points.  

The 251.61 and 252.85 nm emission intensi t ies  dur ing  
etching of a 1 cm2 silicon (100) subs t ra te  at  room tem-  
pe ra tu re  (298 K) were  measured  under  ident ica l  pres-  
sure and flow condit ions used dur ing  cal ibrat ion.  These 
da ta  are  indica ted  as crosses in Fig. 2, and correspond 
to silicon flow ra tes  dur ing  etching of 0.048 and 0.057 
sccm, respect ively.  Based on the subs t ra te  area, these 
flows give etch ra tes  of 2740 A / m i n  (251.61 nm) and 
3408 A / m i n  (252.85 nm) ,  in excel lent  ag reement  wi th  
a ra te  of 3040 A /min ,  ca lcula ted using the etch ra te  
[Eq. [8] of Ref. (7)]  from previous  studies (7). 

To demons t ra te  the feas ibi l i ty  of moni tor ing  re l -  
at ive etch ra te  changes under  var ia t ions  in process pa -  
rameters ,  we moni tored  Si I in tens i ty  as a function of 
subs t ra te  tempera ture .  Ar rhen ius  plots based on sev-  
era l  such exper iments  exhib i ted  act ivat ion energies  
of 0.07-0.13 eV which were  in reasonable  a g r e e m e n t  
with 0.108 eV (7) obta ined previously .  Higher  p re -  
cision was in i t ia l ly  ant ic ipated,  bu t  smal l  changes in 
pressure  drop dur ing  sample  heat ing led to va r i ab i l i ty  
in the sampl ing  rate.  This sens i t iv i ty  was also ob-  
served wi thout  hea t ing  by  in ten t iona l ly  in t roducing 
smal l  p r e s s u r e  changes, and doubt less ly  could be re -  
duced by  using closed loop pressure  control  wi th  a 
sensor located at  the sampl ing  point. 

Based on this exper ience  with  the downs t ream mon-  
i tor ing system, severa l  improvements  can be suggested. 
Increas ing  the d iamete r  of t ubu la r  l abo ra to ry  reactors  
in addi t ion to locat ing the pressure  control  sensor at  
the sampl ing  point  would  help. In l a rge r  scale indus-  
t r ia l  etching, the pressure  effects would be minimal ,  
and sensor locat ion m a y  not  be crit ical.  In  addit ion,  
the moni tor  discharge should be opera ted  at  as low a 
pressure  as possible in o rde r  to minimize sens i t iv i ty  to 
process s t ream pressure .  F ina l ly ,  to guard  against  pe r -  
tu rba t ion  of the e lec t ron energy  d is t r ibu t ion  function 
in the moni tor  discharge f rom di lu ted  process gas, 
e tchant  could be de l ibe ra te ly  added  to the Ar  or He 
ca r r i e r  (perhaps  1% by  volume)  so the sample  s t ream 
etchant  contr ibut ion  (0,1% by volume here)  is negl i -  
gible. These precaut ions  should ensure that  the  moni -  
tor ing  discharge proper t ies  are  to ta l ly  independent  of 
the etching reactor.  

The s igna l - to -noise  rat io  observed in this s tudy 
(e r ror  bars  in Fig. 2) indicates  a m in imum etch ra te  of 
a few hundred  A / m i n  per  cm 2 subst ra te  a rea  can 
be measured  by  downs t ream atomic monitor ing.  F rom 
simple solid angle  considerations,  we  ant ic ipate  sensi-  
t iv i ty  could be improved  a hundred - fo ld  b y  opt imiz-  
ing the opt ical  collection efficiency. Fur the rmore ,  in 
the absence of over lapp ing  emission f rom the e tchant  
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Fig. 2. Calibration curves for Si I emission at 251.6 nm ( 0 )  and 

252.8 nm (11). Ordinate values represent intensities corrected for 
background contamination , and crosses indicate emission levels ob- 
served for etching of 1 cm~ Si sample under conditions noted in 
the text. Error estimates are indicated for the highest intensity 
data points. 

and sample  di luent  gas species, opt ical  bandpass  filters 
can be used ins tead of a monochromator  to increase 
sens i t iv i ty  and s impl i fy  the detect ion system. This 
type  of appa ra tus  could easi ly  be added to product ion  
reactors  for etch ra te  moni tor ing  and end-po in t  de -  
tection. 

Conclusions 
A new method for moni tor ing  etch processes has 

been descr ibed using atomic emission f rom products  
exci ted  downs t ream of the react ion zone. Quant i ta t ive  
in situ etch ra te  measurements  have been demon-  
s t rated,  and the technique should be va luable  for the 
rap id  measurement  of etch rates.  Background  in t e r f e r -  
ence was present  which requ i red  correct ion;  however ,  
i t  arose from contaminat ion  and may  be absent  in 
o ther  systems. Downs t ream atomic moni tor ing  can be 
eas i ly  appl ied  to end-po in t  detect ion and is a useful 
diagnost ic  for  gas phase etching wi th  molecu la r  species 
(no d ischarge) .  
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scr ipt  rece ived  Nov. 3, 1982. 

Any  discussion of this  pape r  wil l  appea r  in a Dis-  
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Observation of Nickel Inclusions in Thermally Grown NiO Scales 
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ABSTRACT 

Films of NiO thermally grown at 900~ in various oxygeri pressures were examined using magnetic resonance tech- 
niques. The NiO films were grown in Ar-O2 gas mixtures which varied from 0.1 to 1 atm oxygen pressure. Samples were 
then removed from the nickel substrate and examined using magnetic resonance. These exper iments  detected discrete ci- 
gar or  pancake particles of metal]ic nickel embedded  in the NiO scale. Careful examination of these films using optical 
microscopy also revealed the presence of nickel particles in the NiO external  scale. From these results, a model  for the oxida- 
tion of nickel  based upon grain boundary oxidation was developed which incorporates the formation of metallic nickel  in- 
clusions in NiO scale. Such results add further insight into the mechanism of oxidation of nickel and reveal further deviation 
from simple bulk diffusion growth models. 

The h igh  t e m p e r a t u r e  oxida t ion  of  n ickel  has been 
ex tens ive ly  s tudied over  the  years  for  obvious reasons. 
Since only  one oxide, NiO, is formed,  this sys tem is an 
exce l len t  candida te  for mechanis t ic  s tudies o f  ox ida -  
tion. I ts  posi t ion is fu r the r  enhanced by  the rea l iza t ion  
tha t  a d i lu te  so lu t ion  of point  defects  exists  in pure  
NiO. Direct  corre la t ions  be tween  defect  populat ions  
and oxide  g rowth  are  then possible since there  wil l  be 
l i t t le  defec t -defec t  interact ions.  Fu r the rmore ,  since 
n ickel  is a common base me ta l  for many  high t e m p e r a -  
ture  superal loys ,  measu remen t  of i ts h igh  t empera -  
ture  corrosion resis tance is of ex t r eme  prac t ica l  i m -  
portance.  

The rmograv ime t r i c  studies of n ickel  oxida t ion  gen-  
e ra l ly  d i sp lay  s imple  parabol ic  growth,  thus making  
the growth  of NiO on Ni a typ ica l  case for  Wagner ' s  
model  of bu lk  diffusion control led  growth  (1-2).  The 
supposed p r edominan t  point  defect  is genera l ly  agreed  
to be vacancies  in the n ickel  sublat t ice .  More inves t i -  
gat ions agree  tha t  doubly  charged vaCanc~ies of n ickel  
V"Ni a r e  the p redominan t  defect  (3, 4). These studies 
a re  based on a Po21/8 dependence  on conduct ivi ty.  H o w ,  
ever,  o ther  studies have  shown a Po21/4 dependence,  
indica t ive  of s ingly  charged n ickel  vacancies V'Ni (5, 
6). Morphological  s tudies  however ,  indicate  ser ious 
complicat ions  (7-27). Very  pure  nickel  samples  when 
oxidized develop an equiaxed  gra in  wi th  increased 
poros i ty  ad jacen t  to the m e t a l / o x i d e  interface.  If  im-  
pu re  samples  a re  u sed  then the morpho logy  changes 
d ramat ica l ly .  The  oxide  develops  a two l aye r ed  micro-  
s t ruc ture  of single phase of NiO. The outer  l aye r  is 
n o w  co lumnar  gra ined  whereas  the  inner  l aye r  remains  
equiaxed  and porous. M a r k e r  s tudies  are  even more  
contusing. I f  only  an equiaxed  gra in  s t ruc ture  is p r e v a -  
lent~ then the marke r s  r ema in  at  the  m e t a l / o x i d e  in-  
terface indica t ing  growth  is due to t r anspor t  of n ickel  
th rough  the  oxide,  and consequent  flux of n ickel  va -  
cancies. M a r k e r  studies on two l aye red  NiO scales, 
show the marke r s  move to the co lumnar  g r a i n / e q u i -  
axed  gra in  interface.  This indicates  tha t  mixed  t r ans -  
por t  perhaps  also involving oxygen is occurring.  Trace r  
diffusion studies have shown that  besides ou tward  d i f -  
fusion of n ickel  ions, there  can also be inward  diffusion 
of oxygen  (17). This inward  diffusion can be e i ther  
long te rm or  occur  upon ini t ia l  oxida t ion  wi th  shor t -  
c ircui t  t r anspor t  down gra in  boundar ies  or  l ine dis loca-  
tions. Consequently,  the  parabo l ic  ra te  law is often 
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viola ted  when measured  at  short  t imes b y  t h e r m o -  
g r a v i m e t r i c  techniques or at  low tempera tures .  Below 
900~ oxidat ion  rates  are  fas ter  than  the parabol ic  
ra te  (1). An added  complicat ion also arises as oxide ~ 
scale format ion  m a y  v a r y  f rom compact  to duplex  
causing void format ion  and a var ia t ion  in oxida t ion  rate  
(14). 

As a resul t  of the  complicat ions involved wi th  mea -  
sur ing oxide g rowth  rates  by  the rmograv ime t r i c  tech-  
niques, we have unde r t aken  a magnet ic  s tudy to fu r -  
ther  character ize  NiO films carefu l ly  grown under  con- 
t ro l led  conditions,  to provide  addi t iona l  insight  into 
the  g rowth  and provide  comparison wi th  the  impl ica-  
tions of TGA analysis.  

Experimental Procedure 
Nickel  wafers,  > 99.998% nickel,  12 m m  in d iameter ,  

1.0 m m  t h i c k , a n d  ASTM gra in  size 3 were  cut  f rom 
a r o d  using a wafer ing  saw wi th  a d iamond blade.  The 
surfaces were  pol ished on 240 gri t  abras ive  paper .  
Af te r  c leaning and degreas ing in t r ichloroethylene ,  
samples  were  washed in ethanol.  Oxidat ion  was carr ied  
out  b y  suspending the samples  f rom p l a t i num wire  in 
a furnace  or by  oxida t ion  in a lumina  boats  in a tube 
furnace.  Oxidat ion  was car r ied  out in a flowing Ar-O2 
gas a tmosphere  thus set t ing the oxygen pa r t i a l  pres-  
sure (Po2). Both gases were  cleaned using Ascar i te  
and Drier i te .  Af t e r  ox ida t ion  the c i rcumference  of the 
sample  was removed  by  gr ind ing  to expose the un-  
oxidized nickel.  The sample  was p laced  in hot  50% 
HNO3 to dissolve the meta l l ic  nickel,  leaving in tac t  
NiO films. The films were  mechan ica l ly  robust  and 
showed ve ry  l i t t le  t endency  to curl. 

Magnet ic  resonance exper iments  were  p e r f o r m e d  
using a homodyne spec t romete r  opera t ing  at  X - b a n d  
( ~  9.5 GHz) .  Provis ion was made  to or ient  the films 
wi th  respect  to the appl ied  magnet ic  field as requi red .  

Stat ic  magnet iza t ion  measurements  were  pe r fo rmed  
using a v ib ra t ing  specimen magnetometer ,  a l igning the 
films para l l e l  or pe rpend icu la r  to the  appl ied  field as 
required.  The t empe ra tu r e  of measuremen t  in bo th  
systems could be set (__1 K) over  the 30-300 K range.  

Results 
A typica l  magnet ic  resonance of an NiO film is shown 

in Fig. 1. This oxide was grown 24 hr  a t  0.1 a tm Po2 
atg00~ 

In  de te rmin ing  to wha t  the  resonance is due, i t  is of 
in teres t  to consider:  (i) the  corre la t ion  if  any,  of t h e  
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sures (0.1 --~ Po2 --~ 1.0) the magni tude  of the resonance  
increases wi th  decreasing pressure .  At  low pressures  
( <  0.01 a tm) the resonance is absent.  The concentra t ion 
of vacancies  as deduced f rom the rmograv imet r i c  mea -  
surements  a re  p lot ted  in Fig. 3. As can be Seen, the  de -  
pendence on oxygen pressure  is comple te ly  different.  
We conclude f rom the r a the r  different  behavior  that  
the two exper iments  are  not s imply  connected. 

On heat ing a given film in oxygen  the resonance 
disappears  (Fig. 4). This is evidence that  Fig. 1 shows 
the fe r romagnet ic  resonance of meta l l ic  n ickel  inc lu-  
sions in t h e  as -g rown film. These inclusions are  com-  
p le te ly  sur rounded  by  oxide  since they  remain  af te r  
the oxide is removed  from the  meta l  by  acid. Direct  
evidence for  the n ickel  inclusions is shown in Fig. 5, a 

resonance to the rmograv imet r i c  measurements ;  ( is  
the dependence  of the magni tude  of the resonance on 
Po~ and the t ime of oxidat ion;  (iii) the t empe ra tu r e  
dependence  of the  resonance;  (iv) the shape of the  
resonance and its dependence  on the or ienta t ion  of the 
film with  respect  to the magnet ic  field; (v) the cor re -  
lat ion be tween  resonance and the s tat ic  magnet izat ion.  

Aspects  (i) and (ii) are  concerned wi th  es tabl ishing 
whe the r  or  not  the  resonat ing enti t ies  a re  re la ted  to 
convent ional ly  accepted growth  theory,  such as the  
parabol ic  ra te  constant  as moni tored  by  the rmograv i -  
metr ic  measurements  and the Po2 dependence,  to 
decide whe the r  this observa t ion  is a pe r tu rba t ion  of 
the accepted theory  or  a more  serious deviation.  

I tems (iii), ( iv) ,  and (v) a re  concerned wi th  inves t i -  
gating, by  magnet ic  means, the s t ructure  of the reso-  
nat ing enti t ies  ,with the  purpose  of developing ideas 
concerning the i r  formation.  

Aspects (i) and (ii): Magnitude o] resonance vs. Poz. 
- - F i g u r e  2 shows the magni tude  of the resonance vs. 
Po2 on a log- log  plot. As can be seen, there  is con- 
s iderab le  scat ter  in  the  data.  How, ever,  a t  high p res -  
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Fig. 4. NiO film resonance after annealing in oxygen 

Fig. 5. Optical micrograph of cross section of N i O  grown on 
pure Ni at 900~ 1 atm oxygen pressure for 1 week. Note the 
exlstenr of a small particle (designated by an arrow) near the 
metal oxide interface (magnification 1250X).  
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photomicrograph  of an NiO film grown at  0.1 a rm for 
160 hr  at  900~ 

Aspects (iii), (iv), and (v): Nature of the resonance. 
- - F o r  fe r romagnet ic  systems,  the  va lue  of the  magnet ic  
field of resonance is dependen t  upon the magne tocrys -  
ta l l ine  aniso t ropy constants  and also on the shape of 
the par t ic les  th rough  the demagnet iz ing  factors. The 
aniso t ropy of the resonance field here  has been s tudied 
by  va ry ing  the angle  of the magnet ic  field wi th  respect  
to the  no rma l  to the plane of the films. The resul ts  are  
shown in Fig. 6. 

The shift  in resonance field to lower  fields as the  
magnet ic  field approaches  the  or ienta t ion  of ly ing  in 
the p lane  of the film indicate  that  the n ickel  par t ic les  
have longer  d imensions  in the p lane  of ~he film com-  
pa red  to normal  to the p lane  of the  film. Using the 
fe r romagne t ic  equat ion of resonance (28), the deduced 
demagnet iz ing  factors  g i v e  a par t i c le  shape  t ha t  is 
e i ther  pancake- l ike ,  wi th  an axia l  ra t io  of 0.82, or  
c igar- l ike ,  wi th  an axia l  ra t io  of 0.75. We note that  the 
shi f t  in the resonance field wi th  or ienta t ion  observed 
here  is too la rge  to be accounted for  by  c rys ta l l ine  
an iso t ropy  effects. 

The wid th  of the  resonance is also ve ry  large,  again  
too large  to be ascr ibable  to the effects of magne tocrys -  
tallinek an iso t ropy  of nickel.  F igu re  7 shows the single 
c rys ta l  resonance wid th  of n ickel  obta ined  b y  com- 
pu te r  s imula t ion  (29) using the accepted values  for the 

dX')arbjt, 
~ - ~ U f l l T S ,  

FILM FIELD 
o - -  

j/ t ~ " 
7350 
GAUSS 

Fig. 6. Orientation dependence of sample on resonant field 

aniso t ropy energies.  Po lycrys ta l l ine  samples  would  l ead  
to a b roaden ing  of this  width  but  not be over  an order  
of magni tude  as is the case here. 

Exper imenta l ly ,  the  n ickel  containing films were  
s imula ted  by  mix ing  special  nickel  powder ,  re fer red  
to as "sponge nickel ,"  wi th  a lumina  to act as an iner t  
mat r ix .  The resul t ing resonance of a 1% nickel  powder  
in AI~O~ is shown in Fig. 8. The poss ib i l i ty  exists  tha t  
the large  l ine width  here is due to d ipo le -d ipo le  in te r -  
actions be tween  Ni par t ic les  and the powder .  To s h o w  
that  this is not  the case, the p repa red  Ni-A1203 mix tu re  
was fu r the r  d i lu ted  and the resonance observed.  The 
di lu ted  sample  produced a curve of decreased in tens i ty  
but  the genera l  shape remained  unchanged.  

As ment ioned  above, the width  of the resonance can- 
not  be due to t h e  aniso t ropy energy,  bu t  must  arise 
from the d is tor ted  par t ic les  o f  high poros i ty  which can 
produce  l ine widths  severa l  thousands of gauss wide 
(30). Their  morpho logy  is shown in Fig. 9. Thus we 
conclude tha t  the nickel  par t ic les  in our  films have a 
very  i r r egu la r  and porous surface s t ructure .  

A character is t ic  fea ture  of fe r romagnet ic  resonance 
in meta ls  is the decrease in the size of the resonance 
wi th  decreasing tempera ture .  The decrease  is a resul t  
of the microwave  pene t ra t ion  depth,  the "sk in-depth ,"  
decreas ing wi th  decreas ing t empera tu re  as the  conduc-  
t iv i ty  increases. The effect is indeed presen t  and is 
shown in Fig. 10. This is addi t ional  and s t rong evidence 
that  the resonance is fe r romagnet ic  in na ture  and 
"simple" to t empera tu re s  above 50 K. At  low t em-  
peratures ,  < 50 K, the resonance changes qua l i t a t ive ly  
to give a l ine of unusua l  shape. This indicates  tha t  a 
different  spin in te rac t ion  in the  inclusion, or  be tween  
the meta l  and  the oxide, becomes impor t an t  at  low 
tempera tures .  

The existence of this new low t empera tu re  effect 
is also manifes t  in the  stati.c magne t iza t ion  m e a s u r e -  
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Fig. 8. 1% nickel in AI20~, resonance 

Fig. 7. Computer simulated nickel resonance based on nlckel 
magnetocrystalline unisotropies. Fig. 9. Photomicrograph of nickel powder mixed with AI20~ 
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Fig. 10. Temperature dependence of NiO resonance 

ments. F igure  11 shows the magnet ic  m o m e n t / u n i t  a rea  
as a function of appl ied  magnet ic  field at  var ious  t em-  
peratures .  As can be seen there  is a qua l i ta t ive  dif-  
ference in the magnet iza t ion  curve at  t empera tu res  be -  
low 50 K. At  low t empera tu res  the change in slope is 
much  more  gradual ,  and the l inear  t rans i t ion  decreases 
as the t empera tu re  decreases.  

At  both high and low tempera tures ,  the stat ic mag-  
net izat ion is quite anomalous.  First ,  the t empera tu re  
independence  of the magnet iza t ion  at  low field sug-  
gests domain  wal l  motion and the expecta t ion  tha t  the 
magnet iza t ion  should sa tura te  at high fields. However ,  
the magnet iza t ion  at  high fields is a monotonica l ly  in-  
creasing function of appl ied  field and surpr i s ing ly  in-  
dependent  of tempera ture .  I t  is in teres t ing  to notice 
that  the magnet iza t ion  of the films wi th  the appl ied  
field para l l e l  and pe rpend icu la r  to the surface shows a 
shape aniso t ropy as in the resonance exper iments .  
Fi lms whose surfaces are perpendicu la r  to the field 
exhibi t  the change in slope at h igher  field. Fi lms pa ra l -  
lel  show the  change at  lower  fields; the shape  a;~isot- 
ropy  in this or ienta t ion is the direct ion of easy mag-  
netization. The elast ic i ty  of the magnet izat ion,  together  
wi th  the lack of t empera tu re  dependence,  indicates  tha t  
there  is s t rong exchange coupling be tween  the Ni in-  
clusions and the oxide matr ix .  This in teres t ing  ob-  
servat ion  is wor thy  of fur ther  s tudy  using torque mea -  
surements  such as those of Berkowitz  et al. (31). The 
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Fig. 11, Temperature and orientation dependence of d-c mdg- 
netization of NiO films. 

magnet iza t ion  of 'a thin disk of pressed  Ni-A12Os 
powder  is pe r fec t ly  conventional .  The  resul ts  are  
shown in Fig. 12. 

Discussion 
The exis tence of metal l ic  n ickel  in the NiO scale im-  

plies a mechanism more  complex than s imple  bu lk  
diffusion of nickel  vacancies in NiO. Indeed,  there  is 
abundant  evidence in the l i t e ra tu re  that  under  par t icu-  
la r  conditions, (low t empera tu res  ,-, 800~ and high 
oxygen pressures  ~0.1 a tm)  oxygen diffusion down 
the oxide gra in  boundar ies  or cracks is responsible  
for a dup lex  gra in  s t ruc ture  (1, 14, 32). This consists 
of fine equiaxed grains  closest to the N J, changing 
ab rup t ly  to long columnar  grains  closest to the gas in -  
terface.  P l a t inum ma rke r s  r emain  s t a t iona ry  at  the 
in ter face  be tween  the gra in  types  (3, 13, 14). The 
t ranspor t  of oxygen into the film has been d i rec t ly  
verif ied by  t racer  s tudies  (17). Sar te l l  and Li (2) 
found that  there  was an ab rup t  s to ichiometry  differ-  
ence be tween  the oxide ad jacent  to the meta l  (green 
oxide)  and the oxide ad jacent  to the oxygen gas (b lack 
oxide)  and that  the marke r s  were  s i tuated at  the in-  
terface be tween  the two types  of oxide. Our  observa-  
tions add another  dimension to the process, namely,  
the existence of smal l  p la te le ts  of Ni metal ,  in the ox-  
ide. This morphology  also only occurs under  specific 
conditions. 

Some speculat ions on the mechanism of format ion  are  
given: The genera t ion  of metal l ic  n ickel  in  the  scale 
m a y  be re la ted  to significant contr ibut ions  of gra in  
boundar ies  in the meta l  to the  scale growth.  Given 
tha t  oxygen penet ra tes  the scale by  gaseous diffusion 
down cracks or  void ne tworks  in the oxide film, sub-  
s tant ia l  amounts  of oxygen could resul t  at  the NiO-Ni  
interface.  Rapid  t r anspor t  down the metal l ic  Ni gra in  
boundar ies  would occur, resul t ing in prec ip i ta t ion  of 
NiO in the bounda ry  upon exceeding the so lubi l i ty  
product  of NiO in Ni. Stress  generaUon due to NiO 
nucleat ion at the gra in  boundar ies  would  therefore  en-  
hance this effect. The gra in  boundar ies  would  then 
continue to accelera te  the nuclea t ion  of NiO prec ip i ta -  
tion. F igure  13 schemat ica l ly  i l lus t ra tes  the enhanced 
and cont inual ly  accelera t ing  grain boundary  nuc lea-  
t ion of NiO. Because of such p re fe ren t i a l  paths  the 
gra in  then becomes comple te ly  sur rounded  by  oxide, 
and is incorpora ted  as a par t ic le  i n  the oxide film. 
Fur ther ,  if oxidat ion  of the Ni par t ic les  requires  bu lk  
diffusion through the sur rounding  NiO (33, 34) the  
inheren t ly  slow process al lows t r ans i to ry  existence of 
such part icles .  On the o ther  hand, close to the Ni 
me ta l  where  such inclusions are  being formed,  the 
cation vacancy concentra t ion is also p re sumab ly  small ,  
also a l lowing the t rans i to ry  existence of the  enti t ies  in 
question. Even tua l ly  the nickel  par t ic les  wil l  be oxi-  
dized to NiO. Fur the rmore ,  the  in situ oxidat ion  of 
such par t ic les  would  be another  source of stress in 
the oxide  and may  cont r ibute  to the genera t ion  of the 
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Fig. 12, D-C magnetization curve of 1% nickel in AI20~ 
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observed morpho logy  of NiO growing  on Ni. Fa i r l y  
s t rong evidence in favor  of this model  is p rov ided  by  
our  observa t ion  tha t  cold rol l ing the me ta l  subs t ra te  
before  oxida t ion  g rea t ly  increases the number  of  meta l  
inclusions found in oxide. 

A second possible mechanism can also be visualized. 
Genera t ion  of a localized nonequi l ib r ium condit ion in 
the NiO m a y  resul t  in  the decomposi t ion of the NiO 
resul t ing  in the genera t ion  of voids and metal l ic  n ickel  
part icles.  Al though  no expe r imen ta l  evidence for  such 
condit ions exists, nevertheless ,  such condit ions m a y  be 
genera ted  f rom models  of vacancy wind  effects or  d i f -  
fusional  fluxes a round  iner t ;  second phase part icles .  In  
such cases it may  be poss ib le  to genera te  local ly  ve ry  
low oxygen pressures  thus decomposing in situ the ex-  
ist ing NiO. 

The observed  meta l  inclusions in the oxide film can-  
not be the  resul t  of a s t eady-s t a t e  p l ana r  g rowth  
model;  some large  change in the mechanism or  bound-  
a ry  cOnditions must  have occurred to produce  the non-  
equ i l ib r ium inclusions we observe. 

The meta l lograph ic  observat ions  of a co lumnar  ox-  
ide l aye r  above an equiaxed  l aye r  is suggest ive of a 
significant change in growth  mechanism and defect  
concentra t ion at the  in terface  be tween  the two regions. 
At  some state, a difference in flux across the bounda ry  
could produce  a prec ip i ta t ion  of nickel  metal .  The re-  
sult  that  co ld -worked  surfaces  p roduce  films wi th  a 
s ignif icant ly l a rge r  n u m b e r  of inclusions suggests that  
dislocations or  sub-boundar ies  a re  impor tan t ;  perhaps  
these de te rmine  the size of the  oxide grains. 

Ano the r  poss ibi l i ty  is tha t  increased ver t ica l  cracking 
occurs wi th  th icker  films. The rap id  diffusion of oxy-  
gen down these cracks to regions c lose r  to the  me ta l -  
oxide  interface  may  dras t i ca l ly  increase  the  cation 
vacancy concentra t ion on the crack surface. Lalauze  
and Meunie r  (35, 36) have  shown that  the  sudden ex-  
posure  of NiO to oxygen  increases  the cat ion vacancy 
to such an extent  that  cation diffusion is significantly 
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suppressed by  electr ic  fields. This m a y  induce the 
format ion  of the meta l  inclusions here.  

Conclus ions 
We have  shown tha t  under  the  oxida t ion  condit ions 

T : 900~ and 0.1 < Po2 < 1, n ickel  oxide scales 
formed on n ickel  me ta l  contain meta l l ic  nickel  inclu-  
sions. These inclusions a r e  wi th in  the oxide and a r e  

cigar  or pancake  shaped, wi th  the  long axis  ly ing  
para l l e l  to the p lane  of the  film. 

The unders tand ing  of the mechanism by  which the 
meta l  inclusions are  formed and the i r  re la t ion  to the  
complexi t ies  of the oxide  growth  at  these pressures  and 
t empera tu res  mus t  awai t  a ca re fu l  s tudy  of the micro-  
s t ruc ture  of the meta l  substrate ,  the  micros t ruc ture  of 
the oxide film, and the re la t ionship  of these two factors 
to the number  of me ta l  inclusions. 
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JOURNAL. Al l  discussions for the December  1983 Dis-  
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Highly Sensitive Positive Electron Resists Consisting of Halogenated 
Alkyl  -Chloroacrylate Series Polymer Materials 

Tsukasa Tada 1 

VLSI Technology Research Association, Cooperative Laboratories, Takatsu, Kawasaki, 213, Japan 

ABSTRACT 

Halogenated alkyl ~-chloroacrylate series polymer materials, designed based on the molecular  orbital  theory, have been 
investigated as positive electron resists. Both high sensitivity and good thermal stability are accomplished at the same t ime 
for these positive resists. Detailed studies of an EBR-9 positive electron resist are also presented.  

With  the increase in in tegra ted  circui t  dens i ty  and 
the miniaturiz,ation of devices, advanced technology, 
such as e lec t ron beam or x - r a y  l i thography,  has been 
introduced.  In par t icu lar ,  e lect ron beam l i thography  
is now in the product ion level  for pho tomask  fabr ica -  
tion. One impor t an t  p rob lem in e lect ron beam l i thog-  
r aphy  is its t h roughpu t  as wel l  as its p rac t ica l  re -  
l iabi l i ty .  Since resis t  sensi t iv i ty  is one of the impor -  
tant  factors which de te rmine  the th roughput  of e lec-  
t ron beam exposure  systems, h igh ly  sensit ive and 
re l iable  electron resists  a re  required,  and many  h igh ly  
sensi t ive  e lect ron resists have been repor ted  so far. 

In  the previous  communicat ion  (1), we repor ted  a 
h ighly  sensi t ive posi t ive e lect ron resis t  EBR-9 con- 
sisting of po ly( t r i f luoroe thy l  ~-chloro.acrylate) .  This 
paper  describes the same series of ha logen-conta in ing  
posi t ive electron resists and more  deta i led studies of 
EBR-9. 

Molecular Design Consideration 
In developing  pract ica l  e lect ron resists, the  fol low- 

ing impor t an t  i tems should be taken  into considera-  
tion: (i) performance,  (it) processabi l i ty ,  and (iii) 
supply.  The first concerns sensit ivi ty,  resolution,  etch 
resistance,  and so forth,  which a r e  known to be ma jo r  
factors of e lectron resists. The second concerns process 
to lerance or easiness for processing, such as insensi-  
t iveness to humid i ty  or l i t t le  pos tpolymer iza t ion  effect. 
The th i rd  concerns easiness for qual i ty  control,  easi-  
ness for ma te r i a l  synthesis,  cost, etc. Al though  the 
firs,t i tem a lways  laid emphasis  in eva lua t ing  elec-  
t ron resists  in compar ison wi th  the  o ther  two items, 
prac t ica l  e lect ron resists are  based  on a good balance  
of these three  items. PMMA is a typical  example  o f  
such good ba lanced e lec t ron  resists. I t  should be 
stressed tha t  these three  i tems are  equ iva len t ly  im-  
por t an t  for prac t ica l  e lect ron resists. 

Consider ing the above three  items, one of the most 
appropr ia t e  po lymer  groups is ac ry la te  series po lymer  
mater ia ls .  This is because ac ry la te  series po lymers  
are  easy to be synthesized,  easy  for the  molecular  
weight  control,  and have  been wide ly  employed  for 
prac t ica l  use. They  also have a high to lerance  in 
select ing the i r  coating solvents or  developers .  Due to 

1Present address: Toshiba Research and Development Center, 
Saiwai, Kawasaki, 210, Japan. 
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the COO moiety,  they  genera l ly  have  a good or  mod-  
era te  adhesion to various substrates,  These proper t ies  
of ac ry la te  series po lymers  m a y  be closely connected 
with the fact tha t  most  of the  repor ted  e lect ron 
resists  consist of ac ry la te  series polymers .  

Therefore,  select ing acry la te  series polymers ,  we 
have in tended  the i r  molecu la r  s t ruc tura l  opt imizat ion 
for e lectron resists  by  modifying the ~-subst i tuent  A 
and the es ter  side chain B, as shown in Fig. 1. Sensi -  
t ive and pract ica l  posi t ive e lect ron resists  are  desired 
to sat isfy the  fol lowing conditions:  (i) high scission 
efficiency for  ionizing radia t ion,  (it) good solubi l i ty  
characterist ics,  and (iii) good the rmal  s tabi l i ty .  There-  
fore, subst i tuents  A and B should be selected to meet  
the above conditions. One may  ant ic ipate  that  high 
scission efficiency is inconsis tent  wi th  good the rmal  
s tabi l i ty .  However ,  molecular  Orbital theory  indicates  
that  scission efficiency by  ionizing rad ia t ion  is not  
a lways  corre la ted  with  tha t  by  heating.  Ex tended  
Hfickel calculat ions (2) suggest  that  ~-C1 subst i tuent  
enhances scission efficiency of the C-C ma in  chain 
bond for  ionizing rad ia t ion  while main ta in ing  re la -  
t ive ly  good the rmal  s tabi l i ty .  They suggest  tha t  
po ly (~-ch lo roacry la te )  has almost  the same the rmal  
s tab i l i ty  as p o l y ( m e t h a c r y l a t e )  does. At  the  same 
time, it  is also suggested that  halogen subst i tut ion into 
the  ester  side chain ma in ly  improves  solubi l i ty  char -  
acteristics.  ~-C1 subst i tuent  is also expected to en-  
hance glass t ransi t ion t empera tu re  by  suppressing 
Micro-Brownian  mot ion of polymers .  Therefore,  the 
combinat ion of ~-C1 subs t i tuent  and ha logena ted  a lky l  
ester side chain satisfies the  above three  conditions.  

A 

, , C H 2  C 

n 

coo B 
Fig. 1. Molecular structure of acrylate series polymers 
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Based on the calculated results (2) and the above 
speculations, we have designed halogenated alkyl a -  
Chloroacrylate series polymer materials as highly sen- 
sitive positive electron resists with good thermal 
stability, as shown in Fig. 2. 

Experimental 
Differential thermal analysi s (DTA) and thermo- 

gravimetric analysis (TGA) were carried out for the 
synthesized polymers to measure their grass transition 
temperature (Tg) and initial thermal degradation 
temperature (Tdi), respectively. 1~C NMR spectra 
were recorded at 25.05 MHz with the condition of 
suppressed Nuclear Overhauser Effect (NEE) using 
JEOL FX-100 FT-NMR spectrometer. Pulse width 
and pulse repetition time were 7 ~sec and 11 sec, re- 
spectively. X-ray photoelectron spectra were recorded 
on Kokusai Denki ES-200 spectrometer using alumi- 
num Ka radiation. Electron beam exposure was car- 
ried out at 20 kV accelerating voltage by using JEOL 
JBX-5AR or VL-R1 (3) electron beam exposure sys- 
tems. Dry etching experiments were performed by 
using NEVA DEM-451 reactive ion etching or IPC 
2 0 1 0  T plasma etching Systems. 

Resist Properties of Halogenated Alkyl 
a-Chloroacrylate Series Polymer Material 

Various halogenated alkyl ~-chloroacrylate series 
polymers were synthesized by conventional radical 
polymerization. The synthesized polymers are listed 
in Table I together with their electron beam sensi- 
tivity, developers, thermal properties and intrinsic 
viscosities [0]. PMMA's resist properties are also 
a d d e d  to Table I as reference data. The synthesized 
polymers were dissolved in methyl cellosolve acetate 
except for EBR-3 [poly(trichloroethyl a-chloroacry- 
late)] which was dissolved in dioxan. The dissolved 
polymers were spin coated on a silicon substrate with 
a 'thickness of 0.5/~m. After being prebaked for 1.0 hr 
at 190~176 the resist films were exposed to an 
electron beam at 20 kV accelerating voltage by using 
JEOL JBX-5AR electron beam exposure system. Sub- 
sequently, the exposed films were  developed and 
rinsed to selectively remove t he  exPosed area. In 
Table I, electron sensitivity is defined as the minimum 
electron charge density to completely remove the 
exposed area without decrease in resist thickness. 

As shown in Table I, the synthesized resist mate- 
rials consist of halogenated alkyl a-chloroacrylate 
series polymers. The resist materials of EBR-3 to 
EBR-11 consist of fluorinated or chlorinated alkyl ~- 
chloroacrylate series homopolymers. EBR-12 to EBR- 
95 consist of fluorinated alkyl ~-chloroacrylate series 
copolymers. In particular, EBR490 series are tri- 
fluoroethyl ~-chloroacrylate series~icopolymers. 

Among them, EBR-3 is the only properties consisting 
of chlorinated alkyl ~-chloroacryhte series homo- 
polymer, and corresponds to a modified type of EBR-1 
(4) [poly(trichloroethyl methacry!ate)].  In spite of 
similarity in chemical structure, EBR-3 has some dif- 
ferent properties from EBR-1. Firstly, EBR-3 does not 

 cH2 c' 
CO0 R(X) 

Fig. 2. Molecular structure of halogenated alkyl c~-chloroacry- 
late series polymers. 

Table I. Resist properties of halogenated alkyl 
a-chloroacrylate series polymers 

Sens9 
[~] ~vity 

Poly- (25"C, Tdi Tg (~C/ 
mere MEK) (~ (~ Developers  cm~) 

PMMA 0.90 220 105 MIBK 50.00 
EBR-3 0.60 230 142 ECS-PA 70-30 1.50 

9 0.92 230 133 M1BK-IPA 70-30 0.75 
10 1.20 220 120 MIBK-IPA 50-50 0.20 
11 0.49 240 120 MIBK-IPA 35-65 3.50 
12 0.44 230 138 MIBK-IPA 55-45 4.00 
13 0.59 220 - -  MIBK-IPA 60-40 1.75 
91 0.78 225 139 MIBK-IPA 65-35 1.00 
92-1 1.20 220 143 MIBK-IPA 9o-10 1.50 
92-2 0.00 225 144 MIBK-IPA 70-30 2.00 
93 0,98 230 145 MIBK-IPA 60-40 1.75 
94 1.45 300 108 ECS-BCS 80-20 1.75 
95 1.56 270 136 MCS 4.00 

EBR-3: poly (trich~0roethyl a-chloroacrylate) 
EBR-9: poly (trifluoroethyl a-chioroacrylate) 
EBR-10: poly (trifluoroisopropyl cz-chloroacrylate ) 
EBR-II: poly ( trifluero-t-butyL a-chloreacrylate) 
EBR-12: poiy (heptafluorobutyl a-chloroacrylate-Co-phenyl a-chlo- 

roacrylate) (62:38) 
EBR-13 : poly (1,1-dimethylheptafluorohutyl a-chloroaerylate-Co-n- 

butyl c~-chloroacrylate ) (50: 50) 
EBR-91: poiy~trifiuoroethyl a-chloroacrylate-co-methyl methacryl-  

ate) (95:5) 
EBR-92-1: poly(trifluoroethyl cz-ehloroacrylate-Co-phenyl a-chloro- 

acrylate) (75:25) 
EBR-92-2: poly (trifluoroethyl ~-ehloroacrylate-Co-phenyl ~-ehloro- 

acrylate) (50:50) 
EBR-93: poly(trifluoroethyl a-chloroacrylate-Co-methaerylie acid) 

(94:6) 
EBR-94: poly(trlfluoroethyl ,*-ehloroacrylate-Co-t.butyl methacry-  

late)  (60:40) 
EBR-95: poly(trifluoroethyl aochloroacrylate-Co-t-butyl a-ehloro- 

acrylate) (70:30) 
MIBK: methyl  ieobutyl ketone 
ECS: ethyl eellosolve 
BCS: butyl cellosolve 
MCS: methyl  eellosolve 
PA: propyl acetate 
IPA: isopropyl alcohol 

thermally cross-link, while EBR-1 is easily cross-linked 
by heating. In this respect, EBR-3 shows a marked 
contrast to EBR-1. This difference is suggestive that 
a-methyl group in EBR-1 plays an important role in 
intermolecular cross-linking of EBR-1. Secondly, 
EBR-3 has a higher cross-linking point than EBR-1 
does, when exposed to an electron beam. In the case 
of EBR-1, cross-linking is observed in the dose region 
of more than 25 ~C/cm 2. On the other hand, EBR-3's 
cross-linking point is enhanced up to 50 ~C/cm2. 
Therefore, EBR-3 can be employed as a positive elec- 
tron resist in the dose region of less than 50 ~C/cm~. 
This result suggests that ~-C1 atom rather suppresses 
the intermolecular cross-linking of polymers in com- 
parison with a-CH3 group, a t  least in the case of 
trichloroethyl acrylate series polymers. 

Other resist materials consist of fluorinated alkyl 
~-chloroacrylate series polymers. In this series of re- 
sist materials, the following trends are observed. 
Firstly, as the number of fluorine atom in alkyl group 
is increased, solubility to organic solvent is deterio- 
rated and it becomes difficult to select the coating 
solvents or developers. In this respect, it is undesir- 
able to employ the polymers containing exceedingly 
many fluorine atoms. Secondly, as the size of fluori- 
nated alkyl group is increased, it becomes difficult to 
synthesize sufficiently high molecular weight poly- 
mers. Yet it can be observed that there is no trend 
i n  which the polymers with large fluorinated alkyl 
ester side chains are particularly highly sensitive. 
So the polymers with exceedingly large fluorinated 
alkyl group are not desirable as highly sensitive and 
practical positive electron resists. In general, these 
fluorinated alkyl a-chloroacrylate series polymers d o  
not cross-link in the dose region of less than 400 ~C/ 
cm~. In this respect, these fluorine containing polymers 
are in a sharp contrast to EBR-3. This difference can 
be easily attributed to the chemical reactivity differ- 
ence between C-F and C-C1 bonds in alkyl group. As 
i s  evident from Table I, these resist materials gen- 
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era l ly  have  high sens i t iv i ty  which is one or  two orders  
magni tude  h igher  than that  of PMMA, indicat ing that  
these halogen containing resists sat isfy the  high-  
th roughput  EB exposure  system. Their  Tg and Tdi 
data  in Table  I show tha t  thei r  t he rmal  s tab i l i ty  is 
nea r ly  equal  to or be t te r  than tha t  of PMMA. In pa r -  
t icular,  thei r  Tg is h igher  than that  obta ined wi th  
P M M A  This is an indica t ion  that  they  have a high 
process to lerance  to the rmal  processes such as post-  
baking  or  p lasma  etching processes. 

Because of easiness for po lymer  synthesis,  var ious  
t r i f luoroethyl  a -ch lo roacry la te  series copolymers  were  
synthesized as EBR-90 series. Their  resis t  p roper t ies  
a re  a lmost  the  same as those obta ined with  EBR-9, 
excep t - for  EBR-94 and 95, which are  t he rma l ly  cross- 
l inked  type  posi t ive resists  l ike  p o l y ( m e t h a c r y l i c  an -  
hydr ide)  (PMAH) (5). Due to t - b u t y l  ester side 
chains, EBR-94 and 95 are  t he rma l ly  c ross - l inked  and 
become insoluble  to organic solvent  by  convent ional  
p rebak ing  process (250~ 1 h r ) .  The most l ike ly  ex-  
p lana t ion  for this phenomenon is that  hea t ing  process 
generates  in ter  or in t ramolecu la r  C ( = O ) - - O - - C  (----O) 
bonds by  the e l iminat ion  of t - bu ty l  group. Their  
fa i r ly  high Tdi values are  easi ly  expla ined  by  t h e i r  
in ter  or in t r amolecu la r  cross- l inking.  Concerning 
EBR-91 to 93, a l though some deter iora t ion  in sensi t iv-  
i ty  is observed,  they  are genera l ly  h ighly  sensit ive 
and have h igher  Tg and be t te r  adhesion than those 
obta ined with  EBR-9. Their  r e l a t ive ly  high Tg values  
can be  a t t r ibu ted  to the i r  pheny l  group (EBR-92) or  
carboxyl  group (EBR-93) which suppress the i r  micro-  
Brownian  motion. EBR-92 is also expected to have  
a h igher  d ry  etch resis tance than EBR-9 does. 

As ment ioned above, ha logenated  a lky l  a -ch lo ro-  
ac ry la te  series posi t ive resists have  high sensi t ivi ty  
which is one or two orders  magni tude  higher  than that  
of PMMA. Yet they  have almost  the same or be t te r  
the rmal  s tabi l i ty  than  PMMA does. Namely,  a l though 
h igh ly  sensi t ive posi t ive e lec t ron resists  have tended 
to be t he rma l ly  unstable,  both high sensi t iv i ty  and 
good the rmal  s tab i l i ty  are  accomplished at the same 
t ime for  these halogen containing posit ive resists, as 
suggested by  the molecu la r  orb i ta l  c a l c u l a t i o n s  (2). 
Therefore,  these ha logena ted  a lky l  ~-chloroacryla te  
series po lymers  can serve as prac t ica l  posi t ive elec-  
t ron resists  for VLSI.  

Some Properties of EBR-9 Positive Resist 
Since EBR-9 is most easi ly  synthesized and a typica l  

example  of ha logena ted  a lky l  =-chloroacryla te  series 
resists  discussed in the  previous  section, EBR-9, in 
par t icu lar ,  has been s tudied  in deta i l  as a posi t ive 
e lect ron resist.  This section presents  more  deta i led  
studies of EBR-9 as a represen ta t ive  sample  of ha lo-  
genated a lky l  ~-chloroacry la te  series posi t ive resists. 

NMR and XPS anaIyses.--In order  to ident i fy  the  
synthes ized poly  ( t r i f luoroethyl  =-chloroacry la te )  
(EBR-9) ,  I3C-FT NMR measurements  were  carr ied 
out  wi th  the condit ion of suppressed NOE. F igure  3 
shows 13C NMR spec t rum of the synthesized p o l y ( t r i -  
f luoroethyl  ~-chloroacryla te)  dissolved in acetone-d6. 
F rom the quar te t  sp l i t t ing  due to three  equiva lent  
fluorine nuclei  in t r i f luoroethyl  group and analogy to 
NMR spec t ra  of o ther  acry la te  series polymers ,  each 
carbon a tom const i tut ing a po lymer  unit  is easi ly  
assigned, as shown in Fig. 3. The measured  signal  
posit ions and 13C-19F, 13C-C-19F coupling constants  
are  l is ted in Table  II. Since FT-NMR spect ra  were  
measured  wi th  the suppressed NOE condition, we can 
obtain quant i ta t ive  informat ion  about  each carbon 
a tom rat io  b y  in tegra t ing  thei r  signals (6). The est i-  
ma ted  carbon a tom ra t ios  a re  A:  B: C: D: E: _-- 1.00: 
0.99: 1.00: 1.04: 0.86. The r e l a t ive ly  smal l  va lue  of 
carbonyl  carbon a tom can be a t t r ibu ted  to the r e -  
main ing  smal l  NOE due to the re la t ive ly  la rge  Tt 
va lue  of carbonyl  carbon atom. Therefore,  these car-  

Table II. 13C NMR spectroscopic data of 
paly(trifluoroethyl c~-chloroacrylate) 

C a r b o n  

p o s t -  C-F coupl ing  
Uons:~ Signal positions (ppm) consta~ts (Hz) 

A 50.3, 51.68, 53.53, 54.04, 55.48 
B 63.40 J(13C-C-~gF) = 36.8 
C 67.5, 67.80, 68.29, 68.46, 68.56 
D 124.~8 J(:aC-Z~F) = 276.5 
E 168.u, 168.33, 168.44, 168.65, 169.0 

Carbon positions are indicated in Fig. 3. 

bon a tom rat ios confirm that  po ly ( t r i f luoroe thy l  = -  

chloroacry la te )  homopotymer  has  been a lmost  pe r -  
fect ly  synthesized.  The I~MR spec t rum in Fig. 3 also 
suggests that  the synthesized po lymer  is an usual  
atacAc polymer .  

F igure  4 shows a wide scan XPS (x - ray  photoe lec t ron  
spectroscopy)  spec t rum of po ly ( t r i f luoroe thy l  a -ch lo-  
roac ry la te ) .  F r o m  the XPS  spect rum in Fig. 4, we can 
get a genera l  view of the electronic s t ructure  of 
EBR-9. As shown in Fig. 4, valence band and C1 2p, C1 
2s, C ls, O ls, F ls  core e lect ron levels are  observed in 
the energy region of 800-14.00 eV (KE). In the  energy re -  
gion of less than  800 eV, signals of F, O, C, and C1 Auger  
electrons are  observed over lapped  wi th  the  signals  of 
secondary  electrons.  The ana lyzed  b inding  energies of 
each level  are  summar ized  in Table  III.  

Since X P S  spect ra  also provide  direct  informat ion  
about  the photoionizat ion cross sect ion of each energy 
level,  one can es t imate  effective high energy e lect ron 
sources for A1 Ks  x - r a y  radiat ion.  As ev iden t  from 
Fig. 4, photoionizat ion cross section of valence elec-  
trons, which cont r ibute  to the  format ion  of chemical  
bonding in EBR-9, is cons iderably  lower  compared  wi th  
those of o ther  core electrons,  indica t ing  tha t  most of 
the  high energy  electrons are  genera ted  from the inner  
core e lectrons of each atom. Par t i cu la r ly ,  F ls  photo-  

=l! 

CHz -- C - -  

, j !j - A COOCH ,CF: 

E B D I~iI 

B 
C r , ~  , 

Fig. 3. 18C-Nh,tR spectrum of synthesized poly(trifluoroethyl ~- 
chloroacry[ate). 
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Fig. 4. Wide scan XPS spectrum of poly(trifluoroethyl c~-chloro- 
acrylate).  
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Table III. Binding energies of each molecular orbital level in 
poly(trifluoroethyl a-chloroacrylate) 

Binding 
Energy levels energies (eV) 

Valence band 11.0 ~ 38.6 
C~ 2p~(3/2) 200.2 

2s 277.1 
C Is A �9 291.3 

B, C" 293.1 
D a 298.6 
E a 295.2 

O is C--O--C 538.7' 
C=O 540.4 

F Is 694.6 

.. Carbon positions are indicated in Fig. 3. 

ionizat ion cross section is observed to be fa i r ly  high. 
This suggests tha t  incorpora t ion  of fluorine atoms is 
effective for enhancement  of resis t  sensi t iv i ty  in the 
case of A1 K~ x - r a y  l i thography.  

EB exposure characteristics.--We have  s tudied three  
different  EBR-9 samples,  named as EBR-9(1) ,  9(2) ,  
and 9(3) ,  whose int r ins ic  viscosi ty [~] (25~ MEK)  
are  0.60, 0.92, and  1.91, respect ively.  Of these samples,  
EB exposure  character is t ics  of EBR-9 (1) were  a l r eady  
r epor t ed  in the previous  communicat ion  (1). F igure  5 
Shows EB exposure  character is t ics  of the three  EBR-9 
samples  (when developed with  r e l a t ive ly  s t rong con- 
di t ion wi thout  resist  thickness loss) .  As has been often 
pointed out  (7, 8), the factor  of high molecular  weight  
is favorable  in obta in ing h igh ly  sensi t ive posi t ive elec- 
t ron resists. As shown in Fig. 5, EBR-9 sensi t iv i ty  is 
en:hanced with  the  increase  in molecular  weight.  P a r -  
t i cu la r ly  in the case of EBR-9(3) ,  its sensi t iv i ty  goes 
as high as 0.25 #C/cm 2 af te r  being deve loped  with  
methy l  i sobuty l  ke tone  (MIBK) for  30 min. However ,  
as the  molecular  weight  is increased,  i t  becomes diffi- 
cult  to un i fo rmly  coat the  resis t  film or to filter the  r e -  
sist solution, and the res is t  fi lm becomes l iable  to 
swel l  in the  developing process. These t roubles  b r ing  
on serious p rob lems  for prac t ica l  use. 

F igu re  6 shows EB exposure  character is t ics  of EBR-9 
(2) wi th  modera te  molecu la r  weight ,  where  developing 
t ime and deve loper  composit ion are  changed. Two 
kir~ds of developers ,  6:4 M I B K - I P A  [Fig. 6 ( a ) ]  and 7:3 
M I B K - I P A  [Fig. 6 ( b ) ]  mixtures ,  are  employed,  in 
which MIBK and i sopropyl  alcohol ( IPA)  correspond 
to a good solvent,  and a nonsolvent  for EBR-9, respec-  
t ively.  As shown in Fig. 6, EB exposure  character is t ics  
cons iderab ly  differ  according to the  developing condi-  
tion. EBR-9 's  sens i t iv i ty  is increased in propor t ion  to 
the deve loping  t ime in both developers .  Al though the 
same t r end  is also observed in PMMA, EBR-9's  ~-value  
(slope of  the  sens i t iv i ty  curve)  is f a i r ly  independent  
of deve lop ing  t ime, whi le  PMMA's  -~-value tends to be 
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Fig. 5. EB exposure characteristics of three different EBR-9 sam- 
p!es, developing conditions: EBR-9(1): 6:4 MIBK-IPA(22~ 20 
min, EBR-9(2): 7:3 MIBK-IPA(22~ 20 min, EBR-9(3): MIBK(22~ 
30 mln; initial resist thickness: 0.5 ~m. 
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Fig. 6. EB exposure choracte6stics of EBR-9(2), (a) 6:4 MIBK- 
IPA developer (2TC), (h) 7:3 MIBK-IPA developer (22~ initial 
resist thickness: 0.5 #m. 

decreased wi th  developing time. In this point,  EBR-9 
shows a sharp contras t  to PMMA. Concerning the 
developer  composit ion,  developing ra te  and sens i t iv i ty  
are  increased with  MIBK composition. In  the case of 
6 rain developing time, for  example ,  7.0 and 3.5 #C/ 
cruz sens i t iv i ty  a re  obta ined  with  6:4 M I B K - I P A  and 
7:3 M I B K - I P A  developers ,  respect ively.  On the other  
hand, the -y-value tends to be decreased with  MIBK 
composit ion.  

Since degrada t ion  p redomina tes  at  least  in the dose 
region of less than  400 ~C/cme, EBR-9 can be employed  
as a posi t ive work ing  resist  in this dose region.  There -  
fore, by  control l ing developing condit ions such as com- 
posi t ion or time, the  EBR-9 resist  system can be ad-  
jus ted  to var ious  op t imum charge densit ies  differing 
f rom sys tem to system. In o ther  words,  EBR-9, l ike  
PMMA, has a high process to lerance to e lect ron beam 
dosages in contras t  to negat ive  e lect ron resists. Due to 
the re la t ive ly  h igh  Tg, EBR-9 is good in the rmal  s ta-  
b i l i ty  and is easi ly  processed. Like PMMA, EBR-9 's  
resolut ion depends  on the e lec t ron beam d iame te r  or 
e lect ron beam sharpness.  However ,  submicron resolu-  
t ion can be  easi ly  obta ined by  using a fine e lect ron 
beam with  the d iamete r  of less than 0.5 ~m. By using 
a sufficiently fine e lec t ron beam, 0.1-0.2 ~m resolut ion 
can be obtained.  F igures  7 and 8 show the 0.3 ~m 
line-0.7 ~m space EBR-9 resis t  profile, and the 0.2 ~m- 
0.5 ~m cross- l ine pat tern ,  respect ively.  As is evident  
f rom Fig. 7 and 8, EBR-9 is fu l ly  capable  of fabr ica t ing  
submicron fea ture  size. F igures  9 and 10 show the  1 
~m-ru le  EBR-9 resis t  pa t te rns  de l inea ted  b y  the 
VL-R1 elect ron beam exposure  system. As shown in 
Fig. 9 and 10, EBR-9 can be employed  for the fabr ica -  
t ion of 1 ~m-ru le  VLSI.  EBR-9 is successful ly em-  
ployed for  the  pho tomask  fabricat ion.  F igures  11 and 
12 show the chromium mask  pa t te rns  etched th rough  
EBR-9 posi t ive resist.  Both wet  and d ry  etching p ro -  
cesses a re  appl icable  for  EBR-9. Because of its h igh 
resolution,  EBR-9 is sui table  for  the  fabr ica t ion  of 
high qua l i ty  photomasks.  

Dry etch resistance.--As descr ibed  in the  previous  
section, EBR-9 has a lmost  the same the rmal  s tab i l i ty  
as PMMA does. Therefore,  one m a y  expect  tha t  EBR-9 
has a lmost  the same d r y  etch resis tance as PMMA 
does. However ,  EBR-9's  d r y  e tch resis tance fa i r ly  
differs f rom that  of PMMA. Its re la t ive  etch resistance 
(vs. PMMA) s t rong ly  depends  on etching condit ions 
such as etching gases or  etching methods.  Table  IV 
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Fig. 7. SEM photograph of a 0.3 ~m line-0.7 ~m space EBR-9 
resist profile. Fig. 10. SEM photograph of a I #m-rule EBR-9 resist pattern 

delineated by VL-R1 at a dose of 8 ~C/cm ~. 

Fig. 8. SEM photograph of a 0.2 #m-0.5 #m cross line EBR-9 
resist pattern. 

Fig. 11. Photomicrograph of an LSI chromium mask pattern 
(8.85 X 6.66 mm microprocessor chip) wet-etched through EBR-9 
positive resist. 

Fig. 9. SEM photograph of a 1 ,~m-rule EBR-9 resist pattern 
delineated by VL-RI at a dose of 10 #C/cm 2. 

summarizes the measured etching rate ratios of EBR-9 
and PMMA, where dry etching is performed in the 
three different etching conditions. The employed dry 

Fig. 12. Photomicrograph of a chromium mask pattern dry- 
etched through EBR-9 positive resist. 

etching systems are NEVA DEM-451 reactive ion etch- 
ing system and IPC 2010 T plasma etching system. The 
former is a parallel  plate type system capable of per-  
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Table IV. Measured etching rate ratios of EBR-9 and PMMA 
in various etching conditions 

Etching system NEVADEM-451 IPC 2010T 
- ~ i n g g a s  CCh-air (7:10) O~ CF~-O~ 

(96:4) 
R e s i s t s ' ~  

EBR-9 1.9 0.9 0.7 
PMMA 1.0 1.0 1.0 

forming  anisotropic  etching, and the la t te r  is a con- 
ven t iona l  p lasma  e tch ing  sys tem which iso t ropica l ly  
etches the  substrate.  The employed  etching gases are 
O2 gas and CF4-O2 (96: 4) mix tu re  gas for p lasma  etch-  
ing, and CC14-air (7: 10) mix tu re  gas for react ive  ion 
etching. The e x p e r i m e n t a l  resul ts  in Table IV  show 
tha t  EBR-9 has h igher  etch resis tance to isotropic 
p l a sma  etching than  PMMA does. In  the case of CF4-O2 
m i x t u r e g a s ,  for  example ,  EBR-9 's  etch ra te  is 7/10 of 
t h a t  of PMMA: However ,  an opposi te  resul t  is observed 
in the  case of react ive  ion etching. EBR-9 's  etch ra te  is 
nea r ly  two t imes  h igher  than  tha t  of PMMA when 
DEM-451 sys tem is employed.  

In  s0-cal led d r y  etching process, it  is considered that  
the fol lowing two types  of chemica l  react ions proceed 
on the surface of subs t ra tes  or  resists:  (i)  Chemical  
react ions  caused by  the  in teract ion be tween  p lasma-  
induced reac t ive  species and subs t ra te  a toms or resis t  
molecules ,  and  (it) Radia t ion  induced chemical  r eac -  
tions. In  isotropic p lasma  etching, the first type  is con- 
s idered  to predominate .  However;  in the  case of re -  
act ive ion etching, the above  two types  of  .chemical re -  
act ions a r e  consi.dered to proceed compet i t ively .  In  
this case, the  r e l a t ive  magn i tude  of  the two types  of 
chemical  react ions s t rong ly  depends  on the etching 
condit ions.  

Since EBR-9's  molecular  s t ruc ture  is designed to be 
eas i ly  degraded  by  ionizing radia t ion,  i t  is expected 
that  EBR-9 shows a re la t ive ly  low d ry  etch resistance 
in the  e tching condit ion when  the second type  of 
chemical  react ions predominate .  On the o ther  hand, in 
the  e tching condit ion when the first type  of chemical  
react ions predominate ,  EBR-9 is expected to show a 
r e l a t ive ly  h igh  d ry  etch resistance.  F rom this point  of 

view, the expe r imen ta l  resul ts  in Table IV are  easi ly 
understood.  In  o ther  words, the  expe r imen ta l  resul ts  
suggest  tha t  there  exists l i t t le  rad ia t ion  induced 
chemical  react ion in the p lasma  etching process, and 
tha t  the re la t ive  magni tude  of rad ia t ion  induced chem- 
ical react ions  is la rge  in the  react ive  ion etching con- 
dit ion l is ted in Table IV. Therefore,  i t  is expected that  
EBR-9 tends to have a r e l a t ive ly  low etch resis tance to 
react ive  ion etching. However ,  if an i so t rop ic  d ry  e tch-  
ing is pe r formed  in the e tching condit ion when the first 
type  of chemical  react ions predominate ,  EBR-9 is ex-  
pected to have a modera te  d ry .e t ch  resis tance.  We sug- 
gest tha t  EBR-9 is appl icable  to the  reac t ive  ion e tch-  
ing process by  careful ly  control l ing the etching con- 
ditions. F r o m  this point  of view, the deve lopment  of 
more  advanced anisotropic  d ry  etching systems which 
minimize  the resis t  or  subs t ra te  damage  is desired.  
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Microstructure and Electro-Optical Properties of Evaporated Indium- 
Oxide Films 

Z. Ovadyahu, 1 B. Ovryn2 and H. W. Kraner 

Brookhaven National Laboratory, Upton, New York 11973 

ABSTRACT 

The microstructures and electro-optical propert ies  of thermally evaporated indium-oxide films are given and dis- 
cussed. It is shown that  highly t ransparent  and conduct ing films can be prepared at relatively low (-150~ substrate tem- 
peratures,  with and without doping by tin. Results  of s toichiometry measurements  in conjunction with the Hall effect and 
crystal structure data suggest the existence of indium atoms with different valences in these films. This implies that the 
conduct ion mechanism in this material  may be more complicated than hitherto assumed. 

F i lms  of i nd ium-ox ide  and ind ium-ox ide  doped with  
t in (ITO) have  a wide  range  of appl ica t ion  in the  
field of optoelect ronic  devices. These mate r i a l s  a re  
fa i r  conductors  of e lec t r ic i ty  (wi th  room t empera tu r e  
conduct ivi ty ,  r ~ 103-104 (~%cm) -1)  and are  h ighly  
t r anspa ren t  in the vis ible  ( ~  90% in teg ra ted  t r ans -  

1 Present address: Department of Physics, Ben-Gurion Univer- 
sity of the Negev, Beer-Sheva, Israel. 

~Permanent address: Department of Physics and Astronomy, 
University of Rochester, Rochester, New York 11972. 

mission) .  Most of the p repa ra t ion  methods  cur ren t ly  
known (1-5) involve a r e la t ive ly  high subs t ra te  t em-  
pe ra tu re  ( > 300~ for a reasonably  good conduc-  
t iv i ty  to be obtained.  This r equ i remen t  m a y  be some-  
wha t  res t r ic t ive;  for example ,  photovol ta ic  devices 
based on amorphous  sil icon may  ser iously de te r io ra te  
at  e l eva t ed  t empera tu res  (6).  

In  this paper ,  we descr ibe  the  proper t ies  of e -gun  
evapora ted  ind ium oxide and ITO films. The choice of 
an e -gun  for  the process was l a rge ly  mot iva ted  b y  t h e  
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work  of Pan and Ma. (5). These authors  have  shown 
that  the  high qual i ty  films can be obta ined  by  the r -  
ma l ly  evapora t ing  In203 + 10% In f rom A1208 cruci-  
bles onto subs t ra tes  held  at 320~176 The high qual -  
i ty  of the  films was a t t r i bu ted  to the inclusion of me-  
tal l ic i nd ium in the  process. I t  can be a rgued  tha t  if 
the coevapora ted  ind ium plays  a nont r iv ia l  role in the  
evapora t ion  kinetics,  i t  is p robab ly  re la ted  to the  
quant i ta t ive  rat io  of the chemical  species involved.  We 
note tha t  the vacuum species observed when  In203 is 
evapora ted  f rom A1203 crucibles  are  In20, In, and 02 
in descending o rde r  of abundance  (7). I f  there  is in-  
deed an inherent  advantage  to be gained by  increasing 
the re la t ive  In content,  then an e -gun  evapora t ion  
might  prove beneficial. The vacuum species observed 
when In203 is evapora ted  f rom nonreac t ive  suppor ts  
(and an e -gun  should act l ike  one) contain more  (8) 
In than In20. Fur the rmore ,  since the l a t t e r  p rocedure  
involves fewer  independen t  degrees  of  f reedom, i t  
should resul t  in an easier  to control  method  of p r e p -  
ara t ion tha t  hopefu l ly  would  make  feasible the use of 
lower  subs t ra te  temperatures .  This goal  has p r e sum-  
ab ly  been achieved;  high qual i ty  films are  shown to be 
easi ly  ob ta inable  at  subs t ra te  t empera tu res  as low as 

150~ The feas ibi l i ty  of this p repara t ion  method  for 
amorphous-s i l i con-based  devices has a l r eady  been 
demons t ra ted  (9). 

The deta i led conduct ion mechanism in this ma te r i a l  
is not  wel l  unders tood at  present .  It is genera l ly  recog-  
nized (3, 5, 10) that  oxygen  vacancies  p lay  a dominan t  
role in this respect  even when the ma te r i a l  is doped. 
Some a t tempts  have been made  to de te rmine  the 
ac tua l  amount  of these vacancies but  the resul ts  were  
not  accurate  enough (1) to war ran t  a meaningfu l  in-  
te rpre ta t ion .  In  the course of character iz ing our  films, 
we have carr ied  out Ruther ford  back scat ter ing exper i -  
ments  wi th  the purpose  of e lucidat ing these questions. 
The results  for the  ac tua l  films' s to ichiometry,  thus, 
obtained,  in conjunct ion wi th  da ta  f rom electr ical  mea -  
surements  and crys ta l  s t ruc ture  data,  lead  us to some 
in teres t ing  ideas concerning the conduct ion mechanism 
as wel l  as the source of scat ter ing in this mater ia l .  

Experimental 
Samples  have been the rma l ly  evapora ted  f rom an 

e -gun  in an oi l-diffusion vacuum system opera t ing  at  
a base pressure  of 5 X 10 -7 Torr.  Dry  O2 (pur i ty  
99.9 % ) was admi t ted  th rough  a needle  va lve  ma in ta in -  
ing a pa r t i a l  pressure  of 2-6 X 10 -4  Torr  dur ing  ma te -  
r ia l  deposition. The evapora ted  ma te r i a l  was a hot -  
pressed t a rge t  of opt ica l -e lec t ronic  grade  In203 or  
In20~ + 9 (or less) mol percent  (m/o)  SnO2 (both of 
pu r i ty  99.997% or be t te r  by  Cerac, Incorpora ted) .  
Deposi t ion ra te  and film thickness were  measured  
in situ with a quar tz  c rys ta l  mon i to r  tha t  was ca l i -  
b ra ted  against  an opt ical  in te r ferometer .  Unless 
otherwise  ment ioned,  microscope glass-s l ides  were  
used as substrates .  The subst ra tes  were  mechani -  
ca l ly  c lamped to an a luminum res i s t ive ly  hea ted  
stage, equipped wi th  a thermocouple  to moni tor  
subs t ra te  tempera ture ;  The sample  stage w a s  
set  about  50 cm f rom the e -gun  and s l ight ly  
displaced from its center~ so as to block the rad ia t ive  
heat  or ig ina t ing  f rom the filament.  Therefore,  the only  
source of rad ia t ive  hea t  was the e l ec t ron -bombarded  
In203 whose tempera ture ,  as de te rmined  by  an opt ical  
pyrometer ,  was 1250 ~ • 50~ for a deposi t ion ra te  of 
0.5 • 0.25 A/ sec  which was typical .  

In  most  evapora t ion  runs,  an e lec t ron-microscope 
copper  grid (precoated  wi th  ~ 100A of  amorphous  
carbon) was a t tached to the  subs t ra te  stage in close 
p rox imi ty  wi th  the sample  so that  s t ruc tura l  analysis  
was pe r fo rmed  on v i r tua l ly  the same ma te r i a l  used 
for  e lect r ica l  or opt ical  measurements  (i.e., problems  
associated wi th  remova l  of the  film off the subs t ra te  
were  e l imina ted) .  The e lect ron microscopy was done 
in  a JEM-100C microscope opera ted  at  100 kV. 

The re la t ive  I n / S n  content  in the evaporan t  was 
probed by  x - r a y  fluorescence, whi le  the s to ich iomet ry  
of the resul t ing films was analyzed by  Ruther ford  
backscat ter ing.  For  the  lat ter ,  samples  were  deposi ted 
on thin carbon layers  suppor ted  by  a me ta l  frame.  A 
source of energet ic  s -pa r t i c l e s  was used for this ex-  
pe r imen t  in the  BNL research  Van de Graaf  (11). A 
241 Am s-source  measured  concur ren t ly  wi th  accurate  
pulser  measurements  a l lowed the energy  scale to be 
ca l ibra ted  to ~ 1 keV. Opt ical  measurements  in the 
range 0.3-0.65 #m were  made using an Appl ied  Physics  
Corpora t ion  (Cary  14) Recording Spect rophotometer .  

Elect r ica l  measurements  were  made on samples  that  
were shaped (by  use of masks)  into s t r ips  of 5 X 1 
cm wi th  two cur ren t  leads on e i ther  side a n d  two 
pairs  of "c lover  leaf" Hal l  contacts  along the s tr ip.  The 
l a t t e r  doubled as vol tage contacts for d-c  four -p robe  
res is t iv i ty  measurements .  Both the res is t iv i ty  and the 
Hal l  constant  were  measured  as a funct ion of t empera -  
ture  f rom 290 K down to 1.1 K. Hal l  effect da ta  were  
taken  in a s t andard  way  employing  fields of • 5000 
Oe. (The readings  of the Hal l  vol tage were  averaged  
on the two pe rpend icu la r  field orientat ions,  to cancel  
effects due to nonideal  geomet ry  or  a nonuni form cur-  
rent  dis t r ibut ion.)  

Results and Discussion 
Microstructure.--The films' mic ros t ruc ture  w a s  

probed by  t ransmission e lec t ron microscopy.  Charac-  
ter is t ic  micrographs  and diffraction pa t te rns  are  shown 
in Pla tes  1A-1E and Pla tes  2A and 2B. One feature,  
immedia te ly  seen f rom these micrographs,  is the  large  
d ivers i ty  in crys ta l l i tes  size and shape obta ined  under  
different  deposi t ion conditions, We have found tha t  the  
p a r t i a l  O2 pressure  dur ing  deposi t ion plays  a crucial  
role in the  growth  process. For  example ,  a c lear  t en-  
dency towards  a dendri t ic  g rowth  is observed once the 
02 pa r t i a l  pressure  is lowered  be low the nomina l  pres-  
sure. (See P la te  lB.)  Apparen t ly ,  the lack of bu i ld ing  
ma te r i a l  forces the  growing crys ta l  to maximize  its 
surface to volume ratio. Not surpr is ingly ,  such a film 
is also charac ter ized  b y  low l ight  t ransmiss ion (Fig. 1) 
and poor e lect r ica l  conduct iv i ty  (~ ,-, 102 ( ~ - c m ) - l )  
a l though the car r ie r  concentra t ion  can be ra the r  high 
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Fig. 1. Optical  transmission of five cbaLacteristic samples [re- 
fer to Plates 1-A-1-E for sample identification]. 
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Plate 2. Eiectron d]ffractlon patterns of evaporated pure indium 
oxide films: A--close to stoichiometry, B--prepared under nominal 
conditions. The four "extra" reflections (see text) are marked by 
black lines. 

Plate 1. Transmission electron micrographs of five typical sam- 
ples (thickness 250-300A) l -A: prepared at ,-~300~ substrate 
temperature using In203 -I- 9 m/o SnO2 as the evaporant, l-B: 
same as 1-A but with O2 reduced to 2-10 -5  Torr. 1-C: prepared 
at 150~ using pure In20~ a~s the evaporant, l-D: prepared at 
150~ using In20~ ~ 3 m/o Sn02 as the evaporant (dark field). 
l-E: same as 1-D except that In20~ -I- 7 m/o SnO2 was used as 
the evaporant (dark field). The black bar on the right of each 
plate is equivalent to 0.S #m. 

(4 • 1020 cm3). On the o the r  hand,  a too h igh  02 
pressure ,  though resul t ing  in  a film of exce l len t  opt ical  
t ransmiss ion ( ~  90% in the  v is ib le) ,  has p r e sumab ly  
too few oxygen vacancies (i.e., "donors")  to act as 
charge carr iers .  The cri t ical  role of the pa r t i a l  02 
pressure  can, thus, be na tu r a l l y  expla ined  as resu l t -  
ing f rom the conflicting requ i rements  of in t roducing  
enough oxygen vacancies wi thout  creat ing too many  
gra in  boundar ies  in the  process.  

The subs t ra te  t empe ra tu r e  seems to be less cr i t ical  
in this respect.  Reasonably  good conduct iv i ty  [~ ,~ 103 
(12-.cm) -1] i~ easi ly  and reproduc ib ly  obta ined for 

subs t ra te  t empe ra tu r e  as low as 130~ using pure  
In20~ as the evaporant .  In  fact, for undoped  films, 
increas ing this t empera tu re  to 250~ has no appa ren t  
advan tage  for  e i ther  the e lec t r ica l  conduct iv i ty  or  the 
t r ansparency  of the  films. In teres t ingly ,  the  la rges t  
gra in-s ize  and the best  coverage proper t ies  ( judged  
b y  the thickness at  which phys ica l  cont inui ty  is 

reached)  are  obta ined  at  the  lower  subs t ra te  t empera -  
ture.  The nea r -pe r f ec t  p l ana r  g rowth  affected at  
,,~ 150~ can be seen f rom the th ickness - in te r fe rence  
fr inges (Pla te  1C). 

Essential ly,  the  same behavior  is observed for  films 
doped wi th  t in excep t  tha t  the g ra in  size is somewha t  
reduced  (see Pla te  1D). We have  found that  the SnO2 
content  in the  s ta r t ing  ma te r i a l  should be cons ider -  
ab[y smal le r  than  the 9 m / o  usua l ly  used in spu t t e r ing  
targets.  In  fact, such h igh  concentra t ion of the dopant  
ma te r i a l  resul ted  in films of ve ry  poor  qua l i ty  unless  
the subs t ra te  t empe ra tu r e  was increased to ,~ 300~ 
The source of the p rob lem seems to be connected wi th  
the appearance  of an addi t ional ,  quas i -amorphous  
phase tha t  was identif ied from the diffract ion pa t t e rn  as 
Sr~O4. By da rk  field imaging techniques,  this  phase is 
seen to reside ma in ly  along gra in  boundar ies  (P la te  
1E). Note tha t  even though this quas i -amorphous  (and 
h igh ly  resis t ive)  phase has ve ry  smal l  re la t ive  vol-  
ume, i t  has a m a r k e d  de t r imen ta l  effect, not  only  on 
e lect r ica l  conduct ivi ty,  bu t  on opt ical  t ransmiss ion as 
wel l  (Fig. 1). S imi la r  problems were  encountered  in 
Ref. (4) where  spu t te r ing  techniques xvere employed.  
We have  found an  obvious corre la t ion be tween  the  
SnO2 content  in the s tar t ing ma te r i a l  (as de te rmined  
by  x - r a y  fluorescence) and the sever i ty  of the effect. 
Ei ther  an inc reased  subs t ra te  t empe ra tu r e  (300~ for 
10 m/o )  or a reduced SnO2 content  (3 m/o  for 150~ 
were  found effective in e l imina t ing  this problem.  We 
have also not iced a monotonous decrease of the S n / I n  
contents rat io (measured  by  x - r a y  fluorescence) in the  
evaporan t  that  is a t t r ibu ted  to a p re fe ren t i a l  sub l ima-  
tion of SnO2. This effect was more  apparen t  for  ta rge ts  
containing ~ 9 m/o  SnO2 for which  a reduct ion of ,~ 3 
m/o  in the l a t t e r  per  hour  of evapora t ion  was observed.  
Unless a continuous feed method  is employed,  p rob lems  
of inhomogenei t ies  are, therefore,  l ike ly  to be encoun-  
t e red  dur ing  pro longed  evaporat ions.  

The crys ta l  s t ruc ture  of the  evapora ted  IntO3 films 
is bas ica l ly  ident ical  wi th  the bu lk  s tructure.  There  are,  
nevertheless ,  some subt le  differences reflected in the  
electron diffraction pa t te rns  (Plates  2A and 2B). The 
diffraction lines observed in a typica l  conduct ing sam-  
ple  (Pla te  2A) are  l is ted in Table  I. Note tha t  al l  the 
observed reflections can be indexed on the basis of a 
bcc s y m m e t r y  with  a la t t ice  p a r a m e t e r  a ---- 10.09A 
(found from high angle x - r a y  diffraction exper iments  
on these films) which is only  0.3% sma l l e r  than the 
respect ive  bu lk  value  (12). The four  reflections (110), 
(200), (220), and (310) which  are  ext inct  in the  bu lk  
(13) are  ve ry  c lear ly  observed.  We bel ieve  tha t  these 
reflections are  real  since da rk  field micrographs ,  t a k e n  
f rom any of them, were  ident ica l  to one taken  f rom the 
" legi t imate"  (222) ring. Fur ther ,  a diffract ion pa t t e rn  
s imi la r ly  taken  from a h igh ly  res is t ive (p resumably  
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Table I. Diffraction lines observed in a typical conducting film 
of evaporated In20~-x (c! Plate l-B) indexed on a bcc 

basis with lattice parameter of 10.09A 

d (A) (hkl) 

7.13 (110) 
5.04 (2OO) 
4.125 (211) 
3.57 (220) 
3,20 (310) 
2.921 (222) 
2.70 (321) 
2.52 (400) 
2.38 (411) 
2.25 (420) 
2.15 (332) 
2.06 (422) 
1.98 (431) 

close to s to ichiometry)  film (Plate  2B) is in ve ry  good 
agreement  wi th  the bu lk  reflections in te rms of in tens i -  
ties. These ex t ra  l ines appear  for doped films as wel l  
but  the i r  re la t ive  in tens i ty  is somewhat  weaker .  

Optical measurements.--Optical t ransmiss ion curves  
for the  five represen ta t ive  thin films ment ioned  above 
are  shown in Fig. 1. Note tha t  except  where  s t ruc tura l  
complicat ions interfere ,  the  in tegra ted  t ransmission in 
the visible is ve ry  high and is p re sumab ly  l imi ted  
only b y  sca t ter ing  (for energies above the opt ical  gap) .  
This conjecture  was suppor ted  by  measurements  on 
th icker  films tha t  gave s imi l a r  resul ts  to those obta ined 
by  Fan  and Bachner  (4) in the 0.3-0.65~ range,  in pa r -  
t icular,  in ter ference  fringes were  c lear ly  observed.  The 
ref rac t ive  index was calcula ted f rom the posi t ion of 
the min imum reflectance as a function of thickness for 
films deposi ted on silicon wafers.  The value  of the re -  
f rac t ive  index  thus ob ta ined  (n = 2 _ 0.1) is in 
agreement  wi th  values  found by  other  researchers  (4, 
5). 

Stoichiometry.--A typica l  spec t rum obta ined from a 
Ruther fo rd  backsca t te r ing  expe r imen t  on an undoped 
film is shown in Fig. 2. The oxygen and i n d i u m p e a k s  
as wel l  as those due to (12) C (undoubted ly  coming 
from the backing film) are  c lear ly  observed.  By mea -  
sur ing the k inemat ic  factor,  the na r row  peak  in mid -  
scale is identif ied as sulfur,  and the broad  peak  above 
ind ium is p r e sumab ly  tungsten.  The tungsten peak  is 
b roadened  to the same ex ten t  as the oxygen  and in-  
d ium peaks indica t ing  tha t  this contaminant  (3 • 10 -4  
that  of the  ind ium content  on an a tom basis)  resides 
wi th in  the film. Most probably ,  this con taminant  comes 
f rom the e -gun  filament.  Apparen t ly ,  the precaut ion  
taken  to block the rad ia t ive  heat  genera ted  by  the 
e -gun  f i lament is not ve ry  effective in this respect.  We 
have indeed not iced the accumula t ion  of a ye l low de-  
posit  at the f i lament supports  a f te r  p ro longed  evapora -  
tions. This fac t  p r e sumab ly  means  tha t  f i lament con- 
taminat ion  ( though hopeful ly  minimized)  is st i l l  possi-  
ble wi th  the  presen t  evapora t ion  geometry .  The sulfur  
peak  (4 • 10 -3 that  of indium on an a tom basis) is 
r e l a t ive ly  na r row compared  to the ene rgy - lo s s -b road -  
ened O, In, and W peaks  which is d is t inc t ly  indicat ive  
of surface contaminat ion.  

,o,. j 

CHANNELS (ENERGy) 

Fig. 2. Typical Rutherford backcscatterlng spectrum tot a 
,~IO00A uudoped In203-= film.. 

Results  of three  machine  runs  at  energies  2.25, 2.08, 
and 1.28 meV gave for the  In /O atomic r a t i o  values  of 
0.755, 0.755, and 0.76, respect ively,  wi th  an accuracy of 

1%. I t  is in teres t ing  to note that  s imi la r  values (de-  
r ived  by  a less accurate  method)  were  repor ted  for t in-  
doped ind ium-ox ide  films sput te red  at  low powers  (4). 

Electrical measurements.--The room tempera tu re  
resist ivi ty,  ~, free car r ie rs  density,  N, and Hal t  mobi l -  
i ty,  ~H, for  doped and undoped In203-z films are  l is ted 
in Table II. The quoted ranges of these pa rame te r s  are 
typical  of w h a t  is ob ta inable  for  a given class (i.e., 
pure  and t in doped ind ium oxide)  using the present  
technique. These values are  based on at  least  20 
samples  in each group and are  character is t ic  of samples  
whose thickness is ~ 140A. Fi lms th inner  than  ,~ 100A 
m a y  not  be ye t  phys ica l ly  continuous, and natura l ly ,  
the i r  res is t iv i ty  was found to be thickness dependent .  

The resistance of a typical  film decreased by  10-15% 
upon cooling down from room tempera tu re  to ,~ 100 K. 
We have found tha t  this weak  t empera tu re  dependence  
can be fitted b y R ( T )  = Ro ~- AT~ in the 100-200K 
t empera tu r e  range. Such a dependence  is consistent 
wi th  phonon scat ter ing at t empera tu res  which are  
much lower  than  the Debye  t empera tu re ,  #D. This is 
p r e sumab ly  the  case here;  from the heat  capaci ty  da ta  
(14) we est imate,  using the Debye approximat ion ,  that .  
#D in this ma te r i a l  is ,~ 1000 K. 

At  low tempera tu res  (T < 100 K) ,  various anomalous  
t ranspor t  p roper t ies  associated wi th  d i sorder  sca t te r ing  
such as negat ive  TCR and magnetores is tance  were ob-  
served (15). The Hal l  constant,  however ,  was found to 
be t empera tu re  independent  down to ~ 1 K. This is a 
clear  indicat ion of a meta l l ic  (i.e., nonact ivated)  con- 
duct ion mechanism and should have been ant ic ipa ted  
considering the high ( ~  !02o cm -3) dens i ty  of carr iers .  
The elastic mean free pa th  in these conduct ing films 
w a s  es t imated  f rom the low t e m p e r a t u r e  measurements  
(15) to be 40-80A. These values  are considerably  
smal ler  than  even the smal les t  gra in  size ac tua l ly  ob-  
served (Plates  1A-1E).  Gra in  boundar ies  and surface 
i r regular i t ies  are, therefore,  not  l ike ly  to be the ma jo r  
source  of scat ter ing in this mater ia l .  

The room t empera tu re  res is t iv i ty  of films p repa red  
under  the condit ions out l ined above was found to 
change l i t t le  wi th  time, typ ica l ly  less than  _ 20% over  
a per iod  of a year,  independent  of s torage conditions. In  
contrast ,  samples  p repa red  at subs t ra te  t empe ra tu r e  
110 C, had  cons iderab ly  lower  f r ee -ca r r i e r  densit ies;  
N" ~ 8 �9 1018-5 �9 10 TM (and respec t ive ly  lower  conduct iv-  
ities) and the i r  res is t iv i ty  was s t rongly  influenced by  
the s torage envi ronment  even at room tempera ture .  
When  kept  in the l abo ra to ry  a tmosphere ,  the res is t iv i ty  
dr i f ted  towards  h igher  values in a ma t t e r  of days, a 
t rend  that  could be easi ly  reversed  by  s tor ing the sam-  
ple  in an evacuated  system. Hal l  effect measurements  
indica ted  tha t  this res is t iv i ty  change is essent ia l ly  a 
reflection of N changing in the above range (p resum-  
ab ly  due to oxygen atoms diffusing in and out of the 
ma te r i a l ) .  This fea ture  of the  l a t t e r  class of films, whi le  
c lear ly  undes i rab le  for most applicat ions,  is ve ry  
useful  for studies of the me ta l - i n su l a to r  t rans i t ion  
which is of much cur ren t  interest .  

Discus sion.--In this section, we wan t  to address  the 
question of the  basic conduct ion mechanism in ind ium-  
oxide  films when the dens i ty  of free car r ie rs  is la rge  
enough for  the  assumpt ion  of degeneracy  to be just if ied 

Table II. The range of room temperature electrical parameters 
of thermally evaporated indium-oxide films 

hr (10so #r~ (cm~/ 
p (cra) cm -8) Vsec) 

8-16 x i0-~ 0.S-l.l 60-95 
1.5-10 • 10 -i 2-6 45-70 

Undoped In~08-, 
In2Os-~ doped with 

Sn 
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(i.e., ~- 1019 cm-3). The e lec t ro-op t ica l  p roper t ies  of the  
In2Oz-x films descr ibed above appear ,  in most  respects,  
to be s imi la r  to those p repa red  by  o ther  methods.  We, 
therefore,  bel ieve tha t  the  fol lowing considerat ions  
should app ly  to such films in genera l  regardless  of the i r  
p r epa ra t ion  method.  Nevertheless ,  one should  bea r  in 
mind  tha t  the Ruther fo rd  backsca t te r ing  measu re -  
ments,  on which the fol lowing discussion hinges in an 
essent ia l  way, were  pe r fo rmed  only  on pure  ind ium-  
oxide films p repa red  under  the prescr ibed conditions. 

The oxygen  deficiency we observe  is qui te  signifi-  
cant, amount ing  to an average  of 5-6 oxygen  atoms 
leaving  each unit  cell. If  one adopts  the s imple  p ic ture  
tha t  each missing oxygen  a tom "leaves behind"  two 
electrons in the  conduct ion band,  one expects  to have a 
dens i ty  of ,~ 1022 cm -3 electrons,  r a the r  than  the 1020 
ac tua l ly  observed,  g iven this devia t ion  f rom stoichi-  
ome t ry  (which is much l a rge r  than the i m p u r i t y  con- 
tent )  and the fact that  the basic crys ta l  s t ruc ture  and 
la t t ice  spacing va lue  are  close to the "bulk"  values.  

One is forced to the  conclusion tha t  in each unit  cell  
some of the  In atoms must  have  a va lency different  
than  3 (to p rese rve  chemical  neu t r a l i t y ) .  I t  is quite 
possible  that  this m a y  also account for the somewhat  
reduced  crys ta l  s y m m e t r y  we observe in the e lect ron 
diffract ion pa t te rns  (Pla te  2-B).  In fact, it is difficult 
to unde r s t and  the coherent  change in c rys ta l  s y m m e t r y  
for  such large  grains  unless the oxygen deficiency is 
subs tan t ia l  (i.e., a number  of a toms per  each uni t  cel l ) .  
If such is the case, i t  becomes na tu r a l  to assume that  
the basic conduct ion mechanism involves charge t r ans -  
fe r  be tween  ind ium atoms of different  valencies. In  
o ther  words,  In203-x appears  to be a defect  s t ructure ,  
s imi lar  to the more  fami l ia r  case of Fe304 ~6 except  tha t  
in the  lat ter ,  band s t ruc ture  effects make  i t  a semicon-  
ductor,  whereas  the fo rmer  exhibi ts  meta l l ic  behav ior  
(a s emi -me ta l ? ) .  Band s t ruc ture  effects m a y  be im-  
po r t an t  in In203-x too; this m a y  expla in  the  high de-  
gree  of compensat ion  observed as the l a t t e r  is unac-  
countable  by  any foreign acceptor  agent  ( the impur i t y  
contents detected being only ,~ l0 is cm-8 ) .  A some-  
wha t  re la ted  quest ion and one tha t  is of prac t ica l  im-  
por tance  is the  sca t ter ing  mechanism of these films. 
Our  best  samples  show peak Hal l  mobil i t ies  of the 
o rde r  of 90 cm2/Vsec for N ,~ 1020 cm -3. This value  
of the mobi l i ty  seems to be d i so rde r - l im i t ed  and sug-  
gests an elastic mean,  free of the o rde r  of pa th  ,~ 80A. 
As noted before,  the  g ra in  size observed in these films 
is at  least  an order  of magn i tude  l a rge r  than  that,  and, 
therefore,  gra in  boundar ies  cannot account for this r e -  
s t r ic ted  mobil i ty .  Neut ra l  i m p u r i t y  sca t ter ing  is not 
l ike ly  to be impor tan t  ei ther;  for  that  case the mobi l i ty  
is g iven b y  (17) 

w%*e 3 
, -- [1] 

20 h a Ni e 

where  Ni is the  impur i t i es  concentra t ion  and , the  
dielectr ic  constant.  Using m* ,-~ 0.3 mo and , = 4, we  
gel: Ni ,~ 1021 cm -3 for  ~ = 90 cm~/Vsec, which is 
about  two orders  of magni tude  h igher  than the concen- 
t ra t ion  of foreign impur i t ies  ac tua l ly  measured.  Ap-  
parent ly ,  the  ma in  source of scat ter ing is of in t r ins ic  
na ture ,  most  l ike ly  involving the d isorder  associated 
wi th  the oxygen  vacancies themselves;  some disorder  
must  or ig ina te  f rom the fact that  the vacancies spa t ia l  
d is t r ibut ion  is pa r t i a l l y  random. This s imply  follows 
from a s to ichiometry  tha t  cannot be reconci led wi th  
the basic crys ta l  symmet ry .  

An  obvious coro l la ry  of this point  of v iew is tha t  a 
drast ic  improvemen t  in mobi l i ty  (and therefore  con- 

duc t iv i ty)  can be expected  on ly  if an oxygen-def ic ient  
s t ruc ture  of a definite favorable  s to ichiometry  could 
be coaxed f rom nature .  To date, most  of the efforts 
made  to improve  the conduct iv i ty  of the mate r ia l  fo- 
cused on increas ing the effective number  of free ca r -  
r iers  via doping. Al though  this method has been some-  
wha t  successful, it is c lear ly  se l f - l imi ted:  Insofar  as 
the dopant  atoms occupy random sites in the  host  
lattice,  the process of doping whi le  increas ing N cer-  
t a in ly  impai rs  the mobil i ty.  This resul ts  in an op t imum 
conduct ivi ty  of the o rder  of 5000 (~2 cm) -1 .  The work  
of Pan and Ma (5), as wel l  as the present  study,  have  
demons t ra ted  that  comparab le  conduct ivi t ies  can be 
easi ly achieved by  t he rma l ly  evapora t ing  pure  In203. 
In both works,  the improved  conduct iv i ty  was ob-  
ta ined  due to enhanced mobil i t ies  (by  as much as a 
factor  of 2) over  o ther  p repa ra t ion  methods.  In our  
view, a closer control  over  deposi t ion pa rame te r s  
(especia l ly  the ra te  to oxygen-p re s su re  ra t io)  m a y  con- 
ce ivably  resul t  in even h igher  mobi l i t ies  than  those 
p resen t ly  obtained.  
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ABSTRACT 

The physical nature of the electrically inactive arsenic in silicon was investigated by annealing experiments performed 
on specimens doped in a wide range of concentration, up to 4 x 1021 cm ~, obtained by ion implantation and laser annealing. 
Thermal treatments of these alloys at temperatures of 800 ~ 900 ~ and 1000~ provided solid solubility values which corre- 
spond to the carrier density in equilibrium with excess dopant. Additiona] confirmation that the electrically inactive arse- 
nic is a precipitated phase was obtained by the kinetics of the annealing process. The occurrence of precipitation in an 
amount  which is consistent with that of the electrically inactive dopant was confirmed by small angle x-ray scattering 
which provided also details on the size and shape of the particles. The latter are in form of thin platelets and match the 
structure of the silicon lattice. These results clearly contradict the models developed to account for the difference between 
carrier and arsenic concentration which hypothesize the formation of a high equilibrium concentration of complex point 
defects making the excess dopant electrically inaetive. 

The carr ier  concentrat ion of silicon crystals doped 
with arsenic by thermal  diffusion shows an upper  l imit  
which increases with temperature  a t ta ining values of 
the order of 3 • 1020 em -3 (1, 2). The excess dopant  is 
electrically inactive. 

The formation of complex point defects in thermal  
equi l ibr ium is the commonly accepted cause of the dis- 
crepancy between the density of carriers and that of 
arsenic atoms at high dopant concentrat ion (3-7). A 
small dependence of the carrier density on the chemical 
concentration, occurring in heavily doped layers, was 
in fact reported, although the values determined by 
different authors differ markedly  (4, 7), 

The var ie ty  of models which have been proposed 
reflects the discrepancy of the exper imental  results. 
Tsai et al. (4) proposed the formation of a complex 
which becomes neut ra l  at room tempera ture  following 
the equi l ibr ium reaction. 

25oC 
3As+ + e -  ~ As3 + + ~ As8 

On the other side, the formation of an arsenic- 
vacancy complex 

2As + + V + 2e-  ~ As2V 

was proposed by Fair  (3, 7). 
The hypothesis of complex point defects in thermo- 

dynamic equi l ibr ium is in agreement  with Rutherford 
backscattering (RBS) and channel ing results which 
showed that  a large fraction of the excess arsenic still 
keeps the subst i tut ional  lattice site (2, 8). Accurate 
determinat ions put  into evidence a l imited displace- 
ment  (0.15A) from the subst i tu t ional  position, an 
effect which was at t r ibuted to the formation of the 
neut ra l  complex defect AseV (8). Moreover, no obser- 
vat ion was unt i l  now reported in l i terature of rings or 
spots in  the x - r ay  or electron diffraction pat terns of 
heaviIy doped specimens, which can be at t r ibuted to 
the formation of an addit ional  crystal structure. 

On the other side, thermal  equi l ibr ium experiments  
performed by Leitoila et al. (2, 9) on ion implanted 
and laser annealed  layers, put  into evidence that  the 
electrically active concentrat ion depends only on tem- 
perature.  The above result  supports the hypothesis of a 
two-phase equil ibrium, i.e., a preciui tat ion process. 
Transmission electron microscopy (TEM) examina-  
tions performed on these speciments by using the bright  
field technique evidenced dislocation lines and loops, 
but  could not provide clear confirmation of precipita-  
tion, al though "rod shaped structures" were observed 
after anneal ing at 900~ These authors conclude that 

1 P e r m a n e n t  address:  Democr i tus  Univers i ty  of Thrace ,  Facu l ty  
of Engineer ing  of XANTHI, Greece.  

Key words:  e lectr ical ly inactive arsenic in silicon, arsenic pre- 
c~ i tat ion,  small  angle x-ray scattering, laser annealing. 

"the values to which the active concentrat ion relaxes 
at different temperatures  are the true solubilities of 
arsenic as an electrically active, non complexed dopant." 
Therefore, the hypothesis of complex defects is still 
present  in their  interpretat ion.  

Yamamoto et al. (10) observed precipi tate-l ike de- 
fects, by TEM examinat ions of ion implanted electron 
beam annealed specimens subsequent ly  heated at 
700~ At higher temperature,  the occurrence of dis- 
location loops was noticed, which coalesce and dis- 
appear concomitant  with the electrical activation of 
the dopant. 

Recent research work on the electrically inactive 
phosphors in silicon provided conclusive evidence that 
the solid solubil i ty corresponds to the carrier density 
equi l ibr ium with excess dopant. This s ta tement  was 
confirmed by TEM examinat ions  which allowed the ob- 
servation of precipitated coherent particles in an 
a m o u n t  .consistent with that of the inactive phosphors 
(11). These findings and  the strict chemical likeness of 
these two elements  suggests tha t  a s imilar  behavior  
could be presented by arsenic. 

The present work, performed on the same line of the 
above ment ioned one (11), aims at clarifying the na -  
ture  of the electrically inactive arsenic in silicon. It 
was performed on specimens doped by  ion implanta-  
tion followed by laser annealing.  The hypothesis of 
an equi l ibr ium between point  defects leading to the 
formation of a complex was tested by using silicon 
single crystals  doped in  a very broad range of concen- 
trat:ions. Thermal  t reatments  followed by  electrical 
measurements  and x - r ay  examinat ions provided con- 
clusive evidence that a precipitat ion phenomenon takes 
place, and that arsenic solubili ty corresponds to the 
electrically active concentrat ion in equi l ibr ium with 
excess dopant. 

Experimental 
For our experiments,  we us,ed <100> oriented, CZ 

pulled, dislocation-free silicon slices, about 300 ~m 
thick and mirror  finished on one side. Wafers were 
p- type of nomina l ly  1 ~ cm resistivity. 

Implanta t ion  of crystals with As + ions was carried 
out in random direction operating at an energy of 100 
keV, with doses ranging from 5 • 1015 up to 1 • 1017 
cm-2. The process was performed by a Lintott  III 
acceleration that provides a doping uni formi ty  better  
than 2%. 

Laser anneal ing  was performed by a 20 nsec light 
single pulse delivered by a Q-switched ruby  oscillator 
with amplifier  operat ing in  mul t imode regime. An 
optical guide was used to yield a uniform light spot, 14 
mm diam, with an energy density of 1.8 J / cm 2. 

922 
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For  the  de te rmina t ion  of the  e lec t r ica l  profile the  
Van der  Pauw geomet ry  was etched on the specunen 's  
surface by  a pao to l i thograph ic  process. Sheet  res is t -  
ance and Hal l  effect measurements  were  pe r fo rmed  
af te r  anodic  oxidat ion,  in steps of 200A, and oxide 
str ipping.  To min imize  measuremen t  errors ,  these 
values were  ca lcula ted  averaging  e ight  de te rmina t ions  
obta ined  by  inver t ing  current ,  magnet ic  field, and in-  
te rchanging  cur ren t  and vol tage  contacts. More detai ls  
on the  expe r imen ta l  appara tus  used are  repor ted  
e lsewhere  (12). 

Car r i e r  concentra t ion profiles a f te r  laser  anneal ing  
were  de te rmined  for al l  the implan ted  doses. The 
f rac t ional  s t andard  deviat ion,  ca lcula ted in the p la teau  
region of the profiles a f te r  the rmal  anneal ing  (see Fig. 
1-3) was less than  10%. 

The equ i l ib r ium condit ions of these al loys an,d the  re -  
la ted  kinet ics  were  s tudied b y  hea t - t r ea t i ng  the l a se r -  
annea led  wafers  in the t empera tu re  range  300~176 
Trea tments  were  pe r fo rmed  in an open - tube  furnace  
with  n i t rogen a tmosphere  and were  fol lowed by  Hal l  
effect and  res is t iv i ty  measurements ,  using the above 
deta i led  techniques.  Ext rac t ion  f rom the furnace was 
rapid.  Specimens were  a l lowed to cool in an air  
s t ream, and a quar tz  boat  of low the rmal  capaci ty  was 
used. The l a se r - induced  recovery  of r a d i a t i o n  damage  
was control led  by  TEM examinat ions .  

The s t ruc tura l  fea tures  of the prec ip i ta tes  were  
s tudied by  Smal l -angle  x - r a y  sca t te r ing  (SAXS)  ex-  
pe r iments  pe r fo rmed  in a K r a t k y  camera  (13-14), 
equipped  with  a p ropor t iona l  counter  and p o i n t - b y -  
poin t  in tens i ty  s t r i p -cha r t  recorder .  The wid th  of the  
main  slit, defining the incident  beam, was 60 ~m; a 
s amp le - t o - coun t e r  dis tance of 230 mm was emp!oyed 
and the scat tered in tens i ty  was recorded eve ry  50 ~m 
of counter  d i sp lacement  (corresponding to 0.0125 ~ of 
2e) from 200 to 10,O00 ~m (0.05~ ~ of 2e), wi th  a 
fixed counting t ime of 400 sec. 

X - r a y  beam was genera ted  by  a b road- focus  (2 X 12 
ram) Cu anode tube,  wi th  e x t r a - l a r g e  (r 20 mm)  
window, especia l ly  des igned for  K r a t k y  scat ter ing 
camera  and opera ted  at  40 kV and 40 mA. 

Specimens for  smal l - ang le  sca t te r ing  t ransmiss ion 
examinat ions  were  cut f rom Si single crysta ls  in rec-  
t angu la r  pieces 10 m m  wide  and 30 m m  long, then  
they  were  mechan ica l ly  th inned and chemica l ly  pol -  
ished up to thicknesses va ry ing  in the range  70-90 gin, 
which should resul t  in a reduct ion to 1/e of the in-  
tens i ty  of incident  beam; in fact, the calcula ted value  
for Si and CuK~ rad ia t ion  is 70-75 ~m, according to 
the  different  values  repor ted  in l i t e ra tu re  for the  
mass absorpt ion  coefficient (15, 16). The samples  were  
mounted  in the slot of the sample  ho lder  by  silicone 
grease, to avoid any  k ind  of mechanical  stress. 

To ga ther  more  informat ion  about  the eventua l  
presence  of wel l -def ined  c rys ta l lographic  phases, we 
examined  the same specimens also wi th  a Wal lace-  
Ward  cyl indr ica l  t ex tu re  camera  (17), using Cr K~ 
rad ia t ion  and a glancing angle  as low as 10% In  this 
way,  the  x - r a y  oene t ra t ion  is l imi ted  to about  1.S ~m, 
enhancin~ the diffraction cont r ibuted  f rom the  surface 
implan ted  l aye r  and avoiding at  the same t ime an 
excessive spread  of the inc ident  beam. 

Results and Discussion 
Annealing experiments.--Comparison between  the 

imp lan ted  dose and tha t  deduced from the corre-  
sponding e lect r ica l  profiles a f te r  laser  annealing,_ 
showed that  al l  arsenic  was made  e lec t r ica l ly  active 
up to a dose of 5 • 10 TM cm -2, corresponding to a m a x i -  
mum concentra t ion  of 4 • 1021 cm -3. TEM examina -  
tions showed that ,  up to this  l imit ,  the  crys ta l  la t t ice  
was free of observable  defects.  

With  h igher  doses on ly  a f ract ion of the  dopan t  re -  
sul ted e lec t r ica l ly  active, and s t ruc tura l  defects  were  
c l ea r ly  noticed. S imi l a r  resul ts  were  repor ted  b y  Na t -  
suaki  et al. (18). 

Dopant  concentra t ion profiles of our  specimens,  in-  
c luding tha t  for  the  h ighest  dose (5 • 10~8 cm -2)  a re  
shown in Fig. 1-3. Thermal  anneal ing  of  these  samples  
was pe r fo rmed  to test  the hypothesis  of an equi l ibr ium 
between point  defects leading  to the  format ion  of com- 
plexes.  

We repor t  in the same figures the resul ts  af ter  the r -  
mal  t rea tments :  in Fig. 1, the  ca r r i e r  profiles a f te r  10 
min at  1000~ in Fig. 2, those af ter  30 min at  900~ 
a n d i n  Fig. 3, those af te r  6 hr  at  8O0~ 

Our de te rmina t ions  confirm that  the e lec t r ica l ly  ac-  
t i v e  concentra t ion  which  is in equ i l ib r ium with  the 
inact ive  dopant  depends  only on t empera tu re ;  in fact, 
wi th in  the precision of the measurements ,  it  is inde-  
penden t  of the t o t a l d o p a n t  concentrat ion.  

The measured  equ i l ib r ium values  a r e  2.2 • 1O ~0 
cm -3 at  1000~ 1.8 • 1020 em -3 at  900~ and 1.2 • 
102o cm-3  at 800~ These values coincide with  those 
prev ious ly  de te rmined  on po lycrys ta l l ine  sil icon films 
heav i ly  doped by  different  techniques (19), and are  
s l ight ly  lower  than  those repor ted  by  Lei to i la  (2). 

These exper iments  c lear ly  cont rad ic t  the hypothesis  
of an equi l ib r ium leading  to the  format ion  of a com- 
plex. In  fact, consider ing the wide  range  of dopant  
concentra t ion which was explored,  a constant  equ i -  
l i b r ium concentra t ion  of As + cannot  resul t  f rom a 
point  defect  reaction. Only a two-phase  equi l ibr ium,  
that  is the  fo rmat ion  of precipi ta tes ,  is compat ib le  
wi th  these results.  

F u r t h e r  suppor t  to this conclusion was p rov ided  by  
the s tudy  of the kinet ics  of the  process pe r fo rmed  by  
isochronal  and i so thermal  anneal ing  of our  alloys. 
Isochronal  t rea tments  were  pe r fo rmed  in the t empera -  
ture  r ange  300~176 in steps of 50~ Af te r  each 
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Fig. 1. Carrier density profiles of iron implanted and laser an- 
nealed specimens for three widely different As concentrations. 
Open symbols (A ,  0 ,  O )  refer to the initial conditions when all 
dopant is electrically active, and b!ack symbols (A ,  0 O) to 
those after equilibration (10 min at 1000~ Maximum electri- 
cally active concentrations, in equilibrium with the inactive dop- 
ant results the same within the precision of the measurement. 
For sake of clarity, only the first experimental paints of the laser- 
annealed profiles are reported. 
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Fig. 3. Carrier density profiles in the initial conditions and after 
equilibration (6 hr at 800~ The notations are the some as those 
in Fig. I .  

step, the carrier concentration per unit surface and 
the sheet resistance were determined. 

We report in Fig. 4 the carrier concentration per 
unit surface vs. isochronal annealing temperature for 
the upper and lower dose. The trend shown in this 
figure, where intermediate compositions were omitted 
for sake of clarity, puts into evidence that the thermal 
stability of these alloys decreases with increasing 
dopant concentration. 

The dilute alloy is fairly stable up  to 400~ while, 
at the same temperature, the heavily doped one under- 
goes a carrier concentration decrease of about 75%. In 
addition, both compositions present the reverse an- 
nealing effect, that is an increase of carrier concen- 
tration occurring at high temperatures. As is shown 
in Fig. 4, the occurrence of this phenomenon starts 
at temperatures which decrease with increasing dopant 
concentration. 

The minima observed in the two curves depend on 
dopant concentration and, therefore, are not equi- 
librium values. As  an additional confirmation of this 
statement, it has to be noticed that further annealing 
at 650~ for 30 hr of the most heavily doped specimens 
after completion of their cycle, gave rise to a further 
remarkable concentration decrease attaining the value 
arrowed in Fig. 4. 

The isochronal annealing behavior of arsenic is, 
therefore, quite similar to that previously observed 
and discussed for phosphorus (11, 20), and is typical 
of a precipitation process. 

Also, in this case, the precipitation and the associated 
phenomenon of reversion were put in clearer evidence 
by a step increase in temperature. Specimens that had 
been partially annealed at a temperature T1 were 
subsequently annealed at higher temperature T~. 

As is shown in Fig. 5, where T1 and T2 are 650 ~ 
and 750~ respectively, increasing the temperature 
gives rise to a transient increase of the concentration 
of carriers, which subsequently decreases towards the 
equilibrium value. Also experiments performed be- 
tv~een 800 ~ and 900~ showed the occurrence of re- 
version. A similar behavior was presented by phos- 
phorus (11). 
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Fig. 4. Carrier density per unit surface vs.]sochrona! annealing 
temperature for two specimens having maximum arsenic concen- 
trations in the profile of 4 X 10 ~1 (Jk) and 4 X 102~ (@) cm -3 ,  
respectively. 
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Fig. 5. Carrier density per unit surface vs. heating time in an As 
implanted and laser-annealed specimen (Maximum concentration 
! • 1021 cm-~) .  Isochronal treatments were performed at 650~ 
up to 32h (point A) and subsequently at 750~ Point B shows re- 
verse annealing after 1 hr heating at the higher temperature. 

As was discussed in our  previous  paper ,  only  the 
occurrence of prec ip i ta tes  can account ~or the r eve r -  
s ion process (11, 20). If  the  popula t ion  consists of 
prec ip i ta tes  of different  free energy,  increasing the 
t empe ra tu r e  makes  the h igher  energy par t ic les  re -  
dissolve, whi le  the remain ing  more  s table  populat ion,  
s t i l l  in condit ions of supersa tura t ion ,  gives r ise to 
fu r the r  p rec ip i ta t ion  (21, 22). 

In  the  absence of this phenomenon,  the t empera tu re  
increase should, on the  contrary ,  give r ise to an in-  
crease in the  anneal ing  rate,  tha t  is to a s teeper  slope. 

The occurrence of prec ip i ta t ion  is compat ib le  wi th  
the channel ing  resul ts  (2, 8) if the sil icon arsenide  
prec ip i ta tes  a re  coherent,  i.e., they  keep  the la t t ice  
s t ruc ture  of silicon, or match  i t  closely, in  this case 
as a l a rge  fract ion of the arsenic atoms belonging to 
the prec ip i ta tes  st i l l  occupy subst i tu t ional  si tes in the 
sil icon latt ice,  the  channel ing analysis  detects an 
amount  of prec ip i ta ted  d o p a n t  which is unavo idab ly  
m a r k e d l y  less than  the t rue  one. 

The observat ion  of prec ip i ta tes  of this type  by  TEM 
techniques should also be h indered ;  a difficulty which  is 
fu r the r  increased by  the s imi la r i ty  of the t e t r ahedra l  
radius  of sill,con (1.17A) wi th  that  of arsenic (1.13- 
1.15A). The l a t t e r  values  were  ob ta ined  by  double 
crys ta l  x - r a y  determinat ions ,  pe r fo rmed  on the same 
ion i m p l a n t e d  laser  annea led  specimens (dose 5 • 
10 TM cm -2)  (23). 

On the o ther  side, given t h e  l a rge ly  different  atomic 
numbers ,  33 and 14, respect ively ,  of these elements,  
t h e  occurrence of prec ip i ta t ion  can be analyzed  by  
SAXS techniques.  

S A X S  examinat ions . - -By  compar ing  the exper i -  
menta l  SAXS curves obta ined f rom samples  implan ted  
wi th  As (dose 5 • 1016 cm-~)  and laser  annea led , :and  
f rom the same ones fu r the r  t h e r m a l l y  annea led  30 
rain at  900~ it  was found tha t  the  t he rma l  t r ea tmen t  
gives r ise  to a r e m a r k a b l e  in tens i ty  sca t tered  at  smal l  
angles.  

This effect provides  clear  evidence of the  format ion  
of precipi ta tes .  As is wel l  known (24), the scat tered 
in tens i ty  is p ropor t iona l  to (~p)2, wi th  hp indica t ing  the 
difference in e lec t ron dens i ty  be tween  the ma t r i x  and 
the precipi ta tes .  

To make  one sure that  o ther  phenomena  giving rise 
to sca t te r ing  at  smal l  angles, l ike  c luster ing of in-  
t r insic  defects (25), were  absent  or  negligible,  b l ank  
exper iments  were  pe r fo rmed  on specimens implan ted  

wi th  phosphorus (same dose and ene rgy) ,  laser  an-  
nealed in the  same conditions,  and subsequen t ly  hea t -  
t rea ted  in the  same way  at  900 + C. 

The choice of phosphorus  was made  in o rde r  to 
ob ta in  a s i tuat ion qui te  s imi la r  to tha t  wi th  arsenic 
(same anneal ing  behavior ,  Fe rmi  level,  etc.) but  wi th  
prec ip i ta tes  which cannot  cont r ibute  apprec iab le  scat-  
te red  in tens i ty  because the atomic number  is ve ry  
near  to that  of silicon. 

Examina t ion  of these specimens before  and af ter  
the hea t - t r ea tmen t  a t  900~ did not  revea l  any  differ-  
ence in the SAXS curves. This resul t  leaves the fo rma-  
tion of As - r i ch  prec ip i ta tes  as the  only  source of the 
observed scat tered intensi ty.  

Thus, it  is just if ied to deduce the fo rmat ion  of 
"par t ic les"  and to work  out  the net  observed in tens i ty  
da ta  accordingly  (26, 27). In Fig. 6, the  classical 
Gu in ie r -p lo t  (log I vs. h 2, with  h = (4~ sine)/~.) is 
repor ted .  We neglec ted  in te rpar t ic le  in te r fe rence  ef- 
fects, for which no c lear  evidence was found; in fact, 
the total  sca t tered  intensi ty,  as shown by its continuous 
decrease wi th  increasing scat ter ing angle,  is p ropor -  
t ional  to tha t  re la t ive  to a single part icle.  The marked  
deviat ion of the  graph  f rom l inea r i ty  in the  smal l  h 
region, immed ia t e ly  indicates  that  we have  a p ro-  
nounced degree  of po lyd ispers i ty  (i.e., the  par t ic le  
size is far  f rom uni form and the rad ius  of gyra t ion  of 
the  par t ic les  (26) is not  unique) .  

This concave upwards  sca t te r ing  curve can be 
t rea ted  wi th  the s imple  graphica l  b reakdown  of the 
subt rac t ion  of the  successive less s loped tangents  (28, 
29),  in such a way  the par t i c le  size dis t r ibut ion,  in 
terms of volume, is obta ined  as a set of discrete  f rac-  
tions. Al though  this admi t t ed ly  is a decided com- 
promise  in the  in te rp re ta t ion  of the  data,  it  yields 
resul ts  which have  a phys ica l  m e a n i n g  and appear  
useful  in practice.  The analysis  pe r fo rmed  on this 
basis is also shown in Fig. 6; the expe r imen ta l  curve 
is fu l ly  expla ined  by  th ree  different  groups of pa r -  
ticles, whose radi i  of gyra t ion  R1, R2, and  R3 can  be 
calcula ted f rom the observed slopes p th rough  the 
re la t ion:  R --  0.4183 ~. ~ / ~ p ,  w h e r e  ~ is the x - r a y  
wavelength .  

A more  r igorous de te rmina t ion  of this par t ic le  size 
s tat is t ical  d is t r ibut ion  can be obta ined  in form of a 
continuous function (see Append ix  A) .  The resul t ing 
d is t r ibut ion  curve is r epor ted  in Fig. 7. 

In  the same figure, we have  d r a w n  also, in corre-  
spondence of the three  different  values for radius  of 
gyra t ion  obta ined  f rom the slopes of tangents,  a sche-  
mat ic  b a r - d i a g r a m  represen t ing  the discrete  fract ions 
of pa r t i c l e s  of radius  R in terms of numbers  of pa r -  
ticles, u ( R ) ,  under  the hypothesis  that  densi ty  is in-  
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Fig. 6. Guinier-plot of the small-angle intensity produced by 
thermal treatment at 900~ or ion implanted and laser annealed 
specimen, having maximum arsenic concentration in the profile 
4 X 1021 cm -~.  The analysis by the method of subtraction of suc- 
cessive less sloped tangents is also outlined with proper values for 
radii of gyration indicated. 
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Fig. 7. Particle size statistical distributions: the curve m(R) rep- 

resents the Maxwellian continuous distribution, while the bars refer 
to the discrete numerical fractions u(R) obtained from the tan- 
gents method for three- and two-dimensional approaches. 

dependent  of size, for the th ree -d imens iona l  and 
two-d imens iona l  in te rp re ta t ion  of the Guin ie r -p lo t  
data.  One can see that,  in spite of the approx imat ion  
in t roduced considering the par t ic le  propor t ions  as a 
discrete  set  of discontinuous maxima ,  the  agreement  
be tween  t rends  of the two different  d is t r ibut ions  has 
to be considered r a the r  sat isfactory.  

Ano the r  impor tan t  conclusion that  m a y  be d rawn  
from SAXS in tens i ty  da ta  is the shape of par t ic les  
(30); in Fig. 8, the  log I vs. log h plot,  necessary for 
this de terminat ion ,  is shown. The theore t ica l  slopes 
in- the  h range,  in te rmedia te  be tween  those of va l id i ty  
of Guinier ' s  and Porod 's  approx imat ions  (24), cal-  
culated for some e l emen ta ry  shapes, are  also repor ted  
(needles represen t  the l imi t ing case of one -d imen-  
sional rod- l ike  part icles ,  p la te le ts  for two-d imens iona l  
d i sk - l ike  ones ,  and spheres  for  th ree -d imens iona l  
g lobular  ones, i.e., with not  too different  extension 
aIong th ree  ~r thogonat  axes in space) .  By compar ing  
the expe r imen ta l  value  wi th  those calculated,  one can 
see tha t  we have nea r ly  f la t -shaped part icles .  The 
value,  s l ight ly  lower  than  --2, means that  the  th ick-  
ness of our  p la te le ts  is not qui te  negl ig ible  in respect  
to the i r  d iameter .  I t  must  be pointed out  that  a single 
atomic l aye r  represents  a sufficient thickness to dev ia te  
significantly f rom the geometr ica l  two-d imens iona l  
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Fig. 8. Bilogarithmi c plot to obtain information about particle 
shape; theoretical slope values for main simple limiting cases are 
reported for comparison. 

l imi t ing case; especia l ly  when the mean par t ic le  d iam-  
e ter  is not  too large.  

The mean  va lue  of the radius  of gyrat ion,  obta ined  
for the  continuous d is t r ibut ion  is R = 30A, whereas  
for the discontinuous ones, the  most significant 
weighted  value  is R = 27A (f rom u ( R ) )  for the  two-  
d imensional  case, which be t t e r  approx imates  the pres-  
ent  si tuation.  I t  is ha rd ly  wor th  of ment ion  the  fact 
the real  radius  r of the p la te le t s  (supposed of neg-  
l ig ible  thickness)  is re la ted  to the  radius  of gyra t ion  
by  r - -  ~/2R. Therefore,  the  mean  radius  of the  pa r -  
t icles tu rns  out to be ~40A. 

Moreover,  under  the  hypothesis  of a n e a r l y  equi -  
atomic s to ich iomet ry  (SiAs)  of precipi ta tes ,  and of 
p la te le ts  wi th  thickness  corresponding to tha t  of a 
single atomic layer ,  a quant i ta t ive  es t imate  of the 
par t ic les '  volume f rac t ion can be made  employ ing  the 
absolute  value  of the l imi t ing (h _-- 0) intensi ty.  By 
this method  (see Append ix  B for  de ta i l s ) ,  we found 
that  ,--5 X 10 TM cm-~  of arsenic a toms are  p resen t  in 
the  precipi ta tes ,  a number  fa i r ly  wel l  corresponding 
to the total  e lec t r ica l ly  inact ive  arsenic concentra t ion 
in the  implan ted  layer  (4.5 X 1016 c m - 2 ) ,  as eva lua ted  
by  the corresponding profiles shown in Fig. 2. 

Additional exper iments  and r e m a r k s . - - B y  our  glac-  
ing angle  x - r a y  exper iments ,  no diffraction effect other  
than  Si subs t ra te  spots  was revealed ,  even a f te r  24 h r  
exposure  of the samples  ro ta t ing around an axis no r -  
mal  to their  surface. If  an  S i -As  phase  were  p resen t  
wi th  its own crys ta l lographic  s t ructure,  due  to the 
sens ib i l i ty  of the employed  technique (usual ly  in 
the  range of 0.5-1 volume percent )  and the high con- 
cent ra t ion  of prec ip i ta ted  arsenic in the  surface layer ,  
we would  have  recorded  some of i ts character is t ic  
diffract ion l ines or  spots. 

These findings, even a l lowing for the uncer ta in t ies  
due to the large  broadening  expected on the reflections 
owing to the  small  average  d imensions  and to the 
p l a t e l e t - l i ke  shape  of the crys ta l l i tes  of the prec ip i -  
ta ted phase,  suggest  tha t  the prec ip i ta tes  have to be 
essent ia l ly  of coherent  type,  wi th  arsenic a toms most ly  
occupying la t t ice  sites of the  sil icon matr ix .  Therefore,  
they  lead only  to local var ia t ions  in the si l icon lat t ice 
parameter ,  necessar i ly  smal l  on account of the neg-  
l ig ible  difference in a tomic size be tween  arsenic and 
silicon. As was noticed previously ,  the  coherent  
na tu re  of the  preCipitates makes  the occurrence  of 
prec ip i ta t ion  fu l ly  compat ib le  wi th  the  resul ts  of 
channel ing observat ions  r epor t ed  in l i t e ra tu re  (2, B). 

The smal l  size of these part ic les ,  which was deduced 
from SAXS analysis,  can account for  the  revers ion 
effects evidenced in Fig. 5, as wel l  as for  those shown 
in Fig. 4, where  the  min imum in the  car r ie r  dens i ty  
vs. t empera tu re  plot  is h igher  for  the most  heav i ly  
doped specimens. Increas ing the supersa tura t ion  raises 
the  nucleat ion f requency  leading  to sma l l e r  p rec ip i -  
ta tes  (22), an effect which was c lear ly  not iced also 
in phosphorus -doped  samples  (11, 20). A smal le r  size 
of  the  prec ip i ta tes  corresponds to h igher  soh~bility; 
this is the w e l l - know n  Gibbs-Thomsov~ effect which 
is significant only  for ve ry  smal l  par t ic les  (22). 

Accordingly ,  fu r ther  hea t - t r ea tmen t s ,  giving r ise to 
coalescence ef the  precipi ta tes ,  can reduce  the  equi -  
l i b r ium dopant  concentrat ion,  as is shown by  the 
va lue  a r rowed  in Fig. 4. The Gibbs-Thomson  effect, 
and an insufficient hea t - t r ea tmen t ,  can account for  
the sl ight  increase of the  ca r r i e r  dens i ty  wi th  increas-  
ing excess dopant  concentra t ion which  was repor ted  
by  some author  (4, 7). These findings, which are  con- 
t rad ic ted  by  our  equ i l ib r ium values  r epor t ed  in Fig. 
1-3, cont r ibuted  m a r k e d l y  to or ig inate  the  hypothes is  
of a poin t  defect  reaction.  

Considering now the diffusivi ty of arsenic, we notice 
that  the  d i sp lacement  of the profiles af ter  h e a t - t r e a t -  
ments, shown in Fig. 1-3, was much  l a rge r  for  the  
most  heav i ly  doped specimens.  The l a rge r  concent ra-  
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tion grad ien t  should not account for  this behavior  be-  
cause as is shown in Fig. 4, the prec ip i ta t ion  ra te  
increases  s t rong ly  wi th  the in i t ia l  supersa tura t ion ;  
hence, the in i t ia l  difference in t he  concentra t ion g ra -  
d ient  should vanish in tune which is short,  as com- 
pa red  to tha t  of the  the rmal  t rea tment .  The l a rge r  
diffusivi ty should, therefore ,  be a t t r ibu ted  to the  
prec ip i ta t ion  process. The occurrence of this  phe -  
nomenon,  which was in  fact observed in the case of 
phosphorus,  should be confirmed by  fu r the r  inves t iga-  
tion. 

F ina l ly ,  we point  out  tha t  the  Bol tzmann-Matano  
analysis  of the  diffusivi ty f rom a concentra t ion profile 
must  sa t i s fy  the basic  r equ i remen t  tha t  the  diffusion 
process obeys the second Fick 's  law, hence, it  is in-  
val id  if  p rec ip i ta t ion  takes  place. As a consequence, 
the values  of the diffusivi ty of arsenic in supersa tu-  
r a t ed  solutions,  based on this analysis,  are incorrect .  

Conclusions 
This work,  pe r fo rmed  on ion imp lan ted  laser  an-  

nea led  si l icon slices, doped wi th  arsenic in  a wide 
range of concentrat ion,  shows that  the car r ie r  dens i ty  
in equ i l ib r ium wi th  excess dopant  depends  only on 
tempera ture .  This finding, which is in agreement  wi th  
the  resul ts  r epor ted  by  o ther  authors  (2, 9), leads to 
the  conclusion tha t  a two-phase  equ i l ib r ium takes  
place  and tha t  the  e lec t r ica l ly  active arsenic concen-  
t ra t ion  corresponds  to the solubil i ty.  

The fo rmat ion  of a prec ip i ta ted  phase was evidenced 
not  on ly  f rom these the rmal  equ i l ib r ium exper iments  
bu t  also f rom the isochronal  hea t ing  behav ior  which  
is qui te  s imi la r  to that  p resen ted  by  phosphorus -doped  
specimens and is typica l  of a prec ip i ta t ion  process. 
Moreover ,  also a r sen ic -doped  al loys showed revers ion,  
tha t  is the  redissolut ion process occurr ing by  a step 
increase  in t e m p e r a t u r e  dur ing  the  anneal  of samples  
wi th  a ca r r i e r  dens i ty  which exceeds the equ i l ib r ium 
value  (see Fig. 4 and 5). The occurrence of this phe-  
nomenon provides  clear  evidence of precipi ta t ion.  

These prec ip i ta tes  were  in fact  detected by  SAXS'  
a technique  which  is su i t ab le  due to the  m a r k e d l y  
different  a tomic numbers  of silicon and arsenic. These 
de te rmina t ions  provided  informat ion on the size dis-  
t r ibu t ion  and the shape  of these par t ic les ,  which are  
in form of th in  disks. 

MoreoVer, the  quant i t a t ive  e labora t ion  of SAXS 
da ta  (see Append ix  B) ,  under  the hypothesis  that  the 
composi t ion of the  precipi ta tes  corresponds to that  of 
the  conjugate  phase  SiAs, shows tha t  t h e  ex ten t  of 
p rec ip i ta t ion  is consistent  wi th  the  concentra t ion of 
e lec t r ica l ly  inact ive  dopant .  

X - r a y  glancing angle  pa t te rns  did not  show lines or  
spots due to addi t ional  phases, and this suggests that  
the  precipi ta tes ,  or most  of them, main ta in  the s t ruc-  
tu re  of the  sil icon lat t ice.  Due to this  f ea tu re  and to 
the  s imi la r i ty  of the t e t r ahed ra l  rad i i  of si l icon and 
arsenic,  only  a f ract ion of the p rec ip i t a t ed  dopant  is 
observab le  by  channel ing determinat ions .  The same 
fea tures  h inder  the i r  observat ion  by  TEM techniques.  

The  hypothes is  of the  fo rmat ion  of a high concen- 
t ra t ion  of complex  po in t  defects which make  the 
excess arsenic  e lec t r ica l ly  inactive,  and account for 
the  difference be tween  dopant  concentra t ion a n d  the 
car r ie r  density,  is c lear ly  cont radic ted  b y  our results.  
As a consequence, the diffusivi ty models  based on data  
ob ta ined  b y  the  Bol tzmann-Matano  analysis  of the 
concentra t ion profiles a re  also contradic ted;  in fact 
this m e t h o d - i s  inval id  for  any  diffusion process i n -  
volving precip i ta t ion .  
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A P P E N D I X  A 

Determination of the Statistical Distribution of the Particles 
Under  t h e  fol lowing hypotheses :  (i) geometr ica l  

s imi la r i ty  of al l  partmles,  (ii) scat ter ing  curves of 
different  types  of par t ic les  r ep resen tab le  by  an  e x -  
ponent ia l  relat ion,  and (iii) d is t r ibut ion  of the radi i  of 
gyra t ion  given Dy a Maxwel l i an  function; the d i s t r ibu-  
tmn of the radi i  o} gyra t ion  R of the  par t ic les  can be 
represen ted  by the ta l lowing express ion  

2 
m ( R )  : Rne-R~/q" 

where  m ( R) dR  represents  the  p ropor t ion  of the  p a r t i -  
cles whose radius  of gyra t ion  is be tween  R and R + dR. 
By means  of only  two paramete rs ,  q (d imens iona l ly  a 
length)  and n (pure  n u m b e r ) ,  we can sa t is fac tor i ly  
descr ibe  a wide range  of dis t r ibut ions.  The a r i thmet ic  
mean  of the radi i  of gyra t ion  is g iven by  

The exper imen ta l  SAXS in tens i ty  curve m a y  be l ike-  
wise expressed  in t e rms  of these pa rame te r s  as fol lows 

cons tant  
I (h)  -- 

[1 + (hq) ~/s] <n+4>/~. 

It  can be immedia te ly  seen tha t  the  above constant  
corresponds to the va lue  I (0) of the l imi t ing  in tens i ty  
scat tered at  h = 0 and not  accessible to d i rec t  expem- 
menta l  evaluat ion.  The de te rmina t ion  'of q and n is 
usua l ly  pe r fo rmed  wi th  the method  proposed  by  Hose-  
mann  (28), which is based on the use of a curve h2I 
vs. h: in our  case we found n = --0.75, q --  156.5A. 
When  n < 0, the d is t r ibut ion  re(R) no more  presents  
a maximum,  but  assumes a hype rbo l i c - t ype  shape, wi th  
propor t ion  of par t ic les  monotonica l ly  decreas ing  as 
the i r  rad ius  increases. 

As our expe r imen ta l  SAXS curves  presen t  an in-  
tens i ty  monotonica l ly  decreas ing wi th  scat ter ing angle,  
the va lue  of po lyd ispers i ty  has to be h igher  than  the 
packing  dens i ty  of the par t ic les  (27). 

The polydispers i ty ,  which gives the f rac t ional  s tan-  
dard  devia t ion  f rom the mean  of the rad i i  of gyrat ion,  
in this Maxwel l i an  s tat is t ical  approach  is app rox i -  

ma te ly  given by:  ~/hR2/R ,-~ 1 / x / 2 ( n  -~ 1), and in our  
case it is found to be as high as ~/2] Such a value  
resul ts  in any case much h igher  than  the par t ic le  pack -  
ing density,  (i.e., the  rat io  be tween  t h e  volume oc-  
cupied by  par t ic les  and the total  i r r ad ia t ed  volume 
cont r ibut ing  to SAXS informat ion) ,  which is l imi ted  
by  the obvious imposs ib i l i ty  to be > 1. 

A P P E N D I X  B 

Evaluation of the Volume Fraction Occupied by the Particles 

The de te rmina t ion  of the number  (or concentra t ion)  
of par t ic les  in a sample,  involves a s imple fo rmula  on ly  
under  r a the r  res t r ic t ive  hypotheses  (26); in the  cases 
of ident ica l  and sufficiently separa ted  part ic les ,  the  
equat ion for the l imi t ing  in tens i ty  is 

I(O) -- Ie(O)Nn ~ 

where  Ie, the in tens i ty  sca t te red  by  one electron, can 
be ca lcula ted  as a funct ion of the  incident  in tens i ty  Io 
by  means  of Thomson's  equat ion (Ie(0) : 7.9 • 1O -~6 
IoD -~, D being the dis tance in cm be tween  sample  and 
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rece ive r ) ;  N is the to ta l  number  of par t ic les  in the 
i r r ad ia ted  volume and n the number  of electrons pe r  
part icle.  The absolute  p r i m a r y  energy  Io can be de te r -  
mined wi th  the help of a ca l ibra ted  Lupolen  sample  
(31), suppl ied as accessory of the K r a t k y  camera.  

If we want  to app ly  such an equation, under  the 
same hypotheses,  to nonident ica l  part icles ,  an approx i -  
mate  va lue  (neglect ing again  any in ter ference  effect) 
can be obtained in t roducing necessary  modifications in 
the above re la t ion 

I (0)  ---- Ie(:0)]V~ fknk - ~  
k 

with 5k indica t ing  the p roper  fract ions of different  
groups of part icles .  I (0) cannot  be de te rmined  d i rec t ly  
by exper iment ,  but  i f  the curve log I(he) has a l inear  
por t ion at  low angles i t  can be eas i ly  obta ined  by  ex-  
t rapolat ion.  Fur the rmore ,  if the shape of  the par t ic les  
is known, the  mean  volume of the part ic les ,  and, thus, 
nk (supposing a pa r t i cu la r  s to ich iomet ry) ,  can be 
de te rmined  from the radi i  of gyrat ion:  in such a case 
the  x - r a y  measurement  gives the  value of N. In this  
way, the number  of par t ic les  (o,r the i r  concentra t ion)  
in the i r r ad ia ted  volume of a sample  can be est imated.  

In  our  prac t ica l  case, we ob t a in  Io ---- 2.6 • 107 
counts/sec,  and consequently,  :[or D = 23 cm, Ie(0) --  
3.9 • 10 -2~ counts/sec.  It is easy to evalua te  (by  ap-  
p rox imat ing  the par t ic les  as thin disks of radius  r --  
~/2 R and thickness t = 2.35A, corresponding to one 
atomic l ayer )  ~ JCknk 2 ~-- 2.0 X 109, and V the average  

k 

volume of the par t ic le ,  which turns  out  to be 2.0 • 
10 -~o cm 3. F rom the Guin ie r  plot,  we can ex t r apo la t e  
I (0)  = 10 counts/sec.  Therefore,  we have:  N --  1.3 • 
1012, and the  total  average  volume occupied by  pa r t i -  
cles results:  Vto t  = N V  = 2.6 • 10 -8 cm 3. The sample  
i r r ad ia ted  area  cont r ibut ing  to recorded sca t te r ing  in 
our  exper iments  is S i r r  = 1.2 • 10 -2 cm 2, cor respond-  
ing to the beam dimensions pro jec ted  on the sample,  
so it follows immedia t e ly  V t o t / S i r r  ---- 2.2 • 10 -6 cm 3 
of par t ic les  for each cm 2 of sample  i r r ad ia t ed  surface. 
Such a specific volume occupied by  part icles,  wi thout  
any  assumpt ion about  thei r  d is t r ibut ion  in depth,  but  
main ta in ing  the same atomic dens i ty  of the Si m a t r i x  
in the coherent  precipi tates ,  corresponds to 1.1 • 1017 
a toms /cm 2. Since we have supposed a nea r ly  equi-  
a tomic s to ichiometry  and Si and As atoms are  very  
s imi la r  in size, ha l f  of this  va lue  (N 5 • 10 is a t oms /  
cm ~) has to be considered as pe r t a in ing  t o a r s e n i c  
atoms. 

Al lowing  for the fact tha t  the prec ip i ta tes  can 
rea l ly  be found only wi th in  a surface l aye r  about  2500A 
thick, we obtain:  V i r r  = 3.0 • 10 -7 cm 3 for  the  i r -  
r ad ia ted  volume, which corresponds to a par t ic le  vol -  
ume fract ion (in the  l aye r  in teres ted  by  As imp lan t a -  
tion) of about  9%. 
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ABSTRACT 

Very thin films of silicon dioxide grown in a conventional dry oxidation process often suffer from poor electrical qual- 
ity due to the presence of various defects. A low dielectric breakdown is, in particular, detrimental to the operation of many 
electronic devices. We have attempted to improve this situation by modifying the dry oxidation process. We show that ox- 
idesgrown in oxygen ambient  and under  atmospheric pressure, which are postannealed for a long period of time in an inert 
atmosphere and then reoxidized for a short time, have considerably improved values of both the magnitude and distribution 
of the electric field at the dielectric breakdown. Very few low-field dielectric breakdown events are encountered and the 
breakdown field histogram assumes a very narrow shape. 

Films of silicon dioxide grown from single crystal 
silicon have been extensively used in metal  oxide 
semiconductor (MOS) device technology, pr imar i ly  
due to their  excellent  electrical insula t ing properties. 
However, in such films, localized conducting channels 
which are due to either the presence of various de- 
fects (1) or local crystal l ine regions in the amorphous 
oxide (2), can cause failure in such devices. The den-  
sity of oxide defects for films grown under  identical  
conditions may  be higher in  th inner  films than in 
thicker ones. Hence, one may expect poorer electrical 
performanc e in th inner  layer  s of silicon dioxide (3). 
In  particular,  a high defect density may, under  certain 
operat ing conditions, give r i s e  to a t ime dependent  
breakdown phenomenon resul t ing in the lowering of 
the median  breakdown field. It has been known for 
some time (4) that  for oxides > 50 n m  in  thickness , 
the median  of the dielectric breakdown field increases 
with the thickness. However, recently, higher break-  
down fields were reported for th inner  oxides that were 
prepared under  special conditions (5). Thus, it seems 
that the method of preparat ion as well as the thick- 
ness is impor tant  in de termining  the electrical proper-  
ties of an oxide film. 

The s tudy of fa i lure-causing mechanisms in silicon 
dioxide films has proceeded through the examinat ion 
o f  breakdown phenomena (4, 6) and conduction mea-  
surements  (7). Hot electron inject ion into the oxide 
layer  (8) and sodium contaminat ion (3) were cited as 
main  reasons for the oxide failure. Sodium contamina-  
tion, in particular,  is believed to cause lowering of the 
bar r ie r  height at the sil icon-silicon dioxide interface 
(8, 9) which increases electron inject ion into the film 
and results in a t ime-dependent  breakdown under  
cont inued electric field stress conditions. Conduction 
measurements  (7, 10) have shown that  this is l imited 
by Fowler-Nordheim tunne l ing  into the oxide from 
either the silicon or metal  electrode in an MOS capaci- 
tor structure.  The applied electric field influences the 
tunne l ing  process as does the presence of a positive 
charge wi thin  the oxide. This field effect may be en-  
hanced by the presence of hillocks, edge and screw dis- 
locations, surface fractures, and other s t ructural  and 
geometrical defects (11, 12) at the interface. 

In  the present  s tudy we have at tempted to elimi- 
nate the fa i lure-causing defects that develop in thin 
oxide films dur ing  the oxidation step by performing a 
long- t ime postoxidation anneal ing in an iner t  at-  
mosphere. Short postanneal ing t reatments  have be- 
come an accepted practice for decreasing the value of 
the fixed charge in the oxide layer  (13). The new fea- 
ture of our s tudy is that  long- t ime pos tannea l ing  
causes the breakdown field to increase considerably, 
and the n u m b e r  of low-field breakdowns to decrease. 
This long- t ime postanneal ing step was performed in 
N2 and Ar ambients.  At the anneal  tempera ture  of 
900~ we were unable  to detect any  effect due to the 
annea l ing  atmosphere. Th i s  s i tuat ion is different than 
t h a t  reported by Vromen (14), who observed serious 

degradation in the electrical (dielectric breakdown)  
properties when oxides were annealed in N2 at ele- 
vated temperatures.  No such effect took place when 
the anneal ing  t rea tment  was performed in Ar. In  Ref. 
(14) the anneal ing  was done at 1050~ At this tem- 
pe ra tu r e  N2 is known to react with silicon at the sili- 
con-silicon dioxide interface (15). To avoid this n i -  
t r idat ion reaction we performed all oxidations and 
anneals  at 900~ This is also compatible with the 
lower tempera ture  t reatments  required in very large 
scale integrat ion technology. 

Experimental 
The oxidation experiments  were all carried out at 

900~ using Monsanto p-type,  (100) orientation,  4-6 
~cm, 2 in. silicon wafers. All wafers were chemically 
cleaned prior to the oxidation step. Oxygen was passed 
through a cold trap (a mix ture  of alcohol and dry ice) 
at a rate of 2 l i ters /min.  The purpose for this cold trap 
is to ensure the removal  of any  water  molecules that 
may otherwise be carried into the furnace with one of 
the gases used. A small amount  of water  molecules is, 
nevertheless,  known to be present  dur ing  t h e  oxida- 
tion step. As discussed by Irene (16), the oxygen that 
is supplied from boil-off of a l iquid contains trace 
amounts  of methane. In  our O2 supply system this has 
been measured to be ,~10 parts per mil l ion (ppm).  At 
the oxidation temperature  used, the methane corn- 
busts to form H20 and CO2. The H20 molecules may 
assist in forming t raps  that  could effect the dielectric 
properties of the thin oxide (16, 17). We shall re turn  
to this point  when we come to discuss our  results. 
When the oxidation step was completed, 1 ~m of pure 
A1 was evaporated on the sample and pat terned with 
0.051 cm diam dots so as to form the m e t a l  elec- 
trode. Next, back-side oxide was etched and 0.5 nm of 
A1 was evaporated on the back of the wafers to ensure 
a good contact. The wafers were then annealed in a 
hydrogen atmosphere at 450~ for 60 rain. 

Some wafers were postannealed in ni t rogen at the 
growing temperature,  while other wafers were post- 
annealed in an argon ambient.  When the oxidation 
step was completed, the wafers were left in the fur-  
nace at the oxidation tempera ture  for the postanneal-  
ing step, which lasted in some cases up to 3 hr, and 
then removed in a convent ional  manner .  Thermal  
stress effects that  are due to a sudden change in tem- 
perature  such as that experienced by the silicon wafer 
when pulled out of the furnace, may result  in a lower 
oxide quality. To study this effect, we have slowly 
cooled down the oxidation furnace to room temper-  
ature in one par t icular  experiment.  In  this exper iment  
the postanneal  cool-down step lasted about 10 hr. 

Prior to metal  deposition on the samples, the oxide 
thickness throughout  the wafer 's area was measured 
on a Rudolph Research AutoE1 Ellipsometer.  The re-  
peatabi l i ty  of the measurements  was better  t h a n  ___2A 
and was f requent ly  checked against  a s tandard sam- 
ple. Only those wafers whose oxide films were essen- 
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t ial ly uni form were selected for fur ther  processing. 
Recorded variat ions in thickness in those chosen were 
less than ___3%. Breakdown voltage measurements  
were performed using a microcomputer-control led 
semiconductor wafer test station. A l imit ing current  
of 1 #A was taken as a definition for a total dielectric 
breakdown. High f requency (106 Hz) C-V measure-  
ments  were also made. 

Results and Discussion 
We surmised that the postanneal ing treatment ,  if 

performed at not too high a temperature,  would re-  
duce some thermal  stress effects and other defects by 
al lowing thermal  relaxat ion to take place. Such de- 
fects may be responsible for the formation of conduc- 
t ion channels  in the oxide film. The uniform and ho- 
mogeneous oxide film that may thus be obtained would 
have fewer pinholes and other degrading structures. 

Since a too-fast pul l  out step (from the furnace)  
may increase the defect density, it was decided to first 
perform a s l o w  cool-down experiment.  The silicon 
wafers that  were chemically cleaned were first oxi- 
dized for 32 min  at 900~ Following the oxidation, n i -  
trogen was introduced to the system, and the furnace 
heaters were shut down. The wafers were left in this 
condition unt i l  the furnace reached room temperature,  
which took roughly 10 hr. The thickness of the ther-  
mal ly  grown oxide films were found to be ~14.5 nm. 

In  Fig. 1, a histogram depicting the number  of 
breakdown events vs. the applied field is presented. A 
total of 360 breakdown events were recorded from five 
ident ical ly treated 2 in. wafers. We note the r emark-  
ably high breakdown fields achieved by this postan- 
heal ing process. The value of the median field is 17 
mV/cm, as compared with the 7.8 mV/cm value ob- 
tained in a control exper iment  (Table I) involving 
only the convent ional  30 rain postanneal  in  N2. In  a 
similar  exper iment  to our control, Irene (16) obtained 
a value of 9 mV/cm with broad tails in both directions. 
An interest ing feature of the results shown in  Fig. 1 
is the na r row dis t r ibut ion of the breakdown fields, 
and the absence of any low field breakdowns. It thus 
seems that the combinat ion of postanneal ing and a 
slow cooling may  result  in high qual i ty oxides that 
are more homogeneous and presumably  of low po- 
rosity. 

High f requency (1 MHz) capacitance-voltage mea-  
surements  have been made on some of these samples. 
Figure 2 depicts a typical C-V curve obtained from 
these MOS capacitors. A hysteresis is evident. This 
hysteresis must  be due to the postanneal ing process. 
I t  could be due to a th in  oxyni t r ide (SiOzN~) layer in 
the vicini ty of the interface that may h a v e b e e n  created 
dur ing  the prolonged t rea tment  in nitrogen. How- 
ever, a temperature  of 900~ is too low for a reaction 
of N:2 with either Si or SiO~. The hysteresis in the C-V 
curve could also be explained by the formation of a 
thin layer of SiO at the interface. This may result  
from the reduct ion of SiO2 by Si dur ing the prolonged 
annea l ing  at the elevated tempera ture  and in the ab-  
sence of oxygen in the ambient  atmosphere. A very 
thin layer of oxygen-deficient  oxide (SiO~; x < 2) is 
known to always exist at the Si-SiO2 interface. Under  
the present  exper imental  c~onditions, such a layer  
would probably  increase in thickness and thus cause 
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Fig. 1. A plot of the number of dielectric breakdown events vs. 
the applied field for thin oxides that were postannealed in nitro- 
gen ambient and slowly cooled down to room temperature. 
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Fig. 2. High frequency C-V plot of MOS capacitors that were 
fabricated utilizing the thin oxides mentioned in Fig. I. Note 
the appearance of a broad hyst~resls and the large shift in the 
flatband voltage, both indicative of the presence of charges at the 
interface. 

its effect on the electrical properties of the insulator  
to become more visible. The thickness of this layer, 
however, is not sufficiently high to enable its charac- 
terization by ellipsometry. 

The effect of postanneal ing on the electrical proper-  
ties of thin oxides without slow cooling was studied 
in several experiments.  Both ni t rogen and argon gases 
were used for the postanneal ing step. First, a control 
exper iment  was performed. In this study the oxida- 
tion was done as in all other experiments  but  the post- 
anneal ing  was l imited to 30 min. The results of the 
dielectric breakdown measurements  are shown in Fig. 
3. A C-V measurement  on the control samples showed 
that no hysteresis exists. From these measurements  
we have also determined the level of the fixed posi- 
tive charge to be ~5 X 101~ charges/cm 2. In  a typical 
long- t ime anneal ing  experiment,  n i t rogen anneal ing  
was applied for 3 hr at the oxide growing temperature  
of 900~ The histogram in Fig. 4(a) shows the n u m -  
ber of breakdowns encountered as a function of the 
applied field. The results of this exper iment  a r e  im- 
proved electric field distr ibution for the dielectric 
breakdown events, a higher median  field compared 
with that obtained in a conventional  process, and very 

Table I. Results of dielectric breakdown and C-V measurements on 2060 MOS capacitors fabricated in seven different experiments 

Average Average % Break- 
Oxida- Reoxida- oxide breakdown Standard down b e l o w  No, of 

Experi- tion time N~ anneal  t ion time thickness field (10 o deviation 4 • l0 G Hysteresis capacitors 
ment No. (rain) time (min) (rain) (nm) V/cm) (10~ V/cm) V/cm in C-V? tested 

1 32 ~600 (cool  - -  14.5 17.0 2.00 0.9 Yes  360 
down)  

2 40 ~ - -  17.5 8,0 2.30 10.0 No 300 
3 40 30 - -  17.5 7.8 2.10 11.0 No 300 
4 40 180 16.5 11.4 1.20 0.5 Yes  200 
5 40 180 1-0 19.5 11.5 0,92 0.0 No 300 
6 40 90 10 19.0 9.4 0.90 0.0 No  200 
7 70 180 10 2.4.9 10.1 1.50 0.0 No 400 
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Fig, 3. The number of dielectric breakdown events vs. the ap- 

plied field for control samples that were post=nnealed in N_~ for 
30 min. The oxide thickness is 17.5 nm. 

few low-field breakdowns.  In part icular ,  the dis tr ibu-  
t ion becomes ex t r eme ly  narrow,  indicat ing an even 
more  homogeneous oxide layer  than in the previous 
case. The median  field value is roughly 12 m V / c m  
which is lower  than that  recorded in the previous case. 
Very  few low-field breakdowns (at 1-3 m V / c m )  that  
are bel ieved to be due to small  crystal l ine regions in 
the amorphous oxide (2) were  recorded. Similar  di- 
electr ic  b reakdown results to these were  recent ly  re-  
por ted for thin oxides that  were  grown under  ve ry  
low pressure  (0.25-1.0 Torr)  conditions, wi th  possibly 
some unintentional postannealing in nitrogen (5). In 
the measurements  repor ted  in Ref. (5) the l imit ing 
current  was set to be --~10 ~A. The oxidation t ime was 
much longer  than used in the present  study in achiev-  
ing the same oxide thickness. As was the case in the 
slow cool-down experiment ,  we have again found 
hysteresis in the C-V plot. F igure  4(b) shows the form. 
of the hysteresis. It  is of type b in the terminology of 
Ref. (18) which indicates the existence of charge t rap-  
ping sites in t h e  oxide or at the interface.  

Comparable  b reakdown characterist ics were  prev i -  
ously obtained by I rene  (16) for H20 grown thin ox-  
ides that  were  e i ther  not annealed or annealed for a 
long t ime in an argon ambient.  At tempts  to do even a 
shor t - t ime  N2 anneal  (30 min)  to this H~O grown thin 
oxide resul ted in a considerable deter iorat ion of the 
breakdown properties.  This situation is ve ry  similar  
to that  repor ted  by Vromen (14) for the dry oxida-  
tion process which, in some cases, included 2% HC1 in 
the ambient.  In both studies, the possibili ty o f  an N2 
react ion with  the substrate is more l ikely  owing to the 
h igher  ox ida t ion-annea l  temperatures ,  and in the 
s tudy of Ref. (16) also possibly owing to the presence 
of react ive  chemical  species (such as OH radicals) at 
the interface. As noted earlier,  traces of water  mole-  
cules are also present  in our oxidizing ambient.  We 
do not believe, however ,  that  the small amounts  of 
H20 molecules involved in our exper iment  have af- 
fected the electr ical  propert ies  of the thin oxides to 
any great  extent .  This is based on the fact that, unl ike  
in o ther  repor ted  cases, we have  not been able to re-  
cord any difference be tween N2 and Ar  as ambients  
in our long- t ime  postanneal ing t reatments .  Further ,  
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Fig. 4. Results of dielectric breakdown (a, top) and C-V (b, bot- 
tom) measurements related to thin oxides that were postannealed in 
nitrogen for 3 hr at the oxide growing temperature. In case b a 
hysteresis is seen again. This, however, is not as broad as was the 
case in Fig. 2, and the flatband voltage is shifted only slightly. 

no det r imenta l  effects could be associated with the use 
of N2. In fact, the long- t ime anneal ing i n  these am-  
bients resul ted in improved  breakdown characterist ics 
as compared With those of the control case (cy. Tab]e 
I) .  Thus it seems that  the effect owing to the long- t ime 
postanneal ing t rea tment  is addit ional  to any other  ef- 
fect observed previously,  such as may  be due to H20 
generated t rapping sites. 

As a l ready mentioned,  argon was used in s imilar  
exper iments  to provide  the ambient  a tmosphere  d u r -  
ing the pos tannea l ing  steps. The electr ical  propert ies  
of the resul t ing oxide were  very  much the same as 
those reported above using nitrogen. We have also at-  
tempted to use oxygen itself for the postanneal ing step. 
This was done by lower ing the furnace t empera tu re  
f rom 900 ~ to 600~ and holding the wafers  there  for 
several  hours. The dielectr ic  breakdown characterist ics 
obtained in this exper iment  were  ve ry  unsatisfactory,  
being no bet ter  than those usual ly  recorded in conven-  
t ional ly grown oxides. No hysteresis in the C-V plot 
appeared in this case. This last result  seems to sup- 
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por t  the hypothesis  of the SiO format ion dur ing  the 
long- t ime  pos tanneal  in an iner t  a tmosphere ,  since the 
ava i l ab i l i ty  of oxygen in this last  expe r imen t  would 
p reven t  any  reduct ion of the silicon dioxide at the 
interface.  

S imi la r  resul ts  to those presented  in Fig. 4(a)  and 
4(b)  were  also obta ined  in severa l  o ther  exper iments  
in which the pos tannea l ing  t ime las ted only 90 min. In  
this case the median  breakdo,wn field tends to fal l  at  a 
s l ight ly  lower  value  (see T a b l e  I ) .  Other  pos tanneal  
t imes employed  were  those of 60 and 40 min. In very  
few cases we did get good b reakdown  character is t ics  
even for the 40 min pos tanneal  case,  but  these seem to 
be the except ion whi le  for  anneal ing  t imes of --~90 rain 
the improved  character is t ics  are  the rule. 

The pos tanneal  process has  proved to resul t  in be t -  
ter  qual i ty  oxides in the sense that  thei r  b r eakdown  
character is t ics  were  super ior  to those usua l ly  obtained.  
This, however ,  was accompanied by  an unusual  and 
unwan ted  C-V behavior .  Since the usual  C-V charac-  
ter is t ics  were  thought  to be due to enhanced surface 
states which are  possibly  due to an SiO in te rmedia te  
layer ,  we have a t t empted  to cure this s i tuat ion by  ap -  
p ly ing  a shor t - t ime  reoxida t ion  step immed ia t e ly  fol-  
lowing the long- t ime  postanneal .  In  a typica l  exper i -  
ment  the reoxida t ion  step las ted 10 rain, o therwise  the 
exper imen t  was ident ical  to that  descr ibed in Fig. 4 (a )  
and 4 ( b ) .  We found that,  whi le  there  was no change 
in the b reakdown  characteris t ics ,  the C-V behavior  
r e tu rned  to normal .  This resul t  seems to fur ther  es tab-  
l ish the hypothesis  on the SiO format ion  dur ing  the 
anneal  step. These exper iments  show that  a long- t ime  
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Fig. 5. Results of an experiment similar to that described by 
Fig. 4(a) and 4(b) except for the additional reoxldation step for 
10 rain following the long-time postanneal step. (a) Top, (b) bottom. 

postanneal ing  t r ea tmen t  of a d ry  oxide fol lowed by a 
shor t - t ime  reoxida t ion  resul ts  in highly desired elec-  
t r ical  propert ies ,  as summar ized  in Fig. 5 (a) and 5 (b) .  
Final ly ,  Table  I summarizes  the results  of severa l  
o ther  exper iments  which c lear ly  show the advantage  
of the  proposed oxidat ion  sequence over  the r egu la r  
process in a d ry  oxidat ion process. In  all, over  2000 
capaci tors  were  tested in the present  set of exper i -  
ments. 

In summary,  a s imple  process amenable  for the fab-  
r icat ion of high qual i ty  thin oxides ut i l iz ing d ry  oxi-  
dat ion conditions has been described.  The t emper -  
a tu re  of 900~ has been used throughout  the presen t  
s tudy.  The process essentials are:  (i) oxidat ion in d ry  
02 a tmosphere  at 9O0~ (ii) long- t ime  pos tanneal ing  
in an iner t  a tmosphere  to reduce the effects of pinhole 
and conduct ion-causing defects, and (iii) reoxida t ion  
for a short  length  of t ime to remove charges bui l t  up 
in the vicini ty  of the in terface  dur ing  the pos tannea l -  
ing t rea tment .  These charges are bel ieved to be due to 
the presence of a thin SiO layer ,  which m a y  be formed 
as a resul t  of the reduct ion of SiO2 by Si in the ab-  
sence of oxygen.  
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ABSTRACT 

The effect of phosphorus implantation into d-c magnetron sputtered MoSi~ thin films is studied. The structural 
compositional, and electrical properties are examined with x-ray diffraction, secondary ion mass spectrometry (SIMS), 
sheet resistance, and MOS measurements. A higher hexagonal to tetragonal MoSi~ phase transition temperature is observed 
for implanted films than for unimplanted ones. At high fluence (5 • 10 TM ions/cmD. MoP is detected, with a significant 
increase in sheet resistance. Isothermal and isochronal annealing indicates a min imum temperature of 950~ and a maxi- 
mum fluence of 2 • 10 '6 ions/cm ~ can be used. Comparative C-V measurements show similar MOS characteristics between 
unimplanted and implanted films. 

In the course of development  of a refractory and 
highly conductive interconnect ion system for very-  
large-scale- integrated (VLSI) circuits, several re- 
fractory metal  silicides, such as MoSi2(1-5), WSi2 
(6-9), and TaSi2 (10, 11), are under  s tudy as an 
a l ternat ive  to the widely used doped polycrystal l ine 
silicon (poly-Si) .  These .metal silicides, unl ike  the 
metals, have resistance to high temperature  oxidation 
and to most chemicals rout inely  encountered dur ing 
device fabrication. 

Since the gate metal  is often used as ion implanta-  
tion mask dur ing  the source/dra in  doping in a self- 
al igned process, the effect of implanta t ion of various 
group III  and V ions, phosphorus, arsenic, and boron, 
on the properties of silicide thin films needs to be 
studied. Also, recently, it has been reported (12, 13) 
that  doping MoSi2 films with phosphorus can help 
stabilize silicide-gate threshold voltage and form low 
resistant  and rel iable contacts between silicide and 
silicon substrates. In that study, doped silicide films 
were deposited by using an Mo/Si target  in a phos- 
ph ine /a rgon  atmosphere. In  this paper, the effect of 
phosphorus implanta t ion  on the structural ,  composi- 
tional, and electrical characteristics of sputtered molyb-  
denum disflicide thin f i lms  is investigated. Also, its 
effect on the flatband voltage and threshold stabil i ty of 
sil icide-gate MOS capacitors is studied. 

Experimental Procedure 
Molybdenum disilicide films, nomina l ly  3000A. thick, 

were  deposited onto oxidized silicon substrates. The 
sput ter ing was done in an  MRC 603 system using d-c 
magne t ron  from an alloy target  of stoichiometric 
proportion. The parameters  used were 2 kW of power 
a n d  3~ of argon pressure. Then, phosphorus was im-  
planted into the silicide films with a dose ranging from 
1015 and 5 X 1016 ions/cm 2. The implanta t ion  energy 
was calculated using an interpolat ion program based 
on Brice (14). Silicon and molybdenum were used as 
in terpola t ing points. The densi ty of MoSi2 was as- 
sumed to be 5.7 g /cm 8, which was measured on sput-  
tered thin films (15) and was less than the values of 
5.9-6.3 g /cm 3 reported for bu lk  silicide (16). The 
projected range and straggle, Rp and ~Rp, were calcu- 
lated for boron (Bn) ,  phosphorus (pzl),  arsenic 
(As~5), and an t imony  (Sb121), using their  range data 
in  Si and Mo given by Smith (17). These are shown 
in  Fig. 1 and 2, respectively, Up to 500 keV. The cor- 
responding values in silicon are also shown. Except 
when noted, the energy used was 140 keV throughout  
this experiment.  Unimplan ted  samples were also in -  
cluded for comparison. Subsequently,  a silicon di-  
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oxide (silox) layer was deposited at 350~ on top of 
MoSi2 in order to prevent outdiffusion of phosphorus 
ions during the high temperature annealing steps. 
Also, it protects the silicide from oxidation by any 
trace of oxygen in the annealing ambient. The wafers 
were annealed in nitrogen between 900~176 for 
times up to 1 hr. The oxide layer was later removed 
with buffered HF. Sheet resistance was measured using 
a four-point probe before and after implantation as 
well as after annealing and removal of the oxide cap. 

MOS capacitors were made on (100), n-type, phos- 
phorus-doped wafers. Various thicknesses (<2000A) 
of oxide were grown at 1000~ in dry oxygen. The 
3000A thick silicide films were then sputtered. Half of 
the samples were implanted with phosphorus at 5 X 
1015 ions/cm2 and 50 keV while the rest were not 
implanted. The silicide films were then patterned into 
20 miI diam dots with photoresist and etched in a 
planar plasma etcher with NF3 (18, 19). A 5000A 
thick oxide layer was then deposited in a low pressure 
system and subsequently the samples were annealed 
at 900~ for 1 hr. Another patterning step defined 
the contact holes and buffered HF was used to etch 
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the oxide. Aluminum was then put on both sides of the 
wafers.  The f ront  side was pa t t e rned  and etched in 
H3PO4/HNO3 solution. A final anneal ing  step in Ha 
at  400~ finished the process.  

Structure and Composition 
X - r a y  diffraction measurements  were  made  wi th  a 

Siemens D500 au tomated  powder  diffractometer .  Af te r  
deposi t ion or  ion implant~ation, the  si l icide films were  
essent ia l ly  amorphous.  The x - r a y  diffract ion pa t t e rn  
only  showed a smal l  and broad peak  a round  20 of 
41.6 ~ , corresponding to the  (111) peak  of the hexagona l  
and low t empera tu r e  phase of MoSi2. This confirms 
tha t  dur ing  ion implanta t ion ,  l i t t le  recrys ta l l iza t ion  
took place. However ,  anneal ing  these films at h igh 
t empera tu re s  resul ted  in significant s t ruc tu ra l  changes, 
as shown in Fig. 3 and 4. F igu re  3 shows the ma jo r  
diffraction peaks  for the  si l icide films which are (a) 
un implanted ,  and implan ted  with  (b) 1015, (c) 2 • 
1016 phosphorus  ions /cm 2. These films were  then an-  
nea led  at  900~ for  1 hr. The un implan ted  film had 
te t ragona l  MoSi2 (t-MoSi~) as the m a j o r  phase,  wi th  
smal l  t races  of hexagonal  MoSi~ (h-YloSi~), and  Mo2C 
or carbon-s tabi l ized ,  hexagonal  MosSi~ [MosSis(C)]  
phases.  Fo r  the  film implan ted  with  1015 ions /cm 2, 
h-MoSi2 appeared  as a significant minor  phase [Fig. 
3 ( b ) ] .  When the implan ta t ion  dosage exceeded 2 • 
10~6 ions /cm 2, m a j o r  s t ruc tura l  difference can be ob-  
served, h-MoSi2 became the ma jo r  phase, wi th  t-MoSi2 
as a minor,  though significant, phase.  Also, for  the  
most  heav i ly  implan ted  (5 • 1016 ions/cm~) case, 
MoP was detected in significant amounts.  Fu r the rmore ,  
the level  of MogC or  Mo~Sis(C) r emained  about  the 
same infer r ing  tha t  it  was a con taminan t  f rom the 
sput te r ing  ta rge t  and not  a p roduc t  of the  imp lan ta -  
t ion process. 

In  Fig.  4, the diffraction peaks  for films implan ted  
wi th  the  same fluences bu t  were  then  annealed  at  
1000~ for 1 h r  a re  shown. The un implan ted  film had 

ioo I -  

f 
60 
4O 
2O 
0 

~ioo r 
8o t- 
6o r- 

~ O- 

~_m~ V 

~" 80 I 
~ 4o 

 '2~ I ,  

I~176 I 6O 
40 

o I I i 
(103) (i01) (110) 10021(213) 

t - M o S i 2  

ANNEALED AT 900~ FOR I hr 

I I 5 x 1016/cm2 

II , 
2X I016/cm 2 

t x 1015/cm 2 

I, 

I I , I 

UNIMPLANTED 

| | ! 
(III) (101)(fl0) (Iil)(200) 
h-MoSi2 Mo2C 

OR 
(210)(I12) 
Mo5Si3(C) 

(101)(100) 
MoP 

Fig. 3. Major x-ray diffraction peaks (peak intensities, not 
corrected for background and normalized to the highest silicide 
peak) for various MoSi2 films after implantation and annealing 
at 900~ for i hr. 

I~176 i 
40 
20 
0 , 

6o~- 
40 h 

I- 
lOOt- I 
 oI- 

; 

2~ I I 
== Ioo F [ 

6O 
40 

 ~ , ,  o (~11~) ll~o)(oOZ)lm3) 
t-MoSi2 

ANNEALED AT t000~ FOR t hr 
5 x 1016/cm2 

i , I 

2 x  ] O I 6 / c m  2 

| 

t x 1015/cm 2 

| | I 

UNIMPLANTED 

i i | i , 
(in)(ioi)oio) (m)(2oo) (io0(ioo) 
h-MoSi2 Mo2C MoP 

oR 
(210)(112) 
MosSi3(C) 

Fig. 4. Major x-ray diffraction peaks for various MoSi2 films 
after implantation and annealing at 1000~ for 1 hr. 

the  same features  as the  900~ case, wi th  the ( l l 0 ) -  
or iented,  t-MoSi2 as the m a j o r  phase [Fi~. 4 ( a ) ] .  
Li t t le  change was seen for the  10 TM i ons /cm 2 implan ted  
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film, except  the amount  of h-MoSt  decreas ing  to 
t race  level  [Fig. 4 (a )  v s .  Fig. 4 ( b ) ] .  On the o ther  
hand,  for  the  two heav i ly  implan ted  samples ,  the  
p redominan t  phase  was changed f rom h-MoSt2 into 
t-MoSi~. Also, the t-MoSt2 appears  to be more  r an -  
domly  or ien ted  than  the undoped  or  l igh t ly  doped  
films. Moreove r , MoP was again observed for  the  
film imp lan ted  wi th  5 X 10 ~e ion/cme case but  not 
the  one wi th  2 X 10 ze i ons / cm 2. 

There  are  severa l  in te res t ing  observat ions  that  can 
be made  f rom the diffraction da ta  jus t  described.  
F i rs t ly ,  the  presence of phosphorus  in the  sil icide 
a p p a r e n t l y  increases  the  hexagona l  to t e t r agona l  MoSi~ 
phase  t rans i t ion  t empera tu re .  F o r  the undoped film, 
i t  has been shown to be ,~800~ (20). This is also 
conf i rmed by  our  presen t  da ta  for  the  undoped  film 
which, a f te r  annea led  at  900~ for  1 hr,  had  mos t ly  
t-MoSt2 phase.  F o r  the si l icide film implan ted  with  
1015/cm~, the t rans i t ion  was almost  completed  at  
900~ But  increas ing the do~age to over  2 • 10 ~ 
ions /cm 2 has made  the  t r ans fo rmat ion  take  place be -  
tween 900~ and 1000~ Secondly,  the  main  contami-  
nan t  observed  here  is Mo=C or  Mo~Si~(C). Moe C has 
a f ace -cen te r  cubic  s t ruc ture  and a bu lk  resis=tivity 
of 65 ~-~-cm at  300 K (21). Hexagonal  Mo~Si~, s imi lar  
to its n iob ium counte rpar t  (22), has only  been found 
in the presence of carbon (23) but  its res is t iv i ty  has 
not  been  repor ted .  Thi rd ly ,  whi l e  no m o l y b d e n u m /  
phosphorous  compound was de tec ted  at low dosage, 
MoP was detected at  a dosage of 5 • 10 ~e ions/cm~. 
The  occurrence of this  compound has been ment ioned 
prev ious ly  in a phosphorus - ion - induced  si l icide for-  
mat ion  s tudy  (24). Molybdenum phosphide  has a bu lk  
res is t iv i ty  of 0.9 m ~ - c m  at 300 K (25), severa l  orders  
of  magn i tude  h ighe r  than  tha t  of the  silicide. 

Secondary  ion mass spec t rome t ry  (SIMS)  was pe r -  
fo rmed wi th  a Cameca IMS 3-f ion microscope wi th  
an O~. + beam of an impac t  energy  of 10.5 kV. F igure  5 
shows the  dep th  profiles of various posi t ive ions ob-  
ta ined  f rom SIMS for the  un implan ted  sample  and two 
asg implanted  samples.  Specifically,  the ions are  m o l y b -  
d e n u m  (geMo + ), si l icon (~sSi+ + ), phosphorus  ( ~ P + ) ,  
carbon (12C+), and argon (~0Ar+). Since oxygen ions 
were  used for  dep th  profiling, its level  in the  various 
l aye r s  of th in  films (oxide and sil icide) cannot be  de-  
termined.  M o l y b d e n u m  and si l icon are  the main  con- 
s t i tuents  and the i r  in tens i ty  rat io  is f a i r ly  constant  
th roughout  the  film. The presence of carbon fur ther  
confirms the x - r a y  da ta  ear l ier .  I t  was p robab ly  in -  
corpora ted  dur ing  the high t empe ra tu r e  meta l lu rg ica l  
s tep in the a l loy  t a rge t  fabr icat ion.  On the o ther  hand, 
argon was en t r apped  in the  film dur ing  spu t te r ing  
since it was used as the  sput te r ing  gas. The presence of 
a rgon and carbon in a l loy - spu t t e red  sil icide films has 
also been observed  in the  case of  NbSi~ (22). F igure  
5 (a)  is for  the  un implan ted  film, whereas  the  profiles 
for  si l icide films implan ted  with  phosphorus  fluence of 
1 >,' 10X~/cm ~ and 5 X 10Z~/cm ~ a re  shown in Fig. 5 ( b )  
and (c) ,  respect ively.  F o r  a l l  th ree  films, h igh in tens i ty  
of mass 31 in the  surface oxide film is not  a t t r ibu ted  to 
phosphorus  ions. Instead,  i t  is p robab ly  due to mole-  
cules such as Si l l .  At  a dose of  1 • 10~/cm ~, the phos-  
phorus  ions were  jus t  de tec tab le  [compare  Fig. 5(a)  
wi th  5 (b ) ] .  Also, the peak  of the phosphorus  ions can 
be seen ve ry  close to the  midd le  of the  si l icide films, as 
s imulated.  

The peak  in tens i ty  of phosphorus  ions (mass 31) in 
the  si l icide is cor re la ted  wi th  the peak  phosphorus  con- 
cent ra t ion  as calcula ted f rom the dosage and pro jec ted  
straggle,  as shown in Fig. 6. A l inear  re la t ionship  is o b -  
se r ved  for  dosage at  or above 5 • 10 z~ ions /cm ~. 

The high t e m p e r a t u r e  anneal ing  did not  s ignif icant ly 
change the  re la t ive  percentage  of molybdenum,  silicon, 
and argon bu t  r ed i s t r ibu ted  phosphorus  and carbon. 
Only  the profiles for the  un implan ted  sample  and the 
sample  imp lan ted  wi th  5 • 10 ~s ions/cm~, a f te r  an-  
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Fig. 5. As-implanted SIMS depth profiles for MoSi2 films which 
were (a) unimplanted, and phosphorus implanted with (b) 10 ~ ,  
and (c) 5 • 10 ~ ions/era ~. 

neal ing  at  900~ are  shown in Fig. 7 (a )  and  (b) ,  
respect ively.  Though the level  of phosphorus  be -  
came fa i r ly  un i form wi th in  the  film, i t  accumula ted  
at  the outer  interface.  Also, the  sa tura t ion  level  ap -  
p a r e n t l y  depended  on the implan ta t ion  dosage. Fas t  
outdiffusion of phosphorus  through WSi2 has also been 
observed (26). The d is t r ibut ion  of carbon is even more  
interest ing.  In i t ia l ly ,  it  was un i fo rm but,  a f te r  annea l -  
ing it became localized or clustered,  pa r t i cu l a r ly  for 
the implan ted  samples.  Since Mo2C or  MosSi3(C) 
was detected af ter  anneal ing,  the var ia t ion  of the 
carbon ions is p r o b a b l y  r e l a t ed  to the  nuclea t ion  of 
these carb ide  phases. F ina l ly ,  there  is no dis t inguishing 
di f ference be tween films annealed  at  900 ~ and 1000~ 
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Resist iv i ty  
Electrical properties of these silicide films were 

characterized with sheet resistance measurements.  
As i l lustrated in  Fig. 8, sheet resistance was studied as 
a function of annea l ing  temperature  for various films 
annealed for 1 hr in nitrogen. The as-planted films all 
had sheet resistance of approximately 30 ~/sq.  In  gen-  
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Fig. 8. Sheet resistance as a function of annealing temperature 
for various silicide films anneale d for 1 hr. 

eral, the sheet resistance decreased with increasing 
temperature  up to 950~C. Beyond that, the var ia t ion 
of sheet resistance with tempera ture  was small. How- 
ever, the sheet resistance of the sample  implanted 
with 5 • 10 TM ions /cm 2 was approximately twice that  
of the rest. Specifically, the sheet resistance of the 
most heavi ly  implanted sample dropped from 33-7 
12/sq after 1 hr at 950~ while the rest from 28-31 
to 3.8-4.5 ~2/sq. After 1 hr  at 1000~ the sheet re-  
sistance was essentially the same in  either case as 
those annealed at 950~ 

In  the case of isothermal annealing,  the sheet re-  
sistance was measured as a funct ion of anneal ing t ime 
up to 1 hr at 1000~ for various dosages, as shown 
in Fig. 9, Generally,  the sheet resistance dropped off 
abrupt ly  dur ing  the first 15 min  of annealing.  There-  
after , the change of sheet resistance with t ime was 
small. In  particular,  the un implan ted  film and the films 
implanted up to 2 X 10 t6 ions /cm 2 all decreased their 
sheet resistance from 26-33 to 3.3-5.5 Q/sq after 15 rain 
at 1000~ After 1 hr  of annealing,  the sheet resistance 
was between 4 and 4.8 ~/sq .  On the other hand, in  the 
case of implanta t ion  with 5 • 10 TM ions/cm 2, a sheet 
res is tance of 7.5 s  was obtained after 15 min, level-  
ing off only to 7 s  after 1 hr. Fur thermore,  the rea-  
son for the apparent  slight increase in  sheet resistance 
when the anneal ing t ime exceeded 15 rain has not  been 
found. 

To unders tand  the anneal ing  characteristics of these 
silicide films, the s t ruc tura l  data obtained from x - ray  
diffraction are correlated with the sheet resistance mea-  
surements.  After  implantat ion,  even at the heaviest flu- 
ence used here, the films were essential ly amorphous, 
as reflected in  the fair ly high sheet resistance (26-33 
~ / sq) .  This indicates little heating occurred in this 
step. After anneal ing  at 900~ for 1 hr, the un im-  
planted sample was recrystallized into mostly ( l l 0 ) -  
oriented t-MoSi~, and hence the decrease in sheet re- 
sistance to 5.8 ~z/sq. The silicide film which was im-  
planted with 101~ ions/cm2 also had ( l l 0 ) - o r i e n t e d  
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t-MoSi2 as the p redominan t  phase. In  this case, the  
h igher  res is tance measured  (10 12/sq) m a y  be a t t r ib -  
u ted to the presence of h-MoSi2. When the silicide 
films were  implan ted  with  over  2 • 10 TM i ons /cm 2 and 
annealed  at  900~ for 1 hr, they  contained mos t ly  
h-MoSi2 and also t-MoSi2. Hence, s t i l l  h igher  sheet  r e -  
sistance (31-35 ~ / sq )  was measured.  In  the case of 
5 • 10 TM i ons /cm ~, MoP, which has res is t iv i ty  severa l  
orders  of magni tude  h i g h e r  than  that  of the silicide, 
also contr ibuted  to the h igher  resis tance here.  

When  the anneal ing  t empera tu re  was increased to 
1000~ the undoped showed l i t t le  change in diffraction 
pa t t e rn  or  sheet  resistance.  The d i sappearance  of 
h-MoSi2 in the  film implan ted  with  1015 ions/cm2 re-  
sul ted in decreased sheet  resis tance ( f rom 10 to 4 
~ / s q ) .  The anneal ing  behavior  for  the  films implan ted  
with  2 X 10 TM and 5 • 10 TM ions /cm 2 differed in that ,  
despi te  h-MoSi~ was t rans formed into t-MoSi2 in both 
cases, the  presence of MoP in the la t te r  but  not  the 
former  resul ted  in a nea r ly  two- fo ld  increase in sheet  
resis tance (7 vs. 4 ~ / s q ) .  In  this  way, one c a n  see the 
effect of implan ta t ion  of phosphorus  on the s t ruc ture  
and res is t iv i ty  of these films. Fur the rmore ,  it  is noted 
t h a t  the  effect of phosphorus  implan ta t ion  on grain 
growth,  whicb  Can also affect res is t iv i ty  (15), has not 
been s tud ied  here.  

M O S  Propert ies 
To invest igate  the  effect of these proper t ies  on de-  

vice characteris t ics ,  MOS capaci tors  were  fabr ica ted  
and tested. The work  function, threshold  vol tage s ta-  
bi l i ty ,  and b reakdown  vol tage were  s tudied with  com- 
pa ra t ive  C - V  measurements .  The f latband voltages de-  
t e rmined  f rom C - V  measurements  a re  shown in Fig. 
10(a) and (b) ,  for  the  un implan ted  a n d  implan ted  
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samples, respectively. Since extrapolation of the flat- 
band voltage to zero oxide thickness from least 
squares fitting yields ~MS values of 0.67 and 0.57 eV, 
the work functions are hence 4.93 and 4.83 eV, respec- 
tively. The corresponding total charge densities calcu- 
lated from the slope of the VFB Vs. tox dependence were 
1.26 X 1011 and 1.24 • 1011/cm 2. Also, temperature- 
bias stress measurements, performed with ~10V at 
200~ for 15 min on these devices resulted in negli- 
gible flatband voltage shift, indicating threshold voltage 
stability. Furthermore, breakdown voltage measure- 
ments also yielded similar results for these two types 
of devices. For the case of 400A thick oxide, the break- 
down field distributions are shown in Fig. l l ( a )  and 
(b), for unimplanted and implanted gates, respec- 
tively. On the average, the breakdown field of ,~7 
mV/cm was observed. Based on these results, the im- 
planted silicide film, in the case of implantation fluence 
of 5 X 1() 15 ions/cm 2, showed little difference in MOS 
properties when compared with the unimplanted ones. 

S u m m a r y  
The effect of phosphorus implantation into molyb- 

denum disilicide thin films has been studied. The 
structural, compositional, and electrical properties of 
these films were investigated with x-ray diffraction, 
secondary ion mass spectrometry, and sheet resist- 
ance measurements. Implanted films showed a higher 
hexagonal to tetragonal MoSi2 phase transition tem- 
perature than the unimplanted one. Also, at high 
fluence (5 X 10 TM ions/icm2), MoP was detected, within 
a sheet resistance value twice that of the unimplanted 
or lightly implanted films. Isothermal and isochrona! 
annealing indicated a minimum temperature of 950~ 
and a maximum fluence of 2 X 10 TM ions/cm 2 can be 
used. Comparative C-V measurements showed similar 
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MOS characteristics between the unimplanted and im- 
planted silicide films. 

Manuscript submitted Aug. 13, 1982; revised manu- 
script received Nov. 22, 1982. This was Paper 301 pre- 
sented at the Montreal, Que., Canada, Meeting of the  
Society, May 9-14, 1982. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1983 
JOURNAL. All discussions for the December 1983 Dis- 
cussion Section should be submitted by Aug. 1, 1983. 

Publication costs of this article were assisted by the 
General Electric Company. 
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ABSTRACT 

This paper  discusses the exper imental  observations of al ignment signals from symmetrical  U-, V-, and W-shaped silicon 
marks.  Solid-state detectors are used to measure  al ignment signals by collecting electrons backscat tered in different takeoff  
angle regions. The results indicate several methods  for improving the signal quality. The effects on the al ignment signals 
due to the resist coatings are measured part icularly for PMMA coated on V-marks at different posit ions on the wafer. The 
exper imental ly  observed resist profile is characterized by the degree of planarization, which in turn is used to evaluate the 
reduction of the signal level due to the coated resist thickness.  The detection uncertainty error due to the asymmetry  of the 
resist profile at a peripheral  posit ion of the wafer is evaluated. The accuracy in locating the al ignment  marks is also calcu- 
lated as a function of the expanded  signal-to-noise ratio, the number  of scans of the electron beam, and the depth  of the 
mark. Simple design rules are given for characterizing the effects of resist thickness, the incident  beam voltage, and the 
mark  depth  in terms of the Bethe range. 

The  di rec t  exposure  of  wafers  in e lec t ron beam l i -  
t hog raphy  (EBL) requi res  the capabi l i ty  of accura te ly  
over lay ing  the pa t t e rn  to be exposed to the  processed 
pa t t e rn  a l r eady  on the wafer.  Fo r  this purpose,  a l ign-  
men t  m a r k s  are  typ ica l ly  fabr ica ted  at  the  four  corners  
of each chip. The a l ignment  process is ca r r ied  out  b y  
scanning the e lect ron beam across the  a l ignment  
marks ,  and col lect ing backsca t te red  electrons which 
pene t r a t e  the  resis t  layer .  To avoid addi t iona l  process 
steps it is des i rable  to al ign wi thout  r emova l  of the  
resis t  coated over  the a l ignment  marks.  

. M a n y  authors  (1-9) have con t r ibu ted  to cha rac t e r -  
~zmg a l ignment  signals.  Wolf  et al. (1) r epor t ed  mea -  
surements  of a l ignment  signals for sil icon pedestals ,  
si l icon dioxide  channels,  and gold marks.  F r i ed r i ch  
et al. (2) considered the a l ignment  signals f rom V- 
shaped si l icon marks .  I ida  and Eve rha r t  (3) examined  
an i so t rop ica l ly  e tched silicon holes as a l ignment  marks.  
Davis  et  al. (4) discussed the opt imiza t ion  of the  a l ign-  
men t  m a r k  detect ion process f rom U-shaped  silicon 
marks .  St ickel  (5) developed a qual i ta t ive  model  to 
descr ibe  the effects of the separa t ion  be tween  the two 
s idewal ls  of a U-shaped  m a r k  on the signals observed 
expe r imen ta l ly  using so l id-s ta te  detectors  in four  
quadrants .  A more  quant i ta t ive  technique based on 
Monte Carlo (MC) s imulat i0ns has been used by  Aizaki  
(6) to explore  the  to ta l  backsca t t e red  signals from 
step, V-, and W - s h a p e d  grooves in silicon. In a s imi lar  
s tudy,  S tephani  (7) inves t iga ted  the  backsca t te red  
s ignals  in different  takeoff  and  az imutha l  angles f rom 
rec tangu la r  steps, pedestals ,  and  grooves. 

The  authors  have  also employed  the  MC method  to 
charac ter ize  the  a l ignment  s ignals  (8-9) formed by  
e lect rons  backsca t t e red  f rom tapered  sil icon s teps both  
wi th  and wi thout  resis t  coatings. In  our  invest igat ions,  
we have  found tha t  the p re fe r r ed  detector  configura-  
tions c o l l e c t  the low takeoff angle  e lectrons wi th in  
0 ~ eL ~ 30 ~ Fo r  a fixed beam voltage,  the p re fe r r ed  
resis t  thickness  is less than  40% of the Bethe range  of 
the  incident  beam in the  PMMA resis t  (denoted as 
RPMMA) SO tha t  the  backscett tered e lect rons  wi l l  reflect 
the effect of the silicon marks  themselves.  Fo r  a resist  
l aye r  th icker  than  0.4 RPMMA, the backsca t te red  elec-  
t rons  wi l l  sense p r i m a r i l y  the resis t  topography.  

The unce r t a in ty  in loca t ing  the exact  posi t ion of a 
single step m a r k  i s  not only  caused by  the resis t  cover-  
age bu t  aIso affected b y  the accura te  definit ion of the 
m a r k  dur ing  the  fabr ica t ion  process.  The  processing 
uncer t a in ty  in defining the m a r k  pa t te rns  in the oxide  
mask  for anisotropic  e tching (10) wil l  even tua l ly  be 
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t r ans fe r red  to the  Si s tep masks  themselves.  These 
uncer ta in t ies  m a y  be minimized  by  using symmet r i ca l  
marks,  because the uncer t a in ty  f rom ind iv idua l  edges 
of  the marks  m a y  be reduced  th rough  averag ing  and 
only  a symmet r i ca l  processing er rors  remain.  

This pape r  presents  expe r imen ta l  observat ions  of 
a l ignment  signals for the U-, V-, and W - s h a p e d  sym-  
met r i ca l  si l icon marks,  and discusses the  re la t ionship  
be tween  the s igna l - to -no i se  rat io  and a l ignment  error .  
The exper imen t  was conducted in a ETEC autoscan 
scanning e lec t ron microscope (SEM).  It  is shown that  
m a n y  aspects of the  resu l tan t  a l ignment  signals  a re  
control led  by  the manne r  in which  the  resis t  covers 
the a l ignment  marks.  In par t icu lar ,  the ac tual  resis t  
profile on V -ma rks  and its effect on the  a l ignment  
signals are  character ized exper imenta l ly .  A guidel ine  
to de te rmine  t h e  selection of beam voltage, resist  
thickness,  and m a r k  depth  is also developed.  

Alignment Signals from Bare Silicon Marks 
Secondary electron signals.--Examples of s y m m e t r i -  

cal silicon a l ignment  marks  are  the U-,  V-,  and  W -  
shaped marks  shown in Fig. l ( a ) - ( d ) ,  respect ively .  
These expe r imen ta l  s t ruc tures  were  fabr ica ted  by  
etching (100)-Si  anisotropical ly .  The  s idewal ls  of 
these samples  were  smooth and uniform, and the  rough  
appearance  here  at  a t i l t  angle of 82 ~ is due to the  finite 
focal dep th  of the SEM. The signals in Fig. 1 ( a ) - ( d )  
a re  secondary  e lect ron signals for  a 20 kV elect ron 
beam. The s l ight  a s y m m e t r y  in these secondary  e lec ,  
t ron  signals stems f rom the a symmet r i ca l  posi t ion of 
the sc in t i l la tor  detector .  

The effects on the  e lec t ron signal  of the  var ious  geo-  
met r ica l  components  of a m a r k  can be seen f rom this 
sequence of a l ignment  signals. The s ignal  f rom a U-  
shaped m a r k  given in Fig. 1 (a) consists of two par ts  
corresponding to two steps of the mark ,  which in te r -  
fere wi th  each o ther  a t  the  t rench of the mark .  The 
in ter ference  is s t ronger  for  a n a r r o w e r  t rench.  As the  
w id th  of the  t rench  even tua l ly  vanishes to become a 
V-shaped  mark ,  i t  leads to a sharp  min imum in s ignal  
of the  V-mark ,  as is ev ident  wi th  Fig. 1 (b) .  Therefore,  
the detect ion of the  exact  posi t ion of the  bo t tom of a 
V-groove  can be much  more  accurate  than the de tec-  
t ion of a single s tep mark .  If two V -ma rks  are  b rought  
to wi th in  the Gri in  range of the p r i m a r y  e lect ron beam, 
an in te r fe rence  be tween  the two corresponding V- 
shaped signals  occurs (5, 8),  as can be  seen in Fig.  
1 (c).  When  the separa t ion  is so smal l  tha t  two V -marks  
indeed become a W-shaped  mark ,  as shown in Fig. 
l ( d ) ,  then signal  enhancement  t a k e s  p lace  at  the  
center  of the  W - m a r k .  Because i t  has  two sharp  min ima  
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(a) 

{b} 

8 L 8M 81.I 

(c) 
Fig. 2. Alignment signals for a symmetrical U-shaped mark of 

depth 7 ~m. The signals in this and the following two figures are 
(a) "TOTAL" backscattered electron signal collected by the cop- 
per detector for a 30 kV beam, and (b) Signals from the solid- 
state detectors in eL, eM, and #~ positions, respectively. The 
beam voltage is 30 kV, (c) Same as (b), except the beam voltage 
is 20 kV. 

Fig. 1. (a) Symmetrical U-shaped alignment mark of 7 ~m depth 
at 820 tilt. The secondary electron signals were recorded using 
20 kV beam with a line scan mode available in SEM. (b) Symmetri- 
cal V-shaped alignment mark of 4.86 ~m depth. (c) Symmetrical 
W-shaped alignment can be regarded as two V-shaped grooves 
close to one another, and (d) symmetrical W-shaped alignment 
mark gives a sharp maximum in the recorded secondary electron 
signals. 

and one sha rp  m a x i m u m  avai lab le  in the  signal, the  
W-shaped  m a r k  is po ten t i a l ly  ve ry  effective for  precise  
m a r k  detection.  

Backscattered electron signals.--The a l ignment  s ig-  
nals ob ta ined  by  collect ing the backsca t te red  electrons 
f rom bare  silicon symmet r i ca l  marks  are  shown in Fig. 
2, 3, and 4 for  U-, V-, and W-shaped  marl~,, respec-  
t ively.  In  each figure, case (a) is the " total"  backsca t -  
t e red  e lec t ron signal  detected b y  using a copper  de -  
tector, and cases (b) and (c) a re  the signals f rom 
collecting electrons backsca t te red  into low, medium,  
and high takeoff  angle regions wi th  so l id-s ta te  de tec-  
tors. The l a t t e r  a re  p ropor t iona l  to the s ignal  energy,  
whereas  t he  copper  de tec tor  is sensi t ive only  to the 
number  of backsca t te red  electrons.  

The  so l id-s ta te  de tec tor  cor~sisted of a 0.82 mm2-area  
p - n  junct ion diode wi th  a guard  r ing  to reduce  the  
da rk  current .  The diode was centered at  13 ~ 41 ~ and 
7 9  ~ for  the  low e,~, med ium eM, and h igh  #H takeoff  

'!, ,, ,1, i 

. . . . . . . . . .  ~~d ~! 
(a) 

j 

(b) 

�9 [ , 

(c) 
Fig. 3. Alignment signals for a symmetrical V-shaped mark of 

depth 4.0 #m. 
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(a) 

(b) 

(c) 
Fig. 4. Alignment signals for a symmetrical W-shaped mark of 

depth 4.86 ~m. 

angle  ranges,  respect ively.  With  respect  to each case, 
the  solid angle  sub tended  by  the de tec tor  was 0.011, 
0.0048, a n d  0.0071 s.r. The copper  de tec tor  was an an-  
nu l a r  p la te  which collected the cur ren t  of backsca t -  
t e red  electrons for  takeoff  angles in the range 13 ~ < e 
< 67 ~ The pla te  was pa in ted  wi th  aquadag  (a carbon 
suspension) to suppress  secondary  e lect ron emission, 
and a negat ive  45V bias be tween  the copper  p la te  and 
the spec imen was used to e l iminate  the collection of 
low energy  secondary  electrons.  In  recording  a l ign-  
ment  signals f rom these detectors,  the collected ou tput  
cur ren t  was measured  by  using a Ke i th ley  610C elec-  
t rometer ,  and was then p lo t ted  on a cha r t  recorder .  A 
compute r -con t ro l l ed  electron beam was scanned across 
the a l ignment  m a r k  wi th  10 msec dwel l  t ime on each 
pic ture  element.  The bandwid th  of this sys tem was 
l imi ted  by  the  char t  r ecorder  to about  100 Hz. 

The signals  shown here in (b) and (c) of Fig. 2, 3, 
and 4 are  f rom detect ion of the  scanning beam. Because 
of the  s y m m e t r y  'of marks,  the s ignal  in Ca quad ran t  
which ranges f rom 135 ~ to 225 ~ is a m i r r o r  image  of 
tha t  in r as has been confirmed exper imenta l ly .  The 
beam vol tage  used for  both cases (a) and (b)  is 30 
kV.~ whi le  for  case (c) i t  is 20 kV. The "total"  back -  
sca t tered  signals  resemble  the ac tua l  m a r k  shapes, 
whi le  the  signals  a t  8L, ~M, and 8H a re  more  compl i -  
cated, and differ s ignif icantly f rom the or iginal  m a r k  
shapes. In  general ,  the  s ignal  a t  eL has a s imple  s ignal  
shape and ~H has the most complex s ignal  shape. The 
signal  level  at  eL is usua l ly  lower  because of t he  geo- 
met r ica l  shadowing  effect. 

The shape o f  the  collected signal  is also affected by  
the beam vol tage and the m a r k  depth.  These effects 
can be combined into a normal ized  m a r k  depth  z which 
is the  rat io  of the phys ica l  m a r k  depth  s to the Bethe 
range  Rsi of the p r i m a r y  beam in Si. When  z in-  
creases,  the modula t ion  S in the  s ignal  a t  0n increases,  

while  hS in the  signals a t  eM and OH m a y  decrease.~ 
This effect can be exp la ined  as follows. The m a x i m u m  
of the s ignal  is genera ted  when the beam is incident  at  
the  top corner  of these symmet r i ca l  marks .  The in-  
crease of z ( smal le r  beam vol tage a n d / o r  g rea te r  m a r k  
depth)  makes  the e lec t ron sca t ter ing  at  the top corner  
closer to that  of a single isolated step;  therefore  the 
signal  increase  is enhanced in  the low takeoff  angle  
regions, as is ev ident  f rom the angu la r  d i s t r ibu t ion  of 
backsca t te red  e lect rons  shown in Ref. (8). The min i -  
mum of the  signal  is ma in ly  caused by  a t t enua t i on  and 
shadowing effects (8),  which  are  most  pronounced  
for the  low takeoff angle  electrons.  Therefore,  hS, 
which is the difference be tween  the m a x i m u m  and 
min imum in signal,  is enhanced toward  0L for  l a rge r  z. 
If z is g rea te r  than unity,  undes i rab le  p la teaus  appea r  
in the  regions of the  s loped edges of the m a r k  and 
make  the collected signals  (pa r t i cu la r ly  for  eM and OH) 
more  complex.  Hence, i t  is des i rab le  that  the  m a r k  
dep th  should be no g rea te r  than  Rsi. 

Note that  the spread  of the signals at  eL is usua l ly  
smal le r  than  tha t  at  0M and 0H. Despi te  the fact  tha t  the  
signal  level  m a y  be lower ,  the  s ignal  a t  eL is gene ra l ly  
p re fe r r ed  because of the  s imple  signal  shape and t h e  
small  spread.  

Both the to ta l  s ignal  (TOTAL) and  the  sum signal  
of r and ~a (SUM) have a signal  shape s imi la r  to the  
or iginal  mark.  Fo r  V-marks ,  the TOTAL and SUM 
s i g n a l s  a re  pa r t i cu l a r ly  useful  because of the  sharp  
min imum which  corresponds to the bot tom of the V- 
groove. The  de te rmina t ion  of the m a r k  posi t ion can 
be made ve ry  accura te ly  by  using this sha rp  minimum.  
Simi lar ly ,  two sharp  min ima  and one sharp  m a x i m u m  
avai lab le  in W - m a r k s  make  them po ten t ia l ly  ve ry  
effective for  precise  m a r k  detection. But this  ad-  
vantage for  W - m a r k s  d isappears  in the  difference 
signal  be tween  signals r and r (DIFFERENCE) .  The 
DIFFERENCE signal  f rom U-, V-, and W - m a r k s  gives 
a symmet r i ca l  zero-cross ing signal, which  m a y  be 
more useful  if  the  zero-cross ing detect ion technique is 
used for fur ther  signal  processing. 

Detection uncertainty error.--The de tec tab i l i ty  of 
the marks  and the accuracy  of locat ing them a r e  
l imi ted  by  the noise level  in the a l ignment  s ignal  as-  
sociated wi th  the  electron beam a n d  the detect ion sys-  
tem. A high s igna l - to-noise  rat io  (SrNR) is impera t ive  
for achieving precise over lay  of pa t terns .  Techniques 
to improve  the SNR have been rev iewed  e lsewhere  (4, 
8). A higher  SNR can be obta ined  by  decreas ing the 
scan ra te  of the e lect ron beam or  by  increas ing the 
incident  beam current .  The SNR can also be improved  
by  using la rger  detectors  and placing them closer to 
the specimen. To minimize the noise, the bandwid th  of 
the  system dur ing  a l ignment  should not  be l a rge r  than  
necessary to pass the a l ignment  s ignal  wi thout  dis-  
tortion. In  addit ion,  the ensemble  ~verage of M ind i -  
v idual  scans can be used to r educe  the noise by  a fac tor  
of ~/M (11). 

The accuracy  in locat ing the a l ignment  marks  in-  
creases wi th  the SNR. As an example ,  consider  tha t  a 
"peak"  detect ion ( including the m a x i m u m  and min i -  
m u m  in the signal)  is u sed  to process the col lected 
a l ignment  signals and to locate the  p o s i t i o n  of a V- 
shaped mark.  F r o m  MC simulat ions  (6, 12), the max i -  
mum and the min imum correspond to the top corner  
and the sharp bo t tom of the V-mark .  Due to the back-  
ground noise Nb, the detect ion unce r t a in ty  ~ for  one 
m a r k  edge is equal  to the noise d ivided by  the average  
s ignal  slope hS/W where  W is the hor izonta l  dis tance 
be tween  the m a x i m u m  and m i n i m u m  in the  signal.  
That  is, 5 is p ropor t iona l  to W div ided  by  the ex -  
panded  s igna l - to -noise  rat io  hSNR, which  is defined as 

Note that signal amplitudes in Fig. 3(c) must be reduced by a 
factor of 2/5 in order to be compared with signals in Fig. (b), due 
to a change in recording scale on the chart recorder during the 
experiment. 
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,AS 
ASNR = Nb [I] 

Generalizing for an ensemble of M individual scans, K + 
V-marks per single scan, and two sidewalls per V- 
mark, one obtains the following expression for the 
detection uncertainty 5 as has been derived by follow- 
ing the approach of Davis (4) 

W s 

6 = ~ (ASNR) -- 2Vr-M~ (ASNR) [2] 

Here the horizontal distancd W is related to the physi- 

cal mark depth s by a factor of tan 54.T ~ -- A/2: 
Figure 5(a)  depicts the detection uncer ta in ty  8 vs. 

the expanded SNR for + s/2A/MK ---- 0.4 ~m, which is 
the case for using 25 individual  scans on one single 
V-mark  of 4 ~m depth. I t  shows that for ~ to be less 
than 0.02 ~ml a relat ively high ASNR (greater  than 20) 
is required. In practice, more scans over the same mark  
for averaging can be used to improve the accuracy 
with a tradeoff in  slower throughput.  Figure 5(b)  
shows 5 as a function of the n u m b e r  of scans for 
s/2~/K (aSNR) _-- 0.5 ~m, which is the case for using 
one single V-mark  of 2 ~m depth and a beam current  
corresponding to ASNR ~ 2. 

This result  may be cast into a different form which 
displays the dependence of a l ignment  precision on 
a l ignment  time. Let T be the total  scan time (equal 
to MKts where ts is the t ime to scan one mark) ,  m be 
the fractional modulat ion in the a l ignment  signal 
(AS/s), and I~ be the average signal current.  Then  as- 
suming  that  the system bandwidth  is 0.37/f~s (where 
f is the ratio of the mask width to the scan length)  
and the noise is a times the theoretical shot noise limit, 
it is s traightforward to derive 

as ~ /  0.74q 
6 = [3] 

2m JTls 

in which q is the electronic charge (1.6 • 10-zgC). 
For example if we assume 50% modulation,  an a of 5, 
an a l ignment  m a s k  duty  cycle f of 0.01, and an al ign-  
ment  t ime of 0.25 msec per mark, then a signal current  
of 6 pA is required to achieve an a l ignment  precision 
of s/50. The signal losses due to the backscattered 
electron coefficient n and detector collection efficiency 
require  the incident  beam cur ren t  to be about  two 
orders of magni tude  larger  (1/nf) .  

Genera l ly  the average slope of the signal from the 
max imum to the m i n i m u m  is steeper than that  of the 
decrease of the signal with distance along the top of 
the silicon away from the mark.  This top silicon signal 
has a spread proport ional  to the Grfin range (8). Since 
it does not  decay as rapidly as the m a x i m u m - t o - m i n i -  

m u m  signal, its use wil l  result  in  a greater  uncer ta in ty  
in  the edge location. Such will  be the case for a 
threshold detection scheme which examines only the 
peak of the signal. Al ternat ive  detector methods based 
on differentiation would be l imited by a relat ive error 
related to the slope. Typical ly for 30 kV and s - - 4  
~m, the average slope of the m a x i m u m - t o - m i n i m u m  
signal could be about a factor of 4.6 higher than the 
slope on the silicon side near  the peak, and would 
also be about a factor of 1.6 higher than the average 
of the two slopes near  the peak. Therefore, from a 
consideration of signal slopes, the peak- to-va l ley  de- 
tection scheme is preferred over threshold detection 
scheme. 

V - S h a p e d  M a r k s  with Resist Coverage  
Resist profile.--A micrograph showing a side view 

of a --1.6 ~m PMMA resist layer  coated on a 7 ~m 
deep V-shaped silicon mark  is given in  Fig. 6. The 
resist coverage profile is smooth and curved to a min i -  
mum at the bottom of the V-mark,  where the resist 
is thickest. The resist becomes th inner  near  the two 
top corners of the V-mark.  The region of thickness 
nonuni fo rmi ty  depends on the coating conditions, the 
resist thickness, and the groove depth, and can ex-  
tend at least 10 ~m away from the mark.  In  general,  
the resist profile becomes more planar  for shallower 
groove depths and thicker resist film. Following the 
definition given by Rothman (13), the degree of 
planar izat ion D is expressed as 

d 
D = 1 --- [~] 

8 

where s denotes the groove depth and d is the distance 
between the maximum and minimum of the resist pro- 
file. Figure 7 illustrates D vs. resist thickness t for two 
V-shaped grooves with depths 4.86 and 7.04 #m, re- 
spectively. Data from Yamamoto et al. (14) for U- 
shaped marks of depth 0.24 ffm are also shown in Fig. 
7 for comparison. D increases as the resist becomes 
thicker, and eventually approaches unity which im- 
plies a flat surface. By studying the PMMA resist 
coverage on U-shaped marks of depth of 0.14 and 0.24 
~m, Yamamoto et al. (14) concluded that the coated 
resist surface becomes flat when the coating thickness 
of PIVIMA resist exceeds ~ 2.3 times the groove depth. 
Our experimental results in Fig. 7 indicate that for 
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Fig. 5. (a) Detection uncertainty 8 as a function of ASNR for 
s /2~ /MK ~--- 0.4 #m, and (b) ~ as a function of the number of 
scans M for s/2~/K((ASNR) ~ 0.5 #m. 

Fig. 6. Cross section of 1.6 #m PMMA resist coated on a V-mark 
of 7 ~m depth. 
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Fig. 7. Degree of planarizotion D vs. coated resist thickness t, 
with mask depth as a parameter. 

V-shaped marks  wi th  depths of 4-7 ~m, a conclusion 
similar  to that  of Yamamoto et al. can be drawn;  
namely,  for t ~ 2.8s, D ~ 1. 

The thickness uni formi ty  of spun-on  resist in  differ- 
ent  locations on the wafer  has been reported in  the 
l i terature  (15). It is a funct ion of resist viscosity, dis- 
pense volume, spin speed, and wafer diameter.  Figure 8 
shows resist profiles of 0.6 ~m PMMA coated on V- 
marks  of the same depth 4.4 ~m at two different loca- 
tions on a 50 m m  wafer. At position A, the resist flows 
in  a direction paral lel  to the l ine (radial  mark) ,  while 
at point  B, the resist flows perpendicular  to the l ine 
(peripheral  mark ) ,  from right to left, as sketched in  
the figure legend. Both A and B are ,~ 1.9 cm away 
from the center  of the wafer. As expected, the resist 
profile is more symmetr ical  for case A than  for case B. 
The asymmetry  in profile B may arise from the fact 
that the resist in  a t tempt ing to flow out of the groove 
builds up on the outbound side. The sl ight asymmetry  
in  profile B may  cause a detectable difference in the 
a l ignment  signals between case B and case A, and may 
become significant for a thicker resist coverage (t -> 

1 ~,m). Radial a l ignment  marks  are clearly preferred, 
bu t  in  general  are not possible if chip by chip al ign-  
men t  is to be used. 

Resis t  e[]ects.--The effects of a resist layer  coating 
the a l ignment  marks  are to reduce the ampli tude and 
to broaden the peaks of the a l ignmen t  signals. This 

1 

degradation of the a l ignment  signals makes the mark  
detection more difficult and less accurate. The undes i r -  
able "bubbl ing" and charging (4, 16) worsen the 
problem even further.  It has been shown in a previous 
s tudy (9) that both thickness and profile shape of 
the resist layer  can affect the a l ignment  signals. In  
addition, for a resist layer  thicker than 0.4 RPMMA, 
the a l ignment  signal  is dominated by the resist topog- 
raphy. 

Figure 9 shows typical a l ignment  signals derived 
from the copper detector. These signals were recorded 
for a 20 kV beam incident  on a V-shaped silicon mark  
of about 4 ~m depth. The resist thickness increases 
from zero (bare Si mark)  on the left to ,--1.6 ~m on 
the right. As expected, the effect of the resist coating 
is a reduction in the a l ignment  signal  amplitude.  
Notice the asymmetry  in  the a l ignment  signals in cases 
(d) and (e) in Fig. 9. This is pr imar i ly  due to the 
asymmetry  in the resist profiles for the marks in the 
peripheral  position B on the wafer, as depicted in Fig. 
8. In addition, the sharp m i n i m u m  in the signal rounds 
off with the coated resist thickness. These observations 
suggest that  the a l ignment  signal follows closely the 
resist profile, par t icular ly  for thick resist coverage. The 
rate of reduction in the signal modulat ion hS depends 
on the resist thickness (par t icular ly  at the bottom and 
top corner  of the V-mark)  as well  as the profile shape 
of the resist. From Fig. 7 arid 9, we observe that  for 
t ~ s/8 and D ~ 0.2, ~S decreases to ,~ 60% of the 
value on a bare Si V-mark  signal, while t ~ s/2 and 
D ~ 0.6, AS decreases to only ,~ 25% of the value in 
a bare Si mark  signal. (s is the mark  depth, t is the 
coated resist thickness, and D is the degree of p lanar -  
ization.) 

The m i n i m u m  in the a l ignment  signal corresponds 
to the sharp bottom for a V-mark  without  resist coat- 
ing, as predicted from the MC simulat ions (6, 12). 
However, the asymmetry  of the resist profile coated 
on a peripheral  V-mark  at position B of the wafer 
(see Fig. 8) can cause deviations. This introduces some 
error in assuming the signal m i n i m u m  to be the bottom 
of the V-mark.  Figure 10 plots observed average error 
of this type vs. the coated resist thickness. The average 
error in  locating the bottom mark  position increases 
with increasing resist thickness, and is 0.48 #m for 1.6 
~m thick PMMA. 

The exper imenta l  observations of Fig. 7 suggest that  
the resist profile becomes p lanar  when  the coating 
thickness of PMMA exceeds ,--2.3 times the groove 
depth. Fur thermore,  the a l ignment  signal is contr ibuted 
main ly  from the resist profile if the resist is thicker 
than  0.4 RpMMA, where RpMMA is the Bethe range of the 
incident  beam in PMMA. These features determine 
the mi n i mum beam voltage for a given resist coating 
thickness or the ma x i mum resist coating thickness for 
a given beam voltage if the depth of V-mark  is fixed. 
Specifically, with a 20 kV beam which has a Bethe 
range of 7.55 am in  PMMA, the thickness of resist 
should be less than 3 ~m. If a resist layer  thicker  than  
3 am is required for the device fabricat ion process, 
then either a beam voltage greater  than  20 kV is 
needed or the groove should be deeper than  1/2.3 
t imes the resist thickness. 

. . . .  A T i l t  8 8  ~ 

- - B  

A 

Fig. 8. Resist profiles at different locations on the wafer (see 
text). 

(o }  (b )  

4~m 

(r (d) (e) 

Fig. 9. Detected alignment signals using the copper detector 
with a 20 kV beam. The depth of the V-mark is 4.03 #m. The 
coated resist is (a) zero, (b) 0.83 ~m, (c) 1.03 #m, (d) !.20 ~m, 
and (e) 1.61 #m. 
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Conclusion 
Alignment signals for both bare and resist coated 

symmetrical U-, V-, and W-shaped marks have been 
investigated. Several detector configurations have been 
considered. On bare silicon, although the signal level 
may be smaller, the low takeoff angle signals are most 
useful in the determination of the mark position be- 
cause of the simple signal shape and the small signal 
spread. The TOTAL and the SUM of signals taken at 
various azimuthal angles resemble the original mark 
shape. They offer sharp maximum and sharp minimum 
in the signals which are potentially very effective for a 
precise mark detection. The DIFFERENCE signals may 
be more advantageous if the zero-crossing detection 
techniques is used for signal processing. The situation 
for resist coated marks is quite similar except that 
the signal level for the low takeoff angle signal de- 
creases much faster with increasing resist thickness 
than the medium and high takeoff angle signals (9). 

The resist effects were evaluated particularly for 
PMMA coated on V-marks. If the resist is thicker than 
2.3 times the mark depth, the resist surface becomes 
essentially flat. The position of the V-marks on the 
wafer is also critical for the coated resist profile. 
Radial V-marks are preferred, because peripheral V- 
marks have asymmetry in their coated resist profiles. 
For a given beam voltage, the resist thickness should 
be less than 0.4 RPMMA SO that the backscattered elec- 
trons will reflect the geometry of the silicon marks 
themselves. A resist layer thicker than 0.4 RPMMA can 
be used if required by the device fabrication processes, 
but the alignment signal will be derived primarily 
from the resist topography. In that case, the depth of 
a groove mark must be significantly greater than 1/2.3 

of the resist thickness so that there will be sufficient 
resist topography for detection. For bare silicon marks, 
an inclination angle of tapered steps of value between 
60 ~ ~ 70" maximizes the electron backscatter coeffi- 
cient (8). For resist coated marks, a steeper sidewall 
angle will likely be preferred as it will generally 
give a steeper resist profile slope. This is particularly 
true for thick resist coating where the backscattered 
signal primarily reflects the resist topography. The 
true optimum angle is apt to depend on the nature of 
the resist profiles in the coating process and requires 
a specific characterization. 
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ABSTRACT 

Repeated electron beam irradiation and annealing processes are shown to enhance radiation damage in the gate SiO~, 
compared to only one irradiation and annealing cycle. Repeated irradiation with 20 keV electrons causes an introduction of 
more positive charge, neutral traps, and interface traps. Neutral trap density gradually increases with increasing repeated 
cycles, even after 700~ annealing in dry N2, though these traps are removed completely by only one cycle. Posit ively 
charged and neutral  traps are determined by avalanche hot-electron injection, and interface traps at the SiO2-Si interface are 
determined by quasistatic C-V measurements.  Long-term stability for electron beam irradiated MOS capacitors has been 
examined through positive and negative bias- temperature (BT) stress aging. Devices annealed at 450 ~ and 700~ result in 
faster and larger VFs shifts and interface trap generation under  BT stress than those for devices annealed at 1000~ Around 
1000~ annealing is found necessary to completely remove structural defects in the oxides induced by ionizing radiation and 
to assure good tong-term stabili ty for MOS devices fabricated by electron beam lithography. 

The demand  for  achieving submicron  p a t t e r n  de -  
l ineat ion  has been recen t ly  increased for fabr ica t ing  
high per formance  LSI 's .  F o r  this  purpose,  e lect ron 
beam l i thography  and react ive  ion e tching (RIE) ,  for 
example ,  have  been used extensively.  However ,  these 
high energy  par t ic les ,  or  concur ren t ly  genera ted  x -  
rays,  c rea te  damage  in the gate oxides,  as they  pass 
th rough  the surface layers  in the devices. Radia t ion  
d a m a g e  studies  a re  impor tan t ,  because rad ia t ion  in-  
duced posi t ive charge  and neu t ra l  t raps  in the  gate 
oxides of  MOSFET's  degrade  device  character is t ics  
(1, 2) and enhance ho t -e lec t ron  induced instabi l i t ies  
(3). Therefore,  there  have  been severa l  s tudies made  
concerning charac ter iza t ion  and anneal ing  effect of 
rad ia t ion  induced charge  and t raps  (4-8).  They  are, 
however ,  concerned ma in ly  wi th  the annea lab i l i ty  of 
rad ia t ion  damage  by  only  one t ime pos tmeta l l iza t ion  
annea l ing  af te r  i r radia t ion.  In  an ac tua l  fabr ica t ion  
process,  there  a re  many  i r rad ia t ion  and anneal ing  
processes. Therefore,  i t  is p r ac t i ca l ly  impor tan t  to 
unde r s t and  the  na tu re  of the  damage  in the gate ox-  
ides and annea lab i l i ty  of the damage  by  repea ted  i r -  
rad ia t ion  and anneal ing  processes. 

This paper  shows tha t  r epea ted  i r rad ia t ion  and an-  
nea l ing  processes cause un removab le  neu t ra l  t raps  to 
b e  genera ted ,  even at 700"C anneal ing,  though t h e y  
are  annea led  out comple te ly  by  one i r rad ia t ion  and 
annea l ing  cycle. In  addi t ion to the ini t ia l  charac te r i -  
zat ion of rad ia t ion  damage  in the  r epea ted  process, 
l ong - t e rm  s tab i l i ty  of  rad ia t ion  damaged  devices under  
b i a s - t e m p e r a t u r e  s tress  was also examined,  focusing 
on the anneal ing  t empe ra tu r e  effect. 

Experimental 
Sample preparation.--The devices were  polysi l icon 

gate  MOS capaci tors  fabr ica ted  on p - t y p e  (100) s i l i -  
con subs t ra tes  wi th  a res is t iv i ty  of 0.1-0.2 gLcm. Such 
a high doped subs t ra te  is necessary  for  the  un i fo rm 
in jec t ion  of mino r i t y  carr iers ,  when the capaci tors  are  
ava lanched  (9). Al l  MOS capaci tors  were  fabr ica ted  
b y  convent ional  pho to l i thography  and chemical  e tch-  
ing. Af t e r  fo rming  th ick field oxides  and removing  
oxides in the  gate  a rea  of 2.5 • 10 -3 cm 2, a 30 nm 
th ick  gate SiO2 was grown in a d r y  O2 a m b i e n t  at  
950~ Arsenic  doped polysi l icon electrodes were  450 
nm thick, chemical  vapor  deposi ted  at  730~ in an 
SiH4-H2-AsH3 ambient ,  fol lowed b y  annea l ing  in a 
dm.r N2 ambien t  at  900~ Af te r  etching off polysi l icon 
outs ide the gate area,  CVD SiO2 was deposi ted for 
surface passivat ion.  Final ly ,  CVD SiO2 was r emoved  
in a contact  region on the field oxides. 

Key words: radiation damage, neutral trap, interface trap, MOS 
devices, long-term stability. 

Some of  the capaci tors  in a wafer  were  i r r ad ia t ed  
d i rec t ly  through CVD SiO2 and polysi l icon electrodes 
in an ele~t~on beam l i thography  system, while  others  
were kep t  as un i r r ad ia t ed  controls .  The ga te  a rea  of 
ind iv idua l  capaci tors  was scanned by  a 20 keV elec-  
t ron beam. Dosages were  var ied  in steps be tween  2 • 
10 -8 and 2 • 10 -8 C /cm 2, where  a s t andard  i r -  
rad ia t ion  dosage is about  2 • 10-5 C /cm 2 in our  l ab -  
o ra to ry  (10). 

Annea l ing  af ter  e lect ron beam i r rad ia t ion  was car-  
r ied out  in a d r y  N2 ambien t  for  3Q min. Annea l ing  
t empera tu res  were  var ied  be tween  400 ~ and 1000~ N2 
anneal ing,  ins tead of forming gas  anneal ing,  was used 
because it is a wide ly  used method in MOS fabr ica-  
t ion processes, except  for pos tmeta l l iza t ion  annealing.  
In  addi t ion to the only one t ime i r rad ia t ion  and an-  
nea l ing  exper iment ,  repea ted  i r rad ia t ion  and anneal ing  
cycles were  car r ied  out  consider ing actual  MOS fabr i -  
cation processes, i.e., the re  a r e  many  i r rad ia t ion  and 
anneal ing  processes a f te r  gate oxide  formation.  

Wafe r  samples  were  used for eva lua t ing  the an-  
nea l ing  effect of rad ia t ion  damage,  whereas  packaged  
devices were  used for examin ing '  l ong - t e rm s tabi l i ty  
of rad ia t ion  damaged  MOS capacitors .  Af te r  e lect ron 
beam i r rad ia t ion  and anneal ing  at  var ious  dosages 
and tempera tures ,  a luminum contacts to the  po ly -  
silicon electrodes were  made via  a contact  hole  located 
on the thick field oxides. A l u m i n u m  was deposi ted  by  
res is tant  hea ted  evaporat ion.  Af te r  contact  pad  fo rma-  
tion, wafers  were  given a pos tmeta l l iza t ion  annea l -  
ing for  30 rain in a forming gas at 450~ Diced chips 
were,  then, encapsu l a t ed  in TO-5 packages.  These 
samples  were,  therefore,  given an addi t iona l  fo rming  
gas anneal ing  af te r  post  e lec t ron  beam i r rad ia t ion  
anneal ing  in a d ry  N2 ambient .  

Evaluation method.--The densi t ies  of pos i t ive ly  
charged and neu t r a l  t raps  in the gate oxides  and in te r -  
face t rap  dens i ty  at  the SiO2-Si in terface  were  de te r -  
mined  at  var ious  points  dur ing  the exper iments ,  i.e., 
before  i r rad ia t ion  and af te r  a series of i r rad ia t ions  
and anneal ings.  

High f requency  C-V curves were  measured  to de-  
t e rmine  the  r ad ia t ion - induced  f la tband vol tage shift .  
Densit ies  of neu t ra l  t raps  as wel l  as pos i t ive ly  charged 
t raps  were  de te rmined  by  un i fo rmly  in jec t ing  ho t -  
e lect rons  f rom the subs t ra te  into the  gate  oxides,  and  
measur ing  the f latband vol tage shift. The e lect ron cur-  
rent  th rough  the gate oxides was genera ted  by  ava -  
lanche inject ion technique (11, 12). Avalanche  in-  
ject ion was obta ined b y  usirig repet i t ive  double  pulses 
(13) wi th  a 20 ~,sec period.  A posi t ive inject ion pulse  
(5 t~sec) was appl ied  to the  gate electrode,  fol lowing 

94~  
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immediate ly  after opposite polari ty pulse (5 ~sec), 
which sweeps minor i ty  carriers that accumulate at 
the inversion layer  dur ing  a previous inject ion pulse. 
A constant average d-c current  was main ta ined  dur -  
ing avalanche inject ion by automatic ad jus tment  of 
inject ion pulse voltage. Small  current  (4 • 10 - s  A /  
cm 2) was used to fill the traps with large cross sec- 
tions. As these traps saturated, the current  was gradu-  
ally raised to populate the remain ing  traps at an 
acceptable rate, but  the current  was restricted below 
4 • 10 -5 A/cm 2 to el iminate  the generat ion of in ter -  
face traps and oxide traps c a u s e d  by hot-electron 
inject ion into the gate oxides. The injection was stop- 
ped periodically and flatband voltage and total in-  
jection charge was recorded directly into a computer. 
A large amount  of data, about 500 data points, were 
recorded to obtain rel iable values of cross sections 
and effective trap densities. By analyzing the relat ion 
of flatband voltage shift vs. inject ion charge, effective 
densities, and cross sections of various oxide traps 
may be obtained (14). 

The distr ibution of interface trap densi ty in the 
forbidden bandg.ap was determined by quas~static 
C-V method (15, 16), which was also automated. 
Long- te rm stabil i ty was examined through BT stress 
aging, that  is the aging of positive or negative bias 
applied to the gate electrodes at an elevated tempera-  
ture. Stress biases were 3.5 MV/cm (-t-BT) and - - 3  
MV/cm ( - -BT)  and temperatures  were 200~176 
Aging time was extended to 1000 hr. ~V~FB and  interface 
trap density dis t r ibut ion were determined at a sched- 
uled aging period at room temperature,  after the 
samples were cooled to room temperature  with the 
bias applied. 

Results and  Discussion 

One time irradiation and annea~ing.~Figure 1 shows 
VFB shifts before and after anneal ing for electron 
beam irradiated MOS capacitors, given as a function 
of i r radiat ion dosages and anneal ing temperatures.  
Positive oxide charge induced by irradiat ion was re-  
duced by anneal ing;  700~ anneal ing  was found nec- 
essary to remove the positive oxide charge, when 
irradiat ion dosages are large. 

The results of electron inject ion measurement  are 
shown in Fig. 2. In  this figure, the change in  VEto 
which occurs as injected electrons are captured, is 
plotted against  the number  of injected electrons, as 
a funct ion of anneal ing  temperatures.  The init ial  VFB 
shift observed at less than  1014/cm 2 injected electrons 
occurs due to electron t rapping at positively charged 
traps. The subsequent  VFB shift, according to an in-  
crease in injected electrons, corresponds to the charg- 
ing of neut ra l  traps. 

From the detailed analysis of the curve, six distinct 
t rap cross sections were resolved for i r radiated sam-  
ples. Their  cross sections and effective trap densities 
are shown in Table I for irradiated, annealed, and 
control samples. Traps A and B are identified as posi- 
t ively charged centers, because of their  large cross 
sections. In  fact, an estimated VFB shift from the 
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Fig. 2. Flatband voltage shift due to avalanche hot-electron in- 
jection into the gate oxides for irradiated, annealed after irradi- 
ation, and unirradiated MOS capacitors. 

effective trap densities of traps A and B for irradiated 
samples, is in good agreement with the actual VFB 
shift after irradiation. Trap A is also found to be 
removed easily by low temperature annealing, com- 
pared to trap B. From their cross sections, traps C and 
D are believed to be radiation induced neutral traps 
(5). Traps E and F exist even in the unirradiated 
samples. These traps have been discussed extensively 
and are thought to be water - re la ted  defects in the 
oxides (12, 17). 

Interface traps over the en~tire bandgap were also 
generated due to e lec t ron beam irradiation.  The den-  
sity increased as i rradiat ion dosage was increased. At 
20 ~C/cm ~ dosage, interface t rap densi ty at midgap 

Table I. Trapping parameters for irradiated, annealed, and control devices 

Cross section 
Trap Charge ol (cm s) Irradiated* 

Effective density (cm-~) 

Annealed* * 

450~ 700~ Control 

A + 1-3 x 10 -z~ 5 x 10 zt 
B + 3-7 x 10 -~4 5 X I0 u 
C 0 6-9 x 10 -18 5 x 10 n 
D 0 5-9 x I0 -a~ 5 x 10 n 
E 0 3-5 x 10 -is ,5 x 10 ~- 
F 0 2-5 x 10 -19 6 x 10 n 

3x10~ -- -- 
2 x 10 ~ -- 
2 x 10 ~ 1 x 10 ~ 9 • 10 ~o 
4x 10~ 3 x 10~ 3 x 10 n 

�9 20/~C/cm' at 20 keV. 
�9 , 30 rain in dry N,. 

�9 ~ Less than 1 x 101~ 
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was about 3 X 1011 eV -1 era-2. These interface traps 
were removed completely by annealing at above 450~ 

From these measurements, it is concluded that, for 
polysflicon gate MOS structures, annealing at above 
700~ is necessary to remove radiation induced posi- 
tive charge and neutral traps, although 450'C an- 
nealing is enough to remove interface traps. This re- 
sult is almost the same as Aitken's result (5), al- 
though a little higher temperature than 550~ is 
required for completely removing positive charge and 
neutral traps in the experiment. 

Repeated irradiation and annealing.~Flatband volt- 
age shifts due to avalanche hot-electron injection in 
the repeated irradiation and annealing processes for 
700~ annealing is shown in Fig. 3. It is obvious that 
repeated irradiation causes considerable increase in 
radiation induced positive charge and neutral traps 
and that unremoved neutral traps after annealing 
gradually increase with repeated cycles. 

Figure 4 shows the annealing temperature depend- 
ence of VFB shifts and neutral trap density induced by 
repeated irradiation and annealing processes. Unre- 
moved positive charge after annealing gradually in- 
creased as cycle proceeded for 450~ annealing. On 
the other hand, for 700 ~ and 1000~ annealing, there 
was no increase in positive charge, as shown in Fig. 
4(a). Neutral trap density after annealing also gradu- 
ally increased for samples annealed at 450 ~ and 700~ 
whereas samples annealed at 1000~ did not show that 
increase, as shown in Fig. 4(b). It is noticeable that 
700~ annealing is not enough to remove neutral traps 
induced by the repeated processes, though neutral 
traps are completely removed by the first irradiation 
and annealing cycle. 

Figure 5(a) shows a typical change in interface 
trap density distribution after repeated irradiation 
and annealing processes, for 450~ annealing. Larger 
interface traps, mainly in the upper half of the band- 
gap, were generated by irradiation in the second and 
third cycles. Interface trap density peak, appeared at 
around 0.7 eV from the valence bandedge, is the 
same feature as reported by Ma (7). This peak seems 
to be caused by Si-O bond breaking near the SiO2-Si 
interface under irradiation, because the recent theo- 
retical work by Sakurai (18) has pointed out that 
stretched Si-O bonds cause interface trap generation 
in the upper half of the bandgap. An increase in 
interface traps generated by repeated irradiation may 
be attributed to the easiness of Si-O bond breaking, 
due to insufficient annealing in the repeated irradia- 
tion and annealing processes. 
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Annealing temperature dependence of interface trap 
generation in the repeated processes is shown in Fig. 
5(b), where interface trap density peak is plotted 
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af ter  var ious  process steps. Larger  in terface  t raps  
were  genera ted  af te r  i r rad ia t ion  in  the  second and 
th i rd  cycles, for  samples  annea led  at  450 ~ and 700~ 
whereas  samples  annea led  at  1000~ did not  show 
any  increase.  On the o ther  hand,  in the anneal ing  
steps, in terface  t raps  were  annih i la ted  comple te ly  at  
above 450~ anneal ing  tempera tures ,  even af ter  the 
th i rd  i r radia t ion.  

A r emarkab l e  fact  in the expe r imen t  is tha t  r e -  
sidual  darhage exists even at  such a high t empera tu re  
anneal ing  as 700~ in the  repea ted  i r rad ia t ion  and 
anneal ing  processes, a l though radia t ion  induced posi-  
t ive charge and neu t ra l  t raps  are  removed  comple te ly  
at the first i r r ad ia t ion  and annea l ing  cycle. Measure-  
ments  of  res idual  stresses on SiO2 films on sil icon 
subs t ra te  have shown that  s t ruc tura l  defects induced  
b y  e lect ron beam i r rad ia t ion  are removed  b y  the rma l  
anneal ing  at such a high t empera tu re  as 800~ (19). 
Neu t ra l  t raps  are  thought  to be associated wi th  these 
s t ruc tu ra l  defects in the  SiO2 (5). The exper imen t  
reveals  that  s t ruc tura l  defects induced by  ionizing r a -  
dia t ion requ i re  anneal ing  t empe ra tu r e  a round  1000~ 
and  tha t  700~ is not  sufficient to remove these de-  
fects, when t ak ing  into account r epea ted  i r radia t ion  
and annea l ing  processes. This is consistent: wi th  the  
resul t  r epor ted  by  EerNisse (19). 

Long-term stability.--In addi t ion to the ini t ia l  char -  
acter izat ion of e lectron beam i r rad ia t ion  damage,  long-  
t e rm s tabi l i ty  for damaged  devices was examined,  
focusing on the anneal ing  t empera tu re  effect. 

The devices used in the expe r imen t  were  passed 
through av addi t ional  forming gas anneal ing  at  450~ 
af te r  a luminum metal l izat ion.  Table  l I  d isp lays  the 
initial VbTFB and average neu t ra l  t rap  dens i ty  of t raps 
C and D. In ter face  t rap  densi ty  at  midgap  were  less 
than  1 • 101~ eV-*  cm -2 for  al l  annea led  samples.  
Compar ing  Fig. 1 and Table II, the  addi t ional  forming 
gas anneal ing  is found to reduce res idua l  posi t ive 
charge to about  a half  of tha t  density,  for samples  
annealed  at 450 ~ and 700~ when compared  to only 
N2 annealing.  On the o ther  hand, neu t r a l  t rap dens i ty  
was not  changed,  even af ter  forming gas annealing.  

Flatband voltage shift under bias-temperature stress 
aging.--Figure 6 shows VFB shifts vs. aging  t ime 
unde r  posi t ive and nega t ive  BT Stress aging. A posi-  
t ive VrB shift  was observed  under  posi t ive BT stress 
for only  devices annea led  at  450~ Negat ive  BT stress 
resul ts  in a negat ive  VFB shif t  for al l  devices. I t  is 
c lear ly  seen that  devices annea led  at lower  than  700~ 
revea led  l a rge r  VFB shifts, c o m p a r e d  to devices an-  
nealed at 1000~ VFB shifts for  un i r r ad ia t ed  samples  
were  almost  the  same as those for samples  annea led  
at  t000~ 

A posi t ive VFs shift  under  posi t ive BT stress is b e '  
l ieved to be caused by  e lect ron t r app ing  in the oxides, 
because e lect rons  would  in jec t  from the subs t ra te  
into the  gate oxides Under a posit ive bias appl ied  to 
the gate at  an e levated  t empera tu re .  Since posi t ive 
charge  acts as e lec t ron t r app ing  centers  wi th  la rge  
cross section, devices hav ing  large  posi t ive charge  

Table II. Initial state for long-term stability experiment 

Effective 
F l a t b a n d  d e n s i t y *  * o f  

E l e c t r o n  b e a m  A n n e a l -  v o l t a g e  n e u t r a l  t r a p s  
irradiation i ng*  (~C) VFB (V) ( c m  -2) 

450 -1 .28  2 :< 1011 
20 keV 700 - 1.21 - -*  * * 
2 • 10 -5 C /cm ~ 1000 -1 .18  

20 k e Y  450 - 1 . 3 3  5 • 10 u 
700 --1.22 5 x 101o 

2 x 10 -a C/cm'-' 1000 - 1 . 1 7  - -  

* 30 m i n  i n  d r y  N~ a t  e a c h  t e m p e r a t u r e  + 30 m i n  a t  450~ i n  
forming gas.  

** Average  densi ty  of t r a p s  C a n d  D. 
* * * L e s s t h a n  1 x 10 ~~ 
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dens i ty  would show apprec iab le  posi t ive VFB shifts 
under  posi t ive BT stress. In  fact, measurab le  VFS shif ts  
were  observed for  devices annea led  at  450~ which 
had  large  res idual  posi t ive charge density,  as shown 
in Table  II. 

The p resumpt ion  of the  e lect ron t r app ing  in the  
posi t ively  charged centers  is verified by  the  compar i -  
son of the VFB shi i t  due to avalanche  hot -e lec t ron  
inject ion be tween  nonstressed and  stressed devices. 
The dens i ty  of pos i t ive ly  charged t r app ing  center  
( t rap  B) was reduced f rom 8 X 10 l~ to 2 • 10 l~ 
cm -2 for devices annea led  at 450~ af te r  2 X 10 -8 
C / m  2 i r radiat ion,  due to posi t ive BT stress (4 m V /  
cm, 300~C and 1000 h r ) .  This reduct ion is a t t r ibu ted  
to e lect ron t rapp ing  at  the  posi t ively  charged centers  
under  posi t ive BT stress. The difference in t rap  den-  
si ty be tween  nonstressed and stressed devices corre-  
sponds to about  70 mV VFB difference, This es t imated  
value  is in good agreement  wi th  the ac tual  VFB shift  
of I00 mV. 

It  is wel l  known tha t  the  negat ive  VFB shif t  ac-  
companied wi th  in terface  t rap genera t ion  is revea led  
by  negat ive  BT stress, and is somet imes  cal led slow 
t rapp ing  ins tab i l i ty  (20, 21). The negat ive  VFB shift  
is also known to be grea te r  when the ini t ia l  posi t ive 
oxide  charge dens i ty  is large (20). Devices annea led  
at  lower  t empera tu res  show la rge r  negat ive  VFB shifts 
under  negat ive  BT stress in the  exper iment .  This is 
accounted for  by  the fact  tha t  devices annea led  at 
lower  t empera tu res  revea led  l a rge r  posi t ive oxide  
charge dens i ty  in the  pres t ressed  state,  as shown in 
Table  II. 

Interface trap generation under bias-temperature 
stress agtng.--The BT stress also causes in ter face  t rap  
generat ion.  F igure  7 shows typica l  changes in in t e r -  
face t rap  dens i ty  d is t r ibut ion  under  posi t ive and 
negat ive  BT stress. Posi t ive  BT stress induces in te r -  
face t rap  genera t ion  main ly  in the  upper  ha l f  of the 
bandgap,  its peak  appears  at a round  0.7 eV f rom the 
valence bandedge.  This is a common phenomenon,  
i r respect ive  of device fabr ica t ion  processes, a l though 
an increase in in ter face  t rap  dens i ty  depends  on the 
gate oxide qual i ty  (22, 23). On the other  hand,  i n t e r -  
face t raps  are  genera ted  main ly  in the lower  half  
of  the bandgap  under  negat ive  BT stress. This is also 
a common fea ture  (21-23). 

F igure  8 shows an increase  in interface t rap  densi ty  
(Dit) peak  against  aging t ime under  posi t ive BT stress, 
for devices annea led  at  var ious  tempera tures .  In  add i -  
t ion to the aging t empera tu re  dependence  of the  in-  
crease in Dit peak,  as shown in Fig. 8, the aging bias 
field dependence  for that  increase was also examined.  
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From these experimental curves of Dit increase vs. 
aging time, the increase in Dit peak (hDit) is found 
to be expressed approximately as the following equa- 
tions 

450~ annealed 

ADit ,-, 1.5 X 104 t 0'40 exp (--0.65/kT + 3.0 ~/Eox) [1] 

700 ~ C annealed 

Z~Dit ~,, 1.2 X 104 t ~176 exp (--0.65/kT + 3.0 ~/Eox) [2] 

1000 ~ C annealed 

hDit ,~ 3.2 X 10~ t 0.55 exp (--0.85/kT + 3.0 "~Eox) [3] 

where the units for each quantity are hDit (1010 eV -1 
cm-2),  aging time t (hr), thermal voltage kT (eV), 
and aging bias field Eox (MV/cm). These equations are 
in good approximation under below 5 MV/cm aging 
bias and at temperatures below 30O~ 

These equations and Fig. 8 lead to the conclusion 
th~at devices annealed at 450 ~ and 700~ show fast 
and large Dit increase at relatively low temperature 
stress, due to rather weak time dependence and low 
activation energy for the Dit generation, when com- 
pared to the dependence for devices annealed at 
1000~ 

The interface trap generation in the upper half of 
the bandgap results in a positive threshold voltage 
shift for n-channel MOSFET's (22) and is called 
positive BT instability. Therefore, devices annealed at 
lower than 700~ are found to have enhanced positive 
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BT instability. This enhancement may be attributed 
to the incomplete annealing out of structural defects 
near the SiO2-Si interface, after electron beam ir- 
radiation. Since this BT instability is probably caused 
by breakng or stretching of strained Si-O bonds near  
the interface, incomplete annealing leads to more 
easily broken or stretched bonds. 

Larger interface trap generation under negative BT 
stress was also observed with lowering annealing 
temperatures. Devices annealed at 450~ showed about 
two times larger Dit increase than devices annealed 
at lOOO~ 

C o n c l u s i o n  
It has been shown that residual radiation damage in 

the form of neutral electron traps exists in the oxides 
for MOS capacitors, even after 700~ annealing in the 
repeated irradiation and annealing processes. The den- 
sities of neutral traps and interface traps at the SiO~-Si 
interface after irradiation increase with repeated ir- 
radiation and annealing cycles. Devices annealed at 
lower than 70O~ have been shown to reveal larger 
VFB shifts and faster and larger interface trap genera- 
tion under positive and negative BT stress aging. This 
BT instability is believed to be enhanced by residual 
structural defects near the SiO~-Si interface, caused 
by incomplete annealing after irradiation. Annealing 
temperature around 1000~ is required to remove all 
the damage in the oxides and assure good long-term 
stability for the MOS devices fabricated by electron 
beam lithography. Removal of radiation induced struc- 
tural defects, therefore, is difficult in MOS structures 
after aluminum metallization. It is urgently required 
to develop a more efficient low temperature annealing 
method or a new process for preventing electron pene- 
tration into the ga te  oxides during electron beam 
lithography. 

A c k n o w l e d g m e n t s  
The authors would like to thank Drs. T. Matsumoto, 

E. Arai, and T. Kitayama for their advice and en- 
couragement. They are also indebted to members of 
the High Density Integration Section and the Pattern- 
ing Technology Section for sample preparations. 

Manuscript submitted Sept. 3, 1982; revised manu- 
script received Nov. 20, 1982. This was Paper 219 pre- 
sented at the Montreal, Que., Canada, Meeting of the 
Society, May 9-14, 1982. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1983 
JOURNAL. All discussions for the December 1983 Dis- 
cussion Section should be submitted by Aug. 1, 1983. 

Publication costs o~ this article were assisbed by 
Nippon Telegraph and Telephone Public Corporation. 

REFERENCES 
1. J. M. Aitken, IEEE Trans. Electron Devices, ed-26, 

372 (1979). 
2. J. M. Aitken, J. Non-Cryst. Solids, 40, 31 (1980). 
3. T. H. Ning, P. W. Cook, R. H. Dennard, C. M. 

Osburn, S. E. Schuster. and H, N. Yu, IEEE Trans. 
Electron Devices, ed-26, 346 (1979). 

4. R. A. Gdula, ibid., ed-26, 644 (1979). 
5. J. M. Aitken, D. R. Young, and K. Pan, J. AppL 

Phys., 49, 3386 (1978). 
6. T. H. Ning ibid., 49, 4077 (1978). 
7. T. P. Ma, G. S. Scoggan, and R. Leone, Appl. Phys. 

Lett., 27, 61 (1975). 
8. Y. Sakakibara, E. Arai, H. Yoshino, T. Kobayashi, 

H. Akiya, and K. Hirata, Jpn. J. AppI: Phys. 
Suppl. 18-1, 311 (1979). 

9. E. H. Nicollian. A. Goetzber~er, and C. N. Berg- 
lund, Appl. Phys. Lett., 15, 174 (1969). 

10. Y. Sakakibara, T. Ogawa, K. Komatsu, S. Moriya, 
M. Kobavashi, and T. Kobavashi, IEEE Trans. 
Electron Devices, ed-2$, 1279 (1981). 

11. E. H. Nicollian and C. N. Berglund, J: Appl. Phys., 
41, 3052 (1970). 

12. E. H. Nicol].ian, C. N. Berglund, P. F. Schmidt, and 



950 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE A N D  T E C H N O L O G Y  April 1983 

J. M. Andrews,  ibid., 42, 5654 (1971). 
13. M. Bakowski ,  R. H. Cockrum, N. Zamani ,  J. Ma-  

ser j ian,  and C. R. Viswanathan,  IEEE Trans. Nucl. 
Sci., ns-25, 1233 (1978). 

14. T. H. Ning and H. N. Yu, J. AppL Phys., 45, 5373 
(1974). 

15. M. Kuhn,  Solid-State El.ectron., 13, 873 (1970). 
16. N. Shiono and T. Yashiro, Jpn. J. Appl. Phys., 18, 

1087 (1979). 
17. F. J. Feigl,  D. R. Young, D. J. Dimaria ,  S. Lai, and 

J. Calise, J. Appl. Phys., 52, 5665 (1981). 

18. T. Sakura i  and T. Sugano, ibid., 52, 2889 (1981). 
19. E. P. EerNisse and C. B. Norris,  ibid., 45, 6196 

(1974). 
20. B. E. Deal, M. Sklar ,  A. S. Grove, and E. H. Snow, 

This Journal, 114, 266 (1967). 
21. A. Goetzberger ,  A. D. Lopez, and R. J. Strain,  ibid., 

120, 90 (1973). 
22. N. Shiono and C. Hashimoto,  IEEE Trans. Electron 

Devices, ed-29, 361 (1982). 
23. N. Shiono, O. Nakaj ima,  a n d  C. Hashimoto,  This 

Journal, 130, 138 (1983). 

XPS Study of Annealed SiO /GaAs Interfaces 
U. K~nig and E. Sasse 

AEG-TELEFUNKEN Forschungsinstitut UIm, D-7900 UIm, Germany 

ABSTRACT 

SiO2 has been deposited pyrolytically on GaAs of different orientations. The effects of annealing on these samples has 
been investigated with XPS. Between SiO2 and GaAs, addit ional layers of Ga20.~ and As have been formed. Ga diffusion into 
SiO~ is found. Orientation effects are discovered: the Ga amount  in SiOz rises in the sequence from (1 ] 1 )B over (111)A to (100) 
and the As accumulation at the interface is more pronounced for (100). A simple model  for oxidation and diffusion is 
proposed. 

Dur ing  m a n y  processes of device technology, sur -  
faces of I I I -V  semiconductors  pass ivated wi th  SiO2 
are  submi t ted  to the various anneal ing  steps,, such as 
contacts  format ion  (1, 2), diffusion process (3), post  
implan ta t ion  anneal ing  (4), and seal ing of semicon-  
ductor  to glass (5). These processes a re  usual ly  per -  
formed under  vacuum, hydrogen,  or n i t rogen a t -  
mosphere.  Ex t r eme ly  purif ied gases are  se ldomly  used, 
so that  a cer ta in  amount  of oxygen and wa te r  may  
be present .  They can easi ly  reach the semiconductor  
surface due to the h igher  diffusion ra te  in unorde red  
pyro ly t ica l  or sput te red  SiO2 in comparison with  
the rmal  SiO2 (6-8). Addi t ional ly ,  oxygen is suppl ied  
by the unbr idged  oxygen in pyro ly t i ca l ly  deposi ted 
SiO2 (9). Our study,  es tabl ished by  x - r a y  photoelec-  
t ron spectroscopy (XPS) ,  shows how the semiconduc-  
tor  in terface  and the composit ion of the passivat ion 
film are  changed dur ing  anneal ing.  In  addi t ion,  we in-  
ves t iga ted  a po la r i ty  effect, i.e., the  influence of the  
crystal or ienta t ion  on the composit ion of the pass iva-  
tion film. 

Experimental 
(I00) ,  ( I l l ) A ,  and  ( I I I ) B  surfaces of GaAs, heav-  

i ly  Zn doped ( ~ 2 . 1 0  TM cm-3 ) ,  polished, and wet  
chemical ly  cleaned, were  covered with  a 130 nm thick 
layer  of SiO2 dur ing  a convent ional  pyro ly t ic  process 
using silane, ni t rogen,  and oxygen (10 min at 700 K ) .  
This was fol lowed by  anneal ing  at  940 K dur ing  1, 2, 
or 4 h r  in an open reac tor  under  n i t rogen ambien t  
(less than  1% impur i t i es ) .  

The XPS  measurements  were  conducted with  a Ley-  
bold LHS surface analysis  sys tem equipped wi th  hem-  
ispher ical  ana lyzer  and employing  M g - K a  x- rays .  For  
evaluat ion,  we p redominan t ly  used the Ga-3d, Ga-2p,  
As-3d,  O- ls ,  and Si-2p lines. The smal l  Ga content  of 
the SiO2 l aye r  could only be detected wi th  the intense 
G a - A u g e r  line. Peak  over lapp ing  of Si-2p and Ga-3p  
at  the SiO2/Ga~O8 interface  requ i red  using the Si-2s 
line. The peaks  were p lot ted  on an X-Y recorder  and 
in tegra ted .  Rela t ive  sens i t iv i ty  factors for the  quan t i -  
ta t ive de te rmina t ion  of the profiles were  obta ined from 
samples  of SIO2, Ga~O3, and GaAs. No a t t empt  was 
made  to deconvolve the Ga-3d  peak  at  the interface.  
Depth profi l ing was accomplished by  Ar - ion  spu t t e r -  
ing. Spu t t e r  ra tes  for SiO2 and GaAs were  found to 
be 1.6 and 2.5 nm min -1, respect ively.  The dep th  

Key words: GaAs passivation, galllum-oxide, orientation effects. 

resolut ion at  the S i02 /GaAs  interface  was about  I I  nm. 

Results 
Figure  1 shows the XPS resul t  of an unannea led  

SiO2 film which is typical  for all  subs t ra te  o r ien ta -  
tions. An a b r u p t  in terface  (wi thin  the exper imen ta l  
depth  resolut ion)  is found for al l  components  (Ga, As, 
Si, O).  F igure  2 represents  the change taken place 
near  the in terface  and wi th in  the  SiO~ film af ter  an-  
nealing.  S i tua ted  in front  of the s toichiometr ic  semi-  
conductor  GaAs, a more  or  less p ronounced  accumu-  
la t ion of As is observed,  depending on' the or ientat ion.  

The As m a x i m u m  app rox ima te ly  coincides wi th  a 
Ga in tens i ty  minimum. Here, a t rans i t ion  occurs of 
the oxidat ion  states of Ga, m a r k e d  by  the presence of 
two Ga-2p peaks,  one wi th  a h igher  k i n e t i c  energy be-  

t 6O 

5O 

r  

,o 40 

c 
�9 30 
o 

o 
o 20 
.o_ 
E 
o 

-~ 10 < 

0 

si 4 
f 

<111> A 

| 

i Ga, As 

\ 
\ 

] 
'2'o'io 6o 8o 

Sputtering Time ( rain ) 
Fig. 1. XPS profile of the structure Si02/GaAs before annealing. 

Surface carbon is not indicated. 



VoL 130, No. 4 A N N E A L E D  S i O 2 / G a A s  I N T E R F A C E S  95i 

c) 

70 

6O 

- -  50~ 

~o~ 

~ 30- 

~ 2(1- 
< 

10- 

0 

\ 

..... -SL . . . .  " ~ ~ >  B 

20 /-,0 60 80 1(30 120 

=o 

8 
.o 
E 
.20 
< 

70- 0 
~,,. . ~  

60" "~ 
i 

40- Go 
Si 

30- 

20- 

10- 

o" 2o ,o 6o 

,.As 

I ~ 1 1 1 ) A  

/. 

8o 16o iio 

70 �84 

60- 

50- 

~ /.0- 

3o 

E 10 o 

0 

/) 
. . . . .  si 2 ~  

\ 
~ -  z \ 

Sputtering Time (min) 

<100) 

b~ 
lU 

Fig. 2. Annealing influence on the SiOYGaAs structure evalu- 
ated by XPS. Annealing time 4 hr, annealing temperature 940 g. 
Substrate orientations are: (a) (Ill)B, (b) (Il l)A, and (c) (100). 
Surface carbon is not indicated. The resulting layer sequence is 
depicted at the bottom. 

longing to GaAs, the o ther  be longing to oxidized Ga 
in the fol lowing layer .  T h e  chemical  shif t  cannot  be 
d e d u c e d  accura te ly  due  to charging effects. 

This t rans i t ion  region is fol lowed by  a thin ga l l ium-  
oxide l aye r  (manifes ted  by  the Ga accumula t ion  and 
the s tep in the flank of the oxygen  profi le) ,  conta in-  
ing minor  amounts  of As and Si (owing to the  less 
s teep lower  ends of the respect ive  f lanks) .  The atomic 
concentra t ions  of Ga and O ident i fy  the  g a l l i u m - o x -  
ide as GazOs. The ga l l ium-ox ide  l aye r  is app a re n t l y  
th icker  for ( l l l ) B  than  for  the o ther  or ientat ions.  

Fur the rmore ,  the bu lk  of the SiO2 film is changed in 
its composit ion.  I t  contains an increas ing amoun t  of 
Ga, r is ing in the sequence f rom ( l l l ) B  over  ( l l l ) A  
to (100). A Ga p i l e -up  on the outer  SiO2 surface indi -  
cates tha t  the surface collects the ga l l ium species com- 
ing th rough  the SiO2 film. No phenomenologica l  d i f -  
ference is es tabl ished for different  anneal ing  times, 
apa r t  f rom an  increas ing Ga quan t i ty  in SiO2 wi th  the 
anneal ing  time. 

Discussion 
Let  us first consider  react ions at  the ox ide / semicon-  

ductor  interface.  When oxygen reaches  the interface,  
i t  t he rma l ly  oxidizes GaAs. For  all  or ienta t ions  s tud-  
ied here, the final oxida t ion  products  ought  to be 
Ga2Os and Asia3.  However ,  Ga203 dominates,  mixed  
on ly  wi th  a minor  quan t i ty  of As, most  l i ke ly  As203 
(see Fig. 2). This is due to the  fact  tha t  in the  p re s -  
ence of GaAs the arsenic oxide is r ega rded  as r e l a -  
t ive ly  uns table  and is conver ted  to G a l a s  and e le-  
menta l  As(10, 11). The th icker  Ga2Os layer  on ( l l l ) B  
p robab ly  reflects di f ferent ia l  sput te r ing  effects due to 
the more  pronounced roughness  of oxidized ( l l l ) B  
surfaces (12), a n d / o r  spu t te r ing  differences due to the 
va ry ing  composit ion of ga l l ium-ox ide  on the differ-  
en t ly  o r ien ta ted  g a l l i u m - a r s e n i d e  samples.  The ac-  
cumula t ion  of free As be tween  Ga203 and GaAs is 
found to be more  intense on (100) than  on other  or i -  
entations,  as s imi la r ly  found with  Auger  analysis  on 
free GaAs surfaces (13). Arsenic  can be de tached more  
easi ly  f rom a (100) crystal ,  because there  is equal  
p re fe rence  for Ga and As each being doub ly  bonded.  
The diffuse t rans i t ion  be tween  the free As l aye r  and  
the s toichiometr ic  (100) GaAs points to an in t e rme-  
diate  l aye r  of As - r i ch  GaAs. F ind ing  s imi lar  As quan-  
t i t ies on ( l l l ) A  and ( l l l ) B  is in agreement  wi th  con- 
clusions pe r t a in ing  to oxidat ion  rates  at  room tem-  
pe ra tu re  (10, 12). In  this respect,  our  resul ts  ver i fy  
that  SiO2-protected GaAs surfaces dur ing  anneal ing  
react  l ike free GaAs surfaces. 

We now tu rn  to the  charac ter iza t ion  of the annea l -  
ing influence on the SiOa protec t ive  layer .  The GaeOa 
l aye r  prevents  diffusion of e lementa l  As (14). E le -  
menta l  Ga a n d / o r  GaaO, suspected of being the diffus- 
ing species (15), can easi ly  be t r anspor ted  th rough  
Ga la3  and en te r  the  SiO2 film. Both are  also able  to 
diffuse th rough  SiCh [D (940 K)  ~-- 1.8 �9 10 -z~ cm2/sec 
(15) ] and can reach  t h e  outer  SiO2 surface,  s imi la r ly  
as found in backsca t te r ing  exper iments  (16). The dif -  
fe rent  amounts  of Ga in SIO2, depending  on the or ien-  
tation, reflect the ind iv idua l  react ion kinetics.  When a 
( l l l ) B  or ienta t ion  is used, the oxygen finds As t r ip ly  
bonded to the crystal .  Due to the two "free" e lectrons 
of As, see Ref. (17), the oxidat ion  leads p redominan t ly  
to As2Os, which  is subsequen t ly  conver ted  to Ga2Oa 
and As (see above) .  No ga l l ium species are  formed,  
which would  be capable  of diffusion th rough  SiO~, as 
confirmed by  Fig. 2a. I t  cannot  be excluded,  however ,  
that  a smal l  amount  of oxygen reacts  wi th  the unde r -  
ly ing  Ga leading  at most to diffusion of a ga l l ium spe-  
cies be low the  detect ion l imi t  of XPS.  C o n t r a r y  
to s ga l l ium-oxides  ( G a l a ,  Ga2Os) are  formed d i -  
rect ly,  when the (111)A or (100) surfaces ( these be -  
ing const i tuted whol ly  or pa r t l y  of G a )  are  exposed to 
oxygen.  

Fur the rmore ,  at  our  annea l ing  tempera ture ,  free Ga 
exists  in equi l ib r ium with  bo th  gal l ium oxides (18). 
Therefore,  Ga20 a n d / o r  free Ga are  responsible  for 
the observed diffusion in SIO2. The doubly  bonded Ga 
in (100) can be more  easi ly  de tached than  the t r ip ly  
bonded Ga in ( l l l ) A .  This raises the p robab i l i t y  of 
genera t ing  diffusing Ga species for (100) and expla ins  
the l a rge r  quan t i ty  of Ga es tabl ished in SiO~ films on 
(100) (compare  Fig. 2b and c).  

Conclus ion  

We have observed oxida t ion  of SiO2 pro tec ted  GaAs 
interfaces.  On the source of the oxygen,  e i ther  from 
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wa te r  or oxygen impur i t ies  in the n i t rogen ambien t  
dur ing  anneal ing  of the SiO2/GaAs system or from un-  
br idged oxygen  in the py ro ly t i ca l ly  deposi ted SIO:2, 
no decision could be made.  The observed var ia t ion  in 
the SiO2 composit ion and the u l t ra th in  Ga203 and As 
layers  at the interface m a y  be responsible  for changes 
in the optical  pa rame te r s  of the S i O J G a A s  structure.  
Indeed a color change, depending on the respect ive  
subs t ra te  or ientat ion,  points to this: the s tar t ing py ro -  
lyt ical  SiO2 film appears  roya l  blue, the annea led  
layer  on (100) a l ters  its color to l ight  blue, the one 
on ( l l l ) B  lies be tween  metal l ic  and ye l low-green ,  
and that  one on ( l l l ) A  turns to ye l l ow-g reen  (19). 
In  addit ion,  it  has been qua l i ta t ive ly  found tha t  the 
optical  t ransmission of a l ayer  annealed  on (100) is 
be t te r  than  on ( l l l ) A  (20) .  A deta i led  s tudy of op-  
t ical  and e lect r ica l  c r i t e r i a  l ike ref rac t ive  index and 
b reakdown  vol tage  of such layers  is planned.  
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Properties of Sputtered Molybdenum Silicide Thin Films 
T. P. Chow,* D. H. Bower, *'2 R. L. Van Art, 1 and W. Katz 

General Electric Corporate Research and Development, Schnectady, New York 12301 

ABSTRACT 

The structural, compositional, and electrical properties of molybdenum silicide (with an Si/Mo ratio between 2 and 2.3) 
thin films either sput tered from a hot-pressed, composite  target or cosputtered from elemental  targets are compared.  Struc- 
tural and composit ional  examination was performed with x-ray diffraction, Rutherford backscat ter ing spectrometry (RBS), 
and secondary ion mass spectrometry (SIMS). X-ray diffraction revealed that the as-deposited silicide films were essen- 
tially amorphous but, after high temperature  annealing, contained mostly tetragonal MoSi2. SIMS depth profiling showed 
that the concentration of carbon and argon is lower in the cosputtered films but  that of oxygen is higher than the alloy- 
sputtered films. This difference is at t r ibuted to the target purity and sputter ing system configuration. Isothermal and 
isochronal annealing resulted in a minimum resist ivity of -100 ~ - c m  in both cases. C-V measurements  of silicide-gate ca- 
pacitors with both types of films yielded similar values of work function and surface-state density. 

Molybdenum sil icide is one of severa l  r e f rac to ry  
meta l  silicides which are  being ac t ive ly  inves t iga ted  
as h igh ly  conduct ive gate and in terconnect ion m a t e -  
r ia l  for v e r y  large  scale in tegra ted  (VLSI)  circuits  
(1 -12) .  I t  has a high mel t ing  point  (2030~ low re -  
s is t iv i ty  [21.6 ~ t - c m  for bu lk  samples  (13)] ,  smal l  
gra in  size, oxida t ion  resistance,  and iner tness  wi th  most  
chemicals  used in  semiconductor  processing. Various  
deposi t ion methods  have been repor ted:  spu t t e r ing  
from composite  or mixed  meta l / s i l i con  targets  (1-8),  
cosput ter ing or coevapora t ion  f rom doped or  undoped  
e lementa l  sources (4, 9, 10), and  react ive  spu t t e r ing  
wi th  phosphine  or  si lane and argon (11, 12). Since thin 
film proper t ies  of these silicides are  h ighly  dependent  
on the deposi t ion conditions,  opt imizat ion  of var ious  
pa rame te r s  is needed for each method.  In this paper ,  
the proper t ies  of mo lybdenum silicide films sput te red  

* Electrochemical Society Active Member. 
Present address: General Electric Microelectronic Center, Re- 

search Triangle Park, North Carolina 27709. 
2Present address: NCR Corporation, Color~do Springs, Colo- 

rado 80907. 
Key words: refractories, phases, resistivity, capacRor. 

f rom a ho t -pressed  ta rge t  and cosput tered  f rom molyb-  
denum and phosphorus -doped  si l icon ta rge ts  are  dis-  
cussed and compared.  

Experimental Procedure 
Molybdenum sil icide films were  deposi ted  onto, un-  

less otherwise  stated,  oxidized or unoxidized silicon 
subst ra tes  by  e i ther  sput te r ing  f rom a hot -pressed,  
composite  t a rge t  (MRC, MOS Grade,  99.7%) in a p l ana r  
sys tem (MRC603) or  cosput ter ing  f rom separa te  
mo lybdenum (Varian,  99.99%) and phosphorus-doped  
si l icon (Varian,  99.9999%, 0.005-0.009 ~ - c m )  targets  in 
an S - G u n  system (Var ian  3140). In  the load- locked,  
p l ana r  magne t ron  system (MRC603), the wafers  are  
ver t i ca l ly  mounted  on a susceptor  which is closely ( ~ 2  
cm) coupled to the target .  The loading procedure  here 
involves p lac ing the susceptor  onto a load lock por t  
which is then pumped  down to 100 mTorr .  Then, the 
susceptor is exchanged into the main  chamber  which is 
pumped  to less than  5 • 10 -7  Tor t  wi th  a cyropump 
pr ior  to sput ter ing.  Typical ly ,  wi th  a d-c  power  level  
of 3 kW and an argon pressure  of 3 mTorr ,  a d e p o s i -  
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t ion ra te  of ~1000 A/rain was measured.  In  the  batch,  
S - G u n  system, the wafers  are  moun ted  onto a ro t a t -  
ing p l a n e t a r y  which is about  20 cm away  f rom the 
targets .  Before each deposit ion,  the  sys tem is pumped  
down to 2 X 14) -6 Torr,  baked  out  a t  200~ for 20 rain, 
and fu r the r  pumped  to less than  5 • 10 -~ Torr,  also 
wi th  a cyropump.  An  argon pressure  of 4 mTor r  was 
se lected here  to max imize  the deposi t ion ra te  whi le  
reducing  arc ing and cracking  in the  doped silicon 
target .  A typ ica l  ra te  of 85 A / m i n  was obtained.  

RBS was pe r fo rmed  wi th  a 2 MeV 4He+ beam from 
a l inear  accelerator .  X - r a y  diffraction was done on a 
Siemens D5O0 au tomated  di f f rac tometer  and SIMS on 
a Cameca IMS 3-f ion microscope wi th  a cesium beam 
of 17 kV. 

MOS capaci tors  were  made  on (100), n - type ,  8-12 
f~-cm wafers  for  si l icide films spu t te red  f rom a com- 
posi te  t a rge t  and on (100), p - type ,  4-6 f t -cm ones 
for  cosput te red  films. Various thicknesses ( <  3000A) 
of oxide were  grown at  1000~ in d r y  oxygen.  

Structure and Composition 
RBS.--For cosput te red  films, the  s i l i con - to -molyb-  

d e n u m  atomic rat io  needs to be carefu l ly  moni to red  
to insure  r u n - t o - r u n  reproduc ib i l i ty  and uni formity .  
Here, the  rat io  has been  es t imated  f rom RBS, and 
ra te  and  dens i ty  considerat ions.  F igure  1 shows the 
re la t ionship  be tween  this ra t io  as d e t e r m i n e d  f rom 
RBS and ra te  ra t io  es t imated  f rom the ta rge t  power  
levels  used in prior ,  separa te  mo lybdenum and sil icon 
ca l ibra t ion  runs. A. fa i r ly  l inea r  dependence  can be 
observed.  In  comparison,  the  si l icide film from the 
composite  t a rge t  had an Si /Mo rat io  of 2.1, as de t e r -  
mined  f rom RBS. 

X-ray di~raction.--Molybdenum disi l icide is known  
to exis t  in e i ther  a body -cen t e r ed - t e t r agona l  (t-MoSi2) 
or  a hexagona l  (h-MoSi2) s t ructure .  The hexagona l -  
to - t e t r agona l  t rans i t ion  has been  shown to t ake  place 
at  ~,800~ (14). The uni t  cell of the  t e t ragona l  phase  
is depic ted  in Fig. 2. Each m o l y b d e n u m  atom is sur -  
rounded  by  ten silicon atoms and each sil icon a tom 
s imi l a r ly  by  five mo lybdenum and five silicon atoms. 
The Mo-S i  and S i -S i  bond dis tance is 2.617A, leading 
to a valence of 5.50 for m o l y b d e n u m  and 4.45 for s i l i -  
con. Since mo lybdenum and si l icon usua l ly  have a 
valence of 6 and 4, respect ively,  a t r ans fe r  of valence 
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Fig. 1. Silicon-to-molybdenum atomic ratio as determined from 
RBS as a function of Si/Mo deposition rate ratio. 
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electrons f rom mo lybde num to si l icon atoms is sug-  
gested (15). As deposited,  both  a l l oy - spu t t e r ed  a n d  
cosput tered  films had ve ry  smal l  crystal l i tes .  In  Fig. 
3 (a ) ,  the x - r a y  diffract ion pa t t e rn  of a 3000A th ick  
MoSi2 film deposi ted f rom a composite t a rge t  is shown. 
Other  than  the reflection f rom the Si (111) subst ra te ,  
there  is only  a b road  peak  a round  2e of 41.6 ~ corre-  
sponding to the  (111) peak  of h-MoSi2. A gra in  size 
of 12A is es t imated  f rom the diffract ion l ine  b roaden-  
ing. Upon anneal ing  at 1000~ for 1 hr, s ignificant r e -  
crys ta l l iza t ion took place, resul t ing  in a pa t t e rn  shown 
in Fig. 3 (b ) .  The  film had te t ragona l  MoSi2 as the 
ma jo r  phase, wi th  smal l  t races of hexagona l  MoSi2 and 
Mo2C or  carbon-s tabi l ized,  hexagona l  MosSis (8).  The 
diffraction peaks  of .the minor  phases were  at  88.1, 88.9, 
42.3, and  44.1 ~ corresponding to d spacings of 2.86, 
2.31, 2.13, and 2.05A, respect ively.  These weak  peaks  
can be cor respondingly  a t t r ibu ted  to e i ther  Mo2C (111), 
h-MoSi2 (110) and (111), and Mo2C (200), or  the  
(210), (102), (211), and  (112) pea~ks of hexagona l  
MosSi3. In  comparison,  the diffraction pa t t e rn  of a co- 
sput te red  sample  wi th  an Si /Mo rat io of 2.2, a f te r  an-  
neal ing at  1000~ for 1 hr, is shown in Fig. 3(c) .  This 
spec t rum is ve ry  close to that  of  the  a l loy - spu t t e red  
film and can also be matched  to t-MoSi2. Compar ing  
both  diffract ion pa t te rns  wi th  the s t anda rd  powder  
pat tern ,  i t  can be seen that  these si l icide thin films 
have  a ( l l 0 ) -o r i e n t a t i on .  However ,  in contrast ,  no 
t race  of e i ther  carbide  phase was detected.  Also, the 
presence of any  silicon gra in  cannot  be unambiguous ly  
de te rmined  because of in te r fe rence  f rom the silicon 
subst ra te .  Fur the rmore ,  there  are  significant differ-  
ences in SIMS depth  profiles, as is shown below. 

SIMS.--SIMS dep th  profiles were  obta ined  to detect  
composi t ional  un i fo rmi ty  and contaminants  present .  
Here, the cosput tered  sample  had an Si /Mo rat io  of 
2.0, as de te rmined  from RBS. The re la t ive  intensi t ies  
of var ious  ions, carbon (12C-),  oxygen  (160- ) ,  silicon 
( s o S i - - ) ,  argon (40Ar- ) ,  and m o l y b d e n u m  (92Mo-),  
were  measured  as a funct ion of  cesium ion mi l l ing  
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time or depth. In  both types of films, the Si/Mo ratio 
is fair ly constant  throughout.  However, the level of 
conta inment  differs greatly, as shown in  Fig. 4(a)  
and (b), where the ion in tensi ty  of carbon, oxygen, 
and argon is shown as a funct ion of depth. The ratios 
of these levels are listed in Table I. The amounts  of 
carbon and argorL are 3-6 t imes lower in  the co- 
sputtered sample bu t  that  of oxygen is 6 times higher 
than the a l loy-sput tered sample. The decrease of 
argon content  can be a t t r ibuted to the difference in  
the sput ter ing  system configuration. In  the p lanar  
system used for sput ter ing from a hot-pressed target, 
the substrates and the target  (cathode) are more 
closely spaced ( ~ 2  cra) than  in  the S-Grin. In the 

latter, the substrates are s i tuated in the planetaries 
far (,--20 cm) from the target  assembly. Since similar  
vacuum conditions were main ta ined  for both systems, 
the higher level of oxygen in the cosputtered films can 

Table I. Ratios of contaminant levels in alloy-sputtered and 
cosputtered molybdenum silicide thin films 

Ratio (alloy- 
sputtered/ 

E l e m e n t  cosputtered) 

Oxygen 1/6 
Carbon 3 
Argon 6 
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be explained by the lower deposition rate (85 vs. 1000 
A/min).  The lower concentration of carbon, on the 
other hand, is due to the higher purity obtainable from 
elemental targets. Finally, phosphorus is also incor- 
porated into the cosputtered films from the doped 
silicon target. Its concentration has been estimated 
to be -.-8 • 1019/cmS (16). Similar levels of contam- 

SPUTTERED MoSi THIN FILMS 985 

inants have been observed for niobium silicide films 
sputtered from a composite target (17), 

Electrical  Properties 
To monitor the electrical properties of these silieide 

films, the sheet resistance and MOS characteristics 
were measured with four-point probe and high-fre- 
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Fig. 5. Sheet resistance or resistivity of (a, left)alloy-sputtered and (b, right) cosputtered (Si/Mo ~2.0  and 2.3) silicide films as a func- 
tion of annealing temperature. 
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quency capacitance-voltage (C-V) techniques, respec- 
tively. 

Resistivity.--MoSi2 is a p-type metallic conductor 
(18), a result of its band characteristics (19). A 
fairly small effective carrier concentration of 0.2 per 
molecule and a Hall mobility of 58.9 cm2/V-sec has 
been measured for bulk t-MoSi2. Thin films deposited 
from a composite target had a resistivity of ~--900 /~l-z- 
cm, but high temperature annealing lowered it sig- 
nificantly, consistent with the recrystallization de- 
scribed earlier. The isochronal annealing of a 2500A 
thick film is shown in Fig. 5(a). The sheet resistance 
was decreased from 31 to 4.1-5.6 D/square between 
900~176 after 1 hr. The isochronal annealing of 
cosputtered silicide films was studied for two Si-to-Mo 
ratios, 2 and 2.3. In Fig. 5(b), the sheet resistivity of a 
2700A thick film with an Si/Mo ratio of 2 and a 
4150A thick film with Si/Mo ~2.3 are plotted Vs. an- 
nealing temperature for times up to 2 hr. The co- 
sputtered silicide films had as-deposi_ted resistivity of 
1200 and 2400 /~12-cm for MoSi2 and MoSi2.8, respec- 
tively. After 2 hr at 900~ the corresponding values 
were 245 and 120 /~12-cm. However, at 1000~ the re- 
sistivity decreased to approximately the same value 
of 100 ~12-cm. Clearly, the 1000~ heat-treatment is 
necessary to minimize the resistivity within a reason- 
able time period. 

C-V measurements.--To compare the characteristics 
of MOS devices with both types of films, capacitors 
were fabricated with varying oxide thicknesses (300- 
3000A). High-frequency C-V measurements yielded 
flatband voltage. Then, the silicide work function and 
surface-state density can be deduced from the VFB VS. 
tox relationship, which is shown in Fig. 6(a) and (b), 
where Fig. 6(a) is taken from Ref. (8). Similar work 
function values of 4.9 and 4.8 eV and surface-state 
densities of 1.3 • 1011 and 2.3 X 10n/cm 2 were ob- 
tained for alloy-sputtered and cosputtered silicide-gate 
devices, respectively. 

Summary 
The structural, compositional, and electrical proper- 

ties of molybdenum silicide thin films sputtered from 
a composite target and cosputtered from separate metal 
and doped silicon targets are compared. The level of 
carbon and argon is higher in the alloy-sputtered films 
while that of oxygen is lower due to the difference in 
ta rge t  purity and sputtering system configuration. 
Similar values of resistivity (,-~100 ~ - c m )  was ob- 
tained after high-temperature annealing. Als0, com- 
parative C-V measurements yielded similar work func- 
tion and surface-state density values. Finally, it will be 
interesting to comparatively study the effect of differ- 
ences in impurity and contaminant levels on other 
properties, such as oxidation and etching. 
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A Raman Study of Etching Silicon in Aqueous KOH 
E. D. Palik, H. F. Gray, and P. B. Klein 

Naval Research Laboratory, Washington, D.C. 20375 

ABSTRACT 

Orientation-dependent etching of silicon by aqueous KOH is a standard procedure in the microelectronics industry. We 
have measured the etching products by recording the Raman spectra in real time as the etching of{100} silicon progressed in 
a 5M KOH solution. The primary etching species has been determined to be OH , and the etching products have been deter- 
mined to be the silicate SiO2(OH)L Isopropyl alcohol does not appear to participate chemically in the etching process. 

Aqueous KOH is used as an orientation-dependent 
etching solution (1) throughout the microelectronics 
indUstry to make a variety of silicon devices such as 

V-grooves for VlVIOS transistors (2, 3), pyramids for 
field-emitter arrays (4), small holes for ink jets (5), 
and thin-wall Josephson junctions (6). Previously re- 
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ported etching studies (7-10) suggested that  the final 
etch products might  be SiO3 =, SiO4 =, or K2SiO~, and 
plausible chemical react ion equations were put  forth. 
We have suggested (11) that monolayers  of silicon di- 
oxide or silicates can coat each atomic plane differ- 
ently, thereby, causing the or ientat ion dependence. 

In  this study, we moni tored the etching process in 
situ in  real t ime by Raman  spectroscopy as the etching 
progressed. Unfor tunate ly ,  we were unable  to monitor  
the surface reaction directly by  reflection Raman 
scattering because the n u m b e r  of adsorbed molecules 
was probably  below the detection sensi t ivi ty of our 
ins t rumenta t ion .  

Exper imenta l  

The Raman  excitat ion source was a CW Argon- ion  
laser emit t ing the 4880A line. Power  incident  on the 
cell was about  300 mW after e l iminat ion of the plasma 
lines by a diffraction grating. A Jarre l l  Ash Model 
25-100 double monochromator  with a cooled RCA 
C31034A GaAs photomult ipl ier  and photon counting 
electronics were used to obta in  the Raman  spectra. 
The spectra were stored in a Nicolet Model 1070 mul t i -  
channel  analyzer  and plotted out on an X-Y recorder. 

The etching container  was. a fused quartz cell, 1 X 
1 >,' 4.5 cm 3, with polished sides and bottom. This cell 
was heated by a tungsten wire which was encapsulated 
in  a th in  quartz tube and inserted into the cell in such 
a way  that  the laser light path was not affected. The 
etching solution was an aqueous 5M KOH (3.0 X 1021 
KOH molecules/cma) solution. Etching was performed 
at 62~ to provide a sufficient etch rate. Etching of the 
quartz container  was estimated to be about 2.5 X i0 -4 
that  of the s i l i con  sample (I1-13) and, thus, was 
considered to be negligible. 

Each sil icon sample consisted of a piece of a s tan-  
dard {100} silicon wafer, 1 X 5 X 0.03 cm ~, n - type  
(phosphorus doped),  10 s cm (1 • 10~5/cm3). The 
silicon sample was placed into the cell in such a way 
that  the incident  beam,  propagat ing vert ical ly into the 
cell (and paral lel  to the monochromator  slit),  was 
focused 1-2 m m  in f ront  of the sample surface. The 
90 ~ scattered ligh~ was focused into the monochroma-  
t0r. The spectral  resolution was set at 4 cm -1 because 
the spectra were recorded ra ther  rapidly and because 
the spectral l inewidths were usual ly  greater than 20 
c m - L  The laser l igh t  was polarized in the horizontal 
plane and perpendicular  to the propagation directions 
of both the incident  and scattered beams. No analyzing 
polarizer  was used in the collecting system, so the re-  
sul t ing data were unpolarized. 

Results 

Aqueous 5M KOH solution.--The Raman spectrum of 
a fresh 5NI KOH etching solution is shown in Fig. la. 
This spectrum is characteristic o f l i q u i d  H20  with the 
addi t ion of O H -  ions (14, 17) which give rise to the 
mola r i ty -dependen t  sharp l ine at 3610 cm -1. The four 
major  water  fea tures  are as follows. The broad l ine at 
3420 cm-* is due to the bond-s t re tching  vibra t ion mode 
(15), the weak broad l ine near  2120 cm-* is due to a 
shor t - range in termolecular  mode (16), the line at 1640 
cm -1 is an angle-bending  mode, and the broad line at 
about 550 cm -1 is due to a l ibrat ional  mode. The large 
increase in in tens i ty  below 300 cm -1 is probably  due 
to a combinat ion of Rayleigh scattering and Raman 
scat ter ing of low-f requency  modes (18). Although 
Fig. l a  was taken at 21~ the spectrum taken at 62~ 
was essentially identical.  

After  a silicon sample was immersed into the etch- 
ing solution, several minutes  :of etching were re-  
quired to remove the nat ive  oxide. Silicon etching 
commenced when hydrogen bubbles  (7) were visibly 
observed. Etch rates at 62~ were measured to be 
about  3000 A / m i n  (by measur ing the sample thickness 
with a micrometer) ,  which is comparable  to a reported 

ETCHING OF SILICON 
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Fig. la. Raman spectrum of an aqueous 5M KOH etching solu- 
tion at 21~ Arrows indicate H20 and O H -  vibrational bands. 
The background is due primarily to elastically scattered light and 
photomultiplier noise; lb. A Raman spectrum of an aqueous 5M 
KOH etching solution at 62~ which contains about 0.11g of dis- 
solved silicon (6 X 102o Si/cm 3) at the beginning of the run. 
Silicon lines appear and grow in the low-frequency region. Curve 
B is a 62~ spectrum started after about 0.35g of Si dissolved (2 
X 1021 Si/cmS). The r vertical bars indicate the definite line 
positions listed in Table I. The dashed vertical bars refer to un- 
resolved structures, and these are marked with a (?) in Table I; 
lc. A Raman spectrum of an aqueous 2.8M Na2SiO3 �9 9H20 solu- 
tion at 62~C which shows silicata lines at low frequency. Note the 
similarity to curve B of Fig. lb except for the sharp line at 1058 
cm -1  in curve B; ld. A Raman spectrum of an aqueous 2.8M 
Na2S[Os" 9H20 solution at 62~ containing about 0.4g of dis- 
solved KOH (1 X 1021 KOH molecules/cmZ). Note the similarity 
with curve A of Fig. lb except for the sharp line at 1058 cm -1  in 
curve A. 

value of about 4000 A / m i n  (1). Recording of spectra 
commenced 30 min  after immersion to insure tem- 
perature  stabilization. Typical/y, 66 min  were re-  
quired to cover the complete 50-4050 cm -1 spectral 
range. Curve A of Fig. lb  is the Raman  spectrum 
started after about  0.11g of silicon had been dissolved 
(6 X 102o Si/cm3). It  is to be noted that  the O H -  
line decreased appreciably, and six new lines at 442, 
515, 600, 766, 920, and 1058 cm -1 were observed. These 
lines and their assignments to various silicate struc- 
tures are listed in Table I. Table I also contains a n u m -  
ber  of published Raman  assignments to various sili- 
cates (19, 21-26). Curve B o~ Fig. lb  is the Raman  
spectrum started after about 0:35g of silicon had been 
dissolved (2 X 1021 Si/cm3). The main  difference 
between curves A and B is the large increase in in-  
tensi ty of the 600 cm -1 line. 

Interest ingly,  in one experiment ,  we dissolved ap- 
proximately  0.7g of silicon (4 X 1021 S i / cm a) with the 
result  that the solution became viscous and the Raman 
line~ altered considerably by  broadening  and shifting. 
Hence, it was quite evident  that a silicate had formed. 
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Table I 

Ref. (19) Ref. (19) Ref. (19) 
P r e s e n t  P r e s e n t  Var ious  Var ious  Ref. (26) Various  

KOH e tch  P r e s e n t  Na~SiOs �9 9H~O silicates si l icates Na2Si03 sil icates 
wi th  Si Na~Si03 �9 9H~O wi th  KOH Si02(OH)2 = P o l y m e r s  SiO~(OH).~= SiO~(OH)=- 

~180 
26O 

~340(? )  350 350 
430 

442* 445* 450* 450 456 
460 

~515 ~485(? )  ~500(? )  550 
600* 602* 603* 600 614 

675(7) ~650 

766* 770* 770* 780 779 
~830(? )  825 

920* 923* 925* 930 937 
985 

~1005(?)  ~1007(?)  ~1025(?)  1020 1030 
1058 1045 

350 
430 

450 
460 

~740 

665 

~980 

This  table  compiles  the  R a m a n  v ibra t iona l  l ines for  aqueous  KOH e tch ing  solutions and fo r  va r ious  aqueous  sil icate solutions. Our  
l ines a re  accu ra t e  to -----5 c m  -1. Consequent ly ,  l ines m a r k e d  wi th  an  (*) a re  cons idered  to be coincident .  (?) r e p r e s e n t s  a shou lder  or  a 
w e a k  f e a t u r e  wh ich  is  not  v e r y  conclusive.  A s s u m i n g  the  publ i shed  da ta  has  an accuracy  s imilar  to ours,  we conclude tha t  the  p r i m a r y  
e tch  p roduc t  is SiO~(OH)2=. 

In  fact, when the temperature  .decreased from 62 ~ to 
21~ the solution jelled. 

Figure lc is a Raman  spectrum of a 2.8M aqueous 
solution of Na2SiO~. 9H20 which compares favorably 
with published spectra (19). The silicate spectral lines 
are listed in  Table I for comparison and reference. 
When 0.4g of KOH crystals were added to the solu- 
t ion (1 X 1021 KOH/cmS), the spectrum shown in Fig. 
ld  was obtained, with the silicate lines listed in Table 
I. Note that the sharp l ine at 1058 cm -1 is always miss- 
ing in the sodium metasil icate spectrum, al though a 
600 cm -1 line, assigned as a polymer  (19), is present. 
Because SiO3(OH)--- has a l ine at 740 cm -1, which was 
never  o,bserved in any  solution that we studied, this 
species is not  considered to be an etching product. 
While K2SiO~ has been postulated as a product of 
etching (1), we saw no absorption features creditable 
to it (28, 29). Also, there was no evidence for undis -  
so,ciated KOH (30). In fact, we found no spectral 
s t ructure related to any feasible potassium compound, 
even though a structure consisting of a K + cation sur-  
rounded by  6 waters  of hydra t ion  has been postulated 
(17, 32). We also searched for the H2 vibrat ional  band  

near  4160 cm -1 without  success, probably because our 
sensi t ivi ty was adversely affected due to the bubbles.  

Using the results listed in  Table I, especially the 
analysis of F reund  (19) who discussed the concentra-  
tion of various species of SiOx(OH)4-x as a function 
of molar i ty  in  sodium silicate solutions, we conclude 
that  SiO~(OH)2 = is the p r imary  etching product of 
{100) silicon in aqueous 5M KOH. Based on the appear-  
ance of a sharp ~dditional l ine at 1058 cm-~ and a l ine 
at 600 cm -1 (19), we fur ther  conclude that  this sili- 
cate polymerizes. 

Aqueous 5M KOH solution with isopropyl alcohol . -  
When aqueous KOH solutions are used to etch silicon 
for integrated circuits, these solutions .are often "buf-  
fered" wi th  isopropyl alcohol ( IPA).  This procedure 
alters the etch-rate  ratio between the {100} and {111} 
surfaces, and it slows down the etch rate in general  
(1). It  has been suggested (21) that the OH group 
of the IPA molecule attaches itself to silicon dioxide. 
Since the IPA molecule has the form 

H 
I 

H 0 H 
\ I / 

H--C C C--H 

/ I \ 
H H 

H 

the OH bond might be altered by other groups at- 
taching themselves to it, or the molecule could under -  
go a chemical reaction dur ing  etching. Both of these 
effects might be observed by Raman spectroscopy. 
Consequently, IPA was added to 2M KOH unt i l  a layer 
of IPA was formed over the KOH solution. The pure 
IPA unpolarized Riaman l ine positions and relative 
intensit ies that  we observed were in good agreement  
with published values (33-35). Furthermore,  no tem- 
pe ra tu re  effects were observed from 21~176 In  fact, 
the Raman spectra for pure IPA and for IPA in aque- 
ous KOH were very similar. In  addition, the OH peak 
was scarcely per turbed  by the IPA. After  about 0.25g 
of silicon (1 • 1020 Si /cm ~) was etched, the Raman 
spectrum was measured. No change in the main  IPA 
lines was observed. Using the results of normal-mode 
analysis (33, 35) to identify the lines, w e  found no 
change in the C-C-C stretch bond (819 cm-1) ,  the 
CI-I3 deformat ion (1452 cm-1) ,  or the Ctt~ stretch 
bonds (2'882, 2920, and 2975 cm-1) .  We could not see 
the weaker  IPA lines. We conclude, therefore, that 
the IPA molecules in solution remain  intact  and un -  
perturbed.  Because IPA does not seem to participate 
in a chemically destructive manner  in the etching 
process, its role might  be to coat the surface in such 
a way as to prevent  O H -  from etching Si directly, or 
it might  change the diffusion of O H -  to, or etching 
products from, the silicate layer. 

The degree to which IPA is miscible in aqueous KOH 
is ,determined by the molarity. In  order to determine 
the amount  of IPA in our etching solutions, we com- 
pared the intensi ty  of the IPA lines from our 5M KOH 
etching solution to those from pure  IPA. From these 
measurements,  we est imate that we had about 6% 
IPA uni formly  distr ibuted vert ical ly in the KOH solu- 
tion, in reasonable agreement  with published values 
(1). This corresponds to about 4 • 1020 IPA molecules/  
cm ~. Presumably,  if IPA were taking part  chemically 
in the etching reaction, one should observe changes in 
the Ram,an spectra after  a similar amount  of silicon 
is dissolved. We might ask whether  IPA molecules 
are "destroyed" and replaced by new molecules enter-  
ing the solution from the top where excess IPA floats. 
To answer this, we dissolved about 0.11g of Si (6 X 
1.020 Si /cm 3) and observed no differences from the 
original  5M KOH Raman spectra as far as relat ive 
intensities go. However, when more than  0.3g of Si 
(2 • 1021 Si /cm 8) was dissolved, we noticed an over-  

a l l  clecrease in  in tens i ty  of the IPA peaks showing that 
the I P A  concentrat ion had dropped to about 1%. 
Fur thermore,  the solution was now viscous and far 
beyond any typical  etching..condition. 
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Discussion and Conclusions 
Raman  spect roscopy is sensi t ive enough for s tudy-  

ing etching dynamics  in aqueous KOH solutions with 
a mo la r i t y  grea te r  than about  0.1M. Nevertheless ,  our 
measurements  have  told us l i t t le  about  the ac tua l  
chemical  react ions going on at  the e tching interface  
since we observed only  the final etch products  in 
solution, 

T h e  v ibra t iona l  bands seen in all  our etching solu- 
tions bea r  a close resemblance  to the bands  observed 
i n  our  spec t ra  of aqueous solut ions of Na2SiO3 �9 9H20 
and the l i t e ra tu re  spectra  of aqueous solutions of 
Na~SiO3 (19, 26). Fur the rmore ,  all  the clear  Raman  
l ines tha t  we observed at 442, 600, 766, 920, and  1058 
cm -1 are  ass ignable  to the species SiO2(OH)~ = and 
po lymers  of i t  (19). The l ine at 515 cm -1, seen in the  
ea r ly  etch spec t rum (Fig. lb,  curve A ) ,  is not as- 
signed a l though shoulders  in the genera l  region are 
seen in the si l icate spectra.  The er ra t ic  behav ior  of 
the  po lymer  l ines in the 1000-1060 cm -1 region is 
puzzling, especia l ly  the  sharp  l ine in the e tch solution, 
which was not c lear ly  seen by  us in any other  si l icate 
solution.  

Since the O H -  l ine subs tan t ia l ly  decreases in in-  
tens i ty  dur ing  etching, we infer  tha t  the act ive etching 
species is the OH% ion, which is cont inual ly  depleted.  
Based on our  etching solution results,  our sodium 
si l icate spectra,  and on publ i shed  Raman  spect ra  (19, 
26), we conclude that  the main  e tch p roduc t  is u l t i -  
ma te ly  SiO2(OH)2 = with  subsequent  polymerizat ion.  

Because we see no significant differences in the  
Raman  spec t ra  f rom pure  IPA and IPA in aqueous 
KOH, and because we do not  see any significant 
changes in the  I P A  spect rum dur ing  etching as the  
si l icon concentra t ion in solut ion increases,  we con- 
clude tha t  I P A  added  to the e tchant  does not  pa r t i c i -  
pa te  chemical ly  in the  e tching process. Rather ,  we feel  
tha t  I P A  p r o b a b l y  coats the  surface, rthereby p reven t -  
ing O H -  ions in the solut ion f rom reaching  the Si or 
s i l ica te-covered  surface, t he reby  modi fy ing  the etch 
r a t e  for each c rys ta l lographic  or ientat ion.  
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Optimum Conditions for Baking of Indium 
Mats Janson 

Ins t i t u t e  o f  M i c r o w a v e  Technology,  S-100 44, S tockholm,  S w e d e n  

ABSTRACT 

Calculations of SiO partial pressure over an indium melt with dissolved silicon in a moist hydrogen atmosphere are 
reported. The results are given as a function of temperature, water vapor pressure, and concentration of silicon in the melt, 
both with and without SiO~ present. The influence of the total pressure in the baking system is considered, and the calcula- 
tions indicate that by using a pressure lower than atmospheric, the efficiency of the baking should be significantly in- 
creased. The time constant of the baking process is, furthermore, shown to be critically dependent on water vapor partial 
pressure. These results should be valuable when one wants to find the optimum baking procedure to remove residual sili- 
con from indium. 

In  the growth of InP  and GaInAsP by  LPE, silicon 
is normal ly  the dominant  residual donor. The reason 
for this is its high distr ibution coefficient ( ~  30 for 
InP)  (3). The source of the silicon can be both the 
star t ing materials  (especially the indium) and the 
growth apparatus which normal ly  has a quartz reaction 
tube. I t  is possible, however, to reduce the silicon 
content  in the melt  by adjust ing the water  vapor pres- 
sure in the growth system and thereby oxidize the 
silicon to SiO or SiO2 (3-5). 

To our knowledge, the work done so far on this 
problem (both for GaAs, InP, and GaInAsP)  (1-5) 
has only  considered the case where SiO2 is present  at 
the baking temperature.  In  this case, one finds that  at 
equil ibrium, the silicon content  in the i nd ium melt  is 
determined by the tempera ture  and the water  content  
of the atmosphere. By modifying the system so that 
the only silicon that  takes par t  in  the reaction comes 
from the melt, it should be possible to increase the 
efficiency of the process significantly. One way to 
achieve this condition is to u s e  a quartz tube w i t h  
cold walls and to heat the melt  by rf induct ion (6). 

To be able to optimize the baking process, it is 
necessary to unders tand  the thermodynamics  of the 
chemical reactions between the St, In, and the moist 
hydrogen atmosphere. Since the silicon is t ransported 
from the mel t  in the form of SiO (which has a much 
higher vapor pressure than SiOf), an impor tan t  part  
of the optimization is to find the relationship between 
SiO part ial  pressure and the variables of the system. 

In  this paper, calculations of the equi l ibr ium SiO 
pressure as a funct ion of H20 par t ia l  pressure, mel t  
silicon concentration, and tempera ture  are reported 
and some conclusions for optimizing the purification 
process are given. 

Calculation of SiO Part ia l  Pressure 
Consider the s i tuat ion shown in  Fig. 1. At the inlet  

of the reactor tube, which is assumed to be inert,  a 
mix ture  of hydrogen and water  vapor is introduced. 
This gas mixture  passes over a melt  of ind ium which 
contains some dissolved silicon and possibly some 
solid silicon dioxide on the surface. The melt  is con- 
tained in  an inert  crucible. The gas phase above the 
ind ium mel t  contains silicon monoxide, water  vapor, 
and hydrogen. The amount  of all other possible reac- 
t ion products are assumed to be smal l  enough to be 
neglected. 

The net  reactions to be considered a r e  

{St} + (HfO) = (SiO) + (H~) K1, ~G~ [1] 
and 

(SiO) + (HfO) = < S i O f >  + (H~) Kf, ~a~ [2] 

K is the equi l ibr ium constant, and ~G* the s tandard 
free energy of reaction. The same notat ion as in  Ref. 
(6) is used, where < > indicates solid, { } liquid, and 
( ) gaseous. 

1 Present  address: LM Ericsson, S-126 25, Stockholm, Sweden. 
Key words: semiconductor, doping, epita.xy. 

The chemical system considered contains the ele- 
ments St, O, H, and In. According to the phase rule, 
the n u m b e r  of degrees of freedom are in the first 
case four since there are two different phases (the 
liquid In  with dissolved Si and the gas phase).  In the 
second case, there are only three degrees of freedom 
since one more phase (the solid SiOf) is present. The 
state of the system is thus in the first case fully 
determined by the temperature,  total pressure, H20 
part ial  pressure, and melt  St-concentrat ion,  and in the 
second case by the temperature,  total pressure, and 
the H20 part ial  pressure. 

From basic chemical thermodynamics  (8) 

~ G  ~ = --  R T  In K 

where R is the gas constant  and T the absolute tem- 
perature.  For reaction [1], one has 

K1 ---- ( [ S i a l  �9 [Hf] ) / ( [ S i ]  �9 [H20]) 

[ ] indicates the activity. This can be rewri t ten  (the 
H2 pressure is assumed to be 1 aim) 

K1 -- Ps io/ ( [Si]  �9 PH20) ~- exp ( - -  ~ G h / R T )  

Psio and PH20 are the part ial  pressures of SiO and 
H20, respectively. 

The activity of the dissolved silicon can be wri t ten 

[Si] -- ~ �9 Xsi [2a] 

Xsi is the atom fraction of s i l icon in the ind ium and "v 
the activity coefficient. 

Similar ly one obtains for reaction [2] 

K2 ~--- 1/(Psio �9 PH20) = exp (--  A G ~  [3] 

To calculate hG~ and 5G~ reactions [1] and [2] are 
divided into subreactions. For  reaction [1] 

(Hf) + 1/z (02) = (HfO) AG ~ [Ia] 

<SiO2> = < S t >  + (02) z~G ~ [ lb]  

< S i O f > +  < S t >  ---- 2(SiO) ~G ~ [lc] 

< S t >  = {St} i G  .4 [ ld]  

The standard free energies of reaction for [ l a ] - [ l d ]  
are obtained from Ref. (7) and are (T is the tempera-  
ture in degrees Kelvin)  

H 2 , H~,O 
Hf,HfO, Si O 

Fig. 1. The system under consideration. The reaction tube walls 
and the melt crucible are assumed to be inert. 
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~G ~ = --58,900 -t- 13.1T cal /mol  

aG ~ = 215,600 -- 41.5T cal /mol  

• ~ = 169,600 -k 12.9T log T -- 124.3T cal /mol  

hG ~162 = 12,100 -- 7.2T cal /mol  

The s tandard  free energy of reaction for reaction [1] 
is then 

AG~ : -- • ~ -- V~ AG ~ + Vz AG ~ -- AG ~ 

: 23,800 + 6.45T log T -- 47.3T cal /mol  

From Eq. [1] and [2] 

log (Psio/Ptt2o) -- log Xsi 

= ( loge /RT)  (RT In~ -- ~G~ 
From Ref. (8) 

RT ln-y = 11,450 -- 3,37T cal /mol  

This gives 

log (Pmo/PH2o) -- log Xsi = (log e /RT)  

�9 (--12,350 -- 6.45T log T + 43.9T) [4] 

Reaction [2] can be divided correspondingly into reac- 
tions [ l a ] -  [lc],  and the free energy of reaction of reac- 
t ion [2] obtained a s  

~G~ = - -~G ~ -- V2 aG ~ -- Va AG ~ = 

- -  133,700 -- 6.45T log T -t- 69.8T cal /mol  
From Eq. [3] 

log (Psio �9 PH2o) = (log e /RT)  �9 hG~ [5] 

Equations [4] and [5] are summarized in Fig. 2 
where the lines with negative slope describe the 
system according to Eq. [5] which is valid when  SiO2 
is present. The perpendicular  lines describe the system 
when the water  vapor pressure is lower than  the l imit  
for SlOe formation at the actual temperature  and melt  
silicon concentrat ion (Eq. [4]).  F rom Fig. 2, it is 
clear that  the SiO pressure can be maximized by  
choosing the op t imum H20 pressure, and that  the la t ter  
is a function of the silicon concentrat ion in  the melt.  

Note that  the H20 pressure here is the equi l ibr ium 
pressure over the ind ium melt. This is, however,  ap-  

10-8 

10 -13 I I I " I I 
10-7 10-5 1 0 - 5  10-4 10-3 10-2 

P H 2 0  ( a r m )  

Fig. 2. SiO partial pressure as a function of temperature and sili- 
con concentration in the indium (Xsi). The curves with negative 
slope describe the system when Si02 is present. The perpendicular 
curves are valid when the PH20 and Xsi combinations are such 
that no SiO~ forms. 

proximately  equal to the H20 pressure at the inlet  as 
long as the pressures of other oxides (SiO and In20) 
formed in the system are small  compared wi th  the 
H20 pressure. As Fig. 2 shows Psio < <  PH20 for the 
PH20 tempera ture  combinations of interest  here. From 
values of the free energy of formation of In20 from 
Ref. (9) and ,XG~ given above PIn.~O/PH20 is 
found to be smaller  than  5 �9 10 -2 for T < 1000~ 

Aspects on the Reaction Rate 
In the following discussion, we assume .that the 

rate l imit ing factor is the removal  of the silicon 
monoxide, and consider the influence of gas flow rate 
and total pressure. 

The cooling of the quartz tube  has two impor tant  
aspects. First, it allows H20 and SiO pressures which 
are not on the curves (Fig. 2)  describing equi l ibr ium 
with SiO~ (Eq. [5] ). There is also no risk that  the re-  
action goes backwards and that silicon is t ransported 
from the quartz tube to the melt. Second, all  the SiO 
in the exhaust  gas stream comes from the ind ium melt  

w h i c h  of course is impor tant  for the efficiency of the 
process. 

The relat ive rate of silicon removal  can be wr i t ten  

(dXs i /d t ) /Xs i  =- (Fe �9 K)/ (22 .4  �9 MIn) -- 1/T 

Where Fe is the effective flow rate measured a t  300 K 
in l i t e r /min ,  K = Psio/Xsi, and Min is the amount  of 
indium in mols. Figure 3 shows some values of �9 vs. Xsi  
and T for Fe --~ 1 l i te r / ra in  and MIn = 0.1 mol. As can 
be seen, the baking times can be qu i te  long if the ini t ial  
s i l icon-concentrat ion is above approximately  1 ppm. 

To see what  happens if one changes the total pres-  
sure in the system, we rewri te  Eq. [1] and [3] 

K1 = (Psio �9 PH2) / ([Si] �9 P~2o) [1'] 

K2 = P~2/(Psio P~2o) [3 ' ]  

Psio is ma x i mum when Eq. [1'] and [3'] :give the same 
value. This gives 

(Psio)max = (Kt"  [Si]/K~)'/= 
for 

PH2o/PHe = (1/(K1 �9 Ke �9 [Si ] ) )  1/2 

This means that  (Psio)max is independent  of the total 
pressure in  the system as long as PH20/PH2 iS kept  con- 

stant. By decreasing the pressure, the relat ive concen- 
t ra t ion of SiO in the gas s t ream (Psio/PH2) wil l  be 
increased, and the removal  rate of SiO wil l  be higher  
at a given H2 flow rate (measured at atmospheric 
pressure) .  Decreasing the pressure wil l  also reduce ki-  
netic barr iers  (i.e., diffusion through boundary  layers) ,  
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Fig. 3. Time constant for the silicon removal as a function of 
silicon concentration when the H20 partial pressure is adjusted 
for maximum SiO partial pressure. The effective flow rate is 1 
liter/min and the size of the melt is 0.1 mol. 
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and this wil l  p robab ly  also contr ibute  to reducing the  
necessary baking  time. 

Discussion and Conclusions 
From Fig. 2, the op t imum H20 pressure  for  a given 

baking  t empera tu re  and me l t  silicon concentra t ion 
can be found. I t  is c lear  f rom the figure that  the re -  
moval  ra te  o f  silicon is cr i t ica l ly  dependen t  on the 
H20 pressure ,  and also tha t  the op t imum H20 pres -  
sure  is a funct ion of mel t  silicon concentrat ion.  Thus, 
to minimize the  baking  time, the H20 p r e s s u r e  should  
be ad jus ted  ( increased)  dur ing  the baking  as the 
silicon concentra t ion in the mel t  decreases.  I t  is also 
seen that  a high baking  t empe ra tu r e  is advantageous.  
The t e m p e r a t u r e  will ,  however ,  be l imi ted  by  ind ium 
evaporat ion.  

I t  is assumed in the above  calculat ions tha t  the r e -  
moval  ra te  of s i l icon from the ind ium mel t  is l imi ted  
by  gas flow t ranspor t  of gaseous SiO. If the wa te r  
vapor  pa r t i a l  pressure  is above the cr i t ical  value  for  
SiO2 formation,  the sil icon wil l  not  be removed  from 
the sys tem but  bound in the form of SiO~ in contact  
wi th  the melt ,  and the react ion wil l  go backwards  
r ap id ly  when the wate r  pressure  is decreased wi th  the 
sil icon going back into solution. 

To fu r the r  reduce the baking  time, one can reduce 
the total  p ressure  in the system. This does not change 
the value  of the  op t imum PH2o/PH2 ratio. Thus, con- 
t ro l led  mix ing  of the  hydrogen  and wate r  vapor  can be 
done at  a tmospher ic  pressure ,  and the mix tu re  fed to 
the low pressure  bak ing  chamber.  No accurate  control  
of the pressure  in the  chamber  is necessary to ma in ta in  
the condit ions for  m a x i m u m  SiO pressure.  

When  smal l  amounts  of arsenic, gal l ium, and phos-  
phorus are  added  to the ind ium as is done when a mel t  
for LPE growth  of GaInAsP  is p repared ,  the  above  

resul ts  are  expected to st i l l  be a good approx imat ion  
since the ac t iv i ty  coefficient of silicon is not  expected 
to change ve ry  much, and the possible new oxides are  
less s table than SIO2. 
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Optical and Electrical Properties of Yttria Stabilized Zirconia (YSZ) 
Crystals 

R. C. Buchanan and S. Pope 
Department of Ceramic Engineering, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801 

ABSTRACT 

Optical t ransmission spectra ()t = 0.3-50 ~m) and d-c conductivity (25 ~ -1000~ data were obtained on yttria stabilized 
zirconia (YSZ) single crystals commercial ly grown by the skull-melting process. The crystals were doped with up to 2.0 w/o 
rare earth (Ce, Nd, Er, Pr) and transit ion (Mn, Fe, Cr, Ni) metal  ions, and a few were annealed. Dopant  effects were most 
pronounced in the visible region, but  were evident  throughout  much of the spectral range. Annealing and dopant  ions Ce 
and Er showed significant absorption effects at t r ibuted to the Ce ~+ ion. Electrical conductivity was only marginally affected 
by doping. 

The sys tem ZrO~-Y2Os (YSZ) has been much s tudied 
(1, 2). This reflects the impor tance  of ZrO2 (s tabi l ized)  
as a r e f rac to ry  ma te r i a l  for  solid e lec t ro ly te  and fuel 
cell  applicat ions,  and more  recen t ly  as precise  oxygen 
sensors for use in au tomot ive  and steel manufac ture .  

The effect of the Y208 addi t ions is to s tabi l ize  the high 
t empe ra tu r e  cubic ZrO2 phase.  Wi thout  adequate  s ta -  
bil ization, the  cubic fluorite phase  t ransforms on cool- 
ing be low ,~2300~ to the te t ragonal  form, which in 
tu rn  t ransforms to the  s table  low t empera tu re  mono-  
clinic phase be low ,~1150~ This 1,atter phase  change 
is accompanied by  a 4-5 volume percent  increase,  
which is d i s rup t ive  of the s t ructure.  

I t  is now genera l ly  agreed  that  ,--9 mo,1 percent  (m/o) 
Y20~ addi t ion is sufficient to fu l ly  stabil ize the cubic 

Key words: ceramics, conduction, defects. 

ZrO2 phase. In  pract ice,  the  ZRO2-9 m/o  Y2Oz compo- 
sition has also been found to have the highest  elec-  
t r ica l  conduct iv i ty  in the  system. As a resul t ,  i t  is 
wide ly  used for  oxygen  (gas) sensor applicat ions,  
where  high electr ical  conduction is a necessary  design 
parameter .  

Electr ical  conduct ion in the sys tem ZrO~-Y203 above 
700~ is due  almost  en t i re ly  to high anion mobi l i ty  
(to2- ~ 0.99) via vacancies (3-7).  With  9 m/o  Y20~, 
,-,4.1% anion vacancies a re  created.  The high e lect r ica l  
conduction observed for this r e l a t ive ly  low anion va-  
cancy concentrat ion,  therefore,  reflects min ima l  de-  
fect interact ions.  Significant electronic conduction be-  
low 500~ has, however ,  been repor ted  for YSZ doped 
with  Fe  3+ and o ther  mul t iva len t  cations (8). 

S ingle  crystals  of YSZ have recen t ly  been p repa red  
by  the sku l l -me l t ing  process (9, 10). This technique 
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al lows the  g rowth  of r e l a t ive ly  la rge  crysta ls  of r e -  
f r ac to ry  dielectr ic  mate r ia l s  (YSZ crysta ls  ~ 15 cm 
d i am have  been g rown) .  A wa te r -coo led  crucible  or 
"skul l"  is used to conta in  the  mol ten  dielectr ic  wi th in  
a crust  or  j acke t  (,~1 m m  thick)  of its own composi-  
tion. The skul l  is shaped such tha t  radio  f requency 
energy  can pass th rough  into the batch to hea t  and 
mel t  the  powder  charge. In  the  case of YSZ, ini t ia l  
hea t ing  of the dielectr ic  powder  is p rovided  by  Zr 
me ta l  susceptors  p laced  in the  midd le  of the batch. 
At  t empera tu re s  above  -~900~ where  the  YSZ powder  
becomes sufficiently conducting, the  me ta l  is no longer  
needed and oxidizes to augment  the  ba tch  composi-  
tion. Columnar  crystals ,  often twinned,  are  obta ined  
f rom the mel t  by  d i rec t ional  sol idif icat ion dur ing  cool- 
ing. Different  colored crysta ls  m a y  be  p roduced  in this 
process, by  incorpora t ing  low concentrat ions  [ <  2.0 
weight  percen t  ( w / o ) ]  of mul t iva len t  or  ra re  ear th  
oxides in to  the  batch.  

Deta i led  s tudies  by  Aleksandrov  (11, 12) on opt ical  
homogene i ty  of the  sku l l -g rown  YSZ crystals  showed 
the  mos t  character is t ic  defect  to be cords runn ing  
pe rpend icu la r  to the crysta l  g rowth  axis [011]. Smal l  
concentra t ions  of such oxides as CeO2, Er208, and 
Nd20~ were  found to genera te  pa r t i cu la te  defects  in 
the  range  0.03-8.0 ;~m, which  acted as scat ter ing sites. 
Annea l ing  of the crysta ls  above 1200~ in an oxidizing 
a t m n s p h e r e  reduced  the stresses as wel l  as the de~ect 
level  and dis locat ion density,  mak ing  the crystals  
essent ia l ly  isotropic.  The re f rac t ive  index  (n) mea -  
sured  for  the 9 m/o  Y203 crysta ls  was in the r ange  
2.11-2.17, wi th  coefficient of  dispersion, p ~ 31.50. 
These values  decreased for h igher  Y203 content,  and 
v a r i e d  to a lesser ex ten t  wi th  h e a t - t r e a t m e n t  and the 
amount  of added  r a re  ear th  o r  t rans i t ion  element.  
Opt ica l -absorp t ion  spec t ra  for  a number  of these e le-  
ments  at  oxide  concentrat ions  of ~0.5 w/o  were  also 
recorded  be tween  0.22-1.0 ;~m. Character is t ic  absorpt ion  
peaks  were  obta ined  which could be modified b y  i r -  

r a d i a t i o n  or  annea l ing  t rea tment .  
As indicated,  the  YSZ crys ta ls  possess a h igh  re -  

f rac t ive  index and dispersion,  close to t h a t  of d iamond 
(n ---- 2.42, v ---- 27). The crystals  a re  also t r anspa ren t  
th roughout  the  vis ible  and nea r  in f ra red  spec t ra l  
ranges (~ ---- 0.35-7.0 ~m).  With  a hardness  factor  in 
the range 7.5-8.5 mhos, depend ing  on Y208 content,  this 
combinat ion  of proper t ies  makes  good. qual i ty  YSZ 
crysta ls  an a t t rac t ive  synthe t ic  subs t i tu te  for gem 
qua l i ty  diamonds,  for  which purpose  they  are  main ly  
used. Other  uses include lenses, pr isms,  laser  appl ica-  
tions, and in f ra red  sensors or  windows,  this l a t t e r  
because of the hi~-h spec t ra l  t ransmiss ion in the  range  

= 3-7 ~m. u  crysta ls  have  also been considered 
for  oxygen  sensor and for  fuel cell applicat ions.  

Li t t le  da t a  exist,  however ,  on the electr ical  p rop -  
er t ies  of  the YSZ crystals ,  p a r t i c u l a r l y  when doped 
wi th  ra re  ea r th  and mul t iva len t  cations. Likewise,  the  
effect of this doping on the in f ra red  t ransmission spec-  
t ra  has not  been de termined.  The object  of  th is  study,  
therefore,  was to character ize  the effects of the  var ious  
dopants  on the opt ical  and e lect r ica l  proper t ies  of 
YSZ crystals .  

Samples  used in this s tudy  were 9.5 m/o  Y203 (YSZ) 
crysta ls  p repa red  by  Ceres Corporat ion,  Wal tham,  
Massachusetts ,  using the ,aforementioned sku l l -me l t i ng  
process. Rare  ear th  and t rans i t ion  e lement  dopants  up 
to 2 w/o  oxide were  incorpora ted  into the crystals .  A 
few samples  were also annealed.  A 12 m/o  Y2Oz crys-  
tals was used for  comparison.  Optical  t ransmiss ion 
spec t ra  were  developed for the range ~ = 0.3-50 ~m 
for each of the samples.  Elect r ica l  res i s t iv i ty  (d-c)  
measurements  were  made up to 1000~ 

Experimental Procedures 

Composition.--As indicated,  single crys ta l  YSZ sam-  
ples u~sed in this s tudy  were  p repa red  by  the sku l l -  
mel t ing  process and were  suppl ied  by  the Ceres Cor-  
porat ion,  Wal tham,  Massachusetts .  Composit ion of the  
var ious  samples  are given in Table I. The base com- 
posi t ions of the crys ta ls  was ZrOe-9.5 m/o  Y208, to 
which smal l  concentrat ions  of dopant  or coloring 
oxides were  added,  as deta i led  in Table I. The  dopant  
cations have al l  been shown to cause the deve lopment  
-,f color  in the cubic ZrO2-Y2Os single c rys ta l  la t t ice  
(9), a n d  the different  combinat ions  were  designed to 
develop pa r t i cu la r  colors. Severa l  samples  contained 
CeO2 ( typ ica l ly  0.1 w/o  but  also at 1.0 and 2.0 w/o )  
alone or  in combinat ion with  other  dopants .  The CeO2 
aided in the control  of the  var ious  colors. Most s am-  
ples were  suppl ied  in the  unannea led  state, whereby  
some cer ium ions would be in the reduced  (Ce ~+) 
state (11). Two samples  (No. 1 and 8, Table  I) were  
received in the  annea led  state.  This had  been carr ied  
out in a i r  at  1200~ 24 hr, and was in tended  to re -  
oxidize any reduced ions as wel l  as reduce the  overa l l  
defect  levels in the crystal .  This a l lowed direct  com- 
par ison wi th  samples  1, 2 and  7, 8, which  were  of 
ident ical  composition. 

Optical spectra.--Samples for  opt ical  eva lua t ion  
were  p repa red  f rom eachc rys t a l .  The samples  were  cut 
p lane para l l e l  about  2 m m  thick in a direct ion norma l  
to the  growth  axis. Nominal  d iameters  were  about  
2.0 cm. The samples  were  pol ished on both sides to 
t r anspa rency  using 600 SiC (Carborundum)  gr i t  and 
15 and 6 ~m diamond paste. Care  was taken  to avoid 
too reflective a surface on the  specimen faces. 

Table I. Composition of YSZ (9.5 m/o Y203) 

samPle C o l o r  CeO~ 

S i n g l e  c r y s t a l  s a m p l e s  

D o p a n t / c o n c e n t r a t i o n  (w/o) 

MoOs FeO C o O  N i O  Pr~Oa Nd2Os Er~Oa Cr~O3 

1 * Clear 0.I . . . .  

2 Orange 0.I . . . .  

3 R e d - o r g .  2.0 - -  -- -- 

4 S t r a w  - -  0.~" - -  - -  
5 Lt .  y e l l .  - -  0.05 - -  -- -- 

6 Y e l l o w  - -  - -  0.1 - -  - -  
7 D a r k  v i o l e t  _ ~ -- 0.2 -- 

8 t Violet -- ~ 0.2 -- 

9 D k .  r e d  ~ -- -- 0.3 
10 A m b e r  0 . I  - -  - -  - -  
I I  S a l m o n  N -- ~ 0 . I  
12 P i n k  ~.1 . . . .  

13 G o l d .  y e l .  -- ~ -- -- 

14 C l e a r  ~ . I  . . . .  

15 Lt .  g r a y  0.1 . . . .  

16" * C l e a r  . . . . .  

__- - 
- -  1.0 

0.2 - -  
0.22 
0.44 

* A i r  a n n e a l e d  1 2 0 0 ~  h r .  
** Y S Z  (12  m / o  Y~Oa).  
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Each sample  was opt ica l ly  scanned over  the spectra l  
range  0.3-50 ~m, incorpora t ing  both the  visible and 
in f ra red  ranges.  Fo r  the  in f ra red  ranges (50-2.5 ~m),  
a Beckman Inf rared-12 Spec t rophotomete r  was used in 
the d o u b l e - b e a m  mode. A Nicolet  F T - I n f r a r e d  Spec-  
t rophotomete r  was also used over  the same inf ra red  
range  and pe rmi t t ed  more accurate  in te rpre ta t ion  of 
the  data .  Wavelengths  spanning  the  near  in f ra red  and 
vis ible  regions (2.5-0.65 ~m) and (0.65-0.3 ~m) were  
scanned using a Cary-14 Spect rophotometer .  

Electrical conductivity.--Samples for e lect r ica l  con- 
duc t iv i ty  measurements  were  cut .plane pa ra l l e l  as 
descr ibed prev ious ly  a n d  shaped  geometr ica l ly  to ap-  
p r o x i m a t e l y  1 • 1 • 0.2 cm. Electrodes were  appl ied  
to both faces of the sample  using p l a t inum paste  which 
was fired at  800~ for  10 rain. Measurements  were  car -  
r ied  out as a funct ion of t empera tu re  to ,~1000~ using 
a Ke i th ley  610-B e lec t rometer .  The specimens were  
heated in a vert ical ,  sh ie lded  p l a t i n u m - w o u n d  tube 
furnace  up to 1000~ at  a heat ing ra te  of ,~10~ 
A flat p l a t inum stage (suppor ted  on A120~) served 
as  contact  base  and a sp r ing- loaded  p l a t i num t ipped  
probe  as the  upper  electrode.  The t empe ra tu r e  sensing 
thermocouple  was posi t ioned next  to this  probe.  

Results and Discussion 
Visible spectra.--Table I shows the wide spec t rum of 

colorat ion impar t ed  to the  basic YSZ crystals  by  the 
var ious  dopants.  Grouping of these dopants  could be 
made according to the  colors p roduced  in the crystals  
which, in general ,  were  s imi la r  to the  colors p roduced  
in glasses, y e l l o w  hues, for examples ,  were  p redomi -  
nan t ly  produced by  Mo, Cr, Fe, and P r  .dopants, gen-  
e ra l ly  in the  absence of Ce. These ions would  l i k e l y  
be  p~esent in the  3 + state.  Transmdssion spec t ra  in the  
vis ible  range are  given for these dopants  in Fig. 1. 
Number ing  of  the curves- in  the figures correspond to 
the  da ta  inTable  I. 

Rela t ive  t ransmiss ion values  may  not  be s t r ic t ly  
comparable ,  however,  due to differences in sample  
thickness and surface finish. The spect ra  show gen-  
e ra l ly  good t ransmiss ion in the range  4500-6500A, wi th  
the  absorpt ion  edge around 3400A (-,1.4 eV),  except  
for  Fe  doping (.curve 6) which showed a significant 
shif t  of the  absorpt ion  edge to ~4100A. This is in l ine 
wi th  the w e l l - k n o w n  absorpt ion  of the  blue (u l t r a -  
violet)  end of the spec t rum by  Fe  ~+ ions i n  glasses. 
Other  than  the shif t  of absorpt ion  edge, no significant 
absorpt ion  peaks  were  observed in this spec t ra l  region. 

The  basic YSZ crystals  were  clear  or colorless ( sam-  
ple  16 in Table  I)  and modera t e ly  t r ansmi t t ing  in the 

50| I I I t ~ I I 
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Fig. 1. Optical transmission spectra far, YSZ crystals with dop- 
ants 5(Mo/Cr), 6(Fe), lO(Ce/Ni), and 13(Pr) as given in Table I. 
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visible  region, as shown in Fig. 2. Addi t ion  of Nd also 
gave clear  crystals  which became progress ive ly  more  
g ray  wi th  increase in Nd content  (samples 14 and 15). 

Doping with Ce impar ted  an orange colorat ion to the 
crys ta l  (sample 2) tending to r ed  (sample 3) as the 
Ce concentra t ion was increased.  Annea l ing  of the  Ce- 
doped crystals  removed the colorat ion and gave a 
normal  spec t ra  (.sample 1, Fig. 2). The spectra  for the 
un.annealed sample  show high t ransmission in the 
red  region and significant absorpt ion  at  --4700A, a t -  
t r ibuted  to a significant concentra t ion of Ce 8+ ions. 
The s imi la r i ty  of the spec t ra  for samples  1, 16, and 4 
(Mo/Cr)  would suggest  tha t  the  ions subst i tu te  on 
regu la r  cat ion sites in YSZ lattice. 

A p a r t  from Ce 8+, the  only s trong absorpt ion  peaks 
observed were for  Er  doping (samples 11 and 12). 
F igure  3 shows these spec t ra  where  s trong absorpt ion 
peaks were  obta ined  in the  ranges 5200-4900A and 
3800-3500A. Again,  this  was a t t r ibu ted  to absorpt ion 
by the Er  ~+ ions. 

A s t rong deep blue color was obta ined  with  Co dop-  
ing which  became l ighter  a f te r  anneal ing  (samples  
7 and 8), reflecting the decrease impur i ty  level.  Com- 
binat ion of Ce with  Co produced a d a r k  ruby  red  
crys ta l  (sample 9). 

Infrared spectra.--Figures 4, 5, and 6 show inf ra red  
spec t ra  for the  different  crystals  in near  (0.65-2.5 ~m), 
med ium (2.5-10 ~m),  and far  (7.0-50 ~m) in f ra red  
regions, respect ively.  F igure  4 shows t ransmiss ion in 
the near  in f ra red  range  to be re la t ive ly  high, wi th  
l i t t le  absorpt ion act iv i ty  except  for crystals  1, 11, 16, 
and 12. 

Consider ing the sample  composit ions,  the absorp-  
t ion peaks  in the region of 1.5 #m seem c lear ly  as-  
sociated wi th  the presence of Ce and Er  since both a r e  
missing in  the undoped sample  16. Peaks  at  ~1.2 and 
2.2 ~m would  seem to be associated wi th  the presence 
of y3+ in the  ZrO2 lat t ice (11). This area  of the spec- 
t rum has not  been wel l  studied. 

F igure  5 shows the in f ra red  t ransmission up  to 10 
~m for the  crystals  studied. Al l  showed an in f ra red  
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Fig. 2. Optical transmission spectra for YSZ crystals with dop- 

ants l(Ce), 2(Ce), 4(Mo), and 16(none) as given in Table I. 
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cutoff at ~7  #m. Highest transmitting crystals were 
numbers 2 and 1 (low Ce) and lowest numbers 10 
(Ce/Ni) and 5 (Mo/Cr), attributed to the presence 
of the transition metal ions. In general, any dopant 
addition to the YSZ crystals tended to decrease the 
infrared transmission in this range. Significant absorp- 
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Fig. 5. Medium infrared transmlsslon spectra for the YSZ crys- 
tals in Table I. 

tion peaks were observed only for samples 3 and 9, 
reflecting the relatively high Ce content in these 
crystals (2, 11). 

Figure 6 shows a generalized curve for the crystals 
in the infrared range 7-50 ~m, since the transmission 
characteristics were essentially identical for all sam- 
ples. The crystals were essentially opaque up to ~,17 
~m and showed significant transmission at the longer 
wavelengths (2). The fine structure of the spectra 
represents bonding characteristics within the fluorite 
structure. 

Electrical conductivity.--Table II gives electrical 
conductivity data at 200% 500 ~ 800 ~ and 1000~ for 
the different YSZ samples with dopants including 
activation energy values. For the 9.5 m/o YSZ samples, 
dopant level or type dopant was found to have little 
direct effect on conductivity of the crystals. The an- 
nealed Ce (sample 1) and those with transition metal 
(Fe, Mo, Cr, Ni) dopants gave slightly lower conduc- 
tivities, but activation energy values were comparable. 
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Fig. 6. Typical far infrared transmission spectra for the YSZ- 
(9.5 m/o Y~O3) single crystals. 
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Table II. Electrical conductivity for YSZ crystals with temperature 

Conductivity- (fl-cm) -~ 

S a m p l e  D o p a n t s  20O~ 50O~ 80O~ 10O0~ g~ ( e V )  

2 
3 
4 
5 
6 
7 
8* 
9 
I0 
Ii 
12 
13 
14 
15 
16"* 

CeO~ 4.71 x I0 -s 7.37 x 10-~ 7.06 • 10-e 
CeO~ 2,89 x 10 -s 3.77 x 10- '  2.42 x 10 -3 
CeO~ 2.82 x 10 -s 5.25 x 10 -~ 2.47 x 10-~ 
MoO2 6.17 x 10 -3 3.36 x 10-' 2.89 x lO-~ 
MoO~/Cr~O8 1.59 x 10 -s 2.31 x 10-~ 1.42 x 10 -~ 
F e O  4.89 x 19 -s 7.13 x 19 -~ 1.94 x 10-~ 
CoO 2,74 x 10 -8 5.37 x 10-4 2.84 x 10 -3 
CoO 3.84 x I0  -e 2.26 x 10-~ 2.48 x 10 -2 
C e O 2 / C o O  2.30 x 10 -s  1.87 • l 0  - t  2.38 x 10-~ 
CeO~/NiO 1.13 • 10-3 2,23 x iO -4 1.67 x 10-2 
N i O / E r 2 0 3  2.65 x I0 -s 3.63 x i 0  -6 1.63 x 10 "r 
CeO~IEr202 1,60 x IO -s 4.21 x IO-~ 2.63 x 10-3 
PreOs 1,19 x lO-S 2.00 x 10"4 2.3}$ x i0 -2 
CeO~/Nd2Os 1.77 x 10 -s 2.76 x 10 -~ 1.92 x 10 -e 
CeO~/NdaOa 2.02 x 10 -s 2.03 x 10-~ 1.60 x 10-= 
N o n e  4.32 x 10 -3 4.32 x 10 -~ 1.75 x 10-u 

1.28 • 10 -z 1.02 
3.99 x 10-~ 0.99 
3.58 x 10 -3 1.01 
4.95 x 10-~ 1.05 
2&6 x 19-~ 1.00 
3.89 x 10~ 0.97 
4.35 x 10 -2 1.02 
3.64 x i0-~ 1.00 
4.63 x 10 -2 1.02 
2.5 x l0 -3 1.03 
2.49 x 10-~ 1.01 
3.86 x 1 0 ~  128 
3.7 x 10 -3 1A5 
3.22 • 10 -2 0.99 
2.18 x 10 =3 0,99 
2.32 x i0~3 1.16 

* Air annealed 1200~ hr.  
" YSZ (12 m/o Y~O~). 

The 12 m/o YSZ samples gave a lower value for the 
conductivi ty and correspondingly higher activation 
energy, as expected. 

Figure 7 shows a plot of log conductivi ty vs. recipro- 
cal temperature  for the 9.5 YSZ sample wi th  dopants 
and the undoped 12 m/o  YSZ sample. Only the latter 
showed any  significant difference in activation energy, 
indicated by  the steeper slope below ,~800~C. The 
change of slope in the conductivi ty curve above 800~ 
had not  previously been reported for YSZ. Below 
800~ both conduct ivi ty and activation energy values 
were comparable (I, 2, 6). 

C o n c l u s i o n s  

For YSZ samples containing 9.5 m/o  Y~O3, dopant  
and anneal ing effects were par t icular ly  noticeable in 
t h e  visible spectra. Ce, Er, Fe, and Co doping showed 
the most significant changes. Effect of anneal ing  was 
apparent ly  to reduce Ce 3+ and defect concentration. 

The infrared spectra appeared less affected by dop- 
ants, except in the near  infrared.  Relat ively high t rans-  
mission was obtained for all crystals up to ~7  #m 
cutoff. Dopant influence on electrical conductivity was 
not  significant. 

Changes in the Y203 content  had a greater effect. 
Measured activation energy for conduction of ,~1.0 
eV and conductivity of ,~2 X 20 -2 (~t-cm) -1 at 
800~ were typical of the YSZ samples. 
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Influence of Impurities on Lateral Polysilicon pn Diodes 

M. Dutoit 1 

Centre Electronique Horloger S.A., CH 2000 Neuchdtel, Switzerland 

Lateral  pn diodes in thin films of polycrystall ine Si 
(1, 2) have found widespread uses in CMOS integrated 
circuits (3, 4) and other applications (5). The reverse 
current of 10 ~m-wide diodes fabricated with a typical 
low power CMOS process reaches a few nA at 1.SV. 
This property allows one to employ these devices as 
high-value area-saving resistors not easily integrated 
otherwise. Moreover, even though they are fairly 
leaky, compared to pn junctions in single crystal Si, 
they can be used in noncritical applications to main- 
tain a logic level. Lateral  polysilicon diodes are com- 
pletely isolated from the substrate. 

Their electrical characteristics have been ascribed 
to field-enhanced emission via grain boundary traps, 
in addition to the classical mechanisms of generation 
and recombination of minority carriers (2, 6). They 
are, therefore, very sensitive to factors that influence 
the density and occupation of these traps, among them 
grain size (7-9) and resistivity (2) of the polysilicon 
layer. Since the advent of'LPCVD for growing polysili-  
con films and ion implantation for doping them, these 
two parameters are well under control. Nevertheless, 
unexpected increases in the average reverse current 
of the devices on some batches of wafers may occur 
on occasion, mainly after periodic cleaning and main- 
tenance work on the LPCVD reactor, even though no 
changes in deposition conditions, structure, etch rate, 
optical and electrical parameters are recorded. 

The purpose of this work is to show that gaseous 
pollutants, which may inadvertently be present in the 
reactor during deposition, can significantly alter the 
properties of polysilicon diodes. The impurities most 
l ikely to be found are H2, 02, and HC1. H2 is a by-  
product of the pyrolysis of Sill4; O2 may be introduced 
by leaks or be adsorbed on the walls of the tube while 
the reactor is opened to room ambient, and HC1 is 
used before each deposition to clean the wafers. 

It; is easy to introduce O2 (in the form of N20, to 
avoid the premature reaction with Sill4 to form 
SiO2) and HC1 directly into the reactor. Significant 
amounts of H2 can be incorporated into polysilicon 
films by annealing them in an H + plasma at about 
500~ Yet, our prel iminary results with this last 
method remain inconclusive. 

Experimental 
Polysilicon films were deposited in a Tempress 

LPCVD reactor at 190 mTorr  and 620~ from 100% 
Sill4 (Air Liquide, N50) on 1 ~m-thick SiO2 layers 
thermally  grown on 2 in. (100) Si wafers. Sill4 flow 
rate was 50 sccm. Small amounts of N20 (Air Liquide, 
N45) or HC1 (Pit tsburgh Materials and Chemicals, 
N45) were admitted to the reaction chamber during 
deposition through a calibrated mass flow controller. 
In both cases, the growth rate was reduced from its 
value under normal conditions (Fig. 1). The deposition 
t ime was adjusted to yield 0.5 ~m thick films. 

Present  address: Institute for Microelectronics,  Swiss Federal  
Institute of Technology,  CI-I 1015 La us a nne ,  Switzerland, 

The structure of these films was examined by trans- 
mission electron microscopy (TEM), A novel batch 
process was developed for rapidly preparing rugged 
TEM samples that are easy to handle (10). It consists 
in chemically etching circular holes in the subsirate 
underneath the polysilicon layer (Si and SIO2) by 
using a Cr/Au film as a mask. Thickness and optical 
properties were evaluated with an ellipsometer. 

Our conventional CMOS process (2, 4) served to 
fabricate lateral  p+ n + diodes. The sheet resistivity of 
both p+-  and n+-doped layers with no HCI or N~O 
added, was about 100 ~2/[:]. 

Results 
Average grain size is decreased by addition of small  

amounts of either N20 or HC1, even though the growth 
rate diminishes (Table I) .  Normally, the opposite 
would be expected. Yet, this result confirms previous 
work which showed that  N2 and 02 retard grain growth 
(11, 12). The thickness of films prepared with N20 or 
HC1 is less uniform than without. The angle ~ deter-  
mined by ellipsometry is reduced by several degrees. 
In our experience with standard production runs, this 
indicates a roughened surface rather  than a change in 
optical constants of the film: Yet, we have not checked 
this point in the present case. 

Figures 2 and 3 show the variation of sheet resistivity 
ps and average reverse current In with flow rate of 
N20 and HCI, respectively. In the first case, these 
parameters vary rapidly even for small flow rates. By 
extrapolating our results, we infer that In can de- 
crease by an order of magnitude without a significant 
change in ps. With HC1, ~s varies l i t t le and IR goes 
through a maximum at 1 sccm. This increase could be 
due, as well, to the incorporation of chlorine in the 
films, as to precipitations on the wafers of metal im- 
purities dissolved upstream by HC1 in the presence of 
traces of H20. 

20 

SUBSTRATE TEMPERATURE = 620~ 

Sil l& FLOW RATE = 50 SCCM 

'= '  t 
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02 0.6 0.6 8 i 2 L. 6 8 10 
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Fig. 1. Variation of LPCVD polysilicon film growth rate due to 
N~O and HCI. 
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10 Table I. Average grain size (nm) after diffusion 
(N2, 1000~ 45 min) 
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Fig. 2. Sheet resistivity of p+- and n+-doped polysilicon and of 
reverse current at 1.5V (10 #m-wide diodes) vs. flaw rate of N20. 
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Fig. 3. Sheet resistivity of p+- and n+-deped polysilieon and of 
reverse current at 1.5V (10 #m-wide diodes) vs.  flow rate of HCI. 

These results show that lateral polysilicon diodes 
are very sensitive to minute amounts of pollutants 

NsO HCI 
Flow rate 
(seem) Grain size (nm) 

0 I I0 I I0  
0.3 80 80 
1.0 ~ 55 
3.0 30 55 

in the LPCVD reactor. Changes in reverse current 
after maintenance work can be explained by the 
gradual shift of the 02 adsorption-desorption equilib- 
rium of the silicon layer deposited on the walls of the 
reactor tube or by small leaks. These effects can be 
sufficiently weak so as not to affect the other properties 
of the polysilicon film. In order to obtain reproducible 
results, contamination and leakage need to be carefully 
controlled. On the other hand, the characteristics of 
polysilicon diodes could be intentionally modified by 
closely monitored additions of these impurities during 
deposition. 
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Transmission Electron Microscopic Observation of Precipitates in Si + 
Ion-Implanted GaAs 
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Radiat ion damage  in the form of dislocation loops 
and an amorphous layer  was observed in  Si + ion-  
implanted GaAs by transmission electron microscopy 
(TEM) and reflection electron diffraction (1). Pre-  
cipitates in  heavi ly  Si + ion- implan ted  GaAs were ob-  
served at room temperature.  These precipitates are 
matched with those of SiAs2. 

Br idgman-grown semi- insula t ing  Cr-doped GaAs 
single crystals (resist ivity ~10 s ~ .  cm) having the 
~100> orientat ion were obtained in the form of pol- 
ished wafers from Crystal Specialties, Incorporated. 
These wafers were implanted  with Si + ions at 120 keV 
a t  room tempera ture  using a dose rate of 6.25 X 10 ii 
ions /cm 2 sec to two different doses, namely,  3 X 1018 
and 3 X 1015/cm 2. For TEM studies, specimens having 
,~ 4 X 4 X ~/2 mm dimensions were cut from the im-  
planted wafers by a diamond scriber along the {110} 
cleavage plane. These specimens were mechanical ly  
ground from the un implan ted  side using 400-grit SiC 
paper  to a thickness of ,~150 ~m. The corners of the 
specimen were ground to provide a diameter  of 3 m m  
(for fitting into the TEM holder) .  The implanted  
surface was protected by an Apiezon wax coating, and 
the specimen was chemically polished in a b romine-  
methanol  solution (1:99 by volume) at room tem-  
perature  in a commercial ly  available twin  jet  polisher, 
using only one jet  to str ike the un implan ted  side. Just  
pr ier  to perforation, the specimen was removed from 
the solution, and the Apiezon wax was removed by  
tr ichloroethylene.  The specimen was again polished 
using one jet  as before unt i l  perforat ion was achieved. 
The specimen was then rinsed in methanol,  dried, and 
examined in  a Phil ips EM 300 electron microscope 
operated at 100 kV at room temperature.  

A typical  electron micrograph from a Cr-doped 
GaAs specimen implan ted  with Si + ions to a dose of 
3 X 1013/cm2 is shown in Fig. 1. The electron micro- 
graph had ra ther  a mott led appearance and contained 
small  defect clusters. The diffraction pa t te rn  showed 
nei ther  extra  reflections resul t ing from precipi tat ion 
nor  evidence of diffuse rings, characteristic of an 
amorphous layer. 

Figure 2 is a typical  electron micrograph and the 
corresponding selected-area diffraction pa t te rn  ob-  
ta ined from Cr-doped GaAs specimen implanted with 
Si + ions to a dose of 3 X 10tS/cm*~. The specimen con- 
ta ined a high densi ty of black spots. The major i ty  of 
them exhibi ted b lack-whi te  contrast, and a few ex- 
hibited double-arc  contrast  with a l ine of no contrast. 
The selected-area diffraction pa t te rn  revealed the pres-  
ence of extra  reflections [marked by x in the schematic 
diagram, Fig. 2(c)]  resul t ing from precipitates. The 
d-spacings corresponding to the extra  reflections A, 
Bi and C can be matched with the (210), (i'21), and 
(312) planes, respectively, of SiAs2 which has the 
cubic s t ructure  (Table I) .  Good agreement  between 
the measured and calculated angles of the different 
planes due to precipitates can be observed (Table II) .  

Key words: transmission electron microscope, precipitation, ion 
implantation, semiconductor. 

i present address: Super Semi Conductor (P) Ltd., Sch. IVM, 
Beliaghata~ Calcutta-700010, India. 

The dark-field technique using the extra  reflections to 
delineate the precipitates in the implanted region was 
at tempted;  however, because of the very weak in-  
tensi ty of these reflections, these at tempts were unsuc-  
cessful. Consequently,  the precipitates present  in  the 
implanted area could not  be separated from other black 
spot damage such as dislocation loops. 

As in the case of low-dose (3 X 10t3/cm 2) Si + ion 
implants,  no evidence of the amorphous ring pa t te rn  
was found in the diffraction pa t te rn  obtained from the 
specimen implanted  with Si + ions to a dose of 3 X 
10i5/cm2 [see Fig. 2 (b) ] .  A few as-grown dislocation 
lines were also observed, as shown in Fig. 2 (a). 

Selected-area diffraction pat terns taken from thin  
foils of Cr-doped GaAs implanted with Si + ions to a 

Fig. !. Electron micregraph showing a few defect clusters (shown 
by an arrow) in the ba:kground of a "mottled" structure in 
GaAs:Cr implanted with Si + ions (120 keV) at room temperature. 
Total dose: 3 X 10i3/cm ~. Foil orientation is very close to (100). 

Fig. 2. (a) Electron micrograph showing point-defect clusters, 
precipitates, and as-grown dislocations (shown by an arrow) in 
GaAs:Cr implanted with Si + ions (120 keV) at room temperature. 
Total dose: 3 X 101S/cm 2. 
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Table I. Measured d-spacings from extra reflections and 
their assignment based upon the SiAs2 structure 

Measured d-value Calculated d-value 
of precipitate of SiAss (A) 

from origin (A) plane) 

dA 2.679 2.693 (210) 
dB 2.418 2.458 (721) 
de i.617 1.6o8 (~12) 

Fig. 2. (b), (c) Selected-area diffraction pattern and its sche- 
matic diagram showing the presence of extra spots (x) due to pre- 
cipitates. Foil orientation is very close to (100). 

dose of 3 • 101S/cm 2 showed extra spots which were 
found to match those of SiAs2 precipitates. According 
to Shimanoe et al. (2, 3), doping of silicon to a con- 
concentration of 2.5 • 10iS/cm 3 is possible in GaAs. A 
silicon concentration value of 2.4 • 102~ is ob- 
tained in the implanted layer of GaAs through implan- 
tation of Si + ions at 120 keV to a dose of 3 • 101~/cm 2 
(projected range ---- 1030A, standard deviation = 
510A). This value is considerably higher than the 
solubility limit, and the excess silicon should pre-  
cipitate. Howeve r, precipitation in the form of SiAs2, 
and not in the form of elemental silicon, was observed, 
suggesting that the precipitation process is rather  
complex during ion implantation. In contrast, Tamura 
et al. ( i )  found no evidence of precipitation in GaAs 
implanted with 50 keV Si + ions to a dose of 1015/cm 2, 
corresponding to a silicon concentration of 1.6 • 
10~~ s in the implanted layer. This difference is not 
well understood. Although defect clusters in the form 
of black spots were observed in specimens of Si+ im- 
planted to a dose of 3 • 1013/cm2 (i.e., a silicon con- 
centration of 2.4 • I01S/cm 3) in the present study, no 
extra spots due to precipitates were observed, sug- 
gesting that the Si concentration is still  within the 
solid solubility limit of GaAs. Alternatively, the ab- 
sence of extra spots may be due to an insufficient 
volume fraction of precipitates in the low-dose samples 
capable of producing extra spots in the diffraction 
pattern. 

Another interesting difference between the present 
study and that of Tamura et al. (1) is the absence of 
diffuse rings arising from amorphization of the im- 
planted layer in the selected-area diffraction patterns 
taken from 120 keV Si + ions implanted into GaAs, to 
doses of 3 X 1013 and 3 • 1015/cm 2 at room tempera-  
ture. Tamura et al. (1) observed the presence of an 
amorphous layer by the reflection electron diffraction 
method in GaAs implanted with 50/170 keV Si + 
ions at room temperature to doses ranging from 10 TM 

Table I. Comparison of measured and calculated angle (based upon 
the SiAs2 structure) of different planes due to precipitates 

Plane 

Measured ~ Calculated 
angle angle 
(deg) (deg) 

(210) A (121) 90 90.0 
(_210) A (312) ~130 126.7 
(121) A (312) ~42 40.2 

to 1015/era2. The origin of this discrepancy may lie 
in the methods used to detect the amorphous layer in 
these two investigations. When reflection electron dif- 
fraction is used to study the nature of the surface layer, 
diffraction will be produced mainly from the surface 
and the thin amorphous implanted surface layer can 
be recognized easily, as observed by Tamura et al. ( I) .  
On the other hand, in the TEM mode, the electron 
beams pass through the crystalline as well  as the 
amorphous implanted layer. The strong intensities of 
the diffraction beams, coupled with the absence of 
diffuse rings in the present study, suggest that the 
electron beam is passing mainly through the crystal-  
line material;  and the amorphous layer, even if it  is 
present, is too thin to produce observable diffuse ring 
in the selected-area diffraction pattern. It should be 
mentioned, however, that Tamura et at. (1) did not 
report  observation of the amorphous layer in their TEM 
characterization of similar implanted materials. 

Manuscript submitted March 2, 1982; revised manu- 
script received Dec. 3, 1982. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1983 
JOURNAL. All discussions for the December 1983 Dis- 
cussion Section should be submitted by Aug. I, 1983. 
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tems Research Laboratories, Incorporated. 
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A Simple Technique for the Estimation of the Bulk Resistivity of 
Powdered Materials 

J. R. Whyte,  Jr. 
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and K. Seshan 

Department of Metallurgical Engineering, University of Arizona, Tucson, Arizona 85721 

Recent ly ,  a s t u d y  was unde r t aken  to establ ish the  
re la t ionship  be tween  the efficiency of a par t i cu la te  
collection device,  the  Electrosta t ic  P rec ip i t a to r  (ESP) ,  
and  the na tu re  of the  par t ic les  which were  to be col- 
lected. The  e lect r ica l  res is t iv i ty  of the  par t ic les  is a 
p a r a m e t e r  which  was deemed wor thy  of inves t igat ion 
in this regard .  I t  was thus desired to develop a tech-  
nique and device  for  res is t iv i ty  measurements  on 
bulk  par t i cu la te  or  powdered  samples.  

The res i s t iv i ty  measurements  were  only  to be a 
smal l  pa r t  of the complete  study,  a r equ i r emen t  for.  
u tmost  s impl ic i ty  was imposed on the technique and 
device. Measurements  were  to be made  at  room t em-  
pe ra tu re  to p r even t  phase  changes in the ma te r i a l  
being tested. I t  was des i red  to measure  the bulk  powder  
res is t iv i ty  as the sample  was subjec ted  to various 
compact ing pressures ,  to t ake  advan tage  of the  d iag-  
nostic capabi l i t ies  of such a procedure.  A bu lk  re -  
s i s t iv i ty  close to the  res i s t iv i ty  of ind iv idua l  par t ic les  
would be obta ined  by  a final appl ica t ion  of an ex-  
t r eme ly  high compact ing pressure.  F ina l ly ,  the tech-  
n ique and device would have to be sui ted  to measu re -  
ment  of a wide range of resist ivi t ies ,  f rom perhaps  
as low as 10 -8 ~ c m  and up to 1015 ~cm.  

Review of the Literature 
The bu lk  of the  l i t e ra tu re  pe r ta in ing  to measure  - 

merit  of pa r t i c le  (powder) res is t iv i ty  deal t  wi th  three  
m a j o r  par t i c le  groups.  These were  ba t t e ry  mater ia ls ,  
powde r  m e t a l l u r g y  mater ia l s ,  and coal fly ash. Resis-  
t iv i ty  measu remen t  techniques used for  ba t t e ry  m a -  
ter ia ls  were  deemed 'mos t  adap tab le  to measurements  on 
par t ic les  of w ide - r ang ing  resis t ivi ty ,  and these tech-  
niques are  discussed exclus ive ly  hereaf ter .  

The devices used for  e lect r ica l  res i s t iv i ty  measure -  
ments  on  ba t t e ry  mate r i a l s  were  gene ra l ly  c a p a b l e  of 
mak ing  such measurements  wi th  the  tes t  ma te r i a l  
under  h igh  compact ing pressure  (1, 2, 3). Elec t r ica l  
contact  wi th  the  sample  was usua l ly  accomplished by  
probes which  were  pressed against  the  sample  b y  the 
compact ing pressure ;  thus minimiz ing  contact  r e -  
s is tance be tween  the meta l  probe and a semiconduct ing  
or  insula t ing  sample.  A few of the  more  common cell  
designs Were excerp ted  f rom the excel lent  r ev iew 
ar t ic le  b y  Euler  and appear  in Fig. 1. 

A l l  of the  techniques in Fig. 1 involved measuremen t  
of the  vol tage  induced by  a cur ren t  passed longi tud i -  
n a l l y ~ h r o u g h  the sample  o r  vice  versa.  Nanba  (4) used 
a van t ier  Pauw (5) technique wi th  a four -po in t  probe,  
bu t  pe r fo rmed  measurements  on hea ted  compacts  at  
only  modes t  pressures .  Nanba ' s  device is shown in 
Fig. 2. The  van  der  P a u w  technique had  the  advan -  
tage of being less sensi t ive than other  techniques to 
uneven pressure  d is t r ibut ions  wi th in  the  sample,  which 
may' be hard  to avoid at  high compact ing pressures .  

I t  was dec ided  to combine some of the  fea tures  of 
the above  techniques into a s imple  technique ut i l iz ing 
a four -po in t  p robe  a r r a n g e m e n t  and a sample  cell  
designed for measurements  at  ve ry  h igh  pressures  at  
room tempera ture .  

Key words: estimation of bulk resistivity of powdered materials, 
four-point probe, PbO, ZnO, Cu~. 
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Design-and Use of the Resistivity Cell 
The van der  Pauw res i s t iv i ty  cel l  used in this s tudy 

is p i c t u r e d  schemat ica l ly  in Fig. 3. The device is based 
on four  probes a r ranged  on a circle concentr ic  wi th  the 
edges of  a c i rcular  compact .  This p robe  a r r angemen t  
was first used by  Nanba  (4), and the method  of com- 
pact ion is s imi lar  to many  of the techniques r ev iewed  
by  Euler  (1). 

To pe r fo rm a measurement ,  sample  powder  was 
loaded into the  sample  chamber  and compacted  with  
an  a luminum rod p lunger  on a 15-ton capaci ty  Carver  
l abo ra to ry  press.  The  p lunger  was removed  dur ing  
e lect r ica l  measurements .  Samples  were  compacted 
successively at  pressures  of f rom 5,000 to 75,000 psi 
(35-530 MPa)  in 5,000 psi (35 MPa)  intervals .  Since 
it is known that  the ra te  of compact ion can affect the  
res is t iv i ty  of a powder  compact,  and tha t  values  closer 
to bu lk  values  are  obta ined wi th  smal l  ra tes  of corn, 
pact ion (1), each inc rementa l  p ressure  increase  was 
per formed  over  a t ime span of about  30 sec. Res4stiv- 
i t ies were  measured  af te r  each pressure  increment ,  
and the i r  measurement  was based on the t:heory given 
in the  fol lowing pa rag raphs  (5).  

I f  a cur ren t  /ab is passed th rough  the two ad jacent  
probes a and  b in Fig. 2, a vol tage drop Vcd wil l  be 
induced be tween probes c and d. A resis tance Rab,cd is 
defined as the  vol tage  drop  be tween  probes c and d, 
per  uni t  of cu r ren t  th rough  probes a and b. Thus 

P 

A. RADIAL PROBES B. ANNULAR PROBES 

1 

p KEY: 

INSULATOR 
CONDUCTOR 
VOLTAGE 

V PROBE 

I [ ]  SAMPLE 
V VOLTAGE 
I CURRENT 
P PRESSURE 

C LONGITUDINAL PROBES 

Fig. 1. Schematic illustrations of some devices conventionally 
used for powder resistivity measurements. In these devices, current 
is parallel to applied pressure. Illustrations excerpted from Euler (1). 
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0 

ances, and is given by the plot in Fig. 4 excerpted from 
van der Pauw (5). 

The applied d-c voltage (provided by a Heathkit  
power supply) was selected so as to give a measurable 
current,  and thus ranged between 0.1 and 50V. The re-  
sul tant  voltage gradient  of less than 50 V/cm was below 
the level  at which the gradient  would have a sub- 
s tant ial  (i.e., order of magni tude)  effect on the mea-  
sured resist ivi ty (1). The induced voltage was mea-  
sured by applying the voltage across an external  re-  
sistance and measur ing the resul tant  current.  Current  

I/2" 

r ' ~ '  I | I " ' ~ '  I-t5j,6,, 

CROSS-SECTIONAL VIEW AA 

b 
Fig. 2. The device used by Nanba (4) to prepare compacts for 

resistivity measurements on powders. (a) mold; (b) a fabricated 
compact with embedded probes. (1) stripper die; (2) Pt wire; (3) 
upper punch; (4) junction point; (S) Pt-13% Rh wire; (6) die body; 
(7) eyelet; (8) powder; (9) lower punch. Dimensions (larger num- 
bers) are in mm. 

R.b~d = V~d/I~b [1] 
A resistance Rbc,da is defined in  a s imilar  manner .  The 
resist ivity of the compact is then given by  

2~d 
p = ~ (Rab,cd Jr- Rbe,da) " F [9..] 

e 
where 

D : height of compact, varied from 3/32 to 1/4 in. 
(0.24-0.64 cm) 

C - -  4(r l  ~ 3"  r2s)4/(rl  4 § r l  4 -t-- r24) 2 [3] 

and rl -- radius of compact, 1/4 in. (0,64 cm) 

rs -- distance from any probe to the center of the 
compact, 3/16 in. (0.48 cm) 

For  the device used in  this s tudy 

p " -  361d (Rab~cd "{- Rbc,da) " F [4] 

The factor F depends on the ratio of the two resist-  

O _ =__~______ ~ : :  _ =__~'___.._@_. | 

TOP VIEW 

Fig. 3. Schematic drawings of the new van der Pauw type powder 
resistivity measurement cell. (1) 0.052 in .  copper wire probes, 
sharpened into 45 ~ cones on contact end; (2) cloth-based phenolic 
insulating sample chamber support block; (3) polyvinyl chloride 
(PVC) insulating and support block; (4) countersunk flathead 
clamping screws; (5) ~ sample chamber; (6)hexagonal nuts. 

1.0 

0.9 

F 

0.8 

0.7 I t I I 
I.O .~.0 5.0 7.0 9 0  

RAB, CD/R BC, OA 

Fig. 4. The geometric factor, F, used in powder resistivity deter- 
minations, plotted against the resistivity ratio. Taken from van der 
Pauw (5). 
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Fig. 5. Reagent grade Cu~S powder resistivity (p) vs. compacting 
pressure (P) measured with the new van der Pauw type resistivity 
cell. 

measurements  were made with a Kei th ley  micromicro-  
ammeter .  

Resist ivi ty M e a s u r e m e n t s  on the  S tandard  Substances 
Reagent grade powders of ZnO, Cu2S, and PbO 

(yellow) were used as cal ibrat ing substances for the 
resist ivi ty cell. The powders were tested in the as- 
received condition without  regard to particle size. The 
bu lk  resistivities of these materials  was found from 
the l i terature,  for comparison with the p lanned powder 
resist ivi ty measurements .  Log-log plots of resist ivity 
against  compacting pressure for the reagent  grade 
powders of Cu2S, PbO (yellow),  and ZnO are shown 
in Fig. 5, 6, and 7, respectively. The plots all show 
an ini t ial  l inear  region, then becoming asymptot,}c to 
a resist ivity value which was taken as the absolute 
resist ivity of the sample. 

Discussion 
The measured resistivities are compared with pub-  

lished values for minerals  and single crystals in Table I. 
The measured values are in good agreement  with 
published values, with the exCeption of ZnO, the 
resist ivity of which is notoriously difficult to measure 
in the powdered form without the aid of lubr icants  
(1). The fact that  an uneven  pressure dis tr ibut ion was 
probably  responsible for the poor results for ZnO is 
evidenced by the fact that the resist ivity ratio, Rab,cd/ 
Rbc.da, which was close to one for PbO and Cu2S, was 
very  large for ZnO, as shown in  Table II. It  should 

Table I. Comparison of room temperature resistivities of the 
standard materials, measured on reagent grade powders with 
the new van der Pauw type resistivity cell, to those reported 

in the literature for bulk natural minerals and single crystals 

Measured Reported 
C a l i b r a t i n g  resistivity resistivity 
s u b s t a n c e  (~-cm) range (~-cm)  Reference 

Cu~S 9 x i0 - '  4 x I0-4-I0 ~ (7) 
ZnO 5 x 10 8 7 x lOS-lO 11 (8) 
P b O  5 x lO s 7 x lOS-lO ~I (9, 10) 

( y e l l o w )  
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Fig. 6. Reagent grade PbO powder resistivity (p) vs. compacting 
pressure (P) measured with the new van der Pauw type resistivity 
cell. 

be noted that  resistivity measurements  on uncom- 
pacted samples gave very erratic results and are not  
reported. Only  resistivities measured on powders 
under  pressures equal to or greater than  5000 psi (35 
MPa) are reported. 

The values of the pressure exponent,  % for the 
three cal ibrat ing substances are given in  Table IIL 
The exponents for ZnO and PbO are wi th in  the range 
which would be expected for mul t icomponent  par -  
ticles. Since these reagent  grade powders are not mul t i -  
component,  it was concluded that  their  pressure ex- 
ponents  differed from 0.66 due  to nonspherical  par -  
ticle shape (6). The value for %, for Cu2S was far 
greater  than would be expected for typical  single o r  
mul t icomponent  spherical particles (6). This extra-  
ordinar i ly  large pressure exponent  may be explained 
if the Cu2S was coated with a th in  layer  of highly 
insulat ing CuO~ (1). 

Table II. Resistivity ratio, Rab,cd/Rbc,da, for the three 
calibrating substances at the two highest compacting 

pressures applied to each substance 

Compacting pressure 
C o m p o u n d  psi (MPa) Rah,cd//{bc,da 

Z n O  7.5 x 104 (530)  2.32 
5.0 x 10 ~ (350 )  4.83 

Cu2S 7.5 x 104 (530 )  1.50 
5.0 x 104 (350 )  1.20 

P b O  7.5 x 104 (530 )  1.10 
5.0 x 104 (350 )  1.20 
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Fig. 7. Reagent grade ZnO powder resistivity (p) vs. compacting 
pressure (P) measured with the new van der Pauw type resistivity 
cell. 

Conclus ions 
A simple technique to accurately measure the bulk 

resistivity of powdered substances has been developed. 
The technique provides some structural information 
as well as electrical properties information about the 
powder under test. 
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Introduction: The absorption band 

at 880 cm -I has been assigned to a 
Si-H bond in the LTCVO silicon dio- 
xide from silane and oxygen and it 
has been observeJ that the absor- 
bance decreased with increasing de- 
position temperature (i). The aim 
of the present work is to investi- 
gate the behavior of the maximum 
absorption coefficient correspond- 
ing to this band with resoect to 
CVD conditions in order to get an 
insight in the complex mechanism 
of silane oxidation. 

E• The silicon sub- 
strates we used were 2 inches 
in diameter, 20 mils thick, with 
a (lllj orientation, p-tyoe with 
a resistivity of 10-12 ohm cm. 
Their front surfaces was polish- 
ed, the back surface was etched 
in order to reduce rougnness, i. 
e. light losses by scattering, 
and avoid interference effects 
(2). Phe silicon dioxide over 
one half of each wafer used in 
infrared measurements was removed 
by etching in standard HF-NH4F 
buffer solution. This half-wafer 
was placed in the reference beam 
of the spectrophotometer ~uring 
the measurements, in order to com- 
pensate for silicon lattice absor- 
pt:ion and light scattering at the 
back surface. 

The silicon dioxide was deposit- 
ed on a nozzle-type reactor from 
silane and oxygen diluted in ni- 
trogen at atmospheric pressure, 
at different temperatures in the 
125-400~ range, by keeping const- 

ant at 45 cm3/min the silane flow 
rate, (with different oxygen/sila- 
ne ratios obtained by variing the 
oxygen flow rate), and with a to- 
tal flow rate of 8.2 i/rain. The 
thicknesses of the films measured 
with an Alpha-Step profilometer 
were in 0.1-0.7 ~]m range. 

Infrared transmission spectra 
were recorded with a double-beam 
spectrophotometer Grubb-Parsons 
Spectromaster MK2E, in the 5-13 
~m wavelength range. The attenu- 
ator in the sample beam was used 
at each run to adjust the initial 
transmission value for each sam- 
ple at approximately i00 % at the 
wavelength of 5 N~ (3). 

Results: Infrared spectra obtai- 
ned with our LTCq3 silicon dioxi- 
de films (Fig. i) are similar to 
the soectra reoorted in (i). ?he 
apparent absorotion coefficient 
O~pp corresponding to the minimum 

transmission at 880 cm-I(iI.36 ~m) 
was calculated after the Lambert- 
Bouguer law (4) : 

wer e~P~s(2.3/d) log (Io/I) [1] 
the oxi3e thickness, I 

is ti~e .minimum value of the tran- 
smission and I o is a transmission 
value taken by using the base li- 
ne technique (5). 

Fig. 2 represents C~ano as a 
function of the oxygenTsllane ra- 
tio with the deoosition teanera- 
ture (between 125 and 400~ tak- 
en as a parameter. An increase- 
maximum-decrease variation is ob- 
served up to 350~ At this tem- 

9'75 
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perature this dependence disgppe- 
ars and at 400~ the 880 cm -~ Si-H 
band is observed only for low oxy- 
gen/silane ratios. In our trans- 
mission spectra the otherlSi-H ab- 
sorption band at 2230 cm- was 
masked by the broad band of atmos- 
pheric carbon dioxide at 2350 cm -I 
(6). 

We found that I/(C~am D max ) for 
each temperature presents an expo- 
nential variation with reciprocal 
absolute temperature and the acti- 
vation energy associated with this 
dependence shows a break at 250~ 
(Fig. 3) . For 350~ we have taken 
i/Oam n corresponding to the oxygen 
/silahe ratio which gives the ma- 
ximum deposition rate (7). 

Discussion: The increase-maximum 
-decrease dependence of the ab- 
sor?tion coefficient (X.~_ at 880 
cm upon the oxygen/si~ane ratio, 
with the deposition temperature as 
a parameter (Fig. 2) is similar to 
the dependence we previously found 
for the rate of deposition upon 
the same variables. The oxygen/ 
silane ratios giving maximum ab- 
sorntion coefficient c~ ...... for 
different temperatures [elow 350 
~ are closed to those which give 
maximum deposition rates at the 
same temperatures. However, with 
increasing temperature, the vari- 
ation flattens out and even disap- 
oears above 350~ The break at 
250~ in the activation energy as- 
sociated with i/C~aD D max observed 
by us (Fig. 3) as W~II as in (i) 
correlates with the break we pre- 
viously observed at the same tem- 
perature in the activation energy 
of the oxygen/silane ratio corres- 
ponding to the maximum deposition 
rate (7). 

The present absorDtion data give 
further evidence to our previous 
conclusion that there is a change 
at 250~ in the adsorption mecha- 
nism of the reactant gases, which 
can be understood in terms of the 
bimolecular surface reactions the- 
ory applied to the kinetics of LT 
CVD silicon dioxide deposition (7). 

This change is responsible for 
the similar behaviour with depo- 
sition temperature of the oxygen 
/silane ratio corresponding to ma- 
ximum deposition rate and of the 
absorption coefficient Orap p at 880 
cm-- : 

The absorption band at 880 cm -I 
in our LqVCD silicon dioxide films 
obtained from silane oxidation can 
be attributed to a bending mode of 
Sill 2 group, in agreement with the 
assignment made for the same band 
in amorphous Si deposited by plas- 
ma decomposition of siiane (8,9). 
(In the infrared spectrum of gas- 
eous silane (i0) an a~sorption 
band at about 900 Cm ~ was attri- 
buted to a bending vibration mode 
Sill bond (9)). 

This assignment is supported by 
the following considerations. We 
have shown that our silicon dioxi- 
de deoosition takes place by a hi- 
molecular surface reaction. This 
reaction can be preceded by a gas 
phase dissociation of silane near 
the surface (ii) . The resu{iting 
Sill 2 radicals are adsorbed on sur- 
face sites and some of the~ remain 
incorporated, without being oxidi- 
zed, into the silicon dioxide str- 
ucture thus giving rise to the ab? 
sorption band observed at 880 cm-i. 

Conc!usions: Our study has shown 
that a strong correlation exists 
between the hydrogen incorporation 
in the LTCVD silicon dioxide films 
deposited in the temperature range 
125 to 350~ an:] the kinetics of 
film denosition. 

Tile absorotion band at 880 cT -I 
is attributed to bond-bending vi- 
bration ~node of the Si[i 2 group. 
'['he Si[l? radicals incorporated in- 
to the silicon dioxi]e structure 
are silane dissociation pro<]ucts 
adsorbed on surface sites and re- 
mained unoxidized. 

This paper was presented at 152 
n:] ~eeting of The Electrochemical 
Society, Detroit, ~[ichigan, 3ctober 
17-21,1982,Abstract No. 192. 

Manuscript received Nov. 19, 1982. 



Vot. I30, No. 4 INFRARED A B S O R P T I O N  STUDY 977 

P eferences : 
i. E.A. Taft, J. Electrochem. Soc. 

,126, 1752 (1979). 
2. A.C. Adams, T.~{. Smith, and C.C. 

Chang, ibid, 127, 1787 (1980). 
3. J.E. Dial, R.E. Gong, and J.N. 

~ordemwalt, ibid, 115, 326 
( 1 9 6 8 )  . 

4~ J. ~Con~, j. rSlectronic ~4ater., 
5, 113 (!976). 

5. }~.J. Potts Jr., Ches!Tical Infra- 
red Spctroscopy, vol. I, John 
4iley, [~ew York, 1963, p. 165. 

6o Grubb Parsons Instruction ~4anu- 
al, p. 3. 

7. C. Cobianu and C. Pavelescu, 
Abstr. No. 208, Electrochem. Soc. 
Ext. Abstr. (f~[ontreal, [~'~ay 1982). 

8,, ,_1.!i. i%rodsky, ~. Cardona, and 
J.J. Cuomo, Phys. Rev. (i~) 13, 
3555 (1977). 

9. J.C. [<nights, G. Lucovsky, and 
R.J. b]emanich, Phil. ~4ag. (B), 
37, 469 (1978). 

i0. [&. Strater, RCA Hey., 29, 618 
(1968). 

ii. P. Pascal, ~ouveau Traits de 
Chimie ~4inerale, Tome VIII, p. 
328, Mason et Cie, Editeurs 
Paris 1965. 

2000 1500 
I 

100 

75 

S 

Z 
0 

~ 5 0 -  

O9 
Z 
< 
13s 
1-- 

2 5 -  

WAVENUMBER [cm -1] 
1000 800 

I I 

--r t~  
• 

250oC 
02/Si l l  4 =2 
d= 0.59 .pro O 

I 

, , , l , , ,  I , ,  , I , ,  , 
7 9 11 13 

WAVELENGHT [jJ m ] 

Fig. 1. Infrared absorption curve for 
CVD SiO 2 deposited at 250oC 

0.4 

'E 
O 

O.  
ID. 

0.2 

100 

0.1 

E 
O 

x" 
O 

CI 
0 

O 

125~ 

75~ 
_ 200~ 

300~  

400~ 

02 /S i l l  4 RATIO 
Fig.2. Absorption coefficient ~r~pp,VS. 

02/Si l l  4 ra t i o  with deposit ion 
temperature as a parameter 

10 

z I z z I z I I z i z I z I I I z I ' t 

& Our data 

Q Taft's data (1) 

- - 

- . 

_ _ ~ =  2.25 

E A = 3.30 

1.5 2 2,5 3 
1000/T[OK -1] 

Fig.3. Reciprocal maximum absorption 
coeff icient vs. reciproca[ abso[u{e 
temperature 



Size Effect on Contact Resistance and Device Scaling 

S. S. Cohen, G. Gildenblat, and D. M. Brown* 

~eral Electric Company, Corporate Research and Development, Signal Electronics Laboratory, Schenectady, New Yc 
12301 

ABSTRACT 

We have measured the size effect 
on the contact resistance (R c) to 
shallow junctions in silicon utilizing 
two different metallization systems. 
Rc(W), where W stands for the contact 
widths, is found to display a non- / 
quadratic dependence. Thus, our ex- 

I 
perimental observations show that the 
commonly used device scaling theory 
which assumes that contact impedance 
increases inversely with the square 
of the scaling factor is incorrect. 

In recent years use of the four- 
terminal Kelvin resistor test structure 
has been suggested in order to char- 
acterize the contact resistance of 
metal-to-semiconductor contacts.[ I-4 ] 
Such a structure, however, cannot 
yield unambiguous values of the con- 
tact resistance because, as depicted 
in Figure i, only a portion of the 
contact carries the largest fraction 
of the total current. This situation 
is common to other methods of contact 
resistance measurement and was dis- 
cussed previously.[ 5 ] Nevertheless, 
the four-terminal Kelvin resistor 
contact structure [2] is very interest- 
ing because of its similarity to 
actual device contacts. Also, this 
method of contact resistance measure- 
ment is particularly reliable for a 
comparative study of different metal- 
lizations since it involves only one 
particular contact area during the 
measurement. In this communication we 
shall describe results obtained using 
this structure to measure the contact 
impedance for a range of contact sizes. 
The results will show that the 
commonly used LSI device scaling 
theory[~-8] which assumes that contact 
impedance increases inversely with 
the square of the scaling factor is 
incorrect. 
*Electrochemical Society Active Member. Key 
Words: size effect, contact resistance. 

F,e,O 
Interface Oxide 

=~ J ) J~ Heavily Doped Si 

Si Substrate 

Figure i. Cross section of a typical 
contact opening. A suit- 
able metallization system 
is usually in contact with 
a heavily doped region of 
the semiconductor material. 
The lines and arrows depict 
the current crowding and 
bending effects. 

The mask utilized in the present 
study to measure the contact impedance 
as a function of contact size contains 
8 individual Kelvin structures with 
contact sizes of 2X2~m 2, 3X3~m 2, 
4X4~m 2, 5X5~m 2, 6X6~m 2, 7X7~m 2, 
8X8~m 2 and 10Xl0~m 2 within an active 
area 30 ~m wide, made by ion implan- 
tation. The samples were fabricated 
using the processing sequence previ- 
ously described.[ 2] The ion implan- 
tation doses for forming the n+p and 
p+n junctions were 8X10 Is cm -2 As and 
6X10 ~5 cm -2 B resulting in final 
surface concentration of 3XI02~ cm -3 
As and 7XI019 cm -3 B respectively. 
The contacting metals used were an 
AI(0.9%Si) alloy and PtSi. 

The contact impedance measurements 
are plotted in Figures 2 and 3. Notice 
that the impedance increases more 
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The solid lines describe the 
experimental results for 
contacts made to n+Si plot- 
ted as V/I vs. the contact 
width, W. The broken lines 
represent the calculated 
results based on the scaling 
theory and assuming the 
value for the 10 pm contact 
as a reference. Case (a) 
depicts the results obtained 
utilizing an AI-0.9% Si 
alloy and case (b) shows the 
results for a system composed 
of a thin PtSi layer and a 
thick AI-0.9% Si overlayer. 

slowly than predicted by the scaling 
theory.[7,8] In fact, the contact 
impedance of p+ regions increases only 
a factor of two compared to the scaling 
theory prediction of twenty-five!in 
going from i0 to 2 ~m contact size. 
Similarly, the n + contact impedance 
increases 9 and 12 fold for the PtSi 
and A1 contacts respectively. An 
example of the behavior of the norma 1- 
ized contact resistance (with respect 
to the contact area) is shown in 
Figure 2b. This experimentally-derived 
quantity is seen to be a non-constant 
function of the contact area. 
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Figure 1 is a representation of the 
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Case (a) is similar to that 
of Figure 2 for contacts to 
p+Si utilizing the AI-0.9% 
metallization system. Fig- 
ure 3(b) shows the results 
for the contact resistance 
normalized to the contact 
area (V/I x area), as a 
function of contact area. 
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vertical current density distribution 
at the contact. Since the contact 
area is smaller than the heavily 
doped region there also is a lateral 
non-uniform current distribution. The 
existance of a junction underneath the 
contact interface that has a finite 
depth and sheet resistance values, and 
the presence of current crowding ef- 
fects are the reasons behind the con- 
tact resistance size effects shown in 
Figures 2 and 3. However, the type of 
square contacts described here are 
similar to those used for small aspect 
ratio MOSFETs. Hence, the values of R c 
obtained here should be of direct 
relevance. Obviously there can also be 
a dependency of the contact resistance 
on the contact shape. We have net 
investigated this possibility in the 
present study as our interest is in 
contacts to VLSI devices where square 
contact apertures are the rule. 

In present Kelvin-type contact 
resisnance structures it is difficult 
to isolate the impedance of the metal- 
semiconductor interface, from "para- 
sitic" contributions such as the 
current crowding in the material 
directly beneath the contact. Even 
though the four-terminal Kelvin resistor 
suffers from these current crowding 
effects, it has certain advantages over 
other methods of contact resistance 
measurements. One advantage stems 
from the fact that in the measurement 
process only one particular contact is 
involved. Hence, independent values 
for R c can be obtained for each contact 
without having to assume that several 
of the contacts are identical in order 
to be able to deduct such a value by 
some difference method. This then 
leads to another advantage, i.e., the 
ability to determine very low values 
for R c. Obviously in discussions of 
contact resistance extreme care must be 
utilized in the presentation of the 
data. Without this care confusion 
results. A method for the unambigu- 
ous interpretation of the data is 
essential before any determinations 
of specific interface resistance can be 
made. Only in the special case where 
the contact size is equal to that of 
the implanted bar, an attempt has been 
made to determine the specific contact 
resistance as defined in Ref. [9]. 
This assumes, of course, that the con- 
tact metallurgy is uniform across the 

contact area. 

A final word about scaling theory 
as it relates to contact resistance is 
in order. When scaling device dimen- 
sions by a factor K, scaling 
theory [5"8] states that s contact 
impedance would scale a s K -2. Howeve~ 
as we have ~shown, for contac~ areas of 
the scale currently employed in semi- 
conductor technology , this is not the 
case. The measured contact resistance 
scales with a factor less than K-2 
The practical implication of this non- 
quadratic scaling of R c may include 
less pressure for deveioping ultra'low 
contact resistance metallization 
systems for VLSI circuis and may also 
require a revision of estimates of 
achievable VLSI design rules. 
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A Comparison of Procedures Used in Assessing the Anodic Corrosion 
of Metal Matrix Composites and Lead Alloys for Use in Lead-Acid 

Batteries 
C. M. Dacres,* R. A. Sutula,* and B. F. Larrick 

Naval  Surface Weapons Center, Materials Division White Oak', Silver Spring, Maryland 20910 

ABSTRACT 

The anodic corrosion of lead at 70~ in sulfuric acid was studied at a potential of 1.226Vvs. Hg/Hg~SO4 where both the 
oxidation of lead to PbO~ and the oxidation of water are thermodynamically possible. These parallel anodic reactions can be 
the cause of a decrease in the faradaic efficiency. The faradaic corrosion current efficiency can be defined as a fraction of 
the total charge passed which is used to transport metal ions into solution. The faradaic efficiency can affect the corrosion 
process in several ways. The most obvious of these is the corrosion time which increases with decreasing efficiency. The 
extent of corrosion was measured in terms of weight loss of lead and the current density of the corrosion layer. It is believed 
that some of the current is going towards oxygen evolution, which makes it inexact to use electrochemical capacities alone 
to predict accurately the corrosion rates for this system. Weight loss values are compared with those from Faraday's laws 
and data are presented on mass changes and corrosion currents. 

Pure  lead is a very  desirable positive electrode grid 
mater ia l  for rechargeable lead-acid batteries because 
it resists corrosion. However, its use is l imited by lack 
of mechanical  s t rength and abi l i ty  to resist deforma- 
tion. As a consequence, metal  mat r ix  materials  have 
been developed with the idea of combining the noncor-  
rosive properties of pure  lead wi th  the increased me-  
chanical s trength provided by nonmetal l ic  fiber re in-  
forcement. The corrosion resistance of l ightweight  high 
s trength lead metal  mat r ix  composites under  conditions 
that  s imulate their  Use as grid materials  in lead-acid 
batteries has been studied using a comparison of data 
on mass changes and data  on measured corrosion cur-  
rents. The aim of this s tudy is to develop a relationship 
between the corrosion current  measured and the actual 
cur ren t  going towards the oxidation of lead. 

Lander  (1-3), Wil l ihnganz (4), and Weininger 's  (5) 
early results clearly demonstra te  the importance of 
weight loss determinat ions  in alloy evaluation, espe- 
cially in the oxygen evolution region where it is some- 
what  inaccurate  to compute the corrosion rate f rom 
Faraday 's  laws alone. It  is also essential to examine the 
specimens for in te rgranula r  penetra t ion which may be 
more catastrophic than  the weight loss or current  
d~msity would indicate. Corrosion rate vs. t ime rela-  
tionships also provide informat ion on the corrosion 
mechanism provided the test is of adequate duration. 
It is also impor tant  to realize that  the electrode reac- 
tions are heterogeneous processes with potent ia l -  
dependent  rate constants. The potential  characterizes 
the interfacial  conditions and  the net  reaction is pro- 
port ional  to the current  densi ty  

The Burbank  d iagram (6, 7) of reactions in the lead- 
sulfuric acid system indicates that  at the potential  used 
in the~e studies (1.226V vs. Hg/Hg2SO4) both the 
oxidation of lead to PbO2 by  

Pb Jr 2H~O-> PbO2 + 4H + + 4e -  [1] 

* Electrochemical Society Active Member. 
Key words: anodic corrosion, power sources, lead-acid batteries, 

metal matrix composites, lead alloys, faradaie efficiency. 

and the oxidation of water  by the reaction 

2 H 2 0  ~ 4H + + O~ + 4 e -  [2] 

are possible. Some of the current  is being used up 
possibly by reaction [1] or [2], and maybe other re- 
actions. It  is possible, if not inaccurate,  to have data 
with comparable values between measured mass loss 
and that calculated from Faraday 's  law using total 
charge passed will  be equal when the faradaic effi- 
ciency is 100%. Even through the mass loss may not 
correspond to the current  passed, a high current  will  
indicate a high rate of corrosion and also indicate a 
very poor faradaic efficiency (i.e., a low oxygen over-  
potent ial) .  Reproducibil i ty of the data may be poor 
because more than one corrosion reaction is occurring 
simultaneously.  

The composition and potent ia l  dependence of the 
corrosion product layer has been extensively studied 
by a n u m b e r  of workers using various analyt ical  tech- 
niques, and the data have been presented in terms of 
thermodyanmic  equi l ibr ium diagrams a n d  corrosion 
models (8, 9, 10). However, the major  l imitat ion of 
this approach is that the figures do not  contain kinetic 
informat ion and, therefore, cannot be used to predict  
corrosion rates. Nevertheless, a knowledge of equi l ib-  
r ium conditions required for the formation of the 
compounds found in the corrosion product layer is a 
necessary background for the unders tand ing  of the 
corrosion kinetics. 

The technique of constant  potent ia l  measurements  
offers many  advantages in both theoretical investiga- 
tions and practical alloy development.  These advan-  
tages are well i l lustrated in  the much quoted data  of 
Lander  (1, 2, 3) obtained dur ing  his studies of lead 
alloys and reported in the 1950's for different acid 
concentrations.  

For this system, the corrosion rate may be controlled 
by concentrat ion polarization (e.g., oxygen diffusion). 
The equat ion (11) 
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[ d ( ~ g )  ] ba 
= Rp  = ~ [ 3 ]  

di ~E =o 2.3/r 

should apply,  whe re  h~, = E -- Ecorr = overvol tage,  
E --  specimen potential ,  Ecorr = corrosion potent ia l ,  
ba : anodic Tafel  constant,  and icorr = corrosion cur-  
rent  density.  

A plot  of log R ,  vs. log icorr should give a s t ra igh t  
l ine of the  p red ic t ed  slope. A reasonable  es t imate  of 
corrosion ra te  can, therefore,  be r ap id ly  made wi thout  
knowing more  about  the  corroding sys tem other  than  
that  i t  is pa r t  of the  e lec t rochemical  phenomenon.  

It  is assumed that  the  cur ren t  going towards  the p ro-  
duct ion of Pb +4 is constant.  The faradaic  re la t ionship  
used to calculate  the corrosion ra te  is as follows (12) 

equiv, wt  (g) 
corrosion ra te  (mpy) : 0.12881 #A/cm2 [4] 

p(g/cm 3) 

where  I = the corrosion cur ren t  density,  p = specimen 
density,  and equiv, wt  = specimen equiva lent  weight,  
and the re la t ionship  used to equate  weight  loss to cor-  
rosion ra te  is as follows (12) 

534W (mg) 
mpy  --  [5] 

p (g /cm~)A (in.~) t (hr)  

where  W -- weight  loss, p -  specimen densi ty ,  A : 
specimen area, and, t : exposure  time. 

The mechanism of corrosion is ex t r eme ly  complex  
in a homogeneous chemical  system. Not only  are  sev-  
era l  different  compounds of each e lement  present  or  
formed dur ing  the corrosion process, but  there  are also 
surface effects to consider.  Fo r  this reason, corrosion 
ra te  measurements  must  be made  r a the r  nonspecific 
wi th  r ega rd  to the  e lement  in the  meta l  or alloy. For  
example ,  ra te  measurements  by  weight  loss de t e rmina -  
t ion requ i re  no p resumpt ion  of the  ac tua l  iden t i ty  of 
the  corroding species. 

Experimental Procedures 
Accelera ted  corrosion s tudies  were  pe r fo rmed  in a 

1.285 specific g rav i ty  sulfur ic  acid e lec t ro ly te  at 70~ 
The exper imen ta l  methods,  appara tus ,  and techniques 
employed  have been descr ibed  prev ious ly  (13). The po-  
ten t ia l  was measured  against  an Hg/Hg2SO4 reference  
e lec t rode  in the  e lec t ro ly te  of the corroding cell. The 
cur ren t  flowing be tween  the work ing  e lect rode and the 
countere lec t rode  was recorded  as a direct  measure  of 
the  ins tantaneous  corrosion rate.  Data  were  collected 
on mass  change, and the corrosion which is a t t r i bu t -  
able to the  cur ren t  flow according to the F a r a d a y  
laws. Mass changes were  obta ined  by  weighing  the 
specimens before  corrosion and weighing  af ter  cor-  
rosion when  the  corrosion products  had  been removed  
b y  s t r ipp ing  in a w a r m  a lka l i - hyd raz ine -ma nn i to l  
bath.  

Results and Discussion 
The composi t ion of the  lead  samples  tested are  l is ted 

in Table  I. The corrosion resis tance of  the  ahoy  is de -  
penden t  on its meta l lurgy ,  the  phys ica l  and mechanica l  

Table I. Composition of materials 

Mater ia l  

v / o  w / o  

At~Os C Glass  S i / C  Ca Sn  A g  

F iber  compos i t e s  
Lead  a l u m i n a  (FP)  
L e a d  a l u m i n a  (FP)  
Lead  a l u m i n a  (FP)  
Lead  carbon  
Lead  g lass-quartz  
Lead s i l icon carbide  

a l loys  
Lead  c a l c i u m  
Lead c a l c i u m  t in  
Lead  t in  
Lead  s i lver  

P u r e  l ead  

15 
10 
,5 

4 
9.5 

6.8 

0.07 
0,065 0.60 

0.20 
0.02 

proper t ies ,  as shown in i ts s t ruc ture  and chemistry,  a s  
well  as the e lect rochemical  factors which need to be 
considered when it  reacts  wi th  the corrosive env i ron-  
ment.  There  is a p redominance  of informat ion  in the 
e lec t rochemical  l i t e ra ture  on the ini t ia l  film tormat ion  
processes wi thout  considerat ion being given to sub-  
s tan t ia l  corrosion film growth  (6, 7, 9, 10). Repor ted  
test ing of al loys is often l imi ted  to hours  or  a few 
days;  whereas,  in pract ice,  the  life of Iead components  
is measured  in years.  Our  tests were  pe r fo rmed  for a 
prolonged time, usua l ly  unt i l  the  e lect rode fell  apart .  
F i g u r e  1 is a plot  of the  ave rage  corrosion cur ren t  
densi t ies  vs. the t ime the specimens were  on test. 

The corrosion rates  obta ined f rom mass change 
measurements  and the corrosion rates obta ined from 
the total  corrosion cur ren t  measured  along with  the 
percentage  of this cur ren t  tha t  is a t t r i bu tab le  to t h e  
dissolut ion of lead are  repor ted  in Table II. 

The corrosion rates  obta ined f rom the corrosion 
currents  through F a r a d a y ' s  laws are  much higher  than  
those obtained from average  weight  loss measurements .  
F igure  1 has plots of al l  the samples  l isted in Table  II. 
The corrosion cur ren t  densi t ies  are a measure  of the  
re la t ive  corrosion because the  faradaic  efficiencies are  
roughly  equal  (,~33% from Table I I ) .  

F igu re  2 is a plot  of the  log (~E /M)  vs. log icorr for 
the specimens l is ted in Table I. F r o m  this, the  angdic 
Tafel  constants  are calcula ted and are  l is ted in Table 
iII .  

The observat ion  of gassing at the surface of the 
test  samples  Strongly supports  the possibi l i ty  of the oc- 
currence  of Eq. [2]. Hence, at  high potentials ,  oxygen 
evolut ion may, then, be cont r ibut ing  to the  current.  
The re la t ionship  

/corr : ipb Jr- iO 2 [6] 
where  

]corr : total  measured  corrosion cur ren t  dens i ty  
ipb = cur ren t  dens i ty  due  to dissolut ion of lead ob-  

ta ined from weight  Ioss de te rmina t ions  
io2 = cur ren t  dens i ty  due to the decomposi t ion of 

w a t e r  

appears  to be possible. The f ract ion of cur ren t  re fe r red  
to in Table  II  as %ipb ~ Pb +4 Can be used to develop 
the re la t ionship  

(0.1288) (0.33 • 0.005) I ~A/cm 2 equiv, wt. (g) 
p (g/cm~) 

534W (mg) 
= [7] 

p (g /cm ~ ) A (in. 2) t (hr)  

o,25 

CURRENT DENSITY VS TIME 
1.226 VOLTS VS Hg/Hg2SO 4 

1.285 SPECIFIc GRAVITY H2SO 4 : 70~ 

,.2o 

P~GLASS J ~ f C ~ ~  PbtFP.1O 

0.02 Ag 

PURE LEAD 
.oo [ I 1 

O 20 48 60 80 100 'i20 
OAY 

Fig. I. Plots of the average corrosion current densities vs. time 
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Table II. Corrosion rates 

Gravi- 
metric Faradaic % I 

S a m p l e  (mpy) (mpy) Pb -~ P b  +~ 

CURRENT DENSITY VS TIME 
DURING FIRST 24 HOURS 

AT 70~ 

Pb 2.05 6.09 33.66 
Pb/Ca 14,74 39.17 27,63 
Pb/Ca/Sn 19.33 52.96 36.79. 
Pb/Sn 
Pb/Ag 
Pb/alumina (FP)--15 
Pb/alumina (FP)--10 2.92 9.67 30.20 
Pb/alumina (FP)--  5 1.30 4.01 82.42 
Pb/C 17.00 43.32 29.24 
Pb/glass-quartz 9.40 24.50 38.37 
Pb/SiC 9.80 80.20 82=45 

Table III. Tefel constants 

Sample Tafel constant 

Pb 5.74 
Pb/Ca 3.48 
Pb/Ca/Sn 4.87 
Pb/Sn 4.48 
Pb/Ag 5.03 
Pb/alumina (FP)--15 3.80 
Pb/alumina (FP)--10 3.47 
Pb/alumina (FP)--  5 3.58 
Pb/C 7.63 
Pb/SiC 4.48 

The value  (0.33 _+ 0.005) can be  t e rmed  the fa rada ic  
efficiency. Hence, to use cur ren t  dens i ty  measurements  
or  weight  loss measurements  i n t h e  in i t ia l  stages of the  
expe r imen t  to de t e rmine  accura te  corrosion rates  
could be mis leading  and inaccurate .  

Also, the  in i t ia l  s tage of the  exper imen t  is the po r -  
t ion w h e r e  the  PbO2 film is establ ished.  This film is 
not  comple te ly  es tabl ished for  the  first 12 h r  or  so de-  
pend ing  to a considerable  ex ten t  on the  type  of a l loy 
being tested.  F r o m  Fig. 3, i t  can be concluded that  a t  
h igh poten t ia l  testing, a pro tec t ive  film of PbO2 is 
bui l t  up g r adua l l y  at  the lead  surface. Dur ing  this 
t ime, there  a re  numerous  changes of complex form 
proceeding  on the Pb surface,  on the meta l l ic  heav i ly  
doped PbO2, as wel l  as in sys tems of gra in  boundar ies  
which are  present .  

A measure  of the  corrosion ra te  is the  corrosion cur-  
r en t  densi ty,  icorr, which  is defined in Eq. [3]. Under  
appl ied  constant  po ten t ia l  condit ions in the  absence of 
~racks or  pores  th rough  the  PbO2 layer ,  the corrosion 
ra te  is appa ren t l y  contro l led  by  a so l id-s ta te  diffusion 
process.  The  composi t ion of  the  a l loy  de te rmines  the  

A- 

CURRENT .3- 
DENSITY 
malcmZ 

2- 

TtME lfl~sl 

Pb/FP-5 

/ f/Pb/GLASS-NEXTEL 

,/ PURE LEAD 

Fig. 3. Current density vs. time during first 24 hr for 3 samples 
at 70~ 

s t ruc ture  of the  lead  d iox ide  subst ra te ,  and i t  is s ig-  
nificant to note  tha t  the  a l loys t end  to give a l i n e a r /  
r a te  of corrosion under  constant  vol tage condit ions;  
whereas,  the  fiber composites exhib i t  a logar i thmic  or  
parabol ic  ra te  (13). In  the  la t te r  case, i t  has not  been  
es tabl ished if the  reac t ion  r a t e - d e t e r m i n i n g  step is 
diffusion th rough  the  film or diffusion in the  metal ,  bu t  
obviously  meta l lu rg ica l  factors such as gra in  size, gra in  
bounda ry  composit ion,  and  re la ted  p rob lems  of cor ro-  
sion resis tance of eutect ic  composit ions where  in te r -  
metal l ic  compounds become increas ingly  impor t an t  in 
control l ing the  life of the component .  

6.5 

6.0 

5.5 

,<l 

<~ 5.0 

4.5 

4.0 - -  

LOG AE/AI VS LOG [(CORR) 
70oC 

Pb/0.02 Ag PId0.07 Ca 

/ 
r5 / 

PbtFP-10 ~ 

I I 

PURE LEAD 

35 I I I 
-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 .0 

LOG I(CORR) 

Fig. 2. Plots of I09 (AE/~II)  Vs. log i e o r r  Fig. 4. SEM of corroded Pb/Ca/Sn 
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Leaching of selected phases from the alloy will give 
rise to a roughening surface with porosity into the 
metal grain boundary, or even dissolution within the 
grain, which is clearly observed by sectioning the 
samples followed by microscopic examination. Figures 
4, 5, 6, 7, and 8 are sections of samples observed. The 
metallurgical properties of alloys tested are similar 
and are considered together although the calcium 
alloys have received greater attention than the other 
systems. These examples illustrate the interaction be- 
tween alloy composition and operating voltage, and 
again emphasize the increasing use of potentiostatic 
control in corrosion testing. 

In the fiber composites, corrosion at constant poten- 
tial increased with increased fiber content. Wetting 
between the lead and the fiber is very important to 
prevent premature failure of the specimen due to 
crevice corrosion at the interface of the fiber and lead 
(11). Although the weight loss does not truly in- 
dicate the extent of the damage due to corrosion, a 
microscopic examination of the specimen cross section 
clearly points up the problem (Fig. 9). These speci- 
mens also undergo considerable increases in volume 
when they are penetrated by the electrolyte, and there 
is corrosion product build up. Any change in volume of 
these materials could severely affect their utility. 

Equation 3 is valuable from both a theoretical and 
an experimental point of view, since it relates the 
corrosion rate and the Tafel slopes to polarization mea- 
surements close to the corrosion potential. Thus, low 
current polarization measurements combined with cor- 
rosion rate data permit a calculation of the Tafel slope. 
This is of great value when concentration polarization 
of IR drop effect interfaces with measurements at 
the higher currents. In addition, measurements are 
made close to the corrosion potential, thus eliminating 
any surface changes which may result f rom high cur- 
rent polarization. 

Fig. 6. SEM of corroded Pb/quartz 

May 1983 

Fig. 7. SEM of corroded Pb/Ca. The final form of the surface 
Fig. 5. SEM of corroded Pb/Ag corresponds to tetragonol rutile structure deposits. 
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Fig. 8. SEM showing corrosion along grain boundaries of Pb/Ca/ 
Sn specimen. 

Conclusion 
Anodic corrosion of lead in sulfuric acid was studied 

a~ a high potential (1.226V vs. Hg/Hg2SO4). In gen- 
eral, the phenomena that were expected were observed. 
The assumption was made that at this high potential 
only two reactions were occurring simultaneously. 
These reactions are expressed in Eq. [1] and [2]. Data 
were interpreted to show: (i) The corrosion behavior 
of Pb/alumina (FP)--5  displayed the best properties 
and could be acceptable for use in lead-acid batteries. 
(ii) Oxygen evolution contributes to the total corro- 
sion current observed. Only about 0.33 of the total 
current is contributing to the reaction where lead is 
going into solution. (iii) Weight loss results when 
compared with values calculated from Faraday's laws, 
and the current density time traces indicated that some 
of the current was being used by other reactions. Pre- 
sumably, the other reaction is oxygen generation; this 
is what makes the faradaic efficiency for lead dissolu- 
tion low. (iv) To use current density values as absolute 
values to indicate corrosion rates, the value of the 
faradaic efficiency should be determined for that set of 
corrosion reactions. (v) The Eq. [7] derived relates 
the average current densities to the weight loss mea- 
surements. This type of relationship could prove valu- 
able when considering the effect of parasitic reactions 
in a corroding system. 

Fig. 9. SEM showing corrosion of lead reinforced with gloss fibers 

Manuscript submitted Aug. 11, 1982; revised manu- 
script received ca. Dec. 27, 1982. 

Any discussion of this paper will appear in a Dis, 
cussion Section to be published in the December 1983 
JOURNAL. All discussions for the December 1983 Dis- 
cussion Section should be submitted by Aug. 1, 1983. 
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Expected Cycle Life vs. Depth of Discharge Relationships of Well- 
Behaved Single Cells and Cell Strings 

Lawrence H. Thaller* 
Nat ional  Aeronaut ics  and Space Admin i s t r a t i o n ,  Lewis  Research Center, Cleveland,  Ohio 44135 

ABSTRACT 

The factors that might influence the cycle life vs. depth of discharge relationship are examined.  This is done first at the 
single cell level using a progressively more complex cell life model. This is then extended to multicell  battery strings where 
the stochastic aspects associated with groupings of cells are introduced. These relationships are important  when consider- 
ing the weight, cost, and life of bat tery packs. The results of this theoretical s tudy are compared with a recent review of 
actual cell-cycling data. The factors examined are the rate of capacity loss, the amount  of excess capacity built  into the cells, 
and the penal ty  in capacity loss resulting from the use of deep depths of discharge. This study suggests that the relationship 
between cycle life and depth of discharge is not one that  can be varied or significantly improved by cell research. The rela- 
t ionship appears to be determined by certain more or less fixed cell parameters.  Among multicell  strings, the standard 
deviation, as expected,  plays an important  role in determining overall bat tery life. 

Large  ba t t e ry  packs for high energy  (kW-hr)  storage,  
opera t ing  at deep depths  of discharge,  are  requi red  for 
aerospace and t e r res t r i a l  applicat ions.  The des i rab i l i ty  
of high vol tage levels wil l  r equ i re  a significant number  
of ind iv idua l  cells to be connected e lec t r ica l ly  in series. 
The cycl ing of such ba t t e ry  packs wil l  be influenced 
not  only  by  the s tochast ic  var ia t ions  associated with  
the  grouping  of items, but  also by  the cycle l ife vs. 
depth  of discharge character is t ics  of the single cells 
f rom which the ba t t e ry  packs are  assembled.  A 
recent  rev iew (1) of this l a t t e r  subject  pointed out  
t h e  semi logar i thmic  re la t ionship  of cycle life as a 
funct ion of depth  of discharge.  Al though  the actual  
pe r fo rmance  of these s ingle cells and th ree -  or  s ix -ce l l  
modules  ranged f rom good to poor, a re la t ionship  of 
the  form L = Loe a(1-D) could a lways  be f i t ted to the 
data.  The term, Lo, is the  cycle l ife at  100% depth  of  
discharge,  and D is the f rac t ional  depth  of discharge.  
The term, L, is then the cycle l ife at  any f rac t ional  
dep th  of discharge.  The e x p o n e n t . a  is de te rmined  b y  
plot t ing cor responding  values  of In L and D. Refe r -  
ence (1) showed how impor t an t  the v a l u e  of ~ is in 
de te rmin ing  what  the  most  cost effective dep th  of dis-  
charge would be. 

This ar t ic le  examines  wha t  factors  migh t  influence 
t h e  cycle l ife vs. depth  of  discharge re la t ionship,  first 
a t  the single cell leve l  and then  at  the ba t t e ry  level.  
The factors examined  are  the  ra te  of loss of cell ca-  
pacity,  the  amount  of excess capaci ty  bui l t  into the 
cells, ,and the pena l ty  in capaci ty  loss resul t ing  f rom 
the use of deep depths  of discharge.  What  might  be 
cal led "first pr inciples"  have been used to develop a 
cell  l i fe model  for somewhat  a r b i t r a r y  conditions.  This 
model  is then used to es t imate  the  cycle life vs. depth  
of d ischarge  re la t ionships  (and the reby  ~) for "wel l  
behaved"  s ingle  cells. The stochastic var ia t ions  asso-  
ciated wi th  groupings  of s ingle cells are then in t ro-  
duced to the  ba t t e ry  pack cycle l ife model.  

For  the  purposes  of this paper ,  a "well  behaved"  
single cell  is one tha t  does not  suffer any  ab rup t  fa i lure  
mode dur ing  the course of its operat ion.  I t  g r adua l ly  
loses capaci ty  for  any  number  of the usual  reasons at  
a ra te  tha t  is the  p roduc t  of the  f rac t ional  depth  of 
discharge and a factor  which is character is t ic  of the  
cell  under  considerat ion.  This approach  to be repor ted  
here  would suggest  that  the slope of the  semi logar i th -  
mic l i fe  vs. dep th  of d ischarge  re la t ionship  is fixed b y  
t h e  value  of  cer ta in  cell  pa rame te r s  such as the  amount  
o f  excess react ive  mater ia l ,  or the  pena l ty  re la ted  to 
deep depths  of discharge,  and is not  a factor tha t  can 
be var ied  or  improved  over  a wide range.  Wha t  might  
be improved  is the ra te  of capaci ty  loss once it is fu l ly  
unders tood  for the  pa r t i cu l a r  cell chemis t ry  under  
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consideration.  Al l  of  this can be done wi thout  t h e  
necessi ty  of eva lua t ing  lengthy  life cycle test programs 
of ac tual  cell  hardware ,  using techniques that  are out -  
l ined in the  fol lowing sections. 

Background 
The electr ic  vehicle  appl ica t ion  has p roven  to be a 

ve ry  severe  and chal lenging one for  n e a r - t e r m  elec-  
t rochemical  systems. Al though cycle l ife requ i rements  
are  r a the r  modes t  (1000-2000 cycles) ,  the depths  of 
discharge (DOD) to which these ba t te r ies  wi l l  be 
cycled (up to 80% DOD) are  not usua l ly  associated 
with  long life. A complicat ing factor  associated with  
this appl ica t ion  resul ts  f rom the des i rab i l i ty  of using 
high vol tage str ings of cells and modules  to a t ta in  
batCery pack  vol tages a round  100V. The inheren t  s to-  
chastic var ia t ions  accompanying  the grouping  of i tems 
f rom a popula t ion  of cer ta in  average  proper t ies  and 
the s tandard  devia t ion  thereof,  can very  eas i ly  lead  to 
cell  reversal ,  overcharging,  or  o ther  undes i rab le  o c -  
c u r r e n c e s  tha t  would  tend to shorten the overa l l  l ife 
of the ba t t e ry  pack. A recent  rev iew article,  Ref. (1), 
covering the cycle l ife vs. depth of discharge re la t ion-  
ships of n e a r - t e r m  single cells and th ree-  or  s ix -ce l l  
ba t te r ies  has been publ ished.  Besides being a fine com- 
p i la t ion  of cycl ing da ta  and a thorough discussion of 
fa i lure  modes, this ar t ic le  showed how most of this 
cycl ing informat ion  could be fitted to a semi logar i thmic  
re la t ionship  of the form L ---- Loe ~(1-D). That  is, the 
cycle life L, at  any  f rac t ional  depth  of discharge D, 
is a funct ion of its cycle life at  100% depth  of dis-  
charge Lo, and an exponent  ~ de te rmined  f rom the 
slope of semilog plot  of the ac tual  cycle l ife data  at 
var ious  DOD's. An impor tan t  deduct ion of this pr ior  
rev iew was re la ted  to a der iva t ion  of an expression for 
the  vehicle  miles t r ave led  as a funct ion of the  depth  
of d ischarge  to which the ba t t e ry  is cycled. Since this 
value  is re la ted  to the cycle life L and the fract ional  
depth  of discharge D, then  it appears  reasonable  tha t  
there  would be a m a x i m u m  in tha t  product .  This max i -  
mum was shown to occur at  D = 1/~. The value  of 
is t h u s v e r y  impor tan t  in de te rmin ing  the most cost-  
effective depth  of discharge.  Al though there  were  
some anomalies,  the exponents  for var ious  l ead -ac id  
and n icke l -z inc  devices f rom var ious  manufac tu re r s  
genera l ly  fel l  wi th in  the range of 3.0-6.0. This would 
suggest that  DOD's of 17-33% would  be the most  cost 
effective. Since the va lue  of a was de t e rmined  f rom a 
curve-f i t t ing  process and was not  assigned any physical  
significance, it is not  immed ia t e ly  obvious whe the r  i t  is 
subject  to a l te ra t ion  or  by  how much. The des i red  end, 
of course, would  be  to develop  cells which have  an a 
value  of 2.0 or  less. This would resul t  in the most 
cost effective DOD being 50% or  greater .  
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The objec t ive  of this  effort is to  examine  the  possi-  
b i l i ty  tha t  indeed a does have  some degree  of phys ica l  
significance and  can be der ived,  a l though ever  so 
crudely,  f rom some pseudo first pr inciples .  The Lewis 
Research  Center  has been conduct ing an effort under  
the  t i t le  "Synthe t ic  Ba t t e ry  Cychng"  (2),  wh ich  
has  as its objec t ive  the  predic t ion  of t he  cycle l ives  
of large  b a t t e r y  packs  as a funct ion of the stochastic 
d i s t r ibu t ion  of  cer ta in  cell  character is t ics  and the ra te  
of capaci ty  loss. In  essence, a cycle life vs. DOD re l a -  
t ionship is bu i l t  into a s ingle cel l  pe r fo rmance  mode l  
and then the cycle l ife of a group of such ceils sub -  
ject  to r a n d o m  var ia t ions  of cer ta in  character is t ics  is 
projected.  An  equa l i ty  is es tabl i shed  be tween  =, the  
slope of t he  semilog plot  of  the  Seiger  re la t ionship ,  
and the mid range  s lope of the s imi lar  p lot  o f  this  
paper ' s  single cell  pe r fo rmance  model.  By de t e rmin -  
ing the  effect of specific cell  character is t ics  on the 
l a t t e r  slope, some inferences are  made as to the  l ike l i -  
hood of achieving a 's sma l l e r  than the 3:0-6.0 range de-  
fined by  Se iger  for ac tua l  cells. Conclusions are  then 
reached concerning how best  to approach the deve lop-  
men t  of long- l ived  ba t t e ry  systems.  

The Cell Model and the Cycling Mode 
The cells to be descr ibed  here  are  hypothe t ica l  and 

are  not  mean t  to represen t  any  pa r t i cu l a r  technology. 
They  wil l  be assumed to have  a nomina l  capaci ty  of 
100 A-hr .  Thei r  total  .capacity wi l l  depend  on wha t  
addi t ional  fract ion,  F, of this nomina l  capaci ty  is 
ava i lab le  as rese rve  capaci ty  at  the  beginning  of 
life. F igu re  1 depic ts  the significance of the t e rmi -  
nology used here.  The 'total capaci ty  at the beg in -  
ning of l i fe  is then (1 + F)  X 100 A-hr .  In  l a te r  
sections, the  p a r a m e t e r  F wi l l  be assigned a range  of 
values  and wil l  also t ake  on a cer ta in  degree  of va r i -  
ab i l i t y  a round  each value.  Pa rame te r s  tha t  va ry  wil l  
be taken  f rom popula t ions  of normal  d is t r ibut ions  of 
mean,  m, and s t anda rd  deviat ion,  ~. 

The cells wi l l  not  be assigned a fa i lure  mode as such 
but  i t  wil l  be assumed that  there  is a cer ta in  capaci ty  
loss rate .  The pa ramete r ,  A, mul t ip l i ed  b y  the f rac -  
t ional  DOD to which the cell  is cycled, D, wil l  r ep re -  
sent  the  amount  of capac i ty  that  is lost in each cycle. 
The p a r a m e t e r  A can be assigned any  constant  smal l  
number  or  be a p a r a m e t e r  wi th  a cer ta in  mean  and 
s t anda rd  devia t ion  when  consider ing a s t r ing  of cells. I t  
wi l l  be shown la t e r  that  var ia t ions  in A for this ca-  
pac i ty- loss  model  do not  lead  to changes in the  corre-  
sponding ~'s. A th i rd  p a r a m e t e r  P wi l l  be  in t roduced 
la te r  which wil l  s imula te  a h igher  ra te  of capaci ty  loss 
at  deepe r  DOD's and wi l l  have an effect on the corre-  
sponding a's. 

The method  of  cycl ing these cells requires  a cer-  
ta in  .degree of explanat ion.  I t  wil l  be assumed that  a 
f ixed number  of ampere  hours  a re  removed  f rom the 
ceil  on discharge and rep laced  on charge.  Overcha rg -  
ing may  or  m a y  not be  used depending  on the cell 
chemis t ry  under  consideration�9 Even in the case of 
overcharging,  there  is a finite amount  of pe rmanen t  
capac i ty  loss, and it is this  g radua l  accumula t ion  of 
pe rmanen t  capaci ty  loss tha t  is be ing  considered here.  

1 H E  N O M I N A L  

CAPACITY Of 
THR CELLED AH 

THE EXCESS UAPACITY 
AT THE BEGINNING 
OF LIFE - C~ Ah 

114E DEPTH Of 
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BARED ON T H E  

" NOMINAL CELL 
CAPACITY - 
DxC Ah 

THE RESERVE CAPACITY 
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THE PERF~ANENT CAPACITY 
LOSS AFTER 'N' CYCLES - 
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CELL CAPACIIT - DXC Ah 

THE RESERVE CAPACITY 
AFIER 'H' DVCLFS - 
(C + CF - CD - NxAxDWCI Ah 

B, ,afTER THE COMPLETION Of 'B' CYCLES 

Fig. I. Schematic diagram of the cycling terms 

Reference (2) contains a fu l le r  exp lana t ion  of these 
mat ters .  The capac i ty  loss pe r  cycle in the  s imples t  case 
wil l  be A X D X 100. The cell  has a ' c e r t a in  degree  of 
reserve  capacity,  depending on the f rac t ional  DOD 
and the amount  of active ma te r i a l  put  in the cell  at  t h e  
beginning  of life. When  the number  of cycles t imes the 
value  of A X D X 100 equals  the  reserve  capaci ty,  
then the cell wi l l  no longer  be able to de l ive r  100 X D 
A - h r  and the cell  wi l l  be considered "failed." This 
cycl ing mode is not  the usual  one when  considering 
single cells, but  is r epresen ta t ive  of a cell in a cell 
s t r ing where  ind iv idua l  cell  swi tching is not  used. 
More often, constant  vol tage or  constant  cur ren t  wi th  
a subsequent  t a p e r  are  used in s ingle  cel l  testing.  

The fol lowing sections, in a sequent ia l  way,  ex-  
amine  the cycle l ives o f  single cells and then cell 
s tr ings,  given an increas ingly  complex  format  of as-  
sumptions and var ia t ions  of pa rame te r s  that  can be 
assigned t o  cells and popula t ions  of cells. The effect 
of these var ia t ions  on the  resu l t an t  s lope of the  semi-  
logar i thmic  re la t ionship  be tween  cycle l ife and depth  
of  d ischarge  are  examined  in an a t t empt  to explore  
the  poss ib i l i ty  of reducing the  = va lue  of these re la t ion-  
ships. 

The Simplest Case 
In this case the ac tua l  cell  capaci ty  and the nomina l  

capaci ty  wil l  be the  same. The F p a r a m e t e r  is thus 0.0 
and the rese rve  capaci ty  is (1 -- D) X 100 A-h r .  The 
loss factor  A wil l  be assigned a value  of 0,001. The 
capaci ty  lost per  cycle wi l l  be 0.001 X D X 100 A-h r .  
Therefore,  cell l i fe is defined as reserve  capac i ty  di-  
v ided by the capaci ty  loss pe r  cycle, or, L --- 1 --  D 
divided by  AD (see Table  I ) .  F igure  2 is a p lo t  of this  
relat ionship.  Since there  are no we t - s t and  l imi ta t ions  or  
fa i lure  modes hypothes ized  other  than  loss of capaci ty  
as a funct ion of DOD, ve ry  high cycle l ives a re  p re -  
dicted at low DOD's and ve ry  low cycle l ives are p re -  
dicted at deep DOD's. In fact, using this s imple model  
and assumptions,  this s imples t  case would  predic t  a 
cycle l ife of 1 at a DOD of 100%, since fa i lure  is defined 
as the absence of any  r ema in ing  re se rve  capacity.  
Added  to the  figure is a s t ra igh t  l ine d r a w n  tangent  to 
the  midpor t ion  of the curve�9 This s t ra ight  l ine can be 
expressed by  L : Loeb(I-D), pe r  Ref. (1). The value of 

is equal  to the whole  in teger  4.0. This is to be com- 
pa red  to the  a values  of 3.0-6.0 as expe r imen ta l ly  ob-  
served in commerc ia l ly  ava i lab le  hardware .  Thus, the 
s imple  model  does give a rea l i s t ic  result .  

Table I. Equations and slopes for various cases 

Case Equat ion 

Slope  
d( In  L) 

dD 
Slope at 
D = 0 . 5  

Slope at 
D = 0 . 5  
F - - 0 . 5  

Slope at 
D = 0 . 5  
F f f i 0 . 5  
P = I . 0  

Seiger  (Ref.  1) 

Simplist  

Excess  reactants  

D a D  penal ty  

L --= L o e  g ~ - D )  

1 - D  

AD 
I + F - - D  

L =  
A D  

I + F - - D  
L---- 

A ( 1  + PD)D 

- -  a 

1 

D(1  - D) 
I + F  

D(1  + F - D) 
1 1 

D I + F - D  I + P D  

0f 

- - 4  

NA 

N A  

NA 

- 3  

NA 

NA 

N A  

- 3.86 
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Fig. 2. Cycle life vs. depth of discharge relationships predicted 
by two different models described in the text. 

Cells with Added Capacity 
Qui te  of ten cells are bu i l t  w i t h  ex t ra  act ive mate-  

r i a l  so that  at the beginning of life they would be able 
to del iver  more  than thei r  ra ted or nominal  capacity. 
F igure  3 assumes that  10, 25, and 50% excess capacity 
is avai lable  at the begining of life. The reserve  ca- 
pacity of these cells takes the form of (1 W F -- D) • 
100, while  the capacity loss per  cycle remains as in 
the preceding case. The cycle lives are again the 
quot ient  of the reserve  capacity and the loss per 
cycle. These curves not only show (as one would ex-  
pect) that  the cycle lives are increased by having 
excess capacity, but  the equivalent  a value (at 50% 
DOD) is reduced f rom 4.0-3.0 as the F factor is in-  
creased f rom 0-0.5 (50% excess capaci ty) .  The droop 
at deep DOD's is r emoved  at the h igher  values of F, 
For  the remainder  of the cases to be examined in this 
paper, it wil l  be assumed that  cells have  F ---- 0.5. F ig -  
ure 4 shows the relat ionship be tween the equivalent  a 
value at 50% DOD as a function of F. The effect di-  
minishes as F increases, and it is problemat ic  what  
benefits could be der ived by having cells wi th  very  high 
excess capacities, even  though a's less than 3.0 can be 
thus attained. 

Cells of Different Loss Rates 
The preceding figures were  constructed assuming 

cells for which the loss ra te  was assigned a value  of 
0.001. F igure  5 is constructed for the cases where  the 
paramete r  A is var ied over  several  orders of magni -  
tude. The reserve  capacities at the beginning of life are 
all (1 -b 0.5 - D) • 100 A-hr ,  and the loss rs take 
on the A values as noted on the curves of Fig. 5. These 
curves are seen to be simple ver t ica l  t ranslat ions of the 
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Fig. 3. Cycle life vs. depth of discharge as function of the frac- 
tional excess capacity, F, defined in the text. 

base case shown in Fig. 3. Thus there is no change in 
the equivalent  ~ value, but  the effect on the cycle life 
of the cell is ve ry  significant. 

Additional Penalty for Deeper Depths of Discharge 
Deeper  depths of discharge are  known to introduce 

an additional rate of loss of cycle life that  is above 
and beyond the loss rate  associated wi th  simple charg-  
ing inefficiencies. This additional penal ty  at deep DOD's 
is caused by higher  shedding rates and rates of grain 
growth, more severe mass t ransport  environments ,  
h igher  mechanical  stresses due to differential  expan-  
sion, etc. This effect is introduced to the model  by as- 
signing a value  to the penal ty  factor P. The loss rate  
b e c o m e s A  • (1 q- PD)  • D • 100 A - h r  where  P can 
be assigned various values. In Fig. 0, a series of cycle 
life vs. DOD relationships are plot ted where  the value 
of P is varied f rom 0.0-2.0. The equivalent  value~ are 
seen to increase f rom 3.0-4.0 (see Table I) .  The in- 
t roduction of P into the model  shows that  real  cells are 
more l ikely  to have a values closer to 6.0 than to the 
desired value  of 2.0. 

The above sections cover the most obvious factors 
that  can assume or be assigned various values. The 
single cell  cycle l ives are seen to vary  over  several  
orders of magnitude,  and t h e  values for a range f rom 
3.0-4.0. It  would appear  that  the most significant factor 
in producing long cycle lives is the loss factor, A. 
Since this does not affect a, it however  does not  result  
in a deep DOD value for the most cost-effective one. 
This model ing exercise suggests that  the most cost- 
effective DOD will  remain  where  it has been found to 
be using exper imenta l  procedures;  that  is, be tween 25- 
33% DOD. 
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Fig. 4. Equivalent value of ~ at 50% DOD vs. percentage at ex- 
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Battery Str ings 
Cells a re  usua l ly  connected in ser ies  to y ie ld  the  

p rope r  combina t ion  of capaci ty  and vol tage  level .  
Going f rom a s ingle cell for  which single values  of A, 
F, and P can be  assumed to a mul t ice l l  s t r ing  where  
A, F,  and  P m a y  be  assigned d i s t r ibu t ive  functions,  in-  
t roduces  a different  level  of problems.  By assuming 
tha t  these  factors are  n o r m a l l y  d i s t r ibu ted  about  
means  of A, F, or  P w i th  var ious  values  of  s t andard  
deviat ion,  a w ide  va r i e ty  of plots  could be generated.  
The factors  F and  P wi l l  be covered first since they  
onky in t roduce  s econd-o rde r  effects. 

i 

,-H, 
(J 

i0 p 
8 
7 
6 
5 

4 - -  

3: 

2 

t = 1.0+ F -O A-  O. 0001 

,o 
5 

3 
A = 0. 0005 

10 
0 .2 .4 ,6 .8 1.0 

FRACTIONAL DEPTH OF DISCHARGE - D 

Fig. 5. Cycle life vs. depth of discharge as a function of the loss 
factor, A, defined in the text. 
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Fig. 6. Cycle life vs. depth of discharge as a function of a penalty 
factor, P, for depth of discharge described in the text. 

If  a s t r ing  of cells we re  to be  made  of ones where  
there  was a var ia t ion  in the amount  of act ive mater ia l ,  
the re  would  be a d is t r ibut ion  of the  va lue  (1 + F)  
a round  its mean.  If, for example ,  this  d i s t r ibu t ion  were  
to have a s t anda rd  deviat ion,  ~, of 0.05 (1 + F ) ,  the cell  
tha t  would fai l  first would  of course be  the one wi th  
the  smal les t  amount  of capaci ty.  This would  be  equ iva-  
len t  to a cell  where  F now takes  the new value  of F --  
0.05 X (1 + F)  • 2, if it  is assumed tha t  the selected 
popula t ion  is bounded by  2~ on e i ther  side of the mean  
value. Fo r  the case of F nomina l ly  being 0.5, the equiv-  
a lent  F for  the  wors t  cell  is 0.35. This of course would  
resul t  in a s l igh t ly  lower  cycle life of the  str ing.  This 
definit ion of s t r ing fa i lure  m a y  be  arguable ,  but  al l  the 
fol lowing comments  wi l l  use i t  and wil l  therefore  be 
on a consis tent  basis. 

For  the case where  the  factor  P is var ied  about  an 
average  value,  the factor  [1 + (P + 2r is not too 
far  f rom (1 + PD) ,  given reasonable  values for the 
s t anda rd  devia t ion  a round  the  mean.  The resu l tan t  
values  of the cycle l i fe  and a would  not  change ve ry  
much. The A factor  is somewha t  different  since the  
var ia t ion  is usua l ly  assigned o r  v iewed in t e rms  of the  
efficiency, (1 --  A ) .  For  an A value  of 0.001, it  can be 
s ta ted  tha t  a celt is 99.9% efficient in the  recovery  of 
the  capaci ty  dur ing  any  one cycle. F o r  the  case of an 
efficiency 99.9% • 0.1%, there  would  resul t  a dis-  
t r ibut ion  of A f rom 0.902-0.000. An A value  of O.000 
would  resu l t  in a cycle l i fe  of infinity. F o r  the  fo l low-  
ing examples  the  cell  efficiency wil l  be  assumed to be 
no rma l ly  d i s t r ibu ted  about  a mean  of 1 --  A wi th  a 
s t andard  devia t ion  tha t  wi l l  t ake  on a va r i e ty  of 
values.  Fo r  the s t r ing life, on ly  the  cycle l i fe  of the 
cell  w i th  the  la rges t  value  A need be considered.  
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Furthermore, it will be assumed that cells beyond 2~ 
can be culled out of any battery pack. Figure 7 is for 
strings of cells made up from populations of various 
values of or. The number of cells in the string is im- 
material since its cycle life is fixed by the worst cell in 
the string (the 2~ cell). The main feature of this figure 
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Fig. 7. Cycle life vs. depth of discharge in battery strings as a 
function of the deviation, er, in the cycling efficiency. 

is that the resultant string lives are simple vertical 
translations of the single cell relationship. Although 
there is no change in the equivalent value of ~, it is 
obvious that battery life is strongly affected by the 
stochastic character of the cell population. 

Concluding Remarks 
The subject of cycle life vs. depth of discharge has 

been explored from a theoretical standpoint first at the 
single cell level and then the multicell battery level. A 
technique was illustrated that permits the study of 
the effect of a number of parameters on the shape of 
the cycle life vs. depth of discharge relationship of 
ceils. The equivalent values for ,~ were found to vary 
over only a very narrow range similar to those found 
in actual life cycle testing. No potential variable or 
parameter was found to have a significant influence 
on the value of a. 

The factors that had the greatest influence on the 
cycle life were the value of the parameter that rep- 
resented the rate of capacity loss and the standard 
deviation of value for the cycle efficiency. Even though 
desirable, finding conditions for an ~ value of 2.0 does 
not appear too probable. It would thus appear that bat- 
tery string cycle lives approaching 1000 can only be 
achieved by assembling those strings from a very 
close population of single cells that would have cycle 
lives of several thousand if. tested as single cells. The 
ratio of cycle life obtainable at 20% DOD to that at 
80% DOD will remain about five and possibly higher. 

Manuscript submitted Sept. 22, 1982; revised manu- 
script received ca. Dec. 13, 1982. This was Paper 40 pre- 
sented at the Detroit, Michigan, Meeting of the Society, 
Oct. 17-22, 1982. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1983 
JOURNAL. All discussions for the December 1983 Dis- 
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ABSTRACT 

The potentiostat ic scratch method has been systematical ly applied to rank the pitt ing corrosion (PC) resistance of com- 
mercial  and laboratory austenitic, superaustenitic,  and extra low intersti t ial  ferritic stainless steels in chloride solutions 
simulat ing the aggressivity of the human body and seawater. This technique was generally shown to be reliable and repro- 
ducible  when the pits were associated with the scratched regions. In this case, it was possible to confirm that  deformation- 
induced martensi t ic  transformation does not have any effect upon the PC behavior of metastable  austenitic stainless 
steels. On the _contrary, when the pits are formed on the unscratched regions, the scratch technique does not provide an 
accurate way of determining the pitt ing potential.  In this latter case, the nonmetall ic inclusions seem to be more critical sites 
for pi t t ing development  than the bare scratched regions. 

Fo r  some t ime  now, m a n y  advanced  l ab o ra to ry  
methods  have  been proposed  for  eva lua t ing  the PC 
resis tance of s tainless  a l loys (1-3).  Of these, po ten t io -  
k inet ic  and cyclic potent iokine t ic  methods  have  unde r -  
gone the most  ex tens ive  deve lopment .  In  fact, Schwenk  
(4) has shown tha t  the  most  re l iab le  w a y  of eva lua t ing  
suscept ib i l i ty  to p i t t ing  corrosion is to use a po ten t io-  
s tat ic  technique  in which a constant  po ten t ia l  is ap-  
p l ied  for  given t ime, and a constant  surface condit ion 
is used for  each sample  ( this  conclusion was based on 
the observat ion  of the p i t t ing  induct ion t ime-po ten t i a l  
r a t io ) .  Unfor tuna te ly ,  this potent ios ta t ic  method  is 
ve ry  t ime consuming and is, thus, of l imi ted  prac t ica l  
use. 

Wi th  kinet ic  polar iza t ion  methods,  the  fo l lowing da ta  
can gene ra l ly  be obta ined:  the  potent ia l  at  which the 
passive film breaks  down loca l ly  and p i t t ing  corrosion 
begins (Ep) ; the  potent ia l  be low which  pits, regardless  
of h o w  they  were  formed a n d  p ropaga ted ,  are  deac t i -  
va ted  or  r epass iva ted  (Epr). 

Ep and Epr have been  wide ly  discussed (1-3) and 
ut i l ized for  r a n k i n g  s ta inless  al loys (5),  etc. wi th  r e -  
g a r d  to p i t t ing  corrosion resistance.  I t  has gene ra l ly  
been recognized tha t  these potent ia l s  do not  r epresen t  
an int r ins ic  p r o p e r t y  of the  composi t ion and s t ruc ture  
of me ta l  or  of the  test  env i ronment ,  but  ra ther ,  they  
g rea t ly  depend  upon the expe r imen ta l  condit ions 
adopted  (for example ,  the polar iza t ion  ra te)  (6).  In  
par t i cu la r ,  f rom the  poin t  of v iew of prac t ica l  app l ica -  
tions, it  mus t  be emphas ized  tha t  gp m a y  be  more  
noble  wi th  respect  to the  s ta t ic  p i t t ing  potent ia l ,  be -  
cause p i t t ing  in i t ia t ion can be a v e r y  slow process (7) ; 
on the  o the r  hand,  Epr depends  upon  the  ex ten t  of 
local ized a t tack  p ropaga t ion  and, therefore ,  to the  local  
chemical  modification inside pits.  

Key words: potentiostatic scratch method, pitting corrosion, 
protection potential, extra low interstitial ferritic stainless steels, 
martensite a'. 

Pessal l  and  Li~ (8) have  proposed an improved  ap-  
proach  to the  measuremen t  of p i t t ing  poten t ia l  tha t  
does not  depend  on the  t ime of p i t  ini t iat ion,  but  in-  
s tead  focuses on the  repass iva t ion  process (9). I n  this 
method,  the  passive surface, whose p i t t ing  potent ia l  
( labe led  Ep~) is to be de termined,  is scra tched at  va r i -  
ous potent ia l s  set b y  a potent iostat .  If  the  scratched 
surface repass ivates  (i.e., the  anodic cur ren t  r ap id ly  
decreases wi th  t ime) ,  the  imposed po ten t i a l  is less 
noble  than  the EpS; if repass iva t ion  =does not  occur 
(i.e., the  anodic cur ren t  r emains  high or  does not  de-  
crease wi th  t ime) ,  then  the imposed potent ia l  is more  
noble  than  the Ep s (Fig. 1). 

Therefore,  the potent ios ta t ic  scra tch  method  ident i -  
fies the intr insic  capaci ty  of a given a l loy to repass iva te  
in a given aggressive env i ronment  w h e n  the passive 
film is b roken  down locally.  Its unques t ionable  ad-  
vantages  over  kinet ic  methods  are  the  fol lowing:  (i) 
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Fig. 1. Scratch technique current-time curves for specimens held 
at potentials above Ep s (breakdown) and below Ep s (repassivation) 
(8). 
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This technique e l iminates  film b reakdown  t ime as a 
var iable  in the  de te rmina t ion  of p i t t ing  potent ia l ;  
therefore,  Ep s is more  negat ive  than  Ep~ (ii) This tech-  
nique is be t t e r  a p p l i c a b l e  to p rac t ica l  p i t t ing  corro-  
sion problems  because i t  more  closely resembles  a 
real  s t ruc ture  which is ve ry  l ike ly  to be scratched or 
otherwise  have its surface oxide film damaged  dur ing  
use. (iii) According  to Pessal l  and Li~, the  Ep s is in te r -  
changeable  wi th  the  protec t ion  poten t ia l  Epr s if changes 
in solut ion concentrat ions  wi th in  the  pi t  are  p reven ted  
by  r ap id ly  s t i r r ing  the solution. Fo r  stat ic solutions, 
Ep s does not  coincide wi th  Epr s, ,but tends to be more  
noble (8). 

According to Syre t t  (10), the  cyclic potent iokinet ic  
method does not p rovide  any  informat ion  on the k i -  
netics of p i t t ing  ini t ia t ion and a p ropaga t ion  be tween  
Ep s and  Epr s, whi le  the  potent ios ta t ic  scratch method  
presents  the d i sadvantage  that  the  bare  surface ex-  
posed by  the scratch is not  "a priori" and "a lways"  the 
most  favorable  site for  p i t t ing  ini t iat ion.  In  fact, i t  
has been expe r imen ta l l y  shown tha t  some prec ip i ta tes  
and above al l  nonmeta l l ic  inclusions as such (11), or 
via the  effects of the i r  microcrevices  (12, 13), can con- 
s t i tu te  e x t r e m e l y  favorab le  sites for the  insurgence of 
PC. I t  may, therefore,  be tha t  PC begins in such favor -  
able si tes at  r e l a t ive ly  less noble values of the  imposed 
potential ,  and that  PC is not affected by  the scratch. 
According to Barbosa  and Scul ly  (14), the scratch tech-  
nique can be successful ly used only in meta ls  wi th  a 
high degree  of pur i ty ,  e.g., when PC does ac tua l ly  re -  
sul t  f rom the b r e a k d o w n  of the passive film. When PC 
p re fe ren t i a l ly  nucleates  at  nonmeta l l ic  inclusions, the  
scratch technique is not  appl icable .  

In  o rde r  to overcome the above-ment ioned  l imi t a -  
tions, Syre t t  has  developed a method for  measur ing  the 
p i t t ing  propaga t ion  ra te  ( -  PPR)  as a funct ion of the  
imposed potent ia l  (Fig. 2) (11). This e lec t rochemical  
technique is analogous to wha t  is used in stress cor-  
rosion phenomena  where  the  crack propaga t ion  rate,  
da/dt, can be es tabl ished as a function of t h e  stress in-  
tens i ty  factor  K1 (15). With  Syre t t ' s  technique,  the 
meaning  of the measured  protec t ion  potent ia l  at  zero 
cur ren t  dens i ty  is analogous to that  of the  threshold  
stress in tens i ty  Kisce and, l ike  the  da/dt-K, curves 
ob ta ined  on p rec racked  specimens,  the  p i t t ing  r a t e -  
po ten t ia l  curves  of the  PPR method  a re  obta ined on 
prep i t t ed  specimens. 

The PPR method  has, thus far, been appl ied  for  
character iz ing TRIP steels. I t  is a r a the r  long and 
labor ious  method and, based on p r e l im ina ry  tests tha t  
we conducted on some stainless steels, i t  presents  con- 
s iderable  difficulties in the  microscopic eva lua t ion  of 
the  total  p ro jec ted  a rea  when the pits are  numerous  
and ve ry  small .  Therefore,  it  is not  eas i ly  adap tab le  
to a rap id  rank ing  of passive alloys. 
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Fig, 2. Schematic diagram of potentlal-time and current-time 
cycles used to determine the anodic behavior of growing pits (10). 

The above-ment ioned  reasons and the data  in the 
avai lab le  l i t e ra tu re  indicate  that  the scratch method is 
ve ry  popula r  and profi table  due  to the fact  tha t  i t  r e -  
quires  r e l a t ive ly  l i t t le  t ime and is genera l ly  be l ieved 
to provide  accura te  values  for  p i t t ing  potentials .  We, 
thus, decided to conduct  a more  in -dep th  s tudy of the 
scratch method,  first of all, by  improving  the exper i -  
men ta l  appara tus ,  pa r t i cu l a r ly  wi th  regard  to controls  
upon the manner  in which the scratch would be 
executed.  A f t e r  this improvement ,  the method was, 
then, sys temat ica l ly  appl ied  to a series of t rad i t iona l  
and  advanced stainless  al loys tha t  are  a l r eady  avai l -  
able  on the m a r k e t  or  which can be produced  in the 
labora tory .  These al loys are  of grea t  technological  
in teres t  for use in chlor ide  env i ronment  such as sea- 
wa te r  and  physiological  solut ions s imula t ing  the ag-  
gress iv i ty  of human  body  fluids. 

Experimental Method 
Materials.--Table I indicates the  chemical  composi-  

t ion of t h e  al loys tha t  were  invest igated.  They were 
bas ica l ly  three  categories of stainless steels:  (i) Com- 
merc ia l  and  l abora to ry  produced  austeni t ic  stainless 
steels ( type  AISI  316L; 16Cr-14Ni-2Mo); (ii) super -  
austeni t ic  s tainless  s teels  ( type  20Cr-25Ni-4.5Mo-Cu; 
type  20Cr-18Ni-6Mo-Cu) ; and (iii) ex t r a  low in ters t i -  
t ia l  ferr i t ic  and super fe r r i t i c  commerc ia l  s tainless 
steels ( type 18Cr-2Mo-Ti; 21Cr-3Mo-Ti;  26Cr- lMo-Ti ;  
25Cr-4Ni-4Mo-Ti;  26Cr-2.SNi-3Mo-Ti; 28Cr-4Ni-2Mo- 
Nb) and those l abo ra to ry  produced  (Cr : 21-28%; 
Ni : 2.5-4%; Mo ~ 2.5-4%; Ti, Ti -~ Nb, Nb; Heats  
ITM 37 to 42, CSM 1039 and 10848). 

A series of tests, l imi ted  to an art if icial  "physio-  
logical" solution, was conducted on AISI  316L and on 
type  16Cr-14Ni-2Mo subjec ted  to cold plas t ic  de fo rma-  
tion by  rol l ing (10, 30, and 50% reduct ion in the cross- 
sect ional  area)  a t  room t e m p e r a t u r e  and at  --196~ 
according to the p rocedure  prev ious ly  descr ibed (13, 
19). 

The l abo ra to ry  produced alloys were  cast and hot  
ro l led  according to the  procedures  a l r eady  descr ibed in 
previous  papers  (16), and, then, unde rwen t  a final 
h e a t - t r e a t m e n t  which al lowed a meta l lu rg ica l  s ta te  to 
be obta ined  which was free of second phases;  this was 
a f te rwards  re fe r red  to as the "annealed"  condition. The 
commercia l  al loys were  tes ted  in the  mi l l - rece ived  
condition. 

Specimen preparation.--The specimens (disks of 20 
m m  diam)  were  ground wi th  wet pape r  up to 1000 
mesh  and, then, polished with  d iamond paste  up to 
3 ~m. They were, then, degreased with  e thyl  alcohol 
or  acetone (u l t rasonica l ly ) .  F inal ly ,  they  were  passi-  
vated by  immers ion in 20% ni t r ic  acid for 5 min at  
room tempera tu re  to overcome the crevice suscepti-  
b i l i ty  at  the specimen elect rode assembly  interface.  

Aggressive environment.-- For  tests conducted on 
annea led  and mi l l - r ece ived  alloys, a deaera ted  3.5% 
(0.6M) sodium chloride (ana ly t ica l  grade  chemical)  
solut ion was used. This solut ion was ma in ta ined  at  a 
constant  t empe ra tu r e  (25 ~ 40 ~ 60 ~ 80 ~ 100~ (16). 
Fo r  test  conducted on w o r k - h a r d e n e d  steels, a de-  
ae ra ted  art if icial  "physiological"  solut ion was used of 
the fo l lowing chemical  composit ion:  0.15M (8.74 
g / l i te r )  NaC1; 4 .16 .10-~M (0.35 g/ l i ter )  NaHCO3; 3.37 �9 
10-4M (0.06 g / l i t e r )  Na2HPO4 �9 2H20; 5 �9 10-4M 
(0.068 g / l i t e r )  NaH~PO4 .H20.  This solution was 

buffered to a pH of 7, and its t empera tu re  was main-  
ta ined at  40~ (13). The solutions were  a l w a y s  de-  
aera ted  with  oxygen- f ree  ni trogen.  

Equipment.--The potent ios ta t ic  scratch test was con- 
ducted in a cell wi th  sepa ra te  compar tments ,  as a l -  
r e a d y  descr ibed in a previous  pape r  (16). The scra tch-  
ing device was per fec ted  through a series of p re l imi -  
n a r y  tests (17). As i l lus t ra ted  in Fig. 3, the  device con- 
sisted of a cone-shaped sapphi re  stylus,  ( t ip radius:  
15-18 ~m), fixed to the end of a Teflon a r m  wi th  epoxy  
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Fig. 4. Example of the specimen surface at the end of the test 

Fig. 3. Schematic drawing of the scratching device: a) Teflon 
arm; b) Teflon lever; c) cone-shaped sapphire stylus; d) Teflon 
specimen holder; e) tantalum weight; f) specimen. 

resin (Araldite) .  The stylus can scratch the specimen 
surface through a vertical manual movement of the 
glass rod supporting the arm, 

The scratches were continuous, of a controlled and 
reproducible length and depth, and did not have any 
marks at the ends. These conditions were obtained by 
tilting the stylus at an obtuse angle in relation to the 
specimen surface and by attaching, a tantalum weight 
(approximately 10g) to the extreme end of the arm 
(17). Figure 4 is an example of the specimen surface 
at the end of the test, showing the regulari ty of the 
scratch obtained and the typical pit morphology. Each 
pitting potential determination was repeated following 
the procedure already described in a previous  paper 
(16); in many cases, the tests were repeated from three 
to five times. 

The measured potentials were referred to the normal 
hydrogen electrode (NHE); the interliquid junction 
was minimized by using an agar-agar  bridge saturated 
with KC1. The. thermogalvanic effect was not taken 
into consideration. 

Results and Discussion 
Table II shows a comparison of the PC behavior of 

cold rolled AISI 316L and the analogous high purity 
austenitic stainless steel 16Cr-14Ni-2Mo in the artificial 
physiological solution. Their behavior was tested in 
relation to temperature and degree of rolling as well as 
the orientation (with respect to the rolling direction) 
of the exposed surface to the aggressive environment. 
On the basis of these data, the following observations 

can be made. (i) For laboratory austenitic stainless 
steel 16Cr-14Ni-2Mo PC resistance does not depend on 
the degree of cold working, nor on the rolling tempera- 
ture, nor on the orientation of the surface. This demon- 
strates, on the one hand, that the very small amount of 
inclusions [sulfide inclusions and especially, mixed 
sulfide-oxide inclusions (11)] eliminates the aniso- 
tropic behavior with regard to the PC of the surface 
exposed to the aggressive environment, as already 
noted by Scotto et al. (18) for two stainless steels 
(18Cr-9Ni and 17Cr-11Ni-2Mo), and by one of the 
present authors for type AISI 316L and AISI 304L 
stainless steels (16); on the other hand, it clearly 
establishes that martensite ~', induced by deformation 
in m.etastable austenitic stainless steels (19), does not 
affect pitting initiation. (ii) For commercial stainless 
steel type AISI 316L it was reconfirmed that resistance 
to PC depends on the degree of work hardening and 
the rolling temperature only when the long trans- 
versal (LT) or short transversal  (ST) surface is ex- 
posed to the aggressive environment. In fact, these are 
the only two surfaces which show a decreasing re- 
sistance to PC (the Eps becomes less noble) as the 
degree of deformation at room temperature increases. 
The LT surface, for room temperature deformation, 
demonstrates worse behavior than the ST surface. 

At low deformation temperature, the resistance of 
the LT and ST surfaces to PC is reversed (the second 
surface demonstrates worse behavior than the first). 
With regard to the ST surface, it should be emphasized 
that, on the one hand, the measurements are extremely 
difficult to reproduce and, on the other hand, pitting 
initiation corresponds to the heterogeneity of the sur-  
faces (i.e., inclusions), and it is also characterized by 
the formation of solid corrosion products which usually 
cover the mouth of the pit, as il lustrated in Fig. 5. 

Table II. Pitting potential (mV vs. NHE) of work-hardened (roam temperature and --196~ AISI 316 L and 16Cr-14Ni-2Mo in 
deaerated physiological solution at 40~ 

, ~ . , _ . . .  

~ ' ~  Deformat ion  10% 30% 50% 
~ ~  degree  (%) 0% 

~ RT -- 196~ RT - 196~ RT - 196"C Surface 

Longitudinal  A~SI 316 L 630 630 590 605 650 595 610 
16Cr-I4NI-2Mo 630 630 630 570 630 670 

Long transverse  AISI 316 L 605 480 610 430 630 405 650 
16Cr-14Ni-2Mo 570 593 570 630 610 670 

Short  tranSverse AISI 136 L 630 590 480* 515 480* 505 430* 
430" 430" 350" 
490" 410" 370" 
510" 510" 
610 
500 avg 460 avg 380 avg  

16Cr-14Ni-2Mo - -  550 590 570 630 590 650 

" Pits  on the  e lectrod e surface;  no Pits at the scratched site. 
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Fig. 5. Pit morphology on the ST surface of cold rolled AISI 316L 
after removing corrosion products. 

The anisotropic  behavior  wi th  regard  to the  PC re -  
sistance of AIS I  316L steel,  ro l led  at  room t empera tu re  
[tim quan t i ty  of mar t ens i t e -a '  is less than  1% (19)],  
can be exp la ined  by  the different  morphology  quan t i ty  
and d i s t r ibu t ion  of the  inclusion appear ing  on the sur -  
face (microcrevice  effect).  On the other  hand,  the 
anisot ropic  behav ior  to the PC resis tance of AISI  316 
steel,  ro l led  at  --196~ [the quan t i ty  of mar tens i t e -a '  
is g rea te r  than  25% (19) ], is influenced not  only  by  the 
morphology,  quant i ty ,  and d is t r ibut ion  of the  inclu-  
sions (as was the  case for al loys deformed at room 
t e m p e r a t u r e ) ,  bu t  also by  the morphology,  quant i ty ,  
and d is t r ibu t ion  of the de fo rmat ion  bands  (and, thus, 
of the  mar tens i t e -a ' )  which can be suscept ible  to selec-  
t ive  dissolut ion phenomena  (6). 

Table  I I I  offers a comparison of the p i t t ing  corro-  
sion behav io r  of some commercia l  superaus teni t ic  
steels as a funct ion of the t e m p e r a t u r e  of the chlor ide 
solution. F igures  6 and 7 i l lus t ra te  two pa r t i cu l a r ly  
significant cu r r en t - t ime  curves. The resul ts  thus far  
obta ined  can be  Summarized as follows: (i) None of the 
three  steels ( labe led  A, B, and C) manifes ted  p i t t ing  
in i t ia t ion at  room t empera tu r e  (25~ despi te  the  
damage  to the  passive film by  scratching;  instead,  
t r anspass iv i ty  a n d / o r  oxygen evolut ion were  at ta ined.  
Such behav ior  was also found at  40~ for  one of the 

Table Ill. Pitting potentials (mV vs.  NHE) of some commercial 
superaustenitic stainless steels in 3.5% sodium chloride 

deaerated solution 

T•(( ~ c ) ~ o y  20,Cr-25Ni- 20Cr-25Ni- 20Cr-18Ni- 
4.SMo-Cu 4.SMo-Cu 8Mo-Cu-N 

(A) (B) (C) 

25 1095~ 1185~ 
1095 ~ 1175 ~ -- 
1095 a v g  1180 a v g  - -  

40 605* 1165 
595* 1145 - -  
600 a v g  1155 a v g  

60 525* 975* 1155 ~ 
545* * 935 1155 ~ 
535 a v g  955 a v g  1155 a v g  

80 495* * 735* 1165 ~ 
485* 775 1135 ~ 

1165 ~ 
1165 ~ 

490 a v g  755 a v g  1160 a v g  

100 410" 540* 1160" * 
400* 530 1150" 

1000 
920* 

405 a v g  535 a v g  1060 a v g  

o No  p i t s  f o r m e d  on  t h e  e l e c t r o d e  s u r f a c e  ( t r a n s p a s s i v e  a n d / o r  
o x y g e n  e v o l u t i o n  r e g i o n ) .  

�9 P i t s  f o r m e d  o n  the e lectrode s u r f a c e ,  b u t  no  p i t s  a t  t h e  
scratched s i t e .  

"* P i t s  f o r m e d  a t  t h e  s c r a t c h e d  s i t e  a f t e r  r e p a s s i v a t i o n  o f  t h i s  
l a t t e r ,  

Fig. 6. Scratch technique current-time plot for the superaustenitic 
stainless steel B in chloride solution. 

Fig: 7. Scratch technique current-time plot for the superaustenitic 
stainless steel A in chloride solution. 

20Cr-25Ni-4.5Mo-Cu type  steels  (steel  B ) a n d  at  up 
to 80~ for the 20Cr-18Ni-6Mo-Cu type  s teel  (s teel  C).  
Under  these condit ions,  the  potent ia l s  of Table  HI  
were  read  at  an anodic cur ren t  of about  10 ~A which 
has been convent ional ly  considered to be the  cur ren t  
l imi t ing the pass iv i ty  field at  more noble potent ials .  
(ii) At  higher  tempera tures ,  PC n o r m a l l y  or iginates  
e i ther  on the unscra tched region  or  on the scratched 
region af te r  repass iva t ion  of scra tched region itself. In 
these two cases, the cu r r en t - t ime  re la t ionships  show 
the same shape (Fig.  6 and 10). (iii) In  par t icu lar ,  
for  s teel  A, the  pass iv i ty  field is charac ter ized  by  a 
series of sha rp  anodic cur ren t  "blips" which increase  
together  wi th  the average values  of the anodic cur ren t  
as the  po t en t i a l  increases (Fig.  7). These " intr ins ic"  
bl ips  indicate  tha t  the  oxide film breaks  down local ly  
f o l l o w e d  by  immedia te  repass ivat ion  of the incipient  
pits. The scra tch  de te rmines  an anodic cur ren t  bl ip 
which  cannot be eas i ly  dis t inguished f rom the " in-  
t r insic"  blips. Under  these conditions,  Table  I I I  shows 
the values of potent ia l  above which pi t t ing  was ob-  
served on the specimen surface. (iv) The pi t t ing  cor-  
rosion resis tance of the  al loys decreases as the t em-  
pe ra tu re  increases;  in any  case i t  follows the  order :  
steel  A < steel B < steel  C. 

Final ly ,  Table  IV shows the  resul ts  r egard ing  pi t t ing  
corrosion res is tance of ELI commercia l  and l abora to ry  
fer r i t ic  s tainless steels. F igures  8, 9, and 10 i l lus t ra te  
some of the  most significant cu r r en t - t ime  curves. The 
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Table IV. Pitting potnetials (mY vs. NHE) of commercial and laboratory ELI ferritic stainless steels in 3.5% sodium chloride de- 
aerated solution 

T (~ 
A l l o y " ~ , , , ~  

IBCr-2Mo-Tl 635 505 405 300 
815 635 495 395 280 
795 625 

615 
805 a v g  625 a v g  500 a v g  400 a v g  290 a v g  

21Cr-3Mo-TI 1075 o 795 530 495 330 
10950 815 530 485 320 

505 490 
1085 a v g  805 a v g  520 a v g  490 a v g  325 a v g  

26Cr- lMo 1285 �9 785 565 395 280 
1255' 795 535 375 300 

825 
865 

1270 a v g  920 a v g  500 a v g  385 a v g  290 a v g  

20Cr-2.5Ni.3Mo-T! - -  1235' 975* 655 370 
1215 ~ 955 625 390 
1225 a v g  965 a v g  640 a v g  380 a v g  

250r.4Ni-4Mo.TI - -  - -  1125" 815 490 
1065' 835 510 
915" 815 440 

1015 a v g  820 a v g  480 a v g  

28Cr-4Ni.2Mo - -  - -  1215 ~ 645 400 
12050 605 400 

ITM 37 1225" 885 615 445 380 
1155' 835 625 455 370 

370 
1190 a v g  860 a v g  620 a v g  450 a v g  375 a v g  

ITM 38 13450 995 635 465 340 
1295 ~ 985 645 455 320 
1320 a v g  990 a v g  640 a v g  460 a v g  330 a v g  

ITM 39 - -  1375" 1275'  795 410 
1195"" 815 460 

435 a v g  

ITM 40 - -  1235' 1065" 665 380 
1225" 1085 675 400 
1230 a v g  1075 a v g  670 a v g  390 a v g  

ITM 41 -- -- 1185 ~ 835 490 
1165 84,5 520 
1175 a v g  840 a v g  505 a v g  

ITM 42 -- -- 1165" 1195 ~ 590 
1175" 965 620 
1170 a v g  605 a v g  

CSM 1039 -- 1195 ~ 845 545 350 
1185" 835 525 370 

CSM 104 - -  - -  1175" 1175" 520 
1205" 1155 ~ 520 

25 40 50 89 1O0 

~ No p i t s  f o r m e d  o v e r  e l e c t r o d e  s u r f a c e  ( t r a n s p a s s i v e  a n d / o r  o x y g e n  e v o l u t i o n  r e g i o n ) .  
" P i t s  f o r m e d  o v e r  t h e  e l e c t r o d e  s u r f a c e ,  b u t  n o  p i t s  a t  t h e  sc r . a tched  site. 

�9 " P i t s  f o r m e d  a t  t h e  s c r a t c h e d  si te ,  a f t e r  r e p a a s i v a t i o n  of  t h i s  l a t t e r .  

fol lowing conclusions can be drawn from these da ta :  
(i) As was the  case for  superaus ten i t ic  al loys,  each ELI  
fer r i t ic  s tainless  steels,  despi te  the  damage  to the  
pass ive  film, revea led  a different  t e m p e r a t u r e  value  

200 

150 

:2 
100 

50 

ITM 40 ELI FERRITIC STAINLESS STEEL 
35% NaCt ; N2 ; 40~ 

; '7  * 

,L ,L 
o Ib 

E 

o e~ 

2'0 3'0 
Time (rain) 

4'o 6b 

Fig, 8. Scratch technique current-time plot for the laboratory 
produced ELI ferritic stainless steel in chloride solution. No pits an 
the scratched and unscrotched regions. 

be low which potent ia l  of t ranspass iv i ty  a n d / o r  oxygen 
evolut ion is reached wi thout  p i t t ing  in i t ia t ion (see 
Fig. 8). This cr i t ical  t empera tu re  rises as the intr insic  
PC resis tance of the  steels tes ted increases.  So for 
type  18Cr-2Mo-Ti steel,  it  is be low 25~ whi le  for  the  
o ther  alloys,  i t  is h igher  than  room tempera tu re .  (ii) 

200 

150 

100 

50 

ITM 39 ELI FERRITIC STAINLESS STEEL 
3.5% NaCI ; N2;60~ 

10 26 30 40 SO 
Time (rain) 

Fig. 9. Scratch technique current-time plot for the laboratory 
produced EL! ferrit ic stainless Steel in chloride solution, 
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Fig. 10. Scratch technique current-time plat for the 26Cr-1Mo 
ELI ferritic stainless steel in chloride solution. 

Generally, above the critical temperature, pits nucleate 
and develop at the scratched site and Ec s shows a good 
reproducibility (Table IV). In these conditions, the 
scratch technique provides a very reliable way of 
identifying the maximum service temperature of the 
alloys themselves in a chloride solution, beyond which 
there is a sharp drop in the PC resistance (see for ex- 
ample type 28Cr-4Ni-2Mo-Nb; ITM 39 to 42; CSM 1039 
and 1084). (iii) For some ELI ferritic stainless alloys 
(26Cr-2.5Ni-3Mo-Ti; ITM 39 and ITM 40), pitting in 
some tests does not initiate along the scratch, or it 
only occurs after repassivation of the scratch itself 
(Fig. 9). This behavior is to be found when the po- 
tentials are very noble (Table IV). 

Conclusions 
The improved potentiostatic scratch method was 

systematically applied in order to rank the PC resist- 
ance of a series of traditional and advanced stainless 
steels in solutions simulating the aggressivity of sea- 
water and of the human body. The principal results 
obtained were the following: (i) The scratch method 
was generally shown to be reliable and reproducible 
when pitting nucleation is associated with the scratched 
regions (--+25 mV). In this case, the Ep s, defined by 
Pessal and Lis as the potential at which the repassiva- 
tion time is equal to infinity, becomes useful for 
ranking the alloys with regard to the PC resistance. 
(ii) The scratch method seems to confirm that the de- 
formation-induced martensitic transformation does not 
have any effect upon the PC behavior of metastable 
austenitic stainless steels in solution simulating ag- 
gressivity of the human body. (iii) For each alloy in- 
vestigated, despite the breakdown of the passivity 
film caused by scratching, below certain temperature 
values of the aggressive environment a potential re- 
gion of transpassivity and/or oxygen evolution is 
reached without nucleation and development of its 
pitting phenomena. This temperature value rises as the 
intrinsic PC resistance of the steel tested increases. 
(iv) For some alloys, which are particularly re- 
sistant to PC, the pits could nucleate either on the un- 
scratched region (case I) or on the scratched region 
after repassivation of the bare scratched region itself 
(case II). This behavior is shown especially by the 
superaustenitic stainless steels (Table III) and is also 
found in particularly "defective" alloys, such as the ST 
surface of AISI 316L steel, rolled at --196~ (Table 
II). (v) Our results seem to indicate that the scratch 
method usually offers an  accurate means of determin- 
ing the pitting potential; this was especially the case of 
ELI ferritic stainless steels (Table IV). However, 
this method does not give precise results if on the 
alloy surface there are particularly favorite sites for 

pitting nucleation [i.e., nonmetallic inclusions of sul- 
fide~ (microcrevices) (11)], where pits could nucleate 
and develop without regard to the performed scratch. 
If this is the case, the obtained values are not a mea- 
sure of Eps; these results should be disregarded as 
Bond and Lizlov did (5). However, also these results 
were reported by us to give more evidence of the fact 
that, if pits do not start at the scratched sites, a great 
irreproducibility should be expected. Our conclusions 
agree with those of Syrett (10) and Barbosa (14, 20). 
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ABSTRACT 

The effect of laser surface melting (LSM) on the breakdown of the passivating film and subsequent  pitt ing of a ferritic 
stainless steel has been studied. An Fe-19%Cr alloy was subjected to LSM by pulses from a Q-switched Nd-YAG (1.06 tLm) 
laser. The composit ion of the native oxide film was analyzed by Auger electron spectroscopy. Although LSM enriches the 
surface oxide film in chromium, it degrades its electrochemical behavior, for there is premature  breakdown of the 
passivating film and subsequent  pitt ing when the electrochemical potential  is swept from the passive region into the active 
region in 1N H2SO4. The premature  breakdown occurs at sites associated with inclusions. Stresses introduced in the surface 
by LSM affect pit growth rates and morphology in the same manner  as when they are introduced by mechanical  means. 

Recent ly  the re  have  been severa l  s tudies of the 
effect of laser  surface mel t ing  (LSM) on the e lect ro-  
chemical  proper t ies  of meta l s  and alloys. McCafferty 
et al. (1) showed that  LSM improved  the resistance of 
an AI ,  I%Mn a l loy  to genera l  corrosion but  did  not  im-  
prove  its res is tance to p i t t ing  corrosion. Ayers  et al. 
(2) r epor t ed  tha t  LSM improved  the corrosion res i s t -  
ance of sp rayed  t i t an ium coatings to seawater .  Drape r  
and co-workers  (3) showed t h a t  LSM improved  the 
corrosion resis tance of a luminum bronze t o  acidified 
chlor ide  solutions.  An thony  and Chne (4) using LSM 
changed the suscept ib i l i ty  of Type  304 stainless steel  to 
i n t e rg ranu l a r  a t tack  by  red i s t r ibu t ing  chromium in the 
surface region. Since no studies of the  effect of LSM 
on the b reakdown  of the  pass ivat ing  film and pi t t ing  
of fer r i t ic  stainless steels have  been repor ted ,  we have 
unde r t aken  such an invest igat ion.  

Many  studies of the  b reakdown  of the pass ivat ing  
film on ferr i t ic  stainless steels and the i r  subsequent  p i t -  
t ing exist  in the l i t e ra tu re  and have  been rev iewed by  
Galve le  (5). Most common is p~tting induced by  ag-  
gressive anions, such as halides,  at  potent ia ls  in the 
passive region.  However ,  local  film b reakdown  and 
c rys ta l lographic  p i t t ing  have been repor ted  for i ron-  
chromium alloys (Cr > 12%) that  a re  subjected to a 
slow potent ia l  sweep from the passive potent ia l  region 
into the active region in sulfur ic  acid solutions that  
do not contain any aggressive anions (6, 7). The ra te  of 
p i t t ing  and the c rys ta l lography  of the pits a re  affected 
by  the manne r  in which  the surface has been p re -  
pared  (7). 

We repor t  here  on the effect of LSM on the b r e a k -  
down of the pass ivat ing  film and pi t t ing  of an i ron-  
chromium a l loy  dur ing  potent ia l  sweeps from the 
passive poten t ia l  region into the act ive region i n  IN 
I~2S04. 

Experimental 
An F e - l g % C r  alloy, whose composition, analysis,  and 

h e a t - t r e a t m e n t  have  been  repor ted  prev ious ly  (7), 
was invest igated.  Electrodes were  machined and me-  
chanica l ly  pol ished as previous ly  descr ibed (7). 

Laser  surface mel t ing  was accomplished with  an 
acous to-opt ica l ly  Q-swi tched N d - Y A G  (1.0.6 t,m) laser.  
The laser  ou tput  consists of a t ra in  of pulses wi th  a 
pulse  length  of 150 nsec, repet i t ion  ra te  of 10 kHz, 
and incident  power  dens i ty  of ,.-100 M W / c m  2. Optical  
spot  sizes are  be tween  10 and 20 #m in diameter .  Under  

* Electrochemical Society Active Member. 
1 Present address" Department of Chemistry, Florida A&M Uni- 

versity, Tallahassee, Florida 32307. 
Key words: iron-chromium alloys, lasers, melting, corrosion, 

passivity. 

t h e s e  conditions,  the mol ten  l aye r  did  not  reach  the 
bo ihng  point, except  a t  some sites tha t  a re  associated 
with  second phase part icles.  The depth  of the mel t  
l aye r  is est imated,  from a the rmal  model  by  Hsu et al. 
(8), to be 0.8 to 1 ~m. A computer -cont ro l led ,  high 
precis ion l inear  induct ion table  was used to ras ter  scan 
the sample,  t he reby  produc ing  un i form large area  
coverage. Mel t  spots a re  typ ica l ly  5-10 ~m in d iameter .  
The spo t - to -spo t  and l ine - to - l ine  over lap  are  typ ica l ly  
about  5/~m each. I t  should be emphasized that  for these 
pulse lengths  and repe t i t ion  rates  each mel t  spot 
resolidifies severa l  orders  of magni tude  fas te r  than  the 
a r r iva l  of  the nex t  laser  event.  

The e lec t ro ly te  solut ion was 1N H2SO4 made  f rom 
electronic g rade  acid and dis t i l led water .  A conven-  
t ional  t h r e e - c o m p a r t m e n t  e lectrochemical  cell was 
used, the compar tments  being separa ted  by  fine poros-  
ity, f r i t t ed  disks. 

A PAR Model  173 potent ios ta t  wi th  a PAR Model 
176 cu r ren t - to -vo l t age  conver ter  or a PAR Model 376 
logar i thmic  cur ren t  conver te r  was used. IR-compensa -  
t ion was appl ied  when the cur ren t  densi ty  exceeded 
1 mA / c m  2, For  po ten t iodynamic  exper iments ,  a PAR 
Model 175 wavefo rm genera to r  p r o g r a m m e d  the poten-  
t ia l  ou tput  of the potent iostat .  Al l  exper iments  were  
conducted at room tempera ture .  Potent ia ls  were  mea-  
sured re la t ive  to the  sa tu ra ted  calomel  e lect rode and 
are  repor ted  re la t ive  to the  s tandard  hydrogen  elec-  
t rode (SHE) .  

Al loy  surfaces were  examined  for film b reakdown  
and p i t t ing  by  opt ical  microscopy and by  scanning elec- 
t ron microscopy wi th  a Cambr idge  Stereoscan.  The 
composit ion of surface oxide  films was de te rmined  by  
Auger  e lec t ron  spectroscopy (AES) .  Al l  spect ra  in the 
d N ( E ) / d E  mode were  ob ta ined  with  a Physical  Elec-  
tronics Indust r ies  Thin F i lm  Ana lyze r  system. Normal  
opera t ing  condit ions were  5 kV elect ron gun voltage, 
10 ~A beam current ,  and 2 eV modula t ion  ampl i tude.  
Fo r  sput ter ing,  argon was used at  a p ressure  of 7 
m P a  (5 • 10 -5 Tor r ) ;  the ion beam vol tage  and emis-  
sion cu r ren t  were  2 kV and 30 mA, respect ively.  

Resultsand Discussion 
Native oxide composi t ion. - -The composit ion of the 

na t ive  oxide  was de t e rmined  by  AES for both  the  
LSM- t r ea t ed  and the un t r ea t ed  conditions. Typical  
spec t ra  a re  shown in Fig. 1. These spec t ra  were  ob-  
ta ined af ter  ion sput te r ing  for a few seconds to remove 
surface carbon contaminat ion.  I t  is ev ident  that  LSM 
has increased the c h r o m i u m  content  of the oxide: Since 
the  oxygen (O 510 eV) and chromium (Cr 529 eV) 
peaks over lap  (9),  a quan t i t a t ive  de te rmina t ion  of the 
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Fig. l .  AES spectra of the native oxide on (a) the untreated con- 
trol and on (b) the LSM specimen, showing that LSM enhances the 
Cr content of the film. 
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oxide composit ion cannot  be ob ta ined  f rom these spec-  
tra.  The in tens i ty  of the  Cr 529 eV peak,  re la t ive  to the 
in tens i ty  of the Fe  703 eV peak,  is p lo t ted  in Fig. 2 as 
a funct ion of ion sput te r ing  t ime. The sput te r  ra te  and, 
hence, the  dep th  are  not  known. It  is seen that  LSM 
not  only  increases  the chromium content  of the  oxide 
but  also shifts  the  m a x i m u m  in chromium content  
t oward  the a i r / ox ide  interface,  t he reby  mak ing  t h e  
surface r i cher  in ch romium oxide. Papagno and Scar -  
mozzino (10) also found enr ichment  of chromium in 
the  sur face  region when they  i r r ad i a t ed  Type  304 
stainless  s teel  wi th  mul t ip le  shor t  (30 nsec) laser  
pulses. I t  is not  clear ,  however ,  whe the r  the  excess 
ch romium they  found was in the al loy or  in the surface 
oxide. In  the  presen t  s tudy,  the  ox ide / a l l oy  interface 
1}es be tween  2 and 3 min sput te r  t ime for both  the 
t rea ted  and un t rea t ed  specimens,  based on thei r  oxygen 
dep th  profiles. The F e / C r  in tens i ty  rat io  of the  LSM 
al loy  changes only Slightly a f te r  this t ime and reaches 
a s teady  state in about  8 min. The  F e / C r  i n t e n s i t y  
ra%io of the  control,  however ,  is at  a m in imum af ter  8 
rain and then increases s lowly  unt i l  it  becomes equal  
to this in tens i ty  rat io  for the  t rea ted  alloy. 

Electrochemical properties.--Each specimen was in i -  
t ia l ly  subjec ted  for  5 min  to a potent ia l  of --0.50V in 
1N H2SO4. The LSM specimens exhibi t  a cathodic 
cur ren t  two oi:ders of magni tude  lower  than  the un-  
t r ea ted  ones. To achieve a p p r o x i m a t e l y  equiva len t  
cathodic currents ,  the  app l ied  potent ia l  for  the  LSM 
specimens has to be changed  to --0.70V. In  the  passive 
poten t ia l  region at  +0.50V, the  anodic cur ren t  for the 
LSM specimens is about  one o rde r  of magni tude  less 
than  tha t  for  the  un t r ea t ed  specimens.  The na t ive  
oxide  on the LSM specimens  is not  reduced  b y  the 
cathodic  t rea tment ,  as evidenced b y  the low anodic 
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Fig. 2. Depth profiles through the native oxide films on the un- 
treated and LSM treated specimens, showing that LSM enhances 
Cr content of the film and shifts the maximum Cr content toward 
the air/oxide interface. 

and cathodic cur ren ts  tha t  are  unaffected b y  the t ime of 
the cathodic t rea tment .  I t  has p rev ious ly  been shown 
that  the  oxide  film on un t rea ted  i r on -c h romium al loys 
cannot  be comple te ly  reduced  ca thodica l ly  (11). Since 
the  oxide  films on both the  t r ea ted  and un t rea t ed  
specimens are  a p p r o x i m a t e l y  of equal  thickness,  the 
lower  cathodic and anodic currents  on the LSM speci-  
mens  most l i ke ly  resul t  f rom a lower  ionic and elec- 
t ronic conduct iv i ty  of the oxide, due to its enr ichment  
in chromium. The lower  conduct iv i ty  is also the  reason 
that  the  oxide  on the t rea ted  spec imen cannot  be 
reduced.  

Film breakdown and pitting.--To s tudy  b reakdown  
of the pass ivat ing  film dur ing  a po ten t ia l  sweep f rom 
the passive into the  act ive poten t ia l  region, the a l loy 
surface was pass iva ted  at  +0.50V for 90 min;  the po-  
tent ia l  was then changed at a ra te  Of 0.10 V / h r  into 
the  act ive potent ia l  region. The E-i curves for the 
LSM specimen and for the  un t r ea t ed  control  are  shown 
in Fig. 3. The curve for the control  was repor ted  p re -  
viously (7). The cathodic loop for  the un t rea ted  speci-  
men  is due to hydrogen  evolu t ion  pr io r  to film b r e a k -  
down (6). I t  is not  observed for the LSM specimen 
because of the  low cathodic react ion r a t e  (see above) .  
The majo r  difference be tween  the two Curves is the 
hump on the posi t ive potent ia l  side of the anodic loop 
of the  LSM specimen, which indicates  tha t  film b reak -  
down occurs more  eas i ly  on the t rea ted  specimen.  The 
b r e a k d o w n  potent ia l  for the  control  is --0.128 • 
0.002V. For  the  LSM specimen,  there  a re  two b r e a k -  
down potent ials .  The first is at  - - 0 . 0 7 8 •  0.005V, whi le  
the  second at  the inflection point  is the  same as that  
observed for  the  control.  

An  SEM examina t ion  was made  of the b r eakdown  
sites for an LSM specimen held at  a po ten t ia l  be-  
tween  --0.078 and --0.128V, i.e., in the  region of the 
hump,  (Fig. 4) and for one held  at  a potent ia l  nega t ive  
rOf --0.128V (Fig. 5). Fo r  the  former ,  corrosion is ob-  
served only at  sites tha t  resul t  f rom a coupling of 
the laser  rad ia t ion  wi th  inhomogenei t ies  in the  a l loy 
surface, causing excessive heat ing,  evaporat ion,  and 
c ra te r  formation.  A cor re la t ion  was found be tween  the 
number  dens i ty  of ch romium oxide inclusions and 
the n u m b e r  dens i ty  of these craters.  I t  is concluded 
that  these cra ters  a re  formed at  inclusion sites, as has 
also been observed a t  ca rb ide  inclusions in Type  304 
stainless s teel  (12). Corrosion at these sites produces  
noncrys ta l lographic  pits, whose shape  is governed by  
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Fig. 3. E-i curves for the untreated and LSM treated specimens, 
showing the hump on the positive potential side of the un0dic loop 
for the treated specimen. 
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Fig. 4. Breakdown sites for an LSM specimen polarized at a po- 
tential between --0.078 and --0.128V, the region of the hump. Film 
breakdown and pitting occurred at sites resulting from a coupling 
of laser radiation with inclusions in the surface. 

Fig. 6. Pit nucleation sites on an LSM specimen 

Fig. 5. Film breakdown sites and pitting for an LSM specimen 
polarized at a potential negative of --0.128V, showing crystal- 
lographic pitting. 

unknown  factors. For the specimen held at a potential  
negative of --0.128V, the pits are mostly crystallo- 
graphic (Fig. 5). The pi t t ing in this regime ap-  
pears to be identical to that previously described 
(6, 7). 

The crystallographic pits in the LSM specimens n u -  
cleate on ridges, where melt  spots overlap (Fig. 6) 
and develop in paral lel  rows that  correspond to the 
rows of the melt  spots (Fig. 7). Nucleation most 
l ikely occurs at points of stress that arise at the 
sites exposed to mult iple  melt  events. As these pits 
grow, their  bottoms become flat (Fig. 8). After  each 
pit has grown to a certain depth, it continues to grow 
laterally,  but  growth in  the direction normal  to the 
surface is greatly diminished. In  Fig. 8, the smal ler  of 
the two pits has a flat bottom, while the larger one 
is flat at its per iphery but  has deepened slightly in 
the center and appears to be changing its morphology 
as it deepens. This phenomenon of a reduced growth 
r a t e  normal  to the surface and a change in mor-  
phology was also observed when this alloy with a me-  
chanical ly polished surface was pitted under  the, same 
conditions (7). I t  was shown that the surface layer was 
deformed by the polishing and that  the rate of dis- 

Fig. 7. Pits on an LSM specimen developing in rows that corre- 
spond to rows of melt spots. 

solution was faster and the pit morphology was 
different in the deformed layer  than in  the annealed 
substrate. In  the present  study, the i rradiated surface 
was deformed or damaged by t ransient  thermome-  
chanical stresses that introduced defects (13, 14), like 
those caused by mechanical  polishing. As a result, 
pi t t ing occurs at a faster rate and with a different mor-  
phology in the melt  layer  than in the annealed bulk. 
The depth of the smaller  pit, i.e., the flat bottomed 
one, in Fig. 8 is 1 ~m, which is approximately the same 
as the melt  depth, in agreement  with this hypothesis. 

Conclusions 
Laser surface mel t ing enriches the nat ive oxide film 

in chromium oxide. Despite this, LSM has a detr i-  
menta l  effect on the resistance of an Fe-19%Cr alloy 
to film breakdown in  H2SO4, when the potent ial  is 
swept from the passive into the active potential  region. 
Premature  film breakdown occurs at sites that are as- 
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Fig. 8. Crystallographic pits that after a period of growth be- 
come flat bottomed (a, left) and then change morphology as they 
grow further (h, right). 

socia ted wi th  inclusions in the surface region. In the 
absence of the inclusions, i t  appears  tha t  LSM would  
cause l i t t le  or  no improvemen t  in the  alIoy's  resis tance 
to b reakdown,  even though the surface oxide film has 
been enr iched in c h r o m i u m ,  because the b reakdown 
poten t ia l  is on ly  a weak  funct ion of the  ch romium con- 
tent  of the  aHoy for Cr > 20% (15). 

LSM introduces  s trains  and defects into the  mel t  
layer ,  resu l t ing  in fas ter  p i t  g rowth  and a change in 
pi t  morpho logy  compared  to tha t  observed for  the 
annea led  bu lk  mater ia l .  This effect is s imi lar  to tha t  
caused by  mechanica l  deformat ion  of the  sur face  
layer .  
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Dissolved Metal Species Mechanism for Initiation of Crevice 
Corrosion of Aluminum 

I. Experimental Investigations in Chloride Solutions 
Kurt Hebert*  and Richard A lk i re* *  

Department of Chemical Engineering, University of Illinois, Urbana, Illinois 61801 

ABSTRACT 

Exper iments  on initiation of crevice corrosion were carried ou t  on A1 specimens in dilute aqueous NaC1 solutions at 
ambient  temperature.  Transient  current  distr ibutions within crevices were measured by  a sectioned electrode technique, 
and microsampling was used to monitor  dissolved aluminum, p H, and [C1-] composit ion changes within the crevice prior to 
breakdown. Auxil iary (noncrevice) exper iments  were carried out in solutions having various p H, [C1-], and dissolved alumi- 
num concentration. Init iat ion was found to occur upon exceeding a min imum concentration of dissolved a luminum inside 
the crevice. Mechanisms for initiation based on acidification within the crevice were excluded.  

Crevice corrosion occurs at  res t r ic ted  locat ions which  
are  par t  of a me ta l  s t ruc ture ,  for example ,  at flange 
couplings and under  gaskets.  When  such crevices are  
immersed  in e lec t ro ly te  solution, rap id  corrosion may  
occur. This accelera ted  dissolut ion arises because the  
crevice res t r ic ts  mass t r anspor t  of dissolved corrosion 
products  a w a y  from the  meta l  surface. Consequently,  
the  chemical  composi t ion  of the  crevice e lec t ro ly te  

* Electrochemical  Society Student Member. 
* * Electrochemical  Society Act ive  Member. 
Key words: corrosion, a luminum, chloride, crevice.  

changes wi th  t ime;  species which are  aggressive to the 
me ta l  surface accumula te  there.  The present  w o r k  
seeks to de t e rmine  the  specific change in crevice solu-  
t ion composit ion which causes b r eakdown  of the  in i -  
t ia l ly  pro tec t ive  oxide l aye r  on the metal .  

The sys tem under  s tudy  is a l u m i n u m  in d i lu te  
ae ra t ed  aqueous sodium ch lor ide  solut ion at room 
tempera ture .  Al though  the crevice corrosion of a lu-  
m i n u m  in sal t  w a t e r  has been noted in prac t ica l  ap-  
pl icat ions (1, 2), it  is not  as common or as des t ruct ive  
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as, for example ,  crevice corrosion of steels or  t i ta -  
n ium al loys (3). However ,  previous  work  on the a lu-  
m i n u m / c h l o r i d e  sys tem by Si i tar i  and A lk l r e  (4) has 
ident ined it as an excel lent  moae l  sys tem ~or s tudy  of 
crevice corrosion ini t ia t ion:  the chemis t ry  of the 
sys tem is s imple  and i t  y ie lds  exper imen ta l  results  
which are  reproducible .  The exper imen ta l  and theo-  
re t ical  techniques developed i n  th is  work  can, thus, be 
tested on a luminum/ch lo r ide  before  being appl ied  to 
other, more  complex,  systems. 

Severa l  mechanisms have  been proposed for b r eak -  
down in crevice corrosion, a l l  of which involve three  
basic components  a lone or  in combinat ion:  different ia l  
aerat ion,  localized acidification, and migra t ion  of chlo-  
r ide  ions into the crevice. I t  should be noted tha t  the 
word  "mechanism" as  used here  refers  to e~vents 
tak ing  place in the  crevice solution which  lead to the 
"cri t ical" aggressive solut ion for breakdown.  In this 
work,  "mechanism" is not  associated wi th  the surface 
react ions by  which the aggressive solution dest roys  the 
protect iveness  of the  oxide  film. Fo r  more  complete  
reviews of the crevice corrosion l i te ra ture ,  the r eade r  
is re fe r red  to works  of France  (3) and Rosenfeld (2). 
I t  should be noted that  most  of the crevice corrosion 
l i t e ra tu re  to da te  concerns stainless steels. Whi le  va r i -  
ous me ta l / e l ec t ro ly t e  systems have m a n y  features  in 
common, one should exercise  caution in extending  
these mechanisms to a luminum systems (4-6).  

Histor ical ly,  dif ferent ia l  ae ra t ion  was the first mech-  
anism advanced  for corrosion in occluded cells (7). 
However ,  the t ime of oxygen  deple t ion  is smal l  com- 
pared  to the in i t ia t ion t ime (8-12) ,  so that  whi le  de-  
aera t ion  of the crevice is not  a cause of breakdown,  it  
m a y  be a p re requis i t e  for activation.  More recent  
models  ci te  localized acidification wi thin  the crevice 
and chloride ion migra t ion  into the crevice as factors 
causing breakdown.  Some invest igators  (9) in te rpre t  
the effect of pH based on the kinetics of stainless steel  
in the act ive potent ia l  region. The work  of Rosenfeld,  
Danilov, and Oranskaya  (13) is especial ly  promis ing 
for  the  acidification mechanism.  In situ crevice po ten-  
t ia l  measurements  were  coupled wi th  measurements  
of the corrosion potent ia l  of stainless s teel  in solu-  
tions of var ious  pH and chloride concentrat ion,  and 
the conclusion was d rawn  that  acidification, and not  
chloride accumulat ion,  is the  dominant  Cause of 
breakdown.  Many  authors,  including Fontana  and 
Greene  (11), hypothesize  that  a bui ldup of agg res s ive  
anions wi thin  the crevice is in par t  a cause of b r eak -  
down. Chloride ions migra te  into the crevice to ba l -  
ance the otherwise  increas ingly  posit ive charge  owing 
to meta l  ion concentrat ion.  The p rocedure  by  which 
aggressive ions par t ic ipa te  in the act ivat ion of the 
surface is unknown.  

The above discussion indicates tha t  the pH and 
chloride concent ra t ion  in the crevice may  p lay  roles 
in the  b reakdown  mechanism. However ,  the resul ts  
of work  l ike Rosenfeld 's ,  which shows promise  for 
s tainless steels, may  not app ly  to the a luminum sys-  
tem. It  is, therefore,  wor thwhi le  to examine  the a lu-  
m i n u m  corrosion l i t e ra tu re  to de te rmine  the possible 
effects of pH and chlor ide  concentra t ion on a luminum 
dissolution kinetics.  

For  comprehens ive  reviews of a luminum corrosion, 
the r eade r  is re fe r red  to those of Kaesche (14, 15). 
Typica l  polar izat ion curves for a luminum are  found 
there in  as wel l  as in Ref. (16-20). In general ,  the 
anodic cur ren t  dens i ty /po ten t i a l  curve for  a luminum 
in nea r ly  neu t ra l  chlor ide solutions consists of two 
branches,  a hor izonta l  branch near  zero cur ren t  den -  
si ty,  and a nea r -ve r t i ca l  branch at the cri t ical  p i t t ing  
potent ial ,  Ep. The fundamenta l  meaning  of E,, 
is a subject  of much controversy.  I t  is genera l ly  
thought  that  Ep depends  on ch lor ide  ion concentra-  
ti'on in a logar i thmic  fashion, and  that  i t  is indepen-  
dent  of pH (14). Fo r  a luminum crevice corrosion, p H  
is not a l ike ly  candida te  for the act ivat ing agent  be-  

cause, in the range  of pH v a l u e s  expected wi th in  
crevices before  breakdown,  the a luminum dissolution 
kinet ics  are  indepenaen t  of pH. Accora ing  to l~.aesche, 
the passive cur ren t  dens i ty  in basic chlor ide solutions 
increases wi th  pH, but  it  becomes negl igible  in neu-  
t ra l  solut ions (14). This conclusion has been con- 
firmed with  polar izat ion curves  on a luminum in 0.05M 
NaC1 solutions of pH 3-6 (19). 

The repor ted  dependence  of a luminum dissolut ion 
kinetics on chlor ide concentrat ion also contradicts  the 
chlor ide  migra t ion  mechanism of breakdown.  The em-  
p i r ica l  dependence  of Ep on chlor ide  concentra t ion 

Ep --  A --  B l o g  [C1-] [1] 

where  a typical  value  of B is 0.12V (21), ( [ C I - ]  
taken in lVi). If  there  were  s ignmcant  chlor ide ac-  
cumula t ion  pr io r  to breakdown,  Eq. t lJ  would  predic t  
tha t  the  e lect rode potent ia l  wi th in  the crevice would 
decrease  steaelily a t t e r  immers ion  of the  crevice, 
and tha t  the measured  cur ren t  densi ty  would  therefore  
rise steadily.  However ,  the o~served behavior  is 
that  both potent ia l  and  current  dens i ty  are  constant  
before  breakdown,  and then change sharply.  F u r t h e r -  
more, the accumula t ion  of chlor ide  ion wi th in  the 
crevice m a y  ac tua l ly  be quite small ,  since before  
b reakdown  the potent ia l  difference be tween  the crev-  
ice and  the open meta l  is on the  order  of 5 mV. Si i tar i  
(5) measured  the average  chlor ide  concentra t ion 
wi thin  the  crevice af ter  b reakdown,  and found that  i t  
had  r isen to 0.07M from the ini t ia l  concentrat ion of 
O.05M. Equat ion [2] predic ts  that  the change in Ep 
would have been only 18 mV, while  the observed 
change in the crevice potent ia l  af ter  b reakdown  was 
60 mV. Thus, chlor ide migra t ion  alone cannot exp la in  
observed cu r ren t  densi ty  and potent ia l  behavior .  

Since both chlor ide migra t ion  and local acidification 
have  been discounted as sole causes of breakdown,  
other  possibil i t ies mus t  be considered. In  1959, Hag-  
ya rd  and Santh iap i l la i  (22) discovered that  upon im-  
mersion of an a luminum specimen in 0.1N stoichio- 
met r ic  a luminum chlor ide  solut ion (pH 3.5), the cor-  
rosion potent ia l  r ema ined  constant  for about  1 hr, and 
then fel l  200 mV wi th in  15 min. A l u m i n u m  in a sodium 
chlor ide  solution ad jus ted  to the same pH did not 
become active but  r emained  at  the  ini t ia l  potent ia l  
for at  least  2.5 hr. This behavior  could cer ta in ly  ac-  
count for b reakdown  in a luminum crevice corrosion. 
That  is, dur ing  the p reb reakdown  period,  the  concen- 
t ra t ion  of dissolved a luminum in the crevice may  be-  
come large  enough to act ivate  the  meta l  surface  in 
this fashion. If  it  does, i t  would expla in  the observed 
rapid  changes in potent ia l  and cur ren t  density.  The 
corrosion of a luminum in a luminum salts  has also 
been s tudied by  Sotoudeh et al. (23). 

The presen t  work,  the act ivat ing effect of a luminum 
chloride solutions is explored  fu r the r  (19). On the 
basis of measurement  of [Al l ,  [C1-] ,  and pH within  a 
crevice, and of measurements  of the effects of these 
factors on a luminum dissolution kinetics,  a mechanism 
is proposed for the ini t ia t ion of crevice corrosion of 
a luminum.  This mechanism is, then, incorpora ted  into 
a mathemat ica l  model  of crevice corrosion ini t ia t ion 
descr ibed in the  paper  which follows. The model  
includes all  effects considered in tha t  of  Si i tar i  (5). 
as wel l  as the hydrolys is  equ i l ib r ium of A1 +3 ions and 
migra t ion  of Al+8, H +, Na +, CI-=, and hydro lyzed  a lu-  
minum ions. To test  the accuracy of the ini t ia t ion 
mechanism, the model  is compared  to exper imenta l  
t rans ient  cur ren t  densi ty  d i s t r ibu t ion  measurements .  

Experimental Details 
The me ta l / e l ec t ro ly t e  sys tem s tudied  in this work  

.was A1 in 0.05M NaC1. To keep the chemis t ry  of the 
sys tem simple, there  were  no buffers or  inhibi tors  in 
the e lectrolyte ,  and no a l loying  e lements  in the  metal .  
The e lec t ro ly te  concentra t ion  was low so tha t  di lute  
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solut ion theory  could be used in the  model.  A l u m i n u m  
was selected for  s tudy  in preference  to i ron because it 
gave super ior  r ep roduc ib i l i t y  in crevice corrosion ex-  
pe r iments  (4-6).  The e lec t rode  ma te r i a l  was 99.9% 
pu r i t y  a luminum (Research Organ ic / Inorgan ic  Chemi-  
cal Corpora t ion) .  Specimens  were  pol ished down to 
0.3~ a lumina  fol lowing procedures  given e lsewhere  
(4, 5, 19). 

Al l  e lec t ro ly tes  were  p r e p a r e d  f rom ana ly t ica l  
g rade  reagents  and de ionized-d is t i l led  w,ater s tored in 
a t i n - l ined  receiver .  The solutions used in crevice 
corrosion exper iments  were  not p reaera ted .  In  the 
k inet ic  studies,  solut ions were  deaera ted  by  bubbl ing  
n i t rogen  (Linde Dry  Grade)  through them for at  least  
1 h r  before  the exper iment .  

Fo r  the purpose  of de te rmin ing  the effect of solu-  
t ion composit ion on the kinet ics  of the  a luminum elec-  
trode, exper iments  were  carr ied  out  in solutions of 
cont ro l led  composit ion.  These exper iments  were  s imi lar  
to those of Hagya rd  and San th iap i l l a i  (22), in which 
the corrosion potent ia l  of the  a luminum electrode was 
moni tored  as a funct ion of time. The corrosion po-  
tent ial ,  though, was de te rmined  by  the kinet ics  of 
both  anodic  and cathodic  reactions,  and i t  was des i red  
to isolate  the anodic reaction.  Therefore,  a constant  
cur ren t  dens i ty  of 32 ~A/cm2 was appl ied  to the elec- 
trode. This cur ren t  dens i ty  was chosen to g rea t ly  ex -  
ceed the expected  cathodic reac t ion  current  densit ies,  
so tha t  cathodic kinet ics  would  p l ay  no role  in de te r -  
min ing  the  measured  electrode potent ia l .  The ga lvano-  
s tat ic  polar iza t ion  also mimics  condit ions wi th in  the 
crevice, where  the  a luminum meta l  is poised at  con- 
s tant  cur ren t  b y  oxygen reduct ion  outside the crevice. 
To increase  the  knowledge  gained about  the  anodic 
kinetics,  po ten t iodynamic  polar izat ion curves at  1.0 
mV/sec  were  measured  both  before  and af ter  ac t iva-  
t ion of the  metal .  Many  workers  p re fe r  to use a po-  
tent ios ta t ic  technique to measure  polar iza t ion  curves 
in p i t t ing  sys tems .  However ,  the  po ten t ia l  scan ra te  
used in this work  should have  no effect on the qual i -  
ta t ive  shape of the  i/E curve, and is, then, sufficient 
for this  s tudy  (17). 

The contro l led  solution exper iments  were  carr ied  
out  wi th  an a luminum work ing  electrode,  p la t inum 
flag counterelect rode,  sa tu ra ted  ca lome l  reference  
e lec t rode  (Corning Glass Works,  Ct. No. 476109), pH 
elect rode (Orion 91-05 combinat ion  pH e lec t rode) ,  and 
gas d ispers ion tube  for deaera t ion  with  ni trogen.  The 
a l u m i n u m  e lec t rode  was constructed f rom an a lumi -  
num disk  of 0.64 cm d i am embedded  with  epoxy in a 
P lex ig las  tube.  The d isk  was cut from the same 99.9% 
A1 specimen used for the sect ioned electrodes.  

The crevice corrosion cell used in this work  was de-  
veloped or ig ina l ly  b y  Si i tar i  (5) and only its sal ient  
fea tures  a re  discussed here.  F igure  1 shows the cell,  
which  was fashioned f rom a microscope stand.  The 
crevice is the  c learance  be tween  the meta l  e lect rode 
surface and the  bo t tom surface of a P lex ig las  cy l inder  
(% in. d iam)  fixed to the  lens mount  of the micro-  
scope. A photograph  of the  sect ioned a luminum elec-  
t rode  is shown  in Fig. 2, whe re  the dimensions of the  
e lec t rode  sections a r e  given in the  caption. The sec- 
tions of the  meta l  e lect rode were  connected to a set of 
opera t iona l  amplif ier  cur ren t  fol lowers (Analog De-  
vices 233K, chopper  s tabi l ized with  105 ~ feedback  
res is tors) .  The vol tage  signals f rom the cur ren t  fo l low- 
ers were  measured  with  a mul t ipo in t  r ecorde r  (Leeds 
and Nor thrup ,  Speedomax  W) .  

Samples  of the  crevice solut ion were  taken  through 
a po lye thy lene  tube (PE 50, inner  d iamete r  0.023 in.) 
embedded  in the center  of the  uppe r  surface. The first 
10 ~1 of solut ion was re jec ted  since the volume of the 
sampl ing  tube  was 11 ~1. A sample  of 25 ~1 was then  
wi thdrawn.  Samples  were  analyzed  for a luminum and 
chlorine by  neut ron  activation.  Ion-sens i t ive  e lect rode 
measurements  were  also made  wi th  commercia l  
min ia tu re  reference and pH electrodes (Microelec-  

Fig. 1. Crevice corrosion cell described in detail in Ref. (5) 

trodes,  MI-401 and MI-405).  Because a typ ica l  crevice 
volume was about  60 ~1, and since the measuremen t  
techniques requ i red  a m i n i m u m  sample  size of 25 ~I, 
an exper imen t  was s topped af te r  w i thd rawing  one 
sample.  To obta in  informat ion  on the crevice solut ion 
composit ion as a funct ion of t ime, expe r imen t s  of 
va ry ing  dura t ions  were  car r ied  out, and  samples  
t aken  at  the  end of each. This method  requ i red  that  
the exper iments  be quite reproducible ,  a condit ion that  
was met  in this work.  

Exper imental  Results and Discussion 
Experiments on aluminum in controlled solutions.-- 

In most of the  fol lowing exper iments ,  the a luminum 
elec t rode  was immersed  in test solut ions and anodi-  
cal ly  po lar ized  at  32 ~A/cm 2. The e lec t rode  potent ia l  
was moni tored  as a funct ion of t ime. The  pr inc ipa l  
a im of these exper iments  was de te rmina t ion  of the 
range  of solut ion composit ions which can act ivate  the 

Fig. 2. Sectioned electrode, showing concentric sections separated 
by thin insulating rings. Outer diameters of the sections are 0.719, 
1.02, 1.44, 1.77, 2.04, 2.29, 2.5i, and 4.19 cm 
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a luminum electrode.  Resul ts  of polar iza t ion  measu re -  
merits on a luminum are  also repor ted  in this section. 

F igure  3 shows the resul ts  of the  base  case con- 
t ro l led  solut ion exper iment .  The solut ion (0.05N 
A1Cls, pH 3.9) was deaera ted  and s t i r red  dur ing  the 
exper iment .  Af te r  the  e lec t rode  was p laced  in solution, 
there  was a r ap id  increase  in po ten t ia l  f rom --0.82 to 
--0.66V (all  potent ia ls  are  re fe renced  to SCE).  The po-  
tent ia l  r emained  nea r  this va lue  for  about  30 rain 
( the induct ion t ime) ,  and, then, g radua l ly  fel l  to 
--0.76V. The resul ts  of an exper imen t  carr ied  out  under  
ident ica l  conditions,  also given in Fig. 3, show this be -  
hav ior  is reproducible .  

To confirm the resul ts  of Hagya rd  and  San th iap i l l a i  
(22), a po ten t ia l  t rans ient  was measured  in 0.05N HC1 
ad jus ted  to pH 3.9 by  addi t ion  of NaOH. Al l  condit ions 
were  the  same as those of the  base case exper iment ,  
except  that  the  test  solut ion contained no a luminum.  
F igure  3 d isp lays  the resul ts  of this exper iment .  The 
potent ia l  d id  not  become active, but  r ema ined  at  
-0 .66V.  I t  is concluded tha t  the  presence of  dissolved 
a luminum is a p re requis i t e  for  activation.  

To de t e rmine  the specific effect of act ivat ion on a lu -  
minum dissolution kinetics,  polar izat ion curves, at 1.0 
mV/sec,  were  measured  on the a luminum electrode 
both  before  and a f t e r  act ivat ion.  These curves appear  
in Fig. 4. Note that  the  condit ions at which these 
curve~ were  taken  :differ f rom those of the previous  
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Fig ], Galvanostatic dissolution of AI in deaerated stirred solutions 

sections: the solution is ae ra ted  and quiescent,  r a the r  
than  deaera ted  and s t i r red.  However ,  i t  is shown else-  
where  (19) that  these  condit ions should not  a l t e r  the 
po ten t i a l / t ime  curves.  The polar iza t ion  measurements  
show tha t  ac t ivat ion changes t he  form of the  cu r r en t /  
po ten t i a l  curve:  it  is not s imply  a change in the p i t -  
t ing potent ial .  

The pos ' tactivation polar iza t ion  curve is corrobora ted  
by  resul ts  repor ted  by  De Micheli  (20). A s ta t ionary-  
potent ia l  polar izat ion curve was measured  in deaera ted  
0.10N A1C18 solution. As shown in Fig. 5, i ts  form was 
quite s imi la r  to tha t  of the  resul ts  repor ted  here.  

As ment ioned above, the  po t en t i a l / t ime  t ransients  
have  a unique shape:  a sharp  rise in potent ial ,  fol lowed 
by  an induct ion t ime in which the potent ia l  falls  to the 
act ive potent ial .  The rise in potent ia l  upon immers ion 
may  be expla ined  by  the two polar iza t ion  curves 
shown in Fig. 6. Both curves were  measured  in a 0.05N 
C1- med ium at pH 4.1 and were  taken  at 1.0 mV/sec.  
One curve w a s  taken immed ia t e ly  af te r  the e lec t rode  
was placed in solution; the  o ther  was measured  1 hr  
af ter  immersion.  I t  is seen that  the passive cur ren t  
dens i ty  is qui te  large  (about  100 ~A/cm 2) when the 
electrode is immersed,  but  decreases  to about  zero cur-  
rent  af ter  1 hr. The passive cur ren t  densi ty  is de t e r -  
mined b y  the  ra te  of anodic react ion th rough  the oxide  
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layer, and, according to Kaesche (15), the air-formed 
oxide is "sealed" after immersion in aqueous solu- 
tion by formation of hydroxide on top of the oxide. 
Thus, while this process takes place, the passive cur- 
rent drops,  causing the poten t ia l  at  i = 32 /~A/cm 2 
to r ise r ap id ly  to the  p i t t ing  potent ia l .  

In  o rde r  to es tabl ish  tha t  dissolved a luminum is 
respons ib le  for  b r e a k d o w n  in crevice corrosion, i t  was 
necessary  to de te rmine  the lowest  a luminum concen- 
t ra t ion  which  ac t iva ted  the  electrode.  F igure  7 gives 
the  resul ts  of three  contro l led  solut ion exper iments :  
a luminum in solutions of 0.005N A1, 0.025N A1, and t h e  
base  case exper iment ,  0.05N A1. In al l  t h r ee  exper i -  
ments,  the  solut ion was deaera ted  and s t i r red ,  and the 
chlor ide  ion concentra t ion  was kep t  at  0.05N b y  add i -  
t ion of NaC1. The pH of the  three  solutions was not  
contro l led  bu t  was de te rmined  by  hydro lys i s  alone. 
The resul ts  show tha t  the induct ion t ime, bu t  not  the 
active potential, was strongly affected by aluminum 
concentration. In the 0.025N AI solution, the steady 
active potential of --0.76V was reached after about 
2 hr, compared to half that time in the 0.05N AI solu- 
tion. The 0.005N AI solution experiment showed no 
potential change at all after 2 hr. Each of these ex- 
periments was repeated, and the reproducibility of 
results was found to be good. Thus, it was concluded 
that the minimum aluminum concentration for activa- 
tion is between 0.005 (2 • 10-8M) and 0.025N (8 • 
10-3M). 

If accumulation, by migration, of chloride ions 
within the crevice is significant, it is possible that the 
activation behavior would depend upon [CI-]. To 
test for this possibility, the experiments were carried 
out with the chloride concentration doubled to 0.10N by 
addition of NaCI. The results are displ.ayed in Fig. 8. 
It is seen that the behavior in the 0.025N and 0.05N 
A1 solutions was largely unaffected, except that in the 
latter solution, the active potential was decreased to 
0.84V. However, the 0.005N AI, 0.10N C1 solution ac- 
tivated the electrode, while the 0.005N AIC13 solution 
did not. Evidently, increased chloride concentrations 
in the crevice may affect the critical aluminum con- 
centration for breakdown. Based on the chloride mea- 
surement of Siitari (5) though, it is doubtful that 
migration alone can increase the chloride concentra- 
tion bv a factor of two. 

Evidently, activation is a reaction on the metal sur- 
face which involves aluminvm species in solution. If 
the reaction is fast, the concentration of dissolved alu- 
minum close to the metal surface may differ sig,~ifi- 
cantly from the bulk aluminum concentration. Con- 
centration gradients may also arise from the electro- 
chemical dissolution of aluminum at constant current. 
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Thus, i t  wi l l  be difficult to re la te  the act ivat ion be-  
hav ior  of the  e lectrode to the  known bu lk  concentra-  
tion. A concentra t ion bounda ry  l aye r  can be detected 
by  noting the  effect of s t i r r ing  on the  t ime needed 
for act ivat ion to occur:  if a concentra t ion grad ien t  
exists, the ra te  of the act ivat ion react ion should  be 
enhanced by  an increased mass t r anspor t  ra te  at  the 
surface. Therefore,  an expe r imen t  was Carried out  in 
deaera ted ,  uns t i r red  0.05N A1CI~. The induct ion t ime 
was about  10 min longer  than  for  the exper iments  
wi th  s t i r r ing.  Given the a c c u r a c y  of these exper i -  
ments,  however,  the difference is not large enough to 
conclude tha t  mass t rans fe r  control  exists.  I t  wi l l  be 
assumed tha t  the  sur face  and bu lk  concentra t ion of 
dissolved a luminum are  the  same. 

In his crevice corrosion exper iments ,  Si i tar i  (4, 5) 
noticed that  once the b r eakdown  process had  begun, its 
subsequent  progress  was unaffected when the crevice 
was t empora r i l y  ra ised and the solut ion st i rred.  This 
behavior  indicates  tha t  the act ivat ion process is in a 
sense i r revers ible ,  that  the e lec t rode  does not  im- 
med ia t e ly  deact iva te  when the solut ion concent ra ted  in 
a luminum is washed  away,  and the nonaggress ive  bu lk  
solut ion is introduced.  

Crevice corrosion experiments.--The foregoing e x -  
per iments  have  es tabl ished tha t  the  a luminum elec-  
t rode becomes active when the solut ion contains dis-  
solved a luminum in excess of a cr i t ical  concentra t ion of 
be tween  2 • 10-~M and 8 • 10-sM A1. They  also 
demons t ra ted  tha t  a chlor ide concentra t ion bu i ldup  
inside the  crevice, if significant, would lower  this cr i t i -  
cal concentrat ion.  In  this  section, resul ts  of a luminum 
and chlor ide  concentra t ion measurements  wi th in  a 
crevice are  presented.  If  the  dissolved a luminum mech-  
anism of b reakdown  is correct,  the a luminum concen-  
t ra t ion  should be wi th in  the r ange  specified above just  
before  breakdown.  The chlor ide  measurements  assess 
the  impor tance  of ch lor ide  migra t ion  in the  b r e a k -  
down mechanism.  

F igures  9 and 10 show the a luminum and chlor ide  
concentra t ion measurements .  The da ta  in both figures 
a re  scat tered.  The  sampl ing  technique re l i ed  on the 
reproduc ib i l i ty  of the crevice corrosion exper iments ;  
this is one possible source of error .  

In  spite  of the  scatter ,  some conclusions may  be 
d r a w n  from the data.  In  the  crevice corrosion exper i -  
ments  done by  Si i tar i  under  ident ica l  condit ions [Fig. 
24 in Ref. (5)] ,  b r e a k d o w n  occurs at 6 h r  under  the 
condit ions oL our  exper iments .  The pro jec ted  a lumi -  
num concentra t ion at  b r e a k d o w n  is about  3 • 10-3M 
A1 which  fal ls  wi th in  the  r ange  of possible va lues  for  
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the cri t ical  concentrat ion.  Thus, the sampl ing  resul ts  
a re  p romis ing  for  the dissolved a l u m i n u m  b reakdown  
mechanism.  

The chlor ide  measurements  a r e  even less precise 
than  the  a luminum measurements ,  but  two conclusions 
can be drawn.  Firs t ,  these da ta  p lace  an uppe r  l imi t  
on the  accumula t ion  of chlor ide  before  breakdown,  an 
increase of about  40%. This value  seems ra ther  high, 
however ,  since Si i tar i  measured  an increase  of on ly  
20% af te r  breakdown,  when the rate  of migra t ion  
would become much  larger .  Second, the  da ta  show no 
clear  r ise  in ch lor ide  concentrat ion,  as d i d - t h e  a lumi -  
num data.  The da ta  are  sca t te red  a round  a constant  
average  concentra t ion of 0.066M. Thus, it  is possible 
that  the concentra t ion increase observed  reflects an 
offset e r ror  more  than  an accumula t ion  by  migrat ion.  

I t  is not  c lear  whe the r  the  l imi t ing 40% increase in 
chlor ide  concentra t ion  is sufficient to affect the ac t iva-  
t ion behav ior  of the a luminum electrode.  For  the pu r -  
poses of  the fol lowing ma themat i ca l  model,  i t  wil l  be 
assumed that  the  chlor ide  concentra t ion is not  a 
var iab le  in de te rmin ing  b reakdown  behavior.  

Table I. Crevice pH measurements 

Time, hr  pH 

2 4.2 
2 4.3 
3 4.6 

The p H  of solut ion wi th in  the  crevice  was mea -  
ured as repor ted  in Table I. The measurements  fal l  
wi th in  the genera l  range  of Si i ta r i ' s  pH measurements  
(5). The pH of the bu lk  0.05N NaC1 solut ion was 
about  5.5; thus, there  is apprec iab le  acidification of the 
crevice e lec t ro ly te  before  breakdown.  

Conclusions 
In  o rde r  to de te rmine  the condit ions responsible  for 

ac t ivat ion of a luminum meta l  wi th in  a crevice, an 
a luminum e lec t rode  was exposed to a number  of  s imu-  
la ted crevice solutions. The change in e lectrode kinetics 
upon exposure  to these envi ronments  of various pH, 
[ C I - ] ,  and [A1] was moni tored  with  galvanosta t ic  and 
potent ios ta t ic  exper iments .  Acidif icat ion alone had no 
effect on the electrode.  The meta l  became ac t iva ted  in 
solut ions containing g rea te r  than  a cr i t ical  concen- 
t ra t ion  of a luminum.  This cri t ical  concentra t ion has 
some dependence  on the chlor ide concentra t ion of the 
solution. M e c ha n i sms  for  crevice  corrosion ini t iat ion 
based on hydrogen  or chlor ide  ion bu i ldup  are, there-  
fore, excluded.  In addit ion,  fu r the r  exper iments  (19) 
showed tha t  the  presence of oxygen in solut ion does 
not  h inder  the  act ivat ion process,  so deaera t ion  of the 
crevice is not a precondi t ion  for breakdown.  

A l u m i n u m  and chlor ide  concentrat ions  were mea-  
sured  in a crevice dur ing  the in i t ia t ion per iod  pr ior  
to breakdown.  The a luminum concentra t ion at b r eak -  
down agreed with the cr i t ical  value p rev ious ly  es tab-  
l ished. The chlor ide  concentrat ion in the crevice  in-  
creased by  no more  than 40% over  that  in the bulk  
solution. 

In  the accompanying  paper ,  a ma themat ica l  model  
for  the  ini t ia t ion of crevice  corrosion is presented  for 
the a luminum/ch lo r ide  system. The model  incorporates  
a cr i t ical  a luminum concentrat ion as its mechanism 
for breakdown.  Through comparison wi th  crevice cor-  
rosion exper iments  (4, 5), the  dissolved a luminum 
mechanism is fu r the r  tested in the fol lowing paper ,  
and the significance of chlor ide  accumula t ion  is as-  
sessed. 
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Dissolved Metal Species Mechanism for Initiation of Crevice 
Corrosion of Aluminum 

II. Mathematical Model 

Kurt Hebert* and Richard Alkire** 

Department of Chemical Engineering, University of Illinois, Urbana, [~linois 61801 

ABSTRACT 

A mathematical  model  for the initiation of crevice corrosion was developed based on the hypothesis  that, for A1 in 0.05N 
NaC1, initiation occurs when the concentration of dissolved metal  exceeds a certain minimum critical value. This hypothe- 
sis was tested exper imental ly  in the preceding qualitative paper. The model  accounts for crevice geometry; for electrode 
reactions of aluminum, oxygen, and hydronium ion; for homogeneous hydrolysis  equilibria; and for t ransport  by unsteady- 
state diffusion and migration. The predict ions of the model, made with use of l i terature data for all parameters,  were found 
to compare favorably with exper imental  observations reported in the previous paper. The model  predicts  rapid deplet ion of 
O3 and rapid acidification of the crevice solution, followed by the gradual bui ldup of dissolved metal species which eventu- 
ally trigger breakdown.  The model  also predicts  that  there is negligible accumulat ion of C1- within the crevice prior to 
breakdown.The model  accurately predicts  the influence of crevice geometry upon breakdown time. 

Crevice corrosion is one of the  most  commonly  en -  
countered  forms of local ized corrosion.  I t  occurs on 
shie lded regions of me ta l  surface  which are  in contact  
wi th  smal l  volumes of e lec t ro ly t ic  solution. Af te r  i ra-  
mers ion  in solution, dissolved corrosion products  ac-  
cumula te  i n  the crevice, since the  crevice impedes  
t r anspor t  away  f rom the me ta l  surface.  The resul t ing 
change  in solut ion composi t ion somehow leads to the 
accelera t ion  of corrosion in the crevice. 

Severa l  inves t iga tors  have observed events  fol lowing 
the format ion  of a crevice  (1-8).  The onset  of rap id  
corrosion, .called breakdown,  occurs a f te r  an induct ion 
t ime of severa l  hours. The geomet ry  of the crevice is 
found to e x e r t  a significant effect on the  length  of the  
in i t ia t ion  t ime  (1, 3). This  resul t  m a y  be exp la ined  b y  
the idea that  b r e a k d o w n  occurs when  a cr i t ical  con- 
cen t ra t ion  of some aggressive species is exceeded inside 
the  crevice  (4, 9, 10). The t ime requ i red  to genera te  
this cr i t ical  concentra t ion is, then, de te rmined  by  the 
re la t ive  rates  of dissolut ion wi th in  the crevice and 
t r anspor t  out  of the crevice, both of which depend  on 
crevice  geometry.  With  knowledge  of the react ion and 
t r anspor t  processes and the cr i t ica l  species responsible  
for b reakdown,  the  ini t ia t ion per iod  of crevice corro-  
sion m a y  be ma thema t i ca l l y  modeled.  

A lk i r e  and Si i tar i  (9) designed a mathemat ica l  
model  for comparison wi th  the i r  exper imen t s  on the 
a l u m i n u m / s o d i u m  chlor ide  system. Thei r  expe r imen ta l  
corrosion cell  had  been  bui l t  so tha t  one-d imens iona l  

* E l e c t r o c h e m i c a l  Soc ie ty  S t u d e n t  Member .  
* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  M e m b e r .  

Key  words:  corros ion,  m o d e l ,  a l u m i n u m ,  c rev ice ,  ch lo r ide .  

t r anspor t  equat ions  and s imple ini t ia l  and  b o u n d a r y  
conditions could be used in the  model.  Also, the au-  
thors  employed  accurate  ma themat i ca l  express ions  for 
t r anspor t  in the crevice and cathodic react ion kinetics.  
The b r eakdown  mechanism used in the model  was 
b a s e d  on a cr i t ica l  pH of the crevice solution, and  the 
pred ic ted  ini t ia t ion t imes were  about  one-ha l f  of those  
observed in exper iments .  The resul ts  of t h e  model,  
thus, pointed to the need for improved  unders tand ing  
of the mechanism of breakdown.  

The exper iments  of Heber t  and Alk i r e  (11) a imed at 
e lucidat ion of the  act ivat ion mechanism.  It  was found 
that,  in A1C1JNaC1 solutions wi th  an a luminum mo-  

l a r i t y  grea te r  than  about  2 • 10 -3, the poten t ia l  of 
a luminum dissolut ion became more  active. This con- 
cent ra t ion  compared  f a v o r a b l y  wi th  the a luminum con- 
cent ra t ion  measured  in a crevice jus t  p r io r  to b r e a k -  
down. In addit ion,  it  was observed tha t  acidification 
of a sodium chlor ide  solution did not  act ivate  the 
a luminum electrode,  so ~that pH alone cannot  be the 
agent  of breakdown.  Rather ,  they  concluded tha t  
crevice corrosion was in i t ia ted  by  concentra t ion in the 
crevice e lec t ro ly te  of dissolved a luminum.  

The  model  presented  in this pape r  differs f rom tha t  
of Alk i re  and Si i tar i  p r inc ipa l ly  in its incorpora t ion  of 
the  dissolved a luminum mechanism of breakdown.  The 
ini t ia t ion t imes pred ic ted  by  the presen t  model  for 
var ious  crevice geometr ies  are  compared  to the resul ts  
of the  corresponding exper iments  of Si i tar i  and Alk i r e  
(1). The model,  thus, serves  as an independen t  check 
of the  proposed in i t ia t ion mechanism,  which  was tes ted 
expe r imen ta l l y  wi th  measurements  of the  crevice a lu-  
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minum concentration. This confirmation is important, 
since the crevice sampling measurements were rela- 
tively imprecise. In addition, the model is used to eval- 
uate the significance of accumulation of chloride ion in 
the crevice by migration, a question which was not 
resolved experimentally in previous work. 

The mathematical model was employed in this study 
as a quantitative instrument for testing scientific hy- 
potheses of mechanism. However, a successful mathe- 
matical model is also an end in itself: once firmly 
established, it can be applied to predict behavior in 
conditions different from those for which experimental 
data are available. A model like the one presented 
here can determine a priori whether or not a given 
crevice geometry and environment is susceptible to 
localized corrosion. 

Theoretical Model 
The sequence of events leading to the inception of 

crevice corrosion begins with the formation of the 
crevice, which is shown schematically in Fig. 1. Before 
the crevice is formed, the aluminum surface is corrod- 
ir~g uniformly at a low rate. Anodic aluminum dissolu- 
tion 

AI-> A1 +8 4- 3e- [1] 

proceeds everywhere at the same local current density 
as the cathodic reactions, hydrogen ion reduction, and 
oxygen reduction 

H + 4- e---> 1/~Hs [2] 

O3 + 4H+ 4- 4e- -> 2HsO [3] 

As corrosion within the crevice progresses, aluminum 
species are concentrated in the crevice, and oxygen is 
depleted from it. When cathodic reactant has, thus, 
been removed f r o m  the crevice, there results a net 
anodic reaction within the crevice, which is balanced 
by oxygen reduction on outside metal. Chloride ions 
migrate into the crevice in response to the potential 
gradient which now exists. The hydrolysis of alumi- 
num ions 

Al+8 4" nHsO ~ AI(OH)n +8-n 4- nH§ [4] 

causes acidification of the crevice. Eventually, the alu- 
minum concentration at some point may exceed the 
critical concentration for activation, as described in 
more detail in the preceding paper. If this occurs, 
breakdown is initiated. 

Some features present in the experimental system 
are omitted or simplified in the following mathematical 
model. The major assumptions implied in the model 
equations are: (i) The potential and species concen- 
trations at the edge of the crevice are at the uniform 
corrosion potential and bulk concentrations, respec- 
tively. This assumption should introduce little error, 

r 
I 

I 
O l ~ r  

I I I I I I I I I I I I  

r o, crevice radius 

insulator 

h, crevice 
/ 1 1 1 1 1 / 1 1 1 / / 1  

At electrode 

height 

Fig. 1. Geometry and coordinate system of theoretical model 

since before breakdown the current densities arising 
in crevices are quite low. Also, the form of the potential 
boundary condition used here allows direct compari- 
son with cathodic protection experiments, in which the 
potential at the crevice edge is controlled. (it) The hy- 
drolysis behavior of the model is idealized in that only 
one hydrolysis reaction is included (n -- 1), and that 
reaction is assumed to be instantaneous, so that equi- 
librium is always in effect 

[AI(OH)n +3-n] [H+] n 
Kh = [5] 

[Al+~] 

(iii) The experimental crevice exhibits radial symme- 
try and has a large diameter-to-height ratio (0.56 cm/ 
0.0015 cm = 400 in the experiments of Ref. (i)). Hence, 
the model includes spatial variations only in the radial 
direction. Also, the geometry of the crevice is unaf- 
fected by dissolution during the time span of the model. 
(iv) Only the period prior to breakdown is considered; 
after breakdown, the above assumptions are no longer 
valid. This restriction is permissible, because this 
work focuses on the cause of breakdown. 

The model geometry and coordinate system is given 
in Fig. i. In the equations listed below, the dependent 
variables are [Al+3], [H+], [O2], [Al(OH)n+8-n], 
[Na + ], [C1-], and the electrode potential, ~. 

The kinetic rate expressions for aluminum dissolu- 
tion, hydrogen reduction, and oxygen reduction are 

I = A ( r 1 6 2  ; r 1 6 2  
~1 [6] 

= 0 ; ~ <,era 

f C~. -- a2F Js =- - i~176 ~ ( ~ - - ~ R 2 ) }  

; r 1 6 2  

= 0  ; r > CPa 

f C3 -- ~3F =--i3.o--exp { C 3 , o  ~ ( ~ - - ~ ) }  

- - 0  ; ~>r 

[7] 

A1 +8, A1 (OH)n +8-n 
~C I ~C4 v11• . 

{- = D1V2Cl 4- D4V2c4 + ----~" h [9] O--'~" 
0t 

The kinetics of the hydrogen and oxygen reduction 
reactions are assumed to follow the Tafel form; the 
expression for the aluminum corrosion kinetics is taken 
from typical polarization curves in neutral and mildly 
acidic solutions (12-14). In this pH range, dissolution 
of aluminum below ~#R1, the pitting potential, is negli- 
gible (15). Also, only prebreaKdown behavior is of in- 
terest, so the enhanced dissolution below Cm in con- 
centrated aluminum solutions is neglected. Above ~bR1, 
linear kinetics are assumed, since, as will be seen 
below, the potential range before initiation is within 
a few mV of ~bm. The parameter A is determined from 
experimental polarization curves (12). The hydrogen 
reaction kinetic parameters are uncertain, because, in 
the range of potentials inside the crevice, the hydrogen 
reaction is obscured by aluminum dissolution. The oxy- 
gen reaction parameters were chosen so that the calcu- 
lated potential of uniform corrosion is in agreement 
with the corresponding experimental value. 

The partial differential equations resulting from the 
species balances for A1 +8, H +, 03, A1 (OH),  +8-n, Na +, 
and C1- are listed below 

[83 
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H +, A1 (OH)n+ ~-n 

e~C2', 

0t 

O~ 

C1- 

Na + 
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~C4 P22a . v23a . 
at : D2VZc2 -- nD4V2c~ -- ~ O~ -- ~ 3a 

Dimensionless equations.--In reducing the mathe-  
matical  moaet  equa~mns to dimensiomess Iorm, the fol- 
lowing vana~le~ are aelmed 

0Ca _. DaV2ca_ vaaa 
at ~sF 3s 

r tDl r -- Cm o 
[i0] R = - -  ,=: v= 

ro ro ~ r --  Cm ~ 

[Ii] 

Oc5 Oc5 .0~ 
-- -- Fu~c~V2r -- Fu~ - -  t- D5V2c~ [12] 

at Or Or 

8cs ~ce ~ 
: Fu~ceV2r  % F u e - -  F D6V2C6 [13]  

at Or Or 

These conservation equations account for uns teady-  
state behavior  involving diffusion, migration,  and re- 
action by both homogeneous and heterogeneous pro- 
cesses. The diffusion and migrat ion fluxes are wr i t ten  
in accordance with the theory of infinitely dilute so- 
lutions. Conductivit ies predicted by  dilute solution 
theory were found to agree with l i terature values for 
NaC1 concentrat ions near  0.05M (12, 16, 17). An ad- 
di t ional  variable, the instantaneous rate of the hy-  
drolysis reaction, has been e l iminated by adding the 
AI(OH)n  +~-n species balance to that  for Al+S, and 
by  subtract ing the A1 (OH) n + ~-n species balance from 
the H + balance. The set of equations is closed with 
the hydrolysis equi l ibr ium relation, (5), and the elec- 
t roneut ra l i ty  re la t ion 

0 -"  ~ ZiCi [14] 
i 

The ini t ial  conditions are 

c i = c i , o ;  i = 1 , 6  

r = r [15] 

c~,0, c~,0, c~,0, c~,0, and c~,0 a r e  fixed by exper imental  
conditions,  c~,o is calculated from Ci,o, c2,o, a n d  the 
hydrolysis equi l ibr ium relation. The potent ial  of un i -  
form corrosion, r is calculated from the condit ion of 
no net  electrode current  densi ty 

J1(r q-j2(r c2,0) "~-J3(r C3,0) : 0 ;  t : 0  [16] 

The boundary  conditions at r = 0 are  radial  sym- 
met ry  

Oci 
' ' : 0 ;  i ' - 1 , 6  

Or 
[i7] 

O~ 
----0 

Or 

At  r -- r0, the edge of the crevice, the bounda ry  con- 
dit ions are 

c i : c i , o ;  i = 1 , 6  
[18] 

r : r 

Breakdown is tr iggered in the model by exceeding a 
critical a l uminum concentrat ion wi th in  the range 
identified by  exper iment  (11). The activation of the 
a l u m i n u m  metal  in  the crevice at b reakdown is repre-  
sented by a decrease in  era, the a l u m i n u m  rest poten-  
tial. This representat ion is artificial, since the al tera-  
t ion of the A1 polarization curve is more complex than  
a simple shift in Cm (11). In order  to predict the 
crevice behavior  dur ing  breakdown,  it would be neces- 
sary to obtain more knowledge on the effect of dis- 
solved a luminum on a l u m i n u m  dissolution kinetics be-  
low- the pi t t ing potential.  However, this informat ion 
was not sought in  this work: only the time of break-  
down was considered to be of interest.  

[19] 
Cl 

Cl = 
Cl,0 

Upon insert ion of these expressions into the d imen-  
sional equations, the following set of dimensionless 
model equations is formed 

~C1 004 
-~ HI ' "- V2CI ~- ~HIVSC4 -}- ~vilxll (r -- @R1) 

az az 
[20] 

0C~ 0C4 
-- nil2 : V2C2 -- n~,4H2V2C4 

O~ OT 

+ v23X2aSaC3 e-~sr -~ v 2 2 x 2 2 8 2 0 2 a ~ § 1 6 2  [21] 

0Cs 
= ~3V2C3  - -  V33X3383C3 e -~* [22] 

,~C5 0C5 0r 
- -  -- e5C5V ~ -- e5 ~ ~ + ~5V~C5 [23] 

OT .aR OR 

OC6 OC6 0r 
I r : e~C6V 2v -~ ~6- ~- ~sV2C6 [24] 

O~ OR OR 

zic,,oG = 0 [25] 

Ci "- C2nC~ [26] 

The boundary  conditions in dimensionless form are 

oCi 
, : 0 ;  i = 1 , 6  

OR 

at R --  0, and 

O~ 
~ 0  
aR 

Ci -- 1; i - - 1 , 6  

r  

we have 

e l = l ;  i : 1 , 6  

[27] 

[28] 

[29]  

a t R  = 1. AtT -- O, 

~---I 

The dimensionless parameters  contained in  Eq. [20]- 
[26] are the following 

r -- Cm ~ ~jF (~o -- era) �9 m - -  fj - -  
r - -  Cm ~ R T  

a2 
exp [a~F(r -- CRlO)/RT] 82 -- 

C2,0 

88 = exp [aoF(r -- .era ~  

C4,o Fui (r -- Cm ~ 
Hi ~ q = 

Ci,0 D1 

Di A (r -- ~al~ 

D1 nlcl,oD1F 
ro2io,ja 

xij -- 
njDiFci,o 

[30]  

The parameters  • and ~i were introduced by  Alkire  
and Siitari (9) in  a previous a t tempt  to model this sys- 
tem. Values of the dimensionless groups calculated 
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f rom typ ica l  sys tem pa rame te r s  m a y  be used to assess 
the  re la t ive  impor tance  of the diffusion, migrat ion,  and 
genera t ion  terms.  The r, atio vtjXijSj/=i indicates  the s ig-  
nificance of react ion as compared  to diffusion. AlSo, 
since ~i/=i is about  0.1 for  al l  species, migra t ion  te rms 
were  omi t ted  in a l l  equat ions  except  the Na + and C1- 
species balances.  When  al l  migra t ion  te rms were  in-  
eluded, there  was no percep t ib le  change in . the  results.  

Method o~ solution.--The equat ions of the ma the -  
mat ica l  mode l  form a set  of seven coupled, non l inear  
equations.  The nonl inear  terms were  l inear ized about  
a t r i a l  solution, according to the scheme given by  
Newman  (17). The l inear ized equat ions  were  then  
wr i t t en  in Crank-Nicolson- f in i te  difference form, and 
solved numerica l ly .  The fol lowing computa t iona l  p ro -  
cedure  was used: (i) Equat ion  [16] was solved for  
the potent ia l  of  in i t ia l  uni form corrosion, which w a s  
subsequent ly  used as the  potent ia l  scale. Fo r  the 
solut ion of this non l inear  equat ion,  the IMSL (In-  
t e rna t iona l  Mathemat ica l  Subrou t ine  L ib ra ry )  sub-  
rout ine  ZSYSTM, which  uses Brown's  method,  was 
employed  (18). (ii) At  each t ime step, the t r ia l  so-  
lut ion was in i t ia l ly  set to the solut ion at  the former  
t ime step. (iii) The resul t ing  sys tem of l inea r  a l g e -  
bra ic  equations was s tored  in band  ma t r i x  form, and 
solved using the  IMSL subrout ine  LEQT2B. (iv) I t e ra -  
t ion was pe r fo rmed  on the t r ia l  solution unt i l  a con- 
vergence cr i te r ion  was met.  The cr i te r ion  was 

(Xij k+l - -  X1~k) ] 
J ] Maxti) ~ XIJ k < ~ [31] 

$ 

where  Xi d e n o t e s a  dependent  var iable ,  j a mesh  point; 
and  k an i t e ra t ion  number .  A was usua l ly  chosen to be 
10 -6  . Three  i tera t ions  were  usua l ly  r equ i red  for  con- 
vergence.  

Near  t ime zero and af te r  b reakdown,  the var iab les  
changed ve ry  r ap id ly  wi th  time, while  for most of 
the p r e b r e a k d o w n  t ime the t rans ients  were  much 
slower.  Thus, i t  was des i rable  to employ  a nonl inear  
t ime grid. F r o m  t ---- 0 to about  15 min, and also a f te r  
b reakdown,  a geometr ic  series was used to calcula te  
t ime steps. Elsewhere,  the t ime step was taken  to be 
constant. Ten spa t ia l  finite difference nodes were  em-  
ployed.  Doubl ing  the number  of nodes did not  signifi- 
cant ly  affect the  results.  Al l  computat ions  were  made  
on a CDC Cyber  175 computer .  Typ ica l  values  of the  
execut ion t ime and core usage were  60 CP seconds and 
19 K words,  respect ively.  

Results and Discussion 
The resul ts  of the ma themat i ca l  model  for the base 

case sys tem pa ramete r s  are  given in Fig. 2-7. Table  I 
lists values of these parameters .  The numbers  a ppe a r -  
ing on the plots re fer  to sections of the expe r imen ta l  
sect ioned e lec t rode  (11); values  of var iab les  a re  t aken  
at  the inner  radi i  of e lectrode sections (see Table  I). In  
Table  II, theore t ica l ly  pred ic ted  b r eakdown  t imes for a 
va r i ty  of crevice geometr ies  are  compared  to the ex-  
pe r imenta l  resul ts  in Ref. (1). The concentrat ion,  cur -  
ren t  and potent ia l  d is t r ibut ions  p red ic ted  for these 
crevice geometr ies  are  qua l i ta t ive ly  s imi lar  to those 
for the  base case crevice. 

The cur ren t  dens i ty  and potent ia l  are  both highest  
in the outer  section, and  decrease monotonica l ly  toward  
the center  of the  crevice, as i l lus t ra ted  in Fig. 2 and 3. 
Ohmic effects are  responsible  for this trend.  The net  
e lec t rode  cur ren t  is anodic,  and cur ren t  flows rad ia l ly  
ou tward  th rough  the solution. Thus, the solution po-  
ten t ia l  is highest  at  r ---- 0 and decreases in the rad ia l  
direction.  The t rend  in the e lect rode potent ia l  is the 
opposite,  i.e., increases wi th  increasing radius.  Since 
the net  react ion cur ren t  dens i ty  is dominated  b y  the 
anodic a luminum dissolution reaction, whose kinet ics  
depend only on e lec t rode  potent ia l ,  the cur ren t  dens i ty  

o,I 

E 
tO 

< 
:L 
>~ 

r -  
U) E3 

0 

40  

3 0 - -  

2 0 - -  

I O - -  

OJE 

- lO 0 

4 / 
3 2 

/5 

2 3 

Time, hours 

Fig. 2. Base case current distribution 

4 \  

4 

- 0 , 4 5 5  1 ~ T ~  

',' - 0 ,457  -- -r 5 

g 
- 0  441 3 ~ I / 

4 

Time, hours 

Fig. 3. Base case potential distribution 

is greates t  at  the edge of the crevice. The cur ren t  d is -  
t r ibut ions  measured  by  Si i tar i  and Alk i r e  (1) dis-  
p layed  the same t rend  (Fig. 8). 

Before breakdown,  the var ia t ion  in potent ia l  wi th in  
the  crevice is at  most 2 mV, and the cur ren t  densit ies 
are, correspondingly,  only  a few ~A/cm 2. This behav-  
ior  is caused by  the high slope of the a luminum po la r -  
ization curve [see Fig. 4 of Ref. (11)].  Since the elec-  
t rode potent ia l  increases wi th  increas ing radius,  the  
potent ia l  mus t  be less than  the un i form corrosion 
potent ia l  of --0.437V, which  is the bounda ry  condit ion 
at the edge of the crevice. But the e lect rode potent ia l  
must  also be grea te r  than  the a luminum react ion rest  
potential .  Because the ra te  of a luminum dissolution 
rises so sha rp ly  wi th  potent ial ,  this a l lowed var ia t ion  
is only  3 mV. The poten t ia l  g rad ien t  in the crevice, 
and, thus, the  cur ren t  flowing f rom the crevice, a re  
l imi ted  to  small  values  unt i l  b reakdown,  when the a lu-  
minum res t  po ten t ia l  becomes more  negat ive.  

The computed  concentrat ions  of react ive  species 
change quite rap id ly  in the first few minutes  a f te r  
the  crevice is formed, and, then, change at a much 
s lower  ra te  unt i l  b reakdown.  This behavior  is re la ted  
to the numer ica l  stiffness of the model  equations;  tha t  
is, the eigenvalues of the Jacobian  ma t r i x  for  the 
system differ by  orders  of magni tude .  In i t ia l ly ,  the 
rates of diffusion and migra t ion  are  negligible.  No 
concentra t ion gradients  exis t  to d r ive  diffusion, and 
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3 4 

the migration rates are small because the concentra- 
tions of ionic reaction products ar~ low. As species 
are depleted or concentrated within the crevice, trans- 
port increases in importance, so that the crevice com- 
position changes much less rapidly. Thus, the hydrogen 
ion and oxygen concentrations become practically 
constant, while the aluminum concentration slowly 
increases, approaching a steady value. 

The results of the mathematical model are now 
compared to previous experimental results given in 
Ref. (1 and 11). The discussion is divided into the 
following topics: (i) breakdown time, (ii) aluminum 
concentration, (iii) pH behavior, (iv) current tran- 
sients, and (v) chloride migration. 

Table I. Parameter values used in the base case model ca l cu la t i ons  

G e o m e t r y  
K i n e t i c s  

S t o i c h i o m -  
e t r y  

T r a n s p o r t  

In i t i a l  con-  
c e n t r a -  
t i o n s  

B r e a k d o w n  
H y d r o l y s i s  
E l e c t r o d e  

s e c t i o n  
r a d l i  

h = 0.12 m m  ro = 1.11 c m  
A = 1.0 x 10 ~ A/V-era'-' C m  = - 0,44V NHE 
/o,~ = 1.0 x 10 -~l A / c m  -~ io,a = 2,0 x i0  - ~  A / c m  2 
a2 = 0.25 a~ = 0.50 
~b~ = 8.00V N H E  r = 0.29V NHE 

n l  = 3 n~ = 1 
ns = 4 ~1 = 1 

P~ = - - I  

D~ = 8.8 • 10 -~ cm2/sec D~ = 9.3 • 10 -5 em2/sec 

D~ = 2.0 X 10 -~ em~/sec  D4 = 1.0 x 10-~ cm-~/sec 
D~ = 2.03 • 10-5 c m2 / s e c  D~ = 1.66 x 1 ~  cm-Vsec 

cm~-mol  cm2.mol  
u s = 8 . 2 x  10 - ~ ~  u s = 5 . 3 8  x 10 -9 

J-see  J-sec  

cl,o = 1.0 x IO-~M C2,o = 5.0 x 10-SM 
c3,o = 2,5 • 10-4M C5,o = 0.05M 
e~,o = 0.05M 
cb = 2.0 x 10"~M 
Kh = 6.3 x 10-~M n = I 

r l  = 0.382 c m  ~ = 0.513 c m  
ra = 0.723 c m  m = 0.888 c m  
r~ = 1.020 c m  

"1- 
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Fig. 5. Base case pH distribution 
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Times o f  breakdown.--The time to initiate crevice 
corrosion is the most important prediction of the model. 
If the concentrations of species inside the crevice have 
been modeled accurately, agreement with experi- 
mentally measured breakdown times reflects the choice 
of the proper activating species. A critical dissolved 
aluminum concentration of 2 • 10-~M was taken as 
the criterion for breakdown in the model. The range 
of possible critical aluminum concentrations identified 
by experiment (11) was 2-8 X 10-3M. However, the 
crevice sampling experiments in the preceding paper 
show that the aluminum concentration at breakdown 
is about 1-2 • 10-3M. The value of C•l* selected for the 
model is, then, reasonable. 

Table I I .  E f fec t  o f  crevice geometry of initiation time 

T h e o r e t i c a l  
t i m e  to  E x p e r i -  

r e a c h  c r i t i -  m e n t a l  Di f fe r -  
H e i g h t  R a d i u s  ca l  concen-  i n i t i a t i o n  ence  
( r a m )  ( c m )  t r a t i o n  ( h r )  t i m e  ( h r )  ( h r )  

0.03 1.11 0.6 2.1 1.5 
0.12 1.11 1.9 3,0 1.1 
0.215 1.11 3.0 4.0 L 0  
0.12 0.955 1.9 2.5 0.6 
0.12 0.11 1.9 3.0 I . i  
0.12 1,59 2.0 3.3 1.3 

Average difference = 1.1 h r  
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Table  II  shows, for a va r ie ty  of crevice  sizes, the 
p red ic ted  t ime to reach  cA1*, and, for comparison,  
b r eakdown  t imes measured  in the  corresponding ex -  
per iments  of Si i tar i  and A lk i r e  (1). These t imes can-  
not  be compared  direct ly ,  because exper iments  show 
that,  w h e n  an a l u m i n u m  electrode is p laced in an 
ac t iva t ing  solution, there  is an induct ion t ime of some 
minutes  before  act ivat ion is observed  (see Fig. 7 of the 
preceding p a p e r ) .  I t  Would then  be expected  that  
some t ime would  elapse af te r  the cri t ical  concentra t ion 
is a t ta ined  in the crevice before  b r eakdown  init iates.  
F r o m  Table II ,  the  average  difference be tween  the 
expe r imen ta l  b r eakdown  t ime and the  theore t ica l  
cr i t ica l  t ime is 1.1 hr, which, according to Fig.  7 of 
Ref. (11), is a reasonable  induct ion time. This agree-  
ment  be tween  exper imen ta l  and calculated results  is 
consistent  wi th  the proposed  mechanism of breakdown.  
As the crevice he ight  or  radius  increaseS, both  ex-  
pe r imen ta l  and theore t ica l  t imes increase,  a l though 
the dependence  on radius  is weake r  than in exper i -  
ments.  Decreas ing the crevice he ight  enhances the  
e lec t rochemical  react ion t e rm for genera t ion  Of a lumi -  
num ions, thus, d iminishing the t ime needed to reach 
the  cr i t ical  concentrat ion.  The dependence  of b r e a k -  
down t ime on crevice radius  is less s t ra igh t forward :  

Aluminum concentration.--The predic ted  dissolved 
a luminum concentrat ion,  shown in Fig. 4, can be com- 
pa red  only ind i rec t ly  to the  sampl ing  measurements  
of Ref. (11) (Fig. 9 the re in ) .  The presence of  a sam-  
p l ing  por t  in the crevice necessi ta ted the use of p lex i -  
glass as the mate r i a l  for  the u p p e r  surface of the  
crevice. Si i tar i  (2) observed  that  when plexiglass  w a s  
subst i tu ted  for quar tz  as  the  ma te r i a l  for the  upper  
surface, b r e a k d o w n  t imes were  increased b y  a factor  
of 2. This might  be a t t r i bu ted  to adsorpt ion  onto or  
leaching f rom the plexiglass.  In  al l  respects  o ther  than  
b r eakdown  time, the  quar tz  and plexiglass  exper i -  
ments  were  s imilar .  Because of  the difference in in i t ia -  
t ion times, though, the  sampl ing  resul ts  cannot  be 
compared  quan t i t a t ive ly  wi th  the model,  whose p re -  
dicted b r e a k d o w n  t imes agreed  wi th  the  quar tz  e x -  
per iments .  At  any  rate,  the model  predic ts  the ob-  
served s low increase of a luminum concentra t ion  wi th  
t ime before  breakdown,  as wel l  as the Correct magn i -  
tude  of the  concentrat ion.  This is evidence tha t  the  re -  
act ion and t r anspor t  of a luminum has been  modeled  
correct ly.  

pH behavior.--Experimental measurements  (1, 11) 
indicate  tha t  the pH rises sha rp ly  to about  7 f rom the  
ini t ia l  va lue  of 5.5, and  then  decl ines g r adua l l y  to 
4.0-4.5 pr io r  to breakdown.  The in i t ia l  pH sp ike  is not  
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Fig. 8. Experimental base case current distribution [from Ref. 
(1)] h = 0.12 mm, ro - -  I . ! !  cm. 

present  in the  theore t ica l  resul ts  shown in Fig. 5. 
When the consumption of hydrogen  ions by  the oxygen  
react ion was included in the model, the  spike was 
found. However ,  this rap id  t rans ient  caused computa-  
t ional  difficulties for  the finite difference code, so the 
s toichiometr ic  p a r a m e t e r  v~ was set to zero. To ac-  
count for  the  consumpt ion of  charge  b y  the oxygen 
reaction, the e lec t roneu t ra l i ty  equat ion was differen-  
t ia ted  wi th  respect  to t ime and a t e rm propor t iona l  to 
the ra te  of oxygen  reduct ion added to it. These changes 
had no effect on the pH behavior  except  in the ini t ia l  
moments ,  because the ra te  of oxygen reduct ion ve ry  
quickly  became negligible.  

Predic t ion  of hydrogen  ion concentra t ion in the 
crevice  requires  knowledge  of both the hydro lys i s  of 
a luminum ions and the kinet ics  of hydrogen  ion r e -  
duction. The model ing  of each of these effects is sub-  
ject  to uncer ta in ty .  If A I ( O H ) + 2  was assumed to be 
the only hydro lyzed  species, the pH calcula ted at  va r i -  
ous a luminum concentrat ions agreed  wel l  wi th  pub -  
l ished pH/[A1C13] da ta  (19). Subs t i tu t ion  of  a hy -  
drolysis  n u m b e r  of 2 did not  apprec iab ly  influence the  
crevice pH, because the  hydro lys i s  constant  is about  
five orders  of magni tude  smal le r  than  that  for n --  1 
(20). The hydrogen  ion reduct ion kinet ics  were  found 
to exe r t  a significant influence on the pH behavior .  
Exchange cur ren t  densi t ies  of 10 -11, 10-9, and 10 -7  
A / c m  2 were  tested, and the resul t ing  pH t ransients  a re  
shown in Fig. 9. I t  is seen f rom these resul ts  that  the  
pH agrees  wi th  expe r imen t  only if  i0.2 is less than 
10 -11 A / c m  ~. This low exchange  cur ren t  dens i ty  is 

7 i I I I I 

io, 2 = 10 -7 A / c m  2 

= 10-9 A / c m  2 -r" i0,2 _ 

_ 

�9 = i0  -I= A / c m  2 - I 0 ~  2 

.4 I . J I I I 
0 I 2 3 

T i m e ,  hours  

Fig. 9. pH t ransients a t  center o f  crevice for various hydrogen 
reduction exchange current densities, 
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reasonable  for an oxide- f i lmed a luminum electrode.  
The va lue  of 10 -7  A / c m  2 is close to tha t  ob ta ined  
f rom polar iza t ion  curves  for  potent ia ls  nega t ive  of 
-0 .56V NHE. I t  does not, however ,  necessar i ly  reflect 
the hydrogen  kinet ics  in the region of interest ,  which 
is f rom --0.445 to --0.435V. 

Current $ransients.--All the  crevice corrosion ex-  
pe r iments  done by Si i tar i  and in the  p resen t  work  
exhib i t  unique ini t ia l  cu r ren t  dens i ty  and po ten t ia l  
t rans ients  (Fig. 8). The cu r ren t  densi t ies  rise to  a 
peak  of usua l ly  5-10 ;~A/cm ~, and then fal l  to the s teady 
p r e b r e a k d o w n  cur ren t  densit ies.  Concur ren t ly  wi th  the 
cur ren t  dens i ty  peak,  the  e lect rode poten t ia l  wi th in  
the  crevice r eve r s ib ly  dips about  10 mV, The model  
cur ren t  densi t ies  do not  show this in i t ia l  peak.  Evi -  
dent ly ,  the  factors  responsible  for  the  in i t ia l  t rans ients  
are  not  included in  the ma themat i ca l  model.  

In  view of the es tabl ished potent ia l  dependence  of 
the a luminum reac t ion  kinetics,  i t  is difficult to see 
how these kinet ics  could predic t  a r ise in cur ren t  if  
the e lec t rode  poten t ia l  falls  by  10 mV. The  e lec t rode  
poten t ia l  w i th in  the  crevice is bounded  by  the a lumi -  
num rest  po ten t ia l  and the un i form corrosion potent ial ,  
a range  of no more  than  5 mV. Thus, if the poten t ia l  
were  to fa l l  10 mV, the  anodic react ion ra te  would be 
zero. 

An  explana t ion  for  this ambigu i ty  (15, 21) m a y  be 
tha t  the  passive a luminum kinet ics  increase wi th  pH as 
the p i t  becomes more  basic. The ini t ia l  rap id  rise in 
pH m a y  cause the passive cur ren t  dens i ty  of the  a lu-  
m i n u m  reac t ion  to rise, ~ccountlng for  the  r ise in 
cur ren t  dens i ty  and drop  in potent ial .  The increase in 
a luminum ion product ion would  then increase the  ra te  
of hydrolys is ,  causing the pH to fal l  and the kinet ics  
to r e tu rn  to the i r  o r ig ina l  state. 

Discrepancies  be tween  the expe r imen ta l  and theo-  
re t ica l  cu r ren t  t rans ients  a re  also presen t  af ter  b r e a k -  
down. The cur ren t s  p red ic ted  by  the  model  r ise much 
more sha rp ly  t han  those observed  exper imenta l ly .  Also, 
in the  model,  when  act ivat ion occurs at  some e lec t rode  
section, the  cur ren t  f rom the o ther  sections drops  to 
zero. This behav ior  was not observed exper imenta l ly .  
However ,  as has a l r eady  been mentioned,  the ma the -  
mat ica l  fo rmula t ion  for  ac t ivat ion used in the  model  
is artificial.  Af te r  the  cr i t ical  a luminum concentra t ion 
is reached,  an induct ion  t ime passes a f te r  which  the 
a luminum rest  potent ia l  is made  more  negat ive.  No 
a t t empt  was made  to accu):ately predic t  the  exper i -  
men ta l  cur ren t  t rans ients  af ter  b reakdown.  

Chloride migration.--The theore t ica l  resul ts  shown 
in Fig. 6 indicate  tha t  accumulat ion  of chlor ide  ion by  
migra t ion  is not large  enough to influence breakdown.  
The larges t  chlor ide concentra t ion increase before 
b r e a k d o w n  was from 0.05 to 0.055M (10%),  whi le  the  
average increase  was about  8%. Exper iments  have 
shown tha t  the  cri t ical  a luminum concentra t ion for 
ac t iva t ion  is somewhat  reduced if the chlor ide concen- 
t ra t ion  were  to increase by  100% (11). Al though  the 
effect of  an 8% increase  in [ C l - ]  was not  invest igated,  
i t  seems un l ike ly  tha t  the cri t ical  concentra t ion would  
be signif icantly a l tered.  

Conclusions 
A mathemat i ca l  model  was deve loped  to eva lua te  a 

hypothesis  for in i t ia t ion of crevice corrosion of a lumi -  
num in d i lu te  aqueous chlor ide  electrolyte .  The model  
contained ma themat i ca l  expressions for react ion and 
t r anspor t  processes occurr ing  in crevices dur ing  the 
in i t ia t ion  period.  The centra l  fea ture  of the hypothesis  
of mechanism was tha t  the  m e t a l  in the crevice be -  
comes ac t iva ted  when the concentra t ion of dissolved 
a luminum species in the  solut ion exceeds a cer ta in  
m i n i m u m  cr i t ical  value.  This b r e a k d o w n  mechanism 
had  been  es tabl ished qua l i t a t ive ly  b y  exper iments  
descr ibed previously .  

The  mathemat ica l  model  was used in pursui t  of sci-  
entific under s t and ing  by  pred ic t ing  local ized behavior  
dur ing  in i t ia t ion  of crevice corrosion,  inc luding such 
sal ient  fea tures  as  oxygen  deplet ion,  acidification, ac-  
cumula t ion  of dissolved a luminum,  hydrolysis ,  un-  
s t eady- s t a t e  diffusion, and mig ra t ion  of al l  species in-  
cluding chloride. That  these model  predic t ions  com- 
pa red  favorab ly  wi th  the expe r imen ta l  da ta  of the  
previous  paper  lends credence to the va l id i ty  of the 
hypothesis  of dissolved meta l  species mechanism upon 
which the model  was based. In addit ion,  the model  
i l l u s t r a t ed  tha t  a l t e rna t ive  ini t ia t ion mechanisms based 
on chlor ide  migra t ion  must  be exc luded  for ~he be-  
hav ior  of A1 in 0.05N NaCL 

The model  was also used in pursu i t  of engineer ing 
goals such as sca le-over  and corrosion prevent ion.  For  
example ,  the  model  accura te ly  p red ic ted  the  in i t ia t ion 
t ime observed in crevices of different  geometry.  One 
could also ut i l ize the model  to predic t  sys tem con- 
figurations under  which crevice corrosion could not  
occur, as wel l  as to explore  methods  for corrosion 
prevent ion  wi th  use of impressed current .  Tha t  is, once 
a ma themat i ca l  model  is es tabl ished by  expe r imen ta l  
tests, i t  then becomes a pred ic t ive  tool and m a y  be used 
for engineer ing design of cor ros ion- res i s tan t  configura-  
tions. 

Because localized corrosion is complex and involves 
m a n y  processes which occur s imul taneously ,  the  ana l -  
ysis of expe r imen ta l  observat ions  is r a r e ly  s t ra igh t -  
forward.  A mathemat i ca l  model  is pa r t i cu l a r ly  helpful  
in organizing complex hypotheses  of mechanism,  and 
in upgrad ing  ab i l i ty  to address  increas ingly  sophis t i -  
cated exper imen ta l  tests of tha t  hypothesis .  Models are  
pa r t i cu l a r ly  useful  in s tudying  corrosion processes 
which  involve react ion and t r anspor t  along surfaces. 
Corrosion phenomena  which  have  sa l ient  fea tures  tha t  
lend  themselves  to such a model ing approach  include 
pi t t ing,  stress corrosion cracking,  erosion, cavitat ion,  
impingement ,  and inhibit ion,  in addi t ion  to crevice 
corroson inves t iga ted  here.  
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LIST OF SYMBOLS, 

A kinet ic  p a r a m e t e r  of a luminum dissolution reac-  
tion, A / V - c m  2 

a specific surface area  of crevice, l /h ,  cm -1 
Ci concentra t ion of species i, d imensionless  
ci concentra t ion of species i, M 
ci.o in i t ia l  or bu lk  concentra t ion of species i, M 
Cb cri t ical  concentra t ion of dissolved a luminum for 

act ivat ion,  M 
Di diffusion coefficient of species i, cm2/sec 
F Fa raday ' s  constant,  cou lombs /equ iva len t  
Hi ini t ia l  concentra t ion p a r a m e t e r  for species i, d i -  

mer~ionless  
h c learance of crevice, cm 
ioj exchange current  dens i ty  of react ion j, A / c m  2 
jj e lect rode cur ren t  dens i ty  of reac t ion  j,  A / c m  2 
Kh equ i l ib r ium constant  of a luminum ion hydrolys is ,  

M 
n hydrolys is  n u m b e r  



1014 J. EIectrochem. Sot.: ELECTROCHEMICAL SCIENCE A N D  T E C H N O L O G Y  May 1983 

nj number  of e lectrons involved  in react ion j 
R rad ia l  position, dimensionless  (also gas constant,  

J / m o l  K)  
r rad ia l  position, cm 
r0 crevice radius,  cm 
T tempera ture ,  K 

time, sec 
ui e lec t rochemical  mobi l i ty  of species i, cm2-mol /  

J - sec  
zi ionic charge of species i 

Greek characters 
charge t rans fe r  coefficient of react ion j 
kinet ic  p a r a m e t e r  of reac t ion  j, d imensionless  
dimensionless  p a r a m e t e r  for m ig ra t i on  of  spe-  
cies i 
k inet ic  p a r a m e t e r  of react ion j,  dimensionless  
s to ichiometr ic  coefficient for species i and reac-  
t ion j 
diffusion coefficient of species i, dimensionless  
time, dimensionless  
e lect rode potent ia l ,  d imensionless  
e lectrode potent ial ,  V NHE 
poten t ia l  of in i t ia l  un i form corrosion,  V NHE 
rest  potent ia l  of  react ion j 
rest  potent ia l  of A1 dissolut ion before act ivat ion,  
V NHE 

xij dimensionless  p a r a m e t e r  represen t ing  product ion  
of species i by  react ion j 

Subscripts 
i species: l -A1 +8, 2-H +, 3-02, 4 -AI (OH)n  +8-n, 5- 

C I - ,  6-Na + 
j e lec t rochemical  react ion:  1 -a luminum dissolu-  

tion, 2 -hydrogen  ion reduct ion,  3-oxygen r educ -  
t ion 
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Space Charge Effects on the Growth of Anodic Oxide Films on 
Zirconium Metal 

Francesco Di Quarto, Salvatore Piazza, and Carmelo Sunseri 
Istituto di Ingegneria Chimica, Universita di Palermo, Viale delle Scienze, 90128 Palermo, Italy 

ABSTRACT 

The kinetics of growth of anodic oxide films in different electrolytic solutions, and in a range 1-32 m A c m  -2 of current  
densi ty has been investigated. By interferometric measurements  an increase in the electrical field strength has been mea- 
sured with increasing film thickness at all current  densities and in all solutions. This finding has been at tr ibuted to the 
existence of a mobile ionic space charge. A test of this hypothesis  has been made by fitting the 1/Cox vs. VE curves on the 
basis of Fromhold ' s  theory. Nonlinear Tafel plots have been obtained in sulfuric acid and in carbonate solutions while a 
straight line behavior was observed in sulfamic acid solutions. Lower dielectric constant  values also have been measured for 
films formed in the former two solutions which are known to give incorporation of anions in ZrO2 films. No incorporation 
of anions seems to occur when anodization process is performed in sulfamic acid solutions. Some discrepancies between 
exper imental  results and the existing theory have been pointed out. 

The anodic behavior  of z i rconium in different  solu-  
tions has been inves t iga ted  by  numerous  workers  (1). 
As a resul t  of these studies some unique  features  of 
the anodizat ion process of z i rconium elect rodes  have 
been  repor ted .  Two aspects seem to dis t inguish this 
meta l  wi th  respect  to o ther  va lve  metals :  (i) a ve ry  
low t ranspor t  number  for the meta l  ions in a r e la t ive ly  
la rge  range of cur ren t  dens i ty  (~:M ~ 0.05 at i --~ 1O mA 
cm -2)  (2, 3) ; and (ii) the  l a rge  incorpora t ion  of e lec-  
t ro lyt ic  species pa r t i cu l a r ly  in sul fa te  and carbonate  
solutions and its s t rong dependence  on the cur ren t  
dens i ty  and pH used dur ing  the anodizat ion process 
(4-6).  The s t rong influence of the  anions in solut ions 

Key words: films, electrode, passivity, reflectance. 

in de te rmin ing  the kinet ics  of g rowth  as wel l  as the 
b reakdown  of the z i rconium oxides is also wel l  known 
(1, 5, 7-10). By comparison of the l i t e ra tu re  da ta  
some discrepancies  can be noted be tween  the exper i -  
menta l  resul ts  repor ted  by  different  authors  which 
could be a t t r ibu ted  both to the  different  exper imen ta l  
techniques and pur i ty  of  zirco~nium metal .  Bear ing in 
mind these possible sources of discrepancies,  some ex-  
pe r imen ta l  resul ts  s t i l l  r ema in  conflicting be tween  
them. In fact a non l inea r i ty  in the  log i vs. electr ic  field 
(E) plots has been repor ted  by  Will is  et al. and Ortega 
et al. (11, 12) for anodizat ion in sulfate  or  c i t ra te  
solut ions respect ively .  Both these solutions have  been 
repor ted  to give incorpora t ion  of anions in the  ZrO~ 
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films. Moreover Ortega and Siejka claimed that  the 
onset of the nonl inear i ty  in the ~.' ---- f ( log i) plots was 
independent  of the incorporat ion but  strictly dependent  
on a critical electric held value (E -- ,i.2 l0 b V cm-~) .  
On the other hand,  other authors (13, 14) reported 
l inear  log i vs. E plots in a wide range of current  den-  
sity (10 -~ ~ i ~ 10 -2 A cm -2) and in different solu- 
tions containing sulfate, carbonate, and phosphate ions. 
According to cltfterent authors all these anions are to 
various extents  incorporated into the films dur ing  the 
growth (4-6). 

Another  controversial  aspect is the possible depen-  
dence of the electric field on the thickness of the films. 
Young (15) a t t r ibuted the variat ion of electric field 
with thickness to the presence of a mobile ionic 
space charge, while Rogers et at. (5) a t t r ibuted this 
variat ion to the incorporation of species contained in 
the solutions.  More recent ly this last hypothesis  has 
been confirmed by Hopper et at. (14) in a study per-  
formed in  0.1M Na2CO~ solution and in the range of 
current  densi ty (C.D.) (10 -~ ~ i ~ 5 • 10 -4 A cm -2) 
where a very low incorporat ion of anions as well as 
a very low current  efficiency have been reported (5). 
In  order  to check some of the previous hypotheses a 
detailed s tudy of the influence of the different solu- 
tions on the kinetics of growth and on the breakdown 
of anodic ZrO~ films was performed. 

In  this paper we report  a study of the kinetics of 
growth of ZrO2 films in  some selected solutions where 
the highest efficiency of formation was observed. The 
exper imenta l  results will  be interpreted on the basis 
of Fromhold 's  theory of growth of anodic films in  the 
presence of high mobile space charge and  by taking 
into account the exper imental  findings on the in-  
corporation of anions into the films. 

Experimental 
The samples  were prepared by using zirconium rods 

(0.5 cm diam purchased from Goodfellow Metal, Cam- 
bridge, England)  99.8-~ pur i ty  sealed to Teflon cylin-  
ders with epoxy resins (Torr Seal, Varian Associates, 
Palo Alto, California). or forced into heated (100~C) 
Teflon cylinders (0.45 cm inner  diameter) .  The surface 
exposed to the solution was mechanical ly  polished be-  
fore each exper iment  with very fine abrasive paper, 
ul t rasonical ly cleaned in disti l led water, and then 
chemically etched. 

The chemical  etching was performed in HF:H20:  
HNO3 mixture  ('1:4:2 in volume) (16). Dur ing  the etch- 
ing procedure the electrode was rotated at constant  ro- 
tat ion speed. In  this way a bet ter  finish of the electrode 
surface was obtained as evidenced by a mir ror - l ike  
final surface and u n i f o r m  interference colors after 
anodization. The ohmic contact was ensured by si lver 
paste sealed to the back-side of the electrode. 

The galvanostatic measurements  were performed 
using a Kei thley Model 227 constant  current  generator.  
The cell voltage, VE, was moni tored with a Kei thley 
Model 610C electrometer  and recorded on a PAR 
Model RE 0074 X-Y Recorder. A Simpson Model 360 
digital mul t ime te r  was Used in the experiments  where 
voltage values higher than l18V were reached. 

The reflectance measurements  were carried out by 
using a 632.8 n m  wavelength of an He-Ne Laser Mod. 
138/0! Spectra Physics. The in tensi ty  of the reflected 
light was measured by an RCA Model 5819 photomul t i -  
pl ier  tube. 

Both the cell voltage and the output  current  f rom 
the photomult ipl ier  Were recorded, respectively, on the 
x and y axes of the recorder. 

The capacitance of the meta l /oxide/e lec t ro ly te  sys- 
tem was measured by  moni tor ing  the 90 ~ out-of-phase 
component  of the a.c. with a PAR Model 124A/116/ 
lock- in  amplifier. 

The in te rna l  oscillator of the lock- in  drove the PAR 
system formed by  Model 175 universa l  p rogrammer  
and Model 173/178 potentiostat.  The a.c. was obtained 

by  superimposing a 20 mV peak- to-peak  a-c voltage 
on the t r iangular  waveform which modulated the 
working electrode potential  UE. The frequency of the 
a-c voltage was usual ly  1 kHz and the sweep rate  was 
10 mV sec -1. 

All the capacitance measurements  were performed in 
1N H2SO4 solutions, the counterelectrode was a 10 cm 2 
Pt  foil and the reference electrode was Hg/Hg2SO~ 
(1N H2SO0. The capacitance values were obtained 
by comparison with a decade capacitor HP Model 
4440B. The current  density was calculated on the ,basis 
of the apparent  area (S : 0.196 cm2). Solutions were 
prepared from disti l led water and analyt ical  grade 
reagents. All experiments  were carried out at room 
temperature  (20 ~ _ 2~ 

Experimental Results 
A pre l iminary  s tudy on the influence of the electro- 

lytic solutions on the anodic behavior  of zirconium 
electrodes was performed by invest igat ing the voltage 
vs. t ime (VE VS. t) curves at constant  C.D. (charging 
curves).  In  this way the influence of the C.D. as well  
as of the electrolytic so lu t ions  on the efficiency of 
film formation was obtained. The most significant 
parameters  in de te rmin ing  the efficiency were the 
na ture  of the anions in solutions and the C.D. used 
dur ing the anodizati0n. A similar behavior  was ob- 
served both in acidic and neut ra l  solutions containing 
the same anions. 

A good efficiency of film format ion current  was ob- 
served in solutions containing sulfate, carbonate,  
sulfamate,  and borate anions in a re la t ively large 
range of C.D.'s and cell voltages. For this reason and 
for a bet ter  comparison of our results with the l i tera-  
ture  a detailed analysis of the kinetic data was re- 
stricted to the experiments  performed in 0.1N H2SO~, 
0.1N NH~SO3H, and 1N Na2CO~ solutions. 

A small  bubbl ing  on the electrode surface was 
visible at high voltages dur ing  the anodization in these 
last solutions. As a general  t rend a decrease in the effi- 
ciency was observed by decreasing the C.D. value or 
by increasing the cell voltage above ,-~80V. The de- 
crease in the efficiency was, however, faster in solutions 
containing carbonate in comparison with the sulfuric 
or sulfamic acid ones. In  Fig. 1 the average efficiency 

is reported as a function of the C.D. The ~ values 
were calculated on the basis of the average slopes mea-  
sured from the charging curves and the average 
electric fields obtained by  the interferometr ic  measure-  
ments  (see below).  The range of cell voltages in which 
these measurements  were performed was that cor- 
responding to the appearance of the first ma x i mum in 
the interference curves (see Fig. 2). 

The film formation efficiency was calculated by the 
following relat ion 
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Fig. 1. Efficiency of film formation, calculated between the origin 
and the first maximum of the interference patterns, vs .  current 
density for various solutions: ~ NH'2SO~,H 0.1N; [ ]  Hi2SO4 0.1N; 
Q Na2CO31N. 
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where  p and M are respectively the density and the 
molecular  weight of the films, assumed independent  of 
the C.D., Av/At is the average slope measured on the 
charging curves at each C.D., Eopt is the average elec- 
tric field measured be tween the origin and the first 
m a x i m u m  of the interference curves, and itot is the 
apparent  C.D. used in the anodization process. The 
values reported in Fig. 1 were normalized by assuming 
a un i ta ry  efficiency for the highest C.D. used in our 
experiments  (i : 32 mA cm-2) .  In  this way a p/M 
value equal to 0.046 -+ 0.002 in fairly good accordance 
with those reported in the l i terature (5, 9; 11, 15) was 
found. As reported in Fig. 1, higher film formation 
efficiency was found in sulfuric or sulfamic acid solu- 
tions with respect to the carbonate ones. 

These results agreed very  well with visual  inspec- 
tion of the bubb l ing  on the electrode surface showing 
a poor  gas evolut ion in sulfamic and sulfuric solution 
unt i l  very high voltages at all C.D. used. On the other 
hand, the bubb l ing  phenomenon occurred earlier and at 
more sustained rate in carbonate  solutions. 

I n t e r f e r o m e t r i c  M e a s u r e m e n t s  
Due to the var iable  efficiency of film format ion 

current,  an interferometr ic  method was chosen for 
de termining  the film thickness and then the anodizing 
electric field dur ing the galvanostatic experiments.  

Typical interference pat terns of the light reflected 
dur ing  the growth of ZrO~ films at  two different C.D.'s 
in 0.1N NH2SO~H solutions are reported in Fig. 2. 

Often the second m i n i m u m  of the interference curves 
was hard to obtain or scarcely reproducible because of 
b reakdown phenomena  or copious bubb l ing  on the elec- 

trode surface. For  this reason kinetic data  is discussed 
in  detail  for all the solutions in the range of film 
thicknesses l imited to the appearance of the first max-  
imum in the interference curves. The thickness of the 
film was obtained by using the relationship (17) 

~D = [2] 
2 (nle -- sin s r '/~ 

where hD is the change in film thickness D correspond- 
ing to two adjacent  maxima  or min ima  in the in ter -  
ference patterns, nl  is the refractive index of the film, 
~. is the vacuum wavelength, and r the angle of in-  
cidence of the light, 

The film thickness can be determined by this method 
if the value of the refractive index nl  is known at the 
light wavelength employed. In our case the value nl  = 
2.17 was used according to Hopper et al. (14) f o r  
~. = 6328A. Two approximations were made in the 
analysis of the interference patterns:  (i) the nl  value 
was assumed equal in all anodizing solutions; and (ii) 
the optical absorption of the films at ~. : 6328A was 
considered negligible i n  the investigated range of 
films thicknesses. 1 

A possible source of error in the above assumptions 
could come from the incorporat ion into the films of 
the anions contained in the solutions. This phenomenon 
has been reported for sulfate and carbonate solutions 
and it is very much depenc~ent on the C.D. (5). As for 
the incorporation of the sulfamic anion, no experi-  
menta l  data are reported, to our knowledge, in the 
l i terature.  However the exper imental  results discussed 
below and the poor adsorption of this anion (18) seem 
to point  in the direction of absence of incorporation 
of this anion in the ZrO2 films. If this is true, at least 
in sulfamic acid solutions, the nl  value can be assumed 
constant  in the whole range of investigated thickness 
according to the results reported by Banter  (19) and 
Wilkins (20). 

Bearing in mind  this assumption the results in Fig. 2 
can be interpreted by assuming an increase of the 
electric field of anodization with the thickness. This 
increase is visible by using twice Eq. [2] for the 
maxima and min ima  of the interference curves of Fig. 
2. In  this way it was possible to calculate, at least, two 
incremental  electric fields E1 and E2. With the aid of 
Eq. [2] an average electric field E12 was also esti- 
mated from the maxima of the interference curves. The 
large bubbl ing  observed at the higher cell voltages 
in carbonate solutions did not allow recording with 
sufficient accuracy the second m i n i m u m  in the in ter-  
ference curves. In  sulfuric or sulfamic acid solutions 
it was still possible to record a second min imum in the 
interference patterns,  al though the corresponding cell 
voltages showed a low reproducibi l i ty  at different cur- 
rent  densities, probably related to the parasitic reac- 
tion of oxygen evolution. For these reasons the log i vs. 
electric field plots reported in Fig. 3 were restricted 
to the El, E2, and E~2 values measured in a range of 
film thicknesses below 1500A. 

In all solutions an increase in the electric field 
s trength was recorded with increasing thickness. This 
aspect is evidenced in  Fig. 3 where the log iion vs. E 
plots were reported in the different range of film 
thicknesses. The exper imental  uncer ta in ty  on the mea-  
sured electric field values was estimated to be less 
than --+2% a f t e r  correction for the ohmic .drop in the 
measured cell voltages 

As shown in the figures, a straight l ine behavior  is 
observed in the lo~ i vs. E plots only for the sulfamic 
acid solutions. In the sulfate and carbonate anion con- 
ta ining solutions a nonl inear  behavior  is observed. It 
is meaningful  to observe that the curva ture  in the log 

1 A numerical computation, made by taking into account the 
comDlex refractive index renorted in Ref. (14}, gives very small 
changes in the measured film thickness, which are largely below 
the experimental uncertainty. 
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Fig. 3. Influence of film thickness on the lag /ion vs. average 
electric field plots for films formed in: a) 0.1N NH2SO3H, b) 0.1N 
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A thickness-dependent efficiency was used to determine the lion 
vul.es. The straight lines are the least squares fitting. 

t ia l  capaci tance of  ZrO2 electrodes was f requency de-  
penden t  in the  range 10 Hz-30 kHz (21); and ( i i )  a 
n e a r l y  constant  C value,  s l igh t ly  increasing in the  
nega t ive  e lec t rode  potent ia ls  range,  was measured  by  
decreas ing UE from +3.0 to --1.4V vs.  MSE when a 
la rge  d rop  in the measured  capaci tance was observed.  

Such a behav ior  can be  a t t r i bu ted  to the  e lect r ica l  
behavior  as insula tors  of the ZrO2 anodic films (22) 
analogous ly  to the  r epor t ed  findings on HfOs anodic 
films (23). A ve ry  smal l  hys teres is  in the  C vs. UE 
plots  was recorded in the reversa l  scans of the po ten-  
t ia l  sweeps  in accordance wi th  the observed  t i m e - d e -  
pendence of the  ZrO2 f i lms/e lec t ro ly te  in terface  ca-  
pacitance.  The  measured  capaci tance was correc ted  by  
assuming a value  of 20 ~ F .  cm -2 (24) for the He lm-  
holtz double  l aye r  capacitance.  The C values  repor ted  
in the  I/Cox vs.  VE plots were  al l  measured  at  UE -- 
3.0V (MSE) and at  :f = 1 kHz. In Fig. 4-5 a re  r epor ted  
the  1/Cox vs.  VE plots  for films grown in the inves t i -  
gated solutions at  different  C.D.'s. The large  drop in the 
efficiency measured  in carbonate  and sulfur ic  acid 
solutions dissuaded us from making  capaci tance mea -  
surements  of  the films grown above 160V or at lower  
C.D. 

On the o ther  hand,  the h ighe r  b r eakdown  vol tage 
and the good efficiency measured  in sulfamic solutions 
pe rmi t t ed  us to ex tend the capaci tance measurement s  
i n  0.1N NH2SO~H solutions unt i l  190V. In this range  
of vol tage  no bubbl ing  was observed and  sti l l  l inear  
charging curves were  recorded for C.D. values  ranging  
be tween  8 m A c m  -2 and 32 m A  cm -2. A good l inea r i ty  
was found in the  1~Cox vs.  VE plots  for  films grown 
unt i l  about  130V regard less  of the  anodizing solutions. 

12 

10 

i vs. E plots  is much  more  vis ible  at  l ower  thicknesses  
than  a t  the  h igher  ones. Moreover ,  the  expe r imen ta l  8 
da ta  show tha t  there  is not  a threshold  value of elec-  
t r ic  field where  the  non l inea r i ty  s tar ts .  In  the  same | 
figures we repor t  the curves,  obta ined b y  the least  
squares method,  which  fitted the expe r imen ta l  points.  
I t  is wor th  not ing tha t  at  the  h igher  thicknesses the  e 
expe r imen ta l  points  obta ined  in sulfur ic  acid or  car-  
bonate  solut ions can be fitted in the  inves t iga ted  range xr 
of C.D. by  using e i ther  a pa rabo l i c  o r  a l inea r  in t e r -  ,_ 
polat ion.  

The l inea r  Tafel  plots  r epor t ed  in Fig. 3a for  the 4 
anodizat ions pe r fo rmed  in sulfamic acid solut ion as 
wel l  as the  above ment ioned  poor  absorbab i l i ty  of this 
anion suggest  tha t  the  growth  of ZrO2 anodic films in 
these solut ions could  happen  wi thou t  incorpora t ion  of 
this anion. 2 

C a p a c i t a n c e  Measurements  

Capaci tance  measurement s  of the  anodirc films g r o w n  
at  different  C.D.'s were  carr ied  out  in o rder  to get  
more  informat ion  on the effects of anion incorpora t ion  
on the dielectr ic  constant  of the  film, as wel l  as of 
space charge on the 1/Cox VS. VE curves.  The capaci-  
tance measurements  were  pe r fo rmed  soon af ter  the 
anodizat ion process.  The thickness  of the  films was 
changed b y  in t e r rup t ing  the galvanosta t ic  exper iments  
at  different  prese lec ted  cell  vol tages.  

A p r e l i m i n a r y  s tudy  of the  influence of  the a - c  f r e -  
quency as we l l  as of the  e lec t rode  po ten t i a l  Us on 
the capac i tance  values  showed that :  (i)  the differen-  

I i 
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Fig. 4. Reciprocal capacitance value vs. final film formation 
voltage VE, for films grown in NH~2SOgH 0.1N at i = g mA cm -2  
(circles) and in Na~CO8 1N at i = 32 mA cm-~ (squares). Open 
symbols: experimental points; closed symbols: theoretical points 
calculated on the basis of the theory of mobile ionic space charge 
(see text), 
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Fig. 5. Reciprocal capacitance value vs. final film formation 
voltage, VE, for films grown in NH2SO,~H 0.1N (circles) and H2SO4 
0.1N (squares) at i = 32 mA cm -2.  Open symbols: experimental 
points; closed symbols: theoretical points calculated on the basis 
of the theory of mobile ionic space charge (see text). 

At h igher  anodizat ion  vol tages the 1/Cox values 
fa l l  be low the ex t rapo la t ed  s t r a igh t - l ine  behavior  for  
sulfamic acid solution, while  they  show a tendency to 
fal l  on the s t ra igh t  l ine  in carbonate  as well  as in 
sulfur ic  acid Solutions. 

In  Fig. 4-5, we r epor t  also the  theore t ica l  points  of 
t h e  1/Cox vs. VE curves obta ined  on the  basis of the 
VE vs. thickness re la t ionship  given by  F romhold  (see 
discussion section) for  the growth  of anodic films in 
presence of high space charge. The dielectr ic  constant  
value  used for the fitting procedure,  efit, is r epor ted  in 
Table  I together  wi th  the  o ther  fitt ing parameters .  A 
more  deta i led  discussion of these findings wi l l  be made 
in the fol lowing section. 

Discussion 

The expe r imen ta l  resul ts  p rev ious ly  out l ined agree,  
in our  opinion,  wi th  the  hypothesis  of g rowth  of the  
ZrO2 anodic films in the presence of a high space 

charge  due to the  mobi le  ionic species (15). The im-  
por tance  of the  effects of mobi le  space charge in the 
growth  of anodic films, o r ig ina l ly  s tressed by  Dewald  
(25), has been more  ex tens ive ly  discussed by  F r o m -  
hold in the  last  years  (26, 27). Ho.wever a c lear  exper i -  
men ta l  evidence in favor  of the exis tence of such 
ionic space charge has not  been  d rawn  unt i l  now. 

In  the  case of the anodizat ion of z i rconium elec-  
t rodes the  most  impor tan t  expe r imen ta l  finding re-  
por ted  unt i l  now in favor  of  the exis tence of space-  
charge effects is, according to Young (15), the  increase 
wi th  film thickness of  the  electr ic  field s t rength.  In 
our  exper iments  an increase in the a v e r a g e  electr ic  
field was observed  in  a l l  solution~ and invest igated 
C.D.'s (1-32 m A  cm-~) .  These exper imen ta l  findings 
are  pa r t i a l l y  conflicting wi th  the resul ts  of Drape r  
et aL. (5) who repor ted  a constancy in the electr ic  
field s t reng th  dur ing  the  anodizat ion of z i rconium in 
carbonate  and sulfur ic  acid  solutions at  1 m A  cm-2.  

More recen t ly  the constancy in the  e lec t r ic  field 
s t rength  has been r epor t ed  by  De Smet  et al. (14) for 
anodizat ion in carbonate  solut ions at  s t i l l  lower  cur-  
ren t  densi t ies  (i --~ 0.5  m A  c m - 2 ) .  

These findings could suggest  tha t  the increase of 
the  electr ic  field s t rength  wi th  thickness  is to some 
ex ten t  r e la ted  to the phenomenon of the incorpora t ion  
of anions f rom the  e lec t ro ly t ic  solutions (5), which 
is ve ry  sensi t ive to the  va lue  of C.D. used in the gal-  
vanosta t ic  exper iment .  A l though  this hypothes is  can-  
not  be excluded,  a priori, i t  seems incompat ib le  wi th  
the  expe r imen ta l  resul ts  ~bta ined in sulfamic acid 
solution. In  this last  solut ion l inear  Tafel  plots and 
h igher  values of d ie lect r ic  constant  (see be low)  were  
measured  in the  same range  of C.D. Both these facts 
suggest  tha t  the incorporat ion of sulfamic ions into 
the  z i rconium oxide films should be absent  or  ve ry  
small .  A ve ry  smal l  incorpora t ion  of su l fur  containing 
species cannot be excluded due to the t endency  of the 
sulfamic acid to hydro lyze  according to the react ion 

NH2SO3H ~ H20-> NH4HSO4 [3] 

This tendency has been  repor ted  (28) to be very  smal l  
at  room tempera tu re  so that  it s e e m s  reasonable  to 
exclude the incorpora t ion  of anions as a cause of the  
increase of the electr ic  field s t rength  in the exper i -  
ments  pe r fo rmed  in sulfamic acid solution. A fur ther  
exper imen ta l  proof  in favor  of the hypothesis  of high 
mobile  space charge  in ZrO2 films comes  f rom our  
exper imen ta l  da t a  repor ted  in Fig. 4 and 5. In  fact 
in the figures an ev ident  non l inear i ty  in the 1/Co~ vs. 
VE plots appears  at  the  h igher  thicknesses.  This non-  
l inea r i ty  agrees very  wel l  wi th  the  theore t ica l  ex-  
pectat ions of F romhold ' s  theory.  

In  order  to check fu r the r  the va l id i ty  of  this  hy-  
pothesis  a series of numer ica l  calculat ions were  per -  
fo rmed on the basis of  F romhold ' s  model  (26, 27) of 
g rowth  of anodic films in galvanosta t ic  exper iments .  

The s tar t ing point  was the  use of the  equat ions (see 
Ref. (26), Eq. [21]-[22])  

V(L)  = --EoL + E* In Q [4] 

Table h Numerical values of the parameters used for fitting the experimental I /Cox vs. VE plots and the V(L) vs. L curves 

C.D., Eo, V E*, V 
Electrolyte m A  c m  -~ ~*, i~ c m  -1 x 10  e CITA -1 X 10 6 Veatr V VexP~ V t i l t  

Na~c08, 1N 32 10.0 2,229 0.620 112.9 127.5 30.5 
H~O4, 0.1N 32 10.0 2.603 0,796 138.0 147.0 27.0 

8 10.0 1.806 0,800 120.5 134.0 30.0 
NI~SOzH, 0.1N 32 10.0 1.794 0.800 119.5 122.0 34.5 

16 10.~ 1,579 0.820 110.7 121.0 34.5 
8 10.0 1.404 0.830 113.8 118.0 34.5 
4 2.7 1,002 0.660 107.2 107.5 34.5 

Abbreviat ions:  x* = apace-charge screening parameter; Eo = surface charge  electric fiel l; E* = kT/zea; Vc~ = electrode potential  
v~lues estimated by us ing  Eq. [4] and [5] at the second minimum of the interference curces; and Ve~p = experimentally measured  cell  
vol tage  in the  interference  curves  corrected for the ohmic drop. 
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with 
I n Q - 1 -  ( x * / L ) ( l  + L / x * )  ln ( l  + L / x * )  [5] 

where Eo is the surface charge electric field at the 
defect in ject ing interface, x* is the "space charge 
screening parameter"  represent ing the distance wi th in  
the growing film in which the concentrat ion of mobile 
species falls to one-hal f  of its largest  value, E* : k T /  
zea with ze the electric charge carried by the mobile 
species, a the half -hopping distance for the diffusing 
species, and L the actual film thickness at the elec- 
trode potential  V(L) .  Equations [4] and [5] were 
used twice in connection with the cell voltage values 
measured at the first m i n i m u m  and successive maxi -  
m u m  of the interference curves. 

In  this way it should be possible to determine in-  
dependent ly  the values of two parameters  by assum- 
ing a value for  the third one. This last parameter  was 
chosen as an adjustable  one in order to have "the best 
fitting both the cell voltage values at the second m i n i -  
mum of the interference curves (see Table I) and of 
the exper imental  1/Cox vs. VE plots. From the numer i -  
cal computations we become aware that the best choice 
was to use as adjustable  parameter  x* because a good 
fitting of the exper imental  curves was possible by 
vary ing  x* wi th in  an order of magni tude  (3--~ x* --~ 
30A). Moreover by using as a guideline the theo- 
ret ical  expectations we tr ied to use the same value of 
x* for the fitting of the different curves i/Cox vs. VE 
obtained at different C.D.'s. According to Fromhold 's  
analysis (27), in fact, a near ly  constant  x* value can 
be expected for a ratio of C.D.'s equal to 20, which is 
about the ratio of C.D. exploited in our  measurements .  

The whole fitting procedure was, then, the following: 
(i) de terminat ion  on the basis of the exper imental  
measurements  and by a trial  and error method of the 
essential parameters  of Fromhold 's  theory Eo, E*, x*, 
and construct ion of a voltage vs. thickness curve to 
be used in the 1/Cox vs. VE curve; and (ii) fitting of 
the I/Cox vs. VE exper imental  curves by using both 
the values of film thicknesses calculated by Eq. [4]- 
[5] for any  assigned electrode potential  value, and a 
value of dielectric constant  which assured the best 
fitting in the whole range  of the measured capacitance 
values. 

The results of the fitting procedure for different ex- 
per imenta l  condit ions (e.g., anions, C.D.'s) are sum-  
marized in Table I, where both the fitting parameters  
and the exper imental  cell voltages, V exp, measured 
at the second min imum of the interference curves are 
reported. In  the same table are reported the electrode 
potent ial  values V calc, at the corresponding thick- 
ness, extrapolated by using Eq. [4]-[5] and related 
fitting parameters.  The agreement  between V calc and 
V exp is always bet ter  than  90% for any  solution and 
it becomes still  bet ter  if we restrict our at tent ion to 
the exper iments  performed in sulfamic acid where it 
varies between 96 and 99%. It is not  surpris ing that  
the agreement  is bet ter  for the data relat ive to the 
sulfamic acid solutions in  which the anodization pro- 
cess occurs with the lowest bubbl ing  unt i l  very  high 
voltages. This finding suggests that  the scanty agree- 
ment  observed in the other solutions could be as- 
cribed to the higher electronic currents  (higher bub -  
bling) as well  as to the incorporation of anions pre-  
viously discussed. I t  mus t  be considered, moreover, 
that  the reading of the cell voltages at the second 
m i n i m u m  of the interference curves was s t rongly in-  
fluenced by gas evolution on the electrode s u r f a c e .  

By looking to Fig. 4 and 5 it is possible to see the 
good agreement  between the exper imental  curves and ~ 
the fitting curves in the plots l/Cox vs. VE. An aspect 
which w e  l ike to stress on the basis of these curves 
is that  a l inear  l/Cox vs. VE plot cannot be assumed 
as a proof of absence of space-charge effects par-  
t icular ly  if the range  Of investigated thickness is 
relat ively narrow. 

Our results show unequivocal ly  that  a pseudolinear  
1/Cox vs. VE plot can be obtained in  a re la t ively  large 
range of thickness by using the relat ionship Vs- th ick-  
ness (e.g., Eq. [4]-[5])  valid in presence of space 
charge together with an acceptable value of dielectric 
constant. Moreover by taking into account the possi- 
bi l i ty of a decreasing efficiency in the film formation 
current  at the highest thi,cknesses, it is not surpris ing 
that  in  several  cases the curvature  predicted by the 
space-charge effects in  the higher  thicknesses region 
can be missed in the 1/Cox vs. VE plots. 

As previously ment ioned the final step in the fitting 
procedure was to get a dielectric constant value which 
allowed the best fitting of the 1/Cox vs. VE curves 
provided that it  was in  reasonable agreement  with 
the l i terature  data. The data of dielectric constant in 
Table I as well  as the ~ox vs. thickness plots reported in 
Fig. 6 show that: (i) the values erit used are in fair ly 
good agreement  with the l i tera ture  data  obtained in 
similar  exper imental  conditions (15); (ii) the ex- 
per imenta l  Cox values are practically independent  of 
the film thickness provided that  space-charge effects 
are taken into account by using the correct VE Vs. 
thickness relationship; and (iii) lower cox values are 
obtained in sulfuric acid and carbonate solutions than 
in sulfamic acid. 

Moreover, in the last solution the dielectric constant  
values are independent  of the C.D., while they depend 
on the C.D. in sulfuric acid solution (see Table I) .  
All  these findings agree with the results of Rogers 
et al. (5) regarding the incorporation of sulfate and 
carbonate anions in the ZrO2 anodic films. The lower 
values of the dielectric constant  measured in these 
two solutions can be a t t r ibuted to the incorporation 
phenomenon as reported by different au thors  (29, 30). 
As for Young's s ta tement  on an exist ing influence of 
the thickness on the "effective" dielectric constant  of 
the ZrO~ films, it is not confirmed in our  work. In 
fact by looking to Fig. 6 it seems to us that a correct 
in terpre ta t ion of these plots can be made on the basis 
of a constancy in the cox values at  different thicknesses. 
It  is not surprising, moreover, that a larger scattering 
in the exper imental  points around the ~fit value is ob-  
served in the region of smaller  thicknesses where 
larger variations in the measu red  capacitance are 
found for a small  thickness increment .  

Some fur ther  comments  must  be devoted to the 
Tafel plots reported in Fig. 3. Al though the l imited 
range of investigated C.D.'s does not allow us to reach 
final conclusions, the results of Fig. 3 seem to confirm 
the hypothesis suggested by Dell 'Oca and Young (31) 
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Fig. 6. Dielectric constant values vs.  film thickness for films 

formed in various solutions at i ---- 32 mA cm -~. A NH.2SO3H 
0.1N; []  Na2CO~ 1N, Q H2SO4 0.|N. The eox values were ob- 
tained by using the formula of the plane capacitor in connection 
with the Eq. [4]-[5]  for the calculation of the thicknesses at 
different voltages. The experimental capacitance values have been 
corrected for the Helmholtz double layer capacitance CH ~ 20 
/.oF cm-2. 
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tha t  the  incorpora t ion  of anions into the  anodic films 
could be the  source of non l inear i ty  in the Tafel  plots. 
The progress ive  l inear iza t ion  at h igher  thicknesses of 
the Tafel  plots r epor ted  in Fig. 3b and 3c could be 
ascr ibed to the mechanism of incorpora t ion  and grOwth 
of the  ZrO~ anodic films. I t  is t empt ing  to correlate,  
in fact, the l inear iza t ion  of the  Tafel  plots wi th  the 
resul ts  of Rogers et al. (5) showing a duplex  s t ruc-  
ture  in the ZrO2 films formed in carbonate  or sulfate 
solutions, wi th  the inner  l aye r  near  the me ta l / ox ide  
interface incorpora t ion  free. This could suggest  that  a 
change in the r a t e - d e t e r m i n i n g  step f rom the ox ide /  
e lec t ro ly te  in terface  t oward  the bu lk  of the oxide 
films is occurr ing  dur ing  the g rowth  of the films. In  
the presen6e of a mobi le  space charge and then o f ' an  
increas ing  e lec t r ic  field at the  opposite in ject ing in te r -  
face (26, 27), the previous  suggestion should mean  tha t  
the  oxygen  t r anspor t  occurs via  a vacancy- type  mecha-  
nism. Such a mechan i sm has been suggested for  
calcia s tabi l ized  zirconia (CSZ) (32) as welI  as for 
ZrOz anodic films. By using the re la t ionship  i ~ A 
exp BE and Tafel  plots of Fig. 3a, the A and B pa -  
ramete rs  were  ca lcu la ted  and repor ted  in Table  II. 
The values  of the  ha l f -hopp ing  distances a were  
es t imated according to the  express ion B = zea /kT  
and to the  hypothesis  tha t  only  the  oxygen  ions are  
mobile  in the  films. This last  assumption could be 
quest ioned at  the highest  cur ren t  dens i ty  (i > 10 m A  
c m - 2 ) .  However  the agreement  b e t w e e n  the da ta  of 
Table  II  and the  A and B values  repor ted  in the  l i t -  
e ra tu re  (9, 11-15) is f a i r ly  good. The agreement  wi th  
the  l i t e r a tu re  da ta  is s t i l l  good if we compare  the 
da ta  of Table I I I ( a )  re la t ive  to the  l inear  i n t e r p o l a -  
t ion of the  Tafel  plots  r epor t ed  in Fig. 3b and 3c, for 
sulfur ic  acid and ~ carbonate  solutions, respect ively.  
A direct  compar i son  with o ther  expe r imen t a l  da ta  is 
not possible  for t h e  parabol ic  in terpola t ion  of the 
Tafel  plots [see also Table  I I I  (b) ]. 

An  es t imat ion  of the ac t iva t ion  energy at  zero field, 
W (26, 27), has been carr ied  out for films grown in 
HNH2SO3 solut ion on the basis of the p a r a m e t e r  
values repor ted  in Tables I and  II, and by  assuming 
a value of 1018 sec -1 for  the  j ump  f requency  of the  
migra t ing  species in the  film. The W values va ry  in 
t h e r a n g e  (1.02-1.1) _ 0.04 eV. 

These values  of act ivat ion energy  are  not  too far  
f rom the value repor ted  by  Croset  et al. (33) for  
CSZ (W ~ 1.18 • 0.02 eV) and obta ined  by  mea-  
surements  of a -c  e lect r ica l  conduct iv i ty  at h igh t em-  

Table II. Values of the parameters A and B obtained by the 
least squares method for the relationship i ~ A exp BE plotted 
in Fig. 3a at different thicknesses. The corresponding a values 
were calculated according to the relation B ~ zea /kT ,  with 

z ~ 2 and k T / e  - -  0.025V 

F i l m  t h i c k -  
n e s s  r a n g e ,  

A A,  A c m  -9 B, c m  V -~ a, A 

0-745 3.8 • I0 -u 5.09 x I0-" 6.4 
745-1490 9.2 • I0 -11 3.51 x I0-~ 4.4 

0-1490 2.0 X 10 -l i  4.2 x i0-" 5.3 

Table Ill(a). Values of the parameters A and B calculated by 
the least squares method for the relationship i ~ A exp BE 
plotted in Fig. 3b and 3c. The corresponding a values were 

calculated according to the relatian B ~ zea /kT ,  with 
z ~ 2 and kT /e  ~ 0.025V 

F i l m  t h i c k -  
n e s s  r a n g e  

A A, A cm -~ B, em V -I a, A 

745-1490 2.8 x 10 -9 2.62 x I0-" 
0-1490 7.0 x I0 -~ 2.68 x 10 -o 

745-1490 1.71 x 10 -Io 3.68 x 10 -~ 
0-1490 3.04 x I0 -~ 3.42 x 10-" 

3.3 
3.4 HeSO~ 0.1N 
4.6 
4.3 Na~COa 1N 

Table Ill(b). Numerical values of the parameters calculated 
by the least squares method far the relationships 

i ~ io exp ze(~E - -  f lE2)/kT interpolating data of Fig. 3b and 3c 
at different thicknesses. The c~ and ~ values were calculated 

by assuming z ~ 2 and k T / e  ~ 0.025V 

F i l m  th i ck -  
n e s s  r a n g e ,  ~, A /10  7 

A i o, A era-2 a ,  A V c m  -1 

0-745 1.1 x i0  -I~ 14.89 11.60 
745.1490 1.48 x 10 -11 5.70 2.20 HeSO~ 0.1N 

0-1490 3.89 x i 0  "-:~ 10.50 7.03 
0-745 2.14 x 10 -19 21.45 23.22 

745-1490 2.94 x 10 -17 13.15 9.15 NagCOs IN 
0-1490 5.3 x i0  ~19 17.70 15.90 

pera tures  (T ~- 200~ This fact  seems a fu r the r  
proof  that  the same mechanism of ionic conduction is 
opera t ing  in CSZ as well  in the  films of ZrO~ anodi -  
cal ly  grown. 

A discrepancy be tween  exper imen ta l  da ta  and theo-  
re t ica l  ones comes out  by  compar ing  the hopping 
distances obta ined on the basis of the Tafel  plots and 
those obta ined from the da ta  of E* values repor ted  
in Table  I. F rom the resul ts  of Table  I a ha l f -hopping  
dis tance vary ing  be tween  1.50 and 2.0A in good agree-  
ment  wi th  the  theore t ica l ly  es t imated  value of 1.66,% 
given by  Young (15) is found. These values  should 
be compared  wi th  the  a values  obta ined  by  using the 
exper imen ta l  Tafet  plots  [see Tables  I I  and I I I ( a ) ] .  
The significance of these discrepancies  be tween  theory  
rand exper imen ta l  da ta  are, at the moment ,  not  clear  
to us. However  we recal l  that  analogous discrepancies  
in the ha l f -bopp ing  distances are common to other  
valve  meta ls  too. 

S u m m a r y  
The kinet ics  of g rowth  of ZrO2 anodic films in t h e  

inves t iga ted  solut ions occurs in presence of mobile  
ionic space charge.  This fact  can  expla in  both  the 
repor ted  increase  wi th  film thickness of the electr ic  
field s t rength  and the shape of the 1/Cox vs. VE plots. 
The cu rva tu re  of these plots observed at  the  h igher  
thicknesses for  films g rown in sulfamic acid solution 
at  different  C.D.'s, together  wi th  the  constancy in the 
measured  Cox values,  agree  wi th  the hypothes,is of 
Fromhold ' s  model  of oxide growth  in the  presence of 
a high mobile  space charge. The same model  has 
been used in the  fitting of the 1/Cox vs. V• plots for 
films grown in presence  of incorpora t ion  of anions 
l ike  sul fa te  and carbonate .  

In  these las t  solutions the curva ture  in the log i vs. E 
plots seems re la ted  wi th  the  effect of anions incor-  
porat ion.  This effect can also expla in  the  lower  cox 
values measured  for  the films grown in these solu- 
tions as wel l  as the i r  dependence  on the anodizat ion 
cu r ren t  densi ty .  
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The Morphology of Silicon Electrodeposits on Graphite Substrates 
Dennis Elwell,* Robert S. Feigelson, and Gopalakrishna M. Rao *,1 

Center for Materials Research, Stanford University, Stanford, California 94305 

ABSTRACT 

Silicon electrodeposi ted on a dense, pyrolytic carbon, and on a graphite with 22% porosity are compared.  Deposits with 
strongly developed < 111> texture and apparent ly  free from voids and inclusions can be made on both sub strate materials. 
Deposits  on vertical surfaces are normally free from inclusions and voids, in contrast  to those on horizontal surfaces, even 
when the cathode is rotated. 

In  a previous  p a p e r  (1) the  condit ions were  de -  
scr ibed for the  e lec t rodeposi t ion of dense,  w e l l - a d -  
heren t  sil icon layers  on graph i te  cathodes. The g raph-  
i te in tha t  case was ma in ly  in rod  form (Ul t racarbon)  
and the deposi ts  gene ra l ly  s tudied were  those on the 
cy l indr ica l  surfaces of the  rods as they  were  d ipped 
to a dep th  of  about  1 cm into K 2 S i F d L i F / K F  melts.  
Deposits  were  up  to 1 m m  th ick  on the side wal l  and 
2 m m  th ick  at  the edge of the  rod. The grain size 
was n o r m a l l y  up to 250 #m and the best  pu r i ty  was 
99.99 %. 

Sil icon for  solar  cell appl icat ions  is requi red  in 
the  form of un i fo rm layers  100-200 ~m in thickness.  
A 200 ~m th ick  l aye r  is r equ i red  to absorb  95% of 
the  solar  spec t rum at sea level  (2).  A m a j o r  aim of 
this  invest igat ion was the re fore  to s tudy  the feas ibi l -  
i ty  of achieving la rge  gra in  size si l icon e lect rodeposi ts  
when the th ickness  was res t r i c ted  to on ly  100-200 ~m. 
Elec t rodeposi t ion  offers the  prospect  of p repa r ing  
sil icon l aye r s  for  solar  cells  in a single s tage  process 
s ta r t ing  wi th  an inexpens ive  r aw  mate r i a l  (K2SiF6). 
The  fo rmat ion  of the cell  would  be achieved by  dopant  
diffusion or  ep i tax ia l  l aye r  deposi t ion to form a p - n  
junct ion,  o r  forming  a Schot tky  ba r r i e r  cell, for 

* Electrochemical Society Active Member.  
Present address: Inorganic & Metals Research Division, Dow 

Chemicals. Freeport, Texas 77541. 
Key words: polycrystalline silicon, electrocrystallization, semi- 

Conductor, solar cell, graphite. 

example  by  sp ray ing  a coat ing of ind ium oxide onto 
the sil icon surface.  In  e i ther  case, the  graphi te  would  
provide  a back  contact  to the  cell and would  give the 
cell enough mechanica l  s t rength  for easy handl ing.  

The cost of the g raph i te  could be a significant pa r t  
of the  solar  cell cos t ,  and so this invest igat ion was 
under t aken  to de t e rmine  whe ther  coherent ,  inc lus ion-  
and vo id - f r ee  deposi ts  could  be obta ined on an in-  
expens ive  grade  of graphi te .  The s tudy  repor ted  here 
is a compara t ive  s tudy  of e lect rodeposi t ion on a low-  
grade  g raph i te  and on h igh-g rade  py ro ly t i c  carbon.  
In  addit ion,  resul ts  a re  r epor t ed  of e lect rodeposi t ion 
studies using graph i te  rod  cathodes ro ta ted  about  a 
ver t ica l  axis. 

Experimental 
The appara tus ,  chemicals,  and condit ions used in 

this  inves t igat ion were  descr ibed prev ious ly  (1) ex-  
cept  where  specified. The graph i te  chosen for this  
inves t igat ion was Grea t  Lakes  Carbon grade  HLM, 
which has a dens i ty  of 1.74 g cm -3  and a res is t iv i ty  
of 6-10 / ~  cm. Since the  x - r a y  dens i ty  of graphi te  
is 2.24 g cm -3, this m a t e r i a l  has an average  poros i ty  
of 22.3%, which is expected  to be  an adverse  factor  
for  the  e lect rodeposi t ion of un i form layers .  The pur i ty  
of the  HLM graph i t e  was 99.7%, the main  impur i t ies  
being Ca, Fe, S, and Si. This ma te r i a l  is sold at about  
$1 pe r  lb ($0.45 pe r  kg) .  
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In  order to investigate the influence of the surface 
finish, sheets of HLM graphite were polished by the 
manufac turer  to No. 32, No. 125, and No. 250 grit finish, 
respectively. Figure 1 shows the microstructure of the 
materials with No. 82 and No. 240 finish ,and il lustrates 
the high degree of porosity and roughness character-  
istic of the surfaces. The cathodes were normal ly  1-2 
cm in width, 3 m m  thick, and 5 cm long, and were 
immersed to a depth of about 1.5 cm. Vitreous carbon 
or graphite crucible materials  were used as anode; 
the gap between the anode and the cathode was nor -  
mal ly  about 3 cm. However, for cylindrical  cathodes 
larger than the 1 cm diam rods employed in  our ro- 
tat ing cathode experiments,  the gap was smaller;  for 
example the cathode cylinder of 3 cm diam was placed 
at a distance 1.5 cm from the side wall  and 2 cm 
from the bottom of the crucible. Each new cathode 
was cleaned by an acid dip, distilled water rinse, 
ul trasonic agitation in ethanol, and was then dried 
prior to each deposition experiment .  Silicon was 
electrodeposited at a current  density of about 10 mA 
cm -2 in a three-electrode configuration. In  a typical 
exper iment  the potential  dropped from an initial  
value of --0.80 • 0.05V to a s teady-s ta te  value of 
--0.65 • 0.05V (vs. Pt) dur ing the course of an ex-  
periment.  

Rotating cathode experiments  were performed us- 
ing a modified furnace in  which the cathode was 
mounted  axial ly with a shaft which could be rotated 
through a Chevron Seal. The rotat ion range no.~nally 
employed was from 10-80 rpm, and the cathodes 
used in this case were rods of graphite of much higher 
density than  that  used in the s tat ionary cathode ex- 
periments.  The diameter  of these cathodes was varied 
from 0.6-2.6 cm. 

Results 
Stationary electrodes.--A selection of typical de- 

posits on both pyrolytic  graphite and on the HLM 
material  is shown in Fig. 2. Fa i r ly  un i form coverage 
was obtained on the pyrolytic  graphite and on one 
Other sample, but  the two other  examples i l lustrate 

Fig. 2. Typical silicon electrodeposits on pyrolytic carbon (left- 
hand sample) and HL.M graphite cathodes. 

ty~pical problems encountered. It  has been reported 
earlier (3) that  electrodeposited silicon on both silver 
and graphite tends to nucleate nonuniformly,  leaving 
rather  large voids (up to 1 mm or so in size) which 
are filled in only as growth continues over a period 
of about 4 hr. This problem appears to be exaggerated 
by the rough na ture  of the graphite surface, and 
the deposit next  to the pyrolytic sample in Fig. 2 is 

�9 an extreme case of this problem. In addition to rough-  
ness, the impur i ty  level wi thin  the melt  appears to 
influence the uni formi ty  of deposition; successive de- 
posits from the same melt  tend to be smoother, with 
bet ter  grain development  than the previous deposits. 

Figure 3 shows the cross section of two samples of 
HLM graphite on which thin films of silicon were 
deposited. The deposits vary  in  thickness from abou t  
100 ~m near  the top to about 200 ~m near  the bottom, 
and are general ly  coherent (crack free) in spite of 
large voids in the graphite substrate  material;  The 
deposits follow major  i rregulari t ies  in  the graphite 
surface ra ther  than filling them in to give a smooth 
surface, as can be par t icular ly  seen on the r igh t -hand  
sample where there is a large indentat ion on the side 
facing the second sample. The bottom surface is nor-  

Fig. | Optical micrograph of (a) No. 32, (b) No. 240 finish HLM Fig. 3. Cross section through HLM graphite electrodes showing 
graphite substrate materials, silicon deposits. The electrodes are 3.2 mm in thickness. 
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m a l l y  less un i fo rm in th ickness  and there  are  l a rge  
p ro tuberances  at  the  corners  of the sample.  This l a t t e r  
effect is common in any process  of crys ta l l iza t ion f rom 
solution, and arises f rom the g rea te r  access of solute 
to the  comer s  in compar ison wi th  points  on a flat 
surface. 

Subs t r a t e  surface finish c lear ly  has  an influence 
on the morpho logy  of the  deposit ,  since ma jo r  per -  
tu rba t ions  in f i lm thickness  arose f rom the la rger  
i r r egu la r i t i e s  on the  g raph i te  surface,  and occasional  
voids in the  film could be associated wi th  cor respond-  
ing voids in the surface (see Fig. 3). On the whole,  
however ,  the qua l i ty  of the  si l icon layers  on the ra the r  
porous g raph i te  was r e m a r k a b l y  good. The average  
qua l i ty  of films on the pyro ly t i c  graphi te ,  as judged  
by  thickness  uni formity ,  gra in  size, and incidence of 
voids, was be t t e r  on the  pyro ly t i c  carbon than  on the 
HLM graphi te  as expected.  However ,  many  of the 
bes t  films were  deposi ted  on the HLM mater ia l .  

The g rowth  of silicon layers  of la rge  gra in  size de -  
pends not  on the  nuclea t ion  process but  on the p re fe r -  
ent ia l  g rowth  of r e l a t ive ly  few grains  at  an ea r ly  
s tage of deposit ion.  Cross-sect ional  studies have  shown 
that  the  in i t ia l  gra in  size is e x t r e m e l y  small ;  observa-  
tions using a scanning electron" microscope (SEM) 
n o r m a l l y  revea l  a gra in  size of about  1 #m or less a t  
the  in ter face  be tween  the silicon and g raph i t e  or 
s i lver  substrate .  However ,  gra in  select ion can be ex-  
t r eme ly  r ap id  when  the  cur ren t  dens i ty  is ma in ta ined  
at a low level  and  espec ia l ly  dur ing  the th i rd  or  sub-  
sequent  deposi ts  f rom the same  melt .  

F igu re  4 is an example  which shows the tendency  
towards  co lumnar  growth.  Observat ions  no rma l  to the  
surface (Fig. 5) show c lear ly  that  the  films tend to 
g row wi th  {111} or ientat ion.  This same tendency  is 
shown by  deposi ts  on both pyro ly t ic  carbon and HLM 
graphi te  surfaces.  The average  gra in  size is about  
150 ~m and the  l ayers  in this  case are  continuous.  

The  average  deposi t ion efficiency, de te rmined  as 
the rat io  of the  mass of sil icon deposi ted to that  ex-  
pec ted  f rom the  number  of coulombs passed,  was 
49%. The highest  va lue  recorded  was 67%. 

No s t rong sys temat ic  differences were  seen in depo-  
si t ion efficiency or the  character is t ics  of the si l icon 
deposi ts  on the g r i t  size used to polish the HLM 
graphi te .  In  fact, the rougher  32 g r i t  finish gave 
l a rge r  gra in  size deposi ts  wi th  be t te r  developed {II1} 
facets t han  those on 240 or  120 finish surfaces, but  the  
32-finish ma te r i a l  appea red  to have  a lower  poros i ty  
than  the ma te r i a l  pol ished with  the finer gri t  size, 
and this m a y  be a more  significant pa ramete r .  Pu r i t y  
of the  melts  m a y  also be significant since it was notable  
tha t  subsequent  deposits  f rom the same mel t  were  

Fig. 4. Scanning electron micrograph of etched cross section ot 
silicon electrodeposit. The graphite substrate is on the left-hand 
side, and the relatively fine grain size at this stage can be observed. 

Fig. 5. Scanning electron micrographs of the surface of silicon 
deposits on HLM graphite, showin~ the ~ 1 1 1 ~  texture. 

norma l ly  more  un i form and of be t t e r -deve loped  {111} 
texture .  

Rotating electrodes.mWhen the  l a rge r  d iamete r  
cathodes were used ( ~  1 cm) i t  was not  convenient  
to use a re ference  e lect rode dur ing  the ro ta t ing ca th-  
o d e  exper iments  because of space l imi ta t ions  in a 
6 cm d iam crucible.  Dur ing  two-e lec t rode  deposi t ion 
wi th  a g raphi te  anode, the  deposi t ion poten t ia l  r e -  
qui red to give a cur ren t  dens i ty  of a round  10 mA cm-~  
was no rma l ly  found to increase sha rp ly  f rom about  
--1.6 to --2.8V vs. a vi t reous  carbon anode (the cruci-  
b le ) ,  a f te r  a t ime which depends  on the cur ren t  
densi ty ,  ro ta t ion speed, and previous  h is tory  of the 
bath. This effect has been a t t r ibu ted  to traces of 
mois ture  in  the  melt ,  l eading  to a reduct ion in cell 
voltage,  as oxygen r a the r  than fluorine is l ibe ra ted  
at  the  anode  (4~. I t  does not  appea r  to have  a serious 
influence on the  efficiency of deposi t ion for dura t ions  
longer  than 8 hr, a l though some hydrogen  wil l  be 
l ibe ra ted  at  the  cathode unt i l  the  mois ture  t races are 
removed.  

F igure  6 shows a series of deposits  on the  bot tom 
surface of some ro ta ted  cathodes of var ious  diameters .  
Deposits  on ro ta t ing  cathodes were  no rma l ly  of non-  
un i form cross section in spite  of the theore t ica l  ex -  
pec ta t ion  of a un i fo rm bounda ry  l aye r  in contact  wi th  
a hor izonta l  ro ta t ing  disk or  cy l inder  (5).  F igu re  7 
shows a typica l  cross section which  shows tha t  the 
thickness at the edges is rough ly  twice tha t  at the  
center .  In  addit ion,  this pho tograph  shows tha t  the  
sil icon deposi t  contains a high concentra t ion of Voids, 
especia l ly  in the region near  the  center  of the  cath-  
ode face. A magnified v iew of a typica l  c l u s t e r  of 
voids is shown in Fig. 8. The format ion  of the voids 
is p robab ly  associated w i t h  smal l  gas bubbles  (p rob-  
ab ly  CF4) which are t r apped  be tween  grains. The 
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Fig. 6. Bottom surface of graphite rods used as rotating elec- 
trodes, showing silicon electrodeposits. 

Fig. 7. Cross section through end of graphite electrode and .sili- 
con deposit, showing voids in the silicon. The cathode is 9.3 mm 
in diameter. 

ex te rna l  surfaces of th icker  deposits  were  often con- 
t inuous wi th  l a rge  gra in  size, as in the case of the 
s t a t ionary  cathodes. However ,  a typica l  deposi t  was 
porous and dul l  in appearance  at  the center,  wi th  
shiny appearance  at  the ra ised edges due to la rger  
gra in  size and lower  or zero poros i ty  there.  In  a few 
c a s e s  the poros i ty  was so high tha t  no adhesion was 

obtained.  This p rob lem was pa r t i cu l a r ly  severe  wi th  
the l a rge r  d iamete r  cathodes, 1.9-2.6 cm across, and in 
no case was a coherent  and we l l - adhe ren t  deposit  
achieved on these large d iameter  rods. 

In  contras t  to the porous deposits  at  the face cen- 
ters, the deposits  at the  corners and especial ly  on the 
ver t ica l  e'dges of the ro ta t ing  cathodes were coherent,  
wi th  we l l - fo rmed  grains.  An example  is shown in Fig. 
9. The {11I} tex ture  was less appa ren t  in such de-  
posits, but  the  average  gra in  size was around 100 ~m. 

Discussion 
From the prac t ica l  viewpoint ,  the most encouraging 

resul t  of this invest igat ion was the deposi t ion of co- 
herent ,  inc lus ion-f ree  silicon layers  of acceptable  gra in  
size for solar  cells on very  porous g raph i te  substrates .  
Mechanica l ly  pol ishing the graphi te  wi th  different  gri t  
sizes appeared  to have  l i t t le  influence on the mor-  
phology  of the deposit,  a l though the presence of major  
i r regular i t ies  in the g raph i te  surface leads to cor-  
responding var ia t ions in the film and so should be 
avoided. 

Nucleat ion of silicon by  e lect rodeposi t ion at  con- 
t ro l led  cur ren t  density,  even at  the low value of 
10 m A  cm -2, gives ve ry  fine par t ic les  even on re la -  
t ive ly  smooth surfaces l ike  s i lver  or pyro ly t ic  g raph-  
ite. Independen t  of the roughness  of the substra te  
surface, co lumnar  g rowth  occurs wi th  the  deve lopment  
of ,(Ii1} grains.  The deve lopment  of a <111> tex ture  
is p re sumab ly  a kinet ic  effect, the {111} faces being 
the slowest  growing,  so that  this t ex tu re  ~ develops 
wha tever  the surface finish on the mater ia l .  

Al though the  deposits  of larges t  gra in  size were  
made  on the porous HLM graphite ,  this ma te r i a l  also 
showed grea ter  var ia t ions in the qua l i ty  of the de-  
posit  than those on pyro ly t i c  carbon. A lower  poros i ty  
ma te r i a l  than  the HLM graphi te  appea r s  des i rable  
for  prac t ica l  fabr ica t ion  of solar  cells, in  o rde r  to 
improve  reproduc ib i l i ty  and to reduce var ia t ions in 
the  flatness of the surface. Coat ing the g raph i te  wi th  
a thin l ayer  of pyro ly t i c  carbon pr ior  to deposi t ion 
would  be beneficial  and should not contr ibute  sub-  
s t an t i a l ly  to the Cost of the device. 

With  both s ta t ionary  and ro ta t ing  electrodes,  de -  
posits on ver t ical  surfaces were  of significantly be t te r  
qual i ty  (as j u d g e d  by  absence of porosi ty)  than those 
on hor izonta l  surfaces. This difference is a t t r ibu ted  
to gas bubbles  which are  easi ly  t r apped  in i r r egu la r i -  
ties be tween  grains on a hor izonta l  downward - f ac ing  
surface, Al though  the qua l i ty  of deposits  on the ver t i -  
cal surfaces of ro ta t ing  cathodes was not be t te r  than 
that  on the  s t a t ionary  mater ia ls ,  agi ta t ion of the  elec- 
t ro ly te  appears  ve ry  des i rab le  as a means of improv-  
ing the un i fo rmi ty  in the thickness of the  deposi t  as 
a funct ion of the posi t ion be low the surface. The 
thickness taper ing  seen in deposits  on s ta t ionary  elec-  

Fig. 8. $EM photograph showing voids in silicon etectrodeposited Fig. 9. SEM photograph of surface of silicon deposited on vertical 
on bottom surface of rotating electrode, sides of a rotating electrode. 
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t rodes  (Fig. 3) is a t t r i bu t ed  to var ia t ions  in concen-  
t ra t ion  of solute  and  v ibra t ion  of the cathode, or 
gent le  rocking of a r ec t angu la r  t rough conta ining the 
e lec t ro ly te  is envisaged for fu ture  exper iments .  

The re la t ive  ease of product ion  of films having an 
average  gra in  size a b o v e  100 #m is encouraging for 
appl ica t ions  of e lec t rodepos i ted  si l icon in solar  cells. 
A l though  the scale of exper imen t s  pe r fo rmed  to da te  
is too smal l  for  fabr ica t ion  of test  cells, the e lect r ica l  
p roper t ies  of the deposi ts  appea r  promis ing  (6).  The 
pur i ty  of the  best  deposi ts  as de t e rmined  by  emission 
spectroscopy is g rea te r  than  99.999%. Undoped  sam-  
p l e s  a re  n - t y p e  wi th  a car r ie r  concentra t ion of ~ 1017 
cm -8, ca r r i e r  mob i l i t y  of 1O0 cm 2 V -1 sec -1, and r e -  
s is t iv i ty  up to 3 ~ cm. The reduct ion  of impur i t y  level  
f rom 1-2% in the  K~SiF6 s ta r t ing  ma te r i a l  to 8-10 
ppm in the  deposi ted  sil icon was achieved by  pure ly  
e lec t ro ly t ic  means,  using a sacrificial  predepos i t ion  for 
a t  leas t  24 h r  to pu r i fy  every  new melt .  I t  was noted 
tha t  successive deposi ts  n o r m a l l y  showed i m p r o v e d  
un i fo rmi ty  and gra in  size, and this improvemen t  is 
a t t r ibu ted  to the  h igher  pu r i ty  o f  t h e  mel t  as deposi -  
t ion continues.  Prepur i f ica t ion  of the s t a r t i ng  chemi-  
cals appears  wor thy  of inves t igat ion in fu ture  studies.  

Conclusions 
I. An  inexpens ive  and r a the r  porous grade  of g raph-  

i te  can give si l icon deposi ts  of over  100 ~m average  
gra in  size and which are  a p p a r e n t l y  free f rom voids 
and inclusions. 

2. The surface finish of the  g raph i te  has l i t t le  effect 
on the  morphology  of the  deposi t  bu t  a high degree  
of poros i ty  leads to more  va r i ab i l i t y  in the deposits: 

3, The deposi ts  show a we l l -deve loped  <111>  
texture .  

4. Deposits  on ver t ica l  surfaces a re  of much  be t t e r  
qua l i ty  than  on horizontal ,  even when the cathode 
is rotated.  

5. A s t i r red  bath,  wi th  ver t ica l  p la te  electrodes,  ap-  
pears  to be the most  favorab le  condit ion for deposi t ion  
of vo id - f ree  layers  of un i fo rm thickness.  
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Voltammetric Study of the Anodic Oxidation of Sulfide Ions in Molten 
Fluorides 
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ABSTRACT 

The electrochemical  oxidation of sulfide ions has been s tudied in LiF-NaF eutectic by linear sweep vol tammetry  using 
graphite  electrodes at 1023 K. The oxidation is found to be reversible and diffusion controlled. A detai led analysis of the 

�9 S 2 -  e x p e r i m e n t a l  results suggests the following mechanism for the oxidation of sulfide ions 2S~- ~ 2 + 2e-. The average 
apparent  diffusion coefficient for sulfide ions is calculated to be 1.47 • 10 .5 cm2/sec at 1023 K. 

The e lec t rochemical  behavior  of sulfide i o n s  in 
mol ten  sal ts  is of considerable  in teres t  f rom both  
fundamen ta l  and appl ied  viewpoints .  The oxida t ion  of 
of sulfide ions in mol ten  salts  offers chal lenging funda-  
men ta l  research.  To date, the  mechanism of the r e -  
act ion is s t i l l  cont rovers ia l  and  cannot  be  in te rp re ted  
in an unambiguous  manner  (1). F r o m  the app l i ed  v iew-  
point ,  knowledge  of the  e lec t rochemical  reac t ion  of 
sulfide ions is impor t an t  for  ( i)  b a t t e r y  technology 
such as high t e m p e r a t u r e  secondary  ba t te r ies  (2) and 
(ii) meta l lu rg ica l  mol t en - sa l t  processes such as meta l  
e lec t rowinning  f rom sulfides (3).  

The e lec t rochemical  oxida t ion  of sulfide ions has 
been s t u d i e d  in ch lo r ide  mel ts  (4-25),  ma in ly  LiC1- 
KC1. PbC12-NaC1, and A1CI~-NaC1. In  LiC1-KC1 eutec-  
tic, different  oxidat ion  mechanisms have  been proposed  
b y  var ious  invest igators .  This can be  i l lus t ra ted  by  the 

* Electrochemical Society Active  Member. 
Key words: vol tammetry,  oxidation, fused  salts, sulfide ions, 

fluorides, mechanism. 

fol lowing two examples  of mechanisms proposed for 
the  sulfide oxidat ion.  Weaver  and I n m a n  (7) found 
tha t  the oxidat ion  of sulfide ions was overa l l  diffusion 
control led  and revers ible .  However ,  it  appea red  to be 
control led  by  the ex tens ive  format ion  of a po lymer ic  
su l fur  film, and a mix tu re  of var ious  soluble po lysu l -  
tides was u l t ima te ly  formed.  These authors  proposed 
e i ther  one of the fol lowing three types  of react ion 
mechanism to account  for  the  observed  behavior  ( i)  

- - 2 e -  S 2- -- 2e-  
S~- > S(-->Sx); S .  > S ~ - ,  (ii) S ~- - S-*  

S 2-  
Sx --> S,;  Sx ----> Sz+I 2- ,  or  (i/i) the react ion is s imi lar  
to mechanism (ii) with  a soluble  product  pass ivat ion  
model. On the other  hand,  the  react ions  pos tu la ted  by  
K a m  and Johnson (11) for sulfide ions are  

- - 2 e -  - - e -  - - e -  
2 S  2 -  > S~ 2 -  ~ $ 2 -  , ~ $2  
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The oxida t ion  of  sulfide in PbS-PbCla -a lka l i  chlor ide 
mel ts  has been s tudied  by  severa l  workers  to obta in  a 
be t te r  unders tand ing  of  the anode react ion in the e l ec -  
t rowinning  of l ead  (14-22). I t  was genera l ly  found 
that  the reac t ion  involves a chemical  react ion sub-  
sequent  to the  oxidat ion.  Fo r  example ,  Skyl las  and  
Welch (16) showed that  the  oxida t ion  of PbS  occurred 
via an i r revers ib le  two-e lec t ron  process in PbCle- 
NaCI a t  713 K. The oxida t ion  produc t  reac ted  with the 
mel t  to form a new product  that  was not e lec t rochemi-  
cal ly  reduced.  The fol lowup reac t ion  was first order,  
wi th  a ra te  constant  of 8 sec-L 

Other  workers  have inves t iga ted  the  behavior  of 
sulfide in A1C13-NaC1 melts .  They found the absence 
of polysulfides in these melts  and  the oxida t ion  of S 
into cationic species S n+. In A1C13-NaC1 mel t  sa tu -  
r a t ed  with  NaC1, Marassi  et al. (24) observed two 
steps for  the  oxida t ion  of  sulfide ions. The oxida t ion  
produc t  was ei ther  Ss 2+ or  S 2+ depend ing  on t em-  
pera ture .  

Recently,  in connect ion wi th  research  on the p ro -  
duct ion of a luminum via  the  electrolysis  of A12S~, the 
present  authors  (26) s tudied the  mechanism of the 
anodic oxida t ion  o f  sulfide ions in mol ten  MgCls- 
NaC1-KC1 eutectic at  1023 K. The resul ts  show that  
the oxida t ion  proceeds via  a mechanism based on two 

- - 2 e -  
steps: S 2-  > S fol lowed by  S ~ S -> S~(g).  The 
e lec t rochemical  react ion is revers ib le  and diffusion 
controlled.  The d imer iza t ion  of sulfur  a toms to e le-  
menta l  su l fur  is ve ry  fast  and very  much displaced 
toward  $2. The e lec t rochemical  behavior  of sulfide in 
mol ten  L i F - N a F  was also s tudied by  the present  
authors  and is the subject  of the  present  paper .  The 
objec t ive  of this s tudy  is to evalua te  the feas ibi l i ty  of 
the L i F - N a F  mel t  as solvent  for the  electrolysis  of 
AI~S~. 

L i t e r a tu re  search shows that  no work  has been r e -  
por ted  on the oxida t ion  of  sulfide ions in mol ten  
fluorides. The only re la ted  informat ion is l imited to 
the electrolysis  of AlsS3 (3, 27-29) and ZnS (30) in 
fluoride and mixed  f luor ide-chlor ide  melts.  In  these 
cases, su l fur  was repor ted  to be the  pr incipal  anode 
product .  However ,  the detai ls  of the  reac t ion  are  not  
known, and the  mechanism has not  been elucidated.  
In  the  present  paper ,  the  resul ts  obta ined  f rom a vol t -  
ammet r i c  s tudy  of  the e lec t rochemical  oxidat ion  of 
sulfide in L i F - N a F  eutectic (61-39 mol percent  ( m / o ) ,  
mp 922 K) at  1023 K are  presented.  A react ion mecha-  
nism consis tent  wi th  the exper imenta l  da ta  has been 
suggested for  the  oxidat ion.  

E x p e r i m e n t a l  

Procedure.--General  procedures  for exper imen ta l  
work  have  been repor ted  e lsewhere  (26). In  the 
p resen t  work,  the  e lec t ro ly t ic  cell  consisted of a p y r o -  
ly t ic  boron n i t r ide  crucible  (5.2 cm diam, 7.2 cm high, 
Union Carbide)  containing mol ten  L i F - N a F  eutectic 
and three  electrodes.  The cell was opera ted  inside a 
VAC hel ium a tmosphere  glove box and heated in a 
s ingle-zone L indberg  furnace  as previous ly  descr ibed  
(26). S t a n d a r d  vo l t ammet r i c  ins t rumenta t ion  was em-  
ployed.  Vol tammograms  were  recorded with  a Hew-  
l e t t - P a c k a r d  X - Y  recorder .  A l l  measurements  were  
made  at  1023 K. 

EIectrodes.--All  potent ia ls  were  measured  wi th  re -  
spect  to a P t  wire  immersed  in the  mel t  as a quas i -  
re ference  electrode.  The work ing  electrode was a 
g raph i t e  rod (0.63 cm diam, Union Carbide,  Grade  
ECV) insula ted  with ho t -pressed  boron ni t r ide  (car-  
bo rundum)  so tha t  only  a .defined surface a rea  was 
exposed to the mol ten  salt.  Ano the r  g raphi te  rod  
immersed  in the mel t  se rved  as the countere lec t rode.  

Chemicals . - -The molten  s a l t  e lec t ro ly te  ( L i F - N a F  
eutectic)  was p r e p a r e d  f rom pure  L iF  and NaF  crystals  

(Harshaw Chemica l ) ;  A12S8 and Na2S (Cerac Pure)  
were  used wi thout  JEurther purification. 

Results  and  Discussion 
A typical  background  curve for L i F - N a F  (61-39 

m/o )  mel t  (wi th  no added  solute)  at  1023 K is shown 
in Fig. 1. The cathodic  l imi t  as indica ted  by  the 
s teep ly  r i s ing  cur ren t  at  about  --0.8V (al l  potent ia ls  
g iven vs. P t  re fe rence  e lec t rode)  can  be ass igned to 
the  reduct ion of sodium ions. The anodic peak  lo-  
cated at  about  -f-2.3V was the so-eal led cri t ical  current ,  
i.e., the  m a x i m u m  cur ren t  which is a t ta ined  before  the 
no rma l  anode react ion is superseded  by  the anode 
effect which is a t t r ibu tab le  to dewet t ing  of the elec-  
t rode  by  f luorocarbon compounds.  Another  smal l  
anodic peak  was observed at  about  -~I.IV. This might  
be due to the presence of res idual  impuri t ies .  The " im-  
pur i ty"  peak  even r ema ined  unchanged af te r  a few 
hours of purif icat ion by  pre-e tect rolys is .  

On the addi t ion of A12S~ to the melt ,  two addi t ional  
peaks  were  observed on the vo l tammogram.  A typical  
vo l t ammogram is shown in Fig. 2. (In this  figure, the 
observed  i n c r e a s e  in the anodic cur ren t  near  the 
cathodic l imi t  is not  associated with S 2-  b u t  ins tead 
is due  to t h e  oxidat ion  of any  products  formed from the 
depos i t i on  of a luminum or  sodium.)  These addi t ional  
peaks  were  a t t r ibu tab le  to the oxidat ion  of sulfide ions 
and, on the  reverse  scan, to the reduct ion  of its 
product .  The identif icat ion of sulfide peaks was Con- 
f irmed b y  the addi t ion of Na2S to the mel t  containing 
A12S3. The Na2S addi t ion enhanced the sulfide peaks.  
No peaks  were  a t t r ibu tab le  to the  presence of a lu-  
minum ions in the  L i F - N a F  eutect ic  melt .  The ab-  
sence of any  a luminum waves  was p robab ly  due  to the 
smal l  potent ia l  separa t ion  be tween  the a luminum 
deposi t ion and the cathodic l imit ,  the a luminum waves 
being undis t inguishable  f rom the cathodic l imit .  As can 
be  seen f rom Fig. 1 and 2, the " impur i ty"  peak  ap-  
pears  to have no effect on the sulfide oxidat ion.  This 
finding was easi ly  confirmed by  revers ing the poten-  
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Fig. 1. Voltammagram of LiF-NaF melt background. T ~ 1023 K, 
electrode area - -  0.32 cm~ v ~ I00 mV/sec. 
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Fig. 2. Voltammogram of AI~S~ in LiF-NoF eutectic melt. T - -  
1023 K, electrode area : 0.32 cm 2, v = 100 mV/sec, A[2S3 con- 
centration - -  4.47 • 10 - 6  mol/cm 8. 

t ia l  at  a va lue  more  ca thodic  than  the ox ida t ion  po-  
ten t ia l  of the  " impur i ty" ;  the  sulfide peaks  r ema ined  
unchanged.  However ,  i t  is des i rab le  to p reven t  im-  
pur i t i es  f rom being deposi ted  on the e lec t rode  since 
the deposi t ion can change the na tu re  of the work ing  
electrode.  In  these  vo l t ammet r i c  exper imen t s  , the  
cathodic po ten t ia l  was l imi ted  to about  + I V ,  wel l  
before  the  " impur i ty"  deposit ion.  

The oxida t ion  of sulfide ions was s tudied at  three  
different  A12S3 concen~trations: 4.47 • 10-e, 6.61 • 
10 -6, and  8.49 • 10-s  m o l / c m  3. Vol tammograms  were  
ob ta ined  for the  oxida t ion  at  sweep ra tes  of 0.02-1 
V/sec.  Typica l  l inear  sweep vo l t ammograms  for di f -  
fe rent  sweep  ra tes  at  the graphi te  work ing  e lect rode 
are  shown in Fig. 3. The peak  currents  of the r e c o r d e d  
voltammograms, ip, were  measu red  and are  p lo t ted  
as a funct ion of the  square  root  of the sweep rate,  v'/~, 
in Fig. 4. These plots  resul ted  in s t ra igh t  lines. A l -  
though these l ines appea r  to have a smal l  in tercept  at  
the peak  cur ren t  axis, it is not  unreasonable  to assume 
tha t  the  plots  pass through the origin considering ex-  
pe r imen ta l  e r ror  and  uncer t a in ty  ( •  f rom peak  
cu r r en t  measurements .  Also, the  s lope of the plots is 
p ropor t iona l  to the  concentra t ion of sulfide ions. These 
resul ts  ind ica te  tha t  the e lec t rochemical  react ion is 
diffusion controlled.  The revers ib i l i ty  of the  react ion 
is confirmed by  the  constancy of the peak  potent ia l  as 
the sweep ra te  is varied,  as seen in Fig. 3. I t  was 
found tha t  the  peak  potent !a l  for the  sulfide oxidat ion  
shifts anodica l ly  wi th  increas ing sulfide concentra t ion 
in the melL I t  was also found tha t  the  res t  potent ia l  
of the work ing  e lec t rode  becomes more  anodic as the 
sulfide concentra t ion  is increased.  This could expla in  
the  shif t  of the peak  potent ial .  

For  diffusion-control led,  revers ib le  e lec t rochemical  
processes, po ten t ia l  separa t ions  such as p e a k - t o - h a l f -  
peak  potent ia l ,  AEp, and p e a k - t o - h a l f - w a v e  potential ,  
AE ( the ha l f -wave  potent ia l  is measured  at the po-  
ten t ia l  correspondin~ to 0.85 i , ) ,  are  useful  for kinet ic  
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Fig. 3. Voltammograms of the oxidation of sulfide ions in LiF- 
NoF melt at different sweep rates. T = 1023 K, electrode area = 
0.32 cm 2, AI2S3 concentration = 4.47 • 10 - e  mol/cm ~. 
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Fig. 4. Plots of ip vs. v% for the oxidation of sulfide ions in LiF- 
NaF melt. T = 1023 K, electrode area = 0.32 cm 2, [~ = 8.49 X 
10 - e  m01/cm 3 AI2S3, A = 6.61 X 10 - 8  m0l/cm 8 AI2S3, 0 = 
4.47 X 10 -6 mol/cm 3 AI2S3. 

diagnost ic  purposes.  Table  I summar izes  the expe r i -  
men ta l  da ta  obta ined  for 2~Ep and hE at  the different  
sulfide concentrat ions studied. 

I t  can be seen' f rom Table  I that  /~Ep and • a re  in-  
dependent  of potent ia l  sweep rate.  F o r  a s imple elec- 
t rochemical  react ion tha t  is revers ib le  and first o rder  
(R ~ O -t- he) ,  AEp and ~E at 1023 K are  193.9/n and 

Table I. Data for peak-to-half-peak and peak-to-half-wave 
potential for the oxidation of sulfide ions in 

LiF-NaF eutectic at 1023 K 

AI~S~ c o n c e n t r a t i o n  

4.47 • 10-8 6.61 • 10 -8 8.49 x 10 -~ 
( m o l / c m  3) ( m o l / c m  c) ( m o l / c m  s) 

v AEv AE AEp AE AEp AE 
( m V / s e c )  ( m Y )  ( m Y )  ( m V )  ( m Y )  ( m V )  ( m Y )  

20 135 60 
50 135 60 140 65 140 65 

i00 140 60 140 65 140 65 
200 135 65 140 70 145 65 
5 ~  140 65 145 70 145 75 

1000 145 7~ 14~ fi5 14~ rio 
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97.7/n mV (31), respectively, where n is the number 
of electrons involved in the process. If the above 
mechanism were applicable to the oxidation of sulfide 
ions in the present study, n would lie between 1 and 2. 
Since the experimental results show that the oxidation 
proceeds via a single, reversible, diffusion-controlled 
step, that mechanism cannot be applied. The experi- 
mental voltammetric curves obtained were broader 
than the theoretically expected first-order curve. 
Schuman (32) has considered the theory of diffusion- 
controlled electrode processes, qR ~ mO + ne, where 
one or both of the stoichiometric numbers q and m are 
integers greater than unity. His results have shown 
that as the reaction order increases, the voltammo- 
gram becomes less peak-shaped in nature and lower 
in peak current. In the case of a second-order process, 
2R ~----.O + ne, AEp -- 279.4/n mV and ~E ---- I23.6/n 
mV (32). The data shown in Table I fit this mecha- 
nism, assuming n -- 2. It is, therefore, hypothesized 
that the oxidation of sulfide ions in LiF-NaF eutectic 
at 1023 K involves 

2S 2- ~-. $2 2- + 2e- [1] 

No prior spectroscopic or related physicochemical 
studies have been reported for 822- species in molten 
fluorides. However, the species $22- has been found to 
form in the oxidation of sulfide ions in LiC1-KC1 (6, 7) 
and PbC12-NaC1 melts (16). There is also spectro- 
scopic evidence that $22- species exist in molten 
chlorides (33). The existence of $22- in LiF-NaF sug- 
gested by the present electrochemical study is, thus, 
tentative and should be proved by spectroscopic mea- 
surements of characteristic absorption frequencies. 

If the mechanism for the sulfide oxidation in LiF- 
NaF eutectic is represented by Eq. [1], then the peak 
current is given as (32) 

n3/2F3/2 
ip = '0.3533 AsD1/2C~ 1/2 [2] 

RI/2T1/2 

where F is the Faraday (C), R is the universal gas con- 
stant (J/mol �9 K), T is the temperature (K), As is the 
electrode area (cm2),  D is the diffusion coefficient 
(cm2/sec), and C ~ is the concentration of the electro- 
active species (mol/cm3). The diffusion coefficients of 
sulfide ions in LiF-NaF eutectic at 1023 K were cal- 
culated to be 1.41 • 10 -5 cm2/sec at 4.47 • 10-6 mol/ 
cm~ A1288, 1.48 X 10-5 cm2/sec at 6.61 • 10-6 mol/ 
cm ~, and 1.52 • 10 -5 cm2/sec at 8.49 • 10 -6 mol/cm ~, 
with an estimated experimental error of ___10%. Within 
this uncertainty, the concentration dependence of the 
diffusion coefficient cannot be defined. 

Since previous works reported in the literature in- 
dicate that the electrolysis of metal sulfides in fluoride 
melts produces sulfur at the anode, it is interesting to 
know whether this is the case for the electrolysis of 
A1283 in this melt. The electrolysis was conducted with 
2 weight percent A1288 in LiF-NaF as the electrolyte, 
using the cell assembly previously described (34). Sul- 
fur was detected (by x-ray analysis) during the elec- 
trolysis. For such electrolysis, the sulfide reaction at 
the anode is represented by Eq. [1] or 

S 2=- ~ S + 2e- [3] 

S + S 2- ~ $2 2- [4] 

Sulfur atoms formed by reaction [3] dissolve in the 
melt by chemical reaction [4]. When the saturation of 
$22- is reached, S combines to give elemental sulfur, 
as detected during the electrolysis experiment. 

One interesting observation is that the LiF-NaF melt 
was colorless, but turned reddish brown on the addition 
of enough AI2S~. The intensity of the color increased 
with increasing A1283 concentration. Addition of Na28 
to the melt gave similar results, 

In summary, the voltammetric study has shown that 
the anodic oxidation of sulfide ions in LiF-NaF eutectic 

is reversible and diffusion controlled. The experi- 
mental results were in best agreement with the 
mechanism 282- ~- Se e- -k 2e-. 
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Electrochemistry of Coal Slurries 
!1. Studies on Various Experimental Parameters Affecting Oxidation of Coal Slurries 

Patrick M. Dhooge and Su-Moon Park* 
Department of Chemistry, The University of New Mexico, Albuquerque, New Mexico 87131 

ABSTRACT 

The anodic oxidation of coal slurries has been s tudied under  various experimental  conditions.  Results obtained from 
various exper iments  support  the mechanism of the catalytic oxidation of coal slurries by iron (III) in solution, followed by 
the oxidation of reduced iron (II) to iron (III) at the electrode. The oxidation of coal slurries by iron (III) in solution is found to 
be a first-order process with respect  to both reactants, i.e., coal and iron (III), from concentration dependency  studies, indi- 
cating that  the overall reaction may consist  of a sequence of one-election transfers. It may also be concluded from various 
exper imental  results that  the electrolysis reaction proceeds through the sequential  formation, first of carbon oxides on the 
coal surface, and then of carbon dioxide as a final product.  Of various catalyst oxidants studied, bromine and cerium (IV) 
appear  to have the largest pseudo first-order catalytic rate constants with 1.1 • 10-3sec - '  and 4.1 • 10-4sec -1, respectively. 
Redox potentials of the catalyst pairs appear  to be the most  important  parameter  in determining catalytic reaction rates. 

In  our  previous  repor t  ( I ) ,  we descr ibed  findings 
which ind ica ted  tha t  coal s lurr ies  were  ca ta ly t ica l ly  
oxidized by  meta l  ions, i r o n ( I I I )  or  ce r ium (IV).  The 
react ions  were  represen ted  as an oxidat ion  of coal in 
solut ion by  cata lys t  oxidants  

4Fe s + -t- C ~ 2H20 ~ CO2 -f- 4Fe 2 + ~ 4H + 
o]: 

4Ce 4+ W C-f- 2H2:O-~ CO~ ~ 4Ce ~+ -t- 4 H+ 

fol lowed by  the  reox ida t ion  of r educed  ca ta lys t  ions at  
the e lec t rode  

Fe2+ -> Fe  ~+ -~ e 
or 

Ce ~ + --> Ce ~ + + e 

We had concluded that  the  cont.inuous e lectrolysis  cur -  
ren t  of coal s lurr ies  observed in or ig inal  exper iments  
by  Coughlin and Farooque  (2-4) and others  (5, 6) was 
exp la ined  by  the cyclic na tu re  of the  above reactions,  
as the  ca ta lys t  ions were  cont inuous ly  r educed  b y  coal 
to form surface  oxides on it. Studies  of coals and acid-  
washed  coals in the presence of i r o n ( I I I )  and ce- 
r i u m ( I V )  confirmed the idea of an e lec t roca ta ly t ic  
mechanism for coal  oxida t ion  (1). React ion rates  and 
ac.tivation energies  were  de te rmined  for some sys-  
tems and found to be reasonable  for the  proposed  
mechan i sm of oxida t ion  by  meta l  ion. However ,  the  
e lec t ro ly t ic  coal  oxida t ion  reac t ion  should almost  
su re ly  proceed by  a mul t i s t ep  mechanism,  since i t  
is h igh ly  improbab le  for react ions involving one-s tep  
mu! t ie lec t ron  t ransfer  to occur. 

Our  p rev ious ly  repor ted  exper iments  lef t  many  un-  
answered  questions. The orders  of  the  react ion with  
respect  to the  meta l  ion, the  coal, and wa te r  were  not  
de te rmined .  Also, we had used only  one type  of coal, 
the subbi tuminous  San Juan  coal, as a reactant ,  l eav-  
ing quest ions about  whe the r  the  oxida t ion  reac t ion  

o Electrochemical Society Active Member. 
Key words: coal slurry, electrochemical ceal gasification, cata- 

lytic oxidation, solution catalysts, hydrogen production. 

would  proceed as we had  descr ibed  on a h a r d e r  coal 
which would not contain so many  impuri t ies .  This 
pape r  a t tempts  to address  these and o the r  questions in 
e lec t roca ta ly t ic  coal oxida t ion  by  fu r the r  e xpe r i men t a -  
t ion on this  e lect rochemical  coal gasification reaction.  

Experimental 
The coals used in this  s tudy were  f rom t h e  San Juan  

Basin, no r thwes te rn  New Mexico,  and  f rom the Pi t t s -  
bu rgh  Seam No. 8, a s ample  PSOC-1099 obta ined f rom 
Pennsy lvan ia  S ta te  Coal Sample  Bank and Data  Base, 
Coal Research Section of Pennsy lvan ia  S ta te  Univer -  
si ty.  E lementa l  analysis  of the  coals showed 44.81% C, 
3.91% H, 0.47% N, 3.1% Fe2Oz, less than 0.01% S, and 
33.0% ash in the San Juan  coal, and 73.02% C, 4.94% H, 
1.34% N, and 11.15% ash in the  Pennsy lvan ia  coal 
(both as rece ived) .  Alfa  Chemical ' s  graphi te  powder  
(<325 mesh)  and VWR's ac t iva ted  Nori t  A were  used 

as o ther  carbonaceous compounds.  
Baker ' s  ccric sulfate and Lindsay ' s  cerous chlor ide 

were  used as rece ived  as sources of ce r ium( IV)  and 
c e r i u m ( I I I ) .  Baker ' s  AR ferr ic  sulfate and  ferrous  
su l fa te  were  sources of i r on ( I I I )  and i r o n ( I I ) .  The 
potass ium sulfate,  boric  acid, sodium hydroxide ,  and 
the sulfuric,  phosphoric,  hydrochlor ic ,  and perchlor ic  
acids used as suppor t ing  e lect rolytes  were  all  r e -  
agent  grade  chemicals  as received.  Bromine,  potass ium 
fer r icyanide ,  and  potass ium fe r rocyanide  were  also 
used "as is" f rom bot t les  of  Bake r  and Mal l inckrod t  
AR grade.  Eas tman Organic 's  p-benzoquinone,  2- 
naphthol  and anthroquinone,  Mal l inckrodt ' s  AR phenol,  
Fischer ' s  certified benzoic acid, Matheson Coleman and 
Bell 's  prac t ica l  grade 1,4-naphthoquinone,  K&K Lab-  
ora tor ies '  an th racene -2 -ca rboxy l i c  acid, and Aldr ich ' s  
mel l i t ic  acid and  2-naphthoic  acid were  used as 
"model"  compounds for coal, a l l  used as  received.  The 
gas s t andard  used to ca l ibra te  for analysis  of  carbon 
d ioxide  and carbon monoxide  was ob ta ined  f rom 
Scientific Gas Products  and was certified to contain 
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270 ppm by volume CO2 :and 31 ppm by volume CO 
in nitrogen. 

The electrochemical cell used for many of the studies 
has been described to some extent in our previous 
paper (1). A diagram of the cell for product (CO2) 
analysis is presented in Fig. 1. The reference electrode 
used in all studies was mercury/mercurous sulfate/  
saturated potassium sulfate, separated from the cell 
by an agar/K~SO4 bridge. The results, however, were 
all presented against a normal hydrogen electrode 
(NHE) unless otherwise stated. The counterelectrode 
compartment was isolated by a salt bridge and used 
a gold-plated bronze screen electrode. The working 
electrode was a 10 cm2 platinum foil with electrical 
contact made by a press-fitted clip of heavy platinum 
wire. Due to the back pressure of the effluent gas 
scrubbing system (.concentrated sulfuric acid was 
used to remove water  from the effluent gas), the 
counterelectrode compartment and the reference 
electrode had to be maintained at the same pressure 
as the working cell. Temperatures in the working 
electrode compartment were maintained by a thermo- 
stated water  bath with circulator. 

A Princeton Applied Research (PAR) Model 173 
galvanostat-potentiostat  with a PAR 176 I /E con- 
verter, or a Pine Instrument bipotentiostat, were used 
for electrochemical measurements. Gas samples were 
taken in a 10 cm path length gas cell with KBr win- 
dows and analyzed by the Fourier  transform infra- 
red (FTIR) method. All  infrared analyses were con- 
ducted on the Nicolet Model 6000 computerized FTIR 
system. The PAR 179 digital coulometer was used to 
count the charge passed for electrolysis. 

Results and Discussion 

Coal and metal ion concentration e~ects.--By way 
of comparison of the reactions of Pennsylvania vs. 
San Juan coal, see Fig. 2(a) and (b). The current 
levels obtained by addition of iron (III) and cerium(IV) 
were very similar for both coals. Currents for Norit 
A and graphite powder are also included. High back- 
ground currents were obtained with Norit A, perhaps 
due to sulfide oxidation. The current increases for 
both of these more pure carbons were appreciable for 
reaction with cer ium(IV),  but quite low for reaction 
to reduce i ron( I I I ) .  The coal contains reactive sites 
which can be oxidized by i ron(I I I ) ,  that  may not 
exist in any appreciable amounts in carbon sources 
such as Norit A a n d  graphite powder. However, cer- 
ium (IV) does oxidize these purer  carbons, undoubtedly 
due to the higher standard electrode potential of the 
ce r ium(IV) /ce r ium(I I I )  redox couple [,~ 1.45V vs. 
0.69V for i r o n ( I I I ) / i r o n ( I I ) ] ;  this same conclusion 
was presented in our previous paper (1). The type 
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Fig. 1. Electrochemical cell used for the oxidation product analysis 
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Fig. 2 (a) Current at -F1.0V vs. iron(Ill) concentration at 20~ 
for: o-acid washed San Juan coal, -F-acid-washed Pennsylvania 
coal, A-Norit A, F-1-AIfa Chemicals powdered graphite, and Q -  
blank. 2.0g of carbonaceous compound in 75.0 ml h0M H2SO~. 
The electrode area was about 10 cm 2. (b) Current at -t-1.5V vs. 

cerium(IV) concentration. Symbols and experimental conditions 
are the same as in (a). 

of coal used apparent ly  mattered l i t t le in its reactive 
qualities over the relat ively short period of this test. 

Note further that the current increased roughly 
l inearly with metal ion concentration, indicating an 
order of one with respect to the metal ion in the redox 
reaction. This i s  true only when the carbonaceous 
compounds react with metal ions and at lower con- 
centrations of metal ions. This suggests that the redox 
reaction to produce COs from coal is a stepwise pro- 
cess of one-electron translers, one of which is rate 
controlling. 

Kinetics of the reactions of the Pennsylvania coal 
with i ron(I I I )  and cerium(IV) were determined in 
the  same manner as described previously (1). Rate 
constants for reactions with i ron(II I )  and cerium(IV) 
were 1,9 • 10-5 sec-1 and 9.6 • 10 -5 sec -1. Thermo- 
dynamic measurements gave the activation energies 
as 12.0 kcal /mol and 6.6 kcal/mol,  respectively. These 
compare quite favorably with the values for these 
reaction parameters reported for San Juan coal in 
our previous report  (1). The two coals react in a 
very similar manner with these two metal ion oxi- 
dants, despite the fact that they are of different ranks. 

The effect of coal loading on the s lurry is shown 
graphically in Fig. 3. Increase in oxidation current 
was approximately l inear with the weight of coal 
added to the slurry. The higher order Pennsylvania 
coal did not increase reaction rate with loading as 
quickly as the San Juan coal, indicating reaction 
saturation at lower total reaction amount. These studies 
were run both to determine the order of the reaction 
with respect to the coal and to clarify the effect of 
coal loading. In experiments by Farooque and Coughlin 
(2), a practical l imit of current  increase with coal 
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Fig. 3. Current at -J-I.0V vs. coal loading at 20~ iron(Ill)con. 
centratien 0.1M in 75 ml 1.0M H~SO4 for: ~-Pennsylvania coal 
and e-San Juan coal. 

loading  was achieved at  about  100g coal / l i te r .  Our  
expe r imen t s  show about  the same resul ts  r epo r t ed  by  
Farooque  and  Coughlin,  a prac t ica l  l imi t  of about  
100g coa l / l i t e r  wi th  a concent ra t ion  of 0.1M m e t a l  ion. 
San  J u a n  coal  a l lows  h igher  loading  capabi l i ty  due 
to its h igher  react ivi t ies .  Loading  can undoub ted ly  be 
increased wi th  h igher  m e t a l  ion concentrat ions,  a l -  
though a l imi t  wi l l  be reached  at  which s l u r ry  ag i ta -  
t ion becomes difficult. 

The  reac t ion  o r d e r  for  coal is about  one, as  was 
f o u n d  for  t he  meta l  ion. This is reassur ing  in that  
one me ta l  ion s h o u l d  not  be able  to reac t  wi th  more  
than  one coal  func t iona l i ty  s imul taneously .  

E~ect of pH.~To  da te  no exper iments  have been  
r epor t ed  de te rmin ing  the pH dependence  of the coal 
oxida t ion  reaction.  This is impor t an t  for  severa l  r ea -  
sons. The coal, if i t  undergoes  the  e lec t rochemical  
react ion according to the  s to ich iomet ry  proposed by  
Coughlin and Farooque ,  i.e. 

C -b 2H20 --> CO~ -t- 4H + -p 4 e -  

should  have  a reac t ion  equ i l ib r ium poten t ia l  shif t  of 
--59 m V / p H  unit.  If, however ,  i r o n ( I I I )  oxidizes coal 
ca ta ly t ica l ly ,  the  equ i l ib r ium poten t ia l  should be in-  
dependen t  of change  in pH, since the  e lec t rochemical  
s tep does not  involve  the  hydron ium ion. Fur the rmore ,  
the  anodic  cu r r en t  should decrease  d ras t i ca l ly  when 
the  p H  is  sufficiently high to p rec ip i ta te  i ron ions. 
Exper imen t s  were  run  using a 0.5M K2SO4 solution. 
Two grams of coal were  added  to 150 ml of the  solution, 
and  p H  was ad jus ted  to the des i red  va lue  using 1.0M 
~ S O 4  and 1.0M N,aOH for pH --  0-4. For  h igher  
values  of pH 0.1OM boric  acid was added  to provide  
a buffer. F o r  comparison purposes,  exper iments  were  
also pe r fo rmed  on a solut ion containing 1 • 10-~M 
iron (III)  /1 X 10-SM i r o n ( I I )  in 0.SM K2SO4 at va r i -  
ous pH values.  

The i-E curves were  recorded for coal f rom pH ----_ 
0-10 (Fig. 4). The equ i l ib r ium potent ia l  (0.6 ,.~ 0.7V 
vs. NHE) did not  change  s ignif icant ly  over  this 
pH range,  indica t ing  tha t  the  reac t ion  a t  the e lec-  
t rode  does not involve wate r  or  ions der ived  f rom 
water ,  i.e., H+ or  O H - .  The oxida t ion  cur ren t  at  
-t-I.0V vs. NHE genera l ly  increased when going to 
lower  pH values.  Both anodic and cathodic currents  
on e lec t rode  polar iza t ion  appea red  to improve  with  
lower  solut ion pit. This m a y  s imply  be due to in-  
creased solubi l i t ies  of i ron ions leached from t h e  coal 
under  more  acidic conditions,  and not  necessar i ly  to 
a fas te r  coa l / i ron  ( I I I )  reaction.  The oxida t lon  cur ren t  
became qui te  small ,  and  was a lmost  nonexis ten t  a t  
or  h igher  than  pH = 7.0. Some oxidat ion  cu r ren t  
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Fig. 4..oH dependencies of coal oxidotio.. (a) pH - -  0 ~ 4, and 
(b) pH ~ 5 ~ 1 0 .  

was seen at  pH -- 9.0 and  10.0 at  potent ia ls  more  
posi t ive than  1.1V vs. NHE; this is most  l ike ly  
wa te r  oxida t ion  at  these pH values. Reduct ion cur -  
rent.  of considerable  magni tude  w a s  seen at  h igher  
pH's.  This is  p r e suma b ly  due to reducib le  species 
f rom the  coal  tha t  a r e  solubi l ized in basic media  
(7, 8). 

S imi la r  resul ts  were  ob ta ined  for  the  i r o n ( I I I ) /  
i r o n ( I I )  solut ions at  var ious  p H  values.  The equi -  
l i b r ium potent ia l  foz~ the i ron solut ion is a lmost  iden-  
t ical  to the  coal solut ion,  showing tha t  the meta l  ion 
is the  species reac t ing  at  the  electrode.  The only  dif-  
ference was that  the i r o n ( I I I ) / i r o n ( I I )  solut ion did 
not  show as h igh  currents  as shown b y  coal s lurr ies  
at h igher  pH's.  Smal l  amounts  of oxidizable  organic 
compounds from coal m a y  be responsible  for this 
difference. 

Other oxidation catalysts.--Both i r o n ( I I I )  and  cer -  
i u m ( I V )  have  been found to possess the  necessary 
character is t ics  for e lec t roca ta ly t ic  agents  in the  coal 
ox ida t ion  reaction. The potent ia ls  of the i r o n ( I I I ) /  
i r o n ( I I )  and c e r i u m ( I V ) / c e r i u m ( I I I )  couples  are  
posi t ive  enough to react  wi th  oxidizable  sites on the 
coal, both species a re  soluble  to a large  extent  (at  
least  in a c i d  solut ion) ,  and the oxida t ion  react ion 
at  the e lect rode proceeds reasonab ly  fast. Other  more  
efficient oxidants  m a y  be found, however ,  which  have 
fas ter  react ion ra tes  wi th  coal. 

One would  l ike  to find some redox  cata lys t  wi th  
as low a s tandard  e lect rode poten t ia l  as possible which 
would s t i l l  oxidize coal at  a fast rate.  This redox  
pa i r  mus t  also be soluble  in wa te r  or  acid solution 
to a large  extent ,  be  s table  over  a long per iod of 
time, have a r e l a t ive ly  large  heterogeneous  electron 
t ransfe r  ra te  constant  at  the electrode,  and be re l a -  
t ive ly  inexpensive.  

We tes ted ca ta ly t ic  act ivi t ies  of  a few species under  
var ious  e xpe r ime n t a l  conditions.  In  Fig. 5 are  plot ted 
the  oxidat ion  cur ren t s  moni tored  at variol~s time.~ far  
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Fig. 5. Intermittently measured limiting oxidation current vs. time 
for 2.0g washed San Juan coal in 75 ml of O-1.0 X 10-~M 
iron(Ill) in 1.0M H3PO4, I-1-1.0 X 10 -2M feericyanide in sat. 
K2SO4, A-I.0 X 10-2M iron(Ill) in 1.0M H2SO4, *-I.0 X 10-2M 
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vs. carbon powders  [Fig. 2(a)  and  (b ) ] ,  where  the  
carbon powders  seemed to lack  some type  of func-  
t ional i ty  which reacts  wi th  i r o n ( I I I ) .  These react ive  
funct ional  groups may  be oxidized at  a round  +0.6V 
and a round  +0.9V, according to our  resul ts  here. 

Various invest igators  have  found electroact ive 
groups on graphi tes  and carbons used as electrodes 
(9-13). The most  common groups appea r  as oxidat ion  
waves  at  ,~0.5-0.6V and at  ,~0.9V. These waves  have 
been assigned by  var ious  invest igators  to quinone and 
hydroqu inone- l ike  functionali t ies.  Other  studies (11) 
have  shown tha t  c e r i um( IV )  forms an oxide  film on 
carbons, which is also electroact ive at  a - p o t e n t i a l  
which has been de te rmined  to be quinoid groups. We 
now have  good reason to bel ieve tha t  coal oxida t ion  
proceeds  th rough  the oxidat ion,  and preced ing  ox ida-  
t ive formation,  of quinoid groups.  

In  r a t e  studies wi th  i r o n ( I I I )  in the  presence of 
o -phenanthro l ine ,  the reac t ion  ra te  was found to be 
no f a s t e r  than  with  i r o n ( I I I )  in 1.0M H2SO~. A faster  
react ion ra te  was found  for fe r r i cyan ide  in 1.0M 

ferricyanide in 1.0M H2SO4, II1-1.0 X 10-2M iron(Ill) in 1.0M 
HCI, +-1.0 X 10-~M iron(Ill) in 1.0M HCIO4, e- l .0  X 10-2M 
cerium(IV) in 1.0M H2SO4, and A-1.0 X 10-2M bromine in 1.0M 
H~SO4. The final current for Ce (IV) is in the range not shown in 
this figure. 

the  amount  of a reduc tan t  p roduced  when an ox ida -  
t ion ca ta lys t  is added  to the coal s lurry.  In  this ex-  
p e r i m e n t  no cu r r en t  was passed except  for  a shor t  
per iod  when measurements  were  made.  Thus the cur-  
ren ts  reflect the  amount  of r educ tan t  p roduced  due 
to the  reac t ion  

coal  + ox idan t  ~ products  + reduc tan t  

Two points  which  a re  immedia te ly  appa ren t  a re  
that  b romine  and ce r ium( IV)  had  by  far  the  fastest  
reac t ion  ra tes  wi th  coal, and tha t  i r o n ( I I I ) i n  1.0M 
H3PO4 reac ted  ve ry  s lowly,  if at all,  w i th  coal under  
these conditions.  Since the cu r ren t  response of each 
r educ tan t  is expected  to be different,  a known  con- 
cent ra t ion  (1.0 • 10-~M) of the  reduced  species was 
measured  in the  same cell. These values  were  used to 
calcula te  the  amount  of ox idan t  reac ted  wi th  the 
coal, and thus the react ion rates.  

Table  I l ists the  ca lcula ted  react ion ra tes  and  s tan-  
da rd  potent ia ls  for  the ox ida t ive  sys tems studied. The 
r a t e  constants  l is ted in Table I compare  favorab ly  
wi th  the one repor ted  ear l ie r  (1), which was de te r -  
mined  using different  methods.  Between 0.44 and 0.68V, 
the  reac t ion  r a t e  increases  more  than  ten t imes. Yet 
be tween  0.68 and 0.77V, the react ion ra te  increases by  
only 1.5-2.0 times. The range  be tween  0.77 and 1.06V 
shows a ~ 50.-fold increase  in the reac t ion  rate,  which 
seems re l a t ive ly  level  to +1.45V ( ce r ium( IV)  shows 
,~ 20-fold increase  over  i ron (III)  in 1.0M HCI).  These 
values  seem to indicate  tha t  some specific funct ional  
groups on the coal a re  reac t ing  wi th  the  oxidants.  
This v iew is suppor ted  b y  the cur ren t  da ta  for  coals 

Table I. Standard electrode potentials and catalytic reaction 
rate constants of several selution catalysts 

k~ at  20~ 
S y s t e m  E ~ or  g ~ sec-~ 

Fe(CN)e  -~ ill sat.  K~SO4 0.36 3.6 x 10 ~e 
F e ( I I I )  in 1.0M HaPO~ 0.44 7.3 • 10-~ 
F e ( I I I )  in 1.0M I~SO4 0.68 9.6 x 10 -e 
Fe ( C N )e  ~ in 1.0M H~SO~ 0.72 2.1 x 10 -5 
F e ( I I I )  in 1.0M HC10~ 0.75 1.9 • 10 ~ 
F e ( I I I )  in 1.0M HCi 0.77 1.6 • 10 -~ 
Bre in 1.0M H~SO4 1.06 1.1 x 10-~ 
Ce 4+ in 1.0M H2SO~ 1.45 4.1 x 10 4 

* T h e  r a t e  cons tan t s  w e r e  d e t e r m i n e d  s  Fig. 5 b y  ~ollowing 
r e d u c t a n t  concen t r a t i ons  t h r o u g h  first  hour .  Not  all da t a  points  
used  for  the  ca lcu la t ion  are  s h o w n  in the  ear l i er  t i m e  zone o f  
Fig. 5. 

H2SO4, as wel l  as i r o n ( I I I )  in 1.0M HC1, and 1.0M 
HC104. P a r t  of this effect is undoub ted ly  due to the 
increased formal  e lectrode potent ia l  of i ron ( I I I )  in 
HC1 and HC104. However ,  complexat ion  may  p lay  
some role, s ince fe r r i cyan ide  in 1M H2SO4 had a reac-  
t ion ra te  twice as fast  as i ron (III)  in 1M H2SO4, even 
though the formal  potent ia l s  for these two systems 
are  v i r t ua l ly  identical .  Fe r r i cyan ide  was also reacted 
wi th  w a s h e d  coal in sa tu ra t ed  K2SO4; the react ion 
ra te  is also l is ted in Table  I. I t  is much lower  than  
for fe r r i cyan ide  in 1.0M sulfuric  acid, more  on the 
order  of the  ra te  found for  i r on ( I I I )  in 1.0M phos-  
phor ic  acid. The s t andard  e lec t rode  potent ia l  of the 
f e r r i cyan ide / f e r rocyan ide  pa i r  is +0.36V vs. NHE with  
both ions ful ly  dissociated, whereas  the formal  po-  
ten t ia l  of the same pa i r  is 0.71V in 1F HC1 or  0.72 in 
I F  HCIO4 or H2SO4 (14, 15). This is due to the acid-  
base equ i l ib r ium react ion of the  redox pair ,  e.g. 

Fe(CN)64-  + H + = HFe(CN)68-  pK = 4.30 
and 

HFe(CN)6  s -  + H + --  H2Fe (CN)62- p K  = 3.00 

Thus, the overwhe lming  p a r a m e t e r  de te rmin ing  re-  
action rates  in coal  oxida t ion  appea r  to be the  s tan-  
dard  e lec t rode  poten t ia l  for  the  ox ida n t / r e duc t an t  
pair .  Also, the fact that  fe r r icyanide  is sufficiently 
s tab le  to keep the i ron in solution whi le  the aquoca-  
t ion is sorbed on the coal surface  m a y  exp la in  this 
difference, as r ev iewer  II  suggested. 

Current efficiency of carbon dioxide product ion.-  
Prev ious ly  repor ted  values  for the cur ren t  efficiency 
of COs product ion  f rom coal oxidat ion have var ied  
wide ly  (2, 5, 6). In  o rde r  to de te rmine  the ident i ty  
and quan t i t y  of gases being produced  in the reac t ion  
cell, we  have resor ted  to the  use  of Four ie r  t rans-  
form inf rared  (FTIR)  spec t rometry .  This technique 

O.OS 

Q.OG 

-0.05 
2 5 0 0  Wavenumbers Z250 2000 

Fig. 6. Absorbance vs. wavenumber for: lower curve, 270 ppm 
C02 and 31.0 ppm CO in nitrogen, 1000 scans, and, higher curve, 
sample Qf coal oxidation effluent gas, 32 scans. 
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can identify and quantitate the two gaseous products 
produced in any significant amount in the reaction 
vessel. 

Long-term current efficiency in production of CO2 
was measured using San Juan coal. Typical spectra 
of the standard gas mixture and a gas sample of the 
electrolysis product are shown in Fig. 6. Samples of 
effluent gas were collected from the vessel containing 
0.10M iron(III)  and 20g coal in 150 ml of 1.0M H2SO4 
(70~ and electrolyzed at -{-1.0V vs.  NHE at the 10 
cm~ Pt working electrode. Initial currents were of the 
order of 60 mA but decreased gradually to about 10 
mA during the extent of the experiment. During this 
time over 5000C were passed. The gaseous nitrogen 
purge flow rate was about 50 cm3/min. The only 
product seen over the course of the test was CO~. No 
CO was detected. Figure 7 plots the current efficiency 
of CO2 production as a function of the total charge 
passed, assuming four electrons per COS molecule 
produced. The current efficiency gradually increased 
over the course of the experiment. This may be due 
to saturation of oxide surface sites to the point where 
more of the oxidations lead to the production of CO2. 

In Fig. 8 the CO2 production, reflected by its con- 
centration in the effluent gas stream, is plotted for 
20g coal with 0.10M iron(III) in 150 ml 1.0M H2SO4 
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Fig. 7, PeFcent CO2 production current efficiency vs. total charge 
passed et ~ | . 0V  in coal oxidation cell, 20g San Juan coal, and 
0.10M iron(Ill) in 150 ml 1.0M H2SO4 at 70~ 
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Fig. 8. Ppm CO2 in 50 cm3/min N2 currier for 150 ml 1.0M HfSO~ 
at 70~ and 20g San Juan coal ~ 0.10M iron(Ill) with anodic cur- 
rent at -~-I.0V, [~-20g San Juan coal -{- 0.10M iron(Ill) without 
anodic currenh /\-20g San Juan coal with no anodic current, and, 
O-20g acid-wushed San Juan coal with no unedic current. 

at +I.0V vs.  NHE, and for 20g of coal in 150 ml 1.0M 
H2SO4 under no current, with no added iron(IlI)  
and no current, and with washed coal under no cur- 
rent. The results clearly show the increased CO2 pro- 
duction from coal when the iron(III) concentration 
was  maintained by oxidative electrolysis. The amount 
of CO2 being produced in the cell with anodic current 
after 100 hr  was approximately three times that in 
the cell without current. Initial CO2 production rates 
with and without current were approximately equi- 
valent. Apparently, even an acid-washed coal can 
produce some COS over quite a long period of time 
in acid solution. This baseline rate of CO2 production 
may be due to some spontaneous oxidation of coal 
functionalities; it is seriously doubted that inorganic 
carbonates are the source of this CO2, since the coal 
used was washed in 1:1 sulfuric acid for more than 50 
hr, which shouid be sufficient to remove all inorganic 
carbonates. The same two experiments described 
above were run again using Pennsylvania coal, with 
approximately the same results, although at lower 
CO2 production levels and lower current levels. Cur- 
rent efficiency values were higher, however, approach- 
ing 50%. We speculate that compounds on the coal 
surface somehow undergo an 'acid-catalyzed decom- 
position to COs. This was confirmed by detecting COe 
in the product gas from p-benzoquinone in 1M H2SO4 
at an elevated temperature, 70~ (see later section 
on model compound studies). 

If the reaction of coal with iron(III)  and other 
oxidants is a continuing process and not due to some 
initial reaction which, then exhausts a source of CO2 
on the coal, then addition of further iron(III) should 
give an increase in COs production. Unwashed San 
Juan and Pennsylvania coals were placed in 1.0M 
H.2SO4 (20g/150 ml) and the initial burst of COg pro- 
duction was allowed to level off. Addition of 0.20M 
iron(III) gave a new burst of CO2 production, as is 
shown in Fig. 9. This experiment should leave no 
doubt about the source of the CO2 produced in such 
coal oxidation experiments. It is a direct product of 
the oxidation of coal by a suitable oxidant, in this 
case iron(III) .  This system was not connected to an 
electrical source; the CO~ was produced purely by 
chemical oxidation. 

The current efficiency and current vs.  time were 
measured with San Juan coal both in the presence of 
iron(IH) and in the presence of cerium(IV). Results 
are shown graphically in Fig. 10. In the presence of 
cerium(IV), the amount of COz produced was 5-10 
times larger than with iron(III) .  The increased COe 
production reflects the increased reaction rate with 
cerium(IV) seen in the rate studies. Note also the 
higher current efficiency for CO2 production achieved 
with cerium(IV); the cerium(IV) is apparently able 
to completely oxidize (i.e., to CO~) functional groups 
more readily than iron(III) ,  resulting in higher cur- 
rent efflciencies. This conclusion is further supported 
by the current vs.  time curve for cerium(IV) com- 
pared to iron(HI).  The iron(HI) curve shows an 
initially high current, which dropped off rather rapidly 
as the more easily oxidizable species on the coal sur- 
faces were depleted. Cerium(IV) maintained at high 
current for a much longer period, showing an ability 
to react with functional groups unavailable to iron(III). 

P a r t i c l e  s i ze  vs.  c u r r e n t  and  c u r r e n t  e ~ c i e n c y  w i t h  
t i m e . - - F a r o o q u e  and Coughlin have run experiments 
measuring the current vs.  time with coal particle 
size (2). However, there was no control of the amount 
of oxidant in those experiments. The amount of iron 
in various particle size fractions of a coal may vary 
considerably due to differences in mineral content in 
softer vs.  harder coal particles. 

In order to remove this variable, we ran a series 
of tests using a large excess of iron(III)  to eliminate 
any effects of variation in natural iron content of the 
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Fig. 9. C0~2 production vs. time for 150 ml 1.0M H2SO4 at 70~ 
and: @-20.0g San Juan coal and @-20.0g Pennsylvania cool. 
0.20M iron(Ill) added at arrow mark. No current flowed. 
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Fig. 10. 20g Son Juan coal in 150 ml 1.0M H~SO4 at 70~ C)" 
anodic current at + I .0V  with 0.10M iron(Ill), A-COs production 
efficiency with 0.1M iron(Ill), o-anodic current at 1.5V with 0.10M 
cerium(IV), -[--CO~ production efficiency with 0.10M cerium(IV). 

coal. Our tests were done with 5.0g of the appropriate 
size fraction of coal in 150 rnl of 1.0M HsSO4 contain- 
ing 0.20M iron(Ill) at 70~ The particle sizes used 
were 45-50 mesh, 140-170 mesh, and 230-270 mesh. 
In Table II we list the calculated parameters for 
different mesh sizes of coal, based on spherical par- 
ticles. 

These experiments were run for about 100 hr each, 
giving not only the initial reaction rates (e.g., oxida- 
tion currents), but the currents after a certain period 
of time. The current efficiency of CO2 production was 
also measured. As in other experiments, no CO was 
detected. 

Figures 11 and 12 show the data from these tests 
for different particle sizes of San Juan (Fig. 11) and 
Pennsylvania (Fig. 12) coal using iron(III) as an 
electrocatalyst. Data from the San Juan coal is easier 
to interpret. The initial current increased with de- 
creasing particle size, which is consistent with a re- 
action rate dependent on coal surfaces exposed to 
the solution. The initial fast rise in iron(If) oxida- 
tion current indicates a process with which the elec- 
trode reaction cannot keep up. This phenomenon was 
also seen in other of our studies. This fast rise was 
followed by a decrease in current as the readily re- 
active sites on the coal were depleted and the reac- 
tion rate dropped. Admittedly, some of the current 
seen initially may be due to iron(If) leached from 
the coal, but calculations based on iron content of the 
coal show that not all the current drop should be due 
to depletion of leached ions. 

Note that initially (30 rain after coal is added to 
the hot acid) there was relatively high CO2 produc- 
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Fig. 11. 5.0g Son Juan coal in 150 ml 1.0M H2SO4 -I- 0.20M 
iron(Ill) at 70~ o-anodic current at +I .OV and +-C02 pro- 
duction efficiency; a) 45-50 mesh coal, b) 140-170 mesh coal, and 
c) 230-270 mesh coal. 

tion current efficiency. This may be due to several 
reasons. First is the reaction of free carbonates with 
the hot acid to form CO2. This reaction should pro- 
ceed quickly, and there is some doubt on our part that 
this reaction would still be producing CO2 at that time. 
Another possibility would be that the readily oxidiz- 
able groups on the coal, which we postulate are re- 
sponsible for the sudden rise in iron(II) concentra- 
tion initially, are oxidized completely to CO2. Also, the 
acid catalyzed decomposition of benzoquinone-like 
functional groups may contribute to the production 
of CO2, asalready pointed out. 

CO2 production current efficiency then dropped to 
a minimum and increased to a somewhat constant 
value which we feel reflects the nature of the coal/ 

Table II. Various parameters for different particle sizes 

Average Area per 
Diameter Average particle wt vs. 

Mesh of parti- particle volume 45-50 
size cles (cm) area (cm s) (cm a) mesh 

~45-50 0.035-0.0300 3.3 x 10 "a 1.8 • 10 -'~ 1.00 
140-170 0.0105.'0.0088 2.9 x 10-~ 4.7 x 10 .7 3.37 
230-270 0.0062-0.0053 1,0 x 10-~ 1,0 x i@ "s 5,49 
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metal ion reaction. Since the order of the reaction 
has been shown to be about one with respect t o  the 
coal and the metal ion, we believe that not all metal ion 
reactions with the coal produce COS; that is, some of 
the reactions are partial oxidations which do not im- 
mediately lead to COs. Eventually the surface will be- 
come saturated with these partially oxidized sites, 
and CO~. production current efficiency will increase. 
We believe we were seeing this at longer times in these 
experiments, when current efficiency began to in- 
crease somewhat. Also, note the larger COS production 
efficiencies for the smallest mesh size of San Juan coal. 
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Fig. 12. Snme as Fig. 11 for Pennsylvania coal 
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The data for the Pennsylvania coal is somewhat more 
difficult to interpret, although some features are very 
similar to San Juan coal. Again, the iron(II) oxida- 
tion current increased quickly and peaked at a rela- 
tively high current value, followed by a decrease to 
a much lower and fairly stable current. Steady-state 
currents for the Pennsylvania coal are 2-4 times lower 
than for San Juan coal; we believe this to be due to a 
lesser amount of reactive sites on the higher order 
coal. Current efficiency values for CO2 production 
again had an initial high value and went through a 
minimum. This minimum seems to indicate a phase 
of the reaction where oxidation of the coal is oc- 
curring without COs generation, although part of this 
effect may be due to iron(II) leached from the coal. 
As with the San Juan coal, the smaller mesh sizes of 
Pennsylvania coal gave higher COS production cur- 
rent efficiencies. Undoubtedly the smaller particles 
represent the softer fractions of the coal, and as such 
should produce more CO~ per oxidation. This indeed 
seems to be the case. Efficiencies of over 100% are 
not unexpected, as they can result from COS produc- 
tion from partially oxidized functionalities; our effi- 
ciency calculations assume four electrons per COS 
molecule. 

These experiments lend further support to our postu- 
late that some specific functional groups are re- 
sponsible for the reduction of iron(III) or other suit- 
able oxidizing agerit. Our results also demonstrate 
that no great increase in reaction rate can be obtained 
by using smaller particle sizes of coals; for the Penn- 
sylvania coal, smaller particle sizes give less steady- 
state current. 

Oxidation of model compounds.--In order to better 
understand what type of functional groups might 
be involved in the coal oxidation, we performed some 
experiments using compounds which we believe might 
simulate, or model, the behavior of coal in the pres- 
ence of oxidants. This type of study has been carried 
out by other investigators employing chemical oxi- 
dants such as hypochlorite (16). All tests were run 
with ,--0.1M of the model compound (dissolved or 
slurried) in 150 ml 1.0M H2SO4 at 70~ CO2 produc- 
tion was measured with and without .-.0.1M of oxidant. 

In Fig. 13 see the CO2 production rate of p-benzo- 
quinone with and without iron(III) .  This was the 
only one of the model compounds tested which pro- 
duced CO2 in the presence of iron(IID; it also pro- 
duced COs in the acid solution without any oxidant 
added at 70~ This is significant in that we have 
seen in the coals COS production without oxidant 
which also increases in the presence of the oxidant. 
The other model compounds, phenol, benzoic acid, 
mellitic acid, 1,4-naphthoquinone, 2-naphthol, 2- 
naphthoic acid, anthroquinone, and 2-anthranoic acid, 
showed no significant CO2 production with or without 
iron (III).  

With cerium(IV) an entirely different situation 
occurred. Many of the model compounds produced 
some CO2 in the presence of cerium(IV), in particu- 
lar p-benzoquinone, 2-naphthoic acid, and 1,4-naphtho- 
quinone. As has been stated previously, cerium (IV) 
has the ability to oxidize many more types of com- 
pounds than iron(III) ,  and that fact is demonstrated 
here. Also shown is the preference of quinones and 
acids to react with these oxidizing agents to produce 
CO2. In general, the compounds with larger aromatic 
structures are more stable to oxidation to COS due to 
the stabilization of intermediate species of oxidation 
by aromatic rings. The less aromatically stabilized 
quinones reacted more quickly here, as would be ex- 
pected. 

The model compounds studied show that some 
organic compounds, in particular quinones, are simi- 
lar to coal in reactive properties in the presence of 
oxidizing agents such as iron(III)  and cerium(IV). 
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Fig. 13. CO~ generation in 50 cmS/min N~ purge gas for 150 ml 
1.0M H~SO~ at 70~ with: a-0.10M p-benzoquinone -t- 0.20M 
iron(ill), b-0.10M p-benzoquinone, c-0.10M p-benzoquinone -t- 
0.20M creium(IV), d-0.10M 2-naphthoic acid -~ 0.20M cerium(IV), 
e-0.10M 1,4-naphthoquinone ~- 0.20M cerium(IV), f-0.10M 2- 
anthranoic acid -~ 0.20M cerium(IV), g-0.10M 2-naphthol ~- 
0.20M cerium(IV)~ i-0.10M benzoic acid -Jr 0.20M cerium(IV), and 
j-0.10M mellitic acid Jr 0.20M cerium(IV). 

Coal apparently contains functionalities which are 
considerably more reactive than many of these com- 
pounds, the exception being p-benzoquinone. The evi- 
dence of water's role in the reaction indicates that 
there may be reactive sites on coal which easily form 
quinones by an oxidative mechanism, at least in 
aqueous solution (17). 

Conclusions 
We have demonstrated the oxidation of coal by 

electrocatalysts utilizing redox couples such as 
iron (III) / i ron (II) and cerium(IV)/cerium(III) .  The 
reaction would seem to proceed through the sequen- 
tial formation, first of oxygen compounds on the coal 
surface, and finally carbon dioxide. This mechanism 
resembles that of chemical oxidation (18). Our evi- 
dence suggests that quinoids may~ be intimately in- 
volved in the oxidation process as an intermediate 
oxJ~dation product. Apparently any coal is suitable for 
electrocatalytic oxidation although less pure coals re- 
act more readily due to their greater number of re- 
active sites. 

Our studies show that the determining factor in 
catalytic reaction rate is the thermodynamics of the 
system. That is, the redox potential of the electro- 
catalyst pair employed appears to be the most ira- 

portant in determining catalytic reaction rates. The 
cerium (IV)/cerium (III) couple shows much promise 
as a practical agent for this reaction. Perhaps com- 
plexation of the cerium ions to increase their reac- 
tion kinetics could further increase the reaction rate, 
as we found was the case for ferricyanide/ferro- 
cyanide. The bromine/bromide couple also produces 
a fast reaction. When a proper solution catalyst is 
discovered, the production of hydrogen gas in this 
manner may be feasible. It may also be possible to 
use this concept for production of hydrogen from 
waste organic material. Our experiments with model 
compounds indicate that many carbonaceous wastes 
could be oxidized electrochemically with the produc- 
tion of hydrogen as a useful product. 
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A B S T R A C T  

A model  is presented for a parallel plate electrochemical  reactor which has electrodes that are the same size and are close 
together. That is, the distance between the electrodes (S) is much smaller than the length (L) or width (W) of the electrodes. 
Consideration of the material  balance equations in light of this small aspect  ratio (S/L) condit ion leads to predict ions of de- 
rived quanti t ies of interest  (e.g., current efficiency) that depend on the product  of the aspect  ratio and the Peclet  number,  
where Pe = 2VavgS/DR. Predict ions of such derived quantit ies are made for electrolysis of an aqueous, hydrochloric acid 
solution containing copper in a cell with no separator. 

The  design of  a pa ra l l e l  p la te  e lec t rochemical  reac tor  
(see Fig. 1) of ten  requi res  p red ic t ing  such quant i t ies  as 
the cu r ren t  and energy  efficiency for  mul t ip le  e lec-  
t rode reactions,  the  conversion per  pass of a reac tan t  or  
product ,  and the se lec t iv i ty  of a des i red  product .  Fo r  
example ,  in a cell wi th  no separator ,  the e lec t rode  
react ions  for  e lec t rowinning  of  copper  f rom a chlor ide  
solut ion might  be 

CuC132- - ,  CuCI+ ~ 2C1- -t- e -  (anode,  reac t ion  1) 

CuC1 + + 2C1- § e -  -> CuCla 2-  (cathode,  reac t ion  2) 

CuCIa 2 -  ~- e -  -* Cu -t- 3C1- (cathode, react ion 3) 

Note tha t  CuC132-, or  C u ( I )  reacts  at  both  e lect rodes  
and CuCI +, o r  C u ( I I ) ,  is a p roduc t  a t  the  anode and 
a reac tan t  a t  the cathode. This scheme is presented  here  
as a hypothe t i ca l  i l lus t ra t ion  of a complex  system. The 
poss ib i l i ty  of Cu (I I )  reac t ing  wi th  copper  deposi ted on 
the ca thode was ignored for convenience.  Many,  if not  
most, e lec t rochemical  processes of in teres t  a re  s imi-  
l a r l y  compl ica ted  and often i t  is some aspect  of the  
complex i ty  tha t  dictates the pe r fo rmance  of the  system. 

The des ign of an  e lec t rochemical  cell  based on the 
above  react ions  should include predic t ions  of the cur -  
ren t  and energy  efficiency for  copper  deposit ion,  the  
convers ion pe r  pass of both  Cu( I )  and  C u ( I I ) ,  and 
the  se lec t iv i ty  of  copper  deposit ion.  These predic t ions  
would  be expec ted  to depend  on, among o ther  things, 
the  cell  potent ia l ,  the  flow ra te  of the  e lec t ro ly te  
th rough  the cell, and  the length  of the e lectrodes at  a 
fixed separat ion.  Classical design techniques [see Ref. 
(1), e.g.] cannot  be used to make  these predic t ions  
because  they  do not  include the capabi l i t ies  to hand le  
the complexi t ies  due to the above reactions.  

P icke t t  ( I ) ,  for  example ,  presents  models  for  pa ra l l e l  
p la te  cells which  a re  based  on the assumpt ion tha t  on ly  
one e lec t rode  react ion is impor t an t  and tha t  i t  is mass  
t r ans fe r  control led.  He does presen t  a me thod  for  in -  
c luding an  undes i red  side reac t ion ,  bu t  i t  is cumber -  
some to use. In  a different  work,  he and S tanmore  (2) 
do present  a model  for the  case where  different  e lec-  
t rode react ions occur at  the anode and cathode but  do 
not  include mul t ip le  e lec t rode  reactions.  

Other  more  compl ica ted  (3-10) models  have  been 
presented  for pa ra l l e l  p l a t e  cells, bu t  they  are  also not  
su i tab le  here  for  one reason or  another .  Sakel la ropoulos  
and Francis  (3-5) present  a model  for a pa ra l l e l  p la te  
cell which  does include both series and  pa ra l l e l  e lec-  

* E l e c t r o c h e m i c a l  Socie ty  Ac t ive  Member .  
Key words: meta ls ,  cell,  current efficiency, maSS t r anspor t .  

t rode react ions  at  one electrode,  but  does no t  inc lude  
the react ion at  the o ther  e lect rode nor  the effect of the 
separa t ion  of the  electrodes.  Pa r r i sh  and Newman  (6) 
p resen t  a model  for a para l l e l  p la te  cell  which includes 
the  e lec t rode  separa t ion  and the kinet ics  of the elec-  
t rode  react ions (same react ion at  both e lec t rodes) ,  but  
does not  include mul t ip le  e lec t rode  reactions.  Caban 
and Chapman (7) p resen t  essent ia l ly  the  same model  
as Pa r r i sh  and Newman,  but  set the cell  potent ia l  in-  
s tead of the cell  current .  Caban (8) extends  the i r  
model  to include mul t ip le  e lec t rode  react ions (and, 
consequently,  the ab i l i ty  to pred ic t  cur ren t  efficiencies), 
but  not the conversion per  pass of a reac tan t  or  p rod-  
uct. Lee and Se lman (9) ex tend  Caban and Chapman 's  
work  to include a s epa ra to r  in the  cell  and nonisopoten-  
t ia l  electrodes,  but  do not  include the conversion per  
pass. Lee (10) extends  thei r  work  to include mul t ip le  
e lect rode react ions and a heterogeneous  react ion a t  
one of the electrodes and a method  for  p red ic t ing  ap-  

J 
Vavg ~ 

J 

JI 
1 

J 

Z 

y ~ x  

0 

Fig. 1. Schematic of a parallel plate electrochemlcal reactor 
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prox ima te ly  the conversion per  pass based  on a quas i -  
s t eady- s t a t e  approach.  Thei r  method is, however ,  l im-  
i ted to cases where  the conversion per  pass is small .  

Models based on the Pa r r i sh  and Newman  approach  
are  somet imes  re fe r red  to as th in  diffusion l aye r  mod-  
els. They are  r e fe r red  to as such because it is assumed 
in the deve lopment  of the models  tha t  the  concent ra -  
t ion of a reac tan t  is constant  in  the  bu lk  solut ion over  
the  en t i re  l ength  of the  reac tor  and  tha t  the  r eac tan t  
concentra t ion differs f rom its bu lk  va lue  only  wi th in  
thin diffusion layers  on the electrodes.  This assumpt ion 
is reasonable  if the convers ion per  pass of a reac tan t  is 
small ,  but  th is  is of ten not the case. Another  assumpt ion  
used in the thin diffusion layer  models  is that  Laplace ' s  
equat ion governs  the potent ia l  d i s t r ibu t ion  wi th in  the  
bu lk  solut ion and wi th in  the thin diffusion layers  On the 
electrodes.  This assumpt ion is also ques t ionable  be -  
cause, as shown by White  et al. (11), the  poten t ia l  a t  
an  e lec t rode  pred ic ted  by  Laplace ' s  equat ion can be 
different  f rom tha t  p red ic ted  by  ut i l iz ing di lute  solu-  
t ion theory,  which  includes the effect of ionic mig ra -  
tion. This  difference m a y  be smal l  but  impor t an t  be -  
cause the pred ic ted  cur ren t  dens i ty  depends  exponen-  
t i a l ly  on the po ten t ia l  difference be tween  the e lec t rode  
and the ad jacen t  solution. I t  is wor th  re i terat ing,  pe r -  
haps, tha t  the ma jo r  l imi ta t ion  of  th in  diffusion l aye r  
models  is tha t  they  cannot  be used to predic t  the con- 
version pe r  pass of a reac tan t  because of the r equ i re -  
ment  that  the  bu lk  concentra t ion  of a reac tan t  r e -  
main  the same over  the length  of the reactor .  

To e l imina te  these assumptions,  a model  was de -  
veloped for  a pa ra l l e l  p la te  cell  which  includes the 
effect of ionic migra t ion  in the  flux express ion for  spe-  
cies i and uses the e lec t roneu t ra l i ty  condit ion as a con- 
s t ra in t  to de te rmine  the potent ia l  in the solution. This 
method was used by  A lk i r e  and Ng (12, 13) for a 
model  of  a porous, f low-by electrode.  The  approach  r e -  
moves the  l imi ta t ions  of the  th in  diffusion l aye r  model  
and provides  a method  tha t  includes the  capabi l i ty  of 
predic t ing  the  quant i t ies  ment ioned  above. Also, the  
approach  could be ex tended  to handle  even more  com- 
pl icated cases. The model  consists of assumptions ,  ma-  
te r ia l  balance equations,  the  e l ec t roneu t ra l i ty  con- 
dition, bounda ry  conditions,  and parameters .  

Model 
The assumptions  made  in the deve lopmen t  of the  

model  are p resen ted  first fol lowed by  the equations.  

Assumptlons 
The fol lowing assumptions  app ly  to the model  p r e -  

sented here:  
1. I so thermal  condit ions exist.  
2. Gas genera t ion  effects are  ignored.  
3. Newtonian  electrolyte .  
4. Constant  phys ica l  and t r anspor t  parameters .  
5. Nerns t -E ins te in  equat ion (ui = Di/RT) applies.  
6. The length  (direct ion of flow) and wid th  of both  

electrodes are  la rge  re la t ive  to the gap be tween  the 
electrodes.  

7. Di lu te  solut ion theory  (14) applies.  
8. Wel l -deve loped  l amina r  flow. 
9. The  Bu t l e r -Vo lmer  equat ion can be used to de-  

scribe each e lect rode reaction.  
10. No heterogeneous  or  homogeneous chemical  reac-  

tions occur. 
1i. S t eady - s t a t e  condit ions exist .  
Assumpt ions  8, 9, 10, and 11 could be modified easi ly  

to account for  t u rbu len t  flow, o ther  types  of  e lec t rode  
reactions,  heterogeneous or  homogeneous (or  both)  
chemical  reactions,  and dynamic  behavior .  

Equations 
In  the absence of homogeneous reactions,  the  s t eady-  

s ta te  ma te r i a l  ba lance  equat ion for  species i is (14) 

V " Ni : 0 [1] 
where  

Ni --  - -DiVci  -- ziuiFciVr + vci [2] 

The veloci ty  dis t r ibut ion wi th in  the reactor  is assumed 
to be w e l > a e v e m p e a  l anunar  now ana  is given Dy (1) 

v~ = 6Vav, ( y y:2 ) Z Bz [3] 
and 

v~ = 0 [4] 

Since the Nerns t -Eins te in  equat ion 

Di 
ui = [5] 

R T 

is assumed to be valid,  subs t i tu t ion  of Eq. [2], [3], 
[4], and [5] into Eq. [1]  yields  

ziDi F [ 02"~ 0ci r 0ct 0~ ] 
�9 ~ + ~ ~ [6] 

+ ~ ci ox-W + o--~ o--~ + c, oy 2 oy oy 

The e lec t roneu t ra l i ty  condit ion 

zici : 0 [7] 
i 

completes  the set  of i + 1 equations needed to de te r -  
mine  values  for the i + 1 unknowns  (ci and r  for 
x > 0 and 0 ~ y  ~ S. 

Equat ion [6J can be simplified since the aspect  rat io 
(a) 

a = S IL  [8] 

is assumed to be small.  This can be seen by  subst i tu t ing  
the dimensionless  var iables  

= x l L  [9] 

= y / S  [10] 

0i --  Ci/Ci,ref [11] 

into Eq. [6] to ob ta in  

6SVavg ( ~ l -  ~12) 0 8 i - = D i  ( 028i 40~8i ) a  s ~- 

=,o,[ ( oo, ) oo, oo] 
o-7 7 + 0n - - r + -  on 

[12] 

which shows by  inspect ion that  a s is a coefficient of the 
terms tha t  contain der iva t ives  in the  axia l  direction.  
These terms are  negl ig ib ly  small  if a is smal l  and the 
der ivat ives  in the axia l  direct ion are  of the same order  
of magni tude  as those in the no rma l  direct ion.  1 As-  
suming that  these condit ions exist  reduces  Eq. [12] to 

3 DR Pea (~ --  ~ )  00__~ 

Di a~ 

,a2oi ziF [ O~ Ooi 8r ] [13] 

where  the  Pecle t  number  (Pc)  is 

2SVavs 
Pe  = - -  [14] 

DR 

(Equat ion [14] is reasonable  because the Pecle t  n u m -  
ber  is defined to be 

Devavg 
Pe = [15] 

DR 
1For the case where a is not small, Eq. [12] should be used for 

the material balance equation for species l, the initial conditions 
replaced by the appropriate boundary conditions, and the IAD- 
Newman (15) or similar technique used to solve the equations. 
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and for flow in a rectangular channel 

48W 
D e  - -  2 ( S  + W )  [ 1 8 ]  

which, since W > >  S, becomes De = 2S.) 
Specification of the initial and boundary conditions 

completes the system of equations. The initial condi- 
tions are simply that 

at ~ = O el = 1 Z ziCLre f 81 -- O [17] 
I 

and the boundary conditions are 
at ~--0 (anode) 

Slj inj 
" = -- Nni [18] 

j njF 

at ~i -- 1 (cathode) 

~. SiJ in j  .- Nni [19]  
j n j F  

and at both 11=0 and ~ = 1  

~ zici  = 0 [20]  
l 

I t  should be pointed out that the derivatives in the flux 
expression for species i ( N n t )  are defined to be in the 
positive y direction (from the anode to the cathode), 
and the signs used for Nni in Eq. [21] and [22] are 
consistent with the sign convention that positive cur- 
rent leaves the anode and enters the solution and nega- 
tive current leaves the solution and enters the cathode. 

The normal component of the current density for 
reaction j (inj) is assumed to be given by the Butler- 
Volmer equation and is shown here for reaction j at 
the anode 

~" ~oj,ref Ci o ) P I J  

~ a j F  / Cio ~q'J 

itCl., ) 
e x p [ - - a c i F  ( V a - - r 1 6 3  ] } [21] 

where 

RT ~ s~iln(Ci.ref ) 
Uj,ref " -  Usj - -  I-]#re -- n j F  t - po " 

RT ~-~ / Ci,re 

"~- "~reF ~ i  
�9 Si,re In L-~-o ) [22] 

Equation [21] can be used for the cathode reactions by 
changing Va and Con to Vc and 4'oc, respectively. Substi- 
tution of Eq. [21] and its counterpart for the reactions 
at the cathode into Eq. [13] and [19] yields a system 
of equations for the dependent variables 0~ and F,~/RT 
in terms of the independent variables ~ and n and pa- 
rameters (kinetic, geometric, physical, thermodynamic, 
transport, reference concentrations, and the cell po- 
tential). 

Parameter Values 
The utility of the model can be demonstrated by cal- 

culating the potential and concentration distributions 
within the reactor for the hypothetical case given 
above with HC1 included as a supporting electrolyte. 

The fixed parameter  values used here are given in 
Table I for this system of species and reactions. The 
variable parameter  values are the average velocity of 
the electrolyte (Vavg), the length of the reactor (L), 
and the potential of the anode (Va) relative to the 
half-cell potential of reaction 1 evaluated at the ap- 
propriate reference concentrations. Note, however, that 
according to Eq. [13], Pe~ is the important indepen- 
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Kinet ic  and  t h e r m o d y n a m i c  

Reac*  10s~oJ,rer U j  9 
t i o n  ( j )  (A/cm~) a ~aJ r~cJ n j  ( V )  b U j , r e f  ( V )  c 

1 1.0 0.5 0,5 1 0.438 0 
2 1.0 0.5 0.5 1 0.438 0 
3 100.0 0.5 0.5 1 0.233 0.1143 

T = 298.15 K 

Componen t  ( i)  Reac t i ons  1 and  2 (J = 1, 2) 

SIJ PlJ qlJ 

H* 0 0 0 
CI ~ - 2  0 2 
Cu( I )  1 1 0 
Cu ( I I )  - 1 0 1 

Componen t  (i) Reac t ion  3 (j  = 3) 

SlJ PJJ q2J 

H § 0 0 
C1- 3 3 
Cu( I )  - 1  0 
Cu( I I )  0 0 

~/r ~ ~ 0.0V 

Geometr ic  

S ffi 0.I  cm 

T r a n s p o r t  and  r e f e r e n c e  c o n c e n t r a t i o n s  

10~D~ e l~cl,rc~ 
Component (1) z, (cm~/sec) (mol/cm ~) 

H § 1 9.312 1.000 
C1- - 1 2.0~2 1.000 
Cu( I )  f - 2  0.720 0.500 
Cu( I I )  1 0.720 0.100 

a Chosen  a rb i t r a r i ly .  
bSee  Ref. (11, 16). 
e The  open-cur ren t  p o t e n t i a l  of r e a c t i o n  j a t  the  r e f e r e n c e  con- 

c en t r a t i ons  (Uj,re~) was  chosen  for  conven ience  to be r e l a t ive  to 
r e a c t i o n  1 (i.e., re  = 1 in  Eq. [Z2]). 

a Re la t ive  to  the  half-cel l  p o t e n t i a l  of r eac t ion  1 eva lua t ed  a t  
the  r e f e r e n c e  c o n c e n t r a t m n s  of CI-, CuCL ~-, and  CuCI+ (i.e. an 
i m a g i n a r y  r e f e r e n c e  e l ec t rode  a t  which  reac t ion  1 occurs  and  
t he  r e a c t a n t s  t h a t  pa r t i c ipa t e  in r eac t ion  i a re  a t  t h e i r  r e f e r e n c e  
concen t r a t i ons ) .  

e T a k e n  f r o m  Ref. (14, 11). 
f Des igna t ed  as the  l im i t i ng  reac tan t .  

dent variable and not S, Cars, or L separately. Thus, 
for the case where S and DR are constants, vavg and L 
can be replaced by Pea. Also, note that the cell poten- 
tial (Ecen = Va -- VD is actually the independent vari-  
able, not Va. That is, even though Va and Vc can be 
varied independently within the model, the results de- 
pend only on their difference, not their individual 
values. 

Consideration of the above boundary conditions 
written in dimensionless form gives rise to the follow- 
ing fixed dimensionless parameters 

[ $ i J i ~  l 

= nj Ci.ref DiF [23] 

The magnitudes of these dimensionless parameters pro- 
vide a qualitative guide to the relative rates of charge 
transfer to mass transfer as shown in Table II. (Note 
that both ~ij and Pea depend on S.) 

Table II. Fixed dimensionless parameters 

8iJ ~,oJ,ref S 

~'tJ Cl,ref D l l  ~ 

Componen t  ( i)  Reac t ions  1 and  2 Reac t ion  3 

H+ 0.00000 0.000 
CI- 0.01020 1.530 
CuCI~- 0.00288 0.288 
CuCI + 0.01440 0.000 
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Resul ts  a n d  Discussion 

Once the fixed and var iab le  pa rame te r s  have  been  
set, the above set of equat ions can be solved for ei(L 0) 
and �9 (L ~) using an impl ic i t  s tepping technique (17) in 
the axia l  (D direct ion and Newman 's  technique (14, 
18) in the normal  (~) direction.  The accuracy of the  
values obta ined for ei and r depends  on the number  of 
mesh points used in both the ~ and ~ directions.  The 
results  repor ted  here  are  accurate  to three  significant 
digits. This accuracy  was ob ta ined  by  adding addi t ional  
mesh point  s in both  the  ~ and ~ direct ions unt i l  the 
resul ts  no longer  changed to wi th in  three  significant 
digits. I t  is wor th  not ing tha t  the potent ia l  d is t r ibut ion  
does not  depend  on specification of  a reference state. 
That  is, it  is not necessary to specify the value  of ,I, at 
any  point.  As ment ioned above, i t  is only  necessary  to 
fix the poten t ia l  difference be tween  the anode  and the 
cathode and use the  e lec t roneut ra l i ty  condit ion at both 
electrodes (Eq. [20]) to obta in  the potent ia l  d i s t r ibu-  
t ion be tween  the electrodes.  For  the resul ts  repor ted  
here  the values  ob ta ined  for �9 var ied  only s l igh t ly  (ap-  
p rox ima te ly  5-10 mV) both  across the  cell  and over  
the length  of the  electrodes,  as would  be expected  for 
we l l - suppor t ed  solutions, The concentrat ion and po-  
tent ia l  d is t r ibut ions  obta ined can then  be used to 
calculate  der ived  informat ion  of interest ,  such as the 
cur ren t  dens i ty  d is t r ibut ion  for each e lec t rode  reac t ion  
along each electrode.  

These cur ren t  dens i ty  d is t r ibut ions  can be used to 
obta in  another  quan t i ty  of in te res t  ~, which is defined 
as t he  rat io  of the  average  cu r r en t  ,density to the ave r -  
age l imi t ing cur ren t  dens i ty  

~avg 
~. = - -  [24] 

~llm,av8 

where  for  each e lec t rode  

iavs --  ~ inlays [25] 
$ 

wi th  j ranging over  the e lec t rode  react ions which occur 
at  tha t  pa r t i cu la r  electrode.  The average  normal  cur -  
rent  dens i ty  of react ion j ({nj,avg) carl be ob ta ined  by  
ut i l iz ing the ca lcula ted  surface concentra t ion  and po-  
ten t ia l  d is t r ibut ions  and the  appropr i a t e  Bu t l e r -Vo lmer  
equat ion as fol lows 

1 b .  
/hi,eve -- "~" fO SnJ (X) dx [26] 

The average  l imi t ing  cur ren t  dens i ty  for the l imi t ing 
reac tan t  (as des ignated b y  the subscr ipt  R, Cu (I) here)  
at  the cathode for a one-e lec t ron  react ion can be ob-  
ta ined f rom in tegra t ion  of Eq. [26] wi th  inj(x)  re -  
p laced  by  ilim(x) (19) 

- -  FDaCR.ret ( 6rays ~1/3 

ilim(x) = (1 --  t ) r ( 4 / 3 ) \ ~ 1  [27] 

where  the  t ransference  n u m b e r  ( t)  for  the  l imi t ing  r e -  
ac tan t  is assumed to be  zero here  due to the  we l l -  
suppor ted  solut ion considered.  The resul t  of the in-  
tegra t ion  and  this assumpt ion  is tha t  

-- 3 ̀2/3 FDaca,ref ( Pe '~1/3 
/lim,avg --" 2LF (413) \ " ~ "  l [28] 

Note tha t  the value  of {lim,avg and, consequently,  values  
of ~, depend on the choice of the  l imi t ing  reac tan t  and 
its reference  concentrat ion.  Here Cu( I )  is chosen to 
be the l imi t ing reac tan t  and its feed concentra t ion is 
chosen to be its re ference  concentrat ion.  These choices 
make  tlim,avg the m a x i m u m  average  cur ren t  dens i ty  ob-  
ta inable  for this  cell  so tha t  ~ is a lways  less t han  or  
equal  to one. 

Equat ion [28] can be used to normal ize  the  p red ic ted  
cur ren t  dens i ty  d is t r ibut ions  

inj (X) 
i n j *  (X) = ~ [ 29 ]  

ilim,av~ 

as shown in Fig. 2 for a given set  of pa r ame te r  values. ~ 
F igure  2 shows tha t  the cur ren t  dens i ty  dis t r ibut ions  
are  h ighly  nonun i fo rm for react ions 1 and 3 as ex-  
pected since the average current  dens i ty  is only  s l ight ly  
less than  the average l imit ing cu r ren t  dens i ty  (~. = 
0.946). 

The  pred ic ted  cur ren t  dens i ty  d is t r ibut ions  can also 
be used to der ive  local and average  cur ren t  efficiencies 
which are  defined here  as fol lows 

CEj (x) -- inj (x) /iavr [ 30 ]  
a n d  

CEs -- inJ,avg/iavg [ 31 ]  

Figure  3 presents  pred ic ted  local cur rent  efficiencies for  
copper  deposi t ion at  a f ixed value  of Pea for var ious  cell 
potent ials .  The case where  the cell potent ia l  varies  
f rom 0.4 to 0.6V is for a l inear  change in the anode 
potent ia l  f rom 0.4V at ~ -- 0 to 0.6V at ~ = 1. Note 
that  the  0.4-0.6V case gives a more  uni form cur ren t  ef- 
ficiency than  the 0.6V case. F igure  4 presents  the ave r -  
age cur ren t  efficiency for copper  deposi t ion as a func-  
t ion of Pea for var ious  values of the  cell  potent ial .  Here 
the average  cur ren t  efficiency for  the 0.4-0.6V case is 
h igher  than  e i ther  the 0.5 or  0.6V case. This means  tha t  
the cur ren t  efficiency (or the  energy  consumption per  
uni t  mass of product  which is s imply  re la ted  to the 
current  efficiency and cell  potent ia l )  of a process may  
be improved  b y  designing the electrodes to have  a de -  
s ired poten t ia l  drop. 

Ano the r  der ived  quan t i ty  of in teres t  is the bu lk  ave r -  
age concentra t ion of species i 

el,ave(X) = ~ -  c i ( x , y )  dy [321 

= Again the fixed parameter values are given in Table I and the 
variable parameter values are given in the figures. Note that S is 
held fixed. If Pea is varied by varying S then the figures do not 
apply unless the ~,j values are held fixed by changing ioj,rot. 
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which can be wri t ten in dimensionless form as 

c~,~g(x) 
e~,~v~ (~') = [33] 

Ci,ref 

Figures 5 and 6 present the dimensionless bu lk  average 
concentrations of Cu( I )  and Cu( I I ) ,  respectively, as 
well as their dimensionless concentrations at the elec- 
trodes. 

These bulk average concentrations can be used to 
predict the conversion per pass for a part icular  species 
which is defined here as 

CPPi : I 1 - -  Oi,av~r (~ : 1) { [34]  

Figure 7 shows how the conversion per pass for Cu (I) 
depends on the values of Pea and the cell potential. 
Note that  a mild max imum is predicted for the case 
where the cell potential is 0.6V. 

Finally, the selectivity of copper is defined here as 

reals of  Cu produced 
Cu selectivity -- 

mols of  Cu ( I I ) p r o d u c e d  
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Cu selectivity 

mols of Cu(I )  produced -- tools of  Cu (II)  produced 

mols of Cu (II)  produced 

Cu selectivity 

-- I 1--0CuC132- 'avg(~: l )  / ( ccu'cts~-'re' ). - - 1  

0CuCl+,avg(~ = 1 )  - -  1 CCuCl+,ref 

[35] 

and is shown in Fig. 8 as a function of Pea for various 
cell potentials. Note that  a mild max imum is pre-  
dicted for  the 0.6V cell potential case at Pc= ~, 20. 

Conc lus ion  
The parallel plate electrochemical reactor  model pre-  

sented here may  be useful for design purposes if the 
necessary parameter  values are known. Alternatively,  
the model may  be useful for determining some of the 
unknown kinetic or t ransport  parameter  values for  a 
system of interest by using the model, experimental  
data, and a nonlinear least squares fitting technique; 
however, it should be pointed out that  such a procedure 
is not  well developed. 

Manuscript  submitted Aug. 16, 1982; revised manu-  
script received ca. Dec. 10, 1982. 

Any  discussion of this paper will appear  in a Dis- 
cussion Section to be published in the December 1983 
JOURNAL. All discussions for the December 1983 Dis- 
cussion Section should be submit ted  by  Aug. 1, 1983. 

LIST OF SYMBOLS 
Ci,o concentration of species i at the electrode sur-  

face, mo l / cm 3 
Ci,ref concentration of species i at the reactor inlet 

(reference),  mol /cm 3 
Dl diffusion coefficient of species i, cm2/sec 
De equivalent diameter of the reactor ( --  2S 

here),  cm 
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DR 

F 
iavg 
ilim 
iltm. avg 
inj 

inJ, avg 

ioJ, ref 

L 
Nl 
Nni 

Pij 
Pe 
qlj 

R 
sij 

S 
T 
Ui 
U j, ref 

V 
Vavg 
vx  

Vy 

Va 
Vc 
W 
X 
Y 
zi 

Greek 

aaJ 
acJ 
r ( 4 / 3 )  
.~- 
11 
01 
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diffusion coefficient of the l imi t ing  reactant ,  
cme/sec 
F a r a d a y ' s  constant ,  96,487 C/mol  
average  cu r ren t  densi ty,  A / c m  2 
l imi t ing  cur ren t  density,  A / c m  2 
average  l imi t ing cur ren t  density,  A/cm2 
no rma l  component  of cur ren t  dens i ty  due to 
reac t ion  j, A / c m  ~ 
average  no rma l  cur ren t  dens i ty  due to reac-  
t ion j, A / c m  2 
exchange  cur ren t  dens i ty  of react ion j at  re f -  
erence concentrat ions,  A / c m  2 
e lect rode length, cm 
flux vector  of species i, mol /cm2/sec  
no rma l  component  of  the flux of species i, 
mol /cm2/sec  
anodic react ion o rde r  of species i in react ion j 
Pecle t  n u m b e r  (-- 2Svavg/DR) 
cathodic reac t ion  o rde r  of species i in reac-  
t ion j 
gas law constant,  8.3143 J / m o l  K 
stoichiometr ic  coefficient of species i in reac-  
t ion j 
e lec t rode  gap, cm 
tempera ture ,  K 
mobi l i ty  of species i, cm~mol /J -sec  
open-c i rcu i t  potent ia l  of reac t ion  j at r e fe r -  
ence conditions, V 
e lec t ro ly te  veloci ty  vector, cm/sec  
average  veloci ty  of the e lectrolyte ,  cm/sec  
veloci ty  of the  e lec t ro ly te  in the x direction,  
cm/sec  
veloci ty  of the  e lec t ro ly te  in the y direction,  
e r a / s e e  
anode potent ia l ,  V 
cathode potent ial ,  V 
elect rode width,  cm 
axia l  coordinate,  cm 
normal  coordinate,  cm 
charge  number  of species i 

S /L  
anodic  t rans fe r  coefficient for reac t ion  j 
cathodic t ransfer  coefficient for  react ion j 
the gamma function of 4/3 --  0.89298 
dimensionless  ax ia l  coordinate  (x /L)  
dimensionless  normal  coordinate  (y /S)  
dimensionless  concentration 

~J j 
po 
r 
r 
r 

average cur ren t  dens i ty  re la t ive  to the  average  
l imi t ing cur ren t  dens i ty  (iavg/iltm, avg) 
dimensionless  p a r a m e t e r  (see Eq. [23] ) 
solvent  density,  k g / c m  ~ 
solut ion potent ia l ,  V 
solut ion potent ia l  at  the anode, V 
solut ion potent ia l  at  the cathode, V 
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Degradation of Sodium fi"-Alumina: Effect of Microstructure 
Andrew C. Buechele, Lutgard C. De Jonghe, and David Hitchcock 

Materials and Molecular Research Division, Lawrence Berkeley Laboratory, and Department of Materials Science and 
Mineral Engineering, University of California, Berkeley, California 94720 

ABSTRACT 

The effect of microstructure on failure initiation of sodium beta"-alumina solid electrolytes have been investigated by 
acoustic emission detection. Mode I failure initiation follows Weibul] statistics with a modulus  of about  2.5. The observed 
average critical current  densities were 145 and 640 mA/cm -2 for large and for small grained electrolytes, respectively. 
Nonuniform secondary current distr ibutions near the electrode edges were considered and were found to lead to minor 
corrections to these values. The conditions under  which nonuniformity of current would affect failure statistics have been 
considered in the Appendix.  Considerations of failure statistics indicate conditions where proof  testing may be necessary to 
achieve sufficient reliability. These considerations assume complete  equivalence between mechanical  and electrolytic fail- 
ure; the indication is, however, that  such equivalence is not valid. 

When sod ium-be ta  or  beta"  a lumina  solid e lec t ro-  
lytes  a re  subjec ted  to ionic charge t ransfe r  in s o d i u m /  
sodium or  in sod ium/su l fu r  cells, degrada t ion  of the  
e lec t ro ly tes  m a y  occur. This e lec t rochemica l  deg ra -  
dat ion may  take  different  forms, as was recen t ly  dis-  
cussed by  De Jonghe  et al. (1). Mode I degrada t ion  
involves the  cathodic p la t ing  of Na into a p re -ex i s t ing  
surface flaw on the sodium side of the  e lectrolyte ,  
causing crack e x t e n s i o n  above some cr i t ical  va lue  of 
the  cur ren t  densi ty.  This  was first  discussed by  A r m -  

s t rong et al. (2) (ADT).  Severa l  workers  have con- 
s idered ref inements  of the ADT t rea tment ,  a t t empt ing  
to der ive  theore t ica l ly  the cri t ical  cur ren t  dens i ty  
thresholds  at  whs the  Mode I crack p ropaga t ion  
ini t ia tes  or  propagates  (3-6).  Al l  calculations,  how-  
ever, lead to predic ted  cu r ren t  dens i ty  thresholds  
that  are  orders  of magni tude  h igher  than  the observed  
ones (6). To fu l ly  u n d e r s ~ n d  the  factors tha t  de te r -  
mine  the onset  of Mode I degradat ion,  i t  is first neces-  
sary  to measure  t h e  cr i t ica l  cur ren t  dens i ty  thresholds  
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with  some accuracy and to de te rmine  which factors  
affect this threshold.  Severa l  exper iments  were  done 
by  Arms t rong  et al. (2) indica t ing  tha t  imperfec t ions  
in the surface of the e lec t ro ly te  indeed p layed  a role.  
F u r t h e r  exper imen t s  on in i t ia t ion  of  Mode I deg rada -  
t ion were  pe r fo rmed  by  Richmann  and Tennenhouse 
(4) and  by  Vi rka r  et al. (3, 5). These exper iments  in-  
volved s t rength  measurements  af ter  electrolysis .  A 
more  sensi t ive method for the  detect ion of in i t ia t ion 
of crack p ropaga t ion  is acoustic emission detection.  
Acoustic emission de tec t ion  dur ing  cur ren t  flow 
th rough  solid e lec t ro ly tes  was first r epor ted  by  Worre l l  
and Redfern  (7). The technique was adopted  in the 
presen t  work.  N a / N a  cells, using Na-be ta"  solid elec-  
t rolytes ,  were  tested at  350~ and the acoustic ac t iv i ty  
was moni tored .  Two types  of e lect rolytes ,  wi th  the  
same composi t ion but  different  microst ructures ,  were  
examined.  Addi t iona l ly ,  some elect rolytes  used in ex-  
tended N a / S  cell test ing were  also examined  for  
evidence of  c o r r e l a t i o n  be tween  micros t ruc ture  and 
Mode I degradat ion .  The resul ts  indicate  tha t  l a rge  
gra ined  e lec t ro ly te  has  a signif icantly lower  cur ren t  
dens i ty  threshold for  Mode I ini t iat ion.  

Materials 
The N a / N a  c e l l  tests were  pe r fo rmed  on Na-be ta"  

a lumina  tubes p repa red  by  Ceramatec,  Incorpora ted ,  
Sal t  Lake  City, Utah. The e lec t ro ly te  composit ion 
was: 8.85 weight  percen t  (w/o)  Na20; 0.75 w/o  Li20; 
ba lance  A1~O3. The tubes had a wal l  thickness of 1.3 
m m  and a d i a m e t e r  of 19 ram. The micros t ruc tu ra l  
da ta  a r e  summar ized  in Table  I, and the micros t ruc-  
tures  a r e  shown in Fig. 1. The  micros t ruc ture  of the 
coarse gra ined  mater ia l ,  "300," is s t rong ly  bimodal .  
The fine g r a i n e d  mater ia l ,  "10," was also b imodal ,  
but  the volume fract ion of grains  wi th  a size la rger  
than  10 ~m was less than  0.01, as indica ted  in Table  I. 
The gra in  sizes repor ted  here  were  de te rmined  by  a 
r andom in te rcept  method,  in which  the number  of 
gra in  boundar ies  a re  counted in te rcep t ing  a r andom 
s t ra ight  l ine on a micrograph.  The la rges t  gra in  di-  
mensions were  measured  d i rec t ly  on ind iv idua l  grains.  

Some used e lect rolytes  were  also obta ined f rom 
Bri t ish  Rail,  Research  and Deve lopment  Division, 
Derby,  England.  The e lec t ro ly te  repor ted  on here  had  
a nomina l  composi t ion of 8.12 w / o  Na20; 0.7 w/o  Li20; 
ba lance  A1203. The e lec t ro ly te  had been subjec ted  to 
195 cycles in an N a / S  cell,  over  a per iod  of 97 days, for 
a total  (charge  -t- d ischarge)  charge t ransfe r  of 121 
A - h r / c m  -2 a t  350~ be tween  50 and 100 m A / c m  -2. 

Experimental 
When e lec t ro ly tes  fa i l  by  ini t ia t ion and propaga t ion  

of cracks, stress waves  a re  genera ted  as a resul t  of 
the sudden s tored energy  release. These stress waves,  
or  acoustic emissions,  can be  moni to red  by  a sensi t ive 
u l t rasonic  t ransducer ,  and e i ther  the  cumula t ive  events 
or the  number  of acoustic events  pe r  second can be 
recorded.  In  the  presen t  w o r k  the increase in count  
ra te  appeared  to be the  c leares t  indicat ion of the  
onset of acoustic act ivi ty.  A s imi lar  me thod  was used 
by  Worre l l  and Redfe rn  (7).  

An acoustic emission detect ion system, manufac tu red  
by  Acoustic  Emission Technology Corporat ion,  Sac ra -  
mento,  California,  was used. An  acoustic t ransducer  
was coupled to the  spec imen v ia  an a lumina  w a v e -  

Fig. I. Comparison of the electrolyte microstructures. Scanning 
electron micrograph of electrolyte etched in H3P04. 

guide rod. The signals were  amplif ied to 106 dB by  the 
ins t rument  amplifier ,  Model  204A, opera t ing  in a 
bandwid th  be tween  100 and 250 kHz. I t  was impor tan t  
to ensure excel len t  contact  at the  var ious  mechanical  
interfaces  in the system, and to e l iminate  e lect r ica l  
and mechanical  interference.  

The sod ium/sod ium cells were  constructed f rom 
rings cut under  the  Na beta"  a lumina  tubes. The r ings  
were  cut under  kerosene  to a he ight  of app rox ima te ly  
15 m m  and sealed to a smal l  d isk  and to a tube of 
a~alumina wi th  a seal ing glass (Owens-I l l inois  Elec-  
tronic Mater ia ls  Center,  Toledo, Ohio) .  The se tup is 
shown in Fig. 2. P r io r  to jo in ing  the e lec t ro ly te  r ings 
to the  a - a lumina  tubes,  they  were  carefu l ly  washed 
in d r y  e thanol  and acetone and heated in a i r  for  30 
min to about  700~ to remove  all  organic  ma t t e r  and 
water .  In  ~the jo ining operat ion,  the  ex te rna l  surfaces 
of the  r ings were  covered wi th  seal ing glass, except  for 
a small ,  roughly  c i rcular  a rea  of  about  0.2 cm 2 lef t  ex -  
posed  for ,current flow. This a rea  acted as the sodium 

Table I. Microstructural comparison 

Material 

"10" "300" 

Average  grain size 1,1/~m 5.2/~m 
Volume fraction grains larger 

than 10/km ~0.01 0.83 
Average  small  grain size 0.94 ~m 1.1 ~m 
Average  length of large 

grains ~10 ~tm 14 ~m 54 ~m 

Fig. 2. Setup far the acoustic emission detection experime.ts in 
Na/Na cells. 



1044 J. Electrochem. Sot.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  May 1983 

exi t  surface dur ing  the test. The N a / N a  cells were  set 
up in an argon glove box. The sodium was obta ined 
f rom Fisher  Scientific Company,  Fa i r lawn,  New 
Jersey.  Al though the oxygen contaminat ion  of the glove 
box was be low 5 ppm, it was sufficient to sa tura te  the 
~odium wi th  oxygen since 4Na20 was observed to form 
on the surface  of mol ten  sodium. Oxygen sa tura t ion  
of the  sodium is unavo idab le  in glove box exper iments ,  
as the  Na /Na20  equ i l ib r ium oxygen  pressure  is about  
10 -5~ atm at 300~ 

To ver i fy  the  sensi t iv i ty  of the acoustic emission 
detect ion system, some elect rolytes  were  cooled 
through the freezing point  of sodium under  a cur ren t  
of about  40 m A c m  -2, and the acoustic emission rates  
were  compared  to those of samples  cooled wi thout  
cur ren t  passage. 

The poss ibi l i ty  of la rge  grains  act ing as ini t ia t ion 
sites for  Mode I degrada t ion  was examined  on elec-  
t ro ly tes  wi th  the "300" micros t ruc ture  wi th  a pol ished 
surface  section. These cells were  then subjec ted  to 
increas ing currents  unt i l  fa i lure ,  wi th  the polished 
section act ing e i the r  as a sodium exit  o r  a sodium en-  
t rance  surface only. A f t e r  this cycle, the  cells were  
removed  f rom the Na, washed in methanol ,  s ta ined 
wi th  AgNOz (8), and  examined  in the opt ical  micro-  
scope. 

Results and Discussions 

Verification oi the acoustic emission detection 
method.--At low cur ren t  densit ies,  below 50 m A / c m  2, 
Mode I degrada t ion  is un l ike ly  above the mel t ing  point  
of sodium. However ,  as the  sodium becomes solid, 
Mode I degrada t ion  should be expected to occur. The 
onset  of Mode I degrada t ion  should, therefore,  be man i -  
fested as an increased  acoustic emission ra te  at  the 
freezing point  of sodium when the  current  is ma in -  
tained. F igure  3 shows the increase of the acoust ic  ac-  
t iv i ty  in the  immedia te  v ic in i ty  of the  freezing point  
of sodium. Specimens cooled th rough  the freezing point  
of sod ium in the  same setup wi thout  Current did not  
exhibi t  any  increased acoustic act ivi ty.  Some addi -  
t ional  tests at room t empera tu r e  were  done on ba r -  
shaped samples  of the  e lec t ro ly te  wi th  a negat ive  
e lec t rode  of evapora ted  gold and a posit ive e lec t rode  
of H g - N a  amalgam.  The e lec t ro ly te  nex t  to the nega-  
t ive  e lect rode could, then, be observed dur ing  the test.  
Increas ing  currents  were  passed through the sample  
unt i l  a sudden increase  in acoustic ac t iv i ty  occurred.  
Moments  la ter ,  a f te r  a cur rent  increase  of about  5 to 
10%, the usual  r ap id  darkening ,  indica t ive  of the  ap -  
pearance  of a sodium filled crack, could be seen 
emana t ing  f rom the nega t ive  electrode.  These exper i -  
ments  demons t r a t ed  tha t  acoustic emission moni tor ing  
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Fig. 3. Increase in acoustic activity at the freezing point of 
sodium under constant current of 40 mA/cm -~. 

was sui table  for the  s tudy  of the ini t ia t ion of Mode 
I breakdown.  

Microstructure dependence oS Mode I ini~iation.-- 
The observed cr i t ical  cur ren t  densi ty  for ini t ia l  crack 
propaga t ion  wil l  be re la ted  to the  d is t r ibut ion  of p re -  
exis t ing act ive flaws in the  surface of the e lectrolyte  in 
contact  wi th  the  negat ive  sodium electrode,  and to the 
current  d is t r ibut ion  on the electrode.  The stat is t ical  
na ture  of the active flaw d is t r ibu t ion  should lead 
to a corresponding d is t r ibut ion  of the  cur ren t  densi-  
ties necessary  to in i t ia te  Mode I degradat ion.  The 
larges t  flaw wil l  grow first so that  the cri t ical  cur rent  
d is t r ibut ion  should be t rea ted  wi th  ex t reme  value 
statist ics.  Weibul l  stat ist ics are  appropr ia t e  for descr ib-  
ing such sbatistics and are  wide ly  used in the  anal -  
ogous p rob lem of d i s t r ibu t ion  of fa i lure  s t rengths  for 
b r i t t l e  solids subjeoted to a mechanical  stress, r If the 
fa i lu re - in i t i a t ing  flaws are  s t r ic t ly  confined to the 
sample  surface (of a rea  A) ,  then  the s t andard  t r ea t -  
ment  (9) gives the  p robab i l i ty  of survival ,  Ps, of a 
sample  subjec ted  to a nonuni form appl ied  stress r as 

P s - l - - P , - - e x p [ - - ~  ((a--au)/r [1] 

where  Pt - 1 --  Ps is the fa i lure  probabi l i ty ,  au and m 
are  mate r ia l s  parameters ,  and r is a normal iz ing  pa-  
rameter .  By analogy,  the d is t r ibut ion  of cr i t ical  cur -  
ren t  densi t ies  mLght be represented  as 

P s = e x p [  - - ~ A  ((i--i~)/i~ [2] 

where  A is the act ive e lect rode a rea  conta ining the 
flaw dis t r ibut ion,  i is the cu r ren t  densi ty,  which m a y  
be a function of posi t ion on the electrode,  and iu and n 
a re  again  mate r ia l s  parameters .  I t  wil l  be assumed 
here  tha t  the cur ren t  dens i ty  be low which Ps = 1, i.e., 
ju, is zero. This assumption has the effect tha t  ex t rapo-  
la t ion of da t a  to e lec t rode  areas  m a n y  t imes h r g e r  
than  the test  a rea  leads  to a vanishing surv iva l  p rob-  
ab i l i ty  a t  finite cur rent  densit ies.  Since large  elec-  
t ro ly te  tubes are known to surv ive  finite cur ren t  den -  
sities, the  assumpt ion that  Ju --  0 is not  just if ied as it  
would l ead  to significant e r rors  upon ex t rapola t ion .  
F rom the tests repor ted  here, ju could not  be de te r -  
mined,  and  the da ta  should, therefore,  not  be used to 
ex t rapo la te  to l a rge  e lec t ro ly te  tubes;  they  can, how-  
ever,  be used for mutua l  comparison and for  pu t t ing  
an uppe r  bound on ju. Since the  e lec t rodes  in the  pres -  
ent  exper iments  were  of a finite size, the cur ren t  den -  
s i ty  was not  uniform. Very  close to the edges of the 
electrode,  the cur ren t  .density will  r i se  sharply .  The 
p r i m a r y  cur ren t  d i s t r ibu t ion  has a s ingula r i ty  at  the 
e lec t rode  edge; the  secondary  cur ren t  d is t r ibut ion  is 
somewha t  more  difficult to calculate  bu t  r emains  finite 
at  the  e lect rode edge. The effect of the  cur ren t  con- 
cent ra t ion  at  the e lec t rode  edges is that  fa i lure  occurs 
at  an average  cur ren t  density,  j ,  that  is lower  than if 
the e lec t rode  cur ren t  dens i ty  were  uniform. The sec- 
onda ry  cu r ren t  distr ibUtion and  its effect on Ps are  
descr ibed in the  Appendix .  If  at  fai lure j --  I/A, where  
I is the  total  cur ren t  th rough  the cell  and A is the 
e lect rode area,  then it is shown in the  Append ix  tha t  a 
cur ren t  dens i ty  of C1/n. j would ac tua l ly  have  to be 
appl ied  to cause the  same fa i lu re  if  the e l ec t rode  cur -  
ren t  dens i ty  had  been comple te ly  uniform. The cor-  
rect ion factor  CWn depends  s ignif icant ly on the magn i -  
tude  of  the WeibuU modulii ,  n, on the  e lec t rode  size, 
and on the exchange cur ren t  densi ty .  The values for 
Ps cor responding  to a un i fo rm elect rode cur ren t  den-  
s i ty  have  been d rawn  as dashed l ines in Fig. 6; the 
correct ions appear  to be ra the r  smal l  in this case. I t  is 
in teres t ing to note tha t  C 1/n increases wi th  increas ing 
n, as is shown in Fig. 11. imply ing  that  the  e lec t rode  
edge becomes the more l ike ly  source of fa i lure  in i t ia -  
tion. Increase  in cell  size enhances this tendency,  as 
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ev ident  f rom Fig. 12 and 13. Fo r  an ac tua l  N a / S  cell,  
this would  mean  tha t  fa i lures  tend to or ig inate  f rom the 
sea l / e l ec t ro ly te  in terface  for  those seal  configurations 
tha t  lead to cur ren t  enhancement .  This is shown 
qua l i t a t ive ly  in Fig. 14 [af ter  Newman  (17)].  Control  
of the  local  seal  geomet ry  at  the  sea l / e l ec t ro ly te  junc -  
t ion could, thus, reduce  signif icantly the  edge current  
concent ra t ions  and hence the  edge re la ted  seal  fai lure.  
Such local  seal  junct ion  geometr ies  could be achieved 
with glasses tha t  do not wet  the  e lec t ro ly te  well.  

Each e lec t ro ly te  tested to fa i lure  provides  one value  
for  the  fa i lure  cu r r en t  density,  j. The surv iva l  p rob-  
abi l i ty,  Ps i, associated wi th  the  i th  test  is de te rmined  
b y  a r r a n g i n g  the values  found for  the  N ind iv idua l  
tests in increas ing order .  The med ian  r a n k  posi t ion 
of the i th da tum is then (9) 

Ps i = 1 -- [ ( i  -- 0 .3) / (N 4- 0.4)] [3] 

Two different  c r i te r ia  were  used to m a r k  the onset 
of Mode I degrada t ion :  the  first definit ion uses the  
first significant acoustic emission above  background;  
the second definit ion uses the  s ta r t  of susta ined 
acoustic act ivi ty.  The reason for considering two differ-  
ent  cr i ter ia  fol lows f rom the genera l  acoustic ac t iv i ty  
pa t t e rn  when  tests a re  pe r fo rmed  wi th  increas ing cur -  
ren t  densit ies.  The first significant acoustic ac t iv i ty  oc- 
curs a t  a cur ren t  dens i ty  wel l  be low the onset  of 
sustained emission,  as  is shown in Fig. 4. This m a y  be 
in te rp re ted  as follows. A n  ini t ia l  flaw popula t ion  exists  
in the  surface of the  electrolyte .  Curren t  passage wil l  
ac t ivate  some of these flaws leading  to a first flaw ex-  
tension The be ta  a luminas  are,  however ,  micros t ruc-  
t u r a l l y  ve ry  anisotropic,  and i t  should  be expected tha t  
local  var ia t ions  in Kin, the  cr i t ica l  stress in tens i ty  fac-  
tor, should  be  encountered  b y  the crack  tip. These 
var ia t ions  in Km are  especia l ly  significant when the 
flaws are  on the o rde r  of the gra in  size, in ea r ly  flaw 
growth.  Even modest  local  var ia t ions  in Km would  
s t rongly  affect jcrit  for  that  flaw of  size l, as fol lows 
f rom the r ecen t ly  der ived  re la t ion  (6) 

jr cc Kin4/! [4] 
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One could, therefore,  i n t e rp re t  the acoustic ac t iv i ty  
pa t t e rns  such as the  one shown in Fig. 4 as due to the  
es tabl ishing of a new flaw popula t ion  as a resul t  of 
cur ren t  passage. When the acoustic emission resumes 
af ter  the  first flaw extension,  it  is sustained by  in-  
creasing cur ren t  densi t ies  and m a n y  more  events  a re  
detected than  the n u m b e r  of active flaws detected by  
s taining methods  af te r  the  test. This c lear ly  indicates  
that  the  sus ta ined  acoustic emission involves flaw e x -  
tension. The number  of act ive flaws can, however ,  not  
be de te rmined  f rom the acoustic emission data.  

The resul ts  of the cr i t ical  cur rent  tes t ing are  shown 
in Fig. 5 and 6. F igure  5 shows a Weibul l  p lot  of the  
cur ren t  densi t ies  at the first acoustic emission, whi le  
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Fig. 5. Weibull plot of the current densities at which the first, 
significant acoustic events are observed. 
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Fig. 4. Typical acoustic activity as o function of time at 350~ 
with current density increasing at a constant rate. The first signifi- 
cant acoustic events occur ot a constant density, A, that is sig- 
nificantly lower than that for sustained emission, B. 
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Fig. 6. Weibull plots of the current densities at the onset of 
sustained acoustic emission. The solid lines are for j = I/A; the 
dashed lines =recalculated for uniform electrode current densities. 
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Fig. 6 shows a s imi lar  plot  for the onset of sustained 
acoustic act ivi ty.  Each da ta  poin t  represents  a test  
on a different  cell. The differences be tween  ~ the large 
and the smal l  gra in  size e lect rolytes  a re  ev ident  for 
both da ta  groups. The average  cri t ical ,  cu r ren t  den-  
sities for  the 0.2 crae test  specimens were  145 and 640 
mAcro -2 for the la rge  and the smal l  gra in  size elec- 
t rolytes ,  respect ively ,  at  the  first sus ta ined acoustic 
activity.  The correct ion for  the nonun i fo rmi ty  of the 
cur ren t  d is t r ibut ion  due to the  finite e lect rode size 
puts  these values at  240 and 700 mAcm -2 (see Ap-  
pend ix ) .  The differences for the onset  of first acoustic 
ac t iv i ty  are  not  as large.  T h e  d a t a  c lear ly  show that  
Mode I b r eakdown  is in i t ia ted  at lower  average  cur-  
ren t  densi t ies  for l a rge r  gra in  size e lectrolyte .  I t  is 
in teres t ing  to note tha t  the  rat io of the  average cri t ical  
cur ren t  densi t ies  is comparable  to that  of the average  
gra in  size or  average  la rges t  gra in  dimension.  This 
would ac tua l ly  be expected on the basis of Eq. [4]. 
The lowest  in i t ia l  cur ren t  dens i ty  observed in the  set 
of exper iments  on the fine gra in  size mater ia l ,  t ak ing  
the onset of susta ined acoustic ac t iv i ty  as the signifi- 
cant  ini t ia t ion of Mode I fai lure,  is 250 mAcm -2. 
This would  pu t  an upper  bound on Ju (Eq. [2]) of 
about  20 mAcm -2. 

Microstructural examina t ion . - -The  sodium entrance  
and exit  surfaces of polished,  large  gra ined  e lec t ro-  
ly tes  were  examined  a f te r  electrolysis.  F igure  7A shows 
a s i lver  s ta ined sodium exi t  surface af ter  a un id i rec-  
t ional  charge  t ransfer  of 22 A - h r c m  -2, at  350~ wi th  
a cur ren t  dens i ty  increas ing  un i formly  in t ime from 0 
to 7.5 A / c m  -2. The mic rograph  reveals  p re fe ren t ia l  
degrada t ion  a long the gra in  boundar ies  of large  grains. 
F igure  7B is a s ta ined  cross sect ion of this sample  
showing how such Mode I degrada t ion  extends into 
the  in te r io r  of the electrolyte .  The s i lver  decora t ion  
of s imi l a r ly  used sodium ent rance  surfaces did  not  
show this type  of gra in  bounda ry  degradat ion.  These 
observat ions  are  in agreement  wi th  the  acoustic emis-  
sion data  showing lower  cr i t ical  cur ren t  densi t ies  for 
large  gra ined  electrolytes .  

The effect of la rge  grains  on fa i lure  ini t ia t ion is in 
genera l  ag reemen t  wi th  the t rend  of mechanica l  
s t rength  repor ted  by  Vi rka r  and Gordon (10) on ~"- 
a luminas  of s imi la r  composi t ion but  wi th  differing 
micros t ructures .  In  thei r  observat ion,  the f rac ture  
s t rength  of the  solid e lec t ro ly tes  decreases  signifi-  
can t ly  when a subs tant ia l  f ract ion of large  grains  
(>120 ~ n )  is present .  Recent ly ,  the  involvement  of 
la rge  grains  was also demons t ra ted  d i rec t ly  by  De 
Jonghe  et al. (13). 

Fig. 7B. Stained cross section of sample shown in Fig. 7A, show- 
ing Mode I degradation extending into the interior of the electro- 
lyte. 

F u r t h e r  suppor t  for the  conclusion that  large grains 
have  a significant role  as p re fe r r ed  sites or  paths  for 
Mode I b r eakdown  was found i n  e lect rolytes  used in 
the l ong - t e rm N a / S  cell test  of Bri t ish Rail.  F igure  8 
shows an opt ical  micrograph  of a pol ished and stained 
cross section under  reflected light,  Fig. 8A, to reveal  
the microst ructure ,  and wi th  crossed polar izers  to re -  
veal  the  decorat ion of a Mode I type  degradat ion,  
Fig. 8B. This degradat ion  appears  to have  fol lowed a 
s t r ing of large  grains emerg ing  at the  Na elect rode 
interface.  I t  is not possible  to specify  when this Mode 
I degrada t ion  occurred.  

Frequent ly ,  Mode I cracks that  have not  reached 
the sulfur  e lectrode interface are  found in used elec- 
t rolytes .  This s t rongly  suggests  that  slow subcri t ical  
sodium dendr i t e  g rowth  occurs dur ing  N a / S  cell cy-  
cling. I t  is in teres t ing  to note here  tha t  in pure ly  
mechanical  test ing She t ty  et al. (3) did not find evi-  
dence for a s t ress-corros ion effect, s t rongly  suggest-  
ing that  mechanica l  and e lec t romechanica l  degrada-  
t ion cannot  be considered equivalent .  

Discussion 
Although  the observat ions indicate  that  mechanical  

and e lec t romechanical  fa i lure  are  not  equivalent ,  i t  is, 
nevertheless ,  useful  to discuss br ief ly the  Significance 
of Eq. [2] and [4] in the context  of the presen t  find- 

Fig. 7A. Silver stained sodium exit surface after a unidirectional 
charge transfer of 22 A-hr/cm -2 ,  at 350~ The current density 
increased at a constant rate from 0 to 7.5 A/cm -2.  

Fig. 8. (A, left) Optical micrograph of electrolyte cross section 
(Ha electrode side) from Na/S cell after 121 A-hr/cm-~ of charge 
transfer. Reflected light to reveal microstructure. (B, right) Same 
area as in Fig. 8A, Crossed polarizers to reveal Mode I degradation. 
The degradation has followed a string of large grains in the middle 
of the micrograph. The arrow points at a common are~ in Fig. 8A 
and B. 
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ings. The pa r t i cu la r  dependence  of jcrit  o n  Kic, Eq. 
[4], permi t s  a comparison of the mechanica l  r e l i ab i l -  
ity, expressed  b y  m in Eq. [1], and e lec t r ica l  r e l i a -  
b i l i ty  expressed by  n in Eq. [2]. I t  fol lows f rom Eq. 
[1], [2], and  [4] tha t  m _-- 4n. If, for  example ,  one 
would opera te  a tube at  a cur ren t  dens i ty  Jop, which 
is a factor  B be low the 50% fa i lure  p robab i l i t y  cur -  
rent ,  is0, then one could specify n, and, hence, m, for 
a pa r t i cu l a r  leve l  of  r equ i red  su rv iva l  PR. Assuming  
tha t  the  surv iva l  probabi l i t ies ,  Ps, pert, a in  to tests 
for which  the  e lec t rode  cu r ren t  d i s t r ibu t ion  is un i fo rm 
and ju --  0, the man ipu la t i on  of Eq. [2] leads  to 

n :  In in----inln-- l n B  [ 5 ]  
PR 0 . 5  

Table  II  l ists some examples  for m and n, calcula ted 
with  Eq. [5], when  B is 10, 5, or  2, and PR is 0.95 or 
0.99. I t  is evident  f rom this table  tha t  the  requ i rements  
on r ep roduc ib i l i t y  of mechanica l  p roper t ies  of large  
e lec t ro ly te  tubes would  become ve ry  s t r ingent  if B ---- 
j~/Jop becomes less than  5, and an in i t ia l  crack in i t ia -  
t ion leve l  of less than  5% cannot  be tolerated.  A l -  
te rna t ive ly ,  one might  e l imina te  the  weaker  e lec t ro-  
ly te  tubes by  subjec t ing  them to a un i fo rm mechani -  
cal proof  stress,  ~p, r e l a t ed  to the  average f rac ture  
s trength,  ~, by  

\ )4n ._- ( -~-p In PR/In 2 [6] 
@,  

The considera t ions  are  analogous to those of mechan i -  
cal proof  tes t ing (I1) and  follows f rom combining 
Eq. [1], [4], and [5] wi th  the assumpt ion that  Cu = 0. 
Proof  s tress  test ing of e lect rolytes  has  also been p ro -  
posed by  Vi rka r  (12). The present  discussion c lear ly  
points  out  wha t  is r equ i red  of the  e lec t ro ly te  tubes 
if  mechanica l  and e lec t r ica l  fa i lure  were  identical .  In  
the case where  n, B, and  PR a re  fixed b y  ma te r i a l s  and 
economic opera t ing  conditions,  then a mechanica l  or  
e lec t r ica l  proof  tes t ing would  be a necess i ty  when,  as 
follows f rom Eq. [5] 

[ inB[ < l n l n ~  --  l n l n ~  n [7] 
PR 0.5 

Equat ion  [6] is r epresen ted  g raph ica l ly  in Fig. 9 for 
su rv iva l  p robabi l i t i es  be tween  0.800-0.999. Each l ine 
of constant  PR separa tes  d o m a i n s . o f  n and B values 
in which  proof  tes t ing is o r  is not  necessary.  Since 
ac tua l  ceramics have  m (Eq. [1]) range be tween  5-20, 
wi th  m _-- 10 a common value  for  reasonably  wel l  
p r epa red  ceramics,  one should expect  n to be in the 
ne ighborhood of 2 or  3, as appears  to be the case in 
the  presen t  tests. For  a 99% absence of crack in i t ia-  
t ion events,  Fig. 9 then indicates  that  B should be 
be tween  5 and 10. Since the N a / S  bat ter ies  are  usua l ly  
opera ted  a round  80-100 m A / c m  -2, this would  have 
to pu t  the average Mode I fa i lure  ini t ia t ion around 
1 A / c m  -2. The present  exper iments ,  pe r fo rmed  on 
smal l  e lec t rode  areas, show an average  Mode I in i t ia -  
t ion threshold  approaching  this value.  Requi rements  
of a low incidence of crack ini t ia t ion event  o robab i l -  
i ty  would,  therefore,  appear  to re0ui re  e i ther  e lec-  
t r ica l  or mechanica l  proof  testing. The most  re l iab le  
method for proof  tes t ing would  in fact be one in 
which the Weibu l l  pa r ame te r s  n and m, a n d  the ave r -  
age fa i lu re  cur ren t  densi ty,  j~0, and  average  f rac ture  
stress, ~., a re  de te rmined  on e lec t ro ly te  specimens  tha t  

Table II. 

B P~ = 0.95 -DR = 0.99 

~b m n 

10 1.1 4.4 1.8 7.2 
5 1.6 6.4 2.6 10.4 
2 3.75 15.0 6.1 24.0 

I0 

I 2 4 6 8 1 0  

0.999 

0.990 

0.950 - 

0.900- 

0.800- 

20 40 

B 
Fig. 9. Graphic representation of Eq. [7] for the different re- 

quired survival probabilities, Pm as a function of Weibull exponent, 
n, and B (defined in text). 

are  ident ical  to those used in the bat ter ies .  The me-  
chanical  tes t ing would be one in which  the en t i re  
tube  is s t ressed uni formal ly ,  so that  ex t rapo la t ion  of 
da ta  is minimal .  

A first point  tha t  mus t  be emphas ized  is tha t  the 
above considerat ions  a re  only  va l id  under  the  con- 
dit ions of s t r ic t  equiva lence  of mechanica l  and elec-  
t ro ly t ic  fai lure.  Whi le  al l  our  observat ions  seem to 
indicate  that  such equiva lence  does not  fu l ly  p re -  
vail ,  it  should be stressed that  the  mechanica l  p rop-  
ert ies s t rong ly  affect the  e lect r ica l  ones. Since the 
exac t  correspondence has not ye t  been established,  
we should take  the  above considerat ions only  as a 
possible worst  case, underscor ing  the necess i ty  for 
collecting s ta t is t ica l  da ta  on ful l  or nea r ly  full  scale 
cells. 

A second point  tha t  needs some discussion is the 
definit ion of e lec t ro ly te  fai lure.  While  the  e lect rolytes  
used in N a / S  cells and so far  examined  in this l ab-  
o ra to ry  nea r ly  al l  showed some Mode I cracks,  even 
af ter  r e l a t ive ly  shor t  use (- ,20 A - h r / c m - 2 ) ,  they  
are known to function with  v i r tua l ly  no detec table  
de te r iora t ion  in cell pe r fo rmance  for ex t ended  pe-  
riods. Thus, the. cr i t ical  cur ren t  dens i ty  thresholds  
repor ted  here  use a different  fa i lure  in i t ia t ion defini-  
t ion than  a ba t t e ry  developer  would.  Typical ly ,  a 
technological  definit ion uses the  appearance  of a 
specified level  of nonfaradaic  behavior  as a fa i lure  
cri terion.  Nonfarada ic  currents  in Mode I fa i lure  are  
the resul t  of electronic shor t inr  th rough  the sodium 
filled crack. In  l a bo ra to ry  N a / N a  cell  tests, this is 
mani fes ted  by  an ab rup t  vol tage drop at  constant  cell 
current .  These ab rup t  vol tage drops  were  also ob-  
served  in the  presen t  exper imen t s  bu t  they  occurred 
at  average  cur ren t  densi t ies  of a round  1-1.5 A / c m - <  
The electronic shor t ing was in most cases only  p a r -  
tial, and  the app,arent cell  res is tance change in many  
cases would  be no more than 10%. The cor re la t ion  
be tween  Mode I ini t ia t ion in l abo ra to ry  test  such as 
r epor ted  here  and technologica l ly  mean ingfu l  e lec-  
t ro lv te  fa i lure  in an N a / S  cell  is, therefore,  not  ye t  
established.  However ,  the  presen t  exper iments  can 
be considered sui table  for compar ison of the  effects 
of micros t ruc ture ,  and for  the  evalua t ion  of the  ade-  
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quacy of models  proposed for the ini t ia t ion current  
dens i ty  thresholds  of Mode I degradat ion .  
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A P P E N D I X  
To calcula te  the correct ion to the  average  fa i lure  

in i t ia t ion cur ren t  dens i ty  j = I /A,  where  I is the to ta l  
cell cu r ren t  and  A is the negat ive  e lect rode area,  the  
cell  was assumed to consist of a thin e lec t ro ly te  p la te  
with an infini tely ex tending  posit ive e lectrode and a 
c i rcular  negat ive  electrode.  The pla te  thickness,  h, and  
the nega t ive  e lect rode d iameter ,  L, were  chosen such 
tha t  they  corresponded to those of the ac tual  e lec t ro-  
ly te  (h = 0.13 cm and L : 0.5 cm).  This app rox ima ted  
the expe r imen ta l  configurat ion fa i r ly  well. The sec- 
onda ry  cur ren t  d i s t r ibu t ion  on the negat ive  e lect rode 
was then  computed  by  numer ica l  methods,  s imi lar  to 
those of Pa r r i sh  and N e w m a n  (14), f rom the solut ion 
to Laplace ' s  equa t ion  using the appropr ia t e  bounda ry  
conditions. The secondary  cur ren t  d is t r ibut ion  takes  
into account the  surface overpotent ia l .  In general ,  
e ight  pa rame te r s  are  requ i red  to define the problem,  
as discussed by  Pa r r i sh  and Newman (14). In  our  case, 
concentrat ion gradients  in the e lec t ro ly te  can be ig-  
nored, and the Bu t l e r -Vo l lmer  equat ion re la t ing  cur -  
rent  to overpotent ia l ,  ~ls 

i=io[exp(ZaaF ~ exp( -Z~cF 

[ A - I ]  
can be  l inear ized  to give 

i = ( ~  + ~r (ZF/RT)io~ls [A-2] 

Since the  reduct ion  of Na + to Na is a s imple reaction,  
i t  should  be expected  tha t  (~a Jr c~)~1 --  1 (16). The 
exchange current  dens i ty  io needed  to be found exper i -  
menta l ly .  I t  was de te rmined  using a method  suggested 
by  Sundhe im (15). Fo r  this purpose,  a separa te  N a / N a  

Or- alumina tube 

Na 

Glass seal 

/ / 7  
Electrolyte disk 

Molybdenum 
/ 

(2-alumina tube ! ~ N G  reference electrode 

/ 
Fig. 10. Setup for determination of the exchange current density 

cell  was constructed,  wi th  a reference e lect rode placed 
as shown in Fig. 10. The on ly  overpotent ia l s  expected 
in this cell are  the ohmzc resistance overvol tage  of the 
e lec t ro ly te  and the  surface overpotent ia ls .  The ohmic 
resistance o v e r v o i t a g e  was de te rmined  by  passing a 
smal l  a -c  cur ren t  be tween the rezerence and the nega-  
t ive electrode.  At  frequencies  in excess of 50 Hz, the 
ohmic contr ibut ion  was independen t  of f requency so 
that  the  ohmic overpo.tential  could be determined.  For  
the su r i ace  overpotentzai  de terminat ion ,  the potent ia l  
difference be tween the work ing  and the res elec- 
t rodes was measured  as a function of cur ren t  density. 
F rom these measurements ,  and Eq. LA-2J, i t  was de-  
t e rmined  that  io was about  5 A / c m  -2. A large exchange 
cur ren t  dens i ty  was expected because nonl inear  po la r -  
izat ion was not  observed  even at  cur ren t  densit ies of 
severa l  hundred  m A / c m  -2. The p a r a m e t e r  used in the 
numer ica l  computat ions  were,  then:  Z = 1, L = 0.5 
cm, T = 600 K, K~ --  0.25 -1 12cm-Z, j --  200 (at 5 A /  
cm-~) .  K| is the  e lec t ro ly te  res is t ivi ty ,  and J is the 
dimensionless  exchange cur ren t  dens i ty  defined b y  

ZFL io 
J --  - -  [A-3] 

RT K| 

The secondary  cur ren t  d is t r ibut ion  was also calculated 
for var ious  values  of io, h/L, and L. Once the current  
dens i ty  was found the in tegra l  in Eq. [1] could be 
eva lua ted  numerica l ly ,  leading  to an in tegra ted  expres -  
sion of the form 

C does not  depend on the average  cur ren t  dens i ty  j _ 
I/A; i t  is a function of the cur ren t  d is t r ibut ion  and of 
the Weibul l  modulus,  n. For  a un i form cur ren t  d is t r i -  
but ion  (or for n = 1), c ---- 1. Then, if a cell  were  
considered for which the electrode cur ren t  dens i ty  is 
un i form and equal  to j, wi th  al l  o ther  factors identical ,  
one would have 

P s ( u n i f o r m ) = e x p [ - -  A ( J  ~ " ]  
-~o \-~-oJ J [A-5] 

or, f rom Eq. [A-2] and [A-3] 

Ps (uni form) = Ps 1/c [A-6] 

or, at constant  fa i lure  p robab i l i t y  

j (uniform) = j �9 CZ/, [A-7] 

In a Weibul l  plot, the values  of Ps will  then al l  be 

5 

c I / n  

4 

6 -  

5 -  

I i i i I i I i i 

L=O.Scm 
h / L = 0 . 5 2  

J=2000 

I ~ I 1 I I I I I I 
I 2 .5 4 5 6 7 8 9 I0 

n 

I:ig. ! 1. C 1/n vs. n for the cell geometry corresponding to the ex- 
perimental one, at  various values of the dimensionless exchange 
current density J. 
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CI/n 

"-'1 I I 

J = 200  

n = 5 . 3 9 ~  

n=1,8"5- 

I 
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I I 
0.5 0.75 1.0 

L (cm) 
XBL  8211 - 7314  

Fig. 12. Dependence of C z/n on electrode dimension, L, at con- 
stant hlL for various values of the Weibull modulus, n, with J - -  
200. 
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Fig. 13. Dependence of C z/n on electrode dimension, h/L, at con- 
stant electrode diameter L, for various values of n, at J ~ 200. 
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~ ~, /// ..................... 

x x X 
Fig. 14. Qualitative dependence of the electrode edge current 

concentration for different local geometries; see e.g., Ref. (17). 

displaced by the same factor, log C, towards lower 
values if one corrects for the nonuniformity of the 
current distribution. C was calculated for several 
values of n, L, h/L, and J. The results are shown in 

Fig. 11, 12, and 13. Figure 11 shows that C 1In increases 
as n increases and that the rate of increase is greater 
for large values of the exchange current density. Fig- 
ures 12 and 13 show the dependence of C on cell di- 
mensions for some values of n. 

LIST OF SYMBOLS 
A electrode area 
B Jo~/Jso 
F Faraday constant 
h electrode thickness 
i local electrode current density 
io exchange current density 
I total cell current 
j current density at failure, averaged over elec- 

trode 
Ju, au values of j and a below which Ps ~ 1 
Jop, is0 operating current density and average failure 

current density 
J dimensionless exchange current density 
Kic critical stress intensity factor 
K| electrolyte conductivity 
l flaw length 
L electrode diameter 
m, n WeibuU moduli 
Ps 1 -- Pf -- survival probability 
Pf failure probability 
PR required survival probability 
R gas constant 
T absolute temperature 
Z valence of transported species (+  1 for sodium 

ions) 
~a, ac transfer coefficients 
~s surface overpotential 
o mechanical stress 
~, #p average failure stress, and proof stress 
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Photoactivated Electrolysis on Nonporous Chlorogallium 
Phthalocyanine Thin Film Electrodes 

C. Linkous, T. Klofta, and N. R. Armstrong* 
Department of Chemistry, University of Arizona, Tucson, Arizona 85721 

ABSTRACT 

Various metal and semiconductor substrates demonstrated greatly enhanced activity toward the electrolysis of the 
benzoquinone (Q) hydroquinone (H2Q) redox couple when coated with multimolecular layers of chlorogallium phthalocya- 
nine (GaPc-CI) and irradiated with visible wavelength light. These electrodes were nearly reversible toward H_,Q in the light, 
but  were quite inert in the dark, even suppressing corrosion of the metal when silver substrates were used. Exchange cur- 
rent densities on GaPc-C1/Au electrodes irradiated with approximately 100 mW/cm ~ polychromatic light were ca. 103 times 
greater than on plain Au. The improved voltammetric response of these electrodes over other Pc film electrodes are attribu- 
table in part to the sublimation conditions employed, distinguished primarily by a deposition rate of tens of angstroms per 
minute or less. Varying degrees of film porosity were obtained as evidenced by cyclic voltammetry and x-ray photoelectron 
spectroscopy. The role of GaPc-C1 in activating the substrate surface is briefly discussed, contrasting the behavior of GaPc- 
C1/Au electrodes to plain Au, which shows two distinct rates of Q/H2Q electrolysis, depending on electrochemical 
pretreatment. 

Research in  our laboratory has been directed toward 
elucidating the photoeleetrochemical reactions of or- 
ganic dye-sensit izing films on wide bandgap semi- 
conductors such as n-TiO~ and n-SnO2. Phthalocyanine  
(Pc) modified electrodes mere fabricated which 
showed quan tum efficiencies (electrons injected per 
photon absorbed) on the order of a few percent  for 
the photoassisted oxidation of hydroquinone in aque- 
ous electrolytes (1). The power conversion or overall  
energy efficiency of a closed cycle photovoltaic cell 
using qu inone /hydroquinone  (Q/H2Q) however, was 
considerably less, since a few monolayers  of e v e n  the 
most highly absorbent  dyes will  only absorb a small  
fraction of the light incident  upon it. We have sought 
to increase the portion of i nc iden t  radiat ion absorbed 
by these electrodes by increasing the Pc film thick- 
ness, while at the same time main ta in ing  long-range 
molecular  order within the film. The idea is to use 
an optically dense mater ia l  whose conductivi ty is high 
enough to pass current  without  significant ohmic loss. 
Phthalocyanines have been widely used as dye sensi- 
tizers (1-15) and are well known for their chemical 
and thermal  stability, high molar  absorptivi ty in the 
optimal region of solar irradiance, and abil i ty to 
catalyze electrode reactions. While phthalocyanines 
exhibit  ra ther  low electrical conductivi ty by them-  
selves, this conduct ivi ty  can be improved by incor- 
porat ing acceptor species such as Br, I, chloranil,  and 
TCNE into the lattice (17-21). 

The phthalocyanine der ivat ive of interest  in this 
report  is chlorogallium phthalocyanine (GaPc-C1) 
consisting of a t r ivalent  Ga center with a single 
chloride counterion. GaPc-C1 may  have been over-  
looked in the past as a sensitizing molecule because 
it is a precursor for the other halide derivatives, 
which have interest ing properties of their  own. 
GaPc-Br  and GaPc-I  have been shown to have high 
dark conductivi ty (17-20), while GaPc-F  possesses 
a l inear  polymeric crystal s t ructure  (22). We have 
found, however,  that  GaPc-C1 itself is unusua l  in its 
photoelectrochemical properties. 

When GaPc-C1/SnO2 electrodes were used to s tudy 
the photoassisted oxidation of H2Q, it was noted that  
the onset potential  for oxidative current  flow was ca. 
150 mV negative of the E ~ for the H2Q/Q redox couple 
(1). I t  was of interest  to determine whether  this photo- 
activity was due to true dye sensitization of the SnO2 
substrate,  or  to a photoassisted increase in the rate 
of the normal ly  slow H2Q ~ Q oxidation on SnO2 (1). 
Since SnO2 electrodes can behave as near ly  degener-  

�9 Electrochemical Society Active Member. 
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metals. 

ate semiconductors, we decided to expand our ex- 
plorations to the photoresponse on metal  substrates. 
In  this report, we show that gold, silver, and even 
brass substrates that  have been modified with thin 
films of GaPe-C1, show a remarkab ly  enhanced rate 
of Q/H~Q and ferro-/ferr icy 'anide electrolysis when 
i l luminated with polychromatic visible light. The rate 
of this electrochemical process is controlled over 
several  orders of magni tude  by the incident photon 
flux. The phthalocyanine-modif ied electrode acts es- 
sential ly as a l ight-act ivated electrochemical switch. 

The rate of quinone electrolysis on unmodified bulk 
and thin film gold electrodes is quite slow in pH ---- 4 
electrolytes. Electrochemical oxidation and reduction 
of the gold surface immediate ly  followed by vol tam- 
metric examinat ion of the quinone electrolysis showed 
a substant ia l  increase in the reaction rate. Similar 
rates of reaction are observable on i l luminated GaPe- 
C1 modified gold surfaces. 

Experimental 
Instrumentation 

Cyclic vol tammetr ic  measurements  were made with 
a conventional  three-electrode potentiostat, X-Y re- 
corder (Houston Ins t ruments ) ,  and digital voltmeter 
(Keithley) .  The potential  scale was referenced to the 
Ag/AgC1 electrode. A spectroelectrochemical cell de- 
signed to  accommodate optically t ransparent  electrodes 
on both front and back faces was employed. 

The radiation source consisted of the output  of a 
450W Xe arc lamp (Oriel) through a 470 nm longpass 
filter (Oriel),  creating a polychromatic (470-900 nm) 
light in tensi ty  of approximately 100-150 mW / cm 2. A 
PHM . 84 Research pH meter  (Radiometer /Copen-  
hagen) was used to measure the open-circui t  photo- 
potential.  Optical spectra were taken with a Bausch 
and Lomb Shimadzu Spectronic 210 u.v. spectro- 
photometer. X - r a y  photoelectron spectroscopic data 
were taken with a GCA McPherson ESCA 36, using 
Mg Ks  radiat ion at 270W. 

Electrode Preparation 
Subs t ra tes . - -Bu lk  gold substrates were in the form 

of a rotat ing disk electrode, mechanical ly  polished 
with 5 micron a lumina  and, then, chemically cleaned 
in several  portions of t r iply distilled water. Au and Ag 
substrates were cut from Intrex films obtained from 
the Sierracin Corporation. They consisted of vapor 
deposited thin (30 rim) meta l  film on a t ransparen t  
polyester or polycarbonate sheet, forming a meta l -  
lized plastic which  we utilize as op t ica l ly  t ransparent  
electrodes (MPOTE) (23). ,The substrate electrodes 
were ul trasonicated 15 rain each in  ethanol and water, 
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and let  d ry  before  use. T h e  brass subs t ra tes  were  cut 
f rom a sheet  (0.010 in.) and pol ished wi th  increas-  
ing ly  fine abrasives ,  finishing wi th  50,000 mesh d ia -  
mond dust. They  were  then u l t rasonica ted  suc-  
cessively in CHiCle and in e thanol  before use. n-SnO2 
was obta ined as a 500-700 nm thick film on glass p la te  
f rom P i t t sburgh  P la te  Glass. Roughly  3A in. square 
e lectrodes we re  cut and u l t rasonica ted  in e thanol  
and wa te r  before  use. Mot t -Scho t tky  capaci tance mea-  
surements  indica ted  a ca r r i e r  dens i ty  on the order  of 
102o cm-3,  indicat ive  of ca heav i ly  doped s e m i c o n -  
ductor.  

Deposition o] nonporous GaPc-Cl films.--Since the 
difference be tween  vo l t ammet r i c  resul ts  in this repor t  
and others  m a y  be due to the film deposi t ion p ro -  
cedure,  i t  wi l I  be descr ibed in detai l .  Seve ra l  mi l l i -  
grams of ~aPc-C1 were  sp read  evenly  across the  base 
of a 2 in. d i am subl imat ion  cyl inder .  The e lect rode 
subs t ra tes  were  held  on an a luminum masking  pla te  
which was suppor ted  by  th ree  indents  in the wal ls  
of the  vessel, 2 in. above  the GaPc-C1 source on the 
bo t tom of the  cyl inder .  The vessel  was placed in a 
500 ml  hea t ing  mant le  (Glas -Col ) ,  wi th  glass wool  
packed  a round  the vessel, fil l ing the volume of the 
mant le .  Tempera tu r e  was measured  by  a the rmomete r  
inser ted through the  glass wool  packing as nea r  to 
the  base of the  vessel  as possible.  The vessel was 
evacua ted  down to 10 -6 Torr,  and  a var iab le  t r ans -  
former  was used to app ly  55V to the  heat ing mantle .  
The t e m p e r a t u r e  increased typ ica l ly  a t  10~ 
unt i l  a s t eady  s ta te  was approached  a round  300 ~ 
While  some subl imat ion occurred as low as 200 ~ 
the  ra te  on ly  became apprec iab le  nea r  the s t eady  
s ta te .  Some heat  is unavo idab ly  t rans fe r red  to the 
e lec t rode  subs t ra tes  th rough  the wal ls  o f  the  vessel  
and the  masking  p la te  dur ing  the course of deposit ion.  
Elect rodes  made  by  s lower  subl imat ion  ra tes  rou t ine ly  
p roduce  porous h igh ly  crys ta l l ine  GaPc-C1 films, 
w h i c h  wil l  be descr ibed  in more  detai l  e lsewhere.  

Whi le  the  deposi t ion ra te  was nonuni form t h r o u g h  
the course of each subl imat ion  tr ial ,  we can es t imate  
a mean  ra te  for  the final 10 min of subl imat ion on 
the o rde r  of 1-10 r im/rain,  which is less than  o ther  
rates  repor ted  in and ca lcula ted  f rom the l i t e ra tu re  
(3, 6, 12). When  the deposi t ion was completed,  the  
sub l imat ion  ve s se l  was immed ia t e ly  removed  from 
the hea t ing  mant le  and the  vacuum l ine and al lowed 
to cool, s t i l l  evacuated.  The vessel  was then opened, 
and the e lect rodes  made  r eady  for use. 

The solut ion and solid film opt ical  absorpt ion  spec t ra  
of GaPc-C1 in the  v i s ib l e /nea r  in f ra red  region a re  
shown in Fig. 1. Whi le  solut ion spec t ra  a lways  gave 
an absorbance  m a x i m u m  at 683 nm in pyr idine,  the 
p redominan t  m a x i m u m  for the solid phase spect ra  
var ied  be tween  760-810 nm. Thus, we were  unable  
to d i r ec t ly  measu re  re la t ive  film thicknesses to any 
degree  of accuracy.  We could, however ,  accura te ly  
obta in  the n u m b e r  of mols of GaPc-C1 contained in 
the  film by  dissolving the film off a subs t ra te  wi th  a 
measured  vo lume of  py r id ine  and compar ing  the peak  
absorbance  values  to p repa red  s tandards .  Since we 
undoub ted ly  d id  not  have  single c rys ta l  films, we 
did not  use  ava i lab le  c rys ta l lographic  da ta  to cal-  
cu]:ate film thicknesses.  Instead,  we define an  "equi-  
va len t  monolayer"  as an a r r a y  of ph tha locyan ine  
molecules ly ing  side b y  side, flat on the subs t ra te  
surface. We calcula ted  that  each Pc macrocycle  would  
occupy about  150Ae surface area. By ca lcula t ing  the 
number  of equ iva len t  monolayers  deposi ted on a 
subs t ra te ,  we could develop a reasonable  m o l e c u l a r  
p ic ture  of the film against  which vo l tammet r ic  and 
e lect ron spectroscopic resul ts  could be compared.  

Reagents 
GaPe-C1 was synthesized in our  l abo ra to ry  b y  sol-  

va t ing  s toichiometr ic  amounts  of the  meta l  t r ich lo-  
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Fig. 1. Solution and solid film absorption spectra of GaPc-CI 
solution is 1.52 • 10 -5,  GaPc-CI in pyridine. Solid phase is a 
493 equivalent monolayer deposition on glass. 

r ide  and ph tha lon i t r i l e  (prac t ica l  grade  f rom Eas t -  
man, recrys ta l l ized  f rom benzene)  in d ry  benzene and 
adding  the solut ion dropwise  to a few mi l l i l i t e rs  of 
n i t robenzene hea ted  to 180~ The product  was then 
purified by  thorough washing  wi th  benzene and 
subl iming at  300~ and 10 -5 Torr.  H2Q was obta ined 
f rom Eas tman and recrys ta l l ized  f rom ethanol.  The 
pH 4 buffered e lec t ro ly te  was made  with  deionized 
water ,  doubly  dis t i l led from permanganate ,  and wi th  
potass ium hydrogen  phthala te ,  KHP,  obta ined  from 
MCB Chemicals  and used wi thout  fu r the r  purif ica-  
tion. Potass ium fer rocyanide  was obta ined f rom 
Mal l inckrod t  and used wi thout  fu r the r  purification. 
Al l  solut ions were  pu rged  of O2 before  use. 

Results and Discussion 
Visible spectral response.--Films of GaPc-C1, sub-  

l imed onto SnO2, Au, or  Ag  semi t ranspa ren t  sub-  
s t rates  or  glass, a lways  give the type  of vis ible  spec- 
t rum shown in Fig. 1. The series of ph tha locyanines  
which include A1Pc-C1, A1Pc-F, GaPc-C1, GaPc-I ,  
and GaPc-F ;  CuPc, CoPc, FePc, VOPc, and  H~Pc 
have been explored  as thin films on SnO~ and gold in 
this labora tory .  Those Pc-fi lms which show a s t rong 
red-sh i f t ed  and b roadened  vis ible  spectra l  r e sponse  
(GaPc-CI,  GaPc-I ,  GaPc-F ,  A1Pc-C1, VOPc) are  also 
those films which  are  most  efficient in the photoelec-  
t rochemical  react ions  of hydroqu inone  (1).  By infer -  
ence to o ther  o rdered  Pc-sys tems  (24), we hypo the -  
size tha t  this spect ra l  response is due to severa l  co- 
exis t ing po lymorphs  of the  GaPc-C1 in the solid film. 
In the range  of poros i ty  or thickness of the GaPc-C1 
films explored  here, the  visible spec t rum of each film 
was s imi lar  to that  shown in Fig. 1. 

GaPc-C1 film porosity.--The poros i ty  of our  p r epa red  
GaPc-C1 films was var iable ,  as indica ted  by  scanning  
e lect ron microscopy ( S E M ) a n d  by  vo l tammet ry ,  as 
shown in Fig. 2. Two GaPc-C1/Au electrodes,  p repa red  
wi th  smal l  differences in subl imat ion  ra te  in sepa-  
ra te  trials,  demons t ra te  the ex t remes  in film poros i ty  
obtainable .  Using the Fe (CN)68- ,  4-  redox Couple as 
a probe,  we vo l t ammet r i ca l ly  charac ter ized  the GaPc-  
C1 films as to the i r  degree  of porosi ty.  Fe (CN)~  4 -  
reaching  the Au subs t ra te  would  react  r evers ib ly  in 
the  l ight  or  in the  dark .  In Fig. 2a we see the  da rk  
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Fig. 2. Cyclic voltammogram for: (a, left) porous (506 equivalent monoloyers) and (b, right) nonporous (493 equivalent monolayers) GaPc- 
CI/Au electrodes. Scan rate: 50 mV/sec. Electrolyte: I mM Fe(CN)64- 0.1M KHP (aq). 

cyclic voltammogram for a 506 equivalent monolayer 
porous GaPc-C1/Au electrode. The voltammogram is 
similar in shape but the currents are a factor of 2.5 
smaller compared to that which would be obtained 
for an unmodified Au-MPOTE. The Pc restricts but 
does not eliminate the activity of the underlying Au 
substrate. In contrast, the cyclic voltammograms for 
a 493 equivalent monolayer nonporous GaPc-CI/Au 
electrode is shown in Fig. 2b. Note that the current 
scale is larger than for the porous electrode. Here 
the dark current is negligibly small, while under 
irradiation the voltammogram becomes appreciably 
reversible and as reversible as that for ferrocyanide 
oxidation on the plain Au electrode. The peak current 
is 1.5 times larger than on the plain Au electrode. 

Reports which will follow will detail the differences 
between the porous and nonporous Pc films on the 
Au MPOTE. Preliminary scanning electron micro- 
graphs show that both film types are composed of 
large crystallites, with dimensions on the order of 
0.5~1.0 microns, length and width. These crystallites 
are widely separated on the porous GaPc-C1 films 
and are tightly backed on the nonporous films. At 
11,000• magnification, the nonporous GaPc-C1 film 
still shows considerable surface roughness, while the 
Au MPOTE substrate at the same magnification shows 
no discernable surface features. A surface roughness 
factor of 1.5 for the illuminated GaPc-C1/Au electrode 
is not unreasonable; however, the increased voltam- 
metric currents cannot be explained based on this 
enhanced surface area, since the diffusion layer thick- 
ness in the voltammetric experiment exceeds the di- 
mensions of the surface roughness. Preliminary photo- 
thermal spectroscopic investigations of these films in 
this laboratory indicate considerable heat loss from 
the film following visible wavelength illumination. It 
is quite possible that the enhanced currents seen 
under illumination of the nonporous GaPc-C1/Au 
electrode are due to a small thermally induced con- 
vection from the radiationless decay pathways within 
the film., 

To corroborate the voltammetric data, x-ray photo- 
electron spectra were taken of electrodes prepared 
in the same sublimation vessel at the same time as 
those used in Fig. 2. In Fig. 3, the XPS data for a 
high resolution scan of the Au(4f) transition for the 
porous and the nonporous GaPc-C1/Au electrodes 
are shown, along with that of a plain Au-MPOTE. 
Since the thickness of the Pc films (greater than 
300A) must be greater than the escape depth of an 
Au-4f electron through the Pc film, any Au signal must 

be due to pinholes or other imperfections in the 
phthalocyanine film. No Au signal is observed for 
the nonporous electrode, while for the porous elec- 
trode a signal is observed. The Au signal on the 
porous GaPc-C1 film is still much less than on the 
plain Au-MPOTE and is diminished more than the 
electrochemical response of the Au substrate was 
diminished. A porous Pc-film will be more "trans- 
parent" to a diffusion-controlled, electrochemical pro- 
cess, than will electron spectroscopy of the Au sub- 
strate. In the XPS experiment, electrons escaping 
from the Au substrate must follow a collision-free 
trajectory to the detector in the spectrometer, thus, 
their intensity is expected to be low with a thick, 
porous overlayer. 

Quinone electrolysis . - - In  Fig. 4, the cyclic voltam- 
mograms for the electrolysis of H2Q on nonporous 
GaPc-C1 film electrodes in the dark and under il- 
lumination are presented. Also shown is the response 
for each of the bare substrates: Au, Ag, brass, and 
n-SnO~. 

The electrodes made from nonporous GaPc-C1 films 
on Au and Ag (Fig. 4a and 4b, respectively) show 
almost no activity in the dark; the reaction of H~Q 
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Fig. 3. XPS spectra of the Au-4f transition for: a) porous and h) 
nonporous GaPc-CI electrodes; c) plain Au-MPOTE, drawn to 
1/14th scale. Scans a) and b) correspond to electrodes identical to 
those in a) and b) of Fig. 3, respectively. Hone of these scans have 
been charge-shift corrected, hence, the difference in Au(4f) peak 
position. 
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Fig. 4. Cyclic voltammograms for GaPc-CI films deposited on various sabstrates, a, top left) A, ;  b, top right) Ag; c, bottom left) brass; 
d, bottom right) n-SnO~. Scan rate: 50 mV/sec; electrolyte: H2Q and/or Q, as marked in 0,1M KHP (aq). 

on A u  is suppressed.  This suppression of anodic ac-  
t iv i ty  is even more  significant for  Ag, because the  
cu r r en t . vo l t age  curve remains  flat even past  the 
ox ida t ive  decomposi t ion potent ia l  of the  Ag film. This 
impl ies  tha t  the films were  t ru ly  nonporous;  ne i the r  
H~Q nor  wa te r  was in contact  wi th  the  meta l l ic  sur -  
faces. 

Wi th  una t t enua ted  vis ib le  wave length  i r rad ia t ion  
(450-900 nm)  f rom the xenon arc  lamp, the H.2Q 
electrolysis  shows apprec iab le  revers ib i l i ty .  I n  the case 
of the  GaPc-C1/Au electrode,  the  ra te  of react ion ex-  
ceeded tha t  of the  Au  subs t ra te  itself. This type  of 
e lec t rochemical  r evers ib i l i ty  is seen on the Au sub-  
s t ra tes  in the  pH range  f rom 1 to 7. F igure  5 shows 
the dependence  of l ight  in tens i ty  on the shape of the  
vo l t ammet r i c  curve for  H~Q oxida t ion  on the GaPc-C1 
modified Au electrode.  The appa ren t  e lec t rochemical  
react ion ra te  was control led  by  the  photon flux to the  
surface.  This photon  dependence  was fu r the r  quant i -  
ta ted  by  observ ing  tha t  the  pho tocur ren t  at  any  po-  
tent ia l  was l inea r  wi th  the  incident  photon  flux f rom 
an. He-Ne laser  (632.8 nm, 5.6-0.056 mW/cm2) .  Using 
l ight  f rom the He-Ne  laser  source, the  photoe lec t ro-  
chemical  quan tum efficiency (ne/np) was calculated.  
Here  ne represents  the  photo in i t ia ted  e lec t ron flow, and 
np represents  the  photon  flux. At  632.7 nm, ne/np = 0.08- 
{}.1%. I t  should be  noted  tha t  this  wave leng th  is not  
wi th in  the  m a x i m u m  absorbance  envelope for the film, 
where  it is be l ieved the most photoconduct ive  phases 
absorb.  F u r t h e r  s tudies  are  u n d e r w a y  using mono-  
chromat ic  sources nea r  800 nm; however  our  p re l imi -  
n a r y  studies using broad band sources in this region 
show tha t  ne/np is in the  range  of 1-5% (1). Through 
Tafel  p lot  data,  we ca lcula ted  the  exchange  cur ren t  
dens i ty  of 10-3M H~Q on Au  in pH _ 4 buffered 
e lec t ro ly te  to be 0.27 ~A/cm 2. This va lue  is in reason-  

ab le  agreement  wi th  the  da ta  of Vet te r  for  qu inone  
electrolysis  on P t  (24). The res is t iv i ty  of the  i l lumi -  
na ted  organic film made i t  difficult to obta in  accurate  
Tafel  da ta  for the  GaPc-CI  e lec t rodes  using mono-  
chromat ic  i r rad ia t ion  sources. We did, however ,  est i-  
mate  a lower  l imi t  for the  exchange cu r ren t  dens i ty  
through the method Of cyclic vo l t ammet r i c  peak  sepa-  
ra t ion  (Fig. 4a) as descr ibed  b y  Nicholson (26). We 
obta ined  a va lue  of 1-2 X 10 -4 A / c m  2, about  three  
orders  of magni tude  grea te r  on the  i l lumina ted  GaPc-  
C1/Au surface tha t  for p la in  Au. Fo r  GaPc-C1/Ag 
(Fig. 4b) ,  it  can be r e m a r k e d  tha t  the  H2Q electrolysis  
proceeded as r evers ib ly  as on G a P c - C I / A u  electrodes 
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Fig. 5. Effect of light intensity of H2Q oxidation on a nonporous 
GaPc-CI/Au electrode. The polychromatic output of the xenon arc 
lamp was neutral density filtered to give the fractions of full light 
intensity shown in the drawing. 
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in a potent ial  range where the Ag electrode itself 
would havedecomposed.  

Pursu ing  the iaea of extending the anodic l imit  
o f  the substrate  material ,  we tested GaPc-C1 films on 
brass. As shown in  Fig. 4c, we were not  completely 
successful in prepar ing a stable nonporous GaPc-C1 film 
o n  brass substrates. The presence of the film ap- 
parent ly  mass t ranspor t - l imi ts  the dissolution of brass, 
but  the current  crossover on the r e tu rn  sweep must  
also mean  steady erosion of the GaPc-C1 layer. At  this 
point, we are not sure whether  film porosity on brass 
compared to Au and Ag In t rex  is due to unavoidable  
differences in surface prepara t ion  (see Exper imenta l  
section) or to fundamenta l  differences in adsorption 
characteristics of the phtha!ocyanine that  cause var i -  
abi l i ty  in film growth. XPS data from our laboratory 
o n  the In t rex  films indicate a small  concentrat ion of 
organic functionali t ies incorporated in the metal  sur-  
face, which may  facilitate good adhesion and crystal 
growth of the GaPc-C1 (23). It  is clear, nevertheless,  
that the GaPc-C1/brass electrodes under  i r radiat ion 
can successfully electrolyze H2Q at potentials several 
hundred  millivolts past the oxidative l imit  of plain 
brass. Attempts to corrosion-protect other semicon- 
ductor photoelectrodes with nonporous films of these 
phthalocyanines are cur rent ly  underway  in our lab-  
oratory. 

In  Fig. 4d, the cyclic volt ammet ry  for a GaPc-C1 
film on n-SnO2 is shown. While H2Q was not quite as 
reversible on the irradiated GaPc-C1/SnO2 electrode as 
o n  G,aPc-C1/Au, the difference in activity compared 
to the substrate is more pronounced;  a very large over-  
potential  is required to drive H2Q oxidation on bare 
n-SnO2. Sweeping too far in the anodic direction can 
desorb the Pc film, as shown by the current  wave 
obtained in the dark. 

The concenti 'ation dependence of the H2Q photocur- 
rent  response of the nonporous GaPc-C1/Au was 
tested in the range from 10-SM to 5 • 10-2M. At the 
lowest concentrations, the photocurrent  was l inear  with 
H2Q solution concentration, as the solution concen -  
trat ion was increased up to 10 -3 to 10-2M, the photo- 
current  response reached a near-plateau.  This response 
is consistent with a weak surface interact ion between 
H2Q and the GaPc-C1 surface. 

The na tu re  of the enhancement  of quinone electrol- 
ys'is on the i l luminated,  Pc-modified metall ic substrates 
was fur ther  explored by testing the reason for the ap- 
paren t ly  slow kinetics on the unmodified Au substrate. 
There are several  l i terature  sources which support  the 
idea that  H2Q/Q redox chemistry is reversible at 
low pH and that the rate of reaction (ks o r  exchange 
current  density[ to) decreases markedly  as pH is in-  
creased (25). Recent thin layer  electrochemical experi-  
ments  by Hubbard  and co-workers on p la t inum in 
various aqueous envi ronments  show that quinones 
tend to adsorb tenaciously to the noble metal  substrate 
(27). Their  results suggest that  the solut ion redox 
chemistry on Pt  occurs through this adsorbed quinone 
layer. 

The m a n n e r  in which the Au metal  substrate of these 
experiments is activated prior to the voltammetric  exJ  
per t inent  is of importance as shown in the exper iment  
of Fig. 6. "Cleaned" and polished bulk  Au substrates 
showed a markedly  irreversible H2Q/Q redox volt-  
ammogram (curve 1) unt i l  the electrode was poised at 
a potential  sufficient to oxidize the Au surface. Sub-  
sequent  reduction of the gold oxide layer  (curve 2) 
resulted in a decidedly enhanced rate of quinone re-  
duction and subsequent  hydroquinone oxidation. This 
reversible vol tammetr ic  activity could be sustained 
for m a n y  minutes  as the electrode remained immersed  
in the electrolyte. Exposure of the electrode to the 
atmosphere and re turn  to the electrolyte always re- 
sulted in the voltammetric  activity of curve 1. Nearly 
identical results were obtained on the  Au-MPOTE 
substrates used for the photoelectrochemical expert-  

Fig. 6. Voltammetric response toward H~Q of a mechanically 
cleaned and rinsed Au substrate (curve 1) and the same electrode 
following gold oxide formation and reduction (curve 2). 50 mV/sec, 
0.IM KHP, 1.4 mM H2Q. 

ments which were never  polished, only cleaned as de- 
scribed in  the Exper imenta l  section. Fur ther  charac- 
terization of this electrode surface reactions is under -  
way in a surface analysis system with vacuum transfer 
capabilities. 

Conclusions 
The observat ion of reversible ferro/ferr icyanide a n d  

hydroquinone /qu inone  electrolysis on the i l luminated 
nonporous GaPe-C1 film electrode raises several inter-  
esting questions regarding the mechanism of charge 
t ransfer  wi thin  the Pc layer, and the applicabili ty of 
these dye films to semiconductor sensitization. At low 
surface coverages of the phthalocyanine on an n- type  
semiconductor, it is expected that the phthalocyanine 
will act str ict ly as a sensitizer with high photoconduc- 
tivity. Within the confines of the  Gerischer model (28) 
design of a GaPc-Cl  sensitized semiconductor system 
would appear to be optimized by the use of a non-  
porous film, with a thickness of ca. 400 equivalent  
monolayers.  The optical density of such a film is ca. 
1.01 at 800 nm, which is still  not  as high as we would 
like to optimize the power conversion efficiency of a 
single electrode. 

Since the thin GaPc-C1 films are acting pr imari ly  to 
conduct the electron and hole to the electrode and 
electrolyte interfaces respectively, any energy con- 
version (i.e., generat ion of a photopotential)  that oc- 
curs must  be controlled by the relative electron affinity 
of the semiconductor substr,ate and the formal poten-  
tial of the solution redox couple. When GaPc-C1 films 
of the surface coverages reported here are placed on a 
metall ic substrate (Au, Ag) small (less than 50 mV) or 
nb detectable photopotential  was produced, confirming 
this mainly  photoconductive na ture  of the Pc film. To 
our knowledge, this is the best example of photoini-  
tiated, reversible, electrolysis on Pc films reported to 
date. The reason for this enhanced photoelectrochemi- 
cal behavior seems to lie in (i) the choice of a phthalo-  
cyanine which tends to aggregate to form polymorphs 
with high photoconductivi ty and red-shif ted spectral 
response and (it) subl imation rates that are controlled 
and slow enough to permit  the growth of large Pc 
crystallites, thereby, lowering the number  of recombi- 
nat ion events occurring at edge-sites and defects that 
would otherwise lower the photoelectrochemical effi- 
ciency. 

In our most recent studies, carefully grown GaPc-CI 
films of much greater  thickness than reported here (on 
the Au-MPOTE) have shown sizable photopotentials 
for several different redox couples, indicating that 
semiconductor- l ike properties of the Pc film can be 
obtained when the molecular  ordering and the crystal- 
lite dimensions become even greater (29). This photo- 
potential  response appears similar to that observed 
for other photoconductors which have been buil t  up to 
sufficient surface coverages to facilitate energy con- 
version through the formation of a barr ier  layer  (30). 
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This apparently dual nature of phthalocyanine film 
electrodes has been observed previously. Some recti- 
fication of the current voltage response has been seen 
for monolayers to multilayer quantities of Pc's on 
SnO2 and TiO2 surfaces (1, 7-9). In most Of these cases, 
however, some photocurrent response was observed 
in a potential  region where the basic sensitization 
model would predict no current flow. Bard and co- 
workers explained this observation with the existence 
of a different mechanism for each direction of current 
flow: photoreduction was due to the p-type character 
of the phthalocyanine, and photo-oxidation was due to 
dye sensitization of the n-type substrate (8). Faulkner 
and co-workers (10, 11) observed quite reversible volt- 
ammograrns for ferro/ferricyanide electrolysis, in the 
dark, on FePc and ZnPc films of several thousand 
angstroms thickness. The existence of as yet unchar- 
acterized surface states has been invoked to explain 
facile charge transfer in both directions (8, 10, 11). 

In addition to the highly desirable photoconductivity 
and corrosion-inhibiting capabilities of the nonporous 
GaPc-C1 films, a slow electrolysis rate for the H2Q/Q 
couple is photoenhanced by up to three orders of mag- 
nitude. From the experiments described in Fig. 6, it is 
clear that the reasons for this enhancement are com- 
plex. The hydroquinone oxidation has a high overpo- 
tential on  the Au substrate, apparently because of the 
incompatibility of solution H2Q with this surface. It is 
not clear at this time whether adsorbed reactant is 
responsible for this retarded electrolysis rate. Our 
control experiments in a number of aqueous electro- 
lytes and pH ranges show the generality of this in- 
hibition, and tend to demonstrate that less than de- 
tectable concentrations of solution impurities may be 
one of the causes for this slow electrolysis (29). Ac- 
tivation of the Au substrate can be achieved b y  either 
the formation and reduction of the gold surface oxide 
or by application of a GaPc-C1 layer and its illumina- 
tion. The action of the phthalocyanine may be to (i) 
block all of the Au surface sites to provide only a 
GaPc-C1 surface for electrolysis and/or (ii) urovide a 
unique chemical environment for the multielectron 
multiproton transfer steps to occur. Further studies of 
this redox chemAstrv on the GaPc-C1/Au electrodes 
are underway to clarify this issue. 
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Impedance Measurements and Photoeffects on Ni Electrodes 
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ABSTRACT 

Depending on the electrode potential  an n-type or a p-type semiconduct ing oxide can be present  at a Ni electrode sur- 
face giving rise, respectively, to anodic or cathodic photocurrents  under  illumination. Impedance  measurements  show tha t  
a solid-state diffusion process, presumably of protons through the oxide film, dominates the impedance  behavior for the 
charged electrode; for the discharged electrode, the impedance behavior is dominated by the space charge inside the p-type 
oxide. A flatband potential and donor densi ty est imate could be made for the p-type semiconduct ing oxide. 

F o r  severa l  decades the  work  on the Ni e lect rode 
has  been or iented to its ba t t e ry  appl icat ions  (1). 
Recent  publ icat ions  have  focused a t tent ion  on more  
fundamenta l  p roblems  associated with  this electrode.  
The e lect rochemical  processes at  the Ni e lectrode are  
g rea t ly  influenced b y  the presence of surface oxides.  
Both the  charged and d ischarged state of  the Ni e lec-  
t rode are  oxides of nickel,  and a number  of s tudies have 
been per formed  to de te rmine  the influence of l i th ium 
ions on the so l id-s ta te  proper t ies  of these pass ivat ing  
oxide films. T h e  a~c response of n ickel  ox ides  have 
been s tud ied  in de ta i l  by, for  example ,  G la rum et al. 
(2) and Z immerman  et al. (3). El l ipsometr ic  mea-  
surements  of oxide films on Ni were  pe r fo rmed  by  
Hopper  et aL. (4).  MacAr thu r  de t e rmined  a proton 
diffusion coefficient for  the  n ickel  hydrox ide  e lec t rode  
(5). Cyclic v o l t a m m e t r y  on the Ni e lect rodes  h a s  
been  car r ied  out  ex tens ive ly  by,  for example ,  Arv ia  
et  al. (6-8).  The .different theories put  fo rward  to ex-  
p la in  t h e  posi t ive influence of l i th ium hydrox ide  on 
capacity,  potent ia l ,  and  life of the  n ickel  oxide e lec-  
t rode  re ly  on so l id - s ta te  proper t ies  of the  pass ivat ing  
films. In this context  Tichenor  (9) poin ted  out that  
the  l i t h ium influence could be expla ined  as a doping 
effect of  Li in NiO, under  the  assumption tha t  the 
oxide  involved is a p - t y p e  semiconductor .  Tuomi (10), 
on the  o ther  hand, pointed out  tha t  the  effect cannot  
be exp la ined  on the basis of the  p~type cha rac te r  of 
one of the  oxides since the impor t an t  oxide in the 
charged region  (~-NiOOH) is an n - t y p e  semiconduc-  
tor. C h e r n y k h  and Y.akovleva (11) found both anodic 
and cathodic photocur ren ts  at  oxidized Ni electrodes.  
These photocur ren ts  were  a t t r ibu ted  to n -  and p , t y p e  
nickel  oxides, respect ively ,  bu t  no detai ls  about  wave-  
length  and chopper  speed dependence  of the photo-  
cur ren ts  were  given. Angel in i  et al. (12) show anodic 
and cathodic photopotent ia l s  for  Ni and discuss a fast  
and a slow component  of the  observed photopotent ia l .  
They assume tha t  the  fas ter  photopotent ia l  component  
is due to the  separa t ion  of electron~hole pairs  wi th in  
the  electr ic  field in the  oxide and tha t  the  s low process 
is due  to decomposi t ion of surface oxides. 

In  v iew of the  impor tance  of the  so l id-s ta te  p rop -  
er t ies  of the  oxide films in unders tand ing  the Ni elec-  
t rode  behavior  we thought  i t  to be in teres t ing  to ap-  
proach the s tudy  of the Ni e lectrode using methods  
which revea l  more  about  the bu lk  and surface p rop-  
er t ies  of the  n ickel  oxides. The  expe r imen ta l  methods  
used in the p resen t  s tudy  were  p r inc ipa l ly  as follows: 
pho tocur ren t  measurements  as a function of voltage,  
wavelength ,  and chopper  speed, and a-c  impedance  
measurements  as a funct ion of f requency and voltage.  
Measurement s  were  pe r fo rmed  on su r face - fo rmed  
pass iva t ing  oxides and on e lect rodeposi ted  films. I t  
was ant ic iuated  tha t  semiconductor  effects would  b e  
more  r ead i l y  observed when  dea l ing  wi th  th icker  films. 

Experimental 
An al l -Teflon c e l l  was used for  pe r fo rming  im-  

pedance  measurements ,  coulometry,  and cyclic vol t -  
* Electrochemical Society Active Member. 
Key words: semiconductor, battery, discharge, passivity. 

ammet ry .  The re fe rence  e lec t rode  [in most  eases a 
Z n / Z n ( I I )  couple] was placed in an e x t e r n a l  reservoir  
to p reven t  contaminat ion  of the working  electrolyte .  As 
a eountere lec t rode we used a P t  wire  also placed in 
a separa te  compar tment .  Provis ion was made in the 
work ing  e lec t rode  chamber  to sparge  wi th  high pur i ty  
N2 to e l imina te  dissolved O2 and exclude CO,,, For  the 
l ight  exper iments  an al l  quar tz  cell was used with  al l  
th ree  electrodes in the  same compar tment .  The l ight  
source was a mercu ry  vapor  pressure  l amp (PEK 
Model  912-0, power  supply  M702). Potent ia ls  were  re -  
ca lcula ted to be expressed  wi th  respect  to the  s tandard  
hydrogen  e lect rode (SHE) .  

Elect rodeposi ted  n ickel  oxide  films of different  th ick-  
ness on Ni were  p repa red  according to a procedure  
descr ibed by  Briggs et al. ( !3) .  The room tempera tu re  
e lect rodeposi t ion of the oxide  by  this method is 
effected by  anodic /ca thodic  cycl ing the me ta l  sub-  
s t ra fe  in an aqueous solut ion containing 0.1N NiSO4, 
0.1N NaAC, and  0.001N KOH ("Briggs '  so lu t ion") .  De-  
pending  on the  cycling procedure  a different  thickness  
of deposi t  can be obtained.  The films mos t ly  used in 
our  exper iments  were those descr ibed by  Briggs as 
procedure  C and procedure  F films. To de te rmine  
qua l i t a t ive ly  the  re la t ive  thickness of the  oxide films 
on Ni, we used coulometry;  the  amount  of charge under  
the large  anodic p e a k  in cyclic vo l t ammograms  such 
as shown in Fig. 1 was measured.  I t  is accepted in the 
l i t e ra tu re  (14) tha t  this p e a k  corresponds to the ox ida -  
tion of Ni (OH)2  to fl-NiOOH (cha rg ing  peak) .  Typi -  
cal ly  for the b a r e  Ni s u r f a c e  cycled in a 35 weight  
percen t  (w/o)  KOH solution, at  a sweep ra te  of 100 
mV sec -1, 11 mC cm -2  would be associated with  this 
peak  (see Fig. l b ) ,  62 mC cm -2 for a C - t y p e  film (see 
Fig. l a ) ,  and 176 mC cm -2 for an F - t y p e  film (not 
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shown) .  The smal le r  anodic peak  in Fig. 1 has been 
associated wi th  oxida t ion  of Ni to Ni (OH)2  and the 
single cathodic (discharge)  peak  has been a t t r ibu ted  
to the reduct ion of/~-NiOOH back to Ni (OH)2. 

Measurements  of the  e lec t rochemical  t r ans fe r  func-  
t ion (15, 16) ( the "a-c  impedance")  of the  Ni ox ide /  
e lec t ro ly te  sys tem were  pe r fo rmed  using a So la r t ron  
Model  1172/1183/1185 F requency  Response Ana lyze r  
( F R A ) .  F igu re  2 (a )  shows schemat ica l ly  the  exper i -  
men ta l  configurat ion employed  for  impedance  m e a -  
surements .  The  F R A  is cont ro l led  by  an Apple  I I  
mic rocompute r  via  an IEEE-488 bus (17). In  this  way  
it  is possible to pe r fo rm measurements  over  a range  of 
f requencies  (10-4-104 Hz) and d -c  vol tages in a single 
exper iment ,  thus  fac i l i ta t ing  the de te rmina t ion  of 
Mot t -Scho t tky  plots  (18). The sof tware  wr i t t en  to 
control  the  F R A  and for subsequent  da ta  reduct ion 
and deconvolut ion is p resented  in Ref. (19). 

A Pr ince ton  Appl ied  Research Model  175/173 poten-  
t iostat  was used for  both  po ten t iodynamic  cycling and 
a -c  impedance  studies. In o rde r  to offset inherent  
l imi ta t ions  of the  potent ios ta t  and FRA, a novel  in ter -  
face be tween  these units  was designed and built .  The 
ci rcui t  d i ag r am is shown as Fig. 2 (b ) ,  and the function 
is descr ibed in deta i l  in Ref. (19). The impor t an t  
fea tures  of this uni t  briefly are  as follows: (i) P ro -  
vides au tomat ic  "back-off"  of the d -c  component  of 
the  vol tage  app l ied  be tween  the work ing  and reference 
electrodes,  thus a l lowing g rea te r  precis ion in the mea -  
su rement  of the a -c  signal.  (ii) Measures  the  cur ren t  
as the  vol tage  d rop  across an R-C para l le l  s tandard ,  
in series wi th  the counterelect rode.  This minimizes  
the  double  l imi ta t ions  of poor  high f requency  response 
of the  PAR cu r r en t - t o -vo l t age  conver te r  (17), and 
the difficulty of handl ing  large  vol tages  which occur at  
h igh frequencies  unde r  potent ios ta t ic  condit ions when 
the Current is t ransduced  b y  a res is tor  or  s imple  cur-  
r en t  clamp. (iii) A t t e n u a t e s  the  F R A  a -c  output ,  
a l lowing measu remen t  to be  made  with < I 0  mV ex-  
citation. (iv) Provides  the  high input  impedance  and 
low' input  capac i tance  necessary  for the de t e rmina -  
t ion of semiconductor  impedances.  

Results and  Discussion 
Photoef]ects on Ni e~ectrodes.~Cr3rstalline NiO is 

known  to be  a p - t y p e  semiconductor  (20), /~-NiOOH 
is repor ted  to be an n - t y p e  semiconductor  (10). The 
sign of the  Ph0tocurrents  found on the Ni e lect rode 
under  s tudy  should indicate  of which type  the  pas -  
s ivat ing oxides on Ni are. Wi th  the  bandgap  of NiO 
a round  3.7 eV (21), l ight  of wavelengths  shor ter  than  
3314A wi l l  be absorbed by  a ma te r i a l  containing NiO. 
We could not find a value  for the  bandgap  of ~-NiOOH. 

Depending  on the appl ied  potent ia l ,  we observed 
both la rge  anodic  and la rge  cathodic photocur ren ts  
when  i l lumina t ing  a filmed Ni e lec t rode  wi th  u.v. l ight.  
Wi th  the  fi lmed Ni e lec t rode  polar ized  negat ive  wi th  
respect  to the  solut ion (close to and into the  hydrogen  
ew, lu t ion range)  we  found cathodic photocurrents .  In  
this d ischarge range the e lec t rode  behaves  as if it  
were  covered wi th  a p - t y p e  semiconduct ing  oxide. 
Wi th  the  e lec t rode  po la r ized  posi t ive (in the Ni (OH)2  
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--> .e-NiOOH charge  region) ,  la rge  anodic photocur ren ts  
were  observed,  point ing to an n - t y p e  pass iva t ing  oxide  
layer .  We discuss the cathodic photoeffect  first. 

The measurement s  represen ted  in Fig. 3 were  pe r -  
formed on a filmed Ni e lect rode ( F - t y p e  film; see 
exper imenta l )  in the Briggs '  solution (0.1N NiSO4, 
0.1N NaAc, and O.001N KOH) .  The l ight  was chopped 
at a r e l a t ive ly  high constant  f requency  whi le  the 
potent ia l  was progress ive ly  made  more  negat ive.  
Clearly,  the cur ren t  ampl i tude  increases as the po-  
tent ia l  becomes more  negat ive.  Since the oxide in-  
volved here  is a p - t y p e  oxide this behavior  was not  
unexpected,  indeed the more  nega t ive  the appl ied  
voltage, the more efficiently e lec t ron-hole  pai rs  are  
separa ted  and the more  pho tocur ren t  can be expected.  
The fea ture  that  was less easi ly  unders tood,  in terms 

a= 

1 2 

i _  i 

500 sec 

t(sec) 

Fig. 3. Photocurrent (~11) vs. time at constant chopper speed: i, 
--1.112V vs. SHE; 2, --1.200V vs. SHE; 3, --1.250V vs. SHE; 4, 
--1.350V vs. SHE. Solution: 0.1N NISO4, 0.1N NaAc, 0.001N KOH 
(Briggs' solution). F-type film (explanation see Experimental). 
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of s imple  p - t y p e  semiconductor  behavior ,  is shown in 
Fig. 4. In  this  figure we presen t  the  measured  photo-  
cur ren t  as a funct ion of chopper  speed for a filmed 
Ni e lect rode (C- type  film) at  a negat ive  potent ia l  
(--1.35V vs. SHE) .  A very  s t rong dependence of the 
photocur ren t  magn i tude  on chopper  speed is observed.  
The lower  the Chopper speed the h igher  the  photocur-  
rent .  A t  the  highest  and also at  the  lowest  chopper  
speeds the  pho tocur ren t s  f inal ly became constant,  the  
ampl i tude  being a lmost  an  o rde r  of magni tude  smal le r  
at  the  h ighes t  chopper  speeds. The above seems to in-  
dicate that  there  a re  two processes involved in the 
photoresponse  of the Ni electrode;  a fast  responding 
pho tocur ren t  associated wi th  a semiconduct ing oxide 
layer  and a much s lower  not  ye t  expla ined  process. 
This is in accordance  wi th  the  observat ions  by  Angel in i  
et al. (12) (see also the beginning  of this paper )  
tha t  there  are  two components  to the photopotent ia l  at 
a Ni e l e c t rode .  The p,hotocurrent d i sappears  wi th  a 
filter absorbing  u.v. ( t ransmiss ion lower  than  0.5% at 
wavelengths  sho r t e r  than  3650A) and t ransmi t t ing  
visible l ight  inser ted in the l ight  path.  This indicates  
that  we are  deal ing wi th  a u.v. induced photocurrent .  
Wi th  a combinat ion  of o ther  l ight  filters we a t t empted  
to m e a s u r e  app rox ima te ly  the absorpt ion  edge. With  
u.v. t r ansmi t t ing  clear  fi l ters ( t ransmiss ion at ~ = 
3314A higher  than 85% ) in place t h e r e  was l i t t le  or  no 
decrease of the  photocurrent .  For  a fi l ter wi th  a t rans-  
mission lower  than  0.5% for ~ < 3340A there  was a sub-  
s tan t ia l  decrease  in photocurrent .  The da ta  above can 
accommodate  the 3314A for the absorpt ion  edge of NiO. 
In the  fu ture  a monochromator  in combinat ion  wi th  a 
d i f fe ren t ia l  technique for measur ing  the pho tocur ren t  
wil l  be used to obta in  more  quant i t a t ive  da ta  on the 
absorpt ion  edge. 

The same photoeffects as shown in Fig. 3 and 4 were  
found in 5N KOH and in 35 w/o  KOH. More surpr i s -  
ingly,  the  photoeffect  was st i l l  p resen t  a f te r  e tching 
of a f i lmed e lec t rode  using a 50 w/o  HCI solution. In 
al l  cases the  pho tocur rea t s  showed the same potent ia l  
dependence  and chopper  speed dependence  as discussed 
above for  the filmed electrodes.  The a lka l ine  solutions 
used here  were  chosen because of the i r  prac t ica l  im-  
por tance  for use in bat ter ies ,  but  obviously  the effects 
descr ibed  here  are  ra ther  independent  of the solutions 
used. 

Our ten ta t ive  explana t ion  for the two kinds of photo-  
responses differs f rom that  p resen ted  by  Angel ini  et al. 
(12) and is as follows. Electrons exci ted by  l ight  into 
the  conduction band of a thin l aye r  of oxide reduce 
ma in ly  protons to hydrogen  bu t  also reduce some 
N i ( I I )  oxide to meta l  at  the  NiO/e lec t ro ly te  interface;  
this corresponds to the  fast  photoresponse.  The overpo-  
ten t ia l  for  hydrogen  evolut ion on Hi in the  N i ( I I )  

50 sec 
f i 

3 

2 

t(sec) 

Fig. 4. Photocurrent (AI)  vs. time at different chopper speeds 
but constant potential ( - - | .350V vs. SHE). Solution: 0 . IN  NiSO4, 
0 . IN  NaAc, 0.001N KOH (Briggs' solution). C-type film (explana- 
tion see Experimental). 
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oxide m a t r i x  is expected to be lower  than  on the 
pass ivated Ni surface. The longer  the per iod  of t ime 
the l ight  is on the  more  Ni forms and the ra te  of 
hydrogen  evolut ion  increases;  this leads to the  slow 
"photoresponse."  When the l ight  is ~urned off the  Ni 
s lowly  passivates  again,  resul t ing  in an accompanying 
slow decay of the hydrogen  evolut ion.  So we suggest  
tha t  i l lumina t ion  of the Ni e lec t rode  gives r ise to two 
d is t inc t ive ly  different  processes:  (a)  A fast  responding 
p r i m a r y  photoef fec t . - -Genera t ion  of e lec t ron /hole  
pairs  in the semiconduct ing  N i ( I i )  ox ide  by  u.v. lights 
leads, under  negat ive  polarizat ion,  to increased hy-  
drogen evolut ion and to some oxide reduct ion at the 
ox ide /e lec t ro ly te  interface.  (b) A slow responding 
pseudophotoeffec t . - - Increased  cu r ren t  due to hydrogen 
format ion  through the reduct ion of protons on the Ni 
formed in process (a) .  

Obviously  it .is unnecessary  to de l ibe ra te ly  grow a 
th ick Ni ( I I )  oxide  film to see the  effects descr ibed 
above. A na t ive  oxide  seems sufficient to produce the 
same effects. In the last  section of this paper  the 
the rmodynamic  feas ibi l i ty  of the photoreduct ion of 
Ni (II)  oxide is discussed. 

I t  should be noted that  it  is genera l ly  assumed (14) 
that  N i ( I I )  oxide cannot be reduced by  Ni. We have 
indirect  proof  here  tha t  such a reduct ion can occur 
wi th  opt ica l ly  exci ted conduction band electrons. In 
the  second paper  in this series (22) we descr ibe  evi-  
dence based on cyclic vo l t ammet ry  da ta  tha t  N i ( I I )  
ox ide  can, under  cer ta in  conditions,  be re reduced  to 
Ni even in the dark.  

As s ta ted above, at  sufficiently large anodic poten-  
t ials  (in the charging region) ,  a large anodic photo-  
cur rent  can be observed.  This pho tocur ren t  for  an Ni 
e lect rode with  an F - t y p e  film is shown in Fig. 5. 
Clear ly  the oxide behaves  as an n - t y p e  semicon-  
duc to r  in this potent ia l  range.  As in the  case of the 
cathodic photocurrents ,  he re  also a slow and a fas t  
photoresponse are  observed.  The measurements  shown 
in Fig. 5 were  pe r fo rmed  in the Briggs '  solution, the 
same k ind  of photoresponse  was observed  in 5N KOH 
or wi th  unfi lmed surfaces. Using the l ight  effect as a 
probe to de te rmine  the na ture  of the mixed  oxide in 
the  charging region as a function of vol tage might  
be ve ry  useful  in unders tand ing  the  more  funda-  
men ta l ly  impor tan t  e lect rode react ions involved in the 
charge /d i scharge  of the Ni electrode.  The photocur-  
rents  seen here  might  be a t t r ibu ted  to n- type/~-NiOOH 
descr ibed by  Tuomi (10). 

Impedance measurements  on Ni electrodes.--Imped- 
ance measurements  on nat ive  n ickel  oxide  electrode 
films in s t rong a lka l i  a re  repor ted  here  as a func-  
t ion of f requency and appl ied  potential .  We show that  
the  reduced film (discharged region)  exhibi ts  a much 
smal le r  capaci tance than  the oxidized film (charged 
region) ;  moreover  the capaci tance of the  reduced film 
is potent ia l  dependent  and this is not so for the oxi-  
dized film. Recent ly  Gla rum and Marshal l  (2) pub-  
l ished s imi lar  findings. In our  work,  though, we ana-  
lyzed the da ta  in terms of the semiconduc tor  p rop -  
er t ies  of the Ni ( I I )  oxide film. 

F igure  6 shows a typical  Hyau is t  plot  for a dis-  
charged e lec t rode  (--0.32V vs. SHE).  By expanding  
the high f requency  region of this plot  (see Fig. 7), 

50 sec 

t(sec) 

Fig. 5. Photocurrent (M) vs. time at constant potential (+1 .25V 
vs. SHE). Solution: 0.1N NiSO4, 0.1N NaAc, 0.00IN KOH (Briggs' 
solution). F-type film (explanation see Experimental). 
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Fig. 6. Nyquist plot for applied potential of --0.32V vs. SHE. 
Solution: 5N KOH. Surface area: 0.452 cm 2. 
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Fig. 7. Expanded Nyquist plot for applied potential of --0.32V 
vs. SHE. Solution: 5N KOH. Surface area: 0.452 cm ~. 

we see tha t  i t  exhib i t s  two semicircles.  At  more  nega-  
t ive appl ied  d -c  bias, the two semicircles become in-  
c reas ingly  wel l  resolved.  A t  a more  posit ive d -c  bias 
the first semicirc le  g radua l ly  merges  wi th  the  second. 
The l a t t e r  is c lear ly  i l lus t ra ted  for  the charged elec-  
t rode  in Fig. 8 (+0.61V vs .  SHE) ,  in which  case only 
the  onset  of one semicircle  is to be seen. This same 
figure i l lus t ra tes  also tha t  the Nyquis t  p lot  in this case 
descr ibes  a diffusional process (45 ~ angle) ,  whereas  
the  first semicirc le  in, for  example ,  Fig. 7, describes a 
single R - C  para l l e l  combinat ion  (90 ~ angle) .  

The above is even more  evident  when observing a 
Bode p lo t  at, say, --0.785V vs.  SHE, as shown in Fig. 9. 
In  the  f requency  range  of the first semicirc le  in a Ny-  
quist  plot, the  corresponding Bode plot  exhibi ts  a s lope 
approaching  --  1 (capaci t ive  behavior ,  phase --> --90 ~ 
In  the  region of the second semicircle,  the  slope is close 
to --5'2 (diffusional  p rocess ,  phase  --45~ The more  
posi t ive the  vol tage  at  which the impedance  measure -  
ments  were  made  the more  the region wi th  slope --~/2 
prevai ls .  The Bode plot  cor responding to the  Nyquis t  
p lo t  shown in Fig. 8 shows on ly  one l ine wi th  s lope 

% 
• 
c~ 
o, 

\ 

0 R/~ 0.3 x 1 0 3 ~  
0 

,11bi.518 Hz 

�9 e 
�9 0.126 Hz 

e 

Z = R + jX 

�9 �9 1 6 - i  Hz 

r ig.  8. Nyquist plot for applied potential of + 0 . 6 i v  vs. SHE. 
Solution: 5N KOH. Surface area: 0.452 cm ~. 
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Fig. 9. Bode plot for applied potential of --0.785V vs. SHE. Solu- 
tion: SN KOH. Surface area: 0.452 cm ~. 

--~/z, and the  phase  is --45 ~ over  the  whole  f requency  
range (see Fig. 10). The origins of these different  p ro -  
cesses a re  considered separa te ly .  

1. The first semicirc le  which  is best  resolved in the 
d ischarged region can be  a t t r ibu ted  to a s imple  R - C  
circuit,  wi th  C the capaci tance of the space charge 
l aye r  of the  N i ( I I )  oxide  film and R the in te r rac ia l  
reaction, charge  t rans fe r  resis tance.  In  the d ischarged 
region,  the  n ickel  oxide  e lec t rode  shows  a much 
smal le r  capaci tance than  in the  charged  region.  More-  
over, this smal l  capaci tance is ve ry  vol tage  dependent ,  
whereas  the capaci tance measu red  for  the  charged 
e lec t rode  is vol tage  independent .  This is i l lus t ra ted  
in Fig. 11, which shows a plot  of X 2 vs.  V,  at 100O Hz 
(X --  imag ina ry  component  of the  impedance ) .  At  
1000 Hz we can say to a good approx ima t ion  tha t  X -- 
--II~C. 

F r o m  semiconductor  theory,  i t  is expected  tha t  
in the  presence of a space charge,  the  vol tage  de-  
pendence  of the  capaci tance of that  space charge wil l  
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Fig. 10. Bode plot for applied potential of -F0.614V vs. SHE. 
Solution: 5N KOH. Surface area: 0.452 crn% 
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Fig. 1i. Plot of X 2 vs. V vs. SHE for an Ni electrode in 35 w/o 
KOH. X ~ V2~fC,  f = 1000 Hz. 
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fol low a Mot t -Scho t tky  re la t ionship.  This re la t ion  is 
given by  

2 (  k T )  
= ~ - -V + VFB -- (for  a p - t y p e )  

C 2 eNAeoe A e 
o r  

1 
m ~ V (and thus  X 2 = V) 
C2 

In this formula,  NA is the  acceptor  dens i ty  in the  semi-  
conductor,  VFB is the  f la tband potent ia l ,  ,A is the d i -  
electr ic  constant  of the semiconductor ,  and Co is the d i -  
e lect i rc  constant  in vacuum. The l inear  por t ion in the 
X 2 vs.  V plot  might  indicate  that  space charge effects 
indeed p lay  some role  in the d ischarged nickel  oxide 
e lec t rode  impedance  behavior .  

The f latband poten t ia l  de te rmined  in 35 w/o  KOH 
for our  k ind  of e lectrodes was +0.100V vs. SHE. F rom 
work  on crys ta l l ine  NiO by Tench and Yeager  (20) 
the fol lowing express ion could be deduced for the  
f la tband poten t ia l  of the i r  h ighest  doped mate r ia l  as 
a function of pH 

VFB : 1.490 - -  0.100 pH 

Assuming a pH of 14.5 for the solut ion used in the 
expe r imen t  descr ibed  i n  Fig. 11, we predic t  on the 
basis of this fo rmula  that  

VFB = +0.040V vs.  SHE 

The cor respondence  with  our  value  of +0.100V for 
VFB is r e m a r k a b l y  good in view of the  approx imat ions  
and  ex t rapola t ions  involved in obta in ing VFB. Both 
values,  on the  o ther  hand, a re  only in fa i r  agreement  
wi th  the  0.215V vs.  SHE for VFB calcula ted  with  the 
express ion given by  Rouse and Weiniger  (23) 

V F B  --- .0.94 -- 0.050 p H  

The shortness  of the  vol tage  range,  over  which  the de-  
ple t ion region governs  the  impedance  behavior ,  pre-  
sumab ly  has to do wi th  the  high doping level  of the 
oxide.  This is a l r eady  obvious f rom the re la t ive  high 
capaci tance for the n icke l  oxide  even in depletion.  
At  high doping levels,  tunnel ing  th rough  the space 
charge l aye r  is l ike ly  to occur at  re la t ive ly  low re-  
verse bias, at  which point  the Mot t -Scho t tky  re la t ion 
breaks  down. An  ex tens ive  discussion of the  potent ia l  
d i s t r ibu t ion  across a h igh ly  doped NiO/e lec t ro ly te  
interface was given by  Tench and Yeager  (20). I t  turns  
out  that  the i r  theore t ica l  predic t ions  for a h ighly  doped 
ma te r i a l  such as s tudied  here  indicate  that  only  at ex-  
t r eme ly  la rge  cathodic potent ia ls  ( <  --2V vs.  VFB) all  
the  potent ia l  change occurs across the  space charge 
region and can l inea r i ty  be expected in the  1/Ce vs. V 
plot. The fact  that,  despi te  this, a l inear  1 / C  2 vs.  V 
was observed at  much less nega t ive  potent ia ls  (as ob-  
served in thei r  work  and the present  s tudy)  they  
exp la in  by  the effect of specifical ly adsorbed cations, 
for example ,  H +, which cause an exhaust ive  dep le t ion  
l aye r  to exist  by  s t rongly  repel l ing  the  p -ca r r i e r s  
(Ni ~ + ). 

Ideal ly ,  the photocur ren t  onset at  an in tensely  i l lu-  
mina ted  Ni e lec t rode  should correspond to the flat- 
band  potent ial .  Thus we have  another  independent  
means  of checking if  we are  measur ing  a t rue  f latband 
potent ia l  wi th  our  Mot t -Scho t tky  plots. Angel in i  et al. 
(12) r e p o r t  tha t  the  e lec t rode  poten t ia l  corresponding 
to the  r eve r sa l  in sign of the  photoeffect  is in agree-  
ment  wi th  tha t  repor ted  by  Rouse and Weiniger  (23) 
for the NiO f latband potent ial .  In  a bora te  buffer 
of pH ---- 8.7 they  de t e rmined  for the  photoeffect sign 
invasion +0.55V vs.  SHE and based on Rouse and 
Weiniger 's  expression for  the f latband --0.505V vs. SHE 
was expected.  In  5N KOH and 35 w/o  KOH solution we 
found for  the onset  of the  cathode r~hotocur~n+ under  
high in tens i ty  i l lumina t ion  - - + 0 . 0 6 V  vs.  SHE corre-  
sponding wel l  wi th  the  +0.10V vs. SHE we found for 

the  f latband potent ia l  in 35 w/o  KOH. As the pH de-  
creases it is expected tha t  the  f latband potent ia l  and 
thus also the  photocur ren t  onset  shift ,  toward  more  
anodic values. Ex t rapo la t ing  our  va lue  for the photo-  
cur ren t  onset  to the value expected in a solut ion of 
pH ---- 8.1, we get  e i ther  +0.590V vs. SHE [using the 
0.100 V / p H  slope given by  Tench and Yeager  (20)] or 
+0.325V vs.  SHE [using the 0.05 V / p H  slope given 
by  Rouse and Weiniger  (23)] .  The former  of the two 
va lue  is close to +0.550V vs.  SHE given by  Angel ini  
(12). 

The concentration of the dopant can be calculated 
from the slope of the Mott-Schottky relation. In view 
of the above, the concentration is expected to be high. 
Taking into account a roughness factor of 1.5 we cal- 
culate an acceptor concentration of 4 • 1020 cm -8. This 
is a very high doping level and constitutes almost the 
limit of applicability of the Mott-Schottky relation. We 
propose that the nonstoichiometric and/or the highly 
imperfect nature of the oxide film is responsible for 
its high conductivity. This doping level is almost the 
same as that reported by Tench and Yeager for their 
highest doped material (2.4 X 1020 cm-3). Both Slope 
and intercept of our Mott-Schottky plots are acceptable 
and justify our assumption of the existence of a space 
charge in a cathodically polarized Ni electrode, a 
point which is also in accordance with the cathodic 
photocurrent in that potential region. 

2. Because the impedance spectrum is observed to be 
independent of electrode rotation speed, the diffusional 
process responsible for the second semicircle in the 
Nyquist plot is most likely to be associated with the 
diffusion of ions within the oxide. Recently Zimmer- 
man et al. (3) published impedance data on nickel- 
cadmium cells. Their results pointed also to solid-state 
diffusion in a surface film. Because the measurements 
were done on an NiCd cell, it was difficult for them to 
assign processes definitively, but an H + diffusion inside 
the NiO film was considered as possibly explaining one 
of the two solid-state diffusion processes they describe. 
Assuming that the cell impedance is predominantly 
controlled by diffusion, ~, the Warburg coefficient can 
be determined from a plot of the impedance vs. the 
square root of ~ (=2,~]). The Warburg coefficient e can 
be represented by (24) 

RT 

n2F~coV~D 

where Co is the concentration of diffusing species and 
D is the diffusion coefficient. Zimmerman et al. (3) 
estimate the following values of Co~/D for the two 
diffusion processes they assume: 1 X I0 -7 mol em -2 
sec'/2 for process 1 and 1 >< 10 -0 tool cm-2 sec'/2 for 
process 2. From our data we calculate CoUlD 5.7 X 10 -9 
tool cm -2 sec -'/2 which points toward process 1 being 
the solid-state diffusion inside the nickel oxide. The 
large discrepancy between our value and their value 
for c o ~ D  is p r e sumab ly  due to the difference in d-c  
current  dens i ty  in the respect ive  exper iments .  The cur-  
rents  in our  exper iments  were  much smal le r  than  in 
thei r  e~per iments  and in that  case a l a rger  r or 
smal le r  Co~/D can be ant ic ipated  as expla ined  in Ref. 
(3). 

E n e r g y  d i a g r a m  f o r  t he  i n t e r f a c e  N i ( I I )  o x i d e  e lec -  
t r o I y t e . - - F o l l o w i n g  Gerischer ' s  approach  (25), we now 
discuss the  the rmodynamic  feas ib i l i ty  of the  proposed 
photoreduct ion  of Ni ( I I )  oxide. For  a reduc t ive  de -  
composit ion of a semiconductor  to be possible, it  is 
necessary  that  the  associated decomposit ion energy 
fal l  wi th in  the bandgap  of the mater ia l .  The same 
holds for the anodic decomposi t ion of the  mater ia l .  
First ,  we construct  an energy .diagram for the  N i ( I I )  
oxide electrode.  Unfor tunate ly ,  da ta  on f latband po-  
tentials,  necessary to construct  such a diagram,  are  
scarce and somewhat  contradictory.  Since our  value  
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Fig. 12. Energy diagram for Ni(ll) oxide at pH = 14 together 
with Fermi levels for cathodic decomposition (Ec,dc), H+/H2 and 
O2/H20. 

for the flatband potential was close to the value pre-  
dicted by using the formula VFB = 1.490 -- 0.100 pH 
derived from Tench and Yeager's work (20), we use 
this value to construct the energy diagram. Since the 
Ni (II) oxide electrode is very highly doped, we can let 
the Fermi level coincide with the top of the valence 
band, and since the band width is supposed to be about 
3.7 eV for NiO, the following energy diagram at pH ----- 
14: (Fig. 12) results. In this figure, Ec.dc is the cathodic 
decomposition energy for Ni( I I )  oxide. The standard 
potential found in the l i terature (25) for the reduc- 
tion of Ni (II) oxide in the reaction 

Ni + H20 -- NiO + 2H + + 2e-  

is 0.110V vs. SHE. The energy level corresponding to 
the above potential for oxidation of pH = 14 is in- 
dicated in the diagram as Ec,dc. This level is well within 
the bandgap. Therefore, from a thermodynamic point 
of view, the cathodic reduction is possible because 
electrons excited to the conduction band are above 
~he Ec,dc level and can fall into that level, leading to the 
reductive decomposition of Ni(II)  oxide. This re- 
duction mechanism is impossible in the dark since, 
under that condition, there are no electrons in the 
conduction band. In that case reduction of H + or 
Ni(I I )  oxide is only possible by polarizing the elec- 
trode far enough negative so that valence band elec- 
trons can tunnel to the empty H + or Ni(I I )  oxide 
levels. For  a highly doped material, as the oxide under 
investigation here, this will readily occur. 
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Surface Recombination at n-Ti02 Electrodes in Photoelectrolytic Solar 
Cells 
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ABSTRACT 

The photocurrent-potential behavior of n-TiO~ photoelectrodes in liquid junct ion configuration is investigated. The 
Gartner model is modified to include the surface recombination. Impedance and photocurrent-potential measurements 
reveal the presence of a high density of surface states at the interface, covering more than half a monolayer. A total of four 
parameters are used to characterize the surface states. Two of these parameters appear in the expression for both the quan- 
tum efficiency-potential dependence and the expression for the capacitance due to these states. The other two parameters 
appear separately in conjunction with each experiment. The model is tested by perturbating the steady state of the system 
by strong background il lumination which induces higher injection rate of carriers. The effect of the background illumina- 
tion is interpreted as the change in the equilibrium distribution of the surface states which will result in the increase in 
surface recombination of photocarriers. 

Since Fuj ishima and Honda reported (1) photoelec- 
trolysis of water  using TiO2, many  researchers (2-5) 
have extensively studied TiO2 and other semicon- 
ductors in  liquid junct ion  configurations. Among the 
factors that  determine the efficiency of the process are 
thickness of the space charge layer at a specified po- 
tential,  the flatband potential, the efficiency of the back 
reactions, the optical properties of the semiconductor,  
and recombinat ion mechanisms of the photogenerated 
carriers. Since all these effects will s trongly influence 
the shape of the l ight- induced cur ren t -poten t ia l  curve, 
and since this is the most sought after system response, 
there were numerous  at tempts in the l i terature to 
formulate  a un i f i ed  theory  of charge t ransfer  across 
the  interface that  can be tested against the experi -  
menta l ly  observed response. The difficulty in  this ap- 
proach is the relative scarcity of informat ion on the 
cur ren t -poten t ia l  curve which makes it  an insensit ive 
tool for identification of the predominant  mechanism in 
the charge t ransfer  process. 

The minor i ty  carrier  flux originates from carriers 
generated in  the bu lk  of the semiconductor  and those 
generated wi th in  the space charge layer. Direct re- 
combinat ion of these carriers can take place in  the 
bulk, in  the space charge layer, and on the surface of 
the electrode. 

In the Gar tner  model (6) as applied by Butler  (7), 
it is assumed that bulk recombinat ion processes are 
the only impor tant  recombinat ion mechanism. At a 
sufficiently positive potential  with n - type  semicon- 
ductors, this approximation is valid for many  systems. 
This simple model was later  modified to include sur-  
face recombinat ion (8, 9), recombinat ion at the space 
charge layer  (10, 11), and both (12). In  this paper  we 
present  an at tempt at del ineat ing some of these pro- 
cesses without  adjust ing any  system parameters.  We 
will concentrate on effects of surface recombinat ion on 
the current -potent ia l  behavior. We will use highly 
doped TiO2 to minimize the effects of processes wi th in  
the space charge layer. Since in  such systems, the 
penetra t ion depth of l ight exceeds the thickness of 
the space charge layer  throughout  the potent ial  range, 
it c a n  serve as a useful probe for monitor ing the in-  
terdependence of the charge separation processes in the 
bulk of the mater ia l  and at the interface with the 
electrolyte. We hope that the methodology and the 
results that are presented here will help in  the under -  
s tanding of the performance of more efficient, lower 
doped systems, at a potential  range near  the flatband 
potential,  which is the most useful regime from a de- 
vice s tandpoint  and least understood because of failure 
of extrapolat ion from more positive potentials. Our 

* Electrochemical Society Active Member. 
Key words: photocurrent-potential response, dark current. 

in terpre ta t ion  of the current -potent ia l  behavior  of 
highly doped TiO2 was tested by per turbat ion  of the 
steady-state conditions with higher injection rate back- 
ground i l lumination.  The use of two beams to s tudy 
interface properties was previously reported (13-15). 
The results were interpreted in terms of l ight- induced 
modification of the potential  dis t r ibut ion in  the space 
charge layer. Since we have chosen a system in  which 
the charge separation in  the space charge layer  plays 
a minor  role, we can identify the effects of the back- 
ground i l luminat ion  as due to changes in the equil ib-  
r ium dis t r ibut ion of the surface states. We hope that 
these experiments  will contr ibute in unders tanding  the 
effects of light intensi ty  on performance characteristics 
of more effieient, l ighter  doped photoelectrodes. 

Experimental 
For the two-beam experiments  1000W xenon lamp 

(Oriel) with an infrared filter made of CuSO4 solu- 
t ion was used for the background i l lumination.  The 
beam was filtered through a 320 nm bandpass filter. 
The in tensi ty  of the beam was changed using neu t ra l  
density filters and the in tensi ty  was monitored using 
an Epply thermopile. The scanning beam was obtained 
from 150W xenon lamp (Oriel) that passed through a 
high in tensi ty  Ja r re l -Ash  monochromator.  This beam 
was chopped at 26 Hz with an Ithaco Model 382 B 
chopper. The electrochemical cell was previously de- 
scribed (9). PAR Models 173 and 175 potentiostat  and 
programmer  were used to operate the cell in a poten-  
tiostatic mode. The output  of the current  to voltage 
converter  was fed to the input  of PAR Model HR-8 
lock-in amplifier with a reference signal taken from 
the chopper. 

Measurements were taken under  ni t rogen atmo- 
sphere under  conditions identical  to the ones previ-  
ously described (9). TiO2 single crystals were pur -  
chased from Atomergic, sawed, and measured perpen-  
dicular to the c-axis. They were doped with Ha/Ar at 
850~ for 30 min, polished to 0.3 ~m, boiled in IN H2SO4 
for 30 min, and then washed with distilled water. All 
the chemicals were analyt ical  grade and were used 
without  fur ther  purification. Sample opening area was 
kept constant  at 0.07 cm 2. 

Impedance measurements  were carried out by the 
previously described technique (16) of relaxat ion spec- 
t rum analysis to evaluate the doping densi ty of the 
samples and the surface-state capacitance. 

Results 
Figure 1 shows a typical  photocurrent -potent ia l  

behavior  as a function of background i l luminat ion.  
The scanning beam was held at 350 n m  while the 
electrode potent ial  was scanned. Pronounced effects 
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Fig. 1. Typical photocurrent-potential behavior of n-TiO2 in 520 540 560 580 400 
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phosphate buffer as a function of background illumination, pH = 
6.5. (a) Without background illumination. (b), (c) With background 
illumination of intensity 2.1 and 5.0 mW/cm ~, respectively. 

of background illumination were observed in the 
descending region of the photocurrent-potential  curve, 
namely, at forward bias. This was true up to the 
highest intensity of background il lumination that was 
measured here (!6 mW/cm2). More detailed measure- 
ments of this region are shown in Fig. 2. Special 
care was taken to eliminate the possibility t h a t  the 
effects which were observed in Fig. 1 and 2 are due 
to a potential shift Caused by infrared drop due to 
the d-c photocurrent which is being induced by the 
background illumination. It was observed that infrared 
electronic compensation was practically not required 
for the electrochemical cell that we used here. Data 
were taken by placing the reference electrode close to 
the working electrode by using a Luggin capillary. 
There was no change observed. The decrease in photo- 
current at the electrode potential of --0.30 (V vs. 
SCE), due to the background illumination, was mea- 
sured as function of the distance between the work-  
ing electrode and the reference electrode. The decrease 
in photocurrent was independent of the position of the 
reference electrode. All these experiments have shown 
conclusively that the effect of background il lumina- 
tion cannot be traced to a potential shift caused by 
infrared drop. 

Figure 3 shows the spectral response as function of 
background illumination. These curves are corrected 
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0.5  

I 0.21 

O 

a_ O.I 

O I ...... I 

- 0 . 4  -0 .5  -0 .2  -0.1 

U (V vs SCE) 

Fig. 2. Detailed measurements of background illumination effect 
in the potential region where it is pronounced. A, Without back- 
ground illumination. B-F, With background illumination of intensity 
0.1,. 1.3, 2J, 8.1, and 16.2 mW/cm 2, respectively. 

WaveLength (nm) 

Fig. 3. Spectral response of n-TiO~ in phosphate buffer, pH = 
6.5, as a function of background illumination. U = --0.25V vs .  

SCE. Curve 1 without background illumination. Curves 2-5 with 
background illumination of intensity 0.1, 2.1, 3.9, and 16.2 roW/ 
cm ~, respectively. 

for the spectral intensity distribution at the monochro- 
mator output. The shape of the spectral  response 
curves does not change with background illumination 
but  the efficiency decreases sharply with increased 
intensity of the background illumination. Harris and 
Wilson (17) have reported previously that under in- 
tense background il lumination the spectral response is 
changed due to an aging effect. We repea ted  the 
spectral response measurements after exposing them 
to the background illumination. We could not observe 
any.  significant difference before and after the i l-  
lumination. This eliminates the possibility that the 
observed decline of photoresponse was due to an aging 
effect. Figure 4 shows the Mott-Schottky plot of the 
space charge layer  capacitance and the potential de- 
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Fig. 4. Mott-Scbottky plot of space charge capacitance (o-Cse, 
left scale), and the variation of the surface-state capacitance ( O -  
Css, right scale). The solid line is the best fit to the gaussian line 
shape for Css, given by Eq. [3], with the following parameters: 
Ut = - - I .0Vvs.  SCE,~ ~ 0.21V, and Nt ~ 6.6 • I014/cm r2. 
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pendence  of the  sur face-s ta te  capacitance.  The equiv-  
a lent  c ircui t  of this crys ta l  is s imi la r  to the one de-  
scr ibed ear l ie r  (16). 

Discussion 

Photocurrent-potential  response w i th  no background 
i l lumination.--In the Gar tne r  model  (6) modified for  
surface recombina t ion  (8, 9), the quan tum efficiency 
for anodic pho tocur ren t  is expressed as (4) 

[ o St i [1] 
- s t  +-----s 1 + J ,  

where  St is the  po ten t ia l  independent ,  pseudo first-  
o rder  ra te  constant  for  charge t ransfe r  across the 
interface,  S is the ra te  constant  for surface  recombina-  
tion, ~ is the  absorpt ion  coefficient, L is the minor i ty  
car r ie r  diffusion length,  and d is the thickness  of the 
space charge l aye r  tha t  can be app rox ima ted  by  (18) 

d ~- (2eeo/eND)~ 2 (U --  UFB) ~/2 [2] 

where  ND is the doping level,  e is the electronic charge,  
eo is the  pe rmi t t i v i t y  of free space, ~ is the re la t ive  d i -  
e lectr ic  constant,  UFB is the f la tband potent ia l ,  and U is 
the e lect rode potent ial .  The assumptions  which  are  in-  
volved in the der iva t ion  of Eq. t l ]  were  prev ious ly  
discussed (4). 

The capaci tance of  the  surface states,  shown in Fig. 
4, c losely resembles  the capaci tance of the states which 
were  ar t i f ic ia l ly  in t roduced by  chemical  modification 
(9). Fo l lowing  the assumptions  which  were  made  
there,  the sur face-s ta te  capaci tance is given b y  

eNt 
Css = ~ exp [ - -  (U --  Ut)2/2 ~2] [3] 

where  Ut is the  potent ia l  of the surface  states, Nt is 
thei r  concentrat ion,  and r is the s tandard  devia t ion  in 
the Gaussian energy dis t r ibut ion.  The solid line in Fig. 
4 is the best  fit to this equat ion wi th  the  fol lowing 
paramete rs :  Ut = --1.0V vs. SCE, ~ ---- 0.21V, and Nt 
_-: 6.6 • 1014/cm 2. This s i tuat ion,  where  Ut is more  
negat ive  than  the f la tband potent ia l  and -Nt corresponds 
to more  than  ha l f  a mono laye r  o f  coverage, closely 
resembles  the s i tua t ion  where  s tates  were  ar t i f ic ia l ly  
in t roduced on the surface of TiO2 (9). I t  differs f rom 
our  previous  observat ions  (19, 20) for  different  sam-  
ples where  much lower  concentra t ion of states,  located 
wi th in  the gap and created dynamica l ly  by  the back  
reaction,  were  observed.  The s i tua t ion  here,  which  p r e -  
vails only  for  h ighly  doped samples  and even in this 
ca tegory  var ies  f rom sample  to sample,  is more  charac-  
ter is t ic  of ta i l ing  of the conduction band at the surface 
than  the classical  descr ip t ion  of b roadening  the en-  
e rgy  d is t r ibut ion  of discrete  states. Fo l lowing  again  
Ref. (9), the  surface recombina t ion  ra te  is given by  

1 ( 1  e r f ( U - - U t  S - ' ~ - k r h N t  - ~ ) ) [ 4 ]  

where  kr h is the  second-order  ra te  constant  for  the  
recombina t ion  process. F igure  4 also shows the Mot t -  
Schot tky  plot  of space charge l aye r  capaci tance f rom 
which  ND -~ 2.2 X 10e~ 3 and UFB ~- --0.BY VS. SCE. 
Taking  e = 173 for  the  (001) face of TiO2 we obta in  
f rom Eq. [2] 

d ~  (U + 0.8)'/~ 10-8 cm 

F rom Eq. [1], knowing  a and d, L can be evaluated at 
posi t ive potent ia ls  in which S = 0. Fo r  k _-- 350 n m  
and ~ = 1O ~ cm -1 (21), L ---- 5.5 X 10 -6 cm. The ra t io  
be tween  the  thickness of the  space charge  l aye r  and 
the minor i ty  ca r r i e r  diffusion length  wil l  be d / L  -- 
(U + 0.8) '/2/5.5. 

At  the m a x i m u m  posi t ive potent ia l  employed  here,  
e.g., U = 1V vs. SCE and d / L  = 0.24, the  charge 
separa t ion  in the space charge l aye r  wi l l  cont r ibute  

only 24% of the total  charge separat ion.  At  the po ten-  
t ia l  of 0V vs. SCE where  the  var ious  compet ing mech-  
anism s ta r t  to operate,  this  contr ibut ion  is reduced  to 
16%. We now include the cont r ibut ion  of surface re -  
combinat ion:  the best  fit be tween  exper iment  and  
theory  is shown in Fig. 5 for the fol lowing p a r a m e -  
ters:  Ut = --1.0V vs. 5CE, ~ = 0.21V, and 

kr h Nt/2St  ~- K /2  - -  3.5 X 108 [5] 

Two of the pa ramete r s  are  ident ica l  to the pa rame te r s  
which were  obta ined  f rom Fig. 4, so the only new ad-  
jus tab le  p a r a m e t e r  is krhNJ2St, which  describes the 
re la t ive  ra te  of the surface recombina t ion  and the 
charge t rans fe r  process. 

Photocurrent-potentia~ response wi th  background iI- 
lumination.--Since both the probe  beam and the back-  
ground i l lumina t ion  have energies  above the bandgap  
of TiO2, they  wil l  be absorbed and wil l  induce forma-  
tion of carr iers  in a s imi lar  way. F rom Fig. 2 and 3 i t  
is ev iden t  tha t  the background  i l lumina t ion  reduces 
the quan tum efficiency in a s imi lar  way, as shif t ing 
the  electrode potent ia l  t oward  flatband, and since we 
have shown a l r eady  tha t  surface  recombinat ion  is the 
dominant  recombina t ion  mechanism at  potent ia ls  in 
which the sharp drop in quan tum efficiency is observed,  
we are  being forced to conclude that  the dominant  ef-  
fect  of the  background  i l lumina t ion  is th rough  its con- 
t r ibu t ion  to surface recombinat ion.  In  wha t  follows, 
we wil l  a t t empt  to quant i fy  this s t a t emen t  and test  it  
for agreement  wi th  the e xpe r ime n t a l  results.  

The convent ional  in te rp re ta t ion  of photoeffects  on 
semiconduct ing electrodes assumes contr ibut ion  f rom 
l igh t - induced  minor i ty  carr iers  only. The a rgumen t  is 
tha t  because of the h igh  concentra t ion of ma jo r i t y  
carr iers ,  the i r  incrementa l  contr ibut ion  is undetected.  
Recently,  i t  was recognized tha t  at  negat ive  po ten-  
tials, close to flatband, l igh t - induced  ma jo r i t y  car -  
r iers  can pene t ra te  through the ba r r i e r  and make  a 
contr ibut ion  to the photoeffects (22, 23). 

A schematic  d iag ram of the  e lect ron and hole fluxes 
at the interface is shown in Fig. 6. We do not  know 
a priori wha t  is the mechanism of pene t ra t ion  of ma-  
jo r i ty  carr iers ,  th rough  or  a round  the barr iers ,  to in-  
te rac t  wi th  the electrolyte .  Regardless  of the mecha-  
nism, we can expect  it  to fol low a genera l ized  Tafel -  
type  equat ion 

Je ~-~ Joo exp ( - -  ~hU) [6] 

where  the  value of ~ wi l l  change according to the 

0.10 

C.  

._o  

0.05 
E 

O 

a 

f••• Theory U t = E 
o- =0.2IV 

7 kiNtt : 5"5xl05 

i I I I 0 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1.0 
U (V vs SCE) 

Fig. 5. Quantum efficiency vs. electrode potential of n-TiOz in 
phosphate buffer, pH = 6.5. Dashed curve is experimental mea- 
surement obtained from Fig. 2 when there is no background illumin- 
ation. Solid curve is calculated using c~ = 104 cm - I ,  L = 5.5 X 
10 -.0 cm, and a gaussian distribution of surface states with the 
parameters: Ut = - - I . 0 V  vs. SCE, ~ = 0.21V, and krhNtJ2St 
3.5 X 10 3. 
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Fig. 6. Schematic diagram of the electron and hole fluxes at the 
semiconductor-electrolyte interface. 

mechanism of charge  t rans fe r  across the  bar r ie r ,  Joo 
is the  exchange cur ren t  at  AU = 0, AU --  U --  UFB is 
the ba r r i e r  height ,  and Je is the da rk  current .  We wil l  
assume o n l y  tha t  when  the semiconductor  i s  i l lumin-  
ated,  a cer ta in  f rac t ion  of the  l i gh t - induced  m a j o r i t y  
car r ie rs  wi l l  also pene t r a t e  the  same b a r r i e r  and flow 
to the  surface.  This methodology  has been used before  
(23) to exp la in  the decrease  in collection efficiency for 
s t rongly  absorbed  l ight  in Schot tky  diodes. Thus wi th  
this contr ibut ion,  Eq. [6] wi l l  be modified to y ie ld  

J : (Joo + ala) exp ( - -  ~AU) [7] 

where  a is the  quan tum efficiency for  l igh t - induced  
e lect rons  to reach  the surface when  AU : 0. 

The e lect rons  tha t  wi l l  reach  the surface wil l  e i ther  
in te rac t  wi th  the  e lec t ro ly te  or  wi l l  be cap tured  by  
e m p t y  surface  states. Let  ~s.s be  the p robab i l i t y  tha t  
these e lec t rons  be cap tured  by  the surface  s ta tes  when 
a l l  the  ava i lab le  s ta tes  a re  empty,  then the ra te  of fill- 
ing of  the  surface  states, l~a, wi l l  be given by  

(Nt - -  nt) 
Ra : Cs.s (Joo + al~) exp ( - -  ~AU) [8] 

Nt 

where  nt is the dens i ty  of occupied states. The emis-  
sion ra te  of the e lectrons f rom the occupied surface 
s tates  can be e i ther  emission to the  conduct ion band  
at  the ra te  of kent or recombina t ion  wi th  minor i ty  
carr iers  a t  the ra te  of krhPsnt, where  Ps is the  hole den-  
s i ty at  the surface.  Since the  anodic pho tocur ren t  can 
be represen ted  as (24) 

Ja : eStPs [9] 

and the quan tum efficiency as 

r : Ja/eIa - "  StPs/Ia [10] 
and 

krhPs : (krhe~/St)Ia -- 7Za [11] 
the to ta l  emission ra te  is 

kent -~ ~Iant [12] 

At  s teady  state the emission rate�9 wil l  be equal  to the 
ra te  of filling of the  s ta tes  and f rom Eq. [8J and [12] 
we a r r ive  at  

(Nt - -  •t) 
~,s.s (Joo + ala) exp ( - -  ~• : kent -~- ~'Iant 

Nt 
[13] 

nt (Joo -F ala) Cs.s exp  ( - -  ~AU) 

Nt Ntke q- NtTIa -~ (Joo 2r ala) ~.s  exp ( - -  ~AU) 

[14] 

Fo r  Ia ~ 0 
nt ~ Joo Cs.s exp  ( - -  ~ U )  
- -  = [15]  
Nt kent  + Joo exp ( - -  pAU) 

and combining [14], [15], and  [11] 

Joo ~ aIa 
nt : [16] 

kr h ~Ia 
J o o / n t  ~ + ala/Nt + --exp ( - -  flhU) 

St~6~ 
From Eq. [1] 

St  
r = Cs=0 [17]  

S + St 

and fo]~lowing the assumptions made in Ref. (9) 

S = k,hnt [18] 

krhnt ~- St ( ~bs=0 1 )  [19] 

F r o m  Eq. [5] 

and 

krhNtlSt = K = 7 X 108 

K n t - ' N t (  ,s=o 1 )  --  Nt r  [20] 

Knt~ = Nt ( ~bs=~ 1 )  : Ntro [21] 
\ r 

where  r is the quan tum efficiency ex t r apo la t ed  to zero 
l ight  in tens i ty  wi th  no background  i l luminat ion.  Sub-  
s t i tu t ing  Eq. [20] into [16] and  r ea r rang ing  the te rms 
wil l  y ie ld  

r2 + (1 - r o ) r  - ro a ro  [ 
(1 - r2 /K)  I ,  = J o o _  1 --  1/K 

Cs=0 exp (~AU) 1 r 
- acs.s - (1 --  r2/K) + are/Joo [22] 

The l inear  re la t ions  be tween  the l e f t - hand  side of Eq. 
[22] and r / ( 1  --  r 2 /K) ,  at  var ious  e lect rode potent ials ,  
a re  shown in Fig. 7. r and ro were  eva lua ted  f rom Fig. 
1 and  2. F r o m  Eq. [22], the  rat io  be tween  the s l o p e s  
and in tercept  of the  s t ra ight  lines should give 

slope Cs=0 exp (~AU) 
- -  1 - -  I / K  [23] 

in te rcep t  aCs.s 

s lope 
F o r S :  1 - -  1/K 

in te rcept  

In (8/r : --  In (aCs.s) + ~AU [24] 

This re la t ion is shown in Fig. 8. F rom the s lope in Fig. 
8, ~ was found 

: 13.1V-1 

The ex ten t  of the  va l id i ty  of  the  assumpt ions  tha t  
were  made  in Eq. [6] and [7] can be tes ted b y  di rec t  
measurements  of the da rk  current .  

Dark Current 
The potent ia l  dependence  of the d a r k  cur ren t  is 

shown in Fig. 9. The logar i thmic  presen ta t ion  of this  
cur ren t  is shown as inser t  in the same figure. F rom both  
presenta t ions  one can c lear ly  d is t inguish  be tween  two 
dis t inct  mechanisms for the  d a r k  current ,  one which  
opera tes  at  potent ia ls  negat ive  to --0.3V vs. SCE and 
one at potent ia ls  posi t ive to tha t  potent ial .  Calculat ions 
tha t  we have made  on tunnel ing  p robab i l i t y  in this  
sys tem (25) have  revea led  tha t  independen t  of the  
shape of the  poten t ia l  ba r r i e r  assumed,  tunnel ing  s tar ts  
to p l ay  a dominan t  role at  potent ia l s  negat ive  to --0.3V 
vs. SCE. 

Where  tunnel ing  does not  p l ay  an impor t an t  role, 
= 15.4V -1 corresponds  to a diode qual i ty  factor  (18) 
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of 2.5 which suggests a dominant role for diffusion as 
a mechanism for the back reaction at this potential 
region. 

It  is evident also from Fig. 8 that the linear relation 
which is predicted by Eq. [24] breaks down near U = 
--0.3V vs. SCE. This is not surprising since Eq. [6] 
invokes only single mechanism for the back reaction. 

Despite these complications, the agreement in ~ be- 
tween Fig. 8 and 9 is gratifying. 

0 

1.0 ~ ,  I.O 

2.0 
o 

5.0 H 
q 

4.0 

c~ 5.0 ~=tSAV-'~ - I .0  

-0.4 0.2 
U (V vs SCE) 

-0.6 - 0 . 4  - 0 . 2  0 0.2 
U (V vs SCE) 

Fig. 9. Potential dependence of dark current, I, of n-Ti02 elec- 
trodes in phosphate buffer, pH = 6.5. In the insert, logarithm of 
the dark current, In I, is plotted against the electrode potential. 

/ 

It is, of course, possible to extract  from Fig. 7, 8, 
and 9 the other parameters that appear in the model. 
However, in spite of the close agreement in ~ between 
Fig. 8 and 9, the 15% discrepancy found between Fig. 
8 and 9 and the exponential dependence o n  ~ makes 
such an evaluation unwarranted. 

Conclusions 
A total of four parameters were used to characterize 

the surface states with no background illumination. 
Two of these parameters appear in the expression for 
both the quantum efficiency-potential dependence and 
the expression for the capacitance due to these states. 
The other two parameters appear separately in con- 
junction with each experiment. The nonlinear nature 
of the response in both experiments and the good 
agreement between theory and experiment are strong 
arguments in favor of the uniqueness of the mechanism 
presented here. Furthermore, upon further perturba- 
tion, we have avoided making new assumptions and 
a priori parameters were not introduced. We were able 
to linearize the equations at every stage and check 
them against experiment. The final step in this pro- 
cedure enabled us to predict the rate of change of the 
dark current with electrode potential which agrees well 
with direct measurements of the dark current. 

The system offers the opportunity of direct evalua- 
tion of charge transfer parameters of minority and 
majority carriers at the interface, but efforts in this 
direction should involve explicit introduction of the 
full expression for the dark current in the system aild 
more detailed background illumination experiments. 
Regardless of the success or failure of such an ap- 
proach, it is still gratifying to be able to subject the 
system to four different experiments, all involving 
different steady states of carriers and quantitatively ac- 
counting for the results with one comprehensive and 
simple model which is a trivial extension of the abrupt 
junction model. 
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Improvements of CdS Film Photoanodic Behavior by Sulfur Organic 
Reducing Agents 
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ABSTRACT 

The influence of aromatic sulfur reductants  on the photoanodic behavior of CdS films is examined.  Thiocresol does 
not  substant ial ly  improve the characterist ics of the i/V curve, contrary to p-mercaptobenzoic acid which increases the fill 
factor during illumination. XPS shows that  the disulfide and the cadmium salt of thiocresol are formed on the CdS, block- 
ing the charge transfer across the electrode-solution interface. On the other hand, the binding of p-mercaptobenzoic acid to 
the CdS after irradiation, evidenced by XPS, would be responsible for the enhancement  of the photoconversion yield. 

The photoanodic  behav ior  of th in  CdS films, p re -  
pa red  b y  chemical  precipi ta t ion,  has been  s tudied p re -  
v iously  (1) in the presence of a lka l ine  cysteine (I)  
solutions. I t  t u rned  out  tha t  cysteine is oxidized into 
cyst ine at  the  i l lumina ted  CdS and inhibi ts  the CdS 
photocorrosion,  but  not  completely.  On the o ther  hand,  
ve ry  in teres t ingly ,  bes ides  the  role of reductant ,  cys-  
teine (I)  also acts as a photoetching agent.  Indeed,  
under  i l lumina t ion  and in the  presence of cysteine 1 
mol  �9 dm-~ ,  the  character is t ics  of  the  CdS i /V  curves 
are  improved :  the pho tocur ren t  a t  0 mV (SCE) in -  
creases by  factors of 4 and the fill factor  is enhanced.  
For  smal le r  cysteine concentrat ions,  improvements  of 
the  i /V  curves are  also observed  but  to a lesser  ex ten t  
(2). 

These observat ions  led us to s tudy  the origins of 
these favorab le  effects (2) which  depend,  among o ther  
factors, on the character is t ics  and  p repa ra t ion  method  
of the  CdS films. The chemica l ly  p rec ip i t a ted  CdS p re -  
sents inhomogene i ty  of g ra in  size and a low degree  of 
crys ta l l in i ty .  Therefore,  the cysteine effects on this 
amorphous  CdS m a y  be a t t r ibu ted  to the e l imina t ion  
or  pass iva t ion  of recombina t ion  centers,  which are  
numerous  in this t ype  of mater ia l .  The X P S  analysis  
of t he  electrode,  a f te r  the  cysteine t rea tment ,  indicates  
tha t  cyste ine  is not  incorpora ted  into the  CdS lat t ice,  

"Electrochemical Society Active Member. 
Key words: CdS, photoanode, x-ray photoelectron spectroscopy, 

suL[ur reductants. 

but  tha t  degrada t ion  products  of the ~dS  itself, such 
as hyd roxy l a t e d  cadmium, accumula te  f rom the sur -  
face to some thickness into the CdS layer .  

The sulfide ions S 2- ,  on the o ther  hand,  do not  af-  
fect as favorab ly  the CdS photoanodic  behavior  (1, 
3). This difference or iginates  most  p r o b a b l y  f rom 
the i r  ab i l i ty  to solubil ize the CdS photocorrosion p rod-  
ucts. Indeed, a l though both  S 2-  and cysteine easi ly  
dissolve the S ~ f rom the CdS decomposit ion,  the  S ~- 
ions reprec ip i t a t e  the Cd 2+ ions f reed  f rom the latt ice,  
whereas  cyste ine  solubil izes the  Cd 2+ ions into cad-  
mium cyste inate  which  is ve ry  soluble in aqueous 
basic solution. This exp la ins  why  cysteine p h o t o -  
e t c h e s  the surface. However ,  up to now, the origin of 
the  favorable  cysteine effect is not  ye t  qui te  clear.  

An  app roach  to obta in  a deeper  ins ight  into t h e  
influences of sul fur  reduc tan ts  is to ca r ry  out  com- 
pa ra t ive  CdS photoetec t rochemical  s tudies wi th  su l fur  
containing organic  reducing agents,  p resen t ing  differ-  
ent  physicochemical  proper t ies .  We selected the  aro-  
mat ic  reductants  thiocresol  (II) and p -mercap tobenzo ic  
acid ( I I I ) ,  whose adsorpt ion  and solubi l i ty  p roper t i e s  
are  ve ry  different.  

~]:) (il) (III) 

(End+0 �9 7V vs. SGE) (E =+0.2V vs. SCE) (E -~,+0.6V vs. SCE) 
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Concerning the i r  oxida t ion  potent ials ,  we have to 
ment ion  that  these three  reductants  present  quite ir" 
revers ib le  oxidat ion  w a v e s  at  a P t  e lect rode in basic 
medium,  which make  them unsui tab le  for  photovol ta ic  
e lec t rochemical  cells ( the peak  potent ia ls  at  200 m V /  
sec in NaOH at pH 14 are  indica ted  for  each com- 
pound) .  Nevertheless ,  t ak ing  into account  the  impor -  
tan t  improvemen t  of the  CdS when t rea ted  wi th  (I) 
under  i l luminat ion,  it  was in teres t ing  to test the  CdS 
behavior  in the presence of (II)  and ( I I I ) ,  in o rde r  
to c lar i fy  the origins of this improvement .  

In this paper ,  we presen t  the photoelec t rochemical  
results  obta ined wi th  (II)  and ( I I I )  and d r aw  con- 
clusions concerning the origin of the i r  effects on the  
CdS behavior .  

Experimental 
Photoelectrochemical measurements.--The CdS is 

obta ined as descr ibed prev ious ly  (1) by  four suc- 
cessive prec ip i ta t ions  f rom a CdC12 plus th iourea  so- 
lution, t t te rmosta ted  at  26~ accord ing  to the method  
of Pavaskar ,  Menezes, and Sinha (4). These CdS films 
have an average  thickness of 1.5~ wi th  a res is t iv i ty  
of the o rde r  of 105 a2 �9 cm; the  gra in  size is inhomoge-  
neous. The degree of c rys ta l l in i ty  of the CdS film is low 
and close to an amorphous  s t ructure .  We have to note 
here that,  because of this low crys ta l l in i ty ,  i t  is not  
possible to de te rmine  the CdS f la tband poten t ia l  as a 
function of concentrat ions  of (II)  or ( I I I ) ,  by  Mot t -  
Schot tky  plots  (1/C 2 vs. V) because these are  not  
l inear .  For  this reason, and also as ment ioned above, 
because Lhe redox potent ia ls  of ( I I )  and (III)  cannot  
be de termined,  a band d i ag ram of the semiconductor  
wi th  respect  to the redox levels in solut ion cannot be 
represented .  

The  electr ic  contact  is made  wi th  gold pa in ted  on 
the SnO2 suppor t  before  the CdS precipi ta t ion;  the 
contact  wire  is g lued a f t e rward  wi th  s i lver  pa in t  
(Elecolit  340). The film degrada t ion  is fol lowed by  
opt ical  dens i ty  measurements  of the e lect rode (2.5 cm 
diam)  with  a Cary  319 spectrophotometer .  Electrodes 
of 20 mm 2 are  used for the potent ios ta t ic  measurements  
at  a constant  appl ied  poten t ia l  or  in cyclic vo l tammet ry .  

The electrode is g lued on a glass suppor t  (glue Dow 
CornirLg 730 RTV).  The CdS is i l lumina ted  th rough  
the solut ion with  a 2000W halogen lamp (OSRAM 
64788) and only  a par t  of the  beam is focused by  
lenses on the opt ical  glass of the cell. For  the quan tum 
yie ld  measurements  at 468 nm, the in tens i ty  of the 
monochromat ic  l ight,  selected b y  a High In tens i ty  
Bausch & Lomb monochromator ,  is de te rmined  by  
ac t inomet ry  wi th  potass ium fe r r ioxa la te  (5). The pho-  
tocurrents ,  at  a constant  appl ied  potential ,  are  mea-  
sured  wi th  a Phi l ips  PM 8202 recorder ;  in cyclic vol-  
t a m m e t r y  the photocur ren ts  are  recorded on a Phi l ips  
PM 8210 oscilloscope, at  200 mV/sec.  

Preparation o] chemical reagents.--AlI the  reagents  
are  of ana ly t ica l  grade.  Wate r  is t r id is t i l led  and ace-  
tone is dis t i l led twice, wi th  the first d is t i l la t ion on 
KMnO4. The Fe  3+ ions are  e l imina ted  from NaOH by  
coprec ip i t a t ion  with  Mg(OH)2  by  adding MgSO4 to 
the basic aqueous solution. The commercia l  thiocresol  
(99%) is purif ied by  subl imation.  

The p-rnercaptobenzoic  acid is synthes ized accord-  
ing to two different  methods,  one descr ibed by  Smiles 
and Harr i son  (6) and the o ther  by  Campaigne  and 
Wende l l  (7) which  leads to a be t te r  yield. The p -  
mercaptobenzoic  acid disulfide is obta ined  as an in-  
t e rmedia te  produc t  dur ing  the synthesis  of p - m e r c a p t o -  
benzoic acid by  Campaigne  and Wendel l  (7). 

Mass spectrometry.--The mass spec t ra  a re  recorded 
wi th  a V.G. micromass 7070F spect rometer .  The main  
peaks  or ig inat ing  from the f ragmenta t ion  of p -c re sy l -  
disulfide correspond to the fol lowing m/z  values:  246 
(M + ,  100%), 155 (2%),  123 (85%), 108 (4%),  91 
(10%). Moreover  at masses g rea te r  than 246, po lymers  

of thiocresol  are  detected:  a t r imer  and a t e t r amer  at  
368 and 490 mass units, respect ively.  

XPS.--X-ray photoelect ron spec t ra  are  recorded on 
a H e w l e t t - P a c k a r d  5950A spectrometer ,  using the 
monochromat ic  A1 K~1,2 radia t ion  (hv : 1486.6 eV).  
The samples  a re  s tudied  at  the  no rma l  opera t ing  t em-  
pe ra tu re  ( ~  320 K) and dur ing  the analysis  the vac-  
uum in the  spec t rometer  is in the  1 �9 10 -9 Torr  range. 
T h e  XPS spect ra  have been ca l ibra ted  by  the gold 
decorat ion technique (EB AU 4f7/2 : 84.0 eV) (8). This 
p rocedure  yields  a value  of 405.4 eV for the Cd 3d5/2 
component  coming from the CdS substrate .  The sam-  
ples have an a rea  of 1.2 • 1 cm and a thickness of 0.1 
cm, the analyzed  area  is about  0.2 cm 2. 

Results and Discussion 
Complexity of the CdS Photoanodic Behavior with Thiocresal (11) 
Thiocresol  has been chosen because i t  o x i d i z e s  (at  

a P t  e lectrode)  at less posi t ive potent ia l  than  (I)  (see 
beginning of p a p e r ) ;  besides i t  oxidizes ve ry  qu ick ly  
into the disulfide when the solut ion is exposed to the 
air. We thus expected  (II)  to behave  as a be t te r  re-  
duc tan t  than (I) and thus as a more  efficient photo-  
corrosion inhib i tor  of the  CdS. 

We tested (II)  as corrosion kinet ic  inhibi tor  and 
also as a possible modification agent  of the CdS surface. 

B,ehavior with thiocresol in H20 /NaOH pH t 4 . J T h i o -  
cresol  is less soluble than cysteine in aqueous base, 
the highest  re l iable  thiocresol  concentra t ion corre-  
sponds to 3 . 1 0  -2 m o l .  dm -~ at  pH 14. Fo r  h igher  
concentrat ions,  even under  ni t rogen,  a ve ry  fast  fo rma-  
tion of disulfide occurr ing dur ing  the solution p r e p a r a -  
t ion turns the solut ion tu rb id  and decreases the l ight  
in tens i ty  reaching the electrode;  we thus never  ex-  
ceeded this l imi t ing concentrat ion.  

With  thiocresol  3 . 1 0  -2 t o o l .  dm -3, the first i /V 
curve obta ined by cyclic vo l t ammet ry  at  200 mV/sec,  
before i l lumina t ion  at  a constant  appl ied  potential ,  is 
shifted to negat ive  potent ials ,  re la t ive  to the one in 
NaOH alone (compare  curve A wi th  B in Fig. 1); 
both  curves  A and B presen t  a dependence  of the  
photocur ren t  on the appl ied  potent ial .  The negat ive  
shif t  can find different  explanat ions .  The most obvious 
one is of course that  ( I I ) ,  being a reductant ,  t raps  
the holes at the in terface  before  the i r  recombinat ion  
with  the electrons,  at  potent ia ls  s l igh t ly  anodic to the 
f latband potential .  Ano the r  possibi l i ty  is that  (II)  ad-  
sorbs o n  the CdS surface,  charging the in terface  nega-  
t ively,  which  leads  to a negat ive  shift  of  the  f la tband 
potent ial .  I t  is shown indeed tha t  (II)  remains  ad-  
sorbed on the CdS surface once the e lect rode has 
been d ipped in a basic aqueous solut ion of (II)  and 

j 
30 

2OO 

,lO0 

-2oo -400 -600 -800 -looo 
E ~V/SeE 

Fig. I. Photocurrent-applied potential curves recorded at the 
first scan at 200 mV/sec in NaOH pH 14 (A), with thiacresol 3 �9 
10 - 2  real �9 dm - 8  pH 14 (B), and with p-mercaptobenzoic acid 
3 �9 10 . 2  mol �9 dm - 3  pH 14 (C). Illuminated area ~ 20 mm 2. 
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washed afterward in NaOH. The presence of thiocresol 
on the surface is evidenced by dissolving the adsorbed 
reductant in cyclohexane and by analyzing the dis- 
solved product by mass spectrometry. 

At  the first scan of the i /V curve (Fig. 1, curve B), 
the photocurrents with (II) are rather  low, scarcely 
greater than in NaOH alone; the photocurrent quantum 
yields measured at 468 nm and at --0.2V vs. SCE with 
a light intensity of 1.4.10 -10 E .  sec -1 cm -2 reach 
only 10%. Moreover, the photocurrent evolution with 
time at constant applied potential (0 mV vs. SCE) 
(Fig. 2, curve A) starts decreasing continuously from 
750 sec toward a value approaching zero after 1 hr. 
On the other hand, when the i /V  curves at 200 mV/ 
sec are recorded after different i l lumination times at 
the applied potential  of 0 mV (SCE), there are no im- 
provements of the curve characteristics and the photo- 
currents do not decrease important ly (Fig. 3A). The 
discrepancy between the photocurrent evolut ion with 
time at 0 mV (SCE) in Fig. 2 and 3A is due to the fact 
that while recording the i /V  curves of Fig. 3A, the 
application of negative potentials close to the photo- 
current onset potential cleans the electrode and re-  
moves the anodic decomposition products, which is 
not the case in Fig. 2. This effect of cyclic voltammetry 
had already been discussed previously for the cysteine 
study (2). A surprising result is the increase of the 
optical density (O.D.) of the CdS film during i l lumin- 
ation (see Table I) whereas in NaOH alone (Table I) 
the O.D. decreases continuously indicating some CdS 
photocorrosion. 

The reasons for these abnormal and nonencouraging 
results described above become obvious when the elec- 
trode is examined by optical microscopy after a long 
il lumination time with (II) ;  one observes crystals 
which are formed inhomogeneously on the surface 
(Fig. 4). These crystals are responsible for the O.D. 
shift of the CdS film, not because they absorb light in 
the CdS bandgap absorption region (they start  absorb- 
ing only from 300 nm),  but because of the enhanced 
refiectivity of the surface covered by the crystals. 
When these crystals are dissolved in cyclohexane, the 
film O.D. is found to be smaller  than before the i l-  
lumination, indidating some CdS photocorrosion, in 
spite of the presence of the reductant (II) in the 
solution. Moreover once these crystals are dissolved 
in cyclohexane, the photocurrent increases again to 
its initial value, thus suggesting that  these crystals 
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Fig. 2. Photo-oxidation current as a function of time at a con- 
stant applied potential of 0 mV (vs. SCE), in NoaH pH 14 ~ thio- 
cresol 3 �9 10 -2  mol �9 dm -8  (A), in NaOH pH 14/40% acetone -~ 
thiocresol 3 �9 10 -2  mol �9 dm -8  (B), in NaOH pH 14/40% ace- 
tone ~ thiocresol 5 �9 10 - 2  mol �9 dm -3  (C), and in NaOH pH 14 
(D), the photocurrent for NaOH/40% acetone has the same magni- 
tude as curve D. Illuminated area ~ 20 mm 2. 

are responsible for the continuous current drop with 
time by blocking the charge transfer across the inter- 
face. 

The crystals formed on the electrode were dissolved 
in acetone and their mass spectrum compared with 
that  of an authentic sample, leading to the conclusion 
that these crystals correspond to p-cresyldisulfide (M 
---- 246) (see experimental  section) and to polymers of 
mass 368 and 490 which would be, respectively, tr imers 
and tetramers of thiocresol radicals. The p-cresyldi-  
sulfide originates obviously from the oxidation o f  the 
ionized thiocresol (II) at the i l luminated CdS. The 
disulfide is indeed insoluble in an aqueous basic so- 
lution and precipitates on the electrode during the i r -  
radiati6n. We did not succeed in measuring the faradaic 
yield for the formation of p-Cresyldisulfide, i.e., the 
ratio of the number of mols of disulfide formed over 
the number of coulombs passed during a certain i l lu- 
mination time; the amount of disulfide is determined 
by u.v. spectrometry of the crystals dissolved in cyclo- 
hexane (~max ---- 244 nm, ~maX = 20.620 mol -z dm 3 
cm-1),  and the obtained values are irreproducible and 

2 0 0  

1 0 0  
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-25o -5"oo .... -~so -16oo 
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Fig. 3. Photocurrent-applied 
potential curves recorded at 200 
mV/sec; illuminated area ~ 20 
ram% A: with thiocresol 3 �9 
10 -2  mol . dm -3  in NaOH pH 
14 at the first scan (A1), after 
45 sec (A2), 3 rain (A3), and 9 
rain (A4) of illumination at 0 
mV (SCE). B: with p-mercapto- 
benzoic acid 3 �9 10 -~  real , 
dm - 3  in NaOH pH 14 at the 
first scan (BI), at the second 
scan (B2), and after 80 sec (B3) 
of illumination at 0 mV (SCE). 
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Table h Photoelectrochemistry (A) in H20/NaOH pH 14 and (B) 
in H20/NaOH pH 14/acetone 40%. O.D. at 468 nm of the CdS 

film before and after illumination, with different thiocresol 
concentrations; illuminated area = 3.5 cm ~ 

Concentra-  O.D. Illumi- 
t ion o f  Con- nat ion 

th iocreso l  Ini.  s u m e d  t i m e  
( m o l  �9 d m  -~) t ial  End A(%) (C) (hr)  

0 ( A )  0`04 0.46 - 4 5  - -  5 
0`01 (A) 1.05 1.05 0 -- 5 
0`02 (A) 1̀ 00 1.08 +8 -- 5 
0.04 ( A )  1.04 1.20 + 15 - -  4 
0.04 ( A )  1.05 1.26 + 20 6 
0 (B)  1.13 0.92 - 1 2  33-'.10 -~ 5 
0,05 (B)  1.12 0.90 - 2 0  119 �9 10 -s 53/4 

too high, probably because of the presence of the poly- 
mers which introduce errors in the determinat ion.  

From all the observations concerning the CdS be-  
havior in  the presence of thiocresol (II) in  H20/  
NaOH, we may conclude that (II) is not favorable to 
the CdS photoelectrochemistry since the oxidation 
products block the electrode. However in this case, the 
accumulat ion of disulfide on the electrode allows us 
to prove without  ambigui ty  that the thiocresol is 
actually oxidized to the disulfide at the i l luminated 
CdS and acts as a reductant  toward the photogenerated 
holes. 

Behavior with thiocresol in H20/NaOH/40% acetone. 
- - I n  order to avoid the blocking problem of the elec- 
trode by the oxidation products of (II) ,  we added 40% 
acetone to the aqueous basic solution. This percentage 
of acetone is high enough to solubilize the disulfide but  
still sufficiently low to remain  miscible with the aque-  
ous basic solution: In these conditions, no products 
are detected in the mass spectrometric analysis of the 
acetone used to wash the irradiated surface. It should 
be noticed that  this absence of products does not  mean  
that there is no adsorption at all of (II) or of its 
disulfide on the electrode in the presence of 40% 
acetone since an adsorbed monolayer  can probably not 
be detected by mass spectrometry. 

In  these exper imental  conditions, where crystals can 
no more block the electrode, one could expect a priori 
an improvement  of the photoelectrochemical  charac- 
teristics as observed with cysteine. However, by adding 
3 �9 10 -2 mol �9 dm -~ of (II) to H20/acetone, the photo- 
currents  of the i /V curve, recorded at the first scan at 
200 mV/sec, increase only by a factor of 2 and the 
potential  of photocurrent  onset  is only sl ightly nega-  
t ively shifted (from --800 to --850 mV).  Moreover at 0 
mV (SCE) (curve B, Fig. 2), after a slight increase at 
the beginning,  the photocurrent  still decreases with the 
i l luminat ion  time, indicat ing probably  another  blocking 
effect on the electrode. In  this case, the blocking could 
be a t t r ibuted to some accumulat ion of sulfur  S ~ from 
the CdS photocorrosion, which is  not dissolved rap-  
idly enough by the reductant  or the so lvent .  

When the thiocresol concentrat ion is increased to 5 �9 
10 -2 mol �9 dm -~, which can now be reached thanks to 
the presence of acetone, at the first scan of the i /V 
curve, the photocur.rent quan tum yield reaches 50% 
(at 468 n m  and --200 mV vs. SCE, with a light intensi ty  
of 1.4 �9 10 -I0 E �9 sec -1 cm -2) and the po ten t i a l  of the 
photocurrent  onset is negat ively shifted to --1V vs. 
SCE. Moreover, with 5 �9 10 -2 tool �9 dm -8 in (II) ,  as is 
seen from Table I, the CdS photocorrosion is slightly 
inhibited. Indeed, for a same decrease of the CdS O.D. 
(Table I) ,  the n u m b e r  of coulombs passed in the pres-  
ence of (II) is four times greater than in  NaOH plus 
acetone alone, indicat ing some stabilization by the re-  
ductant,  however, not sufficient to completely inhibi t  
the photocorrosion. 

With 5 . 1 0  -2 m o l .  dm -3 in (II) ,  when the photo- 
current  is recorded at constant applied potent ial  (0 mV 
vs, SCE) as a funct ion of t ime (curve C, Fig. 2), after 

Fig. 4. Optical microscopy of the electrode surface after illumina- 
tion with thiocresol 3 �9 10 - 2  real �9 dm -3  in NaOH pH 14, magni- 
fication 12.5 • 12.5. 

a slight decrease, followed by a slight enhancement ,  
the photocurrent  ra ther  quickly reaches a constant  
value. This suggests that the electrode surface is no 
longer blocked either by the disulfide (cf. curve A, 
Fig. 2) or by the sulfur  S ~ from the CdS photocorro- 
sion (cf. curve B, Fig. 2), which is more rapidly dis- 
solved by thiocresol 5 �9 10-z mol � 9  -3. Moreover, in 
spite of the fact that there is no more blocking product  
which covers the electrode, the characterist ics of the 
i /V curve do not improve significantly dur ing i l lumina-  
tion. We thus conclude that  even in the presence of 
acetone, thiocresol (II) cannot impor tan t ly  improve 
the CdS behavior. 

Analysis of the CdS by XPS, ayter illumination with 
thiocresol in HeO/NaOH/40% acetone.--The difference 
between thiocresol and cysteine could be a t t r ibuted to 
a different solubil i ty of the cadmium salt of ~he two 
reductants.  Indeed, with thiocresol (II) in H20/NaOH/  
acetone, even if there is no accumulat ion of the di- 
sulfide on the electrode surface, the cadmium salt of 
thiocresol can be formed and precipitate onto the sur-  
face; such a coverage by the salt is indeed possible 
since we know that the photocorrosion is not  com- 
pletely inhibi ted (see Table I) and that  the Cd~+ ions 
freed from the lattice could give rise to cadmium thio- 
cresolate, which is completely insoluble in  H20/NaOH/  
acetone. This possibility cannot be verified by a mass 
spectrometry analysis of the acetone used to wash 
the electrode since this salt is not soluble in  acetone. 
Therefore, we analyzed the electrode surface after il- 
luminat ion,  by x - ray  photoelectron spectroscopy 
(XPS).  It has to be noted that  because of the charge 
effects we cannot use the absolute values of the signal 
energies, bu t  we have to compare energy differences. 

First, we compared the XPS spect rum of a noni l -  
luminated  CdS electrode with the one obtained after 
i l luminat ion  with thiocresol in  H20/NaOH without  
acetone, in order to be sure that when the electrode 
is covered by  p-cres~ ldisulfide, it can easily be detected 
by XPS. After  i l luminat ion,  w e  observe broad Cd 3d 
and C ls  signals and the occurrence of a very  broad 
sulfur  massive extending from 161 to 170 eV, without 
structure. A direct comparison of this XPS spectrum 
with the one obtained with the reference p-cresyldi-  
sulfide (Table II) ,  where only one S peak at 163.8 eV 
is detected, shows that these broadenings cannot be 
a t t r ibuted only to the presence of disulfide but  also 
to other products which are responsible for addit ional  
peaks Which make the spectrum unanalyzable.  

We then analyzed the surface after i l luminat ion  with 
thiocresol in H20/NaOH plus 40% acetone, after i r -  
radiat ion times corresponding to constant  values of 
the photocurrent  (curve C, Fig. 2). Before each XPS 
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Table !1. Cd 3d5/2 and S 2p3/2 signals of reference compounds and CdS electrodes before and after illumination with thiocresol 5 �9 
10 - 2  real �9 dm -~  in H 2 0 / N a O H / 4 0 %  acetone. ( I ) ,  (2), (3) correspond to three different S or Cd signals�9 (*) means that the Cd 

3d~/2 signal has been positioned at 405.4 eV 

C d  ( ~ )  C d  (~) S (O S (~) S (s) A E ( C d  3ds /PS 2~=/=) 
3d5/.~ 3c~/= 2ps/2 ~ps/z 2ps/2 

S a m p l e s  ( e V )  ( e V )  ( e V )  ( e V )  ( e V )  Cd(~)-S (~) Cd(~)-S ('~) Cd(~)-S (~) 

N o n i l l u m i n a t e d  C d S  405.4 161.7 - -  169.4 243.7 - -  
I l l u m i n a t e d  C d S  + ( I I )  405.4  4 ~ . 8  161.7 163.9 169.4 243.7 242.9 23"7.4 
D i s u l f i d e  o f  I I  ~ - -  163.8 . . . . .  
C a d m i u m  s a l t  of ( H )  405.4* ~ 162.5 - -  - -  242.9 ~ - -  

spec t rum,  the e lec t rode  is washed  wi th  H 2 0 / N a O H /  
acetone to ensure  the  complete  dissolut ion of the re -  
main ing  adsorbed  disulfide. As shown in Fig. 5 and 
Table  II, we detect  a sp l i t t ing  of the  Cd 3d5/2 l ine and 
the re la t ive  intensi t ies  of the two Cd 3du2 signals  de -  
pend on the i r r ad ia t ion  time. Moreover,  we observe 
th ree  double ts  on the  S 2p spec t rum (Fig. 6). Thei r  
components  a re  located,  respect ively ,  a t  Es ---- 161.7, 
163.9, and 169.4 eV for the  S 2p3/2 levels  (F ig .  6, Table  
II)  and at  EB = 162.9, 165.0, and 170.6 eV for  the S 2PI/2 
ones. The S 2ps/2 l ine at  EB = 161.7 eV is associated 
w i t h  the  Cd 3d5/2 s ignal  at  405.4 eV and arises f rom 
the CdS e lec t rode  (Table  I I ) .  The in tens i ty  of the two 

new S peaks  increases  also wi th  the  i l lumina t ion  
time. I t  has to be not iced tha t  the S signal  detected 
at  high b inding  energy  (EB S 2P3/2 = 169.4 eV) was 
also presen t  a f te r  i l lumina t ion  wi th  cysteine.  I t  would  
correspond to a sulfur  a tom in a high oxida t ion  state, 
or ig inat ing  f rom CdS oxida t ion  (9).  

The S 2p3/2 signal  at  EB -" 163.9 eV increases  wi th  
i l lumina t ion  and wi th  the  Cd 3d5/2 shoulder  (406.8 eV) 
indica t ing  that  the new S 2p3/2 s ignal  is associated 
wi th  the new cadmium species. To de te rmine  the or igin 
of these new S 2p3/2 and Cd 3d5/2 signals, X P S  spec t ra  
of the cadmium thiocresola te  have been  recorded  
(Table  I I ) .  I t  appears  tha t  in this  salt,  the b ind ing  
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Fig. 5. Cd 3d XPS spectrum of 
the CdS electrode after illumina- 
tion with thio=resol 5 �9 10 - 2  
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Fig. 6. S 2p XPS spectrum of 
the CdS electrode after illumina- 
tion with thiocresol 5 �9 10 - 2  
real , dm - 3  in NaOH pH 14/ 
40% acetone. (a) S 2p levels 
from CdS, (b) S 2p levels from 
salt (cadmium thiocresolate), (c) 
$ 2p levels from oxidized CdS 
(probably CdS04). 
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energy  difference EB Cd 3d5/2 --  EB S 2p8/~ (405.4- 
162.5) (Table  I I )  is equal  to 242.9 eV. This value  cor-  
responds  qui te  wel l  to the b inding  energy  difference of 
the  new S 2p3/2 (163.9 eV) and Cd 3d~/2 (406.8 eV) 
signals, equal  to 242.9 eV, which  leads to the con- 
clusion tha t  dur ing the i l lumina t ion  the thiocresol  
cadmium salt  prec ip i ta tes  onto the CdS electrode.  
Moreover  when  a flood gun is used dur ing  the scanning 
of the CdS XPS  spect rum,  the new Cd and S peaks  
appear ing  under  i l luminat ion,  are  shif ted toward  lower  
energies indica t ing  tha t  these peaks do not  correspond 
to a compound incorpora ted  into the  CdS latt ice.  This 
behavior  suggests tha t  the new peaks  correspond 
p robab ly  to an adsorbed  or  p rec ip i t a ted  der ivat ive ,  in 
agreement  wi th  the  format ion  of the thiocresol  cad-  
mium sa l t  on the  e lec t rode  surface. 

Conclusion.--The resul ts  ob ta ined  wi th  thiocresol  
show tha t  the CdS behavior  is r a the r  complex  and  
that  thiocresol,  con t ra ry  to cysteine, does not  ap-  
p r e c i a b l y  improve  the photoanodic  behavior  of the  
CdS films. In  H20/NaOH, the origin of the poor  
efficiency of the reduc tan t  can s imply  be a t t r ibu ted ,  
as ment ioned previously ,  to the blocking by  p -c res -  
ytdisulfide and its polymers .  However ,  by  adding 
acetone, which dissolves the blocking products ,  the  
photocur ren t  does not  increase apprec iab ly  wi th  
t ime and the fill factor  Of the i/'r curve is not  
lmpr0ved.  One could wonder  why,  even in these 
conditions, thiocresol  does not  f avorab ly  influence the 
CdS behavior  as observed wi th  cysteine. A possible 
reason could be that  thiocresol does not  act  as a photo-  
e tching agent.  Indeed,  as evidenced b y  the XPS  results,  
the cadmium salt  of the thiocresol remains  on the 
electrode whereas  the cadmium cyste inate  is ve ry  sol-  
uble  and leads to a continuous cleaning of the elec-  
t rode  dur ing  the  photocorrosion.  Does the  cadmium 
thiocresolate  formed on the e lect rode influence the CdS 
behavior?  Up to now, the effect of this sal t  is not  ye t  
clear. However ,  this sal t  does not  seem to block the 
e lec t rode  as the disulfide since once a constant  value  of 
the cur ren t  is reached,  it  remains  constant  with t ime 
in spite  of the cont inued product ion  of the  salt  on the 
electrode.  

Improvements at the CdS Photoanodic Behavior with 
p-Mercaptobenzoic Acid (lid 

In o rder  1;o avoid the p rob lems  encountered  with 
thiocresol  ( I I ) ,  we tes ted p -mercap tobenzoic  acid (III)  
vs. the CdS photoanodic behavior .  

This der iva t ive  is not  only  more  Soluble than  th io-  
cresol in an aqueous basic solut ion but  its oxida t ion  

product  (the disulfide) and its cadmium salt  a re  also 
soluble. Consequently,  the addi t ion of acetone is not  
more  necessary  for  dissolving the oxidat ion  products .  
Moreover,  ( I i I )  also dissolves the sulfur  f rom the CdS 
decomposit ion.  With  (III)  we should thus obta in  the 
same photoetching effects as wi th  cysteine ( I ) .  

Photoelectrochemical characteristics with (III) .--  
When  p-mercap tobenzoic  acid (III)  3 �9 10 -2 mol � 9  -3 
is added  to an NaOH solut ion ~at pH 14, i /V  curve 
recorded at  the first scan (curve  C, Fig. 1) is shifted 
negat ively,  compared  to the one wi th  NaOH alone. 
This effect is exp la ined  s imi la r ly  to the  thiocresol  
one (curve  B, Fig. 1). However ,  in this case, the photo-  
cur ren t  magni tudes  are  greater ,  indica t ing  that,  as ex-  
pected, the e lec t rode  blocking by  the oxida t ion  p rod -  
ucts is absent  or  less impor tant .  Besides, even af ter  
a long i l lum2nation period,  no prec ip i ta te  can be de -  
tected on the e lec t rode  by  optical  microscopy or  by  
mass spec t rometry .  

W h e n  the i /V  curves are  recorded in cyclic vo l tam-  
m e t r y  as a function of the i l luminat ion  t ime with  (III)  
3 . 1 0  -2  m o l .  dm -3, the  character is t ics  show m a j o r  
improvements  (Fig. 3B), con t r a ry  to the i /V  curve 
evo lu t ion  in the  presence of (II)  (Fig. 3A), The max i -  
m u m  modification of the  i /V curve with  (III)  is 
reached af te r  80 sec i l luminat ion.  We have  to note, 
however ,  t ha t  this improvemen t  of the i /V  curve does 
not  pers is t  af ter  three  scans in NaOH alone, F igure  3B 
shows also that  at 0 mV, the pho tocur ren t  does not  
change ve ry  much  from curve B1 to Ba, whereas  at  
--800 mV, it increases impor tan t ly .  This is be t t e r  
pointed out  when the photocur ren ts  are  measured  as a 
funct ion of the i l lumina t ion  t ime at the constant  ap-  
p l ied  po ten t ia l s  of 0 mV (curve  A, Fig. 7) and --800 
mV (curve B, Fig. 7). This different  behavior  at  0 and 
- 8 0 0  mV was not  observed wi th  ( I I ) :  at  0 mV, as de -  
scr ibed previously ,  the photocur ren t  decreases con- 
t inuously  ( f rom _ 750 sec) (curve A, Fig. 2) and at  
--800 mV, i t  drOps ve ry  quickly  to 0 (curve C, Fig. 7). 
In  NaOH alone at --800 mV, there is no photocur ren t  
(cf. Fig. 1, curve A) .  

I t  has to be noted that  the different  ra te  of photo-  
cur ren t  increase  wi th  (HI)  at  --800 mV in Fig. 7 and 
in Fig. 3B, should be a t t r ibu ted  to the  type of measure -  
ment :  in cyclic vo l t ammet ry  (Fig. 3B); the modifica- 
t ion is a lways  fas ter  than  at  a fixed appl ied  potent ia l  

( F i g :  7). This difference was observed prev ious ly  with 
cysteine (2). 

CdS analysis by XPS after illumination with (III) .--  
Under  i l lumina t ion  wi th  ( i I I ) ,  the  produced  disulfide 
and cadmium salt  of ( I II)  should not  be detected by 

Fig. 7. Photocurrent vs. time 
at a constant applied potential, loo 
A: with p-mercaptobenzoic acid 
3 �9 10 -2  real �9 dm -3  in NaOH 
pH 14 a t 0  mV (SCE); B: with p- 
mercaptobenzoic acid 3 �9 10 -2  
reel � 9  -3  in NaOH pH 14 at 
--800 mV (SCE); C: with thio- 
cresol 3 �9 10 -2  real �9 dm -~  in 5 0  
NaOH pH 14 at --800 mV 
(SCE). Illuminated area ~ 20 
mm ~. 
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Table III. Cd 3d5/2 and S 2p~/.~ signals of reference compounds and CdS electrodes. (I), (2), (3), (4) correspond to four different S 
2p~/2 signals. (*) means that the Cd 3d5/2 signal has been positioned at 405.4 eV 

Cd <~) S a) S <2) S a) Sr hE (Cd 3d~/~-S 2ps/s) 
3d~/s 2ps/s 2p31= 2ps/s 2p~/s 

Samples (eV) (eV) (eV) (eV) (eV) Cd~)-S a) Cd~)-S <~ 

Il luminated CdS at  0 mV + ( I I I )  405.4 161.7 164.0 169.3 - -  243.7 
Il luminated CdS at  - 8 0 0  mV + ( I I I )  405.4 161.6 163.9 169.2 167 243.8 
Cd salt  of (III) 405.4" 162.7 - -  242.7 
CdS dipped m ( I I I ) ,  no  i l lumina t ion  405,4 161.9 - -  1~ .1  1~.3  243.5 
Il luminated CdS in NaOH at  0 m V  405.4 161.6 - -  168.9 - -  243.9 
Disulfide of ( I I I )  - -  163.5 . . . .  

241.4 
241.5 
242.7 

XPS since both products are soluble in aqueous basic 
solution. However, we also performed an analysis 
after i l lumina t ion  with (III) to detect possible chemi- 
cal modifications of the electrode which could be re-  
sponsible for the improvements  of the i /V  character-  
istics (Fig. 3B) and for the impor tant  photocurrent  in -  
crease at --800 mV (Fig. 7). Before each XPS measure-  
ment,  the electrode is thoroughly washed in  NaOH 
(pH 14) for half  an hour. 

After  CdS i l luminat ion  with (III) ,  contrary to what  
was observed wi th  (II) ,  the spl i t t ing of the two Cd 
peaks (as in Fig. 5) is no longer observed. The only 
noticeable effect is a broadening of the Cd peaks. How- 
ever, this broadening occurs only when  the electrode 
is polarized at 0 mV and not under  a polarization at 
--800 mV, From a width of 1.2 eV before i l luminat ion,  
it becomes 1.7 eV after i r radiat ion at 0 mV and a Cd 
signal shoulder  appears in the lower energy range 
under  flood gun. On the contrary,  after i l luminat ion  at 
--800 mV, the Cd signal remains unchanged even under  
flood gun. Concerning the S peaks, one observes the 
same type of evolution of the S 2p peaks as wi th  (II) 
(Table I I I ) ;  i.e., the occurrence of new S 2p3/2 com- 
ponents  at 164.0 and 169.3 eV, the lat ter  being a t t r ib-  
uted to a sulfate- type sulfur.  There is however a quan-  
t i tat ive difference be tween the S signals observed 
after i l luminat ion  at 0 and  --800 mV. At  0 mV, the 
S 2p3/2 signal  at 164.0 eV represents 1-4% of the Cd 
3d5/2 :signal whereas at --800 mV, it represents 13-16%. 
Moreover, for some samples, after longer i r radiat ion 
times at --800 mV, the component  at 164.0 eV of the 
S 2p8/2 signal is even more impor tan t  than  the com- 
ponent  at 161.7 eV, corresponding to the S 2p8/~ signal 
of the CdS. At --800 mV (Table IH),  a fourth com- 
ponent  of the S 2p3/2 signal also appears at 167 eV, 
but  with a very low intensity.  All  these S 2p3/2 com- 
ponents,  except the one at 161.7 eV associated with the 
CdS, move in  energy under  flood gun. 

The first question which arises is: what  is responsible 
for the S 2p3/~ component  at 164.0 eV? The first pos- 
sibil i ty is to a t t r ibute  this peak to the cadmium salt 
of (III) ,  as we did for (II) .  This is, however, l i t t le 
probable for two reasons. The first one is that  the en-  
ergy difference between the Cd 3d5/2 (405.4 eV) and 
S 2p8/2 (164.0 eV) signals of the i l luminated  sample 
is equal to 241.4 eV (Table III) which, contrary  to the 
thiocresol case, does no t  correspond to the difference 
Cd 3d~/2 (405.4 eV) -- S 2p3/2 (162.7 eV) : 242.7 eV of 
the cadmium salt  of (III) .  The second reason for not  
a t t r ibut ing  the 164.0 eV signal to the Cd salt of (III)  is 
that  this salt is much  more soluble in H20/NaOH than  
the Cd salt of (II) .  Indeed, i t  has not been possible to 
prepare the Cd salt of (III)  in HaO/NaOH even with a 
very concentrated solution; the salt  had to be prepared 
in  an  ammoniacal  solut ion by evaporat ion of ammonia.  
Another  possible origin of the 164.0 eV signal would be 
the sulfur  S ~ accumulated on the electrode from the 
CdS anodic decomposition. However, this second pos- 
sibil i ty should also be excluded because of the absence 
of this peak on the CdS electrode i l luminated  in 
NaOH alone (Table III) .  The only  remain ing  possibili ty 
would be to a t t r ibute  the 164.0 eV signal to (III) or a 
derivat ive which has been attached photoelectrochemi- 
cally to the surface. In this case, the Cd 3d~/2 broaden-  

ing at 0 mV would be a t t r ibuted to Cd(OH)2 Or CdO 
from the CdS photocorrosion which is more impor tant  
at 0 mV than  at --800 mV where the Cd signal  remains  
unchanged. Moreover, since the 164.0 eV signal  is more 
impor tant  at --800 mV than  at 0 mV, it would mean  
that  there is a greater amount  of (III)  attached to the 
electrode at --800 mV. It has still to be noted that  the 
presence of an S 2p3/2 signal at 167.8 eV on a CdS elec- 
trode dipped in  (I l I)  wi thout  i l luminat ion  or polariza- 
tion (Table III) and originat ing probably  from (III)  
remain ing  adsorbed on the CdS surface, would indicate 
that  the S 2P3/2 signal at 164.0 eV on the i l luminated 
electrode would not originate from (III) physically 
adsorbed on the surface bu t  ra ther  bound to the CdS. 

Conclusions.--From the XPS analysis with (III) ,  we 
may conclude that  (II[) or a derivat ive is photoelectro- 
chemically attached to the surface under  a polariza- 
tion of 0 or --800 mV (SCE): The higher amount  of 
(II l)  on the electrode when  it is polarized at --800 
mV could be correlated to the more impor tant  photo- 
current  increase at --800 mV than 0 inV. The at tach- 
ment  of (I lI)  on the CdS could thus be responsible for 
the i /Y  curve characteristic improvements  (Fig. 3B), 
especially the photocurrent  enhancement  a round --750 
inV. The way (III) is attached to the electrode is not  
clear. However among different possibilities, the at-  
tachment  of (III) by its sulfide, to a CdS sulfur, would 
not be in disagreement  with the XPS results. Indeed, in 
this case, the Cd signal would not  be influenced by 
(III) and would remain  insensit ive to the flood gun; on 
the other hand, the per turba t ion  of the CdS S signals 
by the reaction of (III)  on the surface cannot be 
pointed out because of the complexity of the S signals. 

The effect of (III) on the CdS could be explained in 
the same way as Ru 3+ on GaAs (10). Heller  et al. (10) 
explain these favorable Ru ~+ effects by a spl i t t ing of 
surface-state energy levels into higher and lower 
levels, due to the interact ion with the Ru ~+ ions. The 
shifted surface states lead to a cell efficiency increase 
because they can no longer in tervene as shunt  or elec- 
t ron-hole  pair  recombinat ion centers. 

The behavior  of (III) at i l luminated  CdS is different 
from (II) .  Probably  because the insoluble Cd salt of 
(II) masks any  possible effects of other surface modi-  
fication and does not improve the i /V  curve charadter-  
istics. The behavior  of (III) is also different from the 
behavior  of (I) since, as ment ioned earlier, (I) cannot  
be detected on the electrode by XPS after i l lumina-  
tion. The sulfur  containing organic compound behavior  
at an i l luminated CdS electrode is thus quite different 
from one derivative to the other. 
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EMF Measurements on the I.i-AI/Ni S  Couple in Molten Salt 
Electrolytes 

Z. Tomczuk,* L. Redey,* and D. R. Vissers* 
Argonne National Laboratory, Chemical Technology Division~ Argonne, Illinois 60439 

ABSTRACT 

The (emf) vs. temperature  curve for the Li-A1/Ni3S2 couple was det.ermined in 58.2 tool percent  (m/o) LIC1-41.8 m/o KC1 
(eutectic electrolyte), 49.1 m/o LiC1-50.9 m/o KC1 (KCl• electrolyte), 69.6 m_/o LiC1-30.4 m/o KC1 (LiCl-rich electrolyte), and 
in 22 m/o LiF~31 m/o LiC1-47 m/o LiBr electrolyte. The results indicate that with these electrolytes the emfvalue  of the couple 
at a given temperature  is independent  of the electrolyte composition. Equil ibr ium emf  values were obtained instantane- 
ously upon heating or~ cooling at rates of ~0.2~ while at higher rates (~0.5~ equil ibr ium values were obtained 
after ~11/2 hr at a given temperature.  X-ray diffraction analyses of the positive electrodes from the cells tested indicate that  
the only nickel-sulfur phase formed in the electrode reaction is Ni3S2. Thermochemical  analyses also suggest Ni,S2 as the 
active nickel sulfide phase. 

The Ni/Ni3S~ mi, c ro- re fe rence  e lec t rode  ,developed 
at this l abo ra to ry  (1) continues to be used in both 
basic l abo ra to ry  research  studies and in compact  Li-  
A1/FeS cells to inves t iga te  the  polar iza t ion  charac-  
terist ics o f  the  respect ive electrodes (2-3). The micro-  
reference  e lec t rode  has been found to have  exce l len t  
l o n g - t e r m  stabi l i ty ,  wi th in  •  mV over  a t ime pe-  
r iod of severa l  months  (4). 

In  charac ter iz ing  the electrode,  the e lec t romot ive  
force (emf) vs. t empera tu re  response for  the Ni/Ni~S2 
e lec t rode  vs. (~ ~ ~)-Li -A1 was de t e rmined  in the  
LiC1-KC1 eutect ic  e lec t ro ly te  (1).  However ,  since the  
presen t  L i -A1/FeS  engineer ing cells (~100 A - h r  ca-  
paci ty)  a r e  opera ted  in L iCl - r i ch  e lec t ro ly te  (67 tool 
percent  (m/o )  LiC1-33 m/0  KC1) and since the  com- 
posi t ion of the  e lec t ro ly te  has been shown theore t ica l ly  
and expe r imen ta l l y  to va ry  dur ing  cell opera t ion  (5- 
7), i t  is impor t an t  tha t  the  emf  vs. t empe ra tu r e  curve 
for the  Li-A1/Ni3S2 couple be es tabl ished in e lect ro-  
ly tes  of differing composit ions.  Otherwise,  it  is possible 
that  significant e r rors  might  develop in making  w o r k -  
ing e lec t rode  potent ia l  measurements  wi th  the re fe r -  
ence e lec t rode  if the  LiC1-KC1 e lec t ro ly te  in teracts  
wi th  the  Ni/Ni3S2 e lec t rode  to form sulfide phase or  
phases  which would have  emf values differing f rom 
that  of Ni~S,~ vs. LiAI. Such e lect rolyte  in teract ion has 
a l r eady  been demons t ra ted  with  the FeS e lec t rode  
where  a phase of composit ion LiKsFe2.4S2sC1 forms (8). 

In  this paper ,  we repor t  the resul ts  of our m e a s u r e -  
ments  of the  emf vs. t e m p e r a t u r e  curves of the  Li -  
A1/Ni~S2 couple in a va r ie ty  of e lec t ro ly te  systems 
each sa tu ra t ed  with  Li2S. These systems included 
the L~C1-KC1 eutectic (58.2 m/o  LiC1), the L iCl - r i ch  
e lec t ro ly te  1 (69.6 m/o  LiC1), the KCl - r i ch  e lec t ro ly te  

* Electrochemical Society Active Member. 
Key words: electrode, emf,  fused salts, cell. 
1 The LiCI and KCl-rich designations refer to electrolytes  which 

contain higher concentrations of LiCI or KC1 than contained in 
the eutectic electrolyte.  Values in parentheses  are the actual com- 
position.s tested. 

(49.1 m/o  LiC1), and the  L iF-LiC1-LiBr  e lec t ro ly te  
(22 m/o  LiF-31 m/o  LiC1-47 m/o  LiBr) .  The e lec t ro-  

ly te  systems were  chosen to cover  the composi t ional  
ranges  of the LiC1-KC1 e lec t ro ly te  which might  be 
encountered  in a cell, and to examine  the response 
character is t ics  of the  Li-A1/Ni~S~ couple in  the L iF -  
L iCI -LiBr  e lec t ro ly te  now being used in the s ta rved  
e lec t ro ly te  cells wi th  MgO powder  separa tors  by 
Gould Incorpora ted  (9). 

Experimental 
The LiC1-KC1 eutectic,  L iF-LiC1-LiBr  e lec t ro ly te ,  

and LiC1 were  of po la rographic  grade  and were  ob-  
ta ined f rom Ande r son  Physics  Labora tory .  The KC1 
was Baker  reagen t  grade  and was vacuum dr ied  at  
400~ for  severa l  hours before  use. The L i -AI  a l loy 
was obta ined f rom Kawecki  Berylco Indust r ies  In-  
corporated,  and  the  Li2S was obta ined  f rom Eagle-  
P icher  Industr ies.  The L iCl - r i ch  and KCl - r i ch  LiC1- 
KC1 elect rolytes  were  p repa red  by  adding  weighed 
amounts  of  e i ther  LiC1 or  KC1 to the  eutect ic  elec-  
t rolyte.  

The cell design was ident ica l  to that  descr ibed else-  
where  (8), except  tha t  the g raph i te  cup for the  posi -  
rive e lec t rode  was e l iminated  and rep laced  by a 
nickel-200 rod  (0.6 cm diam, active area  2.5 cm 2) 
which was anodized in the respect ive  Li2S sa tu ra ted  
e lect rolytes  to form the Ni/NisS2 electrode.  To avoid 
the  need  for t he rma l  emf corrections,  the negat ive  
e lec t rode  also ut i l ized a nickel-Z00 lead. A n  expe r i -  
men ta l  check of the t he rma l  emf genera ted  for the 
cell  h a r d w a r e  over  the  t empe ra tu r e  range  of in teres t  
was made  and the measured  values were  less than  
0.01 mV over  the t empe ra tu r e  region of interest .  The 
negat ive  electrode conta ined  5 A - h r  Li-A1 al loy (40 
atomic percent  (a /o)  Li) .  A t  this composit ion both the 
a-A1 and ~-LiAI  phases a re  presen t  which fixes the 
emf of the e lectrode (10). The p repa ra t ion  of the  Li-A1 
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electrodes has been descr ibed  e a r l i e r  (8). The posi t ive 
e lectrodes were  formed in situ as descr ibed above. The 
amount  of NiaS~ formed e lec t rochemica l ly  on the rod  
was var ied;  however ,  no differences in the  resul ts  were  
observed  be tween  2-400 C /cm 2. The quan t i ty  of 
Li2S a d d e d  t o  each e lec t ro ly te  inves t iga ted  was in 
excess of 10,000 ppm, a value  which is cons iderab ly  
g rea te r  than  tha t  needed for sa tu ra t ion  of the e lec t ro-  
ly tes  (12, 13). The amount  of e lec t ro ly te  used for  
each tes t  was  ,~200g. 

The procedure  consisted of measur ing  the emf of 
the  Ni /L i -A1/e lec t ro ly te ,  Li2S(c) /Ni3S2/Ni  cell  a t  a 
g iven t e m p e r a t u r e  using a Ke i th l ey  Model  191 digi ta l  
m u l t ime t e r  ( input  impedance  >109~) for  per iods  which, 
i n  some cases, were  in excess of 100 hr. Checks on the  
r eve r s ib i l i t y  were  m a d e  b y  measur ing  the emf 's  under  
increas ing and decreas ing t empera tu re  scans. Measure -  
ments  were  also made  on the  response of t h e  cell  emf 
to changes in ra tes  of t e m p e r a t u r e  increase  or decrease.  
The cell  t empe ra tu r e  was moni to red  using ca l ibra ted  
Chrome l -A lume l  thermocouples .  At  the  end of each cell 
test,  the  posi t ive e lec t rode  was cooled to room t em-  
pera ture ,  and a por t ion  o f  the  reac t ion  produc t  was 
analyzed  by, x - r a y  diffraction. 

Results and  D iscuss ion  
A l inear  regress ion analysis  of the da ta  was made  

for  t he  different  e lec t ro ly te  systems tested,  and the  
resul ts  are  summar ized  in Table  I. The equat ion r e l a t -  
ing the  emf (in mV) to t e m p e r a t u r e  in this table  is 
based on a composi te  of a l l  the  l ong - t e rm  points  (>90 
rain at  a given t empe ra tu r e ) .  Note tha t  the emf at  a 
given t e m p e r a t u r e  is independen t  of the  e!ectrolvte  
composit ion.  The expe r imen t a l  points  for  the  LiC1-KC1 
eutect ic  e lec t ro ly te  a re  shown in Fig. 1. The scat ter  
of the  da ta  is typical  of that  for the  o ther  e lec t ro ly te  
composi t ions as well .  

Al though  the emf express ion given in Table  I for the 
LiC1-KC1 eutect ic  e lec t ro ly te  summar izes  the  test  
results ,  s l ight ly  different  equat ions can be  der ived  
f rom the expe r imen t a l  da ta  if the da ta  are  b roken  
down according to (i) those da ta  points  which were  
obta ined on the in i t ia l  charge  of the  cell, ( i i ) t h o s e  
points  which  a re  ob ta ined  af te r  a s l ight  d ischarge of 
the  cell, and  (iii) those points  which  were  obta ined 
af te r  the cell had been opera ted  for ~5  cycles. The 
equat ion deve loped  f rom the da ta  of (i) is 

E ( m V )  = 1366,6 + 0.0865(T-700 K) [1] 

whi le  the equat ion developed f rom the da ta  in (ii) is 

E ( m V )  -- 1367.0 -{- 0.079(T-700 K)  [2] 

and the equat ion represen t ing  the da ta  for (iii) is 

E ( m V )  --  1367.4 -{- 0.094(T-700 K) [3] 

The  sl ight  differences in Eq. [1] - [3] ,  however ,  do not  
cause significant differences in the absolute  value  of 
the emf for  a given t empera tu re .  For  example ,  at 
t empera tu res  of  400 ~ and 500~ respect ively ,  Eq. [1] 
y ie lds  values  of 1.3643 and 1.3729V, respect ive ly ;  Eq. 
[2] yields  values  of 1.3649 and 1.3728V, respect ively;  
and  Eq. [3] y ie lds  1.3649 a n d  1.3743V, respect ively .  
Thus no significance should  be a t tached to the  differ-  
ences in the respect ive  equat ions.  

1.5750 , I i i i i" i i , i I I , I /~f1~ 
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T C) AFTER CYCLING 0 LyX~ - 
l,ZTlO--n 2nd CELL DATA _ / -  

"-i - y O  
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> _ ~  
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Fig. I. Emf vs .  temperature data for the Li-AI/Ni~S2 couple in 
LiCI-KCI eutectic electrolyte. Individual data points shown were 
obtained in a separate temperature scan sequence. 

The response of the cel l  emf to t empe ra tu r e  changes 
was rapid.  F igures  2 and 3 show tha t  the  cell  emf 
changed rap id ly  wi th  t e m p e r a t u r e  changes. However ,  
h igher  than  equ i l ib r ium emf va lues  were  obta ined  
when  hea t ing  ra tes  g rea te r  than 0.5~ were  used 
and lower  than  equ i l ib r ium emf values were  obta ined 
when cooling rates  g rea te r  than  0.5~ were  
used. When  lower  cooling or  hea t ing  ra tes  (,-,0.2~ 
min)  were  used, the ins tantaneous  cell emf was the 
equ i l ib r ium value.  These resul ts  might  be exp la ined  
by  assuming that,  a t  the  high hea t ing  rates,  the  dis-  
solut ion ra te  of Li2S in the e lec t ro ly te  was s lower  
than  the hea t ing  ra te  and thus the solut ion was un-  
sa tu ra ted  wi th  respect  to Li2S, and tha t  the  respect ive  
e lec t ro ly te  became supersa tu ra ted  wi th  Li2S dur ing  
r a p i d  cooling. At  any t e m p e r a t u r e - r a t e  change  tested, 
however ,  the equ i l ib r ium emf va lue  was obta ined  
wi th in  11~ hr. For  tha t  reason, al l  of the  da ta  points  
used to genera te  Table  I were  ob ta ined  af te r  at  least  
1%/2 hr  at  t empera ture .  

The s tab i l i ty  of the cell emf vs. t ime at a given 
t e m p e r a t u r e  yeas excel lent .  Typica l  resul ts  a re  shown 
in Fig. 4. The da ta  in Fig. 4 indicate  tha t  over  a 50 hr  
t ime period,  the cell emf f luctuated no more  than  0.4 
mV. S imi la r  resul ts  were  obta ined  over  longer  t i m e  
periods  (>100 h r ) .  

The x - r a y  diffract ion examinat ions  of the respect ive  
posi t ive  e lectrodes f rom the cells tes ted showed tha t  
Ni3S2 was the  only  n ickel  sulfide phase present .  The 
opt ical  microscopy examinat ions  showed that  the NL~S2 
had formed as an adheren t  react ion layer .  There  was 
no evidence for the format ion  of K2NisS4 which is 
known  to exis t  (14). These x - r a y  resul ts  confirm tha t  
the  overa l l  cell  reac t ion  is the  same in al l  of the 
e lect rolytes  tested, n a m e l y  

4Li-A1 + Ni3S2 <"-> 2Li2S -}- 3Ni Jr 4A1 [4] 

These x - r a y  resul ts  also expla in  the independence  of 
the  cell  emf wi th  e lec t ro ly te  composit ion.  

Our  emf resul ts  for  the LiC1-KC1 eutectic e lec t ro ly te  
compare  wel l  wi th  those repor ted  ea r l i e r  using the 

Table I. Summary of emf data 

Number Total Tempera. 
of cells number Emf (mV) as function ture range 

Electrolyte  Composit ion tested of points  of t emperature  tested,  K 

LiC1-KCI eutectic  58.2 m / o  LiCI-41.8 m / o  KC1 2 60 

KCl-rieh 49.1 m/o LICI-59.9 m/o KCI 2 42 
LiC1-KC1 
LiCl-rieh 69.6 m / o  LiC1-30.4 m / o  KC1 1 23 
LiC1-KC1 
LiF-LiCI-LiBr 22 m/o LiF-31 m/o LiC1-47 2 21 

m / o  LiBr 

1366.9 + 0.082 (T-7O0 K) correlat ion 653-793 
coefficient = 0.993 

1366.6 + 0,073 (T-700,K) correlat ion 656-796 
coefficient = 0.929 

1367.1 + 0.073 (T-700 K) correlat ion 671-793 
coefficient = 0.983 

1365.5 + 0.092 (T-700 K) correlat ion 735-793 
coefficient = 0.963 
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47 L__ - -  1.3746V, respect ively.  The s l ight  difference at  500~ is 
wi th in  the  sca t te r  of the  exper imen ta l  da ta  shown in 
Fig. I. 

I. 371 _ The expe r imen ta l  emf resul ts  compare  wel l  wi th  tha t  
ca lcula ted for react ion [4] using ava i lab le  the rmo-  
chemical  data, where  the  ca lcula ted  va lue  is 1.3703V at' 
700 K whi le  the  measured  va lue  was 1.3669V. For  

> this comparison,  the  ava i lab le  free energy da ta  for  
1.3701-- Oo~ - L i - A l  ( I0) ,  LizS ( I I ) ,  and Ni~S2 (15) were  used. 

"1569 I -k" - - - - ' O ~ 1  X 3  Alte rna t ive ly ,  we can calculate  the free energy  of 
E format ion  of Ni3S2 at  700 K from the emf da ta  and the 

thermochemica l  da ta  for L i - A l  and  Li2S. This calcula-  
t ion yields a value  of --47.02 kca l /mol ,  a value  which 

o Io zo 3o 40 5o 60 7o 80 90 is in exce l len t  ag reemen t  wi th  the the rmochemica l ly  
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Fig. 2. Response of the Li-AI/Ni3S~. couple upon cooling at an 
average rate of 0.5~ 
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Fig. 3. Response of tee Li-AI/Ni352 couple upon heating at arn 
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micro Ni/NijS2 e lect rode (1).  For  example ,  at  400 ~ 
and 500~ our  resul ts  a re  1.3647 and 1.3729V, respec-  
t ively,  whi le  the  previous  resul ts  were  1.3649 and 

repor ted  va lue  of --46.66 kca l /mo l  (15). The measured  
emf value  at  790 K for react ion [4] and the publ ished 
free energy  values for Li-A1 (10) and NisS2 (15) can 
be combined to yie ld  the f ree  energy  of format ion  
of Li2S. This calculat ion yields a va lue  of --100.06 
kca l /mol ,  a value  which  is also in agreement  wi th  the 
repor ted  value  of --100.22 kca l /mo l  (11). 

Conclusions 
The emf of the Li-A1/Ni~S~ couple was found to be 

essent ia l ly  independent  of the  e lec t ro ly te  composi t ion 
in the  systems evaluated.  The response of the  emf of 
the couple to t empe ra tu r e  changes was rap id  wi th  
equ i l ib r ium values  being obta ined almost  ins tan tane-  
ously when t e m p e r a t u r e  change ra tes  of ,-~0.2~ 
were  used. When high t empe ra tu r e  change rates  were  
used, nonequi l ib r ium values  were  observed;  however,  
equi l ib r ium values  were  observed af te r  the system had 
been  at  a given t empe ra tu r e  for ~11/2 hr.  When  one 
considers that  the  emf and the t empe ra tu r e  response 
character is t ics  of the Li-A1/NijS2 couple are  the same 
in the  different  e lec t ro ly te  systems invest igated,  i t  is 
not  surpr is ing  tha t  the x - r a y  diffraction an,alyses of 
the  posi t ive  electrodes of the  respect ive  cells show 
only  one nickel  sulfide phase,  NisS2. I t  should also 
be noted that  a thermochemica l  analysis  of the cell 
react ion which  assumes Ni~S2 to be the  act ive n ickel  
sulfide phase is in excel lent  ag reemen t  wi th  the  ob-  
served cell emf. 
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Synergism in Hydrogen Evolution at Metal Sulfide/Tungsten Trioxide 
(W03) in Neutral Solution 

A. I. Onuchukwu* 
Department of Chemistry, Bayero University, Kano, Nigeria 

ABSTRACT 

Tungsten trioxide (WO3) is a poor electrocatalyst for hydrogen evolution, but its use as a support for iron sulfide has been 
found to enhance the activity of the latter for hydrogen evolution in neutral solution. This synergism, i.e., the reaction 
between the hydrogen atoms and tungsten trioxide giving rise to conducting hydrogen tungsten bronze, H~WO3 (0 < x < i), 
has been observed to decrease due to shedding of the catalyst/tungsten trioxide at high sulfide loading and at increased 
temperature of the electrolytic system. 

A support ,  as a d ispers ion med ium for catalyst ,  can 
act  e i ther  as a d i luent  or  conjo in t ly  wi th  the  ca ta lys t  
for  improved  performance.  Enhancement  of ca ta ly t ic  
ac t iv i ty  of a mater ia l ,  b y  inclusion of an active 
substrate ,  is a phenomenon that  has been under  ex ten-  
sive s tudy  recen t ly  (1-3).  Previous  s tudies  based on 
polar iza t ion  curves of electrodes fabr ica ted  f rom var i -  
ous p la t in ized  subst ra tes  indicated a synergis t ic  mecha-  
nism on tungsten t r iox ide  (3, 4). In an ear l ie r  work,  
Tseung and Hobbs (5) have  shown tha t  the  anodic 
oxidat ion  of hydrogen  at  p la t in ized WO3 electrodes oc- 
cur red  b y  a synergis t ic  mechan i sm involv ing  p red i s -  
sociation of molecu la r  hydrogen  on the p la t inum,  fol-  
lowed by  migra t ion  of  H a toms into the WOs la t t ice  
to form h y d r o g e n  tungsten bronzes (H.~WQ). A 
mechanism was proposed to e lucidate  the par t ic ipa t ion  
of these bronzes in the anodic  oxidat ion  of hydrogen,  
t he reby  enhancing  the output  of the  e lectrodes using 
Pt /WO3 cata lys ts  (6, 7). 

Thus, for  hydrogen  oxidat ion  two routes  were  postu-  
l a ted  b y  Tseung et al. (8) and Hibber t s  et ak (9) : 

a no rma l  route  

H2 + 2Pt-> 2Pt - -  H'  [1] 

P t - - H - - > P t + H  + + e  [2] 

and a bronze route  

x P t  --  H + WO3--> P t  + HxWO~ [3] 

HxWO3-> x H  + + xe + WO~ [4] 

The ra te  of reaction,  compared  to tha t  on pure  p la t inum 
is, thus, enhanced  if synerg ism (Eq. [3]) and  the sub-  
sequent  reac t ion  of tungs ten  bronze are  fast. 

* Electrochemical Society Active Member. 
Key words: catalysis,  gas, electrode. 

This p a p e r  contains a r epor t  of the resul ts  of exper i -  
ments  which show synerg ism for hydrogen  evolut ion 
in 3.5% sodium chlor ide  solution, seawater  NaC1 con- 
tent  (10), on ear l ie r  repor ted  (11) iron sulfide hydro -  
gen cathode wi th  WO3 act ive suppor t  and comment  on 
the  possible mechanism of this "spi l lover"  effect. 

Experimental 
Catalyst preparation.--The prepa ra t ion  and charac-  

te r iza t ion  of the hydrogen  cathode, FeSy (0 < x < 1) 
have been descr ibed  in deta i l  e lsewhere  (11). Tungsten 
t r iox ide  (WO3) was p repa red  by  the act ion of d i lu te  
hydrochlor ic  acid on a weak  solut ion of Ana la r  sodium 
tungstate;  the  pa le  ye l low prec ip i ta te  obta ined was 
washed severa l  t imes with  dis t i l led wa te r  unt i l  the 
res idue was sodium chlor ide-f ree .  In  order  to produce 
a un i form dispers ion of  the FeSy on the tungsten t r i -  
oxide, impregna t ion  was carr ied  ou t  by  vary ing  loading 
sulfide weight  (i.e., 5-60 mg/80 mg of oxide)  in an 
agate  mor tar ,  and the mix  was kep t  in a sample  bot t le  
mechanica l ly  agi ta ted  for 24 hr. This mixed powder  was 
pressed  into tab le t  form at 100 k g / c m  2 in a Metaserv  
mount ing  Press  Model  Minor  Type  C 190, then s in tered  
at  200~ for  3 hr. The tab le t  was ground into fine pow-  
der  in the  mor tar .  The x - r a y  d-spacings  and re la t ive  in-  
tensi t ies  of reflection on F e S J W O ~  powder  a f t e r  the 
impregna t ion  were compared  wi th  those given for  the 
same ma te r i a l  in the  ASTM powder  reference.  The 
ma jo r  phases present  were,  therefore,  de termined.  A l -  
though the p reponde ran t  amount  of WO3 in each sam-  
p le  pa r t i a l l y  eclipsed t h e  sulfide coconsti tuent,  the  
d -p l ane  spacings for the var ious  sulfides were  fa i r ly  
dis t inguishable .  Thus, D e b y e - S c h e r r e r  powder  diffrac- 
t ion photographs  showed the presence of the  t roi l i te  
(FeSI -~ )  and  the  pyr rho l i t e  ( F e l - ~ S )  as welI  as the  
FeS2. These were  the m a j o r  const i tuents  of FeSy, as r e -  
por ted  ear l ie r  (11). This confirms no apprec iable  loss of 
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sulfide constituent during the impregnation process. 
This procedure was adequate as the freeze drying tech- 
nique proved difficult due to loss of sulfur during the 
vacuum drying stage of the process. 

Electrode preparation.~Electrodes of the polytetra-  
fluorethylene (PTFE) bonded type, having very similar 
physical structure but significantly different sulfide 
loading, were prepared according to an optimized pro- 
cedure described by Tseung et al. (8, 12): weighed 
quantities of impregnated WOJFeSy powder were 
slurried with aqueous PTFE dispersion and pasted onto 
100 mesh nickel screen. The electrodes were dried at 
100~ for 1 hr, followed by final curing in an oven at 
300~ for 1 hr. These electrodes were 1.0 cm2/geometric 
area in all cases, and 0.1 cm thick nickel wire was spot 
welded onto each to facilitate current collection. 

It must be mentioned that a complete transfer of the 
mix to the screen was impossible, and the FeSy loadings 
were, therefore, estimated from the screen weight 
changes before and after fabrication, assuming that the 
component of the catalyst /PTFE paste was transferred 
in the same ratio as the original pot mix. 

Sulfide loadings were kept low to avoid masking any 
substrate activity by the intrinsic FeSy activity. An 
oxide loading of about 80 mg/geometric cm2of screen 
was used, with FeSy contents ranging between 5-60 
mg/cm2 electrode. 

Electrode testing.--Electrochemical measurements 
were made using a three compartment electrolyte cell, 
described in detail in the previous work (11). A graphite 
rod was the counterelectrode. A cyclic voltammogram 
on the sulfide/tungsten tr ioxide-PTFE bonded electrode 
showed that H2-evolution commenced at  --750 mV vs. 
SCE in 3.5% sodium chloride solution at 50 rev/min 
scan rate a t  30~ Steady-state polarization measure- 
ments were made from the high applied overvoltage, 
and the cell current density (A/cm2), corresponding to 
each value of applied overvoltage, was monitored 
through an externally connected digital multimeter. 
The electrode had init ially been cathodized at --300 
mV, H2 overvoltage with continuous nitrogen gas 
purging for 5 hr. At the end of 5 hr H2 charging, a fresh 
deaerated solution (3-5% NaCI) was introduced. Fur-  
ther, H2 was charged for 10 min prior to the electro- 
chemical measurement. The potentiostatic polarization 
measuremen,t was accomplished within 300 sec for each 
electrode sample. The temperature of t he  electrolyte 
was varied between 30~176 by part ia l  submersion of 
the electrolytic cell into a water  bath. A SycopeI Scien- 
tific Model 703C-3A potentiostat was employed for this 
study. 

The IR (arising possibly from catalyst loading, elec- 
trolyte, gas evolution within the microporesl and lo- 
cation of the Luggin capillary, etc.) was observed to be 
pronounced at high H2 overvoltage. An interruptor cir-  
cuit arrangement was used to correct for IR drop. The 
limits of experimental error  were determined from the 
maximum :spread of measurements obtained from sev- 
eral samples made from each batch of catalyst loading. 

Results 
The extent of support participation in the electrode 

reaction can be determined in the presence of these 
complicating structural effects by examining the rela-  
tionship between electrode .activity and sulfide loading, 
the support loading being held constant. Thus, assum- 
ing all the electrode current at a given overvoltage 
originates from the FeSy, the specific activity of an 
electrode (J) can be defined as the current density at a 
given overvoltage divided by the FeS,  loading, ex-  
pressed in mil l iampere per  square centimeter per mill i-  
gram of FeSy as postulated for Pt/WO3 electrode by 
Tseung et al. (8) 

~(~) 
J = ,  [5] 

w~ 

where i(~) is the electrode current density at a fixed 
overvoltage(n),  in mAcm -2 and Ws is the sulfide load- 
ing (mg). 

Therefore, for a system in which the support �9 (WO3) 
plays no part, J (mAcm-2  mg -1) is constant with sul- 
fide loading as defined by Eq. [5]. If, however, the sup- 
port also contributes to the electrode current, J will 
apparently increase as the sulfide loading decreases. 
Figure 1 shows the comparative steady-state hydrogen 
polarization curves, and the contributive effect of the 
WO~ support over pure FeSy performance under the 
same experimental  conditions. Figure 2 shows a series 
of curves of (J) against sulfide loading for electrodes 
at different overvoltages. Identical results were ob- 
tained for several electrodes, the reproducibili ty being 
12.5% between different electrodes. The electrode pre- 
pared from pure WO3 gave negligible current at the 
overvoltage investigated, but the characteristic blue 
color of hydrogen tungsten bronze (13) was conspicu- 
ous on all electrodes. 

The temperature dependence of the current at ~l ---- 
--20 mV for an electrode of sulfide loading of 0.4 
weight percent (w/o) is shown in Fig. 3. The p e r f o r m -  
ance was observed to decrease at above 50~ As there 
is no appreciable pH change at the cathode compart-  
ment, this could not be responsible for the decrease in 
FeSJWO3 electrode performance. This decrease was 
at tr ibuted to loss of FeS~ and WO~ support to the base 
of the electrolytic cell due to shedding which was also 
evident at high overvoltage. 

Discussion 
The enhanced performance of the FeSJWOa elec- 

trode over the performance of pure FeSy hydrogen 
cathode in the steady-state polarization curves, Fig. 1, 
suggests a spillover effect. Similarly, the existence of a 
maximum in the profile of (J) against sulfide loading 
at 0.4 w/o FeS~ also indicates a synergistic effect. The 
fall in activity at low sulfide loading may be correlated 
with the number of particles of FeSy and WOz. At 0.1- 
0.3 w/o FeS~, a simple estimate shows that the number 
of FeSy particles just equals the number of tungsten 
trioxide particles. Therefore, below this loading, Vr 
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Fig. |. I-V polorizotlon performances for (i) (~)--(~) pure tung- 
sten trioxide, (ii) A - - A  pure iron sulfide (Fe$~), and (iii) 
A - - A  iron sulfide/tungsten trioxide electrodes at 50 mg Iood- 
ing each. In 3.5% NaCl solution, at 30~ IR corrected A ~ Q ,  
and IR not corrected [ ]  I;1. 
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Fig. 2. Variation of specific activity (]) of iron sulfide/tungsten 
trioxide electrode with iron sulfide loading at variable overvolt- 
age. IR corrected. 

particles exist which .are not in contact with FeSy, and 
may not contribute to the activity if the migration of 
hydrogen atoms between tungsten trioxide particles 
is slow. 

The simple scheme to elucidate synergism (spiU- 
over) in this system may be postulated in which ad- 
sorbed H atoms on iron sulfide (FeS~ = MS) may react 
immediately to give hydrogen (Eq. [7]) or migrate 
onto tungsten ~ trioxide to give a tungsten-bronze (Eq. 
[8]) 

MS + H + + e---> MS - -  H [6]  

2MS - -  H-> 2MS +t-I2 [7] 

o r  

MS -- H +  WO:3 "-> MS + HxWO3 [8] 

H=WO3 --> x/2He + WO3 [9] 

Thus, it is possible the tungsten bronze (Eq. [9] ) may 
decompose or act as an H2 evolution catalyst per se. The 
inactivity o f  pure tungsten trioxide at low overvoltage, 
even though the blue color of the hydrogen bronze was 
observed, suggests the  latter step does not contribute 
greatly. Bockris et al. have shown that the rate-deter- 
mining step of H2 evolution reaction on Platinum is hy- 
drogen recombination (14). Use has been made of this 
mechanism in the previous work (11). Therefore, a 
fractional coverage of H-atoms on FeSy electrode sur- 
face would ultimately allow spillover to occur easily 
and. thus., facilitates synergism. 

The initial increase in activity (Fig. 3) suggests an 
endothermic decomposition of the hydrogen bronze in 
which the determination of the energy of activation 
could be of interest. 

Conclus ion  
Hydrogen bronze (H~WO3), formed in FeSJWO3 

hydrogen electrodes, contributes to the net cathode 
current density, being formed chemically by H-atom 
migration from the FeSv to the WO3 and recombined 
chemically. Thus, the reaction site is extended onto the 

2.2 -- 

1,8 

o4 

i E 
o 

-- 1.4 

1.0 

' ~ ~o J 
20 80 

V~ 

Fig. 3. Variation in current density from FeSy/tungsten trioxide 
electrode (FeS V loading 0.4 w/o) with increasing temperature. ~1 = 
- -20  mV in 3.5% NaCI solution. IR corrected. 

support, and the overall electrode activity is increased. 
Therefore, the commercialization of this principle could 
be optimized to an advantage for cheaper H2 evolution, 
provided a less cumbersome impregnation technique of 
the sulfide/tungsten trioxide is introduced. 
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Electrochromic Polymers Covalently Anchored to Electrode Surfaces. 
Optical and Electrochemical Properties of a Viologen-Based Polymer 
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ABSTRACT 

Smooth Pt  and optically t ransparent  SnO2 electrodes can be functionalized with r edoxac t ive  polymeric material  de- 
rived from the hydrolytical ly unstable  {N,N'-bis[-3-(trimethoxysilyl)propyl]-4,4'-bipyridinium}dibromide, I. The redox 
polymer on the surface [(pQz+),,]~f is reversibly reducible  to [(PQ+),]surf. in either CH3CN/or H20/electrolyte solutions, and in 
CH3CN the reduction of [(PQ+)~]~f to [(PQ~ is reversible. The E~ = -0.55 • 0.05V vs. SCE, and -0.45 • 0.05V 
Vs, SCE in H20'and CH3CN, respectively. The E~176 = -0.85 • 0.05V vs. SCE in CH3CN. The optical propert ies of 
[(PQ~+),J~u~f (colorless), [(PQ+),]~rf. (purple, ;~m~ ~ 545 rim, e545 ,m ~- 107 cm~mol-~), and [(PQ~ (yellow, ~ ~ 375 rim, e~T~ ~ 

4 • 107 cm~mol -~) depend somewhat  on solvent/electrolyte. The optical spectral features associated with the three 
redox states of the surface polymer  are easily dis t inguishable with the naked eye for coverages corresponding to >10 -8 
mol/crn 2 of redox active centers. Electrodes bearing [(PQ2+~+),,]~rf are very rugged and do not deteriorate upon repeated cy- 
cling between [(PQ~+),]~u~f and [(PQ+),,]~f. Potential  s tep/chronoamperometry exper iments  establish that the current for 
oxidation/reduction of the polymer  is nearly proport ional  to t - '2, indicating that the rate of oxidation or reduction is 
controlled by a diffusion process with a diffusion constant, D, of 10 -9 to 10 -~~ cm2/sec depending on electrolyte and its 
concentration. In practical terms a potential  step from 0.0 to -0.80V vs. SCE results in ~50% reduction of [(PQ~+),,]~f to 
[(PQ+),,]~f in a t ime as short as 5 • 10 -~ sec at a coverage of 1 • 10 -s mol/cm 2. 

The e lec t rode  surface  der ivat iz ing reagent  ! (1-6) is 
re la ted  to N ,N ' -d i a lky l -4 ,4 ' -b ipy r id in ium reagents  tha t  
are  known to become in tense ly  

SdC h2) 3 - - - + I ~ ~ N  +~ (C H2)sSt (OMe),x] Br 2 

I 

colored upon one-e lec t ron  reduct ion (7). E lec t ro-  
chromic d i sp lay  systems based on the  revers ib le  reduc-  
t ion of N ,N ' -d ia lky l -4 ,4 ' -b ipyr id in ium reagents  have 
been  proposed  (8-10). Typica l ly  the  chemis t ry  can be 
represen ted  by  Eq. [1] 

n o -  

n HHV2+ (~o~)< ~(I'IV+ ),~pp~ [1] 
colorless - - h e -  purp le  

where  I'iV2+(soln) represents  solut ion N , N ' - d i - n - h e p -  
ty l -4 ,4 ' -b ipy r id in ium (hepty lv io logen)  that  can be re -  
duced to HV + tha t  aggregates  and precip i ta tes  onto the 
cathode to fo rm purp le  (HV + )n(ppt) f rom the colorless 
s ta r t ing  mater ia l .  We repor t  here in  the  resul ts  of a 
s tudy  of the  e lec t rochromic  behavior  of e lectrodes de-  
r iva t ized wi th  reagent  I. While  the opt ical  and cer ta in  
e lec t rochemical  proper t ies  should be s imi lar  to those 
for  o ther  N ,N ' -d ia lky l -4 ,4 ' -b ipyr id in ium systems, the  
e lect rochromic mate r i a l  f rom I is confined to the sur -  
face. Represent ing  the  surface redox po lymer  f rom I by  
[(PQ2+)n]surf., the reduct ion  of [(PQ2+)~]surf. to 
[(PQ+)n]surf.  depends on ions moving in or  out  of the 
po lymer  to ba lance  charge in the polymer .  

A grea t  dea l  of work  has now been publ i shed  on sur -  
face-confined,  redox active po lymers  (11-25), some 
of which  undergo large  opt ical  spec t ra l  changes upon 
oxida t ion  or reduct ion,  including systems (12-15) 
closely re la ted  to [(PQ2+)n]surf.. Our work  and the 
collective work  of others  suggest  that  e lec t rochromic  
d i sp lay  systems based on surface ,conf ined redox act ive 
species could prove to be pract ical .  Speed, durabi l i ty ,  
color, po ten t ia l  required,  and  colorat ion pe r  uni t  of 
charge are  a l l  impor t an t  factors tha t  a re  considered 
here.  

Experimental 
General procedures .mCycl ic  vo l t ammet ry  and poten-  

t ia l  s t e p / c h r o n o a m p e r o m e t r y  da ta  were  ob ta ined  using 

* E l e c t r o c h e m i c a l  ,Society Ac t ive  Member .  
Key words: electrochromism, modified electrodes, redox poly- 

m e r s ,  surface-confined polymers, 

a PAR Model  173 poten t ios ta t  equipped  wi th  a Model 
179 Digi ta l  Coulometer  and a Model  175 Voltage P ro -  
grammer .  Fo r  cyclic vo l t ammet ry ,  the da ta  were  re-  
corded on a Houston Ins t ruments  X-Y recorder .  
Chronoamperomet r ic  da ta  were  recorded by  a Tek-  
t ronix  Model 564B s torage oscilloscope and a Biomation 
Model  2805 Waveform Digitizer.  Exper iments  were  
pe r fo rmed  in a s ingle compar tmen t  P y r e x  cell  wi th  a 
sa tu ra ted  calomel  reference e lec t rode  (SCE),  P t  gauze 
countere lec t rode  (area  ~30 cm2), and the appropr ia te  
work ing  electrode. Spect ra l  measurements ,  using an 
e lec t rochemical  cell  f i t ted wi th  quar tz  windows,  were  
pe r fo rmed  on a Cary  I7 u .v . -v i s -n i r  spec t rophotometer .  
Reflection da ta  were  obta ined  using a ~ 6  mW Aero -  
tech Model  LS5P He-Ne  laser  detected b y  a Xenon 
Corpora t ion  Model  F-107 photomul t ip l ie r  tube -based  
detector .  Light  in tens i ty  s t r ik ing  the pho tomul t ip l i e r  
was a t t enua ted  by  passing the beam of the laser  
th rough  neu t r a l  dens i ty  filters. Solut ions were  made 
using doubly  dist i l led deionized H20. Elect rolytes  used 
were ana ly t ica l  grade.  A l l  exper iments  were  carr ied 
out in deoxygena ted  solut ions and kep t  under  At .  

Elec trodes .~Sn02,  Sb-degene ra t e ly  doped, coated 
glass (,~3500A thick film, res is t iv i ty  of 21-24 ~ - c m )  
was generous ly  donated  by  Corning Glass Works.  Elec-  
t rodes were  made  by  cut t ing the glass into 7 • 15 m m  
pieces. Ohmic contact  was achieved by  rubbing  Ga- In  
eutect ic  on the surface  of the  SnO2. A copper  wire  was 
a t tached using conduct ing Ag  epoxy. The copper  wire  
lead  was th readed  through  5 m m  d iam tubing,  then 
the assembly  was insula ted  with  o rd ina ry  epoxy  leav-  
ing only  the SnO2 exposed. P t  e lectrodes were  made 
f rom smooth foil  (0.004 in. thick)  cut into smal l  sheets 
(,~5 • 6 ram) .  

Synthes is  of I . - -Syn thes i s  and charac ter iza t ion  of I is 
as fol lows:  Dry  4 ,4 ' -b ipyr id ine  (1.0g, 0.67 mmol)  (Al-  
dr ich)  in d r y  CH3CN (600 ml)  was added  to 1-bromo-  
3 - t r imethoxys i ly lp ropane ,  II ,  (12.5g, 0.05 tool) [pre-  
pa red  by  react ing 4 equivalents  of HC (OMe)3 wi th  1- 
b romo-3- t r i ch lo ros i ly lp ropane  (Pe t rach  Company)  
then f rac t iona l ly  dis t i l l ing H (bp 85~ m m  H g ) ] .  
The  mix tu r e  was ref luxed for  14 days,  cooled to 298 K 
and fi l tered to collect I. The p roduc t  ! was then  re -  
crys ta l l ized  twice from CH~CN/Et20 and isolated as 
a solid pale  ye l low bromide  salt ,  y ie ld  g0%. Compound 
I r ead i ly  dissolves in D20 (accompanied by  hydro lys i s )  
to give the fol lowing 1H NMR: (8, D~O, 90 MHz) : 0.84 
(4H, m) ,  2.24 (4H, m) ,  3.37 (18i.i, s) ,  4.78 (4H, t, J - -  7 
Hz) ,8 .61  (4H, D , J  = 7 H z ) , 9 . 1 7  (4H, d , J  --- 7 Hz) .  

1080 



Vol. 130, No. 5 

Prominent infrared absorptions for I in a KBr pellet are 
at 1637 (m), 1385 (vs); 1196 (m), and 1080 (s) cm -l .  
The electronic absorption spectrum of I shows a strong 
band at 262 nm (~ ~ 30,000 Imol -a cm -a) in CH3CN. 
Elemental analysis (Schwartzkopf): [calc. (found)I:  
C~ 41.14 (40.63); H, 5.96 (5.81), N, 4.36 (4.23); Si, 8.74 
(8.76); Br, 24.87 (24.68). 

Surlace attachment of I . - -  Surface pretreatment of 
Pt for chemical modification with I is as previously 
outlined (26). Pretreatment of SnO~ consisted of im- 
mersing the electrode in 10M NaOH for 10 min followed 
by rinsing with distilled H20 and air drying. After the 
appropriate pretreatment, functionalization with I is 
accomplished by either (i) potentiostating the elec- 
trode at "0.74V vs. SCE in aqueous 0.20M KC1/0.10M 
KeHPO4 (pH : 8.9), containing ~3 mM I or (ii) lin- 
early cycling the electrode potential in the above solu- 
tion between 0.0 and --0.78V vs. SCE. The solutions 
are kept under Ar and not stirred. Both of these meth- 
ods work on the principle of surface adsorption fol- 
lowed by covalent attachment discussed in the text. 
Derivatization to the desired coverage of the polymer, 
[(PQ~+)n]surf., from I, is accomplished in less than 2 
hr. The electrodes are removed from the derivatizing 
solution with the polymer in the oxidized, 
[(PQ2+)n]surf. form, rinsed with distilled H20 and 
allowed to air dry. The surface coverage for the poly- 
mer, [ (pQ2+),]surf., from I, is determined by integra- 
tion of cyclic voltammetric waves for reduction of 
[(PQ'Z+)n]surr to [(PQ+)n]surf. or for the reverse oxi- 
dation process. The scan rate, typically 50 or 100 mV/ 
sec, was sufficiently low that all electroactive material 
was detected. This has been established by measuring 

-0.8 -0.4 0 -0.8 -0.4 0 
Potential, V vs. SCE 

Fig. i. (a) Cyclic voltammetry, 100 mV/sec, as a function of time 
illustrat!ng the attachment of redox active material from I to a pre- 
treated Pt surface. During the time t = 0 to t = 27 min, the po- 
tential is being swept between 0.00 and --0.75V vs. SCE. Most of 
the scans are omitted for clarity. The wave present at t = 0 at 

- -0.7V vs. SCE is associated with ~ 3  mM ] and at increasing 
times a feature grows at --0.55 attributable to attached materia! 
[(PQ2+)n]surt... (b) Cyclic voltammetry, 100 mV/sec of electrode 
in (a) after t = 27 rain in a solution containing no electroactive 
material. After removing from the derivatizing solution at 0.00V 
vs. 5CE the electrode was rinsed with H20 and dried in air. 
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charge passed as a function of scan rate from 5-100 
mV/sec. Generally, in this range the charge passed is 
independent of scan rate. 

Polymer thickness measurements were obtained 
using a Sloan Dektak 9000 Surface Profile Measuring 
System. Films of [(pQ2+ "2C1-),~]surf. prepared on 
SnOz electrodes and the polymer step are formed by 
either a simple masking of the electrode with tape or 
by mechanical removal of the film with a razor blade. 
All thickness measurements were made for dry films of 
[(pQ2+ . 2C1-),]surr 

Results and  Discussion 
Electrode derivatization with L--Surface pretreat- 

ment of SnO2 and Pt presumably yields surface-O- 
or surface-OH functionality that can lead to the co- 
valent attachment of reagents bearing reactive 
--Si(OR)3 groups (11), (Eq. [2]). Forming surface- 
confined polymers from reagents hav ing - -S i (OR)3  
groups 

surface--OH -b R'Si (OR)3 

surface---O--Si (OR)2 -b ROH [2] 
1 

R' 

depends on the hydrolysis to  form silanols that lead. to 
\ / 

the formation of - -S i - -O- -S i - -  linkages, Eq. [3] and 
/ \ 

[4]. Another, perhaps more likely 

R 
O 
I 

surface--O--Si (OR) 2 -b HzO-* surface--O---Si (OH) 
I I 

R' It' 
[3] 

R 
O 
I 

surface--O--Si(OH) + R'Si(OR)s 
I 

R' 
R 

O 
/ 

-~ surface--O--Si--O--Si(OR)~ [4] 
/ / 

R' R" 

\ / 
route to the - -S i - -O- -S i - -  linkages is the prior partial 

/ \ 
hydrolysis of R'Si(OR)3, Eq. [5], followed by reaction 
of two silanols, Eq. [6] 

R'Si(OR)8 + H20 -~ R'Si(OR)~(OH) [5] 

R 
O 

/ 
surface--O--Si (OH) + R'Si (OR)~ (OH) 

/ 
R' 

R 
O" 

/ 
surface--O--Si--O--Si  (OR) 2 [6] 

/ / 
R' R' 

Whatever the mechanism for the formation of the 
Si--O--Si links it is plausible that a high concentration 
of the Si-containing molecules can speed the rate of 
polymerization. With this in mind, coupled with the 
knowledge that N,N'-dialkyl-4,4'-bipyridinium can ag- 
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gregate onto a cathode upon reduction, we have em- 
ployed the technique of electroadsorption to promote 
the formation of covalently attached redox active poly- 
mer from I. Deposition o f a  redox active polymer onto 
electrode surfaces has been previously described (16), 
but our procedure involves adsorbing the monomer to 
concentrate it in order to accelerate polymerization 
and covalent attachment. 

As described in the Experimental,  potentiostating an 
electrode at --0.74V vs. SCE in aqueous ,~3 mM I leads 
to the persistent attachment of redox active material, 
[ (PQ2+),,]surf.. Alternatively, l inearly cycling the elec- 
trode potential between 0.00 and --0.74V vs. SCE effects 
derivatization in a similar fashion, and at the same 
time buildup of covalently anchored material  can be 
monitored, Fig. 1. That production of the reduced ma- 
terial  is important in bringing about covalent at tach- 
ment, is established by the fact that immersing 
pretreated, but unpotentiostated electrodes in aqueous 
,-~3 mM I does not lead to any electrode functionaliza- 
tion on the  same time scale. Promotion of the attach- 
ment and polymerization by the reduction may be at-  
tr ibutable to faster hydrolysis rates for the reduced 
form of I. Despite a role for adsorption in der iv :  
atizing electrodes, the cyclic vol tammetry o f  I does 
not reveal significant wave distortion. In any event, 
as Fig. lb  shows, persistently attached, electroac- 
t i re  material  is present on the Pt electrode surface 
after the cycling of the electrode ,for 27 min in ~3  mM 
I. Stirr ing the electrolyte solution does not affect the 
cyclic voltammetry shown in Fig. lb, consistent with 
the presence of a surface-confined, electroactive poly- 
mer. To the naked eye the coverage of material  is quite 
uniform with an obvious purple coloration occurring 
when cycling from 0.00 to --0.74V vs. SCE. The same 
procedures have been employed to uniformly coat 
ei ther Pt  or SnO~ electrodes from ,~0.1 to ,~30 cm 2 in 
exposed area. 

Cyclic vol tammetry,  durability, and redox potentials 
for [(PQZ+/+)n]surf" and [ (PQ+/9)a]surf..--Taking 
E~ and E~176 to be given 
by the average positions of the appropriate anodic and 
cathodic peaks in a cyclic voltammogram, we have de- 
termined tl~at in H20/electrolyte the E ~ [(pQ2 + / +)n] surf 
---- :-0.55 • 0.05V vs. SCE and is independent Of pH: 
Generally, the reduction of [(PQ+)n]surr. to [(PQ~ 
is not reversible in H20 electrolyte; potential excur,  
sions out to --1.0V vs. SCE in 1.0M KC1 always show a 
cathodic peak at ,-, --0.9V vs. SCE, but this reduction 
to presumably form [(PQ~ is only sometimes 
reversible. Large coverages and neutral, unbuffered 
aqueous media tend to give a reversible [ (PQ+/~ n]surf. 
redox system, but such durabil i ty is not always en- 
countered. In CI%CN solvent both [(PQ2+/+)n]surt. 
and [(PQ+/~ are reversible. F igu re  2 shows 
representative cyclic voltammetry in H20 and CHaCN 
solvent. The E~ __-- --0.45V vs. SCE 
and E~176 = -0.85V vs. SCE in CHsCN/ 
0.1M [n-Bu4N]C104. Table I summarizes the E~ for 

Table I. Formal potentials for [(pQ2+/+).]surf. 
and relevant solution species a 

S y s t e m  S o l v e n t  E ~ V v s .  S C E  

[ (PQ~+/+),~],urt. H ~ O / p H  = 1-8.6 - 0 . 5 5  + 0.05 
[ ( PQ'~+/§ ) ,~] �9 ~r t CH3CN -- 0.45 ----- 0.05 
[ ( pQ+/O ) ~] ~ r  t. C H s C N  - 0.85 • 0.05 
I ,o1, ,  (2 + / + ) H~O - 0 . 6 8  --  0.03 
Isoln. (2 + / + ) CHaCN - 0 . 4 5  • 0.03 
I~oln. ( + / O )  CH3CN - 0 . 8 5  • 0.03 
M V  -~ H ~ O / p H  = 1-8.6 - 0 . 6 9  • 0.03 
MV ~~ CHaCN - 0 . 4 5  ----- 0.03 
MV+/~ CHaCN - 0 . 8 5  ----- 0.03 

�9 A l l  d a t a  a r e  f r o m  25~ s o l v e n t / e l e c t r o l y t e .  E ~  are the  a v e r -  
a g e  posi t ions  of  the  oxidat ion a n d  r e d u c t i o n  p e a k s  in  cyc l i c  vo l .  
t a m m o g r a m s  a t  60 m V / s e c .  D a t a  a p p l y  to  a v a r i e t y  o f  e l e c t r o l y t e s .  
E ~  a r e  e s s e n t i a l l y  i n d e p e n d e n t  o f  e l e c t r o l y t e .  T h e  s o l u t i o n  spe-  
c i e s  MV ~+ a n d  I w e r e  m e a s u r e d  a t  ~ 1  m M  concentrat ion ,  

i I ' I ~ 12, I b J  ' i , i , I 
Pt derivatized with I (PQ2§ n a) Pt derivotized with (PQ)n~- 

in H20/I.O~M KC~. | in CH3CN/,O, IO M [n-Bu4N] C ~ 0 4 -  

r f - 
I I I I I | 1  I I I I i I I, 

-0.8 -0.4 0 1.2 0.8 0.4 0 

Potential, V vs. SCE 

Fig. 2. (a) Cyclic voltammetry in aqueous electrolyte at different 
scan rates (least current 20 mV/sec), 20, 50, 100, and 200 mV/sec, 
for a Pt electrode bearing 9 • 10 -s  mol/cm 2 of electreactive 
centers. (b) As in (a) except CHaCN electrolyte and coverage is 
5 X 10 - 9  mol/cm 2. 

relevant solution and surface-bound bipyridinium re- 
agents. 

As can be seen in Fig. 1 and 2, the cyclic voltamme- 
try for [ (pQ2+),]surf. reveals symmetrical  waves hav- 
ing a generally s m a l l  potential separation between 
the anodic and cathodic peaks. The charge passed asso- 
ciated with the anodic wave is the same as that for the 
cathodic wave and remains roughly constant for scan 
rates below 200 mV/sec. Also, the peak- to-peak separa-  
tion is unaffected by scan rate for scan rates less  than 
200 mV/sec. At scan rates faster than 200 mV/sec the 
cyclic voltammetry begins to reveal departure from 
the ideal behavior expected from a surface-confined, 
fast, one-electron redox reagent ( l l a ) .  Such nonideal- 
i ty is common for surface-confined redox polymers and 
reflects slow ion movement and/or  slow self-exchange 
among the redox units of the polymer (11-25). The 
rate of reduction of the [ (pQ2+),]surf. system has been 
examined by potential step chronoamperometry and is 
discussed below. 

One interesting fact concerning the E ~ of the 
[(PQ2+/+)n]surf. system is that it is ,~150-200 mV 
more positive than for the solution species I. This dis- 
crepancy is revealed in the comparison of the cyclic 
voltammetry of I and [ (pQs+)n]surf., Fig. la. The wave 
for the solution species is obviously more negative 
than for the surface-confined system. We attribute 
the difference in E~ to interactions between the PQ+ 
centers. For example, N,N'-dimethyl-4,4"-bipyridinium, 
MV 2+, is known to yield dimers, (MV+)2, upon re- 
duction, Eq. [7] (27). The magnitude of the equilibrium 
constant for the 

+ 2 e -  
2MV 2+ ~ 2MV + v2 (MV+)~ [7] 

- -2e -  

reversible dimerization of MV + is of the order ex- 
pected for a 150-200 mV positive shift in potential  for 
MV 2 + / + to MV 2 + / (MV + ) 2. Generally, however, cyclic 
vol tammetry is done for solution species at suffi- 
ciently low concentration t h a t  (MV+)2 is not impor- 
tant. When the redox center is confined to the elec- 
trode surface the effects of interactions would be ex- 
pected to be significant, owing to the high effective con- 
centration of redox centers. 

The [(pQ2+/+)a]sur~. system is durable under all con- 
ditions except that O.2 must be excluded (28). Figure 3 
shows a plot of coverage of electroactive [ (pQ2+)n]surf. 
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Fig. 3. Coverage of [(PQS+).]surt. as a function of the number 
of cycles of reduction and oxidation. The Pt electrode was scanned 
between 0.00 and -~0.70V vs. SCE at 100 mV/cm under Ar at 25~ 

on a Pt electrode as a function of the number of com- 
plete reduction/oxidation cycles [(PQ2+),]surC z=~ 
[(PQ+),]surc. The first few hundred cycles generally 
give a declining coverage, but the coverage is then 
observed to remain constant essentially indefinitely. 
Even holding the electrode at a potential where 
[(PQ+)n]surt. is present leads to no significant de- 
terioration, provided Os is excluded. Indeed, we have 
held the polymer in the one-electron reduced state for 
periods of the order of four weeks without deteriora- 
tion. 

Optical properties o] electrodes modified with L--As 
indicated above, the functionalization of Pt or SnOs 
electrodes obviously leads to electrochrornic material, 
since negative potential excursions from 0.0 to --0.74V 
vs. SCE produce a purple colored surface that is obvi- 
ous to the naked eye when the coverage of 
[(PQ~+),]surr. is sufficiently large. Figures 4 and 5 
show optical transmission spectra of SnO2 electrodes 
derivatized with I at electrode potentials where 
[(PQ2+),]surf., [(PQ+)n]sur~., or [(PQ~ is pres- 
ent. Comparing the spectrum of [ (PQ+),]surf. in HsO, 
Fig. 4, and in CI-~CN, Fig. 5, it is clear that there is a 

1.6 

1.4- 

1.2 

a~ 1,0 (9 

QB 
N 

Q6: 

. , I ' I i I i I , _ 

I I F-6.2 xlO- mo~/cm 2 

I o ~'0'8 J - f 
Viewing Angle Off 

I I perpendicular - -  
- I  I ~ (degrees) !," 
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h i / x""Nx.//PQ+" , j . 

400 " 500 600 
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\ 
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Fig. 4. Near u.v.-vis absorption spectrum of an optically trans- 
parent SnO2 electrode derivatized with I.  The smooth curve ( ) 
shows the absorption of the electrode held at 0.00V vs. SCE 
while immersed in aqueous 1.0M KCI under Ar corresponding to 
[(PQz+)n]surf., and the dashed curve ( . . . . .  ) is for the same 
system but at an electrode potential of --0,70V vs. SCE where 
[(PQ+)n]surr. is present. The inset at the upper right shows the 
difference in absorbance at 545 nm between the [(PQ~+),]surf. 
and [(PQ+)n]surf. as a function of the angle of the incident beam 
measured degrees off the perpendicular (90 ~ incidence). 
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Fig. 5. Comparison 

500 60o rbo 
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of the spectra of [(PQ2+.)~]~urf. , 
[(PQ+)n]s,lrf., [(PQ~ on a derivatized Sn02 electrode at 
0.00, --0.70, and --1,00V vs. SCE in CH~CN/electrolyte under At, 

large visible absorption in either solvent that maxi-  
mizes at ,-545 nm, accounting for the purple color of 
electrodes bearing [(PQ+)n]surc. The [(PQ+)n]surr. 
shows an even more intense absorption in the near 
u.v. at ~375 nm. The relative intensities of the 545 
and 375 nm features are somewhat different in H~O 
compared to CHaCN. Further,  close examination of the 
spectra in Fig. 4 and 5 shows that the ~'~ible absorp- 
tion centered at 545 nm ~ differs in CH3CN and H~O 
such that there is more low energy absorption in 
CH3CN than in H20. This difference in spectral prop- 
erties has the consequence of making the surface ap- 
pear  to be more of a blue-purple in CH~CN compared 
to purple in H20. 

The distribution of absorption at t r ibutable to the 
one-electron reduced form of the po lymer  is inde- 
pendent of the extent to which the polymer is reduced, 
within experimental  error. That is, except for the 
actual absorbance, the absorption spectrum associated 
with PQ+ centers is independent of the pQs+/+ ratio. 
This is an interesting finding inasmuch as the sort of 
interaction responsible for the difference in E~ of 
solution I and [(PQ2+/+)n]surf. could give large spec- 
tral changes. For example, dilute solutions of MV + 
are blue, kmax = 603 nm, whereas concentrated solu- 
tions of MV +, where dimer (MV+)~ is present, are 
purple, kmax = 550 rim. 

As shown in Fig. 6, the absorbance of [(PQ+)n]surr. 
is directly proportional to the measured electrochemi- 
cal coverage, Roughly, the optical density for optically 
transparent SnO2 electrodes depends on the angle of 
incidence of the beam in a manner consistent with 
longer path lengths when the beam is not 90 ~ to the 
plane of the electrode, as illustrated by the inset in 
Fig. 3. From 900 beam incidence measurements the 
absorptivity of [ (PQ+)n]s,rf. is determined to be ~ 107 
cm2/mol at 545 nm in H20. This value is in rough ac- 
cord with reported molar extinction coefficients for 
MV +. Table II summarizes the optical properties for 
appropriate solution and surface-bound reagents in- 
cluding the two-electron reduced species that are dur- 
able in nonaqueous media. 

As an additional part of the characterization of 
[(PQ2+),]surc we have measured the thickness of the 
polymer layer at known electrochemical coverages 



1084 J. Electrochem. Sac.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY May 1983 

1.0 

~ 
0.8 

o.61 
r -  

o.4 

< o. i 

I I I I I I } I I 
__ SnO z derivotized with ' ,~'__.J 

various coverages of (PQ2+) n / "  I 
in H20/KC~, 1.0 M, / - I  
electrode potenti~ ~ /  - -  

-0.75V vs. SCE / 

-- / 

2 

, I , I , I , I 
0 4 6 8 10 

[" in m o l / c m  2 x 10 8 

Fig. 6. Absorbance at $45 nm for [ (PQ+)n]surf ,  as a function at 
coverage on an optically transparent Sn02 electrode. 

using a Dektak surface profile measur ing system, Table 
III. An electrochemical coverage of 6.0 X 10 - s  mo l /  
cm 2 is found to yield a dry thickness of 2000A +_. 10%. 
This thickness was measured for SnOs coated electro- 
chemically; the surface system was the a i r -dr ied 
[ (pQ2+ . 2C1-),~]surr.. With the known  coverage 6.0 X 
10 - s  mol/cm~ having a thickness of 2000A we deter-  
mine  that there are 1.81 • 10 ~ pQ2+ centers per  cm ~ 
of polymer. Effectively the polymer  is thus 3.0M in 
PQS+ centers. Taking the molar  absorpt ivi ty  of PQ+ 
from solution measurements  to be 1.0 X 10 ~ lmo1-1 
cm-~, concentrat ion to be 3.0 real / l i ter  as determined 
above, and 1 to be 2 • !0 -~ cm for the film, we cal- 
culate an adsorbance of 0.60 for the film, that  is very 
close to the observed value for an electrode bear ing 
6.0 X 10 - s  mol /cm 2 of [(PQ2+)n]sur~., Fig. 6. The close 
agreement  between the measured absorbance and that  
calculated from the solution absorptivi ty and concen- 
t rat ion of pQ2+ centers in the polymer establishes con- 
sistency between all measurements ,  and fur ther  sub-  
stantiates the finding that  the PQZ+ centers in the 

Table II. Optical properties for [(PQ2§ 
[(PQ + )hi surf., and relevant solution species 

Band maxima 
Solvent/electrolyte, (absorptivity, 

Species conc. M cm~/mol) 

[ (PQe+)n]~u~:. I~O/1.0M KCI Tail absorption 
CHsCN/0.IM [n-Bu4N]CIO~ only for k >350 

nm 
[(PQ+)~dsur~. H~O/1.0M KCI 545 (1.O x 10~); 

CHaCN/0.1M [n-Bu4N]CIO~ 370 (2.5 x 107) 
550 (0.8 x 107); 

375 (2 x 107) 
[(pQo)n]aurf, CH~CN/0.1M [n-Bu4N]CIO4 375 (3 X 10 7) 
Loln. (2+) HsO/I.0M KCI 261 (3 • 10 ~) 

CHsCN/0.1M [n-Bu4N]C10~ 262 (3 X 107) 
IBoln. (%)a H20/1.0M KCI 540 (1.0 x 107); 

370 (2.5 x 107) 
CHaCN/0.1M [n-Bu4N]CIO~ 603 (1.2 x 107); 

398 (2 • 10 z) 
I~oln. (0) CHsCN/O.1M [n-Bu4N]CIO~ 384 (2.5 x 107) 
MVs* HsOII.OM KC1 258 (2.1 x 10 v) 

228 (3 • 107) 
CH2CN/0.1M [n-Bu4N]C10~ 248 (3 • 107) 

MV+~ HsOII.0M KCI 553 (9.4 X 10s); 
395 (2.4 x 10 ~) 

CHsCN/0.1M [n-Bu~N]C10~ 603 (1.2 x 10~); 
390 (2 • 10~) 

MV o CHsCN/0.1M [n-Bud~]ClO~ 380 (2.5 X 10 v) 

Table III. Molar concentration of [(pQ2+ . 2Cl-)n]surt .  
films on Sn02 as a function of coverage 

Film thick- 
I', mollcm ~, ness, cm b (PQ~+ �9 2CI-)cone., c M 

6.00 • 10 -s 2.0 • 10 -~ 3.0 
7.4 • i0 -s 2.5 x I0 -~ 3.0 
1.8 • I0-~ 6.0 x i0 -a 3.0 

All coverages of [(PQ~+),],ur~. on SnO2 were determined elec. 
trochemically by integration of cyclic voltammogram, 5 mV/sec, 
in 1.0M KCi for [(PQ~+),]our~. ~ [(PQ+),]~ur~.. 

b Fi lm thickness  taken using a bloan Dektak sUrface profile 
measuring system. All measurements • 

Concentration, real/liter, of (PQ'~+. 2C1-) reflex centers in a 
dry surface-bound film. 

polymer are not significantly perturbed by the attach- 
ment and polymerization on the surface. 

Rate  ol  [(PQ2+)~]surf. ~-- [(PQ+)n]s~r/ . . - -The da ta  
so far establish the [(PQS*/+)~]sarf. redox system to 
be electrochromic and sensibly durable  in  H20. The 
optical properties are quite similar  to those for solution 
viologen species, Table II, and hence the degree of 
coloration per uni t  of charge is about  the same as with 
solution viologen systems. Further ,  the redox potential  
associated with surface system is near ly  the same as 
that  for the solution system, Table I. We now consider 
the rate of the [(PQS+)n]sarf. ~--- [ (PQ+)n]saa.  in ter -  
conversion. We have examined this both by monitor ing 
the current  and the optical spectral changes associated 
with the redox process. The rate data have been col- 
lected for smooth, sh iny Pt  surfaces bearing 
[(PQ2+)n] immersed in an aqueous electrolyte. The 
optical properties were monitored in the a r rangement  
represented by Scheme I. In  such an a r rangement  the 
light beam reflected off the Pt  surface, passes through 
the polymer twice, giving at least twice the absorbance 
per uni t  of charge as for the optically t ransparent  
SnO2 electrodes characterized by data in Fig. 4-6 for 
a 90 ~ beam incidence angle. 

Figure 7 shows the cyclic vol tammogram and asso- 
ciated change in  632.8 n m  reflected l ight  intensi ty  for 
a shiny Pt electrode bear ing [ (pQ2+/+) n]surr.. As can 
be seen, the current  associated with the reduction 
results in the coloration expected. In the relat ively 
slow scan depicted by Fig. 7, the kinetics for the 
[ (pQ2 + / + ) n] surf. are sufficiently good that  the reduc- 
t ion/oxidat ion is only controlled by the imposed sweep 
rate. Potent ia l  step experiments,  described below, have 
been used to establish the ma x i mum rates of reduction 
and oxidation of [ (pQ2+)~]surf.. 

Following a potential step, the current, charge, and 
absorbance can be determined. Figure 8 shows some 
representative data following a potential step from 0.00 
to --0.80V vs. SCE for a shiny Pt electrode bearing 
[(PQ2+)n]surf.. As shown in the inset for the cur ren t  
vs. time, i vs. t data, the current  is near ly  proport ional  
to (time) -~/2. Thus, the cur ren t - t ime  profile reveals 
"Cottrell  behavior" where the diffusion constant, D, 
for the Cottrell equation, [7], is in the range of 0.4-3 • 
10 -10 cm2/sec, Table IV, for a 

EHS~:8Ne m ~nrSRy "I~ ) coun,e .......... 

Scheme I. Diagram of apparatus for monitoring electrochromic a Measured at 1.0 • 10-~M. Spectra are dependent on concentra- 
tion due to d imer formation,  see  text.  electrodes. 
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f 

_ o) ~Pt derivatized with (PQ' 2*-')n, H20/KC[~ ' t.O' 

(.) 

, i ~ , , , ~ ~, ~ - 
b) 652.8 nm light reflected off electrode in o 

- 

~c~80 ~ pQ2+ 

~ 60 

~ 4 0  - -  

~ 2 0 ~  �9 - -  
~dark  

0 . . . . .  -f-- 
I I , I  I I I I i 

- 0.8 -0 .6  - 0.4 - 0.2 0 

Potent ial ,  V vs. SCE 

Fig. 7. Cyclic voltommetry (a), 100 mV/sec, with an initial poten- 
tial of O.OOY vS, $CE and relative intensity of reflected 632.8 nm 
laser beam during the same scan (b) for a derivatized Pt electrode. 
The dashed line is the signal from the PMT detector (cf. Scheme 
I) when the laser beam is blocked; 100% is the intensity when the 
[(pQz + )hi surf. is present. 

nFAD'/*C 
~(t) = [7] 

~V=t Y= 

var i e ty  of e lec t ro ly tes  and  e lec t ro ly te  concentrat ions.  
For  a given e lec t rode  coverage,  the  va lue  of D should 
be r ega rded  as hav ing  an e r ro r  of •  These values  
of D are  ,~ two orders  of magni tude  h igher  than  for  a 
surface-conf ined po lybenzylv io logen  sys tem (12). In  
Eq. [7] n is the  n u m b e r  of e lect rons  involved  in the 
procass, F is the  F a r a d a y  constant ,  A is the  e lec t rode  
area, and i ( t )  is the observed cur ren t  a t  t ime = t (29). 
The concentrat ion,  C, is taken  to be the m o l a r i t y  of 

Table IV. Optical response time, T, for the [(pQ2+/+)n]surf 
sysl:em under yarious conditions in aqueous solutions 

I', m o l / c m  ~a Elec t ro ly te ,  Tre~, Tax, D, 10 ~o 
cone.~ M b ~seC r msec  c cm~/sec d 

1.0 • 10-~ LiC1, 0.1 32.0 28.0 0.37 
LiC1, 0.5 13.0 ll.O 0.97 
LiC1, 1.0 9.0 9.0 1.40 
LiC1, 4.0 4.7 3.9 2.10 
LiCIOr 12  12.0 lO.O LlO 
LiBr,  1.0 11.0 10.0 0.85 
LisSOm, 1.0 10.0 lO.O 0.97 
NaC1, 1.O 11.0 1O.0 1.10 
KC1, 1.0 9.0 10.0 1.60 
[ (CH.~),N]CI, l.o I0.0 I0.0 I.I0 
MgSO+, 1.0 15.0 15.0 0.75 

7.6 • 10 - '  KC1, 1.0 4.0 4.0 3.30 
3.0 • 10 ,s KC1, 1.0 36.0 34.0 3.40 
6.0 • 10-s KC1, 1.0 54.0 48.0 3.30 

E lec t rochemica l ly  d e t e r m i n e d  c o v e r a g e  of [(PQ2+),]~u~. on 
sh iny  P t  f r o m  in t eg ra t i on  of slow sweep,  50 mV/s e e ,  cyclic vol- 
t a m m o g r a m  in 1.0M KCI fo r  [ ( p Q 2 + ) , ] ~ . ~ . . ~  [(PQ+)n]murf.. 

b All  da ta  a r e  fo r  u n b u f f e r e d  aqueous  solut ions at  25~ 
C Tred and  Tax r e f e r  to  t he  r e sponse  t ime  fo r  [(PQ2+)n]surf. -~ 

[(PQ+)-]~urr. and  [(PQ*)n]~u~f. ~ [(PQ~+)n],u~.,  respec t ive ly .  T 
is t a k e n  to be  the  t ime  neces sa ry  to r e a c h  50% of the  e v e n t u a l  
abso rbance  change  a f t e r  a po ten t ia l  step.  F o r  all da t a  shown 
h e r e  t he  s tep  is f r o m  0.00 to -0 .80V v s .  SCE to g ive  comple te  
r educ t ion  o r  f r o m  -0 .80  to  0.00Y v s .  SCE to g ive  c o m p l e t e  oxi- 
dation.  Thus ,  f o r  these  cases  T is t he  t i m e  r e q u i r e d  to ach ieve  
50% reduc t i on  of all [(PQ2+),J~u,~. p r e s e n t  or  50% oxidation of 
[ (PQ+)n]su~ . .  T he  50.D.  is m e a s u r e d  a t  632.8 n m  us ing  the  appa- 
r a t u s  ske tched  in Scheme  L 

a Diffusion coefficient, D, in cm~/sec,  as ca lcu la ted  f r o m  Eq. 
[7] in text from slope of Coctrell plots. 

E ~  

m E ioo 
oo 

50 /= 
o 
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1-- 
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a) Pt electrode in H20 KCI LO_M, F = 3.0 x 10 -8  rea l /cm 2 

c 30]- 
20 j -  �9 o � 9 1 7 6  

8 ~o ~ 0; " 
5 llO }5 210 
t -w~, [sec-I/2~ 

I I i I I 
b] Same conditions as i n _o 

I �9 

o.iz5 

o.lo 

0.075 o 
<~ 0.05 
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o II 

' o:Io ' o~o ' 
tl/2 (sec I/2) 

; I  I ,P P ~ . ,  , 
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Fig. 8. (a) Plot of current Vs. time upon a potential step of on 
electrode bearing 3 X ]0 -s  mol/cm 2 of [(PQ2+),]surf. from 0.00 
to --0.SDV vs. SCE. The inset shows a plot of current vs. (time) -~/~ 
for experiment in (a), (b) Plot of % T for a single pass of the 632.8 
nm light through the [(PQ2+/+)n]surf. (cf. Scheme I) vs, time 
for experiment in (a); the inset shows absorbance vs. (time)�89 for 
the same experiment. 

pQ2+ centers, i.e., &OM as descr ibed  above. As others  
have pointed out, the  diffusion process  can be regarded  
as the migra t ion  of e lectrons f rom redox  center  to 
redox center  (seIf -exchange)  by  a hopping mechanism 
(11-25). This "diffusion" process can be t rea ted  m a t h e -  
mat ica l ly  as a usual  diffusion process. Also, it  is possi-  
b le  that  the  diffusion of ions th rough  the po lymer  
could be the diffusioin process. However ,  i t  seems 
logical  tha t  the se l f -exchange  among the pQ2+/+ 
centers  of the po lyme r  could in fact  be the  l imi t ing  
rate,  inasmuch as the  redox centers  are  r e l a t ive ly  fixed 
(compared  to solut ion species) geomet r ica l ly  re la t ive  
to one another .  Using the p rocedure  appl ied  to an 
e lec t roact ive  polyvi r ly l fer rocene  film (24), our  values  
of  D give a se l f -exchange  ra te  constant  for  the  pQ2+/+ 
centers  of  - -  105 M -1 sec-1, a va lue  wel l  be low the 
es t imated  se l f -exchange  of MV 2+/+ of N10s M-~  sec-1  
solut ion (30). 

Since we are  concerned here  wi th  e lec t rochromic  
films, i t  is easy to de te rmine  tha t  the cur ren t  observed  
is due to the [(PQ2+)n]surr. ~ [(PQ+)n]surf.  reduct ion  
upon a po ten t ia l  s tep f rom 0.00 to --0.80V vs. SCE. As 
i l lus t ra ted  in Fig. 8, the poten t ia l  s tep resul ts  in opt ical  
changes concommitant  wi th  cur ren t  flow. Since ab-  
sorbance has been es tabl ished to be d i rec t ly  p ropor -  
t ional  to the sur face  coverage of [(PQ+)n]~urf., Fig. 6, 
the  absorbance  change, hO.D., is d i rec t ly  p ropor t iona l  
to the charge,  Q, passed.  The in tegra ted  Cot t re l l  equa-  
tion, [8] (29). can thus be re la ted  to observed  opt ical  
spec t ra l  

2nFADV=CtV= 
~O.D. cr Q --  [8] 
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changes (12). The constant of proportionali ty will be 
dependent on the wavelength, but the point is that a 
plot of AO.D. vs.  t'/, should be linear. As the inset in 
Fig. 8 shows, there is nearly a l inear AO.D. vs.  t '/, plot. 
The fact that the ~O.D. seems to somewhat lag t h e  
current at the shortest times possibly indicates that  
some of the initial current is in fact due to charging 
(non-faradaic current) .  But this non-faradaic current 
does not appear to dominate the observed current, 
since integration of current vs. t i m e  plot is equal, 
within experimental  error, to the charge needed to re-  
duce [(pQ2+)~]surf. to the extent found in the optical 
measurement. Another explanation is that there is 
loss of potential control at the early times in the ex- 
periments. 

In comparing the electrochromic behavior of 
[ (pQ2+)n]surf. we have found it i l lustrative to compare 
the response time by measuring the time, T, required 
to deplete [ (pQ2+)n]surf. to 50% of the value possible 
after a potential step from 0.00V to some negative 
potential where [(PQ+~n]surr. can be formed. For  ex- 
ample, stepping to --0.80V vs. SCE should (ult imately) 
lead to complete reduction of the [(PQ2+)~]surL; in 
such a case T is the time required to obtain 50% re-  
duction of the [(PQ~+)~]sarr.- As Fig. 8 shows; 50% 
reduction appears to be a regime where Eq. [8] ap- 
proximates the dependence of charge passed on time 
after the potential step. Significantly beyond 50% 
reduction, however, cannot be accurately described 
using Eq. [7] and [8] because the polymer system 
cannot be regarded as semi-infinite; i .e.,  the 
[(PQ~+)n]surf. concentration obviously (ultimately) 
goes completely to zero in all regions of the polymer. 
Thus, the T we define is a rb i t rary  but does give quali- 
tative insight into parameters affecting coloration rate 
of the redox polymer. 

Data in Table IV show values of T measured by 
AO.D. measurements following a potential step from 
0.00 to --0.80V vs. SCE to effect [(PQ2+)n]surf. 
[(PQ+)n]~urf. or from -0.80-0.00V vs.  SCE to effect 
[(PQ+)n]surf. ~ [(PQ2+)n]~urf.. In all cases, the 
chronoamperometric or the chronocoulometric mea-  
sures of the sor t  given in Fig. 8 show behavior con- 
sistent with application of Eq. [7] and [8], .and the 
data are in qualitative accord with the values of D 
given in Table IV from the chronoamperometric data. 
Note that the  data in Tables IV and V are for Pt elec- 
trodes; not optically transparent SnO2 electrodes. For 
the optically transparent  electrodes optical density 
measurements would be more accurate, but  slow elec- 
trochromic behavior is found owing to the high resis- 
tance of the SnO2. On Pt we believe that the electro- 
chromic response is controlled by the charge and ion 
transport  properties of the surface-confined polymer. 

First, it is noteworthy that T's from the reduction and 
oxidation under a given set of conditions are, within 
experimental  error, the same. We can interpret  this to 
mean that the polymer does not undergo significant 
structural change upon interconverting between oxi- 
dized and reduced state. Second, for the range of 
electrolytes examined, there does not appear  to be a 
major variation in T for variation in the electrolyte 
at a fixed coverage of [(PQ~+)~]surf. and at similar 
ionic strength. Other studies have shown that  the 
anions, SO42-, C104-, B r - ,  and C1- are all extremely 
labile with respect to exchange processes such as that  
represented by Eq. [9] (3), and there is 

[ (pQ2+ . 2C1-)~]surf. ~ 2nKBr 

~:~ [(pQ2+ . 2Br-),]surf.  -{- 2nKC1 [9] 

l i t t le difference among these anions with respect to 
the energy associated with electrostatic binding. Large 
complex anions such as transition metal complexes 
Fe(CN)64-, Mo(CN)s 4-, etc. do bind relatively 
strongly and once bound do not rapidly exchange with 
~olution anions. The [(PQ2+)~]surf. ~ [(PQ+)~]sart. 

is thus slow in a solution of 0.1M K4Fe (CN)8. I n a s m u c h  
as the large, highly charged anions may electrostati-  
cally bind at concentrations in the micromolar r a n g e ,  
some care must be exercised to avoid such species in 
electrolytes in order to maintain fast redox properties 
of [ (pQ2+)~]surf.. The data show further that for 1.0M 
M+C1 - there is no significant effect on T upon vary-  
ing M + among Li +, Na +, K +, (CHa)4N +. The posi- 
t ively charged polymer logically repels the cation o f  
the bulk electrolyte and geometrically large or s m a l l  
cations or large and small  charges on the cation a r e  
not significant in determining rate of [(PQ2+)n] ~=~ 
[ (PQ + ) n],surf, interconversion. 

The two parameters  that c lear ly  do affect T a r e  
electrolyte concentration and coverage of [(PQ2+)n] sur~.. 
Variation of LiC1 concentration from 0.1-4.0M changes 
Tred from 32 to 4.7 msec for the same electrode. The 
effects of electrolyte and concentration charges a r e  
completely reversible; note that  all experiments for 
coverage of 1.0 X 10 - s  mol/cm 2 in Table IV are for 
the same electrode. The data are very reproducible 
and the electrodes showed no deterioration in prop- 
erties with use. The faster time for coloration at  t h e  
high LiC1 concentration could be attr ibuted to t h e  
fact that the self-exchange can be faster at high ionic 
strength, however, when the concentration of pQ2+ 
centers is 3.0M the C1- concentration in the polymer 
is 6.0M. Thus, i t  is not obvious that 4.0M LiC1 in the 
bulk solut iongives any advantage in the polymer film. 
we  therefore attribute the better response, at least 
partly, to better  ionic conductivity. It might appear 
that the value of T would be even shorter at higher 
concentrations of LiC1. However, increasing the con- 
centration leads to greater solution viscosity and r e -  
s p o n s e  time actually becomes slower at very high 
concentrations. In 1.0M KC1 i t  is clear that  l a r g e r  
coverage of [ (pQ2+)n] surf., leads to larger values of T, 
as would be expected for a redox process controlled 
by diffusion. 

Data in Table V illustrate the effect on Tred f r o m  
changing the final potential in the potential step be- 
ginning from 0.00V vs .  SCE to some negative poten- 
tial where reduction of [(PQe+)~]sur~. can occur. F o r  
example, upon stepping from 0.00 to --0.55V vs. SCE 
eventually 50% of the pQe+ centers will  be reduced 
to PQ+, since -0.55V vs.  SCE is very close to t h e  
formal potential, we have defined T, remember, a s  t h e  
time required to achieve one-half of the possible re-  
duction. Not unexpectedly, there is a driving f o r c e  
dependence on Tred. The driving force originates from 
the fact that at say --0.55V vs.  SCE the pQ2+/+ adja-  
cent to the electrode only come to a 1/1 ratio, whereas 
at --0.75V vs .  SCE this ratio should be ~-1/1000 or 
-~180 mV of driving force. However, for final poten- 

Table V.  Dependence of T on the final potential  in 
potential step experiments a 

Ult imate  
Final  potent ial  % r eductionb Tred, msec~ 

- 0.56 5 0  108 
- 0.58 69 77 
- 0.60 83 65 
- 0.62 91 57 
- 0.64 96 52 
- 0.66 :>98 49 
- 0.68 ~99  46 
- -  0.70 ~99  46 
- 0.72 ) 9 9  43 
- 0.74 ) 99 41 
- 0.76 ) 9 9  34 
- 0.78 ) 9 9  32 
--0.80 ~99  31 

a All data are for shiny Pt bearing 2.5 • 10 rs mol/cm~ of 
[(PQ~+),dsur~. in aqueous 1.0M KCI at 25~ The initial potential 
is 0,00V vs. SCE and Trea is measured by determining AO.D. for 
632.8 nm light using the apparatus sketched in Scheme I. 
b Experimentally observed % reduction of PQ~§ centers to PQ+ 

at times long after the potential step. 
c Time required to achieve one-half of the eventual AO.D., sea 

text. 
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tial~ sufficient to achieve >99% reduction, there is less 
than a factor of two change in Tred, consistent with a 
reduction process limited by some diffusion process 
where the electrode potential can no longer be useful 
in achieving larger rates. 

Conclusions 
The [(PQ2+)n]surf. redox system is a durable, sur- 

face electrochromic material that exhibits fast r e -  
sponse and coloration per unit of charge expected for 
a viologen-based chromophore in a variety of aqueous 
electrolyte systems. The rate of interconversion be- 
tween [(PQ2+)n]surf. and [(PQ+)n]surf. is controlled 
by diffusion when the coverage is --~1 • 10 -s  mol/cm 2 
with D in the range 0.4-3 • 10 -z0 cm2/sec ' leading to 
a m~nimum calculated self-exchange rate of 105 M-1 
sec-Z for the pQ2+/+ centers in the polymer. The sys- 
tem exhibits optical properties that are similar to 
those associated with the electrodeposition of HV + 
from solutions of HV 2+. Roughly the same amount of 
charge must be passed to [(PQ2+)n]surf: to color it (to 
the same color) to the same absorbance as for the 
HV 2+/+ system. The possible advantages of the 
[(PQ~+)n]surf. electrochromic include the facts that 
(i) the electrochromic is covalently anchored to the 
surface, (ii) the pQ2+/§ centers are more or less 
rigidly held relative to one another tending to prevent 
irreversible polymerization of the bipyridinium centers, 
and (iii) the system will work in a variety of solvent/ 
electrolyte combinations and presumably over a fairly 
wide range of temperatures. 
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An Admittance Study of the Tin Electrode 
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ABSTRACT 

Voltammetric  and admit tance measurements  for t in deposit ion at a rotating disk electrode from sulfuric and fluoboric 
acid Sn ++ solutions have been analyzed. Apparent  exchange current  densit ies ca. 10 AJem ~ are reduced 100-fold upon addi- 
t ion of polyethylene glycol. With or without  the additive, the conductance representing the exchange process varies with 
potential  directly as the surface Sn ++ concentration. Localized three-dimensional  concentration polarization zones in the 
electrolyte phase arising from discrete growth sites form the preferred interpretation, al though an alternative kinetic pro- 
cess occurring prior to charge transfer cannot be excluded as the rate-limiting step. 

The revers ib i l i ty  and supposed s impl ic i ty  of t in elec- 
t rodeposi t ion in acid  media  has made  i t  an a t t rac t ive  
subjec t  for fundamen ta l  e lec t rochemical  invest igat ions 
(1), Previous  s tudies  have a t t empted  in te rpre ta t ions  in 
te rms of  the  two-e lec t ron  reduct ion  of Sn+ + to Sn, ex-  
pressed through an exchange cur ren t  dens i ty  and sym-  
m e t r y  coefficient for a charge t ransfer  process. Re-  
por ted  values  for the former  pa rame te r  range over  4-5 
decades depending on the  means  of measurement ,  elec-  
t rode na tu re  ( t in Or tin a m a l g a m ) ,  and complexes of 
the  s tannous ion present  (2-11). Genera l ly  a-c  or pulse  
measurements  have given the highest  exchange  cu r -  
rents  (2-4).  P l a t i n g  addi t ives  have been found to re -  
duce these currents  subs tan t i a l ly  at both  tin and amal -  
gam electrodes,  b r ing ing  them into a more  accessible 
exper imen ta l  range  (9-11 ). 

The collective d isagreement  among these studies 
suggests addi t ional  factors may  be important .  We have  
a t t empted  a sys temat ic  examina t ion  of the t in deposi-  
t ion and dissolut ion processes combining vo l tammet r ic  
and a-c  admi t t ance  meaurements  over  a range  of f re -  
quencies and  potent ials .  Through rap id  measurement s  
on a common e lec t rode  surface i t  is Possible to reduce 
some of the uncer ta in t ies  involved in compar isons  of 
d i spara te  measurements .  Al though the effective ex-  
change cur ren t  densi t ies  we observe fal l  among the 
highest  repor ted,  we find evidence for an aging process 
which m a r k e d l y  re ta rds  surface kinetics,  pa r t i cu l a r ly  
in fluoborie acid solutions. Whe the r  addi t ives  a re  p res -  
ent  or  not, the  potent ia l  dependence  for the l imi t ing  
kinet ic  s tep is compat ib le  not wi th  a charge t ransfer  
process but  r a the r  a preceding  stage. 

Experimental 
Inorganic  reagents  were  used as suppl ied.  Po ly -  

e thylene  glycol  (Polysciences)  had an average  molecu-  
la r  weight  of  1540 or  about  35 monomer  units  per  
molecule.  SnSO4 was added  d i rec t ly  to the acid in the 
cell  af ter  a rgon degassing and its concentra t ion was 
de te rmined  gravimet r ica l ly .  For  most fluoboric acid 
solutions SnSO4 also served as the S n ( I I )  source, a l -  
though no difference was observed when the f luoborate 
was subst i tuted.  

P l a t inum disk electrodes,  1/16 in. diam, provided  the 
subs t ra te  for t in deposi t ion and these were  polished 
pr io r  to each series of runs (12). A t in wire  mounted  
in r igid glass cap i l l a ry  tubing served  as the reference  
electrode.  The cell was the rmos ta ted  at  25 ~ 

The expe r imen ta l  appara tus  and procedures  have 
been prev ious ly  descr ibed (12). Two types  of admi t -  
tance measurements ,  Y % ( ~ )  and Y*~o(~), were  used in 
this work.  For  the  former  the  admi t tance  was measured  
at a fixed d -c  potent ia l  and the f requency swept  be -  
tween 100 Hz and 200 kHz. The complex potent ia l  d i f -  
ferences be tween  the work ing  and reference electrodes 
and across a re fe rence  res is tor  were  measured,  the i r  
rat ios  then giving complex admit tances .  The Y*~(~) 
measurements  were  taken  at  a fixed f requency and in-  
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creasing potent ia l  dur ing  cycling. These measurements  
furnish a be t te r  p ic ture  of the  potent ia l  dependence  of 
e lec t rode  parameters .  Al l  measurements  repor ted  here -  
in involved potent ia l  scan rates of 13 mV/sec  and disk 
rota t ion speeds of 100 rad/sec .  

Basic Theory 
To establ ish an ini t ia l  f r amework  for our results  

and analysis,  we suppose tha t  the cur ren t -vo l t age  be-  
havior  of the deposi t ion process is descr ibed by  the 
Bu t l e r -Vo lmer  equat ion (anodic cur ren t  defined as a 
posi t ive pa ramete r )  

1 = Io [e (1-c~)ze~J/kT _ (c (0)/Co) e-~ze~/kr] 

C (O)/co "= 1 ~- I/Ilim [1] 

The l imi t ing cathodic current  density,  Ilim, is defined as 
a posit ive quant i ty ,  and the s t eady-s ta te  solution is 

exp (ze~l/kT) -- 1 
I = Io [2] 

(I,o/Ilim + exp (~ze~l/kT) 

Overpoten t ia l  modula t ion  pe r tu rbs  both  the cur ren t  
and the surface concentra t ion and convent ional  ana ly -  
sis leads to Randles '  circuit  shown in Fig. 2, to which 
an e lect rolyte  resistance,  Re, and double  l ayer  capaci-  
tance, Cdb have  been added (13). The two circuit  ele-  
ments  cont r ibuted  by  deposi t ion are  

W = zFDY2 (Oc(O)/O~)i [3] 

G = (OI/O'n)c~o) 

The admi t tance  of the  Wa rbu rg  e lement  varies  wi th  
f requency as (i~)'/2W. At low frequencies (ca. 1 Hz) 
wi th  per iods  near  the diffusional t rans i t  t ime through 
the Nernst  layer ,  the f requency dependence  of this ele-  
ment  is more  complex,  and at  sufficiently low fre-  
quencies it  becomes resis t ive wi th  the circuit  admi t -  
tance approaching  the slope of the cu r ren t -vo l t age  
curve. Severa l  papers  have discussed this t ransi t ion re-  
gion for  impedance  s tudies  at the ro ta t ing-d i sk  elec-  
t rode  (14-16). The frequencies used in this work  lie 
wel l  above the t rans i t ion  region, and the high f re-  
quency W a r b u r g  expression given by  Eq. [3] suffices 
for our  studies. High f requency  impedance  values wil l  
be independent  of disk ro ta t ional  speed at the equi -  
l i b r ium potent ial .  However ,  the impedance  genera l ly  
depends on surface concentrat ions and, at  o ther  poten-  
tials, impedances  wil l  va ry  with  disk rotat ion.  The 
ro ta t ing  disk is therefore  r ecommended  for the es tab-  
l i shment  of s t eady-s ta te  concentra t ion profiles. 

The complementa ry  informat ion  in I-'~1 and G-~I plots 
is i l lus t ra ted  by  severa l  l imi t ing  cases. Fo r  .~ --  0 

(0I[0'~)~=o = ( z e / k T )  IoIllm/ (Io -t- Ilim) 

G,l= o = ( z e / k T ) I o  [4] 

(OlnG/O*l) ,=o = ( z e / k T ) [ ( 1  -- a) 

- -  o~/,oIlira/(Io d- Ilirn) ] 
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In the cathodic limit, ~ -* - oo 

I = - - / ~  
[5] 

G = a ( z e / k T ) l u m  

Beth Butler-Volmer parameters may be found from 
G(~l) measurements near the equilibrium potential, 
whereas I (7) measurements yield only Io provided this 
parameter is not too much greater than/lira. 

When 1D > >  Iron the equations for I and G reduce to 

I -- Iz~ [exp ( z e ~ / k T )  - -  I] 
[6] 

G --  ( z e / k T ) I o e x p  [(1 -- ,~ ) ze~ /kT]  

In this limit the current-voltage curve furnishes no in- 
formation about the Butler-Volmer parameters, where- 
as both may be deduced from In G vs.  overpotential 
data. That these plots are useful for finding Io and a in 
intermediate situations is bes't demonstrated by plots 
using the general solution to Eq. [1] and [3] (Fig. 1A 
and B). Slopes yield reliable values for a in the vicinity 
of ~ = 0. At increasing cathodic potentials G deviates 
from a simple exponential variation, approaching the 
limiting value given by Eq. [5]. 

The :complex impedance diagram for the circuit of 
Fig.  2 has a high frequency real axis intercept at Re, a 
high frequency dispersion determined by G and Cdt, 
and a low frequency dispersion due to W (16). The 
former dispersion appears as a semicircle and the latter 
as a 45 ~ line. When these dispersions overlap their 
graphical separation may not be clearcut. Figure 2 
shows several plots for typical experimental conditions 
and indicates the detectable range of G values. The 
low frequency expansion for the impedance is 

Z '  Jr- i Z "  = R e  -}- G - 1  - -  C d l / W  2 JC (iW) - - w W - 1  J~ . o .  [ 7 ]  

and W can be found from Z "  values in the region 
where data lie on the 45" asymptote 

- -  Z" = 1 / ( 2 ~ ) � 8 9  [ 8 ]  

Whether the real-axis intercept for this line is greater 
or less than Re depends on the relative magnitudes of 
G, W, and Cdi, and-a value-for Cdl is needed before G 
can be evaluated. 

U s u a l l y  R e  can be accurately found (0.5%) from high 
frequency extrapolations of complex impedance plots. 

0 

c~ 

0.1 , 0.5 

0.01 I I I 
-I00 -50 0 

~7(mv) 
Fig. IA. Theoretical plots for the potential variation of G (Eq. 

[3]) for Io/lnm = lO and various transfer coefficients. The plots 
have been normalized with respect to the value at the equilibrium 
potential, Go. 

0 

0.1 

lo/lli 

0.01 l I I 
- � 9  - 5 0  0 

�9 r / ( m Y )  

Fig. 1B. Plots of G for a " -  e.5 and various Io/llim rotioz 

Results at other electrode potentials may be used in 
questionable cases, for Re is independent of surface 
processes. To evaluate Cdl we make use of complex 
capacitance plots after subtraction of Re 

C* = C' + iC" = [ i ~ ( Z *  - R e ) ]  -~  [9]  

The low frequency graph of this function is also a 45 ~ 
line given by the asymptotic equation 

C' + iC" = Cdl -- W V G  + ( i~)  -~/2W + . . .  [10] 

Cdl is found from the extrapolated high frequency in- 
tercept Of these plots, W from the linear low frequency 
portion in which 

- -  C" : ( 2 ~ ) - W W  [11 ]  

and G from the difference between Cdl and the ex- 
trapolated intercept of the low frequency linear sec- 
tion. For the circuit of Fig. 2 this asymptotic line al- 
ways lies to the left of a 45 ~ line through Cdl by an 
amount W ~ / G .  

The foregoing procedures have proved most useful 
for analyzing real data obtained from a-c measure- 

] Cd,~ 

/ 2.1o 5 / / / ~  1~ ~ ' ~  

~, ...-S'1o5 

1 

10 11 t2 
Z'(ohms) 

Fig. 2. The inset defines the elements at Kandles" equivalent cir- 
cuit. Complex impedance plots are shown for typical experimental 
conditions, Re ----- 10C~, Cd] = 1 ~]F, W = 0.01 tuba-sac'/2, and G 
--  0.1 (A), 1.0 (B), and 10.0 (C) tubas. Frequencies in Hz are given 
for several points. 
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ments  in this s tudy.  The shapes of complex-p lane  plots  
are  especia l ly  helpful  in  es tabl ishing the domain  of 
va l id i ty  of an equiva lent  circui t  model  and  i l lus t ra t ing  
the  f requency  ranges most  sensi t ive to contr ibut ions  
f rom ind iv idua l  equ iva len t  circui t  e lements .  

Results 
Sulfuric a c i d . - - A  p l a t i ng / s t r i pp ing  cyclic vo l t ammo-  

g ram typ ica l  of this work,  Fig. 3, shows a flat ca thodic  
l imi t ing cur ren t  region and an ab rup t  anodic cur ren t  
drop  upon the complet ion of s t r ipping.  Deposits  char -  
acter ized b y  such curves were  adherent ,  uniform, and 
g ranu la r  in appearance  (20X) .  For  Sn ++ concent ra-  
tions grea te r  than  20 raM, currents  exceeding  the l imi t -  
ing cur ren t  deve loped  due to dendr i t ic  growths  which  
pene t ra ted  the  Nernst  diffusion l a y e r  and upset  the 
disk convect ive flow pa t t e rn  (18). The deposi t  thickness 
obta ined  f rom coulomet ry  in a mean  geometr ic  a rea  
approx ima t ion  was ca. 10-5 cm. Grea t e r  potent ia l  ex-  
cursions led to i r r egu la r  s t r ipping and deposits  were  
not  usua l ly  adheren t  once the e lec t rode  had  been so 
t reated.  Consequent ly  this strUdy has been res t r ic ted  to 
concentrat ions  be low 20 mM and potent ia ls  wi th in  100 
mV of the  revers ib le  S n / S n  + + potent ia l .  

The l imi t ing  cur ren t  was found to be propor t iona l  to 
[Sn + +] and the square  root  of disk ro ta t iona l  speed. 
Diffusion coefficients ca lcula ted  f rom numerous  vol t -  
ammet r ic  measurements  r anged  6.7 • 0.5 cm2/sec and  
agree  with publ i shed  values  for Sn ++ (19, 20). The 
slope of the  cu r ren t -vo l t age  curve  at  ~ = 0 af te r  cor-  
rect ion for  e lec t ro ly te  res is tance equaled 2eIlim/kT 
within  5%. Thus f rom Eq. [4], the  exchange cur ren t  
dens i ty  mus t  exceed the  l imi t ing  current  dens i ty  by  
at least  an  order  of  magni tude.  Plots  of log (I  + Ilim) 
vs. potent ia l  were  l inear  wi th  slopes of 30-34 mV /de c -  
ade. 

Admi t t ance  da ta  were  taken  at  selected potent ia ls  in 
the cathodic  region.  F igure  4 is a represen ta t ive  com- 
plex capaci tance plot  for  14 mM SnSO4/1M H2SO4 at 
--30 inV. Below 10 kHz this plot  shows the 45 ~ l ine 
p red ic ted  b y  a diffusion model; and  the  average  of 24 
points  be tween  0.1 and 10 kHz gives 0.0616 • 0.0005 
mho/sec'/= cm ~ for the  Warbu rg  coefficient W (Eq. 
[11]). The ex t rapo la ted  in tercept  of the  l inear  po r -  
t ion falls  at  30 ~F /cm 2. Above 20 kHz the da ta  devia te  
f rom the 45 ~ l ine and appea r  to approach the rea l  axis 
pe rpend icu la r ly  wi th  an appa ren t  in tercept  be tween  80 
and 100 ;aF'/cm~; The "cur l"  in the  plot  above  100 kHz 
can be expla ined  b y  a lead  inductance  of  0.1 #H. An 
empir ica l  correc t ion  would  improve  the appearance  of 
the plot  in this region, but  the~gains would  b e  i l lusory  

75 

50 

g o 

-5 

-10 

I I 
-50 0 

,rflmv) 

I 
-100 50 

Fig. 3. Plating and stripping cyclic voltammogrom for 12.7 mM 
SnSO4/IM H2SO4, scan 13 mV/sec, and rotational speed 100 tad/ 
sec. The solid curve was recorded before PEG addition and the 
dotted curve immediately after. Note the compressed onodic cur- 
rent scale. 
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-40 ~ o 

~(mu 
Fig. 4. Experimental complex-plane plots for 14 mM SnSO4/1M 

H2SO4 at - -30  inV. Curve A is the complex impedance (lower 
scale), B the complex capacitance (upper scale), and C a 5 X  ex- 
pansion of the high frequency portion of B. Frequencies are indi- 
cated in kHz. 

for  o ther  sys temat ic  er rors  such as cur ren t  d is t r ibut ion  
corrections,  syn thes izer  waveform,  and phase  detector  
response appear  in this f requency  reg ime where  the 
measurement  is domina ted  by  e lec t ro ly te  resistance. 

The difference be tween  Cdl and the ex t rapo la ted  in-  
tercept  of the  l inear  asympto te  gives G . :  43 _ 5 m h o /  
cm 2 (Eq. [10]),  F igure  5 plots the  var ia t ion  of G with  
potent ia l  based on analogous measurements ,  revea l ing  
a 26 mV/deeade  slope. Unfor tuna te ly  the  value  at  ~ = 0 
is too la rge  to be measured  di i rect ly,  but  ex t rapola t ion  
suggests ~10 ~ m h o / c m  2 or Io ~ 13 A / c m  2 for Z ~ 2 
(Eq. [4] ). The pr inc ipa l  difficulty in obta in ing credible  
values for la rge  exchange currents  l ies not so much in 
the  e lec t ro ly te  resis tance as in the  double  l ayer  ca-  
pacitance,  and  the uncer t a in ty  in this pa r ame te r  de t e r -  

C' (bLF/cm 2 } 

0 5OO leo0 1500 20OO 
, , 

B 

0.1 

0 

/ 
/ //'"02 

,o,6/ i,2 y 

I I 
0 10 20 30 40 

z '(ohms) 

Fig. 5. Semilog plot for G obtained from Fig. 4 and its home- 
Iogues. The dashed line shows results with a 5 mM SnSO4 for two 
consecutive measurements taken without an intervening time delay 
for data analysis. 
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mines the error in evaluating large conductances at 
high frequencies. 

Frequency-swept admittance measurements required 
about 10 sec and during this interval plating inevitably 15o 
created changes in the surface, complicating a com- 
parison of measurements taken at different potentials. 
Admittance measurements made .at a fixed frequency _ 
during potential cycling offer a more consistent pic- ~ ~oo 
ture of how the elements of Randles' circuit vary with ~_ 
potential, provided this frequency is chosen to isolate 
the contribution of a particular element. Log plots for -~ 
the variation of Y' are shown in Fig. 6 at several fre- 50 
quencies. All show an extensive linear region with Y' 
proportional to =v= and a 34 mV/decade slope. Within 
this frequency-potential range Y' is principally deter-- 
mined by W. The slope of the current-voltage curve is 
also shown and corresponds to an extrapolated 1 Hz o 
plot, the frequency where the high frequency Warburg 
approximation breaks down. 

Figure 7 indicates the variation of C' at several fre- 
quencies with potential. In the cathodic limit the 
curves approach a common value of 40 ~F/cm~, typical 
of values expected for the double layer capacitance for 
the metal-electrolyte with a moderately rough surface. 
With increasing potential the curves diverge because of lOO 
contributions from an increasing Warburg admittance. 
Some variation of Cdt with potentials is evident but its 
form is not well-defined, requiring data at higher fre- 
quencies than were available. 

Sulfuric acid/PgG.~Addit ion of the brightening 
agent polyethylene glycol (PEG) to the sulfuric acid 
bath produces distinctive changes in both voltammetric 
and admittance measurements. The former remain 
similar to those for the additive-free bath, but a re- 
duction in the limiting current appears immediately 
after addition (Fig. 3). Admittance changes are more o 
marked. The 45 ~ line is no longer evident, being r e -  
placed by a well-defined semicircle in complex im- 
pedance plots (Fig. 8). Only at the lowest frequencies 
does one begin to see indications of the Warburg con- 
tribution. In terms of Randles' circuit these plots 

I I I 
-100 -80 -60 -40 -20 

~(rnv) 

Fig. 7. Dependence of C'~(~I) for the runs of Fig. 6 

2.7 

o . ~oo 

z' (ohms) 

Fig. 8. Complex impedance plots for 9.6 mM SnSO4/1M H2SO4 
after addition of PEG (1.2 mM monomer) for overpotentials 0 mV 
(A), - -10 mV (B), - -20 mV (C), and --30 mV (D). Frequencies 
(kHz) far the dispersion maxima are shown. 

~-- lq 
E 

E 

-60 -40 0 
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Fig. 6. Semilog plot of Y'~(~) for 11.7 mM Sn$O4/1M H2S04 at 
several frequencies. The dashed line gives the slope of the current- 
voltage curve. 

show quite clearly that G < <  W and that G increases 
rapidly with potential. At higher frequencies after sub- 
traction of the electrolyte resistance, the effective cir- 
cuit reduces to a parallel G-C circuit and the variations 
of these parameters with potential can be ascertained 
from admittance vs. potential measurements at ap- 
propriate frequencies. Log plots of Y' vs. potential are 
given in Fig. 9 at 10 and 100 kHz for several additive 
concentrations. The close agreement between these 
curves, in contrast to Fig. 6, bears out the presence of 
a true resistive contribution. (The slight difference ap- 
pears because the semicircle in Fig. 8 is slightly de- 
pressed and not centered on the real axis.) 

The 31 mV/decade slopes of these plots are similar 
to those found for the additive-free solutions (Fig. 5), 
although values at ~ = 0 yield exchange current den- 
sities of only 0.18, 0.10, and 0.05 A/cm z. It should be re- 
membered that Fig. 9 corresponds to a variation of G, 
whereas Fig. 6 reflects that of W in the additive-free 
solution. Values for C' in this region were also inde- 
pendent of frequency and are plotted in Fig. 10. 

A brief series of measurements was made in sulfuric 
acid using camphor as an additive (10, 11). Voltam- 
metric and admittance changes were similar to those 
found with PEG, e.g., G varied at a 26 mV/decade rate 
with potential and is not discussed further. These ex- 
periments do suggest that the behavior of PEG as a 
plating additive is typical rather than unique. 

Fluoboric acid.--Measurements in this acid were 
complicated by irreproducibility due to the gradual 
growth of a film which remained visible on the surface 
after stripping. This film could be seen even when the 
maximum anodic potential excursion lay within 10 mV 
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Fig. 9. Dependence of Y'~(~I) at 100 and 10 kHz far 16.1 mM 
Sn$O4/1M H2SO4 and PEG monomer concentrations of 0.62 mM 
(A), 1.2 mM (B), and 6.2 mM (C). 

10 

A 

8 

1092 

o I I I 
- 8 0  -40 0 

1/(mY) 

Fig. 10. Dependence of C%('q) for the solutions of Fig. 9 at 100 
kHz. 10 kHz data were coincident over most of this range. 

of the reversible Sn potential. Addition of IM boric 
acid to complex free fluoride did not suppress film 
formation. Reproducible measurements were only o b -  
tained with immediate experiments on a freshly pol- 
ished plat inum substrate. Results were sirnilar to 
those for sulfuric acid and are briefly summarized. 

Current-voltage plots indicated a somewhat larger 
diffusion coefficient, 9 ___ i • 10 -B cm2/sec, and had 
slopes at ~l = 0 of 2ellim/kT after correction for solu- 
tion resistance. Semilog plots of Y'(~) exhibited 34-36 
mV/decade slopes, (~)'/~ dependence, and values at 

= 0 corresponding to diffusion coefficients of 8-9 X 

10 .6 cm2/sec. Complex-plane plots showed the 45 ~ 
linear behavior characteristic of diffusion-controlled 
kinetics and high frequency capacitance values near 
50 ~F/cm 2 at --100 mY. Exchange current densities ap- 
peared to be at least as large as found in the sulfuric 
acid solutions. 

When film growth became perceptible, typically 
after 0.5 hr of experimentation, a-c results were irre-  
producible, impedances increasing with time without 
apparent  limiting behavior. Y'(~) plots then had 
slopes of 45-50 mV/decade. Values at ~l -- 0 were re- 
duced more than an order of magnitude and were no 
longer consistent with a diffusion process. High fre- 
quency capacitances dropped to about 25 ~F/cm 2. The 
continuous change in a-c parameters during film for- 
marion frustrated attempts to study these electrodes 
more systematically. 

Fluoboric acid/PEG.--Polyethylene glycol additions 
produced changes similar to those reported in sulfuric 
acid solutions, but film formation was encountered and 
marked aging changes were seen in cyclic voltammetric 
experiments. Pr ior  to PEG addition the cathodic 
branch of the cyclic voltammogram shows a fiat cath- 
odic limiting current region (Fig. 11). Immediately 
following addition the current  level in this region is 
reduced and the plot acquires a positive slope which 
increases gradually with time. Eventually the portion 
of the curve following the nuc!eation region appears 
to consist of two components and cathodic currents 
are markedly less. This reduction is accompanied by a 
slow relaxation process. If, after such a voltammogram 
has developed, the potential sweep is halted at --100 
mV, the s teady-state  current  decays to 10-20% of its 
initial value. The shape of the anodic stripping curve 
also suggests a complex behavior with dissolution of 
the metal  deposit becoming more difficult. By tinkering 
with the sweep conditions a stripping curve showing 
two maxima was sometimes observed. Repolishing the 
platinum surface restored the original voltammetric 
behavior with aging then occurring as before. 

PEG altered complex-plane plots in the manner ob- 
served with H~SO4 solutions. Semilog plots of Y'(~I) 
exhibited 47-49 mV/decade slopes and limiting cath- 
odic values (Fig. 12), although aging complicated a 
direct comparison between separate measurements. 
High frequency capacitance measurements gave l imit-  
ing cathodic values of 15-20 ~F/cm 2 for these solutions. 
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Fig. 11. Plating and stripping cyclic valtammograms for 9.6 mM 
SnSO~/IM HBF4 before (A) and immediate!y after (B) PEG addi- 
tion (1.2 mM monomer). Curves C and D show aging changes over 
I hr. 
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Fig. 12. Aging effects on Y'~(~) for !1.5 mM SnSO4/1M HBF4 
and i.2 mM PEG (monomer). Measurements were take, in the 
sequence 10 kHz (A), 1 kHz (A), 10 kHz (B), and I kHz (B) at 15 
rain intervals. The electrode was stripped at -t-10 mV between runs 
and at no time did the anodic potential exceed this value. 

Discussion 
The cyclic voltammograms for addit ive-free acid 

solutions bear no surprises, confirming tin deposition 
to be a rapid process limited pr imari ly  by Sn + + dif-  
fusion ( ! ) .  The somewhat greater diffusion coefficient 
in fluoboric acid solutions may reflect formation of 
complexes such as SnF3-.  The hydrolysis reaction (21) 

BFd- + H20 ~.~ HF + BFsOH- [12] 

leads to free F- which forms a series of strong Sn + + 
complexes (22). 

A-C measurements verify kinetic control by a diffu- 
sion process .at low frequencies and independently 
yield diffusion coefficients agreeing with those derived 
from RDE limiting currents. The variation of a-c 
parameters with potential and frequency provides 
additional information regarding the diffusion process. 
When Io > >  Into, the Warburg coefficient reduces to 

W --  ( z2eF/kT)DV~c(O)  [13] 

and directly measures the surface concentration. The 
34 mV/decade slopes seen in Fig. 7 lie close to the 30 
mV/decade value expected for an "ideal" divalent 
species, although the source of the reproducible dis- 
crepancy is conjectural. 

A survey of reported exchange current  densities for 
tin deposition indicates a highly variable parameter,  
with not even order-of-magnitude consistency (1). 
Our values fall among the highest and those were ob- 
tained at Hg rather  than Sn electrodes. The diversity 
of results suggests the ra te  may depend on "active" site 
densities determined either by  morphological varia-  
tions or impuri ty  poisoning. Our measurements, which 
have been made immediately on freshly deposited sur-  
faces, may contain a greater density of growth sites or 
be less sensitive to contamination. With respect to the 
circuit elements of Fig. 2, we have observed repro-  
ducible  values for all parameters except G when ex-  
perimental  runs were separated by more than 20 rain. 
Inevitably G values decreased with time whether the 
electrode was cycled, potentiostated at ~l = 0, or held 
at open circuit during the interval  between measure- 
merits. No visible evidence of film formation was seen 
during this period, and cyclic voltammograms were 
unaltered. 

The data shown in Fig. 5 were taken in order of in- 
creasing cathodic potential and aging would tend to 
increase the slope of this plo~t. It was experimental ly  
possible to acquire two frequency-sweep runs at dif- 
ferent potentials before a ,1'5-20 rain de lay  for data 

analysis. Pairs of such measurements, one of which is 
also shown in Fig. 5, had slopes of 30-35 mV/decade. 
Despite aging uncertainties, the variation of G with po- 
tenual  appears ~ar more rapid than expected for a two- 
electron process with a : 0.5 (60 mV/deeade).  The 
apparent  a value from Eq. [4] is only ,~0.1, indicating 
that the height of the barr ier  limiting the cathodic par-  
tial current is but sl ightly potential  dependent, with 
most of the applied potential bias occurring between the 
metal  surface and the barr ier  (cf. Eq. [1] ). Rate l imita-  
tion by processes preceding cathodic charge transfer 
(or following anodic charge transfer) will  lead to low 
a-values provided the associated barr ier  lies on the 
electrolyte side of the Helmholtz layer. 

Measurements with PEG solutions offer a more con- 
vincing demonstration for the potential dependence of 
G. They do not depend  on the analysis of small ex- 
per/mental differences and can be directly plotted from 
admittance vs.  potential data taken at fixed frequencies 
(Fig. 9). The exchange current density is reduced by 
a factor of 100, but the 33 mV/decade slope remains 
consistent with results for addi t ive-free solutions. 
Bearing in mind that  the Warburg coefficient also 
varies at this rate, it appears that the cathodic part ial  
current is independent of potential and only an explicit 
function of Sn + + (0) or from Eq. [1], ,~ ~ 0. 

The cathodic limiting values in Fig. 9 are not indica- 
tive of the limit expressed by Eq. [5], for they are 
frequency dependent. At  100 Hz only a l inear plot is 
found down to Y' ~ 10-2 mho/cm2, and from Eq. [5], 
a < 0.01. A null  value is also consistent with the ap- 
parent limiting current decrease seen in Fig. 3 upon 
PEG addition. According to Eq. [2] a cathodic limiting 
current unequal to the diffusion-limited value exists 
when a ---- O. From the magnittrde of the reduction 
observed, Eq. [2] gives Io _ 102 mA/cm 2, a figure in 
accord with a-c results. The l imit  in Fig. 9 probably 
arises from currents flowing in a path parallel  to the 
deposition process (Fig. 2). In this potential region the 
surface admittance is dominated by the double layer, 
and resistive contributions arise if this is not an ideal 
capacitor. 

The exchange currents measured with PEG present 
are comparable to or greater than most results ob- 
tained for addi t ive-f lee  tin deposition, and 2-3 orders 
of magnitude greater than results found in other addi- 
tive studies. In particular,  Meibuhr et  al. have studied 
the polarization effects of a variety of polyglycols and 
found no influence with PEG, although polypropylene 
glycol (PPG) led to a dramatic polarization increase 
with exchange current densities ca. 10-3-10 -4 A/cm'2 
and low a-values (9). Their polarization Curves also 
exhibit a constant current region before entering a 
Tafel region beyond -- 200 mV. 

We have confirmed the greater effect of PPG and 
also found Tafel regions with similar slopes and inter-  
cepts. Unfortunately, the cathodic currents in this re-  
gion exceeded the Sn ++ limiting current densities 
established at the RDE prior to additive addition by 
more than a factor of 2. Hydrogen evolution, possibly 
modified by the deposition process, seems the most 
plausible interpretation. Stannane formation is not ex- 
pected on thermodynamic grounds until more negative 
potentials are reached (23). Experiments using bulk 
tin electrodes ruled out the possibility that the plat i -  
num substrate was involved via a porosity path. 

Meibuhr e t  al. suggest that additives influence depo- 
sition through the formation of a blocking film, with 
the rate then controlled by migration through this 
layer. Comparison of capacitance results in Fig. 7 and 
10 reveals a threefold reduction which can be a t t r ib-  
uted to th/s layer, although roughness changes might 
account for a portion of the difference. The principal 
difficulty we see for this interpretation is the similar 
potential dependence of G for solutions with and 
without PEG, despite a change in absolute rate by 2-3 
orders of magnitude. If a common mechanism under-  
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l ies both  systems,  an  a l t e rna t ive  in te rp re ta t ion  is tha t  
the  surface film dras t i ca l ly  reduces  the  number  of  
ava i lab le  si tes  for  deposi t ion and  dissolution ra ther  
than  kinet ics  at  these sites. 

The observat ion  of film format ion  in fluoboric acid 
~olutions in t roduces  fu r the r  possible complicat ions in 
t in deposi t ion.  The rmodynamica l ly  Sn ( I I )  and Sn (IV) 
hydrous  oxides  are  on ly  s table  in pH ~ 0 solutions at  
potent ia ls  100 mV anodic to the revers ib le  deposi t ion 
poten t ia l  in 10 mM Sn + + solutions (23). No bu lk  films 
were  found wi th  sulfur ic  acid solut ions below this 
l imit .  We pos tu la te  the  format ion  of a somewhat  more  
s tab le  oxyfluoride film. This film is not  r emoved  by  
anodic  s t r ipping  and develops  continuously.  Addi t ives  
do not  suppress  its formation,  a l though the i r  presence 
renders  i t  less adherent ,  for  these films could be r e -  
moved  read i ly  by  l igh t ly  wiping the surface. Add i t ive -  
f ree  deposits  r equ i red  meta l lu rg ica l  pol ishing to ex-  
pose the  p l a t i num subst ra te .  Whi le  bu lk  films were  
not encountered  wi th  sulfuric  acid solutions, the  i r -  
revers ib le  format ion  of mono laye r  or submonolaye r  
films could expla in  aging dr i f ts  and account for the 
d ivers i ty  of repor ted  exchange cu r ren t  densit ies.  

Complex -p l ane  plots (Fig. 4) show deviat ions f rom 
l inear  low f requency  behavior  beginning  near  20 kHz, 
wi th  a .complete b r eakdown  at  100 kHz. Dur ing  the 
corresponding per iods  Sn + + ions wi l l  have  diffused 
500-1000A, ra is ing questions about  the  influence of 
surface roughness  upon diffusion measurements  at 
shor t  times. De Levie  has modeled  the influence of 
roughness  upon the  double  l aye r  capaci tance  and 
commented  upon the diffusion,al aspects of roughness 
(24). The capaci tance  values we find at --100 mV, 
40-50 ~ ' / c m  2, a re  f requency  independent  and suggest  
roughness  factors, s, of 2-3 ( t r u e a r e a / g e o m e t r i c  a rea) .  
F o r  the  p reva i l ing  RDE conditions the  effective Nernst  
l aye r  thickness is 15~, subs tan t ia l ly  grea te r  than  the 
deposi t  thickness ~f 0.1-0.2~. Let  us heur i s t ica l ly  sup-  
pose tha t  d character izes  a distance at which surfaces 
of equal  concentra t ion  shif t  be tween  mic ro-  and 
macrosurface  paral lels .  To model  the a -c  response we 
make  use of the analogy be tween  diffusion and the 
GC t ransmission l ine wi th  series conductance G and 
shunt capaci tance  C pe r  u n i t  length.  The character is t ic  
impedance  and prop~agation constant  of this l ine are  
re la ted  to diffusional pa rame te r s  b y  

Z :-- ( i~CG) - W = 1/(i~,) '/~W [14] 

7 = ( i ~ C / G )  1/~ = (i~D) i/2 

Consider  the input  impedance  of a t ransmission l ine 
composed of an input  segment,  length  d, wi th  p a r a m -  
e ters  7s and Zs t e rmina ted  by  an infinite l ine wi th  
impedance  Zo 

Z* : -  Zs(Zo + Zs tanh 7 s d ) / ( Z s  + Zo tanhTsd)  [15] 

The input  or  surface l ine e lements  are  enhanced by  the 
roughness  fac tor  so tha t  C~ = sCo and  Gs = sGo or 
Zs : -  Zo/S and 7s = 7Q. 

The solut ion for the  complex  capaci tance becomes 

C* = (i ,~Z*)-* = s ( i~ )  - ' /*W 

i s -  ( s 2 _  1 ) / ( s  + tanh  (i~T)W)] [16] 

where  DT =- d e. At  h igh  frequencies C* = sW/ ( i~ ) i /% 
while  a t  low frequencies 

C* .= ( i ~ ) - v * W  + (s --  1 / s )  W~'/2 + . . .  [17] 

Al though this inhomogeneous t ransmiss ion line model  
is necessar i ly  simplified, it does exhibi t  the asymptot ic  
behaviors  expected as ~ --> 0, ~ ,  d --> 0, and s --> 1. 
Normal ized  C* plots in Fig. 13 i l lus t ra te  the changes to 
be seen in the complex plane as the Warbu rg  coeffi- 
cient  shifts be tween  its micro-  and macrol imits .  

The ab rup t  t ransi t ion,  pos tu la ted  overs ta tes  the case 
and t ape red  t ransi t ions  wil l  b roaden  the t ransi t ion 
region. We feel, however ,  this e l emen ta ry  model  suffices 
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Fig. 13. The influence of surface roughness, s, and concentration 
po]oriza6on on the shape of C* plots occordin 9 to the inhomoge- 
neous transmission line model. Plotted is the normalized function 
F* = (W/s~C*.  

to i l lus t ra te  some genera l  expectat ions.  In par t icular ,  
roughness increases the  in te rcept  ob ta ined  by  ex t r apo-  
lat ion of the low f requency  asymptote.  This increase 
is a d i rec t  measure  of the number  of diffusing ions 
wi th in  the roughness  layer .  For  a 14 mM Sn + + solu- 
t ion at  --30 mY, c(0) is r educed  to 1.4 mM and, for 
s : 2 and d = 500A, the added  capaci tance is 160 ~F/  
cm 2. 

Examina t ion  of results  for numerous  exper iments  at 
different  concentrat ions and  potent ia ls  revealed  on ly  
one instance in which the ex t rapo la ted  capaci tance 
in tercept  l a y  outside the  range 50-100 ~F/cm~ and this 
resul t  was not  reproduced  wi thin  the same exper i -  
menta l  sequence. The 550 ~F/cm~ value  corresponded 
to a roughness  length  of 180A for s =- 2 (Eq. [17]). 
This length  represents  a weighted  average over  a 
d is t r ibut ion  of pa ra l l e l  diffusion paths  and not nec-  
essar i ly  a p e a k - t o - v a l l e y  separat ion.  The weight ing 
function depends on a more expl ici t  model  for surface 
contours,  bu t  should be dominated  by  contr ibut ions  
f rom microsurface  regions of  greates t  concentra t ion 
gradients ,  i.e., near  asperi t ies .  

The foregoing pic ture  presumes  un i form charge 
t ransfe r  across the  microsurface.  If, instead, cur ren t  
sources ~and sinks are  localized, res is t ive effects arise 
f rom concentra t ion polar izat ion at these sites (25). 
The concentra t ion pe r tu rba t ion  in the vic ini ty  of a 
point  source is given by  (26) 

o0( ) 
i,~c* = - - - -  r e [18] 

r e  Or 
with the solution 

c* (r)  • c* (a) ( a / r )  exp [- -  ( i~ /D)  1/2 (r  -- a) ] [19] 

where  c * ( a )  is the b o u n d a r y  value  at  an idealized 
inner  spher ica l  surface of radius  a. The current  modu-  
la t ion for a hemispher ica l  source equals 

0c* 
I* = - - z F D ( 2 ~ a  2) \ - - ~ -  ) r=~ [20] 

and  the cor responding  admi t t ance  becomes 

Y* :_ ( z 2 e F D / k T )  (2~a)c(0)  [1 + ( i J D ) l / 2 a ] N  [21] 

where  N is the  sur face  d e n s i t y  of sources. At  very  
high frequencies Y* varies as (i~,)'/~ but, for lower  
frequencies pe rmi t t ing  diffusion over  distances grea ter  
than a, Y* turns  into a res is t ive element .  P rov ided  
the separa t ion  of sources is sufficient, the admi t tance  
remains  res is t ive unt i l  diffusion in the macroscopic 
Nerns t  l ayer  becomes the l imi t ing factor.  If  d is the 
effective separat ion,  N = 1 / d  2, then min ima l ly  d > 4a. 
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F o r  ou r  resul~ G ~ 1~}~ m h e / c m  2 at  c _-- 10 raM, Eq. 
[21] gives d2/a -- 6.6 X 10-6 cm, or  for  a : 5 '10A, 
d --  60-80A. There  thus appears  to be a marg ina l  nu-  
mer ica l  w indow to suppor t  the hypothes is  tha t  the  
appa ren t  exchange  cur ren t  is a l imi t ing  cu r r en t  due 
to a high dens i ty  of spher ica l  diffusion zones on the 
microsurface.  This mode l  has  been invoked on a macro -  
scale  for  c a d m i u m  deposi t ion (27). 

The  advantages  of  this i n t e rp re t a t ion  a r e  an  e x p l a n a -  
t ion of  the  p a r a l l e l  po ten t ia l  dependences  of G and the 
surface concentrat ion,  the  involvement  of  surface 
morphology,  and  the avoidance  of an independen t  k i -  
net ic  surface process  such as charge  t ransfer :  The  d i f -  
ficulties a r e  the absence of roughness  effects is s t i l l  
unexpla ined ,  i.e., the macroscopic  W a r b u r g  coefficient 
r emains  constant  to h igh  frequencies,  and  the model  is 
specific to p o i n t , l i k e  sources. The former  objec t ion  
m a y  be  qua l i t a t ive ly  su rmounted  by  no t ing  that  rough-  
ness devia t ions  in C* plots  l ie in the  opposi te  di rect ion 
to those for  local ized concentra t ion polarizat ions.  

A hemicy l indr ica l  o r  l ine source does not  ana ly t i ca l ly  
lead to res is t ive  l imi t ing  behav ior  but  m a y  appear  to 
do so for  prac t ica l  purposes.  F o r  this case the  expres -  
sion equiva len t  to Eq. [21] is 

Y* = (z~eF/kT) (i~D)~/~c(O)~LK1(x)/Ko(x) [22] 

where  x = (i~ae/D) '/~, L is the  to ta l  length  of sources 
pe r  uni t  area,  and  K, 's ,  a re  modified Bessel  functions. 
At  low frequencies  (x < <  1) 

Y* --  (z2eF/kT)Dc(O)~L[--2/ln (i~a2/D)] [23] 

Fo r  a --  5A, the  modulus  of the  las t  factor  varies  only  
0.13-0..23 for  f requencies  102-105, while  the phase angle  
ranges  5~ ~ so the  admi t t ance  is app rox ima te ly  re -  
sistive. Our  va lue  for G then gives L ----- 1.6 • 106 
c m / c m  2, suggest ing l inear  source spacings of 100-200A. 

If  the  point  polar iza t ion  in te rpre ta t ion  is ex tended  
to the  P E G  solutions, the  addi t ive  effect mus t  be to 
reduce  the d e n s i t y  of ac t ive  sites to d ~ 108A, a dis-  
tance commensura te  wi th  film thickness.  This conclu-  
sion need not  i m p l y  deposi t ion only  at  such remote  
sites. Should  the  kinet ics  for  the  creat ion and annih i la -  
t ion of g rowth  s i tes  be  independen t  of potent ia l ,  the  
a -c  measu remen t  wi l l  be uncor re la ted  with  these fluc- 
tuat ions  and respond  only  to thei r  mean  value.  Fur the r ,  
la t t ice  g rowth  dur ing  the diffusion per iod  wil l  move 
the g rowth  site, and the effective value  for  a which 
best  descr ibes  the  polar iza t ion  configurat ion should  be 
l a rge r  than  a tomic  dimensions.  

A definit ive mode l  for  t in deposi t ion cannot be de -  
duced f rom presen t  e x p e r i m e n t a l  da ta  and an a l t e rna -  
t ive in te rp re ta t ion  to the  localized concentra t ion po-  
la r iza t ion  model  cannot  be  ru l ed  out. The  potent ia l  de -  
pendence  of G c o u l d b e  a t t r ibu ted  to an unusual  
c h a r g e - t r a n s f e r  step, ~ ~_ 0, but  a r a t e - l im i t i ng  step 
p r io r  to charge t ransfe r  seems preferable .  As one pos-  
s ib i l i ty  a surface d ispropor t iona t ion  react ion 

Sn + + -{- S n ~ -  2 [ S n ( I ) ] s  [24] 

involv ing  a monova len t  tin species fol lowed by  a rap id  
cha rge - t r ans f e r  s tep is technica l ly  consistent  if the  
surface  species concentra t ion  varies  as exp (e~/kT). 
This model ,  however ,  also predicts  a pseudocapac i -  
tance, C -~ (eF/kT) [Sn ( I ) ] s ,  not  ev ident  in our mea -  
surements .  I f  C ( 50 g F / c m  2, then [Sn( I ) ]~  <~ 10 -11 
M / c m  2. Rate  l imi ta t ion  due to react ions fol lowing the 
cha rge - t r ans f e r  step, o n  the~other  h a n d ;  does not  l e a d  
to the  exl~erimental  po ten t ia l  dependence ,  ru l ing  out  
ada tom processes. 

The a l te ra t ion  of the potent ia l  dependence  of the 
r a t e - l imi t i ng  s tep b y  a bu lk  surface film suggests  a 
modification of the surface  potent ia l  gradient ,  b r ing -  
ing the  l imi t ing  ,barrier  wi th in  the  e lec t r ica l ly  po l a r -  
ized region. One m a y  conjec ture  that  the  film reduces  
the  surface poten t ia l  g rad ien t  so tha t  the ene rgy  of an 
in t e rmed ia te  wi th in  the  film becomes an expl ic i t  func-  

t ion of potent ia l .  The test  of  this hypothes is  requi res  
more  reproduc ib le  methods  for  control l ing film de-  
ve lopment  and thickness  before  meaningfu l  quan t i t a -  
t ive resul ts  can be ob ta ined .  

Reconci l ia t ion of our  results,  pa r t i cu l a r ly  the  nul l  
t r ans fe r  coefficient, wi th  pcevious s tudies  genera l ly  
repor t ing  values  of  0.4-0.6 raises a w k w a r d  questions.  
Our  resul ts  a r e  based on pe r tu rba t ions  o f  the  e lec t rode  
unde r  s t eady - s t a t e  polar iza t ion  condit ions at  specified 
overpotent ia ls .  Surface  condi t ions  m a y  differ  f rom 
those fol lowing a la rge  potent ia l  j u m p  to this potent ia l  
f rom equi l ibr ium,  a p a r t  f rom macroscopic  concent ra -  
t ion polar iza t ion  differences. I m p u r i t y  effects in our  
work  seem an un l ike ly  exp lana t ion  in as much as we 
find exchange  cur ren t  densi t ies  for  10 mM solutions 
cons iderab ly  grea ter  than  those  repor ted  at  even 
h igher  concentrat ions,  and  d o u b l e . l a y e r  capaci tance  
va lue s  rule  out  anomalous  microsurface  areas. 

A d i rec t  comparison wi th  a m a l g a m  studies m a y  be 
inapprop r i a t e  because  of  differences in Sn  ~ act iv i ty  
and morphology.  In acid chlor ide  solutions the  basic 
ch lor ide  has been p r ed i c t ed  to be t he rmodyna mica l l y  
s table  in the  potent ia l  range  for  t in  deposi t ion (28), 
and aging effects ascr ibed to the  fo rmat ion  of such a 
film have  been repor ted  (8).  We note  tha t  plots  for  
measurements  wi th  surface films p resen t  lead to finite 
a-values ,  i.e., for Fig. 12 ~ = 0.38. Cont inued aging 
would  decrease this  slope and the  va lue  at  ~1 = 0, l e ad -  
i ng  to an exchange  c u r r e n t  dens i ty  and t ransfe r  co- 
efficient in be t te r  ag reemen t  wi th  publ i shed  data.  

Summary 
At  long t imes tin deposi t ion is l imi ted  by  diffusion 

of s tannous  ions in the  e lec t ro ly te  phase. At  shor ter  
t imes the  process is l imi ted  by  a res is t ive step which 
appea r s  to be s imi lar  whe the r  o r  not addi t ives  are  
present ,  a l though the addi t ive  PEG reduces  the ra te  
by  factors of 100-1000. The po ten t ia l  dependence  of 
this rate,  equiva lent  to a nul l  t ransfer  coefficient, is 
not tha t  expected for  convent ional  c h a r g e - t r a n s f e r  p ro -  
cesses and implies  a b a r r i e r  on  the  e lec t ro ly te  side of 
the Helmhol tz  layer ,  wi th  the ca thodic  pa r t i a l  cur ren t  
being d i rec t ly  p ropor t iona l  to the  surface concent ra -  
t ion of Sn +§ Localized concentra t ion polar izat ion 
zones at  discrete  g rowth  sites are  consistent  wi th  this 
po ten t i a l  dependence.  No di rec t  evidence,  such as a 
la rge  pseudocapaci tance,  ind ica tes  the exis tence of sur -  
face in termedia tes .  Add i t ive  effects a re  most  eas i ly  
expla ined  b y  large  reduct ions  in the dens i ty  of ava i l -  
ab le  growth  sites, and the i r revers ib le  format ion  of 
surface oxides  m a y  be responsible  for the va r i ab i l i ty  
of l i t e ra tu re  results.  

Manuscr ip t  submi t t ed  June  17, 1982; revised m a n u -  
scr ipt  received ca. Sept.  13, 1982. 

A n y  discussion of this  pape r  wilt  appea r  in a Dis-  
cussion Section to be publ i shed  in the December  1983 
JOURNAL. Al l  discussions for  the  December  1983 Dis-  
cussion Sect ion should be submi t ted  b y  Aug. 1, 1983. 

Publication costs of this article were assisted by Bell 
Laboratories. 
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A Model of the Bromine/Bromide Electrode Reaction at a Rotating 
Disk Electrode 

R. E. Whi te*  and S. E. Lorimer* 

Department of Chemical Engineering, Texas A&M University, College Station, Texas 77843 

ABSTRACT 

A mathematical model is presented for the Br._,/Br- electrode reaction at a rotating disk electrode. The model includes 
current density-overpotential expressions for thelelectrode reaction according to either the Volmer-Heyrovsky (V-H) or the 
Volmer-Tafel (V-T) mechanism and the transport equations including the effect 0f ionic migration. The model is used to 
predict current-overpotential curves for various cases of interest. Qualitative comparison of the model predictions to litera- 
ture data shows that either the V-H or the V-T mechanism, with V controlling, may be acceptable for the BrjBr- reaction. 

Table I presents a summary of the investigations of 
the kinetics o f  the Brz/Br-  electrode reaction. The 
three mechanisms that have been proposed frequently 
are the Volmer-Heyrovsky (V-H), Volmer-Tafel 
(V-T), and the Heyrovsky-Tafel (H-T), which can 
be written as follows 

V-H mechanism 

(V) Br -  ~-Brads -l- e -  

(H) Brads q- Br- ~ Brs Jc e- 

V-T mechanism 

[1] 

[2] 

(V) 2 (Br- ~--- Brads -{- e- ) [3] 

(T) 2Brads ~=~ Br2 [4] 

H-T mechanism 

(H) 2(Br2 + e- ~__ Br- + Brads) [5] 

(T) 2Brads ~--- Br2 [6] 

Table I includes the kinetic mechanism(s) proposed 
by each group, the type of electrode material, and the 
technique used to determine the kinetics. Also in- 
cluded in the table are comments concerning each 
group's approach to handling the tribromide ion for- 
mation reaction 

[7] 
kf kf 

Brs ~- B r -  $=~ Br~- KeQ -" 
kb kb 

and assumptions made concerning the degree of cover- 
age of the electrode surface with adsorbed bromine 
(0) or the rate of adsorption-desorption processes. 

* Electrochemical  Society  Act ive  Member.  
Key words:  battery,  migration. 

Essentially, four different methods have been used 
to study the kinetics of the B r J B r -  electrode reaction. 
The four methods are: galvanostatic or potentiostatic, 
impedance, preexponential factor, and coulostatic. 
Three groups (1, 2, and 3, see Table I) used current 
density-potential curves produced either galvanostati- 
cally or potentiostatically to study the Br2/Br- reac- 
tion. The kinetic mechanism was selected by compar- 
ing the experimentally determined slopes of Tafel 
curves and reaction orders to those values predicted 
for each possible electrode kinetic mechanism. Three 
other groups (4, 5, and 6) measured the impedance of 
the electrode as a function of the frequency of an ap- 
plied alternating current and used this to determine 
the exchange current density. They then determined 
the dependence of the exchange current density on 
concentration and overpotential to select the electrode 
kinetic mechanism. AUard and Parsons (7) used ex- 
perimentally determined values of the preexponential 
factor to study Br2/Br- electrode kinetics. The order 
of magnitude of the experimental value of the pre- 
exponential factor, which can be determined from 
measurements of the exchange current density at 

Table IA. Summary of Br2/Er- kinetic studies 

Investigator (s) Technique Electrode 

. Osipov et aL (1) Potcntiostat ic  Plat inum RDE 

. Janssen and Hoogland (2) Galvanostatic  Graphite 
Stat ionary 

3. Faita,  Fiori,  and Mussini Potentiostat ic  Platinized 
(3) Ti  RDE 

4. Llopis and Vazquez (4) Impedance  Platinum 
Stationary 

5. Cooper and Parsons (6) Impedance Platinum RDE 
6. Albery et aL (6) Impedance Platinum RRDE 
7. Allard and Parsons (7) Preexponential Platinum RDE 
8. Rubinstein (8) Coulostatic Platinum 

Stationary 
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Table lB. Summary of Br?j'Br- kinetic studies 

1097 

Investi- Rate-control- 
ga tor (s )  Proposed mechanism ling step Comments 

I V-H Both equally 
2 V-H V 
B V-H Both equally 
4 Slightly modified H-T H 

5 V-H or V-T V 
(Low surface coverage)  

V-T or H-T T 
(Higja surface coverage) 

6 V-H or V-T V 

7 V-T V 

8 V-T or  V-H V 
(Oxidized electrodes) 

Slightly modified 
V-T or V-H V 

(Reduced electrodes) 

different temperatures, was then used to identify the 
ra te-determining step of various mechanisms. Rubin- 
stein (8) used the coulostatic method which consists of 
charge injection followed by an open-circuit  transient 
analysis to obtain the kinetic parameters.  As before, 
these parameters  are then compared to those pre-  
dicted by the proposed mechanisms to determine ac- 
ceptable mechanisms. 

As can be seen from Table I, no single electrode 
kinetic mechanism is supported by all of the investi- 
gators. The V-H and V-T mechanisms are, however, 
suggested more often than the H-T mechanism. Table I 
also shows that most workers neglected the formation 
of tr ibromide ion. This is unfortunate because at the 
very least this causes confusion concerning the 
bulk concentrations of the reacting species (Br2 and 
B r - ) .  Finally, Table I entries and other studies reveal 
that considerable confusion exists over the role of ad- 
sorbed bromine in the electrode reaction. Equilibrium 
values for the degree of coverage of plat inum surfaces 
with adsorbed bromine indicate that as many as 55- 
60% of the available adsorption sites are covered (9, 
10). Also, bromine  is known to be strongly chemi- 
sorbed on plat inum (11-13). On the other hand, the 
values of the preexponential  factor for the bromine 
electrochemical reaction measured by Allard and Par-  
sons (7) indicate that  the degree of surface coverage 
is low and that the adsorbed species has a high degree 
of mobil i ty across the electrode surface. Also, the 
impedance measurements made by  Llopis and Vaz- 
quez (4) indicated that the rate of the bromine/bro-  
mide reaction is not affected by adsorption. To ex- 
plain these apparent ly conflicting results, Allard and 
Pro:sons (7) proposed that the electrode reaction in- 
volves a loosely adsorbed reactive bromine species 
existing in a sparsely filled layer on top of a layer of 
unreaetive bromine adsorbed directly on the electrode 
surface. Albery  et al. (6) and Rubinstein (8) sup- 
port  this proposal. 

I t  is clear  that  there is still uncertainty concerning 
the Br2/Br-  electrode reaction. The kinetic mecha- 
nism and associated issues such as the effect of the 
homogeneous tr ibromide formation reaction and the 
role of adsorption-desorption processes in the electrode 
reaction are still unresolved. 

A model is presented here which may be useful for 
analysis of potentiostatic RDE data. The model in- 
cludes rate expressions for ei ther the V-H or the V-T 
mechanisms and is used here to predict current-po-  
tential  curves for both mechanisms for various cases 
of interest. 

Model 
Figure 1 presents a schematic of the RDE system 

in which the position of the reference electrode is 
shown. The model presented here consist of current-  
overpotential  expressions for either the V-H or the 

Ignored t r ibromide ion formation a n d  adsorption effects 
Ignored t r ibromide ion formation; included surface coverage  
Low surface coverage assumed; ignored t r ihromide ion formation 
Ignored tr ibromide ion formation; exper imental  data indicated ad- 

sorption did not effect electrode react ion rate 
Ignored t r ibromide ion formation 

Reaction thought  to occur in sparsely filled second layer  on top 
of an electrode surface completely covered with a layer of un- 
reactive bromine atoms. 

Corrections made for t r ibromide ion formation; es t imate  made of 
the  degree of surface coverage 

Used a combined isotherm approach to account for adsorption 

V-T mechanisms, the transport  equations, and the 
boundary conditions for the RDE system. The model is 
presented by first listing the assumptions and then 
the equations. 

Assumptions 
1. The rates of the individual steps in each of the 

reaction mechanisms are equal (i.e., iv = i H  and iv = 
iT) .  A l s o ,  for the V-H mechanism, i = iv + i H  and for 
V-T mechanism, i -- iv ---- iT (14). 

2. The double layer is ignored by assuming that it 
is infinitely thin. 

3. Equilibrium adsorption of the adsorbed bromine 
(Brads) follows the Langmuir isotherm and is very 
small (co < <  1). 

4. The rates of the adsorpt ion-desorpt ionprocess are 
rapid enough to not interfere with the rates of the 
charge transfer steps. 

5. The electrolyte is an ideal solution (i.e., concen- 
trations instead of activities are used). 

6. Infinitely dilute solution theory (15) applies. 
7. The RDE is an equipotential electrode and is uni- 

formly accessible. 
8. Steady-state conditions exist. 
9. Isothermal conditions exist. 

l__J 
~ S r u s h  

Contact 

Shaft 

_ Rotating Disk 
Working Electrode(+) 

Y = Yre 

Reference Elect.rode 

Porous Plug 
I J lY s C ~  Electrode I 

(-) 

Fig. I. Schematic ef a rotating disk electrode system 
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IO. The electrolyte is Newtonian and the physical 
and transport  properties are constants. 

11. 2'he Nernst ,Einstein equation (ui _ D.gRT> is a 
valid approximation. 

12. The reaction orders are  given by the stoichiome- 
t ry of  the individual steps of  the overall  reaction. 

Kinetic Equations 
The above assumptions and the rate expressions 

given by Jansson and Hoogland (14) for the CI~/CI- 
electroae reaction can be used to derive curren~ den- 
sity-potents expressions for the V-H and V-T mecha-  
nisms, as dLscussed by Lorimer  (16). Essentially the 
method consists of using assumption 1 to obtain an 
expression for  the cur rent  density i for each mecha-  
nism which depends on, among other  things, the sur-  
face coverage and the equilibrium surface coverage of 
adsorbed bromine atoms. These.equations can then be 
simplified by using assumption 3. The resulting ex- 
pressions for the V-H and V-T mechanisms are as 
follows 

VII mechanism 

= exp ( (I + (@me  -- @o - V,e,) 
\ RT / 

�9 - -  CBr2,0 ( ox, 
• [, + ,.o,.,.H ( o . . _ , o ) .  

$OreLV \ CBr--,ref 

V-T mechanism 

~-~ ( CBr--,O 
A4- [A2-- (~'oref'v \CBr_,ref) 

exp ~"-fiT (r @o- Uref) ) 

_,_ (.,.Or,,.v ( O'r"~ ) " 
CBr2,ref 

e x p ( - - ( 1  -- ~ ) F  _ )~ ]'/, ~-~ ) (@met - -  @o Uref) [9] 

where 

A ioref,v ( cBr- 'O ] e x p (  'a~F - -  " - ~  (@met - -  @o - -  Uref) ) 
CBr--,ref / 

[ iOref.V ~2 f - - 2 ( 1 -  a v ) F  '~ 
4- - -  e x p  (@met - -  @o - -  Uref) 

L 2iOref,T J L R T  
/ 

[10] 

The exchange current  densities (iorefjt, ioref.v, and 
iOref,W) a r e  based on the reference concentrations used 
in the analysis. These reference exchange current  den- 
sities are  the values that would be obtained from com- 
parison of the predicted and experimental  current  
density-potential  curves. Once values for ioref,j have 
been determined they can be adjusted to a s tandard 
electrolyte composition by using the following ex- 
pression 

Ci,std ~"r'~l 
/ostd.:)----iore,.j '~ ~ . .  [11] 

where t he  values of "ylj used here are based on the 
stoichiometry of the reactions (15, 16) and are pre-  
sented in Table II. (Even though Br2 does not partici- 
pate in the Volmer reaction, Eq. [1], a value for ~Br2,V, 
as given in Table II, arises because of the use of as- 
sumption 3 in the derivation of Eq. [8] and [9]). The 
open-circuit  potential Uref is based on the reference 
concentrations and is given by 

Table II. Concentration dependence of the 
exchange current densities 

Reaction j Species i 7~ J 

V Br- I - uv 
V Br~ av/Z 
H Br- 1 - a -  
H Br~ (1 + aH)/2 
T Dr- 0 
T Brs 1 

RT ~r l n ( C l ' r e ~ )  
Ur~ 

-- U~ U~ n F  i 81 ~ Po 

( Ci,rs 
R,r' .--;:--) 

-I- nreF i 

where Ci,re represents the concentration of species i in 
the reference electrode compartment and both Ci, ref 
and el,re must be in tools/liter in Eq. [12]. This depen- 

oo-,.,,.,,,>) ] 
)] ( 1 - - ~ V 4 -  a H ) F  (@met - -  @o --  Uref) 

exp RT 

[8]  

dence of the open-circuit  potential  on the reference 
concentration instead of the surface concentration 
arises natural ly in the derivation of Eq. [8] and [9] 
due to the concentration dependence of  the exchange 
current  density. Also, it should be pointed out that  
Uref is for the overall  reaction (2Br-  ~--. Br2 4- 2e - ) .  

The above current  density-potential  expressions can 
be simplified by assuming that  one of the steps is 
rate controlling or that both steps proceed at approxi-  
mately the same rate. Table I I I  presents the simplified 
forms of the rate equations where 

"Qref = @met - -  @o - -  Uref [13] 

Entries IA and IB can be obtained by considering the 
denominator  of Eq. [8]. For iOref,H > >  iOref.V and I~lref[ 
--  ,~0.1V the term containing the exponential  is large 
relative to one; however, when l~ref] ~-- ,-,0.1V, the 
term containing the exponential  is small relative 
to one. The reason for this depends on whether  71ref 
is negative or positive. When Tlref is negative and is 
made to be more and more negative, eventually the 
exponential  becomes so small that  the entire term is 
small relative to one. On  the other hand, if "Qref is posi- 
tive and is made more  positive, eventually the surface 
concentration of the bromide ion (Csr-,o) becomes so 
small that  the entire term is small relative to one, 
assuming, o f  course, that  the bromide ion is not pres- 
ent in the electrolyte in abundance. The kinetic param-  
eters f rom these simplified forms are presented for 
convenience in Table IV and V for cathodic and anodic 
values of 11ref, respectively. 

These simplified equations and parameters  are pre-  
sented for completeness and to aid in understanding 
the system. However,  the simplified equations are not 
necessary for determination of  the kinetic rate con- 
stants. Again, the kinetic rate constants should be 
determined by comparison of the experimental  data 
(current density at a set potential difference between 
the RDE and a reference electrode) to predicted values 
f rom the complete expressions. 

Transport Equations 
The steady state, no homogeneous reaction material  

balance equation for species i is (15) 
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Table III. Simplified forms of the V-H and V-T current density expressions for limiting cases 

I. Volmer-Heyrovsky mechanism (Eq. [8]) 

A. Volmer reaction rate controlling, low ~ret(i0ref,H >> 1Oref.Vj [7}ref[ ~ ,~0.1V) 

B. Volmer reaction rate controlling, high ~re~(iOr~f,H > >  /Or~,v, [~ref] ~ ~ 0 . 1 V )  

[ [  car-.o'~" ( ( I + a H ) F  ~ ( C S r . , O ) ( - - ( 1 - a n } F  ) ]  
, = 2,o,o,,~Lk--ycer_,re, exp RT ~ret/ -- ~ exp ' Ri  ,ref 

C. Heyrovsky reaction rate c0ntrolling'(iOret,V > >  iOref,n) 

2i0ref,H [( ~B'-'~ )~ cxp ((I + ~]e ~ . . , ) - -  :~.-..o. - RT . -- ( Car.,O )__C~r.,ret e x p  (.-- (I --RTeX~)F ~re,)] i 

D. Both reactions approximately equally rate controlling (iOref,V ~ iOref,H) 
1. Cathodic overpotential (anodic back reaction neglected) 

[ Car'.O , ~ (I +aH)F ) 
i = -2~o..,.~k~ 1., e ~ p  ~ ~.., 

2. Anodic overpotential (cathodic back reaction neglected) 

c~r-,o ( a v F  r., ) 
~= 2 / o , , , , v ( ~ )  exp - - ~  

CBr~reg 

II. Volmer-Tafel mechanism (Eq. [9] and [10]) 

A. Volmer reaction rate controlling (iore~,~ ~ ior~,v) 

r (  cs._,o ) [ a v F  "~ ( _  CSr,,O ~'/' ( ( 1 - - a v ) F - -  ) ]  
CBr-~ref -- CBr~,ref R-T- ~ref 

B. Tafel reaction rate controlling (iOret,v ~ >  i0ret,z) 

[(C~r-,O]~ex p 2F ( careD ) 

C. Both reactions approximately equally rate controlling (lO~e~,V ~ lores,T) 

1. Cathodic overpotentials (anodie back reaction neglected) 
No simplified form of the V-T current density expressi on is available for this case except near limiting current where 

( c~r,,o ) 
t --~Oref,T 

CBr~pret 

2. Anodic overpotentials (cathodic back reaction neglected) 
(o..o) 

i = toref,v exp ~ ' - " ~ - - _  7]ref 
e B r ' , r e f  

dNt 
-- - -  = 0 [14] 

dy 

w h e r e  Ni is the flux of species i. The flux of species i 
occurs by three mass transfer processes: ionic migra- 
tion, diffusion, and convection and is given by 

DiFci dr dc~ 
Di ----s ~- 'OyC i [15] Nt --  - - z i  R--'-T dy dy 

Newman (15), for example, shows that at high 
Schmidt numbers, the component of fluid velocity in 

Table IV. Electrode kinetic parameters from simplified forms 
of current density expressions for cathodic ~ref 

2.303 Reaction 
Kinetic Tafel orders 
mech- Rate-deter- Tafel slope line in- 
anism mining step (in volts) tercept qBr s qs~" 

V-H Volmer, -~re~ (2 - av)F 
~-- ~0.1V 2iOref,V 1 - 1  

RT 
(i - ~H)F 

Volmer, -~ret 2iOre t,H 1 0 
---~ ,,~0.1V RT 

( 1  - aH)F 
Heyrovsky 21Oret,H 1 0 

RT 
(I - cz~)F 

Approximately 21oret,s 1 0 
equal RT 

V-T Volmer (1 - ~v)F 
~Or~,V ~ 0 

R T  
Tafel 0 io,e~,T 1 0 
Approximately 0 fOre~.T 1 O 

equal 

Table V. Electrode kinetic parameters from simplified forms 
of current density expressions for anodic Tlref 

Kinetic 
mech- 
anism 

2 . 3 0 3  Reaction 
Tafel orders 

Rate deter- Tafel slope line in- 
mining step (in volts) tercept pBrs  PBr- 

V-H 

V-T 

Volmer, ~re~ -- a~F 
-~0.1V RT 2/Oref,v 0 I 

Volmer, ~e~ ~-- (1 + aH)F 
~0.1V 2~orer,~ 0 2 

RT 
Heyrovsky (i + aH)F 

2ioret.n 0 2 
RT 

Approximately avF 
equal 2iOref,V 0 1 

RT 
Volmer ~vF 

tOre~,V 0 1 
RT 
2F 

Tafel ~ $Oref,T 0 2 
RT 

Approximately avF 
equal toret,v 0 1 

RT 
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the di rec t iona l  no rma l  to the  e lec t rode  surface is given 
by  

vy " -  --al2 ( 42/v) ~l=y2 [16] 

where  y is the dis tance f rom the e lect rode into the 
e lec t ro ly te  in a di rect ion normal  to the  e lect rode sur -  
face. This coordinate  can be r ewr i t t en  in dimensionless  
form as F(oF 

= T [17] 

or  
$ "-- Y/~D [18] 

where ~D is the diffusion layer thickness and is given 
by 

= ( 3 D R ) l / 3  ~ ) l / s  
[19] 

Subs t i tu t ion  of Eq. [I5],  [16], and [18] into Eq. [14] 
y ie lds  

d2ci dei 
Di- -~ -  -I- 3DR~ 2 

d'-'~-- 

z,DiP [ dSr de,d__T d~ + + = o [20] 

which is the  ma te r i a l  balance equat ion used here  for 
species i. The e lec t roneu t ra l i ty  condit ion 

ZZiCi -- 0 [21] 
t 

completes  the  set of i -t- 1 equat ions to be solved sub-  
ject  to the bounda ry  condit ions to obta in  ci and r 

Boundary Conditions in the Bulk Solution 
Bulk solut ion conditions are  assumed to exist  at  

Y ~ Yre where  Yre is the  no rma l  dis tance f rom the RDE 
to the  reference e lec t rode  (see Fig. 1). The concent ra -  
t ion of  species i in the bulk  solution is des ignated as 
Ci, r~f and the potent ia l  in the bu lk  solut ion at y ---- Yre 
is des ignated  as ere. 

Thus, the  bounda ry  condit ions in the  bu lk  solution 
are:  

a t  y = Yre 
Ci -- CLref [22] 

"- ere -- aset value (0.01V, e.g.) [23] 

where CLref must satisfy the electroneutrality condition 
(Eq. [21]). 

Boundary Conditions at the Electrode Surface 
The bounda ry  condit ions at  the e lec t rode  surface are  

as follows: 
a t y  = 0 

n F  - - - - N t  [24] 

Zzici : 0 [25] 
! 

~met : a set value  (0.1V, e.g.) [26] 
J 

where  N i i s  given by  Eq. [15] wi th  vy = 0 and i is 
given by  e i ther  Eq. [8] or  [9]. 

The potent ia ls  in the bounda ry  conditions given by 
Eq. [23] and [26] a re  shown schemat ica l ly  in Fig. 2 
for a ro ta t ing  disk e lect rode being opera ted  anodical ly.  
Note that  the poten t ia l  difference be tween  the work -  
ing e lec t rode  and  the reference  e lec t rode  ( ~ e t  - -  r 
is the  quan t i ty  set by  a potent iostat .  In  the  model ,  
however ,  both  Omet and ~re a re  set i ndependen t ly  such 
tha t  the i r  difference is equal  to tha t  set b y  the  po ten-  
t iostat.  

Solution Technique 
The i -F 1 set  of governing  equations for ci and 

(Eq. [20] and [21]) can be solved numer ica l ly  subject  
to the  b o u n d a r y  condit ions (Eq. [22]-[26])  once 

td 

"1" 

0 
E 

Z 

o 
= 
~o 

infinitely thin diffuse double layer at the electrode surface 

r I ~ Potent ial  of the working electrode 

/ 
r o ~ Potential in the solution at y=O 

~ Potential distribution within the solution 

Bulk solution 

#2re I 

D i f fus ion  
Layer - ' 

I I 
0 [ I ~._ 

0 Y = ~D Y = Yre 

Fig. 2. Schematic of the solution potential profile near an electrode 

values have been specified for the fol lowing p a r a m -  
eters:  Ci,ref, Di, #o, v, Y, U ~ si, n, type  of re ference  elec-  
trode, Si,re, el,re, Yre, iOreLj, aV, all, ( if  necessary)  ~2, and 
Cmet, and ~re (again, only  ~met -- d2re is impor t an t ) .  
Newman ' s  (15) numer ica l  technique [see also White  
(17)] can be used to solve this set of equat ions which 
yields  values for  the  var iab le  quant i t ies  r CBr-,O, and 
CBr2,O. These values together  wi th  e i ther  Eq. [8] or [9] 
and the values  for ~rnet, ~re, and the calcula ted value 
Ure f yield  values  for  the cur ren t  dens i ty  i at a specified 
value  of ~met  - -  ~ re  or Ilref ca lcula ted according to Eq. 
[13]. 

Results and Discussion 

The model  presented  above can be used to pred ic t  
the cur ren t  dens i ty  for a set po ten t ia l  difference be-  
tween the work ing  e lec t rode  and a reference  electrode 
(~met  - -  ~Pre) once the p a r a m e t e r  values  have been set. 
Al te rna t ive ly ,  the model  could be used to de te rmine  
the kinet ic  pa ramete r s  by  compar ing  the predic ted  
cur ren t  dens i ty  values to observed values and finding 
the p a r a m e t e r  values that  minimize the sum of the 
squares of the difference be tween  the predic ted  and 
m e a s u r e d  cur ren t  densities.  However ,  the model  is 
used here  to p r e s e n t  pred ic ted  cur ren t  dens i ty -po ten -  
t ia l  curves which i l lus t ra te  some of the capabi l i t ies  of 
the model. Also, to s impl i fy  the presentat ion,  the t r i -  
b romide  ion format ion  react ion is neglec ted  com-  
p le te ly  (addi t ional  work  which includes the  forma-  
tion of Br3-  m a y  be presented  in the fu tu re ) .  

Table  VI presents  the fixed p a r a m e t e r  values used 
in the  model  to produce the predic ted  cu r r en t -po t en -  
t ia l  curves shown in Fig. 3-7. F igure  3 presents  the 
effect of va ry ing  the magni tude  of the exchange cur-  
ren t  densit ies in the V-H mechanism wi th  iOref,H/iOref,V 
= 1.0. As shown in Fig. 3, an o rde r  of magni tude  
change in the exchange cur ren t  densi t ies  yields not ice-  
ab ly  different  cathodic cu r ren t -po ten t i a l  curves.  F ig-  
ure  4 shows the effect of the magni tude  of the  ex-  
change cu r ren t  densi t ies  for the  V-T  mechanism with  
the  Volmer  step control l ing (iOref,V/iOref.W = 0.01). 
Notice that  the predic ted  l imi t ing cur ren t  densi t ies  
depend on the magni tude  of the exchange cur ren t  den-  
sities even though the  Volmer  step is ra te  controll ing.  
Note also tha t  the l imi t ing current  dens i ty  pred ic ted  
b y  Levich equat ion (15) 

1/=( DBr2 ) 2/3 
iLD = --0.62FCBr2,ref (,a~') . 



Table VI. Fixed parameter values 
-20 

P a r a m e t e r  V a l u e  

R e f e r e n c e  c o n c e n t r a t i o n s  

Diffusion and s t o t c h i o m e t r i c  
coef f ic ients  

M i s c e l l a n e o u s :  
P u r e  s o l v e n t  d e n s i t y  (r 
Kinematic viscosity (~) 
T e m p e r a t u r e  (T)  
Equilibrium electrode po- 

tential (U~)  

R e f e r e n c e  e l e c t r o d e  posi-  
t i o n  ~ (/#re). 

cK+,ref = 2.01 x 10 ~ mol/cm a 
CBr-,ref = 1.0 X 10 -5 m o t / c m  a 
c s o ~ 2 - , r e f  = 1 . 0  X 1 0  -8  m o l / c m a  

D~+ = 1.957 x 10 -~ c m ~ / s e c  ~ 
S ~  + = 0 

D s o ~ - - ' =  1;065 X 10 "~ e m ~ / s e c  a 
sso,  '~- = 0 

D~,- = 2.084 x 10-~ c m ~ / s e c  a 
S B r -  = 2 

DB,~ = 1.2 x 10 -~ em~/seo ~ 
SBr~ = - -  1 

1.0 g/era a 
1.0 x 10 ~ em-~ 
298.15 K 
0.904V, for reference concentra- 

tions and a saturated calomel 
r e f e r e n c e  e l e c t r o d e  

0.01 

Newman (15). 
Osipov et at. (1). 
P i c k e d  for c o n v e n i e n c e ,  

is not  obtained un t i l  the values of the exchange current  
densities are larger  than expected. This means that 
the exchange current  densi ty for the Tafel reaction 
is probably  la rger  than the exchange current  densi ty 
for Volmer reaction by  more than  two orders of mag-  
nitude.  

F igure  5 shows the effect of the Heyrovsky transfer  
coefficient (~H) in the V-H mechanism for the case 
where  the Heyrovsky step is ra te  controll ing and Fig. 6 
shows the effect of ~v when the Volmer step is con- 
trolling. Both figures show that t ransfer  coefficients 
change the shape of the ent i re  curve. 

F i g u r e  7 presents the effect of av on the predicted 
cur ren t  densi ty-potent ia l  curves for the V-T mecha-  
nism. Notice that  the smal l  exchange current  density 
for the Tafel step indicat ing that it is the ra te -con-  
t rol l ing step prevents  a noticeable change in the 
curve when  ~v is changed from 0.I to 0.9. 

Quali tat ive comparison of predicted current  den-  
s i ty-potent ia l  curves based on the model presented 
here to those given by Osipov et al. (1) reveals that 
ei ther the V-H or the V-T mechanism with the Volmer 
step rate  control l ing may  be an  acceptable mechanism 
for the Br2 /Br -  electrode reaction. Addit ional  raw 
data are necessary for a complete comparison which 
may  permit  a more definitive s ta tement  about  the 
B r J B r -  mechanism, 

- 1 6 - -  i i i 7 

-14 

E -12 

E,E -10 

-S 

c~ -6 

_41 

o 
-0.1 -0.2 -0.3 -0.4 -0.5 

Overpotential, r/tel (V) 

Fig. 3. Effect of the magnitude of the exchange current densities 
for the V-H mechanism with iOreLff/iOreLV ~ 1.0, ~V ~ ~n 
0.5, rotation speed ~ 1000 rpm. 
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O io,em = 1. X 10-3A/cm 2, i0,eLT = 1. X 10-~A/cm 2 
(~  imet.v = 1. X 10-4A/cm 2, i0ref .T = 1. X 10-~A/cm 2 

Jaref.v = 1. X 10-SA/crn2~ ioreLT = 1 X 10-3A/crn 2 
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0 -0.1 -0,2 -0.3 -0.4 

O v e r p o t e n t i a l ,  r/fef (V) 

Fig. 4. Effect of a change in the exchange current density mag- 
nitude on cathodic current density curves predicted with the model 
for V-T kinetics. Volmer reaction rate controlling. ~v ----- 0.5, rota- 
tion speed ~ 1000 rpm. 

-16 

-14 

- 1 2  
< 
E 
v -10  

~6 -6 

-4 

-2 

0 I I | 

0 -0.1 -0,2 -0,3 -0 .4 

Overpotential, r/,ef (V) 
Fig. 5. Effect of a change in Heyrovsky transfer coefficient value 

on cathodic current density curves predicted with the model for 
V-H kinetics. Heyrovsky reaction rate controlling, ioref,v = 1 X 
10-1 A/cm 2, ioref,ff = I X 10 -2 ,  rotation speed = 1000 rpm. 

Conclusion 
The current  densi ty  expressions presented here for 

the V-H and V-T mechanisms can be used to predict 
cur rent  densi ty-overpotent ia l  curves which are s imilar  
to data. Quali tat ive comparison of the predictions of 
the model presented here to data shows that  either 
the V-H mechanism or the V-T mechanism with the 
Volmer reaction control l ing is an acceptable mecha-  
nism for the B r 2 / B r -  reaction. 
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-16 

-14 

E -12 

~,~ -10 

�9 ~ -8 

"~ Transfer Coefficients 
Aav = 0.1, aH= 0.5 

(~ -4 Oar= 0.5, all= 0.5 
13av= 0.9, CON= 0.5 

-2 

0 i i i 
0 -0.1 -0.2 -0.3 -0.4 

O v e r p o t e n t i a l ,  r/F~f (V) 

Fig. 6. Effect of a change in Volmer transfer coefficient value on 
cathodic current density curves predicted with the model for V-H 
kinetics. Volmer reaction rate controlling, ioref,V = 1 • 10 -3  A /  
cm 2, iOref,H - -  i • 10 -1  A/cm 2, rotation speed - -  1000 rpm. 
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L IST  OF SYMBOLS 
a 0.51023 
Ci, std s t andard  concentra t ion of species i (mo l / cm 3) 
c i (y)  concentra t ion of species i at  dis tance y f rom 

elec t rode  (mo l / cm 3) 
Di diffusion coefficient of species i (cm2/sec) 
DR diffusion coefficient of l imi t ing  reac tan t  (cmS/ 

sec) ,  chosen to be Br~ here  
F F a r a d a y ' s  constant,  96,487 C/mol  
i cu r ren t  dens i ty  ( A / c m  2) 
iLD l imi t ing  cur ren t  dens i ty  de te rmined  by  convec- 

t ion and diffusion, value  given by  Levich equa-  
t ion ( A / c m  2) 

iOstd.J exchange cur ren t  dens i ty  for  react ion j at s tan-  
dard  concentrat ions  ( A / c m  2) 

ioref, j exchange cur ren t  dens i ty  for react ion j at  r e f -  
erence concentrat ions ( A / c m  e) 

Keq equ i l ib r ium constant  for  homogeneous t r ib ro -  
mide  fo rmat ion  reac t ion  (cm3/mol)  

kb backward  react ion ra te  constant  for t r ib romide  
homogeneous reac t ion  (sec -1 )  

kf fo rward  react ion ra te  constant  for t r ib romide  
homogeneous react ion (cm~/mol-sec)  

Ni flux of species i (mol /cm2-sec)  
n n u m b e r  of .electrons t r ans fe r red  in the overa l l  

e lec t rode  reac t ion  (n --  2 here )  
Pi anodic react ion order  of species i 
qi cathodic react ion o rde r  of species i 
R universa l  gas constant,  8.3143 J / r e a l  K 
si s toichiometr ic  coefficient for  species i in overa l l  

e lec t rochemical  react ion 
T t empe ra tu r e  (K) 
U s tandard  potent ia l  of an e lect rode react ion on 

hydrogen  e lec t rode  scale (V) 
U % e  s t andard  poten t ia l  of re ference  e lec t rode  reac-  

t ion on hydrogen  e lec t rode  scale (V) 
U%ef equi l ib r ium poten t ia l  difference be tween  w o r k -  

ing e lect rode and reference e lect rode eva lua ted  
wi th  chosen reference  concentrat ions (V) 

ul mobi l i ty  of species i ( cm2-mol / J - sec)  

-16 

-14 

E -12 

- lO 

~ -4 

-2 

0 
0 

I I I 

/ / ~ c  / / ...6. 0 

-0.1 -0.2 -0.3 -0,4 

O v e r p o t e n t i a l ,  r/Fef (V)  

Fig. 7. Effect of a Change in Volmer transfer coefficient value on 
cathodic current density curves predicted with the model for V-T 
kinetics using two sets of exchange current density values, ioref,v 
- -  I • 10 - 1  A/cm 2, iOref,T = I • 10 - 3  A /cm 2 (- - - ) ;  ioref,v 
= | X 10 -3 A/cm 2, iOref,T = 1 X 10 -1 A/cm 2 ( ,). 

Vy component  of veloci ty  of e lec t ro ly te  flow in a 
di rect ion normal  to the e lec t rode  surface ( cm/  
se C ) 

y dis tance from elect rode in a d i rec t ion  normal  to 
the e lectrode surface  (cm) 

zi charge on species i 
aj, (I  - -  aj) anodic and cathodic t ransfe r  coefficients of 

react ion j 
71j power  on concentra t ion t e rm for species i in re -  

action j in express ions  for  exchange cur ren t  
densit ies 

6D diffusion l aye r  thickness (cm) 
~ref overpoten t ia l  express ing depa r tu re  of e lectrode 

reac t ion  dr iv ing  force (Cruet ~ ~o) f rom equi l ib-  
r ium value  corresponding to chosen reference  
concentrat ions (V) 

~o equi l ib r ium surface coverage of adsorbed bro-  
mine  
k inemat ic  viscosi ty of the e lec t ro ly te  (cm2/sec) 
dimensionless  dis tance f rom elect rode surface  
(Y/6D) 

~o pure  solvent  dens i ty  (g /cm 3) 
r po ten t ia l  in the  solut ion as sensed by  a r e fe r -  

ence e lec t rode  (V) 
ere potent ia l  in the bu lk  solut ion at  the reference 

e lect rode as sensed by  a reference e lec t rode  at  
Y = Yre (V) 

~o potent ia l  in the e lec t ro ly te  immed ia t e ly  ad ja -  
cent to work ing  e lect rode surface as sensed by  a 
reference  eIectrode (V) 

~met potent ia l  of the  work ing  e lect rode (RDE) wi th  
respect  to the same the rmodynamic  potent ia l  
scale as the reference  e lec t rode  in the  solution 
(v) 
disk ro ta t iona l  speed ( rad / sec )  

Subscripts 
H identifies the  value  of a quan t i ty  associated with  

the Heyrovsky  react ion 
R denotes quant i ty  associa ted wi th  the  l imi t ing  

reac tan t  
re refers  to the reference  e lect rode 
ref  identifies a va lue  associated with  a chosen set 

of reference concentra t ions  (e.g., CLref, iOref,.i) 
std identifies a value  associated wi th  a chosen set of 

s t andard  concentrat ions  
T identifies the value  of a quan t i ty  associated with  

the  Tafel  react ion 
V identifies the value of a quan t i ty  associated with  

the  Volmer  react ion 
o subscript ,  denot ing a quan t i ty  which  is eva lu -  

a ted  wi th  the  concent ra t ion  ad jacen t  to the  elec-  
t rode surface (except  for 0o and po) 
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Notes 

A Technique for Calculating Shunt Leakage and Cell Currents in 
Bipolar Stacks Having Divided or Undivided Cells 

E. A. Kaminski and R. F. Savinell* 

Department of Chemical Engineering, The University of Akron, Akron, Ohio 44325 

The design of high-output voltage electrochemical 
batteries calls for series electrical connection of sepa- 
rate cells. Likewise, in scaling up electrosynthesis 
processes, simplicity of construction may warrant the 
building of reactors containing several cells arranged 
in series. A convenient design for supplying reactants 
to a cell assembly is to parallel feed the cells with 
electrolyte distributed by an inlet manifold and col- 
lected by an outlet manifold. The electrolyte-filled 
piping furnishes secondary series electrical connections 
among the cells, Consequently, the ionic currents gen- 
erated by electrode processes are driven by the inter- 
cell potential gradients of the assembly through con- 
ductive paths in the piping. These ionic shunt or by- 
pass currents short-circuit each cell in the assembly 
causing power loss, corrosion, current inefficiency, and 
nonuniform cell-to-cell current distribution. The mag- 
nitude of the bypass current in an assembly is a func- 
tion of the number of cells in the assembly, cell voltage 
(which includes current dependent polarizations), 
conductivity of the electrolyte, and the geometry of 
the electrolyte feed system. Thus, bypass current is a 
parameter in the design of assemblies. 

Analysis of bypass current proceeds by applying 
Kirchhoff's laws to electrical circuit analogs of as- 
semblies. The analog circuits are devised to represent 
current flow paths by standard electrical components. 
Most investigators (!) model assemblies by linear, 
passive, d-c networks, the work of Katz (2) and 
Onishchuk (3) being exceptions. Katz incorporates into 
the analog imaginary Zener diodes with different po- 
larization characteristics in the forward and backward 
current direction. The diodes account for the polariza- 
tions of the anodic and cathodic reactions which occur 
at the ends of the shunt paths. Onishchuk (3) models 

* Electrochemical ~ociety Active Member. 
Key words: shunt currents, bipolar cell, separated cells, current 

distribution. 

a cell by a voltage source in series with a n o n l i n e a r  
current dependent resistive element. 

Analysis of the analog results in a large set of 
simultaneous linear or nonlinear equations. Two 
methods have usually been employed in obtaining solu- 
tions. One is simultaneous solution of the governing 
equations (1, 2, 4, 5). The other is approximating the 
system of equations by a single differential equation 
(3, 6). The continuous approximations apply to as- 
semblies with a sufficiently large number of cells. 

This study presents a treatment of bypass current 
based on the solution of finite difference equations. 
The formalism is applied to assemblies of divided and 
undivided cells. The analysis yields a set of compact 
equations for determining branch currents in the cir- 
cuit analog. Implementation of this computational 
procedure requires a minimum of programming effort 
and computer storage as simultaneous solution of 
equations is avoided. The same equations can be used 
to simulate an assembly of cells operating as energy 
or substance producers. 

Theory 
Circuit analogs are constructed making the usual 

assumptions (2, 4, 5, 6). Surfaces of the electrolyte 
distribution system are nonconducting. The electrolyte 
flow paths are conducting and are represented by re- 
sistor elements. All resistance paths between the cells 
and a manifold are identical, and each manifold seg- 
ment between a pair  of branches is represented by an 
identical resistor. Cells of assemblies are assumed to 
have a linear polarization characteristic, while each 
cell is represented as an ideal voltage source in series 
with this resistor. Electrodes offer no resistance to 
current flow. The electrolyte in a cell compartment is 
assumed to be at a uniform potential throughout. 

An analog circuit of an N cell assembly of two-com- 
partment cells which incorporates these assumptions 
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Fig. 1. Analog circuit of an N assembly of two-compartment cells 

is shown in Fig. 1. Note  tha t  the circui t  is symmet r i c  
wi th  respect  to the  analogs of the inlet  and out le t  
p ip ing  for both  the anoly te  and catholyte.  The sym-  
m e t r y  is t aken  advan tage  of in the  model.  However ,  the  
figure is p resented  wi thout  simplif icat ion so that  the 
currents  computed  m a y  re ta in  phys ica l  significance. 
The assembly  as descr ibed is assumed to be under  a 
cur ren t  load IL, and branch  currents  a re  posi t ive as 
defined in the  figure. 

App l i ca t ion  of Kirchhoff 's  laws to this symmet r ic  
ne twork  at  the n th  cell  analog resul ts  in a set of five 
l inear  constant  coefficient difference equations.  The  
first two are  summat ions  of cur ren ts  at  the  junct ions  
of the  anoly te  and ca tholyte  mani fo ld  segments  which 
are given as 

K . + I  - -  K . - -  kn+l  = 0 [1] 

L.+, -- L. - In+1 = 0 [2] 

The third equation is the summation of currents at the 
junctions of the nth and n Jr 1 cell analogs 

in+l --  in Jr 2kn+t Jr 2l,+1 =- 0 [3] 

Finally, the summation of potential drops around the 
loops formed by the nth cell analog element and ele- 
ments of the anolyte and catholyte feed systems re- 
sults in 

--  RMAKn -~- RA(kn+l  --  kn) Jr Rein - -  "Vo --" 0 [4] 

-- RMcL, + Rc(In+l- In) Jr Rein -- Vo = 0 [5] 

The system of Eq. [i]-[5] is solved in the standard 
way  (7) and has the complete  solution,  for  deta i ls  
r ega rd ing  the solution,  see Ref. (8). 

4 

k. : ~ ,  C~ rf [6] 
J=l 

4 

I. = ~.~ Cj Dj rf [7] 
J=l 

LN_ ] IN 

4 
r/~ + 1 Re Vo 

K. = ~ Cj + [8] 
~=i rj -- 1 ~ C5 RMA 

4 
rf + I Re Vo 

L. = ~.~ C a Dj + C a - -  [9] 
J=1 rj -- 1 ~ RMC 

4 
l-jn + 1 

i~ = - 2 s162 C~(I + D~) + C.~ [I0] 
j=l 

In  the above equat ions the C's are  a r b i t r a r y  indepen-  
dent  constants to be de te rmined  f rom boundary  condi-  
tions. The r 's  and D's a re  solut ion pa rame te r s  which  
are  re la ted  to the  coefficients of Eq. [1]-[5] .  To ob-  
ta in  the four  r's, define 

A ---- 4RARc -I- RA(RMc + 2Re) + Rc(RMA "I- 2Re) 

[11] 

B - -  6RARc  + 2[RA(RMC Jr 2Re) + RC(RMA Jr 2Re)] 

+ RMARMc Jr 2Re(RMA Jr RMC) [12] 

C = RARC [13] 

wi th  a and  b defined as 

a = ( A / C  + % / ( A / C )  ~ - -  4 ( B / C  -- 2))/2 [14] 

b = ( A / C  - -  X / ( A / C ) ~  - -  4 ( B / C  - -  2) ) /2  [15] 

t h e  r ' s  a re  

1 [16] 

r 2 - - -  ~ - -  
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r3 = ~- q- 1 [18] 

r4 -- ~ _ 
2 

For each r, a corresponding D is defined to be 

RA(rj -- 1) ~" -- (RMA + 2Re)re 
De: j = 1,2,3,4 

2Re r~ 
[20] 

To determine the arbitrary constants, (the C's), the 
boundary conditions are written in terms of solution 
forms as 

4 
Ko--  ~ Cj rj Re Vo - -0  [21] 

j= 1 rj -- I'-F ~ C5 RM---A- 

4 
rjN + 1 Re Vo 

KN + I -- ~ Ce + C5 
5=1 r e -- I' ~ RMA 

- -  - -  0 [22 ]  

4 
Tj ~ Re Vo 

LI---- l./.C eDj + ----0 
j=1 r e -- 1 ~ C5 RMC 

[23] 

4 
r ~ + : 2  Re Vo 

LN + 1 -- ~-f Cj De + C5 -- - -  = 0 
5=1 ~ ~ RMC 

[24] 

4 
{1 q_ 2kl __ ~ 2Ce ( r e  (1-F Dj)T~ ) j=l r e ----'i" + C5 = IL 

[25] 

Equations [21]-[25] are a linear algebraic system in 
the arbitrary constants. Branch currents defined in the 
analog circuit are calculated by Eq. [6]-[10] using 
values o f  solution parameters and arbitrary constants 
calculated as indicated. 

The case of the one compartment cell assembly is 
treated similarly. Figure 2 is the analog circuit for this 
assembly. The governing difference equations are 

Kn+I - -  Kn - -  kn+l = 0 [26 ]  

L.+I -- L. -- In+1 -- 0 [27] 

i.+1 -- i .  + kn+l + t,,+1 = 0 [28] 

-- RMIKn + Rm(ka+l  -- kn) + R e i n - -  V o - ' O  [29] 

- -  RMELn -{- REE(/n+I -- In) -~ Re i  n -- Yo -- 0 [30] 

with complete solution being given as (see Ref. (8) for 
details) 

4 

kn- -  ~ C e r r  [31] 
j=l 

4 

In -- ~ C e De r f  
5=I 

[32] 

4 
ten + 1 Re Vo 

Kn = ~ C e -  C 5 - - - -  [33] 
5 =1 T e - l "  + ~ RMI 

4 
r f  + 1 Re Vo 

[34] 

4 7.jr,.+ 1 
i , , = -  ~ C j ( I + D j ) - -  +C~ [35] J=l rj -- T 

The C's again are arbitrary constants, and the r's and 
D's are solution parameters, The r's are calculated as 
before with A, B, and C now defined as 

A = 4REIREE -}- REI(RMI + Re) + REE(RME "~ Re) 

[36] 

B ---- 6 REIREE q- 2[REI(RMI -}- Re) ~ REE(RME q- Re)] 
-~" RMIRME -{- Re (RME "}- RMI) [37] 

C ~- REIREE [38] 

and the D's in this case are defined to be 

REI(rj -- 1) 2 -- (RMI --}- Re)rj 
D j =  j =1,2,3,4 

Re rj 
[39] 

The arbitrary constants are determined from the 
boundary conditions which gives the following set of 
expressions 
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Fig. 2. Analog circuit of an N assembly of one-compartment cells 
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~=1 ~ME m 

4 

io = --  X.r Cj(1 + Dj) ~ + C5 = IL [44] 
j=l  

Branch cu r ren t  for the one -compar tmen t  cell  a ssembly  
analog  are  ca lcula ted  using Eq. [31]-[35] wi th  values  
of solut ion pa rame te r s  and a r b i t r a r y  constants. 

Discussion 
The s impl ic i ty  of this a lgor i thm can be demons t ra ted  

wi th  the fol lowing example .  Consider  a b a t t e r y  of 20 
t w o - c o m p a r t m e n t  cells work ing  under  a cur ren t  load. 
Values o.f the resistances,  the open-c i rcu i t  cell voltage,  
and the load cu r ren t  are  l isted in Table I. Solut ion 
pa rame te r s  obta ined  wi th  the  assumed resistances are  
shown in  the table  toge ther  wi th  values  for  the in t e r -  
m e d i a t e  constants.  The a r b i t r a r y  constants  of the so lu-  
t ion are  obta ined  by  solving the fol lowing l inear  sys-  
tem (Eq. [21]-[25] wr i t t en  in ma t r i x  form) 

20.013881 --19.013881 26.136081 
55.788173 --6.8211873 57.029356 
11.999132 --10.288886 --59.639768 
33.447269 "3.6911150 --130.13494 

- -  64.026029 58.605537 67.007372 

The above system is inver ted  using Crout 's  a lgor i thm 
which is pa r t i cu la r ly '  sui ted for  implement ing  on a 
hand  held calcula tor  because s torage requi rements  a re  
minimized.  The resul t  of the calculat ion gives 

C1 ---- 1.2281475 X 10 -3 

Cs 

Cs 

C4 

C5 

The values  for the  

_-- --3.7421141X 10 - s  

--  --3.6207009 • 10 -4 

:9 .4561370 • 10 -4 

--8.7500000 • 10 -1 

currents  defined in t h e a n a l o g  c i r -  
cuit  a re  ca lcula ted  using Eq. [6]-[10] and the given 
solut ion pa rame te r s  and constants. Plots  of th ree  sub-  
d is t r ibut ions  a re  given in Fig. 3 and 4. The  magni tude  
of the manifo ld  currents ,  Kn, as a funct ion of cell  
posi t ion is shown in Fig. 3. The shunt  cur ren t  in the  
mani fo ld  flows in the di rect ion opposing the  cur ren t  
in the  ba t t e ry  and is m a x i m u m  in the center  por t ion  of 
the  assembly.  Also, in this figure is shown the d i s t r ibu-  
t ion of ba t t e ry  currents ,  in. Al l  the  ba t t e ry  currents  a re  
g rea te r  than  the load cu r r en t  and  reach  a m a x i m u m  at  
the  cen te r  of the  assembly.  Ind iv idua l  cell vol tages 

Table I. Parameters and intermediate constants for 
example of bypass current distribution for an 

assembly of 20 two-compartment cells 

RA = 5 • i ~  Ro = 4 • I0~2 Re ---- i ~  Z~ ---- 0.SA 
R~A = 10ft R~G = Bfi Vo = 1.5V N = 20 

A = 8 . 0 0 8 3 0 0 0  x 10 ~ a = 2 . 0 0 2 6 2 7 2  
B = 1 . 2 0 1 6 6 0 8  x l 0  s b = 2 . 0 0 1 5 2 2 7  
C = 2 . 0 0 0 0 0 0 0  x 10~ 
'r~ = 1 . 0 5 2 5 9 3 1  D1 = 0 . 5 6 9 5 8 4 2 6  
r~ = 0 . 9 5 0 0 3 4 6 8  D~ = 0 . 5 6 9 5 8 4 4 7  
ra  = 1 . 0 3 9 7 8 3 4  D3 = - 2 . 1 9 4 5 8 5 8  
r6  ---- 0 . 9 6 1 7 3 8 7 1  D~ = - - 2 . 1 9 4 5 8 5 6  

( f ~ I ( i i i I r I I I I i [ , ~ I 

5 lO 15 20 

n.55 .c 

0.50 " 
m 

Cell Position 

Fig. 3. Distribution of manifold currents and battery currents of 
the example calculation for a two-compartment cell stock. 

are, thereby,  reduced  as is the vol tage of the ba t t e ry  as 
a whole. 

F igure  4 shows the d is t r ibut ion  of current ,  kn, flowing 
in the  manifo ld  connect ing paths.  These currents  a r e  
larges t  a t  the two ends of the assembly  and decrease 
toward  the center.  Currents  flowing i n  the connecting 
paths  are  a lways  Opposite in direct ion for the two 
halves  of the assembly.  The character is t ics  of cur ren t  
d is t r ibut ions  pred ic ted  by  this procedure  are  in agree-  
ment  wi th  those p red ic ted  by o ther  invest igators  using 
a l inear  model  (3, 4, 6). 

When  implement ing  the a lgor i thm descr ibed here, 
some caution must  be exercised.  Fo r  example ,  i t  is 

--25.136081 
--11.519657 

53.052666 
24.313597 

--55.833169 

0,10000000 
0.i0000000 
0.20000000 
0.20000000 
1.00000000 

C 1  

C2 

C5 

0.15000000 
0.15000000 
0.300000~0 
0.30000000 
0.50000.000 

possible  to encounter  a set of model  p a r a m e t e r  values 
such that  rounding  errors  resul t ing f rom finite r ep re -  
senta t ion  of numbers  by  calculat ing machines causes a 
model  to pred ic t  inconsistent  results.  This is especial ly 
a p rob lem when  the resistances are  such tha t  the 
values of the pa rame te r s  a and b approach  each other. 
The significance of this p rob lem becomes apparen t  
when the imposed b o u n d a r y  condit ions are  not  suffi- 
c ient ly  met.  Caution is pa r t i cu l a r ly  needed  when the 
r a t io s  RMARMc/RARc, RMARe/RARc, and RMcRe/RARC 
are  a l l  un i fo rmly  smal l  (as on the o rde r  of 10-s ) .  This 
leads to the comput ing of a s ingular  coefficient mat r ix .  
Fur ther ,  i l lcondi t ioning of the coefficient ma t r i x  can 
occur for  N sufficiently large. In  this case, Gauss e l im-  
inat ion wi th  pivot ing is recommended.  However ,  this 

1.5 

1.0 

E 
~-- 6.5 

-0.5 

..~ -i.0 

-1 .5  

5 lO 15 20 

Cell Position 

Fig. 4. Distribution of currents in the manifold connecting paths 
of the example calculation for a two-compartment cell stack. 
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condi t ion is met  in c i rcumstances  ra re  to i ndus t r i a l l y  
impor t an t  processes. 

The technique presen ted  here  can be used to calcu-  
la te  o ther  cell  s tack pa rame te r s  of interest .  Fo r  e x a m ,  
ple, the  t e rmina l  vol tage  of a cell  s tack under  load  can 
be easi ly  calculated.  I n  the case of a s tack undergoing  
constant  load  discharge,  this technique  can be con- 
ven ien t ly  inc luded  in  an i t e ra t ive  p rocedure  to cal-  
cula te  the  t e rmina l  vol tage  and load cu r ren t  (conse-  
quen t iy  de l ive red  power ) .  One of the added  advantages  
of using this technique (as compared  to solving a l a rge  
set of s imul taneous  equat ions)  is tha t  once the coeffi- 
cients a re  known, i t  is a t r iv ia l  m a t t e r  to compute  any  
Or a l l  the  currents .  F inal ly ,  i t  should be recognized 
tha t  in cer ta in  cases the solut ion forms of this  tech-  
nique can be  cast into an ana ly t ica l  form. For  e x a m -  
ple, this can be done for the single compar tmen t  sys tem 
as descr ibed  in Fig. 2. However ,  the  forms of the  so-  
lu t ion are  complex,  and any physical  in te rpre ta t ions  of 
the resul t ing  equat ions are  difficult to make,  

Conclusions 
A compact  p rocedure  for  calculat ing cu r ren t  d is t r i -  

but ions in assemblies  wi th  para l l e l  e lec t ro ly te  feed 
has been developed.  Assemblies  of both  d iv ided  and 
undiv ided  cells were  considered.  The technique pre -  
sented requires  l i t t le  p rog ramming  effort or  s torage.  
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Elastomeric Binders for Electrodes 

S. P. S. Yen,* D. H. Shen, and R. B. Somoano* 

Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91109 

An impor t an t  p rob lem affecting the pe r fo rmance  of 
ambien t  t empe ra tu r e  secondary  l i th ium cells is the  
poor  mechanica l  i n t eg r i ty  of the  cathode. Upon re -  
pea ted  charge and discharge of an in te rca la tab le  ca th-  
ode, e.g, TiS2, the smal l  expans ion  and contract ion of 
the  TiS2 la t t ice  gives rise to stresses which d is turb  the 
e lec t rode  s t ruc tu re  and can cont r ibu te  to capaci ty  
loss. Our  studies,  using cathode fabr ica t ion  procedures  
as descr ibed in the  l i t e r a tu re  (1), indicate  tha t  the 
use of an inelast ic  b inder  mater ia l ,  such as Teflon, 
exacerba tes  this p roblem,  e.g., leads  to e lec t rode  dis-  
rup t ion  and poor  TiS2 pa r t i c l e -pa r t i c l e  contact.  The 
fabr ica t ion  process ut i l iz ing Teflon is undu ly  com- 
pl icated,  requ i r ing  high t empe ra tu r e  and pressure.  
The resul t ing  e lect rodes  are  br i t t le ,  nonflexible plates.  
We have  inves t /ga ted  the  use of e las tomers  as TiS2 
b inder  mater ia ls .  These r u b b e r y  mater ia l s  a re  used in 
place  of Teflon (a hard,  l ea the ry  ma te r i a l )  and resul t  
in room t empe ra tu r e - a tmosphe r i c  pressure  p repa ra t ion  
of cathodes which  exhibi t  improved  per formance .  

Experimental 
There  are  severa l  beneficial  p roper t ies  which  an  

elas tomer  should possess for  use in a secondary  l i t h -  
ium cell. The ma te r i a l  should  have a low glass t r ans i -  
t ion tempera ture ,  Tg, to ensure  f lexibi l i ty  at  the  cell  
opera t ion  tempera ture .  Fo r  example ,  if  one wishes to 
ope ra te  a cell  a t  --40~ the b i n d e r  m a t e r i a l  should  
have  a Tg < --60~ I t  should be chemica l ly  and elec-  
t rochemica l ly  s tab le  in the presence of l i th ium a n d  
the e lec t ro ly te  environment .  I t  should be soluble  in 
common solvents  which are  iner t  to TiS2, ye t  be in-  
soluble (but  we t tab le )  in the e lectrolyte .  I t  is a l s o  
desi rable  to be able to c ross- l ink  the ma te r i a l  (e.g., by  
7 - r ad i a t i on ) ,  if necessary,  to ta i lor  the  mechanica l  or  
the rmal  character is t ics  to a given applicat ion.  F ina l ly ,  
a h igh  molecu la r  weight  encourages  the fo rmat ion  of 

* Electrochemical Society Act ive  M e m b e r .  

a viscous di lute  po lymer  solution, and thus, faci l i ta tes  
e lectrode fabricat ion.  

F igure  1 shows the chemical  s t ruc ture  of a typical  
e las tomeric  b inde r  which  we have used in TiS2 ca th-  
odes for  ambien t  t empe ra tu r e  secondary  l i th ium cells. 
The polymer ,  e t h y l e n e - p r o p y l e n e - d i e n e - t e r p o l y m e r  
(EPDM) is a common copolymer  which  is ava i lab le  
from severa l  commercia l  sources. The norborene  group 
can be used for cross- l inking.  Our  ma te r i a l  had a Tg 
--60~ and a molecular  weight  of 100,000-200,000. 

The first s tep of the cathode fabr ica t ion  involves  
dissolving the EPDM po lymer  in a common iner t  sol-  
vent, such as cyclohexane,  to form a 1 weight  percen t  
( w / o )  solut ion of su i tab le  viscosity. This solut ion is 
then added to TiS~ to yie ld  a mix ture  containing ,-,1-5 
w /o  binder .  Because of the high molecu la r  weight  of 
the binder ,  this mix tu re  has a pas t e - l ike  consis tency 
which enables  i t  to be easi ly  b rushed  onto n ickel  exmet  
screen at room tempera ture .  The cathode is, then, 
dr ied  in vacuo to remove any remain ing  solvent.  S l ight  
pressure  can be appl ied  to the finished e lect rode to 
opt imize the smoothness of the e lec t rode  surface, but  
this is no rma l ly  not  necessary.  

I t  is not  necessary  to use tr ial  and error ,  o r  guessing, 
to ident i fy  a sui table  e las tomer  for a given e lec t ro ly te  

CATHODE POLYMERIC BINDER 
ETHYLENE PROPYLENE DIENE TERPOLYMER (EPDM) 

(CH~-CHJ-(CH~-CH)-(CH-CH-) 
z z X  L , y . Z ~ 

CH3 ~ 

x = 0.637n 

y = 0. 349n CH_CH3 
z ~ O. O14n 

Fig. 1. Chemical structure of ethylene-propylene-diene terpolymer 
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solution. One can use the  so lubi l i ty  pa ramete r ,  5, to 
provide  guidance  to achieve good we t t ab i l i t y  be tween  
the b inder  and solvent.  Two mate r ia l s  a re  wet tab le  
when the i r  free energies  of mixing,  AFt, ix ~, (Sa --  8b) ~ 
are  minimized,  i.e., 8a --  8~ --> 0 (2).  The solubi l i ty  
p a r a m e t e r  of each component  is given by  

8a = ( ~ a / Y a )  ~a ~ VaO.43 

where  AEa is the  molar  ene rgy  of vaporizat ion,  Va is 
the  molar  volume, and 7a is the  surface tension of 
component  a. The so lubi l i ty  p a r a m e t e r  of the  Solvent 
and  the e las tomer  m a y  be read i ly  calcula ted or  ob-  
ta ined  f rom tables  (3, 4). Table  I shows some cal-  
cula ted  and measured  values  of 8 for typica l  m-~te- 
r ials  (5). I t  is des i rable  tha t  the solubi l i ty  pa rame te r s  
of the  solvent  and b inder  ma te r i a l  be as close as pos-  
sible. This ensures good so lub i l i ty  and wet tabi l i ty .  
However ,  i t  should be re i t e ra ted  tha t  the  b inder  should 
not  be soluble in the  e lectrolyte .  Dissolution of the  
b inder  in the e lec t ro ly te  solvent  is not  cause for g rea t  
concern since c ross - l ink ing  the e las tomer  b inder  in the 
finished cathode, or  the addi t ion  of an e lec t ro ly te  sal t  
leading  to sa l t ing  out  effects, minimizes  so lub i l i ty  whi le  
not  compromis ing the wet tabi l i ty .  As can be seen in 
Table  I, 2 -MeTHF wets  EPDM much be t t e r  than  Teflon 
as indica ted  by  the s imi lar  so lubi l i ty  parameters .  We 
have measured  a contact  ang le  of 30~ ~ at  21~ of 
1.SM LiAsF6/2-MeTHF e lec t ro ly te  wi th  respect  to a 
EPDM film. There  was no observable  dissolut ion of 
the  EPDM. This is much lower  than the contact  mea -  
sured  with  Teflon, 50~ indica t ing  the super ior  
we t t ab i l i ty  of the EPDM binder  mater ia l .  If  it  is des i red  
to use p ropy lene  carbonate ,  a more  sui table  e las tomer  
wi th  a 8 ,~ 11 should  be uti l ized. Fig. 2. TiS~ elastomeric cathodes before and after cycling 

Results 
The resul t ing  e las tomer ic  TiS2 cathodes exhib i t  ex -  

cel lent  f lexibi l i ty  and a l low one to use sp i ra l  or  cy-  
l indr ica l  wound electrodes.  F igure  2 shows the cath-  
odes before  and af te r  cycling. The cathodes exhibi t  an 
excel lent  surface morpho logy  af te r  120 cycles. Very  
s imi lar  resul ts  have  been obta ined  wi th  Li/1.3M 
LiAsF6-3MeS/TiS2 af te r  350 cycles (6). 3-MeS is 
t h r e e - m e t h y l  sulfolane.  Thus, these cathodes look and 

Table I. Solubility parameters of typical materials 

Propyl- 
erie 

carbon- Cyclo- 
E x a m p l e  a t e  h e x a n e  2 - M e T H F  E P D M  T e f l o n  

6talc 11.1 8.07 8.08 8.42 6.66 
( c a l - c m  s ) ~/~ 

6measured 13.55 ~b) 8.25 <b) 3.165Ca) 6.25 <a) 
( c a l . c m  3) ~/2 

Table II. Effect of thickness of TiS2 cathode utilization 

Current 
density Cathode % Cathode Cell ca- 
f o r  ce l l  t h i c k -  u t i l i z a t i o n  p a c i t y  p e r  

C e i l  c y c l i n g  h e s s  ( b a s e d  on  u n i t  a r e a  
No.  ( m A / c m  2) ( m i d  TiS2 c o n c )  ( m A - h r / c m  2) 

1" 1 12,5 99.6 9.6 
2* 1 20 97.6 19.3 
3 �9 1 24 80.9 24.9 

1'* 2 17 97,4 15.6 
2 '* 2 23 80.0 23.5 
3 ' " "  2 27 80.0 29.4 

1"* 3 13.5 83.3 12.2 
2" * 3 23 70.0 21.1 
3" * 3 24 72.6 23.4 

* E P D M  b i n d e r  c o n c  = 2 w/o, p r e s s u r e  f o r  c a t h o d e  f a b r i c a t i o n :  
5000 ps i .  

e .  E P D M  b i n d e r  c o n e  = 4 w/o, n o  p r e s s u r e  u s e d  f o r  c a t h o d e  f ab -  
r i c a t i o n ,  

pe r fo rm much be t t e r  than Tef lon-bonded cathodes 
fabr ica ted  in our  l abo ra to ry  (e.g., ~,50 cycles wi th  
p l ana r  Tef lon-bonded cathodes) .  I t  is be l ieved tha t  
the  improved  mechanical  in tegr i ty  p lays  an impor tan t  
role in achieving high cycle l ife wi th  the LiAsF6/3-  
methy l  sulfolane system. 

Table II  demons t ra tes  the effect of thickness on the 
e las tomeric  cathode uti l ization.  The expe r imen ta l  da ta  
shown in Table II  indicates tha t  an increase in the  
cathode thickness or cur ren t  dens i ty  results  in a de -  
crease in the  pe rcen t  cathode ut i l iza t ion (based on 
TiS2 concentra t ion) .  Note that  the  th ick (27 m i d  TiS2 
cathode (par t ic le  size ~1  ~m),  containing 4% elas to-  
mer ic  b inder  wi th  29.4 m A - h r / c m  2 cell capaci ty  pe r  
uni t  areal exhibi ts  the same cathode ut i l izat ion as the  
23 mil  cathode conta ining 2% binder.  This m a y  re -  
fl.ect increased poros i ty  due to the lower  TiS2 cathode 
bulk  dens i ty  of the th icker  electrode.  A pressure  of 
~5000 psi was used to p repa re  these cathodes in o rder  
to ensure thickness homogenei ty .  Pressure  is not  r e -  
qui red for  cathode fabricat ion,  and because  of the  
r u b b e r y  na ture  of the binder ,  the cathode per formance  
is not affected, as shown in the tab le  (e.g., see 2'* and 
3 '**).  

Conclusions 
Elastomeric  b inders  provide  an effective way  to 

s impl i fy  rechargeab le  cathode fabricat ion.  The m a r k e d  
improvemen t  in the mechanical  in tegr i ty  of the cath-  
ode s t ruc tu re  contr ibutes  to pro longed cycle life. The 
so lub i l i ty  p a r a m e t e r  can serve as a useful  guide to 
select ing an e las tomeric  b inder  which wi l l  be com- 
pa t ib le  wi th  a given e lec t ro ly te  solvent. In addit ion,  
this technique can be used to p repa re  o ther  types  of 
e lect rode structures,  such as microelec t rodes  and com- 
posite electrodes,  f r o m p o w d e r y  e lec t roac t ive  ma te -  
r ia ls  for use in e lec t rochemical  studies. 
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Dissolution of Copper Chloride in Concentrated LiCI Solution 

R. L. Brossard*  
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In  a previous pai~er (1), the dissolution of copper 
chloride formed by the electrochemical oxidation of 
copper in aqueous l i th ium chloride was studied. The 
buIk of the exper iments  were carried out at a low 
LiC1 concentration, e.g., 0.02M LiC1. The complete 
dissolution of the anodically formed CuC1 coincides 
with a rapid drop in potential  which allows the t r an-  
sition time ~ to be defined from which the dissolution 
rate of CuC1 can be calculated. 

It  is difficult to predict whether  the dissolution pro- 
cess of the film formed dur ing the electrochemical 
oxidation is the same at 0.02M and at higher LiC1 con- 
centrations, e.g., 0.02M, since Moreau (2) and Braun  
and Nobe (3) pointed out that  the mechanism of the 
electi:odissolution of copper is different, depending on 
C1- concentrat ion values close to 0.1M. It is tenta t ively  
ascribed by them to the different na ture  of the com- 
plexed ions possibly formed dur ing  the dissolution of 
copper. The aim of the present  work is to extend the 
previous s tudy (1) to solutions having up to 1M LiC1. 

E x p e r i m e n t a l  
The electrochemical cells, their  accessories, and the 

test procedures have been described in detail in a 
previous paper (1). In  the present  investigation, two 
cells were used: cell 1 for electrode oxidation and 
cell 2 for dissolution of CuC1. Cell 2 was similar to 
cell 1 except it only contained the working electrode 
(on open circuit) and the reference electrode. 

The solution in cell 1 contained 0.05M of dissolved 
LiC1 at pH = 4. A potassium phthala te-buffer  was 
used to stabilize the pH. The LiC1 concentrat ion in 
cell 2 was adjusted from 0.02 to 1M while no buffer 
was used to stabilize the pH. Solutions in cells 1 and 2 
were careful ly deaerated by ni t rogen bubbl ing,  which 
was discontinued prior to the experiments.  

The exper imental  technique recent ly developed (1) 
to measure the dissolution rate of copper chloride was 
the same, except that the copper electrode was re-  
moved from cell 1 after oxidation to be quickly im-  
mersed in  cell 2. Unless otherwise noted, all electrode 
potent ial  values are given in relat ion to the saturated-  
calomel electrode. Dissolution rates were measured on 
both s tat ionary and rotat ing electrodes. 

Resul ts  a n d  Discussion 
It was established (1) that the copper electrode be- 

comes covered by  a CuC1 precipitate dur ing  the oxi-  

| Electrochemical Society Active Member. 
Key words: film dissolution, dissolution rate. 

dation stage when a constant  potential  of 50 mV is 
imposed for 8 min. Its characteristics and its dissolu- 
tion rate (v) are unaffected by contact with the atmo- 
sphere for several days. Therefore, the t ransfer  of the 
oxidized copper electrode from cell 1 to cell 2 should 
not  influence its behavior  as a working electrode. In  
addition, the constant value of v dur ing the dissolution 
of copper chloride was confirmed from the reduction 
of the precipitate at --300 mV after different periods 
of contact with the solution (Fig. 1). The difference 
between the charge required for complete film reduc- 
tion at t = 0 and at t ----- t is ascribed to the dissolution 
of CuC1 dur ing time t. It was assumed that a cathodic 
charge of 96,500C is required to decompose 1 g/mole-  
cule of this compound, because copper ions have a 
valency of +1  in this compound. The slope of the 
curve in Fig. 1 corresponds to v; its value is 1.4 • 
10 - s  mol cm -2 sec -1 in 0.6M LiC1. The amount  of 
CuC1 on the electrode surface is zero as soon as t --- 
where v becomes zero. 

The main  characteristics of the behavior of the cop- 
per electrode covered by CuC1 on its surface are the 
following: (i) The value of the open-circui t  potential  
(Eoc) obtained immedia te ly  a f te r  electrode immersion 
is shown in Fig. 2 as a funct ion of C1- ~concentration. 
It may be noted that  the Eo~ (t ----- 0) decreases as the 
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Fig. 1. The amount of precipitate dissolved from the electrode 
surface (m) after contact with 0.6M LiCI solution, mr=o: m ct 
t ~ 0. rot=t: rn at t ~ t. ~: duration of transient. No stirring in 
the solution. 
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Fig. 2. The open-circuit potential upon immersion of the working 
electrode as a function of C I -  concentration. Oxidation: -t-50 mV 
in 0.05M LiCI with QOX*DATION = 600 mC/cm ~. No stirring in 
the solution. Dashed line: theoretical values. 

C1-  concen t r a t i o n  increases  and  is jus t  s eve ra l  m V  
be low the  e q u i l i b r i u m  po ten t i a l  (4) IEcu/cuc~I for  the  
r eac t ion  

Cu+Cl----CuCl+le [i] 

which is shown by a dashed line. (ii) Figure 3 illus- 
trates the dissolution rate as a function of electrode 
rotation rate when the electrode was rotated. Linear- 
ity between v and ~/~ is observed over a wide range 
of angular velocity, while v is relatively small when 

= 0. In this illustration, the solution is 0.2M LiCI. 
(iii) v is directly proportional to CI- concentration as 
illustrated in Fig. 4. (iv) Between -522 ~ and -580~ 
values of the apparent heat of activation AH~, equal to 
7.5 _+ 0.4 kcal/mol, where determined fromArrhenius 
plots log v -- T -~ (Fig 5) from various data sets. 
Values of AH~ were independent of Cl- concentration 
for the range 0.02-0.2M in Cl- and were unaffected by 
the method employed to calculate v, i.e., from transi- 
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Fig. 3. Dependence of the dissolution rate from rotating electrode 
on the angular velocity of the electrode. Solution: 0.2M LiCI. 
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Fig. 5. Dependence of the rote of dissolution on the temperature 

of the solution of O.2M LiCI. �9 Experimental values, o Relative 
values calculated from Eq. [5] .  

en t  m e a s u r e m e n t s  (~) or  f r o m  the  ra te  of  e n r i c h m e n t  
of t h e  so lu t ion  in copper  d u r i n g  the  copper  ch lor ide  
dissolut ion.  The  o t h e r  c u r v e  for  wh ich  ~ H ~  is equa l  
to 6.7 k c a l / m o l  wi l l  be  c o m m e n t e d  u p o n  fu r the r .  

The  charac te r i s t i c s  ( i ) ,  (ii), and  (iii) a re  s imi l a r  to 
those  p r e v i o u s l y  found  conce rn ing  t h e  d issolut ion of 
copper  ch lor ide  in solu t ions  w i t h  a l ow C1-  concen-  
t r a t ion  (1).  Accord ing ly ,  the  d issolu t ion  process  is 

CuC1 -5 C1-  ---- (CuC12- ) i  [2] 

(CuC12-)  ~ -> (CuC12-)  ~ rds  [3] 

w h e r e  the  subscr ip ts  i and  s r e f e r  to concen t r a t i ons  at  
the  e l ec t rode  so lu t ion  i n t e r f ace  and the  bu lk  solut ion,  
r e spec t ive ly .  The  r a t e - d e t e r m i n i n g  s tep [2] is the  
diffusion t r a n s p o r t  of  CuC12- f r o m  the  i n t e r f ace  to 
the  b u l k  solut ion.  The  first s tep [2], the  o x i d a t i o n  of  
CuC1 to CuC12-,  is a s sumed  to be in equ i l i b r ium.  The  
d issolu t ion  r a t e  of  a ro t a t ing  e l ec t rode  should  be  
g iven  by  the  f o l l o w i n g  app l i ca t ion  of  t he  L e v i c h  e q u a -  
t ion 

v ---- 0.035 Dcuc12-2/3v-1/6~l/2[C1 - ]  [4] 

I n  this  equa t ion ,  v is in mol  cm -2  s ec -~ ;  Dcuc12- is 
the  diffusion coefficient  of  CuC12-,  ~ the  k i n e m a t i c  
v i scos i ty  of the  solut ion,  and ~ the  a n g u l a r  ve loc i t y  of  
t h e  e lec t rode .  

Va lues  of  t h e  diffusion coefficient  deduced  f r o m  the  
s lopes of v vs. ~ll~ w e r e  ca l cu la t ed  a s suming  tha t  the  
di f fus ing species is CuC12- o r  C1-  (Tab le  I ) .  These  
e x p e r i m e n t a l  va lues  are  in good a g r e e m e n t  w i t h  those 
g i v e n  in  the  l i t e r a t u r e  for  Dcuc12- and  w e r e  far  a w a y  
f r o m  D c l -  v a l u e s  c o m m o n l y  accep ted  in the  l i t e r a -  
ture .  

Table I. D c u c l 2 -  and D c l -  values calculated from 
the slope of v - -  ~ / 2  curves 

[CI-] Dcuol 2- Doi  -a Dol -b 
( M )  ( c m 2 / s e c )  ( c m ~ / s e c )  ( c m ~ / s e c )  

O.11 1.68 • 10-~* 
0.2 0.81 • 10 "a** 0,011 • 10 -~ 1.9 • 10 "~ 
0.31 1.45 x 10 -5* 
0.5 I . i  X I 0  -~** 0,015 x i 0  ~ 1.9 x 10 4 
0.83 1.2 x IO "-~* 
0 0.77 X 10 ''~*" 0.011 x i0 -~ 1.8 x 10 -2 

* Dcuol~- g iven  in t h e  l i t erature  for  NaC1 a q u e o u s  so lu t ions  ( 5 ) .  
** Calcu la ted  f r o m  t h e  s lope  of v-~) z/2 curves, v was a s s u m e d  to 

be  0.96 x 10 -2 cm/sec (6, 7) and the activity of C1- w a s  u s e d  r a t h e r  
than concentration (8), 
-- a Dc~- was calculated from t h e  s lope  of v-~/~ curves assuming 
that  t h e  d i s so lu t ion  proces s  is controlled by diffusion of C1- ions.  

b DC]- given in t h e  literatLire for NaCI aqueous solutions (8). 
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The re la t ive  values  of the dissolut ion ra te  cor re-  
sponding to the  curve for which ~H-~ is equal  to 6.7 
k c a l / m o l  in Fig. 5 were  ca lcula ted  on the assumpt ion 
tha t  the change of v wi th  the t empe ra tu r e  is due to 
the  var ia t ion  of both the diffusion coefficient of CuC12- 
and the so lubi l i ty  of copper  ch lor ide  in the solution. 
F rom Eq. [4], the  re la t ive  values  of v are  given by  (1) 

wDcucl2 -~/s [CuC12- ] [5] 

The values  of Dcuc12- at  different  solut ion t empera -  
tures  ~r ca lcula ted  f rom the equat ion (9) 

D~ 
= constant  [6] 

T 

where  ~ is the viscosi ty of ~ the solution, given in Ref. 
(7). The da ta  on the solubi l i ty  of copper  chlor ide in 
solut ions were  bor rowed  from Ref. (10). The re la t ive  
values  of  v a re  p lo t ted  agains t  T-1  in Fig. 5. The slope 
of this  curve gives a ~ H ~  value  equal  to 6.7 k c a l / m o l  
which is close to the expe r imen ta l  va lue  of 7.5 kca l /  
mol. Therefore ,  the change of v wi th  t empe ra tu r e  is 
en t i r e ly  ascr ibed to the va r ia t ion  of both Dcucl2- and 
the so lubi l i ty  of copper  chlor ide  in the  solution. 

In  summary ,  t h e  r a t e - d e t e r m i n i n g  step for the dis-  
solut ion of  CuC1 fo rmed  dur ing  the anodic dissolu-  
t ion of copper  in solut ions ranging  f rom 0.05 to 1M in 
dissolved LiC1 can be en t i r e ly  a t t r i bu ted  to the diffu- 
sion of CuC12, f rom the e lec t rode  surface to the  bu lk  
e lectrolyte .  
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Copper Deposition on Metal Filled Polymers Through Augmentative 
Replacement: New Method 

A. Auerbach, C. W. Eichelberger, and R. J. Wojnarowski 
General Electric Company, Research and Development Center, Schenectady, New York 12345 

A new process has been  deve loped  (1) for  bonding 
low res i s t iv i ty  copper  onto a s c r e e n - p r i n t a b l e  polymer .  
This is accomplished by  loading  a po lyme r  resin 
(no valac  epoxy,  cur ing agent,  and a wet t ing  agent)  
wi th  a fine me~cal powder  (--325 mesh)  to upwards  of 
eight  t imes the resin weight.  The meta l  p o w d e r  con- 
sists of  a n ickel  (75% by  weight :  Apache  Chemicals,  
I nco rpo ra t ed ) :  zinc (25% by  weight :  Apache  Chemi-  
.cals, Incorpora ted)  mix. Al though var ious  rat ios and 
mesh  sizes were  inves t igated,  the adhesion of the  
copper  to the p o l y m e r  is best  wi th  the  above mixture .  
To faci l i ta te  the  high loading  ra t io  and good p r in t -  
ab i l i ty  a so lvent  is requ i red  (2). We used e thy lene  
glycol  e thyl  e ther  acetate.  The loaded po lymer  resin is 
then  screen p r in t ed  onto a subs t ra te  (glass, metal ,  
phenol ic ,  porcela in ized steel, etc.) and oven cured. 
The solvent  evapora tes  dur ing  the cure cycle. A cure 
schedule which we have used, when bonding to a 
glass substrate ,  is 30 min a t  95~ fol lowed by  1 hr  at  
180r Af te rwards ,  the sample  is cooled, and immersed  
f rom 2-7 min  into an acidified copper  p la t ing  bath.  
The ba th  consists of %M CuSO4 �9 5H20 (F isher  Chem- 
icals) ,  V2M H2SO4 ( reagen t  g rade) ,  and 1/4M HNO3 
( reagent  g rade ) .  The ba th  t e m p e r a t u r e  is main ta ined  
at  55 ~ Here  too, var ious  ba th  mix tures  and  t empera -  
tures  were  inves t iga ted;  the above ba th  composit ion 
and t e m p e r a t u r e  was chosen since it p rov ided  both 
good copper  p la t ing  and a reasonab ly  long ba th  life. 

Key words- polymer, electrode, SEM, reduction. 

The sample  is removed  f rom the bath,  r insed  with  tap 
water ,  and dried.  A low resis t ivi ty ,  b r igh t  copper  coat-  
ing is deposi ted on the screen p r in ted  subs t ra te  via 
the augmenta t ive  r ep lacemen t  reaction.  The copper  is 
cont iguous as is r ead i ly  obvious from the scanning 
e lect ron microscope (SEM) p r in t  (Fig. 1). The surface 
res is t iv i ty  is comparab le  to tha t  of fired noble  meta l  
conductors  (3-10 mi l l iohms per  square) .  The adhesion 
of the  conductor  to the po lyme r  is excel lent ;  in most  
cases more  than  20 Newtons per  square mi l l ime te r  are  
r equ i red  to sever  the  conductor  f rom the polymer .  
Since the  conductor  is r ead i ly  so lderable  wi thout  
leaching,  the  adhesion test  is easi ly  per formed.  

We refer  to the  above  process as augmenta t ive  re-  
p lacement ,  s ince the  contiguous copper  conductor  aug-  
merits the me ta l  ava i lab le  on the surface pr ior  to the 
p l a t ing ,  to genera te  a surface conductor  having a very  
low resist ivi ty.  The SEM pr in t  in Fig. 1 is r ep re sen ta -  
t ive of wha t  occurs before,  during,  and af ter  the  p l a t -  
ing. The lef t  f rame depicts  the  meta l - f i l led  po lymer  
surface. Here  the spher ica l  par t ic les  a re  zinc; the g ran -  
ules a re  nickel.  Both par t ic le  types  are  bonded to the 
polymer .  The nex t  f r ame  shows the surface af ter  the 
sample  was immersed  in the  p la t ing  bath.  The da rk  
spots represent  the zinc which is r ap id ly  dissolved; 
the  h~ht  spots are the  n ickel  flakes covered in n u m e r -  
ous places wi th  copper.  The final f rame depicts  the  
surface,  now covered by  the copper  conductor,  a f te r  a 
4 min "electrodeless"  pla t ing.  When compared  wi th  
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Fig. I. An SEM print (2500N) 
of the augmentative replacement 
process. Left to right: zinc-nickel 
metallized epoxy, surface just 
after immersion into the plating 
solution, contiguous copper con- 
ductor after 5 m|n. 

conventional  autocatalytic electrroless plat ing tech- 
niques, our method is extremely rapid: Figure 2 is a 
cross-sectional view o~ one screen pr in ted sample. 
The thickness of the epoxy base is estimated at 50 ~m. 
The copper conductor is f rom 5-10 ~m thick. The con- 
ductor was deposited in only 4 rain! It would take up-  
wards of 1 hr to do this via conventional  electroless 
plating. 

Fig. 2. Cross-sectional view (1000X) of the copper coated epoxy. 
The thickness of the epoxy base is ca. 50 .~m; the copper conductor 
(region A) is ca. 8 ~m thick. 

Although our process is "electrodeless," it more 
closely resembles electrodeposit,ion of copper in quan-  
t i ty per uni t  time. This can be explained by the micro- 
bat tery  action obtained from dissimilar metals. The 
process involves a replacement  of the electronegative 
metals nickel  and zinc by the electropositive copper. 

A s  the zinc dissolves, the l iberated electrons reduce 
the copper ions contained in the bath.1 The reduction 
occurs readi ly on all conductive surfaces. In  the plate 
shown in Fig. 2 this would include both the nickel 
flakes and the deposited copper. This has been verified 
by moni tor ing  both the surface potential  of the metal-  
lized polymer and the resul tant  current  as the aug-  
menta t ive  replacement  process occurs (3). 

In  summary,  we report  a new method for producing 
contiguous copper conductors on a variety of substrates 
having: surface resistivities r ival ing those of conven- 
t ional  thick film noble metal  conductors, excellent 
surface adhes.ion, and  solderabil i ty without  leaching. 
Although the process is "electrodeless", plat ing occurs 
rapidly, within 2-7 rain. Fur thermore,  the process 
costs substant ia l ly  less than al ternat ive thick film 
methods. Possible future  applications are manifold. 

1 Although the nickel also dissolves, it does so at a much s lower  
rate under  the conditions used. A more detailed discussion will  
be in a future publication. 
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Mechanisms of Electroless Metal Plating 
I. Application of the Mixed Potential Theory 

Perminder Bindra* and Judith Tweedie 

IBM, T. J. Watson Research Center, Yorktown Heights, New York 10598 

The Wagner  and  Traud  (1) theory o.f mixed poten-  
tials postulates that  the rate of a faradaic process is in-  
dependent  of other  faradaic processes occurring si- 
mul taneous ly  at the electrode and, thus, depends only 
on the electrode potential.  Hence, the polarization 
curves for independent  anodic and cathodic processes 
may b e added to predict  the overal l  rates and poten-  
tials which exist when more than one reaction occurs 
s imul taneously  at an electrode. More recently, it  has 
been suggested (2) that  the same concept applies to 
electroless plat ing processes and that plat ing mecha- 
nisms can  be predicted from the polarization curves 
for the part ial  processes. This has given rise to some 
controversy (3, 4) as the two part ial  reactions in 
electroless plat ing processes are not ent i re ly  indepen-  
dent  of each other. 

~ Electrochemical  Society  Act ive  Member.  
Key words:  e lectroless  plating,  mixed potential ,  rotating disk 

electrode.  

During the course of measurements  to establish the 
val idi ty  or otherwise of the mixed potent ia l  theory for 
electroless plat ing processes, we have used a technique 
which allows determinat ion of the polarization curve 
for one of the part ial  reactions dur ing  electroless plat-  
ing, i.e., while the other par t ia l  reaction is occurring 
simultaneously.  This technique is s imilar  to a tech- 
nique used earl ier  by Makri,des (5) to s tudy the dis- 
solution of iron in sulfuric a,cid. It  is a very simple 
technique and involves observation of the mixed po- 
tential  of the plat ing system as a funct ion of agitation 
and  as a function of the concentrat ion Of the reductant  
Or oxidant.  It is based on the classification of electro- 
less plat ing processes according to their overall  mecha- 
nisms. Electroless plat ing of metals invar iab ly  involves 
a reaction proceeding at a rate l imited by diffusion. For 
example, the plat ing rate of copper in a copper-for- 
maldehy,de bath is determined,  to a large extent, by 
the rate of diffusion of copper to the plat ing surface 
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(6). The technique descr ibed  here  al lows a c lear  dis-  
t inct ion be tween  those react ions  whose ra te  is con- 
t rol led by  the ra te  of diffusion of reac tants  to the p l a t -  
ing surface, and those react ions  whose ra te  is l imi ted  
by  some slow e lec t rochemical  step. 

Since each pa r t i a l  react ion is under  diffusion control  
or  unde r  e lec t rochemical  (act ivat ion)  control,  the  over -  
al l  react ion scheme consists of four  possible  combina-  
tions. This is a simplif ied view of the s i tua t ion  as it  is 
pe r fec t ly  possible  for  a pa r t i a l  react ion to be under  
mixed  control,  i.e., unde r  diffusion plus ac t iva t ion  con- 
trol.  In  this pape r  however ,  the case in which the ca th-  
odic pa r t i a l  react ion is en t i r e ly  diffusion controlled,  
and the anodic  pa r t i a l  react ion to ta l ly  act ivat ion con- 
t ro l led  is described.  This case appl ies  to the  copper-  
fo rma ldehyde  p la t ing  bath.  

Theore t ica l  Aspects 
We assume tha t  the  electroless  p la t ing  react ion is 

composed of the  fol lowing pa r t i a l  react ions 

Ro-> R z+ + Z e "  (anodic)  [1] 
and 

M "+ + Z e -  -+ M o (cathodic)  [2] 

When these two react ions are  at  s t eady  state, the 
W a g n e r - T r a u d  pos tu la te  appl ies  and the p la t ing  rate ,  
ip, is g iven  b y  

ip = iR = ]iMI [3] 

where  iR and  iM are  the  anodic  and cathodic pa r t i a l  
cur rents  (wi th  opposi te  s igns) .  The potent ia l  associ-  
a ted  wi th  this equ i l ib r ium condit ion is the  mixed  po-  
tent ia l  EMp. The cur ren t  due to the  diffusion of meta l  
ions to .a ro ta t ing  disk is given by  (7) 

iM = BM' (C~ ~ -- CM~)X/~ [4] 

where CM ~ iS the bulk concentration of metal ions, 
CM a the surface concentration, and BM' is a diffusion 
p a r a m e t e r  g iven b y  (8) 

BM' --- 0.62 nMFDM2/3~,-1/eA [5] 

In Eq. [5], DM : diffusion coefficient of  the  meta l  ions; 
v ---- k inemat ic  viscosity;  nM -- n u m b e r  of electrons in-  
volved in the  meta l  deposi t ion react ion;  F --  Fa raday ,  
and A --  a rea  of the disk. For  d i f fus ion-control led  
cathodic pa r t i a l  r e a c t i o n ,  CM a = 0, and the l imi t ing  
cu r ren t  iMD iS independen t  of po ten t ia l  and takes  the 
form 

iM D --  BM'CM ~/~ [6] 

When the  anodic  pa r t i a l  reac t ion  is under  e lec t ro-  
chemical  control,  the  cu r r en t -vo l t age  curve is de-  
scr ibed b y  the equat ion 

E = ER o -  b a l n n R F k R -  bRlnCR ~ -~ b R l n i  R [7] 

whe re  kR iS the  appa ren t  ra te  constant;  na  is the num-  
ber  of e lectrons involved in the anodic reaction,  and 
the Tafel  slope bR --  aT~(1 -- ~R)nRF. Then combin-  
ing Eq. [6] wi th  Eq. [7] by  means  of Eq. [3] gives 

EMp -- ER ~ - -  bRln nRFkR --  bRin  CR ~~ 

ba  In "~- ~- BYL'2~ -{- ba 111 CM r [8] 

Equ,ation [8] descri:bes the  dependence  of  EMp on ex -  
pe r imen ta l  pa rame te r s  such as ~ and CM ~o for the case 
in which  the cathodic pa r t i a l  react ion is diffusion con- 
t ro l led  and anodic  p a r t i a l  reac t ion  is ac t iva t ion  con- 
t rol led.  I t  is c lear  th,at EMp is a l inear  function of In 
and In CM ~o. This case  is represen ted  g raph ica l ly  in 
the  symbol ic  d i ag ram of Fig. 1. 

Results 
The measurements  were  pe r fo rmed  in a copper  

E D T A - f o r m a l d e h y d e  p la t ing  solution which consisted 
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of 4 X 10-~M CuSO4, 1.2 X 10-1M EDTA, and 0.0784M 
formaldehyde .  The opera t ing  t empera tu re  was 70~ 
and the solution pH was ma in ta ined  at a va lue  of 11.7 
wi th  NaOH. In order  to achieve condi t ions of con- 
t ro l led  mass  t ransfer ,  the measurmen t s  were  pe r -  
fo rmed  with  a ro ta t ing  disk electrode.  The da ta  ob-  
ta ined  is shown in Fig. 2 and 3. I t  is c lear  that  the  ex-  
pe r imen ta l  points  in each one of  these plots group 
a round  s t ra igh t  lines. The slopes of the s t ra igh t  lines 
were  de te rmined  by  least  squares  analysis.  We note that  
the mixed  potent ia l  increases  with both the rota t ion 
ra te  ~ and the meta l  ion concentra t ion CM oo whi le  it 
decreases wi th  the concentra t ion Ca ~ of fo rmaldehyde  
in the p la t ing  solution. This behav ior  meets  the  cr i ter ia  
of a d i f fus ion-control led  cathodic  par t ia l  react ion 
coupled with an ac t iva t ion-cont ro l led  par t i a l  anodic re-  
act ion as indica ted  in Eq. [8]. F u r t h e r  verif icat ion for  
this overa l l  mechanism was obta ined by  compar ing  the 
measured  slope of the ro ta t ion ra te  dependence  dEMp/d 
In ~ with  the  concentra t ion dependences  dEMp/d In 
CM'~ and dEMp/d In Ca ~. The expe r imen ta l  slopes have 
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Fig. 1. Symbolic representation of the overall reaction scheme for 
electroless metal deposition in which the cathodic partial reaction 
is diffusion controlled and the anodic partial reaction activation 
controlled. 
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Fig. 2. Plot of the mixed potential of the plating solution as a 
function of rotation rate. Temperature ~ 70~ pH ~_ 11.7. 
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Fig. 3. A plot of the mixed potential of the plating solution 
against the logarithm of the CuSO4 concentration. Temperature 
70~ pH ~ 11.7. 

the  re la t ionship  

dEMp dEMp dEMp 
- = 2 X ,  [ 9 ]  

d l n C n  ~ d l n  CM~ d l n ~  

which is also pred ic ted  by  Eq. [8]. A Tafel  slope of 170 
mV/decade  for fo rma ldehyde  oxida t ion  obtained in 
the  p la t ing  solut ion is s l ight ly  lower  than the value ob- 
ta ined in the  anoly te  alone. This is due  to the in te r -  
dependence  of the  two pa r t i a l  react ions in the p la t ing  
solution. Nonetheless,  a Tafel  slope of  170 mV/decade  
corresponds to a va lue  of 0.41 for  the  anodic t ransfer  
coefficient. Deviat ion of  the  t ransfer  coefficient f rom 
0.5 is known  to occur when the reac t ing  species are 
specifically adsorbed,  Such behavior  is character is t ic  
of ca ta ly t ic  reactions.  

Manuscr ip t  submi t ted  Sept.  7, 1982; revised m a n u -  
scr ip t  received Nov. 15, 1982. 

Any  discussion of this pape r  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1983 
JOURNAL. Al l  discussions for the December  1983 Dis- 
cussion Sect ion should be submi t ted  by  Aug. 1, 1983. 

Publication costs o$ this article were assisted by IBM 
T. J. Watson Research Center. 
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Time-Resolved Laser Interferometric Investigation of the Growth of 
Diffusion Layer during an Electrodeposition of Pyrrole Polymer 

R. N. O'Brien 

Department of Chemistry, University of Victoria, Victoria, British Columbia~ Canada V8W 2Y2 

and K. S. V. Santhanam 

Tata Institute of Fundamental Research, Bombay, India 

Laser  in t e r f e romet ry  has been shown to be a useful  
technique for the invest igat ions  of the growth  of dif-  
fusion layers  at  the e lec t rode-so lu t ion  interface  dur ing  
e lect rochemical  processes such as meta l  ion deposi-  
t ion (1, 2), bu t  i ts app l i cab i l i ty  to the  s tudy  of organic  
e lec t rode  processes such as po lymer  deposi t ion has 
not yet  been explored.  Po lymer  deposi t ion on an elec-  
t rode involves severa l  steps including,  for example ,  
format ion  of f ree  radicals ,  p ropaga t ion  and t e rmina -  
t ion of the po lymer ic  chains. A few po lymers  such as 
po lypyr ro l e  exhib i t  the p rope r ty  of electronic conduc-  
tion and are  being considered as rep lacements  of  con- 
vent ional  e lect rode mater ia l s  (3, 4). We wish to re -  
por t  in this  communicat ion  on the growth  of the  di f -  
fusion l aye r  dur ing  the e lect rodeposi t ion of po ly-  
py r ro le  on a gold e lect rode and the use of such a 
po lymer  as an e lec t rode  ma te r i a l  in the inves t igat ion 
of e lec t rochemical  oxidat ion  and reduction.  

The e lect rodeposi t ion of po lypy r ro l e  was carr ied  out 
ga lvanos ta t ica l ly  f rom an acetoni t r i le  (anhydrous)  
ba th  conta ining 0.1M (C4H9)4NC104 and  60 mM freshly  

Key words: interferometry, diffusion, polypyrrole, polymer 
coated, nonaqueoUs. 

dis t i l led pyrrole .  The e lec t rochemical  cell  consisted of 
two go ld -p la ted  copper blocks ( length  11 mm, th ick-  
ness 1.78 mm) separa ted  by  ei ther  7.5 or  5.0 mm fitted 
into a Teflon cell holder.  A few exper iments  were  also 
carr ied  out  using go ld -p la ted  glass e lec t rode  pieces 
(deposi ted  by  vacuum deposi t ion)  ( length  30.0 ram, 
thickness 5.0 mm) separa ted  by  a fixed distance of 
6.60 mm. The cell i tself  acted as a F a b r y - P e r o t  in te r -  
fe romete r  (5). The gold p la t ing  of the copper blocks 
and glass pieces was done by  the sput te r ing  technique 
or by  vacuum deposi t ion for a m a x i m u m  per iod of 5 
min. In  al l  cases the electrodes were  in the deep ve r -  
t ical  configuration (V) so tha t  the grea te r  dimension 
( length)  is the depth  of solut ion and the lesser  d imen-  
sion ( thickness)  is the solut ion thickness the laser  
l ight  t raverses .  The in te r fe romet r ic  mul t ip le  beam 
fringes were  formed using d ie lec t r ic -coa ted  flats sepa-  
ra ted  by  the thickness  of the e lectrodes (1.78 mm) 
having a finesse of about  7. The l ight  source was a 
nomina l  1 m W  He-Ne laser.  The fringes were  a r r anged  
by su i tab ly  t ightening  the cell  c lamps and the concen-  
t r a t i o n - p e r t u r b e d  fr inge pa t t e rns  were  recorded at  
in terva ls  wi th  a 35 m m  Nikon camera.  The exper i -  
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menta l  runs  were  also videotaped through the Nikon's 
view finder with verbal  comments audio recorded. 

The deposition of pyrrole polymer was carried out at 
different current  densities (C.D.'s) in the range of 0.10 
mA cm -2 for a dura t ion ranging from 3 to 15 min. 
The thickness of the deposits ranged from about 80 nm 
to 20/~m depending on the dura t ion and current  passed 
in the electrolysis. 

The progress of the electrodeposition was followed 
by t ime-resolved laser in ter ferometry  using vertical  
electrodes in the electrochemical interferometr ic  cell. 
Figure  1 shows the interference fringes before s tar t -  
ing the electrolysis. Equal ly  spaced dark and br ight  
fringes show that the refractive index of the medium 
remains constant  throughout  the solution except for 
the central, exPanded dark fringe to be discussed later. 
When the electrolysis was started, the fringes at the 
cathode and anode regions bend as shown in Fig. lb, 
indicat ing the development  of diffusion layers at the 
cathode and anode. The central  optical dis turbance 
n o w  shows up as the area at which some convection 
is beginning and below which there is l imited deposi- 
tion. The deposition of the polymer occurred on the 
anode (Epyrrolg ~ ~ 1.22V vs. SCE) (6) and the corre- 
sponding cathodic process was the reduction of te t ra-  
n - b u t y l  ammon ium (C4Hg)~N +) ion. The e l e c t r o -  
chemistry of the qua te rnary  ammonium ion in non-  
aqueous solvents has previously been reported (7, 8) 
and the one-electron reduct ion produces a neut ra l  
radical. The neu t ra l  radical  undergoes a cleavage re-  
action u l t imate ly  producing (C4Hg)3N (no ---- 1.4252) 
and C4I-I10 (g). The development  of the diffusion layer 
at the anode can be seen in Fig. lb  and c (c is a gold on 
glass electrode discussed below).  From the very be- 
g inn ing  of the electrolysis, fringes begin to bend up-  
ward (the result  of oxidation as previously explained) 
and this growth continues up to about 60 sec. The 
fringes at the cathode show a bending downward ( in-  

crease in ref rac t ive  index and increase in concentra-  
tion of the reduct ion product) .  The two, odd diverging 
fringes in the figure, which are seen from the start 
of the electrolysis, are caused by the darker  part  of 
the gold plat ing dur ing sputtering. Portions below the 
diverging fringes had an uneven  mixture  of gold and 
presumably  some oxides or intermetall ics.  The ap- 
pearance of the sputtered surface and the divergence 
of the fringe suggests a very slight potential  difference 
between the two electrodes at this point  and be tween 
top and bottom of the electrodes resul t ing in a small  
amount  of local electrochemical activity (corrosion of 
the bottom par t ) .  The electrodeposition of the polymer 
in this region was not adherent:  This problem was 
overcome by using a glass substrate for gold which 
yielded uni form fringes (Fig. lc) .  As the electrolysis 
proceeds, at about 30 sec, a fr inge shift at the cathode 
of 6 was observed while at the anode a fr inge shift of 
5 was observed using a C.D. of 0.66 m A  cm -2. The 
change in  refraction index and hence the concentra-  
tion change is found from the modified Bragg equa-  
tion, 2n ~- cos e ---- N~. (1), where n is the refractive 
index, t is the thickness of the cell, N is the order of 
interference, and ~. is the laser light wavelength.  At 
the cathode No ---- No -F 6 and the appropriate ~n can 
be found and thence ~C. At higher C.D.'s (5 mA cm-2) ,  
a rapid production of the intermediates  at the anode 
in the polymerizat ion process results in the accumula-  
tion of products near  the electrode surface which cuts 
off par t  of the fringes. This cutoff region increases 
with time and, in teres t ingly  dur ing the course of the 
electrolysis, a development  of hydrodynamic flow pro- 
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Fig. 2. Changes in interracial concentrations during electrodepo- 
sition at anode or cathode, io, 5.0 mA cm -2.  ElapSed time in elec- 
trolysis, 30 sec. Top, at cathode; bottom curve, at anode. 

Fig. I. Interferograms showing concentration gradients during 
deposition of the pyrrole polymer from an acetonitrile bath con- 
raining 0.1M (CiH~)4NCIO4 and 60 mM pyrrole. (a) 0, (b) 30sec 
io ~ 5.0 mA cm -2.  Left side, Au anode; right side, Au cathode. 
(c) 60 sec at io ~ 0.66 mA cm-2. (Glass substrate.) 
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Fig. 3. The changes in the celi voltage during the progress of 
electrolysis of pyrrole, io, 5.0 mA cm -2 .  
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Fig. 4. Interferograms obtained 
during electrolysis of 0.1M 
(C4He)4NCI04 in acetonitrile at 
a pyrrole polymer (p) at 2.5 m 
cm 2 and 30 sec. Panel (a) shows 
the polymer (p) coated electrode 
as the cathode and panel (b) the 
polymer electrode as the anode. 

duced near  the cathode due to the movement  of t iny  
bubbles near  the electrode surface can be observed. 
There is evidence for this flow in  the contorted fringe 
pattern.  This flow completely disrupts the fringes be-  
low the pure  gold part  of the electrode. This type of 
dis turbance is negligible at lower C.D.'s and, at the 
end of this electrolysis, a smooth adherent  deposit was 
obtained on the gold surface similar  to anodic film 
formation (9). 

The growth of the diffusion layer  in the first 30 sec 
of deposition at 5 mA cm -2 and for longer periods of 
300 sec at a lower C.D. of 0.66 m A c m  -2 can be ob- 
served in the recordings. Figure 2 shows the pyrrole 
depletion with distance from the electrode dur ing an 
electrolysis. The optical anomalies, reported by Ibl  
(10) and la ter  treated by Beach (11), resul t ing from 
unequal  refraction of the light in a concentrat ion 
gradient  would cause less than 1% error  (the elec- 
trode thickness is smal l ) .  The depletion region at the 
anode extends to 2.35 mm while at the cathode, the 
refractive index gradient  is sharper and extends to 
about 1.32 mm. We did not investigate in detail the 
cause of the sharp g rad ien t  of the cathode, although 
it appears to be  caused by the hydrodynamics  (con- 
vection) at this electrode and the production of 
(C4Hg)3N (7). Whether  the direction of the frihge 
bending was caused, by an increase or decrease in re- 
fractive index in the actual exper iment  was decided 
by inject ing pyrrole in the anode or cathode region. 
This in t roduct ion of pyrrole produced a f r inge  bend-  
ing downward at the anode (increase in concentra-  
t ion),  which is in the same direction as in the real ex- 
per iment  at the cathode. The current -vol tage  (gal- 
vanostatic condition) curve for the polymer deposi- 
tion is shown in Fig. 3. 

The performance of the polymer-coated electrode 
was e x a m i n e d  by" using acetonitri le containing 0.1M 
(C4H9)4NC104. The polymer-coated electrode (20 ;~m) 
was washed well with acetone followed by acetonitri le 
before using it in the experiment.  The counterelectrode 
was a gold-plated glass electrode. The development  of 
the interference fringe pat tern  dur ing electrolysis at 
a C.D. of 2.50 m A c m  -2 is shown in Fig. 4. The fringes 
at the cathode show a smooth downturn  (increase in 
refractive index, increase in concentrat ion) dur ing the 
progres s of the electrolysis and the concentrat ion 
changes occurring at this electrode are shown in Fig. 
5. The polymer electrode was used in an exper iment  
following the one whose results are shown in Fig. 5. 
The concentrat ion changes at this electrode were 
about five times smaller  than was observed at the Au 
electrode. Nevertheless, the conducting na ture  of the 
polymeric electrode is clearly demonstrated in these 
experiments.  The oxidation of perchlorate ion at the 
anode was not examined in detail because it unde r -  
goes a catalytic and cyclic reaction (12). 

The studies conducted here show that polymer depo- 
sitions in nonaqueous media can be followed by laser 

~2"0 

I'O 

I I I I I 

0 12 0 240 
t (~) 

Fig. 5. The interfacial concentration changes during the progress 
of the electrolysis of 0.1M (C~Ho)~NCIO4 in acetonitrile at a poly- 
mer electrode. �9 at cathode (Au), A polymer cathode i0, 2.50 mA 
cm-2. 

in te r fe romet ry  and the depletion in the regions at the 
electrode surfaces (diffusion/hydrodynamic layer) can 
be determined.  When pyrrole oxidation produces a 
conducting polymer on the electrode surface, some of 
the intermediate  radicals appear to diffuse away from 
the electrode as expected (7). The polymeric pyrrole 
coatings show good conducting properties and show 
promise as an electrode mater ial  (3). 
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The Electrolytic Synthesis of Hydrogen Peroxide in a Dual Membrane 
Cell 

Christa Kuehn, 1 Frederic Leder, Raymond Jasinski,* and Kathy Gaunt 2 
Occidental Research Corporation, Irvine, California 92713 

Hydrogei l  pe rox ide  is a chemica l  of cont inuing and 
growing  commercia l  interest .  Hydrogen  peroxide  is 
p resen t ly  manufac tu red  by  an  organic  au to -ox ida t ion  
process wi th  an thraquinone  der iva t ives  and by  e lec t ro-  
chemica l  oxidat ion  of sulfur ic  acid via peroxydisu l fur ic  
acid (1). Inves t iga t ion  of new methods  to ob ta in  hy-  
d rogen  peroxi~de d i rec t ly  f rom oxygen  has rece ived  
recent  a t ten t ion  (2-7).  A lka l ine  solut ions of hydrogen  
p e r o x i d e  can be p repa red  by  the e lee t roreduct ion  of 
oxygen  at  carbon electrodes in caustic media  (2-7), and  
a lka l ine  p e r o x i d e  solutions can be used  as sodium h y -  
d roperox ide  solutions for  on-s i te  bleaching (4). How- 
ever,  these solutions are  not  sufficiently s table  for s tor -  
age o r  s h i p p i n g  and are unsui tab le  for mak ing  con- 
cen t ra ted  solut ions of  neu t r a l  hydrogen  perox ide  by  
s team dis t i l la t ion.  Acidic  hydrogen  perox ide  has been 
produced  e lec t rochemica l ly  on ly  on an e lec t roanaly t ica l  
scale (e.g., 8, 9). We descr ibe  here  a d u a l - m e m b r a n e  
p l a t e - a n d - f r a m e  e lec t rochemical  cell  for  the d i rec t  
product ion  of r e l a t ive ly  concen t ra ted  acidic hydrogen  
pe rox ide  solutions (Fig. 1). A thin center  compar tmen t  
is defined by  a ca t ion and  an anion exchange mem-  
brane.  Caustic perox ide  is genera ted  at the  carbon 
cathode by  the reduct ion of oxygen and is concentra ted  
in the  cen te r  compar tmen t  by  e lec t rodia lys is  across t he  
ion -exchange  membrane .  Wate r  is oxidized s imul tane-  
ously  at  the  anode, forming oxygen and protons.  These 
protons migra te  across the ca t ion-exchange  membrane  
at  the same ra te  anions migra te  across the  an ion -ex -  
change membrane ,  neu t ra l iz ing  O H -  and HO2-.  The 
e lec t ro ly te  (acid)  concent ra t ion  in the  cen te r  is not  
a l te red  and only  oxygen  and wa te r  a re  consumed to 
make  hydrogen  peroxide.  

Experimental 
The ,circular d u a l - m e m b r a n e  p l a t e - a n d - f r a m e  cell  

was fabr ica ted  f rom Plexiglas .  The  cathode (63 m m  
diam, 380 mi l l imicrons  thick)  was a porous carbon 
black-Tef lon gas-diffusion e lect rode on n ickel  screen 
backing  (Giner Ineorpora ted ,  Wal tham,  Massachusetts).  
The c i rcu la r  anode was a DSA electrode with  an IrO2/ 
Ta205 coat ing on t i t an ium (TIR-2000, Diamond S h a m -  
rock, Ohio) .  The a n o d e  was imbedded  in the Plexiglas  
and only  one sur face  was exposed to solution. The 
cat ion exchange  m e m b r a n e  was Nation 415 (du Pon t ) ,  
0.30 m m  thi.ck. A va r i e ty  of an ion  exchange  membranes  
was used:  Ionac MA 3148 (0.33 m m  thick)  (Ionac, 
Bi rmingham,  New Je r sey ) ,  P e r m i o n  4025 and 4035 
(RAI Research Corporat ion,  Hauppauge ,  New York) .  

* E l e c t r o c h e m i c a l  ,Society Ac t ive  M e m b e r .  
I P r e s e n t  a d d r e s s :  P.O. Box  7728, N e w p o r t  B e a c h ,  Ca l i f o rn i a  

92660. 
~Present address: Burroughs Corporation, W e s t l a k e  Vi l lage ,  

C a l i f o r n i a  91361. 
Key words: hydrogen peroxide, electrochemical synthesis, ion  

exchange membranes. 

The 4035 m e m b r a n e  has py r id in ium functions,  radia t ion  
graf ted  to Teflon. Ionac ]VIA 3148 is a po lymer ized  
po lyv iny lpy r id in ium mater ia l .  

The cell  was assembled with  the  cation merr~brane 
spaced 1.5 m m  from the anode, the  cation and anion 
membranes  spaced 3 m m  apart ,  and the  anion mem-  
b rane  spaced 8 m m  f rom the  cathode. Ea'ch of the 
three  compar tments  had a separa te  reservoir  of e lec t ro-  
ly te  solut ion which was rec i rcu la ted  th rough  the com- 
p a r t m e n t  a t  120 ml /min .  The ea tholy te  vo lume was 
200 ml, the  anoly te  volume was 100 ml, and the c e n t e r  
compar tmen t  solut ion vo lume was usua l ly  60-100 ml. 
The specific concentra t ions  are  given in Table I . ,The  
cur ren t  was cont ro l led  at 5A wi th  an HP 6286 A Power  
Supply ,  resu l t ing  in cathode and anode cur ren t  den -  
sit ies of 394 A / m  2. The cell  v o l t a g e  var ied  be tween  2 
and 4V using Nation 415 and Pe rmion  4035 membranes  
and be tween  4 and 10V using Ionac 3148 membranes .  
The oxygen was in t roduced at  the  porous cathode at  
l . l  kPa  gauge. Wate r  was added  to the anolyte  and 
ca tholyte  solut ions to main ta in  constant  volume, and  
the p r o d u c t  solut ion was wi thd rawn  f rom the center  
compar tmen t  in o rder  to main ta in  a constant  volume.  
The t empera tu re  of al l  the solut ions was main ta ined  at 
app rox ima te ly  15~ by  keeping  the reservoi r  solut ions 
in an ice bath.  

The perox ide  concentra t ion in the  center  and  catho-  
ly te  solut ions was de te rmined  by  t i t ra t ing  0.500 ml 
al iquots (acidffied wi th  100 ml  0.3M H2SO4) with  
0.100M s t anda rd  ceric a m m o n i u m  su l fa te  solut ion (GF 
Smi th ) .  The e lec t ro ly te  solut ions were  made  up using 
reagen t  grade  sodium hydrox ide  (MCB) and sulfur ic  
acid (VWR) and deionized water .  Compressed oxygen 
gas was 99.8% 02 (Matheson) .  

Results 
The expe r imen ta l  da ta  a re  summar ized  in Table I; 

the  t e rm "final H2:O2 concentra t ion"  is t aken  to repre -  
sent  total  peroxide,  i.e., HO2- as wel l  as neu t r a l  pe r -  
oxide. The t ime -pe rox ide  concentra t ion profile of Run 
2 is shown in Fig. 2. Oxygen was reduced  at  the  gas-  
diffusion ca thode  to hydrope rox ide  ion. Over  the  
dura t ion  of the  exper imen t  the  concentra t ion of pe r -  
oxide in the center  compar tmen t  increased f rom 0 to 
11.1%, whi le  the  concentra t ion of peroxide  in the  
ca tholy te  r emained  a p p r o x i m a t e l y  constant .  In  al l  runs  
the final ca tholyte  peroxide  concent ra t ion  approx ima ted  
the  or ig inal  concentra t ion of the  KOH elec t ro ly te  
(Table  I ) .  No hydrogen  peroxide  was detected in the 
anolyte.  (If  any  neu t ra l  pe rox ide  had  passed th rough  
the ca t ion-exchange  membrane ,  i t  would have  been 
oxidized at  the anode and thus would  not  have  been 
detected.)  

The concen t r a t i on - t imecu rves  wi th  e lect rolytes  o ther  
than sul fur ic  acid in the  center  compar tmen t  (Runs 9 
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Table I. Summary of peroxide generation experiments (3 compartment cell; M H2SO4 anolyte) 

Exper i -  
m e n t  
No. 

Init ial  e lec t ro -  F i n a l  H20~ 
ly te  c o m p o s i t i o n  c o n c e n t r a t i o n  

Center Catholyte Center w/o Cathol~e 
(M KOH) (M) (M) 

1 0.1M H=SO4 
2 0.1M H~SO, 
3 0.1M H~O~ 
4 1.0M H~SO, 
5 0.6M H:O= + 

0.1M H~O~ 
6 1.SM H=O~ + 

0.1M H~S04 
7 2.9M H=O= + 

O.1M I'I~SO~ 
8 1.OM H~SO, 
9 0.1M N a O H  

10 0.1M Na~SO4 

0.1 1.6 5.4 0.09 
0.5 3.2 10.8 0.51 
1.0 1.9 6.4 0.90 
1.0 1.7 5.7 0 . ~  
1.O 2.1 7.1 0.50 

1.0 2.6 8.8 0.75 

1.0 2.9 9.9 

0.3 1.6 5A 0.30 
0.5 1.4 4.8 0.60 
1.0 1.7 5.7 0.75 

and 10) were similar to Fig. 2. However, these experi-  
ments were deliberately terminated before the plots 
had approximated plateaus and thus these "final" con- 
centration values do not necessarily represent limiting 
values,  Nevertheless the data (Table I) show that 
hydroper0xide ion can be transferred into electrolytes 
other than sulfuric acid. 

The concentration of peroxide attainable in the cen- 
ter  sulfuric acid compartment depended on the size 
(volume) of the center  compartment solution as well 
as the ra te  of decomposition of peroxide, the rate of 
attack of all elements by peroxide, and the diffusion of 
neutral  peroxide out of the center compartment. The 
role of the center compartment volume was shown as 
follows: For  Run 2, the starting solutions were anolyte 
1M H~SO4 (100 ml),  center solution 0.1M H2SO4 (65 
ml),  and catholyte 0.5M KOH (200 ml).  This volume 
of the center solution, 65 ml, was the minimum volume 
practical in our part icular  experiments. When the vol- 
ume of the center solution was 100 ml, or 1.5X greater,  
the concentration of the peroxide obtained in the center 
compartment was correspondingly less, i.e., _~7 weight 
percent (w/o) (Run 3). 

The anion membrane was visibly deteriorated after 

all our experiments. It appeared stable and virtually 
unchanged from experiment to experiment. 

Discussion 
Oxygen is reduced at a carbon gas-diffusion cathode 

to hydroperoxide anion and hydroxide anion 

02 + H20 + 2e--> O H -  + HO2- 

By virtue of the anion membrane, K + is restricted to 
the catholyte. To maintain electrical neutrality, anions 
must therefore exit the catholyte in numbers equal to 
those produced by electrolysis. OH-  is the more mo- 
bile anion [192 ~2-1 eq-1 cm ~, vs. ca. 50 for HO2- (11)] 
and is expected to leave the catholyte preferentially.  
However, electrolysis continues to inject H e 2 -  into 
the catholyte, eventually yielding an HO~- concentra- 
tion equal to the original potassium ion concentration. 
At this point, both OH-  and H e 2 -  produced by elec- 
trolysis must exit the catholyte and enter  the center 

12.0- 
all experiments; new anion membranes were used for [H202] Center 
each experiment. The rate of membrane attack was not ^ ~ T  "~ 
studied in detail since the best of the membranes sur- j vived only a few hours, far too short to be of interest 10.0 
f o r  an industrial  process. The RAI Permian 4035 was 
more stable than the others tried (Run 2). Using RAI 
Permian 4035, the cell voltage for a single experiment 
remained essentially constant at 3-3.3V; the current O 
e~ciency varied between 100 and 73%. When the Ionac : ~  8.0 
3148 membrane was used, the cell voltage changed from 
4 to 9V, and the current efficiency w a s  substantially "~ 
lower. The Nation 415 cation membrane was reused in ,~ 

%.i 

6.0- 
s 

Cation Anion 
Anode Membrane Membrane Cathode " ~  

+ H=O + -- H2O - 

4.0-  

~1 - - /  .r I o, + 2e+--~NU2 } # 

. . . . .  - I - - -  o ,  , , , , 
H,so. H so, I o lOO 200 aoo 400 

~ r ~ \  T i m e ,  M i n u t e s  
l Porous Fig. Z Shown here ore the concentrations of H,~0~. measured in 

H202 in H~SO4 Carbon the catho!yte and in the center compartment solution v s .  time. The 
Fig. I.  This is a schematic representation of the operating cell initial solutions were a cathelyte of 200 ml, 0.5M KOH, and o 

emphasizing the transfer by electrodialysis of O H - ,  H e 2 - ,  and center compartment solution of 65 ml, 0.1M H2SO4. This was Run 2 
2H + produced by electrolysis in the anolyte and catholyte, of Table I. 
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compartment  where both axe neutralized by protons 
entering from the anolyte. Thus at steady state, one 
molecule of H20 and one molecule of H202 accumulate 
in the center compartment  solution per molecule of 02 
electrolyzed at the cathode. By this electrolysis/dialysis 
technique we were able to generate ca. 11% peroxide 
f rom oxygen and 0.1M H2SO4. 

The chemistry of the receiving solution had little 
effect on cell performance within the concentration 
ranges studied. Peroxide was concentrated into sulfuric 
acid, sodium hydroxide, and sodium sulfate. Hydroper-  
oxide salt precipitation would be expected at higher 
sodium salt concentrations than referenced in Table I. 
It  is to be expected that some neutral H202 will diffuse 
out of the center compartment  into the anolyte and 
catholyte by vJ.rtue of the concentration gradient. Mea- 
surements of this effect were not made. 

This electrolysis/dialysis model suggests that the 
maximum hydroperoxide concentration in the catho- 
lyte should approximate the original potassium ion 
concentration. As shown in Table I this is indeed the 
case. 

Peroxide concentrations (center compar tment) / t ime 
curves were calculated based on this simple model of 
electrolysis, dialysis,: and charge balance, ignoring dif- 
fusion of neutral peroxide; Shown in Fig. 3 are two 
such curves calculated for 70 and 100% net efficiency, 
compared with the curve for Run 3. Clearly this simple 
model of electrolysis and dialysis explains at least the 
gross features of the experiment. The theoretical maxi-  

8.0 , / "  
./<"100% CE / / 

7.0 / x', [H202]/ Center ~ . ~  

6.0- / / / /  ,~ ~ . . ~  

d 5.0- / / /  `X~'S "~70~176 CE 

:s 

..~~ 4.0- /~ / , '  x / '  
t" 

/ / 
�9 t.p;lOatho, ,e 

o ~ / . r  o - o 

2.0- 
/5 . j /  oCathode Compartment 

�9 Center Compartment 1.0- 

0 I I I I I' I 
0 2oo 40o 600 

Time, Minutes  
Fig. 3. An experimental center compartment peroxide concentra- 

tion/time curve is compared with two calculated curves ( - - - ) ,  
based on a model of electrolysis and dialysis. The vurloble in the 
calculation was current efficiency. Also shown is the cotholyte ac~ 
cumulation curve. This was Run 3 of Table I. 

mum hydrogen peroxide concentration in the center 
calculates as 22M, assuming a center compartment 
solution Iormed only from the water and peroxzde gen- 
erated by electrolysis/dialysis/neutralization. This con- 
centration is determined solely by dilution of H202 by 
water  formed from neutralized O t t - ,  i.e., (H202)/ 
[(H~O~) + (H~O)] = 34/(34 + 18). Such a situation 
is achievable in principle by starting with a center 
compartment solution of any volume, but at 22M H~O2. 
Product peroxide would result in a net increase in 
center compartment solution volume. It should also be 
possible, in principle, to build up the concentration of 
electrolytic peroxide from zero to commercially at- 
tractive values (variously estimated as greater than 
15 or 20%) by using low center solution volumes, thin 
center campartment,  and by cascading several cells in 
series. 

However, the .chemical stability of present anion- 
exchange membranes limits the commercially access- 
ible peroxide concentrations to less than the 10-12% 
(nominally 3.3M) achieved in these experiments. At 
these concentrations s ta te-of- the-ar t  anion exchange 
membranes break down within a few hours. The 
Nation cation membranes, on the other hand, were 
stable for the duration of these experiments. They 
are fluorocarbon polymers, functionalized with sulfonic 
acid groups. An anion-exchange fluorocarbon mem- 
brane is not commercially available. The use of radi- 
ation-grafted Teflon (with pyridinium func t ion )d id  
show~ an improvement over conventional hydrocarbon 
backbone membranes. However, our results imply that 
oxidative attack also takes place on the pyridinium 
linkage. Quaternary-ammonium-sal t  membranes with 
hydrocarbon backbones were rapidly deteriorated. 

Manuscript submitted Aug. 31, 1982; revised manu-  
script received Dec. 1, 1982. 

Any discussion of this paper  will appear  in a Dis- 
cussion Section to be published in the December 1983 
JOURNAL. All discussions for the December 1983 Dis- 
cussion Section should be submitted by Aug. 1, 1983. 
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Removal of Chloride from 4-Chlorobiphenyl and 
4,4'-Dichlorobiphenyl by Electrocatalytic Reduction 
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Polyehlorinated biphenyls (PCB's) are widespread 
environmental pollutants (1, 2). They can be dechlo- 
rinated by chemical (2-6), photochemical (2, 3, 7), or 
electrochemical (8-10) means. Such methods are po- 
tentially useful to detoxify materials contaminated 
with PCB's, but extreme conditions and/or excess 
amounts of reagents are often necessary. Recent inter- 
est in the electrocatalytic reduction of aryl halides 
(11-15) has led us to investigate similar reactions for 
chlorobiphenyls. We describe here the electrocatalytic 
C-C1 .cleavage o~ 4-chlorobiphenyl (4-CB) and 4,4'- 
dichlorobiphenyl (4,4'-DCB), which yields biphenyl. 

Scheme I has been proved for electrocatalytic re- 
duction of a r y l  h a l i d e s  ( 1 3 - 1 5 )  

A + e = A -  E o [1] 

T 
A U + BX~A+ B X -  [2] 

k-i 

k 
BX? -~ B '  + X ~ [3] 

A- + B'-* A+B- [4] 

Scheme I 

Here, A is the catalyst redu,ced at the electrode to its 

radical anion A-'. The aryl halide BX reacts with A- 

in [2] to yield radical anion BX-', which decomposes 
in reaction [3]. Reaction [4] gives B-, which is pro- 
tonated in later steps to yield hydrocarbon. Under 
pseudo first-order conditions with [P.] as rds, the sig- 
mold-shaped, linear-sweep voltammograms obtained 
are described by (14, 16-18) 

i = i l ,d(1 + e) [5] 

w h e r e  i is t h e  c u r r e n t  a t  p o t e n t i a l  E, a n d  0 --  e x p  
[ ( F l a T )  ( E -  E ~  T h e  l i m i t i n g  c u r r e n t ,  ~1.c, is  p r o -  
p o r t i o n a l  to  kl'/=. T h e s e  r e s u l t s  w e r e  u s e d  to a n a l y z e  
o u r  v o l t a m m e t r i e  d a t a  on  e P ! o r o b i p h e n y l s .  

Cyc l ic  v o l t a m m e t r y  ( C V )  w a s  c a r r i e d  o u t  w i t h  a 
P A R  174A P o l a r o g r a p h i c  A n a l y z e r .  T h e  eeII c o n -  
t a i n e d  a h a n g i n g - d r o p  m e r e u r y  w o r k i n g  e l e c t r o d e  
( H D M E )  of  a r e a  0.018 cm 2, a n  A g / A g I  r e f e r e n c e ,  a n d  a 

P t  e o u n t e r e l e c t r o d e .  N , N ' - d i m e t h y l f o r m a m i d e  ( D M F )  
was  t r e a t e d  w i t h  a l u m i n a  (19) a n d  p u r g e d  w i t h  n i t r o -  
g e n  b e f o r e  use.  T h e  e l e c t r o l y t e  w as  0.1M Bu4NI.  C a t a -  
lys t s  a n t h r a c e n e ,  9, 1 0 - d i p h e n y l a n t h r a e e n e  ( 9 ;  10- 
D P A ) ,  a n d  a - n a p h t h o n i t r i l e  w e r e  r e v e r s i b l y  r e d u c e d  
t o - a n i o n  r a d i c a l s  in  D M F  (13, 19, 20) .  W h e n  excess  
4 ,4 ' -DCB was  a d d e d  to 0.1.0 m/Vl so lu t i ons  of  c a t a ly s t ,  
c a t h o d i c  v o l t a m m o g r a m s  w e r e  s i gm o i d  s h a p e d  a n d  
s h o w e d  a n  i n c r e a s e  in  c u r r e n t  o v e r  t hose  of t he  c a t a -  
l y s t  a lone .  A n o d i e  p e a k s  d i s a p p e a r e d ,  s u g g e s t i n g  a 
r e a c t i o n  of  t h e  e l e c t r o g e n e r a t e d  a n i o n  r a d i c a l  w i t h  
4 ,4 ' -DCB.  F o r  t h e  r e d u c t i o n  of  4 -CB,  a n t h r a c e n e  g a v e  
s i m i l a r  CV's ,  b u t  o n l y  a s m a l l  c a t a l y t i c  effect  was  o b -  
s e r v e d  w i t h  9, 10 -DPA.  

T a b l e  I s u m m a r i z e s  t h e  v o l t a m m e t r i e  resu l t s .  Ez/~ 
w a s  i n d e p e n d e n t  of  scan  r a t e  (v) a n d  i l .J i  d v a r i e d  i n -  

. Electrochemical Society Active Memeber. 
Key words: catalysis, organic, free radicals, voltammetry, 

Table I. Voltammetric results 

Avg d log 
v (V/ -Ezf= kl (M -1 

Catalyst, sec) (V b) i~,c/i~ ~ Ls -') 

4,4'-dichlorobiphenyl 
Anthracene 0.05 1.91 5.14 

(AE = 0.27V, -/ = 40) 0.10 1.91 3.53 3.1 
0.29 1.90 2.83 
0.50 1.90 1.49 

9fi,0-DPA 0.10 1.84 1.35 
(bE = 0.33V, ~/ = I00) 0.20 1.83 1.25 2.0 

0.50 1.83 1.17 
a-naphthonitrile 0.05 1.83 1.93 

(AE = 0.34V, 7 = 100) 0.10 1.83 1.63 2.0 
0.20 1.82 1.35 
0.50 1.82 1.23 

4-chleroblphenyl 
Anthracene 0.05 1.92 1.70 

(bE = 0.41V, 3' = 100) 0.10 1.91 1.62 2.1 
0.20 1.91 1.27 

9,1O-DPA 0.10 1.82 115 0.6* 
(bE = 0.48V, 7 = 200) 0.20 1.81 1.13 

�9 Concentration 0.10 raM. AE = E ~ - Ev eB, where Ev cB is the peak 
potential of the ohlorobiphenyl at 0.20 V/sec. ~/ = CBX~ 

b V vs. SCE. 
Avg; ia is peak current for catalyst alone. 

a Calc. from t~,~ as in (17). 
Estimated from ratio of anodic current in the  p r e s e n c e  and 

absence of BX using working curves in Fig, 12 of Ref. (16). 

v e r s e l y  w i t h  v, as e x p e c t e d  (14, 16-18) for  p s e u d o  
f i r s t - o r d e r  e l e c t r o c a t a l y t i c  r e d u c t i o n  w i t h  [2] as rds .  
P o t e n t i a l s  fo r  r e d u c t i o n  of  c h l o r o b i p h e n y l s  s h i f t e d  
pos i t i ve  b y  0.27-0.48V ( h E )  c o m p a r e d  to d i r e c t  e l e c t r o -  
c h e m i c a l  r e d u c t i o n .  T h e  r a t e  c o n s t a n t  kl  i n c r e a s e d  as 
hE  dec reased .  

D a t a  f r o m  s i g m o i d - s h a p e d  v o l t a m m o g r a m s  w e r e  
a n a l y z e d  b y  n o n l i n e a r  r e g r e s s i o n  (21) on to  Eq.  [5]. 
Good  a g r e e m e n t  b e t w e e n  t h e o r y  a n d  e x p e r i m e n t  was  
o b t a i n e d  (Fig.  1).  A v e r a g e  v a l u e s  of R T / F  fo r  c u r v e s  

L[,C 

0.5 

-o.1 v--I 

"EV. 
Fig. 1. Voltammograms for electrocatalytic systems at a scan rate 

of 0.20 V/sec. Circles are experimental data; solid line calculated 
by nonlinear regression onto s [5] fora,  b, and c. Data in d con- 
tain a contribution from the uncatalyzed reduction wave and were 
fitted to 

i = iLc/(1 + 0) + i" exp [(omF/RT)(E" - -  E)] [6 ]  

where i '  is the background current at an arbitrary potential E'. De- 
viation-pattern recognition was used to demonstrate the validity of 
Eq. [6] for 16 sets of data (22). (a) 0.10 mM 9,10-DPA with 100- 
fold excess 4,4'-DCB, (b) 0.10 mM c~-naphthonitrile with 100-fold 
excess 4,4'-DCB, (c) 0.10 mM anthracene with 100-fold excess 4-CB, 
and (d) 0.10 mM anthracene with 40-fold excess 4,4'-DCB. 

1 1 2 0  
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at 0.10 and 0.20 V/sec were: 0.0246 _ 0.0008V for 4,4'- 
DCB/anthracene, 0.0258 • 0.000IV for 4,4'-DCB/9,1,0- 
DPA, 0.0232 • 0.0018V for 4,4'-DCB/a-naphthonitrile, 
and 0.0276 • 0.0017V for 4-CB/anthracene, in ac- 
ceptable agreement with the theoretical value at 25~ 
of 0.0257V. All results are consistent with reduction of 
the chlorobiphenyl by Scheme I. 

To determine products, chlorobiphenyls were elec- 
trocatalytically reduced at a st irred-mercury-pool (17 
cm 2 area) electrode in a divided cell using a three- 
electrode potentiostat. Solutions 0.10 mM in catalyst 
and 2 mM in 4,4'-DCB were electrolyzed at a poten- 
tial on the rising portion of the catalytic wave. Aver-  
age current densities were 0.25-0.10 m A c m  -~. Con- 
centrations were monitored by high-pressure liquid 
chromatography (HPLC). With anthracene as the 
catalyst, 17 mg 4,4'-DCB reacted in 30 min (Fig. 2). 
The concentration of 4-CB increased ea r ly  in the 
electrolysis, reached a maximum, and' then decreased. 
This shows that 4-CB is an intermediate in the forma- 
tion of bi.phenyl. The amount of biphenyl corre- 
sponded to 86% yield after 50 rain, when 4-CB ac- 
counted for 8% yield. Similar results were obtained 

w i t h  9,10-DPA as catalyst, but 7.5 hr  were required 
to convert 4,4'-DCB to about 50% each of 4-CB and 
biphenyl, in accord with differences in rate constants 
(Table I) .  Some catalyst was destroyed during elec- 
troIysis, possibly by radical coupling (23). Neverthe- 
less, the predominant reaction of 4,4'-DCB under our 
conditions is stepwise replacement of chloride with 
hydrogen. Each step follows Scheme I. 

Thus, dechlorination of 4-CB and 4,4'-DCB can be 
carried out electrocatalytically at low overpotentials 
and current densities when compared to direct (8-10) 
electrochemical reduction. These reactions require less 

 00' 

- . I  50 
l '-.- 

Z 

O 

o ~  / _[3 -- --- --r~ 

/u 

/ 

/o 

0 20 40 
t, rain 

Fig. 2. Concentrations of reactants and products during con- 
trolled-potential electrolysis. Potential was --1.34V vs. Ag/Agl 
(--1.88V vs. SCE). Concentrations determined by HPLC using a 
reversed-phase (C-18) column and uttraviolet detector. Eluant 
was acetonitrite:water (7:3) at a flow rate of 2.0 ml/min. [ ]  Bi- 
phenyl (4.8 mln), �9 4-CB (6.8 rain), and O 4,4'-DC8 (9.6 mi,). 
Retention times in parentheses. 

than 5% of the stoichiometr~c amount of catalyst. We 
are presently extending this work to other halogenated 
biphenyls. 
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Ionization and Dissociation Equilibria in Liquid 

XIV. Dissociation Constant and Limiting Conductance of (n-CsH~O4NI in Liquid S02 at O.O~ 

Norman N. Lichtin* 

Department of Chemistry, Boston University, Boston, Massachusetts 02215 

and John F. Reardon* 

Department of Chemistry, University of Massachusetts, Boston, Massachusetts 02125 

Tet raa lky lammonium ions have served as model cat-  
ions of low and ~ varying charge density to probe 
the na ture  of ion-solvent  interactions in a var ie ty  of 
solvents and solvent mixtures.  In  general,  the conduc- 
tance of R3N + cations, where R represents a lkyl  or 
aryl  groups, decreases as the size of R increases i n  con- 
trast  to the behavior  o~ the alkali  metal  cations (1) 
which display solvation effects in  many  nonaqueous 
solvents while the qua te rnary  ammon ium ions gener-  
ally do not seem to be solvated except possibly for the 
lYle4N + ion in  solvents such :as dimethyl  sulfoxide (2). 

As par~ of a series of studies (3, 4, 5) of the physical 
chemistry of SO2 solutions, we have previously re- 
ported on the conductance behavior  of qua te rnary  
ammonium halides, R~N+X - ,  in which R spanned 
the series with R : n -a lky l  from methyl  to n -hexy l  
with the exception of the n - a m y l  salt, (n-CsH1D4N +. 
The study reported here was carried out to close the 
gap and to furnish a series of l imit ing ionic conduc- 
tances in l iquid SO2 at 0.0~ for all the (n-R)4N + ions 
from methyl  to n -hexy l  in the belief that this informa-  
tion will  contr ibute  to elucidation of ion-solvent  in ter-  
actions. 

Experimental 
The exper imenta l  procedures and  the bridge have 

been described (6) previously as has the cell and 
thermostat  (7). Eas tman White Label t e t rapenty lam-  
monium iodide was recrystallized four times by  pre-  
cipitation from acetone by addition of ethyl ether 
and dried in vacuo at 60~ over P205 for 2 days, found 
29.91% I and calculated 29.83% I. Analysis was carried 
out by Galbrai th  Laboratories. 

Results and Discussion 
Data of a typical  exper iment  are presented in Table 

I. Application of Shedlovsky's method (8) to the data 
provided Kd : 61.4 _ 11.4 • 10 -4 tool / l i ter  and Ao 
182.5 • 0.6 mho cm2/mol, where the indicated uncer-  
tainties were calculated from the slope and intercept  
of the l inear  Shedlovsky plot. Only data at di lut ions up 
to 70,000 l i ters /mol  were employed, so that solvent 
conductivi ty was less than  1% of total solut{on con- 
ductivity. The values of the dielectric constant  and vis- 
cosity of sul fur  dioxide employed in the calculations 
were taken from Ref. (9) 

e - -  95.12 exp [--6.676 • 10-3T (K) ] 
and 

1000~ . :  4.03 -- 0.0363t (~ 

and were 15.35 at 273.15 K and 4.03 raP, respectively. 
The B je r rum distance of ctosest approach, aBj, cal- 

culated (10) from Kd is 13.02 • 0.96A as compared to 
the sum of ionic radii, r+ ~- r -  : 5.29 ~ 2.17 _-- 7.46A 
(11). The l imit ing equivalent  conductance calculated 
from Stokes' law for perfect sticking (12), and the 
aforementioned ionic radii is 132, 28% lower than the 
exper imenta l  value. Since SO2 is known to solvate 
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anions (5), the observed conductance can be a t t r ibuted 
to .the unsolvated state of the (n -Am)  4N + ion. 

By a Fuoss-Coplan division of the l imit ing equiva- 
lent  conductance of ( i -Am)4NB(i -Am)4,  we have 
evolved a series of single ion conductances in S Q  at 
0.0~ (4) including a value of ~o- : 124.2 • 0.2 mho 
cm2/equiv, for iodide. Subtract ing this value from the 
value of Ao -~ 182:5 • 0.6 for (n-Am)4NI yields a value 
of 58.3 • 0.8 for the value of )~o + of the (n-Am)4N + 
ion. Subst i tut ion of this value of ~o + in the Stokes 
slip equation, kono :-  (1.20/zi/)Rs, yields a value of 
Rs : 5.11A to be compared with the value of 5.29A 
proposed by Robinson and Stokes (13) for the radius 
of the (n-Am)4N + ion. As expected, there is no sol- 
vation of the (n /Am)4N + ion in liquid S02 at 0.0~ 

For the salt ( i-Am)4NI, we have previously re- 
ported (4) a Kd value of 46.0 • 5.0 X 10-4M and a Ao 
value of 186.5 • 0.6 mho cm2/mol, both at 0.0~ The 
somewhat smaller  ( i-Am)4N + ion, r+ = 5.12A (11), 
produces a t ighter ion pair  and a slightly more mobile 
solute species than the (n-Am)4N + ion, r+ _ 5.29A. 
This behavior  may be compared with Kd and Ao re-  
ported for solutions in methanol  at 25~ (~ -- 32.70) 
(14) 

( i -Am)4NI Kd -- 7.81 • 10-~M 

2,0 ---- 98.04 mho cm2/mol 

(n-Am)4NI  Kd : 6.25 • 10-2M 

Ao : 97.42 mho cm2/mol 

For the individual  R4N + cations, we have deter-  
mined L~ + to be 62 mho cm2/mol for R : n-Bu,  62 for 
R ---- i -Am, and 58 for R : n - A m  in SO2 at 0.00~ (4). 
In  methanol  (15) at 25~ the corresponding values 
are 39.0 mho cm2/mol for R - ~  n-Bu,  35.4 for R -- 
i-Am, and 34.8 for R ---- n-Am.  The smaller  values of 
ko + in methanol  are probably  due pr imar i ly  to the 
higher viscosity of methanol  (CH3OH, 5.44 mP, 
298.15 K; SO2, 4.03 mP, 273.15 K) (I6).  

For  two other su l fur -conta in ing  solvents of some 
.current interest,  dimethyl  sulfoxide (CH~)2SO (~ ~- 
46.7, 298.15 K) and sulfolane (CH2)4SO2 (e ---- 43.3, 
303.15 K) (16), less data are available. The l imit ing 
ionic conductances in DMSO at 298.15 K (15) are, re-  
spectively, 11.8 mho cm2/mol for R = n-Bu,  11.0 for 

R = i-Am, and 10.8 for R = n - A m ;  while in sulfolane 

Table I. Data of a typical conductaJlce run 

V o l u m e  Ao ( m h o  
( l i t e r / t o o l )  cmS/mol)  

2172 160.1 
3195 164.1 
4700 167.6 
6913 170.6 

10170 172.9 
14960 174.7 
22005 176.5 
33370 177.2 
47617 177.4 
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at 303.15 K (15), the corresponding values are 2.76 for 
R = n-Bu and 2.51 for R = n-Am. Both (i-Am)4NI 
and (n-Am)4NI are regarded as dissociated in DMSO 
at 298.15 K (2). For sulfolane, no data are available, 
but because of the high dielectric constant, high tem- 
perature of measurement, and behavior of similar 
R4N + salts (17), we assume that they are both com- 
pletely dissociated. 

Manuscript submitted April 12, 1982; revised manu- 
script received ca. Aug. 6, 1982. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1983 
JOURNAL. All discussions for the December 1983 Dis- 
cussion SectiOn should be submitted by Aug. 1, 1983. 
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It is often desirable to be able to predict the total 
current density at an electrode when multiple electro- 
chemical reactions occur there under potentiostatic 
control. It is also sometimes desirable to include the 
effect of ionic migrat ion within the diffusion layer 
upon the predicted total (1) and partial current densi- 
ties (2). A pr6cedure for doing this can be illustrated 
by considering the rotating disk electrode (RDE) 
system and the associated potential distribution near 
the RDE as shown in Fig. 1 and 2. For simplicity, it 
is assumed that the concentration of species i in the 
solution (ci) and the potential of the solution (~) de- 
pend only on the normal coordinate y as shown in Fig. 
1. This assumption is reasonable for well-supported 
solutions and small radius disks. Also, it is assumed 
that no potential drop exists between the reference 
electrode within its own compartment and the tip of 
the Luggin capillary tube. 

The procedure consists of writing the Butler-Volmer 
equation for any general electrochemical reaction j 
in a particular way, including the effect of ionic 
migration in the flux expression for species i, and 
writing the boundary conditions for the concentration 
of species i and the potential in the solution in a spe- 
cific manner. 

Butler-Yolmer Equation 
The Butler-Volmer equation for electrochemical re- 

action j can be written as follows 

i j  = ioj,o [exp 
( ~ a j F  

R T  L 

where 
~]sj = V -- r -- Uj~o 

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  Member .  
Key words :  in te r faces ,  mass  t r a n s p o r t ,  kinetics .  

[1] 

[2] 

Uj,o = Uj ~ -- 

and 

RT (Ci, o~ 
niF ~ sijln -~o" 

- ~ Si,RE i n  
- -  UORE -~ n R E F  i Po 

ioj,o = ioj,ref . ~ ]  
Z \ Ci,ref -- 

[3] 

[4] 

�9 Yf{ Ci,ref ~ l j  
ioj,ref = ~oj,data . ~ ! [5]  

\ Ci, d a t a /  

As shown in Eq. [1], anodic and cathodic current 
densities are defined here to be positive and negative, 
respectively. Also, sij is positive for an anodic reactant 
and negative for a cathodic reactant. As shown by Eq. 
[2], the current density ij depends upon the difference 
between the potential of the electrode (V) and the 
potential in the solution adjacent to the electrode sur, 
face (r relative to the open-circuit potential for 
reaction j (Us,o) evaluated at the surface concentra- 
tions of species i (Ci.o). The values of the Potentials 
V, ~, Uj 0, and U%E are all relative to the standard 
hydrogen reference electrode potential which is de- 
fined to be zero for convenience. Thus, if the reference 
electrode used in the experiment is a standard hydro -  
gen reference electrode, Uj,o is simply the Nernst equa- 
tion (1) evaluated at Ci.o. Note that ij depends on ci,o 
through both Uj.o and the concentration dependence of 
the exchange current density as given by Eq. [4], 
which shows that the exchange current density of re- 
action j evaluated at the surface concentrations (ioj.o) 
can be written in t~rms of reference concentrations 
(Ci,ref) .  Also note that Eq. [5] can be used to deter- 
mine a value for ioj~ref assuming values are known for 
ioLdata, Ci,data, and ~ij. The open-circuit potential Uj.o 
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Fig. 1. Schematic of o rototina disk electrode system 
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Fig. 2. Schematic of the solution potential profile near on elec- 
trode being operuted onodically. 

can be wri t ten in terms of the reference concentrations 
by: adding and subtracting the following term to Eq. 
[31 

[6] njF ~ sij 

The result is 

�9 _ CLref 
Uj,o --" Uj,ref 7tjF $ij I n  ~ [ 7 ]  

where 

UJ,ref-- U j 0 - - - -  njF Sij 111 - ~o 

R T ~  [ Ci.RE ) 
UORE "~ ?tREF i 

Also, th.e potential difference V -  r in Eq. [2] can 
be wri t ten in terms of the applied or set potential dif- 

ference V -- ~a~. as follows 

v - ~ o  = v - 7R~.  - ( ~ o  - ~ ' ~ )  [ 9 ]  

where ~S~. is the potential  in the solution at y -- YRS. 
(see Fig. 1 and 2). 

Now, Eq. [2], [4], [7], and [9] can be used to re-  
write Eq. [1] in the desired form 

. - 

ij = ~o,jref ~ \ ~  / exp \ ~ [V -- r 

~  Y" 
/ - -  ~x Ci, ref ," 

)} 
where  

and 

~aJSiJ 
PiJ " 7iJ ~- 'nj 

[10] 

[11] 

~jsij 
q u =  "~u - [12] 

nj 

It  is useful at this point to compare the potential 
differences in the arguments  of  the exponentials in Eq. 
[10] 

V--TRE -- (~o--TRE) -- Uj~ref [13] 

to those used commonly by others (3) in similar ex- 
pressions. Typically, the potential differences used by 
others (3) are 

Eappl -- Eeq -- iTARs [14] 

where Eappl is defined %0 be the potential  difference 
between the working electrode and a reference elec- 
trade placed in the bulk solution with current  being 
passed in the cell, Eeq is that  same potential difference 
when no current  is being passed, and /TARs is the 
ohmic potential drop in the solution between the work-  
ing and reference electrodes. It should be pointed out 
that  the potential in the solution at YRS. depends upon 
the current  being passed; it is not a constant as is 
often assumed (3). The potential differences given by 
Eq. [13] and [14] are not the same because, even 
though 

Eappl = V - -~RZ [151 

and for a single electrode reac t ion  

Eeq = Uj,re~ [16] 

the ohmic drop through the diffusion layer  is different. 
That  is 

liARs ~ r -- CaE [17] 

The ohmic potential drops are not the same be- 
cause the specific conductivi ty (~=) of the electrolyte is 
not constant through the diffusion layer  as is often as- 
sumed by others (3). That  is, if it is assumed that  
both iT and K| are constants through the diffusion layer, 
then Laplace's equation 
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iT = - ~ d-~ [18] 

can be integrated to give 

~TYRE 
- -  r  - -  ~RE [19]  

which can be rewritten in terms of the solution re- 
sistance (Rs) by using the following equation (3) 

YRE 
Rs = [20] 

Thus, by using Eq. [20], Eq, [19] becomes 

iTARs - -  ~o - -  @RE [21] 

Comparison of E% [17] and [21] shows that ~'o ~ ~o 
as illustrated schematically in Fig. 2. Typically, it is 

assumed, however, that r -- r which is often not 
true (2, 4). 

It should be noted that both J~appl and Y --~RE de- 
pend upon the type of reference electrode used, since 
they both represent the same physical quantity. (It can 

be seen that V- ~RE must depend upon the type of 
reference electrode used in the experiment since at 
equilibrium 

V ~ ~RE -"  Uj,ref [22] 

and Uj,ref depends upon the type of reference electrode 

used. (Note tha t  the potential difference ~o -- r is 
equal to zero at equilibrium.) In addition, Eeq and 
Hi,re f depend in the same manner upon the type of 
reference electrode used (3). Consequently, the dif- 

ference between V -  ~RE and ULre f is independent of 
the type of reference electrode used in the experiment, 
as is Eappl - -  Eeq. 

Governing Equations and Boundary Conditions 
for c~ and 

The governing equation for the concentration of spe- 
cies i at steady-state conditions and no homogeneous 
reactions is (1) 

dN~ 
dy = 0 [23] 

where 
dci DiciF de 

Ni = - -  D l - ~ y  --  zi R---T-- dy  -{- vci  [24] 

and the governing equation for the potential in the so- 
lution is the electroneutrality condition (1) 

~zici : 0 [25] 

The boundary conditions for a single electrode reac- 
tion are as follows 

f ~zici : 0 [26] 
! 
l V = a set constant (e.g., O.2V) [27] 

at y : 0  

s~j~___~j _ N l  [28]  
njF 

where Ni is given by Eq. [24] with v = 0 and ij is 
given by Eq. [10] 

Ci = Ci,ref w h e r e  ~ZiCi,ref = 0 [29] 
l 

at Y : YRE ~ 
r = ~KE : a set constant 

(e.g.,  0.1V) [30] 

It is important to note that both V and ~RE must be 

set such that their difference ( V -  ~RV.) iS equal to 
the value set by the potentiostat. 

Once values have been set .for the parameters of the 
system, the solution of Eq. [23] and [25] subject to 
Eq. [2~]-[30j yields values for ci(y) and ~(y).  The 
values of ci and r at y -- 0 (Ci,o and ~o) can then be 
used together with the kinetic parameters to predict 
the current density of reaction j according to Eq. [i0]. 

If more than one electrode reaction occurs, Eq. [28] 
must be changed to 

sij/j = -- N l  [31 ]  
j n j F  

where ij is given by Eq. [101 with the appropriate ki- 
netic parameters. The total predicted current density 
(iT) can, then, be obtained by solving the equations 
and summing the current densities due to the indi- 
vidual reactions as follows 

i T = ~ ij [82] 
J 

It is worth noting that even if the effect of ionic 
migration is negligible, the procedure presented here 
is useful because it permits the direct use in the model 
of the set potential difference between the working 
electrode and a reference electrode in the bulk solu- 
tion, and it provides a method of predicting the current 
densities of the individual reactions when multiple 
electrode reactions occur. 

Finally, it should be mentioned that a less direct 
method could be used for a single electrode reaction 
but would be difficult to apply for multiple electrode 
reactions. The procedure would consist of setting ij 
in Eq. [28] and, then, determining r by solving the 
transport problem. This value of ~o could, then, be used 

in Eq. [10] to obtain V -  ~RE which could be com- 
pared to the observed value and a new ij selected, if 
necessary. Since this would be an iterative procedure, 
it would be difficult to implement particularly for mul- 
tiple electrode reactions, especially if the current den- 
sities due to the individual reactions were not equal, 
as is often the case. 

Manuscript submitted Aug. 9, 1982; revised manu- 
script received Jan. 3, 1983. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1983 
JOURNAL. All discussions for the December 1983 Dis- 
cussion Section should be submitted by Aug. 1, 1983. 
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A 
Ci 
CLo 
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CLref 
Di 
Eavul 

Eeq 

F 

ioj,data 

ioJ,ref 

iT 
nj 

qij 
R 
Rs 
Sij 

T 
Ui,o 

area of the electrode, cm 2 
concentration of species i, mol/cm 3 
local surface concentration of species i, mol/cm 3 
data concentration of species i, mol/cm 3 
reference concentration of species i, mol/cm 3 
diffusion coefficient of species i, cm2/sec 
potential of working electrode relative to poten- 
tial of a reference electrode of a given kind, V 
potential of working electrode relative to poten- 
tial of a reference electrode of a given kind 
whenno current is passed, V 
Faraday's constant, 96,487 C/tool 
current :density due to reaction j, A/cm 2 
exchange.current density at concentrations re- 
ported in:the literature (Ci,data), A/cm2 
exchange current  density at reference concen- 
trations, A/cm~ 
total current density, A/cm2 
number of electrons transferred in reaction j 
anodic reaction order of species i in reaction j 
cathod}c reaction order of species i in reaction j 
universal gas constant, 8.3143 J/mol K 
solution resistance, 
stoichiometric coefficien,t of species i in reac- 
tion j 
absolute temperature, K 
theoretical open-circuit potential for reaction j 
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Uj,ref 

Uj e 
V 
Y 
YRE 
gi 

Greek 
aaj 
aej 
"Yij 

Po 

@o 

at the surface concentrations of the species i 
whichpart icipate in reaction j, V 
theoretical open-circuit potential evaluated at 
reference concentrations, V 
standard electrode potential for reaction j, V 
potential of the working electrode, V 
normal coordinate, cm 
position of the reference electrode, cm 
charge number  of species i 

Symbols 
anodic transfer coefficient for reaction j 
cathodic transfer coefficient for reaction j 
exponent in the composition dependence of the 
exchange current density 
diffusion layer thickness, cm 
pure solvent density, kg /cm 3 
potential in the solution within the diffusion 
layer, V 

potential in the bulk solution, V 
solution potential adjacent to electrode surface, 
V 

~o potential in the solution at y ---- O obtained by 
integrating Laplace's equation with constant iT 
and ~| V 

~aE potential in the bulk solution at YRE, V 
~ bulk solution specific conductivity, ~ -1  cm-1 

Subscripts 
o at the electrode surface 
RE reference electrode 
ref referenCe conditions 
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Hydrogen and Phosphorus Ion Beam Exposure Characteristics of 
PMMA 
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ABSTRACT 

Hydrogen and phosphorus ion beam exposure characteristics of PMMA are investigated as functions of dose and ac- 
celeration energy. PMMA shows both positive and negative exposure characteristics depending on the ion dose. A hydro- 
gen ion dose of 1.6 • 10 -6 C/cm 2 is required to reveal positive exposure characteristics with a contrast of 3, which indicates 
that PMMA is about two orders of magnitude more sensitive to ions than to electron beam. More than a 4• 10 -5 C/cm 2 ion 
dose affords negative exposure characteristics with a contrast of about I. The positive exposure characteristics of PMMA 
are mainly determined by the amount of energy deposited per unit volume. On the other hand, the negative exposure char- 
acteristics are mainly determined by the total energy that the surface region receives. The projected ranges and projected 
deviations of hydrogen and phosphorus ions in PMMA are experimentally determined from the exposure characteristics 
and are about one order of magnitude smaller than the calculated results. Patterns as narrow as 1 ~m on a stencil mask are 
neatly replicated in a PMMA layer by a 180 keV hydrogen ion beam, and demonstrate the applicability of ion beam lithogra- 
phy to the submicrometer VLSI fabrication. 

The technological innovat ions of l i thography in the 
semiconductor indus t ry  have lead to a reduction of 
the m i n i m u m  dimensions utilized in LSI's by  about 
30% every three years (1). The extrapolat ion of this 
t rend should br ing  the semiconductor indus t ry  to the 
stage where novel  submicrometer  lithogi'aphic tech- 
nology is indispensable by about 1985. Recently, ion 
beam l i thography has gathered at tent ion for its capa- 
bil i ty to fabricate fine patterns.  The exper imental  
results of fine l ine formation in poly (methylmethacry-  
late) (PMMA) by gall ium ion beams (2) and hydro-  
gen ion beams (3, 4) as well as the results of calculated 
energy deposition of a hydrogen ion beam (5) together 
wi th  the ion beam sensi t ivi ty investigations of PMMA 
(8, 19) suggest that ion beam l i thography should pro- 
vide very high resolut ion in  replicat ing mask patterns. 

This paper reports the exposure characteristics of 
PMMA by hydrogen and phosphorus ion beams, plac- 
ing emphasis on the exper imental  verification of the 
energy deposition of these ions in PMMA. It also re-  
ports the capabil i ty of f ine-l ine formation by replica- 
tion of a stencil mask, with as na r row as 1 ~m wide 
patterns.  

Experimental Procedures 
A p-type,  (100) oriented silicon wafer was used as 

a substrate. PMMA was spun on the substrate to a 
thickness of a round 0.85 ,~m, then prebaked in a n i t ro-  
gen atmosphere at 200~ for 30 min. The average 
molecular  weight (Mw) of the PMMA was 600,000. 
Hydrogen or phosphorus ions were implanted into the 
PMMA layer at an energy of between 30-180 keV by 
an ion implanter .  The dose range utilized in this ex- 
per iment  was be tween 10 - s  and 10 -3 C/cm e. Charge up 
effect on the resist dur ing ion implanta t ion  was neg-  
ligible, which has been exper imenta l ly  demonstrated 
previously  (17). The substrate tempera ture  dur ing  ion 
exposure was kept below 50~ by a suitable choice of 
dose rate and acceleration energy (6) , -so that the 
substrate heat ing does not affect the exposure char-  

* Electrochemical-Society Active Member. 
Key words: semiconductor, integrated circuits, ion implantation. 

acteristics of PMMA. Then, the sample was immersed 
in a PMMA developer, composed of methyl  ethyl 
ketone and isopropanol, at 25~ for 3 min. The re-  
sidual resist thickness was measured by an ellipsom- 
eter, a film thickness analyzer,  and /o r  a Dektak 
(Sloan).  The error of these measurements  was less 
than 5%. Contrast of the resist, 7 ,  was defined by the 
slope of the residual  resist thickness and exposure 
relationship, as explained in the l i terature  (18). 

A stencil mask, made of around 1 ~m thick e lec t ro-  
plated nickel foil was used to demonstrate  the capa- 
bi l i ty of hydrogen ion beam li thography. Pa t t e rn s  of 
as nar row as 1 ~m wide on the stencil  mask were 
replicated on PMMA layer  by a 180 keV hydrogen ion 
beam. Then the sample was coated with gold to a thick- 
ness of several tens of nanometers,  and these pa t te rns  
were observed by an SEM. 

Results and Discussion 
Hydrogen ion dose dependence o~ PMMA exposure 

characteristics.--A 180 keV hydrogen ion beam ex- 
posure characteristic of PMMA is shown in Fig. 1. 
An ion dose of around 1.6 • 10 -6 C/cm 2 is required 
to ful ly expose the resist layer, which indicates that 
PMMA is about two orders of magni tude  more sensi- 
tive to a hydrogen ion beam than to an electron beam 
(8, 19). Therefore, PMMA can be used as a high 
sensi t ivi ty resist for hydrogen ion beam li thography. 
The contrast, % of the positive exposure characteris-  
tics is around 3, which suggests that  PMMA should 
provide high contrast patterns.  

A hydrogen ion dose of more than 4 • 10 -5 C/cm 2 
affords negat ive exposure characteristics. Similar  posi- 
tive to negat ive inversion phenomenon is also ob- 
served in high dose electron beam exposure (7). The  
total energy (acceleration voltage • dose) that  the 
PMMA layer  receives is about 7 J / cm 2. The increase 
of refractive index from 1.48 to more than 1.80 with 
the increase of ion dose, shown by the broken l ine 
in Fig. 1, suggests that  PMMA is changed into an 
amorphous carbon- l ike  substance by  the heavy ion 

1 1 2 7  
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Fig. !. A 180 keV hydrogen ion dose dependence of PMMA ex- 
posure characteristics; �9 resist thickness, �9 refractive index. 

dose. This phenomenon would  provide  o ther  appl ica-  
tions, such as ion modification of PMMA into more  
p lasma s table  ma te r i a l  (14, 16). Addi t iona l  flood hy -  
drogen ion exposure  of 3 • 10 -6 C /cm 2 makes  the 
rest  of the PMMA region  soluble to developer ,  and 
negat ive  pa t te rns  are  obta inable  b y  convent ional  de-  
ve lopment  processing. The contras t  of the  negat ive  
exposure  character is t ics  is a round  1.0, which is about  
1/3 of tha t  of posi t ive side. Therefore,  together  wi th  
the low sensi t ivi ty,  PMMA would  not  be a useful  
negat ive  ion beam resis t  for prac t ica l  applicat ions.  

Hydrogen ion energy dependence of PMMA ex- 
posure characteristics.~The hydrogen  ion energy  de-  
pendence of PMMA exposure  character is t ics  was in-  
ves t iga ted  to c lar i fy  the  appropr ia t e  ion accelera t ion  
energy  range  for prac t ica l  applicat ions.  Typical  r e -  
sults are  shown in Fig. 2, where  i t  is depic ted  tha t  an 
accelera t ion e n e r g y  of 60 keV is not  high enough to 
fu l ly  expose the  0.85 ~m thick PMMA layer .  I t  also 
suggests tha t  the pro jec ted  range  of hydrogen  ions in 
PMMA at 60 keV should be a round  0.7 #m, w h i c h  is 
about  an order  of magni tude  smal le r  than the cal-  
cu la ted  resul ts  based on LSS theory  in AZ 111 (9). 
Recently,  Karapiper i s ,  et al., (5) calcula ted  the p ro -  
jec ted  ranges  of hydrogen  ions in PMMA by  Monte 
Carlo method,  and the typica l  values  are  a round  0.35, 
0.68, a n d  0.96 #m at  30, 60, and 90 keV, respect ively.  
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Fig. 2. Hydrogen ion energy dependence of residual PMMA film 
thickness (3 X 10 -o  C/cm 2 hydrogen ion dose). 
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Assuming  the s imi la r  energy  deposi t ion curves r e -  
por ted  in thei r  art icle,  the exposed depth  in the PMMA 
layer  should be a round  0.38, 0.74, and  1.05 ~,m at 30, 
60, and 90 keV, respect ively .  These results  coincide 
well  wi th  the presen t  e xpe r ime n t a l  resul ts  shown in 
Fig. 2. 

Assuming  that  the surface topography  of the semi-  
conductor  devices does not  change ve ry  much from 
that  of the present  one, but  follows the sca le-down 
pr inciple  (1), a cor ruga t ion  of  a round  0.8 ~m high 
should exis t  in the  coming submic romete r  devices. 
Then, the min imum resis t  thickness for prac t ica l  
l i t hography  processing should be a round  1.0 ~m from 
the resis t  coverage r equ i remen t  at  the edge of the 
corrugat ions.  In this case, the resist  thickness should 
reach 1.8 ~m at the edge of the step. Therefore,  the 
resul ts  shown in Fig. 2, as wel l  as the s imula t ion  (5), 
suggest  that  an accelera t ion  energy  of a round 180 
keV is requi red  for the prac t ica l  hydrogen  ion beam 
exposure  machine  for in tegra ted  circuit  fabricat ions.  

Phosphorus ion beam exposure characteristics 05 
PMMA.~Provided tha t  the ion species are  e lect r ica l ly  
active in silicon semiconductors ,  the pro jec ted  range 
a n d  pro jec ted  devia t ion  of ions Jin PMMA can be ex-  
pe r imen ta l l y  der ived  by  measur ing  the f la tband vol t -  
age shifts of  MOS capaci tors  covered with  PMMA of 
var ious  thicknesses (11, 12). F igure  3 shows the ion 
accelera t ion energy dependence  of phosphorus ion pro-  
jec ted  ranges and pro jec ted  deviat ions in PMMA thus 
de te rmined .  These resul ts  indicate  that  the  pro jec ted  
ranges of phosphorus  ions in PMMA are  also about  
one order  of magni tude  smal le r  than  tha t  of the cal-  
culated resul ts  in AZ 111 (9). 

The phosphorus  ion e•  character is t ics  of 
PMMA was der ived  assuming the fol lowing and com-  
pared  with  exper iment .  (i) PMMA layer  is exposed 
and become soluble to a developer  when it receives a 
cer ta in  amount  of energy  per  uni t  volume. (ii) The 
energy  deposi t ion of the implan ted  ions decrease 
s l ight ly  from the surface of PMMA layer  to the ion 
profile peak,  and, beyond the peak, it  is a lmost  p ro-  
por t ional  to the ion profile as shown in Fig. 4 of Ref. 
(5). The l a t t e r  assumption is schemat ica l ly  shown in 
Fig. 4, where  the solid l ine represen ts  the ion profile, 
while  the broken  line represents  the energy  deposit ion 
profile (5). 

The ca lcula ted  exposure  character is t ics  of PMMA 
by a 120 keV phosphorus  ion beam, in which the p ro-  
jec ted  range  and pro jec ted  devia t ion  are  0.12 /~m and 
0.04 ~m, respect ively,  are  shown in Fig. 5 by  the 
do t -dash  line. The expe r imen ta l ly  obta ined  exposure  
character is t ics  of PMMA by a 120 keV phosphorus  
ion beam are  also shown in Fig. 5 b y  a solid line. The 
PMMA film was exposed to about  half  of its thickness 
by  a dose of  3 • 10 -6 C /cm 2, which coincides ve ry  
wel l  wi th  the ca lcula ted  results.  Therefore,  the posi-  
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Fig. 3. Acceleration energy dependence of projected range (Rp) 
and projected deviation (.~Rp) of phosphorus ions in PMMA (experi- 
mentally obtained). 
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Fig. 5. A 120 keV phosphorus ion dose dependence of PMMA 
exposure characteristics. 

suggest  the poss ib i l i ty  of ion modification of P M M A  
and o ther  organic  films into a ve ry  tough s table  l aye r  
agains t  severe  a tmospheres ,  such as react ive  ion e tch-  
ing (14, 16). 

Exposure characteristics o] PMMA by relatively low 
energy hydrogen ion beam.--The exposure  cha rac te r -  
istics of  PMMA b y  re la t ive ly  low energy  hydrogen  ion 
beam was inves t iga ted  to ascer ta in  the  PMMA ex-  
posure  mechanism as welI  as the p ro jec ted  range  and 
pro jec ted  devia t ion  de te rmina t ion  method discussed in 
the preceding  section. The dose dependence  of res idual  
res is t  thickness  b y  a 30 keV hydrogen  ion beam is 
shown in Fig. 6. An ion dose of a round  1.6 • 10 .6  C /  
cm~ is r equ i red  to expose the surface region of PMMA 
layer  to a depth  of a round  0.4 #m (0.85 ~m X 0.5). 

The pro jec ted  range  of hydrogen  ions in PMMA was 
der ived  f rom the dose dependence  o f  re la t ive  res idual  
resis t  thickness shown in Fig. 6, fo l lowing the assump-  
tions ascer ta ined  in the  preceding  section. The dot ted  
l ine depic ted  in Fig. 6 indicates  the exposure  charac-  
ter is t ics  of PMMA calcula ted  for a 30 k e y  hydrogen  
ion beam, assuming the pro jec ted  range and pro jec ted  
devia t ion  to be 0.32 and 0.1 #m, respect ively.  The 
ca lcula ted  curve agrees ve ry  wel l  wi th  the exper i -  
men ta l ly  obta ined  results ,  which  indicates  that  the  
exposure  of PMMA by  a hydrogen  ion beam is also 
ma in ly  de te rmined  by  the energy  deposi t ion of the 
exposing ions on the PMMA layer .  

An ion dose of g rea te r  than 1 • 10 -4  C /cm 2 (3 J /  
cm2) is requ i red  to revea l  the  negat ive  exposure  char -  
acteristics,  which is about  2.5 t imes h igher  than  tha t  
for  a 180 keV hydrogen  ion beam exposure.  These re-  
sults suggest  that  the to ta l  ene rgy  (accelerat ion 
energy  X dose) deposi ted on the uni t  a rea  of the sur -  
face l aye r  could be used as an indica tor  to forecast  the 
requ i red  dose to revea l  the  negat ive  exposure  charac-  
terist ics.  

Fine pattern formation on PMMA.--Patterns of as 
na r row as 1 #m wide on a stencil  mask  were  rep l ica ted  
on PMMA by  hydrogen  ion beam. The accelera t ion 
energy for the  exposure  was 180 keV, which was 
chosen for the~-following reasons. (i) The sca t te r ing  of 
ions in resis t  l a y e r  becomes manifes t  when  the ions 
lose the i r  energy  (5). (ii) Backsca t te r ing  f rom the 
subs t ra te  sil icon should show a smal l  effect on the total  
ion sca t te r ing  at  high energies  (13). (iii) Complete  
pene t ra t ion  of ions th rough  the resist  l aye r  should be 
assured in the cor ruga ted  s t ruc ture  of the  coming sub-  
mic romete r  VLSrs .  

t ive exposure  character is t ics  of PMMA are  ma in ly  
de te rmined  by  the energy  deposi t ion of the exposing 
ions as descr ibed above in the assumptions  (i and ii). In  
o ther  words,  the p ro jec ted  range  and pro jec ted  devia-  
t ion of ions in PMMA can be de te rmined  by  fitting the  
posi t ive exposure  character is t ics  wi th  the ca lcula ted  
energy  deposi t ion curve. 

The nega t ive  exposure  character is t ics  of PMMA by  
more  than  a 2 X 10 -4  C/cm 2 phosphorus  ion dose 
( total  ene rgy  5 J / c m  2) are  a lmost  ident ical  to tha t  of 

by  hydrogen  ion exposure.  
The film thickness  reduct ion  phenomenon of PMMA 

by more  than  a 4 X 10 '-~ C/cm 2 phosphorus  ion dose 
was ana lyzed  on the  basis of  PMMA decomposi t ion by  
the expos ing  ions. Phosphorus  ion dose dependence  of 
PMMA film thickness  reduct ion  is also shown in Fig. 5 
by  a b roken  line. The resul ts  coincide wel l  wi th  the  
film thickness  reduct ion phenomenon by  more  than  the 
threshold  dose of the  negat ive  exposure  character is t ics ,  
shown b y  the solid line. In o ther  words,  the  differences 
of wi th  or  wi thout  deve lopment  processing fol lowing 
phosphorus  ion exposure  has negl ig ib le  effect on the 
film thickness  reduct ion  phenomenon.  Therefore,  the 
PMMA film, which is heav i ly  exposed by  an ion beam 
and shows the  negat ive  exposure  character is t ics ,  is 
quite s table  agains t  organic  solvents.  These resul ts  
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Fig. 6. Dose dependence of residual PMMA film thickness ex- 
posed by a 30 keV hydrogen ion beam, 
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Fig. 7. SEM micrographs of 0.85 #m thick PMMA patterns repli- 
cated by a 180 keV hydrogen ion beam (3 • 10 -6  C/cm 2 hydrogen 
ion dose): (a, upper left) low magnification micrograph showing the 
patterns of between 1 ~m and 10 ~m width, (b, right) a 2 ~m wide 
pattern (hole) edge depicting the almost vertical edge profile, and 
(c, lower left) a 1 #m wide pattern (line) edge also showing the 
almost vertical edge profile. 

Typical  resul ts  are  depic ted  in  Fig. 7a th rough  7c, 
where  pa t t e rns  of as na r row  as 1 ~m wide are  nea t ly  
repl ica ted  on PMMA layer .  In  the figures, the hydro -  
gen ion dose was 3 • 10 .6  C/cm 2, and the PMMA 
thickness was  0.85 #m. A sharp edge profile wi th  a l -  
most ver t ica l  g rad ien t  was obta ined  in PMMA pa t -  
terns,  which indicates  the  negl ig ible  sca t ter ing  effect 
of the exposing ions, and the smal l  p rox imi ty  effect in 
the  ion beam l i thography.  These resul ts  suggest  the 
submicromete r  resolut ion capab i l i ty  of hydrogen  ion 
beam l i thography.  Together  wi th  the react ive  ion 
etching res is tan t  resists  (15), the  hydrogen  ion beam 
l i thography  should provide  a method for real iz ing the 
coming submicromete r  VLSI 's .  

Conclusions 
Hydrogen  and phosphorus  ion beam exposure  char -  

acterist ics of PMMA were  inves t iga ted  as funct ions  of 
acce lera t ion  energy,  ion dose, and ion species. PMMA 
shows both posi t ive and negat ive  exposure  charac te r i s -  
tics depending on the dose and energy.  Pro jec ted  
ranges  and pro jec ted  deviat ions of hydrogen  and phos-  

phorus ions were  reported~ and were  almost  one - th i rd  
to one - t en th  of the calcula ted values based  on s imple 
LSS theory,  but  coincide ve ry  wel l  wi th  the calcula ted 
resul ts  based on Monte Carlo method.  A 1 ~m wide 
pa t t e rn  was nea t ly  repl ica ted  on PMMA laye r  by  a 180 
keV hydrogen  ion beam, and demonst ra tes  the appl i -  
cabi l i ty  of ion beam l i t h o g r a p h y  to submicromete r  
VLSI  fabricat ion.  
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Process for Forming Passivated Metal Interconnection System with a 
Planar Surface 1 

L. B. Rothman* 
IBM General Technology Division, East Fishkill, Hopewell Junction, New York 12533 

ABSTRACT 

The planarization characteristics of polyimide films were investigated for use in a multilevel, metal-insulator structure. 
Results showed that  planarization is dependent  on the geometry of the metal  pattern. Therefore, a simple coating and 
e tchback technique does not produce planarization over a typical  metallization pattern. This paper  describes a new, experi- 
mental  process for fabricating a multilevel,  metal-insulator structure with a planar surface. As a result  of the planar  struc- 
tures, uniform narrow linewidths can be maintained on all levels of metallization. Good edge coverage of metal  and insula- 
tors is also obtained on all levels. 

The increase of circuit  dens i ty  on chips necessi tates  
increased wirabi l i ty .  The d imensional  l imi ta t ion  of the 
active area  in a semiconductor  chip dictates that  ver t i -  
cal in terconnect ions  be made  th rough  mul t i l eve l  
metal l izat ion.  In  convent ional  mul t i leve l  s t ructures,  a 
g rea t  deal  of topography  results  f rom the meta l  l ines 
and etched via holes. The yield and re l i ab i l i ty  of these 
s t ructures  become a concern because of th inning meta l  
and poor insula tor  coverage at  steps. L inewid th  va r i a -  
t ion is another  p rob lem resul t ing  from topography.  A 
p lana r  surface is necessary  in o rder  to obta in  high 
resolut ion lines of uni form widths  and to ensure  good 
edge coverage of meta l  and insulators  on all  levels.  
Po ly imide  was chosen as the insula tor  for severa l  r ea -  
sons. Po ly imide  has good the rma l  s tabi l i ty ,  chemical  
resistance,  and dielectr ic  proper t ies .  Po ly imide  is in-  
expens ive  to process, compared  to s p u t t e r e d  SiO0. 
Po ly imide  r epo r t ed ly  (1) provides  p lanar iza t ion  over  a 
meta l  pa t te rn :  the s implest  mul t i leve l  in terconnect ion 
process descr ibed by  Sato et al. (1) involves using 
po ly imide  to compete ly  p lanar ize  the under ly ing  meta l  
pat tern ,  fol lowed by  an e tchback of the po ly imide  to 
expose the "bumps" or  "studs" used to make  contact  to 
the next  level  of meta l  (Fig. 1). As discussed in a 
previous  paper  (2), the degree  of p lanar iza t ion  de-  
pends on the type  of  po ly imide  (solids content  and  
molecu la r  weight)  and also on the dimensions of the 
lines and spaces to be p lanar ized.  The p lanar iza t ion  
character is t ics  of po ly imide  mus t  be unders tood  in 

o rder  to develop a process for fabr ica t ing  a p l ana r  
mult i level ,  me ta l - i n su l a to r  s t ructure .  

Planarization 
A previous  paper  (2) discusses po ly imide  p l ana r -  

ization characteris t ics ,  i l lus t ra ted  in Fig. 2 and 3. Thin 
lines wi th  n a r r o w  spaces resul t  in be t te r  p lanar iza t ion  
than  wide lines. However ,  as shown in Fig. 3, a group 
of closely s p a c e d  lines, wide ly  separa ted  f rom other  
lines, act as one wide line. Since total  p lanar iza t ion  
was unobta inab le  wi th  any of the commerc ia l ly  ava i l -  
able  polyimides  invest igated,  the use of mul t ip le  coat-  

Multilevel Technology 
Etchback to Stud Process: 
As initially visualized - assuming 
Polyimide would planarize metal patterns, stud - t 
/////s~t,'.,'~ ~ / / / /  

Metallization pattern 
(including studs) formed 
by a "lift off" process. 

Polyimide 

of polyimide. 
/ /  / / 

i r / / / / / i / / / / / / /  

Etchback to studs by 
reactive ion etching 
process. 

Repeat process for second level 

" Electrochemical Society Active Member. 
1 L. Zielinski, U.S. Pat. 3,985,597 (1975). 
Key words: insulator, polyimide, metal, edge, planarization. 

Fig. I. Etchback to stud process, as initially visualized assuming 
polyimide would planarize metal patterns. 
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Fig, 4. Planarization as function of multiple coatings of polyimide 

l ines where  via holes a re  located.  Even if  a l l  the lines 
under  the vias are of the same width,  the spacing and 
grouping will  sti l l  affect the p lanar iza t ion  and resul t  in 
va ry ing  thickness over meta l  lines. If  a s t ructure  could 
be found that  had small,  uni form spaces and very  na r -  
row lines, total  p lanar iza t ion  would be achieved.  This 
concept led to the discovery of this mul t i leve l  meta l  
insula tor  process. The process is based on the pr inciple  
tha t  a smal l  gap is c rea ted  dur ing  evapora t ion  through 
a l if t-off  mask:  that  this gap is un i form in size no 
ma t t e r  wha t  the geomet ry  of the  meta l l iza t ion  pa t te rn ;  
and that  the gap is so smal l  that  total  p lanar iza t ion  is 
achieved when a l ayer  of po ly imide  is a p p l i e d � 9  

Process Description 
The process is summar ized  in Fig. 5-7. A po ly imide  

film is appl ied  to the subs t ra te  by  spin coating and 
then ful ly  cured�9 The poly imide  and meta l  thicknesses 
are  the same (N1 #m).  The polysulfone is spin coated 
and baked  on hot 'p la tes .  The polysulfone acts as a l i f t -  
off layer .  Next,  a thin film of SiO is evaporated.  Other  
inorganic  mate r ia l s  such as p lasma-depos i t ed  oxides 
or n i t r ides  can be used in place of the SiO, which 
serves as a masking  layer .  The resist  is then coated 
and the first level  meta l  pa t t e rn  is defined, e i ther  by  
E -beam or  opt ical  l i thography.  The pa t t e rn  is t rans-  
f e r r ed  into the under ly ing  s t ruc ture  by  react ive  ion 
e tching in CF4 to etch the SiO and then in 02 to etch 
the polysulfone and polyimide.  A d iode- type  react ive  
ion etching system is used as descr ibed prev ious ly  (3). 
The undercu t  of the organic l aye r  is obta ined  by oper -  
a t ing  at r e l a t ive ly  high 02 pressure.  The amount  of 
undercu t  can be control led  by  the 02 pressure  (3). 
Af te r  the react ive ion etching, a solution of buffered 
H F  removes any res idue  (3), as shown in Fig. 8. 

F i r s t - l eveI  meta l  is evapora ted  and then the l i f t -off  
is pe r fo rmed  in wa rm n - m e t h y l  pyr ro l idone  (NMP).  

R e s i s t , ,  ~ ( 
SiO ~ Polysulfone Process Repeats: For stud 

Apply Polyimide and Cure 
Polyimide Apply Polysulfone and Cure 

Evaporate SiO 
. . . . .  ] m r - - ~ l ~  . . . .  Define Pattern in Resist 

SiO 
, Polysulfone Reactive ion Etch 

In CF~ to Etch SiO 
~ P o l y i m i d e  In 02 to Etch Organics 

Resist , sic I ~ l 

Substrate 

Apply Polyimide by Spin Coating and Cure 
--Polysultone Apply Polysulfone by Spin Coating and Cure 

"Polyimide Evaporate 1000 A SiO 
Define Pattern in Resist 

Poi..o.ooe  eaot,ve ion Etoh 
- -  - -  In CF, to Etch SiO 

' Polylmide In 0~ to Etch Organics 

B ~  m 
--Po,. oi,ono 

Polylmide 
Evaporate AICu 

- - l l l r - - l e m  I poi,im,oo .,to. inNMP 

Fig. 5. Process description for forming first level metal 

ings was studied. F igure  4 shows the resul ts  of mul t ip le  
coat ing of  a po ly imide  film. The degree  of p lanar iza t ion  
seems to be more  dependent  on the number  of coatings 
than  the total  thickness.  Since the poly imide  films are  
cured be tween  coats, this becomes re la t ive ly  t ime-  
consuming. Also, to ta l  p lanar iza t ion  of all  the geom- 
etr ies  of a typical  meta l l iza t ion  pa t t e rn  seems almost  
impossible,  especia l ly  over  la rge  probe pads. Unfor tu -  
nately ,  this  geomet ry  dependence  violates the  most  
basic r equ i remen t  for a mul t i l eve l  s t ruc ture :  that  t h e  
insula tor  should have un i form thickness over  the meta l  

In-Situ Sputter Clean 
- -  Polyimide Evaporate AICu 

Lift-Off in NMP 

Fig. 6. Process repeats for forming first stud level 

Re,,st "~ [ 
SiO ,, Polysulfone Process Repeats for 2nd metal 

- - P o l y i m i d e  Apply Polyimide and Cure 
Apply Polysuffone and Cure 
Evaporate SiO 
Define Pattern in Resist ~ Polyimide 
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- - P o l y i m i d e  In 02 to etch organics 
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I I  Polyirnide Evaporate AICu 
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�9 BB 

Fig. 7. Process repeats for forming second level metal 
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Fig. 10. Optical micrograph of structure with first level metal 
and studs. 

Fig. 8. Scanning electron microgrnphs illustrating structure (a, 
top) after RIE and (b, bottom) after 10 sec dip in buffered HF 
clean-up to remove residue. 8200)<. 

Fig. 11. SEM after RIE for second level metal 

Fig. 9. SEM showing first metal completed 

At this point, a basically p lanar  s t ructure  remains  
with small  "gaps" between the metal  and the polyi-  
mide (Fig. 9). As i l lustrated in Fig. 2, planar izat ion is 
dependent  on the dimensions of the l ine or space to be 
planarized. Because the gaps are very  small, total 
planar izat ion of these gaps occurs as the next  layer of 
polyimide is coated. The process for forming the stud 
is identical  to the first metal  formation except that the 
thickness of the polyimide and metal  increases and an 
rf  sput ter  clean is done prior  t o  metal  evaporation. 

Fig. 12. SEM of vla (stud) chain. The polyimide has been removed 
by RIE rtO illustrate planarity. 

Figure 10 shows the s tructure with studs on top of the 
first metal. The processing continues for the second 
metal. The reactive ion etching is monitored using an 
optical end-poin t  detect to insure that  overetching of 
the polyimide is minimized, as shown in Fig. 11. The 
reactive ion etching of the polyimide also provides a 
sl ightly roughened surface which improves the meta l -  
to-polyimide adhesion. 

The contact resistance between the first and second 
levels of the metal  of a single stud structure,  using a 
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Fig. 13. 5EM after four leve|s of metal completed. The polyimlde 
removed to illustrate planarity. 

four-point probe measurement, is approximately 20 
ma. The rf sputter cleaning prior to metal evaporation 
is necessary for good contact. This is especially true 
since there are two interfaces per via (or s tud) in te r -  

Fig. 14. SEM after four levels of metal completed. The polyimide 
removed to i)lustrate planarity. 

Fig. 15. Optical micrograph of 
metal maze pattern. 
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Fig. 16. Optical micrographs of 
metal maze structure after three 
levels of metal. 

connection, in contrast  to one interface for a normal  
via process. 

The process is repeated for the second stud, third 
metal, third stud, and fourth metal.  I l lustrat ions show 
the p lanar iza t ion  achieved with this process. 

The structure can be seen more accurately if the 
polyimide is removed. The following SEM's were 
taken after removing the polyimide around the metal  
pa t te rn  by reactive ion etching in an O2 plasma. Figure 
12 shows a via (or stud) chain. Figures 13 and 14 show 
the planarizat ion with four levels of metal. 

Since the s t ructure  remains p lanar  at all levels, it is 
possible to ma in ta in  un i form na r row linewidths.  Fig-  
ure 15 shows a test site first-level metal  pattern.  There 
are three mazes with varying  l inewidths and spaces. 
Figure  16 shows that  these dimensions can be ma in -  
t a i n e d o n  all three levels of metall ization. Another  ad- 
vantage that a p lanar  s t ructure  provides is good edge 
coverage of metal  and insulators on all levels, as i l lus-  
t rated in Fig;  17. 

Conclus ion  

With the polyimides investigated, it did not seem 
feasible to completely planarize a typical  metal  pat-  
te rn  of a semiconductor device by  simply applying a 
layer  of polyimide. The degree of planarizat ion is 
geometry dependent.  However, making use of certain 
,geometry effects, such as nar row spaces or "gaps," a 
process was developed for fabricat ing a p l a n a r  mul t i -  

Fig. 17. SEM with four levels of metal to illustrate good edge 
coverage. 

level, meta l - insula tor  structure.  The advantages of this 
p lanar  s tructure are that  na r row l inewidths can be 
main ta ined  on all levels and good edge coverage of 
metal  and insulators is obtained. 
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An XPS Study of Cu S Formed on Zno,sCdo.sS 
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ABSTRACT 

X-ray photoelectron spectroscopy (XPS) was appl ied to the surface chemical  characterization of CuxS/Zn0.15Cd0.85S and 
CxS/CdS heterojunctions with emphasis  upon the effects of the ambient  (oxygen and water vapor  in particular) on chemical  
species present  at or near the Cu~S surface. Elevated temperature  during or subsequent  to formation of a junct ion promoted 
migrat ion of Zn and Cd toward the CuxS surface. When formed on CdS, the Cu~S surface was found to contain CdO (or 
Cd[OH]~), CuO, CuSO4 �9 nH20 and CdSO4- nH20. Preferential  segregation of ZnO to the CutS surface was observed in speci- 
mens formed on ZnvCdi_~S. For Zno.15Cdo.ssS substrates,  ZnO was the predominant  species, with the Cu and Cd compounds  
present  in lesser amounts.  Also, development  of djurleite and diginite Cu~S phases during heat-treatments was verified by 
x-ray diffraction. 

Dur ing  fabr icat ion,  cells of the  CuxS/ZnyCdl-yS 
type  ( inc luding CuxS/CdS) receive extensive hea t -  
t rea tment .  A n u m b e r  of chemical  phenomena  re la ted  
to the CuxS/CdS junct ion have been documented  
which effect cell response and which should also occur 
for the Cu=S/ZnyCdl-~S junction. Some of these are  
diffusion of  copper  into the CdS (1),  oxida t ion  of CuxS 
(2, 3), cross diffusion of cadmium and zinc into the 

CuxS (4), phase changes of CUxS (1, 5), and copper  ion 
mig ra t ion  in the CuxS (1, 6). I t  has been found that  
hea t - t r ea tmen t s  increase  cadmium and zinc concent ra-  
tions both in and on the CuxS layer  (4). However ,  most  
composi t ional  measurements  of CuxS/CdS and Cu~S/ 
ZnyCdl-~S junct ions have deal t  only  wi th  e lementa l  
analyses.  In  this  work, we have used XPS combined 
with  ion-mi l l ing  to de te rmine  the chemical  species that  
exis t  in and on CuxS layers  formed on CdS and ZnCdS 
substrates ,  when  aged under  different  conditions.  This 
is the first r epor t  of this type  tha t  we are  aware  of, and 
could be of impor tance  with  respect  to a be t te r  unde r -  
s tanding of potent ia l  degrada t ion  mechanisms.  

Experimental Techniques 
Cu=S/ZnyCd1-~S heterojunct ions  (y = 0, 0.15) were  

formed using aqueous (wet)  and so l id-s ta te  (dry)  ion-  
exchange reactions.  These were  s tandard  format ion  
procedures  tha t  have been rev iewed  e lsewhere  (7). 
Effective CuxS thicknesses comparable  to those for 
solar  cells ( ~  0.2-0.3 ~m) were  used. Al l  junct ions 
received h e a t - t r e a t m e n t  in a hydrogen  ambien t  (150~ 
16 hr )  subsequent  to formation.  Some samples  were  
then  measured  af te r  a i r  s torage at  room tempera ture .  
For  acce lera ted  studies, junct ions  were  hea t - t r ea t ed  in 
a i r  sa tu ra ted  wi th  wa te r  vapor  (150~ XPS mea -  
surements  were  per formed  wi th  a P e r k i n - E l m e r  550 
ins t rument ,  using an Mg anode source (1253.6 eV) op-  
e ra t ing  at 400W (10 kV, 40 mA) .  Surface mi l l ing  was 
pe r fo rmed  in situ with a ras te red  5 kV Ar  + ion beam. 
Phase changes that  occurred  as a resul t  of aging were  
de te rmined  by  means  of x - r a y  diffraction (8). X - r a y  
measurements  were  done in a Siemens Model M386- 
A7 diffractometer ,  using Cu Ka rad ia t ion  (k = 1.542A). 

Results and Discussion 
The x - r a y  diffraction p a t t e r n  in Fig. 1A shows tha t  

the Cu=S film is or ig ina l ly  chalcocite (X --~ 1.996). 

When exposed to air, chalcocite oxidizes and trans- 
forms into more stable copper-deficient phases, indi- 
cated by the diffraction pattern in Fig. lB. The trans- 
formation from chalcocite to djurleite is detrimental to 
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Fig. I. X-ray diffraction patterns before A) and after B) heat- 
treatment (air; 150~ 3 hr). C = chalcocite; D = djurleite; Z = 
ZnCdS substrate. 
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photovoltaic response, and it occurs much more 
rapidly in the presence of moisture (8). 

To ascertain composition vs .  depth through the het-  
erojunctions,  angular  dependent  x - r ay  photoemission 
results were correlated with Auger electron spectros- 
copy combined with ion milling, 

We used powder standards, of the following com- 
pounds: Cu~S, CuS, ZnS, CdS, Cu20, CuO, ZnO, CdO, 
CuSO4" 5H20, and CdSO4. These powders were 
pressed to a l u m i n u m  foil and mounted,  and spectra 
were taken under  the same conditions employed for 
the thin films. 

Figure 2 shows three typical high resolution spect ra  
from in -dep th  s tudy of a dry  formed and 150~ steam 
heat - t rea ted  heterojunction.  In Fig. 2A, the spectrum 
was collected at normal  exit angle, and three sulfur  
oxidation states can be assigned as follows: the peak 
at ~172 eV is Cd(SO4) �9 nH20, the peak at ~168 eV 
is CuSO4, and the largest peak at ~161 eV is CuxS. The 
same three assignments  per ta in  to Fig. 2B, bu t  there is 
greater  relat ive in tensi ty  in the sulfate peak com- 
ponents. This spectrum was collected at grazing photo- 
electron exit angle, and the indication is that sulfates 
are located in the very top layer  or two of the Cu~S. 

The peak ass ignment  at 172 eV was made after ana-  
lyzing the S 2p spectra collected on oxidized CdS pow- 
der and o n  CdSO4- powder .  In.addi t ion.  the Cd photo- 
electron and Auger  spectra were used for compound 
identification. These results are consistent with other 
reports in  the l i tera ture  (9, 10). Amalne rka r  et  al. (9) 
:report S 2p spectra at 162.6 and 172.8 eV, which are 
a t t r ibuted to the sulfide and the sulfate, respectively, 
for oxidized CdS films. In  addition, they a t t r ibute  a 
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Fig. 2. Sulfur 2 p  spectra taken from dry-formed CuxS/ 
Zno.15Cdo.ssS surfaces A) initial normal angle; B) before Ar + ion 
milling, grazing angle; C) after milling, normal a.ngle. 

peak located at 179.7 eV to SO2-- l ike  species. (The 
energy of the la t ter  peak was slightly out of our ob- 
servational  window.) 

The undula t ing  appearance of the S 2p spectrum 
taken at grazing angle (Fig. 2B) could be due to the 
low count rate and the fact that  the collection t ime 
for this spectrum was the same as for the others. This 
appearance is not a t t r ibuted to charging effects, since 
it was not seen for any other spectrum (i.e. Cu, O, Cd, 
z n ) .  

Figure  2C demonstrates that only sulfide remains 
after brief  Ar + ion sput ter ing (5 kV Ar + ions at in-  
tensi ty of 2 • 1011 cm -2 sec-1) .  All other peak shapes 
remained constant, and the carbon intensi ty  diminished 
by about 3 times. 

A separate exper iment  was carried out to determine 
if the sulfate was being reduced by the Ar + ion beam. 
Sput ter ing of CdSO4 using Ar + of the same energy 
and intensi ty  noted above did not result  in significant 
peak modification. Thus, we believe that  sulfates are 
present  only at the very top atom layers. 

Many of the copper spectra showed signs of shake- 
up satel l i te  structure,  indicative of the cupric oxide, 
but  the major i ty  contaminants  made this result  un -  
certain. Therefore, a CuzS film was vacuum evaporated 
onto a glass substrate, and Fig. 3 shows the Cu 2p3/.2 
XPS spectra before (B) and after (A) steam t reat -  
ment.  (It should be noted that the reason oxygen ls 
peaks were not  used as a basis for chemical identifica- 
tion is because of the difficulty in unambiguous  in ter -  
pretation. Oxygen is bound to every other element,  and 
some of the ls peaks collected were unusua l ly  broad 
and difficult to interpret . )  Here the appearance of the 
shake-up structures, as well as small  shift and broad-  
ening of the main  peak, typical of Cu +2, are u n a m -  
biguous (11, 12). 
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Fig. 3. Copper 2p8/2 spectra taken from evaporated Cu=S oft 
glass A) after, and B) before heat-treatment (wet air, 150~ 4 hr). 
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Table I. XPS peak positions and relative compositions for various CuxS/Zno.l~Cdo.8~S surfaces 

X-ray photoelectron spectral analysis 

Sample formation/  Cu 2pa/~ Zn 2p~l~ Cd 3d~/2 O Is S 2p 
post-treatmer~t (k = 0.8 rim) (k = 0.6 nm) O, = 1.7 nm) (X = 1.5 nm) (X = 1.9 rim) 

BE (eV) % BE (eV) % BE (ev) % BE (eV) % BE (eV) % 

Dry evaporated/heated in H~ 931.6 0,3 1021.6 73 405.2 0.6 530,6 25 160.3 0.6 
168.6 0.1 

Dry evaporated/steam 932.6 4 1022.6 48 406.0 9 532.2 33 162.0 4 
168.0 0.4 
172.4 0.6 

Wet ion exchange/heated in Hg 932.9 20 1022.6 46 405.6 5 532.2 19 161,8 9 
172.2 0,3 

Wet ion exchange/steam 931.8 8 1022.0 15 4~5.0 15 531.4 50 161.2 10 
168.2 1 
171.4 I 

Peak assignments were made by comparison to 
s tandard references (11), and by s tudying the s tandard 
compounds noted above in powder form. We found 
that  the surfaces of several  0f the controls had con- 
taminants  of the same type as appeared on our hetero- 
junctions.  For example,  the S 2p spectrum of CdS 
showed two strong peaks at about 162 and 171 eV, re-  
spectively, but  the S 2p spectrum of CdSO4 had only 
the peak at 171 eV. Similarly,  CuSO4 was found on 
the Cu2S powder. 

In  order to make meaningful  comparisons between 
the XPS peak intensities,  the integrated peak areas 
were divided by published empirical  sensit ivity factors 
that take into account spectrometer constants, photo- 
electron cross sections, and mean- f ree  path values 
(13). Then, the effect of variable contaminat ion layers, 
indicated by a large carbon ls peak, was removed 
by assuming a un i form overlayer  model and a 4k total  
sampling depth ( individual  values of )~ are shown in 
Table I) .  The results of these calculations were self- 
consistent in  terms of overlayer  thickness, and also 
correlated well  with XPS peak intensit ies observed 
after a slight argon ion sput ter ing that removed most 
of the carbon. 

The trends in surface composition and bonding can 
be discerned from the results on four typical specimens 
(wet-  and dry- formed CusS; H2 or H,O post- t reated)  
shown in Table I. The relative atom fraction values 
were calculated by the method described above and 
should be used for comparison purposes only. The 
b inding energy values do show small chemical shift 
effects that corroborate the conclusions based upon the 
peak in tens i ty  analysis. Most str iking is the fact that  
no specimen is composed of a major i ty  of the desired 
Cu,S absorber species; contaminants  involving oxides 
and sulfates, as well  as Zn +2 and Cd +2, always domi- 
nate the top surface. Dry-formed heterojunct ions have 
ZnO as the pr incipal  top-surface component,  probably 
because of the higher formation tempera ture  which 
promotes both a Zn excess (14) and enhanced Zn dif- 
fusion. Auger electron spectroscopy with ion mil l ing 
gave composition profile results similar to those ob- 
tained by XPS for wet and dry-formed specimens. 

S team t rea tment  promotes the migrat ion of cadmium 
to the surface, most ly  as the sulfate, and also copper 
sulfate and oxide are mixed with the s t i l l -dominant  
zinc oxide. Wet- forming yields the largest amount  of 
Cuss at the surface, but  ZnO, CdSO4, and CdO con- 
taminants  still dominate. Cadmium and oxygen show 
the greatest increase after steam t rea tment ;  the sul-  
fates and oxides of cadmium a n d  copper exceed the 
ZnO surface concentrat ion in this case only. 

Oxidat ion of Cu2S is believed to proceed according 
to the reaction (15) 

2Cu~S -}- 5 02 --> 2CUSO4 -t- 2CuO 

Cadmium and zinc can be viewed as diffusing through 
CusS as Cd +2 and Zn +2. Some of these ions may 
combine with S -2, and then, as oxidation proceeds 
some of these sulfides in the top atom layers t ransform 
into sulfates. It  has been reported that dur ing the ini-  
tial stages of CdS oxidation, oxygen bonds to sulfur 

preferential ly,  forming CdSO4 (9), and as oxidation 
proceeds, an increasing amount  of oxygen is bonded 
to cadmium (10). 

These results are consistent with o ther  reports in the 
l i terature.  It  is known that  cadmium segregates on 
Cu~S formed on CdS (16), and that  both cadmium and 
zinc segregate on CuxS formed on ZnCdS (4). 

Increased sulfate formation for CuzS heated in 
humid air has also been reported (17). Our results 
indicate t h a t  cadmium and zinc will  exist on the CusS 
surface main ly  as oxides after exposure to dry air at 
room temperature.  Subsequent  exposure to humid air 
at elevated temperatures  results in increased sulfates 
of copper and cadmium, with CusS near  the surface 
(within ~ 10A) reduced to almost zero. It is apparent 
from these results that H20 is the prime cause of sul- 
fate formation at the CusS surface. 

In conclusion (i) For all CuxS surfaces measured, 
the following species were identified: CuO, CuzS, 
CuSO4, CdO, and CdSO4. (it) For ZnCdS substrates, 
ZnO is an additional species. ZnSO4 was not unam- 
biguously identified. (iii) Following humid air heat- 
treatment, copper signals decreased for wet formed 
samples, with CdS04 becoming predominant. (iv) The 
main effect of water in the ambient is increased for- 
mation of sulfates (CdSO4 and CuSO4). (v) Sputter 
etch verified that the cadmium and zinc compounds 
are surface species. Postsputtering XPS into the bulk 
revealed large copper increases, with sulfur then iden- 
tified as mainly Cu~S. (vi) Development of the djurle- 
ite and diginite phases was seen via x-ray diffraction 
upon exposure to air, being much enhanced by the 
presence of water. (vii) For samples aged in humid 
air, only Cu +2 is detected at the surface (contrasted to 
Cu + ). 
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ABSTRACT 

SiO~ films were nitr ided in an NH3 ambient  or an NH3 plasma between 925 ~ and 1050~ for less than 2 hr. F rom the 
etching and the oxidation properties,  along with the Auger  analysis, the resulting film composi t ion was determined and the 
reaction kinetics were postulated. Capacitors and n-channel MOSFET's  were fabricated on the ni t r ided-oxide films. Ef- 
fects of the ni tr idat ion step on the interfacial characterist ics were examined.  

Thin gate  dielectr ics  of about  10 n m  have been of 
increas ing in teres t  dur ing  the past  few years .  When 
channel  lengths  of MOSFET's  are  scaled down to one 
micron or below, gate  die lectr ics  of 10-20 nm thick 
a re  requ i red  for  constant  field scal ing (1). In  single 
t rans is tor  dynamic  r andom access m e m o r y  cells, a thin 
dielectr ic  can increase  the charge  stored. Circuit  ma r -  
gins a re  increased,  ref resh  t ime is improved,  and soft 
e r ro r  p roblems  a re  reduced (2). In  the  case of e lec-  
t r i ca l ly  erasable,  read  only  memor ies  the p r o g r a m -  
ming vol tage  can be  reduced  when thin tunnel ing 
dielectr ics  a re  adopted  (3).  

The requ i rements  on MOSFETs '  gate  dielectr ics  
sui table  for  p resen t  or  fu ture  MOS technology are  
ve ry  s tr ingent .  The dielectr ic  must  be  homogeneous  
and uni form with  low defect  dens i ty  th roughout  the 
ent i re  fabr ica t ion  sequence.  It should idea l ly  be  an 
effective diffusion b a r r i e r  agains t  dopants,  metals ,  
and impuri t ies .  I t  must  have low t rap  dens i ty  for 
phys ica l  du rab i l i t y  and re l iabi l i ty .  F ina l ly ,  a dielec-  
t r i c - subs t r a t e  in terface  with low in ter face  fixed and 
t r apped  charge  densi t ies  is needed  for high perform.- 
ance MOSFET's .  In order  to enhance the proper t ies  of 
SiO2 dielectr ics ,  n i t r ida t ion  in NH3 ambien ts  has been 
explored  (4-8).  However ,  most  of the  work  re -  
:ported involves ex tended  cycles at  high tempera ture .  
This pape r  emphasizes  n i t r ida t ion  pe r fo rmed  at  925 ~ 
1050~ for less than  2 hr  in an NH3 ambien t  or an NHs 
plasma.  Firs t ,  a method of forming  the n i t r i ded -ox ide  
films in low pressure  ambien ts  is presented.  The ni-  
t r i ded -ox ide  films a r e  charac ter ized  wi th  chemical  
etch ra tes  and  oxida t ion  resistance,  and are  analyzed  
wi th  Auge r  e lect ron spectroscopy.  The ab i l i ty  of the 
n i t r i ded -ox ide  films to p reven t  boron diffusion is con- 
firmed. F ina l ly ,  the  in te r rac ia l  character is t ics  of the  
n i t r i ded -ox ide  films are  compared  to those of SiO2 
films. 

* Electrochemical  Society Act ive  Member. 
1 Also a t  the Universi ty  of California  a t  Berkeley,  Berkeley,  Call. 

fornia. 
K ey  words: nitrided-oxide, gate  dielectric,  MOSFET, interface,  

mobil i ty .  

Growth of Low Pressure Oxide and 
Nitrided-Oxide Films 

A furnace  depic ted  in Fig. 1 v~as specifical ly de -  
veloped for growing low pressure  SiO2 films and for 
n i t r id ing  these films. The quar tz  tube is res i s t ive ly  
hea ted  and can be evacuated  by  a mechanica l  pump.  
At  the  source end of the tube,  two electrodes are  used 
to capac i t ive ly  couple 13.56 MHz r f  p o w e r  and excite 
a p lasma discharge,  if desired.  

Al l  wafers  used were  p- type ,  < 1 0 0 > - o r i e u t e d  and 
wi th  res is t iv i ty  of  5-9 ~ -cm.  The wafers  were  Cleaned 
in H~SO4 + H~O~ solut ion fol lowed by  a di~p in d i lu ted  
HF. Oxidat ion in a reduced  pressure  ambien t  of 10 
Torr  O2 at  950~ was chosen to grow the ini t ia l  10 nm 
oxide (9). Due to the s low ox ida t ion  ra te  as  shown 
in Fig. 2, un i formi ty  of • nm on a wafer  and re-  
p roduc ib i l i t y  of __.0.3 nm across run  has been achieved.  
The SiO2 films were  then annea led  in 1 Torr  N2 am-  
bient  for  30 rain dur ing  which the furnace  t e m p e r a -  
ture was ramped  from 950~ to the n i t r ida t ion  t em-  
pera ture .  The typical  n i t r ida t ion  step was car r ied  out  
at  925~ in 1 To r t  NH3 ambien t  or NH3 p lasma  am-  
bient  for  2 hr. Ni t r ida t ion  tempera ture ,  t ime, and rf  
p o w e r  were  var ied  to a l low fu r the r  unders%anding of 
the kinetics.  Af te r  the  n i t r ida t ion  step, there  was no 

RF GENERATOR 
(13.56 MHZ) N ( ~  

RF DISCHAROE 
PLATES 

WAFERS ON QUARTZ 
QUARTZ BOAT PROCESS TUBE 

o o o / 

I I I l l l  

ELEMENTS TO MECHANICAL 
VACUUM PUMP 

Fig. 1. Schematic dr=wing of furnace 
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Fig. 2. SiO~ thickness vs. growth time in 10 Torr 02 a t 9 5 0 ~  

change in the appa ren t  film thickness which was mea -  
sured wi th  a Rudolph  Auto  EL 3 e l l ipsometer .  The 
index of  ref rac t ion  was forced to be 1.45 owing to the 
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difficulty in resolving both thickness and index of 
re f rac t ion  in the  10 n m  range.  

Film Composition 
The 'composition of the  low pressure  SiC2 film, NHa 

n i t r ided -ox ide  film, and p l a sma-enhanced  n i t r ided-  
oxide  film were  analyzed  by  etching the films in 100-1 
buffered HF (100:1 = NH4F:HF) .  The etch profiles 
are  shown in Fig. 3a. The SiO~ film has a constant  etch 
ra te  of 0.14 nm/sec  down to about  2 nm from the film- 
subs t ra te  interface.  The a ppa re n t l y  s lower etch ra te  
observed be low 2 nm owes l a rge ly  to the  effects of 
fluorine bonds and na t ive  oxide  on the e l l ipsometr ic  
measurement  ( H F  cleaned "bare"  silicon has a t ime-  
dependen t  eUipsometric  de l ta  which corresponds to an 
effective oxide  thickness  of 0.5-2 nm) .  I t  is also 
possible tha t  the  s i l icon-r ich  SiO~ nea r  the  in terface  
ac tua l ly  has a s lower  etch ra te  than pure  SiO2. For  
both types  of n i t r ided -ox ide  films, a top l aye r  of about  
1 nm in thickness  etches s lower than the SiO~ film 
Throughout  the  bu lk  of the h i t r ided-ox ide  films, the 
etch rates  are  s imi la r  to that  of pure  SiO2. About  3 nm 
f rom the f i lm-subs t ra te  interfaces,  the etch rates s ta r t  
to decrease.  These resul ts  indicate  tha t  the n i t r ida t ion  
step only al ters  the surface and the in ter face  regions. 
When compar ing  the  two types of n i t r i ded -ox ide  films, 
the  one tha t  was n i t r ided  in an NH~ p lasma  exhibi ts  
more  deve lopment  of  the  surface layer .  No quan t i t a -  
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Fig. 3. Etch behavior of oxide and nitrided-oxide films in 100:1 
= NH4F:HF. (a, top left) Comparison of three f i lm types: low- 
pressure Si02, NH8 nitrided-oxide and plasma-enhanced nitrided- 
oxide. Nitridation was performed at 925~ for 2 hr. (b, top right) 
Comparison of NH8 nitrided-oxide films for various time-tempera- 
ture conditions. (c, bottom left) Comparison of plasma-enhanced 
nitrided-oxide films (nitridatian was performed at 925~ for 2 hr) 
at various rf power levels. 
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t ive conclusion can be made  about  the in terface  re -  
gions because the  a p p a r e n t  e tch ra tes  a re  influenced 
by the factors  discussed earl ier .  As expected,  the sur -  
face l aye r  becomes more  etch res is tant  for  h igher  
n i t r ida t ion  t e m p e r a t u r e  and longer  n i t r ida t ion  tzme, 
as shown in Fig. 3b. The  etch ra tes  o~ the  bu lk  re -  
gions, however ,  a re  the  same as tha t  of the  SiO~ even 
for the  most  severe  n i t r ida t ion  condition. In Fig. 3c, 
the surface etch profiles of p l a sma-enhanced  n i t r ided -  
oxide films wi th  di f ferent  r f  power  a re  shown. There  
is more  deve lopmen t  of the e tch- res i s tan t  surface  l aye r  
when h igher  r f  power  is used. At  present ,  the species 
responsible  for  the surface react ion have  not  ye t  been 
identified. F r o m  the g radua l  change of the surface 
character is t ic  wi th  increas ing rf  power,  it  would  appear  
that  the p l a sma  does not  in t roduce  new n i t r ida t ion  
species, bu t  r a the r  jus t  increases the popula t ion  of the 
species over  tha t  which is ob ta ined  thermal ly .  

The  films were  also analyzed with  Auger  e lect ron 
spectroscopy.  The inc ident  e lect ron beam was 0.5 ~A 
at 8 keV. Spu t te r ing  was accomplished wi th  a 0.5 keV 
argon beam. A spu t t e red  A u g e r - d e p t h  profile of the 
p l a sma-enhanced  n i t r i d e d - o x i d e  film is shown in 
Fig. 4a. S t rong n i t rogen signals are  de tec ted  at  the 
surface and at  the  in ter face  regions. Nevertheless ,  n i -  
t rogen is also detected th roughout  the bulk  of the film. 
The  combinat ion  of the noise level  of the sys tem and 
the fo rward  spu t te r ing  process th rough  which argon 
knocks the  surface  n i t rogen fu r the r  into the f i l m  can 

account for  this bu lk  signal.  To confirm the above  r ea -  
soning, a composite film of 10 n m  CVD Si3N4 deposi ted  
onto 10 nm t h e r m a l l y  grown SiO2 was analyzed.  The 
A u g e r - d e p t h  profile is shown in Fig. 4b. Ni t rogen is 
detected even in the  SiO~ region. Surface  Auger  scans 
were  also pe r fo rmed  on some chemical ly  e t ched-back  
p la sma-enhanced  n i t r i ded -ox ide  samples.  The da ta  are  
p lo t ted  vs. film thickness measured  by  e l l ipsomet ry  as 
shown in Fig. 4c. Ni t rogen  a toms are  detected only at  
the surface  and at  the inter~ace regions,  but  not  in the 
bulk  region. These resul ts  agree  wi th  the  etch profiles. 
The sur face  and interface  etch resis tance observed is 
due to the presence of n i t rogen in both regions.  The 
inevi tab le  surface  contaminat ion  on a l l  e t ched -back  
samples  causes the atomic rat io  shown in Fig. 4c to be 
only  qual i ta t ive.  

In o rde r  to compare  the  amount  of n i t rogen  at the 
surface  and the in ter face  regions,  the  oxida t ion  re-  
sistance of the  films was studied.  A series of  12 nm low 
pressure  oxide films were  grown and were  n i t r ided  
using various t empera tu re ,  t ime, and r f  power  condi -  
tions. These th icker  films were,  then, chemical ly  
etched back  to about  10 n m  to remove  the top n i t r ided  
layer .  Al l  samples  were then  oxidized in a tmospher ic  
02 ambien t  at  950~ for 15 min. The increase  in film 
thickness is shown in Fig. 5. The film, as expected,  
becomes more  oxida t ion  res is tan t  when  n i t r ida t ion  is 
pe r fo rmed  a t  h igher  t e m p e r a t u r e  and for  longer  t ime. 
The films with  only  the n i t r ided  in ter face  have almost  
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film obtained by surface Auger scans of chemically etched-back 
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the  same oxida t ion  resis tance as the corresponding un-  
etched films. This indicates  more  ni t rogen is present  
at  the  in terface  than at  the surface, a n d / o r  tha t  the 
in ter face  region  resembles  s toichiometr ic  SiaN4 which 
is known to be more  res is tan t  to oxidat ion  than  the 
surface oxy -n i t r i de  layer  (10). The format ion  of a thin 
Si3N4 l aye r  at  the in ter face  has been pos tu la ted  under  
even less t he rmodynamica l ly  favorab le  condit ions 
(11). Compar ing  the var ious  p l a sma-enhanced  n i -  
t raded-oxide  films, the  oxidat ion  resis tance decreases  
wi th  increasing r f  power.  This phenomenon is p robab ly  
due to the  more  r ap id  format ion  of the  surface n i t r ided  
layer ,  which consti tutes a ba r r i e r  against  the diffusion 
of n i t r ida t ion  species towards  the  in terface  region,  
when h igher  r f  power  is employed.  

Capac i tors  and n - C h a n n e l  M O S F E T ' s  

To inves t iga te  the ab i l i ty  of the n i t r i ded -ox ide  films 
to p reven t  boron diffusion, capaci tors  were  fabr ica ted  
wi th  both a luminum and polysi l icon electrodes.  The 
polys i l icon was implan ted  wi th  Bl l  + at  25 keV for a 
dose of 3 X 1015 cm -2. The implan t  was annea led  for 
1 h r  in N2 at  950~ The a luminum s in ter ing  cycle was 
30 ra in  in H2 a t  450~ Quasi -s ta t ic  C-V measurements  
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Fig. 8. I-V characteristics of n-channel MOSFET's. W ~ 50/~m, Left ~ 1.5 ~m and gate voltage is 0.5V/step above the threshold volt- 
age. (a, left) Low pressure SiO.2 gate dielectric with arsenic-doped gate (V t  = O.09V). (b, right) Plasma-enhanced nitrided-oxide gate 
dielectric (nitridation was performed at 925~ for 2 hr with 250 W rf power) with boron-doped gate (V t  ~-  1.02V). 

were performed on the capacitors, and the results are 
shown in Fig. 6. Comparing the two types of SiO2 
capacitors, the polysilicon capacitor exhibits a smaller  
change of capacitance with respect to gate voltage. 
Also, the threshold voltage of the polysilicon capacitor 
is more than  1.1V higher than that of the a l u m i n u m  
one (the work funct ion of P+ polysilicon is about 1.1 
eV larger than that  of a luminum) .  The addit ional  
threshold difference indicates that  about 1 X 1012 cm -2 
boron atoms have diffused through the SiO2 film into 
the channel  region of the capacitor. In  the case of the 
ni t r ided-oxide  films, no boron diffusion can be de- 
tected, ei ther by the threshold voltage shift or by the 
distortion in the depletion region of the C-V charac- 
teristic. The exact na ture  and location of the diffusion 
barr ier  has not been identified. Even if boron atoms 
have diffused into the dielectric but  are stopped by the 
interfacial  ni t r ided layer, the presence of a small  
amount  of boron in the dielectric has not been re- 
ported to degrade the dielectric quality. The n i t r ida-  
t ion Steps also did not  significantly degrade the film- 
substrate  interface. Accurate determinat ions of the 
interface fixed or trapped charge densities are difficult 
because a charge of 1 X 1012 cm -2 only contributes to 
a voltage shift of 50 mV for 10 n m  oxide. The fluctua- 
tion of just  the flatband voltage due to processing 
conditions has been reported to be more than 50 mV 
(12). Relative comparisons, however, can be made. 
The p lasma-enhanced  ni t r ided-oxide  film has about 
I X 1011 cm -2 more interface fixed charge when com- 
pared to the SiO2 film. This point  is elaborated fur-  
ther  below in the discussion of electron mobil i ty  in 
n -channe l  MOSFET's. 

Large geometry n -channe l  MOSFET's (100 X 100 
~m) were bui l t  on all three types of dielectrics. The 
SiO2 MOSFET's had arsenic-doped polysilicon gates 
whereas the n i t r ided-oxide  MOSFET's had boron-doped 
polysilicon gates. Channel  doping was about 1 X 1025 
cm -3 for all the devices. Electron mobilit ies vs. gate 
voltage were measured with the charge accumulat ion 
method (13). I t  has been shown that  channel  electron 
mobil i ty  depends not only on the vertical  electric field, 
but  also on the interface fixed charge (14). These pub-  
lished data are replotted in Fig. 7. The mobil i ty  of 
the SiO2 MOSFET corresponds to an interface fixed 
charge of about  1 • 10 I1 cm -2. Although this n u m b e r  
seems high, it agrees with what  has been observed for 
thin SiO2 (15). The p lasma-enhanced ni t r ided-oxide  
film has an interface fixed charge of about 2 • 1011 
cm -2. The NH3 ni t r ided-oxide  film has even higher 
interface fixed charge and, hence, the lowest electron 
mobility. The interface fixed charge density correlates 
with the amount  of ni t rogen at the interface deter-  
mined by the oxidation resistance exper iment  dis- 
cussed earlier. Interest ingly,  a s imilar  degradation of 

oxide interface properties has been observed after a 
prolonged ni t rogen anneal  cycle (16). 

Short  channel  MOSFET's with channel  length down 
to about one micron were also bui l t  and typical I-V 
characteristics are shown m Fig. 8. These high per-  
formance MOSFET's have been discussed elsewhere 
(17). 

Conclusions 
Nitridat ion of SiO2 film in 1 Torr  NI4_~ ambient  or 

NH3 plasma between 925~176 for l ess  than 2 hr 
results in the incorporat ion of ni t rogen only at the 
surface and at the f i lm-substrate  interface regions. The 
surface region is of an oxynitr ide structure;  whereas, 
the interface region resembles a thin Si3N4 layer. The 
NH3 plasma enhances the surface reaction and, as a 
consequence, retards the interface reaction. The ni-  
t r ided-oxide films are slightly resistant  to HF-based  
etchant, slightly oxidation resistant  and very effective 
against boron diffusion. The ni t rogen at the f i lm-sub- 
strafe interface introduces addit ional interface fixed 
charge resul t ing in tower channel  electron mobility. 
Application of the ni t r ided-oxide  film as a thin gate 
dielectric has been demonst ra ted  by the successful 
fabrication of short channel  MOSFET's. 
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Plasma Etch Anisotropy Theory and Some Verifying Experiments 
Relating Ion Transport, Ion Energy, and Etch Profiles 

C. B. Zarowin* 
The Perkin-Elmer Corporation, Norwalk,  Connecticut 06856 

ABSTRACT 

A model  of plasma etch anisotropy is presented which shows that the ionic component  of the chemical  etch process 
produces etch profiles that  vary with E/p, where E is the electric field controlling the ion t ransport  to the etch surface and p 
is the etch gas pressure. From a relation derived here between E and the observable rf  current  density,Jrf, this model  predicts 
that  the  profiles will vary continuously from isotropically to anisotropically produced as the parameter  J~f/p is increased. 
This behavior reflects the directionali ty of the ion kinetic energy t ransported to the etch surface and the effect of the ion 
energy in reducing the surface reaction activation energy. The one-to-one correspondence between ion energy and ion 
t ransport  or etch directionali ty shown by this model  clarifies the compromise required between etcl~ anisotropy and the 
adverse effects of such high ion energy, such as reduced resist  survival and selectivity against other materials in addit ion to 
the possibil i ty of increased substrate damage. Another  important  practical consequence of this work is the establ ishment  of 
a theoretical basis for extending the conventional  wisdom that  low pressures (<10 Pa) are required for anisotropic plasma 
etching to the more general requirement  of a sufficiently high E/p ratio. Thus, this theory shows, and a wide range of experi- 
ments verify, that  equally anisotropic etch profiles are obtainable at high (e.g., 1000 Pa) or low pressures from the same Jrf/P 
ratios. Alternatively, it will be shown that  reactive ion etching is a low pressure l imiting case of plasma etching, both of 
which are able to produce identically anisotropic etch profiles, al though the latter is capable of considerably higher etch 
rates. Finally, this  model  predicts  a dependence  of the anisotropy on the ion-neutral scatterer collision cross section and/or 
mass ratio, which is experimental ly confirmed here by previously unpubl ished data. 

P lasma etching has become an impor tan t  technique  
for the  fabr ica t ion  of VLSI  semiconductor  devices 
because of its high etch se lec t iv i ty  and ab i l i ty  to rep l i -  
cate  submicron mask  pa t t e rn  features,  s t emming  
p a r t l y  f rom its r e l a t ive ly  low resis t  erosion ra te  and 
pa r t l y  f rom its ab i l i ty  to etch anisotropical ly ,  i.e., wi th -  
out  mask  undercut .  To date, however ,  the  theore t ica l  
under s t and ing  of ~the pa rame te r s  control l ing such 
anisotropic  e tching has been p roven  inadequate ,  f re -  
quen t ly  leading to inconsistencies be tween  model  and 
exper iment .  

The  fol lowing four  expe r imen ta l  resul ts  are  some-  
wha t  inconsis tent  wi th  or, at  least ,  show some incom-  
ple teness  in our  unders tand ing  of the  mechanisms of 
anisot ropic  p l a sma  etching:  (i) the wide va r i e ty  of 
condit ions y ie ld ing  anisotropic  p lasma  etching at  p res -  
sures too high to prec lude  collision domina ted  charged 
par t ic le  t r anspor t  across the  p lasma shea th  (1-6);  (ii) 
the increase  in e tch an iso t ropy  as rf  power  dens i ty  
increases (2, 6), exc i ta t ion  f requency  decreases (3, 4) 
a n d / o r  etch gas pressure  decreases (1, 5, 6); (iii) the  
observed ab i l i ty  to modi fy  e tch profiles a t  constant  r f  
power,  pressure ,  and f requency  by  appl ica t ion  of d -c  
vol tages to one of the reac tor  electrodes (2);  and, 
finally, (iv) tha t  the rat io of the isotropic and an-  
isotropic ver t i ca l  etch rates,  under  condit ions of  (iii) 
above, a re  s ignif icant ly less than  tha t  of the etch depth  
to mask  undercu t  (2). 

Such incons~tencies  and expe r imen ta l  resul ts  a re  
the  motivation~ for the  model  of anisotropic  p lasma  
etching presen ted  i n  t h i s  paper .  We begin  b y  iden t i -  
fy ing  the gener ic  neu t r a l  and ionic species react ions 
wi th  the etch solid. These two react ion ra tes  are  re -  
la ted  b y  assuming (7) tha t  the  ionic react ion ac t iva-  

* Electrochemical Society Active Member. 
Key words: anisotropic etching, ion transport,  plasma electric 

fields, ion-assisted chemistry. 

t ion energy  is smal le r  than  the neu t ra l  react ion ac t iva-  
t ion energy  by  an amount  p ropor t iona l  to the kinet ic  
energy obta ined by  the ion while  crossing the sheath 
electr ic field. This assumption fu r the r  s tems .(7) from 
the smal le r  slopes obta ined on Ar rhen ius  plots for 
react ive  ion etching (RIE) and p lasma etching (PE) 
than  for  s imi la r  react ions in the absence of p lasma ion 
bombardment .  

The Generic Neutral and Ionic Chemistry 
in Plasma Etching 

The generic neu t ra l  and ionic chemical  react ions in-  
volved in p lasma  etching are  t aken  as 

and 

kF 
S+A~-~B 

kB 

kF + 
S-{- A+ w e -  ~- B 

kB + 

respect ively,  where  S is the  etch solid, A is the neu t r a l  
r eac tan t  species "prepared"  in the p lasma  by  exci ta -  
t ion or  disassociation, A + is the  ionic r eac tan t  species 
ionized in the  plasma,  e -  is the e lect ron produced  dur -  
ing this ionization, and B is the vola t i le  p roduc t  com- 
pound of this reaction. The l imi t ing rates,  respect ively,  
for the neu t ra l  and ibnic react ions are  Ro = kF[A] 
and R+ = kF + [A §  at  sufficiently h igh  produc t  re -  
moval  rates, so that  the  total  ra te  is R = Ro -{- R+. 
The ra te  constant  for the  neu t ra l  react ion is kF = 
~e -EF/kT and for the ionic reac t ion  is k f  + = 
Ke-r where  the  neu t r a l  react ion ac t iva t ion  en-  
e rgy  is E~ and the  ion reac t ion  ac t iva t ion  ene rgy  is 
reduced f rom tha t  of the  neu t r a l  reac t ion  by  an 
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amoun t  U, taken as proport ional  to the ion kinetic 
energy (7). The total etch rate R, can then be wr i t ten  

R = K[A]e -Er/~r (1 4- a+e t:/~T) [la] 

where a+ _-- [ A + ] / [ A ]  is the degree of ,ionization of 
the reactant  A. It  can be seen that  the rate is negligi-  
bly ion assisted when  ~+ eV/~T < <  1 and s t rongly ion 
assisted when ~+ eV/~r > >  1. 

Taking the logari thm of R, we obta in  

l n R  = ln~[A]  -- E~/kT4-  In (1 4- ~+eV/,~r) [ lb]  

from which we see that  the slope of In R vs. 1/T is 
given by - -EF/k  when negl igibly ion assisted and 
- - ( E F -  U ) / k  when strongly ion assisted. Observed 
values of (EF -- U) are between 0.2 and 0.6 eV while 
Er- is about  1 eV; so that U is between 0.4 and 0.8 eV. 
Thus, with ~+ ~ 10 -7 (see Appendix) ,  the ratio of the 
ionic to neu t ra l  reaction rates R +/Ro = a+e U/kT can be 
estimated as between uni ty  and 107, i.e., the surface 
conditions that cause U to change from 0.4 to 0.8 eV 
can cause the reaction to change from weakly to 
strongly ion assisted. Impuri t ies  in the gases can also 
affect (1, 2) this ratio by modifying a+ as when  the 
impur i ty  is more electronegative and U, by impur i ty  
adsorption on the etch surface. 

By taking U as an increasing funct ion of the ion 
kinetic energy, any  differences in the ion kinetic en-  
ergy with direction will  result  in etch rate changes 
with direction, i.e., an etch direct ionali ty defined as 

= Rx/R~ will be less than uni ty  (~ = 1 for isotropy),  
where Rx and Ru are, respectively, the etch rates hori-  
zontally and vertically. The etch directionali ty ~ can 

�9 be expressed in terms of Eq. [ la]  as follows 

1 + a+ exp ( U x / k T )  

1 -4-.~+ exp (U~/kT) 

- :  exp { (Ux -- U~)IkT} 
1 4- {a+ exp ( U J k T ) } - I  

1 4- {a+ exp (U~/kT)}  -1 
[2a] 

for Ux/Uy ~ 1. When a+eU~/kT and a+eV,/kr < <  1, as 
for a negl igibly ion assisted reaction, 5 ----- 1 or only 
isotropic etching is possible, while when  c~+euz/kT and 
a+e v~,/kT > >  1 as for strongly ion assisted etching, Eq. 
[2a] reduces to 

~ - 1  
B ~_ e(V,~-v, )/kT = exp ~ ~ [2b] p2 

where ~ = Uz/kT,  0 < ~ < 1, and having defined the 
ion t ranspor t  directionality,  :p~ -- Uz/U~,. 

When p f ~  ~t, as for isotropic ion t ransport  (Uz .= 
Uy), ~ -,  1 and the s t rongly ion assisted etching ap- 
proaches isotropy, while when r ..> 0 as for anisotropic 
ion t ransport  (Uz < <  U,~), ~ ~ 0 and the etching is 
anisotropic. As will  be shown in the next  section, p2 
is a funct ion of the parameter  ~, proportional,  among 
other things, to the sheath e[ectric field to pressure 
ratio, so that Eq. [2b] implici t ly depends on Es/p. 

Relating the Sheath Electric Field and 
Gas Pressure to the Ion Transport Directionality 

In a sheath field, Es, ions of mass m+ and  charge e, 
experience collisions with neu t ra l  species of mass, too, 
so that, at steady state, the force on the charged ion 
eEs, is equal to the mean  momentum loss per uni t  time, 

u p, where g is the reduced mass of the ion-neu t ra l  
collision pair given by 1/g = 1/m+ 4- 1/mo, u is the 
mean  directed velocity, and r is the collision frequency. 
The collisions occur pr imar i ly  with neut ra l  scatterers 
of n u m b e r  densi ty no because the plasma is weakly  
ionized (~+ ~ 10-~, see Appendix) .  When  m+lmo < <  
1, e.g., for electrons colliding with atoms ~ ~ mo while 
when  m+/mo > >  1, as for "heavy" ions in a "light" 
d i luent  gas, e.g., C1 + in  He, ~ ~ m+, exhibi t ing the 
"persistance of velocity" effects for the "heavier" spe- 

cies. Thus the mean directed velocity u is 

~= ,e~/~ [3a] 
The product of the ion collision frequency v and the 

ion mean free path between collisioI~s, )~, is the root 
mean square total ion velocity, h/~vf>. Since v = 
u -4- w and < v >  ~- u + < w >  ~ u, where < w >  -- 0 
is the mean  random velocity of the ion and u is 
the mean directed velocity, < v 2 >  -- u 2 -t- < w 2 >  
4- 2 u .  < w >  = U 2 "4- <W2> �9 Thus, ),v = ~/ '<w2> 
~/1 4- u'Z/<w2>, permit t ing Eq. [3a] to be wr i t ten  as 

eEs~, 1 
u - -  [3b] 

~ / < w 2 >  ~/1 + u2/<w2> 

This can be rewri t ten  as 

( u l x / < w 2 > )  ~/1 + u~l<w2> = eEs~./~<w2> = a 

Squaring this expression and defining ~ = (1 + u2/ 
< w 2 > ) - 1  as the ion kinetic energy t ranspor t  direc- 
tionality, for  which we obta in  an expression in terms 
of the parameter  

p2 = 2/(1 -4- X/1 4- (2a) 2) [4] 

Replacing ~ = 1/noQ, where no is the neut ra l  scat- 
terer  number  density, Q is the ion-neu t ra l  collision 
cross section, and  recognizing that m + < w f > / 2  : 
3kT+/2 is the ion thermal  energy, the parameter  a is 

( ,e ) ( E s ) ( 1 - 4 - m + / m o )  

" =  -Co Q 
In  addi t ion  to the dependence of a on the sheath elec- 
tric field to pressure ratio Es/no, the effect of the ion-  
neut ra l  mass ratio and cross section on a should be 
noted. When (1 + m + / m o ) / Q  is larger, the magni tude  
of Es/no required to achieve the same a, and, there-  
fore, the same ~2, is reduced. We shall  r e tu rn  to this 
point  la ter  when an exper imental  verification of this 
effect is discussed. 

For a < <  1, Eq. [4] reduces to .p2 ___ I -- a 2 and for 
a > >  1, to p2 ___ l /a ,  so that  as a ~ 0, p2 --> 1, or isotropic 
ion t ransport  directionality, and as a --) ~ ,  p2 -> 0, or 
anisotropic (strongly directional)  ion transport .  This is 
summarized schematically in  Fig. 1. 

Defining E. : (3kT+/e)noQ/(1  4- m+/mo)  as the 
sheath electric field for which a = E/E,  = 1, or for 
which p2 ~ 0.62, (mostly isotropic), we may  est imate 
the magni tude  of E, _~ 300 V/cm from Q ~ 2 • 1014 
cm 2 (8), ~1o ~- 1017 cm -3 (,-~1 Torr) ,  m+/mo -~ 1, and 
kT+/e  .~ 10-~V. Typical exper imental  measurements  
of current  density at which etch anisotropy (2) just  
begins, Jrf --~ 75 A / m  2, or an rf power densi ty of about 
10 -1 W / c m  3, yields a Sheath electric field of about  103 
V/cm at 13.56 MHz, using an equation (Eq. [7]) to 
be derived in  the next  section. This specifies ~ _--__ 1/3 
and is in  good agreement  with this model. Alternately,  
for s t rongly anisotropic etching some 750 A / m  2 or 10 
W/cm 3 is required (2) yielding a sheath field of about  
104 V/cm, or E/E,  _~ 30, and p2 ----- 1/30, also in agree-  
ment.  

Ident i fying the amount  by which the activation en-  
ergy of the ionic reaction is reduced as propor t ional  
to the ion kinetic energy, U cc <v2>,  Ux/Uy = < w 2 > /  
(u2 4- < w 2> )  which is recognized as r the ion t rans-  
port directionali ty defined above in  connection with 
Eq. [2b]. The etch direct ionali ty 8 = Rz./Ry, following 
Eq. [2] can, then, be wr i t ten  as 

8 = e x p  - - ~  (~,/14- (2a) 2 - 1 )  [6] 

when the process is s t rongly ion assisted and with ~ = 
U J k T +  as the fraction of the ion energy by  which 
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SCHEMATIC OF ION TRANSPORT DIRECTIONALITY I.o 
( p = ( a )  ) 

r 0.8 @ 0.6 
8 

ipa= I 0.4 

~WWAFER 0.2 

O' 
a > O  

i/pZ = I + ~  �9 I 
2 

L/~WAFER 

Es I+ m+/rno 
a --- ( 3 k - ~ - . ) ( ' ~ - 1 1 - - 5 - ~ 1  

Fig. I .  Schematic representation o f  ion transport directionality 
variation with (~ or E/p. 

the act ivat ion energy  is reduced.  When  ~ -~ oo, 8 -~ 0, 
or  the  e tching is anisotropic.  A plot  of Eq. [6] is given 
in Fig. 2a wi th  ~ as a p a r a m e t e r  (the fract ion of ion 
energy  reducing the e tch reac t ion  activatior~ energy)  
and in Fig. 2b wi th  the  electr ic  field scal ing fac tor  
defined above, E,  : (3~T+/e)noQ/(1 + vn+/mo), as 
a parameter .  Such a p lo t  agains t  a wi l l  be shown in 
the  nex t  section as equiva lent  to one agains t  Es, Jrf or  
"x/Pr~/S~p where  Prf/Slp is the  rf  power  density.  S i n c e  
E, is p ropor t iona l  to the pressure  (no), and the cross 
sect ion and mass rat io [Q/(1 + m+/mo)], this  p a r a m e -  
te r  d isp lays  the behav ior  of the etch d i rec t iona l i ty  as 
these change at  f ixed rf  cu r ren t  or power  densi ty,  Jrf 

or "k/Prf/Slp. Alte rna t ive ly ,  p lo t t ing  this equat ion 
against  q~ = I / a ,  is equiva len t  to p lo t t ing  the  etch di-  
rec t iona l i ty  8, against  the pressure  or  the cross sect ion 
and mass ratio,  as shown in Fig. 3a, w i t h / ~  as the pa -  
r ame te r  and Fig. 3b wi th  increas ing E,  as a pa ramete r .  

An a l te rna t ive ,  and in some ways  more  in format ive  
plot,  is shown in Fig. 4. By plot t ing Es, Jrf or  ~/Prf  vs. 
(1 + m+/mo)/noQ, where  the l a t t e r  is, among o ther  
things, inverse ly  p ropor t iona l  to the pressure ,  equi -  
l a t e ra l  hyperbo las  resul t  which are  loci of constant  
ion energy  (eEsk) and etch d i rec t iona l i ty  because a 
is constant  on these curves.  The ion energy  increases  
and the etch profiles become more  anisotropic  as the 
hyperbolas  move away  f rom the coordinate  axes. At  
the coordinate  axes, the ion energy  is t he rma l  and 
t h e i r  t r anspor t  and etching is isotropic. This shows, 
for example ,  tha t  the rf  power  dens i ty  for  which an-  
isotropic etching is requ i red  increases for increas ing 
pressure  but  ';hat on these hyperbolas  the ion energy 
remains  fixed. I t  also shows tha t  the  reduct ion  of the  
pressure  at  constant  power  densi ty  increases  the an-  
isotropy.  Also, perhaps  more  impor tan t ly ,  this  p lo t  
makes  the  compromise  requ i red  be tween  etch d i rec-  
t iona l i ty  and the adverse  effects of increasing ion en-  
e rgy  ve ry  clear.  These adverse  effects include resis t  
erosion, loss Of chemical  se lec t iv i ty  of the  etch process 
and possibly,  subs t ra te  rad ia t ion  damage.  For  example ,  
th ree  values  of ion energy (1, 3, and  7.2 a r b i t r a r y  en-  
e rgy  units)  and etch d i rec t iona l i ty  (5 : 0.9, 0.5, and 
0.1) a re  shown on this plot ,  respect ively ,  a lmost  i sot ro-  

n = I E,= E~ 

B=O 

I 2 3 4 5 
a 

I . o ~  .=1 ~=l 

0.8 

0.6 g 

0.4 

0.~ II 2 3 4 i 5 i 

Fig. 2. (a, top) Plot of etch directionality vs. c~ = EJE,, E, --  
3kT/e lOaD/(1 4- m/mo)] (o~ proportional to "~/Prf, Jrf, Es) with 
/~ as parameter. (b, bottom) Plot of etch directionality vs. ~ := 
EJE., E. = 3kT/e [Qno/(1 + m/mo] (~ proportional to ~/P~,s 
Jrf, Es) with E.:~ as parameter. 

1.0 

O.S 

0.6 

0,4 

0.2 

o 

Or51 I I 0 0.75 I 
~=l/a 

1.0 
n=l ~=1 

/E /8 j j 

0.4 I / ~ E ~ / 2  _ 

0 0.25 0.5 0.75 I 
~)=l/a 

Fig. 3. (a, top) Plat of etch directionality vs. ~ (----- 1/~) = 
E,/Es with ~ as parameter (~ proportional to pressure). (b, bottom) 
Plot of etch directionality vs. r ( =  1/~) = E JEs with Es (or 
xv/Prs Jrf) as parameter. 
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E s ,Jrf, 'v~rf , 
Rye" 

\ 
r . - -  --~ ~ INCREASING F - z z ~ . , ~  F~ \ \ ~AN,SO~ROPY  -11\ \ ION ENERGY 

~ ! ~ --'I~SDENERG~C ~ONS 
. . . . .  - - " ? s o . o R P . S  

0 ( I +m+/m o) 
INCREASING PRESSURE no Qo§ 

Fig. 4. Plot of sheoth electric field, rf current density, or square 
root of rf power vs. reciprocal pressure showing ion isoenergies and 
profile isomorphs. 

pic, p a r t l y  anisotropic,  and mode ra t e ly  anisotropic,  so 
tha t  more  than  seven t imes the ion energy  is requ i red  
to achieve 10:1 an iso t ropy  than  is r equ i red  to achieve 
1.1:1 (a lmost  i so t ropic) .  I t  is in teres t ing  to note tha t  
for polysi l icon the  etch rates  are  only  about  two or  
th ree  t imes g rea te r  for  about  seven t imes the ion 
energies  (2). 

As can be seen f rom Eq. [5], the effect of a l a rger  
cross section for  collisions be tween  the ions and neu-  
t ra ls  and  of smal le r  i on -neu t r a l  mass rat io  is equiv-  
a lent  to the r equ i remen t  of l a rge r  Es, Jr~, or  x/Pr~ to p 
rat ios for  the  same etch di rec t ional i ty .  A lower  value  
of this p a r a m e t e r  (e.g., Es/p) is then expected  for  the  
p lasma  etching of polysi l icon wi th  chlor ine as a m i x -  
ture  wi th  90% He and 10% CI~, than  for  HC1 and s t i l l  
less than  for  pure  CI~ gas. This holds t rue  to the ex-  
tent  tha t  the chemis t ry  remains  the same, and on ly  
the t r anspor t  of the  ions in the background  gas domi-  
nates  the behavior .  

Relating the RF Current Density and the Excitation 
Frequency to the Electric Field Controlling 

Ion Transport 
In this  section, we  der ive  a re la t ion  be tween  the  

electr ic field which  de te rmines  the  an i so t ropy  of the  
ion t r anspor t  and the  observable  rf  cur ren t  dens i ty  at  
some exci ta t ion frequency.  This re la t ion  is requ i red  
because of the  re la t ive  inaccess ib i l i ty  of the  electr ic  
fields to exper iment .  Such a resul t  wi l l  p rovide  a con-  
nect ion to an observable  pa ramete r ,  which  toge ther  
wi th  the  pressure ,  prescr ibes  the ion t r anspor t  p rope r -  
t ies  discussed above. To obta in  this  re la t ion  and 
ident i fy  the  exci ta t ion  f requency  regime in which  i t  
applies,  we  begin  by  construct ing a discharge equiv-  
a len t  circuit.  

The Discharge equivalent circuit.--Application of an 
rf  vol tage  of sufficient ampl i tude  causes the g a s  be -  
tween electrodes to become conducting. This  can be 
represen ted  as a change of the  passive components  of 
its equiva len t  c i rcui t  f rom capaci tors  to capaci tors  
shunted  b y  resistors.  This d ischarge  consists of two 
character is t ic  regions:  the  p lasma body  which  has 
a pp rox ima te ly  equal  e lect ron and ion densities,  and a 
shea th  region  having an e lec t ron dens i ty  much smal l e r  
than  the ion densi ty.  These sheaths  sepa ra te  the  body  
of the  p lasma from each e lect rode or  o ther  walls.  The 
shea th  region  is fo rmed to compensate  for- the  grea te r  
loss of e lectrons than  ions to the  e lect rodes  due to the  
g rea te r  mob i l i t y  of the  electrons.  The mean  vol tage  
genera ted  across the  shea th  because of this  excess 
e lec t ron  to ion loss achieves i ts s t eady- s t a t e  value  as 
these losses become equal.  For  the  sake of s implici ty,  
this is not  exp l ic i t ly  accounted for  in the  equiva len t  
circuit ,  bu t  i t  could b y  in t roduct ion  of a vol tage  
source in series wi th  the shea th  resis tors  to be in-  

t roduced in this  equiva len t  circuit.  This is discussed 
fu r the r  in the Appendix .  

The  passive e lec t r ica l  character is t ics  of each of 
these regions can  be summar ized  in  te rms of an 
equiva len t  c i rcui t  consist ing of a capac i to r  shunted  by  
a resistor,  having  suppressed  induct ive  effects, as 
shown in Fig. 5. The discharge equiva len t  circuit,  then, 
consists of a p lasma  resistor,  Rp, shunted  by  a capacitor ,  
Cp, in series wi th  two sheath  capacitors,  Csl and Cs2, 
each shunted  b y  shea th  resistors,  Rst and  Rs2. The cur-  
ren t  density,  J, in  each of these regions, then, consists 
of a conduct ive  and a d i sp lacement  component ,  i.e., 
J = (r + j~eo)]~, where  ~ is the conduct ivi ty ,  ~ is the 
angu la r  f requency  of the  exci t ing voltage,  ~o is the 
vacuum die lec t r ic  constant ,  and E is the e lect r ic  field 
in tha t  region. 

The irequency characteristics of the discharge.--For 
each region  of the  discharge,  r e m e m b e r i n g  tha t  we 
have i g n o r e d  induct ive  effects, there  a re  two f r e -  
quency regimes:  when  ~ > >  e/Co and ~, < <  ~o --  v/co, 
respect ively ,  when  they  are  d i sp lacement  and conduc-  
t ion dominated;  the  conduct iv i ty  is given (8) b y  r - -  
ne2/mp, where  n is the pe r t inen t  charge  ca r r i e r  n u m -  
ber  density,  m is its mass, e is the charge  it carr ies ,  
and v is its collision f requency  wi th  the dominant  
neutral .  The collision f requency  is a pp rox ima te ly  given 
by  v• ---- noQ=~/kT+_/m+_, where  no is the n u m b e r  
dens i ty  of the neutrals ,  Q_+ is the collision cross 
section, and kT+_ is the charge ca r r i e r  mean  t h e rma l  
energy  (ion + ,  or  e lec t ron  - - ) .  The charge car r ie r  
p lasma f requency  is defined (8) as wp___ = (n_  e2/  
m_+ ~o) '/2, so tha t  the ra t io  ( f requency)  ~o--- ---- ~• ---- 
~2p_+/u~. Thus, each p la sma  region has two f requency  
regimes defined by  whe the r  ~ is less than  or  g rea te r  
than  Wo. F rom a knowledge  of the appropr i a t e  p lasma 
and collision frequencies,  the  equiva len t  circui t  for 
each region can, for s implici ty,  be reduced  to a single 
pass ive  component  for each regime.  

Evaluation of the equivalent circuit parameters.--In 
the Append ix  to this paper ,  i t  is shown tha t  the 
degree  o f  ionizat ion n+_/no, is abou t  10 - 7  for  typ ica l  
e tching discharges,  so that  for  no = 101~ cm -3 (,~ 150 
Pa) ,  the e lec t ron- ion  dens i ty  in the p lasma is about  
10 ~~ cm -3. In  the p lasma sheath,  the  ion dens i ty  is 
roughly  comparab le  to tha t  in the p lasma body,  bu t  as 
long as the e lec t ron dens i ty  in the sheath is less than  
1% of the ion dens i ty  (see A ppe nd ix ) ,  the conduct ion 
cur ren t  i s  ca r r ied  dominan t ly  b y  the ions. In  the 
p lasma body,  the rough equa l i ty  be tween  ion and 
e lec t ron densit ies  means  tha t  the e lect rons  domina te  
as cur ren t  car r ie rs  because of the i r  g rea te r  mobil i ty .  
In  o ther  words, whi le  the dielectr ic  p roper t i e s  a re  
taken  as those of the vacuum in the shea th  the con- 
duc t iv i ty  is ion dominated ,  or r - -  a+ --  n+eVm+v+, 
and in the  body  of the  p lasma it  is e lect ron dominated  
so that  o-p ---- ~ -  = n- 'eVm-v- .  

Thus, for  the sheath  region when ~ > >  ~o+, the 
equiva lent  circui t  reduces  to a capacitor ,  and the 
dominant  cur ren t  through the shea th  is d i sp lacement  
current .  When  ~ < <  ~o+, the equiva lent  circui t  r e -  
duces to a resistor,  and the dominan t  cu r ren t  is con- 
ductive.  Taking  the i on -neu t r a l  collision cross sect ion 
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Fig. 5. Schematic of plasma diode and circuit equivalent 
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as (8) Q+ = 5 X 10 -z5 cm 2, no --  10 iv cm -a,  and 
~ / k T + / m +  = (4 X 104 ) cm sec -1, + = 2 X 107 
sec ~1, wi th  n+ --  1010 cm -~ and m+ = 1 0 - ~  g, ~o+ = 
1.7 X 107 sec -1 [--~ 2n(2.7) MHz].  Above about  2.7 
MHz, the sheath is dominan t ly  capaci t ive and below 
it, the shea th  is resistive. Since the electrons domina te  
the charge t r anspor t  in the plasma, a s imi la r  calculat ion 
y i e l d s v -  - -  7 • 101~ sec - 1 , f o r  (8) Q -  = 5 x 10 -15 
cm 2, k T -  ---- 12 eV (see  Append ix ) ,  and m + / m -  = 
105; also ~o- --  4.8 X l0 s sec -1 [------ 2,~(77) MHz],  so 
that  as long as the  exc i t a t ion  f requency  is less than  
some 77 MHz, the p lasma appears  resistive.  

If  we res t r ic t  ourselves  t o  frequencies of p lasma 
exci ta t ion be tween  2.7 and 77 MHz, the  d ischarge  
equiva len t  circuit  consists of two sheath capaci tors  
coupling the p lasma  resistance to the electrodes as 
shown in Fig. 6a. Below about  2.7 MHz, the sheaths 
and the p lasma  are  dominan t ly  res is t ive as shown 
in Fig. 65. 

Relations be tween  electric l~eIds and current densi- 
t ies . --Having es tabl ished the appropr ia t e  equiva lent  
circui t  at  "high" (2:7-77 MHz) and  "low" (less than  2.7 
MHz) frequencies,  we may  now deduce the re la t ions  
be tween  the electr ic  fields and the cur ren t  density.  For  
s implici ty ,  the two sheaths a re  lumped  toge ther  in 
the fol lowing discussion. In  the  "high" f requency r e ,  
gime, ~ p + / v +  < <  ~ < <  ~2p- /v - ,  the sheath cur ren t  
density,  Js - -  ,o~ I Es I, and the p lasma  cur ren t  densi ty,  
Jp = ap Ep are  equal  to each other.  When  the source 
and load impedances  .are matched,  they  are  also equal  
to the  observable  rf  cur ren t  density,  ]rf  = Irr/S, where  
S is the  cross-sect ional  a rea  of the plasma.  Thus, lEsl/ 
[ E p [  - -  (r ---- (~2p- /~v- )  > >  1 using va lues  ob-  
ta ined in the  section above; i.e., the shea th  field is 
ve ry  much grea te r  than the p l a sma  electr ic  field. Also, 
the shea th  field is given by  

I ,1 = [ 7 a ]  

In terms of the rf  power  density,  since Prf/Slp = 
J2~/% 

[~'sl = (k/ap---/'eo) k/Prf/S~p [75] 

This shows the  one - to -one  correspondence be twe e n  rf  
cur ren t  or  power  dens i ty  and the sheath  electr ic  field. 

In  the "low" f requency  regime, ~ < <  ~2p+/v+, the  
shea th  cu r ren t  dens i ty  is g iven by  ?is ---- r the con- 
duction, r a the r  than  the d i sp lacement  current ,  domi-  
nates. Because the currents  in the different  p lasma 
regions are  equal,  the rat io of the shea th  to the  p lasma  
field in the  "low" f requency  regime is EJEp  _~ 25. This 
was obta ined  by  using the above section values  of 
the collision f requencies  a~d mass  ra t ios  and by  t ak ing  

L C sl Rsl 

I Rp Rp 
-~- Cs~ Rs2 

Fig. 6. (a, left) Schematic ot plasma diode and circuit equivalent 
at "high" frequencies (,-~ 2.7-77 MHz). (b, right)Schematic of 
plasma diode and circuit equivalent at "low" frequencies (<  2.7 
MHz). 

the  rat io of e lectron to ion densit ies  as close to unity.  
Fur the rmore ,  the sheath field is 

E~ = J r d ~ -  [7el 

where  a corresponding rf  power  dependence  is appl ic -  
able as for Eq,  L7bJ. The rat io of the sheath fields of 
the "high" and "low" f requency  regimes,  [Eshl/LEsll, 
can be es t imated  by  tak ing  the i-atio of Eq. L7aJ and 
[7c] a t  equal  cur ren t  densities,  demons t ra t ing  that  
IEsh]/]/~sll < <  1. This shows that  the  "high" f requency 
sheath  field is ve ry  much smal le r  than that  of the  
"low": f requency shea th  field at  equal  cur ren t  dens i -  
ties. In addit ion,  since the ions are  also mobile  in this 
regime,  the sheath thickness  is sma l l e r  than  in the 
"high" f requency regime where  they  are  essent ia l ly  
immobile .  In sum, these two effects combine such that  
in the low "f requency"  regime,  the  ions can be ex-  
pected to be much more  energet ic  and anisot ropica l ly  
t ranspor ted  to the etch surface.  

In  an asymmetr ic  p lasma reactor  diode, where  the  
e lec t rode  areas  are  different,  the two shea th  fields can 
be shown from the above a rguments  to be different.  
Since the two sheath currents  Is1 a n d / s 2  are  in series, 
they  must  be equal,  so that  Isz : Js l  $I - -  Js2 $2 --  Iss 
where  Jsl;2 are  the shea th  cur ren t  densi t ies  and $1,~ 
a re  the e lect rode areas. Thus, using Eq. [7a], the ratio 
of the shea th  fields are  

Esi/Es2 = S~/Sz [7d] 

This shows that for a fixed pressure, the sheath field 
to pressure ratio at the larger electrode will be smaller 
than that at the smaller electrode. Remembering that 
the E/p dependence derived above for the ion transport 
di rec t iona l i ty  and its re la t ion to etch direct ional i ty ,  this 
expla ins  why  isotropic etching can be observed at  the 
la rger  a rea  e lec t rode  while  anisot ropic  e tching occurs 
at the sma l l e r  a rea  e lectrode at some rf  powers  and 
etch gas pressures.  This can be general ized in te rms of 
Fig. 4, showing that  at  a given pressure  and rf  cur ren t  
or  power  density,  the shea th  electr ic  fields at  e lec-  
t rode  ' T '  may  be s ignif icant ly lower  than at  e lec t rode  
"2," yielding,  for  example,  an etch d i rec t iona l i ty  52 --  
0.1 on a wafer  suppor ted  b y  e lect rode "2" and 8z = 
0.9 at  the other. 

Discussion 
The most impor t an t  of the inconsistencies be tween  

expe r imen t  and  e x i s t i n g  models  is the idea  that  high 
pressures  precludes  anisotropic  p lasma  etching. Such 
anisotropic  etching had been thought  to requi re  the 
low pressures  ( <  10 Pa)  or r e la t ive ly  collisionless 
(and , hence, h ighly  d i rec t iona l ) ,  ion t r anspor t  em- 
p loyed in ea r l i e r  ion assisted chemical  e tch  processes. 
On the  o ther  hand, as the model  presented  above  
shows, both  low and high pressures  (at  least  up to 
1000 Pa)  are  capable  of anisotropic  e tching if suffi- 
c ient ly  high p lasma  sheath  electr ic  fields a re  generated.  
Under  these circumstances,  we have seen that  the d i -  
rec t iona l i ty  of the ion t ranspor t ,  or  the rat io  of (elec-  
t r ic  field induced)  d i rec ted  motion to random ( the r -  
mal )  mot ion controls  the  d i rec t iona l i ty  of the  ionic 
component  of chemical  etching. The connection be-  
tween  ion t r anspor t  and etch di rect ional i t ies  has been 
shown to der ive  f rom the effect of the energy  of ion 
b o m b a r d m e n t  in reducing the act ivat ion energy  of the  
ion assisted chemical  react ion (7) and thus increas ing 
the react ion rate.  

In  addi t ion  to the  g rea te r  p ressure  at  which the 
anisotropic  profiles a re  obta ined in PE, the etch wafer  
is suppor ted  on the grounded e lec t rode  ra the r  than  
the rf  e lect rode as in  RIE (see Fig. 7). These two 
posit ions differ only  in the  vol tage across the p lasma 
s h e a t h  in which  the wafer  is immersed.  As has been  
shown (2) (also, see Eq. [Td]),  the two shea th  vo l t -  
ages Vsl and Vs2 increase  as the  square  root  of the  rf  
power  density,  and the ra t io  Vsl/Vs2 is some increas-  
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EQUIVALENCE OF WAFER ON rf /GROUND ELECTRODE 
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Fig. 7. Equivalence of wafer on rf driven (RIE) and ground (PE) 
electrode. 

ing funct ion (9) of the  e lec t rode  a rea  rat io  ($2 /$ I ) -1 .  
Consequent ly ,  for equal  areas,  these vol tages  are  equal,  
but, as is f r equen t ly  the case, when S~/$2 > 1, Vsl/Vs2 
< 1. Fo r  such a case, if the  wafer  is immersed  in the  
shea th  wi th  vol tage  drop Vs2, the ions s t r ik ing its 
surface wi l l  be more  energet ic  and d i rec ted  in the i r  
mot ion than  those s t r ik ing  the one immersed  in the 
o ther  (Vsl) .  This is also shown in Fig. 4. 

An  expe r imen ta l  demons t ra t ion  of the re la t ion  be-  
tween  the  s h e a t h  vol tage  and anisotropic  etching has 
been descr ibed  in Ref. (2). Fo r  p lasma  etching of po ly -  
sil icon in a chlor ine gas mix tu re  at  a to ta l  p ressure  
of about  66 Pa, i t  was found (2) tha t  the mask  un -  
de rcu t  decreased  as the  13.56 MHz rf  power  dens i ty  
increased  as shown in Fig. 8. In  Fig. 9, we see tha t  
appl ica t ion  (2) of a d-c  vol tage  of posi t ive po la r i t y  
at  constant  r f  power  to the rf  d r iven  e l ec t rode  in-  
creases the an i so t ropy  (decreases  the  unde rcu t ) ,  wi th  
the wafe r  on the g r o u n d e d  electrode,  while  nega t ive  
po l a r i t y  decreases  the  anisotropy.  Fu r the rmore ,  ad -  
di t ion of only  1% of the  rf  power  by  apply ing  such 
d -c  vol tage reproduces  the  etch profile effects which 
o therwise  requ i re  more  than  30% changes in rf  power.  
Since changes in the shea th  vol tage caused by  the 
rf  power  and the appl ica t ion  of d -c  vol tage  were  com- 
parable ,  i t  was concluded that  the shea th  voltage,  not  
the  p lasma  composit ion or  the  degree  of ionizat ion was 
responsible  for such profile changes. F rom this, we 
can fu r the r  conclude that  s imi la r  shea th  vol tages and 
pressures  of a given gas should give s imi la r  etch 
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anisotropy,  whe the r  achieved by  changing the rf  power  
density,  appl ica t ion  of d-c  voltage,  or  by  changing the 
e lect rode a rea  ratios.  This conclusion is consis tent  wi th  
the model  given here,  and its genera l iza t ion  as shown 
in Fig. 4, which  plots  the  shea th  electr ic  field agains t  
the reciprocal  of the  pressure  (among o ther  things)  
and shows tha t  a fixed re la t ion exists  be tween  the 
etch an i so t ropy  and the electr ic  field to pressure  ratio.  
This plot  fu r the r  demons t ra tes  tha t  the  a symmet r i c  
diode reac tor  can give anisot ropic  etching on one elec-  
t rode  while  producing  isotropic e tching at  the other,  
because the sheath  fields are  p ropor t iona l  to the re -  
ciprocaI of the e lec t rode  area,  as shown in above sec-  
t ion of this paper .  

The model  presented  in the  pape r  removes  the in-  
consistency be tween  e xpe r ime n t  and the idea of 
p l a sma  etching as the  superposi t ion  of an  isotropic 
thermochemica l  and a comple te ly  anisotropic  ionic 
chemical  process. This l a t t e r  idea  leads to the incon-  
s is tency b y  requi r ing  that  the .etch ra te  ra t io  be tween  
isotropic and anisotropic  etching be  the  same as t he  
rat io  of undercu t  to etch depth,  in considerable  dis-  
ag reement  wi th  :experiment  (2). We can make  this 
inconsis tency expl ic i t  by  defining the e tch d i rec t iona l -  
i ty  ~ --  R~/Ry, w h e r e  Rx is the  hor izon ta l  and  Ry the 
ver t ica l  etch ra te  wi th  y along the sheath  electr ic  field. 
By proposi t ion,  the hor izonta l  ra te  R~ can only be due 
to the  i sot ropic  the rmochemica l  ra te  Ro, whi le  the  
ver t ica l  ra te  Ry is the  sum of the  the rmochemica l  and  
ionic rates,  Ro ~- R+, since the  ionic component  is t aken  
to be comple te ly  anisotropic  (d i rec ted  only along y ) .  
Ro is a funct ion of t empe ra tu r e  and reac tan t  p ressure  
and is, thus, constant ,  bu t  R + m a y  depend  on degree  
of ionization and ion energy,  which  v a r y  wi th  r f  power.  
Thus, the e tch d i rec t iona l i ty  8 = R~/Ry .~ Ro/(Ro -t- 
R + ). The ver t ica l  e tch  ra te  when  the e tching is iso- 
t ropic  is Ry I - -  Ro (R+ = 0) and when anisotropic,  
Ry A = Ro -b R+. Thus, for  an etch d i rec t iona l i ty  5 --  
1/10 (modera te  an i so t ropy) ,  R~ A - - R o  ~- R+ A = 10Ro, 
and for  8 --  1 ( i so t ropy)  R~ I = Ro, requ i r ing  tha t  
R~A/Ry I - - -  10. This ra te  rat io  has been  found (2) ex-  
pe r imen ta l ly  to be  less than  3 for the  p l a sma  etching 
of polysi l icon in 66 Pa  of  a chlor ine  gas mix tu re  exci ted  
at  13.56 MHz. In spite of  this inconsistency,  the  reason-  
able  assumpt ion of the superposi t ion of the  neu t ra l  
and ionic chemis t ry  was kep t  in this  paper ' s  mode l  by  
recognizing tha t  the  ionic component  need not  be 
comple te ly  anisotropic,  i.e., tha t  the  ion t ranspor t  can 
va ry  f rom isotropic to anisot ropic  as the shea th  elec-  
t r ic  field overcomes the r a n d o m  mot ion  due  to ion 
coll isions wi th  the neu t ra l  scat terers .  

In  this paper ,  we accounted for the  effect of the  
shea th  field on the ion kinet ic  energy  t r anspor t  across 
the  sheath.  This y ie lds  the  resu l t  tha t  the  ion energy  
t ranspor t  was isotropic at  low f ie ld-pressure  ra t ios  
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(E/p) and  anisotropic  at  high values of this ratio,  
i.e., equal  to the ion the rmal  energy  in all  d i rect ions 
at low E/p and much grea te r  than the rmal  energy  
along the field direct ion at  high E/p. This ion energy  
t ranspor t  anisot ropy was, then, re la ted  to the etch 
anisotropy through  the etch rates pe rpend icu la r  and 
para l l e l  to the shea th  electr ic  field. A na tu ra l  outcome 
of this model  leads to an ion -neu t ra l  mass  rat io and 
collision cross-sect ional  dependence  of the E/p rat io 
tha t  is expe r imen ta l l y  verifiable. 

Final ly ,  since the sheath  electr ic fields are not con- 
ven ien t ly  observable ,  we re la ted  them to the observ-  
able rf  cur ren t  or  power  dens i ty  f rom a r e l a t ive ly  
s imple  discharge equiva len t  circuit.  The re la t ions  ob-  
ta ined  be tween  sheath fields, p lasma fields, and rf  
cur ren t  or  power  densit ies  in the p lasma na tu ra l ly  
manifests  the f requency behavior  of the PE /RIE  dis-  
charges, showing that  the discharge exhibi ts  a low f re-  
quency regime, below 2.7 MHz, and a high f requency  
regime, be tween  2.7-77 MHz, wi th  somewhat  di f -  
ferent  proper t ies .  In the fo rmer  regime,  the sheath  
e lect r ic  fields are  much grea te r  than  in the lat ter .  In  
both regimes,  the fields in the body of the  p lasma are  
much less than in the  sheaths. 

Comparison with Experiment 
Behavior with pressure and power density.--While 

many  plasma etch exper iments  descr ibe r e su l~  (3, 
4, 5) in qual i ta t ive  agreement  wi th  the predic t ions  
of this model,  there  a re  only  three  reports  of expe r i -  
menta l  results  wi th  respect  to pressure  and rf  power  
dens i ty  (1, 2, 6) on etch profiles that  a re  sufficiently 
deta i led to permi t  reasonably  quant i ta t ive  comparison.  
At  13.56 MHz, the rf  power  densi ty  of 0.4 W / c m  z p ro -  
duces an increased undercu t  wi th  increased pressure  
of CF4 for the p lasma  etching of doped polysi l icon (1). 
Twice this power  densi ty  permi t s  s t i l l  h igher  pressure  
for the  same undercut ,  as shown in Fig. 10 at  pressures  
be tween 30-130 Pa. Comparison of this resul t  wi th  the 
pred ic ted  behavior  shown in Fig. 3a and b is reason-  
ab ly  good. Equivalent  behavior  is observed (2) for 
the p lasma etching of both  doped and undoped  po ly -  
sil icon in an en t i r e ly  different  gas, a mix tu re  of N2, 
HC1, and CC4 at a total  p ressure  of 66 Pa, when the 
rf  power  dens i ty  at  13.56 MHz was increased f rom 0.1 
to 0.5 W / c m  3. At  the lower  power  density,  the mask  
was undercu t  and at  the h igher  p o w e r  the undercu t  
was negl ig ible  as summar ized  in Fig. 8, which compares  
quite favorab ly  wi th  the pred ic ted  behavior  shown in 
Fig. 2a and b. As ment ioned at the beginni~ng of the  
paper  and exp lored  in more  detai l  in the Discussion 
section, the  rat io of the etch rates  measured  in these 
exper iments  at 8 ~ 1 (isotropic)  and 8 ~ 0.1 (aniso-  
t ropic)  were  found (2) to be less than 3: 1, p rec luding  
an explana t ion  based s imply  on a change f rom a t he r -  
mochemical  ( isotropic)  to an ionic (anisotropic)  etch 
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Fig. 10. Normalized pattern undercut vs. pressure for CF4 plasma 
etching of polysillcon (2). 

reaction. A discussion of the exper imen ta l  difficulties 
in evalua t ing  this etch r a t e  increase is given in Ref. 
(2). The lower  power  dens i ty  requi red  to produce  
anisotropic  etching of undoped  polysi l icon repor ted  
in this reference  (2), coupled wi th  the observed 
lower  etch ratds at comparable  condit ions m a y  be 
expla ined  as due to the different  surface conditions 
of the undoped polysil icon. This m a y  be caused b y  a 
different  effective react ion ac t iva t ion  energy,  EF, e i ther  
because the u n b o m b a r d e d  ac t iva t ion  energy  or  i ts  
reduct ion by  the ion energy  U is different  (a different  
9). 

Experimental verification of the ion-neutral scatterer. 
--Cross section and mass ratio effect on etch anisot- 
ropy.--The i on -neu t ra l  collision cross sect ion and mass  
rat io  effects on the Es/p, Jrf/P or. ~/Prf--'/P requi red  to 
achieve a given etch anisotropy,  8, summar ized  by  Eq. 
[2b] and [5] have been verif ied (6) for  chlorine 
based p lasma  etching of polysil icon. Decreasing t h e  
factor  (1-~ m+/mo) /Q in Eq. [5] can be seen f rom 
the da ta  (6) summar ized  in Table I and Fig. 11 to in-  
crease the  p a r a m e t e r  ~/Prf/P requi red  for s imi la r  p ro -  
files when the ion (CI+ or  C12 + ) is dominan t ly  scat -  
t e red  by  He, HC1, and C12, in reasonable  agreement  
wi th  expected cross sections and mass ratios. In  al l  
three  etch gases, at a va r i e ty  of rf  powers  and pres-  
sures, the etch aniso t ropy increases from 1.1 to 2 f rom 
2 to 10, a lways  accompanied by  the same rat io of 
changes in "v/Prf/p, of about  1.4. This behavior  has 
been shown (6) to be val id  over  a range of p ressure  
be tween  some 66 and 1000 Pa. 

The ef]ects o] "low" and "high" 5requencies on the 
experimentally observed etch anisotropy.--As shown 
in the section discussing the electr ic  fields in the 
plasma,  the shea th  field in the  "low" f requency  regime 
(less than  about  2.7 MHz) is ve ry  much  la rger  than  
tha t  a t  p lasma  exci ta t ion frequencies  wel l  above 2.7 
MHz ("high") ,  in addi t ion  to which, the shea th  th ick-  
ness at  the lower  frequencies is sma l l e r  because of the 
g rea te r  ion mot ion permiss ib le  at  these f requencies .  
The ion t ranspor t  would be expec ted  to be much  
more anisotropic,  b o t h  because of the l a rge r  fields 
at  s imi lar  r f . p o w e r s  and because the  sma l l e r  sheath 
thickness decreases the number  of collisions the ions 
can make while  in such a h igher  field. The observed 
increase in etch aniso t ropy wi th  lower  exci ta t ion  f re-  
quencies at  the same power  is wel l  documented  (3, 4). 
The effect of these lower  frequencies  in increasing the 
resist  erosion (3, 4, 6), and reducing the process selec-  
t iv i ty  (or increas ing the sput te r ing)  is also wel l  known.  

Summary  
The model  presented  here  for  (ion assisted) aniso-  

tropic p l a s m a  etching is in agreement  wi th  exper i -  
ments  and expla ins  the fol lowing behavior :  

(i) As rf  power  dens i ty  is increased at  fixed gas 
pressure,  the mask  undercu t  decreases continuously,  
approaching  zero undercu t  (anisotropic  etching)  
asymptot ica l ly .  

Table I. Effect of ion-neutral scatterer crass section and 
mass ratio on required Es/p, Jrf/P or ~/Pr~/p 

for etch directionality, 8 
SEM photographs shown in Fig. 11. 

0,1 CL-0.9 He HCI Ch 

~ r f l p  (W'Z/2 - T o r r  -1) 1/6 

~ / ~ / 1 0  ~ 0,7 ~/50--/2 ~ 3.5 ~/25"--/0.5 ~ 10 1.1 

~/25---/5 ~ 1.0 x/1--~/2 ~ 5.0 ~ / ~ / 0 . 5  ~ 14 2 

~/50/5 ~ 1.4 , /200/2  ~ 7.0 ~/100/0.5 ~ 20 10 
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Fig. 11. Polysilicon etch profiles in 10% C1~-90% He, HCI, and 
CI2 showing ion-neutral scatterer cross section and mass ratio effect 
in modifying "~Pff/p required for ,nisotropy. 

(ii) As gas pressure  is increased at  fixed r f  power  
or cu r ren t  density,  the  mask  undercu t  increases con- 
t inuously,  approaching  an undercu t  equal  to the  etch 
dep th  ( isotropic e tching)  at  sufficiently high pressures.  

(iii) The  preceding  behavior  can be summar ized  in 
t e rms  of the rat io  of the rf  cur ren t  dens i ty  Jrf or  the  
square  root  of the  rf  power  density,  k/Prf, and pressure  
p as a single p a r a m e t e r  (Jrr/P or  k /P r f /p ) ,  where  the  
etching becomes more  anisot ropic  as these rat ios i n -  
crease and m o r e  isotropic as they  decrease.  Ident ica l  
profile changes are  p roduced  by  changing e i ther  the rf  
cu r ren t  dens i ty  o r  the gas pressure  to achieve the  
same ratio. A plot  of Jrf; X/Prf or  Es vs. 1/p (Fig. 4), 
gives the hyperbol ic  loci which  are  ion isoenergies 
and profile isomorphs.  This one - to -one  correspondence 
be tween  ion energy  and etch an iso t ropy  requi res  tha t  
a compromise  be m a d e  be tween  sufficient high etch 
an iso t ropy  and low ion energy,  in the  in teres t  of low 
resis t  erosion and h igh  e tch  select ivi ty.  

(iv) An es t imate  of the  sheath field requ i red  to ob-  
serve the  onset  of anisotropic  e tching is some 300 
V/cm,  in agreement  wi th  the obse rved  p lasma  cur ren t  
dens i ty  of 75 A / m  2 or power  dens i ty  of 0.1 W / c m  8 at  
66 Pa. 

(v) The  t r a n s p o r t  p roper t ies  of ions crossing the  
p lasma  sheath,  which  control  th is  behav io r  depend  
on the  rat io of d i rec ted  veloci ty  to the random veloc-  
i ty  of these ions, and not only  on the change f rom an 
isotropic the rmochemica l  etch react ion to an aniso-  
t ropic ionic etch reaction.  This is concluded f rom the 
inconsis tency be tween  the 10:1 e t c h  an iso t ropy  ob-  
served  for the  less than  3-1 etch ra te  ra t ios  when 
anisotropic  and isotropic,  respect ively .  

(vi) Whethe r  the  ions enhance the etch ra te  d i rec t ly  
(as if  decreas ing the surface react ion act ivat ion en-  
e rgy)  or  by  remova l  of a pass ivat ing  layer  deposi ted 
on the  etch surface f rom the  plasma,  is shown to be 

moot;  anisot ropic  e tching in bo th  cases requi res  tha t  
the  ion t r anspor t  be su i tab ly  anisotropic.  On the o ther  
hand,  as is somet imes  the case, when a the rmochemica l  
nonionic and an in t r ins ica l ly  isotropic react ion domi-  
nates  the  etch rate,  such a surface  pass iva t ion  m a y  
be requ i red  to pe rmi t  an ionic react ion to domina te  the 
etch rate: Wi thou t  the an iso t ropy  of the ion t r anspor t  
to the  e t ch  surface, the  e tching cannot  achieve the 
requi red  anisotropy,  since the pass iva t ion  is essent ia l ly  
isotropic.  

(vii) Large r  i on -neu t r a l  sca t t e re r  mass ra t ios  and 
smal le r  cross sections are  p red ic ted  b y  this model  to 
reduce  the  shea th  electr ic  field to pressure  rat ios E/p  
requ i red  for a given degree  of an iso t ropy .  This is 
demons t ra ted  expe r imen ta l l y  by  va ry ing  the neu t r a l  
sca t te re r  f rom He to HC1 to C12 for e i ther  the  C1 + o r  
CI~+, wi th  resul t  tha t  the He exhibi ts  the lowest  re -  
qui red E/p,  for  a given etch anisotropy,  whi le  the  HC1 
and C12 gases exh ib i t  p rogress ive ly  increas ing E/p,  
as expected  f rom this model,  wi th  the i r  cross sections 
and mass ratios. 

(viii) In agreement  wi th  observat ion,  the  ion energy  
and etch an iso t ropy  are  much  grea te r  in the "low" 
f requency  reg ime of p lasma  exci ta t ion  (less than  2.7 
MHz) than  in the  "high" f requency  regime (be tween  
2.7 and 77 MHz).  The above f requency  dependence  
of the ion energy  and etch an iso t ropy  is deduced f rom 
the e lect r ica l  p roper t ies  of the  discharge which is 
summar izab le  in terms of different  equiva lent  circuits  
in the " low" and "high" f requency  regimes.  

Acknowledgments  
The au thor  is g ra te fu l  to J. Dal le  Ave for  ve ry  capa-  

ble technica l  assistance and t o  D. A. Huchi ta l ,  J. F. 
Nes te r ,  D. H. Tracy, A. R. Reinberg,  and  o ther  col- 
leagues  at  this l abo ra to ry  for const ruct ive  cr i t ic ism tha t  
improved  the c l a r i t y  of this paper .  

Manuscr ip t  submi t t ed  Sept.  27, 1982; revised m a n u -  
script  received Jan. 5, 1983. 

A n y  discussion of this pape r  wil l  appea r  in a Dis-  
cussion Section to be publ i shed  in the December  1983 
JOURNAL. Al l  discussions for the December  1983 Dis-  
cussion Section should be submi t t ed  by  Aug. 1, 1983. 

Publication costs of this article were assisted by 
Perk in-Elmer  Corporation. 

A P P E N D I X  
The ion dens i ty  in the p lasma  sheath, to a good ap-  

proximat ion,  is equal  to the e lect ron dens i ty  in the 
body of the plasma. To es t imate  this density,  the  elec-  
t ron  mean  energy,  k T - ,  is required.  This can be ob-  
ta ined  f rom a knowledge  of the sheath voltage,  Vs. At  
the  bounda ry  be tween  the p lasma  and the sheath,  the 
ion and e lect ron flux can be taken  as roughly  equal  (8), 
so tha t  

r +  ~ n+~/kT+/m+ exp ( +  e V s / k T - )  

r -  ~-, n - k / k T - / m -  exp (-- e V s / k T - )  

where  exp ( •  e V s / k T - )  accounts for the  effect of the 
shea th  vol tage in reducing the e lect ron loss and en~ 
hancing the ion loss f rom the plasma,  wi th  the  app rox i -  
mat ion  tha t  the ion and e lect ron velocit ies a re  
~/kT+_/m• Since n+ = n -  in the  p lasma  up to the 
b o u n d a r y  wi th  the p lasma sheath, this yields  

7 m +  
- -  - -  I n  x --  In 

where  -y = 4 eVs/kT+ and x = k T - / k T + .  Since 
m + / m -  = 105 and Vs ~- 50V from the  measu red  (2, 6) 
peak  rf  vol tage (see discussion in connection wi th  Eq. 
[7a] and [Tb]),  we obta in  k T - / k T +  ~.- 120, or  for 
kT + ~ 0.1 eV, k T -  ~-~ 12 eV. 

The e lect ron dens i ty  in the body of the p lasma  and 
the ion densi ty  in the  shea th  can be es t imated  from 
the measured  rf  cur ren t  and power  density,  s i n c e  the  
p lasma conduct ivi ty,  cp = Jrf2/(Prf/ lpS) = n - e 2 / m - v - ,  



1152 J. E lec t rochem.  Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY M a y  1983 

where n -  is the electron density, e the electron charge, 
m -  ~s its mass, and ~- is the electron elastic collision 
frequency. The collision frequency can be estimated 
from v-  ---- n o Q - ~ / k T - / m - ,  where no is the dominant  
neut ra l  species n u m b e r  density (4 • 10 ~6 cm -3 at 1 
Torr) ,  Q -  -- 10 - ' 5  cm 2 (8), and the mean  electron 
velocity is taken as approximately ~ / k T - / m - - .  With 
the electron mean energy obtained earlier in  this Ap-  
pendix, the collision frequency is about  5.8 • 109 sec -1. 
Measured (2, 6) rf current  density, Jrf ~--- 750 A / m  2 and 
power densi ty Prf/Sl D -~ 107 W / m  3, then gives a plasma 
conductivi ty ap = 5.6 • 10 -2 ,f~-lm-1, so that  the elec- 
tror~ density in the plasma and the ion density in the 
sheath is: n -  _-- zpm-~_/eZ ~, 1.2 X 1016 m -3. Thus, at 
1 Torr (133 Pa) ,  where the neut ra l  density is 4 X 10 u2 
m-3,  the fractional ionization is about 10-L 

The sheath thickness, Is, can be estimated from the 
electric f ie ld  a n d  ion densi ty in the sheath. V �9 Es__ -- 
e (n+  -- n - ) / ~ o  becomes dEs/dy ~_ n+ e/~o since n - / n +  
< <  1 in the sheath. Integrat ion of this expression gives 

E.(i~) n+ y i~  
.(o) d e s  ~___ , d y  

~o 

E s ( / s )  - - E s ( o )  N ( n + e / e o ) l s  

where Es (o) is the field at the plasma-sheath boundary.  
Since the field in the plasma was shown in  the neut ra l  
and ionic chemistry section to be smal l  compared to 
the sheath field, we take Es(ls) -- Es(o) ~ Es(~s), and 
the sheath thickness, ls, is given by  

ls ~-- eo Es(Is) /n+e  

where Es(ls) is the field in  the vicini ty of the elec- 
trode surface. From the estimate of the sheath field 
given at the end of the neut ra l  and ionic chemistry sec- 
tion, 103 < Es < 104 V/cm, when  etching varies from 
isotropic to anisotropic, and with n -  ~ 1010 cm -3 from 
this Appendix, the range of sheath thicknesses is 0.05 
< Is < 0.5 cm, in good accord with observed values (2). 

Since ions and electrons can both contr ibute  to the 
conduction current ,  i.e., J -~ (~-  Jr a+ )E, the domi-  
na t ing  current  carrier  is determined by  whether  the 

conductivi ty ratio, ~+ /~- ,  is greater or less than unity.  
These conductivities are given by ~-• - :  n+_e2/m+_v• 
where it will  be remembered that the charge carr ier-  
neut ra l  scatter collision frequency is approximately 
given by v• -~ noQ+_ ~/kT~_=/m~.=. Thus, the ratio 

o" +/Or_ 

: ( n + / n - ) ( r e - ~ m + ) ( Q ~ / Q + )  ~ / k T - / m -  ~/m+/kT+- 

~_ ( n + / n _ )  (Q_ /Q+ ) ~ j k T - / k T +  ~ / m - / m +  

so that, for (8) Q - / Q +  ~ 1, k T - / k T +  ,.~ 102 (from 
this Appendix) ,  and m - / m +  ,,~ 10 -5, we obta in  ~ + / a -  

0.03 n + / n _ .  When n + / n -  ~_ 1, as in the body of the 
plasma, ( r  ~ 0.03 and the electrons conduct 
most of the current.  On the other hand, when n + / n -  
108 as occurs in  the sheath, ( a + / ~ - ) s  ~ 30, or the con- 
duction current  in the sheath is dominant ly  carr ied by 
the ions. 
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Characterization of Oxide-Nitride Interface Charges in MNOS 
Devices 

K. Rajkanan* and J. S. Multani* 
General Instrument CorpOration, Microelectronics Division, Hicksville, New York 11802 

ABSTRACT 

Effects of Si3N4 deposition processes on SiO2-Si3N4 interface charges in MNOS devices have been studied. The deposi- 
tion of SigN4 on SiO2 (400-500),) introduces 1-3 • 10 TM cm,  2 fixed positive charges located at SiO2-Si3N4 interface. The fixed 
posi t ive  charges  are i n t r o d u c e d  du r ing  the in i t ia l  s tages of n i t r ide  depos i t ion  and  appear  to be local ized to a 
nonstoichiometric region of the order of a couple of hundred angstrom thickness. An H~ anneal at 900~176 reduces the 
density of these positive charges to almost half of the unannealed value. 

Dual-dielectr ic  MNOS logic devices are quite com- 
mon in nonvolat i le  integrated memory  circuits based 
upon memory  properties of silicon ni tr ide-si l icon oxide 
composites (1, 2). The dual-electr ic gates usual ly  con- 
sist of thermal ly  grown silicon oxide and CVD silicon 
nitride,  both of several hundred  angstrom thickness. 
Several  theoretical models, based upon the conduction 
mechanisms in ni t r ide and oxide layers, have been 
proposed to explain the electrical behavior  of MNOS 
memory  devices which have thin (50A) oxide (3-8). 
However, it is a common practice to use an equivalent  
oxide thickness based upon the dielectric constant 
ratio of SiaN4 and SIO2, in s imulat ing the electrical 
behavior  of the MNOS logic devices having thick 

�9 Electrochemical Society Active Member. 
Key words: MNOS, interface charges, dielectrics, silicon nitrlde. 

(500A) oxide, in circuit s imulat ion programs like 
SPICE. Thus, the effects of oxide-ni t r ide interface are 
ignored. One of the reasons for this simplification is 
that l i t t le is known about the exact n a t u r e  of the 
oxide-ni t r ide interface. In  MNOS devices with 300A 
oxide, it has been shown that the flatband voltages of 
these devices shift with gate bias and stress period 
(9-11). This shift is pr imar i ly  a t t r ibuted to the charge 
inject ion from the gate electrode and charge move- 
ment  through the nitr ide (I0, l l ) .  In  this paper, the 
effects of the oxide-ni t r ide interface on MNOS devices 
with about 500A of oxide, are examined. 

Experimental Results 
MNOS capacitors and n -channe l  enhancement -mode  

devices were fabricated on (100) orientat ion,  10-12 
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f l -cm p- type  St. All  the enhancement -mode  devices 
had 50 X 50 ~m drawn channel  regions and the capaci- 
tor area was 475 X 475 nm. The gate electrode in both 
enhancement  devices and capacitors was E -beam 
evaporated a luminum. 

The d u a l  dielectric s t ructure  was obtained by first 
oxidizing the silicon in wet  oxygen at 950~ HC1 get-  
ter ing was used to reduce the mobile oxide charge 
density at Si-SiO2 interface. Final  oxide thickness was 
typical ly  450-500A. Silicon ni t r ide  was then deposited 
in an LPCVD system using an SiHeCI~_ and NH3 m i x -  
ture at 675~ The oxide and nitr ide thicknesses were  
moni tored optically, ni t r ide thickness being moni tored 
on an area of the test circuit  where  nitr ide was de- 
posited on bare  St. Refract ive  index of 1.45 for oxide 
and 2.00 for ni tr ide was used at 550 nm wavelength  for 
these measurements .  

In enhancement  devices, b o r o n  was implanted  in 
channel  regions through oxide prior  to gate oxidation, 
to obtain the device threshold around 1V. The im- 
plant oxide was then etched away from the channel 
area, and dual-die lect r ic  gates were  obtained as de- 
scribed above. 

The electr ical  parameters  of oxide and ni t r ide layers 
were  moni tored at various points of processing, by 
1 MHz capaci tance-vol tage  characteristics, measured 
by using a mercu ry -we t t ed  gold probe (12, 13). By 
monitor ing the flatband voltages, it was determined 
how the deposition of ni tr ide affects the fixed charge 
density associated with  the MNOS structure.  

Results and Discussion 
Flatband voltages for 470A thermal ly  grown oxide 

on 10-12 a -cm,  uni formly  doped, (100) p - type  Si was 
measured to be about --0.05V for go ld -mercury  (Au-  
Hg) probe (curve A in Fig. 1). This corresponds to 

- lOO 

NORMALIZED 
CAPACITANCE (%) 
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-60  

40  

t J I - - 2 0  ~ I I 
- 6  -4  -2 0 + 2 + 4 + 6 
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fixed posit ive oxide charge density at the Si-SiO2 
interface, Q~s, of 1.4 x 101~ cm -2. The measured  oxide 
dielectric constant was 3.55 Eo. Here, Eo is the dielec-  
tric constant of the vacuum. The dielectric constant of 
ni t r ide layers was also calculated f rom the accumula-  
tion capacitance of oxide-n i t r ide  dual dielectr ic  s t ruc-  
ture  by accounting for the oxide capacitance. The di- 
electric constant of ni t r ide cannot be easily extracted 
f rom the C-'V characterist ics of  a meta l -n i t r ide-s i l i con  
capacitor directly, due to charge inject ion f rom the 
gate electrode. The measured  dielectric constant for 
the ni t r ide layers of different thicknesses are l isted in 
Table I. It  is interest ing to note that  the d i e l ec t r i c  
constant of the nitr ide increases wi th  tbickness and 
tends to saturate to a value of around 11 Eo af ter  300A 
ni t r ide is deposited. This indicates a potent ial  stoichio- 
metr ic  variat ion in the ni tr ide layer  with thickness. 

In Fig. 1, the C-V characterist ics of various MNOS 
structures obtained using the Au-Hg  probe are shown. 
It can be seen that  the flatband voltages have changed 
significantly, compared to MOS structure  C-V, even 
if only  about 100A of ni tr ide is deposited. This im- 
media te ly  suggests the existence of  posit ive charges 
at the SiO2-Si3N4 interface. Using these flatband vol t -  
ages and the previously measured dielectric constants 
of ni t r ide and oxide, the charge density located at the 
SiO2-Si3N4 interface, Qi, can be calculated using 

Qi ---- (VFB -- tins) (En/tn) -{- Qss (i + Entox/Eoxtn) 

where VFB is the flatband voltage, r is the work 
function difference between the gate electrode and 
silicon, tn and fox are nitride and oxide thicknesses, re- 
spectively, and En and Eox are dielectric constants for 
nitride and oxide, respectively. 

The values of Qi are listed in Table I for different 
thicknesses of the deposited nitride. It is important 
to note that although the dielectric constant of Si3N4 
varies significantly with the thickness, the fixed posi- 
tive charge density at the SiO2-Si31~4 interface is al- 
ways I-3 X 10 TM cm -2 and almost independent of 
nitride and oxide thicknesses. 

The additional flatband shift caused by positive 
charges at the SiO2-Si~N4 interface has important 
consequences for the dual-dielectric logic MNOS de- 
vices. If two n-channel enhancement mode devices, 
one MOS type and the other MNOS type, have equiva- 
lent dielectric thickness and silicon resistivity, the 
MNOS device should have lower threshold voltage due 
to additional positive charges at SiO2-Si3N4 interface. 
In other words, to obtain the same threshold in MOS 
and MNOS n-channel enhancement mode devices, with 
equivalent dielectric thicknesses, the silicon resistivity 
in the MNOS device has to be lower. Because of lower 
resistivity silicon requirement and additiona] surface 
scattering caused by higher density of surface charges 
in IVINOS devices, the channel mobility, and, hence, 
the gain factor, K', in MNOS devices will be lower 
compared to MOS devices with similar threshold 
voltages. This effect can be seen in Table II in which 
three types of n-channel enhancement mode devices 
are compared. Devices in group 3 are MNOS devices 
with 450A oxide and 450A nitr ide as gate dielectric, 
and have threshold voltage of about 1V. To obtain the 

Table I. Dielectric constant of Si3N~, Enit, and positive charge 
density at the SiO~-Si~N4 interface, Qi, as a function of 

nitride thickness 

Deposi ted 
Oxide nitrido 

thickness thickness Q 
(A) (A) gnlt/Eo (cm -~) 

Fig. 1. Room temperature C-V characteristics for various MNOS 
structures with Au-Hg gate probe. Substrate is 10-12 fl-cm < 1 0 0 >  
p-type silicon. A: 470A. gate oxide, B: 463A nitride, C: 475A. oxide 
-I- 300A nitride, D: 473A oxide + 500A nitride, E: 475~ oxide 
+ 550A nltride, F: 1000A oxide -I- 525A nitride. 

476 550 11 • 1 2.4 x 1012 
473 500 10.5~ 1 1 • 10 TM 

468 400 11 --+ 1 1.3 x 10 '~ 
475 300 11 ~ 1 1.5 x l0 TM 

476 200 8 • 2 3.5 x I0 TM 

463 120 5 '• 1 2 x lff TM 

lOOO 525 10.5'• 1 2 x 10 ~ 
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Table IL Comparison of threshold voltage, VT, and gain factor, K', 
of different 50 N 50m n-Channel enhancement devices 

B o r o n  i m p l a n t  
G a t e  t h r o u g h  5000A K' 

G r o u p  d i e l e c t r i c  o x i d e  VT (V) (~A/V) 

1 650A o x i d e  1.6 x I0 ~2 c m  -2 at  178 k e V  1 • 0.1 28----- 1 
2 6 8 0 A  o x i d e  2.3 x 10 ~ c m  -~ a t  164 k e V  1,2 • 0.1 27 ----- 1 
3 4 5 0 A  o x i d e  2.3 x 10 ~2 c m  -2 at  164 k e V  1 • 0,1 24 ----- 1 

+ 450A 
n i t r i d e  

same threshold, devices in group 1 with similar equiva-  
lent  dielectric thickness needed a significantly lower 
dose of boron implant,  and K' for group 1 is signifi- 
cant ly  higher than for group 3. In  group 2, the boron 
implant  is the same as for group 3, and equivalent  ox- 
ide thickness is also comparable. However, because of 
the absence of a n i t r ide  layer, group 2 shows higher 
threshold and higher K'. A close look at K' of these 
three groups also suggests that  a major  degradation in 
K' value, and, hence, the channel  mobility, is due to the 
ni t r ide  layer ra ther  than due to a difference in the 
implant .  

It is, therefore, clear that  ni t r ide deposition on oxide 
causes about 1-3 • 10 TM cm -2 positive charges, resi- 
dent  near  the SiO2-Si~N4 interface, regardless of oxide 
and ni tr ide thickness, and they cause lowering in 
threshold voltage and channel  mobil i ty i n  MNOS de- 
vices. The question still remains:  how do these charges 
originate, and can they be annealed in  some fashion? 
Results on MNOS devices with 30OA oxide suggest 
charge inject ion from the gate electrode (9-11). If 
such effect is present, enhancement  device thresholds 
would shift under  tempera ture-bias  stress. Our devices 
with about 450A of oxide did not exhibit  any drift 
under  tempera ture-b ias  stress, and it has been con- 
firmed over many  lots of MNOS devices. Thus, some 
other mechanism is responsible for charges at the 
oxide-ni tr ide interface. It is conceiveable that the posi- 
tive charges are caused by some kind of mixed in ter -  
face of SiO2 and SisN4, probably SiOxNy in nature  (15- 
16). There is some evidence available which suggests 
such possibility. First  of all, as seen in Table I, the 
s t ructure  is plotted against  time. For the first 15 min, 
the etch rate of the top ni t r ide  layer  is about 0.55 A/  
sec in 10:1 water -d i lu ted  HF, after which the etch rate 
keeps on increasing for about the next- 1 min and 
then sa tura tes  to about 6 A/sec, which is the oxide etch 
rate. A separate sample of similar ni t r ide thickness on 
silicon took 16 min to etch completely at a constant 
rate of about 0.55 A/sec. Therefore, between the 15-16 
min period, the increasing etch rate must  be due to the 
nonstoichiometric region in the n i t r ide /oxide  structure. 
Integrat ion of each rate curve in this time period indi-  
cates'a thickness of about 250A. It should be noted that 
this thickness was measured as oxide thickness using a 
refractive index of 1.45 at 550 n m  wavelength,  which 
may not  be true for the nonstoichiometric region. In  
fact, it can be expected that  the refractive index of 
this region would also change with thickness as much 
as the dielectric constant. This would mean that the 
actual thickness of the nonstoichiometric region  may 
be somewhat different than the above calculated thick- 
ness. However,  it is interest ing to note that this thick- 
ness is about the same as the thickness of ni tr ide layer  
after which the value of dielectric constant  saturates. 
It is also worth ment ioning  here that the C-V charac- 
teristics of the oxide, after completely etching the top 
ni t r ide and nonstoichiometric region, indicates a Q~ of 
about 2 • 1010 cm -2, close to the value for the virgin 
oxide layer. This fur ther  confirms that the addit ional 
charges observed after ni tr ide deposition are indeed 
located near  the SiO2-Si3N4 interface. At this stage, we 
have not  a t tempted to find the energy dis tr ibut ion of 
the positive charges at the SiO2-Si3N4 interface, as they 
tend to behave like fixed charges over a wide range of 
gate potential,  much like the fixed charges at the Si- 

SiO2 interface. It should be ment ioned here that the 
density of these dielectric constants is much lower for 
the first few hundred  angstroms of nitride. It  should 
be borne in mind  that the optical thickness of thin 
nitr ide layers, used to calculate these dielectric con- 
stants, may be in some error due to variat ion in re- 
fractive index. However, this error is not  expected to 
be more than 10%; thus, lower dielectric constant for 
this ni tr ide layer  is real. This lower dielectric constant 
is consistent with the possibility that the two dielectrics 
are in termixed to form a nonstoichiometric region 
(14). A separate exper iment  was performed to deter-  
mine whether  this nonstoichiometric region is formed 
dur ing actual deposition of Si3N4 layer or dur ing the 
NH3 purge step which precedes the introduction of 
SiH~C12 into the system to prevent  any  silicon particle 
deposition. An oxidized Si wafer on which C-V m e a -  
surements  were already done, was introduced in the 
LPCVD system and pulled out after the NI-L~ purge 
step without  allowing any SigN4 deposition. No mea- 
sureable difference in the C-V plot could be observed 
after this t reatment .  However, deposition of very thin 
Si3N4 layers causes flatband shift, indicating the pres- 
ence of positive charges at the SiO2-Si~N4 interface, as 
seen in Table I. It is then obvious that the presence of 
positive charges at the SiO2-Si3N4 interface is related 
to the nonstoichiometric region formed dur ing the ini-  
tial stages of ni t r ide deposition. Since the dielectric 
constant of the nitr ide layer  saturates after about 
300A of ni t r ide is deposited, it can be expected that the 
nonstoichiometric region would be of the same order 
of magni tude  in thickness. 

A fur ther  estimate of the nonstoichiometric region 
thickness can be obtained by s tudying the etch rates. 
In  Fig. 2, the etch rate of 525A nitr ide -t- 1O00A SiO2 
charges can be reduced from 1-3 • 1013 cm -2 to about 
5 • 1011 cm -2 by H2 anneal.  In  Fig. 3, the C-.V charac- 
teristics of Al-gate MOS capacitors, which were fab- 
ricated on 10-12 ~ - c m  p-Si  implanted with 2.25 • 1013 
cm -2 dose of boron at 160 keV, are shown, before He 
anneal  and after a 30 min  H2 anneal  at 900~ and 
950~ The Hz anneal  was performed before A1 deposi- 
tion and subsequent  alloy at 440~ in forming gas. It 
can be noticed that the flatband voltage is almost re-  
duced to half  the value as a result  of the He anneal.  
This is fur ther  evidenced by the increases in the 
threshold voltage of enhancement  mode devices fab- 
ricated and annealed together with the above capaci- 
tors. The threshold voltages VT, and device gain factors, 
K', are listed in Table III, and a definite increase in VT 
and K' is noticed after H2 anneal.  We anticipate that 
the mechanism of reduction in the SiO2-Si3N4 interface 
charges is similar to the mechanism of reduction in 
Si-SiO2 interface charges, i.e., by saturat ion of dan-  
.gling bonds at the interface. It is interest ing to note 
here that high tempera ture  hydrogen anneal ing  als0 
improves the re tent ivi ty  of MNOS memory devices 
(17). 

Conclusions 

In summary,  the LPCVD deposition process of Si3N~ 
on thick SiO2, to form MNOS devices, introduces fixed 
positive charges of the order of 1-3 • 101~ cm 2 in 
density. These charges are localized in about a 250A 

Table Ill. Effect of H2 anneal on MNOS n-channel enhancement 
device threshold, VT, and gain faetor, K' 

30 m i n  30 m i n  
P a r a m -  N o  H2 H~ a n n e a l  H~ a n n e a l  

e t e r  a n n e a l  90@~ 950~ 

VT ( V )  0.8-----0,1 1 . 1 •  1 . 1 •  
K" (~A/V) 24 ~-- 1 29 4" 1 30----- 1 

D e v i c e  s i ze :  50 x 50 ~m. 
G a t e :  4 5 0 A  o x i d e  + 450A n i t r i d e  g a t e ,  A1 g a t e .  
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Fig. 2. Room temperature etch rate of 525A nitride on 1000.~. 
oxide as a function of time. Etchant was 10:1 solution of H20 and 
HF (49%). As long as the etch rate of nitride ~ oxide system 
matched with the etch rate of nitride layer alone, on a monitor 
wafer, the etch rate was calculated by the change in the nitride 
thickness (region A). Once the etch rate of the nitride ~ oxide 
system started deviating from the etch rate of the nitride [ayer 
alone, the etch rate was calculated by the change in the effective 
oxide thickness (region B). C: nitride etch rate, about 0.5 J~/sec, 
D: oxide etch rate, about 6 ~./sec, E: time to completely etch 525A 
nitride atone, on a monitor wafer. 

thick nonstoichiometric region which forms during the 
initial stages of nitride deposition. The dielectric con- 
stant and the etch rate of this region varies with the 
thickness. The positive charge density is independent 
of oxide and nitride thickness and can be reduced to 
almost half by annealing the device in H2 ambient at 
900~176 before metallization. Because of these posi- 
tive charges at the SiO~-SisN4 interface, the threshold 
voltage and gain factors of MNOS devices are signifi- 
cantly different compared to MOS devices fabricated 
on Si with equivalent oxide as gate dielectric. 

It would be interesting to study the exact composi- 
tion of the nonstoichiometric region near the SiO~_- 
Si3N4 interface, to obtain the energy distribution of 
interface states present at this interface, and to relate 
this information to the reliabiiity of MNOS logic de- 
vices. Experiments are underway in this direction. 

Manuscript submitted July 12, 1982; revised manu- 
script received Dec. 21, 1982. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1983 
JOVRNAL. All discussions for the December 1983 Dis- 
cussion Section should be submitted by Aug. 1, 1983. 

Publication costs o~ this article were assisted by 
General Instrument Corporation. 
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Fig. 3. Room temperature C-V characteristics before and after H~ 
anneal. Substrate was 10-12 ~-cm ~ 1 0 0 ~  p-type silicon with 2.25 
X 1012 cm -2  dose of boron implanted at 150 keV. Gate dielectric 
was a combination of 450A of oxide and 450A of nitride. A: No 
H2 anneal, B: 30 min H2 anneal at 900~ C: 30 min H:2 anneal 
at 950~ 
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Computer Simulation and Controlled Growth of Large Diameter 
Czochralski Silicon Crystals 

K. M. Kim,* A. Kran, P. Smetana, and G. H. Schwuttke ~ 

IBM East Fishkill Laboratories, Hopewell Junction, New York 12533 

ABSTRACT 

Computer simulation leading to controlled large diameter Czochralski crystal growth is discussed. A simple mathemat- 
ical model, which describes the different crystal growth phases including neck-in, fast flat top, r011-over to constant diame- 
ter bulk growth, and tail-off is presented. This model, in conjunction with a computer-implemented simulator, is used to 
simulate silicon crystal growth. Good agreement between siniulation results and experimental crystal growth is obtained. 

Large diameter  silicon single crystals free of dis- 
locations are rout inely  grown from the melt  by using 
the Czochralski (CZ) technique. This paper presents a 
simple mathematical  model which describes the be- 
havior of the crystal radius dur ing  all phases of 125 
mm CZ silicon crystal growth. This model is the basis 
for a computer s imulat ion of the crystal growth pro- 
cess. The s imulat ion includes the init ial  neck- in  
growth after seeding, which represents a s tandard 
procedure for e l iminat ion of dislocations; then fast 
flat growth, also called shoulder growth, rol l -over  to 
constant diameter  bulk growth, and finally, the tai l-  
off procedure to terminate  crystal growth. The simu- 
lat ion results are compared to actual growth of 125 
mm diam silicon crystals. This modeling effort is an 
integral  par t  of a larger program directed toward 
complete interact ive digital computer control of the 
CZ crystal growth process. 

Modeling of 125 mm Diameter 
Silicon Crystal Growth 

Fluctuat ions of crystal diameter  dur ing growth are 
caused by variat ions both in crystal  pul l  rate and 
thermal  conditions. In  principle,  it should be possible 
to .obtain insight into a cause and effect relationship 
of crystal d iameter  variations dur ing growth through 
thermal  analysis. To the best of our knowledge, such 
an analysis has not yet been performed. Thermal  anal-  
yses of the CZ crystal growth process have  been made 
by several investigators. However, the efforts reported 
are concerned with other  aspects of crystal growth, 
such as temperature  distr ibutions in the crystal and /or  
at the solid-l iquid interface (1-7), and crystal pull  
rate l imits (8, 9). This paper  provides insight into 
crystal  d iameter  variations dur ing crystal growth, 
through development  of a mathematical  model in con- 
junct ion with a computer s imulat ion comprising all 
phases of the growth process. This insight is gained 
through a comparison between s imulated and actual 
crystal growth data. The simulat ion i:s based on the 
model described in the following sections. 

Mathematical model.--The sequence of large diam- 
eter CZ silicon crystal growth is schematically i l lus- 
trated in Fig. 1. The radius (R) of the growing crys- 
tal is a function of the crystal pull  rate (V) and of 
the tempera ture  (T) of the system. T is defined 
here as the difference between the crucible wall  tem-  
perature  and the mel t ing point  (I412~ of silicon. 
Experimental ly,  it is found that  R is inversely pro- 
port ional  to V and T. The behavior  of R prevails dur-  
ing neck- in ,  constant  diameter  bulk  growth, a n d  tai l -  
off. Dur ing  fast fiat top growth, R is assumed to in -  
crease exponent ia l ly  in t ime (9). Dur ing  this phase,  
T and V are kept close to constant. The exponent ial  
increase of R dur ing the flat growth is physical ly due 

* E l e c t r o c h e m i c a l  Soc ie ty  Act ive  Member .  
1 F o r m e r l y  wi th  IBM. Now r e t i r e d .  
K e y  w o r d s :  m a t h e m a t i c a l  m o d e l i n g  of CZ si l icon g r o w t h ,  CZ sil- 

icon c r y s t a l  g r o w t h ,  c o m p u t e r  s imu la t i on .  

to the radiat ional  heat loss mechanism prevail ing dur-  
ing this phase of crystal growth. Both the la tent  heat 
of solidification and the heat conducted to the solid- 
l iquid growth interface from the melt  is radiated 
pr imar i ly  from the surface area of the growing flat 
top. As the surface area increases, the radiat ional  loss 
increases. This in tu rn  results i n  an exponential  in-  
crease of R with time (t) (9). 

On the basis of these assumptions, we state a rela-  
tionship of R as a function of V, T, and t as follows 

R(V, T, t)L ---- F(V,  T )G( t )  [1] 

The functions F(V, T) and G(t)  are e~cpressed as fol- 
lows 

F ( V , T )  = 1 / (V + A) -5 B /T  [2] 

G(t )  ---- exp (at) [3] 

The total length of the crystal pulled is expressed as 

L = Lo + m Viti [4] 

where we have R ---- radius (mm) of the crystal, L - :  
length ( a m )  of the growing crystal, Lo ---- length 
(mm) of the seed, V ---- crystal pul l  rate ( m m / m i n ) ,  

~ Dip single crystal seed of 
desired erys~allographie orien- 
s ins silicon melt. (~odel 
exponentia I term not active. 
G(t)=l in Eq~ (5)9 

~ Grow neck of crystal to elimi- 
nate crystal dislocations (Ex- 
ponential term not active). 

I 
o Perfo~ fast flat top 

l I gr~th to reach desired crystal 
diameter. (Exponential term 
active) . 

o Main body growth until silicon 
melt is nearly depleted (Expo- 
nential term not active). 

a T a i l - o f f  p r o c e d u r e ,  w h i c h  m u s t  
m i n i m i z e  t h e  p o s s i b i l i t y  o f  
crystal structure loss. (Expo- 
nential term not active). 

(b) 

Fig. 1. (a) Photograph of a typical large diameter 125 mm CZ 
silicon crystal. (b) Crystal growth sequence described by the math- 
ematical model. 
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ti ---- t ime of growth (min)  for a crystal section, T --- 
difference of tempera ture  between crucible wall and 
mel t ing point  (1412~ of silicon, t ---- time (min)  for 
the flat growth, and G(t )  ---- exponent ia l  funct ion 
operative dur ing  the fiat growth; A, B, and ~: constants. 
Thus, the radius R of the CZ silicon crystal, dur ing 
the four sequential  growth steps, namely,  (i) neck-in,  
(ii) flat top roll-over,  (iii) constant  diameter  bulk, 
and (iv) tail-off can be reproduced by using Eq. [1]- 
[3] as a funct ion of time, establishing crystal  length L. 
The constants A, B, and a are evaluated from bound-  
ary conditions, which are being used dur ing typical 
125 mm CZ silicon crystal growth. 

Evaluation o] the constants A and B in Eq. [2] . --The 
constants A and B are evaluated from boundary  con- 
ditions prevai l ing dur ing  neck- in  growth, where both 
the diameter  of the crystal and the melt  temperature  
are cont inual ly  decreased while the crystal pull  rate 
is ramped up. This procedure is aimed at elimin.ating 
dislocations. Programmed variat ions of crystal pull  
rate and tempera ture  dur ing neck- in  and subsequent  
growth of the other crystal  segments are reproduced 
in Fig. 2a. The programming of the pul l  rate and the 
tempera ture  used for the evaluat ion of the constants 
and for :the .development of the mathematical  model 
were chosen to be as close as possible to the values 
used dur ing  125 mm CZ crys ta l  growth (see Fig. 2b). 

~At the s t a r t  of neck- in  growth, thermal  equi l ibr ium 
is achieved by first establishing contact between the 
3.2 mm seed and the melt. Then the seed is left in that 
position for 10-15 min  before seed lift is initiated. The 
boundary  conditions at seeding are R _-- 3.2 mm, T = 
50~ above mell~ing point  of Si, and V ---- 0. Since the 
exponent ia l  radial  growth funct ion [G ( t ) ]  is not oper- 
ative dur ing  neck- in  growth, G(t )  consequently is 1. 
Thus, at seeding, from Eq. [1] and [2] we have 

~,o~- ~x t I .-~-:i -4~ ~ 

i,:J ~ / I  30 

0 I0 20 30 40 80 90 lOG ii0 ~50 50 3To 380 300 

TIME r'm i n~ 
(a) 

J5- ~-ROLL 0VER~"~ | 

~ -  ~_ 

o_ <i- a. 

z- i 

o HI I I I ii I l I I .,i I I I i | o  
io 2o 30 40 0o 90 ioo IiO 350 3~o 370 380 390 

TIME [rn i n] 
(b) 

Fig. 2 (a) Histogram of the crystal pull rate, and of the temper- 
ature programming used for the development of the mathematical 
model and for the computer Simulation. (b) Histogram similar to (a) 
but representing the actual growth of 125 mm CZ crystal. 
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i B 
R1 = 3.2 =~--  + 50 [5] 

At the end of neck- in  growth, the crystal pull  rate is 
at its maximum,  V : 6.35 mm/ mi n ,  while the tem-  
perature  difference has decreased to T _~ 27.6~ This 
has caused crystal radius to be reduced to 1.6 mm 
(see Fig. l a ) .  Thus, at the end of neck-in,  from Eq. 
[2] we get 

1 B 
R2 - - "  1.6 -- -t- - -  [6] 

6.35 -t- A 27.6 

Solving Eq. [5] and [6] simultaneously,  we obtain for 
the constants A ---- 0.417 m m / m i n  and for B ---- 40.1 
m m  deg C; thus Eq. [2] becomes 

F ( V , T )  = -  1 / ( V  H- 0.417) -t- 40.1/T [7] 

Equation [7] also applies to both constant diameter  
bulk  growth as well as to the tail-off procedure. Here, 
T gradual ly  increases in order to decrease the diam- 
eter of the crystal from a cyI'inder to a point. This is 
necessary for achieving Separation of the crystal from 
the melt  wi thout  generat ing dislocations in the crystal, 
which may propagate upward into the bulk. For rea-  
sons of dimensional  consistency, the numera tor  of the 
first term in Eq. [7] is set to a constant of un i t  value 
with the dimension of mm2/min.  

Evaluation of the constant ~ of the exponential fiat 
top growth term G( t )  (Eq. [3 ] ) . - -At  the end of neck 
growth, the pull  rate is decreased stepwise from 6.35 to 
0.21 mm/min .  The temperature  difference is kept con- 
stant,  at T : 27.6~ As a result, crystal radius in -  
creases wi thin  1 rain from 1.6 to 3.05 mm and from 
then on increases exponent ia l ly  with time. While R in-  
creases to 63.0 m m  in 45 min, V and T stay constant  
dur ing flat growth at V ---- 0.21 m m / m i n  and T = 
27.6~ respectively (see Fig. 2a). From Eq. [1] and 
the boundary  conditions, R : 63.0 _~ (3.05) exp (45~) 
and results in ~ : 0.0673 min  -1. 

All three constants A, B, and ~ have been evalu.ated. 
The mathematical  model Eq. [1] can be restated as 
follows 

R = [ t / ( V  -l- 0.417) -I- 40.1/T] exp (0.0673) (t) [ 8 ]  

In  summary,  Eq. [8] is the mathematical  expression 
that describes the behavior  of Crystal radius dur ing  
large d iameter  (125 mm) CZ silicon crystal growth. 

Computer Simulation of 125 mm Diameter 
Crystal Growth 

The simulator.--The crystal growth simulator  con- 
sists of a computer and  an .application software sys- 
tem (10). It  Was developed to s u p p o r t  and advance 
silicon crystal  growth technology. The simulator  pro- 
duces graphical representat ions of a "growing" crys- 
tal on a vector graphics display screen in a highly 
interact ive manner .  For instance, a s imulat ion session 
is ini t ia ted by executing one main  function. All  func-  
tions are subsequent ly  called from that  funct ion in a 
t ree- l ike fashion. 

The simulator  is deterministic,  and consists of ap- 
proximately  20 subrout ines  (functions) wri t ten  for 
this application. I t  is coded in APL, which is a high 
level, interpret ive programming language, and utilizes 
GRAPHPAK, an IBM developed software system, for 
producing the graphical representat ion.  Conceptually, 
the s imulator  can be compared to a CZ crystal growth 
furnace, except that  it produces a simulated, ra ther  
than real, crystal from input  data represent ing tem- 
perature  and growth rate. The s imulator  input  data 
can be derived from a n u m b e r  of sources such as: (i) 
mathemat ical  model as described in the previous sec- 
tion, (ii) data gathered by the crystal growers dur ing 
an actual  run,  and (iii) data  collected automatical ly 
and stored on flexible disk during crystal growth. 
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In this paper we first s imulate  crystal growth-based 
upon input  data obtained by utilizing the mathemat i -  
cal model Eq. [8], and then compare the s imulat ion 
results with the actual (125 mm) CZ silicon crystal 
growth. 

Details of computer  simulation o f  various crystal 
segments based upon mathematical model . - -The com- 
puter  s imulat ion model translates the mathemat ical  
model parameters,  which define the crystal 's physical 
shape, into a graphical representat ion of the crystal. 
Like actual crystal growth, the model is divided into 
distinct phases as shown in Fig. 1. From analysis of 
actual  125 m m  crystal  growth runs ,  the temperature  
and growth rate vs. t ime profiles depicted in Fig. 2a 
were developed. Applying Eq. [7] and [8] to the growth 
conditions defined in that  profile results in data used 
by the simulator.  Equations [7] and [8] are evaluated 
once a minu te  dur ing  simulated growth time, and a 
"wafer" is "grown" (plot ted) accordingly. For in-  
stance, as can be observed from horizontal l ine spac- 
ings (Fig. l a ) ,  neck growth proceeds much faster 
than main  body growth, which in  tu rn  is faster than 
the flat growth. 

Simulat ion for the growth of various crystal  seg- 
ments  based upon our mathemat ical  model in conjunc-  
tion with the histogram of V and T given in Fig. 2a are 
described in this section. 

Simulation of neck- in  growth.--Radius of the crystal 
dur ing neck- in  growth is s imulated using Eq. [7]. 
Crystal pull  ra te  and temperature  are l inear ly  varied 
in 1 min time intervals,  as follows 

1 40.1 
R - -  ~ - - -  

V + 0.417 T 

For t -- 0-6 (min) ,  V = (0.0353) (t) ( m m / m i n ) ,  T = 
50 -- [(2.5) (6)] (~ and Li ---- [Lo + 2(0.0177) (ti2)] 
(mm).  Subsequently,  for t ~- 1-28 ~ (min) ,  V ---- 
[(0.2192) (t) + 0.21] ( m m / m i n ) ,  T : [35 -- (0.264) 
( t ) ]  (~ L1 = [Li + ~(0.21)(t i)  + Z(0.11)(%2)] 
(mm),  and Li : length of the crystal segment growing 
dur ing  slow ramping of V. 

Transition to last fiat top growth . - -At  the end of neck- 
in  growth, i.e., at a t ime of (34 + 1) ---- 35 min  from 
the s tar t  of crystal growth, V is decreased to 0.21 from 
6.14 mm/min .  The details of the s imulat ion are as 
follows 

1 40.1 
R =  -~ 

V + 0.417 T 

where we have V _-- 0.21 ( m m / m i n ) ,  T----27.6 (~ 
or r = 3.05 mm, and I-,2 = [L~ + (0.21) (1)] (mm).  

The radius increases to 3.05 from 1.6 mm in 1 min  as 
the result  of the stepwise decrease in V. Star t ing from 
R -= 3.05 mm, the radius increases exponent ia l ly  in 
time. 

Fast fiat top growth . - -At  a t ime of 35 min  from the 
start  of crystal growth, after the radius increased to 
3.05 ram, R increases exponential ly.  The exponent ia l  
radial  growth funct ion [G( t ) ]  becomes operative. 
Equat ion [8] is used to s imulate  the flat growth as 
follows 

( 1 40 .1 )  
R = + exp (~t) 

V + 0.417 

where we have V = 0.21 ( m m / m i n ) ,  T = 27.6 (~ 
= 0.0673 ( m i n - i ) ,  t ~ 0-45 rain, and L3 = L2 + 

(0.21) (t) (mm) .  

Transition to constant diameter bulk crystal growth.--  
At a t ime of 45 min  from the start  of the flat growth, 
when  the desired or target radius of 63.0 m m  is 
reached, pul l  rate is ramped up for a period of 4 min  
to arrest  the exponent ial  radial  increase. The slow- 
down of the exponent ial  growth with the sudden in-  
crease in V occurs, physically, because of increased 

generat ion of the la tent  heat  of solidification. In order 
to control the radial  decrease and prevent  it from be- 
coming too abrupt,  the temperature  is programmed. 
The details of the s imulat ion are as follows 

R = V + 0.417 -t- 7 "  (exp at) 

where we have t = [45 -t- x] (min) ,  x = 1,2,3,4, V = 
(0.21) (x) ( m m / m i n ) ,  T = [ 2 7 . 6 -  ( 2 ) ( x -  1.5)] 

(~ ~ = 0.0673 ( r a i n - l ) ,  and L4---- La +--~--x  2 

(mm).  

At x = 3, the radial  fiat growth starts to stabilize in-  
stead of increasing exponential ly.  From this time on, 
i.e., t = 45 + 3 = 48 min  from the start  of flat growth, 
G(t )  is assumed to be a constant term, i.e., G( t )  = 
exp [ ( a ) (48) ]  _-- 25.29. This value remains  constant 
during growth of the subsequent  crystal segments. 

Constant diameter bulk crystal growth.- -From the 
time of (80 + 4) = 84 min after seeding started, con- 
stant diameter  bulk  crystal growth proceeds with a 
radius R = 64.9 mm. Pul l  rate and temperature  stay 
constant  throughout  the bulk crystal growth. The de- 
tails of the s imulat ion are .as follows 

( 1 
R -- + (25.29) 

V + 0.417 T / 

where we have V ---- (0.21) (4) ----0.84 ( m m / m i n ) ,  T = 
27.6 -- (2) (4-1.5) _-- 22.6 (~ r ---- 64.9 mm, and 
L5 = [L4 + (0.84) ( t ) ]  (mm) (t : -  1, 2, 3 . . . .  ). 

Tail-ofy.--After a sufficiently long constant diameter  
bulk  crystal is grown, a gradual  decrease of crystal 
diameter, called tail-off, is accomplished by ramping 
up the temperature.  Simultaneously,  the pul l  rate can 
be also ramped up. The details of the s imulat ion are 
as follows 

Fig. 3. (a) Computer print-out of a 125 mm diam silicon crystal 
obtained by simulation. (b) Photomicrograph of a grown 125 mm 
crystal. 
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Table I. Calculated and experimentally measured values of the radius R of a 125 mm silicon crystal during neck-in, fast flat top, 
constant diameter bulk crystal growth, and tail-off as a function of the crystal length L 
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R (ram) R (mm) 

Crystal section L (ram) Calculated Measured Crystal  sect ion L (ram) Calculated Measured 

Neck-in 14.0 (seed)  3.1 (4.4)* Constant diameter  119 65.0 68.0 
14.1 2.94 (4.4) bulk crystal  127 65.0 67.8 
14,5 2,75 (4.4) 134 65,0 67.0 
16.1 2.10 (4.4) 139 65.0 66.6 
18.0 1.85 (4.4) 143 65.0 66.0 
19.3 1.78 ( 4.4 ) 149 65.0 65.8 
24.6 1.65 (4.4) 156 65.0 65.7 
28.0 1.61 4.4 164 65,0 65.5 
34.0 1.58 3.8 176 65.0 65.6 
40.0 1.57 3.4 186 65.0 65.8 
49.0 1.55 3.4 194 65.0 65.8 
57.0 1.55 2.8 200 65.0 65.8 
65.0 1.55 2.5 210 65.0 65.5 
71.0 1.56 2.4 215 65,0 65.2 
77.0 1.57 2.0 224 6,%0 65.2 
83.0 1.58 2.1 234 65~0 65.3 
92.0 1.59 1.8 244 65.0 65.3 
96.0 1.59 1.5 253 65.0 65.4 
99.0 1.60 1.5 268 65.0 65.6 

276 65.0 65.6 
Transi t ion 160.0 3.2 2.4 284 65.0 65.7 

291 65.0 66.0 
Fast  top 101 4.0 4.0* * 300 65.0 66.0 

102.0 6.2 6.8 312 65.0 66.0 
103.0 8.5 13.5 222 65.0 66.4 
104.0 11.7 22.2 234 65.0 66.4 
105.0 16.4 30.2 240 65.0 66.5 
106.0 23.0 39.7 
107.0 30.0 49.2 247 65.0 66.6 
168.0 42.1 57.9 Tail-off 251 57.6 64.4 
109.0 58.9 63.5 253 53.6 63.0 
109.3 64.1 66,7 256 51.2 61.8 
109.5 66,9 - -  361 46,3 60.8 

364 45.2 59.8 
Transi t ion 109.8 64.7 - -  369 40.2 59,4 
(Roll-over) 110.5 66.4 -- 

111.3 66.2 -- 
112.1 65.0 67.8 

* Initial  seed  section was broken, and the values in the parentheses are est imated.  
** Radii of the "Fast Fiat Top" crystal segments were measured during growth at 1 rain intervals, for a constant crystal  pull  rate of 

0.2 ram/rain.  

R :  V-t-0.417 t- T / (25.29) 

where we have T ---- To [1 W (0.03)(t)]  (~ V0 : 
0.84 ( m m / m i n ) ,  To ---- 22:6 (~ t ~- 1, 2, 3 . . . . .  ,,,35 
min) ,  and Le ---- L5 ~- (0.84) (t) .  

Computer simulation and comparison with actual 
125 mm CZ crystal growth.--125 mm diameter  silicon 
crystals s imulated by our  mathemat ical  model and 
actual ly grown with growth conditions described in 
Fig. 2 are reproduced in Fig. 3a and 3b, respectively. 
For  the compuCer simulation,  crystal growth was up-  
dated at 1 min  intervals.  Actual  125 mm crystals 
were grown from a Siltec Model 860-D puller,  using a 
254 m m  OD crucible and 10 kg silicon charge. A par-  
tial vacuum of 20 Torr  argon was applied dur ing 
crystal growth. The computer  and control system are 
based upon Intel  s ingle-board computer  hardware,  
and programmed to r u n  under  the RMX-80 r e a l - t i m e  
mul t i - t ask ing  executive (11). Using this system, a 
higher degree of crystal growth reproducibi l i ty  and 
bet ter  control  of crystal diameter,  with relat ively 
small  f luctuation of the pul l  rate, was achieved as 
compared to ut i l iz ing a convent ional  analog CZ con-  
trol system. Details of this computerizat ion effort of 
CZ silicon crystal  growth will  be reported separately 
in the  future.  

As seen from Fig. 3, the mathemat ica l  model s imu- 
lates actual  125 mm crystal  growth well. In  order to 
make a quant i ta t ive  comparison, the diameter  of the 
actual  125 mm crystal was measured .as the function 
of length  :starting from seed to tail  end. The measured 
and calculated values of crystal  radius based on the 
mathemat ical  model are  summarized in Table I. They 
are p lo t t ed  in Fig: 4 ,as a function of crystal length. A 
good quanti tat ive,  first-order of magni tude  agreement  
is found between the calculated and measured radius 
values of these crystal  sections; neck-in,  fast flat, and 
constant d iameter  bulk  crystal  growth. For the tai l-  

off, the agreement  is less good, but  the model still de- 
scribes the main  features. 

Discussion 
The crystal growth model, defined in Eq. [1] or 

[8], expresses crystal radius R as a composite func-  
t ion of F (V,T) and G( t ) .  I t  reproduces actual  large- 
diameter  silicon CZ crystal growth quite well. This 
proves the val idi ty of the assumptions:  (i) F(V,T) 
and G(t) are operative pr imar i ly  dur ing  the neck- in  
and fast flat growth, respectively; (ii) G(t)  stays con- 
s tant  at a value when the flat growth is finished and 
the rol l -over  growth starts; (iii) subsequent  growth 
sequences including constant  diameter  bulk  crystal 
growth and tail-off is controlled by F (V,T), with G (t) 
remain ing  constant. 

The mathematical  model is general, and can be ap- 
plied to digital  computer controlled systems aimed at 
automation of the ent i re  CZ silicon crystal growth 

6O 

4O 

100 

C A L ~ L A T E D  

0 0 o 0 MEASURED 

r i 

2 o o  

Fig. 4. Comparison of calculated and measured values of the 
crystal radius R vs. the length (L) of a 125 mm diam CZ silicon 
crystal as shown in Fig. 3. 
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process including neck-in,  flat, constant diameter bulk  
growth, and tail-off. Furthermore,  effects of pull  rate 
and /o r  temperature  variat ion on crystal radius can be 
simulated by using the model. These va r i a t ions  are 
general ly periodic with respect to time. The effect of 
the t ime delay on radius in case of tempera ture  var i -  
ation relative to pul l  rate can be also simulated. 

Summary 
A simple mathemat ical  model has been developed to 

simulate 125 mm diameter  CZ silicon crystal  growth. 
In the model, crystal radius is expressed as a function 
of growth rate, temperature,  and  an exponent ial  func-  
tion vs. time. The lat ter  growth function }s opera- 
t ional only dur ing  shoulder growth. By using growth 
rate and tempera ture  programming,  which is similar 
to real  125 mm crystal growth, the simple mathemat i -  
cal model simuIates actual  125 mm diameter  CZ silicon 
crystal  growth. The result  is a quanti tat ive,  first order 
of magnitude,  agreement.  

Manuscript  submit ted Aug. 9, 1982; revised ma nu-  
script received Jan. 27, 1983. 

Any discussion of this paper  wil l  appear in a Dis- 
cussion Section to be published in the December 1983 

JOURNAL. A~I discussions for the December 1983 Dis- 
cussion Section should be submitted by Aug. 1, 1983. 

Publication costs o] this article were assisted by IBM 
~orporation. 
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Gate Oxide Defects Connected to Submicron Isolation Regions 
Subjected to Selective Oxidation 

Manabu Itsumi, Osaake Nakajima, and Kazushige Minegishi 
Nippon TeLegraph and Telephone Public .Corporation, Musashino Electrical Communication Laboratory, Musashino, 

Tokyo, 180 Japan 

ABSTRACT 

Defect detection of gate oxide films thermally grown on Si substrates subjected to selective oxidation for isolation ox- 
ides has shown that gate oxide defects are induced in the active device regions adjacent to small size isolation oxide regions. 
The size of the small regions proves to be less than 1/~m. The isolation oxide thickness and also the bird's beak length are 
suppressed to a great extent. A simple semiquantitative model, derived from the bird's beak configuration, is presented to 
account for the bird's beak length suppression and the gate oxide defects. The gate oxide defects are attributed to gate oxide 
thinning which results from some Si nitride formed on the Si substrate during selective oxidation. 

The selective oxidation method (1-4) for device iso- 
lation is becoming a s tandard in Si LSI. According to 
this method, isolation oxides are formed through selec- 
tive thermal  oxidation using an SigN4 mask over the 
silicon surface regions that  will later become gate ox- 
ide areas. As pointed out by several researchers, this 
method has a few problems (4-10) to be solved. The 
most impor tant  problem associated with selective oxi- 
dation is that selective oxidation followed by gate oxi- 
dation often results in a th inn ing  of the gate oxides. 
Kooi, Lierop, and Appels (5) found gate oxide th inn ing  
that  is locally situated in the regions next  to isolation 
oxides. On the other hand, Nakajima, Shiono, Mura-  
moto, and Hashimoto (7) found gate  oxide th inn ing  
that is randomly  distr ibuted throughout  gate oxide 
areas. The gate oxide th inning  reported so far is be-  
lieved to be caused by thin oxidat ion-masking mate-  
rial such as some silicon ni t r ide generated on the Si 
substrate dur ing selective oxidation (5-10). 

The present  paper is in tended to describe another  
gate oxide th inn ing  resul t ing from selective oxidation. 
This gate oxide th inn ing  is associated with the gate 
oxide regions next  to submicron isolation regions. A 
semiquant i ta t ive  model derived by combining masking 
Si3N4 stiffness and bird's beak suppression is described. 
The gate oxide defects are discussed with bird 's  beak 

Key words: gate oxide defects, selective oxidation, submicron 
region, small size effect, bird's beak suppression. 

suppression observed using scanning electron micro- 
graphs. 

Experimental Procedure 
The silicon wafers used in the present  s tudy were 

CZ-p type, (100), 3 in. diam. The wafers were cleaned 
in aqueous solutions (11) of NH4OH-H202, HC1-H202, 
and HF, and then rinsed in deionized water. Pad oxide 
(200A) between masking SigN4 (1500A) and Si Sub- 
strate is for relief of the stress wi th in  the SigN4. Sili-  
con ni tr ide was deposited on the pad oxide at 920~ 
Photoli thography or electron beam direct wri t ing fol- 
lowed by SigN4 dry etching was performed. Subse- 
quently,  selective oxidation was conducted at 1000~ 
for 0.75 pm thick selective oxides. Wet oxidation was 
carried out by direct reaction of H2 and O2 in a pyro-  
genic system. After removal  of oxynitr ide on the 
SisN4, the Si3N4, and the under ly ing  oxides, sacrificial 
oxidation (6, 7, 9, 10) followed by etchback of the re- 
sul tant  oxides was performed. Dry oxidation at 1000~ 
was used for sacrificial oxidation (350A) (9). Tl~ere- 
after, 300A dry oxide films were grown thermal ly  at 
950~ in a double-wal led quartz oxidation tube 
through which pure 02 was passed. Oxygen gas for the 
dry oxidations was supplied from a l iquid source. The 
H20 content  in the oxygen gas was less than 1 ppm. 
Defects in the gate oxide films were detected by using 
the copper decoration method (7, 9, 12, 13). Mobile 
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charge concentrat ion in thermal ly  grown SiO2 films 
w a s < l  • 1010cm -2. 

Electron beam (EB) direct wri t ing technology (14) 
was used for the pa t te rn ing  of small  isolation regions 
responsible for the gate oxide defects, The accelerating 
voltage used for the EB direct wri t ing was 20 kV. The 
resist mater ial  was negative resist CMS (13), which 
has high durabi l i ty  for dry etching processes. 

Results and  Discussion 
Submicron-size isolation regions.--During oxide de- 

fect detection of samples subjec t  to selective and gate 
oxidations, it was noticed that gate oxide defects were 
correlated with the pat tern size of the isolation oxide 
regions. Representat ive optical micrographs of copper 
decorations a t  the gate  oxide defects are shown in Fig. 
1. Convent ional  uItraviolet  photoli thography was used 
for pa t tern ing in the present  experiment.  Figures la, 
b, and c port ray several stripe pat terns of 3.8 ~m wide 
isolation regions and many  dot pat terns of isolation 
regions of different sizes. The sizes of the dot pat terns 
are 2.5 • 3.1 #m, 1.3 • 1.5 ~m, and less than 0.8 • less 
than 0.8 ~m for Fig, la, b, and c, respectively. These 
three photographs depict regions on a single wafer 
after oxide defect detection with copper decoration. 
From Fig. lc, it can be readily seen that  gate oxide 
defects are situated next  to the isolation oxide regions 
with areas below 1 #m 2. Here, it should be emphasized 
that isolation oxide regions with areas above 1 ~m 2 are 
not responsible for gate oxide defects, as shown in Fig. 
la  and b. 

These gate oxide defects are also observed in several 
other wafers prepared in the same run. The gate oxide 
defect generat ion is not directly connected to the 
photolithographic step itself, because the gate oxide 
defects are generated also through EB direct wri t ing 
technology, as will  be ment ioned in a later  section. 
From the results, the authors are forced to conclude 

that a direct correlation is  present  between gate oxide 
defect generat ion and isolation region size. 

SEM Observat ion  of Ox ide  T h i n n i n g  Region 
In order to obtain an accurate description of the 

gate oxide defects, an EB direct wri t ing method (14) 
was introduced for the pa t tern ing of selective oxide 
regions. Extremely  small  regions (,~0.1 ~m diam) were 
formed on the extension of one side of rec tangular  re-  
gions (2 • 3 #m).  Figure  2 shows typical  copper- 
decorated gate oxide defects on the samples. We ob- 
served that all of the gate oxide defects seen in Fig. 2 
are associated with the submicron patterns.  The actual 
gate oxide defects themselves were hardly detectable 
by optical microscopy. Scanning electron micrographs 
of the gate oxide defect regions in the same wafer 
shown in Fig. 2 are presented in Fig. 3 at low and high 
magnifications. These pictures were taken after the 
removal  of the decorated copper. Some th inn ing  Of the 
gate oxides is seen just  outside the very small-sized 
isolation oxide region. In  addition, the bird's peak as- 
sociated with the isolation oxide region is scarcely 

Fig. 2. Top view of copper-decorated gate oxide defects. The de- 
fects correspond with the submicron selective oxide regions inten- 
tionally formed by using electron beam direct writing technology. 

Fig. 1. The influence of pattern size of isolation oxide regions 
on gate oxide defect generation. In (a), (b), and (c), the isolated 
regions have an area of about 6 #m '2, about 1.5 /~m 2, and smaller 
than 0.5 #m 2, respectively. 

Fig. 3. Scanning electron micrographs of gate oxide defect re- 
gions (sample from the same wafer as that shown in Fig. 2). (a): A 
bird's eye view. (b). Higher magnification micrograph of the region 
surrounded by the dotted line shown in (a). Note small selective ox- 
ide points in the center of oxide thinning regions in (b). 
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found, differing from the usual  b i rd ' s  beak of large iso- 
la t ion regions (2 • 3 .~m). 

The bi rd ' s  beak length  is about  0.6 ~m for the 0.75 
~m thick isolat ion oxides wi th  la rger  isolat ion regions. 
The length  of b i rd ' s  beak  next  to the rec tangu la r  se- 
lect ive oxide regions (2 • 3 #m) is s imi lar  to tha t  for 
the selective oxides wi th  large  areas; as is seen in Fig. 
3a. I t  is no tewor thy  that  the  length  of the b i rd ' s  beak  
s i tuated at  the corner  of the Selective oxide  region 
~eems smal le r  than  tha t  a t  the o ther  portions.  This is 
also assumed to be re la ted  to the stress of the  mask ing  
SisN4. 

F igure  4 i l lus t ra tes  the dependence  of b i rd ' s  beak  
length on the d iamete r  of the select ive oxide region for 
a given select ive oxidat ion.  The bi rd ' s  beak  length  is 
m a r k e d l y  reduced  when the d iamete r  is less than  1 ~m. 
From these expe r imen ta l  findings, we assume that  the 
complete  suppression of both the b i rd ' s  beak  fo rma-  
tion and the select ive oxide growth  observed for ex-  
t r emely  smal l  isolat ion regions  is associated with  the 
genera t ion  of the gate oxide defects. 

Thinning Mechanism in Oxides 
The quest ion arises as to how submicron-s ize  isola-  

tion regions only are  responsible  for the gate oxide 
defects. Assuming  that  a mechanism s imi lar  to that  
proposed b y  Kooi et al. (5) takes  place in those local 
regions, it  i~ feasible that  NH3 species could reach the 
silicon surface in much higher  concentra t ion due to the 
small  size of the local regions and that  subsequent  re -  
action of NH3 with  Si is enhanced.  The resu l tan t  
th icker  Si n i t r ide  wil l  act as an ox ida t ion -mask ing  ma-  
te r ia l  dur ing  selective oxidat ion,  which may  resul t  in 
the suppression of the selective oxidat ion.  This is p re -  
sumably  the reason  why  only small  size isolat ion oxide 
regions are responsible  for the suppression of the se- 
lect ive oxide g rowth  and the b i rd ' s  beak  formation.  
The shor t  b i rd ' s  beak  length  leads to h igher  concent ra -  
t ion of  NH3 species at  the silicon surface and to resu l t -  
ing th icker  Si ni t r ide.  I t  is assumed that  a k ind  of a 
posi t ive feedback l ike  this occurs dur ing  select ive 
oxidation.  

Another  p laus ib le  mechanism we propose for the ob-  
served phenomena  involves the geometr ica l  effect of 
the sur rounding  Si3N4 film edge and volume increase  
along with  oxide  growth.  The suppression of the ox ide  
growth  observed  for  the smal l  regions reminds  us of 
the resul ts  of Shen et aL, who showed that  oxides were  
sometimes th inned by  20-30% in regions ve ry  close to 
th ick-ox ide  wall.  They also suggested tha t  the oxide 
th inning was due to the geometr ica l  effect of the th ick-  
oxide wal l  act ing as a pa r t i a l  ba r r i e r  which l imits the 
oxidat ion ra te  in that  local region. I t  is assumed tha t  
these phenomena  are  associated with  the cont inui ty  of 
oxide growth  ad jacen t  to each other.  Consider ing this 
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Fig. 4. Variation in bird's beak length as a function of diameter 
of selective oxide region. Selective oxidation was carried out at 
1000~ in a mixture of H2 and 0'2 for 235 rain. 

effect, it  seems reasonable  that  oxide  growth  in the 
region close to the  SigN4 mask edge is suppressed.  In  
addition, the smal l  size isolat ion regions are  su r rounded  
by Si3N4 mask  edge ( that  is to say, two-d imens iona l )  
and, therefore,  the geometr ica l  effect can be stronger.  
A s imple configuration involving the bird 's  beak  
s t ructure  is shown in Fig. 5, which i l lus t ra tes  a case 
for a circle pat tern .  Here, it  should be emphasized that  
inner  SiO~ growth  under  the  SisN4 mask  edge enlarges  
the effective pe r ime te r -o f  the  Si3N4 mask  edge. When  
the radius  of the select ive oxide region in sufficiently 
large,  as compared  wi th  the increase  in the  pe r iphe ra l  
length, the increase wil l  not necessar i ly  be harmful .  
When the radius  of the selective oxide region is suffici- 
ent ly  small ,  on the other  hand, the increase wil l  resul t  
in a r e la t ive ly  large  expansion of the SisN4 mask  edge 
per imeter .  Conversely,  if the SigN4 mask  edge pe r im-  
e ter  is difficult to expand  and the expansion is small,  
both  b i rd ' s  beak  length  and the thickness of selective 
.oxides close to the edge wil l  be smal l  along wi th  the 
small  expansion.  This m a y  be the mechanism for the 
suppression of both the select ive oxides and the b i rd ' s  
beak  seen in Fig. 3. 

In  any  case, the b i rd ' s  beak  length  and the selective 
oxide thickness are  closely connected to the pe r ime te r  
expansion of the Si3N4 mask edge. 

Next,  we wil l  der ive  a re la t ionship  among selective 
oxide thickness,  b i rd ' s  beak  length, and radius  of se-  
lect ive oxide region, using a s imple model,  which is 
i l lus t ra ted  in Fig. 6. Let  us assume tha t  (i) there  is no 
change in the Si3N4 film length  in the radius  direct ion 
of the circle, before  and af ter  b i rd ' s  beak  oxide growth  
under  the Si3N4 edge, i.e., BC : BC' (~- d) ,  and (ii) 
the b i rd ' s  beak  is defined as a t r i angu la r  shaped s t ruc-  
ture  wi th  an angle  o independen t  of b i rd ' s  beak  length.  
These assumptions resul t  in the fol lowing formula  

A t 
/ S i o 2  

~ - r  Si3N4 
I ~ Si02 

I<-sl 

a )  
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e . . . .  
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~_SELECTIVE OXIDE 
BIRD'S BEAK 

Si3N4 
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Fig. 5. Inner perimeter expansion of masking Si3N4 edge next to 
growing selective oxides. (a) Top view of a circular area surrounded 
by a masking Si3N4 before selective oxidation; (b) Vertical cross- 
sectional view along the line A-A' shown in (a). (c) Top view of a 
circular selective thick oxide surrounded by an extended oxide beak 
under the edge of the Si3N4 film; (d) Vertical cross-sectional view 
along the line B-B' shown in (c). 
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~ r =  ( r + ~ r ) - - r  

= d (1 - c o s o )  [1] 

where r or r -f- Ar is the radius of the circle for the 
SiaN4 mask edge before or after selective oxidation, 
respectively, d is the distance be tween the bird 's  beak 
point and the Si3N4 mask edge after selective oxida- 
tion. Since the SiO2 film thickness is divided approxi-  
mately  equal ly  above and below the original  silicon 
surface, the selective oxide thickness tox can be wr i t -  
ten as 

tox = 2d sin 0 [2] 

The expansion coefficient of the per imeter  of the SiaN4 
mask edge, ~, is defined by 

= [2~(r + ~r) - -  2~r]/(2~r)  [3] 

By combining Eq. [1] and [2], we obtain 

= (1 -- cos 0) tox/(2r sin 0) [4] 

The selective oxide thickness tox is given by  radius r 
through the relat ion 

tox = 2~r sin 0/(1 -- cos 0) [5] 

As will be discussed in the following section, f is of 
the order of 0.05 and o ~20 ~ The result  is 

fox "~ 0.6 r [6] 

The bird 's  beak length, LBB, can be given by 

L B B  - -  d cos o 

= tox c o s  o/(2 sin o) [7] 

Subst i tu t ing  Eq. [6] into [7] leads to the relat ion 

LBB ~ 0.8 ~" [8] 

The bird 's  beak length  predicted from Eq. [8] is 
plotted in Fig. 7 as the solid l ine along with data. 
Relat ively good agreement  between the model and 
the exper imenta l  findings has been shown. 

From these results, it is found that  the bird 's  beak 
length is considerably suppressed along wi th  the ex- 
ceptional suppression of selective oxide thickness. As- 
suming ' t ha t  a mechanism similar  to that proposed by 
Kooi et al. (5) takes place for this gate oxide thinning,  
it is feasible that  NH3 species could reach the silicon 
surface in much higher concentrat ion due to the short 
bird 's  beak length, and that subsequent  reaction of 
NH3 with Si is enhanced.  The resul tant  thick Si ni t r ide 
will  act as an oxidat ion-masking mater ia l  dur ing gate 
oxidation, which results in gate oxide th inning.  This 
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Fig. 7~ Model results for bird's beak length vs. diameter of selec- 
tive oxide region. The solid line represents the model calculation. 
The experimental data paints are from Fig. 4. 

is p resumably  the reason why only isolation oxide re-  
gions with areas below 1 ~m 2 are responsible for the 
gate oxide defects. 

A n  Est imat ion of SiaN4 Edge Expansion C o e f f i c i e n t  
In  this section, we will  evaluate the Si3N4 edge ex- 

pansion coefficient, using the Si3N4 film deformation 
associated with usual  bird 's  beak formation. As men-  
tioned in the previous section, along with the lateral  
oxidat ion under  the edge of the Si3N4 mask dur ing  
selective oxidation, the SiaN4 film is s trained and tends 
to bend. Figure 8a shows an SEM micrograph of a cross 
section of a bird 's  beak s t ructure  with 1500A Si3N.~ 
film over regions that  will  later  become active device 
areas. The curvature  of the s trained SiaN4 film is of 

Q5p 

sio2 

B ] R D ~  BEAK Si 

Fig. 8. Cross-sectional view of bird's beak and Si3N~ strain at- 
tributed to bird's beak. (a) Scanning electron micrograph. (b) A 
diagram used for roughly estimating SiaN4 edge expansion coeffi- 
cient. The shape of the strained Si3N4 is approximated by a circu- 
lar arc. The center of the circle is represented by O. 
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the order of 1 ~'n, as is seen from the figure. It is as- 
sumed that the top layer  or the bottom layer of the 
strained Si3N4 film is under  compressive or tensile 
stress, respectively. For the simple geometry in Fig. 8b, 
the strain on the top or bottom layer is given by 

~L/L  = ~R/R 

~ 0 .05  [ 9 ]  

where 2 ~R = 1500A and R is assumed to be ~1.6 ~m. 
This value was used for the analysis given in the pre-  
vious section. This value is only approximate, since 
the est imation is on the basis of the simple model il- 
lustrated in Fig. 8b. 

The angle 6 related to the t r iangular  shaped bird's 
beak structure can be estimated from Fig. 8, and the 
value is ~20 ~ It must  be noted that the influence of 
selective oxide thickness on the angle 6 is relat ively 
small. The value of 20 ~ is used for the analysis de- 
scribed above. 

Conclusli~ns 
Gate oxide defect detection after isolation and gate 

oxidations shows that small  dimensions of the isola- 
tion oxide regions seem responsible for the gate oxide 
defects. The area of the regions is found to be smaller  
than 0.5 #m 2. SEM observation of submicron-size iso- 
lat ion oxide regions reveals that both the bird's beak 
extension and isolation oxide thickness are suppressed 
to a great degree. Masking Si3N4 films surrounding the 
submicron regions are inferred to have an impor tant  
role in causing these phenomena.  A simple model that 
combines isolation region dimensions, bird's beak sup- 
pression, and subsequent  gate oxide defects was pre-  
sented. Relat ively good agreement  between this model 
and exper imental  results was shown. 
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Reactive Ion Beam Etching of MoSt2 in CCI4 
R. A. Powell 

Varian Associates, Incorporated, Corporate Solid State Laboratory, Palo Alto, California 94303 

ABSTRACT 

Dry etching of sputter-deposited MoSi~ films using (RIBE) derived from a CCl4 plasma is reported. The RIBE rates 
increase linearly with both ion current density (0.1-1 mA/cm 2) and ion energy (0.4-1 keV) and are lower than those obtained 
using inert Ar + bombardment.  Postdeposition annealing in Ar (900~ 20 min) reduced the RIBE etching rate by -15%. 
Profiles of etched MoSiJSi(100) samples are anisotropic (-5:1 aspect ratio), exhibit no undercutt ing of the Si under  the 
silicide, and show only minimal trenching. Typical etching rate ratios of MoSt2 to Si or SiO2 are -1:2. 

The emergence of VLSI technology has led to the 
development  o f  new materials and new processing 
techniques in  IC fabrication. For example, it is widely 
appreciated that doped polysilicon, because of its l im-  
it ing high resistivity, is not  the optimal mater ial  for 
gate electrodes and interconnects in VLSI devices (1). 
As a replacement  for polysilicon in these device ap-  
plications, refractory metal  silicides have attracted 
much a t tent ion (2). One of the most promising is 
MoSi~ which has a sheet resistance about ten times 
lower than heavily doped polysilicon and can with-  
stand high temperature  oxidizing ambients.  Already, 
gates of MoSt2 and MoSiJn+-polys i l icon ,  i.e., molycide 
gates, have been used in the fabrication of high per-  
formance NMOS and CMOS devices (3-6). In  order to 
process devices such as these, a compatible dry etching 

Key words: semiconductor, integrated circuits, etching. 

technique capable of pa t te rn ing  MoSt2 with submicron 
definition is required. 

Relat ively little has been reported on dry etching of 
MoSt2 or molycide structures;  however, several dry 
etching t echn iques  have been tried. These include 
plasma etching (barre l - type  reactor) in C F j O 2  mix-  
tures (4, 7, 8), plasma etching (p lanar - type  reactor) 
in CF4/O2 (9) or in N F # A r  (8), and reactive ion etch- 
ing (RIE) in CF4/O2 (4, 5) or SF6/He (10) mixtures.  
Recently, a two-step dry process for pa t te rn ing  moly-  
cide gates was described (5), consisting of RIE of 
MoSt2 in CF4/C2F6/O2, followed by RIE of the n+ -S i  
using CC12F.2/C2F6. 

Reactive ion beam etching (RIBE) is a relat ively 
new dry etch technique which offers a high degree of 
process flexibility (11, 12). In  RIBE, unl ike  RIE, the 
ion energy and flux density can be independent ly  
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varied. In  addition, the etching profile can be changed 
by varying  the incident  angle o f  the impinging  ions. 
One also has some control over the contr ibut ion of ion- 
assisted gas-surface chemistry to the etch process. In  
this paper, we report  the first use of RIBE to dry etch 
MoSi~ films. 

E x p e r i m e n t a l  
MoSi~ films were deposited by s imul taneously  S- 

gun  TM sput ter ing Si and Mo onto 3 in. silicon (100) 
substrates using a Var ian 3125 batch coater. Argon 
(~3  X 10 -3 Torr)  was used to cosputter the disilicide 
from elemental  Si and Mo targets. Prior  to codeposi- 
tion, the Si substrate was sputter etched in Ar to re- 
move any  na t ive  oxide. As-deposited films were 
~2500A thick and had a Sheet resist ivity of ~55 t~/[~. 
To reduce this resist ivi ty in device applications, co- 
sputtered MoSi2 films are normal ly  postannealed (2). 
Therefore, selected samples were given a 900~ 20 
min furnace anneal  in Ar, which reduced the sheet 
resist ivi ty to ~5  ~ / [3  and increased the average grain 
size to >_ 1000A. Samples were spin-coated with 1.5 
nm of AZ 1350J resist and photoli thographical ly 
masked with a resolution test pattern.  After dry etch- 
ing, samples were cleaved and observed by scanning 
electron microscopy (SEM). With the resist stripped, 
step heights were measured with an interferometer  
or a profilometer, and etching rates determined.  

Etching was carried out using a Var ian Associates 
reactive ion beam etching system (Model RE-580) 
previously described in Ref. (11). The stainless steel 
vacuum chamber  was diffusion pumped to a base pres- 
sure of ~5  • 10 -7 Torr. Reagent-grade CC14 was 
introduced by a precision meter ing valve/mass-f low 
controller  into a Kaufman- type  ion source to achieve 
a stable d-c plasma discharge. A hollow cathode (Ion 
Tech Model HC-500) was used in place of the ho t -  
wire filament typically used in Kaufman- type  sources. 
Research-grade argon was flowed (~2  sccm) through 
the hollow cathode and a d-c Ar discharge established. 
Electrons were extracted from this inert  gas discharge 
to establish a reactive CC14 discharge in the source. 

CC14 flow rates were ~5 sccm, and chamber pres-  
sure dur ing etching was ~1-2  X 10 -4 Torr, as mea-  
isured with a hot cathode ionization gauge. Ion beam 
diameter  was ~15 cm at the source, with ~10 ~ total 
beam divergence. The distance from extraction grids 
to sample was ~ 22 cm. Sample charging and beam 
divergence were minimized by inject ion of low energy 
electrons into the beam from a pair of t an ta lum neu-  
tral izing filaments. Incident  ion current  density ( ty-  
pically ~0.1-1 m A / c m  2) was measured with a Faraday  
cup. Samples were clamped against a freon-cooled 
wafer platen, and argon flowed between the sample 
back surface and Cooled platen to insure good thermal  
contact in the vacuum (,.,2 X 10 -4 Torr) ambient .  
This gas-assisted cooling allowed incident  ion beam 
power densities of ~< 1 W/cm 2 to be used without  
damage to the photoresist. 

Results and  Discussion 
Before present ing data obtained using reactive ion 

beams, we first consider inert  ion beam etching of 
MoSi2. In  Fig. 1, the etching rate of MoSi2 under  iner t  
Ar  + bombardment  is presented as a function of ion 
beam energy from 400-1000 eV. To obtain this data, 
Ar gas was introduced directly into the Kaufman  
source instead of CC14. The sput ter ing rate (A/ra in)  
was, as expected, proport ional  to incident  Ar + ion cur-  
rent  density (mA/cm 2) and is, therefore, given in Fig. 
1 in units  of A / m i n / m A / c m  2. The MoSi~ etching 
rate is seen to increase with increasing ion energy 
above 400 eV and to level off above ~700 eV. From 
Fig. 1, the sput ter ing rate of MoSi2 at 500 eV is 1000 
A / m i n - m A / c m  2, giving a sput ter ing yield of 1.9 atoms 
(either Mo or Si) per incident  Ar+ ion. By comparison, 
the sput ter ing yields of Si and Mo are much lower. 
,From data supplied by  manufac turers  of ion beam 
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Fig. 1. inert Ar + ion beam etch r~te of MoSi2 as a function of 
beam energy. The etching rate is narmalized to incident ion current 
density. These data are also shown in comparison with RIBE data 
(CCI4 plasma) taken at a constant ion current density of 0.35 mA/ 
cm 2. 

mill ing equipment  (13, 14), sput ter ing rates of Si and 
Mo under  500 eV Ar + bombardment  (normal  inci-  
dence) are in the range of 300-500 A / m i n - m A / c m ~ .  
Taking 400 A / m i n - m A / c m  2 as a representat ive value, 
sput ter ing yields of Si and Mo at 500 eV are ~ 0.5 and 
0.7 atoms/ion,  respectively. 

We now present  data obtained from MoSi2 under  
bombardment  with ions extracted from a CC14 plasma. 
The predominant  reactive ionic species extracted from 
a CC14 discharge in a Kaufman- type  source are be- 
lieved to be C1 + and C12 + (15); however, in the pres- 
ent case, some Ar + is probably present  in the extracted 
beam as well. This iner t  ion component  arises from (i) 
argon introduced directly into the ion source from the 
hollow cathode, and (ii) argon used for gas-assisted 
wafer cooling which leaks into the etching chamber, 
diffuses to the source extraction grids, and is ionized. 
In  order to assess the influence of this iner t  ion com- 
ponent,  RIBE was also carried out without  gas-assisted 
cooling and with a hot-cathode electron source instead 
of a hollow cathode. With all argon, thus, removed 
from the system, RIBE rates at 500 eV were found to 
be near ly  the same as before when argon was present. 

In  addition to reactive (C12 +, C1 +) and iner t  (Ar+)  
ion bombardment ,  the sample also experiences a flux 
of neutra l  particles. This neut ra l  flux is comprised of 
ambient  gas molecules, CCI4 and Ar, as we l l ' a s  free 
radicals which diffuse from the ion source through the 
graphite extraction grids, and, if sui tably long-lived, 
reach the sample surface. The collective interact ion of 
these energetic ions and neu t ra l  species with the 
sample surface, in the presence of visible and u.v. 
radiat ion from the ion source, determine the na ture  of 
the RIBE process. 

Figure 2 presents etching rates of MoSi2 under  RIBE 
with CC14. Unlike the  case of inert  ion beam milling, 
RIBE rates do not, in general,  scale with incident  ion 
beam current  density. Such nonl inear  behavior  has 
been observed in RIBE of both S i  and SiO2 using 
fluorocarbon gases CF4, C3Fs, and C2F6 (16). For 
this reason, the etching rates in Fig. 2 are plotted vs. 
ion current  density at selected beam energies from 
400-1000 eV. Data below ~ 0.I mA/cm2 could not be 
obtained due to unstable  operation of the Kaufman  
source at low discharge currents.  

The data in Fig. 2 suggest that  the RIBE rate of 
MoSi2 increases l inear ly  with ion current  density 
for energies in the range 500-1000 eV, al though this is 
not as conclusive at 500 eV due to scatter in the data at 
low beam currents.  The data shown in Fig. 2 were ob- 
tained from as-deposited MoSi2 samples; however, 
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Fig. 2. RIBE rate of MoSi2 as a function of incident ion current 
density for selected ion energies. The reactive ions are extracted 
from a CCI4 d-c plasma discharge. 

RIBE was pe r fo rmed  as wel l  on samples  which were  
given a convent ional  furnace  anneal  (950~ 20 min)  
fol lowing sput te r  deposit ion.  For  the beam energies  
employed  (500-700 eV),  the RIBE rate  was found to 
decrease s l igh t ly  (~.,15%) fol lowing a postanneal .  
Other  workers  have observed s imi lar  behavior  using 
CF4/O2 p lasma etching (bar re l  reactor)  (7). They 
found that  postdeposi t ion anneal ing  of sput te red  
MoSi2 films decreased the d r y  etching ra te  s l ight ly  
( ,~10-20%), a resul t  which they  connected wi th  the 
amorphous - to -c rys t a l l i ne  phase t ransi t ion occurr ing  
dur ing  the anneal ing  process. 

RIBE data  obta ined at  constant  cur ren t  densit ies 
(0.35 m A / c m  2) from 400-1000 eV are  compared  in Fig. 
1 wi th  Ar  + spu t te r ing  data  at the same current  density.  
The energy  dependence  of the iner t  and react ive  ion 
beam etching rates  a re  seen to be quite different  wi th  
the RIBE ra te  increas ing l inea r ly  wi th  beam energy.  
This l inear  dependence  of e tching ra te  on beam energy  
is not  a character is t ic  of RIBE per se, as studies of Si 
and SiO2 RIBE etched in C2F6 demonst ra te  (6). 
Nevertheless ,  such behavior  has been observed under  
RIBE conditions for a va r i e ty  of etching gas / subs t ra te  
combinat ions such as GaAs (17) and A1Cu (4%) Si 
(1.5%) (11) e tched in CC14, and Si or SiO2 e tched in 
C3F6 (16). 

F igure  1 also shows that  the r emova l  ra te  of MoSi2 
under  RIBE is suppressed re la t ive  to the  Ar  + spu t te r -  
ing rate.  For  example ,  at 500 eV the RIBE ra te  is lower  
by  40%. We note that  this behavior  was not  observed 
in RIBE o f  e i ther  Mo or Si. In  the case of Mo, both 
RIBE and A r  + spu t te r ing  gave comparab le  etching 
ra tes  at  500 eV, whi le  in the case of Si, the etch ra te  
under  RIBE was g rea te r  than  that  of  A r  + b y  a factor  
of ~ 2. The suppressed  RIBE rate  of MoSi2 m a y  be the 
resul t  of a pro tec t ive  coat ing (carbon?)  which accumu-  
la tes  on the sample  surface and impedes  the format ion  
of vola t i le  react ion products .  A possible source of 
such contaminat ion  is the in terac t ion  of the incident  
ion beam with  CC14 at  the sample  surface or wi th  hy -  
drocarbons  present  in the d i f fus ion-pumped vacuum 
chamber.  This possibi l i ty  is sugges ted  by  studies of Si 
etched in ion beams der ived  from fluorocarbon p lasmas  
(16) (CF4, C2F6, C3Fs) in which the RIBE ra t e  was 
suppressed f rom the Ar  + ion mi l l ing  rate,  a fact a t -  
t r ibu ted  to carbon bui ldup  on the Si surface by  ion 
beam-enhanced  decomposit ion of species such as CF~ +. 

A t  energies  ~> 700 eV, the  spu t te r ing  ra te  of MoSi2 
in Ar  + is seen to level  off while  the  RIBE ra te  
continues to increase,  possibly because at  these ene r -  

gies, the removal  ra te  of surface contaminat ion  by 
physical  spu t te r ing  is increas ing faster  than its deposi-  
t ion rate.  

F igure  3 presents  SEM images of a pa t t e rned  MoSi2/ 
Si (100) sample  which has been RIBE etched in CC14 at 
500 eV and 0.6 m A / c m  2. Etching has proceeded through 
the 2500A MoSi2 film and about  1 ~m into the unde r ly -  
ing Si substrate .  The photores is t  has been s t r ipped be-  
fore electron microscopy.  Note that  the etched profile 
d isplays  good an iso t ropy  (aspect  rat io of ~5:  1) wi th  
min imal  t renching  and no undercu t t ing  of the Si under  
the silicide. La te ra l  photores is t  mask  erosion dur ing 
etching may  have cont r ibuted  to the slope of the e tched 
profile ( N i l  ~ from the ver t ica l ) .  At  500 eV and 1 m A /  
cm 2 incident  ion beam cur ren t  density,  the RIBE 
rate  of 1350J photores is t  is ~ 600 A /min ,  com- 
parab le  to tha t  of MoSi2 and about  half  that  of Si. 
Angu la r  d ivergence  of the incident  ion beam m a y  also 
have contr ibuted  to the etched s idewal l  profile. 

Al though re f rac tory  meta l  si l icides b y  themselves  
have been used as gate metal l izat ions,  VLSI devices 
will  p r o b a b l y  use a mul t i l eve l  polycide s t ruc ture  in 
which the sil icide is deposi ted over  a heavi ly  doped 
polysi l icon layer  (1). With  r ega rd  to MoSi2, therefore,  
one must  consider pa t t e rn ing  an M o S i J n + - p o l y s i l i c o n /  
SiO2 s t ructure .  Ideal ly ,  the etching process should etch 
anisot ropica l ly  both sil icide and polysi l icon layers  wi th  
high se lect iv i ty  re la t ive  to a thin (~200-400A) gate 

Fig. 3. SEM photographs of a sample consisting of a 2500A MoSi2 
film over Si(lO0) which has been patterned, RIBE-etched (CCI4, 
500 eV, 0.6 mA/cm2), and cleaved. The 1350J photoresist was re- 
moved prior to electron microscopy. 
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oxide. In  the past, RIBE has been shown capable  of 
producing  h igh ly  anisotropic  features.  For  example ,  
0.5 #m d iam contact  windows have been pa t t e rned  in 
1 #rn th ick SiO~ films using RIBE wi th  C2F6 (16). The 
p resen t  resul ts  show that  RIBE in CC14 can etch aniso-  
t rop ica l ly  an MoSi2/Si s t ruc ture  wi th  e tched s idewal ls  
hav ing  an aspect  ra t io  of  ~5 :1 .  Al though RIBE of 
heav i ly  doped polysi l icon was not  car r ied  out in the 
presen t  exper iments ,  anisot ropic  RIBE profiles of n +-  
polysi l icon have  been obse rved  by  o ther  workers  
(11,: 16). In  addit ion,  the  RIBE rate  of heav i ly  doped 
polysi l icon is comparab le  to that  of single c rys ta l  Si 
(16, 18). 

Unfor tunate ly ,  however ,  the se lec t iv i ty  of RIBE 
Si or  doped po ly -S i  re la t ive  to SlOe wi th  CC14 is not  
high: Using CC]4 at  500 eV, e.g., the etching ra te  
of MoSt2, is about  half  tha t  of St, whi le  the e tching 
rates  of  Si and SiO2 are  n e a r l y  equal.  A calculat ion of 
the etching ra te  rat io  of po lys i l i con- to -ox ide  requ i red  
to pa t t e rn  polycide gate s t ructures  in an MOS in te-  
g ra ted  circui t  has been presented  by  Wang et al. 
(19)i I n  l ike manner ,  we es t imate  this ra t io  for an 
MoS{2 (1500A)/polysi l icon (1500A)/SiO2 (300A) s t ruc-  
tu re .  We assume that  the polysi l icon and MoSt2 films 
conformal ly  coat the  sloped, t rans i t ion  region of the 
ad jacent  thick field oxide; and that  this sloped region 
makes  a 30 r angle  to the horizontal .  F i lm  thickness and 
RIBE ra te  nonuni formi t ies  are  taken  as --+5% and 
_+2%, respect ively.  We also assume that  one can to ler -  
ate 8()% of the gate  oxide 's  thickness  being etched 
above  the source and dra in  regions. A s imple calcula-  
t ion (19) then gives the desired RIBE rate  rat io of 
po lys i l i con- to -ox ide  as ~5 :1 ,  which is severa l  t imes 
l a rge r  than  observed in the present  study.  

As with  o ther  d ry  etching techniques,  the se lect iv i ty  
of RIBE is influenced by  a va r i e ty  of pa rame te r s  in-  
chiding:  beam energy  and cur ren t  density,  e tching gas 
and gas mix ture ,  ion source design, etc. Fo r  example ,  
b y  using C2F6 ins tead  of CCI4 in RIBE, St: SiO2 etching 
ra te  ra t ios  as low as 1:6 have been repor ted  (16), 
whi le  the use of SIC14 increases the rat io to ~3 :1  (20). 
This l a t te r  value  is st i l l  not sufficiently la rge  for re l i -  
able etching of molycide  s t ructures  in VLSI  appl ica-  
tions, and more  work  needs to be done to increase  the 
select ive e tching of polysi l icon over  SiO2. I f  such a 
reac t ive  gas chemis t ry  can be developed,  however ,  
RIBE then offers the a t t rac t ive  poss ibi l i ty  of a one-s tep  
polycide  e tching process. 

Summary 
In  summary ,  we have repor ted  the first use of RIBE 

to etch MoSt2 films. Using react ive  ion beams ex t rac ted  
from a CC14 plasma,  e tching rates appea r  to increase  
l i nea r ly  w i t h  both beam energy  (400-1000 eV) and ion 
cur ren t  dens i ty  (0.1-1 mA/cm2) .  These etching rates  
are  lower  than  those obta ined  using iner t  Ar  + bom-  
b a r d m e n t  and are  lowered  s l ight ly  more  (~15%)  by 
post  deposi t ion annea l ing  of the cosput tered  MoSt2 
films. RIBE etching was anisotropic  wi th  l i t t le  evidence 

of t renching or  o ther  spu t te r ing  art ifacts .  Etching was 
not h ighly  selective, however ,  and typica l  etching ra te  
rat ios of MoSt2 to Si were  about  1:2. 
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Phosphorus Depth Profiles in Thermally Oxidized P-Doped Polysilicon 
C. C. Chang, T. T. Sheng, and T. A. Shankoff 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Phosphorus concentrations in the oxide and in the poly-Si after thermal oxidation of heavily phosphorus-doped poly-Si 
were investigated using Auger analysis. Dry oxides were found to contain less phosphorus than steam oxides grown to the 
same thickness using commonly utilized oxidation temperatures. If the first dry oxide was -etched off and a second dry 
oxide was grown, the second oxide contained less phosphorus than the first. The phosphorus concentrations in the oxide 
and poly-Si were qualitatively consistent with the present theory of the phosphorus segregation coefficient for single crys- 
tal silicon. Based on these results, the merits of several schemes for minimizing the P content in the oxide are discussed. 

The phosphorus content  of thermal  oxides grown 
from heavily phosphorus-doped polycrystal l ine silicon 
(poly-Si)  was invest igated for .applications in in te-  
grated circuit  processing. These thermal  oxides have 
m a n y  uses; for example, as mask oxide for pa t tern ing 
t h e  poly-Si,  or ,as an in termediate  dielectric. Control 
of the phosphorus content  in the oxide is important  
for photoresist adhesion and line definition, as well as 
for providing in te r - leve l  oxides with Optimum dielec- 
tric properties. For example, the oxide and poly-Si  
etch rates depend on the phosphorus concentration. It 
is in  general  .desirable to grow oxides on poly-Si  with 
the lowest possible phosphorus content  so as to take 
advantage of the excel lent  dielectric, chemical, and 
other properties of pure SIO2. 

We begin by briefly examin ing  t ransmission elec- 
t ron microscope (TEM) pictures of two level poly-Si  
structures that  demonstrate  the importance of the 
dielectric properties of the oxide. Then, measurements  
of 'the phosphorus concentrat ions in  the oxide and 
poly-Si  are described. These measurements  were car-  
ried out using Auger  spectroscopy combined with ion 
milling. 

It  is not possible to provide a s traight  forward 
quant i ta t ive analysis of the phosphorus concentrat ion 
in SiO2 using Auger  spectroscopy for the low concen- 
trations encountered in  this work. This ,difficulty is 
examined in  some detail  below because there is l i t t le 
discussion of this subject  in the l i terature.  For this 
work, a special technique was devised to c i rcumvent  
this problem. 

Experimental 
The samples studied are listed in  Table I. Sample 1 

is an integrated circuit code (a charge coupled device, 
or  CCD) requir ing two levels of poly-Si, which was 
processed up to "P-glass flow" (see bottom of table) .  
This s,ample was examined by transmission electron 
microscopy. 

Samples 2 and 3 of the table were also wafers with 
device chip,s 'that were processed up to the deposition 
of the first level  poly-Si,  phosphorus doping, and 
15:1 H20 :HF et.ch (to remove the phosphorus-r ich 
oxide grown d u r i n g  doping).  All the phosphorus 
dopings of this work were .accomplished by heat ing 
the wafers in  a furnace at 950~ for 30 min  with flow- 
ing PBr8 mixed with a carrier  gas (N2:, O2, mixture) .  
The PBr3 was introduced by flowing N2 gas through 
a PBr~ bubbler  at  30~ After  removing the surface 
P-glass, the samples were then given a single or a 
double dry oxidation to grow .about 700A of oxide for 
each oxidation. These were used for evaluat ing the 
effects of the first and second dry  oxidations on t h e  
phosphorus dis tr ibut ion in the oxide and in the p o l y -  
S i .  

Samples 4 and  5 are oxidized Si wafers on w h i c h  
poly-Si  was deposited, then doped with phosphorus, 
and then oxidized, as detailed in Table I. These were 
studied to compare the phosphorus concentrat ions in 
s team and dry  oxides. 

TEM pictures were obtained from thin cross-sec- 
tions of device samples cut perpendicular  to the plane 
of the wafer. Details of the sectioning technique are 
reported elsewhere (1, 2). 

The methods and instrumenbation for Auger spec- 
troscopy have been previously reviewed (3). The ap- 
paratus used in  this work was a (Varian) cylindrical 
mir ror  analyzer  with energy r.esolution of 0.25% and 
equipped with a 10 keV integral  electron gun. Data 
were acquired in the "derivative" mode using incident  
electron currents  near  10 ~A and a-c modulat ion of 
2-5 eV (peak- to-peak) .  Chemical depth profiles were 
generated by measur ing the surface composition with 
Auger  spectroscopy while s imul taneously  ion mil l ing 
the surface with a (Varian) Ar ion gun operated at 
2 keV. The ion and electron beams were mutua l ly  
perpendicular,  and both were at 45 ~ with the sample 
surface normal.  Ion mil l ing rates of about 200A/min 
were used. 

Measurement  of the phosphorus content of oxides 
on silicon using Auger analysis is at best difficult 
a~bove about 1 atomic percent  (a/o) and effectively 
impossible below 1 a/o, because both the electron 
beam used for Auger excitation and the ion beam used 
for mil l ing (to o,btain the depth profiles) cause move-  
ment  of phosphorus within the oxide, and they de- 
compose the P-oxide (4, 5). These problems are ag- 
gravated when different oxides must  be examined, 
because these artifacts are dependent  on the dielec- 
tric and chemical properties of the oxide. 

An example of the electron bombardment  induced 
artifact is presented in Fig. 1. The incident  electron 
current  was 20 ~,A over an area 100 microns diam. 
Note the rapid ini t ia l  incre~ase in the surface phos- 
phorus concentrat ion caused by electron irradiation. 
The phosphorus peak monitored is the peak for ele- 
menta l  phosphorus so that  not only is the phosphorus 

Table I. List of samples 

Sample Sample 
No. preparation 

CCD code (two level  poly-Si), processed to P-glass 
flow. * 

n-MOS code processed to poly-Si doping with phos- 
phorus and first oxidation (1000~ 40 min, dry oxy- 
gen, ~700A).  

Different wafer  from lot of sample 2, after first oxide 
strip and second oxidation (1000~ 40 rain, dry oxyr 
gen, ~700A).  

Phos- Sheet  Oxide 
phorus resist- Thermal  thick- 
doping ance oxidation hess 

(~ min) (~/sq)  (~ rain) (A) 

4 1000, 35 15 i000, 90, dry 1045 
5 950, 45 44 950, 12, steam 1025 

* P-glass is highly  P-doped SiO2; it is "flowed" at high temper- 
ature (about 1100~ to smooth out the top contour of the IC chip 
in order to reduce the step coverage problems with subsequently 
deposited layers. 
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Fig. 1. Variation of the phosphorus Auger signal from the oxide 
surface during irradiation by the electron beam used for Auger 
analysis. 

brought  out  to the surface,  but  i t  is also reduced  to 
e lementa l  form. The  mechanisms behind  these surface 
processes are  complex and not  wel l  understood.  Chem- 
ical reduct ion  can occur because e lect ron and ion 
i r rad ia t ions  r ead i ly  b reak  chemical  bonds, enabl ing 
oxygen  molecules  to form and  diffuse out  of the 
oxide  (6, 7). These i r rad ia t ions  also create  high den-  
sit ies of energet ic  phonons,  as wel l  as vacancies and 
inters t i t ia ls ,  so that  r ap id  diffusion processes become 
possible  wi th  no in tent ional  heat ing (8). Moreover ,  the 
e lect ron and ion beams create  sheets of charge near  
the surface  that  can a t t r a c t o r  repel  var ious ly  charged  
species in the  oxide. The Auge r  spec t ra  f rom P in 
SiO2 have  a l r eady  appeared  in the  l i t e ra tu re  (5). 

In  Fig. 1, the apparen t  surface phosphorus  concen- 
t ra t ion  even tua l ly  begins to dec l ine  wi th  cont inued 
e lec t ron i r radia t ion.  We propose that  this decl ine is 
due to e lect ron s t imula ted  desorpt ion  of some phos-  
phorus containing species; i.e., as the phosphorus  is 
deple ted  f rom the oxide, the  accumula t ion  ra te  de -  
creases and even tua l ly  becomes sma l l e r  than  the de -  
sorpt ion rate.  

Fo r  this  work,  a s imple  method of moni tor ing  the 
phosphorus  concentra t ion in the  oxide  was devised 
by  tu rn ing  the accumula t ion  p rob lem discussed above 
to advantage.  This phenomenon  in fact  offers the 
poss ibi l i ty  of ex t rac t ing  a l a rge  fract ion of the phos-  
phorus  f rom the ox ide  and concentra t ing  i t  on the 
surface, thus g rea t ly  increas ing the sens i t iv i ty  and at 
the  same t ime e l imina t ing  the need f o r  ion-mi l l  depth  
profiling. Therefore ,  the amounts  of phosphorus  in the  
var ious  oxides s tudied  here  were  compared  by  mea -  
sur ing  the phosphorus  outdiffusion to the surface upon 
electron i r radia t ion,  and assuming that  the amount  
diffusing to the surface is a p p r o x i m a t e l y  propor t iona l  
to the overa l l  phosphorus  content  of the  oxide. This 
assumpt ion should be val id  provided  the qual i t ies  of 
the oxides  are  not  ve ry  different,  and the i r  thick~ 
nesses are  comparab le  (as ~hey .are here) .  

Results 
TEM analysis.--An example  of a two- l eve l  po ly -S i  

CCD s t ruc ture  demons t ra t ing  the  cri t ical  na ture  (9) 
of the  po ly -S i  and  d ie lec t r ic  geometr ies  is d i sp layed  in 
Fig.  2. This is a TEM mic rograph  of a th in  cross- 
sect ion cut  pe rpend icu la r  to the  p lane  of the  chip. 
The first level  po ly -S i  is the  s t ruc ture  wi th  the la rger  
c rys ta l l i t e  gra in  size (i t  received a more  extensive 
h e a t - t r e a t m e n t ) .  Note, inc identa l ly ,  the we l l - rounded  
contour  of the  flowed P-g las s  above  the po ly-Si .  The 
lower  pho tograph  is a magnified p ic ture  which reveals  
the  sharp po ly -S i  project ions  and  appa ren t  th in  spots 
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Fig. 2. Transmission electron micragraph of two-level poly-Si 
structure, sample 1. The lower mierograph is a magnified photo- 
graph of another part of the same chip, showing an area corre- 
sponding to the left side hump in the upper picture. Note the re- 
gions of thin oxide and sharp poly-Si protrusions. 

in  the  isolat ion oxide  separa t ing  the two levels.  Obvi-  
ously,  any  weakness  in the ox ide  at  these locat ions 
wi l l  be  ,a po ten t ia l  r e l i ab i l i t y  p rob lem in the  finished 
device. 

Analysis of the phosphorus content--The m a j o r  
resul ts  of this work  were  obta ined  by  measur ing  the  
amounts  of phosphorus  tha t  diffused to the  surface  
of the  t h e r m a l l y  g rown oxides  dur ing  e lect ron i r -  
radiat ion.  Results  f rom two exper iments  are  d i sp layed  
in Fig. 1. The first expe r imen t  compares  the  phos-  
phorus  outdiffusion f rom s team and d ry  oxides (sam-  
ples  4 and 5). The second compares  the phosphorus  
outdiffusion rates  for  the  first and  second d r y  oxides  
(samples  2 and 3). 

Compar ison of da ta  f rom samples  4 and 5 in Fig. 
1 shows tha t  more  phosphorus  outdiffuses to the 
surface for the  s team oxide  than  for the  d ry  oxide. I f  
we assume that  the  phosphorus  outdiffusion kinet ics  
are  s imi la r  for  s team and d ry  oxides,  we can conclude 
f rom these da ta  that  the  s team oxide contains more  
phosphorus.  Al though we have not  de t e rmined  the 
re la t ive  outdiffusion rates  for  s team and d ry  oxides,  
we demons t ra te  be low tha t  rap id  phosphorus  out -  
diffusion, comparab le  to that  observed for the  s team 
oxide, does also occur for d ry  oxides,  if the  phos-  
phorus  concentra t ion in the  d ry  oxide  is sufficiently 
high. 

The phosphorus  content  in the po ly -S i  has also been 
measured  in this work  and is shown in Fig. 3 and 4. 
There  are  no known  elect ron or ion induced ar t i facts  
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with the de te rmina t ion  of phosphorus  in poly-Si ,  as 
there  are  for  SiO2. In Fig. 3, we demonst ra te  tha t  the  
phosphorus  content  in the po ly -S i  of sample  4 is about  
twice that  in sample  5. This difference is due to the 
higher  phosphorus  doping t empe ra tu r e  used for sam-  
ple  4 (see Table  I ) .  Note how the phosphorus  concen- 
t ra t ions  in the po ly -S i  (Fig. 3) corre la te  qui te  n ice ly  
with the sheet  resis t ivi t ies  given in Table I. In spite 
of the  h igher  phosphorus  content  in the po ly -S i  film 
of sample  4, the  subsequent ly  grown d ry  oxide  ex-  
hibi ted no de tec table  phosphorus  outdiffusion (Fig. 1) ; 
whereas  the  phosphorus  out,diffusion was easi ly de-  
tectable  on the  s team oxide of sample  5. This obse rva -  
t ion re inforces  our  concktsion that  s team oxides con- 
tain more phosphorus  than d ry  oxides.  

The phosphorus  outdiffusion comparison for  the 
first and second d r y  oxidat ions  can be made b y  ref -  
erence to the  top two curves  of Fig. 1 (sample.s 2 and 
3). I t  is c lear  tha t  there  is more  phosphorus in the 
first d r y  oxide  than  in the  second. Measurements  of 
the oxide thicknesses f rom Fig. 4 show that the first 
oxide (7504) is th icker  than  the second (650A). Thus 
the oxidat ion  ra te  of po ly -S i  wi th  h igher  phosphorus  
content  is fas ter  (10). 

The phosphorus  depth  profiles in the poly-Si ,  p re -  
sented in Fig. 3 and 4, revea l  some addi t ional  useful  
information.  Firs t ,  the phosphorus  concentrat ions in 
the oxide are  much  lower  than  in the po ly -S i  and the 
data are  consistent  wi th  publ i shed  values of the phos-  
phorus  segrega t ion  coefficient (11) of about  10. This 
appears  to hold in spite of the  different  degrees to 
which the phosphorus  "p i l e -up"  effect causes the 
phosphorus  to accumula te  nea r  the  oxide/s i l icon in-  
terface.  

Second, this p i l e -up  effect is c lear ly  evident ;  it is 
caused only  pa r t l y  by  the large  va lue  of the  segrega-  
t ion coefficient (12). How this excess phosphorus is 
d i s t r ibu ted  along the p lane  of the  ox ide-St  in terface  
is not  known. If  this d is t r ibut ion  is uneven,  i.e., the 
phosphorus  concentrat ions  a r e  local ly  h igher  over  the 
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po ly -S i  gra in  boundaries ,  then the local oxidat ion  
ra te  and phosphorus  concentra t ion  wil l  depend 
s t rongly  on the gra in  s t ruc ture  of the poly-Si .  

N o t e  that  in Fig. 3 and 4, the phosphorus profiles 
are  essent ia l ly  flat wi th in  the poly-Si .  That  is, the 
phosphorus  indiffusion is not  l imi ted  by  the diffusion 
ra te  in the  po ly -S i  (as it  pa r t i a l l y  is, in the case of 
s ingle c rys ta l  s i l icon),  but  by  some l imit ing process 
at  the po ly -S i  surface. The flatness of the profiles is 
also due at least  in pa r t  to the  r e l a t ive ly  fast  diffusion 
of phosphorus  along the po ly -S i  gra in  boundaries ,  
compared  to the diffusion wi thin  each grain. 

Discuss ion  
We h a v e  found tha t  the second oxide grown on 

phosphorus  doped po ly -S i  contains less phosphorus 
than the first. Therefore,  photores is t  adhesion should 
be bet ter ,  and the e tch ra te  slower,  for the  second 
oxide. 

Our explana t ion  for the high phosphorus  concen- 
t ra t ion in the  first oxide is as follows. Dur ing  phos-  
phorus  doping, the po ly -S i  surface is in direct  contact  
with  a P-glass  that  has high phosphorus  content.  
Therefore,  a phosphorus- r ich  skin  forms on the po ly-  
St. Ini t ia l  oxida t ion  of this l aye r  produces an oxide 
wi th  h igh  phosphorus  concentrat ion.  As oxidat ion 
proceeds,  some of the accumula ted  phosphorus  is 
d r iven  into the po ly-S i  so that  the extent  of accumu-  
la t ion decreases,  leading to a lower  phosphorus  con- 
cent ra t ion  in the  second oxide. This explana t ion  for 
the difference in phosphorus concentra t ion be tween  
the first and second d r y  oxide leads to the conclu- 
sion that  a th i rd  oxidat ion  af te r  second oxide str ip 
wi l l  not  resul t  in a fur ther  reduct ion of the  phos- 
phorus  concentra t ion in the oxide. In  fact, successive 
oxidat ions wil l  cause the phosphorus  concentra t ion in 
the  po ly -S i  to rise because of the large  segregat ion 
coefficient of phosphorus.  This increase  occurs also 
because phosphorus  diffusion in SiO~ is much slower 

t h a n  in silicon near  1000~ (13), so that  the ra te  of 
phosphorus  loss f rom the oxide  dur ing  oxidat ion 
should be negligible.  We conclude tha t  the  double  
d r y  oxidat ion  process produces  one of the best  oxides 
on poly-Si .  

The resul ts  of this work  al low us to consider  a l t e rna -  
t ive  methods  (for  which we present  no expe r imen ta l  
da ta  in this repor t )  to the  double  d ry  oxidat ion  p ro -  
cess for reducing the phosphorus content  in the oxide. 
One approach  is to remove some po ly -S i  by  a chemi-  
cal etch. This method has the  advan tage  tha t  i t  is not  
requ i red  to "fight', the large  phosphorus  segregat ion  
coefficient encountered  in oxidat ion,  'and i n  fact 
should p re fe ren t i a l ly  remove phosphorus- r ich  po ly -S i  
regions.  In  addit ion,  there  is no "p i led-up"  phosphorus  
in the  po ly -S i  surface region af te r  a chemical  etch. 
Therefore,  during_ subsequent  oxidation,  phosphorus 
must  be resuppl ied  to the  in ter face  to create  a new 
p i l e -up  layer ;  this  process should fur ther  reduce the 
phosphorus  concentra t ion in the  growing oxide. The 
chemical  etch method is also s imple r  than  the rmal  
oxidat ion and can be used to remove any  amount  of 
poly-Si ,  bu t  does not  have the ex t ra  cleaning effect 
and un i fo rm remova l  p rope r ty  of double  oxidat ion.  I t  
might  appear that a first s team oxida t ion  and s t r ip  
should be more effective for  reducing the phosphorus 
in the  second oxide  than  a first d r y  o x i d a t i o n a n d  
str ip,  because  of the l a rge r  amount  of phosphorus  in-  
corpora ted  into the  first oxide. However ,  the effective- 
ness of this approach m a y  depend on the extent  of 
phosphorus  p i l e -up  for the  two methods  of oxidat ion,  
and Fig. 3 suggests that  the p i l e - u p  may  be grea te r  
af ter  s team oxidat ion.  Thus, whe the r  first s team or 
d ry  oxida t ion  is more  beneficial  may  wel l  depend  on 
the exact  t ime and t empera tu re  of tha t  first oxidat ion.  

In  Fig. 1, there  is an apparen t  contradic t ion against  
our  conclusion tha t  s team oxides contain more phos-  
phorus than  d r y  oxides, because the  curves for sam- 
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ples 2 and 3 (d ry  oxides)  show m o r e  phosphorus  out-  
diffusion than  for the s t eam oxide of s a m p l e  5. The 
most  import,ant factor  responsible  for this .apparent 
contradic t ion is the  h igher  phosphorus  concentra t ion 
in the po ly -S i  of samples  2 and 3, compared  to that  of 
sample  5 (see Fig. 3 and 4). Therefore ,  the  exact  
phosphorus  concentra t ion in the po ly -S i  can exer t  a 
d i spropor t iona te ly  large  influence on the phosphorus  
concentra t ion in the oxide. We speculate,  on the basis 
of the da ta  of Fig. 3 and  4 and  o ther  da ta  not  dis-  
cussed in this work,  tha t  there  is a cr i t ical  phosphorus  
concentra t ion in the ne ighborhood of 1 a /o  above  
which this d ispropor t iona te  influence is observed.  The 
cri t ical  concentra t ion m a y  be r e l a t ed  t o  the  onset of 
extens ive  gra in  b o u n d a r y  segregat ion  of phosphorus  
that  takes  p lace  when the solid solubi l i ty  l imi t  of P 
in Si is e x c e e d e d .  These possibi l i t ies  a r e  obviously 
impor t an t  points  to consider  when a t tempts  a re  made 
to control  the phosphorus  concent ra t ion  in the oxide.  

Our  observat ion  of the h igher  phosphorus  concen- 
t ra t ion in s team oxides  compared  to d ry  oxides grown 
on s imi la r ly  p repared  p o l y - S i  can be exp la ined  on the 
basis of the  fas ter  oxidat ion  ra te  in s t eam (see the 
oxidat ion  t imes in Table  I ) .  Thus, our  resul ts  a re  
consistent wi th  es tabl ished segregat ion  theory  (11). 

Conclusions 
The s team oxides  of this work  contained more 

phosphorus  than d ry  oxides  grown to the  same th ick-  
ness on s imi la r ly  p repa red  phosphorus -doped  poly-Si .  

The first d ry  oxide  grown on phosphorus -doped  
po ly -S i  contained m o r e  phosphorus  than  the second 
d ry  oxide  grown af te r  etch removal  of the first oxide. 
Thus, the  double  d r y  oxidat ion  method resul ts  in 
min ima l  P concentra t ion in the  oxide. We suggest  two 
a l te rna t ive  methods for  reducing the P content  in the 
oxide:  (i) chemical  e tching of the first few hundred  
angs t roms of the  po ly -S i  fol lowed b y  d r y  oxidat ion,  
and  (ii) s t eam oxida t ion  fol lowed by  d ry  oxidat ion.  
The advantages  and d isadvantages  of all  three  me th -  
ods were  discussed. 

The phosphorus  depth  profiles in the oxide and 
po ly -S i  a re  qua l i t a t ive ly  consistent  wi t  h the  segrega-  
t ion theory  deve loped  for s ingle  crysta l  silicon. 
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Ion Beam Processing Using Metal on Polymer Masks 
E. L. Hu, R. E. Howard, P. Grabbe, and D. M. Tennant 

Bell Laboratories, Holmdel, New Jersey 07733 

ABSTRACT 

We describe the use of mult i layer metal-on-polymer stencils as masks for reactive ion etching (RIE) and ion implanta- 
tion. The thin metal  film allows deep features to be transferred into the substrate during etching, or acts as a high contrast  
mask during ion implantation.  The underlying polymer allows the clean removal  of the stencil  in organic solvents which do 
not at tack the substrate. When combined with E-beam lithography, the method is capable of ext remely  high resolution. We 
show examples  of submicron features transferred into Si and GaAs using these masks. 

Ion beam processes such as react ive  ion e tching 
(RIE) ion beam l i thography,  and ion implan ta t ion  are  
in tegra l  par ts  of cu r r en t  semiconductor  device  fabr ica-  
tion. More emphasis  has been placed on these tech-  
niques as more  s t r ingent  requ i rements  a re  set on re-  
duced device dimensions,  l inewid th  accuracy,  and 
a l ignment  tolerance.  Pa t t e rn  stencils to be used in ion 
processing should be capable  of rep l ica t ing  high reso-  
lu t ion .features,  be  durable ,  and be easi ly removed  
wi thout  damaging  the substrate .  

We have  designed mul t i l eve l  m e t a l - o n - p o l y m e r  
(MOP) masks  tha t  sa t i s fy  the  above requi rements .  
E - b e a m  pa t t e rned  MOP's  have  been  used as masks  
for t r ans fe r r ing  ~200 nm features  into GaAs and Si 

subs t ra tes  by  RIE. MOP stencils  incorpora t ing  Au  
meta l  have been successful ly  used as masks  for  selec- 
t ive area  pro ton  b o m b a r d m e n t  of InGaAs,  as wel l  as 
for  As implants  into silicon. In  a l l  cases, the  stencils  
were  c leanly  and eas i ly  removed  af te r  use  wi thou t  
damage  to the under ly ing  substrate .  

Though typica l  po lyme r  resis ts  a r e  eas i ly  appl ied ,  
pa t te rned ,  and  removed  wi thout  damage  to the  sub-  
stuate they  mask,  t hey  are  often unsa t i s fac tory  for  
use as high resolut ion  masks.  For  ion e tching appl ica-  
tions, the  r e l a t ive ly  high etching or spu t t e r ing  ra te  
of the  po lymers  makes  i t  difficult to obta in  e tched 
s t ructures  hav ing  h igh  aspect  rat ios.  F o r  ion i m p l a n t a -  
tion, the  low ion s topping power  of po lymers  neces-  
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si tates  ve ry  high aspect  ra t io  masks  for submicron 
features.  Both of these problems  can be e l imina ted  by  
rep lac ing  the po lymer  masks  wi th  thin me ta l  layers .  
F ine -g ra ined  films of NiCr al loys have etch ra tes  
be tween  10-100 t imes s lower  than semiconductors  
such as Si  o r  GaAs (1). High densi ty  meta ls  such as 
Au  have  s topping powers  for  high energy ions at  
least  10 t imes l a rge r  than  po lymers  and are  in this 
respect  much be t t e r  than  SiO~ as masks  for ion im-  
planta t ion.  Difficulty m a y  ar ise  in removing  meta l  
masks  tha t  have  been deposi ted d i rec t ly  on the sub-  
s t rate ,  wi thout  damaging  the subs t ra te  itself. The 
MOP technique we descr ibe  combines the resolut ion 
and du rab i l i t y  of  the meta l  film masks  wi th  the easy 
remova l  of the  po lymer  stencils. 

The MOP technique is especial ly  a t t rac t ive  for 
I I I -V  semmonductor  appl icat ions  where  pro jec ted  ion 
ranges  (2) a re  short ,  r equ i r ing  higher  implan t  en-  
ergies. The cor respondingly  th icker  masking  mater ia l ,  
usua l ly  resist ,  SiO2, o r  Si3N4, must  have  high aspect -  
ra t io  edge profiles to  insure  sha rp  edged implan t  p ro -  
files. These geometr ies  can be difficult to control  and  
wil l  u l t ima te ly  l imi t  the  min imum implan t  fea ture  
tha t  m a y  be pa t te rned .  Thin high s topping power  
mate r ia l s  (e.g., high dens i ty  metals)  can be pa t t e rned  
wi th  much  h igher  resolution,  render ing  edge effects 
unimpor tant :  As a specific example ,  consider  a 14Si+ 
implan t  in GaAs. An implan t  ene rgy  of 300 kV is 
needed to provide  e p e a k  impur i t y  concentra t ion at  
0:25 um be low the subs t ra te  surface.  Typical ly ,  the  
mask  for such an  implan t  mus t  be sufficiently thick 
tha t  i t  extends  3~ beyond the  concentra t ion  peak  
(where  ~ is the  s t anda rd  deviat ion of the gaussian 
implan t  d i s t r ibu t ion) .  This masking  can be accom- 
pl ished by  using 1.9 ~m of resist,  0.6 ~m of SiO~, 0.44 
~m of SigN4, o r  0.3 ~m of Au. Among these, the pa t -  
t e rned  meta l  is the most promis ing  for submicron 
device ~abrication, ye t  only  the resis t  is easi ly  re -  
moved wi thout  a t tack ing  the substrate.  However ,  b y  
deposi t ing this meta l  on a thin po lymer  layer ,  this 
high resolut ion option is re ta ined  even when the 
mask  meta l  is not appropria, te for the  final device 
configuration. 

We descr ibe here  the  process sequence for the fab-  
r icat ion of an  optical  and E -beam MOP mask.  In both 
cases, the  initiM layer  s p u n  on is polyimide,  a high 
glass t empe ra tu r e  (320~ po lymer  (3). This is use-  
ful in main ta in ing  pa t t e rn  integr i ty ,  and ensur ing 
cIean resis t  r emova l  under  processing conditions of 
high local  hea t ing  (4) (for example ,  due to high local  
incident  ion flux).  In the  case of the opt ical  MOP, the  
po ly imide  was spun on to a thickness of 0.3 ~m and 
baked  at  160~ for 1 hr. 1.3 ~m of posit ive photoresist ,  
AZ1350J (5) was spun on top of the  po ly imide  and 
baked  at  70~ for  30 min. Since the solvents  of the 
po ly imide  and AZ1350J a r e  dissimilar ,  the re  is no 
need of an in t e rmed ia te  l ayer  to p reven t  in ter  diffusion 
of the  two resists. The resis t  is exposed in the  des i red  
pa t te rn ,  and an undercu t  profile developed in the up -  
pe r  l aye r  opt ical  res is t  using a chlorobenzene h a r d e n -  
ing process (6). A b lanke t  e~posure  is given to the 
resis't and  a me ta l  film the rma l ly  evapora ted  th rough  
the openings in the  upper  resis t  layer .  The undercu t  
profile of the  opt ica l  resist  faci l i ta tes  clean liftoff of 
the  evapora ted  meta l  film. Liftoff is achieved by  
soaking the sample  in AZ developer  to dissolve the 
fu l ly  exposed uppe r  l aye r  of resist, leaving the unde r -  
ly ing  po ly imide  intact .  The MOP stencil  is completed  
b y  RIE in an  oxygen p lasma  to t r ans fe r  the resist  
pa t t e rn  into the po ly imide  layer .  The use of RIE here  
al lows control  of the  profile of the lower  l aye r  po ly -  
mer  and main ta ins  the  resolut ion of the  or iginal  pa t -  
tern. 

The top of Fig. 1 is an SEM mic rograph  of a MOP 
stencil  a top a GaAs substrate .  The stencil  is com- 
pr i sed  of --60 nm Ni (Cr )  on 0.3 ~m polyimide:  The 
subs t ra te  was subsequent ly  etched in a mix tu re  of 
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Fig. I. (a) MOP stencil on GaAs substrate. (b) Etched GaAs 
pedestal with MOP mask in place. (c) Etched pedestal after re- 
moval of MOP mask. 

CC12F~, argon, and  oxygen (7), and the resul t ing 
etched fea tu re  wi th  the  MOP mask  remain ing  is 
shown in the  lower  left  por t ion  of Fig. 1. Note that  
the MOP stenci l  remains  in excel len t  condi t ion af ter  
e tching the GaAs to a to ta l  depth  of app rox ima te ly  
1 ~m. The final micrograph  of Fig. 1 shows the clean 
GaAs s t ruc ture  a f te r  r emova l  of the  MOP stencil .  

We a re  in teres ted  in using the E -beam pa t t e rned  
MOP's to produce  la te ra l  features  much finer than those 
ob ta ined  with  the opt ical  MOP's. Accordingly,  the total  
thickness of the resist  stencil  must  be th inner  to avoid 
unreasonab ly  high aspect  rat ios that  would p reven t  the 
achievement  of good liftoff meta l  pat terns .  Fo r  these 
stencils,  the  ini t ia l  l aye r  of po ly imide  was spun on to a 
thickness of --~0.2 ~m, and then  baked  at 200~ for 1 hr. 
The "upper  layer"  resis t  in this case is ac tua l ly  a high 
resolut ion E-beam bi level  resis t  that  has been p re -  
viously descr ibed (8). The bi level  comprised approx i -  
ma te ly  100 nm of po lyme thy lme thac ry l a t e  (PMMA) 
atop 200 nm of a copolymer  of me thy lme thac ry l a t e  and 
methacry l ic  acid [P (MMA-coMAA)  ]. The E -beam 
pa t te rns  were  wr i t t en  at 30 keV using an SEM; an 
undercu t  pa t t e rn  was deve loped  into the  b i level  using 
a 3:7 solut ion of ce l losolve:methanol .  A 5 nm layer  
of Cr and a 30 nm laye r  of N i (Cr )  were  evapora ted  
th rough  the stencil,  the  unwan ted  por t ions  of the mask  
were, then, l i f ted off b y  immersion in acetone, and the 
stencil  completed,  as for  the opt ical  MOP, by  RIE in 
02. Figures  2 and 3 show fine s t ructures  etched into Si 
and GaAs sUbstrates, respect ively ,  using the E -beam 
MOP's as masks. The Si pa t te rns  were  formed by  RIE 
in CF3Br at  30 mTorr  pressure  and 400V bias, and the 
GaAs pa t te rns  were  etched in a CCI~F2/CI~ gas mix -  
ture  at  5 mTorr  pressure  and 150V bias voltage.  

F igure  4 shows an opt ica l ly  pa t t e rned  MOP used 
as a mask  for  ion implanta t ion .  The three  scanning 
e lect ron micrographs  i l lus t ra te  the  ma jo r  processing 
steps used to form the MOP implan t  mask.  The top 
mic rograph  shows the undercu t  res is t  profile wi th  the 
evapora ted  meta l  films ( C r / A u / C r )  c leanly  b roken  
across the edge. The thin top l aye r  of Cr is used to 
prevent  sput te r ing  of the  A u  mask.  The middle  micro- 
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Fig. 2. Patterns etched in silicon using RIE in CF3Br plasma 
through an E-beam defined MOP mask. 

Fig. 3. Patterns etched in GaAs using RIE in a CCI2F2/Ar/O2 
plasma through an E-beam defined MOP mask. 

graph shows the metal  pat tern on the thin polyimide 
layer. The bottom micrograph shows the completed 
MOP profile after reactive ion etching the polyimide in 
the exposed areas. 

The MOP structures form easily applied and easily 
removed implantation masks that are useful for a wide 
variety of material  substrates. The control of the sten- 
cil profile, achieved using RIE, allows potentially 
greater control of the implantation profile. By using a 
thin highly absorbing gold film atop of a fairly thin 
resist layer, the total thickness of the implantation 
mask can be kept thin enough to allow fine lateral  
features without having the aspect ratio of the mask so 
large that it promotes excess ion scattering. 

Metal films offer greatly improved contrast over 
polymer films for application to processes like ion 
implantation and RIE. MOP masks combine these fea- 
tures with the ease of removal of polymer layers. 
High-aspect-ratio etching and high contrast masking 

Fig. 4. Steps in formation of (Cr/Au/Cr)-on-polyimide MOP 
mask for ion implantation. (a) Undercut resist profile with evapo- 
rated metal broken cleanly across resist edge. (b) Metal pattern 
on polyimide layer. (c) Completed MOP stencil, after RIE of poly- 
imide. 

for ion implantation have been demonstrated using 
this process. 
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Properties of Mo-Silicides in Si-Gate Technology 
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ABSTRACT 

For  low interconnect  resistance at the gate level, refractory metal  disilicides have been suggested. There are, however, 
silicide phases with higher metal concentration promising lower electrical resistivity. In this paper, propert ies of the metal- 
rich Mo-silicide Mo3Si and the disilicide MoSi2 are compared.  In particular, stress, resistivity, sensit ivity to residual  gas con- 
ditions during deposition, chemical  reactions, and MOS characteristics of MoSi2- and Mo3Si-polycide gate devices are con- 
sidered. The applicabil i ty of Mo3Si is restr icted by its high sensitivity to processing, e.g., to residual gas composition, 
sintering atmosphere,  Standard chemicals, and thermal  reoxidation. Differences between sput tered and evaporated films 
are discussed. 

Sil icides are wide ly  used to reduce  the  sheet  r e -  
sistance at  the po ly - leve l  of MOS devices (1). S o  
far, the  work  on si l icides for thi~ appl icat ion in S i -ga te  
technology la rge ly  concentra ted on the disi l icides of 
metals  such as Ti (2),  Ta (2),  W (3), and Mo (4). 
For  these metals ,  however ,  there  are  sil icide phases 
with h igher  meta l  concentra t ion which  promise  lower  
e lectr ical  resis t ivi ty.  In  this paper ,  we present  the  re -  
sul ts  of exper iments  wi th  the me ta l - r i ch  Mo-si l ic ide  
Mo3Si and, for compar ison  w i th  the  corresponding 
disi l icide MoSi2. The second me ta l - r i ch  Mo-sil icide,  
MohSi~, was ve ry  of ten mechanica l ly  uns tab le  and 
wil l  not be considered in de ta i l  here.  In  the course of 
our  sil icide work,  we have  also looked for differences 
be tween  sili:cide films deposi ted by  coevaporat ion and 
sputter ing.  Af te r  some expe r imen ta l  notes in the  first 
section, ind iv idua l  film proper t ies  of MoSi~ and Mo~Si 
wi l l  be compared.  In  the  th i rd  section, the  behavior  of 
MoSi2 and Mo3Si polyc ide  g a t e  MOS devices wi l l  be 
discussed. 

Experimental Notes 
The typ ica l ly  200 nm thick silicide layers  were  de-  

posi ted on oxidized 3 in. (100) Si wafers  with (poly-  
cide) o r  wi thout  300 nm h igh ly  phosphorus -doped  
poly-Si .  Coevaporat ion was carr ied  out using two 
E-gun  sources-of  h igh  puri ty .  The S i : M o  atomic rat io  
in the  films was ad jus ted  by  the rat io  of the  respect ive  
evapora t ion  rates.  A defined increase of the N2-, O2-, 
or  H20-pa r t i a l  p ressure  was possible th rough  an  ad-  
jus tab le  gas leak. The composit ion of the  res idual  
gas was de t e rmined  b y  a quadrupole  mass analyzer .  

For  rf  sput te r ing  (PAr = 20 mTorr ;  power  ---- 850W, 
subs t ra te  bias 70V), we used mosaic targets ,  i.e., high 
pur i ty  S i - t a rge t s  wi th  inser ted  Mo-pieces  of appro -  
p r i a te  area.  

For  sput ter ing,  as we l l  as for evaporat ion,  the dep -  
osition t ime was chosen to be about  5 rain for  200 
nm of silicide. The composi t ion of the  deposi ted Mo/S i  
films was checked by  e lec t ron microprobe.  Usual ly  
a 900~ s in ter  s tep in N2 or forming  gas was carr ied  
out  to crys ta l l ize  the  amorphous  Mo/S i  mixtures .  The 
crys ta l l ine  s t ruc ture  was s tudied b y  x - r a y  diffraction 
and TEM. Quoted macroscopic stress values  resul t  
f rom laser  i n t e r f e romete r  measurements  on 3 in. 
wafers.  

Film Properties 
Fi rs t  of all, the  p roper t ies  of evapora ted  MoSi2 

and Mo~Si a re  compared.  Subsequent ly ,  differences be -  
tween evapora ted  and  spu t t e red  films are  poin ted  out. 
A f t e r  deposit ion,  high t empe ra tu r e  s inter ing was 
necessary  to obta in  crys ta l l ine  films with  low res is t iv-  
ity. In  par t icu lar ,  films wi th  high Mo content  were  ex-  
t r eme ly  sensi t ive to traces of oxygen in the s inter ing 
a tmosphere  which  caused them to tarnish.  When 
we  evapora ted  Mo and Si in the  rat io corresponding 
to the  sto~chiometry of MoSi2 or  Mo~Si, respect ively ,  
the  main  phases detected by  x - r a y  diffract ion were  

Key words: films, integrated circuits, gates, resistivity. 

indeed the te t ragona l  MoSi2 or  the cubic Mo~Si. In 
a d d i t i o n ,  in each case, traces of MohSi3 and, at  high 
Mo-concentrat ions ,  also of  Mo were  found. Obviously,  
no complete  react ion to the des i red  silicides took place. 
In the  following, we shal l  name the sil icide films 
corresponding to the  respect ive  main  phase.  The typ i -  
cal gra in  size of polycrys ta l l ine  Mo-si l ic ide films was 
up to 1 ~rn for  MoSi2 and ~0.2 ~m for  Mo3Si. These re-  
sults app ly  to films on oxide as wel l  as on poly-Si .  
Consequently,  also a react ion be tween  me ta l - r i ch  films 
and po ly -S i  y ie ld ing  disi l icide seems to be impeded,  
p r o b a b l y  because of oxygen  p i l e -up  at  the s i l ic ide /  
po ly -S i  interface,  as it  w a s  ohserved by  Campel le t t i  
et al. (5). 

Po lycrys ta l l ine  disi l icide films on S i -wafers  a re  usu-  
a l ly  in a s ta te  of s trong tensile stress, which is a t -  
t r ibu ted  to vo lume shr inkage  .during the si l icide for-  
mat ion  and to the mismatch  of the rmal  expansion co- 
efficients. Dur ing  sintering,  we measured  a decrease 
in film thickness of about  15% for MoSi2, but  of on ly  
3-5% for MoaSi. F r o m  this, we  conclude a smal le r  
volume contract ion in the  me ta l - r i ch  films. F u r t h e r -  
more, the  t he rma l  expans ion  coefficient of Mo3Si, 
which is about  4 • 10 -~ K -1, matches  much be t te r  
that  of S i (3  X 10 -~ K-X).  In  these  films, therefore,  
much less stress is expected to bui ld  up dur ing  sin- 
tering.  We found out, however ,  that  this advan tage  is 
compensated b y  a h igher  in t r ins ic  stress a l r eady  
e x i s t e n t  in the as -depos i ted  layers .  Thus, Mo3Si and 
MoSi2 end up with  about  the  same total  tensi le  stress 
of order  2 • 109 N / m  2. 

One might  an t ic ipa te  tha t  the s t ra in  caused by  
these high stresses influences the a l ignment  accuracy 
of subsequent  s t ruc ture  levels  in device fabricat ion.  
We have checked this for the  misregis t ra t ion  of the 
poly  or  polycide  edge wi th  respect  to the  "locos" (i.e., 
field oxide)  edge of MOS devices using test  s t ructures ,  
which al low elect r ica l  misa l ignment  measurements .  
The resul t  is shown in Fig. 1. P lo t ted  is the average  
m a x i m u m  misali ,gnment of po ly -edge  to "locos" edge 
of MOS dev ices  for  batches  made  by  contact  pr in t ing  
wi th  and wi thout  silicide. I t  is obvious tha t  the  si l icide 
inheren t  s t ra in  has no significant effect on the to ta l  
misa l ignment ,  at  least  for  the  3 in. wafers  used. The 
h igh  stress, however ,  p robab ly  caused ~he occasional ly  
poor  adhesion of the Mo-si l ic ide  films. 

A m a j o r  cr i ter ion in choosing a si l icide for  S i -ga te  
technology is an electr ical  res i s t iv i ty  p which is as low 
as possible. F igu re  2 shows p of as -depos i ted  amorphous  
Mo/Si - f i lms  vs.  Mo-concent ra t ion  (p is ca lcula ted  f rom 
sheet  resis tance R and film th ickness) ,  p is in the 

O 
range  of severa l  hundred  ~m~cm, and decreases  wi th  
increas ing Mo-concentra t ion.  The steepness of the  
curve over  a wide  range  of Mo-concent ra t ion  p rov ides  
an easy control  of the  me ta l  concentra t ion d i rec t ly  
af ter  deposit ion: 

F igure  3 shows the decrease of sheet  res is tance of 
MoSi~ dur ing  s in ter ing  at var ious  tempera tures ,  caused 
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Fig. 1. The misalignment /~ between gate and "Iotas" edge 
measured on wafers with and without silicide on top of poly-Si. 
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Fig. 2. Resistivity of as-deposited Mo/Si layers (d - -  200 nm) 
vs. Mo-concentrotion. 

by the t ransi t ion from the amorphous to the poly-  
crystal l ine state. Temperatures  considerably lower 
than  900~ are obviously not  suitable. S in ter ing  at 
1000 ~ instead of 900 ~ sti l l  leads to lower resistance 
indicat ing an advanced crystallization. Similar  be-  
havior is observed for Mo3Si. Figure  4 shows p of Mo/ 
Si- layers  after 1 hr  s inter ing at 9O0~ as a funct ion of 
the Mo-concentrat ion.  At the stoichiometry of MoSi2 
(33.3% Mo), we found the re la t ively  low value of 
about 70 ~(~cm. The strong dependence of p on 
the Mo-concentrat ion.  At the stoichiometry of MoSi2 
etry of MoSi2 makes it favorable to use a Mo- 
concentrat ion somewhat above 33.3 a/o, if a silicide 
with low metal  content  is desired. Then, slight 
scatter of the metal  ~oncentrat ion does not  affec~ the 
sheet resistance. Around the stoichiometry of Mo.~Si 
(75% Mo), p is about a factor of 2 lower than for the 
disilicide. Values as low as 25 #rn42cm have been ob- 
served, mak ing  this meta l - r i ch  silicide highly a t t rac-  
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Fig. 3. Sheet resistance of Mo/Si layers with 33% Mo (real frac- 
tion corresponding to the stoichiometry of MoSi2) vs. sintering time 
for various sintering temperatures. 
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Fig. 4. Resistivity of sintered Mo/Si layers (d ~ 200 nm) vs. Mo- 
concentration. 

tive. The choice of the substrate  (oxide or poly-Si)  
had no influence on the silicide resistance. 

The relat ively large scatter of ~-values at high Mo- 
concentrat ion may  suggest an enhanced sensi t ivi ty to 
s inter ing ambients  or the residual  gas conditions dur -  
ing film deposition. Therefore, we investigated in more 
detail  the influence of the residual  gas and its com- 
position on the properties of Mo3Si and MoSie. We 
evaporated silicide films after adding part ial  pres-  
sures of about 1.6 • 10 -'s Torr  of 02, N2, or H20 to 
the normal  base pressure of about  3 • 10-v Torr. 
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These three  gases are  main  const i tuents  of the  res idual  
gas in a vacuum system. Figure  5 shows the res is t iv i ty  
of Mo3Si- layers  as a function of s inter ing t ime at  
900~ for  the different  conditions.  In a l l  cases, p drops  
ra ther  qu ick ly  to a cer ta in  sa tura t ion  value;  ob-  
viously, there  is no re t a rda t ion  in crys ta l l iza t ion but  
a fast  fo rmat ion  of different  s tab le  states character ized 
by  different  values of p. The sensi t iv i ty  of p is highest  
to HzO, but  there  is also an increase of p for  N2- and 
O2-ri.ch a tmospheres  dur ing  evaporat ion.  

F igure  6 shows analogous resul ts  for  the  disi l icide 
NIoSi2. In  contras t  to MosSi, the re  is p rac t i ca l ly  no 
change in res i s t iv i ty  for  deposit /on in O2- or  N2~rich 
a,tmosphere. On the o ther  hand,  the influence of e le-  
vated H20 par t i a l  pressure  is much s t ronger  for the di-  
silicide. Here, an H20-pa r t i a l  pressure  of 1.6 • 10 -6 
T o r r  caused p to rise b y  more  than a factor  of two. 
This  was cor re la ted  with  a 30% increase  in tensi le  
stress. 

The x - r a y  d i f f rac tometer  spec t ra  revea led  but  a 
t ex ture  in the MoSi2-films, which  va r ied  wi th  the im-  
pu r i t y  atoms incorporated.  No s igni f icant  �9 in 
la t t ice  constants or  in  the  widths  of the Bragg reflec- 
tions was found. In par t icu lar ,  the drast ic  effect of HI20 
on stress  and res is t iv i ty  did  not  correspond to ma jo r  
changes in the crys ta l l ine  s t ruc ture  and, therefore,  is 
l ike ly  to be a gra in  bounda ry  effect or  poss ib ly  is 
caused by  amorphous  phases present  in the crys ta l l ine  
silicide. No de te r io ra t ion  of the film adhesion was 
found wi th  va ry ing  i m p u r i t y  gas condit ions �9 
deposition. 

Ano the r  r equ i r emen t  of si l icides for use in S i -ga te  
technology is tha t  t hey  should wi ths tand  s tandard  
process chemicals.  We found tha t  both  MosSi and 
NIoSi~ are  not  measu rab ly  a t t acked  by  HF. However ,  
c leaning solut ions conta ining HC1 or  NH4OH des t royed 
the me ta l - r i ch  si l icide layers,  iV[oSi2 was res is tant  to 
these chemicals.  Both MoSi2 and Mo~Si polycide 
s t ruc tures  have  been etched by  react ive  ion etching in 
SF6. The detai ls  have  been repor ted  b y  Beinvogl  and 
I.iasler (6). 

Growing  a the rmal  oxide f rom the polyc ide  s t ruc-  
tures was possible only  with MoSi2 (7). Mo3Si read i ly  
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Fig. 5. Sintering time dependence of the resistivity of Mo/Si layers 
with 75% Mo (mol fraction corresponding to the stoichiometry of 
MosSi), evaporated in a O~-, N2- and H20-rich residual gas atmo- 
sphere, respectively. 
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Fig. 6. Sintering time dependence of the resistivity of Mo/Si 
layers with 33% Mo (mol fraction corresponding to the stoichiametry 
of MoSi2), evaporated in O~-, N2-, and H20-rich residual gas 
atmosphere, respectively. 

decomposed in oxidiz ing ambients ,  p robab ly  under  
format ion  of vola t i le  Mo-oxide.  Most of the resul ts  
repor ted  so far  also app ly  to films sput te red  under  
comparab le  res idual  gas condit ions (except  for  the 
necessary amount  of A t )  and equal  deposi t ion rates,  
which should  imply  s imi lar  incorpora t ion  of impur i t ies  
o ther  than  Ar.  The only  significant difference occurred 
wi th  p. Once again,  an enhanced sens i t iv i ty  of the 
me ta l - r i ch  films became apparent .  

In  Fig. 7, R of evapora ted  and spu t te red  Mo~Si 
O 

films of equal  thickness is p lo t ted  vs. s in ter ing  time. 
Whereas,  R of evapora ted  films read i ly  decreased to 

a l aw  sa tu ra t ion  value,  R of  sput te red  films, a f te r  a [] 
less pronounced  fast decrease  in the first few minutes,  
s t i l l  continues to decrease  slowly.  Nevertheless ,  af ter  
60 rain at  900 ~ R of  spu t t e red  films is st i l l  about  twice 

L - - J  

as high as for evapora ted  ones. As is seen from the 
values  a f te r  4 hr, even ex tended  s in ter ing  did not  
e l imina te  this difference, caused poss ibly  by  A r  in-  
corpora t ion  or  impur i t y  gases made  more  react ive  by  
the glow discharge  in the  spu t t e r ing  system. Fo r  
MoSi2, no such effect was observed confirming the 
lower  sens i t iv i ty  of s i l icon-r ich  layers  (see Fig. 8). 

Device Parameters 
MoSi~ and Mo~Si polyc ide  ga te  devices were  f ab r i -  

cated by  a s t anda rd  sil icon gate process wi th  the ex-  
cept ion tha t  a CVD oxide was used ins tead of  thermal  
reoxidat ion .  Table  I summar izes  the resul ts  of test  
chip measurements .  

Wha t  we did no t  expect  was the resul t  on the  re-  
s is t iv i ty  of Mo~Si which is given here  for evapora ted  
films only. On the ful ly  processed wafers,  we mea -  
sured R as high as 2.6 1/[3 whereas  ,at least  1.5 ~ / [3  [] 
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with 33% Mo (mol fraction corresponding to the stoichiometry of 
MoSi2). 

was expected.  Fu r the r  exper iments  showed that  the 
reason for  this d iscrepancy was the insufficient an-  
nea l ing  of the As - imp lan ta t i on  damage  in Mo3Si or 
poss ibly  incorpora t ion  of As as such. Thus, the  big 
advan tage  of Mo3Si, the low resis t ivi ty ,  in pa r t i cu la r  
of evapora ted  films, is pa r t l y  lost again dur ing  p ro -  
cessing. A r e m a r k a b l e  fea ture  is the low contact  r e -  
s is tance f rom poly~cide to the  A1/Si  metal l izat ion,  
which  is about  one order  of magni tude  lower  than  for 
po ly -S i  devices. As far  as the  o ther  p roper t ies  l is ted 
in the  table  are  concerned,  no essent ia l  differences 
were  found e i ther  be tween  the two kinds  of polycide  

property 

R= 

gate oxide breakdown 
(dox= 5o nlrn) 

Table I. 

Mo Si 2- polycide 

3.5 ~2/E] 
(as expected) 

43 V 

Mo 3 Si- potycide 

2.6 Q / [ ]  

(expected : 1.5 ~ /~ )  

42 V 

paly-Si 

25 Q/J3 

45 V 

N~ < 10~~ -2 < 101~ -2 < 10~~ -2 

rg -- 100 psec ~ 100 psec ~ 100 ~ec 

stability to 
T~ I.i- stress good good good 

U T (Left) q equaJ , - 

leakage current of < 10 -t4 A/I~m 
MOSFETs 

~< 10-14A/Fro ~< 10-t4A/prn 

~<0.1 Q ~<0.1 
very stable very stable 

contact resistance 
to AI/Si (4x4Nn 2) ~1c~ 

Table II, 

property 

resistivity 

MoSi2- polycide Mo3 Si - polycide 

- + 

sintering -I- - 

N2- sensitivity + - 

02- sensitivity -F - 

H20 - sensitivity 

compatibility with + 
standard chemicals 

thermal reoxidation + 

sputtering / evaporation + 

MOS-device parameters + + 

or be tween  the polyc ide  and the  po ly -S i  devices.  The 
resis tance of iV[o3Si excepted,  these resul ts  app ly  to 
both  evapora ted  and spu t t e red  si l icide layers .  

Conclus ions  
We h a v e  compared  the h igh ly  conduct ive Mo.~Si 

wi th  MoSi2 as possible candidates  for S i -ga te  tech-  
nology. An assessment  for  this appl ica t ion  is made  in 
Table II  us ing " + "  and " - - "  signs. Wi th  M03Si, one 
indeed obtains a lower  R than  wi th  MoSi2, though [] 
no t  as low as expected,  wi thout  significant influence 
on the MOS parameters .  F o r  this, however ,  one has  
to regard  the enhanced sens i t iv i ty  to processing (N2, 
O2 in res idual  gas, s inter ing,  cleaning,  spu t te r ing) ,  
and one has to dispense wi th  the rmal  reoxidat ion.  In  
contrast ,  for MoSi2, once again the  high compat ib i l i ty  
wi th  the S i -ga te  process has been  confirmed, as is 
obvious f rom a large  number  of " + "  signs in Table  II. 
In  par t icu lar ,  the MoSi2 layers  have been shown to be 
insensi t ive to the deposi t ion technique (evapora t ion  
or  sPut ter ing)  and even to h igh  amounts  of N2 and O~ 
in the  res idual  gas dur ing  evaporat ion.  Only wa te r  
vapor  pressure  has to be kep t  as low as possible,  
if the lowest  p is required.  
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Solidification-Front Modulation to Entrain Subboundaries in Zone- 
Melting Recrystallization of Si on Si02 
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ABSTRACT 

In zone-melting recrystallization of Si films on SiO~, encapsulated with SiOjSi.~N4, subboundaries form which corre- 
spond  to smal l  angu la r  dev ia t ions  < 1 ~ These have been  e n t r a i n e d  to form along paral le l  l ines  u n d e r n e a t h  a 
photolithographically-defined optical absorber pattern. Models for the generation and entra inment  of subboundaries and 
grain boundaries are presented and supported by experimental results. Subboundary entrainment  requires control of the 
temperature gradient, the modulation of the isothermal contours and the azimuthal crystallographic orientation. 

Zone-mel t ing  recrystall ization is a process in which 
a na r row molten zone produced in a th in  film on a sub-  
strate is scanned across the sample (1-6), resul t ing in 
a film consisting of one or more large grains. Recent 
work has focused almost exclusively on Si over SiO2 
(4-6);  whereas, earlier work dealt with Ge and InSb 
~(2-3). The zone-mel t ing recrystall ization process is a 
simple solidification from the melt, and for this reason, 
the molten zone can be produced by any of several 
methods: laser, electron beam, arc lamp, hot wire, or 
(as in most of our work) graphite s t r ip-heater  (4-6). 
To confine t~he molten zone and prevent  agglomeration 
or "bail ing up," an encapsulat ion layer  is general ly  
necessary, unless the zone is so nar row that agglomera- 
"tion does not occur. Zone-mel t ing recrystall ization of 
Si on an SiO:e substrate produces films composed of a 
few large grains, ~1  mm wide, extending the full 
length of the region scanned and having (100) t e x t u r e  
(6). The ~100~  directions are general ly within ~15 ~ of 
the scan direction. Films of a single orientat ion have 
been produced by seeding from a single crystal (7-9), 
by  zone-mel t ing through p lanar  constrictions (10, 11), 
and by So-called cross-seeding (5). In all cases, the 
films contain subboundaries  which are arrays of dislo- 
cations or, equivalently,  low-angle  grain boundaries.  
(We use the term subboundary  to refer to those low- 
angle boundaries  which form dur ing  solidification 
from a single seed. We use the term grain boundary  to 
refer to the region where crystals grown from two 
different seeds meet.) Subboundar ies  can be revealed 
by chemical etching. The crystallographic angular  
deviation across a subboundary  is general ly less than 
1 ~ (6, 12). The density of subboundaries  can be sub- 
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stant ial ly reduced by repeated mel t ing and resolidifica- 
tion (13). This technique has been used to laser- re-  
crystallize Si stripes, ~50 nm wide, essentially free of 
subboundaries  (14). Subboundaries  have also been 
el iminated by zone mel t ing Si pa t terned into stripes 
(11). 

Subbeundar ies  have only a small  effect on electron 
transport  and do not inhibi t  the fabrication or opera- 
tion of metal-oxide-si l icon field-effect transistors that  
have m i n i m u m  linewidths of several micrometers 
(15, 16). At present, it is not clear what  effect sub- 
boundaries  will have on other classes of devices. In this 
paper, we describe the en t ra inment  of subboundaries  
and grain boundaries in s t r ip-heater  zone-mel t ing re- 
crystall ization of Si using photoli thographically- 
defined pat terns that modulate the solidification front, 
and present  models to explain the exper imental  results. 
Coligne et al. (17, 18) have used a pat terned ant i re-  
flection coating in conjunct ion with laser recrystall iza- 
lion to achieve grain boundary  localization, although 
in  this case, crystallographic texture  was not con- 
trolled. The localization of subboundaries  at well-  
defined positions gives one the option of bui ld ing  elec- 
tronic devices between subboundaries  in dislocation- 
free material.  Moreover, the ent ra ined subboundaries  
could perhaps play a beneficial role as gettering sites 
for certain mobile impurit ies and defects. 

Method of Entrainment 
Subboundaries  arise when large facets form at the 

solid-l iquid interface, as in the case of zone-mel t ing 
recrystall ization of Si with a graphite str ip-heater.  The 
subboundaries  originate at the inter ior  corners of the 
faceted front  where two (111) planes meet (6), as 
shown in Fig. 1 and discussed more fully in the nex t  
section. Ordinary  grain boundaries  also locate at the 
inter ior  corners. To entra in  subboundaries  and grain 
boundaries,  one needs to control the positions of the 
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Fig. 1. Micrograph showing facefing of the solidification front in 
zone-melting recrystallizatien, and the formation of subboundaries 
at the interior corners. The means Used to obtain the micrograph 
(6) is such that only the general morphology is revealed, not the 
instantaneous interface. 

facet intersect ions dur ing  zone-mel t ing  recrys ta l l i za -  
tion. One t echn ique  we have  used for  doing this is to 
spa t i a l ly  modula te  the  t empe ra tu r e  at  the so l id- l iqu id  
interface.  This can be done by  forming a gra t ing  on top 
of the  sample  tha t  local ly  enhances  e i ther  the  absorp-  
tion or  reflection of the rad ia t ion  incident  from above 
(19). F igure  2a i l lus t ra tes  schemat ica l ly  the use of a 

pa t t e rned  opt ical  absorber  for  subbounda ry  en t ra in -  

merit. F igu re  2b indicates  en t r a inmen t  of subbound-  
aries unde rnea th  the absorber  stripes.  Because of the 
enhanced opt ical  absorpt ion,  the  Si is hot ter  under  the 
middle  of  the  absorber  s t r ipe than  at any o ther  l a te ra l  
position, and hence, this is the last  place to solidify. 
For  this reason, the in te r io r  corners  of the faceted 
solidification front,  and hence, the subboundar ies ,  al ign 
wi th  the  middle  of the absorber ,  as depic ted  in Fig. 
2b. As an optical  absorber ,  w e  have used carbonized 
photoresist .  Some resul ts  are shown in Fig. 3a. The Si 
film was 1 .~m thick, the subs t ra te  was 1 ~m of SiO2 
over  a (100) Si wafer ,  the encapsulan t  was 2 ~m SiO2 
and 30 nm Si3N4, and  the en t r a inmen t  pa t t e rn  was a 
gra t ing  of carbonized photoresis t  (AZ1350 J, Sh ip ley  
Company,  Newton,  Massachuset ts ,  in i t i a l ly  ,-7 ~m 
thick)  of 100 .~m per iod and 50 #m l inewidth .  The zone 
mel t ing  was carr ied  out  at a scanning speed of 0.5-1 
mm/sec ,  as descr ibed in deta i l  in Ref. (5, 6). The Si 
be tween  en t ra ined  subboundar ies  "is free of dis loca-  
tions, as de te rmined  by  chemical  etching, and no c a r -  
bon contaminat ion  was detected by  Auger  analysis,  
imply ing  tha t  any  contamina t ion  must  be <1019 a t o m /  
cm 3. F igure  3b shows the typical  pa t t e rn  of subbound-  
aries f rom an area  of an ident ical  sample  that  did not  
have an en t ra inment  p a t t e r n .  

F igu re  4 i l lus t ra tes  the  use of a g ra t ing  o f  th in  Si 
s t r ipes imbedded  in an encapsula t ion l aye r  to achieve 
en t ra inment .  The  thin Si s t r ipes reflect inc ident  r ad ia -  
t ion at the high t empera tu re  used in zone melt ing,  and, 
as a result ,  subboundar ies  en t ra in  be tween  the  Si 
stripes.  

Fig. 3. (a) Entrainment of subboundaries in a I #m thick Si film 
using a 100 #m period, 50 ~m linewidth, grating of carbonized 
photoresist. (b) TypicM pattern of subboundaries in an identical 
sample recrystallized without an entrainment pattern. 

Fig. 2. (a) Schematic illustration ot the use of a grating of opti- 
cal absorber stripes on top of an encapsulation layer to modulate 
the temperature profile and entrain subboundaries. (b) Illustration 
of the entrainment of subboundaries under the middle of the opti- 
cal absorber stripes. 

Fig. 4. (a) Entrainment obtained with a grating of Si stripes im- 
bedded in an encaps~dation layer. The stripes are reflecting and, 
as a result, entrainment occurs in between stripes. (b) Schematic 
illustration of the imbedded Si reflectar stripes. 
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M e c h a n i s m  of Subboundary  E n t r a i n m e n t  
The results presented in the previous section demon- 

strate the feasibiii ty of en t ra in ing  subb0undaries.  In  
this section, we present  a model to explain the Charac- 
teristic morphology of subboundaries,  and support this 
with exper imenta l  evidence. Following that, we de- 
velop a model for subboundary  en t ra inment  and pre-  
sent exper imental  results which indicate that the 
modulat ion depth, tempera ture  gradient, and azi- 
muthal  crystallographic orientation must  be controlled 
within nar row ranges in order to en t ra in  subbound-  
aries. Such Control has been difficult to achieve with 
current  s t r ip-heater  techniques, and, as a result, we 
have not  been able to ent ra in  subboundaries  over an 
entire sample, or to get consistency from run  to run. 
Despite this lack of consistency, we believe our results 
point the way to fur ther  improvements  in subboundary  
entra inment .  

Figure 1 shows that the solid-liquid interface of Si is 
faceted in zone-mel t ing recrystallization. (To obtain 
this micrograph the molten zone was rapidly quenched 
with a jet  of He gas during scanning (6). This method 
reveals the general  morphology of the solid-liquid 
interface but  does not provide an instantaneous de- 
marcat ion as given, for example, in F ig .  6 below.) A 
faceted interface is consistent with Jackson's criterion 
(20, 21) and also indicates that growth occurs by the 
addition of atoms at ledges or steps which sweep 
rapidly across the  facets. Subboundaries  originate at 
the interior  corners of the faceted solid-liquid in ter -  
face. Figures 1 and 3b show the typical morphology of 
subboundaries.  The ini t iat ion of new subboundaries  
between two approximately parallel  subboundaries  
and the coalescence of two subboundaries  to form a 
"Y" or "wishbone" pa t te rn  are characteristic mor-  
phological features. Figure 5 depicts  a simplified model 
of the solid-l iquid interface at three consecutive times, 
and indicates how new subboundaries  originate and 
form the characteristic "wishbone" patterns. The Si 
film is assumed to have a (100) texture  with <100> 
direction parallel  to the direction of zone motion. The 
facets at the l iquid-solid interface are (111) planes, 

(a} 

T2 

T1 

{b) 

i I 
T 2 

- T 1  

(C} ' - T1 

Fig. 5. Simplified model of the solid-liquid interface, shown as a 
top view, at three consecutive times. The isothermal contours, T1 
and T2, are defined in the text. Subboundaries are shown originat- 
ing at interior corners. The characteristic Y or "wishbone" pattern 
is due to the coalescence of two interior corners. 

and, thus, their intersections with a plane parallel  to 
the substrate form 90 ~ angles. The distance a chevron-  
shaped pair of facets extends into the l iquid silicon, 
which determines the distance between the subbound-  
aries originating at the in te r io r  corners, is l imited by 
two temperatures,  T1 and T2, shown as dotted iso- 
thermal  contours in Fig. 5. T2 is the temperature  at 
which the generat ion of new ledges occurs at such a 
rate that the forward advance of the (111) facets just  
matches the imposed zone-scanning velocity. At tem- 
peratures Close to T2, the speed with which ledges 
sweep across a (111) facet is much greater than the 
rate of forward advance of the solidification front; 
hence, the rate of forward advance is determined by 
the rate of generation of new ledges at T2. The velocity 
of ledge motion decreases as a ledge encounters higher 
and higher temperatures. Eventually, when TI is 
reached, the forward velocity of the ledge just matches 
the zone-scanning velocity. TI is probably very close to 
the melting temperature of Si, Tin. Liquid silicon can, of 
course, be undercooled more than Tm -- T2. At higher 
undercoolings, however, ledge nucleation at reentrant 
corners, and at the intersection of the crystalline sili- 
con with the cap and substrate, will be even more 
copious than at T2, and for this reason, the solidifica- 
tion front should not fall behind T2. One might propose 
other mechanisms (22, 23) but regardless of which 
mechanism operates, we believe Fig. 5 depicts a rea- 
sonable working model of the behavior of the solid- 
liquid interface. If impurities are present in the 
molten Si, they would tend to segregate at interior 
corners, thus, lowering the local solidification tem- 
perature, causing cul-de-sacs to form that trail behind 
the T2 contour. 

Subboundaries tend to be parallel to the direction of 
zone motion but small perturbations can cause them 
to move laterally. When the distance between adjacent 
subboundaries becomes so large that the chevron 
formed by a pair of facets would extend beyond T~, 
the front of the chevron becomes flattened, as indicated 
in Fig. 5b. This flattened face is not stable and soon 
dimples and develops into an interior corner which 
becomes a source of dislocations, as depicted in Fig. 
5c. This interior corner will not advance at the im- 
posed scanning velocity but instead will fall back until 
it contacts the contour T~. Figures 5a-c also illustrate 
the coalescence of two subboundaries to create the 
characteristic wishbone pattern.  Note that the apex Of 
a wishbone is parabolic ra ther  than angular.  This in-  
dicates that  some mechanism causes interior corners 
to pull  together when they come within  a few micro- 
meters of one another. 

Figure  6 provides exper imenta l  evidence for the 
model presented in Fig. 5, showing both formation of 
new subboundaries  by the f la t tening-dimpl ing mecha-  
nism and the coalescence of subboundaries  to form a 
wishbone. The micrograph was obtained from an Si 
film which was etched after zone-melt ing recrystal-  
lization to delineate subboundaries,  which appear as 
dark vertical lines, and dopant variations in the film, 
which appear as zig-zag horizontal  lines. The dopant  
variations were obtained by pulsing the upper  heater 
strip at 120 Hz to demark the instantaneous solid- 
l iquid interface. (This technique was previously used 
by Holmes et al. (24) for the case of conventional  crys- 
tal growth from the melt.) Approximate ly  every 
twelfth demarcat ion l ine in Fig. 6 is traced in ink to 
,clarify the time evolution of the solidification front. 
The formation of cul-de-sacs at the interior  corners 
can also be inferred from the slight curvature  of cer- 
tain demarcation lines as they near  the interior  cor- 
ners. The protrusions f requent ly  observed along sub- 
boundaries (6, 12, 25) are also consistent with cul -de-  
sac formation and delayed solidification. Leamy et ak 
have presented evidence for cellular  growth in str ip- 
heater zone~melting recrystall ization at high impur i ty  
content (26, 27). Our observations of the zode-melt ing 
recrystall ization of Si films heavily doped with As are 



Vol. 130, No. 5 Z O N E - M E L T I N G  R E C R Y S T A L L I Z A T I O N  O F  Si 1181 

Fig. 6. Micrograph of an Si film recrystallized by zone-melting 
showing experimental evidence in support of the model presented 
in Fig. 5. The instantaneous solid-liquid interface was demarked 
by pulsing the upper strip-heater at 120 Hz. Approximately every 
twelfth demarcation line is traced in ink to clarify the time evolu- 
tion of the solidification front. Seam direction is from top to 
bottom. 

consistent  wi th  this (6). However ,  Fig. 10 of Ref. (6) 
showed that  increased  speed of zone motion led to an 
increase  in subboundary  spacing in undoped Si, which 
argues  against  a ce l lu l a r -g rowth  mechanism of sub-  
bounda ry  formation.  Face t ing  s imi lar  to tha t  shown in 
Fig. 6 has been observed in bu lk  crys ta l  growth  (28). 

When an absorbing or reflecting gra t ing  pa t t e rn  is 
located above a film being recrys ta l l ized  by  the zone- 
mel t ing  technique,  the '  t empera tu re  profile is modu-  
lated. F igures  7a and b depict  two different  depths  of 
s inusoidal  modula t ion  that  have the same t empera tu re  
g rad ien t  (i.e., the same dis tance be tween  T2 and T1 
contours) .  In Fig. 7a, the dep th  of modula t ion  is small ,  
subboundar ies  form be tween  en t ra ined  subboundar ies ,  
and move la te ra l ly .  We have f requen t ly  observed pa t -  
terns of subboundar ies  that  can be expla ined  by  the 
model  of Fig. 7a. In Fig. 7b, the depth  of modula t ion  is 
large enough to p reven t  the fo rmat ion  of subbound-  
aries be tween  those that  are  ent ra ined.  The por t ion of 
the so l id- l iquid  in terface  located along the i so thermal  
contour T2 does not give r ise to dislocations or sub-  
boundaries ,  and, hence, we assume it is microscopical ly  
faceted and able to fol low the curva ture  of the contour,  
as depic ted  in Fig. 7b. According to this model,  en-  
t r a inmen t  wi thout  the genera t ion  of addi t ional ,  non-  
en t ra ined  subboundar ies  requires  a modula t ion  of the  
T2 contour  given by  

Y----- (0.22D) sin (2= X/D) 
where  the  distance, Y, is in the di rect ion of zone mo-  
tion, D is the per iod of the en t r a inmen t  pat tern ,  and X 
is a dis tance measured  pe rpend icu la r  to the direct ion 
of zone motion. Unfor tunate ly ,  we have not  been able 
to d i rec t ly  moni tor  the t empera tu re  contours or  the 
en t ra ined  solidification fronts  and, hence, could not 
confirm our  models  exper imenta l ly .  However ,  we did 

Fig. 7. Schematic illustration of a model for the solid-liquid in- 
terface when the isothermal contours are sinusoidally modulated. 
(a) Depth of modulation is insufficient to achieve full entrainment. 
(b) Depth of modulation is sufficient to induce entrainment. 

observe that  en t r a inmen t  was favored  by  increased 
t empe ra tu r e  modulat ion.  

Control  of the t empera tu re  grad ien t  is impor tan t  in 
subboundary  ent ra inment .  Before discussing this, i t  is 
he lpful  first to c lar i fy  the re la t ionship  be tween  tem-  
pe ra tu re  grad ien t  and  subbounda ry  spacing. As dis-  
cussed above and in Ref. (6), the average  separa t ion  
be tween  subboundar ies  in zone-mel t ing  rec rys ta l l i za -  
tion depends upon the dis tance a chevron-shaped  pa i r  
of facets ex tends  into the mol ten  Si, which  in tu rn  
depends upon the t empe ra tu r e  gradient ,  specifically 
the distance be tween  the T1 and T2 contours.  This was 
confirmed exper imenta l ly ,  as shown in Fig. 8. In  Fig. 
8a, the  upper  hea te r  was a single s t r ip  of graphite ,  
whereas,  in Fig. 8b, two str ips were  used to reduce 
the t empera tu re  gradient .  As shown in the micro-  
graphs,  the average  subboundary  spacing increases as 
the grad ien t  is decreased.  (A s imi lar  resul t  was r e -  
por ted  in Ref. (6), Fig. 10, where  decreased t empera -  

Fig. 8. Dependence of subboundary spacing on temperature gradi- 
ent. (a) A single strip-heater yields a normal subboundary spacing 
(6). (b) A shallower temperature gradient, produced by a pair of 
strip-heaters, yields an increased suhboundary spacing. 
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ture  gradient  was achieved by increasing the speed of 
zone motion.) We were able to get en t ra inment  only  
when the period of the en t ra inment  pattern,  D, was 
at least a factor of 2 larger than the average separa- 
tion between subboundaries,  reflecting the need for a 
steep thermal  gradient  to achieve ent ra inment .  

Figure 9 i l lus t ra tes  the importance of azimuthal  
crystallographic or ientat ion in ent ra inment .  The grid 
of etch pits (29) shows that  two crystal grains are 
present  and that  the grain boundary  is entrained.  On 
the lower side of the grain boundary,  the <10O> di-  
rection is parallel  to the lines of the en t ra inment  pat-  
tern. On the upper  side, the <100> direction is at an 
angle of ~40 ~ to the en t ra inment  lines. As a result  of 
this azimuthal  misorientation,  the pa t te rn  of sub- 
boundaries  has an asymmetric  "feathered" appearance 
due to subboundaries  that originate in between the en-  
t rained boundaries and run  roughly paral lel  to the 
< 0 [ 0 >  direction unt i l  they coalesce with the ent ra ined 
boundaries.  Figure 1O presents a simplified model, for 
the case where the <10O> direction is rotated approxi-  
mate ly  25 ~ from the growth direction, i l lus t ra t ing how 
this asymmetric  pat tern  of subboundaries  probably 
occurs. At time, tl, a single interior  corner  is shown, 
located on the T2 contour. This inter ior  corner and the 
region where the chevron facet is tangent  to the T2 
contour are sources of ledges which sweep across the 
facets of the chevron, causing it to grow. When the tip 
of the chevron encounters the T1 contour a new in-  
terior corner is formed, as depicted at t2. (This dim- 
pl ing mechanism was discussed in connection with 
Fig. 5.) The newly  formed interior  corner falls back 
unt i l  it encounters the T2 contour, as depicted at t3. 
Since an inter ior  corner cannot trai l  behind the T2. 
contour, the forward motion of the contour causes the 
interior  corner to move to the left, as shown at t4. As 
an inter ior  corner approaches the peak of the contour 
the lef tward movement  ceases and coalescence with 

)WTH 
CTION 

:T2 
t l  

T1 

2 
t2  

1 

t3  

t4  

Fig. 10. Schematic illustration of a model for the solid-liquid in- 
terface at four consecutive times, h ,  t2, t3, and t4, when the 
< 1 0 0 >  crystallographic direction is at an angle relative to the 
direction of zone motion. The direction of zone motion is parallel 
to the entrainment pattern axis. 

Fig. 9. Optical micrograph showing the dependence of entrain- 
ment on azimuthal crystallographic orientation. The diagonals of 
the etch pits are < 1 0 0 >  directions. 

an interior  corner ent ra ined at the peak should occur 
(not shown in Fig. 10). A subboundary  traces the path 
of the interior  corner from which it originates. Thus, 
subboundaries  are ini t ia l ly  parallel  to the <100> di- 
rection but  as they approach the peak of the T2 con- 
tour they follow the growth d i r e c t i o n  and coalesce. 
This model is cer tainly a simplification but  predicts a 
subboundary  pat tern  reasonably close to that  observed 
in Fig. 9. 

Conclus ions 
We have described the en t ra inment ,  by means of 

photoli thographically defined patterns,  of subbound-  
aries and grain boundaries in ~zone-melting recrys ta l -  
lization of Si over SiO2. A model for the generat ion and 
characteristic morphology of subboundaries  was pre-  
sented, and we showed that  en t r a inmen t  requires a 
high degree of control over the tempera ture  gradient,  
the modulat ion of the isothermal contours, and the 
azimuthal  crystallographic orientation.  Recrystallized 
samples of Si-on-SiO2 in which the subboundaries  are 
ent ra ined may be ideal for integrated electronic cir- 
.cults because critical regions of devices could be ar-  
ranged to avoid the subboundaries,  and subboundaries  
could serve as getter sites. 
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Mass Spectrographic Analysis and SEM Investigation of  -Hgl  
Crystals Grown by Static Sublimation 
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ABSTRACT 

In this paper, the applicabil i ty of spark-source mass spectrographic analysis and SEM investigations for a-HgI2 is dem- 
onstrated. The influence of the chemical  history of the material  on the spectrum of the impuri t ies  has been investigated by 
comparing materials  synthesized in three different ways. Static sublimation was used to grow single crystals, which had an 
appreciable  average linear growth rate (10 -6 cm/sec) and relatively low etch pit densi ty (103/cm 2 or less). Synthesis  from 
"suprapur" elements after additional purification of iodine gave the most pure crystals, which still contained 1700 ppm at. of 
impurit ies.  The spark source mass spectrographic analysis on ~-HgI2 reveals abundant  dis tr ibut ions which are conspicu- 
ously characteristic of the crystal propert ies (valence, structure, composition, etc.) for elemental  impurit ies,  and crystal 
structure characteristic for the hydrocarbon fragments. Overall abundances for subl imated a-HgI2 vary according to the 
material  source. Morphological investigation of uncoated crystal surfaces (as grown, etched, or cleaved) was possible by low 
temperature  SEM investigation. They showed that most  etch pits are flat bot tomed at up to 10,000• magnification. Emer- 
gence points of dislocations are not visible; dislocations appear  only in the form of a ~few pyramidal  etch pits. 

Red t e t r agona l  mercu r i c  iodide  (=-HgIz) has been 
receiving much a t ten t ion  as a ma te r i a l  for  roo.m tem-  
p e r a t u r e  ope rab le  semiconductor  detectors  for  low 
energy  x -  and  -v-rays (1-3).  This is due to its unique 
physical  proper t ies .  Its wide bandgap  of 2.1 eV, and 
the la rge  atomic numbers  of the components  (80 for 
Hg and 53 for I) resul t  in low d a r k  cu r ren t  at  room 
t empera tu r e  and high photoionizat ion efficiency (1, 2). 

Permanent  address: The Graduate  School at Nagatsuta, Tokyo 
Inst i tute  of Technology, Midori-Ku Jokohama 227, Japan. 

Key words: a-HgIe, single crystals by static sublimation, impuri- 
ties in, mass spectrographic analysis of, SEM invest igat ion on cold 
stage, spark source mass spectrographic analysis of HgIe, sub- 
limation, static, of aHgI,~, vapor growth rate of a-HgI2 single crys- 
tals. 

A medica l  app l ica t ion  was exemplif ied by  a smal l  
HgI2 de tec to r  mounted  ins ide  an inject ion needle  (4). 
Appl ica t ion  to compute.r t omography  is h igh ly  des i r -  
ab le  if smal l  size HgI2 detectors  could replace the  cu r -  
r en t ly  used la rge  s,cintillation detectors.  In  this way, 
the  local reso lu t ion  of the  tomograms would  be im-  
proved.  

In the last  six years,  considerable  progress  has been 
made  in crys ta l  g rowth  of ~-HgI2 and de tec tor  fabr i -  
cation. However ,  the detector  pe r fo rmance  of HgI2 
tends to suffer f rom insufficient collection of the  e lec-  
t rons and holes, p roduced  by  the in terac t ion  of an in-  
cident  photon wi th  the  crystal .  This is due to r a the r  
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smal l  values of the #:  (mobi l i ty  • lifer p roduc t  
of the  charge carr iers ,  pa r t i cu l a r ly  for holes. An open 
question for the  moment  is which mate r i a l  p a r a m -  
eter  can be changed in o rde r  to improve  the charge 
car r ie r  col lect ion efficiency. Recent  studies of iodine 
t r ea tmen t  of the  s ta r t ing  ma te r i a l  (5), seeded solu- 
t ion growth  (6), and poisoned vapor  growth  (7) have 
suggested tha t  both  nonstoicrhiometry and s t ruc tu ra l  
defects in t roduced  dur ing  growth  and de tec tor  fab-  
r icat ion m a y  be responsible  for  incomple te  charge 
car r ie r  collection. Evalua t ion  of the re la t ive  im-  
por tance  of these two factors is difficult at present  
because re l iab le  informat ion on the phase diagram,  
and methods for exact  de te rmina t ion  of the com- 
posi t ion are  not  avai lable .  

F r o m  the poin~ of view of  s t ruc tura l  perfection,  a 
clear  corre la t ion was repor ted  be tween etch pi t  dens i ty  
and de tec tor  pe r fo rmance  (8). However ,  a more  de-  
ta i led morphologica l  invest igat ion is des i red  in o rder  
to  decide  if al l  etch pits resu l t  f rom dislocations. This 
and a genera l  morphologica l  inves t iga t ion  of the 
growth  steps at  the in ter face  could be op t imal ly  per -  
formed with  the  scanning electron microscope (SEM).  
However ,  such invest igat ions  have  been ve ry  difficult 
up to now (9) due to the  high vola t i l i ty  of HgI2 
(p --  10 -5 Torr  at  25~ 

Another  d r awback  of the HgIz- research  is that  no 
impur i t y  effects on the  detector  pe r fo rmance  have 
been sys temat ica l ly  invest igated.  This is surpr is ing  
in view of the g rea t  efforts for the analysis  and e l imi-  
nat ion of impur i t ies  in si l icon and compound semi-  
conductors.  One reason for this s tagnat ing s i tuat ion 
is that  the  impur i t ies  of HgI2 crysta ls  are  close to the 
detect ion l imi t  of emission spectroscopy (9), the 
on ly  method for  chemical  analysis  which has been 
used up to now. Mass spec t rography  has not  been 
ut i l ized effectively, in spite of its potent ia l  advantages  
of s imul taneous  de te rmina t ion  of a large  number  of 
e lements  wi th  much h igher  sensi t iv i ty  than  the spec- 
t rochemical  analysis.  

Recently,  we have s ta r ted  an invest igat ion of the 
appl icab i l i ty  of the  spark  source mass spect rographic  
analysis  and  the  SEM technique to HgI~ (10). In this 
paper ,  we repor t  some of these resul ts  in connection 
wi th  SEM morphologica l  invest igat ions  of a s -g rown 
crystral faces and the crys ta l  growth  and purif icat ion 
conditions. As most  of the  vapor  growth  invest igat ions  
have  used the t e m p e r a t u r e  osci l lat ion methods,  we 
p re fe r red  c rys ta l  g rowth  by  s ta t ic  subl imat ion,  hop-  
ing to accumula te  some da ta  for this r a the r  neglected 
method.  As we were  pa r t i cu l a r ly  in t e re s t ed  in smal l  
HgIz crystals  as de tec tors  for tomography,  no special  
a t tempt  was ma,de to g row large  crystals.  

Purification of the Raw Material 
and Crystal Growth 

The batches o f  ~-HgI~ used in this inves t igat ion as 
a s ta r t ing  m a t e r i a l  were  obta ined  f rom three  differ-  
ent  sources (i) Merck  ana ly t i ca l  g rade  HgI~ pow~ter, 
(it) ~analytical g rade  (Merck)  Hg and I2, f rom which 
the compound was synthesized,  and (iii) "suprapur"  
grade  (Merck)  e lements  used also to synthesize the 
compound.  The synthesis  was carr ied  out by  reac t -  
ing Hg and Is (sl ight  excess of I:2). The e lements  were  
brought  to reac t ion  in an evacuated  P y r e x  ampul  
at  t empera tu res  up  to 220~ for 12 hr  (10b). The ma-  
te r ia l  f rom each of these sources was purif ied by  
repea ted  sub l imat ion  (11) in P y r e x  ampuls  wi th  40 
m m  ID and 220 m m  length  which were  sealed under  
a vacuum of 10 -5 Torr.  U p  to five consecutive pur i f i -  
cation steps, each in a s epa ra t e  ampul ,  were  pe r -  
formed, the  t empera tu re  differences nT and absolute  
t empera tu re  T ~.arying in s teps f rom Z~T _-- 130~176 
--  40~ (for the  first purif icat ion)  to ~T _-- 90~176 
--  60~ (for  the  las t  pur i f icat ion) .  The ra te  of mass 
t r anspor t  ranged  fro'm 8 to 4 g /day .  

Segregat ion  of impuri,ties became vis ible  in the 
form of residue,  which r ema ined  in the  evapora t ion  
zone af te r  the more  volat i le  I ract ion was t ranspor ted.  
The appearance  of the  residue changed with  the 
ma te r i a l  source; ye l low powder  for  the Merck HgI2 
powder  and da rk -b rown ,  t a r l ike  substance for the 
two batches of mate r ia l  synthes ized fro.m the ele-  
ments. Af te r  the  th i rd  (for Merck Hglr or  fourth  
(for the synthesized mater ia l s )  purification, no res idue 
was visible. 

Single  crystals  of ,-HgIf,  were  grown by stat ic sub-  
l imat ion in which the ampul  posi t ion in a ver t ica l  
furnace and the t empe ra tu r e  profile remained  un-  
changed dur ing  growth.  In  order  to minimize the 
t empera tu re  fluctuations due to convection of the air, 
the  two-zone  furnace  was placed in an evacuated  
glass chamber  wi th  brass l ids car ry ing  the connec- 
tions for vacuum (10 -3 Tor t ) ,  power,  and the rmo-  
couples (Fig. 1). 

The expe r imen t s  were conducted under  a supersa tu-  
ra t ion  of about  60% (P, -- P2/Pf)  = 0.6 cor respond-  
ir~g to an undercool ing o f ~ T  = T1 -- T~ ---- 5~ at  a 
g rowth  t empera tu re  ranging  f rom 90 ~ to l l0~ The 
t empera tu re  of the upper  zone was kept  h igher  than 
that  of the lower  zone unt i l  the l a t t e r  reached the 
desired tempera ture .  Af te r  the  above-ment ioned  
supersa tura t ion  was established,  nucleat ion s tar ted 
s imul taneous ly  on many  sites. Some crysta l l i tes  in te r -  
grew, whi le  others  resul ted  in wel l  separa ted  single 
crystals .  Crysta ls  grown in ampuls  of 75 m m  ID 
and 200 m m  length are  shown in Fig. 2a. F igure  2b 
shows a crysta l  grown in a purif icat ion ampul  on 
a seed. 

The  average  l inear  growth  ra te  (ALGR) of the 
sir~gle c rys ta ls  shown in Fig. 2a was of the order  of 
10 -6 c:m/sec. This is a typica l  value  for  diffusion con- 
t ro l led  growth  from the vapor  phase (12) and l a rge r  
than the va lue  prev ious ly  repor ted  (11). Schieber  
et al. observed for crysta ls  grown by stat ic  sub l ima-  
tion a growth  ra te  of the  o rde r  of 500 ~m/week  
(ALGR ~ 8 X 10 - s  cm/sec) .  

Some p re l im ina ry  g rowth  exper iments  were  per -  
formed using HgI2 of technical  grade wi thout  any  
purification. Sizable  crystals  wi thout  macroscopic 
faul ts  could be grown but  the  g rowth  ra te  was t ime 
dependent .  Observat ion  of the crys ta l  size (by  a 
s tereomicroscope)  as a funct ion of t ime gave the re -  
sults shown in Fig. 3. F rom the measured  length  of 
the la rges t  edge of the  C-plane,  we  can conclude the 
fol lowing g r o w t h  rates. Assuming a l inea r  s lope for 
the first 18 h r  of growth,  we can es t imate  an ALGR 
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Fig. 1. Schematic drawing of the apparatus used for crystal 
growth of a-Hgl2 by static sublimation. 
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Fig. 2. Single crystals of ~-Hgl2 grown by static sublimation. 
(Smallest subdivisions in 2a and 2b are millimeters.) 

of 7 X 10 -6 cm sec -L  Between 5-10 days, several  
measurements  exist, so that  the approximate l inear  
slope allows the calculation of the effective l inear  
growth rates (LGR) of 0.7 X 10 -6 cm sec -1 and 0.5 
X 10 -6 cm sec -~ for two different individuals.  The 
growth rate along the C-axis is approximate ly  half 
of this value. We can, therefore, conclude that  the 
growth rate decreases by approximately  one order of 
magni tude  dur ing  the growth experiment.  These 
measurements  were made at approximately  constant  
tempera ture  conditions (T1 = Tevap. --~ 110 ~ --+ 2~ 
and undercooling (~T -- 6 o ___ I~ corresponding to 
a supersaturat ion of (P~10oc -- Plo4oc)/Plo4oc -- 0.67. 
We, therefore, tend to a t t r ibute  this t rans ient  growth 
rate to poisoning of the growth steps due to the high 
concentrat ion of impuri t ies  (see t h e  following sec- 
t ion).  We w~lt cont inue these measurements  for pure 
crystals in order  to s tudy the growth rate in the ab-  
sence of impurit ies.  

I t  is interest ing that  in solution growth the re- 
ported rates (6) are 0.3-0.6 X 10 -~ cm sec -~ for the 
<100> and one order  of magni tude  less for the 
<001> at a supersaturat ion of approximately  5 • 
10 -s.  In  conclusion, it can be said that  static sub-  
l imat ion results in substant ia l  growth rates. The 
suggested influence of the impuri t ies  on the growth 
rate was an addit ional  s t imulus for the invest igat ion 
of the impuri t ies  in HgI~ of various sources. 
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Fig. 3. Linear dimensions of a-Hgl~ crystals as o function of 
growth time. The two solid curves correspond to the largest edge 
of the c-plane of two different individuals. The dashed lines cor- 
respond to the given values of Jinear growth rates. 

Spark-Source Mass Spectrographic Analysis 

The mass spectrographic analyses have been  per-  
formed with a spark-source mass spectrograph MS- 
702 of Associated Electrical Industr ies  Limited. I n  an 
ini t ia l  attempt, small  single crystals of ~-Hgl~ used 
as electrodes could not be r f  sparked. In  order to 
solve this problem, coaxial electrodes were developed 
in which an a-HgI2 rod, cut from a single crys~tal, was 
embedded into high pur i ty  si lver powder  and com- 
pacted under  pressure. This electrode design has an 
advantage over a compact homogeneous mix ture  of 
HgI~ and si lver  powder, because it minimizes the effect 
of silver;  sparking occurs main ly  from the HgI2 core. 
In  all cases, the source pressure before sparking was 
relat ively high, 2 X 10 -6 T o r r  before the first and 
2 X 10 -~ Tort  before the second, as compared with 
a more usual  value of 5 • 10:6 Torr when dealing 
With other materials.  This effect is due to part ial  
evaporation of the electrode substance (HgI2 plus 
impuri t ies) .  The amount  of ~-HgI~ sample consumed 
in an exper iment  was of the order of 5 mg corre- 
sponding to an integrated current  of 5 nC. The photo- 
graphically detected mass spectra were evaluated by 
means of a Joyce-Loebel  microdensitometer.  All 
concentrat ions stated in this paper  refer to Hg .as an 
in te rna l  s tandard and are given in ppm atomic unless 
otherwise stated. The Ag used for the compound 
electrode contains only C(28 ppm),  N(10),  0 (55) ,  and 
CH3( l l )  as impuri t ies  in concentrat ion more than 10 
ppm. However, t h e y  do not conflict with the sample 
data. 

Assuming constant sparking conditions, carbon in-  
homogeneities were very  often observed in terms of 
anomalous relationships between plate exposure and 
l ine darkening.  These inhomogeneit ies occurred on 
sample amounts  ran~ing from 0.1 to 1.0 rag, the local 
concentrat ion deviat ing from the average by  a factor 
of as much as I0 in either direction. It is impor tant  
to note that  this behavior  was true even for single 
crystals grown from four- t imes subl imated mate-  
rial. Fur ther ,  it  was found that  small  parts of the 
crystals were enriched ma in ly  in Na and /o r  K. How- 
ever, no abrupt  changes of the l ine darkening  as a 
funct ion of the exposure were observed for these 
impurities.  
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Table I. Comparison of the total concentration of seventeen typical impurities for two measurements in each of eight specimens 

Concentration relative to Hg, ppm at. 

Material source Specimen No. Measurement  1 Measurement  2 Average 

HgI~ powder As supplied 1 
Single crystal  29 
4 • sublimated 

"Suprapur" e lements  Polycrystal l ine 1 x sublimated 40 
Polycrystal l ine 4 x sublimated 39 
Polycrystal l ine purified I~ 38 
1 x sublimated 

Analytical  grade ele.  Single crystal  31-1 
ments  4 x sublimated 31-2 

31-3 

15000 3000 9000 
6900 5000 6000 

35000 3700 20000 
3690 5300 4590 
1700 3200 2500 

4200 1400 2800 
I0000 1300 5700 
2700 4800 3800 

These results, together with the fact that a com- 
pound electrode system (Ag -t- HgI2 was used, 
make the discussion of analyt ical  "reproducibil i ty" 
difficult. A general  impression can b e  given from the 
total  concentrat ions of impuri t ies  shown for mater ia l  
from different sources in Table I. Experiments  No. 
31-1, 2, 3 were made with three sets of electrodes 
c l e a v e d  from the same crystal. Specimens No. 31-1 
a n d  31,3 showed a reproducibi l i ty  bet ter  than a fac- 
tor of two. Specimen No. 31-2 showed a very high 
concentrat ion of Na(2000 ppm at.) and K(2800 ppm 
at.) which indicated the above ment ioned e n r i c h -  
m e n t .  All other samples showed total impuri t ies  com- 
patible with their purification efficiency: Sample No. 1 
w a s  taken from t h e  as-supplied powder of ttgIo~ 
(Merck analyt ical  grade) without  fur ther  purifica- 
tion. Sample No. 29 had the same source but  it was 
single crystal sublimated four times. Samples No. 38, 
39, 40, all  polycrystall ine,  were synthesized from 
"suprapur" grade elements (Merck).  No. 40 was 
subl imated once and No. 39 four times; No. 38 was 
subl imated once bu t  synthesized from twice-sub-  
l imated "suprapure" iodine. Samples No. 31 were all 
single crystals cut f rom the same piece, bu t  the 
s t a r t i n g  mater ia l  was synthesized from analyt ical  
grade (Merck) elements, and it was subl imated four 
times. 

The results of a second measurement  performed 
with the same set of electrodes after an in terval  of 
about one hour  are also shown in Table I. It  is in-  
teresting that  these second measurements  showed 
nei ther  inhomogeneities nor  enriched par ts .  Also, they 
do not reflect clearly the ,above ment ioned purifica- 
t ion his tory of the samples. I t  is possible that  under  
t h e  complex conditions of sparking, a desorption of 
impuri t ies  intercalated in the layer s t ructure  of HgI2 
takes place. On the ocher hand, sample inhomogeneit ies 
or a possible change of the  sparking mode of the 
compound electrode (as HgI2 was preferent ia l ly  con- 
sumed, the second s p a r k i n g  occurred from electrodes 
with a crater geometry) can be the reason for t h e  
difference between the values of the first and the 
second measurements .  

Unfor tunate ly ,  little informat ion about systematic 
investigations of the reproducibi l i ty  of spark source 
mass spectrography exists in the l i terature,  par t ly  
due to a lack of sufficiently-homogeneous mater ia ls .  
However, whatever  the reason for the difference be-  
tween the first and  the second measurements  may be, 
an overall  "effective reproducibil i ty" of the order of 
a factor 2-3 can be derived from Table I. 

~A comparison of the spectrum of typical impuri t ies  
among the as-supplied material ,  the residue, and the 
purification products was possible only for the com- 
mercial  HgI2 powder (Merck, analyt ical  grade).  For 
the mater ia l  synthesized from the elements, no mass 
spectrographic analysis for the as-supplied Hg( l iquid)  
and I2.(volatile) could be made. Table II allows a 
comparison for the three fractions of the above men-  
t ioned material .  The raw mater ia l  and residue show 
clearly the enr ichment  of impurit ies in the latter. The 
contaminat ion  of the raw mater ial  with NO~- ions 

was revealed only by the analysis of the residue 
(detection of •O2§ and NO + ions).  The high con- 
centrat ion of N and O is probably due to the f ragmen-  
tation of these molecular  ions. 

As a first approximation,  the f ingerprint  or spectral 
shape of the impurit ies is the same between the 
source material ,  the residue, and the single crystal. 
Na and K were the most abundan t  metall ic impuri -  
ties, and the hydrocarbon spectra ranging from CHa 
to C4H8 as typical fragments  had maxima at C~H3 
and C4H7 with a m i n i m u m  at C4H4. This strongly 
suggests that not  only hydrocarbon spark f ragment  
spectra are characteristic of the crystal s t ructure (15) 
but  that  also elemental  impuri t ies  have in principle 
abundance  distr ibutions characteristic of the matr ix  
crystal. The m i n i m u m  of abundance at the mass of 
t h e  relat ively unstable  plane-cyclobutadiene is not  
unexpected, and it is probably indicative of the 
microscopical ly-uneven layer  s t ructure  formed by the 
large Hg and I ions (16). 

The residues resul t ing from the subl imation of 
mater ia l  synthesized from the elements, both of 
"suprapur" and analytical  grade, had d i f fe ren t  im-  
pur i ty  spectra. No ions resul t ing from NO3- were 
observed, and both B and Si had ten times lower 
intensities. Also single crystals grown after four pur i -  
fications from each of these three s tar t ing ma te r i a l s  
had different impur i ty  spectra. These SPectrographic 
fingerprints are shown in Fig. 4. T h e  peaks for metal -  
lic impurities,  especially Na and K, are very strong 
in both single crystals and residue for Merck HgI2 
(Fig. 4a). Metallic and organic impurit ies have rela-  

Table II. Mass spectrographic analyses for Merck analytical grade 
Hglr2; concentration relative to Hg in ppm at., and ppm wt 

in brackets 

ppm at. (ppm (wt) 
Impurity 
as post- Raw Single crystal 

t ive ions material  Residue after 4 x sublimated 

B II000 (260) 
C 1900 (50) 30000 (790) 290 (7.7) 
N 72 (2.2) 510000 (16000) 65 (2.0) 
O 160 (5.6) 870000 (31000) 87 (3.1) 
O~ 3100,0 (2200) 
NO 76000 (5000) 
NO.- 23000 (2300) 
F 170 (7.1) 
Na 1400 (71) 630@0 (3200,) 820 (42) 

Al 94 (5.6) 3300 (200) 120 (7.1) 
Si 110~00 (6800) 

K 7700 (660) 1400000 (120000) 2500 (220) 
Ca 490 (43) 3000 (270) 200 (13) 
Cr 270 (31) 4800 (559) 93 (11) 
Mn 5.7 (0.7) 610 (74) 3.5 (0.4) 
Fe 400 (40) 11000 (1400) 130 (16) 
CHa 240 (7.9) 970 (32) 230 (7.6) 
C~.2~ 520 (31) 2300 (140) 530 (32) 
CaH.- 740 (63) 2600 (220) 780 (67) 
C.~H4 320 (28) 1200 (110) 310 (27) 
C4H, 100 (11) 540 (62) 93 (11) 
C~I~ 200 (24) 769 (92) 490 (59) 
C,IHs I00 (12) 920 (II0) 120 (15) 

Total 15000 (2000) 6900 (550) 

The values listed refer  to the first measurements (Table I). 
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Fig. 4. M.ss spectra of 17 typica~ impurities for single crystals grown from four times sublimated materials and the corresponding res~- 
dues. A: Analytical grade Hgl2 (Merck). B: Synthesized from analytical grade elements (Merck). C: Synthesized from as-supplied "supra- 
pur'-grade elements (Merck). Spectral overlap due to strong intensities of hydrocarbon ions precJuded the determination of N +, AI ~ , 
CI +, and Mn + in the residue. 

t ive ly  comparab l e  concentra t ions  for the ma te r i a l  
synthesized from ana ly t ica l  grade  e lements  (Fig. 4b).  
A s t r ik ing  fea tu re  of  the  HgI2 synthesized f rom 
" s u p r a p u r ,  grade  e lements  (Fig. 4c) is tha t  both  C 
and hydroca rbon  concent ra t ions  are  ex t r eme ly  h igh  
as compared  wi th  the o ther  two groups of mater ia ls .  

As I~ was suspected to be  the  source of the  organic  
impuri t ies ,  the  as -purchased  " suprapur"  I~ was pur i -  
fied by  sub l ima t ion  (AT = 40~176 = 15~ A large  
amount  of hydroca rbon  drople ts  was found to re -  
main  on the glass wal l  of the ampul  nea r  the 
evapora t ion  zone. Twice sub l ima ted  I2 was used for  
the  synthes is  of another  batch of HgI2~. 

Table  HI shows the  sums of the four impor t an t  
groups of impur i t ies  and the to ta l  amount  for  four  
different  samples,  Table  IV shows t h e  de ta i led  ana ly -  
ses. I n  agreement  wi th  the above, the ma te r i a l  f rom 
"suprapur"  source shows the highest  concentra t ion of 
carbon and hydrocarbons .  A decrease  b y  a factor  of 
twen ty  takes  place when  once-sub l imated  I2 is used. 
I t  is in te res t ing  that  s ingle crystals ,  grown from four  
t imes sub l ima ted  commerc ia l  HgI~ (Tables  I I I  and  
IV, sample  No. 29) and m a t e r i a l  synthesized f rom 
ana ly t ica l  grade  e lements  (Tables  I I I  and IV, sample  
No: 31-1) show more  impuri t ies .  Therefore.  we con- 
c lude tha t  synthesis  f rom purif ied e lements  should 
be considered for  fu tu re  work.  In  v iew of the influ- 
ence of  impur i t ies  on the charge  ca r r i e r  mobil i ty ,  no 
top per formance  can  be expected f rom a-HgI2 de tec-  

tors wi th  the impur i t ies  concentra t ion shown in 
Tables I I I  and IV. 

In  this paper ,  we do not  discuss the p rob lem of the 
nons to ich iometry  of HgI~ crystals .  However ,  in view 
of the  resul ts  of Fig. 4 and Tables I I I  and IV, it  has 
to be kep t  in mind that  t r ea tmen t  of the  crysta ls  wi th  
iodine m a y  g rea t ly  increase  the carbon and h y d r o -  
carbon content  unless mass spec t rograph ica l ly  pure  
iodine is used. 

Etch Pits and Surface Morphology by SEM and OM 
As-g rown  and c leaved H g ~  crystals ,  before  and 

af ter  etching, were  inves t iga ted  wi th  SEM and for 
supp lemen ta ry  observat ions  wi th  an opt ical  micro-  
s.cope (OM).  

In v i ew of  the  lack  of morphologica l  invest igat ions 
with, SEM, a ve ry  effective tool for the  s tudy  of c rys ta l  
g rowth  and dissolut ion phenomena,  we have  t r ied  to 
overcome the expe r imen ta l  difficulties associated with  
a vola t i le  compound l ike  HgI2. I t  was r epor ted  in the 
past  (9) tha t  a l ayer  by  l aye r  evapora t ion  induced by  
the e lect ron beam does not  a l low re l iab le  studies of the 
a s -g rown  surface  morphology.  F o r  this reason, we 
have  used a cooling s tage (81114-0001) in conjunct ion 
wi th  the  Cambr idge  Stereoscan Mark  IIA.  This a l lowed 
(wi th  some minor  d rawbacks )  the  observat ion  of the 
surface m o r p h o l o g y  at  a t e m p e r a t u r e ,  near  tha t  of 
l iquid  ni trogen.  Our  invest igat ions  showed that  some 
impor t an t  morphologica l  fea tures  can be  obse rved  and 

Table i11. Total amount and concentrations of four groups of impurities in samples from material of four different sources 

Concentration relattve to Hg, ~ppm at. 

Total Total 
Matevlal source Specimen No. Total C N + O hydrocarbon metallic 

HgI~ powder Single crystal 29 6900 290 150 2600 3900 
4 • sublimated 

Analytical pure elements Single crystal 31-I 4200 180 180 1700 2200 
4 • sublimated 

As supplied "Suprapur" Polycrystalline 40 35000 11000 690 20000 3800 
element 1 • sublimated 

As above, but with 12 a~fter PolycrystaUine 38 1700 17 3~ 660 980 
2 x ~ttbltmated I • sublimated 
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Table IV. Spark source mass spectrum of the purest 
polycrystalline a-Hgl2 (No 38) as compared with the 

spectra of two single crystals grown from 
different source material 

Concentration relative to Hg, ppm at. 

"Suprapur" 
Analytical elements, 

HgI4 powder elements I~ purified 
single crystal single c rys ta l  polycrys ta l l ine  

I m p u r i t y  4 x 4 • 1 x 
(as posi- sub l ima ted  sub l ima ted  sub l ima ted  

t ive ions) (no 29) (no 30-1) (no 38) 

C 290 180 17 
N 65 91 25 
O 87 88 13 
Na  820 1100 610 
AI 120 41 27 
K 2500 360 110 
Ca 200 160 98 
Cr 93 200 47 
Mn 3.5 18 1.6 
Fe  130 300 82 
CH3 230 150 61 
C2Hs 530 360 130 
C~H~ 780 560 260 

CsH~ 310 320 98 
C4H6 93 86 26 
C4H7 490 140 52 
C4Hs 120 80 35 

To~al 6900 4200 1700 

that  only  a few monolayers  evapora t ion  takes  place 
dur ing  an expe r imen t  of severa l  hours. 

The minor  d rawbacks  re fe r red  to above are (i) the  
t i l t ing of the specimen is apprec iab ly  h indered  when 
using the cooling stage, so tha t  only  magnifications up 
to about  10,000 can be effectively used, and (ii) some 
condensat ion of impur i t ies  takes place on the specimen. 
As we wil l  see, however,  the  l a t t e r  effect leads, under  
cer ta in  conditions,  to decorat ions  which apprec iab ly  
increase the resolving power  of the ins t rument .  

Despite the low conduct iv i ty  of HgI2~, it  was not  
necess~ary to coat  the  surface wi th  a meta l  film pr io r  
to the SEM observat ion.  Charging effects were  avoided 
if al l  the surfaces of the  specimen, except  the one to 
be invest igated,  were  covered wi th  conduct ing carbon 
paint .  

Evacuat ion  and cooling pro.cedures requ i red  a com- 
promise  be tween  evapora t ion  of the HgI~ specimen 
and deposi t ion of the res idual  gases. When  cooled" 
wi th  l iquid n i t rogen af te r  no rma l  vacuum (1-2 • 10 -5 
Torr)  was at ta ined,  the sample  suffered some evapora -  
tion dur ing  evacuation.  On the o ther  hand,  the s imul -  
taneous s ta r t  of evacuat ion ,and cooling resul ted  in dep-  
osi t ion of a fa i r  amount  of whi te  part icles ,  p r e sumab ly  
ice crystals ,  on the specimen.  The best  resul t  w a s  
obta ined by  a few minutes  evacuat ion by  the fore-  

p u m p  fol lowed by  cooling with  l iquid ni trogen.  Evacu-  
at ion by  the diffusion pump s tar ted  af ter  the sample 
reached the low t empera tu re  desired 

In o rde r  to es tabl ish  a br idge  to the exis t ing obser-  
vat ions using opt ical  microscope (5, 6, 9, 13), we have 
inves t iga ted  the  same as grown surface, both wi th  OM 
and SEM. This surface was then etched and again in-  
vest igated,  first wi th  OM and then with  SEM. In addi -  
tion, c leaved surfaces were  inves t iga ted  before  and 
af ter  etching. The etching solut ion used was 0.2% 
Br2 solut ion in methanol  (14), appl ied  to the surface 
af ter  pol ishing wi th  20% KI  aqueous solution. 

The main  resul ts  of our  invest igat ion are  the fol-  
lowing:  (i) Severa l  forms of etch pits were  observed.  
The resul ts  of the SEM invest igat ion indicate  that  not 
all  of them m a y  be a t t r ibu ted  to dislocation pits (6, 8, 
13). (ii) Crysta ls  grown by  stat ic  subl imat ion even 
wi thout  pa r t i cu l a r ly  good t empe ra tu r e  s tabi l izat ion 
seem to be dis locat ion poor, showing m a n y  parts  wi th  
dislocation densit ies  of 108 cm -2. (iii) Crysta l  g rowth  
on the (001) p lane  takes  place, at least  sometimes,  
via spi ra l  dislocations.  

F igure  5 is an opt ical  mic rograph  in reflection mode 
of an as -g rown c rys ta l  face (001), at a magnification 
of about  70 times. The crys ta l  was taken  f rom a charge 
which conta ined in ten t iona l ly  added  po lye thy lene  (7). 
I t  is p robab ly  due to bunching  of the spiral  steps tha t  
we can see them at this low magnification. F igures  6a 
and b show at two different  magnifications of the SEM 
of the same crys ta l  face. Some evapora t ion  has t aken  
place dur ing  the evacuat ion of the SEM and a residue 
(whi te)  decora ted  the  surface. I t  p robab ly  or iginates  
from the impur i t ies  contained in the  crysta l  and some 
contaminat ion f rom the microscope.  That  m a n y  mono-  
layers  have been evaporated,  is seen also f rom the 
opt ical  mic rograph  (Fig. 7, t aken  af te r  the  SEM in-  
ves t iga t ion) .  The step height  has decreased down to 
the  bo rde r  of  the opt ical  resolut ion of the microscope, 
so that  the  posi t ion of the steps becomes visible only 

Fig. 5. An optical micrograph of an as-grown (001) facet, show- 
ing the spiral pattern, of an a-Hgl~ crystal grown in the presence 
of polyethylene dopant. 

Fig. 6. SEM photographs of the same crystal face as in Fig. 5, 
taken by using a cold stage. Partial evaporation and decoration 
took place due to evacuation and cooling with liquid nitrogen. 



V'ol. 130, No. 5 a-HgI~. CRYSTALS 1189 

Fig. 7. An optical micrograph of the same crystal face as in Fig. 
5, taken after the SEM observation. It shows the weak spiral pat- 
tern decorated with impurities. The central part suffered damage 
by the electron beam bombardment. 

from the traces of the residue. After polishing and 
etching for 30 sec, many etch pits appeared (Fig. 8) on 
the surface originally covered b y t h e  spiral steps. 
Figures 9a and b are SEM micrographs of these pits. 
They are flat bottomed and do not show the point of 
emergence of a dislocation. Clearly these etch pits 
appear not only on electron bombarded surfaces but 
also on etched as-grown surfaces (Fig. 10). 

Among these flat bottomed pits, there are some 
others which show an emergence point of a dislo- 
cation. Figures l la  and b are SEM, and Fig. 12a and b 
optical micrographs of such etch pits. A cluster of 
pronounced pyramidal pits was also sometimes ob- 
served in cleaved and etched imperfect surfaces (Fig. 
i3). 

A typical concentration of etch pits for crystals 
grown by static sublimation is shown in Fig. 14. The 
figure shows an as-grown crystal surface after pol- 
ishing and etching for 30 sec. The central part of the 
crystal contains a low number of pyramidal etch pits, 
corresponding to a dislocation density of 103 cm-~. It 
is quite common that larger areas of the crystal do 
not contain any etch pits so that much lower etch pit 
densities can be calculated. 

The outer zone of this crystal shows a high con- 
centration (bands) of flat bottomed pits. This can be 
the result of increasing impurities towards the end of 
the growth experiment. This explanation is in agree- 
ment with the decrease of growth rate in long dura- 

Fig. 9. SEM micrographs of the etch pits shown in Fig. 8. Flat 
bottomed pits can be clearly seen in a, and h. 

tion experiments (Fig. 3), which was explained also 
with high concentrations of impurities at the last stage 
of growth. 

Conclusions 
The applicability of sPark-source mass spectro- 

graphic analysis and SEM investigations in a-HgI2 was 
demonstrated, using single crystals grown by static 
sublimation as well as polycrystalline material. Spec- 
trum and concentration of impurities are greatly in- 
fluenced by those of the starting material, even after 
repeated sublimations. These reduce of course the con- 
centration of impurities of the commercial starting 
material, but purer samples can be obtained from 
material synthesized from pure elements. 

Even "suprapur" iodine introduces large amounts of 
hydrocarbons in the HgI~ crystals. These impurities 
are greatly reduced if the iodine is repeatedly subli- 

Fig. 8. An optical micrograph of the same crystal face as in Fig. 
7, taken after etching with 0.2% Br2 in methanol. 

Fig. 10. Flat bottomed etch pit clusters on an etched as-grown 
surface (optical micrograph). 
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Fig. 13. A cluster of pronounced pyramidal etch pits on an etched 
cleaved surface. 

Fig. I1. SEM micrographs which shaw emergence points possibly 
due to dislocations. The white square in Fig. 11a is due to the scan 
of the electron beam. 

Fig. 12. Pyramidal etch pits which may be due to dislocations. 
(a, top) Optical micrograph in  transmission mode, (b, bottom) in 
reflection mode. 

mated. We may conclude, therefore, once more, that 
not the claimed purity,  but  only  the one proved by 
mass spectrography is decisive for the preparat ion 
of pure  material .  High concentrat ions of impuri t ies  
and carbon containing inclusions have been found even 
in single crystals, indicat ing possible intercalat ion of 
the layer  s tructure of =-HgI~. Growth experiments  of 

Fig. 14. As-grown crystal surfa;~e after polishing and etching. 
Notice the low concentration of pyramidal etch pits in the central 
part corresponding to a dislocation density of 10 ~ cm -2. Bands 
with high concentration of flat bottomed etch pits appear at the 
outer parts. 

long durat ion with technical grade mater ia l  show a de- 
crease of the growth rate as a function of time by one 
order  of magnitude.  It is probable that this is the re-  
sult of step-poisoning by impurities.  Crystals grown 
by static subl imat ion show an appreciable l inear  
growth rate (10 -8 cm/sec) and low dislocation density 
(103 or less/cm2). SEM investigations at l iquid ni t ro-  
gen temperature  revealed that most etch pits are flat 
bottomed and do not  show the point  of emergence of 
a dislocation. Such fiat bottomed etch pits appear in 
crystal surfaces after SEM investigations (probably 
as the result  of electron bombardment )  but  also in  as- 
grown surfaces. 
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Growth and Characterization of Gao471no53As Films on InP Substrates 
Using Triethylgallium, Triethylindium, and Arsine 

J. S. Whiteley 1 and S. K. Ghandhi* 

Electrical, Systems, and Computer Engineering Department, Rensselaer Polytechnic Institute, Troy, New York 12181 

ABSTRACT 

Lattice matched epitaxial  layers of Gao 47In0.~3As on InP substrates are of current interest  in a number  of device applica- 
tions. In this paper,  we report  on the growth of such epitaxial  layers using organometallic chemical  vapor  deposi t ion w i t h  
tr iethylgall ium (TEG), t r iethyl indium (TED, and arsine (ASH3) for the reactant  species. A conventional, a tmospheric  pres- 
sure reactor system was used for these experiments .  The deplet ion reaction between TEI and arsine has been modeled and a 
theory predict ing the epitaxial  layer composi t ion as a function of the reactant pressures at the inlet has been developed, 
based on this model: The inclusion of an in situ substrate etching step has been found to significantly improve the surface 
morphology of the grown layer and resulted in mirror-like surfaces. The effect of lattice mismatch is shown to be much 
worse for layers in tension than for layers in compression. 

Lat t ice  matvhed Gao.47Ino.53As ep i t ax ia l  layers  on in-  
dium phosphide  subst ra tes  a re  cu r ren t ly  of i n t e r e s t  
for  the  fabr ica t ion  of detectors  for  opt ical  fibers oper -  
a t ing at the  t ransmiss ion loss minimum,  near  1.6 m i -  
crons wave length  (1). This ma te r i a l  also has  been  
demons t ra ted  to have improved  e lec t ron t r anspor t  
p roper t ies  over  G a A s  (2), mak ing  i t  a t t rac t ive  for 
use in high f requency  field effect t rans is tors  (3, 4). 

In  a previous  pape r  (5), we h a v e . d e m o n s t r a t e d  the  
feas ib i l i ty  of using organometa l l i c  chemical  v a p o r  
deposi t ion (OMCVD),  wi th  t r ime thy lga l l i um (TMG),  
t r i e thy l ind ium (TEI) ,  and ars ine (ASH3) to grow 
Ga0.4~In0.53As on InP  in a reac tor  opera t ing  a t  a tmo-  
spher ic  pressure .  An in situ e tch ing  process for  the 
ind ium phosphide  subs t ra tes  was also presented,  and 
the improvemen t  in ep i tax ia l  l aye r  morphology  which 
resul ted  from its use was demonst ra ted .  

A number  of advantages  c a n  be real ized if t r i e thy l -  
gal l ium (TEG) is used as the  gal l ium source ins tead  
of TMG. The vapor  pressure  of TEG i s  s ignif icant ly 
lower  than  tha t  of TMG (6) a l lowing be t t e r  control  
of the gas phase concentra t ion of the ga l l ium species. 
The incorpora t ion  ra te  of ga l l ium into the  ep i tax ia l  
l aye r  is also lower  when  TEG is used, as has been 
observed  prev ious ly  (7). Together,  these  effects make  
it possible  to obta in  grea te r  control  of the  ep i tax ia l  
l aye r  composi t ion and growth  of la t t ice  matched  layers  
over  a wider  range of condit ions than  is the  case for 
TMG. 

In this pape r  we repor t  the  growth  of Ga0.47In0.58As 
on InP  subs t ra tes  in an a tmospher ic  pressure  reactor ,  

* Electrochemical  Society Active Member. 
1Present  address: MA-COM, Gall ium Arsenide Products  Com- 

pany, Burlington, Massachusetts 01803. 

by  the reac t ion  of TEG, TEI,  and  ASH3. The effect o f  
in situ subst ra te  etching p r io r  to ep i t axy  on the e lec t r i -  
cal p roper t ies  of the layers  is also described.  

A majo r  compl ica t ion  in the use of o rgano ind ium 
compounds as reac tan t  sources is the i r  deple t ion  due 
to a low t empera tu re  react ion wi th  ars ine (8, 9). This 
paper  also presents  a model  for this deple t ion  which 
al lows pred ic t ion  of the effect of the  r eac tan t  par t ic le  
pressures  on the composit ion of the ep i tax ia i  layer .  

Experimental Apparatus and Procedure 
The reactor  sys tem used in these exper iments  has 

been  descr ibed p rev ious ly  (10). The on ly  modification 
to this sys tem was the subst i tu t ion of TEG 2 for TMG. 
The o ther  reacVant sources, TE[ and arsine, 3 and the  
procedure  for p repar ing  the ind ium phosphide  4 sub-  
s t ra tes  were  ident ical  to that  in our  previous  pape r  
(5). Throughout  this work  the TEG a n d  TEI bubble rs  
were  ma in ta ined  at 10 ~ and 24~ respect ively.  

Al l  the  ep i tax ia l  Gal -~InxAs  layers  r epor ted  in this  
paper  were  grown wi th  a to ta l  gas fl~w of 6.0 s t anda rd  
l i t e r s /m in  and a to ta l  organomet~Il ic  flow ra te  (TEI 
and TEG) of 0.54 s t anda rd  cm3/min (sccm),  5 These 
flow rates  were  ca lcula ted  assuming  tha t  equ i l ib r ium 
sa tura t ion  was achieved in the  bubble rs  and al l  pa r t i a l  
pressures  were  ca lcula ted  assuming ideal  gas behavior .  
Epi tax ia l  l a y e r  c o m p o s i t i o n ' ( x )  was var ied  by  ad-  
jus t ing the rat io  of TEI to TEG (PTEI/PTEG) in t h e  
in le t  s t ream.  

r~ Alfa-Ventron, Danvers,  Massachusetts 01923. 
Matheson Gas Products,  E. Rutherford,  New Jersey  07074. 
Varian Associates,  Palo Alto, California 94303. 
Throughout this paper, all flows are  quoted in terms of the 

flow of pure gas. 
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Epitaxial  layers were grown both on substrates 
which were etched in situ prior to epi taxy and on sub-  
strates which were not etched. Experiments  without 
the in situ substrate etching step consisted of heating 
the substrate to the desired growth temperature,  typi-  
cally 700~ with a phosphine flow of 36 sccm (PpH3 =-- 
6.0 • 10 -3 atm) added to the required flows of hydro-  
gen and  arsine. Control experiments  have shown these 
conditions to be sufficient to preveflt substrate  de- 
composition at temperatures  less than  750~ After 
stabilization at the desired growth temperature,  the 
phosphine flow was terminated.  The organometall ic 
flows were begun, ini t ia t ing layer growth, after a 1 
min  in terva l  to allow the phosphine to be purged from 
the reactor. 

Anhydrous  hydrogen chloride gas was the etching 
agent in experiments  where in situ substrate etching 
was used. Details of this process have been given in 
an earlier paper  (5). In  summary,  however, a 1% 
mixture  of electronic grade HC1 in hydrogen 6 was used 
as t h e  e tchant  source for InP  substrates at 750~ 
The etching was carried out with a phosphine over-  
pressure of 1.3 • 10 -2 arm to prevent  substrate de- 
composition. An HC1 flow of 1.77 sccm was used to 
remove about 25 microns of substrate in 2 min, pro- 
viding a featureless surface on which the epitaxial  
Ga l -z l r~As  was subsequent ly  grown. 

Epitaxial Layer Growth 
Precise control of the composition of the Gaz-=In=As 

epitaxial  layer  ks required for obta ining lattice match-  
ing on InP  substrates From an exper imental  point  of 
view, use of TEG as the gal l ium reactant  source was 
advantageous, since it allowed the growth of closely 
lattice matched layers over a much wider range of con- 
ditions than was possible using TMG. 

It was necessary to develop (11) a mathemat ical  
model describing the depletion of TEI from the gas 
stream in order  to unders tand  the effect of the part ial  
pressures of the three reactant  sources, TEG, TEL, and 
ASH3. The depletion of TEI was assumed to occur by 
a first-order, bimolecular  reaction with AsI-ta 

TEl(c) + A s H 3 ( r  Complexes) [i] 

The product of this reaction condensed on the walls 
of the reaction chamber upstream of the reaction zone, 
resulting in less TEI arriving to the substrate. The 
rate of this depletion reaction can be written as 

d PTEI 
- -  -" -- K PTEI(t) PAsHa(t) [2] 

d t  

Expressing the par t ia l  pressures as functions of t ime 

PTEI(t) - -  P~ - -  5(t) [3] 
pAsr~ (t) : P~ - 6 (t) [4] 

where P~ and P~ are the reactant  part ial  pres-  
sures before any  deplet ion occurs, and ~ (t) represents 
the amount  of product  formed, in uni ts  of its pressure, 
if it Were an ideal gas. These equations can be com- 
bined and solved using direct integrat ion after alge- 
braic manipulat ion,  giving 

PTEI(t) "-- P~ 
1 - -  P~176 

p~ 
exp [K (P~ - -  P~ t ]  

P ~  

[5] 

The composit ion of Gal-mln=As layers will depend 
on the par t ia l  pressures of the gal l ium and ind ium 
reactant  species near  the substrate.  Ear l ier  experi-  
ments  in this study, as well  as l i terature data (5, 8, 9), 
indicate that the mol fractions of gal l ium and ind ium 

a Synthatron Corporation, Parsippany, New Jersey 070,54. 

in the solid are proport ional  to the part ial  pressures 
of TMG and TEI in the inlet  stream. This behavior  is 
also expected to hold for the growth of Gal-xIn~As 
using TEG, so that 

X PTEI J -~- K2 
1 - -  x PTEG Substr. 

P~ P~176 AsH3 
---- K:2 - -  

P~ exp [K1 (P~ - -  P~ - -  P~176 

[6] 

In  this equation, K1 is a phenomenological  constant that 
groups together t h e  depletion reaction rate and the 
t ransi t  time from the inlet  to the vicini ty of the sub-  
strate. Its calculation would require  knowledge of 
the flow pat tern  and thermal  gradients encountered 
wi thin  the reaction chamber. 

The effect of the TEI /TEG ratio on the epitaxial  
layer composition is shown in Fig. 1 for layers grown 
at 600 ~ and at 700~ The arsine part ial  pressure was 
8.3 • 10 -4 atm for the 600~ experiments,  and 4.2 • 
10 -4 atm for the 700~ experiments.  The solid curves 
shown on this figure were calculated from the theo- 
retical equation: The agreement  between the predic- 
tions and the exper imental  data indicates that  the 
assumption of proport ional i ty  between the gas phase 
and the solid phase compositions is valid. The l inear i ty  
of the curves in Fig. 1 is due to" the nar row range of 
TEI par t ia l  pressures used in  these exper iments  and 
the large TEI to AsH~ ratios (9.5-26.3). 

Comparison with the previous results obtained using 
TMG indicates the gal l ium incorporation is reduced 
when TEG is the reactant  source. The relative t rans-  
port ratio may be defined as the quotient  of the solid- 
phase ind ium to gall ium ratio to that of the gas phase 
at the inlet, i.e., (x/1 - -  X ) / ( P ~ 1 7 6  In  the pres- 
ent experiments  this ratio was approximately  2.36 for 
layers grown at 600~ and 1.66 for those grown at 
700~ In our  earl ier  work with TMG at 700~ this 
ratio was 0.22. 
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Fig. 1. Effect of the TEI/TEG pressure ratio at the inlet on the 
composition of Gal-~ln~As layers. These experiments had a total 
flow rate of 6000 sccm, and a total organometallic flow rate (TEG 
-F TEl) of 0.54 seem. The 700~ experiments had an arsine partial 
pressure of 4.2 X 10 - 4  atm while those at 600~ are for 8.3 X 
10 - 4  atm. 
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We have indicated that  the presence of TMG in-  
hibits the depletion reaction of AsH~ and TEI (5). 
It  is possible that the use of TEG fur ther  inhibi ts  
this reaction, since it is present  as a larger fraction of 
the input  mixture.  No definitive judgment  can be 
made on this issue, however. 

Figure 2 shows the inlet  gas phase TEI -TEG ratio 
required to grow Gao.47In0.5~As, as a funct ion of the 
arsenic part ial  pressure. Note that  this depletion be-  
gins to occur at the point  of mixing,  but  continues 
throughout  the t ravel  of reactants in the hot zone. 
Thus, the combined effects of temperature,  tempera-  
ture gradient,  and transi t  t ime cooperate in this pro- 
cess. In  our work, this change ~s relat ively small  
(about  46% for a tempera ture  range from 600~176 
We do not  believe that  the incorporat ion ratios of 
the individual  elements change significantly with tem- 
perature,  since growth of ei ther pure GaAs or pure  
InAs (9) is essential ly mass t ransport  l imited in this 
range. The solid curves indicate the theoretically pre-  
dicted behavior  and were calculated using the con- 
stants K1 and K2, which yielded the best fit to the ex- 
per imental  data. At 700 ~ these were K1 ---- 1.23 • 102 
atom -1, K2 ---- 1.45; while at 600~ K1 = 2.98 X 102 
atom-~, K2 ---- 2.35. The correlation between the theory 
and the data in  this case indicates that  the bimolecular  
depletion model predicts with reasonable accuracy the 
effect of arsine par t ia l  pressure on the extent  of de- 
plet ion of TEL 

The substrate temperature  had little effect on the 
growth rate of the epitaxial  layers. Over the range of 
550~176 the apparent  activation energy associated 
with the epi taxy of Ga0.47In0.5~As was approximately  
2.3 kcal/mol.  This value is typical of processes in  
which the rate is l imited by the gaseous diffusion of 
reactants or products through a boundary  layer (12), 
and is an order  of magni tude  below what would be 
expected if the rates were kinet ical ly  controlled (13). 
In  these experiments  therefore, it appears that  the 
growth rate is mass t ransport  l imited by diffusion. 

In  Fig. 3, the relative t ransport  ratio, ( x / 1 -  x ) /  
(PTEI/PTEG), is shown as a funct ion of susceptor tem-  
perature,  for laYers grown with an arsine part ial  pres-  
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Fig. 2. Effect of the arslne partial pressure on the TEI1TEG 
rotia required to grow Ga0.471n~.5~As. The experiments had a total 
flow rate of 6000 sccm and a combined (TEG -}- TEl) flow of 0.54 
s c c m .  

sure of 4.2 • 10 -4 atm. The decrease in the relative 
t ransport  ratio at temperatures  above 600~ can be 
explained by the increasing depletion of TEI from the 
inlet  gas s t ream at higher temperatures.  Here, the de- 
pletion of ind ium is clearly seen to be greater  at 700 ~ 
than  at 600~ Note, however,  that  a fourfold change 
in AsH3 pressure changes the requirements  on the TEI /  
TEG ratio by only 1.6. This serves to emphasize that  
temperature  is only one term in controll ing the ind ium 
depletion reaction, and that  kinetic factors are also 
important .  

The f a l l  in this ratio at temperatures  below 600~ 
could be due to small  differences in the desorption 
rates of the ind ium and gal l ium species at the surface, 
or to differences in the tempera ture  dependences of 
the gaseous diffusion rates. This data serves to empha-  
size the importance of accurate tempera ture  control 
for the growth of closely lattice matched epitaxial  
layers, even though the growth process is mass t rans-  
port limited. 

The p r imary  effect of in situ substrate etching prior 
to epi taxy on  the growth process was to improve  the 
morphology of the epitaxial layers. The degree of 
surface roughness was much smaller  for layers grown 
on etched substrates than in layers grown without  a 
substrate etching step. However, in situ substrate etch- 
ing had no effect on either the composition (5) (as 
determined by  gravimetr ic  methods) or the  growth 
rate of epitaxial  layers. Smooth surfaces, with few 
visual defects, were obtained for layers grown at t em-  
peratures between 600 ~ and 750~ At lower tempera-  
tures the films became increasingly faceted and ex-  
hibited a large density of visual defects. The part ial  
pressure of arsine used dur ing growth did not  appear 
to affect the morphology of these layers, therefore, it 
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Experiments were conducted with a total flow of 6000 sccm, a 
total organometallic flow (TEG + TEl) of 0.54 scorn, and an arsine 
pressure of 4.2 • 1 0 - 4  atm. 
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appears  that  the g rowth  ra te  is mass t r anspor t  l imi ted  
by  diffusion. 

Elec t r ica l  C h a r a c t e r i s t i c s  
Al l  ep i tax ia l  l ayers  g rown in this s tudy were  n - t y p e  6,000 

wi th  ca r r i e r  concentrat ions  of be tween  10 TM cm -8 and 
1.5 • 101~ cm-~  due to res idual  impuriti.es in the  re-  
ac tant  sources. The e lec t ron mobi l i ty  and concent ra-  s,000 
tion in  these layers  were  measured  f rom the Hal l  effect 
using the van  der  Pauw technique,  wi th  layers  g rown 
on semi - insu la t ing  Fe + doped InP. The Hal l  mobi l i ty  ~ 4,000 
measured  by  this technique typ ica l ly  ranged f rom 6000 
cm2/V-sec (n : 5 X 101~ cm -~) at  room t empera tu r e  
to 10,000 cm~/V-sec at  77 K. Note tha t  these  values  are  
ave raged  over  the ent i re  layer .  Sequent ia l  etch and 
van de r  Pauw measurements  showed tha t  the l aye r  ~ ~ 3,000 
mobi l i ty  was nonuniform,  and fel l  off in the v ic in i ty  
of the  ep i subs t ra te  in ter face  (14). La t t i ce  matched  epi -  2,000 
t ax ia l  Ga l -x InxAs  layers  were  grown at  t empera tu res  
b e t w e e n  550 ~ and 750~ and at g rowth  rates  f rom 0.07- 
0.1 ~m/min.  

F igure  4 shows the  e lec t ron mobi l i ty ,  measured  a t  ~,ooo 
300 K, for  layers  grown over this t empe ra tu r e  range.  
As shown in this figure, the e lect ron mobi l i ty  improved  
with  increas ing growth  t empe ra tu r e  up to about  700~ 0 
but  decreases at  t empera tu re s  g rea te r  than  this value.  
We bel ieve  tha t  this is due to two compet ing factors. 
Firs t ,  g rowth  at  increas ing t empera tu res  l eads  to in-  
creased crys ta l l ine  perfec t ion  in the epi tax ia l  layer ,  
due to the enhanced diffusion effects of r eac tan t  spe-  
cies on the surface. On the o ther  hand, res idual  impur -  
i ty  incorpora t ion  would also be  expected to increase  
wi th  tempera ture ,  as has been shown for the organo-  
meta l l ic  growth  of GaAs (15). Thus, the observed de-  
cline in  mobi l i ty  above 700~ can most p r o b a b l y  be a t -  B,ooo 
t r ibu ted  to the effects of increased i m p u r i t y  scat tering,  
resu l t ing  f rom this l a t t e r  effect. 

La t t i ce  matched  ep i t axy  is des i rable  in  o rde r  to min i -  
mize the  effects of in te r fac ia l  defects on the e lec t r ica l  
p roper t ies  of the ep i tax ia l  layer .  The effect of the 
composition, and hence the la t t ice  mismatch,  on the  

6,000 
electron mobi l i ty  of as -grown e p i t a x i a ! l a y e r s  is shown 
in Fig. 5. Here,  the composit ion of the ep i layers  was 
de te rmined  by  opt ical  t ransmiss ion measurements  in 
the range 1.1 < k < 2 ~m, which were  used to de t e r -  
mine  the absorpt ion  coefficient, and ex t rapo la t ed  to 

L find the d i rec t  bandgap  (5). The  composit ion was ca l -  - .  
culated f rom 

v 4,000 

Eg(x) _-- 0.36 + 0.629 (1 --  x)  + 0.436 (1 --  x)~ [7] ~- 

which is a best  quadra t ic  fit to photoluminescence and 
opt ical  absorpt ion da ta  in the l i tera ture .  The la t t ice  
p a r a m e t e r  was next  ca lcula ted b y  the use of Vegard ' s  ~ 
law, The car r ie r  concentra t ion of these films showed 
no corre la t ion wi th  layer  composit ion and was in the  2.o00 
mid-10 ~s cm -3  range  for each of the da ta  points  shown. 
Al l  layers  were  app rox ima te ly  4 microns thick. As can 
be seen, the e lec t ron mobi l i ty  of ep i tax ia l  layers  wi th  
lha/aol < 10 -8 did  not  va ry  signif icantly wi th  com-  
position. F i lms  wi th in  this range  have been considered 
to be lat t ice matched (16). Addi t iona l ly ,  films under  
compress ive  stress (x > 0.53) exhib i ted  high e lect ron 0 
mobil i t ies  even though thei r  lat t ices were  only  poor ly  
matched to the  substrate .  Indium-def ic ien t  l ayers  which  
were  under  tensile stress, to the ex ten t  that  the i r  un -  
s t ra ined  la t t ice  constants  exceeded the above  cri terion,  
exh ib i ted  decreased e lec t ron mobil i t ies .  S imi la r  resul ts  
have  been  r epor t ed  for  layers  grown b y  both l iquid 
phase ep i t axy  (16) and molecular  beam ep i t axy  (17), 
and have been a t t r ibu ted  to the grea te r  p robab i l i t y  of 
dis locat ion format ion  and mlc rocrackmg in layers  
under  tensi le  stress than  in those under  compressive 
stress (18). 

Conclus ions  
We have  shown that  device qual i ty  Ga0.4~In0.53As 

can be grown on InP by  OMCVD at  a tmospher ic  p res -  
sure. The u~r of TEG as the ga l l ium reac tan t  source 
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Fig. 4. Effect of growth temperature on the electron mobility of 
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provided  severa l  advantages  over  TMG; among these 
are  its lower  vapor  pressure  and lower  incorpora t ion  
rate,  which  together  act to provide  grea te r  control  of 
the g rowth  process. As a resul t  of the wider  range  of 
condit ions possible, ep i tax ia l  layers  wi th  e lect r ica l  
character is t ics  comparab le  to those r epor t ed  for  th in  
films grown by  low pressure  OMCVD (19) and MBE 
(20) have  been obtained.  
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A model of the depletion reaction between TEI and 
AsH~, which is a major complication in the OMCVD 
of Gal-xInxAs, has been developed and shown to pre- 
dict the composition of the epitaxial layer as a func- 
tion of the reactant partial pressures. This model, along 
with our experimental results, demonstrates the re- 
quirement of precise flow and temperature controls for 
the attainment of closely lattice matched epitaxial lay- 
ers, even thOUgh the growth process appears to be 
diffusive mass transport limited. 

The results of our electrical measurements have 
Shown that, whereas lattice matching is important in 
obtaining the best electrical performance, slightly mis- 
matched films under compressive stress are preferable 
to those under tensile stress. Additionally, the incorpo- 
ration of an in situ substrate etching step immediately 
prior to epitaxy was found to substantially improve 
the surface morphology of the grown layers. 
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ABSTRACT 

A molybdenum nitride film was developed by direct reaction of the molybdenum film with ammonia or forming gas. 
The nitride film made above 800~ in pure ammonia showed dominance of the 8-phase MoN, having hexagonal structure 
which makes it very brittle with a large volumetric expansion. The Mo film can be partially converted to molybdenum 
nitride by reacting molybdenum with diluted ammonia in the temperature range 500~176 The low temperature film was 
found to be dominantly ~/-phase Mo2N, with a mixed structure of face-centered cubic and hexagonal. The film retained 
metallic luster and strength. The ammonia reaction is enhanced by the presence of monatomic nitrogen. Partial conversion 
of the molybdenum film was found to be easily controlled. The low temperature Mo2N phase appears suitable for use in 
VLSI and microelectronic interconnection. 

Refractory metal  gates to produce self-al igned 
source/dra in  MOSFET's were introduced in 1966 (1). 
Molybdenum or tungsten  metal  gates have the ad- 
vantage of high intr insic  conductivi ty compared to 
doped polysilicon (2). In addition, the metal  gates can 
be pat terned directly using photoresist and simple 
metal  etchants, whereas the polysilicon gate required 
that an oxide transfer  mask be applied for the case of 
wet etching the gate pat tern  (3), al though direct pat-  
terning using plasma etching is general ly  used for re- 
cent processing. Fur thermore,  polysilicon could be 
self-passivated using thermal  oxidation. High pur i ty  
silane used for chemical vapor deposition of polysilicon 
was also readi ly avai lable and the source/dra in  dif- 
fusions could be formed using conventional  high tem- 
perature  gaseous dopant  sources  because of the self- 
passivation properties of polysilicon. These properties 
made polysilicon gate integrated circuits easily ma nu -  
facturable. Furthermore,  early integrated circuits did 
not require the high speed capabilities of molybdenum 
or tungsten gates and interconnections.  With a wide- 
spread adoption of ion implanta t ion doping, high yield, 
high f requency molybdenum gate structures became 
easily fabricable (4). However, passivation against  
oxidation and protection from mobile ion contamina-  
tion was still accomplished using doped glasses (4), 
which can actual ly getter impurit ies from the columnar  
grain  s t ructure  of molybdenum films (5). Because of 
higher speed and densi ty requirements,  refractory 
metal  materials  are assuming a higher degree of im-  
portance in VLSI applications. 

Various metal  silicides have been recent ly investi-  
gated. Pla t inum,  tantalum, molybdenum,  and tungsten  
silicides are being extensively studied. These silicides 
are a b o u t  one order of magni tude more conductive 
than polysilicon, whereas the conducti~:ity of refractory 
metals is about two orders of magni tude  higher. 

The purpose of this work is to improve the properties 
of molybdenum films in order to overcome some of the 
l~revious difficulties described above. For instance, it 
has been reported that molybdenum ni t r ide is a bet ter  
barr ier  to mobile ions, has bet ter  masking capabil i ty 
against  ion implantat ion,  and reduces the possibility of 
oxidation of the molybdenum under ly ing  the molyb-  
denum ni t r ide layer  (6). The ni tr ide layers in  Ref. (6) 
were formed by reactive sputtering. 

In this work the molybdenum film was reacted with 
ammonia  and /or  forming gas to form molybdenum 
nitride, with temperatures  and gas compositions being 
varied to find an opt imum process. The films were 
thoroughly charac ter ized  by means of SIMS, x - ray  
diffraction, SEM, and resistivity measurement .  

Experimental Procedure 
Sample preparation.--The star t ing mater ia l  used was 

10 l l - cm p- and n - type  Si wafers with (100) or ienta-  
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tion. The wafers were ox id i zeda t  1000~ in dry oxy- 
gen to grow 500-1000A of SiO2. A molybdenum film of 
3000A was sputtered in an S-gun  system using argon. 
The substrate was heated to 250~ to promote adhesion. 
The center of the wafer was pat terned with 20 mil dots 
for C-V measurements,  leaving molybdenum sheets at 
the edge for the evaluat ion of changes in physical 
property. Using photoresist as an etch mask, molyb-  
denum etching was performed in  s tandard A1 etch 
(4). The resist was str ipped off in acetone, followed by 
cleaning in hot phosphoric acid. The ini t ial  sheet re-  
sistivity was in the range of 0.4-0.5 ~ / sq  before nitr ide 
formation. 

Nitriding in forming gas.--Molybdenum nitr ide was 
made by a direct reaction with ni trogen in a mixture  
of hydrogen gas using an open furnace tube. Since 
molybdenum is readi ly oxidized in trace amounts of 
oxygen or moisture, commercial  forming gas had to be 
cleaned. This was done by passing the forming gas 
through a Deoxo uni t  and a subsequent  liquid ni trogen 
trap. A ni t r ide  film could be formed in 20 min in the 
temperature  range between 700 ~ and 800~ This ni-  
tride was very thin, ( (600A) ,  as determined by SIMS 
depth profiling, but  could not be made reproducibly.  

Nitriding in ammonia.--With the use of ammonia  the 
ni t r ide could be made reproducibly in the temperature  
range between 500 ~ and 900~ Ini t ial  experiments  
were performed in a vertical  rf reactor with high 
pur i ty  electronic-grade ammonia.  A slow heat ing was 
required to prevent  nonuni form heating, which occa- 
sionally causes part  of the film to lift. An open tube 
furnace was found to be more convenient.  The nitr ide 
films were extensively evaluated using SIMS, x-ray,  
SEM, and four-point  probing techniques. 

Resultsand Discussion 
The different thicknesses of molybdenum nitr ide 

could be made by varying the temperature,  time, and 
ammonia concentration. Above 700~ the total thick- 
ness (3000A) of molybdenum could be converted to 
ni t r ide in 10 min  with pure ammonia.  In these in -  
stances the surface became rough because of the large 
crystal grain volumetric expansion which, occurs dur-  
ing the formation of the nitride. When ammonia  was 
diluted with nitrogen, the reaction rate was reduced, 
and complete conversion did not  take place unt i l  10 
rain reaction time in the furnace at 750~ had been 
completed. In  the lower tempera ture  range, from 500 ~ 
to 700~ a surface layer of the film was converted to 
nitride, without losing any  surface smoothness or 
luster. 

When 10 min ni t r id ing is performed using 10% an-  
hydrous ammonia  mixed with 90% dry ni trogen by 
volume, the temperature  is found to be a very  useful  
parameter  to control the ni t r ide thickness and struc- 
ture. Under  these conditions the 3000A Mo can be 
par t ia l ly  converted to n i t r ide  in the tempera ture  range 
500~176 The dominant  ni t r ide phases are -y-phase 



Vol. 130, No. 5 MOLYBDENUM 

Mo2N (face-centered cubic) in the temperature  range 
of 500~176 and 5-phase MoN (hexagonal) above 
800~ The increase in ammonia  concentrat ion or 
n i t r id ing time showed a similar  effect of temperature  
increase. 

MoN (5-phase) film.--Figure 1 shows SIMS depth 
profiles of the molybdenum ni t r ide film made by the 
reaction with 100% ammonia  at 800~ for 10 min. Data 
were taken using a Cameca IMS 3-f ion microscope us-  
ing Cg + p r imary  ions. In  order  to maximize defection 
sensitivity, the species profiled were 60Si2-, ~2Mo-, and 
ll2MoN+. In Fig. 1 one notes the conversion o f  the 
molybdenum film to MoN. Also, the SiO2 layer  is seen 
between the MoN film and silicon substrate. This type 
of SIMS profile was typical  for all of the wafers re- 
acted in pure ammonia  above 700~ When the reaction 
time was extended to 1 hr, similar results were ob-  
tained at 650~ The exact time required to complete 
the conversion at any given lower temperature  was 
not determined.  X- ray  traces were obtained with a 
Siemens D500 diffractometer equipped with Cu target  
and a graphi te-receiving crystal beam monochromator.  
The traces were run  with a O angle of the diffrac- 
tometer offset by 2 ~ to minimize the strong single 
crystal Si reflections. When this is done, the Si 
peaks give the appearance of a broad, diffuse profile. 
Figure 2 shows the x - r ay  diffraction spectrum of a 
molybdenum ni t r ide  film grown under  the same con- 
ditions. The strong peak at 20 = 36.554 ~ is the (200) 
diffraction of hexagonal  8-phase MoN with a ---- 5.725A 
and C -- 5.608A; C/A --= 0.980. These data  show that 
almost all of the Mo has been converted to the nitr ide.  
The small  peak at higher a n g l e  suggests the face- 
centered cubic Mo2N. There is also a trace of Mo ap- 
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Fig. I. SIMS composition depth profile of molybdenum nitride 
film made at 800~ for 10 min in 100% ammonia, showing a com- 
plete conversion of 3000A molybdenum to molybdenum nitride. 
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pear ing at 20 = 40.802 ~ caused by (110) Mo reflection. 
I n  any case, 5-phase MoN is the dominant  phase in the 
high tempera ture  process. When the relative intensit ies 
Of the dominant  5-phase are compared to those given 
by  the JCPDS, (200) preferent ia l  or ientat ion is obvi-  
ous. The 5-phase also contains small  amounts  of the 
superlatt ice s tructure (7) with 8 atoms per cell. 

When 5-phase MoN is formed across the total thick- 
ness, the surface becomes hazy, losing the original 
metall ic luster. Figure 3 shows an SEM photomicro- 
graph of the rough surface which develops at 800~ as 
ammonia  concentrat ion is increased (e.g., 20% from 
5% in volume).  Figure 4 is an S E M  photomicrograph 
of the ni t r ide  film made in pure ammonia  at 800~ 
which shows a localized development  of the super-  
lattice embedded in  a simple hexagonal  sublatt ice and 
the generat ion of cracks along the edge of the islands 
caused by  tension. The severe crack sometimes lifts a 
part  of the film, as presented in Fig. 4. The microscopic 
observation indicates that the superlatt ice is not 
formed uni formly  from the beginning  of the ni t r ide 
process when the ni t rogen content  is low. Since low 
angle reflection of the thin film is more intense than 
higher angle, we could not  observe the superlatt ice 
,reflection obtained at the higher angle (7). The new 
structure,  shown i n  Fig. 4 and 5, starts after the com- 
pletion of 5-phase t ransformat ion without adding any  

Fig. 3. SEM photomicrograph which shows physical change of t~ne 
nitride surface. The surface roughness increases with ammonia con- 
centration. 

Fig. 4. SEM photomicrograph of the nltrlde film made in pur~ 
ammonia at 800~ which shows the development of the hexagonal 
superlattice and cracks along its edge caused by severe tension. 
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Fig. $. Nitrlde film remainder after etching in concentrated nitric 
acid. The superlattice has less chemical resistance than the sur- 
rounding nitride. 

significant diffraction peak at the low angle. Therefore, 
this s t ructure  can be l inked to the hexagonal  super-  
lattice. As the n i t rogen concentrat ion increases, t h e  
t ransformat ion occurs locally. This is clearer in Fig. 5, 
where the superlatt ice s tructure disappears much 
faster than the sur rounding  sublattice dur ing the 
etching,  because the sublattice nitrides react a t  a 
slower rate in the etchant. In the ~-phase, the smaller  
ni t rogen atoms occupy the interst i t ial  position, bu t  they 
seem not  to be dis tr ibuted in the ordered interstices 
of the lattice because there is no extra visible reflection 
in the x - r ay  spectrum. The ni t rogen atoms may  be 
situated at the centers of t r igonal  prisms of molyb-  
denum atoms (8), which displace the molybdenum 
atoms from the normal  position of the sublattice. From 
the lattice constants, the volume of the uni t  superlat-  
t icehexagQnal cell can be calculated to be 1.60 X 10-2~ 
cm 8. The volume expansion is 27.7% when compared 
with the un i t  cell volume of pure molybdenum.  The 
large volume expansion makes  the surface rough. This, 
together with the inheren t  property of hexagonal  
structure, makes the film brittle. 

MozN (multiphase) film.--The physically strong and 
smooth films required for device applications were 
achieved by part ial  conversion with 10% ammonia  in 
nitrogen. The  ideal tempera ture  range was determined 
to be 500~176 with ammonia  gas concentrat ions of 
less than 10%. 

Figure  6 shows a SIMS depth profile of the ni t r ide 
grown for 10 min  at  500 ~ 550 ~ 600 ~ and 650~ in an 
rf reactor. Under  these conditions part  of the 3000A of 
molybdenum converts to molybdenum nitride. These 
profiles show the increasing Mo2N thickness as a func-  
tion of n i t r id ing  temperature.  From these results the 
molybdenum ni t r ide film thicknesses were determined 
to be 500, 1200, 1900, and 2900A for the 500 ~ 550 ~ 600 ~ 
and 650~ ni t r id ing conditions, respectively. The 
nitr ide films are smooth with high luster. 

Figure 7 shows a typical x - r ay  diffraction spectrum 
of an Mo film after being ni t r ided in this temperature  
range. The sample shown in Fig. 7 was made at 600~ 
under  the same conditions. The spectrum indicates 
major  peaks at 2e diffraction angles of 37.847 ~ and 
40.802 ~ which, respectively, represent  Mo2N and 
molybdenum.  These results show that  the film is a 
composite of molybdenum and molybdenum nitride, 
a finding which is in quali tat ive agreement  with the 
SIMS result. The strong 37.847 ~ peak is very  close to 
(111) diffraction of ~,-phase Mo2N with 2.404A in ter -  
p lanar  spacing and (112) diffraction of body-centered 
tetragonal  (bct) /~-phase Mo2N with 2.370A in te rp lanar  
spacing. All the x - r ay  data with samples prepared at 
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Fig. 6. SIMS profile of molybdenum nitride for different nitrid- 
ing temperatures in rf reactor with 10% ammonia; the film thick- 
ness increases with the reaction temperature. 
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Fig. 7. X-ray diffraction spectrum of the partially converted 
Mo2N/Mo double layer made at 600~ for 10 min in 10% ammonia. 

higher n i t r id ing tempera ture  showed -y-phase near the 
diffraction angle, i.e., 37.477 ~ . Since the discrepancy in 
diffraction angle of 0.37 ~ is within the exper imenta l  
error and since a 2 ~ offset is applied to suppress Si 
peaks, we concluded that  the major  ni t r ide phase at 
600~ is-y-phase Mo2N with face-centered cubic (fcc) 
structure.  The superimposed peak at 36.727 ~ represents 
(200) diffraction of the hexagonal  8-phase MoN. The 
small  peak at 2e _-- 43.303 ~ may be a (200) diffraction 
of the fcc phase for a lattice parameter  of 4.163A. The 
broad peaks in the range from 62 ~ to 72 ~ are caused by 
the silicon substrate undernea th  the film. 

At the low tempera ture  the dominant  phase is -y- 
Mo2N with a small trace of 5-MoN. When the ni t r id ing 
tempera ture  is raised to near  800~ b-phase MoN in-  
creases significantly; as presented in Fig. 9. When the 
temperature  reaches 850~ 8-phase MoN becomes the 
major  ni t r ide phase, as shown with the x - r a y  diffrac- 
t ion analysis in Fig. 10. Therefore, a mult iphase mixed 
with v-phase and 5-phase coexists in  the tempera ture  
range 500~176 under  the n i t r id ing  condition. This 
mixed phase makes the ni t r ide s tructure appear to be 
a par t ia l ly  disordered form (9). 

It should be noted that, since these data are from 
textured thin films, the relative intensit ies cannot be 
directly compared to JCPDS values. For example, for 
thin films the low angle lines will appear more intense 
than higher angle lines. Further ,  peak positions will be 
slightly moved due to the 2 ~ offset used to mimmize the 
Si peaks, as previously discussed. 
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The above analysis suggests that instead of the 
dominance of a single phase at a given temperature,  
there are several phases coexisting. Depending upon 
the local content of nitrogen, fcc or face-centered 
tetragonal (fct) phases are formed whose lattice 
pararpeters also change with nitrogen content. As pre- 
viously mentioned the nitrogen atoms will not make a 
completely ordered structure but randomly occupy the 
largest interstices. In the fcc unit cell, there are eight 
equivalent intersti t ial  positions: (1/4 1/4 1/4), (1/4 
1/4 3/4), (1/4 3/4 1/4), (3/4 1/4 1/4), (3/4 3/4 1/4), 
(3/4 1/4 3/4), (1/4 3/4 3/4), and (3/4 3/4 3/4), while 
four molybdenum atoms can be situated at (000), 
(1/2 .1/2 0), (1/2 0 1/2), and (0 1/2 1/2). For the unit 
cell, about 1.36 nitrogen atoms equivalent to 34 atomic 
percent can go to the eight identical positions. Thus, a 
random occupancy of nitrogen is expected, which 
makes it easy to form different phases. Therefore, some 
properties are expected to be related to the amount of 
nitrogen content, as i l lustrated later by resistivity mea- 
surements. 

Kinetics and related properties.~The formation of 
metal nitrides requires several thermal energies: the 
heat of dissociation of the nitrogen molecule or am- 
monia, AHD, and the heat of solution of the nitrogen in 
the metal, aHs. Assuming that monatomic nitrogen 
reacts with the metal to form the nitride, the value of 
AHD is a critical factor determining the nitriding tem- 
perature. When molybdenum is heated in the nitrogen 
gas, the nitrogen molecule dissociates as described by 

1/2 N~ = N, Kp -- PN/PN~ 1/2 [I] 

where K,  is the equilibrium constant, PN2 the pressure 
of nitrogen gas, and PN the part ia l  pressure of the 
monatomic nitrogen. AHD associated with reaction [1] 
is very high: 113 kcal /mol (10), and log Kp at 800~ is 
--27.744, which means that there is a negligible amount 
of the monatomic nitrogen existing at this temperature 
range, Thus, no nitride was observed to form by heat-  
ing molybdenum in pure nitrogen. When forming gas 
was used, a nitride formed, implying that the dissocia- 
tion kinetics favored monatomic nitrogen formation. 
This ~onclusion assumes a significant reduction of Z~HD 
in forming gas as has been reported for the nitriding of 
chromium in an N2-H2 mixture (11), The equilibrium 
nitrogen pressure, PN2, was found to be related by the 
re la t~nship:  log P~2 = -- l l ,080/T + 5.32 in the tem- 
perature range 1100~176 From this one can easily 
estimate /~HD as 50.7 kcaI/mol. Thus, it is thermody- 
namic.ally possible to form metal  nitride in forming gas 
at relat ively low temperatures (700~176 as de- 
scribed previously. 

In the case of the new ammonia nitriding process, 
higher concentrations of nitrogen monatomics dissoci- 
ate from Nt-I~. The pure ammonia is easily dissociated 
due to the low free energy of formation, i.e., 3.9 kcal /  
mol at. room temperature (12). The reaction with pure 
ammonia was too fast to control the thickness. Thus, 
we used ammonia mixed with dry nitrogen. The de- 
gree Qf dissociation of the mixed ammonia, a, can be 
expressed (13) as 

~1  - -  n ( I  - -  '~x) 
= [2] 

where n - -  T ~ T N 2 / V N H  3 is the volumetric ratio of nitro- 
gen to ammonia at the inlet, and al is the normal de- 
gree of dissociation of the pure ammonia in parts by 
volume. For 10% ammonia, a is about 20%, making the 
active nitrogen volume ratio to the total gas only 2%. 
This degree of dilution produces thin uniform nitride 
films. 

In the previous section, it was formulated that the 
nitrogen atoms randomly occupy intersti t ial  positions 
of the molybdenum nitride lattice and that the lattice 
parameter  of the molybdenum nitride continuously ex- 
pands as  the nitrogen concentration increases over the 
temperature range of 500~176 It was found that the 
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sheet resistance of the composite film continuously in- 
creases with nitrogen content, from 0.47 ~ / sq  for pure 
molybdenum to 3.8 ~/sq for pure nitride. 

Figure 8 shows the average sheet resistance change 
as a function of temperature during the isochronal 
nitriding i n d i l u t e d  ammonia. 

The sheet resistance, ps, increases gradually in the 
temperature range of 500~176 As the nitriding 
temperature approaches 750~ ps increases rapidly. 
p~ reaches a maximum at 800~ after which it de- 
creases slightly followed by another increase. SIMS 
analysis shows complete film conversion to nitride 
around 750~ The ps minimum is caused by the phase 
transformation to hexagonal MoN from fct Mo2N: This 
is verified by the x - ray  analysis in Fig. 9 and I0. In Fig. 
9 the dominant phase is Mo2N. The sample made at 
850~ near the resistivity minimum has the reversed 
dominance of the phase, as shown in Fig. 10, where 
MoN is the major phase. Therefore, the resistivity 
maximum occurs due to the resistivity reduction as 
~,-phase Mo2N is converted to 8-phase MoN. When the 
temperature is further increased, more nitrogen is ex- 
pected to be dissolved to increase the resistivity. 

Since molybdenum expands its volume upon ni t r id-  
ing, it is convenient to express the molybdenum and 
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Fig. 8. Sheet resistance change as a function of nitriding tem- 
perature: increases slowly for Mo2H/Mo double layer, peaks near 
the complete conversion to Mo2N, and shows a minimum as MoN 
phase transformation occurs. 
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Fig. 9. X-ray diffraction spectrum of a nitride film made at 800~ 
by nitriding with 10% ammonia for 10 min in an open tube furnace. 
The major component is Mo2N with MoN as the minor, 
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Fig. 10. X-ray diffraction spectrum of a nitride film made at 
850~ by nitridlng with 10% ammonia for 10 min in an open tube 
furnace, which shows the reversal of the major phase in Fig. 9 from 
Mo2N to MoN. 

ni t r ide  thickness in terms of measurab le  values.  Let  do, 
dN, dMo, and dT, respect ively,  be the ini t ia l  film, ni tr ide,  
r emain ing  molybdenum,  and total  thickness.  Then 

(do -- dMo ) (1 ~- u = d N  [3] 

where  V is the f ract ion of the l inear  expansion that  
occurs when the molybdenum is conver ted  to ni t r ide.  
F rom the re la t ionship  of dw : dMo -~- dN 

(1 + V)do--  dT (dw--  do) (1 + V) 
dMo ~--- , dN - -  

V V 
[4] 

since do and dT can easi ly  be measured,  dMo and ds can 
be ca lcula ted  by  using ei ther  the theoret ica l  or exper i -  
menta l  value  of V. 

F igure  11 shows the film thickness changes as a func-  
tion of t empera ture .  The total  measured  thickness,  dw, 
increases cont inuously wi th  t empera tu re  unt i l  800~ 
Thereaf te r  the increase is r e t a rded  due to the phase 
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Fig. 11. Relative film thickness change as a function of nitriding 
temperature for 10 min isechronal reaction with 10% ammonia. The 
nitriding rate in the rf reactor is faster than that in the open tube 
furnace. The film thickness expansion rate is reduced above 800~ 
where MaN phase transformation occurs, 

t ransformat ion  of the 6-phase. This thickness discon- 
t inu i ty  agrees ve ry  wel l  wi th  the res is t iv i ty  m a x i m u m  
in Fig. 8. The curve wi th  c i rcular  dots represents  the 
remain ing  molybdenum thicknesses measured  by  
SIMS, which showed the complete  conversion at  750~ 
In this case, Eq. [3] becomes V = dw/do -- 1, where  
dw is 3620A from Fig. 11 and do is 3078A, which gives 
0.176 for V. The Calculated dMo (dMo .'= dw -- dN) value  
was plot ted in Fig. 11, which agrees  wi th  the SIMS ob- 
servat ion except  for the smal l  n i t r ide  thickness region 
where  measurement  e r ror  was high. The t r i angu la r  
curve represents  the observed dMo for samples  n i t r ided  
in the r f  reactor .  

Conclusion 
A molybdenum ni t r ide  process has been developed 

to pass ivate  molybdenum gates and interconnections.  
The film can be made  by  a direet  react ion of the  mo lyb -  
denum with  e i ther  ammonia  or forming gas. The Mo2N 
mul t iphase  made with  the d i lu ted  ammonia  is more 
reproducib le  and produces  high qual i ty  films. The 
format ion  of MoN 6-phase is more enhanced as the re-  
action tempera ture ,  t ime, and concentra t ion of am-  
monia  are  increased.  However ,  MoN causes the film 
surface to become  ve ry  rough and makes  the film 
br i t t le  when compl6'te conversion occurs at high tem-  
peratures .  The impor tan t  conclusion is that  molyb-  
denum ni t r ide  format ion  must  be res t r ic ted  to the 
Mo2N phase for thin film electronic applications.  
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Eliipsometric Characterization of Si Surface Damage Induced by 
Sputter Etching 
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ABSTRACT 

Surface characterization using spectroscopic ellipsometry is applied to sputter etched Si surfaces. It is elucidated by 
spectrum measurement  that broadening of the refractive index spectrum occurs due to crystal damage induced by sputter 
etching. As more damage is introduced by increasing the rf power, the spectrum peaks in n and k are broadened, and espe- 
cially for the extinction coefficient k. Thus, the extinction value can be a measure of the degree of damage. For crystal 
damage evaluation, ellipsometric measurement  at a wavelength of 4200-4500]~ is effective and reasonable. Comparing the 
results of ellipsometry with those of RHEED patterns and electrical properties, it is verified that the degree of broadening is 
compatible with that of blurring in RHEED patterns and increase in leakage current in Schottky type diodes constructed on 
the etched surfaces. It is concluded that surface quality can be assessed numerically by measuring the change in refractive 
index. 

Developments  in  MOS process technology have made 
surface characterization of Si wafer  more impor tan t  
because of the great influence of the surface layer  on 
device properties (1). Several  methods have been pre-  
sented for characterizing the Si wafer, e.g., l ifetime 
measurement  (2), reflection electron diffraction 
(RHEED) (3), l ight reflection measurement  (4), elec- 
t ron beam induced conductivity m e a s u r e m e n t  (5), and 
oxidation Sirt l  etching to reveal  stacking faults (OS 
check (6). 

These methods possess individual  advantages, bu t  
they also have disadvantages in  that  they are destruc- 
tive, they can be dis turbed by the na tu ra l  oxide layer, 
they have low sensitivity,  and they are difficult to 
evaluate quanti tat ively.  

It is well  known that  the surface crystal damage 
causes variat ions in the optical parameters  of the pro- 
cessed surface regions (7, 8). As el l ipsometry can de- 
te rmine  the refractive indexes of the substrate in spite 
of the na tu ra l  oxide film, it is considered useful  for 
characterizing the Si surface. 

Recently, el l ipsometry has been applied for es t imat-  
ing damage by Ohira (9), Watanabe  (10), and other 
researchers (11-14) because of its abil i ty to determine 
refractive indexes precisely. They measured the 
changes in the ellipsometric parameters  a and 4, or cal- 
culated the refractive indexes n and k for the Si wafer 
surfaces processed in various ways. 

In the previous paper (15), the author  measured the 
changes in the refractive index spectrum, and re-  
ported that  the refractive indexes at 5461A, ~'especially 
the extinction coefficient k, increased with the crystal 
damage. This was deduced from the broadening of 
the k spectrum. The author  showed that el l ipsometry 
was useful  because of its nondestruct ive  and highly 
sensitive characterization of Si wafer surfaces. How- 
ever, the physical mean ing  of the changes in the re-  
fractive indexes was not  clarified, and comparison of 
the results obtained by this method with those of 
other characterization methods were not reported. 

In  this paper, the author  measures and discusses 
spectrum changes in the refractive indexes for rf 
sput ter  etched, annealed, and plasma deposited Si sur-  
faces concerning the surface damage. The results are 
compared with those obtained from RHEED and elec- 
trical properties of the processed Si surfaces. Experi-  
menta l  results show that  the results are compatible 
with each other, and, therefore, tha t  el l ipsometry is 
a useful  technique for assessing Si surface damage. 

Experimental 
Three inch diameter  380 ~m thick (100) oriented p- 

type Si wafers are used in this experiment .  Si wafer  
Key words: ellipsometry, damage, surface, sputter etching. 

surfaces a re  mechanochem~icalIy polished (MCP),  and 
are undamaged.  Thereafter,  they are rf sput ter  etched 
(RI~S) using Ar gas to introduce surface damage, rf 
power of 100, 150, and  250W, a gas pressure of 10 
Pa, and an etching time of 3 rain are employed. As 
it is general ly  supposed that  rf sput ter  etched surface 
has a damaged layer in the amorphous state, an amor-  
phous S i  (a-Si)  surface formed by plasma deposition 
is also examined for comparison. 

In order to estimate the effect of hea t - t rea tment  an-  
neal ing on crystal damage, RFS surfaces and a-Si  sur-  
faces are heated in an Ar ambient  at 300~176 for 
60 min. The MCP and RFS specimens are character-  
ized by RHEED, electrical properties, and spectroscopic 
ellipsometry. Comparison of these results are made 
and discussed. Also, the heated specimens are charac- 
terized by  RHEED and ellipsometry, and the compari-  
sons be tween them are carried out. 

Fur thermore,  in order  to investigate the effect of 
the formation and the removal  of the nat ive  oxide 
layer  on the damaged surface after a long time ex- 
posure i n  an atmosphere, the RFS surfaces are ex- 
posed in an  atmospheric condition for three months. 
Thereafter,  the surfaces are assessed by  spectroscopic 
ellipsometry. The RHEED equipment  is JEOL Model 
JEM-100S, and a 100 kV electron beam is chosen to 
obtain the RHEED patterns.  

For  the electrical properties concerning device char-  
acteristics, current-vol tage  characteristics for the pro- 
cessed surfaces are examined. For the measurement  of 
I -V characteristics, an ohmic contact must  be formed 
on the back surface of Si wafer. For this purpose, A1 
metall izat ion by vacuum evaporat ion and hea t - t rea t -  
ment  is usual ly  used. However, the hea t - t r ea tmen t  may 
cause a change in the crystallographic s tructure,  and 
the damage introduced by RFS cannot be character-  
ized correctly. Therefore, the back surface of the pro-  
cessed wafe r  is metallized with A1 by ion plating, and 
an ohmic contact is formed to the Si wafer without  
hea t - t rea tment  (16). Circular electrodes, 2 mm diam, 
are vacuum evaporated on the Si surface, and 
Schottky type diodes are constructed for the test. 

The ell ipsometer used is the Shimazu polarimetr ic  
spectrometer Model EP-10. All ellipsometric measure-  
ments  are carried out with an incident  angle of 70% 
For spectroscopic measurement ,  a Bausch and Lomb 
monochromator,  tungs ten  l ight  source, and Babinet -  
Soleil compensator are used. The measurement  wave-  
length ranges from 3600 to 6328A. 

Figure 1 shows a model of the Si wafer surface used 
in the experiment.  There is a nat ive oxide film with 
nonabsorbing  refractive index nl  and thickness d on 

the Si substrate with complex refractive index n2 = n2 

1201 
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incident beom 

oxide \ ,./-I ~' 
fi lm ~'f,  nl d 

S i wafer n2- ik2 

Fig. 1. Model of Si wafer surface. There is a natural oxide film 
with nonabsorbing refractive index nl and thickness d on the Si 

substrate with complex refractive index ~ - -  n~ - -  ik2. 

- -  ik~. When  monochromat ic  l ight  of wave leng th  ~ is 
inc ident  on the s u r f a c e  f rom the r direction,  e l l ip-  
sometric  pa rame te r s  A and ~ and re f rac t ive  indexes  
hi, ~.2, k2, etc. a re  re la ted  by  Eq. [1] (17) 

tan  ~ exp (iA) = 

(rip -F r2p exp ( - -  2i8) ) (1 + rlsr2s exp ( - -  2i5) ) 

(1 + rzpr~p exp ( - -  2i5)) (rls + r2s exp ( "  2i5)) 
[1] 

5 = 2nnl cos c ld /~  

where  6 is the phase change in the reflection of l ight ,  
no is the  re f rac t ive  index of the  ambien t  (a i r ) ,  and 
hp, rls, r2p, and r2s are  the  Fresne l  reflection coeffi- 
cients. 

The other  symbols  a re  the ones no rma l ly  used in  
the  e l l ipsometry .  Pa rame te r s  h and ~ are  ~lirectly mea -  
sured by  e l l ipsometry .  They cor respond to the phase 
shift  and re la t ive  a t t enua t ion  of the electr ic  field p a r -  
a l le l  or  pe rpend icu la r  to the  p lane  of incident  l ight,  
respect ively .  When  the values  of A, 4, C0, no, nl, and d 
are  given, n2 and k2 can be calcula ted f rom Eq. [1] 
assuming isotropic,  homogeneous p lane  boundaries .  F o r  
expe r imen ta l  convenience, na t ive  oxide  layers  on the  
Si surfaces a re  removed  by  chemical  e tching just  be -  
fore the e l l ipsometr ic  measurement ,  using 3% aqueous 
solut ion of hydrof luor ic  acid (I-IF) for 1 rain. The 
ref rac t ive  indexes  of the Si subs t ra te  are  de te rmined  
f rom Eq. [1] wi th  d = 0. I t  is wel l  known tha t  the  
na t ive  oxide regrows quickly  in an a tmosphere .  How-  
ever,  measur ing  the re f rac t ive  indexes  in UHV in 
order  to assess the  surface  qual i ty  is not  pract ical .  
Therefore,  in the present  s tudy,  the ref rac t ive  in-  
dexes are  measured  in an a tmosphere  as a prac t ica l  
method.  The errors  of the ref rac t ive  indexes  caused b y  
ignor ing the th ickness  d wi l l  be discussed in the nex t  
pa ragraph .  The surfaces,  except  for the  surfaces ex -  
posed for  three  months,  are  measured  immed ia t e ly  
af te r  the  sput te r  e tching or hea t - t r ea tmen t .  

Results and Discussion 
Figure  2 shows RHEED pa t t e rns  for  MCP and R F S  

surfaces. A Kikuch i  pa t t e rn  c lea r ly  appears  on the 
MCP surface. I t  is ev ident  tha t  the  surface has good 
c rys ta l lographic  quali ty.  The pa t te rns  become unc lea r  
as r f  power  increases.  I t  is es t imated  f rom the pa t t e rn  
tha t  a surface  processed at  250W is in an almost  amor -  
phous state. 

The cur ren t  vs. vol tage  character is t ics  for  the  
Schot tky  type  diodes constructed on processed surfaces 
a re  sho,vvn in Fig. 3. I t  is appa ren t  tha t  the backward  
( leakage)  cur ren t  increases as r f  power  increases.  
For  MCP surface,  the level  of leakage  cur ren t  densi ty  
s tays at  an a lmost  constant  va lue  of 1.9-2.0 X 10 - s  A /  

Fig. 2. Changes in RHEED patterns by rf sputter etching 

m m  ~ in the appl ied  vol tage range be tween  0.1-10.0V. 
However ,  wi th  the RFS  surface, the cur ren t  is l a rger  
than  tha t  for MCP surface, and the cur ren t  also in-  
creases as the vol tage increases. Fo r  example ,  for 
250W RFS surface,  the cur ren t  level  at  0.1V is 1.5 
t imes as large as for MCP. The cu r ren t  level  marked ly  
increases at  10V, and reaches as more than  20 t imes 
large  as for  MCP. By the expe r imen ta l  result ,  i t  is 
ev ident  tha t  the damage  induced b y  sput te r  etching 
resul ts  effectively on the cur ren t  vs. vol tage charac-  
terist ics of the specimens. 
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Fig. 3. Changes in I-V characteristics by rf sputter etching 
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Figure  4 shows the spectra of the refractive indexes 
for Si wafer surfaces processed by MCP, RFS, and 
plasma deposition. It is known that  n and k spectra 
have an intr insic  peak at about 3750 and 3550A, re-  
spectively, in  a single crystal Si surface (18). The 
MCP surface shows these sharp peaks. However, RFS 
surfaces tend to broaden the spectra. The tendency 
is pronounced as the rf power increases for the sake 
of in t roducing damage. 

Judging from the  fact  that RFS surface spectra ap- 
proach those of the a-Si  surface, the RFS surface is 
estimated to be in an amorphous-l ike state. Looking 
at the k value at 5461A, the value increases monotoni-  
cally with increase in  damage. The extinct ion coeffi- 
cient k has a p e a k  at 3550A ~(3.5 eV), which corre- 
sponds to the direct t r ans i t ion  in Si. When the band  
structure is disordered by rf sput ter  etching, the peak 
may shift according to the lattice disorder. If the 
lattice disorder includes both tensile and compressive 
strain, or is in  an amorphous state, the peak shift  is 
estimated to occur at energies slightly higher and lower 
than 3.5 eV (19). Thus, the spectrum broadens i ts  
peak. As a result, the spectrum peak drops, and the 
absorption edge is broadened. Therefore, the coefficient 
value can be larger at a wavelength away from the 
spectrum peak, say at 5461A. This indicates that it is 
reasonable to assess the degree of surface damage by 
the k value at 5461A. It is clear from Fig. 4 that  the 
evaluat ion via k value at a wavelength of about 4500A 
is more sensitive for Si surface damage. 

Fur thermore,  it  is possible to estimate from Fig. 4 
that evaluat ion at wavelength in the ul traviolet  region 
give a more sensit ive indication of damage than in  
the visible wavelength region. The results of ellip- 
sometric measurement  are closely compatible with 
those of RHEED pat terns  and I-V characteristics. 

As the refractive indexes are affected by various 
factors, their  accuracy or error arising from the fac- 
tors is discussed for these specimens. The ma in  factors 
in  the errors are (i) measur ing  errors of the ~ and A 
values, and (ii) the effect of the nat ive  oxide layer. 

Firstly,  the effect of ~ and A values is examined. 
It  is exper imenta l ly  verified that  reading errors of 

and A values are wi thin  • ~ The errors caused 
by using the monochromator  and compensator in  
order to measure  the spectra are estimated by com- 
par ing the values of ~ and 5 found by using the 
monochromator  and compensator wi th  those deter-  
mined by the UHV mercury  lamp and ~/4 plate. In  
this experiment ,  differences in ~ and ~ values between 
the results found using the two methods are experi-  
menta l ly  confirmed to be • 0.1 ~ Therefore, the errors 
in n and k values caused by the r and A errors of • 0.1 ~ 
are calculated and discussed at 5461A, which is the 
wavelength usual ly  used to characterize the refractive 
indexes of Si surfaces. The error  of ___ 0.1 ~ in the 

value causes errors of 0.015 for MCP and 250W RFS 
in  n, and 1.8 • 10 -3 for MCP and 3.9 • i0 -a  for 
250W RFS in  k. The error of ___ 0.I ~ in the A value 
causes errors of 3.5 • I0 -~ for ]VICP and 8 • 10 -4 
for 250W RFS in n, and 3 • 10 -3 for MCP and 250W 
RFS in k. 

These errors are very  small, and it  is apparent  that  
that the ~ and A errors do not  introduce effective 
errors in the refractive indexes and that  the rank ing  
of the refractive indexes for these specimens remains 
the same. Errors in  n and k at different wavelengths 
are also calculated, and the results show that errors 
are very small, and the rank ing  of the refractive 
indexes for these specimens remains  the same. As 
discussed above, the errors in n and k caused by 
errors in  ~ and A are very  small, and, therefore, the 
difference in the n and k spect ra  is significant. 

Secondly, the effect of the nat ive oxide layer  is ex-  
amined. It  is general ly supposed that Si surface is 
covered with a very thin oxide layer. In  this ex-  
periment,  the max imum a value is 176.2 ~ after the 
removal  of the layer  by  HF etching. Comparing the 
A value with that of Archer, the Si surface is estimated 
to be covered with the na tu ra l  oxide layer  of 10A 
thickness (20, 21). Accordingly, the effect of the ox- 
ide layer  thickness on the n and k is discussed. It  is 
verified that  by taking into account the thickness, the  
n value becomes higher, and the k value becomes 
smaller  in comparison with cases in which the effect 
of the th ickness  is ignored. It  is also revealed that  
the shift is pronounced for the shorter wavelength 
region. The shift in the n value when the oxide layer  
thickness is taken into account is small  especially at 
the r e g i o n  of 4200-6328A. For example, the shift is 
about 0.004 for MCP, 0.013 for 250W RFS surfaces at 
5461A, and, therefore, the ranking  of the calculated 
n value for each specimen remains  the same. The k 
value calculated by taking into account the thickness 
decreases to about the same~values at the same wave-  
length especially at the region of 4200-6328A. That  is, 
the k value only shifts about the same amount  for 
each specimen at the same wavelength especially in 
the region of 4200-6328A. For example, the k value at 
5461A shifts to 0.091 for MCP, and 0.094 for 250W 
RFS surface when the oxide layer  thickness is taken 
into account. The ranking  of the k values remains  the 
same for the MCP and 100, I50, 250W RFS Specimens. 
Therefore, relat ive damage evaluat ion through the k 
value is meaningful .  

When samples are rf sput te r  etched, the nat ive 
oxide may also be damaged. I t  is reported that  S i  
surface may be covered with SiO2-x (0 < x < 1) 
(12). In  the present  study, the refractive index of 
the nat ive oxide is assumed to be 1.45 in  the analysis. 
The errors arising from assuming the value to be 1.45 
are calculated and discussed. The refractive index 
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Fig. 5. Changes in RHEED patterns for rf sputter etched surfaces 
by heat-treatment. 

value of the  damaged  nat ive  oxide  on the  damaged  
surface is not clear. The differences in the ref rac t ive  
indexes  of damaged  Si be tween  assuming the va lue  
1.45 and assuming it  1.8 a re  8.6 • 10-4-3.5 X 10 -a  in 
n, and  0.02 in k for  MCP, 100, 150, and  250W rf  spu t te r  
etched surfaces at  5461A. It  is appa ren t  that  these 
differences are  very  small .  

As discussed above, a l though there  are  cer ta in  
er rors  caused by  ignor ing the oxide layer ,  the  k value  
shifts to about  the  same value at  the same wavelength .  
Therefore,  it  is considered that  the re la t ive  damage 
assessment  th rough  the change in the ref rac t ive  in-  
dexes is reasonable,  and tha t  e l l ipsomet ry  can be 
convent iona l ly  used for such damage assessment.  Then, 
in the p resen t  exper iment ,  surface qual i ty  is assessed 
by  using ref rac t ive  index values on the assumpt ion 
tha t  d = 0A as in the convent ional  method for al l  
specimens.  

F igure  5 shows the effect of anneal ing  due to hea t  
t r ea tmen t  on c rys ta l  damage  as examined  by  RHEED. 
Surfaces rf  spu t te r  etched at  250W are  hea ted  at  300 ~ 
450 ~ , 600 ~ and 800~ in an A r  ambien t  for  60 min.  
Wi th  h e a t - t r e a t m e n t  at  300 ~ and 450~ the pa t t e rns  
show no change, however ,  a t  600~ it  shows spots, 
and  at  800~ the pa t t e rn  approaches  tha t  of a single 
c rys ta l  surface, which means  recovery  for  the  single 
crystal .  

F igure  6 shows the corresponding re f rac t ive  index  
spec t rum changes examined  by  e l l ipsometry .  Though 
hea ted  surfaces  at  300 ~ and 450~ show no change in 
the spectra,  the  surface heated at  600~ shows a l i t t le  
change, and the surface hea ted  at  800~ shows a 
sharp  peak. This indicates  the recovery  of the crys ta l  
damage.  The single c rys ta l  spect ra  are  recovered  only  
when the slices are  hea ted  above the t empera tu re  of 
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Fig. 7. Effect of heatltreatment on k for rt sputter etched surfaces 

about  800~ which agrees  wi th  the resul t  repor ted  
by  Sachse (23). This means  that  recovery  of the dam-  
age induced by  RFS, in spite  of the low bias voltage,  
requires  the same h e a t - t r e a t m e n t  as the case by  the 
o rd ina ry  ion implanta t ion .  

F igure  7 is r ewr i t t en  f rom Fig. 6, and  shows the 
change in the k value  due to the hea t - t i ' ea tment .  
The change in the k value  at  about  600~ can be 
c lear ly  recognized. In  the figure, it  is also evident  
that  the charac ter iza t ion  at a wave length  of 4200A is 
ve ry  effective. 

As shown in Fig. 5 and 6, changes in RHEED pa t -  
terns  and the spec t ra  show the recovery  of the surface 
c rys ta l lographic  s t ructure  and are  closely compat ib le  
wi th  each other. As shown in Fig. 4 an amorphous  Si 
surface has b roadened  spectra.  The anneal ing  effect is 
also s tudied for amorphous  Si surfaces. 

F igure  8 shows the anneal ing  effect for hea t - t r e a t ed  
amorphous  Si surfaces. By h e a t - t r e a t m e n t  at  450~ 
no change is shown, but  at 600~ a l i t t le  change is 
shown, and at  800~ recovery  to some ex ten t  is 
shown. However ,  even at  800~ the same pa t t e rn  as 
for a single crys ta l  surface  is not shown. 

F igure  9 shows the corresponding ref rac t ive  index 
spec t rum for hea t - t r e a t ed  amorphous  Si surfaces.  
Both n and k spec t ra  change g rea t ly  owing to the  hea t -  
t rea tment ,  and show recovery  of the surface crys ta l  
s t ructure .  However ,  even wi th  the h e a t - t r e a t m e n t  at  
800~ complete  recovery  is not  shown for the single 
crystal .  

A l l  these resul ts  are closely compat ib le  wi th  each 
other. The RFS surface is es t imated  to have  a ve ry  
thin damaged  layer .  Therefore ,  i t  is thought  tha t  the 
format ion  and the remova l  of the na t ive  oxide l aye r  
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Fig. 6. Changes in refractive indexes for ff sputter etched surfaces by heat-treatment 
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influences the  degree  of surface damage.  As e l l ip -  
some t ry  is expected  to be able  to assess a ve ry  thin 
damaged  layer ,  this method is examined  to evalua te  
the change in degree  of surface damage  resul t ing  f rom 
the  fo rmat ion  and the remova l  of the  na t ive  oxide 
layer .  

F igu re  10 shows the changes in the  spec t ra  for  
spu t t e r  etched surfaces a f te r  exposure  in an a tmo-  
sphere  for  th ree  months.  The ~ value  decreases and 
value  increases at  5461A af te r  the  remova l  of a very  
thin surface layer ,  which means  the recovery  of d a m -  

age. Though the difference in the spec t ra  be tween  the 
100-250W specimens  s t i i l  remains,  bo th  the  spect ra  
show sharper  peaks.  The thickness  of the na t ive  oxide  
l aye r  is es t imated  to be about  20 o r  30A af te r  th ree  
months  exposure  in an a tmosphere  (24). This means  
that  the r emova l  of a ve ry  thin  l aye r  is effective for  
the recovery  of spu t t e r  e tched surface damage.  The 
recovery  of damage resul t ing  f rom the  remova l  of a 
ve ry  thin surface  l aye r  is c lear ly  detected by  this 
method.  

Conclusion 
Surface charac ter iza t ion  using spectroscopic e l l ip-  

somet ry  is app l i ed  to an Si wafer  processed b y  spu t t e r  
etching. To confirm the re la t ion  be tween  spect ra  
changes of  the  re f rac t ive  indexes  and c rys ta l lographic  
quali ty,  e l l ipsomet ry  is appl ied  to Si surfaces charac-  
ter ized b y  RHEED or I -V character is t ics .  Results  a re  
summar ized  in the nex t  paragraph .  

I t  is e lucidated  by  the spec t rum measuremen t  tha t  
the increase  in k value,  the ext inc t ion  coefficient, at  
5461A, i s  the  resul t  of the b roadening  of the  k spec-  
t rum due to c rys ta l  damage.  For  crys ta l  damage  
character izat ion,  e l l ipsometr ic  measuremen t  at  a wave -  
length  of 4200'4500A is effective and reasonable .  
C o m p a r i n g  the resul ts  of e l l ipsomet ry  wi th  those 

for RHEED pa t te rns  and electr ical  proper t ies ,  i t  is 
verif ied tha t  the  spec t rum changes are  closely com- 
pa t ib le  with resul ts  f rom other  charac ter iza t ion  m e t h -  
ods. Therefore,  i t  is concluded tha t  surface qua l i ty  
can be assessed numer ica l ly  by  measur ing  the change 
in ref rac t ive  indexes.  Change in the damage  degree  
of a ve ry  thin  surface l aye r  can be c lear ly  detected 
by  this method.  
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The Vaporization of Realgar, As4S4 
R. D. Brittain, K. H. Lau, and D. L. Hildenbrand 
SRI International, Menlo Park, California 94025 

ABSTRACT 

The vaporization behavior of As4S4 has been investigated by mass spectrometry and mass-loss torsion-effusion. The 
results of these studies indicate that the pr imary consti tuent  of the vapor above crystall ine As4S4 is molecular  As4S4, but  that 
minor  amounts  ofAs4S~, As4S3, As~S3, As2S2, AsS, and $2 are also present. The enthalpy and entropy of vaporization at 450 K 
are 30.7 (-+ 0.9) kcal/mol and 41.9 (-- 2.0) cal/K mol, respectively. The value of the enthalpy of sublimation at 298.15 K is calcu- 
lated as AH~ = 31.6 (-- 2.0) kcal/mol. The results of this s tudy are compared with those of previous investigations, and 
ambiguit ies  resulting from the slow phase transit ion between a- and fl-As4S4 are addressed. 

The vapor izat ion behavior  of  As4S4 has been in-  
ves t igated p rev ious ly  by  Munir ,  Street ,  and Winters  
(1), w.ho employed  the techniques of mass spec t rom-  
e t ry  and torsionreffusion to de te rmine  the vapor  
species and absolute  vapor  pressures  above both syn-  
thet ic  and minera l  samples  of realgar ,  As4S4. They 
repor ted  that  As4S4(g) was the p r i m a r y  vapor  phase 
component ,  but  that  As4S5(g), As4S3(g), As4(g) ,  and 
As2(g) were  also present  in minor  amounts,  a l though 
the vapor  phase composi t ion was not  de te rmined  
quant i ta t ive ly .  Since mel t ing  point  and x - r a y  diffrac- 
t ion analyses  indica ted  tha t  the  sample  remain ing  af ter  
the vapor iza t ion  exper iments  was pure  As4S4(s), they  
.concluded tha t  the  compound subl imed s to ichiometr i -  
cally, and  the propor t ion  of As4S~(s) which subl imed 
to give As4S4(g) was es t imated  to be ,at least  75% or  
as much as 90%. F r o m  measurements  of the  t e m p e r a -  
ture dependence  of the absolute  vapor  pressures  by  
the tors ion-effusion method,  the  second law en tha lpy  
and en t ropy  changes for the  vapor izat ion process were  
der ived  by  assuming that  the  p redominan t  vapor  com- 
ponent  was As4S4(g). The As4S4(s) samples  used in 
the tors ion-effusion s tudies  d i d  n o t  t ransform from the  
or ig inal  fl form to the  t he rmodynamica l ly  more  s table  

form, even though the measurement s  were  made wel l  
be low the phase t rans i t ion  t empera tu re  of 540 K. John-  
son, Papatheodorou,  and Johnson (2) have  recen t ly  
r epor t ed  the  en tha lpy  of format ion  and high t em-  
p e r a t u r e  the rmodynamic  functions of fl-As4S~; they  as- 
sumed that  the samples  s tudied by  drop ca lo r imet ry  

Key words: thermodynamics, vaporization, sublimation, 

did not  r eve r t  to the a form dur ing  t empera tu re  equi-  
l ibrat ion.  At  about  the  same time, however ,  it was re -  
por ted  by Blachnik,  Hoppe, and Wickel  (3) that  
~-As4S4 t rans formed to the  a form under  slow cooling 
rates  in different ia l  scanning ca lor imetry .  The dis-  
agreement  over  the revers ib i l i ty  of the phase t rans i -  
t ions in rea lgar  and uncer ta in ty  about  the vapor  com- 
posit ion cast doubt  on the in te rpre ta t ion  of the rmo-  
dynamic  da ta  de te rmined  for both solid and vapor  
states. Consequently,  we have unde r t aken  a s tudy  to 
reeva lua te  the  vapor iza t ion  behav ior  of As4S4. 

Experimental 
The ~apparatus and expe r imen ta l  procedures  em-  

p loyed in Knudsen  cell mass spec t romet ry  and mass-  
loss tors ion-effusion exper iments  have been descr ibed 
in p r e v i o u s  art icles  (4-8).  Torsion-effusion exper i -  
ments  were  carr ied out in two a lumina  cells wi th  or i -  
fice d iameters  of 1.05 and 1.50 m:m. The ini t ia l  runs in 
the cells employed  E-phase As4S4 as received from 
Alfa  Products .  At  the  complet ion o f  the torsion mea -  
surements ,  however ,  x - r a y  diffract ion analysis  indi-  
cated the  res idual  s ample  to be a -phase  As4S4. Another  
torsion run was then made on the res idual  s -phase  
ma te r i a l  wi th  the 1.5 mm orifice cell. Mass-loss  da ta  
were  collected at  severa l  points in one run  so that  the 
average  molecular  weight  of the  effusate could be 
de termined.  The per fo rmance  of the  appara tus  was 
checked by  measurement  of the  vapor  pressure  of 
c rys ta l l ine  KC1; the resu l t ing  pressures  were  wi th in  
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3%, and the exper imental  en tha lpy  of vaporization 
wi thin  0.5 kcal/mol,  of the accepted values (9). 

Mass spectrometry was performed with both the 
magnetic  sector i n s t rumen t  described in Ref. (4) and 
(5) and with an Extranuclear  quadrupole  mass filter 

system equipped with a furnace and beam source 
similar  in design to that  of the magnetic ins t rument .  
The quadrupole  mass filter has a mass range of 8 0 0  
amu and  is equipped with an ion energy programmer  
to minimize  m a s s  discrimination. Species effusing 
from the Knudsen  cell in either mass spectrometer 
were distinguished from background species by the 
displacement of an Inconel  beam-defining slit. Neu-  
tral  v a p o r  species above As4S4(s) were identified 
pr imar i ly  from the threshold appearance potentials of 
ions in the mass spectrum of the effusion beam. The 
relat ive abundances of parent  species were measured 
at 3 eV above the ionization potent ial  in the magnetic  
sector ins t rument ;  relative abundances  of all detect- 
able species were measured in both ins t ruments  in 
order to compare our results with those of Munir,  
Street, and Winters  (1). The same sample of c~-As4S4 
w a s  used successively in the quadrupole filter and 
magnet ic  sector ins t ruments ;  the a-phase sample was 
the residue from a torsion-effusion run  performed 
earlier. 

Results 

Mass spectrometry.--The appearance potentials of 
species found in the vapor above the As4S4 sample in 
the magnetic  sector ins t rument  are compared with 
those of Munir,  Street, and Winters  (MSW) in 
Table  I; the relat ive intensit ies of vapor  species at 18 
eV for our  two ins t ruments  are compared with the 
MSW quadrupole results in the same table. We do not  
report  the appearance potentials of the atomic and 
molecular  arsenic ions because the background signal 
was much higher than the signal from the Knudsen  
cell, making  an accurate de terminat ion  of the appear-  
ance potent ial  of the sample component  difficult. It  
was not  possible, however, to find sample components of 
As +, AS2+, and As4 + signals when they were measured 
at 3 eV above the known  ionization threshold of those 
ions (10), so we believe that signals observed for these 
species at 18 eV result  from fragmenta t ion processes. 
The comparat ively high levels of As4 + and As2 + ob- 
served by M S W  probably  include large background 
components which were not separated from the sample 
beam signals in the MSW experiments.  We were also 
unab le  to obtain accurate .appearance potentials for 
AsS~ + and  As2S + because of the low signal levels 
observed. 

Based on the appearance potentials of the r emain -  
ing ions, we have identified 7 parent  ions in  the 
vapor above As4S4(s): $2 +, ~sS  +, As2S2 +, As2S3 +, 

Table I. Appearance potentials and relative intensities in 
the mass spectrum of vapor above As4S4 

AP, eV Relat ive  intens i ty ,  18 eV 

Magnet ic  
T h i s  s ec tor ,  Quadrupole  Ref .  (1)  

Ion w o r k  Ref .  (1) 4 5 0 K  450K 400K 

As~S3 +, A s4S4 +, and As4S5 + . This identification is 
justified in par t  by comparison with the spectrum of 
As2,Sa (11), where we found $2 +, As2S3 +, As~S4 +, and 
As4S5 + parent  ions with comparable AP's. In  the 
vaporization of As4S4, we found significantly lower 
AP's for AsS +, As2S2 +, and As4S3 +, consistent with 
the values expected for such open shell molecules. 
The measured AP or AsS is in fact within 0.1 eV of 
the value reported for AsS generated by two different 
methods in Eel. (11). An interes t ing phenomenon 
observed in the magnetic  sector ins t rument  which 
lends addit ional  support  to this assignment is the ob- 
served instantaneous slit effect reported in Table II  
as Io/If for each of the parent  ions. The ins tan tane-  
ous slit  effect is i l lustrated in Fig. 1 for As4S5 +, As4S4 +, 
and As4Sa + signals at 475 K. The fact that  the As4S4 + 
and As4S3 + signals continued to decrease slowly after 
the slit w a s  moved to block the direct path of mole- 
cules from the Knudsen  cell into the ion source is as- 
cribable to low condensation coefficients for these 
molecules on the surfaces of the ion source region. 
The behavior  of the As4S5 molecules, by  contrast, in -  
dicates a very high condensation coefficient. The ratio 
Io/If varies significantly from one ion to the next  in 
Table I indicat ing clearly that  these ions result  from 
different neut ra l  precursors; several of the ions, $2 +, 
As2S2 +, As4Sa +, and As4S~ +, behave almost as perma-  
nen t  gases. I t  should be noted that  the effects of low 
condensation coefficients on slit effects a r e  barely  
discernable in the quadrupole measurements ,  most 
l ikely because a more open ion source with a higher 
pumping  speed is employed in that ins t rument .  Also 
reported in Table II  are the relat ive intensit ies of the 
parent  ions at 418 and 475 K, where measurements  are 
made 3 eV above the ionization threshold of the re-  
spective ions and the absolute intensities, Io% are 
based on the instantaneous slit  effects. We believe that  
the mass spectrum obtained at low ionizing energy 
gives a reliable measure of actual vapor composition. 

The tempera ture  dependence of ion signals for 
As4S4 + and As4S5 + at 18 eV, measured in the tem- 
pera ture  range 427-475 K, is shown in Fig. 2, based 
on the data in Table III. The second law enthalpy 
derived for the vaporization of As4S4 + is 32.8 (___0.2) 
kcal/moI,  while that  for As4S~ + is 31.0 (--+_0.2) kcal /  
mol. Although there is not a significant difference be-  

Table II. Relative intensities and instantaneous slit effects for 
parent vapor species above As4S4 at 418 and 475 K* 

T = 4 1 8 K  T = 4 7 5 K  

Relative Relative 
Ion lo+(mV) IolI~ intensity lo+(mV) Io/I~ intensity 

Ss§ 0.9 0.3 3.3 
AsS+ 0.02 1.0 0.01 
As2S2 0.14 0.6 0.05 
As2S3+ 0.50 0.9 0.18 
As~Sa+ 0.054 0.6 1.2 9.0 ~).4 3.3 
As4S4+ 4.65 0.7 100.0 275;0 0.7 100.0 
As,Ss+ 0.045 1.0 1.0 3.1 1.0 i.I 

' All m e a s u r e m e n t s  m a d e  in the  m a g n e t i c  s e c t o r  i n s t r u m e n t  at  
approx imate ly  3 eV above  the  ionizat ion potent ia l  of  each  ion. 

S~ § 9.5 12.0 0.3 0.08 3.0 
As+ < I0  0.03 1.0 
AsS* 8.4 9.0 32.0 15.0 6.0 
AsS~ + 0.3 0.06 0.1 
As~ 9.7 0.2 15.0 
As~S § 0.1 I.I 2.0 
As2S2 § 9.0 9.0 16.0 5.4 5.0 
As~+ 12.0 1.5 0.5 3.0 
A s ~ s  § i0,5 0,6 0.2 0.18 
AssS + 11.5 10.0 21.0 I0.0 15.0 
As3S~* 1 0 . 8  II.0 6.3 2.5 8.0 
As4 + 8.5 0.3 0.2 25.0 
As3Sa + 10.2 9.0 71.0 49.0 30.0 
As~S6+. 9.7 3.0 2.3 4.0 
As,Ss* 8.6 8.7 2~q 0.3 30.0 
As ,S ,  + 8.9 9.0 100.0 100.0 100.0 
As,S5 + 9.0 1.4 1.0 4.0 

Table III. Temperature dependence of ion signals 
for As4S4 + and As4S5 + * 

7' (K)  I § (As ,S , )  I § (As~Ss) 

427.08 7.7 0 . 2 2  
439.35 23.5 0.63 
449.41 51.6 1.30 
464.06 158 3.72 
475.44 360 8.31 

* Ion  in tens i t i e s  w e r e  m e a s u r e d  at 3 eV above  thresho ld ,  and 
are  r e p o r t e d  in arbitrary units .  
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Fig. 1. Instantaneous and total slit effects observed in the mag- 
netic secter instrument. 

Table IV. Total vapor pressure above As4S4 
measured in cell AIO-3 (1,05 mm) 

T (K) 0 Radians - Log P (atm) 

458.68 0.16252 5.5763 
437.09 0.03268 6.2730 
414.49 0.00518 7.0727 
427..32 0.01493 6,6130 
449.76 0.08385 5,8637 
454.65 0.11990 5.7084 
442.44 0.04732 6.1122 
420,95 0.00854 6.8560 
431.46 0,02062 6.4730 
427,32 0.01554 6.5957 
450.35 0.08790 5,8432 
464,74 0.24876 5.3914 
434.59 0.02761 6.3461 

L o g  P ( a t m ) =  8.470 - 6445 /T(K)  
~ H ( T A v g )  = 29,5 ( •  0,15) kca l /mol  
h S ( T A v g )  = 38.8 ( + 0 . 3 5 )  c a l / m o l  K 

Table V. Total vapor pressure of As4S4 
measured in cell AIO-2 (1.5 mm) 

Set I --,Start with /~ -As4S~ 

K 8 R a d i a n s  - Log P (arm) Mass loss (mg/hr) l~Iol wt 

4,0 5.0 

3.5 4,5 

t 3,o 4.0 _t 

As4S4 + 

2.5 3.5 

2.0 3.0 

I ! I 
1.8 2.0 2.2 2.4 2.6 

103/T 

Fig.-2. Temperature dependence of ion signals for As4S4 ana 
As4S5 + observed in the magnetic sector instrument. 

tween  the entha lpy  values for the two ions, the sig- 
nals were  measured at only 3 eV above the ionization 
thresholds in each case so that  only parent  ions could 
contribute to the signals. 

Torsion-e~usion measurement.--The vapor  pressure 
above As4S4 was measured in the range 410-465 K; 
the results  are reported in Tables IV and V for alu-  
mina cells with orifice .diameters of 1.05 and 1.5 mm, 
respectively.  Total  pressures are der ived f rom the ob:  
served deflection angles by the relat ion 

P ---- K �9 0 [1] 

where  K is a constant based on the geometry  o f  the 
ef fus ion cell and the torsion constant of the fiber. 
Vapor molecular  weight  is calculated f rom the ex-  
per imenta l  data  f rom the expression 

M : C . T .  (~ /0 )  2 [2] 

where  T is the  absolute tempera ture ,  ~ is the rate of 
mass loss, and C is another  constant  der ived f rom 
cell geometry.  

The  or iginal  torsion-effusion runs in each cell em-  
ployed ~-As4S4 as received f rom Alfa Products .  X-  
r ay  analysis of the  residues f rom the two runs  showed 
that the samples had conver ted to the a-phase by the 

425.49 0.03493 6.640~ 0.758 407.2 
435.78 0.07719 6.2958 1.724 430.3 
435.18 0.07201 6.3260 1.576 412.6 
446.23 0,16572 5.9640 3.632 424,3 
410.80 0,00960 7,2010 
432.18 0.05714 6.4264 
449.53 0.19782 5.6871 4.424 445.1 
43'5.18 0.06779 6.3522 
441,61 0.10905 6.1457 2.448 440.5 
419.00 0.01732 6.9448 
424.38 0.02746 6.7447 
412.53 0.01004 7.1815 

Log P (arm) = 8.527 - 6470/T(K) 
hH(T Avg) = 29.6 (• 0.47) kcai/mo[ 
~ ( T  Avg) = 39.0 (• 1.1) caUmol K 

S e t  II -- Start with a -As~S~ 

436.26 0.07698 6.2970 
415.22 0.01236 7.0914 
425.12 0.03097 6.6924 
446.59 0.17416 5.9424 
440.90 0.11063 6.1395 
428.55 0.04031 6.5780 

L o g  P ( a t m )  = 9.192 - 6758 /T(K)  
5 H ( T A v g )  = 30.9 (----4-0.2) k c a l / m o l  
5S(T Avg)  = 42.0 ( •  0.5) c a l / m o l  K 

end of the run, in contrast  with the results of MSW, 
who did not  observe the t ransi t ion in their  torsion- 
effusion runs. A second run  was per formed in cell 
A102 (1.5 mm orifices) using residual ~-As4S4 from 
the first run; the absolute pressures were  in excel-  
lent  agreement  with those of the A102 run  with fl- 
As4S4 as the start ing material .  The second law en- 
thalpy der ived f rom the slope of the pressure mea-  
surements  in cell A103 (1.05 m m  orifices) was 29.5 
(__.0.15) kca l /mol ;  the results for the runs start ing 
with  fi- and a-As4S4 in cell A102 were  29.6 (___0.47) 
and 30.9 (+--0.20) kcal /mol ,  respectively.  F igure  3 is 
a plot  of the vapor  pressure vs. inverse  tempera ture  
for the two cells. The least squares line obtained by 
MSW is included for comparison; the least squares 
equations for our  data are in Tables IV and V. 

Discussion 
The mass spectra of As4S4 vapor  found in our two 

instruments  and in the quadrupole  ins t rument  of MSW 
are summarized in Table I; the most s tr iking differ- 
ences in the results are the lower  intensities we ob- 
served for S~ +, As +, As2 +, and As4 +. Reactions of 
arsenic sulfides in the hot ion source region of the 
mass filter probably account for the greater  ion in- 
tensities found for these species in the MSW study, 
emphasizing the importance of  using a beam-defining 
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Fig. 3. Vapor pressures above As4S4 observed by torsion-effusion 
( =  fl-As4S4 in cell AI03, O --  c~-As4S4in cell AIO2; O = B-As4S~ 
in cell  AI02) .  

sl i t  for posi t ive  identif icat ion of ion signals  or ig ina t ing  
in  the  Knudsen  cell. The resul ts  of the  three  sets of 
measurements  a r e  in f a i r  ag reement  for o ther  ion 
signals  wi th  the  except ion of As4S~ +, for  which a 
much h igher  s ignal  was also repor ted  b y  MSW. 

We feel  tha t  the re la t ive  abundance  of neu t ra l  
species effusing f rom the Knudsen  cell  is reflected 
most accura te ly  by  observing al l  pa ren t  ions at  the 
same smal l  energy  increment  above the  IP  of the 
neutra l ,  as we have done for  the  As4S4 sample  in 
Table  II. I f  the energy is chosen at only  2-3 eV above 
the ionizat ion threshold,  contr ibut ions  f rom f r agmen-  
ta t ion processes a re  minimized.  A more  comple t e  dis-  
cussion of these points  was given recen t ly  in our  work  
on As~Sz (11). The resul ts  in Table I I  c lear ly  show 
that  As4S4(g) is the  dominant  vapor  species above 
solid As4S4. Assuming tha t  differences in the  ioniza-  
t ion cross sections for the  neut ra l  species are  not  large,  
As4S4 comprises  at  leas t  90% of  the  effusate; the  
molecu la r  weights  de r ived  f rom the mass- loss  tors ion-  
effusion resul ts  cor robora te  the  mass spect ra l  data, 
since the  average,  427 • 20, is in close agreement  wi th  
the molecular  weight  of As4S4 (427.94). 

Since the  p r i m a r y  process is the sub l imat ion  of 
As4S4, the  second law en tha lpy  of vapor iza t ion  rhea-  
sured b y  torsion effusion can be used to eva lua te  the  
thermochemica l  p roper t ies  of As4S4(g). Averag ing  
the  th ree  slope en tha lp ies  de r ived  from the  tors ion-  
effusion measurements  (29.5, 29.6, 30.9 kca l /mo l )  
wi th  the  value  ob ta ined  by  mass  spec t rome t ry  (32.8 
k c a l / m o l ) ,  we obta in  a va lue  of 30.7 (___0.9) k c a l / m o l  
for  the  subl imat ion  en tha lpy  of As4S4 at  450 K. The 
average  en t ropy  change for  the  sub l imat ion  process 
is 41.9 (•  c a l / K  mol at  that  t empera tu re .  

The resul ts  of our  tors ion-effusion measurement s  are 
in good ag reemen t  wi th  those of MSW, a l though we 
obta in  a somewhat  h igher  en tha lpy  of subl imat ion  
for As4S4. Our  measured  pressure  is 20% lower  than 
the  MSW tors ion-effusion pressure  at  465 K, the  u p -  
pe r  t e m p e r a t u r e  l imi t  of our measurements .  

MSW observed  a t r ans fo rmat ion  f rom B-As4S4 
s tar t ing  ma te r i a l  to a-As4S4 res idual  a f te r  free evapo-  
ra t ion  exper imen t s  bu t  the  res idue  f rom the i r  to r -  
s ion-effusion runs  was B-phase. They  did observe  the  
same vapor  pressures  in the free evapora t ion  studies 
whe the r  the  or ig inal  sample  was a -  or  B-phase, in 
agreement  wi th  our  observat ions.  MSW observed tha t  
vapor  pressures  de r ived  f rom free evapora t ion  mea -  
surements  were  about  a factor  of two lower  than  

tors ion-effusion resul ts ;  they a t t r i bu ted  this effect to 
a kinet ic  ba r r i e r  in the  evapora t ion  process.  

I t  is also possible tha t  the  lower  pressures  r epor ted  
in the free evapora t ion  s tudies  resu l t  f rom an a r t i -  
fact  in the  exper iment .  In  an idea l  f ree  evapora t ion  
exper iment ,  molecules  leaving  the sample  surface are  
removed  to infinity; whereas ,  in rea l  systems,  i t  is 
possible  for  a por t ion of  the molecu la r  f lux  f rom the 
surface  to r ebound  f rom n e a r b y  surfaces in the sys-  
tem to recondense  on the  sample  pel let .  The  recon-  
densat ion  reduces  the  ne t  torque on the torsion fiber 
so tha t  ca lcula ted  pressures  in the  expe r imen t  a re  
too low. By ex t rapo la t ing  resul ts  f rom exper iments  
on samples  of different  surface a rea  to zero sur face  
a r e a ,  the  t rue  free evaPorat ion  pressure  may  be d e -  
r ived.  This correct ion cannot  be pe r fo rmed  on the  
da ta  of MSW since free evapora t ion  exper iments  were  
per formed  for  on ly  one sample  area.  The  presence of 
a significant k ine t ic  ba r r i e r  to vapor iza t ion  of As4S.I 
is not  indica ted  b y  our  tors ion-effusion results,  since 
the  vapor  pressures  were  v i r t ua l ly  ident ica l  for va -  
por iza t ion  f rom cells wi th  orifice areas  differing by  
a factor  of two. Wi th  this  difference in orifice sizes, 
such an effect would  be observed  only when  the  
condensa t ion  coefficient is less than  or  equal  to 0.10. 

In  an extension of our  analysis,  we have ca lcula ted  
the the rmodynamic  functions of As4S4 f rom the geom- 
e t ry  and bond lengths  deduced  f rom elect ron diffrac-  
tion by  Lu and Donohue (12) and the v ibra t iona l  
f requencies  r epor ted  by  Scheuermann  and Ri t te r  (13) 
from l a se r -Raman  spect ra  of single c rys ta l  As4S4. The 
calcula ted the rmal  functions ,are given in Table  VI. 
I t  should  be empasized tha t  the  v ib ra t iona l  modes 
repor ted  for the  solid m a y  include la t t ice  modes  
which would  differ in energy f rom fundamenta l  f re -  
quencies of the  gas phase As4S4 molecule,  bu t  the  
spec t rum of As4S4(g) has not  been repor ted .  In  any 
event,  the  assigned frequencies  (13) appear  qui te  rea -  
sonable. The da ta  of Johnson et aL (12) for  the  en-  
tha lpy  of format ion  and high t empe ra tu r e  t he rmo-  
dynamic  functions of B-As4S4 were  assumed ac tua l ly  
to app ly  to ,-As4S4 since dur ing  t empera tu re  equi -  
l ib ra t ion  for  drop  ca lo r ime t ry  exper iments  the  phase  
t rans i t ion  p r o b a b l y  occur red .  

F r o m  the ca lor imet r ic  and subl imat ion  data ,  we 
der ive  an expe r imen ta l  en t ropy  of 121.8 ___ 2.0 c a l / K  
moI for  As4S4(g) at  450 K, compared  to the va lue  
124.6 c a l / K  mol calcula ted f rom spectroscopic and 
molecular  constants.  Overal l ,  the agreement  be tween  
ca lcula ted  and exper imen ta l  entropies  is r easonab ly  
good. consider ing the e r ror  l imits  on the l a t t e r  and 
possible misass ignment  of some of the v ibra t ion  f re-  
quencies. Unti l  the  v ibra t iona l  spec t rum of As4S~(g) 

TaMe Vl. Ideal gas thermodynamic functions of As4S4(g) 

,- ( G -  H ~  

T T S H~ -- H~ Cp 
K ca l /K  mol  c a l /K  mol  k c a l / m o l  e a l /K  real 

300 107.94 108.18 0.72 39.29 
400 109.51 119.77 4.10 41.11 
500 112.52 129.05 8.27 42.01 
600 115.94 136,76 12.49 42.52 
700 119.39 143.34 16.76 42.83 
800 122.75 149.07 21.06 43.04 
900 125,96 154.15 25.37 43.18 

1000 129.01 158.71 29.69 43.28 
1100 131.90 162.83 34.02 43.35 
1200 134.64 168.61 38.36 43.41 
1300 137,24 170.09 42.70 43.46 
1400 139.70 173.31 47.05 43,49 
1500 142.04 176.31 51.40 43.52 

H~ - H% = 7.89 k c a l / m o l  

I n p u t  da ta :  g r o u n d  s ta te  s ta t is t ical  w e i g h t  = 1. 
Product  of  the  m o m e n t s  of iner t ia :  l a h J ~  = 7.683 x 10 -lu g~cm% 
Vlbra t iona[  f r e q u e n c i e s  - ( c m  -1) 

194 221 234 246 263 
276 290 304 322 341 
353 368 4O3 
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is clarified, the  ca lcula ted  the rmal  functions in Table 
VI should  be useful  in the rmodynamic  calculat ions 
on the As -S  system. 

The subl imat ion  en tha lpy  of As4S4 is conver ted  to 
298.15 K by  using the der ived  values  of H~ --  H~ 
for As4S4(g) and the da ta  of Johnson  et  al. for 
As4S~(s), wi th  a resu l tan t  value  of  H~ of 31.6 
(--+2.0) kca l /mol .  The es t imated  e r ro r  reflects un-  
ce r ta in ty  in both expe r imen ta l  slope de te rmina t ions  
and spectroscopic constants  of  As4S4(g).  Adding  this 
va lue  to tha t  for  the  format ion  of A~4S4(s), we  ob-  
tain for  the  en tha lpy  of format ion  of As4S4(g),  
~H]~ --  --1.4 (__.2.6) kca l /mol .  The en tha lpy  of 
a tomizat ion  of As4S4(g) m a y  then be ca lcu la ted  
employing  AHi~ of As (g )  repor ted  by  Rau (15) 
and tha t  of S ( g )  in the  J A N A F  Thermochemica l  
Tables (16) as revised in 1977. The va lue  for the  
en tha lpy  of atomizatioff  so de r ived  is 590.4 kca l /mol .  

Molecular  As4S4 consists of a t e t r ahedron  of arsenic 
atoms, each of which is bonded  to two sulfur  a toms 
and one arsenic  atom, so tha t  there  a re  t w o  As -As  
bonds  and eight  As-S  bonds. The As -As  bond length  
is 2.49A in As4S4(g) (12) as compared  to 2.43A in 
As4(g) (17); we may  assume that  the As-As  bond 
energy  in As4S4(g) is s imi la r  to that  in As4(g) ,  about  
39.5 kca l /mol .  With  this assumption,  we der ive  a 
value  of  57.7 k c a l / m o l  for  the As -S  bond energy  in 
As4S4(g). This is cons iderably  weaker  than the dis-  
sociation energy  of AsS at 89.8 kca l /mo l  (11), the 
difference accounted for in par t  by  high s t ra in  en-  
e rgy  in the  As4S4 molecule.  The average  As-O bond is 
s imi la r ly  lowered  f rom 113.4 k c a l / m o l  for  AsO(g)  
to  78 kca l /mo l  in As406(g) (18). 

Whi le  As4S4 is the  dominan t  vapor  species above 
solid As4S4, the  observat ion  of five o ther  arsenic-  
sulfur  species indicates  tha t  this system m a y  exhibi t  
a complex i ty  s imi lar  to tha t  recen t ly  observed for  the  
a r sen ic -oxygen  sys tem (14). We plan fu r the r  studies 
of arsenic  sulfide vapor  species over  a wider  t em-  
pe ra tu re  range by  mass spec t romet ry  in o rder  to 
e lucidate  the  bonding pa t te rns  and bond dissociation 
energies.  
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Thermal Oxidation of Reactively Sputtered Titanium Nitride and 
Hafnium Nitride Films 

I. Suni, 1 D. Sigurd, 2 K. T. Ho, and M-A. Nicolet* 

California Institute of Technology, Pasadena, California 91125 

ABSTRACT 

The oxidation behavior of reactively sputtered TiN and HfN thin films was investigated for oxide formation in dry and 
wet oxidizing ambient  in the temperature  range of 425~176 For  both cases, formation of a single-oxide phase, rutile TiO2 
for oxidized TiN and monoclinic HfO2 for oxidized HfN, was observed. The oxidation process is thermal ly  activated, and it ~ 
has a parabolic t ime dependence,  except  in the case of wet oxidized HfN where nonuniform oxidation behavior was ob- 
served. The parabolic t ime dependence  of the oxide growth is at t r ibuted to a transport-controlled process which is l imited 
by the diffusivity of the oxidant  in the oxide. The dry oxidat ion of TiN is much faster than the dry oxidat ion of HfN at a given 
temperature.  The oxidation rate is always higher  in a wet than in a dry ambient.  

Many  in te rs t i t i a l  compounds such as n i t r ides  and 
carbides of the re la t ive ly  large  t rans i t ion  meta ls  have 

* Electrochemical  Society Active Member. 
~Pe/~manent address: Techncal  Research Centre of Finland, 

Otakaari 5A, SF-02IS0 Espoo 15, Finland. 
2 Permanent  address: Institute of Microwave Technology,  S-100 

44 Stockholm 70, Sweden. 
Key words: t i tanium nitrlde, hafnium nitride, oxidation, reac- 

tive sputtering, refractory compounds. 

r e f rac to ry  proper t ies ,  ye t  they  are  metal l ic .  This com- 
binat ion has suggested thei r  use as s tabi l iz ing bar r ie r s  
in meta l l iza t ion  s t ructures  for semiconductor  devices. 

An a t t rac t ive  compound among the t rans i t ion  meta l  
n i t r ides  is t i t an ium n i t r ide  (TIN) which has been suc-  
cessfully used in devices such as insula ted  gate field 
effect t ransis tors  (1) and beam lead  devices (2). Good 
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ba r r i e r  pe r fo rmance  has been repor ted  also for t an ta -  
lum n i t r ide  (TAN) (3) and hafn ium ni t r ide  (HfN) (4).  
I t  has fu r the r  been shown that  TiN, TaN, and  HfN pro-  
vide  good e lec t r ica l  contacts  to heav i ly  doped sil icon 
(5). 

In spite of the i r  r e f rac to ry  proper t ies ,  the t rans i t ion  
meta l  n i t r ides  t rans form to oxides  at  e leva ted  t em-  
pe ra tu res  in oxidiz ing ambients .  This can be u n d e r -  
stood by  compar ing  the heats  of fo rmat ion  for  n i t r ides  
and oxides of group IV and V t rans i t ion  meta ls  (see 
Table  I ) .  The average  gain of ene rgy  in th e oxidizing 
react ion is in the order  of  150 k c a l / g  �9 m o l / m e t a l  atom. 

A p a r t  f rom being in teres t ing  f rom the point  of v iew 
of mate r ia l s  p roper t ies  and  character izat ion,  the be-  
havior  of these n i t r ide  layers  in an oxidizing ambien t  
is r e l evan t  in assessing the i r  possible applicat ions.  The 
oxidat ion  kinet ics  of TiN thin films has recen t ly  been 
r epor t ed  by  S igurd  et al. (7) and Wi t tmer  (8) for  oxi -  
dat ion in d r y  O2 ambient .  In  both studies,  the  oxide  
growth  f o l l o w e d a  square  root  of t ime dependence  in 
the t empe ra tu r e  range of 500~176 This resul t  has 
been  in t e rp re t ed  in terms of ox idan t  diffusion th rough  
the growing oxide as the r a t e - l imi t i ng  step. The p a r a -  
bolic ra te  of ox ida t ion  was found to be  t he rma l ly  ac-  
t iva ted  wi th  an act ivat ion energy  Ea ~ 2.1 eV. More 
compl ica ted  k ine t i c s  a re  genera l ly  observed dur ing  the 
oxida t ion  of pure  t rans i t ion  meta ls  where  the oxida t ion  
proceeds  through dissolut ion of oxygen  into the me ta l  
and fo rmat ion  o f - in te rmedia te  oxide  phases (9). Non-  
parabol ic  kinet ics  have been  found for low t empera -  
ture  ox ida t ion  of t an ta lum nitr ides.  Brady  et at. (10) 
have  repor ted  that  the kinet ics  for oxidat ion  of hcp 
Ta2N, fcc TaN=, and bcc Ta changes wi th  t empera ture .  
At  250~176 they  observe a quar t ic  ( ~ t  TM) t ime 
'dependence,  but  they  found a parabol ic  t ime depen-  
dence for s imilar  films which were  annea led  at  400 ~ 
525~ 

In this  s tudy,  we repor t  the oxida t ion  behavior  of 
spu t t e r -depos i t ed  TiN and HfN films for d ry  and wet  
oxida t ion  at  425~176 The resul ts  are  based on di rec t  
observa t ion  of changes in the  oxide thickness  by  back-  
sca t ter ing  spec t romet ry  (BS) .  

ExperimentM Procedures 
Ti tan ium n i t r ide  and hafn ium n i t r ide  films were  de -  

posi ted on chemica l ly  cleaned single c rys ta l  <100>  
or iented  sil icon substrates .  Al l  films were  reac t ive ly  
sput te red  f rom metal l ic  t i t an ium (99.9% Ti) and 
hafn ium (94 atomic percent  (a /o )  Hf + 6 a /o  Zr)  
targets .  The deposi t ion rates  and the subs t ra te  bias 
vol tage  were  ad jus ted  to ob ta in  oxygen- f r ee  n i t r ide  
layers  wi th  low res i s t iv i ty  and min imum stress. The 
film resis t ivi ty,  which depends  on the s to ich iomet ry  
and the oxygen concentrat ion,  was be low 100 #~cm for 
TiN and be low 250 #.l~cm for HfN. The spu t te r ing  ra te  
and the subs t ra te  bias, which both affect the film r e -  
s is t ivi ty,  d id  not  seem to a l t e r  the  oxida t ion  behavior  
of the  films. The film thicknesses were  in the o rde r  of 
2500A for the deposi ted n i t r ide  films y ie ld ing  an a p -  
p r o x i m a t e l y  4000A th ick  ox ide  l aye r  a f te r  a complete  
oxidat ion.  

The deposi ted n i t r ide  films were  subsequent ly  ox i -  
dized in an  open -ended  quar tz  tube  furnace  wi th  an 

Table I. Heats of formation for mononitrides and oxides d 
group IV and V transition metals according to Goldschmidt 

[Ref. (6)] 

AB~ (ke a l / g  �9 tool per  metal  atom) 

Group Metal Nitride Oxide 

IV Ti  T iN --80.4 TiO~ - 2 1 9  
Zr  ZrN -87 .3  ZrO~ - 2 5 9  
Hf HfN --88.2 HfO~ --272 

V V V N  -52 .0  V~O~ --192 
Nb NbN --59.0 N b ~ 5  --232 
T a  Ta N - 59.0 TarO5 - 2 5 0  

O~ gas flow. The wet  ox ida t ion  was car r ied  out  in the 
same furnace  by  bubbl ing  the 02 gas th rough  a bot t le  
of hot deionized wa te r  pr ior  to en ter ing  the furnace.  
The ox ida t ion  t empera tu res  ranged  f rom 425 ~ to 600~ 
for TiN and f rom 450 ~ to 800~ for HfN. 

The oxidized layers  were  ana lyzed  by  2 MeV 4He+ 
ion BS. A series of BS spectra  f rom an unoxidized TiN 
laye r  and layers  oxidized for different  t imes at  595~ 
a re  shown in Fig. 1. The reduced BS yie ld  in the  lead-  
ing edge of the Ti s ignal  is due to the  energy  loss by  
oxygen a toms in the oxide layer .  The oxide  thickness 
was ca lcula ted  f rom the energy  width  of the oxidized 
TiN layer .  

The approx imate  composit ion of the layers  was de-  
t e rmined  from the height  rat ios  of signals corre-  
sponding to the oxidized and unoxid ized  layers ,  re -  
spectively.  The crysta l  s t ructures  were  identif ied by  
x - r a y  diffract ion analysis .  Optical  proper t ies  of fu l ly  
oxidized layers  on sil icon subst ra tes  were  de te rmined  
by  e l l ipsometry .  

Results 
Titanium ni tr ide. - -An oxidized surface l aye r  is 

formed on the TiN films af te r  a short  t ime of anneal ing  
at  about  500~ in an oxidizing ambient .  The we l l -  
defined signals in the BS spec t rum (see Fig. 1) indicate  
that  the composit ion of the oxide  is r e l a t i v e l y  un i form 
in depth.  The atomic rat io  be tween  the meta l  and oxy-  
gen is found to be T i :O  ---- 0.5 • 0.03 as de te rmined  
from the s ignal  heights  of the BS analysis.  This corre-  
sponds to the  s toichiometr ic  formula  TiO2 of t i t an ium 
dioxide.  The crys ta l  s t ruc ture  of the oxide  l aye r  was 
de te rmined  by x - r a y  diffraction analysis.  Only the 
te t ragona l  ru t i le  s t ruc ture  of TiO2 could be identif ied 
by  this analysis.  No diffraction l ines due to the o ther  
po lymorphic  forms of TiO2 (i.e., anatase  or brooki te )  
or the in te rmedia te  oxide phases (i.e., Ti302, TiO, 
Ti203, or Ti30~) could be detected.  The s t ruc tures  of 
both d ry  and wet  oxidized TiN layers  were  identical .  
Detai ls  of the x - r a y  da ta  have been repor ted  in 
Ref. (7). 

The kinetics of the oxide growth  were  inves t iga ted  
by  measur ing  the oxide thickness af ter  var ious  t imes 
of i so thermal  oxidat ion  for severa l  t empera tures .  An  
example  of a g radua l  increase  in the  oxide thickness  is 
shown in Fig. 1 for d ry  oxida t ion  of TiN at  595~ A 
parabol ic  t ime dependence  of oxide thickness was ob-  
served for  both d r y  and wet  oxidized TiN layers ,  as 
can be seen in Fig. 2 where  the thickness  of the  oxide 
grown in a wet  ambien t  at 500~ is p lo t ted  as a func-  
t ion of the square  root  of t ime. The da ta  can be fitted 
to a s t ra igh t  l ine 

W = (K �9 t)1/2 [1] 

where  W is the oxide thickness,  t is the oxida t ion  t ime, 
and K is the  parabol ic  ra te  constant  of oxidat ion.  The 
corresponding l inear  re la t ionship  for d ry  oxidat ion  at  
500~ is shown as a dashed  l ine based on da ta  given in  
Ref. (7). The oxidat ion  ra te  is much fas ter  for the  wet  
than for the d ry  oxygen ambien t  over  the t empe ra tu r e  
range  of this s tudy.  The ra te  constants  corresponding 
to the slopes of the  l inear  plots in Fig: 2 are  Kdry 
(500~ -:-- 2 .21.10 z A2/min  and  Kwet (500~ = 
2.25 �9 10 .4 A2/min.  

The values  of the ra te  constant  K are  presented  on a 
logar i thmic  scale as a funct ion of rec iprocal  t empera -  
ture  in Fig. 3. The l inear  fit of the da ta  corresponds to 
the  exponent ia l  Ar rhen ius  re la t ionship  of the form 

K = Koexp( - -Ea/kT)  [2] 

where  Ko is a t empera tu re  independen t  factor,  Ea is the  
t he rma l  act ivat ion energy  associated wi th  the  parabol ic  
oxida t ion  process, and k is the  Bol tzmann coefficient. 
The values  for Ko and Ea, der ived  f rom an exponent ia l  
regression analysis  of the  da ta  given in Fig. 3, are  p re -  
sented in Table  It .  Ko and Ea for  wet  ox ida t ion  of  TiN 
are  lower  than  the corresponding values  for d ry  oxi -  
dation.  Consequent ly ,  the re la t ive  difference be tween  
the oxida t ion  ra tes  increases toward  low tempera tures .  
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) and subsequently dry oxidized at 595~ for 25 (- - -) and 

The refractive index of the ful ly oxidized TiN layers 
was determined with an ell ipsometer operating at the 
wavelength  of an He-Ne laser (632.8 nm) ,  The mea-  
sured value n = 2.3 • 0.05 is lower than those given 
for bulk  TiO2 (no : 2.6, ne ----- 2.9) (11), but  com- 
parable  to the value reported for vacuum evaporated 
TiOz films (n = 2 . 4 )  (12). 

Hafnium nitride.--Hafnium nitr ide films annealed in 
oxygen ambient  show oxidized surface layers similar 
to those fotlnd in oxidized TiN samples. Backscattering 
spectrometry indicates that the composition is given by 
the ratio Hf: O ---- 0.5 ___ 0.02 which corresponds to the 
stoichiometric formula of HfO2. 

Hafn ium dioxide is known to have several  poly-  
morphs, but  only the monoclinic form which is a der iv-  
ative of the fluorspar s tructure remains stable at room 
tempera ture  (13). This is also the only phase identified 
by x - r ay  diffraction analysis of oxidized HfN films. 
Possible monoclinic ZrO2 phases due to the known Zr 
impur i ty  contained in the sput ter ing target  and the 
resul t ing ni t r ide layers cannot be separated in the 
x - r ay  diffraction spectra taken with a Read camera 
because of the almost identical d-spacings to those of 
HfO2. The detailed data are given in Table IIL 

Table II. Constants Ko and Ea related to the parabolic 
oxidation rate K = Ko exp ( - -  Ea/kT) for TiN and HfN 

Ko Ea 
(A~/min)  (eV) 

T i N  (dry)  2.2 �9 10 a~ 2.1 
TiN (we t )  2.2 �9 l0  t` 1.5 
H f N  ( d r y )  4.0 �9 10 iv 2.5 

The oxidation kinetics were investigated in a similar 
fashion as in the case of TiN. T~e dry oxidation was 
studied at a slightly higher tempera ture  range because 
the oxidation rates were found to be lower compared 
to those of TiN at a given temperature.  A parabolic 
t ime dependence of oxidation was again observed for 
dry oxidized HfN. This is demonstrated by the l inear  
thickness vs .  square root of time plots in Fig. 4 for 
two different temperatures.  A completely different be-  
havior was observed for the wet oxidation of HfN. The 
init ial]y slow oxidation rapidly increases after a certain 

Table III. X-ray analysis of fully oxidized HfN films. The 
measured d-spacings are compared to those given for 

monoclinic systems of HfO2 and ZrO2 [Ref. (14)] 

d-spacings (A)  

Measured  HfO2 ZrO~ hk l  

4.96 5.07 5.04 100 
3.63 3.61 3.63 110 
3.13 3.15 3.16 111 
2.82 2.82 2.83 111 
2.53 2.59 2.62 002, 020 
2.52 2.52 2.54 200 
2.30 2.32 2.33 012, 021, 120 
2.19 2.20 2.21 211 
1.99 2.00 2.01 112 
1.84 1.84 1.64 212-, 022 
1.79 1.79 1.80 122 
1.68 1.68 1.69 360, 202 
1.64 1.63 1.66 013, 031, 113 
1.58 1.58 1.59 131 
1.53 1.53 1.54 131, 302 
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Fig. 2. The thickness, W, of the oxidized layer on titanium ni- 
tride plotted as a function of the square root of time for dry 
(- - -) and wet ( ) oxidation at 500~ 

t ime de lay  as shown b y  the dashed line in Fig. 4. At  
the same time, severe  p i t t ing  is observed  in the  oxi-  
dized layer .  Because of  the l imi ted  thickness of the 
spu t te red  ni t r ide  layers ,  this oxida t ion  15rocess could 
not  be fol lowed in detail .  The Ar rhen ius  plot  of the  
parabol ic  ra te  constant  K for d ry  oxida t ion  of HfN is 
shown in Fig. 3. Ko and Ea are  given in Table  II. The 
p ro -exponen t i a l  factor  Ko for  HfN is in the same order  
of magn i tude  as for d ry  oxidized TiN. The ac t iva t ion  
energy Ea is higher ,  however ,  resul t ing  in a much  
s lower oxidat ion  ra te  for HfN compared  to that  of TiN. 
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oxidation of sputtered TiN and HfN layers as a function of recipro- 
cal temperature. The values of Ko and Ea for K .~ Ko exp(--Ea/kT) 
are given in Table II. 

O9 
03 

Z 

(D 

C 

OXIDATION OF HfN -" 600~ DRY 

~ 700% DRY 

~' I ' "H ~),/~,~,~ -.o-- 450~ WET 2500 

2000 / ~  

I500 

tO00 

500 ~ ~1-/ _ 

0 5 10 15 20 25 
TI ... .  I/2 r . I,'2~ tw P_.. ) lmln j 

Fig. 4. The thickness, W, of the oxidized layer on hafnium nitride 
plotted as a function of the square root of time for dry oxidation 
at 600 ~ and 700~ and wet oxidation at 450~ 

The re f rac t ive  index  of  the  fu l ly  oxidized HfN l a y -  
ers measured  e l l ipsomet r ica l ly  was n ---- 1.9 _ 0.05 at  

---- 632.8 nm. This again  is lower  than  the values  re -  
p o r t e d  for bu lk  HfO2 (n ~ 2.2). The re f rac t ive  index 
of reac t ive ly  spu t t e red  HfO2 thin films is known to 
va ry  with  the oxygen concentra t ion of the spu t te r ing  
gas and the deposi t ion ra te  (n ---- 1 . 8 . . .  2.1), the  lower  
values  corresponding to lower  depos i t ion  rates  and 
p re sumab ly  lower  film densit ies  (15). 

Discussion 
Transi t ion  meta l  n i t r ides  show basical ly  s imi lar  

oxidat ion  behavior  as the meta ls  themselves.  The ob- 
served parabol ic  t ime dependence  for  the d ry  ox ida -  
t ion of TiN and HfN suggests that  the process is l im-  
i ted by  the atomic t ranspor t  th rough  the oxidized sur -  
face layer .  In the case of  pure  metals ,  this  oxidat ion 
mechanism involves oxygen dissolution and format ion  
of in te rmedia te  oxide  phases as shown for Ti (9) and 
Ta (16). For  n i t r ides  where  the oc tahedra l  in te rs t i t i a l  
sites a re  filled wi th  n i t rogen atoms, the  so lubi l i ty  of 
oxygen is p robab ly  ve ry  low. In  such a case, the oxi-  
dat ion is l ike ly  to lead  d i rec t ly  to the more  s table 
h igher  oxides. This assumption is also suppor ted  by  the 
expe r imen ta l  fact  tha t  o n l y  one oxide phase has been 
observed for oxidized TiN films. A sharp  ox ide -n i t r ide  
interface is vis ible  in the backsca t te r ing  spect ra  of 
pa r t i a l ly  oxidized TiN and HfN layers .  Fo r  the Hf-O 
system, s table  lower  oxides do not  exis t  and the ox ida -  
t ion should even tua l ly  resul t  in the  fo rmat ion  of HfO~. 

A growth  of a compound layer  tha t  is p ropor t iona l  
to t ~/2 is usual ly  t aken  to indicate  a t r anspo r t - l im i t ed  
process. Which atomic species dominates  in the t rans-  
port ,  if any,  cannot  be der ived  f rom such informat ion.  
Ref rac tory  meta l  oxides tend toward  nonstoichiometr ic  
s t ruc ture  due to oxygen deficiency. Consequently,  the  
a tomic t r anspor t  dur ing  the oxidat ion  has been a t -  
t r ibu ted  to the  oxygen diffusion (9). If  it  is assumed 
tha t  this same diffusion mechanism control-s oxida t ion  
of our  TiN and HfN films, the dominant  diffusing 
species must  be oxygen.  This same hypothesis  has  been  
advanced  for the oxidat ion  of bcc Ta, p-Ta, and Ta~N 
thin films (18). 

The act ivat ion energies  der ived  f rom the oxida t ion  
ra tes  (see Table I I )  are those of the parabol ic  ra te  
constants.  The va lue  E~ _~ 2.05 eV, r ecen t ly  repor ted  
by  Wi t tmer  (8) for the d r y  oxida t ion  of TiN is in good 
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agreement  wi th  our da ta  a l though it was re la ted  to the 
diffusivity ra ther  than the ra te  constant.  However ,  
even if a single dominant  diffusion process is assumed, 
one cannot a r r ive  at  the diffusivi ty from the ra te  con- 
s tant  wi thout  the knowledge  of the concentrat ion dif -  
ference of the diffusing species at  the boundar ies  of 
the oxide  layer .  In  general ,  this g rad ien t  depends on 
the equi l ib r ium solubi l i ty  of oxygen  in the oxide  (19). 
The role of so lubi l i ty  is, thus, impor t an t  for  unde r -  
s tanding the difference in kinet ics  for d ry  and wet  
oxidat ion.  Whether  the fast  ra te  of wet  oxidat ion  of 
TiN should be a t t r ibu ted  to the high diffusivi ty (E~ = 
1.5 eV) or  the  high solubi l i ty  of the ox idant  is not 
clear.  A complex solubi l i ty  and t r anspor t  behavior  of 
wa te r  in sil ica has been repor ted  for the rmal  ox ida-  
tion of silicon (20). A s imi lar  mechanism accounting 
for the cata lyt ic  role  of wa te r  in the oxide may  also 
expla in  the wet  oxidat ion  behavior  of t i t an ium nitr ide.  

The act ivat ion energy  observed for d ry  oxidat ion  of 
HfN (Ea = 2.5 eV) is h igher  than  the corresponding 
value for TiN. The oxide s t ructures  of HfO2 and TiO2 
have bas ica l ly  s imi lar  atomic a r rangements .  Hence, the 
solubil i t ies of oxygen are l ike ly  to be s imi lar  in these 
oxides. The lower  oxida t ion  ra te  in the case of HfN 
then implies  a lower  diffusivity of oxygen in HfO2 
compared  to that  in TiO2. 

The complicated behavior  of the wet  oxidat ion  of 
HfN can poss ibly  be exp la ined  by  changes in the sur -  
face morpho logy  of  the oxide layers.  When the oxide 
l aye r  breaks  up, the ox idan t  has avai lab le  sufficiently 
broad  grain  boundar ies  and pores for rap id  t r anspor t  
to the react ion front  so that  p h a s e - b o u n d a r y  react ions 
ins tead of diffusion became ra te  l imi t ing (21). Kofstad 
(16) has observed  a s imi lar  effect of "b reakaway"  oxi-  
da t ion  which was associated wi th  Ta205 format ion  
dur ing  the rmal  oxidat ion  of bulk  Ta at 400~ For  the  
oxida t ion  of n i t r ide  layers  such as TiN and HfN, the 
outdiffusion of n i t rogen  has to be emphasized as a 
possible reason for the changes in surface morphology.  
Pa r t i cu l a r ly  at  low tempera tures ,  the outdiffusion 
m a y  be cons iderably  impeded  resul t ing  in severe  
b l i s te r ing  of the  br i t t le  oxide and n i t r ide  films s imi lar  
to that  observed in HfN films we t -ox id i zed  at  450 ~ 
500~ 

T h e  opt ica l  p roper t ies  of the TiO2 and HfO2 films 
indicate  that  the oxidat ion  of n i t r ide  layers  leads to a 
s t ructure  s l ight ly  different  f rom that  of bu lk  oxides.  
The lower  values  of re f rac t ive  index  for the  oxidized 
ni t r ide  layers  suggest  that  the film densi ty  is lower  
than the bu lk  density.  Both the opt ical  (e l l ipsometer)  
and mechanica l  (S loan-Dek tak)  measurements  y ie ld  
la rger  film thicknesses than the BS analysis  using bu lk  
dens i ty  values  for the oxides and s topping cross 
sections for the  e lements  given in Ref. (22). The devia -  
t ion be tween  the mechanical  and BS thicknesses 
amounts  to a p p r o x i m a t e l y  10% for both TiO2 and 
HfO2. S imi la r  thickness deviat ions were  also observed 
for  the ini t iaI  n i t r ide  f iIms. 'Because x - r a y  analysis  has 
confirmed the correct  la t t ice  s t ructure,  it  is be l ieved 
that  the films are  r e l a t ive ly  porous. 

Conclusion 
Reac t ive ly  sput te red  t i t an ium n i t r i d e  films t r ans -  

form to t i t an ium dioxide  when annealed  in an oxidiz-  
ing ambien t  at  425~176 The oxide thickness follows 
parabol ic  t ime dependence  both for the d ry  and wet  
oxidat ion.  The act ivat ion energies  associated wi th  the 
parabol ic  ra te  constant  a re  2.1 eV for the  d ry  oxidat ion  
and 1.5 eV for the wet oxidat ion,  respect ively .  A single 
oxide  phase,  the fu t i le  s t ruc ture  of TiO2 has been 
observed.  

The d ry  oxidat ion of hafn ium ni t r ide  at  600~176 
leads to the format ion of monoclinic hafn ium diox-  
ide. Also in this case, a parabol ic  oxidat ion kinetics 
is observed.  The act ivat ion energy  is 2.5 eV, and the 
oxidat ion rate  is much s lower than the ra te  for TiN 
at a given tempera ture .  In both cases, the r a t e - l imi t -  
ing process is be l ieved to be the diffusion of oxidant  
through the oxide layer .  The wet oxidat ion  of HfN 
at  450~176 resul ts  in a nonuni form oxide layer  wi th  
a r o u g h  surface morphology.  The observed fast oxi-  
dat ion mode is a t t r ibu ted  to a react ion control led p ro-  
cess. 
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ABSTRACT 

The thermal  stabili ty of reactively sput tered hafnium nitride (HfN) and t i tanium nitride (TIN) thin films is investigated 
for the applicat ion as diffusion barriers in metallic contacts to silicon. The temperature  range of interest  is from 400~176 
The dominat ing failure mechanism is associated with loss of adhesion and blistering of the barrier  layers. The extent  of the 
failure is related to the compressive stresses in the sput tered nitride layers. With proper  constraints imposed on the deposi- 
t ion process,  HfN and TiN can perform as effective diffusion barriers up to 800~ 

Meta l l iza t ion  schemes used in semiconductor  con- 
tact  technology show var ious  degrees  of fa i lure  when 
subjec ted  to e leva ted  t empera tu res  dur ing  device  
processing.  The degrada t ion  of an uns tab le  metaN 
semiconductor  o r  a m e t a l - m e t a l  sys tem can be re -  
t a rded  by  in t roducing  a diffusion or  react ion ba r r i e r  
to the cr i t ical  in ter face  (1, 2). An  ideal  diffusion 
ba r r i e r  for  a contact  meta l l i za t ion  is a chemical ly  
s tab le  and e lec t r i ca l ly  conduct ive  l aye r  tha t  inhibi ts  
interdiffusion be tween  two contact  metals  or  a me ta l  
and the semiconductor  subst ra te .  Most of the me ta l -  
lic e lements  fai l  as diffusion ba r r i e r s  b y  forming in-  
t e rmeta l l i c  compounds or  sol id solut ions wi th  one 
or  both  of the  s epa ra t ed  mater ia ls .  Even in immiscible  
systems, r ap id  shor t  c ircui t  diffusion along the grai~ 
boundar ies  may  de te r io ra te  the  contact  s t ruc ture .  
Some re f r ac to ry  compounds such as ni t r ides ,  carbides,  
and  bor ides  have  h igh  e lec t r ica l  conduct iv i ty  and 
chemical  s tabi l i ty ,  which  are  proper t ies  that  make  
them a t t r ac t ive  as ma te r i a l s  for  diffusion barr iers .  
Some of these compounds  have been successful ly 
appl ied  to p rac t ica l  devices such as insula ted  gate 
field effect t rans is tors  (3) and beam lead  devices (4). 
A poten t ia l  appl ica t ion  of t i t an ium n i t r ide  (TIN) as 
diffusion ba r r i e r  in solar  cells  has also been demon-  
s t r a t ed  (5). I t  has been :shown fur the r  that  t i t an ium 
ni t r ide,  t an t a lum ni t r ide ,  and ha fn ium n i t r ide  (HfN) 
p rov ide  good e lect r ica l  contacts  on heav i ly  doped 
silicon subs t ra tes  (6).  In the  specific appl ica t ion  for 
solar  cells, these mate r ia l s  have sufficiently low con- 
tact  res is t iv i t ies  to sa t i s fac tor i ly  hand le  cur ren t  den-  
sit ies typica l  for  solar  cells opera t ing  at  100-fold 
concentra t ion  of so lar  i r radia t ion .  

The diffusion ba r r i e r  p roper t ies  of TiN in a me ta l -  
si l icon sys tem have  been  s tudied in de ta i l  by  Cheung 
et al. (7). The fa i lure  t empera tu re s  of a TiN ba r r i e r  
in te rposed  be tween  a si l icon subs t ra te  and  a me ta l -  
l ic ove r l aye r  of Au, A1, Ag, Pd, or  Cu were  re la ted  
to the specific meta l - s i l i con  eutect ic  t emoera tu res  
ranging  f rom 370~ for Au to 830~ for Ag. The cause 
of fa i lure  was a t t r ibu ted  to the gra in  bounda ry  dif-  
fusion or  the  t r anspor t  th rough  defects  such as p in -  
holes. The na tu re  and the source of these defects 
were  not  specified, however .  

Fo r  r eac t ive ly  spu t t e red  TiN, la rge  var ia t ions  in 
the  e lec t r ica l  res i s t iv i ty  and the atomic composit ion 
have  been  repor ted  as a resu l t  of va ry ing  the  deoo-  
sit ion pa rame te r s  (8, 9). How these var ia t ions  affect 
the  b a r r i e r  pe r fo rmance  of spu t t e red  TiN has not  
ye t  been established.  
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To gain insight  into the ac tual  fa i lure  mechanism 
and the constraints  for the deposi t ion of re l iab le  di f -  
fusion barr iers ,  we have inves t iga ted  the the rmal  
s t ab i l i ty  of diffusion ba r r i e r  systems containing a 
l aye r  of  e i ther  HfN or  TiN in terposed b e t w e e n  a 
si l icon subs t ra te  and a metal l ic  over layer  of Pd, Cu, or 
Au. 

Experimental Procedures 
The samples  consist of a mu l t i l aye r  s t ruc ture  with 

a r eac t ive ly  sput te red  HfN or  TiN ba r r i e r  l aye r  in-  
terposed be tween  the top meta l  l aye r  (Pd, Cu, or Au)  
and the pol ished S i<100>  substrate.  Before the 
deposi t ion of n i t r ide  layers,  the subs t ra tes  passed 
th rough  organic  cleaning and e t c h i n g  in a di lute  HF 
solution. In  e lect r ica l  measurements ,  it  was found 
tha t  this c leaning procedure  improves  the contact  
be tween  the n i t r ide  l aye r  and  the sil icon subst ra te ,  
p r e suma b ly  e l imina t ing  pa r t l y  the  adverse  effect of 
the na t ive  SiO~ laye r  at  the in ter face  (6). 

The HfN and TiN layers  were  deposi ted by  reac-  
t ive rf  spu t t e r ing  in a vacuum chamber  equipped 
with  7.5 cm in d iameter ,  p l ana r  magne t ron  cathodes. 
Target  plates  of nomina l ly  99.9% pure  Ti and Hf 
[in fact  94 atomic percen t  (a /o)  Hf + 6 a /o  Zr],  
p laced in contact  wi th  the wa te r  cooled cathode sur -  
face, se rved  as sources for n i t r ide  deposit ion.  The 
chamber was evacuated with a liquid nitrogen trapped 
oil diffusion pump to a background pressure less 
than 2 X l0 -6 Torr prior to the deposition. The layers 
were sputtered in a premixed Ar-N2 gas ambient on 
samples placed at a distance of 7 cm from the target. 
The substrate holder was isolated from the ground 
potential and connected to a d-c bias voltage supply. 
Deposition rates and substrate bias conditions were 
adjusted to obtain nitride layers with controlled film 
proper t ies .  Typical  sput te r ing  condit ions are  given 
in Table  I for the  deposi t ion  of HfN and TiN, r e -  
spectively.  

The sample  p repara t ion  was comoleted  by  evapora t -  
ing the  top meta l  l aye r  on the sput te red  n i t r ide  layers  
in an e lec t ron beam evapora t ion  system. In  some 
cases, the  meta l l ized  areas  were  confined wi th  a 

Table I. Deposition parameters used for reactive sputtering 
of HfN and TiN layers 

HfN TiN 

Tota l  p r e s s u r e  (10 -3 T o r r )  l0 8 
Gas composition 70% A r  80% Ar  

30% N2 20% N~ 
RF p o w e r  (W) 500 200 500 
Deposition rate (A mln-1) 400 30 150 
Substrate bias (VDC} - 5 0  0 - 5 0  
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shadow mask  to an area  less than that  of the sput te red  
sample,  to avoid react ions at the edge of the samples  
dur ing the anneal ing.  

To test the metal l izat ions  for interdiffusion and 
possible react ion at e leva ted  temperatures ,  the sam-  
ple s were  annea led  for 15 min in the  t empera tu re  
range  of 400~176 in vacuum of be t te r  than 1 • 
10 -6 Torr.  Scanning e lec t ron micrographs  of the 
sample  :surfaces were  t aken  af ter  anneal ing  to find 
any visible fa i lure  pat terns .  The atomic depth  p ro -  
files were  also obta ined by  2 MeV ~He + backsca t t e r -  
ing spect rometry .  

Hafnium Nitr ide Barriers 
The electr ical  res is t iv i ty  of reac t ive ly  sput te red  

HfN is a sensi t ive function of the  pa r t i a l  pressure  of 
ni t rogen in t roduced to the deposi t ion process. Rapid  
increase  in the  res is t iv i ty  is associated with  an in-  
creasing amount  of ni t rogen incorpora ted  to the 
growth  film in excess to the  s toichiometr ic  composi-  
t ion of HfN (10). The lowest  res is t iv i ty  of reac t ive ly  
sput te red  HfN thin films has been repor ted  as 90 
~a  cm by Smith  (10) for s l ight ly  n i t rogen deficient 
layers.  To obtain layers  wi th  low electr ical  res is t iv i ty  
and low concentrat ion of impur i t ies  at a fixed gas 
pressure,  high deposi t ion rates are  prefer red .  In  the 
present  s tudy,  the deposi t ion ra te  was ad jus ted  to a 
value  of 400 A / m i n ,  which yields a film res is t iv i ty  
of 240 ~12 cm on biased subs t ra tes  (see Table I ) .  The 
film thickness of HfN was 1500A. 

Palladium on HfN. - -Scann ing  electron micrographs  
(SEM) shown in Fig. 1 demons t ra te  the  fa i lure  

mechanism of Pd -HfN metal l izat ions  annea led  at  
various tempera tures .  Prot rus ions  appear  on the sur -  
face in the form of bl is ters  that  are ev iden t ly  the 
resul t  of a local loss of adhesion (delaminat ion)  d u r -  
ing the  hea t - t r ea tmen t .  The bl is ters  become visible  
on samples  annea led  at  500~ for 15 rain and a la rge  
fract ion of the  surface a rea  shows de lamina t ion  a f te r  
anneal ing  at  550~ The de lamina t ion  of the bl is ters  
takes place at  the  S i /HfN interface.  The evidence 
suppor t ing  this conclusion is that :  (i) bl is ters  appear  
also wi thout  a metal  over layer ,  and (ii) the Si sub-  
s t ra te  can be observed microscopical ly  where  the 
de lamina ted  layer  is removed.  This conclusion~ ap-  
plies to all  films descr ibed here. The b l i s te r ing  that  
appears  on the SEM micrograph  is not  visible in the 
depth  profiles obta ined  by  4He+ ion backscat ter ing,  
which indicates  tha t  the  f i lms re ta in  thei r  l ayered  
configuration over  the blisters.  
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A t  higher  temperatures ,  the  in tegr i ty  of the bi-  
l aye r  film is lost locally,  p r e sumab ly  as a resul t  of 
f rac tur ing  along the b l i s te r  c i rcumference,  as shown 
in Fig. 1 s the sample  annealed  at 600~ 

The react ion be tween the meta l  l aye r  and the si l i-  
con subs t ra te  ini t iates  at  these f ractures  and pro-  
ceeds by ex tended  la te ra l  diffusion. At  700~ the 
l a te ra l  in tegr i ty  of the film s t ruc ture  has severely  
degraded  over  la rge  areas  of the  sample  (see Fig. 1). 
Backsca t te r ing  now shows that  l a rge  amounts  of 
ma te r i a l  have been t ranspor ted  across the film in te r -  
faces. 

Copper on HfN.- -Bl i s t e r ing  of the film s t ructure  
occurs in this case at  500~ in a s imilar  fashion as 
for S i - H f N - P d  dur ing  annealing.  When f rac tur ing  sets 
in, the f ractures  seem to provide  less effective dif-  
fusion paths  for Cu compared  to the case of Pd, 
where  backsca t te r ing  analysis  shows ex tended  in ter -  
diffusion a l r eady  at 700~ For  S i -HfN-Cu  system, 
the  l a t e ra l ly  nonuni form interdiffusion is de tec table  
af ter  anneal ing  at  750~ 

Gold on H f N . - - I n  contras t  to Pd and Cu, Au forms 
only a eutectic wi th  silicon (at  a low 370~ The 
fa i lure  of HfN bar r ie r s  in contact  wi th  Au follows 
a pa t t e rn  s imilar  to that  for Pd  and Cu, except  that  
b l i s ter ing  and la te ra l  spread of the fa i lure  occur 
fa i r ly  ab rup t ly  af ter  de lamina t ion  at  500~ 

Titanium Nitr ide Barriers 
Three different  types  of ba r r i e r  layers  indica ted  

by  sample  numbers  1-3 were  tested for the rmal  
s tab i l i ty  (see Table I I ) .  Increasing the deposi t ion 
ra te  f rom 30 A / m i n  to 150 A / m i n  improves  the con- 
duc t iv i ty  of TiN layers  by  60% when a constant  
subs t ra te  bias of --50 VDC is used. At  a fixed depo-  
sition ra te  of 150 A / m i n ,  a negat ive  bias vol tage of 
--50 VDC appl ied  to the  subs t ra te  ho lder  improves  
the  conduct iv i ty  b y  55% (from 170 to 75 ~q cm) com- 
pared  to the  films depos i ted  on subst ra tes  he ld  at  
the ground potent ial .  I t  is therefore  evident  that  
changing the deposi t ion pa rame te r s  can resul t  in 
large  var ia t ions of film propert ies .  These p re sumab ly  
include changes in the  chemical  composit ion and the 
micros t ruc ture  of the films (8). 

Palladium on T iN . - -The  degrada t ion  of TiN ba r -  
r iers  proceeds  in a s imi la r  fashion as it  was found to 
occur for HfN layers.  Blis ters  appear  on sample  1 
annea led  at  550~ Some of the bl is ters  are  f rac tured  
at  600~ (see Fig. 2). A t  650~ backsea t te r ing  ana ly -  
s i s  shows extensive interdiffusion be tween  Pd and 
Si. Again,  the  fa i lure  is l a t e ra l ly  nonuni form as in-  
dicated by  a long tai l  of the Pd signal in the back-  
sca t ter ing  spectrum. Spec t ra  of sample  2 show only 
minor  interdiffusion at  the T iN-Pd  interface  at 650~ 
For  this sample,  the interdiffusion is d e t e c t a b l e  at  
700~ and it proceeds  g radua l ly  when the annea l -  
ing t empera tu re  is increased.  In  sample  2, the de-  
l amina ted  areas  are  re la t ive ly  smal l  and less n u m e r -  
ous than  in sample  I a f te r  anneal ing  at  600~ as 
shown b y  the SEM micrograph  in Fig. 2. The SEM 
micrograph  taken from sample  3 annealed  at  650~ 
is featureless,  indicat ing that  the  l a t e ra l  in tegr i ty  of 
t h e  film s t ruc ture  is preserved.  For  this samDle, back-  
sca t ter ing  analysis  shows interdiffusion be tween  Pd 
and Si dur ing  annea l ing  when the t e m p e r a t u r e  is 
ra i sed  to 750~ 

Fig. 1. Scanning electron micrographs indicating the laterally 
nonuniform failure mechanism of Si-HfN-Pd contacts annealed 
isochronically at temperatures 550 ~ 600 ~ and 700~ 

Table II. Data for deposition and film properties of TiN barriers 

S a m p l e  No.  No.  1 No.  2 No.  3 

Th icknes s  (A)  1000 1000 500 
Resis t iv i ty  ( ~  cm)  75 425 <100  
Depos i t ion  rate  ( A / m i n )  150 30 150 
Substrate  bias (VDC)  - 50 0 - 50 
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Fig. 2. Scanning electron micrographs indicating the effect of 
deposition parameters on the failure pattern of Si-TiN-Pd contacts 
for samples No. 1, No. 2, and No. 3 annealed at 600 ~ (No. 1 and 
No. Z) and 650~ (No~ 3). 

Copper on TiN.--Scanning elect ron micrographs  
of samples  1 and 2 af te r  annea l ing  at  750~ are  
shown in Fig. 3. Loss of adhesion and b l i s te r ing  
are  v is ib le  on sample  1. Backsca t te r ing  analysis  
shows h a r d l y  any t r anspor t  of Cu or  Si across the 
ba r r i e r  a t  this t empera ture .  The interdiffusion be-  
comes not iceable  at 800~ however .  In  sample  2, 
diffusion of Cu into Si s ta r t s  at  650~ The in te rd i f -  
fusion proceeds much fas ter  than  ~n sample  1. Af te r  
15 rain at  800~ the  Cu l aye r  has comple te ly  reac ted  
wi th  the  Si substrate .  The SEM (Fig. 3) indicates  that  
the pene t ra t ion  of Cu through the TiN l aye r  is more  
un i fo rm than  in sample  1. Pro t rus ions  are  vis ible  
a long the crys ta l  planes  of  the  under ly ing  S i<100>  

Fig. 3. Scanning electron micrographs of failure patterns on Si- 
TiN-Cu contacts with TiN barriers deposited with (No. 1) and 
without (No. 2) substrate bias. 

substrate.  In sample  3, no de lamina t ion  was ob-  
served up to 750~ Backsca t te r ing  analysis  shows 
interdiffusion at  800 ~ S imi la r  subs t r a t e - r e l a t ed  
decorat ion pa t te rns  as in sample  2 are  visible on 
this sample  af te r  anneal ing.  

GoZd on TiN.~Blistering of A u - T i N  contacts is 
found in sample  1 after" annea l ing  at  400~ Isola ted 
fa i lure  patches appea r  at the  edges of the sample.  
The patches  expand  s l igh t ly  at  h igher  tempera tures .  
The cent ra l  pa r t  re ta ins  i ts l a y e r  s t ruc ture  up to 
550~ as indica ted  by  the backsca t te r ing  analysis .  
On sample  2, sca t te red  fa i lure  patches  of 50-70 
microns in d iameter ,  not  observable  by  backsca t t e r -  
ing, a re  found a f te r  the h e a t - t r e a t m e n t  at  550~ 
The patches consist of a smal l  cent ra l  pro t rus ion  
and a wide c i rcular  zone deple ted  of gold. The p ro -  
t rusions p re sumab ly  indicate  the  Au-S i  react ion 
through a smal l  defect  in the  TiN barr ie r .  The reac -  
t ion i s  l imi ted  by  the deple t ion  of the  gold film 
a round  the de fec t .  Cheung et al. (7) have  found 
evidence of a s imi lar  fa i lure  mode at  lower  t e m p e r a -  
ture. There  the  S i - T i N - A u  sys tem fai led comple te ly  at  
500~ af te r  10 min with  resolidified Au  drople ts  ba l l -  
ing up on the sample ' s  surface.  

In sample  3, no bl is ters  or  f rac tures  are observed 
a f t e r  15 ra in  annea l ing  at  8O0~ B a c k s c a t t e r i n g  
analysis  does not show any evidence of interdiffusion 
of contact  layers  in this sample.  

Discussion 
Two d is t inc t ly  different  fa i lu re  mechanisms are  

found in mu l t i l aye r  contacts wi th  a th in  l aye r  of 
HfN or  TiN in terposed be tween  the contact  meta l  
and the si l icon substrate :  (i) Bl is ter ing and f rac ture  
of the  ba r r i e r  l aye r  a t  the edges of the de l amina t ed  
areas  is the  p r i m a r y  fa i lure  mechanism when  1000- 
1500A thick ba r r i e r  layers  are  deposi ted b y  high ra te  
react ive spu t te r ing  using a nega t ive  subs t ra te  bias. 
The fa i lure  occurs dur ing  anneal ing  a t  t empera tu re s  
as low as 400~ for 15 min  (Au on TIN).  (ii) 
Interdiffusion of the  contact  me ta l  a n d  the sil icon 
ini t iates  through defects in the diffusion bar r ie r .  The 
ra te  of contact  degrada t ion  depends  on the dens i ty  
and the size of these defects  identif ied as pinholes,  
cracks on bl is ter  edges or  o ther  discont inui t ies  in 
the film s t ructure .  The local  diffusion zones expand  
l a te ra l ly  wi th  increas ing t ime o r  t empera tu re ,  even-  
tua l ly  !overlapping each o ther  if the  defect  dens i ty  
is l a rge  enough. At  sufficiently high tempera tures ,  
fa i lures  occur  a b r u p t l y  v ia  eutect ic  react ions  be tween  
the contact  me ta l  and silicon. The fa i lure  t empera tu re  
is specific to each meta l -s i l icon  pa i r  and  re la ted  to 
the  lowest  eutect ic  t empe ra tu r e  of the system. Much 
h igher  fa i lure  t empera tu re s  can be observed if the  
l a t e r a l  in tegr i ty  of the  diffusion b a r r i e r  is p rese rved  
and the direct  contact  be tween  meta l  and sil icon 
can be prevented .  Our  resul ts  indicate  that  a 500A 
thick TiN laye r  can inhib i t  the  eutectic react ions be -  
tween  Au and Si  (Te ---- 370~ dur ing  anneal ing  at  
800~ for 15 min. 

F o r  most  of our  resul ts  which  show interztiffusion 
be low 600~ the fa i lure  s tar ts  b y  de lamina t ion  of 
the ba r r i e r  l aye r  and proceeds  b y  react ions  th rough  
open f rac tures  in  the  film. At  h igher  t empera tu res  
one has to ant ic ipate  the  poss ib i l i ty  of vo lume and 
gra in  bounda ry  diffusion across the  bar r ie r .  Diffu- 
s ion s tudies  in Cu-TiN thin film couples indicate  
tha t  the  effective diffusivi ty of Cu in TiN is D e r r =  
9 • 107 exp  (--4.43 e V / k T )  cm2/sec as de t e rmined  
f rom diffusion profiles at  608 ~ 635% and 700~ (11). 
According  to this the  diffusion length  Ld : 2k/Dt is 
~,10k for  anneal ing  at  600~ for  15 min. Diffusion of 
Cu through a 1O00A thick TiN ba r r i e r  would  then be 
negl igible  at  this  t empera ture .  The mechanisms of 
Cu diffusion were  not  repor ted  to be bu lk  processes, 
however .  
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For metals with very high melting temperatures 
comparable to that of TiN ( ~  2900~ diffusivity 
along the grain boundaries is predicted to be 10-15 
orders of magnitude higher than the volume diffu- 
sivity in the temperature range of 600~176 These 
fast diffusion paths constitute the mechanism re- 
sponsible for most of the atomic transport  in the 
temperature range below one-half  of the melting 
temperature. Effective bulk diffusivity and a simple 
erfc profile would therefore strongly underestimate 
the number of diffus~g species at large distances 
from the interface. 

Macroscopic defects seem to remain the most im- 
portant  reason for contact failures. We have ob- 
served large compressive stresses, in the order of 101~ 
dyne .  cm -2, in both I-IfN and TiN layers which fail 
by delamination. Blisters are the characteristic re- 
lief mechanism of these high stresses. The following 
general statements can be made: (i) The compressive 
stress is more severe in the nitride films deposited 
with negative substrate bias than without (although 
negative bias improves the electrical conductivity).  
(if) Delamination caused by the compressive stress 
decreases with decreasing film thickness as the result 
of reduced shear at the film interface. 

Curvature measurements  on samples with reac- 
tively sputtered nitride layers on thin Ni or Si canti- 
lever su.bstrates indicate that the stress distribution 
is nonuniform in depth, and the total stress is 2-3 
times higher in the films sputtered with --40V sub- 
strafe bias compared to the films deposited on 
grounded substrates. The initial compressive stress 
increases during annealing as a result of the mis- 
mai~ch between the thermal expansion coefficients 
of HfN ( , ~  5 • 10 -6 K - D  or TiN (~ ~ 6 • 10 -6 
K -1) and Si (a ~ 3 • 10 -6 K - l ) .  We have not 
studied i n  detail  the functional dependence of the 
stress on various deposition parameters, such as depo- 
sition r a t e a n d  argon pressure. However, stress be- 
havior similar to that observed in reactively sput- 
tered nitride films has been reported for sputter-  
deposited refractory metals (12-14) and compounds 
(15). The compressive state of stress has been re- 
lated to argon entrapment during the film growth 
(16) or peening by energetic neutral atoms (17). We 
have indeed observed that both the film stress and 
the amount of entrapped argon in rf-diode sputtered 
I-/fN films increase rapidly with increasing substrate 
bias voltage. 

Conclusion 
Our results suggest that the thermal stabili ty of 

HfN and TiN diffusion barriers ul t imately depends 
on the mechanical film properties and consequently, 
on the method of deposition. The dominating failure 
mechanism is. associated with loss of adhesion and 
blistering of the barrier  layers. The extent of the 
failure is related to compressive stresses present in 
reactively sputtered nitride films. Stresses are more 
pronounced in films deposited with a negative sub- 
strafe bias, and blistering occurs when the film thick- 
ness exceeds a critical value. Because the barr ier  
performance .depends on the physical integri ty of the 
film, narrow constraints need to be imposed on the 

deposition process. The best results in this study have 
been obtained for 500A thick TiN films which effec- 
tively prevent the eutectic reaction between Au and 
Si at 800 ~ 
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Effect of Crosslinking and Doping on Thermoluminescence of U.V.- 
Irradiated Polymers 
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Department of Physical Chemistry, Universit~ de Liege, Sart-Tilman, B4000 Liege, Belgium 

ABSTRACT 

The thermoluminescence (TL) of elastomeric materials modified by doping and chemical  or ~-induced crossl inking 
was measured following irradiation with u.v. l ight at 77 K and compared with the thermally s t imulated depolarization cur- 
rents (TSDC) obtained during warmup of samples previously polarized from 298 to 77 K, stressing the comparison of lumi- 
nescence and current peaks observed in the glass ~ransition range. Significant.shiftings of the TL peaks were found as a 
function of degree of crossl inking and nature of  the dophnt, even though the glass transit ion temperature  and the posit ion of 
the TSDC peaks were not affected, showing that the kinetics of the light-emitting process is not only governed by the 
thermal  motions of the polymer  units but  also critically depends on the nature of traps and luminescent  species. General ly 
speaking, the TL method appears  to be much more sensitive than the classical relaxation methods  to any structural, mor- 
phological, or environmental  change of the macromolecular  chains and seems, thus, part icularly attractive to obtain valua- 
ble information on n e w  aspects of polymer  relaxation. 

The thermoluminescence  (TL) ,  which involves mea -  
sur ing and analyz ing  l ight  emi t ted  dur ing  w a r m u p  
of mate r ia l s  p rev ious ly  i r r ad ia t ed  at  low t emper -  
ature,  is gene ra l ly  considered as a useful  means  
for  s tudy ing  molecu la r  motion and s t ruc tura l  t r ans i -  
t ions occurr ing  in po lymer ic  solids (1-5). On the 
basis of significant correla t ions  observed be tween  
the TL glow curves  and the re laxa t ion  peaks  ob-  
ta ined  by  mechanica l  or  d ie lect r ic  loss measu re -  
ments, i t  is usua l ly  assumed tha t  the  luminescence 
emission depends  on the molecu la r  mobi l i ty  e i ther  
because the macromolecu la r  chains can act as effec- 
t ive ca r r i e r  t raps  (e.g., Via format ion  of dielectr ic  
cavi ty  t raps  defined by  the chains themselves)  or  
because the  re lease  of charge car r ie rs  f rom o ther  
t raps  (such as free radicals  or  neu t r a l  molecules  wi th  
posi t ive e lect ron affinity) can only occur as a resul t  
of t h e  onset of local  mot ion involving molecules  lo-  
cated in the  immedia te  v ic in i ty  of the  t rap  (1-5).  As 
an a l t e rna t ive  to the  de t r app ing  phenomenon,  it  has 
been sometimes pos tu la ted  tha t  charge recombinat ion  
can occur by  phys ica l  approach  and react ion of a 
rad ica l  ion with  the pa ren t  ion or any  o ther  ne ighbor -  
ing posi t ive ion (3). In pr inciple ,  such a process should 
be also c lo se ly  re la ted  to s t ruc tura l  changes in the  
po lymer ic  ma t r i x  because i t  is l ike ly  to arise only in 
a t e m p e r a t u r e  range where  la rge  scale mot ion sets in, 
i.e., in the v ic in i ty  of the glass t rans i t ion  t e m p e r a t u r e  
Tg. W h a t e v e r  the exact  t r app ing  and de t rapp ing  mech-  
anisms involved and the na tu re  of luminescence cen-  
ters, the  macromolecu la r  motions are, thus, expected 
to cont r ibu te  Significantly to the l i gh t - emi t t ing  p ro -  
cesses in such a way  tha t  the  TL glow curve could 
be considered as reflecting the re laxa t ion  i tself  and  
could be used to de te rmine  the t rans i t ion  tempera tures .  

We have recent ly  shown, however ,  that ,  at  least  in 
cer ta in  polymers ,  the  type  of impur i t y  present  in the  
m a t r i x  can atso p l ay  a p reva i l ing  role in the rmolu -  
minescence,  and  that  an observed  glow curve is of ten 
typical  of a given d o p a n t - p o l y m e r  sys tem ra the r  than  
of the  po lymer  i tself  (6-9).  In  doped poly  (b i spheno l -A 
carbonate)  for  example ,  the TL peaks  observed at  low 
t e m p e r a t u r e  (T ( 273 K)  af ter  u .v . - i r rad ia t ion  do not  
gene ra l ly  correspond with  the  character is t ic  r e l axa t ion  
spec t ra  obta ined  by  other  methods.  In fact, a r ea -  
sonable agreement  be tween  TL and loss peaks  was 
only  found wi th  one of 22 dopants  tested; moreover ,  
some specific dopants  give r ise to addi t ional  large  TL 
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peaks  which did not  correspond to any  known  int r ins ic  
re laxa t ion  (7, 8). 

In  our  opinion, an advisab le  way  for  test ing more  
prec ise ly  the re la t ions  be tween  TL and molecuIar  
motions is now to compare  the respect ive  evolut ions 
of TL and loss character is t ics  observed in a we l l -  
defined re laxa t ion  region whose proper t ies  a re  sys te-  
mat ica l ly  var ied  as a resul t  of morphological ,  en-  
v i ronmenta l ,  or chemical  modifications of  the  mac ro -  
molecular  s tructure.  To this end, i t  is necessary  t o  
select  po lymers  character ized by  a we l l - reso lved  re -  
laxa t ion  spec t rum and a pronounced  TL peak  appea r -  
ing in a t empera tu re  range  corresponding to a we l l -  
known s t ruc tura l  t ransi t ion.  These condit ions are  sat-  
i s fac tor i ly  fulfi l led for  e las tomers  based on bu tad iene  
or isoprene, pa r t i cu la r ly  in the glass t rans i t ion  region.  
I t  is the  object  of this  pape r  to r epor t  resul ts  ob-  
ta ined on such mater ia l s  before  and a f te r  modi fy ing  
them by  doping and chemical  or  7 - induced  crossl ink-  
ing. ThermaUy s t imula ted  depolar iza t ion  currents  
(TSDC) has been  chosen as a re ference  for r e l axa -  
t ion proper t ies  because it can work  at  hea t ing  ra tes  
s imi lar  to that  used in TL measurements ,  which al lows 
a direct  comparison of the peak  posi t ions (10-13). 

Experimental 
All  the  po lymers  inves t iga ted  a re  charac te r ized  by  

glass t rans i t ion  t empera tu re s  located in the 170-270 K 
range. These are:  (i) a me thy l  m e t h a c r y l a t e - b u t a d i e n e  
random copolymer  (MMA-B)  wi th  a bu tad iene  con- 
tent  of 70 weight  percent  (w/o) (T~ _--268K); (ii) a 
s tyrene  butad iene  r andom copolymer  (SB) wi th  a bu t a -  
diene content  of 55 w/o  (T~- -243  K); (iii) a s tyrene  
bu tad iene  rad ia l  b lock  copolymer  (SBb) wi th  a b u t a -  
diene content  of 70 w/o  (Tg of t h e  po lybu tad iene  phase 
---- 186 K); (iv-v) two s ty r ene - i sop rene - s ty rene  t r ib lock  
copolymers  wi th  respect ive  isoprene contents  of 28 
(SIS 28) and 67 w/o  (SIS 67) (Tg of the  i soprene  
phase = 255 K)  and (vi) a po lybu tad iene  (PB) wi th  
98% 1-4 cis content  (Tg : 183 K) .  The bu tad i ene -based  
po lymers  were  commercia l  mater ia ls :  PB and MMA-B 
were  suppl ied  by  Po lyme r  Corpora t ion  Po lysa r  (Tak-  
tene 1202 and Butakon ML 577, respec t ive ly) ,  SB b y  
Texus (Sympol  8000) and SBb by Phi l l ips  Pe t ro l eum 
(Solprene  416). The SIS copolymers  were  p repa red  at  
the  Ecole d 'Appl ica t ion  des Hauts  Polym6res  (S t ras -  
bourg, France)  f rom n - b u t y l l i t h i u m  cata lys ts  in ben-  
zene as descr ibed e l sewhere  (14). 

To remove  impur i t ies  such as ca ta lys t  residues 
and ant ioxidants ,  al l  these  po lymers  were  purif ied 
by  repea ted  reprec ip i ta t ions  of benzene or  hexane  so- 
lut ions in methanol .  They were  subsequent ly  vacuum 
dr ied  at  373K for 1 day. The powdered  mate r ia l s  
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were, then, compression molded at 370-420K into 
disks of about 100 ~m thick which were stored at room 
temperature under vacuum for at least 1 week. 

The doped samples were obtained by, first, swelling 
the polymer films in solvent-nonsolvent mixtures con- 
taining the dopant and then deswelling at 373 K under 
vacuum for 48 hr. The dopant content in the dried 
material  was always lower than 0.1 w/o in order to 
not significantly alter the polymer structure. Lightly 
crosslinked samples were obtained either by curing 
with 1 w/o dicumyl peroxide or by 7-irradiat ion from 
60Co source in degassed and sealed glass ampuls with 
total doses ranging from 105 to 10 s rad. 

The TL experiments were carried out in a classical 
cryostat provided with a cold finger and a tempera-  
ture programmer allowing the sample temperature to 
be l inearly varied between 85 and 373 K. Irradiations 
were always performed under vacuum at 77 K using a 
450W xenon lamp (XBO 450 Osram) .  The light out- 
put was measured with a Hamamatsu R376 photomul- 
t iplier (bias 1000V; the light intensity unit given in 
the figures corresponds to a 5 • 10-10A current) .  

The TSDC measurements were carried out with a 
three-terminal  electrode system under controlled ni- 
trogen flow (25 cm3/min) in the dielectric test cell of 
a relaxation spectrometer (Unirelax, Tetrahedron).  
The heating and cooling rates were controlled by the 
Tetrahedron Wizard 1501 programming system. The 
thermal cycles of polarization and depolarization con- 
sisted essentially of the following steps: (i) applica- 
tion of a d-c electric field Ep = 10-30 kV/cm for a 
time tp ---- 30 min at a temperature Tp = 298K; (ii) 
cooling in the field to a temperature To = 77 K at a 
rate of 10 K/min;  (iii) disconnecting the d-c supply 
and linear heating of the short-circuited samples at a 
rate of 5 K/min.  

Results 
Doping oS butadiene-based copolymers.--Figure 1 

shows the TSDC and TL results obtained for SBb sam- 
ples before and after doping them with some classical 
dyes. All  the curves have the same general shape and 
are characterized by two distinct peaks which are con- 
ventionally labeled ~ and ~ in order of increasing tem- 
peratures. 

log I TL(a.u.) log i. TSDc(A) 
1.0 - / / ~  - 40 

/ ~ 
0.5 - - -11 

."% 

- 4 -12 

100 150 200 T (K) 250 
Fig. 1. TSDC and TL of 5Bb copolymer undoped (TSDC: - - ;  

TL: . . . . .  ) and doped with rhodamine 6G (TSDC: 
TL: - - . - - )  9,10-phenaathrenequinone (TSDC: . . . . .  ; TL: 

- - r ) ,  and crystal violet (TSDC': . . . . .  ; TL: . . . .  ). 

-0.5 

In the TSDC case, these two peaks reflect essentially 
the two main relaxation ranges typical of diene elas- 
tomers (15). The ~ peak appears close to the glass 
transition temperature as determined by differential 
scanning calorimetry (Tg = 186 K) and can, thus, be 
related to microBrownian motions of Chain segments 
(~ relaxation) involving in part icular  rotation of cis 
and v.inYlbutadiene isomers (effective dipole moment 
-- 8.2 • 10 -~1 Cm) (16) while the/3 peak corresponds 
well to the low temperature complex peak observed 
in pure polybutadiene by dynamic mechanical mea- 
surements and can, thus, be ascribed to local chain mo- 
tions (~ relaxation) (17). The precise mechanism 
responsible for the ~ relaxation is not yet well under- 
stood. According to Morgan et al. (17), it involves 
principally motions of the trans units of the butadiene 
chains, but this explanation can hardly hold for the 
TSDC peak because the trans isomer is dielectrically 
inactive, and the current intensity observed in various 
types of SB random copolymers is not related to the 
concentration of the trans units (15). Since the pres- 
ent study is mainly focused on the glass transition, this 
problem of origin and variat ions of the ~ relaxation 
will not be further discussed in this paper. 

From the curves shown in Fig. 1, it is clear that 
these TSDC relaxations are insensitive both in posi- 
tion, shape, and amplitude to dye-doping the samples. 
Moreover, they are no more affected by other types 
of impurities provided that the concentration remains 
lower than 0.1 w/o (18). 

The TL glow curve of the undoped SBb sample 
shows a close similari ty with the TSDC spectrum, and 
it is, thus, certain that some correlation exists between 
the onset of molecular motion and the light-emitting 
process. It is significant however, that the TL peak ap- 
pears at a higher temperature (maximum temperature 
TM = 197 K) than the TSDC peak (TM ~- 183K). 
This phenomenon, which seems quite general in poly- 
mers (18, 19), will be discussed in connection with 
results obtained in doped and crosslinked materials. 

In doped SBb samples, the properties of the T L a  
peak are markedly influenced by the nature of the 
added dye. Disregarding the luminescence intensity, 
which is obviously expected to depend strongly on the 
dopant, important  variations in shape and position 
are observed. The shifts of TM, in particular, are quite 
significant (10-15 K),  more especially as they appear 
similarly when other excitation modes are used (9), 
and they can, thus, be considered as characteristic of 
the dopant-polymer system. Entirely similar results 
have been obtained with the other materials tested. 
In doped MMA-B and SB random copolymers for ex- 
ample, TM variations of 10-25K with respect to the 
undoped samples were commonly observed. 

This behavior implies as an important consequence 
that the TL method can hardly be used for determin- 
ing precise values of Tg in polymers since in most of 
them, it is well known that the observed emission does 
not result from the macromolecular matr ix itself but 
rather  from impurities or additive molecules lying 
between the chains (1). 

Selective doping of SIS block copolymers.--Figure 2 
shows the effect of a selective doping of the polyiso- 
prene blocks on the TSDC and TL properties of the 
SIS 67 copolymer (in these experiments, the materials 
were doped by swelling and then deswelling the sam- 
ples by using n-decane or isooctane as a specific sol- 
vent containing the dopants).  Again the TSDC a peak, 
which corresponds to the glass transition of the poly- 
isoprene phase (T~ _-- 222 K),  remains unaffected while 
the TL a peak, which appears some 10-15 K higher, is 
markedly reduced and shifted. 

More interesting is the result of a selective doping 
of the polystyrene phase (using tetrahydrofurfuryl  
alcohol as specific solvent) on the TL characteristics of 
the SIS 28 copolymer (Fig. 3). As a mat ter  of fact, 
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Fig. 2. TSDC and TL of SIS 67 copolymer undoped (TSDC: 
~ ;  TL: . . . .  - - )  and doped in the polyisoprene blacks 

with phenanthrene (TSDC: . . . .  ; T L - - - - ~ )  and benzophenone 
( T S D C : -  - - - ;  TL: ). 

/~ L (a.u.) / ~  i. TSDC (X'I'012A) 

/ - ,  

100 150 200 250 TIK) 300 
Fig. 3. TSDC and TL of SIS 28 copolymer undoped (TSDC: 

�9 ; TL: . . . . .  ) and doped in the polystyrene blocks 
with phenanthrene (TSDC: . . . . .  ; TL: . . . .  ) and bonzophenone 
(TSDC: . . . .  ; TL: ). 

while no significant change is observed in the TSDC 
properties, the TL ~ peak is now completely canceled 
though it is related to the glass transition process 
taking place in the polyisoprene blocks, i.e., the un- 
doped phase. Two essential consequences directly fol- 
low from this observation: (i) the most important part 
of the TL obtained in this temperature range is of 
interracial origin and (ii) a TL peak is not systemati- 
cally associated with a structural transition of the 
polymer. 

E~ect o~ crosslinking.--In order to study the effect 
of introducing crosslinkages without affecting mark- 
edly the molecular packing, slight conditions of curing 
or irradiation were applied to polybutadiene samples; 
the curing time at 420 K ranged from 5 to 30 rain, and 
the -/ radiation doses varied from 105 to l0 s rad. 
Under these conditions, no increase in Tg is detectable 
by DSC, and no shift of the dielectric ~ dispersion 
towards higher temperatures is obtained in TSDC 
measurements, which obviously means that the chain 
length between crosslinks remains important with re- 
gard to the chain length necessary to observe a glass 
transition. 

Some results obtained for -/-crosslinked samples are 
represented in Fig. 4 (only the TSDC curve related 
to the unirradiated sample is shown as a reference 
since no significant variation is obtained with the ra- 
diation doses used). The TL intensity of the a peak, 
which again appears at a higher temperature than the 
corresponding TSDC peak, is a clearly decreasing 
function of the radiation dose. In addition, important 
shifts of about 20 K are observed first towards higher 
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Fig. 4. TL of polybutadiene before ( ) and after ~,-irradia. 
tion with 10 5 Rad ( ~ - - ) ,  10 6 rod ( - - - - )  and 10 s Rad ( - - ' - - ) .  
The dotted curve shows the TSDC reference spectrum. 

temperatures and then towards lower temperatures. If 
an unequivocal interpretation of this phenomenon is 
not possible at this time, the mere existence of such 
marked shifts confirms unambiguously that a TL peak 
can be greatly affected by specific factors to which 
the classical methods of T~ determination are com- 
pletely insensitive. 

Finally, some examples of glow curves obtained 
from chemically crosslinked PB are reported in Fig. 5, 
together with the TSDC reference spectrum. In these 
samples, the position of the TL ~ peak is not much in- 
fluenced by the degree of crosslinking. On the other 
hand, the luminescence intensity drastically decreases, 
so that the peak entirely disappears well before the 
glass transition temperature is affected. This behavior 
is somewhat similar to that observed in selectively 
doped SIS 28 copolymers. 

Discussion 
The comparative TSDC and TL study of undoped 

diene elastomers based on butadiene or isoprene shows 

8 
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Fig. 5. TL of polybutadiene before ( ) and after cross- 
linking obtained by curing the somp[es with 1 w/o dicumyl peroxide 
during 5 rain ( .......... ), 15 min ( . . . .  ) and 30 min ( - ~ - - - ) .  
The dotted curve shows the TSDC reference spectrum. 
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that in general, a well-defined TL peak appears in 
the glass transition range which, in principle, affords 
evidence for a significant contribution of the molecular 
motions to the carrier-detrapping or any other light- 
emitting processes. However, the fact that the TL peak 
is systematically shifted towards higher temperatures, 
even though it is recorded at a heating rate similar to 
that used in TSDC experiments, shows  that the lu- 
minescence emission foliows after the structural tran- 
sition and, thus, does not reflect the transition itself, 
probably because the thermal energy necessary to lift 
the carriers over the barrier potential of the traps 
or to erode the traps themselves is reached only beyond 
the glass transition temperature. 

Moreover, the important variations of the TL prop- 
erties, observed in samples slightly doped or cross- 
linked in such a way that the glass transition is not 
affected, seem to show that the kinetics of the light- 
emitting process is not only governed by the thermal 
motions of the molecular units but also depends criti- 
cally on the nature of traps and luminescent species. 
In this view, the effect of crosslinking on the TL 
properties could be due to the appearance of new 
specific defects in the immediate vicinity of the new 
C--C bonds formed, which could affect the position of 
the glow curve v~ithout interfering with the glass 
transition process, while the influence exercised by 
doping could be related to differences in excitation 
energy transfer. It also appears from these results 
that a TL peak is not automatically associated with 
the increase of molecular mobility taking place during 
a structural transition. Such is the case for example 
in chemically crosslinked PB and in SIS copolymers 
doped in the polystyrene blocks where no TL peak is 
detectable in the glass transition range even though 
this transition remains perfectly distinguishable by 
~ther techniques. 

Generally speaking, the systematic shifts of the TL 
peaks observed in doped samples also imply, on one 
hand, that the TL method cannot be used to deter- 
mine precise values of Tg in polymers since it seems 
now well established that in most of them the thermo- 
luminescence does not result directly from excitation 
of polymeric species but rather from impurities to 
which theexcitation energy is guided by energy trans- 
fer (1) and, on the other hand, that it can hardly be 
expected that the characteristic parameters deduced 
from TL curves (activation energy, frequency factor 
. . . )  can be directly related to molecular motions. 

Obviously, this is not to say that the TL method 
cannot be considered as a useful tool for studying the 
molecular motions in polymers. On the contrary, the 
fact that it is much more sensitive than the classical 
methods to any structural, morphological, or environ- 
mental change of the macromolecular chains renders 
it particularly attractive as a means of obtaining valu- 

able information on new aspects of relaxation pro- 
cesses. 
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Technical Note 

A Slow Selective Etch for GalnAsP Grown on InP 

G. A. Ferrante, J. P. Donnelly, and C. A. Armiento 
Lincoln Laboratory, Massachusetts Institute of Technology, Lexington, Massachusetts 02173 

The technology for fabricating laser diodes, detec- taxial wafers requires the use of suitable etching 
tors, and optical waveguides in GaInAsP/InP epi- techniques for providing smooth damage-free sur- 

Key words: chemical etching, selective etch, InGaAsP, InP. faces, precise pattern geometries, and preferential and 



Vol. I30, No. 5 S L O W  ETCH F O R  G a I n A s P  1223 

reproduc ib le  remova l  of specific layers.  Severa l  p re -  
vious publ ica t ions  have  repor ted  slow control lable  
etches for  InP  (1-4) and etches for  se lec t ive ly  re-  
moving InP layers  g rown over  GaInAsP  (5).  Seve ra l  
etches have  been used to se lec t ive ly  (6.-9) etch 
GaInAsP  on InP,  bu t  only  a l imi ted  amount  of in-  
fo rmat ion  on etch r a t e  and the degree of se lec t iv i ty  
has been repor ted .  This pape r  presen ts  etch ra te  and 
surface  morpho logy  resul ts  obta ined using a d i lu te  
su l fur ic  acid, hyd rogen  peroxide ,  and  w a t e r  etch, 
which has  proven  to be  a s low select ive e tch  for 
GaInAsP.  

S low cont ro l lab le  etches su i tab le  for  removing  thin 
layers  of InP a re  gene ra l ly  not  usable  wi th  GaInAsP.  
Fo r  example ,  w e  found tha t  iodic acid etches (2) 
~ a I n A s P  in a nonun i fo rm manner ,  l eav ing  ve ry  bad ly  
p i t t ed  surfaces. Po tas s ium-fe r rocyan ide  po tass ium-  
hyd rox ide  solutions,  which are  often used to de l inea te  
p - n  junct ions  in the  I I I -V  compounds,  e tch GaInAsP  
fas ter  than  InP and have been used as select ive etches 
(6, 7). The e tch ra tes  for most  Ga InAsP  composit ions 
tend to be  fa i r ly  fast  (g rea te r  than  severa l  ~m/min)  
(7). In addit ion,  the etch rates  and resu l tan t  selec-  
t iv i ty  appea r  to depend  on the doping of the InP  and 
G a I n A s P ,  as wel l  as the  composit ion of the  etch 
solution, a n d  l i t t le  informat ion  on these var ia t ions  
has been  publ ished.  

Su l fu r i c  ac id -pe rox ide -based  etches, which a r e  
commonly  used as fast  pol ishing etches for GaAs, etch 
InP  only  s lowly  (10). For  example ,  we have  found 
tha t  a 3 H2SO4:1 H202:1 H~O solut ion at room tem-  
pe ra tu re  etches InP  at  about  200 A/ra in .  This etch 
(8) has been  used to etch GaIn_&sP on InP,  since the 
e tch ra te  increases wi th  increas ing amounts  of  Ga 
and As in the  mater ia l .  A 1 I~SO4:6 H202:10 H~O 
solut ion at  50~ has been used to etch mesas in 
GaInAs  on InP (9). In  both cases, detai ls  of the etch 
ra te  and se lec t iv i ty  were  not  repor ted .  We have found 
that  b y  decreas ing  the re la t ive  volume of H2SO4 
compared  to the  s t anda rd  GaAs etches and increasing 
that  of water ,  whi le  leaving tha t  of H202 fixed, the 
etch ra te  in InP can be reduced to a negl ig ible  value  
whi le  ma in ta in ing  a reasonable  etch ra te  for  most 
GaInAsP  l a t t i ce -ma tched  composit ions,  except  those 
ve ry  close to InP. As shown below, a 1 HeSO4:1 
H 2 0 2 : 1 0  H ~ O  solut ion at  room t empera tu re  appears  
to be p a r t i c u l a r l y - s u i t a b l e  as a slow selective etch 
for  the  most  commonly  used ~ a I n A s P  compositions.  

The  samples  used in these exper iments  were  (100) 
l iquid phase  ep i t ax ia l  (LPE)  grown G a I n A s P / I n P  
he te ro junc t ion  wafers  in which the qua t e rna ry  com- 
posi t ion was e i ther  Ga0.2~Ino.73Aso.63Po.87 (having a 
bandgap,  Eg, of 0.95 eV, ~. = 1.3 ~m),  Ga.0.17In0.s3As0.~9- 
Po.61 (Eg ---- 1.08 eV, ~. = 1.15 ~m),  or  Gao.~0In0.o0As0.0~- 
Po.96 (E~ 1.24 eV, k --  1.04 ~m).  Each etch solut ion 
used was placed in a clean 200 ml  P y r e x  beaker  which 
was modified for mount ing  a microscope slide inside. 
Since a g rea t  ,deal of hea t  is genera ted  when sulfur ic  
acid etches are  mixed,  some care must  be taken  to 
insure  tha t  the  solut ion re tu rns  to room tempera ture ,  
21 ~ • I~ before  e tching samples.  If  this is not done, 
h igher  e tch rates  than repor ted  in this paper  wi l l  be 
obtained.  The solut ion was s t i r red  cont inuously  by  
means  of  a Teflon-coated magnet ic  s t i r rer .  Pa r t  of 
each sample  to be e tched was masked  with  S i O 2  to 
p rov ide  a step in o rder  to measure  etch depth.  For  
etching, the sample  was moun ted  on a microscope 
sl ide using Apiezon wax. Af te r  etching, the mask  was 
removed,  the  sample  rinsed, dr ied,  and inspected.  The 
etch dep th  was measured  wi th  a D e k - t a k  surface 
profiler.  

The etch depth  vs. etch t ime obta ined on a (100) 
Ga~.2vIno.v.~As~.~3Po.~v (k ---- 1.3 ~m) sample  in a 1 
H2SO4:l H~O2:10 tI~O room t empera tu r e  solution is 
shown in Fig. 1. As de t e rmined  from this data, the 
etch ra te  is a ve ry  constant  1000 A/min .  The etched 
Ga InAsP  surface  appea red  to be free of any  etch 
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/ 1 H2S04: i H2Oz: 10 H20 
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0,2 

2 4 6 S 10 

ETCH TIME (min) 
Fig. 1. The etch depth vs.  etch time obtained on e 

Gao..gTIno.73Aso.~3Po.a7 (~. z 1.3 #m) layer etched in a room tem- 
perature 1 H2S04:1 H202:10 H20 solution. 

Fig. 2. Photomicrograph of a Gao.271no.7,~Aso.63Po.37/InP double 
heterojunctien wafer in which most of the top InP was removed in 
concentrated HCI and different areas of the quaternary layer 
etched for the times indicated (no etch, 5 min etch and 10 min 
etch) in a 1 H2SO4:1 H202:10 H20 solution. 

re la ted  defects. F igu re  2 shows a photomicrograph  of 
a double  he te ro junc t ion  w a i e r  in whictl  the  top InP  
l aye r  was removed  f rom most of the wafe r  using con- 
cen t ra ted  HC1, a select ive etch which etches (100) 
InP at 5.4 a m / m i n  whi le  having  a negl ig ible  etch ra te  
on 1.3 am bandgap  GalnAsP.  Different  areas  of the 
GaInAsP  l aye r  were  then etched for different  t imes 
using 1 H2SO4:1 H202:10 H2:O. The etched surfaces  
have  the same surface t ex tu re  as the  or ig ina l ly  ex-  
posed qua t e rna ry  surface. 

Table I lists the  etch ra te  measuered  for severa l  dif-  
fe rent  GaInAsP  composit ions and InP. The errors  in 
the etch ra tes  are  es t imated  to be  less than  •  A /  
rain. Fo r  (100) Ga0.17In0.s~As0.59P0.~l (~. -- 1.15 ~m), 
the  e tch  ra te  is 420 A / m i n ,  whi le  for (100) 
Ga0.r0In0.90Aso.04P0.96 (k • 1.04 am) ,  the  etch ra te  de-  
creases fu r the r  to 75 A/ra in .  The etch dep th  on (100) 
InP could not  be measured  af ter  an hour ' s  etch t ime 
a l though a fine demarca t ion  l ine  be tween  the e tched 
and unetched areas  of the  samples  was observed.  The 
surface qual i ty  of the InP exposed to the di lute  sul-  
furic acid etch was good (see InP surface in Fig. 2, 
which was exposed to the  di lute  sulfur ic  acid etch) .  
The s a m e  resul t  was obta ined on (100)-or iented  l iq-  

Table I. Etch rate of InP and various Compositions of GalnAsP 
in a I H2SO4:1 H202:10 H~O solution at room temperature 

M a t e r i a l  E t c h  r a t e  

(100) Gao.~Ino.73As~.c~Po.~7 (k = 1.3 /~m) 1 0 ~  A/min 
(100) Gao.17Ino.,~3Aso.~gPo.sl (k = 1.15 gm)  42'0 A/rain 
(I00) Gao.xoIno.9oAso.o4Po.gG (k : 1.04/xm) 75 A / r a in  
( 100 ) I n P  Negl ig ib le  
( l l l ~ B  I n P  30 A/min 
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uid encapsulated Czochralski (LEC) InP samples 
doped with either Zn and Sn to concentrations greater 
than 10 is em -~. On ( l l l ) B  InP, however, an etch rate 
of .~30 A/min was measured. The higher etch rate on 
the ( l l l ) B  plane is consistent with the results re- 
ported in Ref. (9). 

In conclusion, a room temperature solution of 
1 H2SO4:1 H20~:10 H20 etches (100) InP at a neg- 
ligible rate while it etches most lattice-matched com- 
positions of GaInAsP at a reasonable rate leaving a 
good surface morphology. This etch should prove 
useful as a slow selective etch in a variety of applica- 
tions, 
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Rechargeable Li/Lil ,V308 Cells 

S. Panero, M. Pasquali, and G. Pistoia 
Centro di Studio per la Elettrochimica e la Chimica, Fisica delle Inte~'fasi del C.N.R., 00161 Rome, I taly 

The research for substitutes of TiS 2 as 
cathodes for rechargeable Li cells has been 
recently aimed at transition metal oxides with 
particular attention for the V compounds of 
formula V6O13+y (y<0.2) (1,2). These ma- 
terials have greater enerby densities than 
TiS 2 and need not keep to a strict stoichio- 
metry for optimum performance. Their cycling 
behavior at current densities around 1 mA/cm 2 
is characterized by high and stable (after 
the first few cycles) specific capacities (2), 
i.e., 0.16-0.20 Ah/g of pure material. How- 
ever, an important drawback is reported for 
both V6013 (so-called stoichiometric) and, 
especially, V6013.16 (nonstoichiometric). At 
1.6 V a reduction process occurs which inhib- 
its further rechargeability (2). This pro- 
bably stems from irreversible structure re- 
organizations connected with the high Li + con- 
tent (2.37 Li+/V). 

Such a drawback could discourage the use 
of these materials in practical Li cells. We 
have attempted to overcome it by using a mate- 
rial which, while retaining the basic electro- 
chemical features of V6013+y, would be able to 
undergo overdischarges without structural da- 

mage. The Lil+xV308 phase investigated by 
Wadsley (3) is closely related in structure 
to V6013. Initial cycling tests have shown 
that cathodes based on this phase could be 
ovefdischarged to voltages as low as 1.0 V 
without a decrease in the cycling efficiency. 
Indeed, contrarily to what happens for V6013+y , 
no voltage plateaus were observed below 1.8 V 
and a minor amount of capacity was recovered 
between this value and 1.0 V. At the same 
time, other pleasant features were noticed 
with these materials, ease of preparation (at 
680~ in the air from Li2CO 3 and V205) and 
high rate capability. 

Lil+xV308 has a structure characterized by 

two kinds of coordination for V, i.e., octa- 
hedral and trigonal bipyramidal (3). Strings 
of bipyramids and ribbons of octahedra are 
linked together (by common corners) forming 
puckered sheets. The sheets are linked by 
Li + ions residing in both octahedral and 
tetrahedral sites. The presence of Li + ions 
in the network increases the number of M-O 
bonds. This reduces the electron density on 
O2~, thus reducing the possibilities for the 
latter to form strong (partly covalent) Li-O 
bonds with the ions entering the lattice 
during discharge (4). Such a situation con- 
tributes, besides geometrical factors, to a 
fast Li + diffusion between sites. 

Murphy has compared the behavior of 
glassy and crystalline LiV308 (5) in Li cells 
with LiAsF6-PC as electrolyte. At 0.25 mA/cm 2 
and 1.9 V cut-off, the capacity obtained in 
the Ist discharge was not particularly im- 
pressive for either form (0.13 Ah/g for the 
glassy form and 0.ii Ah/g for the crystalline 
one), Futhermore, marked capacity losses 
were soon noticed upon cycling. 

Key words: Li batteries, V oxides. 

However, especially for low x values in 
Lil+xV308, we have obtained high Capacities 
and good cycling efficiencies in prismatic Li 
cells containing 1 M Licio4-PC/DME (i:i). The 
cathode (100-150 mg) was obtained by mixing 
the compound with 30% of a 2:1 carbon black- 
Teflon mixture. The resistivity of the mat- 
erial was initially relatively low (~I0 ohm. 
cm), but increased upon lithiation, so that 
addition of conductive diluents was essential 
for good performance. 

In the first low rate discharge (0.2 mA/ 
cm 2) it was observed that, at 1.0 V cut-off, 
3 Li + could be incorporated per formula weight, 
corresponding to 0.28 Ah/g. A specific energy 
of 620 Wh/kg was calculated in this experiment 
on the basis of anode and cathode weight. Fur- 
ther experiments were performed at 1 and 2 
mA/cm 2 for both charge and discharge. In 
Fig. i, the typical shape of the first and 
second discharge are shown when the upper 
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discharge limit was fixed at 3.8 V. It is 
remarkable that the stepped discharge curve is 
followed by a linear charge curve which re- 
mains below 3.0 V for 65% of the charging 
time. However, in order to recover the rest 
of the capacity, one has to go on chargin~ up 
to 3.8 V. We believe that some of the Li- in- 
serted in the lattice are strongly bound to 
02- non-coordinating Li + pre-exisiting in the 
lattice. Therefore an energy surplus is re- 
quired to remove them. Byovercharging some 
cells, it was observed that the electrolyte 
could be oxidized only at ca. 4.5 V after a 
steep potential increase at ca. 4.0 V. 

Typical cyclings are reported in Tables 
I and II for a material of nominal composition 

Lil.05 V308. Even at 2 mA/cm 2 the cells 
cycled satisfactorily. Furthermore, capacity 
losses were limited, especially when recharging 
up to 3.8 V. Calculations of the energy den- 
sities for the 2nd cycle are given 0.37 Wh/g 
and 0.49 Wh/g for the experiments in Tables 
I and II, respectively. For stoichiometric 
V6013, which in long cycling tests has been 
shown to outperform the non-stoichiometric 
variety (2), the energy density in Li cells 
containing LiAsF 6 in 2Me-THF was reported to 
be 0.39 Wh/g. We have prepared stoichiometric 
V6013 and tested it in both LiCIO4-PC/DME and 
in LiAsF6-2Me-THF. Its capacity in the Ist 

cycle was equal to that of Lil.05V308 but 
tended to decrease faster than LiI.o5V308 when 
cycled at 1 mA/cm 2'. 

In some experiments, the lower limit for 
Li/Lil.05V308 cells was set at 1.0 V. The 
cells could still be cycled extensively even 
when the upper limit was set at 4.0 V. More 
than 50 cycles have been obtained in pris- 
matic cells without excess electrolyte. Cell 
failure in all cases was due to anode degra- 
dation (dendrites and mechanical instability). 
We believe that this exceptional electro- 
chemical performance is due to the structural 
stability of this compound as shown by x-ray 
analyses. 

On the basis of these preliminary ob- 
servations, inclusion of these new materials 
with those challenging TiS 2 seems justified 
and are now being given the highest priority. 
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TABLE I 
Cycling of a Li/Li .05V308 cell between 3.3- 
3.4 and 1 .8-1 .9  V. '  

Cycle No. c.d. Capacity 
(mA/cm2) 

1 1 0.18 
2 1 0.14 
4 1 O. 14 
5 2 O. 12 

16 2 o . l o  
18 1 O. 14 
20 0.5 o. 16 

TABLE II 
Cycling of a Li/Lil.05V308 cell between 3.8- 
3.9 and 1.8 V. 

Cycle No. c.d. Capacity 
(mA/cm 2) (Ah/g) 

1 1 0.18 
2 t O. 18 
4 1 O. 18 
5 2 o. 14 
9 2 o.[3 

17 1 O. 16 
26 1 O. 15 
35 1 O. 15 

> 

Fig. 

0.25 e/V 0.50 0,75 4,0 . . . .  

3 . 0 ~  

2.0[ ~ , ....... ' .... - , ,2 

0.0 0,1 0.2 
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1. Initial cycling of a Li/LiCIO-PC/DME/ 
LiI.osV308 cell at 1 mA/cm z. 4 



Photoeffect on SiAs Electrodes 
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We report here first electrochemical mea- 
surements on SiAs (I), a layered semiconduc- 
tor with different structure and bonding com- 
pared to the hitherto investigated group VI 
chalcogenides (2,3). A schematic illustration 
of the bonding geometry is given in Fig.l (4). 
Two silicon atoms bound to each other are 
confined to an octahedron built by arsenic 
atoms. The somewhat distorted octahedra are 
bound to each other along one side and this 
consecutive attachment forms the layers. The 
interlayer forces are largely due to van der 
Waals attraction and the material can be cleav- 
ed along the layers. 

Experiments were performe d using stan- 
dard potentiostatic configuration with a carbon 
rod as counterelectrode. All potentials are re- 
ferred to the saturated calomel electrode(SCE) 
used as reference. Photocurrents were obtain- 
ed with lock-in technique. All experiments 
were done in N2-saturated sulfate solution. 
The electrodes were freshly cleaved, ohmic 
contacts were made using a Pt laquer (Deme- 
tron 308) and subsequent Ag epoxy (Scotch- 
cast 3M MI00) for attachment of the samples 
to a brass holder. The samples were then en- 
capsulated with insulating epoxy (Scotchcast 
3M XR5241). After cleavage, before immersion, 
the crystals were etched in N 2 saturated IM 
HCI in order to remove residual As203,which 
has been claimed to form on SiAs in contact 
with air (5), from the surface. All solutions 
were made using triple distilled water and ana- 
lytical grade chemicals. Illumination was pro- 
vided from a tungsten-iodine lamp. 

The dark I-V curves show reasonably good 
diode behavior with an anodic peak setting in 
at 0 V (SCE) and a cathodic maximum starting 
at about -1.2 V (SCE) (see insert in Fig.2). 

Differential capacitance measurements in the 
potential region of low dark current are 
shown in Fig. 2. The resulting Mott-Schottky 
plots yield good linear behavior over a po- 
tential range of 0.6 V and allow a quite ac- 
curate extrapolation of the flat band poten- 
tial (Vfb) at + 0.2 V. The material is p-type 
with an approximate acceptor concentration 
of 4 x i017 cm-3. Fig.3 shows the depend~nce 
of cathodic photocurrent on applied potential. 
The photocurrent onset potential coincides 
with the measured value of Vfb. The increase 
of current with cathodic bias is rather slug- 
gish up to -0.5 V, rises steeply around 
-0.7 V and saturates at larger cathodic po- 
tential. 

A photocurrent spectrum is shown in Fig. 
4. In the long wavelength region a relative- 
ly small increase of current with photon ener- 
gy is observed, indicating indirect electron 
transitions at photon energies near the semi- 
conductor band gap at 1.42 eV (6). Around 
500 nm a shoulder is observed and at 400 nm 
a steep increase in photocurrent is noted. 
This maximum is attributed to direct transit- 
ions in SiAs associated with a high oscillator 
strength. 

The almost ideal energetic location of the 
SiAs band gap and the low material costs 
could make this semiconductor a promising 
candidate for solar energy conversion. The 
indirect character of the energy gap, how- 
ever, associated with a low absorption coef- 
ficient, might present material preparation 
problems due to high minority carrier diffus- 
ion length needed for efficient energy con- 
version. In photoelectrochemical solar cells, 
stability problems might occur since the high- 
est valence band in SiAs is not derived from 
intrametallic d-bands as in group VI layered 
photoelectrodes. 

* Electrochemical Society Active Member 
Keywords: SiAs-, Photoelectrochemistry 
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ABSTRACT 

Fundamental and applied works involving the electrochemical utilization of metal hydrides are reviewed. In the first 
part of the paper, studies that investigated metal hydrides for hydrogen storage in nickel hydrogen batteries are reviewed. 
These studies showed that use of hydrides lowered the operating pressures in nickel hydrogen cells, which could lead to 
improved energy density. However, results regarding degradation of the hydriding material in an aqueous medium were 
conflicting. In the second part of the paper, the use of metal hydrides as reversible hydrogen electrodes is discussed. Stud- 
ies reviewed included thermodynamic and kinetic investigations of a variety of hydriding materials. Conflicting results 
among studies are reconciled where possible, and conclusions are drawn regarding the feasibility of electrochemical utiliza- 
tion of metal hydrides, with suggestions for further work. 

T h e  interaction between hydrogen and metals has 
been extensively investigated from both fundamental 
and practical viewpoints. Oesterreicher (1) recently 
reviewed fundamental properties of intermetallic hy- 
drides and Cohen and Wernick (2) reviewed their 
technological applications. Not included in either re- 
view, however, was a discussion of work performed 
in the last decade involving electrochemical utiliza- 
tion of hydrides. 

The application of hydrides in electrochemical sys- 
tems involves the use of hydrogen in hydrogen/ 
oxidizer cells, such as hydrogen/metal oxide cells (3). 
The half-cell reaction at the hydrogen electrode can 
be rePresented as 

H~ + OH- ~ H20 + e -  [1] 

Conventional hydrogen/metal oxide cells use hydrogen 
gas stored in pressure cylinders. One application of 
hydrides replaces gaseous hydrogen storage with metal 
hydride hydrogen storage, with hydrogen produced by 
the following reaction 

X 
M H ~  ~-H~ + M [2] 

where M is an intermetallic compound or alloy ca- 
pable of reversibly absorbing hydrogen. The thermo- 
dynamic characteristics of a hydriding material are 
usually described by their sorption isotherms, shown 
in Fig. 1 for LaNi~ (4). A second application makes 
use of the metal hydride directly as a reversible 
hydrogen electrode according to the following re- 
action 

MH~ -F OH-  ~ H20 + MH=-, -b e -  [3] 

The use of hydrides in each application shows tech- 
nological promise; however, results in the literature 
have often been contradictory. Further experimental 
work is required to resolve the contradictions. 

Hydride Hydrogen Storage in Hydrogen 
Metal Oxide Cell 

Hydrogen/metal oxide batteries, developed pri- 
marily for aerospace application, provide  high re- 
liability and long cycle life (3). Present batteries 
use a nickel oxide cathode and pressurized hydrogen 

� 9  Society Active Member. 
Key words: interfaces, electrode, thermodynamics,  oxidation. 

gas with Pt catalyst as the anode; the required pressure 
cylinder limits volumetric energy density. Storage of 
the hydrogen as metal hydride allows lower pressure, 
lower volume cells, and a prismatic design with su- 
perior packing and heat management capabilities. 
However, degradation of cycling capability of the hy- 
dride material in a cell environment that contains 
water vapor and oxygen is a primary concern and has 
been a focus of research in this area. 

Earl and Dunlop (5, 6, 7) were the first to investi- 
gate hydride hydrogen storage for Ni/Hz cells. LaNis, 
one of the most extensively studied hydrogen storage 
materials (4), was used in their system. These workers 
initially constructed a 1.6 A-hr cell that included a 
sintered nickel hydroxide positive electrode, a poly- 
propylene separator, a platinum catalyzed hydrogen 
negative electrode, and 5.29g of LaNi~. The stoichiom- 
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etry of the hydride was LaNisH.~.s, which corre- 
sponded to a capacity of 1.57 A-hr for this amount of 
LaNis. The cell was cycled through over 1000 charge- 
discharge cycles; the pressure range during cycling 
was consistently 2.5-6 atm per cycle. A comparison of 
the cell operating pressure with and without the hy- 
dride, after 1000 cycles, is shown in Fig. 2. The con- 
sistency of the pressure indicated that no decomposi- 
tion of 'the hydride material occurred, Subsequently, a 
15 A-hr cell was constructed that utilized a nonwoven 
nylon separator and 66.47g of LaNis,: produced by a 
different supplier. The LaNi5 absorbed hydrogen to a 
stoichiometry LaNi~H6.~, which corresponded to 26.7 
A-hr capacity (the authors reported 29.0 A-hr ca- 
pacity). The cell was successfully subjected to one 
charge-discharge cycle, the pressure ranging from 
2.0-6.5 atm. Further cycling, if performed, was not 
reported. They concluded that LaNi5 hydrogen stor- 
age in Ni/H2 batteries was feasible without reduction 
in high cycle-life expectancy. 

Holleck et al. (8) constructed 5 A-hr D size Ni/H2 
cells that utilized LaNi5 hydrogen storage. The hydride 
was completely separated from the electrolyte by means 
of a microporous Teflon membrane, and a large cata- 
lytic surface recombined O~ with H~ to prevent oxy- 
gen from reaching the hydride. The cell was cycled at a 
low rate (22 hr  per half-cycle) to about 85% depth of 
discharge, accompanied by a hydrogen pressure range 
of approximately 1.5-4:5 atm. After 20-40 cycles, the 
maximum hydrogen pressure began to rise, which 
suggested gradual degradation of the hydride. These 
investigators performed separate hydride cycling ex- 
periments in order to characterize the hydride degra- 
dation. For these experiments, 25g samples of LaNis 
from three different suppliers were activated by re- 
peated exposure to 60 atm dry H2. Cycling experi- 
ments were performed by using controlled-flow hy- 
drogen absorption and desorption between pressure 
limits of 12 and 0.5 arm. Humidity was simulated by 
a pool of 30% KOH placed in the pressure vessel, pro- 
ducing approximately 10 Torr water vapor. A rela- 
tively rapid decrease in hydrogen storage capacity 
was found with increasing cycle number. The rate of 
degradation was significantly dependent on the lot 
(supplier) of the LaNi.5. In Fig. 3, results are shown 
for LaNi~ from three different suppliers. These work- 
ers concluded that advantages of hydride hydrogen 
storage in Ni/H2 cells were compromised by the con- 
tinual decrease of hydrogen storage capacity in LaNi5 
in the presence of water vapor. 

Other investigations have been performed to de- 
termine the effects of oxygen and water vapor on the 
hydrogen absorption properties of various materials. 
Although these works were not performed specifically 
in regard to battery studies, the results are applicable 
to this review. Goodell and Sandrock (9) measured 
the effect~ of 300 ppm H20 and O2 on LaNi~, FeTi, and 
on Fe<~Mn0.~.~Ti. After 30 absorption-desorDtion cy- 
cles, they found approximately a 50% reduction in hy-  
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Fig. 2. Cell pressure and voltage for complete discharge with and 
without LaNis, from Ref. (6). 
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drogen storage capacity for FeTi and Fe0.ssMn0.1~Ti. 
However, LaNi5 exhibited initially a small capacity 
loss, which was recovered after approximately 10 cycles, 
and then exhibited immunity to degradation from 
both H~O and 02. Substantial reactivation of FeTi and 
Fe0.ssMn0.t~Ti was accomplished by further cycling 
with ultrapure hydrogen. These workers concluded that 
02 and H20 poisoned the alloy surface by formation 
of complex oxides, inhibiting the catalytic H2 dissoci- 
ation and/or hydrogen penetration. In the case of 
LaNis, these films disproportionated into stable oxides 
and metallic Ni, which acted to restore the catalytic 
activity of the surface. This behavior is in line with 
results found by Schlapbach et aL (10, 11) who found 
similar surface disproportionation and concomitant 
surface catalytic activity for hydrogen absorption in 
LaNis. 

The explanation for the contradictory results found 
by Earl and Dunlop (5) and Holleck et al. (8) may 
lie in differences in the LaNi5 or in different pro- 
cedures employed in the use of the LaNis. In each case, 
the LaNi5 was obtained from different suppliers. 
Holleck et al. (8) found a marked difference in hy- 
dride degradation among samples from different sup- 
pliers; it may be that the material used by Earl and 
Dunlop (5) was more degradation resistant than the 
materials used by Holleck et al. (8). The  result of 
Goodell and Sandrock (9) that LaNi5 showed long- 
term immunity to small concentrations of H20 and 02 
indicates that at least under certain conditions LaNi5 
does not significantly degrade in the presence of 
water. The procedures used by Earl and Dunlop (5) 
and Holleck et al. (8) were different. Factors that 
might affect hydride performance include pressure, 
temperature, cycle time, physical separation of the 
hydride from the aqueous medium, and heat con- 
duction from the hydride. The cell design of Earl and 
Dunlop (5) allowed for a more significant separation 
of the hydride from the electrochemical cell and prob- 
ably had better heat conduction from the hydride, 
which may account for the superior performance of 
the cell. Further work is required to understand the 
nature of the hydride degradation, and must include 
careful characterization of the starting materials, the 
cycling procedures, and a study of the surface and 
bulk characteristics of the degraded materials. 

Metal  Hydrides as Reversible Hydrogen Electrodes 
Certain intermetallic hydrides function as hydrogen 

electrodes, absorbing and desorbing hydrogen electro- 
chemically without formation of gaseous hydrogen. 
Utilization of such electrodes in metal oxide/Ha cells 
may provide higher energy density, higher efficiency, 
and faster reaction kinetics over cells that utilize 
gaseous hydrogen. Use of these electrodes in fuel cells 
may also be of interest (12). In Table I, theoretical 
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Table I. Theoretical energy densities of various 
electrochemical couples (12, 27, 28) 

T h e o r e t i c a l  e n e r g y  
Couple Reac t ion  dens , ty  ( W - h r / k g )  

Pb/H~SO~ Pb  + PbO2 + 2H2SO~ ~ 161 
2PbSO~ + 2H20 

Ni /Cd  2NiOOH + Cd + 2H:O-*  209 
2Ni(OH)2 + Cd(OH).o 

Ni/LaNizHo 6 N i ( O H ) a  + L a N i s - )  2 7 5  
6NiOOH + LaN~H~ 

N i / H :  N i ( O H ) a  ~ NiOOH + ~zH2 378 
LaNi.~H~-air LaNi~Hu + 3/2 O2 -~ 458 

3H,20 + LaNi~ 
Na/S2 Na + $2 ~ NaS2 980 
MgH ~a i r  MgH~ + '/2 O2 ~ 1900 

H~O + Mg 

energy  densit ies are  given for various e lect rochemical  
couples; some h y d r k l e - a i r  i ue l  cell  coupies are in-  
cluded. ReSearch has been pe r Io rmed  on e lect ro-  
chemical  proper t ies  of three  h y d r i d m g  mater ia l s  and 
their  der ivat ives ,  such as the Ti -Ni  system, LaNis-  
based compounds,  and F e - T i - b a s e d  mater ia ls .  

T i - N i  s y s t e m . - - A m o n g  the first researchers  to in-  
vest igate  the use of hy(lr iding mate r i a l s  as revers ib le  
e lectrodes were  Just i  et  al. (13). They chose Til-~Ni,~ 
al loys because  of thei r  r e l a t ive ly  low specific weight,  
high hydrogen  absorpt ion  capacity,  and good oxidat ion  
resistance.  Electrodes wi th  var ious  values x in 
Ti l -xNix  were  ca thodical ly  charged in  6M KOH at 0.4 
m A / c m  2 to a capaci ty  of f rom 300 to 500 m A - h r / g .  
Subsequent  anodic discharge showed tha t  al l  capaci ty  
was recovered  for  electrodes where  x ---- 0.5, and only 
about  60% was recovered for e l e c t rodes  where  x ~- 
0.33. The difference in the x values  in Til-~Ni~ cor-  
responded to different  rat ios  of the two phases pres-  
ent, Ti2Ni and TiNt. TiNt can be charged Completely 
revers ib ly ,  whereas  Ti2Ni appa ren t l y  lorms two h y -  
dr ide  phases,  one which cannot be anodica l ly  dis-  
charged.  These researchers  also r epor ted  tha t  pure  
TiNt exhibi ts  much grea te r  oxida t ion  resis tance than 
Ti~_.Ni in a lka l ine  medium.  However ,  pure  TiNt is ve ry  
ha rd  and could not  be ground to make  s intered elec- 
trodes. By a l loying TiNt wi th  smal l  amounts  of a th i rd  
element,  the ma te r i a l  became br i t t l e  and could  be 
ground. Electrodes were  fashioned f rom this mater ia l ,  
and ex t rapo la t ion  of the  slope of the capac i ty  vs. cycle 
number  indica ted  more  than 1000 charge-d ischarge  
cycles could be a t ta ined before  50% degrada t ion  of the 
ini t ia l  capaci ty  occurred.  However ,  the  d ischarge  k i -  
netics were  slow. 

Gu t j ah r  et al. (14) s tudied e lec t rochemical  charging 
of s in tered  mix tures  of Ti2:Ni-TiNi. Revers ib le  capaci -  
ties in excess of 300 m A - h r / g  were  found. The highest  
capaci ty  measured  was 320 m A - h r / g ,  which corre-  
sponded to discharging 84% of the  hydrogen  f rom 940 
mV OCV to 740 mV vs~ Hg/HgO (for 1 arm He:, E ~ ---- 
--926 mV vs. H g / H g O ) .  Under  opt imal  conditions, 450 
charge-d i scharge  cycles were obta ined at 80% depth  
of discharge.  Sha l low cycl ing (<10% capaci ty)  under  
high loads (3-5C rate,  i.e., a r a t e  where  total  capaci ty  
C would be discharged in 1/3 to 1/5 hr)  resul ted in 
more  than 20,000 cycles. In  cont ras t  to the findings of 
J u s t i e r  al. (13), Gu t j ah r  et al. (14) found an in te r -  
act ion be tween  the  two phases Ti2Ni and TiNt that  
resul ted  in a lmos t  complete  discharge of the hydrogen.  
F r o m  x - r a y  diffraction measurements  of the electrodes 
dur ing  charge-d i scharge  cycles, a model  of the  h y -  
drogen t r ans fe r  mechanism was proposed.  Dur ing  elec-  
t rochemical  discharge,  hydrogen  diffuses f rom the 
mix tu re  Ti2NiH2.5 ~ TiNiH to the  h y d r i d e / e l e c t r o -  
ly te  phase boundary .  As TiNt is formed,  hydrogen  is 
also t r ans fe r red  from Ti~NiHx to TiNt; the i r r evers ib ly  
absorbed  hydrogen  in Ti2NiH~ descr ibed  by  Just i  et aL 
(13) is appa ren t l y  mos t ly  d ischarged b y  t ransfe r  to 
TiNt and then to the  solid and l iquid phase  boundary .  

Gu t j ah r  et al. (14) repor ted  no kinet ic  difficulties for  
hydrogen  t ransfer  in the TiNt phase.  I t  is l ike ly  tha t  
the  presence of Ti2Ni in t h e  a l loy had a ca ta ly t ic  effect 
on the discharge of TiNt. In  contrast ,  Jus t i  et  al. (13) 
r epor ted  slow discharge  kinet ics  for  a pure  TiNt phase.  
However ,  thei r  "pure"  TiNt was ac tua l ly  a l loyed with  
a th i rd  e lement  to a l low grinding,  which m a y  have  
cont r ibuted  to its slow discharge kinetics.  

Miles (15) s tudied the hydrogen  and oxygen  evolu-  
t ion react ions in 30% KOH at 80~ for a number  of 
e lect rode mater ia ls ,  including TiNt and Ti2Ni. Resul ts  
showed that  reduc t ion  of wa te r  occurred  somewhat  
more  r ead i ly  for TiNt than  for pure  Ti or  Ni, however ,  
no hydrogen  evolut ion was observed;  i t  was assumed 
tha t  hyd r ide  format ion  took place. As in the  case. of 
pure  Ni, a large  increase in the hydrogen  overvol tage  
fol lowing anodic t r ea tmen t  for  TiNt indica ted  fo rma-  
tion of an oxide film. Results  for  Ti~Ni were  s imi lar  
to those for TiNt, except  tha t  the o v e r v o l t a g e  for 
wa te r  reduct ion  was smal ler .  

L a N i ~ . - - E w e ,  Just i ,  and S tephan  (16) inves t iga ted  
the  use of LaNi5 as a revers ib le  hydrogen  storage 
electrode.  Electrodes were  fashioned f rom 3g LaNi~ of 
par t ic le  size ~80;~ and 6g of e lec t ro ly t ic  copper,  hot  
pressed together.  The e lect rode was charged and 
discharged at  22~ and 4 m A / c m  2 (be tween 50 and 
300 mV vs. s t andard  hydrogen  e lec t rode) ,  and reached 
a specific capaci ty  of 100 m A - h r / g  af te r  about  10 cy-  
cles, which remained  constant  up to 100 cycles, the 
highest  n u m b e r  per formed.  Higher  t empera tu res  low-  
ered  the capacity,  and h igher  pressures  seemingly  had  
no effect on the  capacity.  In teres t ingly ,  h igher  cur ren t  
densities, about  500 m A  for the ent i re  electrode,  raised 
the capaci ty  to about  200 m A - h r / g .  These capacit ies 
a re  low in comparison with  the 370 m A - h r / g  expected  
from the s to ich iomet ry  LaNi~H6 produced  b y  gas 
charging techniques.  The differences in capaci ty  were  
a t t r ibu ted  to differences in p repa ra t ion  of the  LaNi5 
mater ia l .  

Wil l  (17) obta ined a pa tent  for  a ba t t e ry  wi th  an 
LaNi5 hydr ide  anode. He repor ted  an open-c i rcu i t  
vol tage of 1.3V and cur ren t  densi t ies  up to 50 m A /  
cm 2. A polar izat ion of 300 mV was observed at  25 m A /  
cm ~. No cycling was performed,  and no other  da ta  
were  repor ted .  

Bronoel  et  al. (18) :studied the e lec t rochemical  ca-  
pac i ty  of LaNi5 and LaNi~-based electrodes in un-  
pressur ized cells. The electrodes consisted of 50 mg 
powdered  alloy, of a pp rox ima te ly  10~ par t ic le  size, 
compressed be tween  a v i t reous  .carbon col lector  and 
porous sepa ra to r  wet ted  wi th  5N KOH electrolyte:  
The potent ia l  was measured  vs.  a s t anda rd  calomel 
e lectrode (SCE),  and a gold sheet  was used as the 
counterelectrode.  The work ing  e lect rode was charged 
for 16 h r  at 1.5 m A  (current  dens i ty  es t imated  at 0.04 
m A / c m  2) and 20~ af ter  charge, the  potent ia l  was 
found to be --1160 mV/SCE.  The electrode was an0di-  
ca l ly  polar ized at --1000 mV/SCE,  and the change in 
cur ren t  vs. t ime was measured.  The method  of a l loy 
p repara t ion  was found to affect its e lect rochemical  
capacity.  P repa ra t ion  of LaNi5 in an a lumina  crucible 
(which produced  A1 contaminat ion  in t h e  a l loy)  

y ie lded  a capaci ty  of only  250 m A - h r / g ,  whereas  cold-  
crucible  mel ts  (no contaminat ion)  y ie lded  a capaci ty  of 
320 m A - h r / g .  LaNi~§ electrodes of var ious  compo-  
sitions x were  prepared ,  f rom x ---- --0.3 to -}-0.5. A 
p la teau  in capaci ty  of a pp rox ima te ly  320 m A - h r / g  was 
found for --0.3 ----- x --~ 0.0, wi th  a decrease  for  x ~ 0.0 
to about  250 m A - h r / g  for x ---- 0.5. Higher  t empera tu re s  
were  accompanied by  a decrease  in capacity.  These 
resul ts  can be expla ined  in terms of equ i l ib r ium pres -  
sure; by  modi fy ing  the a l loy  composit ion or by  ra is -  
ing the t empera tu re ,  the  hydrogen  equi l ib r ium pres -  
sure  can be  increased.  In  an unsealed cell, the  h y -  
drogen wil l  escape w h e n  the equ i l ib r ium pressure  is 
g rea te r  than  1 arm, and the capac i ty  wil l  be  reduced,  
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Perche ron -Guegan  et al. (19, 20) of the  same lab-  
o ra to ry  l a t e r  inves t iga ted  the  effects of subst i tu t ion 
of Yb, Ca, Mg, Y, Ti, Mn, Cr, and Cu for La or  Ni in 
LaNis. Genera l ly ,  a m a x i m u m  in e lec t rochemical  ca-  
pac i ty  was observed at  smal l  amounts  of each sub-  
st i tuent.  LaMn0.sNi4.5 showed a capaci ty  of 390 m A - h r /  
g at  20~ and LaMn0.7~Ni4.2:5 showed a capaci ty  of 335 
m A - h r / g  at  70~ both s ignif icant ly h igher  than pure  
LaNis. I.t was s ta ted  tha t  e lectrodes shaped from ma-  
ter ia ls  could undergo a grea t  m a n y  charge -d i scharge  
cycles be tween  --.10 ~ and 50~ with  a capac i ty  higher  
than 300 m A - h r / g .  Sa r r ad in  et al. (21) of the  same 
l abora to ry  constructed h y d r i d e - a i r  secondary  ba t te r ies  
by  using LaNi5 and revers ib le  a i r  e lectrodes with 
equi l ib r ium potent ia ls  of --100 mV vs. SCE. They 
found energy densit ies  of 100 W - h r / k g .  Dur ing  dis-  
charge at  40 m A / c m  2, a cell vol tage of 0.7V was ob-  
served.  

Mark in  et al. (22) s tudied the use of LaNi5 in both 
smal l  and fu l l -s ized cells. Fo r  the smal l  cells, elec-  
t rodes were  fashioned f rom 70 mg LaNi~ plus b inder  
on 0.5 em2 Ni grids, and were  immersed  in a cell wi th  
35% KOH, P t  counterelectrode,  and SCE reference  
electrode.  Cycl ing was per formed  at  0~ by  charging 
the electrodes at 15 or  30 m A  to a capaci ty  of  250 m A -  
hr /g ,  then discharging to 0.7V. Af te r  10 cycles,  the 
revers ib le  capaci ty  rose to 230 to 240 m A - h r / g ,  and 
remained  constant  to 50 cycles, a t  which t ime the 
exper imen t  was  te rminated .  Fu l l - s i zed  cells were  
fabr ica ted  by  using electrodes consist ing of 8g LaNi5 
(corresponding to a hydrogen  absorpt ion  capaci ty  of 
1.42 A - h r )  separa ted  f rom an Ni (OH)2  posi t ive elec-  
tro.de (1.1 A - h r )  by  a nylon  separator .  This cell 
reached 1.1 A - h r  a f te r  14 cycles at  C/2, and re ta ined  
this capaci ty  for  517 cycles. Some loss of capaci ty  
occurred be tween  517 and 947 cycles, corresponding to 
0.06 A - h r  or  4.2% per  100 cycles. This loss was a t -  
t r ibu ted  en t i re ly  to degrada t ion  of the LaNi5 e lect rode 
th rough  react ion wi th  oxygen genera ted  at  the end of 
charge and dur ing  overcharge.  The degrada t ion  was as- 
sumed to have occurred also dur ing  the first 517 cycles, 
when the cell  was ca thode- l imi ted ,  and would  not  have 
shown the  loss in anode capaci ty .  Cycl ing of a s ix 
ceil  8 A - h r  s tack fu l ly  immersed  in e lec t ro ly te  and 
equipped wi th  a P t  ca ta lys t  in the gas phase  to effect 
the H2 + 02 recombina t ion  led to increased hydrogen  
pressure  wi th  cycle  number ,  because of inefficiencies of 
hydrogen  abso/~ption. A f t e r  removing  the excess e lec-  
t ro ly te  so tha t  the  back  of each LaNi5 electrode was 
exposed to gaseous H2, a more  severe  pressure  rise 
resulted.  This was a t t r ibu ted  to degrada t ion  of the 
LaNi5 by  oxygen  t rans fe r red  v ia  the gas phase. The 
p r i m a r y  means  of LaNi5 degrada t ion  is, therefore,  r e -  
act ion wi th  oxygen  t rans fe r red  across the  separa to r  
o r  via  the  gas phase. A thin l aye r  of P t  b lack  pa in ted  
on the surface  of the LaNi5 cata lyzed the H~ 4- ~/2 O2 
recombina t ion  reaction,  and reduced  the capaci ty  loss 
to 0.01 A-hr /100  cycles. 

Van Ri j swick  (23) s tudied  LaNis, LaNi4Cu, and 
LaNi4Cr. Elect rodes  were  p repa red  by  mixing  the 
crushed active mate r ia l s  wi th  fine copper  or  ca rbony l -  
n ickel  powder  and  cold press ing the mix tu re  into a 
pellet .  Cells were  const ructed wi th  Ni countere lec-  
trodes,  Ag/AgC1 or  SCE as reference  electrodes,  and 
6N KOH electrolyte .  Both unsea led  and pressur ized 
cells were  used for  de te rmin ing  the e lec t rochemical  
capacities.  In  a sealed cell, LaNi5 showed a capaci ty  
of 350 m A - h r / g ,  which did not  va ry  apprec iab ly  f rom 
room t empera tu re  to 55~ (In contrast ,  Pe rche ron-  
Gue~an et al. (19) found a reduct ion in capaci ty  for  
LaNi5 in an open cell to less than  50 m A - h r / g  at  
40~ appa ren t ly  the  hydrogen-escaped  owing to the 
high equi l ib r ium pressure  for  LaNi5 at  40~ The 
capaci t7  of LaNi~Cu was de t e rmined  in an open cell  
to be 270 at 20 ~ 210 at  40 ~ and 160 m A - h r / g  at  60~ 
respect ive ly .  LaNi~Cr showed a capaci ty  of 280 m A -  
h r / g  at  20 ~ and  40~ ,which decreased s l ight ly  to 265 
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Fig. 4. Cyclic voltammograms of LaNi5, LaNi4Cu, and LaNi4Cr. 
(Solid curve, LaNis; dot-dashed curve, LaNi4Cu, and dashed cuive, 
LaNi4Cr.) Scan rate, 1 mV/sec, from Ref. (23). 

m A - h r / g  at  60~ These resul ts  can be expla ined  in 
te rms of the lower  equ i l ib r ium pressures  for  the Cu- 
and Cr -subs t i tu ted  LaNi5 der iva t ives  and are  dis-  
cussed fu r the r  at  the end of this section. 

Van Ri jswick  (23) also pe r fo rmed  cycl ic  vo l tam-  
m e t r y  for the same electrodes;  resul ts  a re  shown in 
Fig. 4. For  LaNis, hydrogen  was absorbed  in the cath-  
odic di rect ion to --150 mV NHE, then oxidized at  
+100 mV in the anodic direct ion;  above +200 mV, 
oxida t ion  of the  Ni occurred (wi th  smal l  cur ren ts )  to 
Ni (OH)z ;  and at  +1350 mV, oxida t ion  to NiOOH 
occurred.  Above +1450 mV, oxygen evolut ion  began. 
In  the  cathodic direction,  NiOOH was reduced at 
+ 1230 mV. A p p a r e n t l y  a l aye r  of NiOOH, which was 
not  ca thodica l ly  reducible,  r e t a rded  hydrogen  p ro -  
duct ion to --50 mV, which  was absorbed by  the  metal ,  
and hydrogen  evolut ion began at  --250 mV. LaNi4Cu 
behaved  in a ve ry  s imi lar  manner ,  wi th  an ex t ra  peak  
at  +450 mV, a t t r ibu ted  to oxida t ion  of the Cu. LaNi4Cr 
showed an intense oxida t ion  peak  at  +1200 mV, which  
did not  pass iva te  the  mater ia l .  Ex tended  exposure  to 
this potent ia l  seve re ly  reduced the hydrogen  storage 
capaci ty  a f te r  r e tu rn ing  to the  hydrogen  potent ial ,  and 
this ma te r i a l  was, therefore,  deemed unacceptable  as 
an electrode.  

Van Ri jswick  (23) fu r the r  s tudied the  kinetics of 
e lect rochemical  charging and discharging.  I t  was con- 
c luded that  two processes may  be ra te  l imit ing,  charge 
t ransfer  at  the  me ta l / e l ec t ro ly t e  in terface  and hyd ro -  
gen t r anspor t  in the metal .  For  smal l  part icles,  hy-  
drogen t r anspor t  is not  ra te  l imi t ing owing to the 
short  diffusion path,  and, therefore ,  charge t ransfe r  is 
ra te  l imit ing;  for large part icles ,  the  diffusion pa th  
increases and t r anspor t  in the  meta l  becomes ra te  
l imit ing.  However ,  because equi l ibra t ion  by  diffusion 
is slow, any  rea l  discharge for large  par t ic les  wi l l  be 
ra te  l imi ted  in i t ia l ly  by  charge t ransfe r  and in the  
end  by  diffusion. This phenomenon was shown ex-  
p e r i m e n t a l l y  for LaNi4Cu. By calculat ing the exchange 
cur ren t  and by  using the  Tafel  re la t ionship,  a va lue  
for the exchange  cur ren t  dens i ty  of 0.5 m A / c m  2 was 
found, comparable  to the  h igh ly  ca ta ly t ic  electrodes 
Pd and Pt.  

Fo lonar i  et al. (24) s tudied LaNis, MmNi5 (Mm - 
Mischmeta l ) ,  and CaNi5 electrodes.  The powdered  
mater ia l s  (d iamete r  less than  100 am) were  u laced 
on graph i te  collectors and d ipped  in 30% KOH, and 
e lect rochemical  capacit ies were  measured.  LaNi5 
showed a capaci ty  of 250 m A - h r / g ,  and  MmNi~ had 
a capaci ty  of 170 m A - h r / g  wi th  s lower  kinetics.  CaNi~ 
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showed an instabil i ty in potential and was, therefore, 
considered unacceptable as an electrode material. A 
LaNi~ hydr ide-ai r  fuel cell was constructed by using 
an anionic membrane as the electrolyte (LaNi5 was 
found to undergo anodic dissolution in the presence 
of acidic membranes, whereas it was found to be 
stable in an alkaline environment),  sandwiched be- 
tween an air cathode and a pressed LaNi5 powder 
electrode or a composite electrode of LaNi5 bonded 
by a polymeric resin. Polarization characteristics of 
the cell were obtained, and the characteristics of the 
cell were extrapolated to define future prototypes, 
yielding an energy density of 64 W-hr/kg.  

Kitamura et  al. (25) studied the hydrogen evolu- 
tion reaction at LaNi5 and MmNi5 electrodes in 1M 
KOH at 30~ These electrodes showed lower over- 
voltages than pure La, Mm, or Ni electrodes. The 
logarithmic current densities, obtained by extrapo- 
lating the Tafel lines to the hydrogen equilibrium 
potential (--0.926V vs. Hg/HgO),  were --3.5 for 
LaNis, --3.7 for MmNis, and --5.1 for Ni. The activities 
for hydrogen evolution for the LaNi5 and MmNi5 
electrodes were, therefore, comparable to those for 
Pt and Pd electrodes, with logarithmic current densi- 
ties of --3.0 and --3.9, respectively. 

T i F e . - - F u k u s h i m a  and Tanabe (26) studied TiFe 
and TiFe-Nb6.s a/o (presumably this corresponded to 
Tio.4ssFe0.4s6Nb0.0ss) by several  methods including po- 
tentiometric, galvanostatic, dynamic impedance, al-  
ternating current impedance, and rotating disk elec- 
trode techniques. Their results indicated that TiFe-Nb 
was somewhat more reactive to the hydrogen reaction 
than TiFe, because hydrogen absorption occurred on 
cathodic sweep at more positive potentials. In the 
potential range where hydrogen evolution occurs, ad- 
dition of Nb to TiFe increased the rate of hydrogen 
evolution by 10 times. They concluded that the re-  
action rate was controlled by two factors :  formation 
of an active site between the electrode surface and 
the adsorbed hydrogen, and recombination of adsorbed 
hydrogen atoms. The former corresponds to the charge 
transfer reaction described by Van Rijswick (23) as 
a rate-controll ing step. Fukushima and Tanabe (26) 
did not consider hydrogen transport  in the metal, an 
important  rate-controll ing step reported by Van Rijs- 
wick (23). Combining results from these two works, 
three rate-controll ing steps emerge: (i) recombination 
(or dissociation) of hydrogen at the metal surface; 
(ii) charge transfer at the metal-electrolyte inter-  
face; and (iii) diffusion in the metal. 

Many of the results regarding hydride electrodes 
can be understood in terms of equilibrium sorption 
isotherms, such as shown for LaNi5 in Fig. 1. The 
electrochemical capacity of a hydride electrode of 
course depends on the amount of reversibly absorbed 
hydrogen in the hydriding material. The amount of 
hydrogen contained in the material  can be-changed 
by altering the environmental conditions (i.e., tem- 
perature and pressure) or by altering the material  
itself and, therefore, the characteristics of the iso- 
therm. The works by Percheron-Geugan et al. (19) 
and Van Rijswick (23) demonstrated the effects of 
changing environmental conditions. In those works, 
higher temperatures in unpressurized cells led to 
desorption of some of the hydrogen with a resulting 
loss in capacity. However, higher temperatures in 
pressurized cells merely increased the equilibrium 
hydrogen pressure, and had little or no effect on 
capacity. Along these lines the low capacity found for 
LaNi.~ by Ewe et al. (16) might be attr ibuted to their 
unsealed cells. However, their  s tatement that  higher 
pressures did not increase capacity is not consistent 
with other works. The low cauaci .ty might be at t r ibut-  
able to differences in preparat ion of the LaNis, as the 
authors suggested. The works by Bronoel et al. (18), 
Percheron-Guegan et al. (19), and Van Rijswick (23) 

demonstrated the effects on capacity of changing the 
hydriding material. It  was shown that either by 
changing the stoichiometry in LaNi5 or by substituting 
various elements into LaNis, the electrochemical ca- 
pacity could be changed. This was due par t ly  to a 
change in the equilibrium hydrogen pressure and 
par t ly  to a change in the maximum hydrogen takeup 
for these new materials. 

Similar arguments apply to the Ti~Ni-TiNi system. 
The equilibrium hydrogen pressure for this material  
is sufficiently low at room temperature that no hy-  
drogen desorbs from unsealed cells. In fact, the ir-  
reversibly absorbed hydrogen in Ti~Ni described by 
Justi et al. (13) is probably a consequence of the 
extreme stability, or low hydrogen equilibrium pres-  
sure, of this hydride. 

As a consequence of these phenomena, it is noted 
here that either hydrides with low equilibrium pres- 
sures or hydrides in sealed cells are necessary to" re-  
tain the maximum electrochemical capacity available. 
However, lower equilibrium pressures result in lower 
cell voltages according t o  the Nernst equation. As a 
guideline, the potential gained from forming the 
hydride must be significantly less than the potential 
required to evolve hydrogen leo  =- --0.828V vs.  
standard hydrogen electrode (SHE)].  For example, 
hydrides with free energies of formation less exo- 
thermic than --19.1 kcal /mol  H~ (--7.99 • 104 kJ~'mol 
H2) will result in voltages more posi t ive than -0.424 
vs. SHE. 

In addition to the equilibrium properties of the hy- 
dride material, degradation of the hydride was found 
to influence performance of the hydride electrode. 
Losses in capacity that were at tr ibuted to degradation 
were reported by Justi et at. (13), Markin et  al. (22), 
and Van Rijswick (23). Markin at tr ibuted degrada- 
tion of his LaNi5 electrode to reaction with oxygen 
during overcharge. In other works, no capacity losses 
were reported, although extensive cycling was not 
performed in these works. From a thermodynamic 
viewpoint, oxidation of the hydride material  is l ikely 
to occur. However, by correctly choosing the hy- 
dride material  and by carefully managing charge and 
discharge cycling, it  would appear  possible to minimize 
the degradation. 

In choosing a hydriding material  for electrochemical 
utilization, thermodynamic, kinetic, and degradation- 
resistant properties must all be considered. Pure ele- 
ments that form hydrides are generally not suitable 
because their  hydrides are too stable. The number of 
intermetallic alloys and compounds that absorb hy- 
drogen is vir tual ly limitless; however, some guide- 
lines can be applied in choosing appropriate materials. 
Materials with heats of hydriding between --7 and --19 
kcal /mol H2 (--3 • 10 4 and --8 • 10 4 kJ /mol  H2) 
are desirable. More positive heats of formation could 
be tolerated; however, hydrogen pressures become 
greater  than atmospheric. Materials containing sig- 
nJ_ficant amounts of Fe, Mn, or Cr appear to degrade 
in alkaline environments. LaNi5 and other materials 
with this structure (CaCu~-type) show promising re-  
sults, and further work is needed to optimize stoi- 
chiometry or substituents. However, many other ma- 
terials fit these guidelines and have yet  to be in- 
vestigated. 

Conclusions 
The application of hydride hydrogen storage and 

hydride electrodes for electrochemical cells shows 
technological promise. For  either application, the hy-  
dride material  must show stabil i ty in an alkaline en- 
vironment that  contains water  and oxygen. The ma- 
terials expand on absorption and may disintegrate, 
and the cells need to be designed accordingly. The 
hydrogen equilibrium pressure must fall in an ap-  
propriate range, and the cells must be sealed to pre-  
vent loss of the hydrogen. LaNi5 appears to be the 
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most promising material studied to date; however, 
other known hydriding materials have yet  to be in- 
vestigated. Definitive studies that include carefully 
controlled conditions and long-term cycling are re- 
quired. 

Acknowledgment 
This work was supported by the Space Division, 

United States Air Force, under Contract No. F04701- 
81-C-0082. 

Manuscript submitted May 11, 1982; revised manu- 
script received Aug. 5, 1982. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in  the December 1983 
3'OURNAL. All discussions for the December 1983 Dis- 
cussion Section should be submitted by Aug. 1, 1983. 

Publication costs of this article were assisted by The 
Aerospace Corporation. 

Note added in proof: Schultze and Antoine recently 
published results on hydride hydrogen storage in silver 
hydrogen cells (J. P. Schultze and P. Antoine, "Ap- 
plication of Hydrides to Silver Hydrogen System," 
SAFT Report #SAS-224/82-JPS/MD, SAFT Aerospace 
Department, Romainville; France, April 1982). These 
researchers constructed a 7.5 A-hr Ag/Hu cell with 
LaNi4.7 hydride hydrogen storage. The cell was cycled 
at a C/10 charge rate and a C/2.6 discharge rate at 
50% depth of discharge. The cell underwent 2000 cy- 
cles with no apparent hydride degradation. These re- 
searchers also constructed a prototype 90 A-hr com- 
mon pressure vessel Ag/H,_, cell with La0.sCe0.2Ni5 hy- 
dride hydrogen storage. The use of hydrides in this cell 
resulted in a 40% increase in the volumetric energy 
density. 
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ABSTRACT 

Reviewed are the principles and applications of sputter depth profiling for the analysis of semiconductor and 
microelectronic materials. Various techniques are based on sputter removal whereby either the sputtered species (in SIMS, 
SCANIIR) or the remaining surface (AES, XPS, ISS) are investigated. In spite of its increasing importance, there are many 
problems associated with sputter etching. After a general survey of the principles, a detailed discussion is devoted to the 
many effects which can distort sputter depth profiles and limit depth resolution. These effects can be caused by instrumen- 
tal factors (nonuniformity of erosion, beam impurities, vacuum contaminants) and the sample composit ion or can be due to 
the analysis method used (information depth, matrix effects, detection limit, sample consumption). Most important are the 
effects caused by the sputtering ion beam itself. Among these are notably preferential sputtering, atomic mixing, surface 
roughness as a result of the sputter process, sample charging, surface transport, and chemical reduction. The review of ap- 
plications concentrates on the measurement  of the distribution of dopants and impurities in semiconductors,  on the study 
of insulating films (in particular the Si/SiO~ interface and the oxidation of GaAs), and on the metallization problem in Si and 
GaAs technology. 

The ever-increasing miniaturization of electronic devices 
in VLSIC technology (1) places new demands on analytical 
techniques for their characterization (2, 3). Of special inter- 
est is the measurement  of elemental distributions, in partic- 
ular the measurement  of dopant distributions in the semi- 
conductor substrate (4, 5) and the analysis of diffusive and 
reactive processes between metal, semiconductor,  and di- 
e lec t r ic  films (6, 7) wh ich  are the  basic  e l e m e n t s  of 
microelectronic structures. The analytical requirements 
for measurement  techniques include good spatial resolu- 
tion as well as elemental sensitivity and specificity. Al- 
though there are interesting questions to be asked with re- 
spect to lateral dimensions, because of the planar structure 
of most microelectronic devices, methods for the measure- 
ment  of elemental concentrations as a function of depth are 
of special importance. An example for the requirements  for 
the depth resolution of such methods is given in Fig. 1 
which shows calculated depth distributions of dopants in 
base and camel collector of a monolithic hot electron tran- 
sistor (MHET) with an extremely shallow barrier raising 
implant. 

An overview of methods for the measurement  of depth 
profiles is given in Table I. The so-called nondestructive 
techniques are so named n~t because they necessarily leave 
the sample undamaged, but because the sample surface 
does not have to be removed in order to obtain information 
about the inside. The sample interior is rather probed with 
penetrating ion or electron beams whereby the depth infor- 
mation is obtained via the energy loss experienced by the 
particles while traversing the sample. Rutherford backscat- 
tering spectroscopy (RBS) is based on the kinematical en- 
ergy loss of light ions (p,He) elastically scattered from 
atoms in the analyzed sample (9). The method is best suited 
for the determination of the depth distribution of heavy ele- 
ments in a light matrix. 

In nuclear reaction analysis (10-12), a method sensitive 
mainly for light elements, the energy of the bombarding 
ions can be varied in such a way that the energy for a nu- 
clear reaction with a sharp resonance in the cross section 
like, e.g., 27Al(p,~/)28Si is reached at a given depth. The inten- 
sity of the ~-signal is monitored as function of proton en- 
ergy. Alternatively, the energy of reaction products can be 
measured if the nuclear reaction results in monoenergetic 
nuclei. The measurement  of B via the reaction ~~ is 
an example. 

Through variation of the take-off angle of the Auger or 
photoelectrons with respect to the sample surface in AES 
or XPS analysis (13-16), depth information is obtained be- 
cause of the variation of the effective escape depth of the 
electrons. 

The destructive methods rely on the removal of the sur- 
face. This is usually done in subsequent flat layers, but 

1 Permanent address: McDonnell Center for the Space Sciences, 
Washington University, St. Louis, Missouri 63130. 

Key words: AES profiling, SIMS profiling, profile distortions, 
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sometimes a nonflat crater is excavated from the sample. 
~n the latter case ("crater edge profiling") thecra ter  bottom 
is analyzed in different spots representing different depths 
by a surface sensitive technique with good lateral resolu- 
tion (e.g, scanning Auger microscopy) (17, 18). Surface re- 
moval can be accomplished by small angle lapping (19-21) 
or ball cratering (22, 23). Chemical microsectioning tech- 
niques include straight chemical dissolution (24, 25) or 
anodic sectioning (26). Especially the latter method is 
prominently used for electronic materials like Si (27-29), 
GaAs (30, 31), or Ta (32). In the last decade surface removal 
by sputtering with heavy ions with energies of 1-20 keV has 
become increasingly important. 

In all destructive methods either the remaining sample 
surface or the removed material can be analyzed. Neutron 
activation analysis (33) is still in use for depth profiling be- 
cause of its precision and sensitivity for certain elements 
(4, 34). Particle induced x-ray emission (PIXE) leads to ele- 
mental analysis by measurement of characteristic x-rays 
(35, 36). This technique has good sensitivity compared to 
electron microprobe analysis, but suffers from poor depth 
resolution. 

The requirement of good depth resolution makes surface 
sensitive techniques most important that use electrons or 
low energy ions to probe only a few atomic layers of the 
sample surface. Both Auger electron spectroscopy (AES) 
(37-40) and x-ray photoelectron spectroscopy (XPS) (41-44) 
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Fig. 1. Depth distribution of ion implantation profiles for the fabrica- 
tion of a monolithic hot electron transistor. From Ref. (8). 
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Table I. Methods for elemental depth profiling 

I. Nondestructive 
A. Energy loss of ions: RBS, nuclear reactions 
B. Attenuation of electron signal: varying take-off 

angle in AES and XPS 
II. Destructive 

Removal of surface: 
A. Mechanical: small angle lapping, ball cratering 
B. Chemical: chemical etching, anodic sectioning 
C. Sputter etching 

For all destructive methods: 
1. Analysis of the remaining material or surface: 

PIXE, NAA, AES, SAM, XPS, ISS 
2. Analysis of the removed material: 

SIMS, SNMS, GDMS, SCANIIR, GDOS 

are based on the  m e a s u r e m e n t  of the  energy  d is t r ibut ion  of  
e lect rons  that  in the first case are resul t ing f rom Auger  
t ransi t ions induced  by e lec t ron or pho ton  bombardmen t ,  in 
the  second case  are photoe lec t rons  e jected by x-ray or u.v. 
(UPS) i l luminat ion.  In  AES and X P S  fairly large areas (up 
to 1 m m  in diameter)  are analyzed. In scanning  Auger  mi- 
c roscopy (SAM) a finely focused e lec t ron b e a m  is used and 
a lateral  resolut ion of  less than  100 n m  can be  achieved.  
Finally, there  is ISS  or ion scat ter ing spec t roscopy  (45-48). 
In  this analysis  t e c h n i q u e  the  energy  d is t r ibu t ion  of  low en- 
ergy ions scat tered f rom the  first a tomic  layer of  the sample  
is measured .  

Whereas  wi th  above  me thods  sput ter  e tch ing  is only one 
of several  possible  ways to uncove r  n e w  layers be low the 
sample  surface, the  fol lowing analyt ical  t echn iques  rely on 
the  sput te r  process  as an integral  part  since the  spu t t e red  
species i tself  is subject  to analysis. Spu t t e red  ions are mea- 
sured by mass  spec t romet ry  in SIMS (secondary ion mass  
spect rometry)  (49-52), while  sput te red  neutrals  are post- 
ionized and analyzed in SNMS (secondary r/eutral mass  
spec t rometry)  (53-55) or in GDMS (glow discharge  m a s s  
spec t rometry)  (56-58). A second approach  is to measure  the  
l ight  emi t t ed  by the  spu t te red  a toms or ions. Analys is  of  im- 
pact  radia t ion is called SCANIIR  (surface compos i t ion  by  
analysis of neut ra l  and ion impac t  radiation) (59, 60), bu t  
also S I P S  (sput te r  induced  pho ton  spectroscopy)  (61) or 
O R S P  (optical radia t ion of sput te red  particles) (62). GDOS 
stands for glow discharge  optical  spec t roscopy  (63-65). For  
comple teness  also to be men t ioned  is IXE (ion induced  
x-ray emission)  (66, 67). 

This  rev iew is conce rned  wi th  depth  profi l ing by ion 
sputtering.  S ince  its first in t roduc t ion  less than  two dec- 
ades ago (68, 69), sput ter  sect ioning has b e c o m e  the mos t  
wide ly  used  m e t h o d  for dep th  profiling. The  main  reasons  
for this d e v e l o p m e n t  are s implic i ty  and speed. A fur ther  
m a j o r  advantage,  wh ich  has been  recognized  since the  first 
combina t ion  of  sput ter  e tching wi th  A E S  analysis (70, 71), is 
the  fact that  mic rosec t ion ing  and analysis  can be per- 
fo rmed  in the same h igh  v a c u u m  envi ronment ,  thus  mini-  
mizing a tmospher ic  effects. 

In  spite of  its great  successes  there  are some  serious com- 
pl icat ions inhe ren t  to the  m e t h o d  of  sput te r  dep th  pro- 
filing. One has to be aware of  the fact  that  sput ter ing,  being 
jus t  one mani fes ta t ion  of a comp lex  physical  process  wh ich  
affects no t  only the  very  surface of  the  sample,  in t roduces  a 
var ie ty  of  impor t an t  changes  in the  sample  be ing  analyzed. 
A l though  the p rob lems  associated wi th  sput ter  e tch ing  
h a v e  b e e n  r e p e a t e d l y  dea l t  w i t h  (72-75), a g e n e r a l l y  
uncr i t ica l  a t t i tude  has prevai led in m a n y  applicat ions.  On 
the  o ther  side, only  a few years ago, Smi th  (76) arr ived at the  
fol lowing j u d g m e n t :  " Ion-sput te r  A E S  profiles are en- 
t i rely mis lead ing  if  in te rpre ted  as quant i ta t ive  concentra-  
t ion profiles, bu t  are ve ry  in format ive  as to qual i ta t ive  anal- 
ysis and w h e n  proper ly  unders tood  reveal  physical  and 
chemica l  non- iso t ropy wi th in  the films." For tunate ly ,  it 
can be said that  mat ters  are m u c h  bet ter  today, bu t  it also 
has to be emphas ized  that  p rob lems  of  quant i f icat ion and 
the  p resence  of  artifacts are intr insic features  of  sput ter  
profi l ing and have  to be unders tood  if quant i ta t ive  mea- 
su remen t s  are desired.  Only then  the  o p t i m u m  informat ion  
will  be  ob ta ined  f rom this powerfu l  method .  

A sizable n u m b e r  of reviews have  been  conce rned  wi th  
var ious  aspects  of  surface analysis me thods  (72, 77-79), wi th  
sput ter  dep th  profi l ing in general  (73, 74, 80-85) or  wi th  
A E S  (14, 86, 87) and SIMS (75, 88, 131) dep th  profi l ing 
specifically. Other  articles have dealt  wi th  appl ica t ions  to 
thin film and interface  analysis (89, 90) or wi th  the  s tudy  of  

e lectronic  mater ia ls  by su r f ace  analysis t echn iques  (2, 3). 
This paper  tr ies to give a comprehens ive  r ev iew of the  prob- 
lems of  sput ter  profi l ing of mic roe lec t ron ic  s t ructures  
f rom the  p resen t  level  of  our  unders tanding .  The  first part  
is devo ted  to a tho rough  discuss ion of  the pr inciples  of  
sput ter  dep th  profiling. Spec ia l  a t ten t ion  is paid to the 
var ious  p rob lems  encoun te red  dur ing  expe r imen ta l  mea-  
surements .  The second part  gives a survey  of  appl icat ions  
to the  analysis of  s emiconduc to r  mater ia ls  and microelec-  
t ronic devices.  It  focuses  on the  more  recen t  l i terature in an 
a t t empt  to give a representa t ive  overv iew of  this rapidly ex- 
panding  field. 

Principles of Sputter Depth Profiling 
Fundamental Concepts 

What is measu red  in any sput ter  depth  profile is a signal 
as a funct ion  of  time. It  is the  task of any quant i ta t ive  analy- 
sis m e t h o d  to conver t  this signal vs. t ime  re la t ionship  into a 
concent ra t ion  vs. depth  re la t ionship (81, 86, 91). The  ques-  
t ions to be answered  are if  and how this  convers ion  can be 
accompl i shed  and wha t  the  l imita t ions  are on the  precis ion 
of  the  m e a s u r e m e n t  of  concent ra t ion  and depth.  

Time into depth--The re la t ionship  be tween  t ime t and 
depth  z is g iven  by 

J: z = ~(r)d~- 

w h e r e ,  is the  e ros ion  rate. I t  is re la ted to the  sput ter  yield S 
by 

~ _ j p - S  

N . e  

with j ,  the  p r imary  current  dens i ty  and N the  a tomic num-  
ber  density.  In  the  s imples t  case, for a sample  wi th  cons tan t  
eros ion rate, the  de te rmina t ion  of  dep th  f rom z = ,  �9 t is re- 
duced  to a m e a s u r e m e n t  o f ' .  This can be accompl i shed  by 
measu r ing  the  crater  dep th  after p ro longed  sput ter ing  of  
pol i shed  surfaces by optical  in te r fe rence  or mechan ica l  sty- 
lus t e chn iques  (92-94). Ano the r  approach  is to sput ter  
th rough  a film of  known  th ickness  (95-97) or th rough  a 
film conta in ing  a marke r  at k n o w n  dep th  (98). A large num- 
ber  of  expe r imen t s  have  been  p e r f o r m e d  in o rder  to mea- 
sure  the sput ter  yield of  m a n y  dif ferent  materials.  The ero- 
sion rate is not  only a funct ion  of  project i le  species,  energy,  
and inc ident  angle, but  also depends  s t rongly on the  chemi-  
cal compos i t ion  of  the  target. Specif ical ly  for mu l t i e l emen t  
c o m p o u n d s  it is not  possible  to relate the  total  e ros ion  rate 
of  the  sample  in a s imple  m a n n e r  to the  eros ion  rates of  the 
e lementa l  cons t i tuents  (72, 99-101). 

In  m a n y  samples,  however ,  the  eros ion  rate is not  con- 
stant  bu t  var ies  wi th  dep th  (81, 86, 97, 102-104). This  is espe- 
cially the  case in he te rogeneous  s tructures .  F igure  2 shows 
a dep th  profile th rough  Ni/Cr mul t i layers  of  equal  thick- 
ness. In  this in tens i ty  vs. t ime plot  the Cr layers appear  
th icker  than  the  Ni layers, which  is due  to the  eros ion rate of 
Cr be ing  smal ler  than  that  of  Ni. This  is also ref lected in t he  
distribution of nitrogen used for sputtering that is im- 
planted into the sample. Its concentration is higher in the 
slower eroding Cr. What makes the depth measurement in 
such structures difficult is the fact that, because of beam 
induced mixing between different films, the erosion rate 
does not change abruptly at the interface between layers. 
Considerable effort has been devoted to the study of the 
depth profile shape obtained from a sharp interface (97, 
102, 105) and to the question of what function would best be 
fitted to the changing erosion rate (86). The most accurate 
depth determination can be obtained if the varying, is mea- 
sured during sputtering in situ. Kempf (106) has measured 
the depth of the crater bottom during analysis by laser 
interferometry, while another group of experimenters (97, 
102, 104, 107) has used the emission of x-rays from a thin 
film to determine its varying thickness under the sput- 
tering ion beam and, thus, measure ,. 

Intensity into concentration--The convers ion  of  inten- 
sity into e lementa l  concen t ra t ion  is the  subjec t  of  the  
quant i f ica t ion of  the  var ious  surface analysis t echn iques  
(108). I t  is no t 'wi th in  the  scope of  this pape r  to deal  wi th  this 
ques t ion  and the  reader  is referred to the  l i terature re- 
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Fig. 2. AES sputter depth profile of an Ni/Cr multilayer sample. Each 
layer is 11.5 nm thick. Plotted are the peak to peak height amplitudes of 
Ni, Cr, O, and N Auger lines. Ion beam 1 keV N2 +. From Ref. (103). 

v i e w i n g  the  quan t i f i c a t i on  of  A E S  a n d  X P S  (86, 109, 110), 
S I M S  (49, 111, 112), a n d  I SS  (113). T he  cons ide ra t i ons ,  dis- 
cuss ions ,  a n d  e x a m p l e s  in  the  res t  of  th i s  p a p e r  are  a l m o s t  
exc lus ive ly  b a s e d  o n  t h e s e  four  m e t h o d s .  C o m m o n  to all of  
t h e m  is t h a t  t he  fac to r  r e l a t ing  t he  s igna l  i n t e n s i t y  to the  
c o n c e n t r a t i o n  of  t he  m e a s u r e d  e l e m e n t  d e p e n d s  on  th i s  
c o n c e n t r a t i o n  i t se l f  as Well as on  t he  c o n c e n t r a t i o n  of  o t h e r  
e l e m e n t s  p re sen t .  Th i s  so-cal led m a t r i x  e f fec t  is m o s t  seri- 
ous  in  S I M S  ana lys i s  w h e r e  t he  i on i za t i on  p r o b a b i l i t y  
s t r ong ly  d e p e n d s  on  s a m p l e  c o m p o s i t i o n  (75, 114-117). Th i s  
m a k e s  S I M S  d e p t h  prof i l ing  be s t  su i t ed  for  h o m o g e n e o u s  
s a m p l e s  w i t h  low c o n c e n t r a t i o n s  of  t he  e l e m e n t s  to b e  mea-  
s u r e d  (50), b u t  of  m u c h  lesser  va lue  for t he  s t u d y  of  he te ro-  
g e n e o u s  s t r u c t u r e s  (95, 96). Ma t r ix  effects  are  less  of  a p rob-  
l e m  in A E S  a n d  X P S  t h a t  are, t hus ,  b e t t e r  su i t ed  for t he  
s t u d y  of  t he  i n t e r f a c e  b e t w e e n  f i lms of  d i f f e ren t  compos i -  
t ion,  b u t  e v e n  he re  one  has  to be  aware  t h a t  a r t i fac ts  due  to 
m a t r i x  effects  c an  occur.  

Distorting Effects 
In  t h e  p r e v i o u s  s ec t ion  the  idea l ized  a s s u m p t i o n  ha s  b e e n  

m a d e  t h a t  t h e r e  are  s imp le  r e l a t i o n s h i p s  b e t w e e n  t i m e  a n d  
d e p t h  a n d  b e t w e e n  s ignal  i n t e n s i t y  a n d  e l e m e n t a ]  concen -  
t ra t ion .  I n  real i ty,  t h e r e  is a large  n u m b e r  of  fac to rs  t h a t  m a y  
c o n t r i b u t e  to t he  d i s to r t i on  of  t he  " t r u e "  d e p t h  profile,  af- 
f ec t ing  e i t h e r  t he  m e a s u r e m e n t  of  d e p t h  or t h e  measu re -  
m e n t  of  c o n c e n t r a t i o n .  Tab le  II  shows  a l is t  of  fac tors  t h a t  
c an  d i s to r t  d e p t h  prof i les  in  one  way  or ano the r .  I t  is t he  
t a sk  of  t he  ski l l fu l  e x p e r i m e n t e r  to m i n i m i z e  t h e s e  effects  
and,  i f  t h e y  c a n n o t  be  e l i m i n a t e d  comple te Iy ,  to co r rec t  for  
t h e m  in  t he  ana lys is .  T h e  d i s t o r t i o n  of  the  d e p t h  sca le  gen-  
e ra l ly  r e su l t s  in  profi le  b r o a d e n i n g .  I f  t he  r e s o l u t i o n  func-  
t ion  of  t h i s  b r o a d e n i n g  is k n o w n ,  t he  or ig ina l  prof i le  c an  be  
o b t a i n e d  b y  d e c o n v o l u t i o n  of t he  m e a s u r e d  profi le  (81, 
118-120). 

1. Instrumental effects.--Edge effects.--To o b t a i n  good  
d e p t h  r e s o l u t i o n  one  has  to  m a k e  sure  t h a t  t h e  s ignal  c o m e s  
f r o m  the  flat p o r t i o n  of  t he  c r a t e r  b o t t o m  (121). A n u m b e r  
of  p a p e r s  h a v e  b e e n  d e v o t e d  to co r r ec t i on  p r o c e d u r e s  for 
n o n i d e a l  c ra t e r  s h a p e s  (119, 122, 123). However ,  any  mea-  
s u r e m e n t  f rom a nonf i a t  c ra te r  is a c c o m p a n i e d  b y  a loss  of  
i n f o r m a t i o n  s ince  t he  s ignal  c o n t a i n s  c o n t r i b u t i o n s  f rom 
d i f fe ren t  layers.  M e a n s  to a s su re  a u n i f o r m  e ros ion  i nc lude  
d e f o c u s i n g  of  t h e  ion  b e a m  (124) or  r a s t e r i n g  of  i t  ove r  t he  
s a m p l e  sur face  (125). To e x c l u d e  edge  ef fec ts  on ly  t he  cen-  
t ra l  p o r t i o n  of  t h e  c r a t e r  is p r o b e d  in  A E S  or  X P S  ana lys i s  
(83) [an e x c e p t i o n  is the  a l r eady  m e n t i o n e d  c ra te r -edge  
prof i l ing  (17, 18)]. In  S IMS or  I SS  ana lys i s  th i s  c an  be  
a c h i e v e d  by  e l ec t ron ic  ga t ing  of t he  s ignal  (46, 126-128) or  
b y  u s i n g  a n  e l ec t ros ta t i c  l ens  s y s t e m  in  S I M S  i n s t r u m e n t s  
to  i m a g e  on ly  t he  cen t r a l  pa r t  of  t he  c r a t e r  on to  t h e  e n t r a n c e  
of  t he  m a s s  s p e c t r o m e t e r  (129, 130). H o w  m u c h  d e p t h  reso-  
l u t i on  a n d  b a c k g r o u n d  of  a B-prof i le  in  Si are i m p r o v e d  b y  
a c o m b i n a t i o n  of  m e a s u r e s  is s een  in  Fig. 3. S ince  b y  

Table II. Factors affecting depth profiling by ion sputtering 

I. Instrumental 
Time constancy of the ion beam 
Uniformity of ion beam 
Edge effects 
Ion beam composition: impurities 
Neutral component of beam 
Residual gas contamination: adsorption 
Redeposition of sputtered material: memory effect 

IL Sample effects 
Multiple phases: preferential erosion 
Compounds, alloys: preferential sputtering, decomposition 
Polycrystalline samples: faceting 
Crystal defects, contamination: cone formation 
Layered structures: cone formation 
Surface roughness 

III. Ion beam effects 
Preferential sputtering 
Atomic mixing 
Sputter-induced surface roughness 
Radiation-induced diffusion 
Implantation effects: effects on erosion rate, 

signal, dilation 
Ion beam heating effects 
Structural changes 
Chemical effects induced by sputtering: reduction, 

compound formation 
Charging effects 
Surface transport~ 

IV. Effects depending on analysis method 
Information depth 
Backscattering in AES 
Matrix effects 
Chemical effects in SIMS 
Noise, detection limits, sample consumption 
Electron stimulated desorption 
Electron beam induced diffusion 
Interferences 

m i n i m i z i n g  all o the r  fac tors  d e p t h  r e so lu t i ons  of  less  t h a n  
1% can  b e  ach ieved ,  f la tness  of  t he  c ra te r  c an  be  t he  l imit-  
ing  fac to r  in  p rac t i ca l  ana lys i s  (131). 

Beam impurities.--Neutrals a n d  the  u n f o c u s e d  c o m p o -  
nen t ,  w h i c h  m a y  be  a c o n s i d e r a b l e  f r ac t ion  of  t he  to ta l  ion 
beam,  give r ise  to t he  u n d e s i r e d  halo  ef fec t  in  S I M S  (121, 
129, 132). Neu t ra l s  c an  be  e l i m i n a t e d  b y  use  of  a m a g n e t i c  
sec to r  p r i m a r y  b e a m  fil ter (133, 134) or by  b e n d i n g  of  t h e  
b e a m  l ine (129, 135). The  effect  of b o t h  c o m p o n e n t s  is fur- 
t h e r  r e d u c e d  by  ion i m a g i n g  and /or  e l ec t ron ic  ga t ing  of  t he  
s e c o n d a r y  signal .  In  some  cases,  howeve r ,  n e u t r a l s  are u s e d  
for  s p u t t e r i n g  in o rde r  to r e d u c e  c h a r g i n g  of  i n s u l a t i n g  
s a m p l e s  (136, 137). Mass  ana lys i s  of the  p r i m a r y  b e a m  is also 
u s e d  to e x c l u d e  o t h e r  i m p u r i t i e s  t h a t  o t h e r w i s e  w o u l d  be  
i m p l a n t e d  in to  t he  sample .  On ly  by  s u c h  m e a s u r e s  is i t  pos-  
s ib le  to  o b t a i n  t he  large  d y n a m i c  r a n g e  en joyed  in m o d e r n  
S IMS i n s t r u m e n t s  (135, 138). 
Adsorption and redeposition.--An i m p o r t a n t  cons ide ra -  
t ion  for  s p u t t e r  prof i l ing  is the  c l ean l ine s s  of  t he  v a c u u m  
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Fig. 3. SIMS depth profiles of 150 keV B implanted into Si 
demonstrating the improvements of depth resolution and background 
suppression obtained by a series of primary beam techniques and second- 
ary ion optics. From Ref. (129). 
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environment  during analysis. Adsorption of residual gas re- 
sults in a background. If sputtering and analysis (by AES 
and XPS) are performed simultaneously, a steady state be- 
tween adsorption and sputter removal is obtained (139). 
Mathieu and co-workers (140, 141) found that depth resolu- 
tion in AES depth profiling is reduced if the background- 
gas adsorption exceeds the sputter removal rate. As a rule 
of thumb the gas pressure p (in Torr) should be 

p << 10-~j, 

if j ,  is measured in mA/cm ~. High erosion rates (up to 1 
nm/sec) or low pressure UHV systems are employed to 
satisfy this condition. Contaminants (mainly carbon com- 
pounds) in the vacuum system can also be deposited onto 
the sample surface by the analyzing electron beam. This 
has led in one case to the formation of carbides under the 
combined influence of ion and electron bombardment  
(142). 

Adsorption of  reactive background gas contaminants is a 
special problem in SIMS because of the strong chemical ef- 
fect (116, 143). Adsorbed species are incorporated into 
subsurface layers of the sample either by diffusion (144) or 
by recoil implantation (145, 146) and can thus have an effect 
on the secondary ion yield. On the other hand, adsorption 
can result in an undesired background of atomic species 
like H, N, and O (147,148) or, most importantly, of molecular 
species like hydrides and oxides (149, 150). The use of UHV 
SIMS systems with pressures as low as 10 -'0 Torr (150, 151) 
is one approach to minimize molecular interferences like 
Sill, Si20, and O2 and thereby to reduce detection limits for 
P, As, and S. Alternatively, it is often desirable to control 
the chemistry of the sample surface during SIMS analysis 
by increasing the partial pressure of oxygen in the sample 
chamber in order to saturate the secondary ion signal (152). 

Another source of background results from material 
sputtered from the crater edge or halo zone, as well as from 
other faces of the sample chamber, that is redeposited on 
the crater bottom (132, 153). This can be sputtered material 
deposited on the extraction lens system now resputtered by 
secondary ions or electrons ("memory effect"). Sputtering 
of areas outside the analyzed spot can yield a background 
also in other ways. Powell (154) reports that a background 
during AES depth profiling resulted from the A1L2.3M~ Au- 
ger transition excited by Ar bombardment  of the A1 sample 
tray. 
2. Summary of remedies.--To minimize instrumental ef- 
fects the erosion of the probed area should be kept as uni- 
form as possible employing either an electronic aperture or 
ion imaging or both (129). Beam impurities and neutrals can 
be eliminated by beam filtering. UHV technology and cool- 
ing of components close to the sample reduce 
contaminants from the vacuum. 

Sample effects.--The sputtering beam causes a variety of 
structural, compositional, chemical, and topographical 
changes of the sample surface, all of which can affect depth 
profiling measurements. The detailed nature of these 
changes depends on the sample composition and structure. 
In this section only topographical effects are considered 
which are called macroroughness in order to distinguish 
them from a roughness on an atomic scale resulting from 
the statistical nature of the sputter process. 

An uneven erosion of the sample surface has several con- 
sequences for sputter depth profiling: (i) degradation of 
depth resolu~i'on; (ii) the sensitivity of analysis depends on 
surface topography (i 55-158); and (iii) the total erosion rate 
changes with changing surface topography (99, 159). There 
is a bizarre variety of surface forms produced by ion sput- 
tering: steps, ridges, facets, pyramids, cones, and needles. A 
large number  ofexperime~taI studie.s [see Ref. (72,159-161)] 
as well as theoretical treatments have been devoted to this 
phenomenon. Depending on which sample is bombarded, 
different causes can produce these forms. 
Multiple phases.--Different phases making up the sample 
will in general have different erosion rates. This means that 
a stationary state will be reached only at a sputtered depth 
which is a few times the grain size (99). 
Polycrystalline samples.--Since the sputter yield depends 
on the crys ta l  o r i en t a t i on  (162, 163), s p u t t e r i n g  of  a 
polycrystalline surface leads to facets and similar features 
(99, 160). Channeling, the main reason for this orientational 

dependence of the erosion rate, can lead also to other ef- 
fects: beam implantation depths are different for different 
crystal directions, saturation concentrations may vary from 
one crystal grain to the next. This can result in large differ- 
ences in the secondary ion yield in SIMS analysis i fa  reac- 
tive species like oxygen is used for sputtering. 

Single crystals.--Pronounced topographical features pro- 
duced by ion sputtering can be also observed in single crys- 
tals. Small impurities w~th low sputter yield situated on the 
surface or imbedded in the sample cause cone formation 
(160, 161, 164-166). Cone formation is also frequently ob- 
served for the same reason at the interface between films of 
different composit ion (96, 167) if the breakthrough from 
one layer to the next  is not uniform and the sputter rate of 
the two films is very different. 

However, surface roughness develops even in pure single 
crystals without any contamination (99, 161, 168) as can be 
seen in Fig. 4 that shows an extensive pattern of pyramids 
produced by Ar sputtering of a single Cu crystal. The cause 
for the development  of surface topography can be crystal 
defects that influence the sputter rate (162,169). Hermanne 
(162) has observed an increase of the sputter yield from 
single crystals above "extensive defects" that result from 
the agglomeration of point defects created by the ion bom- 
bardment. The structural response of single crystals to irra- 
diation with heavy ions varies considerably. The semicon- 
ductors Si, Ge, GaAs, and InP become amorphous (161, 
170). The surfaces of these materials remain smooth or, at 
worst, show a slightly wavy structure (161, 171). Cones or 
needles are observed only due to contamination. The semi- 
conductors GaP, InSb, CdS, and CdTe, on the other hand, 
retain their crystalline structure. The same is true for many 
metals (170). In  these cases (e.g., Cu in Fig. 4) crystallinity is 
the dominant factor for the development of surface topo- 
graphy; facets and cones are formed irrespective of the 
presence of contaminants (168). 

The mechanism which produces the observed topo- 
graphical features on surfaces with contaminants, grain 
boundaries, or crystal defects is the variation of the sputter 
rate with the angle of incidence (172-174). A whole series 
of theoretical models to predict surface topography under 
sputtering are based on this effect (175-177). Littmark and 
Hofer (159) consider angular variation and recapture of 
sputtered material, whereas Carter (178) includes thermal/ 
and radiation-enhanced diffusion into his model. 
Initial sample roughness.--Any original surface roughness 
of the sample is usually accentuated by ion bombardment  
and thus degrades depth resolution. A number  of experi- 
mental studies on thin sandwich and multilayer films have 
shown how the depth resolution depends on the roughness 
of the substrate (118, 179, 180). This effect is strongly en- 
hanced during depth profiling of porous structures like A1 
oxides (155, 181). 

Multilayeredfilms, interfaces.--Cones, needles, and ridges 
have been observed in a large number of cases during depth 
profiling analysis of heterogeneous layers (96, 103, 166, 167, 

Fig. 4. Surface at a Cu ~ I UU> groin bombarded with 10 I~ Ar ions/cm ~ 
at energy of 5 keV. From Ref. (160). 
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182-184), because of nonuniform erosion and change of 
sputter rate. Since the analysis of such structures is one of 
the main applications of sputter profiling, the loss in depth 
resolution accompanying these topographical features 
poses a serious problem. 

Remedies.--A number  of precautions and measures can be 
taken to reduce surface roughness and thereby increase 
depth resolution. Rotating the sample bombarded by a 
beam not normally incident onto the sample surface leads 
to a more uniform erosion by averaging over different bom- 
bardment  directions. For the same reason the use of two ion 
guns has led to improvements  (181). In some cases reduc- 
tion of surface roughness has been reported if the ion en- 
ergy is decreased (185). The original sample surface should 
be as flat and smooth (180), but also as clean, as possible. 
Williams et al. (166), for example, could obtain a much bet- 
ter  dep th  r e o l u t i o n  for m e a s u r i n g  the  in te r face  of 

�9 InxGal_~AsyPl_~-InP heterojunctions after removing trace 
metals from the surface by chemical etching. 

The use of oxygen or nitrogen for sputtering ("chemical 
sputtering") or the increase of the partial pressure of one of 
these gases in the sample chamber ("backfilling") have 
been shown to successfully decrease surface roughness on 
poly- and single crystals (169, 186-188). The reason is 
thought to be the formation of an amorphous oxide or ni- 
t r ide  layer  w h i c h  e l imina te s  spu t t e r  e f fec ts  due to 
crystallinity. This technique has been especially beneficial 
in improving the depth resolution for profiling of the inter- 
face between metal layers with AES (103, 183, 184) or SIMS 
(96, 167, 189). In the most systematic study of chemical sput- 
tering, Blattner et.al. (183) showed that O is to be preferred 
over N which in turn produces much better results than Ar. 
That measurement  conditions also play a role is shown by 
the fact that Hofer and Martin (96) observed an improved 
depth resolution when profiling V/Ti layers with N instead 
of Ar, while Hofmann et al. (103) report that results are very 
similar for these two gases. 

3. Ion beam effects.--Distortions of depth profiles caused 
by the ion beam are the most important ones since they are 
intimately tied to the sputtering process itself- A large body 
of experimental  and theoretical work has been devoted to 
the study of sputtering phenomena (174, 190-193). Experi- 
ments indicate that the sputter process in most materials is 
best described by the collision cascade formalism as first 
formulated by Sigmund (194). Since then most theoretical 
work has been based on this concept (195-197). However, in 
certain cases (e.g., for the sputtering of many oxides and 
halides) the collision cascade model fails to account for ob- 
served effects (198-202) and has been replaced by a thermal 
spike model (203). Still, in essentially all practical applica- 
tions of depth profiling to the analysis of microelectronic 
materials the collision model describes the effects most re- 
alistically (204). 

For pure elements there is good agreement between 
theory and exper iment  (174, 205, 206). In Sigmund's  theory 
the sputter yield S is given as function of projectile energy 
by 

S(E)= f(~l)sn(E)/Uo 

where f is a function of the projectile mass M1 and target 
mass M2, of s,(E), the nuclear stopping power of the incident 
ion, and of Uo, the surface binding energy of the target (heat 
of sublimation). An important quantity for the theory is the 
product S(E)Uo which is proportional to the deposited en- 
ergy distribution function at the target surface. Sigmund's  
theory strictly applies only to amorphous targets and does 
not take any lattice effects (channeling) into considerations. 

The sputtering from multielement alloys and compounds 
is more complicated. The reason is "preferential sput- 
tering," an effect which leads to a compositional change in a 
layer whose thickness roughly equals the penetration range  
of the bombarding ions. The "altered layer" is established 
by extensive "atomic mixing" in the collision cascade but 
also by radiation enhanced diffusion. Both preferential 
sputtering and atomic mixing have strong effects on depth 
profiling, the first by way of a change in surface composi- 
tion, the second by the smearing of sharp concentration 
gradients. Both are closely connected by their common ba- 
sic physical mechanism. 

Preferential sputtering.--Preferential sputtering occurs 
when the constituents of a mult ielement target are sput- 
tered in proportions that are different from their relative 
concentrations in the layer from which tl~e sputtered 
particles originate. Alternatively to this definition that 
defines "preferential" with respect to the surface composi- 
tion (207), some authors use the term with resPect to the 
bulk composition (73). Preferential sputtering results in a 
change of surface composition until a stationary state is 
reached (208), in which the sputter rates of the components  
are proportional to their bulk concentrations ("stoichio- 
metric sputtering"). For a binary compound or alloy A + B, 
the surface concentrations CA ~ and CB s in the stationary 
state are related to the bulk concentrations by 

CA s SA CA b 

CB ~ SB CB ~ 

where SA and SB are the sputter yields of the elements. The 
effect of this compositional change on the analysis by a sur- 
face sensitive technique is different, depending on whether 
the sputtered particles or the surface composit ion are mea- 
sured (Fig. 5). In the first case (e.g., with SIMS), the signal 
from the fresh surface is modified by the sputter yield of 
the element in question, while the true bulk concentration 
is measured in the stationary state. The situation is exactly 
the opposite for methods like AES and XPS that measure 
the changed surface composition in the stationary state. 

The study of preferential sputtering has been the subject 
of a large number of papers [see Ref. (72, 99-101)]. Informa- 
tion on which the component is enriched or depleted at the 
surface has been obtained for many binary and ternary tar- 
gets [for a compilation of data see Ref. (72, 99)]. Methods for 
the study of the changed surface composition include AES 
(209, 210) and RBS analysis (205, 211-213). Whereas with 
AES only a limited amount  of depth information can be ob- 
tained by using Auger lines with different energies and thus 
escape depths, RBS allows the study of the composition of 
the altered layer with depth, albeit with limited depth reso- 
lution. Several causes have been considered for explaining 
the observed changes of surface composit ion (72, 99, 207, 
214): (i) mass difference of the constituents; (ii) sputter 
yield of the pure elements; (iii) binding energy; and (iv) 
vapor pressure. The relative importance of these factors de- 
pends on the sputter mechanism in question (101, 214). 
Within the linear cascade regime (196) of the collision 
theory of sputtering for compound targets (215), several rea- 
sons lead one to expect  enrichment of the heavier compo- 
nent: (i) more energy is imparted to the lighter atoms 
enabling them to leave the surface preferentially (216, 217); 
(ii) lighter atoms have a larger range and can be ejected 
from deeper layers in the sample as compared to heavy 
atoms (218); and (iii) lighter atoms are subject to a higher 
degree of direct knock-on ("recoil implantation") than 
heavy ones (89,214, 219,220). This last effect does not result 
in an enrichment in the stationary state, but leads to a tran- 
sient when sputtering is started from a fresh surface. 
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Most observations agree with these considerations and 
show heavy element enrichments. However, there are a 
number  of exceptions to this rule. For example, in the bi- 
nary alloys Cu-Ni and Pd-Ni the lighter Ni is enriched, as is 
Pd in Au-Pd (221). In all these cases, the enriched compo- 
nent has the lower sputter yield as an element. Betz (100) 
concluded that changes in surface composition of alloys are 
governed by the binding energy as long as the recoil energy 
densities UoS of the two components  are very similar: the 
component  with the higher sputter yield as an element is 
sputtered preferentially. For compounds with very differ- 
ent recoil densities of the components the mass effect domi- 
nates and the surface becomes enriched in the heavy com- 
ponent, as required by the linear cascade collision model. 

In thermal sputtering bonding effects are dominant (101). 
A special case is the sputtering of oxides and halides (72, 99, 
201) which results generally in a deficiency of the volatile 
component. In the case of oxides that would fit the mass 
effect concept although also here there are some notable ex- 
ceptions like Cr~O3 and Ti~O3 (222). It must  be concluded 
that there is still no detailed understanding of preferential 
sputtering in the sense that one would be able to predict the 
direction and magnitude of surface enrichments for a 
mult ielement system. The experimenter  thus has to rely on 
calibration measurements  performed on standards as the 
basis for any quantitative correction procedure of the pref- 
erential sputter effect. 

Preferential sputtering not only changes the surface com- 
position but establishing this composition takes time lead- 
ing to a transient during depth profiling. An example is 
seen in Fig. 6 that shows the changes in the Pd and Ag AES 
signals obtained from an Ag-Pd alloy when the Xe bom- 
bardment energy is changed from 0.5 to 5 keV and back 
again. These changes are explained by assuming an altered 
layer whose thickness is different for different energies. 
During sputtering at lower energy, Pd is enriched in a thin 
layer. After switching to 5 keV energy, atomic mixing takes 
place throughout  a deeper zone that initially dilutes Pd at 
the surface (decrease of Pd signal). In the steady state the 
whole thicker layer is enriched in Pd, the enrichment  factor 
being larger at 5 keV than at 0.5 keV. After changing back 
from 5 to 0.5 keV Xe, the surface is enriched from an already 
enriched layer leading to an initial rise until the altered 
layer formed under 5 keV bombardment  is sputtered away 
and the original state is reestablished. 

The depth of the transient in binary compounds is gener- 
ally comparable to the thickness of the altered layer (72), 
but depends also on the ratio of the sputter yields SA/SB and 
concentrations CA/CB (223, 224). Exceptions are samples in 
which phase changes occur or compounds with a low con- 
centration of a species with low effective sputter yield. 
Then sputtering has to proceed to a depth corresponding to 
many altered layers before a steady state is reached (99). 
The same is true if thermal and/or radiation-enhanced dif- 
fusion plays a role (225-227). 

There have been various attempts to model the evolution 
of the surface composition of a mult ielement target under 
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Fig. 6. Changes in the Auger peak topeak heights of Pd (326/330 eV) 
and Ag(351/356 eV) with time in an 80 a/o Ag-Pd alloy when the energy 
of the bombarding Xe beam is changed. From Ref. (209). 

ion sputtering and to develop correction methods for depth 
profiling analysis. The first step of this undertaking was to 
include a "sputter  correction factor" in AES analysis (86, 
228). Early kinetic models (229, 230) have considered the 
change of only the topmost atomic layer, neglecting any 
depth effects. Also Werner (231) took only changes in the 
composition of the very surface into account in a sequential 
layer removal model for the transient. 

All kinetic surface evolution models are based on the 
mass balance in the altered layer (211, 224, 227, 232). In- 
cluded are the mass fluxes of material removed by sput- 
tering and replenished from the bulk as surface and altered 
layer recede into the sample. For a binary alloy A + B the 
change of the surface concentration of one component  (A) 
is described by the equation 

d 
d--t (NdCAS) = JP[SACASCAb + SB(1 - CA)CA - SACA] 

Here CA s and CA b are as before the atomic concentrations of 
component  A in the altered layer and the bulk, N is the aver- 
age atomic number  density of the compound, NA the den- 
sity for pure element A, d is the thickness of the altered 
layer, and SA and SB are the sputter yields of elements A and 
B in the alloy. The three terms on the right represent the re- 
placement of a sputtered a tom A by another atom A, the re- 
placement of a sputtered atom B by atom A, and the loss of 
A by sputtering. A critical evaluation of this approach can 
be found in Ref. (224). 

A series of phenomenological models have assumed a 
finite thickness of the altered layer and have included it as 
a parameter into the theory (217, 223,232, 233). Later models 
have added information about the thickness of the altered 
layer by considering specific mechanisms for its genera- 
tion, Liau et al. (211) and Haft (218) based their models on 
collisional mixing. Other workers included diffusion, ei- 
ther radiation-enhanced or not, into models for surface 
changes (227, 234-236). There is experimental  evidence that 
at leas t  r a d i a t i o n - e n h a n c e d  d i f fus ion  c o n t r i b u t e s  to 
changes of the surface composition (237, 238). 

Sigmund (219) considered only recoil implantation by di- 
rect knock-on for modeling the concentration transient un- 
der ion sputtering. How important the altered layer is for 
the  p re fe ren t i a l  spu t t e r ing  t r ans i en t  d e p e n d s  on the  
efficiency of the mechanism (cascade mixing, diffusion) 
establishing the  layer. If  this efficiency is low, then surface 
preferential sputtering and recoil implantation are the 
dominant factors for depth profiling transients. Sigmund's  
model  predicts an initial surface enrichment of the heavy 
component  while later a layer enriched in the light compo- 
nent is encountered. In contrast to preferential sputtering 
the sputtered species is never enriched in the light compo- 
nent. 

Besides the effect of preferential sputtering on the con- 
centration measurement  there is also an effect on the in- 
stantaneous erosion rate of the sample surface which, 
strictly speaking, has to be taken into account during con- 
version o f  time into depth but is usually ignored. Existing 
transient models apply only to the simplest cases (224), and 
it is not always possible to use them for practical cases like, 
e.g., profiling through an interface between different lay- 
ers. One then would have to interpolate between simple 
sputter correction factor regimes (steady-state regimes). 
However, the understanding of the preferential sputtering 
effect helps in averting wrong interpretations of measured 
depth profiles. The use of low ion energy and a large angle 
of incidence minimizes the depth of the transient in the 
profile. 

Collisional m ix ing . - -Bes ide s  the impor tant  role ion beam 
induced mixing plays for preferential sputtering, it leads to 
another distorting effect during depth profiling by chang- 
ing the depth distribution of the element  of interest below 
the sample surface before it is measured. First the effect of 
this relocation caused by collisional mixing is considered. 
Various authors (89, 239,240) dis{inguish between "cascade 
mixing" and "recoil mixing" by direct knock-on. Both lead 
to a broadening as well as a shift of measured distributions 
during depth profiling. Figure 7 shows SIMS depth pro- 
files of a 5 nm thick P-rich layer imbedded below the sur- 
face of a Ta205 film, obtained with different ion energies. 
These profiles display various features characteristic of 
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Fig. 7. SIMS phosphorus depth profiles in a Ta205 film containing a 5 
nm thick ~]P-rich layer imbedded 23 nm below the surface. The profiles 
were obtained with 160 sputtering beams of varying energy at normal in- 
cidence. From Ref. (121). 

collisional mixing: asymmetric broadening, energy de- 
pendence of broadening, distinction between cascade and 
knock-on mixing (at 18.5 keV beam energy), and gradual 
fall-off of the P-concentration. 

Experimental  studies of the altered layer have in many 
cases been restricted to indirect effects. To be mentioned 
are measurements  of buried layers (121, 241) and implanta- 
tion profiles (242, 243). The most widely used approach has 
been to measure the broadening of a sharp interface be- 
tween layers of different composition (102,244-248). A more 
direct method is to study the formation of the altered layer 
and to measure its thickness by RBS (207,211-213,217,249). 
These experiments  have established that the formation of 
the altered layer is in most cases very efficient, which 
means that the surface material is thoroughly mixed before 
much of it has been sputtered. This is not surprising since at 
energies typical for depth profiling many atoms are moved 
in the collision cascade for each sputtered atom. The 
mixing efficiency ratio F (number of displaced atoms per 
sputtered atom) depends besides the beam energy E on the 
ratio of surface binding energy Uo to effective displacement 
energy for bulk atoms Ed (239) 

F ~ EUJEd 

If  the mixing efficiency is high, the thickness of the al- 
tered layer d is approximately equal to the projected ion 
range R, (211, 249) and the broadening Az of a sharp inter- 
face proportional to E (217). This, however, is not always ob- 
served in studies which measure Az as function of beam en- 
ergy (102, 244-247). If the formation of the altered layer is 
slow, sputter erosion of the surface limits its thickness to 
less than the ion range. A simple model predicts Az~//~ in 
this case (239). The thickness d depends on the relative im- 
portance of mixing and sputtering and is approximately 
D/~ (211), where D is the diffusion constant that can be used 
to describe the mixing process and ~ the surface erosion 
rate. Exper iments  at low total ion fluences (212) show that 
it is valid to describe the collision cascade mixing mecha- 
nism by such a "diffusive picture." 

Differences in the efficiency of ion mixing for elements 
of  such similar mass as Hf  and Pt  (237) are evidence that 
collisional mixing is not always solely responsible for the 
formation of the altered layer. Radiation-induced diffusion 
can be more important  in some cases (212). The thickness of 
the altered layer can be measured by RBS only if it is of the 
order of several tens of nanometers. The measurement  of 
the thickness of thinner layers (down to 1 nm) can be ac- 
complished by depth profiling of a film of known thick- 
ness on a substrate and recording the moment  when the 
front of the altered layer reaches the interface (131, 250). 

Various theoretical approaches have been taken to pre- 
dict the broadening effects of collisional mixing during 
depth profiling. Hofmann (81) uses a simple phenom- 
enological model  combining broadening with forward dis- 
placement  to calculate the expected profile shape of a thin 
single sandwich layer ("tracer") in a foreign matrix. It has 
been pointed out that peak shifts of impurity distributions 
due to collisional mixing can occur in either direction (251, 
252). Of a more  fundamental  nature are the models of a 

number  of authors who treat the movement  of atoms in the 
collision cascade as a diffusion-type random walk problem 
(218, 239, 246, 253,254). The energy of the bombarding ion is 
assumed to be shared among the atoms of the cascade, each 
of which receives the displacement energy Ed. It follows 
then that the broadening hz of a sharp feature is 

hz ~ ~/4Dt ~ R --Ed 

where R, the range of the cascade recoils, is of the order of 
the distance between nearest neighbors. 

The analytical cascade theory (transport theory) is used 
by other authors to model collisional mixing (240, 251,255, 
256). An asymmetric broadening of a sharp step is obtained 
even if only the isotropic part of the collision cascade is 
taken into account (240, 255). This fact is due to the inward 
motion of the cascade because of the sputter erosion of the 
surface. A thin tracer buried below the surface experiences 
a shift and broadening. A tracer at the surface yields an 
exponentially decaying depth profile (251) which is ob- 
served experimentally (248) (see Fig. 14). More sophistica- 
ted models include anisotropic cascade mixing (251, 256) 
and the effect of the implanted primaries (251), but these ad- 
ditions lead to only small modifications of the results. 

Cascade mixing dominates over primary recoil implanta- 
tion for heavy impurities in light matrices whereas the lat- 
ter mechanism plays a role for light impurities in heavy tar- 
gets bombarded with light projectiles (239, 256). Phos- 
phorus in Ta205 under O bombardment  is such a case (Fig. 
7). Recoil implantation is included besides cascade mixing 
in a series of models (240,251,256) or is assumed to be alone 
r e s p o n s i b l e  for the  r ed i s t r i bu t i on  of a toms  (219, 220, 
257-259). 

Recoil implantation has found special attention because 
it plays an important role for the redistribution of im- 
planted ions by subsequent  irradiation (243,260-262) or for 
the redistribution of atoms from thin surface films into the 
substrate during implantation through these films (257, 
263). Studied was the recoil implantation of O into Si during 
implantation of P, As, or Kr through SiO2 layers (264-268) 
and of N onto Si during implantation through SigN4 (262, 
269). 

Monte Carlo calculations by computer  have also been 
used  to p red ic t  the b r o a d e n i n g  of dep th  profi les  by 
collisional mixing (270-272). Specifically treated was the 
case of a B-layer in Si and its broadening as a function of 
beam energy and angle of incidence. 

Collisional cascade mixing seems to dominate in most 
practical applications, especially in cases where low con- 
centrations of impurities or thin layers are concerned (212, 
254). Given this situation, the effect of atomic mixing is re- 
duced by all measures that minimize the thickness of the al- 
tered layer. As far as this thickness is determined by the 
primary ion range, this entails: use of low ion energy, large 
angle of incidence, high ion mass (e.g., Cs), or molecular 
ions. Since the sputter rate decreases with decreasing bom- 
barding energy, there is a practical lower limit to the ion en- 
ergy. Still, an altered layer thickness of less than 1 nm can 
be achieved in practical depth profiling (131). 

Collisional mixing has not been considered a drawback 
in all cases, but has been used to an advantage in the "cas- 
cade dilution technique" (273). In this method mixing 
serves to eliminate matrix effects by reducing relevant con- 
centrations during SIMS measurement  of impurities like 
H, C, and F in deeply buried interfaces. 

Radiation-enhanced diffusion.--In many cases it is impos- 
sible to distinguish experimentally between the relative 
contributions of diffusion and collisional mixing. A variety 
of beam-induced mechanisms can contribute to bulk diffu- 
sion (252, 274-276). The most important one is the produc- 
tion of mobile defects, mainly vacancies and interstitials, 
and their thermally activated migration. Temperature ef- 
fects (212, 238, 252) or chemical effects (237) have been ob- 
served in atomic mixing, indicating the presence of diffu- 
sive processes. Besides defects, ion-induced compressive 
stress gradients can lead to diffusion (277) that can also oc- 
cur along extended defects (252). The creation of defects 
also affects the migration of the implanted beam ions or can 
give rise to diffusion of adsorbed gas from the surface into 
the sample (144). 
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In  addi t ion  to bulk  diffusion that  worsens  dep th  resolu- 
t ion dur ing  profiling, ion b o m b a r d m e n t  also increases  sur -  
f a c e  diffusion. The  lat ter  t ends  to smoo th  out  surface 
roughness  (178, 278), thus  improv ing  dep th  resolut ion.  
S ince  all diffusive processes  are t ime-dependen t ,  their  ef- 
fect depends  on the  rate at which  the surface is eroded.  This  
leads to beam current  dens i ty  effects  (278). 

Sputter-induced surface roughness.--This surface rough-  
ness  or iginates  f rom the  statistical na ture  of the sput ter  re- 
mova l  process. B e n n i n g h o v e n  (279) ca lcula ted  the  dep th  
b roaden ing  caused by this " m i c r o r o u g h n e s s "  by as suming  
uncor re la ted  sput te r ing  of  surface a toms in his " sequen t ia l  
layer spu t te r ing"  (SLS) mode l  (90). The p red ic ted  broad- 
en ing  Az has a square  root d e p e n d e n c e  on the  spu t te red  
dep th  z 

hz = 2(az) w2 

where  a is the  th ickness  of  a monolayer .  A n u m b e r  of  early 
m e a s u r e m e n t s  of  sput ter  b roaden ing  s e e m e d  to agree wi th  
this mode l  (83,280). H o f m a n n  (281) p resen ted  a series of  ex- 
pe r imenta l  e x a m p l e s  in suppor t  of  the claim that  the S L S  
t e rm domina ted  hz. 

In time, however ,  var ious  a rgumen t s  arose against  the 
SLS  model .  The  assumpt ion  of  uncor re la ted  sput ter ing  
was cri t icized as be ing  unreal is t ic  (282), and it was poin ted  
out  that  because  of  b e a m  implanta t ion  effects  the  spu t te red  
surface canno t  be cons idered  to be und i s tu rbed  (283). 
Wit tmaack and Schulz  (282) compi led  ev idence  against  the 
mode l  by showing  that  dep th  resolut ions  ach ieved  by sput- 
ter  dep th  profi l ing were  m u c h  bet ter  than  the  l imit  set by 
the  S L S  theory.  A col lect ion of  a large n u m b e r  of  dep th  re- 
solut ion m e a s u r e m e n t s  (284) suppor t s  this a rgument .  It  
was sugges ted  to cons ider  different ial  sput ter  probabi l i t ies  
and to inc lude  surface and bulk  diffusion to m a k e  the 
mode l  more  realistic (282). 

These  findings p r o m p t e d  a series of  modif icat ions.  The 
inc lus ion of  condi t ional  probabi l i t ies  (285) yields 

hz ~ zl/2(1 + S) 1/~ 

which,  because  of  the energy d e p e n d e n c e  of  the  sput ter  
yield S for small  energies,  leads to a dep th  resolut ion  that  
depends  on the  pr imary  beam energy.  Ano the r  t r ea tmen t  is 
based  on the observa t ion  that  the  sput ter  yield of  an indi- 
v idual  a tom is not  site independent .  The sput ter  probabi l i ty  
is a s sumed  to be inverse ly  propor t iona l  to the  surface 
bo nd ing  which  resul ts  in a, cons tan t  dep th  resolut ion  Az of  
the  order  of  1-2 n m  (286). A third a t t empt  to improve  the  
S L S  mode l  involves  the  inclusion of surface t ranspor t  pro- 
cesses (178, 278). This  addi t ion resul ts  in a decrease  of hz 
whose  value  now depends  on the  ratio of the sput ter  e ros ion  
rate ~ to the  surface t ranspor t  velocity.  For  the case in which  
the  second quan t i ty  dominates ,  a cons tan t  Az is obta ined  
also in this model .  

Ano the r  m e c h a n i s m  leading to surface roughness  has 
been  cons idered  by S i g m u n d  (287), namely,  the  local differ- 
ence  in the  sput ter  yield due to the  nonun i fo rm  energy  de- 
posi t ion by an ion in the  presence  of surface features of  di- 
mens ions  of  the  depos i t ion  zone. 
Beam implantation effects.--If sput ter  profi l ing starts 
f rom a fresh surface, implan ta t ion  of  the  bombard ing  spe- 
cies resul ts  in a bu i ldup  of  its concen t ra t ion  unt i l  an equi-  
l ib r ium is reached  be tween  implan ta t ion  and sput te r ing  
(88, 144, 283, 288). The  change of the imp lan ted  concentra-  
t ion dur ing  the  p reequ i l ib r ium phase  has a series of  conse-  
quences  on dep th  profi l ing measurements ,  leading to tran- 
sients at the surface or at in terfaces  be tween  films of  
di f ferent  composi t ion .  A change of the sput ter  rate wi th  t~- 
tal ion dose has been  observed  in var ious  s tudies  (97, 205, 
289-291). F igure  8 shows the  var ia t ion of the sput ter  yield of  
Si unde r  Ar bombardmen t .  Displayed also is the  total  im- 
p lan ted  Ar concent ra t ion  and the  Ar  surface concentra t ion.  
Lower ing  of  the average  b inding  energy (292,293) is consid-  
ered to be the  mos t  l ikely cause for the observed  dose effect. 

Di lu t ion of substrate  a toms and latt ice di lat ion due to 
beam implan ta t ion  also in f luence  dep th  profiles (89). 
Chou  and Shaffer  (224) have  inc luded  ion impregna t ion  ef- 
fects in thei r  phenomeno log ica l  mode l  of  preferent ia l  sput-  
ter ing for S IMS and A E S  dep th  profiling. Because  of  the  
s trong mat r ix  effect  (116, 117) the var ia t ion of  the imp lan ted  
beam concen t ra t ion  can have especia l ly  drast ic conse- 
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quences  in SIMS analysis. I f a  react ive  species l ike O or Cs 
is used  for sput ter ing,  the gradual  increase of  the O or Cs 
concen t ra t ion  leads to a change in the  secondary  ion yield 
and thus  to a t rans ient  even  in h o m o g e n e o u s  samples  (88, 
121, 294, 295). This  can also b e  the  case wi th  backfi l l ing 
(144). Trans ien ts  in SIMS profiles due to implan ta t ion  con- 
cent ra t ion  effects are c o m m o n  for interfaces  (296) since the  
implan ted  beam concent ra t ion  depends  on the  sput ter  
yield which  general ly  changes  f rom one layer to the  next.  
Ion beam heating . - -Heat ing  can cont r ibu te  to changes  in 
the  sput ter  rate (102, 202,203) in mater ia ls  where  sput ter ing  
is governed  by a t he rma l  spike m e c h a n i s m  or the rmal  e v a p -  
orat ion of d e c o m p o s e d  target  material .  Hea t ing  can also in- 
crease  diffusion (252) bu t  causes usual ly  only small  effects  
for ion b o m b a r d m e n t  and poses  a m u c h  more  serious prob- 
lem in AES analysis. 

Structural changes.--Ion b o m b a r d m e n t  can cause differ- 
en t  s t ruc tura l  changes  in different  samples.  Many  materi-  
als, especia l ly  metals,  bu t  also semiconduc tors ,  retain thei r  
c r y s t a l l i n e  s t r u c t u r e  (99, 160, 161). C o m m o n  is t h e  
amorphiza t ion  of  original ly crystal l ine samples  for semi- 
conduc tors  as well  as oxides  and nonmeta l l i c  c o m p o u n d s  
(99, 161,170). However ,  also the opposi te  t ransformat ion  is 
observed  in several  mater ia ls  (170). For  pract ical  depth  
profi l ing s t ructura l  changes  are mostlY impor t an t  as far as 
they  affect the  d e v e l o p m e n t  of surface roughness .  
Chemical effects.---XPS and A E S  are me thods  that  al low 
the expe r imen t e r  to obtain  in format ion  on the  chemica l  
state of  the analyzed sample  via the  energy  shifts of  the  
emi t t ed  e lect rons  (297-299). Chemica l  in format ion  can also 
be obta ined  by ISS  (300), a l though to a m u c h  lesser  extent .  
Chemica l  react ions  are one of  the resul ts  of  ion bombard-  
m e n t  (170, 301, 303). As a consequence, the chemical infor- 
mation obtained from the sputtered surface by AES or XPS 
analysis during depth profiling does not necessarily al- 
ways reflect the chemical state of the sample interior be- 
fore it is exposed by sputtering. 

Ion bombardment can induce the formation of com- 
pounds from unmixed layers (303), ranging from inter- 
metallic compounds like AiPd~ to metal-semiconductor eu- 
tectic systems like Au-Ge (304). Silicide formation by ion 
beams has been studied most thoroughly (211,237,305-307) 
because of the importance of silicides for the metallization 
schemes of integrated circuits (308). Ion beam sputtering by 
Ar or Kr leads to reduction at the sample surface as has been 
documented extensively (72, 170). The resulting effect has 
been observed during "chemical depth profiling" in many 
instances.  Metal  ox ides  are reduced  to lower  ox ides  or  
metal ,  e.g., in Ti -oxide  films (i42, 309-311) TiOz is r educed  
to Ti203. Reduc t ion  is also obse rved  in ox ides  of  GaAs: 
As~O~ changes  to As203 and As203 to As (312,313) under  the  
inf luence of  the Ar  beam. 
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Besides energy shifts, changes in the chemical state lead 
also to changeso f  the line shape of XPS and AES spectra 
(314, 315). Because of this effect the customarily used peak 
to peak amplitude of the first derivative of AES spectra is 
not a reliable measure of the elemental concentration. The 
use of peak heights is preferable, but the best approach is to 
measure the total Auger current (area under the peak). This 
can be achieved by digital integration but also by a tailored 
modulation technique (TMT) (316, 317). 

Charging effects.--Charging of the sample surface of insu- 
lators due to the ion beam can have several detrimental con- 
sequences for the analysis during depth profiling. During 
AES or XPS analysis in combination with sputtering, 
charging leads to energy shifts of the emitted electrons, in 
SIMS to a shift and a broadening of the energy distribution 
of secondary ions that results in a change of overall trans- 
mission (318). If charging is uniform over the irradiated 
area, energy shifts can be compensated for by biasing the 
s ample  po ten t i a l  (319, 320). Cha rg ing  also causes  
electromigration of mobile ion species (321). A common 
problem is the migration of alkalis in SiO2 fi lms (319, 322, 
323). 

A variety of remedial measures have been tried to reduce 
surface charging. Since the effect depends crucially on the 
emission of secondary electrons, negative ion bombard- 
ment  has been used successfully in SIMS (324), often in 
combination with a conducting grid (321), diaphragm (325- 
328), or metal coating (114). The use of a neutral beam has 
already been discussed (136, 137). In many cases an electron 
flood gun is used to control surface charging during depth 
profiling by positive ion sputtering (318, 329-332). By care- 
fulty matching the ion and electron current density it is of- 
ten possible to eliminate charging effects. Figure 9 shows 
an example where the electromigration of  Na implanted 
into an SiO2 film on Si could be avoided with the help of 
charge neutralization by electron flooding. 
Surface transport.--Besides transport processes induced 
by ion bombardment  like collisional mixing and radiation- 
enhanced diffusion there are other processes which are not 
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always caused by the ion beam directly but which, in com- 
bination with sputtering, can give rise to distortions and ar- 
tifacts. Equil ibrium segregation can lead to effects very 
similar to preferential sputtering. Because of segregation, 
in many alloys the surface composition in thermal equilib- 
rium differs from the bulk composition (333, 334). Sput- 
tering changes this composition and a new dynamic equi- 
l i b r i um  b e t w e e n  p re fe ren t i a l  s p u t t e r i n g  and sur face  
segregation is established (335-338) that depends on the ra- 
tio of sputter rate and segregation rate, the second one be- 
ing a function of the sample temperature. Any change in 
this equilibrium leads to a change of surface concentrations 
and the corresponding signals during analysis. A drastic 
case is seen in Fig. 10 which shows the changes in the AES 
signals from an Ag-Cu alloy when the sputtering Ar beam is 
turned off and on again (337). The relativeincrease of the Ag 
signal during absence of sputtering is inversely propor- 
tional to the Ag bulk concentration, which implies a cover- 
age of the surface by about 1-2 atomic layers of Ag indepen- 
den t  of the bu lk  compos i t i on .  In many  cases  sur face  
enrichments due to equilibrium segregation are opposite 
those caused by preferential sputtering (339,340). However, 
it has been pointed out that with steady-state surface con- 
centration measurements  (e.g., AES) it is impossible to dis- 
tinguish between surface segregation and preferential 
sputtering (99). 

Defec t s  p r o d u c e d  by ion b o m b a r d m e n t  can lead to 
radiation-enhanced segregation (341,342). The redistribu- 
tion of solutes is driven by the flow of point defects toward 
sinks, away from the irradiation regions with high defect 
production rates. Lain et el. (343-345) included both prefer- 
ential sputtering and radiation-induced segregation (RIS) 
into a model for the change of surface composition during 
sputtering of dilute binary alloys. 

The role of surface diffusion on the improvement of 
depth resolution has been discussed previously. An exam- 
ple of how surface diffusion of a component adsorbed from 
the vacuum can affect Surface analysis is shown in Fig. 1 i. 
The surface of pure Si was analyzed in a CAMECA IMS 3F 
SIMS instrument with ion beams rastered over different 
areas at constant beam current. An area much larger than 
I00 x I00 #m had been presputtered in order to exclude sur- 
face contamination effects. The measured species Sill, K, 
and C all derive from adsorption from the vacuum. In case 
of K, surface migration is seen in addition. Whereas the C + 
and Sill + signals experience a sudden decrease after a re- 
duction of the ion beam area and remain low, the K + signal 
originally decreases but rises again to the original level. 

Summary of remedies.--Low energy, large angle of inci- 
dence, and high mass of the bombarding ions minimize 
atomic mixing effects, i.e., reduce broadening of concentra- 
tion gradients and the depth of the preferential sputtering 
transient. Negative ions, neutral beams, and electron 
flooding are used to control sample charging. A high sput- 
ter rate limits rate-dependent effects like segregation and 
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surface transport whereby the latter effect might be wel- 
come to reduce sputter-induced surface roughness. 

Effects Depending on Analysis Method.--Information 
depth.--One fundamental  limit to the depth resolution is 
given by the depth from which the signal originates. This 
depth varies from technique to technique. In ISS analysis 
ions are scattered only from the top monolayer of the 
sample  (45); in this  respect  the me thod  achieves  t h e  
maximally possible intrinsic depth resolution. In SIMS sec- 
ondary ions are emitted mostly from the first 3-4 atomic 
layers of the surface (51, 194, 251,270). This depth depends 
0nly weakly on the ion energy. Since other broadening ef- 
fects are usually dominant, this limit imposed onto the 
depth resolution is not of practical importance. 

In AES and XPS X, the escape depth of the electrons, de- 
pends on their energy and varies from less than 1 nm at 
~30-50 eV to 3-5 nm at higher energies and more than 30 nm 
at very low (~1 eV) energies (346-348). The signal at the sur- 
face is composed of contributions from layers at different 
depth (38, 349) 

IAi = f fo~C,(z) exp (-z/XM)dz 

Here IA~ is the Auger or photoelectron current, respec- 
tively, for a given line i of element A and CA is the elemental 
concentration as a function of depth z. The factorfcontains 
all other parameters like instrumental  transmission, excita- 
tion cross section, and electron current (photon flux). It is 
most conveniently determined from measurements on 
pure elemental standards. The concentration depth profile 
CA(z) is obtained by deconvolution of the intensity depth 
profile IA(z). In first order this deconvolution is given by 
the expression (107, 349, 350) 

The finite escape depth X causes a broadening and a 
shift to lesser depths of the true profile (14, 97, 102). Figure 
12 shows AES depth profiles of an Ni/Fe interface obtained 
from Auger lines of different electron energies. Besides 
showing the X-effect, the figure also demonstrates the 
broadening effect of collisional mixing at higher beam en- 
ergies. At ion energies of more than 2 keV the k-effect is al- 
ready dominated by atomic mixing. For a sharp interface 
the shift amounts to 0.7X and the broadening to 1.6X (14), the 
form of the pro file is an exponential function (82). Some au- 
thors (97) point out that the use of high energy lines with 
larger corresponding escape depths X is an advantage in 
locating the position of the interface. This is because the in- 
terface can be "observed" over a larger depth range and the 
exponential intensity function be fitted more reliably. A 
practical example of the h-effect is the AES depth profiling 
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of MOS structures where, without correction, the O signal 
was found to depend on the oxide thickness (350). 
Backscattering in AES.--In the above expression for IA~ the 
excitation flux density was assumed to be independent  of 
depth. This assumption is usually satisfied. However, be- 
cause of backscattering, the exciting electron flux density 
may depend on the composition of the sample well below 
the electron escape depth (351,352), especially if substrata 
and overlayer are very different in atomic number  Z (353). 
The backscattering effect is taken into account by introduc- 
tion of a backscattering correction factor 1 + rB which is in- 
cluded into the expression for IA~ (352, 354). 

During depth profiling through layers of very different 
atomic mass, backscattering can lead to transients as well 
as to a loss of lateral resolution in SAM. An example of a 
transient due to backscattering is given in Fig. 13 that 
shows an AES depth profile through a Ta~OJTa interface. 
The profile shape can be well approximated by model cal- 
culations. This latter fact demonstrates the increasingly so- 
phisticated quantification procedures for AES depth pro- 
filing. These procedures progressed in steps: (i) sensitivity 
factors (86, 228); (ii) preferential sputter correction factor 
(86, 228, 229); (iii) models for X-effect (14, 85,280, 349); and 
(iv) depth broadening models for preferential sputter tran- 
sients and atomic mixing [see Ref. (227,232,251) and refer- 
ences cited in the relevant sections]. 
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Fig. 13. AES sputter depth profile (5 key Ar + ions) of a Ta2OJTa inter- 
face. Plotted is the O(510 eV) intensity vs. depth assumed to be propor- 
tional to sputter time. Calculated profile obtained with X = 1.29 nm, 
(1 + rTa)/(1 + rT~o~) = 1.3, a sputter broadening ~z = 7 nm, and a step 
approximation by layers of 2.5 nm thickness. From Ref, (81). 
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Matrix effect.--All analysis methods are afflicted with ma- 
trix effects of different origins and magnitude. These can 
contribute to distortions of depth profiles in various ways 
when the composit ion of the sample changes, especially 
during profiling of interfaces. In AES analysis,  back- 
scattering is a particular example  of the matrix effect. Also 
mention has already been made of peak shifts and line 
shape changes in AES and XPS at the transition between 
different layers (e.g., SiOjSi)  which can lead to artifacts if  
the proper corrections are not made (316, 317). 

Matrix effects are particularly complicated in SIMS anal- 
ysis where the ion yield of a given element  depends, often 
strongly, on the chemical composition of the sample. Cor- 
rection procedures for matrix effects are the central aim of 
quantification in SIMS analysis (112, 355). One tradition- 
ally distinguishes between matrix effects proper (355-357) 
and the "chemical  effect" which is the enhancement  of the 
secondary yield of positive or negative ions due to the pres- 
ence of reactive species like N, O, or Cs, respectively (114, 
358). Deline et aI. (116, 117) have shown that a certain part of 
the first effect can be reduced to the second one because of 
the dependence of the concentration of the implanted pri- 
mary  b e a m  spec ies  on the spu t t e r  e ros ion  ra te  of  the  
sample. 

The affinity of different elements for oxygen can lead to 
strong chemical effects during depth profiling of heteroge- 
neous layers. A series of SIMS depth profiles of metal 
films deposited on semiconductor substrates measured 
with oxygen bombardment  shows very different features 
(Fig. 14). The profile of Mo on Si behaves more or less as 
expected, the initial rise reflects the effect of the increasing 
concentration of  implanted O. The depth profile of  Au on 
Si looks entirely different. First there is no effect due to the 
O implantation, the Au § signal is constant throughout  the 
Au film. As soon as the Si substrate is reached, however, 
the Au + signal increases by more than an order of magni- 
tude before it starts to decay. The Au profile displays the 
same features when O backfilling is used, the Au + increase 
being even more pronounced. This dramatic increase is due 
to the fact that O adheres strongly to Si but not to Au, so that 
the chemical effect of the increased O concentration is ex- 
perienced only in the Si layer. A film of Au on GaAs, on the 
other hand, does not show any increase of the Au + signal at 
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Fig. 14. SIMS depth profiles of Mo and Au layers on Si and GQAs sub- 
strates. Primary 02 + beam of 5.5 keV energy, (a) 40 nm Mo on Si, (b) 54 
nm Au on Si, profiles with and without O backfilling, (c) 54 nm Au on 
GaAs. 

the interface reflecting the much smaller sticking coeffi- 
cient of O to GaAs. The often-advocated control of surface 
chemistry by chemical sputtering or backfilling is in the 
case of Au not sufficient to avoid artifacts because of the 
chemical effect. A common feature of all profiles in Fig. 14 
is the exponential  falloff with depth of the metal signal in- 
side the semiconductor  substrate due to atomic mixing. 
The characteristic length of this decay depends on the rela- 
tive sput ter  yields of the elements involved (see the section 
on preferential sputtering). 

These examples show that the many different possible ar- 
tifacts p l ag~ng  SIMS depth profiling make this method 
often less than ideal for probing heterogeneous structures. 
Sample consumption, detection limits.--If the sputtered 
atoms are analyzed, a certain sample volume must  be con- 
sumed so that a statistically meaningful signal (e.g., a cer- 
tain number  of counted ions) can be obtained. This require- 
ment  places a limitation on the depth resolution which is 
expressed by the relation (88, 133) 

hz = 1.6 x IO-2~n/ATTC 

which gives the depth interval Az from which a total num- 
ber o fn  ions is detected i fA is the analyzed area, 7 the ioni- 
zation yield, T the overall instrumental transmission, and C 
the concentration of the element in question. From this 
equation the detection limit Cmin. can be obtained. There ex- 
ists an exclusive relationship between depth resolution, lat- 
eral resolution, and detection limit. To quote a detection 
limit is thus, strictly speaking, onty meaningful  in the con- 
text of a given set of instrumental and measurement  condi- 
tions (3). For a given noise level of the detection system an 
increase of the erosion rate improves the S/N ratio, how- 
ever, such a demand could run counter to the requirement  
for the reduction of the erosion rate in order to minimize 
beam heating effects. In some circumstances the best one 
can do is to find a good compromise. 

Electron beam effects in AES.--One of the complications ex- 
perienced in AES analysis is electron-stimulated desorp- 
tion (ESD) (337). The electron beam leads to dissociation or 
decomposition and subsequent desorption of the sample, 
particularly of halides (359, 360) and of oxides (76, 142, 310, 
361). Of interest is the electron-induced reduction effect in 
SiO~ during the AES depth profiling of MOS structures 
(362-365). As can be seen in Fig. 15, the desorption of O and 
the production of reduced Si depends on the stoichiometry 
ef  the Si oxide. Electron beam irradiation can, on the other 
hand, enhance the oxidation of surfaces from the back- 
ground gas (366, 367), or lead to the adsorption of other spe- 
cies like carbon (142). An increase of the ion sputter rate has 
been observed in the electron beam bombarded area (310, 
363). 
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Fig. 15. The effect of electron stimulated desorption on the OKLL and 
SiLvv lines from SiO2 and SiO~ (x = i .4).  The normalized peak to peak 
height amplitudes are plotted as a function of irradiation time for a beam 
flax larger than 2 • 10 I7 electrons/cm2/sec. The desorption effect in- 
creases with decreasing stoichiometry factor x. From Ref. (364). 
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Electron beam induced di f fus ion.- -Electron b e a m  i n d u c e d  
d i f fus ion  is m a i n l y  r e l a t ed  to b e a m  h e a t i n g  (226, 368). 
C h a r g i n g  of  i n s u l a t o r s  c an  be  a se r ious  p r o b l e m  espec ia l ly  
i f  t he  s e c o n d a r y  e l ec t ron  e m i s s i o n  coeff ic ient  is sma l l e r  
t h a n  one. Th i s  r e su l t s  in a b u i l d u p  of  nega t ive  c h a r g e  w h i c h  
c a n n o t  be  c o m p e n s a t e d  (38). 

Depth ResoLution 
I t  has  b e e n  s een  t h a t  t h e r e  are m a n y  fac tors  t h a t  r e su l t  in  a 

b r o a d e n i n g  of  the  or ig ina l  c o n c e n t r a t i o n  profi le  d u r i n g  the  
m e a s u r e m e n t .  All  t h e s e  d i f fe ren t  c o n t r i b u t i o n s  can  be  com-  
b i n e d  in to  a s ingle  d e p t h  b r o a d e n i n g  (14, 83,281,369,  370) 

~z = ~ ~ (~z~) ~ 
i 

Of interest is the magnitude and depth dependence of the 
different contributions Az~. 

The broadening Az is best determined by measuring the 
width of the depth profile of a sharp interface. There are 
different definitions of this width to be found in the litera- 
ture (81,244): 

1./z(0.1-0.9), t he  d e p t h  for the  s ignal  to dec rea se  f rom 90 
to 10%. 

2. /z(0.16-0.84). Th i s  def in i t ion  a s s u m e s  t he  in te r face  
profi le  s h a p e  to b e  an  e r ror  f unc t i on  (83, 85, 280, 371), for 
w h i c h  Az(0.16-0.84) = 2o-. 

3. • = I/S, t h e  i nve r s e  m a x i m u m  s lope  of  t he  profi le  
(244). 

4 . / z ( F W H M ) ,  t he  full  w i d t h  at  ha l f  m a x i m u m  of t he  reso- 
lu t ion  f u n c t i o n  g(z - ~) w h i c h  re la tes  the  m e a s u r e d  profi le  
I(z) to the  t r ue  one  (118) 

I (z)=/~+~C(~)g(z-~)d~ 

For  a s tep f u n c t i o n  of  the  c o n c e n t r a t i o n  C t he  r e s o l u t i o n  
f u n c t i o n  is t he  de r iva t ive  of the  in te r face  profile,  for an  er- 
ror  f u n c t i o n  th i s  de r iva t ive  is Gauss i an .  

The  a s s u m p t i o n  t h a t  t he  in te r face  profi le  is b e s t  repre-  
s e n t e d  by  an  e r ro r  f u n c t i o n  is no t  a lways  a good  one.  M a n y  
m e a s u r e m e n t s  s h o w  the  profi le  to b e ' a s y m m e t r i c  (97, 102, 
107). Th i s  a s y m m e t r y  can  be  c a u s e d  by  d i f f e ren t  factors:  (i) 
d i f f e ren t  s p u t t e r  ra tes  of  t he  two layers,  (ii) t h e  k-effect  for  
A E S  d e p t h  profi l ing,  a n d  (iii) a tomic  m i x i n g  (102,240,255) 
(see Fig. 7 a n d  14). F o r  a s y m m e t r i c  prof i les  t h e  u se  of  t h e  
50% p o i n t  t e n d s  to u n d e r e s t i m a t e  fi lm t h i c k n e s s e s  mea-  
s u r e d  by  s p u t t e r i n g  t h r o u g h  the  in terface .  

Seah  a n d  Lea  (179) h a v e  de r ived  t he  b r o a d e n i n g  f rom 
d e p t h  profi les  of m u l t i l a y e r  s a n d w i c h  s a m p l e s  by  u s i n g  
t h e  e n v e l o p e  s h a p e  of  t he  s igna ls  m e a s u r e d  in i n d i v i d u a l  
layers.  

A var ie ty  of  l aye red  s am p l e s  h a v e  b e e n  u s e d  for  hz mea-  
s u r e m e n t s :  e v a p o r a t e d  films of  m e t a l s  a n d  s e m i c o n d u c t -  
ors, ep i t ax ia l  he te ro j  u n c t i o n s  a n d  supe r l a t t i ce s  of  s emicon-  
d u c t o r s  and  garne ts ,  and  ox ide  layers ,  m o s t l y  p r o d u c e d  b y  
anod iza t ion ,  on  m e t a l s  a n d  s e m i c o n d u c t o r s .  Tab le  I I I  gives 
a su rvey  of  d e p t h  r e so lu t ion  m e a s u r e m e n t s  p e r f o r m e d  by  
d i f f e ren t  t e c h n i q u e s  a n d  u n d e r  d i f f e ren t  e x p e r i m e n t a l  
cond i t ions .  

T h e  c o n t r i b u t i o n s  to hz c a u s e d  by  d i f fe ren t  m e c h a n i s m s  
s h o w  d i f fe ren t  d e p t h  d e p e n d e n c e s :  

Az/z  = c o n s t a n t :  edge  effects,  i n h o m o g e n e o u s  b e a m  cur-  
r e n t  dens i ty ,  m a c r o r o u g h n e s s  

hz / z  ~ z - ' h  s ta t i s t ica l  s p u t t e r  r e m o v a l  (SLS) 
hz / z  ~ z-J: p re f e r en t i a l  spu t t e r ing ,  a tomic  mix ing ,  infor-  

m a t i o n  dep th ,  e n h a n c e d  dif fusion,  sur face  t r a n s p o r t  
Hon ig  a n d  Magee  (284) h a v e  c o m p i l e d  a large  n u m b e r  of  

hz / z  vs. z m e a s u r e m e n t s  t ha t  s h o w  t h a t  in  severa l  cases  AZ/Z 
falls off as 1/z. The  m a g n i t u d e  of the  c o n s t a n t  in  th i s  1/z t e r m  
is m a i n l y  g iven  b y  t he  a tomic  m i x i n g  d e p t h  a n d  is t h u s  a 
f u n c t i o n  of  t he  b e a m  e n e r g y  a n d  ang le  of  inc idence .  Th i s  
c o n s t a n t  d e t e r m i n e s  at  w h a t  d e p t h  the  t e r m  i z / z  = c o n s t a n t  
will  b e g i n  to d o m i n a t e .  U n d e r  a p p r o p r i a t e l y  c h o s e n  condi-  
t ions ,  t he  a t o m i c  m i x i n g  d e p t h  can  be  m a d e  smal l e r  t h a n  1 
n m  (131); t he  p rac t i ca l  l i m i t  to  t he  d e p t h  r e s o l u t i o n  pres-  
en t ly  s eems  to c o m e  f rom i n s t r u m e n t a l  fac tors  (nonun i -  
f o rm  b e a m  erosion).  

Table III. Measurements of depth resolution 

Energy 
Material Method Ion (keV) Reference 

Ni/Cr sandwiches AES Ar + 1.0 (103, 180, 280) 
Mo/W AES Ar + 0.2-0.5 (372) 
Ni/Cu, Nb/Ge, AES Ar § 2.0 (183) 

CtYNb, Mo/Ge 
Co/Mo, Ni]Mo AES Ar + ? (373) 
Ni]Cu, Au/Cu, GDMS Ar § 0.1 (58) 

CtYSi02, Co/SiO2 
Cu/Ni, Au]Ag/Au AES Ar + 1.0 (118) 
Au/Ni AES Ar § 0.5-2.0 (185) 
Cu/Ni SIMS Ar +, N2 + 11.0 (167) 
V/Ti sandwiches SIMS Ar +, N2 + 11.0 (96) 
AulSi AES Ar + 2.0, 2.7 (374) 
Si/C AES, x-ray Ar + 0.5-5.0 (97) 
Ge/Si AES, x-ray He +, Ne + 0.5-5.0 (102, 107) 

Ar +, Kr + 
Xe + 

Ga,_xAl~As-GaAs AES Ar + 1.5 (375) 
superlattice 

Ta2OJTa, NbO/Nb 
Ta2OJTa 
Ta~OJTa 
Ta20.JTa 
Ta20.~/Ta 
Ta~OJTa, AI~OJA1 

TiOJTi 
Ta2OJTa, SiOJSi 
SiOJSi 

SiOJSi 
Y-garnet 
Gd-garnet 
N implanted into Co 
D, H implanted into 

~-Si 

SNMS Ar + 0.4 (54) 
SNMS Ar + 0.1-0.6 (55, 376) 
SIMS Cs + 3.0 (296) 
SIMS Ar + 3-12 (247) 
SIMS Ar + 5.0 (129) 
AES Ar + 0.5 (309) 

SIMS Ar + 2.0 (377) 
AES Ne +, Ar + 0.5-5.0 (246) 

Xe + 
AES Ar + 1.0 (364, 369, 378) 

SIMS Ar + 12.0 (128) 
SIMS O- 15.0 (325) 
AES Ar + 1.0 (379) 

SIMS Ar § 5.0 (380) 

A p p l i c a t i o n s  

This  s e c o n d  pa r t  p rov ides  a su rvey  of  s p u t t e r  d e p t h  
prof i l ing  m e a s u r e m e n t s  in  m i c r o e l e c t r o n i c  s t ruc tu res .  A 
de ta i l ed  d i s c u s s i o n  of  all m e a s u r e m e n t s  is i m p o s s i b l e  
w i t h i n  t he  f r a m e w o r k  of  th is  paper ,  b u t  a t t e n t i o n  is g iven  to 
a n u m b e r  of  cha rac t e r i s t i c  p r o b l e m s .  T h e  es sen t i a l  ques -  
t ion  a d d r e s s e d  is t he  m e a s u r e m e n t  of  e l e m e n t a l  d i s t r ibu-  
t i ons  in  subs t ra t e s ,  films, a n d  in ter faces .  The  first  sec t ion  
dea l s  w i th  d o p a n t s  a n d  i m p u r i t i e s  in  s e m i c o n d u c t o r s .  The  
s e c o n d  sec t ion  is d e v o t e d  to m e a s u r e m e n t s  of  i n s u l a t i n g  
f i lms i n c l u d i n g  t h e  s t u d y  of  t he  i n s u l a t o r / s e m i c o n d u c t o r  
a n d  i n su l a to r /me t a l  in terface.  The  t h i r d  sec t ion  is con-  
c e r n e d  w i th  m e a s u r e m e n t s  of  m e t a l  films, t he  meta l / semi -  
conduc to r ,  a n d  me ta l /me ta l  in terface .  

Dopant and Impurity Distributions in Semiconductors 

In  o rde r  to be  ab le  to con t ro l  d o p i n g  prof i les  in  semicon-  
d u c t o r  devices ,  i t  is e s sen t i a l  to u n d e r s t a n d  the  fac tors  t h a t  
af fec t  t he  d e p t h  d i s t r i b u t i o n  of d o p a n t  e l emen t s .  Th i s  in- 
c ludes  d o p a n t s  c o n t a i n e d  in t he  s u b s t r a t e  or i n t r o d u c e d  b y  
ion  i m p l a n t a t i o n  a n d  d i f fus ion  f r o m  the  sur face  or a d d e d  
d u r i n g  ep i t ax ia l  g rowth .  The  i n f o r m a t i o n  sought ,  w h i c h  
fo rms  the  i m p u t  for  p roce s s  m o d e l i n g  p r o g r a m s  (381, 382), 
is t he  or ig ina l  d e p t h  d i s t r i b u t i o n  of  i m p l a n t s  a n d  t he  diffu- 
s ive r e d i s t r i b u t i o n  a n d  e lec t r ica l  a c t i va t i on  d u r i n g  annea l :  
ing. I t  is s o m e t i m e s  equa l ly  i m p o r t a n t  to  k n o w  t h e  concen -  
t r a t i on  a n d  d i s t r i b u t i o n  of  u n w a n t e d  i m p u r i t i e s  i n t r o d u c e d  
d u r i n g  c rys ta l  g r o w t h  or in  s u b s e q u e n t  p r o c e s s i n g  steps,  
w h o s e  p r e s e n c e  or a b s e n c e  m i g h t  be  dec i s ive  for t he  func-  
t i on ing  of  a g iven  e lec t ron ic  device.  

The  m e a s u r e m e n t  of  d o p a n t  a n d  i m p u r i t y  d i s t r i b u t i o n s  
b y  s p u t t e r  d e p t h  prof i l ing  is a l m o s t  exc lus ive ly  the  do- 
m a i n  of S IMS (50, 75, 383). T h e r e  are  on ly  ve ry  few excep-  
t ions  w h e r e  i m p l a n t a t i o n  profi les  h a v e  b e e n  m e a s u r e d  b y  
A E S  (384-386), IXE (67), G D O S  (65), or S C A N I I R  (61, 62, 
387). The  r e a s o n  is t he  b y  far supe r io r  sens i t iv i ty  of  SIMS.  
Whereas  for  the  o the r  e x a m p l e s  g iven  e l e m e n t a l  d e t e c t i o n  
l imi t s  lie in  the  c o n c e n t r a t i o n  r ange  of  10's-10 ~9 a t o m s / c m  ~, 
t he  d e t e c t i o n  l i m i t s  of  S IMS can  be  as low as 5 • 10 a3 
a t o m s / c m  3 in  ce r t a in  cases. I t  h a s  a l r eady  b e e n  p o i n t e d  ou t  
t h a t  d e t e c t i o n  l imi t s  d u r i n g  d e p t h  prof i l ing  d e p e n d  on  t h e  
la tera l  and  d e p t h  reso lu t ion .  The  capab i l i t y  of  a m o d e r n  
SIMS i n s t r u m e n t  in  th i s  r e spec t  is d e m o n s t r a t e d  in Fig. 16 
w h i c h  s h o w s  a B - d e p t h  profi le  f rom an  area  of  on ly  I ~ m  in  
d iamete r .  The  r e a s o n  for the  e x t r e m e l y  h i g h  sens i t iv i ty  
a c h i e v e d  in t h i s  m e a s u r e m e n t  is t he  v a l u e  for  t h e  t r a n s m i s -  
s ion T w h i c h  is m u c h  la rger  t h a n  t h a t  of m o s t  o the r  ins t ru -  
m e n t s  (388). 
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Fig. 16. SIMS depth profile of 10 's atoms/cm 2 ;~ implanted into Si at 
100 keV energy measured in a CAMECA IMS 3F. The seconda, ry ion sig- 
nal is collected from an area of 1 /~m diam (7.85 • 10 -9 cm ~) on the 
sample surface, selected by a diaphragm in the secondary beam. Each 
value in the depth profile is obtained from a layer of 18 nm depth. The 
concentration limit of 10 -16 atoms/cm 3 represents 1.4 counts :rom the 
corresponding volume of 1.4 • 10 -14 cm 3. Under the experimental con- 
ditions of this measurement yT, the product of the ionization probability 
of B and the instrument transmission is 8.3 • 10 -~. 

In most applications depth distributions are measured in 
much larger areas. Under  such conditions, detection limits 
are usually not determined by the depth and lateral resolu- 
tion but by other factors like the background from the vac- 
uum, interferences, beam impurities, memory effects, etc. 
Only in this case detection limits for depth profiling with 
high depth resolution are the same as those for bulk analy- 
sis, although experimenters quoting detection limits are 
not always careful to make this distinction. Table IV is a 
compilation of SIMS detection limits of various elements in 
Si and GaAs. Different instrumental designs are used to 
deal with the problem of interferences. Two typical exam- 
ples are the measurement  of P in Si (interference of 3~ 
and As in Si (interference of 29Si3~ The background 
from these interferences can be either reduced by working 
in a UHV of 10 -'~ Torr (129, 138, 398) and using Cs + bom- 
bardment  detecting P -  or AsSi-  ions or by employing high 
mass resolution or energy filtering, respectively, (34, 50) in 
an instrument which offers these capabilities (130). 

SIMS measurements in silicon.--In the past Si has been 
the most widely investigated semiconductor. While there 
are almost no SIMS depth profiling measurements  in Ge 
(399), SIMS measurements  in Si include studies of the dis- 
tribution of the most common impurities C and O (400,401), 
studies of the diffusion of H, C, N, and O in a-Si (150, 390, 
402), diffusion measurements of Ga (403), P (404), or Si (405) 

Table IV. Sims detection limits of impurities in semiconductors 

Detected Detection 
species limit 

Matrix Element Ion beam atoms/cm 3) Reference 

Si 

GaAs 

H H- Cs + 
C C- Cs + 
N SiN- Cs + 
O O- Cs + 
B B + 02 + 
p p -  Cs + 
p P+ 02 + 

As AsSi-  Cs + 
As As + 02 + 
O O- Cs + 
Si Si + 02 + 
S S- Cs + 
Cr Cr + O~ + 
Mn Mn + O~ + 
Fe Fe * 0 z + 
Zn Zn + O~ + 
Se Se- Cs + 
Te Te- Cs* 

5 >< 1017 (389) 
8 X 10 I~ (390) 

1017 (390) 
6 X I0 TM (390) 

10 '4 (391) 
5 x 101~ (151, 50) 
5 x 1015 (34) 
3 x 1015 (392) 
2 x 10 TM (34) 
5 x I01~ (393) 
3 x i0 Is (394) 

1015 (395) 
5 x i0 L3 (396) 
4 x I0 ~3 (383) 
5 x 101. (397) 

l0 is (138) 
3 x 1O TM (395) 
2 x 1013 (394) 

introduced from the surface, segregation studies of C, P, 
and Fe in laser-annealed Si (406), the study of the solid 
phase epitaxial growth (SPEG) of ~-Si (407), and measure- 
ments of the gettering of O upon annealing into damage re- 
gions produced by mechanical abrasion (408). Most impor- 
tant are, however, the measurements  of implantation 
profiles from which many different kinds of information 
can be obtained [for a more detailed discussion see Ref. 
(75)]. 

The measurement  of implanted range distributions 
serves for the determination of the electronic (389,409-412) 
or nuclear (413,414) stopping power. These as well as the 
more phenomenological  range moments  provide the data 
for improvements  of existing range theories [ see, e.g., Ref 
(415) and references there]. Range data are complemented 
by channeling measurements  (409,412,416, 417). Important  
also is the study of recoil implantation (264,265,267-269). In 
many cases dopants like P or As are implanted into Si 
through films of SiO2 or Si3N4. The resulting recoil implan- 
tation of O or N can have far-reaching consequences for the 
redistribution of dopants during subsequent  annealing. 

Many factors govern the redistribution of implants and/or 
of other dopants present during the annealing step: crystal 
damage caused by the implantation and its annealing (418, 
419), amorphization and recrystallization (420-422), dopant 
precipitation (417), and/or clustering (34), as well as the 
presence of other impurities (421,423, 424). On the basis of 
careful SIMS measurements,  often in combination with 
electrical measurements,  it is possible to disentangle some 
of the complex processes taking place during annealing 
(417) and to improve on diffusion models for process simu- 
lation (382, 425). 

A n o t h e r  e x a m p l e  is the  s tudy  of the  s e g r e g a t i o n  of  
dopants and impurities during oxidation (426), annealing 
under encapsulation (427), or during recrystallization of the 
melt zone produced by laser annealing (406). Laser anneal- 
ing of ion-implanted semiconductors (428) has become in- 
creasingly popular. Q-switched lasers cause surface melt- 
ing with subsequent  perfect recrystallization (429) leading 
to electrical activation but also to some diffusive redistribu- 
tion of the dopant. Annealing by CW laser occurs without 
melting and achieves essentially complete electrical activa- 
tion without any diffusion (430). SIMS depth profiles have 
been measured of B (420, 431-434), C, and O (401), P (433, 
434), and As (434, 435) implants in Si after pulsed laser an- 
nealing as well as B and As in Si after CW laser annealing 
(430, 436-438). 

SIMS measurements in GaAs.--In recent years increased 
attention has been focused on ion implantation in III-V 
compounds (439) and specifically in GaAs (440). This is 
reflected by the large number  of SIMS depth profiling 
measurements  performed in this semiconductor.  Table V 
gives a survey of measurements of implants in GaAs. 

For dopants like Be or Se original implant distributions 
and annealing distributions have been studied. The exam- 
ple of Se demonstrates the complexity of diffusion pro- 
cesses in GaAs. Se is implanted into GaAs in order to create 
shallow n-type layers for active regions in microwave 
Schottky-gate FET's. During Se implantation radiation- 
enhanced diffusion is observed leading to implantation dis- 
tributions which are different for different implantation 
temperatures (395, 461). In contrast to Si, GaAs does not be- 
come amorphous during implantation at room tempera- 
ture. Radiation damage anneals during implantation at ele- 
va ted  t e m p e r a t u r e s  fac i l i t a t ing  d i f fus ion  of  Se. 
Redistribution during annealing involves also the anneal- 
ing of defects produced by the implantation (460). The re- 
sults of a series of experiments which combine electrical 
with SIMS measurements  (395, 460-463) are the basis of a 
model  (462) according to which there are at least four chem- 
ically different species of Se in GaAs: (i) interstitial Se, (ii) 
substitutional Se, (iii) Se complexed with a Ga vacancy, 
and (iv) precipitated Se: Only substitutional Se is a donor 
whereas only complexes of Se and Ga vacancies can diffuse 
through the GaAs lattice. 

In many cases the diffusive redistribution of implanted 
dopants cannot, by itself, explain the observed electrical 
beha~cior of implanted and annealed GaAs. The reason is to 
he found in the migratory behavior of compensating impu- 
rities. The implantation of inactive ions like H, B, and As 
into Cr-doped GaAs causes the formation of depletion 
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Table V. SIMS measurements of implantation profiles in GaAs 

Implanted Information sought by 
element measurement Reference 

Be 

B 

C, Ge, Sn 
O 
Si 

Cr 

Se 

Zn 
Te 

Implanted ranges (441) 
Redistribution during annealing (411,442, 443) 
Implanted ranges (444) 
Redistribution during annealing (444-446) 
Redistribution of Cr during annealing (447-449) 

(capped and capless), gettering 
Amphoteric dopant behavior (450) 
Redistribution of Cr during annealing (393) 
Implanted ranges (151, 451-453) 
Channeled range distribution (394) 
Redistribution during annealing (453, 454) 
Amphoteric dopant behavior (450) 
Redistribution of Cr during annealing (452, 453) 
Implanted ranges (151,441, 453) 
Ranges as function of implantation (395) 

temperature 
Channeled range distribution 
Redistribution during annealing 
Distribution of Cr 

(394, 395) 
(395, 441,453) 

(455) 
Redistribution of Cr during annealing (453, 455, 456) 
Implanted ranges (427, 457, 458) 
Redistribution during annealing (427, 456-459) 
Implanted ranges (460) 
Ranges as function of (395, 461) 

implantation temperature 
Channeled range distribution (394, 395) 
Redistribution during annealing (395, 460, 462) 
Solid solubility limits (463) 
Redistribution of Cr during annealing (302,464,465) 
Redistribution of Cr during annealing (302) 
Channeled range distribution (394) 

zones in the electrical density profiles after annealing (445, 
449). Similarly, p-type conduction layers ("surface conver- 
sion") are formed in Cr-doped substrates without implanta- 
tion after annealing under  Si3N4 encapsulation (466, 467). 

A large number  of SIMS depth profiling measurements 
has been performed to study the diffusive behavior of Cr, 
but  also Mn and Fe, in doped substrates (396, 464, 468-473), 
in doped epitaxial layers (45, 397, 474, 475) and in samples 
implanted with Cr but also many other ions (see Table V). 
These measurements were performed after annealing un- 
der different conditions (capped and capless). 

The picture which emerges from these studies is the fol- 
lowing: Cr in GaAs is a very mobile impurity whose redistri- 
bution during annealing is governed by several factors. 

1. In the presence of an implant the Cr distribution during 
low temperature (<800~ annealing depends on the dam- 
age produced by the implant  (455, 456,464, 465). Parameters 
which play. a role are the fluence of the implant  (448, 449, 
456) and the Cr background concentration (455). Gettering 
of Cr occurs in several regions of residual damage which are 
successively emptied during annealing at increasing tem- 
peratures. 

2. At higher temperatures (>800~ Cr accumulates at the 
GaAs/encapsulant interface if annealing takes place under  
an encapsulating film of SigN4 (427, 447,466, 469), SiO2 (455, 
456, 471), or SiO2/Si3N4 (464, 465, 476). Cr depletion in a near- 
surface zone produces a conducting layer. Gettering of Cr 
occurs due to the encapsulation stress during annealing. 
Outdiffusion of Cr can be minimized by capless CAT (con- 
trolled atmosphere technique) annealing in an HJAsH3 or 
HJAs4 atmosphere where the As partial pressure can be ad- 
justed (470, 471). 

3. Cr gettering can occur because of back-surface damage 
caused by mechanical abrasion (468, 472). Pregettering of 
substrates reduces Cr diffusion into VPE layers during 
epitaxial growth (474). 

4. Cr can be trapped by other impurities like O as was 
shown by implanting O into Cr-doped substrates (393). 

Because of this complicated behavior of Cr it is not al- 
ways simple to use Cr-doped semi-insulating substrates for 
FET or other IC structures. 

Besides SIMS measurements in GaAs there are only a 
few studies in other III-V or II-VI semiconductors: implan- 
tation profile measurements of H (477), Be (478, 479), or Si 
(478) in InP, of Be in GaAsxP,_~ (480), or of diffusion studies 
of Sn in SnTe (481) and PbSe (482) and of Te in SnTe (483). 

Heterojunctions and supertattices.--Heterojunctions 
play an important role for opto-electronic devices. Sputter 
depth profiling has been applied to the measurement of the 
transition width and to the study of the distribution of 
contaminants.  For interface width measurements a high 

sensitivity is not required. As a consequence, most mea- 
surements of this type have used AES depth profiling. The 
AES depth profiles of a GaAs-Gal ~AlxAs superlattice by 
Ludeke et al. (375) are a beautiful demonstration of the 
depth resolution which can be achieved by this method. 
The interface widths of GaAs-Gaj_~AlxAs heterojunctions 
grown by different epitaxial techniques, VPE (vapor phase 
epitaxy), LPE (liquid phase epitaxy), and MBE (molecular 
beam epitaxy), have been measured and compared (245, 
484-486). The narrowest interface (1.3 nm) is obtained by the 
MBE method (245). 

SIMS depth profiling of heterojunctions has been used 
in cases where the distribution of dopants and impurities 
between the layers was sought (484, 487). Figure 17 shows 
an example  of a SIMS depth  profile t h rough  GaAs- 
Ga~_xAlxAs sandwich layers in an experimental study of the 
redistribution of Te and Cr during epitaxial growth by 
MBE. 

Measurements of the interface width by AES depth 
profi l ing have also been  pe r fo rmed  in InAs: 
InAs=SbuP~_x_, superlattices (488) and InP-In=Ga~_~AsyP~_u 
h e t e r o j u n c t i o n s  (166). The in te r face  of the PbS-S i  
heterojunction has been investigated with respect to the 
presence of contaminants  (489, 490). In the structure GaP- 
In~Ga,_~P-GaAs the LPE-grown In~Ga~_~P buffer layer 
was studied for its chemical composition by SIMS and AES 
profiling (491). 

AES depth profiles were also measured in Cu~_~S-Cds 
(492,493) and in CuInSe~-CdS and CuInS2-CdS (494) junc- 
tions. Studied was the inteI:diffusion of Cu and Cd between 
the layers and its influence on device stability. 

Insulating Films 

Insulating films fulfill a large variety of funct ions. in  
semiconductor devices: as protective films, doping masks, 
d ie lect r ic  layers  in MIS, MOS, or MNOS s t ruc tures ,  
encapsulants during annealing, or as diffusion and reaction 
barriers. There are many properties of insulating films 
which determine electrical and mechanical device per- 
formance. The chemical composition of the films is impor- 
tant as is the detailed chemical and morphological struc- 
ture and the width of the interface between insulator and 
semiconductor or metal, respectively. Significant also is 
the distribution of dopants or impurities in the film. The 
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Fig. 17. SIMS depth profiles of Cr and AI in a three-layer structure of 
GaAs grown by MBE. The layers consist of 1.5/~m undoped GoAs, 1, on 
the Te-doped substrate (S); 0.6/~m Cr-doped GaAs, 2; and a 1.5/~m 
undoped film, 3, on top. In order to study the Cr segregation and redistri- 
bution during the growth, Ga0.TAI0.3As layers of 3 nm thickness were in- 
troduced every 0.2/~m of growth. The arrows indicate when the Cr cell 
shutter was turned on and off, respectively. From Ref. (487). 
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interdiffusion between different layers sometimes leads to 
device failure (e.g., diffusion barrier breakdown). 

Sputter depth profiling is one of the major tools for stud- 
ying these properties, especially in conjunction with AES 
and XPS analysis which can provide information about the 
chemical binding of different elements (297, 299). Figure 18 
shows an example of "chemical depth profiling" by XPS. 
It displays the XPS spectra of Ga and P during sputtering 
through an oxide/GaP interface. Although the warnings in 
the section principles of sputter depth profiling about the 
poss ib i l i ty  of  c h e m i c a l  changes  by Ar b o m b a r d m e n t  
should be heeded, chemical  depth profiling has been suc- 
cessfully applied to many different cases (Table VI). Most of 
these examples are concerned with the oxide/semicon- 
ductor interface, but there are also other interesting cases. 
It has, e.g., been possible to distinguish between the oxide 
of GaP and O-implanted GaP (298). 

The Si02/Si interface.--The SiO2/Si interface has been 
most extensively studied (525). Depth profiling has helped 
in gaining an understanding of the oxidation mechanism 
and has provided information on the interface structure 
and composition for different oxidation methods and con- 
ditions. 

The width of the interface has been measured mainly by 
AES depth  profiling (182, 317, 364, 365, 369, 370, 378, 496, 
526, 527). Since the SiOJSi interface is very sharp, these 
measurements  have taxed the depth resolution of the anal- 
ysis method (364, 369). High resolution (2A) TEM and RBS 
channeling indicate that this interface is atomically sharp. 

Other studies have been concerned with the segregation 
of dopants during oxidation. It has been shown that B mi- 
grates into the oxide layer (495, 532, 533), where as P (531) 
and As (534) are pushed out of the oxide and pile up at the 
interface. Other impurities like alkalis are similarly found 
to be preferentially concentrated at the interface (319, 526). 
Because of the required sensitivity most mea'surements of 
impurity distributions were made by SIMS (329, 526, 
535-537) which was also used to study the distribution of D 
af te r  we t  o x i d a t i o n  (538) or af ter  a n n e a l i n g  in a 
D-atmosphere (539): the presence of H at the interface 
crucially affects its electronic properties in Si field-effect 
devices. 

Besides SiOJSi, the Si3NJSiO2 interface has also been the 
subject of a number  of studies on MNOS memory devices. 
Among them are AES (350, 362, 365, 540) and XPS (125) 
profiling measurements  of its stoichiometry and chemical 
structure. The O impurity distribution was measured in 
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Fig. 18. XPS chemical sputter depth profile (5 keV Ar + bombardment) 
through thermally grown oxide on GaP. Shown are also XPS spectra of 
different depths A, B, and C indicated by arrows in the depth profile. 
From Ref. (298). 

Table VI. Chemical depth profiling by XPS and AES 

Interface studied Method Reference 

Si/SiO2 AES 
XPS 

Si/Si~N4 AES 
Si]SiOjSi3N4 XPS 
AYSiO~ AES 
Si]silane AES 
~SiCIoxide AES 
GaAs/0xide AES 

XPS 

GaPfoxide AES 
XPS 

InP/oxide XPS 
InSb/oxide XPS 
GaSb/oxide XPS 
InAs/oxide XPS 
Metal/silicide/Si AES 
Sr, Ba]oxide AES 
Te in Hg0.sCd0.~Te/oxide XPS 
AYA1203 AES 
Ta/Ta20~ XPS 
Fe, Ni, Cr/oxide XPS 
Pd/Ge/GaAs AES 
Au/GaAs XPS 
Ti/SiO2, Ti/A1203 AES + XPS 

(317, 364, 365, 495-498) 
(30) 

(317, 365) 
(125) 
(499) 
(500) 
(501) 

(502-505) 
(30, 31, 312, 313, 504) 

(506-514) 
(515) 

(298; 506) 
(508, 516) 

(506) 
(5O6) 
(517) 
(518) 
(519) 
(52O) 

(105, 316, 497) 
(52t) 
(522) 
(523) 
(5O4) 
(524) 

Si3N4 produced by CVD (541). To be added are measure- 
ments on the Si3NJSi interface (317, 542). 

The oxidation of  GaAs and other III-V compounds.--In 
contrast to St, there exists no stable oxide passivation sys- 
tem for GaAs. Considerable effort has been spent on the ex- 
amination of different oxidation methods (thermal, anodic, 
and plasma techniques) for GaAs with the hope of finding a 
process by which a stable oxide film could be formed. Cor- 
respondingly, there is a large number of depth profiling 
studies to characterize the oxide layers and to investigate 
the detailed mechanism of oxide formation (Table VII). 

During oxidation of GaAs a layer is formed which con- 
sists of Ga203 with varying amounts of As20~, elemental As, 
and some As~Os. The relative abundances of these compo- 
nents and their variation with depth depend on method and 
conditions of oxidation. Dry thermal oxidation produces a 
rather uniform layer of Ga~O3 with a pileup of As at the in- 
terface (312,502-504, 507). Wet oxidation, but also oxidation 
in an As-rich atmosphere, results in the addition of As~O3 
and As205 (312, 507). Plasma oxidation also yields a mixture 
of Ga203 and As2Oz, but with less pileup of elemental As 
(502, 503). Yamasaki et al. (543) have measured SIMS depth 
profiles by using 180 marking in order to study the O trans- 
port in the oxide. The chemical structure of anodically 
grown oxides depends on a number  of parameters like the 
composition of the electrolyte used, its pH value, and the 
applied current density during anodization (508). Varia- 
t ions  of  these  p a r a m e t e r s  r e su l t  in a va r i a t i on  of  the  
Ga2OJAs~O3 ratio, of the amounts of elemental As, and of 
the depth distributions of these components.  Some investi- 
gators (508) have concentrated on the study of the early 
stages of oxidation (nucleation and island growth). Others 
(30, 31) have studied thin native oxides on GaAs since 
anodically grown oxide films may have compositions far 
from interfacial equilibrium. 

Of other III-V compounds, depth profiles (all XPS) were 
measured of anodically (506, 515) and thermally (298) grown 
GaP-oxide, anodically (508) and thermally (516) grown InP- 
oxide, and the thermally grown oxides of InAs (517), GaSb, 
and InSb (506). Additional SIMS and AES profiles were ob- 
tained of the InP/oxide interface (516) to study the distribu- 
tion of impurities. Also the oxides of these compounds 
show a complex structure which-depends on formation 
conditions. Whereas, e.g., the anodically grown oxide of InP 
shows a uniform distribution of IntO3 and P20~ (508), 
buildup :of elemental  P is observed at the interface of the 
thermally grown oxide (516). 

Other interfaces in MOS, MIS, and MNO structures and  
encapsulations.--Several depth profiling studies have 
been concerned with the insulator/metal interface. Exam- 
ples are AES measurements  of SiOz on Mo, Ta, and W (545) 
in order to study the barIier breakdown of the oxide layer 
which serves to prevent silicide formation in an MOS struc- 
ture. Other examples are AES studies of the SiOJA1 (365), 
Si3NJA1 (546), and Cr2OJCu (547) interface as well as SIMS 
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Table VII. Depth profiling measurements of oxidized GaAs 

Oxidation Electrolyte Analysis 
technique (if anodic oxidation) method Reference 

Native 
Thermal 

Plasma 

Anodic 

Anodic 

K2Cr207 in HOCH2 CH2OH 
Tartaric acid in propylene glycol 

Tartaric acid in propy!ene glycol 
Tartaric ac)~i in propylene glycol 
Arsenic acid in propylene glycol 
H~PO4 in water 
Na3PO4 in diethylene glycol 
(NH4)2HPO4 in water (saturated 

with As203) 
(NH4)2HPO~ in glycol 
H3PO4 in water 
0.1N KMnO4; 0.1N KOH; 30% H~O~ 

XPS (30, 31) 
AES, XPS, SIMS (503, 504, 507) 

XPS (312, 509) 
AES, SIMS (5O2) 
AES, SIMS (5O2) 

AES, XPS, SIMS (503) 
SIMS (543) 
XPS (313) 
XPS (312, 313, 508, 509, 

511-513) 
AES, SIMS (502) 

AES, XPS, SIMS (5O3) 
XPS (313) 
AES (505) 
ISS (514, 544) 

XPS (510) 

XPS (512) 
XPS (513) 
XPS (506) 

studies of barrier layers in the structures Ni/Ta2N/A1203 
(383) and Ti/TiN/Pt (548). 

Because of the lack of stable oxides of III-V compounds, 
films of SigN4 and SiO2 are used as encapsulants during an- 
nealing. Of interest is whether diffusion occurs between 
semiconductor  and encapsulant. AES depth profiling 
measurements  showed diffusion of Si into GaAs (549) as 
well as loss of P from InP (550) under SigN4 encapsulation. 
To circumvent  diffusion of Si into GaAs, A10~Ny was used 
instead of Si3N4 although it could not completely prevent 
outdiffusion of As (551). Another study deals with SiO2 on 
InP (386). 

Metal oxide layers.--Like Si oxide and nitride, metal ox- 
ides are frequently used as barrier films and as dielectric 
material in electronic devices. Table VIII gives a survey of 
dep th  prof i l ing  m e a s u r e m e n t s  wh ich  have  been  per- 
formed on such films. The problems studied are similar to 
those investigated in oxides of semiconductors: oxidation 
mechanisms, width of interface, chemical structure and 
composition of oxide film and interface, and distribution 
of impurities. The analysis method used has to correspond 
to the problem at hand; AES is preferred but ISS is als0 
used more frequently than for other film structures. 

Metal Films 

Metal contacts are essential components of all semicon- 
ductor devices either as ohmic contacts or as Schottky bar- 
riers (562). The formation of a contact with desired electri- 
cal and mechanical properties requires a certain amount of 
interdiffusion between the metal and the semiconductor. 
The miniaturization of LSIC device technology demands 
that reactions between contact and semiconductor be kept 
limited in order to prevent, e.g., penetration of shallow junc- 
tions by diffusion of contacting metal. Different metalliza- 
tion schemes may place different requirements on the pla- 
nar film technology. Basic demands are good electrical 
contact and mechanical bonding as well as stability against 
device degradation due to interdiffusion and compound 
formation at elevated operating temperatures and during 
exposure to atmosphere. Production control makes the un- 
derstanding of reactive and diffusive processes between 
films (6) in a given device essential. Sputter  depth profil- 
ing plays an important role for studying these processes 
(563). Unlike for oxide films which are frequently analyzed 
by XPS, AES is the preferred technique for the depth pro- 
filing of metal/semiconductor and metal/metal interfaces. 

Contacts in silicon technoIo~ly.--For Si IC's, A1 and Au are 
preferentially used as contact metals and several corre- 
sPOnding AES studies are devoted to them (374, 499, 564, 
565). In practice multiple films are used to prevent exces- 
sive diffusion between contact metal and Si and to improve 
mechanical bonding. The first objective is accomplished 
by using a diffusion barrier between active layers. The bar- 
rier properties of a variety of metal films have been investi- 
gated by depth profiling: A1/TiW/Si (566, 567), Au/Ta/Si 
(568), Au/Ni/Cu (569, 570), Au/Mo/Si (571), and Cu/Mo/Si (46). 
All measurements  used AES profiling except  for the last 
(ISS). The diffusion of Au and Si through Mo could be pre- 

vented if N was added to Mo by reactive sputter deposition 
(571). 

Mechanical adhesion is improved by interspersed layers 
of metals like Pd or Cr. Depth profiles have served to study 
bonding mechanisms and causes of failure. Examples are 
measurements  of  Au/PdAg/AI~O3 (572), Hf/A1203 (573), 
Au/Cr/A1203 (574), or Pd between Ti and Cu in the sandwich 
structure Ti/Cu/Ni/Au (575). 

In order to achieve a controlled contact, silicide layers, 
mainly PtSi and Pd2Si, are widely used in metallization 
schemes for Si (308). Sputter depth profiling studies of sili- 
cide formation and depth compositional measurements  of 
silicide films were performed for Pd (306, 307, 518, 576-578), 
Ni (518, 563, 576, 579-581), Ti (305, 307, 518), V (518, 579), Mo 
(306, 307,582); Ta (306, 307), and W (583) as well as Nb, Zr, Pt, 
and Rh (518). Usually thermal annealing is used for silicide 
formation, but  it can also be achieved by ion bombardment  
(305-307). The  in f luence  of  ox ide  layers  and  o ther  
contaminants on contacts has also been studied by AES 
depth profiling (564, 584). 

Besides investigations of the "classical', metallization 
schemes, depth profiling measurements  have been re- 
ported also on the film structures AYAu/Si (104), Cu/Au 
(585), Ag/Pt (584), Au/Ag/SiO2 (586), Hf/A120~ (573), Ti]SiO2 
and Ti/AI~O~ (524), and Ta/SiO~ and Ta/A120~ (587). 

Contacts in gallium arsenide technology.--Ohmic con- 
tacts to N-type GaAs require a region of high carrier density 
under the metal. This is achieved by alloying a eutectic of 
AgInGe or AuGe to the GaAs surface. 

The mechanism o f G e  doping has been studied by AES 
and XPS depth profiling for the AgInGe contact (588). 
Heating of the contact results in diffusion of Ge to the 
alloy/GaAs interface accompanied by the preferential 
outdiffusion of Ga to the alloy surface. Ge by replacing Ga 
acts as a donor, creating the required doped layer. Contacts 
of Pt/AuGe (589) and Ni/AuGe (590) have been similarly 
studied by AES depth profiling: melting above the eutectic 
t e m p e r a t u r e  is necessa ry  to p r e v e n t  f o r m a t i o n  of  a 
rectifying contact due to diffusion of Ni to the GaAs. In the 
case of Pt/AuGe a good ohmic contact could be achieved by 
electron beam irradiation (589). 

Table VIII. Depth profiling measurements of metal/oxide films 

Metal Analysis method Reference 

Ta SNMS (54, 55, 376) 
ISS, SIMS (552) 

SIMS (129, 247, 296, 377) 
AES (309) 

A1 AES (105, 155, 309, 316, 553) 
ISS, SIMS (552) 

Ti AES (309, 310) 
AES, SIMS (554) 

Cu, ISS (555) 
Nb SNMS (54) 
Ba, Sr AES (519) 
PdAuSi-alloy AES (556) 
A1Cu-alloy ISS (557) 
FeCr-alloy ISS (558) 
CuBe-alloy XPS, AES (559) 
TiMo-alloy AES (560) 
BeCu-alloy SIMS (561) 
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Fig. 19. AES depth profiles of films of 110 nm Pd and 37 nm Ge on 
GaAs after sintering at(a) 300~ for 103 rain and (b) 555~ for 120 min. 
From Ref. (523). 

Another ohmic metallization scheme that avoids melting 
of the contact is based on Pd (591) or Pd/Ge (592). The ohmic 
contact is produced by sintering. The diffusive processes 
and chemical reactions in the Pd/Ge/GaAs metallization 
were studied by SIMS, AES, and XPS (523). Figure 19 
shows AES depth profiles through the contact film after 
sintering at different temperatures. At, lower temperatures 
interdiffusion of Pd and Ge occurs leading to the formation 
of Pd2Ge and PdGe. At higher temperatures further solid- 
phase reactions between Pd and the substrate result in the 
formation of the compounds PdAs~ and PdGa. The contact 
remains rectifying up to sintering temperatures of >400~ 
The onset of ohmic behavior is characterized by penetra- 
tion of Ge to the GaAs interface (Fig. 19b). 

Measurements of depth profiles have also been per- 
formed to test different metalS for Schottky barriers. Gold 
contacts were measured by SIMS (593) and XPS (594), the 
second study included also GaSb and InP. Another SIMS 
study investigated the metals, Pt, Ni, A1, Cr, Ti, Ta, Mo, and 
W (595), whereas SIMS, AES, and XPS were combined to 
study the interdiffusions and reactions of Au and Ag con- 
tacts with GaAs (504). 

Other measurements of metal films.--Sputter depth 
profiling has been employed to study metal films and their 
interfaces in various other applications listed in Table IX. 
The first group deals with contacts on II-VI compounds 
which play a role for solar cells and photoconductive de- 
vices, the second group with films of magnetic alloys. NiCr 
alloys are used for resistive films. 

There exist many other sputter depth profiling measure- 
ments of metal film layers which are concerned with the 
study of the measurement  technique (see Table III). These 

Table IX. Examples of sputter depth profiling of metal films and their interfaces 

Film Analysis 
structure Problem studied method Reference 

A1/Cu~S/CdS Contacts for solar cells AES (184) 
Cr/CdSe Metallization AES, XPS (596) 
Cr/CdSe, Metallization AES (597) 

AYCdSe 
Co/GdFe Contacts on magnetic AES (598) 

alloys 
Cr/CoNi Contacts AES (599) 
GdCo Composition of film AES (600) 
N i / C r  Composition of films, AES (17, 103, 180) 

contaminants (601-603) 

do not apply directly to practical problems in electronic de- 
vice technology and are therefore not listed here. 

Conclusion 
From the large number  of diverse applications of sputter 

depth profiling it must  have become clear what an impor- 
tant  role this powerful technique plays for semiconductor 
device technology. What has not been duly emphasized so 
far and should be done here is the fact that in many cases 
the solution of the problem at hand is obtained only by a 
combination of different methods and approaches. This in- 
cludes combinations of different sputter depth profiling 
techniques, combinations with other techniques like RBS, 
but also combinations with SEM, TEM, x-ray diffraction 
and, very importantly, with a variety of electrical measure- 
ments. 
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ABSTRACT 

A study to determine the high rate performance, storability , and safety characteristics for the Li]C12 in SO2C12 (Li]CSC) 
inorganic battery system was conducted. The results for practical, spirally wound D cells discharged under  constant  current 
conditions at different temperatures show no significant differences in realized capacities (e.g., 10.0 and 10.2 A-hr for cells 
discharged at the 12.0A rate at - 2  ~ and +25~ respectively). Comparison of the performance characteristics for D cells dis- 
charged under  constant current (1.0-15.0A) and constant load (3.00-0.141~) conditions at 25~ Shows an increase in realized 
capacities as well as load voltage levels for those cells discharged under  constant load conditions. Investigation of the 
storability and voltage delay characteristics for 1.5 year old prototype DD cells shows little or no loss in realized capacity for 
cells discharged under  loads of 3.00-0.59~, but  do exhibit decreased realized capacities when discharged under heavier 
loads (e.g., 21.0 A-hr realized capacity to a 2.0V cutoff level under  a 0.2412 load at 25~ Safety and hazards characterization 
relative to high rate testing show that D cells wil lvent  when discharged under  constant current conditions above 6.0A. When 
cells were discharged under constant load conditions, however, only those cells under  loads of 0.2412 and lower (i.e., greater 
than the 12A rate) vented through a cracked glass to metal seal. Additional safety/hazards characteristics relative to the 
Li]CSC system are discussed. 

The low- to -medium rate  performance, safety, and 
storabil i ty characteristics for practical cells of the 
Li/C12 in SO2C12 (Li/CSC) system have been reported 
previously (1-3). These results indicate that  Li /CSC 
cells have high current  del ivering capabilities, high 
energy densities, exceptional safety characteristics, 
and low self-discharge rates. It has become increas- 
ingly apparent  that  the Li/CSC system is being con- 
sidered as an  at t ract ive power source candidate 
in m a n y  applications requi r ing  high power and en-  
ergy densities. A study was initiated, therefore, to in-  
vestigate the performance and, just  as important ly ,  
the safety characteristics relative to discharge at high 
rates (i.e., 0.1-1.5C) at temperatures  of --2 ~ and 
+25~ unde r  both constant  cur ren t  and constant  load 
conditions. Further ,  a s tudy to de termine  the effect of 
increased geometric surface area of the carbon elec- 
trode on the discharge/safety characteristics at --2~ 
under  constant  current  conditions of 15.0A showed 
that  those cells having the increased surface area not  
only yielded higher capacities and load voltage levels, 
bu t  also vented at a voltage level one volt below that  
observed for the s ta te -of - the-ar t  cell. 

In  addition to the safety/hazard characteristics as- 
sociated with high rate discharge conditions, safety 
testing has been extended beyond the scope of forced 
overdischarge, short circuit, the sequence of forced 
overdischarge/charge,  incinerat ion,  and shock sensi- 
t ivi ty testing to include crushing, penetra t ion (high 
and low velocity),  and localized heating. It  has been 
found that  specific combinations of two or more usu-  
ally nonhazardous abusive conditions may resul t  in 
cell venting, rupture ,  and /o r  explosion. 

The storabil i ty characteristics for the Li /CSC sys- 
tem have been discussed previously (1, 2). It  was 
found that  the self-discharge predictions based upon 
microcalor imetry data did not  correlate with the re-  
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14031. 
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sults obtained from performance testing of stored cells 
(1). Fur ther ,  no correspondence in the self-discharge 
rate could be made between storage at elevated tem- 
peratures (i.e., 72~ or higher) with subsequent  dis- 
charge at 25~ and ambient  t empera ture  storage for 
extended periods of t ime (2). The performance results 
obtained from long- te rm ambient  tempera ture  stor- 
age showed that  l i t t le or no decrease in realized ca- 
pacity was observed when cells were discharged at low 
to medium rates, bu t  cells did show some capacity 
loss when discharged at moderate ly  high rates. Addi-  
t ionally, a lowered rate capabil i ty was observed for 
all cells tested with the exception of those cells under  
very low discharge rates. This work has been extended 
to include high rate performance testing of prototype 
Li /CSC DD cells stored for 1.5 years. Comparison of 
the results obtained following storage to those ob- 
tained from fresh prototype Li /CSC DD cells, as well 
as the present  s ta te-of - the-ar t  Li /CSC DD cells, show 
lit t le loss in  capacity for loads as heavy as 0.59~ (ap- 
proximately  5.5A) but  do indeed show a significant 
decrease in realized capacity when  discharged under  
heavier  loads of 0.50~ or less. 

Experimental 
Details relat ive to the preparat ion of the CI~ in 

SO~C12 codepolarizer solution and cell fabrication 
were given previously (2). The opt imum concentra-  
tions of C12 and LiA1C14 in SO2C12 were found to be 
0.45 and 1.45 M, respectively. The electrolyte solution 
fill weights for Li/CSC D and DD cells used in  this 
investigation were 43 _ lg .and 89 • lg, respectively. 

Two types of spiral ly wound Li/CSC D cells were 
fabricated for use in these studies. The first represents 
the s ta te-of - the-ar t  s tandard product ion cell having  a 
carbon electrode (Shawinigan black, 50% compressed) 
geometric surface area of 239 cm 2 (25.4 cm length • 4.7 
cm height  • 2 sides). Two current  collector tabs 
were welded to the extremities of the electrode. The 
second type of D cell was used in  the s tudy to deter-  
mine  the effect of increased carbon electrode geometr i c  

1231 
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surface area  on the pe r fo rmance  and safety charac te r -  
istics under  high discharge rates.  The carbon elec-  
t rode  in these cells had  an 80 % increase in surface area  
(430 cm 2, 45.7 cm 2 length  X 4.7 cm height  X 2 s ides) .  
These electrodes also possessed two cur ren t  col lector  
tabs  at  the e lectrode extremit ies .  

The pro to type  L i /CSC DD cells used in the vol tage  
de l ay / s to r ab i l i t y  studies represen ted  in i t ia l  efforts to 
fabr ica te  a high ra te  cell. The carbon e lec t rode  geo- 
metr ic  surface a rea  for these cells was 448 cme (22.9 
cm length  X 9.8 cm height  X 2 s ides) .  In  contras t  to 
the carbon electrodes for the D cells, only  one cur ren t  
collector tab was welded  to tha t  e lectrode ex t r emi ty  
compris ing the innermos t  windings  of the cell  body. 
For  compara t ive  purposes  re la t ive  to high ra te  pe r -  
formance characteris t ics ,  present  s t a t e - o f - t h e - a r t  L i /  
CSC DD cells were  fabr icated.  The carbon elect rode 
geometr ic  sur face  a rea  in these cells is 33% grea te r  
than that  in the p ro to type  cells ( i.e., 597 cm~, 30.5 cm 
length  X 9.8 cm height  X 2 s ides) .  Two cur ren t  
collector  tabs  a re  located at  the ex t remes  of the  elec-  
t rode  body.  

The constant  cur ren t  ba t t e ry  discharge system con- 
s is ted of a 5.0V power  supp ly  and eleven constant  cur -  
ren t  circuits:  two each of 0.5, 1.0, 2.0, 4.0, and 5.0A, and 
one ad jus tab le  0.0-0.5A circuit.  The circuits  m a y  be 
connected in para l l e l  to provide  a to ta l  cur ren t  of 25A. 
Current  measu remen t  was effected through use of a 
25A/50 mV mete r  shunt  wi th  an ou tput  o f  0.5 A/mV.  
The cur ren t  was moni tored  by  ei ther  char t  r ecorder  or  
oscilloscope. 

The resis tors  chosen for  the  constant  load discharge 
tests were  at  leas t  100% above the  calcula ted power  
diss ipat ion values  requi red  for  cell  discharge.  This 
assured that  the  res is tance values did  not va ry  sig- 
nif icant ly f rom the values  measured  pr io r  to cell  tes t -  
ing. Fur ther ,  the  resistors  were  a t tached d i rec t ly  
across the  cell terminals .  The load voltages for both  
the  .constant cur ren t  and constant  load tests were  
measured  across the  te rmina ls  of the cell and dis-  
p layed  on a s t r i p - cha r t  recorder .  Unless o therwise  
noted, all  real ized capacit ies  cited here in  were  obta ined  
to a 2.0V vol tage  cutoff level.  A l l  per formance  and 
sa f e ty /haza rds  test ing was pe r fo rmed  using cells wi th  
no e lect r ica l  or  the rmal  pro tec t ive  devices (i.e., elec-  
t r ica l  fuses, diodes, or  the rmal  fuses) .  

Results and Discussion 
Spi ra l ly  wound s t a t e - o f - t h e - a r t  L i /CSC D cells 

(carbon elect rode geometr ic  surface  area:  239 cm 2) 
were  equi l ib ra ted  at  --20 __ 2~ and discharged under  
constant  currents  of 1.0-15.0A. The pe r fo rmance  re -  
sul ts  for  f resh cells (less than  3 months  old) are  p r e -  
sented in  Fig. 1. At  the compara t ive ly  lower  ra tes  of 
i.0, 3.0, and 6.0A, the rea l ized capacit ies  differ  ve ry  
l i t t le  (13.6, 13.0, and 12.5 A-hr ,  r espec t ive ly) .  How-  
ever,  as the d ischarge  ra te  increases,  the  rea l ized ca-  
pacit ies decrease.  Fo r  cells d i scharged  at  9.0, 12.0, and 
15.0A, the  rea l ized  capacit ies  were  10.7, 10.0, and 8.7 
A-hr ,  respect ively .  I t  is appa ren t  f rom the ini t ia l  s tages 
of the  discharge curves that  the  load vol tage levels  
decrease r ap id ly  unt i l  the cells can be w a r m e d  through 
I2R heating.  As the  cell  t empe ra tu r e  increases th rough-  
out  the  discharge period,  the load vol tage levels  a t -  
ta in  equ i l ib r ium values  and discharge at  that  level  
unt i l  the  end of l ife is neared.  A plot  of real ized ca-  
pac i ty  vs. log I (4) for  app rox ima te ly  250 cells d is-  
charged  under  constant  cur ren t  condit ions of 1.0- 
15.0A at --2 ~ __ 2~ is given in Fig. 2. Inc luded in 
these da t a  are the resul ts  obta ined for cells dis-  
charged under  ra tes  as low as 25 mA. Throughout  the 
cur ren t  range  of 25 m A  to app rox ima te ly  3A, ve ry  l i t t le  
va r i ab i l i ty  in real ized cap~city exists. However ,  as 
the  discharge ra te  increases to 6.0A, the  capaci ty  
g radua l ly  decreases until ,  at  the 15.0A level,  a ca-  
pac i ty  of 8.7 _+ 0.5 A - h r  is realized. This l a t t e r  value,  
nonetheless,  corresponds to app rox ima te ly  62% of the  
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Fig. 1. Constant current discharge characteristics for fresh, 
s tate-of - the-ar t  L i /CSC D cells at  - - 2  ~ _ 2~  
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Fig. 2. Realized capacity vs .  log I (Selim-Bru plot) for fresh, 
s tate-of - the-ar t  L i /CSC D cells discharged under constant current 
conditions at  - - 2  ~ _ 2~  

real ized capacit ies of 14.0-14.5 A - h r  obta ined  under  
the lower  discharge rates. 

I t  was found that,  as the  discharge ra te  increased to 
the 15.0A level,  the  pe r fo rmance  behavior  at  such 
h igh  rates  became increas ingly  varied.  The ce l l - to-  
cell h igh ra te  pe r fo rmance  va r i ab i l i t y  for  f resh s ta te -  
o f - t h e - a r t  L i /CSC D cells at  - -2  ~ _+ 2~ is shown in 
Fig. 3. The results  shown for cell  1 typ i fy  the  pe r fo rm-  
ance for the  m a j o r i t y  of the  cells tes ted at  the  15.0A 
rate.  At  the  ini t ia l  stages of the  discharge,  the  load 
vol tage  level  decreased to 2.0V and remained  at  that  
level  for  the first minute.  An ab rup t  decrease in load 
vol tage to app rox ima te ly  1.9V was then noted. The 
load vol tage  then recovered  g r adua l l y  du r ing  the fol -  
lowing four  minu te  per iod  to a pp rox ima te ly  2.1V. Dur-  
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Fig. 3. Variation of performance for fresh, state-of-the-art Li/ 
CSC D cells discharged at a constant current of 15.0A at - -2  ~ _ 
2~ 

ing the second five minutes  of discharge, the cell volt-  
age level a t ta ined a plateau at 2.35-2.40V unt i l  the 
end of life was reached. The total realized capacity for 
such cells was 8.7-9.0 A-hr.  The discharge results for 
cells 2 and 3 not on ly  exhibited more severe ini t ial  
polarization at the ini t ia l  stages of discharge, but  also 
recovered to equi l ibr ium plateau voltages more rapidly 
than cell 1. The results for cells 2 and 3 also emphasized 
the var iabi l i ty  in plateau voltage levels (2.1 and 
2.5V, respectively) .  The realized capacities, however, 
did not differ significantly from those obtained for 
cell 1 (8.2 and 9.6 A - h r  for cells 2 and 3, respectively).  
The cell wall  tempera ture  Was monitored on each 
cell discharged under  these constant  current  condi- 
tions. A typical  tempera ture  profile is shown in Fig. 3. 
Dur ing  the first five minutes  of cell discharge, the 
cell wal l  tempera ture  increased from --2 ~ to approxi-  
mately  45~ and continued to increase dur ing the 
following 10 min. For the remainder  of the dis- 
charge, the cell wall  tempera ture  was near ly  constant  
at 95~176 As the cell voltage level approached 
2.0V, there was noted a rapid increase in  the tem- 
perature  to 120~ whereupon the cell vented through 
a cracked glass to metal  seal. Vent ing typical ly oc- 
curred in  all cells tested when cell wall  temperatures  
reached 120 ~ • IO~ 

Exper imenta l  Li /CSC D cells were fabricated to 
determine the effect of increased carbon electrode 
surface area on the high rate performance and safety 
characteristics. These D cells contained carbon elec- 
trodes having an 80% increase in geometric surface 
area of 430 cm 2 compared to 239 cm 2 for the state-of-  
t im-ar t  Li /CSC D cells. The typical performance re-  
sults for the 15.0A constant  current  discharge at 
- .2  ~ _+ 2~ for these cells are presented in Fig. 4. It  
c~m be seen that  the ini t ia l  load voltages for the ex-  
per imenta l  D cell were only 0.15 to 0.20V higher than 
ttmse for the s ta te -of - the-ar t  D cell. However, as the 
discharge proceeded, the load voltages for the cell 
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Fig. 4. Comparison of the high rate performance characteristics 
at i 2  ~ ~ 2~ for state-of-the-art I-i/CSC D cells (carbon elec- 
trode geometric surface area: 239 cm ~) to experimental Li/CSC D 
cells (carbon ~lectrode geometric surface area: 430 cm2). 

having the higher surface area increased to approxi-  
mately  2.65V, a difference of 0.30-0.35V higher than the 
s ta te -of - the-a r t  D cell. Also, the realized capacities 
obtained to a 2.0V cutoff level differed markedly  for the 
two cell types: 10.8 and 8.7 A-h r  for the exper imental  
and s ta te -of - the-ar t  Li /CSC D cells, respectively. The 
current  densities at  the carbon electrodes for the two 
cell types were 35 and 63 mA cm -2 throughout  the 
15.0A constant  current  discharge for the exper imental  
and the s ta te -of - the-ar t  D cells, respectively. These 
performance results for the exper imental  D cells may 
also be compared to the results obtained for the 9.0A 
constant  current  discharge of s ta te -of - the-ar t  D cells 
(Fig. 1) based upon the respective current  densities of 
35.0 and 37.7 mA cm -2. The ini t ial  load voltage levels 
differed by approximately 0.30V, but  as cell discharge 
proceeded, the difference between the load voltages de- 
creased to 0.20V throughout  the plateau region of dis- 
charge. It  is believed that these disparities are due not 
only to less efficient current  collection with increased 
carbon electrode length but  also to the decreased car- 
bon electrode thickness a t tendant  with increased sur-  
face area. The realized capacities for the s ta te-of- the-  
art cells discharged at 9.0A and exper imental  cells dis- 
charged at 15.0A were found to be 10.8 and 10.7 A-hr,  
respectively. Both cells also vented at approximately  
120~ after  a t ta ining voltage levels of +0.8V. This re-  
sult is in marked contrast to the vent ing  results previ-  
ously noted for the s ta te-of - the-ar t  D ceUs discharged 
at the 15.0A rate at --2 ~ ___ 2~ 

Li/CSC s ta te-of - the-ar t  D cells were also discharged 
under  constant  current  conditions at +25~ Figure 5 
shows the performance characteristics for cells dis- 
charged at rates from 1.0 to 20.0A. It is apparent  that  
the results are marked ly  similar  to those obtained at 
--2~ (Fig. 1). For  the cells discharged at lesser rates 
of 1.0-6.0A, the load voltage levels are slightly higher 
than those observed for cells discharged at --2~ 
The results obtained from cells discharged at the 9.0 
and 12.0A rates show vi r tua l ly  no significant differences 
in load voltage levels or realized capacities when  com- 
pared to the performance characteristics for cells dis- 
charged at --2~ For cells discharged at the rate of 
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Fig. 5. Constant current discharge characteristics for fresh, state- 
of-the-art Li/CSC D cells at -~25 ~ _ 2~ 

15.0A, however ,  there  was vent ing observed (i.e., the  
g l a s s - to -me ta l  seals cracked as the  cell  wal l  t empera -  
ture  rose to 125~ pr io r  to the  cell  load vol tage reach-  
ing the 2.0V cutoff level.  The real ized capacit ies for 
cells d ischarged at  the  15.0A ra te  at  25~ were  less 
(7.3 ~ 0.5 A - h r )  than  those obta ined  for  cells dis-  
charged at  --2~ (8.7 __ 0.5 A - h r ) .  F ive  L i /CSC s ta te-  
o f - t h e - a r t  D cells were  also d ischarged at  the  20.0A 
ra te  at 25~ The typica l  resul ts  are  given in Fig. 5. The 
load voltages for al l  of the cells tes ted did  not reach 
the 2.0V level.  Nonetheless,  the  average  p la teau  vol t -  
ages did  reach app rox ima te ly  1.75V and cont inued to 
discharge at  tha t  vol tage  level  for 15-18 rain. The rea l -  
ized capacit ies  observed for  the d ischarge  at  the  above 
load vol tage  levels  var ied  f rom 5.0 to 6.0 A-hr .  Af te r  
the 15-18 min period,  the cell wal l  t empera tu res  
reached app rox ima te ly  125~ wi th  resu l tan t  cell  ven t -  
ings. 

I t  is impor t an t  to note tha t  cell  vent ing wil l  take  
p h c e  for those cells d ischarged under  constant  cur ren t  
condit ions at  ra tes  above 6.0A. The vent ing is effected 
through a c racked g la s s - to -me ta l  seal. The occurrence 
of vent ing is dependent  upon discharge  rate.  For  ex-  
ample,  cells d ischarged at  the 6.0, 9.0, 12.0, and 15.0A 
ra tes  a t  25~ wil l  reach the vent ing  t empera tu re  at ap-  
p rox ima te ly  0.0, 0.8, 1.3, and 2.3V levels,  respect ively.  
No vent ings  occurred for cells d ischarged at the  1.0 and 
3.0A rates.  The resu l tan t  toxic gases (i.e., C12, SO,~CI~, 
and SO2) form corresponding acids in a no rma l  en-  
v i ronment .  A p p r o x i m a t e l y  500 L i /CSC D cells have  
been discharged under  such high rates  and in no in-  
s tance was the  mode of fa i lure  a cell rupture ,  explosion,  
or violent  vent ing resul t ing  in hazards  to personnel .  

For  comparison purposes,  f resh s t a t e - o f - t h e - a r t  L i /  
CSC D cells were  discharged under  constant  loads of 
0.14-3.00~ at  25 ~ • 2~ The resul ts  are  presented  in 
Fig. 6 and represen t  the  typical  discharge curves for 
a pp rox ima te ly  200 cells tested in this phase of the 
study,  The rea l ized capacit ies differ ve ry  l i t t le  whe the r  
the discharge load is 3.00~ (14.4 A - h r  to a 2.0V cutoff 
level )  or 0.59~ (13.0 A - h r ) .  However ,  the  real ized ca-  
paci t ies  decrease  as the loads become heavier .  Fo r  ex-  
ample,  for  cells d ischarged unde r  0.50~ loads the  ave r -  
age real ized capacit ies obta ined  were  11.7 A-hr .  The 
resul ts  are  presented  for  one cell  d ischarged under  the 
0.2412 load and show the effect of a mi ld  vent ing  on the 
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discharge characteris t ics .  Dur ing  the discharge period,  
the cell  load vol tage  reached a p la teau  value of ap-  
p rox ima te ly  3.0V. As the real ized capaci ty  and load 
vol tage approached  9.3 A - h r  and 2.9V near  the end of 
life, respect ively ,  the  cell  exper ienced  a mi ld  venting.  
The cell  cont inued to d ischarge  unt i l  the  2.0V cutoff 
level.  As a result ,  the rea l ized capaci ty  for  this one cell  
is h igher  (12.3 A - h r )  than  the average  values  for  cells 
discharged under  the  l igh te r  load of 0.50~ (11.7 A - h r ) .  
This phenomenon has also been observed when cells 
were  shor t  c i rcui ted across a 0.040~ load (5). Cells dis-  
charged under  0.14~ loads also exper ienced  vent ing 
af ter  a discharge per iod  of a pp rox ima te ly  15 rain. I t  
is in teres t ing  to note  tha t  only  those ceils d ischarged 
under  the  heav ie r  loads of 0.14 and 0.24~ (approx i -  
mate  currents :  19.0 and 12.0A, respect ive ly)  exper i -  
enced venting.  Vent ing was not  observed for cells dis-  
charged under  the  l ighter  loads. 

In  addi t ion to the sa fe ty /haza rds  character is t ics  as-  
sociated wi th  L i /CSC cell  d ischarge  at  h igh ra tes  as 
discussed herein,  safe ty  studies have  been ex tended  
beyond the  scope of shor t  circuit ,  forced overdischarge,  
the  sequence of forced overd iseharge /charge ,  inc inera-  
tion, and shock sens i t iv i ty  tes t ing (2, 3), to include 
penet ra t ion ,  crushing, and localized heat ing.  Extens ive  
test ing re la t ive  to the high and low veloci ty  pene t r a -  
tion of L i /CSC D cells has been per formed.  The effect 
of bu l le t  o r  nai l  pene t ra t ion  resul ts  in a massive in te r -  
na l  short  c ircui t  causing the  mel t ing  of the  l i th ium 
meta l  with subsequent  cell r up tu re  or exposion. Cells 
have also been crushed using a hydrau l i c  press. In  
every  instance of longi tud ina l  crushing, the  D cells 
rup tu red  or exploded  af te r  sufficient pressure  was 
appl ied  to decrease the  cell  he ight  to app rox ima te ly  
two- th i rds  the  ini t ia l  height .  Fur the r ,  c rushing cells 
at  the radia l  axis resul ts  in i t ia l ly  in a cracked glass 
to meta l  seal fol lowed by  a r ap id  vent ing and cell  
rupture .  S t a t e - o f - t h e - a r t  L i /CSC cells vent  mi ld ly  
when inc inera ted  above a naph tha  flame (2, 3) or  
when hea ted  to t empera tu re s  above app rox ima te ly  
l l5~  e i ther  by  se l f -hea t ing  under  high discharge 
ra tes  or  by  exposure  to ex te rna l  hea t  sources such as 
ovens or  opera t ing  environments .  The  hea t ing  in the  
above  instances is un i form throughout  the  cell. A 
s tudy was conducted to de te rmine  the effect of local -  
ized hea t ing  on the sa fe ty /haza rds  character is t ics  of 
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the cell. In  an effort to s imulate an at tempt to solder 
leads or connections to the cell wall, D cells were 
positioned above a small  p inpoint  heat source or 
heated locally using resistance wire. In  some cases, 
the cells vented in a similar  m a n n e r  as described 
above, but  in approximately  50% of the tests the 
cells vented violent ly  or exploded. 

Extensive studies in  this laboratory have shown 
that Li /CSC cells exhibit  exceptionally safe features 
when subjected to specific, indiv idual  abusive con- 
ditions. It is believed, however, that many  incidents 
involving l i thium batteries (i.e., venting, ce l l /ba t tery  
ruptures,  or explosions) which pose hazards to per-  
sonnel are not  necessarily the result  of cells or ba t -  
teries exposed to one s ingular  abusive condition, but  
are the result  of a combinat ion of two or more abu-  
sive conditions. P re l iminary  results in this labora-  
tory relat ive to cells of the Li/CSC system have shown 
that ventings or cell ruptures  will occur when cells 
are subjected to at least two normal ly  nonhazardous 
abusive conditions. For example, Li/CSC cells may 
vent  when force-overdischarged at moderate rates 
while being s imultaneously heated at a high rate 
by an external  source. 

It  is also believed that  the exper imenta l ly  deter-  
mined safety characteristics for one specific cell size 
should not be extended to other cell sizes (e.g., D cell 
vs.  DD cell or C cell) or to cells of the same size 
fabricated with electrodes having greater geometric 
surface areas (e.g., D cells having carbon electrodes 
o f  239 cm 2 vs.  430 cm 2, as described here in) .  

The storabil i ty characteristics for the Li /CSC sys- 
tem have been investigated using microcalor imetry 
(1) and high tempera ture  storage (74~ for various 
t ime periods followed by cell discharge at 25~ (2). 
Neither method proved satisfactory relat ive to the 
characterization of the self-discharge properties for 
cells of the Li/CSC system. The room temperature  
performance results obtained from Li/CSC cells stored 
for extended periods of t ime at ambient  tempera-  
ture or for specific periods of t ime at elevated tem- 
peratures (i.e._, 1 week, 1 month,  etc.) show that  
l i t t le or no realized capacity was lost for cells dis- 
charged under  low to moderate rates. However, the 
results  also showed that  both the realized capacity, 
and the rate capabil i ty decreased when  cells were 
discharged under  high rates. 

An invest igat ion was ini t ia ted to determine the 
realized capacity loss and voltage delay characteristics 
for prototype Li/CSC DD cells stored at 25 ~ _ 5~ 
for 1.5 years. These cells represent  ini t ial  efforts to 
produce a high ra te /h igh  capacity cell. The carbon 
electrode geometric surface area was 448 cm 2 (22.9 
length X 9.8 cm height X 2 sides). In  contrast to 
s ta te-of - the-ar t  Li/CSC D and DD cells, these pro- 
totype cells only had one current  collector tab welded 
to the electrode ext remity  comprising the innermost  
windings of the cell body. The ambient  temperature  
performance characteristics were de termined for these 
cells one week after fabrication. The results are shown 
in Fig. 7. I t  can be seen that  for constant loads of 
0.50-10.0~ (approximate rates of 6.5-0.36A, respec- 
t ively) ,  the realized capacities to a 2.0V cutoff com- 
prise a na r row band  with values of 28.5-31.5 A-hr.  
Other Li/CSC prototype DD cells were stored under  
uncontrol led ambient  t empera ture  conditions (25 ~ _ 
5~ and discharged at 25 ~ _+ 2~ under  similar  con- 
stant  load conditions. The results given in Fig. 8 show 
cell polarization immediate ly  upon load application. 
For example, the m i n i m u m  load voltage observed im-  
mediate ly  after application of a 0.50~ load was 0.17V. 
The cell voltage for this cell rose to 2.0V within  20 sec. 
The voltage continued to increase to approximately  
3.25V for the remainder  of the discharge. The realized 
capacities for cells dis,charged under  the l ighter  loads 
of 0.59-3.00~ exhibit  the same nar row band and are 
only slightly less than those observed for newly fab- 
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ricated cells (Fig. 7). The realized capacity for the 
1.5 year old cell discharged under  0.5012 was 23.9 A- 
hr, a decrease of 4.6 A-h r  from that obtained for newly 
fabricated cells. Comparison of Fig. 7 and 8 also shows 
a decrease in the rate capabil i ty for cells discharged 
under  identical loads. Thus, the effect of storage for 
prototype Li/CSC DD cells at 25 ~ ___ 5~ for as long 
as 1.5 years results in a loss of rate capability, no sig- 
nificant loss in  realized capacity for cells discharged 
under  l ighter  loads of 0.59a (approximately 5.6A ra te) ,  
and does result  in a realized capacity loss for cells 
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discharged under heavier loads of 0.50,.0, or less (i.e., 
g rea te r  than 6.5A ra te ) .  

S tored  L i /CSC DD cells were  also discharged under  
the especia l ly  heavy  loads of 0.14-0.31~. Examina t ion  
of the  resul ts  p resen ted  in Fig. 9 show that  the cells 
exper ienced  severe  ini t ia l  polar izat ion,  but  recovered  
r ap id ly  to load vol tages g rea te r  than  2.5V. The ave r -  
age rea l ized capacit ies for cells d ischarged under  the 
0.24 and 0.3112 loads were  21.0 and 21.9 A-b.r, r e -  
spect ively.  These values  represen t  app rox ima te ly  75 
and 78%, respect ively ,  of those capaci t ies  obta ined  for 
s tored cells d ischarged under  the l igh te r  loads (Fig. 
8). The pe r fo rmance  resul ts  for cells d ischarged under  
0.14a loads indicate  tha t  vent ing  occurred af te r  ap -  
p rox ima te ly  15-18 min  of opera t ion  (4.5-5.5 A - h r ) .  

Al l  s tored L i /CSC DD cells exper ienced  severe  cell  
polar izat ions  and vol tage  de lays  immed ia t e ly  upon load 
applicat ion.  These resul ts  a re  summar ized  in Table  I. 
The ini t ial ,  m in imum load vol tages range  f rom 0.07 to 
0.65V for cells under  loads of 0.14-3.0012, respect ively .  
The to ta l  e lapsed  t ime for  the load vol tages to reach  
the 2.0, 2.5, and 3.0V levels  are also given. I t  can be  
seen tha t  for  the l igh te r  loads (e.g., 3.00-0.97~) the  
vol tage delays  to the  2.0V level  were  10 sec or  less. For  
cells d ischarged under  loads as heavy  as 0.24..0,, the  vol t -  
age de lays  to the  2.0V level  were  al l  found to be less 
than 60 sec. One notab le  except ion was found for the  
cells d i scharged  under  0.14,O. loads:  the average  vo l t -  
age delays  to the 2.0 and 2.5V levels were  101 and 433 
sec. The load vol tages  for  these cells did  not  reach the 
3.0V level  for any  of the  test  cells. Fur the r ,  the  cells 
d ischarged under  0.2412 loads ( app rox ima te ly  12A) did 
not reach the  3.0V load vol tage level  for  app rox ima te ly  
900 sec. I t  can also be seen tha t  for  mode ra t e ly  heavy  
loads of 0.59-0.3112, the  vol tage  de lay  to the 3.0V level  
var ies  f rom 260 to 840 sec. However ,  these resul ts  for 
the  vol tage  de lay  and real ized capacit ies  obta ined  for 
these s tored cells a re  excep t iona l ly  good when  the 
s torage t ime and cell  construct ion character is t ics  are  
considered.  

The presen t  s t a t e - o f - t h e - a r t  L i /CSC DD cells differ 
s ignif icantly f rom those used in the  s to rab i l i t y /vo l t age  
de lay  s tudies  as descr ibed above. Improvemen t s  r e l a -  
t ive to the carbon elect rode geometr ic  a rea  and cur ren t  
collection means have  out imized the per formance  cha r -  
acterist ics  of the  L i /CSC DD cell. The carbon e lec t rode  
geometr ic  surface area  for s t a t e - o f - t h e - a r t  L i /CSC DD 
cells was increased 33%, f rom 448 to 597 cmS (30.5 
length  • 9.8 cm he ight  • 2 s ides) .  In  addit ion,  two 
carbon e lec t rode  tabs located at  the  e lec t rode  e x t r e m i -  
ties p re sen t ly  comprise  the cur ren t  collection means  in 
the  s t a t e - o f - t h e - a r t  cell. The ambien t  t empe ra tu r e  
per formance  resul ts  for  f resh cells a re  given in Fig. 10. 
The real ized capacit ies for  cells d ischarged under  1.50- 
0.5012 loads comprise  a ve ry  na r row  band  wi th  values  
be tween  29.6-28.7 A-hr ,  respect ively .  As the load  in-  

Table I. Average values of the voltage delay and performance 
characteristics for Li/CSC93 DD cells discharged under constant 

loads at 25 ~ +__ 2~ following storage for 1.5 years at 25 ~ • 5~ 

T o t a l  T o t a l  T o t a l  
elapsed elapsed elapsed 
time to  t i m e  to  t i m e  to  

Initial, reach reach reach Realized 
minimum t h e  2.OV t h e  2.5V t h e  3.0V capacity to 

Load l oad  volt-  l eve l  leve l  leve l  a 2.0V cutoff 
(~) age (V) (see)  (sec) (sec) level (A-hr )  

0.14 0.07 101 433 - -  t 4.7* 
0.24 0.10 44 280 900 21.0 
0.31 0.14 31 64 840 21.9 
0.50 0.17 20 42 780 23.9 
0.59 0.23 20 38 260 27.1 
0.97 0.39 10 19 76 29.8 
1.50 0.65 6 14 38 28.4 
3.00 0.65 9 16 33 29.3 

t Load voltages did not reach the 3.0V level under the 
load for any of the test cells. 

* Cells vented mildly at load voltages of 2.55-2.70V. 
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Fig. 9. Ambient temperature constant load discharge character- 
istics for prototype Li/CSC DD cells stored 1.5 years at 25 ~ ___ 5~ 
(0.31-0. i4Q loads). 

creased to 0.24 and 0.14~, the rea l ized  capacit ies  de -  
creased to 26.5 and 24.0 A-h r ,  respect ively .  Cells d is-  
charged under  0.14~ loads vented  mi ld ly  before  reach-  
ing the  2.0V vol tage  cutoff level.  I t  is be l ieved  that  be -  
cause of the improvements  r e l a t ive  to the  carbon elec-  
t rode  geometr ic  sur face  a rea  and cur ren t  collection 
means,  the  s torab i l i ty  and vol tage  de lay  character is t ics  
would  cor respondingly  be improved.  

Conclusions 
The L i /CSC system possesses especia l ly  high ra te  

capabi l i ty  and except ional  s to rab i l i ty  characteris t ics .  I t  
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istics for fresh, present state-of-the-art  Li/CSC DD cells (carbon 
electrode geometric surface area: 597 cm2). 
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has been shown that  L i /CSC D cells m a y  be d i scharged  
at  ra tes  as high as 15A under  constant  cur ren t  condi-  
t ions at  --2 o and +25~ and under  loads as heavy  as 
0.149` at  25~ However ,  cells wil l  vent  mi ld ly  when  
discharged at  ra tes  above  6A and under  loads of 0.249, 
and heavier .  In  a normal  env i ronment ,  the cor respond-  
ing acids of the resu l tan t  gases are  expected to be fo rm-  
ed. Results  of sa fe ty  tes t ing have  shown tha t  cell  pene-  
t ra t ion,  crushing, and localized hea t ing  wil l  resul t  in 
venting,  cell rup ture ,  or  explosion. Fur ther ,  cells of the  
L i /CSC sys tem a re  abuse res is tant  when subjec ted  to 
ind iv idua l  hazardous  conditions. However ,  the  com- 
binat ion of two or  more  safety test  condit ions m a y  re -  
sul t  in cell  vent ing or case rup ture .  The s to rab i l i t y /  
vol tage  de lay  character is t ics  as de t e rmined  f rom cells 
s tored under  ac tua l  s torage t ime condit ions show tha t  
l i t t l e  or  no real ized capac i ty  is lost when cells are  
d ischarged under  even mode ra t e ly  high rates, bu t  do 
indeed show a real ized capaci ty  loss when  discharged 
under  especia l ly  high rates. Fur ther ,  the re  is a noted 
ra te  capab i l i ty  loss for al l  cells d i scharged  wi th  the 
except ion of cells d ischarged under  compara t ive ly  low 
rates.  
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Electrode Corrosion in a Compartmented Flow Cell by Diffusion from 
the Counterelectrode 

Johnsee Lee *~ and J. R. Selman* 

Department of Chemical Engineering, Illinois Institute of Technology, Chicago, Illinois 60616 

ABSTRACT 

Electrode corrosion by a soluble species diffusing from the counterelectrode in a circulating flow cell has been ana- 
lyzed. The net rate of corrosion and its distr ibution along the electrode are found to be governed by  two dimensionless  pa- 
rameters,  represent ing ratios of mass transfer and kinetic resistances. Applicat ion of this analysis to a zinc-bromine flow 
cell indicates that  corrosion of the zinc electrode by dissolved bromine is mass-transfer controlled. Using the experimen- 
tally measured bromine diffusion coefficient and an est imated kinetic rate constant, the average zinc corrosion rate in a 
typical  zinc-bromine cell is calculated to be in the range of 1 mA/cm ~, i fa  typical  bromine concentrat ion in the positive chan- 
nel (10 g/liter) is assumed. 

In some e lec t rochemical  reactors,  the  negat ive  elec-  
t rode  m a y  be corroded by  the react ion product  of the 
posi t ive electrode.  For  example ,  in a z inc-ha logen  ba t -  
t e ry  cell, the  zinc e lec t rode  m a y  be  corroded by  dis-  
solved ha logen produced at the  posi t ive e lect rode du r -  
ing charg ing  (1, 2). This corrosion react ion causes the 
ba t t e ry  to lose charge  cont inua l ly  at  a s low ra te  and 
the reby  reduces  the  capaci ty  of the ba t te ry .  S imi lar ly ,  
corrosion by  z inc-ha logen recombina t ion  occurs when 
the cell  is in the charge  (or electrolysis)  mode. As a pa r -  
asit ic reaction,  the corrosion consumes a fract ion of the 
p roduc t  of e lectrolysis  reaction,  the reby  lower ing  the 
ne t  energy  efficiency of the cell  or  ba t te ry .  In  this  
paper ,  the ra te  of the paras i t ic  corrosion and its dis-  
t r ibu t ion  dur ing  electrolysis  (charging)  in a pa ra l l e l -  
p la te  e lec t rochemical  cel l  wi th  c i rcula t ing  e lec t ro ly te  
is analyzed.  

As shown in Fig. 1, the  cell  under  considerat ion con-  
sists of a posi t ive electrode,  a microporous  separator ,  
and  a nega t ive  electrode.  The posi t ive and nega t ive  
e lec t ro ly tes  flow sepa ra te ly  th rough  the r ec t angu la r  
channel  formed b y  the s epa ra to r  and the electrodes.  

* Electrochemical Society Active Member. 
1 Present address: Argonne National Laboratory, Chemical Tech- 

nology Division, Argonne, I l l i n o i s  69439. 
K e y  words: electrode corrosion, self-discharge, flow ce l l ,  b r o -  

m i n e  diffusion, z i n c - b r o m i n e  ce l l ,  flow battery. 

During  electrolysis,  the ha logen  or o ther  corrosive  
species is p roduced  at  the  posi t ive e lect rode and dis-  
solved in the  posi t ive e lectrolyte .  Its concentra t ion in 
this electrolyte ,  of ten l imi ted  by  so lubi l i ty  (in the case 
of chlorine)  or  by  the  presence of complexing agents  
(in the  case of b romine) ,  remains  unchanged  th rough-  
out  most of the  opera t iona l  period.  The ra te  p ro-  
cesses associated wi th  the  paras i t ic  corrosion are:  the 
diffusion of the  corrosive species th rough  the  sepa ra -  

ZINC-BROMINE CELL IN CHARGE OPERATION 

ZN ~+ 2 e---). ZN 

ZN + BR 2 --) ZNBR2 

Negative 

Positive 2BR---) BR 2 + 2 e- 

Fig. 1. Two-dimensional representation of a parallel-plate zinc- 
bromine flow cell. The negative electrode is cathode during charge, 
while the positive electrode is anode. 
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tor, its transport  across the negative electrolyte chan- 
nel, and the kinetics of the corrosion reaction. The net 
corrosion rate at the negative electrode depends on the 
overall  rate of these three consecutive processes. 

Mathematical Formulation 
To analyze the rate processes and the distribution of 

parasitic corrosion in the flow cell of Fig. 1, the follow- 
ing assumptions are made: (i) Both the electrolysis 
(charging) operation and the corrosion process have 
reached steady (or quasi-steady) state. (ii) The con- 
centration of corrosive species in the positive electro- 
lyte remains constant and uniform during electrolysis; 
its concentration in the inlet stream of negative elec- 
t rolyte also reaches a steady value due to the recir-  
culation of electrolyte. (iii) No concentration gradients 
of corrosive species exist near the interfaces between 
the separator and either electrolyte. This assumption is 
reasonable since the transport  through the separator, 
purely by molecular diffusion, is usually much slower 
than the convective transport  from the bulk solution 
to the surface of the separator, and reverse. (iv) The 
Peclet number with respect to the corrosive species is 
large for the negative electrolyte so that concentration 
variation is confined to a thin diffusion layer very near 
the surface of the negative electrode (3). A typical 
concentration profile of the corrosive species across the 
flow cell is shown in Fig. 2. (v) The velocity profile 
in the negative electrolyte channel corresponds to 
fully developed laminar flow. (vi) The physical and 
transport  properties are constant. For a further dis- 
cussion of these assumptions, see Ref. (4). 

Following molecular diffusion theory, the transport  
rate of the corrosive species through the separator may 
be writ ten as 

C| - -  C| 
Nsep = Dsep [1] 

Hsep 

where Dsep is the effective diffusivity of the corrosive 
species in the separator, and is taken to be related to 
its bulk-solution diffusivity by (5) 

Dsep - -  D~j .5  [2] 

Note that C| in Eq. [1], the steady-state bulk concen- 
tration of corrosive species in the negative electrolyte 
channel, is not known a priori. 

The transport  of corrosive species across the nega- 
tive electrolyte is governed by the two-dimensional 
convective diffusion equation (3) applied to the thin 
diffusion layer  near the negative electrode (schemati- 
cally indicated in Fig. 1) 

0C 0sC 
v x . .  = D [3]  

Ox 8y 2 

subject to the following boundary conditions 

C = C~,K, at x = 0; for all y [4] 

C = C| a t y - -  ~o; f o r 0 ~ x L L  [5] 

D - - = r ,  a t y - - 0 ;  f o r 0 , ~ x ~ L  [6] 
0y 

Here r is the reaction (corrosion) rate at the surface of 
the negative electrode. 
The velocity vx in Eq. [3] follows from the assump- 

tion of laminar flow in the negative channel. The cor- 
rosion reaction, for example 

Zn(s) + Rn(aq) -> Zn 2+ (aq) + nR- (aq) [7] 

may be regarded as a combination of two faradaic re- 
actions: Zn --> Zn 2+ + ne- ,  and Rn -~- Tte- ---> • R - ,  in a 
mixed potential process. Its reaction rate is then related 
to the equilibrium potential and the exchange current 
density of each reaction. Because of the high exchange 
current density of zinc dissolution and the mass-transfer 
resistance of Rn (aq) toward the zinc surface, the corro- 
sion potential in this example will  be much closer to 
the zinc equilibrium potential than to that of Rn/R- ,  
and the corrosion rate will be relat ively insensitve to 
potential. Therefore, this corrosion reaction may be 
considered as a direct chemical reaction with the ki-  
netic expression 

r = kCo(x) [8] 

where k is a chemical reaction rate constant; Co(x) is 
the concentration of the corrosive species 1Rn at various 
locations along the surface of the negative electrode. 

At steady state, the diffusion flux through the sepa- 
rator may be related to the corrosion rate at the nega- 
tive electrode by the mass balance in the negative flow 
channel 

H<v> [Co(L) -- C| + ~ kCo(x)dx Nsep = 

[9] 

In most electrochemical flow cells with recirculation, 
the first term on the right-hand side is very small com- 
pared to the second. For example, in the zinc-bro- 
mine battery, the coefficient H < v > / L  is 10 - s  m/sec 
under typical conditions (Table I) ,  while the bromine 
concentration in the negative electrolyte is approxi-  
mately 5 kmol /m 3 (0.005 mol / l i ter ) .  On the other hand, 
the corrosion current density is of the order of 1 mA/  
cm2 (6). Therefore, we may simplify equation [9] to 

1 
--for" kco( x) dx [ga] Nsep - -  "~  

The corrosion rate along the negative electrode can 
be calculated by solving Eq. [1], [3]-[6], [8], and [9] 
simultaneously. In order to allow a generalized anal-  
ysis, the following dimensionless variables and groups 
are defined 

x 
= - -  [10] 

L 

Co(D 
Co* ( D  - -  ~ [11]  

C| 

C| 
C.* : ~ C12] 

C| 

kC| 2kr(4/3) ( 2<v> ) -I/a 
K1 = <Nlim> -" 3D 3DHKL [13] 

Zinc  F~ectrode  S e p a r l t o r  B r ~ l n e  E l e c t r o d e  

j!:.:.:j 

c 

I o !:!!i', 

Fig. 2. Typical concentration profile of the corrosive species across 
a flaw cell. 

Table I. Typical conditions of a zinc-bromine cell 

Posit ive Negat ive  

Electrode length (m) 30 x l0 s 30 x 10 -~ 
Channel  height (m) 0.3 x 10 -2 0.3 x 10 -~ 
Flow rate (m/sec) 0.S x I0 -s 0.25 x I0 -s 
Zinc bromide concentration (M) 1.0 1.0 
Dissolved bromine concentration (M) 0.05 

Microporous separator: 
Thickness (m) 0.05 • 10 4 
Porosity 0.5 

Bromine di~usivity (mS/sec) 0.988 • 10 -o 
Corrosion rate constant (m/sec) 1.40 x 10 ~ 
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/r 
K~ = [14] 

Del'~]Hsep 

Note tha t  in Eq. [13], <Nlim>, the  average  l imi t ing 
flux due  to convective mass t ransfe r  in the negat ive  
e lectrolyte ,  can be wr i t t en  as (7) 

3DC| (2<v> ~'/~ 
<Nigh> -- 2r (4/3----~ 3DHEL / [15] 

As defined by [13] and [14], the dimensionless group 
K1 measures  the  re la t ive  magni tude  of mass t ransfer  
res is tance in the  nega t ive  e lec t ro ly te  to the  kinet ic  re -  
s is tance of the  corrosion react ion at  the  nega t ive  elec-  
trode,  whi le  K~ represents  the  re la t ive  impor tance  of 
mass t rans fe r  res is tance th rough  the separa to r  to the  
k inet ic  res is tance of cororsion. A nondimens iona l  cor-  
rosion ra te  is also defined 

r* (~) - -  kCo(~:)/<Nlira> = KICo* (~) [16] 

i.e., the  corrosion ra te  normal ized  b y  the average  l imi t -  
ing  mass t ransfer  rate .  

Solut ions of  Govern ing  Equat ions 
Using the superpos i t ion  pr inciple  (8), Eq. [3] and 

b o u n d a r y  condit ions [4]-[6]  can be wr i t t en  in in tegra l  
form as 

Co*(D=l -  3x/F,1 --floe Co*(T) d~ [173 

Note tha t  the d is t r ibu t ion  of d imensionless  surface  con- 
cen t ra t ion  Co* (~) is sole ly  a funct ion of p a r a m e t e r  K1. 
The solut ion of  Eq. [17] for var ious  values  of K1 is 
sho~vn in Fig. 3. At  l a rge  values  of K1, the  surface 
concentra t ion approaches  zero along the electrode,  and 
the ra te  of corrosion is contro l led  by  convect ive mass 
t ransfer ;  a t  smal l  values  of K1, the s u r f a c e  concent ra-  
t ion approaches  unity,  and the corrosion is under  k i -  
net ic  control.  These  resul ts  m a y  also be represen ted  in 
terms of average  sur face  concentra t ion 

So < C o * >  = Co* (~) d~ [18] 

1.o 

o .75 

<ca> 
C 0.50 

0.25 

-2 -1 0 ~ 2 3 4 5 

Log K I 

Fig. 4. The ratio of average surface concentration to bulk con- 
centration in the negative channel as a function of log K1. 

K~ 

] 

0 I 0.4 I ~ T 

0 0.2 0.4 0.6 0.8 1.0 

x / L  

Fig. 5. Dimensionless corrosion rate distribution along the nega- 
tive electrode at various values of K1. The ordinate is the local 
corrosion rate normalized by the average limiting flux. 

as in Fig. 4. The t rans i t ion  f rom kinet ic  control  to mass 
t rans fe r  control  occurs as K1 increases f rom 0.1 to 100. 

F r o m  the  solut ion to Eq. [17], the d is t r ibut ion  of 
the corrosion r a t e  at  var ious  values  of K1 m a y  be cal-  
cula ted  as shown in Fig. 5. Here  the  dimensionless  rate ,  
r* (~), defined by  Eq. [16], is used. At  la rge  K1, the cor-  

1.0 

0.75 

Co 

0.50 

0.25 

K I = 0.01 

0.10 

0.25 

0.50 

1.0 

2.5 

10.O 

O ~ I L t 
0 0.2 0.4 0.6 0.8 1.0 

X / L  

Fig. 3. Dimensionless concentration distribution of the corrosive 
species along the negative electrode at various values of K1. The 
ordinate is the concentration at  the electrode divided by the bulk 
concentration in the negative channel. 

rosion ra te  is ve ry  high near  the  flow ent rance  ~ = O, 
and the d i s t r ibu t ion  is s imi la r  to tha t  for  mass-  
t ransfe r  l imi t ing current ;  at  smal l  K1, the corrosion 
ra te  becomes much smal l e r  than the l imi t ing  mass-  
t ransfer  rate,  and its d i s t r ibu t ion  becomes more  un i -  
form. 

Al though  the d is t r ibu t ion  of the  dimensionless  ra te  
r* is de te rmined  solely by  the va lue  of K1, the ac tua l  
ra te  of corrosion depends  on the bu lk  concentra t ion 
C~,K, which  is governed by  the diffusion ra te  th rough  
the separa to r  as wel l  as the mass ba lance  Eq. [9]. By 
combining Eq. [1] and  [9] and subst i tu t ing  d imens ion-  
less variables ,  one obtains 

1 
C| = [19] 

1 + Ks Co* (D d~ 

where  Co* (D is the  solut ion of Eq. [17]. Thus, the ra t io  
C| is funct ion of both  K1 and K2. 

The solutions of Eq. [17] and [19] at  var ious  K1 and 
K2 are  represen ted  b y  a t h ree -d imens iona l  g raph  (Fig. 
6). In this graph,  two pla teaus  are  observed.  The uppe r  
p la teau  represents  the region where  the s epa ra to r  is 
not  effective in p reven t ing  crossover of the  corrosive 
species f rom posi t ive to nega t ive  channel.  A t  the  lower  
plateau,  the  ma jo r i t y  of the corrosive species a re  
s topped by  the separa tor ,  and the rat io  of its concen- 
t ra t ion  in the  negat ive  e lec t ro ly te  to tha t  in the posi t ive 
one approaches  zero. Fo r  any  given cell  design and 
opera t ing  conditions, the rat io C~* can be es t imated 
f rom Fig. 6 when  the pa rame te r s  K1 and K2 are  known.  
The bu lk  concentra t ion in the negat ive  e lec t ro ly te  C~,K 



1240 J.  Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  June 1983 

C • A O ' 5 0  ~ Y~AX X X X X X X ~ XAAAAAAAAA/~ 

0.25 

o 1 o I 2 3 

LOG k 2 6 
7 

8 

I 

Fig. 6. The ratio of the bulk concentration in the negative elec- 
trMyte to the bulk concentration in the positive electrolyte as a 
function of log K1 and log Ks. 

can be ca lcula ted  f rom C| and the given concentra t ion 
in the posi t ive e lec t ro ly te  C| 

Application to Zinc-Bromine Flow Cell  
The z inc-bromine  ba t t e ry  is a promis ing  device for  

energy  s torage because of i ts a t t rac t ive  theore t ica l  en-  
e rgy  density,  r e l a t ive ly  low elect rode polar izat ion,  and 
the low cost and  wide ava i lab i l i ty  of the  active ma te -  
r ia ls  (1). The uni t  cell of the  z inc -bromine  ba t t e ry  
consists of a zinc negat ive  electrode,  a microporous  
separator ,  and a bromine  posi t ive  electrode.  The nega-  
t ive  and posi t ive e lect rolytes  a re  c i rcula ted th rough  the 
flow channels  formed by  the separa to r  and the respec-  
t ive electrodes.  

Dur ing  charging of the ba t te ry ,  the reac t ion  p rod -  
uct a t  the  posi t ive e lect rode is l iquid bromine,  which 
is h igh ly  wa te r - so lub le  and would  diffuse across the 
flow channel  to the  zinc e lect rode where  i t  would react  
according to 

Zn( s )  + Br2(aq)  ~ Zn 2+ (aq)  + 2 B r -  (aq) [20] 
o r  

Zn(s )  + Br3-  (aq)  --> Zn 2+ (aq) + 3 B r -  (aq) [20a] 

Therefore,  the  main  funct ion of the  separa to r  is to p re -  
vent  crossover of  bromine.  To suppress  corrosion fur -  
ther,  an organic complexing  agent,  such as a qua t e r -  
na ry  ammonium halide,  is added  to the e lec t ro ly te  of 
the  posi t ive electrode.  In  this way, the concentra t ion of 
b romine  in the anoly te  is reduced  to 5-10 k g / m  3 (5-10 
g / l i t e r ) .  However ,  a smal l  amount  of b romine  stil l  d i f -  
fuses th rough  the separa tor  and corrodes the zinc elec-  
trode. Dur ing  the charge operat ion,  the cur ren t  effi- 
c iency is thus reduced  by  this paras i t ic  reaction. 

To use the method  presented  above, one first ca lcu-  
la tes  the pa rame te r s  K1 and K2 as defined by  Eq. [13]- 
[15], for  the  typica l  cell  dimensions and flow condit ions 
as shown in Table  I. The only  unknown quant i t ies  a re  
the b romine  diffusion coefficient D, and the corrosion 
kinet ic  constant  k. Fo r  p r e l im ina ry  calculat ion,  D is as-  
sumed to be the common value  10 -9  m2/sec used in 
aqueous solutions;  k is es t imated,  by  Evans '  method  
(9), to be app rox ima te ly  1.4 X 102 m/sec  based on the 
exchange current  densi t ies  and the ox ida t ion- reduc t ion  
potent ia ls  of zinc and bromine  electrodes (10, 11). 

Subs t i tu t ion  of these values into Eq. [13]-[15],  yie lds  
K1 ~ 107, whi le  K2 ranges  f rom 107 to l0 s depending 
on the thickness  of separa to r  Hsep. Refer r ing  to Fig. 4, 
the  average  surface  concentra t ion of the corrosive spe-  
cies approaches  zero, and the  overa l l  corrosion r a t e  is 
control led  b y  the convect ive diffusion process. Under  
these conditions, the d is t r ibut ion  of the  corrosion ra te  
a long the  e lec t rode  is s imi lar  to the  l imi t ing  cur ren t  
dis t r ibut ion.  

Al though  not  affecting the d is t r ibu t ion  of d imens ion-  
less corrosion ra te  a long the zinc electrode,  the  value  of 
K2 de te rmines  the  bu lk  concentra t ion of the  corrosive 

species in the  negat ive  electrolyte .  Only  when this 
concentra t ion is known can the ac tua l  zinc corrosion 
ra te  be calculated.  Fur the rmore ,  one m a y  es t imate  C| 
the rat io of the bu lk  concentra t ion of b romine  in the  
negat ive  e lec t ro ly te  to that  in the posit ive,  by  using 
Fig. 6 and the magni tudes  of K1 and K2. Fo r  example ,  
wi th  the pa rame te r s  of Table  I, this ra t io  turns  out  to 
be ve ry  s m a l i  (about  0.1). Apparen t ly ,  the presence of 
the separa to r  effectively reduces the  zinc corrosion ra te  
by  dras t ica l ly  reducing the concentra t ion of b romine  in 
the negat ive  e lectrolyte .  

Since the above analysis  indicates  a more  impor t an t  
role  of mass t ransfer  than kinetics,  an accurate  mea-  
su rement  of the  bromine  diffusion coefficient in the  zinc 
b romide  e lec t ro ly te  becomes essential  for  es t imat ing the 
corrosion ra te  of the zinc e lec t rode  in a z inc-bromine  
flow ceil. This can be accomplished by  measur ing  the 
mass - t r ans fe r  l imi t ing  cur ren t  of b romine  reduct ion at  
an e lec t rode  under  wel l -def ined l amina r  f lowcondi t ion .  
Fo r  example ,  at  a ro ta t ing  disk electrode,  the diffusion 
l imi t ing  cur ren t  is re la ted  to the bromine  flux by  the 
Levich equat ion (3). This method  was used b y  Whi te  
etal. (12). 

Al te rna t ive ly ,  one m a y  de t e rmine  the b romine  dif -  
fusion coefficient by  measur ing  zinc weight  loss due 
to b romine  corrosion under  mass - t r ans fe r  l imi t ing con- 
dition. Fo r  example ,  K im and Jorne  (13) have calcu-  
la ted the  chlorine diffusion coefficient by  measur ing  the 
weight  loss of a ro ta t ing  zinc hemisphere  submerged  
in a ch lor ine-conta in ing  zinc chlor ide solution. In  
e i ther  the  l imi t ing -cu r ren t  or the  weight - loss  method,  
wha t  is de te rmined  is an effective bromine  diffusion 
coefficient, which impl ic i t ly  includes the  effects of 
migra t ion  and the presence of complex species such as 
Br3-  and possibly  ZnBr~-  or  ZnBr42-. 

To faci l i ta te  the  calculat ion of zinc corrosion ra te  in 
a prac t ica l  z inc -bromine  flow cell, the  b romine  diffu- 
sion coefficients in var ious  concentrat ions  of zinc- 
b romide  solution were  measured  using the weight- loss  
method.  The ro ta t ing  zinc hemisphere  consists of a 
Teflon suppor t  rod and a rep laceable  zinc hemispher i -  
cal head (Fig. 7). The d iamete r  of the  Teflon rod is 
1.82 cm. A zinc hemisphere  (99.999% zinc f rom Metron 
Incorporated,  New Je rsey)  is embedded  in the  Teflon 
rod. The d iamete r  of the  zinc hemisphere  varies  f rom 
0.97 to 1.0 cm. Z inc -b romide  solution is p r epa red  by  
dissolving z inc -bromide  powder  (Fisher,  certified 
grade)  into double d is t i l led  water .  The solut ion is, 
then, deae ra ted  by  sparg ing  n i t rogen gas over  a 30 min 
period. Bromine  l iquid (Fisher ,  reagent  grade)  is 

r 
i 
i w  

CONDUCTOR 

TEFLON 

ZINC HEMISPHERE 

SOLUTION 

Fig. 7. The rotating zinc hemisphere for bromine dlffuslvity 
measurement. 
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added  to the  zinc b romide  solution, and  the  p H  of the  
solut ion ad jus ted  to 4.5. A 1000 ml P y r e x  flask is used 
to contain  the  p r e p a r e d  solution. 

At  the  beginning  of each exper iment ,  the  zinc hemi -  
sphere  is p re t rea ted ,  and then  a t tached to a ro ta to r  
(Pine Ins t rument ,  Grove  City, Pennsy lvan ia ) .  As the 
ro ta t ing  zinc hemisphere  is submerged  into the b ro -  
mine-con ta in ing  zinc b romide  solution, the  corrosion 
reac t ion  [20] occurs. Since the  corrosion kinet ics  is so 
fast  (as discussed above) ,  the  process becomes mass  
t rans fe r  l imi ted  at  mode ra t e  ro ta t ion  rate .  Under  this  
condition, the  mass t ransfe r  ra te  and hence the  diffu- 
sion coefficient of dissolved b romine  can be  obta ined  
f rom the expe r imen ta l  corrosion rate ,  using the equa-  
tion of Chin (14), correc ted  by  N e w m a n  (15) 

Nlim : 0.4508 C| 1/z [21] 

Here  C| is the  bu lk  concentra t ion of the dissolved bro-  
mine,  v is the k inemat ic  viscosi ty of solution, D is the  
effective diffusion coefficient; ~ is the  angu la r  veloci ty  
of ro ta t ing  zinc hemisphere .  The mass t ransfe r  flux is 
de te rmined  f rom the  weight  loss AW of the  zinc hemi -  
sphere  over  a t ime per iod  A~ b y  

AW 
N = M~TS [9.~,] 

w h e r e / ~  is the  molecu la r  weight  of zinc; S is the  sur -  
face a rea  of the hemisphere .  Equat ing  Eq. [21] wi th  
[22], one obtains  

A W v l / 6  
- D2/~1/~ [23] 

0.4508 SC| 

All  the quant i t ies  on the l e f t - hand  side of the equa-  
tion are  d i rec t ly  measurab le  in each exper iment .  
Therefore,  b y  p lo t t ing  the  l e f t - h a n d  side of Eq. [23] vs. 
,o~/~-, the  diffusion coefficient of bromine  can be ca lcu-  
la ted f rom the slope of the  plot. 

These exper iments  have  so far  been conducted in 0.5 
and 1.0M concentrat ions  of zinc bromide  solutions. A d -  
d i t ional  measurements  a re  in progress  and wil l  be 
r epor t ed  on separa te ly .  The detai ls  of expe r imen ta l  
p rocedure  have  also been descr ibed  e l sewhere  (4, 10). 
F r o m  the ob ta ined  weight - loss  data,  the  l e f t -hand  side 
of Eq. [23] at  var ious  ro ta t ion  speeds was calculated,  
and plot ted  in Fig. 8. Data  points  for e i ther  0.5 or  1.0M 
z inc -bromide  solut ions form a fa i r ly  s t ra igh t  line. 
F rom the slope of l ine b and c, b romine  diffusion co-  
efficients a re  calculated,  and  are  l i s ted  in Table  II. F o r  
comparison,  l ine a in Fig. 8 is d r a w n  based on the 
repor ted  b romine  diffusivi ty in wa te r  (16). At  ro ta t ion 
speeds h igher  than  5000 rpm, the Reynolds  number  of 
the hemisphere  becomes so la rge  tha t  Eq. [21] is no 
longer  val id.  

Using these diffusion coefficients, one can now cal-  
cula te  the  average  corrosion ra te  of zinc based on the 
mass - t r ans fe r  l imi t ing  flux [15], wi th  C~.K obta ined  
f rom Eq. [19]. The resul ts  a re  shown in Fig. 9, for 
var ious  values  of the  s e p a r a t o r  thickness  and porosi ty.  
They  agree  wel l  wi th  the  r ange  of se l f -d ischarge  rates  
(0.5-1.5 mA/cm~) r epo r t ed ly  observed  in advanced 
z inc -bromine  flow cells (6). 

Conclusion 
Elect rode  corrosion by  a species diffusing f rom the 

countere lec t rode  in a c i rcula t ing  flow cel l  has been  
analyzed.  Two dimensionless  groups,  K~ and K2, are  
found to govern  the  net  corrosion ra te  and its d i s t r ibu-  

Table II. Effective diffusivities of dissolved bromine in various 
zinc bromide solutions 

ZnBr2 (M)  p H  T ( ~  D • 10 9 (m/sec) 

0 25 1.30 
0.5 4.5 25 1.118 
1.0 4.3 25 0.988 
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1.0 
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/ / o 

CZnBr2 

a O.OM 

b 0.5 
c 1.0 
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L~ 8 12 16 

�89 
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Fig. 8. Plot of the left-hand side of Eq. [23] vs. ~oI/2 
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Fig. 9. Effects of the porosity and thickness of separator on the 
corrosion current density. See Table I for cell design and operating 
conditions. 

t ion along the electrode.  K1 represents  the  ra t io  of 
mass t ransfe r  res is tance in the negat ive  flow channel  
to the  kinet ic  res is tance of the  corrosion process at  the 
negat ive  electrode.  K2 is the  rat io  of diffusion res is t -  
ance in the separa to r  to the  k inet ic  corrosion res is t -  
ance. For  a given e lec t rochemical  cell, the concent ra-  
t ion of the  corrosive species and its corrosion ra te  can 
be r ead i ly  es t imated  f rom Fig. 3-6, p rov ided  tha t  K1 
and K2 are  known. 

Appl ica t ion  of this analysis  to a z inc -bromine  flow 
celt  indicates  tha t  the  corrosion of the  zinc e lec t rode  
by  dissolved b romine  dur ing  electrolysis  is mass - t r ans -  
fer  control led.  The effective diffusion coefficient of 
b romine  in the  z inc -bromide  solut ion has been de te r -  
mined  expe r imen ta l l y  to be close to 1.0 • 10 -9 m2/sec. 
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Using this coefficient and the es t imated  kinet ic  ra te  
constant,  the  average  zinc corrosion ra te  in a typica l  
z inc -bromine  flow cell  is in the range of 1 m A / c m  2 
(1.6 ~m/h r ) ,  if a typica l  concentra t ion of b romine  in 
the  posi t ive channel  (10 g / l i t e r )  is assumed. 
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LIST OF SYMBOLS 
C 
< C >  
D 
F 
H 
I 
k 
L 
M 
N 
< N >  
n 

R 
r 

S 
V 

< v >  
hW 
X 

Y 
e 

concentrat ion,  k m o l / m  3 
average  concentrat ion,  k m o l / m  3 
diffusion coefficient, m2/sec 
Fa raday ' s  constant,  96,500 C/equ iva len t  
channel  height  or  thickness  of separa tor ,  m 
total  current ,  A 
react ion ra te  constant,  m/sec  
length  of electrode,  m 
molecular  weight,  k g / m o l  
mass flux, kmol /m2-sec  
average  mass flux, kmol /m2-sec  
number  of e lectrons pe r  react ion 
represents  chlor ine (C12) or  b romine  (Br2) 
react ion rate,  kmol /me-sec  
total  surface area,  m 2 
flow velocity,  m/sec  
average  velocity,  m/sec  
weight  loss, kg 
dis tance along electrode,  m 
dis tance pe rpend icu la r  to electrode,  m 
porosi ty  

r (x) complete  gamma funct ion of x 
A~ total  react ion time, sec 
v k inemat ic  viscosity, m2/sec 

angular  velocity,  t a d / s e e  

Subscr ipts  
A refers  to posi t ive e lec t rode  or  e lec t ro ly te  
K refers  to negat ive  e lect rode or  e lec t ro ly te  
l im refers  to mass t rans fe r  l imi t ing flux 
sep re~ers to separa to r  
o refers  to e lect rode surface  
oo refers  to bu lk  solut ion 

Superscr ip ts  
* dimensionless  var iab le  

REFERENCES 
1. "Zinc /Bromine  Ba t t e ry  Feas ib i l i ty  Assessment,"  

Gould Inc., Roll ing Meadows, IL, EPRI  EM-1059 
(1979). 

2. "Development  of the Zinc-Chlor ide  Ba t t e ry  for  
Ut i l i ty  Appl icat ions ,"  Ene rgy  Development  As-  
sociates, Madison Heights,  WI, EPRI EM-1051 
(1979) & EPRI EM-1417 (1980). 

3. V. G. Levich, "Physicochemical  Hydrodynamics ,"  
Pren t ice-Hal l ,  Englewood Cliffs, NJ (1962). 

4. J. Lee, Ph.D. Thesis, I l l inois Ins t i tu te  of Technol-  
ogy (1981). 

5. T. K. Sherwood,  R. L. Pigford,  and  C. R. Wilke,  
"Mass Transfer ,"  McGraw-Hi l l ,  New York (1975). 

6. P. Grimes,  P r iva te  communicat ion.  
7. J. Newman,  "Elect rochemical  Systems,"  P ren t i ce -  

Hall,  Englewood Cliffs, NJ (1973). 
8. F. G. Hi ldebrand,  "Advanced  Calculus for App l i ca -  

tions," Pren t ice-Hal l ,  Englewood Cliffs, NJ (1962). 
9. J. O'M. Bockris  and A. K. N. Reddy,  "Modern Elec-  

t rochemis t ry ,"  P lenum Press, New York (1970). 
10. J. R. Se lman  and J. Lee, in "Zinc Electrodeposi t ion 

and Dendri t ic  Growth  f rom Zinc Hal ide  Elec t ro-  
lytes,"  EPRI  Contract  No. RP-1198-3, F ina l  Re-  
por t  EM-2393 (1982). 

11. K. J. Vetter,  "Elect rochemical  Kinetics,"  Academic  
Press, New York (1967). 

12. S. E. Lor imer  and R. E. White,  Abs t rac t  492, p. 
1213, T h e  Elect rochemical  Society  Extended  Ab-  
stracts,  Vol. 81-1, Minneapolis ,  MN, May 10-15, 
1981. 

13. J. T. K im and J. Jorne,  This Journal, 125, 89 (1978). 
14. D. T. Chin, ibid., 118, 1434 r 
15. J. Newman,  ibid., 119, 69 (1972). 
16. "Chemical  Engineer ' s  Handbook,"  5th ed., J. H. 

Per ry ,  Editor,  McGraw-Hi l l ,  New York  (1973). 

Reaction of Palladium with Chlorine and Hydrogen Chloride 

S. P. Sharma* and E. S. Sproles, Jr. 
Bell Laboratories, Columbus, Ohio 43213 

ABSTRACT 

A laboratory s tudy has been conducted of the reactions of pal ladium with chlorine and HC1 vapors at various relative 
humidit ies  (RH). Reaction kinetics have been s tudied employing quartz crystal oscillators coated with pal ladium by elec- 
tron beam evaporation. Corrosion films were analyzed by electron spectroscopy for chemical analysis (ESCA). It has been 
found that  no reaction is detectable between pal ladium and air containing 1.8 ppm chlorine at room temperature  (RT) and 
relative humidit ies  less than 60%, but  a film formation reaction occurs at higher relative humidities.  The film is believed to 
be PdC12 �9 2H20. An ambient  containing 10 ppm HCla t  high relative humidi ty  forms a film on Pd  which largely desorbs in 
dry air. ESCA analysis after exposure  to HC1 revealed no significant chloride film. The similarity of the corrosion film 
formed in chlorine at high relative humidi ty  with films formed on pal ladium samples placed in field environments sug- 
gests that  an accelerated laboratory environmental  test  for pal ladium can be developed utilizing chlorine at high relative 
humidity.  

Pa l l ad ium and its al loys a re  being considered as 
rep lacements  for  gold pla t ings  in separab le  connectors. 
Pa l l ad ium offers significant cost savings and has been 
used on re l ay  contacts  in the  Bell  Sys tem wi th  favor -  
able  results .  

* Electrochemical  Society Active Member. 
Key words: corrosion, palladium chloride, electrical  contacts, 

tarnishing of metals.  

Pa l l ad ium is a precious meta l  and has been m e n -  
t ioned in the  l i t e ra tu re  to w i t h s t a n d  the effects of cor-  
rosive gases in the  a tmosphere .  Extens ive  studies have 
been conducted in Bell  Labora tor ies  on the in terac-  
tions of Pd  with  flowers of sul fur  and o ther  su l fur  con- 
ta in ing gases (H2S and SO2). No significant contact  
resis tance changes were  observed in the  tests on Pd 
exposed to Ss vapors  (1). In  recent  s tudies at Bel l  
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Laboratories,  Pd coupons were exposed to various in-  
door and ou tdoor  env i ronments  in  different parts of 
the country.  The indoor ambients  included telephone 
central  offices with well  controlled tempera ture  and 
humidi ty  as well  as other more poorly controlled en-  
vironments .  Some of these coupons developed high con- 
tact resistances (2). A careful investigation of these 
surfaces revealed the composition of the films to be 
PdCls .  2H20 (3). This observation is consistent with 
the fact that  all base mater ia ls  exposed in similar loca- 
tions also showed chloride film formation (4). The film 
thickness developed on Pd coupons is greatest in  an 
uncontrol led env i ronment  (5). This raises a significant 
concern about the use of Pd on the connector contacts. 
In  order to unders tand  the reaction of Pd with C12 
and  HC1 (two prominent  chlorine containing pol lu-  
tants) ,  a s tudy was conduc%ed in an env i ronmenta l  
chamber  at very high concentrat ions of C12. and HC1 
and at different relat ive humidities.  

Exper imental  
The samples were prepared by electron beam evapo- 

rat ion of a film of 1 ~m thick Pd onto 5 MHz AT-cut  
quartz crystals. In  addition, coupons of wrought  Pd 
were cut from a th in  sheet of Pd strip (99.9% puri ty)  
and exposed to the same pol lutant  gases. The exposure 
was  done in  a permeat ion tube apparatus described 
earl ier  (6). A fluorinated ethylene propylene (FEP) 
Teflon tube is filled with C12 in the l iquid state and 
sealed. After  an  ini t ial  induct ion period, permeat ion 
of the .chemical through the tube  proceeds at a very  
constant rate (7). The system flow rate was adjusted 
so that  the calculated C12 concentrat ion in the reaction 
chamber  remained at 1.8 ppm, and the relat ive humidi ty  
could be varied from 0% to 80%. The actual CI~ con- 
centrat ion in the reaction chamber  may be less than 
1.8 ppm. All  measurements  were made at room tem- 
perature,  and  the flow rate was main ta ined  at 75 ml /  
min. The quartz crystals were suspended from the top 
of the reaction chamber,  and the coupons were mounted  
on a rack in the reaction chamber. 

Exposure of the crystal surface to a reactive ambi-  
ent results in the formation of a film on the surface and 
an increase in the mass of the crystal. The weight gain 
results in  a decrease in the crystal frequency. The 
weight gain for a given frequency shift is obtained 
from the crystal constant  (1.77 • 10-Sg cm -2 Hz-1) .  
A Sloan quartz crystal thickness monitor  (DTM-3) was 
used as the power supply, and the crystal f requency 
was measured with an HP-5325A frequency counter. 
This f requency counter  was interfaced with an HP-  
data acquisit ion system and the frequency was re-  
corded by the computer every 10 min. 

Due to the high vapor pressure of HC1, it is not  pos- 
sible to utilize the permeat ion tube apparatus for 
s tudying the HC1-Pd interactions. Therefore, another  
apparatus was constructed for HC1 exposure and is 
schematically shown in Fig. 1. Dry  air  containing low 

levels of impurit ies is obtained from a commercial sup- 
plier. The pressure in the incoming air  l ine is ma in -  
tained at ,--5 psig. Pressure fluctuations are minimized 
by using double pressure regulators. Par t  of the dry 
air flows through a bubbler  and is fully saturated with 
water vapor (RH = 100%). Another  part  of the 
air from the incoming air l ine flows through a 
bubbler  containing a 12% aqueous solution of HC1, 
main ta ined  at 25~ in a constant  t empera ture  bath. 
This aqueous solution has an HC1 par t ia l  pressure of 
0.0145 mm and 19 mm of H20 vapor pressure at 25~ 
in equi l ibr ium state (8). The air flowing through this 
bubbler  will be saturated with HC1 and H20 vapor cor- 
responding to their  respective part ial  pressures. By 
suitable mixing of the wet  air  (100% RH) with 
that  of HC1 containing air, the relative humidi ty  (RH) 
and the concentrat ion can be varied. Relative humid i -  
ties of 84% RH and 90% RH and concentrations of 
9 ppm and 10 ppm, respectively, were generated this 
way, and the samples were exposed in a s imilar  way 
as in the C12 gas environment .  These are calculated 
concentrat ion values. The actual values in the reaction 
chamber  may be different. The computer  controlled 
frequency counter  measured the change in frequency, 
hf, every 10 min. 

The chemical composition of the corrosion films was 
analyzed on a Physical Electronics ESCA system. ESCA 
measurements  were made using Mg K~ radiat ion at 
400W input  power. In  order to correct for the ins t ru-  
menta l  drif t  and to obtain an accurate energy cali- 
bration,  data were referenced to the Au 4f7/2 l ine at 
84.0 eV using a gold s tandard.  

Results 
Figure 2 shows the kinetic growth rate data from 

the quartz crystal microbalance. The x-axis  shows the 
t ime of exposure in  minutes,  and the y-axis  is the 
frequency shift in Hertz. It will  be shown later  that the 
film which forms on Pd in chlorine env i ronment  at 
high relative humidi ty  is hydrated pal ladium chloride. 
The thickness of the film can be calculated by knowing 
the density of PdCI2.2H2.O (since PdC12 is hygro- 
scopic), the area of the exposed mater ial  on the quartz 
crystal, and the total weight gain. The right side of 
the y-axis  shows the film thickness calculated this 
way. Four  curves are shown in this figure. These 
curves represent  a combinat ion of different relative 
humidit ies and concentrat ions of C12 and HC1 gas. It 
is seen that the rate of film growth is very small  at 
60% relat ive humidi ty  for 1.8 ppm C12. At 80% rela-  
tive humidity,  1.8 ppm C12, a very high l inear corrosion 
growth rate was measured. For HC1, the growth rate 
at 84% relat ive humidi ty  and 90% relative humidi ty  at 
9-10 ppm concentrat ion is smaller  than for 1.8 ppm 
C12. 

1600 

1200 

.E 

800 

u~. 400 

/ / _ . ~ - ~ - " ~ -  ~ Adsorbed 

600 800 1000 1200 1400 

T i m e  in  m i n s ~  

. 2112 

- 1760 

1408 

.E 
1056 0 

ff 
704 

352 

Fig. 2. Kinetic growth rate oE PdCI2 as a function of time at 
Fig. 1. Schematic of the apparatus for HCI exposure different relative humidities. 
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These curves should be modified somewhat to ac- 
count for the fact that  PdC12 �9 2HzO film may adsorb 
addit ional water  at room temperature.  In  order to de- 
termine the amount  of adsorbed water, the samples 
were exposed to dry air at the end of each experiment.  
These physically adsorbed species will  desorb at low 
relative humidity.  It was found that, on the average, 
a quant i ty  of water  and /or  HC1 vapors (in the HC1 
exper iment)  equivalent  to ,~700-800A. of PdC12 �9 2H20 
were physically adsorbed on these films depending 
upon relative humidity.  This adsorbed water  is thought 
to be over and above the water of hydrat ion in PdC12 �9 
2H2:O. Thus, the true kinetics of growth is different 
than shown in Fig. 2. The final film thickness is lower 
than shown by the amount  of adsorbed H20. Since the 
kinetics of water and /or  HC1 adsorption is hard to de- 
convolve from these figures, the true kinetics cannot 
be precisely determined.  An approximation can be 
made, however, for the kinetic growth rate from these 
measurements.  It should also be noted that  in 1200 min, 
HC1 has not reacted to an appreciable extent with Pd 
at 84% and 90% relat ive humidity,  and mosr of the 
weight gain on the quartz crystal is due to the adsorp- 
t ion of water  and HCI vapors. This is substant ia ted by  
the ESCA spectra taken on the Pd  crystal which has 
been exposed to 1200 min  to 10 ppm HC1 at 90% rela-  
tive humidity.  This spectra is shown in Fig. 3. It  is seen 
that  the Pd 3d~/2 l ine occurs at ~335 eV. This l ine cor- 
responds to metallic Pd. The Pd in PdCI2 film occurs 
at ,~338 eV. The absence of a line at 338 eV suggests 
that very  l i t t le if any  PdCI~ formed at these conditions. 
The O Is l ine is very  broad par t ly  due to the fact that 

the Pd 3p l ine also occurs in the same vicini ty and 
also due to the presence of adsorbed water  and ad-  
sorbed oxygen on Pd when exposed to the HC1 vapors. 

Figure 4 shows the ESCA spectra from Pd exposed to 
1.8 pprn CI~ and 80% relative humidi ty  for ,-,3 hr. 
There are two distinct Pd 3d5/2 peaks, one at 335 eV 
corresponding to metall ic Pd and the other at ~338 eV 
corresponding to Pd +e. The line at 338 eV corresponds 
to PdC12 (3). It is seen that the metallic Pd peak is 
higher than the Pd +2 peak. Since in 3 hr, films greater 
than  the electron escape depth (~20A) formed on the 
Pd surface (Fig. 2), it may be assumed that  the films 
are patchy, and there are certain areas on the surface 
which have no PdC12 film in 3 hr. ESCA analyzes 
~,4 m m  2 area, and, therefore, this nonuni formi ty  of the 
film Can be seen in the spectra. This observation, that  
films form at discrete points and spread from these 
points over the entire surface, is consistent with the 
field grown films (3). The O ls l ine shows the presence 
of at least two species, oxygen in H20 and probably ad- 
sorbed oxygen. The PdCI~ is known to have water of 
hydrat ion associated with it. The composition of the 
film is PdCI~. 2H20. This film is the same as that 
which grows in the field on Pd. The test uti l izing C12 
at 80% relat ive humidity,  therefore, duplicates the 
chemistry of the field grown film. 

The behavior  of Pd in the C12 env i ronment  sharply 
contrasts with its behavior  in the HC1 environment .  
The rate of reaction of Pd with HC1 is very slow as 
seen from Fig. 2. Very little if any  PdC12 formed on 
Pd for 24 hr exposure in a flow env i ronment  at 90% 
relat ive humid i ty  and 10 ppm HC1 concentration. Ex- 
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Fig. 3. Pd exposed to I0 ppm HCI, 90% relative humidity in a flow system, 24 hr 
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Fig. 4. Pd exposed to 1.8 ppm CI9, 80% relative humidity, 2 hr in a flow system 

tended exposure in HC1 vapors, however, does produce 
a chlorine containing film on Pd. Figure 5 shows the 
ESCA spectra obtained from a Pd sample which has 
been exposed to 10 ppm HC1 at 90% relative humidi ty  
in a static env i ronment  for 21 days. There are two dis- 
t inct  Pd peaks, one corresponding to the metall ic Pd 
(at 335 eV) and another  Pd +2 at  ,~338 eV. Again, Pd +2 
probably  corresponds to PdC12 �9 2H20 as observed be-  
fore. 

Figure 6 shows the effect of relat ive humidi ty  on 
the interact ion of Pd with chlorine. This figure shows 
the weight gain on a Pd coated quartz crystal after 
24 hr  exposure in 1.8 ppm CI~ gas, plotted as a function 
of relative humidity.  As in Fig. 2, the entire weight 
gain is not  due to the film formation, but  some of it is 
due to physically adsorbed water  on the film, i.e., water 
not chemically bound in the film. For example, the 
amount  of adsorbed H~O at 80% relat ive humidi ty  is 
shown by  the arrow on this figure. The actual curve is, 
therefore, somewhat  lower than that  shown in Fig. 6. 
However, it is clear that relative humidi ty  ~ 60%, the 
corrosion of Pd with CI~ is slow and insignificant. For 
relat ive humidi ty  ~ 60%, Pd is attacked very  strongly 
by C12. This relat ive humid i ty  of 60% can be termed the 
critical relat ive humidi ty  for PdC12 film formation on 
Pd. 

Discussion 
Pd does not  react with C12 at low relative humidit ies  

at room temperature.  The reaction of dry C12 with Pd 
does proceed but  only at temperatures  > 300~ (9). It  
is, therefore, clear that water  plays a key role in the 
observed reactions of Ct2 with Pd at room tempera ture  
and high humidity.  A model may be proposed where 
the C12 gas dissolves in the adsorbed water  layer  on 
Pd and the reaction takes place be tween the dissolved 

C12 and Pd. This would explain in part  the dependence 
of the Pd corrosion on relat ive humidity,  if more than 
a few monolayers of water  are needed for the reaction 
to proceed. Work on the water  adsorption isotherms on 
Pd is current ly  in  progress and will  be reported later. 
Thermodynamical ly ,  the s tandard enthalpy of forma- 
tion of PdC12 is given by (9) 

Pd + CI2~ PdC12 AH ~ : - -39kca l /moI  

At a chlorine concentrat ion of 1.8 ppm, the free en-  
ergy of the reaction is --31 kcal/mol.  The heat of for- 
mat ion provides impor tant  informat ion about the over-  
all thermodynamic s tabi l i ty  of PdCI~ film formation. It  
does not  provide any informat ion about the kinetics of 
this reaction. There is probably  an activation energy 
associated with this reaction, and the role of water 
vapor may be to lower the activation energy for the 
reaction. However, it is clear that thermodynamical ly ,  
this reaction should proceed to the r ight  provided the 
energy barr iers  can be overcome. 

Another  impor tant  thermodynamic  criterion is the 
s tandard  oxidation potential  (9) 

Pd -p C12 ~ Pd 2 + -~ 2C1- ~V ~ = 0.44 

Thus, at the s tandard  states, C12 gas can easily oxi- 
dize Pd to Pd 2+ and is itself reduced to C1- because 
~,V ~ is positive. I t  is l ikely that  even at 1.8 ppm C12 
concentration, the oxidation potential  would remain  
positive, and the reaction would proceed to the r ight  
as written. The role of H20 may be to support the 
oxidation of Pd by dissolving C12 gas in the adsorbed 
H20 film. This may explain in par t  why HC1 reaction 
with Pd is small, because no such oxidation of Pd to 
Pd 2+ may take place with HC1. Other strong oxidants, 
like Oz in the atmosphere, may oxidize Pd, and the HC1 
reaction may proceed after this oxidation. 
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Fig. 5. Pd exposed to 10 ppm HCI vapors, 90% relative humidity, 21 days in static environment. 
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Pa l l ad ium chlor ide  is ve ry  hygroscopic.  The  d ihy-  
d ra te  chloride,  PdC12.2H20 has a b rown color. The 
anhydrous  PdC12 ob ta ined  by  hea t ing  PdC12.2H20 is 
r e d - b r o w n  in color. Different ia l  t he rmal  analysis  and 
x - r a y  diffract ion studies indicate  tha t  there  a re  at  leas t  
two po lymorphs  of PdC12. The best  known  is ~-PdC12 
which is o r thorhombic  (a --  3.81A, b _-- 3.34A, and c = 
l l . 0A)  with  two fo rmula  units  in the  unit  cell (9).  
S t ruc tu re  of a-PdC12 consists of infinite chains in which 
P d  is su r rounded  by  four  co -p lana r  b r idg ing  C1 atoms 
at  2.31A (9, 1O). The angles be tween  Pd C1 Pd 

o el\ /el  
--Pd 87"/ 93" _Pd 

Cl C1 

iS 93 ~ and ClPdCl is 87 ~ The PdCl~, therefore, re- 
sembles a polymer. The structure of PdCI2.2HzO is 
not known, but  i t  appears  l ike ly  tha t  the chain s t ruc-  
ture  of a PdC12 m a y  be re ta ined  with  the  addi t ion  of 2 
wate r  molecules  w e a k l y  bound to each pa l l ad ium atom 
(1O). A model  of film format ion  based on the PdCls  
s t ruc ture  m a y  be  proposed  which  accounts for the 
nonun i fo rmi ty  of the  PdC12 film observed on Pd  in 
ea r ly  s tages of formation.  I t  is proposed tha t  the  po ly-  
mer  chain s tar ts  a t  few discrete points  (defects, im-  
puri t ies ,  surface contaminants)  which act as nucleat ion 
sites. F u r t h e r  g rowth  takes  place  by  adding  br idg ing  
chlor ine atoms on succeeding sites unt i l  the  ent i re  sur -  
face is covered. In  the  in i t ia l  stages, there  m a y  be only 
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a few patches. This mechanism would account for the 
patchy character of the film observed in ESCA. The 
chemical shift of 3 eV suggests that there is a net de- 
crease in the effective electronic charge on Pd atom, if 
we assume a simple charged sphere model where an 
atom is considered to be a sphere with a surface repre-  
sented by the valence electrons. Utilizing Pauling's 
electronegativity principle and under the assumptions 
that only nearest neighbors and that only �9 bonds con- 
tribute to the pal ladium charge, it is estimated that Pd 
in PdCI~ has a net charge of 0.6. Thus, there is not 
strictly an ionic bond between Pd and chlorine in 
PdC12 but a part ial  ionic and a part ia l  covalent bond. 

I t  was mentioned earlier that  PdCI~ is very hygro-  
scopic in nature. Once it is formed on the surface, it 
may adsorb water readily; this may increase the rate 
of corrosion at ~ 60% relative humidity. In the field, 
the presence of salts like CaCI~ and NaC1 (significant 
constituents of dust particulates present in the environ- 
ment) may also cause the condensation of water at low 
relative humidity values (3). For example, 39% rela- 
tive humidity will cause the condensation of water near 
a CaC12 particle. This may start  the formation of PdC12 
in real field environments. This point has been discussed 
further in another paper (3). The present results sup- 
port the conclusion of Shimosato (11) that C12 gas 
reacts strongly with Pd at high relative humidity. It 
also explains results of Long and Bradford (12) that  
Pd coupons developed high contact resistance when 
exposed to a chlorine containing environmental test. 

Conclusion 
A study has been conducted of Pd reactions in an 

ambient produced in the laboratory containing high 
concentrations of C12 gas and HC1 vapors at different 
relative humidities. A permeation tube apparatus was 
utilized for C12 exposure, and a separate apparatus was 
constructed for exposing Pd to HC1 vapors. The sam- 
ples were prepared by electron beam evaporation of 
Pd on quartz crystal oscillators, and the weight gain 
was monitored by measuring the frequency change of 
the crystal  when exposed to pollutant gases. The chem- 
ical analysis was done by ESCA. It has been found that 
the reaction of HC1 with Pd proceeds very slowly at 
high relative humidity. The reaction of C12 gas proceeds 
rapidly at relative humidity ~ 60%. For relative hu- 
midity ~ 60%, the reaction of C12 does not proceed 
rapidly. The reaction of C12 with Pd and an extended 
exposure of Pd to HC1 vapors at high relative humidity 
( ~  80%) results in the formation of PdC12 �9 2H2D film 
on the surface. This film readily adsorbs more water 
and may increase the corrosion rate further. It has been 

found that the film which forms in the field can be 
duplicated in the lab by using high concentrations of 
CI~. at high relative humidity. These reactions suggest 
that for evaluating a connector product, using Pd as 
the material, an environmental test utilizing C12 at high 
relative humidity shouldbe employed. A high corrosion 
rate on exposed materials may not necessarily mean 
degradatio~ of the electrical performance of mated 
connectors as the authors have shown in another study 
(13). 
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ABSTRACT 

The etching of high purity a luminum foils in hydrochloric acid under  alternating current was investigated. Pit develop- 
ment and characteristics of etched foils were studied taking into account the a-c amplitude, the frequency, the etching time, 
and the electrolyte temperature, using light micrography and scanning electron micrography. A maximum of electrical ca- 
pacitance CM of etched and anodized foils is observed for certain frequency value VM; C~ and vM depend on the experimental 
conditions. The a luminum oxide formed on the metal etched surface exhibits min imum thickness for bath temperature 
near 60~ Galvanodynamic voltammetry allows the determination of a pitting current and an induction time which de- 
pends on frequency. The pit density and the calculated anodic current efficiency for metal dissolution are found to decrease 
markedly with increasing frequency. 

The etching of high pur i ty  a luminum foil in chemical 
or electrolytic processes is required to obtain, by a 
controlled pi t t ing mechanism, a suitable surface poros- 
ity necessary for the production of electrolytic capaci- 
tors or of offset l i thographic sheets (1-3). 

The main  advantage of the a l ternat ing current  etch- 
ing (6-9) consists in the result ing fine porosity and the 
remain ing  unat tacked core par t  of the foil which pre-  
serves its pliability. Under  a l ternat ing current,  pi t t ing 
and metal  dissolution occur dur ing  the anodic half-  
cycle (10, 11), while reduct ion of protons in the cath- 
odic half-cycle provokes local rise in  pH, producing 
the repassivation of preexist ing pits (2, 12). Therefore, 
in the next  anodic half-cycle, the creation of new pits 
results in ramification of the attack. Many works have 
been devoted to pi t t ing phenomena of a luminum 
in chloride solution (4, 5, 13, 14). 

In this paper, pit  development  and characteristics of 
a l u m i n u m  foils etched under  a l ternat ing current  are 
investigated, taking into account the influence of a-c 
frequency,  a-c  amplitude,  etching time, and tempera-  
ture (17). 

Experimental 
99.9.9% pur i ty  and 90 ~'n thick a luminum foils are 

used. The etched layer characteristics and the capaci- 
tance of etched and anodized foils are investigated in 
relat ion to a-c frequency v (from 1 to 1000 Hz), a-c am-  
pli tude I, bath tempera ture  T, and etching time t. The 
etching bath is based on 1.3N hydrochloric acid solu- 
t ion containing small  amounts  of ni tr ic  and phosphoric 
acids. The attack is performed on one side of the elec- 
trodes consisting of 38 m m  diam disks cut out from the 
above foils. These disks are cleaned i n  t r ichlorethyl-  
erie and in ethyl alcohol and are rinsed in deionized 
water.  The disks are mounted  on a Teflon support pro- 
vialed with electrical contact. The exposed surface (to 
be attacked) is 4 cm 2. In  most experiments,  the maxi -  
mum current  applied to electrode is 2A (for 4 cm2). 
Two electrodes are placed face to face inside a 2.5 liter 
glass cell. A Teflon cylinder, provided with holes al low- 
ing the solution circulation, keeps constant  the distance 
between electrodes (5 cm) and limits the side effect on 
etched samples. The sine a l ternat ing current  utilized 
for etching is provided by a potentiostat  Tacussel PRT 
20-10X, monitored by a signal generator  Tektronix  464. 
For exper imental  convenience, the potential  of the 
working (a luminum)elec t rode  is recorded with refer-  

Key words: aluminum, etching, pitting, capacitor, alternating 
current. 

ence to the other a l u m i n u m  electrode. The cell voltage 
is then recorded as a funct ion of the current  in tensi ty  
(Fig. 8). Its values vary  within the range + 2  and 
--2V. The potential  scale on the original vol tammetr ic  
curves on the oscilloscope is 1 V/cm for 1 Hz and 0.5 
V/cm for other frequencies. The anodization of etched 
foils is carried out in a boric acid solution at 90~ 
The capacitance of etched and anodized a luminum foils 
is determined at 50 Hz frequency using a capacitance 
bridge HP 4282A. Capacitance values are referred to a 
un i t  of geometric surface area (dm2). 

Results 
Optical cross-sectional rnicrographs of etched foils in 

Fig. 1 show a coarse attack at 1 Hz frequency, resul t-  
ing in an i r regular  surface topography. A regular  fine 
porosity is obtained at 50 Hz. The etching at 100 Hz does 
not produce any  noteworthy roughness in foil surface. 

Scanning electron micrographs of etched foil in Fig. 
2 exhibit  etched pits at 1 Hz attack, developed in well-  
defined crystal directions. These pit shapes are similar  
to the ones formed in the direct current  etching pro- 
cess. Pits created at 50 Hz have rounded outlines. 

By an el l ipsometry technique adapted to a rough 
surface, performed in the Research Center of A lumin -  
ium-Pech iney  Voreppe, it has been found that the 
oxide thickness is m i n i m u m  for the etching tempera-  
ture range 55~176 (Fig. 3). This result  was confirmed 
by the surface analysis data given by the glow dis- 
charge spectrometry (GDS) we carried out with the 
assistance of IRSID Inst i tu te  (15). GDS data also in -  
dicate a ma x i mum of oxygen and hydrogen content  for 
a temperature  around 50~ (Fig. 4). These two ele- 
ments  are associated to a hydrated oxide. The maxi-  
mum of O and H contents is a t t r ibuted to a max imum 
of total pore surface created at these temperatures.  

Under  the given exper imental  conditions, a maxi-  
m u m  of electrical capacitance CM is observed on each 
C _-- f(v) plot relat ive to etched and anodized foils, at 
a given frequency VM. CM and  vM are found to depend 
on the a-c ampli tude I, the bath tempera ture  T, and 
the etching time (Fig. 5, 6, and 7). 

The capacitance m a x i m u m  decreases when the ap- 
plied current  ampl i tude I increases, whereas the ~M 
value remains near ly  unchanged.  A temperature  in-  
crease moves vM toward high frequency. It enhances the 
deterioration of the fine porosity structure of the etched 
foil. When etching time is decreased, the foil capaci- 
tance decreases and the oapacitance peak is shifted 
toward low frequencies (Fig. 7). For  an electric 
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Fig. 1. Cross-sectional micrographs of aluminum foils etched under alternating current at different frequencies: left, 1 Hz; center, 50 
Hz; right, 100 Hz. ( •  400) (c.d. = 0.5 A/cm 2,t =4mn45sec ,  T =  55~ 

Fig. 2. Scanning electron micregraphs of aluminum foils etched at 1 and 50 Hz, respectively. ( •  1600.) 

charge four times smaller  (i.e., for an etching time 
equal to 1 mn  11 sec instead of 4 mn  45 sec) the capaci- 
tance m a x i m u m  CM is only sl ightly reduced, about 
15% smaller. 

Galvanodynamic  vo l tammetry  curves relat ive to a lu-  
m inum foils in  the etching solution are recorded using 
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Fig. 3. Maximum of capacitance and minimum of oxide thickness 
observed for bath temperature range 55~176 (oxide thickness 
determined by an ellipsometry technique). 

an oscilloscope, for different frequencies (Fig. 8). On 
each curve, a small  potential  peak (maximum)  is ob- 
served which corresponds to an in tensi ty  iR and an in-  
duction time z dur ing which the current  is main ly  used 
for the electrical charging of the meta l / so lu t ion  in ter -  
face. This peak would be related to the pit ini t iat ion 
(and corresponds to the pi t t ing potential)  that  can 
be determined from a potent iodynamic vo l tammet ry  
curve. Dur ing  ~ time, no dissolution of metal  would oc- 
cur. On the galvanodynamic  curves, one  can note the 
increase of iR in tens i ty  as a funct ion of increasing fre- 
quency. 

From the equations relat ive to s ine-shaped current ,  
the expressions of �9 and p were derived, io is the a-c 
max imum current  ampli tude,  p is the anodic current  
efficiency for metal  dissolution, defined by  the ratio 
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Fig. 4. Maximum of oxygen and hydrogen contents in porous 
part of aluminum etched foils observed for bath temperature near 
to 50~ (glow optical discharge spectrometry data). 
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Fig. 5. Effect of the alternating current amplitude on the capaci- 
tance variation of etched and anodized aluminum foils. 
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The values  of ~ and p calcula ted f rom exper imen ta l  
v and iR values are  r epor ted  in Table  I which shows 
tha t  the  anodic cur ren t  efficiency for meta l  dissolution 
p m a r k e d l y  decreases when a-c  f requency increases.  

Pi t  dens i ty  is found to drop sharp ly  as a function of 
f requency  (Fig. 10). I t  is noted that  the cur ren t  dens i ty  
mus t  be cons iderab ly  reduced  in this exper imen t  
o therwise  the pi t  deve lopment  was too quick and it was 
not  possible to observe the phenomenon.  

Discussion 

The capaci tance of the a l u m i n u m  etched foils em-  
p loyed in the fabr ica t ion  of e lec t ro ly t ic  capaci tors  is 
known to be t igh t ly  bound to the  e tching conditions. 
The low capaci tance values  found for foils p repa red  
in  the  l abora to ry  resul ts  f rom two reasons:  (i) in this 
study,  the  foils a re  etched on one side, ins tead of both  
sides of the foil  as in an indus t r ia l  plant ,  (ii) the differ-  
ence in hydrodynamic  condit ion of the ba th  near  the 
foil surface:  solut ion mot ion  over  the  electrodes is 
ra ther  l imi ted  in the l abo ra to ry  cell. Nevertheless ,  the 
effect of different  e tching pa ramete r s  has been c lear ly  
pointed out in this invest igat ion.  

The f requency  of a -c  etching is found to have  a 
specific and grea t  influence on etched and anodized 
foils: the  existence of a capaci tance peak  for a given 
f requency  va lue  ~M has been observed;  fur thermore ,  
the peak  ampl i tude  decreases when the appl ied  cur ren t  
increases,  whi le  the VM value  remains  nea r ly  un-  
changed. However ,  the  ba th  t empe ra tu r e  affects the vM 
value:  a t empera tu re  increase moves ~M toward  high 
frequency;  micrographs  of etched foils show tha t  t em-  
pe ra tu re  enhances the  fine s t ructure  deter iorat ion.  The 
a luminum oxide formed on the meta l  e tched surface 
exhibi ts  a m i n i m u m  thickness for  ba th  t empera tu re  
nea r  55~176 

The pi t  deve lopment  influences the  etching mor-  
phology  and consequent ly  the  foil  capacitance.  I t  is 
control led,  among o ther  factors, b y  the oxide format ion  
on the meta l  surface and by  the corrosion product  con- 
cent ra t ion  at the p i t  bottom. The oxide format ion  
occurs in the cathodic half-cycle ,  p robab ly  because of 
a local pH rise p rovoked  b y  the proton reduct ion (2). 
This oxide  plays  an impor t an t  role  since it passivates  
the  p rev ious ly  created pits  dur ing  the anodic ha l f -cyc le  
and promotes  then the etching ramification. 

The existence of a capaci tance peak  for  cer ta in  f re-  
quency values  could be connected to the etching de-  
velopment .  As a ma t t e r  of fact, it  is found tha t  f re -  
quency affects the  p i t  morpho logy  and the pi t  density.  
Fu r the rmore ,  according to the vo l t ammet ry  s tudy,  the  
ano.dic cur rent  efficiency for me ta l  dissolution decreases 
with increasing frequency:  the pi t  induct ion t ime is at  
the origin of the d iminut ion  of the  propor t ion  of the 
electr ic  charge (used for  the  meta l  dissolution at  each 
a-c  cycle) as a function of frequency.  In  o ther  words,  
the  e tching deve lopment  is less impor t an t  at high f re -  
quencies. Accordingly,  for a given etching t ime and a 

QF/QT/2, QT/2 is the to ta l  e lect r ica l  charge correspond-  
ing to a ha l f -cyc le  (a rea  under  the  sine curve for a 
hal f -cycle ,  Fig. 9) and QF is the par t  of QT/2 used for 
the  anodic dissolution of metal ,  a f te r  the  induct ion 
t ime T 

Table I. 

~, Hz  1 3 10 20 40 
in, m A / d m  -~ 62 175 300 375 500 
r,  m s e c  19 18 10 6.7 6 
p, % 99 97 90 83 53 
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Fig. 8. Galvanodynamic voltam- 
metry curves for different a-c 
frequencies. The maximum cath- 
odic or anodic total current, for 
4 cm 2 electrode, is 2A. Each 
curve is performed in one cycle, 
t = 1Iv (sec), 

Fig. 9. Schematic representa- 
tion of the induction time (T) 
and the electric charge corre- 
sponding to anodic dissolution of 
metal (QF) in an a-c cycle. 

given bath temperature, the capacitance maximum is 
obtained at an optimal frequency range, below which 
the fine structure of the porous layer is destroyed.and 
above which the porous structure is not enough de- 
veloped. 

Previous data relative to pitting corrosion have been 
very useful for the comprehension of the aluminum 
etching mechanism. The pit formation depends mainly 
on chloride effect, based on a diffusion process and/or 
adsorption at the metal/solution interface. This pro- 
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Fig. 10. Variation of the etched pit density on aluminum foil as 
a function of a-c frequency (c.d. ~ 0.05 A/cm 2, t ~ 20 see), 

cess involves an induction time which depends on 
several parameters, in particular, the temperature and 
the level of electrochemical polarization. In the condi- 
tions of this study, the induction time, which controls 
the anodie current efficiency for metal dissolution, 
mainly consists of the time for electrical charging of 
the metal/solution interface. The low pit densities 
observed at high frequencies are due to high values of 
the pitting potential at these frequencies. 

The influence of the main parameters and some steps 
in the a-c etching of aluminum in hydrochloric acid 
have been elucidated through these investigations. 

Manuscript submitted Sept. 13, 1982; revised manu- 
script received Feb. 2, 1983. This was Paper 11 pre- 
sented at the Montreal, Que., Canada, Meeting of the 
Society, May 9-14, 1982. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1983 
JOURNAL. All discussions for the December 1983 Dis- 
cussion Section should be submitted by Aug. 1, 1983. 
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Formation of Salt Films during Anodic Metal Dissolution in the 
Presence of Fluid Flow 

Richard Alkire* and Antonia Cangellari* 
Department of Chemical Engineering, and Materials Research Laboratory, University of Illinois, Urbana, Illinois 61801 

ABSTRACT 

Anodic dissolution of a metal in the presence of flowing electrolytic solution was studied by both experimental and 
theoretical methods. A mathematical model was developed which included emphasis on the potential field distribution 
near the dissolving electrode, and on convective diffusion effects-in both laminar and turbulent  flow. Critical conditions 
were identified for saturation, by dissolved metal salt, of the solution adjacent to the anodic surface. Theoretical results 
were compared to measurements obtained in a channel flow system of the critical flow velocities above which pure iron 
would not repassivate in 0.5M H~SO4. 

In  a variety of electrochemical processes, dissolution 
of metal  occurs at high rates from locally active anodic 
regions. Saturat ion of the electrolytic solution near  
the dissolving surface may occur, if the fluid is not too 
vigorously agitated, with the result  that  precipitat ion 
of a metal  salt film takes place. The local accumulat ion 
of metal  ions in the solution adjacent  to the dissolv- 
ing surface depends both upon the mass t ransfer  and 
the potent ial  field distr ibution.  In  general, the pres- 
ence of a precipitated salt film can have either a bene-  
ficial or a de t r imenta l  effect upon the specific process 
involved. Determinat ion of the range of flow velocities 
under  which a dissolving metal  may become coated 
with precipitated dissolution products was investigated 
in this study. 

For example, to withstand severe corrosion en- 
vironments ,  metals are often selected whose corrosion 
resistance depends upon a th in  passive surface film 
which forms spontaneously and protects the metal. In 
the presence of fluid flow, the passive film may become 
locally damaged (1), as by impingement  of particles, 
cavitation, or spontaneous depassivation. In  such cases, 
sustained protection is mainta ined only if the small  
damaged region is capable of repassivation in the pres- 
ence of fluid flow. Since some metals require, as a first 
stage of repassivation, the precipitat ion of a metal  salt 
film (2-10), the presence of sufficiently high fluid ve- 
locities will impede recovery of passivity. 

During p i t t ing  corrosion in many  hal ide-containing 
minera l  acids, early stages of pit growth have been 
postulated to occur in the presence of precipitated 
metal  chloride salt which prevents  pit repassivation 
and which controls the rate of metal  dissolution (11- 
14). In  such situations, the presence of sufficiently high 
fluid velocities would be expected to wash away the 
chloride salt, and would presumably  assist recovery of 
passivity. 

Addit ional  examples of high rate  electrodissolution 
a r e  encountered in anodic electromachining (14) and 
in electropolishing (15) where the presence of pre-  
cipitated dissolution products plays an impor tant  role 
on the morphology of the dissolving surface, as well  
as on influencing the rate at which the process occurs. 

The l i tera ture  cited above indicates clearly that  salt 
films play a role in many  electrochemical technologies. 
As a consequence, a general  evaluat ion of the condi- 
tions under  which salt films precipitate in the p r e s e n c e  

* Electrochemical  Society Active Member. 
Key words: corrosion, dissolution, metal,  theory,  transport. 

of fluid convection would contr ibute  toward clarifica- 
t ion of a variety of anodic dissolution processes. 

The purpose of this investigation was to develop a 
mathematical  model of steady-state anodic metal  dis- 
solution in  the presence of fluid flow, and to predict 
the range of flow velocities under  which metal  salt 
films may occur on the dissolving surface (17). This 
s tudy arose from observations on the effect of fluid 
flow on repassivation of iron in sulfuric acid (16), and 
on the appearance of metal  salt films on such surfaces 
dur ing the course of repassivation (7, 16). Since, for 
the Fe-H2SO4 system, the appearance of the salt film is 
thought to be a necessary precursor to repassivation, 
it is clearly impor tant  to investigate flow conditions 
under  which salt film precipitation, and thus repassiva- 
tion, is possible. 

Theoretical Formulation 
The geometry of the system studied in the present 

work is shown schematical ly in Fig. 1. Electrolytic so- 
lut ion flows between two parallel  plates. On one of 
the plates, a small  anodic region of bare metal  is ex- 
posed to the solution while the other plate serves as 
(cathodic) counterelectrode. Active dissolution occurs 
at the metal  surface, with a rate which varies with 
location along the anode owing to ohmic, mass t rans-  
port, and charge- t ransfer  processes. 

The metal  dissolution rate depends, for example, on 
the potential  dis t r ibut ion between electrodes which 
varies according to the solution conductivity, electrode 
size, and charge- t ransfer  resistance. In addition, con- 
centrat ion changes occur adjacent  to the anode sur-  
face; for the conditions investigated here, these are 

 iiecr~ "Yx / -~te . .d i f fus "Y~ activel~ region 

r . I metal surface region 
"insulating I ~ ~ 

surface 
Fig. 1. Schematic diagram of the configuration studied 
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confined to a mass  t ransfe r  b o u n d a r y  l aye r  which  is 
ve ry  t h i n  since the fluid flow acts to wash  react ion 
products  downs t r eam rapidly .  Two regions may,  there= 
fore, be identif ied in Fig. 1: a ve ry  thin dlftusion layer  
where  var ia t ion  in concentra t ion occurs, and a bu lk  
region where  the concentrat ions  are  uniform. In this 
work, ma themat i ca l  solut ions for the concentra t ion and 
potent ia l  d i s t r ibu t ion  in the  two regions were  obtained.  
Aspects  of re la ted  and background  in teres t  are  ava i l -  
able in Ref. (18-20). 

The pa r t i cu la r  geomet ry  for  which this work  was 
or ig ina l ly  in tended corresponds to a smal l  act ive si te 
on an o therwise  pass ive  me ta l  immersed  in flowing 
corrosive solution. Fo r  this reason, s impl i fy ing  as- 
sumptions  wi l l  be in t roduced which deemphasize  the  
influence of the  countere lec t rode  geomet ry  and the 
react ions  occurr ing  at  the counterelect rode.  Also, since 
most corrosion processes have la rge  potent ia l  dr iv ing  
forces (on the o rde r  of 1V), addi t ional  impor t an t  s im-  
plifications wi l l  be made  on the fo rm of the e lec t ro-  
chemical  dissolut ion reaction.  

Assumpt ions . - -Because  r igorous  calculat ions are  
cumbersome,  var ious  simplif icat ions have  been in t ro -  
duced into the  phys ica l  p ic ture  descr ibed above. The 
pa r t i cu l a r  appl ica t ion  for  which  this work  was or ig i -  
na l ly  in tended  cor responded  to a smal l  active si te on an 
o therwise  passive me ta l  which  was immersed  in flow- 
ing acidic corrosive solution. The fol lowing as sump-  
tions re ta in  the  sa l ien t  fea tures  of that  appl icat ion,  
but  also avoid u n w a r r a n t e d  numer ica l  complications.  

The fluid veloci ty  profile in the  smooth -wa l l ed  chan-  
nel  is fu l ly  developed by  v i r tue  of an ups t r eam en-  
t rance  region of  adequa te  length  (not shown in Fig. 1). 
The dis tance  be tween  the opposing wal ls  is large  in 
compar ison to the  size of the e lect rode so tha t  the be -  
hav ior  of the  ac t ive  me ta l  s i te  is not  influenced by  the 
size of the  countere lect rode,  nor  b y  the rea,ctions occur-  
r ing  upon it. The mass t ransfer  bounda ry  l aye r  at  the 
act ive surface is thin wi th  respect  to the channel  width,  
and the Schmid t  number  (y/D) is large.  Diffusion 
along the di rect ion of flow is negl igible  in comparison 
with convection in the  same  direction.  The e lec t rode  
dissolut ion react ion is assumed to opera te  under  la rge  
poten t ia l  d r iv ing  forces typ ica l  of corrosion situations,  
and, therefore,  is expressed by  the Tafel  form. In 
acidic solutions,  the  me ta l  ions formed by  dissolut ion 
are  assumed not  to undergo hydrolysis .  

Migra t ion  of dissolved meta l  species was assumed 
to be negl ig ib le  owing to the  presence of suppor t ing  
electrolyte ,  and the phys ica l  p roper t ies  of the  sys tem 
were  assumed to be constant .  These las t  two assump-  
tions m a y  be quest ionable  if the  meta l  sal t  has a high 
solubil i ty,  since la rge  me ta l  ion concentrat ions  can 
then ar ise  wi th in  the  diffusion layer .  The effect of 
migra t ion  of, say, d iva len t  me ta l  ions and d iva lent  
anions serves to increase the  mass flux by  a factor  of 
up to two, depending upon the rat io of suppor t ing  
cations to to ta l  anion concentra t ion (21). On the o ther  
hand, an increase  in concentra t ion also serves  to de-  
crease the  diffusion coefficient. Fo r  the  ferrous  sul-  
fa te  sys tem used in expe r imen ta l  s tudies  below, the  
diffusion coefficient Fe  e+ in 0.5M H2SO4 sa tu ra t ed  wi th  
ferrous  sulfa te  is app rox ima te ly  one-ha l f  of the value  
in 0.5M H2SO4 containing negl igible  ferrous  sulfa te  
(22),. Thus, for the sys tem s tudied  here,  the  two as-  
sumpt ions  tend for tu i tous ly  to offset each other.  

Dimensional  equat ions . - -The anodic dissolut ion re-  
action under  s tudy  is 

M~ M +n -{- ne 

The potent ia l  appl ied  to the  me ta l  is consumed by 
ohmic res is tance in the  solution, cha rge - t r ans fe r  over -  
po ten t ia l  a t  the  dissolving surface,  and concentra t ion 
overpo ten t i a l  in the  diffusion l aye r  

r - -  Co -I- ms -I- nr [1] 

The  po ten t ia l  ~A represents  the  poten t ia l  of the  w o r k -  
ing e lec t rode  wi th  respect  to a d is tant  reference e lec-  
t r o d e  of the  same k ind  as the  work ing  electrode.  The 
concentra t ion overpotent ia l ,  no, is 

RT Cs(x)  
~lc (x) - -  l n - -  [2] 

n F  Cb 

The surface overpotent ia l ,  ms, is expressed  by  the Tafel  
equat ion 

unF 
- -  ~,(x)  

i ( x )  : ioe RT [3] 

The quan t i ty  r is the  potent ia l  in the solut ion jus t  
outside the diffusion layer ,  and is obta ined by  solving 
Laplace ' s  equat ion in the  bu lk  e lec t ro ly te  region 

- -  + - -  = 0 [4] 
.~x 2 .Oy 2 

Because the  diffusion l aye r  is so thin, the  bounda ry  
condit ions are  wr i t t en  as though they  appl ied  at  the 
e lectrode sur face  

d~ t a t  y : 0  i ( x ) - - - - K d y  . ~=o 

Vr --  0 at  the  insula tor  surfaces 

Wagner  (23) obta ined  the solut ion of  Eq. [4] f rom 
which the potent ia l  near  the e lec t rode  sur face  is found 
to be 

r : -- - -  i ( x ' )  In ( x  -- x ' )~dx'  [5] 
2~K 

Equat ion  [4] can also be solved wi th  use of Green ' s  
funct ion (20, 24). Al though the method is more com- 
pl icated,  and requires  more  compute r  t ime for  con- 
vergence,  i t  is also more  genera l  and can be used for 
many  o the r  geometries.  

Fo r  l a mina r  flow in the  ve ry  thin  mass t ransfe r  
bounda ry  l aye r  region, the  s t eady - s t a t e  convective di f -  
fusion equat ion is 

Ux - -  D '~2c [6] 
~x Oy 2 

with bounda ry  .conditions 

C ' - C b ~ _ O  at y--> o0 

C - - C b ~ _ 0  at  x = O  

i ( x )  D d C  at y - - 0  
nF dy ~=o 

Within  the  bounda ry  layer ,  the  fluid veloci ty  var ies  
l inea r ly  wi th  dis tance f rom the wall ,  and is p ropor -  
t ional  to the  shear  s tress  at  the wal l  

6 < u >  
Uz : Y 

h 

A p r e l i m i n a r y  solution of Eq. [6] m a y  be obta ined for 
the  s imple  case where  the concentra t ion  along the dis-  
solving e lect rode is constant  and is equal  to the  sa tu ra -  
t ion concentra t ion 

nFD(Cs  -- Cb) ( 6<u> ) 1/3 
isat - -  ~ - ( - ~ / ~ )  9Dhx [7] 

This p r e l i m i n a r y  resul t  wi l l  find use in the  discussion 
which follows. The more  genera l  result ,  ob ta ined  f rom 
Eq. [7] wi th  use of  Duhamel ' s  superpos i t ion  in tegra l  
(25) is 

nFD ( 6 < u >  y / ~ y ~ ,  dCs(x  ') dx" 

i ( x )  - r(4/3------~ ~ dx' ( x  - x'),13 

[8] 
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where  r ( 4 / 3 )  = 0.89298. For  the l amina r  flow case, 
Eq. [1]- [3] ,  [5], and [8] were  solved s imul taneous ly  to 
obta in  the  current ,  potent ial ,  and concentrat ion dis-  
t r ibut ions  along the dissolving surmce.  

Fo r  tu rbu len t  flow, the  t ime -ave raged  equat ion of 
convect ive diffusion is 

o'-7 = [g j .  

in which the eddy diffusivity,  eD, appears .  In  tu rbu len t  
flow, the veloci ty  profile in  the  ra in  bounda ry  layer  
region (26) is 

U= - -  <u>------~ 0.029 R e  - ' / 4  
P 

For  la rge  Schmidt  numbers ,  eD varies  as ya wi thin  the  
bounda ry  l aye r  (27) 

(fT �9 D = AY 3 \ ~ /  <U>bS~ -3 

where  f is the Fann ing  fr ict ion factor.  The quan t i ty  
"A" depends  weak ly  upon the Reynolds  number ,  bu t  
was set equal  to the value of 4.25 • 10 -4 in this s tudy.  
The bounda ry  conditions for Eq. [9] are  the same as 
for Eq. [6]. For  the  tu rbu len t  flow calculations,  Eq. 
[1]-[3] ,  [5], and [9] were  solved s imul taneously .  

Dimensionless equations.--The fol lowing d imens ion-  
less var iables  were  used 

x n F  nF l  C 
X* = - - ,  ~* = ~, i* = i  . . . . .  , C* = 

l RT  RTK Csat 

nF nF 
CA* -" @A, r  --" @o 

R T  R T  

The equations that  define the  model  under  l amina r  flow 
condit ions a re  

V* = r + ~ls* + ~1r [10] 

~c* - - I n  Cs* [11] 
Cb* 

i* -" ~CW~e an.* [12] 

2 dCs* dx*'  
$* ="3  NI dx*' (X* Z ' ~ ' ) l / 3  [ 1 3 ]  

1 
~o 1 i* (x*') In (x* '  --  x*)2 dx  *' [14] r  = 

In the case of t u rbu len t  flow, Eq. [9] was made  di-  
mensionless wi th  the var iables  

X + = -  y+ 
Y - - 7  --" :/J 

with  the resul t  

y+ = ~ [15] Ox + ~y+ ~c + 0"000475y+3 Oy + 

boundary  condit ions a t  

x + = O  C ' N 0  

y + - > ~  C * - - 0  

,8C* 
y+ =0 ,  x + - 0 ,  = - - i * ( x * )  

dy + 

RTK Sc i* 
_ [ 1 0 ]  

n2F2/ ~ r ~  (Csat - -  Cb) Nt 

The pa rame te r s  which appea r  in the  foregoing d i -  
mensionless  equat ions are 

l ~1/3 
N1 - -  No1 \ - ~ - 1  Pe  1/a 

Nt = Not ~ - ]  Pe  ~ 

nF~ --  < i >  
RT~ 

In the presenta t ion  of resul ts  the  dimensionless  quan-  
t i ty  

/sc - -  - -  = - -  [17] 
</sa t> N 

was also used. 

Pa rame te r s  NI and Nt represent ,  for l amina r  and tu r -  
bu len t  flow, respect ively ,  a d imensionless  anodic cur-  
rent  dens i ty  for the  special  c i rcumstance tha t  the sur -  
face concentra t ion eve rywhere  along the surface is 
equal  to the sa tura t ion  concentrat ion.  Large  flow ve-  
locities give large  values of N] and Nt, and  correspond 
to condit ions under  which mass t ransfer  does not  tend 
to influence behavior .  That  is, mass t rans fe r  l imi ta t ions  
p redomina te  at  low velocities.  

The p a r a m e t e r  ~ gives the  re la t ive  magni tude  of the 
ohmic resis tance of the solut ion in compar ison with  
the cha rge - t r ans fe r  resis tance of the dissolution re-  
action. The form of # is ve ry  s imi lar  to a Tafel  po la r i -  
zation parameter .  Thus, sma l l  values of [ correspond 
to the s i tua t ion  where  dissolution occurs under  charge-  
t ransfe r  control,  and wi th  a ra te  which is un i form 
eve rywhere  along the surface.  

Method of solution.--For the case of l amina r  flow, 
Eq. [10]-[13] were  combined to give 

fCT~.eaCCA*--r * - In (C**/Cb*)) 

2 ~=* dCs* dx*' 
= ~ N ~ J o  d=* (=; ---'=*') dx*' [la] 

Equat ion [18] was solved s imul taneous ly  wi th  Eq. [14] 
by  an i te ra t ive  procedure.  A first guess of the  current  
d is t r ibut ion  along the e lec t rode  was made.  Numer ica l  
in tegra t ion  of Eq. [14] wi th  Simpson's  method was 
used to obta in  the poten t ia l  d is t r ibut ion  along the elec-  
t rode surface.  Equat ion  [18] was diseret ized by  the 
method suggested by  Acrivos  and Chambr6 (28) and 
was solved for  the concentra t ion d is t r ibut ion  along 
the electrode. An improved  guess of the  cur ren t  dis-  
t r ibut ion  along the e lect rode surface  was then ob-  
ta ined f rom Eq. [18], and the procedure  was repea ted  
unt i l  two successive solut ions for the  cur ren t  and con- 
cent ra t ion  d i s t r ibu t ion  differed less than  0.01% of the 
former  value,  a t  each point  on the  e lect rode surface. 
Detai ls  of the numer ica l  p rocedure  are  given in Ref. 
(17). 

For  the .case of tu rbu len t  flow, a different  i t e ra t ion  
procedure  was used. A first guess of the  cur ren t  dis-  
t r ibut ion  along the e lect rode surface was made.  Equa-  
t ion [15] w~s solved numer ica l ly  in the bounda ry  layer  
to obta in  the  concentra t ion field; the equat ion was 
discret ized in the  s ix -po in t  Crank-Nicolson  form and 
t h e  t r id iagonal  coefficient ma t r ix  was inver ted  by  the 
method  of Thomas (29). Equat ion  [14] was in tegra ted  
and the potent ia l  d is t r ibut ion  along the e lect rode sur-  
face was obtained.  Solut ions of Eq. [10]- [12] then gave 
an improved  guess for  the  cur ren t  dis t r ibut ion,  and 
the i te ra t ive  p rocedure  was repeated .  Detai ls  of nu-  
mer ica l  p rocedure  are  ava i lab le  in Ref. (17). 

Theoretical Results and Discussion 
The foregoing model  was used to predic t  behavior  

du r ing  s t eady-s t a t e  me ta l  .dissolution under  both l ami -  
na r  and tu rbu len t  flow conditions. The range  of pa -  
r ame te r  values  inves t iga ted  is shown in Table  1. Some 
pa rame te r s  were  not  var ied  as they  were  regarded  as 
less impor tant .  The value  of appl ied  potent ia l  was 
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Table I. Parameters that appear in the model 

Laminar Turbulent 
Parameter  flow flow 

a 0.5 0.5 
Held constant  n 2.0 2.0 

CA* 89. 82 
Cb 10-~ 10 -I 
let lO-ZO 10-~ 

0.6-130 100-300 
Varied N 50-1000 5-20O 

Sso 0.0~.~. 1-30 

selected to ]be 1.0V, a va lue  typ ica l  of the expe r imen ta l  
resul ts  which follow. The bu lk  concentra t ion was set 
a t  10-6M so tha t  the  concentra t ion overpotent ia l ,  Eq. 
[2], was a lways  wel l  defined. 

Potential distribution.--Figure 2 i l lus t ra tes  resul ts  
ca lcula ted  for  the  poten t ia l  d is t r ibut ion  along the dis-  
solving surface for severa l  sets of p a r a m e t e r  values.  I t  
m a y  be  seen tha t  the  fluid flow has a r e l a t ive ly  smal l  
influence even under  condit ions where  the solut ion 
nea r  the  surface may  be sa tu ra t ed  (N1 < ~ or  -/Vt < ~). 
This behavior  is qui te  di f ferent  f rom tha t  observed  at  
the  cathodic mass t ransfe r  l imi t ing current ,  where  
la rge  concentra t ion overvol tages  appea r  when the sur -  
face concentra t ion  is d r iven  toward  zero. 

F igure  2 also i l lus t ra tes  tha t  the potent ia l  d i s t r ibu-  
Lion depends  upon the p a r a m e t e r  ~, which  is s imi lar  
in form to a polar izat ion parameter .  F o r  large  appl ied  
currents  and smal l  solut ion conduct iv i ty  ( la rge  ~), 
ohmic resis tance of the  solut ion controls  the  potent ia l  
d is t r ibut ion,  and  thus favors  the  l a te ra l  edges of the  
electrode.  For  the expe r imen t a l  repass iva t ion  s tudies  
descr ibed below, ~ a lways  exh ib i t ed  a va lue  la rger  
than  unity.  The potent ia l  d i s t r ibu t ion  does not  depend  
upon the exchange cu r r en t  dens i ty  (io) when the Tafel  
equat ion is used to descr ibe  cha rge - t r ans fe r  kinetics.  
When  the value  of ~ is less than unity,  the  poten t ia l  
d i s t r ibu t ion  along the  e lect rode is essent ia l ly  uniform. 

Current distribz~tion.--Consider now the special  case 
when the  concent ra t ion  of meta l  ions on the dissolving 
sur face  is un i fo rm eve rywhere  and is equa l  to the  
sa tura t ion  concentrat ion,  Fo r  l amina r  flow, Eq. [7] 
indicates  tha t  the local ra te  of dissolution (i.e., the  cur -  
ren t  d is t r ibut ion)  would  decrease  wi th  the  cube root  
of d is tance f rom the leading  edge of the  dissolution 
region.  F o r  t u rbu len t  flow, a di f ferent  dependence  upon 
d is tance  would  be  found. For  e i ther  type  of flow, the 
average  va lue  of this special  case of cur ren t  d i s t r ibu-  
t ion wi l l  be denoted  </sa t> and wil l  be used to nor -  
mal ize  the cu r r en t  d is t r ibut ions  shown in Fig. 3. The 
quan t i ty  </sa t> is denoted  the  "anodic sa tura t ion  cur-  
ren t  densi ty"  r a t h e r  than  a " l imi t ing"  cur ren t  densi ty,  
because  i t  m a y  be exceeded if the  solut ion becomes 
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Fig. 2. Potential distribution at the electrode surface as a trac- 
tion of the applied potential. 
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Fig. 3. Current distribution at the electrode surface under lam- 
inar (left) and turbulent (right) flow conditions. 

supersa tura ted .  In this respect,  < isa t>  is d is t inc t ly  di f -  
ferent  f rom a s t eady- s t a t e  cathodic mass - t r ans fe r  l imi t -  
ing cur ren t  densi ty,  which  can be exceeded only when 
addi t ional  cathodic react ions occur. 

F igure  3 i l lus t ra tes  the  effect of flow veloci ty  Nz or  
Nt on the local ra te  of me ta l  dissolut ion for  both  l ami -  
na r  ( l e f t -hand)  and tu rbu len t  ( r i gh t -hand )  flow. The 
rat io  i / < i s a t >  represents  a f ract ion of anodic s a tu ra -  
t ion cur ren t  densi ty,  fsc, and  m a y  exceed un i ty  if  the 
solut ion becomes supe r sa tu ra t ed  wi th  me ta l  salt .  Equa-  
tion [17] indicates that  when Jsc is uni ty,  then N --  ~, 
a poin t  that  wil l  be exploi ted  in the simplif ied theory  
discussed later .  

The cu r r en t  d is t r ibut ions  shown in Fig. 3 are  non-  
uniform, and exhib i t  large  cur ren t  densi t ies  at  both 
the leading  (x / l  --  0) and  t ra i l ing  (x / l  = 1) edges, 
even when  i / < i s a t >  exceeds unity.  In  Fig. 3, the cur-  
ren t  d is t r ibut ion  is nonuni form because of the  ohmic 
resis tance of the  solut ion (~ is l a rge) .  Even though the 
anodic sa tura t ion  cur ren t  dens i ty  may  be reached,  large  
increases in concent ra t ion  overpo ten t ia l  do not  arise. 
Therefore,  the  ohmic resis tance essent ia l ly  fixes the  
average  cur ren t  dens i ty  at  a constant  va lue  for  al l  the  
curves  shown in Fig. 3 because both ~ and the appl ied  
potent ia l ,  ~A*, are  he ld  constant.  

As a consequence, an increase  in flow veloci ty  (Nz or 
Nt) acts to decrease  the f rac t ion of anodic sa tura t ion  
cur ren t  densi ty  (i/<isat>). At sufficiently high veloci-  
ties, the  cur ren t  dens i ty  eve rywhere  along the  surface  
lies be low the value  needed  to sa tu ra te  the ad jacent  
fluid. 

I t  m a y  also be  seen in Fig. 3 that  the  cur ren t  dis-  
t r ibut ions  are  s imi lar  for both  l a mina r  and  for  t u r b u -  
lent  flow, since concentra t ion effects do not  apprec iab ly  
influence the potent ia l  d is t r ibut ion  (see Fig.  2). 

Concentration distribution.~Figure 4 i l lus t ra tes  the 
concentra t ion  ad jacent  to the  d issolving surface  for 
l amina r  ( l e f t -band)  and t u rbu l en t  ( r i gh t -hand)  flow 
conditions,  and at  var ious  velocit ies (NI or Nt) .  The 
surface  concentra t ion can exceed the sa tura t ion  va lue  
along por t ions  of the dissolving surface. 

Sa tura t ion  of the solut ion occurs first at  the  t ra i l ing  
edge (x / l  : 1) where  the mass t ransfer  bounda ry  
l aye r  is th ickest  and where  the cur ren t  dens i ty  is high 
(see Fig. 3). The surface  concentra t ion at  the leading 
edge (x / l  ---- 0) tends  also to increase  r a p id ly  since 
the  cur ren t  dens i ty  is high there.  However ,  the  mass 
t ransfe r  bounda ry  is ve ry  thin  at  the lead ing  edge so 
that  the  surface  concentra t ion does not  a t ta in  as large  
a value  as at  the t ra i l ing  edge, an effect tha t  is more  
pronounced in l a mina r  than  in tu rbu len t  flow. 
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Critical velocity /or  saturation.--It is c lear  f rom 
examina t ion  of Fig. 4 tha t  for some condit ions the sur -  
face concentra t ion  l ies eve rywhere  be low the sa tu ra -  
t ion  concentrat ion,  whi le  for  o ther  condit ions i t  l ies 
eve rywhere  above. There  is an in te rmedia te  region 
where  a por t ion  of the  surface concentra t ion lies above 
sa tura t ion,  whi le  o ther  par t s  of the  sur face  lie be low 
saturat ion.  This in te rmedia te  region exists  because the 
cur ren t  dens i ty  d i s t r ibu t ion  is nonuniform.  

F igure  5 shows, for  example ,  resul ts  for  severa l  
different  sets  of  p a r a m e t e r  values;  for each set, two 
d iagonal  l ines appea r  in the  figure. Fo r  any anode  dis-  
so lv ing  unde r  fluid flow, values  m a y  be ca lcula ted  for  
the  quant i t ies  shown in the abscissa and the ordinate.  
If  the  coordinates  of this point  l ie above and to the  
r igh t  of the upper  d iagonal  line, then  the fluid ad jacent  
to the  surface is be low the sa tu ra t ion  va lue  everywhere .  
I f  the  coordinates  of this poin t  l ie be low and to the  

lef t  of  the  lower  d iagonal  line, then the fluid is sa tu-  
r a t ed  eve rywhere  along the surface. 

Because the  specific locat ion of the d iagonal  lines 
in Fig. 5 depends  upon the sys tem parameters ,  it  
would  be useful  if a genera l  resul t  could be obta ined 
which was s imple  to use for quick approximat ions .  For  
this reason, the  fol lowing simplif icat ions have been 
developed.  

Simplifications ior quick estimates.--While the  fore-  
going model  is based on a fundamen ta l  t r ea tmen t  of 
concentra t ion and poten t ia l  d is t r ibut ion  phenomena,  
less exact  calculat ions m a y  be useful  for quick est i -  
mates.  The fol lowing t rea tment ,  which  uses s imple 
algebra,  can be employed  for rough calculations.  The 
pa r t i cu la r  geomet ry  used in the  deve lopment  below 
corresponds to dissolut ion of a smal l  c i rcular  d isk  em-  
bedded  in the  wal l  of the flow channel .  A s imi lar  
geomet ry  was used in the  exper iments  which follow. 

There  a re  four  l imi t ing  cases which  depend  upon 
flow condit ions ( l amina r  or  t u rbu len t )  and upon the 
va lue  of ~ ( la rger  or  sma l l e r  than  un i ty ) .  In  the  first 
case, assume that  dissolut ion f rom a smal l  c i rcular  
region occurs under  l amina r  flow and ohmic resis tance 
control  ( large ~) e i ther  owing to poor  solut ion con- 
duc t iv i ty  or  to smal l  size of the dissolut ion site. Thus, 
CA ~ r By combining Ohm's  l aw ( IRd = CI, A) with 
the  res is tance of flow to a c i rcular  d isk  (30) 

1 
Rd 

4~ro 

and wi th  the area  of the  disk (nro2), one finds the ave r -  
age cur ren t  dens i ty  

4~I,A 
< i >  = ,  , 

~W'o 

By denot ing the length  1 as twice the  radius  to, one 
finds the  dimensionless  average  dissolut ion cur ren t  
dens i ty  to be 

8nFCA 

~RT 

Thus since N --  ~/fsc, one m a y  obta in  f rom the defini- 
t ion of N1 the fol lowing resu l t  

2,6 �9 - leT:O,025 ~ �9 t ~ - ~  

�9 / r  1 '~ 
- '~.-- '  ~ ,~, -I 1 . ',. o,87s / - 

~ L  I0~ " ~  /-Ncrit, aNal { ~- Pe} 3 / r ~  /-Ncri ' ,= Not {('~ ")" Pe} / 

al ''R ",Z 11- \ /  1 ~ 
wholesurfoce -II ",,. wholesurfoce / ~1 = ix" \ " \  below saturation / I  \ below saturation / {IE: 

N 1 \ \ , / I- \ --10.4 ~) 

\ \ .  tl \ / 
, ~ .  soturot ion~ ~ / I  saturation X l -- 

r~N _ ~ o t  the edges~ " . .  -I I  at the edges ~ i % 
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~ ' 0 . 2  whole sur 
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Fig. 5. Regions of parameter space where steady-state metal dissolution leads to saturation of flowing fluid in laminar (left) and tur- 
bulent (right) flow. 
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9h2D ( 1 6 r ( 4 / 3 )  KCA )a 
<Recri t> : 12v/2 3 ~ f s ~ - -  Cb) [19] 

which is va l id  for l amina r  flow when ~ > 1. 
In  a s imi la r  manner ,  one m a y  obta in  es t imates  of the 

cr i t ica l  Reynolds  n u m b e r  for cases when  ~ < 1 by  using 
the  Tafel  expression,  Eq. [3] ins tead of Ohm's  law. 
That  is, CA ~ ~]s- F u r t h e r  es t imates  of behav ior  in tu r -  
bu len t  flow m a y  be made  wi th  the  use of the definit ion 
of Nt ins tead of Nl. In  this manner ,  the  cri t ical  Reyn-  
olds numbers  shown in Table  I I  have been obta ined 
for  the  four  cases. 

Fo r  any of the four cases repor ted ,  sa tura t ion  of the 
fluid ad jacen t  to the  surface wil l  not  occur if t~e 
Reynolds  number  exceeds the cr i t ical  value.  If  t e 
Reynolds  n u m b e r  is be low the cri t ical  value,  then  
prec ip i ta t ion  is possible a l though supersa tu ra t ion  phe -  
nomena  m a y  impede  its occurrence.  

Experimental Apparatus 
The schemat ic  design shown in Fig. 6 describes the 

flow sys tem which was fabr ica ted  f rom PVC piping. 
A magne t i ca l ly  dr iven  pump was used (March MDX- 
MIT3) and was control led  wi th  globe valves.  The 
reservoi r  was fitted wi th  a regu la ted  hea t  exchanger  
for  t e m p e r a t u r e  control.  The flow sys tem contained 
18 l i ters  of solution. The  flow cell,  mi l led  from PVC 
blocks, had  a r ec t angu la r  channel  (0.3 • 0.4 cm) which  
was pol ished to a p e a k - t o - v a l l e y  roughness  of less 
than  1 ~m. The  channel  had  an  en t rance  region of 34 
cm to p rov ide  we l l -deve loped  hyd rodynamic  veloci ty  
profiles. Detai ls  of the  flow channe l  were  p rev ious ly  
descr ibed  (16). 

The work ing  electrodes were  c i rcu la r  disks (0.32 cm 
d iam)  of i ron (99.99%, Research Organ ic / Inorgan ic  
Chemical  Corpora t ion) ,  moun ted  flush in the wal l  of 
the  flow channel .  The countere lec t rode  was a sheet  of 
p l a t inum moun ted  flush on the opposi te  wall .  A back-  
s ide reference  e lec t rode  por t  (0.0.5 em diam)  was p ro -  
v ided jus t  downs t r eam f rom the work ing  e lect rode and 
was connected th rough  po lye thy lene  tub ing  to a mer -  
curous sulfate  (1M H2SO4) reference  electrode.  A PO- 
tent iosta t ic  p o w e r  supp ly  wi th  funct ion genera to r  
(PAR 173, 175) was used in conjunct ion wi th  an X - Y  
reco rde r  (Houston, 2000). 

Experimental Procedure 
I ron  e lec t rode  surfaces  were  pol i shed  (Buehler  

Ecomet  I I I )  to a 0.3 ~m a lumina  finish. The e lec t ro ly te  
(0.5M H2SO4) was p r e p a r e d  f rom reagent  grade  chemi-  
cals and dis t i l led  deionized water .  Analys is  of H2SO4 
was by  t i t r a t ion  wi th  NaOH to pheno lph tha le in  end-  
point.  The procedure  for  exper iments  was to ins ta l l  
the  electrode,  ac t ivate  the  flow system, and a p p l y  a 
s l ight ly  ca thodic  cur ren t  (3 m A / c m  2) for 2 min  af ter  
which  the poten t ia l  was suddenly  changed to an anodic 
value  and held  at  tha t  value  for the  dura t ion  of the  
exper iment ,  whi le  the  cur ren t  t rans ien t  was recorded.  
Af t e r  two such exper iments ,  the  e lect rode was re -  
moved and replaced  wi th  a f reshly  p repa red  electrode.  

Experimental Results 
Curren t  t ransients  obta ined  for  different  values of 

the fluid flow ra te  are  i l lus t ra ted  in Fig.  7. For  slow 
flow ra tes  the  cur ren t  t r ans ien t  increased to la rge  va l -  
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Fig. 7. Typical current transients observed under different flow 
rates. 

ues (3 A/cm2) and then decreased wi th in  a second as 
repass iva t ion  occurred.  At  s t i l l  h igher  flow rates,  r e -  
pass ivat ion  processes took longer.  At  st i l l  h igher  flow 
rates,  repass iva t ion  did not  occur;  if, Under such con- 
ditions, the pump was swi tched off then  repass iva t ion  
would  occur wi th in  seconds. These resul ts  i l lus t ra te  
qua l i t a t ive ly  tha t  repass iva t ion  is adverse ly  influenced 
by  flow velocity,  and tha t  there  is a cr i t ical  flow veloc-  
i ty  above which repass iva t ion  does not  occur. 

Exper iments  were  car r ied  out  by  s tepping the po ten-  
t ia l  to 0.8, 1.0, and 1.2V vs. NHE at var ious  flow veloci-  
ties. Resul ts  are  shown in Fig. 8. I t  is seen that,  at  each 
potent ial ,  repass iva t ion  occurred at  low velocit ies but  
not  at  h igher  velocities.  The surface geomet ry  un-  
doub ted ly  changed dur ing  the course of an expe r imen t  
owing to the  high r a t e  of meta l  dissolution (2.5 A / c m  2 
corresponds to sur face  r e t r ea t  of 19 ~m/sec) .  However ,  
such s l ight  changes are  not  expected to a l t e r  the  con- 
f igurat ion signif icantly over  the  range  of var iables  re -  
por ted  here.  

Table II. Critical Reynolds numbers above which saturation will not occur 

Laminar flow Turbulent flow 
(Re < 4000) (Re > 10,000) 

Ohmic control 
~ > 1  12 l~ v 

9 h" D ~ 16F(4/3)K~A ~ a  

- -  - - 3 ~  ~ c ~ - - ~  ~ - c ~ )  

f anF t 3 Charge - -  r 
transfer  9 h~nl 2P(4/3) io e R~ 
control  

< 1 12 p 3D(Csat -- Cb) 

8h 2.936~A ~ s/7 

0.119 ~ ~ FscnSD (C.at - Cb) Scl/a' 

2.936 h ioe R~ 

0.119 nFD(Csat - Cb) ScZ/a 
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Fig. 8. Comparison of experimental observation of corrosion re- 
passivation of iron in flowin~j H2SO4 with theoretical prediction of 
salt precipitation based on Eq. [19]. 

Also shown in Fig. 8 are theoretical results obtained 
with use of parameter values shown in Table III. The 
diagonal solid line corresponds to the right-hand line 
which appears in Fig. 5. The solid line in Fig. 8 de- 
notes the velocity above which the entire surface lies 
below saturation. By comparison of experimental data 
with the solid line, it may be seen that the critical 
velocity for repassivation corresponds to conditions 
where salt film precipitation occurs. Calculations were 
also made for the experimental conditions for which 
the critical flow velocity was observed directly. It was 
found from these that the concentration at the trailing 
edge of the dissolving surface was predicted to be be- 
tween 1.8-2.5 times larger than the saturation concen- 
tration. 

Also shown in Fig. 8 are two dashed lines which cor- 
respond to the simple result given by Eq. [19] with 
use of two values of fsc. It is seen that measured criti- 
cal velocities are in agreement with the value of fsc = 
1.3. That is, the data would fit Eq. [19] if it would be 
assumed that the surface concentration is 1.3 times 
the saturation concentration when precipitation (re- 
passivation) occurs. This empirical fit is in agreement 

Table III. Experimental conditions and solution properties 

E x p e r i m e n t a l  condit ions  

T = 25~ 
Cb = 0.0 
Ea = 0.8-1.2V vs.  N H E  
No1 = 0.9250746 
R e  = 800-10,000 
P e  = 2.93 • 108-3.7 • 103 
fcv~" = 1.21 • 10 -8 
h = 0.3 c m  
1 = 0.3125 c m  
io = 10 -s A / c m ~  
< i >  = 1.4-4 A / c m  -~ 

~ o l u t l o n  p r o p e r t i e s  t 

(35) 

0.SM H2SO4 
v -- 0.011 c m ~ / s e e  
K = 0.2 ( 0  c m )  -1 (32)  

Fe++ i n  0.SM I-~SO, 
DFe ++ = 5.6 X 10 -e c m 2 / s e c  (33)  
Csat  = 1.5M (34)  

ZThe range  of  Reyno lds  n u m b e r s  for  th e se  data w a s  f r o m  800 
t o  10,000. A c c o r d i n g  to  S o n  and Hanrat ty  (36) the  e f f ec t  o f  t u r b u -  
l e n t  mass  t r a n s f e r  is insignif icant at  d i s tances  x* < 700. I n  this  
s tudy:  L = 0.3125 crn,  p = 0.011 cm-~/sec, and for  R e  = 10,000, L + ---- 
IU*/p = 540, so the  e x p e r i m e n t a l  r e s u l t s  w e r e  corre la ted  w i t h  
laminar  flow a p p r o x i m a t i o n s .  

with observations of others for the Fe/H2SO4 system 
(7, 10, 16, 31). 

Conclusions 
Transport processes which accompany steady-state 

dissolution of metal into a flowing fluid have been 
modeled to predict conditions when saturation occurs 
by buildup of dissolution products along the surface. 
The method of theoretical analysis depends critically 
upon two assumptions which could be relaxed only 
with difficulty: the dissolved metal ions do not mi- 
grate, and the diffusion layer is thin with respect to 
the dimensions of the flow channel, Other less critical 
simplifications were introduced to direct attention to 
corrosion systems where repassivation of damaged sites 
occurs by formation of surface films. In particular, the 
rep assivation of pure iron in 0.5M H2SO4 was studied. 
The general features of the model were also repre- 
sented by simple equations (given in Table II) which 
predicted critical flow conditions for salt precipitation. 

Experimental measurements of iron repassivation 
were carried out in the presence of fluid flow. By com- 
parison of data with theoretical calculations, it was 
found that repassivation occurred at flow conditions 
which permitted formation of a ferrous sulfate salt film 
on at least a portion of the dissolving surface. At suffi- 
ciently high flow rates, precipitation of the metal salt 
film will be prevented and the dissolving region will 
not repassivate. Critical flow conditions for metal re- 
passivation in such systems have been obtained in this 
work. 

In order to apply these principles to other applica- 
tions, modification of the approach could be made to 
account for rough surfaces, multiple electrode reac- 
tions, rapid homogeneous reactions, and thermal effects. 
More challenging would be incorporation of migration, 
precipitation of hydroxide or carbonate films from 
basic solutions, and simultaneous gas evolution. 

It has been suggested that in systems containing 
chloride salts, the early stages of pit growth occur be- 
cause of the existence of a salt layer on the corroding 
surface. If that is the case, then fluid flow should exert 
an influence on the salt layer and thus upon the course 
of pit evolution. 

Development of hydrodynamic strategies for corro- 
sion prevention has to date not been fully explored. 
The damage of materials by corrosion in the presence 
of impingement, erosion, cavitation, and other flow- 
related phenomena represents a research field of vital 
importance. Of special value would be improved under- 
standing of flow conditions under which inexpensive 
materials of construction could be used with confidence 
in corrosive environments. 
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LIST OF SYMBOLS 
C 
Cb 
Cs 
C s a t  
D 
Ea 
F 
$CT 
fSC 

concentration, gmol/cm a 
bulk concentration, gmol/cm 3 
concentration at dissolving surface, gmol/cm 8 
saturation concentration, gmol/cm 3 
diffusion coefficient, cm2/sec 
applied potential vs. NHE RE, V 
Faraday constant, (9.64846 • 104 C/equiv.) 
io/<i> 
< i~  / <~isat~> 
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h 
i 
io 
isat 

< i s a t >  
1 
M 
n 

height of channel, cm 
current density, A/cm e 
exchange current densitiy, A/cm ~ 
saturation current density, A/cm -~ 
average current density, A/cm 2 
average saturation current density, A/cm2 
characteristic length of the active site, cm 
symbol for metal species 
number of electrons in dissolution reaction 
3 n 2 F  2 D ( t s a r  - -  Cb) 6 1/3 1 2/3 

NI Pe l /3 ,  
2 RT~ r (4/3) 9 h 

dimensionless average sauration current, lam- 
inar flow 
3 n2F2 D(Csat--Cb) 61/3 

Nol 
2 RT~ r (4/3) 9 

n2F2D 
Not 0.185707 ~ (Csat -- Cb) Sc -7/s 

RT~ 
n~F2l D (Csat -- Cb) 

Nt Re~ 
RT~ h 5.385 

Pe Pecl6t number, <u>l/D, dimensionless 
ro electrode radius, cm 
Re Reynolds number, <u>h/2v, dimensionless 
Sc Schmidt number, ,JD 
T temperature, ~ 
U~ velocity in x direction, em/sec 
< u >  average velocity, cm/sec 
x spatial coordinate 
y spatial coordinate 

Greek Letters 
a kinetic parameter in Eq. [3] 
r(4/3)  complete gamma function of 4/3, (0.89298) 
Ar potential difference, V 
eD eddy diffusivity, cm2/sec 

nFI<i>/RTK average current, dimensionless 
~lc concentration overpotential, V 
~1~ surface overpotential, V 
K conductivity, 1/tl cm 
v kinematic viscosity, cm2/sec 
p density, g/cm 3 
Tw shear stress at wall, g/cm 2 
�9 o ohmic drop, V 
CA applied potential, V 

Superscripts 
�9 symbol for dimensionless variable 
+ symbol for dimensionless variable, turbulent 

flow 
symbol for time-averaged values, turbulent 
flow 
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Study of the Anodization of Niobium and Tantalum Superimposed 
Layers by l sO Tracing Techniques and Nuclear Microanalysis 

I. 180 and Cation Depth Profiles 

J. Perri6re and J. Siejka 
Groupe de Physique des Solides de l'Ecole Normale Sup~rieure, Universit~ Paris VII, 75221 Paris Cedex 05, France 

ABSTRACT 

1sO tracing techniques and nuclear microanalysis were used to study oxygen and cation movements  during the 
anodization of Nb on Ta (Ta/Nb) and Ta on Nb (Nb/Ta) superimposed layers. Analysis of 180 depth distributions shows that 
the order of oxygen atoms is largely preserved for Ta/Nb systems, while it is partially inverted for Nb/Ta systems. The same 
dissymmetry holds for cations in these systems. For Nb/Ta, the fraction of the oxygen atoms taking part in the inversion of 
order depends on the formation conditions and on Ta layer thickness. Great similarities between Nb and these oxygen con- 
centrations were observed in the various regions of oxide films. All the results are consistent with a short-range migration 
for oxygen, as well as for cation transport, and a strong correlation appears between oxygen and cation migration. 

In  previous papers (1-3), we reported results on mi-  
grat ion studies of cations dur ing anodization obtained 
by  the use of what  we called "substi tute tracers" (2), 
i.e., we studied the movements  of metal  atoms M1 
dur ing the anodization of M1 substrates covered with 
thin films of another  metal  M2 (MJM~ systems).  The 
anodization of Nb and  Ta superimposed layers showed 
that  Nb and Ta cannot  be considered as pure isotopic 
tracers (2), since we observed a dissymmetry of be-  
havior for Ta and Nb cations dur ing the anodization 
of Ta /Nb and Nb /Ta  systems. In  the first case, the order 
of cations is largely preserved, i.e., a layer  of pure 
Nb20~ remains  at the oxide-solut ion interface and pure 
Ta205 is formed underneath .  However, in  the second 
case, the order of cations is par t ia l ly  inverted,  and 
the main  results are the following: 

1. Nb atoms migrate through the Ta205 layer, form a 
Ta and Nb oxide mixture,  and reach the oxide-solution 
interface. A pure Nb205 layer  appears at this interface 
at high potentials. 

2. The fract ion Ft of all  oxidized Nb atoms which 
cross the inner  edge of the Ta atom distrilbution is 
equal  to 25%, in good agreement  with the values of the 
t ransport  number  of cations. This means that  Ta atoms 
can be used as a reference frame in order, to measure 
t ransport  numbers .  

3. Par t  of the Ta atoms present  in the surface region 
moves dur ing  oxide growth, bu t  slower than  Nb atoms. 
This leads to the bury ing  of the Ta atoms in the oxide, 
and this bury ing  is the same for Ta concentrat ions lying 
between 0.5 and 15%. 

Similar  studies were carried out for A1 and Nb (3) 
and for A1 and Ta (4) superimposed layers, leading 
either to the conservation or to a part ial  inversion of 
the order of cations. Two approaches have been de- 
veloped in order to explain the part ial  inversion of the 
order of cations: (i) a microscopic t rea tment  based on 
differences in movement  probabili t ies of various cat- 
ions (4) and (it) a more macroscopic in terpre ta t ion 
related to differences in  ionic conductivities (5, 6). 
These are discussed in detail in  the second part  of this 
paper. 

Fol lowing (i) the inversion of order is due to differ- 
ences in movement  probabi l i ty  P for various cations in 
mixed oxides. For example, if P(M1) < P(M2) the 
order  of cations must  be preserved in M1/M2 systems, 
while it must  be par t ia l ly  inver ted if P(M1) > P(M~). 
The impor tant  point  is that this phenomenon does not 
lead to lateral  macroscopic nonuniformit ies  in the dis- 
t r ibut ion  of cations. 

Fol lowing (it) the inversion of the order of cations 
is due to the fact that the field E needed for the t rans-  

Key words: anodization, IsO tracing, niobium, tantalum. 

port of a given ionic cur ren t  i is different for each 
oxide (7) .  For example, in an M1/M2 sys tem if, E (M1) 

E (M2) the order of cations will be preserved while 
it must  be inver ted if E(M2) ~ E(M1). This will  lead 
to a system described by Pr ingle  (5, 6) as high ionic 
conductivi ty fingers (M1 oxide) surrounded by  low 
ionic conductivi ty regions (M2 oxide).  This means that 
lateral  nonuniformit ies  are associated with this ap- 
proach. 

In  the case of Nb/Ta  systems, we have shown that 
P (Nb)  > P(Ta)  (2), while it is known that E(Nb)  
E(Ta) .  Moreover, it was not possible to find evidence 
for macroscopic nonuniformit ies  in the Nb and Ta 
oxide mixture  at a l imit  of resolution of 500 n m  (4). 
Thus the following question arises: which phenomenon  
dominates, (i) or (it) ? A part ial  answer to this question 
can be obtained from the comparison of oxygen and 
cation movements.  Following these two approaches it 
can be expected (4) that the order of oxygen atoms 
must  be preserved for Ta/Nb,  while it must  be par-  
t ial ly inver ted for Nb/Ta.  If we consider the movement  
probabilities, the difference between P (Nb) and P (Ta) 
must  be related to differences in the na tu re  of the bonds 
of Nb and Ta atoms with their  surroundings.  Thus, all 
the oxygen atoms would not be equivalent:  oxygen 
atoms bound to Nb atoms must  have a higher move- 
ment  probabi l i ty  than the oxygen atoms bound to Ta 
atoms. Therefore, a part ial  inversion of the order of 
oxygen atoms might occur. If, on the contrary, we 
consider differences in ionic conductivities, since the 
ionic current  does not pass through the Ta205 matrix,  
oxygen atoms in this matr ix  will  not  take part  in ionic 
current.  Hence, in this case also, a part ial  inversion of 
the order of oxygen atoms is expected. However. in the 
two cases the concentrat ion of oxygen atoms that  do 
not take part  in ionic current  wil l  not be related in the 
same way to the Nb ~nd Ta concentrations. Thus we 
can expect that it will  be possible to find the deter-  
minan t  phenomenon (i) or (ii), and we have studied 
oxygen movements  in these systems by means of 1sO 
tracing techniques (8). 

P re l iminary  results have shown that differences exist 
for oxygen migrat ion in Ta /Nb  and Nb /Ta  systems, 
and they have been briefly presented (9). In  this 
paper, we report  exper imental  results of systematic 
s tudy of oxygen movements  under  a wide range of 
conditions. In order to compare oxygen and cation 
movements,  we also present  the Nb and Ta depth dis- 
t r ibut ions in  these films. The discussion of these results 
and of the possible microscopic t ransport  mechanisms 
are presented separately in the second part  of this 
paper. The possible correlation between the two ap- 
proaches (i) and (it) will  be also analyzed. 
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Experimental 30 
Film formation.--The T a  or Nb thin films were de- 

posited by d-c triode sput ter ing (2). Anodic oxidations 
were carried out either in aqueous ammon ium penta-  20 
borate solutions (0.5 weight percent  (w/o) ,  pH 9 main-  
tained by ammon ium hydroxide addit ions),  or in am- r 
mon ium citrate solutions (0.5 w/o, pH 6), at constant 
i and T. The water  of the solutions had a na tu ra l  iso- ,-~15 
topic composition (0.204% 180), or was enriched to "-" 
concentrat ions that  were always higher than 60% in t~ 
180. The iso  labeled water  was produced by the Weiz- 4 1 0  
m a n n  Inst i tute  (Rehovot, Israel) ,  In  what  follows, we 
call ~6Osol solutions of na tu ra l  isotopic composition and O 
lSOsol solutions in which the 1sO concentrat ion of water  
was enriched. As the same results were obtained with 5 
citrate or borate solutions, boron incorporations from 
borate solutions give no trouble for the analysis of the 
]sO(p,~)lSN resonant  nuclear  reaction (10). Thus in 
what  follows, no distinctions are made between borate 
or citrate solutions. 

Constituent analysis oS the films.--Nuclear micro- 
analysis by the direct observation of nuclear  reactions 
and of backscattered particles was used to s tudy 
samples before and after anodization. The exper iments  
were performed using the 2 MeV Van de Graaff ac- 
celerator of the Ecole Normale Superieure.  

The 260 and 1sO contents of the films were mea-  1 
sured, respectively, through the 1sO (d,p) 170* and 
lsO(p,a)lSN nuclear  reactions (11). Absolute values 0.s 
were obtained by comparison with 160 and lsO refer-  ~0.~ 
ence targets (12, 13). Absolute amounts  of Nb and Ta 
in  the films were obtained, using Rutherford backscat= O 
tering techniques, by comparison with a Ta reference ~ 0.~ 
target  (14). These measurements  (overall  content in c- 
oxygen and in cation in the layers) give independent  ~0.E 
measurments  of oxide thickness and were found to ~ 0.. ~ 
agree wi thin  5% which is the exper imenta l  uncer ta in ty  (9 
of the measurements .  Oxide thicknesses were thus ob- n 
tained in oxygen atoms (and ca t ions) /cm 2. For con- Z 0.a! 
venience, oxide thicknesses are given in nanometers ,  03 
because the oxygen and cation densities are pract ical ly 0 
the same for both Ta205 and Nb205, i.e., 1015 oxygen 
atoms/cm2 = 1.85 nm and 1015 cat ions/cm 2 = 4.6 nm, 
assuming the densities 8.04 and 4.74 for Ta20~ and 
Nb205 (15). 

Analysis of Nb and Ta distributions in the films.-- 
4He+ Rutherford backscattering techniques were em- 
ployed to analyze the depth dis tr ibut ion of cations in 
the films (16, 17). We have carried out  a computer  
analysis of the backs cat tering spectra assuming lateral  
un i formi ty  for the Nb and Ta oxide mixture.  The Nb 
and Ta depth profiles are extracted by comparison of 
the exper imental  spectra with those calculated using 
trial profiles. These calculations are based on the work 
of l 'Hoir  (18) who has fully described such analysis. 
The straggling parameter  and stopping power for 4He + 
in  Nb205 or Ta205 were determined by fitting backscat-  
ter ing spectra registered on A1/Nb205 or A1/Ta205 for 
which the thickness of the Nb or Ta oxide was known 
(see previous section). Values of stopping power for 
4He+ in Nb205 and in Ta20~ were found to be close 
and near  those deduced from the values tabulated by 
Ziegler and Chu (19). 

Figure  1 represents the result  of such an analysis 
for an anodized Nb/Ta  sample. The solid l ine repre-  
sents the curve calculated using the profile (solid l ine) 
presented in Fig. 2. Region X corresponds (2) to the 
thickness of oxide formed by  the anodization of the 
Ta film alone; the Nb concentrat ion ( [Nb])  (and also 
the Ta concentrat ion ( [Ta])  since [Nb] + [Ta] = 1) 
is uni form in this region. As [Nb] and [Ta] are im-  
por tant  in the discussion of the results, we tested differ- 
ent  values for [Nb] and [Ta] in this region. The two 
extreme values which give an acceptable fit are pre-  
sented with dotted lines in Fig. 2, and this gives an 
idea of the sensi t ivi ty of the method: [Nb] and [Ta] 
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Fig. 1. Backscattering spectrum obtained on Nb/Ta (~23  nm) 
oxidized at 23~ and 180V. The solid line is the spectrum calcu- 
lated with the profile (solid line) in Fig. 2; the dotted line corre- 
sponds to the profile (dotted line) in Fig. 2. 
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Fig. 2. Nb distribution in Nb/Ta samples oxidized at the condi- 
tions of Fig. 1; the dotted lines give an idea of the precision for 
Nb concentration in region X. 

are known with a *-5% precision. The profile in  Fig. 2 
shows that the various interfaces are not sharp. For 
comparison purpose we present  the spectrum calculated 
with sharp interfaces for the profile (dotted lines in 
Fig. 1 and 2). Ta atoms in the near-surface  region of 
the oxide (region S) take par t  in oxide growth (2). 
This indicates that  the ionic current  is not ful ly con- 
fined in fingers in region S. Thus if nonuniformi t ies  
exist, they are present  solely in region X and can 
cause an error in the absolute values of [Nb] and [Ta] 
in this region. Since the backscat ter ing yield is in -  
versely proport ional  to the stopping power, this pos- 
sible error  is of the order of the precision that  we 
find for [Nb] and [Ta] measurements .  

Analysis of Iso distribution in the l~lms.--The 180 
depth profiles were obtained using the excitat ion 
curves of the IsO(p,~)lSN nuclear  reaction near  the 
2 keV wide 629 keV resonance (10). The basic p r in -  
ciples of such measurements  and full  theoretical cal- 
culations are given in detail  in Ref. (10). Briefly, the 
yield N(E1) for an incident  proton energy E1 is given 
by  

P s  N (El) = constant  • C(x)~o (~1) W (El, ~1, x) dxdn 
o 

where C(x)  is the 180 concentrat ion at a depth x; 
~0(~1) is the cross section at energy ~1; W(E1, ~1, x)  is 
the probabi l i ty  that  a proton of incident  energy  E1 
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has at a depth x an energy in the vicini ty of ~. (W(E1, 
~, x) depends on two parameters,  the straggling pa-  
rameter  and the stopping power for the protons, and 
these values have been exper imenta l ly  determined for 
Ta205 and Nb205 (10). Knowledge of the stopping 
power for protons allows us to determine an energy- to-  
depth relationship, thus C(x) may be determined if 
C(E), i.e., the 280 concentrat ion as a function of the 
energy of protons, is known. In  this work (a Ta and 
Nb oxide mixture) ,  a program permits computat ion 
of the excitat ion curve corresponding to a given 1sO 
profile C(E). Such a procedure can be used since the 
straggling of protons for the same energy loss in 
Nb205 and in Ta205 is practically the same (less than 
3% difference). Thus the C(E) profiles are extracted 
by comparison of the exper imental  excitation curves 
with curves calculated using trial  profiles. C(E) is 
then transformed in C(x) using the energy to depth 
relationship. 

As an example, Fig. 3 shows an excitation curve 
recorded on an Nb /Ta  sample anodized first i~ lSOsol 
(formation of Ta2OslS.) and then in 16Osol to a total 
oxide thickness of 330 rim. This curve exhibits two 
well-separated maxima. This means that one part  of 
the 1sO atoms remains near  the metal-oxide interface 
(high energy maximum)  while a fraction of the ~so 
atoms is located in the bulk of the oxide. The solid 
l ine represents the calculated best fit and corresponds 
to the 1sO depth profile presented as a solid l ine in 
Fig. 4. We will lay emphasis on the measurement  of 
the 1so concentrat ion in region X ([~so]).  So, for 
comparison purposes, we present  also in Fig. 3 two 
extreme curves (dashed lines) obtained with the 
other 1so depth profiles of Fig. 4 (dashed l ines).  From 
these two curves we estimate the precision of this 
analysis at ___5%. As in the case of backscattering 
analysis, these profiles are obtained assuming lateral  
uni formi ty  of the oxide. The possible presence of 
lateral  nonuniformit ies  in region X would introduce 
an error in the absolute value of [1sO]. However, the 
same considerations as for backscattering analysis lead 
to the conclusion that this error  is the order of the 
precision that we find for [1sO]. 

Results 
Part ia l  inversion of the order of oxygen atoms has 

been observed dur ing  Nb /Ta  anodization (9). This is 

I I I I I I 
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. , . ~  

t t ~  I I I I I 
0 20 40 60 80 100 120 

CHANNELS 

Fig. 3. Experimental ( e )  and computed excitation curves cor- 
responding to Nb/Ta (,~23 nm) oxidized first in lsOsol (TaoO5 TM 

formation) and then in 16Oso 1. The solid and dotted curves are 
calculated with the profiles presented in Fig. 4. 
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Fig. 4. 1so profiles in oxides grown at conditions given in Fig. 3 
The dotted lines give an idea of the precision for 1sO concentration 
in region X. 

also obtained during Zr anodic oxidation (20), and this 
is general ly related to the polycrystal l ine na ture  of 
anodic ZrO2 (21). We examined the s tructure of anodic 
oxides formed on superimposed layers by transmission 
electron diffraction, using self-support ing oxide tar -  
gets whose preparat ion is described elsewhere (22). 
Electron diffraction gives diffuse haloes similar to those 
observed on pure oxides, from which it is concluded 
that the mixed oxides are amorphous. Hence, we ex-  
clude the hypothesis of inversion of the order of oxy- 
gen atoms by preferent ial  migrat ion of oxygen along 
grain boundaries in a polycrystal l ine medium. 

Anodization of Ta/Nb systems.--Samples with ,-,32 
n m  thick Nb deposits on Ta substrates were anodized 
at increasing potentials up to a total oxide thickness 
equal to 400 nm. Figure 5 represents some excitation 
curves of the 1sO(p, ~)I~N resonant  nuclear  reaction 
obtained for films grown on Ta/Nb in the following 
way: first, anodization to 40V in lSOsol (full oxidation 
of the Nb deposit: Nb205 is formation) and then up to 
increasing potentials in 160~ol. This figure shows that 
the ma x i mum of the excitation curve is shifted to- 
ward higher energies with increasing Ta metal  con- 
sumption.  This shift can be interpreted as showing 
that the 1sO atoms remain  at the metal -oxide  interface 
dur ing  fur ther  growth in ~6Osoi. 

Figure 6 represents the 1sO distr ibutions in the oxide 
giving the best fits. Since we have shown previously 
(1) that the order of cations is preserved during oxida- 

t ion of Ta /Nb systems, we have also presented in this 
figure the Nb20~ layer overlying the growing Ta~Os. 
In  Fig. 6a (corresponding to curve a in Fig. 5), 180 

i I I I I 
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co 
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Fig. 5. Experimental and computed excitation curves obtained 
with Ta /Nb ( ~ 3 2  nm) oxidized first in J-SOso 1 up to 80 nm (curve 
a) for Nb205 TM formation and then in leOsol with additional oxide 
thicknesses equal to (b) 105 nm and (c) 260 nm. 
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Fig. 6. 1sO profiles in oiides formed on Ta/Nb (~32  nm) 

samples oxidized first in lSOso; up to 80 nm (profile a) for Nb205 is 
formation and then in 16Osol with additional oxide thicknesses 
equal to (b) 105 nm, (c) 180 nm, and (d) 260 nm. The schematic 
Nb distribution is also shown. 

atoms have formed Nb205 is. Dur ing  reanodizat ion in 
1~O~ol (Fig. 6b-d),  the 1sO atoms are found at the 
metal-oxide interface as Ta205 Is. A slight broadening 
occurs at the 160-lsO oxide interface, but  the width of 
this interface does not show a large increase with po- 
tential.  Such a broadening is expected from a short-  
range migrat ion of oxygen atoms. For example, if we 
assume a ne ighbor- to-ne ighbor  jump process this 
would introduce some mixing be tween ~60 and 1so 
atoms (8, 23). If the j ump  distance is the same for all 
oxygen atoms and equal to one interatomic distance, 
and if all jumps are in the field direction, this would 
cause the format ion of an  atomic mixture  over a depth 
in terval  corresponding to the spread of a Poisson prob-  
abil i ty distribution. The .derivative curve of the con- 
centrat ion prefile would be near ly  Gaussian with a 
width (FWHM) equal to about  9 n m  when forming a 
270 n m  thick oxide in 16Osol, with a site separation 
equal to 0.3 n m  and a t ransport  number  of oxygen 
( t - )  equal  to 0.75 (24). Such an explanat ion is con- 
sistent with the slight broadening at the 160-lsO oxide 
interface in  Fig. 6. Therefore, we conclude from these 
results that dur ing  anodization of Ta /Nb systems there 
is both conservation of the order of cations (1) and of 
oxygen atoms. This excludes the hypothesis of ionic 
t ranspor t  by interst i t ial  oxygen through the oxide and 
the existence of pores in the Nb2Os layers. 

Anodization of Nb/Ta systems.~Samples with ~23 
nm thick Ta deposits on Nb substrates were oxidized 
at increasing potentials and Rutherford backscattering 
spectra were registered for these samples. Figure 7 
represents the Nb and Ta depth distr ibutions in the 
oxides formed at various potentials. This figure shows 
that dur ing oxidation of the Nb substrate  a pure Nb20.~ 
region (part  B) near  the metal  is covered with a layer  
in  whi.ch both cations are present.  This layer  is due 
to the fact that  Nb atoms migrate  through the Ta205 
layer  (region X),  form a Ta and Nb oxide mixture,  
and reach the oxide-solut ion interface. A pure Nb20~ 
layer  exists at this interface at higher potentials.  The 
interface between par t  B and region X is not sharp; 
there is a sl ight broadening between the pure  Nb2Os 
oxide and the Ta and Nb oxide mix ture  that  does not  
change as potential  increases (Fig. 7b-d) .  These pro- 
files show the difference between region X and region 
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Fig. 7. Nb and Ta depth distributions in regions X and S of the 
oxide formed by anodization of Nb/Ta (~23  nm) samples at 5 
mA/cm 2 and 23~ up to various thicknesses: (a) 150 nm, (b) 270 
nm, (c) 368 nm, and (d) 420 nm. 

S (the near-surface  region of tim oxide).  Region X is 
well defined at the beginning  of the oxidation. It 
corresponds to the Ta205 formed by anodization of 
the Ta film. Dur ing  the oxidation of Nb substrates, 
Nb atoms enter  into the region X and "push" Ta atoms 
of this region. The Ta (or Nb) concentrat ion profile 
is uniform in region X while it is varying in region S. 
Par t  of the Ta atoms present  in region X does not  
take part  in  ionic current  and can be used as a refer-  
ence f rame in order to measure t ranspor t  numbers  
(4, 5). The formation of region S is due to the move- 
ments  of-cations (2) and its thickness increases with 
potential. In  region S, par t  of the Ta atoms moves 
dur ing  oxide growth but  slower than Nb atoms lead- 
ing to their bury ing  in the oxide and to the formation 
of the pure Nb_oO5 layer  at the oxide-solution in te r -  
face. 

Relative movements  of both cations depend, thus, 
on the regions of the oxide mixture.  In order to study 
the correlation between cations and oxygen move-  
ments  in the various regions, we have carried out two 
kinds of experiments:  exper iments  1 and 2. In  experi-  
ments 1 Nb /Ta  systems were oxidized in the following 
way: oxidation in lsOsol (or 16Osot) of the whole Ta 
deposit, and then in 16Osot (or lSO~ol). Thus, the Ta20~ 
layer  (region X) is labeled in 1sO (or ~60), and the 
reoxidation gets insights into the oxygen movements  
in region X and  in part  B of the oxide. In  experiments  
2, Nb /Ta  systems were oxidized first in lsO~ot (or 
16Osol) up to potentials for which the region S has a 
thickness greater than  20 nm, and then the oxidation 
was pursued in 16Osol (or lsosol). These experiments  2 
permit  the s tudying of oxygen movements  in region S. 
Let us notice that these last exper iments  get in-  
sights into the behavior  of oxygen in region X and 
in part  B and that  the cation distr ibutions do not de- 
pend on the k ind of experiments  for the same overall  
oxidation potential.  

In  all experiments  cation dissolution and oxygen ex- 
change were not  evidenced. This means that  the total 
content  in Ta atoms in the deposited layers was pre-  
served dur ing the oxidation of the substrate;  the same 



1264 J. EIectrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  June 1983 

conclusion holds for 180 atoms fixed dur ing  the  first 
oxidat ion.  '( 

Experiments / . - - S a m p l e s  wi th  ,.-23 n m  thick Ta 
deposi ts  on Nb subs t ra tes  were  oxidized at 40V in 
18Osol ( format ion of TarO518) and then in 16Osol up to 
increas ing  potent ials .  Exci ta t ion  curves of the 
160 (p, a)15N resonant  nuc lear  react ion were  reg is te red  0 
for  these samples.  A typica l  resu l t  is shown in Fig. 3; ~__ 
o ther  exci ta t ion curves a re  not  presented,  the 180 con- 

~ I 
centra t ion  profiles a re  shown in Fig. 8 and 9. F igure  
8 corresponds to potent ia ls  lower  than 80V, i.e., roughly  
to the  t rans i t ion  regime prev ious ly  found (2) in the 
po ten t i a l - t ime  relat ionship.  F igu re  9 is for  potent ia ls  c- o 
for  which the g rowth  laws of Nb subs t ra te  oxidat ion  
are  the  same as those found dur ing  pure  Nb anodiza-  ~ l~- 
t ion (2).  

By compar ing  Fig. 8a ( format ion  of TasO5 ls) and 
Fig. 8c (addi t iona l  oxide  thickness  in 160soi equal  to u r 
44 n m ) ,  one observes tha t  z~ atoms have  deep ly  en-  0 
te red  region  X, leading to a pa r t i a l  invers ion of the  
order  of oxygen  atoms. However ,  the  ma jo r i t y  of ~60 
a toms a re  found in the  ox ide -sur face  region  and cor-  ~ l~- 
respond to an oxide thickness  equal  to ,-,20 nm in 

0 Fig. 8c. P rac t i ca l ly  a l l  the  oxide  formed beneath  r e -  
gion X (par t  B of the oxide)  is an 180 oxide. 

In  Fig. 8d a p la teau  appears  in region X for the 180 
profile. A grea t  s imi l a r i t y  is thus found be tween  the 
behav io r  of ~60 a toms and Nb cations in region X. 
There  is a progress ive  pene t ra t ion  of 160 atoms in 
region X, and at  the  same  t i m e  there  is also a p ro -  
gressive pene t ra t ion  of Nb cations into the same re -  
gion. Moreover,  in the  two cases these movemen t s  lead  
to t he  format ion  of p la teaus  in the 180 and Ta dep th  
d is t r ibut ions  in region  X. 
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Fig. 9. lsO profiles in oxides formed on Nb/Ta (,~23 nm) 
samples oxidized first in lSOsol up to 60 nm (Ta20518 formation) 
and then in lOOsol with additional oxide thicknesses equal to (a) 
90 nm, (b) 210 nm, (c) 308 nm, and (d) 360 nm. 
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formation and then in Z6Osol with additional oxide thicknesses 
equal to (b) 17 nm, (c) 44 nm, and (d) 80 nm. 

As the potent ia l  increases  (Fig. 8d and Fig. 9), 160 
atoms reach par t  B of the oxide, i.e., begin to form 
Nb20516. The region S is cont inuously  th ickening and 
is a pu re  160 oxide. Thus, the nea r - su r face  region of 
oxide has t h e  same isotopic labe l  as the  solution. The 
fact that  180 atoms do not  r emain  at  the ox ide-so lu -  
t ion in ter face  excludes any a r t i fac t  such as flaws by  
which 160 atoms would  oxidize the Nb substrate .  

Dur ing  reanodiza t ion  in 16Osol, a f ract ion of region 
X (at  the  region X- reg ion  S in ter face)  becomes a 
pure  160 oxide. This f ract ion increases s l ight ly  and 
reaches about  20 n m  for an addi t iona l  oxide thickness 
equal  to 210 nm (Fig. 9b).  With in  our  exper imen ta l  
precis ion this thickness appears  as constant  dur ing  
fur ther  growth.  However ,  i t  m a y  fu r the r  increase 
about  5 n m  be tween  Fig. 9b and d. In the remainder  of 
region X, [lsO] is represen ted  as constant,  a l though 
the expe r imen ta l  precis ion does not  exclude a s l ight  
s lope in [180]. However ,  this would  be smal l ;  for ex-  
ample,  in Fig. 9d the p la teau  at  21% can be rep laced  
by  a slope going f rom 19 to 23%. These profiles show 
tha t  [180] in region X is at  first r ap id ly  decreas ing 
(Fig. 8d to 9b) and then  s lowly  (Fig.  9c and d) .  There  
is again  a s imi la r i ty  be tween  180 and Ta dis t r ibut ions  
in this region since [Ta] is also un i fo rm (see Fig. 7) 
and decreases at  first r ap id ly  and then s lowly when 
poten t ia l  increases.  

In the  pa r t  B of the oxides (pure  Nb~Os), 180 atoms 
remain  at the me ta l -ox ide  in ter face  bur ied  be low an 
oxide fo rmed  with  160 a toms passing th rough  region 
X. Schemat ica l ly  the 180 a toms are  d iv ided  into two 
groups, those in region X and those at  the me ta l -ox ide  
interface.  Between them, [lsO] var ies  wi th  depth  and 
with  potent ia l  but  is ve ry  small ,  for instance, less than 
2% in Fig. 9d. These 180 atoms represen t  a tai l  cor-  
responding  to the sl ight  decrease of [180] in region X. 
The 180 d is t r ibut ion  near  the  meta l  is not no t iceab ly  
b roaden ing  as potent ia l  increases. I t  can be wel l  de-  
scr ibed  by  a shift  of this pa r t  of the  180 profile to 
g rea te r  dep th  when anodizat ion in ~6Osol is continued.  
As for  Ta /Nb,  the  behav ior  of this pa r t  of the 180 
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distr ibut ion can be explained by the fact that oxygen 
movements  in  region B (pure Nb20~) largely pre-  
serve the order for oxygen atoms, this is in agreement  
with results obtained dur ing  pure Nb oxidauon (1). 

The main  conclusions that  can be drawn are the fol- 
lowing: the progressive penetra t ion of 160 atoms in 
region X eliminates a direct interst i t ial  oxygen t rans-  
port; a short range migrat ion for oxygen is likely, if 
we take into account the evolut ion of the zsO profile 
in part  B. Some correlat ion seems to exist between 
cation and oxygen migrat ion since [Ta] and [lso] in 
region X show the same behavior  whatever  the po- 
tential.  

When oxidation was performed in the reverse order, 
i.e., first in 16Osol for full  oxidation of the Ta deposit 
and then in lSOso,, the 180 profiles obtained were s imi-  
lar  to the 160 depth distr ibutions deduced from Fig. 
8 and 9. 

Results of Fig. 8 and 9 were obtained on samples 
with an  ,-60 n m  thick Ta205 layer. Similar  experi-  
ments  were carried out  on samples with 37 nm thick 
Ta205. The z80 profiles show the same essential fea- 
tures described above, but  some quant i ta t ive  differ- 
ences appear. The value of [~sO] in region X was al-  
ways lower in the lat ter  case. For the same additiorml 
oxide thickness in 16Oso, (for example 330 nm)  [180] 
was 16% for 37 n m  thick Ta205, While it is 22% for 
60 n m  thick Ta205. Here, too, a s imilari ty appears be-  
tween [Ta] and [180] in region X, since backscatter-  
ing spectra show that  [Ta] in region X decreases with 
Ta205 thickness for the same Nb substrate consump- 
tion. 

We have previously shown (2) that  cation move-  
ments  depend on current  density (i) and tempera ture  
(T) dur ing  anodization of Nb /Ta  systems. In fact we 
have found that the fraction Ft of oxidized Nb atoms 
present  in regions X and S increases with increasing 
i or decreasing T. This means that  Ft increases with 
electric field, if we take into account the fact that  at 
high i and low T the electric field will be higher than 
the one at low i and high T. Thus, experiments  1 were 
carried out at various i and T. Samples were ,,15 nm 
thick Ta deposits (37 n m  thick Ta205) on Nb sub- 
strates oxidized first in lSOsol and then in 160sol. The 
results of the computer  analysis for two different typi-  
cal cases are presented in Fig. 10. The formation con- 
ditions (see figure caption) are such that profile a 
corresponds to a low electric field, while profile b cor- 
responds to a high one. 

In  Fig. 10, the overall  thickness of the two profiles 
is the same, but  due to the fact that  Ft is different (2) 
(Ft , ,27% for b and Ft "-21% for a),  region S is larger  
in profile b than  in profile a. These two profiles ex- 
hibi t  the same properties as those of Fig. 8 and 9, with 
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Fig. 10. 180 profiles in oxides formed on Nb/Ta ( ' -15 nm) 
samples oxidized first in lSOsol (Ta205 TM formation) and then in 
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uniform [1sO] in region X. However, these two values 
of [1sO] are different, 12% in a and 24% in b. 
This dependence of [lso] in region X on the electric 
field was checked and it appears that  the highest [1sO] 
corresponds to the highest field. For the same samples, 
backscattering analys}s shows that [Ta] is a l i t t le 
lower for b than for a, by about 5%, Hence the lowest 
[Ta] in region X corresponds to the highest field, and 
a contradiction seems to appear between the Ta and 
1sO behavior  since [Ta] and [1sO] vary  in opposite di- 
rections with the field. This can be qual i ta t ively ex- 
plained, if we take into consideration the fact that  
Ft (and the t ranspor t  n u m b e r  of cations) increases 
with the field. This means that when  the field in -  
creases more Nb cations will pass through region X, 
leading to a decrease of [Ta] in this region. At the 
same time, since the total ionic current  is constant, 
fewer 160 atoms will penetrate  into region X, leading 
to an increase of [1sOl. This explanat ion  qual i ta t ively 
describes the respective variat ions of [Ta] and [1sOl 
in region X with the field. 

Experiments 2.--Samples  with ,,23 n m  thick Ta 
deposits on Nb substrates were oxidized at 120V in  
16Osol and then in lSOsol up to increasing potentials. 
The anodization potent ial  in 16Osol corresponds to the 
formation of a region S of "-40 nm. Figure 11 repre-  
sents a typical excitation curve obtained on a sample 
oxidized at an overall  potential  equal  to 200V. The 
large peak at the lower energies corresponds to 1so 
atoms located at the oxide-solut ion interface, while the 
small  high energy peak corresponds to 1so atoms 
deeply buried in the oxide. 

In  Fig. 12 we present  the calculated 1so distr ibutions 
for various addit ional  oxide thicknesses in lSOsol. The 
common feature of all these profiles is the presence 
at the oxide-solut ion interface of pure 1so oxide, i.e., 
the near-surface  region of oxide has the isotopic label  
of the solution. The thickness of this pure 180 oxide 
layer increases steadily with reoxidation potentials,  
going from 5 nm (Fig. 12a) to 25 nm (Fig. 12d). By 
comparison with the Nb depth dis t r ibut ion given in 
Fig. 7, it is seen that  the thickness of this pure t80 
oxide layer is always greater  than the thickness of 
the pure Nb20~ layer which is present  at the oxide- 
solution interface. For each profile, the thickness of 
this pure 180 layer  is also slightly greater than the 
thickness d = Ft X (addit ional  oxide thickness in 
lSOso]) which represents the oxide thickness grown 
by movements  of cations (2). Another  common fea- 
ture of profiles b to d in Fig. 12 is the general  shape 
of 180 distributions. After  the pure lsO oxide layer, 
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the 180 concentrat ion first slowly decreases and then 
a sharp drop is observed in  the beginning  of region X. 
The fact that [lsO] never  reaches 100% in this part  of 
region S demonstrates that the order of oxygen atoms 
is par t ia l ly  inver ted  in  this region. This behavior of 
oxygen atoms is s imilar  to the one for cations, since 
the order of cations is also par t ia l ly  inver ted in region 
S. 

In  Fig. 12a (37 n m  addit ional  oxide thickness),  lsO 
atoms have penetrated regions S and X, but  in this 
last region [lsO] does not exhibit  a plateau. With fur-  
ther increase of oxide thickness isO atoms reach part  B 
of the oxide, and for potentials higher than 150V (Fig. 
12b-d) a plateau appears in region X for the lso con- 
centrat ion as in Fig. 9. This un i form [isO] increases 
from 20 to 44% when addit ional oxide thickness in -  
creases from 81 to 164 rim. These lso atoms represent  
the oxygen atoms that  take part  in ionic current  in 
region X, while this role is played by  160 atoms in 
experiments  1. Thus we can compare [1so] (in ex- 
per iments  2) and 1 -- [lso] (obtained in  experiments  
1). It  appears that  for the same addit ional oxide thick- 
ness [zsO] in experiments  2 is always lower than 1 -- 
[lso] in experiments  1. This indicates that region X is 
not  formed by two distinct phases (Nb205 and Ta2Os) 
which occupy two constant  volumes, since, in this case, 
the two preceding quanti t ies  must  be equal. 

If we compare the lsO dis t r ibut ion in r e d o n s  X and 
S, we can conclude that  in the two regions the order of 
oxygen atoms is par t ia l ly  inverted. However, the frac- 
tions of oxygen atoms which do not take part  in ionic 
current  are very  ~different in the two regions (higher 
in region X than in region S). This behavior  is s imilar  
to the one for cations, since Fig. 7 shows that  Nb in 
region S changes with potential  and is always higher 
than in region X. The comoarison of cation~ and 1sO 
distr ibutions (Fig. 7 and 12) shows the correlation 
be tween cation and oxygen movements  in reeions X 
and S: the general  shape of Nb (or Ta) and 1sO (or 
1sO) distr ibution is s imilar  and the evolution with 
potential  of these two distr ibutions is also similar. 

In  par t  B of the oxide [180] increases with potential .  
The leading edge of the 1sO dis t r ibut ion does  n o t  show 
a large spread with fur ther  increase of oxide thick- 
ness. We conclude that the order of oxygen atoms is 
largely preserved in this par t  of the oxide (which 
is pure Nb2Os). For the max imum oxide thickness ex- 
amined, shown in Fig. 12d, the lsO concentrat ion in 
par t  B increases from 44% near  region X to almost 
80% at a depth of 200 nm, then remains  constant, while 
the interface with pure isO oxide is sharp. The fact 
that  [lsO] never  reaches 100% in this pure Nb205 re- 
gion can be explained by the existence of a continuous 
160 flow in this region. This flow is due to 160 atoms 
coming from region X and which are replaced by lso 
atoms dur ing the reoxidation in lSOsol. A fraction of 
this z60 flow may also be due to z60 atoms coming from 
region S and passing through region X, since the over-  
all  lsO content  decreases cont inuously in region S 
with increasing potentials. 

The increase in [180] in par t  B of the oxide can be 
explained by the assumption that an angular  aperture 
exists for the ionic movements  (4, 25). This m e a n s  
that  dur ing  anodic oxidation the i ons  can move in a 
direction which is not str ict ly the field lines. This 
angular  aper ture  is related to the amorphous na ture  
of these anodic oxides in  which straight  l ines of atoms 
extending through the oxide appear very unlikely.  
The angular  dis t r ibut ion of ionic movements  in amor-  
phous media has been examined in Ref. (4) in w h i c h  
the consequences of this phenomenon (inversion of 
order in mixed oxides, spread of the depth dis t r ibu-  
tions of the consti tuents)  have also been described. It 
is worth noting that this angular  aperture permits an 
explanat ion of the slight broadening observed at the 
160-lso interface dur ing isotopic tracing experiments  
(8, 23), and that  this microscopic description can ex- 
p la in  the macroscopic notion of confinement of the 
ionic current  during anodic oxidation. 

Exper iments  2 were also carried out on samples oxi- 
dized at 80 or 160V in lsOsol and then in lsOsol up to 
increasing potentials. Similar  results were obtained 
since the lsO depth distr ibutions show the presence o f  
a pure lso oxide layer at the oxide-solut ion interface, 
the deep penetra t ion of ~sO atoms in the bulk  of the 
oxide, and the formation of a plateau in tsO in  region 
X as oxidation potential  increases. 

Experiments  were carried out on s,amples oxidized 
in the reverse order (first oxidation in lSOsot and then 
in lsO~ol). Within  our exper imental  precision, differ- 
ences in the values of [1sO] and [i60] in  region X 
were not observed, and similar  shapes for the profiles 
in region S were found. 

Summary 
The essential results found in  this work can be 

summarized as follows: 
Ta /Nb and Nb/Ta  systems show a great dissym- 

metry  of anodic behavior. The order of oxygen atoms 
is largely preserved in  the first case, while it is par-  
t ial ly inver ted  in the second case. The same dissym- 
metry  holds for cations in  these systems. 

Par t ia l  inversion of the order of oxygen atoms h a s  
been evidenced in regions X and S of the oxides. 

The oxygen atoms in region X can be schematically 
divided into two categories: those which take part  in 
ionic current  and those which do not. The fraction of 
oxygen atoms not taking par t  in oxide growth depends 
on the regime of oxidation and slowly decreases as the 
potential  increases. Moreover, this fraction depends on 
the init ial  Ta thickness and on the electric field. The 
behavior of these oxygen atoms fixed in region X is 
very s imilar  to that of Ta cations in the same region. I t  
seems reasonable to conclude that  these oxygen atoms 
a n d  these Ta atoms are bound together in region X. I t  
follows that the oxygen a toms  taking par t  in ionic 
current  and the Nb cations can also be considered as 
bound together. 
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In region S, near  the  surface, the o rder  of oxygen 
a toms is preserved,  whi le  in the  r e m a i n d e r  of the re -  
gion some oxygen  atoms seem to be fixed, i.e., do not  
take  pa r t  in ionic current .  Whi le  the depth  distribu.- 
t ion of these oxygen  atoms is qua l i t a t ive ly  comparable  
to the  Ta dep th  dis t r ibut ion,  the  s imi la r i ty  is not  as 
g rea t  as in region X. 

In par t  B of the  oxide (the pure  Nb205 layer )  oxygen 
movements  lead  to the  conservat ion of the  order  of 
oxygen  atoms. Moreover,  the effects of the  angular  
ape r tu re  of the ionic movements  are  observed in this 
region. 

T h e s e  r e s u l t s  are  fu l ly  compat ib le  wi th  a shor t -  
range  migra t ion  for oxygen ion and cation t r anspor t  
processes. Thus vacancy or  in te rs t i t i a lcy  migra t ion  
(26), ne twork  defects movement  (27), or place ex-  
change mechanism (28) can be envisaged for descr ib-  
ing oxygen as wel l  as cation migrat ion.  
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Study of the Anodization of Niobium and Tantalum Superimposed 
Layers by laO Tracing Techniques and Nuclear Microanalysis 

II. Discussion 

J. Perriere and J. Siejka 
Groupe de Physique des Solides de l'Ecole Normale Sup~rieure, Universit~ Paris VII, 75221 Paris Cedex 05, France 

ABSTRACT 

We have analyzed the cations (Nb and Ta) and oxygen profiles as a function of oxide growth conditions during the 
oxidation of  Nb/Ta super imposed layers. Two approaches (i) and (it) are considered which can explain the partial inversion 
of the order of cations and of oxygen atoms. These are based on the leading role of(i) differences in movement  probabil i t ies  
of Nb and Ta ions and between the oxygen ions bound to them, and (it) differences in ionic conductivit ies between Nb205 
and Ta~O~. It  was shown that the evolution of 1sO and Nb PrOfiles as a function of oxidation potential  is different following (i) 
or (it) mechanisms. Experimental  data are in disagreement  with (it) and strongly suggest  that  (i) is valid, as it  is possible to 
descr ibe quali tat ively our results despi te  the fact that, in this case, the analysis is based on an ext reme assumption:  the Ta 
oxide network is preserved and, moreover, a full random distr ibut ion of Nb and Ta cations in the oxide mixture  is assumed. 

The aim of this p a p e r  is to discuss the possible 
mechanisms which  can expla in  the expe r imen ta l  r e -  
sul ts  presented  in the first pa r t  (1) of this work  and 
wb.ich are  summar ized  in Fig. 1. In  o rde r  to discuss 
these resul t s  we use the  notions of oxide ne twork  and 

Key words: anodization, transport mechanism, ionic conduc- 
tivity. 

oxide mixture ,  cat ion (or oxygen)  t r anspor t  event,  
p robab i l i t y  of cation (or oxygen)  movement ,  and ionic 
conduct iv i ty  of the oxides.  

The te rm "oxide ne twork"  is meant  in the sense of 
the continuous random ne twork  theory  of amorphous  
media,  as the  spa t ia l  d i s t r ibu t ion  of the a tomic  si tes  
and bonds, which  is organized progress ive ly  as the  
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Fig. I. Schematic Nb and 1so distributions in an oxide formed 
on an Nb/Ta system. Experiments 1 correspond to oxidation first 
in lSOsol and then in 16Oso], experiments 2 correspond to the 
reverse order. Part B is pure Nb2Os; region X corresponds to the 
initial Ta205 layer while region S is due to the movements of 
cations during oxidation (1). 

oxides grow (2). The microscopic structure,  i.e., the 
valence state of cations, the coordination number  of 
cation and oxygen, and the cat ion-oxygen bond length 
are very s imilar  for Ta205 and Nb20~. However, the 
ionicity of the cat ion-oxygen bond may be different in  
these two oxides, and we shall  speak of a n iob ium or 
t an ta lum oxide network,  mean ing  that these two 
oxides may be organized in two well-defined, possibly 
different, network types. The mix ture  of n iob ium and 
tan ta lum oxides in  the region X (see Fig. 1) can thus 
be treated either as a perfect subst i tut ion of Ta atoms 
by Nb atoms, and this means that  we assume that the 
Ta oxide network is preserved and keeps its na ture  
despite the presence of 50% of Nb atoms; or assuming 
the destruction of the t an ta lum oxide network and the 
presence of two distinct phases (Nb205 and Ta20~) 
having all macroscopic features of n iobium and tan ta -  
lum oxide networks. 

By the term of t ransport  event, one means the se- 
quence of e lementary  jumps of one or more cations 
and /o r  oxygen ions which result, on the one hand, in 
a t ransport  of charges from their creation point ( inter-  
face) to that of their recombinat ion (other interface) 
and, on the other hand, in oxide growth. The na ture  of 
the t ransport  events seems to be determined by the 
oxide network s ince. in  Ta205 (3), Nb20~ (4), or A1203 
(5) it involves the movements  of oxygen and cations, 
while only the oxygen atoms move in ZrO2 (6) or HfO2 
(4). However, Hf atoms implanted in Ta205 move dur-  
ing the Ta substrate oxidation (7), while they do 
not dur ing pure Hf oxidation. 

During anodic oxidation a t ransport  event  involves 
the movement  of one (or more) atoms in  a very short 
period of t ime by comparison with the growth time. 
The propagation of such a t ransport  event through the 
oxide raises the question of the probabi l i ty  for each 
atom of the oxide to take part  in the t ransport  event, 
i.e., the probabil i ty  of movement  of the atoms. If we 
take the oxide network as a reference frame, each 
cation (or oxygen) moves dur ing  oxide growth a dis- 
tance equal to m • l, where m and l are the number  
of jumps and the j ump  distance, respectively. The 
n u m b e r  of jumps is related to the number  of t ransport  
events and to the probabi l i ty  of each atom to take par t  
in a t ransport  event. In  a homogeneous medium (pure 
oxide),  this probabi l i ty  of movement  is the same for 
each cation (or oxygen).  However, in heterogeneous 
system in which two kinds of cation are present, differ- 
ent probabili t ies of movement  may exist. This notion of 
probabi l i ty  of movement  is well defined in an oxide 
mixture,  such as a t an ta lum and n iobium oxide mix-  
ture. According to the similarities between these two 
oxides, we assume that  the jump distance is the same 
for Ta and Nb cations. We have observed (2) that Ta 
atoms introduced as traces in Nb205 are buried in  the 

Nb20~ dur ing Nb substrate oxidation. This means that  
the Ta atoms present  in  n iob ium oxide take par t  in  the 
t ransport  events in a less impor tant  way than their Nb 
neighbors, i.e., the probabi l i ty  of movement  of Ta 
( P ( T a ) )  is lower than that  of Nb ( P ( N b ) )  (2). 

The ionic conduc t iv i ty  of an oxide (~) is related to 
the exponent ia l - type relat ionship between ionic cur-  
rent  i and electric field E obtained dur ing  anodie oxi- 
dation. Differences in ~ are eviden.ced by the fact that  
the field needed for the t ranspor t  of a given ionic cur-  
rent  is different for each oxide (8). This means that  
Nb205 is a more conductive oxide than Ta205 since, 
for the same value of field, the ionic current  in Nb~O5 
is higher than the one in Ta2Os, for example, at 3 �9 106 
V/cm, i(Nb2Os) ~ 10 ~ i(Ta2Os) (8). 

The following impor tant  point  must  be noticed: as 
the formation of many  oxides (Nb20~, Ta2Os, A12Oa, 
. . . )  involves oxygen and cation migration,  the higher 
probabi l i ty  of movement  of cation is not a priori  re- 
lated to the higher ionic conductivity. For  example, 
we have found (9) that  A1 cations have a higher 
movement  probabi l i ty  than Ta cations (in Ta2Os), al- 
though the ionic conductivi ty of A12Oa is lower than 
that of Ta2Os. 

The study of the anodic oxidation of Mi/M2 super-  
imposed layers (9) shows that  the following distinct 
cases are found: 

P(M1) > P(M2) and ~(M1) > r 

typical case: Nb /Ta  

P(M1) < P(M2) and *(M1) < z(M~), 

typical case: Ta /Nb 

P(M1) > P(M2) and ~(M1) < z(M~), 

typical case: A1/Ta 

P(M1) < P(M2) anda(M1)  > r 

typical case: Ta/A1 

In what follows we discuss the part ial  inversion of 
order of cations and oxygen as a result  of two extreme 
situations: (z) the leaamg phenomenon was the differ- 
ence in  movement  prooao,l l ty oi i~b and Ta cations and 
(ii) the leacting phenomenon was the difference in 
ionic conductivi ty o~ i~ b205 and Ta2Os. 

For (i) the inversion of order is explained by a 
homogeneous microscopic t ransport  mechamsm related 
to a ctifterence between the probabili t ies P (Nb)  and 
P (Ta) and to a dependence of the probabi l i ty  of move- 
men t  (P') of oxygen atoms on their cation sur round-  
ings. We have shown (2) that  P ( N b)  > P ( T a ) ,  and we 
assume that P'  of oxygen atoms bound to Nb atoms is 
higher than  that of oxygen atoms bound to Ta atoms. 
~ i t h  this assumption, the penetra t ion of Nb atoms in 
the region X (see Fig. 1) taking place (1, 2) when the 
Nb substrate is oxidized would lead to a preferent ial  
movement  of oxygen atoms bound to Nb atoms as 
compared to those bound to Ta atoms. The inversion 
of the order of cations would induce the inversion of 
the order of oxygen atoms. In  this picture, the oxygen 
migrat ion appears to be coupled to the cation migra-  
t ion-via the cation surroundings  of oxygen atoms. This 
means that  the inversion of order of oxygen atoms is 
due to the presence of two different cationic species in  
the oxide. Thus, in pure Ta or Nb oxide, the order of 
oxygen atoms would be preserved, as was demon-  
strated (10, l l ) ,  and also in the Ta /Nb systems since 
the order of cations is preserved in this case. 

We must  associate this phenomenon (i) with a de- 
scription of the Ta and Nb oxide mixture.  We assume 
that the X region (the ini t ial  Ta205 layer) keeps its 
na ture  even if Ta atoms are replaced by Nb atoms. This 
hypothesis is based on the fact that the number  of Nb 
or Ta atoms per  uni t  oxide volume is practically the 
same in Nb or Ta oxides. Thus, to replace a Ta by an 
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Nb atom does not  change a priori either the length or 
the orientat ion of the meta l -oxygen  bonds. We assume, 
thus, that  macroscopic effects do not occur when Nb 
atoms penetra te  region X. The description of this re-  
gion is thus the following: Nh#and Ta cations are ful ly 
randomly  distr ibuted in region X. This is an extreme 
hypothesis since we cannot exclude the existence of 
microscopic nonuniformit ies  in the Nb and Ta oxide 
mix ture  (formation of Nb20~ islands of small  size due 
to the difference in the movement  probabil i t ies) .  

For (ii) the description of the Nb and Ta oxide mix-  
ture  is quite different. We assume that the Ta oxide 
ne twork  is destroyed: macroscopic effects are asso- 
ciated with the penetra t ion of Nb atoms in the Ta 
oxide. According to the proposals of Pr ingle  (12, 13), 
fingers of Nb205 are formed through the Ta205 layer. 
We assume that  the ionic current  passes through high 
ionic conductivi ty fingers (Nb20~) and passes around 
the low ionic conduct ivi ty mat r ix  (TasOD. We can 
notice that such a description applies for region X, 
but  is less appropriate in  region S (see Fig. 1), since 
we have shown (1, 2) that some Ta atoms take part  in 
oxide growth in this region. This means that the ionic 
current  is not  completely confined in  the near-surface  
region of the oxide mixture.  Restricting this descrip- 
t ion to region X, two impor tan t  parameters  exist and 
are related in  this region, the size and the n u m b e r  of 
Nb205 fingers. These points will be a mat ter  of dis- 
cussion. 

The effects of the difference of ionic conductivities on 
the anodic oxidation of M1/M2 superimposed layers 
have been analyzed by Pr ingle  (12, 13) and will  not 
be repeated here. However, for the creation of the 
Nb203 fingers, we can el iminate the roughness effect 
(12) at the Nb-Ta  interface. In  fact, exper iments  car- 
ried out either on polycrystal l ine Nb substrates or on 
Nb deposits on Si backing give exactly the same re-  
sults, a l though in  the last case the roughness effect 
must  be min imum.  The extreme description that we 
associate with phenomenon  (ii) is the following: in 
region X two .distinct phases (Nb205 and Ta205) exist, 
hav ing  all the macroscopic properties of the Nb and Ta 
oxide networks.  

Cation and Oxygen Movements in Region X 
The oxide ne twork  is preserved. -rWe assume that  the 

invers ion of the order of oxygen atoms is due to differ- 
ences in movement  probabili t ies P '  of oxygen atoms. In  
order to establish a relationship between~ the experi-  
menta l  concentrat ions [Nb], [Ta], [180], and [160] 
(which are dimensionless quanti t ies defined by [Nb] ~- 
[Ta] : 1 and [180] -~ [160] _-- 1), we must  make 
some hypotheses on the s t ructure  of Ta and Nb anodic 
oxides. 

First, we can consider these oxides as pure ly  co- 
valent ,  i.e., the bonds of an oxygen atom involve only 
the two nearest  metall ic neighbors. We can distinguish 
three kinds of oxygen according to the na tu re  of the 
neighbors to which the oxygen is bound: N b - - O - - N b  
(O1 type) ,  N b - - O - - T a  (O2 type),  and T a - - O - - T a  (03 
type).  Moreover, the respective concentrat ions ai of 
these three kinds of oxygen can be determined as a 
funct ion of [Ta] and [Nb] with the hypothesis that  Nb 
and Ta cations are randomly  distr ibuted in region X. 
Let us notice that  this approach is in  agreement  with 
the t rea tment  proposed by  some authors (8, 14) (anodic 
oxides can be considered like glasses, the meta l -oxygen 
bond being ma in ly  covalent) .  

Another  possibility is that  the meta l -oxygen  bonds 
are par t ly  ionic and par t ly  covalent. In  this case, oxy- 
gen atoms are bound with n cations where n is the co- 
ordinance of oxygen atoms. Therefore, (n + 1) type of 
oxygen atoms can be defined according to the possible 
ne ighbor ing  configurations and, in principle, (n + 1) 
different movement  probabili t ies can be envisaged. 
There are hence a great n u m b e r  of adjustable pa ram-  

eters and, obviously, it is possible to obtain a good fit 
of the exper imental  results. 

However, following Pringle  (15) or Cornish (16) it  
seems possible to admit  that  these M205 anodic oxides 
consist of a disordered variety of the Ta205 s t ructure  
proposed by Stephenson and Roth (17): the metal  atoms 
are arranged in sheets and are sur rounded by oxygen 
atoms which form either octahedral or pentagonal  bi-  
pyramidal  coordination polyhedra. In  this structure,  
two types of metal  atoms appear: metal  atoms of the 
first type are coordinated to six oxygen atoms in regu-  
lar octahedron, while each metall ic atom of the second 
type is coordinated to seven oxygen atoms in the form 
of a pentagonal  bipyramid.  Thus, if we admit  that the, 
s t ructure of these anodic oxides consists in a random 
network of six and seven coordinate meta l -oxygen  
polyhedra (15), it follows that two kinds of oxygen 
atoms are present:  those coordinated to two cations and 
those coordinated to three cations. Examinat ion  of the 
proposed s t ructure  (17) indicates that these two cate- 
gories are in comparable proportions. 

In this picture, nei ther  all the cations nor the oxygen 
are equivalent.  However, for pure Ta oxidation the 
order of atoms is preserved for the two species dur ing  
isotropic tracing experiments.  With this structure,  this 
would mean  that dur ing ionic movements,  oxygen 
and cations can occupy the various categories of sites 
and that  these sites are equivalent  from this point  of 
view. From the above, the following types of oxygen 
atoms can be distinguished: 

oxygen with a coordinance equal to 2 

N b - - O - - N b  (O1 type) 

N b - - O - - T a  (02 type) 

T a - - O - - T a  (03 type) 

oxygen with a coordinance equal to 3 

Nb 
\ 

O--Nb (04 type) 
/ 

Nb 

Nb 
\ 

O--Ta  (O5 type) 
/ 

Nb 

Ta 
\ 

O--Nb (06 type) 
/ 

Ta 

Ta 
\ 

O--Ta  (07 type) 
/ 

Ta 

Assuming that C2 and C3 are the concentrat ions of 
oygen atoms coordinated to two and three metal  atoms 
(C2 ~- C3 ~ 1), with a random distr ibut ion of Nb and 
Ta cations in the region X, the respective ~i concentra-  
tions are given by: 

al : [Nb]2C2 

~2 : 2[Nb] [Ta]C2 

as ---- [Ta]2C2 

~4 ---- [Nb]sC3 

~5 -- 3[Nb]2[Ta]C3 

~6 : 3 [Nb] [Ta] 2C3 

~7 : [Ta]sC3 
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We can notice that  the case where the oxides are con- 
sidered as pure ly  covalent is obtained by considering 
that C3 _ 0 in the ai expressions. 

In  order to compare our exper imental  results ([lsO]) 
with the ai values, addit ional  hypotheses must  be made 
on the P '  probabilities. If we consider the oxides as 
purely  covalent we can write 

P ' (O1) > P ' (O2) > P ' (O3) [I] 

while if we consider seven types of oxygen, we can 
write 

P ' ( O 1 ) - -  P ' (O4) ;  P '(O3) ---- P'(OT) 

since it seems reasonable to assume that  whatever  the 
coordinance, an oxygen bound only with Nb (or Ta) 
will have the same movement  probabili ty.  The exact 
relat ionship between P ' (O2) ,  P ' (O5) ,  and P'(O6) is 
unknown,  but  let us assume as a working hypothesis 
that 

P '(O1) - - P ' ( O 4 )  > P ' (O2) or P ' (Oh) 

o r P ' ( O 6 )  > P'(O3) -- P ' (O7) [II] 

With the relationships [I] and [II] we can explain the 
part ial  inversion of the order of oxygen atoms and the 
great s imilari ty of behavior  of Nb atoms with 160 
atoms (for experiments  1) and 160 atoms (for experi-  
ments  2). Moreover, at the beginning  of the Nb sub-  
strate oxidation the 03 (or O3 and 07) atoms take 
par t  in oxide growth (1) (shift of the lsO distr ibution 
with respect to region X for experiments  1). But  for 
high potentials, these O3 (or 03 and 07) atoms do not  
seem to take par t  in oxide growth. Thus, we will first 
assume that  P ' (O3) (or P '(O3) and P ' (OT))  equal 
zero, i.e., oxygen atoms bound to Ta atoms never  take 
par t  in ionic current .  Studies of oxygen and cation 
depth profiles have been performed for relat ively high 
addit ional  oxide thicknesses which just i fy  this as- 
sumption. 

Experiments / . - - I n  these experiments  since the oxi- 
dat ion is performed first in lSOsol and then in 16Osol, the 
1so atoms in  region X will  be preferent ia l ly  bound to 
Ta atoms according to the hypothesis that  P ' (O3) [or 
P ' (O3) and P ' (OT)]  equal zero. We must  compare 
[180] in region X either with ~3 (covalent case) or 
with ~8 4- ~ (seven types of oxygen).  One must  notice 
that  the ~3 value in the covalent case is higher than the 
one in  the case of seven types of oxygen. In  Fig. 2, 
curve 1 represents the [1sO] values (measured in par t  
I of this work) ,  curve 2 the as values, and curve 3 the 
as 4- a~ values as a funct ion of addit ional oxide thick- 
ness in 16Osol. Curve 3 was obtained by assuming that  
oxygen atoms with coordinance 2 and 3 are in equal 
proport ion (C2 = C3 = 0.5). Figure 2 shows differences 

I I I 

0 . 6 -  
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t -  

eD 
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Fig. 2. Variations of the experimental values (curve 1) and of the 
calculated values (curves 2 and 3) of the 1sO concentration in 
region X as a function of additional oxide thickness in 160so~. for 
experiments 1. 

between the three curves which cannot be explained 
by measurement  errors which are estimated to 5% (1), 
while an error higher than  20% is needed in order to 
admit  tha t  curves 1 and 2 fit. However, the variation 
of the three curves is similar. If we take into account 
the fact that the two hypotheses (Nb and Ta randomly 
distr ibuted and P' = 0 for oxygen bound to Ta atoms) 
are very restrictive, the similar  variat ion of the three 
curves indicates a quali tat ive agreement  with the ex- 
per imenta l  results. In fact, if instead of taking P'  = 0 
for oxygen bound to Ta atoms we had assumed that 
these probabilit ies were functions of [Ta], we could 
have obtained a bet ter  adjustment .  

Experiments 2.-- In  these experiments,  as the oxidation 
is performed first in 16Osol and then in 18Osol, the 1sO 
atoms will  be preferent ia l ly  bound to Nb atoms with 
the assumption that P '(O1) [or P '(O1) and P ' (O4)]  
are the highest probabilities. We must  compare [1sO] 
in region X with al or with ~1 4- ~4. Figure 3 represents 
the values of [180] (curve 1) of ~1 (curve 2) and 
~1 + a4 (curve 2') as a funct ion of addit ional  oxide 
thickness in lSOsol (the oxidation potential  in 16Osol was 
120V). Although ~1, al  4- a4, and [1sO] are increasing 
functions of addit ional oxide thickness, a disagreement 
appears between absolute values, and this cannot be 
explained by measurement  errors. Another  assumption 
can be that 02 (or 02, 05, and O6) type atoms take 
part  in a t ransport  event with the same probabi l i ty  
as O1 (or O1 and 04) type atoms. This means that all 
oxygen atoms move except those bound solely to Ta 
atoms and [180] must  be compared to ~1 + a2 (co- 
valent  case) or al 4- ~2 -F ~4 4- ~5 4- as (seven types of 
oxygen).  Figure 3 represents also the values of ~t -4- a~ 
(curve 3) and ~1 -F a2 4- ~4 4- a5 -F ~6 (curve 3') which 
show a large disagreement with [180]. Thus, nei ther  
the hypothesis that solely oxygen bound to Nb moves 
nor  that solely oxygen bound to Ta does not take part  
in ionic current  can explain results of the experiments 
2, since we have always 

~1 < [1sOl < al + -2 
and 

o~t + ~4 < UsO] < al + a2 + ,a4 + '~5 + c,6 

We can propose the following explanat ion:  at the be- 
g inning  Of the reoxidation in lSOsol all the O1 (or O1 
and 04) atoms will be labeled in 1sO, while pro- 
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Fig. 3. Variations of the experimental values (curve 1) and of 
the calculated values (curves 2, 2' 3, and 3') of the 1sO concen- 
tration in region X as a function of additional oxide thickness in 
180sol for experiments 2. 



Vol. I30, No. 6 A N O D I Z A T I O N  OF NIOBIUM AND T A N T A L U M  

gressively an increasing fraction of the 02 (or 02, 05, 
and O6) atoms will be also labeled. The concentrat ion 
of these last  atoms wil l  be [180] -- al or [280] -- 
(.a~ -~ -4), .and we can notice that  these concentrat ions 
appear to be l inear ly  increasing functions of addit ional  
oxide thickness. These results can be explained by 
assuming that P ' (O1) > P ' (O2) ,  bu t  P ' (O2) > O. 

We can summarize  this analysis by not ing that qual i -  
tat ively we can explain the results by a ne twork-p re -  
serving mechanism (assuming the extreme case of a 
random distr ibut ion of cations in region X).  Simple 
hypothesis for the various movement  probabil i t ies 
(P and P') leads to a quali tat ive agreement  between 
exper imenta l  and predicted values of [1sOl in region 
X, whatever  the assumption on the meta l -oxygen bond, 
i.e., pure ly  covalent or par t ly  ionic and covalent. 

The oxide network is destroyed.--In this case, we 
assume that  the ionic current  passes in high ionic 
conduct ivi ty  fingers (Nb~O~ fingers) and passes around 
the low ionic conductivi ty matr ix  (TarO5 matr ix) .  
In  order to describe such fingers, some hypotheses must  
be made and, according to Pr ingle  (13), we make the 
following simplest assumption: as all the ionic cur-  
rent  is confined in Nb205 regions for the s ta t ionary 
regime (2), we admit  that  for potentials higher than 
100V [end of the t ransi t ion regime in  the V . :  f ( t )  re-  
lat ionship (2)],  the n u m b e r  of Nb205 fingers is con- 
s tant  and equal to no. Moreover we assume a cyl indri-  
cal symmet ry  around the electric field. This means that  
all the directions perpendicular  to the field are equiva-  
lent. So, in  a perpendicular  plane to the field in region 
X, an Nb205 finger can be schematically represented 
as in Fig. 4. The circle of radius a contains solely oxy- 
gen atoms bound to Nb atoms, while the zone border 
of thickness b corresponds to oxygen atoms bound to 
Ta and Nb atoms. Hence, from a geometrical s tand-  
point, three kinds of oxygen atoms can be defined: 
oxygen atoms type 1 (O1), which are in  the circle of 
radius a, i.e., oxygen atoms bound to Nb cations; oxygen 
atoms type 2 (O2), which are in the zone of thick- 
hess b, i.e., oxygen atoms bound to Nb and Ta cations; 
and oxygen atoms type 3 (O3), which are outside the 
circle of radius (a -~ b), i.e., oxygen atoms bound to 
Ta cations. 

We can first assume that  the radius a is the same 
for all the Nb205 fingers. However, in a more general  
approach, we assume tha~t a dis t r ibut ion ai exists for 
the radius of the fingers (in going from 1 to no); the 
thickness b being assumed the same for ali  fingers and 
equal roughly to the distance between cations in the 
oxides. If we consider a un i t  area (U), the respective 
concentrat ions al, ~ ,  and ~8 of the three oxygen types 
will  be given by  the various area ratios which are de- 
fined from Fig. 4 as 

~o  

al---- ( . ~ a i 2 )  / U - S  

~2o 

,as----l--al--a2,: I-- (S-yAS) 

which can be also given as a funct ion of a a n d  a ~ with 

~o no 

a ' : s  a - 2 : L ~ a i  ~ 
no  i = l  no  i = l  

az = (2no~ba-~ n~b~)/U 

~ : (1 -- n~a - ~ -  2no, ha--  no~b2) /U 

In  the same way, we can relate the Nb and Ta con- 
centrat ions with these quantities.  There is a problem 

C ) c ) ~ o  ( Ta205 
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Fig. 4. Schematic representation of an Nb205 finger in a Ta205 
matrix for a perpendicular plane to the field direction. 

about the zone border and, as working hypothesis, 
we assume that  

AS AS 
[ N b ] - - - - S - t - - -  and [ T a ] - - I - - S - -  

2 2 

and this leads to 

cr 2 a2, 
[Nb] ~ - a l - ~  and [Ta] = 1 - - a l - - - -  

2 2 

As we have shown previously (2) that [Nb] in region 
X is an increasing funct ion of oxidation potentials, it 
follows that  ~ must  also be an increasing funct ion of 
potentials. Moreover, we assume that the ionic current  
passes in Nb oxide fingers and passes a round the Ta 
oxide matrix.  Thus, O1 type oxygen atoms take part  in 
ionic current  while 03 type do not. A question arises 
about  02 type: Do these oxygen atoms behave like O1 
or like O3-type oxygen atoms? This is the key question 
since following the mean  value a, a2 could be lower, 
equal, or higher than al, according to the fact that 
al/a2 decreases when adecreases .  This question will be 
discussed in what  follows. 

Experiments / . - -We  can assume either that only O1 
type atoms take par t  in ionic current  (case a) or that 
both O1 and O2 atoms do (case b) .  Since the oxidation 
is performed first in  lSOso] and then in 16Osol , the 1sO 
atoms will be found in the Ta205 matr ix  and thus, the 
exper imenta l  1sO concentrat ions ([lsO]) are given by 

[1so] --: 1 -- ~1 for case a 

[lsO] = 1 - -  ( a l ~ - ~ )  for caseb 

Moreover, as [Nb] is known, we obta in  

a~ = 2([lsO] -t- [Nb] -- 1) for case a 

o~-- 2(1 -- [1sO] -- [Nb]) f o r c a s e b  

The values for as are negat ive in case a for all addi-  
t ional oxide thickness. Possible errors on [1sO] and 
[Nb] cannot explain this result  since errors of about 
50% must  be assumed to obtain positive values for ~2. 
Hence, we can exclude case a, while case b (for which 
az is positive) must  be considered. Figure 5 represents 
the calculated ~2 values (curve 1) as a funct ion of 
addit ional  oxide thickness. Since [Nb] increases slowly 
with increasing thicknesses (1, 2) we may expect that  
each radius ai must  increase, leading to an increase of 
a and therefore of as (a2 ---- 2no~ba -~ no,b2). Figure 5 
shows that ~2 (in fact ~ since no and b are constant) 
decreases slowly by about 10% for the range of thick- 
ness studied. Taking into consideration the possible 
errors associated with nonuni fo rmi ty  effects, the ab-  
solute values of a'2 are not very  precise. However, the 
relat ive precision from one point  to another  is suffi- 
ciently good to postulate that the decrease of de is real. 
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Fig. 5. Variations of a 2 ( ~ 2  = 2no~ba + no~'~b 2) with additional 
oxide thickness, respectively, in 160soi for experiments 1 (curve 1) 
and in 160sol for experiments 2 (curve 2). 

Following the definition of ~2, a decrease of its value 
can only be due to a decrease of ~. This last effect is 
only  possible if no is not constant. In  fact, if the n u m -  
ber of fingers increases, new fingers are created at each 
t ime with small  values for their  radii and this leads 
to a decrease in the value of a. However, this conclu- 
sion is in  ful l  contradiction with the basic hypothesis 
of mechanism (i i)  �9 the ionic current  flows only in the 
Nb205 fingers avoiding the Ta205 matrix.  

E x p e r i m e n t s  2. - - In  these experiments,  as the oxidation 
is performed first in 16Osoi and then in  lSOsol, the 180 
atoms will  be found in the Nb20~ fingers. Here also, 
two possibilities exist: [180] in region X is ei ther re-  
lated only to O1 type atoms (case a) or both to O1 and 
O2 type atoms (case b) .  The 1sO concentrat ions are 
thus given by  

[180] ---- ~I for case a 

[1sO] = ~ 1 + ~ 2  for caseb  

and this leads to 

a 2 = 2 ( [ N b ] - -  [1so]) for casea 

~ 2 = 2 ( [ l s O ] - -  [Nb]) f o r c a s e b  

The values for a2 are negative in case b whatever  the 
addit ional  oxide thickness. Hence, only case h must  be 
considered and Fig. 5 represents the calculated a2 val-  
ues (curve 2) as a function of addit ional  oxide thickness. 
This figure shows that  a2 decreases and, as above, the 
exper imental  errors cannot explain such a decrease of 
a~ with increasing oxide thickness. Therefore, the same 
conclusion can be inferred from this curve, a decreases 
when the oxide thickness increases. Note also the dif- 
ference in the a2 values for experiments  1 and 2 (curves 
1 and 2) and that  the variat ion of a2 values with addi-  
t ional  oxide thickness is different in the two cases. 

Thus, it is not  possible to explain the results of ex- 
per iments  1 and 2 assuming an oxide ne twork  destroyed 
mechanism (existence of two distinct phases in region 
X) and a full  confinement of the ionic current  in Nb205 
fingers. The following question arises: Is it possible to 
explain the results assuming a part ial  confinement of 
the ionic current  in fingers, but  with the creation of 
new Nb205 fingers at each time? In  fact, ~2 = 2no~ab + 
no~b 2 decreases with increasing potential.  If no is con- 
s tant  a mus t  decrease and this has no physical mean-  
ing. If no increases, ~ can decrease according to the 

dis t r ibut ion of the ai radii. Such an increase of no is 
possible if we assume that  all the ionic current  does 
not flow in the Nb205 fingers, and if we consider that  
new fingers are created at each time. In  this case, the 
n u m b e r  of fingers will only depend on the potential  and 
it will  be the same in exper iments  1 and 2 for the 
same overall  potential. As the n u m b e r  of fingers in-  
creases, one can think that  a potent ial  must  exist for 
which no fur ther  creation of fingers occurs since 
these fingers are close together. According to this 
hypothesis, exper iments  1 show that  [180] in region 
X is roughly constant  at high potential~ and equal to 
0.2. This would mean  that  the fraction of the area 
represented by the fingers is equal to 0.8. In  this 
case, an estimation of a is possible. In  fact, if we as- 
sume that the mean  distance between fingers is 
given by l" = 1 / ~ / n  where n is the total number  of 
fingers, and assuming also that T can be wri t ten  as 
l =  2a (the fingers are close), it leads to 

4a2a2 --  2 ~ b  --  ~b 2 = 0 

With exper imenta l  values this leads to a = 3b. 
Assuming that b is of the order of 0.5 nm, the order 
of magni tude  of a will be 1.5 n m  (about three in ter -  
atomic distances),  while an estimation of the number  
of fingers will be n ~ 101~ cm -2. Obviously, this is 
only a rough evaluat ion of these quantities,  but  
these estimations indicate that the possible nonun i -  
formities are not in a macroscopic scale and can ex- 
plain the fact that  such fingers were not experi-  
menta l ly  observed (9). Moreover, if new fingers are 
created at each time, the evolution with potential  of 
the concentrat ion of oxygen taking part  in oxide 
growth must  be identical  in experiments  1 and 2. 
The absolute values wil l  be different, but  the rate 
of increase must  be the same. Examinat ion  of the 
results (1) shows that  the variat ion of these oxygen 
concentrat ions is very different in the two experi-  
ments. Thus the hypothesis of two distinct phases 
(Nb20~ and Ta205) in region X appears very ques- 
tionable. 

The main  conclusion which can be drawn from 
this analysis is that a mechanism in which the oxide 
ne twork  is destroyed (lateral  nonuniformit ies)  can- 
not describe, even quali tat ively,  the results of ex- 
per iments  1 and 2 in region X. 

Cation and Oxygen Movements in Region S 
The part ial  inversion of the order of oxygen atoms 

in  region S (1) appears to be an intr insic  property 
of this region and is not  due to the phenomena tak- 
ing place in region X. This conclusion is drawn from 
the comparison of the 180 profile in region S and in 
part  B of the oxide (Fig. 1). In part  B (pure Nb205), 
the order of oxygen atoms is largely preserved and 
the shape of the 180 dis tr ibut ion is due to the inver -  
sion of the order in region X and to the angular  
aperture of the t ransport  events (1, 9). If s imilar  
phenomena take place in region S, a similar lsO pro- 
file should be observed. This is not the case, since 
the 180 distr ibution (Fig. 1) shows a sharp drop at 
the region X-region S interface, while in part  B, 
[1sO] increases steadily and reaches a ma x i mum about 
40 n m  after the region X interface. The inversion of 
the order of oxygen atoms in region S appears, thus, 
to be due to the presence of two different cationic 
species in this region. Nb and Ta depth profiles pre-  
sented in  part  I (1) show that [Ta] and [Nb] change 
in region S, indicat ing that both Ta and Nb move in 
this region. However the bury ing  of the Ta distri-  
but ion (1, 2) does not exclude the fact that some Ta 
atoms in this region do not take part  in ionic cur-  
rent.  Thus, we can explain, at least quali tatively,  the 
part ial  inversion of the order of oxygen atoms by 
the differences in P' which would induce a preferen-  
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t ia l  movemen t  of oxygen atoms bound to Nb atoms. 
This can exp la in  the s imi lar i t ies  be tween  [Nb] and 
[1sOl observed  in exper iments  2 (1).  Moreover,  as 
s ta ted  previously ,  we can e l imina te  the poss ibi l i ty  of 
the ful l  confinement  of the ionic cur ren t  in region  S. 
Therefore,  i t  is not  possible  to expla in  the  invers ion 
of the  order  of oxygen atoms by  the exis tence of two 
dis t inct  phases (Nb205 and TacOs) in the  n e a r - s u r -  
face region  of the oxide. 

Hence, as in region X, the  presence of two dis t inct  
phases does not  pe rmi t  an acceptable  in te rp re ta t ion  of 
the  resul ts  observed in region S, while  the descr ipt ion 
associated w}th the difference in movement  p rob -  
abi l i t ies  gives a qua l i ta t ive  in te rp re ta t ion  of the  
expe r imen ta l  results.  

Conclusions 
We have associated two descr ipt ions  of the oxide 

mix tu re  wi th  the two leading  prmnomena that  can 
exp la in  a pa r t i a l  L~version oi  the  o rde r  of cat ions 
and of oxygen  atoms. The comparison be tween  the 
1sO expe r imen ta l  concentrat ions w~ith those deduced 
f rom the two descr ipt ions shows the fol lowing points:  

There  is a d i sagreement  be tween  the expe r imen ta l  
da ta  and the conclusions deduced f rom the mecha-  
n ism based on differences in ionic conduct ivi t ies  of 
Nb20~ and Ta205 (phenomenon ii), which leads  to 
l a t e ra l  nonunis  in the  oxide. 

I t  appears  possible to descr ibe  qua l i t a t ive ly  the 
resul ts  by  differences in movement  probabi l i t ies  of 
Nb and Ta cat ions and of oxygen  atoms bound to 
them (phenomenon i ) .  

This qua l i ta t ive  agreement  appears  despi te  the fact  
t ha t  the  descr ip t ion  of the ox ide  mix tu re  is based 
on an ex t r eme  assumption:  there  is a r andom dis t r i -  
but ion of cations in the  oxide  mixture .  This means  
tha t  we consider  the  ionic cur ren t  as l a t e ra l ly  un i -  
form. However ,  the differences in movemen t  p rob-  
abi l i t ies  do not  necessar i ly  lead  to such a descr ip-  
tion. In  fact, the pene t ra t ion  of Nb atoms in the  Ta 
oxide  ne twork  (due to P ( N b )  > P ( T a ) )  can lead  to 
miLcroscopic aggregat ions  of Nb atoms, and we can 
call  these microscopic is lands or  microscopic fingers. 
This can be due to the  fact  that  as the  oxidat ion  is 
car r ied  out the pene t ra t ion  of Nb cations wi l l  lead  
to the  r ep lacemen t  of the or iginal  neares t  ne ighbor -  
ing Ta a toms of an Nb .'atom b y  Nb atoms. Thus, the 
Nb and Ta d is t r ibut ions  can no longer  be considered 
as fu l ly  r a n d o m  dis t r ibut ions .  This can lead  to a 
local  des t ruct ion of the  Ta oxide  ne twork  and, thus, 
macroscopic  effects can be envisaged.  In  this  case, 
according to the  difference in ionic conduc t iv i ty  of 
Nb20~ and Ta20~, the  ionic cur ren t  wi l l  flow p re fe r -  
en t ia l ly  in the  microscopic Nb205 aggregat ions  and 
pass a round  the Ta20~ aggregat ions.  However ,  t ak ing  
into considera t ion the fact  tha t  a r andom dis t r ibu t ion  
of cations gives a r a the r  good exp lana t ion  of the 
results ,  we  can conclude tha t  these aggregat ions  do 
not  involve  the  m a j o r i t y  of the Nb atoms presen t  in 
the oxide mix tu re  (9).  

Ano the r  w a y  to descr ibe this nonfu l ly  r andom dis-  
t r ibu t ion  is to speak of  microscopic nonuni formi t ies  
in [Nb] and [Ta].  In  a plane,  [Nb] wi l l  change f rom 
place  to place rand I the  h igher  [Nb] is, the  h igher  
wi l l  be the  cu r ren t  density,  bu t  there  is no macro -  
scopic finger in which [Ta] _-- O. Let  us not ice that  
in this approach  phenomena  (i) and (ii) appea r  to 
be coupled. 

The comparison of cat ions and 1sO profiles in the  
oxide  mix tu re  shows that  a cor re la t ion  exists be -  
tween oxygen and cation movements .  This is not  
compat ib le  wi th  the s imple  model  of independen t  
movement  of poin t  defects  (for cat ions and oxygen)  
th rough  the oxide leading  to the  growth  at  both  
interfaces.  This corre la t ion  can be exp la ined  in the  
f r ame  of two dis t inct  hypotheses  on the  t r anspor t  
events:  

There  is only  one t r anspor t  event  involving the 
s imul taneous  movement  of cations and anions. The 
example  of such a process can be found in the place 
exchang e mechanism suggested by  F romhold  (18). 
However  a quest ion arises:  How m a n y  cations and 
anions t ake  pa r t  in the  t r anspor t  event? Wi th  th i s  
hypothesis ,  at  a molecu la r  scale, both  cat ion and 
oxygen  move in a rat io equal  to. the t r anspor t  num-  
ber  which is a measure,  at  the macroscopic scale, of 
this movement  and which appears  as an intr insic  
p r o p e r t y  of each oxide. As quoted by F romhold  
(18), in o rde r  to exp la in  the  expe r imen ta l  values  of 
t r anspor t  number ,  one is forced to assume the s imul -  
taneous movemen t  of a group of cations and of oxy-  
gen. If we admi t  the hypothes is  of one t r anspor t  
event,  1so d is t r ibut ions  (1) indicate  tha t  these t r ans -  
por t  events  a re  in jec ted  at  the ox ide-so lu t ion  in te r -  
face. in  fact, 1sO profiles in par t  B of the  oxide show 
an increase  of [1sO] f rom the region X toward  the 
ox ide -me ta l  in ter face  which cannot  be exp la ined  by  
the  inject ion of the t r anspor t  event  at the me ta l -  
oxide interface.  

Oxygen and cat ion t r anspor t  events  a re  dis t inct  but  
not  independent .  In  this assumption,  the  two t rans -  
por t  events  are  only spa t i a l ly  correla ted,  i.e., when 
an oxygen  has t aken  pa r t  in ionic current ,  its nea res t  
cationic neighbors  wi l l  also t ake  pa r t  in ionic current .  
This means  tha t  a t r anspor t  event  leads  to a local 
d is turbance  of the  oxide dur ing  its passage. In this 
approach,  in o rder  to expla in  the  corre la t ion  of the  
movements ,  one must  assume tha t  each t ranspor t  
event  marks  its passage by  a t race  th rough  the whole 
oxide and the opposi te  t r anspor t  event  fol lows this 
t race th rough  the oxide.  

New exper iments  have  to be  car r ied  out  to obta in  
insight  into the  physical  na ture  of t r anspor t  events.  
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ABSTRACT 

Tin islands electrodeposited from basic cyanide solutions were grown graphoepitaxially on a substrate into which a 
square wave relief pattern had been reactively ion etched. The [100] axis of each island was normal to the substrate and the 
[001] axis was parallel to the relief structure in the plane of the substrate. Tin has a body-centered tetragonal crystal struc- 
ture. At low cathodic polarizations (I Vl < 0.5V), the islands nucleated at interior corners of the square wave pattern. Nuclea- 
tion also occurred at the interior corners for all other electrodeposited metals studied (Cu, Pb, In, Zn). The tin islands grew 
with a highly faceted and linear morphology elongated in the [001] direction. Postdeposition and in situ observations sug- 
gested that the dominant  mechanism for crystallographic orientation in the plane of the substrate was the physical 
confinement of the elongated islands in a single groove. The islands usually did not overgrowa step unti l  they had grown as 
wide as the groove. This growth sequence suggests that the growing islands pushed away from the adjacent steps. Islands 
nucleated at random on the surface via a high cathodic polarization (]~1 > 0.5V) pulse and subsequently grown at a lower 
polarization also possessed a strong degree of graphoepitaxy, thus demonstrating that the graphoepitaxial orientation can 
be induced after nucleation. Nucleation at interior corners may be helpful in starting the orientation process at an earlier 
growth stage and in placing the islands on the lower level of the square wave pattern where confinement can take place. 
This demonstration of graphoepitaxy in an electrocrystallization process broadens the range of potential applications for 
graphoepitaxy, and new information on the orienting mechanism provides guidance in selecting systems for which 
graphoepitaxy might be successful. 

The use of substrate relief pat terns to induce un i -  
form crystallographic or ientat ion of the individual  
nuclei  or grains in a deposited or recrystallized film 
has been termed graphoepitaxy (1). The technique 
has been successfully applied to KC1 islands grown 
from aqueous solution (2), l iquid crystals (3), re-  
crystallized silicon films heated near  the mel t ing 
point by incident  radiat ion (1, 4), ge rmanium grown 
from liquid solution (5), and t in islands electrode- 
posited at room temperature  from a basic cyanide 
solution (6). The principal  purpose of this article is 
to investigate the mechanism for the graphoepitaxial  
or ientat ion of electrodeposited t in islands. It is pro- 
posed that the operat ing mechanism for graphoepi-  
taxial a l ignment  of the tin islands is the physical 
confinement of the islands by the surface relief struc- 
ture. 

Electrodeposited t in islands are an ideal system 
for an invest igat ion of graphoepitaxy. The grapho- 
epitaxial crystallographic a l ignment  is fair ly strong 
and the individual  islands are so well faceted that 
the degree of a l ignment  can be seen with an optical 
or electron microscope. A scanning electron micro- 
scope view of an  individual  island is shown in Fig. 1. 
Typically the [100] axis is aligned normal  to the 
substrate wi thin  0.2 ~ FWHM (full width half  maxi -  
mum) and the [001] axis parallel  to a square wave 
grid pa t te rn  wi thin  5.0 ~ FWHM (6). The morphology 
of growth is such that deposited islands are elongated 
in the [001] direction and the {100} and {001} faces 
a r e  strongly faceted. Tin has a body-center  tetragonal  
crystal structure. In electrodeposition nucleat ion and 
growth are poten t ia l -dependent  rate processes, and 
the potent ia l  can be programmed to follow a var ie ty  
of t ime-dependent  functions. It is also convenient  
that, at least ideally, the rate of deposition is given 
by the cell current .  The rest potential  of the cell 
can be used to verify the presence of a deposit. 
Electrochemical cells can also be constructed to al-  
low in situ observation of the cathode dur ing depo- 
sition. Thus, the mechanism for graphoepitaxy should 
be easier to determine in an electrochemical cell 
than  in  other crystal l izat ion processes such as growth 
from the melt, solution, or the gas phase. A significant 
inference from this work is that the deposited islands 
have some rotat ional  mobil i ty  even dur ing later  
growth stages ( length ~ 1 ~m) and that a l ignment  
c a n  o c c u r  dur ing  this stage. Minimization of surface 

* Electrochemical  Society Active Member. 
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free energy in the electrodeposit /substrate system 
cannot adequately account for the azimuthal  ( in-  
plane) a l ignment  of the t in  islands reported here. 
All the cathodically deposited metals  investigated in-  
cluding copper, lead, indium, and zinc as well as tin, 
normal ly  nucleated at the interior  corners of the 
square wave relief pattern.  However, t in nucleated 
at random on the surface by means of a high (]~1 > 
0.5V) cathodic polarization pulse also showed strong 
graphoepitaxial  orientation.  This indicates that the 
a l ignment  occurs dur ing growth rather  than at the 
nucleat ion stage. 

Graphoepi taxy is an innovat ive concept that  is 
potent ial ly useful in  producing near-s ingle  crystal-  
l ine films. The extent  of its usefulness depends on 
the type and variety of systems to which it can be 
applied and  on the degree of crystallographic per-  
fection that  can be achieved. Assessment of both of 
these factors would be helped by unders tanding  the 
mechanism (or mechanisms) responsible for grapho- 
epitaxy. 

Graphoepi taxy depends on precisely defined surface- 
relief structures with edge acuity and, hence, borrows 
from fabrication technologies developed for micro- 
electronics. The original idea was that  surface relief 
s t ructure appropriate for the surface energy anisot- 
ropy of the deposi t /substra te  system unde r  considera- 
tion would significantly reduce the energy of a par-  
t icular crystallographic or ientat ion (7). Thus, films 
with an axial texture on a flat substrate  might  be 

Fig. 1. Glancing incidence SEM view of tin island 
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deposited with only small  angle grain boundaries  on 
a substrate  with the appropriate relief s tructure.  Al-  
though barr iers  to acr~ieving this equi l ib r ium con- 
figuration may be formidable,  it was encouraging 
that  the in ter ior  corner radii  of the square wave 
relief  pa t terns  produced by  reactive ion etching 
( <  5 nm)  might  be less than the critical radius for 
nucleat ion in  some crystal  growth systems. Minimiza-  
t ion of interracial  energy appears to be responsible 
for the graphoepitaxial  a l ignment  observed in l iquid 
crystals (3) and has been incorporated into models to 
explain the graphoepitaxial  recrystal l ization of silicon 
films (8). However, ne i ther  of these involves nuc lea-  
tion of the graphoepitaxial ly oriented phase from a 
paren t  phase. 1 The graphoepitaxy of solut ion-grown 
alkali  halides has not yet been investigated in  enough 
detail  t o c o n f i r m  a mechanism. In si tu UHV/TEM 
has been applied to the condensation of a var ie ty  of 
metals and alloys on topographically s t ructured car- 
boa substrates  bu t  only l imited ordering was ob- 
served (9). 

In the section ent i t led Exper imenta l  Techniques, 
the methods used for obta ining substrate relief on 
the cathode are presented. The details of the con- 
struct ion of the cell, including the modifications re- 
quired for in situ observation (450X) of electro- 
depositions are also described. In  the Results and 
Discussion section, the effects of the cathodic polari-  
zation on nucleation,  growth, and graphoepitaxial  
a l ignment  are presented and the results discussed. 

Experimental Techniques 
The electrochemical cell consisted of a covered 

Pyrex  container  for the electrolyte into which elec- 
trodes could be inserted. 2 The cell was purged with 
an inert  gas prior  to and dur ing all depositions. The 
anode was fine mesh p la t inum screen spot-welded to 
a p la t inum wire. The saturated calomel electrode 2 
(SCE) was connected to the electrolyte by a porous 
glass semipermeable  plug. The construction of the cath- 
odic substrate is shown in  Fig. 2. The only materials  of 
the cathode in contact with the electrolyte were chro- 
mium, fused quartz, and black wax. 

Relief pat terns were prepared by reactive ion etch- 
ing (10) through photol i thographical ly produced chro- 
mium masks on either SiO2 thermal ly  grown on silicon 
wafers or on fused SiO2. The techniques employed were 
similar  to those described by Gets et aL (1). Chromium 
was evaporated onto the SiO2, and coated with photo- 
resist. The photoresist was then exposed to a parallel  
grid pa t te rn  of light. This l ight pat tern  was obtained 
either by the interference pa t te rn  of an argon ion 
laser Or by exposure through a mask in in t imate  con- 
tact with the photoresist. The exposed photoresist 
was developed away and the unprotected chromium un-  
derneath was removed in a l iquid etch. The chromium 
grid pa t te rn  thus obtained was used as a mask dur ing  
rea, ctive ion etching of the uncoated SiO2. Overex-  
posure resulted in  chromium strips nar rower  than 
the strips of uncoated SiO~. The reactive ion etching 
was done on the cathode of an rf sputterer  3 in  a 1 Pa 
rf  plasma of CHF3 at an incident  power density of 
1 W/cm 2. The etch rate was 33 A /min .  Corner radii  
on the order of 5 nm or less can be achieved by this 
reactive ion etching technique (7). Typically, the 
square wave had a depth of 0.1 #m and a periodicity 
of 2.7 #m. The etched pat terns were then metall ized 
for electrical cont inui ty  by evaporat ion of chromium. 
Two evaporations (7.5 n m  each),  with the substrate 
t i l ted in  opposite directions, were necessary to en-  
sure  good coverage of the pattern.  The substrates 
were then cleaved into smal ler  pieces and mounted  

Thi s  s t a t e m e n t  is p r o b a b l y  l e s s  c er ta i n  f o r  t h e  s i l i con case  
w h e r e  m o r e  f a c t o r s  are  involved .  S e e  Ref.  (8) for  detai ls .  

s P r i n c e t o n  A p p l i e d  R e s e a r c h  C o r p o r a t i o n ,  P r i n c e t o n ,  N e w  
J e r s e y .  

V a c u u m  I n d u s t r i e s  I n c o r p o r a t e d ,  S o m e r v i l l e ,  M a s s a c h u s e t t s .  

F-Cr(tSnm} ~ .  
~ I  0.1 ,u.rn~. I-- 2.7/~m --'~ / , \ 

Fig. 2. Details of the construction of the cathodic substrate 

in the m a n n e r  shown in Fig. 2. 
An at tempt  was made to etch the relief pat tern  

directly into a conductor. A layer  of graphite was 
deposited on silicon waters in  a reaction tube by 
the pyrolysis of acetone at 900~ Adherence of the 
pyrolytic films was improved by a t i t an ium in ter -  
layer  and slow cooling (2~  The rf reactive 
ion etching was done in 1 Pa of 02. Both chromium 
and t i t an ium were sui table  mask materials .  Adher-  
ence of the mask dur ing  the photolithographic 
processing steps was sometimes a problem. These 
structures, however,  showed more small  scale 
(0.1-12 #m) irregulari t ies in the l inear i ty  of the 
relief pat tern  than did the structures etched into 
SiO2. These irregulari t ies are possibly related to the 
graphite grain size. I t  was difficult to obtain grapho- 
epitaxial t in  deposits on these pyrolytic graphite 
substrates rand therefore the bulk  of the exper imental  
work was performed using the SiO2 substrates coated 
with chromium. 

A cell body was machined from polyethylene to 
allow in si tu observation d u r i n g  electrodeposition. 
The cathode with the relief s t ructure  was sealed by 
black wax over a hole in the center of the cell bot-  
tom. Electrodeposition could also be observed in 
the t ransmission ( i l luminated from below) as well  
as reflection mode of the microscope. Fused 
quartz substrates were used to allow observation of 
the deposition in the t ransmission mode. The anode, 
SCE, and argon bubbler  were held in place along 
the s ides of the cell body. The apparatus was mounted  
on the stage of a microscope and the whole lower 
section of the microscope was enclosed in a shroud 
and purged with argon. The microscope objective 
(45•  was protected from the electrolyte by a thin 
(0.001 in.) Mylar  sheet. 

Results and Discussion 
Nucleat ion . - -The  effect of substrate relief on nu -  

cleation will be presented first. In  ini t ial  invest iga-  
tions a variety of metals were studied. 4 The deposi- 
tion rates on pat terned and on flat chromium-coated 
electrodes were compared. In the usual procedure the 
cathodes were immersed in a 5:1 chromic acid/sul-  
furic acid cleaning solution for 5 sec, thoroughly 
rinsed in flowing distilled and deionized ~water, and 
blown dry before use. That  the chromium itself was 
iner t  to the acid cleaning solution was demonstrated 
by the lack of observable chemical attack after long 
(several days) immersions in this solution. Basic 
electrolytes were employed where convenient  in order 
to minimize hydrogen reduct ion at the cathode. I t  
should also be noted that  basic electrolytes tend to 
passivate many  metals inc luding t in  and chromium. 
The cathodic polarization with respect to the SCE 
was increased l inear ly  with time and the cell cur rent  
plotted. Deposition was confirmed by  comparing the 
rest potential  of the cathode to the rest potential  of 
an electrode of the same metal  also immersed in the. 
electrolyte. The systems investigated are listed 'in 
Table I. The rest potentials given are all with respect 

4 Most  e l e c t r o l y t e s  u s e d  w e r e  t a k e n  f r o m  F. A. L o w e n h e i m ,  
"Modern  E l e c t r o p l a t i n g , "  Wi ley  I n t e r s c i e n c e ,  N e w  Y o r k  (1974). 
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to SCE. In each case enhanced deposition on the pat-  
terned cathode was observed. 5 The current  vs. voltage 
plot at a scan rate of 0.5 mV/sec for a copper deposi- 
t ion is shown in Fig. 3. As the voltage increases, faster 
deposition at existing islands and the nucleat ion of 
new islands contr ibute to the increasing current.  A 
scanning electron microscope picture of the deposited 
copper is shown in Fig. 4. The location of the smal ler  
islands is consistent with nucleat ion at interior corners 
of the relief structure.  X- ray  diffraction indicated a 
[111] axial texture.  

The textures observed in electrodeposits are fre- 
quent ly  taken to be growth textures (11). That is, 
the texture arises after complete coverage of the 
substrate by  unor iented grains when grains with 
certain favored orientations preferent ia l ly  overgrow 
neighbor ing grains. The texture  observed here is 
present  before coalescence of the islands into a con- 
t inuous film and is therefore demons t rab ly  not of 
this type. 

The nucleat ion of t in  electrodeposited from a basic 
cyanide solution (12) was investigated in more detail. 
T h e  t in deposited as poorly adherent  isolated islands. 
These characteristics are consistent with an oxide or 
passive film on the chromium surface. Current  den-  
sity vs. voltage for a ramped potential  is shown in  
Fig. 5 for pat terned and fiat substrates  after  various 
surface .cleaning treatments.  Immediate ly  before 
electrodeposition the substrates were either rinsed 
in  deionized water, chemically cleaned in a 5:1 sul-  
furic acid/chromic acid solution, or etched to remove 
2.5 n m  of chromium (Kodak etch). Tin coverage of 
about  1-5% was typical for the substrates at the con- 
clusion of a deposition. The t in islands are evident ly  
"heterogeneously" nucleated at defects or i r regular i -  
ties. This is an anticipated result  as "homogeneous" 
nucleat ion on a flat substrate is unusua l  (13). Chemi- 
cal cleaning or etching reduced the number  or efficacy 
of these nucleat ion sites. For  all  surface preparat ions 
investigated, nucleat ion and growth of electrodeposited 
t in proceeded at lower cathodic polarizations on pat-  
terned substrates. Compared to r insing in deionized 
water, chemical cleaning accentuated the difference 
in  deposition rate between pat terned and flat sub-  
strates. Etching 2.5 nm of chromium off the pat terned 
substrate  substant ia l ly  e l iminated the potency of the 
relief  s t ructure  in inducing nucleation. 

The nucleat ion at inter ior  corners observed here 
dur ing  electrodeposition is s imilar  to the decoration 
of cleavage steps dur ing vapor deposition, which has 
been addressed by thermodynamic  nucleat ion models 
(14). However, the critical nuclei  for the electro- 
depositions described here are usual ly  small  com- 
pared to the acuity of the relief s tructure and are 
also smaller  than can be estimated from classical 
nucleat ion theory. This issue is considered in more 
detail  in an accompanying appendix. 

5 P r e f e r e n t i a l  nuc lea t ion  on m a c r o s t e p s  and sc ra tches  d u r i n g  
copper  e lec t rodeoos i t ion  was  r e p o r t e d  by  V. Ueno,  N. Kidokoro,  
and M. Tsuiki ,  This Journal, 121, 202 (1974). 

Table I. Electrochemical cells investigated 

M e t a l  Electrolyte Comments 

Sn 4.75 g / l i t e r  $nCl~ 2H20 E n h a n c e d  nuc lea t ion  on pat-  
S.6 g / l i t e r  NaOH t e r n e d  subs t ra tes ,  box-like de- 
S0.0 g / l i t e r  NaCN posits;  g raphoep i t axy ;  Vrest = 

- -  1.03V 
Cu 28.0 g / l i t e r  CuCN E n h a n c e d  nuc lea t ion  on pat- 

93.0 g / l i t e r  NaCN t e r n e d  subs t ra tes ;  (111) rex- 
30.0 g / l i t e r  NaOH tu re ;  Vrest = --0.827V 

Pb 3.6 g / l i t e r  PbCOs E n h a n c e d  nuc lea t ion  on pat- 
37.0 g / l i t e r  KcN t e r n e d  substrate  Vrest = 
16.8 g / l i t e r  KOH --0.741V 

In  8.0 g / l i t e r  InC]3 E n h a n c e d  nuc lea t ion  on pat- 
t e r n e d  substrate  Vrest = 
- 0.62SV 
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Fig. 3. Deposition rate of copper on patterned and on flat sub- 
strates. The cathode potential is ramped negatively at a constant 
rate. 

Fig. 4. SEM view of copper islands on patterned substrate of Fig. 
3. The upper plateaus of the relief structure are the narrower, 
lighter ,bands. 

The potency of the surface relief in inducing nu -  
cleation was confirmed by comparing cur rent - t ime 
curves of substrates held at constant  cathodic po- 
larization. At --0.02V cathodic polarization, nuclea-  
tion and growth proceeded immediate ly  on a pat-  
terned substrate but  not  on a flat substrate (both 
chemically cleaned).  It was also observed that the 
depositions on pat terned substrates were strongly 
graphoepitaxial  up to cathodic polarizations of roughly 
[~[ -- 0.50V. At cathodic polarizations greater than 
hl = 0.50v examinat ion  of the deposit revealed no 
preferent ial  nucleat ion at inter ior  corners and in ter -  
nuclei  spacin~ comparable to or less than the grat ing 
period. The issue as to what  factors are crucial in 
suppressing graphoepitaxy was addressed by pulsed 
nucleat ion experiments  to be described in the follow- 
ing section. The effect of cathodic polarization on 
nucleat ion at the inter ior  corners is discussed in the 
appendix. Arguments  are presented there which in-  
dicate that graphoepitaxy of electrodeposited t in  has 
been observed when the critical radius for nucleat ion 
was smaller  than the corner radius ( ~  5 nm)  of the 
inter ior  corners of the relief structure.  This is the 
first of several  indications that  the graphoepitaxial  
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Fig. 5. Effect of substrate preparation tin deposition rates onto 
patterned and flat substrates. 
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Fig. 6. Electrodeposition rate of tin at constant potential "'s" 
indicates cell was shaken. 

orientat ion of the t in islands was not established by 
surface energy anisotropy at the nucleat ion stage. 
In  fact, pat terned substrates which had been etched 
so that  nucleat ion did not preferent ia l ly  occur at 
in ter ior  corners demonstra ted definite, although in-  
complete, graphoepitaxy. 

Growth ol tin islands from SnCI~/NaOH/NaCN elec- 
trolytes.--A cur ren t - t ime  plot of a t in deposition at 
constant  potent ia l  is shown in Fig. 6. The current  
spikes at locations labeled "s" were generated by 
shaking the cell. Dur ing  the ini t ial  stages of deposi- 
tion (current  less than 100 ~m/cm2), shaking the 
cell did not result  in  current  spikes. Evident ly  mass 
t ranspor t  in the electrolyte is impor tant  as a rate-  
l imi t ing step only dur ing  the later  deposition stages. 
Since the current  was never  l imited for an extended 
current  range by the charge t ransfer  step, a Tafel 
equation analysis could not  be used to test for a 
single or mixed reaction at the electrode. 

Since the chromium overcoating the SiO2 relief  
s t ructure  had been exposed to air, an ini t ia l  surface 
oxide film was inevitable.  Chromium could also pas- 
sivate and have a surface adsorption layer  in the cya- 
nide electrolyte. The rest potential  of the bare  cathode 
was about --0.6V with respect to SCE. Immedia te ly  
after immersion the cathode was rout inely  biased to 
--1.00V with respect to the SCE (slightly more posi- 
tive than the rest  potential  for tin) to minimize  oxi- 
dation. However, no current  was observed unt i l  the 
cathodic polarization was negative enough for t in  
deposition, and the deposition cur ren t  for ei ther  a 
constant  or a ramped cathodic polarization did not 
depend on durat ion of immersion before deposition 
or on bias history. 

The rest potentials  of t in  electrodes with respect to 
the SCE were measured in a series of electrolytes in 
which the NaOH and NaCN concentrat ions were held 

constant  while the SnCI2 concentrat ion was varied 
from 1.6 X 10-2M to 10-4M. Nernst  law behavior  
for a two-electron t ransfer  process was qual i ta t ively 
observed, but  at the lower concentrations, it  took 
several  hours for the potential  to stabilize and po- 
tentials did not get quite as negative as expected. It 
was also observed that when a cathode with a t in 
deposit was dr iven more positive than  its res t  po- 
tential,  the anodic cur ren t  over a period of a few 
minutes  decayed markedly  as if the surface was be-  
coming passivated. In situ observations revealed that 
subsequent  t in  deposition proceeded largely through 
the nucleat ion of new islands. Pure  t in  electrodes 
immersed in the electrolyte overnight  became tar -  
nished. All these are indications that in addition to 

Sn ++ -5 2e-  = Sn [1] 
the reaction 

OH- + Sn = SnO + ~/~ H2 + e- [2] 
or 

Sn ++ -5 2OH- : Sn(OH)2 [3] 

may also be important. 6 Reactions like [2] or [3] will 
introduce a discrepancy between the equilibrium 
potential for reaction [I] and the observed rest po- 
tential of the cell, and may also have an effect on 
the growth morphology of the tin. Any surface pas- 
sivation might contribute to growth rate anisotropy. 

Postdeposition anaIysis.--A glancing incidence SEM 
micrograph of a t in deposition is shown in Fig. 7. 
The faceting and the orientat ion of the long axis of 
m a n y  islands with the grat ing direction is apparent .  
Also apparent  is the notable  fraction of the islands 
that  are not aligned with the grating. Some deposits 
showed almost complete al ignment,  as in Fig. 8, and 

A r e v i e w  of the  e l e c t ro ch emica l  r eac t ions  of t in  in aqueous  
solut ion is g iven  by  B. N. S t i r rup  and N. A. H a m p s o n ,  Surf. Teeh- 
haL, 5, 429 (1977). 
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Fig. 9. Degree of azimuthal or in-plane alignment for a typical 
tin deposit. 

Fig. 7. Glancing incidence SEM view of a tin deposition 

occasionally some depositions were  completely  ran-  
dom. The la t ter  case was associated with severe  edge 
r ipple in the rel ief  structure,  such as occurred with 
the pyrolyt ic  graphi te  substrates. Deposits on flat sub-  
strates also consisted of faceted l inear  islands but  with 
random azimuthal  orientation. Use of a s i lver  ra ther  
than a chromium over layer  did not effect the morph-  
ology of island growth or the degree of graphoepi-  
taxy. 

The identification of the faceted surfaces and the 
crystal lographic orientat ion of the .tin islands wi th  
respect to the rel ief  s t ructure were  de termined  by 
x - r ay  diffraction. The islands were  shown to be 
bounded by {100} and {001} planes and elongated in the 
[001] direct ion (6). Pure  [100] axial  t ex ture  was 
found by x - r a y  d i f f rac tomet ryJ  The angular  distri-  
but ion Of the tex ture  axis was less than the instru-  
menta l  resolution of the diffractometer,  0.2 ~ FWHM. 
The degree of azimuthal  or in-p lane  a l ignment  for a 
typical deposit is shown in Fig. 9. The FVVHM of the 
distr ibution of the [001] axis about the grat ing di- 
rection is 5 ~ . The degree of axial  t ex ture  is superior 
to and the degree of azimuthal  a l ignment  ~is com- 
parable  to the best results repor ted  for ei ther silicon 
(1, 4) or ge rmanium graphoepi taxy (5). Tin islands 
deposited on flat substrates also had pure  [100] axial 
tex ture  but  showed no azimuthal  ordering. 

The ex t reme elongation of the islands indicates 
that  their  morphology is not due to minimizat ion of 
surface energy. The shape of the islands is different 

7J'. F. Smith, Trans. Inst. Metal Finish., 46, 199 (1968) found 
[100] texture in tin films electrodeposited from an alkali sodium 
stannate bath and [110] texture in tin films electrodep,osited from 
an acid stannous sulfate bath. 

than both the calculated equi l ibr ium form (15, 16) 
and that  obtained by condensation f rom the vapor  
(17). The observed shape of the islands is de termined 
by kinet ic  ra ther  than equi l ibr ium considerations. 
Tin has a body-cen te r  te t ragonal  crystal s t ructure in 
which the {10.0} are the most densely packed planes 
and the {001} planes are considerably rougher  on 
the atomic scale. Easier  nucleat ion of new atomic layers 
may  result  in a h igher  growth rate in the [001] di rec-  
tion. s Adsorption or passivation might  also be more 
pronounced on {100} planes. This would also result  in 
faster growth in the [100] direction. In ei ther  case the 
islands would be bounded by the slowest growing 
crystal  planes. This is a common si tuation in 
crystal  growth (18). Tin islands electrodeposited 
f rom simple SnC12 electrolytes or from acidic 
Sn(BF4)z  electrolytes were  not elongated in the 
[001] direction. Thus anisotropic passivation in the 
basic cyanide electrolyte  may be crucial  in de ter -  
mining the island growth morphology observed. 

Figure  10 ilb~strates a couple of f requen t ly  ob- 
served features of the growth morphology of the tin 
islands. In the upper  r ight  hand corner  a smaller  island 
growing from an inter ior  corner  of the rel ief  s truc- 
ture  is shown. Below it is a larger  island which had 
grown to near ly  fill the groove between two steps. 
Scanning electron microscopy examinat ions of dozens 
of depositions revealed this to be the typical  place- 
ment  for islands this size. The question arises, why 
do not the islands grow over  the steps as well  as across 
the grooves. Since the islands have a square cross 
section they become as high as the steps at an early 
stage. If the island were  fixed to the substrate and 

s Computer simulation of the effect of driving potential  on nu- 
cleation rates on different fcc faces and the relationship to sur- 
face roughness has been reported by G. H. Gilmer, J. Cryst. 
Growth, 42, 3 (1977). 

Fig. 8. SEM picture of tin deposition on a patterned substrate. 
Note the near complete alignment of the islands. 

Fig. 10. SEM view of two electrodeposited tin islands. The view is 
not normal to surface so the larger island appears to overlap the 
step above it. 



Vol. 130, No. 6 MECHA N I S M FOR G R A P H O E P I T A X Y  1279 

if electrodeposition occurred on all surfaces exposed 
to the electrolyte, islands nucleated at inter ior  cor- 
ners would grow over the adjacent  steps and not re-  
ma in  ent i re ly  wi thin  a groove. The respective place- 
men t  of a fixed and a mobile island nucleated at an 
inter ior  corner are shown schematically in Fig. 11. 
An  explanat ion for the growth morphology observed 
is that  growth occurs on all sides exposed to the 
electrolyte, but  the tendency toward faceting is so 
pronounced that  the island physically pushes itself 
out into the groove toward the opposite step. This 
process would proceed unt i l  the island filled the 
breadth  of a groove. It  is proposed that this physical 
confinement of the growing islands by  first one step 
and then the opposing step is responsible for the 
graphoepitaxial  a l ignment  observed. The details of 
how all this occurs are beyond the scope of this paper. 
Crucial microscopic and macroscopic aspects of the 
problem are uncertain.  The microscopic mechanism 
for nucleat ion and growth in this system has not been 
investigated. The relative importance at various stages 
of diffusion of adions either across the cathodic sub-  
strate or across the growing crystal faces is not 
known. Also, the possibility of direct a t tachment  of 
an ion in solution to a growth site cannot  be ex-  
cluded. Whether  the angle of the inter ior  corner is 
sl ightly greater  than or less than 90 ~ is not  known. 
This informat ion would be necessary in a more de- 
tailed model. Also, lateral  potential  and concentra-  
tion gradients,  as well as those normal  to the sub-  
s t ra te  or to a crystal surface, would have to be con- 
sidered. For all  these reasons the details of the mecha- 
nism proposed could not be developed. 

In  Fig. 10 the misa l ignment  of the large island 
with the grat ing is only 3 ~ . Inspection will show that 
the nonl inear i ty  of the relief s tructure on the sub-  
micron scale is considerably more than this. Appar -  
ently, some rea l ignment  occurred dur ing  growth. The 
model proposed requires some mobi l i ty  of the islands 
and is consistent with the general ly  poor adhesion 
of the islands to the substrate. Sometimes a significant 
fraction of the islands were dislodged when the sub- 
strates were removed from the electrolyte and blown 
.dry. To investigate fur ther  the role that the growth 
stage played in  graphoepitaxial  al ignment,  t in electro- 
depositions were observed in situ. 

In situ analysis.--In situ observations were con- 
ducted using the apparatus and techniques described 
earlier. Observations based on postdeposition analy-  
sis were confirmed. There is a definite but  not  un i -  
versal tendency for graphoepitaxial  or ientat ion and 
the graphoepitaxial  islands general ly  undergo a period 
of confinement Within a groove before overgrowing 
an adjacent  step. New observations were also made. 
The only movement  of the islands detected was that  
achieved by growth. When two islands coalesced, 
the merger  was completed quickly. Usually nuclea-  
tion only occurred immediate ly  after the application 
of cathodic polarization. 

Pulsed nucleat ion experiments  were conducted to 
del ineate fur ther  the roles of nucleat ion and growth 
in  the graphoepitaxial  al ignment.  This technique has 
been used to s tudy nucleat ion rates (19). The idea is 

~ ISLAND FIXED 

. . . . .  f l S L A N D  MOBILE 

,' 
, I 

J I 

Fig. 11. Schematic indication of the growth habit of islands 
nucleated at an interior corner and which are subsequently either 
mobile or fixed to the substrate. 

to nucleate during a brief pulse at a high cathodic 
polarization and to grow at a lower cathodic po- 
larization, sufficient to ensure the growth of all the 
nucleated islands but not high enough to induce the 
nucleation of new islands. The experiment is outlined 
in Fig. 12. Tin islands deposited at cathodic polariza- 
tions greater than l~i = 0.5V nucleate randomly on 
the substrate, have a nearest neighbor-distance less 
than the periodicity of the relief structure used in 
this work, and do not exhibit graphoepitaxy. 

The results of the pulsed nucleation experiment are 
shown in Fig. 13. These photomicrographs were 
taken in the transmission mode. The substrate before 
deposition is shown in Fig. 13a. A defect in the sub- 
strate, visible near the center of the field of view, was 
located to ensure registration of successive photo- 
graphs. During the nucleation pulse and most of 
the growth cycle, the microscope objective was raised 
above the solution to prevent interference with mass 
transport to the cathode surface. The substrate after 
a 70 msee nucleation pulse at ~Inuc! = --0.67V 01grow 
= --0.06) is shown in Fig. 13b. A strong tendency 
toward graphoepitaxial alignment is apparent. Islands 
nucleated during an additional i00 msec nucleation 
pulse (Fig. 13c) were also largely graphoepitaxial ly 
aligned. The saturat ion nucleat ion site density is in -  
dicated in Fig. 13d on a different substrate for which 
~nucl = ~]grow ---- --0.67V. The graphoepitaxial  a l ign-  
ment  of the deposits in Fig. 13b and c is as complete 
as that f requent ly  obtained at lower cathodic polari-  
zations where ~lnucl = ~grow = --0.02 to --0.40V. This 
s t r ikingly emphasizes the role of the growth stage in 
achieving the graphoepitaxial  orientation.  The re la-  
t ionship between pulse dura t ion and density of nu -  
cleation sites in Fig. 13b and c is l inear  (8 X 106 sec -1 
cm-2) .  This indicates that the dura t ion of the nu -  
cleation pulses was long compared to the RC t ime 
constant  of the cell. Nucleat ion was not observed to 
occur dur ing the growth cycle. That nucleat ion oc- 
curred only dur ing  the nucleat ion pulse was con- 
firmed when an inadver ten t  gas bubble  shielded par t  
of the substrate  dur ing  a nucleat ion pulse. After  the 
bubble  was released, no islands were nucleated in 
that  area dur ing the growth cycle. It was found con- 
venient  to reduce the SnCI2 concentrat ion in the 

O R N L - D W G  8 2 - 1 2 3 9 5 R  

I"r/t<0.5 V GRAPHOEPITAXY 

Ir/ l>O.5V NO GRAPHOEPITAXY 

PULSED NUCLEATION EXPERIMENT: 

t 

- 0 . 0 6  V 

- 0 . 6 7  V 

r/ 

= ~grow. 

"r/nucl" 

Fig. 12. Cathodic polarization vs.  time for pulsed nucleation 
experiment. 
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Fig. 13. In situ observation of pulsednucleation experiment, a, 
Sabstrate before electrodeposition; b, after 70 msec pulse ~lnucl 
--0.67V, ~grow ~- --0.06V; c, after additional 100 msec pulse 
~lnur ~ --0.67V, ~lgrow ~ --0.06V; d, electrodeposition on dif- 
ferent substrate far which ~nucl ---- ~)grow ---- --0.68V. A defect on 
the substrate (visible most clearly in the center of a was located 
before deposition to facilitate relocating the same area. b and c 
show $ min of growth; d shows 45 sec of growth. 

elect rolyte  by  a factor  of five in order  to reduce the 
nucleat ion ra te  dur ing  the pulsed nuclea t ion  exper i -  
ments.  That  the nucleat ion ra te  at the same overpo-  
ten t ia l  was decreased at  lower  meta l  concentrat ions  
has been taken  as indi rect  evidence for crys ta l  growth  
by  direct  t ransfer  of the meta l  ion from the e lec t ro ly te  
to the  crys ta l  la t t ice r a the r  than  by  an in te rmedia te  
surface diffusion process (19). 

That  g raphoepi tax ia l  or ienta t ion could occur du r -  
ing the  growth  stage was also confirmed by  the 
g raphoep i tax ia l  a l ignment  of seeded islands. Acci-  
denta l ly ,  a t ea r  in the  Myla r  sheet ing exposed a 
metal l ic  pa r t  of the microscope objec t ive  to the elec-  
t rolyte.  Tin deposi ted in dendr i t ic  manner  onto this 
surface. Turbulence  broke  up this s t ruc ture  and drove 
par t icula tes  of tin, s m a l l e r  than  the ~ gra t ing  spacing, 
across the field of view of the microscope. Severa l  of 
these par t icu la tes  were  observed to st ick to the cathode 
and to grow in the g raphoep i tax ia l  or ientat ion.  

The physical confinement mechanism.--The resul ts  
and observat ions  repor ted  here  point  to physical  con- 
f inement as the  mechanism for the g raphoep i t axy  of 
e lec t rodeposi ted  tin. The pronounced facet ing of the 
t in is lands and the i r  l inear  g rowth  morphology,  are  
the  decisive character is t ics  responsible  for g rapho-  
ep i tax ia l  a l ignment .  The role of the re l ie f  s t ruc ture  
is p r inc ipa l ly  to l a t e ra l ly  confine l a t e ra l ly  the  islands. 
In  this  model  the adhesion of the islands to the sub-  
s t ra te  must  be weak  enough to al low la te ra l  motion 
of the  islands away  from surface  s teps before over -  
growing these steps. Otherwise  the  is land may  over -  
grow the re l ief  s t ruc ture  wi thout  r eo rde r ing  azi-  
muthal ly .  

Suppor t  for this model  is d rawn from severa l  ob-  
servations.  In  the  first place,  the fixing of the  g rapho-  
ep i tax ia l  a l ignment  at nuclea t ion  by  aniso t ropy of 
surface energy  appears  quest ionable  since the cri t ical  
nucleus p robab ly  consists of only  a few atoms. F u r -  
thermore ,  the unessent ia l  role  of the nuclea t ion  and 
ea r ly  growth  s tages  was underscored  by  the pulsed 
nuclea t ion  exper iments  in which islands r a n d o m l y  
nuclea ted  on the surface showed a s t rong grapho-  

ep i tax ia l  a l ignment .  S imi lar ly ,  g raphoep i t axy  w a s  

observed on pa t t e rned  subst ra tes  whose potency in 
ca ta lyzing nucleat ion had  been l a rge ly  lost  af ter  
chemical  e tching of the  substrate .  The re luctance of 
the is lands to overgrow a s tep and confined growth  
wi th in  a single groove were  r epea ted ly  observed both 
in postdeposi t ion analysis  and in situ. Nucleat ion at  
in ter ior  corners  of the  re l ief  pat tern ,  whi le  possibly  
he lpfu l  in promot ing  is land growth  on the lower  
plateaus,  is ev iden t ly  not  requ i red  for  g raphoepi taxy .  
I t  should be noted though tha t  az imutha l  order ing  
can s ta r t  ea r l ie r  via the  pushing  of the is land against  
only  one step if the  is land nucleates  at  an in ter ior  
corner  (see Fig. 10). 

The axia l  t ex tu re  m a y  also be a resul t  of the  facet -  
ing. A n y  misa l ignment  of the  (100) p lane  with  respect  
to the  subs t ra te  would, in the  ex t reme  l imit ,  provide  
only edge - l i ke  contact  wi th  the cathode surface.  This 
configurat ion is uns table  f rom the  v iewpoint  of min i -  
mizing in ter rac ia l  ene rgy  ( i n c l u d i n g t h e  e lect ros ta t ic  
t e rm)  with  respect  to ro ta t ing  the  (100) facet  flat 
against  the substrate.  The physical  confinement mecha-  
n ism proposed  for the  az imutha l  or i n -p l ane  or ienta-  
t ion is less exacting.  Also the g raphoep i tax ia l  o r ien ta -  
tions m a y  be lost e i ther  for ind iv idua l  is lands or for 
whole  areas  by  poor l inea r i ty  of the  re l ief  s t ruc ture  
or  by  insufficient is land mobil i ty .  This would expla in  
the super io r  completeness  (essent ia l ly  100% ) and acu-  
i ty  (<0.2 ~ ) of the  axia l  texture ,  as opposed to the 
az imutha l  or g raphoep i tax ia l  a l ignment .  

While  pe rhaps  lacking the elegance of the mecha-  
nism invoking minimiza t ion  of the anisotropic  sur -  
face energy  be tween a deposi t  and t ex tu red  sub-  
s t ra te  (7), the mechanism proposed here  re ta ins  a 
useful  s implici ty .  I t  a l lows means  of improving  the 
qua l i ty  of the  deposi ts  to be in te l l igen t ly  selected. 
The model  proposed here  indicates  that  efforts to 
improve  the g raphoep i tax ia l  a l ignment  should be di-  
rec ted  at  ensur ing s t rong facet ing and is land mobi l i ty  
in addi t ion to good l inea r i ty  of the re l ief  s t ructure.  I t  
also provides  guidance in de te rmin ing  which o ther  ma-  
ter ia ls  m a y  also be g raphoep i t ax ia l ly  grown by this 
mechanism and what  re l ief  s t ruc ture  would be ap-  
propr ia te .  

Graphoep i tax ia l  t in films grown by  this technique 
would not  be continuous and hole free unt i l  an aver -  
age thickness comparab le  to the  dis tance be tween  
nuclea ted  islands. For  a g raphoep i tax ia l  deposit,  i n t e r -  
nuclei  spacing is l imi ted  by  the per iodic i ty  of the re l ief  
s t ructure .  Obta inable  per iodic i ty  was l imi ted  to more  
than  1.5 ~m by  the photo l i thographic  techniques used 
in this work.  However ,  square wave  pa t te rns  wi th  a 
per iod ic i ty  of 0.16 ~m have been repor ted  using soft 
x - r a y  l i thography  (20). 

The is land mobi l i ty  requ i red  for g raphoep i t axy  by  
the mechanism descr ibed here  is a significant p rac t i -  
cal l imi ta t ion  as good adherence  of deposi ted films 
to a subs t ra te  is usua l ly  desired.  Fo r  some appl icat ions  
it might  be possible to take  advan tage  of the loose-  
ness of the deposi t  to remove  the film and reuse the 
substrate .  In any case, the  poor adhesion requi res  ser i -  
ous considerat ion for any  prac t ica l  appl icat ion.  

Other systems.--Graphoepitaxial KC1 islands grown 
from aqueous solut ion af ter  the method descr ibed b y  
F landers  and Smi th  (2) are  shown in Fig. 14. The 
tendency  of the is lands to nucleate  at  in ter ior  cor-  
ners  and to remain  confined wi th in  a groove are  evi-  
dent.  These fea tures  were  also noted by  F landers  and 
Smith.  This sys tem has not  been s tudied  here  in 
enough de ta i l  to d is t inguish be tween  mechanisms.  
However ,  s imi lar i t ies  to the growth  morpho logy  of 
e lect rodeposi ted  g raphoep i tax ia l  t in are  suggestive.  

Face ted  sil icon and ge rman ium (111) pla te le ts  
grown by  the VLS method on l iquid meta ls  by  Klykov  
et al. (21) have been or iented  wi th  respect  to micro-  
re l ief  s t ruc ture  by  means of cap i l l a ry  forces be tween  
the microre l ie f  and the crysta l l i tes .  They  have called 
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Fig. 14. Graphoepitaxial KCI islands grown from aqueous solu- 
tion. 

this effect d ia taxy.  This is also an example  of g rapho-  
ep i tax ia l  or ien ta t ion  achieved by  confinement of 
faceted crysta l l i tes .  Geis, Tsaur,  and F lande r s  (5) 
have  also g raphoep i t ax ia l ly  grown ge rman ium by  
the VLS method,  but  could not  dis t inguish be tween  
mechanisms were  not  repor ted .  

Mechanisms o ther  than  physical  confinement of 
faceted crys ta ls  can  also be effective in producing  
graphoepi taxy .  F o r  example ,  the role of minimiza t ion  
of sur face  energy  is appa ren t  in the  g raphoep i tax ia l  
a l ignment  of l iquid crysta ls  (3).  However ,  it  has not  
been convinc ingly  d e m o n s t r a t e d  in any sys tem in-  
volv ing  the nuc lea t ion  of a new phase  tha t  surface  
energy  an iso t ropy  alone can al ign crysta ls  wi th  re -  
spect  to a re l ie f  s t ructure .  

The mechanism for the  g r aphoep i t axy  of sil icon 
films recrys ta l l i zed  using a CW laser  or  a s t r ip  hea te r  
is more  involved.  I t  has been proposed  that  the role 
of the  re l ief  s t ruc ture  is to lower  the Gibbs free 
energy  of the  g raphoep i t ax ia l ly  or ien ted  grains via the 
inter 'facial  ene rgy  t e rm  (8). These grains  then p re fe r -  
en t i a l ly  su rv ive  a p a r t i a l l y  mol ten  stage. Encapsu la -  
t ion and at  least  pa r t i a l  hea t ing  b y  rad ia t ion  are  
necessary  for the  g raphoep i tax ia l  recrys ta l l iza t ion  of 
sil icon films. Under  these c i rcumstances  the dynamic  
mel t ing  and solidification genera ted  by  the h igher  
ref lect iv i ty  of the l iquid phase  produces  "worms"  of 
solid r a the r  than  faceted crys ta l l i tes  (22, 23). Phys ica l  
confinement p robab ly  p lays  no role in this  process. 
Less de ta i led  work  on the effect of re l ief  s t ruc ture  on 
the growth  of si l icon by  spu t t e r  deposi t ion (24) and 
f rom l iquid solut ion (25) has also been repor ted .  

Summary 
The m a j o r  points  of this paper  are  summar ized  as 

follows: 
1. React ive  ion etched surface re l ie f  s t ruc ture  en-  

hanced e lec t rodeposi t ion for al l  inves t iga ted  metals  
(Sn, Cu, Pb, In, Zn) .  The observed  p lacement  of 
smal l  t in and copper  is lands is consis tent  wi th  nuc lea -  
t ion at  in te r io r  corners  of the  re l ie f  s t ructure .  

2. Graphoep i t ax ia l  e lec t rodeposi t ion of t in is lands 
has been observed.  

8. Graphoep i t ax i a l  or ien ta t ion  of the  t in  is lands 
can occur  a f te r  nuclea t ion  dur ing  growth.  

4. I t  is proposed  tha t  the  g raphoep i t axy  of the  t in 
is lands is due to the  phys ica l  confinement of the  
l inear ,  h igh ly  faceted deposi ts  by  the  re l ie f  s t ruc ture  
in the  substrate .  

As a l l  c rys ta l  g rowth  processes a re  necessar i ly  non-  
equ i l ib r ium and  facet ing is commonly  in t roduced by  
g rowth  ra te  anisotropies,  the  poss ib i l i ty  tha t  the  
mechanism of phys ica l  confinement  of faceted is lands 

is responsible  for  g raphoep i t axy  in o ther  r epor ted  
sys tems has been discussed. I t  is f requent ly  ha rd  to 
dis t inguish on ava i lab le  evidence be tween  this and 
o ther  mechanisms.  
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A P P E N D I X  

Nucleation 

By the rmodynamics  the  cri t ical  radius  for nuclea t ion  
r* is given b y  

r* = [ A - l ]  
hGv 

where  ~ is the Gibbs free energy  per  uni t  in te r rac ia l  
a rea  and aGv is the Gibbs free energy  difference per  
uni t  volume be tween  the deposi t  in the  condensed 
and nut r ien t  lJhase. Equat ion  [ A - l ]  can on ly  be ap-  
p l ied  to' large  nuclei  ( >  100 atoms or  r* > 1 nm)  
where  bu lk  the rmodynamic  proper t ies  a re  re levant .  
There  are  also difficulties in obta in ing  �9 and hGv. 
In te r rac ia l  energies  be tween  meta ls  and  e lec t ro ly tes  
are  not  wel l  known, but  in te r fac ia l  energies  in 
genera l  fal l  in the range 102-103 e r g / c m  2 (26). In  
addi t ion to d is t inguishing be tween  the observed 
res t  potent ia l  and the equi l ib r ium potent ia l  for  
t in electrodeposi t ion,  there  are  o ther  p roblems  
in obta in ing  hGv. Even immed ia t e ly  af te r  appl ica t ion  
of a pulsed cathodic polar izat ion,  when resis tance and 
concentra t ion polar izat ions  are  not  impor tant ,  the  mi -  
croscopic in te rp re ta t ion  of the polar iza t ion  depends  on 
the kinet ics  of nucleat ion.  Nuclea t ion  is genera l ly  
t aken  to proceed first by  the t rans fe r  of meta l  ions 
across the double layer ,  then fol lowed b y  diffusion of 
the  adions over  the surface of the  e lec t rode  (27). In  
this case ~Gv for Eq. [ A - l ]  is tha t  be tween  the bu lk  
condensed phase and the adions. I t  is not  known in 
the  t in e lec t rodeposi t ion considered here  whe the r  
the r a t e - l im i t i ng  s tep in nuclea t ion  is in the charge 
t rans fe r  process or  in the fo rmat ion  of the  cr i t ical  
nucleus f rom the adions. In  o ther  words,  there  is an 
unknown Gibbs free energy  difference be tween  the 
ions in e lec t ro ly t ic  solution and the surface  adions. 
If this  difference were  smal l  so tha t  one could take  
aGv ---- 2en/v, (v = atomic volume) for  the e lec t rodep-  
osit ion of s tannous tin, Eq. [ A - l ]  could be evalua ted  
using the range of surface energies  es t imated  above. 
Fo r  n ___ --0.50V, the  highest  continuous cathodic po-  
la r iza t ion  for which  g raphoep i t axy  was obtained,  Eq. 
[A- I ]  impl ies  r* ~ 0.04-0.40 nm. Thus for r* to be  
comparab le  to the  corner  radius  of the in te r io r  corners  
( ~  5 rim),  then  [• < <  12e~/v[. 

To obta in  an uppe r  l imi t  on the  size of the cr i t ical  
nucleus, addi t iona l  in format ion  is required.  This in-  
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sight  is p rovided  by  the change in nuclea t ion  dens i ty  
and p lacement  as cathodic  po lar iza t ion  is increased.  
That  the nuclea t ion  site dens i ty  increases as ~] in-  
creases is a d i rec t  qual i ta t ive  indica t ion  tha t  [~Gvl is 
also increasing.  However ,  the change of nuclea t ion  si te  
p lacement  from in ter ior  corners  to flat surfaces as hi  
is increased can be more  d i rec t ly  compared  to theory.  
I t  wil l  be shown that  for the t in e lec t rodeposi t ion r e -  
por ted  here  such a t rans i t ion  in nucleat ion morpho logy  
is inconsis tent  wi th  a cr i t ica l  rad ius  comparable  to or 
l a rge r  than  the acu i ty  of the re l ief  s t ruc ture .  

Nuclea t ion  at  in ter ior  corners  of re l ief  s t ruc ture  is 
s imi lar  to nucleat ion at  c leavage steps on s ingle  c rys -  
ta l  substrates.  P re fe ren t i a l  nucleat ion at  c leavage s teps 
is a w e l l - k n o w n  phenomenon  in vapor  deposit ion.  
This effect was analyzed  in the large  cr i t ica l  nucleus 
l imi t  by  C h a k r a v e r t y  and Pound (14) using the rmo-  
dynamic  methods.  They der ived  the express ion 

Ic 
---- g exp ( 4 ~ / 3  AGv 2 kT) [K(0) --  F (#)] [A-2] 

IF 

for the rat io of the  nuclea t ion  rates  at  in te r io r  corners  
Ic to tha t  on the  flat surface IF. Here  g is the  f ract ion 
of surface sites occupied by  the corners,  whi le  K(0)  
and F(8)  a re  contact  angle functions for  a corner  
and for a flat surface, respect ively.  In  app ly ing  Eq. 
[A-2] to e tched surface re l ief  s t ructure ,  i t  must  be kep t  
in mind  tha t  the  fabr ica ted  s teps used here  are  not  
sharp  on the atomic scale as are  c leavage steps. 

Equat ion [A-2] can be fo rmal ly  appl ied  to the case 
of t in electrodeposi t ion.  The  contact  angle of the 
cr i t ical  nucleus is t aken  to be 90 ~ tha t  of the macro -  
scopic islands. For  0 = 90 ~ , K(e)  - -  F(0)  - -  1 (14). 
The contact  angle t e rm in Eq. [A-2] wi l l  decrease  for 
l a rge r  e. Fo r  a per iod ic i ty  of 2.7 ~m, and a corner  
radius  of 5 nm, g is taken  to be 6 • 10 -3, the  rat io  
of corner  a rea  to to ta l  surface area. The resul ts  ob-  
ta ined  are  fa i r ly  insensi t ive to the value  of g chosen. 
Uncer ta in ty  in the  value  of r is more  impor tan t  as 
this t e rm  appears  in an exponent ia l .  Results  wi l l  be 
ca lcu la ted  for  the ex t r eme  values  of ~ expected,  102 
e r g / c m  2 and 103 e r g / c m  2. Tha t  por t ion  of the  cathodic 
polar iza t ion  occurr ing be tween  the adions and a h y -  
pothet ica l  bu lk  deposi t  shall  be des ignated  as ~n. The 
condit ion Ic ---- IF is met  at  ~h -= --0.05V for ~ _-- 102 
e r g / c m  2 and at ~]n ---- --1.59V for r ---- 103 e r g / c m  2. This 
in format ion  is summar ized  in Table A-1. The corre-  
sponding cr i t ical  radi i  for  nucleat ion r* are  included.  
These r* values  a re  smal le r  than  the c o r n e r  radius  of 
the re l ief  s t ructure .  In fact, these values  are  smal le r  
than  can just i f iably be der ived  f rom a the rmodynamic  
express ion such as Eq. [ A - l ] .  However ,  this resul t  
does indicate  tha t  as cathodic polar iza t ion  is increased 
(r* decreased)  the t rans i t ion  out  of the  t h e r m o d y -  
namic  regime (r* > 1 rim) mus t  occur  before  the  
t rans i t ion  to nuclea t ion  on the flat surface. This resul t  
suggests a different  mechanism for the t rans i t ion  to 
nuclea t ion  on the flat surface  t h a n  considered by  
C h a k r a v e r t y  and Pound. At  some ~], the  configurat ion 
cri t ical  for  nuclea t ion  must  become smal l  enough com- 
pa red  to the acu i ty  of the  re l ief  s t ruc ture  tha t  the  
res idua l  ca ta lyzing effect of the in te r io r  corners  on 
nucleat ion is counterba lanced  by  the s ta t is t ical  abun-  
dance of heterogeneous  nuclea t ion  sites on the flat 
surface. 

In  summary ,  it  appears  tha t  nuclea t ion  at  in te r io r  
corners  of the re l ief  s t ruc ture  and g raphoep i t ax ia l  

Table A-I. Table of corner decoration parameters 

~ ( e r g / c m  2) ~ n ( / ~ = l ) ( V )  r ' ( m m )  

10 ~ - 0.05 0.43 
l0 s - 1.59 0.14 

�9 Interracial  e ne r gy  b e t w e e n  deposi t  and e lectrolyte .  

or ienta t ion  of the  deposi ted is lands were  obta ined  
when  the cri t ical  nucleus was significantly smal le r  
than  the acui ty  of the re l ief  s t ructure.  Nucleat ion ra te  
measurements  in o ther  e lect rodeposi t ion systems (1o] 

0.1V) also indicate  only a smal l  in teger  n u m b e r  of 
atoms in the cr i t ical  nucleus (19, 28). The smal l  size 
of the  cri t ical  nucleus indicates  that  g raphoepi tax ia l  
a l ignment  at nucleat ion is unl ikely .  
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Photoelectrochernical and Microprobe Laser Raman Studies of Lead 
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ABSTRACT 

Microprobe laser Raman spectroscopy and photoelectrochemistry are two techniques which have recently been ap- 
plied to the study of lead corrosion films. In this paper, we have used these techniques to study lead corrosion between 0.4 
and 1.0V (vs. Hg/Hg2SOJ1M H~SO4) in 1M H~SO4, where lead oxides form beneath a PbSO4 film. Photoconductivity spectra 
were used to determine the bandgap energies of the lead oxides in  s i tu  during the constant-potential corrosion. Cross 
sections of the corrosion films were then analyzed by microprobe laser Raman spectroscopy. In addition, open-circuit po- 
tential decay curves of lead corrosion films were recorded. The results elucidate the mechanism of oxide film formation 
and explain discrepancies found in previous photoelectrochemical studies of lead corrosion. 

The corrosion of the lead grid at the lead dioxide 
electrode is one of the major  causes of failure of lead- 
acid batteries. Lead corrosion in lead-acid batteries is 
quite complex for several reasons. First, the acid con- 
centrat ion and voltage at the positive electrode can 
vary  dramatical ly  dur ing bat tery  operation. The elec- 
trolyte can drop from 30-40 weight percent  (w/o) 
H~SO4 to near ly  pure water  under  some conditions and 
the potential  at the positive electrode can change by 
near ly  a volt. Second, when a PbSO4 film forms on the 
surface of the grid, it acts as a semipermeable,  resistive 
membrane  (1, 2) creating both a potential  and a con- 
centrat ion gradient  across the corrosion film. Changing 
conditions across the film favor different reactions, so 
that mul t iple  corrosion products form (3). These prod- 
ucts include lead sulfate, basic lead sulfates, and lead 
oxides. Third, the lead oxides form a complex series 
which can be represented by the general  formula 
PbOn, when 1 < n < 2. Two polymorphs have been 
identified in lead corrosion films for both PbO (orthor-  
hombic and tetragonal)  and PbO2 (~ or rhombic and 

or te t ragonal) .  PbO2 may also be amorphous. A 
var ie ty  of in termediate  oxides, such as Pb304 and 
Pb208, have also been found. Burbank  (4) suggests 
that these in termediate  oxides are actual ly chemical 
combinat ions of PbO and PbO2, which she designates 
PbOt" xPbO2, and that an "infinitude of stoichiomet- 
ries" may form. 

Many authors have studied the mechanisms of lead 
corrosion in H2SO4, and reviews of the l i terature  are 
available (5-7). Pavlov has separated lead corrosion 
films into 3 distinct composition regions related to oxi- 
dation potent ia l ,  based on his x - r ay  diffraction and 
electrochemical studies of lead anodized in 1N H2SO4 
(8). From --950 to --300 mV vs. Hg/Hg2SO4, the cor- 
rosion film consists only of PbSO4 crystals. From --300 
to +900 mV, the corrosion film consists of PbSO4 and 
an. inner  layer of tetragonal  PbO. Pavlov has desig- 
nated this the Pb /PbO/PbSO4 electrode. He has also 
identified small  amounts  of PbO-PbSO4 ,  3PbO.  
PbSO4.  H20, 5PbO.  2H20 or orthorhombic PbO and 
~-PbO2 in films formed in this potential  range. Above 
950 mV, a-PbO2, t -PbO and ~-PbO2 become the pre-  
dominant  corrosion products. 

The main  techniques used in lead corrosion studies 
have been electrochemical measurements ,  x - r ay  dif- 
fraction, and electron microscopy. Excellent  studies 
have been accomplished using these techniques. How- 
ever, the development  of greater knowledge about 
lead corrosion processes has been frustra ted by the 
following l imitat ions of these methods. First, it has 
been difficult to resolve the signals from the many  
chemical species which form in the corrosion film. 
Second, it has been difficult to analyze separately the 
distinct corrosion layers which are evident  in micro- 

Electrochemical  Society Active Member. 
Key words: semiconductor,  battery, photoconductivity,  oxida- 

tion. 

scopic examinations of film cross sections. Finally, it 
has been difficult to determine the time sequence of 
species formation because only electrochemical meth- 
ods could be used in situ to monitor the corrosion 
process. 

Recently, two new techniques have been used to 
overcome some of these limitations: laser Raman spec- 
troscopy and photoelectrochemistry. In this paper, we 
have used both techniques to study the corrosion of 
lead at potentials between 400-1000 mV (vs. Hg/ 
Hg2SOJIM H2SO4), where the Pb/PbO/PbSO4 elec- 
trode is formed. Our results show that these methods 
can be used to obtain new information about the cor- 
rosion process. Before presenting these results, how- 
ever, we will give some background information about 
the methods themselves. 

Laser Raman spectroscopy can be used either in situ 
or e x  s i t u  to ident ify lead corrosion products. In  either 
approach, laser Raman spectroscopy has several ad- 
vantages over x - r ay  diffraction for s tudying lead bat-  
tery reactions. In  x - r ay  diffraction, the pa t te rn  for 
PbSO~ has many  intense lines which coincide with 
those of other lead compounds. Fur thermore,  tetrag- 
onal PbO cannot  be unambiguous ly  identified' because 
its strongest diffraction lines overlap with those of 
=- and ~-PbO2 (8). In contrast, the p r imary  Raman 
signal for PbSO~, at about 980 cm -1, is a sharp intense 
singlet far downfield from the p r imary  and secondary 
signals for the lead oxides at 150, 290, and 340 cm -1. 
Secondary PbSO4 peaks at 440, 455, 605, and 644 cm -1 
do not  pose serious interference problems with the 
impor tant  secondary spectrum of the lead oxides. PbO 
can be easily identified by the presence of an intense 
peak at about 150 cm -1. Although this peak is not 
readily a t t r ibuted to a specific crystal form, a secondary 
band at 340 cm -1 can be used to ident ify tetragonal  
PbO. Orthorhombic PbO can be identified, using the 
secondary peak at 290 cm -1, with greater sensi t ivi ty 
than can tetragonal  PbO. This is advantageous due to 
the relat ively small  quanti t ies of o-PbO usual ly pres- 
ent in lead corrosion films. Although some differences 
in the spectra of the PbO compounds can be observed 
at frequencies below 100 cm -1, low intensit ies and 
sloping baselines minimize the ut i l i ty  of such peaks. 
Similar ly  minor  peaks observed above 300 cm -1 in the 
reference spectra of both PbO compounds are of in-  
sufficient intensi ty  for use in Raman  microprobe 
studies. One disadvantage of laser Raman spectroscopy 
is that  it is not very sensitive to a- and fl-PbO2, since 
these are self-absorbing compounds. ~- and ~-PbO2 are 
more easily identified by x - r ay  diffraction. It  is, there-  
fore, sometimes necessary to use both x - r ay  diffraction 
and laser Raman spectroscopy to ful ly characterize a 
sample. 

Most of the laser Raman spectroscopic studies of lead 
corrosion have been done using the in  s i t u  approach 
(9, 10). This approach has two advantages. First, it 
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eliminates the possibility of changes occurring in the 
corrosion product when the sample is removed from 
the cell and prepared for analysis. Second, it permits 
the s tudy of progressive changes in the reaction 
products dur ing an electrochemical experiment.  
Varma, Cook, and Yao recently demonstrated these ad- 
vantages in their  study of changes in lead-ba t te ry  ac- 
tive materials  dur ing  the formation process (11). A 
disadvantage of the in si tu approach is that only a 
thin surface layer  of the corrosion film can be analyzed. 
Another  possible problem, which has not yet been 
discussed in the l i t e ra tu re ,  is that the laser beam may 
affect the corrosion process. We shall discuss this 
problem later  in relat ion to our photoelectrochemical 
studies. 

In  order to analyze subsurface corrosion films, it has 
t radi t ional ly  been necessary either to cut the electrode 
into cross sections or to remove successive layers of 
material .  However, mater ia l  removal is difficult and 
cross-sectioned layers are general ly  too thin to analyze 
separately. Recently, we have used microprobe laser 
Raman spectroscopy on electrode cross sections to 
overcome this problem (12). The compositions of the 
mult iple  layers comprising the corrosion film can be 
resolved if the layers are at least 2 ~m thick. This is 
possible because the laser beam has a diameter  of 
only 1 #m. For comparison, we have been able to 
achieve a spatial resolution by micro x - r ay  diffraction 
techniques of only about 10 #m. Microprobe laser 
Raman spectroscopy has been described (13-17) and 
reviewed (18) in the l i terature.  

Another  new approach to s tudying subsurface lead 
corrosion films is photoelectrochemistry. Photoelectro- 
chemical methods were first introduced by Pavlov and 
co-workers (19-21), who pointed out that the lead 
oxides which form undernea th  the lead sulfate film are 
photoactive semiconductors. Because sulfuric acid and 
lead sulfate are t ransparent ,  photocurrents  are pro- 
duced in the lead oxide layer  when a corrbded lead 
electrode is i rradiated with visible light. Photoelectro- 
chemistry can, thus, be used to study the growth of the 
lead oxide layers undernea th  the lead sulfate film in 
si tu between --400 and 1200 mV vs. Hg/Hg2SO4/H2SO4. 
Pavlov has published data on the effects of potential,  
corrosion time, and amount  of i r radiat ion on photocur-  
rents of lead electrodes corroded in 1N H2SO4 for 1 hr 
or more. Recently, Fletcher and Matthews (22) have 
measured both the corrosion current  and photocurrent  
in potential  sweep experiments  on lead electrodes in 
4.2m H2SO4, and Caldera et al. (23) have done similar  
experiments  in 0.1N KOH. Peter (24) measured photo- 
currents  of a-PbO2 films as they were being reduced to 
lower oxides. 

The bandgap energy of a photoactive semiconductor 
can be determined by measur ing the photocurrent  as a 
function of l ight wavelength.  The longest wavelength 
at which the photocurrent  appears is a measure of the 
light energy required to excite an electron from the 
valence to the conduction band, or bandgap energy. 
The plot obtained is general ly called the photoconduc- 
t ivity spectrum. 

Izvozchikov (25) has published photoconductivity 
spectra for both powder and ceramic forms of orthor-  
hombic PbO, tetragonal  PbO and PbOl.s4, and mixtures  
of these compounds. He also shows that the bandgap 
energy decreases with increasing O/Pb ratio for PbOn 
where 1 --~ n --~ 2. Others have also published photo- 
conductivi ty spectra for orthorhombic and tetragonal  
PbO (26-29). 

Based on these results, it seems reasonable that the 
composition of lead corrosion films could be deter-  
mined from bandgap energies obtained by measur ing  
the photocurrent  as a funct ion of light energy. Re- 
cently, Barradas et al. (30) have done some experi -  
ments  of this type on lead corroded at 400 and 800 mV 
(vs. Hg/Hg2SO4/0.5M H2SO4) in 0.5M H2SO4 for 30 
min. They measured a bandgap energy of 2.75 eV (450 

nm)  and concluded that the photoactive subsurface 
oxide layer is orthorhombic PbO. 

This conclusion is in disagreement with Pavlov's  
results as well as much of the lead corrosion l i terature.  
Although he has not  published data on the effect of 
light wavelength on photocurrent,  Pavlov has stated 
that the photocurrents  are produced with light of 
wavelengths shorter than 650 n m  (19), which corre- 
sponds to a bandgap ene rgy  of 1.9 e V. On the basis of 
this result  and his x - r ay  diffraction studies (8), 
Pavlov concluded that the lead oxide layer is te trag-  
onal PbO. Peter (24) measured a bandgap energy of 
1.8 eV on par t ia l ly  reduced a-PbOe films and noted the 
close correspondence of his results with those of 
Pavlov. 

Experimental 
Elec trochemis t ry . - -Lead electrodes approximately 

1.3 cm 2 were made from 99.9% pure lead foil. Analysis 
of the foil by ICP emission spectroscopy showed that 
the main  impuri t ies  were Sn and Cu with smaller  
quanti t ies of Ag, Ni, and Cd. The electrodes were 
washed with acetone and deionized water  and dried 
with a clean tissue. A three electrode potentiostat  
(Pr inceton Applied Research Model 173) was used to 
corrode the electrodes at constant  votentials between 
200 and 1000 mV vs. an Hg/Hg2SO4/1M H2SO4 reference 
electrode. The potential  of our reference electrode is 
about 26 mV higher than Pavlov's  electrode and 22 mV 
lower than Barradas '  electrode (31). The counterelec- 
trode was a cast l ead-ca lc ium-t in  alloy grid, which 
was bent  to encircle the working electrode. The elec- 
trolyte, 1.0M H2SO4, was made from reagent  grade 
H2SO4 and distilled deionized H20. Unless otherwise 
specified, the experiments  were done at room tempera-  
ture (about 24~ The cell was constructed with a 
quartz optical window on one side. It  had a water  
jacket sur rounding  all portions, except the window, to 
allow tempera ture  control at high temperatures.  Cur-  
rents were recorded using a Houston Ins t rument  Model 
2000 recorder. A Pr inceton Applied Research Model 
175 Universal  Programmer  was used to provide a t ime 
base for the x-axis. 

Photoe lec trochemis t ry . - -The  light source, a 1 kW 
tungs ten-ha logen  lamp, was operated at full  in tensi ty  
throughout the experiments.  The position of the lead 
electrode was adjusted so that the light spot just  cov- 
ered the electrode surface. A McPherson Model 270 
monochromator  with a continuous scan a t tachment  
was used to scan the spectrum at a rate of 0.2 nm/sec.  
A continuous scan gives more informat ion than a curve 
drawn from a few discrete points, as in Barradas '  ex- 
per iments  (30). When an electrode held in the dark at 
constant potential  is i l luminated,  the small  d-c photo- 
current  produced is superimposed on a much larger d-c 
corrosion current,  making  the photocurrent  difficult to 
detect. We increased the sensit ivi ty of the measure-  
ment  by placing a Princeton Applied Research Model 
125A light chopper between the exit slit of the mono- 
chromator and the cell window. The light chopper con- 
verted the d-c photocurrent  to an a-c signal of 169 Hz. 
A Pr inceton Applied Research Model 5101 lock-in am-  
plifier, tuned to the same frequency, filtered the d-c 
corrosion current  and amplified the photocurrent.  

One l imitat ion of this ins t rumenta t ion  was that we 
were unable  to measure directly the in tensi ty  of the 
light coming from the monochromator.  Since the pho- 
tocurrent  is a function of light intensity,  the photo- 
conductivi ty spectrum should be corrected for changes 
in light in tensi ty  with wavelength.  This correction was 
done manua l ly  using the lamp spectrum specified by 
the manufac turer  (Fig. 1). We are present ly  modifying 
our ins t rumenta t ion  to allow us to measure and auto-  
matical ly correct for the light intensity.  This modifica- 
tion will increase the accuracy of the bandgap mea-  
surement.  

Microprobe laser Raman spectroscopy and x - ray  
diffraction analys is . - -Samples  were prepared for laser 
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Fig. 1. Relative spectral distribution of tungsten-halogen lamp 
operated at full intensity. 

Raman  microprobe  analysis  by  dividing each sample  
e lec t rode  la te ra l ly .  One-ha l f  of the e lec t rode  was 
moun ted  in epoxy, cut, and pol ished as a typica l  me ta l -  
lographic  sample  for observa t ion  of corrosion l aye r  
c r o s s  sections. The remain ing  half  of the  e lec t rode  was 
p rese rved  in its or ig inal  condit ion for surface examina -  
tion. 

Lase r  R a m a n  microprobe  analyses  were  pe r fo rmed  
using an Ins t ruments  SA, Incorpora ted ,  MOLE at Wal -  
te r  C. McCrone Associates,  Incorpora ted .  For  genera l  
observat ions,  a 1 #m diam beam of radia t ion  (514.5 nm)  
f rom a Spec t ra  Physics  Model  164 argon ion laser  
opera ted  at  10 to 40 mW power  output  was employed.  
A 10A hal f  m a x i m u m  band  wid th  (HBW)' in te r fe rence  
filter was used to remove p lasma  lines f rom the i l lumi -  
na t ion  beam. Control  of the polar iza t ion  or ienta t ion  of 
the  laser  beam was accomplished by  inclusion of a mica 
ha l fwave  pla te  in the opt ical  pa th  of the i l luminat ion  
source. Samples  were  imaged  at  1100• using a 100X, 
0.90 numer ica l  ape ra tu re  Leitz object ive.  Vibra t iona l  
f requencies  in the  range  of 100-1200 cm -1 were  
scanned at  42 cm=-l/min. A Type R3F4 Hamamat su  
pho tomul t ip l i e r  cooled to --30~ was used to detect  the  
sca t te red  rad ia t ion  passing th rough  the ins t rument  
monochromator .  Signal  measuremen t  was accomplished 
using a Pr ince ton  App l i ed  Research Model l140A 
Quantum Photometer .  

Pe r t inen t  l ead  reference  compounds were  obta ined  
f rom severa l  sources and examined  b y  x - r a y  powder  
diffract ion to ver i fy  the i r  iden t i ty  pr ior  to Raman  
analysis .  Te t ragona l  (Code Number  2899-1) and 
or thorhombic  (Code Number  2899-2) lead  monoxide  
were  obta ined  f rom the Nat ional  Lead Company as 
re fe rence  compounds.  Baker  Ana lyzed  Reagent  (No. 5- 
2334) was used for the Pb804 source. Lead  sulfate  was 
p rocured  as F isher  Certified Reagent  (No. 75383), A 
Genera l  Electr ic  XRD-6 x - r a y  powder  di f f ractometer  
wi th  a copper  ta rge t  rad ia t ion  source was used in al l  
cases. Authen t ica t ion  of compound iden t i ty  was com- 
p le ted  by  comparison of peak  posit ions and in tens i ty  
ra t ios  of the sample  ma te r i a l  pa t t e rns  wi th  reference  
pa t te rns  in the JCPDS powder  diffraction file. Good 
ag reemen t  be tween  the corresponding sample  and ref -  
erence diffract ion pa t te rns  was found for a l l  mater ia ls .  

In i t i a l ly  the Raman  ac t iv i ty  of var ious  lead  com- 
pounds  was s tudied using s t anda rd  macro  scale Raman  
techniques.  Powders  of re ference  compounds were  
pe l le t ized  with  KBr  for analysis.  Pel le ts  were  spun 
dur ing  i r r ad ia t ion  to minimize  potent ia l  laser  hea t ing  
damage.  The source of 488 nm rad ia t ion  was a Suec t ra -  
Physics  Model 164 a rgon- ion  laser  ope ra t i ng ' a t  100 mW 
or less. Spect ra  were  recorded  using a Spex  Model 1401 

Raman  spec t romete r  wi th  a photon counting detect ion 
system. ComParable  spect ra  of ind iv idua l  unmounted  
par t ic les  of reference  compounds were  collected using 
low power  (--100 mW) i r rad ia t ion  at 514.5 nm wi th  
the MOLE ins t rument  p rev ious ly  described.  The re f -  
erence spect ra  genera ted  dur ing  these exper iments  are  
summar ized  in Table I for the 100-1200 cm -1 range.  
Reasonable  agreement  for al l  s t rong and medium in-  
tens i ty  bands was observed  for al l  reference mater ia ls .  
Weak  in tens i ty  bands,  observed with  va ry ing  degrees 
of success, were  not used for this s tudy.  

The reference  Raman  spect ra  t abu la t ion  shows a 
significant advan tage  of Raman spect roscopy in the 
lead  system as wel l  as one of the serious genera l  l imi ta -  
tions of x - r a y  diffraction. Seemingly  pu re  mate r i a l s  
based on x - r a y  diffraction analyses  are  found to con- 
ta in  var ious  impur i t ies  in three  out of four  mate r ia l s  
examined  using Raman  spectroscopy. Raman spect ros-  
copy appears  to offer a significant improvemen t  in 
sensi t iv i ty  to mix tures  of Raman act ive lead com- 
pounds compared  to x - r a y  diffraction techniques.  

Fol lowing  the MOLE analysis,  microscopic par t ic les  
were  p icked f rom the corrosion film and p repa red  for 
micro x - r a y  powder  diffraction analysis  using s tandard  
procedures  descr ibed by  McCrone (32). The spat ia l  
resolut ion of par t ic le  picking techniques is app rox i -  
ma te ly  10 ~m. X - r a y  powder  diffract ion pa t te rns  were  
recorded for app rox ima te ly  4 hr  f rom samples  under  
vacuum, i r r ad ia t ed  at the spot focus of a fine-focus 
copper  ta rge t  x - r a y  tube. The diffraction pa t te rns  were  
identif ied by  comparison wi th  reference  pa t te rns  in the 
JCPDS x - r a y  powder  diffraction file. 

Results and Discussion 
PhotoeIectrochemistry.--Figure 2 shows photocon-  

duc t iv i ty  spect ra  for an e lect rode corroded 0.5-6.5 hr  
a t  800 mV. A significant increase  in pho tocur ren t  oc-  
curs beginning  at about  440 nm. This s ignal  is even 
more  pronounced when the photocur ren t  is normal ized  
for constant  l ight  in tens i ty  by  mul t ip ly ing  the photo-  

Table I. Summary of Raman spectral features of selected lead 
compounds, 100-1200 cm -1 

M a c r o - R a m a n  MOLE Raman 
S p e c t r a  ~ Spe c t r a  b 

Inten- Inten- 
Compound v ( c m  -1) sitye ~ ( c m  -1) sityr 

T e t r a g o n a l  PbO 

O r t h o r h o m b i c  PbO 

PbsO~ 

PbSO4 

148 VS 147 VS 
342 S 340 S 

~ 478 a VW, B 
543 a W 

1"44 VS 143 VS 
288 S 288 VS 
341~ W 
385 ~ ~o 
424 W 424 W 
- -  - -  120 W 
- -  - -  145 W 
- -  ~ 167 W 

fro ~ 229 w 
317 W 

388 W 392 W 
478 M 479 M 
548 S 550 S 

1097 M-W, B 1097 M-W, B 
106 W - -  - -  
138 VW, B ~ - -  

157 VW,  B - -  - -  

191 VW, B - -  
443 M 440 M 
454 M 450 M 
608 MW 607 MW 
644 W 643 W 
981 VS 979 VS 

1065~ WB 1064 ~ W, B 
1158~ MB 1160~ M, B 

a488.0 n m  a r g o n  ion l a se r  exc i t a t i on  rad ia t ion ,  ana lys i s  of 
p o w d e r  in  K B r  pellet .  

b 514.5 n m  a r g o n  ion l a se r  exc i t a t ion  rad ia t ion ,  ana lys i s  of in- 
d iv idua l  par t ic les .  

c VS = v e r y  s t rong ,  S = s t r ong ,  M = m e d i u m ,  W = weak ,  and 
B = broad. 

d T r a c e  i m p u r i t y  of Pb~O4. 
e T r a c e  i m p u r i t y  of t -PbO suspected. 

T r a c e  i m p u r i t y  of Pb  (HSO~)~ suspected. 
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Fig. 2. Photoconductivity spectra of lead electrode corroded at 
800 mV in IM  H2S04 at room temperature. 

current  in  Fig. 2 by the ratio of max imum light in-  
tensity to light in tens i ty  at a given wavelength,  using 
the data in Fig. 1. 

The normalized photoconductivi ty spectrum for 0.5 
hr corrosion is shown in Fig.  3. This curve is very  
similar  to data published by Barradas (30) for the 
same corrosion time. Extrapolat ion of the photocurrent  
to the baseline gives a wavelength of 444 nm, which 
corresponds to a bandgap energy of 2.8 eV. Barradas 
measured a bandgap energy of 2.75 eV (450 nm)  and 
concluded that the corrosion product was orthorhombic 
PbO. The l i terature contains values of 2.6-2.9 eV (26- 
30) for orthorhombic PbO. The signal peaks at about 
380 nm and then declines at shorter wavelengths.  
Keezer (26) at t r ibutes this decline to surface recom- 
bination.  

Figure 2 shows that, in addition to the dominant  
signal, a long tail  is also present  which begins at 
a round 600 nm. Barradas '  curves also show some evi- 
dence of this signal, but  since his curves are drawn 
from only  4-5 discrete points, the tail  is not as obvious. 
This secondary signal grows as the corrosion time in-  
creases. After several days, it becomes dominant ,  as 
shown in Fig. 4. 

After  normalizing the photocurrents  in Fig. 4 to ac- 
count for the change in l ight in tens i ty  with wave-  
length, we obtained the curve in Fig. 5. Extrapolat ion 
of the signal to the baseline gives a bandgap energy of 
621 n m  or 2.0 eV. This is close to Pavlov's  value of 650 
nm or 1.9 eV (19), which was determined on samples 

i~ I~ 4020 

650 { 6~0 ~ 6T 0 ; 5~0 T ~ 550 ' ~ 0  ' 510 ' 4~0 ' 4{0 ' 4& 0 ' 4&O ' 4~0 ' 3~0 ' 3~0 ~ 0  
wave~ngth (rim) 

Fig. 3. Photoconductivity spectrum of lead electrode corroded at 
800 mV for 0.5 hr, shown in Fig. 2, corrected for light intensity. 
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Fig. 5. Photoconductivity spectrum shown in Fig. 4, corrected for 
light intensity. 

corroded for 1 hr or longer. Bandgap energies of 1.9- 
2.1 eV (19, 26, 29, 30, 33) are found in the l i terature for 
the indirect  t ransi t ion of tetragonal  PbO and 2.75-2.84 
eV (26, 33) for the direct transition. Thus, our results 
also support  Pavlov's  conclusion that tetragonal  PbO 
forms at longer corrosion times. The gradual  ra ther  
than sharp increase in photocurrent  from 621 to 450 nm 
suggests that the tetragonal  PbO film has mult iple  
energy level transit ions between 1.9 and 2.7 eV. A 
portion of the photocurrent  under  the peak which be- 
gins at 444 nm may thus be due to the direct t ransi t ion 
in tetragonal  PbO. 

After  the electrode had corroded for several hours, 
we were able to observe a third signal as well, which 
is shown in Fig. 6. This signal is so small  that  we first 
thought it might be a heat ing effect caused by a change 
in light intensity.  However, Fig. 1 shows that the light 
in tens i ty  between 750-1000 nm does not track the signal 
in  Fig. 6. In  addition, we would have expected a signal 
from a heat ing effect to show hysteresis between for- 
ward and reverse scans. We looked for this but  found 
that the forward and reverse scans overlaid one an-  
other. 

The signal in Fig. 6 was not corrected for light in-  
tensi ty because the curve in  Fig. 1 is near ly  flat be- 
tween 800 and 900 nm. The bandgap energy determined 
from this signal is about 910 n m  or 1.4 eV. This indi-  
cates that it may be a signal from a higher valence lead 
oxide, PbO,,  where n is approaching 2. Bandgap en-  
ergies of 1.4 (34) and 1.5 eV (35) have been published 
for PbO2. Izvozchikov (25) has shown that  the band-  
gap energies of lead oxide decrease as the O/PbO ratio 
increases. 

The magni tude  of the signal in Fig. 6 increases 
with corrosion time. However, the ratio of this signal 
to the others appears to remain  constant with time. The 
signal magni tude  is also affected by the corrosion po- 
tential.  At 400 mV a readable signal was obtained in 
the same part  of the spectrum, but  the signal was 
weaker than at 800 mV. The photocurrents  at shorter 
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Fig. 4. Photoconductivity spectrum of lead electrode corroded at 
800 mV for 72 hr in 1M H2SO~ at room temperature. 
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Fig. 6. Photoconductivity spectra of lead electrode corroded at 
800 mV in 1M H2SO~ at room temperature. 
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wavelengths showed that the growth of orthorhombic 
and tetragonal  PbO at 400 mV follows a pa t te rn  similar 
to that at 800 mV. 

We also studied the photoconductivity of a lead elec- 
trode corroded at 1000 mV but  were unable  to detect a 
photocurrent .  The noise at this Voltage is much larger, 
for unde te rmined  reasons, and the photocurrent  is 
smaller  (21). After  corroding the sample at 1000 mV 
for 22 hr, we decreased the potential  to 400 mV. Figure 
7 shows the photocurrents  observed 25 min after the 
potent ial  was reduced. Two signals, corresponding to 
the previously observed signals at 444 and 621 n m  are 
present. The shape of the curve is s imilar  to curves 
from the electrodes corroded for long times at 400 and 
800 mV. This may  indicate that  PbO forms at 1000 mV 
by a mechanism similar to that at lower voltages. 

We have also carried out a few exper iments  at other 
temperatures.  At 49~ only the signal at 621 nm was 
observed. This may be because the noise was larger at 
high temperature  and therefore the corrosion times 
required to observe a photocurrent  were longer. At 
temperatures  close to freezing, the photocurrent  was 
not measurable.  

Electrochemistry.--Studies of the open-circui t  volt-  
age decay of lead corrosion films in sulfuric acid can 
also give informat ion about the corrosion products 
formed (1). A voltage plateau corresponds to the re- 
duction of a specific corrosion product. 

Figure 8 shows a series of voltage decay curves for 
lead electrodes corroded at 400 mV in the dark for 30, 
60, and 90 rain. In each case, the potent ial  drops 
sharply to a plateau between --500 and --600 mV. A 
second plateau appears between --600 and --700 mV 
before the potential  drops to the Pb/PbSO4 potential  
at --940 mV. Both plateaus have a slight negative 
slope. 

The length of the first plateau grows up to about 1 
hr of corrosion time and then remains  approximately 
constant. However, the length of the second plateau 
continues to increase dur ing the corrosion process, in -  
dicating that more of the product is forming as corro- 
sion proceeds. Similar  curves are found for samples 
corroded at 800 mV. 

Burbank  (36), Pavlov (37), and Ruetschi (1), have 
a t t r ibuted voltage plateaus in this voltage range to the 
reduct ion of lead (II) oxides and basic lead sulfates. 
Based on a comparison of the growth pat terns  of the 

wavelengtl~ * ~  

Fig. 7. Photoconductivity spectrum of lead electrode corroded at 
1000 mV for 22 hr, then at 400 mV for 25 rain. 
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two voltage plateaus and the two photocurrent  signals 
at 444 and 621 nm, we at t r ibute  the first plateau to 
orthorhombic PbO and the second plateau to tetrag-  
onal PbO. 

At higher voltages and longer times, evidence of 
higher valence lead oxides also appears. Figure 9 shows 
the first part  of a voltage decay curve of a Pb electrode 
corroded at 800 mV for 16 hr in the dark. The poten-  
tial decays slowly from the corrosion potential  before 
dropping to a plateau at about --400 mV. In  general  
when the higher oxides are present, the voltage 
plateaus for orthorhombic and tetragonal  PbO are at a 
higher potential. This suggests that the potentials may 
be mixed values. This slow potential  decay can be in-  
duced more quickly by i l luminat ing  the electrode. The 
appearance of this higher valence oxide corresponds to 
the appearance of the signal at 910 nm. 

Microprobe Laser Roman Spectroscopy and 
Micro X-Ray Powder Diffraction 

The lead samples used in the photoelectrochemical 
studies were removed from the cell, washed with 
distilled water, and dried. They were then analyzed 
using micro-laser  Raman spectroscopy and micro x - r ay  
diffraction. 

Figure 10 is a photomicrograph of a cross section of 
the corrosion film from the study shown in Fig. 2. The 
sample was corroded for 72 hr at 800 mV. Three layers 
were v is ib le  under  the microscope and were thick 
enough to be resolved with the microprobe laser 
Raman technique. The outer layer adjacent  to the solu- 
tion was 1-2 #m thick and contained pr imar i ly  PbSO4 
along with a small  amount  of tetragonal  PbO or basic 
lead sulfate. The middle layer, which was also 1-2 ~m 
thick, contained a mixture  of orthorhombic and tetrag-  
onal PbO with no PbSO4. The inner  layer, which was 
2-3 #m thick, contained only tetragonal  PbO with no 
trace of either orthorhombic PbO or PbSO4. The posi- 
tion of the orthorhombic PbO in the middle layer  veri-  
fies that it forms early in the corrosion process. 

Based on the relat ive Raman peak heights for the 
two oxides, we can make a rough estimate that the 
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Fig. 9. Self-discharge curve of lead electrode corroded at 800 mV 
.~or 16 hr at room temperature in 1M H2SO4 in the dark. Voltage 
is given as V vs. Hg/Hg2SO4/H2SO4 reference electrode. 
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Fig. 8. Self-discharge of lead electrode corroded at 400 mV in 
1M H2SO4 at room temperature in the dark. Voltage is given as V 
vs. Hg/Hg~SO4/1M H2SO4 reference electrode. 

Fig. 10. Photomicrograph of cross section of lead electrode cor- 
roded at 800 mV for 72 hr. 
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middle  l aye r  of the sample  in Fig. 10 contained <1% 
or thorhombic  PbO. A more precise value  cannot be 
de te rmined  wi thout  fu r the r  s tudy  to de te rmine  
whether  p re fe r r ed  or ienta t ion  of the crysta ls  occurs 
and has an effect on peak  ratios. This small  quan t i ty  
of or thorhombic  PbO is surpr is ing,  considering the 
re la t ive  sizes of the  photocur ren ts  for or thorhombic  
and te t ragona l  PbO (see Fig. 2) and the fact  tha t  
t e t ragonal  PbO is severa l  orders  of magni tude  more  
photosensi t ive than or thorhombic  PbO (26, 29). 

The smal l  quan t i ty  of or thorhombic  PbO in the 
center  l aye r  may  indicate  tha t  the or thorhombic  PbO 
converts  to t e t ragona l  PbO at  the longer  corrosion 
times. This is cer ta in ly  possible, since t e t ragona l  PbO 
is the s table  form at room t empera tu r e  (26) and since 
the change in free energy  for the t rans i t ion  from 
or thorhombic  PbO to te t ragona l  PbO is only  965 J / m o l  
(38). 

A second poss ibi l i ty  is that  some conversion of 
or thorhombic  PbO to te t ragona l  PbO occurs ex situ 
dur ing  sample  prepara t ion .  Clark  and Rowan (39) 
have shown that  g r ind ing  causes a t rans i t ion  f rom 
or thorhombic  to t e t ragona l  PbO and Keezer  (26) in-  
duced the t rans i t ion  by  cut t ing or thorhombic  crysta ls  
with a scalpel .  Bordovski j  and Izvozchikov found that  
the surface  of o -PbO crystals  were  conver ted  to t - P b O  
af ter  severa l  hours exposure  to a i r  (40). 

A th i rd  poss ibi l i ty  is that  only  a small  quan t i ty  of 
or thorhombic  PbO forms ea r ly  in the corrosion process 
r ight  undernea th  the PbSO4 film. In this case, the po-  
sition of the or thorhombic  PbO at the PbSO4/PbO 
interface  m a y  account for the la rge  pho tocur ren t  it  
produces  at  short  corrosion times. The smal l  amount  
found by  laser  Raman spectroscopy might  then be due 
to the posi t ioning of the laser  beam in the center  of the 
corrosion layer .  We do not  p re sen t ly  know what  th ick-  
ness of the lead oxide corrosion film is affected by  l ight  
in the photoelec t rochemical  exper iment ,  a l though 
Pe te r  (24) has calcula ted a 7.5A width  for the space 
charge region in a-PbO2 films. We do know that  the 
photocur ren t  is a function of film thickness or  corrosion 
t ime ( s ee  Fig. 2 and 6). 

A four th  poss ibi l i ty  is that  a subs tant ia l  por t ion of 
the photocur ren t  under  t he  peak  which begins at  444 
nm is produced by  the direct  t rans i t ion  in  t e t ragona l  
PbO. The manner  in which the photoconduct iv i ty  spec-  
t rum changes wi th  t ime (see Fig. 2) would  then sug-  
gest that  addi t ional  energy levels are  developing in the 
te t ragona l  PbO as the film grows. However ,  the open-  
circuit  vol tage decay curves in Fig. 8 do not, in our  
opinion, suppor t  this hypothesis  since they  show two 
vol tage p la teaus  which become more  dis t inct  wi th  in-  
creasing time. The real  t ru th  m a y  be a combinat ion of 
some or  al l  of these hypotheses.  

The sample  i l lus t ra ted  in Fig. 9 was corroded for the 
longest  t ime, and, therefore,  had the th ickest  corrosion 
film. Separa te  layers  were  not  evident  in the o ther  
samples.  However ,  in a sample  corroded for 19 hr  at  
400 mV, laser  Raman spectroscopy showed that  the 
Corrosion film was composed of t e t ragona l  PbO and 
PbSO4 with  a smal l  quan t i t y  of or thorhombic  PbO. 
Both or thorhombic  and te t ragona l  PbO were  also found 
in a sample  corroded first at 100O mV for 22 hr  and  
then at  400 mV for 20 h r  (Fig. 7). Al though Pb304 can 
be detected by  laser  Raman  spectroscopy, we did not  
find any  evidence of this oxide  in any of the samples  
we analyzed.  

Micro x - r a y  diffraction studies revea led  PbSO4, 
t e t ragona l  PbO, and fi-PbO2 in the sample  corroded 
first at  1O00 mV for 22 hr  and then at 400 mV for 20 hr. 
This method was not  sensi t ive enough to detect  the 
or thorhombic  PbO. The presence of fi-PbO2 is consis-  
tent  wi th  previous  studies at  this vol tage (21). 

In  micro x - r a y  diffraction studies on the 3 l ayer  
sample  shown in Fig. 10, which was corroded for 72 
hr  at  800 mV, only te t ragona l  PbO and PbSO4 were  
identified. Al though the da ta  in Fig. 6 and 9 suggest  
that  a smal l  quan t i t y  of a h igher  valence lead oxide is 

present  in this sample,  ne i the r  the x - r a y  diffraction nor  
the laser  Raman  spectroscopic techniques could detect  
it. 

Why the or thorhombic  form of PbO should be 
favored  ear ly  in the corrosion process is not  clear.  
S imple  the rmodynamic  considerat ions indicate  that  
t e t ragona l  PbO should be more  s table under  these 
conditions. In  the oxidat ion  of lead to l ead  oxide, 
Pb + H20 ----- PbO -{- 2H + + 2e, the t e t ragona l  PbO 
form has a lower  vol tage than  or thorhombic  PbO. 
Fur the rmore ,  the t e t ragona l  form has the lower  solu-  
b i l i ty  (38, 41). Phase  d iagrams also show that  t e t rago-  
na l  PbO is the s table  form at o rd ina ry  pressures  and 
t empera tu res  (26). Nevertheless ,  severa l  authors  have 
produced or thorhombic  PbO at  room t empera tu r e  
e i ther  by  oxidiz ing thin lead films or  by  evapora t ing  
PbO onto a subs t ra te  (42, 43). The o -PbO films formed 
by  oxidizing lead show a s t rong p re fe r red  (001) or ien-  
tat ion pa ra l l e l  to the (111) p re fe r r ed  or ien ta t ion  in the 
evapora ted  Pb films. 

Changes in pH should theore t ica l ly  not  influence the 
choice of polymorph~ since the react ions would  be the 
same for both  forms. However ,  Burbank  (4) found ex-  
pe r imen ta l ly  that  the form of PbO produced  by  ano-  
dizing lead is dependent  on the solution pH. Using 
x - r a y  diffraction, she identif ied or thorhombic  PbO in 
corrosion films formed in solutions wi th  pH <9.4 and 
te t ragonal  PbO at pH >9.4. This observat ion  is con- 
sistent  wi th  our  results,  because the  pH would be ex-  
pected to increase  as the corrosion film becomes th icker  
(1). This pH dependence  suggests that  the mechanisms 
of format ion  of the two po lymorphs  are  different.  

In our  studies,  we find that  h igher  valence oxides 
begin to form at long corrosion times. Pavlov  (21) has 
suggested that  this process occurs at  potent ia ls  above 
900 mV in the da rk  and at  potent ia ls  above 0 mV in the 
light.  Our  open-c i rcu i t  vol tage decay s tudies  suggest  
that,  a l though the process is favored  as the potent ia l  
increases, the format ion  of PbOn, where  n approaches  
2, does take  place s lowly in the da rk  at potent ia ls  be -  
low 900 mV (see Fig. 9). However ,  the process is ac-  
ce lera ted  signif icantly by  i l luminat ion.  

The fact that  l ight  can influence the corrosion p ro -  
cess would suggest  that  in situ laser  Raman  spectros-  
copy should be done with  caution. The lasers  genera l ly  
used are  at wavelengths  in the visible region (9) where  
lead oxide films are  photosensi t ive.  A s tudy is needed 
to define the effect of l ight  wave leng th  on PbO~ forma-  
tion. Such a s tudy  would help define how l ight  en-  
hances the ra te  of PbOn format ion  and could also be 
used to define an appropr ia t e  laser  for in situ Raman 
studies. 

Summary 
Lead  corrosion has been s tudied be tween  0.4 and 1V 

(vs. Hg/Hg2SO4/1M H2SO4) in 1M H2SO4 using 4 tech-  
niques:  photoelec t rochemis t ry ,  open-c i rcu i t  vol tage 
decay  curves,  microprobe  laser  Raman  spectroscopy, 
and micro x - r a y  diffraction. The results  give the fol- 
lowing informat ion  about  the corrosion process. 

In i t ia l ly ,  a PbSO4 film is p roduced  which inhibi ts  
diffusion of acid to the under ly ing  lead. As the en-  
v i ronment  undernea th  and wi thin  the PbSO4 film be-  
comes more  basic, o ther  d iva lent  lead species such as 
the basic lead  sulfates and lead  oxides become the rmo-  
dynamica l ly  s table  (3). Or thorhombic  PbO begins to 
form along with  some te t ragona l  PbO. As the corrosion 
film becomes thicker,  o r thorhombic  PbO ceases to 
form and te t ragona l  PbO becomes dominant .  At  longer  
times, a h igher  va lence  lead oxide, PbOn, where  n is 
approaching  2, also forms. This l a t te r  react ion occurs 
in the da rk  but  is s ignif icantly acce le ra ted  by  light.  
The exact  na tu re  of the PbOn species and the reason 
for the p re fe ren t i a l  format ion  of  o r thorhombic  PbO 
ear ly  in the corrosion process have not ye t  been de te r -  
mined.  
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Corrosion of Magnesium at High Anodic Potentials 
Theodore R. Beck* and Sandra G. Chan 

Electrochemical Technology Corporation, Seattle, Washington 98107 

ABSTRACT 

During the pitting of magnesium in chloride solution a film of magnesium chloride forms on the corroding surface. 
This salt film is apparently a diffusion barrier for water and prevents repassivation by oxide. Properties of magnesium 
chloride layers were determined on corroding, high purity magnesium shielded electrodes (one-dimensional pits). Electri- 
cal transient experiments showed that the salt film thickness is proportional to applied anodic potential and that conduc- 
tion is by the high field mechanism. 

C o r r o s i o n  of magnesium has been studied in rela- 
tion to use as structural material in the atmospheric 
environment (1) as a cathodic protection anode (2) 

* Electrochemical Society Active Member. 
Key words: films, mass transport, conductance, current effi- 

ciency. 

and as an anode in primary cells (3). Other studies 
have been made of associated thermodynamics (4) 
and kinetics and transport processes (5-9). Magnesium 
corrosion is highly hindered bysurface  hydroxide (8) 
and the mixed potential for di.~solution is generally 
about 1V positive to the reversible potential of mag- 
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nesium. The corroded surface is rough and the cor-  
rosion produc t  film sometimes contains finely d ivided 
react ive  magnes ium par t ic les  (10). Hydrogen  is s imul -  
taneously  evolved so tha t  the appa ren t  valence of dis-  
solut ion is about  1.4 r a the r  than  the s tandard  valence 
of 2. 

The pupose of the  present  paper  is to descr ibe  and 
analyze  corrosion of magnes ium at  high anodic po-  
tent ia ls  in magnes ium chlor ide  solutions in which  a 
magnes ium chloride film forms on the corroding sur -  
face. Mass t r anspor t  effects and proper t ies  of the salt  
film are  described.  The resul ts  p rovide  some i l l umina -  
t ion of corrosion mechanisms at  lower  anodic poten-  
tials. 

Experimental 
The exper iments  descr ibed in this paper  were  car-  

r ied out wi th  shielded (one-d imens iona l  pi t )  e lec -  
trodes,  descr ibed prev ious ly  (11). The work ing  elec-  
t rodes were  99.9% pure  magnes ium rods wi th  0.16 • 
32 cm cross sect ion cast in 0.6 cm d iam epoxy resin 
insula t ing  sheaths. Exper iments  were  conducted with  
the  anode facing up posi t ion for hydrodynamic  sta-  
bi l i ty,  and the corroding surface was observed th rough  
a 60X binocular  microscope above the cell. A flow 
cell  that  could be put  under  the  microscope (12) was 
also used. The sh ie lded  pit  e lectrodes faced up on the 
bot tom of a 0.32 • 0.32 cm cross-sect ional  flow chan-  
nel. A l l  of the  exper imen t s  were  ca r r i ed  out  in solu-  
tions of var ious  concentrat ions  of ACS specification 
reagent  grade MgC12.6H20 in dist i l led water .  

Many  different  types  of exper iments  were  conducted 
wi th  the sh ie lded  electrodes to character ize  the  t rans-  
por t  mechanisms.  Po ten t iodynamic  polar izat ion curves 
were  measured  under  s tagnant  and forced convect ion 
conditions.  The ra te  of evolut ion of hydrogen  gas, 
produced s imul taneous ly  wi th  corrosion, was measured  
in an inver ted  e lec t ro ly te- f i l led  micro gas bure t t e  
he ld  over  the pit.  The effect of e lec t ro ly te  veloci ty  on 
the l imi t ing  cur ren t  dens i ty  was de te rmined  wi th  a 
flow sys tem (13) using a Teflon pump and a ro t ame te r  
ca l ibra ted  for each solution. Current  dens i ty  t r an -  
sients were  measured  under  potent ios ta t ic  condit ions 
in the  ea r ly  s tages of deve lopment  of the diffusion 
l aye r  in var ious  bu lk  MgC12 concentrat ions.  Potent ia l  
drop in the  pi t  e lec t ro ly te  was measured  as a func-  
t ion of posi t ion with  a ver t i ca l ly  ca l ibra ted  movable  
Luggin  cap i l l a ry  (11). 

Elec t r ica l  t r ans ien t  methods  were  used to charac-  
ter ize the proper t ies  of the  sal t  film on the meta l  
surface. Step potent ia ls  were  appl ied  in the  posi t ive 
and negat ive  d i rec t ion  to the  magnes ium anode cor-  
roding  at s t eady- s t a t e  conditions.  Measured  ini t ia l  
cur rents  gave e lect r ica l  conduct ion proper t ies  of the 
sa l t  film. In teg ra ted  cur ren t  dens i ty  vs. t ime for a 
posi t ive  s tep poten t ia l  gave the charge dens i ty  of the  
inc rementa l  amount  of sa l t  film formed.  

A Wenking  Model  68T53 potent ios ta t  and  a PAR 
Model  173 potent ios ta t  were  used for  the control led  
poten t ia l  exper iments .  Fo r  appl ied  potent ia ls  g rea te r  
than  10V, a wel l - f i l t e red  var iab le  vol tage d -c  power  
supp ly  was connected  to the  work ing  and counter -  
e lectrodes;  the  work ing  e lec t rode  potent ia l  was mea -  
sured  agains t  a s a tu ra t ed  calomel  re fe rence  electrode.  
Fas t  e lect r ica l  t rans ients  were  measured  on a Tek-  
t ronix  Model  564B storage oscilloscope and slow t r an -  
sients on a H e w l e t t - P a c k a r d  Model  7046A X-Y plot ter .  
A sa tu ra t ed  calomel  re fe rence  e lec t rode  was used in 
s tagnan t  e lec t ro ly te  exper iments  and a s i lve r / s i lve r  
chlor ide  e lec t rode  in contact  wth the  solution in the 
flow exper iments  (13). 

Elec t ro ly te  density,  viscosity, and conduct iv i ty  were  
also measured  at  21 ~ -~ I~ for  a range  of concen- 
t ra t ions  f rom 3 to 4.7M (sa tura t ion) .  These da ta  a re  
an extens ion of l i t e r a tu re  da ta  (14) and were  requ i red  
in the mass t r anspor t  analysis.  Densi ty  was de te rmined  
f rom weights  of 10 ml  p ipe t ted  volumes. Viscosi ty was 

de te rmined  with  Gi lmont  fa l l ing-ba l l  type viscometers  
and a Brookfield viscometer.  Dis t i l led  wa te r  and 
glycerol  were  used as ca l ibra t ing  liquids. Conduct iv i ty  
was de te rmined  at  1000 Hz with  a p l a t inum electrode 
conduct iv i ty  cell  and an ESI Model 250 DA Impedance  
bridge.  

Re~iults and Discussion 
Polarization curv'es~---A typica l  po ten t iodynamic  po-  

la r iza t ion  curve for  magnes ium in MgCI~ solut ion is 
shown in Fig. 1. This curve was obta ined in 0.94M 
MgC12 solut ion with  a sweep ra te  of 1 V/re.in in the 
posi t ive and negat ive  directions.  The cur ren t  densi ty  
in the app rox ima te ly  l inear  pos i t ive-sweep region 
f rom --1.3 to 2V is l imi ted  by  ohmic resis tance of the 
solution. In  this region hydrogen  bubbles  evolve 
vigorously  and cause increas ingly  unstable  current  
wi th  increase  in potent ial .  The corroding meta l  su r -  
face has a je t  b lack appearance  due to a microporous  
surface as observed for t i t an ium in the  ohmical ly  
l imi ted  region (11, 13). 

At  a po ten t ia l  above 2V, the  cur ren t  dens i ty  
deviates  f rom the l inear  re la t ionship  and decays 
r ap id ly  due to sa l t  film passivation.  The hydrogen 
evolut ion ra te  decreases signif icantly and the corrod-  
ing surface becomes electropolished.  In the salt  film 
pass ivat ion region,  agi ta t ion  of the  e lec t ro ly te  in the  
pi t  causes the cur ren t  dens i ty  to increase. On the 
negat ive  sweep  f rom 10V, the cur ren t  densi ty  remains  
smal l  unt i l  the  potent ia l  is be low 0V. Then the hy-  
drogen evolut ion increases s ignif icant ly and the  cur-  
ren t  dens i ty  rises to the  ohmic l imit .  The ze ro -cur -  
ren t  in tercept  is more negat ive  on the nega t ive  sweep 
because the surface is comple te ly  active. On the ini-  
t ia l  posi t ive sweep s ta r t ing  at --2V, the corrosion 
ini t iates  at discrete smal l  pits, and t ime is requi red  
for  the whole surface to become active. 

The pol ished surface of the  meta l  is c lear ly  visible 
in the  salt  l aye r  region wi th  no sa l t  crysta ls  obscuring 
the view. At  a potent ia l  of about  20V, a flocculent sal t  
p rec ip i ta te  occurs in the pit,  even down to a solut ion 
pH of 1. The flocculent p rec ip i ta te  redissolves when 
the poten t ia l  is decreased.  This prec ip i ta te  is p re -  
sumed to be MgCI2-6H20,  the  s table  solid phase in 
equ i l ib r ium wi th  MgC12: solution. 

The potent ia l  for sa l t  film passivation,  ~p, and the 
corresponding cur ren t  density,  ip, both  decrease ap-  
p r o x i m a t e l y  l inea r ly  wi th  increas ing concentrat ion.  
At  sa tura t ion  of MgCI2, the  sa l t  pass ivat ion potent ia l  
is about  --1V and the pass ivat ion cur ren t  densi ty  
about  0.2 A / c m  2. Current  dens i ty  in the ohmic region 
can be descr ibed by  (11) 

o'h~e 
i = [1] d+a  

al though the hydrogen  bubbles  cause some error.  

#p 
1,5 l i p  

1,o 

0,5 

0 

0 5 10 

r (Vs E) 
Fig. 1. Potentiodynamlc polarization curve for magnesium in 

0~94M MgCI~; depth m 2 mm; sweep rate = 1 V/mln. 
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The electrode react ion in  the mass t ransport  l imited 
region is 

Mg(c)  + 2 C1- (aq) -* MgC12(c) + 2 e -  [2] 

in which a layer  of salt covers the metal.  Magnesium 
chloride dissolves at the sa l t -solut ion interface and 
magnes ium ions are t ransported away through the 
solution. 

The s tandard reversible  potent ia l  for react ion [2] 
is calculated from free energy data (15) to be --1.95 
Vsc~.. I t  is not  possible to check this value on a polar i-  
zation curve such as Fig. 1 because the salt film dis- 
solves as the reversible potent ia l  is approached. An  
a-c technique was therefore used. 

A sine wave was superimposed through the potentio- 
s tat  on a pit at +3V d.c. in  a 2.35M MgCls solution. 
The current -vol tage  curve was displayed on the oscil- 
loscope. At frequencies of 10-15 Hz the zero-current  
intercept  occurred at --1.9 __+ 0.1V. At lower fre-  
quencies the salt film dissolved and at h igher  fre-  
quencies capacitive charging and discharging of the 
salt film gave a hysteresis loop. There  was a large 
hysteresis in the anodic current  region at greater  than  
10 Hz, bu t  essentially no hysteresis in  the cathodic 
cur ren t  region and in the region of the zero=current 
intercept.  The meta l  surface remained br ight  under  
the salt  layer  in  these tests. The zero-current  (--1.9V) 
intercept  is in terpre ted as the reversible potential  for 
reaction [2] in this paper. 

The valence of dissolution was determined in the 
mass t ranspor t  l imited region in 2.35M MgC12 solu- 
t ion at a potent ial  of 5.0V. At this condition, the cor- 
roding metal  surface is sh iny and the hydrogen evolu- 
t ion rate is small. Four  runs were made at 16 hr each 
star t ing from a condition of magnes ium polished flush 
with the epoxy resin surface. The average depth at 
the end of the runs  was measured with a machinist 's  
dial gauge and compared to the integrated current  
from the strip chart  recorder. The measured valence 
was 2.03 • 0.03. 

Hydrogen evolution.--The rate of hydrogen evolu-  
t ion was measured in 0.94M MgC12 solution at po- 
tentials f rom --1.5 to 19V. The volumetr ic  rate (cmS/ 
sec) was converted to an equivalent  cathodic hydro-  
gen current  densi ty using the ideal gas law and 
Faraday 's  law 

2Fv (273) (76 -- Pw) 
ills = [3] 

22,400 T(76)A 

The ratio of the hydrogen current  density to the actual 
anodic current  densi ty is plotted vs. potent ial  in  Fig. 
2. The actual anodic current  densi ty is assumed t o  be 
the sum of the absolute values of the measured anodic 
cur ren t  densi ty and the hydrogen cur ren t  density. 

The ratio, iH2/ia, is approximately constant  at 0.3 
for the ohmic l imited region; both ill2 and i~ increased 
with potential.  This value corresponds to an apparent  
valence of 1.4, which is in  general  agreement  with 
l i tera ture  values (10). The ratio, iH2/i~ is about  two 
orders of magni tude  smaller  at high potentials in the 
mass t ranspor t  l imited region. In  each of these ex- 
per iments  be tween 0.5 and 19V in the mass  t ransport  
l imited region the hydrogen was collected over a 
period of t ime in which the average measured cur-  
ren t  was in the range 0.15 • 0.07 A/cm 2. The ratio, 
iHJi~, decreases with increase in potential  in this 
region. 

The hypotheses is made here that the rate of hy-  
drogen generat ion in the mass t ransport  l imited region 
is directly related to the rate of water  diffusion 
through the salt layer. Because the meta l / sa l t  in te r -  
face is at a very negative potent ial  ( - -1 .gv) ,  it will  
be assumed that  every water  molecule arr iving at the 
interface is reduced to hydrogen 

H~O -{- 2 e -  --> H 2  + O = [ 4 ]  
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Fig. 2. Ratio of hydrogen current density to anodic current density 

i~1 ohmic limited and mass transport limited regions for 0,94M 
MgCI2. 

Diffusion of hydrogen out is discussed fur ther  on. 
The smal l  concentrat ion of oxide ions s imul taneously  
formed will be incorporated into the salt film as 
magnes ium oxychloride. 

The current  densi ty for hydrogen generat ion is, 
therefore 

2FDwACw 
iH2  - -  [ 5 ]  

t 

It  wil l  be assumed that  the salt film thickness is di-  
rectly proport ional  to the potent ial  across the salt  
film 

t ---- K1 (r + 1.9) [6] 

(The value of K1 is discussed fur ther  on.) Equations 
[5] and [6] may be combined to give the l inear  re-  
lat ion 

1~ills ---- Ks (~b + 1.9) [7] 

Exper imenta l  values of 1/iH2 in the mass t ranspor t  
l imited region were plotted vs. r The least squares 
l ine had a slope of 272 (A/cm 2) -1 V-Z, an intercept  
of --4V, and a correlation coefficient of 0.66. A l ine 
was drawn through a zero-current  intercept  of --1.9V 
in accordance with Eq. [7], and gave a l ine 

1/iH2 = 325 (~ + 1.9) [8] 

The data thus appear to be in reasonable accord with 
the hypothesis of water  t ranspor t  in the salt film. 
The dashed curve in  Fig. 2 is 

iH2 1 0.0205 
�9 = - -  [ 9 ]  

ia (0.15) (325) (r + 1.9) (~ +1.9) 

A curious side observation was made concerning 
the metal  corrosion profile under  small  hydrogen 
bubbles  on the surface. Bubbles with a diameter  of 

0.02 cm tended to collect on the metal  surface in 
the corners next  to the plastic walls. Instead of caus- 
ing a hump on the metal  due to shielding the metal  
by a high resistance current  path through the solution, 
the metal  became concave to fit the bubble  curvature.  
Increased mass t ransfer  to obtain a concave surface 
might  be explained by electrokinetic motion of the 
bubble  surface analogous to the we l l -known  phe-  
nomenon  with mercury  drops in polarography. This 
bubble  phenomenon remains  to be examined in detail. 
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Egect oJ electrolyte velocity.--The effect of e lec t ro-  
ly te  veloci ty  on cur ren t  densi ty  in the  mass t ranspor t  
l imi ted  region is shown in Fig. 3. These exper iments  
were  conducted in 2.35M MgCl~. The depth  of the  
recessed Mg e lec t rode  in the side of the flow channel  
was ~bout 0.15 cm. The increase  in cur ren t  dens i ty  
wi th  flow veloci ty  shows tha t  the  cur ren t  is mass  
t ranspor t  l imited,  Mthough the slope with  potent ia l  at  
the h igher  flow ra tes  indicates  pa r t i a l  k inet ic  control.  

An a t t empt  was made  to corre la te  cur ren t  dens i ty  
vs. veloci ty  f rom Fig. 3 wi th  a predic t ion  f rom a pr io r  
ca l ibra t ion  of a flow cell  (13). Agreemen t  was wi th in  
20% at a veloci ty  of 10 cm/sec,  bu t  the  expe r imen ta l  
cur ren t  dens i ty  f rom Fig. 3 was a factor  of th ree  
h igher  than  the pred ic t ion  at  100 cm/sec.  H y d r o d y -  
namic condit ions in these corroding systems were  not  
as wel l  defined as desirable .  

Conductivity o~ solution in pit.--Potential in the pi t  
solut ion was measured  as a funct ion of depth  wi th  
the pos i t ion-ca l ib ra ted  smal l  Luggin  cap i l l a ry  (11) 
for bulk  concentrat ions  of 0.94, 2.35, and 4.7M. Pi t  
depths  were  0.2-0.3 cm. Solut ion conduct iv i ty  cal -  
cula ted  f rom the s lope of the  poten t ia l  vs. depth curves 
var ied  smoothly  f rom the  sa tu ra t ion  value  at  the 
bo t tom of the pi t  (0.063 S / c m )  to the bu lk  concen- 
t ra t ion near  the mouth.  The pits  wi th  magnes ium did 
not  have  the ex t r eme ly  viscous, low conduct iv i ty  so- 
lut ions near  the bot tom tha t  were  observed in pits  
wi th  t i t an ium (11). TiO ++ tends to po lymer ize  and 
appa ren t l y  Mg + + does not. 

Current density-time transients.--Experiments were 
conducted in which a s tep poten t ia l  f rom the open-  
circui t  va lue  to +5.0V was appl ied  for a range of 
bu lk  MgC12 concentrat ions.  The pi t  depth  averaged  
0.09 _ 0.01 cm in these exper iments .  Curren t  dens i ty -  
t ime t ransients  are  shown in Fig. 4. The ini t ia l  cur -  
ren t  is ohmica l ly  l imited.  Sal t  pass ivat ion ini t iates  in 
the  t ime period,  0.01-0.1 sec. By 1 sec the sal t  film is 
fu l ly  developed and the rea f t e r  the  current  dens i ty  
decays as the diffusion l aye r  thickness increases in 
the  pit. At  about  1009 sec the  cur ren t  dens i ty  levels  
to the s t eady : s t a t e  value  for  a diffusion l aye r  th ick-  
ness cor responding to the pi t  depth.  The decrease  in 
cur ren t  dens i ty  wi th  bu lk  concentra t ion of MgCI~ in 
the  uns t eady- s t a t e  and s t eady- s t a t e  regions c lear ly  
indicates  a mass t r anspor t  l imi t  for Mg + + ion. 

In  the  uns t eady- s t a t e  region for  a solut ion wi thout  
suppor t ing  e lec t ro ly te  the l imi t ing  cur ren t  dens i ty  
can be descr ibed (16) by  

zF(Cs--Cb)., / D 
iL= [10] V t -  ~ 

and in the  s t eady - s t a t e  region it can be  descr ibed by  

/ VELOCITY, CM/S 

OHMIC LIMS/// 

/ / /  

/ /  ~ 
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/ 55 / 
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Fig. 3. Effect of electrolyte velocity on current density in moss 
transport limited region in 2.35M MgCI2; depth ~ 1.5 mm. 
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Fig. 4. C-rrent-time tr.nsients for Mg in MgC'2 sol-tions at ~, = 
5.0 VSCE; depth ----- 0.9 mm; c-rye A ---- cooled from 30~162 curve 
B = cooled from 50 ~ to 21~ 

zFD ( Cs  - -  Cb) 
iL = [ii] 

t-d 

The chlor ide  ion t ransference  number  has a value  of 
about  0.79 (17) in concent ra ted  MgC12 solut ion con- 
centra t ions  shown in Fig. 4. Values of D were  cal-  
cula ted  from Eq. [10] and [11] and Fig. 4 for bu lk  
concentrat ions  f rom 0.94 to 4.23M. The values were  
1.1 _ 0.1 X 10 -5 cme/sec for the uns teady-s ta t e  curves 
and 1.8 _+ 0.2 X 10 -5 cm2/sec for the  s t eady-s t a t e  
curves, assuming d _-- 0.1 cm. These values a re  severa l  
t imes l a rge r  than  would  be expected  in concentra ted  
solution. A possible cause of the  large  appa ren t  d i f -  
fusivit ies is convect ive mix ing  b y  the hydrogen  bub-  
bles of the  high concentra t ion solution f rom the pi t  
bot tom to the  lower  concentra t ion at  the  pit  mouth. 
Quant i ta t ive  calculat ions r ema in  to be made.  

A surpr is ing  resul t  in Fig. 4 is that  the current  
dens i ty  did  not  go to zero in sa tu ra ted  solution, but  
also fol lowed the same -- I/2 power  l aw of Eq. [10]. 
The exper iments  were  repea ted  a number  of t imes 
wi th  solution tha t  was sa tu ra ted  wi th  MgC12 at  30 ~ or 
50~ befor  e pour ing into the cell to insure sa tura t ion  
in the cell which was run  at  21~ Curve A is for 
in i t ia l  30~ sa tu ra t ed  solut ion and curve B is for ini-  
t ia l  5O~ sa tu ra ted  solution. The pit  was filled with 
so lu t ion-prec ip i t a t ed  MgC12 �9 6H2.O crysta ls  for  the 
50~ solution, but  only  pa r t l y  filled for the  30~ solu- 
tion. The solut ion nex t  to the  sa l t  f i l l  appears  to be 
supe r sa tu ra t ed  so tha t  the t r anspor t  can be descr ibed  
b y  

zF(C*--Cs) _ / D 
iL = ~ /  - -  [12] 

The degree  of supersa tura t ion  ca lcula ted  f rom Eq. [12] 
and curve A, Fig. 4 for  D ---- 1.1 X 10-5 cm2/sec is 1.5 
_+ 0.3% above  sa tura t ion.  Supersa tu ra t ion  for curve B 
is ca lcula ted  to be about  3% above saturat ion.  

Supersa tu ra t ion  at  the dissolving salt  l aye r  can be 
re la ted  to proper t ies  of smal l  d issolving crystals  by  the 
Ke lv in  equat ion (13) 

C* 27V 
nRT in  = .... [13] 

Cs v 

The dissolving par t ic le  radius  is es t imated  f rom the 
fol lowing p a r a m e t e r  values.  C*/Cs = 1.015-1.03 at  
294 K and n is 3 ions pe r  molecule.  The molecular  vol-  
ume of anhydrous  MgCI2 is 41.0 cm3/mol based on a 
dens i ty  of 2.32 g / c m  3 (14). The surface  energy  of 
MgC12 crysta ls  is based on Naumova  et al. (19), who 
calcula te  values f rom bond energies.  They give 1328 
e r g / c m  2 for c leavage along the i n t e r l a y e r  p lane and 
850 e rg / cm 2 for c leavage along the p lane  wi th in  the 
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layer .  A n  average  of 1{}90 erg/cm2 was used. Naumova  
et aL (19) also give values  of effective surface energy  
based on crys ta l l iza t ion  exper iments  and  the  Kelv in  
equation.  Values  for  four  compounds given ave raged  
0.17 t imes the  ca lcula ted  values.  A n  effective va lue  for  
MgC12 wil l  the re fore  be  assumed as (0.17)(1090) ---- 
185 e r g / c m  2. T h e  va lue  of r f rom these  p a r a m e t e r  
values  is 1370A for the  1.5% supersa tu ra t ion  and 690A 
for 3 % supersa tura t ion .  

Exper iments  were  conducted to de te rmine  if the  ap-  
pa ren t  degree  of  supersa tura t ion  in sa tu ra t ed  solut ion 
is a funct ion of ba r r i e r  l a y e r  thickness.  A n  in i t ia l  po-  
t en t ia l  of 5V was appl ied  in each case and the po-  
ten t ia l  was switched to r at  5 sec f rom ini t ia t ion.  For  
values  of  r be tween  0 and 7V, the re  was no s ig-  
nificant difference in the subsequent  cur ren t  dens i ty  in 
the  per iod  f rom 5 to 1000 sec. The effective crys ta l  
rad ius  in the  ba r r i e r  l aye r  sa l t  is thus independen t  of 
ba r r i e r  film thickness  in the  range  f rom 0 to 7V. 

Step potential polarization curves.---Step potent ia l  
exper iments  were  conducted wi th  Mg in 4.23M (90% 
sa tu ra t ed )  MgCle solut ions in o rder  to de te rmine  
e lec t r ica l  p roper t ies  of the  MgCI~ sal t  film over  a wide 
range  of potent ia l .  Po ten t ia l  was s t epped  up and down 
from an in i t ia l  r to a value  of r s ta r t ing  wi th  the 
same ini t ia l  cu r ren t  dens i ty  of 0.02 A/cm~. The po-  
tent ia l  range of r was f rom 1 to 10V. The ini t ia l  cu r -  
ren t  densi ty,  ip, at  each value  of r was recorded  on the 
s torage  oscilloscope. This ini t ia l  cur ren t  dens i ty  is 
assumed to be de te rmined  by  the sum of the solut ion 
resis tance and the sal t  film thickness corresponding to 
r The da ta  a re  p lot ted  semi logar i thmica l ly  in Fig. 5. 

A l inea r  re la t ionship  is obta ined at  cu r ren t  densi t ies  
below 0.02 A/cm~ in accordance wi th  high field con- 
duct ion (20) 

i = % exp ( ) [14] 
At  h igher  cur rent  densi t ies  the  da t a  devia te  f rom the 
l inear  re la t ionship  due to an appa ren t  series ohmic 
resistance.  The va lue  of tl/;~ can be ca lcula ted  f rom 
the l inea r  region f rom the der iva t ive  of Eq. [14] as-  
suming ~ and io are  constant  

) [15] 

v 

._J 
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Fig. 5. Plots of initial current de,sities after step potential to ~2 

from r in 4.2M MgCI2. 

Values of dr log i de t e rmined  f rom Fig.  5 a re  
p lo t ted  vs. potent ial ,  ~1, in Fig. 6. The da ta  appear  to 
be l inear  wi th  potent ial ,  consistent  wi th  the  sa l t  film 
thickness being l inea r  wi th  poten t ia l  and a constant/~ 
and io. The dashed l ine in Fig. 6 is d r a w n  th rough  the 
revers ib le  potent ia l  

t l /~  : 0.098 (r -t- 1.9) [16] 

The value  of /0 in Eq. [14] is about  1 X 10 -6 A / c m  2 
f rom Fig. 5. This va lue  is consistent  wi th  the  coefficient 
of Eq. L16] which is 1/In (i/~o) f rom Eq. [14]; i o : 
0.02/exp (1/0.098) = 7.4 • 10 -7 A / c m  2. 

The difference be tween  a curve  at  high cu r ren t  den-  
s i ty  and ex t rapo la t ed  l inea r  reg ion  in Fig. 5 gives an 
appa ren t  ohmic potent ia l  difference. Plots  of these po-  
ten t ia l  differences vs. cur ren t  dens i ty  a re  approx i -  
ma te ly  l inear  and give genera l ly  increas ing resistances 
f rom 270 to 77012 (14 to 29 ~%-cm ~) for  potent ia ls  f rom 
i to 10V. The solut ion resis tance for an effective 0.2 
cm deep pit  is about  4012 based on conduct iv i ty  data.  
There  is appa ren t ly  a series ohmic resis tance in the 
pit,  pe rhaps  a porous sal t  l aye r  on top of the  ba r r i e r  
sa l t  layer .  

A t t empt s  were  made  to de te rmine  the inc rementa l  
amount  of ba r r i e r  l ayer  film growth  for a s tep po-  
tential .  In  general ,  the  cur ren t  dens i ty  increases a t  the 
s tep  poten t ia l  to a value above the mass t r anspor t  
l imi ted  cur ren t  density,  iL, and decays in t ime back  to 
iL. I t  was assumed tha t  the a rea  under  this  curve would  
represent  the  charge for  an inc rementa l  amount  of 
ba r r i e r  l aye r  film. In  prac t ice  there  were  compl ica-  
tions tha t  resu l ted  in only a rough  approx imat ion ;  the 
posts tep va lue  of iL was not  a lways  ident ical  to the  
pres tep  value,  and there  was an overshoot  in cur ren t  
dens i ty  due to concentra t ion changes in the  solut ion 
side. Nevertheless ,  the  average  incrementa l  thickness  
appea red  to be about  15 A/V Cbased on anhydrous  
MgC12, at  l imi t ing  cur ren t  densi t ies  of 0.1-1 m A / c m  2. 
The va lue  of fi can be es t imated  f rom this value  of 
dtl/dr in the  der iva t ive  of  Eq. [16] assuming # and 
io a re  constant  

d-- ( 1  > d t l ' l ' 5 •  -dr [17] 

This value  is about  o n e - q u a r t e r  to one-ha l f  the  va lues  
ob ta ined  for oxide films (20) for  t i t an ium or  a lumi -  
num. Values  of dt/dr appeared  to decrease  with. i in 
accordance  wi th  the  der iva t ive  of Eq. [14] for  con- 
s tan t  ~ and ~o 
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Fig. 6. Plot of slopes from Fig. 5 vs. 4,1 
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dr  # 
- -  = [ 1 8 ]  
de In (i/io) 

but  the cor re la t ion  was not  definitive because of con- 
siderable scatter in  the data. 

Open-circuit potential decay.~Potential decay t ran-  
sients were measured on the magnes ium electrode 
when the connection to the counterelectrode was 
opened. The ini t ial  condition of the magnesium work- 
ing electrode was a s teady-state  current  under  po- 
tentiostatic control. Curren t  was in ter rupted  to the 
counterelectrode with a mercury-wet ted  relay. The 
t ransient  potentials from the sa tu ra t ed  calomel refer-  
ence electrode were recorded on the storage oscillo- 
scope. Repeat traces were made at different sweep 
speeds in  order to cover a wide range of time. 

Data for ini t ia l  potentials from 1 to 15.7V with a con- 
centrated, 4.23M solution are given in Fig. 7. This con- 
centrated solution was used in order to have a small  
ini t ial  cur rent  densi ty and thus small  ohmic drop in the 
pit. An average ini t ial  current  densi ty of 6 • 10 -3 
A /cm 2 and the highest ohmic resistance from the step 
potential  exper iments  of 40 ~ -cm 2 gives 0.24V init ial  
ohmic drop in the system. The remainder  of the po- 
tent ial  drop is assumed to be across the bar r ie r  layer  
salt film. 

The decay of potential  across a film having high 
field conduction can be described (see Appendix)  by 

d~ tl  
- -  = - -  - -  [19]  
d l n T  # 

In  the t ime period, 3 • 10 -5 < z <3 • 10 - 3 s e c , t h i s  
relation is followed in Fig. 7. The slopes of these seg- 
ments  are plotted in Fig. 8 vs. the ini t ial  potential,  r 
The least squares fit is 

d4, 
: 0.22 (~1 + 1.7) [20] 

d log 

Assuming the intercept should be --1.9V 

h / #  : 0.096 (r -~ 1.9) [21] 

This relationship is in apparent  agreement  with Eq. 
[16] for the step potent ial  experiments.  Equat ion 
[14] can be wr i t ten  

1 
h / #  -- ( r  + 1.9) [22]  

In (i/io) 

The ini t ia l  cur rent  densities for the experiments  of 
Fig. 5 and 7, respectively, were 0.02 and 0.006 A/cm 2. 
The ratios of the coefficients of potential  in Eq. [21] 
should therefore be In (0.02/1 • 10-6) / In  (0.006/1 • 
10 -8) = 1.14. The actual  ratio is 0.098/0.096 _-- 1.02. 
Whether  the difference between these numbers  is due 
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Fig. 7. Potential decay at open circuit in 4.23M MgCI2;/(initial) 
= 6 X |0  - 3  A/cm2; initial potential shown: 
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Fig. 8. Plot of slopes at 3 • 10 - 5  < ~ < 3 • 10 - 3  sec from 
Fig. 7 vs. r  

to exper imental  error or whether  io is a funct ion of the 
init ial  current  density remains to be determined.  

The t ime to dissolve the barr ier  layer  film azter cur-  
rent  in te r rupt ion  can b e  estimated from the init ial  
cur rent  denmty and the film thickness 

zFQ 
Td : [23] 

Vi i i -  

Equation [21], with tl ~ 1.4 • 10 -7 (r -t- 1.9) for 
# --- 1.5 • 10 -6 in Eq. [20], V = 41.0 cm~/mol, il = 6 
• 10 -3 A/cm 2, and t -  __. 0.79, gives values of disso- 
lu t ion times that are about twice the t ime at the 
--1.6V intercept  in Fig. 7. The shorter  actual time 
could be due to dissolution not  being completely un i -  
form; once patches of sal t-f i lm-free metal  are formed 
these patches dominate  in  control l ing the potential.  

The dielectric constant  of the bar r ie r  salt layer  may 
be estimated (see Appendix)  from the intercept  time, 
To, in Fig .7 

eeo 
To -" �9 [24] 

For # ---- 1.5 • 10 -8 cm/V a n d i s  ~ 6 • 10-z A /cm 2 
and average Zo ~ 1.5 • 10 -5 sec in Fig. 7, the average 
value of the dielectric constant,  ~, is 1.5. Handbook 
values of dielectric constants for various chlorides 
range from 3 to 11 (14). The fraction of oxide in the 
salt layer, based on the hydrogen evolution experi-  
ments, should be negligible. 

Permeability o] water and hydrogen in barrier salt 
f i lm.--A question to be faced is how to account for 
the observed hydrogen formation. Does the barr ier  salt 
film have sufficient electronic conductivi ty so that  hy-  
drogen is formed by  water  reduct ion on the solut ion 
side or does water  diffuse through the film to the metal  
surface at a sufficient rate? The question cannot be 
answered definitively at this time, but  evidence is in 
favor of diffusion of water  and hydrogen. 

Ohmic electronic current  densi ty could be described 
by 

~o(r -F 1.9) 
i0 -- [25] 

t 

The salt  film thickness is proport ional  to potent ia l  by 
Eq. [6] so that the electronic conduction would be in-  
dependent  of potent ial  

a 8  
i0 --  ~ [26]  

K1 

This result  is contrary to the exper imental  decrease in 
hydrogen rate with increase of potential  shown in 
Fig. 2. Fur thermore,  the magni tude  of the electronic 
conductivi ty required is considerably greater than ex- 
trapolated high tempera ture  electronic conductivi ty 
data for salts. At a potential  of 0VSCE, the hydrogen 
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current  density from Fig. 2 is ,-1 X 10 -3 A /cm 2 and 
the value of K1 is ~15 A /V  so that  aa ~- (1 X 10 -~) (15 
X 10 -s)  (1.9) ~ 3 X 10 - i~  S/cm. This value is many  
orders of magni tude  larger than extrapolations to 25~ 
from reported electronic conductivities of other salts in 
the 700~176 range (21). 

Diffusion of water  through a bar r ie r  salt film could 
be associated with imperfections. The supersatura t ion 
effect indicates a microcrystal l ine structure.  Gra in  
boundary  water  diffusion may therefore occur. The 
growth rate  of the barr ier  salt  film is fast and its life- 
t ime is short  so that  the presence of imperfection is 
not  surprising.  At  a current  density of 0.1 A/cm 2, 
typical  for nonflow conditions, the growth rate is ,-,2 
X 10 -5 cm/sec. At a potent ial  of 0Vsc~. the thickness 
is about 30A so that  the lifetime is about  0.015 sec. 

The concept of l ifetime of t h e  barr ier  layer  film is 
related to which ion, Mg + + or CI- ,  carries the current�9 
If chloride ion carries the current  the salt is formed at 
the meta l / sa l t  interface and is extruded from this 
interface. The salt dissolves at the sal t /solut ion in te r -  
face and thus has a l ifetime as calculated. If mag-  
nes ium ion carries all of the current  the salt film could 
be considered to have infinite life. The s tagnant  salt  
film would have to conform to the changing metal  mi-  
crotopography as corrosion proceeded. As with oxide 
barr ier  layers (22) the real s i tuat ion may be some- 
where between the two limits�9 

The required diffusivity of water  in the salt film 
can be estimated from the exper imental  data. Equa-  
tions [5], [6], and [8] may be combined to give 

K1 
D -- [27] 

(325) (2)FC 

The value of Ki is assumed to be 15 • 10 - s  cm/V. The 
concentrat ion of water  found in bar r ie r  layer a lumina  
films is --1 mol percent  (23). Using this value for 
MgC12, C ~ 2.4 • 10 -4 mol /cm 3 and D ~ 1 >< 10 -11 
cm2/sec. The penetra t ion t ime constant, Tp ~ l~/D for 

= 0VscE is ~ (30 >< 10-S)2/1 X 10 -11 : 0.009 sec. 
This value is smal ler  than  the l i fet ime of 0.015 sec 
so diffusion of water  could occur for the case of chlo- 
r ide ion conduction. However, as the potential  is in -  
creased to about  5V the pene t r a t i on  t ime could exceed 
the s a l t  film lifetime and water  diffusion would stop 
for the case of chloride ion conduction. This l imita t ion 
would not apply to magnes ium ion conduction. 

Another  question is whether  hydrogen formed at 
the meta l / sa l t  interface could diffuse out fast enough. 
The answer is related to the relative l imit ing diffusion 
or permeabi l i ty  rates of hydrogen and water  through 
the salt film. The calculat ion will be based on the re la-  
tive permeabil i ty,  P -- DC, because no informat ion  
is available to estimate the solubil i ty of hydrogen in  
MgC12. A common uni t  for permeabi l i ty  is cm 8 (STP) 
sec -1 cm -2 cm (cm H g ) - L  The l imi t ing current  den-  
sity for water  reduct ion based on reaction [4] is then 

2FPw~Pw 
i~ = [28]  

22,400t 

The corresponding l imit ing current  density for hydro-  
gen is 

2FPH2APH2 
iH2 "-- [29]  

22,400t 

The ratio of H2 to water  flux is therefore 

ill2 PH2APH2 
- - -  [30] 

iw PwApw 

The value for PH2 is 76 S cm Hg in which S is the 
supersatura t ion ratio, which may  be very large for 
nucleat ion of H2 bubbles  in the sal t  film. The value 
of Pw above is , -  0.8 cm Hg so that 

ill2 PH~ 
~- iO0 S -- [31] 

iw Pw 

Comparison of water and hydrogen permeabilities that 

are available for plastics (24) gives Pw ~ 100 PH2. As- 
suming the same ratio in MgC12, the hydrogen permea-  
bi l i ty rate would appear to be .adequate. 

Conclusions 
Corrosion exper iments  with a shielded, high pur i ty  

magnesium anode in various concentrat ions of mag-  
nesium chloride showed the following. At high anodic 
potentials,  magnes ium ion t ransport  in  solution be-  
comes l imit ing and a bar r ie r  layer  salt film forms on 
the metal  surface. Electrical conduction of the salt 
film is by the high field mechanism and the constants 
were determined. Thickness is proport ional  to applied 
potential.  Water  diffuses th rough the salt film leading 
to hydrogen evolution, with a ra te  inversely propor-  
t ional to potential  and film thickness. 
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APPENDIX 

Decay of Potential across Salt Film 
Assume that  charge stored in a capacitor with a salt 

film dielectric is discharged by hign field conduction 
through the film. Tl~ereiore 

i = io exp L ~ .I [A-1] 

and 
dh~b ~eo 

i : -- c in which c : ..... [A-2] 
d~ t l  

Assume tl is constant  for t ime less than  10 -8 s e c  
based on potential  t ransients  (Fig. 7). Boundary  con- 
ditions at z ---- 0 are 

A# : hr and i -- iL [A-3] 

El iminat ing  i from Eq. [A- l ]  and [A-2] and re-  
a r ranging  gives 

c d~ = -- exp [ -- ~ J d ~  [A-4] 

which may be integrated using boundary  condit ions 
[A-3] to give 

[ [ - - T = e x p  -- - - e x p  - - - -  [A-5] 
tic tl  J tl 

Mult iplying both sides by  exp [t~h~l/tl], not ing that  
iL/io = exp [f~r and rear ranging  gives 

- - e x p  ( a ~ - - h r  - - t i c  T - - l - -  ~e o ~ - - 1  

[ A - B ]  

A limit ing condit ion of interest  is 

piL 
>> 1 [A-7] 

fr~ 

which gives 

- -  exp (~r -- Ar ~-. �9 [A-8] 
~ 0  
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o r  

(Ar __ Ar ~ In F ~/'I., ] [A-9] 
t l  L ,ee o 

Differentiating gives 

de tl 
d In ~ ~ [A-I0] 

LIST OF SYMBOLS 
a constant 
A area, cm 2 
c capacitance, F/cm ~ 
C concentration, mol/cm ~ 
d depth, cm 
D diffusivity, cm~/sec 
F Faraday, 96,500 C/equiv. 
i current density, A/cm ~ 
io exchange current density, A/cm ~ 
K constant 
l length, cm 
n number of particles per mol 
P 
P 

r 

R 
S 
t 
t -  
T 
V 
V 
W 
Z 

s 

s 
f f  

1: 
$ 

Subscripts 
a anodic 
b bulk 
d dissolution 
e electrolyte 
Hz hydrogen 
L limiting 
p peak 
s saturation 
w water 
1 state 1 
2 state 2 
a electron 

pressure, cm Hg 
permeability, cm a (STP) sec -1 cm -1 em (cm 
H g ) - I  
radius, cm 
gas constant 
supersaturation ratio 
thickness, cm 
transference number 
absolute temperature, K 
volumetric rate of H2 evolution, cm3/sec 
molar volume, cm3/mol 
width, cm 
valence, equiv./mol 
exponential constant, cm/V 
surface energy, erg/cm~ 
dielectric constant 
permittivity of free space, 8.85 X 10 -14 C/V �9 cm 
conductivity, S/cm 
time, sec 
potential, V 

Superscripts 
* supersaturated 
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Conductance Measurements in an Electrolytic Membrane Cell at 
Elevated Temperatures and Pressures 

A. Steck and H. L. Yeager* 

Department of Chemistry, University of Calgary, Calgary, Alberta, Canada T2N 1N4 

ABSTRACT 

A Teflon test cell has been built  to measure d-c membrane conductance in highly concentrated alkali metal hydroxide 
solutions at temperatures and pressures up to 200~ and 100 bar. The method allows these measurements to be conducted 
for membrane current densities up to 1.5 A-cm -~. The membrane  voltage drop is determined using reference electrodes 
which are placed on either side of the membrane.  Conductance data were obtained for Nation | perfluorinated sulfonate 
ionomer of 1150 equiv, wt in the temperature range of 100~176 Results show a tenfold decrease in specific conductance 
when the solution concentration is increased from 5.0 to 10.0M sodium hydroxide solution. 

Polymer  ion exchange membranes  must  possess a 
combinat ion of properties to enable their  application 
in modern  electrolytic industr ia l  processes. These in -  
clude good permselectivity,  low electrical resistance, 
chemical and thermal  stability, as well  as sufficient 
mechanical  s trength at the operat ing conditions. Ion-  
exchange membranes  have already found application 
in electrochemical cells (1), in solid polymer electro- 
lyte (SPE) fuel cells (2), and in electrolysis cells for 
chlor-alkal i  and hydrogen product ion (3-4). In  t h e  
la t ter  process, significant gains in the efficiency of hy-  
drogen production can be achieved by performing the 
electrolysis in  highly concentrated alkal ine hydroxide 
solutions at temperatures  up to 200~ and pressures up 
to 40 bar  (4). In  recent years, chrysotile asbestos has 
been f requent ly  used as a d iaphragm separator in al-  
kal ine systems. However, this mater ia l  is subject  to 
chemical attack, especially at temperatures  above 
l l0~  (5). At present,  no commercial  separator  exists 
that  can wi ths tand these extreme conditions for pro- 
longed periods. Therefore, advancement  in alkal ine 
electrolyzer technology has to be accompanied by 
progress in synthetic  membrane  technology. At the 
same time, the electrochemical properties of newly 
developed m e m b r a n e  materials  have to be studied and 
tested unde r  the severe conditions described above. The 
measurement  of separator  resistance is of par t icular  
importance because of the direct relationship of mem-  
brane- re la ted  ohmic loss on the energy efficiency of the 
cell. In  this paper, we describe a method to determine 
membrane  conductance in highly concentrated potas- 
s ium and sodium hydroxide solutions at temperatures  
and pressures up to 200~ and 100 bar. The method al-  
lows these measurements  to be conducted for mem-  
brane  current  densities up to 1.5 A-cm -2. The mem-  
brane  voltage drop is determined using reference elec- 
trodes that are placed on either side of the membrane.  
Correction for solution resistance is made by perform- 
ing a duplicate exper iment  with no membrane  in place. 
The general  method applied here is described by 
Lander  and Weaver (6). 

S e v e r a l  methods for measur ing  electrical conduct-  
ance of ion-exchange membranes  using main ly  a-c 
techniques have been described by Steymans  and 
others (7-10). A-c techniques are inappropriate  since 
we wish to measure conductance under  actual  electrol-  
ysis conditions. In addition, the methods described in 
the l i tera ture  are genera l ly  only suitable for measure-  
ments  at temperatures  below 100~ and ambient  
pressure. 

Nation| perfluorinated sulfonate ionomer of 1150 
equiv, wt was used to test the method. This type of 
m e m b r a n e  shows promise in a n u m b e r  of electro- 
chemical applications with corrosive envi ronments  be-  
cause of its exceptional  chemical inertness and thermal  
s tabi l i ty  (11). The conductivities of Nation membranes  

* Electrochemical Society Active Member. 
Key words: separator, resistivity, ion exchange. 

of various equivalent  weights have been studied by 
several  investigators. Coalson and Grot studied resis- 
tivities of Nation having an equivalent  weight of 1250 
as a function of membrane  water  content  (12). Resis- 
tivities were obtained by performing a-c conductance 
measurements  for membranes  which had been pre-  
equi l ibrated in 40% KOH solution. Kreja,  Wodzki, and 
Grochowski described a device to measure a-c conduct-  
ance of ion exchange membranes  (8). Specific area 
resistance and specific conductance of 1200 equiv, wt 
Nation membranes  were measured at room tempera-  
tures in 0.1M NaC1 solution. Hsu, Barkley, and Meakin 
determined room tempera ture  conductivities of Nation 
samples with equivalent  weights ranging from 1050 to 
1500 as a funct ion of the volume fraction of the 
aqueous phase in the membrane  (13). Sample con- 
ductivi ty was measured by an a-c technique at a cur-  
rent  density of 1.25 mA - c m -2. Berzins, as well  as Yeo 
and co-workers, reports conduct ivi ty  measurements  of 
Nation membranes  in several indus t r ia l ly  impor tant  
electrolyte envi ronments  (14, 15). Berzins (14) de- 
scribes an exper imental  apparatus for the de termina-  
t ion of voltage drop across membranes  in  chlor-alkal i  
cells under  gas-free conditions. Voltage drops for 
Nation samples were studied as a function of current  
density, temperature,  sodium hydroxide concentration, 
and membrane  equivalent  weight. The exper imenta l  
conditions used were similar to those encountered in 
chlor-alkal i  cells, in  that concentrated sodium 
chloride and sodium hydroxide solutions were used 
at temperatures  up to 90~ and current  densities up 
to 0.5 A-cm -2. Yeo and co-workers (15) studied 
d-c membrane  conductivities as a function of hydro-  
chloric acid in the tempera ture  range of 25~176 
Cell resistance data for water  electrolysis using Nation 
115 (1100 equiv, wt) as the separator  at temperatures  
up to 95~ are reported elsewhere (16). 

To date, no conductance results for ion exchange 
membranes  at elevated pressures and temperatures  
over 100~ have been reported. Thus, the present  work 
was ini t iated to explore these exper imental  conditions 
for applications such as the electrolytic production of 
hydrogen. 

Experimental 

Apparatus.--An electrolysis cell was designed and 
bui l t  for membrane  conductance studies; components 
of the cell are shown in Fig. 1. Top and side sectional 
views of the cell are shown in Fig. 2. The cell is con- 
structed of molded Teflon rod. Nickel oxide electrodes 
obtained from commercial  n icke l -cadmium batteries 
and circular p la t inum mesh electrodes (2.8 cm diam) 
are used as reference and working electrodes, respec- 
tively. The reference electrodes are 30 • 5 mm in size 
and are welded to nickel lead wires. New electrodes 
were used for each series of measurements  to ensure 
rel iabi l i ty  of operation. 
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Fig. 1. Teflon test cell for the measurement of membrane con- 
ductance. 

Two capillaries are used to connect each reference 
electrode chamber  to one of the electrolysis chambers. 
A fine capillary, 0.3 mm diam, is used between the solu- 
tion at the membrane  face and the larger, 1.5 mm diam 
capillary. These capillaries are connected at an angle 
(Fig. 2, side view) to help prevent  bubble  blockage 
dur ing  electrolysis. 

The shape of the electrolysis chambers was devel-  
oped in order to maximize solution volumes without  
sacrificing s t ruc tura l  integrity.  The volume of each 
chamber  is 130 ml. The membrane  is placed between 
the half-cells using porous Teflon gaskets which are 
recessed and al igned by  Teflon pins. The two cell 
compartments  are clamped together with four spr ing-  
loaded bolts. The springs are essential to balance the 
cell expansion at higher temperatures.  In  a newer  
model, the bolts were replaced by two stainless steel 
straps. These straps are placed around the two half-  
cells into a recessed position where they are t ightened 

with screws. With this improvement ,  a more uniform 
pressure at the gaskets was obtained. 

Teflon s t i r r ing assemblies are connected to stainless 
steel s t i rr ing gears, as shown in Fig. 1. The electrolysis 
solutions are stirred at a speed of 500 rpm dur ing  elec- 
trolysis. A copper-constantan thermocouple in a Teflon 
sheath is employed to measure the temperature  of the 
electrolyte in the cell. 

A pressure vessel to house the conductance cell was 
bui l t  by  the Pa r r  In s t rumen t  Company. The vessel has 
a capacity of 1000 cm 8 and can wi ths tand temperatures  
up to 350~ It is fitted wi th  a pressure gauge and rup-  
tu re  disk. Leads for working and reference electrodes, 
gas inlets and outlets, and sample valve have been de- 
signed specifically to fit the conductance cell. The 
sampling valve allows for l iquid sample wi thdrawal  
from the test cell. Various connections are used to 
operate the cell inside the pressure vessel. The refer-  
ence electrodes are connected by pressure-fit  pins and 
inserts, while the working electrodes are attached with 
Iock screws. All of the leads are coated with Teflon 
tubing. The pressure vessel is placed in  an external  
heater for tempera ture  regulation. Currents  and volt-  
ages are measured with a Tektronix  power module TM 
501 and a Kei thley Model 177 digital mult imeter .  The 
two quanti t ies  can be measured with an accuracy of 
• mA and • mV, respectivelY. 

Procedure.--Naflon membrane  samples of 3 cm 
diam were equi l ibrated at 100~ in the appropriate 
solutions for at least 12 hr. Such pre t rea tments  are of 
importance and can great ly influence the chemical 
(17) and electrochemical (12, 15) properties of the 
membrane.  In  each case, the membrane  was then 
blotted with paper tissue and carefully placed into the 
conductance test cell. The cell was slowly filled with 
degassed electrolyte solution. A light pressure with a 
Teflon piston was applied over the reference chambers 
to e l iminate  any  adher ing air bubbles  in the capil lary 
system. After  insert ion of the half-charged nickel 
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electrodes,  the  Teflon cell  was placed into the  pressure  
vessel.  Vol tage measurements  were  pe r fo rmed  in the 
t e m p e r a t u r e  range  of 100~176 at  in te rva l s  of 20~ 
Slow hea t ing  rates  of  about  5~ were  chosen  at  the  
t empera tu re s  of in te res t  to a l low enough t ime for  
t he rma l  equ i l ib r ium of the membrane .  Once the de-  
s i red t e m p e r a t u r e  was reached,  i t  was he ld  constant  for 
an addi t iona l  2-3 hr.  Cell  p ressure  was ad jus ted  to 30 
bar  wi th  pressur ized  n i t rogen gas for  a l l  measu re -  
ments .  A smal l  res idua l  potent ia l  difference, on the 
order  of  1-10 mV, was observed  be tween  the  re fe rence  
e lec t rodes  at  zero electrolysis  current .  Measured  vo l t -  
ages were  correc ted  for this a s y m m e t r y  potent ia l ;  the 
correct ions ave raged  about  1% for resul ts  r epor ted  
here.  Electrolysis  was begun  using the highest  cur ren t  
dens i ty  to be employed;  the cur ren t  was then  de-  
creased stepwise,  and  membrane  vo l t age -d rop  was re -  
corded ,at each current .  

Vol tage  readings  were  taken  as soon as a constant  
va lue  was obtained,  which  was wi th in  20 sec for a 
given current .  T h e  dura t ion  of an expe r imen t  covering 
the t e m p e r a t u r e  and cur ren t  dens i ty  range  of 100 ~ 
180~ and 0.05-1:0 A-cm-~ ,  respect ively ,  is 36 hr.  How-  
ever,  to ta l  e lectrolysis  t ime is not  more  than  10 min. 
This causes an e lec t ro ly te  concentra t ion change of less 
than 1%. Exper imen t s  a r e  pe r fo rmed  both wi th  and 
wi thout  the  membrane  to correct  for  the  res is tance of 
the e lectrolyte .  

Materials .--A Nation| perf iuorosulfonate  m e m b r a n e  
(Plast ics  Depar tment ,  du Pont  and  Company,  Wi l -  
mington,  De laware )  of 1150 equiv, wt  was used in this  
work.  The exchange capac i ty  was de te rmined  to be 
0.866 mequ iv . /g  d r y  sodium ion form m e m b r a n e  by  a 
radioisotope  method  (18). The thickness  of the m e m -  
b rane  de t e rmined  at  140~ in 10.0M NaOH was 0.0190 
c m .  

Results and Discussion 
The de te rmina t ion  of membrane  conductance data  

requi res  two series of  exper iments .  The e lec t r ica l  po-  
ten t ia l  g rad ien t  be tween  the two re ference  e lect rodes  
is measured  in the presence and in  the absence of the 
m e m b r a n e  in the cell  under  o therwise  ident ical  condi-  
tions. The vo l tage  drop  due to the  m e m b r a n e  alone is 
then the difference of the  two values.  Thus, the con- 
t r ibu t ion  of  solut ion resis tance is e l iminated.  This cor-  
rect ion was 35% in the  wors t  case and  ave raged  a p -  
p r o x i m a t e l y  10% for the  da ta  r epor t ed  here.  The 
method  was checked in pa r t  for  this cell  design by  
measur ing  the solut ion conductance of a 20.0 weight  
percen t  (w/o)  NaOH solution. The de te rmined  va lue  
of 0.32 11-1 cm - I  agrees  wel l  wi th  the l i t e r a tu re  value  
of 0.33 ~-z  cm-1  (19). Compar ison of m e m b r a n e  
conductance values  wi th  l i t e ra tu re  values  is more  d i f -  
ficult because  of the s t rong influence of m e m b r a n e  p re -  
t r e a tmen t  and  equiva len t  weight  on the conductance.  
The specific conductance  of  1150 equiv, wt  Nation was 
measured  in 0.10M NaOH solut ion at  room t empera tu r e  
and low cur ren t  densit ies.  Our  measu red  value  of 7.0 • 
10-8 ~ - 1  cm-1  corresponds r easonab ly  wel l  wi th  the 
l i t e r a tu re  va lue  of 5.7 • 10 -8 ~ - 1  cm-1  found for 1200 
equiv, wt  Nation (8).  A h igher  value  for  1150 equiv, wt  
Nation would  be expec ted  because of its lower  equiva-  
lent  weight .  

M e m b r a n e  specific conductance is p lo t ted  vs. cur ren t  
dens i ty  at  var ious  t empera tu re s  in 5.0 and 10.0M 
sodium hydrox ide  solutions in Fig. 3 and 4. Two major  
differences are  seen be tween  the resul ts  for the  lower  
and h igher  solut ion concentrat ions.  Firs t ,  the  m e m -  
b rane  displays  an app rox ima te  tenfold decrease  in 
specific conductance ~when the solut ion concentra t ion 
is increased f rom 5.0 to 10.0M NaOH. Second, t h e r e  is 
a dis t inct  difference in the func t iona l i ty  of specific 
conductance vs. cur ren t  dens i ty  for the two solut ion 
environments .  The m e m b r a n e  essent ia l ly  shows ohmic 
behavior  in the less concent ra ted  e lectrolyte ,  whi le  in 
the  more  concent ra ted  solut ion the specific conductance 
of the m e m b r a n e  increases  wi th  increas ing cur ren t  
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Fig. 4. Membrane specific conductance vs. current density in 
10.0M NaOH solution, 30 bar. Closed symbols, repeated measure- 
ments after additiona; heating cycle. � 9  I00~ I-], 120~ A,  
140~ O, O, 160~ V ,  V,  180~ 

densi ty.  Solut ion specific conductances were  found to 
be independen t  of cur ren t  dens i ty  in a l l  cases here  as 
expected.  

The two curves wi th  closed symbols  in Fig. 4 were  
obta ined  by  repea t ing  the expe r imen t  a f te r  cooling the 
cell  down to room t empera tu r e  and rehea t ing  i t  to 
180~ Measurements  then were  t aken  beg inn ing  at  the 
h ighest  t empera ture .  The change in conductance caused 
by  the previous  t r ea tmen t  of the  m e m b r a n e  is evident ;  
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this is probably due to morphological changes which 
are time and temperature dependent. Similar varia- 
tions of specific conductance as a function of thermal 
cycling have been reported in the literature (15). 

Membrane conductance and ionic diffusion coeffi- 
cients are interrelated. The specific conductance is 
mainly governed by the concentration and mobility of 
the charge carriers in the membrane (20). In dilute 
solutions, the specific conductance of an ion exchanger 
increases with increasing solution concentration due to 
the onset of electrolyte sorption. However, this rela- 
tionship may be inverted in highly concentrated solu- 
tions because of polymer dehydration. In order to in- 
terpret our results, it is useful to refer to available 
sorption and sodium ion diffusion results for this mem- 
brane. Results have been reported for the temperature 
range of 70~176 in 5.0-12.5M NaOH solutions (21-23). 
These studies indicate that the sorption properties of 
Nation are generally characterized by relatively con- 
stant electrolyte uptake, but steadily decreasing water 
to ion ratios with increasing solution concentration. 
These features were also found at room temperature 
(24). The ratio of water to sodium ion at 80~ decreases 
by approximately 35% as the equilibrating solution 
concentrations are increased from 5.0 to 10.0M. This 
sorption behavior has a great impact on the ion diffu- 
sional properties of the membrane. Measured Na + self- 
diffusion coefficients decreased by a factor of 10 over 
the same concentration region (21). Membrane dehy- 
dration and the drop in the water to sodium ion ratio 
are seen as the major causes. This would be expected 
to be true even at the higher temperatures used here. 
Thus, the tenfold decrease in electrical conductance 
with increasing solution concentration correlates well 
with diffusion data. Interestingly, activation energies of 
14 kJ mo1-1 for diffusion (70~176 and 10 kJ tool -1 
for conductance (100~176 are very close and were 
found to be similar in both solution environments. 

The reason for nonohmic membrane.behavior in 10M 
NaOH solution is not apparent. However, the effects of 
high current flow on a severely dehydrated membrane 
may produce morphological changes to alter the char- 
acter of the ionic conduction path in the polymer. 

In summary, a test cell for the measurement of mem- 
brane conductance at high current densities has been 
designed and built. The cell can be used at tempera- 
tures and pressures up to 200~ and 100 bar. Future 
work will include the use of this cell to study newly 
developed polymer membranes for use in high pressure 
high temperature alkaline water electrolyzers. 
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ABSTRACT 

n-type ZrS3, a semiconductor  with a bandgap of approximate ly  2.1 eV turned out to be a photoelectrochemical  material  
with large anodic photocurrents  and low dark currents. In contrast  to ZrS2, CdS, and many other sulfides which derive their  
valence band mainly from sulfur p-states, ZrS3 is interest ingly not photo-oxidized to molecular  sulfur and metal  ions. In- 
stead, there  is a photoreaction involving water, and the originally bright red crystal is gradually converted into a white one 
containing oxygen without losing much of its original shape and consistency. The occurrence of sulfur in the form of S~- in 
this material, as well as the possibi l i ty of intercalating oxidat ion products  of water, is considered the reason for this particu- 
lar photo-oxidat ion mechanism. It might  open new ways for the unders tanding and control of photocorrosion. 

Photoe lec t rochemica l  s tudies  of semiconduct ing 
l aye r  compounds have  shown tha t  the mechanism 
of l ight  induced react ions  depends  on the electronic  
s t ruc ture  of the  valence and conduct ion bands  involved  
(1, 2). They have  fu r the r  demons t ra ted  the  poss ib i l i ty  
of l ight  induced ion - t r ans fe r  leading  to in te rca la t ion  
or  de in te rca la t ion  of l a y e r - t y p e  m a t e r i a l  (3, 4). Semi-  
conductors  of group IVA tr ichalcogenides  crys ta l l ize  
in the  monocl inic  sys tem (space group C2~ 2 --  P 21/m) 
(5). These s t ruc tures  have some one-d imens iona l  cha r -  
acterist ics  due  to the exis tence of t r igonal  pr i smat ic  
MX8 chains pa ra l l e l  to the  b axis (Fig. 1). The chains  
form sheets of l ike  units (para l le l  to the  ab p lane)  
and the  sheets a re  bonded  toge ther  by  Van der  Waals -  
l ike  bonds. These c rys ta l lographic  character is t ics  p ro -  
v ide  new possibi l i t ies  for  research  concerning in t e r -  
cala t ion and photocorrosion proper t ies .  

Firs t ,  t h e  valence  band  of these t r ichalcogenides ,  
which  is essent ia l ly  de r ived  f rom su l fur  and se lenium 
orbi ta ls ,  respect ively ,  also contains e lectronic  levels  
associated wi th  (S -S)  2-  s tates  according to the  ionic 
fo rmula  M4+X2-(X2)  2-  (Fig.  1). Second, these  m a -  
ter ia ls  can be in te rca la ted  (6) and in te rca la t ion  should 
also be possible  ut i l iz ing l ight .  

ZrS3 has been charac te r ized  by  x - r a y  techniques 
(7, 8), e lect ronic  and t r anspor t  measurements  (9),  
reflect ion da ta  (10), and detai ls  on the electronic 
s t ruc ture  of the  m a t e r i a l  have also been  prov ided  (11). 
There  also exis t  s tudies  on R a m a n  spectroscopy (12- 
14). Energy  gaps publ i shed  in the  l i t e r a tu re  a re  EG = 
2.2 eV (15) and E~ = 1.9 eV (16). However ,  there  is 
also a h igher  value,  EG = 2.8 eV, obta ined  f rom opt ical  
absorpt ion  measurements  (17). I t  is not  c lear  whe the r  
this would  be  the  same t rans i t ion  as in the  preceding  
s tudies  or  a h igher  one. Pe rhaps  the  t rans i t ion  at  2.0 
eV is the  indi rec t  gap  and  t rans i t ion  a t  2.8 eV is the  
first d i rec t  t ransi t ion.  A schemat ic  d i ag ram for the  
e lect ronic  states in ZrSs has been  e labora ted  b y  
Khumalo  and Hughes (10). We show in Fig. 2 a s im-  
plified d i ag ram where  we have  fu r the r  specified an 
energet ic  d i f ferent ia t ion  be tween  su l fur  p -s ta tes  a r i s -  
ing  f rom S - -  and $22- orbi tals ,  respect ively.  The 
e lect rons  associated wi th  S - -  s tates  a re  more  f i rmly 
bound  and,  thus, lower  in energy  than  e lec t ron be-  
longing  to $ 2 - - .  L igh t  induced holes, genera ted  in 
the  valence band,  should therefore  essent ia l ly  be ava i l -  
ab le  on the  l a t t e r  s ta tes  for photoe lec t rochemica l  r e -  
actions. I t  can be  seen f rom Fig. 2 tha t  the  d -s ta tes  of 
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zi rconium only  cont r ibute  to the conduct ion band  of 
Zrs3. 

Experimental and Materials 
Preparation of samples.--ZrS3 crysta ls  were  grown 

by  chemical  vapor  t r anspor t  using e i ther  chlor ine o r  
iodine  as a t ranspor t  agent.  The charge  composit ions 
consisted e i ther  of s toichiometr ic  mix tu res  of the 
elements,  or  p re reac ted  po lycrys ta l l ine  ZrS2. A con- 
cent ra t ion  of 60 T o r r  C12 or 5 m g / c m  a I2 was used in 
10 m m  ID • 200 m m  si l ica tubes.  A t empera tu re  
g rad ien t  of 70~ over  100 m m  was used. The t em-  
pe ra tu re  of the charge  zone was 900~ and tha t  of 
the growth  zone 830~ ZrS~ crysta ls  grown wi th  C12 
f rom a s toichiometr ic  charge  were  h igh ly  res is t ive  
(p > 106 ~2cm). Crys ta ls  grown wi th  excess Zr  (a 
charge  composit ion of ZrS2) wi th  I2 t r anspor t  were  
n - t y p e  and had  a res i s t iv i ty  on the  o rde r  of 10 ~ ~2cm 
at room tempera ture .  Al l  samples  were  charac ter ized  
by  x - r a y  diffraction, mic roprobe  analysis ,  and elec-  
t r ica l  res i s t iv i ty  measurements .  The ca r r i e r  type  was 
de t e rmined  by  qua l i ta t ive  Seebeck measurements .  Al l  
samples  s tudied were  taken  f rom the same batch  of 
crysta ls  grown by  iodine  t ranspor t .  
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Electrochemical techniques.--The elect rochemical  
exper iments  were  pe r fo rmed  in a s tandard  photoelec-  
t rochemical  appara tus .  I t  consisted of a 900W xenon 
mercu ry  lamp,  a h igh  in tens i ty  monochromator ,  an 
e lec t rochemical  cell  wi th  th ree  electrodes,  a po ten t io-  
star, a funct ion generator ,  and a recorder .  Fo r  some 
exper iments ,  the  lock- in  technique was used. Typ i -  
cally,  monochromat ic  l ight  was used to exci te  photo-  
currents .  ZrS8 crysta ls  were  a t tached to a Teflon 
cy l inder  containing a copper  contact  using s i lver  
paste. The e lec t r ica l  contact  was then  isola ted wi th  
an insula t ing  epoxy  resin (Scotch cast-3M) so that  
only  the  crys ta l  was exposed.  

Analysis of oxidation products.--During the  photo-  
anodic reaction,  ZrSs crysta ls  c lear ly  change f rom a 
red  t r anspa ren t  appea rance  into a whi te  opaque  
product .  This react ion p re fe ren t i a l ly  affects some re -  
gions of the  s ingle  crystal .  Microprobe analysis  has 
been used to de te rmine  the composit ion of the s ingle 
c rys ta l  in each of its character is t ic  areas.  Zi rconium 
and su l fur  have  been  found to be homogeneous ly  d i s -  
t r ibu ted  in  al l  s ingle  crystals  s tudied before  the  
photoe lec t rochemica l  exper iment .  Af te r  an app rop r i -  
a te ly  long t ime of photoanodic  polar izat ion,  micro-  
p robe  analysis  has shown tha t  the whi te  regions of 
the  single c rys ta l  have lost  pa r t  of the i r  su l fur  content  
and oxygen  was found in those regions. 

Results 
When an n - t y p e  ZrS3 elect rode is immersed  in 

e i ther  acidic or basic aqueous e lect rolytes  and i l -  
luminated ,  l a rge  anodic  photocur ren ts  are  observed.  
Monochromat ic  l ight  f rom a 900W m e r c u r y - x e n o n  
l amp  (X = 4358A; 100 ~W/cm 2) induces photocur ren ts  
on the o rde r  of severa l  m A / c m  2 in both acidic and 
basic solut ion as shown in Fig. 3. As compared  wi th  
an e lec t rode  in contact  wi th  a 0.1N H2SO4 solution, 
the photocur ren ts  of an e lect rode expose d to an a lka -  
l ine  e lec t ro ly te  s t a r t  at e lec t rode  potent ia ls  which 
a re  a p p r o x i m a t e l y  0.6V m o r e  negat ive .  There  is 
consequent ly  a c lear  pH-effect  in the e lec t rochemical  
behav ior  of ZrSs. When no redox  systems besides the 
H20/O2 couple are  present  in the e lec t ro ly te  the 
photocur ren ts  passing th rough  the ZrS3 sample  g rad -  
ua l ly  decrease.  F igure  4 shows to wha t  ex tent  the  
pho tocur ren t  passing at 0.5V (against  a sulfa te  r e fe r -  
ence) is d imish ing  in the  cOurse of 42.5 hr. In te res t -  
ingly,  the  da rk  cu r ren t  across the ZrS3-elect rolvte  
in te r face  is not  increasing,  bUt decreas ing dur ing  this 
l o n g - t e r m  exposure  to light. There  is also no p ro -  
nounced change in the shape  of the cu r r en t -vo l t age  

June 1983 

J 
/$/~/ 

3 ZrS 3 (1N NaOH ) /  

2 ~ J t  

/ ,,,~"/" hv 

d a r k  
0 " - 

O/so Z- 

I I -1 0 
elect-rode potential/ SO;- 

Fig. 3. Current-voltage characteristic of n-type ZrS~ during and 
without illumination at ~ = 4358A. 

•E 3 

~2 

uJ 
==i 6 

/ 
ZrS 3 (0,1 N HzSO 4 ) / 

/ 
42,5 li 

I I ] 
-0,5 0 +0,5 

electrode potential /SOl- 

Fig. 4. Photocurrent, and clark current, voltage characteristic of 
ZrS3 in contact with an acid electrolyte before and after passage 
of photocurrent for 42.5 hr at an electrode potential of 0.SV. 

character is t ic  of the  semiconductor  electrode.  F igure  5 
shows the spec t ra l  dependence  of the ZrS3-electrode 
interface.  Two bandgap  values  publ i shed  in the  l i t e ra -  
ture  (13, I4) are  indica ted  for  comparison.  A l inear  
ex t rapo la t ion  of the  main  s lope of the  pho tocur ren t  
edge yields  a pp rox ima te ly  EG -- 2.1 eV which  is a 
good average.  

More opt ical  exper iments  are  needed  to obta in  a 
m o r e  accurate  va lue  for the b a n d g a p  and to unde r -  
s tand  the much h igher  value of Eo --  2.8 eV publ i shed  
in Ref. (17). When  redox  systems l ike Ce 3 +/4 +, B r - / B r 2 ,  
Fe 2+/3+, I - / I ~ -  Fe (CN )04 - /~ - ,  TiS+/4+, or S / S - -  
were  added  to the  e lec t ro ly te  in contact  wi th  ZrS3 no 
significant d isp lacement  or  modification of the photo-  
cur ren t  vol tage  character is t ic  was observed.  Since a 
meta l  countere lec t rode  in contact  with these redox 
agents  would  assume the corresponding redox po-  
tential ,  i t  should  be expected  tha t  the photovol tage  
of ZrS3 should increase  wi th  increas ingly  posi t ive 
redox  potent ia l  of the  electrolyte .  As Fig. 6 shows, this 
is not observed.  The photopotent ia ls  observed s tay  a l -  
most  constant  be tween  0.32-0.37V regardless  of whe the r  
I - / I 2  ( redox  poten t ia l  ~ 0.53V) or  Ce ~+]4+ ( redox  
potent ia l  = 1.44V) is p resen t  in the  e lectrolyte .  
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A r e m a r k a b l e  and en t i r e ly  new type  of pho to -ox i -  
da t ion  mechan i sm was detected wi th  ZrS3. The fila- 
m e n t a r y  fibrous s t rands  of ZrS3 expose two en t i re ly  
different  in terfaces  to the e lectrolyte .  One, / /  ab, is 
essent ia l ly  a Van der  Waals  surface along which the 
crys ta l  can be c leaved and where  no dangl ing  bonds 
are  avai lable .  I t  forms the main  surface  areas  of the  
flat, elast ic  ZrS8 needles  (Fig. 7). The o ther  s u r f a c e , / /  
ac, forms only  a sma l l e r  f rac t ion of the  ZrS3 needles,  as 
can read i ly  be seen since the  photoanodic  a t t ack  of 
the  crysta ls  start~ f rom this  surface.  

No molecu la r  su l fur  was found as a pho to -ox ida t ion  
produc t  a f te r  l ong - t e rm  exper iments  in a lka l ine  and 
acidic e lec t ro ly tes .  The to ta l  n u m b e r  of coulombs 
pass ing t h rough  the  cell  was 8 t imes h igher  than  
needed  to comple te ly  conver t  a l l  the  su l fur  ions to 
e lementa l  sulfur .  The whi te  oxida t ion  produc t  found 
could not  be identif ied as e lementa l  sul fur  by  chemi-  
cal means  o r  b y  mic roprobe  analysis  techniques.  I t  is 
c lear ly  a Zr  oxide or  hydroxide .  In addit ion,  the photo-  
ox ida t ion  produc ts  a re  not  an amorphous  layer ,  as 
in the  case of su l fur  on CdS. Instead,  the  in i t ia l ly  
b r igh t  red  and reddish  t r anspa ren t  ZrSs crystals  g rad -  
ua l ly  become white .  Firs t ,  the r ims  tu rn  whi te  and, 
then,  these  whi te  regions move in and en t i re ly  across 
the crystals .  In  most  cases, the  mechanica l  consistency 
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of the  e lec t rode  was ma in ta ined  and some samples  
were  f inal ly comple te ly  whi te  whi le  others  st i l l  
showed thin red  fi laments.  They were  appa ren t ly  elec-  
t r i ca l ly  disconnected f rom the bu lk  electrode.  The 
whi te  regions fol lowed the  cur ren t  l ines th rough  the 
crys ta l  as  shown in Fig. 7. 

They  first pene t ra t ed  the base of the  crysta ls  which 
a t t rac ted  the  highest  cur ren t  densi t ies  and subse-  
quen t ly  expanded  to the  top. Exper imen t s  wi th  the 
microprobe  pe r fo rmed  with  these pho to-ox id ized  ZrS8 
crysta ls  showed that  their  content  of sulfur  had de-  
creased and tha t  oxygen had been taken  up into the 
bu lk  mater ia l .  

Discussion 
Concerning the photoelec t r ica l  response, ZrSa ap-  

pears  to be an in teres t ing  sys tem for photoe lec t ro-  
chemical  studies.  However ,  the photopotent ia l s  which 
have been produced wi th  this  sys tem are  far  f rom 
being as high as theore t i ca l ly  possible.  They  also do 
not change with  the redox  poten t ia l  of the e lec t ro ly te  
as would  be expected  theore t ica l ly .  When  redox 
couples a re  added,  the f la tband poten t ia l  of the semi-  
conductor  is not  no t iceably  affected. As a consequence, 
the mechan i sm responsible  for  the  low value  of photo-  
potent ia ls  must  involve  a process which counteracts  
the f lat tening of the  ene rgy -bands  dur ing  i l luminat ion.  
This might  occur through an e lec t ron t ransfer  process 
which enables  exci ted electrons to pass over  to oxi -  
dized surface s tates  (Fig. 8). In  o rde r  to expla in  a 
photopoten t ia l  which is l a rge ly  independen t  of the 
r edox  poten t ia l  of the e lectrolyte ,  i t  has to be as-  
sumed tha t  the  posi t ion of these surface s ta tes  change 
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Fig. 8. Energy schemes showing the ZrS3/electrolyte interfaces, 
without and during illumination in presence of two redox systems 
with very different redox potentials. The role of surface states in 
preventing flattening of the energy bands during illumination is 
indicated. 

in a parallel  way with the redox potential. It  would 
seem to be reasonable to assume that these surface 
states are due to that interface which is chemically 
more reactive ( / /  ac). However, it seems equally to 
be possible that these states originate from products 
which are  intercalated into the ZrS3 crystal. Thus, 
from the photoelectrochemical point of view, the ZrS3 
electrode is full of complications, which can only be 
resolved through more detailed experimental  work. 

The photoelectrochemical oxidation mechanism ob- 
served with ZrS3 in contact with aqueous electrolytes 
is presently unique of its kind. Experience with metal 
sulfide electrodes has shown that molecular sulfur is 
a frequently obtained photo-oxidation product (e.g., 
with CdS, ZrS2). When a photoreaction with water 
is possible, sulfate may be obtained (e.g., with MoS2, 
WS2). In the case of ZrS3, however, oxygen is intro- 
duced into the crystal structure of the sulfide as a 
consequence of the anodic passage of photocurrents. 
A precondition for this is that sulfur bonds, which 
are essential for the stabili ty of the crystal, are not 
broken and another one that water is photoreacting 
with the mater ia l ,  thus, releasing an oxygen contain- 
ing intermediate which can be intercalated (the most 
probable candidate is intercalated OH). The fact that 
molecular sulfur is not released is important. It sug- 
gests that (S-S) ~- groups are more favorable as hole 
mediators in photo-oxidation than S 2- states. The ob- 
servation that an oxidation product of water is pene- 
trating the solid electrode material  is also interesting. 
This mechanism involves a kind of memory of photo- 

electrochemical processes which might have practical 
applications. 

The fact that the photo-oxidation mechanism of ZrS3 
is entirely different from that of other sulfur contain- 
ing electrodes suggests also the possibility of finding 
new ways of control of photocorrosion. What should, 
for example, be expected, when an organic electrolyte 
is used which cannot serve as an oxygen donor to 
il luminated ZrS3? The mechanism of anodic photo- 
transformation of ZrS8 is presently under further 
study in our laboratory. 
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ABSTRACT 

The electro-oxidation of methanol  in acid solutions on a plat inum electrode modified by adatom adsorption (Ag, Cu, 
Pb, Sn, As, and Bi) is studied. The influence of different exper imental  variables (electrode pretreatment,  methanol  concen- 
tration, anion adsorption, and temperature)  is reported.  Inhibi t ing and activating effects of adatoms on the methanol  oxida- 
t ion mechanism is interpreted as a blocking effect at low methanol  concentrations,  and an increase of coverage by adsorbed 
water  species on plat inum when Oorg--* 1. The lat ter  is t raced to an induced heterogeneity which prevents  organic adsorpt ion 
in the surroundings of the adsorbed foreign atom. 

I t  is wel l  es tabl ished tha t  noble  meta ls  and the i r  a l -  
loys are  the best  cata lys ts  for  me thano l  e l ec t ro -ox ida -  
t ion in acid e lec t ro ly tes  (1-6) despi te  poisoning by  
organic  res idues  (4, 7), a fact which  requi res  fu r the r  
research  in o rder  to improve  the ca ta lys t  performance.  
Different  resul ts  ob ta ined  wi th  severa l  e lec t rocata lys ts  
and solut ion composit ions (1-12) indicate  tha t  me th -  
anol  e l ec t ro -ox ida t ion  s t rong ly  depends  on the surface 
act ivi ty ,  ma in ly  th rough  the number  of sites requ i red  
for  the  e lec t rosorpt ion  of the molecule.  In  this case, 
the behav io r  of me thano l  is apprec iab ly  different  f rom 
tha t  of formic acid and fo rmaldehyde  (13, 14). Ano the r  
r e m a r k a b l e  difference be tween  formic acid and meth -  
anol  e lec t roca ta ly t ic  oxida t ion  is tha t  the fo rmer  ad-  
sorbs and oxidizes at  r e l a t ive ly  low posi t ive potent ia l s  
(15, 16), jus t  wi th in  the hydrogen  ada tom potent ia l  
region,  whi le  CO~ product ion  f rom methanol  s tar ts  
when  the degree  of surface coverage by  hydrogen  ad -  
a toms approaches  zero (16). This indicates  tha t  the 
site r equ i remen t s  for  the e lec t roadsorp t ion  of both  
molecules  and the ava i l ab i l i ty  of adsorbed  wa te r  
necessary to complete  the e lec t ro -ox ida t ion  process are  
different  for methanol  and  formic acid. Therefore ,  
the e lec t roca ta lys t  improvemen t  for me thano l  e lec t ro-  
oxida t ion  should  be approached  di f ferent ly  than  tha t  
for  formic acid. 

This pape r  repor ts  resul ts  for e lec t roca ta ly t ic  oxi-  
da t ion  of methanol  at  P t  e lect rodes  in acid solutions,  
pay ing  pa r t i cu l a r  a t ten t ion  to the e lec t rode  p r e t r e a t -  
ment ,  the influence of me thano l  concentrat ion,  the  
anion adsorpt ion,  the influence of foreign adatoms 
(Ag, Cu, Pb, Sn, As, and Bi) ,  and the t empera tu re .  
F rom the analysis  of data,  a coherent  i n t e rp re t a t ion  of 
the complex  process is a t tempted .  

Experimental 
Most of the  expe r imen t s  were  car r ied  out  in a 120 

ml  convent ional  three  e lec t rode  P y r e x  glass cell. Some 
of the  expe r imen t s  were  made  in a flowing microcel l  of 
5 ml to ta l  volume. The work ing  e lect rodes  were  
smooth  P t  foils of about  2 and 0.9 cm 2 geometr ic  
area.  Curren t  dens i ty  is r epo r t ed  in m A / c m  2 of rea l  
a rea  de t e rmined  f rom the cur ren t  dens i ty /po ten t i a l  
(i /V) profiles ob ta ined  in 0.5M H2SO4 background  
electrolyte ,  as descr ibed  in the l i t e r a tu re  (15). Po ten-  
t ials  were  measured  against  a s a tu ra t ed  hydrogen  re f -  
erence e lec t rode  in the same solut ion which  was 
moun ted  wi th  a Luggin  cap i l l a ry  a r rangement .  Ac t iva -  
t ion of the P t  surface was accompl ished by  app ly ing  
successive poten t ia l  s teps be tween  1.4-1.6V (30 sec) 
and at 0.05V (30 sec) before  the l inear  po ten t ia l  sweep. 
The e lec t rode  surface  r ema ined  "act ive" for  appl ied  
potent ia ls  lower  than  0.6V. 

* Electrochemical Society Active Member. 
Key words: catalysis, oxidation, adsorption, voltammetry, cat- 

ions, activation, inhibition. 

Background electrolyte ,  0.5M H2SO4 or xM HC104 
(x ---- 1 and 0.05) were  p repa red  f rom Ana la r  H2SO4, 
Carlo Erba  R.P. perchlor ic  acid, and t r ip ly  dis t i l led  
water .  Methanol  concentra t ion  (F luka  P.A.) was 
var ied  f rom 10 -8 to 5M. Solut ions conta ining salts  of 
different  cations (Ag +, Cu 2+, Pb 2+, Sn 2+, As a+, and 
Bi ~ + ) p r epa red  from ana ly t ica l  grade  chemicals  to ta led  
10-5-10-4M. Elect rochemical  measurements  were  made  
wi th  a PAR 173 potent ios ta t  and a PAR 175 p r o g r a m -  
mer, and recorded with  a H e w l e t t - P a c k a r d  7004B X-Y. 
Tempera tu r e  was va r ied  over  --5~176 Solut ions 
were  carefu l ly  degassed wi th  purif ied n i t rogen 
(99.999%) for  ha l f  an hour  before  the exper iments .  
Solutions were  s t i r red  wi th  ni trogen.  

Results 
Potentiodynamic profiles at active platinum.--The 

poten t iodynamic  i /V profiles run  f o r  different  m e t h -  
anol concentrat ions  in 0.5M H2SO4 wi th  an ac t iva ted  
Pt  e lect rode (Fig. 1) show e i ther  two or  th ree  anodic 
cur ren t  peaks  (paI,  paII ,  and paI I I )  depending  on 
the methanol  concentra t ion (17). There  is a c lear  
change of the i./V profiles on going f rom the first scan 
to the fol lowing ones. Some fea tures  of the repe t i t ive  
i /V disp lay  appea r  only  when  the act ivat ion s tep ap-  
p l ied  to the e lec t rode  is made  e i ther  less posi t ive than  
1.2V or  more  posi t ive than  0.15V, (Fig. 2). The a p -  
p e a r a n c e  of two peaks  (paI I '  and pa I I " )  ins tead  of a 
single one (pa I I ) ,  depends  on the t ime the potent ia l  
is he ld  at  0.05V and also on the t empera tu re .  The opt i -  
m u m  t ime for the sp l i t t ing  decreases as the t e m p e r a -  
ture  increases.  

The e lect rode p r e t r e a tme n t  becomes g r adua l l y  more  
ineffective as the  methanol  concentra t ion  increases.  
Thus, when the me thano l  concentra t ion is g rea te r  than  
0.1M, a se l f - inhib i t ion  of the oxida t ion  process in t h e  
0.6-0.9V range is observed,  in ag reemen t  wi th  previous  
resul ts  (18-20). A s imi la r  effect is also found wi th  
me thano l  res idue oxidat ion  (Fig. 3) as the adsorpt ion  
t ime at  0.5V is increased.  The cu r ren t  peak  he ight  and 
its potent ia l  for methanol  res idue oxida t ion  show a 
complex  var ia t ion  wi th  the  potent ia l  sweep ra te  (Fig. 
4) and also depend  on the degree  of ac t iva t ion  of the  
p l a t inum surfaces. 

Influence of anion adsorption.--The r ep lacement  of 
0.5M H2SO4, where  most of the expe r imen t s  r epor ted  
in the l i t e r a tu re  were  pe r fo rmed  (4, 5, 8-10, 21) b y  
HC104 solut ions (0.5 and 0.05M) where  anion adsorp-  
t ion is almost  absent  (22), produces  a considerable  in-  
crease in the Pt  e lec t rode  ac t iv i ty  for  methanol  ox ida -  
tion. The addi t ion  of ca. 10-~M Na2SO4 to HC104 acid 
decreases cons iderab ly  the  methanol  ox ida t ion  cur ren t  
(Fig. 5). The Pt  ac t iv i ty  towards  methanol  e lec t ro-  
sorpt ion depends  also on the e lec t rode  p r e t r e a t m e n t  in 
HC104 background  electrolyte ,  bu t  then the organic  
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res idue oxida t ion  a f te r  me thano l  adsorpt ion  at  0.5V is 
less influenced than  in 0.5M H2SO4. 

Inl~uence of foreign adatom adsorption.--Cyclic vol-  
t ammograms  for  me thano l  e l ec t ro -ox ida t ion  are  mod-  
ified by  the presence of different  cations in the solu-  
t ion (Fig. 6). Ag produces  a ve ry  s t rong cur ren t  in -  
h ibi t ion on the whole poten t ia l  range for  me thano l  
oxidat ion.  Qual i ta t ive ly  s imi lar  effects a re  induced b y  
As and Bi. Cu and Pb produce  a s l ight  decrease in 
cur ren t  be tween  0.5-0.9V, whi le  some increase  is ob-  
served  wi th in  the  0.5-0.7V poten t ia l  range  when  Sn 
is added  to the solution. Cd also produces  some in-  
crease in the oxida t ion  cur ren t  be tween  0.6-0.9V. This 
cur ren t  is enhanced by  the ac t iva t ion  po ten t ia l  s tep 
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p r o g r a m  appl ied  to the  e lec t rode  before  the poten t ia l  
sweep. The e lec t rode  p r e t r e a t m e n t  in  the  presence of 
fore ign cat ions produces  in general ,  a considerable  de -  
crease in methanol  ox ida t ion  cur ren t  since the po ten-  
t ia l  s tep at  0.05V n o r m a l l y  impl ies  a g rea te r  surface 
coverage by  fore ign meta l  ada toms and, consequent ly ,  
a decrease  in the percentage  of free P t  surface ava i l -  
able  for  me thano l  e lectrosorpt ion.  

Qual i ta t ive ly ,  the  influence of fore ign adatoms on 
the i /V  profile for  methanol  res idue oxida t ion  is s imi -  
l a r  to tha t  p roduced  on the i /V profile for  " reduced"  
CO2 oxida t ion  in the presence of adsorbed  ada toms 
(17). F igure  7 shows oxidat ion  profiles of adsorbed  
ada toms at  0.05V and methanol  res idue formed at  
0.55V, bo th  ob ta ined  in independen t  exper iments .  The 
oxida t ion  profile ob ta ined  when  the me thano l  res idue  
is be ing  fo rmed  on the P t  surface prev ious ly  covered 
wi th  a cer ta in  amount  of foreign ada tom is shown in 
ful l  trace.  

These runs  show tha t  Ag  d ras t i ca l ly  decreases  the  
to ta l  oxida t ion  charge for the organic  residue,  whi le  
some increase  is observed  wi th  Cu, ma in ly  in the  po-  
ten t ia l  region where  the meta l  desorbs  (23-25). Pb and 
Cd behave  l ike Cu. As and Sn s t rong ly  decrease  the or -  
ganic in t e rmed ia te  oxida t ion  charge,  a l though some 
increase in cur ren t  is observed  at  lower  potent ia l .  

lnl~uence oi an initial preset coverage of adsorbed 
foreign metals.--Initial prese t  coverages by  adsorbed  
fore ign  meta ls  were  obta ined  e i ther  by  polar iz ing  the 
e lec t rode  at  a constant  po ten t ia l  in the  presence of the  
me ta l  ions in an aux i l i a ry  cell  and  then t r ans fe r r ing  
it, a f ter  washing  wi th  background  solution, to another  
cel l  filled wi th  the  me thano l  solution; or  b y  using the 
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flowing microcell .  The  l a t t e r  p rocedure  in which the 
potent ia l  of the  work ing  e lec t rode  was kep t  at  0.05V 
dur ing  washing  and refi l l ing wi th  me thano l  solut ion 
(ca. 60 sec) gave the most  reproduc ib le  results.  

F igure  8 shows cathodic and anodic  i /V  profiles ob-  
ta ined  af te r  app ly ing  the first p rocedure  for  Pb  ad-  
sorption. A decrease in the  P t  ac t iv i ty  for methanol  
e lec t rosorpt ion  is, then, observed  since the charge for  
H - a d a t o m  adsorpt ion  is g rea te r  in the presence than  
in the  absence of Pb. S imul taneous ly ,  the charge for 
the organic  res idue oxida t ion  decreases.  

Thus, the total  surface  coverage (0t ----- 0M -F 0'org) in 
the presence of both  adsorbed  fore ign ada tom (eM) 
and methanol  (r is lower  than  tha t  ob ta ined  af te r  
methanol  e lec t rosorpt ion  in the absence of adsorbed  
Pb (0or~), unde r  the same expe r imen ta l  conditions.  
Nevertheless ,  the degree  of surface  coverage b y  o r -  
ganic res idue r e fe r r ed  to the  P t  free surface  (Q~~ - 
A Q H P b ) ,  ei ther  in the absence ( , ~ Q o r g  Pb = 0,  0org)  o r  in 
the presence of adsorbed  Pb (r increases  wi th  
methanol  bu lk  concentra t ion  (Fig. 9). (0'or~ -}- eM) < 
eorg at al l  methanol  concentra t ions  suggests tha t  in the  
presence of adsorbed  Pb there  are sites exc luded  for  
methanol  e lectrosorpt ion.  

Methanol  oxida t ion  cu r ren t  (cor rec ted  by  meta l  ad-  
a tom adsorpt ion  and background  cur ren t )  at  0.7 and 
0.8V increases wi th  methanol  bu lk  concentra t ion wi th  
and wi thout  adsorbed  Pb (Fig. 10), bu t  the s lope of 
In i vs. In Corg is a lways  l a rge r  wi th  adsorbed  Pb. 
Nevertheless ,  the g rea t  cur rents  obta ined  in the  p res -  
ence of Pb are  ma in ly  observed  when  the  me thano l  
concentra t ion is g rea te r  than  0.1M, jus t  in the  concen-  
t ra t ion  range where  the methanol  se l f - inh ib i t ion  
starts .  

Qual i ta t ively ,  the same resul ts  a re  ob ta ined  for  
o ther  foreign meta ls  in 0.05M HC104 (Fig. 11), bu t  the  
increase in me thano l  oxida t ion  cur ren t  s tar ts  at  lower  
methanol  concentrat ions  in HC104 than  in 0.5M H2SO4. 

Discussion 
General 5eatures.--To i n t e rp re t  the complex  effects 

due to the presence of foreign meta l  a toms on the 
me thano l  e lec t roca ta ly t ic  oxidat ion,  i t  is convenient  to 
re fe r  first to the react ion occurr ing  at ac t iva ted  P t  
e lect rodes  in acidic solutions. The main  difference be-  
tween  po ten t iodynamic  profiles run  wi th  ac t iva ted  P t  
a t  different  me thano l  b u l k  concentra t ions  and r epe t i -  
t ive cyclic vo l t ammograms  is the appearance  of two 
ex t r a  peaks  at  low concentra t ions  in the  double  l aye r  
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Fig. 6. Cyclic voltammograms for CH3OH electro-oxidation in the 
0.SM, v = 0.1 Vsec -1 ,  t = 20~ Pb +2 was added to CH3OH = 

potent ia l  region. The first cu r ren t  peak, observed  im-  
med ia t e ly  af te r  the hydrogen  adatoms desorpt ion is 
completed,  is due to the  e lec t roadsorpt ion  of methanol  
(16). The increase  in  cu r ren t  at  this potent ia l  cannot  
be a t t r ibu ted  to methanol  e lec t rocombust ion since no 
CO2 product ion  was detected by  combined mass spec-  
t rome t ry -cyc l i c  v o l t a m m e t r y  exper iments .  Hence, in 
the 0.4-0.45V range,  the cur ren t  should  be main ly  re -  
la ted to the fast  e l ec t ro -ox ida t ion  of H-a toms  p ro -  
duced by  methanol  dissociation on the e lec t roadsorp-  
t ion process. As methanol  oxidat ion  to CO2 star ts  at  
about  0.45V, a po ten t ia l  much  lower  than  the e lec t ro-  
format ion  potent ia l  of O-species at  the Pt  surface,  i t  
is c lear  that  a f ract ion of adsorbed  wa te r  is a l r eady  
avai lab le  at  this po ten t ia l  for the e lec t ro -ox ida t ion  of 
the methanol  residue.  Nevertheless ,  as the  ini t ia l  de -  
gree of coverage by  organic residue,  0org, decreases 
th roughout  the in te rmedia te  oxidat ion  process, m e t h -  
anol  readsorp t ion  on the bare  e lect rode surface takes  
place cont inuously  jus t  before  the O-e lec t roadsorp t ion  
ini t ia tes  (26). F r o m  this s tandpoint ,  the e lec t roadsorp-  
t ion of me thano l  should imply  a compet i t ive  process 

be tween  wa te r  and ion adsorpt ion.  The energy  of the 
organic res idue resul t ing  f rom the p r i m a r y  e lec t road-  
sorpt ion process should depend  on both the s t ruc tura l  
character is t ics  of the in terface  and the solut ion com- 
position. Thus, the increase  of P t  ac t iv i ty  towards  
methanol  e lec t roadsorp t ion  b y  changing the base elec-  
t ro ly te  f rom H2SO4 to HCIO4 can be re la ted  to an 
effect induced by the specific adsorption of HSO4-. 
The influence of anion adsorption in decreasing the 
Pt activity towards the electroadsorption and oxida- 
tion of methanol becomes evident when ca. 10-6M 
NaC1 is added to the electrolyte. Moreover, anion ad- 
sorption also influences the O-electroadsorption on Pt, 
rendering the whole process more irreversible (27- 
29). 

The increase of the Pt  ac t iv i ty  th rough  a potent ia l  
s tep appl ied  before the potent ia l  sweep becomes more  
r emarkab le  in H2SO4 than  in HCIO4. This suggests 
that  some i r revers ib le  oxide is being comple te ly  re -  
moved dur ing  the poten t ia l  holding at  the lowest  posi-  
t ive potential .  The fact  tha t  the e lect rode ac t iv i ty  to-  
wards  H - a d a t o m  adsorpt ion  remains  constant  when 
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the oxide eleetroformation potential is avoided appar-  
ently agrees with the previous assumption. 

Adsorption of foreign metal ions at either variable 
or low initial  preset coverage influences in different 
ways both the methanol electroadsorpton and the o x i -  
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Fig. $. Negative and positive potential sweeps in the presence 
( ) and in the absence ( . . . .  ) of adsorbed lead. (Opb = 0.15.) 
Adsorption time for CH3OH 3 • I 0 - 3 M  ---- 30 sac, v ~ 0.1 
Vsec -1 ,  t = 15~ 

dation process. This depends on the degree of cover- 
age by adsorbed adatom, on the potential region, on 
the methanol concentration in the bulk of the solution, 
and on the electrolyte composition. 

In principle, independently of the nature of the 
foreign metal ion, the foreign metal  adatom inhibits 
the methanol electrosorption by producing a decrease 
of current in the 0.4-0.45V region on activated Pt  
electrodes, as was reported previously (17) in experi-  
ments performed by cyclic vol tammetry with both 

08 
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Fig. 9. Dependence of surface coverage on CH3OH concentration. 
Opb = 0 ( e ) ;  Opb = 0.16 (F1), ( O ) ;  SO4H2 = 0.SM, t = 15~ 
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foreign cations and methanol  present  in  the bulk  of 
the solution. This effect is to some extent  equivalent  
to that produced by anion adsorption. 

The influence of foreign metal  adatoms on the meth-  
anol residue oxidation in the 0.6-0.8V region also 
depends on the methanol  bulk  concentrat ion and on 
the ionic composition of the solution. In  this case, 
Cu seems to be the most inactive metal. Conversely, 
vchen either Sn, Cd, or Pb are used with methanol  con- 
centra t ion over 0.1M, the methanol  oxidation current  
is always greater  than that observed on bare Pt. 

Thus, foreign metal  adsorption inhibi ts  methanol  
electrosorption, while methanol  residue oxidation is 
ei ther inhibi ted or enhanced depending on methanol  
bulk  concentrat ion The concentrat ion range where 
inhibi t ion prevails is lower in  HCI04 than in  H~SO4 
solutions. Nevertheless, in  all cases foreign metal  ad-  
atoms are ineffective in overcoming the se l f - inhibi t ion 
effect observed at high methanol  concentrat ion 

Inhibition of methanol electrosorption by adsorbed 
Pb. - -As  (0'ors W 0M) < 0or~ at low 0M, a heterogeneous 
surface model induced by  adatom adsorption is as- 
sumed to explain the effect produced by adsorbed Pb 
on methanol  electrosorption. Thus, after adatom ad- 
sorption the n u m b e r  of active sites at the Pt  surface 
(nt) can be divided in  the following way: (i) the 
n u m b e r  of sites occupied by Pb atoms (riM); (ii) the 
number  of sites around each adsorbed Pb atom where 
the methanol  adsorption is energetical ly modified by  
the presence of adatom (riM'), and (iii) the n u m b e r  of 
energet ical ly unal te red  Pt  sites for organic adsorption 
(nt'  ~- •t -- nM -- riM') After  organic adsorption, norg 
and n'org are the n u m b e r  of sites occupied by the or- 
ganic residue in the absence and in the presence of Pb 
adatoms, respectively. Then, the following set of 
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Fig. 11. Dependence of electro-oxidation rate on CHsOH con- 
centration in perchloric acid solutions, a) 0.7V, 1) without adatom, 
2) Cd, 3) Cu, 4) Ph, 5) Sn. b) 0.8% 1) without adatom, 2) Cu, 3) 
Cd, 4) Sn, 5) Pb HCIO4 - -  0.05M, t = 15~ 

equations can be wr i t ten  for the degree of surface 
coverage by the organic species in the absence (eorg) 
and in  the presence (0'ors and 0"ors) of adsorbed ad- 
atoms 

0ors -- norg/nt -- n'org/nt' [1] 

0'ors : n'org/(nt -- riM) "-- n'org/(nt '  -~ riM') [2] 
and 

a"org "-- n ' o r s / n t  [ 3 ]  

These equations are set assuming that  the n u m b e r  of 
sites for methanol  electroadsorption in  the presence of 
Pb, n~', are equal ly available to the organic species as 
is the case for the total n u m b e r  of sites, nt, in the 
absence of adatoms. The equations for meta l  coverage 
fraction and the coverage fraction of modified surface 
by metal  adsorption are 

OM "- nM/nt [4] 
and 

8M' "- n M ' / n  t [ 5 ]  

The ratio be tween modified sites by adsorbed a d -  
a t o m s ,  n M' and occupied sites by the adatoms them-  
selves, riM, is 

riM' 0ors - -  '0"ors - -  (?ors OM 
= [6 ]  

nM Oorg OM 

Rear rangement  of Eq. [6] gives 

0"ors  
0~' = 1 -- 0M -- - -  [7] 

0ors 

AS both 0org and 0"ors depend on methanol  bu lk  con- 
centrat ion (Fig. 9), s imilar  behavior  should be ex-  
pected for OM' provided that  the ini t ia l  0M remains  
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constant and independent of methanol bulk concen- 
tration. Experimental results fulfilled the predictions 
of Eq. [7], as seen by plotting 0M'/0~x as a function of 
methanol bulk concentration (Fig. 12). 

The values found for 0M' as methanol concentration 
is changed show that for CCH3OH "-> 0, the number of 
modified Pt sites produced by Pb adsorption is close 
to three. As methanol concentration is raised, the site 
requirements for electroadsorption increase, produc- 
ing a decrease of OM' which reaches a minimum value 
very close to the foreign adatom coverage fraction at 
high methanol concentrations. The minimum value for 
0M' can be taken as the excluded region for methanol 
adsorption around the adsorbed foreign adatom, 0M". 

E~ect o~ foreign metal adsorption on methanol elec- 
tro-oxidation.mMethanol oxidation on Pt surface par- 
tially covered by foreign adatoms can be explained 
taking into account at least five complex stages: (i) 
the surface adsorption of methanol from the bulk of 
the solution, (ii) the dehydrogenation process involv- 
ing simultaneously the H-atom oxidation and the for- 
mation of an adsorbed organic residue, (iii) the avail- 
ability of adsorbed OH species at the surface for com- 
plete oxidation, (iv) the CO2 production at the sur- 
face level with participation of adsorbed organic resi- 
due (0'org, 0org) and adsorbed mOH-species, and (v) 
the diffusion of COs from the surface to the bulk of 
the solution 

The first stage depends on methanol bulk concen- 
tration through the corresponding adsorption iso- 
therm. In this respect, any oxide remaining on the 
substrate as well as adsorbed anions or foreign metal 
adatoms should modify the quantity as well as the 
quality of surface sites availabl~e for the process. The 
rates of the second and third stages are potentially 
dependent, although in the double layer potential re- 
gion where methanol oxidation starts, the rates of 
these processes can be also a function of the adsorbed 
water species at the interface. The fourth stage mainly 
depends on the relative coverage by the different ad- 
sorbed species. 

Foreign metal adatoms have shown a double effect 
on the kinetics of methanol oxidation. At low meth- 
anol concentrations, a decrease in current is evident, 
while the opposite is observed for high methanol con- 
centrations coincidently with the self-inhibition pro-  

duced on bare Pt. Thus, the overall effect can be ex- 
plained as follows: At low methanol concentrations, 
the foreign adatom adsorption decreases the substrate 
surface capability for methanol adsorption and de- 
hydrogenation, which is rate determining. The in- 
hibiting effect is given not only by the foreign adatom 
coverage fraction eM, but also by the modified region 
around it, 0•'. As methanol bulk concentration is in- 
creased (8'org "-> I), the coverage by metal adatoms 
should interfere with the organic residue close pack- 
ing. The latter is probably responsible for the  self- 
inhibition found at high methanol concentration at 
bare Pt. Hence, a decrease of residue coverage, 0"or8 
and simultaneously an increase of coverage for ad- 
sorbed water species on the modified region surround- 
ing the foreign metal, eM", is produced 

Therefore, the influence of foreign adatoms at low 
coverages on methanol oxidation can be better under- 
stood in terms of an indirect action by decreasing the 
activity of the substrate around each metal adatom 
for the organic adsorption, and simultaneously pro- 
moting the electroadsorption of OH species. 

In conclusion, the overall action of metal adatoms 
can be conceived to be like that of the effect of an in- 
duced heterogeneity at  the surface, affecting various 
competitive processes, and the simultaneous decrease 
of the real electrocatalytic active area. The balance of 
the different contributions may result in either a de- 
crease or an increase of the electrocatalyst activity 
and this strongly depends on the substrate, its history, 
the presence of metal adatoms, and its degree of sur- 
face coverage, and the composition of the electrolyte. 
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Electrochemical Studies of Cu(I) and Cu(ll) in an Aluminum Chloride- 
N-(n-Butyl)Pyridinium Chloride Ionic Liquid 

Chenniah Nanjundiah and R. A. Osteryoung* 
Department of Chemistry, State University of New York at Buffalo, Buffalo, New York 14214 

ABSTRACT 

A study of the Cu-Cu(I)-Cu(II) redox systems has been carried out in a butylpyr id inium chloride-aluminum chloride 
ionic liquid. Rotating disk (glassy carbon) and ring disk electrochemical  studies were performed, as well as coulometric and 
potent iometr ic  experiments.  Cu(II) is reduced to both Cu(I) and Cu(0) in acidic (excess A1C13) melts and the process is quasi- 
reversible. Both Cu(I) and Cu(II) appear  to adsorb at the glassy carbon electrodes in acidic melts. The reduction of Cu(II) 
appears reversible as determined by rotating disk voltammetry.  In basic melts (excess butylpyr id in ium chloride), kinetic 
parameters  for the slow electron transfer reduction of Cu(II) and oxidation of Cu(I) were evaluated. Both Cu(I) and Cu(II) 
appear  to adhere to the Stokes-Einstein equation in both acidic and basic melts, al though the constancy of the viscosity- 
diffusion coefficient product  differs for each and changes as the melt  is made either acidic or basic. Potent iometr ic  mea- 
surements  are interpreted as showing the presence of CuC1j 3 and CuCI~ 4 in basic melts and perhaps (Cu(A1C14)~ -2 and 
Cu(A1C14)4 -2 in acidic melts. S tandard  potentials for the various redox couples in acidic and basic melts were determined.  

Recently,  in teres t  has been shown in the develop-  
ment  of high energy dens i ty  low t empera tu re  the rmal  
ba t te r ies  which wil l  supply  high cur ren t  dens i ty  for 
shor t  t imes (1, 2). Mixtures  of A1C13 and NaC1 were  
used as the ba t t e ry  electrolyte .  These mol ten  salt  m ix -  
tures have also been used for  e lect rodeposi t ion of 
a luminum on var ious  subs t ra tes  (3, 4). Since the op-  
e ra t ing  t empe ra tu r e  of  these mol ten  sal t  mix tures  are  
h igher  than  ambien t  tempera tures ,  invest igat ions  were  
d i rec ted  towards  decreas ing the mel t ing  point  of these 
electrolytes .  At  present ,  many  low mel t ing  mix tures  of 
A1C13 and RC1 where  R is N - a l k y l  py r id in ium hal ides  
are  known (5, 6, 7). 

Gale, Gilber t ,  Robinson, and Osteryoung combined 
A1C13 with  N - b u t y l  py r id in ium chlor ide  (BuPyC1) and 
obta ined  room t empera tu re  ionic l iquids at  var ious  tool 
rat ios  of these components  (8, 9). Unl ike  o ther  mol ten  
sal t  mix tures  repor ted  earl ier ,  this system was a l iquid 
in the  v ic in i ty  of 27~ over  the composit ion range  of 
ca. 0.7:1 to 2 : I  mol rat io  of A1C18 to BuPyC1, and 
Raman  spect ra l  s tudies  were  car r ied  out to character ize  
the mel t  species presen t  (8). Thei r  Lewis  ac id-base  
proper t ies  and the solvolysis equ i l ib r ium presen t  have 
been inves t iga ted  (10, 11). In  addit ion,  they  have been 
employed  ex tens ive ly  as media  for fundamenta l  elec-  
t rochemical  and spectroscopic studies of a va r i e ty  of 
organic  (8, 12, 13) and inorganic  solutes (14, 15, 16, 
17), Recently,  we repor ted  e lec t rochemical  s tudies of 
F e ( I I ) / F e ( I I I )  at  var ious  mel t  acidi t ies  (18), and also 
de te rmined  the viscosi ty and densi ty  of the system as a 
funct ion of the A1C13:BuPyCI mol ratio.  

While  detai ls  of the  ac id-base  equi l ib r ium in this 
sys tem have been repor ted  (10, 11), a br ie f  s u m m a r y  
m a y  be helpful .  The BuPyCI-A1CI~ system is best  

* Electrochemical Society Active Member. 
Key words: fused salts, potential, voltammetry,  diffusion. 

charac ter ized  as BuPy + A1C14-, wi th  the  ac id-base  
equi l ib r ium indica ted  as 

2A1C14- :~----- A12C17- -~ C1- [1] 

The 1" 1 mol rat io  AIC13:BuPyC1 sys tem is "neutra l" ;  
excess BuPyC1 renders  it  basic, while  excess A1CI~ 
renders  i t  acidic. I n t h e  vic in i ty  of a mol rat io  of 1: 1, 
the system acidi ty  changes marked ly .  

To continue our  s tudy of var ious  redox  systems that  
m a y  have app l icab i l i ty  to ionic l iquid ba t t e ry  systems, 
we here  repor t  on the s tudy  of C u ( I ) / C u ( I I )  in the 
AIC18:BuPyC1 sys tem as a funct ion of the sys tem 
acidity.  The e lec t rochemical  behavior  of the C u ( I ) /  
Cu ( I I )  couple has been s tudied in A1C18 and NaC1 
mixtures  (19). Hussey et aI. (20) have inves t iga ted  
C u ( I ) / C u ( I I )  couple in A1C18 and methy l  py r id in ium 
chloride (2: 1) mixtures .  Their  resul ts  in this system, 
whose ac idi ty  could not be varied,  indica ted  a revers i -  
ble process for the Cu( I I )  ~- e ~ Cu( I )  process as 
de te rmined  by  ro ta t ing  disk vo l tammet ry .  

Experimental 
Purif icat ion of A1C13 and p repa ra t ion  and purif ica-  

t ion of BuPyCI  have been descr ibed e lsewhere  (8). 
Cu( I I )  was added  as CuC12 (Alfa  Products)  Cu( I )  by  
anodizing a copper  wire.  Copper  wire  ( Johnson-  
Mat they  Chemicals,  L imi ted)  and a luminum wire  (Alfa  
Products)  were  of 2 and 0.5 mm diam, respect ively .  

Al l  vo l t ammet r ic  studies were  pe r fo rmed  at  glassy 
carbon electrodes.  Both disk and r ing  disk electrodes 
were  employed.  The glassy carbon disk e lect rode 
(RGCDE) was fabr ica ted  in this l abo ra to ry  by  seal ing 
glassy carbon (Atomergics)  into P y r e x  glass and had  
an area  of 0.196 cm 2. The ro ta t ing  glassy carbon r ing 
disk e lec t rode  (RGCRDE) was ob ta ined  f rom Pine 
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Ins t rumen t  Company. and had electrode parameters:  
r l  = 0.3823, r~ = 0.4097, and r~ -- 0.5563 cm. A stat ion- 
ary glassy carbon electrode for cyclic vo l tammetry  
and potent iometry  had a n  area of 0.057 cm 2. The glassy 
carbon electrodes were polished using 0.2 micron 
a lumina  on a wet polishing cloth, washed with water, 
and dried. A glassy carbon crucible was used as the 
working electrode to oxidize Cu( I )  to Cu( I I ) .  Refer-  
ence and counterelectrodes were A1 wires dipped into 
the 2:1 AIC13:BuPyC1 melt, and both were separated 
from the bu lk  electrolyte compar tment  by  fine glass 
frits. A l u m i n u m  wire was cleaned in a 3:3:4 volume 
mixture  of concentrated sulfuric, nitric, and phosphoric 
acid, washed with water  and acetone, and dried. Cop- 
per wire was used as the working electrode either to 
introduce Cu(I )  or to measure the C u ( O ) / C u ( I )  po- 
tential.  The wire was cleaned with concentrated hy-  
drochloric acid, and washed with water  and acetone, 
and dried. 

A PAR 174A Polarographic Analyzer  was used for 
all vol tammetr ic  experiments,  and vol tammetr ic  curves 
were recorded~on an HP 7046-A X-Y-Y'  recorder. A 
PAR 173 potentiostat  with a Model 179 Coulometer 
was used in coulometric work. A Pine In s t rumen t  
Company .RDE 3 dual potentiostat  and a Pine ASR 
rotator were used for rotat ing disk and r ing disk ex- 
periments.  Potent ia l  measurements  were carried out 
with a digital vol tmeter  (Fluke 8000 A) in conjunct ion 
with a voltage follower. The electrochemical cell as- 
sembly was placed in a furnace whose tempera ture  
was controlled at 40 ~ • I~ by a Thermo Electric 400 
Tempera ture  controller.  

All electrochemical exper iments  were performed in 
a Vacuum Atmospheres Company (HE-193-2) dry box 
with a circulating, purified, argon atmosphere. A 
Metrohm glass cell (EA-875-20) was employed as an 
electrolytic cell. The cell was covered with a Teflon lid 
with several holes for reference and counterelectrode 
compartments,  thermocouple well and the rotat ing disk 
or any  other working electrode. Melts were prepared 
in the cell by mixing  weighed amounts  of purified 
A1C13 and BuPyC1 (9, 14). Before every run,  the elec- 
trode surface was conditioned by holding at an ini t ial  
potential  unt i l  a steady current  was observed. Con- 
stant  potential  coulometric exper iments  were per-  
formed by changing the potential  from a value where 
no current  passed to one where the desired reaction 
would take place. The solution was st irred dur ing 
coulometric experiments.  In  the potentiometric in -  
vestigation of C u / C u ( I ) ,  the total concentrat ion of 
Cu( I )  was main ta ined  constant  by coulometric oxida- 
tion of copper wire. Dur ing  all potentiometric studies, 
the solutions were stirred. 

Results and  Discussion 

Vol tammetr ic  studies in acidic mel t . - -Figure  1 shows 
cyclic vol tammograms of Cu( I I )  as a function of melt  
acidity. Cu(I I )  in the acid melt  undergoes a two-step 
reduction process, first to Cu( I )  and then to Cu(O) .  
Other aspects of this figure are discussed below. 

A study of the oxidation of Cu(I )  was performed. 
Table I shows anodic peak potentials (Epa), cathodic 
peak potentials (Epc), peak separations (~E,) ,  anodic 
peak currents  (Ipa), cathodic peak currents  (Inc), and 
Iva/Ipc for Cu(I )  in a 2:1 melt  as a function of sweep 

t'.s 

C I i 2 ~  
~.~_----~ ~.~ . ~  

2 t 

d i i i I 
-0.t 0.t 0 3 

~ 2 p A  

E/V vs AI/AI [m'] 

Fig. 1. Cyclic voltammograms for Cu(ll) at 5 mV sec - I ,  40~ 
Melt composition, concentration of Cu(ll)/mol dm -8 .  a. 2:1, 7.0 X 
10 - 3  , b. 1.8:1, 6.7 X 10 - 3  , c. 1.4:1, 5.8 X 10 - 3  , d. 0.75:1, 
4.9 X 10 -3. 

rate &). Plots of Ip a and Ipc against  rl/~ are l inear  up to 
20 mV/sec, but  at higher sweep rates Ipa and Ip c deviate 
from lineari ty.  Ipa/Ip c is near ly  unity.  Ep a is near ly  
constant  up to sweep rates of 20 mV/sec. At higher 
sweep rates, Ep a shifts anodically. ED a - -  E p / 2  a (differ- 
ence between peak potential  and potential  at half  the 
peak height) is 0.060 _ 0.005V (theoretical va lue  is 
0.060V for n ----- 1). Thus, the oxidation of Cu(I )  is dif- 
fusion controlled and satisfies Nerns t ian  conditions at 
lower sweep rates. Ep c shifts cathodically with increas-  
ing sweep rate, which may be the result  of i r revers i -  
bil i ty or a small  amount  of uncompensated resistance. 
Cyclic vol tammograms of Cu(I )  are distorted in the 
high tempera ture  A1C13:NaC1 system; this was at-  
t r ibuted to the discharge of chlorine at the electrodes 
near  the background limit (19). Hence, there is an un -  
certainty associated with the cathodic peak potentials. 

Cu(I)  can be reduced to Cu(O)  and can be str ipped 
in acidic melt  compositions. A deposition and str ipping 
vol tammogram for a 2:1 melt  is shown in Fig. la. (The 
small  peak at ca. 0.2V may be due to A1 str ipping from 
the Cu covered surface.) As the melt  composition is 
changed to 1.8:1, two cathodic and two anodic peaks 
were observed apart  from the peak due to deposition 
of Cu (I) and stripping. (Ep c) 1 peak 1, Fig. 1, is inde-  
pendent  of sweep rate up to 100 mV sec -1 and (/pC)1 
vs. ~1/2 is l inear  passing through the origin. This indi -  
cates that Cu(I I )  reduct ion is diffusion controlled at 
the sweep rates employed. Table II  shows Epc, Epa, AEp, 
Ep c -- Ep/2 c, and E1/~ for Cu (II) as a funct ion of melt  
composition. Ep c -- Ep/2c is near ly  0.060 _ 0.005V at all  
sweep rates indicat ing that the reduct ion step involves 
one electron (theoretical value for n ---- 1 is 0.060V). 
An analysis of the anodic peak was not done since it is 
accompanied by a prewave. 

Table I. Cyclic voltammetric results for oxidation of 9.0 • 10 - 8  mol dm - 8  of Cu(I) in 2:1 melt composition 

~'/V sec -1 Epa/V (Ep a - Ep/za)/V Epc/V AEv/V Ipa/lO-aA Ip~176 Ipe/Ipa 

0.062 1.880 0.060 1.820 0.060 6.5 6.5 1.0 
0.005 1.880 0.060 1.815 0.065 10.0 10.0 1.0 
0.010 1-885 0.060 1.810 0.075 17.5 17.0 1.0 
0.020 1.885 0.060 1.800 0.085 24.0 24.0 1.0 
0.100 1.905 0.060 1.780 0.125 54 54 1.0 

p - s c a n  r a t e .  Er a - a n o d i c  p e a k  p o t e n t i a l .  Er  e - c a t h o d i c  p e a k  potent ia l .  AEp ffi Ep. -- Epe. Iv. - a n o d i c  p e a k  c u r r e n t ,  l~c - c a t h o d i c  
p e a k  c u r r e n t .  
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Table II. Cyclic voltammetric data for Cu(H) at different melt acidities 

June  1983 

Na/NB 

[Cu( I I )  ] 
r, (Epe)z (Ep/2 c) (Epe)l - (Ev/2~ E1/~ (Epa)I (AEp)I (Epe),'J (Eva)g (AEp),~ 

mol d m  -s 
x 10 "~ V see -z V V V V V V V V V 

1.8 6.7 0.005 1.765 1.825 0:050 1.794 1,830 0.065 1.710 1.765 0.050 
0.010 1.760 1.820 0.060 1.789 1.825 0.065 1.705 1.775 0.070 
0.020 1.760 1.820 0.060 1.789 1.825 0.065 1.700 - -  - -  
0.050 1.760 1.820 0.060 1.789 1.825 0,065 1.685 - -  - -  
0,I00 1.760 1.820 0.060 1.789 1.835 0.075 1,670 - -  - -  

1.8 8.3 0.005 1.755 1.815 0.060 1.784 1.815 0.060 1.660 1.715 0.055 
0.010 1.755 1.815 0.060 1.784 1.815 0.060 1.655 1.720 0.055 
0.020 1.755 1.815 0.060 1.784 1.820 0.0'65 1.650 1.725 0.075 
0.050 1.755 1.815 0.060 1.784 1.820 0.065 1.635 1.735 0.100 
0.100 1.750 1.810 0.060 1.790 1.820 0.070 1.620 1.745 0.125 

1,4 5.8 0.005 1.755 1.610 0.055 1.784 1.815 0.060 1.615 1.680 0.055 
0.010 1.750 1.805 0.055 1.779 1.815 0.065 1.616 1.690 0.075 
0.020 1.750 1.805 0.055 1.779 1.815 0.065 1.615 1.700 0.085 
0.050 1.750 1.805 0.055 1.779 1.815 0.065 1.695 1.710 0.115 
0.10O 1,745 1.800 0.055 1.774 1.815 0.070 1.505 1.710 0.125 

1.2 5.3 0.005 1.735 1.790 0.055 1.764 1.795 0.060 1.575 1.625 0.050 
0.Ol0 1.735 1.790 0.055 1.764 1.795 0.060 1.575 1.630 0.055 

NA - N u m b e r  of  mols  of AICI~, 
N~ - N u m b e r  of mols  of BuPyCI. 

Similar  results were obtained in 1.6:1, 1.4:1, and 
1.2." 1 melts (Table II) .  The second cathodic and anodic 
peaks are at 1.710 and 1.765V, respectively, at 5 mV/  
sec. As the sweep rate is increased the anodic peak at 
1.765V merges with the anodic peak at 1.825V, while 
the cathodic peak at 1.710V shifts cathodically. As the 
melt  acidity is changed to 1.6:1, 1.4:1, and then to 
1.2: 1, the potent ial  difference between Epa 1 (peak 1) 
and Epa 2 (peak 2) and that be tween Epc2 and Epc 1 in-  
creases as can be seen in Table II. Both the second 
cathodic and anodic peaks disappear when  tungsten is 
used as the working electrode. This suggests that the 
second peak is due to a surface process. This will be 
discussed below in connection with rotat ing disk elec- 
trode experiments.  

Coulometric exper iments  in  a 2:1 melt  were carried 
out. Cu( I )  was introduced by anodizing copver wire. 
The rest potent ial  was measured (0.525 _ 0.005V), and 
then a potential  anodic to the rest potential  was applied 
while the current  was integrated by a coulometer. This 
coulometry was stopped at various t ime intervals  and 
the equi l ibr ium potentials were measured. Eeq vs.. 
l n [ C u ( I )  ] was plotted and the slope of this line was 
0.028 V/decade (theoretical value is 0.027V/decade for 
n : 1). Thus, Cu(I )  is formed by anodizing copper 
wire. E ~ for C u / C u ( I )  is reported in  Table III. 

Table III. Standard formal potential of Cu(I)/Cu(O), 
Cu(ll) /Cu(I),  and Cu(ll) /Cu(O) in the melt 

E"'IV 
N,xlN~ Redox couple  (vs. A1 in 2:1 AICls:BuPyC1) 

2 Cu( I )  + e ~ C u ( O )  0.784 
2 Cu( I I )  + e ~ - C u ( I )  1.825 
2 Cu( I I )  + 2e ~ Cu(O)  1.305 (Calculated) 

0.75 Cu( I )  + e ~ C u ( O )  -0 .647 
0.75 Cu( I I )  + e ~ C u ( I )  0.046 
0.75 Cu( I I )  + 2e ~- Cu(O)  -0.301 (Calculated) 

Rotating r ing disk vol tammograms were also re-  
corded (Fig. 2). A well-defined oxidation wave was 
observed at the disk and reduct ion currents  at the ring. 
The na tu re  of the l imit ing current  was verified using 
the Levich equation 

Id --" 6.2 • lO-4nFACD2/Sv-Z/8,,,1/~ [2] 

where C is the concentrat ion in tool l i ter  -1, v is the 
kinematic  viscosity, ~ is the rotat ion rate in radians 
sec -1, and all other symbols have their  usual meaning.  
A plot of l imit ing current  against  ~1/2 is l inear  and 
passes close to the origin, showing that the l imit ing 
current  is convective diffusion controlled (Fig. 3a). The 
mean  of the collection efficiency at different rotation 
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E/V vs AI/AI [TIT] 

Fig. 2. Rotating ring disk voltammograms for !1 X 10 -'~ mol 
dm-3 Cu(I) at different rotation rates in 2:1 melt. Ring potential 
at 1.14V, disk current ---, ring current .... rotation rate in rpm a,a') 
100, b,b') 200, c,c') 400, d,d') 900, and e,e') 1600. 
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Fig. 3. Plot of I vs. c~112 for 11 N I 0 - ~  mol dm - 8  Cu(I) in 2:1 
melt at different potentials a) l l V ,  b) 1.87V, c) 1.85V, d) 1.84V, 
e) 1.82V, and f) 1.80V. 
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ra tes  is 0.4I _ 0.01 ( theore t ica l  va lue  is 0.43), sugges t -  
ing that  the product  is s table.  To de te rmine  the number  
of e lec t rons  involved  in the  oxida t ion  of C u ( I ) ,  con-  
s tant  po ten t ia l  cou lomet ry  was car r ied  out  on a glassy 
carbon electrode.  Since the  l imi t ing  cur ren t  is convec- 
t ive diffusion control led,  the e lectrolysis  po ten t ia l  of 
2.0V was chosen to be on the l imi t ing  p la t eau  of the  
vo l t ammogram.  The coulomet ry  was s topped at  var ious  
t ime in tervals ,  and the vo l t ammogram at the  RGCDE 
was recorded  in o rder  to moni tor  the  decrease in con- 
cent ra t ion  of C u ( I ) .  A plot  of anodic l imi t ing  cur ren t  
as a funct ion of Q is shown in Fig. 4. I t  is seen tha t  the  
convect ive diffusion l imi ted  cu r ren t  decreases  l i nea r ly  
up  to 3C, bu t  the points beyond  3C devia te  and the 
l imi t ing  currents  a re  grea te r  than  one would  expect  on 
the basis of  a diffusion contro l led  coulometr ic  reaction.  
One possible reason for  this devia t ion  m a y  be due to a 
side react ion at  the e lect rode at  the poten t ia l  of e lec-  
trolysis ,  since 2.0V is near  the  oxida t ion  l imi t  of t he  
melt .  However ,  an ex t rapo la t ion  of points  obta ined  up 
to 3C gave an in te rcep t  on the Q axis of 15.5C. The 
Cu (I)  solut ion pr io r  to coulometr ic  oxida t ion  of Cu (I) 
at  the g lassy  carbon elect rode was ob ta ined  by  passing 
an anodic charge of 15.7C using a copper  electrode.  
Thus, one e lec t ron is involved  in the  oxida t ion  of 
C u ( I ) .  Dur ing  coulometr ic  conversion of Cu( I )  to 
C u ( I I ) ,  the equ i l ib r ium potent ia l  of C u ( I ) / C u ( I I )  
system was measured  at different  rat ios  of Cu( I )  to 
Cu (II)  us ing a g lassy  carbon electrode.  A plot  of Ee~ vs.  
In [ C u ( I I ) ] / [ C u ( I ) ]  yields  a l inear  plot  wi th  a slope 
of 0.029 V/decade  indica t ing  tha t  the C u ( I ) / C u ( I I )  
couple obeys the  Nernst  equation.  E ~ for Cu ( I ) / C u  (I I )  
is r epor ted  in Table  III. 

Analys is  of ro ta t ing  disk e lec t rode  vo l t ammograms  
for  the  ox ida t ion  of  Cu( I )  was car r ied  out. Plots  of I 
agains t  .~/~ on the r is ing por t ion  of  the  wave  were  
l inear  (Fig. 3) in  acidic mel ts  f rom composit ions r a n g -  
ing f rom 2.0:1 to 1.4:1 melt ,  bu t  al l  these plots  have an 
intercept .  One possible reason m a y  be the  oxida t ion  of 
an adsorbed  Cu (I) species. However ,  a plot  of the In of 
the slopes of the plots in Fig. 3 vs.  potent ia l  is l inea r  
wi th  a slope of 29 mV, quite close to tha t  expected  for 
a revers ible ,  one e lect ron process. 

Careful  examina t ion  of the  RGCDE vo l t ammogram 
reveals  tha t  there  is a smal l  shoulder  in the r is ing pa r t  
of the vo l tammogram,  p resumed  to arise f rom adsorp-  
t ion of C u ( I I ) .  As the mel t  composit ion approaches  
neu t r a l i t y  (1:1 tool ra t io  of A1CI~:BuPyC1), the  
vo l t ammogram gives a peak  shape i - E  plot;  Cu ( I I )  
fo rmed  f rom the  oxida t ion  of Cu (I)  p rec ip i ta tes  a t  the  
e lec t rode  and pass ivates  the  electrode.  Cu ( I I )  added  
ex t e rna l l y  also prec ip i ta tes  nea r  a neu t r a l  mel t  com-  
position. 

The reduct ion of Cu (I I )  in the acidic mel t  was also 
s tudied at  an RGCDE. The reduct ion wave  of Cu (II)  a t  
different  ro ta t ion ra tes  is shown in Fig. 5. I t  can be 
seen tha t  the  l imi t ing  cur ren t  of the  vo l t ammo gra m is 
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Fig. 4. Plot of Id vs. Q in 2:1 melt at 900 rpm. Initial concen- 
tration of Cu(I) is 11 X 10 - s  tool dm - s .  
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Fig. 5. Rotating disk voltammograms for 4.9 X 10 - 3  mol dm - a  
Cu(ll) in 1.8:i melt at a) 100, b) 400, c) 900, and d) 1600 rpm. 

preceded  by  a peak.  Such peaks  have been a t t r ibu ted  to 
adsorpt ion  processes (21). A plot  of l imi t ing  cur ren t  
aga ins t  ~1/~ is l inear  and  passes th rough  the origin.  
Currents  on the r is ing region of the vo l t ammogram,  
except  for the cur ren t  at  the peak,  p lo t ted  agains t  ~1/2 
shows l inear  behavior  and pass th rough  the origin. 
This indicates  tha t  the  cur ren t  is convective diffusion 
l imi ted  at  al l  points,  except  at  the peak.  A plot  o f  E vs.  
ln[Id --  I ) / I ]  is l inear  wi th  a slope of 0.028 V/decade  
( theore t ica l  va lue  n = 1 is 0.027V) indica t ing  a one 
e lect ron revers ib le  process. However ,  this l ine deviates  
from l inea r i ty  as the potent ia l  approaches  the l imi t ing 
cur ren t  in the region of the m a x i m u m  as a resul t  of 
adsorpt ion of C u ( I I ) .  Ha l f -wave  potent ia ls  for the re-  
duct ion of Cu (I I )  a re  shown in Table  VI. 

V o Z t a m m e t r i c  s t u d i e s  in  t h e  basic m e l t . - - C u  (I)  was 
in t roduced into the mel t  by  anodizing copper  wire.  A 
potent ia l  posi t ive to open-c i rcu i t  potent ia l  (--0.85V) 
was appl ied  and the cur ren t  was in tegra ted  by  a 
coulometer .  Anodizat ion  was s topped at  intervals ,  and 
the equ i l ib r ium potent ia l  was measured .  Assuming  
Cu( I )  is formed, a plot  of In C u ( I )  agains t  E was made 
and was l inear  wi th  a slope of 0.028 V/decade ,  suggest-  
ing that  Cu( I )  is formed.  E o' for C u / C u ( I )  was eva lu -  
a ted and is shown in Table III. Ring disk vo l t ammo-  
grams at var ious  ro ta t ion rates  (Fig. 6) were  recorded  
on the above solut ion conta ining Cu ( I ) .  A plot  of l imi t -  
ing cur ren t  against  ~1/2 was l inear  and  passed th rough  
the origin suggest ing tha t  the cur ren t  is convective 
diffusion control led (Fig. 7). Since the  collection effi- 
c iency was 0.41 __. 0.01 ( theore t ica l  va lue  0.43), the  
product  of the react ion is stable.  Plots  of I vs. ~1/2 at  
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Fig. 6. Rotating ring disk vohammograms for 11 X 10 - 8  mol 
dm - 3  Cu(I) at different rotation rate in 0.75:1 melt. Ring potential 
at --0.2V. Disk current ---, ring current ..., rotation rate in rpm 
a,a') 100, b,b') 400, c,c') 900, and d,d') 1600. 



1316 J. EZectrochem. Soc.: ELECTROCt IEMICAL SCIENCE AND TECHNOLOGY June  1983 

Table IV. Kinetic parameters in the basic melt 

[Cu(II) ] [Cu(I)] /~t ~ 

NA/NB m o l  dm-8 m o l  d m  4 c m  see-~ a T e c h n i q u e  

0.75 -- Ii.0 x i0 -s 1.6 x 10 4 0.52 RDE 
0.75 4.9 x i0 --~ -- 4.2 x i0 -~ 0.65 RDE 
0.75 3.0 x I0 -~ 3.0x i0 -a 1.7 x i0-4 0.50" CV 
0.95 -- 5.0 x I0 --~ 3.3 x 10-~ 0,50' CV 

" A s s u m e d  va lues .  

potentials on the r is ing portion of the vol tammogram 
were nonlinear ,  suggesting that  the current  is not  con- 
vective diffusion controlled. 

A Cu (I) solut ion was prepared by passing an anodic 
charge of 13.8C on a copper wire in a glassy carbon 
crucible. A potent ial  corresponding to the l imit ing 
current  of the oxidation of Cu (I) (-t-0.3V) was applied 
to the glassy carbon crucible. The decrease in concen- 
trat ion of Cu (I) was followed by recording vol tammo- 
grams at an RGCDE at various intervals  ef coulometry. 
A plot of ]d against  Q was made, and extrapolat ion of 
this line intercepts the Q axis at the charge necessary 
for complete oxidation (14C). Thus, Cu (I) is quant i ta -  
t ively oxidized to Cu( I I ) .  The same informat ion was 
obtained by measur ing the equi l ibr ium potential  using 
glassy carbon electrodes at various intervals  of 
coulometry. A plot of In [Cu (II) ] / [Cu  (I) ] against  Eeq 
is l inear  with a slope of 0.028 V/decade, corresponding 
to a one electron process. Eo' values for the C u ( I ) /  
Cu( I I )  couple are shown in Table III. 

As pointed out earlier since plots of I against ~,1/2 
in the rising portion of the vol tammogram are curved, 
the current  is not controlled by diffusion. To determine 
if the current  is controlled by a slow electron t ransfer  
step, plots of 1/I against  w -1/2 were made in accord 
with the following equation (22) 

1/I = 1/Ik ~- (1.61 vl/6)/(nFACD2/3~ l/s) [3] 

where Ik : nFACok, and k is the electron t ransfer  rate 
constant  at a given potential.  From the intercept, one 
can evaluate the rate constant at different potentials. 
A plot of In k vs. E should be l inear  since (22) 

k : k o' e x p [ - - ~ n  F ( E - -  Eo')/RT] [4] 

where k o' is the rate constant at formal potential  E o' 
and a is the charge t ransfer  coefficient. A plot of In 
k Vs. E was l inear  suggesting that the electron t ransfer  
step is rate determining.  Since Eo' for the C u ( I ) /  
Cu(I I )  couple is known from potentiometry,  k o' was 
evaluated, and ~ was found from the slope. Data are 
tabulated in Table IV. 

Reduction of Cu(I I )  in the basic melt  was carried 
out at an RGCDE. A plot of l imit ing current  vs. ~i/2 is 
l inear  and passes through the origin while such plots 
in the rising region of the vol tammogram are non-  
linear. This suggests that  the l imit ing current  is con- 
vective diffusion controlled. Plots of 1/I against ~ - l / s  
in the rising region of the vol tammograms are l inear  
and from these plots electron t ransfer  rate constants 
were calculated as described earlier. Values of k o' and 

are shown in Table IV. 
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Fig. 7. Plot of I ys. wl/2 for oxidation of Cu(I) at different po- 
tentials a) 0.60V, b) 0.10Y, c) 0.05V, d) 0.025V, and e) 0.0Y. 

Cyclic vol tammetr ic  experiments  were carried out 
in the basic melt  for Cu(I )  and Cu(I I )  as well. Ep c, 
Ep a, Ep, Ipa,/pC, and IpC/lp a at two different melt  acidi- 
ties are shown in Table V. Plots of Ip a and/pC against 
~1/2 are nonl inear .  Ep a shifts anodically and Ep c shifts 
cathodically as the sweep rate is increased. Because of 
this, ~Ep increases with increasing scan rate. These 
results also suggest that the C u ( I ) / C u ( I I )  system is 
quasi-reversible.  Using Nicholson's method (23), k is 
evaluated assuming ~ ---- 0.5: These values are shown 
in Table IV. The rate constant was in reasonable agree- 
ment  with that  evaluated using vol tammograms at the 
RGCDE. 

Evaluation of dif]usion coefficients.--At all melt  com- 
positions, the l imit ing currents  for the reduction of 
Cu(I I )  and Cu(I )  are convective diffusion controlled. 
However, it is found that the l imit ing current  increases 
as the melt  acidity is varied. Changes in l imit ing cur-  
rents were shown to be due to changes in viscosity 
(18), and using viscosity and density data previously 
reported (18), diffusion coefficients for Cu(I )  and 
Cu (II) species were evaluated using the Levich equa-  
tion. Table VI shows diffusion coefficients of Cu (I) and 
Cu(I I )  at various melt  compositions. Changes in the 
diffusion coefficients are in agreement  with that  ex- 
pected by the Stokes-Einstein relat ion 

kT  
D _ [5] 

6~n r 

where r is the Stokes radius, ~ is the viscosity, and 
other symbols have their usual  significance. It  is seen 
that  ~D differs for basic and acidic melts (Table VI) .  
This suggests that the Stokes radii are different. Stokes 
radii  were found to be 0.24 and 0.15 nm for Cu(I )  and 
0.46 and 0.34 nm for Cu(I I )  in the acidic and basic 
melt, respectively. The formation of chloro-complexes 
(see below) in the melts suggests that  the values of r 

Table V. Cyclic voltammetric data in the basic melt 

NA/NB 

[Cu (II) ] [ C u  ( I )  ] v Ep a Ep c AEp Ipa Iv c Ip~ 

m o l  d m  -~ ree l  d m  -8 V sec  -I V V V 10-eA 10-6A Ip~ 

0,75 

0.95 

3.0 10 -3 3.0 10 -~ 

5.8 10 -s 

0.005 0.135 0.040 0.095 15 15 1.0 
0.010 0.145 0.030 0.115 20 20 1.0 
0.020 0.155 0.020 0.135 28 26 0.9 
0.050 0.180 0.005 0.175 42 39 0.9 
0.100 0.205 0.005 0.210 57 52 0.9 
0.005 0.160 0.070 0.090 4.0 3.8 1.0 
0.010 0,165 0.065 0.101) 5.8 5,0 0.9 
0.020 0.175 0.055 0.120 8.0 6.7 0.8 
0.050 0.200 0.040 0.160 11.5 8.8 0.8 
0.I00 0,230 0.010 0.220 14.5 9.8 0.7 



V o l .  130 ,  N o .  6 1317 S T U D I E S  O F  C u ( I )  a n d  C u ( I I )  

Table VI. Dependence of Id, D, D, E1/2~ E ~ on the melt composition 

NA/NB 

[Cu(I)] A Id D ~D [Cu(II] A Id D vD 

g cm -i 10-2 mol cm ~ 10-6A cm s see -z 1O-Vg 10-2M cm s 10-~ 10 -7 10-7g 
s e c  -1  d m  -3 10 -7 c m  sec-2  A cm -~ s e c  -z c m  see -s 

E1/= E ~ E ~ 

v v v 

0.75 
0.75 
0.80 
0.85 

1.4 
1.6 
1.6 
1.8 
1.8 
2.0 
2.0 
2.0 
2.0 

0.514 ii.0 0.459 147 2.88 1.48 4.9 0.196 17.0 1.37 0.70 
0.514 6.7 0.196 38 2.86 1.47 - -  - -  - -  
0.404 6.1 0.459 100 3,68 1,48 4.7 0.459 4~.0 1.80 0.7"30 
0.320 6.0 0.459 124 4.89 1.57 4.7 0.196 23.0 1.98 0.63 

4.6 0.459 52.0 1.95 0.63 
0.180 7.4 0.196 64 4.02 0.72 5.8 0.196 35.0 2.36 0.43 
0.170 8.0 0.196 78 4.69 0.80 6.3 0.196 44.0 2.89 0.49 
0.170 - -  - -  9.0 0.196 63.7 2.94 0.50 
0.160 8.5 0.I-96 9"3 5.50 0.-~ 6.7 0.196 55.0 3.62 0.58 
0.160 9.0 0.196 113 6.68 0 . 9 7  . . . .  
0.145 1O.0 0.196 138 7.68 1.11 2.0 0.196 15.0 3.~ 0.45 
0.145 1.6 0.459 5~. 7.75 1.12 4.6 0.196 36.0 3,28 0.48 
0.145 3.1 0.459 88 6.32 0.92 7.0 0.196 59.0 3.67 0.53 
0.145 8.5 0.459 194 6.82 0.99 

0.046 

0.063 
0.082 

1.770 1.756 1.755 
1.775 1 .762 1.768 

1.800 1.784 1.787 

1.840 1 .826 1.825 

Dcu(II) )-2/3 
1 V a l u e s  c a l c u l a t e d  f r o m  t h e  h a l f - w a v e  p o t e n t i a l  at RDE using the relation E ~ - E1/2+ 0.082 log - -  

L Dcu(]) 
Calculated from Nernst plot. 

r e p o r t e d  h e r e  a r e  too smal l .  A m o d i f i c a t i o n  of  t he  
S t o k e s - E i n s t e i n  e q u a t i o n  h a s  b e e n  s u g g e s t e d  w h e n  t h e  
p a r t i c l e  w h o s e  r a d i u s  is b e i n g  c a l c u l a t e d  m o v e s  in  a 
m e d i u m  w h o s e  r a d i i  a r e  s i m i l a r  in  size (24 ) ;  t h e  
m o d i f i c a t i o n  r e s u l t s  in  r e p l a c e m e n t  of  t h e  6 in  t h e  
S t o k e s - E i n s t e i n  e q u a t i o n  b y  a 4, thus ,  i n c r e a s i n g  t h e  
c a l c u l a t e d  v a l u e  of t h e  r a d i i  b y  50%. 

P o t e n t i o m e t r y . - - A s  d e s c r i b e d  ea r l i e r ,  C u / C u ( I )  a n d  
C u ( I ) / C u ( I I )  coup le s  s a t i s f y  t h e  N e r n s t  c r i t e r i o n  
in  b o t h  bas i c  a n d  ac id ic  me l t s .  T h e  C u / C u  (I )  p o t e n t i a l  
w a s  m e a s u r e d  as a f u n c t i o n  of  c o m p o s i t i o n  of t h e  m e l t  
a c i d i t y  w h i l e  k e e p i n g  t h e  t o t a l  c o n c e n t r a t i o n  of  Cu ( I )  
c o n s t a n t .  A p lo t  of  t h e  C u / C u  (I )  p o t e n t i a l  as a f u n c t i o n  
of  m e l t  c o m p o s i t i o n  is s h o w n  in  Fig. 8. I n  t h e  bas ic  
me l t ,  t h e  C u / C u ( I )  p o t e n t i a l  sh i f t s  to c a t h o d i c  p o t e n -  
t i a l s  as t he  c o n c e n t r a t i o n  of c h l o r i d e  ( b a s i c i t y )  i n -  
c reases ,  s u g g e s t i n g  t h a t  C u ( I )  f o r m s  a c h l o r o c o m p l e x .  
A p lo t  of  E of t h e  C u / C u  (I )  coup le  w i t h  r e s p e c t  to t h e  
A 1 / A I ( I I I )  (2 :1  m e l t )  vs .  In [ C 1 - ]  is l i n e a r  o v e r  a 
m e l t  c o m p o s i t i o n  of  0.75:1 to 0.92: 1, i n d i c a t i n g  o n l y  
one  c h l o r o c o m p l e x  is f o r m e d  (Fig.  9) .  T h e  s lope  of  t he  
p lo t  is 0.113 V / d e c a d e ,  w h i c h  is n e a r l y  e q u a l  to a t h e o -  
r e t i c a l l y  e x p e c t e d  s lope  of  0.108V for  a l i g a n d  n u m b e r  
of  four ,  s u g g e s t i n g  t h e  spec ies  is CuC14 -3. N e a r  t h e  
n e u t r a l  r eg ion ,  C u ( I )  p r e c i p i t a t e s .  T h e  s t a b i l i t y  c o n -  
s t a n t  of  t h i s  c o m p l e x  w i t h  r e s p e c t  to C u / C u ( I )  in  t h e  
2:1  m e l t  is r e p o r t e d  in  T a b l e  VII.  A p lo t  of  t h e  Cu ( I I )  / 
C u ( I )  p o t e n t i a l  a g a i n s t  t h e  i n [ C 1 - ]  is l i n e a r  u p  to 
0.95:1 m e l t  c o m p o s i t i o n  (Fig.  10).  T h e  s lope  c o r r e -  
s p o n d s  to 0.060 V / d e c a d e .  Th i s  c o r r e s p o n d s  to a d i f fe r -  
ence  in  l i g a n d  n u m b e r  b e t w e e n  t h e  C u ( I )  a n d  C u ( I I )  
spec ies  of 2 ( t h e o r e t i c a l  v a l u e  is 0 .054V).  Thus ,  t h e  
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Fig. 8. Plot of potential of Cu/Cu(I) couple as a function of melt 
composition. NA = Number of mols of AICI3. NB --~ Number of 
mols of BuPyCI. 

Table VII. Stability constants of copper complexes in acidic and 
basic melts 

Stability constant 
Metal Ligand with respect Complex 

N~/NB ion No. to 2:1 melt s p e c i e s  

0.75to0.92 Cu(1) 4 2.0 x 10~/ CuCI~ -~ 
real-4 dmV~ 

0.75 to 0.90 Cu (II) 6 4.3 x 10~/ CuCle -~ 
mol-~ dm ~a 

1.05 to 1.84 Cu (I) 3 Cu(A1Ch)8 -~ 
1.4 to 1.8 Cu(II) 4 Cu(A1CI~)~ -~ 

l i g a n d  n u m b e r  of  t h e  C u ( I i )  spec ies  is six,  i.e., 
CuC16 -4. F r o m  t h e  i n t e r c e p t  of t h e  p lo t  t h e  s t a b i l i t y  
c o n s t a n t  o f  t h e  CuC16 - 4  spec ies  is f o u n d  a n d  t h e  v a l u e  
is r e p o r t e d  in  T a b l e  VII .  

T h e  p o t e n t i a l  of  t h e  C u / C u  (I )  coup le  sh i f t s  p o s i t i v e  
in  t h e  ac id  r e g i o n  as t h e  a c i d i t y  i nc rea se s .  Th i s  sugges t s  
t h e  p r e s e n c e  of  a C u ( I )  c o m p l e x  w h o s e  s t a b i l i t y  d e -  
c reases  as t h e  s y s t e m  becomes ,  m o r e  acid.  H o w e v e r ,  
e f for ts  to a n a l y z e  t h e  p o t e n t i o m e t r i c  da ta ,  as p e r f o r m e d  
in  t h e  bas i c  sys t em,  w e r e  r a t h e r  p e r p l e x i n g .  F i g u r e  11 
s h o w s  a p lo t  of E for  t h e  C u / C u ( I )  coup le  i n  t h e  ac id  
m e l t s  a g a i n s t  in  [ C I - ] ,  i n  [A12C17-], a n d  In [A1C14-].  
S i m i l a r  m e a s u r e m e n t s  for  t h e  F e ( I I I ) / F e ( I I )  coup le  
in  t h e  ac id  m e l t  (25) a n d  t he  S b / S b ( I I I )  p o t e n t i a l ,  
a g a i n s t  In [ C I - ]  (26) i n d i c a t e d  t h e  f o r m a t i o n  of 
FeC12 + a n d  SbC12 +. T h e  l i n e a r  p o r t i o n  of  E fo r  t h e  
C u / C u ( I )  c o u p l e  vs .  In [ C I - ]  y i e ld s  a s lope  of  0.025V, 
s u g g e s t i n g  a l i g a n d  n u m b e r  of u n i t y ;  a s i m i l a r  a n a l y s i s  
for  t h e  d a t a  vs .  In  [AIC14-]  y i e ld s  a s lope  of 0.074V, 
s u g g e s t i n g  a l i g a n d  n u m b e r  of 3 ( R T / F  = 0.027V).  
F i g u r e  12 s h o w s  s i m i l a r  d a t a  fo r  t h e  C u ( I ) / C u ( I I )  
coup le  in  t h e  ac id ic  me l t .  One  m a y  i n t e r p r e t  t h e  s m a l l  
c h a n g e  in  s lope  o f  t h e  C u ( I ) / C u ( I I )  coup le  vs .  In 
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Fig. 9. Plot of E for Cu/Cu(I) couple vs. l n [ C I - ]  in basic melt 
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Fig. 12. E for Cu(I)/Cu(ll) vs. I n [ C I - ] ,  In [k lCl4 - ]  and 
In [AI2CI7-] in acid molts. 

[C1-] as indicating no change in ligand number be- 
tween the two species; the change in slope vs. In 
[A1C14-] corresponds to a ligand number change of 
one, i.e., from 3 for Cu(I) (see above) to 4 for Cu(II) .  
The data presented have at least been tentatively 

analyzed in terms of Cu (I) and Cu (II) forming AIC14- 
complexes (of ligand number 3 and 4), respectively. A 
large caveat should be attached to this interpretation. 
Finally, E o' values for the couples are shown in Table 
III, with respect to the A1 reference in the 2:1 melt. 
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Properties of Chemically Derivatized Nickel Electrodes: The 
Synthesis of an Electrocatalytic Interface 

Andrew B. Bocarsly,* Sharon A. Galvin, and Sujit Sinha* 
Frick Laboratory, Princeton University, Princeton, New Jersey 08544 

ABSTRACT 

Nickel electrodes yield poor charge transfer characteristics for the oxidation and reduction of the ferrocene couple, as 
well as for a number  of other electrochemically interesting reactions. In this respect, nickel is typical of a variety of inex- 
pensive metals which are potential electrode materials, however, which are not useful due to oxidative instability. In the 
case of nickel with the ferrocene redox couple, this problem can be overcome by chemical modification of the nickel elec- 
trode interface. Surface silylation techniques can be used to covalently bond various moieties to an anodized nickel elec- 
trode surface, although, these surfaces appear less reactive with respect to silylation than previously reported plat inum or 
gold surfaces. Attachment of 1, l 'ferrocendiyldichlorosilane or [Fe(CN)5(NC(CH2)3)] 2SIC12 serves to stabilize the nickel inter- 
face and to electrocatalyze the ferrocene redox reaction. This effect is obtained by a combination of electron mediation by 
the surface attached material and inhibition of surface oxidation. The latter is in part due to a physical effect creating an 
environment  in which oxidation is not favorable. 

It  would be ex t remely  useful both for analyt ical  and 
synthet ic  electrochemical purposes if one could change 
the re la t ively poor interracial  charge t ransfer  proper-  
ties of an inexpensive electrode mater ial  such as nickel 
into those of an electrocatalytic (and usual ly  expen-  
sive) mater ia l  such as pla t inum.  The abi l i ty  to carry 
out such a t ransformat ion would not only be of pract i -  
cal significance bu t  would offer an oppor tuni ty  to 
probe the details of interracial  charge t ransfer  pro-  
cesses. Unfor tunate ly ,  unl ike  plat inum, the surface of 
nickel is ext remely  active with respect to oxidation 
and, thus, it is very  difficult and often not  possible to 
prepare nickel electrodes in a stable reproducible 
manner .  Further ,  the chemical act ivi ty of the surface 
causes nickel  to display unexpected behavior  with re-  
spect to a n u m b e r  of common reversible (or quasi-  
reversible)  redox couples. For example, both p la t inum 
and gold electrodes yield quasi- revers ible  electro- 
chemistry for the oxidation of N,N-dimethylpara-  
phenylened iamine  in aqueous electrolyte or the oxida- 
t ion of ferrocene in acetonitr i le electrolyte. However, 
the same processes when carried out at a nickel elec- 
trode show a high degree of irreversibil i ty.  This is i l-  
Iustrated for the ferrocene couple in Fig. 1 a and b. 
Therefore, before one could consider the practical use 
of nickel as an analyt ic  or synthetic electrode material ,  
its surface has to be modified in such a m a n n e r  as to 
make it act like a noble metal  surface both with respect 
to electrocatalytic behavior  and inertness. 

We have at tempted to carry out this t ransformat ion 
by using surface derivat izat ion techniques (1-5) based 
on the formation of siloxane bonds between the surface 
and  a charge t ransfer  reagent,  thus, endowing the in -  
terface with certain properties associated with the sur-  
face bound species. It  has been demonstrated in a n u m -  
ber of cases that  an appropriately selected surface at-  
tached mater ia l  can have a large influence on the 
mechanism and kinetics of interracial  charge t ransfer  
(6-13). The procedure employed involves the reaction 
of a hydrolyt ical ly  unstable  silane with a thin layer  of 
an active surface oxide as i l lustrated in Scheme I. This 
technique has been previously used to modify a var ie ty  
of metal  and metal  oxide surfaces (1, 5); although, it 
appears that  n i c k e l h a s  not  been previously treated in 
this m a n n e r  

oxidized 
Ni-Surface , ) Ni-Surface-OxHy [1] 

Ni-Surface OxHy -~ LsSiR --> 
Ni-Surface-Ox-SiR -}- 3LH [2] 

2L4Si ~ H20--> LsSi-O-Si-Ls + HC1 [3] 
Scheme I 
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Key words:  chemica l ly  modified surface,  ferrocene ,  n ickel  elec- 

trode,  corrosion.  

where L _-- halide or alkoxide, and R -- surface modi-  
fication group. Note, Eq. [3] allows synthesis of mul t i -  
ple layers via siloxane polymer formation. Careful 
control of reaction conditions allows one to vary  the 
surface coverage between submonolayer  and mult iple  
layers. 

For  the purposes of this s tudy we have employed the 
ferrocene couple oxidation and reduct ion reaction both 
as a means of moni tor ing  the heterogeneous charge 
t ransfer  process and as the surface modification group. 
This reaction has been chosen because the readily 
available data on ferrocene with respect to both its 
electrochemistry and surface derivat izat ion chemistry 
make it an ideal probe of the interface of interest  
(1, 5-7, 29). 

Experimental 
Eleetroehemistry.--Cyclic vol tammet ry  was carried 

out with a PAR 174A potentiostat  and a PAR 175 volt-  
age programmer.  Data was output  using a Houston 
Ins t ruments  2000 recorder. A s tandard three electrode 
cell with an SCE reference electrode and a Pt  counter-  
electrode was employed. Reagent grade acetonitri le 
distilled over CaO and 0.1M (n - t e t r abu ty l ammon ium)  
perchlorate (TBAP) (Southwestern  Chemical) dried 
under  vacuum at 80~ composed the electrolyte. The 
electrochemical cell was kept  under  an N2 blanket .  All 
experiments  were r un  at room temperature.  

Preparation of derivatized electrodes.--Nickel elec- 
trodes were made from 99% pure nickel  wire (Alfa) 
having a 0.63 mm diam. Electrodes were abraded be- 
fore use and in some cases potentiostated negative of 
the He evolution potent ial  in  1M NaOH for several 
minutes  to remove any  reducible surface oxides. Nickel 
electrode pre t rea tment  involved repetit ive scanning 
between H2 and O2 evolution potentials in 1M NaOH 
unt i l  a stable cyclic vol tammogram (see text)  was ob- 
tained (~2  hr) .  P t /P tO  electrodes were generated 
using s tandard  l i terature  procedures (1, 5). Pt  elec- 
trodes were carried through the derivatization pro- 
cedures along side Ni electrodes as a control (5). After 
pre t reatment ,  electrodes were washed in H20 and air 
dried. 

Electrodes were derivatized at 25~ under  an N2 
atmosphere in dry isooctane solvent containing 
,,-10 mM of the silyl reagent. Reaction t ime varied from 
N30 min  up to ,,,48 hr. After  derivatization, electrodes 
were repeatedly washed in  isooctane followed by 
washing in  acetonitri le and air  drying. Electrodes 
treated with [Fe(CN)sH20] ~- were dipped for --~1 hr 
in an aqueous solution of the complex and sodium tr i -  
fluoroacetate. Electrodes could be stored in air for sev- 
eral days without  major  deterioration. 

Chemicals.--Ferrocene, K3Fe (CN) 6, K4Fe (CN) 6, 
Na2Fe(CN) sNO, and n - b u t y l l i t h u m  (hexane) were 

1 3 1 9  
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Fig. !. Cyclic voltammograms in acetonitrile electrolyte with 0.1M TBAP supporting electrolyte. All scans are at 100 mV/sec, a) 10 
mM ferrocene at a nickel electrode. Note lack of a well-defined oxidation peak indicating irreversibility; b) 10 mM ferrocene at platinum 
(reversible); c) nickel electrode derivatized with 1,1' ferrocenediyldichlorosilane. 

reagent  grade and used as received; SIC14 (Petrarch 
Research System, Incorporated) was distilled prior to 
use. [Fe(CN)sH20]  ~-  was either generated photo- 
chemically in slightly acidic (pH ---- 4) aqueous solu- 
tion from Fe(CN)6 ~- and used in situ or synthesized 
from ni t ropruside using a l i terature  procedure (14). 
Ferrocendiyldiehlorosi lane was synthesized using s tan-  
dard l i terature  procedures (5). All other silanes were 
reagent grade and used as received (Petrarch) .  

Results and Discussion 
Preparation and characterization o~ silyl derivatized 

electrodes.--Sur]ace pre treatment . - - In  order to evalu-  
ate various nickel  oxides with respect to their abi l i ty  
to react with hydrolyt icalIy unstable  silanes and form 
stable derivatized surfaces, the following procedure 
was employed. Electrodes were repeatedly cycled be-  
tween the hydrogen evolution potential  and the oxy- 
gen evolution potential  in 1M NaOH unt i l  a fair ly 
stable cyclic vol tammogram was obtained. (A totally 
stable vol tammogram was never  observed.) Dur ing  
this process an anodic wave at ~ +0.37V vs. SCE was 
observed to form and grow, while a broad cathodic 
wave containing at least two peaks (~+0 .31V vs. SCE 
and +0.24V vs. SCE) was noted as shown in Fig. 2. 
The exact potent ial  and peak shape was strongly in-  
fluenced by the cathodic switching potential.  If excur-  
siuns were made into the hydrogen evolution region, 
the potential  and shape of the cathodic wave was found 
to change. Further ,  after prolonged cycling a dark, 
re la t ively thick, nonadher ing  coating was found on the 
electrode. The mechanical  ins tabi l i ty  of this coating 
was undesirable,  and it was found that its formation 
could be avoided by adjust ing the cathodic switching 
potential  such that  hydrogen evolution was not visible 
on the electrode surface. Once the rate of change of the 
cyclic vol tammogram had decreased significantly (~2  
hr of cycling),  the electrode was potentiostated for 
~15 min  at a final potential.  This final potent ial  was 
chosen to produce a specific surface oxide. Based on 
previous studies (15-20) potentials positive of the first 
anodic wave were chosen to produce a surface con- 

ta ining NimO(OH) species, while potentials negative 
of the cathodic wave were used to produce a Nin (OH)2 
surface species. The mult iple  waves associated with the 
reduct ion reaction have been correlated with different 
phases of these species (19). It  has been suggested that, 
a l though no dist inguishable cyclic vol tammetr ic  fea- 
tures are observable positive of +0.4V SCE, due to the 
onset of oxygen evolution, a NiIV oxide is generated in 
the region positive of +0.6V vs. SCE (21). We, there-  
fore, also carried out p re t rea tment  experiments  in this 
region. All of the oxides generated were found to re-  
act with silicon chloride bonds. However, electrodes 
held positive of +0.40V vs. SCE were found to be much 
more reactive, forming reasonably stable derivatized 
surfaces. This suggests that  it is the NimO (OH) species 
or possibly the Ni Iv oxide which is responsible for sur-  
face bonding. Ni n (OH)2 appears to only allow forma- 
tion of very low coverage, unstable  surfaces. In  fact 
since not  all nickel  oxides are reversibly produced, it 
may be the presence of a Ni nI or Ni TM species in the 
Ni n (OH)2 which is responsible for the observed chem- 
istry. We also found that nickel wire which was 
simply exposed to air for ,~24 hr had the capacity to 
pick up some of the chlorosilane reagent, suggesting 
that NiO, the nat ive  air oxide, is also reactive to some 
extent.  Electrodes which were abraded just  prior to 
reaction with a sityl reagent  yielded no surface at-  
tached material.  It  was also found that electrodes re-  
acted with the silyl derivatizing agent, if they were 
simply potentiostated at various anodic potentials. 
However, such electrodes were less stable and repro- 
ducible than those generated using the cycling pro- 
cedure. 

Derivatization procedure.--Pretreated electrodes were 
washed with water  and allowed to air dry. Derivatiza- 
tion was effected by immers ing the electrodes in dry 
isooctane solutions under  Ar, containing one of the 
following three derivatization reagents: 1,1' ferrocen- 
diyldichlorosilane (I),  N-2 aminoe thy l -3-aminopropyl -  
t r imethoxy silane (II) ,  or bis (7-cyanopropyl)  dichloro- 
silane (III) .  P t /P tO  electrodes generated using stan-  
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Fig. 2. Repetitive cyclic voltammograms of a freshly abraded nickel electrode in I M  NaOH. After 120 scans the cyclic voltammogram is 

essentially stable. The anodic peak at ~0 .37V vs. SCE is associated with NiTZZ(O)OH formation, while the cathode peaks are different Ni H 
(OH)2 phases. The off scale anodic current at ~0 .6V  vs. SCE is concomitant with 02 evolution. Scans are at 100 mV/sec; the cathodic 
limit of the scans is just positive of the H2 evolution potential. No cyclic voltammetric features are observable at potentials negative of 
0V vs. $CE. 

dard l i te ra ture  procedures (1) were carried through 
the derivat izat ion procedure with the Ni/NiOz elec- 
trodes as a control. It has previously been demonstrated 
that  all three of the derivatizing reagents react with 
the P t / P t O  substrate (1, 5). Reaction time, concentra-  
tion of silane, and tempera ture  were varied to control 
the amount  of surface attached mater ial  obtained. 
However, as previously reported, a high degree of total 
reproducibi l i ty  was not possible (5). Electrodes treated 
with either II  or III  were fur ther  reacted with [Fe 
(CN)sH20] 2-  in aqueous solution. Ligand subst i tut ion 
of the surface bound amine for water  generated an 
electrochemically active surface attached iron center. 

The procedure out l ined yielded similar results for 
P t /P tO  and Ni/NiOx when compounds I and III  were 
employed. Qual i ta t ively the P t /P tO  surfaces appeared 
sl ightly more reactive than the Ni/NiOx surfaces 
(higher coverage per un i t  reaction t ime).  However, 
we could not generate a derivatized Ni electrode using 
compound II. Our Pt  control did react with this re-  
agent, however, the reaction rate was clearly slower 
than with the other compounds. Thus, the chemical 
react ivi ty of the anodized Ni surface appears signifi- 
cant ly  less than that  obtained with oxidized Pt  sur-  
faces. 

Characterization of derivatized surfaces.--1,1'ferro- 
cenediyldichlorosilane derivatized surfaces were char-  
acterized by cyclic vo l tammetry  in acetonitri le electro- 
lyte which contained no del iberately added electro- 
reactive material .  A typical cyclic vol tammogram is 
i l lustrated in Fig. lc. Theory predicts (22) that an 
ideal reversible one electron surface immobilized 
species should yield a zero volts peak to peak separa-  
tion, the peaks fall ing at the E1/2 value. Fur ther ,  a 
l inear  scan rate dependence of the peak current  is ex- 
pected along with a 90 mV full  width at half  height for 
the cyclic vol tammogram. 

As can be seen from Fig. 3 and Table I, the ferrocene 
derivatized electrodes yield a fairly reversible cyclic 
vol tammogram with an E1/2 of +0.43V vs. SCE in good 
agreement  with s imilar ly derivatized p la t inum elec- 
trodes (5) and with data for solution oxidation and re-  
duction of ferrocene at a reversible electrode. The 
derivatized nickel  electrodes were found to exhibit  a 
l inear  scan rate dependence (Fig. 3) and no depen-  
dence upon solution stirring, suggesting fur ther  that 
the ferrocene was indeed surface attached. Etching the 
surface with HF removed the surface response as was 
expected. Electrochemical studies on oxide coated elec- 
trodes dipped in a ferrocene solution did not  yield any  
evidence for a surface bound species. These 'da ta  are 
s trongly support ive of the chemistry outl ined in 
Scheme I. 

As can be seen in Table I, surface coverages obtained 
by integrat ion of the area under  the cyclic vol tamm0- 
gram with respect to t ime vary  slightly from elect]:ode 
to electrode. Coverages in general  are ~109 mol / cm ~ 
suggesting formation of mult iple  layers (5). One also 
finds small  var iat ion in the exact peak potentials.  
Deviations from the theoretical ly predicted vol tammo- 
gram are noted in terms of a slight peak to peak sep- 
arat ion and a peak width which is significantly larger 
than  the predicted 90 mV. It should be noted that the 
peak to peak separation at the slower scan rates in gen- 
eral is less than 60 mV, the theoretical value for a 
reversible one electron charge t ransfer  reaction involv-  
ing a dissolved species (23). From the data, it is clear 
that one can reproducibly attach 1,1' ferrocenediyldi-  
chlorosilane to a nickel  surface. Further ,  al though 
deviations from ideal behavior  are observed, the sur-  
face bound species appears in general  to behave very 
much like ferrocene in solution at a reversible elec- 
trode. Deviations from ideali ty can be accounted for by 
assuming there exists a number  of different surface 
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Fig. 3. Scan rate dependence for nickel derivatized with 1,1' fer- 
rocenediyldichlorosilane in acetonitrile with 0.1M TBAP supporting 
electrolyte. Note that the peak current increases linearly with scan 
rate. 

sites on the nickel  surface. These sites produce a va r i e ty  
of redox couples each having  a s l ight ly  different  po ten-  
tial. In  view of the heterogeneous  chemical  na tu re  of 
the oxidized nickel  surface this assumpt ion  appears  
fa i r ly  reasonable.  S imi la r  reasoning has been used to 
expla in  var ia t ions  f rom idea l i ty  found for o ther  
der iva t ized  meta l  surfaces (5, 24). 

Bis (Tcyanopropyl)  dichlorosi lane der iva t ized  elec-  
t rodes were  analyzed  in a manner  s imi lar  to that  car -  
r ied out for the  s i ly l fer rocene der iva t ized  surfaces 

af ter  having  been e lec t rochemical ly  tagged as shown in 
Scheme II  

Ni -Sur face  oxide + C12Si[(CH2)3CN]2 ~ [4] 

Ni-  (Sur face -O- )  ~SiC12-x [ (CH2) 3CN] 2 

Ni-  (Sur face-O-)~SiCl~-x[  (CH2)3CN]2 + 

X [ F e ( C N ) s H 2 0 ]  3-  -* [5] 
Ni-  (Sur face-  O-)  ~SiC12 - x 

[ (CH2) 8CNFe (CN~] x 8-  [ (CH2) 3 (CN) ] 2-x 
X = l ,  2 

Scheme II  

Cyclic vo l t ammograms  were  car r ied  out  in an aque-  
ous e lec t ro ly te  containing 0.1M NaC104. As wi th  the 
fer rocene surface, a l inear  scan ra te  and no depen-  
dence on solut ion s t i r r ing  is observed (Fig. 4). How- 
ever,  the  wid th  and shape of the peaks  suggest  a r e l a -  
t ive ly  la rge  devia t ion  f rom ideal i ty .  Lavi ron  has sug-  
gested tha t  in te rmolecu la r  in teract ions  be tween  bound 
surface species can account for these deviat ions in the 
cyclic vo l t ammogram (27). Surface  coverage (Table I)  
is s imi lar  to tha t  observed for surface a t tached fe r ro-  
cene. These numbers  can only be used as a lower  l imi t  
since i t  is not  clear  whe ther  or  not  each surface si lane 
molecule  complexes a fe r r i cyan ide  unit.  The cyclic 
vo l tammet r ic  peak  posit ions y ie ld  a n  E l ~ 2  value  of 
+0.34 in good ag reemen t  wi th  solut ion da ta  at  a r e -  
vers ible  e lectrode and recent  repor ts  by  Anson and 
Mur ray  on fe r rocyanide  e lec t ros ta t ica l ly  a t tached  to a 
carbon elect rode su r face  (25, 26). 

Charge tran'sfer behavior of derivatized nickel elec- 
trodes.--As noted earl ier ,  n ickel  electrodes,  in direct  
contras t  to p l a t inum and m a n y  o ther  e lect rode ma te -  
rials,  y ie ld  i r revers ib le  behav ior  for the oxida t ion  of 
fer rocene in acetonitr i le ,  and, therefore,  it  is qui te  
surpr is ing  to observe that  n ickel  der iva t ized  wi th  
s i ly l fer rocene shows a revers ib le  ferrocene surface 
wave  (Fig. la,  c).  Based on this result ,  we a t t empted  
to use the fer rocene der iva t ized  e lect rode to e lec t ro-  
cata lyze the oxidat ion of solut ion ferrocene.  A com- 
par ison of the  cyclic vo l t ammogram of solution fe r ro -  
cene at  p l a t inum (Fig. l b )  wi th  solut ion ferrocene at  a 
s i lyferrocene der iva t ized  nickel  e lec t rode  (Fig. 5b) 
indicates  that  a revers ib le  solut ion wave  is obta ined  at  
the der iva t ized  surface.  Thus, surface a t tached fe r ro-  
cene a l ters  the behavior  of the n ickel  electrode, tu rn ing  
an i r revers ib le  charge t rans fe r  react ion into a revers i -  
ble charge t ransfe r  reaction.  Scan ra te  analysis  of solu- 
t ion ferrocene oxida t ion  at the der iva t ized  nickel  elec-  
t rode  yields  a (scan rate)1/2 dependence  as seen in Fig. 
6 for the anodic peak  cur ren t  confirming the revers ib le  
na ture  of this react ion (23). S imi l a r ly  the peak  to peak  
separa t ion  is found to be independent  of scan rate.  

Table I. Electrochemical data for derivatized Ni electrodes a 

Coverage b 
Deriva t iz ing  x 10 9 EoxV EredV E1/2 r 

reagent  Expt.  m o l s / c m  g vs. SCE vs. SCE V vs. SCE 

1,1 ' fer rocene-  1 9.2 0.50 0.35 0.43 
diyldichloro- 2 2.3 0.48 0.36 0.43 
si lane 3 9.6 0.49 0.37 0.43 

4 2.2 0.50 0.36 0.43 
5 1.6 0.50 0.30 0.43 
6 2.8 0.47 0.34 0.41 
7 2.6 0.46 0.32 0.40 
8 3.6 0.47 0.34 0.40 

Bls (7-cyanopropyl )  - 1 1.2 0.38 0.33 0.36 
dichlorosflane 2 1.4 0.36 0.29 0.32 
and  3 1.3 0.37 0.29 0.33 
[Fe (CN) 5HIO ]a- 4 1.1 0.38 0.32 0.36 

5 0.9 0.36 0.31 0.34 

�9 All  scans are  at  100 mV/sec .  S i ly l fe r roceue  sur faces  w e r e  ch a r ac t e r i z ed  in acetoni t r i le /0 .1M t e t r a b u t y l a m m o n i u m  perch lo ra te .  Sur- 
face  a t t a c h e d  f e r r o c y a n i d e  was  c ha r a c t e r i z e d  in aqueous  e lec t ro ly te  con ta in ing  0.1M s o d i u m  perch lo ra te .  

b Coverages  w e r e  ob ta ined  by in t eg ra t i on  of the  a r ea  u n d e r  the  anodic cyclic v o l t a m m o g r a m  wave.  
c E1/~ = E ~ c  + 1/2 (E•A - -  EPC) w h e r e  EPc = cathodic  peak  potent ia l  and EPA = anodic peak  potent ia l .  Th e  second t e r m  was  used  to 

correct  for  nonideai i ty  leading to a peak  sepa ra t ion  g r e a t e r  t h a n  zero.  
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trile) at a silylferrocene derivotized nicker electrode. Solution 
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solution signal was observable. 

Fur the r  as can be seen in Fig. 5b, repeti t ive cyclic 
vol tammograms in ferrocene indicate the activity is 
fair ly stable. Only a slight change in peak height is 
observed after 70 scans. This is to be compared with a 
pretreated (but  not derivatized) electrode shown in 
Fig. 5a, which produces time dependent  results upon 
repeated scanning. By scanning an untrea ted  nickel  
electrode to fairly anodic potentials (+ I .0V vs. SCE) 
a peak for the oxidation of solution ferrocene can be 
obtained. The exact position of this peak is variable. 

However, it usua]ly occurs at 100-400 mV positive of. 
the peak observed on derivatized nickel under  the same 
conditions, suggesting that a bar r ie r  to ferrocene oxi- 
dation of -~2 kcal /mol  is removed upon derivatizing 
the nickel surface. 

We find that by abrading the nickel  surface just  prior 
to use and using dry acetonitri le electrolyte that the 
peak position for ferrocene oxidation at a nonder iva-  
tized nickel electrode can be brought  significantly neg-  
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ative of that  found for a total ly unt rea ted  nickel elec- 
trode; although, this t rea tment  never  produces an 
electrode which exhibits a cyclic vol tammogram that  is 
as reversible or stable as is observed using the deriva-  
tized electrode. This result  suggests that the surface 
attached mater ial  may  be blocking oxide formation 
while increasing the exchange current  density for fer- 
rocene and thus providing the catalytic conditions. To 
gain more insight into the mechanism by which cataly- 
sis is occurring a variety of derivatized nickel surfaces 
were characterized using cyclic vol tammograms of 
solution ferrocene oxidation and reduction as a probe. 

In  order to ascertain whether  or not  the pre t rea t -  
merit used was responsible for generat ing the observed 
electrocatalytic behavior  a pretreated electrode was 
cycled in the ferrocene electrolyte. As can be seen in 
Fig. 5a, no evidence for catalysis by the induced sur-  
face oxides is observed. Therefore, the actual deriva-  
tization process is responsible for the observed electro- 
catalysis. 

One can envision two possible mechanisms by  which 
surface modification can effect the charge t ransfer  pro- 
cess. Either one or the other, or both, may be operat ing 
at the derivatized nickel interface. The observed effect 
may be due to establ ishment  of a semipermeable physi-  
cal bar r ie r  at the derivatized interface which separates 
the electrode surface from corrosive chemical reagents, 
thus, prevent ing  the formation of insulat ing surface 
oxides, but al lowing ferrocene to approach close 
enough to the nickel interface for charge t ransfer  to 
occur. On the other hand, the surface attached ferro- 
cene may  be acting as a charge t ransfer  mediator  en-  
hancing the rate of oxidation of solution ferrocene to 
such an extent  that  other charge t ransfer  reactions 
(oxidation of the interface) cannot occur. To rule out 
that the first mechanism is the only mechanism operat-  
ing, we derivatized the surface with a nonelectroactive 
silane, dimethyldichlorosilane.  This mater ia l  should 
have generated the same type of physical bar r ie r  as 
did the silylferrocene. The methyls i lane derivatized 
electrode was tested by cyclic vol tammetry  in a ferro- 
cene electrolyte. As Fig. 7 illustrates, no catalytic ac- 
t ivi ty was noted. In  fact, the electrode properties 
appear significantly worse than for the nonderivat ized 
case. This result  suggests but  does not prove that 
simple physical protection is not enough to catalyze 
the ferrocene oxidation. Rather, it appears that place- 
men t  of a silane on the surface of nickel may serve to 
insulate it from the electroactive species of interest. 

Definitive proof that  si lylation of the surface is n o t  
sufficient to promote ferrocence oxidation is shown in 
Fig. 8. As can be seen in part  a of this figure, deriva-  
tization of nickel with b is (7-cyanopropyl )d ichloro-  
silane, a nonelectroactive species, results in very poor 
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Fig. 7. Cyclic voltammograms of 50 mM ferrocene in acetont- 
trile/0.1M TBAP at 100 mV/sec at a nickel electrode derivatized 
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Note some hysteresis is observed at the anodic limit. 
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with bis(?-cyanopropyl)-dichlorosilane; b) a nickel electrode pre- 
pared as in Scheme II having ,~ I0  - 9  mols/cm 2 of surface attached 
ferrocyanide. 

charge t ransfer  characteristics for the oxidation of 
ferrocene. However, if this same electrode (part  b of 
the figure) is reacted with [Fe(CN)sH20] ~- after 
derivatization so that an electroactive [Fe (CN) 5] 3- is 
present  on the surface, a reversible ferrocene oxidation 
is observed. This clearly indicates that it is the presence 
of an appropriate surface attached redox center on the 
nickel surface not the s i lane-surface interact ion which 
catalyzes the charge t ransfer  reaction. Further ,  since it 
is necessary to have a surface attached redox system, 
the second mechanism ment ioned is implied, that  is, 
the surface attached mater ia l  is acting as an electron 
mediator  thus enhancing the rate of charge t ransfer  to 
solution ferrocene as shown in Scheme III  

e L 

Surface--Redox-.  �9 > Surface--Redox + [6] 

Surface--Redox + + Ferrocene --> 

Surface--Redox + Fer r icenium [7] 

where: Redox indicates a surface attached redox 
couple. 

Scheme III  

However, the existence of this mechanism does not 
rule out the part icipation of a physical protection 
process; although, the experiments  with nonelectro-  
active silanes indicate that physical protection itself is 
not sufficient to induce the observed electrocatalysis. 

In fact, there exist data to suggest that some form 
of physical protection must  be operational.  For ex-  
ample, derivatized electrodes can be held at anodic 
potentials in wet acetonitri le electrolyte containing no 
del iberately added electroactive mater ial  for periods of 
time exceeding that  necessary to totally oxidize all of 
the surface attached mater ia l  wi thout  loss of electro- 
catalytic activity with respect to solution ferrocene. 
Yet, nonderivatized electrodes are fur ther  deteriorated 
with respect to ferrocene oxidation by this process, i t  is 
quite clear that electron mediat ion is incapable of pro- 
tecting the surface against oxidation once the surface 
mediator  is totally oxidized. Further ,  we find that  
certain solution species such as Ru(NH~)62+, which 
has Eredox significantly negative of surface ferrocene 
(~0.SV negative of surface ferrocene),  can be reversi-  
bly oxidized at the derivatized electrode but  not  at an 
oxidized nickel  surface. Under  such conditions the rate 
constant  for the reaction analogous to Eq. [7] must  be 
slow according to Marcus theory, thus, mediated elec- 
trocatalysis cannot  occur (28). This indirect ly impli-  
cates the existence of physical protection. Such pro- 
tection may consist of the formation of a hydrophobic 
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barrier at the electrode surface through which water 
cannot easily penetrate and, thus, surface oxidation 
cannot occur, or the binding and poisoning of potential 
corrosion sites by the formation of surface-siloxane 
bonds. The data available yields no specific details on 
the mechanism of protection. 

Conclusion 
Nickel electrode can be chemically derivatized to 

produce a stable electroactive interface using surface 
silylation techniques analogous to those previously 
employed on standard analytical electrode surfaces. 
Pretreated nickel electrodes are found to be less re- 
active than similarly treated platinum or gold surfaces 
and, thus, only very reactive silylating reagents can be 
employed. Once formed the surfaces show reasonable 
stability, although long-term stability is questionable. 

Electrodes derivatized in the above manner, to yield 
a surface attached ferrocene or ferrocyanide, prove 
electrocatalytic for the oxidation and reduction of solu- 
tion ferrocene, a reaction which is irreversible at the 
native nickel interface. The interfacial charge transfer 
to solution mechanism involves derivative mediated 
electron transfer; however, the total electrocatalysis 
mechanism is also dependent on the physical environ- 
ment formed at the interface by the derivative. This 
yields an interface which selectively and rapidly oxi- 
dizes solution ferrocene while inhibiting other redox 
processes associated with oxide formation. It is appar- 
ently the formation of this oxide which gives nickel its 
irreversible charge transfer behavior with respect to 
ferrocene oxidation. That is, the ferrocene oxidation 
competes with oxide formation, the oxides formed in- 
hibiting charge transfer. The surface derivative acts as 
a barrier to oxide formation while carrying out rapid 
surface to derivative charge transfer (Eq. [6]) and 
rapid derivative to electrolyte charge transfer (Eq. 
[7]), thus, causing the observed electrocatalysis. The 
first process may be rapid simply because a high con- 
centration of electroactive material is present near the 
surface; while the second process is expected to be fast 
in the case of surface attached ferrocene since solution 
ferrocene has a very rapid self-~xchange rate and it 
has previously been shown that surface attachment 
does not drastically affect this (6). Outer sphere elec- 
tron transfer between Fe (CN)64-/3- and ferrocene ~ z 

is also known to be fast (6, 7). It is reasonable to as- 
sume the surface Fe(CN)52-/8- fragment behaves 
similarly. 

Finally, we note that with respect to the oxidation 
and reduction of solution ferrocene the derivatized Ni 
electrode mimics the Pt electrode, supportive of the 
idea that surface modification techniques can be used 
to enhance the stability and electrocatalytic response 
of fairly inexpensive metals. In the case of Ni, the 
procedures reported herein are not sufficient to totally 
control the interfacial processes in that surface pro- 
tection is lost at positive electrode potentials (~--0.8V 
vs. SCE). However, it would appear that the appropri- 
ate combination of redox active surface species could 
produce a stable Ni interface having a quite large 
anodic working range. Currently, this possibility is 
under investigation. 
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High Reliability Drop-Fall Detector for Computerized Drop-Time 
Measurements 
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ABSTRACT 

An electronic drop-fall detector for dropping mercury electrodes is described. The device has been conceived to work in 
a computer controlled apparatus. It offers an accuracy better than 500/Lsec and a false triggering rate better than one error 
over 104 drops. 

A ful ly computer  controlled apparatus for electro- 
capillary measurements  by the drop- t ime method 
has been assembled in  our  laboratory. It  has been 
conceived to work cont inuously for several  days un-  
attended; thus, a drop-fal l  detector was needed with: 
(i) high accuracy, (ii) high noise immuni ty ,  and (iii) 
no need of t r imming along a full  run,  even with solu- 
tions of different conductivity. A brief  review of the 
available techniques, with a comparative analysis, can 
be found in Ref. (1-3). 

We agree with Tyma (1) in  considering the tech- 
nique based upon a-c impedance measurements  as 
being at present  the most suitable one. Lawrence and 
Mohilner (4) have proved the absence of any per-  
turbat ion due to the a-c signal on the interface, and 
various circuits have been described (1, 3, 5). 

However, features (ii) (i.e., the insensi t ivi ty to 
statics and to the electromagnetic disturbances gen- 
erated by the other laboratory apparatus)  and (iii) 
(i.e., the abil i ty to work proper ly  for a long time 
without  loss of performances even when solutions of 
very different conductivi ty are used) are hardly  at-  

* Electrochemical Society Active Member. 
Key words: drop-time, drop-fall, interracial tension. 

ta inable with these devices. Several  improvements  
have turned out to be necessary to meet the required 
degree of efficiency. 

Description of the Circuit 
The a-c signal, (Fig. i) picked up on the working 

electrode, is amplified by a tuned amplifier, as in 
Ref. (i). The passband has been settled at 1.5 kHz 
to ensure best noise rejection, compatibly with the 
required response time (0.5 msee). Then, the signal, 
rectified by a full-wave circuit, instead of being com- 
pared with a fixed reference level as usual (i, 3-5), 
is split into two paths (Fig. 2): in one of them, the 
signal is integrated, and inverted, in the other, it is 
differentiated. Then, the differentiated pulse is com- 
pared with the integrated one. This makes the trigger 
behavior independent of the amplitude of the signal. 

The 91 kHz signal is picked up by a tuned coil 
wound on a ferrite toroid slipped on the capillary. 
All other electromagnetic signals (noise) collected by 
the mercury column find a low impedance path to 
the ground, through the low output impedance of the 
91 kHz generator. The current flowing through the 
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Fig. 2. Waveforms in the trigger circuit. (Integrated circuits: 
National Semiconductor or equivalents.) 

work ing  e lec t rode  is measured  ( inver ted)  at  the  ground 
re tu rn  of the  floating d -c  power  supply.  

The ampl i tude  of the signal of the 91 kHz signal  
genera to r  is control led  th rough  a negat ive  feedback  
loop, to avoid the  p rob lems  connected wi th  very  di-  
lu ted  < 10-aM) or  ve ry  concent ra ted  ( >  10M) solu-  
tions, i.e., noise, instabil i t ies ,  or amplif ier  saturat ion.  
With  this  a r rangement ,  the  (averaged)  a -c  cur ren t  

th rough  the cell, r a the r  than  the vol tage  across it, is 
kep t  constant .  

Applications and Results 
This device has been used for  over  2 years  in our 

computer  contro l led  appara tus  for d rop - t ime  measures .  
The accuracy has been verified to be be t t e r  than  500 
~sec; the  e r ror  ra te  due to false t r igger ing  is be t t e r  
than  one e r ror  over  a run  of about  104 drops,  despi te  
the  e lec t romagnet ic  noise genera ted  by  o ther  l abo ra -  
tory  devices or atmospherics .  

Manuscr ip t  received May 3, 1982; revised manu-  
script received ca. Oct. 1, 1982. 

A n y  discussion of this pape r  wi l l  appea r  in a Dis-  
cussion Section to be publ i shed  in the December  1983 
JOURNAL. Al l  discussions for  the December  1983 Dis-  
cussion Sect ion should  be submi t ted  b y  Aug. 1, 1983. 
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A Thermodynamic Theory of Electric Potential Generated on 
Crystallization of Electrolytes 

R. P. Rastogi and S. A. Khan ~ 

Department of Chemistry, University of Gorakhpur, Gorakhpur 273001, India 

ABSTRACT 

A theory of  precipi tat ion potential  based on thermodynamics  of irreversible processes has been developed. In connec- 
t ion with the verification of theory, thermochemical  exper iments  have been performed which suggest that  during the de- 
ve lopment  of precipi tat ion potential  associated with the crystallization from supersaturated solution, lattice energy is con- 
verted into electrical energy. The theory is found to explain quali tat ively all the observed facts. 

I t  has been fa i r ly  wel l  es tabl i shed  tha t  potent ia l  
differences are  developed dur ing  (i) c rys ta l l iza t ion of 
e lec t ro ly tes  f rom the i r  supe r sa tu ra t ed  solutions (1-4),  
(ii) dissolut ion of e lec t ro ly tes  in a solvent  (1-4) ,  (iii) 
f reezing of w a t e r  containing ionic impur i t ies  (5-9),  
and (iv) crys ta l l iza t ion of e lec t ro ly tes  f rom the i r  
mel ts  (10, 11). 

The phenomenon  of prec ip i ta t ion  and dissolut ion 
po ten t ia l  was discovered 2 by  Rastogi,  Dass, and Bat ra  
(1). Comprehens ive  s tudies  on these potent ia ls  have 
been  r epor t ed  by  Rastogi  et al. (1-4).  I t  has been sug-  
gested by  these worke r s  tha t  the s ign and magni tude  
of these potent ia ls  depend  on the unequal  mobil i t ies  
of cations and anions. They have  pos tu la ted  tha t  the 
p rec ip i ta t ion  poten t ia l  develops due to a difference in 
the ra te  of a t t achmen t  of cations and anions dur ing  

1 P r e s e n t  address :  C h e m i s t r y  D e p a r t m e n t ,  St. A n d r e w ' s  Col lege ,  
G o r a k h p u r ,  India .  

K e y  w o r d s :  c rys t a l l i z a t i on ,  e l ec t ro ly t e s ,  t h e r m o d y n a m i c s ,  elec- 
t r i c  po t en t i a l .  

O u r  a t t e n t i o n  has  b e e n  d r a w n  to t h e  w o r k  of J a e n i c k e  a n d  co- 
w o r k e r s  b y  one  of  t h e  r e f e r e e s .  T h e s e  w o r k e r s  [Chem. Abst., 47, 
10973d (1953); 48, 5612h (1954)] w e r e  c o n c e r n e d  w i th  t h e  s t u d y  of  
t h e  d e v e l o p m e n t  o f  p o t e n t i a l  c h a n g e s  d u r i n g  d i s s o l u t i o n  of spa r -  
i n g l y  so lub le  sa l t s  l ike  A g B r  u s e d  in  r e v e r s i b l e  e l e c t r o d e s ,  and 
t h e y  i n t e r p r e t e d  t h e  resu l t s  on  the  basis  of  d i s t u r b e d  i n t e r f a c e  
e q u i l i b r i u m  on a c c o u n t  of  d i sso lut ion ,  

crys ta l l iza t ion and tha t  the dissolut ion po ten t ia l  de -  
velops due to a difference in the rate  of de tachment  
of cations and anions dur ing  dissolution. 

Prec ip i ta t ion  poten t ia l  has been defined conceptu-  
a l ly  by  I~astogi, Shukla,  and Bhagat  (3) as follows: 
"The prec ip i ta t ion  potent ia l  is the poten t ia l  difference 
ar is ing f rom an e lec t r ica l  double  l aye r  deve loped  at  
l i qu id / c rys t a l  in terface  by  the ion migra t ion  f rom the 
l iquid phase. The a lgebra ic  s ign of the prec ip i ta t ion  
potent ia l  is the same as the e lect ros ta t ic  po la r i ty  ( + )  
or ( - - )  of the end of the d ipolar  double  l aye r  on the 
crys ta l  side of the interface."  However ,  the opera t iona l  
definition is as follows: "The prec ip i ta t ion  poten t ia l  is 
the potent ia l  of a p l a t i num elec t rode  coated wi th  a 
l ayer  of an e lec t ro ly te  deposi ted by  crys ta l l iza t ion  
f rom a supersa tu ra ted  solut ion at  a t e m p e r a t u r e  T 
less than  the sa tu ra ted  t empe ra tu r e  Ts. (Ts --  T) is 
called the undercooling.  The reference  poten t ia l  is a 
s imi la r  bare  p l a t inum elec t rode  which  is d ipped in the 
above supe r sa tu ra t ed  solut ion once the crys ta l l iza t ion 
has s tar ted.  The observed  prec ip i ta t ion  potent ia l  is 
corrected for any  a s y m m e t r y  potent ia l  exis t ing be-  
tween  the two p l a t inum elect rodes  before  the  p rec ip i -  
ta t ion run. The poten t ia l  difference is measured  elec-  
t ros ta t ica l ly  by  means  of a L indemann  Elec t rometer ."  
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Recently Girdhar and Matta (12, 13) have studied 
the precipitation and dissolution potentials of a num- 
ber of electrolytes in aqueous medium. Their results 
are in general agreement With those reported by 
Rastogi and co-workers. Ibl et al. (14, 15) have also 
recently reported careful experiments on crystalliza- 
tion and dissolution potentials using single crystals. 
In their experiments the crystal is always kept in con- 
tact with near-saturated solution so that the effect of 
diffusion is minimized. These workers have used a 
"corrosion" model based on the difference in the ki- 
netics of dissolution of cations and anions to explain 
their results. 

The experimental studies confirm that the precipita- 
tion and dissolution potentials depend on (i) tempera- 
ture, (ii) concentration of the medium, (iii) nature of 
the electrolyte, (iv) time , and (v) ( U + -  U - ) / ( U +  

U-) .  Typical data obtained by different workers are 
summarized in Table I for the sake of comparison. 

Quite recently, a thermodynamic theory of dissolu- 
tion potential based on the thermodynamics of irre- 
versible processes has been developed by Rastogi and 
Khan (16). In the present communication, an attempt 
has been made to develop a corresponding thermody- 
namic theory of precipitation potential. It is found that 
t h e  theory gives a satisfactory explanation of the ob- 
served facts. In Order to have a quantitative check, an 
inequality based on the theory has been tested for 
which calorimetric experiments had to be performed. 
These are described in the present communication. The 
thermochemical experiments suggest that it is the lat- 
tice energy that is converted into electrical energy 
during the development of precipitation potential. 

Crystallization Process 
The process of crystallization may be visualized as 

being made Up of the following steps: 
1. Formation of nuclei. 
2. Transport of the cations and anions toward the 

nuclei. 
3. Diffusion through a locally solute depleted zone at 

the growing interface. 
4. Partial or complete desolvation of the moving 

ions. Com~)lete desolvation would be required for the 
crystallization of NaC1 and partial desolvation would 
be required for the crystallization of BaC12 �9 2H20. 

5. Adsorption or chemisorption of ions on the sur- 
face of crystal nuclei. 

6. Two-dimensional diffusion of the adsorbed or the 
chemisorbed species to a step. 

7. Partial or complete desolvation of the moving ions 
toward the step. 

8. Attachment to the step. 
9. One-dimensional diffusion along the step to a 

kink. 

10. Attachment to a kink. 
11. Dissipation of the heat of crystallization which 

may occur stepwise after each of the attachments. 
It is obvious that the precipitation potential would 

be generated at step 5. Further, on account of step 4, a 
higher temperature would develop in the solution 
layer near the crystal interface as compared t o  t h e  

bulk, so that a thermo-emf would atso be generated. In 
addition, the diffusion potential would also develop o n  

account of process 3. The equilibrium phase potential 
at the crystal/solution interface and the Nernst poten- 
tial would also be included in the observed potential. 
Most of the experimental studies reported so far in- 
volve the observation of the net potential from which 
the value of the true precipitation potential can be 
easily estimated when the contributions due to other 
potentials are experimentally known. Rastogi and 
Shukla (2) have demonstrated that the values of ther- 
mo-emf and Nernst potential are negligible in most 
cases. Thus, under appropriate experimental condi- 
tions, the crystallization potential would largely con- 
sist of (i) precipitation potential and (ii) phase poten- 
tial. The phase potential would include the unknown 
contact potential between metal electrodes and salts. 

Irreversible Thermodynamics of Precipitation Potential 

Theoretical 
We may represent schematically the cell used for 

measuring the precipitation potential as follows 

Supersaturated 
Pt Solid electrolyte solution of 

(a-phase) electrolyte Pt 
(/~-phase) 

We represent the electrochemical system as made up 
of two subsystems a and ~. We may consider, for ex- 
ample, the experimental conditions maintained by Ibl 
et al. (14) such that a uniform supersaturated solution 
is in contact with the a-phase. Further we may suppose 
that the temperatures of the two phase remain the 
same. This is a little simplification since phase trans- 
formation is always accompanied by enthalpy changes. 
We also assume that the crystal nuclei have similar 
surface energy and that they have average surface en- 
ergy per unit area of the crystal face. 

The total entropy change of the system dS would be 
given by 

dS = dS~ Jr dSS [1] 

where dS~ and dS~ are the entropy changes for t h e  

two subsystems. The Gibbs equation for the two sub- 
systems is given by 

Table I. Dissolution and precipitation potential of some electrolytes 

Observed Observed True True 
dissolution precipitation Diffusion Phase dissolution precipitation 
potental potential potential potential potential potential 

Electrolyte Medium (mV) (mV) (mY) (mV) (mV) (mV) Reference 

N a C I  W a t e r  - 1 7 0  - 78 - 73 - 2 4  - 50 - 5 4  ( 3 , 2 )  
W a t e r  - 1 2 0  - -  90 - 40  - 8 - 72 - 8 2  (4 ,  12, 13)  
D~O - 97 - -  73 - -  31 - - 2 4  - -  42 - 4 9  ( 3 ,  2 )  
A c e t o n e  + 2 1 1  + 69 - 5 2  +,194 ( 3 , 2 )  

KC1 W a t e r  - 1 5 2  - " 7 6  - -  63 - 2 1  - 97 - ~  (3 ,  2)  
W a t e r  - 1 8 0  - 66  - 42  - 2 0  - 15 - 6 8  ( 4 ,  12,  13)  
D~O - - 1 0 5  - 66 - -  33 - - 1 7  - -  55 - - 4 9  ( 3 , 2 ) ,  
Acetone + 2 6 8  ~ + 83 - - 7 3  + 2 5 8  - -  (3 ,  2)  
F o r m a m i d e  + 2 8 9  - -  + 83 + 1 9  + 1 8 7  - -  (3 ,  2 )  
D M F  + 89 + 58 - - 4 3  + 76 - -  ( 2 1 , 2 8 )  

KDr D~O --131 ---~0 -- 42 --21 -- 68 --49 (3,2) 
D M F  + 1 2 4  - -  + 48  - - 2 6  + 1 0 2  (21 ,  28)  

BaCI~ W a t e r  - 153 - 123 + 140 - -  10 - 280 - - ~  ( 3 ,  2)  
- 1 6 8  - -  --  46 --12 - l l O  - -  (4,  12, 13) 

* Results for acetone reported by Rastogi and co-workers and by Girdhar and co-workers differ in sign as well as in magnitude 
due to different procedures adopted for purification in the two cases. Girdhar et al. report that when the procedure of purification 
adopted by Rastogi and co-workers is used, the observed value of the dissolution potential agrees in sign with that reported by Rastogi 
and co-workers, 
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TdS~ = dUa Jr P a d V  a 

- -  (#ladMi ~ + #~.~dM~. ~) 

-- (eir a jr  e~r ~) -- v d A  [2] 

TdS~ : dUB + P~dV~ 

-- (#i~dMiB jr ~ B d M ~ )  

- -  (eir jr e~r [3] 

If we assume that  the nuclei  are spherical  having 
radius r i t  can be easily shown that 

dA  : 8~ rdr  [4] 

and if ~ is the density, change in  mass dM ~ is related 
to dA by the equat ion 

d A  : 2dM~/r~ [5] 

Hence, Eq. [2] can be rewr i t t en  as 

T d S  (~ : dU '~ jr P d V  (~ -- (#i ~ jr  eir ~) 

dM1 ~ _ ( # ~  jr e~r ~) dM~ ~ _ ~27 dM ~ [6] 
~r 

Using Eq. [3] and [6] in  Eq. [1] we obtain 

TdS  : dU ~ + dUB Jr P adVa jr P~dVB 

- ~ (~ + e~r - ~ (,i~ + e~)di~i~ 
~----1,2 ~:I,2 

- 2~ dM~ [7] 
pr 

If dQ is the heat supplied to the system as a whole, 
using first law of thermodynamics,  Eq. [7] can be 
wr i t ten  as 

T d S  : dQ -- ~ (#i ~ jr  eic~a)dMi a 
i=I$ , 

- ~ (~i~ + e~)dM~B -- 2v dM= [8] 
t= 1.2 pT 

Now dS can be wr i t ten  as the sum of deS, the ent ropy 
exchange with the surroundings  and diS, the change in  
ent ropy due to i rreversible processes inside the sys- 
tem, so that  

dS = des jr  d is  
where 

Hence 

TdiS  = -- ~r  

des -- ( d Q / T )  

(#i ~ Jr- eir a) dMi a 

[ 9 ]  

[ i 0 ]  

i = 1 ~ 2  

_ ~ (#t B + ei~B)dMi B _ 2v dM~ [ i i ]  
t= 1,2 pr 

or  
dis  dMi a 

T : T  ~r (# l  ~ j r e i r  a)  
a t  ~=1,~ a t  

~ ( ~ i  B dMiB 2-/ dM a 
- + e~B) - -  [12 ]  

i= 1,2 a t  pr dt  

On account of the law of conservation of mass 

Ji = dMl~/dt  -- -- dMiB/d t 

S o  that  Eq. [12] can be rewr i t ten  as 

Tr = --  ~ (AFi a'B jr eiAqba'B)Ji jr  k J c  [13] 
i = 1 , 2  pr 

where we have replaced -- dM~/d t  by the crystall iza- 
t ion rate Jc. Thus, Eq. [13] can be wr i t ten  as 

: ~ J~Xi j r  J~Xc [14] Tr 
t= 1 , 2  

where 
Xi = -- (A#p,s + eiAr [15] 

and 
X~ = (2v) / (pr )  [16] 

Ji is defined with respect to the center  of mass move-  
ment. Both, Ji and Xi are vectorial in character but  Jr 
and Xc are scalar in  character. Hence, according to 
Curie's principle, we would have coupling between J1 
and J~ only~ so that  we can write 

J1 "-- L n X i  jr Li2X2 [17] 

Js -- L21X1 jr  L22X2 [ is]  

Je = LccXe [19] 

where Ln ,  Lm L~I, and Lcc are phenomenological  co- 
efficients and L12 = L21 on account of the Onsager re-  
ciprocity relation. 

I t  should be noted that at equi l ibr ium, Jc = 0. F u r -  
ther, Xc is also zero since r -- ~o. In  some cases, r may  
not  be equal to oo at equil ibrium, if for such cases 
r -- re at equil ibrium, then Eq. [16] would be wr i t ten  
as (18) 

Xc = (2-/) I p ( 1 / r  -- 1/re) [20] 

according to which Xc : 0 when  r -- re at equi l ibr ium. 
For planar  surfaces re = oo. 

The force Xi takes into account the whole t ransi t ion 
region from the solid surface to the bulk  of the solu- 
t ion and is associated with the change of electrochemi- 
cal potential.  

The cur ren t  I flowing through the system would be 
given by  

I = eiJi  jr eaJs [21] 

Since we measure the potent ia l  when  I = 0, we have 

ei ( L n X i  jr Li~X~) Jr e2(L21X1 Jr/-,s2,X2) : 0 [22] 

Pu t t ing  

and 

We have 

-- Aea.B = 

e lLn  jr e2L2l -- I1 [23] 

elLis jr esL22 = ls [24] 

h~i a,~ jr a#~ a.B 
eili  jr e212 ell1 Jr e212 

[25] 

If ti~ denotes the t ransport  n u m b e r  of unhydra ted  
i th  ion, its relat ion to the mass t ransfer  f rom phase #s 
to a would be given by 

and 

elll 
( t l O ) A R I = 0 ,  a ~ $ = 0  - -  [26] 

e l l l  Jr e~12 

e21~ 

( t2~  A~2=0 - -  eIl l  j r  esZs [27]  

Hence, from Eq. [25], [26], and [27] we obtain 

1;1 o t2 o 
_ ( ~ )  ~m : _ _  ~ i ~ , B  + _ _  ~ 2 ~ , B  [28]  

e l  e2 

We now consider ~ to be the solid phase and ~ to be 
the l iquid phase. Since ei : ZiF, where Zi is the 
valency of the i th ion which can be negative or posi- 
tive, we obtain for a un iva len t  electrolyte 

-- F(A@)a,B : tlo[mo(s) -- #1o -- R T  In al (ss)] 

- -  t~o[~,~ o(s) -- #2 o -- RT In as (ss)] [29] 

where the superscript  (ss) denotes the quanti t ies in the 
supersaturated solution, ~i o(s) is the s tandard chemical 
potential  in solid phase and ~i o is that  in  the l iquid 
phase and 

8 It should be noted however, that the net change in mass frac- 
tion of the component (i = 1, 2) at a point is related to Jo and 
the divergence of Ji (17). 
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in  al (s) = In a2 (s) = 0 [30] 

where al (s) and a2 (~) denote the activities of ions 1 
and 2 in the solid state. 

Equat ion [29] can be rewri t ten  as 

- -  F ( ~ ) ~ , ~  = t l o [ # l  o~s) - -  #1 o - -  R T  In a l  c*~] 

_ t2o[#2o(s) _ ~ o  _ R T  In a2 (*)] 

+ [ti~ R T  In a i ( * ) / a l  (ss) - -  t2 ~ R T  In a2(*)/a~ (ss)] [31] 

where a~(*) is the activity of the ions at the crysta l /  
solution interface. 

There are three terms on r igh t -hand  side of Eq. 
[31]. Let us designate the first two terms as (~r  
and the third te rm as (a r  respectively, for con- 
venience. Thus we shall  have 

F ( ~ ) I  = ti~ ~ -- ~l ~ -- RT in ai (*)] 

_ t~o[~2ocs) _ ~o  _ RT in a2 (*)] [32] 

F ( ~ r  = tl ~ RT  In alC*)/a~ (ss) -- t~ o RT In a2(*)/a~ (ss) 

[33] 

If (~#)Phase denotes the potential  difference at the 
crystal / l iquid interface, it is easy to show (19) that  

~lO(S) _ ~o  _ R T  In ai (*) = --  F (~)Phase [34] 

~o(s) _ ~2 o _ R T  In a2 (*) -- + F(A~b)Phase [35] 

where 1 denotes cation and 2 denotes anion. Thus from 
Eq. [32], [34], and [35] we obtain 

F ( A ~ b ) I  - -  t l ~  - F ( A ~ ) P h a s e ]  - -  ~ 2 ~  F(A~b)Phase]  
o r  

F(A~)~ = -- F(hr [36] 

since tl ~ + t2 ~ = 1. From Eq. [33] we have 

F (~O)n  = (t~ ~ - -  t2 ~ R T  In  a(*)/a(ss)  [37] 

where we have supposed that  

ai(*) /a l (ss )  = a~(*)/a2(ss) -- a( . ) /a (ss )  

Thus from Eq. [31], [36], and [37] we find 

-- F(A~) a'~ = -- F(AO)Phase -~- (tl ~ -- t2 ~ R T I n  

[38] 

a(*)  

aiss) 
[39] 

The second te rm on the r igh t -hand  side of Eq. [39] 
denotes the precipitat ion potent ial  and, therefore, if 
(A~b)Pption iS the potential  difference arising from an 
electrical double layer developed at the l iquid/crys ta l  
interface by the process of the migrat ion of ions from 
solution phase to the crystal phase, we shall obtain 

RT U+ ~ -- U- ~ a (*) 
(A~b)Ppti~ =- F U+ ~ + U -  ~ In a(ss--- 7 [40] 

where U+ o and U -  ~ are the mobilit ies of bare un -  
hydrated  cation and anions, respectively. 

Making use of usual  thermodynamic  arguments,  it 
can be easily shown that  

aC*) (~H) ~ (Ts -- T) 
in  . . . .  [41] 

a (ss) R TsT 

where (~H) ~ is the entha lpy  change associated with 
the development  of the precipitat ion potential.  Using 
Eq. [41], Eq. [40] can be rewr i t ten  as 

1 < U+~176 > (~H)~ (~T) 

(~r Ppt~on = -- ~- U + o ~ U_o Ts 
[42] 

U+o -- U_o 
< I [43] 

U+o + U -  ~ 
it is obvious tha t  

1 (hH) ~ (AT) 
(A~b) Pption < [44] 

F T s  

Test ot the Theory 
Inequal i ty  [44] is in a form which can be used for 

exper imental  verification. However, the question arises 
whether  (~H) ~ is equal  to the heat of precipitation, 
which is equal in magni tude but  opposite in sign to the 
heat of solution (AH)s, i .e. ,  whether  

(a l l )  ~ = -- (~H)s [45] 
or different? 

The basic reaction that occurs dur ing  the a t tachment  
of ions in the crystal lattice is 

A + + B - = A B  [46] 

where A + and B -  are bare unhydra ted  ions. If t h i s  is 
so (a l l )  ~ should be equal  to the lattice energy (hH)L, 
i.e. 

(hH) ~ = (hH)L [47] 

For a quantitative check of the theory, the inequality 
[44] was tested. (~r was calculated both by sub- 
stituting (AH) ~ equal to --(aH)s and (AH)L in [44]. 
The results are given in Table II. The calculated values 
recorded in column 5 do not support the inequality 
[44]. However, the data presented in column 4 support 
the inequality. Hence, it follows that (AH) ~ would be 
equal to (AH)L ra ther  than -- (AH)s. 

It is, therefore, obvious that Eq. [47] becomes crucial 
for the exper imenta l  test of inequal i ty  [44]. If [46] is 
the main  controll ing step for the development  of the 
precipitat ion potential,  the heat  produced on crystal l i-  
zation of AB would be converted into electrical energy 
dur ing  crystall ization and cooling instead of heat ing 
should be observed around the electrode at which 
crystall ization is occurring. In  order to test this point, 
thermochemical  exper iments  were performed. These 
are described next. 

Experiments on the Relationship of Lattice Energy 
and Precipitation Potential 

In  order to show that  dur ing  the development  of 
precipitat ion potential  the lattice energy is converted 
into electrical energy, the following three types of 
experiments  were performed. 

The schematic diagram of the first type of experi-  
ments  is shown in Fig. 1. The precipitat ion cell C was 
made of a double-wal led  Pyrex  glass vessel (outer 
diameter  6 cm, height 12 cm; inner  diameter  3 cm, 
height 10 cm). The annu la r  space A of the cell was 
evacuated in  Order to minimize the heat  losses. Two 
p la t inum electrodes E1 and E2, which were fused in  
Pyrex glass capil lary tubes P1 and  P2 of 1 mm diam, 
were used in the cell. Electrode E1 was in  the form 
of a coil through which a precision thermometer  T 
could be inserted which could be read correctly to 
_ 0.2~ Both the electrodes were connected to a Cam- 
bridge L indemann  Electrometer.  

Table II. Comparison of experimental and the theoretically 
calculated values of (~r for some alkali halides using 
Eq. [44], [45], and [47] at Ts = 311 K and AT = 12~ 

(~r 
Experl- 

(AH)L -- (AH)s Theoret ical  Theoretical  menta l  
Eleetro~ (kcal/  (kcal/  us ing  Eq. us ing Eq. [Ref. (2) ] 
lyte mol) mol) [47] (mV) [45] (mV) (mV) 

Since the mobilit ies of bare ions are not  known, Eq. KCl 169.9 4.1 -284 -5.74 -54 
K B r  162.1 4.8 --  272 - -  6.72 --  52 

[42] could not  be tested quanti tat ively.  However,  since NaCl 184.7 0.9 -310 -1.26 -56 
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"Vk-- -  

E 1 -  

L 

T ~/p2 
"/////////~]t~. 

B 

S 
~ C  

Fig. 1. Experimental setup for the measurement of cooling pro- 
duced on the development of precipitation potential. (C - -  double 
walled calorimeter; S ~ saturated solution of KCI; El, E2 = plati- 
num electrodes; B = inner chamber of the cell; R ~- rubber stop- 
per; P1, P2 - -  Coming glass capillary tubes of 1 mm diam; T --- 
thermometer; V = vacuum pump; and L = Lindemann electrom- 
eter.) 

The following exper imenta l  procedure was adopted. 
10 ml  of KC1 solution, saturated at 60~ was placed 
in the precipitat ion cell. The electrode El along wi th  
the thermometer  T was inserted into the solution. Now 
the system was allowed to cool gradually.  The second 
electrode E2 was inserted into the solution as soon as a 
t iny  crystal appeared on the first electrode. The de- 
velopment  of the precipitat ion potential  was indicated 
by the electrometer while the tempera ture  of the calo- 
r imeter  was recorded with the help of the thermome-  
ter as a funct ion of time. 

The second type of exper iment  was similar  in  pr inci -  
ple except that a copper-constantan thermoco~uple was 
used for the measurement  of temperature.  The sche- 
matic diagram of the exper imenta l  setup is shown in 
Fig. 2. The same double-wal led  calorimeter  C was used 
in this set of experiments  also. P la t inum electrodes E1 
and E2 were fused in Pyrex glass capillary tubes PI 
and P2 of 1 mm diam. The electrode E1 was in the form 
of a coil through which the capil lary tube P3 conta in-  
ing the copper-constantan thermocouple junct ion  T1 
(Omega In terna t ional  Corporation, Stanford, Connec- 
ticut) could be inserted. The other junct ion T2, used as 
cold junct ion,  was placed in mol ten ice kept  in a 
Dewar  flask. Thermocouple junct ions were used in 
conjunct ion  with an OSAW direct reading precision 
potent iometer  with which the emf could be read cor- 
rect ly to _ 10 #V. Electrodes E1 and E2 were con- 
nected to an Electrometer  Amplifier (Annadigi,  Hyder-  
abad, India)  with which the voltage could be read cor- 
rectly to __. 0.1 mV and which had a m a x i m u m  input  
impedance of 1014~. 

The exper imenta l  procedure was similar  to that  
adopted in the earl ier  exper iment  except in  the fol- 
lowing respects. The p la t inum electrodes E, and E~ 
were kept a l i t t le above the aqueous solution of KC1 
saturated at 60~ When the crystal started appearing 
in  the bulk, the electrode E~ was dipped into the solu- 
t ion and immediate ly  raised up, so that  on the evap- 
orat ion of water, a few seed crystals were left  on the 

ELECTROMETER AMPLIFIER 

:J-i PR~C~I Pl TAT I0 N 

POTENTIAL P.t i 

I ' O,SATI~ POTENTIOMETER 

COLD JuNCT{O~ 
P2 

Y 

Fig. 2. Modified experimental setup for the measurement at 
cooling produced on the development of precipitation potential. 
(El ~- platinum electrode wrapped around the capillary P8 con- 
taining copper-constantan thermocouple junction T1; E2 ~ second 
platinum electrode; S ~ suppersaturated solution; T2 ~ the junc- 
tion of thermocouple kept at ice point.) 

electrode. Both electrodes E1 and E~ were now s imul-  
taneously inserted into the solution. The bui ldup and 
decay of precipitat ion potential  and thermo-emf  were 
s imultaneously recorded. 

In  order to provide a more convincing proof, a third 
type of exper iments  was planned.  An improved ex- 
per imenta l  setup was designed as shown schematically 
in Fig. 3. It consisted of twin  cells R1 and R~ which 
were identical.  These were in  the form of two Coming  
glass tubes closed at one end. Both the tubes were  8 
cm long and had a diameter  of ! cm. Each tube had a 
system of electrodes and tempera ture  probe as shown 
in Fig. 3. The copper-constantan thermocouple junc-  
tions T1 and T2, kept  in the cells R1 and R2, respec- 
tively, were connected to a PYE precision potent iome-  
ter with which the potent ial  could be read correctly to 
_ 1 ~V in  conjunct ion with a sensit ive Cambridge Spot 
Galvanometer.  Further ,  the electrodes of cell R1 were 
connected to an Electrometer Amplifier (Annadigi,  
Hyderabad)  while this was not so for the electrodes of 
cell R2 which acted as a dummy cell. 

The following procedure was adopted. Both the cells 
were filled with the aqueous solution of KC1 saturated 
at 60~ which was heated a little above the saturat ion 
temperature.  The calorimeter was also filled with the 
same solution. Care was taken  so that cells R1 and R2 
and the l iquid in the calorimeter were at the same 
temperature.  Initially,  the electrodes in both cells were 
kept  a little above the surface of the solution. The as- 
sembly was allowed to cool gradually.  When crystal l i-  
zation started, the electrodes E1 of cell R1 and E2 of 
cell R2 were lowered into the respective solutions and 
then raised up so that  on evaporat ion of water  seed 
crystals appeared on their  surface. Now, electrode sys-  
tems of both cells R1 and R2 were s imul taneously  in -  
serted into the respective solutions. The bui ldup and 
decay of precipitat ion potential  and thermo-emf  were 
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J E | . E C T R . O H E T t : K  A 14Pi,~FI~ 
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P re~il:,L~a 
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PTE pOTENTIOI~ETER 
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No electrical co.~eJ~~ 
i e. No precL~tatLo" 

pot  en~fAa~ 

Fig. 3. Experimental setup for the simultaneous measurement of 
precipitation potential and thermo-emf during crystallization. (R1, 
R~ = twin precipitation cell; El, E2 ~ platinum electrodes on 
which crystallization takes place; El', E2' ~ bare platinum elec- 
trodes; T1, T2 ~ copper constantan thermocouple junctions; S --- 
supersaturated solution of KCI; A ~ annular space of the vesssel 
C; and B ~ inner chamber of the vessel.) 

s imul taneous ly  recorded with  the he lp  of the Elec-  
t romete r  Amplif ier  and PYE potent iometer ,  respec-  
t ively.  

Results and Discussion 
Equat ion [40] shows how the prec ip i ta t ion  poten t ia l  

depends on the mobi l i ty  of the cations and anions. 
Fur ther ,  i t  fol lows f rom Eq. [40] and [42J that,  (i) the  
sign of ( A r  would depend on the sign of (U+ o --  
U-o),  (ii) the magni tude  of (Ar would  depend 
on the magni tude  of rat io  (U+ o --  U - o ) / ( U +  o -t- U_o), 
(iii) the magni tude  of (A~b)Ppt ion  would  also depend on 
the magni tude  of undercool ing (Ts --  T),  and (iv) the 
decay of the observed  prec ip i ta t ion  potent ia l  would 
be re la ted  to the ra te  wi th  which the concentra t ion 
of the supersa tu ra ted  solut ion approaches  the sa tu ra -  
tion concentrat ion.  Thus, in the course of t ime, when  
crys ta l l iza t ion stops and a(*)/a ~ss) -)  1, (5@)Pption would  
vanish and the observed prec ip i ta t ion  potent ia l  would  
become equal  to (5@)Phase. 

Expe r imen ta l  da ta  r epor ted  by  RaStogi and co- 
workers  (2, 3, 20, 21) show (Table I I I )  tha t  these con-  
clusions are  justified. However ,  i t  m a y  be argued tha t  
the resul ts  on the prec ip i ta t ion  potent ia l  of NaC1 and 
KC1 for wa te r  (Table  I I I )  and D20 [Ref. (3)]  do not  
suppor t  the theory,  since one would  expect  the  p r e -  
c ipi ta t ion potent ia l  of NaC1 to be g rea te r  than  that  of 
KC1 owing to the fact  tha t  the mobi l i ty  of Na + ion 
(hydra ted )  is lower  than  that  of K + ion (hydra t ed ) .  
This a rgument  is not  sound since as suggested in Eq. 
[40] one has to take into account the mobil i t ies  of 
unhyd ra t ed  ions ra the r  than the inabi l i t ies  of hydra t ed  
ions. Al though such values a re  not  avai lable ,  some 
guess can be made  about  the i r  re la t ive  magni tudes .  

Table Ill. Sign and magnitude of (U+ - -  U-)/(U+ ~ U-) and 
(Ar 

Elec tro l y t e  ( U+ -- U+) / (U+ + U - )  (Ar  Pption ( m V )  

K C I  - 0.0187 - 54 
K B r  -- 0,0303 -- 52 
NaC1 - 0.2072 -- 56 

The t ranspor t  number  of hydra t ed  and unhyd ra t ed  
ions wil l  be re la ted  (22) by  the equat ion 

t+ o = t+ -t- C ~ ~nn~o [48] 

t_a  = t -  "t" Co ~-~jo [49] 
w h e r e  

~nH2o = rich*) - -  nch-) [50] 

Taking  into account  the appropr i a t e  values  of  h y d r a -  
t ion numbers  (23, 24), AnH20 for KC1 would  be a round  
un i ty  and tha t  for  NaC1 would  be a round  2. Hence, 
f rom Eq. [49] and [50] we observe tha t  the t r anspor t  
numbers  of unhyd ra t e d  Na + and  K + ions would be 
closer than  tha t  of the i r  hyd ra t ed  ions. I t  may  also be 
noted that  the t r anspor t  numbers  of Na + and  K + ions 
are  equal  in mol ten  NaC1 and KC1 (25).4 Accordingly ,  
i t  is not  surpr i s ing  tha t  the magni tude  of the p rec ip i t a -  
t ion poten t ia l  in the  case of NaC1 and KC1 are  s imi lar  
wi th in  the e xpe r ime n t a l  error .  

I t  is difficult at  this  s tage to have  a quant i ta t ive  
check of the theory  deve loped  in the sect ion on Irre-  
vers ib le  Thermodynamics  and Prec ip i ta t ion  Potent ials .  
However ,  the inequa l i ty  [44] is satisfied when  ( a l l )  ~ 
is pu t  equal  to (AH)L as Table II  shows. The expe r i -  
ments  descr ibed in the sect ion on Exper imen t s  on the 
Rela t ionship  of Lat t ice  Energy  and Prec ip i ta t ion  Po-  
ten t ia l  show tha t  such a subs t i tu t ion  is justified. We 
discuss the thermochemica l  resul ts  fur ther ,  in the fol-  
lowing paragraphs .  

In  the first set of exper iments  a cooling of the order 
of 1~176 was observed in the v ic in i ty  of the e lect rode 
on which crys ta l l iza t ion  occurred when the deve lop-  
men t  of the prec ip i ta t ion  potent ia l  occurred,  as was 
indica ted  b y  the e lec t rometer .  On the o ther  hand,  a 
b l ank  expe r imen t  wi th  the same cell  wi thout  any  elec-  
t r ica l  contact  be tween  the electrodes,  gave evidence of 
heat ing of the o rde r  of 0.5~176 Thus a cooling in the 
v ic in i ty  of e lect rodes  on which crys ta l l iza t ion occurs 
and the prec ip i ta t ion  potent ia l  is developed indicates  
that  the la t t ice  energy  is conver ted  into e lec t r ica l  
energy.  

The da ta  for  a typical  run  in the second type  of ex-  
per iments  on the s imul taneous  measu remen t  of the 
prec ip i ta t ion  potent ia l  and t h e r m o - e m f  are  shown in 
Fig. 4. I t  is c lear  f rom the figure that  as soon as the 
prec ip i ta t ion  potent ia l  is developed,  as indica ted  b y  
the sudden  rise in curve a of Fig. 4, a sudden  cooling 
occurs, as indica ted  by  a cor responding sharp  decrease  
in thermo-emf .  The m a x i m u m  in curve a and min i -  
m u m  in curve b, Fig. 4, coincide, confirming once again 
that  cooling is p roduced  in the v ic in i ty  of the elec-  
t rode on which crys ta l l iza t ion occurs and the bu i ldup  
of the prec ip i ta t ion  potent ia l  takes  place.  On the o ther  
hand,  b lank  exper iments  wi thout  any  e lect r ica l  con- 
tact  be tween  the electrodes showed an increase  of 
t empera tu re  of the o rder  of 0.5~176 due to the l ibe ra -  
tion of the hea t  of precipi ta t ion.  

The da ta  for a typical  run  in the th i rd  type  of ex-  
pe r iments  on the s imul taneous  measuremen t  of the 
prec ip i ta t ion  potent ia l  and t h e r m o - e m f  are  shown in 
Fig. 5. I t  is c lear  f rom curve a of Fig. 5 that  at  the in-  
s tant  of the deve lopment  of the prec ip i ta t ion  potent ial ,  
the  two cells show a t h e r m o - e m f  equal  to 48 • 1 /~V, 
which corresponds to a cooling of 1.24 • 0.02~ in the  
cell  R1 which was the cold ]unction. I t  has to be noted 
that  the e lectrodes in the o ther  cell, R2, were  not  in 
e lect r ica l  contact  and hence no prec ip i ta t ion  potent ia l  
could develop and its t empe ra tu r e  was s imply  en-  
hanced on account of the release of the hea t  of p r e -  
cipitation.  In  these exper imen t s  both the prec ip i ta t ion  
cells R1 and R2 were  at  t he rma l  equ i l ib r ium ini t ia l ly .  
S imul taneous  crys ta l l iza t ion occurred  in both of them. 

4 I t  i s  d i f f i cu l t  to  d e t e r m i n e  the  transport  n u m b e r  o f  u n h y d r a t e d  
ions .  H o w e v e r ,  e f f o r t s  h a v e  b e e n  m a d e  t o  d e t e r m i n e  it by  us ing  
a second  so lute  such  as sucrose  as  a r e f e r e n c e  for  m e a s u r i n g  the  
cha ng es  of  salt  concentra t ion  (26) .  T h i s  p r o c e d u r e  has  b e e n  
q u e s t i o n e d  b y  L o n g s w o r t h  (27) s i n c e  t h e  added substance  cannot  
be  a s s u m e d  to  be mot ion le s s  d u r i n g  t h e  passage  of  the  current .  
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Fig. 4 Curve (a) buildup and decay of precipitation potential 
of KCI in water. Curve (b) thermo-emf corresponding to the cool- 
ing produced on the development of precipitation potential. The 
scale of the ordinate on the right-hand side refers to curve (a) 
while that on the left-hand side refers to curve (b). 
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Fig. 5. Carve (o) buildup and decay of precipitation potential 
of KCI in water. Curve (b) thermo-emf corresponding to the cool- 
ing produced during the development of precipitation potential. 
The scale of the ordinate on the right-hand side refers to curve 
(a), while that on the left-hand side refers to curve (b). 

One cell  was involved  in the deve lopment  of the  p re -  
c ipi ta t ion poten t ia l  and  the o ther  was not. Therefore ,  
a cooling in  the  fo rmer  cell  convincingly  demons t r a t ed  
tha t  la t t ice  ene rgy  is conver ted  into e lec t r ica l  energy  
on account  of the  deve lopment  of the  prec ip i ta t ion  po-  
tential .  

The above  discussion leads  to a re la ted  quest ion as 
to wha t  is the  source of e lect r ica l  ene rgy  dur ing  the 
deve lopment  of dissolut ion potent ia l .  Since 

(AH)s  ---- --  (AH)h -~- (AH)L [51] 

i t  was guessed tha t  i t  is the  hydra t ion  ene rgy  which  
is conver ted  into e lec t r ica l  ene rgy  dur ing  the deve lop-  
men t  of the  dissolut ion po ten t ia l  because the key  r e -  

action in this case would be 

A + + B- + aq = A + (aq) + B- (aq) [52] 

If this is so, much greater cooling than expected should 
occur on the electrode at which dissolution takes place. 
To test this point, experiments were performed with a 
twin calorimeter which confirmed this prediction (28). 
The pr inc ip le  of these expe r imen t s  can be unders tood  
f rom Fig. 6. 

The above exper iments  show tha t  the  energy  re -  
leased in the  la t t ice  fo rmat ion  is responsible  for  the  
genera t ion  of the prec ip i ta t ion  poten t ia l  and the h y -  
d ra t ion  energy  is conver ted  into e lec t r ica l  ene rgy  du r -  
ing the deve lopment  of the  dissolut ion potent ial .  F u r -  
ther ,  these show tha t  the inequa l i ty  [44] is just if ied 
and the t he rmodynamic  theory  of the  prec ip i ta t ion  po-  
ten t ia l  deve loped  in  this p a p e r  is so far  in  qual i ta t ive  
agreement  wi th  the  exis t ing  data.  
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a(*) ac t iv i ty  of e lec t ro ly te  at  the  c ry s t a l / so lu -  

t ion in ter face  
a ( s s ~  ac t iv i ty  of e lec t ro ly te  in supersa tu ra ted  so-  

lu t ion  
ai (*) ac t iv i ty  of i th  species at  the  c ry s t a l / so lu -  

t ion in ter face  
ai (ss) ac t iv i ty  of i th  species in supe r sa tu ra t ed  so- 

lut ion 
dA change in a rea  of solid sur face  
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Fig. 6. Experimental setup for the simultaneous measurement of 
dissolution potential and thermo-emf produced during dissolution. 
(El, E2 = platinum electrodes embedded with KCI crystals; Ez' 
E2" = bare platinum electrodes; Tz, T2 = copper-contantan 
thermocouple junction; R1, R~ = twin dissolution cells; and C = 
double walled vessels.) 
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~i~ 

P 
{; 
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(~b)  PDtio. 
i, J 
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initial concentration of the solution 
charge per gram of ith species 
Faraday of electricity 
the enthalpy change associated with the 
development of precipitation potential 
hydration energy 
lattice energy 
heat of solution 
current 
crystallization flux 
mass flux of ith species 
phenomenological coefficients 
masses of ith species in phases a and ;~, 
respectively 
change in total mass of phase 
hydration number of ith species 
pressures of phases a and ~, respectively 
total heat supplied to the system 
radius of crystal nuclei 
radius of crystal nuclei at equilibrium 
total entropy change 
entropy exchanged with the surroundings 
entropy change due to irreversible pro- 
cesses ir~side the system 
entropy changes in phases ~ and ~, respec- 
tively 
time 
transport number of unhydrated ith species 
transport number of hydrated ith species 
which is the conventional transport number 
temperature of supersaturated solution 
temperature of saturated solution 
changes of internal energy in phases a and 
~, respectively 
mobilities of hydrated cations and anions, 
respectively 
mobilities of unhydrated cations and 
anion, respectively 
changes in volume of phases a and ;~, re- 
spectively 
force conjugate to the crystallization flux 
force conjugate to the mass flux of ith spe- 
cies 
valency of ith species 
solid phase 
supersaturated solution of electrolyte 
surface tension at crystal/solution interface 
chemical potentials of ith species in phases 

and ~, respectively 
standard chemical potential of ith species 
in liquid phase 
standard chemical potential of ith species 
in solid phase 
density 
rate of entropy production 
electric potentials of phases a and ~, re- 
spectively 
electric potential generated on the crystal- 
lization of electrolyte 
phase potential at the crystal/saturated so- 
lution interface 
precipitation potential 
components 
component 1 and component 2 
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Hole Injection and Electroluminescence of n-GaAs in the Presence of 
Aqueous Redox Electrolytes 
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Fritz-Haber-Institut der Max-Planck-Gesellschaft, D-I O00 Berlin 33, Germany 

ABSTRACT 

The process of hole injection into the valence band of n-GaAs from the oxidized component  ofredox couples in aqueous 
solution has been studied by means of the rotating ring-disk system and by luminescence measurements as a function of 
electrode potential, mass transport, and electrolyte pH. It has been found that in all cases in which hole injection takes place, 
a luminescence signal is observed as a consequence of electron-hole recombination. The intensity of this s~gnal depends on 
the electron density at the interface (therefore on potential) and on the chemical composition of the electrode surface. The 
luminescence signal at cathodic bias demonstrates that electron transfer from the valence band is still dominating if the 
electronic energy levels of the redox species match the energy levels of the valence band, although electron transfer from the 
conduction band is energetically more favorable. 

The process of hole inject ion from redox electro- 
lytes into small  bandgap semiconductors is usual ly 
associated with that  of corrosion (1, 2). In  this case, 
the measurement  of the electrode current  alone is of 
l i t t le help in the quant i ta t ive  evaluat ion of the hole 
inject ion current .  For  measur ing the hole inject ion 
current  the use of a rotat ing semiconductor disk- 
metal  r ing electrode is more appropriate.  This tech- 
n ique  has already been applied in analyzing the dis- 
t r ibut ion between semiconductor corrosion and oxi- 
dation of redox species by photogenerated holes (3- 
6). Provided that  the corrosion products do not in ter -  
fere with the redox electrolyte, the r ing electrode 
can sui tably  measure the amount  of the redox species 
having holes injected into the semiconduct ing disk. 
In our work we employed an n -GaAs  disk-Pt  r ing 
electrode, along with the one-electron redox couples 
Fe 2 +/~ +, Fe (CN) 68-/4-, Ce~ +/4 +, der iving thereby the 
advantage from the fact that  the corrosion products 
of GaAs are electrochemically inactive. 

It is well  known that  minor i ty  carriers injected into 
semiconductors can recombine with majorities,  emit-  
ting radiat ion dur ing  this process. Therefore, the oc- 
currence of a hole inject ion process can be detected 
via electroluminescence. This has been observed with 
GaP by  Beckmann and Memming (7). Luminescence 
from GaAs in  electrolytes has been shown by Pe t t in -  
ger et al. (8) and Bernard  et al. (9). In  the first case, 
as in  the experiments  with GaP, the inject ion species 
was a highly active intermediate  resul t ing from the 
reduct ion of peroxide or persulfate;  in the second 
case, high cathodic voltages were necessary and re- 
sulted in a high concentrat ion of the intermediates.  In  
our experiments,  we have studied luminescence due 
to the inject ion of holes into n - type  GaAs by a simple 
redox species present  in the electrolyte. Since the 
energy dis t r ibut ion of the inject ing species used in 
the present  work is reasonably well  known,  in contrast  
to that  of radicals such as OH- and SO4-. ,  the ener-  
getic conditions for hole inject ion into the valence 
band of GaAs can be careful ly analyzed. 

Experimental Techniques 
We have developed a new r ing-disk  setup that is 

compact and easy to use. The complete electrode 
holder with bearings and s i lver-carbon contacts is 
170 mm long and weighs only 120g (motor excluded).  
It  fits to the s tandard NS 19/26 tapered electrode 
ent rance  of our  cells. The in terchangeable  electrode 
tip is 30 m m  long, 14 m m  in diameter,  and weighs 
about 15g. The rotat ion speed can be varied between 
0 and 4000 rpm. Rotation speed controller  and double 
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potentiostat  ( independent  potentiostatic control for 
r ing and disk electrodes) have been bui l t  in t h e  
electronic workshop of the Fr i tz :Haber - Ins t i tu t .  The 
geometric parameters  of our  rotat ing r ing-d isk  elec- 
trades (RRDE) are rl  ~- 3 mm, r2 = 3.5 mm, and r~ = 
4.5 ram. From these values, using the definitions given 
by Albery and Hi tchman (10), we can calculate a 
theoretical collection efficiency of 0.37, in excellent  
agreement  with the exper imenta l  collection efficiency 
measured with the P t - P t  RRDE (see, for example, 
Fig. 2). For  the electroluminescence (EL) measure-  
merits an n-GaAs rotat ing disk electrode (radius ,~ 3.5 
mm) was used. The crystallographic (111) face of n -  
type GaAs, having a donor densi ty  of the order of 
1017 cm -8, was exposed to the solution in both RRDE 
and EL experiments.  

The electrodes were polished, and before each r u n  
the semiconductor surfaces were etched in H2SO4: 
H20~:H~O (3 :1 : t  by  volume) .  The optical setup for 
the electroluminescence measurements  was similar to 
that described in a previous work (8); a photomul t i -  
plier (high responsivity RCA C31034) and a photon 
counter  (SSR Institute,  Model 1105) were used for l ight 
detection. All electrolytes were made with t r iply dis- 
tilled water  and high pur i ty  chemicals and then were 
deaerated with dry  u l t rapure  nitrogen. 

Experimental Results 
Ring-disk measurements.--Ring-disk vol tammo- 

grams with Fe 3+ and Ce 4+ in the same 0.1M H2SO4 
support ing electrolyte are shown in Fig. 1 and 2. The 

.~E RING 
rr~ 0.1 I ~k~TENTIAL =§ 

0.0 

-o.s 

-tO 0.0 
DISC POTENT]AL/ V vs.SCE 

Fig. i. Ring-disk voltammogram of an n-GaAs/Pt RRDE in 
6 X 10-3M Fe2(S04)3 + 0.1M H2S04. Rotation frequency 9 Hz. 
Scan rate 10 mV/sec. 
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Fig. 2. Ring-disk voltammograms of an n-GaAs/Pt RRDE (solid 
lines) and of a Pt/Pt RRDE with the sume geometry (dashed lines) 
in 6 X 10-3M Ce(SO4)2 -I- 0.1M H~SO4. Rotation frequency 9 Hz. 
Scan rate 10 mV/sec. 

r ing  collection cu r ren t  for Fe  2+ is close to zero 
(.actually ~ 7 #A) as long as the  disk cur ren t  is zero, 
then increases toge ther  wi th  the  disk current .  With 
Ce 4+, however ,  the  in ject ion cu r ren t  detected by  the 
r ing  e lec t rode  remains  constant  dur ing  the whole  
d isk  poten t ia l  scan. Note here  tha t  the r ing  acts in 
the sh ie ld ing  mode at  0.0V, because to opera te  it  in 
the  collection mode requi res  excess ively  high posi t ive 
potent ia l  and wa te r  oxida t ion  would occur. In  the 
sh ie ld ing  mode, lower  cathodic currents  at  the r ing  
mean  h igher  inject ion currents  at  the disk. I t  is in-  
s t ruct ive  to compare  the  curves of the  GaAs -P t  RRDE 
(solid lines, Fig. 2) wi th  those of a P t - P t  RRDE wi th  
the  same geomet ry  and in the  same conditions,  i.e., 
electrolyte ,  ro ta t ion  speed, r ing  poten t ia l  (dashed 
lines, Fig. 2). In  contras t  to GaAs-P t ,  the P t - P t  elec:- 
t rade  configurat ion shows s teps in the  disk and r ing  
cur ren t  traces,  which are  symmet r i ca l  to each other,  
a.s expected.  The r ing  cur ren t  for the G a A s - P t  elec-  
t rode  remains  constant  ove r  the  whole  range  of the  
poten t ia l  app l ied  to the  GaAs disk and has the  same 
height  as the r ing  cur ren t  of the P t - P t  e lec t rode  in 
the  potent ia l  range  where  the  disk cur ren t  has reached 
its d i f fus ion- l imi ted  va lue  (cf. the  dashed l ines in 
Fig. 2). This indicates  tha t  Ce 4+ is be ing  reduced  at  
the d i f fus ion- l imi ted  ra te  in the  region where  the  
GaAs-d i sk  cur ren t  is zero, as wel l  as in the  region  
where  the GaAs cathodic cur ren t  reaches its m a x i m u m  
value.  In  the  fo rmer  region,  the  hole in jec t ion  is fol-  
lowed  by  the anodic dissolution of the semiconductor ,  
but. its products  a re  not  detected at  t h e  ring. In  the 
l a t t e r  region, wi th  increas ing GaAs-d i sk  current ,  the  
ra te  of GaAs corrosion decreases more  and more,  
because of the recombina t ion  of e lectrons wi th  in jec ted  
holes. A n  addi t iona l  conclusion tha t  can be d r a w n  
from a comparison of Fig. 1 and 2 is tha t  while  Ce 4+ 
is in jec t ing  holes a t  the  highest  possible  rate,  inde -  
penden t ly  of  the semiconductor  potent ia l ,  Fe 8+ does 
not  in jec t  or  injects  at  a ve ry  low rate,  at  anodic 
potent ials .  

Analogous  observat ions  can be made  with  respect  
to the  F e ( C N )  6 s -  ion in two different  e lec t ro ly te  pH's  
(Fig.  3). Whereas  F e ( C N ) 6 3 -  injects  holes at  the  
highest  d i f fus ion- l imi ted ra te  only  in a lka l ine  en-  
v i ronment ,  at  pH 6 no inject ion is observed at  anodic 
potent ials .  There  is, however ,  a pronounced  hysteres is  
in the  disk vo l t ammogram at neu t r a l  pH, which is 
l i ke ly  to be caused b y  the progress ive  reduct ion  of 
a pass iva t ing  oxide  l aye r  on top of the GaAs surface. 
Because of  this chemica l  t ransformat ion ,  the  GaAs 
surface behaves  qui te  d i f ferent ly  in the pass iva ted  

// 

...... 0.2 ~, 

== 
L~ 

RING POTENTIAL = +0.SV 

0.0 / /  

(10' I 

< 
E 

-o.s 
g 
~5 

/ 
pH 6 

_1.'0 ' o:o 

Fe [CN ) 6 ~  pH 12 

i i 
' t l  ' -1.0 0.0 

DISC POTENTIAL / V vs. SCE 

Fig. 3. Ring-disk voltommograms of an n-GaAs/Pt RRDE in 
6 • 10-~M I~[Fe(CN)6] -F 1M KCI. The #H was adjusted by 
addition of KOH. Rotation frequency 9 Hz. Scan rate 10 mV/sec. 

and nonpass iva ted  state. In teres t ingly ,  the  t rans i t ion  
f rom the nonin jec t ion-case  (pH 6) to the  m a x i m u m -  
inject ion case (wi th  the  disk kep t  a t  open-c i rcu i t  
potent ia l )  is a smooth funct ion of the  O H -  concen- 
t ra t ion  (Fig. 4). I t  can be seen tha t  when  the rat io 
be tween  O H -  and Fe (CN)6  8-  concentra t ions  is lower  
than  1/3, the  in ject ion cur ren t  is l imi ted  by  the O H -  
mass t r anspor t  and its magni tude  is l inea r ly  p ropor -  
t ional  to Coi l - .  For  rat ios l a rge r  than  1/3, the  in-  
ject ion current  sa tura tes  at  a value s l igh t ly  lower  
than  tha t  p red ic ted  f rom the diffusion l imi ta t ion  of 
the redox species (dashed l ine) .  

The open-c i rcu i t  po ten t ia l  of the GaAs e lec t rode  
varies  wi th  the  O H -  concentra t ion as can be seen in 
Fig. 5. Large  d isplacements  toward  cathodic po ten-  
t ials a re  observed  unt i l  Co i l -  and CFeCCN)6S-- a re  about  
the same; for l a rge r  Coi l -  a rough ly  Nerns t ian  slope 
is approached  (dashed l ine) .  

Electro[uminescence measurements.--The r ing -d i sk  
technique cannot  dis t inguish be tween  a hole inject ion 
into the valence band fol lowed by  a recombina t ion  
process wi th  a conduct ion band  electron,  and a direct  
capture  of conduct ion band e lec t rons  by  redox  species 
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Fig. 5. Open-circuit potential of an n-GaAs RDE in the same 
electrolyte as in Fig. 4. Rotation frequency 9 Hz. The dashed line 
has a slope of 60 mV per pH unit. 

when  cathodic potentials  are applied to the disk. 
Such distinction can only  be made by means  of an 
independent  hole-sens i t ive  measurement  technique 
such as e lectrolumineseence  (EL).  Therefore, EL has 
been measured in the same electrolyte  as in the ring- 
disk exper iments  previously  described, but with a 
s imple  rotating n-GaAs disk electrode. In the cases of 
Ce 4+ at pH 1 (Fig. 6) and F e ( C N ) 6 3 -  at pH 12 (Fig. 
7) ,  the luminescence  signals have a s imilar dependence 
on potential  and comparable  intensity.  In contrast to 
the former situation, only  a very  w e a k  (by about a 
factor of 500 lower)  luminescence  could be measured 
wi th  Fe a+ at pH 1 in the potential  range where  the 
peaks appeared in the previous cases. However ,  the EL 
signal rose s teeply  at very  negative  potentials where  
hydrogen evolut ion occurs (Fig. 8).  

The variations in the luminescence  as a function of 
e lectrode potential  indicate that the e lectron-hole  
radiative recombination fol lows a complex  pattern 
(Fig. 6). First, the intensity  increases as soon as the 
density of conduction band electrons increases, i.e., 
at the same t ime as the disk cathodic current appears. 
The luminescence  signal reaches its m a x i m u m  in-  
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Fig. 6. Disk voltammograms and luminescence intensity vs. volt- 
age curves of an n-GaAs RDE in the same electrolyte as in Fig. 2. 
Rotation frequency 9 Hz (dashed) and 25 Hz (solid lines). Scan 
rate 10 mV/sec. 
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Fig. 8. Disk voltammogrum and luminescence intensity vs. volt- 
age curves of an n-GaAs RDE in the same electrolyte as in Fig. 1. 
Rotation frequency 9 Hz. Scan rate 10 mV/sec. 

tensity  at disk current values close to the diffusion- 
l imited plateau. If  w e  revert  the scan at this point, 
both the-c~rren~ and the luminescence  essential ly  re-  
trace their respect ive  curves.  As the potential  is 
scanned to more  negative  values, however ,  the lumi-  
nescence first decreases, then increases again. In the 
reverse  scan the luminescence  intensity  is much  
lower  than that in the forward scan (Fig. 6).  Further-  
more,  the luminescence  signal is rotat ion-speed de- 
pendent, showing  that in the whole  potential  range 
studied there is a mass  transport control of the hole 
injecting species. 

Noteworthy  is that both cathodic current and lumi-  
nescence rise exponent ia l ly  (Fig. 7),  however ,  the 
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luminescence increases with a much steeper slope 
than the current .  

The spectral dis t r ibut ion of the elect.roluminescence 
was studied by means of long-pass filters. We found 
that  no light was emitted with a wavelength below 780 
am. Since our photomult ipl ier  has a cutoff near  860 
nm, we could not decide how much light might  have 
been emitted at  longer wavelengths.  It is probable 
that we may have lost a considerable part  of the 
emitted light: this will  be checked with an improved 
detection system in the nea r  future. Within the ac- 
cessible wavelength range of our  present  equipment,  
no difference in the spectral dis t r ibut ion of the EL 
could be seen for different redox systems. Assuming 
that  the redox reaction occurs only by hole injection, 
the quan tum yield of the EL can be calculated. This 
gives only the lower l imit  since our detection system 
recorded only photons in  the visible range. The yield 
at the peak of the luminescence around --1.2V was 
about 10 -7 . This small  yield indicates that  most of the 
recombinat ion occurs radiationlessly. 

Discussion 
The observation of the r ing currents  when Fe S+ 

and Ce 4+ are the species in the electrolyte (Fig. 1 and 
2, both pH 1) helps us to dist inguish whether  hole in-  
jection is taking place (Ce 4+) or not (FEB+). This 
would not  have been possible from the simple anal -  
ysis of the disk currents  alone. In  fact, in both disk 
vol tammograms the disk current  is zero in the anodic 
potential  range, where no conduction band electrons 
are present  at the surface because a strong depletion 
layer is formed. Whereas, in  one case, the consumption 
of the Ce 4+ species via valence band  electrons can be 
seen in the r ing current,  in the other case, the produc- 
t ion of Fe 2+ cannot be detected and, therefore, no hole 
inject ion occurs. The conclusion, d rawn from this r ing-  
disk experiment ,  is ful ly confirmed by the electro- 
luminescence measurements  because Ce ~+ does in fact 
cause much higher EL than Fe 8+. Moreover, lumines-  
cence gives the addit ional  information that  at more 
negative potentials,  where a cathodic current  is ob- 
served at the disk, holes are still injected and not only 
conduction band  electrons are extracted. 

Simple energetic considerations can explain the 
differences in the hole inject ion process. The position 
of the valence bandedge of GaAs is such that at pH ,1 
electrons from this band can easily be injected into 
the Ce 4+ acceptor levels, but  not into the Fe 8+ levels. 
The values for the valence and conduction bandedges 
of GaAs and for the s tandard redox potentials, shown 
in  Fig. 9, were taken from the l i tera ture  (11, 12) and 
are in good agreement  with our results. The RRDE 
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and EL results provide a relationship between hole 
injection, anodic dissolution of n-GaAs,  and electron- 
hole recombinat ion which is depicted in Fig. 10 for the 
case oJ: n -GaAs  in  the presence of Ce 4+ at pH 1. Holes 
are injected into the valence band of GaAs from the 
Ce 4+ species at the same (diffusion-limited) rate inde- 
pendent  of electrode potential. This po~entlal does, 
however, determine how the injected holes will fur ther  
react. At anodic potentials a depletion layer is formed 
in  the n-GaAs and the injected holes cause the anodic 
dissolution of the semiconductor.  At potentials ap- 
proaching the flatband potential,  conduction band 
electrons and injected holes are no longer spatial ly 
separated and can therefore recombine either through 
states wi thin  the bandgap, or directly. EL is the con- 
sequence of such radiat ive recombinat ion processes. At 
sufficiently cathodic potentials the semiconductor dis- 
solution is completely prevented,  and EL has in- 
creased to its highest level before decreasing again be- 
cause of changes in surface properties to be considered 
below. This proves that hole inject ion continues even 
in the presence of a large electron concentrat ion at 
the surface and even though the electron capture from 
the conduction band  has thermodynamical ly  the far 
greater  dr iving force. This result  is in accordance with 
the kinetic model of electron t ransfer  at electrodes 
where it is assumed that the highest rate is found at 
energies where the product  of the init ial  and final 
state densities has the largest value (13-15). How- 
ever, this result  cer ta inly does not  exclude the possi- 
bili ty that par t  of the conduction band electrons are 
directly captured by the Ce 4+ species with the excess 
energy transferred dur ing  the electron transfer  into 
vibrat ional  quan tum states. 

Although having a more negative standard redox 
potential  than Fe 2+n+,  the species Fe(CN)68-  can at 
pH 12 also inject  holes into the valence band of 
n-GaAs,  since this band has been shifted in the nega-  
tive direction due to deprotonation of the semicon- 
ductor surface at higher pH's (Fig. 9) The mechanism 
of hole injection, anodic dissolution, and electrolumi- 
nescence with Fe(CN)68-  is analogous to that  shown 
in Fig. 10. 

The strong pH dependence of the vol tammograms 
and luminescence is due to an oxide layer  formation 
which modifies the inject ion current  and the radiative 
and nonradia t ive  recombinat ion in a very complex 
pattern.  To analyze these processes in more detail, fur-  
ther investigations would be required. 

The formation of a passivating oxide layer affects 
the rate of corrosion as well as the rate of hole in-  
jection, but  both reaction rates must  match each other 
in the steady state of corrosion. If electronic equil ib-  
r ium between the surface and the bulk  of the semi- 
conductor can be assumed, which is the case in the ab- 
sence of a current,  the difference between the Fermi  
level in the bulk  of the semiconductor and position at 
flatbands, derived from the open-circui t  voltage, should 
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give a direct measure of the hole activity on the sur-  
face. However, the large shift of this potent ial  to less 
negative values at low O H -  concentration, seen in Fig. 
5, is main ly  caused by the decrease of the pH at the 
semiconductor electrolyte interface since, according to 
Fig. 4, the t ransport  of O H -  ions to the interface is 
ra te  de te rmin ing  under  these conditions. The final 
products of the corrosion reaction are GaO2- and 
AsO~ 3- (16). The passivating oxide layer  consists prob-  
ably of Ga20~ and the formation of the soluble G a O l -  
by the reaction Ga203 W 2 O H -  -> 2 GaO2- might  be 
the slow step. 

The dependence of electroluminescence on potential  
is not  only  controlled by hole injection, but  also by 
very complex surface properties which affect radia-  
tionless recombination.  For the sake of simplicity we 
discuss only the cases of pH 1 and 12. In  the case of 
Ce 4+ in pH 1 it is evident  that, al though the hole in-  
jection process is potential  independent  (Fig. 2), the 
luminescence increases first, then is quenched, and 
finally increases again (Fig. 6). This observat ion is in 
apparent  contradict ion with the expectat ion that  the 
more negat ive the electrode potential,  the higher the 
electron densi ty at the surface and, therefore, also 
the recombinat ion probabil i ty.  According to this  model 
one would predict  an electroluminescence in tensi ty  
that  shoulc% monotonical ly  increase wi th  negative po- 
tential.  The unexpected quenching of luminescence 
could be ascribed to various causes: ei ther to t ransi t ion 
of the e lect ron- t ransfer  path  from hole inject ion to a 
direct reaction of conduction band  electrons with the 
redox species, or to an increase of the radiationless re-  
combinat ion rate. The first reason appears unl ike ly  
because the luminescence increases again at more 
negative potentials. More l ikely is that a composi- 
t ional change of the semiconductor surface occurs and 
thereby creates new centers for radiationless recom- 
bination.  The hysteresis in the i -V and EL curves pro- 
vides some evidence for the lat ter  case. It is well 
known that  in the t ransi t ion from anodic to cathodic 
bias a drastic change of the chemical composition oc- 
curs for ge rman ium (17) and GaAs (18). The surface 
undergoes there a- t ransformat ion between a stable 
oxidized (i.e., oxygen covered) and reduced (i.e., mainly  
hydrogen covered) state. During this t ransformation,  
unsatura ted  surface states (dangling bonds) are formed 
within  the bandgap that  can act as very efficient re-  
combinat ion centers. We cannot exclude the possibility 
that  this recombinat ion could also be connected with 
radiat ion since the wavelength  would be beyond our 
detection system. The increase of surface recombinat ion 
in this potential  range has already been demonstrated 
for Ge-ele.ctrodes by Gobrecht et al. (19). 

We suppose that the formation of such recombina-  
t ion centers, dur ing  the reduction of the oxygen cov- 
erage of the GaAs surface, is the reason for the de- 
crease in EL dur ing  the cathodic potential  sweeps 
shown in Fig. 6. If the surface is again stabilized by 
hydride formation, these recombinat ion centers disap- 
pear and the EL can increase again with increasing 
electron concentrat ion in the accumulat ion layer  at 
the surface. 

The formation of an accumulat ion layer  also has an-  
other consequence. The potent ial  drop now occurs in-  
creasingly in the Helmholtz double layer. Therefore, 
the position of the bandedges is shifted in the cathodic 
direction and consequently the matching of energy 
levels of the redox system with the electronic states 
of the valence band  is improved. This increases the 
rate of hole injection, par t icular ly  for the redox sys- 
tems having their energy levels above the valence 
bandedge in the anodic state of the semiconductor elec- 
trode. This shift will therefore be of minor  impor-  
tance for the Ce 4+/3+ redox system, but  is important  
for the Fe 3+/2+ system as Fig. 8 has shown. In  the 

lat ter  case, EL appears only if the upward  shift of 
the bandedges, via a cathodic bias, increases the rate of 
hole inject ion to such an extent  that  it can compete 
with the direct electron t ransfer  from the conduction 
band. It is therefore clear that  EL measurements  can 
give very  instruct ive insights into the mechanism of 
electron t ransfer  reactions at semiconductor electrodes. 

Conclusions 
We can conclude that, with the exception of Fe 3 . ,  

electron t ransfer  to the valence band of GaAs is the 
dominant  process in  all  cases studied. We have shown 
that in these cases electron t ransfer  from the conduc- 
tion band  is slower although having the greater dr iv-  
ing force. This conclusion, therefore, supports the 
theory that electron t ransfer  at the semiconductor-  
electrolyte interface occurs fast if the energy levels of 
the ini t ial  and final state are opt imally matched. Lumi-  
nescence due to minor i ty  carrier inject ion can give 
valuable  informat ion about  surface properties and the 
mechanism for electron transfer  reactions. For  a more 
complete exploitation of the informat ion available 
from such luminescence experiments,  an extension 
of the measurements  into the infrared range is neces- 
sary. 
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ABSTRACT 

A model is proposed for the behavior of a diffusion-controlled reversible deposition reaction occurring on a rotating 
disk electrode at unit  activity of deposit under  conditions of multisweep cyclic voltammetry. Results are presented for di- 
mensionless concentration, current density, and charge density functions, obtained by the application of the Nernst-Siver 
approximation for transient convective diffusion. The existence of a periodic state is demonstrated for cycle times of the 
order of the characteristic time for the rotating disk. Diagnostic criteria of potential electroanalytical use associated with the 
periodic state are developed in terms of dimensionless sweep rate, reversal time, and cathodic reversal overpotential. It is 
found that significant differences exist in the current and concentration functions as determined during the first and sec- 
ond, also periodic, cathodic sweeps. The potentiodynamic determination of diffusion-limiting current densities, as well as 
the applicability of a triangular periodic potential waveform, in plating are also briefly discussed. 

It has been demonstrated (1, 2) that the application 
of periodic current  pulses to a rotat ing disk electrode 
(RDE) gives rise to an output  signal that  also becomes 
periodic after a short time. In  mult isweep cyclic volt-  
ammet ry  (CV), a periodic t r iangular  potent ial  wave-  
form is applied to the electrode and one might there-  
fore expect the current  response to become periodic ~ 
after the passage of re la t ively few cycles. The purpose 
of the present  invest igat ion is to define conditions for 
the rapid a t ta inment  of the periodic state and to de- 
scribe the characteristics of the periodic state when 
electrodeposition reactions are studied by mult isweep 
CV. 

In  the analyses to be presented, we examine the be- 
havior of an electrodeposition reaction under  condi- 
tions of pure diffusion control. Capacitive contr ibutions 
to the current  and electrolyte resistance effects are 
neglected. The deposition reaction is assumed to occur 
reversibly with the deposit at uni t  activity. Here in 
par t  I, we treat  the problem of a rotat ing disk elec- 
trode (RDE) and employ the Nerns t -Siver  approxi-  
mat ion (3) for t ransient  convective diffusion. 

Even with the foregoing assumptions and perhaps 
the simplest  electrochemical reaction, the complexity 
of the computat ional  problem is still considerable, es- 
pecially when the reaction occurs on an RDE under  
mult isweep CV conditions. However, these assum.ptions 
en, able one to obtain analyt ical  expressions for most 
quanti t ies of interest. With respect to the more general  
use of mult isweep CV in electrodeposition, analysis of 
reversible deposition behavior  is expected to exhibit  
the characteristic features of a pure diffusion control 
and can thus serve as a guide for t rea tment  of more 
realistic deposition problems. Such problems will have 
to be treated numerical ly,  and the existence of a guide 
would be very helpful  for the optimal manipula t ion  
of parameters.  

It  is shown from the analysis presented here that, 
besides currents,  methods exist for the computat ion of 
both the concentrat ion of the reacting ion and the in-  
tegral  charge associated with the deposition process. 
This is achieved by the introduct ion of dimensionless 
current  density, charge density, and concentrat ion 
functions. I t  is shown that  if the electrode potential,  
in i t ia l ly  at equil ibrium, is changed l inear ly  in the 
cathodic direction for a t ime greater than  the RDE 
characteristic time, then, upon cyclic potential  re-  
versal, all three functions become periodic with re-  
spect to time. In  other words, periodicity is a t ta ined 
immediate ly  after the first cathodic sweep provided 
that it  extends beyond the RDE characteristic time. 
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1In the sense that the response to the (~ + 1) potential sweep 

is indistinguishable from the response to the /th sweep 

The first cathodic sweep in mult isweep CV is equiva- 
lent  to l inear  sweep vol tammetry  (LSV). The LSV 
current  response for reversible deposition of an RDE 
has already been described in the l i terature (4). The 
periodic .cyclic vol tammogram is significantly different 
from the LSV. For instance, the height of the cathodic 
ma x i mum is reduced, the extent  of this reduct ion de- 
pending on the dimensionless sweep rate. In  ad~lition, 
its position on the potential  axis is not fixed. Whereas 
the first sweep begins at zero current,  the foot of the 
periodic CV current  wave exhibits a dependence on 
dimensionless sweep rate which is of diagnostic impor-  
tance. Concentrat ion functions dur ing single and mul t i -  
sweep CV are shown to be complex, e.g., the existence 
of mult iple  concentrat ion extrema into the electrolyte 
in the beginning of the periodic cathodic wave gives 
rise to local mass fluxes away from both the electrode 
surface and the bu lk  electrolyte toward a depleted re-  
gion within the boundary  layer. However, concentra-  
tion profiles are shown to provide physical insight 
toward an unders tanding  of the existence of a current  
maxima in mult isweep CV. Finally,  the charge density 
functions show that any complete CV sweep results in 
the formation of a net  deposit on the electrode surface. 

Definitions and Analysis 
We begin our analysis by int roducing dimensionless 

parameters.  This is impor tant  not only because their 
n u m b e r  and range o.f var iat ion is greatly systematized, 
but  also because RDE behavior  under  CV conditions 
is described by a combinat ion of dimensional  sweep 
rate, v, and rotation speed, ~, ra ther  than by each 
alone. This combination appears (4-7) in the definition 
of the dimensionless sweep rate  

= n F v 5 2 / R T D  [1] 

where 6 is the thickness of the Levich diffusion layer  
and D is the diffusion coefficient of the reacting ion. 
n, F, R, and T have their usual  meaning.  52/D is the 
RDE characteristic time, defined once 6 is fixed by the 
rotat ion speed. It  should be noted that Eq. [1] be-  
comes obvious once one realizes that it is the simplest 
way to reduce v. Also, it should be emphasized that 
increases with increasing dimensional  sweep rate, but  
decreases with increasing rotation speed. For example, 
at 100 rpm, ~ ~ 10 when v ---- 100 mV/sec -1 in an elec- 
trolyte with ~, ~- t0 -e  cm ~ �9 sec - I  and D = 10-~ cm ~- �9 
sec -1 (n --~ 1, T : 25~ However at 1000 rpm, a 
drops to ~1 under  the same conditions, and a sweep 
rate of 1 V �9 sec -1 is required to sustain its value at 
that  rotat ion speed. 

Dimensionless distance, time, and concentrat ion are 
defined by the following equations 

: x lS ;  T : Dr~82; C : 1 -- c /c  b [2] 

1 3 4 0  
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where x is the distance away from the electrode sur-  
face, t is time, and c b is the bulk  (also init ial)  con- 
centrat ion of the reacting ion. 

The dependence of the potential  on dimensionless 
t ime is shown in Fig. la. The ini t ial  potential  is the 
equil ibrium, Eeq, computed from the Nernst  equation 
on the basis of c b. Er is the cathodic reversal  potential  
reached after a t ime of e sec at a sweep rate of v V �9 
sec-1; 8' is then a dimensionless reversal  time defined 
by 

8' = D8/~2 [3] 

Since the ini t ial  potential  is Eeq, the interval  Ec -- Eeq 
is also one of cathodic overpotental  varying from 0 
to ~c, where  ~c is the cathodic reversal  overpotential .  
Figure lb  shows the dependence of the surface con- 
centrat ion on dimensionless time. When the potential  
is l inear ly  dependent  on time, the concentrat ion is ex- 
ponent ia l  through the Nernst  equation. The list of di- 
mensionless variables is extended by defining Zc and ra. 
These are dimensionless times into a cathodic or anodic 
sweep, respectively. From Fig. l a  

: 2D' + re; 0 "~ ~c ~ 8'; ~ dur ing  a cathodic sweep 

[4'a] 
x =  ( 2 / +  1)8' + ~a; 0 "~ 1;a ~ :  8'; 

dur ing  an anodic sweep [4b] 

Equations [4a] and [4b] are impor tant  in separat ing t 
in two components:  the n u m b e r  of already applied 
complete cycles, l, and t ime into a cathodic or anodic 
sweep, Xc or ra, respectively. 

We now focus on the definition and methods of 
computat ion of the concentration, current  density, and 
charge density functions. Let us assume for the mo- 
ment  that a step potential  is applied to the RDE such 
that  the surface concentrat ion becomes 0 at t = 0 
and remains  at this value for all t > 0. The solution of 
this problem, C~(~,r), is related to C(~,x) by means of 
Duhamel 's  (or superposition) theorem (4, 6, 9) 

f0 m C(~,~) = ~ (O,~) . C~(~,~ - ~)d~ [5] 
0r 

where  C(0,r) is the t ime dependence of the surface 
concentrat ion (Fig. lb ) .  According to the Nerns t -Siver  
approximat ion 

Cs(&r) = 1 - -  t~ + 2 ~ ( - -1)J  ( j n ) - ~  
j = l  

sin [1 - -~) j~]  exp (_j2~2~) [6] 

By combining Eq. [4], [5], and [6], expressions for 
the concentrat ions dur ing  a sweep can be derived (see 
Appendix) .  Apart  from ~, the concentrat ions will de- 
pend either on rc or on ra, depending on the direction 
of the potential  sweep, and also on the parameters  

Vcath ran 

F 7~ 20' 4~' 2~8'i [(2[+2)@' r 
Ee% O ' /  - " ] L o / X  , / 

O<TC<_8' Osva SO' 

C C oo' ~' �9 T o 7 , ; ,  

I-exp(--cr 8') f  ~ V V 
/ 

cbexp(-o-8') ~ 

Fig. i .  Dependence of electrode potential and surface eoncentro- 
tion on dimensionless time during multisweep cyclic vo!tammetry. 
(a) Electrode potential, (b) surface concentration for a reversible 
deposition reaction (Nernst equation). - 

and 0'. We can then wri te  Ce ~ (&Zc; ~,8') for the d imen-  
sionless concentrat ion dur ing  the (l + 1) cathodic 
sweep as a function of dimensionless t ime into the 
sweep, To, distance, ~, away from the electrode surface, 
dimensionless sweep rate, r and reversal  time, 8'. The 
corresponding symbol for the concentrat ion dur ing the 
(l + 1) anodic sweep is Cal(~,'~a; 0%8'). 

Once concentrat ions are available, currents  can be 
computed from their ~-derivative on the electrode sur-  
face. We define a current  density function, J, as the di-  
mensionless ratio of the current  density to the diffusion 
l imit ing current  density, iL. The current  density func-  
tion dur ing  the (1 -F 1) cathodic cycle will  depend on 
rc and on the parameters  ~ and 8'. We can thus rep-  
resent  it by J~(Tc; ~,~'); similarly,  we can use  Ja/('~a; 
r for the (I -]- 1) anodic cycle. J 's can be com- 
puted either from 

OCt ~ 
Jr (~c; cr,e') _ - -  (O,rc; r ; 

a~ 
aCa t 

Ja z (Ta; ~,8') = -- ~ (0,Xa; ~,8') [7] 
0~ 

or directly by Duhamel 's  theorem 

Y l  OC 0Cs 
g = -- (0,k) �9 (0,3 -- ~)dX 

0r 0~ 

0C 
--- | _  (O,~) �9 e3 (0 ,n i (~ - -  ~ ) ) d ~  [8] 

0r 

where the function e3 originates from differentiation 
with respect to ~ of Eq. [6]. 

Since detailed expressions are available for the de- 
pendence of current  on time, the charge deposited 
dur ing a time interval  can be computed. We define a 
charge density function, R, as the dimensionless ratio 
of the charge density deposited dur ing a sweep to a 
characteristic charge density. The la t ter  quant i ty  is 
iL52/D, i.e., the charge that  would be deposited if the 
diffusion-l imit ing current  was applied for ~2/D. 

By definition, R's do not represent  charge accumula-  
tion dur ing repeated cycling but  are specific to a par-  
t icular  cycle. The symbol RcZ(r ') will be used to 
denote the value of the charge densi ty dur ing  the 
(l + 1) cathodic sweep as a funct ion of dimensionless 
sweep rate and reversal  time; similarly, for Ral(~,O'). 
Apart  from Re and Ra, a third charge funct ion is of 
part icular  significance 

Rn l(~r,0') -- Rct q- Ra L [9] 

Rn ~ represents the net  cathodic (Rn > 0) charge de- 
posited during the complete (1 + 1) sweep. Expres-  
sions for the charge functions have been derived by 
in tegrat ing J 's over t ime 

fi Rc ~ (~,0') = J J  (~c; ~,0') d~c; 

f Ra ~(~,0') = J~(Ta; ~,0') dr~ [1O] 

Although e' ~ 1 is not  a very impor tant  parameter  in 
the computat ion of concentrat ion and current  density 
functions, its significance becomes decisive for R's. 
Since most electronic equipment  available for electro- 
chemical measurements  control potential,  it would be 
more useful  to express R's as functions of reversal  
overpotential,  ~c, ra ther  than  e'. Expressing ~c as 
mult iples of RT/nF,  we may  introduce a dimension-  
less overpotential ,  H, by  

H : ~ / ( R T / n F )  ; Hc : ~c / (RT/nF)  [11] 

Expressions for Rco(~,Hc), Rc(~,Hc), Ra(~,Hc), and 
R, (r have been derived and are given in the Ap-  
pendix. 
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Atta inment  of a Periodic State 
It  is shown in the Appendix  that for 

0 ' ~ l ;  0 ~ 8 2 / D  [12] 

1.5 Ca) 

all functions Cc ~, Ca~; Jc ~, Ja~; Rc l, Ra ~ become indepen-  
dent  of 1 for all practical purposes. In  other words, if 
the first cathodic wave (LSV) lasts for a t ime greater 
than 52/D, then all subsequent  anodic waves are iden-  
tical. Fur thermore,  the second and all subsequent  
cathodic waves are also identical. This is t rue i r re-  
spective of the value of the dimensionless sweep rate. 
The restriction on the value of 0' is not very serious 
since 52/D is usual ly a small  quanti ty.  However, one 
should be careful in realizing that the criterion for 
periodicity .is a time ra ther  than a reversal overpo- 
tential. For example, at a rotat ion speed of 100 rpm, 
52/D ~ 2.5 sec. At a sweep rate of 1 V . s e c  -1, the 
reversal  overpotent ial  should be at least 2.5V for the 
periodicity criterion, Eq. [12], to be met. Conceivably, 
if 0' < 1, let t ing 1 --> oo will give rise to a periodic 
state that will be in general  different than the one 
established when Eq. [12] is satisfied. In  this paper, 
we analyze th e periodic state arising from reversal  
times greater  than the RDE characteristic time. Di- 
mensionless periodic functions will be denoted by l- 
independent  symbols, and by using ~ 1 instead of 0' 
for emphasis. For example, the periodic cathodic cur-  
rent  densi ty funct ion will  be Jc(Tc; r ~ 1). It should 
be noted that  periodic cathodic functions are inde-  
pendent  of 0', so that its exact value is not of sig- 
nificance as long as it is ~ 1. 

Results and Discussion 
We begin by discussing the periodic cathodic and 

anodic current  densi ty functions, Jc(~c; r ~ 1) and 
Ja(~a;  ~, ~ 1).  Contrary to s ta t ionary electrode be-  
havior, RDE vol tammetry  gives results that are pa-  
rametrized with respect to ~ alone, ra ther  than com- 
binations of CT and ~0', a fact which renders  direct 
correlations with overpotential  impractical. It has been 
shown (4) that JcO(Tc;O), LSV current  function, is a 
monotonical ly increasing funct ion of ~ ,  when ~ < 3; 
also JcO(0; ~) : 0 and Jr = 1. In  other wo~ds, 
on the first sweep the ini t ial  value of the current  is 
0, in agreement  with intuit ion,  since the ini t ial  poten-  
tial is the equi l ibr ium potential,  and for large re values, 
the diffusion-l imit ing current ,  iL, is reached. For �9 ~ 3, 
a max imum in Jc ~ is observed. The reason for the 
existence of this max imum will be explained in the 
discussion of the concentrat ion profiles. Although the 
position of the max imum on the dimensionless t ime 
axis changes to lower Tc values as o increases, when 

> 4, the m a x i m u m  appears at the same location on 
the overpotential  axis, equal to 0.854 (RT/nF)  (= 22/n 
at 25~ This is t rue only for j o for a reversible 
deposition; reactions with finite .kinetics (6) show a 
markedly  different behavior. For  large values of 
(~ > 4) achieved by fast dimensional  sweep rates, v, 
or low rotat ion speeds (Eq. [1]), or both, the role of 
convection becomes insignificant and RDE behavior 
becomes indist inguishable from sta t ionary electrode 
behavior. This is so because in this range of r values, 
LSV peaks appear at very short times, in which the 
concentrat ion dis turbance is l imited to a small dis- 
tance into the diffusion layer. Lack of rotation speed 
dependence renders the value of the Jc o max imum a 
l inear  funct ion of ~'/~ with a slope of 0.61. It should 
be noted that cr'/~ is the only dependence which el imi-  
nates ~ (thus ~,) from the combinat ion iL~'/~. 

Upon mult iple  sweeping, the behavior of the periodic 
currents  is markedly  different from those obtained by 
LSV (Fig. 2). This is expected since periodicity means 
re la t ively large times at which convective effects are 
full.y operational. An impor tant  feature of the periodic 
cathodic current  function is that  a portion of it near  
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Fig. 2. (o and b) Periodic current density functions in terms of 
dimensionless time; numbers on curves ore values of the dimension- 
less sweep rote; in Fig. 2b anodic current functions have been 
omitted. 

its foot is anodic, i.e., substrate dissolution ra ther  than 
deposition occurs. The tail of the periodic current  dur -  
ing the anodic sweep is also anodic. The periodic 
cathodic current  does not  exhibit  a peak for ~ ~ 3. For  
higher r values, a ma x i mum appears, which has the 
same physical origin as the LSV maximum;  the origin 
of these maxima are discussed in  the analysis of con- 
centrat ion profiles. As expected, the periodic anodic 
current  function is always monotonic, since no con- 
ceivable l imitat ion on the dissolution reaction exists. 
As will  be seen later, the amount  of deposit dissolved 
dur ing a cycle in which the current  is anodic never  
exceeds the amount  deposited during the same cycle 
when the current  is cathodic. By performing a mul t i -  
sweep experiment  then, one does not run  into the 
danger of dissolving the ini t ial  electrode substrate. 
However, this should ini t ia l ly be of the same materials  
as the reaction product to guarantee  the definition of 
the equi l ibr ium potential,  as well  as to satisfy the as- 
sumption of constant deposit activity. 
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The general  shape of the periodic cur ren t  densi ty 
functions indicates that  there are three  cri ter ia  of 
diagnostic importance.  These are: the dependence of 
the value of the foot of the cathodic sweep current  (an 
ano.dic current)  on r the dependence of the location 
and height  of the cathodic current  max ima  on ~. Two 
propert ies  of the current  density functions should be 
emphasized. The absence of an ex t r emum in the 
periodic anodic current  renders  such considerations 
as max ima  separat ion on the t ime (or potential)  axis 
inapplicable,  and the express ions  for Jc are independ-  
ent  of ~' p rovided  that  Eq. [12] is satisfied. That  is 
why  the quant i t ies  of diagnostic importance are de-  
fined only by ~ and not by v and 0'. Since the periodic 
anodic function assumes v i r tua l ly  the same values as 
the cathodic function at its foot and tail, it follows 
that  it also exhibits  an insignificant dependence on r 
at these points. 

The dependence of Jc on ~ at re = 0 is described by 
the fol lowing re la t ion 

J~(0;~,--~l)  = J a ( e ' ; ~ , ~ l )  = 1 - -~ ' /2co th  (~,/~) 2 [13] 

This equat ion shows that  J~(0) is always negat ive  

o o 
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/ i I 

~'~ # u, mV/sec 
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\ 2 I00 
\ :5 20 

I I I 
0.5 I 0 15 2 0  

t,sec 
Fig. 3a. LSV current density function in terms of dimensional 

time for various values of the dimensional sweep rate. 
(anodic current )  and that  its value can become sig- 
nificantly h igher  than - - i  depending on ~, i.e., several  
mult iples  of iL can be measured in the anodic current  
region (Fig. 2). For  ~ ~- 9, Eq. [13] can be simplified 

J c ( 0 ; ~ 9 , ~  1) : 1 --~'/~ [14] 

The height  of the m a x i m u m  in the periodic current  
funct ion (r ~> 3) is significantly lower  ,than in LSV; 
whereas  

Jc, max~ -- 0.61 ~V2; ~ 4 [15] 

a numerical  correlat ion indicates that  

J c ,  max " -  0 . 8 8 I  ~r0.251 ,-~ 0.881~Y~; ~'~--9 [16] 

Values of Jc. max in the range 3 < = < 9 are reported 
in Table I. It  should be noted that  as ~ increases, the 
difference be tween  Jc ,  max~ a n d  .Yc, max also increases. 
J c, m~x appears at genera l ly  higher  cathodic overpoten-  

3.C 

2s 

/ -u ~ 

~ --'--JC [2 I O0 lJ I 

% I 
o.c ,do 2&o 

,mV~ 
Fig. 3b. LSV (solid lines) and periodic (interrupted lines) cathodic 

tials than Jc, max~ whereas  

H m a x  ~ ~-. 0 .854;  r ~ 4 [17] 

in the case of periodic current  functions 

Hmax ~ 1.3-1.4; ~ ~ 9 [18] 

It  should be pointed out that  l ike Eq. [16], Eq. [18] is 
a numer ica l  result, the val idi ty  of which has been in- 
vest igated in the range 9 < ~ < 50. 

We conclude our discussion on current  density 
functions during LSV and mult isweep CV by an analy-  
sis of their  behavior  in terms of dimensional  t imes and 
potentials. To this effect, a single electron revers ible  
deposition react ion is chosen (n : 1) occurr ing on 
an RDE with ~ : 100 rpm at 25~ from an electro-  
lyte  wi th  ~ = 10 -2 cm 2 �9 sec-1; the diffusion coefficient 
of the deposit ing ion is assumed to be equal  to 10-~ 
cm 2, s e c - k  With these data, the RDE characteris t ic  
t ime is ~2.5 sec. F igure  3a shows the dependence of 
j o (LSV cur ren t  function) on dimensional  time, for 

'-' Appl ica t ion  of de l 'Hopi ta l ' s  ru le  shows tha t  this  express ion  
has a finite l imit  as r  0; i .e . ,  lira Jr = 0, despi te  lira c o t h  

o'-~0 r  

Table I. Values of Jr,max in the interval 3 ~ ~ < 9 

ff Jc,max 

3 1,059 
4 1.176 
5 1.274 
6 1.354 
7 1.421 
8 1,478 
9 1.528 

current density functions in terms of cathodic overpotential for 
various values of the dimensional sweep rate. All solid lines begin 
at 0. Interrupted fines begin at some anodic value of the current 
which can be computed by Eq. [13]. 

various values of the d imensional  sweep rate. At v -- 
20 m V - s a c  -1, r ~,- 1.9 and no m a x i m u m  appears.  
When v -- 100 m V .  sec -1 (~ ~ 9.6), the m a x i m u m  
appears at ~-,0.21 sec and its height  is described by 
Eq. [15]. At 300 mV �9 -1 (~ N 28.9), the m a x i m u m  
appears at a much shorter  t ime of ,~0.07 sec. An in- 
terest ing feature  of Fig. 3a is that  the t ime necessary 
for the a t ta inment  of the l imit ing current  (Jc o = 1) 
decreases wi th  increasing sweep rate  (10). It  would 
thus seem advantageous to use as high a sweep rate  
as possible if the a im of the exper iment  is the mea-  
surement  of iL. 

In order  to attain periodic behavior  in subsequent  
sweeps, the LSV sweep should last for at least  2.5 sec, 
in accordance with Eq. [12]. In terms of overpotent ial ,  
one would have to apply at least 750 mV when  v 
300 mV �9  -1, as opposed to 50 mV if v = 20 mV �9 
sec-1. 8 F igure  3b shows the LSV and periodic cath-  
odic current  functions plotted vs. cathodic overpoten-  
tial. It is clearly seen that  as v increases, the differ- 
ence in height  be tween Jc.max ~ and Jc.max also in-  
creases. When v -- 20 m V .  sac -1, joo and Jr differ 
only around ~c ---- 0. The overpotent ia l  at the max i -  
mum for all LSV curves is 22 mV, whereas  for the 
periodic curves it is ~35 mV; also, Jc.m~x for 300 mV �9 
see-1 is s l ightly displaced toward more  cathodic over -  
potentials  as compared to the one at 100 m V .  see -1. 
With respect to l imit ing currents, h igher  overpotent ia ls  

a Th e  exac t  va lue  of D m a y  be  v e r y  s i g n i f i c a n t  w i t h  r e s p e c t  to 
t h e s e  c o n s i d e r a t i o n s .  
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are requi red  to attain iL. It  becomes obvious that  al- 
though smaller  t imes are required for the measure-  
ment  of iL, the combined t ime-sweep  ra te  effect gives 
rise to the opposite behavior  in terms of overpotential ,  
i.e., for faster  sweeps, a higher  overpotent ia l  must  be 
applied for the current  to reach the iL value. Since 
in many  situations undesirable  reactions may  occur 
concurrent ly  wi th  the deposition process, the choice 
of sweep rate  in the potent iodynamic  determinat ion  
of iL should result  f rom a balance be tween t imes and 
overpotentials .  

We now turn our at tent ion to the concentrat ion pro-  
files that  develop into the electrolyte  dur ing a mul t i -  
sweep CV exper iment  on an RDE. These are drawn 
in Fig. 4 and 5 f rom expressions for LSV and periodic 
CV concentrations developed in the Appendix.  Two 
representa t ive  values of a are used, 6 and I, chosen 
by the presence or absence of a max imum in Jc ~ and Jc. 
Figures 4a and 5a are the current  functions for these 
values of ~. In all o ther  figures, the function I -- C 
(~,~; c,0') = c/c  b instead of C(~,T; (r,~') = 1 -- c /c  b is 

plotted. Since the surface concentrat ion (~ _-- 0) de-  
creases f rom c b to c b exp (--~e') dur ing a cathodic 

oI! 
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0.O 0,5 

T C 

1.0 

- I . 0  

1,00.0 . . . .  _ 0 .5  . . . .  I.O 
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o': o 
/ c 0.900 

/- f /  d 0.850 

O O L / / /  ' ~ .  

Fig. 4c. As in Fig. 4b, but during the first, also periodic, anodic 
sweep. Corresponds to curve b of Fig. 4a. 
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Fig. 4d. As in Fig. 4b, but during the initial stages of the second, 

also periodic, cathodic sweep. Corresponds to curve c of Fig. 4a. 
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Fig. 4a. Current density functions for ~ : 6. Curve a. Je~ 6), a I ' ' ~ 
LSV sweep (begins at zero); curve b. Ja(Ta; 6, 1), periodic anodic; 
curve c. Jc(~c; 6, 1), periodic cathodic. /:1 

i0( 0 0 

# rc 

~ a O. 
b 0.020 

0.040 
-.V. 0.055 
o ~ 0. I00  

o.sF- / g 0.200 
~J p , , /  h 0.300 

' / ? . 4 5 0  
"~I , 

/ J 
F b 0 . 0 7 5  oo 
/ c 10.150 
I d 10.250 

Fig. 4b. Dimensionless concentration profiles within the Levich 
diffusion layer during the LSV sweep far a = 6. Corresponds to 
curve a of Fig. 4a. 

Fig. 4e. As in Fig. 4b, but during the secoM, also periodic, 
cathodic sweep. Corresponds to curve c of Fig. 4a. 

sweep and increases f rom c b exp (--~0') to a b dur ing 
an anodie sweep, the function c/c  b changes f rom 1 to 
exp (--~e') and f rom exp (--~e') back to I. For  a 
given value of Zc or za, the der iva t ive  of the concen- 
t ra t ion curve  evaluated at the surface (4 = 0) yields 
the value of J at that  time. 
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Fig. 5a. As in Fig. 4a, but for # _-- I .  Curve a. le~ !) ,  curve 
b. Ja(ra; 1, 1), curve c. Jc('~G I ,  1). 
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Fig. 5b. As in Fig. 4b, but for ~ - -  1 
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Fig. 5c. As in Fig. 4c. Corresponds to curve b of Fig. 5a 

Figure 4b refers to curve a in Fig. 4a. Concentrat ion 
curves bend cont inuously and their  ~-derivative at 

= 0 is in the same direction, since the current  is 
always cathodic. Curve c is nearest  to the cathodic 
maximum.  Comparison of curve c with b and d in -  
dicates that  the  appearance of a max imum in j o is 

~.~ ~ o.~ ,.o 

~ 0.5 

d 
i 

i i  

o O. ' 

I c Io. loo 
I d 0 . 5 0 0  
Le I. 

0.( 

Fig. 5d. As in Fig. 4e. Corresponds to curve c of Fig. 5o 

related to the curvature  of the concentrat ion profile 
into the electrolyte. It  appears that the rate by which 
concentrat ion changes a t  ~ > 0 cannot match the rate 
of variat ion at ~ -~ 0. This curvature  gives rise to 
t rans ient  currents  higher than iL, despite the nonzero 
value of the concentration.  When sufficient time passes, 
the whole profile comes closer to being linear,  the 
curva ture  at ~ = 0 decreases and, consequently,  the 
cathodic current  also decreases. As shown by line f, 
Fig. 4b, the concentrat ion profile is almost l inear  at 
Tc=l. 

When the first, also periodic, anodic cycle begins, 
Fig. 4a (curve c), the concentration profile is almost 
l inear  (i ~ iL) (curve f in Fig. 4b and 4c) and the 
current  is cathodic. The current  remains  cathodic for 
.the t ime interval  0 < Ta < 0.85. When Ta = 0.85, Ja -- 0 
as witnessed by  a 0 derivative at ~ = 0 for curve d in 
Fig. 4c. For "~a ~ 0.85, the current  is anodic and an 
inevi table  concentrat ion ex t remum is formed into the 
electrolyte, which is most pronounced when ~a = 1. 

_The existence of this ex t remum can be predicted wi th-  
ou t  a formal solution of the diffusion problem, since 
it is the only possibility that  can s imultaneously  satisfy 
three requirements :  that  the current  be anodic (sur-  
face derivative point ing downwards ) ;  that  the con- 
centrat ion at ~ = 0 vary  between c b and ca. 0 only; and 
that  the concentrat ion at ~ = 1 be fixed at  c b (accord- 
ing to the boundary  condition imposed by the Nernst -  
Siver approximat ion) .  

In  the beginning  of the second, also periodic, cath- 
odic sweep, the concentrat ion profile has a complicated 
shape (curve a in Fig. 4c, d, and e). At the same time, 
the surface concentrat ion changes rapidly.  The in-  
abil i ty of the concentrat ion into the electrolyte to 
match the rapidi ty  of the surface concentrat ion change 
results in a complex regime of mass fluxes shown in 
Fig. 4e and d (exploded version of the early stages of 
4e). Curvature  readjus tments  can now explain both 
the existence of a m a x i m u m  in the periodic cathodic 
current  function and the fact that it is lower in height 
and delayed in time. 

Apart  from Fig. 4a and 5a, the differences between 
Fig. 4 and 5 are mostly of quant i ta t ive  ra ther  than  
quali tat ive nature.  Curve d in Fig. 5b clearly shows 
that  at the chosen low value of the dimensionless 
sweep rate, the value of the current  is far from iL when 
~ = 1, despite the fact that  the periodicity criterion, 
Eq. [12], is met. F ina l ly  , the concentrat ion ex t remum 
is less intense dur ing  the periodic anodic sweep, re-  
sul t ing in faster read jus tment  dur ing the following 
periodic cathodic sweep. 

We conclude our discussion with an analysis of re-  
sults per ta in ing to the charge density functions. These 
are d rawn in Fig. 6a-c and Fig. 7a-b. Figure 6 il- 



1346 J. Electrochem.  Soc.: E L E C T R O C H E M I C A L  SCIENCE AND TECHNOLOGY June  1983 

I0 

Rc~ 

2 

0 0.02 0.10 0.2 0.4 1.0 2 5 I0 

o - - I ~  
I [ ] I 1_ I I 

09 50 20 I0 5 I 0.5 QI 
~ c r  

Fig. 6a. Charge density functions during the LSV sweep in terms 
of dimensionless sweep rate for various values of dimensionless 
reversal time. Curve I. Rc~ 2); curve 2. Rc~ 6); curve 3. 
R~o(~, 10). 
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Fig. 6b. Charge density functions during the periodic cathodic 
and anedic sweeps. Curve 1. Ra(~, 1); curve 2. Rc(~, 1); curve 3. 
Ra(~, 6); curve 4. Rc(~, 6); curve 5. Ra(,r, 10); curve 6. Rc(~, 10). 
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Fig. 7a. Charge density functions in terms of dimensionless 
cathodic overpotential. Curve 1. Reo(1, Hc); curve 2. Re(l, Hc); 
curve 3. Ra(1, He); curve 4. Rn(1, Hc); curve 5. Rc~ Hc); curve 6. 
Rc(7, He); curve 7. Ra(7, He); curve 8. Rn(7, Hc). 
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Fig. 6c. Net charge density functions. Curve 1. Rn(~, 1); curve 2. 
Rn(r 6); curve 3. Rn(r 10). 

lustrates the dependence of R's on z and o', whereas 
Fig. 7 on r and Hc. The abscissa in Fig. 6 has been 
chosen with the purpose of contracting the scale of 
possible = values. Apart  f rom this, Rr o depends l inear ly  
on ~-1 for large values of r the periodic charge 
functions are u l t imate ly  l inear  in z-*/2. Although both 
Fig. 6 and 7 describe the same functions, they differ 
in their  potent ia l  exper imental  determination.  In  Fig. 
6, each cycle has a fixed t ime durat ion;  in Fig. 7, what  
is implici t ly fixed is the reversal  overpotential.  In  view 
of the paramount  significance of o' in determining the 
value of the charge densi ty functions, this difference 
is ext remely  important :  it  accounts for the fact that  
the charge increases with increasing dimensionless 

20 

4 L ~  
4 20 40 

Hc 

Fig. 7b. Dependence of the ~-independent combination Rn' = 
~Rn in terms of dimensionless cathodic overpotential. 

sweep rate when o' is fixed, whereas it decreases with 
increasing sweep rate when Hc is fixed. It is widely 
known from single sweep CV theory on stat ionary 
electrodes that  charge is inversely proport ional  to 
dimensional  sweep rate (usual ly its square root).  Since 
charge functions for s ta t ionary electrodes usual ly  de- 
pend on (nF/RT)vo,  it  is implied in this s ta tement  
that dur ing the experiment,  the reversal overpoten-  
tial, vo, is fixed and v is varied. It seems that empha-  
sizing exper imental  conditions in RDE theory is nec- 
essary, main ly  because of the dependence of re levant  
CV functions on both z and ~o'. It is appropriate here 
to recall  that ~ increases as a result  not only of in -  
creasing sweep rate but  also of decreasing rotation 
speed. It is in tui t ively  expected that when both re-  
versal overpotential  and dimensional  sweep rate are 
fixed, less charge should be deposited as the rotat ion 
speed decreases. 
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For a fixed 0', it is interest ing to compare the values 
of the charge density functions with the charge that 
would be obtained were the current  constant  and equal 
to iL cont inuously dur ing the performance of the ex- 
per iment  ( in terrupted lines, Fig. 6a-c). In  the range 
of v-values of electroanalytical  significance (r > 3), 
it  is seen that the values of the charge functions are 
pr imar i ly  determined by 0'. This is expected since the 
dimensionless t ime in terval  dur ing which the current  
is different than iL is increasingly shorter as ~ in -  
creases. It follows that the range of v in which R's 
change significantly is b e l o w  the value for which the 
cathodic current  max imum appears. 

Since the current  density dur ing an armdic cycle is 
always below the corresponding value for the cath- 
odic cycle when both are cathodic and the opposite 
when  they are anodic, it is expected that the periodic 
anodic charge density will always be lower than the 
periodic cathodic (Fig. 6b). I t  turns  out that for 0' --  1, 
it is also positive irrespective of r indicating that 
dur ing any  periodic anodic cycle a net deposit is added 
to the electrode. Obviously, the net charge density 
function, Rn (Fig. 6c) is also positive, indicating that 
a complete cycle always results in the formation of a 
net  deposit. Similar  conclusions can be drawn for the 
first sweep as well, since Ro o > Rc always. In teres t -  
ingly, for very large values of r the in terval  over 
which the current  is different from iL is very narrow; 
in the l imit  of ~ --> oc, both periodic Rc and Ra tend to 
0' and Rn to 28'. With respect to Fig. 6c, it is impor tant  
to note that  Rn < 20' for all finite ~. In  other words, 
the amount  of deposit obtained by plat ing with a non 
d-c potential,  as in Fig. 1, can never  exceed the 
amount  obtained by d-c plat ing at the l imit ing current,  
ia. This result  is in agreement  with conclusions d rawn 
from the s tudy of pulsed currents  (1). The present  
results are rigorously valid only for deposition reac- 
tions with infinitely fast kinetics. Since the LSV cur-  
rents  do not  have anodic portions, it is possible that  
Re o can exceed 0' as seen in Fig. 6a. Interest ingly,  the 
excess Re ~ = 0' is always less than one- th i rd  for finite 

and is independent  of 0'. 
Figure 7a is a plot of R vs. H c for two representat ive 
values, 1 and 7. The range of He, 4 ~'~ He ~ 40 for 

n = 1 corresponds to approximately  100-1000 mV. For 
H~ ----- 4, the dependence of R on H~ is l inear  to a good 
approximation.  Note that for ~ = 7, the periodic charge 
dens!ty functions are drawn for Hc --~ 7, to satisfy Eq. 
[12]. No such restriction exists for Rc ~ for all  r For 

= 1, Eq. [1] is satisfied for all Ho --~ 4. Figure 7b em- 
phasizes an interest ing mathemat ical  observation, 
namely,  that the function, Rn' 

Rn'(Hc) = zRn(r = 2[He + exp (--He) -- 1]; 

Rn(z,Hc) = 2z- l [Hc + exp (--Hc) -- 1] [19] 

is a funct ion of reversal  overpotential  alone. For Hc 
4, it is also l inear  in Hc. Alternat ively,  for a fixed He, 
Rn is inversely proport ional  to ~, indicat ing l inear  de- 
pendence on the rotat ion speed, ~, and on the inverse of 
the dimensional  sweep rate, v. When both ~ and v are 
varied so that ~ is the same for each combination, Rn 
becomes independent  of o~ or v alone. This result  em- 
phasizes the fact that  CV on an RDE is described 
by a combinat ion of v and o, as it appears in ~, Eq. [1], 
ra ther  than each alone. In  connection with Fig. 7a one 
should note that for ~ = 1, Rr ~ Rc, and Ra are close to 
each other; their  separation increases with increasing 

but  in each case there is a m a x i m u m  for z --> ~ .  

Conclusions 
It has been demonstrated that  mult isweep CV on an 

RDE leads to the establ ishment  of a periodic response 
in concentrations, currents,  and charges provided that 
the durat ion of each cycle is of the order of the RDE 
characteristic time. The first cathodic (LSV) sweep is 
the only one which is not periodic. Since this result  

originates from the s tudy of reversible deposition re- 
actions, its val idi ty for other mechanisms can only 
be provisional. 

The existence of a quickly at ta inable periodic state 
is significant in two respects. F rom the mathematical  
viewpoint,  it indicates that the computat ional  effort 
involved in  the t rea tment  of complicated reaction 
mechanisms need not be as great  as one may original ly 
think. From the electroanalytical  viewpoint,  the peri-  
odic currents  and charges offer informat ion of diag- 
nostic importance, in addition to that obtained from 
LSV data. Experimental ly,  this is equivalent  to the 
recording of two sweeps in  each case, instead of only 
the first. However, one should be cautious in in ter-  
pret ing mult isweep periodic data: the dependence of 
the current  functions is not  as strong as in LSV. In  
addition, the prolonged existence of the complicated 
mass flux regimes arising dur ing  CV experiments  may 
lead to undesirable effects. Clearly more exper imental  
and computational  work must  be done in order for 
the screening capabilities of the LSV-RDE and CV- 
RDE techniques to be ascertained on the quant i ta t ive  
level. 
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APPENDIX 

Mathematical Derivation of Concentration, 
Current, and Charge Density Functions 

Lett ing 8 be the thickness of the Levich diffusion 
layer, dimensionless quanti t ies are introduced by Eq. 
[A-lJ  

= x / 5 ;  T=Dt /52 ;  C(&~) : l - - c / c  b [A- l ]  

where D is the diffusion coefficient of the ion being de- 
posited and 4, % C are dimensionless distance, time, 
and concentration, respectively. Figure la  shows the 
dependence of applied potential  on dimensionless 
time. The ini t ial  value of the potent ial  is Eeq, the 
electrode equi l ibr ium potential  computed from the 
Nernst  equation on the basis of c b. At a constant  rate 
of v V �9 sec -1, the potential  is changed in the cathodic 
direction for 0 sec unt i l  it reaches Er the cathodic re- 
versal potential. 0' is a dimensionless reversal  t ime 

O' .= DO~8 2 [A-2] 

During the "anodic" cycle, the potential  re turns  to its 
original  value at the same rate. The first cathodic 
sweep refers to LSV, the first complete cycle is single 
sweep CV and several cycles to mult isweep CV. 

A combinat ion of the RDE characteristic time, 52/D, 
characteristic voltage, RT/nF ,  and v yield a d imen-  
sionless sweep rate, 

nF  52 
r  RT  " v " D [A-8] 

where n, F, R, and T have their  usual  meaning.  As 
demonstrated in prior LSV-RDE theory (4-7), ~ is a 
parameter  of special significance. Since the ini t ial  po- 
tent ial  has been assumed to be Eeq, the potential  axis 
is also one of overpotential,  beg inning  at 0 and ending 
at the cathodic reversal  overpotential ,  ~lc. Figure l b  
shows the t ime dependence of the surface concentra-  
t ion obtained from the Nernst  equat ion 
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C(0, z) = 

I I -- exp (2n~o') exp (-- ~ ) ;  

2 n 8 ' ~  ~ (2n ,5 1)0'; cathodic cycle 
[A-4] 

1 - exp [ -  (2n ,5 2)r exp (~z) ; 

(2n ,5 1)#' ~ z --  (2n ,5 2)#'; anodic cycle 

Concentration ]unctions.--In order  to derive expres-  
sions for C(& ~) we introduce another function, Cs(~, z), 
which is the solution to the problem when an infinite 
overpotential  is applied to the RDE. Then 

Cs(O, " 0  -- 1 [A-5] 
i.e., the surface concentration drops to 0 at the instant 
the infinite potential Step is applied. The reason why 
Cs(}, z) is introduced is that C(&~) can be obtained 
from Cs(& ~) by an integral transform known as Du- 
hamel's (or superposition) theorem (8, 9). Since the 
initial conditions for the dimensionless functions are 
0, it holds that 

C(& p) = p �9 C(0, p) �9 Cs(~, p) [A-6] 

where p is the Laplace parameter  and C'(0, p),  C~(& p) 
are the Laplace transforms of C(0, ~) and Cs(~, z), re-  
spectively; C (~, p) is the Laplace t ransform of C (~, z), 
our unknown function. Equation [A-6] can be in- 
verted by convolution in several ways. The most con- 
venient turns out to result f rom associating p with 
C(0, p),  to yield 

0c 
C(&~) = ~ ( 0 , ~ )  .Cs(~ ,~- - )0d)~  [A-7] 

where k is a dummy variable of integration. Note that  

Cs(&z) = 1 - - ~ + 2  ~ ~j(~) . e x p ( - - j 2 = s z )  
~=1 

[A-S] 

]j(~) = ( - - 1 ) ~ ( j n ) - ~ s i n [ ( 1 - - ~ ) j n ]  [A-9] 

While performing the integration indicated by Eq. 
[A-7], it is convenient to express time in terms of 
the number  of cycles and time into a cathodic or anodic 
sweep. We can thus write (Fig. la) 

= 2D' ,5 Zc; 0 ~ ~c--~ 0'; cathodic sweep [A-10a] 

r : (21 Jr 1)0' -5 ~a; 0 - - ~ a ~ 0 ' ;  anodic sweep 

[A-10b] 

where rc is dimensionless time into a cathodic sweep, 
�9 a is time into an anodic sweep, and l is the number  of 
complete cycles which have already been applied. The 
outcome of the integration in Eq. [A-7] are two con- 
centration functions, one for the cathodic sweep and 
one for the anodic sweep. Apar t  f rom ~ and zc (or Za), 
these will depend on l and on the two parameters,  
and 0'. We thus extend the symbol C(~,z) to Cc~(6 
z~;r ~') to describe the dimensionless concentration 
during the (1 + 1) cathodic sweep (i.e., after the pass- 
age of l complete cycles). The corresponding symbol 
for the concentration during the (l ,5 1) anodic sweep 
is C~(~,za;v, 0'). For the special case of single sweep 
CV, l : 0, the cathodic (also LSV) function is inde- 
pendent of 0'. The notation for this case then is CcO(~, 
�9 c; ~) and Ca~ Za; ~, 8'). The following results are ob-  
tained: 

(i) single sweep CV; cathodic (also LSV) 

C~~ = (1 -- ~) [1 -- exp (--  ~ c ) ]  
~o 

+ 2~ exp (--  ~c)  ~r IJ (4) ( J ~  -- ~) -~ 
~=1 

- -  2~ ~_r f](}) exp (--  j'2~zc) (j2x2 _ r  [A-11] 
~=1 

(ii) single sweep CV; anodic 

Ca~ ~a; ~, O') : (I -- ~) [i -- exp (-- ~s') exp (r 

j:l j=l 

exp (-- j2~) exp (-- j~r) (j2~ _ ,) -i 

-- 2, exp (-- ,~') exp (,~) ~ fj(~) (j'~2 Jr ~)-i 
~=i 

+ 2, exp (- ~') ~ Sj(~) exp (- j2~) (j2~2 + r 
j=l 

[A-12] 
(iii) multisweep CV; cathodic 

Cot(}, Zc; ~, 00 = (1 -- 4) [i -- exp (-- crzc) ] 

"5 2~exp (-- ~zc) ~ lj(}) (j2~2 _ ~)-1 
j = l  

= o  

- 2r ~ ~j (D exp ( -  j~2n2,c) (j~u - ~) - i  

--2~r ~ ~ , j ( ~ ) e x p  (--~2~2~c) e x p  (--2n~2~20') 
n=l ~=1 

n = l  ~=1 

exp (--  j2~2~c) exp [--  (2n -- i)j~n2~0'] (j~2 _ ~) - i  

, 5 2 ~ e x p ( - v 0 ' )  ~ ~ , j ( } ) exp ( - j2~2r . c )  
n=l  5=1 

exp [-- (2n -- I)j2~S8 '] (j2n2 -~- a) --I 

N 
- Z~ --~ ~j (D exp ( -  ~ )  

n=l j= l  

exp [-- (2n -- 2)j:2~0 '] (j2~2 ,5 ~)-1  [A-18] 

(iv) multisweep CV; anodic 

Ca~(& Za; ~, 0') ---- (1 -- 4) [1 -- exp (--  r~') exp ( ~ a ) ]  

- -  2~ exp (--  r exp (~a)  ~ ]j (}) (j2~2 "5 ~) -1  
5=1 

5 2~exp (--  r ~ ].i(~) exp (--  j2~2Va) (j'2~2 "5 r -1 
j= l  

- , , ( 4 ) e x p  (-- 
n=0 j = l  

exp [-- (2n "5 1)J 2~20'] (j2~2 _ r -i 

+ exp (- $j(4) exp 
n=0 ~=1 

exp (--  2nj2~2e') ( j2~ _ a ) - 1  

5 2~ exp (--~r ---~ ]j (4) exp (--j2a~a) 
n=l j= l  

exp (-- 2nj~=2o ') (j~2,5 ,~r)-I _ 2r ~-r Z ]r 
n=l  ~=1 

exp (--  J 2 ~ a )  exp ( [ - -  (2n -- 1) j~20 '] (j2~2 ,5 r - ;  

~A - 14] 

Several terms in Eq. [A-12]-[A-14] contain the ex- 
pression exp (- kj2~28') where k usually is a nonzero 
integer. Even when k _ I, the largest value that this 
term can take is exp (--j2,x28'). For 0' -- I, terms 
multiplied by exp (-- kj2x20 ') are very small and can 
be eliminated, rendering Eq. [A-12]-[A-14] much 
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s impler ;  fu r thermore ,  both  Cc ~ and Ca ~ become inde-  
penden t  of l. The phys ica l  in t e rp re ta t ion  of this is 
that  the first anodic potent ia l  sweep and the second 
cathodic sweep y ie ld  concentra t ions  tha t  a re  per iodic  
functions of t ime, i r respec t ive  of the value  of ~, p ro -  
v ided  tha t  ~' ~ 1. The res t r ic t ion  on 8' is not  l imi t ing  
since when o' = 1, the  d imens iona l  reversa l  t ime is of 
the o rder  of 52/D, which is a smal l  number .  In the 
e l imina t ion  of t e rms  containing exp (--kj2~20') ,  care 
should be taken  to re ta in  te rms for which  k = 0. The 
fol lowing resul ts  are  obta ined:  

(v) mul t i sweep  CV; per iodic  cathodic 

Cc(~,~;~,--~ 1) = (1 --  ~) [1 - - e x p  ( - -  ~ c ) ]  

+ 2~exp ( - - ~ c )  ~ }'J(D ( j2~2_ ~ ) -~  
j = l  

oo 

--40- ~-r ] j (D Je~2exp ( - - ] 2 ~ 2 v ~ ) ( j 4 ~ _  o-u)-~ [A-15] 
5=1 

(v i )  mul t i sweep  CV; per iodic  anodic 

Ca(~,ra; 0-,-- 1) = (1 --  ~) [1 --  exp ( - -  r exp (~ra)] 

-- 20- exp ( - -  r exp (vra) ~ ~fj (D ( j2~  + e) -1 
5=1 

~ o  

+ 4 a e x p  ( - -  r ~ ~j(~) j ~ 2  exp ( - -  j~2ra)  
j = l  

( j ~ _  r  [A-16] 

One should note  tha t  the  per iodic  concentra t ion is in-  
dependen t  of r The nota t ion  chosen for the per iodic  
funct ions does not  include a dependence  on l; also, we 
use the  symbol  ~-1 in place of 8', to emphasize  the  
res t r ic t ion  on o' for quick a t t a inment  of the per iodic  
state. 

C u r r e n t  dens i t y  ] u n c t i o n s . - - W e  define the cur ren t  
dens i ty  functions,  J, as rat ios  of the cur ren t  dens i ty  
to the  diffusion l imi t ing  cur ren t  density,  iL. J is d i -  
mensionless  and, in general ,  wil l  depend  on ~c (or Za), 
the n u m b e r  of cycles, l, and the pa rame te r s  0- and r 
The nota t ion  for  the current  densi ty  function dur!ng a 
cathodic  sweep is thus Jct(~c; 0-, 0 ), and  Jar ('~a; ~, 0 ) for 
the  subsequent  anodic sweep. Expressions  for J ' s  can 
be der ived  e i ther  by  appl ica t ion  of Duhamel ' s  t r ans -  
format ion  or  by  di f ferent ia t ion of the concentra t ion 
funct ions at  the surface.  In  essence, both  methods are  
ident ical ;  however ,  i f  express ions  for C's are  not  
avai lable ,  a su i tab le  form of Duhamel ' s  t heorem yields  
J ' s  direct ly .  Since 

~(~) ,OC 
= --  (0, ~) [ i - 1 7 ]  

i t  fol lows f rom Eq. [A-7] tha t  

i (~)  ~'~ oC OCs 
30 (0 ,~-  ~)d~ [A-18] ~L ~ (0, ~) �9 0~ 

OC 
(0, ~) = 

03 is one of the theta  functions (11) whose re levance  
in RDE model ing  unde r  the Nerns t -S ive r  a p p r o x i m a -  
tion has  been  r epea ted ly  demons t ra t ed  (4-6).  We can 
then  wr i t e  

i(~) f :  0C 
iL --" - ~  (0, ~) �9 o~(O,~i(~ -- ~ ) )d~  [A-20] 

and compute  Jc z and Ja z using Eq. [A-10].  A l t e r n a -  
t ive ly  

.OCt 
Jc~(zc; ~, 0') = --  (0, vc; 0-, 8') [A-21a] 

JaZ(~a; r r  - -  - -  (0, z~; ~', a') [A-21b] 

where  Eq. [A-13] and [A-14] can be used for  the  d i f -  
ferent iat ions.  Once expressions  for Jct and  Ja ~ are  ava i l -  
able, the same e l iminat ion  of t e rms  containing 
exp ( - -  kj2n20'), k --~ 1, can be done as previously ,  for  
~' --~ 1. Physical ly ,  this means  that  a f te r  the first ca th-  
odic (LSV) sweep, the  cur ren t  dur ing  the first anodic, 
second cathodic, and so on is in the per iodic  state,  
i.e., does not change wi th  fu r the r  cycling. I t  turns  out  
that  when the value  of the  dimensionless  sweep ra te  

exceeds ca. 3, Jc ~ exhibi ts  a m a x i m u m  both dur ing  
the first and per iodic  sweeps;  a f te r  the max imum,  its 
va lue  decreases to iL. When  ~ < 3, Jct increases to iL 

monotonical ly .  In te rms of d imens iona l  t ime,  a t t a in -  
ment  of iL expe r imen ta l l y  dur ing  the  LSV sweep 
would  guaran tee  tha t  subsequent  cur rents  a re  periodic.  
However ,  this is not necessary  since the cr i te r ion  for  
per iod ic i ty  is o' ~ 1, i r respec t ive  of whe the r  iL is 
reached wi th in  52/D or not. 

I t  should be noted here  that  when ~' < 1, a per iodic  
behavior  of Jct and Ja ~ is expected  to be reached as 
l --> oo; fur thermore ,  the two per iodic  states m a y  in 
genera l  be different;  i.e., Jc(~c; ~, ~-- 1) ~ Jc ~ (~c; ~, < 1) 
and J a ( ~ a ;  ~, ~ 1) =/= J a  ~ ('~a; ~, ~. 1 ) .  The de ta i led  be-  
hav ior  of Jc ~~ and J ~  has not  been  invest igated,  
since reversa l  t imes s ignif icant ly less than  52/D are  
not expected to be of expe r imen ta l  importance.  Ex-  
pressions for the cu r ren t  dens i ty  functions are  as fol-  
lows: 

(i) single sweep CV; cathodic (LSV) (4) 

Jc~ a) = 1 --  r cot (e'/~) exp ( - -  ~vr 

-- 2~ ~ exp ( - -  j2~2-~c) (j2~2 _ _  ~r)--i [A-22] 
~=1 

(ii) single sweep CV; anodic 

Ya~ 0-, 09 = 1 --  ~'/~ coth (~'/~) exp  ( - -  ~0') 

exp (~Ta) --  2~ ~ exp ( - -  j2x~0') exp ( - -  J 2 ~ a )  
5=1 

r 

(j.~a2 _ ~) -1  + 4~ exp ( - -  r ~ j2~2 exp ( - -  j2n2Ta) 
j = l  

(iii) mult i sweep  CV; cathodic 

(~4~:4 __ 0-2)--1 [ A - 2 3 ]  

Jc~(Tc; 0-, 0') = 1 --  ~'/~ cot  (~'/~) exp ( - -  ~ )  

-- 20- ~ exp ( - -  j2~2~c) (j2n2 _ r -1  
5=1 

-- 2~ ~ exp ( - -  j2:t2~,c) exp ( - -  2nj2:~0') 
n = l  j = l  

n=l 5=i 

exp [ - -  (2n --  1)j2~0 '] ( j 2 ~ 2  _ _  ~-) --1 

+2r162  ~ ~ exp(--j2~2~) 
n = l  j = l  

e x p [ _ ( 2 n _ l ) j 2 n z S ,  ] ( j 2 ~ 2 D F a )  --1 

n = l  j = l  

exp [-- (2n --  2)j2~-0 '] (j2~2 + v ) - ,  [A-24] 

( iv)  mul t i sweep  CV; anodic 
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Jat(Va; ~, 8') - - - - 1 -  a ~/z c o t h  (a'/~) e x p  ( - - a O ' )  e x p  (ara) 

+ 2a exp (-- ao') ~ exp (-- J~a) (J~:~ + ~) -~ 
j=l 

- - 2 ,  ~ ~ exp(--j2~2~ a) exp[-(2n+l)j2~2r 
n=O ~=I 

(~2~2 __ 0") --1 .31- 2a exp ( - -  ~0') ~ exp ( - -  j2n2,a) 
n = l  j = l  

exp ( - -  2nj2~o') (~e~2 + ~) -~ 

+ 2a exp ( - -  ~0') ~ exp ( - -  j 2 ~ a )  
n=O ~=i 

exp ( - -  2nj2z~O') (j2a:2 - -  0" ) - I  

- ~.a ~ exl~ ( -  j ~ e ~ a )  
n = l  ~=1 

exp [ - -  (2n --  1 ) j ~ 0 ' ]  (j2~e -F e) -~ [A-25] 

(v) mul t i sweep  CV; per iodic  cathodic 

Jr ", ~ 1) = 1 --  ~'/, cot (a ~/~) exp  ( - -  ~ e )  

% 
- -  4~/_r j2n2 exp ( - -  j2~s~c) (j4n~ _ ~2) - i  [A-26] 

(vi) mul t i sweep  CV; per iodic  anodic 

Ja(za; ~, -~- 1) - -  1 --  r coth (~/~) exp ( - -  ~0') exp (aZa) 

+ ~ exp ( - -  ao') ~_r j2~2 exp ( - -  j2n2Za) (j4n ~ --  r  
#=1 

[A-27] 4 

Charge density ]unctions.--We define charge dens i ty  
functions,  R, as ra t ios  of the charge dens i ty  to a char -  
acteris t ic  charge density.  The l a t t e r  quan t i ty  is the 
product  of a character is t ic  cur ren t  density,  iL, wi th  a 
character is t ic  t ime, 5"~/D, and represents  the charge 
per  uni t  e lectrode a rea  that  would  be deposi ted over  
a t ime 5~/D were the cur ren t  constant  and equal  to iL. 
We choose R on a per  cycle basis ins tead of a cumula -  
t ive quan t i ty  which would  descr ibe deposi t  accumula-  
t ion ciuring a complete  mul t i sweep  exper iment .  There  
are  three  types  of such functions:  Rc ~ is the  charge 
function associated wi th  the (l + 1) cathodic sweep;  
Ra ~ is associated with  the ( l -F  1) anodic sweep; and 
Rn ~ is the net  charge deposi ted dur ing  the complete  
(l -{- 1) cycle; obvious ly  

F rom the i r  definit ion 

R n  t --~ Re t -~- Ra t [A-28] 

Jat (~a; o', 8') d~a [A-29] 

Re t (a, 09 "- Jct (xc; r r  dzc; 

Rat(a, 8') -- SO0" 

note that  R's a re  only functions of a and 0' since they  
are  in tegra ls  of J ' s  over  ~. By pe r fo rming  the in te-  
grat ions indica ted  in Eq. [A-29J, the  fol lowing ex-  
pressions are  obta ined:  

(i) mul t i sweep  CV; cathodic 

~The identities ~=r 2~(j~-~ - a) -~ = 1 -- #1/2 cot (~/s) and 
~=1 

~ 2~(jsr ~ + a)-~ = #~/~ coth (a~/s) - 1 have been used in t h e  

J=l  
derivations (12). 

Rct(r ~') = ~' --  a-~/: cot (aV:) [1 -- exp ( - -  ~ ' ) ]  

- -  2o" ~ [1 - -  e x p  ( - -  j2~2a') ] [ j ~ 2 ( j 2 ~ 2  _ ~ ) ] - 1  
j = l  

- -  2,a ~ ~ e x p  [ - - ( 2 n - -  ~.)j$~20'] [~2~2( j2~2=~cr ) ] - I  
n=l j=l 

t :0 

n=l  ~=i 

+ 2aj2=2 + 2~]  [j2=2(j4=4 _ ~ ) ] - 1  

t 

- exp (- E4aj2   (-- 

+ 2,aj2~2 + 2~2] [j2~2 (j4~4 _ ~2)] -1 

+ ~.~ ..~ exp [ -  (2n + 1)j~20']  [j2~2(j2~2 _ e) ] -1  
n=l ~=I 

[A-30] 
(/i) multisweep CV; anodic 

R a t ( a ,  0') : 8' --~o--W coth (~/~) 
0o 

[1 - -  exp ( - -  a8')] + 2r  ( - -  ~0') ~r  
j = l  

[1 - -  exp ( - -  j 2 ~ , ) ]  [j2n2(j2n2 + ~ ) ] - i  

+ 2 r  ( - -  a~') ~ [1 --  e x p ( - -  j s ~ , ) ]  

~ o  

[j2n2(j2~2 -- ~ ) ] - ~  --  2~ ~ exp ( - -  j ~ ' )  
~=1 

[~2~2(~2 _ a ) ] - i  _ 2a ~ exp [ - - ( 2 n  --  1 ) j ~ ' ]  
n=l  ~=1 

[~2n2 ( j~2  + ~ ) ] - ~  + ~ exp ( -  2 n j ~ o ' )  
n=l  j= l  

[4aj2n 2 exp ( - -  #0') + 2aj2n 2 --  2~2] [j2nS(j4n4 -- a~)]-~ 

oo 

-- ~-~ ~ exp [ - - ( 2 n  + 1)j2~2~ '] [4aj2nSexp ( - -  a~') 
n=l  j= l  

+ 2~j2~2 + 2r [~2~2(j4~4 _ r  

+ 2 a  ~ ~ e x p [ - - ( 2 n - } - 2 ) j 2 n 2 0 ' ] [ j 2 ~ 2 ( j 2 n 2 - - a ) ]  -1 
n=0 j= l  

[A-31] 

Simplifications of Eq. [A-30] and [A-31] yield ex- 
pressions for Re (a, -- I) and Ra(a, ~-- 1). The following 
are equations for the charge density function during 
the LSV sweep, R2(a,r and the periodic cathodic, 
anodic, and net charge density functions, Rc(r ~ -- 1), 
Ra (a, ~-- i), and Rn (a, ~-- I), respectively 

Rc~ ~') - -  #' + 113 --  ~-~ -4- a-'l~ cot (a'/~) exp ( - -  ~0') 

[A-32] 

Re(a, ~-- 1) = ~' --  2~ -~ + a - ' ~  cot (a'/~) exp  ( - -  atr) 

+ a-V~ coth (~'/~) [A-33] 

Ra(a, --~ 1) ---- ~' + 2~ -1 exp ( - -  a0') --  a -~/~ cot (~'/2) 

exp  ( - -  r --  a-v~ coth (av~) [A-34] 

Rn(a, ~" 1) -- 2~' --  2a - t  [1 --  exp ( - -  a~')] [A-35] 

Often repea ted  appl ica t ion  of de l 'H6pi ta l ' s  ru le  yields  

lim R = 0 [A-36] 
o'---~0 
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which  is in agreement  wi th  in tu i t ive  expec ta t ion  but  
is not  obvious in Eq. [A-32] - [A-35] .  Fo r  la rge  values  
of 

Rc o ~ 8' + 1/3 --  ~ - I  ( l inear  dependence  on r  ; 

>> 1 [A-37] 

l i ra R~ ~ = ,o' + 1/3 [A-38] 
(Y--r 00 

The per iodic  cathodic funct ion exhibi ts  a m a x i m u m  at 
~----16 

R~.max = Rc(16, ~ 1) = 0' + 1/8 

Rc ~ e' + r ( l inear  dependence  on ~-v~) ; 

Also 

l im Rc = O' 
Or---> oo 

[ A - 3 9 ]  

~ > > 1  

[A-40] 

[A-41] 

l im Rn = 20' [A-42] 

R n  > 0, a =~ 0 [A-43] 

Numer ica l  invest igat ion of charge densi t ies  indicates  
tha t  t hey  increase  (except  for Rc when  ~ - -  16) wi th  
increas ing r for a fixed value  of 0'. However ,  this is the  
case when  o' is fixed. In usual  expe r imen ta l  a r r ange -  
ments, the fixed p a r a m e t e r  is the  reversa l  overpo ten-  
tial,  ~]c. Express ing  ~]c as mul t ip les  of RT/nF, we in t ro-  
duce a dimensionless  cathodic overpotent ia l ,  He 

Hc = ~c/ (RT/nF) = ~O' [A-44] 

The charge density functions can then be expressed in 
terms of. and Hc as follows (8' --~ 1 ) 

Rc~162 = 1/3 + ~ - l ( H c  --  1) 

+ ~-~/~ cot (r exp  ( - -  He) [A-45] 

Rc(r He) = ~ - I ( H c  --  2) + r cot (r exp  ( - -  He) 

+ ~ - w  coth (r [A-46] 

Ra(~,Hc) -- ~ - I  [Hc + 2 e x p  ( - -  He)] 

-- ~-~/~ cot (r exp ( - -  He) --  ~-~/' coth (~/~) [A-47] 

Rn(r  = 2= -1 [He + exp ( - -  He) --  1] [A-48] 

I t  should  be noted  that  

*Rn(e, He) --  Rn'(Hc) = 2[H~ + exp ( - -  He) --  1] 

[A-49] 

i.e., R' is independen t  of r and depends  only on He. 
Obviously,  for a fixed He, all  charge densi ty  ~unctions 
decrease  wi th  increasing ~. This point  is be t t e r  i l lus-  
t r a t ed  in the discussion of the  equat ions thus far  de-  
r ived  on the i r  re levance  to e lec t roana ly t ica l  inves t iga-  
tions. 

Applicability of RDE Models Other than the Nernst-Siver 
Approximation 

Equat ion [A-18] can be r ewr i t t en  as fol lows 

i('~) YI" oC is 
i~ ~ -  (0, ~1 ~ (0, �9 ~)a~ [A-50] 

where  iJiL is the  cur ren t  dens i ty  measured  when  a 
po ten t ia l  s tep is appl ied  to an RDE such that  the su r -  
face concentra t ion  is 0 for  a l l  z ~-- 0. As a l r eady  men-  
t ioned 

is 
( , )  = es (0, ~i~) [ A - 1 9 ]  

iL 

when  the Nerns t -S ive r  approx imat ion  is used. A l t e r n a -  
t ive expressions have  been der ived  by  Nisancioglu and 
Newman  (8) and Viswana than  and Cheh (13). These 
are:  

1351 

(Nisancioglu and Newman)  
co 

i,(,) 
= I + e B~ exp (-- S2kjZ); 

iL ~=0 
, = r ( 4 / 3 )  ~ 

[A-51] 
(Viswana than  and Cheh) 

1 + ~ Cji exp ( - -  Xjl~) [A-52] 
is (~) 

iL J l= l  

Coefficients B], Cj, and e igenvalues  Xj, kj~ have  been 
computed  numer ica l ly  and repor ted  in t abu la r  form. 
Equations [A-51] and [A-52] are  ve ry  similar .  Equa -  
t ion [A-52] was independen t ly  proposed specif ical ly to 
t rea t  diffusion problems  re la ted  to pulsed  potent ials .  
Equations [A-51] and [A-52] pred ic t  ident ica l  resul ts  
(to four  significant figures) over  the i r  range  of appl ica-  
bi l i ty.  Combinat ion  of Eq. [A-50] wi th  each of Eq. 
[A-51] and [A-52] yields  expressions for  the / -depen-  
dent  cur ren t  dens i ty  functions. For  the  (l + 1) cathodic 
sweep, these are  as follows: 

(Nisancioglu and Newman)  

Jc~(~c; ~, ~') = 1 - - e x p  ( - - ~ c )  

+ ~exp (-- ~ c )  ~ Bj(e2~j - -  o') -1 
~=0 

oa 

- -  ce ~ Bj  e x p  ( - -  # l j '%)  (#~,j - -  o - ) - I  
~=0 

1 oo 

- - r  X X B j e x p  [ - - ( 2 n - - 2 )  s2~..to '] 
n = l  j=0 

exp ( - -  ~.jZc) (~2~.j + .~)-1 

+ ~e exp ( -- ~o') X B.i exp [ - -  (2n - -  1) #~.j0'] 
n = l  j=O 

exp ( - - ,~ jTc )  (.#Xj --  ~ ) - i  

+ .~e exp ( - -  ~o') ~ B j e x p  [ - - ( 2 n  --  1)ee~.10 '] 
n = l  j=O 

exp (--#•jTc) ( ~ j  + ~)-i 

- -  ~e X Bj  e x p  ( - - 2 n # X s e ' )  
n = l  j=0 

e x p  (--'~2~jTc) (e2ki -- 0')--1 [A-53] 

(Viswanathan  and Cheh) 

Jc~(~c; ~, o') = 1 --  ex-o ( - -  ~ c )  

+ e exp ( - -  ~T.~) ~ Cjl (Xjl ~ --  ~) -1 
J1=1 

- ~ ~ Cjl exp ( - -  ~..~1~.~) (~.~ - ~) -~ 
~1=1 

- e ~ Cj~ exp [ - - ( 2 n  --  2).Xjl~O'] 
n = l  J l= l  

exp ( -  Xjl'~c) (X~ + ~r)-1 

+ r exp (-- r X Cjl  exp [ - -  (2n -- 1) k.|120 ']  
n = l  J l=l  

exp ( - -  X ~ o )  (Xj~ ~ --  * ) - 1  

(Equation continued on next page) 

The factor P(4/3) arises because Nisancioglu and Newman u s e  
different dimensionless parameters;  e.g., ~ = r(4/3)~, where  ~ is 
dimensionless distance according t o  t h e s e  a u t h o r s  a n d  ~ is de-  
fined in Eq. [A-l]. 
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(Equation continued ]rom page 1351) 

+ ,exp ( -  a c j ,  exp E - ( 2 n  - 1)  l e'l 
n=l J l = l  

exp (-- tj1%c) (~,jl 2 + 'g)--I 

- - ~  *-i Cjl exp (-- 2nkj1~8') 
W,=I Jl=l 

exp (-- kj12~c) (kjl 2 -- ~)-1 [A-54] 

Equations [A-53] and [A-54] could, in principle, be 
used to yield values for Jc ~. However, the number of 
published coefficients and eigenvalues is not sufficient 
to guarantee convergence of the series to the desired 
accuracy, even at large To, due to the presence of terms 
such as ~ B] (e2kj -- r  and ~ Cjl(~.jl 2 -- r This 
constitutes an additional reason for applying the 
Nernst-Siver approximation. 

LIST OF SYMBOLS 
Bj coefficient, Ref. (8) 
c concentration 
c b bulk concentration 
C dimensionless concentration, Eq. [2] 
C Laplace transform of C 
Cs dimensionless concentration obtained when an 

infinite potential step is applied to an RDE for a 
reversible deposition reaction, Eq. [6] 

Cs Laplace transform of Cs 
Ca periodic dimensionless concentration during an 

anodic sweep, Eq. [A-16] 
Ca periodic dimensionless concentration during a 

cathodic sweep, Eq. [A-15] 
Ca o dimensionless concentration during the first 

anodic sweep, Eq. [A-12] 
Cco dimensionless concentration during LSV sweep, 

Eq. [A-11] 
Ca z dimensionless concentration during (l + 1) 

anodic sweep, Eq. [A-14] 
Cc L dimensionless concentration during (1 + 1) cath- 

odic sweep, Eq. [A-13] 
C.i 1 coefficient, Ref. (13) 
D diffusion coefficient 
Eeq equilibrium potential 
Ec reversal potential 
H dimensionl.ess overpotential, Eq. [11] 
Hc dimensionless reversal overpotential, Eq. [11] 
Hmax value of H at the maximum of the periodic cur- 

rent density function 
Hmax ~ value of H at the maximum of the LSV current 

density function 
i current density 
is current response of an RDE to which an infinite 

potential step is applied for a reversible deposi- 
tion reaction, Eq. [A-19], [A-51], [A-52] 

iL diffusion limiting current density 
i summation index 
~1 summation index 
Ja periodic anodic current density function, Eq. 

[A-27] 
Jc periodic cathodic current density function, Eq. 

[A-26] 
Ja o current density function during the first anodic 

sweep, Eq. [A-23] 
j o LSV current density function, Eq. [A-22] 
Ja: current density function during the ( l +  1) 

anodic sweep, Eq. [A-25] 

Jc L current density function during the (l + 1) cath- 
odic sweep, Eq. [A-24J 

Jc,max maximum value of Jc 
Jc,max~ value of Jc ~ 

num~)er of applied complete potential cycles 
p Laplace parameter 
Ra periodic anodic charge density function, Eq. 

[A-34], [A-47] 
Rr periodic cathodic charge density function, Eq. 

[A-33], [A-46] 
Rn periodic net charge density function, Eq. [A-35], 

[A-48] 
Rc o charge density function during the LSV sweep, 

Eq. [A-32], [A-45] 
Ra t charge density.function during the (l -+- 1) anodic 

sweep, Eq. [A-31J 
Rc ~ charge density function during the (l + 1) cath- 

odic sweep, Eq. [A-30] 
Rn t net charge density function during the complete 

(l + 1) sweep, Eq. [9] 
Rn' defined by Eq. [20], [A-49] 
Rc,maxmaximum value of Rc 
t dimensional time 
v dimensional sweep rate 
x dimensional distance away from RDE surface 
5 thickness of the Levich diffusion layer 

r ( 4 / 3 ) ,  Ec~. [A-51] 
dimensionless distance, R,ef. (8) 

~l overpotential 
~lc cathodic reversal overpotential 
8 reversal time 
8' dimensionless reversal time, Eq. [3] 
~ dummy variable of integration 
~.i eigenvalue, Ref. (8) 
~.il eigenvalue, Ref. (13) 

electrolyte kinematic viscosity 
dimensionless distance, Eq. [2] 
dimensionless sweep rate, Eq. [1] 
dimensionless time, Eq. [2] 

Ta dimensionless time into an anodic sweep, Eq. [4b] 
�9 c dimensionless time into a cathodic sweep, Eq. 

[4a] 
RDE rotation speed 
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ABSTRACT 

Multisweep cyclic voltammetry applied to electrodeposition at a stationary planar electrode under  conditions of semi- 
infinite linear diffusion is analyzed in terms of current and charge density functions. A hypothetical periodic state obtained 
at an infinite reversal overpotential serves as a lower bound for the values of the current function, which has as an upper 
bound the current measured on the first sweep. Another hypothetical periodic state reached by continuous cycling de- 
pends on the chosen finite value of the reversal overpotential. A quasi-periodic state is defined when current functions do 
not change significantly with further cycling. Whereas fewer cycles are necessary for quasi-periodic behavior in the current 
with increasing reversal overpotential, the opposite is true for the cathodic charge. It is found that the cathodic current al- 
ways exhibits a maximum; multiple sweeping significantly reduces its height and shifts its position toward more cathodic 
overpotentials, but  not by much. As in linear sweep voltammetry, the height of the cathodic maximum obtained by multiple 
sweeping depends linearly on the square root of the sweep rate, whereas the charge associated with each sweep depends 
linearly on its inverse. Each complete cYcle results in a net accumulation of deposit, with the amount  on each cycle decreas- 
ing with the total number  of previous cycles. Whereas the first cathodic sweep starts from zero current, the current at the 
start of the second cathodic sweep is anodic; the value of this anodic current depends both on sweep rate and the reversal 
overpotential. Relative to linear sweep voltammetry, multisweep cyclic voltammetry generates characteristic currents that 
are unique to each sweep, thereby multiplying the criteria for reversibility manyfold. However, cyclic voltammetry also 
creates a substantial net  deposit on each sweep, and any resulting surface area change with repeated cycling would make the 
multisweep diagnostics meaningless. 

Whereas the application of single sweep potent ia l  
cycles to s tat ionary electrodes has become a technique 
with a long history in electrochemistry, mult isweep 
methods have almost never  been investigated. An ex- 
ception is the paper by Matsuda (1) in  which a re-  
versible reaction with soluble product is examined 
under  conditions of mult isweep cyclic vo l tammetry  
(CV) occurring on a hanging drop electrode. In  this 
investigation, we examine cyclic vol tammograms ob- 
tained when mult isweep CV is applied to a s ta t ionary 
p lanar  electrode under  conditions of semi-infini te  
l inear  diffusion. The reaction mechanism is that  of a 
reversible deposition with the deposit at un i t  activity. 
Linear  sweep vol tammetry  (LSV) results for this re-  
action have been reported previously by Berzins and 
Delahay (2). The first anodic sweep has been analyzed 
by  White and Lawson (3) who a'lso included the case 
of t ime-dependent  deposit activity. A comparison is 
made where appropriate with the corresponding theory 
(4) for a rotat ing disk electrode (RDE). A complete 
description of the problem would require computat ion 
of concentrat ion and cur ren t  and charge density func-  
tions. Since the computat ion of concentrat ion func-  
tions is a major  task and it would add li t t le informa-  
t ion to that  available from RDE theory (4), we have 
restricted ourselves to an analysis of cur ren t  and 
charge densi ty functions only. 

By appropriately defining these functions, it  has 
been possible to obtain expressions which depend only 
on the reversal  overpotential.  In  this respect, they are 
different f rom the RDE functions, even if the la t ter  
were to be expressed in  terms of dimensional  quant i -  
ties. To emphasize this point, different notat ion has 
been chosen for their  representation.  By analogy to 
RDE theory, a reversal  overpotent ial  has been sought 
which would guarantee periodic behavior  immedia te ly  
after the LSV sweep. It was found that  this behavior  is 
observed only with infinite overpotential .  Both the 
mathemat ical  and physical in terpre ta t ion  of the peri-  
odic cur ren t  funct ion at infinite reversal  overpotent ial  
is difficult. It is thus being used only as a computa-  
t ional  result, and the discussion will  emphasize the 
quasi-periodic state. This is achieved when, for a given 
reversal  overpotential,  a sufficient n u m b e r  of cycles 
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have been applied so that  cur rent  densi ty does not 
change significantly upon fur ther  cycling. 

Statement of the Problem and Definitions 
The absence of a t ime- independen t  characteristic 

length associated with a s tat ionary electrode does not 
allow the definition of dimensionless distance, time, 
and sweep rate. If 2o is the durat ion of a complete cy- 
cle, the surface concentrat ion dur ing  the cathodic 
sweep changes exponent ia l ly  through the Nernst  equa-  
tion from c b to c b exp (--  a0), where c b is the bulk  con- 
centrat ion;  dur ing an anodic sweep the var iat ion is 
from c b exp ( - -  a0) back to c b. For  

a = ( n F / R T ) v  [1] 

the parameter  a0 is a dimensionless reversal  overpo- 
tential;  similarly,  at, where t is dimensional  time, is a 
dimensionless overpotential.  In  Eq. [1], v is the sweep 
rate, and n, F, R, and T have their  usual  meaning.  For 
reasons of consistency with previously published work 
(2), we re ta in  the notat ion (at, ao) as opposed to~ (H, 
He) introduced in  the RDE theory (4). If l is the n u m -  
ber of already applied cycles, we can define d imen-  
sional time into a cathodic sweep, tc, or into an anodic 
sweep, ta, by the following equations 

t = 2D + to; 0 ~ tc ~.0; t dur ing  a cathodic s w e e p  

[2a] 
t =  ( 21~- l ) o ~- ta; 0 ~ t a ~ 0 ;  

t dur ing  an anodic sweep [2b] 

Since the surface concentration,  c(0, t) is a known 
funct ion of time, current  densities can be computed by 
the application of Duhamel 's  theorem (4, 5) 

f t Oc 
i ( t )  = -  nF(D/~)I / ,  ,,0 - ~  (0,~) �9 ( t - - ~ ) - l / 2 d ~  [3] 

For instance, combinat ion of Eq. [2a] and [3] yields 
the cur ren t  densi ty dur ing  the (l + 1) cathodic cycle, 
ie ~, as a funct ion o] l, v,  and 0. As has been demon-  
strated by Berzins and Delahay (2) in the LSV case, 
the combinat ion icOv - 1/2 depends only  on ate. Since this 
property is re ta ined in mult isweep CV, the re levant  
current  density functions are defined as follows 
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Ic ~ (ate; a0) : icl/(nFDY~a�89 b) [4] 

Ic ~ (ata; a0) : ial/(nFD Y2aY=c b) [5] 

where  Ie ~ refers  to the ( l -F  1) cathodic sweep and Ia l 
to the (l + 1) anodic sweep. Note that  l"s are  d imen-  
sionless and tha t  the factor  nFD'/~aY~co is not  r e la ted  to 
a l imi t ing cu r ren t  density,  as is the case for  J ' s  in RDE 
theory;  in addi t ion,  a t r an smrma t ion  such as Jr for  
the RDE st i l l  depends  on both r and ~0' r a the r  than  
~r ( =  a0) alone. 

The charge dens i ty  dur ing  the (l + 1) cathodic or 
anodic sweep, qc t and qa ~, respect ively ,  can be obta ined  
by  in tegra t ing  i J  and ia L over  the t ime interval ,  0 to 0. 
As for  i , v - '% the quan t i ty  q~v'/= depends  only  on a0. 
The charge dens i ty  functions,  QJ and Qa ~, can then  be 
defined as fol lows 

Qct(a0) = qcZ/(nFD~/=a-'/~c b) : Ie~(at~;a~)d(ate) 

[6] fs 
QaZ(ao) = qaV(nFD'/=a-~/=c b) = Ia~(ata;aO)d(ata) 

[71 

The net  charge  densi ty  function,  QnZ(ao), associated 
with  the comple te  (l -F 1) cycle is 

Qn~(ao) : Qc~(ao) + QaZ(ao) [8] 

Expressions  for Ic ~, I~ and Qe ~, Qa ~ are  de r ived  in the 
Appendix .  

Results and Discussion 
In the  l imi t  a0 -+ ~ ,  both Iet and Ia l become / - inde-  

pendent ,  indica t ing  the existence of a hypothe t ica l  
per iodic  s ta te  denoted  by  Ir ~ )  and Ia(aSa; r 
Since an infinite amount  of charge is consumed dur ing  
the LSV sweep in the  overpoten t ia l  range  0 to ~ ,  this 
per iodic  state is unreal izable .  F rom the  mathemat ica l  
viewpoint ,  the bounda ry  condit ion an infinite dis tance 
away  from the e lec t rode  surface dictates  tha t  the  
concentra t ion should be re ta ined  at  the bu lk  value,  
cb, but  over  finite t imes. Indeed,  concentra t ion func-  
tions for  the LSV sweep der ived  in the Append ix  con- 
tain forms which cannot  be de t e rmined  when  both dis-  
tance a w a y  f rom the electrode surface and t ime are  
infinite. 

Despi te  difficulties in the  phys ica l  and ma themat i ca l  
in te rp re ta t ion  of Ir and Ia, numer ica l  evaluatioi~ of Ie ~ 
and Ia ~ over  a large  range  of a0 and I values  has indi -  
cated tha t  

Ir ~ > Ie and Ia l > Ia [9] 
Since 

/c ~ > Ic ~ and Ia ~ > Ia ~ [10] 
we can wr i te  

Ic < Ict < Ic ~ a n d  Ia <: Ia ~ <~ Ia ~ [11] 

indica t ing  tha t  the LSV cur ren t  funct ion and the pe r i -  
odic cathodic at  infinite reversa l  overpoten t ia l  are  
upper  and lower  bounds, respect ively,  for Ic ~ i r respec-  
t ive of the value  of l or a0. S imi lar ly ,  Ia 1 is bounded 
f rom the above by  the cur ren t  funct ion dur ing  the first 
anodic sweep and f rom below by the per iodic  anodic at  
infinite reversa l  overpotent ia l .  

No closed form expressions  have been der ived  for  
the pe r iod i c  s ta tes  obta ined  by  le t t ing  I -+ ~ .  How-  
ever,  t hey  can be shown to exis t  and  are  genera l ly  di f -  
fe rent  from each o ther  depending  on the chosen finite 
value  of a0. They a~so obey Eq. [11]. Since these pe r i -  
odic s tates  involve infinite times, the i r  phys ica l  and 
mathemat ica l  in t e rp re ta t ion  is under  doubt.  

Numer ica l  invest igat ions  of cur ren t  dens i ty  func-  
tions have shown tha t  for  a given finite value of a0, a 
s ta te  is reached beyond which increas ing the number  
of cycles does not  effect significant changes in the i r  
value.  This type  of behavior  can be t e rmed  quasi  pe r i -  
odic and is a t t a ined  wi th in  f ewer  cycles as the reversa l  
overpoten t ia l  is increased.  This is expected since in the 

l imi t  of infinite a0 the first cathodic sweep is sufficient 
for  per iodic  behavior .  The fol lowing discussion wil l  
focus on l -dependen t  funct ions and the i r  re la t ion to 
the hypothe t ica l  per iodic  state at  infinite reversa l  
overpotent ia l .  

F igures  1 and 2 are  d rawn  for two different  values of 
the dimensionless  reversa l  overpotent ia l ,  6 and 24, r e -  
spect ively.  As for  the RDE, no e x t r e m u m  is expected  
to appea r  in the anodic sweeps, since no l imi ta t ions  
have been imposed on the amount  of ma te r i a l  tha t  
can be s t r ipped  f rom the e lect rode surface. However ,  
al l  cathodic curves exhib i t  a max imum.  Thus, there  
are  three  cr i ter ia  of diagnostic importance.  These are:  
(i) the foot of the cathodic wave,  Ic~(0; a0) --_ Ia t - l (a0 ;  
a~); (ii) the posi t ion of the cathodic m a x i m u m  on 
the potent ia l  axis, (atc)max~; and (iii) the height  of 
the cathodic peak, Ic.rnaxk The values of these quant i -  
t ies for  the two bounds,  i.e., the  first cathodic wave  (2 ~) 
and the per iodic  wave  at  infinite overpo ten t ia l  are  as 
follows 

/ co (0 )  : 0; (a~c)~ : 0.854; Ic, max~ --- 0.610 [12] 
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Fig. I. Current density functions for a reversal overpotential of 
6RT/nF. 

05 

o 

o 

o r 

o 
<[ 

: ' (% 24) , K~FJ /00 FI (arc,24) 
~ _ ~ ~  

is - - z - 0  ~4 

/, i =Ia(ata,24) 
Ha(ola,c0) 

-05 atc 

aS~ ta 

-I' 

(24,24) 
-~0 
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I~(O, ~ )  : --1; (arc)max = 1.3; It, max = 0 . 1 9 4  [13] 

As ment ioned  previously ,  these numbers  define the 
total  range  of var ia t ion  of the cur ren t  functions.  For  
instance, the  cathodic m a x i m u m  can never  exceed 0 . 6 1  

or be lower  than  0.19, i r respec t ive  of 1 and ao. F u r t h e r -  
more,  since Ic(0. ~ )  ---- --1, a meaning  can be assigned 
to the quan t i ty  nFD'/~a'/~c b as tha t  cur ren t  dens i ty  m e a -  
sured  in the  anodic di rect ion at  the foot of the per iodic  
cathodic wave  wi th  infinite reversa l  overpotent ia l .  

A considerable  reduct ion  of the he ight  of the  ca th-  
odic peak  dur ing  the second wave as compared  to the  
first is one of the most impor tan t  predic t ions  of the  
presen t  model .  I ts posi t ion is also sh i f ted  in the ca th-  
odic direction,  bu t  not  by  much, as can be in fe r red  b y  
a compar ison of the  (atc)ma~ values  in Eq. [12] and 
[13]. The subsequent  deve lopment  of the  cu r ren t  func-  
t ion profiles is mos t ly  defined by  the value  of the re-  
versa l  overpotent ia l .  For  large  such values,  the  he ight  
and posi t ion of the second cathodic wave  m a x i m u m  do 
not  change signif icantly wi th  fu r the r  cycling. On the 
o ther  hand,  for  values  of the reversa l  overpo ten t ia l  
which  are  nea r  the max imum,  cur ren t  funct ions for 
different  values  of l show m a r k e d  variat ions.  This is a 
consequence of the s lower  approach  to quas i -per iod ic  
behav ior  for  smal le r  values  of ao. 

A s u m m a r y  of numer ica l  resul ts  for the three  d iag-  
nostic c r i t e r ia  is shown in Table  I, over  a range  of ao 
values  of prac t ica l  interest .  For  a single e lect ron t r ans -  
fer  react ion (n = i ) ,  the repor ted  range of ao values  
corresponds to a cathodic reversa l  overpoten t ia l  of ap-  
p r o x i m a t e l y  0.16-0.62V. The way  of using this table  is 
as follows: let  ir ao) be the cu r ren t  dens i ty  m e a -  
sured at  the  beginning  of the (l ~- 1) cathodic wave  
(or  the end of the  l th  anodic)  a t  a fixed reversa l  ove r -  
po ten t ia l  of ( R T / n F ) a o ,  and ic. ma~ ~ [(atc)max~,ao] be 
the peak  cu r ren t  densi ty;  then 

ict(0; ao) = Acbv'/~Ir ao) [14] 

~c, m a x  t [ (atc)ma:r ao] : AcbvVflc,,nax L [ (ate) max'; a0] 

[15] 

A : ( n F )  3/2 ( R T ) - ' / ~  D'/~ [16] 

w h e r e / c ( 0 ;  ao) and Ic.max ~ can be read  off Table  I (or 
computed  f rom Eq. [A-16] of the A p p e n d i x ) .  Fo r  ex -  
ample,  if  ao = 24, a plot  of the peak  cur ren t  dens i ty  
measured  dur ing  the fifth sweep (1 : 4) vs.  v'/~ should  

be l inear  wi th  a slope of 0.238 A c  b. Simi la r ly ,  a p lot  of 
the absolute value of the cur ren t  dens i ty  at  the foot 
of the same wave should also be l inear  wi th  a slope 
of 0.961 Acb. I t  should be r e me mbe re d  tha t  these slopes 
also depend on the diffusion coefficient and the bu lk  
concentration of the reacting ion; in addition, increas- 
ing I should not greatly affect these values (for in- 
stance, the maximum measurable slope for the current 
density at the foot of the wave vs. v'/2 is Ac b to be com- 
pared against 0.961 Ac b for I = 4). 

We now turn our attention to the charge density 
functions. In the hypothetical periodic states, these 
funct ions possess in teres t ing  proper t ies ;  these can be 
summar ized  as follows 

Q c ( ~ )  -- 1; Q a ( ~ )  - - 1 ;  Q n ( ~ )  - - 0  [17] 

Qn ~ (ao) : 0 [18] 

Equat ion [18] indicates that,  f o r  any  value of ao, no 
net  deposi t  is fo rmed or  s t r ipped  f rom the e lec t rode  
in the per iodic  s ta te  reached b y  le t t ing  I --> ~ ;  s imi-  
lar ly ,  for  the per iodic  state of ao -> ~ (Eq. [17]). As 
in the case of I~(0; ~ ) ,  the l imit ing values  of Q c ( ~ )  
and Q a ( ~ ) ,  Eq. [17], assign a mean ing  to the quan t i ty  
( •  nFD1/2a-'/ ,c b, as the charge dens i ty  obta ined  du r -  
ing a per iodic  cathodic ( + )  or  anodic ( - - )  Sweep at  
infinite reversa l  overpotent ia l .  

Regard ing  quas i -per iod ic  behav ior  of the charge 
functions, i t  should be noted that  increas ing number  of 
cycles is requ i red  for  increasing ao. This is con t ra ry  
to the cur ren t  function behavior ,  but  should be ex-  
pected since smal l  var ia t ions  in the cur ren t  dens i ty  
acquire  grea te r  significance as ao increases;  this is a 
consequence of in tegra t ing  currents  over  the ent i re  ao 
range.  

F igures  3 and 4 are  plots of cathodic, anodic, and net  
charge dens i ty  functions wi th  ao as the var iab le  and l 
as the parameter ,  As shown in Fig. 4, Qn ~ is a lways  
posit ive indica t ing  that  a mul t i sweep  CV expe r imen t  
for a reversible,  deposi t ion reac t ion  a lways  resul ts  in 
the format ion  of a net  deposi t  on the e lect rode sur -  
face, except  in the hypothe t ica l  per iodic  state reached  
by  l -~ ~ (Eq. [18]) when no net  ma te r i a l  is deposi ted 
(or s t r ipped)  i r respect ive  of the reversa l  overpotent ia l .  
A p a r t  f rom the implicat ions  of this resul t  on t r ans ien t  
surface morphology,  it  also indicates  tha t  a thin film 
of deposi t  or ig ina l ly  exis t ing on the surface  is sufficient 
for the per formance  of the expe r imen t  and is necessary  

Table I. Numerical results for the current density function at the foot of the cathodic wave (a), the position of the 
cathodic maximum (b), and its height (c), in terms of the number of cycles, I, and the dimensionless reversal 

overpotential, aO .The range of values reported in columns (b) indicates that over this range the maximum value of the 
cathodic current density function was the same to four significant figures. Negative numbers refer to anodic currents. 

a O = 6  a ~ = 8  a 0 = 1 0  a 0 = 1 2  a # = 1 4  

a* b c a b c a b c ~ b c a b c 

1 - 0 . 8 6 8  1.324-8 0.355 - 0 . 8 9 0  1.338-43 0.334 -0 .903  1.345-51 0.319 -0 .913  1.349-55 0.309 - 0 . 9 2 0  1.355 0.300 
2 - 0 . 8 8 6  1.343-6 0.320 - 0 . 9 0 6  1.351-5 0.301 - 0 . 9 1 8  1.357-8 0.289 - 0 . 9 2 6  4.359-64 0.280 - 0 . 9 3 3  1.359-64 0.273 
3 - 0 . 8 9 6  1.346-52 0.304 - 0 . 9 1 5  1.354-9 0.286 - 0 . 9 2 7  1.359.61 0.275 - 0 . 9 3 5  1.361-3 0.267 -0 .941  1.361-6 0,261 
4 - 0 . 9 0 4  1.349-53 0.294 - 0 . 9 2 2  1,357-9 0.277 -0 .933  1.361-2 0.266 - 0 . 9 4 0  1.362-5 0,259 - 0 . 9 4 6  1.361-7 0.253 
5 - 0 . 9 0 9  1.351-4 0.287 - 0 . 9 2 7  1.358-60 0.271 - 0 . 9 3 7  1.360-4 0.260 - 0 . 9 4 4  1.361-6 0.253 -0 .950  1.363-6 0.248 

10 - 0 . 9 2 3  1.352.6 0.270 - 0 . 9 4 0  4.359-62 0.255 - 0 . 9 4 9  1.363 0.246 - 0 . 9 5 6  1.361-7 0.240 - 0 . 9 6 0  1.363-7 0.235 
20 --0.935 1354-6 0,257 - 0 . 9 5 0  1.3~0-1 0.244 - 0 . 9 5 9  1.360-6 0.235 - 0 . 9 6 4  1.363-6 0,230 - 0 . 9 6 8  1.363-7 0.226 
30 - 0 . 9 4 0  1.354~ 0.252 - 0 . 9 5 5  1.359-63 0.239 - 0 . 9 6 3  1.361-6 0,231 - 0 . 9 6 9  1.362-8 0.226 - 0 . 9 7 2  1.363~ 0.222 
50 - 0 . 9 4 5  1.354-7 0.246 - 0 . 9 6 0  1.359-63 0.233 - 0 . 9 6 8  1.361-6 0.226 -0 .973  1.363-5 0.221 - 0 . 9 7 6  1.365 0.218 

a 0 = 1 6  a 0 = 1 8  a 0 = 2 0  aO =22  a 0 = 2 4  

a b c a b e a b c a b c a b a 

1 - 0 . 9 2 6  1.354-60 0.294 --0.930 1.357-61 0.288 - 0 . 9 3 4  1.358-62 0.283 - 0 . 9 3 8  1.359-63 0.279 --0.940 1.360-3 0.275 
2 --0.938 1.360-6 0.268 --0.942 1.361-6 0.263 - 0 . 9 4 5  1.363-5 0.259 - 0 . 9 4 8  1.363-6 0,256 - 0 . 9 5 1  1,362-8 0.253 
3 --0.945 1.362-7 0.256 --0.949 1.362-7 0 . 2 5 2  - -0 .952  1.365 0.249 --0.954 1,363-8 0 . 2 4 6  --0.957 1.363-9 0.243 
4 --0.950 1.363-7 0 . 2 4 9  --0.954 1.365-6 0.245 - -0 .956  1.363-7 0 , 2 4 2  --0,959 1.36~-8 0 , 2 4 0  --0.961 1.364-8 0.238 
5 --0.954 1.365 0.244 -0.957 1.362-7 0 . 2 4 1  --0.960 1.364-7 0 . 2 3 8  --0.962 1.363-9 0 , 2 3 5  --0.964 1.364-8 0.233 

10 --0.964 1.363-8 0 . 2 3 2  --0.966 i.365-6 0 . 2 2 9  --0.969 1.365-8 0 . 2 2 7  --0.971 1.364-9 0 . 2 2 5  --0.972 1.364-9 0.223 
20 --0.971 1.363-8 0 . 2 2 3  --0.974 1.364-8 0 . 2 2 1  -0.976 1.365-7 0 . 2 1 9  -0.977 1.365-8 0 , 2 1 7  --0.979 1,364-9 0.216 
30 --0.975 1.364-8 0.219 --0.977 1.365-8 0.217 --0.979 1.365-8 0.215 -- 0.980 1.365-8 0.214 --0.982 1,365-8 0.213 
50 --0.979 1.365-6 0.215 --0.981 1.365-7 0.213 --0.982 1.364-8 0.212 --0.984 1.365-8 0,211 -0 .985  1.365-8 0.240 

" a: IJ+~(O, aO); b: (at~) .~=z;  e: l~ , .~l .  
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Fig. 4. Net charge density functions 

for the electrode to have a well-defined equilibrium 
potential. 

The definition of charge density functions shows that 
the actual charge density measured during a cathodic, 
anodic, or complete potential cycle should be correlated 
to the inverse of the square root of the sweep rate, 
v-~,, rather than vY,. If qnl(a#) is the measured net 
charge density during the (l + 1) complete cycle, then 

qnl(ao) - -  Bcbv -Va QnZ(ao) [19] 

B : (nFRTD)  1/~ [20] 

where Qn~(ae) values are read off Fig. 4. Similar ex- 
pressions can be written down for qc ~ and qa ~ in terms 
of Qc z, Qa Z, and v - ~ .  Figure 3 can be used to provide 
values for Q~ and Qa z. 

Conclusions 
Analysis of a reversible deposition reaction occurring 

on a stationary planar electrode under multisweep 
cyclic voltammetry conditions has demonstrated the 
absence of an experimentally realizable periodic state. 
Instead, all quantities of potential diagnostic use, such 
as the height of the cathodic current maximum, its 
position on the potential axis, and the magnitude of the 
anodic current at the equilibrium potential, vary con- 

tinuously with the parameters of the method, such as 
the number of applied cycles and the reversal over- 
potential. These variations are most pronounced be- 
tween the first and second sweeps and they diminish 
with continued cycling, eventually leading to quasi- 
periodic behavior. Relative to linear sweep voltamme- 
try, multisweep cyclic voltammetry multiplies the 
characteristic criteria of reversibility manyfold. 

Except in the hypothetical periodic states achieved 
by an infinite reversal overpotential or by an infinite 
number of applied cycles, in which no net deposit is  
formed during a complete potential sweep, all other 
states result in the formation of a net deposit on the 
electrode surface whose absolute amount depends on 
the concentration in the solution, the total number of 
applied cycles, and the nature of the material. The re- 
sulting changes in surface area may invalidate the de- 
tailed information that can be obtained in principle 
by multisweep measurements. Since the most impor- 
tant changes for diagnostic purposes occur on the first 
two sweeps, metal deposition studied by cyclic vol- 
tammetry should be limited to a few sweeps to a v o i d  
the roughness complication. 
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APPF, NDIX 

Mathematical Derivation of Current and Charge Density Functions 
Since no time independent characteristic length is a s -  

s o c i a t e d  with a stationary electrode, the diffusion 
problem is described in terms of dimensional quanti- 
ties, such as distance, x, away from the electrode sur- 
face, time, t, and the concentration c(x , t ) ,  of the re- 
acting species. Assuming semi-infinite linear diffusion 
and excluding natural convection, double layer capaci- 
tance, pseudocapacitance, and electrolyte resistance ef- 
fects, we can write 

e (~ ,  t) = c b, t positive and finite [A-I] 

where c b is the bulk, also initial, concentration of the 
reacting species, and 

c(0, t) __ 

t c b e x p [ _ a ( t _ 2 n 0 ) ] ;  
2n0 -~ t ~ (2n + 1)0; cathodic cycle [A-2] 

c b exp [-- (2n + 2) a0] exp (at) ; 

(2n + 1)0 ~ t ~  (2n + 2)e; anodic cycle 

a = ( n F / R T ) v  [A-3] 

where v is the dimensional sweep rate and n, F, R, and 
T have their usual meaning. Equation [A-2] describes 
the dependence of the surface concentration on time; 
this is defined from the potential through the Nernst 
equation. It is assumed that the potential starts at the 
equilibrium value based on c b, and changes linearly at 
a rate v for a time 0. The cycle is repeated in the op- 
posite direction for the interval (0, 20) and so on 
[see Fig. 1 in Ref. (4) ]. 

Expressions for the functions of interest are reported 
in terms of dimensional times, tc and ta, into a cathodic 
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and anodic cycle, respectively. These are defined as 
follows 

t = 21o -5 tc; 0 --~ tc ~-- 0; t dur ing  a cathodic sweep 

[A-4a] 

t = (21 -5 1)0 -5 ta; O ----- t a  -~ 0; t dur ing  an anodic sweep 

[A-4b] 

Current Density Functions 
For the purposes of the derivat ions in  this work, 

we introduce two concentrat ion s c' and cs', 
defined as tollows 

c ' (x, t )  = 1 -- C(Xlt)/c b [A-5] 

Cs'(X,t) = 1 -- err --ff X (DT)-~/= [A-6] 

where D is the diffusion coefficient of the reacting ion 
and "erf" is the error funct ion (6) 

f: e r f x  = ~.~-~/= exp ( - - ~ ) d t  [A-7] 

Both Eq. [A-5] and [A-6] are related to the applica- 
bil i ty of Duhamel ' s  theorem. By Eq. [A-5], the ini t ial  
conctition on c(x,t)  changes from c o to 0. Equat ion 
[A-6J is the solut ion to the infinite potential  step 
problem. Transforming Eq. [A-2] according to Eq. 
[A-S J, Duhamel 's  theorem yields 

ys Oc' 
c ' ( x , t )  = - . ~  (0) .)  �9 c / ( x , t  - ~.)d~. [A-8] 

Since 

i ( t )  = - -nFDc u _Oc' (O,t) [A-9] 
.0x 

we obtain 
yo t OC' 0Cs' 

i ( t )  _-- - -nFDc b (O,X) �9 (0,t -- ~)dX 
-~- 0z 

yo ~ 'O c 
= - -nFCD/~)I /= ~ (0,k) �9 (t -- ~ ) - ' ~  d~, [A-10] 

Equat ion [A-10] can be used directly for the compu- 
tat ion of cur ren t  densi ty when combined with [A-2], 
[A-4a], or [A-4b].  

As has been demonstrated for the case of LSV (2), 
the cathodic current  ic depends on v 1/= and at. How- 
ever, the quant i ty  icy -I/2 depends only on at. This 
property is the origin of the definition of current  den-  
sity functions for s ta t ionary electrodes. It  should be 
noted that  the corresponding quant i ty  ( ic / ia)a -1/2, for 
the RDE is still a function of the dimensionless sweep 
rate, r instead of ~T or ~0' alone (where �9 and O' are 
dimensionless t and o, respectively).  In  order to em- 
phasize that  s ta t ionary electrode current  density func-  
tions are defined differently than  RDE functions, we 
represent  them with the symbol I, instead of J (4). 
We can then write 

/r ao) = icZ/ (nFD~/2a~2c b) [A-11] 

Ia~(ata; no) = iat/ (nFD1/=al/=c b) [A-12] 

where ic ~ is the current  density measured dur ing the 
(1 -5 1) cathodic sweep and ia z is the current  density 
measured dur ing  the (l -5 1) anodic sweep. Combina-  
tion of Eq. [A-10] with [A-4a] or [A-4b] yields ex- 
pressions for Ic ~ and Ia I in terms of the error  funct ion 
and Dawson's integral  (6, 7) F ( x )  

s F ( x )  = exp (--  x 2) exp (t~)d~ [A-13] 

(i) single sweep CV; cathodic (also LSV) (2) 

Ico(atc) : 2~ -1/2 F[(atc)V=] [A-14] 

(ii)  single sweep CV; anodic 1 (3) 

This  express ion  does no t  a g r e e  wi th  the  one r e p o r t e d  in Ref. 
(3) ;  in the  la t te r ,  the  mul t ip ly ing  f ac to r  fo r  F [ ( a t O  z/s] is 1, 
r a t h e r  t h a n  e x p  ( - a~). 

Ia~ ao) = 2~ -1/2 {F[(ata  -5 8) 1/2] 

- -  exp (--  ae)F~(ata)l/2]} --  exp ( - -  a0) 

exp (ata) err [(ata)'/=] [A-15] 

(i i i)  mult isweep CV; cathodic 
t 

IcL(atc; a0) : 2~-Y2 F[(atc)~/=] -- 2~-1/2 ~,r exp (--  a0) 
n = l  

F [ ( atr + (2n -- 1)a0) 1/2] --  F [ ( ate -5 2nao ) 1/= ] 

+ ~-~ exp (a te )exp  [ (2n -- 2)a0] 
}%=I 

{err [(atc -5 (2n -- 2)a6) 1/=] 

-- erf [ (ate + (2n -- 1) a0) '/=] } [A-16] 

( iv )  multisweep CV; anodic 

Ia ~ (ata; a0) -- - exp (--  a0) exp- (ata) err [ (ata) 1/=] 

- 2~ -1/2 ~ exp ( -  a0)F[ (a ta  -5 2na0)V=] 
}%----0 

I 

- -  F[(a ta  W (2n + 1)a0)l/2] -5 ~ exp (ata) 
n = l  

exp [(2n -- 1)a0] {erf [(ata -5 (2n -- 1)a0)V=] 

- -  erf [(ata -5 2naO)l/=]} [A-17] 

Whereas Eq. [A-16] and [A-17] possess an / - inde-  
pendent  l imit  as a0 --> 0% no closed form expression 
can be obtained for l --> oo. The condit ion a0 --> oo is 
s imilar  to the condition 0' --> oo in RDE theory, except 
that in  the lat ter  0' ~ 1 is sufficient to simulate infinity. 
Fur thermore,  a0 --> oo is devoid of any  physical sense 
because an infinite amount  of charge would be con- 
sumed for the reversal  overpotent ia l  to assume such 
high values. Mathematically,  examining  such a l imi t -  
ing behavior  is not proper because the boundary  con- 
dition, [A- l ] ,  is not  satisfied. To demonstrate  this, we 
examine the concentrat ion profiles dur ing  the first 
cathodic sweep (LSV). Using Eq. [A-8J we obtain 2 

cr  = err - -  -5 1 /2exp  
2 (Dr) 1/2 4Dr 

L (at)~/2 -5 2(D-t)'/= 

[ ~ - s w  -- (at) ' /2-5 2 ( ~ ) ' / ~  [A-18]s 

from which it becomes obvious that  expressions such 
as x / (D t ) , / 2  or x2 /Dt  are indeterminate  when  both x 
and t tend to oo. Similar  arguments  hold for I --> oo 

Lett ing a0 --> oo in  Eq. [A-16] and [A-17] we obta in  

It(ate; 0r -- 2~ -~/2 F[(a tc)  ~/=] 

- -  exp (ate) {1 -- erf [(atc)1/=]} [A-19] 

Ia(ata; oo) --  - - e x p  ( - - a o )  e x p  ( a t a ) e r r  [(ata) ~/=] 

[A-20] 

Numerical  evaluat ion of Eq. [161 and [17] has indi -  
cated that  

Ic ~ > Ic; Ia z > Ia [A-21] 

in other words, Ic and ia are lower bounds for Ic ~ and 
Ia ~, respectively. In  addition 

Ic ~ < Ir ~ and Ia t < Ia ~ [A-22] 

Since doubts exist about the physical in terpre ta t ion  
of the limits of the current  functions at infinite times 
(obtained by let t ing either a0 or I tend to oo), it is 
more practical to investigate quasi-periodic behavior  
achieved when increasing I does not change the values 
of the current  functions appreciably. Numerical  in -  

2 Fo r  the  definit ion of the  func t ion  w (z) ,  see Ref. (6).  
ai  _- ( --1)V2 in this  equat ion.  
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vest igat ions have shown that  a t t a inmen t  of  quas i -  
per iodic  behavior  requires  a l a rge r  n u m b e r  of cycles, l, 
as the  reversa l  overpotent ia t ,  ae, decreases.  

One final point  needs clarif ication:  namely ,  tha t  the  
hypothe t ica l  per iodic  s ta te  obta ined by  a l lowing a0 --> 
oc is not  ident ica l  to the  one obta ined  for l --> oo but  
wi th  finite as. In  the  case of the cathodic cur ren t  func-  
tion, this can be demons t ra ted  by  examin ing  the differ-  
ence, Mc ~, be tween  I j  and Ic 

McZ(atc; ao) = I~ (arc; ao) -- Ie (ate; oo ) 

--  exp (ate) {1 --  err  [ (ate  + a0)'/,]} 

4- ~ exp (arc) exp [ (2n  --  2)as]  {err [(atc 

4- (2n -- 2)~)~/ , ]  - -  e r f  [(ate 4- (2n --  1)as) '~]}  

- -  2n- ' / ,  ~-r exp  (--  as) F[(atc 4- (2n --  1)as) ' / , ]  

- -  F[ (ate + 2nao)~/,] 4 [A-23] 

whereas  Mc~(atc; oo ) -~ 0 as expected,  aIc ~ (ate; as) ~ 0 
in genera l  and depends  on the pa r t i cu l a r  as value.  

We end the sect ion on cur ren t  dens i ty  funct ions by  
a discussion of some computa t iona l  detai ls .  Expres -  
sions involving a dependence  on 1 inside a ser ies  have  
been simplif ied by  employ ing  ident i t ies  such as 

~ ] ( 2 l - -  2 n - -  11 g ( 2 l - -  2n) 
n = 0  

-- ~ f ( 2 n - - 1 )  g ( 2 n )  [A-24] 
~ = 1  

where  ] and g are  gene ra l ly  different  funct ions of the 
argument .  In  severa l  occasions, numer i ca l  eva lua t ion  of 
express ions  such as 

exp (2na~)~{erf [ (2has)~1,] _ err  [ ( (2n  + 1)a~)~/~] } 

[ A - 2 5 ]  

can be difficult, s ince it m a y  involve mul t ip l ica t ion  
of a ve ry  la rge  w~th a ve ry  small  number .  This diffi- 
cu l ty  can be c i rcumvented  by  using an asymptot ic  ex -  
pans ion  (6, 8) of the  e r ro r  funct ion for  large  a r g u -  
ments  

er f x= l - -~ -V 'exp ( - -~ )  { x - l +  ~ (-1)~,=1 

[ 1 . 3 . . .  (2~ - -  1 ) ]  2 - ~ x  - ~ - ~  t [ A - 2 6 ]  

The impl ica t ions  of the  d ivergence  of the series on the 
accuracy  of the  approx ima t ion  are  discussed in Ref. 
(8). I t  should  be noted  tha t  Eq. [A-25] converges to 
0 when e i ther  n or  a8 tend to or This can be shown 
by  app ly ing  de l 'H6pi ta l ' s  rule. 

Charge Density Funcffons 
The charge qc ~ associated wi th  the  (l 4- 1) cathodic  

cur ren t  wave  (not a cumula t ive  quan t i ty )  is 

s qc~ -" , i~ dt~ [A-27] 

A s imi la r  express ion can be wr i t t en  down for qa t. In  
view of  Eq. [A-11] an obvious change  of va r i ab le  
yields  s 

Q~(ao) : q~/  (nFD'/,a-'/~c b) : I~(atc; ao)d(ate) 

[A-28] 
and, for  anodic waves  

Qa~(ao) : qaV (nFD'/m-~/2c b) = Ia~(ata; aO)d(ata) 

[A-29] 

F o r  l = 1, t h e  s e r i e s  b e g i n n i n g  w i t h  n = 2 is  s e t  e q u a l  t o  0. 

As in the case of i~v -vS, the quan t i ty  q~vV2 is indepen-  
dent  of v and depends  on ao alone. It seems na tu ra l  
then  to chose Q's as the charge dens i ty  functions.  Since 
charge densit ies in RDE models  are  defined differently,  
the symbol  Q ( ra the r  than R) has been chosen to refer  
to s t a t ionary  electrodes.  The net  charge contr ibut ion 
to the (I + 1) cycle, can be re la ted  to the net  charge 
dens i ty  function 

QnZ(as) = Qe~(ao) + Qa~(a0) [A-30] 

As noted previously ,  posi t ive values  for  Q's indicate  
the net  format ion  of a deposit .  Expressions  for the  
charge  dens i ty  functions are  obta ined  f rom Eq. [A-28] 
and [A-29] : 

(i) mul t i sweep  CV; cathodic 

Q~(a~) = - 2~-v~ F [  (a0)~/s] 

+ 2~-1/2(ae)'/2 [ (2 /4 -  1)'/, --  (2/) ' / ,] 

1 

- -  2=-w ~ F [ ( ( 2 n +  1)a0)V,] - -  [1 + exp ( - -  as ) ]  

F[(2nao)'/2] + exp ( - -  a0) F [ ( ( 2 n  -- 1)as) ' / , ]  
$ 

+ ~ exp [ (2n --  1)as] {err [ ( ( 2 n - -  1)as)v,]  

- -  erf  [ (2ha0)'/~] } --  exp  [ (2n --  2)a8] 

{err [(  ( 2 n -  2)a8) Y,] --  err  [ ( ( 2 n -  1)a~) V,]} 

[A-81] 
(ii) mul t i sweep  CV; anodic 

Qa~(a~) --  - erf  [(a8)'/2] 

+ 2~-W(ao)'/ ,  [ ( 2 / +  2)v2 - ( 2 / +  1)~]  

l 

- -  2~-v~ ~ F [ ( ( 2 n  + 2)a0)'/ ,]  --  [1 + exp ( - -  as ) ]  

F [ ( ( 2 n  4- 1)a0) w] 4- exp  ( - - a s )  F[(2naol'/,] 

4- ~-r exp (2n~0) {err [ (2ha0) '/2] 

-- e r r  [ ( ( 2 n  4- 1)ae) w]}4- exp [ (2n  --  I ) a s ]  

{err [ ( (2n --  1) as) '/2] _ e r r  [ (2ha0) v,]!} [A-82] 

(iii) mul t i sweep  CV; net  

Qn~(a0) ___ 2~-vs(a0) v,[(2l  4- 2)'/, - (2l)'/J] 

- 2~-v,  I F [ ( ( 2 /  4- 2)ae)V,] - -  exp ( - -  ae) 

F [ ( ( 2 / 4 -  1)ae)V,]} Jr exp (2/as) 

{err [(2lae)'/2] - - e r r  [ ( ( 2 / 4 -  1)a0)' / ,]} [A-33] 

Fo r  ve ry  large  ae values,  the  dependence  of Qe* and 
Qa ~ on I and ae is as fol lows 

Qe I = 1 + 2~-V~(ae)'ls[(21 4- 1)'12 - (2I)'/2] [A-34] 

Qa~= 1 4- 2~-v2 ( a s ) w [ ( 2 / 4 -  2)'~ --  (2~4- 1) '~] 

[A-35] 

whereas  in tegra t ion  of Eq. [A-19] and [A-20] y ie lds  

Qe (oo) = 1 [A-30] 

Qa (oo) = --  1 [A-87] 

Since I and a8 can be var ied  independent ly ,  Eq. [A-34] 
and [A-35] can be made  to converge to Eq. [A-36] 
and [A-37] i r respect ive  of how high the va lue  of a0 is. 
I t  is concluded then tha t  for  increas ing  values  of as, 
a l a rge r  n u m b e r  of cycles is necessary  for  the  a t t a in -  
men t  of per iodic  behavior  for  the charge  functions.  
This is con t ra ry  to the  behav ior  of  cu r ren t  functions 
and is p robab ly  due to the fact  tha t  smal l  var ia t ions  
in the cur ren t  cause g rea te r  var ia t ions  in the  charge 
wi th  increas ing a0, s ince the charge  is the in teg ra l  of 
the  cur ren t  over  the to ta l  a0 range.  
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For  the  hypothe t ica l  per iodic  states,  i t  should be 
noted that  

Qn(oO) : 0; Qn = (as) - -  0 [A-38] 

indica t ing  tha t  for  these cases, no net  charge is d is-  
solved o r  deposi ted dur ing  the passage of a complete  
cycle. 

LIST OF SYMBOLS 

a defined by  Eq. [1] . . . .  
aa dimensionless  reversa l  overpo~en~ia, 
ata dimensionless  overpoten t ia l  into an anodic 

sweep 
arc dimensionless  overpoten t ia l  into a cathodic 

sweep 
(arc)max value  of arc at  the  m a x i m u m  of the per iodic  

cur ren t  dens i ty  funct ion at  infinite reversa l  
overpotent ia l ,  Eq. [13] 

(arc)max ~ value  of arc at the m a x i m u m  of the LSV cur= 
rent  dens i ty  function,  Eq. [12] 

A constant  defined by Eq. L16] 
B constant  defined by  Eq. [20] 
c concentra t ion  
c' d imensionless  concentra t ion  defined b y  Eq. 

[A-5] 
c b bu lk  concentra t ion  
cs' dimensionless  concentra t ion obta ined  when an 

infinite potent ia l  step is appl ied  to a p l ana r  
electrode,  Eq. [A-6] 

cco concentra t ion dur ing  LSV sweep, Eq. [A-18] 
D diffusion coefficient 
i cu r ren t  dens i ty  
Ia per iodic  anodic cur ren t  dens i ty  funct ion at  infi- 

ni te reversa l  overpotent ia l ,  Eq. [A-20] 
Ic per iodic  cathodic cur ren t  dens i ty  funct ion at  in-  

finite reversa l  overpotent ia l ,  Eq. [A-19] 
Ia o cu r ren t  dens i ty  funct ion dur ing  the first anodic 

sweep, Eq. [A-15] 
I~ o LSV cur ren t  dens i ty  function,  Eq. [A-14] 
Ia ~ cu r ren t  dens i ty  funct ion dur ing  the ( l +  1) 

anodic sweep, Eq. [A-17] 

VOLTAMiVIETRY 1359 

Ic ! 

Zc,max ~ c , m a x  ~ 

Qa 

qc 

Qn 

Qn ~r 

Qa l 

Qc ~ 

Qn ~ 

t 
ta 
tc 
V 
8 

l .  

2. 

3. 

4. 

5. 
6. 

7 .  

8. 

c u r r e n t  dens i ty  funct ion  dur ing  the ( l - t - 1 )  
cathodic sweep, Eq. [A-16] 
m a x i m u m  value  o~ Ic 
m a x i m u m  value  of I~ ~ 
number  of appl ied  complete  po ten t ia l  cycles 
anodic charge dens i ty  funct ion at  infinite re -  
ve r sa l  overpotea t ia l ,  Eq. [A-37J 
cathodic charge dens i ty  funct ion at  infinite re -  
versa l  overpotent ia l ,  Eq. [A-36] 
net  charge densi ty  funct ion at  infinite reversa l  
overpotent ia l ,  Eq. [A-38] 
ne t  charge dens i ty  funct ion af te r  an infinite 
number  of cycles, Eq. [A-38] 
charge dens i ty  funct ion dur ing  the ( IW 1) 
anodic sweep, Eq. [A-32] 
charge densi ty  funct ion dur ing  the ( l +  1) 
cathodic sweep, Eq. [A-31] 
ne t  charge dens i ty  funct ion dur ing  the complete  
(l + 1) sweep, Eq. [A-33] 
t ime 
t ime into an anodic sweep, Eq. [2b] 
t ime into a cathodic sweep, Eq. [2a] 
sweep ra te  
reversa l  t ime 
d u m m y  var iab le  of in tegra t ion  
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ABSTRACT 

Molecular oxygen electroreduction at both P t  and Au electrodes in acetonitri le solutions was s tudied by  RDE and cyclic 
vol tammetry  techniques.  Hydrogen peroxide  was detected as the main reaction product  on P t  as well as on Au electrodes. 
Molecular oxygen dissociative adsorpt ion is inhibi ted by  the organic solvent which produces  a leveling effect of metal  cata- 
lytic properties.  Results  obtained by  cyclic vol tammetry  allowed the interpretat ion of the electrochemical  process  as a re- 
versible single electron transfer to give 02-, followed by the disproport ionat ion of superoxide ion that  in the presence of 
residual water  could account for hydrogen peroxide formation. The disproport ionat ion constant  was evaluated, its value 
being of the order  of 105 M sec-' .  These results were further confirmed by  the exper iments  performed at the RDE. 

Molecular  oxygen  e lec t roreduct ion  is one of the c lass-  
ical p rob lems  in e lec t rochemis t ry  ma in ly  in aqueous 
solutions.  Much less is known  about  O2 behav ior  in o r -  
ganic solvents,  where  most  of the s tudies  have been 
pe r fo rmed  at  me rcu ry  electrodes.  Some of the ea r ly  
studies on O2 e lec t roreduct ion  in organic  solvents,  
acetoni tr i le ,  d imethylsu l foxide ,  and N - m e t h y l a c e t a -  
mide  (1-3) have  shown tha t  the reduct ion  process 
proceeds  th rough  two consecutive po la rographic  waves  
whose ha l f -wave  potent ia ls  occur at  more  cathodic 
values than  in aqueous solutions. The first wave  was 
a t t r ibu ted  to the e lec t roreduct ion  of O2 to H202 wi th  
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Key words: chemisorption, reduction, solvents, voltammetry. 

fu r the r  reduct ion  of H202 to H O -  dur ing  the second 
wave. 

F u r t h e r  work  on the subject  demons t ra ted  tha t  the 
first wave  behaves  in a quas i - r eve r s ib l e  w a y  whi le  the  
second one as an i r revers ib le  process (4-9).  Some au -  
thors  agree  tha t  the redox  couple 0 2 / 0 2 -  is revers ib le  
in some organic solvents  (5), and the s tab i l i ty  of 0 2 -  
ion in the absence of hydrogen  ions has been used for  
ca r ry ing  many  react ions  wi th  a va r i e ty  of organic sub-  
s t ra tes  in d imethy isu l fox ide  (10-13). Conversely,  if  
hydrogen  ions are  present ,  the p roduc t  at the first 

. J . . 

wave is HO2-  1on or  H202 p roduced  b y  smnla r  mech-  
anisms as in aqueous solutions (14-18). Since most  of 
the work  on molecu la r  oxygen  e lec t roreduct ion  in 
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organic  solvents  has been pe r fo rmed  in d imethy l su l -  
foxide and d imethy l fo rmamide ,  i t  is in teres t ing  to 
compare  the behavior  of this e lec t rochemical  react ion 
in another  iner t  aprot ic  solvent  wi th  a ve ry  low re -  
ac t iv i ty  as acetoni t r i le  in o rde r  to compare  resul ts  wi th  
those in aqueous solutions. 

Exper imental  
The solvent,  ace toni t r i le  (MeCN) Carlo Erba  RP, 

was carefu l ly  purif ied as descr ibed e l sewhere  (19-21). 
Special  precaut ions  were  taken  in  handl ing  the solu-  
tions since molecular  oxygen reduct ion at  solid elec-  
t rodes is s t rongly  affected by  soluble impur i t i es  and 
electrode surface state. 

E thy lammonium perch lora te  0.1M was ma in ly  used 
as the suppor t ing  electrolyte .  Some exper imen t s  were  
pe r fo rmed  with  b u t y l a m m o n i u m  iodide on ly  for  com- 
parison. A l l  ~ chemicals  were  ana ly t ica l  grade reagents  
dr ied  under  vacuum for 48 hr  before  use. 

Molecular  oxygen  was bubb led  d i rec t ly  into the  cell  
in o rde r  to obta in  a sa tu ra ted  solution. Before en te r ing  
the cell, oxygen (99.98%) was passed through a t rap  
containing pure  MeCN. The oxygen  sa tu ra t ion  value  
at  25~ in 0.1M Et4NC104 in MeCN, de te rmined  by  po-  
ten t iometr ic  t i t ra t ion  (22), was 2.7 raM. Oxygen  gas 
was flowed over  the solut ion dur ing  cv and RDE ex-  
per iments  to keep  constant  its concentra t ion  on the 
solution. 

Two different  e lectrolysis  cells were  used. The elec-  
t rolysis  cell  fo: .v and  RDE exper imen t s  was a con-  
vent ional  one -compar tmen t  P y r e x  glass container  of 
about  100 ml  capac i ty  p rov ided  wi th  s t anda rd  glass 
joints  for the working,  the counter ,  and  the reference  
electrodes and gas in le t  and outlet .  The second cell  
was a t h r e e - c o m p a r t m e n t  glass conta iner  and i t  was 
used for  constant  po ten t ia l  e lectrolysis  exper iments .  
Al l  joints  were  lubr ica ted  wi th  high t e m p e r a t u r e  
Halocarbon grease and special  precaut ions  were  taken  
to avoid solut ion or  e lect rode contaminat ion.  

The work ing  e lect rodes  used in cv and RDE exper i -  
ments  were  e i ther  P t  or  Au (Koch-Ligh t  99.999%) 
disks of 3 m m  diam mounted  in Teflon holders.  The 
ro ta t ing  d isk  e lec t rode  ensemble  has been prev ious ly  
descr ibed (21, 23). Both P t  and Au elect rodes  were  
m i r r o r  pol ished with  cer ium oxide and then carefu l ly  
r insed with  t r ip ly  dis t i l led  water ,  acetone, and ace to-  
ni tr i le .  Also an H2SO4: HNOs mix tu re  was used ma in ly  
wi th  Pt  e lectrodes immedia t e ly  af te r  polishing.  A P t  
ne t  of about  700 cm 2 was used for constant  po ten t ia l  
e lectrolysis  exper iments .  

The aux i l i a ry  electrodes were  Pt  foils of about  4 and 
6 cm 2, and the reference  e lect rode was an aqueous 
sa tu ra ted  ca lomel  e lect rode immersed  in a glass tube  
p rov ided  at  the bo t tom wi th  a glass jo int  and filled 
with a solut ion of 0.1M Et4NC104 in MeCN. The whole  
ensemble  was placed in the cell th rough  a Luggin  
cap i l l a ry  a r rangement .  

The reference  e lect rode gave a pseudo ohmic res is t -  
ance of about  901~. This value  was e lec t ronica l ly  com- 
pensa ted  al l  through the exper iments .  Measured  po-  
tent ia ls  are  re fe r red  to the SCE scale. 

Cur ren t -po ten t i a l  curves were  obta ined e i ther  un-  
de r  s t eady-s t a t e  condit ions at  the RDE or using t rans i -  
ent  techniques,  as cyclic v o l t a m m e t r y  and chronopo-  
ten t iometry .  Also constant  potent ia l  cou lomet ry  was 
pe r fo rmed  to s tudy  the number  of electrons involved 
in the  process and the final e lectrolysis  product .  

Results 
Figure  1 shows polar iza t ion  curves  for  oxygen  elec-  

t roreduct ion  in 0.1M Et4NC104 in MeCN solutions at  P t  
and  Au electrodes.  Only  one l imi t ing  cu r ren t  ({L) was 
observed  in the potent ia l  range f rom 0 to --2.0V which 
increases  wi th  the  e lect rode rota t ion speed (w) ,  Fig. 
2. The h a l f - w a v e  potent ia ls  at  w = 0 were  --1.08 and 
--0.945V for  P t  and Au electrodes,  respect ively .  
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Fig. 1. Polarization curves for 02 electroreduction at various 
rotation rates. Electrode area, 0.07 cm2; temperature, 25.0~ 
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Fig. 2. Plot of IL VS. w 1/2 

The cur ren t  observed af te r  3 h r  under  constant  po-  
tent ia l  e lectrolysis  at  --1.0V at  P t  e lectrodes showed 
only  a 50% decay of its in i t ia l  value.  Thus the a p p a r -  
ent  n u m b e r  of e lectrons involved  in the redox react ion 
could not  be eva lua ted  by  this technique.  Only  hydro -  
gen perox ide  was detected by  u.v. spec t roscopy at  230 
n m  (24) and by  chemical  p roduc t  analysis  in the  bu lk  
of the solution. Even af te r  24 h r  the e lectrolysis  had 
been in t e r rup ted  indica t ing  the s tab i l i ty  of the com- 
pound in MeCN solutions. 

F i rs t  cycle vo l t ammograms  pe r fo rmed  at  different  
po ten t ia l  sweep ra tes  (v) on Pt  electrodes,  Fig. 3, 
showed a cathodic cur ren t  peak  a round  --1.2V in the 
negat ive  going sweep and an anodic cur ren t  peak  near  
--0.6V on the posi t ive sweep,  depending  on sweep ra te  
values.  This behavior  was observed at  sweep rates  
g rea te r  than 0.01V sec-1;  for s lower  sweeps, a cathodic 
l imi t ing  cur ren t  was obta ined  as under  s t eady-s t a t e  
conditions.  

The poten t ia l  difference be tween  cathodic and anodic  
cu r ren t  peak  (hEp) of about  0.6V was cons iderab ly  
g rea te r  than  the 0.058/n volt  difference for a revers ib le  
react ion (25), this being an indica t ion  of some chem-  
ical process re la ted  to the produc t  reoxidat ion.  

Results  obta ined  at A u  electrodes,  Fig. 4, showed the 
same genera l  fea tures  as those repor ted  for  Pt, bu t  
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showing the electrode pretreatment effect. (a) Au; (b) Pt 
electrode pretreated with H2S04 HN02: --- first cycle; . . .  repeti- 
tive cycles; - - x - -  Pt electrode without H2S04 HN02 pretreatment. 
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Fig. 6. Effect of temperature on the 02 electroreduction at Pt 

the cathodic peak  potent ia l  was more  posi t ive and a 
sma l l e r  &Ep was observed.  

Elec t rode  p r e t r e a t m e n t  showed some effect on the 
I/E profiles ma in ly  wi th  Pt  electrodes,  Fig. 4. Vo l t am-  
mograms  obta ined  a f te r  repe t i t ive  cycl ing at  P t  r e -  
sembled  po ten t iodynamic  profiles ob ta ined  wi th  po l -  
i shed e lect rodes  wi thou t  chemical  t r e a tmen t  wi th  
H2SO4:HNO~ mixture ,  whi le  repe t i t ive  cycl ing at  Au  
e lect rodes  gave coincident  vo l tammograms.  In any  case 
oxygen  e lec t roreduc t ion  behaved  more  r eve r s ib ly  at  
Au than  at  P t  electrodes.  

In  Fig. 5 ca thod ic  cur ren t  peak  values  (/pc) a re  
p lo t ted  agains t  the square  root  of po ten t ia l  sweep ra te  
(vV,) for  both  electrodes.  A depa r tu re  f rom the  l inea r  
behav io r  for  a s imple  diffusion process  is observed  a t  
i n t e rmed ia te  v values.  

The effect of the t e m p e r a t u r e  on the cv is shown in 
Fig. 6. A decrease  of about  40~ produced  smal l  modi -  
fications on the cathodic process whi le  the  anodic cur -  
ren t  was cons iderab ly  d iminished  and its peak  po ten-  
t ia l  sh i f ted  t o w a r d  more  posi t ive values.  

Cyclic vo l t ammograms  pe r fo rmed  wi th  solutions 
p rev ious ly  e lec t ro lyzed  for  3 h r  at  --1.0V showed a 
considerable  decrease  of the cathodic cu r ren t  bu t  no 
apprec iab le  change in the peak  shape. Never theless ,  
the most r emarkab l e  fea ture  was ob ta ined  on the posi -  
t ive going sweep  since no anodic  cu r ren t  peak  was 
ev ident  i r respec t ive  of the  sweep  ra te  employed,  ind i -  
ca t ing tha t  hydrogen  perox ide  (the e lectrolysis  p r o d -  
uct)  is e lec t rochemica l ly  inact ive  in this  po ten t ia l  r e -  
gion. 

The rep lacement  of Et4NC104 by  Bu4NI as suppor t -  
ing e lec t ro ly te  only  for  comparison,  Fig. 7, p roduced  
a be t t e r  definition on the cathodic  cur ren t  peak  bu t  
c leared  away  the anodic  process p r o b a b l y  th rough  a 
chemical  reac t ion  be tween  iodide and the anodic r e -  
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E �9 (b )  

-0. 4 ~ .  ~. (b) 0.3 V s "I -#'/" 
,- $i  zS~ 
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POTE NTIAL/(V) 
Fig. 7. Voltammograms showing the effect of the supporting elec- 

trolyte and basic substances on 02 electroreduction at Pt. (a) 
Supporting electrolyte: Et4NCIO4; --- B4NI; . . . . .  B4NI 
+ 0.16M collidine. (b) Supporting electrolyte, Et4NCI04: ~ - - -  
without pyridine; . . .  0.01M pyridine; - - x - - 0 . 1 M  pyridine. 
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actant.  Addi t ion  of substances wi th  basic proper t ies ,  
such as pyr id ine  and collidine,  p roduced  a be t t e r  defi- 
ni t ion on both cathodic and anodic cur ren t  peaks  and 
also a decrease on hE,  but  they  did not  modi fy  sub-  
s tan t ia l ly  the genera l  fea tures  obta ined in neu t r a l  so-  
lutions. 

Addi t ion  of increasing amounts  of wa te r  anodica l ly  
shif ted the cathodic peak  potent ia l  and produced  a 
considerable  increase in current ,  a lmost  doubl ing  the 
value  wi thout  water ,  but  the anodic cur ren t  peak  was 
comple te ly  suppressed,  Fig. 8. The increase  of the 
ac id i ty  of the solution by  HC104 acid produced  qual i ta -  
t ive ly  a s imi lar  effect. 

Final ly ,  ga lvanosta t ic  E/ t  exper imen t s  were  also 
performed.  As wi th  vo l tammet ry ,  only  one cathodic 
and one reverse  t rans i t ion  t ime were  obta ined  i r r e -  
spect ive of constant  cur ren t  values  employed.  

Discussion 

I t  is a l r eady  wel l  known tha t  oxygen  e lec t roreduc-  
tion in aqueous solutions is a r a the r  complex mu l t i -  
e lec t ron react ion tha t  m a y  include a n u m b e r  of e le-  
m e n t a r y  s teps forming var ious  para l le l -consecut ive  
combinat ions  (26-28). In te rmedia te  H202 format ion  
through a two-e l ec t ro~  t ransfe r  react ion is the main  
pa thway  at mercury ,  pyrographi te ,  o ther  types  of car -  
bon mater ia ls ,  and gold (29, 30). The polar iza t ion  
curves  are  charac ter ized  by  two waves,  the first one 
corresponds to oxygen  reduct ion to H202 and the 
second to hydrogen  perox ide  reduct ion at  high over -  
potent ials .  In some cases the second wave is ve ry  
difficult to detect  because this process is e x t r e m e l y  i r -  
reversible .  On the o ther  hand, on p l a t inum fami ly  me t -  
als and s i lver  (31, 32), oxygen  e lec t roreduct ion  occurs 
both d i rec t ly  to wa te r  and to H202 through  a pa ra l l e l  
reaction,  which decomposes by  chemical  or  e lec t ro-  
chemical  mechanism. The polar iza t ion  curves are  cha r -  
acter ized by  a single wave wi th  a l imi t ing cur ren t  
closely re la ted  to a four -e lec t ron  process. Elec t rode  
p re t rea tment ,  impuri t ies ,  and different  s t rong ly  ad -  
sorbed species inhib i t  the reduct ion of molecu la r  oxy -  
gen d i rec t ly  to wa te r  whi le  the react ion y ie ld ing  in t e r -  
media te  format ion  of hydrogen  peroxide  is less af-  
fected. The different  results  r epor ted  in aqueous solu-  
tions a l lowed the dis t inct ion be tween  two groups of 
e lect rode mater ia l s  toward  oxygen  elect roreduct ion.  
The s implest  in te rp re ta t ion  was the need for sites wi th  
high bonding energy  for the dissociat ive chemiadsorp-  
tion of molecular  oxygen  to give wa te r  (27, 31). 
S t rongly  bonded species could also in te rac t  wi th  the  
same sites. 

Representa t ive  mate r ia l s  of both groups, gold and 
p la t inum electrodes in acetoni t r i le  solutions, were  em-  
p loyed in this work  and the main  facts are the fo l low- 
ing: (i) The res t  potent ia l  in oxygen - sa tu r a t ed  solu-  
tions before  e lectrolysis  is close to 0.6V (SCE) and in-  
dependent  of e lect rode mater ia l .  (ii) Only one l imi t ing 
cur ren t  appears  at  both  p la t inum and gold electrodes.  
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Fig. 8. Effect of H20 and HCI04 addition on the voltammograms 

for 02 electroreduction at Pt in MeCN. Purified acetonitrile; 
- - ' - -  0.1M H20; - - x - -  1 0 - 4 M  HCI04; . . .  1 0 - 2 M  HCI04 (cur- 
rent scale on the right). 

(iii) Hal f -wave  potent ia ls  are s imilar .  ( iv)  Hydrogen  
peroxide  is detected in the bu lk  of the solut ion as the 
main  react ion produc t  in both cases. The s imi lar  resul ts  
obta ined wi,th both types of ma te r i a l  in MeCN solu- 
tions would indicate  that  the main  factor  responsible  
for  the decrease of p l a t inum electrode ac t iv i ty  toward  
oxygen dissociat ive adsorpt ion  is the compet i t ion wi th  
the organic  molecule  adsorpt ion  on the meta l  surface 
(34, 35). This process would inhibi t  the oxygen to 
wa te r  pa thw a y  at P t  electrodes,  producing  a level ing 
effect be tween  Pt  and Au. 

The kinet ic  analysis  of the  polar iza t ion  curves at  
w = 0 gave Tafel  slopes of 0.15 and 0.13 V/decade  for  
P t  and Au electrodes,  respect ively.  Higher  values  were  
obta ined  as e lec t rode  rota t ion speed was increased.  
Therefore  an in t e rp re t a t ion  of react ion mechanism 
from these values was not  pursued.  

Taking  into account the complex i ty  of molecular  
oxygen e lect roreduct ion,  the fact  that  Ipc/Vl/2 rat io  a t  
the fastest  sweep ra tes  is 1.5 t imes tha t  at  the  lowest  
sweep rates  and that  the (Ipc/Ipa) rat io reaches a value  
a round  1.7 at the highest  sweep rates,  f i r s t -order  ca ta-  
lytic,  ECE and para l l e l  react ion mechanisms were  
analyzed (25). I t  was not  possible to find a good co- 
incidence be tween  theore t ica l  predic t ions  and exper i -  
menta l  results.  

Assuming tha t  the produc t  for  the f i rs t -e lect ron 
t ransfe r  is 0 2 -  species, the chemical  react ion that  
would come into p lay  wi th in  the overa l l  process to ac-  
count for  hydrogen  peroxide  final p roduc t  could be a 
pro tonat ion  o r / a n d  a dismutat ion,  as has been pos tu-  
la ted for  oxygen e lec t roreduct ion  in organic solvents  
(18) 

02 -t- le  ~ 0 2 -  [1] 

EI1 l /  riij 
O2- + BH --> O2H -t- B -  [2, I] 2 Oe-  "-> O2 -}- Oe = [2, II]  

O2H -t- le  --) HO2-  [3, I ]  O~ = -}- BH -> HO2-  

- t - B -  [3, II]  

where  BH is a pro ton  donor in genera l  terms.  Mecha-  
nism [I] is an ECE mechan i sm with  O2H species more  
easi ly  reducible  than  02, while  mechanism [II] is a 
d i spropor t iona t ion  provid ing  a ve ry  fast [3, II]  reac-  
t ion as would be the case. 

The route  fol lowed by  O2- would s t rongly  depend  
on its basic charac te r  toward  different  substances p res -  
ent  in the solution. This p r o p e r t y  would also depend on 
the solvat ion energy  prov ided  by  the aprot ic  solvent.  
Thus in the absence of a s t rong proton donor  a mecha-  
nism such as [H] wi l l  be p redominan t  in aprot ic  sol-  
vents  wi th  r a the r  low solvat ion energy  toward  O2- 
ion. 

Fol lowing  this l ine a be t t e r  in t e rp re ta t ion  of exper i -  
men ta l  resul ts  obta ined  f rom cv was a t tempted.  In a 
first approx imat ion  the plot  for  the dependence  of the  
cathodic cur ren t  peak  with  v~2 could be d iv ided  in 
three  different  regions, Fig. 5: (i) a zone where  the 
peak  cur ren t  is p ropor t iona l  to the square root  of 
sweep rate,  (ii) an in te rmedia te  zone where  the peak  
cur ren t  var ies  more  s lowly  wi th  sweep rate,  and (iii) 
a th i rd  zone where  Ipo var ies  again l inea r ly  wi th  v~/2. 

Figure  9 shows the cathodic peak  potent ia l  var ia t ion  
wi th  sweep rate.  A smal l  dependence  is found at  low 
sweep rates,  a g rea te r  var ia t ion  is obta ined for in t e r -  
media te  values,  and f inal ly over  3V sec-1 the peak  
potent ia l  remains  a lmost  independen t  of v. 

F r o m  the dependence  of /pc o n  V ~/2 at low sweep ra tes  
[zone ( i ) ] ,  the diffusion coefficient of molecu la r  oxy-  
gen in MeCN solut ion was eva lua ted  by  using the fol-  
lowing equat ion for  a d ispropor t ionat ion  mechanism 
(36, 37) 

Ipc : 0.634n3/2D'/2C~ [4] 

where  n is the number  of electrons exchanged;  D is the 
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diffusion coefficient in cm 2 sec-1;  C ~ is the mola r  con-  
cen t ra t ion  in the  bu lk  of the  solution, and  v is the  
potent ia l  sweep ra te  in V sec -1. 

The va lue  of D obta ined  for  oxygen  at  25~ was 
5.74 • 10 - s  cm 2 sec -1 in ve ry  good agreement  wi th  
previous  resul ts  (1, 17, 22, 38). Wi th  this figure a theo-  
re t ica l  diffusional cur ren t  peak  for  the  single charge 
t rans fe r  react ion [I] was evaluated.  F r o m  the rat io  of 
expe r imen ta l  cur ren t  peak  values  in zone (ii) and d i f -  
fusional  theore t ica l  values  the  d i spropor t iona t ion  ra te  
constant  kD was eva lua ted  ( react ion [2, II]  ) or  ( [2, II]  
+ [3, I I ] ) .  Data  for  two different  t empera tu re s  are  
compi led  in Table I. The appa ren t  ac t iva t ion  energy  
ca lcula ted  f rom these values  averages  3.5 +_. 1 kca l  
mo1-1 and it is independen t  of the type  of me ta l  used. 
This  r a the r  low va lue  is on the o rde r  of magni tude  
found for  react ions  in solut ion unde r  chemical  control.  
I t  seems reasonable  to suppose  tha t  d i spropor t iona t ion  
reac t ion  takes  p lace  on a react ion l a y e r  nea r  b y  the 
e lec t rode  surface  but  p robab ly  wi th  ne i the r  surface  
par t ic ipa t ion  nor  diffusion control  of reac t ing  species. 

The same analysis  pe r fo rmed  for the ECE mechanism 
with  ca ta ly t ic  complicat ions (36, 37) gives cur ren t  
funct ion values  tha t  were  about  ha l f  the values  corre-  
sponding to the  theore t ica l  work ing  curve. 

A fu r the r  tes t  for the d i spropor t iona t ion  mechanism 
can be made  ana lyz ing  the var ia t ion  of the cathodic 

Table I. Disproportionation rate constant values at Pt and Au 
electrodes obtained by cyclic valtammetry and rotating disk 

electrode experiments 

k v  P t ,  26.0~ k v  A u ,  25.0*C kD P t ,  - 1 7 . 0 ~  
v x 10 ~ *  x 10-~t x 10 -a 

( V  s ec  -I)  (M -1 s e c  -~) (M -~ s ec  -1) (M-~ see  -z) 

peak  potent ia l  and the wave  shape funct ion ( E ~ -  
Epc/2), wi th  the kinet ic  p a r a m e t e r  ~'D ~--- kD C~ RT/nFv  
(36). F igure  10 shows the dependence  of Epc on log v -1  
while  in Fig. 11 the var ia t ion  of ( E p c -  Epc/2) is 
shown. The e xpe r ime n t a l  values  of potent ia l  sweep 
ra te  and molecu la r  oxygen  concentra t ion  covered a 
log ~D range f rom 0.8 to 3.8. A good ag reemen t  be -  
tween  the expe r imen ta l  and the theore t ica l  curves are 
obta ined  wi th in  the k inet ic  p a r a m e t e r  var ia t ion  a l -  
lowed  by  the condit ions of a gas solut ion in an organic  
solvent.  

The assumptions  made in the analysis  of cyclic 
v o l t a m m e t r y  resul ts  in re la t ion to the  na tu re  of the 
chemical  reac t ion  fol lowing the e lec t ron t rans fe r  r e -  
action can be confirmed by  the resul ts  under  s t eady-  
s ta te  condit ions at  the RDE. In this  case, the  ra te  for  
d i spropor t iona t ion  react ion is reflected as an increase  
on the expe r imen ta l  l imi t ing  cu r ren t  value  over  the 
theore t ica l  one re la ted  to a s imple two-e lec t ron  diffu- 
s ion-cont ro l led  react ion 

O~ + BH + 2e ~ H O s -  + B -  [5] 

The theore t ica l  solut ion to the p rob lem (39, 40) 
enabled  the ra te  constant  for  the d i spropcr t iona t ion  
react ion to be ca lcula ted  f rom t abu la t ed  values  of the  
p a r a m e t e r  J vs. K. The p a r a m e t e r  J is defined by  

J = (IL --  Id)/Id [6] 

where  [d is the  theore t ica l  d i f fus ion-control led  cur ren t  
wi thout  molecu la r  oxygen  regenera t ion  and IL is the 
expe r imen ta l  l imi t ing  current .  K is given by  
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0.48 2.26 
0.65 - -  3 7 7  
0.70 3.96 1.49 
0.80 - 4.T9 0.84 
0.90 8.68 2.16 - - ,  
1.0 3.25 5.34 0.69. 
2.0 1.71 2.49 0.70 
3.0 1.55 3.15 0.93 
4.0 - -  5.02 1.05 
6.0 2.96 5.72 - -  
8.0 3.70 5.57 - -  

10.O 4.06 5.49 - -  

wz/~ 

(rad~/~ sec-~/2) 

4.6 0.85 0.85 
7.2 1.22 0.96 
7.7 1.16 - -  
8.3 0 .87  0 .87  
9.7 1.19 1.02 

11.7 1.60 1.04 
16.8  - -  1 .08  

* k v  f o r  P t  a t  25.0~ b y  c v  = 2.54 • 10 ~ M - '  sec-~  b y  R D E  1.18 x 
10 ~ M-~ sec-1. 

t k v  f o r  A u  a t  25.0~ b y  cv  = 3.90 • 10 ~ M-1 sec-1  b y  R D E  1.28 x 
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K ---- 2kD C~ (v/D) 1/3/(0.51)2/s w [7] 

where kD is the disproportionation rate constant, C ~ is 
the analytical concentration for O2, v is the kinematic 
viscosity, D is the diffusion coefficient for electroactive 
species, and w is the angular velocity of the RDE. 
The tabulated values of K are available up to J -- 
0.560. For higher values of J an approximate relation 
can ge used 

K -- 1.809 (I + J)2/( I  -- j )8 [8] 

The figures obtained for the disproportionation rate 
constant with the RDE are included in Table I, show- 
ing good agreement with results obtained by cyclic 
voltammetry. 

Experiments performed with the addition of increas- 
ing amounts of water showed that for a water content 
of about 10-2M (ten times greater than the residual 
water) the modifications introduced in the voltam- 
mogram were not significant. For a water content of 
about 0.1M the cathodic peak current was doubled, the 
reduction peak potential was rdaifted anodically, and 
the 02-  oxidation peak disappeared, being an indica- 
tion that the initial one-electron reaction 

02 + e ~ 02- [9] 

was changed to a two-electron reduction to peroxide 
as observed in aqueous solution 

02 + H20 + 2e -~ H02-  + OH-  [I0] 

Thus residual water content in the highly purified 
MeCN seems not to be enough as a proton donor 
mainly due to the lower basicity showed by the O2- 
ion in this aprotic solvent. The increase in basicity and 
stability of 02-  ion by changing the aprotic solvent 
(4]) would account for a greater stability of O2- ion 
and hence for a decrease on hE, in going from MeCN 
> DMF > DMSO > HMPA (42). In this respect the 
physical chemical properties of the aprotic solvent, 
where residual water is very difficult to avoid, could 
change the route followed by the O2- solvated ion 
(43). 

Proton addition as HC104 acid in the order of 10-4M 
produced a still greater increase in reduction current 
(about three times) and the clearance of the oxidation 
peak. The lack of an O2- oxidation peak in the acidic 
medium would indicate that O2- is rapidly destroyed 
by a chemical reaction with protons, rendering O2- 
species quite unstable. In this case the reaction for 
oxygen electroreduction is likely to be replaced by 

02 + 2H + + 2e ~ O2H2 [11] 

Conclusion 
Molecular oxygen electroreduction at Pt and Au 

electrodes in acetonitrile solutions resembles in princi- 
ple the behavior observed in other organic solvents as 
dimethylsulfoxide and dimethylformamide. Differences 
in half-wave potential or half-peak potential between 
solvents could be related to differences in adsorption 
energy for the aprotic solvent at the metal surface and 
also to the different 02-  ion solvation. The organic 
solvent molecule adsorption at the interface would 
produce a leveling effect toward catalytic activity of 
different metals in relation to molecular oxygen dis- 
sociative adsorption. These effects would be responsi- 
ble for superoxide ion variable stability in organic 
solutions with low availability of protons. 

Particularly in highly purified acetohitrile solutions 
without addition of water or acidic substances the re- 
sults obtained by different experimental techniques 
would agree with a disproportionation mechanism with 
a reversible one-electron exchange in the first step to 
give Oz-. 

Addition of different amounts of water or protons to 
the aprotic solutions would change the route for the 

chemical reaction following the charge transfer reac- 
tion resembling the behavior observed for molecular 
oxygen electroreduction in alkali and acid aqueous 
solutions with metals of low activity for oxygen disso- 
ciation as gold (29). 
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Lithium AIIoy-Thionyl Chloride Cells: Performance and Safety 
Aspects 

E. Peled, *'1 A. Lombardi, and C. R. Schlaikjer *'2 

GTE Laboratories Incorporated, Waltham, Massachusetts 02254 

The l i t h ium- th iony l  chlor ide  cell  has the h i g h e s t  
energy  dens i ty  among al l  the  commerc ia l ly  avai lab le  
bat ter ies .  The low rate,  A A - b o b b i n  cathode cell has 
been in the  marke tp l ace  for severa l  years  while  the 
wound or  sp i ra l  e lect rode cell is s t i l l  in the stage of 
deve lopment  and not  commerc ia l ly  avai lable .  The 
ma in  reason for this is that  the safety hazard  p rob lems  
of the high ra te  vers ion have not  ye t  been comple te ly  
and sa t is fac tor i ly  unders tood and solved. The basic 
reasons for the safety hazard  problems  are  the ve ry  
high reac t iv i ty  of l i th ium toward  th ionyl  chlor ide and 
the r a the r  low mel t ing  point  of l i th ium (180.5~ The 
prac t ica l  s t ab i l i ty  of this sys tem and the excel len t  
s to rageab i l i ty  of this cell is due to an LiCl -pass iva t ing  
l aye r  which forms spontaneous ly  on the immers ion  of 
t h e  l i th ium in the electrolyte .  The par t  of this l aye r  
tha t  is close to the l i th ium surface serves as a solid 
e lec t ro ly te  in te rphase  (SEI)  th rough  which only 
l i t h i u m  can pass (1-5).  

As the electronic conduct iv i ty  of the SEI is ve ry  low 
it re ta rds  fu r the r  corrosion of the anode. This SEI 
covers the l i th ium not  only on OCV but  also dur ing  
p la t ing  and s t r ipping  (charging and d ischarg ing) .  As 
long as the l i th ium anode is fu l ly  covered by  the LiC1- 
SEI, no hazardous  condit ions are  created.  This SEI can 
be momen ta r i l y  damaged  in severa l  ways,  such as 
plat ing,  anodic s t r ipping,  or by  mechanica l  de fo rma-  
tion of the l i thium. In most cases it  wil l  heal  immed i -  
a te ly  by  fast prec ip i ta t ion  of LiC1 (a corrosion product  
of l i th ium wi th  th ionyl  ch lor ide) .  However ,  in ex t reme  
conditions,  such as hot  spots, e lectr ic  sparks,  and a fast 
mel t ing  of l i thium, the SEI cannot  be fu l ly  healed due 
to e i ther  a fast s t reaming  of mol ten  l i thium, or  a fast  
local evapora t ion  of l i thium. As a resul t  a ve ry  exo-  
thermic  react ion of mol ten  l i th ium wi th  th ionyl  
chlor ide  occurs poss ibly  resul t ing  in an explosion of 
t h e  cell. 

Cells in w h i c h  t h e  electrode surface a rea  is high 
have a ve ry  high shor t -c i rcu i t  current .  As a resul t  an 
in te rna l  or  ex te rna l  short  leads to a fast  heat ing of the 
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cell, fast mel t ing  of l i th ium anode (above 180~ and 
f inal ly to explosion. A possible w a y  to improve  the 
safety per formance  of l i th ium cells, st i l l  under  exper i -  
men ta l  deve lopment  and testing, is to use l i th ium a l -  
loys ins tead of pure  l i thium. The compat ib i l i ty  of 
severa l  l i th ium alloys wi th  th ionyl  chlor ide  was re -  
cent ly  s tudied (5). No subs tant ia l  difference was 
found be tween  pure  l i th ium and the four fol lowing 
alloys~ (Li-6% A1, Li-5% Mg, Li-5% Ca, Li-4% Si) 
r egard ing  the growth  ra te  of the  SEI, the res is t iv i ty  of 
the SEI, and the overa l l  corrosion rate.  The discharge 
character is t ics  and s to rageab i l i ty  of severa l  l i th ium 
alloys in th ionyl  chlor ide  are  descr ibed in a r ecen t ly  
publ i shed  technica l  r epor t  (6). 

The purpose  of this work  was to s tudy  ways  to re -  
duce the shor t -c i rcu i t  cur ren t  and to improve  the 
safety pe r fo rmance  of the  l i t h ium- th iony l  chlor ide  
cell b y  the use of l i th ium al loys which have been sub-  
sequent ly  t reated.  This t r ea tmen t  includes:  (i) p re -  
d ischarge at  low ra te  in o rder  to enr ich the  surface of 
the l i th ium anode with  the a l loying  e lement  and (ii) 
heat ing the p red i scharged  cell  for severa l  days at 70~ 
(or by  keeping  it at room t e mpe ra tu r e )  in o rde r  to 
s inter  this l i t h ium-dep le t ed  surface layer .  As a resul t  
of this t rea tment ,  the l i th ium al loy anode is expected  
to be fu l ly  encapsula ted  by  a thin film of less active 
ba r r i e r  l aye r  which is cal led an al loy ba r r i e r  layer .  

Experimental 
As a test vehicle  for the evalua t ion  of severa l  

l i th ium al loy anodes, cells wi th  stainless steel  cases 
about  the size of AA-ce l l s  were  used (7). The surface 
area  of the anode was 13 cm 2 and its thickness was 
0.76 mm. The anode was pressed to the inside surface 
of the cell case, l ined wi th  0.13 m m  Crane nonwoven  
P y r e x  fabric,  and the cathode, a mix tu re  of Shawin igan  
b lack  and Teflon in the shape of a bobbin,  was placed 
concent r ica l ly  inside. Elect r ica l  contact  to the cathode 
was th rough  a twis ted  piece of 304 stainless  s teel  foil 
welded  to the feed through  pin. The e lec t ro ly te  was 
1.8M LiA1C14/SOC1.2. 

For  e lec t rochemical  measurements  an Li t h r ee -e l ec -  
t rode glass envelope cell  was used. This cell  and o ther  

The content  of the alloying e lement  is g iven in atomic percent.  
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exper imental  techniques are described in Ref. (2 and 
3). A Wavetek VCG Model 116 square wave generator  
with a sufficiently large resistor in series, typical ly 
10 l ~ ,  was employed as a pulse galvanostat.  The sig- 
nal  generator  supplied a pulse up to about 10V. Since 
the series resistor was much larger than the cell im-  
pedance, the applied current  could be held essentially 
constant  up to 1 mA. A Tektronix  Type 541 oscilloscope 
with camera was used to record the galvanostatic 
transients.  

Several  D-size spiral ly wound cells were assembled 
w i t h  an anode consisting of a l i th ium alloy. In  these 
cells the cathode was longer and broader  than  the an-  
ode such that all anode surfaces faced cathode mate-  
rial directly across the separator material .  The cathode 
dimensions were 380 X 44 X 0.84 mm and the anode 
dimensions were 305 X 38 X 0.38 mm. 

Short-circuit  experiments  with AA-cells were done 
with loads between 0.I and 1~1. Short-circui t  experi-  
ments  with D-size cells were carried out using re-  
motely activated relays, which connected the cells 
through welder cables to 5, 1, or 0.5 ml% precision 
shunts. The potential  was monitored and the current  
calculated as a function of time. The D-size cells, 
which contained no fuses or vents, were buried in a 
20 li ter barrel  filled with vermiculite.  The surface 
temperatures  of the D-size cells were recorded with 
the use of iron constantan thermocouples which were 
attached to the cans by an adhesive tape. 

Results 
The effect of the pre t rea tment  conditions on the 

short-circui t  cur rent  (SCC) of AA-cells with Li alloy 

is summarized in  Table I. The max imum SCC of a reg- 
ular  fresh AA-cel l  is 2-2.5A. It can be seen that the 
max imum SCC was reduced marked ly  in comparison 
with the regular  AA-cel l  and values as low as 40 mA 
were recorded. The ma x i mum SCC depends on the 
type of alloy, on the predischarge depth, and on the 
storage conditions of the predischarged cell. Upon in-  
creasing the predischarge from 4.8 to 19 m A - h r - c m  -2, 
the ma x i mum SCC was reduced from 0.36 to O.07A, for 
Li-5% Ca anode cells having the same heat - t rea tment .  
The increase of the hea t - t r ea tment  tempera ture  from 
room tempera ture  to 70~ results in the decrease of the 
ma x i mum SCC of Li-5% Ca cell from 0.36 to 0.05A. It 
appears that among all the alloys used, the Li-5% Ca 
and Li-5% Zn are the most effective in the reduction of 
the SCC, while the Li-2% Mg is the least effective. It  
should be emphasized that  in most cases the SCC was 
almost constant or slowly declined (after passing the 
peak) dur ing  many  hours of short circuit. The Li-5% 
Ca cells that were predischarged for only 2.4 m A - h r -  
cm -2 and stored for 14 days at 72~ have a very high 
SCC (about 1A or more, Table I) ,  however, the peak 
of the SCC was delayed for about half  an hour. Cells 
having l i thium alloy anodes that were predischarged 
but  did not undergo hea t - t rea tment  or were not stored 
at room tempera ture  have a comparable SCC to that 
of regular  l i th ium cells. 

The discharge characteristics of pretreated l i thium 
alloy cells are summarized in  Table II. The total 
capacity that can be drawn from the cells depends on 
the type of alloy: Li-5% Ca, Li-2% Mg, Li-5% Zn, Li-  
3% Mg-5% Ca, and Li-6% A1 have about the same 
capacity as regular  AA-cells.  However, a capacity loss 

Table I. Short-circuit current (SCC) of pretreated lithium alloy AA-cells 

Pretreatment  Short-circuit current,  (A)** 

Qpd * Storage Maximum 
Alloy (mA-hr.em-~) conditions t = O value t > tmaz 

Li-5% A1 3.0 14 days at 72~ 0.3 0.47 (1000 sec) 
Li-20% A1 3.0 14 days at 72~ 0.21 0.31 (1200 sec) 

+ 6 d a y s a t R T  
LI-4% Si 4.0 14 days at 72~ 0.07 0.115 (600 sec) 0.055 (5 hr) 
Li-4% Si 4.0 14 days at 72~ 0.12 0.19 (400 sec) 0.055 (4 hr)  

+ 6 d a y s a t R T  
Li-5% Ca 4.8 4 days at RT 0.3 0.36 (2000 see) 0.3 (3000 sec) 
Li-5% Ca 4.8 3 days at RT 0.01 0.05 (2 hr)  0.05 (8 hr)  

+ 2 days at 72~ 
Li-5% Ca 9.6 4 days at RT 0.07 0.15 (2 hr)  
Li.5% Ca 19 4 days at RT 0.07 (3 hr) 
Li-5% Ca 2.4 14 days at 72~ 0.05 0.4 (1500 sec) 
Li-5% Ca 2.4 14 days at 72~ 0.025 0.9 (1800 sec) 

+ 6 d a y s a t R T  
Lt-10% Ca 4.4 6 days at 72~ 0.014 0.165 (1 hr) 0.130 (2 hr)  
Li-2% Mg 10 6 days at 720C 0.080 1.02 (1200 see) 0.100 (2000 sec) 
Li-3% Mg 10 3 days at RT .~0.5 
Li-3% Mg 5.2 6 days at 72~ 0.06 0.35 (900 sec) 0.22 (1 hr);  0.15 (2 hr) 

5% Ca 
Li-5% Zn 8.3 6 days at 72~ 0.02 0.04 (5 hr) 

, :  Qpd = predischarge capacity per unit  area of anode on 100fl load. 
Values  in parentheses  are t imes measured after onset of discharge at which the current measurements  were  taken. Shunt resist- 

ance was 1~. 

Table II. Discharge performances of pretreated U-alloy AA-cells 

Pretreatment  Delay 
Total capacity 

Qpd Storage to 2V (A-hr) Average  working  Time to 
Alloy (mA-hr-cm-~) conditions 100a load voltage (V) Vm~n (V) 2.5V (sec) 

Li-6% A1 3.6 14 days at 72~ 1.8 2.5 
+ 6daysa tRT  

Li-6% AI 3.6 14 days at 72~ 1.78 3.05 
+ 6 d a y s a t R T  

Li-5% Ca 2.4 14 days at 72~ 1.97 2.7 
+ 6 d a y s a t R T  

Li-4% Si 4.8 14 days at 72~ 1.38 2.8 
+ 6 d a y s a t R T  

L1=t% Si 4.8 14 days at 72~ 1.25 2.85 
+ 6 d a y s  a t R T  

Li-4% Si 4.8 14 days at 72~ 1.16 3.2 
+ 6 d a y s a t R T  

Lt-5% Sn 6.3 6 days at 72~ 1.4 3.34 
Li-5% Ca 10 3 days at RT 1.6 
Li-10% Ca 4.4 6 days at 72~ 0.91 3.06 
Li-5% Zn 6.3 6 days at 72~ 1.82 3.29 
Li-3% Mgo 5.2 6 days at 72~ 1.76 3.28 

5% Ca 
Li-2% Mg 10 7 days at 72~ 1.6 3.26 

2,63 0 

2.86 0 

1.13 420 

2.6 0 

2.84 0 
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was found for Li-4% Si, Li-5% Sn, and Li-10% Ca. 
The discharge curves of Li-5% Zn, Li-5% Sn, and Li- 
10% Ca showed a very steep drop from 2 to 30 mV 
within  15 min  at the end of discharge. The average 
working potential  (on 10012 load) of the pretreated 
l i th ium alloy cells is up to 0.7V lower than that of a 
regular  l i th ium cell. Li-4% Si and Li-6% A1 show no 
delay at all to 2.5V (on 10012 load) after storage of 14 
days at 72~ plus 6 days at room temperature,  while 
the Li-5% Ca shows some voltage delay (Table II) .  

The electrochemical behavior  of pretreated Li-5% 
Ca alloy in 1.8M LiA1C14-SOC12 was studied with the 
use of a three-electrode cell (2, 3). The working elec- 
trode (Li-5% Ca) was pretreated by a discharge of 6 
m A - h r - c m - ~  and three days of storage at room tem- 
perature.  After  this t rea tment  the anodic overpotential  
at 2 mA cm -2 was 0.2V. However, a t  15 mA cm -2 the 
overpotential  exceeded 3.6V after 210 sec of discharge. 
This proves that  the electrode was blocked. Immedi -  
ately after this experiment,  the interracial  capacity of 
the working electrode was measured with the use of 
the pulse galvanostatic technique discussed above, and 
it was found to be 0.9 ~F cm -2. The apparent  thickness 
of the solid electrolyte interphase (SEI),  which was 
calculated using this value, was only 80A. This is a 
value that  is characteristic of l i th ium freshly immersed 
in LiA1C14-SOC12 solution (2, 3, 5). The calculation 
was made assuming that  the SEI was pure LiC1. 

A few Li alloy spiral ly  wound D-size cells were 
assembled, pretreated,  and short-circuited as described 
above. The electrolyte in these cells was 1M LiA1C14. 
An Li-5% Ca anode cell was pretreated by a discharge 
of 12 m A - h r - c m  -2 and storage at 70~ for 10 days. 
After  this p re t rea tment  the cell was shorted externally.  
The cell bulged, but  did not  explode or rupture.  At the 
end of this experiment,  the cell showed an open-circui t  
potent ial  near  zero. An Li-3% Mg anode spiral ly 
wound D-cell  was pretreated by a discharge for 11 
m A - h r - c m  -~ at 0.5 m A c m  -2 followed by storage for 
12 days at 70~ Then the cell was shorted externally.  
Its peak SCC was 16A. After  22 min, the cell cover 
violent ly  flew off the can, however, the can itself did 
not rup ture  and kept its un i ty  and original  shape. The 
tempera ture  of the can at this point  was 197~ An 
Li-5% Zn anode spiral ly  wound D-cell  was pretreated 
by a discharge for 11 m A - h r - c m  -2 at 0.5 mA cm -2 
followed by  12 days storage at 70~ Then the cell was 
ex terna l ly  shorted. Its peak SCC was 9.6A. After 1 hr, 
the cover of the cell violent ly flew off the can. The weld 
area was broken but  the can itself kept its in tegr i ty  
and original  shape. The tempera ture  of the can at this 
point  was 184~ some 23 o higher than the mel t ing 
point  of this alloy. In  all these exper iments  the SCC 
was very low (2-4A) dur ing  the first 5-10 min  follow- 
ing short ing and then rose slowly to the peak value. 

Discussion 
Two different mechanisms can, in principle, be re-  

sponsible for the reduct ion of SCC of the treated AA- 
cells. The first and tr ivial  one is a possible passivation 
of the l i th ium alloy by a thick LiC1 film, which was 
formed as a result  of the pretreatment .  We assume that 
l i thium, being more electropositive than any of the 
al loying metals, predominates  as the cation in the SEI. 
This mechanism can be ruled out because of the fol- 
lowing findings: 

1. The growth rate of the SEI and the overall  corro- 
sion and passivation rate of several Li alloys (Li-6% 
A1, Li-5% Mg, Li-5% Ca, Li-4% Si) were found to be 
s imilar  to that  of pure l i th ium (5). 

2. A large decrease in the max imum SCC of AA-cells  
was measured for an Li-5% Ca anode cell which was 
predischarged for 4.8 m A - h r - c m  -2 and stored for 4 
days at room tempera ture  while a very small  decrease 
was measured for the same alloy when stored for 14 
days at 72~ but  predischarged for only 2.4 m A - h r -  
cm -~ (Table I) .  This indicates that  in the case of Li-  

5% Ca alloy the predischarge depth is more efficient in 
the reduction of the SCC than is storage temperature.  

3. In the case of Li-Mg alloys a higher Mg content  of 
the alloy (3% instead of 2%) is more effective in re-  
ducing the SCC than storage at 72~ (Table I) .  

4. The apparent  thickness of the SEI of pretreated 
Li-5% Ca alloy is only 80A. This value is also charac- 
teristic of pure l i thium. 

5. Li-6% A1 and Li-4% Si pretreated AA-cells which 
were stored for 14 days at 72~ followed by 6 days at 
room tempera ture  reveal  no delay to 2.5V on star tup 
using 10012 loads (Table II) .  

The second mechanism that  can be responsible for 
the blocking of the pretreated l i th ium-al loy  anode is 
the formation of an alloy barr ier  layer  poor in pure 
l i th ium but  rich in the alloying element  that inhibi ts  
the mass t ransport  of l i th ium atoms. As the emf of all  
the alloying elements used in this work is lower than  
that of pure l i th ium vs. C/SOC12, the discharge of the 
alloy will  be expected to dissolve anodically only the 
l i thium, while the alloying element  will not be dis- 
solved. As a result, the concentrat ion of the alloying 
e lement  near  the surface of the alloy should increase 
and that of the pure l i th ium should decrease. All  the 
alloys used (except Li-Mg) are heterogeneous and 
contain two phases: l i th ium saturated with the alloying 
element,  and a second phase containing a l i th ium 
compound, such as Li2Ca, Li4Si, Li2Zn~, Li2A1, or 
Li4Sn. After  predischarge, the surfaces of the anodes 
seem to be covered with these compounds, while in 
the case of Li-Mg alloy the surface is covered with a 
magnes ium-r ich  alloy. 

Storage of the predischarged cells, either at room 
temperature  or at 72~ probably  causes the alloy 
particles to be sintered into a more compact and me-  
chanically stable film. This film acts as an alloy bar r ie r  
layer  for the mass t ransport  of l i th ium atoms from the 
bulk  of the alloy to the solution. It can be seen that 
there is a correlation between the storage temperature  
needed for s inter ing and the mel t ing point  of the 
l i th ium compound. In  the case of the Li-Ca system, the 
compound richest in l i th ium is Li2Ca which melts 
at 230.9~ Storage at room tempera ture  was sufficient 
for the s inter ing of the alloy barr ier  layer. However, in 
the case of the predischarged Li-A1 and Li-Si alloys, 
storage at room temperature  was not effective enough 
and rather  high short-circuit  currents  (0.5-1A) were 
measured. Therefore, a higher tempera ture  (72~ was 
needed in the sintering stage. The mel t ing point  of the 
Li2A1 and Li4Si compounds are 522 ~ and 752~ respec- 
tively. 

The capacity lost and the sharp decline in working 
potential  at the end of the discharge of Li-5% Zn, 
Li-5% Sn, and Li-10% Ca cells seem to result  from the 
separation of the anode from the can at the end of the 
discharge. During the discharge, the anode became 
increasingly rich in the alloying element  and this made 
it very r i g i d a n d  bri t t le  unt i l  it lost electrical contact 
with the can. It  is interest ing to note that  the alloy 
barr ier  layer  does not dissolve even after 5-8 hr  of 
continuous short circuit at about 4 mA cm -2 (Table I) .  
During this t ime more than 0.1 mm of l i th ium was dis- 
charged, however, the alloy barr ier  layer  was not 
damaged. 

Some of the al loying elements used, such as mag- 
nesium and calcium can be discharged in  thionyl  
chloride solutions. The working potential  of a mag-  
nes ium thionyl  chloride cell is about 1.5V at 1 m A c m  -2 
(8) and that of a calcium cell is about 3V at 3.5 mA-  
cm -2 (9). A possible reason for the fact that  the alloy 
barr ier  layer, at least in the case of magnes ium or 
calcium, does not anodically dissolve under  short- 
circuit conditions (although the pure metal  is dis- 
chargeable) is that the alloy is covered with an LiC1 
SEI which is a good conductor of Li + cations, but  may 
not  be as good a conductor for h/Ig+ + or Ca + +. This 
means that  the t ransference numbers  of Mg + + (tMg+ + ) 
or of Ca ++ (tca+ +) in the SEI-covered l i th ium alloy, 
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is close to zero while  that  of Li + is about  1. The finding 
that  the cationic conduct iv i ty  of the SEI covering 
l i th ium in thiony! chlor ide  is 2-3 orders  of magni tude  
h igher  than of the SEI cover ing magnes ium or  calcium 
in th ionyl  chlor ide  (2, 3, 8-10) suppor t  this hypothesis .  

The cu r ren t  (i) dur ing  discharge of l i th ium atoms 
migra t ing  th rough  the a l loy  ba r r i e r  l aye r  should, as a 
first approximat ion ,  be given by  

n F D  (Cb - -  C o) 
i =  [1] 

8 

where  D is the diffusion coefficient of l i th ium atoms in 
the a l loy  ba r r i e r  layer ,  C b and C ~ are  the concentra t ion 
of l i th ium atoms in the bu lk  of the  a l loy and in the 
SEI side of the a l loy ba r r i e r  layer ,  respect ively ,  and 5 
is the  thickness of the a l loy ba r r i e r  l ayer ;  n and F have 
thei r  usual  meanings.  The m a x i m u m  shor t  c ircui t  is 
l imi ted  by  the mass t r anspor t  of l i th ium atoms through  
the a l loy ba r r i e r  layer .  Since Cb is constant  and C ~ is 
zero when i --  iltm, Eq. [1] can be wr i t t en  as 

K 
isc max = iltm = - -  [2] 

8 
where  K is a constant .  

I t  was ment ioned tha t  b should be a l inear  funct ion 
of Qpd. The fol lowing re la t ion should, therefore,  exis t  

K' 
~ l i r a  - -  

Qpd 
where  K' is a constant .  In  Fig. 1, the m a x i m u m  shor t -  
c ircui t  cu r ren t  for Li-5% Ca a l loy  AA-ce l l s  is p lo t ted  
as a funct ion of Qpd -1, using the da ta  shown in Table  I. 
These p red i scharged  cells had  been s tored for 4 days  at  
room tempera ture .  The l inea r i ty  of ilim with  Qpd-1 sup-  
por ts  the proposed model  of an a l loy ba r r i e r  l ayer  as 
the cur ren t  l imi t ing  factor. 

The few sp i ra l ly  wound D-cel ls  show a much higher  
m a x i m u m  shor t -c i rcu i t  cu r ren t  dens i ty  than the A A -  
cells. The reason for this is tha t  the to ta l  cur ren t  d rawn  
from the D-cel ls  is high enough to cause significant 
heat ing.  As a result ,  the diffusion coefficient of the 
l i th ium in the al loy ba r r i e r  l aye r  increases, leading  to 
fu r the r  increase  in the shor t -c i rcu i t  current .  Never -  
theless, the  m a x i m u m  SCC of  the  p re t r ea t ed  cells is 
2-3 t imes smal le r  than  tha t  of a r egu la r  pure  l i th ium 
cell. 

I t  seems that,  a l though the safe ty  hazard  p rob lem of 
sp i ra l ly  wound D-cel ls  was not  comple te ly  solved, it  
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Fig. ]. A plot of the maximum short-circuit current (ilim) of 
pretreated Li-5% Ca AA-cell as a function of the reciprocal of 
predischorge capacity for unit area of anode (Qpe-1).  The cell 
was stored for 4 days at room temperature. 

was at least  a l levia ted.  No D-cel l  d i s in tegra ted  com- 
pe te ly  as the resul t  of short  circuit.  The t empe ra tu r e  
of the can in which the cover was b roken  rose to a 
value  much above the mel t ing  point  of l i thium. (The 
in te rna l  t empe ra tu r e  may  have been as high as 250~ 
or  70 ~ higher  than  the mel t ing  point  of l i thium.)  The 
t ime dur ing  shor t  c ircui t  needed  to b r e a k  the cover 
was ex tended  by  one order  of magni tude  in compar i -  
son with  a regu la r  cell. [A regu la r  D-size sp i ra l ly  
wound cell explodes  on shor t ing af te r  I-3 min (11).] 
I t  is possible tha t  the cover  separa ted  f rom the cell  
case as a resul t  of the high pressure  f rom sulfur  dioxide 
which  formed dur ing  the pro longed  discharge.  Since 
case rup tu re  caused by  high pressure  is p re fe rab le  to 
explosion caused b y  l i th ium ignition, the a l loy anodes 
do provide  at  least  some measure  of safety.  Another  
safe ty  fea ture  is tha t  a f te r  the p re t rea tment ,  the 
l i th ium anode is comple te ly  covered by  the alloy, 
which is less act ive than  pure  l i th ium and which  m a y  
fu r the r  protect  the a n o d e  f rom other  hazards,  such as 
ex te rna l  hea t ing  or mechanica l  damage  to the cell. 

S u m m a r y  
The m a x i m u m  shor t -c i rcu i t  cu r ren t  (SCC) of 

l i th ium a l loy - th iony l  chlor ide  AA-ce l l s  was reduced 
by  a factor  of 20-50 in comparison wi th  that  of r egu la r  
l i th ium cells. The m a x i m u m  SCC of sp i ra l ly  wound 
D-size cells having a l i th ium al loy as an anode was 
reduced  by  a factor  of 2-3. This was done by  a p r e t r ea t -  
ment  which includes discharge for 4-12 m A - h r - c m - 2  
(of anode)  fol lowed by  s torage at  room t empera tu r e  
or 72~ for  3-14 days depending  on the a l loy type. I t  
was concluded that  as a resul t  of this p r e t r e a tmen t  an 
a l loy- r i ch  ba r r i e r  l ayer  is fo rmed on the ent i re  surface 
of the  anode (beneath  the LiC1 pass iva t ing  l aye r ) .  
Such a ba r r i e r  l aye r  may  be formed in al l  the  p r i m a r y  
and secondary  ambien t  t empe ra tu r e  cells wi th  l i th ium 
al loy anode. Dur ing  in te rmi t t en t  u s e  of any  type  of 
l i th ium al loy cells (not on ly  Li/SOCI~ cells) over  long 
per iods  of  time, an a l loy  ba r r i e r  l aye r  can be formed 
that,  if  a l lowed to grow in an uncont ro l led  manner ,  
can decrease  the ra te  capabi l i ty  of the cells below a 
useful  value.  

submi t ted  Sept.  revised m a n u -  Manuscr ip t  _ 30, 1981; 
scr ip t  received Feb. 8, 1983. 

A n y  discussion of this paper  wi l l  appea r  in a Dis-  
cussion Sect ion to be publ i shed  in the  December  1983 
JOUaNAL. Al l  discussions for  the December  1983 Dis-  
cussion Sect ion should  be submi t t ed  b y  Aug. 1, 1983. 

GTE Laboratories, Incorporated assisted in meeting 
the publication costs o$ this article. 
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ABSTRACT 

A high rate anisotropic etching process, suitable for plasma etching one wafer at a time, is discussed. Results indicate 
that the etch rate is overridingly dependent  on the C12 concentration and is independent  of the rf power used to drive the 
discharge. Several additives are used to control the etching process. BC13 is added to initiate etching, and CHC13 is included 
to control the anisotropy. Large amounts  of He assist photoresist preservation. Parametric studies supporting the roles of 
the additives have been made. 

e 
High rate anisotropic plasma etching processes are 

of considerable interest  for increasing the efficiency of 
machines which process VLSI wafers devices. This 
paper describes such a process for etching a luminum 
with high rates (>5000 A / m i n )  and no undercut t ing,  
even with a 50% overetch. Previously processes for 
anisotropic etching of a luminum in paral lel  plate re- 
actors have been reported using plasmas of m a n y  
chlor ine-conta in ing compounds, including CC14, BC13, 
and ClJBCl~ mixtures  (1-7). None of these etching 
processes, however, have been reported to have both 
high etch rates (>2500 A / m i n )  -and no undercu t t ing  
dur ing  overetching. 

The etching of a luminum appears to involve two 
processes: the removal  of the nat ive  a l u m i n u m  oxide 
layer  and the etching of the a luminum.  The use of 
BCI~ has been reported to facilitate the removal  of the 
oxide layer, but  alone it etches a l u m i n u m  relat ively 
slowly (1, 8). Mixtures of C12 and BCI~, however, were 
found to etch a luminum at high rates (1.2 ~ /min)  but  
isotropically. Anisotropic etching can be achieved with 
this mix ture  at high etch rates (4000 A / m i n ) ,  however, 
in  this case, undercu t t ing  typical ly results dur ing over-  
etching (1, 9). Anisotropic etching is possible with the 
addit ion of substances such as CHCI3. This addition is 
thought  to protect the side walls in a fashion similar  to 
etching with CC14 where the anisotropic etching of A1 
was observed to correlate with the formation of a thin 
film on the etched a luminum edge (4, 5). Similar  sug- 
gestions of a side wall  protection promoting anisotropy 
have been made in other systems (10). 

Experimental 
The experiments were made in a small parallel plate 

etching chamber designed for single-wafer processing 
(Fig. 1). Gas was introduced uniformly through the rf 
electrode. For most of the results reported here, a 
porous stainless steel electrode was used; however,  
some exper iments  were done with a porous anodized 
a luminum electrode. The lower electrode was anodized 
a l u m i n u m  with  a 6 mm wide slightly raised outer r ing  
which sur rounded the wafer  and held it in place dur ing  
chamber  evacuation. The base of the chamber,  sur-  
rounding  the lower electrode, was covered by a Teflon 
r ing through which holes were dril led for evacuation. 

I Present address: Xerox Palo Alto Research Center, Palo Alto, 
California 94304. 

Key words: plasma etching, plasma chemistry, chlorine dis- 
charges, semiconductor processing, dry processing. 
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Both electrodes were 11.5, cm diam, and the electrode 
spacing was 2.5 cm. The discharge was confined be-  
tween these electrodes. The lower electrode, on which 
the wafer  rested, was cooled by circulating fluid. The 
fluid tempera ture  was main ta ined  at 15~ but  the 
electrode was observed by touch to warm to approxi-  
mate ly  35~ dur ing a 3 min, 2 W/cm 2 rf  discharge. The 
chamber  was not load locked, and to reduce adsorbed 
contaminants ,  a 0.5 W/cm 2 He discharge was applied 
for 30 sec prior to each experiment.  

The wafers used in this work were 100 mm diam and 
pat terned with AZ 1470 photoresist baked for 30 min  
at 120~ The pat tern ing mask was composed of blocks 
of equal lines and spaces (1.25-2.5# wide).  About  50% 
of the wafer surface was exposed 1# thick a luminum 
which was deposited by magnet ron  sputtering. The 
wafers were not flat and, consequently,  may not have 
had uni form contact to the lower electrode. 

Etch times were determined by a combinat ion of 
visual  observation of a luminum on the wafer  and blue 
emission from the discharge. This blue emission has 
been observed to coincide with emission from A1CI at 
261 nm. This method allowed approximately  a _1  sec 
determinat ion of etching ini t iat ion and --+2 sec deter-  
minat ion  of etching terminat ion.  Total etch times were 
typical ly 90 sec with approximately a 7 s ec ini t ia t ion 
time. 

Measurements  of the flow rate dependence were 
made by varying  the flow rate of the par t icular  gas 
being studied while keeping the flow rates of all other 
gases and the total pressure constant. Since the flow 

GAS IN \WAFER  -RF ELECTROOE/-OUART  
/ /  \ / /  ,, ,~ / /  I , /  /~ y /,  ~, / 

I |  ' ~  ......................................................... J~ DISCHARGE 

TEMPERATURE PUMPING 
CONTROL 

Fig. 1. Experimental apporatus 
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15 rate of He, typical ly 200-250 sccm, was an order of 
magni tude  larger than that of any  of the gases whose 
flow rates were varied, the residence t ime was only 
slightly affected. The total pressure was normal ly  133- 
200 Pa, and the rf input  1.7 W/cm 2 at 13.56 MHz. "~ 

Anisotropy was determined from SEM's of l ine pro- o,~ I0 
files after etching for a t ime 50% longer than that ,, 
necessary to clear the pattern.  Dies near  the edge were 
chosen for examinat ion as the edge general ly  finished LU 
etching first. The process was declared to be anisotropic 
if no undercu t t ing  could be detected on any of the n- 
small  lines (1-2 microns) .  As the selectivity of a lumi-  2: 
n u m  etching to photoresist etching was at least 3: 1, and ~- 5 
several measurements  were made on samples with LU 
near ly  vertical photoresist sidewalls (from good con- 
tact pr in t ing) ,  the measured absence of undercut  was 
not thought to be due to resist erosion. Undercut t ing  of 
about 200A would have been observable. 

Results 
Measurements  of A1 etch rates were made as a func-  

tion of CI2 flow rate with variat ions in several  process 
parameters:  the BCI3 flow rate, CHC13 flow rate, and 
the power level. The etch rate was observed to be 
strongly dependent  on the C12 flow rate at lower flow 
rates and more weakly dependent  at higher flow rates 
where saturat ion may be occurring. The etch rate de- 
pendence on the other process parameters  was much 100 
weaker. The etch rate slightly decreased with increases 
in the CHC13 flow rates (Fig. 2) and was independent  
of the BCla flow rate (Fig. 3). A strong dependence of 
the ini t iat ion t ime on BC13 at low flow rates was found 
(Fig. 4) ; however, at moderate flow rates, the ini t iat ion o 8 0  , r  

time was flow rate independent .  No ini t iat ion of A1 
etching was observed after 5 min  of exposure to the 
C12 discharge with BC18 absent. There was essentially aJ 
no dependence of the etch rate on rf power (Fig. 5) ~ 60  
which is consistent with previous observations using 
CC14 (3) .  After  init iation, the etching was observed to 
continue without  the discharge over areas as large as 
one-hal f  the wafer in nondi luted mixtures  of BClJC12 
at roughly the same etch rate as with the discharge, t- 
The entire wafer  was never  observed to clear without  ~ 40  
the discharge present. This effect was not studied in 2: 
detail and will be discussed later  in this paper. There o 
was also no substant ia l  difference in etch rate observed 
using steel or a luminum electrodes. 20 

Anisotropy was measured as a funct ion of C12 flow 
rate as the CHC13 flow rate and rf power were varied z 
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Fig. 2. Etch rate of AI vs. CI2 flaw for different CHCI3 flows. 
Other parameters include: 20 sccm BCI3, 200 sccm He, 200 Pa 
total pressure, 1.75 W/cm 2 of 13.56 MHz rf power, and 2.5 r elec- 
trode spacing. 

m BCI 3 
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Fig. 3. Etch rate of AI vs. CI2 flow for different BCI3 flows. Other 
parameters include: 250 sccm He, 9.4 sccm CHCI3, 160 Pa total 
pressure, 1.7 W/cm 2. 

I I I I 
0 5 I0 15 2 0  

FLOW BCI 3 ( sccm)  

Fig. 4. Time necessary for initiation of aluminum etching vs. 
BCI3 flow. Other parameters include: 20 seem CI2, 200 sccm He, 
200 Pa total pressure, 1.75 W/cm 2. 

(Fig. 6, 7) with all other process parameters  held con- 
stant. In  each study, a threshold was observed in flow 
rate and power above which vertical  profiles would be 
achieved but  below which undercu t t ing  occurred. In  
addition, as the power and CHC13 flow rates were in -  
creased above this threshold, vertical  profiles could be 
achieved at higher C12 flow rates. The reduct ion of 
electrode spacing at constant power increased an-  
isotropy in a way similar  to that  seen with increasing 
power (at constant electrode spacing);  this indicates 
that the volume power density is important . .With large 
amounts  of CHCI~, the discharge is uns table  with lo- 
calized regions of high intensity.  These regions, ex- 
tending from one electrode to the other, occupy ap-  
proximately  1% of the electrode area and have emis- 
sion intensities of a factor of ten in excess of sur round-  
ing plasma. 

The etch rates of other materials  (such as Si, SiOf, 
and photoresist) were found to depend on several  pro-  
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Fig. 6. Anisotropy with 50% overetch vs. CI2 flow for different 
CHCI3 flows. Other parameters include: 30 sccm BCI3 flow, 250 
sccm He flow, 1.75 W/cm 2, 133 Pa pressure. 

cess parameters.  The most critical parameter  was rf 
power which increased the etch rate of all three ma-  
terials. Photoresist erosion was observed to be part ic-  
u lar ly  sensitive to CHC13 concentrat ion with bet ter  
resist survival  achieved at lower concentration. Also, 
the addit ion of He was observed to greatly reduce the 
resist erosion rate with very li t t le effect of the a lumi-  
n u m  etch rate. The oxide and resist etch rates were ob- 
se rved to  increase with increases in BC13 concentration. 

Uni formi ty  depended on  several  factors: C12 flow 
rate, electrode spacing, and exposed a luminum area. 
General ly,  higher flow rates and larger spacing would 
provide more uni form etching while larger areas of 
exposed a luminum would make the etching less un i -  
form. In  nonuni form etching, the etch rate would 
general ly be greater  at the edge than  the center;  how- 
ever, with higher C12 flow rates wafers have been ob- 
served to etch fastest in the center as well as in a r ing 
between the center and edge. For a specific resist pat-  
tern, conditions for un i form etching were found em- 
pir ical ly and the effect was not s tudied in  detail. 
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Fig. 7. Anisotropy with 50% overetch vs. CI2 flow for different rf 
powers. Other parameters include: 30 sccm BCIs, 250 sccm He, 
13.5 sccm CHCI~, 133 Pa total pressure, 13.56 MHz rf excitation. 

Discussion 
The results presented in this paper  support  the con- 

cept that  the etching of A1 with a C12 plasma is by  a 
chemical reaction with no ion enhancement .  Such a 
model would explain the insensi t ivi ty  of the etch rate 
to rf power which affects both the ion energies and the 
ion flux. This concept of a pure ly  chemical reaction is 
consistent with separate work done under  u l t rahigh 
vacuum conditions with a C12 discharge beam (11). In  
that  work, the etch rate was found not only to be in -  
dependent  of ion flux and energy but  also independent  
of the presence of the discharge. The discharge is 
needed, however, to init iate etching presumably  by 
removing the nat ive a luminum oxide surface layer. No 
definitive identification of the chemical species re-  
sponsible for the spontaneous reaction has been made 
in  this work. However, the overriding dependence of 
the etch rate on C12 flow and insensi t ivi ty  to rf power, 
which would presumably  affect the radical  composi- 
tion, suggests that the C12 feed gas is no less reactive 
than any radical species formed in the discharge. 

The large dependence of the ini t iat ion time on BC13, 
consistent with previous work (1, 8), indicates that  the 
addition of BC13 is necessary for the removal  of the 
a luminum oxide layer. The mechanism for this removal  
was not delineated in this work; however, the results 
here are consistent with either a direct reduction of the 
surface or a get tering of oxygen to prevent  reoxidation 
of the surface after ini t ial  removal  by sput ter ing (8). 
The suppression of the etch rate by increasing CHCI.~ 
flow rates could result  from the recombinat ion of frag- 
ments  of CHCla with chlorine (12) or the l imit ing of 
access to the A1 surface to chlorine by passivating 
species. 

In  a system where the etching reaction is purely 
chemical, sidewall protection is necessary to prevent  
undercut t ing.  The formation of a pe rmanen t  surface 
protective layer  has been reported (4, 5) in A1 etching 
by CC14, suggesting a similar role in this work for 
CHC18, al though no such layer  has been observed here. 
For the process to be anisotropic, the adherence of 
these protective species must  depend on the ion bom- 
ba rdment  which, with paral lel  plate reactors, is normal  
to the surface. According to this model, those surfaces 
receiving sufficient ion bombardment  to clear the pas-  
s ivant  will  etch, while those surfaces with insufficient 
ion bombardment  will  not. 
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The effect of such pro tec t ive  species on prevent ing  
undercu t t ing  is observed to depend  on the flow ra tes  of  
C12 and CHCls and the power  (Fig. 6, 7). The depen-  
dence of the pass ivat ion on power  suggests  tha t  a dis-  
charge product ,  not the CHC13, is the  pass iva t ing  
species. This p roduc t  could poss ibly  contain photore-  
sist decomposi t ion species as wel l  as CHC13 fragments .  
Other  workers  have observed a s t rong corre la t ion be-  
tween  resis t  erosion and an iso t ropy  (5, 13). Since the 
fo rmat ion  of these species is thought  to s ta r t  wi th  f r ag -  
menta t ion  of CHC13, the amount  of  f ragmenta t ion  
products  is expected to increase  wi th  increases  in 
e i ther  the r f  power  of CHC13 concentrat ion.  Such in-  
creases in f ragmenta t ion  have  been observed  in dis-  
charges of CC14 (6). The monomer ic  f ragments  could 
serv~e as passivants  or  par t ic ipa te  in subsequent  reac-  
tions to produce po lymer ic  pass iva t ing  species. The 
format ion  of  po lymer  has been observed in this work  
under  condit ions of high power  and  CHC18 concentra-  
tions. The reduct ion of an iso t ropy wi th  addi t ion of Cle 
could resul t  f rom react ions wi th  the f ragments  (pos-  
s ib ly  wi th  the format ion  of CC14) which would  reduce 
the concentra t ion  of f ragments .  

The decrease in se lec t iv i ty  of AI etching over  o ther  
circuit  ma te r i a l  (SiO~, Si, photoresis t )  wi th  an increase 
in r f  power  m a y  be due  to addi t iona l  ion bombardment .  
Al though the Al  etch ra te  is essent ia l ly  unaffected by  
r f  power,  the e tching of Si and SiO2 in C12 are  ion en~ 
hanced react ions  (11) and, consequently,  the etch ra tes  
can increase  wi th  both ion flux and ion energy.  The 
increase  in photores is t  erosion at  h igher  power  could 
be due to addi t ional  ion b o m b a r d m e n t  enhancing the 
erosion react ion by  di rec t  par t ic ipa t ion  or  t he rma l  ac-  
celeration.  Higher  select ivi t ies  are  possible at  low r f  
power.  As BC13 is thought  to be a good reduc ing  agent  
for  a luminum oxide in a plasma,  it  is not  unreasonable  
that  the SiO2 etch ra te  also depends on BCI~ concen- 
trat ions.  The reduct ion of the  resis t  erosion ra te  wi th  
the addi t ion of  He could be a t t r ibu tab le  to severa l  
factors, but  the most  l ike ly  is increased cooling of the 
wafer  due to the high the rmal  conduct iv i ty  of He (14). 
The thin He layer  be tween  the cooled electrode and 
the wafer  can provide  increased heat  t ransfer .  

A mic rograph  of 2.25~ wide fea tures  e tched in a 1~ 
A1 film using the gas mix tu re  (C12, BC13, CHCI~, He) 
is shown in Fig. 8. The etching was completed  in 135 
sec af te r  a 7 sec ini t ia t ion per iod;  however ,  the wafer  
was lef t  in the react ive  discharge an addi t ional  30 sec 
to accentuate  the absence of undercut t ing  which is 
reflected in the ver t ica l  walls.  A sl ight  res idue f rom 
the etched A1 can somet imes be seen on the unde r ly ing  
SiO2 layer .  This res idue appears  i n t e rmi t t en t ly  wi th  
this process and has a pa t t e rn  s imi lar  to the grain 
s t ruc ture  of the a luminum.  Such a pa t t e rn  suggests  the 
res idue is f rom the gra in  boundar ies  (possibly AlcOa). 
Residues wi th  a s imi la r  appearance  have been repor ted  
e lsewhere  for ve ry  different  etching conditions (2). 

Summary and Conclusions 
The etching react ion of  A1 in C12 appears  to be fast  

and can be exp la ined  as a pu re ly  chemical  effect wi th -  
out  ion or  discharge enhancement  af ter  the surface 
oxide  l a y e r  has been removed.  The nat ive  oxide  l aye r  
can be ve ry  effectively removed  by  the addi t ion of 
BC13 to the discharge mak ing  the mix tu re  C1JBC13 an 
a t t rac t ive  fast  e tchant  but  l imi ted  due to a lack of ade-  
quate  means  to control  undercut t ing.  Undercu t t ing  can 
be p reven ted  wi th  such a mix tu re  by  the addi t ion of 
species to protect  the s idewal ls  dur ing etching. Under  
appropr ia t e  conditions, e i ther  CC14 or  CHC13 will  p ro -  
vide such protect ion.  The erosion ra te  of the photore-  
sist can be reduced  by  the addi t ion of a large  amount  
of He to the gas mixture .  

Acknowledgments  
The authors  a re  gra te fu l  to R. Reed for his cont r ibu-  

tions to the  work  repor ted  herein. 

Fig. 8. AI features 2.25 /~m wide etched with a mixture of CI2, 
BCI3, CHCI3, and He. The total pressure was 150 Pa (1.2 Torr) 
with 1.75 W/cm 2 13.56 MHz rf power. The aluminum cleared from 
the wafer after 135 sec of etching. The wafer was etched for 30 
sec after the aluminum cleared. 

Manuscr ip t  submi t t ed  Apr i l  5, 1982; rev ised  manu-  
scr ip t  received Feb. 28, 1983. This was' P a p e r  288 pre -  
sented  at  the Denver ,  Colorado, Meet ing of  the So-  
ciety, Oct. 11-16, 1981. 

Any  discussion of this pape r  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1983 
JOURNAL. Al l  discussions for  the December  1983 Dis-  
cussion Section should be submi t t ed  b y  Aug. 1, 1983. 

The Perkin-Elmer Corporation assisted in meeting 
the publication costs o] this article. 

REFERENCES 

1. R. B. Poulsen,  H. Nentwich,  and S. Ingrey,  in  "Pro-  
ceedings of the IEDM Meeting,"  Washington,  DC 
(1976). 

2. P. M. Schaible,  W. C. Metzger,  and  J. P. Anderson,  
J. Vac. Sci. Technol., 15, 334 (1978). 

3. R. L. Bersin,  Solid State Technol., 21, 117 (1978). 
4. P. M. Schaible  and G. C. Schwartz ,  J. Vac. ScL 

Technol., 16, 377 (1979). 
5. M. Oda and K. Hirata ,  Jpn. J. Appl. Phys., 19, 1405 

(1980).  
6. R. H. Bruce, in "P lasma Processing,"  R. G. Fr iese r  

and C. J. Mogab, Editors,  p. 243, The Elec t ro-  
chemical  Society  Sof tbound Proceedings  Series,  
Pennington,  NJ  (1981). 

7. M. Nakamura ,  M. Itoga, and Y. Ban, in "P lasma 
Processing," R. G. Fr iese r  and  C. J. Mogab, Edi -  
tors, p. 225, The Elec t rochemica l  Society  Sof t -  
bound Proceedings  Series, Pennington,  NJ  (1981). 

8. D. Hess, Plasma Chem. and Processing, 2, 141 (1982). 
9. R. A. Conrad and R. H. Bruce, Unpubl i shed  results .  

10. C. J. Mogab and H. J. Levinste in ,  J. Vac. Sci. Tech- 
nol., 17, 721 (1980). 

11. D. L. Smi th  and R. H. Bruce, This Journal, 129, 2045 
(1982). 



Vol. 130, No. 6 A N I S O T R O P I C  A L U M I N U M  E T C H I N G  1373 

12. D. L. Smi th  and P. Saviano,  J. Vac. Sci. Technol., 
21, 768 (1982). 

13. R. A. M. Wolters ,  in "P lasma Processing,"  J. Die l -  
man,  R. G. Fr ieser ,  and G. S. Mathad,  Editors,  p. 

293, The Elec t rochemica l  Society Sof tbound P ro -  
ceedings Series,  Pennington,  NJ (1983). 

14. E. J. Egerton,  A. Nef, W. Mil l ikin,  W. Cook, and  D. 
Baril ,  Solid State Technol., 25 (8), 84 (1982). 

Correlation of Solar Cell Electrical Properties with Material 
Characteristics of Silicon Cast by the Ubiquitous Crystallization 

Process 
S. Hyland*  

Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91109 

D. Leung 

Applied Solar Energy Corporation, City ofIndustry, California 91746 

A. Morrison* and K. Stika 

Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91109 

and H. Yoo *'1 

Applied Solar Energy Corporation, City of Industry, California 91746 

ABSTRACT 

Solar  cells were fabricated using a conservative "baseline" process on 1-3 ~-cm p-type silicon from ingots cast by the 
ubiqui tous crystallization process. Conversion efficiencies of the cells were measured,  as well as spectral response and mi- 
nori ty carrier diffusion length. Adjacent  slices from the same ingot were studied for their  grain size, dislocation distribution, 
and impuri ty  distr ibution.  Cell performance was related to the observed structural features, as well as to the chemical  struc- 
ture of the ingot. 

Pe lyc rys t a l l i ne  si l icon cast  b y  the  ubiqui tous  c rys -  
ta l l iza t ion process, Semix,  Incorpora ted  (UCP) is a 
cand ida te  sheet  ma te r i a l  for  low-co~t solar  cell  app l i -  
cations (1). The phys ica l  s t ruc ture  of the  UCP m a t e -  
r ia l  as i t  affects the  solar  cell  pe r formance  has  been  
wide ly  r epo r t ed  (2-8).  

In this paper ,  we descr ibe the e lect r ica l  cha rac te r -  
istics of solar  cells made  f rom wafers  t aken  throughout  
a single UCP ingot, and cor re la te  these character is t ics  
wi th  the  phys ica l  s t ruc ture  and e lementa l  composit ion 
of the  var ious  port ions of the  ingot. The da ta  obta ined 
re la te  only  to the  specific UCP ingot  under  s tudy,  whi le  
some genera l  conclusions are  also drawn.  Solar  cell  
conversion efficiency (n) at  AM1, spect ra l  response, 
and minor i ty  car r ie r  diffusion length  (LD) of the  cells 
a re  discussed and cor re la ted  wi th  gra in  size and im-  
pu r i ty  dis t r ibut ion.  Spec t ra l  response and LD were  
measured  b y  a shor t -c i rcu i t  cu r ren t  me thod  (Isc) using 
a f i l tered tungsten hgh t  a s  the source for  car r ie r  gen-  
era t ion (9).  Opt ica l  microscopy was used in pa ra l l e l  
wi th  e lec t ron beam induced cu r ren t  (EBIC) measu re -  
ments  to de te rmine  the s t ruc tura l  character is t ics  of the  
mater ia l .  E lemen ta l  composi t ion was es tabl ished by  use 
of s econdary  ion mass  spec t roscopy (SIMS)  and Zee-  
man  atomic absorpt ion  (10, 11). A l ight  spot  scan was 
pe r fo rmed  on selected cells using a l ight  spot ~ 40 ~m 
d iam tha t  was f i l tered th rough  a thin si l icon sheet  such 
tha t  wave lengths  ~0.8 ~m were  not  passed. 

Experimental 
F o r  this work,  one ingot, a 100 • 100 • 125 m m  

qua r t e r  of a ful l  casting, was studied.  The d is t r ibut ion  

* Electrochemical  Society Active Member. 
1 Present  address: ARCO Solar, Incorporated, Chatsworth, Cali- 

fornia 91311. 
Key words: photovoltaic,  gettering,  impurity,  defects.  

of proper t ies  and s t ruc ture  of the  whole cast ing a r e  
in fe r red  f rom this ingot. 

In  o rder  to map  the  ma te r i a l  qua l i ty  th rough  the 
ingot, i t  was sl iced hor izonta l ly  in four  sections; top 
(section 1), 1/3 down f rom the top (section 2), 2/3 
down f rom the top (section 3), and bot tom (section 4). 
Consecutive wafe r s  were  se lected to represen t  each 
section. Cont inui ty  of the  g ra in  s t ruc ture  th rough  al l  
slices wi th in  each section was confirmed. In each sec- 
tion, two wafers  were  reserved  for  cell  fabr icat ion,  
one wafer  for opt ical  microscopy and SIMS, two wafers  
for  EBIC, and one wafer  for  sp read ing  res is tance or 
o ther  measurements .  The wafer  tha t  had or ig ina l ly  
been " face- to- face"  wi th  the  one on which solar  cells 
were  fabr ica ted  was marked  and used for the  opt ical  
microscopy.  

I t  was observed tha t  the  g ra in  size in the  ingot  
va r i ed  f rom an average  d i ame te r  of  0.4 cm at  the  
bo t tom to an average  of 0.8 cm at the  top (Fig. 1). 

Fig. 1. UCP 4 X 4 in. wafers from Ingot 5848-13C; a, left) top, 
and b, right) bottom. Ingot center is at lower left. 
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Laue  backreflect ion x - r a y  was used to obta in  five 1 
m m  spots across each sample.  The p reponde ran t  gra in  
or ientat ions  measured  were,  a t  the  bottom, (110) and 
(100), and at  the  top, (111). The range  of g ra in  sizes 
over  each 10 X 10 cm wafe r  was small .  2 

Defects observed  wi th in  the  grains  include large  
euhedra l  s i l icon carbide  (SIC) crys ta l  inclusions (>25 
gm diam) and three  dis t inct  types  of dislocation a r -  
rays.  Al though  the SiC par t ic les  were  dispersed 
throughout  most of the  ingot, the i r  concentra t ion in-  
creased f rom bot tom to top (,-,1000/cm2 at  the top vs. 
,~500/cm 2 at  a posit ion 5 cm down f rom the top vs. 
none at  the bo t tom) .  The SiC par t ic les  were  much 
l a rge r  in the top of the ingot  than  in the  center.  As-  
sociated with  each inclusion was a dis t inct  spher ical  
s t ra in  field ex tending  to app rox ima te ly  twice  the  pa r -  
ticle d iamete r  (Fig. 3). F igure  3a shows a typical  SiC 
par t ic le  wi th  the  dis locat ion s t ra in  field, whi le  Fig. 
3b shows the res idual  s t ra in  field left  a f te r  r emova l  of 
an SiC par t ic le .  Reduced l ight  scan photoresponse in 
the v ic in i ty  of these precipi ta tes ,  and genera l ly  re -  
duced fill factor  (FF)  and open-c i rcu i t  vol tage  (Voc) 
in the top sect ion of the ingot  (see cell  resul ts  below) 
can be in te rp re ted  as evidence of impur i t y  accumula-  
t ion a round  the SiC crysta l l i tes  (12, 13). The dis-  
locat ion a r rays  observed included l ines emana t ing  
f rom sharp gra in  corners into the  bu lk  of impac ted  
grains  (Fig. 4), sets of pa ra l l e l  l ines appa ren t l y  dis-  
t r ibu ted  a round  bending  axes (14) (Fig. 4), and mul t i -  
p le  subboundar ies  runn ing  pa ra l l e l  to the gra in  bound-  
aries. These a r rays  are  all  ar t i facts  of subs tant ia l  i n t e r -  
g r anu la r  stress, poss ibly  genera ted  dur ing  solidifica- 
tion, though more  p robab ly  genera ted  dur ing  cooldown 
af te r  solidification. 

I m p u r i t y  d is t r ibut ion  measurements  were  made  us-  
ing SIMS and Zeeman atomic absorpt ion.  Few impur i -  
ties were  observed wi th in  the l imits  of detect ion of the  
SIMS ins t rument ,  genera l ly  1015-1017/cm 8 for  most 
elements.  Specifically,  the l imi t  for  A1 is ,-~5 • 101.~/ 

This ingot is typical of one of two  distinct ingot Structures 
observed by the authors in the UCP ingots. The alternate struc- 
ture shows evidence of a small-grained (~0.2 cm diam) core 
which appears to have grown from the center bottom of the ingot 
(~30% of the area) to the top (~80% of the area) in a shape 
resembling a "bouquet." The grains outside this "bouquet" are 
very large, ranging up to more than 2 cm (Fig. 2). 

Fig. 2. UCP 4 X 4 in. wafers from a typical ingot showing 
bouquet; a, left) top, and b, right) bottom. Ingot center is at lower 
left. 

Fig. 3. Etched dislocation fields surrounding SiC particles 

Fig. 4. Etched dislocation lines showing stress concentrations 

cm a and for  Cu is ~1017/0m a. Low levels  of A1 were  
detected in the top of the ingot. No segregat ion  of the 
A1 to the  gra in  boundar ies  was observed in this r e -  
gion. Using Zeeman atomic absorpt ion  measurements ,  
s ingle c rys ta l  areas  of the  ingot  were  observed  to con- 
ta in  ~3  • 1015/cm a Cu at  the  bot tom and ,.~1016/cm 8 
Cu at  the top. Cu was observed to have  been segre -  
gated to the  gra in  boundar ies  a t  the  bottom, but  not  
at  the top of the ingot. 

One set of four  wafers  (one f rom each hor izonta l  
ingot  section) was fabr ica ted  into 16 solar  cells each 
using a s imple  "basel ine"  process (15) tha t  did not  in-  
clude a back-sur face  field (BSF)  or mu l t i l aye r  a n t i - r e -  
flective (AR) coating. The finished cells had a deep 
junct ion  (~0.35 ~m),  T i - P d - A g  meta l l i za t ion  and SiC 
AR. A matching  set of four  wafers  was sub jec ted  to a 
diffusion glass ge t te r ing  s tep  and processed into solar  
cells along with  the  ma te r i a l  tha t  did  not  have  the 
added  ge t te r ing  step. The get~ering s tep  consisted of 
POC13 diffusion and subsequent  e tching away  of the  
glassy layers  and the junction.  A total  of f i f ty-s ix  2 • 
2 cm basel ine process solar  cells and 59 ge t t e r ed  cells 
was obtained.  

F igure  5a shows efficiency as a function of posi t ion 
in the ingot. Over the ent i re  ingot, the  UCP cells made  
by  the basel ine  process averaged  65% the efficiency 
of the controls. The ge t te red  cells averaged  72% of the 
efficiency of control  cells made  f rom Czochralski  (Cz) 
silicon. F rom Fig. 5b, i t  can be seen tha t  the  open-  
circuit  vol tage (Voc) was low in the top of the  ingot  
(section 1), bu t  was h igher  in the center  and bot tom 

sections of the ingot  (sections 2, 3, and 4). The ~or at  
the  bo t tom averaged  95% tha t  of the  Cz controls, 
whi le  a t  the  top i t  averaged  only  81% tha t  of the  con- 
trols. The range  of vol tages was quite l a rge  for  the 
UCP mater ia l ,  especia l ly  in the top section. These 
vol tages were  not  apprec iab ly  affected b y  the addi -  
t ional  ge t te r ing  step. Low Voc also seems to corre la te  
wi th  low FF (Fig. 5c). 

In  contras t  to the  behavior  of Voc, the shor t -c i rcu i t  
cu r ren t  (Isc) (Fig. 5d) was low in the center  two sec-  
tions (2 and 3), but  was h igher  in the top and bottom. 
Again,  the  var ia t ion  in Isc was ve ry  la rge  in the UCP 
cells compared  to tha t  of the  Cz controls.  The top and 
bot tom sections showed an Isc app rox ima te ly  90% that  
of the Cz controls, while the  o ther  two sections ave rag-  
ed app rox ima te ly  75 % of the controls.  In  addit ion,  the 
center  two sections improved  an average  of 20% wi th  
the added  ge t te r ing  step, whi le  no apprec iab le  im-  
p rovement  was seen in the  Isc of the  top and bot tom 
sections. Af te r  get ter ing,  the Isc of the  center  two sec- 
t ions was st i l l  lower  than  the Isc of the top and bot tom 
sections. 

LD (Fig. 6) was low in the  center  two sections and 
s l ight ly  h igher  in the  top and bottom. (These da ta  are  
suppor ted  b y  l ight  spot scanning,  see be low) .  The  LD 
improved  not  only  in the  center  sections wi th  get ter ing,  
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but  also improved  in the top and bottom. The center  
sect ions improved  a p p r o x i m a t e l y  95%, whi le  the  top 
and bot tom improved  on an average  of 77%. This does 
not  correspond to the improvements  seen in Isc. 

Response of the  center  and  top sections to l ight  spot 
scanning (Fig. 7) reveals  tha t  t h e L D  is lower  in the 
center  sect ion than  in the  top section, as indica ted  by  
the s ignal  level  wi th in  the grains. The top layer  shows 
a grea t  deal  more  var ia t ion  in s ignal  level  p robab ly  as 
a resul t  of the large  n u m b e r  of SiC par t ic les  tha t  act as 
recombina t ion  centers.  

Discussion 
Cell  resul ts  indicate  tha t  this  ma te r i a l  d id  not  p ro -  

duce as efficient sola~ cells as those p roduced  f rom 
s ing le -c rys ta l  Cz silicon. Using the  EBIC technique,  a 
loss of response corresponding to g ra in  boundaries ,  as 
wel l  as to "stress" regions of high dislocat ion density,  
was observed (Fig.  8). This loss of response is suffi- 
cient to cause the cur ren t  of the po lycrys ta l l ine  cells to 
be lower  than  tha t  of s ing le -c rys ta l  Cz cells, but  can-  
not  expla in  the grea t  var ia t ion  in response th rough-  
out  the  ingot. Defects, inc luding  impuri t ies ,  dis loca-  
tions, and SiC part ic les ,  and the i r  d i s t r ibu t ion  wi th in  
the  ind iv idua l  grains  of the UCP ma te r i a l  a re  be l ieved 
to be the control l ing fac tor  in the  qua l i ty  of solar  cells 
f rom this mater ia l ,  and the nonhomogenous  d i s t r ibu-  
t ion of cell  qua l i ty  throughout  the  ingot. The impur i ty  
d is t r ibut ion  leads  us to be l ieve  tha t  the  ingot  solidified 
d i rec t iona l ly  f rom the bot tom to the  top. 

The h igher  LD observed in the  bo t tom section of the 
ingot  is appa ren t ly  due to segregat ion  of impur i t ies  to 
the boundar ies  of the  smal l  grains  in this  region.  This 
d i s t r ibu t ion  was confirmed for Cu using Zeeman anal -  
ysis (see above) .  

In  the center  two sections, low .current corresponding 
to a low LD was the  main  factor  tha t  degraded  the cell  
per formance .  The l ight  spot scan (Fig.  7) indicates  
that  there  was a loss of I~c at the  gra in  boundaries ,  bu t  
that  l i fe t ime wi th in  the  grains  was also l imited.  Tha t  

J _. / . -  Cz  C O N T R O L  

�9 | V �9 I 

} , ,  

GRI I ES 

X 

Fig. 7. Light spot scan of a Cz control compared to that  of 
UCP cells from the tap (S.1) and center (S.2). (Grid spacing is 
2.5 ram.) 

Fig. 8. EBIC image of response of UCP material  
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these two sections improved greatly with the addition 
of a phosphorus gettering step indicates that in this 
region there are mobile lifetime limiting impurities 
within the grains which degrade cell performance. In 
a separate experiment, blanks covered with a CVD 
layer of SiO2 during the POCls gettering step showed a 
smaller improvement in Isc, indicating that part of the 
cell improvement is due to internal gettering by grain 
boundaries or defects, or to thermal annealing of de- 
fects; however, most of the improvement is due to the 
phosphorus gettering action: 

The Voc and FF were low in the cells from the top 
section, indicating that the junction was being shunted 
or that there was a high recombination current. The 
addition of an "external" gettering step had very 
little effect on the Isc of these cells. From this evidence, 
we conclude that internal gettering of impurities, in 
part by SiC, is taking place in the top. Impurities 
"trapped" near SiC particles become electrically in- 
active and do not degrade lifetime (16), but will de- 
grade Voc and FF. 

Conclusions 
Impurities and defects, including grain boundaries, 

SiC particles, and dislocations, in the UCP ingot 
studied control the quality of solar cells made from 
this material. Their distribution causes a wide varia- 
tion in the observed solar cell performance. In the bot- 
tom of the ingot, impurities are incorporated into the 
grain boundaries or are rejected into the melt during 
growth. This is supported by the fact that there is very 
little "cleaning" of the grain by gettering. The central 
sections of the ingot include a greater amount of these 
impurities within the grain bulk. These impurities are 
gettered and rendered ineffective by grain boundaries 
or defects during processing, or they can be gettered 
to the surface and etched away. At the top of the ingot 
where the grain sizes are large and a large number of 
SiC particles occur, the impurities remain in the bulk 
attached to these SiC particles. The SiC particles 
within the grain bulk act to decrease the quality of 
the junction of the solar cells even while they clean 
impurities from the grain bulk. There is no additional 
"cleaning" of the grains and improvement in Isc in this 
section with the added gettering step, since the im- 
purities are already immobilized by the strain field 
surrounding the SiC particles. 
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Fabrication of Via Holes in 200/ m Thick GaAs Wafers 
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ABSTRACT 

Etching of via holes from the back side of GaAs is an important  processing step for fabrication of monoli thic microwave 
integrated circuits. Normally, via holes are defined in wafers of 100 ~m or smaller thickness.  In this paper,  we describe a 
process for fabrication of via holes in wafers of 200 ~m thickness.  A phosphoric  acid-hydrogen peroxide  based etch has been 
used. The etch rate decreases with t ime after the start  of etching due to entrapment  of etchant  in the via hole. 

Etching of v ia  holes f rom the wafer  back-s ide  is 
an impor t an t  processing s tep for  fabr ica t ion  of GaAs 
mic rowave  I C s  for low noise and high power  app l ica -  
tions (1-6).  The via  holes a re  used for source g round-  
ing in low noise and for  reduct ion  of paras i t ics  (1),  
and for  p o w e r  diss ipat ion (5) in high power  app l ica -  
tions. Since the  v ia  holes have  to be p la ted  wi th  a 
ma te r i a l  such as gold, t hey  should  have  a funne l -  
shaped  appearance  wi th  a wider  opening at  the  back  
side of the  wafer  in o rde r  to obta in  an e lec t r ica l ly  
cont inuous film. The subs t ra te  on which  in tegra ted  
circuits  are  usua l ly  fabr ica ted  is semi - insu la t ing  GaAs.  
So far,  the  v ia  holes have been fabr ica ted  in wafers  
of thicknesses  of ,~100 #m or  less (1-5).  GaAs wafers  
a re  e x t r e m e l y  f ragi le  which makes  handl ing  of wafers  
of this thickness  ve ry  difficult. In  this paper ,  we  de-  
scr ibe a method  of r ep roduc ib ly  fabr ica t ing  via  holes 
in wafem of 200 ~,m thickness.  This would have  a 
significant impact  on the process y ie ld  of GaAs IC's. 

The GaAs  s ta r t ing  wafers  used in our  exper imen t s  
were  undoped high res is t iv i ty  wi th  (100) or ienta t ion 
The wafers  were  first mechan ica l ly  and then  chemo-  
mechan ica l ly  pol ished to a th ickness  of  200 -+ 4 #m. 
Sh ip ley  AZ 1450J photores is t  was used to define 3 rai l  
d iam holes on the wafer  for  etching.  The wafer  was 
pos tbaked  to 135 ~ for  45 rain for  ha rden ing  the  photo-  
res is t  so tha t  i t  could wi ths tand  the etching process.  
To make  funne l - shaped  via  holes, the  e tching solut ion 
should  reac t  a lmos t  i so t rop ica l ly  wi th  different  faces 
of GaAs to avoid  undercut t ing .  We expe r imen ted  wi th  
different  etchants,  such as: H2SO4:H202:H20,  HCI: 
H202:H20, and NH4OH:H202:H20.  The p rob lem en-  
countered  wi th  these e tchants  was tha t  to make  these 
n e a r l y  isotropic,  the  ra t io  of oxidizing (H202) to oxide  
d issolving (acid or  a lka l i )  agent  should  be ve ry  high 
or  ve ry  low, which makes  the  e tch ra te  ve ry  low. The 
t ime requ i red  for  good via  holes made  wi th  these 
e tchants  was typ ica l ly  more  than  3 hr. Addi t iona l ly ,  
the  e tch r a t e  was not  r eproduc ib le  for  these etchants,  
the  wors t  case being the  HCl -based  ones. This is p r o b -  
ab ly  because of the  react ion be tween  H202 and HC1, 
resul t ing  in reduct ion  of H202 to H~O. 

Exce l len t  r ep roduc ib i l i t y  and a high e tch  ra te  were  
ob ta ined  by  using a phosphor ic  acid based etch. The 
composit ion of  the  e tching solut ion was 75 m l  phos-  
phor ic  acid, 100 m l  H~O2, and  25 ml  H20. To etch a 
200 #m thickness  takes  about  35 ra in .  A var ia t ion  of 
less than  10% was observed  in etch time.. The end 
poin t  was de tec ted  in situ with  a microscope a t tached  
to the  setup.  In  o rde r  to ob ta in  un i fo rmi ty  of etching 
over  a l a rge r  area,  the  fol lowing p rocedure  was used:  
The subs t ra te  was a t tached to a glass p la te  b y  wax.  
The glass p la te  was he ld  face down at  a he igh t  of about  
4 in. f rom the  bo t tom of a b e a k e r  containing the etch 
solution.  The solut ion was s t i r red  b y  a magnet ic  s t i r re r  
at  a constant  speed.  F igures  l a  and  b show the f ront  
and  back  surface of the  wafe r  a f te r  the  photores is t  
had  been s t r ipped.  F igure  lc  shows a sect ion of the  
wafe r  wi th  via  holes, 

Key words: gallium arsenide, gall ium arsenide IC's, GaAs chemi- 
cal etching, GaAs IC processing. 

Figu re  2 shows the sect ion of the  via  holes at  th ree  
different  t imes du r ing  the etch whi le  Fig. 3 shows the 
dep th  of the holes as a funct ion of t ime. I t  can b e  
seen tha t  the  ver t ica l  etch ra te  is h igher  at  the  beg in -  
ning bu t  i t  slows down toward  the end. This is due  t o  
en t r apmen t  of  the  e tching so lu t ion  ~.n the  via  holes 
and slow rep len i shment  of the e tchants  f rom the bu lk  
of the  e tching solution. The speed of s t i r r ing  affects 
the  etch ra te  which increases  wi th  an increase of the 
s t i r r e r  speed. 

In  conclusion, we have  developed a process to 
fabr ica te  via  holes in semi - insu la t ing  GaAs wafers  in 
thicknesses of 200 ~rn. The process is fas t  and r ep ro -  
ducib le  and wil l  be useful  in  improving  the y ie ld  of 
monol i th ic  mic rowave  iC  fabr ica t ion  processing. 
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Precise Evaluation of Oxygen Measurements on CZ-Silicon Wafers 

K. Graf t  

Telefunken electronic GmbH, D-7100 Heilbronn, Germany 

ABSTRACT 

Intrinsic impuri ty  gettering due to oxygen precipitates in the bulk of a silicon wafer has recently enhanced interest  in 
precisely defined oxygen concentrations in Czochralski-silicon wafers. The determinat ion of the oxygen content  in as- 
received wafers by means of a common infrared absorpt ion measurement  has, however, proved to give systematic errors: 
The results depend  on the applied evaluation method, based on single beam or mult iple beam reflection, respectively, and 
on the residual damage on the reverse side of the wafer. A new method of evaluation is presented which is based on a cor- 
rected mult iple beam reflection. For  its application, an addit ional  measurement  is needed to determine the absolute trans- 
mission of the wafer. With the new method, unequivocal  results were obtained, independent  of the quality of the back side 
t rea tment  of the wafer. By this means, the so far high measurement  error was considerably reduced. 

For  s t andard  measurements  of the oxygen  concen-  
t ra t ion  in si l icon crystals  2 m m  thick slices which are  
pol ished on both sides a re  p rov ided  (1, 2). In  o rde r  
to calcula te  the absorpt ion  coefficient f rom the m e a -  
sured  t r ansmi t t ed  intensi ty ,  the express ion for  s ingle  
reflection is usua l ly  applied.  The difference be tween  
the appl ica t ion  of single reflection and mul t ip le  reflec- 
t ion wi l l  be tess than  10%. The devia t ions  be tween  

Key words: oxygen, infrared absorption, back side damage. 

these methods,  however ,  depend  on  the  t h i c k n e s s  o f  
the specimen and the to ta l  absorpt ion  due to la t t ice  
vibrat ion,  oxygen,  f ree  carr iers ,  and surface damage.  

The ge t te r ing  effect of oxygen  prec ip i ta tes  in the 
bu lk  of silicon wafers  ( in t r ins ic  or  in te rna l  ge t ter ing)  
which has recen t ly  been  discovered and used to im-  
prove devices requi res  a wel l -def ined  oxygen  content  
in every  wafer .  Therefore,  sil icon suppl ie rs  usua l ly  
offer pu l led  crysta ls  in three  specifications: low, me-  
dium, and high oxygen  content.  The oxygen  concent ra-  
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tions in  one specification vary  only by about  --+15% 
from the specified mean  value. On the other hand, the 
measurement  error  using s tandard  method (2) was 
estimated to slightly more than --+10%. If mult iple  re-  
flection is neglected, this error  wil l  be enhanced by 
a systematic deviat ion of <_-- + 13%. So the oxygen 
concentrat ions of two neighboring specifications are 
practically wi th in  the measurement  error. Fur the r -  
more, it would be desirable to measure the. oxygen 
content  on the as-received wafers, the thickness of 
which is between 350-600 ~m in order to check the 
mater ia l  qual i ty  and to control the effectiveness of 
processes for intr insic  gettering. This measurement ,  
however, shows fur ther  deviations from the respective 
results which were obtained by means of the s tandard  
method on 2 mm thick slices. 

This paper  presents an improved method to evaluate 
inf rared absorption measurements .  With the aid of a 
first absorption spectrum using an air reference, the 
back side damage of the wafer to be measured is de- 
termined quant i ta t ively.  From a second common dif- 
ference measurement ,  the oxygen concentrat ion of this 
wafer  is calculated by applying the expression for 
mul t iple  reflection and taking into account the scatter- 
ing of the radiat ion at the unpolished back side by  as- 
suming an enhanced lattice absorption. Corresponding 
to the height of the enhanced absorption, the results 
for the oxygen content  of the wafer tend to approach 
those obtained for single reflection or those obtained 
for mul t iple  reflection, thus, reducing the measure-  
ment  error. 

Exper imental  
From a 3 in. Czochralski-grown p- type silicon crys- 

tal (6.5 12cm), of medium oxygen content  slices were 
cut in three different thicknesses: about  380 ~m, 600 
~m, and 2 mm. Every wafer was polished on the f ront  
side. The 2 m m  thick specimens were polished on both 
sides in order to prepare specimens for the s tandard 
oxygen determination.  These slices were taken from 
the front  and tail  of the selected area of the crystal 
rod to moni tor  the slope of the oxygen content  with 
respect to the crystal  axis. The back side of the th inner  
wafers were t reated in  different ways: polished, 
etched, sawed, ground, and sandblaste d . Each t reat -  
men t  was carried out on Wafers of 380 and 600 ~m 
thickness. For  difference measurements ,  reference 
specimens were prepared in the same way from a float- 
zoned n - type  silicon crystal with a resist ivity of 170 
4~cm 1 

The infrared absorption spectra were recorded from 
1400 to 900 cm - i  by  means of a Pe rk in -E lmer  684 mi-  
croprocessor-assisted double beam grating spectrome- 
ter. Usually a medium slit width was used which en-  
abled a spectral resolution of 2.5 cm-K In some ex- 
periments,  a wide slit  width was applied addit ionally 
to suppress interference effects. The scan velocity 
which is coupled to the suppression of noise was 
adapted to the respective signal  height. All  specimens 
were measured with air  reference in an absolute scale 
(without  sample = 100% transmission)  and by  the 
difference method using the respective reference speci- 
men  with the same back side t rea tment  or other ref- 
erence specimens which had only  the same thickness. 

Exper imental  Results 
With the aid of the air reference spectra, the t rans-  

mission at 1105 cm - i  was determined,  where oxygen 
absorption was subtracted and phonon absorption was 
taken into account. This can be easily done if the spec- 
t rum of the respective reference specimen is recorded 
additionally. Transmissions were found to lie between 
50 (both sides polished) and 12% (back side ground)  ; 

Z T he  w a f e r  .preparation w a s  carr ied  out  by Dr. Ludsteck ,  
S i e m e n s  AG, Milnchen,  in o r d e r  to p e r f o r m  a round  rob in  wi th in  
DIN c o m m i t t e e  NMP 221 to  establ ish  the  inf luence  of  back  s ide 
damage and w a f e r  th i c k n e s s  on the  d e t e r m i n a t i o n  of  the  o x y g e n  
content .  
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the ground reference specimen exhibi ted a t ransmis-  
sion of only 5.6%. 

Results of the oxygen content  obtained by the dif- 
ference measurement  are plotted in  Fig. 1, showing 
values after applying the expression for single re- 
flection, a, and mult iple  reflection, b, as funct ion of the 
t ransmission from the air reference measurement .  For 
the evaluation, the cal ibrat ion factor of DIN was used 
which, indeed, is now the same as the factor presented 
in the new ASTM Standards F 121-81. The results of 
the l inear  regressions calculated from all measurement  
points and indicated in Fig. 1 (broken line) show a re- 
markable  increase of the evaluated oxygen content  
With increasing transmissions, the gradients  being 
equal for applying single and mult iple  reflections. This 
increase results in a deviation of the oxygen content  
of 18 and 19% between the transmissions of 10-50% in 
Fig. ta  and b, respectively. Fur thermore,  the l inear  
regression is shifted to lower oxygen contents for ap- 
plying mult iple  reflection. This shift amounts  to 17%. 
The highest overall  deviation be tween 50% transmis-  
sion in  Fig. la  and 10% transmission in Fig. l b  amounts  
to 34%, even neglecting the scattering of measurement  
points which is enhanced for low transmission rates, 
mostly due to the noisy spectra. 

Two widely separated specimens (380 gm thick both 
sides polished, and 380 ;,m thick back side ground) 
were measured by the difference method using refer-  
ence specimens of various transmissions. The results 
are indicated in Fig. 1 ~t transmissions of 12.2 and 
49.5%, respectively. They scatter wi thin  the common 
measurement  error  but  do not show any dependence 
of the evaluated oxygen content  on the specific prop-  
erties of the respective reference specimen. 

As deduced from the exper imenta l  results, an  im-  
proved evaluat ion method should consider only  the 
properties of the measurement  specimen. Fur thermore ,  
it should compensate the dependence of the evaluated 
oxygen content  on the transmission, the lat ter  being 
determined mostly by the scat ter ing of the radiat ion 
at the damaged back side. 

Improved Evaluat ion Me thod  
From the measured absolute t ransmission T at a 

wavelength of 1105 cm - i ,  a corresponding absorption 
a* ( including the lattice absorption) or a reflection R* 
can be calculated applying the expression for mul t iple  
reflection 

( t  - -  R )  2 e -a*=  
T = [1] 

1 - R 2 e-2a*z 
o r  

(1  - -  R * ) ~  e - ~ x  
T = [2] 

1 - -  R .2 e -2az 

xlO '~ 

cm-3 

6 

8 
g 

i i 

single reflection 

t 

m u l t i p l e  reflection 

, �9 , �9 , , , , 

20 /~0 ~ 0 20 /,0 ~ 
Transmission Transmission 

Fig. 1. Oxygen concentrations determined on specimens of dif- 
ferent thicknesses and various back side treatments as function of 
their absolute transmissions at the wavelength of 1105 cm -1.  
Evaluation based on the expression for single reflection (a, left) 
and multiple reflection (b, right)�9 
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with x symbol iz ing  the thickness of the  specimen and 
a reflection R : 0.3. The la t t ice  absorpt ion  = at  this  
wave leng th  amounts  to 0.8 (2) or  0.4 cm -1 (1), r e -  
spectively.  The value  of 0.8 cm -z  was verified by  a 
control  measu remen t  on a 2 m m  thick f loat-zone Si  
specimen.  Both methods  for  eva lua t ing  the absolute  
t ransmiss ion are  equiva lent  and y ie ld  f inal ly the same 
equation.  

For  a reduced  absolute  t ransmiss ion  T due to back  
side damage,  Eq. [1] and [2] y ie ld  increased  values  of 
the absorpt ion  ~* and the reflection R*. As wi l l  be 
shown la te r  in Eq. [9], ~* and R* should move in an 
opposi te  di rect ion in o rde r  to y ie ld  ident ica l  resul ts  
for  the oxygen  content.  Whereas  an increased absorp -  
t ion a* enables  a reasonable  correction,  an increased 
reflection R* does not. This can be exp la ined  b y  the 
fact  tha t  an increased absorpt ion  takes  into account the 
in tens i ty  loss by  sca t ter ing  of the rad ia t ion  at  the  d a m -  
aged back  side; whereas,  an  increased  reflection does 
not  reduce the in tens i ty  of the rad ia t ion  wi th  the ex-  
cept ion of the  t r ansmi t t ed  beam. So only the appl ica-  
tion of the enhanced absorpt ion  coefficient a* deduced 
f rom Eq. [1] yields  the in tended  correction. 

Eva lua t ing  the difference measu remen t  the min imum 
of the oxygen  absorpt ion  spec t rum is ca lcula ted  by  
solving the equat ion for  

Tcz/Tref [3] 

cz --  Czochra l sk i -grown specimen, and ref  = reference  
specimen. The basel ine  is usua l ly  de te rmined  g raph i -  
cally. For  its calculat ion or  measurement ,  two add i -  
t ional  reference  specimens would  be needed to form 
the re la t ive  t ransmiss ion 

Tref 3/Tref 2 [4] 

This re la t ive  t ransmiss ion mus t  sa t isfy  the fol lowing 
special  condit ion to become the basel ine  for  the  oxygen  
band  

Tcz (neglect ing oxygen) /Tref  : Tref s/Tref 2 [5] 

The condi t ion is satisfied if  

Ri = R [6] 
$ a czXcz = =*ref 3Xref 3 (neglect ing ao) 

a*refXref -" a*ref 2Xref 2 

i = var ious  indexes.  F ina l ly  the  oxygen  concentra t ion 
is ca lcula ted f rom the double  quot ient  [3] and  [4] 

TczTref 2/TrefTref 3 [7 ] 

Because of the  condit ions for  the basel ine  [6], this  
express ion depends  only on the pa rame te r s  of the  
Czochra l sk i -g rown measu remen t  specimen:  Xc= and 
a*cz for  equal  thicknesses of the reference  specimen xcz 
= Xrez. F o r  s impl ic i ty  the  index,  cz is now omi t ted  

e -'~ox (i --  R 2 e -2a-z) 
Tcz/Tbz : 1 - -  R 2 e - ~ ( " *  + =o)= ' [ 8 ]  

with  Tbl symbol iz ing  the t ransmiss ion of the basel ine  
at  the  wave leng th  of  the  min imum of the  oxygen  band.  
This is the  usual  equat ion for the eva lua t ion  based on 
mul t ip le  reflection (3) inc luding an addi t iona l  absorp -  
t ion due to the back  side damage,  ao is the absorpt ion  
coefficient of the 9 ~m oxygen  band  to be de t e rmined  

~ /  e2~x*z 
e-ao x = A +  A s +  R 2 [9] 

Tbl ( e 2=*z ) 
A = 2To, .  z - R---E" 

Since A is negat ive  for  a l l  ~*x, the  posi t ive s ign of the  
square  root  must  be chosen. Fo r  high ,~* ( low t rans -  
miss ion) ,  A and the square  root  increase  dras t ica l ly .  

The resul t  is the difference of two large  quant i t ies  and  
sca t ter ing  wil l  increase. Final ly ,  the oxygen  concent ra -  
t ion is ca lcula ted f rom ~o by  mul t i p ly ing  i t  wi th  the 
ca l ibra t ion  factor  (1, 2). 

The resul ts  obta ined  by  app ly ing  this n e w  method  of 
corrected mul t ip le  reflection are  indica ted  in Fig. 2a as 
funct ion of the respect ive  absolute  t ransmission.  The 
grad ien t  of the  l i nea r  regress ion (ful l  l ine)  is de -  
creased by  nea r ly  one order  of magni tude  wi th  respect  
to the gradients  of Fig. 1 (b roken  l ines) .  The re-  
s idual  g rad ien t  is fa r  less than  the sca t te r ing  of the 
measu remen t  points,  and  the dev ia t ion  be tween  the 
t ransmissions of 10 and 50% amounts  to on ly  3%. The 
mean  value  of the oxygen  content  is nea r ly  ident ica l  
for  severa l  sets of measu remen t  points  and  amounts  
to 6.25 • 1017 cm -3 w i th  a s tandard  devia t ion  of about  
4%. 

As can be seen f rom Fig. 2a, the resul ts  app ly ing  
single reflection (SR) are  h igher  than  those obta ined  
by  the new method  wi th  the except ion of  least  t rans-  
missions observed  on wafers  wi th  ground  back side=. 
On the o ther  hand,  the resul ts  obta ined  b y  app ly ing  
mul t ip le  reflection (MR) are  lower  than  those b y  the 
new method wi th  the except ion of the highest  t r ans -  
missions observed on wafers  which  were  wel l  pol ished 
on both sides. 

I t  is in te res t ing  to consider  the resul ts  for  the  oxy -  
gen contents  app ly ing  correc ted  mul t ip le  reflection 
wi th  respect  to the  single reflection resul ts  as demon-  
s t r a t ed  in Fig. 2b. The difference be tween  oxygen  con- 
tents  eva lua ted  b y  correc ted  mul t ip le  reflection and 
mul t ip le  reflection d iv ided  by  the difference be tween  
single and mul t ip le  reflection was p lo t ted  as function 
of the  respect ive  t ransmission.  The resul ts  obta ined  on 
specimens with  low t ransmiss ions  tend to approach  the 
single reflection boundary ;  whereas ,  the resul ts  ob-  
ta ined on h igh ly  reflecting specimens approach  the 
mul t ip le  reflection side. Both boundaries ,  however ,  
were  not  r ea l ly  touched. Because of an addi t ional  l a t -  
tice absorpt ion,  the curves spl i t  for  different  th ick-  
nesses of the  specimens ind ica ted  on ly  for  the  two e x -  
tremes.  This sp l i t t ing  s t i l l  depends  on the la t t ice  ab -  
sorpt ion coefficient. The curves are, however ,  indepen-  
dent  of the  oxygen  concentra t ion in tha t  pa r t i cu l a r  
sample.  

Conclusion 
In o rde r  to get precise  oxygen  contents  especia l ly  in 

as - rece ived  Czochralski  silicon wafers,  the t rad i t iona l  
eva lua t ion  methods are  not  sufficient since the  resul ts  
depend  on the respect ive  back  side damage  of the 
wafer  and on the eva lua t ion  method  chosen (single 
ref lec t ion-mul t ip le  reflection).  Wafers  of different  sup-  

\ 1 o ~ 
~ . s  ~ o~ 

8 

~ . . . . .  ted rnu[tip{e \ ~ I "~ 
reflection ~ \ 1 "~ 

~" . . . . . .  ted multip[e reflection R=03 \ \ I = o 
~ \ \ 1  0 

2 r---multiple reflect ion ~ " ~  ~ LL 
i I i I = t i I I ~ I 0 

20 40 /= 20 z, lO % 
Transmission Transmission 

Fig. 2. (o, left) Oxygen concentrations meosured on the some 
specimens os in Fig. ], evoluotion by the new method Imsed on cor- 
rected multiple reflection. $R - -  single reflection, MR - -  multiple 
reflection from Fig. 1. (b, right) Results of Fig. 20 plotted in per- 
centoge of the results obtoined by ossumin9 single reflection os 
function of the transmission. 
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pl iers  v a r y  cons iderab ly  in the back  side damage  and 
absolute  t ransmiss ions  be tween  15 and 40% were mea -  
sured. Therefore,  h igh devia t ions  f rom the t rue  oxygen  
content  can be expected  when app ly ing  eva lua t ion  
methods  which  hold only  for bounda ry  conditions.  

App ly ing  the new method  based on a cor rec ted  mul -  
t iple  reflection, these difficulties can be overcome since 
the back  side damage  is t aken  into account.  The overa l l  
devia t ion  is p rac t i ca l ly  reduced  to the sca t te r ing  of the 
measu remen t  points;  whereas ,  the  t r ad i t iona l  methods  
y ie ld  a m a x i m u m  devia t ion  of 34% neglect ing the scat-  
ter ing of the  measuremen t  points. 

The appl ica t ion  of the new method  requi res  an ad-  
d i t ional  measu remen t  of the absolute  t ransmiss ion of 
the spec imen (a i r  re ference)  and an expanded  calcu-  
la t ion which,  however ,  is eas i ly  done wi th  p r o g r a m m a -  
ble calculators.  To record  the common difference spec-  
t rum,  any reference  spec imen (float zone sil icon) of 
about  the same thickness  can be used independen t  of 
the respect ive  back  side damage.  The equa l i ty  of th ick-  
ness is not  ve ry  cr i t ical  since the phonon spec t rum 
nea r  the wave leng th  of 9 ~m to be compensa ted  by  the 
reference  spec imen is r e l a t ive ly  flat. For  noncompute r -  
ized spect rometers ,  the t ransmiss ions  of the reference  
spec imen and the wafer  to be measured  should be 
comparab le  in o rde r  to get  a re la t ive  t ransmiss ion in 
the v ic in i ty  of 10.0% which can be ad jus ted  to the  de -  
s i red he ight  of 80-90%. Microprocessor-ass is ted  spec-  
t romete rs  make  this compensat ion  possible over  a ve ry  

ex tended  scale. The sca t te r ing  of measu remen t  points,  
however ,  is less for h igher  absolute  t ransmiss ions  of 
the measu remen t  specimen for two reasons:  (i) the  
difference absorpt ion  spec t rum is less noisy, and (ii) 
low transmissions cause h igher  uncer ta in t ies  in the 
evalua t ion  of the  oxygen  absorpt ion  coefficient due to 
a difference of two large  quanti t ies .  

We bel ieve  tha t  the h igher  precis ion of the new 
method justifies the increased effort since di f ferent ly  
t rea ted  specimens can be compared.  The resul ts  a re  
independen t  of a pa r t i cu la r  eva lua t ion  method.  There-  
fore, the  resul ts  obta ined  on the  same specimen in 
different  labora tor ies  can be compared.  

Manuscr ip t  rece ived  Nov. 12, 1982. 

Any  discussion of this  pape r  wi l l  appea r  in a Dis-  
cussion Section to be publ i shed  in the December  1983 
JOURNAL. Al l  discussions for the December  1983 Dis-  
cussion Section should  be submi t t ed  by  Aug. 1, 1983. 
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Origin and Elimination of Crescent-Shaped Growth Defects in I_PE 
Layers of InGaAs/InP Alloys 

K. D. C. Trapp and F. Errnanis 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Crescent-shaped growth defects have been occasionally observed in InP/InGaAs liquid epi taxy layers grown on InP 
substrates. The source of these defects is t raced to residual  surface contaminat ion involving S, adsorbed oxygen, and oxides 
of P and In from pregrowth etching of the substrate in H2SOJH202/H20 solutions. Auger  study of the cleaning procedure 
suggests that  a thorough rinsing in DI water  following the H2SOJH2OJH20 etch is essential to remove the S and reduce the O 
contaminat ion to el iminate these crescent-shaped defects. 

I n G a A s / I n P  layers  g rown by  l iquid  phase  ep i t axy  
(LPE) on <100~  InP subs t ra tes  a re  useful  for  photo-  
de tec tor  applicat ions.  Genera l ly ,  the  subs t r a t e -ep i l aye r  
in ter face  is a source  of defects  tha t  affects the  qual i ty  
of the  ep i tax ia l  layer ,  the  device yield,  and  the per -  
formance.  These defects m a y  be d iv ided  into two 
types:  dislocat ions ( in i t ia l ly  p resen t  in subs t ra tes)  
tha t  ex tend  or  mu l t i p ly  in the epi layers  and defects  
tha t  ar ise  f rom nuclea t ion  prob lems  a t  the  subs t r a t e -  
ep i l aye r  interface.  This communica t ion  repor ts  the 
or ig in  and e l imina t ion  of  c rescen t - shaped  growth  de-  
fects observed  in  I n G a A s / I n P  LPE st ructures .  The 
origin of these defects  has been t raced  to res idual  
contamina t ion  involving sulfur ,  adsorbed oxygen,  and  
oxides  formed on the InP  subs t r a t e  surface f rom e tch-  
Lug in H2SO4/H=O2/H~O solutions.  

The InP  subs t ra tes  used for  LPE were  pol ished wi th  
a 0.1% b r o m i n e - m e t h a n o l  solut ion and were  degreased  
by  boi l ing in acetone and methy lene  chloride.  The 
subs t ra tes  were  then  etched for 2 min in an H2SO4(10): 
H20~(1 ) :H20(1 )  solut ion to remove  the pol ishing 
damage,  r insed in deionized water ,  and dr ied  wi th  N2 
gas before  loading  in the LPE boat. This c leaning p ro -  
cedure  somet imes  resul ted  in the c rescen t - shaped  

Key words: III-V semiconductors, LPE, growth defects. 

defects in the  I n P / I n G a A s  epi layers  as shown in Fig. 
la .  An  en la rged  v iew is shown in Fig. lb.  F igure  2a 
shows a c ross - sec t iona l  v iew of a typica l  c rescent -  
shaped  defect  t a k e n  on a c leaved edge. F igure  2b is a 

Fig. 1. (a) Optical micrograph showing typical crescent-shaped 
defects observed in InP/InGaAs LPE layers. (b) An enlarged view 
of one of the crescent defects. 
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Fig. 2. (a) An optical micrograph of the crescent defect on a 
cleaved and etched < 1 | 0 >  edge. (b) SEM micrograph showing the 
defect in a (See Fig. 3 far details of regions a, b, and c). 

scanning e lect ron mic rograph  of the same defect. 
F igure  3a, b, and c show detai ls  of the corresponding 
regions a, b, and c on Fig. 2b. I t  is apparen t  f rom Fig. 
1, 2, and 3 tha t  a c rescent - shaped  defect  is an area  
where  there  is lack  of continuous ep i layer  growth.  The 
spher ica l  sec to r - l ike  p y r a m i d a l  g rowth  of the layers  
in Fig. 3b suggests poor  nucleat ion.  Moreover,  Fig. 3c 
indicates  complete  lack of growth.  The square  pi ts  
i l lus t ra te  the  degree  of InP subs t ra te  dissociation. These 
observat ions  led  us to conclude tha t  these growth  p rob -  
lems m a y  be re la ted  to contaminat ion  on the InP sub-  
s t r a t e  surface.  

Auge r  analysis  of severa l  InP subs t ra te  surfaces was 
ut i l ized to assess the na ture  of the res idua l  contami-  
nat ion f rom the  cleaning and etching procedures.  Sub-  
s t rates  of InP, wi th  no in tent ional  doping and wi th  
S and Sn doping, when etched in H2SO4/H2OJH20 
and r insed with  DI wa te r  al l  showed sulfur,  adsorbed  
oxygen,  and oxides of P and In. One should note that  
e lect ron s t imula ted  desorpt ion  makes  the  sul fur  signal  
t ime dependent ;  however ,  the  t ime dependency  of the  
s ignal  is constant  for the two Auger  spectra  shown in 
Fig. 4. F igu re  4a shows a typical  spectrum. However ,  
a thorough  r insing (5 min)  in DI wate r  removes  the 
sulfur ,  and reduces the adsorbed oxygen and the 
oxides of P and In  as shown in Fig. 4b. This can be 
seen by  a qual i ta t ive  comparison of the re la t ive  peak  
heights  of the Auge r  spect ra  of the oxides of P and In 
wi th  those of In, a l though the chemical  const i tut ion of 
the oxides is unknown.  Auge r  spec t ra  o f  InP subst ra tes  
when etched d i rec t ly  in HF/I-I20 (1:1) solutions and 
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Fig. 4. Electron stimulated derivative Auger spectra of InP sur- 
faces after etching with: (a) H2SO4/H~OyH~,O (10:1:1) for 2 min, 
followed by a light DI water rinse (30 sec) and (b) H2SO4/H202/ 
H20 (10:1:1) for 2 min, followed by a thorough DI water rinse 
(5 min). (Spectra have been offset along the vertical axis for clarity 
of presentation.) 

when etched with  H F / H 2 0  and r insed  with  isopropanol  
af ter  H2SO4/H~O2/H20 are  s imi lar  to the  one in Fig. 
4b. 

In  o rder  to confirm tha t  res idual  contaminat ion  is 
responsible  for the origin of these defects, the fo l low- 
ing LPE exper imen t  was per formed.  In o rder  to rule  
out  the poss ibi l i ty  tha t  the  defects  a re  not  ar is ing 
f rom defects p resen t  in the substrate ,  an I n P : S  sub-  
s t ra te  was selected f rom a ne ighbor ing  section of the 
same boule that  resu l ted  in the format ion  of crescent-  
shaped defects in p r io r  LPE exper iments .  I t  was 
c leaved into three  pieces, l abe led  A, B, and C, to fit 
the subs t ra te  recess in the sl ider.  Al l  th ree  pieces were  

Fig. 3. (a) SEM m;crograph showing spherical sector-like pyramidal epilayer growth in region a ot Fig. 2b. b and c An enlarged view of the 
regions b and c of Fig. 2b. 
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Fig. 5. Optical micrograph showing LPE growth of InP/Ino.53Gao.47As on InP substrates etched in: (a) H2SO4/H,_,O2/H20 (3:1:1) for 
2 min (no subsequent rinsing). (b) H2SO4/H202/H20 (10:1:1) for 2 min, followed by light r[nslng in DI water (30 sec). (c) H2SO4/Ho, O2/ 
H20 (10:1:1)for 2 min, followed by a thorough DI water rinse (5 min), etched for 2 min in HF/H20 (1:1), rinsed again with DI-water (2 
min), and rinsed with isopropyl alcohol (2 min). 

degreased by boiling in acetone and methylene chlo- 
ride. 

Piece A was etched in an H2SO4 (3) : H202 (I):H20 (i) 
solution for 2 rain and .dried with N2 gas. No rinsing 
in deionized water was employed in order to deliber- 
ately leave severe residual contamination on A's sur- 
face. Piece B was etched in an H2SO4(10):H202(1): 
H20(1) solution for 2 rain rinsed l ightly (30 sec) 
with deionized H20, and dried with N2 gas. The 
in tent  of light r insing in deionized water  was to leave 
some of the surface contaminat ion on B. The third 
piece, C, of the wafer was etched in a H~SQ(10) :  
H202(1) :H20(1)  solution for 2 min, rinsed thor-  
oughly (5 rain) in deionized water, etched in an 
H F ( 1 ) : H 2 0 ( 1 )  solution for 1 min, r insed (2 min)  in 
deionized water, r insed (2 rain) in isopropyl alcohol, 
and dried. The HF etching and DI water rinse was 
used as a back-up  to remove any inadver ten t  forma- 
t ion of oxide on the surface. In  addition, HF was re-  
ported to be effective in removing S (1). The r insing 
in  isopropyl alcohol was based on results reported 
on GaAs surfaces (2) .and on our own experience (3). 
The three pieces of the InP  wafer were s imul taneously  
loaded into a graphite  slider boat for epitaxial  growth 
from the same melts. Fol lowing growth-mel t  homogen-  
ization and a 15 see melt  back using an undersa tura ted  
In-mel t ,  an InP  buffer layer  was deposited in  the 
tempera ture  in terval  of 649~176 The buffer layer 
was followed by an InGaAs layer  grown in the tem- 
pera ture  in terval  of 644~176 The cooling rate 
was 0.5~ 

Figure  5 shows the morphology of the epilayers on 
the three pieces A, B, and C. As can be seen in Fig. 5a, 
piece A showed a large densi ty of crescent-shaped 
growth defects in the epitaxial  layers. Piece B, shown 
in Fig. 5b, also showed s imilar  defects, but  the defect 
densi ty is considerably reduced. However, the InP  
substrate, piece C, etched with 10:1:1, r insed with 
deionized H20, 1:1 HF, and isopropyl alcohol showed 
no crescent-shaped defects in the epitaxial  layers 
(see Fig. 5c). 

One question that may arise is why the residual 
contamination on the InP substrate surface wa~ not 
removed by the intentional meltback of the substrate. 
The chemical structure of the S-O contaminants is 
unclear, but is probably present in the form of SO.~ 
radicals chemisorbed onto the InP-surface, in addition 
to oxides of In and P. We suggest that the oxides do 
not readily dissolve in the melt and are therefore not 
removed by the meltback. 

In conclusion, Auger analysis and the results of 
epitaxial growth discussed above suggesL that the 
residual contamination of S, adsorbed oxygen, and 
oxide formation resulting from H2SO.~/HoO2/H20 etch- 
ing is responsible for wetting difficulties and poor nu- 
cleation that cause the observed crescent defects. A 
thorough cleaning of the surface to remove S and re- 
duce O contamination is essential for growth of defect- 
free liquid epilayers of InP/InGaAs on InP. 
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The Effects of Pressure, Temperature, and Time on the Annealing of 
Ionizing Radiation Induced Insulator Damage in N-channel IGFET's 

A. Reisman *,1 and C. J. Merz 

IBM T. J. Watson Research Center, Yorktown Heights, New York 10598 

ABSTRACT 

The effects of annealing pressure, temperature, and time (p,T,t) on residual levels of n-channel insulated gate field 
effect transistor (IGFET) process induced insulator radiation damage has been examined, and the behavior over the range 
p =1-5 arm H2, T = 300~-450~ and times up to 14 hr at 300~ have been defined for polysilicon gated devices. It  has been 
found that higher temperatures, higher pressures, and longer times all lead to decreased residual neutral trap and positive 
charge densities levels, but' that neutral traps are more difficult to remove. Removal of positive charge does not appear to 
depend on initial damage level while residual neutral trap level is sensitive to the initial damage level. It has been found also 
that with the specific damage technique employed, which involves electron beam (E-beam) metal evaporation, positive 
trap levels saturate at about 5 x 10 ~ rads Si, while apparent negative charge and neutral traps appear to increase slowly with 
exposure of the gate insulator to this ionizing radiation. Adequate removal of all charged and neutral centers can be 
achieved in 50 atm of forming gas at 400~ for 30 min for doses as great as 5 x 107 rads SIO2. If damage levels are not too high, 
25 atm treatments are useful for the same temperature and time. 

When subjected to ionizing radiat ion dur ing fabrica-  
tion, the insulators in insulated gate field effect t r an -  
sistor (IGFET's)  exhibit  damage in the form of 
fixed positive charge and neut ra l  traps (1). This 
damage requires thermal  anneal ing t reatments  in the 
550~176 range for its complete removal. Met- 
allized shallow junct ion devices cannot, however, be 
subjected to anneal ing  temperatures  much in  excess 
of 400~ for perhaps 30 min because of the danger of 
junct ion penetra t ion by the interconnect ion metal. 
Such an inadequate  tempera ture- t ime cycle results in 
residual damage levels of 100-200 mV of equivalent  
net  positive charge generally, and even larger levels 
of neu t ra l  traps which pose both yield and rel iabil i ty 
problems in small  dimension IGFET's  (in the 1 sm 
ground-ru le  range) .  

Recently (2), first results were presented on the use 
of elevated pressure anneal ing cycles to remove such 
damage in polysilicon gated capacitors and n - cha nne l  
IGFET's. The cited results were for a single damage 
level, ca. 107 rads Si, introduced in a specific way, and 
a single set of anneal ing  conditions, 50 atm 10% H2- 
90% Ar, 400~ 30 min. Most of the pre l iminary  data 
were in the form of capacitor flatband shifts, only a 
small number  dealing directly with t rapping of charge 
in insulator  defects as a measure of damage. Commer-  
cially available elevated pressure systems have an up-  
per operat ing pressure range of 20-25 arm, and it was 
of interest  to learn how effective this pressure range 
might be in damage removal. In addition, FET thres- 
hold measurements  are of greater practical significance 
than capacitor flatbands. Equal ly  impor tant  is the ob- 
servat ion that  the anneal ing rate of FET gate in -  
sulators is different than that of the insulator  of the 
much larger capacitor s t ructure  used in the first s tudy 
(2). Consequently,  only n -channe l  polysilicon gated 
FET's were employed in the present  study, and all 
measurements  were keyed to the hot electron inject ion 
technique reported by  Ning et aL (3-5). The type of 
damage employed in the present  s tudy is that dis- 
cussed by  Ning in the 1978 report. This point is made, 
since the damage is created by a luminum x-rays,  sec- 
ondary  electrons, and direct reflected electrons present  
in an e lec t ron-beam deposition of a luminum. The max-  
imum energy of any  of these species in our experiments  
was 10 keV, because of the technique employed. Fu r -  
thermore, p re l iminary  results obtained by us using 
pure x - ray  sources with energies --~ 10 keV on unbiased 

* Electrochemical  Society  Act ive  Member .  
1 P r e s e n t  address :  Microelec t ronics  Cen te r  of  Nor th  Carol ina,  

Research T r i a n g l e  Pa rk ,  Nor th  Carol ina 27709, and Nor th  Carol ina 
State Univers i ty ,  Rale igh  Nor th  Carol ina 27650. 

Key  words:  insulator damage anneal ing,  e levated pressure.  

devices indicate that apparent  negative charge ob- 
served in the present  s tudy is not generated to the 
same extent  with low energy x- radia t ion  alone. These 
differences are not of prime concern in the present  
paper. Here, we are mostly interested in demonstra t -  
ing a technique for the removal  of all process-induced 
radiat ion damage caused by dosages as high as 5 X 107 
rads SIO2. Such levels are quite possible using present  
day processing techniques. 

Experimental Procedure 
Elevated pressure system desLgn and use.--Elevated 

pressure anneal ing was conducted in an oxida t ion-an-  
neal ing system of our  design, shown schematically in 
Fig. 1. P r imary  features of the system are that it is 
operable up to 100 arm, employs only a single pressur-  
izing source, and enables system temperature  equil i-  
brat ion at operat ing pressure prior to the wafer boat 
being introduced into the hot zone via a magnetic  
puller. The desired gas is introduced into the fused 
silica reactor, and exits through the retrograde closure 
into the outer chamber, thereby providing equalized 
pressures on both sides of the reactor. The gas finally 
exits from the system via a stainless steel tube radial ly 
concentric with the fused silica gas supply tube. Re- 
actor gases are provided from ul t ra  high pur i ty  pre-  
analyzed cyl inder  banks whose moisture content is 
monitored continuously. 316 stainless steel was used 
throughout  because of its corrosion resistance. 

Because of severe convective effects in  the system at 
pressures in excess of 20 atm, two radial ly  concentric 
3 zone furnaces were employed for heating. The outer 
furnace provides thermal  biasing for the inner  fur-  
nace, main ta in ing  a small  tempera ture  differential be-  
tween it and the inner  furnaces to minimize convective 
effects. Even with this feature, it takes approximately 
30 min for the system to equil ibrate  after pressuriza- 
tion. Silicon wafers to be annealed were mounted vert i-  
cally in a fused silica boat capable of holding 55 wafers. 
In practice, only every second wafer position was 
filled, and experiments  were run  with a constant  boat 
loading of 28 wafers even if only a few exper imental  
wafers were treated at one time. These were put  in 
the center region of the boat. 

The anneal ing procedure employed was to position 
the loaded boat at the door, pressurize the system, and 
allow it to equil ibrate  for 3 hr with a flow of 1-5 l i t e r /  
rain at STp. After  this equi l ibrat ion cycle, the boat was 
drawn automatical ly into the hot zone in a 2 min  cycle. 
For  annea l ing  studies, which were conducted at re la-  
t ively low temperatures,  the outer  furnace was tu rned  
on after the boat was introduced into the system, and 
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Fig. i. Schematic diagram of 

the  l a t t e r  w a s  p r e s s u r i z e d .  T h e  o u t e r  f u r n a c e  w a s  
t u r n e d  off w h e n  the  boa t  w a s  r e t u r n e d  to t h e  door  a t  
t he  conc lus ion  of  t he  a n n e a l i n g  cycle.  W h e n  e m p l o y e d  
fo r  o x i d a t i o n  s tud ies ,  the  o u t e r  a n d  i n n e r  f u r n a c e s  a r e  
l e f t  on  a t  a l l  t imes .  

T h e  r e t r o g r a d e  r e a c t o r  c losure ,  t h a t  e n a b l e s  use  of a 
s ing le  p r e s s u r i z i n g  source ,  is also d e p i c t e d  in  Fig.  1. I t  
f u n c t i o n s  as a h i g h  ve loc i t y  nozzle ,  as  can  be  s e e n  f r o m  
Fig.  2. Tab le  I s h o w s  ca l cu l a t ions  fo r  a p p r o x i m a t e  d r i f t  
a n d  d i f fus ion  ve loc i t i e s  in  t he  r e a c t o r  a n d  the  r e t r o -  
g r a d e  c losure ,  as we l l  as d r i f t / d i f f u s i o n  ve loc i ty  ra t ios  
in  d i f f e r e n t  p a r t s  of the  sys tem.  The  ca lcu la t ions  w e r e  
m a d e  fo r  two  s y s t e m  e x i t  f low ra tes ,  r e f e r e n c e d  to STp.  
A t  t he  5 l i t e r / r a i n  f low ra te ,  t h e  d r i f t / d i f f u s i o n  v e l o c i t y  
ra t io  a ch i eves  a va lue  of  5000/1 in  t he  o u t e r  r e t r o g r a d e  
w h i c h  p r o v i d e s  t he  p r i m a r y  bu f f e r  to b a c k  diffusion.  
The  i n n e r  r e t r o g r a d e  ra t io  of 750/1 p r o v i d e s  a s eco n d  
buffer ,  w h i l e  t h e  r e a c t o r  l e n g t h  i t se l f  p r o v i d e s  t he  
t h i r d  bu f f e r  zone.  

Devices  and radiat ion  d a m a g e . - - T h e  po lys i l i con  
g a t e d  I G F E T ' s  w e r e  f a b r i c a t e d  in  p - t y p e ,  0.5 ~ c m  57 
m m  d i a m  s i l icon wa fe r s .  F i e ld  ox ides  w e r e  350 n m  
t h i c k  a n d  w e r e  p l a n a r  in  o r d e r  to s i m p l i f y  t he  f a b r i c a -  
t ion  process .  T h e s e  ox ides  w e r e  g r o w n  in  a d r y - w e t -  
d r y  p roce s s  a t  950~ u s i n g  2% HC1. G a t e  ox ide s  w e r e  
35 n m  th i ck  a n d  w e r e  g r o w n  d r y  at  1000~ us ing  4.5% 
HC1. F o r  t he  sake  of  p roce s s  s impl i c i ty ,  no field or  ga te  
r e g i o n  t h r e s h o l d  t a i l o r i n g  w a s  e m p l o y e d .  J u n c t i o n  

-- 65 cm =',~ 20cm---+,-- 20cm-,~ 

65cm 2 

l lcm ; I .Tcm 2 

I 
I 

Fig. 2. Retrograde closure nozzle dimensions 

~lOBmm I.D, 
/ 114ram OD. 
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elevated pressure system 

d e p t h s  w e r e  v a r i e d  b e t w e e n  0.5-1.5 ~m, d e p e n d i n g  on  
s o u r c e - d r a i n  r e o x i d a t i o n  condi t ions ,  a n d  h a d  no  e f -  
f ec t  on  t h e  resul ts .  The  po lys i l i con  w a s  d e p o s i t e d  a t  
625~ v ia  s i l ane  d eco mp o s i t i o n ,  a n d  POC18 d o p e d  at  
870~ f o l l o w e d  b y  a 1000~ d r i v e - i n  in  02. S o u r c e -  
d r a i n s  w e r e  f o r m e d  in  a s i m i l a r  f ash ion .  T i t a n i u m  
f o r m e d  via  a l i f t -o f f  p roces s  w a s  e m p l o y e d  as a c o n -  
t a c t - b a r r i e r  m e t a l l u r g y ,  a n d  A1-3% Si  w a s  used  as  an  

Table I. Calculation of drift/diffusion velocity ratios referenced 
to STp a for oxygen 

1) Flow rate STp (liter/min) 5 1 
2) Flow rate STp (cmS/min) 83 17 
3) Reactor cross sectional area (cm -~ 65 65 
4) Reactor entrance to 1st wafer distance 65 65 

(cm) 
5) Inner retrograde cross sectional area 11 11 

( cm ~) 
6) inner retrograde length (cm) 20 20 
7) Outer retrograde cross sectional area 1.7 1.7 

(cm~) 
8) Outer retrograde Iengt_h (cm) 20 20 
9) Mean velocity of gas, c, ST (cm/sec) b 4 x 104 4 • 10~ 

10) Mean free path of gas, L, (cm)e 1 • 10 ~ 1 • 10-5 
11) Diffusion coefficient, D, (cm~/sec) d 0.2 0.2 
12) Drift velocity in reactor, Dr, (cm/ 1.3 0.26 

sec) e 
13) Diffusion velocity in reac tor ,  Dl ,  ( c m /  0.006 0.006 

s e c  ) f 
I4) Dr~D1 220/1 43/1 
15) Drift velocity in inner retrograde, Dir, '7.5 1.6 

(cm/sec) 
16) Diffusion velocity in inner retrograde, 0.01 0.01 

Dye, (cm/sec) 
17) Dlr/Dvi 750/1 160/1 
18) Drift velocity in outer  re trograde ,  Dot, 50 10 

(cm/sec) 
19) Diffusion velocity in o u t e r  re trograde ,  0.01 0.01 

Dye, (cm/sec) 
20) Dor/Dvo 500011 i~9/ I  

a A s  ~, the moan velocity, increases  w i t h  ~/T- and L, the  m e a n  
f r e e  path,  decrea se s  as l/p, calculations wore made only for STp. 

b Mean velocity ; = V o__ V~ z = 0.92 V~Z where V~Z = 
31r 

~/3 RT/M, M ---- m o l e c u l a r  w e i g h t ,  and ~/~~ = the  root  m e a n  
square  ve loc i ty .  

c M e a n  f r e e  path,  L = 1/~/2-7r ~n o~ w h e r e  ~n = n u m b e r  of  
molecules in a unit  volume of gas and ~ = d i a m e t e r  of  mo lecu l e .  

d Diffusion coefficient D (273 K) = c L/2. 
. Drift velocity = flow rate/cross sectional area. 
f Diffusion v e l o c i t y  = D / p a t h  l ength .  
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in terconnect ion metal lurgy.  Except for control device 
evaluation, metallized wafers were not given post- 
metal  anneal ing  t reatments  at the conclusion of the 
fabrication steps, in  order to simulate a real process 
sequence, i.e., damage would be present  prior to an-  
nealing. Such unannea led  devices exhibi ted threshold 
voltages of 1.2 _ 0.2V using a --1V substrate  bias. 
Control devices annealed for 30 min  at 400~ in 10% 
H2-90% N2 (forming gas), or in pure H2 exhibited 
thresholds of 1.2 • 0.1V at --1V substrate  bias. Based 
on the earl ier  referenced studies (1), the most useful 
devices for examining hot electron behavior  were 20:1 
wid th / leng th  ratio structures with 50 ~m channel  
lengths. These provided a gate area of 5 • 10 -4 cm 2. 

Wafers were radiat ion damaged at the conclusion of 
a complete fabrication cycle as follows. They were 
coated with 0.4 ~m of photoresist, then subjected to 
a luminum evaporat ion in  an E-beam metal  evaporator. 
In  the par t icular  system employed, the reference depo- 
sition employed was 50 nm of a luminum deposition in 
10 min  from a scanned hearth at 10 keV and 0.5A. 
Based on a comparison of induced damage (specifically 
capacitor flatband shifts) from a calibrated A1 Ka x-  
radiat ion source (6), this reference t rea tment  provides 
5 • 106-107 rads Si damage. This comparison is only 
an approximate one, since a flatband shift represents a 
net  charge level. In the absence of inject ion data, such 
a shift  cannot be a t t r ibuted to a single charge sign. 
Fur thermore ,  a flatband shift measurement  tells us 
nothing about  neut ra l  traps. For the present  study, a 
damage range between 5-150 nm of A1 deposition was 
examined. Following a luminum evaporation, the pho- 
to res i s t -a luminum composite layer  was lifted off leav-  
ing the damaged wafer ready for fur ther  study. The 
type of damage introduced i~ probably  a good repre-  
sentat ion of what  would result  in a small  dimension 
fabricat ion process in which the wafer surface would 
be exposed to electrons and x- rays  with energies -~ 10 
keV. In the present  instance, the electrons are secon- 
daries and reflected electrons from the a luminum 
hearth, and the x- rays  are of course the a l u m i n u m  Ka 
and a l u m i n u m  "white" radiation. P re l iminary  studies 
by us using "pure" x- radia t ion  in this energy range 
indicate quant i ta t ive but  not quali tat ive differences in  
the type of insulator  damage generated. 

A port ion of each wafer was protected from ionizing 
radiat ion damage using a silicon wafer mask, and these 
undamaged  regions were monitored dur ing  the course 
of the experiments.  They showed no changes other 
than the small  expected threshold shift following an 
ini t ial  annea l ing  cycle. 

Source-dra in  current,  ISD, VS. gate voltage, Vo, mea-  
surements  were used to de te rm'ne  threshold voltages, 
VT, at a --1V substrate bias, prior to and following 
thermal  t reatments  and hot electron injections. These 
measurements  served as reference values. The hot 
electron injections were conducted according to the 
method of Ning (3). First  an ISD -- VG measurement  
was conducted at a 0.1V drain voltage, VD, and a 
--1.0V substrate  bias, Vsx, with the source grounded. 
Then electron-hole pairs were generated using visible 
light and 2.5 • 1018 electrons/cm e (2 • 10-9C) were 
accelerated across the Si-SiO2 interface with a gate 
voltage, Vo, of 2.5V and a substrate bias of --7.0V. 
This process, as described by Ning (5), results in the 
filling of positively charged traps with cross sections 

10 -13 cm 2. Following a second ISD -- Vo measure-  
ment  to determine the effect of this electron trapping,  
a second injection, this t ime of 1 • l016 electrons/cm 2 
(1 • 10-6C) was conducted at a VG of 2.5V and Vsx = 
--16.0V, and a final ISD -- VO trace was taken. This in -  
jection results in the filling of neut ra l  traps with cross 
sections ~ 10 -15 cm 2. For practical purposes, traps 
with smaller  cross sections are not of great interest. 
In  fact, even traps in the 10-14-10 -15 cm2 range are of 
somewhat margina l  concern. 

As a reference point, uni r radia ted  1 a tm 400~ hy-  
drogen annealed devices show positive trap levels of 
approximately I0 mV equivalent  threshold shift fol- 
lowing inject ion of 2.5 X 1013 eleetrons/cm 2, and 
neutra l  t rap levels of approximately 60-80 mV equiv-  
alent  threshold shift following inject ion of an addi-  
t ional 1 X 10 TM electrons/cm 2. The 10 mV value is 
the smallest  amount  of charge that can be detected by 
the I-V method used. 

Annealing studies.--A wide range of anneal ing  con- 
ditions were examined which are discussed more ap- 
propriately in  the results and discussion section. The 
temperature  range studied was 300~176 times were 
varied from 30 min  to m a n y  hours, and pressures were 
varied from 1-50 atm. Since 10% H2-90% Ar was em- 
ployed as the anneal ing gas, the effective hydrogen 
pressure ranged from 0.1 to 5 arm. 

Results and Discussion 
Radiation induced defect levels.--At best, i t  is diffi- 

cult to sort out what  is actual ly taking place when 
IGFET insulators are subjected to ionizing radiation.2 
If one relies on threshold shift or flatband shift in -  
formation alone, it is easy to arrive at erroneous con- 
clusions as to the types and densities of generated de- 
fects, since one observes net  effects or no effects at all 
if the generated defects are uncharged. For example, 
neu t ra l  defects have no effect on threshold at all. In  
addition, in the absence of inject ion measurements ,  it  
could also be concluded, in most instances, that  only 
positive charge is generated, based on the normal ly  
encountered direction of threshold shifts in n - channe l  
IGFET's. Even with inject ion measurements ,  some 
questions can remain  unanswered.  For example, in  the 
present  s tudy where we are concerned only with trap 
cross sections ~ 10 -15 cm 2, it is implicit  that  we are 
concerned with defects of this size with a low reemis-  
sion probabi l i ty  at room temperature.  Fur ther ,  it is 
possible that  positively charged defects smaller  than 
those we are concerned with are present. This lat ter  
type of trap would affect threshold, but  not inject ion 
data in the inject ion range studied by us. 

We have not seen evidence for the presence of sig- 
nificant quanti t ies of small  positively charged traps, 
i.e., ma xi mum observed negative threshold shifts cor- 
relate well with positive charge levels determined by 
inject ion wi thin  the 10 mV sensit ivi ty of the inject ion 
measurement .  If smaller  cross section positive charge 
centers were present  in  any significant density, the 
m a x i m u m  observed negative threshold shifts would 
have to be greater  than the positive charge level de- 
termined by injection. The phrase ma x i mum observed 
negative threshold shift is used advisedly, since it is 
only in the region of max imum threshold shift that this 
correlation can be made, for reasons which will be 
obvious shortly. In  other threshold shift regions where 
the measured shift is less than  expected, based on 
positive charge values de termined by injection, the 
existence or absence of smaller  cross section positive 
charge cannot be inferred. To simplify the discussion, 
we are assuming that trap densities in the different 
cross section regimes are the same, so that the proba-  
bi l i ty of t rapping is determined by the trap cross sec- 
tion. 

As radiat ion doses are increased, measured  thres-  
holds were found to decrease to some m i n i m u m  value, 
and to then increase monotonically.  Coupled with 
measured positive charge levels, this behavior  is indic- 
ative of negative charge. Such apparent  negative 
charge levels were calculated using Eq. [1] 

V w - -  V T  i ~- V p  = V N  [ 1 ] 

where VT is the measured threshold after irradiation,  
e T h i s  p r o b l e m  i s  c o m p o u n d e d  b y  the  f a c t  t h a t  t h e  de t a i l s  of 

t h e  d a m a g e  m a y  be  i n f luenced  b y  the  r a t e  of  dosage ,  t h e  p h o t o n  
o r  p a r t i c l e  e n e r g y ,  a n d  t h e  m a s s  of t h e  spec ies  c r e a t i n g  t h e  dam-  
age.  T h e  d a t a  p r e s e n t e d  h e r e  a r e ,  t he r s  r e p r e s e n t a t i v e  of  t h e  
specific d a m a g e  m e t h o d  e m p l o y e d .  
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VT i is the measured  threshold  of un i r r ad i a t ed  devices, 
Vp is the posi t ive charge measured  b y  inject ion,  ex-  
pressed  in volts of th reshold  shif t  accompanying  in jec-  
tion, and  VN is the ca lcula ted  negat ive  charge in volts  
of threshold  shift  also. This appa ren t  negat ive  charge  
could be in the  form of surface s ta tes  or  bu lk  charge.  
I t  does not  appear ,  based on p r e l i m i n a r y  studies,  to be 
genera ted  in significant quant i t ies  when SiO2 is i r -  
r ad i a t ed  b y  1-10 keV x - r a y s  only. Elect ron b o m b a r d -  
ment  appears  to be necessary.  

The measured  values  of VT and Vp, and the ca lcu-  
l a ted  values  of VN as a funct ion of n m  of deposi ted  A1 
( re la ted  to the  dose in rads  Si, where  10 n m  of de -  
posi ted  A1 is app rox ima te ly  equal  to 1 X 106 rads  Si) 
a re  p lo t ted  in Fig. 3. Also p lo t ted  is the var ia t ion  of 
neu t r a l  t rap  levels  under  the same conditions.  I t  is seen 
t ha t  Y T decreases  f rom about  1.3 to app rox ima te ly  
--0.15V af te r  a dose of a p p r o x i m a t e l y  5 nm A1 (,,,5 
X 105 rads  Si) .  Af t e r  fu r the r  i r radia t ion ,  VT increases  
to 1.84V at  the h ighest  damage level  examined,  150 nm 
A1 (~1.5 X 107 rads  Si) .  This threshold  is more  than  
0.5V h igher  than  tha t  of the un i r r ad i a t ed  device. Dur -  
ing this same sequence, the posi t ive charge level  in-  
creases f rom < 0.01V in the un i r r ad i a t ed  device to ap -  
p r o x i m a t e l y  1.4V af te r  5 n m  of A1 deposit ion,  and  then  
sa tura tes  r ap id ly  at about  1.7V. Neu t r a l  t raps  do not  
appea r  to saturate ,  and  the i r  dens i ty  exceeds tha t  of 
the posi t ive charge af te r  25 n m  of A1 (,-,2.5 X l0 s rads  
Si) have been  deposi ted,  and exceeds 3V at  a dose of 
150 nm of A1 (,~1.5 X 107 rads  Si) .  The ca lcula ted  
nega t ive  charge leve l  r ises monotonica l ly  at  a r e l a -  
t ive ly  s low rate,  and becomes equal  to the posi t ive 
charge  level  a t  about  115 nm of A1 (,--1.15 X 107 fads  
Si) .  At  this  crossover point  where  posi t ive charge and 
appa ren t  negat ive  charge are  equal,  based on threshold  
shif t  data,  the i r r ad ia t ed  threshold  value  is exac t ly  at  
its in i t ia l ly  un i r r ad i a t ed  value.  Sou rce -d r a in  current ,  
ISD VS. gate vol tage  measurements ,  VG, indicate  a 10- 
20% t ransconductance  degrada t ion  of the  device at  this 
crossover  point  at low dra in  vol tages  (0.1V). At  0.3V, 
this t ransconductance  change is no longer  detectable ,  
and  remains  so up to the  ful l  value  of the power  supp ly  
vol tage ,  ~TDD. This is not  a sol id proof  the  in ter face  
charge level  is low, but  is an indica t ion  of this. 

Since the posi t ive charge has sa tu ra ted  by  the t ime 
the crossover po in t  is reached,  and negat ive  charge 
does not  appea r  to genera te  at  dosage levels much be -  
low 105 rads  Si, even when  e lec t ron b o m b a r d m e n t  is 
involved,  this p r edamaged  " t i t r a t ed  device" should  
now be " rad  hard"  to at  leas t  10 ~ rad  addi t iona l  dos-  
ages. Depending  on the exact  detai ls  of the fabr ica t ion  
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Fig. 3. Variation of threshold voltage, positive charge, apparent 
negative charge, and neutral traps with radiation dose. 

process employed and the manner in which the "titra- 
tion" damage is introduced, the absolute values of the 
required damage levels would be expected to vary 
from the values shown in Fig. 3, as would the crossover 
point. Using a given process, Fig. 3 shows the type of 
i~ standard deviations obtained using two different 
irradiation experiments, separate wafers for each dose 
level and 5 device injections at each dose level. A 
calibration curve could possibly be established using 
an appropriate calibrated irradiation source and wafers 
to be made rad hard could be subjected to the re- 
quired doses. Individual wafers could be probe checked 
to determine VT and "touched up" if the value is too 
low, using intentionally low damage levels to insure 
that excess doses are not applied in the preliminary 
damaging. These "titration" thresholds appear stable. 
For example, after 3 hr at 300~ followed by 30 rain 
at 400~ in pure Ar, little annealing is observed. Since 
the question of rad hardness was not of primary con- 
cern to us, the matter was not pursued further. 

Annealing as a function of temperature-time-pres- 
sure, T-t-p, and ambient atmosphere.--Effects of ini- 
tial damage level on residual level.--Except where  
noted, a reference  damage level  of 50 n m  A1 was em-  
ployed.  This is in the  range of 20 ~C/cm 2 E - b e a m  
direct  wr i te  dosages using E - b e a m  exposure  l i thogra -  
phy.  Severa l  lots of wafers  werd ut i l ized each hav ing  
received similar ,  but  not  ident ica l  processing. Oxida-  
t ion tempera tures ,  for example ,  were  not  the  same. 
Posi t ive  charge levels va r i ed  f rom a low of about  1.5V 
af te r  i r rad ia t ion  to a high in one wafer ,  used for iner t  
gas anneal ing,  of a pp rox ima te ly  2.5V. Neut ra l  t raps  at  
this damage level  var ied  somewhat  less, f rom about  
1.9 to about  2.3V. I t  was difficult, at the conclusion of 
an e leva ted  pressure  anneal ing  cycle, to differentiate ,  
based on res idual  posi t ive charge levels  be tween  in i -  
t ia l ly  high or  in i t ia l ly  low damage  level  wafers.  The 
bu lk  of the posi t ive charge a lways  appea red  easy to 
remove,  even wi th  convent ional  anneal ing  procedures.  
The res idual  charge r emova l  is where  the p rob lem 
lays. This is not  the case wi th  ne u t r a l  charge,  how-  
ever.  Residual  neu t ra l  levels  were  much more  sensi t ive 
to s tar t ing damage levels.  This can be seen wi th  re f -  
erence to Table II  which shows res idual  posi t ive 
charge  and neu t ra l  t rap  levels  a f te r  anneal ing  devices, 
in ten t iona l ly  damaged  to different  s ta r t ing  levels,  in 
e i ther  50 or  25 a tm 10% H2-90% Ar  mix tu res  for  30 
min at  400~ fol lowing a 3 hr  door equi l ibrat ion.  

F r o m  Table  II, i t  can be seen that  the res idual  posi-  
t ive charge level  whi le  quite sensi t ive to anneal ing  
pressure  is r e l a t ive ly  insensi t ive to in i t ia l  damage  
level.  This is not  the case for neu t ra l  t rap  res idual  
levels which  are quite sensi t ive to both annea l ing  
pressure  and s ta r t ing  damage  level.  

Table II. Residual damage levels as a function of starting damage 
levels at two annealing pressures 

n m  of An- 
E-beam hea l  
evap- pres -  

o r a t e d  A n n e a l  A n n e a l  s u r e  Pos i t i ve  N e u t r a l  
AI (T~ t i m e  ( a t m )  c h a r g e  (V) t r a p s  (V) 

0 400 30 rain + 3 hr 25 0.00-- 0.00 0.05 ~- 0.01 
(door) 

5 400 30 r~in + 3 hr 25 0.08 • 0.01 0.16 ~- 0.01 
(door) 

25 400 30 rain + 3 hr 25 0.08 • 0.00 0.34 ~- 0.01 
(door) 

50 400 30 ra in  + 3 h r  25 0.09 • 0.01 0.43 • 0~02 
(door )  

0 400 30 ra in  + 3 h r  50 0.00 • 0.00 0.05 4- 0.01 
(door )  

5 400 30 rain + 3 hr  50 0.01 • 0.01 0.08 4" O.OO 
(door) 

25 400 30 m i n  + 3 h r  50 0.02 -- 0.02 0.16 ~- 0.01 
(door) 

50 400 30 rain + 3 hr 50 0.02 • 0.00 0.23 4- 0.00 
(door) 

150 400 30 m i n  + 3 h r  50 0.02 • 0,00 0.32 +--- 0.02 
(door) 
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Pressure and time e•ects.--The reference t reatments  
to which all others were compared are shown in  Table 
III. These t reatments  were applied following reference 
deposition of 50 nm of A1 (~5  • 10e rads Si).  A var i -  
ety of control anneals  were conducted at the door o f  
the elevated pressure system since this represented a 
par t  of every annea l ing  cycle as we practiced it. When 
samples were loaded into the system with conditions 
set to achieve 400~ in the hot zone at whatever  pres-  
sure was to be employed, the 3 hr equi l ibrat ion at the 
door of the system was conducted at the same pres- 
sure. However, the tempera ture  at the door of the 
system was approximately  100 ~ lower at a 400~ hot 
zone temperature,  130 ~ lower at a 450~ hot zone tem- 
perature,  and 80 ~ lower at a 350~ hot zone tempera-  
ture. The specimens did not a t ta in  the door tempera-  
ture  for perhaps 20-30 min. This means that  in  Table 
IH for example, l ines 3 and 4 which compare H2 at 
1 arm for 3 hr  at 300~ witt~ 10% I-I2-90% Ar at 10 a tm 
(1 a tm H2 equivalent) ,  respectively, are not  exactly 
the same, since the t ime at 300~ was greater  for the 
sample equi l ibrated in the 1 atm furnace. Since 
the total times involved are long, we are assuming that  
to a first approximation these types of experiments  are 
equivalent .  To a first approximation,  lines 3 and 4 are 
the same, and the discrepancy is in the right direction 
since the 10 atm samples take longer to equil ibrate  
than do the 1 atm samples. 

F rom Table III, we see that  none of the reference 
t reatments  serve to remove the damage sufficiently and 
that, as expected, hydrogen at 1 a tm at  400~ is the 
most effective 1 atm treatment ,  albeit  not a satisfactory 
one. It  is also of interest  that  Ar  at 50 a tm is much 
more effective than  Ar at 1 atm. This is believed due 
to the presence of water  to the extent  of several ppm 
in  the high pur i ty  argon employed. At 50 atm, the 
part ial  pressure of H20 increases from its ini t ial  value 
of approximately 3-150 mTorr.  In  a rate equation, it 
would be the la t ter  part ial  pressure that  would be 
effective if H20 is involved in annealing.  From recent  
work by Aitken, Irene, and Crowder (7), H20 has 
been shown to be somewhat  effective in removing 
ionizing radiat ion damage. 

The reference t rea tment  employed in  our original  
s tudy was 50 nm A1 damage followed by  a 50 arm an-  
neal  ( in 10% H2-90% Ar) for 30 min  at 400~ fol- 
lowing a 3 hr  equi l ibrat ion in this gas mixture  at this 
pressure at the door of the system. In order to com- 
pare this to a 1 atm t rea tment  in pure H2, one cannot 
use the results described on the second line of Table III  
since the door equi l ibrat ion is not included in these 
data. Further ,  the question arises as to whether  it is 
the hydrogen part ial  pressure that  is impor tant  or the 
total pressure. In  order to resolve these concerns, the 
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Fig. 4. Residual radiation damage as a function of atmospheres 
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exper iments  defined in  Table IV were conducted. The 
Sequence A indicates that  a 30 min  anneal  in 10% H2- 
90% Ar at 50 atm (5 a tm effective H~ pressure) fol- 
lowing a 3 hr  door equi l ibrat ion is more effective than 
a 30 min  pure H2 anneal  at 1 atm following a 3 hr  door 
experiment.  The B sequence indicates that  it  is the 
effective I-I2 pressure, not  the total pressure that  is im-  
portant,  everything else being the same. This B se- 
quence compares anneal ing under  two sets of condi- 
tions which subject the damaged sample to the same 
hydrogen part ial  pressure. The annea l ing  results are 
seen to be essentially the same. 

Figure 4 shows the residual  charge in  volts for an -  
neal ing conducted for 30 min  at 450~ and 3 hr  at the 
door in  10% H2-90% Ar at different total pressures, 
expressed as atm of H2 pressure. As might  have b e e n  
expected based on the results described in  Table II, 
the neu t ra l  traps are more difficult to remove than  
positive charge. It is to be recalled that  in  undamaged 
devices, the neut ra l  trap level lies in  the range 0.06- 
0.08V. From Fig. 4, it is seen that even after a 50 arm 
anneal,  there can exist as much as 0.13V of neut ra l  

Table III. Reference annealing treatments 

Temperature  Pressure Positive Neutral  
Gas (~ ( a t m )  Time sequence  c h a r g e  (V) traps (V) 

Ns-H2-N~ 450 1 5 min-30 rain-5 rain 0,15 4- 0.0'1 0.30 • 0.01 
N~-H~-N~ 400 1 5 rain-30 min-5 min  0.19 • 0.01 0,39 • 0.07 
N~-H~-N~ 300 1 5 min-180 rain-5 rain 0.29 • 0.O 0.57 • 0.01 
10% Hs-90% A r  300 10 180 rain (door)  0.35 • 0.01 0.87 _ 0.04 

N~ 400 1 10 m m  2.53 -~ 0.08 2.33 • 0.03 
A r  400 1 30 rain + 180 rain (door) 1.53 • 0.03 1.65 ___ 0.05 
A r  400 50 30 rain + 180 min (door) 0.43 _ 0.02 0.76 • 0.05 

Table IV. Comparison of annealing cycles 

Initial damage levels (V) Residual damage levels (V) 
Sequence Positive Neutral Sequence Positive Neutral 

A 1) 1.67 -- 0.07 2.24 • 0.01 10% H2-90% A r  50 a t m  30 min  0.02 • 0.0O 0.23 _ 0.00 
400~ + 3 h r  a t  door 

2) 1.67 • 0.07 2.24 • 0.01 10% H~-90% A r  50 a t m  3 h r  a t  door  0.06 • 0.01 0.41 + 0.01 
+ 100% H2 1 a t m  (5 rain N~-30 rain 0.05 -- 0.01 0.29 • 0.02 

H~5 min  N~) 400~ 
B 1) 1.55 • 9.07 2.24 • 0.04 10% H~-90% A r  10 atrn 30 ra in  0.12 • 0.00 0.29 • 9.01 

400~ + 3 h r  a t  door 
2) 1.55 • 0.07 2.24 • 0,04 10% H2-90% A r  10 a t m  3 h r  at  door  0.35 • 0.01 0.87 • 0.04 

+ 100% H~ 1 a t m  (5 rain N~-30 rain 0.10 • 0.01 0.34 • 0.02 
H~-5 rain N2) 400~ 
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traps when  the damage level was of the order of 5 X 
106 rads Si. AI~ 400~ (from Table H) ,  this neu t ra l  
t rap residual level  can be as great as 0.23V for this 
damage level. At 450~ the residual  damage levels, 
R~u, Rp, neu t ra l  and positive, respectively, as a func-  
t ion of the effective H9 pressure PIle are given by  Eq. 
[2] and [3] 

log RNu 450~ -- -- 8.34 X 10-2 PH2 -- 0.48 [2] 

log Rp 450"c = -- 2.71 • 10 -1 PH2 -- 0.61 [3] 

F rom Fig. 4, it would appear that  effective H2 pres-  
sures of 7-8 a tm would be needed to decrease RNu to 
0.08V. When the annea l ing  cycles at 450~ were con- 
ducted for longer  t ime periods at 50 atm, e.g., 60 min  
+ 6 hr  at the door, and 90 min  -t- 9 hr  at the door, 
positive charge decreased first to 0.01Y _ 0.O0V then to 
0.00V _ 0.0V. Neutral  traps decreased to 0.11V +_ 0.01V 
then to 0.10V _+ 0.01V. For commonly employed barr ie r  
metallurgies,  this is not  considered by  us to be a safe 
t reatment .  Figure  5 shows residual  charge for annea l -  
ing conducted at 400~ in  10% H~-90% Ar for 30 mi n  
following a 3 hr  door equil ibrat ion,  as a funct ion of 
effective H2 pressure. In  addition, the s imulated 10 
atm point  discussed above is also plotted for com- 
parison. 

Equations [4] and [5] show the residual  damage 
level dependencies on effective He pressure at 400~ 

log RNu 4~~176 = -- 4.79 • 10 -2 PH2 -- 0.43 [4] 

log Rp 40o~ = -- 1.94 • 10-1 PIle -- 0.63 [5] 

It  is seen at 400~ that  the slopes of the positive charge 
and neu t r a l  t rap  curves are smal ler  than at 450~ This 
is par t icular ly  the case for the neu t ra l  traps. 

The 25 atm points in  Fig. 4 and 5 are of par t icular  
interest  since they are representat ive of what  might  be 
achievable in  a commercial ly  available elevated pres-  
sure system at 400~ or, less desirably at 450~ re-  
spectively. 

At 400~ as seen from Table II and Fig. 5, at a dam-  
age level of --~5 • 10~ fads Si, the residual  positive 
charge and neu t ra l  traps following 25 a tm annea l ing  
are marg ina l ly  acceptable, bu t  considerably bet ter  
than annea l ing  in pure He at 1 arm and 400~ (Table 
I I I ) .  Fur thermore ,  as can be seen from Table II, at 
lower damage levels, the residual  neu t ra l  trap levels 
are considerably smaller  following anneal ing  at 25 
atm. If even lower residual  neu t ra l  levels are required, 
20% H~-80% Ar might  be used in the inner  chamber  
of a commercial  system, and pure  Ar or N2 could be 
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Fig. 7. Residual radiation damage as a function of time at 50 arm 
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used in the outer jacket. At 25 a tm i nne r  reactor pres-  
sure, this will  be equivalent  to our  50 a tm experi-  
ments.  In  the event  of an inner  tube rupture,  the outer  
reactor gas would dilute the 20% Hs-80% Ar to below 
its lower explosive l imi t  of 10%. 

Figure 6 shows the effect of tempera ture  on annea l -  
ing at 25 atm, while Fig. 7 plots residual  charge as a 
funct ion of t ime at 50 a tm 10% He-90% Ar  at 300~ 
The data should be compared to those in  Table HI. 

The dependencies of RNu and Rp on 1/T at 25 a tm are  
given in Eq. [6] and [7] 

log RNu 25 atm ~ 1.92 • lOS/T (K) --  3.42 [6]  

log Rp 25 atm . -  4.08 X 108/T(K) -- 7.15 [7] 

The dependencies of R~u and Rp on t ime at  50 a tm and 
300~ are given by Eq. [8] and  [9] 

log RNu 8~176176 ---- -- 1.39 • 10-et --  0.37 [8] 

log Rp s00~ -- -- 2.63 • 10-et -- 0.51 [9] 
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Conclusions 
It  has been found that  high levels,  e.g., 107 fads  SiO2 

of process induced rad ia t ion  damage  to the gate in -  
sula tor  of po lyga ted  IGFET's  can be adequa te ly  r e -  
moved by  anneal ing  t r ea tments  in 10% H2-90% A r  
mixtures  at 50 a tm  and 400~ for 30-min. 25 a tm an-  
neal ing at  400~ is marg ina l l y  adequa te  depending  on 
ini t ia l  damage  level.  The damage  genera ted ,  based on 
threshold  and charge in jec t ion- t r app ing  measurements ,  
takes  the form of posit ive charge, neu t ra l  traps,  and 
appa ren t  negat ive  charge. The posi t ive charge  gen-  
e ra ted  by  subject ing the devices to E - b e a m  meta l  
evapora t ion  processes appears  to saturate .  The appa r -  
ent  negat ive  charge and neu t ra l  t raps  appea r  to in-  
crease monotonica l ly  wi th  increasing dose. The ne t  
resul t  is that  a t  to ta l  doses in exces s  of l0 T rads  SiO~ 
the posit ive and negat ive  charge levels  appea r  to 
cancel out. P r e l i m i n a r y  resul ts  indicate  tha t  such be-  
havior  requires  e lec t ron damage,  x - r a y  damage alone 
in the range 1-10 keV being ineffectual  in c rea t ing  high 
appa ren t  negat ive  charge levels.  As expected,  the effi- 
c iency of anneal ing  in terms of res idual  damage  is a 
s t rong function of t empera tu re ,  T. The log res idual  
damage appears  to decrease  l inea r ly  wi th  1/T K, i.e., 
the res idual  damage  level  varies  exponen t i a l ly  as a 
funct ion of 1/T. 
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Computer Modeling of Infrared Curing of Photoresists 
I. D. Calder, R. Sue, and H. M. Naguib* 

Bell-Northern Research, Ottawa, Ontario, Canada KIY  4H7 

ABSTRACT 

A computer  model  has been developed to simulate the baking ofphotores is t  in an infrared oven. Account  is taken of the 
spectral characteristics of the infrared emit ter  and the samples,, the geometry of the oven, t ransport  of the sample through 
the oven, and heat  losses by radiation and convection. Excellent  agreement  is achieved in comparison with experimental  
measurements  of the infrared curing of Shipley AZ 1300 series photoresis t  on substrates of glass, Al-on-glass or silicon in a 
Zicon 1100 infrared oven. The model  can be used to predict  the conditions necessary for adequate  baking of the photoresist  
(which occurs when the max imum temperature  of the sample exceeds 80~ Higher sample temperatures  are achieved for 
higher emit ter  temperatures  and slower conveyor speeds. The only adjustable parameter  in the model  is the speed of  the air 
flow which produces  forced convectional cooling. 

One of the  s teps r equ i red  for photo l i thographic  p ro-  
cessing of electronic devices is soft  baking  of the 
photoresis t  to remove excess solvents before the ex-  
posure  and deve lopment  stages. Convent ional  bak ing  
in forced hot  a i r  ovens gives r ise to the format ion  of 
a surface skin, which inhibi ts  evapora t ion  of the sol-  
vents  (1). This effect degrades  the  d imensional  qual i ty  
of the photores is t  image  and reduces the  yield.  To 
solve this problem,  in f ra red  curing of photoresis ts  was 
int roduced.  I t  induces hea t ing  of the photores is t  f rom 
the subs t ra te  in terface  outwards ,  t he reby  p reven t ing  
sk in  format ion  and avoiding solvent  retention.  A l -  
though inf ra red  curing is now commonly  used in the 
electronics industry ,  on ly  l imi ted  informat ion is ava i l -  
able  on charac ter iza t ion  of the  in f ra red  hea t ing  p ro -  
cess (2). These authors  inves t iga ted  the in f ra red  bak -  
ing character is t ics  of photoresis t  deposi ted  on Au and 
TaN coated substrates .  However ,  only  a qual i ta t ive  
descr ipt ion of the hea t ing  mechanism was presented .  
A model  has also been presented  by  Nish imura  et al. 
(3) for the  in f ra red  evapora t ion  of l iquid organic sol-  
vents, but  the work  has not  been ex tended  to thin 
films or photores is t  baking.  The main  objec t ive  of the  
present  invest igat ion was to develop a computer  model  
tha t  affords a quant i ta t ive  descr ipt ion of the in f ra red  

* Electrochemical  Society Act ive  Member. 
Key words: films, integrated circuits, infrared, polymerization. 

hea t ing  mechanism.  The model  can then be used to 
predic t  the  effects of var ious  processing pa ramete r s  
on the t e m p e r a t u r e - t i m e  profiles of a r b i t r a r y  photo-  
res is t -coated  substrates .  Good agreement  is obta ined 
between model  predic t ions  and expe r imen ta l  resul ts  
in a Zicon 1100 inf ra red  oven under  a wide range of 
opera t ing  conditions. 

The Model 
General concept.--In order  to t rea t  as many  differ-  

ent  sample  s t ructures  as possible, the model  should be 
ve ry  general .  To this end, we a]-low an a r b i t r a r y  n u m -  
ber  of films or  layers  to make  up the sample  (Fig. 1). 
For  example ,  there  might  be a subst ra te ,  insula t ing 
films, semiconduct ing films, metal l izat ion,  and photo-  
resist. Each layer  has an a r b i t r a r y  thickness hzi, com- 

A 
plex  index  of ref rac t ion  ni -: ni ~ j~i(ko)/2ko, and 
magnet ic  pe rme a b i l i t y  ~i//~o. Each l aye r  is considered 
to be homogeneous  and of un i form thickness  in the  
plane.  The effects of solvent  evapora t ion  are  ignored.  

The calculat ion then proceeds by  the use of the  
hea t  ba lance  equation to calculate  the t empera tu re -  
t ime profile for one of these samples  as it  moves 
through the oven. The absorbed power  is ca lcula ted  
by  in tegra t ing  the opt ical  absorpt ion  of the  sample  
s t ruc ture  over  a l l  wave lengths  (_-- 2~lko) of the  in f ra -  
red radia t ion  and over  al l  angles of incidence inherent 



Vol.  I30, No. 6 

0n 

. .  fin / 

I 
I 

/ 

nl ', 

/ 

I N F R A R E D  CURING OF P H O T O R E S I S T S  

I n-2 

j _ .  layers 

AZ 2 

Fig. 1. Sample structure. There are n-2 layers (the air is layers 
A 

I and n) with thickness AZi, index of refraction ni = ni + 
j,~i(ko)/2ko and magnetic permeability #i/#o. A single infrared ray 
of wavelength k ( =  2.~/ko) incident at angle 0, is also shown. 

in the oven geometry. This absorbed power is balanced 
by the various heat  loss mechanisms. We now look 
at this model  in  more detail. 

The heat balance equat ion.- - In  any heat flow si tua-  
tion, the principle of conservation of energy is ex- 
pressed by the heat balance equation (4) 

OT 
---- V �9 ( K .  VT) -5 G(r , t )  [1] ~oCp at --- 

which determines the tempera ture  T as a function of 
t ime t and position r. The remain ing  quanti t ies are the 
density p, specific heat  Cp, thermal  conductivi ty tensor 
K, and the heat  generat ion (and loss) function G (r,t).  

Because the t ime constant  for evaporation is approxi-  
mately  L / G  (L is the la tent  heat of the solvent) ,  which 
is on the order of milliseconds, we ignore the thermal  
effects of evaporation. We assume that the entire sam- 
ple is in equil ibrium, so that the first term on the r ight  
side of Eq. [1] can be neglected. For example, if the 
ambient  tempera ture  Ta = 300 K, T ---- 400 K, and the 
thermal  conductivi ty K = 0.02 W/cm-K,  then the tem- 
perature  differences across the sample (assuming radi-  
ative losses) is at most 0.5 K /mm.  The problem now 
reduces to calculating G(r , t ) .  We assume that all the 
heat  generat ion is due to the absorption of inf rared 
radiation, while heat is lost because of radiat ion and 
convection. Conductive losses through the thermal ly  
insula t ing support  s t ructure are neglected. 

Now consider the heat absorbed from a single beam 
of monochromatic  radiat ion (wave vector ko) in -  
cident at an angle e~, on our stack of n -- 2 layers. 
Using s tandard techniques (5), we calculate the am- 
pli tude reflection and transmission coefficients R and T 
for a TE wave from 

~, cos o. T = 

/~n//4o 
where 

[II , 
L i=2- 

I + R  

(I--R) cos01 

[2] 

cos ~i j~ff~o 
A ni cos Oi 

jni  COS 8i sin ~'l 
~i/~o cos ~ 

A 
ni sin ei ---- sin et 

s in /~ i  

[3] 

[4] 
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a n d  
A 

~i = koniAzi cos 8t [5] 
[For the case of a TM wave (identical to TE for non -  
magnetic materials) ,  replace ni/~o//~i by its inverse.] 
Then in terms of the incident  power densi ty Po, the 
absorbed power density Pa is given by  

Pa  = P o ( l  - [RI~ - [TI2nn cos en/COS 61) [6] 

Layer  n could be the air, if the subst ra te  is optieally 
polished, or the substrate  , or the carrier (if it sup- 
ports the substrate everywhere) .  This result  must  then 
be integrated over all  wavelengths radiated by the in -  
frared source and all angles of incidence occurring 
for a specific geometry (4). We ignore any changes 
in the opt ica l  properties of the photoresist due to sol- 
vent  evaporation. 

The radiat ive heat loss per uni t  area from a sample 
with upper  and lower surface emissivities el and  e2 is 
given by  . 

Qr : (el -5 e2)~(T 4 -- Ta 4) [7] 

where ~ is the S tefan-Bol tzmann constant. 
For convective heat losses, we assume a uni form 

laminar  flow of air  at velocity va over the upper  su r -  
face (forced convection) and no air flow (free con- 
vection) at the lower surface. We effectively consider 
Va to be an adjustable parameter  in the problem, since 
any detailed calculation of forced convective losses is 
prohibi t ively complicated. In  general, the convective 
heat  loss is given by (4) 

Q~ == (Ka /L )NNu(T  -- Ta) [8] 

where Ka is the thermal  conductivi ty of air, L is a 
characteristic length of the sample ( typically the 
shortest dimension of a rec tangular  substra te) ,  and 
NNu is the Nusselt n u m b e r  given by (4) 

f 0.662 (NRe) 1/2 (Npr) 1/3 (forced) 
NNu -- [9] 

0.055(T -- Ta) I/4L~/4/Ka (free) 

NRe and Npr are the Reynolds and Prandt I  numbers  
for a sample of length L in air. Then the total ne t  heat 
generat ion function used in Eq. [1] is 

G ~ . P a - -  Q r -  Qc [10] 

The total heat capacity pCp is the sum 

n--1 n--1 

All  of the assumed heat  generat ion and loss mecha-  
nisms are summarized in Fig. 2. 

EMITTER-(Te) , / 

~ /  / / / i n c i d e n t  

/ ~ /  radiation (Po) 

forced 
convection (Qc) 

adiation loss (Q r) 

SAMPLE _ ~ ' .  , ~  ~ belt motion (v) 
( T )  - - - 

~ 1 ~  ! ' rad ia t i~176  ) 

free convection (Qc) 

Fig. 2. Diagram of the principal components of the model. The 
infrared radiation (intensity Po) from the emffter at temperature 
Te is absorbed by the sample moving at velocity v. The sample is 
heated to a temperature T where the heat losses from radiation 
(Qr) and convection (Qr balance the heat input. 
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Computa t iona l  cons idera t ions . - -We  make the follow- 
ing assumptions about the physical parameters used in 
the model. (i) Assume n(~) = noZ a and a(~.) = =oZ b. 
(ii) Assume emissivities are independent of tempera- 
ure. (iii) For the properties of air, we use 

Ka : 3.66 X 10 -5  ~ 3.76 X 10-7 (T  -t- Ta) [11] 

Nae : vaL[--1.36 X 10 -5  ~ 4.9 X 10-8 (T  ~ Ta)] -1  

[12 ]  
a n d  

]Vpr = 0 3 0  [13 ]  

where all quantities are in M K S  units and the absolute 
temperature scale is used. (iv) The emitter (radiator) 
is assumed to be a black body at temperature Te. Then, 
the spectral density of the r~diation is given by 
Planck's radiation law 

Po(~,T) = 2~hc2~-5(e hc/xkT -- 1)-1 [14] 

This expression is used in Eq. 6 and integrated over 
wavelength ~. and angle 0 to give the total power ab- 
sorbed per unit area. We integrated numerically from 
~.M/2 to 4~M where ~M is the wavelength of the peak in 
the black body spectrum. 

Comparison with Experiment 
Our facility for inIrared baking consists of two 

Gyrex 90 belt conveyors mounted beneath a Zicon 1100 
infrared oven. The belt speed is adjustable from 4 to 
37 mm/sec. The 60 X 60 cm planar infrared emitter is 
mounted parallel to the conveyor surface, at a height 
adjustable from 3.8 to 17.8 em. The emitter temperature 
can be controlled to •176 over the range 50~176 
A class 100 air flow is maintained through the oven 
chamber. 
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Fig. 4. Time-temperature profiles for glass substrates with 3.3 
~m thick photoresist at four different emitter temperatures. The 
model results are shown at discrete time intervals while the solid 
lines are the equivalent experimental results. The belt speed was 
4.3 ram/sac and the emitter-sample separation was 11.7 cm. 

Three different substrates (all 5.1 • 5.1 era) were 50 

t 
used in these experiments: glass 0.15 cm thick, glass 
with a 410 nm layer of evaporated A1, and 0.05 cm 
thick single crystal silicon. Each substrate had an in- 
dividually calibrated (•176 Chromel-Alumel ther- 
mocouple evaporated onto the lower surface. Shipley 45 - 1 
AZ1300 series positive photoresists were then spun on 
with thicknesses of 1.0, 1.9, or 3.3 #m; control samples 
of each substrate type were baked without photoresist. 
Therefore, the important variables in our experiments ~ 40 -- ~ �9 - 1  
were substrate type, photoresist thickness, emitter tem- 
peratures, belt speed, and emitter-sample separation. ~ 3 

The results of these experiments are shown in Fig. - 5  

er ul o ou ol 0 0 1 

7 
glass 25 I I / 

5 0 -  7 _ /  _ 0 6o 126 180 

~ ~  time(sac) 

40 - -  Fig. 5. Time-temperature profiles for AI-on-glass substrates 
without photoresist at a variety of conveyor speeds. The model cnl- 

~ , ~ = ~ j l . . ~  - AI-on-glass culations are shown at discrete time intervals for 5.1 and 15.3 ram/ 
30 ~ -  sac, while the solid lines are the equivalent experimental results 

20 I I I 
0 50 100 150 200 

time (sac) 

Fig. 3. Time-temperature profiles for the three control samples 
(no photoresist) moving at a speed of 4.3 ram/sac under an 
emitter at a temperature of 200~ and a height of 11.7 cm. The 
measured profiles are the solid lines while the model results are 
shown at discrete time intervals. The only adjustable parameter 
was the air flow speed. 

for ( I )  5.1, (2) 7.5, (3) 10.4 (4) 12.7, and (5) 15.3 mm/sec. The 
emitter temperature was 200~ and the emitter-sample separation 
was ! 1.7 cm. 

The only adjustable parameter in the model was the 
air speed, which was fixed at the value (20 cm/sec) 
that gave the best fit for a plain glass substrate. Other- 
wise, the major uncertainties lie in the values chosen 
for the optical properties of the various materials. Our 
values are listed in Table I. The results are most sensi- 
tive to material properties when there is a highly 
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Fig. 6. Time-temperature profiles for silicon substrates with or 
without photoresist. The model calculations are for no photoresist 
(V),  1.0 Fm (0) ,  1.9 ~m (A), and 3.3 ~m (111) while the solid lines 
are the equivalent experimental results. The emitter temperature 
was 280~ the conveyor speed was 4.3 ram/see, and the emitter- 
sample separation was 11.7 cm. 

reflecting surface,  or  when  ne ighbor ing  films have 
m a r k e d l y  different  complex indexes of refract ion,  tha t  
is, for the  A1 on glass subs t ra tes  and to a lesser  ex ten t  
the Si  subs t ra tes  (Fig. 5-6).  S l ight  ad jus tments  in the  
A 
n (k) assumed for these mate r ia l s  wil l  improve  the p re -  
dic t ive  capabi l i ty  of the model  under  o ther  conditions. 
The resul ts  a re  less sensi t ive to the emissivi ty,  since 
convection makes  a somewha t  g rea te r  cont r ibut ion  to 
hea t  loss than radiat ion.  This observa t ion  is con t ra ry  
to the conclusions of Schantz  and Pusch  (2) who did 
not  look at  thin film effects or  convective losses quan-  
t i ta t ively .  

Model ing becomes most  useful  when one can use it 
to p red ic t  the  best  bak ing  condit ions for a given sample  
s t ructure .  We have taken  a first s tep in this d i rec t ion  
by  corre la t ing  the m a x i m u m  t e m p e r a t u r e  reached for 
a glass subs t ra te  dur ing  baking  wi th  the  photo-  
res is t  weight  loss obtained,  and then making  a com- 
par ison with  the  weight  loss resul t ing  f rom oven b a k -  
ing under  the manufac tu re r ' s  r ecommended  conditions.  
These resul ts  are  shown in Fig. 7. There  is a clear  cor-  
re la t ion  be tween  m a x i m u m  t e m p e r a t u r e  and weight  
loss, imply ing  tha t  m a x i m u m  tempera tu re s  be tween  
80~176 wil l  p rovide  Optimum bak ing  conditions,  at  
leas t  at  the 4.3 mm/sec  speed. F rom Fig. 4 and 5, we 
see tha t  these h igher  t empera tu re s  a re  obta ined at  
high emi t t e r  t empera tu re s  and slow bel t  speeds. 

Higher  emi t t e r  t empera tu re s  supp ly  more  energy 
(coTe 4) and, therefore,  heat  the sample  more.  Higher  

speeds reduce the m a x i m u m  t empera tu re  because the  
sys tem never  reaches a s teady  state.  The the rmal  t ime 
constant  is 

T -- pCpd2/K [16] 

where  p, C,, d, and K are  density,  specific heat,  th ick-  
ness, and the rmal  conduct iv i ty  of the sample.  Fo r  a 

Table I. Optical properties of various materials (glass, Shipley 
AZ1300 series photoresist, silicon, and aluminum) 

Glass  PR Si A1 

no 1.45 1.7 3.45 0.19 
- 0 . 0 4  0 - 3 . 5  x 10 -~ 1.4 

ao 4.1 x 10 ~ 8.2 0.252 2.38 
b 4.97 O 0.37 0.4 
e 0.93 0.33 0.26 0.04 

T h e  first four  l ines  def ine the  c o m p l e x  index of refraction n = 
no~ a + jao~b+z/4~r, where ~ is e x p r e s s e d  in ~m.  T h e  last  l ine  l ists  
emiss iv i t ies .  
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Fig. 7. Comparison between infrared even and convection oven 
baking of photoresist. The hatched area between the dashed lines 
shows the approximate range of percentage weight loss obtained in 
a convection oven at 90~ for all the photoresist thicknesses used. 
The belt speed was 4.3 mm/sec. 

glass sample  5 m m  thick ( including a glass suppor t )  
T ~ 40 sec, comparable  to the t ime spent  in the  cham-  
ber  at  the  h igher  speeds. 

Conclusions 
The computer  analysis  successful ly  models  the hea t -  

ing character is t ics  of a va r i e ty  of subs t ra tes  wi th  or 
wi thout  photores is t  in an in f ra red  oven. The model  can 
be used to predic t  the opera t ing  condit ions requ i red  
for comple te  bak ing  of photoresist .  This occurs for  a 
m a x i m u m  t empera tu r e  in the  range  of 80~176 for 
Sh ip ley  AZ1300 resists  on glass in a Zicon llO0 in f ra -  
red  oven on subst ra tes  moving at  a conveyor  speed of 
4.3 mm/sec .  The baking  condit ions necessary  to achieve 
this resul t  wil l  be different  for  o ther  sample  s t ructures ,  
bu t  they  can now be ca lcula ted  wi th  the he lp  of the  
presen t  model.  Higher  m a x i m u m  sample  t empera tu re s  
a re  obta ined  by  using h igher  emi t t e r  t empera tu res  and 
lower  conveyor  speeds. 

Model ing of subs t ra tes  wi th  high ref lect ivi ty or  
severa l  films of wide ly  va ry ing  opt ical  constants  r e -  
quires  accurate  values  for  the  opt ical  proper t ies .  In  

A 
some cases, empir ica l  ad jus tments  to n(~.) m a y  be 
necessary.  The emissivi t ies  a re  less significant.  
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The Effect of a Constant Current Stress on the Oxides in MOS 
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ABSTRACT 

The effects of stressing high quality polysilicon--SiO2-Si capacitors with a constant d-c current, are observed by use of 
C-V and I-V curve measurements. Short current stresses are found to produce positive charges, assumed to be holes, in the 
bulk of SiO2. With prolonged stress, this charge is compensated by electron trapping in the oxide. With Si biased positively 
(polysilicon negative), effects attributed to direct tunnel ing of holes from the anode into SiO2 are observed. 

In a normal  populat ion of MOS devices, the usual  
distr ibution of dielectric breakdown voltages is GausL 
sian with an asymmetr ical  tail-off towards lower volt-  
ages. In  the major i ty  of cases, the measurement  of di- 
electric breakdown, typically at 10 #A, is a destructive 
process resul t ing in oxide ruptures.  This is a conse- 
quence of the nonuniformit ies  in the dis t r ibut ion of the 
applied field (and, therefore, the Fowler-Nordheim 
current  densities) caused by defects wi thin  the oxide. 

In  a port ion of the population, however, these defects 
are minute  or even absent, so that the field is un i formly  
distr ibuted over the device area. In  these samples, the 
destructive "hot spots" are not formed, so that it is 
possible to stress the devices at very high fields, 
thereby, forcing an appreciable oxide current  but  wi th-  
out causing physical destruction. This work sum- 
marizes a s tudy of the effects of constant current  
stresses on MOS capacitors. 

Exper iment  
The test s t ructures  used were 254 X 254 t,m square 

po lys i l i con~SiO2-(p)S i  capacitors, sur rounded by a 
thick field oxide and a p +  channel  stop. The SiO2 
layers were grown in O2/HC1 ambient  at 950~ to a 
typical thickness of 430 • The substrates were p -  
wafers with a threshold adjust  implan t  implanted  
through the gate oxide. 

The devices were stressed with 1, 10, and 100 ~A 
(1.55, 15.5, and 155 mA/cm 2) constant  d-c current  for 
vary ing  time durations using a constant current  source 
and a time controlled relay. With positive stress polar-  
i ty  (polysilicon positive),  the voltage required to pro- 
vide the desired current  (critical voltage) was typi-  
cally ,-~75V; whereas, negative stress polari ty required 
approximately 45V. 

The effects of the stress on the capacitors were eval-  
uated by measur ing C-V and I-V curves before and 
after each stress. C-V curves were measured by s tan-  
dard 1 MHz capacitance meter  with a d-c bias sweep 
from --10 to +4.0V at approximately 1 V/sec sweep 
rate. I -V curves were measured with polysilicon biased 
negat ively and with the max imum total cur rent  l imited 
to less than  100 pA. In  order to maximize the probabi l -  
i ty  of finding a "good" device, the test populat ion was 
screened for breakdown voltage better  than 25V. Each 
individual  capacitor was stressed only once, i.e., the 
effects of repeti t ive stressing were not investigated. 

Results 
Positive bias stress (poIysilicon positive).--The effect 

of +10 ~A constant current  stress of "short" durat ion 
(t ~ 1 sec at critical voltage) on the C-V and I -V 
characteristics of MOS capacitors is i l lustrated by 
curve 2 in Fig. 1 and 2. Both curves shifted along the 
voltage axis, indicat ing the presence of a positive 
charge wi thin  the oxide. The effect of a prolonged 
(t > >  2 sec at critical voltage) stress on the C-V and 
I -V characteristics is i l lustrated by curve 3 in  Fig. 1 

Key words: dielectrics, capacitor, charge, trapping. 

and 2. The distortion in the C-V curve, as well as the 
decreased net  shift along voltage axis in both the C-V 
and I-V curves, appears to be indicative of electron 
t rapping in the surface states and in the bulk  of the 
oxide. 

Figure 3 is a plot of the net shift of the flatband 
voltage in the C-V curves and  the shift in the I-V 
curves (at 50 pA) vs. stress time. Note that the x-  
coordinate corresponds to the total t ime the DUT was 
biased, a controlled in s t rumen t  setting. The t rue t ime 
durat ion of the constant  current  stress is, in  fact, 
lower. This discrepancy arises due to the ins t rument  
l imitations:  the output  of the constant  current  source 
is smoothed by a capacitor which l imited the rate at 
which the compliance voltage is reached. Consequently,  
compliance voltage is not  achieved at "short" t ime 
settings. The first data point, in fact, corresponds to a 
constant current  stress of ~1  sec. Correction of the 
x-axis  to represent  t rue t ime at constant  current  stress 
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Fig. l. C-V curves following constant positive ( + 1 0  #A) stress 
of differing durations. Curve l~init ial ;  curve 2---after ~ i  sec 
stress; curve 3~after 100 sec stress. 
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Fig. 2. I-V curves following constant positive ( +  10 #A) stress of 
differing durations. Curve l-- initial; curve 2~after ~1  sec stress; 
curve 3--after 100 sec stress. 
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Fig. 3. Shift along the voltage ~ is  of the flatband point of the 
C-V curves and the 50 pA point of the I-V curves with time at 
constant positive (--t--10 #A) stress relative to the initial unstressed 
curves. 
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would result  in  unce r t a in ty  in  data  points in the short 
stress region and would not  alter the fundamenta l  
effects i l lustrated.  

Negative bias stress (polysilicon negative) .~With 
negat ive bias, the Fowler-Nordheim current  is injected 
from polysilicon ra ther  than from the substrate.  The 
effects of "short" and "long" stress at --10 ~,A on the 
C-V and I -V characteristics of the devices is i l lustrated 
by curves 2 and 3 in  Fig. 4 and 5, respectively. As can 
be seen, the ini t ia l  behavior  is similar to the one ob- 
served with positive stress but  subsequent  prolonged 
stress resul ted in different trends. Figure 6 is a plot of 
the ne t  shift of the flatband point  of the C-V curves 
and the shift of the I -V curves (at 50 pA) vs. stress 
time. The contrast  of the shifts in the C-V curves in 
this and in Fig. 3 is obvious in the sense that there ap-  
pears to be no immediate  bui ld up of the negative 
charge. 

Stress with various current densities.--The general  
behavior  of the characteristics of the MOS capacitors 
stressed with • and • gA is similar  to the one 
described above for • 10 #A, except that  the magni tudes  
of the shifts differ. An exper iment  where the total 
charge forced through the devices is kept  constant  was 
performed by observing the C-V shifts under  a con- 
stant  cur ren t - t ime  stress (I • t) of 100 gA sec. In  
Fig. 7, the magni tude  of the net  shift of the flatband 
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Fig. 5. I-V curves following constant negative ( - -10  #A) stress of 
differing durations. Curve 1--initial; curve 2~after ~1  sec stress; 
curve 3--after 100 sex stress. 
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Fig. 4. C-V curves following constant negative ( - -10  #A) stress of 
differing durations. Curve l~ini t ia l ;  curve 2--after ~1  sec stress; 
curve 3--after 100 sec stress. 

point of the C-V curves is plotted against  stress current  
under  constant  I • t conditions for positive and nega-  
tive stress polarities. The slopes indicate that the mech-  
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anisms observed  here  d o h a v e  some definite act ivat ion 
thresholds.  

Relaxation and annealing properties.--It was found 
that  all  of the observed  distort ions in the  C-V curves 
can be annealed.  The sur face-s ta te  effects (the smear  
in the slope and the k inks  in the C-~f curves)  were  the 
least  s table,  could be seen to re lax  even at  room tem-  
pera ture ,  and could be annea led  at  150~ The curve 
shifts a long the vol tage axis were  found to recover  as 
well,  pa r t i cu l a r ly  at e levated  tempera tures .  In  the  
samples  s t ressed with  posi t ive  bias for pro longed  pe r i -  
ods and then annealed,  the  C-V curve shifts first in-  
creased and on ly  subsequent ly  decreased  towards  the  
initial ,  unstressed position. This impl ied  tha t  at  e le -  
va ted  temperatures ,  the  ra te  of loss of  the  negat ive  
charge is h igher  than  tha t  of the posi t ive charge. 

Tempera tu re  alone (up to 300~ was found to be 
insufficient in removing  most of the charge f rom SlOe, 
at  least  in reasonable  t ime periods.  A combinat ion  of 
t empe ra tu r e  and re l a t ive ly  low bias (such that  no 
measu rab le  in ject ion occurs) ,  however ,  was found to 
be quite efficient at  anneal ing  out  al l  the  charges. 

Discussion 
I t  is obvious tha t  wha teve r  mechanism is responsible  

for the observed behavior ,  it  must  be consistent  wi th  
stresses of e i ther  polar i ty .  I t  is be l ieved that  the ini t ia l  
large  posi t ive charge observed  in both posi t ive and 
negat ive  stresses is due to holes genera ted  in the bu lk  
of SiO~ by impact  ionizat ion process. Since the mobi l i ty  
of the holes in SiO2 is ve ry  smal l  (1) (10 -5 
cm2V- l sec -Z) ,  an ava lanche - l ike  process can be ex-  
pected to leave behind  a cloud of t r apped  posit ive 
charge (7, 8). Using the equat ion publ i shed  by  Jenq, 
et al. (3) and the magni tudes  of the ini t ia l  shifts in the 
I -V curves  (most  sensi t ive to the  charge close to po ly -  
sil icon/SiO2 ba r r i e r )  and the C-V curves (most  sensi-  
t ive to the charge close to Si/SiO2 in te r face) ,  i t  is cal -  
cula ted  that  the centroid  of the in i t ia l  posi t ive charge  
is app rox ima te ly  200 _+ 30A from the Si/SiO2 interface,  
i.e., the centroid  is roughly  in the  midd le  of the oxide 
thickness r a the r  than close to e i ther  in terface  ind ica t -  
ing that  bu lk  r a the r  than  surface effects are  tak ing  
place. These conclusions are  consistent  wi th  the work  
of Ishiuchi  et al. (4). In  Ref. (3) and (5), however ,  
no evidence of bulk  SiO2 posi t ive charge is observed.  
I t  is be l ieved that  the d iscrepancy  arises f rom the fact  
that  in those works  ve ry  thin  ( < < 4 0 0 A )  SiO2 films 
were  used (perhaps  too thin  to suppor t  impact  ioniza-  
tion a n d / o r  hole t r app ing?)  

Cont inued posi t ive stress, however ,  does not  appear  
to genera te  fu r the r  posit ive charge in the bu lk  of SiO2 
even though the field, a lbei t  modified by  the a l r eady  
genera ted  holes, must  be sufficiently la rge  in at  least  
a por t ion  of the layer  for impact  ionizat ion to occur. 
The number  of res idual  holes seems to sa tura te  quickly  
and is r egu la t ed  by  recombina t ion  process (8). Wi th  
cont inued exposure  to the posi t ive stress, i t  is ev ident  
that  a different  mechanism becomes dominant :  that  of 
e lec t ron t r app ing  (3, 5). I t  is be l ieved  tha t  the e lec-  
t rons are  cont inuously  t r apped  in the  exis t ing or n e w l y  
crea ted  t raps  and are, thus, compensat ing  the charge 
due to the  holes r a the r  than that  res idua l  hole charge 
is being annih i la ted  by  recombinat ion.  Since the charge 
due to the electrons s t rong ly  affects both  the C-V and 
the I -V  curves,  i t  is be l ieved  tha t  the t r apped  electrons 
are  un i fo rmly  d i s t r ibu ted  in the oxide  (3) or at  least,  
that  this charge, too, is a bu lk  phenomenon.  The elec-  
t ron t r app ing  process is continuous and does not  sa tu-  
ra te  l ike the mechanism that  genera ted  the holes, so 
that  for long stress periods i t  becomes dominant  and 
even tua l ly  produces  a ne t  posi t ive shif t  a long the 
vol tage  axis. 

In  the  case of a stress wi th  nega t ive  polar i ty ,  both  
mechanisms,  i.e, the ava lanche  genera t ion  of holes and 
the continuous t r app ing  of electrons,  a re  bel ieved to 
take  place in the same manne r  as in the case of posi t ive 

stress. The major differences in the behavior are at- 
tributed to a third mechanism, that of direct tunneling 
of positive charges from the anode into SiO~ interface 
as proposed by Jenq et al. This tunneled positive 
charge resides only 20-50A away from the silicon inter- 
face and, therefore, completely dominates the C-V 
curves, i.e., it shields the silicon substrate from the 
influence of the charges deeper in the bulk of SiO2. 
Eventually, this interface charge saturates and the 
effects of trapped electrons become apparent. The I-V 
curves controlled by the polysilicon/SiO2 barrier are 
less sensitive to this charge and, thus, behave similarly 
with stresses of either polarity. Similar hole injection 
does not seem to occur from the polysilicon electrode 
(positive stress) due to the fact that polysilicon is a 
degenerate n+ material. 
Other discrepancies in the behavior with positive 

and negative stresses could be attributed to the fact 
that with positive bias, Si surface is inverted and 
electron fiuence through the structure (the controlled 
variable) is controlled by factors other than just the 
Si/SiO2 barrier. Assuming that electron trapping oc- 
curs uniformly throughout the oxide, the slopes of the 
AV(I-V)  vs. In (t) Curves (Fig. 3 and 6) indicate  that  
posi t ive bias  resul ts  in h igher  t rapp ing  rate .  This im-  
pl ies tha t  the posi t ive stress leads  to h igher  ra te  of 
genera t ion  of e lect ron t raps (3). Since e lec t ron current  
is the same wi th  both stress polar i t ies  and since the 
field across the oxide i tself  is h igher  wi th  posi t ive bias, 
this could imp ly  that  t r ap  genera t ion  is a field r a the r  
than  cur ren t  dr iven  process (3).  

The impact  ionizat ion genera t ion  of the bu lk  holes is 
a f ie ld-dependent  mechanism,  wi th  a threshold  re la ted  
to the bandgap  of SiO2. Hole inject ion f rom the anode 
is expected  to have a field threshold  as wel l  (a lbei t  
lower)  but  re la ted  to the Si/SiO2 ba r r i e r  he ight  for the 
holes. The curves  in Fig. 7 a re  indica t ive  of these d i f -  
fe r ing  thresholds  since the nega t ive-s t ress  curves are  
dominated  by  hole in ject ion mechanism whi le  the 
posi t ive-s t ress  curves are  de te rmined  b y  bu lk  SiO2 
hole generat ion.  

Summary and Conclusion 
Three  dist inct  mechanisms have  been pos tu la ted  to 

take  place in MOS capaci tors  s t ressed at  ve ry  high 
field s t rengths  and cur ren t  densities.  The chain of 
events  has been in fe r red  f rom the charges in the I -V 
curves which, being control led  by  the polysi l icon/SiO2 
ba r r i e r  height,  a re  most  sensi t ive to the  charges  n e a r -  
est to that  in terface  and, in the C-V curves,  which are 
most sensi t ive to the charges neares t  the Si/SiO~ in te r -  
face. 

The resul ts  obta ined  provide  expe r imen ta l  confirma-  
tion of, and deeper  insight  into, the mechanism of di-  
e lectr ic  b r eakdown  in MOS s t ructures  (6, 7, 8). The 
samples  and methods  used here  a l low measurements  of 
the sequence of events  that  occur dur ing  the usual,  
destruct ive,  dielectr ic  b reakdown.  Thus, the gene ra -  
t ion of bu lk  holes and the consequent  decrease in the 
cathode/SiO2 ba r r i e r  do confirm the "negat ive  res is t -  
ance" and " run -a w a y"  aspects  of the  d ie lec t r ic  b r e a k -  
down which is no rma l ly  eva lua ted  under  constant  or 
r amped  vol tage  conditions.  

Fur the rmore ,  the  expe r imen t  m a y  prove  to be a 
technique for eva lua t ing  some aspects  of in t r ins ic  oxide 
in tegr i ty ,  a technique not subject  to the  l imi ta t ions  
imposed by  avalanche  e lect ron in jec t ion  or  photo in-  
ject ion types of measurements .  

Manuscr ip t  submi t ted  June  28, 1982; rev ised  m a n u -  
scr ip t  received March  7, 1983. 

A n y  discussion of this p a p e r  wi l l  appea r  in a Dis-  
cussion Section to be publ i shed  in the  December  1933 
JOURNAL. Al l  discussions for  the  December  1983 Dis-  
cussion Sect ion should be submi t t ed  b y  Aug. 1, 1983. 

Burroughs Corporation assisted in meeting the publi- 
cation costs of this article. 
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Two-Step Thermal Anneal and Its Application to a CCD Sensor and 
CMOS LSI 

M. Ogino, 1 T. Usami, and M. Watanabe* 
Toshiba Corporation, Research and Development Center, 72 Horikawacho, Saiwaiku, Kawasaki 210, Japan 

and H. Sekine and T. Kawaguchi 
Toshiba Corporation, Semiconductor Division, Kawasaki 21 O, Japan 

ABSTRACT 

The two-step thermal  anneal has been investigated in detail  for the control of oxygen precipitation. The correlations of 
intersti t ial  oxygen reduction after the two-step thermal  anneal, the interstit ial oxygen in the as-grown wafer, and the 
microdefect  densi ty are made clear. There is a critical oxygen concentration for the oxygen precipitation. I t  depends  on the 
first s tep annealing t ime and the substi tut ional  carbon concentration. The two-step thermal  anneal was appl ied success- 
fully to a CCD image sensor and CMOS LSI  to improve their  performance. 

Semiconductor  technology  has been looking for  ~ e  
pures t  ma te r i a l  and the cleanest  environment .  How-  
ever,  in the  manufac tu re  of in t eg ra ted  circuits  f rom 
single c rys ta l  silicon, complete  e l iminat ion  of con tam-  
inat ion is not  a lways  possible. This forces us to develop 
an effective ge t te r ing  technology to get  r id  of con- 
t aminan ts  in t roduced  dur ing  the manufac tu r ing  p ro -  
cess. Among  many  ge t te r ing  techniques (1-6),  in t r ins ic  
ge t te r ing  ( IG) ,  which was repor ted  first by  Tan e t a l .  
(7), has been most  in tens ive ly  s tudied recen t ly  (8-11), 
because of  i ts high ge t te r ing  capabi l i ty .  Since pe r -  
formance  of IG depends  upon the oxygen - r e l a t ed  
microdefects  (MD) such as the  oxygen precipi ta tes ,  
the dislocat ion loops and the s tacking faul ts  induced 
by  oxygen  prec ip i ta t ion  (12-15), the control  of the 
prec ip i ta t ion  of oxygen,  i.e., the format ion  of MD, is 
necessary  to control  IG. I t  is wel l  known tha t  the 
format ion  of MD s t rongly  depends  on the oxygen  con- 
centrat ion.  Tan e ta l .  used h igh  oxygen  concentra t ion 
wafers  as s ta r t ing  ma te r i a l  to get  effective IG, since a 
la rge  n u m b e r  of prec ip i ta tes  are  r ap id ly  formed in 
them. Oxygen  concentra t ion  in wafers  commerc ia l ly  
ava i lab le  is f a i r ly  var iab le  so that  i t  is be t te r  to con- 
t ro l  the prec ip i ta t ion  to get  reproducib le  IG. 

In this paper ,  we wil l  discuss control  of MD forma-  
tion b y  low t e m p e r a t u r e  p r e h e a t - t r e a t m e n t  which can 
enhance oxygen  prec ip i ta t ion  even in the low oxygen  
concentra t ion  wafers.  Using p r e h e a t - t r e a t e d  wafers,  
microdefects  grow dur ing  the LSI  manufac tu r ing  
processes.  This is the  two-s tep  the rmal  anneal ,  i.e., one 
step is a low t e m p e r a t u r e  p r e h e a t - t r e a t m e n t  to control  
the  MD densi ty,  and the second step is the  LSI  p ro -  
cessing to g row MD. In addit ion,  the appl ica t ion  of MD 
to a CMOS LSI  and to a CCD image sensor wi l l  be 
shown. In  both  cases, the  MD dens i ty  was successful ly 
contro l led  by  the above two-s tep  the rma l  anneal .  
Microdefects  have been used as ge t te r ing  sites in the  
previous  works  (7-11), but  in the  appl ica t ion  to the 

* Electrochemical Society Active Member. 
1 Present address: Toshiba Ceramics Corporation, 1-26-2 Nisbi- 

shinjuku, Shinjuku, Tokyo, 160, Japan. 
Key words: silicon, microdefects, oxygen concentration, in- 

trinsic gettering. 

CCD image sensor,  we used them as reecombina t ion  
sites for undes i red  carr iers .  

Two-Step Thermal Anneal 
Experiment.--Most of wafers  used in the two-s tep  

the rmal  anneal ing  exper iments  were  p - type ,  12-16 
n-cm,  76 m m  diam, CZ (100) pol ished wafers.  Thei r  
carbon concentra t ion was be low 3 • 1016/cmS. In  ad -  
dition, high carbon (>5  • 10~6/cm z) wafers  were  used. 
These were  p - t y p e  2-6 12-cm, 62 m m  diam, CZ (111) 
pol ished wafers.  The wafers  did not  exper ience  the  so- 
cal led donor k i l le r  h e a t - t r e a t m e n t  (a round  600~ 
which was expected  to influence the  dens i ty  of nuclei  
of oxygen  precipi ta t ion.  Firs t ,  the  wafers  were  hea t -  
t r ea ted  at 800~ in n i t rogen  for 1-16 hr. Then, they  
were  annea led  at  1050~ in d r y  oxygen  for 18 hr. The 
condit ions for the second h e a t - t r e a t m e n t  were  chosen 
to s imula te  an ac tua l  LSI  manufac tu r ing  process. The 
concentra t ion of in te rs t i t i a l  oxygen  was measured  be -  
fore the  first low t e m p e r a t u r e  anneal  and  a f te r  the  
second high t e m p e r a t u r e  anneal .  A Fou r i e r  t r ans fo rm 
in f ra red  spec t romete r  was used to measure  absorpt ion  
coefficients at  1108 cm-*  for in te rs t i t i a l  oxygen  and at  
605 cm -1 for subs t i tu t ional  carbon.  In te rs t i t i a l  oxy-  
gen and subst i tu t ional  carbon concentra t ions  were  cal -  
cula ted  f rom the absorpt ion  coefficients according to 
Kaiser  and  Keck  (16) and Newman  and Will is  (17). 
Af te r  the second anneal ,  the  microdefects  were  counted 
using Nomarsk i  in te r fe rence  microscopy on (119) or  
(111) c leaved surfaces e tched for 90 sec us ing Wr igh t  
etch (18). Microdefects  were  also observed  b y  x - r a y  
section topography  and t ransmiss ion e lec t ron mic ro-  
scopy (TEM).  

Results.--Interstitial oxygen  concentra t ion  decreased  
af te r  a two-s tep  the rma l  anneal  at  800 ~ and 1050~ 
The reduct ion of in te rs t i t i a l  oxygen,  Ored, depended  
on the ini t ia l  oxygen  concentra t ion as shown in Fig. 1. 
The reduct ion  of oxygen  is defined as follows 

Ored ~ Oi - -  Of 

where  Oi is the  oxygen  concentra t ion in t h e  a s - g r o w n  
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Fig. 1. Interstitial oxygen reduction after a two-step thermal 
anneal. Carbon concentration is below 3 • lOZ6/cm 8. 

Fig. 3. (110) cleaved surfaces, Wright etched for 90 sec. The 
first step annealing time is 4 hr. (a) Oi = 0.77 • 101S/cm 8, (b) 
Ol "- 0.86 X 101S/cm 8, (c) Oi "- 1.05 • 101S/cm3. 

wafer ,  and Of is the oxygen concentra t ion af te r  a two-  
step the rmal  anneal .  Fo r  a cer ta in  two-s tep  the rmal  
anneal ing  process, the reduct ion of oxygen  took place 
only when the ini t ia l  oxygen exceeded a cer ta in  cr i t i -  
cal concentrat ion,  Ocri. This is schemat ica l ly  shown in 
Fig. 2. The O r e d  w a s  a lmost  zero f o r  Oi below O~rj. The 
cri t ical  value,  Ocri, decreased wi th  an increase  in the 
first annea l ing  t ime. The low t empera tu r e  annea l  at  
800~ enhanced the precipi ta t ion.  When  Oi was suffi- 
c ient ly  grea te r  than  Ocr~, prec ip i ta t ion  of oxygen  was 
complete.  Except  for in te rmedia te  cases (Oi ~ O~ri), 
the amount  of oxygen reduct ion had a definite cor re la -  
t ion to the in ters t i t ia l  oxygen concentra t ion in the as-  
grown wafer.  This could be expressed  as follows 

Ored  "-- O i  ~ O s  
for 

Ol > O~ri 
and 

Ored - "  0 

for Oi < Ocri, where  Os is the oxygen concentra t ion left  
unprec ip i ta ted .  This corresponds to the solubi l i ty  l imi t  
of in te rs t i t i a l  oxygen  at 1050~ The Os value  obta ined  
in this exper imen t  was 3.4 • 1017/cm 3. I t  agrees  wel l  
wi th  Hrostowski ' s  (19) solid solubi l i ty  l imit ,  3.1 • 
1017/cm 8. The above corre la t ion  was also confirmed by  
Wright  etch and x - r a y  section topography  as shown in 
Fig. 3 and Fig. 4. These are  the resul ts  for the two-s tep  
thermal  anneal ,  whose first s tep anneal ing  t ime was 
4 hr. In  this case, O~ri was about  0.8 • 1018/cm ~. The 
etch pi t  dens i ty  or  the  x - r a y  in tens i ty  for Oi > O~ri was 
very  high, while  tha t  for  Oi < Ocri was ve ry  low. The 
defec t - f ree  denuded zone was not c lear ly  seen. The de-  
nuded  zone for the d ry  oxygen ambien t  wil l  be n a r -  
rower  than that  for an iner t  gas ambient ,  because of 
smal l  oxygen out-diffusion [according to Hu (20), it  
should be wider  for the d ry  oxygen ambient . ]  F igure  
5 shows TEM micrographs  of microdefects  shown as 

Z hi 

. j o  

r-~ Ored = Oj - O s , , i f  

jY 
Os ,s~' 

INTERSTITIAL OXYGEN IN AS GROWN CRYSTAL (Oi) 

Fig. 2. Schematical figure of Fig. ! 

Fig. 4. X-ray section topographs corresponding to samples in Fig. 
3. Ag Kcq, 044 reflection. 

Fig. 5. TEM micrographs of microdefects observed in the two- 
step annealed wafers. (a) Platelike precipitate; dark field image, 
g = 022. (b) Tiny precipitates; weak beam image, g = 022, w = 
3.3. (c) Precipitate oxygen complex (PDC); weak beam image, g = 
022, W = 3.3. (d) Stacking fault; dark field image, g = 022. 
(e) Punch out dislocations (PD) and PDC; weak beam image, 
g - -  022, W = 3.3. 

etch pi ts  in Fig. 3 or b lack  spots in Fig. 4. They con- 
sisted of square  shaped p la te l ike  prec ip i ta tes  whose 
surface no rma l  was <100>,  t iny  prec ip i ta tes  whose 
shape was not  clear, p rec ip i ta te -d i s loca t ion  complexes,  
s tacking faults,  and punched out dislocation loops. For  
a long first s tep anneal ing  time, t iny prec ip i ta tes  were  
often observed.  

The enhancement  of oxygen prec ip i ta t ion  by  carbon 
which has been repor ted  b y  Matsushi ta  et al. (21) was 
also observed in the present  exper iment .  F igure  6 
sbows the corre la t ion  be tween Ored and Oi for high 
carbon (>5  • 1016/cm ~) wafers.  The O~ri was shif ted 
to lower  Oi. This is c lear ly  shown in Fig. 7, in  which 
the same anneal ing  process was car r ied  out  for the low 
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Fig. 7. Comparison of interstitial oxygen reduction between high 
carbon wafer and low carbon wafer. 

and the high carbon wafer .  The reduct ion  in the sub-  
s t i tu t iona l  carbon concentra t ion af te r  the two-s tep  
anneal ,  however ,  was below the detect ion l imit ,  ,~3 X 
1616/cm z, for al l  high carbon wafers .  

Discussion.--The enhancement  of oxygen  p rec ip i t a -  
t ion by  a two-s tep  the rmal  anneal  has been repor ted  
by  severa l  groups (9, 10, 22), but  de ta i led  correla t ions  
wi th  the oxygen  and the carbon concentrat ions  in the 
a s -g rown  wafer ,  or  wi th  the t he rma l  anneal ing  condi-  
tions have not  been repor ted .  Such a deta i led  inves t i -  
gat ion is indispensable  for the appl ica t ion  of IG tech-  
n ique to the  device manufac tu r ing  process. Our  resul ts  
shown in Fig. 1 and 3 made clear  those correlat ions 
and gave a poss ibi l i ty  of control l ing the  oxygen  p re -  
c ipi ta t ion even in fa i r ly  low oxygen  wafers.  That  is, if 
we know the oxygen  concentra t ion in the a s -g rown 
wafer ,  we can choose an appropr ia t e  low t empera tu r e  
annea l ing  t ime to enhance oxygen  precipi ta t ion.  

Of course, for  ac tua l  semiconductor  devices, we 
should have  s imi lar  corre la t ions  to those in Fig. 1 for 
the manufac tu r ing  processes, in spite of t h e  second 
anneal  a t  1050~ for 18 hr. 

The dens i ty  of microdefects  is an  impor t an t  factor  
in the i r  appl ica t ion  to IG because the get ter ing  is more  
effective in wafers  wi th  a h igh  microdefec t  density.  
The s imples t  t echnique  to eva lua te  MD dens i ty  is 
counting etch pi t  density.  However ,  this method gen-  
e ra l ly  has a la rge  e r ror  because i t  does not  t ake  into 
account the  defect  size. In  addit ion,  etch pi t  densi ty  
m a y  depend  on the person who counts it. Some objec-  
t ive p a r a m e t e r  is needed  for quant i ta t ive  discussion on 
the microdefec t  density.  The in te rs t i t i a l  oxygen r educ -  
t ion Ored can be used as this parameter .  A l though  the 

Ored is not  d i rec t ly  cor re la ted  wi th  some kinds of m i -  
crodefects,  such as the s tacking faul t  and var ious  dis-  
locations, i t  can be ind i rec t ly  cor re la ted  wi th  them be-  
cause they  are  induced by  the oxygen  precipi ta t ion.  

F igure  8 shows the corre la t ion  of the etch pi t  dens i ty  
of MD wi th  Ored. The Ored was fa i r ly  p ropor t iona l  to 
etch pi t  density.  Using this figure and Fig. 1, the low 
t empera tu r e  annea l ing  t ime for sufficient microdefect  
densi ty  for IG could be pred ic ted  for a given Oi. 

The nuclea t ion  of oxygen prec ip i ta tes  had  been 
wide ly  discussed by  the use of the homogeneous model  
(23, 24), the heterogeneous model  (15), or  a combina-  
t ion of the two models  (25, 26). Our  resul t  shown in 
Fig. 7 suggested the  heterogeneous  nuclea t ion  by  sub-  
s t i tu t ional  carbon. In tha t  case, the change in the sub-  
s t i tu t ional  carbon concentra t ion was be low the detec-  
t ion l imi t  (3 X 10~16/cm8). F r o m  this fact  and since the  
subs t i tu t ional  carbon concentra t ion in CZ silicon is 
usua l ly  1-10 X 1015/cm ~, the heterogeneous  nuclea t ion  
of the oxygen  prec ip i ta tes  b y  subst i tu t ional  carbon 
should take  place in al l  CZ sil icon wafers.  However ,  
the carbon effect can ha rd ly  be detected because the 
change in the subs t i tu t ional  carbon concentra t ion  is 
usua l ly  ve ry  small .  

Besides the above classification b y  the homogeneous 
or the heterogeneous model  for the oxygen  prec ip i ta te  
nucleat ion,  the oxygen  prec ip i ta t ion  can also be classi-  
fied according to when the oxygen  prec ip i ta tes  a re  
nucleated.  

Oxygen prec ip i ta tes  are  nuclea ted  not only  dur ing  
the the rmal  anneal  af ter  the crys ta l  growth,  but  also 
dur ing  the crys ta l  growth  process. The two-s tep  an-  
neal  was s imula ted  f rom the above point  of view. We 
could successful ly expla in  Ocri and its dependence  on 
the first s tep anneal ing  t ime (27). 

Application of Two-Step Thermal Anneal to CCD 
Image Sensor and CMOS LSI 

The e lect r ica l  p roper t ies  of devices a re  somet imes 
degraded  by  microdefects  (MD) in the bulk.  This is 
due to the deep levels associated w~th the defects. This 
suggests  that  microdefects  in the bu lk  can be recom-  
binat ion sites of excess carr iers  as wel l  as ge t te r ing  
sites of heavy  meta ls  ( IG) .  In this section, we wil l  
show the appl icat ions  of MD as recombina t ion  sites in 
a CCD image sensor as wel l  as ge t te r ing  sites in CMOS 
LSI. 

To genera te  sufficient MD, we used the two-s tep  
the rmal  anneal ing  technique.  Wafers  used in both 
cases were  hea t - t r e a t ed  at  800~ for a sui table  t ime be-  

Fig. 8. MD density vs .  interstitial oxygen reduction after a two- 
step thermal anneal. 
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fore putting them into the manufacturing processes. 
The second high temperature thermal anneal of a two- 
step anneal described in previous sections was auto- 
matically carried out in the manufacturing processes. 
That is, the high temperature anneal to grow precipi- 
tates is the manufacturing process itself. 

Application to CCD.--In a CCD linear image sensor 
shown in Fig. 9, undesired carriers were excited by the 
infrared component of incident light in the region far 
from the light sensing area, for example a t  point X. 
These undesired minority carriers diffuse to the po- 
tential well under the photodiode and the transfer elec- 
trode. The extra signals resulted in nonuniform sensi- 
t ivi ty of the sensor. Figure 10 shows the output of a 
linear CCD image sensor under uniform illumination. 
Nonuniform output was observed at edge elements 
made on the nonpreannealed wafer, while the output 
for the prearmealed wafer  was uniform. The (110) 
cleaved surface etched by Wright etchant is shown in 
Fig. 11. There were many MD in the preannealed 
wafer. The defect-free denuded zone was formed in 
the surface region of the preannealed wafer. 

Incident light 
( IR component) 

Incident light Shift electrode Transfer 
( l electrode Storage 

Photo diode. ~el:c~og~de %Light sh old ; 

P+ I.. ,: ~z.. I P 

Microdefects 

Fig. 9. Cross section of a CCD image sensor showing the re- 
combination of excess carriers by microdefects. 

We also measured the minori ty carrier  diffusion 
length L using a l inear CCD sensor. Figure 12 shows 
the geometry of devices used in the measurement. Car- 
riers were injected by a test transistor at some distance 
from the sensing CCD area. The output of the 2n-th 
picture element V(2n) is then approximately ex- 
pressed by 

V(2n) = V(0)exp{--(~/3702 + (30n) 2 - -  370)/L} 

[1] 

where V (0) is the output of the center picture element. 
Figure 13 shows the output of a CCD made on a non- 
preannealed wafer  (a) and o n  a prearmealed wafer 
(b), when carriers were injected from the test 
transistor. From this figure, the diffusion length; L, was 
calculated by Eq. [1] to be 80 #m for the nonprean- 
nealed wafer and 20 #m for the preannealed wafer. 
Other optical characteristics of CCD sensor, for 
example spectral response, spatial resolution, etc., were 
also improved by the use of the preannealed wafer. 
Any degradation of CCD response, such as an increase 
in the dark current due to the MD was not observed in 
the preannealed wafer. Details of these improvements 
will be published elsewhere. 

The microdefects in the bulk could effectively stop 
the flow of injected excess carriers by acting as recom- 
bination sites. It has been reported that, while stacking 
faults are electrically inactive, they become active 
when decorated with metallic impurities (28, 29). 
Some microdefects, such as dislocations shown in Fig. 
5, can act as recombination centers, because they are 
associated with deep levels (80). 

Application ~o CMOS LSI.--The effect of high density 
MD caused by the preanneal on CMOS LSI was in- 
vestigated by the effect on MOS generation lifetime. 
Three other kinds of wafers, besides the preannealed 
wafer, were used in this experiment for comparison. 
These were high (~1 • 101S/cm 3) and low (~0.7 X 
101S/cm~) oxygen content wafers without preanneal-  
ing, and a wafer with back surface damage created by 
sandblasting. MOS capacitors were m a d e  on those 
wafers using a CMOS LSI process. After the lifetime 

Fig. 10. Output of linear CCD image sensor. The upper line shows 
the nonilluminated level and the lower line shows the output under 
the uniform illumination. 

SHIFT REGISTER [ 15pro ) 

.... I1 [~L3 J .... ~/PHOTO DIODE 

2 S "'FT REGISTER II * / /* /  

zT~TEST TRANSISTOR 

Fig. 12. Geometry of the linear CCD image sensor used in the 
measurement of diffusion length, L 

Fig. 11. (110) cleaved surfaces of nonpreannealed and prean- 
healed wafers, Wright etched for 90 sec. 

Fig. 13. Outputs of even number picture elements when carriers 
are injected from the test transistor. Upper dotted line shows the 
output without injection and the lower v-shaped dotted line shows 
the output with injection. 
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measurement, the wafers were cleaved and Wright 
etched. 

Figure 14 shows the microdefect distribution at the 
center region on the (110) cleaved surface. Many 
microdefects were uniformly distributed in the pre-  
annealed wafer, sample B. Of course in the surface 
region, the denuded zone was formed and the depth 
was 10-20 #m. It was formed by the oxygen out-diffu- 
sion during the high temperature P-wel l  diffusion. In 
the high oxygen wafer without preanneal, sample A, 
there were also many microdefects but the density 
distribution was not uniform and depended on oxygen 
concentration distribution as shown in Fig. 15. The 
density of microdefects was high at the wafer center 
and low at the wafer edge. However, in both the low 
oxygen wafer without the preanneal, sample C, and the 
damaged wafer, sample D, there were no microdefects 
(not shown in Fig. 14). The oxygen content in sample 
D was ~0.7 X 10~S/cm ~. Figure 16 shows the lifetime 
distribution on the wafer. The lifetime distribution 
showed good agreement with the MD density distr ibu- 
tion, shown in Fig. 14. The lifetimes of samples A and 
B were very high compared with samples C and D. 
The lifetime distribution of sample B was uniform, and 
that of sample A was high at wafer center and low at 
wafer edge. In spite of the back surface damage, the 
lifetime of sample D was very low. This means the 
gettering by  back surface damage was ineffective. The 
damage on this wafer was damage that would generate 
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Fig. 14. MD density distributions of the preannealed wafer, sample 
B, and the high oxygen wafer, sample A. There were no MD in the 
low oxygen wafer, sample C, and the wafer with back surface 
damage. 
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Fig. 15. Oxygen concentration distribution of the high oxygen 
wafer, sample A. 
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Fig. 16. The lifetime distribution, (A) high oxygen wafer, (B) 
preannealed wafer, (C) low oxygen wafer, and (D) damaged wafer. 

stacking faults on the back surface during the oxida- 
tion in the manufacturing processes. However, no 
stacking faults were seen on the back surface of 
sample D after completing the manufacturing proc- 
esses. Stacking faults shrink by high temperature 
heat- t reatment  above about 1200~ (31). Stacking 
faults which would be generated by  the damage were 
annihilated in the high temperature P-wel l  diffusion 
process. Figure 17 shows the shrinkage of stacking 
faults induced by sandblasting on the front polished 
surface. Stacking faults generated during the oxidation 
at 1000~ for 65 rain in wet O~ were shrunk by the 
subsequent high temperature anneal at 1190~ which 
corresponded to the P-wel l  diffusion temperature.  The 
stacking faults had already shrunk after the 4 hr  an-  
neal. However, so-called hard damages which generate 
dislocations and are represented by D in Fig. 17 were 
not eliminated by the high hea t - t rea tment  This hard 
damage is also effective for the gettering, however, 
they easily Cause thermal slip or wafer warpage when 
a large number  of hard damages are induced for effec- 
tive gettering (32). Therefore, it is assumed that IG is 
a better technique than the back surface damage by 
sandblasting for the CMOS process. From Fig. 14 and 
16, the correlation between the MD density and the 
lifetime was determined as shown in Fig. 18. I t  shows 
that more than about 5 • 109/cm ~ MD density was 
desirable to yield high lifetime. From the relation be- 
tween the MD density ~nd the oxygen reduction shown 
in Fig. 8, it  was shown the oxygen reduction desirable 
for IG technique was more than 2.5 • 10~7/cm s. There- 
fore, it became clear that a suitable low temperature 
thermal anneal to realize this value was necessary for 
conventional wafers as shown in Fig. 1. 

Summary 
The two-s tep  t h e r m a l  anneal  and i ts app l i ca t ion  to 

CCD sensor and CMOS LSI were studied and had the 
following results: (i) Intersti t ial  oxygen reduction after 
a two-step thermal anneal was Ored ---- Oi -- Osol for 
Ol > Ocri and zero for Oi < Ocr~. O~ri decreased with 

Fig. 17. Shrinkage of stacking faults. D shows the hard damage. 
Thermal anneals at 1190~ for (a) 0 hr, (b) 4 hr, and (c) 16 hr in 
O2/Nr2 = 1/10 were carried out after the anneal at |000~ for 
65 rain in wet 02. 
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Fig. 18. Lifetime vs .  MD density 

first annealing time and with carbon concentration. 
Using the above results, it will be possible to control 
oxygen precipitation. (ii) In a CCD, MD as recombina- 
tion sites improved the sensitivity uniformity. The MOS 
generation lifetime was greatly improved by MD in 
CMOS LSI. It was proved that IG using MD was better 
than the gettering using back surface damage created 
by sand blasting for a CMOS process, because the effect 
of the damage was annihilated in the high temperature 
P-well diffusion. Furthermore, it was shown that more 
than about 2.5 X 1017/cm 8 oxygen concentration reduc- 
tion was desirable for IG. 
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Laser Annealing of Submicrometer NMOS Test Structures and 
Devices 

G. Eckhardt and J. Y. Chen* 
Hughes Research Laboratories, Malibu, California 90265 

ABSTRACT 

Propert ies  of MOS gate oxides, as well as A1 ohmic contacts on polysilicon, were studied as a function of annealing 
procedures  and geometry down to submicron dimensions.  Laser-annealed contacts were found to possess superior proper- 
ties when compared  to furnace-annealed A1 contacts. Surface, as well as interface, morphology was markedly  improved due 
to the el imination of interdiffusion, and contact  resistance was significantly reduced. Likewise, laser annealing was shown 
to be much more effective than furnace annealing in removing process-induced damage in gate oxides under  conditions 
that  are compat ible  with A1 contacts on Si. Since identical  laser parameters  were found to produce best  results for A1 con- 
tacts as well as for gate oxides, both can be annealed in a single operation. 

Two impor t an t  p rob lems  in submic~ometer  MOS 
technology have been addressed:  the qua l i ty  of ohmic 
contacts  to polysi l icon wi th  A1 metal l izat ion,  and the 
damage in t roduced  in gate oxides  through h igh -ene rgy  
e lect rons  or  x - rays .  

Ohmic contacts to single crys ta l  silicon, as wel l  as 
polysil icon, are  genera l ly  formed b~" A1 meta l l iza t ion  
of high]:y doped s u b s t r a t e s  and subsequent  furnace 
anneal ing  to reduce the specific contact  resistance.  
The annea l ing  process was found to produce  a signifi-  
cant  drop in contact  resistance only when t empera -  
tures  of > 400~ for t imes of the o rde r  of tens of 
minutes  are used (1). However ,  at  these anneal ing  
t empera tu re s  for such long t ime periods,  subs tan t ia l  
interdiffusion of Si and A1 takes  place, and Si p rec ip i -  
tates a n d / o r  a p - t y p e  Si l aye r  m a y  form at the in t e r -  
face (2-4).  The nonuni fo rm na tu re  of the Si-A1 in t e r -  
act ion causes severe  degrada t ion  in pa r t i cu la r  in sub-  
micron  NMOS devices wi th  smal l  contact  openings  
a n d / o r  shal low junct ions  (9) and, therefore ,  const i -  
tutes a significant l imi ta t ion  fo_r al l  fu rnace -annea l ing  
procedures  tha t  must  be car r ied  out  subsequent  to con- 
tact  metal l izat ion.  

The necess i ty  for high t empe ra tu r e  processing s teps 
arises not only  f rom contact  resis tance requirements ,  
but  also f rom the use of e l ec t ron -beam (E-beam)  l i th -  
ography,  as wel l  as f rom e lec t ron-gun  (E-gun)  evapo-  
ra t ion  and spu t t e r -depos i t ion  of meta ls  for the fabr ica -  
t ion of MOS structures .  I t  is wel l  k n o w n  tha t  h igh-  
energy  electrons and x - r a y s  create  pos i t ive ly  charged 
and neu t r a l  t raps  in the gate oxides of MOSFET's .  The 
posi t ive charges manifes t  themselves  by  the i r  effect on 
the threshold  vol tage  (VT) of these devices. They  can-  
not  only  cause a reduct ion of VT, bu t  can also produce  
t ime -dependen t  shifts in VT due to t rapping  and de-  
t r app ing  of hot  e lectrons dur ing  device operat ion,  thus 
creat ing a s tab i l i ty  problem.  The successful  r emova l  of 
this  rad ia t ion  damage  requi res  anneal ing  t empera tu re s  
of > 550~ (5) or ex t ended  anneals  (of the o rde r  of 
hours) ,  e.g., at 400~ (9). These anneal ing  requ i re -  
ments  for rad ia t ion  damage remova l  a re  c lear ly  in-  
compat ib le  wi th  A1 contacts  wi thout  diffusion bar r ie rs ,  
because they  wi l l  resu l t  in high contact  res is tance or  
even Schot tky  ba r r i e r s  and the pene t ra t ion  of A1 
spikes into the  junct ion area  for sha l low junct ion  de-  
vices. 

Severa l  avenues  have  been pur sued  in the  pas t  to 
e l iminate  the  res t r ic t ion  on processing t empera tu re s  
fol lowing meta l  deposit ion.  These are  the in t roduct ion  
of diffusion ba r r i e r s  be tween  A1 and Si, as wel l  as the  
use of AI: Si alloys, Al -s i l i c ide  combinat ions,  and re -  
f rac to ry  meta ls  as contact  ma te r i a l s  (6-8).  Recent ly ,  
l o w - t e m p e r a t u r e  anneal ing  procedures  for gate oxides, 
ut i l iz ing e i ther  an rf  plasma, an H2 a tmosphere  or 
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e levated  pressure ,  have  also been d e v e l o p e d  (9 -11) .  
However ,  none of these measures ,  a l though some of 
them are used in device fabr icat ion,  has been  found 
to ta l ly  sat isfactory,  because e i ther  they  are  only  pa r -  
t ia l ly  effective, or  they  increase  the complex i ty  of the 
processing procedure ,  a n d / o r  they  increase  the specif ic  
contact  resistance (12). 

In  recent  years,  furnace anneal ing  in semiconductor  
processing has been subs t i tu ted  by  laser  anneal ing  
wi th  ve ry  encouraging  results.  Using laser  beams  pe r -  
mits  a here tofore  una t t a inab le  control  of pa rame te r s  
essential  for annea l ing  processes. In  par t icu la r ,  the  
dura t ion  of the hea t ing  per iod  can be va r ied  over  
many  orders  of magni tude ,  f rom 10 nsec to t imes used 
for furnace: annealing.  L imi t ing  the hea t ing  per iods  to 
very  shor t  t imes will,  e.g., minimize the interdiffusion 
of components  even if cons iderab ly  h igher  t empera -  
tures than  those typ ica l ly  used for  furnace  anneal ing  
are  appl ied  (13). Thus, i t  appea red  that,  by  using this 
novel  technique,  an improvemen t  of At ohmic contacts 
wi thout  a diffusion ba r r i e r  and the e l imina t ion  of r a -  
diat ion damage in gate oxides might  be a c h i e v a b l e  
s imul taneously .  

In  the present  study,  we de t e rmined  the effects of 
laser  and furnace  anneal ing  on A1 contacts  to polys i l i -  
con resis tors  and on gate oxides of MOS capaci tors  and 
t ransistors.  The proper t ies  of the contacts  were  s tudied  
as a function of contact  dimensions and of the  a n n e a l -  
ing  method  ( furnace  or l a se r ) .  Contact  resistance,  
meta l  surface morphology,  and meta l -po lys i l i con  i n -  
terface character is t ics  of samples  were  eva lua ted  and 
compared  for the two different  meta l l iza t ions  and an-  
nea l ing  procedures .  The effect of laser  and furnace  an -  
neal ing on process- induced  damage  in gate oxides w a s  
charac ter ized  by  measurements  of capac i tance-vol tage  
profiles of MOS capaci tors  and threshold  vol tages of 
MOS t rans is tors  wi th  a range  of gate l e n g t h - t o - w i d t h  
ratios.  These measurements  moni to r  the effect of the  
anneal ing  procedures  on pos i t ive ly  charged  t raps  only. 
They  do not indicate  changes in the neu t ra l  t r ap  den-  
sit ies (5, 14). 

Sample Preparation 
Two types of test  s t ruc tures  were  used for  this in -  

vest igation.  The samples  fabr ica ted  for  the ohmic con-  
tact  s t udy  consisted of a Si subs t ra te  Gn which a 1000A 
l aye r  of SiO2 was grown,  fol lowed by  a 3000A th ick  
film of polysi l icon fo rmed  b y  low pressure  CVD. The 
polysi l icon was doped by  phosphorus  diffusion to a 
level  of > 1019 cm -3, which resul ted  in a sheet  res i s t -  
ance of 50 ~/ [3 .  E - b e a m  l i thography  was used to define 
submi.cron test  s t ructures,  p lasma e tching wi th  CF4/O~. 
was used to del ineate  the  polysi l icon resistors,  and  the  
l i f t-off  technique was appl ied  to define the  me ta l  p a t -  
terns. The 3000A thick A1 meta l l i za t ion  was app l ied  b y  
E-gun  evapora t ion  af te r  c leaning the polysi l icon wi th  
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a 10:1 H 2 0 : H F  etch. The test s t ruc tures  employed  
were  the horizontal  type  Si resis tors  commonly  used 
in in tegra ted  circuits (1) (Fig. 1), and the contacts  
were  formed at the in tersect ion o f  the meta l  leads and 
the polysi l icon resis tors  as shown in Fig. 2. The contact  
width,  W, which equals  the res is tor  widths  in this case, 
had  a range f rom 2.0 to 0.4 ~m (see Fig. 1). These self-  
a l igned s t ruc tures  have  severa l  advantages  over  the 
s t anda rd  contacts, because layout  a rea  and paras i t ic  
capaci tance are  reduced.  Fur the rmore ,  no contact  mask  
is needed  to define the pa r t i cu la r  pa t t e rn  used in this 
s tudy.  

Test  chips containing MOS capaci tors  and a series of 
6 MOS transis tors  wi th  a range of gate l eng th - to -  
wid th  rat ios were  used for the gate oxide inves t iga-  
tion. They were  fabr ica ted  on <100> p - type ,  10 ~2-cm, 

R I ~ - -  
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0.6 p m  

METAL-PAD 

METAL-PAD 

POLYSI LICON 
RESISTOR "~ 

METAL-PAD 

W 

METAL-PAD 

Fig. !. Four-point probe test pattern for various contact widths 

Fig. 2. Horizontal-type palysilicon resistors with self-aligned 
contacts. 

0.38 mm thick Si wafers,  using an E - b e a m  NMOS pro -  
cess (15). The 4000A thick field oxide was t he rma l ly  
grown and was pa t te rned ,  using buffered HF, to define 
the channel  regions. Deep B implan ta t ion  provided  the 
isolat ion s t ructure  for the t rans is tor  channels,  which 
were  then created by  counterdoping a sha l low region 
with  a P implant .  The 200A gate oxide layer  was 
grown by a wet  oxida t ion  process, fol lowed b y  deposi -  
t ion of a 4000A layer  of polysi l icon (using LPCVD) 
which was doped by  P diffusion. Polysi l icon gate pa t -  
terns  were  defined and p lasma  etched, fol lowed by  a 
ve ry  shal low source and dra in  As implan t  to produce 
a junct ion with  a dep th  of 2000A. A th i rd  oxide layer  
(si lox) was deposi ted on the polysi l icon and contacts  
were  pa t t e rned  and etched. 

An A 1 / W : T i / n  + polysi l icon sandwich s t ructure  was 
used as the meta l l iza t ion  system. Since the format ion  
of the  n + polysi l icon buffer  l aye r  requires  a h igh-  
t empe ra tu r e  (900~ process, this r emoved  most  of the 
damage crea ted  b y  prev ious ly  appl ied  processing s teps 
at  the same time. The 1000A th ick  W: Ti layer ,  which 
served  as a diffusion ba r r i e r  be tween  A1 and Si, was 
deposi ted b y  A r  sput ter ing.  Such a ba r r i e r  l aye r  is 
necessary  when fu rnace -annea l ing  procedures  at  t em-  
pe ra tu res  > 400~ are  p lanned  subsequent ly  to A1 
deposit ion,  because the in terac t ion  of A1 wi th  n + 
polysi l icon m a y  produce  a quasi  Scho t tky  ba r r i e r  b y  
forming  a p-s i l icon l aye r  on top of the n+ sil icon l aye r  
(4). Such a ba r r i e r  is, however ,  superfluous when an-  
neal ing is done by  laser  i r r ad ia t ion  due to the  ve ry  
short  hea t ing  t imes possible wi th  this technique.  In 
this case, i t  was appl ied  to pe rmi t  a compar ison  be-  
tween laser  and furnace anneal ing  of oxide damage.  
The ba r r i e r  l aye r  was deposi ted  by  bombard ing  a W: Ti 
ta rge t  wi th  2 keV A r  ions. This causes the  emission of 
x - r a y s  and secondary  electrons,  besides W and  Ti 
part icles,  and some oxide damage m a y  have been cre-  
a ted by  this processing step (16). The majo r  damage,  
however ,  was p robab ly  produced dur ing  the definition 
of the meta l l iza t ion  pa t t e rn  by  E - b e a m  l i thography,  
using a PMMA resis t  coat ing with  a sens i t iv i ty  of i0  -4  
C/cm 2 and 20 keV E - b e a m  energy.  Al though  the meta l  
pa t t e rns  were  located at  least  10 ~m away  from the 
gate oxides, they  are  s t i l l  wi th in  reach of electrons 
back- sca t t e red  from the W : T i  subs t ra te  (9). A 8000A 
th ick  A1 l aye r  was then  deposi ted by  E - g u n  evapora -  
tion. This process is known  to create  x - r a y s  which can 
generate  the  same type  of t raps  and charges in SiO2 as 
e lect ron beam l i thography  (5). Af t e r  lift-off,  the  re -  
maining  A1 served as a mask  for  etching the W: Ti and 
n+ polysi l icon layers  using H2Oe and p lasma  tech-  
niques, respect ively.  The cross sections of  the two de-  
vices (Fig. 3) show tha t  subs tant ia l  differences exis t  
be tween  the i r  s t ructures .  In  the transistors,  the gate 
oxides were  bur ied  benea th  two layers  (n+ polys i l i -  
con and si lox)  only, whi le  in the capaci tors  the mul t i -  
l aye r  contact  system was added.  

Exper imental  Procedures 

For  furnace  anneal ing,  the samples  were  subjected 
to t empera tu res  of 450 ~ and 550~ for 15 min  in an N2 
atmosphere .  Laser  anneal ing  was pe r fo rmed  wi th  a 
scanning CW Ar  ion laser  (k _-- 0.51 ~m).  The laser  
beam was focused with  a 30 cm focal length  lens on 
the  samples  held  by  vacuum to a meta l  plate.  The 
focused beam d iame te r  on the sample  was 80 ~m, de -  
fined as the d iamete r  where  the laser  in tens i ty  was re -  
duced to 1/e of its peak  value. The beam was scanned 
across the samples in a ras te r  pa t t e rn  by  means  of 
o r thogona l ly  mounted  ga lvanome te r -d r iven  mirrors ,  
located be tween  the lens and the sample  holder.  A scan 
veloci ty  of 4 mm/sec  and a range  of laser  beam power  
f rom 5 to 13W were  used. 

Fo r  the ohmic contact  s tudy,  contact  res is tance 
values,  Rc, were  de te rmined  b y  fou r -po in t -p robe  mea -  
surements  (17), and the contact  me ta l  surface and the 
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Fig. 3. Schematics of cross section for (a) MOS capacitor, and (b) 
MOS transistor. 

interface between metal  and polysilicon were inspected 
using optical and electron microscopy. The interface 
was exposed by  removing A1 with H3PO4. The degree 
of interdiffusion of the contact materials  for the two 
different anneal ing  procedures was determined by  
Auger electron spectroscopy. For the gate-oxide an-  
neal ing study, t ransistor  threshold voltages were mea-  
sured for different anneal ing  conditions. The threshold 
voltage was defined as the gate voltage which gen- 
erates 1 ~A at 0.1V dra in  bias. The capacitance-voltage 
measurements  were done at 1 MHz. 

Results and Discussion 
Laser anneal ing  of A1 contacts was found to lower 

the contact resistance by factors of 1.8-5.0 compared to 
the resistance of as-deposited contacts, while an im-  
provement  by a factor of about  1.2 was obtained by  
furnace anneal ing.  A m i n i m u m  contact resistance was 
obtained for laser beam powers of 8-10W. At the scan 
velocity of 4.0 mm/sec,  this corresponds to a dwell  
time of 20 msec and a power density of 0.2 MW/cm 2. 
The results of the resistance measurements for the 
laser-annealed and the furnace-annealed Al contacts 
are given in Fig. 4, where the resistance is plotted as a 
function of the contact width. In the case of furnace 
annealing, temperatures of 450~ were used for 15 rain. 
It can be seen that the resistance is approximately in- 
versely proportional to the contact width (I) for both 
furnace- and laser-annealed contacts. The scatter of 
the resistance values is mainly caused by dimensional 
variations of the submieron structures. A calculation 
of the specific contact resistance (17) yields values of 
2.4 • 10 -5 ~-cm 2 for the furnace-annealed contacts 
and 3.6 • 10 -6 ~2-cnl 2 for the laser-annealed contacts. 

Auger depth profiles revealed significant differences 
between furnace and laser-annealed A1 contacts (Fig. 
5b and e). For reference, the Auger depth profiles for 
the as-deposited sample are shown in Fig. 5a. As can 
be seen from the data in Fig. 5b and c, furnace anneal- 
ing had resulted in a thorough intermixing of A1 and 
St, while laser annealing had produced no detectable 
diffusion. 

Figure  6 shows SEM pictures of two specimens after 
the contact metals were chemically removed. In  the 
case of the furnace-annea led  contact, the polysilicon 
dissolved along with the A1, while the polysilicon re-  
mained  as-deposited for the l ase r -annea led  contact. 
This result  is unders tandable  in  view of the Auger  
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Fig. 4. Contact resistance as function of resistor width for f ,r-  
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Fig. 5. Auger depth profiles of AI contacts on polysilicon 

depth profiles for these two cases, which showed a 
thorough in te rmix ing  of A1 and Si for the furnace an-  
nealed contacts, bu t  no or very li t t le interdiffusion for 
the other case. 

In  order to compare the effects of the different an-  
nea l ing  procedures on gate oxide damage, independent  
of contact problems, all  devices used for this invest iga-  
tion had a W: Ti diffusion barrier .  Threshold voltages 
measured for the FET's with the different gate length-  
to-width  ratios are shown in  Fig. 7 before and after  
anneal ing  and for a var ie ty  of annea l ing  conditions. 
They show a noticeable dependence on device geome- 
t ry  as expected for these dimensions due to short-  
channel  and na r row-channe l  effects. Laser annea l ing  
produced almost identical  threshold voltages as fur-  
nace annea l ing  at 550~ bu t  considerably higher  
values than the s tandard furnace anneal  at 450~ This 
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Fig. 6. SEM photographs of AI/polysilicon interfaces. Contact 
metal was removed by chemical etches. 
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Fig. 7. Threshold voltage of MOS FET's as function of (a, left) 
channel width for a constant channel length, L, and (b, right) 
channel length for a constant channel width, W. 

impl ies  tha t  the posit ive charges t r apped  in the FET 
gate oxide are  removed effect ively by  laser  annealing.  

Whi le  the  s a m e  laser  power  dens i ty  successful ly  an -  
nea led  ohmic contacts as wel l  as gate oxides,  this was 
not  the case for  the MOS capacitors.  As descr ibed 
above, in these devices, the  oxide was covered not  only  
by  severa l  addi t iona l  layers ,  but  A1 was the i r  ou te r -  
most l aye r  ins tead of polysil icon. The large  difference 
in ref lect ivi ty  [R (Si) = 0.42, at  the  laser  energy  den-  
s i t ies  used (18), R(A1) = 0.9 (19)] ,  be tween  the two 
mate r i a l s  at  the wave leng th  of the Ar - ion  laser  re -  
qui red a subs tan t ia l  increase in laser  power  dens i ty  for 
successful  oxide damage  anneal ing.  This is ev ident  
f rom the capac i tance-vo l tage  (C-V) curves shown in 
Fig. 8. Seven laser  scans at  a beam power  up to l l . 5W 
were  used unt i l  the corresponding C-V curve became 
ident ica l  wi th  the curve obta ined  af te r  furnace  annea l -  
ing at  450~ The hys tereses  of the C-V curves are  
omi t ted  for  c la r i ty  in Fig. 8. As-depos i t ed  capaci tors  
exh ib i ted  a ve ry  large  hysteresis  (1.4V at  f la tband) ,  
but  it  became negl igible  ( <  0.1V at f la tband)  a f te r  
e i ther  laser  anneal ing  (7 and 8th laser  scan) or  furnace  
annea l ing  (450 ~ and 550~ 

The changes in the f la tband vol tage tha t  were  
achieved af te r  each of these laser  scans are  depicted 
in F ig  91 together  wi th  the resul ts  ob ta ined  by  furnace 
annea l ing  at  450 ~ and 550~ The number  of cha rges /  
cm 2 tha t  were  removed  dur ing  each anneal ing  step 
can be deduced using the axis on the r i gh t -hand  side of 
Fig. 9. Most l ikely,  the  f latband vol tage  shif t  obta ined 
af te r  e ight  laser  scans could have been  achieved with  
fewer  scans wi th  a different  choice of annea l ing  pa -  
rameters .  However ,  these exper iments  a re  descr ibed  to 
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i l lus t ra te  the impor tance  of l a te ra l  hea t  flow when 
f ron t - su r face  laser  annea l ing  of Si  chips is used. The 
large  differences in opt ical  reflection coefficient be -  
tween  semiconductor  and meta l  surfaces  resul t  in 
l a t e ra l  t empe ra tu r e  var ia t ions  whose ex ten t  wi l l  de -  
pend on the pa r t i cu la r  topology of the circuit .  Since Si 
is a r easonab ly  good hea t  conductor,  subs tant ia l  l a t e ra l  
hea t  flow wil l  take place and counterac t  the differences 
in surface reflectivity.  If  the dwel l  t ime of the laser  is 
sufficient for  extensive l a t e ra l  hea t  flow to occur wi th in  
the  Si, and if the l a t e ra l  dimensions of the me ta l  layers  
are  sufficiently small ,  the t empe ra tu r e  differences 
wi thin  the IC s t ruc ture  wil l  be negligible.  In  this case 
the capaci tors  had  l a t e ra l  dimensions of 152 • 81 ~m. 
In spi te  of the i r  large  size i t  was only  necessary to in-  
crease the laser  power  by  a factor  of 1.3 over  wha t  was 
used to anneal  the gate oxides and not  by  a factor  of 
2.2 corresponding to the rat io  of the  two reflectivities,  
indica t ing  tha t  a s izable l a te ra l  hea t  flow had taken  
place. 

An addi t ional  expe r imen t  was conducted to ver i fy  
that  laser  anneal ing  on ly  removed  posi t ive charges and 
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Fig. 10. Capacitance-voltage characteristics for polysilicon-gate 
capacitors after laser annealing at four different beam powers 
ranging from 8.1 to 13.1W. The four curves obtained after laser 
annealing are indistinguishable from each other. 

did not create any compensating centers. This was ac- 
complished by laser annealing polysilicon-gate capaci- 
tors. These capacitors were made by creating n + poly- 
silicon dots on oxidized wafers using a photolithogra- 
phic mask. Since neither W: Ti deposition nor E-beam 
lithography or E-gun evaporation were used, no oxide 
damage was created during processing before anneal- 
ing. These undamaged capacitors were then laser- 
annealed with powers ranging from 8.0 to 13.1W, and 
their C-V curves are shown in Fig. 10. No differences 
were found in either hysteresis or flatband voltage be- 
fore and after laser annealing up to the highest laser 
power used, indicating that no charges with reversed 
polarity were introduced during laser annealing. 

Conclusions 
The use of a scanning Ar-ion laser for the annealing 

of A1 ohmic contacts and of process-induced damage 
in gate oxides was found to achieve superior results 
as compared to furnace annealing. Laser annealing 
permits the use of pure A1 contacts on polysilicon 
without insertion of a diffusion barrier. Furthermore, 
it permits the annealing of A1 contacts and gate oxides 
in a single operation. Howe"or, when front-surface ir- 
radiation is used, as was the case in the present study, 
the differences in optical reflectivity between metal 
and semiconductor surfaces result in local temperature 
variations whose extent will depend on the particular 
topology of the circuit. Lateral heat flow within the 
semiconductor will be sufficient for successful contact 
and gate-oxide annealing as long as none of the metal 
structures has more than one dimension in the tens-of- 
micrometers range. This potential problem can be 
avoided by using back-surface irradiation. More ex- 

tensive testing of integrated circuits after laser pro- 
cessing must be done to determine whether any relia- 
bility and/or stability problems are created by the use 
of this method. In this study, the application of laser 
annealing has been shown to produce excellent results 
for the particular test structures and devices used, and 
to simplify the processing sequence for submierometer 
MOS integrated circuits. 
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Liquid Phase Epitaxial Growth of ZnSnP  on GaAs 
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ABSTRACT 

ZnSnP~ is a potential ly useful semiconductor  which can have either the sphalerite structure or the chalcopyri te struc- 
ture with no tetragonal  distortion (c = 2a). We have grown ZnSnP2 on various orientations of GaAs by liquid phase epi taxy 
and found that the best  growth occurs on {110} surfaces. Double-crystal  x-ray diffraction measurements  indicate that  these 
{110} layers have a lattice constant  of 5.6507]~, while {111} As layers grown under  identical  condit ions have a lattice constant 
of 5.6532~, which matches GaAs to within -+2 • 10-4~,. Back reflection Laue pat terns show that  the {110} layers are 
chalcopyrite, while the {111 } As layers are sphalerite. The Laue pat terns also indicate that  the {110} epi taxy is mixed with the 
c-axis out of the growth plane. A possible explanat ion for these results is that the {110} GaAs surfaces in l iquid phase epi taxy 
reconstruct  into chalcopyrite-like chains in the [001] direction, while the {111} As surfaces do not. This would promote the 
formation of chalcopyri te ZnSnP2 with ant iphase boundaries  on {110} surfaces. 

ZnSnP2 is an in te res t ing  semiconductor  for the s tudy 
of cha lcopyr i te  growth  on sphaler i te  GaAs. The p r i m -  
a ry  reason for s tudy ing  this system is the  s imi la r i ty  
be tween  the s t ructures  of GaAs and ZnSnP2 (1). The 
a to a mismatch  of ZnSnP~ on GaAs is smal l  which 
al lows for single crys ta l  l iquid phase growth.  In add i -  
tion, ZnSnP2 exhibi ts  no te t ragonal  d is tor t ion so the 
c to 2a mismatch  is the same as the a to a mismatch.  
Thus, ZnSnP2 grown on any  subs t ra te  or ien ta t ion  wil l  
not  incorpora te  any c to 2a mismatch.  Since most  
chalcopyr i tes  exhibi t  some te t ragona l  distort ion,  epi-  
t ax ia l  g rowth  is genera l ly  res t r ic ted  to (100} or iented 
s ubs t ra tes  to avoid c to 2a mismatch.  

ZnSnP~ is also of in teres t  because so lu t ion-grown 
p la te le t s  exhibi t  both chalcopyr i te  and d isordered  
spha le r i t e  phases a p p a r e n t [ ]  hav ing  the same la t t ice  
constant  (1, 2). The spha le r i t e  phase  dominates  in 
p la te le ts  grown using large  cooling rates  ( ~  50~ 
while  the cha lcopyr i te  phase dominates  for  smal le r  
cooling ra tes  ( ~  5~  The exis tence of these two 
phases al lows us to evalua te  the  g rowih  condit ions 
lead ing  to cha lcopyr i te  g rowth  and provides  insight  
for  o ther  cha lcopyr i t e -on- spha le r i t e  systems.  

Growth Procedure 
Liquid  phase ep i tax ia l  growth  of ZnSnP2 on GaAs 

was pe r fo rmed  in the open tube sys tem shown sche- 
ma t i ca l ly  in Fig. 1. The s ta r t ing  mater ia l s  used in 
this sys tem were  99.999+% pure  Zn and Sn and SnPs 
which was synthesized f rom 99.999+% pure  Sn and 
red P4 in a sealed tube  process (3). The graphi te  boat  
shown in Fig. 1 was designed for growth  of mate r ia l s  
for which there  is l i t t le  phase  d iagram information.  
Dur ing  homogeniza t icn  of the  growth  melt ,  excess 
SnPa floats to the top and mainta ins  a sa tu ra t ed  solu-  
t ion as phosphorus  evapora tes  into the  gas s t ream.  
Dur ing  growth,  the homogeneous solut ion contained 
in the s l ider  is posi t ioned over  the  subs t ra te  and the 
t empera tu re  of the furnace  is reduced l inear ly .  Since 
l i t t le  phosphorus  loss to the gas s t ream was observed 
for  the  g rowth  condit ions used, the  composit ion of 
the mel t  was ad jus ted  so that  there  was l i t t le  o r  no 
excess SnP8 in the mel t  af ter  sa tura t ion.  The equiva-  
lent  mel t  composi t ions used for  various growth  t em-  
pe ra tu res  a re  shown in the  pa r t i a l  phase d iag ram of 
Fig. 2. In al l  g rowth  runs,  the  amounts  of Zn, Sn, and 
SnP~ were  ad jus ted  to give an equiva len t  ZnSnP2 
concentra t ion in Sn with  no excess Zn or  P. 

The cooling ra tes  used in these growth  exper iments  
r anged  f rom 1 ~ to 5~ Cooling rates g rea te r  than  
5~ were  not  inves t iga ted  due to the tendency  of 
ZnSnP2 to g row in the sphaler i te  phase at  these rates.  
A homogenizat ion  per iod  of 2 hr  and growth  per iods  
of 6-18 h r  were  used. The homogenizat ion or ini t ia l  

* E l e c t r o c h e m i c a l  Society Active Member .  
K e y  words: semiconductor, epitaxy, zinc tin phosphide, gallium 

arsenide. 

growth  t e m p e r a t u r e  ranged  f rom 530 ~ to 640~ A 
hydrogen  flow ra te  of 30 m l / m i n  was ma in ta ined  in 
the  furnace  tube  dur ing  homogenizat ion and growth  
for al l  exper iments .  

The GaAs subs t ra tes  were  carefu l ly  p r epa red  by  
lapping  and chemica l -mechan ica l  pol ishing both the 
f ront  and back  surfaces.  Af te r  scr ib ing and break ing  
the subs t ra tes  to the p roper  d imensions  for the boat  
(0.25 • 0.25 in .) ,  they  were  c leaned in boi l ing t r i -  
chloroethylene,  acetone, and me thy l  alcohol. A 5:1:1 
or  10:1:1 H2SO4:H20~:H20 .chemieal etch was used 
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Fig. 1. Schematic illustration of the LPE boat used to grow 
ZnSnP2 on GaAs. 
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prior to loading each substrate into the boat. This 
etch removed at least 10 ~n  of material from the 
growth surface. The 10:1:1 etch used in later ex- 
periments caused less rounding of the surface and pro- 
duced more uniform growth. 

Layer Morphology 
Initial growth experiments were performed on {100}, 

{110}, {111}, and {211} oriented Cr-doped substrates 
to determine the optimum orientation for growth. 
Typical layers grown on some of these orientations 
are shown in Fig. 3, 4, and 5. 

{100}, {211} Ga, {211} As, and {111} Ga oriented 
substrates produced growth which was quite rough 
and unsuitable for electrical measurements. Growth 
on {111} As oriented substrates had rough interfaces 
but uniform surfaces with very good morphologies. 
This is consistent with observations of predominant 
{111} facets in solution grown platelets (1) and with 
experiments in ,which we have observed low growth 
rates in the <111> directions. Layers grown on {110} 
oriented substrates revealed much smoother interfaces 
but had surfaces with more structure and tended to be 
of nonuniform thickness. Numerous growth experi- 
ments were performed on {111} As oriented substrates 
to reduce the amount of interracial roughness, but 
little improvement was noted. In later experiments 
performed using {110} oriented substrates, we con- 
centrated on improving the uniformity of the layers 
and eliminating large growth structures. By chang- 
ing the final etch and adjusting the growth param- 
eters, substantial improvements in the {110} oriented 
growth were noted. 

For {111} As oriented substrates, the best growth 
was obtained using an initial growth temperature of 
560~ with a cooling rate of l~ The melts for 
these growth runs had an equivalent ZnSnP2 concen- 
tration of 1.4-1.5% with one gram of Sn used per 
run. For initial growth temperatures below 530~ no 
layers could be grown, while for initial temperatures 
above 600~ the morphologies and electrical charac- 
teristics of the layers degraded. The grown layers 
were generally 3-15 ~m thick except for those grown 
at high temperatures, which were up to 30 um thick. 

Fig. 4. (a, top) Surface and (b, bottom) cross-sectional views of 
typical ZnSnP2 layers grown on {111} As oriented GaAs. The struc- 
ture of the surface view was enhanced using a Nomarski inter- 
ferometer. 

Fig. 3. (a, top) Surface and (b, bottom) cross-secfianal views of 
typical ZnSnP~ growth on {100} oriented GaAs. 

Fig. 5. (a, top) Surface and (b, bottom) cross-sectional views of 
a typical ZnSnP2 layer grown on {110} oriented Ga,As. 

The conditions producing good growth on {110} 
oriented substrates are more restrictive than those 
for {111} As growth. For {110} oriented growth, the 
optimum initial growth temperature was 570~ The 
layer quality degraded rapidly for initial growth tem- 
peratures less than 560 ~ or greater than 580~ The 
melt composition used was 1.4-1.5% ZnSnP2 with one 
gram of Sn used per run. Good growth was obtained 
with cooling rates between 2.5~176 No layers 
were grown on {110} oriented substrates for cooling 
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rates less than 2.5~ All  layers grown on {110} 
oriented substrates were  less than 5 ~m thick. 

X-Ray Diffraction Measurements 
X-ray  diffraction measurements  were  made on the 

layers grown on {111} As and {110} Qriented GaAs 
using a double crystal  diffractometer  ahgned for the 
GaAs 333 reflection for Cu Ks radiation. Peak  widths 
at ha l f -peak  intensi ty  (FWHM) of 8.7 and 10.6 sec of 
arc were  reproducibly  obtained with  the {111} and 
{110} GaAs used for growth substrates, respectively.  1 
Some results of these measurements  are shown in 
Fig. 6, 7, and 8. 

Most of the {111} As samples revea led  a single 
broadened GaAs peak with  some slight background 
reflection as seen in Fig. 6. This suggests that  this epi-  
taxial  mater ia l  lat t ice matches GaAs to wi th in  2 • 
10-~A (4 X 10-8%) based on an 8-7 sec resolution. 
The FWHM peak widths for these layers were  45 to 
85 sec. The low intensi ty background reflection may  
be due  to the rough interfaces of these layers  or in-  
terfacial  strain. 

Some of the th inner  {111} As layers revea led  a 
secondary peak at about one tenth the intensi ty of 
the main peak  separated by 4.9 min  of arc as seen in 
Fig. 7. These layers  were  3 #m thick and were  grown 
using a 5~  cooling rate. Typically,  these {111} As 
layers had smoother  interfaces than those grown wi th  
smal ler  cooling rates, and no broad background in- 
tensi ty was observed. The lat t ice constant associated 
with the secondary peak in Fig. 7 is 5.645A which is 
0.1% smal ler  than the 5.651A latt ice constant ob- 
served by other  workers  (1, 2) on so lu t ion-grown 
platelets.  The FWHM widths of the main peaks were  
20-30 sec, and those of the secondary peaks were  
around 2 min. The observat ion of secondary peaks 
f rom thin layers  and broad background reflection 
f rom thick layers suggests that  there  is interfacial  
s train in these structures.2 

A typical  scan of the 333 reflection f rom a layer  
grown on { I i 0 }  oriented GaAs is shown in Fig. 8. 
This scan shows two approximate ly  equal  intensi ty 
peaks, which are separated by 90 sec. All  layers grown 

z The 333 reflection from a {111} oriented Ge analyzer  was  used  
in all rocking curves presented. This causes  some peak spreading 
due to the different lattice constants of the analyzer and sample 
crystals. The theoretical peak width for the 333 reflection using 
either Ge or GaAs {111} oriel~ted analyzer and sample crystals is 
4.7 sec of arC. [M. A. G. Halliwell, J. B. Childs, and S. O'Hara, in 
"Gallium Arsenide and Related Compound.," C. ttilsum, Editor, p. 
98, The Institute of Physics, London (1973).] 

The existence of strain in these structures is evidenced by the 
broadening of the reflection peak. While strain in a layer can ob- 
scure the rocking curve analysis, the presence of primarily one 
peak indicates a lattice match, tW. J. Barrels and It. Veenvlict, in 
"Gallium Arsenide and Related Compounds." C. M. Wolfe, Editor, 
p. 229, The Institute of Physics, London (1979).] 

=;: 

i -  

uJ ,r 

FWHM 45" 

- ~  ~ -  75" 

9 

Fig. 6. A typical x-ray diffraction scan of the 333 reflection from 
ZnSnP~ grown on {111} As oriented GaAs. 
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Fig. 7. A diffraction scan of the 333 reflection from ZnSnP~ 
grown on {111} As oriented GaAs grown with a 5~ cooling 
rate. 
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Fig. 8. A typical x-ray diffraction scan from ZnSnP2 grown on 
{ I ]0}  oriented GaAs. 

on {110} oriented mater ia l  revealed these two peaks 
with  the epi taxial  layer  peak intensi ty scaling with  
the layer  thickness. The latt ice constant of the layers 
calculated f rom these data  is 5.6507A __. 3 • 10-4A 
based on a 5.6532A GaAs lat t ice constant (4) which 
is in excel lent  agreement  wi th  the platelet  data. 

Back Reflection Laue Patterns 
Because of the differences be tween the diffraction 

measurements  for {111} As and {110} oriented growth, 
back reflection Laue photographs of the layers  were  
made to de te rmine  any differences in crystal  s t ruc-  
ture. Typical  photographs are shown in Fig. 9. In all 
photographs, the samples were  al igned so that  a 
<110> axis of the substrate  was directed along the 
incident x - r a y  beam. A copper source was used for 
these exposures and the sample- to- f i lm distance was 
approximate ly  4 cm. 

Figure  9a is a photograph of an 8 ~m ZnSnP2 layer  
grown on {111} As oriented Ga.As whose diffraction 
scan was similar  to that  shown in Fig. 6. Exposures of 
this layer  contain no addit ional  diffraction spots com- 
pared wi th  exposures of GaAs. Hence, this ZnSnP2 
layer  has grown with  the sphaler i te  structure.  A 
gnomonic project ion of the sphaler i te  reflections ob- 
served in these photographs is shown in Fig. 10a. 
Figure  9b is a photograph of a 4 ~m layer  grown on 
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Fig. 9. Back reflection Laue photographs of ZnSnP~ layers grown on (a, left) {111} As oriented GoAs and (b, right) {110} oriented 
GaAs. 

{110} oriented GaAs. The diffraction scan for this 
ZnSnP2 layer is shown in Fig. 8. The Laue photo- 
graph in Fig. 9b shows a number of diffraction spots 
which are not present in the GaAs exposure. These 
additional spots are due to a higher degree of order-  
ing in the ZnSnP2 layer and cannot be at tr ibuted to 
the slightly different lattice constant of the layer. 
The intense additional spots which are evident in 
this exposure are from high index chalcopyrite 167 
and 259 planes, which are listed in catalogs of powder 
diffraction patterns. These diffraction spots a r e  evi- 
dent despite their small structure factor because they 
meet the first-order Bragg condition for a wavelength 
of 1.542A, i.e., at the high intensity Ka peak of the 
Cu x - r ay  spectrum. These observations indicate that 
the {110} oriented growth has the chalcopyrite struc- 
ture. A gnomonic projection of the chalcopyrite re-  
flections is shown in Fig. 10b. 

Epitoxial Orientation 
The manner in which the ehalcopyrite structure of 

the ZnSnP2 layer is oriented with respect to the 
sphalerite structure of the GaAs substrate is also of 
interest. Due to the tetragonal structure of the epi- 
taxial  layer, there are three ways in which it may 
orient relative to the substrate sphalerite structure. 
This is i l lustrated schematically in Fig. 11 where 
three chalcopyrite conventional (cubic) unit  cells are 
shown at three different orientations on a {110} 
sphalerite surface. In this figure, the subscript "c" 
refers to chalcopyrite axes. The different relative 
orientations are with the [001]c axis oriented along 
the [100], [010], or [001] axes of the sphalerite struc- 
ture. Other researchers (5) involved with chalcopyrite/  
sphalerite epitaxy have observed both unique epitaxy 
where only one relative orientation is present and 
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Fig. 10. Gnomonic projections of the (a) sphalerite reflections of Fig. 9(a) and (b) chalcopyrite reflections of Fig. 9(b). Larger circles 
represent larger reflected intensity. 
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(100) / 
Fig. 11. Schematic illustration of the relative orientation of the 

chalcapyrite conventional unit cellls on a {!10} sphalerite surface. 

mixed epitaxy where more than one relative orienta- 
tion is present. 

Because ZnSnP2 exhibits no tetragonal distortion, 
the uniqueness of the epitaxy cannot be determined 
from the diffraction scans of the 333/336c reflections. 
The chalcopyrite Laue spots, however, indicate that 
the epitaxy is mixed with the [001]c axis out of the 
growth surface. 

Hall and Resistivity Measurements 
Van Der Pauw resistivity and Hall measurements 

were made on the {111} As and ~110} layers. All  layers 
measured were found to be p-type. Layers grown on 
{111} As oriented substrates have carrier concentra- 
tions of 1 • 10zs-1 • 1021 cm -3 and calculated mo- 
bilities of 10-70 cm2/Vsec. The resistivity of these 
layers ranged from 2.5 X 10-4-1.2 • 10 -1 ~2cm. Layers 
grown on {110} oriented substrates have carrier  con- 
centrations of 3 • 10 z9-5 • l0 TM cm -3 with calculated 
mobilities of 15-40 cm2/Vsec and resistivities of 
4 X 10-3-2 • 10 -2 42cm.. No strong correlations were 
observed between these ,data and the growth con- 
ditions of the layers. 

Surface Effects 
From the results discussed above, it is evident that 

the growth surface plays an important role in deter-  
mining the crystal structure of ZnSnP2 grown on 
GaAs substrates. A similar observation was made by 
Kroemer et al. (6) for GaAS grown on Ge substrates. 
For GaAs on Ge, the {110} orientation was found to 
be the optimum growth orientation for high quality 
GaAs layers. Kroemer et aI. postulated that the {110} 
Ge surface is superior because of the formation of well 
structured As-l ike and Ga-l ike sites. They based 
this conclusion on Harrison's (7) model for the re-  
construction of this nonpolar surface. Such a recon- 
structed Ge surface should suppress antiphase bound- 
ary formation in GaAS producing layers with superior 
properties. 

An analogous effect may be responsible for the 
growth of the two ZnSnP2 phases on different GaAS 
substrate orientations: The reconstructed {110} GaAs 
surfaces in liquid phase epitaxy may contain Ga sites 
which appear  to be Zn-l ike or Sn-like, while the {111} 
As surfaces may not. In this manner, the {110} sur-  
faces would promote chalcopyrite growth with anti- 
phase boundaries. For instance, the {110} surfaces 
might reconstruct into l inear chalcopyrite-l ike sur-  
face chains in the [001] direction which are out of 
phase with neighboring chains. This would promote 

the chalcopyrite phase with antiphase boundaries, and 
could explain the somewhat degraded electrical prop- 
erties of our chalcopyrite layers in comparison to the 
sphalerite layers. If this is the case then growing on 
misoriented substrates could increase the lateral 
growth velocity and inhibit antiphase boundary for- 
mation. Another possibility is that misoriented sub- 
strates may produce a surface which reconstructs to 
give longer range chalcopyrite-like regions which are 
free of antiphase boundaries. 

Although Harrison (7) considered the reconstruc- 
tion of polar  surfaces such as GaAs, he did not sepa- 
rate the metallic or nonmetallic sublattices into fur-  
ther  sublattices of dissimilar sites since such con- 
siderations were secondary to the scope of his work. 
Considering the experimental  results discussed in this 
paper, a study of such reconstruction may be war-  
ranted. 

Conclusions 
We have developed a procedure for growing ZnSnP2 

layers on GaAs in an open tube liquid phase epitaxial  
system. After a prel iminary study of ZnSnP2 growth 
on various GaAs substrate orientations, the growth 
procedures were refined for growth on {111} As and 
{110} oriented substrates. ZnSnP2 grown on {111} As 
oriented substrates with cooling rates smaller  than 
5~ was sphaleri te and lattice matched GaAs. 
ZnSnP2 grown on {110} oriented substrates with cool- 
ing rates between 2.5~176 was mixed orientation 
chalcopyrite with a lattice constant of 5.6507A, in 
agreement with data on solution-grown platelets. All 
layers grown were p- type with carrier  concentrations 
of 1 • 10zs-1 • 1021 cm-3 and mobilities of 10-70 
cm2/Vsec. Antiphase boundaries, which are present 
in such mixed orientation epitaxy, may be responsible 
for the inferior electrical characteristics of the chal- 
copyrite layers. 
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Study of the Orientation Dependent Etching and Initial Anodization of 
Si in Aqueous KOH 
J. W .  Faus t ,  Jr. *'~ a n d  E. D.  P a l i k  

Naval  Research Laboratory, Washington, DC 20375 

ABSTRACT 

A series of electrochemical  measurements  have been performed on a variety of n- and p-type Si wafers of{100} and {111} 
orientation in aqueous K~)H. It  has been de termined that  {100} surfaces have similar, systematic features regardless of car- 
rier type and doping level below 102~ -3, while {I 11 } surfaces have a different set of similar systematic features. These re- 
sults suggest  the presence of a different prepassive layer On each of these surfaces. In  addition, el l ipsometric measurements  
have been carried out in the voltage range beyond the passivation potential  to clarify the anodization process. 

The impor tance  of or ien ta t ion  dependen t  (OD) 
etching in si l icon technology has p rompted  us to s tudy  
the  etch mechanisms  wi th  the  a~m of improving  the  
OD etching of sil icon sufficiently to mee t  the  needs 
of the  mic ros t ruc tu re  electronics of the  fu ture  and to 
devise  s imi la r  type,  equa l ly  re l iab le  e tchants  for o ther  
ma te r i a l s  (in pa r t i cu l a r  the  I I I - V  in termetaUic  com- 
pounds)  which show promise .  There  are  severa l  e tch-  
ants  tha t  are  or ien ta t ion  dependen t  not  on ly  for Si 
(1-6) bu t  also for  Ge (7-9),  for  m a n y  of the  I I I -V  

in te rme ta l l i c  compounds  ( 1 0 ) , - a n d  for  some other  
semiconductors  and  a few meta l s  (11). A t  presen t  most  
of these are  not, or  at  leas t  have not  been  shown to 
be s t rong ly  enough OD for uses s imi lar  to those of Si. 
The success of the  OD etching in Si  device technology 
is due  to the  s t rong or ien ta t ion  dependence  of aqueous 
KOH (and of a few nonaqueous  combinat ions  of 
organic  oxidiz ing and complexing  agents ) .  

S tudies  on the k inet ics  of chemica l  etching,  in the  
absence of an e lec t r ic  field (open-c i rcu i t  condit ions 
in e lec t rochemical  s tudies) ,  have  been car r ied  out on 
a number  of ma te r i a l s  (12-15). Fo r  Ge, i t  was shown 
(15) tha t  the  oxidiz ing agent  cont ro l led  the  type  of 
a t t ack  whi le  the  complexing  agent  contro l led  the 
ra te  of a t tack;  however ,  ne i ther  this  s tudy  nor  any 
of the  o ther  studies could exp la in  w h y  an etch was 
or ien ta t ion  dependent .  Chemical  e tching has been  
r e fe r r ed  to as a compe t i t ion  be tween  the ra te  of oxi -  
da t ion  by  the oxidizing agent  and the ra te  of dissolu-  
t ion of the  oxide. In  this respect,  it  is genera l ly  con- 
s idered  tha t  t he re  mus t  be a " thick" l aye r  of r eac -  
t ion products  to obta in  polishing.  A t t empt s  have  been  
made  to iden t i fy  the chemica l  m a k e u p  of the react ion 
l a y e r  a t  the  e tching interface  wi th  l i t t l e  success. 
Iz id inov et  al. (16) r epor t ed  tha t  the  gas evolved 
at  the  si l icon sur face  dur ing  etching wi th  aqueous 
KOH was hydrogen  and suggested some form of si l i -  
cate  was produced  (and p r e sumab ly  made  up the 
l ayer )  and  wen t  into solution. Ne i the r  the  composi t ion 
nor  the  s t ruc ture  of the  reac t ion  ("oxide")  l aye r  
i tself  has been  identified,  a l though var ia t ions  of SiOx 
a n d / o r  o ther  s i l icates  have  been sugges ted  (1, 3, 17, 
18). In  our  previous  e lec t rochemical  s tudies  on the  
act ion of aqueous KOH on si l icon (19), we showed 
s t rong evidence to suggest  tha t  the  "e tch-s top"  found 
at  high ca r r i e r  concentra t ions  ( >  7 • 1019 am -3)  was 
due to the  fo rmat ion  of a prepass ive  layer .  At  h igher  
ca r r i e r  concentrat ions,  this prepass ive  l aye r  is fo rmed 
a lmost  immed ia t e ly  upon immers ion  (i.e., open -c i r -  
cuit  po ten t ia l  condit ions in e l ec t rochemis t ry ) .  F u r t h e r -  
more,  i t  was shown tha t  the  phenomenon  was not  
un ique  to the  p - t y p e  dopant ,  boron,  but  also occurred 
for  the  n - t y p e  dopant ,  phosphorous.  In  these studies,  
it  was deemed necessary  to s tudy  the anodic ox ida -  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P e r m a n e n t  address :  Co l l ege  of  Eng ineer ing ,  U n i v e r s i t y  of  

South  Carol ina,  Columbia,  S ou th  Carol ina 29208. 
Key  words :  e tch ing ,  anodizat ion,  Si, e l l ip som e tr y ,  c u r r e n t  

vo l tage .  

t ion in  o r d e r  to c la r i fy  some of our  findings. S e v e r a l  
elect rochemical  s tudies  of Si in a KOH elec t ro ly te  
have  been  r epor t ed  (16, 20-22); however ,  for  the 
most  par t ,  they  were  not  d i rec ted  toward  s tudying  
OD etching mechanisms.  None of them had the range  
of in format ion  needed:  var ious  surface  or ientat ions,  
wide range  of ca r r i e r  concent ra t ion  (both  n -  and 
p - t y p e ) ,  t e m p e r a t u r e  control,  etc. Here,  we give r e -  
sul ts  for cu r ren t -vo l t age  curves  and for  e l l ipsometr ic  
measuremen t  of anodie oxida t ion  cover ing the range  
o f  vol tage  f rom open-c i r cu i t  po ten t ia l  th rough  the 
pass ivat ion  potent ia l  where  oxidat ion  starts ,  to h igher  
anodic potent ia ls  w h e r e  oxide films th}cken, to the  
point  when  breakdown,  a n d / o r  anodic dissolut ion 
occurs. 

E x p e r i m e n t a l  

Current-voltage (I-V) curves.--Both n- and p - t y p e  
si l icon samples  wi th  surface  or ienta t ions  of {100} and 
{111} and cover ing a range of  ca r r i e r  concentra t ions  
f rom 1014 to 1020 cm-~  were  used. The pe r t inen t  da ta  
on each sample  s tudied  are  given in Table  I. The 
samples  were  p r e p a r e d  in the  manne r  p rev ious ly  de -  
scr ibed  (19) wi th  the  except ion tha% leads  to most  

Table I. Characterization parameters for Si 

N a t i v e  
ox- 

ide  
Sam- Type Resis- D o p i n g  th ick .  A f t e r  

plo  orien-  t iv i ty  dens i ty  OCP PP h e s s  HF 
no. tation (flcm) (cm -~) (V) (V) (A) (A) 

3.82 p{100) 19.3 7.0 x 10~, - 1 . 1 9  - 0 . 6 9  
8-82 4.14 3.0 x 10 ~ --1.25 --0.79 

21 1.25 1.2 x 10 ~e --1.07 --0.85 29 
43 0.85 1.7 • 10 ~o -1 .05  -0 .83  

7-82 0.84 1.7 x 10 le -1.24 -0 .76  
9-82 0.0081 1.1 x 1019 -1 .21  --0.93 

31 0.0072 1.5 x 10 ~e -1 .20  -0 .92  
P2 2.8 x 10 ~ -1 .00  -0 .86  

3 19.4 7.1 • 10 ~' - 0 . 8 7  - 0 . 3 9  34 21 
4-82 p ( l l l )  12.4 1.1 • 10 ~ - 1 . 2 1 5  - 0 . 7 7 5  
2 1.02 1.5 x 101o - 1 . 2 2 5  - 0 . 8 2  

10-82 0.15 1.3 x 101~ - 1 . 2 1 5  - 0 , 8 3 5  
11-82 0.0094 9.0 • 10 is - 1 . 0 9  - 0 . 8 7  
35 0.0069 1.7 x 10 ~9 - 1 . 0 2  - 0 . 7 8  
I 2.4 x i0 ~c --LO0 --0.90 36 34 
2-82 n{lO0} 15.5 3.0 x 10 ~' -1.33 --0.68 

12 4.37 1.1 • 1~ -1.32 --0.94 34 28 
1-82 0.59 8.0 x I0 ~ -1.36 -0.98 

22 0.44 1.5 x 10 I" --1.32 --0.66 30 
10 0.159 4.7 • 10 le - 1 . 3 2  --1.00 

5-82 0.0266 7.0 X 10 ~7 --1,32 --1.02 
30 0.0079 7.0 • 10 is --1.30 --1.08 
23 0.0043 1.5 x 1019 - 1 . 2 8  - 0 . 9 7  
P4 5.0 x 10 ~ --1.34 --1.22 
12-82 n{111) 7.7 6.0 x 10~' --1.17 --0.85 
6 6.9 6.8 • I0 ~t --1.14 --0,77 34 

14-82 0.47 i . i  x i0 ~ -1.175 --0.685 
39 0.102 9.0 x 10 ~e - 0 . 9 2  - 0 . 50  

6-82 0.53 1.9 • I(P~' -1 .17  --0.69 
38 0.0067 8.5 x 10 le -1 .13  --0.70 
15-82 0.0052 1.2 x 10 ie' -1 .175 --0.80 
P3 5.0 x 10 so -1.29 --1.21 

T h e  va lues  of  OCP and PP l i s ted  are  a v e r a g e s  of  s ev era l  runs  
and wi l l  no t  neces sar i ly  a g r e e  w i t h  va lues  in the  f igures .  

1 4 1 3  
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of the samples  were pu t  on wi th  In  solder  or  I n - G a  
eutectic and a pressure  contact  ra ther  than the con- 
duct ing epoxy  used previously.  The edges of the sam-  
ples were  coated with b lack  wax  which had l i t t le  
effect upon the I -V curves.  The expe r imen ta l  setup 
and procedures  were  also descr ibed in an ear l ie r  paper  
(19). Fo r  the p resen t  s tudy,  however ,  we used only a 
2M KOH solut ion at  (21 ~ __. 0.5~ The vol tage sweep 
speed was usua l ly  10 m V / m i n  to ensure  equi l ibr ium.  
The potent ia l  of Si was measured  wi th  respect  to a 
s t andard  qalomel electrode.  Typica l  I -V curves are  
shown in Fig. 1 for  a {100} n - t y p e  (No. 1-82) and a 
{100} p - type  (No. 7-82) sample.  The pe r t inen t  fea-  
tures  are  the o p e n - c b c u i t  potent ia l  (OCP) ,  the pas -  
s ivat ion potent ia l  (PP) ,  and the F l ade  poten t ia l  (FP)  
as poin ted  out  in Fig. 1. The F lade  potent ia l  is the 
potent ia l  at  which the  cu r ren t  is a min imum jus t  
beyond the PP.  Data  given in Table I and discussed 
here  were  obta ined  i n - t h e - d a r k  unless o therwise  
noted.  The sys temat ic  differences in these pa rame te r s  
for  the var ious  samples  of n, p, {100}, {111} Si are  rea l  
and reproduc ib le  to be t t e r  than 0,1V if the  In or  I n - G a  
contacts  are  used, especia l ly  on ca r r i e r  concentra t ions  
be low 1O 1~ cm -~. The poor reproduc ib i l i ty  of the  P P  
for  samples  below 1O 17 c m - S  repor ted  in the  previous  
pape r  (19) was due to sporadic  high resis tance in 
the  epoxy  contacts. Typical ly ,  l ead  resis tance of 
<1500~ d id  not  shift  e i ther  the  OCP or  PP  values,  
whi le  l a rge r  res is tance did begin  to shif t  the PP  to 
more  anodic values.  F igures  2a and b show the much 
improved  reproduc ib i l i ty  in the  PP at the  lower  con- 
centra t ions  while  stil l  showing the convergence of the  
OCP and the PP  with increased car r ie r  concent ra-  
tion, especia l ly  at  concentrat ions above 1019 cm-3  as 
shown in Fig. 3a and b of Ref. (19). The OCP and 
PP  points  r emain  roughly  paral le l ,  s epara ted  by  about  
0.4-0.5V up to ~ lO TM cm-~,  then begin to converge 
qu ick ly  to ,~0.1V. It  is in teres t ing  to note that  the  
etch ra te  remains  constant  also up to -,10 TM cm-3,  
then decreases r ap id ly  as the etch stop occurs. The 
var ious  por t ions  of the I -V curves in Fig. 1 wil l  be 
discussed in more  de ta i l  in the Results  Section. In  
connection with  other  exper iments ,  we not iced tha t  
the In solder  and I n - G a  eutect ic  contacts  on n - t y p e  
subst ra tes  somet imes produced some rectif ication p rop -  
erties.  The main  resul ts  r epo r t ed  throughout  this  paper  
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Fig. 1. I-V curves for samples 1-82 (dashed) and 7-82 (solid) 
showing the open-circuit potential (OCP) when I = 0, the passi- 
ration potential (PP) at the sharp peak in I, and the Flade poten- 
tial (FP) at the current minimum. The curve for sample 1-82 above 
--0.05V was obtained with light. 
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for such contacts  and for  low-res is tance ,  conduct ing-  
epoxy  contacts were  Similar, however .  

Ellipsometry measurements.--The th ickness  of the  
anodic oxides  formed under  the  var ious  condit ions 
were  measured  using a Rudolph  Model  43702-200E, 
nul l  e l l ipsometer ,  equipped with  an He-Ne  laser  
(6328A). With  this equipment ,  w e w e r e  not  ab le  to 
make  e l l ipsometr ic  measurements  in situ; thus, for  
each measuremen t  of thickness,  i t  was necessary to 
remove  the sample  f rom the e lectrolyte ,  wash i t  in 
deionized water ,  d r y  it, pu t  it  into the el l ipsometer ,  
and make  the measurement .  We were  able  to do this 
ent i re  process wi th in  15 min, thus, minimiz ing  re -  
g rowth  of oxide. The optical  qua l i ty  of the surfaces 
r emained  good th roughout  the  various anodizat ion 
runs for  al l  samples  except  No. 22 (n - t ype  {100}) 
which showed a s l igh t ly  clouded surface af ter  the  
first anodizat ion and remained  clouded throughout  
the res t  of the runs. This s l ight ly  clouded surface 
m a y  account for its apparen t  l a rge r  thickness  com- 
pa red  to the other  samples  at  vol tages be low 3V. The 
surface  of the silicon is not opt ica l ly  flat but  is " rough-  
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ened" by the etching action of the KOH prior to the 
first formation of the anodic oxide. The "roughness" 
is made up of {111} etch facets (planes) ,  whzch ap- 
pear as t r iangular  arrays on {111} Si and square ar-  
rays on {100} St. These pits are often t runcated  at the 
bottom (17, 23) with {111} or {100} planes, respec- 
tively. Will iams and Aspnes (24) showed that  such 
{111} sides formed on {111} Si in NaOiq reflected the 
laser light out of the beam and did not  contr ibute a 
rough-surface s i g n a l .  Thus, the optical constants of 
Si de termined from the specular  {111} surfaces were 
rel iable al though the surface looked rough. Random 
interface roughness, however, would manifest  itself 
as an apparent  thicker film (25) as in the case of 
sample 22. Interface roughness contr ibutes less and 
less of an error in the measured film thickness as the 
oxide thickness grows unt i l  a cycle is made on the 
�9 I,-• curve. 

We assumed the optical constants for Si to be n -- 
3.86, k = 0.028 at 63~.8A (26), and k -- 0 for SIO2. The 
angle of incidence was 70~C. The analyzer and polar-  
izer angles were measured in two quadrants  and aver-  
aged. A McCracken- type computer  program (27) was 
used to determine rezractive index n and thickness d. 
For thick films > 100A, we usual ly  obtained consistent 
n and d values with n _-- 1.46 ___ 0.2. For d = 200A, a 
variat ion of 0.1 in n corresponded to a variat ion of 
about 20A in d. A graph of the ellipsometric pa ram-  
eters �9 I, and A for the assumed constants of Si and SiO~ 
is given in Fig. 3. The dots on the n : 1.46 curve in-  
dicate 20A differences in  d. The steepness of the curves 
for 0 to 100A indicates that the ,t, must  be measured 
to 0.1 ~ or bet ter  to obtain reasonable solutions. Due 
to misa l ignment  of the ell ipsometer and /o r  the qual i ty 
of the anodized films, the values of ,I, in the two 
quadrants  were often as much as 0.3 ~ apart. This 
marg in  of error in ,t, probably caused the computer  
program to fail to find a solution in th i r ty  i terations 
with the restriction 1.2 < n < t.7. When  this occurred, 
almost always below 100A, we arbi t rar i ly  forced n ---- 
1.5 to obtain a computer  solution for d. Analysis of the 
dependence of ,It and A on n and d suggested that  a 
change of 0.1 ~ in ,t, f requent ly  produced a solution in  
th i r ty  i terat ions with a value of d wi thin  ,-,20% of the 
value obtained with a forced value of n _-- 1.5. The 
refractive index might  be significantly larger than 
1.46 for a th in  St-r ich t ransion layer  which would 
make our calculated value of d too large. The t rans i -  
t ion layer from thermal  SiO2 to Si is reported ~,7A 
thick (26, 28) with a refractive index of about 3.26. 

We did not include such a t ransi t ion layer in the 
model since we do not know its properties for this 
par t icular  anodic oxide. Since k is nonzero for St-rich 
oxide, at 6238A, this might  cause some of the difficulty 
in the s impler  model not  giving reasonable results 
in th i r ty  i terations for thicknesses considerably less 
than 100A. 

The wafers as received were typical ly Syton-pol -  
ished with a nat ive oxide. The first measurement  prior 
to s tar t ing always gave a film thickness of ,~30A, 
somewhat  larger  than, but  consistent with, a nat ive 
oxide ,~20A thick (29). Removing of the nat ive oxide 
in HF, two r insings in deionized water, b lowing dry, 
and remeasur ing  wi th in  10 rain always reduced these 
values by less than a factor of two. We assume this 
to be the l imit  set by the assumed n and k for St, in-  
s t rumenta l  misal ignment ,  adsorbed water  and hydro-  
carbons (30), and par t ia l ly  regrown oxide. While the 
absolute values of thickness may be in question in 
the thin-f i lm regime ~ 100A, the relat ive increase in 
thickness as anodization takes place is easy to deter-  
mine  because A increases ini t ia l ly  at about 0.35 deg/A. 

Results 
Anodized film thickness .~The results of the thick- 

hess studies for four samples (No. 3, 6, 21, 22) over 

the range from zero volts (PP is taken as the zero of 
the anodization voltage scaie) to 10V are shown in 
Fig. 4; two addit ional samples (No. 1, 12) were r u n  
to 15V to obtain more data points. All  samples were 
stripped of nat ive oxide by HF and then put  into the 
KOH solution for ~10 min  at OCP so that bubbl ing  
would indicate etching and removal  of any  vestige 
of oxide. Then, the potent ial  was changed to produce 
passivation. The first four points near  V = 0 are ob- 
tained at the respective FP's. The n - type  samples 
were i l luminated after the I-V curves had reached 
their  cur rent  m i n i m u m  (FP) to be sure that  the 
measured thickness was voltage l imited and not  hole- 
concentrat ion limited. The OCP and PP data listed 
for all  samples in Table I, however, are for in-the-d.ark 
values. In  addition, Table I contains the mater ial  
characterization information,  the thickness of the in i -  
tial nat ive oxide, and the thickness of the oxide after 
HF treatment .  With the exception of sample 22 at 
low voltages (below 3V), all thickness values at a 
given voltage are equal wi thin  exper imental  error. 
The apparent  increased thicknesses for sample 22 
below 3V is a t t r ibuted to a surface roughness. 

There appear to be two regions of growth charac- 
terized fairly well  by straight l ines as shown in Fig. 
4, namely,  0-4 and 6-15V with a curved section be-  
tween. We have put  s traight  lines through these ex- 
t reme regions for emphasis. We assume there is an 
ini t ial  rapid growth to ,~20A at the onset of passiva- 
t ion (PP) and then the slower growth shown. In situ 
el l ipsometry measurements  now in  progress bear  this 
out. Once the ini t ial  ~20A of oxide is established, the 
slope of the straight l ine at low voltage gives a growth 
rate of 6.8 A/V, while for the higher voltage region, 
the slope gives a growth rate  of 41.7 A/V .  Silicon 
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Fig. 4. Thickness of anodized oxide film determined e|tipsometrl. 
cally as a function of voltage above passivatian potential for several 
samples described in Table I; 22 n{100} (A) ,  6 n{111} (O) ,  21 
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anodized in a solution of K N 0 a  in  N-methy lace t amide  
(31) gave resul ts  s imi lar  to our  h igher  vol tage region 
with  the s t ra igh t  l ine ex t rapo la t ing  to in tercept  the  
vol tage axis; however ,  anodizat ion in KNO3 in e thy-  
lene glycol  (32) gave  a curve ex t rapo la t ing  to in te r -  
cept the  thickness axis. In  ne i the r  case were da ta  
repor ted  at low vol tages where  ini t ia l  g rowth  occurs. 
While  we are  t empted  to compare  anodic oxidat ion  
with  t he rma l  oxidat ion,  such comparison m a y  be 
open to question. 

At  a g iven vol tage  (say 5V), we es t imate  f rom Fig. 
4 for  an oxide thickness of 7OA that  the  electr ic  field 
across the  oxide is at  most  7 • 106 V/cm,  whi le  a t  
10V for an oxide  thickness of 260A, the electr ic  field 
is 4 • 106 V/cm. The d i s t r ibu t ion  of vol tage  across 
the Si space-charge  layer ,  oxide film, and Helmhol tz  
l aye r  is not  known but  is p robab ly  less than  1V (33). 
At  anodic potent ials ,  n - t y p e  Si should have  a de-  
p le ted  space-charge  layer ,  whi le  p - t y p e  Si should 
have  an accumula ted  space-charge  layer .  This should 
affect the d is t r ibut ion  of vol tage drop  across the in te r -  
face to some extent  lower ing the above-ment ioned  
fields. On the other  hand, electr ic  fields for  oxide 
films grown in a nonaqueous e lec t ro ly te  (31, 34) a re  
,~2.6 • 107 V/cm,  cons iderab ly  larger .  This suggests 
that  nonaqueous oxides have a be t te r  s t ruc ture  than 
aqueous oxides. Curiously,  one finds that  b r eakdown  
for "good" the rmal  oxide  occurs at ,,-8 • 106 V/cm.  
This suggests that  nonaqueous  anodic oxides are  be t te r  
in some respects  than the rmal  oxides (35). 

Above  10V, some bubbles  appeared  on the silicon. 
Typical ly ,  before 20V, some sort  of anodic dissolution 
of the  film occurred (36) resul t ing  in the film becom- 
ing th inner  and the cur ren t  runn ing  away  (not shown 
in the  f igures).  This effect was a function of l ight  in-  
tens i ty  and of sample  proper t ies ;  however ,  both n-  
and p - t y p e  samples  showed a th inning of the oxide 
film in this vol tage range.  Iz idinov et al. (16) showed 
that  h2 cm n - t y p e  Si (5 • 1015 cm-3)  in KOH ex-  
h ibi ted  cur ren t  r unaway  at  ,~75V in the dark,  but  at  
~20V in the  l ight.  They observed cur ren t  r u n a w a y  in 
comparab le  res is t iv i ty  p - t y p e  samples  at  ~20V in the 
da rk  or  light.  While  they  a t t r i b u t e  current  r u n a w a y  
to b reakdown  of the oxide  as the vol tage  is increased,  
our  resul ts  indicate  that  cur ren t  r u n a w a y  occurs when 
anodic dissolution thins the film. 

Etch-back  e x p e r i m e n t s . - - A f t e r  anodizing to a given 
voltage, we r eve r t ed  to open-c i rcu i t  condit ions and 
wai ted  for the or iginal  OCP to be re-es tabl ished.  Re-  
sults  a re  shown in Fig. 5 for sample  2, where  in a is 
shown the t ime to etch back  a film grown to a given 
anodic voltage;  in b, we used the resul ts  of Fig. 4 to 
replot  thickness vs. t ime. The s t ra igh t  l ine is s imply  
d rawn  through the origin. The e tch-back  ra te  is 
roughly  constant  at  ~0.57 A/ra in .  In  some cases, we 
also etched back moni tor ing  the th ick  film el l ipso-  
me t r i ca l ly  to de te rmine  the average  etch rate.  I t  was 
found to be ~0.67 A /min .  A we t -g rown  the rmal  oxide 
was measured  to etch at  ,~0.11 A / m i n  in 2M KOH com- 
pa rab le  to Kenda l l ' s  value of 0.1 A / m i n  in 44 weight  
percen t  (w/o)  KOH ( l l .2M)  (3). The anodic oxide 
is ev iden t ly  somewha t  more porous than the t he rma l  
oxide, so tha t  i t  etches faster.  Anodic  oxides grown 
in aqueous solut ions are  known to be less dense (34, 
37). 

The curve depict ing the OCP as the film etches back 
contains s teps as i l lus t ra ted  in Fig. 6, for sample  2. 
We show e tch-back  of the same sample  af ter  severa l  
anodizat ions to different  voltages above PP. The ord i -  
nate  is shif ted for each case for clari ty.  When  the bias 
is shut  off, there  is an immedia te  drop  and then a 
s low decay wi t  h p la teaus  and dips. A character is t ic  
of a l l  bu t  h i g h - c a r r i e r - d e n s i t y  ( >  1020 cm -3) samples  
(19) is the  last  d ip  and sl ight  r ise and level  off at  
OCP. Immed ia t e ly  af te r  this, bubbl ing  is observed 
with the etching of Si. E tch -back  t ime is defined as 
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Fig. 6. Open-circuit potential as a function of time after initial 
growth of anodic oxide to 1) 0.28V, 2) 1.43V, 3) 3.66% 4) 4.62V 
above PP for sample 2. The abscissa scale is displaced for clarity 
for each of the four voltages. Note the dip which occurs just 
before equilibrium OCP is attained presumably as the last of the 
oxide is etched off. 

that  poin t  af ter  the final dip when OCP is obtained.  
A discussion of possible  origins of such p la teaus  has 
been given for GaAs (38) and Fe  (39). The final dip  
might  s ignify  etching of the  t rans i t ion  l aye r  be tween  
Si and SIO2. The proper t ies  of such a t rans i t ion  l aye r  
are  not  known for anodic oxides.  

I - V  curves . - -The  I -V  curves expected for  Si if no 
pass ivat ion were  presen t  should be s imi la r  to those 
of Ge (40). These are  shown schemat ica l ly  in Fig. 7 
for n -  and  p - t y p e  mater ia l .  As discussed by  Bra t t a in  
and G a r r e t t  (40), and  modeled  by  Ger ischer  (41) and 
Morr ison (42), the  current  for  p - t y p e  ma te r i a l  sa tu -  
rates at cathodic po ten t ia l  and  reverses  sign and in-  
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Fig. 7. Schematic I-V curves for an n- and p-type semiconductor 
such as Ge that does not passivate in KOH. Note that the current 
saturation regions are "reversed" for n- and p-type samples. 

creases exponen t ia l ly  for anodic  potent ia l .  This l a t te r  
cur ren t  is due to m a j o r i t y  carr iers  (43). The sa tu-  
ra t ion  cur ren t  depends  on the number  of t he rma l ly  
genera ted  minor i ty  carr iers  and should  be independ-  
ent  of ca r r i e r  density.  The I -V  curve  is " reversed"  for 
n - t y p e  mater ia l .  Since pass ivat ion  occurs in Si, the 
I -V curves are  a l te red  somewhat  as indica ted  in Fig. 
1 wi th  the appearance  of a pass ivat ion  peak  nea r  
--0.8V. Upon pass iva t ion  in the  dark ,  the  cur ren t  at 
F P  for  m a n y  p - t y p e  samples  is typ ica l ly  ,~6 t~ . / cm 2, 
whi le  i t  is ~ 3  #A/cm 2 for the n - t y p e  samples.  As the  
p - t y p e  samples  a re  fu r the r  anodized, the  cur ren t  rises 
s tead i ly  to a peak  or  hump at 5V. The oxide thickness 
increases  as shown in Fig. 4. The n - t y p e  sample,  how-  
ever,  cont inues  to have low cur ren t  in the  da rk  r is ing 
l i nea r ly  to about  ,~14 # A / c m  2 at  5V (not  shown) ,  and 
the oxide  film does not  increase  ve ry  much in th ick-  
ness above  its F P  value.  However ,  when l ight  is used, 
the cur ren t  a t  F P  doubles  or  t r ip les  and as the  vol tage 
is increased,  the  cur ren t  dens i ty  is nea r ly  the same as 
for the  p - t y p e  sample  in the  d a r k  or  l ight.  The in-  
crease in cur ren t  p r e sumab ly  is due  to holes needed 
at  the  in ter face  to continue growing the oxide (42). 
The I -V  curve  for  sample  1-82 n{100} was obta ined  
in the da rk  f rom --1.5 to --0.SV, and then  the sample  
was i l lumina ted  wi th  a 25W h igh- in tens i ty  bu lb  
placed 10 cm f rom the  sample  surface.  Light  had  l i t t le  
effect on the  I -V  curves for  p - t y p e  Si above  the FP.  
Some shif t ing of the  OCP and F P  is observed with  
l ight  (16), bu t  these effects wi l l  be omi t ted  except  to 
say  tha t  for  p - t y p e  mater ia l ,  OCP and PP  are  shi f ted  
anodic < 0.1V and for  n - t y p e  samples  OCP and PP  
are  shif ted s l igh t ly  cathodic. 

Wi th  l ight,  the  cur ren t  for n - t y p e  samples  is about  
the  same magni tude  as for  the  p - t y p e  sample  (to 
wi th in  20%) unt i l  about  3V (Fig. 1). E l l ipsomet ry  
indicates  tha t  the films on the n -  and p - t y p e  samples  
a re  about  the same thickness  for  the  same vol tage  
above PP.  However ,  above 3V, the  currents  diverge,  
the  cur ren t  r i s ing  more  r ap id ly  for the p - t y p e  sample.  
This is jus t  about  where  the  film growth  r a t e  begins 
to change r ap id ly  in Fig. 4. The cur ren t  for the  p - t y p e  
sample  humps at  about  5V, whi le  the  cur ren t  for the  
n - t y p e  sample  humps  at  about  3.5V. I t  is somewha t  
puzzling tha t  the  currents  diverge,  but  the  film th ick-  

nesses at  h igher  vol tages are  the same.  This impl ies  
that  the g rowth  ra te  (p re sumab ly  de te rmined  by  O H -  
cur ren t )  is the  same bu t  tha t  addi t iona l  cur ren t  flows 
for  p - t y p e  samples  which  does not  lead  to addi t ional  
oxide  growth.  F r o m  Fig. 7, we see tha t  wi thout  an 
oxide film, the  cur ren t  for n - t y p e  Si should sa tura te ,  
whi le  for  p - type ,  Si i t  should  r ise exponent ia l ly .  P e r -  
haps  these effects a re  beginning  to appea r  wi thout  
affecting the growth  rate,  s ince the anodic oxide is 
somewha t  conduct ing at  these voltages.  

We also recorded  I -V curves for sample  2, p{ l l l } ,  
14-82, n{ l l l } ,  21, p{100}, and 22, n{100} of comparab le  
doping dens i ty  to those of Fig. 1 and ob ta ined  s imi la r  
results .  

I -V curves for many samples.--In Ref. (19), we 
noted tha t  the  shape of the PP  peak  seems to be 
sys temat ic  for {100} and {111} surfaces,  i.e., {100} su r -  
faces showed single peaks  p redominan t ly ,  whi le  {111} 
surfaces  showed double  peaks  p redominan t ly .  Af te r  
e l imina t ing  the high res i s t iv i ty  of the leads and w a x -  
ing the edges of samples ,  we find tha t  the {100} sam-  
ples i nva r i ab ly  show single PP  peaks,  and the i r  shapes 
are  charac te r i s t i ca l ly  different  for n -  and p - t y p e  ma-  
terial .  On the o ther  hand, the  {111} samples  inva r i ab ly  
show double  PP  peaks  of somewha t  different  shape 
for  n -  and p - t y p e  mater ia l .  We summar ize  our re -  
sults in Fig. 8a, where  typical  I -V curves for samples  
1-82, n{100} and 8-62, p{100} are  shown. The n - t y p e  
peaks  are  wider  and b lun te r  than the p - t y p e  peaks.  
The p - t y p e  sample  shows sa tu ra t ion  at negat ive  po-  
tent ia l  as has been demons t ra ted  in p - t y p e  Ge (40). 
In teres t ingly ,  the  current  at PP is roughly  independ-  
ent  of ca r r i e r  dens i ty  averaging  (89 _ 15%) #A/cm 2 
for  n - t y p e  ma te r i a l  and (93 ___ 15%) ~ / c m  2 for p -  
t ype  mater ia l .  The main  er ror  is in measur ing  the 
area  of the sample  under  the  l iquid.  Fo r  > 102~ cm -3, 
the  peak  currents  tend to va ry  somewhat  more.  

Fo r  {111} samples  6-82 and 10-82 shown in Fig. 8b, 
the  PP  peak  is more  complicated showing two peaks.  
The peak  currents  average  (13 • 20%) ~A/cm 2 for 
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n- type  samples and (17 • 15%) #A/cm 2 for p- type 
samples. For sample 10-82, we did not  see the current  
sa turat ion at cathodic potential.  In general, about 
half  the p- type  samples showed saturat ion (44). This 
phenomenon is discussed by Green (45) and is de- 
pendent  on surface preparat ion among other things. 

I t  is not  obvious where to define the PP for the 
{111} samples, bu t  we have chosen the more anodic 
peak or shoulder. All  samples showed the single-  or 
double-peak s t ructure  for carrier densities < 102'~ 
cm-~. Above this, the double peaks seem to smear 
out and only single peaks (or no peaks (19)) were 
observed. Double s t ructure  is seen in the passivation 
curves for some metals (46) and is a t t r ibuted to for- 
mation of addit ional  films. Since the commercial  
wafers can be misoriented, it is possible that  the more 
anodic peak for nominal  {111} surfaces is due to the 
{111} s.urface while the more cathodic peak is due to 
the misorientat ion steps which may be of other orien- 
tations. 

The {111} surface (p or n) has about six times less 
current  density than the {100} surface. This suggests 
that a resistive prepassive layer may be forming under  
the PP peak and determining the magni tude  of the 
current.  For  Ge in KOH where etching only takes 
place at anodic  potentials and no passivation occurs, 
the {111} anodic current  is also about six times less 
than the {100} current  (9). 

I -V characteristics for sample 39.--Because of the 
observation that the {111} samples showed double 
peaks while the {100} samples showed single peaks 
and in view of the difference in  ~ etch rates on these 
two surfaces, we tried to investigate the voltage re- 
gion between OCP and FP more carefully by a sys- 
tematic repeti t ion of V to repeat I-V curves. We at-  
tempted to exploit the sensi t ivi ty of the OCP and 
current  to surface films to establish whether  a pre-  
passive film formed prior to the appearance of the 
oxide film between the PP and the FP. In general,  
we noticed that  when abrupt ly  changing the potent ial  
from OCP toward the cathodic direction by a 0.5V 
interval ,  and stopping, the current  reached its equi- 
l ibr ium value within a minute  or two. When shifting 
the voltage from OCP in the anodic direction by a 
s imilar  amount,  but  not yet  to PP, we noticed the 
current  took several minutes  to come to equil ibrium. 
Once PP was passed, the current  at any fixed voltage 
took considerably longer to come to equi l ibr ium while 
anodic-oxide growth took place. In  Fig. 9, results are 
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Fig. 9. A series of I-V curves for sample 39. Curve 1 is the full 
I -V curve; curve 2 is obtained immediately after completion of 
curve 1 showing teat the passivation peak is gone. Curves 3-8 are 
partial sweeps of the I-V curves in sequence stopping at more 
anodic voltages each time. The initial current begins to deviate with 
the start of curve 5. This deviation is even more substantial at the 
beginning of curve 6 after curve 5 was stopped within 0.05V of the 
PP. The beginnings of curves 7 and 8 have deviated drastically 
from curve ! since an anodic oxide has formed, but it etches off 
before the run is completed. 

shown for systematic sweeps of applied potent ial  for 
sample 39. While this sample was an example of 
double peaks, the same kind of results was obtained 
for s ingle-peak samples also. Curve 1 is the s tandard 
I-V curve run  from --1.2 to --0.1V to produce an 
ano dic oxide at a sweep rate of 0.025 V/min.  Curve 2 
(dashed line) is the immediate  re run  of the sample, 
s tar t ing again at --1.2V. The oxide causes a large 
shift in OCP, and the passivation peak is gone. In the 
0.7V in terval  from --1.2 to --0.5V taking 14 min  unti l  
curves 1 and 2 coincided, the oxide did not etch back 
completely. The sequence of curves 3-8 have been 
shifted for clarity and represent  systematic runs from 
--1.2V cathodic to anodic voltages in steps of 0.05- 
0.2V fur ther  each time. For example, at the end of 
curve 3, the voltage was moved to the beginning of 
curve 4, and the run  was repeated a little further  
anodic this time. The results indicate that the cathodic 
current  began to deviate from its initial  value (--12.5 
~A/cm 2) for curve 5 after curve 4 has been completed 
to the first cur rent  maximum. At the start  of curve 6 
after curve 5 had been completed to within 0.05V 
of the PP, the cur ren t  had departed significantly. When 
passivation began at the end of curve 6, curve 7 
showed drastic departure  from the original shape of 
the I -V curve. During the course of a run, the curve 
would begin to retrace the curves previously run,  if 
complete etch back occurred. 

A similar  approach was used by Turner  (47) to 
s tudy Ge in H2SO4. There, the voltage was monitored 
as a constant  current  was reversed from anodic to 
cathodic. The electrode potential  increased as a func-  
tion of t ime and leveled off after switching from anodic 
to cathodic. This behavior  was at t r ibuted to the re-  
m o v a l  of a monolayer  of hydride or oxide. 

We in terpre t  our results as the formation of an 
adsorbed layer prior to actual anodization. Since it is 
suggested (17, 18) that silicates are formed in etch- 
ing, the adsorbed layer  might consist of such silicates 
which are converted to silicon dioxide when the 
voltage passes PP. Such a sequence has been hypothe-  
sized by Harvey and Kruger  (38) to explain ellipso- 
metric data for the passivation of GaAs surfaces. In 
this case, a prepassive film was noted in the vicinity 
of PP  ___ 0.05V before rapid anodization took place 
between PP and FP. The sequence in the act ive-to-  
passive t ransi t ion is suggested to be dissolution of 
the semiconductor,  accumulat ion of the  soluble prod- 
ucts, nucleat ion on the surface, deposition from a 
super-sa tura ted  solution, stabil ization of this film, 
and fur ther  growth as the applied potential  is in-  
creased beyond the FP. 

Discussion 
In thermal  oxidation, it is well established that 

ini t ial  l inear  growth rates for {111} surfaces are about 
a factor of two larger than for {100} surfaces (48). 
This is not understood in detail in light of the known 
n u m b e r  of unsatisfied dangling bonds on these sur-  
faces, one for {111} and two {100}, or the correspond- 
ing n u m b e r  of back bonds (49) which need to be 
broken to grow an oxide, three for {111} and two for 
{100}. Growth proceeds by diffusion of oxygen species 
through the oxide to the Si-SiO2 interface. At lower 
temperature,  this difference in oxidation rates is even 
more striking, being as large as 10:1. It  is this ob- 
servation which prompted Kendal l  (3) to propose 
that  in the etch solution an oxide film grows more 
rapidly on the {111} surface than on the {100} surface 
and is responsible for the difference in etch rates. We 
agree with this approach except to note that we may 
be dealing with a prepassive layer  of monolayer  thick- 
ness of sti l l  unde te rmined  structure. 

The anodization process has been shown to be more 
complicated than thermal  oxidation. For  example, by 
using t r i t ium tagged hydroxyl  groups in a "dry" (no 
H20) electrolyte, Schmidt and Ashner  (34) have de- 
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t e rmined  tha t  at  low electr ic  fields ( <  1.5 • 107 V /  
cm) ,  g rowth  takes  place  b y  diffusion of h y d r o x y l  ions 
th rough  the oxide  to the  Si-SiO2 interface.  By g row-  
ing an  anodic oxide  in a phosphorus  tagged e lec t ro ly te  
and in a non tagged  e lec t ro ly te  and t rac ing the phos-  
phorus,  Schmid t  and  Owen (50) showed tha t  a t  h igh 
e lect r ic  fields ( ~  2 X 107 V/cm)  oxide  growth  was 
by  diffusion of Si cations th rough  the oxide to the  
SiO2-elect rolyte  interface.  We are  not aware  of any  
s imi la r  s tudy  of an aqueous e lect rolyte ,  and  de ta i led  
comparisons p r o b a b l y  cannot  be made be tween  aque-  
ous and nonaqueous  electrolytes .  The s imi lar i t ies  be -  
tween  a prepass ive  film formed be tween  OCP and PP  
and the t rans i t ion  l aye r  be tween  the  Si and SiO~ when  
an anodic oxide  is fo rmed a re  not  obvious. In  the  
fo rmer  case, we expect  some sor t  of s i l icate  mono-  
layer .  The t rans i t ion  layer  for  a the rmal  oxide is an 
S i - r i ch  oxide ~-7A th ick  (26, 28) of suggested s t ruc-  
ture  SiOx. The work  of Revesz (51) indicates  that  the 
s t ruc tu re  of t he rma l  oxides does depend  on the sub-  
s t r a te  or ien ta t ion  to thicknesses  l a rge r  than the 
t rans i t ion  layer  if wa te r  contamina t ion  dur ing  oxi -  
da t ion  is kep t  ve ry  low. This suggests  that  the  t r ans i -  
t ion layers  themselves  m a y  have  different  p rope r -  
t ies for different  surfaces.  Except  for  the obvious 
w a t e r  contaminat ion,  t ak ing  this  one s tep fu r the r  im-  
p l ies  tha t  the  prepass ive  films m a y  have different  
p roper t ies  on different  surfaces  which could account 
for the  observed  differences in cur ren t  densit ies,  for  
example .  

The fact  tha t  the resul ts  are  not  dependent  on f ree-  
ca r r i e r  type  suggests tha t  the band -bend ing  effects 
are  smal l  and do not  exc lus ive ly  de te rmine  the elec-  
t r ica l  conduct iv i ty  of the surfaces.  The t rend  is cor-  
rect  to suggest  that  the  film is more  pro tec t ive  for the 
{111} sur face  and, therefore ,  the  etch ra te  nea r  P P  
should be lower  for  {111} than  for  {100} surfaces.  A 
useful  expe r imen t  here  would  be a measuremen t  of 
the b i a s -dependen t  etch ra te  for  (111} and {100} 
surface  f rom OCP to FP.  We would  expect  the etch 
ra te  to drop as the vol tage  was var ied  f rom OCP to 
PP and once anodizat ion s tar ted,  to p lummet  toward  
0.1 A / m i n .  A h in t  of this has been given by  Hurd  and 
W r o t e n b e r y  (20) for  an n { l l l }  Si surface in aque-  
ous KOH, but  not  enough da ta  points  were  obta ined  
to show detai ls .  

Conclusions 
A large  number  of n -  and p - t y p e  Si wafers  of 

{100} and {111} or ienta t ion  ranging  in doping dens i ty  
f rom 1014 to 1021 cm -8 have been used to de te rmine  
I -V  curves.  Al l  {100} surfaces  regard less  of doping 
dens i ty  or  type  be low 10 e~ cm -3 show single  P P  
peaks,  whi le  al l  {111} surfaces regard less  of car r ie r  
dens i ty  or  type  be low 1020 cm -8 show double  peaks.  
The peak  PP  cur ren t  is ~91 ;~A/cm 2 on al l  {100} sur -  
faces, whi le  it  is , ,15 ~A/cm2 on al l  {111} surfaces. 
We conclude tha t  a prepass ive  layer  forms on the 
{111} surface  which  l imits  the current  and slows the 
etch ra te  in compar ison to the  {100} surface.  Repet i t ive  
sweeping of the  I -V curves  f rom cathodic to the P P  
hint  tha t  a prepass ive  l aye r  is forming in the vic ini ty  
of the PP  --  O.05V. 

El l ipsometr ic  measurement s  indicate  tha t  a f te r  
e tching at  OCP and then sweeping  the  potent ia l  to 
PP, the  oxide  p r o b a b l y  grows quickly  to ,-,20A be-  
tween  PP  and FP.  F rom this point,  the growth  ra te  
is N6.8 A / V  to 4V and then  r ap id ly  increases  to ,~41.7 
A / V  in the  range 6-15V. Beyond the PP, al l  surfaces 
n, p, {100}, {111} show the same  thickness  of oxide  
at the same poten t ia l  f rom PP. Al l  surfaces show the 
same magni tude  of cur ren t  at  the  same oxide  thickness  
to about  4V. Above  4V, the  cur ren t  for p - t y p e  sam-  
ples becomes l a rge r  than the cur ren t  for n - t y p e  
samples  bu t  the  oxides s t i l l  g row to the  same thickness.  

E t ch -back  of the  anodic oxide at OCP con.ditions 
gives an e t ch -back  ra te  of ,~0.6 A / m i n  compared  to 

an e t ch -back  ra te  of ~0.1 A / m i n  for  a the rmal  oxide, 
imply ing  a less-dense  s t ructure .  
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Polycrystalline Silicon Micromechanical Beams 
R. T. Howe and R. S. Muller 

Department of Electrical Engineering and Computer Sciences, and the Electronics Research Laboratory, University of 
California, Berkeley, California 94720 

ABSTRACT 

Using the conventional MOS planar process, miniature cantilever and doubly supported mechanical beams are fabri- 
cated from polycrystalline silicon. Poly-Si micromechanical beams having thicknesses of 230 nm to 2.3/~m and separated by 
550 nm to 3.5/~m from the substrate are made in a wide range of lengths and widths. Two static mechanical properties are 
investigated: the dependences of maximum free-standing length and beam deflection on the thickness of the beam. By 
annealing the poly-Si prior to beam formation, both of these properties are improved. Nonuniform internal stress in the 
poly-Si is apparently responsible for the beam deflection. 

A novel method is described for making eantilever 
and doubly supported micromechanical beams from 
polycrystalline silicon (poly-Si). Only two masking 
steps are needed, as illustrated in Fig. 1. The first step, 
Fig. la, opens windows in an oxide layer grown or de- 
posited on the silicon wafer. Next, poly-Si is deposited 
and plasma-etched in a second masking step, leaving 
the cross-section of Fig. lb. Immersing the wafer in 
buffered HF removes all oxide, undercutting the poly- 
Si layer and creating the cantilever beam, illustrated 
in Fig. lc. Doubly supported beams, Fig. td, are made 
by including a second oxide window at the opposite 
end of the beam. 

For several reasons, this technique for making poly- 
Si beams is a useful addition to silicon micromechanics 
technology. First, poly-Si is widely used in MOS inte- 
grated circuits and a well-developed technology exists 
for depositing it in thin films and controlling its elec- 
trical properties. Second, the piezoresistivity of poly-Si 
could be utilized in integrated sensors; a monolithic 
pressure transducer basea on a poly-Si membrane has 
already exploited this property (1). Finally, the simple 
fabrication process outlined above uses only conven- 
tional MOS planar technology which greatly simplifies 
the integration of micromechanical beams and MOS 
circuitry. This compatibility with standard processing 
contrasts with beam fabrication techniques based on 
anisotropic etchants (2, 3). MOS transistors have been 
fabricated adjacent to miniature cantilever beams 
made by anisotropic etching of the epitaxial silicon 

Key words: mechanics, membrane, integrated circuits. 

underlying a patterned, etch-resistant layer (4). How- 
ever, the use of an epitaxial layer and anisotropic 
etchants in this earlier work represents a substantial 
departure from the conventional MOS process. 

To assess fully the potential of this new technique, 
both the static and dynamic mechanical properties of 
poly-Si beams should be determined. This study in- 
vestigates the static properties by fabricating poly-Si 
beams having a wide range of dimensions. In particu- 
lar, the dependences of maximum free-standing beam 
length and cantilever beam deflection on the thickness 
of the beam are determined. A more complex process, 

Mask I. Beam base areas. 

K/Si02 
,4 i X:.:.'~..'.. :. ~ ~ ~ ~ ~W..::...: 

<Si> 

Mask 2. Poly-Si patterned. 

poly- Si-~ 

<Si> 

(a)  (b) 

Poly-Si Cantilever Beam Poly-Si Doubly-Supported Beam 
-Base .--Beam (Bridge) 

<Si) <Si> 

(c)  (d) 

Fig. 1. Poly-Si microbeam fabrication 
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including an MOS circui t  for  sensing the beam v ib ra -  
tions, is being developed to invest igate  the dynamic  
propert ies .  Resul ts  for  Young's modulus  and fa t igue 
character is t ics  of po ly -S i  mic romechan ica l  beams wil l  
be r epor ted  later .  

Fabricat ion 
We now descr ibe  po ly -S i  beam fabr ica t ion  in more  

detail .  In  o rder  to minimize  stress concentra t ion  du r -  
ing flexing, the s tep in the  po ly -S i  beam, shown in 
Fig. lc, should  be gradual .  This considerat ion makes  i t  
des i rable  to have  a t ape red  ox ide -window edge. Two 
process runs wi th  different  o x i d e - l a y e r  composit ions 
are  made.  F igure  2 i l lus t ra tes  the resul t ing  ox ide-  
window edges, as observed  wi th  a scanning-e lec t ron  
microscope. In  the first run,  the oxide  l aye r  is one-  
th i rd  wet  t he rma l  SiO2 and two- th i rds  CVD SIO2. The 
l a t t e r  is densified at  975~ for  20 min  af te r  deposit ion.  
In the second run,  a more  g radua l  edge profile is ob-  
ta ined  wi th  an oxide  l aye r  consist ing of 10% the rma l  
SiO2 and 90% phosphosi l icate  glass (about  8.75% phos-  
phorus  content ) .  The thin, r ap id ly  etching surface 
l aye r  needed  for a t ape red  ox ide -window edge is 
created by  a l o w - e n e r g y  argon implan t  (5). The  phos-  
phosi l icate  glass is densified at l l00~ for 20 min  pr io r  
to the argon implant .  

The po ly -S i  thin film is deposi ted  b y  pyrolys is  of 
si lane at  a t empe ra tu r e  of 640~ and a pressure  of 600 
mTorr ,  resul t ing  in a deposi t ion ra te  of a p p r o x i m a t e l y  
10 nm min -1 and a gra in  size of 30-50 nm (6). No high 
t empe ra tu r e  processing is done a f te r  po ly -S i  deposi -  
tion, except  for  one sample  having  a 3.5 #m oxide l aye r  
and a 2.0 #m po ly -S i  layer .  In  this case, the wafer  is 
annea led  a t  l l00~ in N2 for 20 rain p r io r  to immers ion  
in buffered HF. 

In  o rde r  to es tabl ish the d imensional  l imi ta t ions  on 
po ly -S i  beams,  a wide va r i e ty  of beams  have  been  
fabr ica ted  in the  two process runs. Severa l  combina-  
tions of oxide and po ly -S i  thicknesses,  l is ted in Fig. 3, 
were  used. The f i r s t - run  cant i levers  are  T-shaped  wi th  
the cross b a r  a t  the  free end (cf. Fig. 5). They  range  
in length  f rom 25 to 200 #m, wi th  var ious  widths.  Both 
s imple cant i levers  (wi thout  cross bars )  and br idges  
are  included on second- run  masks.  These cant i levers  
are  25-400 ~m long, and the br idges  range f rom 100 to 

500 ~m in length.  Severa l  ser ies  of beams are  included 
in which  length  or wid th  is va r i ed  with  the o ther  di-  
mension being he ld  constant.  Al l  cant i levers  have  
bases as long as the beams (cf. Fig. lc )  except  for  
one second- run  series  in which  the base length  has 
been progress ive ly  shortened.  

Results 
All  of the combinat ions of oxide and po ly -S i  th ick-  

nesses l is ted in Fig. 3 produce  some f ree - s t and ing  
po ly -S i  beams. No cracking is seen at  the s tep  in the 
poly-Si ,  even for f i r s t - run  cant i levers ,  in which  the 
ox ide -window edge is ve ry  ab rup t  (cf. Fig. 2). Long 
bases for po ly -S i  cant i levers  are  not  needed,  as demon-  
s t ra ted  by  the series of cant i levers  wi th  shor tened 
bases. Fo r  al l  the combinat ions  enumera ted  in Fig. 3, 
a 5 #m long base is sufficient for  a f r ee - s tand ing  cant i -  
lever  which is 45 #m long and 20 #m wide. 

Scanning-e lec t ron  micrographs  of four  r ep resen ta -  
t ive cant i levers  are  shown in Fig. 4. These beams are  
60 #m long, 800 nm thick, and are  3.5 ~m above the 
silicon substrate .  Widths  range f rom 25 ~m for the le f t -  
most  beam to 60 ~m for the r igh tmost  one. The bases 
a re  at  the lower  r ight ,  and the s teps  in the po ly -S i  a re  
c lear ly  visible.  We wil l  discuss l a te r  the u p w a r d  de-  
flection of  these beams which can be seen  in Fig. 4. 

An  ape r tu red  po ly -S i  beam is shown in Fig. 5. The 
T- shaped  cant i lever  is 100 #m long, 40 #m wide,  2.3 #m 
thick, and has a 2 #m gap be tween  beam and substrate .  
No special  care in r ins ing or  d ry ing  the wafer  af ter  
undercu t t ing  the beams is t aken  for the  first process 
run, which produced  this beam. An  ape r tu red  cant i -  
l ever  is of in teres t  for  cer ta in  sensor appl ica t ions  (7) 
and the beam shown in Fig. 5 demons t ra tes  the feasi-  
b i l i ty  of this concept. 

Very  thin po ly -S i  layers  can cover  la rge  oxide  steps 
and form f ree - s tand ing  micromechanica l  beams,  as can 
be seen in Fig. 6. The cant i lever  in Fig. 6 is 25 #m long 
and only 230 nm thick wi th  a 3.5 #m separa t ion  be -  
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Phosphosilicate--/~ 
,..,,,"Thermal SiO2 gloss . / /  
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Fig. 2. Oxide-window edges for both process runs 

Fig. 4. Poly-Si cantilevers: 60 #m long, 800 nm thick, with a 3.5 
#rn beam-substrate gap. 
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Fig. 6. Thin poly-Si cantilever: 25 #m long, 230 nm thick, with a 
3.5 #m beam-substrate separation. 

tween beam and subst ra te .  Some debr is  f rom scr ib ing 
is visible on top of the beam and var ia t ions  in the  
ox ide -window edge have been reproduced  in the thin 
po ly -S i  layer .  This beam is f rom a process run  in 
which the wafers  a re  d ipped in wa te r  a f te r  e tching in 
buffered HF and dr ied  under  an in f ra red  lamp.  

Beyond a cer ta in  length,  both cant i levers  and  
br idges  are  observed e i ther  to deflect d o w n w a r d  and 
u l t ima te ly  contact  the subs t ra te  or to deflect u p w a r d  
severely.  This l imi t ing  length,  defined as the m a x i m u m  
f ree - s t and ing  length  Lm, is r epea tab le  f rom die to die 
wi th in  a wafer .  I t  is observed that  Lm depends  s t rongly  
on the thickness of the beam. Wid th  and b e a m - s u b -  
s t ra te  gap do not  have a r epea tab le  influence on Lr, 
in the first two process runs. However ,  the m a x i m u m  
f ree - s tand ing  length  is p robab ly  sensi t ive to process-  
ing detai ls ,  such as the po ly -S i  deposi t ion condit ions 
and the oxide etching procedure.  The resul ts  obta ined 
here  are,  nonetheless,  useful  as guidel ines  for  eva lua t -  
ing po ly -S i  beam technology.  

In  o rde r  to de te rmine  Lr, as a funct ion of thickness 
for these po ly -S i  beams,  a series of 15 ;~m wide cant i -  
levers  and  br idges  wi th  increas ing lengths were  in-  
vest igated.  The average  of the lengths  of the longest  
r epea t ab ly  f r ee - s t and ing  beam and the nex t  longer  
beam is an empi r ica l  es t imate  of Lm. This measurement  
is p lo t ted  against  beam thickness for  both  cant i levers  
and br idges  in Fig. 7. The curves in Fig. 7 are  em-  
p i r ica l  fits to the da ta  and are  given b y  

%/4500t for  cant i levers  

Lm = , [ t ]  

h/ l l ,500t  for br idges  

where  t (#m)  is the beam thickness and Lm(;~m) is the 
m a x i m u m  f ree - s t and ing  beam length.  Cant i levers  or  
br idges  located above the re levan t  curve in Fig. 7 can-  
not  be used, since they  wil l  touch the subs t ra te  or  be 
severe ly  deflected. Note that  the sample  which is an-  
nea led  before  the  beams are  undercu t  shows subs tan-  

t ia l  increases in m a x i m u m  f ree - s t and ing  lengths  for  
both  cant i levers  and  bridges,  as ind ica ted  by  the filled 
symbols  in Fig. 7. As ment ioned  above, these results  
are  p rocess :dependen t  and therefore  should be con- 
s idered  as f i r s t -order  guidelines.  

Cant i lever  po ly -S i  beams with  lengths  less than Lm 
deflect upward ,  away  from the substrate ,  as can be 
seen in Fig. 4 and 6. Scanning-e lec t ron  micrographs  
indicate  that  the deflection curve is parabol ic  for smal l  
t ip deflections (less than  one - t en th  of the beam 
length) .  In addit ion,  the t ip deflections of cant i levers  
of constant  thickness  are  p ropor t iona l  to the squares  
of the i r  lengths.  These resul ts  suggest  the presence of 
an  in t e rna l  bend ing -momen t  Mi in the po ly -S i  beams, 
since a t ip deflection y given by  

6Mi/.fl 
y = [2] 

Ev t ~ 

where  L is the cant i lever ' s  length, t its thickness,  and 
Ev its Young's  modulus,  is p red ic ted  for  this case (8). 
The physical  or igin for  the bending  moment  Mi is dis-  
cussed later .  

I t  is convenient  to use the quan t i ty  ( y / L  ~) to charac-  
terize beam deflection, since it is independen t  of beam 
length.  The inset  in Fig. 8 defines the t ip deflection 
measurement ,  and the plot  shows the var ia t ions  of 
(u/L e) with  beam thickness for both  first- and second- 
run cant i levers .  According to Fig. 8, th icker  beams de-  
flect less at  a given length, as one would  expect.  As 
before,  annea l ing  the sample  affects the stat ic me-  
chanical  p roper t ies  of po ly -S i  beams. This is indica ted  
by  the filled circle in Fig. 8. In contras t  to the unan-  
nea led  sample  of the same thickness no measurab le  
deflection is observed for  cant i levers  shor te r  than  Lm 
on the annealed  wafer.  These cant i lever  deflection re -  
sults also are  sensi t ive to processing detai ls  and should 
be in t e rp re t ed  accordingly.  

Discussion 
Micromechanical  can t i lever  and doubly  suppor ted  

beams can be fabr ica ted  f rom po ly -S i  using a process 
that  is compat ib le  wi th  MOS p l ana r  technology. This 
compat ibi l i ty ,  the s imple  beam-fab r i ca t ion  process, 
and the p iezores is t iv i ty  of po ly -S i  make  these s t ruc-  
tures  a t t rac t ive  for si l icon micromechanics .  In  par t i cu-  
lar, an in tegra ted  sensor  for  organic  vapors  is being 
fabr ica ted  which incorpora tes  a resonant  po ly -S i  cant i -  
lever  (7). 

Two stat ic p roper t ies  of these beams have been  in-  
vest igated,  the m a x i m u m  length  for  a r e l i ab ly  f ree-  
s tanding  beam, and the bu i l t - in  deflection of cant i -  
levers.  The observed deflection is consistent  wi th  the 
presence of an in te rna l  bending  moment  which is 
p lausible  as the resul t  of nonuni form in te rna l  stress 
across the po ly -S i  layer .  In t e rna l  stress in a thin film 
arises f rom mismatches  in t he rma l - expans ion  coeffi- 
cients and f rom nucleat ion and  growth  phenomena  (9). 
Annea l ing  at  l l00~ for 20 min  before  undercu t t ing  
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the beams wi th  buffered HF  increases the m a x i m u m  
f ree-s tanding  length  and el iminates  the bu i l t - in  de- 
flection for beams shor te r  than Lm. This anneal ing pro-  
cedure is sufficient to reflow the phosphosil icate glass 
layer  undernea th  the poly-Si  layer  and cause recrys-  
tal l ization of the poly-Si ,  both of which may help to 
re lax the nonuni form internal  stress. Diffusion of phos- 
phorus f rom the glass into the poly-Si  will  occur dur-  
ing this re la t ive ly  severe  anneal, which may  be un-  
desirable for certain applications. Addi t ional  research 
is needed to de termine  the min imum tempera tu re  and 
t ime requi red  for stress re laxat ion in the poly-Si  film. 
However ,  beams of useful  sizes can be made wi thout  
any post-deposi t ion t rea tment  of the poly-Si ,  as is 
demonst ra ted  in Fig. 4-6. The dynamic propert ies  of 
poly-Si  micromechanica l  beams are cur ren t ly  being 
investigated,  and the results wil l  be reported later. 
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ABSTRACT 

The diffusion coefficient of oxygen in ~-titanium was measured in the range 460~176 by means of nuclear microanal- 
ysis from the reaction ~O(d,p)l~O *. A new application of this method allows the determination of a comPlete diffusion 
profile, along about 2 ~m, from a single proton spectrum. The results provide a value of diffusion coefficient consistent 
with a bulk diffusion process, with an activation energy of 48 kcaYmol, over the temperature range from 200 ~ to 950~ 

The high temperature oxidation of a-titanium, with high 
current crystalline structure, gives a multi layered oxide 
film comprising several oxide species (1, 6). Moreover, a 
diffusion and dissolution of oxygen into the metal occurs 
under the oxide film, the oxygen atoms occupying the in- 
terstitial sites of the metal lattices. Thus, the oxygen con- 
centration decreases continuously from the metal-oxide in- 
terface to the metal  center. In order to understand the 
oxidation mechanism of titanium, it is necessary to analyze 
the two elementary mechanisms: growth of external oxides 
on one hand and formation of the oxygen-metal solid solu- 
tion on the other hand. 

Several investigations have been previously carried out 
on the oxygen diffusion phenomenon (2, 7-16). The values 
of the diffusion coefficient D published by other authors 
shows a considerable scatter and hence in those for the acti- 
vation energy, but this dispersion is perhaps related to the 
corresponding diversity in the experimental  methods. The 
value previously mentioned were all obtained for tempera- 
tures higher than 650~ For temperatures ranging between 
250 ~ and 400~ other values of the oxygen diffusion 
coefficient were calculated from stress strain aging experi- 
ments (17, 18). It can be noted that the corresponding plots 
fit quite well with those of Ref. (16), which were obtained 

Key words: oxidation, diffusion, nuclear reactions, titanium. 

on the same material from experimental  diffusion profiles. 
These values were directly measured, point by point, thus 
increasing their accuracy. Between 400~176 there re- 
mains a temperature range where the diffusion coefficient 
values are unknown. However, two D values for the temper- 
atures of 420 ~ and 490~ have been obtained by Bertin (19) 
from calculations based upon internal friction measure- 
ments. Our results, and some others, are plotted in Fig. 1. 

Thus, our purpose was to perform experiments in an in- 
termediate temperature range, by means of a special appli- 
cation of nuclear microanalysis. The results obtained in this 
way cover the range from 460 ~ to 700~ 

Experimental 
Specimens of rolled Kroll titanium, containing 930 ppm 

of oxygen ,  were  supp l i ed  by Cezus (Pech iney-Ugine -  
Kuhlmann) under the trademark UT 40. In order to deter- 
mine  the d i f fus ion  profi les,  they  were  p rev ious ly  
anodically oxidized, then heated under vacuum to permit 
oxygen diffusion. In this case, the oxide layer acts as an in- 
exhaustible oxygen source and the concentrations on each 
side of  the metal-oxide interface remain constant. 

In the temperature range studied here (460~176 the 
diffusion t reatment  times were selected in such a manner 
that the oxygen diffusion profiles into the metallic matrix 
should not exceed 2 ]~m in depth. The nuclear microanaly- 
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Fig. 1. Diffusion coefficient of oxygen in c~-titonium vs. temperature, 

by several authors, in the range 250~176 1, (16); 2, (17,18); 3, (19); 
4, this study. 

sis da ta  ( e n e r g y - d i s p l a c e m e n t  r e l a t i o n s h i p s  for  c h a r g e d  
par t ic les  p e n e t r a t i n g  t he  meta l )  are s u c h  t h a t  i t  is t h e n  pos- 
s ib le  to o b s e r v e  t he  c o m p l e t e  profiles,  w i t h o u t  g r i n d i n g  
t he  samples .  Moreover ,  it is also poss ib l e  to s t u d y  in th i s  
m a n n e r  t he  d i f f e ren t  ra tes  of  o x y g e n  d i f fus ion  in to  t he  b u l k  
a n d  in to  t he  ox ide  film. 

S p e c i m e n  p r e p a r a t i o n . - - T h e  prec i se  ana lys i s  of  t h e  im- 
pur i t i e s  in  t he  t i t a n i u m  used  in th i s  s t u d y  is g iven  in  Tab le  I. 
As t he  in i t ia l  s ta te  of  t he  me ta l  su r face  h a s  a c o n s i d e r a b l e  
in f luence  on  i ts  s u b s e q u e n t  behav io r ,  all t h e  s a m p l e s  were  
p r e p a r e d  as follows: m e c h a n i c a l  po l i sh ing  w i t h  c a r b o r u n -  
d u m  p a p e r  (grit  320), h e a t i n g  u n d e r  v a c u u m  (10 -6 Torr);  2 
hr/800~ m e c h a n i c a l  po l i sh ing  (grit  1000), e lec t ro ly t ica l  
p o l i s h i n g  in a so lu t ion:  33% HF, 19% H2SO4, 48% lact ic  
acid/10 min ,  5~ 16V, 0.2 A/cm 2. Th i s  p r e p a r a t i o n  p roce s s  
y ie lds  an  o p t i m u m  sur face  m i c r o g e o m e t r y  w i th  m i n i m u m  
c o n t a m i n a t i o n  b y  l igh t  e l e m e n t s  s u c h  as oxygen ,  ca rbon ,  
n i t rogen ,  or  f luor ine  (20). 

The  s a m p l e s  we re  t h e n  anod ica l ly  ox id ized  u p  to 100V at  
r o o m  t e m p e r a t u r e ,  u s i n g  an  e lec t ro ly te  m a d e  u p  of  100g bo- 
r a x  (Na~B,OT, 10 H20) ,  d i s s o l v e d  a t  80~ in  1 l i t e r  o f  
d i e t h y l e n e g l y c o l  (HO-C2H4-O-C2HcOH) (21). T he  o x y g e n  
c o n t e n t  of  the  r e s u l t i n g  ox ide  layers  was  t h e n  d e t e r m i n e d  
by  m e a n s  of  n u c l e a r  mic roana lys i s ,  before  p e r f o r m i n g  t he  
d i f fus ion  t r e a t m e n t .  I n t e r f e r en t i a l  colors  were  obse rved .  
Final ly ,  t h e  s a m p l e s  were  a n n e a l e d  u n d e r  a v a c u u m  of  10 -G 
Torr,  in  t he  p r e v i o u s l y  i n d i c a t e d  t e m p e r a t u r e  range ,  for  dif- 
f e r en t  t i m e s  t g iv ing  va lues  of  ~ / D t  c o m p r i s e d  b e t w e e n  
0.3 a n d  2 ~m,  t he se  va lues  b e i n g  idea l  for  the  m e t h o d  em-  
p loyed  here .  I t  s h o u l d  be  no t i c ed  t h a t  t he  t e m p e r a t u r e  
r a n g e  s tud ie s  was  lower  t h a n  t he  a --~ fl t r a n s i t i o n  t e m p e r a -  
t u r e  for t i t a n i u m .  

Nuc lear  m i c r o a n a l y s i s . - - O x y g e n  was  ana lyzed  b y  m e a n s  
of t he  n u c l e a r  r eac t ion  '60(d,p)170*, p e r f o r m e d  wi th  a 900 
k e V  d e u t e r o n  beam.  T he  e n e r g y  spec t r a  of  t he  e m i t t e d  pro- 

t o n s  were  r e c o r d e d  at  a 150 ~ angle.  The  gene ra l  f ea tu res  of  
t he  m e t h o d ,  a n d  its app l i ca t ion  to t he  m e a s u r e m e n t  of  dif- 
fus ion  prof i les  can  be  f o u n d  in Ref. (22, 23). In  t h e  lat ter ,  t h i s  
m e t h o d  was  genera l ly  app l i ed  to t he  d e t e r m i n a t i o n  of  diffu- 
s ion prof i les  c o v e r i n g  d e p t h s  of  severa l  h u n d r e d  mic rons ,  
w i t h  t he  he lp  of  success ive  ope ra t i ons  of  m e c h a n i c a l  gr ind-  
ing  of  t he  samples .  In  fact, t h e  m o s t  c o n v e n i e n t  d e p t h  for 
e ach  d e t e r m i n a t i o n  is less t h a n  2 ~m;  i f  t he  c o n c e n t r a t i o n  
profi le  s t u d i e d  does  no t  e x c e e d  th i s  l imit ,  i t  is pos s ib l e  to 
d e t e r m i n e  all i ts  p a r a m e t e r s  by  m e a n s  of  a s ingle  ana lys i s  
(24, 25). To do this ,  we  a s s u m e  in  fac t  t h a t  the  profi le  is 
k n o w n ,  t h u s  a l lowing  us  to ca lcu la te  a par t ic le  e n e r g y  spec- 
t r um,  s imi la r  to t he  e x p e r i m e n t a l  one. This  s i m u l a t i o n  in- 
vo lves  p r inc ipa l ly  two ca lcu la t ions  of  t he  e n e r g y  loss for t he  
c h a r g e d  par t i c les  t h r o u g h  the  m a t t e r  ( d e u t e r o n s  a n d  pro- 
tons),  a n d  t he  c o n v o l u t i o n  of  a t heo re t i ca l  idea l  s p e c t r u m  
b y  a G a u s s  f u n c t i o n  (inst1~umental funct ion) .  The  calcula-  
t ed  s p e c t r u m ,  then ,  has  to be  f i t ted to t he  e x p e r i m e n t a l  
one, b y  a d j u s t i n g  t he  in i t ia l ly  a s s u m e d  c o n c e n t r a t i o n  
profi le  (26). To p e r f o r m  th i s  work ,  a c o m p u t e r  p r o g r a m  has  
b e e n  used.  

In  fact, t h e  d e p t h  of  t he  profi le  m a y  e x c e e d  the  l imi t s  of  
e a c h  ana lys i s  to  a sma l l  e x t e n t  b e c a u s e  f i t t ing accu racy  is 
on ly  n e c e s s a r y  in t he  r ange  w h e r e  t he  c o n c e n t r a t i o n  de- 
c reases  rapidly ,  w h i c h  is no t  t he  case  for  t he  g rea tes t  
dep ths .  

Results and Discussion 
First ly ,  we  h a v e  ver i f ied- the  va l id i ty  of  t he  m e t h o d  em- 

p loyed  by  s t u d y i n g  a w e l l - k n o w n  s a m p l e  w i t h  a h o m o g e n e -  
ous  c o n c e n t r a t i o n  of  oxygen.  T h e  fit for  a TA6V alloy, w i th  
a 2800 p p m  o x y g e n  con ten t ,  is s h o w n  in Fig. 2. The  exper i -  
m e n t a l  s p e c t r u m  e x h i b i t s  a n a r r o w  p e a k  (A) typ ica l  of  t he  
sur face  ox ide  layer,  a n d  a p la t eau  (B) w h i c h  i nd i ca t e s  the  
c o n s t a n t  va lue  of  t he  b u l k  concen t r a t i on .  

The  f i t t ing t r e a t m e n t s  are p e r f o r m e d  on  t he  e x p e r i m e n -  
ta l  s p e c t r u m ,  af te r  r e m o v i n g  the  sur face  layer  peak .  The  
good  a d j u s t m e n t  b e t w e e n  t h e  ca l cu la t ed  c u r v e  a n d  t he  ex- 
p e r i m e n t a l  p o i n t s  is s h o w n  for  t he  c h a n n e l  r a n g e  60-110. 

In  t h e s e  cond i t ions ,  t he  e x p e r i m e n t a l  spec t r a  are f i t ted 
to a se t  of  ca lcu la ted  cu rves  o b t a i n e d  for  d i f f e ren t  x /D t  
va lues  (Fig. 3). The  a p p a r a t u s  pa rame te r s ,  s u c h  as t he  cali- 
b r a t i o n  (keV/channel ) ,  are eas i ly  i n t e g r a t e d  b y  t he  com-  
p u t e r  p rog ram.  

F i g u r e  4 g ives  a n  e x a m p l e  of  the  fit o b t a i n e d  for the  
s a m p l e  No. 6. The  s a m p l e  p a r a m e t e r s  a n d  t he  r e su l t s  are 
g iven  in  Tab le  II. All  of  t he  points ,  r e s u l t i n g  f rom the  four  
d i f f e ren t  m e t h o d s ,  fall on  a r e a s o n a b l y  s t r a igh t  l ine  w h i c h  is 
t h e  p r o l o n g a t i o n  of  t h e  l i n e  o b t a i n e d  i n  t h e  r a n g e  
700~176 i ts  e q u a t i o n  is 

D = 0.45 e x p [ -  (200 - 30) 103/RT)] cm2/sec 

I t  was  a s s u m e d  here,  as a first a p p r o x i m a t i o n  for  calcula-  
t i ng  t he  D values ,  t h a t  t he  o x y g e n  c o n c e n t r a t i o n  profi les  
we re  erfc func t ions ,  a n d  m a y  be  w r i t t e n  

X ~-XO 
erfc - - _ _  

C - Co 2~/Dt  

Cs - Co xo  
erfc 

2 ~ /Dt  

w h e r e  C a n d  Cs are, respect ive ly ,  t he  c o n c e n t r a t i o n  va lues  
as m e a s u r e d  a n d  at  t he  me t a l -ox ide  in ter face ;  Co t he  in i t ia l  
o x y g e n  c o n c e n t r a t i o n  in t he  meta l ,  a n d  xo  t h e  d i s t ance  be-  
t w e e n  th i s  i n t e r f ace  a n d  t he  in i t ia l  su r face  of  t he  sample ,  x 
is t h e  e x p e r i m e n t a l  d e p t h  o f  a n a l y s i s  t a k e n  f r o m  t h e  
in terface .  

Table II. 

Temper- 
Sample ture 

n r (~ Time ~ (~m) D (cm2/sec) 

Table I. 

Impurities O Fe N H C Si 

Rate 930 650 150 50 170 250 
(ppm weight) 

1 700 37 rain 1.632 1.2 x I0-" 
2 700 2 hr29 rain 2.674 8.0 x 10 -'2 
3 648 4 hr I0 rain 0.794 4.2 x 10 -13 
4 616 20hr25min 2.711 1.0 x 10 -12 
5 562 87hr45min  2.103 1.4 x 10 -'3 
6 540 70hr34min  0.873 3.0 • 10  - '4 
7 502 50 hr 19 min 0.504 1.4 x 10 -14 
8 459 71hr35min  0.333 4.3 x 10 -'5 
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This relationship was found to be very convenient  in our 
previous studies on oxygen diffusion in t i tanium and zirco- 
nium (16, 23, 27), under  the following assumptions: con- 
stant diffusion coefficient D (independant of the oxygen 
content) and constant concentration at the interface metal- 
oxide. These studies were performed for diffusion times 
higher than the present ones, reaching 400 hr. We assume 
that the oxygen source strength is independent  of time, and 
sufficient not to limit the diffusion process. This is valid 
here, because the anodic oxide film, partially dissolved 
into the metal, is still present after the thermal diffusion 
t reatment  (Fig. 5). The corresponding theory is further dis- 
cussed in Ref. (23) and (27). 

However, for some samples, the best fit results from a 
profile which is the sum of an erfc function and of an expo- 
nential function, the latter being necessary to take into ac- 
count the spectrum range corresponding to the greatest 
depth. This particularity suggests perhaps two concomi- 
tant diffusion processes, including for example a grain 
boundary mechanism (24, 25). However, it is not easy to 
make a choice, because, as has been mentioned above, the 
fit using an exponential  function is not very different from 
this obtained with an erfc function, for high depth values. 

Finally, the understanding of the profiles by means of 
erfc functions is in agreement with our previous results ob- 
tained at higher temperatures and, especially, with those 
obtained by the strain aging method. As this latter tech- 
nique is only related to bulk diffusion, our hypothesis is 
thus reinforced. 

Conclusion 
The particularity of the method described here is that by 

using mathematical  treatment of the energy proton spectra 
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Fig. 4. Fit between a calculated and an experimental spectrum (varia- 

ble oxygen rate vs. depth, ~/Dt = 0.38/~m). 

i 

6 

oTi02 

5 ~TiOz 

~T~ 

�9 - 3 
x 

z 

2 

13.8 KeY/channel 

before diffusion 

treatment O~1i 
after diff. treat. 

as polished (n 10) �9 

40 50 60 70 80 

CHANNELS 
Fig. 5. Proton spectra at differen__tt specimen preparation times (treated 

sample: 650~ 4 hr 10 min, ~/Dt = 0.79/~m). 

it is possible to calculate the diffusion profiles completely 
to a depth of 2/~m. It is thus a very convenient  method for 
diffusion studies, where a low penetration occurs (low tem- 
perature or short diffusion time). 

The diffusion coefficient values as calculated here are in 
good agreement with the one previously obtained, at lower 
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and higher temperatures. Thus, the collection of experi- 
mental plots is therefore nearly complete from 200 ~ to 
950~ Taking into account the agreement between all these 
values, we can assume that the major diffusion process is a 
bulk one. 
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Time-Resolved Optical Reflectivity and Emissivity during and after 
Chemical Vapor Deposition of Amorphous and Crystalline Silicon 

A. M. Beers, H. T. J. M. Hintzen, and J. Bloem* 

Research Institute of  Materials, Department of  Solid State Chemistry, University of  Nijmegen, Toernooiveld N3096, 
6525 ED Nijmegen, The Netherlands 

ABSTRACT 

In the temperature region 560~176 the CVD of silicon from 2.3% Sill4 in hydrogen at atmospheric pressure was inves- 
tigated with optical techniques that were applied in situ. The crystallization of silicon layers, that grew amorphous, was 
studied during and immediately after growth with time-resolved optical reflectivity measurements.  A new expression is 
derived which applies to the optical reflectivity of a layer, that at the same time both grows and undergoes a solid-state 
transformation process. Below T' ~ 680~ the crystallization rate of 1.6 ~m thick CVD a-Si films was determined and found 
to depend on temperature with activation energy 2.9 eV. At higher temperatures, three-dimensional crystallization at nuclei, 
that were formed (Eact = 9.0 eV)  at the surface of the growing material, is investigated. Application of the generalized Avrami 
equation for growth conditions leads to a new expression for the remaining amount of untransformed material at the end of 
growth .  A l imi t ing  s teady-s ta te  s i tua t ion  is d e s c r i b e d  whe re  this  a m o u n t  d e p e n d s  only on g rowth  rate  and 
nucleation/crystallization kinetics. Additional emissivity measurements  allow the determination of the transition between 
amorphous and crystalline growth which was found to occur abruptly at T* ~ 766~ An expression is derived that describes 
the dependence of this transition temperature on growth rate. 

In situ measurement  of layer thicknesses by the detection 
of light that interfered with the layer is a widely used optical 
technique in scientific investigations as well as in indus- 
trial production control. In this paper, attention is espe- 
cially focused on light from an external source that inter- 
feres after reflection by a layer of silicon during and after 
its growth from the gas phase. As a pendant  to the tech- 
nique that applies a continuous source with a range of 
wavelengths in order to determine a stationary thickness 
(1), here single-wavelength (laser) light is used in order to 
measure stationary growth velocities (2). Actually, in these 
experimental  procedures, changes are measured in the op- 
tical pathlengths of the reflected rays upon change of 
wavelength or thickness in a given geometry. Therefore, in 
order to be able to determine layer thicknesses, the refract- 
ive index n of the material concerned should either be 

* Electrochemical Society Active Member. 
Key words: semiconductor, reflectance, CVD, phase 

transformation. 

known or be determined in a separate experiment  for the 
wavelength and temperature in question. It has been 
shown (3, 4), tha t  wi th  this  k n o w l e d g e  the  s ta t ionary  
growth veloc.ity vg of a stable deposit can be derived from 
the change of the intensity of the reflected light during 
growth according to 

v~ = Ad �9 z -1 [1] 

where during the duration �9 of one oscillation in the re- 
corded laser interference pattern the layer thickness in- 
creases with an amount  Ad = M2N, with N = (n 2 - no 2 sin 2 
(~o) ~, no is the refractive index of the gas atmosphere above 
the layer and ~bo is the angle of incidence of light with wave- 
length h. 

In a recent paper (5), evidence was presented for the ac- 
tion of two different solid-state transitions which can take 
place during the deposition of silicon by chemical vapor 
deposition (CVD) from silane, namely, (i) the annealing 
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(a-Si:H ~ a-Si) of  a hydrogena ted  surface layer which  was 
found (6) to be p resen t  dur ing g rowth  at t empera tu res  be- 
low T' (-680~ and (ii) the  crystal l izat ion of  a m o r p h o u s  sil- 
icon  a-Si ~ c-Si. In  this paper,  we repor t  on the  findings of  
our  inves t iga t ions  in connec t ion  wi th  the  lat ter  t ransi t ion 
(ii). 

Now, for s ta t ionary growth  condi t ions,  the  cons tancy  o f t  
in Eq.  [1] canno t  be taken  for granted  any longer  and the  
conven t iona l  express ion  is in need of  correct ion,  w h e n  dur- 
ing depos i t ion  a second  solid layer grows at the  expense  of 
the  first one: I f  this second layer of  mater ia l  exhibi ts  op- 
t ical  proper t ies  dis t inct  f rom the first one, a more  compli-  
ca ted  s i tuat ion arises. This is prec ise ly  wha t  will  occur  dur- 
ing g rowth  of  a m o r p h o u s  sil icon if crystal l izat ion in the  
freshly g rown layer takes  place at the  same time. Such  a 
process  could  to a cer ta in  ex ten t  expla in  the  di f ferences  be- 
tween  var ious  repor ts  on the  s t ructure  of  si l icon layers 
fo rmed  by CVD from silane. S o m e  of these  men t ion  that  the  
layers depos i t ed  are amorphous  if g rown  be low some 
defini te  t empe ra tu r e  in the  range 620~176 and crystal- 
l ine at h ighe r  t empera tu re  (7, 8): whereas ,  o thers  in form 
that  these  layers can be part ial ly crystal l ine (9, 10). The tech- 
n ique  of  t ime- reso lved  ref iect ivi ty has lately been  appl ied  
to fol low laser - induced  crystal  g rowth  kinet ics  in ion- 
imp lan ted  a m o r p h o u s  sil icon (11). In  this paper,  the  resul ts  
are r epor t ed  of  in situ observat ions  m a d e  during,  as wel l  as 
i m m e d i a t e l y  after, depos i t ions  at sys temat ica l ly  changed  
substra te  t empera tu re s  in order  to es tabl ish  whe the r  and, i f  
so, to wha t  ex t en t  crystal l izat ion takes  p lace  dur ing  deposi-  
t ion as an  a f te rg rowth  solid-state anneal  process.  To this  
end,  a n e w  m o d e l  will  be  deve loped  in order  to analyze the  
laser  in te r fe rence  pa t te rn  for the  case of  opt ical  interfer- 
ence  in a double  g rowing  layer  system. In  combina t ion  wi th  
the  resul ts  of  emiss iv i ty  measurements ,  the  t ransi t ion be- 
tween  crystal l ine and  amorphous  growth  is de te rmined .  
Finally,  a cr i ter ion Will be fo rmula ted  for the  g rowth  rate 
d e p e n d e n c e  of  this transit ion.  

Experimental Procedure 
Sil icon films were  depos i t ed  at cal ibrated surface  tem-  

pera tures  b e t w e e n  560~176 th rough  pyrolyt ic  decompo-  
sit ion of  2.3% Sill4 in hydrogen  at a tmospher ic  pressure.  
This  CVD process  was carr ied out  in a hor izonta l  water-  
cooled  reac tor  t ube  equ ipped  wi th  opt ical  quar tz  windows,  
and the  subst ra tes  were  p laced on an rf-heated,  SiC-coated 
graphi te  susceptor .  Us ing  a ray of  m o n o c h r o m a t i c  l ight  
(He-Ne laser, X = 1.15 ~m) the  in tens i ty  of  the  l ight  that  was 
ref lected by the  s p e c i m e n  dur ing  and after si l icon growth  
on the  Si~N4-coated sil icon substra te  was recorded.  For  
m a x i m u m  accuracy,  the  wave l eng th  X was chosen  as low as 
possible,  l imi ted  h o w e v e r  by a sharply  increas ing  absorp-  
t ion coeff icient  be low X = 1.1 ~m. In  addit ion,  the  t he rma l  
radia t ion emi t t ed  by the  sil icon layer on an adjacent  si l icon 
subst ra te  was recorded  for wave leng ths  be tween  1.9 and 
2.6 ~m. 

In  t h e  a p p r o p r i a t e  t e m p e r a t u r e  r e g i o n s  a n d  for  t h e  
wave l eng th  considered,  the  refract ive  indexes  of  polycrys-  
tal l ine and a m o r p h o u s  sil icon were  found  separate ly  by 
de t e rmin ing  the  m e a n  th ickness  increase per  osci l la t ion in 
the  in te r fe rence  pa t te rn  as hd ~ D/p.  The  total  layer thick-  
ness  D was m e a s u r e d  at r o o m  t empera tu r e  wi th  a Tencor  
Alpha-s tep  surface  profiler, and the  co r respond ing  total  
n u m b e r  of oscil lat ions p passed th rough  in the  t ime  of  
growth  was obta ined  f rom the  recorded  laser  in te r fe rence  
pat tern.  Growth  was con t inued  for 10.2 -+ 0.1 oscil lat ions in 
the  in te r fe rence  pa t te rn  cor respond ing  to approx ima te ly  
1.6 ~m layer  th ickness .  Af ter  g rowth  at t empera tu re s  be low 
650~ the  d rawbacks  of  l eng thy  in situ anneals  were  
evaded  by anneal ing  at a t empora r i ly  h igher  t empera ture .  
Fu r the r  detai ls  of  the  expe r imen ta l  p rocedure  have  been  
pub l i shed  e l sewhere  (5, 6). 

Experimental Results 
Deta i led  m e a s u r e m e n t s  of  osci l la t ion dura t ion  �9 by con- 

t inuous  mon i to r ing  of  the  depos i t ion  process  at different  
g rowth  t empera tu re s  resul ted  in the  data wh ich  are com- 
pi led in the  plots of  Fig. 1. The  de te rmina t ion  of the  refrac- 
t ive  i ndexes  resul ted  in n~ = 3.69, No = 3.60, and Ad~ = 0.160 
~m/osci l la t ion for polycrys ta l l ine  layers g rown  a round  
800~ and n ,  = 3.89, N,  = 3.81, and hd~ = 0.151 ~m/oscil la-  
t ion for a m o r p h o u s  films a round  600~ As a first approxi -  
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Fig. 1. The reciprocal of oscillation duration ~" as a function of oscilla- 
tion number showing the experimental points obtained from the laser in- 
terference patterns recorded during growth at different substrate 
temperatures. 

marion, these  values  will be used  th roughou t  the  t empera -  
ture  reg ion  inves t iga ted  in v i ew of the  small  t e m p e r a t u r e  
d e p e n d e n c e  of  the refract ive index  of si l icon single crystal  
in this  region at the  wave l eng th  appl ied  (12). In  the  calcula- 
t ion of  the  g rowth  rates accord ing  to Eq. [1], two addi t ional  
app rox ima t ions  were  made:  As the  6% dif ference b e t w e e n  
Ado and hd ,  wou ld  hard ly  show up  in the  semi log  plot  (Fig. 
2) a va lue  of  0.16 ~m/osci l la t ion was used  for all experi-  
ments ;  as ~-1 changes  dur ing  deposi t ion,  the  va lue  adop ted  
was ob ta ined  as an average over  the  oscil lat ions excep t ing  
the first one. Two fur ther  resul ts  are incorpora ted  in the  
Arrhenius  plot  of  the  results  of the  g rowth  rate measure-  
ments  (Fig. 2), one connec ted  wi th  emissivi ty ,  the o ther  
wi th  changes  in opt ical  pa th lengths  after deposi t ion:  (i) In  
contras t  wi th  g rowth  expe r imen t s  at lower  tempera tures ,  
above  T* = 766 ~ -+ 7~ the  emiss ivi ty  of  the spec imen  was 
found  to increase con t inuous ly  dur ing  growth.  Besides,  
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Fig. 2. Growth rate vg logarithmically plotted as a function of the re- 

ciprocal of absolute surface temperature T. Above T '  ~ 680~ the slope 
of the curve corresponds to an apparent activation energyE~t = 1.4 eV, 
at lower temperatures East = 2.2 eV. The experimental points with 
deviating reflectivity and emissivity behavior (which are found to coin- 
cide) are separately indicated. 

after the termination of growth effected by discontinuing 
the flow of silane, the increased emissivity remained con- 
stant at the same intensity as at the end of growth, if the 
specimen was kept at constant temperature in the same 
flow of hydrogen. (ii) Above the same temperature T*, no 
changes were detected in the laser interference signal after 
the termination of growth. However, below this tempera- 
ture, the recorded intensity signal appeared to double back 
its final trace after growth. The general shape of the inter- 
ference pattern is represented in Fig. 3. Such a regression of 
the  laser  s ignal  resu l t s  f rom a dec rease  rX in op t ica l  
pathlength difference of the reflected rays. In Fig. 3, it is 
shown that this difference is passed through in the corre- 
sponding t ime r~ during growth. As over a full oscillation an 
additional optical pathlength difference X is completed in 
time ~, it follows that regress ratio r is experimentally found 
as rJ~. Figure 4 shows the result of the measurements of r as 
a f unc t i on  of  g rowth  t e m p e r a t u r e  for the  p r e s e n t  
growth/anneal experiments. The slope of this semilog plot 
corresponds to -3.9 eV. For experiments below about 
620~ no regression was detected immediately after the ter- 
mination of growth. However, upon increasing the temper- 
ature, the regression was observed again. 

Model for the Optical Reflectivity of a Double Growing 
Layer System 

The intensity of the light that is reflected by a single layer 
system depends on thickness according to the well-known 
Airy formula for multiple-beam interference with a plane 
parallel plate (13). During growth, the t ime-dependence is 
given by the same formula if the growth rate and material 
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% T e--time-- (_r~) (N~) 
Fig. 3. General shape of a characteristic interference pattern showing 

the intensity of the reflected laser light as a function of time during as 
well as after growth. 
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Fig. 4. Semilog plot of regress ratio r as a function of the reciprocal of 
absolute growth temperature (slope - - 3 . 9eV) .  The dotted line repre- 
sents the detection limit. 

parameters are constant. The extinction condition is iden- 
tical for both two-beam and multiple-beam interference 
and the minima, which, as opposed to transmission, are 
sharp in reflection, appear periodically. From Fig. 1, it fol- 
lows, however, that oscillation duration r is not constant at 
all in each of the present growth experiments.  In order to 
understand this behavior, the concurrent action of a solid- 
state transformation process should be taken into account 
in addition to the growth process. As was already indicated 
at the b e g i n n i n g  of  this  ar t icle ,  the c rys ta l l i za t ion  of  
amorphous silicon is considered as an after-growth process 
(5). A simple model will be developed in order to obtain the 
expression for r-i for such a system, where the growth of a 
second (crystalline) layer at the expense of the original 
(amorphous) one is accounted for. 

Consider a ray of monochromatic light (wavelength X) 
that traverses a medium with refractive index no and hits a 
double-coated substrate at an angle of incidence ~bo (Fig. 5); 
the upper layer (thickness d~) is assumed to represent 
amorphous silicon (refractive index na, density Pa), the 
lower layer (thickness de) crystalline silicon (refractive in- 
dex nc < na, density Pc > Pa). Considering the rays reflected 
at the outer surface and at the interface with the 
substrate, the intensity of the reflected light depends on 
their optical pathlength difference e (Fig. 5). Taking ac- 
count of Snell 's boundary conditions, it is found by applica- 
tion of standard theory that for the optical paths considered 
at t ime t 

e(t) = 2Nad~(t) + 2N~dc(t) [2] 

where for each layer (a, c) N is defined as indicated earlier. 
Changes of phase shift do not come into play for stationary 
growth conditions. 

/~/~a s phase 

\ / ~ 

Oc 
s u b s t r a t e  

Fig. 5. Optical path in a simplified model for interference in a double 
growing layer system. The small refraction at the a-c interface is ac- 
counted for in the formulas but hardly shows up in this figure (experi- 
mentally: Cbo = 53~ 
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N o w  the  rate Va of  th ickness  increase  of  the  amorphous  
layer  is m a d e  up of  two contr ibut ions ,  viz. ( i )  an increase  v~ 
associa ted  wi th  the  ne t  part icle  flux across the  gas-solid in- 
terface due  to depos i t ion  f rom the  gas  phase,  and ( i t )  a de- 
crease  - p v ~  associa ted  wi th  crystal l izat ion of  the  amor-  
phous  material ,  where  v~ is the rate of  th ickness  increase of  
the  crysta l l ine  layer and the factor p ~ Pc/Pa (>1) is inser ted  
to accoun t  for the  di f ference in specific dens i ty  (conserva-  
t ion of  mass). Fo r  cons tan t  g rowth  rate vg it  fol lows that  

v~(t)  = vg - pvc( t )  [3] 
d(dr 

and subs t i tu t ion  into Eq.  [2] leads wi th  v~[t] - - -  to 
d t  

)for e(t)  = 2Navg t  + (2N~ - 2N~p v~( t )d t  [4] 

For  success ive  ex t inc t ions  in the  in te r fe rence  pat tern,  the  
opt ical  pa th leng th  di f ference changes  by an a m o u n t  equal  
to the  wave l eng th  

e( t  + r) - e(t)  = k [5] 

An  impl ic i t  express ion  for v- '  is de r ived  f rom Eq. [4] and [5] 

.r-' = 1 + (v - o) v~( t )d t /~Vg ( 2 N J X ) v g  [6] 

where  v -~ N e / N a ( < l ) .  In this express ion ,  the  t e rm 2 N a v J ~  
represen ts  a m o r p h o u s  growth  in the  absence  of  crystalliza- 
t ion; whereas ,  for Vg = 0, the  r emain ing  t e rm accounts  for 
the  changes  dur ing  annealing.  

The  s ignif icance of  Eq. [6] ex t ends  b e y o n d  the  mater ia l  
sys tem inves t iga ted  at present :  It  is equa l ly  val id  for con- 
vers ions  such  as solid-state segregat ion  or  decompos i t i on  
processes ,  be it dur ing  depos i t ion  or not. A l though  Eq. [6] is 
specifically der ived  for a double  g rowing  layer  system, the  
m o d e l  deve loped  is also val id  for sys tems  where  the  same 
total  v o l u m e s  of  mater ia l  are not  a r ranged  in such  a layer- 
l ike fashion. In  that  case, however ,  rate vc should  be t aken  
as t he  v o l u m e  increase  per  uni t  area and uni t  t ime.  For  the  
special  case of  a t ime - independen t  crystal l izat ion rate vr 
(which will  be  too na ive  an approach  if  th ree -d imens iona l  
crystal l izat ion takes  place in the bu lk  of  the  a m o r p h o u s  ma- 
trix), an expl ic i t  express ion  is ob ta ined  

r -~ = [1 + ' ~ v c / v J ( 2 N J k ) V g  [7] 

where  v -= v - p(<0). 
Fai l ing precise  data  regard ing  ve(t), Eq. [7] will  be  used  as 

a first app rox ima t ion  in the  evaluat ion  of  the  r-~-plots in- 
s tead of  the  more  genera l  Eq. [6]; appl ica t ion  of  the  lat ter  
equa t ion  requi res  detai led k n o w l e d g e  of  the  m e c h a n i s m  of 
t he  par t icular  nuc lea t ion  and crystal l izat ion processes  in- 
volved.  Of course,  for the  special  case tha t  vc equa ls  zero the  
express ion  b e t w e e n  square  brackets  b e c o m e s  r e d u n d a n t  
and the  conven t iona l  fo rm (Eq. [1]) reappears .  Observe  also, 
that  for the  p resen t  case, where  the  va lue  of  ~? is negat ive,  
solid-state crystal l izat ion dur ing  amorphous  depos i t ion  
will  resul t  in a decrease  o f t  1 as compared  wi th  the  station- 
ary g rowth  of  the  amorphous  depos i t  w i thou t  solid-state 
t ransformat ion .  

Analysis and Discussion 
R e f r a c t i v e  i n d e x . - - A s  high- tempera tu re  values  of  the  re- 

f ract ive i ndex  of  polycrys ta l l ine  and  .amorphous  si l icon 
films are no t  readi ly  available f rom l i terature,  a compar i -  
son wi th  the  present ly- repor ted  values  is impeded .  How- 
ever,  w h e n  the  va lue  of  the  polycrys ta l l ine  films (n = 3.69) 
is c o m p a r e d  wi th  n = 3.70 as obta ined  after  ext ra  polat ion (k 
= 1.15 ~m; 1000 K) of  the  r e c o m m e n d e d  data (12) for si l icon 
single crystal,  good  co r re spondence  is found.  I t  has been  
obse rved  (12) that  the  refract ive indexes  of  pure  si l icon 
" th in"  films t end  to agree wi th  those  of  bulk  crystal  if  the  
films are depos i t ed  on substrates  ma in ta ined  at h igh  tem- 
pera tures  dur ing  depos i t ion  or appropr ia te ly  annea led  af- 
te r  deposi t ion.  Never theless ,  for the  th innes t  films, a sub- 
s tant ial ly lower  (up to -50%) va lue  has been  repor ted,  and it  
was conc luded  f rom e l l ipsomet ry  m e a s u r e m e n t s  at 620~ 
that  the  refract ive index  of  g rowing  layers gradual ly  in- 
creases  unt i l  the  bu lk  va lue  is r eached  at about  500~ layer 
th ickness  (14). Lack ing  h igh  t empera tu re  data  f rom litera- 

ture,  no direct  compar i son  can be m a d e  for the  amorphous  
films. However ,  a 5% h igher  va lue  of  the  ref rac t ive  index  as 
compared  to polycrys ta l l ine  sil icon films has also been  re- 
por ted  (9, 15) for the  r o o m  t empera tu re  va lues  of  CVD sili- 
con films (~ = 3 ~m). 

r - l - p l o t s . - - I n  the  t empe ra tu r e  range  of interest ,  the  silane 
con ten t  of  the gas phase  was chosen  such  as to cover  a large 
range  of  g rowth  rates (Fig. 2). At the  lowest  t empera tu re s  
(-560~ the  a m o r p h o u s  films g rown did not  crystall ize; at 
the  h ighes t  t empera tu res  appl ied  (-800~ the  films 
fo rmed  were  crystall ine,  whi le  gas-phase nuclea t ion  (14) 
was still p revented .  The changes  in the  r- l -plots  dur ing  
each  growth  exper iment ,  as g iven  in Fig. 1, wit] be  related to 
the  depos i t ion  processes .  I t  is found  that  r -1 increases  
sharply  before  the  second  oscillation. This  effect  can be  un- 
ders tood,  Eq.  [1], as the  resul t  of  the  increase  of  the  refrac- 
t ive  index,  as well  j as the  increase of  the g rowth  rate, in the  
first s tages of  growth.  An initial increase of the  g rowth  rate 
resul ts  as a c o n s e q u e n c e  of  the par t icular  way  of  nuc lea t ion  
of  these  layers (17); after the  format ion  of a defini te  dens i ty  
of  nuclei ,  these  nucle i  start  to grow out  and thei r  surface 
area progress ive ly  increases.  In this way, the  g rowth  rate, 
which  is surface-control led,  increases  unt i l  coa lescence  of  
the  g rowing  nuclei  sets in. The  optical  layer  mode l  should  
be appl ied  wi th  caut ion to this  ve ry  dis t inct  phys ica l  situa- 
t ion; the  growing,  d i scon t inuous  layer of  si l icon clusters  on 
Si3N4 can even  cause  an addi t ional  (small) phase  shift  as the  
na ture  of  the in terface  changes.  With the  relat ively high su- 
persa tura t ions  used  in the  p resen t  study, however ,  the  t ime  
needed  to form a con t inuous  si l icon layer  will  be short  com- 
pared to the  va lue  of  r. 

For  a l l b u t  the  first oscillation, r - '  is found  to r emain  con- 
stant  for the  g rowth  expe r imen t s  be low about  620~ This  
s i tuat ion is covered  by the  conven t iona l  mode l  for growth  
of  stable deposits .  Going  to h igher  depos i t ion  tempera-  
tures, however ,  the  plots  in Fig. 1 show the  d e v e l o p m e n t  of  
a p r o n o u n c e d  m a x i m u m .  Such  a m a x i m u m  is not  p red ic ted  
e i ther  by the  conven t iona l  mode l  of optical  in terference,  
or  by the mode l  for a doub le  g rowing  layer sys tem as de- 
r ived above.  T h i s  is not  surpr is ing as both  do not  account  
for the  genesis  of  the second layer. For  anneal  exper iments ,  
it has been  repor t ed  (18) that  before  crystal l izat ion of  
amorphous  si l icon takes  place, an induc t ion  t ime  ("delay 
t ime")  is first passed through.  It  is only after  this  per iod in 
which  stable crystal l ine nucle i  are fo rmed  and vr = 0, that  
crystal l izat ion takes  p lace  and vc > 0. This  behav ior  ac- 
counts  for the  m a x i m u m  in the  r -~ plots  as, in full agree- 
m e n t  wi th  the  double  growing  layer m o d e l  Eq. [7], the  va lue  
of  r - '  decreases  upon  crystal l ization unt i l  it reaches  a con- 
stant  va lue  for s ta t ionary growth/crysta l l izat ion condit ions.  
Observe  (Fig. 1) that  d i rect  in t roduc t ion  of  the  Heav is ide  
step func t ion  centered  a defini te  i nduc t ion  t i m e  witl  no t  do 
to switch on vr in Eq. [7] because  of the  di f ferent  the rmal  
his tor ies  at the  success ive  he ights  in the  g rowing  layer. It  
follows, that  unde r  these  c i rcumstances ,  crystal l izat ion 
starts near  the  in terface  wi th  the  substra te  and ex tends  pro- 
gress ively  into the  amorphous  layer; the  opt ical  mode l  
c losely parallels  the  physical  s i tuat ion ( interface- induced,  
un id i rec t iona l  crystallization). It  is also found  (Fig. 1) that  
going towards  h igher  t empera tu re s  the  re la t ive  he ight  of  
the  m a x i m u m  in the  T -~ plots increases,  indicat ing,  Eq. [7], 
that  Vc/Vg increases.  This  cor responds  to a h igher  act ivat ion 
energy  for crystal l izat ion as compared  to growth.  

Go ing  towards  Still h igher  t empera tu res ,  above  T' 
680~ no such  m a x i m u m  as descr ibed  above  in the  T -~ plots 
is found  anymore .  In  the  l ight  of  the p reced ing  discussion,  
this means  that  the  delay t ime  for the  incuba t ion  of crystal- 
l ine nucle i  in the  amorphous  mater ia l  falls wi th in  the  first 
osci l lat ion and b e c o m e  negligible.  Above  this  t empe ra tu r e  
T', where  the  s p e c i m e n  grows wi thou t  a hydrogena ted  
layer  near  the  surface (6), a cont r ibut ion  to the  crystalliza- 
t ion at nucle i  or iginat ing f rom the  surface of the  g rowing  
mater ia l  can no longer  be exc luded  as, indeed,  free surfaces 
are we l l -known to be  the  first among  the  places  where  the  
nuc lea t ion  of  a new phase  will  start  (19). 

A l though  growth  is still amorphous ,  subsequen t  forma- 
t ion of  crysta l l ine  nucle i  at the  surface of  the  uns tab le  sol id 
leads u p o n  fur ther  depos i t ion  to bur ied  nuc le i  which  act as 
act ive  g rowth  centers  for crystallization. In  addi t ion  to the  
un id i rec t iona l  crystal l izat ion d iscussed  above,  the  contri-  
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but ion  of  this type  of th ree-d imens iona l  crystal l izat ion in- 
creases  for increas ing  tempera tures .  

In the  absence  of  a m a x i m u m  in the  r -~ plots, a gradual  
increase  of  r -~ becomes  apparent .  This  increase  ex tends  
over  a larger  n u m b e r  of  oscil lat ions for h igher  t empera tu res  
and is observed  be low as wel l  as above  T* = 766~ which  is 
the  t ransi t ion t empera tu re  for amorphous /c rys ta l l ine  
growth  (see below). In  v i ew of this and accord ing  to Eq. [1], 
this p h e n o m e n o n  is in te rpre ted  as a t rans ient  in the  g rowth  
rate. After the initial increase, a stabilization is found after 
1.3 --- 0.2 rain for growth rates between 0.4-1.2 ~m/min. Such 
transients associated with the deposition of silicon were re- 
cently reported (20); their existence was derived from a de- 
tailed examination of the dopant profiles in epitaxial 
films, but a deeper understanding as to their origin still 
awaits further investigation. 

A n n e a l  e x p e r i m e n t s . - - F r o m  the  resul ts  of  the in  s i tu  an- 
neals immed ia t e ly  after  the  t e rmina t ion  of  growth,  the 
a m o u n t  of  amorphous  mater ia l  in the layer  at the  end of  
growth can be obtained.  At  the  end  of  g rowth  w h e n  p oscil- 
lat ions are passed th rough  and the film is part ly amor-  
phous  (~ th ickness  d~), part ly crystal l ine (~ th ickness  d~) the  
optical  pa th  length  dif ference be tween  the  ref lected rays is 
g iven by 

2 N~d~ + 2 Ncdc = PX [8] 

U p o n  crystal l izat ion of  the amorphous  material ,  the  optical  
pa th leng th  di f ference decreases  wi th  an a m o u n t  r~ (Fig. 3) 
and b e c o m e s  

2 N~d'~ = (p - r))~ [9] 

where  the  final th ickness  

d'r = de + p-'da, p =-- Pc/Pa [10] 

F r o m  Eq. [8]-[10], it fol lows that  the a m o r p h o u s  layer thick-  
ness  at the  end of  g rowth  is di rect ly  propor t iona l  to regress  
ratio r 

d~ = krM2 [11] 
where  

Also 

k ~ ( N  a - p - ' N c )  -~ [12]  

d~ = (p - kNar)k/2Ne [13] 

Exper imenta l ly ,  it is found (Fig. 4), that  r is s ta t ionary for 
t empera tu re s  be low about  620~ no crystal l izat ion occurs  
dur ing  growth,  the  spec imen  is fully a m o r p h o u s  (d~ = 0), 
and d~ (and consequen t ly  r) will  a t ta in a m a x i m u m  value.  
For  growth  at 600~ (p = 10.19; r = 1.040), k was eva lua ted  
accord ing  to Eq. [13] 

k = p /N~r  = 2.57 

and compar i son  wi th  defini t ion Eq. [12] t hen  leads to p-i = 
0.95, which  cor responds  to a 5% dif ference in specific den- 
sity in good a g r e e m e n t  wi th  the values  k n o w n  f rom litera- 
ture  (21). Going  towards  h igher  t empera tu re s  (Fig. 4), the  
decrease  of  regress ratio r is found  to co inc ide  wi th  the  de- 
v e l o p m e n t  of a m a x i m u m  in the  T-~-plots (Fig. 1); crystalli-  
zat ion takes  p lace  dur ing  growth. In  v iew of Eq. [11], the  re- 
g ion with  cons tan t  slope in the Arrhen ius  plot  of  r corre- 
s p o n d s  to an  e x p o n e n t i a l l y  d e c r e a s i n g  a m o u n t  o f  
a m o r p h o u s  mater ia l  wi th  increas ing  tempera ture .  This  
clearly i l lustrates the progress ive ly  increas ing  impac t  of  
crystal l izat ion dur ing  growth  even  though  the  growth  
t imes  appl ied  b e c o m e  cont inual ly  shorter.  

In order  to analyze the observed  t empe ra tu r e  depend-  
ence,  cons ider  a slab of  mater ia l  wi th  th ickness  v~dt at a 
he igh t  vgt in the  layer. When growth  t e rmina tes  at t ime  t~ = 
D/vg, where  D is the  total  th ickness  of  mater ia l  deposi ted,  
the  the rmal  his tory of  this layer is tg-t and accord ing  to the  
general  re lat ion of  Avrami  (22), the  v o l u m e  fract ion of  un- 
crystal l ized mater ia l  in this layer  is g iven  by 

d(d~)/vgdt = exp[-A( tg  - t )  m} 

where  A = Ao exp  ( - Q A / R T )  and m(>0) are pa ramete rs  di- 
rect ly  re la ted to the  par t icular  nuc lea t ion /growth  mecha-  
n i sm which  is opera t ive  in these  layers. It  follows, that  at t = 
tg the  total  r emain ing  amorphous  layer th ickness  amoun t s  
to 

ft t=tg da = Vg exp { -A( t~  - t)m}dt [14] 
=0 

U p o n  series expans ion  of  the exponen t i a l  and  subsequen t  
integrat ion,  the  in tegra l  is evaluated  as a conve rgen t  series 

d a = D  ~ cnX n [15] 
n=O 

where  ca = (-1)"/n! ( m n  + 1) (~0) and  X = Atg ~. The lat ter  
quan t i ty  depends  on t empera tu re  wi th  an act ivat ion energy  
( Q A  - mQg), where  Qgis the act ivat ion energy  for growth,  and 
for a compar i son  wi th  the  expe r imen ta l ly  found exponen-  
tial t empera tu re  d e p e n d e n c e  of  da (Fig. 4), the  ques t ion  is 
asked, whe the r  the  r ight-hand side of Eq. [15] can be ex- 
pressed  in the  form a• b. However ,  in v i ew of the un iquenes s  
of  a power  series expansion,  this ques t ion  m u s t  be an- 
swered  in the  negative.  As an impor t an t  consequence ,  it is 
conc luded  that  w i th in  the  mode l  formula ted ,  the  observed  
anneal  p h e n o m e n a  exc lude  the  act ion of  a single nuclea-  
t ion]growth mechan i sm.  This resul t  is in ag reemen t  wi th  
our  f indings in the  d iscuss ion of the  r-l-plots;  at lower  tem- 
peratures,  in te r face- induced  unid i rec t ional  crystal l izat ion 
wi th  cons tan t  t ransformat ion  rate p redomina te s  (mathe- 
matical ly:  m = 1, 0 ~< Atg < <  1); whereas,  go ing  towards  
h i g h e r  t e m p e r a t u r e s  (>T ' ) ,  t h e  c o n t r i b u t i o n  of  t h r ee -  
d i m e n s i o n a l  g r o w t h  (3 ~< m ~< 4) in t h e  b u l k  of  t h e  
amorphous  mat r ix  becomes  increas ingly  important .  Of 
course,  lack of  knowledge  of  the  separate  cont r ibut ions  of  
the  two nuc lea t ion /growth  m e c h a n i s m s  in the crystalliza- 
t ion of these  layers dur ing  deposi t ion  p reven t s  to account  
quant i ta t ive ly  for the  slope of  log r vs.  1 / T  that  was found 
exper imenta l ly .  However ,  these  data  can be used  wi th  con- 
f idence in an analysis  of  the  l imi t ing case of  pure  one- 
d imens iona l  crystal l izat ion dur ing  g rowth  at t empera tu res  
be low T' ~ 680~ Accord ing  to the  s imple  mode l  val id  for 
this special  case, the  rate of  crystal l izat ion is g iven  by 

ve = (D - da)/(tg - tJ) [16] 

where  d~ was calcula ted according  to Eq.  [11], and the  in- 
duc t ion  t ime for crystal l izat ion tJ  was es t imated  at the  t ime 
t h a t  p a s s e d  b e f o r e  t h e  m a x i m u m  in  t h e  r -1 p l o t  was  
reached.  The  resul ts  are p resen ted  in a semi log  plot  (Fig. 6) 
and c o m p a r e d  with  the  resul ts  for un id i rec t iona l  crystalli- 
zation by Zel lama et al. (23), who  s tud ied  the  crystal l izat ion 
kinet ics  of  evapora ted  amorphous  si l icon layers th rough  
conduc t iv i ty  measurement s .  Exce l l en t  a g r e e m e n t  is found 
upon  compar i son  of  the  two sets of  m e a s u r e m e n t s  above  
and be low 620~ respect ively;  the  slope of  the  s t raight  l ine 
t h rough  the  points  cor responds  to an apparen t  ac t ivat ion 
energy  of  2.9 -+ 0.1 eV. This  act ivat ion energy  is h igher  than  
that  for growth  f rom the  gas phase  in the  t empera tu re  re- 
gion conce rned  (2.2 eV, see Fig. 2), which  indeed  conforms  
to the f inding in the  d iscuss ion of  the  r-I-plots. Exac t ly  the  
same act ivat ion energy  (and a curve  shif ted over  approx.  
15~ towards  h igher  tempera tures )  has  been  repor ted  in a 
s tudy  of  the kinet ics  of  crystal l izat ion of  u n s u p p o r t e d  evap- 
orated amorphous  sil icon films inves t iga ted  th rough  di- 
rect  observa t ion  by hot  stage t ransmiss ion  e lec t ron micros-  
c o p y  in  t h e  550~176 t e m p e r a t u r e  r a n g e  (24). In  
accordance  wi th  the  doub le -mechan i sm in te rpre ta t ion  ar- 
r ived at in the  p reced ing  discuss ion of  both  the  r- l-plots  and 
the  t empera tu re  d e p e n d e n c e  of  log r, sys temat ic  deviat ions  
f rom the  s t raight  l ine behavior  are apparen t  above  T', 
where  the  mode l  does not  apply. In  this  respect ,  it is of  inter- 
est to compare  the  p resen t  crystal l izat ion kinet ics  also wi th  
repor ts  on solid phase  ep i taxy  (SPE) of  S i - implan ted  
amorphous  silicon. There,  an act ivat ion energy  in the  range 
2.3-2.6 eV is general ly  repor ted  (25, 26) for epi taxia l  re- 
g rowth  (unidi rect ional  crystall ization) in the  s a m e  tempera-  
ture  range as covered  in Fig. 6. At m u c h  h igher  tempera-  
t u r e s  p r o d u c e d  by  cw  l a se r  a n n e a l i n g ,  h o w e v e r ,  
th ree -d imens iona l  g rowth  on r andomly  dis t r ibuted,  crys- 
tal l ine nucle i  in the  bu lk  of the amorphous  mat r ix  was re- 
cent ly  found  (11) to const i tu te  a process  compe t i t i ve  to S P E  
and to give rise to a f lat tening of  the log v~ vs.  1 / T  curve  to- 
wards  h igher  t empera tu res  s imilar  to Fig. 6. In  the  p resen t  
s t ra ight forward  approach,  Eq. [16] represen t s  the  rate of  
crystal l izat ion accura te ly  if  crystal l izat ion occurs  th rough  a 
un i fo rm t ransla t ion of  the  crystal l izat ion f ront  and crystal-  
l ine fract ion x~ = d J D  is l inear  in t. However ,  ifxr as a func- 
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Fig. 6. Arrhenius plot of the rate of one-dimensional crystallization of 
amorphous silicon. The present data are compared with those from Ref. 
(23). 

t i on  of  a n n e a l  t i m e  is g iven  by  an  S - s h a p e d  curve ,  s u c h  as 
occu r s  in  t he  n u c l e a t i o n  a n d  g r o w t h  of  r a n d o m l y  d is t r ib-  
u t e d  nucle i ,  t h e  q u a n t i t y  D x ~ / t g  - to ~ c a n n o t  b e  i n t e r p r e t e d  
m e a n i n g f u l l y  as a c rys ta l l i za t ion  ra te  and,  e spec ia l ly  for  t he  
f inal  a n n e a l  s tages ,  too  low a v a l u e  wilt  be  ob t a ined .  Ob- 
serve,  t h a t  for  x~-~ 1 (d~ < < D, t~ ~ < < t~), t h e  v~ v a l u e  o b t a i n e d  
a c c o r d i n g  to Eq.  [16] e v e n t u a l l y  a p p r o a c h e s  Vg a n d  so does  
i ts t e m p e r a t u r e  d e p e n d e n c e  ( $1 .5eV see  Fig. 2). 

Of spec ia l  i n t e r e s t  is t he  l im i t i ng  case  of  a m o r p h o u s  
g rowth ,  w h e r e  b u l k  t h r e e - d i m e n s i o n a l  c rys ta l l i za t ion  even-  
tua l ly  ful ly  p r e d o m i n a t e s .  U p o n  a s t a n d a r d  c h a n g e  of  var ia-  
b le  [(X = A ( t g  - t)m], Eq.  [14] is t r a n s f o r m e d  to 

w i t h  i n c o m p l e t e  g a m m a  f u n c t i o n  ~, , X = e- x X m 

dx. As for  e ach  g r o w t h / a n n e a l  e x p e r i m e n t ,  A ha s  a f ixed 
value,  t he  l im i t i ng  va lue  o f  d~ for  i n c r e a s i n g  tg is f o u n d  for  X 
= A t g  m ~ ~, w h e r e  the  r e su l t i ng  i m p r o p e r  i n t eg ra l  of  t h e  
first k i n d  is e v a l u a t e d  as t he  g a m m a  f u n c t i o n  F(1/m) 

~ 1 / 1 \  
l im  da = da = v g A  - I  ~ I'~--~-) [18] 
t g ~  

The  phys i ca l  s ign i f i cance  of  t h i s  e q u a t i o n  is t h a t  d u r i n g  
t h e  u n i d i r e c t i o n a l  g r o w t h  (g rowth  ra te  Vg) of  a solid, t h a t  un-  
d e r g o e s  a s o l i d - s t a t e  t r a n s f o r m a t i o n  w i t h  a n u c l e -  
a t i o n / g r o w t h  m e c h a n i s m  d e s c r i b e d  b y  t h e  genera l i zed  
A v r a m i  e q u a t i o n  (A, m), t h e  a m o u n t  of u n t r a n s f o r m e d  ma-  
te r ia l  e v e n t u a l l y  r e a c h e s  a f inite l im i t i ng  va lue ;  t he  m a g n i -  
t u d e  of t h i s  s t eady-s t a t e  va lue  d e p e n d s  solely  on  Vg, A ,  a n d  
m a c c o r d i n g  to Eq. [18]. U s i n g  a ser ies  e x p a n s i o n  for  "y(1/m, 
X) (ef. Eq. [15] a n d  [16]), we  ca l cu l a t ed  t he  va lues  X0.95 of  X for  
w h i c h  t he  l im i t i ng  v a l u e s  F(l /m) are r e a c h e d  w i t h i n  5%. 

Table I. 

• r(• m m \ m / Xo.95 tg o.95(A -lira) 

1 1.00 3.0 3.0 
2 0.09 2.0 1.4 
3 0.89 1.7 1.2 
4 0.91 1.3 1.1 

T h e s e  va lues  are l i s t ed  in Tab le  I t o g e t h e r  w i th  t he  corre-  
s p o n d i n g  g r o w t h  t i m e s  tg.0.95 (in u n i t s  A ~m) for  a g iven  
nuc lea t ion /c rys t a l l i za t ion  m e c h a n i s m ,  i . e . ,  a g iven  A - ' ' .  

T h e  s t e a d y  s ta te  m a y  n o t  be  r e a c h e d  in  all e x p e r i m e n t s  at  
t e m p e r a t u r e s  a b o v e  T': e spec ia l ly  at  the  l ower  t e m p e r a -  
t u r e s  in  th i s  r a n g e  un id i r ec t i ona l  c rys ta l l i za t ion  m u s t  be  ex- 
p e c t e d  to occu r  to a large  e x t e n t  as c o m p a r e d  to three-di -  
m e n s i o n a l  c rys ta l l i za t ion  (see also t he  S P E  e x p e r i m e n t s  
m e n t i o n e d  above).  However ,  w h e n  t he  l a t t e r  p roce s s  pre-  
d o m i n a t e s ,  i t  is no t  se l f -ev iden t  f rom Eq. [18] t h a t  go ing  to- 
w a r d s  h i g h e r  t e m p e r a t u r e s  th i s  c o n d i t i o n  r e m a i n s  ful- 
f i l led ,  n o t  o n l y  b e c a u s e  tg d e c r e a s e s ,  b u t ,  e v e n  m o r e  
i m p o r t a n t ,  A no  l o n g e r  ha s  a f ixed value .  However ,  b y  
t r a n s f o r m i n g  Eq. [17] in to  

d~ = D X  - ~ "  - -  y , X [19] 

(see Eq. [15]), t h e  t e m p e r a t u r e  d e p e n d e n c e  of  X w h i c h  con-  
t a ins  b o t h  tg a n d  A is eas ies t  eva lua ted .  I t  is f o u n d  t h a t  a t  t he  
s ame  va lues  of  X for  w h i c h  ~ ( l / m ,  X) is a p p r o x i m a t e d  b y  t h e  
l imi t ing ,  c o n s t a n t  va lue  F(1/m), da fol lows t he  t e m p e r a t u r e  
d e p e n d e n c e  of  X - ~  

1 1 
DX -1/~ F(  " da = -~ -  \~-) [20]  

Converse ly ,  in  v iew of  Eq. [11] X is f o u n d  to i nc rease  in- 
d e e d  at  i n c r e a s i n g  t e m p e r a t u r e s  w i t h  ac t i va t i on  e n e r g y  3.9 
m (eV) (m > 0) i n d i c a t i n g  t h a t  t h e  s t e a d y  s ta te  is a p p r o a c h e d  
t h e  be t ter ,  t h e  h i g h e r  t he  t e m p e r a t u r e .  This  i l lus t ra tes  t he  
i n c r e a s i n g  i m p a c t  of  t h r e e - d i m e n s i o n a l  c rys ta l l i za t ion  go- 
ing  t o w a r d s  h i g h e r  t e m p e r a t u r e s .  In  genera l ,  t h e  l imi t ing  
fo rm Eq. [18] m a y  b e  p re fe r r ed  as c o m p a r e d  to Eq. [20] be- 
cause  of  the  a b s e n c e  of  D a n d  tg. Fo r  a f u r t h e r  ana lys i s  of  our  
e x p e r i m e n t a l  da ta  w i t h  Eq. [18], t he  p a r t i c u l a r  n u c l e a t i o n  
g r o w t h  m e c h a n i s m ,  A a n d  m, has  to be  assessed .  T h e s e  pa- 
r a m e t e r s  c a n n o t  b e  l e a rned  f rom the  p r e s e n t  a n n e a l  da ta  
alone.  However ,  in  t he  d i s cus s ion  of t he  r-~-plots w i t h  re- 
spec t  to t he  c rys ta l l i za t ion  m e c h a n i s m s ,  t he  i m p o r t a n c e  of  
s u r f a c e - i n d u c e d  n u c l e a t i o n  has  b e e n  s t r e s sed  for g r o w t h  at 
t e m p e r a t u r e s  a b o v e  T'. On  th i s  basis ,  t h e  m e a n i n g  of  A a n d  
m is eva lua ted .  

Le t  t he  n u m b e r  of  c rys ta l l ine  nucle i ,  w h i c h  are f o r m e d  at  
t he  sur face  pe r  u n i t  su r face  a n d  u n i t  t i m e  be  g iven  b y  t he  
( t i m e - i n d e p e n d e n t )  sur face  n u c l e a t i o n  ra te  vn, t h e n  t he  re- 
su l t ing  n u c l e u s  d e n s i t y  No is i nve r se ly  p r o p o r t i o n a l  to vg ac- 
co rd ing  to 

No = Vn/Vg [21] 

D u r i n g  g rowth ,  t h e s e  nuc le i  are b u r i e d  a n d  s u b s e q u e n t l y  
t h e s e  "p r e - ex i s t i ng"  nuc le i  s ta r t  to g row ou t  in  t h r e e  d i m e n -  
s ions  w i t h  i so t rop ic  g r o w t h  ra te  vc. Fo r  t h i s  case  of s i te  sa tu-  
ra t ion ,  t h e  q u a n t i t i e s  A a n d  m are  e x p r e s s e d  (22) b y  

4~ 
A = Novr 3 a n d  m = 3  [22] 

3 

C o m b i n i n g  Eq  [11], [18], [21], a n d  [22], t he  sur face  nuc lea-  
t ion  ra te  is f o u n d  a c c o r d i n g  to 

F 3 /kX \-H 1 / 1 \13l 4 3 8 

In  t he  t e m p e r a t u r e  r a n g e  t h a t  r was  o b t a i n e d  w i t h  Qr = -3 .9  
eV, t h e  ac t i va t i on  ene rg i e s  of  v~ a n d  vr were  f o u n d  rasp.  as 
a n  ave rage  va lue  (Qg = 1.5 eV) a n d  u p o n  e x t r a p o l a t i o n  (Qr = 
2.9 eV). S u b s t i t u t i n g  t h e  t e m p e r a t u r e  d e p e n d e n c i e s  of  Vg, r, 
a n d  v~, respec t ive ly ,  t h e  sur face  n u c l e a t i o n  ra te  is f o u n d  to 
be  t h e r m a l l y  ac t iva t ed  w i t h  a p p a r e n t  ac t i va t i on  e n e r g y  Q, 
= 4(1.5) - 3(-3 .9)  - 3(2.9) = 9.0 eV. E x a c t l y  t h e  s a m e  va lue  
was  r e p o r t e d  (23) b y  Z e l l a m a  e t  a l .  for  t he  b u l k  n u c l e a t i o n  
ra te  in  a m o r p h o u s  s i l icon d e p o s i t e d  a t  r o o m  t e m p e r a t u r e .  
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As bulk nuc lea t ion  will  preferent ia l ly  occur  a long the  inter- 
nal  surfaces of  that  s l ightly porous  material ,  the  two values  
are not  necessar i ly  mutua l ly  exclusive,  bu t  are probably  in 
per fec t  agreement .  However ,  fail ing knowledge  of  the  in- 
ternal  surface area per  uni t  vo lume,  a di rect  compar i son  of  
the absolute  va lues  of  the two nuclea t ion  rates is impeded .  

Unti l  sofar, the  variouS processes  of  crystal l izat ion of  
amorphous  sil icon dur ing  chemica l  vapor  depos i t ion  were  
qual i ta t ively  and quant i ta t ive ly  evaluated.  We shall  con- 
t inue  to cons ider  the  t ransi t ion be tween  the  present ly  dis- 
cussed l imi t ing  case of  th ree-d imens iona l  crystal l izat ion of  
si l icon that  g rew amorphous  and the  s i tuat ion at still h igher  
t empera tures ,  where  sil icon is k n o w n  to grow in a crystal- 
l ine fashion. 

Emissivity measurements and the transition between 
amorphous and crystalline growth.--The increas ing  emis-  
sivity observed  dur ing growth at cons tan t  t empera tu re  
(>T*) indicates  a cont inu ing  change  of  compos i t ion  of the  
mater ial  near  the surface or of  the  surface condi t ion  i tself  
(27). Here, an increas ing  microscopic  roughness  of  the sur- 
face is involved,  wh ich  finds express ion  as an apparen t  in- 
crease  of  the  absorp t ion  coefficient.  This p h e n o m e n o n  is 
typical ly  re la ted to a (poly)crystal l ine growth  m o d e  and 
more  specif ical ly wi th  the evo lu t ion  of  crystal logimphic 
t ex ture  dur ing growth  of si l icon (7) at t empera tu res  above  
T*. It  is j u d g e d  that  emiss iv i ty  m e a s u r e m e n t  proves  to be a 
sensi t ive t e c h n i q u e  to d is t inguish  be tween  ei ther  crystal-  
l ine or a m o r p h o u s  growth  dur ing  deposit ion.  Accord ing  to 
these  measurement s ,  the t ransi t ion be tween  a m o r p h o u s  
and crystal l ine growth is ra ther  abrupt  in the sense that  the  
obse rved  emiss iv i ty  p h e n o m e n o n  was found to be e i ther  
absen t  or p resen t  to a cons iderable  degree.  

It  is of  in teres t  to connec t  these  resul ts  wi th  the  findings 
of  the  anneal  expe r imen t s  (Fig. 4). Unfor tunate ly ,  a direct  
compar i son  is not  readi ly  possible  because  the  de termina-  
t ion of  regress ratio r at lower  values  is inh ib i ted  by a detec- 
t ion l imit  of  app rox ima te ly  V2% in the  p resen t  exper iments .  
Aware  of  this compl ica t ion ,  an ex tens ion  of  the  p resen t  ex- 
per imenta l  resul ts  into the uncer ta in  region leads upon  a 
caut ious  ex t rapola t ion  of the  straight  l ine (Fig. 4) to transi- 
t ion 'value  r* = (3.6 -+ 0.8) 10 -8 at t ransi t ion t empe ra tu r e  T* = 
766 ~ - 7~ Accord ing  to Eq. [11] and us ing  the  value  o f k  de- 
r ived for "bu lk"  material ,  this  would  co r re spond  to a l imit-  
ing a m o r p h o u s  layer th ickness  of  da* = 53 -+ 12~ at the  tran- 
si t ion and we  are led to conclude,  jus t  as indica ted  by the  
emiss iv i ty  measurement s ,  that  accord ing  to the  p resen t  ex- 
pe r imen ta l  f indings an abrupt ,  d i scon t inuous  t ransi t ion 
exists  be tween  amorphous  and crystal l ine g rowth  of  si l icon 
by chemica l  vapor  deposi t ion.  A d i scon t inuous  order- 
d i sorder  phase  t ransi t ion was also recent ly  r epor t ed  (28, 29) 
for the  microcrys ta l l ine /amorphous  t rans i t ion  based on 
x-ray diffract ion and Raman  m e a s u r e m e n t s  after g low dis- 
charge  depos i t ion  of  silicon. 

The  va lue  of  da* der ived  concerns  the  total  a m o u n t  of  
amorphous  mater ia l  i r respect ive  of  its layer geome t ry  and 
may  suffer  f rom an inaccuracy  due  to a poss ibly  inadequa te  
value  of  k for  the  very  thin  layer involved.  Besides,  the  
theory  used  is of  l imi ted appl icabi l i ty  on a near ly  a tomic  
scale. Fur thermore ,  as ques t ions  can be  raised as to the  
smoothness  of  the  surface on an a tomic  scale dur ing  amor-  
phous  growth,  the  significance of  this m i n i m u m  value  can 
not  be ascer ta ined  at present.  An a t t empt  to relate this  va lue  
to the  ex i s tence  of stable clusters  of  25.4~ m e a n  d iam that  
were  repor ted  (30) to be involved  in crystal l ine as wel l  as in 
amorphous  g rowth  of  silicon, could land  us in the  rea lm of 
sheer  speculat ion.  Instead,  the  t ransi t ion will  be t reated as a 
kinet ical  p h e n o m e n o n  and, a l though the  p resen t  resul ts  are 
per t inen t  to the  expe r imen ta l  condi t ions  applied,  their  
s ignif icance will  be ex t ended  beyond  the  l imita t ions  set by 
these  in order  to infer  the  t empera tu re  d e p e n d e n c e  of  the  
growth  rate for wh ich  the  t ransi t ion occurs .  Such  a depend-  
ence  mus t  be  expec t ed  in v iew of the  na ture  of  the  transi- 
t ion as d i scovered  above.  Accord ing  to Eq. [18], a smal ler  da 
va lue  and even tua l  crystal l ine growth  can be obta ined  not  
only by increas ing the  t empera tu re  but  also by decreas ing  
the  g rowth  rate wi th  roughly  the  same nuc lea t ion  growth  
kinet ics  for crystal l izat ion at the  same tempera ture .  The  an- 
t ic ipa ted  decrease  of  the  t ransi t ion t empera tu re  on decreas-  
ing growth  rate could  also part ly expla in  the  lower  transi- 
t ion t empera tu re s  repor ted  in l i terature as compared  to the  
present  value. 

At the  t ransi t ion 

vg(T) = Vg* [23] 

and according  to Eq. [11], the  t ransi t ion t empe ra tu r e  T* was 
expe r imen ta l ly  found  for amorphous  layer th ickness  

da(T) = da* [24] 

Combin ing  Eq. [23] and [24], that  de t e rmine  the  rate and 
th ickness  involved,  the  s imul tanei ty  of  g rowth  and crystal- 
lizatio_n at the  t ransi t ion is expressed  by character is t ic  life- 
t ime  da*/vg*, and it fol lows that at the t ransi t ion 

v,* = da* �9 vg(T)/da(T) [25] 

U p o n  general izat ion and subs t i tu t ion  of  the va lues  men-  
t ioned  above,  the  growth rate at the  t ransi t ion is found to 
d e p e n d  on t empera tu re  wi th  act ivat ion energy  1.5 + 3.9 = 
5.4 eV, wh ich  according  to Eq. [18] is the  act ivat ion energy  
of  A l~m. Accord ing  to this result,  a cons iderable  shift  of  the  
t ransi t ion t empera tu re  towards  lower  t empera tu res  is to be 
expec ted  for g rowth  at smal ler  rates (<700~ be low 0.2 
/zm/min). Still  lower  values  repor ted  (7, 8) for chemica l  
vapor  depos i t ion  o f u n d o p e d  si l icon at no rmal  pressure  can 
be related to crystal l izat ion dur ing and immed ia t e ly  after 
growth.  It  is no t ewor thy  that  in the  p resen t  in terpre ta t ion  
the  t ransi t ion be tween  crystal l ine and a m o r p h o u s  growth  
is fully de t e rmined  by the nuc lea t ion /growth  kinet ics  of  the 
crystal l izat ion of  amorphous  material .  Work is in progress  
to ver i fy  this in te rpre ta t ion  by an expe r imen ta l  invest iga-  
t ion of  the  t ransi t ion as a funct ion  of  growth  rate and tem- 
perature.  Both  kinet ic  and s t ructural  aspects  will  be sub- 
jec ts  of a future  paper  (31). 

Summary and Conclusions 
In situ t e chn iques  are indispensable  in the  s tudy  of after- 

g rowth  solid-state anneal  processes,  wh ich  occur  dur ing  
g r o w t h .  L a s e r  i n t e r f e r e n c e  p a t t e r n s  o b t a i n e d  d u r i n g  
growth  of  si l icon were  found to deviate  s ignif icantly f rom 
those  r epor t ed  so far. The theory  of  t ime-reso lved  opt ical  
ref lect ivi ty dur ing  depos i t ion  of  solid films is e x t e n d e d  in 
order  to cover  the  case of growth  in combina t ion  wi th  a 
solid-state t ransformat ion .  Appl ica t ion  to the  c o m b i n e d  ef- 
fects wh ich  resul t  f rom a 5% change  in refract ive index,  as 
wel l  as in specific dens i ty  upon  crystal l izat ion dur ing and 
after chemica l  vapor  depos i t ion  of  amorphous  sil icon f rom 
Sill4, not  only  leads to a fuller unde r s t and ing  of  the  laser in- 
te r fe rence  pa t te rn  bu t  also yields detai led in format ion  on 
the  m e c h a n i s m  and ex ten t  of  crystall ization. Two crystalli- 
zation m e c h a n i s m s  were  discerned:  (i) At lower  tempera-  
tures  un id i rec t iona l  crystal l ization was found  to predomi-  
nate  and was re la ted to the  different  the rmal  his tor ies  at the  
var ious  he ights  in the  growing  layer; the  crystal l izat ion rate 
dur ing  growth  was de t e rmined  as a func t ion  of  t empe ra tu r e  
(Eact = 2.9 eV). (ii) At h igher  tempera tures ,  the  crystal l izat ion 
at nucle i  d i s t r ibu ted  t h roughou t  the  a m o r p h o u s  layer be- 
comes  increas ingly  impor tant ;  the  rate of format ion  of  
these  nuclei ,  which  p re sumab ly  or iginate  f rom the  surface 
of  the  mater ia l  g rowing  wi thou t  hyd rogena t ed  surface 
layer, depends  on t empera tu re  wi th  Eact = 9.0 eV. The  analy- 
sis of  g rowth  at cons tan t  rate in combina t ion  with  a solid- 
state t ransformat ion  process,  which  is descr ibed  by the 
genera l ized Avrami  equat ion,  shows that  even tua l ly  the  
layer of  un t r ans fo rmed  mater ia l  takes  a cons tan t  finite 
thickness .  Such  a finite th ickness  was also found for the  
border l ine  case where  amorphous  g rowth  swi tches  over  to 
crystal l ine growth.  This t ransi t ion was de tec ted  at 766~ 
wi th  both  ref lect ivi ty and emiss iv i ty  m e a s u r e m e n t s  and a 
cr i ter ion was der ived  that  descr ibes  the  t empe ra tu r e  de- 
p e n d e n c e  of  the  g rowth  rate at the  t ransi t ion (Eact = 5.4 eV). 

In  conclusion,  it is r emarked  that  the  final s t ruc ture  of  
the  depos i t ed  mater ia l  ev ident ly  depends  on the  g rowth  
process  as wel l  as on the  anneal  process(es) that  take place 
at the  same time. Consequent ly ,  not  s imply  jus t  the  deposi-  
t ion t empera tu re  bu t  the  kinet ics  and m e c h a n i s m  of growth  
and anneal  process(es) have  to be cons idered  in order  to un- 
ders tand  the  origin of the  resul t ing structure.  
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The Effect of Substituents on the Photosensitivity of 2-Nitrobenzyl 
Ester Deep U.V. Resists 

E. Reichmanis, C. W. Wilkins, Jr., D. A. Price, and E. A. Chandross 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

2-Nitrobenzyl cholate/poly(methyl methacrylate-co-methacrylic acid) is a high contrast (v > 5), high resolution 
photoresist which has a sensitivity of 150-200 mJ/cm ~ at 260 -+ 20 nm. However, because of the low deep u.v. intensity of most 
convenUonal exposure tools, ~t is deslrable to improve this senslhvlty. This may be accomphshed by subsUtutlon on the 
o-nitrobenzyl chromophore. Appropriate substitution can be used to enhance the absorption characteristics of the ester 
and, thereby, improve the photochemical response of the system. A variety of o-nitrobenzyl esters have been prepared by 
standard synthetic techniques and examined for use in this two-component resist system. Improvements in sensitivity by a 
factor of - 2  have been obtained with the 2,6-dinitrobenzyl alcohol based inhibitor. Other resist characteristics remain unaf- 
fected by substitution. All materials examined exhibit contrast as high as the parent o-nitrobenzyl cholate system, and they 
retain its high resolution characteristics. 

The 2-nitrobenzyl group has routinely been used as a 
photochemically removable protective group for carbox- 
ylic acids in organic synthesis (1, 2) and we have extended 
the usefulness of this chemistry to the development of a 
solution-inhibition deep u.v. photoresist (3, 4). 2-Nitro-' 
benzyl cholate/poly(methyl methacrylate-co-methacrylic 
acid) exhibits high contrast, is capable ofsubmicron resolu- 
tion, and has a sensitivity of 150-200 mJ/cm 2 at 260 -+ 20 nm. 
However, because of the low deep ultraviolet intensity (~ < 
280 nm) of most conventional exposure "tools," higher sen- 
sitivity is desirable. 

Various substituted 2-nitrobenzyl esters, e.g., methoxy 
and a-phenyl, have been employed as carboxylic acid pro- 
tective groups (1, 2). While no information concerning their 
photosensitivity is available, substi tution may be one 
means of improving resist sensitivity. Appropriate sdbsti- 

Key words: photolithography, photodegradation, resists. 

tution can enhance the absorption characteristics of the es- 
ter and, thereby, improve the photochemical response of 
the system. Alternatively, a substi tuent induced change in 
the steric configuration of the inhibitor molecule may en- 
hance the quantum yield of the rearrangement. A variety of 
2-nitrobenzyl ester derivatives have been prepared and ex- 
amined for use in this two-component resist system. The ef- 
fects of sub stitution on resist sensitivity, contrast, and reso- 
lution are described. 

Experimental 
Materials.--The substituted 2-nitrobenzyl cholate esters 

were prepared by standard synthetic techniques (3, 5, 6). 
Poly(methyl methacrylate-co-methacrylic acid) [P(MMA- 
MAA)] (7.5:2.5) was p repared  as before (2). Poly(2- 
nitrobenzyl methacrylate) [P(NBMA)] was prepared in tolu- 
ene at reflux t e m p e r a t u r e  us ing  benzoy l  pe rox ide  as 
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ini t ia tor .  T h e  p o l y m e r  was  i so la ted  b y  c o n s e c u t i v e  prec ip i -  
t a t i ons  f rom t o l u e n e  so lu t ion  in to  m e t h a n o l  a n d  d r i ed  un-  
de r  v a c u u m .  

Sensitivity, contrast, and resolution.--P(MMA-MAA) 
(7.5:2.5)  (MW 67 x 103 , M w / M n ,  2.7) w a s  d i s s o l v e d  i n  
c y c l o p e n t a n o n e  [15 w e i g h t  p e r c e n t  (w/o)] a n d  t he  speci f ied  
a m o u n t  of i n h i b i t o r  was  added .  P ( N B MA )  was  d i s so lved  in 
m e t h o x y e t h y l  ace ta t e  (15 w/o). T he  so lu t ions  we re  f i l tered 
(0.5 ~ m  Mil l ipore  filter) p r io r  to use  a n d  t h e n  app l i ed  to 
s t a n d a r d  s i l icon s u b s t r a t e s  w i th  a H e a d w a y  R e s e a r c h  spin-  
ner.  F i lms  were  b a k e d  at 160~ for 60 ra in  p r io r  to  exposu re .  

Sens i t i v i t y  a n d  c o n t r a s t  were  d e t e r m i n e d  by  i r r ad i a t i ng  
t he  c o a t e d  s u b s t r a t e s  t h r o u g h  a c h r o m e  on  q u a r t z  s t ep  tab-  
let  w i t h  a n  Opt ica l  Assoc ia te s  I n c o r p o r a t e d  D e e p  u.v. Ex-  
p o s u r e  S y s t e m  (Model  29 DH, 500W Hg-Xe  l amp)  o p t i m i z e d  
for  e x p o s u r e  at  260 -+ 20 or 310 -+ 20 nm.  L a m p  i n t e n s i t y  was  
con t ro l l ed  by  an  OAI Mode l  780 p o w e r  s u p p l y  a n d  was  k e p t  
at  10 and  30 m W / c m  2 for t he  260 a n d  310 n m  exposu re s ,  re- 
spect ively .  E x p o s u r e  t imes ,  d e v e l o p e r  cond i t ions ,  cont ras t ,  
a n d  r e s o l u t i o n  were  d e t e r m i n e d  as p r e v i o u s l y  r e p o r t e d  (2, 
3). D e v e l o p e r s  a n d  d e v e l o p m e n t  t i m e s  we re  c h o s e n  s u c h  
t h a t  m i n i m u m  t h i n n i n g  o c c u r r e d  in t he  u n e x p o s e d  reg ions  
of t he  film. W h e n  t he  10% a q u e o u s  Na2CO3 or 0.4% a q u e o u s  
N a O H  soak  were  u s e d  as the  sole  d e v e l o p m e n t  s tep,  no  loss 
of fi lm t h i c k n e s s  was  obse rved .  

Results and Discussion 
The  p r i m a r y  m e c h a n i s m  by  w h i c h  2 -n i t robenzy l  cho la te /  

P(MMA-MAA) w o r k s  as a res is t  i nvo lves  a p h o t o c h e m i c a l  
r eac t ion  of  t he  cho la t e  es te r  so lub i l i ty  i n h i b i t o r  (Fig. 1). 
U p o n  i r rad ia t ion ,  t he  n i t r o b e n z y l  e s t e r  u n d e r g o e s  a rear-  
r a n g e m e n t  to gene ra t e  o - n i t r o b e n z a l d e h y d e  p lus  a ca rbox-  
ylic acid. In  th i s  m a n n e r ,  a n  a lka l i - inso lub le  es te r  is con-  
v e r t e d  in to  a free acid w h i c h  is c h o s e n  so as to  be  read i ly  
so lub le  in  a lka l ine  deve lopers .  T h e  ease  of  r e a r r a n g e m e n t ,  
and,  thus ,  r es i s t  sens i t iv i ty ,  d e p e n d s  u p o n  t he  e x t e n t  of  ab-  
so rp t i on  of  l igh t  b y  t he  2 -n i t robenzy l  c h r o m o p h o r e  a n d  t he  
q u a n t u m  yie ld  of  the  pho to reac t i on .  A s s u m i n g  t h a t  subs t i -  
t u t i o n  causes  no  m a j o r  c h a n g e  in  t h e  q u a n t u m  yield,  a n  in- 
c rease  in t he  a b s o r b a n c e  of  the  i n h i b i t o r  w o u l d  be  e x p e c t e d  
to e n h a n c e  res i s t  sensi t iv i ty .  

S u c h  c h a n g e s  in a b s o r b a n c e  can  be  a c c o m p l i s h e d  b y  
s u b s t i t u t i o n  on  t he  p h o t o r e a c t i v e  c h r o m o p h o r e ,  and  a vari-  
e ty  of  2 -n i t robenzy l  cho la te  de r iva t i ve s  were  syn thes i zed .  
The  u.v. a b s o r p t i o n  spec t r a  (in a P(MMA-MAA) ma t r ix )  of  
some  of  t he  e s t e r s  P rePa red  are s h o w n  in  Fig. 2, a n d  t he  ab- 
so rp t i on  cha rac t e r i s t i c s  (in ace ton i t r i l e )  of  all t h e  ma te r i a l s  
in  q u e s t i o n  are g iven  in  Tab le  I. A s igni f ican t  i nc r ea se  in 
t he  a b s o r p t i o n  coeff ic ient  a t  - 2 6 0  n m  is o b s e r v e d  on ly  for 
t he  s - m e t h y l  a n d  6-cyano der iva t ives .  While  the  m e t h o x y  
s u b s t i t u t e d  ana logs  e x h i b i t  a d e c r e a s e  in  a b s o r p t i o n  in t en -  
s i ty  at  - 2 6 0  nm,  an  add i t iona l  b a n d  appea r s  at  l o n g e r  
w a v e l e n g t h s  ( - 3 2 0  nm).  N e i t he r  t he  2,6-dinitro no r  t he  
4 - m e t h o x y c a r b o n y l - 2 - n i t r o b e n z y l  es te r  e x h i b i t s  m u c h  
c h a n g e  in  a b s o r b a n c e  at  260 n m  vs. t h e  u n s u b s t i t u t e d  
paren t .  

R ing  s u b s t i t u t i o n  a p p e a r s  to have  l i t t le  or no  effect  on  t he  
so lub i l i ty  of t he  i r r ad ia t ed  es te r /P (MMA-MAA) compos i t e .  
The  so lub i l i ty  d i f f e rence  b e t w e e n  chol ic  ac id  a n d  i ts  e s te r s  
is s u c h  t h a t  i t  o v e r s h a d o w s  the  p e r t u r b a t i o n s  t h a t  r e su l t  
f r om p h e n y l  r ing  subs t i t u t i on .  T he  so lub i l i ty  of  chol ic  ac id  
in  aq.ueous ba se  is ca. 500 g/liter, wh i l e  i ts  s imp le  a l ipha t ic  
a n d  a r o m a t i c  es te r s  are p rac t ica l ly  i n s o l u b l e  in  s u c h  med ia .  

Resist sensitivity.--The res i s t  sens i t iv ies  of P(MMA- 
MAA)/20 w/o i n h i b i t o r  are g iven  in Tab le  II. Only  s -me thy l -  
2 -n i t robenzy]  cho la te  e x h i b i t s  b o t h  i n c r e a s e d  a b s o r b a n c e  

Table I. U.v. absorption spectral data for the substituted o-nitrobenzyl 
cholate esters 

Cholate ester kmax(nm)(e)" Cholate ester km,x(nm)(e) a 

2-Nitrobenzyl 260(5450) 2-Cyano- 261(8000) 
296(sh)(1850) 6-nitrobenzyl 295(2150) 

2-Methoxy- 2 5 9 ( 2 7 0 0 )  4-Methoxycarbonyl- 258(4950) 
6-nitrobenzyl 320(1860) 2-nitrobenzyl 

4-Methoxy- 267(1730) a-Methyl- 253(7800) 
2-nitrobenzy] 328(1000) 2-nitrobenzyl 320(sh)(1600) 

2,6-Dinitrobenzyl 231(11800) 
318(sh)(625) 

a In acetronitrile. 
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a n d  i m p r o v e d  sens i t iv i ty .  T h e  overa l l  a b s o r p t i o n  of l igh t  b y  
t h e  c h r o m o p h o r e ,  in  t he  e x p o s u r e  r a n g e  of  260 -+ 20 nm,  is 
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Fig. 1. Scheme depicting the photodegradation of the substituted 
2-nitrobenzyl cholate esters. 
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Fig. 2. U.v. absorption spectra of selected o-nitrobenzyl cholate esters 
in a P ( M M A - M A A )  matrix; o-nitrobenzyl cholate ( - - ) ,  o,o'-dinitrobenzyl 
cholate ( - -  - - ) ,  o-cyano-o'-nitrobenzyl cholate ( - - - - - ) .  Film thick- 
nesses are nominally 1 /~m. 

s ign i f ican t ly  i n c r e a s e d  (see Tab le  I for a b s o r p t i o n  charac-  
ter is t ics)  a n d  res i s t  sens i t iv i ty  is i m p r o v e d  b y  -20%.  Be- 
cause  of  s y n t h e t i c  necess i ty ,  t he  a - m e t h y l  ana log  is a 
t r i f o r m y l c h o l a t e  e s t e r  w h i c h  c h a n g e s  t he  d e v e l o p m e n t  
c h a r a c t e r i s t i c s  of  t h e  sys tem.  [We h a v e  p r e v i o u s l y  de ter -  
m i n e d  t h a t  es te r i f i ca t ion  of  t he  chol ic  ac id  h y d r o x y l  ap- 
p e n d a g e s  i m p r o v e s  t he  r e s i s t a n c e  of the  s y s t e m  to alkali,  al- 
l o w i n g  one  to use  a m o r e  s t rong ly  a lka l ine  d e v e l o p e r  (2)]. 
More  e x t e n s i v e  s tud ie s  of  t he  d e v e l o p m e n t  of  t h i s  res i s t  
s y s t e m  m i g h t  t h e n  i m p r o v e  res i s t  s ens i t iv i ty  still  fur ther .  
P r e s u m a b l y ,  t he  a - m e t h y l  s u b s t i t u e n t  ac t s  to c h a n g e  t h e  
con f igu ra t ion  of  t he  molecule ,  b o t h  i m p r o v i n g  i ts  absorp-  

Table II. Effect of substitution on resist sensitivity and contrast at 260  • 
20  nm 

Sensitivity 
(260 nrn) 

Resist (mJ/cm 2) Contrast 

2-Nitrobenzyl cholate a 160 >5 b 
2,6-Dinitrobenzyl 90 >5 b 

cholate a 
2-Methoxy-6-nitrobenzyl 240 >5 b 

cholate a 
4-Methoxy-2-nitrobenzyl 130 >5 b 

cholate a 
2-Cyano-6-nitrobenzyl 500 >5 b 

cholate a 
4-Methoxycarb onyl-2-nitro benzyl 200 >5 b 

cholate a 
a-Methyl-2-nitrobenzyl cholate a 120 >5 r 
Poly(2-nitrobenzyl methacrytate) >500 - -  

a 20 w/o in P(MMA-MAA) (7.5:2.5)MW = 67 • I{P, film thickness 
~1 tzm. 

b Developer: 10% aqueous Na~CO3 (3 rain) followed by a 30 sec H20 
rinse. 

Developer: 0.4% NaOH (3 min) followed by a 30 sec H~O rinse. 
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t ion  cha rac t e r i s t i c s  a n d  r e n d e r i n g  the  r e m a i n i n g  benzy l ic  
p r o t o n  m o r e  eas i ly  abs t r ac tab le .  

Whi le  t he  e l ec t ron  w i t h d r a w i n g  o-cyano g r o u p  e n h a n c e s  
t he  opt ica l  a b s o r p t i o n  of t he  i n h i b i t o r  b y  -50%,  it  g rea t ly  
d e c r e a s e s  t he  e f f ic iency  of  t h e  p h o t o c h e m i c a l  r ea r r ange -  
men t .  Res i s t  s ens i t iv i ty  is r e d u c e d  by  r o u g h l y  a fac tor  of  
three .  Whi le  use  of  2 - m e t h o x y - 6 - n i t r o b e n z y l c h o l a t e  ha s  a 
de l e t e r ious  effect  on  res is t  sens i t iv i ty ,  t he  pa ra  i s o m e r  im- 
p r o v e s  t he  p h o t o r e a c t i v i t y  of  the  sys t em sl ight ly.  

The  l a rges t  i nc r ea se  in sensi t iv i ty ,  a fac tor  of  nea r ly  two,  
is o b t a i n e d  w h e n  2 ,6-d in i t robenzyl  cho la te  is t he  so lu t ion  
i n h i b i t o r  for P(MMA-MAA).  The  i m p r o v e d  p h o t o s e n s i -  
t iv i ty  m u s t  arise,  in  part ,  f rom a s ta t i s t ica l  i nc rease  in t h e  
p robab i l i t y  of  t he  reac t ion .  The  a d d i t i o n a l  n i t ro  g roup  m a y  
also a l te r  t he  s ter ic  con f igu ra t ion  of  the  m o l e c u l e  s u c h  t h a t  
t he  benzy l ic  h y d r o g e n s  are m o r e  access ib l e  to a t tack.  Th i s  
r e su l t  is c o n s i s t e n t  w i t h  the  o b s e r v e d  inc rease  in q u a n t u m  
yield for t he  a n a l o g o u s  2 - n i t r o b e n z a l d e h y d e  to 2-ni t roso-  
benzo ic  ac id  r e a r r a n g e m e n t  w h e n  a 6-ni tro g roup  is a d d e d  
as a s u b s t i t u e n t  (7). 

T h e  2 -n i t robenzy l  c h r o m o p h o r e  ha s  also b e e n  a t t a c h e d  to 
a p o l y m e r  cha in ,  as in  po ly (2 -n i t robenzy l  m e t h a c r y l a t e )  
(P(NBMA)),  to d e t e r m i n e  w h e t h e r  t h i s  m i g h t  be  a more  ef- 
fec t ive  m e a n s  of  e m p l o y i n g  t he  s ame  p h o t o c h e m i s t r y  to 
c o n v e r t  a h y d r o p h o b i c  ma te r i a l  in to  one  w h i c h  is read i ly  
so lub le  in  a q u e o u s  a lka l ine  so lu t ions .  C o p o l y m e r s  of 
m e t h y l  m e t h a c r y l a t e  a n d  o -n i t robenzy l  m e t h a c r y l a t e  have  
b e e n  p r e v i o u s l y  f o u n d  to gene ra t e  a q u e o u s  a lka l i  so lub le  
p o l y m e r s  u p o n  i r r ad ia t ion  (8). P (NBMA)  was  f o u n d  to b e  
s u b s t a n t i a l l y  less sens i t ive  t h a n  t he  t w o - c o m p o n e n t  resist .  
P r e s u m a b l y  t he  u n p h o t o l y z e d  o -n i t robenzy l  e s t e r  moie t i e s  
af fec t  t he  we t t ab i l i t y  a n d  so lubi l i ty  of  the  film, r e d u c i n g  its 
so lubi l i ty  in  a q u e o u s  base.  E v e n  m e t h a n o l i c  d e v e l o p e r s  are  
u n a b l e  to deve lop  t he  res i s t s  effect ively.  
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Fig. 3. U.v. absorption spectra of o-methoxy-o'-nitrobenzyl cholate 
( - - ) ,  p-methoxy-o-nitrobenzyl cholate ( - - - - ) ,  and o-nitrobenzyl cholate 
( - - . - - ) .  Film thicknesses are nominally 1 ~m. 
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As m e n t i o n d  above ,  t he  m e t h o x y  s u b s t i t u t e d  o -n i t roben-  
zyl cho la te  es te r s  posses s  an  add i t iona l  a b s o r p t i o n  b a n d  at 
320 a n d  328 n m  for the  o r tho  a n d  pa ra  i somers ,  respec t ive ly .  
F i g u r e  3 c o m p a r e s  the  a b s o r p t i o n  spec t r a  of  t he se  ma te r i a l s  
in  a P(MMA-MAA) mat r ix .  The  e x i s t e n c e  of  t h e s e  absorp-  
t ions  led us  to i nves t i ga t e  t he  p h o t o c h e m i c a l  r e s p o n s e  of  
t h e s e  so lu t ion  i n h i b i t o r s  to 310 n m  radia t ion .  While  t h e  310 
n m  sens i t iv i ty  of  b o t h  4 a n d  6 -me thoxy-2 -n i t robenzy l  
cho la te /P (MMA-MAA)  is e n h a n c e d  over  t h a t  of  the  paren t ,  
n e i t h e r  s y s t e m  e x h i b i t s  suff ic ient  sens i t iv i ty  (Table  III)  for  
a p r a c t i c a l  r e s i s t .  T h e  m o s t  s e n s i t i v e  m a t e r i a l ,  t h e  
6 - m e t h o x y  a n a l o g ,  r e q u i r e s  a n  e x p o s u r e  d o s e  o f  960 
m J / c m  2. S ign i f i can t  i m p r o v e m e n t s  in  t he  a b s o r p t i o n  char-  
ac te r i s t i cs  of  the  i n h i b i t o r  are r e q u i r e d  for 2 -n i t robenzy l  
p h o t o c h e m i s t r y  to b e c o m e  p rac t i ca l  for  use  in  t he  310 n m  
region.  This  m i g h t  be  a c c o m p l i s h e d  t h r o u g h  the  use  of  
p h o t o s e n s i t i z e r s  (3). 

R e s i s t  c o n t r a s t . - - S u b s t i t u e n t  e f f e c t s  c a n  l e a d  to 
s ign i f ican t  i m p r o v e m e n t s  in  res is t  sens i t iv i ty ,  b u t  effects  
on  o the r  p a r a m e t e r s  s u c h  as c o n t r a s t  (7), t h e  ra te  at  w h i c h  a 
res i s t  r e s p o n d s  to i n c i d e n t  l ight ,  m u s t  also be  e x a m i n e d .  
The  p a r e n t  o -n i t robenzy l  cho la te /P (MMA-MAA)  s y s t e m  is 
u n u s u a l  for a n  o rgan ic  res is t  s y s t e m  in  t h a t  i t  h a s  a ve ry  
h i g h  c o n t r a s t  va lue ;  7 is > 5 w h e n  10% a q u e o u s  Na~CO3 is 
u s e d  as t he  d e v e l o p e r  (2, 3). Typical ly ,  Y is < 3 for  o rgan ic  
pho to res i s t s .  T h e s e  h i g h  va lues  of  7 are p r o b a b l y  a r e su l t  of  
t he  u n u s u a l  d i s so lu t i on  cha rac te r i s t i c s  of  t h e  n e w  resist .  
The  a q u e o u s  ba se  d e v e l o p e r  a p p e a r s  to " swe l l "  the  ex- 
p o s e d  areas  of  the  res i s t  w h i c h  are t h e n  d i s so lved  on  subse-  
q u e n t  i m m e r s i o n  in t he  w a t e r  r inse.  The  ion ized  res in  is ap- 
p a r e n t l y  i n s o l u b l e  in  t he  a lka l ine  deve loper .  Th i s  de l ica te  
so lubi l i ty  b a l a n c e  m i g h t  easi ly be  d i s t u r b e d  b y  c h a n g e s  in 
e i t he r  the  i n h i b i t o r  or t he  ba se  resin.  

Fo r tuna t e ly ,  th i s  p r o v e d  no t  to be  t he  case. W h e n  t h e  de- 
ve lope r  is 10% a q u e o u s  Na2CO3, all of  t he  s u b s t i t u t e d  
2 -n i t robenzy l  cho la te  de r iva t ives  e x a m i n e d  e x h i b i t  equa l ly  
h i g h  c o n t r a s t  as t he  p a r e n t  w h e n  i n c o r p o r a t e d  in to  the  
P(MMA-MAA) base  res in .  As s h o w n  in Tab le  II, 7 is gener -  
ally > 5, a n d  Fig. 4 dep ic t s  a typ ica l  c o n t r a s t  curve,  t h a t  for  
t he  2,6-dinitro sys tem.  

The  in f luence  of  t he  d e v e l o p e r  is i l l u s t r a t ed  b y  the  re- 
su l t s  o b t a i n e d  w i t h  2.5% a q u e o u s  d i e t h a n o l a m i n e  fo l lowed 
by  an  a q u e o u s  r inse.  Here,  b o t h  cont ras t ,  a n d  to a l esse r  ex-  
ten t ,  t he  a m o u n t  of  t h i n n i n g  of  t he  fi lm are d e p e n d e n t  
u p o n  the  s u b s t i t u e n t .  The  n i t ro  a n d  m e t h o x y c a r b o n y l  de-  
r iva t ives  are  typ ica l  examples .  As s h o w n  in Tab le  IV, t h e  

Table III. Resist sensitivity and contrast at 310 -+ 20 nm 

Sensitivity b 
310 nm 

Resist a (mJ/cm 2) Contrast 

2-Nitrobenzyl cholate 2500 >5 
2-Methoxy-6-nitrobenzyl 960 >5 

r 
4-Methoxy-2-nitrobenzyl 1200 >5 

cholate 
2-Cyano-6-nitrobenzyl >>2500 - -  

cholate 

la t te r  u n d e r g o e s  20% t h i n n i n g  on  d e v e l o p m e n t ,  wh i l e  the  
f o r m e r  loses on ly  5% of i ts or ig ina l  t h i c k n e s s .  Th i s  com- 
pa re s  w i th  10% loss of  film t h i c k n e s s  for t h e  p a r e n t  (3). As 
expec t ed ,  c o n t r a s t  is b e s t  w h e n  less t h i n n i n g  is obse rved .  
F igu re  4 also s h o w s  a c o n t r a s t  cu rve  for  t h e  d in i t ro  s y s t e m  
w h e n  d i e t h a n o l a m i n e  is t h e  developer .  

R e s o l u t i o n . ~ A  cr i t ical  t es t  of  a res i s t  s y s t e m  is i ts  abi l i ty  
to def ine  a pa t t e rn .  T h e  h i g h  c o n t r a s t  we  o b s e r v e  enab le s  
us  to readi ly  def ine  f ea tu res  as sma l l  as 1 ~ m  in all t h e  mate -  
rials s t u d i e d  here.  A typ ica l  e x a m p l e  is s h o w n . i n  Fig. 5. 
Here,  n o m i n a l  1/~m l ines  a n d  spaces  are co n t ac t  p r i n t e d  in 
2 ,6 -d in i t robenzy l  cho la te /P(MMA-MAA) u s i n g  260 -+ 20 n m  
r a d i a t i o n  a n d  10% a q u e o u s  Na2CO~ as the  deve loper ,  fol- 
lowed  by  a 30 sec H~O r inse.  T h e  l ines  are in  fact  less  t h a n  1 
/~m wide,  wh i l e  the  spaces  are s o m e w h a t  larger.  

H igh  r e s o l u t i o n  is use less  un le s s  the  de f ined  fea tu res  c an  
be  readi ly  t r a n s f e r r e d  to t h e  subs t ra te .  Therefore ,  the  reac- 
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Fig. 4. Contrast as a function of developer for 2,6-dinitrobenzyl cholate; 
10% aqueous Na2C03 ( - - - - ) ,  2.S% aqueous diethanolamine (--) .  

a 20 w/o in P(MMA-MAA) (7.5:2.5)MW = 67 • 103, Mw/Mn = 2.7, film 
thickness: -1/~m. 

b Using 10% aqueous Na~CO3 as the developer (3 rain) followed by 
a 30 sec H20 rinse. 

Table IV. Resist sensitivity and contrast using diethanolamine as the 
developer 

Resist ~ 
sensitivity % Thickness 

Inhibitora (mJ/crn2) 7 remaining 

2-Nitrobenzyl 290 2.2 90 
cholate 

2,6-Dinitrobenzyl 150 2.5 95 
cholate 

4-Methoxycarbonyl 300 -1.5 80 
2-nitrobenzyl cholate 

a 20 w/o in P(MMA-MAA) (7.5:2.5), MW = 67 • 103, Mw/M, = 2.7, ini- 
tial thickness: 7 • 103A. 

,2.5% aqueous diethanolamine developer (3 min) followed by a 30 
sec H~O rinse. 

Fig. 5. SEM microgroph depicting nominal 1.O /~m lines and spaces 
printed in 2,6-dinitrobenzyl cholate/P(MMA-MAA). 
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t ive  ion e tch ing  character is t ics  of  these  resis t  sys tems  were  
measured .  They  were  found to be  comparab l e  to those  of  
the paren t  2-ni t robenzyl  cholate resis t  (3), as was antic- 
ipated. 

Conclusion 
The  sensi t ivi ty  of  o-ni t robenzyl  es ter  based  photores is ts  

has been  i m p r o v e d  by subs t i tu t ion  on the  pho to reac t ive  
chromophore .  A 6-nitro or a -methyl  subs t i tuen t  roughly  
doubles  the  sensi t iv i ty  of  2-ni t robenzyl  cholate/P(MMA- 
MAA) to 260 n m  radiat ion.  High contras t  and resolut ion  are 
re ta ined  wi th  these  analogs and no adverse  effect  on reac- 
t ive ion e tch ing  res is tance is observed.  
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Technical Note 

Comparison of Thermoluminescence and Phosphorescence between 
Electron-Excited and U.V.-Excited Zinc Silicate Phosphors 

Takeshi Takamori* and Derek B. Dove* 
IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

The proper t ies  of  a phospho r  m a y  be s ignif icant ly af- 
fected by the  p resence  of  defects  or impur i t i es  that  give rise 
to in t e rmed ia t e  t r app ing  states for electrons.  There  is, 
therefore,  cons iderab le  in teres t  in inves t iga t ing  trap distri- 
bu t ions  p roduced  by var ious  means  in phosphor s  in order  
to learn h o w  to control  efficiency, or modi fy  pers is tence  or 
o ther  propert ies .  To this end, m a n y  s tudies  have  been  
carr ied out  on phospho re scence  and t h e r m o l u m i n e s c e n c e  
and on the  corre la t ion  be tween  these  p h e n o m e n a  since 
they  bo th  ref lect  t rap e m p t y i n g  processes.  In  a lmos t  all 
cases, this work  has  been  carr ied out  us ing  u.v. exc i ta t ion  
even  in the  case of  phosphors  in t ended  for C R T  applica- 
tions. A l though  it  has been  k n o w n  for a long t ime  that  the  
character is t ics  of  phosphore scence  after  u.v. exc i ta t ion  and 
after e lec t ron  exc i ta t ion  may  be marked ly  dif ferent  (1), 
t h e r m o l u m i n e s c e n c e  behav ior  of e lec t ron  exc i ted  phos-  
phors  has rare ly  been  repor ted  (2). Corre la t ion b e t w e e n  
t h e r m o l u m i n e s c e n c e  and phosphorescence  has been  dis- 
cussed  for u .v . -exci ted phosphors  (3), bu t  such  corre la t ion 
for e lec t ron-exc i ted  phosphors  appears  no t  to have  been  re- 
por ted  previously .  Phospho re scence  of  e lec t ron-exc i ted  
phosphor s  by i tself  has been  s tud ied  by m a n y  workers ,  bu t  
its t empe ra tu r e  d e p e n d e n c y  has not  been  wel l  es tabl ished.  
More ex tens ive  s tudies  wi th  e lec t ron exci ta t ion,  however ,  
should  be of va lue  in ex tend ing  our  k n o w l e d g e  of  lumines-  
cence  proper t ies  of  CRT phosphors ,  the i r  surface states, 
and thei r  damage,  i f  any, by e lec t ron b o m b a r d m e n t .  In  this 
respect ,  the  purpose  of  this c o m m u n i c a t i o n  is to p resen t  
our  first a t t empt  to exp lore  the  t h e r m o l u m i n e s c e n c e  and 
phospho re scence  behav ior  of  e lec t ron-exc i ted  phosphors .  
As typical  C R T  phosphors ,  commerc i a l  P39 (U.S. Rad ium)  
and P1 (General  Electric),  which  are Mn-act iva ted  zinc sili- 
cate phosphor s  wi th  and wi thou t  arsenic inclusion,  are 
tested. The  resul ts  are compared  with  those  obta ined  wi th  

* Electrochemical Society Active Member. 
Key words: inorganic, cathode luminescence,  photolumi- 

nescence. 

u.v. exci ta t ion.  Many o ther  aspects  of  these  phosphor s  have  
recent ly  been  repor ted  f rom this labora tory  (4-10). 

For  m e a s u r e m e n t s  of  t h e r m o l u m i n e s c e n c e  at a cons tant  
rate of  t empera tu re  rise (hereafter referred to as a g low 
curve), sample  powders  were  set t led upon  a copper  b lock  
f rom e thanol  suspens ion  in the form of  ve ry  thin  layers. 
They  were  hea ted  in a v a c u u m  chamber  wi th  cons tan t  heat- 
ing rates fol lowing e lec t ron exc i ta t ion  at l iquid  n i t rogen  
tempera ture .  For  compar ison,  g low curves  were  also ob- 
ta ined  on the same samples  fol lowing exc i ta t ion  with  248 
n m  radiat ion f rom a high pressure  me rcu ry -xenon  lamp at 
the  same tempera ture .  In es t imat ing  trap depths  by the  
Hoogens t raa ten  plot  (11), var ious  hea t ing  rates in the  range 
of  0.1~176 were  used. In  compar i son  of thermo-  
l uminescence  after different  exci tat ions,  0.5~ was 
u sed .  M e a s u r e m e n t s  o f  p h o s p h o r e s c e n c e  d e c a y  w e r e  
carr ied out  at cons tan t  t empera tu re  over  a wide  tempera-  
ture  range, for t ime  per iods  ex tend ing  f rom one  to hun- 
dreds of  seconds,  for both  e lec t ron b e a m  and u.v. excita-  
tion. 

The  e lec t ron b e a m  was provided  by a s imple  d iode struc- 
ture  employ ing  a tungs t en  f i lament  source.  The  sample  
area was f looded wi th  the  unfocused  b e a m  and cur ren t  was 
contro l led  by adjus t ing  the  source tempera ture .  

In  mos t  of the  e lec t ron  exci ta t ion  in the  p resen t  work,  the  
the rmal  e lec t rons  f rom the  tungs ten  f i lament  were  acceler- 
a ted to an energy  of  10 keV. This  is in contras t  to the  excita-  
t ion energy  of  248 n m  (5 eV) of  the  u.v. radia t ion used  for 
compar ison.  In  spite of  this large di f ference in exc i ta t ion  
energies  be tween  the e lectron exc i ta t ion  and u.v. excita-  
t ion, the  t h e r m o l u m i n e s c e n c e  and phosphore scence  in 
mos t  cases were  found  to be qual i ta t ively  qui te  alike, once 
traps were  filled. However ,  apparen t  d i f ference in the  be- 
havior  of  trap filling was observed  be tween  e lec t ron  exci-  
ta t ion and u.v. exci ta t ion.  For  the  m e a s u r e m e n t  of  phos-  
phorescenc  e as a func t ion  of  t empera ture ,  the  br ightness  of  
f luorescence  dur ing  exci ta t ion  at var ious  t empera tu re s  
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was adjus ted  to be approx imate ly  the  same both in u.v. ex- 
c i ta t ion and in e lec t ron excitat ion,  so that  the  resul ts  ob- 
ta ined  with  different  exci ta t ions  could  be compared  di- 
rectly. 

Curves  A in Fig. 1 and 2 show glow curves  of P39 wi th  
e lec t ron exci ta t ion and with  u.v. exci ta t ion,  respect ively.  
The  two major  peaks look alike in both  cases, a l though the  
lower  t empera tu re  peak  of  the u.v.-exci ted phospho r  ap- 
pears at a s l ightly h igher  tempera ture .  The  Hoogens t raa ten  
plot  for these  two peaks  indica ted  trap dep th  of  0.7 and 2.0 
eV for lower  and h igher  t empera tu re  peaks,  respect ively ,  
On the  g low curve  of the e lectron exc i ted  P39, a s ignif icant  
third peak  appeared  at app rox ima te ly  180~ as indica ted  by 
an a r row on the curve  A in Fig. 1. This  peak cannot  clearly 
be recognized  on the  glow curve  of the  u .v . -exci ted P39; the  
Hoogens t raa ten  plot  (11) for this peak indica ted  a trap 
dep th  of 1.6 eV. S ince  the  e lec t ron pene t ra t ion  dep th  is 
m u c h  less than  that  of  the  u.v. radiation,  this  addi t ional  
peak on the  glow curve  due to e lec t ron exc i ta t ion  may  indi- 
cate a prefer red  locat ion of  cer ta in  t raps  near  the  surface of  
the  powder  particles.  However ,  even  w h e n  the  accelera t ing 
potent ia l  was r educed  to 80V, its he igh t  re la t ive  to the o ther  
peaks  r ema ined  the same, indica t ing  that  such is not  the  
case. Curve B in Fig. 1 shows the  g low curve  obta ined  by 
decreas ing  the  length  of  exci ta t ion  t ime  and in tens i ty  in ad- 
di t ion to reduc ing  the  accelerat ing potential .  Compar i son  
of  curves  A and B in Fig. 1 indicates  that, of  the  deepes t  
traps of approx imate ly  2.0 eV, the shallower ones seem to be 
ill]ed first. For  this h igh t empera tu re  peak,  the  peak  tem- 
pera ture  on the  curve  B, for wh ich  the exc i ta t ion  condi t ion  
of  the sample  was yet  far f rom saturation,  appeared  at 20~ 
lower  than  that  of the curve  A, for wh ich  the  exc i ta t ion  con- 
di t ion was near  saturation.  In contrast ,  however ,  w h e n  the  
same sample  was exc i ted  with  248 n m  u.v. for a shorter  
t ime, the peak  t empera tu re  of  this trap shif ted sl ightly to 
h igher  t empera tu re  (curve B in Fig. 2) c o m p a r e d  with  that  
of near  saturat ion (curve A). 

The  ratio of  the larger  peak he ight  due  to the  2.0 eV traps 
wi th in  the  glow curves  to that  of the 0.7 eV traps (as seen in 
both  Fig. 1 and 2), shows the h igher  popula t ion  of  the 
former  traps in this phosphor .  However ,  the  re la t ive  he ight  
of  this h igher  t empe ra tu r e  peak  becomes  smal ler  w h e n  the  
phospho r  is exc i ted  for a shorter  t ime  p roduc ing  a h ighly  
unsa tura ted  condit ion.  This  is shown by the curves  B in 
Fig. i and 2. The  observa t ion  here  indicates  that  the  traps of  
0.7 eV are filled faster  than  those  of 2.0 eV, the  e lec t ron  cap- 
ture  cross sect ion of the  former  be ing  greater.  

A s u m m a r y  of  the  phosphorescence  data, exp res sed  here  
as the decay t ime  to 1% br ightness  of  the  init ial  fluores- 
cence,  is p lot ted  as a funct ion  of t empera tu re  for compari-  
son in Fig. 1 and 2 (curves C). It  is seen in Fig. 1, that  wi th  
e lec t ron exci ta t ion,  the  phosphorescence  curve  of  P39 very  
closely fol lows the g low curve  in the whole  t empera tu re  
range studied.  Such  a close correlat ion of  phospho re scence  
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Fig. 2. Thermoluminescence (curves A and B) and phosphorescence 
(curve C) of P39 with u.v. excitation. Heating rate for the glow curves is 
0.5~ 

and t h e r m o l u m i n e s c e n c e  has been  d i scussed  for u.v.- 
exc i ted  phosphor s  in the  l i terature (3). With u.v. exci tat ion,  
however ,  the  phosphorescence  of P39 persis ts  for ex- 
t r eme ly  long t imes  at t empera tu res  near  the g low curve  
peak  due  to the  0.7 eV traps, but  shows no de tec tab le  indica- 
t ion of longer  decay  t ime at t empera tu re s  near  the  peak  
t empera tu re  of  2.0 eV traps as shown in Fig. 2. 

The  decay of phosphore scence  after e lec t ron  exci ta t ion  is 
often m u c h  faster than  after u.v. exci tat ion.  This  d i f ference 
is caused by the  di f ferent  densi t ies  of  exc i ta t ion  per  uni t  
v o l u m e  of phospho r  in the  two cases (1). The  exci t ing  elec- 
t rons are absorbed  in a relat ively th in  layer  of  the surface of 
the  phospho r  part icles  and so the exc i ta t ion  is re lat ively in- 
tense.  The  u.v. radiat ion exci tes  a m u c h  larger  v o l u m e  of 
phospho r  since the penet ra t ion  dep th  of  u.v. is m u c h  
greater  than  that  of  the range of the 10 keV electrons,  and, 
thus, a greater  popula t ion  of  traps is filled, resul t ing in 
s lower  decay. This  expla ins  the longer  phosphorescence  
near  the glow peak of  0.7 eV in Fig. 2 c o m p a r e d  with  that  in 
Fig. 1. 

On the o ther  hand,  w h e n  P39 was exc i ted  at t empera tu res  
near  the  g low peak of  2.0 eV by u.v., the  phospho re scen t  de- 
cay was m u c h  faster  than  the case w h e n  it was exc i ted  wi th  
e lect rons  at t empera tu res  in the  same range, as seen by 
compar i son  of  curves  C in Fig. 1 and 2. G low curves  of  P39 
taken  i m m e d i a t e l y  after u.v. exci ta t ion  at var ious  tempera-  
tures  showed  that  the  peak  he ight  of  the  2.0 eV peak be- 
came  gradual ly  lower  wi th  increas ing t empera tu re  of exci-  
t a t i o n  as s h o w n  in Fig .  3. E v e n  w h e n  t h e  e x c i t a t i o n  
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Fig. 1. Thermoluminescence (curves A and B) and phosphorescence 
(curve C) of P39 with electron excitation. Heating rate for the glow 
curves is 0.5~ 
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t e m p e r a t u r e  was  n e a r  r o o m  t e m p e r a t u r e ,  t he  p e a k  h e i g h t  
was  sti l l  l ower  t h a n  t h a t  of the  e x c i t a t i o n  at  l i qu id  n i t r o g e n  
t e m p e r a t u r e .  W h e n  t h e  exc i t a t i on  t e m p e r a t u r e  was  b e y o n d  
200~ effect ively,  n ~ glow peak  was  obse rved .  A p p a r e n t l y ,  
no  t r ap  fill ing occu r s  due  to u.v. r a d i a t i o n  at  t h e  t e m p e r a -  
tu re  of  t h i s  g low peak.  Th i s  is in  c o n t r a s t  to  t h e  c o m m o n  ob- 
s e r v a t i o n  in  g low cu rve  e x p e r i m e n t s  in  t h a t  some  magn i -  
t u d e  of  g low p e a k  is o b s e r v e d  e v e n  if  t h e  s a m p l e  p h o s p h o r  
is exc i t ed  at  t he  h i g h  t e m p e r a t u r e  s ide of  the  glow peak,  in- 
d i ca t ing  t h e  o c c u r r e n c e  of t rap  filling u n d e r  s u c h  a condi-  
t ion.  I t  appears ,  the re fore ,  tha t ,  in  t h i s  pa r t i cu l a r  case,  
t r a p p i n g  in to  s h a l l o w e r  t r aps  is a p r e c u r s o r  s ta te  for elec- 
t r o n s  to b e  t r a p p e d  in to  t he  deeper ,  2.0 eV, t raps .  E l e c t r o n s  
w h i c h  fill s ha l l ow  t r aps  first m a y  fall in to  d e e p e r  t r aps  
whi l e  t i m e  goes  by  d u r i n g  t he  t r a p p i n g  stage. E l e c t r o n s  are 
a p p a r e n t l y  no t  t r a p p e d  in to  the  d e e p e r  t r aps  w h e n  t he  
p h o s p h o r  is i r r ad i a t ed  by  u.v. a t  t e m p e r a t u r e s  at  w h i c h  t he  
e l ec t ron  c a n n o t  s tay  in  the  sha l l ower  t raps ,  e v e n  i f  t he  t em-  
p e r a t u r e  is sti l l  wel l  b e l o w  t h a t  of  t he  g low p e a k  corre-  
s p o n d i n g  to t h i s  d e e p e r  t rap.  Only  w h e n  t he  p h o s p h o r  was  
exc i t ed  w i t h i n  t he  t e m p e r a t u r e  r a n g e  w h i c h  is at  l eas t  cov- 
e r ed  by  t he  h i g h  t e m p e r a t u r e  s ide tai l  of  t he  sha l l ower  glow 
p e a k  was  s u b s e q u e n t  h e a t i n g  f o u n d  to r evea l  a h i g h  t em-  
p e r a t u r e  p e a k  on  t h e  g low curve.  T he  p h o s p h o r e s c e n c e  as a 
f u n c t i o n  of t e m p e r a t u r e  (curve  C in  Fig. 2) d id  no t  fo l low the  
glow cu rve  of t h i s  p e a k  p r o b a b l y  for  th i s  reason.  Also, t h i s  
i n t e r p r e t a t i o n  is c o n s i s t e n t  w i t h  t h e  o b s e r v a t i o n  on  cu rve  B 
in  Fig. 2, w h e r e  t h e  re la t ive  height ,  of t he  h i g h e r  t e m p e r a -  
tu re  p e a k  d u e  to t he  2.0 eV t r aps  b e c o m e s  sma l l e r  w h e n  t he  
p h o s p h o r  is exc i t ed  for  a s ho r t e r  t i m e  as d e s c r i b e d  above .  

F igu re  4 s h o w s  g low cu rves  t a k e n  i m m e d i a t e l y  af te r  elec- 
t r o n  e x c i t a t i o n  at  va r ious  t e m p e r a t u r e s .  In  c o n t r a s t  to t he  
r e su l t s  in  Fig. 3, a g low p e a k  was  o b s e r v e d  e v e n  af te r  t h e  ex- 
c i t a t ion  at  t e m p e r a t u r e s  close to t he  h i g h  t e m p e r a t u r e  p e a k  
o n  cu rve  A in Fig. 1. However ,  t he  h e i g h t  of th i s  p e a k  gradu-  
ally d e c r e a s e d  w i t h  i n c r e a s i n g  e x c i t a t i o n  t e m p e r a t u r e  simi- 
lar ly  to t h o s e  in Fig. 3. I t  appears ,  the re fore ,  t h a t  t he  de- 
c r eas ing  t r e n d  of t he  t r ap  filling as a f u n c t i o n  of  e x c i t a t i o n  
t e m p e r a t u r e  is t he  s a m e  e i the r  w i th  u.v. e x c i t a t i o n  or w i t h  
e l ec t ron  exc i ta t ion .  B e c a u s e  of  the  h i g h  e n e r g y  of  t he  inci-  
d e n t  e l ec t rons  a n d  the  c o m p l e x  b e h a v i o r  of  the  s e c o n d a r y  
e l ec t rons  (1), howeve r ,  t h e  t r aps  of 2.0 eV are par t ia l ly  filled 
w i t h  t he  e l e c t r o n  e x c i t a t i o n  e v e n  a t  t he  t e m p e r a t u r e s  at  
w h i c h  t h e  u .v .  e x c i t a t i o n  c a n n o t  i n d u c e  a d e t e c t a b l e  
a m o u n t  of t r ap  filling. Thus ,  t he  close co r r e l a t i on  b e t w e e n  
t h e  g low cu rve  a n d  p h o s p h o r e s c e n c e  o b s e r v e d  w i t h  elec- 
t r o n  e x c i t a t i o n  for  t h e  t r aps  of 2.0 eV in  Fig. l m a y  be  acci- 
d e n t a l  r a t h e r  t h a n  a rule.  In  c o n t r a s t  to  t he  dec rea se  of t he  
p e a k  h e i g h t  of  t h e  2.0 eV t raps ,  t he  p e a k  h e i g h t s  of  o the r  
t r a p s  s u c h  as of  1.6 eV i n c r e a s e d  s l ight ly  b u t  d e t e c t a b l y  
w i th  i n c r e a s i n g  e x c i t a t i o n  t e m p e r a t u r e  as s een  b o t h  in  Fig. 
3 a n d  4. Fo r  example ,  in  Fig. 3 e v e n  w i t h  t he  u.v. exc i t a t i on  
t he  p e a k  of  1.6 eV is n o w  recogn izab l e  w h e n  exc i t ed  at  ele- 
v a t e d  t e m p e r a t u r e s .  

All o b s e r v a t i o n s  in  t he  a b o v e  i nd i ca t e  t h a t  t he  t r aps  of  2.0 
eV h a v e  smal l  cross  sec t ion  for  d i r ec t  c ap tu r e  c o m p a r e d  
w i t h  o t h e r  sha l l ower  t raps .  A l t h o u g h  they  ex i s t  in  h i g h  den-  
si ty in  t h i s  p h o s p h o r ,  m o s t  of the  t r ap  filling he re  p r o c e e d s  
t h r o u g h  the  he lp  of  e l ec t ron  c a p t u r e  by  o the r  c o u l o m b i c  
t r aps  of  g rea t e r  cross  sect ion.  

In  Fig. 5 a n d  6, g low cu rves  w i th  e l ec t ron  exc i t a t i on  a n d  
w i t h  u.v. exc i ta t ion ,  respec t ive ly ,  of t he  P1 p h o s p h o r  are  
s h o w n  t o g e t h e r  w i t h  t he  p lo t  of p h o s p h o r e s c e n c e ,  ex- 
p r e s s e d  as decay  t i m e  to 0.1% b r i g h t n e s s  of  the  in i t ia l  
f luorescence .  As i n d i c a t e d  by  t he  a r row on cu rve  A in Fig. 
5, a smal l  s h o u l d e r  a p p e a r e d  on  t he  h i g h  t e m p e r a t u r e  side 
of a m a j o r  p e a k  of  t he  g low c u r v e  w i th  e l ec t ron  exc i ta t ion ,  
i n d i c a t i n g  an  a d d i t i o n a l  p e a k  w h i c h  is no t  c lear ly  o b s e r v e d  
w i t h  the  u.v. e x c i t a t i o n  on  the  cu rve  A in  Fig. 6. W h e n  t he  
p o w e r  of the  exc i t i ng  e l ec t rons  was  r e d u c e d  by  an  o rde r  of 
m a g n i t u d e ,  th i s  p e a k  was  no t  d e t e c t a b l e  e v e n  w i t h  h i g h e r  
sens i t iv i ty  d e t e c t i o n  of the  l igh t  ou tpu t .  

E x t r e m e  va r i a t i ons  of t he  i n t e n s i t y  of u.v. e x c i t a t i o n  to 
c o m p a r e  g low c u r v e s  w i th  s a t u r a t e d  a n d  u n s a t u r a t e d  in i t ia l  
c o n d i t i o n s  d id  no t  r e su l t  in  any  s ign i f ican t  c h a n g e  in t he  
re la t ive  h e i g h t s  b e t w e e n  the  two m a j o r  p e a k s  (curve  B in 
Fig. 6). T h a t  is, t h e  two  k i n d s  of m a j o r  t r a p s  of  th i s  p h o s p h o r  
s e e m  to be  filled t h r o u g h  s imi la r  k ine t ics .  As s h o w n  by  
c u r v e  B in Fig. 5, howeve r ,  w h e n  the  acce l e r a t i ng  po t en t i a l  
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Fig. 7. Phosphorescent decay curves of P39 after u.v. excitation at 
temperatures below and above the glow peak. Level of brightness 
reaching 1% of the fluorescence is indicated by the dashed line. 

of the electron excitation is decreased down to a few hun- 
dred volts to reduce the penetration depth of incident elec- 
trons, the relative height of the higher temperature one of 
the two major peaks decreased significantly. This observa- 
tion may indicate preferred locations of certain traps in 
phosphor particles, although further studies are needed for 
more definitive discussion. 

With both electron excitation and u.v. excitation, the 
phosphorescence of P1 closely follows the glow curves. By 
comparison of Fig. 5 and 6, it can be seen that the phospho- 
rescent decay of P1 with the u.v. excitation is much longer 
than that with electron excitation in the entire range of tem- 
perature studied. This is different from the result for P39 
discussed above. Although in Fig. 5 and 6 in the phospho- 
rescence is represented by the decay time to 0.1% bright- 
ness instead of 1%, this does not change the overall picture 
too much. A small difference expected iw that the tempera- 
tures of the maximum phosphorescence will shift to a 
slightly higher value than those in Fig. 5 and 6 when the 
phosphorescence is expressed by the decay time to 1%. 
This is because of the difference in decay characteristics be- 
tween decays at lower and higher temperature sides of a 
glow peak. At the lower temperature side of a glow peak, 
phosphorescence always decays fast initially and more 
slowly later; whereas, at the higher temperature side, it de- 
cays more slowly initially but faster later. As typical exam- 
ples, Fig. 7 and 8 show phosphorescence of P39 after u.v. ex- 
citation and that of P1 after electron excitation, respec- 
tively. 

In summary, measurements have been made of the 
thermoluminescence and phosphorescence of zinc silicate 
phosphors, to compare particularly excitation by u.v. radia- 
tion and by electron beam. The results show both similari- 
ties and differences in properties and indicate the possibil- 
i ty of us ing  the e l ec t ron  exc i t a t i on  t e c h n i q u e  for the  
exploration of surface states and for examining electron 
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Fig. 8. Phosphorescent decay curves of P1 after electron excitation at 
temperatures below and above the glow peak. Level of brightness 
reaching 0.1% of the fluorescence is indicated by the dashed line. 

beam induced damage in phosphors. Further  work is in 
progress in order to investigate the properties of phosphors 
for CRT applications. 
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S E C T I O N  

This portion of the Discussion Section contains discussion of pa- 
pers in the Electrochemical Science and Technology Section of the 
Journal of The Electrochemical Society, Vol. 129, No. 7, 8, 9, and 10, 
July, August, September, and October 1982. 

Vibrational Spectroscopic Determination of Structure and 
Ion Pairing in Complexes of Poly(ethylene oxide) with 

Lithium Salts 

B. L. Papke, M. A. Rather, and D. F. Shriver 
(pp. 1434-1438, Vol. 129, No. 7) 

J. P a u l  D e v l i n :  ~ In  th i s  paper ,  t he  a u t h o r s  p r o p o s e  t h a t  
t h e  l i t h i u m  ion  in  a p o l y e t h y l e n e  ox ide  (PEO) c o m p l e x  of  
LiNO3 is i n t e r a c t i n g  w i t h  t he  oxygens  of  t he  p o l y m e r  a n d  (in 
t he  case  of s o m e  l i t h i u m  ions) w i t h  a n i t ra te .  We be l i eve  t h a t  
app l i c a t i on  of  s o m e  i n f o r m a t i o n  o b t a i n e d  f r o m  s tud ie s  of  
l i t h i u m  n i t r a t e  c o n t a c t  ion  pa i rs  i so la ted  in i n e r t  gases  ma-  
t r i ces  as wel l  as for  ion  pa i rs  va r i ab ly  so lva t ed  in m a t r i c e s  
s p i k e d  w i t h  c o n t r o l l e d  a m o u n t s  of  so lvent ,  2-4 a d d s  to t he  un-  
d e r s t a n d i n g  of  t h i s  sys tem.  

In  foo tno tes ,  2-4 t he  da t a  m o s t  use fu l  in  t he  p r e s e n t  si tua- 
t ion  is t h a t  for  t h e  s t epwise  so lva t ion  of  t he  l i t h i u m  n i t r a t e  
c o n t a c t  ion  pa i r  b y  t e t r a h y d r o f u r a n  (THF)  in  an  a rgon  ma-  
tr ix.  By  v a r y i n g  t h e  T H F  ava i l ab le  to t h e  l i t h i u m  n i t r a t e  in  
t he  mat r ix ,  t he  sp l i t t i ng  of  the  v3 m o d e  for  the '  so lva ted  ion 
pa i r s  can  be  seen  to dec rea se  in t h r e e  d i sc re t e  s teps  f rom a 
v a l u e  of  262 to a va lue  of  105 c m  -1. S ince  t h i s  l a t t e r  sp l i t t i ng  
[di rect ly  a t t r i b u t a b l e  to (THF3) LiNO3] is c lose  to t he  92 c m  -~ 
v a l u e  o b s e r v e d  for  (PEO)x LiNOs, one  cou ld  d r a w  the  con-  
c lu s ion  t h a t  t h e r e  are at  leas t  th ree ,  a n d  pos s ib ly  four,  oxy- 
gens  of  the  P E O  c h a i n  i n t e r ac t i ng  w i t h  t h e  l i t h i u m  ion  pa r t  
of  t he  c o n t a c t  ion  pa i r  Li+NO~. 

On a n o t h e r  poin t ,  P a p k e  et al. base  ce r t a in  a r g u m e n t s  on  
t h e  p u b l i s h e d  v a l u e s  for  t he  v3 sp l i t t i ng  in  m o l t e n  sa l ts  a n d  
c o n c e n t r a t e d  a q u e o u s  solu t ions .  Th i s  does  n o t  a p p e a r  ad- 
v i s a b l e  s i n c e  t h e  s p l i t t i n g  o f  v3 f o r  t h e s e  c a s e s  is  
s ign i f i can t ly  i n c r e a s e d  b y  t r a n s i t i o n  d ipo l e - t r ans i t i on  di- 
po le  c o u p l i n g  of  n e i g h b o r i n g  n i t ra tes ,  as t h e  v3 m o d e  of the  
n i t r a t e  ha s  a n  e x c e p t i o n a l l y  large  t r a n s i t i o n  dipole .  5 In  th i s  
respec t ,  t h e  i n c r e a s e d  v3 sp l i t t ing  (to va lues  > 100 c m  -~) t h a t  
a c c o m p a n i e s  i n c r e a s e d  sal t  c o n c e n t r a t i o n  in  a q u e o u s  solu- 
t ions  m u s t  h a v e  s u c h  an  origin,  as t he  sp l i t t i ng  for t he  con-  
t a c t  ion  pa i r  i so la t ed  in  a g lassy  wa te r  m a t r i x  is on ly  65 
cm-1.3 

Final ly ,  we  t ake  e x c e p t i o n  to t he  a u t h o r s  fo l lowing  t he  
lead  of  so lu t ion  c h e m i s t s  in  no t  a s s i g n i n g  t h e  two  c o m p o -  
n e n t s  in  t h e  v4 r eg ion  of  the  n i t ra te  ion  to t h e  d o u b l e t  for  t h e  
ion  pair.  The  or ig in  of  t h e s e  b a n d s  h a s  not ,  to our  knowl -  
edge,  b e e n  c o n c l u s i v e l y  d e m o n s t r a t e d ,  b u t  t h e  s i m p l e s t  in- 
t e r p r e t a t i o n  of  two b a n d s  o b s e r v e d  in  t h i s  r eg ion  (in a 
s a m p l e  w h e r e  t h e  e x i s t e n c e  of  the  ion  pai r  is s u s p e c t e d )  is in  
t e r m s  of  a spl i t  degene racy ,  as t he  v4 d e g e n e r a t e  m o d e  m u s t  
neces sa r i l y  be  spl i t  for  an  ion pair.  T he  ca l cu l a t ed  v4 split-  
t i ng  u s i n g  t h e  H e s t e r  app roach ,  for  t h e  case  in  w h i c h  t he  v~ 
sp l i t t i ng  is ca. 100 c m  -~, g ives  by3 ~ 10-50 cm-1. 6 A l t h o u g h  
one  of  t h e  v4 b a n d s  is m o r e  diff icul t  to o b s e r v e  in  m a t r i x  
i so la t ion  t h a n  t he  other ,  r e su l t s  f rom th i s  lab i nd i ca t e  a v4 
sp l i t t i ng  of 29 c m  -1 for l i t h i u m  n i t r a t e  i so la ted  in  an  a r g o n  
matr ixY There fore ,  i t  s e e m s  m o r e  r e a s o n a b l e  to  say t h a t  all 
of  the  n i t r a t e  in  t h i s  (PEO)~ LiNO~ c o m p o u n d  is ion  pai red ,  

1 D e p a r t m e n t  of Chemistry,  Oklahoma State  Univers i ty ,  
Stillwater, Oklahoma 74078. 

2 D. Smith, D. W. James, and J. P. Devlin, J. Chem. Phys., 54, 4437 
(1971). 

3 G. Ritzhaupt and J. P. Devlin, ibid., 79, 2265 (1975). 
4 j. p. Toth, G. Ritzhaupt, and J. P. Devlin, ibid., 85, 1387 (1981). 

G. Ritzhaupt and J. P. Devlin, ibid., 65, 5246 (1976). 
e(~ H. Brintzinger and R. E. Hester, Inorg. Chem., 6, 980 (1966). 
,b) R. E. Hester and W. E. L. Grossman, Inorg. Chem., 5,1308 (1966). 

~ J. P. Devlin in "Advances in Infrared and Raman Spectro- 
scopy," Vol. 2, Chap. 5, R. J. H. Clark and R. E. Hester, Editors, 
Heyden, London (1976). Cb~ Unpublished results from our laboratory. 

as w o u l d  be  e x p e c t e d  if  t he  b e h a v i o r  of  l i t h i u m  n i t r a t e  in  
l iqu id  T H F  is any  guide,  s 

In  a n  u n r e l a t e d  b u t  o p p o r t u n e  c o m m e n t ,  it is also d o u b t -  
ful  t h a t  t he  sp l i t t i ng  of  t he  v4 m o d e  in  m o l t e n  l i t h i u m  n i t r a t e  
ref lects  two e q u i l i b r i u m  fo rms  of  t he  n i t r a t e  ion  (i.e., place-  
e x c h a n g e )  r a t h e r  t h a n  t he  d o u b l e t  e x p e c t e d  for the  dis- 
t o r t e d  ion. I t  h a s  b e e n  our  e x p e r i e n c e  t h a t  t h e  re la t ive  in ten-  
s i t ies  of  t he  d o u b l e t  c o m p o n e n t  b a n d s  are i n s e n s i t i v e  to a 
large  t e m p e r a t u r e  c h a n g e  of  t he  s a m p l e  ( - 4 5 0  K) ~'9 or to 
c h a n g e s  in  t he  ca t ion;  a m o s t  un l ike ly  b e h a v i o r  for b a n d s  
p r o d u c e d  by  two spec ies  re la ted  t h r o u g h  a n  e q u i l i b r i u m  
process .  

Surface Structure of Ruthenium Dioxide Electrodes and 
Kinetics of Chlorine Evolution 

S. Ardizzone, A. Carugati, G. Lodi, and S. Trasatti 
(pp. 1689-1693, Vol. 129, No. 8) 

L. D.  B u r k e :  1~ T h e r e  is a n  i m p o r t a n t  a s p e c t  of  c h l o r i n e  ev- 
o lu t ion  at  RuO2-based a n o d e s  w h i c h  does  no t  a p p e a r  to 
h a v e  r ece ived  m u c h  a t t e n t i o n  in  t he  p r e s e n t  work .  U n l i k e  
t he  o x y g e n  gas  e l ec t rode  (wh ich  is h i g h l y  i r revers ible) ,  t h e  
ch lo r ine / ch lo r ide  e l ec t rode  at  an  RuO2 s u b s t r a t e  b e h a v e s  in 
a r e v e r s i b l e  m a n n e r ,  i ts  use  11 as a r e fe rence  e l ec t rode  sys- 
t e m  in  t h i s  a rea  m a y  be  noted .  Thus ,  t he  overal l  ra te  of  reac-  
t ion  is p r o b a b l y  s t rong ly  i n f l u e n c e d  by  m a s s  t r a n s f e r  reac- 
t i o n s ,  i n  p a r t i c u l a r  t h e  s l o w  t r a n s f e r  o f  t h e  p r o d u c t  
(molecu la r  ch lo r ine )  away  f rom the  interface.  As p o i n t e d  
ou t  p rev ious ly ,  11 t he  la t te r  s h o u l d  s t rong ly  m o d i f y  t h e  
p o t e n t i a l - c u r r e n t  dens i t y  re la t ionsh ip .  S u c h  c o m p l i c a t i o n s  
m a y  a c c o u n t  for  t he  d i s c r e p a n c i e s  in  Tafel  s lope values ,  
a n d  the i r  i n t e rp r e t a t i on ,  in  the  ch lo r ine  gas  e v o l u t i o n  field 
(apar t  f r om t h e  p r e s e n t  paper ,  a n d  its A d d e n d u m ,  see also 
foo tno te s  11 a n d  12 w h e r e  s o m e  of  t h e s e  d i s c r e p a n c i e s  are  
out l ined) .  

The  fact  t h a t  i n c r e a s i n g  t h e  t r ue  sur face  area  does  no t  im- 
p r o v e  t h e  ac t iv i ty  of  RuO2 for ch lo r ine  gas  evo lu t i on  h a s  
b e e n  p o i n t e d  ou t  p rev ious ly ;  ~1 i t  is of  c o u r s e  u n d e r s t a n d a -  
b le  in  v iew of t he  i m p o r t a n t  role  of m a s s  t r a n s f e r  in  th i s  re- 
act ion.  I t  is c lear  f rom r e c e n t  w o r k  1~, 14 on  t h e  r eac t i on  of  or- 
gan ic  ma te r i a l  at  t h i s  t ype  of  a n o d e  tha t ,  w h a t e v e r  a b o u t  
c h a n g e s  in b u l k  s t o i c h i o m e t r y  a s soc ia t ed  w i t h  r e s idua l  hy-  
d r a t i on  (p. 1693), one  of  t he  m o s t  i m p o r t a n t  a spec t s  of  RuO2 
b e h a v i o r  in  e lec t roca ta ly t i ca l ly  d e m a n d i n g  a n o d i c  reac-  
t ions  is t h e  g e n e r a t i o n  of h i g h e r  o x i d a t i o n  s ta te  sur face  spe- 
cies, e s sen t i a l ly  s u r f a c e - b o n d e d  s t rong  o x i d a n t s  (surface  in  
t he  case  of  t h e s e  p o r o u s  a n o d e s  is a s s u m e d  to i nc lude  inter-  
na l  surface).  Ch lo r ine  gas evo lu t i on  in  ac id  m e d i a  11 occu r s  
at  a p o t e n t i a l  j u s t  a b o v e  1.30V (RHE), a r eg ion  w h e r e  ear l ie r  
i n v e s t i g a t i o n  ~3 i n d i c a t e s  t h a t  t he  r eac t ive  ( a l t h o u g h  no t  nec-  
essar i ly  t he  sole) spec ies  p r e s e n t  a t  t he  sur face  at  low p H  
va lues  is Ru(VI).  A l t h o u g h  it  m a y  n o t  be  a ve ry  d e m a n d i n g  
r eac t i on  in t he  e lec t roca ta ly t i c  sense,  ch lo r ide  ion  oxida-  
t i on  p r o b a b l y  i nvo lves  r e d o x  i n t e r ac t i on  w i t h  t h e s e  sur face  
species .  I r r e spec t i ve  of  t he  m e c h a n i s m ,  w h i c h  (due  to the  
m a s s  t r a n s f e r  l imi ta t ions )  does  n o t  a p p e a r  to be  u n a m b i g -  
u o u s l y  r e s o l v a b l e  on  t he  bas i s  of  Tafel  s lopes  o b t a i n e d  b y  
c o n v e n t i o n a l  m e a n s ,  i t  is  n o t  a t  a l l  c e r t a i n  t h a t  h i g h  

s j.  Toth, C. Thornton, and J. P. Devlin, J. Soln. Chem., 7, 783 
(1978). 

9 A 450 K temperature variation is possible because a 10% LiNO3 
solution in molten LiC103 forms a supercooled liquid which has 
been studied down to 10O K, (G. Ritzhaupt and J. P. Devlin, Chem. 
Phys. Lett, 21, 338 (1973). 

,0 Chemistry Department, University College, Cork, Ireland. 
11 L. D. Burke and J. F. O'Neill, J. Electroanal. Chem., 1Ol, 341 

(1979). 
12 A. T. Kuhn and C. J. Mortimer, This Journal, 120, 231 (1973). 
13 L. D. Burke and J. F. Healy, J. Electroanal. Chem., 124, 327 

(1981). 
~4 L. D. Burke and J. F. Healy, J. Chem. Soc. Dalton Trans., 1091 

(1982). 
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n o n s t o i c h i o m e t r y  will  i m p r o v e  t he  e lec t roca ta ly t i c  behav-  
ior  of  RuO2 films. Un l ike  n o r m a l  s e m i c o n d u c t o r  films, 
t h o s e  of RuO2 are genera l ly  h igh ly  c o n d u c t i n g ;  t he  m a i n  re- 
s i s t ance  c o m p o n e n t  is p r o b a b l y  due  to i n t e r g r a n u l a r  con-  
t a c t  r e s i s t ance  in t h e s e  m i c r oc r y s t a l l i ne  layers.  

S. A r d i z z o n e ,  15 A.  C a r u g a t i ,  ~5 G. L o d i ,  ~5 a n d  S. T r a s a t t i :  ~5 
The  m a i n  p o i n t  of  Dr. B u r k e ' s  r e m a r k s ,  as we u n d e r s t a n d  it, 
is t h a t  t h e r e  are no r ea sons  to e x p e c t  t h a t  the  e lectro-  
ca ta ly t ic  ac t iv i ty  of  RuO2 e l ec t rodes  s h o u l d  be  i n f l u e n c e d  
by  n o n s t o i c h i o m e t r y  s ince  t he  ac t ive  sur face  s i tes  at  h i g h  
a n o d i c  po ten t i a l s  are i n v a r i a b l y  Ru(VI)  species .  Whi le  we 
do  n o t  feel l ike ag ree ing  o n  th i s  c o n c e p t  in  pr inc ip le ,  we 
c o n t e n d  t h a t  Dr. B u r k e ' s  c r i t i c i sm is no t  p r o p e r l y  ad- 
d ressed .  F igu re  1 on  p. 1690 a n d  the  r e l a t ed  c o m m e n t  in  our  
p a p e r  c lear ly  p o i n t  ou t  t h a t  " c r a c k e d "  a n d  " c o m p a c t "  elec- 
t rodes  d i f fer  in  t he  sur face  m o r p h o l o g y  r a t h e r  t h a n  in  t he  
n o n s t o i c h i o m e t r y .  F igu re  3 shows  t h a t  no  a p p r e c i a b l e  dif- 
f e rence  is o b s e r v e d  w i t h i n  each  g roup  of  e l ec t rodes  al- 
t h o u g h  the  n o n s t o i c h i o m e t r y  va r i e s  largely,  ye t  a differ- 
e n c e  pos s ib ly  ex i s t s  b e t w e e n  t he  two groups ,  w h i c h  may,  
thus ,  be  r e l a t ed  to t he  sur face  m o r p h o l o g y .  Therefore ,  t he  
m e s s a g e  f rom th i s  p a p e r  is t h a t  m o r p h o l o g y  r a t h e r  t h a n  
n o n s t o i c h i o m e t r y  is t he  crucia l  f ac to r  in  e lec t roca ta Iys i s  at  
RuO2 anodes .  

T h a t  t h e  su r face  m o r p h o l o g y  can  af fec t  t he  e lec t roca ta-  
lyt ic  p r o p e r t i e s  of  RuO2 has  b e e n  s h o w n  in  our  p r e v i o u s  
work  ~6 on  O3 evo lu t i on  on  s o m e  sets  of  e lec t rodes .  The  ef- 
fect  in  t h a t  case  is a d m i t t e d l y  more  s t r ik ing,  a n d  our  conc lu-  
s ions  h a v e  b e e n  c o n f i r m e d  in d i f f e ren t  l abora tor ies .  ~7' ,8 I t  
h a s  b e e n  nea t ly  f o u n d  TM t h a t  the  deg ree  of  c rys ta l l in i ty  ha s  a 
def in i te  effect  on  t h e  O3 evo lu t i on  m e c h a n i s m .  T he  po in t  of  
zero c h a r g e  of RuO2 s a m p l e s  ha s  b e e n  f o u n d  ,8, 38 to d e p e n d  
on  t he  t e m p e r a t u r e  of  p r e p a r a t i o n  a n d  to be  re la ted ,  as ex-  
p e c t e d  f rom theor ies ,  w i t h  t he  c rys ta l  p a r a m e t e r s  of  t he  ox- 
ide. 2' All  of  t he se  o b s e r v a t i o n s  e m p h a s i z e  t h e  e x t r e m e  sensi-  
t iv i ty  of  the  n a t u r e  of  the  ac t ive  s i tes  to t he  m o r p h o l o g y  of  
t h e  surface.  

Dr. B u r k e  c o n t e n d s  t h a t  t he  deg ree  of  h y d r a t i o n  is no t  ex-  
p e c t e d  to be  i m p o r t a n t  in  i m p a r t i n g  t he  e l ec t roca ta ly t i c  
p roper t i e s .  I t  is wel l  e s t ab l i shed ,  however ,  t h a t  a n u m b e r  of 
p r o p e r t i e s  of  RuO2 are c losely  i n t e r r e l a t e d  as a f u n c t i o n  of  
t he  t e m p e r a t u r e  of  p repa ra t ion .  ~6~ 22 Thus ,  t h e  r e s idua l  hy-  
d r a t i on  d e c r e a s e s  as T i nc r ea se s  a n d  at  t h e  s a m e  t i m e  the  
c rys ta l l in i ty  increases .  H y d r a t i o n  is p r e s u m a b l y  loca ted  in  
g ra in  b o u n d a r i e s  or at  " i n n e r "  sur faces  (pores,  etc.). As  the  
c rys ta l l i t es  of  RuO2 grow, defec t - r ich  r eg ions  wil l  sh r ink .  
T h a t  is w h a t  Fig. 9 in  our  p a p e r  is dev i s ed  to p o i n t  out. 

In  Dr. B u r k e ' s  op in ion ,  we h a v e  no t  pa id  m u c h  a t t e n t i o n  
to t he  above  a s p e c t  a p p a r e n t l y  b e c a u s e  we have  no t  appre -  
c ia ted  some  p o i n t s  h e  t o u c h e s  u p o n  in h is  c o m m e n t s .  (i) Re- 
ve rs ib i l i ty  of the  C12 reac t ion:  Th i s  is eas i ly  p r o v e d  b y  t he  
fact  t h a t  we were  ab le  to  m e a s u r e  the  e x c h a n g e  c u r r e n t  
f rom e q u i l i b r i u m  i-E cu rves  [cf. foo tno te  23]. T h e  effect  of 
m a s s  t r a n s f e r  on  t h e  Tafel  s lope ha s  b e e n  d i s c u s s e d  by  one  
of us  in  a p r e v i o u s  p a p e r  24 p rec i se ly  in  c o n n e c t i o n  w i t h  t he  
C12 e v o l u t i o n  reac t ion .  We t h i n k  t h a t  L o s e v ' s  r e su l t s  25 h igh-  
l igh t  th i s  a s p e c t  a t  t h e  best .  We have  also s u g g e s t e d  t h a t  
Losev ' s  idea  cou ld  a c c o u n t  for  t he  r e su l t s  in  Fig. 3 b u t  t h a t  
we c a n n o t  offer  a n y  def in i te  p r o o f  for  this .  In  a c h a p t e r  
wr i t t en  by  two  of  us, 2e t he  c o n t r a s t  b e t w e e n  03 e v o l u t i o n  as 
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versity of Milan, Milan, Italy. 

~ G. Lodi, E. Sivieri, A. De Battisti, and S. Trasatti, J. Appl. 
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122, 395 (1981). 
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21 p. Siviglia, A. Daghetti, and S. Trasatti, Coll. Surf., In press. 
2~ S. Trasatti and G. Lodi, in "Electrodes of Conductive Metallic 

Oxides. Part A," S. Trasatti, Editor, p. 301, Elsevier, Amsterdam 
(1981). 

23 B. V. Tilak, This Journal, 126, 343 (1979). 
24 S. Trasatti, ibid., 120, 1703 (1973). 
~ V. V. Losev, Elektrokhimiya, 17,733 (198I). 
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a " d e m a n d i n g , "  i r r eve r s ib l e  r eac t ion  a n d  CI~ evo lu t i on  as a 
revers ib le ,  pos s ib ly  "faci le"  p rocess  h a s  b e e n  e x h a u s t i v e l y  
d i scussed .  (ii) R e l e v a n c e  of  su r face  r e d o x  behav io r :  We 
first s u g g e s t e d  2~, 38 t h a t  t h e  b e h a v i o r  of  RuO2 e l ec t rodes  
s h o u l d  be  a c c o u n t e d  for  in  t e r m s  of  su r face  r e d o x  couples .  
The  i n v o l v e m e n t  of  sur face  r e d o x  coup l e s  in  e lec t rocata-  
lyt ic r eac t i ons  ha s  b e e n  r ecen t ly  r a t iona l i zed  by  Krish-  
talik.  22 In  any  case, i t  is  h a r d  to t h i n k  t h a t  t he  sur face  r e d o x  
b e h a v i o r  is s u b s t a n t i a l l y  u n a f f e c t e d  b y  t he  sol id p h a s e  
compos i t i on .  Whi le  t h e  g r o w t h  of  a sur face  layer  of  more  
ox id ized  spec ies  m i g h t  offset  some  of  t he  e x p e c t e d  differ- 
ences ,  t he  f ea tu res  of  t he  over layer  are still  e x p e c t e d  to de- 
p e n d  on  t he  cha rac t e r i s t i c s  of  t he  u n d e r l y i n g  layers.  Pro-  
l o n g e d  o x y g e n  e v o l u t i o n  m a y  lead  to a c o m p o s i t i o n  profi le  
in  t he  over layer  3~ w h i c h  m i g h t  s m o o t h  d o w n  ini t ia l  differ- 
ences  b e t w e e n  d i f f e ren t ly  t r e a t ed  samples .  However ,  in  t h e  
case  of  CI~ evo lu t ion ,  t he  large specif ic  a d s o r p t i o n  of  C1- 
ions  31 is to be  t a k e n  in to  a c c o u n t  w h e n  e n v i s a g i n g  sur face  
ox ida t i on  m e c h a n i s m s .  I t  is pos s ib l e  t h a t  s o m e  of  the  ex- 
p e r i m e n t s  c i ted  by  B u r k e  are no t  sens i t ive  e n o u g h  to give 
e v i d e n c e  to sur face  effects.  The  free e n e r g y  of  a c rys ta l  is 
ce r t a in ly  a f fec ted  b y  n o n s t o i c h i o m e t r y ,  a n d  th i s  is ex- 
p e c t e d  to be  the  case  also for the  sur face  w h e r e  add i t i ona l  
fac tors  (morpho logy )  h a v e  h o w e v e r  to be  t a k e n  in to  cons id-  
era t ion.  (iii) N o n s t o i c h i o m e t r y  a n d  conduc t iv i t y :  Dr. B u r k e  
c o n t e n d s  tha t ,  u n l i k e  s e m i c o n d u c t i n g  oxides ,  RuO2 con-  
d u c t i o n  p rope r t i e s  are  no t  a f fec ted  by  n o n s t o i c h i o m e t r y  
s ince  it  is a meta l l i c  conduc to r .  Therefore ,  no  i m p r o v e m e n t  
in  the  e lec t roca ta ly t i c  p r o p e r t i e s  are to b e  e x p e c t e d  f rom 
th i s  p o i n t  of  view. We ce r t a in ly  d id  no t  e x p e c t  any  effect  of  
th i s  sor t  s ince  we d r e w  a t t e n t i o n  to the  meta l l i c  f ea tu res  of  
RuO2 ear ly  in  our  w o r k ?  7 Dr. B u r k e ' s  s t a t e m e n t  (wi th  no  
re fe rence)  t h a t  t he  m a i n  r e s i s t ance  c o m p o n e n t  in  RuO2 
films is p r o b a b l y  due  to i n t e r g r a n u l a r  c o n t a c t  r e s i s t a n c e  
ha s  b e e n  e x p e r i m e n t a l l y  s u b s t a n t i a t e d  in  t h i s  l a b o r a t o r y  
a n d  s h o w n  in a p a p e r  3~ w h e r e  t he  m a i n  goal  ha s  b e e n  aga in  
to e m p h a s i z e  the  role  of m o r p h o l o g y  in  i m p a r t i n g  "appar -  
en t  s e m i c o n d u c t i n g  p r o p e r t i e s "  to RuO2 fi lms or p r e s s e d  
powders .  

Complexing of AI § by S -2 Ions in Alkali  Halide Melts 

z. Nagy, J. L. Settle, J. Padova, and M. Blander 
(pp. 2034-2037, Vol. 129, No. 9) 

R. W. B e r g  34 a n d  N. J. B j e r r u m :  ~4 The  e x p e r i m e n t s  re- 
p o r t e d  in t h e  t e c h n i c a l  no te  by  Nagy  et al. are ve ry  in te res t -  
ing  a n d  c o m p l e m e n t  our  ear l ier  r e su l t s  ~ in  LiC1-CsC1 melts .  
We wou ld  l ike to ra i se  s o m e  gene ra l  c r i t i c i sm r e g a r d i n g  t he  
i n t e r p r e t a t i o n  of  t h e s e  n e w  resu l t s  in  t he  l igh t  of  ou r  work ,  
e spec ia l ly  in  r e l a t i on  to t he  p r o p o s e d  (and  q u e s t i o n a b l e )  so- 
ca l led  " c h a r g e  c o m p e n s a t e d  c o u l o m b  c o m p l e x "  or "4C" 
mode l .  

First ,  c o n s i d e r  t h e  q u e s t i o n  of  t he  deg ree  of  complexa -  
t ion  b e t w e e n  A1 +3 a n d  C1- in  sulf ide-free ch lo r ide  mel ts ,  ei- 
t h e r  be  i t  LiC1-KC1 or LiC1-CsC1. Appa ren t l y ,  t he  a u t h o r s  of  
the  no te  in  t h e i r  "4C" m o d e l  t r ea t  t he  A1 +3 a n d  C1- as essen-  
t ia l ly u n c o m p l e x e d .  Th i s  is no t  in  a g r e e m e n t  w i t h  p r e s e n t  
c o m m o n l y  a c c e p t e d  k n o w l e d g e ,  a c c o r d i n g  to w h i c h  
[A1CI~]- c o m p l e x  i o n s  s h o u l d  b e  f o r m e d  u n d e r  s u c h  
cond i t ions .  

We are sure  t h a t  t h i s  f o r m a t i o n  of  [A1C14]- t akes  place, be- 
cause  t he  R a m a n  spec t r a  of  A1C13 d i s so lved  in p u r e  ch lo r ide  
m e l t s  s h o w  a s t rong  pola r ized  b a n d  at ca. 347 c m  -1. This  

2~ S. Trasatti and G. Buzzanca, J. Electroanal. Chem., 29, 1 (1971). 
2~ D. Galizzioli, F. Tantardini, and S. Trasatti, J. Appl. Electro- 

chem., 4, 57 (1974). 
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30 T. Arikado, C. Iwakura, and H. Tamura, Electrochim. Acta, 22, 

513 (1977). 
R. G. Erenburg, L. I. Krishtalik, and I. P. Yarosherskaya, Elek- 

trokhimiya, 11, 1072 (1975). 
3~ T. Arikado, C. Iwakura, and H. Tamura, Electrochim. Acta, 23, 9 
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33 G. Lodi, C. De Asmundis, S. Ardizzone, E. Sivieri, and S. 
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2688 (1980). 
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b a n d  h a s  b e e n  r e p e a t e d l y  i n t e r p r e t e d  3~38 as t h e  charac te r i s -  
t ic  s t r o n g  v, f u n d a m e n t a l  m o d e  Of v i b r a t i o n  of  the  [A1C14]- 
t e t r a h e d r o n .  The  sol ids  M[A1C1,] w i t h  M = Li, Na, K, etc. 
de f in i te ly  c o n t a i n  t e t r a h e d r a l  [A1C14]- ions  ( acco rd ing  to 
severa l  def in i t ive  s ingle  c rys ta l  x-ray s t r u c t u r e  so lu t ions}  9 
a n d  t hey  also give t he  s ame  v~ R a m a n  b a n d .  39 In  t h i s  way, 
t h e r e  can  b e  no  d o u b t  t h a t  A1 +3 p r e d o m i n a n t l y  ex i s t s  as 
[AiC14]- ions  in  LiC1-KC1 melts .  Th i s  p o i n t  ha s  b e e n  ne- 
g lec ted  b y  t he  a u t h o r s  of  the  note ;  t h e y  m e r e l y  m e n t i o n  as a 
poss ib i l i ty  t h a t  t h e  b o n d i n g  b e t w e e n  A1 +3 a n d  C1- cou ld  be  
no t  to ta l ly  ionic.  

Second ly ,  r e g a r d i n g  m i x e d  so lu t ions  of A1C13 a n d  Li2S in  
p u r e  ch lo r ide  m e l t s  s u c h  as LiC1-KC1 or  LiC1-CsC1 eutec-  
tics, t he  s i tua t ion  is t he  s ame  t h o u g h  no t  as clear-cut .  Our  
R a m a n  s p e c t r o s c o p i c  a n d  o the r  e v i d e n c e  35 i nd i ca t e s  t he  
f o r m a t i o n  of  p o l y m e r i c  spec ies  s u c h  as [AlnS~_,CI~+2] ~- 
w i t h  n >- 3. We are  sure,  as are t he  a u t h o r s  of  the  note,  t h a t  
n e w  c o m p l e x  spec ies  are i n d e e d  f o r m e d  u p o n  t h e  a d d i t i o n  
of  su l f ides  to  t h e  so lu t ions  of A1C13 in  ch lo r ide  mel t s ;  n e w  
R a m a n  b a n d s  a p p e a r  d u e  to t h e s e  n e w  spec ies  (mos t  nota-  
b ly  n e a r  325 cm-~). 35 But ,  con t r a ry  to t he  a u t h o r s  of  t he  note,  
we f ind no  r e a s o n  to pos tu l a t e  spec ies  d e v o i d  of  ch lor ine ,  
s u c h  as [AlmS,] +r Rather ,  we h a v e  p r e s e n t e d  e v i d e n c e  
t h a t  t he  m i x e d  so lu t ion  c o n t a i n s  [AI~S,CI~,+2]"- (e.g. t he  
p r e p a r a t i o n  of  the  pu re  p o l y m e r i c  c o m p o u n d  CsA1SC12 
w i t h  a s imi la r  R a m a n  spect rum)25 

T h e  so-cal led "4C" model ,  l ike  o the r  s imi la r  p u r e l y  elec- 
t ros ta t i c  m o d e l s  in  phys i ca l  chemis t ry ,  is s i m p l e  a n d  easy  to 
u se  in  ca lcu la t ions ,  b u t  t he  r e su l t s  are of l i t t le  or no  va lue  as 
l ong  as c h e m i c a l  b o n d s  are involved .  T h e  R a m a n  e v i d e n c e  
shows  t h a t  th i s  is t h e  case  in the  c o n s i d e r e d  sys tem,  a n d  
t h e r e f o r e  t he  p r e d i c t i o n s  o b t a i n e d  b y  t h e  "4C" m o d e l  are of 
l i t t le  if  any  use. Th i s  c o n c l u s i o n  t a k e s  n o t h i n g  f rom t h e  
va lue  of t he  e x p e r i m e n t a l  r e su l t s  o b t a i n e d  b y  t he  au thors .  

Z.  N a g y ,  4~ J. L. S e t t l e ,  4~ ,l. P a d o v a ,  4~ a n d  M. B l a n d e r :  4~ 
T h e  c o m m e n t s  b y  B e r g  a n d  B j e r r u m  are b a s e d  on  a m i s u n -  
d e r s t a n d i n g  o f  our  u s e  of  t he  c o n c e p t  of  c o m p l e x i n g  w h ~ h  
m a y  no t  h a v e  b e e n  c lear ly  s t a t ed  in ou r  paper .  We will  at- 
t e m p t  to clar i fy our  v iew of  th i s  c o n c e p t  in  th i s  reply.  

In  b i n a r y  s y s t e m s  of  any  two  chlor ides ,  t he  n e a r e s t  ne igh-  
bo r s  of  all  c a t ions  are  a l m o s t  exc lus ive ly  ch lo r ide  ions,  a n d  
all ca t ions  are, i n  a sense,  c o m p l e x e d  by  an ions .  Thus ,  t he  
d i f f e rence  b e t w e e n  t he  " c o m p l e x i n g "  of Li  +, Al3+, or  e v e n  
K + by  ch lo r ide  ions  in  a so lu t ion  of  LiC1, KC1, a n d  A1C13 is 
one  of  deg ree  n o t  of  k ind .  I t  is, of  course ,  p r o p e r  to  def ine  
spec ia l  c o m p l e x e s  s u c h  as A1CI~ in a lkal i  ha l ide  m e l t s  
w h e r e  t h e r e  is s t rong  spec t roscop ic  e v i d e n c e  for t he  exis t -  
e n c e  of  th i s  spec ies  a n d  w h e r e  we  be l i eve  t h e  A1CI~- is l ike ly  
to b e  t he  major ,  if  n o t  exc lus ive ,  A18+ c o n t a i n i n g  species .  
W h e t h e r  o t h e r  spec ies  coex is t  d e p e n d s  on  u n k n o w n  fac tors  
r e l a t ed  to t he  re la t ive  sens i t iv i ty  of  d e t e c t i n g  t h e s e  o the r  
species .  B e c a u s e  t h e r e  is a lways  some  u n c e r t a i n t y  a b o u t  
t he  d i s t r i b u t i o n  of  spec ies  (e.g., t h e r e  cou ld  be  s o m e  A13+ 
ions  w i t h  c o o r d i n a t i o n  o the r  t h a n  4), i t  is m o r e  exac t  a n d  
safer  to avo id  de f in ing  t he  spec ies  in  w o r k  s u c h  as is de- 
s c r i bed  in ou r  paper .  (This  is e v e n  m o r e  i m p o r t a n t  in  o t h e r  
s y s t e m s  w h e r e  t he  c o o r d i n a t i o n  spec ies  are m o r e  poor ly  
u n d e r s t o o d  or de f ined  t h a n  in  m e l t s  d i lu te  in  A13+.) 

C o n t r a r y  to B e r g  a n d  B j e r r u m ' s  c o m m e n t ,  we d id  n o t  as- 
s u m e  t h a t  A1 ~+ a n d  C1- are  no t  pa r t  of  a c o m p l e x  n o r  t h a t  t he  
A1CI~ spec ies  does  no t  exist .  Thus ,  t h e i r  s e c o n d  p a r a g r a p h  
r e su l t s  f rom a m i s u n d e r s t a n d i n g  of  ou r  p a p e r  a n d  is no t  a 
p o i n t  of  con t en t i on .  Fo r  t he  p u r p o s e s  of  our  paper ,  t he  
de f in i t ion  of  s u c h  spec ies  (A1CI~) was  i r r e l e v a n t  a n d  un-  
necessa ry .  The  A1 ~+ ions  h a v e  some  ave r age  n e a r e s t  ne igh-  
b o r  e n v i r o n m e n t  a n d  cou ld  b e  exc lus ive ly  four  c o o r d i n a t e d  
or cou ld  h a v e  some  d i s t r i b u t i o n  o f  c o o r d i n a t i o n  n u m b e r s .  
The  S 2- ion  wil l  also h a v e  some  ave rage  e n v i r o n m e n t  w h i c h  

36 G. Torsi, G. Mamantov, and G. M. Begun, Inorg. Nucl. Chem. 
Lett., 6, 553 (1970). 

37 H. A. Oye, E. Rytter, P. Klaeboe, and S. J. Cyvin, Acta Chem. 
Scand., 25, 559 (1971). 

3s E. Rytter, H. A. Oye, S. J. Cyvin, B. N. Cyvin, and P. Klaeboe, J. 
Inorg. Nucl. Chem., 35, 1185 (1973). 

39 See e .g .F .  Wallart, A. Lorriaux-Rubbens, G. Mairesse, P. 
Barbier, and J. P. Wignacourt, J. Raman Spectrosc., 9, 55 (1980) and 
references therein. 

40 Argonne National Laboratory Chemical Technology Division, 
Argonne, Illinois 60439. 

n e e d  no t  be  specif ied.  W h e n  t he  A1 +3 a n d  S 2- ions  associa te ,  
one  can  b r e a k  d o w n  t h e  p rocess  in to  two  changes .  The  first 
is t he  r e p l a c e m e n t  o f a  C1- in  the  first shel l  of  a n  A13§ b y  S 2- 
a n d  the  r e p l a c e m e n t  of a n  alkal i  ion in t he  first she l l  of t he  
S 2- b y  a n  A1 ~+ l ead ing  to a ne t  e n e r g y  c h a n g e  of  a b o u t  
-2e2/d. The  s e c o n d  c h a n g e  is t he  r e a r r a n g e m e n t  of t he  
o the r  n e i g h b o r i n g  alkal i  a n d  ha l ide  ions  w h i c h  is r e l a t ed  to 
t h e  c o m p e n s a t i o n  or  sh i e ld ing  of th i s  in t e rac t ion .  Be rg  a n d  
B j e r r u m  m a k e  the  u n s u p p o r t e d  c la im t h a t  b o n d i n g  of the  
A1S + a n d  A1CI~- spec ies  is " c h e m i c a l "  i n  na tu re .  T h e  word  
c h e m i c a l  is u n d e f i n e d  in th i s  con tex t .  In  addi t ion ,  t h e r e  are 
no  ana lyses  of  t he  ene rge t i c s  of  t h e s e  spec ies  to  s u p p o r t a n y  
b o n d i n g  type.  Indeed ,  h o w e v e r  un l i ke ly  i t  is, one  can  h a v e  
A1CI~ spec ies  in  so lu t ion  e v e n  i f  t he  b o n d s  were  p u r e l y  
ionic.  I f  " c h e m i c a l "  is de f ined  as n o n - c o u l o m b i c  in te rac -  
t ions  then ,  of course ,  n o n c o u l o m b  forces  are u n d o u b t e d l y  
s ign i f ican t  b u t  t h e y  'are l ikely to be  smal l e r  t h a n  t he  large  
c o u l o m b  forces  i n v o l v e d  (unless  sul f ide  ions  in  so lu t ion  
h a v e  cha rges  close to -1) .  T o  b e  i m p o r t a n t ,  t h e  n o n c o u -  
l o m b  e n e r g y  of i n t e r ac t i on  of  A13+ w i t h  a n e a r e s t  n e i g h b o r  
ch lo r ide  ion  m u s t  b e  m o r e  nega t ive  t h a n  t he  n o n c o u l o m b  
e n e r g y  o f  i n t e r a c t i o n  o f  A1 +3 w i t h  a n e a r e s t  n e i g h b o r  
sulf ide  ion b y  a n  a m o u n t  close in m a g n i t u d e  to t he  cou- 
l o m b  energy.  Th i s  s e e m s  un l ike ly  but ,  of course ,  is no t  im-  
poss ib le .  Q u a n t u m  m e c h a n i c a l  ca l cu la t ions  of  t he  energe t -  
ics of  t h e s e  spec ies  are u n d e r w a y .  41 

The  ave rage  c o u l o m b  c o m p l e x  ha s  an  u n k n o w n  and  gen-  
era l ly  unspec i f i ed  n u m b e r  of  a lkal i  a n d  ch lo r ide  ions  of  t he  
so lven t  as n e a r  ne ighbor s .  To do  as Be rg  a n d  B j e r r u m  h a v e  
d o n e  a n d  s ing le  ou t  a smal l  n u m b e r  of  so lva t ing  ch lo r ides  
to be  pa r t  of  t he  c o m p l e x  is specu la t ive  a n d  m a y  no t  repre-  
s en t  t h e  rea l  species ,  w h i c h  could  readi ly  h a v e  a b r o a d  dis- 
t r i b u t i o n  of  d i f f e ren t  ionic  e n v i r o n m e n t s  w h i c h  cou ld  be  
e x t r e m e l y  difficult ,  i f  no t  i m p o s s i b l e  to o b s e r v e  b y  any  
k n o w n  s t r u c t u r a l  m e a s u r e m e n t .  F r o m  a t h e r m o d y n a m i c  
p o i n t  of  view, t he  so lven t  ions  in  t he  e n v i r o n m e n t  are irrele-  
v a n t  if  b o t h  A13+ a n d  S ~- are at  low c o n c e n t r a t i o n s .  

Be rg  a n d  B j e r r u m  do b r i n g  ou t  a n  i m p o r t a n t  p o i n t  con-  
c e r n i n g  la rger  complexes .  A l t h o u g h  we felt  t h a t  t he  evi- 
d e n c e  favored  the  s imp le  A1S § c o m p l e x  (a lbei t  so lva ted  by  
so lven t  ca t ions  a n d  anions) ,  we  cou ld  no t  ru le  ou t  t he  im- 
p o r t a n c e  of l a rger  spec ies  as we s t a t ed  in  ou r  paper .  

I t  is u n f o r t u n a t e  t h a t  Be rg  a n d  B j e r r u m  c o n t r i b u t e  to t he  
c o n f u s i o n  c o n c e r n i n g  t he  d i f f e rences  b e t w e e n  c o m p l e x i n g  
in add i t i ve  b i n a r y  s y s t e m s  (e.g., K +, A13+/C1 - ) a n d  in  rec ipro-  
cal s y s t e m s  (e.g., K +, AI~+/CI-, $2-). In  t he  first case, all cat- 
ions  are " c o m p l e x e d "  a n d  one  c o n s i d e r s  as " t r u e "  com-  
p l e x e s  t h o s e  specia l  a n d  p r e s u m a b l y  t i gh t l y  b o u n d  spec ies  
w h e r e  s t ruc tu ra l  da ta  are ava i l ab le  to def ine  t he  s t ruc tu re .  
Of all t h e  b i n a r y  ch lo r ide  sys tems ,  t h o s e  c o n t a i n i n g  A13§ 
ions  are  p r o b a b l y  t he  c lea res t  e x a m p l e s  of  s y s t e m s  w i t h  
" t r u e "  complexes .  Fo r  a ma jo r  f rac t ion  of  b i n a r y  ch lo r ide  
sys tems ,  t h e r e  is s o m e  u n c e r t a i n t y  a n d  t h e r e  are  m a n y  
s h a d e s  of gray. E v e n  for t he  " t r u e "  c o m p l e x e s ,  t he  s t ruc-  
t u r a l  i n f o r m a t i o n  by  i t se l f  says  n o t h i n g  a b o u t  t h e  energe t -  
ics a n d  t ype  of  b o n d i n g  w h i c h  m i g h t  e v e n  b e  la rge ly  ionic.  
Thus ,  e v i d e n c e  for t he  ex i s t ence  of a c o m p l e x  is of  no  va lue  
in  u n d e r s t a n d i n g  t he  ene rge t i c s  of  r e a c t i o n  of  A13+ ions  w i t h  
sulf ide  or ox ide  ions.  In  r ec ip roca l  s y s t e m s  at  low concen-  
t r a t i ons  of  so lu te  ca t ions  a n d  an ions ,  a c o m p l e x  is f o r m e d  
b e t w e e n  t he  so lu te  ions  w h e n  t hey  are e a c h  o the r s  n e a r e s t  
n e i g h b o r s  w i t h  a g rea te r  t h a n  r a n d o m  probabi l i ty .  The  
con f igu ra t i ons  of t he  so lven t  ions  a b o u t  t h e  s e p a r a t e d  so- 
lu te  ions  a n d  a b o u t  t he  c o m p l e x  are  u sua l ly  no t  c o n s i d e r e d  
in  de f in ing  s u c h  complexes .  Th i s  t y p e  of  c o m p l e x  is less  
s u b j e c t  to u n c e r t a i n t y  in  def in i t ion  t h a n  t he  t y p e  in  addi-  
t ive  sys tems .  Our  po in t  is t h a t  t he  c o u l o m b  a t t r a c t i ons  be- 
t w e e n  S 2- (or any  o t h e r  p o l y v a l e n t  an ion)  w i t h  p o l y v a l e n t  
ca t ions  i n  a lkal i  ha l ides  (a r ec ip roca l  sys t em)  are ve ry  large  
a n d  are l ike ly  to d o m i n a t e  t he  ene rge t i c s  of c o m p l e x  forma-  
t ion.  Our  4C m o d e l  p r o v i d e s  a bas i s  for  p r e d i c t i n g  spec ies  
w h i c h  are l ike ly  to c o m p l e x  s t rongly.  The  a c c u r a c y  of t he  
m o d e l  c an  be  t e s t e d  and  i m p r o v e d  in a we l l -de f ined  m a n -  
ne r  w i t h  t he  u se  of  m o l e c u l a r  d y n a m i c s  a n d  q u a n t u m  me-  
chan i ca l  ca l cu la t ions  u n d e r  d e v e l o p m e n t  for  ca l cu l a t i ng  
t he  in f luence  of  sh i e ld ing  a n d  of  n o n c o u l o m b  f o r c e s  I f  
n o n - c o u l o m b  (e.g., cova len t )  forces  are i m p o r t a n t  t h e y  
cou ld  e v e n  e n h a n c e  t h e  effects  we d i scussed .  By  cont ras t ,  
Be rg  a n d  B j e r r u m  do no t  offer  any  t e s t a b l e  a l te rna t ive .  

4, L. A. Curtiss, Personal communication. 
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The Affect of Arsenic on the Dealloying of a-Brass 

M. J. Pryor and Kar-Kheng Giam 
(pp. 2157-2163, Vol. 129, No. 10) 

R. J. J a i s  42 a n d  S. M. M. de  De Miche l i :  43 I n  t h i s  p a p e r  a n d  
in  t he  p r e c e d i n g  one, 44 t he  a u t h o r s  p r e s e n t  i n t e r e s t i n g  infor-  
m a t i o n  a b o u t  t he  m e c h a n i s m  of  t he  se lec t ive  d i s s o lu t i on  of  
Cu alloys. We h a v e  ca r r ied  ou t  a r e sea rch  on  dea l loy ing  offl~ 
Cu-A1 al loys in  NaC1 so lu t ions  a t p H  = 1 a n d p H  = 6.5 at  0.7 
a n d  1.25VH. D u r i n g  polar iza t ion,  t h e r e  a p p e a r e d  i n s o l u b l e  
co r ro s ion  p r o d u c t s  w h i c h  were  iden t i f i ed  as a t a c a m i t e  
(Cu2(OH)3CI) a n d  as CuC1. T h i c k  layers  ( - 1 0 0  ~m)  of  Cu, 
s imi la r  in  a spec t  to Fig. 3 (b) in  t he  p a p e r  u n d e r  d i scuss ion ,  
we re  f o u n d  on  t he  s u b s t r a t e  w h e n  co r ros ion  p r o d u c t s  we re  
no t  i m m e d i a t e l y  r e m o v e d  f rom the  a t t a c k e d  sur face  af te r  
t h e  c o m p l e t i o n  of  e ach  e x p e r i m e n t .  W h e n  th i s  c l ean ing  was  
pe r fo rmed ,  d i s c o n t i n u o u s  t h i n  fi lms of  Cu ( - 2  ~m)  were  
de t ec t ed  by  m e a n s  of  S E M  a n d  E D A X  o b s e r v a t i o n s  in  t he  
cross  s ec t ion  of  t he  samples .  A n o d i c  c u r r e n t s  of  a b o u t  0.1 
A /cm ~ were  r e c o r d e d  d u r i n g  polar iza t ion,  i r r e spec t ive  of  
the  Cu layer  charac te r i s t i cs .  Me ta l log raph ic  s tud ie s  of  t he  
cross  s ec t ions  of  the  t h i c k  layers  s h o w e d  t h a t  no  re l a t ion  ex- 
i s t ed  b e t w e e n  t he  s u b s t r u c t u r e  of t he  s u b s t r a t e  a n d  the  sub-  
s t r u c t u r e  of the  layer  w h e r e  Cu c rys ta l s  q u i t e  sma l l e r  t h a n  
t he  g ra ins  of  t he  or ig ina l  al loy were  obse rved .  As it  was  
p o i n t e d  ou t  b y  M. J. P r y o r  a n d  K a r - K h e n g  Glare,  ca thod ic  
d e p o s i t i o n  of  Cu is no t  poss ib l e  at  h i g h  a n o d i c  poten t ia l s .  
T a k i n g  in to  a c c o u n t  th i s  c o n s i d e r a t i o n  as wel l  as t he  exper -  
i m e n t a l  r e su l t s  d e s c r i b e d  above ,  t he  co r ro s ion  f ea tu re s  of  
BjCu-A1 alloys in  NaC1 so lu t ions  at  0.7 a n d  1.25Va could  be  
e x p l a i n e d  b y  s u p p o s i n g  t h a t  Cu c rys ta l s  were  f o r m e d  af te r  
polar iza t ion ,  as a r e su l t  of  the  r e d u c t i o n  of  Cu sal ts  w h i c h  
we re  in con t ac t  w i t h  t he  surface  of t he  s a m p l e s  at  the  corro-  
s ion po t en t i a l  in  t h e  p r e s e n c e  of air. In  th i s  case, se lec t ive  
l e a c h i n g  of  A1 w o u l d  no t  be  t he  m e c h a n i s m  of  deal loying.  
Could  the  a u t h o r s  give us  t he i r  o p i n i o n  h b o u t  th i s  in te rp re -  
t a t ion?  

p r e s e n c e  of  ve ry  smal l  a m o u n t s  of  a r sen ic  e i t he r  in  t he  
m e t a l  or in  the  so lu t ion  as oxyan ions .  

Fo r  t he  fo rego ing  reasons ,  we do n o t  be l i eve  t h a t  t he  ori- 
g in  of  the  dea l loyed  layer  at  pos i t ive  po t en t i a l s  in  our  s t u d y  
was  r e l a t ed  to t he  d i s p r o p o r t i o n a t i o n  of  c u p r o u s  chlor ide .  

Interferometric Study of Combined Forced and Natural 
Convection 

F. R. McLarnon, R. H. Muller, and C. W. Tobias 
(pp. 2201-2206, Vol. 129, No. 10) 

T. Z .  F a h i d y :  47 In  th i s  i m p r e s s i v e  a n d  i n t e r e s t i n g  paper ,  
t h e  a u t h o r s  s h o w  t h a t  t he  cr i t ical  Ray le igh  n u m b e r  of  t he  
onse t  of n a t u r a l  convec t ion ,  o b t a i n e d  f rom i n t e r f e r o g r a m s  
of  t r a n s i e n t  b o u n d a r y  layer  g rowth ,  is a b o u t  1270 if  t he  90% 
b o u n d a r y  layer  t h i c k n e s s  is c o n s i d e r e d  as cha rac t e r i s t i c  
l e n g t h  in t he  500 -< Re -< 1500 region.  A casua l  i n s p e c t i o n  of  
t he  va r i a t i on  of  Ra  w i t h  Re a n d  zc ( locat ion of t r ans i t i on )  in  
t h e i r  Tab le  I wou ld  no t  reveal ,  howeve r ,  t h a t  th i s  va r i a t i on  
has  a d i s c e r n i b l e  s ta t i s t ica l  t rend .  This  t r e n d  is no t  e v i d e n t  
f rom a s i m p l e  sca t t e r  d i a g r a m  b u t  i t  m a y  be  a sce r t a i ned  b y  
t h e  ave rag ing  of  zc a n d  Ra at t he  t h r e e  R e y n o l d s  n u m b e r  
levels  s h o w n  below,  a n d  u p o n  a lackness-of- f i t  t e s t  4s of  t he  
n u m e r i c a l  data.  In  t he  la t te r  t he  rat io  of  the  m e a n  

Average  va lue  Ave rage  va lue  of  
Re ofzo, c m  t h e  m i d - p o i n t  Ra  

500 5.20 1,018 
1,000 9.87 1,206 + 
1,500 14.17 1,226 

+Ignor ing  t he  "ou t l i e r "  Ra  = 1820; o t h e r w i s e  th i s  e n t r y  
ha s  the  va lue  of  1,360. 

M. J. P r y o r  45 a n d  K a r - K h e n g  G i a m :  45 T he  a u t h o r s  t h a n k  
Dr. Ja i s  a n d  Dr. de  De Miche l i  for  t h e i r  i n t e r e s t i n g  d iscus-  
sion. They  are  s u g g e s t i n g  a m e c h a n i s m  for  t h e  f o r m a t i o n  of  
t he  dea l loyed  layer  t h a t  ha s  m a n y  e l e m e n t s  in  c o m m o n  to 
t h a t  p r o p o s e d  by  Lucey.  46 

A meta l l i c  c o p p e r  depos i t  cou ld  no t  ar ise  f rom the  pres-  
ence  of  Cu2(OH)3C1 as a co r ros ion  p r o d u c t  s ince  th i s  com- 
p o u n d  will  d i s so lve  in  acid so lu t ions  w i t h o u t  l eav ing  a resi-  
due  I t  is a c o m m o n  c o m p o n e n t  in  t he  so lu t ion  p h a s e  
d u r i n g  t he  dea l loy ing  e x p e r i m e n t s  at  pos i t ive  po t en t i a l s  
a n d  is c o m p l e t e l y  so lub le  w i t h o u t  r e s i due  u p o n  acidifica- 
t ion.  Metal l ic  c o p p e r  could,  as the  wr i t e r s  sugges t ,  r e su l t  
f rom the  d i s p r o p o r t i o n a t i o n  of  c u p r o u s  ch lor ide .  We do no t  
be l i eve  t h a t  t he  c o p p e r  layers  r e p o r t e d  in  our  p a p e r  r e su l t  
f r om the  d i s p r o p o r t i o n a t i o n  of  c u p r o u s  ch lo r ide  on  t he  
s p e c i m e n  for  t he  fo l lowing  reasons :  

i. A s p e c i m e n  t h a t  has  b e e n  t r e a t ed  in  s o d i u m  ch lo r ide  so- 
l u t i on  at  e i t h e r  +0.25 or  +0.5 VsHE m a y  be  m e c h a n i c a l l y  ab- 
r a d e d  u n d e r  t he  so lu t ion  w i t h o u t  access  to a h i g h  concen-  
t r a t i on  of o x y g e n  in  w h i c h  case  t he  a b r a s i o n  will  e x p o s e  a 
c o p p e r  layer. 

ii. I t  is pos s ib l e  to p r o d u c e  s imi la r  m o r p h o l o g i e s  of  
dea l loyed  layers  at  ac t ive  po ten t i a l s  of  -0 .25  a n d  --0.SVsHE if  
t he  dea l loy ing  e x p e r i m e n t s  are  c o n d u c t e d  for a signifi- 
can t ly  l o n g e r  pe r iod  of  t ime.  In  t h i s  case, t h e  c o p p e r  c u r r e n t  
is s u p p r e s s e d  to a suff ic ient  degree  t h a t  no  i n s o l u b l e  cop-  
pe r  c o n t a i n i n g  c o m p o u n d s  are f o u n d  on  t he  sur face  of  t he  
spec imen .  

iii.  A v iab le  m e c h a n i s m  does  no t  a p p e a r  to  ex i s t  for t he  
s u p p r e s s i o n  of  dea l loy ing  at  pos i t ive  p o t e n t i a l s  due  to t he  

42. Comisidn de Investigaciones Cientificas, Pcia. Bs. As., 
Argentina. 

4~ Divisidn Corrosion, Departamento de Materiales, Comisidn 
Nacional de Energia, Atdmica, Arda del Libertador, 1429 Buenos 
Aires, Argentina. 

44 D. S. Keir and M. J. Pryor, This Journal, 127, 2137, (1980). 
4~ Olin Metals Research Laboratory, New Haven, Connecticut 

06504. 
4~ V. F. Lucey, British Corrosion J., I, 9 (1965). 

s q u a r e  due  to lack of  fit to t he  m e a n  s q u a r e  due  to p u r e  er- 
ror  is a b o u t  0.87 i f  Re, a n d  a b o u t  2.6 ifzc is c o n s i d e r e d  to be  
t he  i n d e p e n d e n t  var iable .  S ince  th i s  ra t io  of  t he  m e a n  
s q u a r e s  is d i s t r i b u t e d  as a S n e d e c o r ' s  F va r i ab l e  w i th  (1;9) 
a n d  (1 ;8) deg ree s  of  f reedom,  respec t ive ly ,  t he  t e s t  i nd ica t e s  
fa i lure  to re jec t  t he  a s s u m p t i o n  of  lack of  fit. P u t  o therwise ,  
t he  s ca t t e r  of  t he  cr i t ical  Ra  is s u c h  t h a t  e v e n  a l inea r  
(Ra;Re) or (Ra;zc) r e l a t i onsh ip  c a n n o t  b e  ru l ed  ou t  in  a sta- 
t i s t ica l  sense .  Th i s  fact  is no t  su rp r i s ing ;  as s h o w n  e.g., b y  
Ross  a n d  Wragg  49 in  a specif ic  e lec t ro ly t ic  sys tem,  a n d  for- 
m u l a t e d  b y  Acr ivos  5~ theo re t i ca l ly  for  h e a t  t r anspor t ,  t h e  
p r e s e n c e  of  fo rced  c o n v e c t i o n  can  ef fec t ive ly  s u p p r e s s  nat-  
u ra l  convec t ion .  Hence ,  it a p p e a r s  r e a s o n a b l e  to  e x p e c t  t ha t  
t he  cr i t ical  Ray l e igh  n u m b e r  is a f u n c t i o n  of  the  R e y n o l d s  
n u m b e r  e x c e p t  at  ve ry  low va lues  of  Re. The  in te r fe r  0- 
me t r i c  t e c h n i q u e  e m p l o y e d  b y  the  a u t h o r s  m a y  p rove  ve ry  
use fu l  in  d e t e r m i n i n g  th i s  e x p e r i m e n t a l  r e l a t i o n s h i p  over  a 
re la t ive ly  wide  r a n g e  of  fo rced  flow cond i t ions .  

F. R.  M c L a r n o n ,  5~ R.  H.  M u l l e r ,  ~ a n d  C. W. T o b i a s :  52 T. 
F a h i d y  cor rec t ly  p o i n t s  ou t  t h a t  the  cr i t ical  Ray le igh  n u m -  
be r  m a y  i n d e e d  d e p e n d  u p o n  t he  R e y n o l d s  n u m b e r .  How- 
ever,  t he  da ta  l i s t ed  in Tab le  I on  our  p a p e r  a n d  r e t a b u l a t e d  
above  by  T. F a h i d y  sugges t  t h a t  t he  cr i t ica l  Ray le igh  n u m -  
be r  cou ld  va ry  w i t h  (up to) t he  o n e - s i x t h  p o w e r  of  t he  
R e y n o l d s  n u m b e r .  Unfo r tuna t e ly ,  t he  i n t e r f e r o m e t r i c  t ech-  
n i q u e  lacks  t he  sens i t iv i ty  n e c e s s a r y  to s ecu re ly  e s t a b l i s h  
s u c h  a w e a k  f u n c t i o n a l  d e p e n d e n c e .  

47 Department of Chemical Engineering, University of Waterloo, 
Waterloo, Ontario, Canada N2L 3G1. 

4s N. Draper and H. Smith, "Applied Regression Analysis," Sec- 
tion 1.5, John Wiley and Sons, Inc. New York (1966). 

49 A. A. Wragg and T. K. Ross, Etectrochim. Acta. 12, 1421 (1967). 
5o A. Acrivos, Chem. Eng. Sci., 21, 343 (1966). 
52 Energy and Environment Division, Lawrence Berkeley Labora- 
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52 Materials and Molecular Research Division, Lawrence Berkeley 
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This portion of the Discussion Section contains discussion of pa- 
pers in the Solid-State Science and Technology Section of the Jour- 
nal of The ElectrochemicaISociety, Vol. 129, No. 7, 9, 10, and 11, July, 
September, October, and November 1982. 

The Phase Relations in the Cu, In, S System and the 
Growth of CulnS2 Crystals from the Melt 

F. A. Thiel (pp. 1570-1571, Vol. 129, No. 7) 
J. J. M.  B i n s m a ,  53 L. J. G i l i n g ,  54 a n d  J. B l o e m :  54 Thie l  

s t a tes  t h a t  t he  Cu-In-S  l i qu idus  is no t  wel l  d o c u m e n t e d .  
Th i s  is no t  t he  case, howeve r ,  for t he  Cu2S-In2S3 b i n a r y  j o in  
as  t h e  c o m p l e t e  T-x d i a g r a m  for t h i s  s y s t e m  has  b e e n  pub -  
l i shed  by  u s ?  5 The  d i a g r a m  w h i c h  is p r e s e n t e d  b y  Thie l  
g ives  t he  l i q u i d u s  t e m p e r a t u r e  for t he  Cu0.sIn0.s-S b i n a r y  
jo in .  S o m e  r e m a r k s  can  be  m a d e  on  Th ie l ' s  r e s u l t s  in  t he  
l igh t  of  o u r  da ta  o b t a i n e d  for  t he  Cu-In-S  system25 At  first, 
t h e  l i q u i d u s  t e m p e r a t u r e  as f o u n d  b y  Th ie l  for  C u I n S :  
(1115~ is w e l l  a b o v e  t h e  v a l u e  q u o t e d  b y  S h a y  a n d  
W e r n i c k  56 a n d  t h e  v a l u e  of  1090~ o b t a i n e d  b y  us  55 a n d  b y  
o t h e r  a u t h o r s ?  7 T he  d i f fe rence  pos s ib ly  o r ig ina t e s  f rom 
t h e  d i f f e ren t  e x p e r i m e n t a l  p r o c e d u r e s  ( fo l lowing of  t he  
so l id i f ica t ion  p roce s s  b y  opt ica l  m ic roscopy ,  a n d  di f feren-  
t ial  t h e r m a l  analys is ,  respect ively) .  

A v e r y  i n t e r e s t i n g  p h e n o m e n o n  is t h e  c o n s t a n t  l i qu idus  
t e m p e r a t u r e  of  740~ in  t he  r a n g e  5-35 tool  p e r c e n t  (m/o) S. 
Th i s  t e m p e r a t u r e  co inc ides  exac t ly  w i t h  t h e  a d d i t i o n a l  
h e a t  e f fec t  w h i c h  is o b s e r v e d  w h e n  CuInS2 is h e a t e d  in an  
o p e n  a m p u l .  ~5 In  a n  o p e n  sys tem,  the  c o m p o s i t i o n  sh i f t s  
f r o m  t h e  C u I n S 2  h o m o g e n e i t y  r e g i o n  i n t o  t h e  r e g i o n  
b o u n d e d  b y  CuInS~, CusS, flCuIn, a n d  Cu b y  t h e  evapora-  
t i on  of  S a n d  In~S. T he  t r a n s i t i o n  t e m p e r a t u r e  of  t he  addi-  
t i ona l  h e a t  e f fec t  r e m a i n s  u n c h a n g e d  also af te r  p r o l o n g e d  
h e a t i n g  a n d  i n c r e a s e d  losses  of  S a n d  In2S. 55 Also  in ou r  case  
t he  t r a n s i t i o n  at  740~ appears ,  thus ,  to b e  p r e s e n t  for  a w ide  
r a n g e  of c o m p o s i t i o n s  w h i c h  are S a n d  In2S deficient .  Ac- 
tually,  t h e  re la t ive  p e a k  areas  va ry  f rom j u s t  a b o v e  t h e  de- 
t e c t i o n  l im i t  to  a b o u t  twice  t he  m e l t i n g  p e a k  of  CuInSs  w i t h  
i n c r e a s i n g  a n n e a l i n g  t ime.  W h e n  t h e  h e a t  effect  a t  740~ 
was  re la t ive ly  p r o m i n e n t ,  also a t r a n s i t i o n  at  574~ cou ld  be  
obse rved ,  w h i c h  m o s t  p r o b a b l y  c o r r e s p o n d s  to t he  eu tec-  
to ld  d e c o m p o s i t i o n  of  f~CuIn2 s So our  da ta  r evea l  t he  coex-  
i s t ence  of CuInSs,  CusS, a n d  f lCuIn  at 740~ w h e r e a s  f rom 
Th ie l ' s  da ta  i t  c an  b e  d e d u c e d ,  t h a t  CuInS2, f lCuIn,  a n d  t he  
l iqu id  coex i s t  a t  740~ F r o m  this ,  i t  c an  be  c o n c l u d e d ,  t h a t  a 
four  p h a s e  p o i n t  CuInS2-Cu~S-/~CuIn-Liquid is s i t ua t ed  at  
740~ in  t he  Cu-In-S  sys tem.  

As  far as t he  p r e p a r a t i o n  of CuInS2 s ingle  c rys ta l s  is con-  
ce rned ,  n e w  a n d  i n t e r e s t i n g  poss ib i l i t i e s  are opened .  Some-  
w h a t  a b o v e  740~ CuInS2 will  be  in  e q u i l i b r i u m  wi th  t he  
m e l t  (CuIn)  a n d  b e c a u s e  t h e  sol id-s ta te  t r a n s i t i o n s  of  
CuInS2 h a v e  b e e n  p a s s e d  t h e n  al ready,  ~ s ing le  c rys ta l s  
w i t h  t he  c h a l c o p y r i t e  s t r u c t u r e  m a y  be  g r o w n  d i rec t ly  f rom 
th i s  mel t .  The  f o r m a t i o n  o f (na t ive )  de fec t s  m i g h t  be  l im i t ed  
in  t h i s  case,  moreove r ,  b e c a u s e  of the  r a t h e r  m o d e r a t e  
g r o w t h  t e m p e r a t u r e .  

F. A.  T h i e l :  59 I n  d i f fe ren t i a l  t h e r m a l  analys is ,  la rge  ef fec ts  
are  o b s e r v e d  w h e n  t h e  l a t e n t  hea t  a s soc i a t ed  w i t h  a t rans i -  
t i on  is r e l ea sed  or  a b s o r b e d  b y  t he  s a m p l e  u n d e r  t e s t  w i t h i n  
a re la t ive ly  sma l l  pe r iod  of t ime.  E x t r e m e l y  s low h e a t i n g  
r a m p s  (cool ing is n o t  su i t ab l e  b e c a u s e  of  e x t e n s i v e  super -  
coo l ing  ef fec ts  in  p u r e  c o m p o u n d - s e m i c o n d u c t o r  sys t ems)  
are  n e e d e d  in  l i qu idus  m e a s u r e m e n t s  of  c o m p l e x  t e r n a r y  
s y s t e m s  to m a i n t a i n  c o n d i t i o n s  close to equ i l i b r ium.  Wi th  
v i sua l  i n s p e c t i o n  m e t h o d s ,  th i s  is no t  a p r o b l e m ;  n o r  is i t  a 
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p r o b l e m  u s i n g  D T A  if  t he  c o m p o s i t i o n  m e l t s  congruen t ly .  
However ,  to t he  b e s t  of  ou r  knowledge~ p rec i se  l i q u i d u s  
p r e s s u r e  vs.  t e m p e r a t u r e  da ta  are  u n k n o w n  for  t h e  Cu, In,  S 
sys tem.  Due  to t h e  e x i s t e n c e  of  the  free v a p o r  vo lume ,  t h i s  
c rea tes  a d i f f icul ty  in  h i t t i ng  t he  c o n g r u e n t l y  m e l t i n g  com- 
pos i t i on  exact ly .  In  fact, r epo r t s  of  b o t h  c rys ta l  g r o w t h  a n d  
p h a s e  d i a g r a m  e x p e r i m e n t s  usua l ly  c o n t a i n  a l is t  of  the  ap- 
p a r a t u s  p a r a m e t e r s  w h i c h  is too i n c o m p l e t e  to  a l low calcu-  
l a t ion  of  t he  t rue  l i qu idus  c o m p o s i t i o n  e v e n  in  r e t r o s p e c t  
once  t he  r e q u i r e d  v a p o r  p r e s s u r e  da ta  b e c o m e  avai lable .  
T h e s e  m a y  be  some  of  t he  r e a sons  l e ad ing  to d i f f e r ences  in  
t he  r e p o r t e d  data.  T h e  c o m m e n t s  c o n c e r n i n g  t he  two- 
l iqu id  r eg ion  r e p o r t e d  in our  p a p e r  are w e l c o m e  a n d  s h o u l d  
lead  to a d d i t i o n a l  i n s i g h t  in to  t he  p r o b l e m s  of CuInS2 crys- 
ta l  g rowth .  

Deformation of Silicon Wafers by Thermal Oxidation 

Y. Yoriume (pp. 2076-2081, Vol. 129, No. 9) 

H.-U.  H a b e r m e i e r ,  6~ H.  C. A l t ,  6~ a n d  L. T a p f e r :  6~ One of  
t h e  m a i n  e x p e r i m e n t a l  r e su l t s  of  t he  p a p e r  u n d e r  discus-  
s ion  can  be  d e d u c e d  f rom a s i m p l e  t heo re t i c a l  cons ide ra -  
t ion  p r e s e n t e d  in  t h i s  c o m m e n t .  Y o r i u m e  c o n c l u d e d  f rom 
his  w a r p a g e  m e a s u r e m e n t s  u s i n g  F izeau ' s  i n t e r f e r o m e t r y  
t h a t  a h o m o g e n e o u s  s i l icon wafe r  does  no t  w a r p  as a r e su l t  
of n o r m a l  t h e r m a l  ox ida t ion .  

We a s s u m e  t h a t  t h e  s u b s t r a t e  is a d i s l o c a t i o n - f r e e  
m o n o c r y s t a l l i n e  s i l icon wafe r  of  t he  o r i en t a t i on  (100) w i t h  a 
h o m o g e n e o u s  d i s t r i b u t i o n  of  d o p a n t s  a n d  p o i n t  de fec t s  
l ike O, C, a n d  N. The  ox ida t i on  p roce s s  is a s s u m e d  to be  
ca r r i ed  ou t  u s i n g  s low i n s e r t i o n  a n d  w i t h d r a w i n g  f rom the  
fu rnace  in o rde r  to p r e v e n t  p las t ic  d e f o r m a t i o n  i n d u c e d  by  
a n  i n h o m o g e n e o u s  t e m p e r a t u r e  d i s t r i b u t i o n  a long  t he  wa- 
fer  radii.  Af te r  s u c h  a n  ox ida t ion  p r o c e d u r e  slip can  o c c u r  
on ly  i f  t he  s t ress  a t  t h e  in te r face  Si/SiO2 i n t r o d u c e d  d u r i n g  
t he  cool ing  p roce s s  a f te r  ox ida t ion ,  e x c e e d s  a cr i t ical  va lue  
for  t h e  c o r r e s p o n d i n g  reso lved  shea r  s t ress ,  %, in  t he  gl ide  
s y s t e m  (111)[101]. 

U s i n g  S c h m i d ' s  law, t he  cr i t ical  s tress,  (re, in  the  (100) 
p l a n e  w h i c h  is r e q u i r e d  to c rea te  d i s loca t ions  in  t h e  (111) 
[101] gl ide  s y s t e m  is ca lcu la ted  f rom the  rc u s i n g  da t a  f rom 
S u e z a w a e t  al. 61 S u e z a w a ' s  da ta  for re are a d o p t e d  to real is t ic  
s t r a in  ra tes ,  4, a n d  t e m p e r a t u r e s  for  a MOS ox ida t i on  pro- 
cess  b y  a r e l a t ion  g iven  in  S u e z a w a ' s  p a p e r  

r = A ~11~ e x p ( U / k T )  [1] 

w i th  U = 1.24 eV, n = 2.4, a n d  4 = 2 �9 10 -7 sec  -1. 
T h i s  s t r a i n  r a t e  c o r r e s p o n d s  to  a c o o l i n g  r a t e  o f  20 

min/100~ In  Fig. 1, t h e s e  da ta  are p lo t t ed  vs. t h e  t e m p e r a -  
ture ,  T~, w h i c h  is r e l a t ed  to t h e  o x i d a t i o n  t e m p e r a t u r e ,  To, 
b y  T, = (To - 100)~ A d i f fe ren t  se t  of  va lues  for  ~ in Fig. 1 is 
t a k e n  f rom Pa te l ' s  da ta  for  wafe rs  w i t h  d i f f e ren t  a m o u n t s  of  
o x y g e n  p rec ip i t a t ed .  ~ 

The  s t ress  in  the  ox ide  films, (rs~o2 , due  to t he  d i f f e ren t  
t h e r m a l  e x p a n s i o n  coeff ic ients  of  s i l icon as~, a n d  s i l icon di- 
oxide,  as~o2, can  be  a p p r o x i m a t e d  b y  

fT~ tq*% 
~s~o~ = J r  s~os ~" J [asio~ (7?). - asi(T)] d T  [2] 

Es lo2  

1 --  PSi02 

(Esio2: Y o u n g  m o d u l u s  Vsio2: P o i s s o n  factor)  

In  t h e  case  of c i r cu la r  s h a p e d  s a m p l e s  w i t h  ox ide  on  b o t h  
sides,  O-sio2 a n d  the  s t ress  in  t he  s i l icon s u b s t r a t e  O-sj , is re- 
l a t ed  to one  a n o t h e r  b y  

~o Max-Planek-Institut fiir Festk6rperforschung, Stuttgart, Ger- 
many. 

6, M. Suezawa, K. Sumino, and I. Yonenaga, Phys. Status Solide A, 
51,217 (1978). 

J. R.'Patel and A. R. Chaudhury, J. Appl. Phys., 34, 2788 (1963). 
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Fig. 1. Comparison of the stress in the plane of a (100) silicon wafer 
introduced by the mismatch of the thermal expansion coefficients of Si 
and SiO~ with the critical stress in the plane corresponding to Tc in the 
(111) [101] glide system. 

2 tsio2 [3] 
O ' S i  ~ (YS[O2 t s  i 

(ts~o2: t h i c k n e s s  of  t he  oxide,  ts~: s u b s t r a t e  t h i ckness . )  

The  s t ress  in  t he  s i l icon s u b s t r a t e  due  to t h e  d i f f e rence  of  
t h e r m a l  e x p a n s i o n  coeff ic ients  is p l o t t ed  in  Fig. 1, too, 
u s i n g  

~si = 3.7 �9 10 -~ deg  -~, asio2 = 
5 �9 10 -7 deg- ' ,  Vsio2 = 0.17 

The  t e m p e r a t u r e  d e p e n d e n c e  of  Y o u n g ' s  m o d u l u s  in  t he  
r a n g e  800~ ~< T ~< 1200~ was  a p p r o x i m a t e d  b y  ~ 

Esio2 (T) = (76 + 5 �9 10 -") G P a  [4] 

P las t i c  flow wil l  occur,  i f  

~ ~ ~c [5] 

I t  c an  easi ly  be  d e d u c e d  f rom Fig. 1 t h a t  h o m o g e n e o u s  wa- 
fers  w i t h  no  o x y g e n  p r ec i p i t a t ed  will  s h o w  no p las t ic  defor-  
m a t i o n  at  real is t ic  ox ida t i on  t e m p e r a t u r e s  To ~< 1200~ Wa- 
fers  w i th  a c o n c e n t r a t i o n  of  o x y g e n  p r e c i p i t a t e d  Co, in  the  
o rde r  of  10's a t o m s / c m  s s h o w  t he  i n t e r s e c t i o n  of  t he  l ines  for  
~rs, a n d  o-~ at  % ~ 1050~ w h i c h  c o r r e s p o n d s  to To = 1150~ 

In  conc lus ion ,  to p r e v e n t  p las t ic  d e f o r m a t i o n  a n d  t h u s  
w a r p a g e  of  h o m o g e n e o u s  s i l icon wafe r s  d u r i n g  cool ing  
a f te r  the  ox ida t i on  process ,  t he  o x i d a t i o n  t e m p e r a t u r e  
s h o u l d  no t  e x c e e d  a r a n g e  1150~176 d e p e n d i n g  o n  Co. 
F r o m  th i s  po in t  of  view, it is o b v i o u s  t h a t  t h e  p a t t e r n  
m i s a l i g n m e n t  o b s e r v e d  by  Y o r i u m e  is no t  due  to in t r in s i c  
d e f o r m a t i o n  of  the  wafer ,  b u t  r a t h e r  co r re l a t ed  to t he  pro-  
cess  of  c o n t a c t  p r i n t i n g  t he  a u t h o r  was  using.  

Application of the Regular Associated Solution Model to 
the Cd-Te and Hg-Te Binary Systems 

J. D. Kelley, B. G. Martin, F. R. Szofran, and S. L. Lehoczky 
(pp. 2360-2365, Vol. 129, No. 10) 

R o b e r t  F. B r e b r i e k :  66 In  v iew of  t he  ana ly t i ca l  s impl ic i ty  
a n d  w i d e s p r e a d  a c c e p t a n c e  of  J o r d a n ' s  67 s impl i f i ca t ion  of  
t he  a s soc ia t ed  so lu t ion  m o d e l  (cal led t he  RAS m o d e l  by  
h im)  t he  a u t h o r s  have  m a d e  a v a l u a b l e  c o n t r i b u t i o n  in  
s h o w i n g  h o w  m u c h  b e t t e r  t he  a b o v e  s y s t e m  can  be  de- 
s c r i bed  by  a n  u n s i m p l i f i e d  ve r s i on  of  t he  mode l ,  i.e., b y  a 
m o d e l  in w h i c h  the  exces s  G i b b s  e n e r g y  of  m i x i n g  for  the  
l iqu id  p h a s e  d e p e n d s  u p o n  t he  mo l  f rac t ions  of  t he  as- 
s u m e d  l iqu id  species .  Th i s  no te  is w r i t t e n  to b r i n g  t o g e t h e r  
t he  l i t e ra tu re  on  th i s  subjec t .  A p r e l i m i n a r y  r e p o r t  ~ in  
w h i c h  an  " u n s i m p l i f i e d "  assoc ia ted  so lu t i on  m o d e l  is u sed  
for t he  Hg-Cd-Te  t e r n a r y  l iqu id  a n d  a c o m p l e t e  r e p o r t  ~ 60 
h a v e  a l r eady  appea red .  Q u a n t i t a t i v e  fits to t he  l i q u i d u s  
surface,  par t ia l  p ressu res ,  p s e u d o b i n a r y  sect ion,  a n d  tie- 
l ines  are o b t a i n e d  w i t h  m o d e l  p a r a m e t e r s  t h a t  are cons is t -  
en t  w i t h  t he  e n t h a l p y  a n d  e n t r o p y  c h a n g e s  o c c u r r i n g  at  t he  
c o n g r u e n t  m e l t i n g  po in t s  of  CdTe(s)  a n d  HgTe(s).  In  o rde r  
to a c c o m p l i s h  t h i s  u n d e r  the  a s s u m p t i o n  t h a t  H g T e  a n d  
CdTe  are the  on ly  m o l e c u l a r  spec ies  in  t he  l iqu id  phase ,  i t  is 
n e c e s s a r y  to wr i te  t he  excess  G i b b s  e n e r g y  of  m i x i n g  as a 
cub ic  p o l y n o m i a l  in the  spec ies  ree l  f rac t ions  w i th  l inea r ly  
t e m p e r a t u r e - d e p e n d e n t  coeff icients .  

Electrical Properties of AI/Ti Contact Metallurgy for VLSI 
Applications 

C. Y. Ting and B. L. Crowder (pp. 2590-2594, Vol. 129, No. 11) 

R o n a l d  S.  N o w i c k i :  TM Ting  a n d  C r o w d e r ' s  p a p e r  on  t he  
A1/Ti me ta l l i za t ion  a p p e a r s  to be  i n c o m p l e t e  to t he  e x t e n t  
t h a t  a l t h o u g h  t hey  c o n c l u d e  t h a t  Ti p e r f o r m s  wel l  as a diffu- 
s ion ba r r i e r  b e t w e e n  A1 a n d  Si, t h e y  fail to d i scuss  the  possi-  
b le  r e a sons  for  th i s  pe r fo rmance .  In  par t icu la r ,  t hey  h a d  no t  
r e p o r t e d  a t h o r o u g h  mic roana ly s i s  of  t he  Ti fi lms u s e d  in  
t he  s tudy,  e spec ia l ly  w i t h  r ega rd  to t h e i r  O a n d  N con ten t .  
The  s ign i f icance  of s u c h  da ta  is o b v i o u s  in l igh t  of  the  well- 
e s t a b l i s h e d  co r re l a t ion  b e t w e e n  i m p u r i t y  c o n t e n t  a n d  dif- 
fus ion  ba r r i e r  p rope r t i e s  f o u n d  in r e f r ac to ry  metals ,  w h i c h  
ha s  b e e n  e x h a u s t i v e l y  s t ud i ed  a n d  r e p o r t e d  u p o n  in the  liter- 
ature.7,-s0 

C. Y.  T i n g  s' a n d  B .  L. C r o w d e r :  31 Natura l ly ,  ou r  e m p h a s i s  
was  o n  the  e lec t r ica l  p e r f o r m a n c e  of  t he  dev ices  f ab r i ca t ed  
w i t h  A1/Ti c o n t a c t  meta l lu rgy .  We p r o v e d  t h a t  Ti is a good 
d i f fus ion  ba r r i e r  b e t w e e n  A1 and  Si at  t he  dev ice  level  on  
t e s t  ch ips  a n d  on  V L S I  ch ips  w i th  ce r t a in  l im i t a t i ons  on  Ti 
t h i c k n e s s  a n d  t he  pos t  A1 annea l .  We c r ed i t ed  t he  original-  
i ty to P a t t e r s o n  a n d  t he  ear ly  phys i ca l  s tud ie s  to B o w e r  (see 
r e f e r e n c e s  in  t he  or ig ina l  paper) .  We a p p r e c i a t e d  t ha t  

Y u t a k a  Y e r i u m e :  64 T h e  c o m m e n t s  m a d e  b y  H.-U.  
H a r b e m e i e r  et  al. are  n o t e w o r t h y  of cons ide ra t ion .  B o t h  t h e  
c o m m e n t s  a n d  m y  p a p e r  are say ing  the  s a m e  t h i n g  f rom 
theo re t i ca l  a n d  e x p e r i m e n t a l  po in t s  of  view, respec t ive ly .  

F r o m  the  p a t t e r n  m i s a l i g n m e n t  data ,  Ogawa  et al. said 
t h a t  t he  m i s a l i g n m e n t  o r ig ina t ed  f rom c rys ta l l ine  p roper -  
t ies  s u c h  as o x y g e n  c o n c e n t r a t i o n  or  de fec t s  r e l a t ed  to oxi- 
da t ion  i n d u c e d  s t ack ing  faults25 I e x p e r i m e n t a l l y  s t ud i ed  
t h e  d e f o r m a t i o n  of  s i l icon wafe r  due  to t h e r m a l  ox ida t i on  
a n d  p u t  the  p a t t e r n  m i s a l i g n m e n t  d o w n  to t he  p roce s s  of  
con t ac t  p r in t ing .  Th i s  is m e n t i o n e d  at  t he  las t  pa r t  of  r e su l t s  
a n d  d i s cus s ion  sec t ion  a n d  c o n c l u s i o n  sec t ion  in m y  paper .  
Th i s  is s a m e  as t h e  c o n c l u s i o n  of  the  c o m m e n t s .  The  com- 
m e n t s  s h o u l d  be  a p p r e c i a t e d  for t heo re t i ca l ly  s u p p l e m e n t -  
ing. 
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67 T. Tung, C.-H. Su, P.-K. Liao, and R. F. Brebrick, Abstract 347, p. 
345, The Electrochemical Society Extended Abstracts, Vol. 81-1, 
Minneapolis, Minnesota, May 10-15, 1981. 

63 T. Tung, C.-H. Su, P.-K. Liao, and R. F. Brebrick, J. Vac. Sci. 
Technol., 21, 117 (1982). 

63 C.-H. Su, P.-K. Liao, T. Tung, and R. F. Brebrick,J. Electron. Ma- 
ter., U, 931 (1982). 

73 Xerox Corporation, Pale Alto, California 94304. 
7, C. W. Nelson, in "Proceedings of International Symposium on 

Hybrid Microelectronics," Montgomery, Alabama, p. 413, (1969). 
P. H. Holloway and G. C. Nelson, Thin Solid Films, 35, L13 

(1976). 
73 W. J. Garceau and G. K. Herb, ibid., 53, 193 (1978). 
74 R. S. Nowicki, J. M. Harris, M.-A. Nicolet, and I. V. Mitchell, 

ibid., 53, 195 (1978). 
z5 j .  E. Baker, R. J. Blattner, S. Nadel, C. A. Evans, Jr., and R. S. 

Nowicki, ibid., 69, 53 (1980). 
73 H. M. Dalal, M. Ghafghaichi, L. A. Kasprzak, and H. Wimpf- 

heimer, U.S. Pat. 4,214,256 (1980). 
77 S. Kanamori, Thin Solid Films, 75, 19 (1981). 
73 C. Canali, G. Celotti, E. Fantini, and E. Zanoni, ibid., 88, 9 (1982). 
79 R. S. Nowicki, Gold Bull., 15, 21 (1982). 
33 M. Wittmer, J. Appl. Phys., 53, 1007 (1982). 
81 IBM T. J, Watson Research Center, Yorktown Heights, New 

York 10598. 



Vol.  130, No. 6 D I S C U S S I O N  S E C T I O N  1447 

Nowick i  po in ted  out  the  s ignif icance regard ing  O and N in 
the  Ti film in the  l ight  tha t  perhaps  it  is the  O and N incor- 
pora ted  wi th  the films that  m a k e s  the  Ti a good  dif fus ion 
barrier.  He l is ted 10 footnotes  regard ing  tha t  subject .  How- 
ever,  he over looked  one of  the  impor t an t  ones  by C.Y.  
Ting. ~ In  that  footnote,  it deals  wi th  Ti  by evaporat ion,  the  
incorpora t ion  of N2 in the  film, and the  use as a diffusion 
barr ier  b e t w e e n  A1 and St. 

Micrographic  analysis wi th  respect  to o x y g e n  was done  
bu t  not  reported.  The  oxygen  dep th  profile ins ide  has been  
analyzed 8~ by us ing  Auger  e lec t ron spect roscopy.  The  Ti 
film prepared  on si l icon substrate  is ident ica l  to that  de- 
scr ibed  in the  paper;  that  is, us ing the  same dif fus ion p u m p  
sys tem evapora ted  at a base  pressure  of h igh  10 -7 Torr. The  
oxygen inside the Ti film is about 1 atomic percent (a/o); 

C. Y. Ting, J. Vac. Sci. Technol., 21, 14 (1982). 
P. Ho, Analysis. 

h o w e v e r  at the  Ti-Si interface,  the  oxygen  con ten t  can in- 
crease  to a few pe rcen t  depend ing  on the  surface  c leaning 
prior to Ti deposition. 

We also practiced the Ti deposition in a cryogenic 
pumping system which can ordinarily pump down to 2 • 
10 .7 Torr or less, sometimes in the 10 -8 Torr range. We have 
not observed any degradation on the thermal stability due 
to the improvement of pumping. We have also tried Al evap- 
oration either in situ with Ti or non in situ with Ti. In the 
case of non in situ, a thin layer of Ti oxide will no doubt ex- 
ist at the interface. Again, we did not see any significant dif- 
ference in thermal stability difference. We have exercised 
that contact technology for years without seeing excep- 
tions or inconsistent results. Based on our experience and 
observations, we conclude that the good diffusion barrier 
behavior of Ti against Si diffusion has nothing to do with O 
and N impurities, although it will be enhanced by their 
presence as pointed out by Nowicki. 
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Oxygen Evolution from Water Mediated by Infrared Light on Iron 
Doped RuS2 Electrodes 

H.-M. K~hne and H. Tributsch 
Hahn-Meitner-Institut fi~r Kernforschung Berlin, Bereich Strahlenchemie, D-IOOO Berlin 39, Germany 

With semiconducting n-type RuS 2 (AE G = 
1.85 eV) which derives the upper valence band 
from d-states Of ruthenium it became possible 
to couple the absorption of short wavelength- 
visible light to the photoelectrochemical evo- 
lution of oxygen (1-3). This material which 
showed good stability catalyses in single cry- 
stalline form oxygen evolution with a quantum 
efficiency approaching 60% in the near UV re- 
gion (3). Unfortunately, because of a kinetic 
inhibition of the reaction, a relatively large 
electrode potential has to be applied to liberate 
oxygen from water at a high rate (3). 

We report here on a considerable improve- 
ment of the photoelectrochemical properties of 
the material: Through doping with Fe we suc- 
ceeded in shifting the spectral sensitivity of 
RuS2 by more than 0.7 eV towards the infra- 
red while maintaining the oxygen evolution 
properties of the electrode and even improving 
them. The new electrode material is able to 
use photons of the entire visible and the near 
infrared spectral range to liberate oxygen and 
permits the electrolysis of water with partial 
use of solar energy. 

As compared with the method of crystal 
growth used in ref. 3 and 4, (slow transport 
of Te from a RuS2-Te melt in a small temper- 
ature gradient near 920~ during a period of 
4 weeks), the following modifications were ap- 
plied: Rul-yFe. S 2 powder was produced from 
a ruthenium saYmple which contained iron 
(Merck Art. No. 12316 LAB) and from sulphur. 
This sample was simply recrystallized in tellu- 
rium melt for 3 - 5 days between 900 and 
1000~ (typically I00 mg in 2g Te). Subse- 
quently, tellurium ~was dissolved in aqua regia 
to recover the RUl_xFexS2 crystals. 20 inde- 
pendent crystal growth experiments were per- 
formed which yielded single crystals with sur- 
faces up to a size of approximately 2 mm 2. The 
average doping with Fe, measured with quan- 
titative X-ray fluorescence analysis (SEMQ), 
varied from crystal to crystal in the range be- 
tween 0 and 1.7% . (An inhomogeneous distri- 
bution of Fe has been observed in a smaller 

fraction of the crystals.) No mixed sulphide- 
telluride was found but under certain prepa- 
ration conditions in addition ruthenium tellu- 
ride crystals. The RUl_xFexS 2 crystals (the 
concentrations of Fe and Ru were found to 
complement to 1 for x = 1.7% but not in other 
cases) were investigated by X-ray analysis 
(rotating crystal method) which showed crys- 
tal parameters identical to those of RuS 2 
which crystallizes in the pyrite lattice. 

The influence of iron doping on the spec- 
tral distribution of photocurrents of RuS 2 is 
shown in Fig. i. A clear shift of spectral sen- 
sitivity is observed towards the red. Inter- 
estingly the samples with the highest effi- 
ciency in the infrared showed an inhomoge- 
neous distribution of Fe at an average Fe 
concentration of 1% or less. The inhomoge- 
neous character of the samples could be con- 
firmed with the electrochemical laser spot 
technique. Simple considerations, based on 
the difference of ionization energies for Fe 
and Ru which are supposed to be situated 
in identical sulfur environment, indicate that 
the red shift of the spectral sensitivity is 
caused by those d-states of Fe which contri- 
bute to the conduction band in isocrystalline 
pyrite (FeS2). In iron doped RuS 2 these 
states would be placed up to 0.78 eV above 
the valence band of pure RuS 2. They are oc- 
cupied by electrons in n-type RUl_xFexS2 
(p-type material could also be obtained) and 
participate in the electrode's hole reactions. 
(The photoelectrochemistry of FeS2 is discus- 
sed in ref. 5; no oxygen evolution from wa- 
ter is found.) 

The photocurrent efficiency in the IR is 
not only controlled by the Fe concentration 
but also by recombination processes and the 
stoichiometry of the crystals. The quantum 
efficiencies of good crystals equaled and ex- 
ceeded 60% at hv = 3 eV and the best crystal 
reached 23% in the IR (1.4 eV). 

A photocurrent voltage curve of RUl-xFe x 
S 2 obtained with white light is shown in Fig. 2 

1448 
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where it is compared with the properties of 
three light-insensitive oxygen evolving RuO 2 
based electrodes described in the literature. 
Above 1 V (NHE) light induced oxygen evolut- 
ion from RUl_xFexS2 becomes clearly visible 
and is sustained when only infrared light 
(h~) < 1.5 eV) is used for illumination. Oxy- 
gen evolution at this potential has analytically 
been confirmed with the help of gas chroma- 
tography. Photocurrent densities of oxygen 
evolution of up to 130 mA cm -2 have been ob- 
served and through electrode (3) (Fig. i) pho- 
to charges of 500 C cm -2 were passed without 
microscopic evidence for photo corrosion. At 
5 mAcm -2 the potential saving as compared 
to the best presently existing oxygen evolving 
RuO2 electrodes is 0.36 to 0.50 V (Fig.2). 
This is an encouraging result when consider- 
ing that the photocurrent curve for our oxy- 
gen evolving material is far from being opti- 
mized and theoretically ideal. Traces of a ru- 
thenium compound (apparently hydrated RuO 2) 
have been identified by X-ray fluorescence 
analysis on the epoxy insulation around the 
electrode. They were distributed in form of a 
convection pattern and appeared after polariz- 
ation of the electrode at potentials larger than 
1.5 V/NHE. They were found to be due to the 
formation of volatile RuO 4 at a quantum effi- 
ciency smaller than 1%. An alteration of a fresh 
RUl_xFexS 2 electrode surface through electro- 
chemical oxidation prior to the first onset of 
oxygen evolution has been clearly observed 
experimentally. 

It has to be emphasized that light induced 
oxygen evolution has only been verified for 
electrode potentials equal or larger than 1 V 
(NHE). Due to the small size of the electrode 
surface, we have up to now no analytical evi- 
dence concerning the reaction products gene- 
rated at very low potentials, where light in- 
duced oxygen evolution based on the partici- 
pation of 4 photons per 0 2 should become ther- 
modynamically impossible. 

The described system appears to be the 
first oxygen evolving photoelectrode which uti- 
lizes photons of the entire visible and near in- 
frared solar spectrum under energy gain,while 
remaining reasonably stable and consisting of 
one interface only (although the inhomogeneity 
of the electrodes poses questions-). It experi- 
mentally confirms the original proposal (6) that 
photoelectrolysis of water should be possible 
by developing a photoelectrochemistry based on 
transition metal d-states. 

A detailed photoelectrochemical and solid 
state chemical study of the iron-ruthenium 

disulfide system will be published in a for,th- 
coming paper (7). 
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ABSTRACT 

A neutron powder  diffraction s tudy of a- and fl-PbO2, both chemically prepared and electrochemically formed in cycled 
battery plates, was carried out to correlate the electrochemical  activity of the lead-acid battery with the atomic arrangement  
of the electrode constituents. Our results are consistent  with the presence of hydrogen in the structure of/3-PBO2, but  the 
departure  of the occupancy factors from stoichiometricovalues are not large enough to unambiguous ly  establish whether  
there are lead or oxygen deficiencies. If  the Pb:O ratio corresponds to exact  stoichiometry, any hydrogen which is present  
must  be accompanied by a reduction of Pb § There is a significant increase in the lattice parameter  a of fl-PbO2 in cycled 
bat tery electrodes relative to the value found in chemically prepared B-PbO2. No change in the c parameter,  however, was de- 
tected. These dimensional  changes are consistent  with a configuration for hydrogen similar to that  observed in the rutile- 
type structure of SnO2, in which there are OH- ions oriented perpendicular  to the c axis. The profile parameters  obtained in 
this analysis show that  the crystalli tes offl-PbO~ in the positive plate material  of a bat tery cycled three t imes (Y3) are smaller 
than those in the chemically prepared compound (-450A vs. 800A), while there are no significant differences between the 
latter and fl-PbO2 in the positive plate material  of a bat tery cycled 36 t imes (Y36). The average structure of~-PbO2 cannot be 
accurately determined by profile analysis, at the present  time. The difficulties encountered in the refinement may be due 
to extensive defects, nonspherical  crystalli tes of small size, and/or small departures  of the structure from orthorhombic 
symmetry.  

The active mate r ia l s  of  the  l ead -ac id  b a t t e r y  are 
formed e lec t rochemical ly  by  charging  a commercia l  
pas te  made  f rom a mix tu re  of PbO and sulfur ic  acid. 
In the  charg ing  process, the  a-  and ~-phases of PbO2 
are formed at  the  posi t ive pla te  and spongy lead  at  
the negat ive  plate.  Dur ing  discharge,  both  forms of 
PbO2 t rans form into PbSO4. Posi t ive  ba t t e ry  plates  
cannot be fabr ica ted  by  d i rec t ly  pas t ing  the grids wi th  
chemical ly  p r epa red  a- and p-PbO2, for  these prove  
to be e lec t rochemical ly  inact ive  forms, i.e., a ba t t e ry  
made  with  these mater ia l s  would  not  spontaneous ly  
genera te  a cur ren t  when  connected to an ex te rna l  
c ircui t  (1). The reason for this different  behavior ,  re-  
su l t ing  sole ly  f rom the different  methods  of p r e p a r a -  
t ion of PbO~, is not  known at  present .  

Ano the r  phenomenon  not  ye t  unders tood is the loss 
of capaci ty  of a ba t t e ry  af te r  a n u m b e r  a cha rge -d i s -  
charge cycles. Al though  mechanica l  factors may  p lay  
a role in ba t t e ry  fai lures,  chemical  and  s t ruc tu ra l  
changes mus t  also be present  (1). Caulder  (2) has 
hypothesized tha t  an inact ive type  of PbO~ may  form 
in increas ing amounts  dur ing  cycling. This hypothesis  
is consistent  wi th  dif ferent ia l  t he rmal  analysis  (DTA),  
the rmograv ime t r i c  analysis,  h i g h - t e m p e r a t u r e  mass 
spect rometry ,  and pulsed nuc lear  magnet ic  resonance  
(NMR) measurements .  

The origin of the  e lec t rochemical  ac t iv i ty  has also 
been l inked  with the presence of a hydrogen  species 

* E l e c t r o c h e m i c a l  Soc i e ty  Ac t ive  Member.  
1 Present  address:  I n t e r u a V o n a l  L e a d  Z inc  R e s e a r c h  Associat ion 

at  t h e  N a v a l  R e s e a r c h  L a b o r a t o r y .  
K e y  w o r d s :  b a t t e r y ,  c r y s t a l l o g r a p h y ,  d i f f r ac t ion ,  electrode,  fail .  

ure.  

in the  crys ta l  s t ruc tures  of a- and p-PbO~. NMR re -  
l a x a t i o n  studies show that  the  act ive mate r ia l s  contain 
smal l  amounts  of hydrogen  in two configurations, whi le  
the inact ive oxides, chemica l ly  o r  e lec t rochemica l ly  
prepared ,  showed that  the  bulk  of the hydrogen  is 
p redominan t ly  in only  one configuration (3).  

I t  has been suggested,  f rom resul ts  of DTA measu re -  
ments,  that  an e lec t rochemica l ly  act ive amorphous  
form of PbO2 exists in the  posi t ive p la te  mater ia l s  in 
addi t ion  to the a- and p-phases  (2). This amorphous  
oxide would undergo some s t ruc tu ra l  r eo rder ing  dur -  
ing cycling (wi th  loss of hydrogen  species) and would 
be conver ted  to an e lec t rochemica l ly  inact ive  Pb02 
with NMR, DTA, and mass  spectroscopic character is t ics  
s imi lar  to those obta ined  f rom the chemical ly  p r e -  
pared  mater ia ls .  

The s tudies  ment ioned  above lead  us to conclude 
that  the  oxide often labe led  as "PbO2" can in fact  be  
one of the fol lowing mater ia ls :  (i) ~-PbO2 and (ii) p- 
PbO2, as they  are  present  in the act ive ma te r i a l  of 
the posi t ive plate;  (iii) ~-PbO2 and (iv) p-PbO2 as 
present  in the posit ive p la te  a f te r  loss of capaci ty;  and, 
finally, (v) a-PbO2, (vi) p-Pb02,  and (vii) amorphous  
PbO2 chemica l ly  p repared .  

In o rde r  to unders tand  the na tu re  of  the  e lec t ro-  
chemical  ac t iv i ty  of the l ead -ac id  ba t te ry ,  i t  is im-  
por t an t  to de te rmine  if the re  a re  de tec tab le  s t ruc tu ra l  
differences be tween  the act ive and the inact ive forms 
of each phase. This, of  course, impl ies  the de t e rmina -  
t ion of the  de ta i led  crysqtal s t ructures  of the mater ia l s  
l is ted above. Studies  in this d i rect ion have been car -  
r ied out b y  powder  neu t ron  diffraction on the chemi-  
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cal ly  p repared  a- and ~-PbO~ (4, 5) and, more  re -  
cently,  on e lec t rochemica l ly  active ~-PbO2 (6, 7) and 
on the lead dioxides ob ta ined  f rom the posi t ive plate  
of the  l ead -ac id  ba t t e ry  (8). The resul ts  of these 
s tudies  show that,  whi le  the  s t ructure  of the ~-phase 
is wel l  de te rmined ,  that  of the a -phase  has not  ye t  
been unders tood in detail .  In  addit ion,  i t  seems tha t  
there  is considerable  d i sagreement  about  the presence 
of an "amorphous"  phase in the  p la te  mater ia ls .  

As a par t  of a s tudy of lead  dioxides,  we have de-  
cided to refine the  s t ructures  of ~- and ~-PbO~ as they  
exist  at  different  stages of the  ba t t e ry  life and com- 
pa re  these s t ructures  wi th  those of the chemical ly  
p repa red  mater ia ls .  Neut ron  diffraction has been used 
throughout  this analysis  to t ake  advantage  of the 
favorab le  values of the  sca t te r ing  lengths  of oxygen 
and lead  and to avoid the  problems  connected wi th  
high absorpt ion and p re fe r r ed  or ienta t ion  which im-  
pose severe  l imi ta t ions  on the x - r a y  diffraction ex-  
per iments .  Since none of the  mater ia l s  of in teres t  can 
be p repa red  as single crystals ,  the powder  method  has 
been used in al l  the exper iments .  

Experimental 
Samples.--The mate r i a l  l abe led  Y-36 was obta ined 

f rom a commerc ia l ly  avai lab le  12 A - h r  (c/10 ra te)  
ba t te ry .  The ba t t e ry  contained acid wi th  a specific 
g rav i ty  of 1.260. The cycling regime consisted of a 
6.0A constant  cur ren t  d ischarge to a 10.50V cutoff 
(1.75 V/ce l l ) .  The ba t t e ry  was then recharged  at 4.0A 
constant  cur ren t  unt i l  a crossover constant  vol tage  of 
15.0OV (2.50 V/ce l l )  was reached.  Charging at  constant  
vol tage  was cont inued unt i l  110% of the previous  dis-  
charge  capaci ty  was obtained.  The in i t ia l  discharge 
capaci ty  of the ba t t e ry  was 7.47 A-hr .  Af te r  6 cycles, 
the capaci ty  had leve led  off to 7.20 A-hr .  The average  
capaci ty  of these first 6 cycles was 7.35 A-hr .  The final 
capaci ty  measurements  pr ior  to disassembly,  af ter  36 
cycles, was 6.30 A-hr .  This va lue  represen ted  a 15% 
decrease  in capaci ty  f rom the average  of the first 6 
cycles. A f t e r  disassembly,  the  PbO2 electrodes were  
washed in dis t i l led  wa te r  and vacuum dried.  The sam-  
ples used in the  diffract ion exper iments  were  then 
ground and a i r  dr ied  at  135~ 

The Y3 mate r i a l  was obta ined  f rom another  ba t t e ry  
cycled in the  same manne r  as above, and the PbO~ 
e lec t rode  was d isassembled  af ter  th ree  cycles. The 
average  capaci ty  of the  b a t t e r y  at this poin t  was 7.53 
A-hr .  

The chemical ly  p r epa red  ~-PbO~ used in this s tudy 
was Baker  reagent  grade ( lot  no. 4604) dr ied  in air  at  
130~ Chemical ly  p r epa red  ~-PbO2 was obta ined  b y  
oxidizing ammoniaca l  lead  aceta te  wi th  ammonium 
persulfate ,  and  the  compound was dr ied  in a i r  at  130~ 

Neutron di~raction measurements.~The neut ron  dif -  
f ract ion intensi t ies  were  measured  at room t empera tu re  
wi th  the h igh-reso lu t ion  f ive-detector  di f f ractometer  at  
the  Nat ional  Bureau  of S tandards  Reactor  (9), using 
the exper imen ta l  condit ions indica ted  in Table  I. The 
da ta  were  analyzed with  the Rie tve ld  method (10), 
modified b y  Pr ince  (11) to s imul taneous ly  process the 
intensi t ies  collected b y  the five counters  of the  dif-  
f rac tometer .  

Refinements and Results 
From the first stages of the s t ruc tu ra l  analysis,  i t  

was appa ren t  that  the  peaks  of al l  samples  examined  
had  tails  too broad to conform to a Gaussian d i s t r ibu-  
tion. This can be seen in Fig. l a  which  shows a Gaus-  
sian l eas t - squares  fit of the  reflection 002 of chemical ly  
p r epa red  ~-PbO~. The discrepancy be tween  observed 
and calcula ted intensit ies,  especial ly  evident  in the 
tai ls  and at  the peak  of the  reflection, can be signifi-  
can t ly  reduced  by  using, for  the  fitting, the  Pearson  
type  VII  funct ion (12), as shown in Fig. lb .  A com- 
par ison of the two figures shows that  the  value of the 

Table I. Experimental conditions used to collect the neutron 
powder intensity data for Pb02 

Monochromatic  beam: 
Wavelength: 
Horizontal  divergences:  

Monochromator  mosaic  
spread: 

Sampm container:  

reflection 220 of a Cu monochromator  
1.5416(3) A 
(a) in-pile col l imator:  10 rain. arc; 
(o} mo~lochromatle beam coll imator; 20 

rain. are; 
(c)  diffracted beam collima%or: 10 rain. 

arc 
15 rain. arc 

vanadium can --  10 m m  diam 
Angular ranges  scanned 10-40, 30.60, 50-80, 70-190, 90-120 

by each detector:  
Angular step: 0.05 ~ 

goodness of fit x, the background,  and the ful l  wid th  
at hal~ m a x i m u m  are  h igher  for the  Gaussian approx i -  
mat ion  than  1or the Pearson ~unction. The differences 
in the background  level  and in the ful l  width  at  half  
max imum,  caused by  the imprope r  descr ipt ion of the 
peak  shape, m a y  resul t  in an  erroneous evalua t ion  of 
the occupancy and t empe ra tu r e  factors of the a toms 
in the  s t ruc ture  and in underes t ima ted  values  of the 
sizes of the crys ta l l i tes  in the  sample.  Because of these 
results,  i t  was necessary  to use the Pearson  function 
in a l l  ref inements  r a the r  than  the usual  Gaussian dis-  
t r ibut ion.  At  this  stage, i t  was thought  necessary to 
repea t  the ref inement  of chemical ly  p repa red  ~-PbO2 
which had been prev ious ly  ana lyzed  (4) assuming that  
the profiles were  Gaussian.  

The in i t ia l  values of latt ice,  profile, and s t ruc tu ra l  
pa rame te r s  were  those ob ta ined  prev ious ly  for ~-PbO~ 
(4), and the ini t ia l  posi t ional  pa rame te r s  of a-PbO2 
were  those repor ted  by  Moseley et al. (5). The scat -  
te r ing  ampl i tudes  were  b ( P b )  = 0.94, b (O)  = 0.58 • 
10 -12 cm (13). 

The sample  of chemical ly  p r epa red  ~-PbO~ was free 
f rom diffraction effects due to impuri t ies ,  and the re -  
fore, the  ent i re  powder  pa t t e rn  was used in the re -  
f inement of the s t ructure .  The samples  Y36 and Y3, 
however ,  contain  both a-  and  ~-PbO2. The s tudy of 
the  ~-phase in these samples  could only be carr ied  out  
by  excluding,  f rom the  calculations,  the angular  r e -  
gions containing the diffract ion peaks  of the  a -phase  
and vice-versa .  

In  al l  cases, the background  was assumed to be a 
s t ra igh t  l ine of finite s lope and was refined for each 
of the  five channels  of the  diffractometer ,  together  
wi th  the profile and the s t ruc tu ra l  parameters .  

The value  of the  p a r a m e t e r  m appear ing  in the P e a r -  
son equat ion (12) can be de te rmined  e i ther  by  fit t ing 
isolated peaks  or  by  ca r ry ing  out a series of ref inements  
wi th  different  values  of the p a r a m e t e r  m and select ing 
the ref inement  which gives the lowest  R- fac to r  and 
the most  reasonable  t e m p e r a t u r e  parameters .  Obvi-  
ously, the first method  is preferable ,  bu t  it can only  
be used if  the peaks  selected for  the de te rmina t ion  of m 
are  wel l  isolated and pe rmi t  an accurate  evalua t ion  of 
the  background.  This can be seen in Fig. lc, which i l -  
lus t ra tes  the Gauss ian  l eas t - squares  fit to the  same 002 
reflection of fl-PbO2, per formed  over  an anguIar  range 
too smal l  for  an accurate  es t imate  of the  background.  
The fit, which would be considered sa t i s fac tory  wi th-  
out  p r io r  knowledge  of the  peak  shape,  would  y ie ld  
not  on ly  the  wron~ va lue  of m but  would  also resu l t  
in a background  level  so un reasonab ly  high that  i t  
might  affect even the a tomic  posi t ional  pa rame te r s  cal-  
culated in the refinements.  To avoid errors  of this 
type. we have  fol lowed the  second urocedure,  and the 
R - v a l - e s  vs. m obta ined for ~-PbO2 are  shown in 
Table II. 

~-PbOz. - -The  resul ts  of the  ref inements  of ~-PbO2 in 
al l  the  samples  analyzed are  given in Table III,  where  
they  are compared,  where  apulicable,  wi th  those re-  
por ted  by  urevious authors .  The calcula ted and ob-  
served  profiles, wi th  residuals ,  are  shown in Fig.  2. 
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As shown in the table, the latt ice pa rame te r  a of 
p-PbC~2 in Y3 and Y36 is significantly higher  than that  
of chemical ly  prepared  ~-PbO2, with a sh i f t /pooled  
error,  A/Z, of 30 and 24 for Y3 and Y36, respectively,  
[pooled er ror  = (~12 + ~22) ~/~]. On the other  hand, 
the value of c does not  va ry  significantly f rom sam- 
ple to sample  (max imum ~/Z -- 7.6). 

The posit ional parardeter  x of the oxygen atoms 
seems to decrease in the sequence fl-PbO2, Y36, Y3. The 
differences observed could indicate a trend, but  they 
are too smal l  to be considered significant (max imum 
h / z  ___ 5.0). The in tera tomic  distances and angles 
calculated for the samples analyzed are  repor ted  in 
Table  IV, in which the label ing of the atoms is the 
same as that  indicated in Fig. 3. As a result  of the 
observed changes in the a and x parameters ,  the dis-  
tance 0 ( 3 ) - 0 ( 4 )  increases and the distance Pb-O(1)  
decreases in the sequence fl-PbO2, Y36, Y3. The O (3)-  
O(5) distance, which is equal  to the pa ramete r  c of 
the uni t  cell, remains unchanged,  as does the distance 
0 ( 2 ) - 0 ( 5 ) .  This si tuation corresponds to a s t retching 
of the octahedral  basal plane 0 ( 3 ) - 0 ( 4 ) - 0 ( 5 ) - 0 ( 6 )  
along the direction [110] and to a compression of the 
octahedron along the direction [110]. The paramete r  xm 
repor ted  in Table III  is given by 

Fig. 1. Least-squares fits (continuous line) of the observed pro- 
file intensities (circles) for the reflection 002 of chemically pre- 
pared fl-PbO2: (a, top left) Gaussian fit (background - -  268, peak 
height - -  1675, 2# = 54.20, m - -  100, and X "-  2.11). (b, top 
right) Pearson fit (background =_ 247, peak height - -  1834, 2# = 
54.20, m - -  1.83., and X - -  1.36). (c, bottom) Gaussian fit over a 
limited angular range (background - -  309, peak height = 1672, 
2# - -  54.20, m ----- 100, and Z "-  1.63). (The parameter m is the 
Pearson parameter and determines the profile shape, and X is the 
goodness of fit.) 

X m =  ( ~ )  [(C2/a~) + 2] 

and represents  the par t icu lar  value  of x for which all  
the Fb-O distances are equal. In all the samples 
studied, Xm is significantly larger  than x, i.e., the axial  
distances Pb-O (1, 2) are smal le r  than the equator ia l  
distances Pb-O (3, 4, 5, 6). This resul t  is of theoret ical  
importance in the s tudy of ru t i l e - type  AB2 oxides (14), 
and it is in agreement  wi th  the conclusions of a p re -  
vious analysis of chemical ly prepared  ~-PbO~ (4) .  2 
The occupancy factor, n, of the lead atom differs f rom 
the theoret ical  value  by 5r or less. 

The parameters  U, 17, and W shown in Table III  
appear  in the equation 

H~ = U t a n  S0 + V t a n 0  + W [1] 

in which H is the ful l  width at hal f  m a x i m u m  (fwhm) 
o f  the ins t rumenta l  profile at the diffraction angle 0. In  

In the first study of chemically prepared ~-PbOe, a Gaussian 
peak shape was adopted, and subsequently it was found that the 
Pearson function should have been used instead. In spite of the 
use of the Gaussian approximation, the agreement between the 
results of the two determinations is very close for all structural 
parameters, and this may be partly due to the fact that in the  
first analysis the tails of the difEractton lines were excluded f r o m  
the refinement. 
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Table II. R-factors vs. the Pearson parameter m obtained for/~-PbO~ 

~-PbO~, chemically prepared 

m R~ RP Rw R~ 

6.61 8.55 10.86 4.66 
4 5.62 7.4t 9.36 4.66 
3 5.25 7.14 9.02 4.66 
2 5.00 6.83 8.77 4.66 
I 5.76 9.23 12.07 4.66 

~-PbOs in Y3 

m RN RP RW R~ 

~o 8.43 4.90 6.23 3.51 
2 4.#,8 4.18 5.29 3.51 

~-PbO~ in Y36 

m R~ Rp Rw R~ 

6.09 6.62 8.38 6.22 
3 5.62 6.10 7.70 6.22, 
2.5 5.48 6.07 7.66 6.22 
2 5.37 6.08 7.67 6.22 

The R-factors are defined in the following way 

R~=100 • { Y~ll(~ -l(calc)l ~ 
~l(obs) 

R , = l O 0  • { Zw[y(~ - y(calc)]S ~ 

ZIy(obs) y(calc) [ 
RP = i00 x 

R~,=I00 X ~ N - P + C  ) lp" 
~w[y( obs) }~ 

In the above formulas N is the number of statistically inde- 
pendent observatmns. P the number of parameters refined. C 
the number of co,straints.  I the integrated intensities, and y the 
profile intensities of weight w. 

Fig. 4, the values of H are plotted against 0 for the 
three samples analyzed. 

a-PbOs.~The orthorhombic phase of PbO2 is always 
present in the active material of the positive plate in 
varying quantities. In general, its proportion with re- 
spect to ~-PbO2 decreases as the number of battery 
cycles increases. It has been pointed out (5) that a- 
PbO2 refines poorly, and it has been suggested that 
this behavior may be related to the defect structure of 
the compound. 

The results of the structural and lattice parameter 
refinements obtained in this study are given in Table 
V, where they are compared with some of the results 
obtained by other authors. The calculated and ob- 
served profiles are shown in Fig. 5. It is evident from 
the table that the agreement between the various re- 
sults is poor and that the determinations of both lat- 
tice and structural parameters are associated in all 
cases with unusually high standard deviations. Anneal- 

Table IV. Interatomic distances (A) a.d angles (deg) of fl-PbO2 
in the samples analyzed 

Chemically 
prepared ~-PbO~ Y36 Y3 

Pb-O (3, 4, 5, 6) 2 . 1 6 7 9 ( 3 )  2 . 1 7 1 2 ( 6 )  9.,1758(9) 
Pb-O (I, 2) 2.1501(5) 2.1475(I0) $.142(2) 
O (3)-O (4) 
O (5)-O (6) J~ 2.708(1) 2.721(2) 2.734(3) 
O (I)-O (3, 4, 5, 6) 

3.0532(2) 3.0538(4) 3.0531(5) O (2)-O (3, 4. 5. 6) J 
O (4)-0 (6) 

k 

j~ 3.3861(1) 3.38#-4(2) 3.3856($) O (3)-O (5) 
O (3)-Pb-O (4) 
O (5)-Pb-O (6) } 77.30(2) 77.59(4) 77.84(6) 

ing the samples at 160 ~ 180 ~ and 200~ for 120 hr 
did not improve the quality of the powder patterns and 
the agreement between observed and calculated val- 
ues of the parameters. Refinements of the lattice con- 
stants were also attempted by using the 20 values re- 
ported in the literature (15, 16). In all cases, there 
were differences between observed and calculated val- 
ues of 20, which cannot be attributed to experimental 
errors. Also the results given by Hill (8) on this 
phase of PbO2 (Table V) show that the values of the 
lattice and structural parameters depend on the method 
of preparation of the compound. In addition, the large 
values of the standard deviation reported for the vari- 
ous samples are an indication that these parameters 
could not be determined as precisely as those of p- 
PbOs. 

The uncertainties in the peak positions and peak 
intensities make it impossible to subtract the contribu- 
tion os ~-PbO2 from any pattern containing both the 
=- and fi-phases, and this is the reason why the re- 
finements of ~-PbO2 in Y36 and Y3 had to be done 
by excluding, from the calculations, quite large angu- 
lar intervals. 

Discussion 
Stoich/ometry.--Previous authors (18) have pointed 

out that both a- and ;~-PbO2 are nonstoichiometric. At 
first, it was thought that these oxides had oxygen 
deficiency and that their electric conductivity could 
be, in some way, associated with the excess lead 
present in the structure. Subsequent neutron diffrac- 
tion measurements by Jorgensen et al. (6, 7) showed 
that no oxygen vacancies were present in electrically 
active ~-PbO2 and that, instead, the structure seems to 
be lead deficient. These authors found that the re- 
fined occupation numbers of lead were 0.97(2) for 
#-PbO2 cycled in H2SO4 and 0.95 (1) for/s-PbOs cycled 
in D2SO4. The values do agree with those obtained by 
Hill (8) for #-PbO2 present in the positive plate ma- 
teriais. If, therefore, we assume that #-PbO~ is lead- 

Table III. Results of the refinements of the structure of fl-PbO2 in the samples analyzed. Space group: P4/mnm; 
Z = 2, The figures in parentheses are the sta.dord deviations on the last decimal figure. 

Chemically Jorgensen (7) 
prepared ChemicaUy 

Parameter ~-PbO~ Y36 Y3 ~-PbOs:D ~-PbO2:H Naidu (14) prepared 

Hill (8) 
Fresh Failed 

battery battery 

z(o)  0.3068(1) 0.3061(2) 0.3052(3) 0.3070(2) 0.3070(2) 
n(Pb) 0.493(2) 0 . 4 9 0 ( 4 )  0 . 4 7 7 ( 4 )  0 . 4 7 5 ( 5 )  9.485(10) 
a 4.9554(1) 4.9608(2) 4.9621(2) 4.9526(1) 4.9500(1) 
c 3.3861(1) 3.38,t4(2) 3.3856(2) 3.3789(1)  3.3771(1) 
zm 03084 0.3062 0.3082 0.3062 03082 

oxygen B 0.90(9) 
~8~1 = ,ass* 87(3) 91(70) 103(9) 96(8) 
/~  90(9) 103(?,,0) 110(18) 86(17) 
,8~ -56(4)  -84(8)  -50(4)  -68(6)  

Lead B 0.51(5) 
~:t = ~ 54(3) 70(6) 44(6) 53(7) 
/~  32(7) 73(14) 38(14) 53(15) 
js~ -2 (3 )  -32(7) -7 (3)  7(5) 
U 3858 ( 150 ) 46.61 ( 280 ) 3534 (450) 
V 1979(55) 1579(105) 2079(190) 
W 1291(15) 12,66(30) 1770(40) 

0.3066(2) 0.30,54(5) 0.3072(2) 
0.493(5) 0.475(8) 0.479(4) 

4~568(5) 4 .9556(1 )  4.9642(4)  4,9558(1) 
3.3866(2) 3 .3867(1 )  3.3867(3)  3.3820(1) 
0.3083 

113(6) 145(17) 127(5) 
115(14) 207(86) 168(13) 
-70(9) --52(19) --60(9) 

78(4) 99(16) 83(4) 
44(11) 103(51) 74(10) 
-9(6) --6(19) --5(6) 

* The anLsotropie temperature factors are ~lj • 1O,. /3~ -- ~ = 0 for Pb and O atoms. 
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Fig. 2. Calculated (continuous line) and observed (circles) profiles, wlth residuals, over the five angular ranges for (a) fi-Pb02 in Y3 
(b) fl-PbO~ in Y36 and (c) chemically prepared ~-Pb02. 

deficient, the stoichiometry of the compound could be 
expressed by the formula 

fl-pb+41-xH+4xO 2 

Our results support the v iew that the structure of 
~-PbO2 is not oxygen deficient. In addition, the oc- 
cupancy factors of lead obtained in our refinements do 
agree closely with those given by Jorgensen et al. (6, 

7) and by Hi l l  (8). We feel, however, that it is not 
possible to conclude that the structure is lead deficient. 
First of all, the departures from stoichiometry are 
only 5e at the most, and second, the refined values of 
the occupation parameters may be affected by a num- 
ber of factors which are difficult to account for. More 
specifically, an imprecise definition of the background 
level, especially at high values of 20, and/or uncer- 
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Fig. 3. Unit cell of /~-PbO2. Atoms are represented by their 
thermal ellipsoids. The labeling of the atoms is the same as that 
in Table IV. Arrows indicate the direction of oxygen displace- 
ments accompanying cycling. 

t a i n t i e s  in  t h e  d e s c r i p t i o n  of  p e a k  s h a p e s  m a y  c a u s e  
d e p a r t u r e s  of  t h e  t y p e  o b s e r v e d  fo r  ~-PbO2.  I n  a d d i -  
t ion,  t h e r e  a r e  no  c h e m i c a l  r e a s o n s  w h i c h  w o u l d  r e -  
q u i r e  l e ad  def ic iency,  n o t  e v e n  i f  h y d r o g e n  m u s t  b e  
a c c o m m o d a t e d  in  t h e  s t r u c t u r e  (19) .  I n  fact ,  M o s e l e y  
et  al. h a v e  o b s e r v e d  a c lose  c o r r e l a t i o n  b e t w e e n  t h e  
q u a n t i t y  of  h y d r o g e n  f o u n d  f r o m  n e u t r o n  t r a n s m i s s i o n  
m e a s u r e m e n t s  a n d  t h e  d i f f e r e n c e  b e t w e e n  t o t a l  P b  a n d  
P b  +4, d e t e r m i n e d  b y  a n a l y t i c a l  m e a n s .  C o n s e q u e n t l y ,  
t h e y  h a v e  p r o p o s e d  t h a t  t h e  c h a r g e  b a l a n c e  r e q u i r e d  
b y  t h e  i n c o r p o r a t i o n  of  h y d r o g e n  in  t h e  s t r u c t u r e  is 
m a i n t a i n e d  b y  r e d u c t i o n  of p b + 4  to, m o s t  p r o b a b l y ,  
P b  +2 a n d  h a v e  g i v e n  fo r  t h e  c o m p o u n d  t h e  f o r m u l a  

f l -Pb + 41-x/2Pb + 2~/~H + ~O.2 

O x y g e n  o r  l e a d  def ic ienc ies  a r e  n o t  n e c e s s a r y  to e x -  
p l a i n  t h e  e l e c t r i c  c o n d u c t i v i t y  of  PbO2.  I n  fac t ,  
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2 5  

/ 
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/ /  
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2(: 
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Fig. 4. The values of the full width at half maximum, H, calcu- 
lated from the least-squares values of U, V, and W, using Eq. [1] ,  
are plotted vs. ~ for /~-PbO2 ( e ) ,  Y36 ( G ) ,  end Y3 (L~). 

R u e t s c h i  a n d  C a h a n  (20) h a v e  p o i n t e d  o u t  t h a t  f r e e  
e l e c t r o n s  m a y  be  d u e  to O H -  g r o u p s  s u b s t i t u t i n g  fo r  
o x y g e n .  Th i s  m o d e l  is r e a l i s t i c  b e c a u s e ,  as m e n t i o n e d  
in  t h e  i n t r o d u c t i o n ,  t h e  p r e s e n c e  of  b o u n d  h y d r o g e n  
in  ~ -PbO2  h a s  b e e n  e s t a b l i s h e d  b e y o n d  d o u b t  b y  a 
n u m b e r  of  w o r k e r s  [e.g., Ref.  ( 3 ) ] .  I n e l a s t i c  n e u t r o n  

Table V. Results of the structural and lattice parameters refinements a-PbO2 RN "- 11.55, Rp - -  5.59, RW = 7.63, 
RE - -  3.46, m = 1 space group Pbcn, Z - -  4 

A) Lattice p a r a m e t e r s  
a b c 

B) S t r u c t u r e  

From neutron profile refinement* 4.9627(10) 5 . 9 5 8 8 ( 1 3 )  5.4812(8) N 
Y3 (20'2)** 4.980(9) 5.964(13) 5.473(6) N 
Y3 (130) *** 4.986(10) 5.952(9) 5.472(6) N 
Annealed 4.967 ( 10 ) 5.970 ( 20 ) 5.482 ( 8 ) N 
Hill (8) : chem. prepared 4.9898(3) 5.9474(4) 5.4656(3) N 
Hill (8): acid electroformed 4.9947(11) 5 . 9 6 1 4 ( 1 5 )  5.4707(11) N 
Bagshaw et at. (15) 4.993 (3) 5.946 (2) 5.459 (3) X (§ 
Syono et aL (16~ 4.998(1) 5.958(1) 5.465(1) X 
M o s e l e y  e t  aL (5)  4.990(1) 5.932(1) 5.441(1) X 
Zas lavski i  e t  aL (17) 4.927 5.927 5.474 X 

L e a d  

Hln (0) 

This study Moseley et aL (5) Zaslavskii et aL (17) Chem. prep. Acid el. 

X 0 0 0 0 0 
y 0.1596 (8) 0.173 (7) 0.178 0.1779 (7) 0.1706(13) 
z 1/4 1/4 1/4 1/4 1/4 
B 0.13 ( 9 ) - -  - -  0.77 ( 12 ) 0.23 ( 22 ) 

Oxygen 

x 0.2546(12) 0 .2(2)  0.276 0.2685(10) 0.2618(19) 
y 0.4005(7) 0.35(0) 0.419 0.4010(7) 0.3977(15) 
z 0.4225(7) 0,39(9) 0.425 0.4248(7) 0.4250(14) 
B 0.07(9)  - -  ~ 1.31(18) 2.58(33) 

U = 43300(4025) ,  v = 21050(1690),  W = 6185(230) 
* The structure was refined using the data obtained from chemically prepared ~-PbO~. 

** Peak at 2# = 49.48 ~ indexed as 202. 
* ** Peak at 2# = 49.48 ~ indexed as 130. 
<*) X and N indicate that the corresponding measurement w a s  m a d e  with x-rays and neutrons, respectively. 
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studies  on chemical ly  p r epa red  p-PbO~, Y3, and Y36 
have  indica ted  that  the  hydrogen  is incorpora ted  in 
the  s t ruc tu re  and is not  present  in pockets  of pure  

~J 

~ 

- - . . . . . . . . .  ~ k  :" 

l o o  140 180 22O 260  300  340  3 a o  4~0  4 6 0  
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Fig. 5. Calculated (continuous line) and observed (circles) pro- 
files, with residuals, over the five ung-lar ranges for chemically 
prepared ~-Pb02. 
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or loosely bound water (21). The presence of hy- 
droxyl ions, OH-, has been established in other rutile- 
type oxides, such as SnO2 (22) and TiO2 (23). In SnO2, 
for example, the substitution of doubly charged oxy- 
gen ions with OH- ions is associated with the replace- 
ment of Sn +4 with Fe +~ or Cr +8, which have sLmilar 
sizes. It has also been observed, in polarized infrared 
studies on single crystals of SnO2, that OH- ions are 
formed with oxygen atoms of type 1 and 2 (Fig. 3) 
and~ are oriented perpendicular to the c axis of the 
tetragonal cell. A similar situation seems to also be 
present in TiO2 (23). The same orientation of the Oil- 
ions in ~)-PbO2 is very consistent with our results. In 
fact, both hydrogen content and length of the e axis 
are higher in Y36 and Y3 than in the chemically pre- 
pared compound, while the c axis remains practically 
unchanged in the two groups of samples. The above 
considerations, therefore, lead to the conclusion that 
our results, as well as those of Jorgensen et =l. (6, 7) 
and of Hill (8) may be interpreted by saying that the 
p-phase is either stoichiometric or departs from stoi- 
chiometry to such an extent that the deviations cannot 
be detected with certainty with diffraction measure- 
ments of the type used in the reported experiments. 

It has been impossible to meaningfully refine the 
occupation numbers of lead in a-PbO2 and, therefore, 
no conclusions regarding the stoichiometry of this 
compound can be reached with our results. 

Crystallite size.--The non.Gaussian shape of the 
reflections, observed in this study and in previous 
analyses (24), can be explained in a number of ways. 
The simplest and, probably, the most reasonable ex- 
planation is that the samples do contain erystallites 
wi th  a d i s t r ibu t ion  of sizes. If  this is the  case, then  the 
pure  profile (i.e., the profile due sole ly  to the sample)  
is nonGaussian,  and therefore,  its convolut ion wi th  the 
Gauss ian  ins t rumenta l  profile is also nonGatissian.  I f  
we assume tha t  this in te rp re ta t ion  is correct ,  we mus t  
conclude that  the d i s t r ibu t ion  of crys ta l l i te  sizes of 
F-PbO2 does not  differ ve ry  much f rom sample  to 
sample  since the best  ref inements  were  obta ined  in al l  
cases wi th  a va lue  of the Pearson  p a r a m e t e r  m of about  
2. 

The pa rame te r s  U, V, and W of Eq. [1] depend  on 
the expe r imen ta l  condit ions and should  be ident ica l  
for  ident ical  geometr ic  configurations of the  diffrac-  
tometer  (25). Thei r  var ia t ion  f rom sample  to sample,  
indica ted  in Table  I I I  and in Fig. 4, m a y  be due to a 
n u m b e r  of factors, inc luding  crys ta l l i te  size effects. 
This can be  seen in the  fol lowing way.  I f  the  c rys ta l -  
l i tes  a re  sufficiently small ,  there  wil l  be a b roaden ing  
of the reflections according to Sher re r ' s  equat ion 

h -- (K~)/D cos 0) [2] 

where  h is the Iwhm of the pu re  profile, )~ is the w a v e -  
length  of the radia t ion,  D is the l inear  d imens ion  of 
t h e  crysta l l i tes  in the  di rect ion pe rpend icu la r  to the 
reflecting planes,  and K is a constant.  The expe r imen ta l  
in tens i ty  d is t r ibut ion  is the  convolut ion  of the  profiles 
due to the ins t rument  and to the  sample.  If, for  the  
sake  of s implici ty,  we assume tha t  the shape of both  
profiles is Gaussian,  then  the to ta l  fwhrn/-/tot is given 
by  

H2tot - -  H 2 -~ h 2 "-- [ (K2}~S/D ~) + U] tan2 # 

-(- V tan  0 + [ (K~),2/D 2) + W] [3] 

If  D is constant ,  i.e., if  the  shape of the  crys ta l l i tes  is 
spherical ,  o r  app rox ima te ly  spherical ,  Eq. [1] and [3] 
have the same form, a l though the numer ica l  values  of 
the  coefficients a re  different.  Thus, the  curves  of Fig. 4 
can be in te rp re ted  as due to c rys ta l l i te  size effects. I f  
we adopt  this in te rpre ta t ion ,  we  m a y  conclude tha t  the 
crys ta l l i tes  of F-PbO2 in Y3 are  smaller ,  on the average,  
than  those in the chemical ly  p repa red  compound,  whi le  
there  a re  no significant differences be tween  the l a t t e r  
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and ~-PbO2 in Y36. A rough estimate of the crystal- 
lite size in our samples indicates that the average di- 
mension in chemically prepared p-PbO~ is about 800A, 
while in Y3 it is around 450A. These results are in 
broad agreement with those of Kordes (24), who found 
a mean size of 600-700A for the p-phase of the positive 
plate. No estimates of sizes were attempted for a-PbO2 
in this study. 

Lattice parameters of ~-PbO2.--As mentioned pre- 
viously, the lattice parameter a of ~-PbOa in Y3 and 
Y36 is significantly greater than that of the chemically 
prepared compound, while the c parameter remains 
unchanged. These results seem to be in disagreement 
with those obtained by Jorgensen et al. (7). These 
authors found that both parameters are smaller in the 
electrochemically prepared phase than those reported 
for the chemically prepared compound. However, if the 
Jorgensen parameters for PbO2: H are mulitplied by a 
scale factor of 1.00248, 3 the new values agree to within 
one standard deviation with those obtained in this 
study for Y3. The constant factor relating the two 
determinations may be the result of errors in the cali- 
bration of the diffractometers used for the measure- 
ments in the two laboratories. It is interesting to note 
that Hill (8) observes the same variation of the pa- 
rameter a as we do. His parameter c, however, is the 
same for chemically prepared p-PbO2 and for ~-PbO~ 
present in the plate of a "fresh battery," but it is sig- 
nificantly lower for ~-PbO2 obtained from a "failed 
battery." 

Refinements on a-PbO2.--As mentioned previously, 
the difficulties encountered in the refinements of ~-PbO2 
have been attributed to the presence of defects in the 
structure. This may certainly be true, since electron 
microscopy studies have shown that these defects are 
extensive (5, 19). Other factors, however, may also 
play a role. For example, the large discrepancies be- 
tween calculated and observed 20 values in lattice pa- 
rameter refinements may be due to small departures of 
the structure from orthorhombic symmetry. The nature 
of the discrepancies in 20 are also clearly shown in 
Fig. 5 for some reflections. A second possible cause for 
the poor profile refinements of a-PbOa may be due to 
the fact that~ some diffraction peaks do not follow the 
behavior indicated by Eq. [1]. This is an indication 
that the crystallites have nonspherical shape. 

As the errors associated with the parameters are 
large, no differences between results can be estab- 
lished. We must, therefore, conclude that the data on 
the structure of a-PbG~ are unreliable and that it is 
probably more useful to examine the detailed features 
of the compound with techniques other than diffrac- 
tion, e.g., by electron microscopy. 

Amorphous PbO2.~The presence of an amorphous 
form of PbO2 has been proposed as a contributing 
active material of the positive plate (2) and to explain 
the nonG.aussian profiles of the diffraction lines (24). 
The term "amorphous," however, has been used in a 
rather vague way to describe the lead-acid battery 
materials. In one case (26), it was meant to indicate 
the fraction of PbO2 having crystallite sizes equal to, 
or less then, about 100A. 

Amorphous materials do not possess periodicity in 
one, two, or three dimensions and produce diffuse dif- 
fra,ction patterns characterized by broad halos. The 
first maximum would be evident in the 10~ ~ angular 
range of the first detector. We have found no evidence 
of such diffuse scattering in any of our powder pat- 
terns. This result is in agreement with the observations 
of Jorgensen et al. (7) on electrochemically prepared 
~-PbO2. On the other hand, Hill (8) has found "non- 
crystalline" material varying between 3 and 49 weight 
percent in the various samples analyzed. The disagree- 

s The factor becomes 1.00195 for PbO~:D, showing that the sub. 
stitution of H with D is accompanied with expansion of both 
lattice parameters. 

merit between Hill's results and ours may be only 
apparent because it may depend simply on the defini- 
tion of the term "amorphous" given in each case. If 
we define as "amorphous" a material without periodic- 
ity, as we have done previously, then we may conclude 
that amorphous PbO~ is either not present in our 
samples or it is present in quantities nondetectable by 
diffraction methods of the type used in this study. 

Conclusions 
The results given in the previous sections can be 

summarized as follows: (i) The refined occupancy fac- 
tor calculations indicate that the Pb:O ratio in/~-PbO2 
is exactly or very near 1:2. Incorporation of hydrogen 
in the structure may be accompanied by reduction of 
Pb +4. (ii) Dimensional changes in p-PbO2 are con- 
sistent with the presence of OH-  ions in the structure, 
oriented along the [110] direction, as has been found 
in SnO2 (22). (iii) The average structure of a-PbO2 
cannot be accurately determined by profile analysis at 
this time. The difficulties encountered in the refinement 
may be due to extensive defects, nonspherical crystal- 
lites, or small departures of the structure from ortho- 
rhombic symmetry. (iv) Based on the profile param- 
eters, we may conclude that the crystallites of ~-PbO2 
in Y3 (,~ 450A) are smaller than those in the chemi- 
cally prepared compound (,., 800A), while there are no 
significant differences between the latter and ~-PbO2 
in Y36. 
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Mathematical Analysis of a Zn/NiOOH Cell 

H. G u *  

General Motors Research Laboratory, Electrochemistry Department, Warren, Michigan 48090 

ABSTRACT 

A mathematical model has been developed to predict the time dependent behavior ofa Zn/NiOOH cell. The model uses 
experimentally determined polarization expressions to describe the losses between the positive and the negative elec- 
trodes. The electronic losses in the plane of the electrode are simulated by a network of resistors. The potential distribution, 
the current distribution, the cell voltage, the power capability, and the energy of a cell can be predicted. The mathematical 
model provides an analytical tool to evaluate, for example, the trade-offs between power capability and current collector 
mass, needed to design an electric vehicle battery. 

An electrode current collector carries current from 
the battery terminal to active sites on the electrode 
where electrochemical reactions take place. With a 
large electrode, the electronic losses in the current col- 
lector can be appreciable such that an uneven dis- 
tribution of reaction current and an uneven polariza- 
tion exist on the electrode surface affecting both the 
specific power and the specific energy. Accelerated 
degradation and shorting of electrodes may result due 
to excessive localized gassing on the electrodes. 

A current collector with high conductivity will give 
a uniform current distribution. Most often, a high con- 
ductivity current collector is synonymous with a heavy 
current collector. However, one can also improve the 
current distribution without increasing the overall 
weight of the current collector by strategically orient- 
ing the members of a current collector to evenly dis, 
tribute the current. A mathematical model that can 
predict cell performance will facilitate the design of 
these strategic current collectors. Eventually, a com- 
puter program can be developed that will suggest.an 
optimized current collector design for the specific ap- 
plication of a battery. 

Tiedemann, Newman, and Desua (1) applied the 
resistive network model to bare lead-acid battery 
grids. The potential distribution on the grid was ex- 
amined by assuming a uniform current density. Vari- 
ous grid designs were compared based on the magni- 
tude of the maximum potential difference between the 
tab and the grid node. Using the same approach, Vaaler 
and Brooman (2) examined the current distribution 
of pasted positive lead-acid battery plates relative to 
an equipotential surface. Electrode kinetics were not 
included. Tiedemann and Newman (3) then expanded 
their earlier model to examine the transient behavior 
of a lead-acid cell. Cell polarization between the posi- 
tive and the negative electrodes was expressed by 
using an empirical equation whose coefficients were 
determined based on the porous electrode model de, 
veloped by Tiedemann and Newman (4). Recently, 
Sunu and Burrows (5) used a resistive model to ex- 
amine the potential distributions of the positive plate 

* Electrochemical Society Act ive  Member. 

and the negative plate of a lead-acid cell individually 
under uniform current density. They compared plates 
with different widths based on the tab.to.corner poten- 
tial difference. The plate area was not kept constant in 
the comparison. Good agreement was shown between 
their mathematically predicted and experimentally 
measured potential distr~butiens. 

The present work describes the use of a resistive 
model to predict the transient behavior of a Zn/NiOOH 
cell with current collectors of different conductivities. 
The polarization characteristics of the Zn/NiOOH sys- 
tem was determined experimentally on small elec- 
trodes and the empirical equation obtained was used in 
the model to predict system behavior of cells with full 
size electrodes. The potential distribution, the current 
distribution, the cell voltage, the power capability, and 
the energy capability can be calculated to aid in the 
design of a Zn/NiOOH battery. Although the mathe- 
matical model can be applied to predict both charge 
and discharge behaviors, only the discharge behavior 
of a Zn/NiOOH cell will be discussed in this paper. 

The Mathematical Model 
The model simulates the electrode by a network of 

resistors where each model node is joined to adjacent 
nodes by resistors. For each node on the positive cur- 
rent collector, there is a node directly opposite to it 
on the negative current collector. Between opposite 
nodes, the reaction current is related to the potentials at 
the nodes by the empirical equation obtained experi- 
mentally on a cell with small electrodes approximately 
the size of the unit element (area) associated with a 
mathematical node. With reference to Fig. 1, the equa- 
tion related to node j on an electrode was obtained by 
applying Kirchoff's law 

- - - ~  - - + - - - ~  - - + i j A j = O  
Rt R~ R3 R4 

[1] 

where r are the potentials (V), R's are the effective 
resistances (a) between nodes on the electrode, ij is 
the reaction current density (A/crn2), and Aj is the 
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Fig. 1. Application uf Kirchuff's law to u mathematical node un 
the current collector. 

unit  e lement  (cm 2) associated wi th  node j. Node j '  in 
Fig. 1 is the node on the counter  e lec t rode  d i rec t ly  op-  
posite to node j.  

The ma themat i ca l  model  accepts the appl ied  cur ren t  
as an inpu t  parameter .  The appl ied  cur ren t  is defined 
to be posi t ive for charge and negat ive  for discharge.  
Other  input  pa rame te r s  are:  number  of ma themat i ca l  
nodes used, t ime inc rement  used in the  t rans ien t  cal -  
culation, m a x i m u m  charge o r  discharge t ime,  max i -  
mum charge  cutoff voltage,  min imum discharge  cutoff 
voltage,  e lectrode area,  t e rmina l  locations, t e rmina l  r e -  
sistances, theore t ica l  capaci ty  of the  cell, in i t ia l  cell  
capacity,  posit ive e lec t rode  ver t ica l  and hor izonta l  
conductivit ies,  and nega t ive  e lect rode ver t ica l  and 
hor izonta l  conductivit ies.  

The ma themat i ca l  model  ca lcula tes  wi th  respect  to 
t ime the fol lowing pa ramete r s :  cell  voltage,  power  
del ivered,  energy  del ivered,  s ta te  of charge, potent ia l  
d is t r ibut ion  on the posi t ive  e lec t rode  wi th  respect  to 
the  posi t ive te rminal ,  po ten t ia l  d is t r ibut ion  on the 
negat ive  e lec t rode  wi th  respect  to the  negat ive  t e rmi -  
nal,  act ive ma te r i a l  dis t r ibut ion,  react ion cur ren t  dis-  
t r ibut ion,  and normal ized  average absolute  devia t ion  of 
reac t ion  currents .  

The normal ized  average  absolute  devia t ion  (NAAD)  
is defined as the  absolute  difference be tween  the reac-  
t ion current  densi ty  and the mean  cur ren t  densi ty  ( the 
un i fo rm current  dens i ty) ,  normal ized  by  the mean  
cur ren t  densi ty,  and averaged  over  the  ent i re  e lec-  
t rode  as represen ted  by  the fol lowing equat ion 

fh o f~l (i - irn) limldxdu 
N A A D  = [2] 

The N A A D  serves  as a measure  of the un i fo rmi ty  of 
cur ren t  d is t r ibut ion.  A smal l  N A A D  indicates  a un i -  
form cur ren t  d is t r ibut ion .  

Determinat ion  of Polar izat ion Character is t ics  
In the  expe r imen ta l  de te rmina t ion  of polar iza t ion  

be tween  electrodes,  smal l  e lect rodes  were  used so that  
e lectronic losses in the  cu r ren t  collector  were  negl i -  
gible as compared  to losses be tween  electrodes.  The 
construct ion of the  expe r imen ta l  cell  is shown in Fig. 2. 
The e lec t rode  dimensions  were  2.54 • 2.85 cm. Ex-  
panded  copper  was used as cu r r en t  collectors.  

The expe r imen ta l  cell was formed at  a C/10 r a t e  (17 
mA)  for 20 hr  a f te r  a 24 hr  soak -down  period.  The cell  
vcas then discharged at  a C/3 ra te  to 0.4V. Fol lowing  
this format ion  cycle, the  cell  was cycled at  a C/8 ra te  
charge  to the  theore t ica l  capaci ty  and a C/3 ra te  dis-  
charge to a IV cutoff. The cell  polar iza t ion  dur ing  dis-  

Positive 
Electrode 

Shim ~ --, Paste \ 

\ 

Acrylic Cell Case I I / 

Fig. 2. The experimental cell. Separaturs and dielectric insulators 
above the paste are not shown. 

charge  was de te rmined  in the  6th cycle. This was an 
a r b i t r a r y  choice. The resul t  obta ined  is only  r e p r e -  
senta t ive  of the  polar iza t ion  character is t ics  in ea r ly  
life of the cell. 

To de te rmine  the vo l t age -cu r ren t  character is t ics ,  the  
cell  was d ischarged a t  an appa ren t  cur ren t  dens i ty  of 
4.1 m A - c m  -2 and per iod ica l ly  r amped  to 27 m a - c m  -2 
at  the  ra te  of 0.27 m A - c m - 2 - s e c  -1. Discharge was t e r -  
mina t ed  when the cell  vol tage  fel l  be low 1V. 

The discharge cell  vol tage  d isp layed  a l inear  de -  
pendency  on the appa ren t  cur ren t  dens i ty  as shown 
in Fig. 3, An equat ion s imi la r  to that  used b y  Tiede-  
mann  and Newman  (3) was  used to fit the  data. The 
l inea r  polar izat ion express ion is 

i -- Ya ( r  - -  ~n - -  U )  [3]  

where  i is the a p p a r e n t  cur ren t  dens i ty  (A/crn2),  U 
(V) is the in te rcept  of the  vo l t age -cu r ren t  curve 
(Fig. 3), Ya ( S / c m  2) is the  inverse  of the slope of the  
vo l t age -cu r r en t  curve, and Cp --  Cn is the  measured  cell 
voltage. When  Eq. [3] is appl ied  in the  model,  ~p cor-  
responds to the  poten t ia l  at  a node on the posi t ive 
e lect rode and Cn corresponds to the  potent ia l  at  the  op-  
posite node on the nega t ive  electrode.  The  cur ren t  den-  
s i ty  i is equiva lent  to the  ij used in Eq. [1]. 

According to the  data,  both  U and Ya var ied  wi th  
respect  to the  dep th  of d ischarge  (DOD) defined re l a -  
t ive to the  theore t ica l  capaci ty .  Thei r  dependencies  

o 

5 
o .  

(D 

n =  D O D = 0 . 7 1 5  
o =  D O D = O . B 0 5  
+ = D O D = O . 8 6 9  d 

I 0 . - -  0 ' ' I . . . .  I . . . .  I . . . .  I . . . .  I . . . .  
- -  - - 2 5 . 0  - - 2 0 . 0  - - 1 5 . 0  - - 1 0 . 0  - - 5 . 0  0 . 0  

Current Densi ty  (mA/sq .  cm) 

Fig. 3. The cell voltage as ~ function of applied current during 
discharge. 
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carr ied  sole ly  by  the cu r r en t  col lector .  This assumption,  
however ,  is not  a necessary  condi t ion to app ly  the 
ma themat i ca l  model.  

Fo r  the  calculat ions,  n ine  nodes were  used in each 
of the  hor izonta l  and ver t ica l  d i rec t ions  wi th  a to ta l  of 
162 nodes for  both  e lect rodes  plus a node each for  the 
posi t ive t e rmina l  and  the nega t ive  terminal .  The nega-  
t ive t e rmina l  was assumed to be at  zero volts. As men-  
t ioned ear l ier ,  the  a r ea  associated wi th  a node is r e l a -  
t ive ly  the  same as tha t  of the expe r imen ta l  e lectrodes 
used for the  polar iza t ion  de terminat ion .  

F o u r  d ischarge  cur ren ts  (15, 10, 5, and  2.5A) were  
used for the  analysis.  They  a re  re fe r red  to as 3C, 2C, C, 
and C/2 ra tes  respect ively.  The d ischarge  behav ior  was 
ana lyzed  based on a fu l ly  charged cell  wi th  a un i fo rm 
dis t r ibut ion  of act ive ma te r i a l  on the  electrodes a t  the  
beginning.  

In  Fig. 6, 7, and 8 are  po ten t ia l  d is t r ibut ions  and cur-  
r en t  d i s t r ibu t ions  at  t ime zero, 50% DOE), and 85% 
DOD, respect ively ,  ca lcula ted  for  a cell  conta ining the 
s t andard  cur ren t  collectors and discharging at  the  C 
rate.  The poten t ia l  d i s t r ibu t ion  on the  posi t ive elec-  
t rode  is r epor ted  re la t ive  to the posi t ive t e rmina l  ex -  
c luding the t e rmina l  loss. The potent ia l  d i s t r ibu t ion  on 
the negat ive  e lec t rode  is r epor ted  re la t ive  to the nega-  
t ive terminal .  Since  the  calcula t ion was based on iden-  
t ical  cur ren t  collectors in both electrodes,  potent ia l  d is-  
t r ibut ions  on the posi t ive and the negat ive  electrodes 
a re  s i m i h r .  The cur ren t  d i s t r ibu t ion  is r epor ted  
re l a t ive  to the  mean  cur ren t  dens i ty  and normal ized  by  
the  mean  cur ren t  dens i ty  ( ( i  --  i m ) / i m ) .  I f  the  c u r -  
ren t  d is t r ibut ion  is uniform, i t  wi l l  show a hor izonta l  
p lane  in tersec t ing  the  (i --  i r a ) / i r a  axis a t  zero. 

We can see f rom Fig. 6, 7, and 8 tha t  the  react ion 
curren~ is concent ra ted  near  t h e  t e rmina l s  a t  the  be -  
g inning of a d i scharge .  At  m i d - w a y  through  the dis-  
charge,  the  cur ren t  d i s t r ibu t ion  becomes qui te  uniform. 
However ,  nea r  the end of  a dlscharge when the  act ive 
ma te r i a l  is dep le ted  nea r  the terminals ,  the  reac t ion  
current is forced toward areas still containing the 
active material and thus resulting in higher reaction 
current near the bottom of the electrode. 

To get a feel of actual magnitudes involved in the 
potential and the current deviations, the maximum po- 
tential difference on the electrodes and the maximum 
reaction current difference are listed in Table I for the 

Fig. 5. The dependency ef Yo on DOD 

Fig. 4 and 5) can  be expressed  by  the fo l lowing equa-  
t ions 

U = 1.838 - -  0 . 9 6 6 ( D O D )  -t- 1 . 6 4 9 ( D O D )  9. 

- -  1.136(DOD) a [4] 
and 

Y a  = 0.220 + 0 . 5 9 8 ( D O D )  - -  0 . 9 1 9 ( D O D ) ~  [5]  

Predictions and Discussions 
The ma themat i ca l  model  was used to analyze  hypo-  

thet ica l  fu l l - s ize  cells conta in ing 16 • 16 cra electrodes.  
F ive  possible cur ren t  collectors were  examined  wi th  
the  expanded  cur ren t  col lector  used to de te rmine  the 
polar iza t ion  character is t ics  as the  s t andard  and o ther  
four  cur ren t  col lectors  hav ing  conduct ivi t ies  2, �89 u 
and ~ t imes that  of the  s t anda rd  in both  the hor izonta l  
and the ver t ica l  directions.  In  this paper ,  t h e s e  cur ren t  
collectors wi l l  be  r e fe r r ed  to as hav ing  re la t ive  con-  
ductances  of 2, 1, 1/2, ~/4, and Ys. Iden t ica l  cur ren t  col- 
lectors  were  assumed to be used in both electrodes.  

The cu r r en t  collectors were  assumed to have  the high 
conduct iv i ty  in the ver t ica l  direction.  The conduct iv i ty  
used for  the  ver t ica l  d i rect ion is 1279.56 S / c m  and for  
the hor izonta l  d i rect ion is 336.31 S/cm.  Because of the  
r e l a t ive ly  high conduct iv i ty  of the  copper  cur ren t  col-  
lec tor  as compared  to the pas te  conduct ivi ty ,  the cu r -  
ren t  in the  p lane  of the e lect rode was assumed to be 

�9 .~ o , O ~ O ~ c ~ ' ~  .~ _o.OO~'~\ 

Positive Electrode N~ot{ve Electr 

.E 

Fig. 6. Potential (V) and current distributions of a cell contain- 
ing the standard current collectors during initial discharge. (-f-) 
represents positive terminal. ( - - )  represents negative terminal. 
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Table I. Maximum potential and current differences dudng 
discharge 

Current  ~(max) - i ( m a x )  - 
D i scharge  co l l e c to r  ~(min) ,l(mtn) 

rate  co nduc ta nce  DOD ( m V )  (mA/cm=) 

0 11.g 1.7 
C I 0.50 11.2 0.5 

0.85 11.2 2.1 
0 86.6 13.0 

C 1/8 0.50 86.? g.g 
0.8,5 88.3 13.9 

Positive Electrode Negative Electrode 

0.1o 

"F 

t r ibution.  The m a x i m u m  potent ia l  difference can be 
used as a guideline in comparing different cur ren t  
collectors only when  the current  d is t r ibut ion is un i -  
form (such as near  0.5 DAD). 

In  Fig. 9, we have the NAAD for a cell with the 
s tandard  current  collectors at four discharge rates. As 
we can see, the cur ren t  dis t r ibut ion is most un i form 
between 0.5-0.6 DaD.  

In  Fig. 10, we examine the cell voltage for a cell 
with the s tandard  current  collectors at four discharge 
rates. As one would expect, the average discharge vol t-  
age is lower at  a higher rate of discharge. If IV is 

Fig. 7. Potential (V) and current distributions of a cell centaining 
the standard current collectors at 0.50 DaD during discharge, q 
(-J-) represents positive terminal. ( - - )  represents negative i ~  ] 
terminal. 
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"~ ~1 ~ ~+ Fig. 9. The normalized absolute average deviation during dis- 
�9 ? ~,o~ charge of a cell containing the standard current collectors. 

Fig. 8. Potential (V) and current distributions of a cell contain- 
ing the standard current collectors at 0.85 DaD during discharge. 
( ~ )  represents positive terminal. ( - - )  represents negative terminal. 

cells with current  collectors of 1 and % relat ive con-  
ductances. 

As we can see from Table I, the variat ion in  poten-  
t ial  on the electrodes is less than 0.1 mV and  the var i -  
ation in  current  dis t r ibut ion is in  the mA-cm z range 
for the case with relat ive conductance of 1. These re-  
sults seem to indicate that  the cur ren t  densi ty  is qui te  
un i form for a cell with the s tandard  current  collectors 
discharging at the C rate. For  the case with relative 
conductance of I/s, however, the potential  var ia t ion 
is now in the mil l ivolt  range and the current  variat ion 
is ten  times higher than the case with relat ive conduct-  
ance of 1. At this level, we may have a current  dis- 
t r ibut ion problem. Results in Table I also reveal  that  
the max imum potential  difference on the electrode 
is not an  indicator  of the un i formi ty  of cur ren t  dis- 

0 " 
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o, 
(3.0 0.1 0.2 0,3 0.4 0,5 0.6 0,7 0.8 0.9 1.0 

DOD 

Fig. 10. The cell voltage during discharge of a cell cantaining 
the standard current collectors. 
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chosen as the cutoff voltage, one would get approxi-  
mately  10% more capacity from the cell discharging 
at the C rate as opposed to the 3C rate, for example. 

To est imate the m a x i m u m  power capabil i ty at 0.5 
DOD as a function of current  collector relat ive conduct-  
ance, we shall  examine the voltage vs.  current  curves 
(Fig. 11). Slopes of the curves in  Fig. 11 give us effec- 
tive cell resistances at 0.5 DOD. The intercept  (V0) 
gives us the open-circui t  cell voltage. The m a x i m u m  
available power is then calculated from the following 
equation 

P --  ( V o ) 2 / 4 R  [6] 

and is plotted in Fig. 12. As we can see, the max i mum 
achievable power starts to level off with continuous in-  
crease in current  collector conductance. This is because 
we are approaching the stage when the power capa- 
bi l i ty is de termined by kinetics and separator /e lectro-  
lyte resistances and not  by  losses in the current  col- 
lectors. In  other words, improving the current  collec- 
tors at this stage will not  improve the power capabil i ty 
of the cell. 

Using the same approach as described with Fig. 11, 
effective resistance of a cell at different stages of dis- 
charge can be obtained. Effective cell resistances deter-  
mined for five cells with different current  collectors 

q 
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o 
Relative Conductance 

o= K:0.125 
t ,=  K=0.25 
x = K=0.5 
v= K=I 
~ = K=2 
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C u r r e n t  D e n s i t y  ( m A / s q .  c m )  

Fig. 11. The cell voltage as a function of the apparent current 
density at 0.5 DOD during discharge. 
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Fig. 12. The maximum power capability as a function of current 
collector conductance at 0.5 DOD. 

are plotted in Fig. 13. The effective cell resistance ap- 
proaches a lower l imit  as the current  collector con- 
ductance increases. As ment ioned earlier, this lower 
l imit is determined by ceil kinetics and separa tor /  
electrolyte resistances. The corresponding open-circui t  
cell voltage obtained from the intercept  of the voltage 
vs.  current  curve as a funct ion of DOD is the same as 
that shown in Fig. 4, i.e. Vo =- U. 

The m a x i m u m  power capabil i ty calculated using 
Eq. [6] is plotted in Fig. 14. As we can see, the power 
curve with relative conductance of 2 clearly indicates 
the cell being kinetics l imiting. The shape of the curve 
corresponds very well with the Y a  curve (Fig. 5) 
where the lowest polarization appeared approximately  
at DOD of 0.3. On the other hand, the effect of elec- 
tronic losses in the electrodes has clearly shown up 
for the case with relat ive conductance of ~/s. As an ex- 
ample, if we need a m i n i m u m  discharge capabil i ty up 
to 100 mA-cm 2 from a cell having  the s tandard  cur ren t  
collectors (relative conductance of 1), only  70% of the 
theoretical capacity can be util ized with a 1V cutoff. 
In  other words, the cell should be rated at 70% of the 
theoretical capacity. 

Available energies from five .cells with different cur-  
rent  collectors discharged to a cutoff voltage of 1V are 
shown in Fig. 15. The cell with the s tandard current  
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Fig. 13. Effective cell resistances of the five ceils with different 
current collectors during discharge. 
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Fig. 14. Maximum power capabilities of the five cells with 
different current collectors. 
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Fig. 15. Energy capabilities to 1V cutoff of the five cells with 

different current collectors. 

collectors can deliver approximately 30 m W - h r / c m  2 at 
the four discharge rates. Higher conductivi ty cur ren t  
collectors will  improve the energy only slightly. 

The mathematical  model is l imited to calculate the 
current  dis t r ibut ion and other related parameters  as 
governed by the current  collector resistances and elec- 
trode kinetics. Although the polarization due to ki-  
netics was measured experimental ly,  losses due to 
parasitic reactions (such as gassing) were not con- 
sidered. In  other words, all the current  is assumed to 
contr ibute to the capacity of the cell. 

The model at this stage does not consider local con- 
centrat ion and thermal  effects. These variables may 
play impor tant  roles in the behavior  of the cell. When 
the concentrat ion effect is included, the ter t iary  cur- 
rent  dis t r ibut ion can be predicted. 

Conclusions 
The mathematical  model will calculate the second- 

ary current  dis t r ibut ion of a Zn/NiOOH cell based on 

conductivities of the current  collectors and experi-  
menta l ly  determined polarization expressions. Without  
considering parasitic reactions, the model predicts quite 
uni form uti l ization of the active material�9 The reaction 
current  is concentrated near  the terminals  at the be- 
g inning of a discharge, gradual ly  becomes more un i -  
form over the electrode surface, and becomes concen- 
trated at the bottom of the electrode near  the end of 
the discharge. The NAAD is a good indicator of the 
un i formi ty  of current  distr ibution.  

When the current  dis t r ibut ion is not  uniform, the 
max imum potential  difference on the electrode can- 
not be used to compare current  collector designs. The 
variat2on in the m a x i m u m  potent ial  difference on the 
electrode is relat ively small  even with an appreciable 
change in the uni formi ty  of current  distribution. 

The model can estimate the ma x i mum power capa- 
bi l i ty and the specific energy of a Zn/NiOOH cell. 
These calculated parameters  can be used as guidelines 
to select cur rent  collectors for a par t icular  application. 

Manuscript  received August  31, 1982. 

�9 Any discussion of this paper wil l  appear in a Discus- 
sion Section to be published in the June 1984 JOVR~AL. 
All discussions for the June  1984 Discussion Section 
should be submit ted by Feb. 1, 1984. 

General Motors Research Laboratories assisted in 
meeting the publication costs of this article. 
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In Vivo Cyclic Voltammetry in Cotton Under Field Conditions 
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ABSTRACT 

The method of cyclic voltammetry was applied to a bioelectrochemical system consisting of a palladium electrode in- 
serted into a cotton plant and a reference electrode connected to the stem. Preliminary in vitro tests of the electrode system 
in a phosphate buffer established basic cyclic voltammograms and the presence of palladium oxides. Subsequent  in vivo 
tests in a commercial cotton field yielded the same basic voltammogram. These results indicate the absence of an active 
redox couple in the plant apoplast electrolyte in the range of rest potentials normally encountered by the electrode system. 
Addit ional in vitro tests suggest the influence of oxygen on the rest potentials of cotton. The voltammograms from different 
anatomical regions of the plant were essentially the same. 

Dur ing  the last decade, an electrochemical technique 
has been developed which permits the measurement  
of electrical potentials of higher plants  (1). The 

Key words: biological, electrode, voltammetry,  metal. 

technique consist of placing a noble metal  electrode 
into plant  tissue and a silver chloride reference elec- 
tro.de in the soil to form a galvanic circuit. A high 
impedance amplifier measures the electrical potential  
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at regular  intervals  of time. The potential  has been 
found to vary  coherently and reproducibly.  This tech- 
n ique  represents  a passive measurement .  No external  
excitation is applied to the bioelectrochemical system 
and the measur ing  amplifier has a high input  imped-  
ance to avoid electrical loading of the biological sys- 
tem. This technique has been used to monitor  cotton 
plants  under  field conditions on a day by day basis and 
the results show strong variat ions depending on p lant  
water  status. 

Even though a correlat ion exists between the mea-  
sured electrical potent ial  and water  status, little is 
known about the processes responsible for the resul t-  
ing potential.  A theoretical analysis  indicates there 
are two p rominen t  possibilities for the origin of the 
potent ial  (2). The first possibility is based on the 
physical movement  of the ion impregnated cell wall  
tissue contiguous to the probe under  changes in p lant  
water  status. This tissue shift may cause a var iat ion 
in image charge on the probe and a resul t ing change 
in probe potential.  The probe is exceedingly close to 
normal  p lant  cell walls (3). The second possibility 
centers on the presence of redox couples in the elec- 
trolyte contiguous to the probe surface. The basic 
objective of the present  s tudy was to determine the 
presence or absence of redox couples in the range of 
potent ial  normal ly  encountered under  field measure-  
ments,  namely,  0 to +400 mV relat ive to a s i lver /s i lver  
chloride reference. 

In  order to achieve this objective, the technique of 
cyclic vo l tammetry  was applied to the probe circuit 
ini t ia l ly under  in vitro conditions and then under  in 
vivo field conditions in a commercial  cotton field. 

General Methods and Materials 
Throughout  the experiment,  the working electrode 

consisted of a pal ladium wire approximately 8-10 m m  
long and 150 microns diam. The reference electrode 
consisted of a double Ag/AgC1 cell. Each cell con- 
tained different concentrat ions of potassium chloride. 
This resulted in  a potent ial  difference between the 
cells and  provides a means to check the stabili ty of 
the reference electrode. This a r rangement  has been 
used successfully under  field conditions. Its complete 
construction details have been described previously 
(1). The exchange current  and equivalent  resistance of 
the Ag/AgCI electrode have been found to be 100 
~a/cm 2 and 2.5k ~, respectively (4). This electrode was 
extensively tested prior to the field work to insure that 
its polarization was negligible under  the current  levels 
encountered.  

The p lant  under  invest igat ion was cotton, Gossypium 
hirsutum, CV. Deltapine 61. The working electrode was 
inserted manua l ly  into the p lant  tissue. The penetra t ion 
varied between 2-4 mm. Upon insert ion of the metal  
probe, the plant  forms a seal around the wound which 
does not allow the entrance of foreign substances from 
the external  env i ronment  (3). In p re l iminary  testing 
in Ju ly  of 1981, probes were placed in the main  apical 
meristem, in the mid t runk,  in the leaf petioles and in 
peduncles of bolls of seven plants, approximately one 
meter  in  height. In fur ther  testing in August  of 1981, 
seven more plants were tested at a 32 hectare com- 
mercial  cotton field. Probes were placed in the main  
apical meristem, the petiole of the first or second axial 
leaf measured from the plant  apex and the peduncle on 
f rui t ing branches at approximately the fifth node mea-  
sured from the apex. P lant  height was 1.0 • 0.1 meters. 

The experiments  were divided into in vitro and 
in vivo tests. The in vitro tests refer to those per-  
formed with the pal ladium probe in potassium phos- 
phate buffer, pH 7.0. The in vivo tests are those per-  
formed with the working electrode inserted in the 
plant  tissue. Each procedure will now be discussed. 

In vitro t e s t s . - -A  pal ladium wire was immersed in a 
1.0M potassium phosphate solution. In  addition, the 

Ag/AgC1 reference electrode and an a luminum foil 
counter  electrode were in contact with the solution to 
complete the three electrode cell. The voltage excita- 
t ion was provided by a Tacussel Signal  Generator  and 
a potentiostat. A Hewle t t -Packard  Model 7035 XY 
plotter was used to record the voltammograms. The 
Pd electrode was introduced into the solution, and 
the excition was applied unt i l  s teady-state conditions 
were reached. Addit ional  in vi tro tests were performed 
following electrode precondit ioning.  Voltammograms 
were obtained after the electrode was oxidized for 10 
rain at § 1.35V. A s imilar  pre t rea tment  was performed 
at --1.0V. Cyclic vol tammograms under  oxygen con- 
trolled conditions were also taken. A deaeration pro-  
cedure w a s  employed consisting of forcing a s t ream 
of ni t rogen gas into the solution. 

In vivo tes t s . - -The  exper imental  setup for the in v ivo 
tests is depicted in Fig. 1. The pa l lad ium probe is 
placed in the p lant  tissue by hand  to an appl:oximate 
depth of 2-4 mm. This probe was connected to the 
electronic ins t rumentat ion,  i.e., the vol tammetr ic  ap-  
paratus. All potentials were measured relative to the 
Ag/AgCI reference electrode. The reference electrode 
was placed in  a reservoir  containing 1.0M potassium 
chloride. A long tygon tube also containing KC1 was 
connected at the bottom of the reservoir. A polyacryl-  
amide salt bridge was placed at the other  end of the 
tube  to prevent  leakage of the KC1 solution while 
providing a good conducting path. The salt bridge was 
in contact with the stem of the plant. A cotton wick 
saturated in KC1 was placed between the stem and the 
salt bridge to main ta in  a moist interface. A piece of 
a luminum foil approximately 4 cm 2 was used as a 
counter  electrode. The electronic ins t rumenta t ion  was 
either a laboratory constructed vol tammetr ic  analyzer  
or a commercial Tacussel unit. When the vol tammetr ic  
analyzer  was used, a two electrode system was em- 
ployed as this device was specifically designed for this 
type of operation. Its construction details can be found 
in the references (4). 

In the in vivo tests performed in the Avra Valley in 
Southern Arizona, it was necessary to use an ATR 
Model 53A d-c /a -c  inver ter  to provide the electrical 
power to the Tacussel equipment .  One major  advantage 
of the vol tammetr ic  analyzer  was that this device was 
completely portable in contrast to the commercial un i t  
which was heavy and required a-c power. 

In all the vol tammograms shown a positive voltage 
indicates a measur ing electrode at a potential  alge- 
braical ly positive with respect to the reference elec- 
trode. A positive current  signifies a flow of positive 
ions from the measur ing electrode into the plant  tissue. 

A major  exper imenta l  problem arose due to the 
residual  resistance in the path from the measur ing 
electrode, through the stem of the plant, and then into 
the reference electrode. Total resistance of this path 
was typically 30k ~. The reference electrode connection 
on the stem was about 100 mm from the measur ing 
electrodes. Jt was not  moved dur ing the course of 
measurements  on an individual  plant.  

Results and Discussion 
In vitro tes ts . - -Figure 2 shows the resul t ing volt-  

ammogram of a pal ladium probe in a potassium phos- 
phate buffer. This test was done without previous con- 
di t ioning of the working electrode. The potential  was 
swept between --1.0 and -f-l.35V. Two l imit ing po- 
tentials are clearly visible. At --1.0V, the reduction of 
hydrogen proceeds through the reaction (5) 

2H + -t- 2e ~ H~ [1] 

This results in the discharge of large amounts  of hy-  
drogen-gas. At the positive end of the vol tammogram, 
a s imilar  process occurs involving the evolution of 
oxygen. This process has been accepted to occur 
through the following reaction (6) 
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Fig. 1. Experimental set up for the in vivo test. The connection between the plant and the reference electrode is made through a poly- 
acrylamide salt bridge. The valtammetric analyzer is used; the aluminum foil counter electrode is not employed, and the inverter drives only 
the plotter. 

2I-~O-~ O~ + 4H + + 4 e -  [2] 

However, Hoare (6) has suggested that the process of 
oxygen evolution may also proceed through the re-  
action 

PdO~-~ PdO + I/2 02 [3] 

Four other reactions can be observed in the voltammo- 
grams. These reactions have been assigned four dif- 
ferent regions labeled A through D in Fig. 2. 
To gain a better understanding of these intermediate 

reactions, the working electrode was preconditioned 
prior to the voltammetric sweep. First, the palladium 
probe was maintained at --I.0V for 5 rain. This pre- 
conditioning procedure caused large amounts of hy- 
drogen gas to be maintained near the surface of the 
electrode. Equation [I] describes the process of hy- 
drogen formation. Following the preconditioning pe- 
riod, the potential was cycled between the anodic and 
cathodic limits. The first cycle showed an increase in 
the wave in region A. As the potential continued cy- 
cling, the current in this region dropped and a steady- 
state curve was obtained after i0 cycles. The only dif- 
ference observed between this test and the one pre- 
sented in Fig. 2 was the transient wave at A. This 
region in the voltanlrnograrn must, therefore, be the 
result of the anodic dissolution current responsible for 
the oxidations of the sorbed hydrogen. A second pre- 
conditioning test was performed by  main ta in ing  the 
electrode at +1.35V for 5 rain. This process produced 
large amounts  of oxygen according to Eq. [2] and /or  
[3]. The vol tammograms obtained following this pre-  
condit ioning procedure showed a marked increase in 
the resul t ing current  at regions C and D. These two 
regions are therefore related to oxygen concentration. 
A more detailed description of these two regions was 
obtained by performing the vol tammetr ic  analysis 
under  oxygen controlled conditions. Figure  3 shows the 
resul t ing vol tammograms for pal ladium in  aerated and 

deaerated potassium phosphate solutions. By bubbl ing  
ni t rogen gas into the solution dissolved oxygen is re-  
moved and is no l o n g e r  available for reduction. The 
vol tammogram for the deaerated solution only showed 
wave C. The process taking place in region D was not  
observed in the vol tammetr ic  sweep. This suggests 
that  wave D is responsible for the reduction of oxygen. 
The reduction has been described as a two step pro-  
cess in neut ra l  solutions (8) 

O2 + 2H20 + 2e-  -> H20 + 2 O H -  [4] 

followed by 
H202 -5 2e-  --> 2 O H -  

The ongoing reactions at points B and C still  need to 
be explained. Rand and Woods (9) showed that  pal-  
lad ium is oxidized in the anodic region as 

Pd + H20--> PdO + 2H + -5 2e-  [6] 

It  is presumed that this is the reaction which occurs 
at point  B. This is a logical assumption because there 
must  be PdO available at the electrode before PdO,, 
can be formed at the anodic l imit  as described by Eq. 
[3]. 

A bet ter  Picture of the anodic regions is presented in 
Fig. 4. In  this case, the electrode was main ta ined  at 
--0.2V for 5 rain. The vot tammogram was cycled be-  
t w e e n - - 0 . 2  and  +1.35V. This range el iminated the 
effects due to the formation of hydrogen at more nega-  
t ive potentials. Another  two regions were clearly 
shown in the resul t ing vol tammogram, these are 
labeled E and F. The reaction taking place at E may 
be result  of convert ing PdO to PdO2 possibly through 
the reaction 

PdO + H20--> PdOz + 2H + + 2e-  [7] 

This reaction forms the necessary PdO2 to ma in ta in  
the process of oxygen evolution at the anodic l imit  
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Fig. 2. In vitro voltammogram at a palladium electrode. The 
palladium electrode is immersed in h0M potassium phosphate 
solution. A three electrode cell is used. The excitation was pro- 
vided by the Tacussel equipment. The anodic and cathodic limits 
are clearly shown. The first cycle and steady-state curves are 
shown. Voltage sweep rate - -  100 mV/sec. 
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Fig. 3. In vitro voltammogram at a palladium electrode in an 
oxygen controlled solution. The electrode is immersed in potassium 
phosphate solution. The amount of oxygen is controlled by bubbling 
nitrogen gas. The Tacussel equipment was used. Voltage sweep rate 
- -  100 mV/sec. 

(10). The other wave at region F is probably  the re-  
verse reaction due to either the voltage reversal  or 
the unstable  characteristic of PdO2. Final ly,  wave C 
is the result  of the reduct ion of the available PdO to 
Pd. Cadle (11) obtained a reduction peak at +0.29V 
relat ive to a s tandard calomel electrode in 0.2M H2SO4. 

In vivo tests .--Similar vol tammograms of the in vivo 
system were obtained using the exper imental  set up 
previously discussed. Figure 5 shows a typical in vivo 
voltammogram. The excitation was applied through 
several  cycles un t i l  steady state conditions were 

t:3 

Z 
LIJ 
n-- 
n~ 0 

(D 

2 - 

- - 2  --  

FIRST E 
C Y C L E .  

B 

S T A T E  

F 

C 

I I I L I 
- . 2  0 .5 I 

VOLTAGE, mv 

Fig. 4. In vitro voltammogram at a palladium electrode in the 
anodic region. The potential is initially maintained at --0.2V for 5 
rain. Four distinctive regions are clearly visible. The first cycle and 
steady-state curves are shown. The Tacussel equipment was used. 
Voltage sweep rate ---- 100 mV/sec. 
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Fig. 5. in viva voltammogram at a palladium electrode in caftan. 
The electrode is placed in the stem. The excitation is provided by 
the voltammetric analyzer. There are three distinctive waves in the 
voltammogram. Notice the similarities with the in vitro test at 
points A', C', and D'. Voltage sweep rate = 100 mV/sec. 

reached. The vol tammograms showed three distinctive 
waves which are labeled A', C', and D' corresponding 
to similar reactions in the in vitro tests. The waves 
main ta ined  their  relat ive positions but  they were 
shifted toward more positive potentials. Also, the 
background limits were less defined than in the in vitro 
tests. These two characteristics of the in vivo vol tam- 
mograms can be at t r ibuted to the large series resistance 
which separates the working electrode and the Ag/  
AgC1 reference electrode. This series resistance was 
minimized by the special a r rangement  depicted in 
Fig. 1 which permits  placing the reference electrode 
very  close to the pal ladium probe. It is impor tan t  to 
ment ion  that  whenever  the vol tammetr ic  analysis was 
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a t t empted  with  the reference  e lec t rode  bur ied  in the 
soil, the response was comple te ly  incoherent ,  charac-  
ter ized by  excessive noise at  the cur ren t  output.  

Even though the  high series resis tance obscured the 
avai lab le  in format ion  from the vo l tammograms,  the 
resul ts  were  h ighly  reproducib le  regardless  of which 
equipment  was used. I t  was also observed that  the 
p lan t  r e tu rned  to its s table  pre tes t  potent ia l  region 
immedia te ly  af ter  the  ex te rna l  exci ta t ion was re-  
moved.  This character is t ic  a l lowed one to app ly  cyclic 
vo l t ammet ry  at the  same probe severa l  t imes wi thout  
causing pe rmanen t  damage  to the  tissue. 

When the exci ta t ion was appl ied  at different  pa r t  
of the plant ,  ve ry  l i t t le  difference was observed.  The 
peak  cur ren t  for the vo l t ammogram at the stem were  
somewhat  l a rge r  than  those corresponding to the 
pet iole  and the peduncle.  This is due to a l a rge r  series 
resis tance be tween  the l a t t e r  probes and the reference 
electrode.  F igures  6a and b shows vo l t ammograms  at a 
pet iole  and a peduncle,  respect ively.  

In  general ,  the  vo l t ammograms  of the  in vitro sys-  
t em were  ve ry  s imi lar  to those obta ined  in vivo. This 
s imi la r i ty  al lows one to ex t rapo la te  the resul t ing p ro -  
cesses of the pa l l ad ium probe  in vitro to those in vivo. 

The resul ts  suggest a lack of e lect roact ive  species in 
the in vivo plan t  apoplas t  solution. Even if there  a re  
redox couples in this ex t r ace l lu l a r  fluid, they  could go 

E 

I I I ~ I E I I 
- 9  - 6  3 5 6 9 12 

V O L T S  vs A g / A g C I ,  v 

Fig. 6a. Yoltammogram at the peduncle, the voltammetric 
anatyzer provided the excitation. Voltage sweep rate ~ 100 mV/ 
sec. 
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VOLTS vs A g / A g C t ,  v 

Fig. 6b. Voltammogram at the petiole, the voltammetric 
a n a l y z e r  p r o v i d e d  t h e  e x c i t a t i o n .  V o l t a g e  s w e e p  ra te  m 100  m V /  
sec. 

=~ o 

undetec ted  due to thei r  low concentrat ions,  or the 
high series impedance  present  in the  sys tem masks 
thei r  detection, or s imply  because the species is elec- 
t rochemica l ly  inact ive at  pa l ladium.  

If there  are  no redox couples or ig ina l ly  in the 
apoplas t  e lec t ro ly te  to account for  the potent ia l  values 
encountered  in the plant ,  then the only possible ex-  
p lanat ion  for redox act iv i ty  is the presence of pa l -  
l ad ium oxides. These oxides can be formed through 
contact  wi th  the fluid ad jacen t  to the pa l l ad ium probe. 
The concentra t ion of the oxides can va ry  depending 
on the volume of fluid which in tu rn  must  depend on 
the amount  of wa te r  ava i lab le  in the plant .  

At  this point, it  is ve ry  difficult to affirm which oxide 
is responsible  for the  rest  in vivo potential .  F u r t h e r -  
more,  the  rest  potent ia l  of the in vivo sys tem may  not  
necessar i ly  be l imi ted  to a single oxide. Hoare has 
suggested (7) that  the rest  potent ia l  of pa l l ad ium in 
an acid med ium is the resul t  of a mixed  potent ia l  
de te rmined  by  the react ions 

Pd--> Pd ++ + 2e -  [8] 
and 

O2 4- Pd+ + + 2e -  --> PdO2 [9] 

where  the  resul t ing  potent ia l  is modula ted  by  the 
concentra t ion of PdO2 and 02. Therefore,  a s imi lar  
mechanism may  be responsible  for the equi l ib r ium 
potent ia l  of the plant .  This a rgumen t  is suppor ted  by  
the fact that  the potent ia l  of the pa l l ad ium probe in 
the  potass ium phosphate  solut ion was found to drop 
sha rp ly  when  the solut ion was deaera ted  with ni trogen.  
This drop is ve ry  s imi lar  to the change of potent ia l  of 
the p lan t  fol lowing i r r igat ion.  

In summary ,  the in vitro and in vivo vol tammograms  
were  bas ica l ly  the  same shape. This indicates  the ab-  
sence of act ive redox couples in the  p lan t  apoplas t  
e lectrolyte .  The in vitro tests indicate  the  presence of 
pa l l ad ium oxides.  The presence or  absence of oxygen 
influences the in vitro rest  potent ial .  This suggest  that  
the in vivo rest  potent ia l  could be a resul t  of a mixed 
potent ia l  whose value  is influenced by  the presence 
of oxygen.  

Manuscr ip t  submi t ted  May  3, 1982; revised manu-  
scr ip t  rece ived  ca. Oct. 28, 1982. 

Any  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be publ i shed  in the June  1984 JOURNAL. 
All  discussions for the June  1984 Discussion Sectio~ 
should be submi t ted  by  Feb.  1, 1984. 
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Anodic Oxide Films on Pb, xSnxSe 
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ABSTRACT 

The process for forming the anodic oxide on Pbl ~SnxSe (x - 0.068) using a constant current source is studied. The 
electrolyte is composed of N-methyl acetamide, water, and propylene glycol. Reproducible films are obtained with the elec- 
trolyte when adjusted to pH = 6.6 - 0.2 by using oxalic acid and ammonium hydroxide. Surface analysis using x-ray 
photoelectron spectroscopy has been made. All the three components Pb, Sn, and Se participate in the oxidation. The 
anodic oxide is composed of PbO, SnO2, and an oxide of Se. 

The t e rna ry  alloy Pbl -xSnxSe  is a na r row gap semi-  
conductor material .  Its energy gap can be varied con- 
t inuously  from 0 to 0.17 eV at 77 K by changing the 
lead to t in ratio (1). It  finds applications in infrared 
emit t ing and detecting devices (2-5). Their perform- 
ance is closely related to the surface properties. In  
order to get stable devices, it is necessary to passivate 
the Pbl -xSnxSe surface. Up to now very little work 
has been done in this direction. One way to passivate 
the surface is to form a nat ive  oxide. This can be ac- 
complished by either anodic oxidation, plasma oxida- 
tion, or thermal  oxidation. In  I I I -V group compounds 
and Hgl-xCdxTe, anodic oxidation has proved to be 
a promising technique (6-10). We have applied this 
method to Pbl-xSnxSe.  In this paper, we describe the 
procedure for the film growth similar  to the method 
described in Ref. (11) for Pbl-xSnxTe.  The chemical 
behavior  of the anodic films to various organic and 
inorganic solvents, and their  chemical composition us- 
ing x - r ay  photoelectron spectroscopy (XPS) were ex- 
amined. To the authors knowledge, this is the first 
work on anodic oxidation of Pbl-xSnxSe.  

Anodization Procedure 

The Pbl-xSnxSe (x ~ 0.068) wafers used were both 
n and p type vapor phase grown single crystals: The 
carrier concentrat ion was in  the range 101s-10 TM cm -3. 
The surface was prepared first by lapping with 3.5 #m 
A120~ powder. The lapped surface was chemomechani-  
cally polished first with HBr/Br2 and then with KOH/  
H202. 

The setup used for anodic oxidation is as shown in 
Fig. I. A platinum foil or wire was used as the cathode. 
The electrolyte consisted of a mixture of water, N- 
methyl acetamide (NMA), and propylene glycol. The 
pH-value of the solution was adjusted by oxalic acid 
and ammonium hydroxide. The anodic oxidation was 
carried out under normal light condition at room tem- 
perature using a constant current d-c source. The cell 
voltage with time was measured by a voltmeter as 
shown in Fig. I. After anodization, the samples were 
rinsed in deionized water for a few seconds and then 
dried in pure n i t rogen gasflow. 

For optimizing film growth conditions, the water  
to NMA ratio and the pH-va lue  were varied in order 
to obta in  m a x i m u m  cell voltage which is a measure 
of the insula t ing qual i ty  of the film. 

Figure 2 shows the var ia t ion of the max imum cell 
voltage and pH-va lue  by varying  the volume ratio of 
water to NMA. The current  densi ty was kept constant  
at J _-- 2 m A / c m  2. It  was observed that  wi th  time the 
cell voltage first increased, reached a max im um (as 
shown in Fig. 2) and then decreased. The cell voltage 
had the largest value when  the volume ratio of water  
to NMA was 0.2. Yet the films thus obtained were non-  
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composit ion.  

uniform. Good, un i form and reproducible films were 
obtained when the pH-value  was adjusted to 6.6 __ 0.2 
by oxalic acid and ammonium hydroxide. 

Figure 3 shows the var iat ion of cell voltage with 
t ime at various current  densities ranging from 0.5 to 2 
m A / c m  2 for an electrolyte consisting of one part  water  
to five parts NMA and a constant  pH-va lue  of 6.6. The 
cell voltage first increased with t ime and then satu-  
rated for all chosen current  densities. The saturat ion 
voltage is almost l inear  to the current  density (curve 
A in  Fig. 3). For  fur ther  experiments,  the current  
density was kept constant at 1 mA / c m 2. 

If propylene glycol was added to the electrolyte, the 
cell voltage was not saturated for times up to 14 min  
and much higher cell voltages could be obtained (Fig. 
4). For comparison, the 1 m A / c m  2 curve of Fig. 3 is 

Fig. I. Systematic arrangement for anodizing Pbl-~SnxSe 
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Fig. 2. Maximum cell voltage vs.  volume ratio of water and NMA 
at a current density 2 mA/cm 2 and the variation of the pH-value 
with the electrolyte composition. 
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Fig. 3. Cell voltage vs. anodic oxidation time at various current 
densities and saturated cell voltage vs. current densities (curve A) 
for the electrolyte composition: volume ratio of water to N M A  i :5  
and pH ~ 6,6. 
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Fig. 4. Effect of adding glycol: ( X  2 etc.) means adding twice 
as much propylene glycol as the volume content of water and NMA. 

shown in Fig. 4 as broken line. The opt imum ratio of 
electrolyte to propylene glycol is about 1:3. Figure 5 
shows the cell voltage as a funct ion of t ime at a current  
densi ty  of 1 m A / c m  2 for various compositions of water 
and NMA with equal content  of propylene glycol as 
the mix ture  of water  and NMA and pH -- 6.6. The cell 
voltage was the largest when the volume ratio of water 
and NMA in the electrolyte was 0.2, consistent with 
the earlier finding. Since the curves of Fig. 4 and 5 
are similar  one can expect this op t imum ratio water:  
NMA independent  of the propylene glycol content. 

Film Properties 
The oxide films were t ransparen t  for cell voltages 

up to 50V. Films obtained above 50V were opaque. 
Figure 6 shows the microphotographs of the film grown 
up to 45V. Though the films have a homogeneous ap- 
pearance to the naked eye, some black spots appear, 
which seem to be a crystal l ine phase (Fig. 6b). The 
size of these spots increases with the cell voltage. The 
origin of crystal l ine phase is not clear. Similar  spots 
have appeared in the anodic oxidation of Pb l -xSnzTe  
(11). There they have been considered to depend on 
the surface t rea tment  with HBr/Br2. However, we 
find that  the black spots always appear independent  of 
the surface preparat ion with or without  propylene 
glycol added to the electrolyte. The addit ional  surface 
t reatments  tested were: polishing with A1203 (grain 
size 3.5 ~m) only, iodine plus KOH and also as grown 
facets. 

The thickness of the oxide film as a funct ion of cell 
voltage was determined by interferometry.  Figure 7 
gives a relat ion between the cell voltage and the thick- 
ness of the film. The colors of the film obtained at 
these cell voltages were as indicated in the same figure. 
It  is an impor tan t  result  that  the film thickness in -  
creases l inear ly  with cell voltage in the range 20-50V. 

It was easy to etch the t ransparent  films in acidic 
or a lkal ine  solution. The solubil i ty properties are sum-  
marized in Table I. The anodic oxides were not chemi- 
cally attacked by organic solvents such as acetone, 

i 

100- 

90- 
J =lmA/cm 2 
P,= 5.6 

B0- 
(b} 

70- (c) 
(a) 

(d) 

20- 

10- 

�9 Time [rain) 

Fig. 5. Cell voltage vs. oxidation time for various compositions 
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Table I. Solubility of the anodic oxide film in acid and alkaline 
solutions 

Solution Solubility 
HC1 Soluble 
HNOs Soluble 
HzSO, Soluble 
HF Soluble 
CI~COOH Insoluble 
NaOH Soluble 
KOH Soluble 
NH4OH Soluble 

Fig. 6. Microphotographs of an anodic oxide film grown for the 
electrolyte: water, NMA and propylene glycol 1:5:18, pH ---- 6.6, 
J - -  i mA/cm 2, cell voltage = 45, magnification (a) 500 and (b) 
1300. 

benzene, tr ichloroethylene,  xylene, glycol, methanol,  
carbon tetrachloride, and thiourea. The XPS measure-  
ments  were carried out with a p i l l  system of Physical  
Electronics Industries.  The x - r ay  photoelectrons were 
excited by the Mg K~ line (1253.6 eV) and analyzed by 
a double pass cylindrical  mirror  analyzer  with an ac- 
curacy ___ 0.3 eV. Figure  8 shows the overall  (of both 
crystal l ine and amorphous phases) XPS spectrum of 
an unoxidized Pbl -zSn~Se (x ~- 0.068) surface, of a 
950A thick anodic oxide layer  on Pbl-xSnxSe surface 
and an argon sputtered (at 4 keV for 15 min)  anodic 
oxide Pb1-zSnxSe surface. The principal  XPS struc-  
tures consist of Pb 4f doublets, Sn 3d doublets, and 
Se 3d lines. The XPS spectrum for oxygen is not 
shown. In  the unoxidized Pbl-xSnxSe sample Sn 3d5/2 
peaks at 485.8 eV corresponding to Sn 2+, Pb 4f~/2 peaks 
at 137.8 eV corresponding to Pb 2+ and Se 3d peaks at 
53.7 eV corresponding to Se 2- in Pbl-~SnxSe.  These 
Sn, Pb, and Se signals shifted to higher energy in an 
oxidized surface. These changes in the b ind ing  energies 
are due to chemical shifts caused by changes in chemi- 
cal bonds. 
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Fig. 7. Oxide film thickness and its color vs.  cell voltage at a 
current density of 1 mA/cm 2 for the electrolyte: water, NMA,  
propylene glycol as 1:5:18, pH ~ 6.6. 

The chemical shift of Sn 3d5/~ from 485.8 to 486.7 eV 
corresponds to a change in the oxidation state from 
Sn 2+ to Sn 4+ in SnO2 (12), a n d a  shift in Pb 4f7/2 from 
137.8 eV to 138.8 eV corresponds to the position of Pb 
in  PbO (13, 14). The observed chemical shift of the 
Se 3d was from 53.7 to 59 eV. It is impossible to as- 
sign an oxidation state to Se. This is because the data 
on various oxidation states of Se vary  in a certain 
range, e.g., the b inding  energy for Se 4+ in  SeO2 varies 
from 59.2 to 59.7 eV, in  Na2SeO~ from 58.3 to 59 eV 
and in H2SeOa it is 59.3 eV (15). However the shift in 
the Se signal gives a s trong indication that Se was 
indeed oxidized. We may conclude that  the anodic 
oxide is a component  containing of PbO, SnO2 and an 
oxide of Se. 

The results of Fig. 8 show that  the oxide of Se is 
decomposed by sput ter ing with argon ions. Besides 
the oxide peak a second peak appears which is most 
l ikely due to elemental  se lenium (Se~ The slight 
shifts of the PbO and SnO~ peaks are in the resolution 
l imit  of the experiment.  The effect of the argon sput-  
tering is probably due to the increased tempera ture  of 
the oxide film. It is known from Ref. (17) that  TeO2 
decomposes at temperatures  above 400~ 

The relat ive concentrat ion of the elements Pb, Sn, 
Se, and O within the detection depth of 5-10A was 
determined from the intensities of their  respective XPS 
peaks. Table II shows the atomic ratio of Pb, Sn, Se 
and O in the anodic oxide for two samples $1 and $2 
grown at cell voltages 16 and 21V, respectively. These 
results show that the oxidized surface is enriched in 
Sn compared to the unoxidized surface. This might  
be due to migrat ion of Sn dur ing oxidation because 
Sn diffuses faster (16). Similar  results have been ob- 
tained in case of thermal  oxidation of PbSnTe  (17). 

Conclusions 
Conditions for growing anodic oxide films on 

Pbl -xSnxSe (x ~ 0.068) have been established. The 
electrolyte composed of one part  of water, 5 parts of 
NMA, and 18 parts of propylene glycol when ' ad jus ted  
to pH ---- 6.6 _+ 0.2 gives good t ransparent  films for cell 
voltage up to 50V. These films are composed of two 
phases, an amorphous and a crystal l ine one. The pro- 
port ion of the crystall ine phase increases with the 
cell voltage. The films can be grown in spite of the 
fact that  one of the oxide components SeOe, is soluble 
in water. The t ransparen t  films can probably  be de- 
l ineated into any shape by  masking with a photoresist, 
since they are soluble in common acid or alkal ine so- 
lution. The results of XPS measurements  indicate that 
all the three elements Pb. Sn, and Se are oxidized. The 
oxide of Se was found to be less stable to bombardment  
with Ar ions than the oxides of Pb and Sn. These films 
may find applications for passivation of laser and de- 
tector devices as in the case of PbSnTe (18, 19). 

Table II. Atomic ratio of Pb, Sn, Se, and O in the oxide as 
obtained by XPS measurements 

Pb Sn Se O 

Sample at at at at 
S1 3.6 1 4.2 20 
$2 3.8 1 4 18 
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TEM Observations of Laser-Induced Pt and Au Deposition on InP 

D. Brasen, R. F. Kar l icek ,  and V.  M .  Donne l ly  

Bell Laboratories, Murray Hilt, New Jersey 07974 

ABSTRACT 

Laser-induced deposits of Au or Pt on (001) InP  surfaces have been examined by transmission electron microscopy. It is 
found that Pt  deposition results in the formation of Pt (P, In)~; whereas, in the case ofAu, Au and Au4In are observed. A 
description of the general morphology, together with a discussion as to why the compound and alloy might form is 
presented. 

Currently,  several techniques are used to metalize 
the surface of I I I -V compound semiconductors for elec- 
tronic device fabrication (1-4). These electrical con- 
tacts are usual ly  fabricated by depositing metals 
through a mask, onto the semiconductor surface. 
Metals may be deposited by electrochemical plating- 
( l ) ,  evaporat ion (2), or by plasma sput ter ing (3). 
Product ion of ohmic contacts f requent ly  requires an 
alloyed interfacial  region be tween the metal  and semi-  
conductor surface to improve adhesion and reduce 
contact resistance. This alloyed region may be pro- 
duced by annealing,  and /o r  by the use of reactive 
metals [such as Pd (1) or Be (2)] to promote physical 
and electrical bonding to the semiconductor surface. 

Recently, there has been considerable interest  in 
developing single-step laser- induced metal  deposition 
for producing ohmic contacts on I I I -V compounds. In  
this process, a metal  pat tern  is "wri t ten" directly onto 
the surface by raster ing the focused laser beam. The 
most widely reported technique (4) involves laser 
photolysis of gas-phase metal  compounds on or near  
the surface. We have recent ly  reported an a l ternat ive  
procedure in which metals are deposited on semicon- 
ductor substrates via pulsed laser i r radiat ion of a metal  
salt solution in contact wi th  the semiconductor  surface. 
In  this way, it has been shown that  P t  and Au can be 
deposited on both n and p- type  <lOO> I nP  substrates, 
with good adhesion, at pulsed laser intensit ies sufficient 
to ini t iate  thermal  decomposition of the TnP surface, 
yet below the threshold in tensi ty  at which gross sur -  
face damage occurs (5). 

This paper  reports the use of t ransmiss ion  electron 
microscopy (TEM), to investigate the general  mor.- 
pholo~y and different alloyed interfaces formed dur ing 
laser induced deoosition of Au or Pt on InP. In  addi- 
tion, an at tempt  is made to unders tand  and rationalize 
the formation of the resul t ing deposits. 

Exper imenta l  

Pla t inum and gold were deposited on InP  as pre-  
viously reported (5). Basically, Pt  was deposited by 
immers ing InP  substrates into an aqueous solution of 
chloroplatinic (H2PtC16) acid. However, a methano!ic 
solution of chloroauric (HAuCI~) acid was used to pro-  
duce the Au deposits examined in this study, since this 
solution (as opposed to aqueous HAuC14 solutions) was 
found to yield smoother films. A Lambda Physik model 
F12000 dye laser, with model EMG102 excimer laser 
pumping,  producing ~10 nsec pulses at 10 Hz repet i t ion 
rates, was then directed to irradiate the semiconductor 
surface at normal  incidence. Several  thousand pulses at 
incident  energy densities of ~0.2-0.5 J / cm 2 were used 
to produce Pt  deposits on {100} InP, while Au deposits 
were produced on {100} InP  using ,.d00 pulses at in-  
cident energy densities below ,-~0.2 J / cm 3. 

Samples were prepared for t ransmission electron 
microscopy by polishing and th inn ing  down from the 
backside of the wafers to ~10 mils using a mechanical  
chemical technique. Next, 3 ~m diam disks were u l t ra -  
sonically cut out of the wafers. The disks were then 
th inned down for microscopy from the back, while 

protecting the metalized side, by polishing them in a 
solution of 1.5% Br in methanol.  The foils were then 
examined in a JEM200 transmission electron microscope 
operat ing at 200 keV. 

Results 
Figures la, b, and c shows, respectively, br ight  field 

micrograph, dark field micrograph, and corresponding 

Fig. 1. A) TEM micrograph of an area of InP which is coated 
with Au and Auxin particles. Marker ~ 2000A. B) Dark field 
micrograph of same area at same magnification. C) Corresponding 
diffraction pattern. The rings are caused by Au or Au41n while the 
discrete spots are due to the InP substrate. 
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diffraction pa t t e rn  of an a rea  in which A u  was laser  
deposited.  I t  is appa ren t  f rom Fig. l a  tha t  the  gold is 
deposi ted in po lycrys ta l l ine  form. The diffraction pa t -  
tern, Fig. lc, shows that  most  of the deposi t ion resul ts  
in crys ta l l i tes  being r andomly  or iented  on the surface  
of the  InP. In  addit ion,  Fig. lb  shows that  these c rys ta l -  
l i tes also appear  to be fa i r ly  un i fo rmly  dis t r ibuted,  
va ry ing  in size f rom ,~50 to ,~500A. The diffract ion 
pa t t e rn  of Fig. lc  shows the d iscre te  spots caused by  
the InP m a t r i x  and r ings which a re  produced b y  the 
deposi ted crystal l i tes .  In  o rde r  to ident i fy  the phases 
formed on the InP surface, the d-spac ings  of the r ings 
were  measured  f rom the diffract ion pa t t e rn  and are  
t abu la ted  in Table I. As can be seen f rom the table,  
most  of the  r ings are  due to the deposi t ion  of Au. 
Fur the r ,  if the diffraction pa t t e rn  is carefu l ly  s tudied 
a n d  indexed,  as in Table I, it is possible to see that  the 
inner  most  Au  r ing  is ac tua l ly  a t r ip le t  consist ing of  the  
(111) Au/ (002)  Au4In diffract ion r ings  plus the  (!00) 
and (101) diffract ion r ings of Auxin, i.e., the f phase.  
Severa l  such areas, on different  specimens,  were  ex-  
amined,  and al l  of  t hem y ie lded  essent ia l ly  the  same 
results .  

TEM examina t ion  of  the  Pt  deposi ts  on the  o the r  
hand, did not  show any  e lementa l  Pt. Instead,  c rys ta l -  
l i tes  were  formed which w e r e  also r andomly  or iented  
s imi lar  to the  Au deposit ion,  as seen in Fig. 2a and b. 
Fur ther ,  the  crystals  var ied  in size f rom ,-50 to ,~400A. 
The d-spac ings  which were  measured  f rom the diffrac- 
t ion r ings of  Fig. 2c are  t abu la ted  in Table  II. By com- 
par ing  these measured  values wi th  the d-spacings  of the 
known b ina ry  I n - P t  al loys and I n - P  compounds,  i t  was 
found tha t  PtP2 (CaF2 type,  a --  5.695) gave the best  
fit. However ,  as the  resul ts  of Table  II  show, a be t te r  
fit would  occur if the la t t ice  constant  was assumed to 
be 5.84A. 

Discussion 
The diffusion of In into Au  wi th  the resu l tan t  fo rma-  

tion of Au4In appears  to be the p r i m a r y  reason for the  
adhesion of the deposi ted l aye r  to the substrate .  I t  is 
in teres t ing  to note  that  by  evapora t ing  Au  onto InP to 
form ohmic contacts, Keramidas  et al. (2) observed  
that  af ter  a l loy ing  the i r  samples  at 420~ for 7 min,  
a TEM analysis  of the spreading  of the contacts  shows 
the format ion  of the in te rmeta l l i c  AugIn4. As an ou t -  
g rowth  of this work,  Vandenberg  et al. (8) have used 
x - r a y  analysis  to show that  an InP subs t ra te  on which 
Au  contacts were  evapora ted ,  exhibi ts  mul t ip le  A u - I n  
a l loy phase changes upon continuous heat ing.  Up to 
335~ only  Au  is found. However ,  be tween  335~176 
Au4In is fo rmed  and remains  s tab le  up to 390~ where  
i t  begins to t rans form into AugIn4. Hence, one may  
infer  f rom this that  the  format ion  of Au4In by  laser  
deposi t ion occurs dur ing  the hea t ing  of the surface of 
the InP  to t empera tu re s  be tween 335~176 In add i -  
tion, it  should be noted that  since the i r rad ia t ion  pulses 
were  only  ,~10 nsec in durat ion,  kinet ics  reasons m a y  
also be responsible  for the  fa i lure  to form the more  
complex  AugIn4 phase  at  the interface.  However ,  this 
t empera tu re  range is consistent  wi th  the observat ion  of 
min imal  InP  surface decomposi t ion at the laser  power  
densit ies  used to ini t ia te  decomposi t ion (5). Minimal  
sur face  damage  is expected at  t empera tu res  on ly  

Table I. Comparison of measured d-spacings of diffraction rings 
with known d-spacings of Au and Au41n 

Fig. 2. A) TEM micrograph of an area of InP after Pt has been 
laser deposited. Marker ~_ 5O0OA. B) Dark field micrograph of 
same area at same magnification. C) Corresponding diffraction 
pattern. The rings are due to the Pt(P, In)2, while the discrete spots 
are due to the InP substrate. 

s l ight ly  in excess of the InP decomposi t ion t empera tu re  
(360~ 

The fact  that  no A u - P  compounds were  observed is 
not  too surpris ing,  since the observed behavior  for  Au 
is consistent  wi th  resul ts  obta ined by  a l loying evapo-  
ra ted  Au layers  on InP  (2, 8). Fur ther ,  it  is known that  
P is insoluble  wi th  Au at room t empera tu re  and that,  
in fact, Au is known to form only  one b ina ry  compound 
with  P, i.e., Au2P~ (6, 9). However ,  since the  hea t  of 
react ion to form Au2P~ from Au + InP is ve ry  en-  
dothermic  (+1.73 e V / m e t a l  a tom) (10), the  format ion  
of a gold phosphide compound would  not be expected.  

Table II. Comparison of measured d-spacings of diffraction rings 
with calculated d-spacings of PtP2 assuming a - -  5.695A (7) 

and a - -  5.84~. 
ASTM file ASTM file 

Measured of Au Au41n 
Ring # d-space d-spacing plane d-spacing plane 

1 2.52 2.52 (100) Ring 
2 2.37 2.36 (111) 2.397 (002) 
3 2.23 2.20 (101) 
4 2.08 2.04 (200) 1 
5 1.43 1.44 (220) 2 
6 1.23 1.23 (311) 3 
7" 1.18 1.18 (222) 4 
6 1.02 1.02 (400) 5 
9 0.93 0,94 (331) 6 

Calc d-spacings Calc d-spacings 
Measured assuming assuming 
d-spacings a = 5.695A plane a = 5.84K 

3.37 3.29 111 3.37 
2.93 2.85 200 2.92 
2.63 2.55 2ZO 2.61 
2.39 2.32 211 2.39 
2.09 2.01 220 2.06 
1.76 1,72 311 1.76 
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A possible  exp lana t ion  which could account for the  
la t t ice  p a r a m e t e r  discrepancy,  in the  case of P t  deposi -  
t ion (Table  I I ) ,  is tha t  there  is ind ium as wel l  as phos-  
phorus  in this phase. Since both PtP2 and PtIn2 have  
the same crys ta l  s t ruc ture  (CaF2 type ) ,  it  is reason-  
able  to assume tha t  r ep lacement  of P - P  pai rs  wi th  
I n - I n  or I n - P  pairs  could occur. Assuming  /'that Ve- 
gard 's  law is appl icab le  in this case, rep lac ing  ~,20% 
of the  phosphorus  wi th  ind ium would lead to a la t t ice  
p a r a m e t e r  close to tha t  observed.  

The reduct ion  of Au or  P t  ions to the i r  neu t ra l  s ta te  
for  deposi t ion of A u / ( A u 4 I n )  or  P t / ( P t [ P , I n ] 2 )  re -  
quires  the oxida t ion  of P f rom InP  (possibly forming 
soluble  PClz) in the case of Au deposit ion,  and the oxi-  
dat ion of In and some P f rom InP (possibly  forming 
soluble  InC1JPC13) for  P t  deposit ion.  This would then 
leave the in ter face  region r ich in In  (for Au deposi-  
t ion) or  P (for P t  deposi t ion) ,  as observed.  In  addit ion,  
meta l  deposi t ion m a y  also occur wi thout  oxidat ion  of 
the  InP  surface  atoms, i.e. 

. . - )  

2HAuC14 ~ 2Au(s) -4- 2HC1 -4- 3C12 [1] 

H2PtC16 ~ 2Pt(s) ~- 2HC1 -}- 2C12 [2] 

However ,  since e lementa l  P t  is not  seen in the de-  
posits used in this s tudy,  i t  may  be assumed that,  at  
least  in the in i t ia l  stages, P t  deposi t ion occurs p r i -  
ma r i l y  by  the oxidat ion  of In. Au deposit ion,  on the 
other  hand,  could be accomplished by  a combinat ion of 
oxida t ion  of P and decomposi t ion of the  meta l  salt. 
In l a te r  stages of growth,  the  deposi ted film covers the 
substrate ,  and meta l  deposi t ion occurs according to re -  
actions [1] and [2] (5). 

Conclusion 
TEM observat ions  have shown that  laser  induced 

deposi t ions of P t  or Au from solut ion resul ts  in the for -  
mat ion  of Pt(P,In).o or  Au + Au4In on InP, s imi lar  to 
observat ions  of th*ermally annealed,  evapora ted  meta l  
films (2, 8, 10). In  the in i t ia l  stages of g rowth  these 
deposi ts  appea r  to consist of a fa i r ly  un i form d i s t r ibu-  
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tion of r a n d o m l y  or iented  crysta ls  r ang ing  in size f rom 
~50 to ,~500A. 

The Au + Au4In is p robab ly  formed through  a com- 
binat ion of oxida t ion  of P and decomposi t ion of the 
meta l  salt. Since the  compet ing react ion to form AusP2 
is known to be endothermic  (10), this compound would 
not  be expected to form. On the o ther  hand,  P t  dep-  
osition, in the ini t ia l  stages, appa ren t ly  does requi re  
only  the  oxidat ion  of In and some P. 
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A Voltammetric Study of the Reduction of Chromic Acid on Bright 
Platinum 

J. P. Hoare* 
General Motors Research Laboratories, Electrochemistry Department, Warren, Michigan 48090 

ABSTRACT 

The reduction of chromic acid catalyzed and uncatalyzed with H2SO4 was studied on Pt microelectrodes by steady-state 
(galvanostatic and potentiostat ic voltammetry)  and nonsteady-state (cyclic voltammetry) polarization techniques. 
The rest potential  of P t  in chromic acid is a mixed potential.  Although the reduction of hexavalent  Cr to trivalent occurs 
readily at Pt  cathodes, the reverse process does not take place at Pt  anodes due to the high overvoltage for [Cr(H206] +3 ion 
oxidation. It is for this reason that PbO2 anodes are used in commercial  Cr plating practice since the overvoltage for 02 evolu- 
tion is much higher on PbO2 than on Pt, thus allowing the current to be used in the oxidation of [Cr(H20)6] +3 ion instead of 02 
evolution. The reduction of an oxidized Pt  surface occurs with more difficulty in chromic acid than in H2SO4. Metallic Cr is 
deposi ted in catalyzed chromic acid at the expense  of the reduction of Cr VI to Cr III  and H2 evolution. 

I t  is known (1-3) that  metal l ic  deposi ts  of chromium 
can be obta ined f rom the e lec t roreduct ion  of solutions 
of chromic  acid containing H2804 or HF as a ca ta lys t  
but  not f rom s imple  solutions of t r iva len t  chromium 
such as solut ions of Cr2 (SO4)3 or  CrCI~. This behavior  
is t raced  to the  fact  tha t  Cr I I I  in aqueous solut ion 

* Electrochemical  Society Active Member. 
Key words: anion adsorption, surface films, e lectron spec- 

troscopy, anode material.  

forms a hexa-aquo  complex,  [Cr(H20)6]  +s, (4) whose 
inner  coordinat ion sphere  is so s t rongly  bound tha t  Cr 
cannot  be separa ted  f rom the complex.  

A work ing  model  of the mechanism of the e lec t ro-  
deposi t ion of metal l ic  Cr f rom su l fa te -ca ta lyzed  chro-  
mic acid solutions has been proposed (5, 6) in which 
the HSO4-  ion acts both as a ca ta lys t  and as a b lock-  
ing agent  and the Cr in solution exists chiefly as the 
t r i chromate  ion, HCr3Olo-.  Because of the  h igh ly  oxi-  
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dizing na ture  of chromic acid, an oxide layer  is formed 
on the basis metal  surface which must  be removed 
before metall ic Cr can be deposited. In  addition, Cr is 
electrodeposited from a viscous cathodic film. To help 
unders tand  the behavior  of these surface films, an in-  
vestigation of the reduction of chromic acid on br ight  
Pt cathodes was under taken  using steady-state and 
nons teady-s ta te  voltammetric  techniques. The results 
of this work are presented in  this report. 

E x p e r i m e n t a l  
All measurements  were obtained on bright  Pt  bead 

microelectrodes (0.035-0.04 cm 2 in area) melted at the 
end of Pt  wires (99.99% pure)  in  an oxygen torch. The 
Pt  beads were cleaned in a burn ing  H2-jet and sealed 
in Teflon spaghetti  as described earlier (5). Three Pt  
beads (for duplicate runs)  were mounted in the Teflon 
cell, depicted before (5). The cell was filled with 2.5M 
chromic acid (250g C r O J L )  made with tr iply distilled 
water  from an all quartz still. The solution was st irred 
with purified N2 (~150 cm3/min) and all potential  
measurements  were made against a saturated calomel 
reference electrode (SCE) at ambient  temperatures  
(~24~ 

When the rest potential  had reached a steady state, 
the cyclic vol tammograms were obtained between 
--200-1500 mV at sweep rates ranging  from 100 to 17 
mV/sec. I t  required about 10 cycles of polarization be-  
fore a s teady-state  vo l t ammogram was obtained. A 
family of vol tammograms were recorded by reducing 
the potent ia l  range of the sweep in steps of 100 mV 
beginning at the cathodic end unt i l  the final sweep ex- 
tended from 1000 to 1500 inV. By reducing the po- 
tential  range from the anodic end in steps of 100 mV 
unt i l  the potential  was finally scanned between --200- 
500 mV, a second family of vol tammograms was gen- 
erated. After  the vol tammograms had been recorded, 
the s teady-state  galvanostatic and potentiostatic po- 
larization curves were determined as before (5). 
Steady-state  vo l tammetry  studies provide knowledge 
of the poten t ia l -de te rmining  processes in certain ranges 
of current  density. In the constant current  density case, 
identification of these electrode ,processes is aided by 
an unders tanding  of the chemistry (colorimetry, AES, 
XPS, etc.) and the electrochemistry (rest potential,  
Tafel slope, etc.) of the system under  consideration. 
From constant potential  studies, electrode surface area 
changes produced by the formation or reduction of 
deposited films (such as oxides or metallic deposits) are 
clearly observed. Armed with such knowledge, an in-  
tell igent in terpreta t ion of the current  peaks present  on 
the cyclic vol tammograms can be offered. 

Finally,  just  enough concentrated H2SO4 was added 
through the gas exit port with a hypodermic syringe to 
br ing the chromic acid solution to 0.25M in HzSO4. As 
before, the cyclic vol tammograms were determined as 
well as the s teady-state  polarization curves. 

Results and Discussion 
In Fig. 1, the s teady-state  galvanostatic polarization 

curve for Pt  in uncatalyzed 2.5M chromic acid is plotted 
(circles). At open circuit, the rest potential  has a value 
of 1140 • 10 mV (at least 6 determinat ions)  and is 
considered (5) to be a mixed potential  result ing from 
the local ceil composed, of ~the anodic oxidation of Pt  
and the cathodic reduction of HCr30~0- ion 

Pt  + H~O-> Pt-O + 2H + + 2e [1] 

and a reaction such as 

HCr3010- + 6H + + 6e.-> Cr2:O3 + HCrO4- + 3H20 [2] 

giving the overall  local cell reaction 

3Pt + HCr3010- -> 3Pt-O + Cr203 + HCrO4- [3] 

A steady rest potential  is observed because the oxygen 
at a Pt -O site can dissolve into the bulk  Pt  leaving 
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Fig. 1. Steady-state galvanostatic polarization curves obtained 
on Pt cathodes in uncatalyzed (circles) and sulfate catalyzed (tri- 
angles) 2.5//4 chromic acid; potentiostatic (squares) curve on Pt in 
sulfate-catalyzed chromic acid; open symbols, increasing current 
and filled symbols, decreasing current. 

another  bare Pt  site to support  the local cell cur rent  
(7, 8). Any  Cr203 formed in  these highly acid condi- 
tions (pH ---- --7) would dissolve 

Cr203 + 6H + -> 2.Cr +3 + 3H20 [4] 

and the Cr +3 in aqueous media would complex to the 
stable hexa-aquo complex, [Cr (HzO) 6] +3. 

As the local cell is driven by the application of an 
external  cathodic current ,  the potential  is shifted 
from the mixed potential,  where the local anodic and 
local cathodic current  are equal and the external  cur-  
rent  is zero, to a less noble value. At this point, the 
external  current  is equal to the difference between the 
absolute values of the local anodic and cathodic cur-  
rents according to the analysis of local cell polarization 
(9). With increasingly applied cathodic current,  the an-  
odic current  contr ibut ion becomes less and less and 
generates the top l inear  region of the polarization curve 
in Fig. 1 between 1100-950 mV. When the potential  has 
been shifted below the reversible potential  of the local 
anodic reaction, the local anodic contr ibut ion is re-  
duced to zero, and the external  current  is determined 
solely by the local cathodic reaction. The second l inear  
region between 750-650 mV in Fig. 1 is due to the re-  
duction of Cr VI  to Cr III  according to Eq. [2] and 
[4]. 

At still higher applied cathodic current,  the rate of 
Cr VI reduction is not high enough to support  the de- 
manded  current  and the potential  shifts at a l imit ing 
current  density to values near  zero volts where hy-  
drogen is evolved by the reduction of H + ion. The Tafel 
slope of the third l inear  section of Fig. 1 is consistent 
with a slope of 0.03 (compare to 0.03 slope drawn on 
the plot) which is the value obtained for hydrogen 
overvoltage on Pt  (10). Although the current  in the 
third section is consumed chiefly in H2 evolution, con- 
siderable current  is consumed in the reduction of Cr VI 
to Cr III  (11) producing deviations from 0.03 at higher 
currents. 

Above 5 • 10 -.2 A/cm 2, the polarization curve bends 
back on itself as a negative resistance region. This be- 
havior results from a change in surface area due to 
the laying down of a deposit (5). Visual inspection of 
a Pt  sample removed from the cell at this high current  
density shows that the bead is black or brownish black. 
Analysis with Auger spectroscopy (AES) shows the 
deposit to consist of Cr and O in about equal amounts  
and ESCA analysis indicates a high concentrat ion of 
oxides of Cr. Uncatalyzed chromic acids solutions are 
known to give black chromium deposits (12, 13) which 
were analyzed (14, 15) as 75% Cr and 25% chromium 
ox~ides. 

After  reaching the highest current  densi ty studied, 
the current  is reversed and the data for decreasing cur-  
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ren t  are  denoted  by  the filled circles in Fig. 1. In  the 
high cur ren t  densi ty  region ~the da ta  are  quite r ep ro -  
ducible  for  increas ing and  decreas ing current .  A p p a r -  
ently,  the  Cr b lack  film is removed  as the cur ren t  is 
made  less cathodic. Since Pt  is a good ca ta lys t  for the 
H2 reaction,  one would  expect  the da ta  to be r ep ro -  
ducible  in the H2 region. 

With  cont inued decreas ing current ,  a poin t  is reached 
where  the ra te  of surface  oxidat ion  by  chromate  ions 
becomes g rea te r  than  the ra te  of H2 evolut ion and the 
potent ia l  rises along a l imi t ing cur ren t  to high anodic 
values.  A hysteresis  in the  l imi t ing cur ren t  is observed 
p robab ly  because hydrogen  can be dissolved in the Pt  
meta l  (16). This dissolved hydrogen  can diffuse to the 
sur face  and the depolar iz ing effect of this hydrogen  
requires  a lower  cur ren t  dens i ty  to be reached  be-  
fore  oxida t ion  of the surface  can take  place. Once 
the open circui t  is reached,  the potent ia l  s lowly (over  
a per iod  of severa l  hours)  dr i f ts  to the  recorded rest  
potent ia l  again. 

When  H2SO4 was added (CrO3/H~SO4 -~ 100/1), a 
s t eady - s t a t e  ga lvanosta t ic  polar iza t ion  curve was ob-  
ta ined as the t r iangles  in Fig. 1. In  this case, the rest  
potent ia l  and the shape  of the polar izat ion curve for 
the ca ta lyzed sys tem is ve ry  s imi lar  to that  fo r  the un-  
ca ta lyzed sys tem except  at  the highest  cur ren t  den-  
sities. Here  the negat ive  res is tance region is not  as 
p rominen t  and visual  inspect ion of the bead removed  
at the  high cur ren t  shows tha t  the  Pt  surface  is covered 
wi th  a g ray  deposi t  of metal l ic  Cr. Analys is  by  AES 
indica ted  tha t  the oxygen  content  of the deposi t  was 
about  half  that  of  the Cr content.  Since the surface  
roughness  of the g ray  deposi t  is much less than  that  
of the black deposit ,  the change in area  at high cur ren t  
densit ies,  and hence the  magni tude  of the negat ive  re -  
s is tance region,  should be much less for the ca ta lyzed 
system, in agreement  wi th  the  da ta  of Fig. 1. 

Also shown in Fig. 1 is the s t eady-s t a t e  potent ios ta t ic  
polar iza t ion  curve ob ta ined  for  the catalyzed, system. 
The unca ta lyzed  curve is not shown because  i t  is so 
s imi la r  to the ca ta lyzed case tha t  i t  would  c lu t te r  Fig. 
1. As in the  constant  cur ren t  case, the constant  po-  
ten t ia l  curve exhibi ts  three  l inear  sections separa ted  by  
two l imi t ing  current  regions. At  the  ve ry  high cur ren t  
densit ies,  the la rge  swing  in cur ren t  (negat ive  res is t -  
ance region)  testifies to the  change in a rea  produced  by  
the deposi t ion of the  Cr layer .  

In Fig. 2, the f ami ly  of cyclic vo l t ammograms  (be-  
tween  --200-1500 mV) for  a P t  bead e lect rode in un-  
ca ta lyzed 2.5M chromic acid i~ presented  as a function 
of the  potent ia l  sweep speed f rom 100 (outs ide curve)  
to 17 mV/sec  ( innermost  curve)  in steps of 17 mV/sec.  
Since the peak  currents  for each peak  on the potent ia l  
scan is a l inear  funct ion of the  sweep  speed, the elec-  
t rochemical  processes responsible  for  the  cur ren t  peaks  

occur at  the  e lec t rode  surface and are  not due to the 
diffusion of impur i t ies  f rom the bu lk  solut ion (17). 

The main  peaks on the anodic-going  sweep are 
identif ied by  the Roman numera l s  wi th  the subscr ip t  H 
in the hydrogen  region and O in the oxygen  region.  A 
s imi la r  nota t ion is used for  the  ca thodic-going sweep 
with  a dis t inguishing p r ime  added.  

F igure  3 contains the f ami ly  of cyclic vo l t ammograms  
obta ined  by  shor ten ing  the poten t ia l  scan range  in steps 
of 100 mV beginning  at the cathodic end. Consider  now 
the changes in the  vo l t ammogram p a t t e r n  as the sweep 
range  is shortened.  By s ta r t ing  at  100 mV, both IH and 
II~ d isappear  and so one can associate IH and IIH with  
In'. For  those traces beginning at potent ia ls  cathodic 
to IVo', l i t t le  change takes place in the  shape of IIo, 
IIIo, and IVo but  wi th  potent ia ls  anodic  to IVo', IIo, and 
IVo r ap id ly  decrease  whi le  IIIo becomes more  distinct.  
The peak  IIIo d isappears  on traces begun at ve ry  an-  
odic potent ia ls  (above 1000 mV) .  Consequently,  peaks  
IIo and IVo are  associated wi th  IVo' and IIIo is asso- 
ciated wi th  peaks  Io', IIo', and IIIo'.  

When one shortens the potent ia l  range  scanned f rom 
the anodic end in 100 mV steps, the  f ami ly  of cyclic 
vo l t ammograms  p ic tu red  in Fig. 4 is obtained.  As one 
progesses from traces scanned up to 1500 mV to those 
scanned to 1300 mV, IVo', becomes less and shifts  to 
the right.  The t race  at  1200 mV exhibi ts  only  IVo' 
shif ted far  to the  r ight  on the cathodic scan since Io', 
IIo', and IIIo',  d isappear .  But two hydrogen  adsorpt ion  
peaks,  Ix '  and IIH' appear .  Under  these condit ions 
enough ox ide - f ree  Pt  sites are  avai lab le  so that  the 
two hydrogen  adsorpt ion  sties on Pt  (17-20) can be 
observed.  When the poten t ia l  was scanned to only 1000 
mV," the  ca thodic-going  t race fel l  a b r u p t l y  to ve ry  
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Fig. 3. Family of cyclic voltammograms obtained on Pt in un- 
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5OO 

25C 

I I I I I 

" Tb 

u -22 1/'o 

~ -500 
< 

l l i i I i ~I I I I L I i 
-0 2 0 02 0.4 06 08 10 

POTENTIAL vs SCE (V) 

I I I i I I I I I I I q  

~~ 

I I I [ 
1.2 1,4 

Fig. 2. Family of cyclic voltammograms obtained on Pt in un- 
catalyzed 2.5M chromic acid as a function of the sweep speed 
(100, 83, 67, 50, 33, and 17 mV/sec); 100 mV/sec curve is out- 
side curve; Roman numerals identify major peaks. 

I 

-0.2 0 0.2 04 0.6 0.8 10 1,2 1.4 
POTENTIAL vs SCE (V) 

Fig. 4. Family of cyclic voltammograms obtained on Pt in un- 
catalyzed 2.5M chromic acid obtained by decreasing the potential 
range scanned from the anodic end in steps of 100 inV. 
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l a rge  cathodic currents  in the  hydrogen  region. Since 
the Pt  surface remains  reduced  in this potent ia l  range,  
H2 gas is v ,gorously  evolved accounting for this high 
cathodic current .  Vo l t ammograms  swept  be tween  --200 
mV and potent ia ls  below 900 mV show l i t t le  or  no 
s t ruc tu re  since the main  e lec t rochemical  react ion is the  
reduct ion  of H + ion or  the oxida t ion  of H2. 

F r o m  a considerat ion of the da ta  in Fig. 1-4, the 
fol lowing accnunt of the behav ior  of P t  in pure  chromic 
acid may  be proposed.  As P t  is anodized in Fig. 2 f rom 
--200 mV, one observes the  desorpt ion  of hydrogen  
f rom two adsorpt ion  sites on Pt  indica ted  by  peak  IH 
and IIH in agreemer~t wi th  the  l i t e ra tu re  (18). A t  more 
anodic potent ials ,  po lychromate  species become ab-  
sorbed on the P t  surface wi th  the appearance  of Io on 
the vo l tammogram,  and with  fu r the r  increasing anodic 
potent ial ,  the Pt  surface  becomes oxidized wi th  a l aye r  
of P t -O  (21) producing  the peak  IIo. Po lychromat ic  
species m a y  complex  wi th  this absorbed oxygen layer  
(5, 6) producing  the diffuse peak  IIIo. Above 1300 mV, 
P t -O sites m a y  be oxidized to Pro2 and oxygen is 
evolved on the PtO2 l aye r  giving rise to peak  IVo. 

At  1500 mV, the potent ia l  is reversed  and the ca th-  
odic t race is obtained.  Below 1100 mV, the oxygen ad-  
sorbed dur ing  the anodic-going,  sweep is reduced and 
the reduct ion  or  desorpt ion  of the  var ious  components  
of the  oxide  l a y e r  genera te  a series of peaks Io', IIo', 
IIIo '  and IVo'. Guided by  the da ta  in Fig. 4, Io', IIo'  and 
IIIo '  a re  associated wi th  the reduct ion  or  desorpt ion of 
the po lychromate  complexes  since such s t ruc ture  is 
not observed on vo l t ammograms  obta ined on P t  in 
H2SO4 or  H F  (17-20). The IVo' peak  may  be  genera ted  
by  the reduct ion  of P t  oxides and any oxygen dissolved 
in the  P t  me ta l  produced by  anodizat ion above 1000 
mV (7, 8). Because the  overvol tage  for the reduct ion 
of the oxygen  layers  on P t  in chromic acid is so h igh  
( large  shift  be tween  anodic oxida t ion  peaks  and the  
corresponding cathodic reduct ion  peaks) ,  the  oxygen 
desorpt ion region over laps  into the  hydrogen  adsorp-  
t ion region and only one broad  hydrogen  adsorpt ion  
peak,  IH', appears .  I t  is noted that  these oxygen  desorp-  
t ion and hydrogen  adsorpt ion  peaks  r ide on a r e la t ive ly  
la rge  background  cu r ren t  on the ca thodic-going  sweep. 
This background  cur ren t  is the resul t  of the  reduct ion 
of Cr VI to Cr I I I  (Eq. . [2]  and  [4]) .  Such a back-  
ground cur ren t  is not  observed  on the anodic-going 
sweep because i t  is not  possible on Pt  to oxidize the  
[Cr (H20) 6] +3 ion back  to Cr VI. 

The fami ly  of cyclic vo l t ammograms  obta ined by  
va ry ing  the sweep speed ( f rom 100 to 17 mV/sec)  on 
a P t - b e a d  electrode in sul fa te  ca ta lyzed chromic acid 
(CrOJHeSO4 = 100/1) is recoded in Fig. 5. As before  
the l inear  dependence  of the  peak  cur ren t  on the  sweep 
speed for  the  var ious  peaks  indicates  tha t  the e lec t ro-  
chemical  react ions involved occur at  the P t  surface and 

are  not  the resul t  of diffusion of impur i t ies  from the 
bu lk  solution. One observes that  the anodic-going  scan 
contains only a s ingle peak  at  1100 mV besides the 
oxygen evolut ion peak  IVo. I t  is des ignated  as Vo. On 
the ca thodic-going  trace, however ,  al l  four  of the  oxy-  
gen des0rpt ion peaks  are evident.  Below 300 mV, the 
cur ren t  shifts a b r u p t l y  to ve ry  la rge  cathodic values 
where  meta l l ic  Cr is deposi ted along wi th  large  
amounts  of hydrogen  (cur ren t  efficiency for Cr deposi-  
t ion (1, 11) is less than  15%). When --200 mV is 
reached,  the potent ia l  is reversed  to the  anodic-going 
sweep, not  on a P t  surface but  on a Cr -p l a t ed  Pt  sur~, 
face. Consequently,  in the  hydrogen  region,  there  is 
not any  s t ruc ture  to the  trace, which may  indicate  tha t  
specific sites for  h sd rogen  adsorpt ion  or  desorpt ion do 
not  exist  on the  Cr -p l a t ed  surface as on a pure  P t  
surface (17-19). 

The fami ly  of curves  obta ined by  shor tening the 
sweep - r ange  of po ten t ia l  f rom the cathodic end in 100 
mV steps is presented  in Fig. 6. As long as the  poten t ia l  
sweep is in i t ia ted  be low 300 mV where  Cr deposi t ion 
takes place, peak  Vo remains  prominent .  On the scan 
in i t ia ted  at  300 mV, Vo disappears  and in its place ap-  
pears  IIo and IIIo as in Fig. 3. Accordingly ,  Vo may  
be associated wi th  remova l  or dissolut ion of the  Cr 
deposit  la id  down on the Pt  surface dur ing  the ca th-  
odic sweep. For  this reason, peaks  Io' to IVo' ap-  
pear  on the ca thodic-going sweep in Fig. 5, because 
the Cr deposi t  is r emoved  at potent ia ls  above 1200 
mV and O2 is evolved on the oxidized Pt  surface.  
If  the e lect rode of Fig. 5 is cycled no lower  than 
300 mV, the  anodic-going  trace exhibi ts  the  expected  
oxida t ion  of the P t  surface  leading to 02 evolut ion 
as observed in Fig. 3. Cyclic vo l t ammograms  in i t ia ted  
at potent ia ls  above 300 mV have  the same s t ruc ture  as 
the  corresponding ones recorded in Fig. 3, and so, the  
same in terpre ta t ion .  

In  Fig. 7 is d i sp layed  the fami ly  of cyclic vo l t ammo-  
grams obta ined  when the scanning  range  is shor tened 
f rom the anodic end in 100 mV steps. When the elec-  
t rode  is cycled to potent ia ls  above 1200 mV where  the 
Cr deposi t  is removed,  one observes the same behavior  
of the  four  oxygen  desorpt ion  peaks  on the ca thodic-  
going t race  as that  in Fig. 4, but  when  cycled to po-  
tent ia ls  be low 1000 mV where  the Cr deposi t  is not  
removed,  the  vo l t ammograms  exhib i t  l i t t le  s t ructure .  
Cycling be tween  300-1000 mV, the main  e lec t rochemi-  
cal process is the reduct ion  of Cr VI to Cr III.  

In both ca ta lyzed and unca ta lyzed  chromic acid a 
ma jo r  por t ion of the  cur ren t  is consumed in H2 evolu-  
t ion and the reduct ion of HCr3OI0- ion to t r iva len t  Cr 
at P t  cathodes.  In  the ca ta lyzed case, however ,  hexa -  
va lent  Cr is reduced  to meta l l ic  Cr at the  expense of 
H2 evolut ion and reduct ion  of Cr VI to Cr I I I  since the  
background  cur ren t  is less in Fig. 5 than  in Fig. 2 in 
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agreement  wi th  mass balance  measurements  carr ied  
out  by  Griffin (11). 

I t  is concluded f rom this work  that  the  rest  potent ia l  
at  a P t  e lec t rode  in N2-sa tura ted  chromic acid solu-  
t ions (wi th  or wi thout  H2SO4 addi t ions)  is a mixed  
poten t ia l  ar is ing f rom a local  cell  composed of the 
anodic oxida t ion  of P t  and the cathodic reduct ion of 
the t r i ch romate  ion (HCraOlo- ) .  In  the absence of 
sulfate,  the  main  products  of the  reduct ion  of chromic 
acid at a P t  cathode are  the evolut ion H2 and the gen-  
era t ion of t r iva len t  Cr (Fig. 2). At  high enough cur-  
rent  densit ies,  a deposi t  of b rown Cr smut  or  b lack  Cr 
may  be obta ined  (Fig. 1). Wi th  sulfate  present ,  r educ-  
t ion of chromic acid leads to meta l l ic  Cr at the  ex-  
pense of the  reduct ion to t r iva len t  Cr  and H2 evolution.  
The reduct ion  of an oxidized P t  surface  is more  diffi- 
cult  (h igher  overvol tage)  in chromic acid than  in 
H~SO4 or  HF. Apparen t ly ,  po lychromates  can complex  
with  the  oxidized P t  surface.  Al though the reduct ion  
of hexava len t  Cr to t r iva len t  occurs read i ly  at a P t  
cathode, the  reverse  does not  at  a P t  anode because 
the overvol tage  for the  oxidat ion  of [Cr(HeO)6] +8 ion 
is g rea te r  than that  for 02 evolution.  Fo r  this reason 
in commercia l  Cr p la t ing  practice,  a PbO2 anode is 
used to control  the  Cr+3-content  of the ba th  by  oxidiz-  
ing t r iva len t  Cr to hexava len t  at  a surface ( P b Q )  
having  a ve ry  h igh  02 overvol tage.  
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Electrodeposition of Niobium-Germanium Alloys from Molten 
Fluorides 

U. Cohen *,1 

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

ABSTRACT 

Niobium-germanium alloys were obtained by electrodeposition from molten fluoride solutions containing 5 mol per- 
cent of K2NbFT, and various concentrations of K2GeF, in the KF-LiF eutectic solvent. The molten bath  temperature was 
typically about 750~ Cathodes (or substrates) were made of Mo and W foils, and a Ge sheet was used as a dissolving anode. 
Stable growth deposits were obtained of the intermetallic compounds NbGe2, Nb~Ge2, Nb~Ge3, and their phase-mixtures b y  
varying the germanium ion concentration in the molten bath. Germanium was found to be more noble than niobium in the 
molten fluoride bath, thus facilitating the deposition of germanium rich alloys. The superconducting compound, Nb3Ge, 
however, could not be obtained as a single-phase deposit. It was obtained only as a minor consti tuent in certain phase- 
mixtures when operating under  extreme conditions. 

The Nb-Ge  system received mu.ch attention, since 
the intermetal l ic  compound Nb3Ge was shown (1, 2) 
to possess the highest known superconduct ing t ransi-  
t ion temperature,  Te ~_ 23.2 K. This compound (as 
well as the other A-15 superconductors)  is highly 
bri t t le  and nonmachinable .  Convent ional  metal lurgical  
techniques such as mel t ing and casting, roll ing and 
extrusion, and wi re -drawing  are, therefore, inadequate 
for its fabrication. Electroplating of the NbsGe com- 
pound and other A-15 superconductors might be of 
great technological significance. 

The so-called "stoichiometric" A-15 superconductors 
Nb~Sn, V~Si, and V~Ga, which are stable at their stoi- 
chiometric composition [75:25 mol percent  (m/o)  ], can 
be produced by several  techniques such as chemical 
vapor ,deposition (3, 4), dipping-diffusion (5), and dif-  
fusion through a copper-matr ix  medium (6-8). The 
"nonstoichiometri.c" superconductors such as Nb3A1, 
NbaGe, and Nb~Si, appear to be more difficult to pro- 
duce with homogeneous and reproducible properties. 
Several  studies suggest that  the stoichiometric com- 
position Nb~Ge is thermodynamical ly  unstable  below 
about 800~176 when in the pure state (9, 10). The 
thin films of the stoichiometric compound with high 
Tc, obtained at lower temperatures,  are believed to be 
stabilized by impurities,  crystal .defects, and interfacial  
energy. 

Molten alkali  fluorides, due to their  high decomposi- 
t ion potentials (>3V) (11, 12), provide inert  media 
suitable for electrodeposition of many  metals and 
alloys that  cannot  be obtained from aqueous electro- 
lytes. This, and other at tractive features of the alkali  
fluoride solvents, have been discussed previously (11, 
13). A general  method of electroplating coherent  and 
dense coatings of the refractory metals from all-fluo- 
r ide electrolytes was developed by Senderoff and Mel- 
lors (14-18). In particular,  they studied n iobium (14, 
15), which was fur ther  investigated by Cohen (11, 19). 
An all-fluoride bath was also used by Cohen to obtain 
coherent coatings of high pur i ty  Si (11, 20-23). In te r -  
metall ic compounds were also electrodeposited from 
molten fluorides. Senderoff and Mellors (18) men-  
tioned obta ining the compound VsSi from an all-fluo- 
ride electrolyte, but  gave no details. Several  binary,  
ternary,  and qua te rnary  alloys were obtained by Cohen 
(11). They included V-Si, ~ b - S n ,  Nb-Ge,  Ge-Ni, Nb- 
Sn-Ni(substrate),  Nb-Ge-Ni(subst . ) ,  Nb-Ge-Cu(subst . ) ,  
Ge-Fe-Ni  (subst.),  and Nb-Ge-Fe -Ni  (substrate) .  

The present  paper describes the conditions found 
suitable to obtain stable growth deposits of the Nb-Ge 
compounds and their  phase mixtures.  

* Electrochemical  Society Active Member. 
x Present  address: MPI, Santa Clara, California 95051. 
Key words: alloy eleetrodeposition, fused salts, superconduc- 

tivity. 

Experimental 
The exper imental  setup has been described in detail 

elsewhere (11, 22). Solutions of ei ther 5 or 80 m/o  
KeNbF7 in the KF-L iF  eutectic solvent were prepared 
in the m a n n e r  previously described (11, 19). A salt 
mixture  containing 47.5 m/o LiF, 37.5 m/o  KF, 5 m/o  
K2NbF7, and 10 m/o  KHF~ was first melted under  
vacuum. This was followed by purging the melt  with 
purified helium, the equi l ibrat ion of the n iob ium val-  
ences with a n iobium sheet (11, 19), and purification 
by prolonged electrolysis onto a sacrificial cathode. 
The electrodes were then removed, and the melt  was 
cooled to room temperature.  A weighed amount  of 
K2GeF6 salt was then introduced into the crucible 
through a long funnel .  Remel t ing under  vacuum and 
admit t ing  hel ium completed the procedure for solution 
preparation.  

Exper iments  were performed with various metal  
substrates as cathodes, bu t  best results were obtained 
with a Mo foil. A Ge sheet was used as a dissolving 
anode, and the redox electrode Mo/ N b( I V ) ,Nb(V)  
was used as a quasi-reference electrode. 2 Trans ient  
techniques such as cyclic vol tammetry  and chrono- 
potentiometry,  were utilized for the electrochemical 
investigation of the solutions. A typical electrodepo- 
sition r un  was preceded by obtaining several  cyclic 
vol tammograms to reveal the potent ial  regions of in-  
terest. Electrodeposition runs  were mostly of the 
s teady-state  potential  (potentiostatic) type, but  other 
modes such as steady-state current,  cyclic sweeping 
(current  or potent ial  controlled),  as well as cyclic 
pulsat ing (current  or potential  controlled) were also 
used. 

The samnles deposited were subject  to analyses by 
x - ray  diffraction (XRD), x - ray  fluorescence (XRF),  
metallograohy, electron microprobe (EM), scanning 
electron microscopy (SEM), and superconduct ing mea-  
surements.  Rough estimates were also made of the 
deposit adherence and morphology. 

Results and Discussion 
Germanium was found to be more noble than  nio-  

b ium in the fluoride melts. Immers ion  of Nb metal  in 
melts containing K2GeF6 salt  yielded spontaneous dis- 
p lacement  of ge rmanium from the solutions to v i r tua l ly  
zero concentration. Subsequent  electrolysis from such 
solutions yielded Nb exclusively. The displacement re-  
action is believed to be 

Nb ~ -5 Ge(IV) --> Nb( IV)  -5 Ge ~ [1] 

The immersed Nb metal  lost weight and was typical ly 

The potential of this electrode is not well defined [cf. Foot- 
note 2 in Ref. (19)]. However, the potential  of this electrode 
reaches  a steady.state value after a few minutes of immersion,  
and is stable (within -4- 1 mV) over periods of several  days. 
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covered wi th  some al loy conta ining Ge. Ut i l izat ion of 
Nb meta l  as a d issolving anode  in such mel ts  was thus  
excluded.  However ,  Ge meta l  was found su i tab le  for  
this purpose.  

The dependence  of  the  deposi ted  N b - G e  a l loy  com- 
posi t ion on the ba th  composit ion,  t empera tu re ,  and 
the ind iv idua l  e lec t rode  potent ia ls  is given (11, 24) 
b y  

( age ) = ( a a e ( I v )  ) 

aNb aNb(IV) 

�9 exp ~ (E~ -'}" 'l~Ge - -  E~ - -  ~lHb) [2]  

Here  ace and aNb are  the  a l loy act ivi t ies  of ge rman ium 
and niobium,  respect ively ,  in the deposi ted alloy, and 
ace(IV) and aNb(IV) are  the  act ivi t ies  of the  respec t ive  
ions in the bu lk  of the solution. R and F are  the gas 
and F a r a d a y ' s  constants,  respect ively .  EOoe and E~ 
are  the  s t anda rd  electrode potent ia ls  defined for the  
s t andard  s ta tes  (pure  substances) ,  for  which ace --= 
aGe(IV) ~ 1 and aNb ~ aNb(IV) ~- 1, respect ively .  ~]Ge 
and 7]N b are  the to ta l  ind iv idua l  polar iza t ions  ( includ-  
ing ac t iva t ion  and concentra t ion polar iza t ion  te rms)  of 
ge rman ium and niobium,  respect ively.  Note tha t  for 
a l l  cathodic processes, the polar iza t ion  terms must  be 
negat ive :  ~]ce, ~]Nb ~ 0. Also, since Ge was found to be 
more  noble than  Nb, E~ --  E~ ~ 0. Thus Eq. [2] 
indicates  tha t  the  rat io  G e / N b  in the  deposi ted al loy 
is l a rge r  than the ion concentra t ion ra t io  Ge(IV)/Nb(IV)  
in the solution, when opera t ing  under  condit ions close 
to equ i l ib r ium (~]ce ~ 7]Nb ~ 0 ) .  In o rder  to obta in  
al loys r icher  in niobium, one may  consider  the fo l low-  
ing routes:  (i) decrease  the ion concentra t ion rat io  in 
the solution, (ii) ra ise  the opera t ing  t empera tu re  and, 
(ii i)  increase cathodic po lar iza t ion  in hope that  it  
wil l  affect ~]Ce more  than 7~Nb ( through concentra t ion 
polar iza t ion) .  

Locating the potential regions of interest.--Figure 
la  shows a typical  cyclic vo l t ammogram obta ined f rom 
an equi l ib ra ted  solut ion of n iob ium alone. In  com- 
parison,  Fig. lb  shows the effect of addin~ 0.18 m/o  
of K2GeF,  salt .  Obviously,  the  r edox  poten t ia l  of the  
quas i - re fe rence  e lec t rode  shif ted by  about  260 mV 
towards  a more  posi t ive (anodic)  value.  This shift  is 
p r o b a b l y  due  to the  es tab l i shment  of a new equi l ib-  
r ium wi th  the  dissolving anode 

Ge ~ 4- G e ( I V )  = 2Ge( I I )  [3] 

The shift  magni tude  increased with  the increase of 
the  ge rman ium sa l t  concentrat ion.  Note also that  whi le  
a Cu-foi l  was used for  the redox e lec t rode  of Fig. !a, 
an Mo-foi l  was used in Fig. lb.  Cu was found to be 
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Fig. lb. Cyclic voltammogram of a solution containing 5 m/o 
K2NbF7 and 0.18 m/o K2,GeFe. Mo-working electrode (2 cm~), Go- 
counter electrode, and Mo/Nb(V),Nb(IV) quasi-reference elec- 
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incompat ib le  in ge rman ium-con ta in ing  solutions, due 
to its stow al loying with  Ge. 

Two dis t ract  waves  are  seen in Fig. lb.  The first 
s tar ts  at  about  --60 mV, and the second at  about  
--300 mV. The anodic peak  at  --165 mV, in Fig. lb ,  
comple te ly  d i sappeared  when  the scanned poten t ia l  
range did not  cover the second cathodic wave  (i.e., be-  
yond about  --300 mV) .  S imi lar ly ,  the  o ther  anodic 
peaks  ( located around zero mV) also d i sappeared  when  
the scanned poten t ia l  range did not  reach the first 
cathodic wave  (at about  --60 mV) .  Electrolysis  under  
constant  cathodic potent ia l  (potent ios ta t ic  control  at  
potent ia ls  cor responding to the first cathodic wave  
(a t  about  --60 mV y ie lded  deposi ts  of var ious  N b - G e  
compounds;  the pa r t i cu la r  compound(s )  being a func-  
t ion of the concentra t ion and tempera ture .  Electrolysis  
at potent ia ls  cor responding to the second wave  (a t  
about  --300 mV) y ie lded  a ve ry  thin t rans ien t  l aye r  
of N b - G e  alloy, fol lowed by  a n iobium layer .  Elec-  
t rolysis  at  potent ia ls  corresponding to the  p la teau  be -  
tween the two cathodic waves  resul ted  in ve ry  thin 
adheren t  layers  (less than  1 ~m th ick) ,  arid loose 
powders  or  dendr i tes  of the same compound(s )  ob-  
ta ined  at the edge of the first wave. 

I t  is concluded that,  the  first cathodic wave  (a t  
about  --60 mV) is due to the s imul taneous  codeposi t ion 
of N b - G e  compound( s ) ,  and tha t  its corresponding 
anodic peaks  (at  about  zero mV) are  due to the s tep-  
wise anodic s t r ipp ing  of the  Nb-Ge  deposit.  The second 
cathodic wave  (a t  about  --300 mV) and its cor re-  
sponding anodic peak  (at  about  --165 mV) a re  a t -  
t r ibu ted  to the  e lect rodeposi t ion and e lect ros t r ipping,  
respect ively ,  of Nb metal .  

Re la t ive ly  r ich ge rman ium solutions revea led  more  
than  one step (peak)  on the first cathodic wave  (cf. 
Fig. l c ) .  I t  was found tha t  each step corresponded to 
the  deposi t ion of a cer ta in  N b - G e  al loy:  The more  
cathodic  the  step, the  r icher  the  a l loy in Nb. Cyclic 
vo l t ammograms  of lower  ge rman ium concentra t ions  
revea led  only one s tep  on the  first cathodic wave  (cf. 
Fig. l d ) .  Potent ios ta t ic  e lectrolysis  a t  this  step y ie lded  
the al loys r icher  in Nb (Nb3Ge2, NbsGes, or  Nb~Ge3 + 
Nb3Ge mix tu re ) .  At  least  two anodic peaks  cor respond-  
ing to the  first cathodic wave  were  a lways  observed.  
The re l a t ive  magni tude ,  separat ion,  and locat ion of 
the  peaks  were  dependen t  t~pon the scanning ra te ,  
t empera ture ,  and solut ion concentrat ion.  

N b - G e  deposi ts  wi th  a s tab le  growth  interface  were  
only  obta ined when the  opera t ing  cathodic oo ten t ia l  
corresponded to the base of the  first s tep (peak) .  Elec-  
t rolysis  at potent ia ls  more  cathodic than  about  E,/2 
y ie lded  deposits  of a th ickness - l imi ted  nature ,  every- 
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Fig. Ic, Cyclic voltammogram of the first cathodic wave. Solu- 
tion containing 5 m/o g2NbF7 and 0.16 m/o K2GeF6. Electrodes as 
in Fig. 2. T - -  707~ 

tu.ally deve lop ing  into dendr i tes  and powders .  The 
exact  potent ia l  region at  which to opera te  was de te r -  
mined  by  tak ing  severa l  cyclic vo l t ammograms  pr ior  
to each electrolysis  run.  

Typical  condit ions for the s tab le  growth  of the v a r i -  
ous N b - G e  phases a re  summar ized  in Table  I. This 
table  is not  an exhaus t ive  l ist  of the  bulk  of the data, 
and is only  given for  the purpose  of demonstra t ion.  In  
most  of these exper iments ,  Mo str ips  o~ 1 cm wid th  
and 0.5 m m  thickness  were  used as substrates .  They 
were  exposed on both sides and were  usual ly  immersed  
to about  1 cm depth  in the melt ,  thus exposing a total  
surface  a rea  of about  2 cm~. Coatings wi th  a thickness  
of more  than  100 ~m were  obtained.  

NbGe~.--This compound was deposi ted f rom the 
r e l a t ive ly  r ich ge rman ium solutions. F igure  2 shows 
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Fig. ld. Cyclic voltammograms showing the first cathodic wave 

composed of one step (peak) only. Solution containing 5 m/o 
K2NbF7 and 0.08 m/o K2GeF6. Electrodes as in Fig. 2. T - -  756~ 

the coat ing surface.  Note the  growth  of ind iv idua l  
crystal l i tes .  This suggests  a smal l  nucleat ion f requency  
and therefore  easy s ing le -c rys ta l  growth.  The com- 
pound was obta ined  by  electrolysis  w i th  a constant  
cathodic potent ia l  corresponding to the base  (--18 mV) 
of the  first s tep on the first .cathodic wave  shown in 
Fig. lc  (see also Table  I ) .  

NbsGez.--This compound was obta ined  f rom the r e l a -  
t ive ly  r ich ge rman ium solutions when electrolyzing 
wi th  constant  cathodic potent ia ls  corresponding to the 
second s tep  ( - -54 to --90 mV) of Fig. lc. This p ro -  
cedure, however ,  resul ted  in th ickness - l imi ted  coatings 
which began  to .deteriorate af ter  a thickness  of severa l  
m~crons. NbGe2 crystal lJtes were  occasional ly  ob-  
served in these coatings. A be t t e r  p rocedure  was to 
ut i l ize an in te rmedia te  ge rmanium concentra t ion and 
electrolyze at  the base of the  s ingle-s tep  first cathodic 

Table I, Stable Hb-Ge compound codeposition 

Bath  AUoyb, e X-ray 
composition Tempera- EleetricaP composition diffraction Tc 

( m / o )  t u r e  (~ s ignal  ( m / o )  analysis  (~  R e m a r k s  

NbGe2 Nb 5.0{)0 707 -- 2 Cons tan t  Nb 34.0-34.5 NbGe2 
Ge 0.161 ~ = - 1 8  m V  Ge 66.0-65.5 

NbGe2/Nb~Ge~ Nb 5.000 703 • 2 Cons tan t  Nb 57.8-63.5 NbGe~ 
Ge 0.053 ~ -- - 3 0  m V  Ge 42.2-36.5 Nb~Ges 

Nb 36.7 
Ge 63.3 

NbsGem Nb 5.000 758 • 2 Constant  Nb  60.8-61.2 NbsGe~ 
Ge 0.050 ~ = - 3 5  m V  Ge 39.2-38.8 

NbsGeJNbsGe~ Nb 5.000 667 • 2 Cons tan t  Nb 59.4-65.7 Nb3Ge2 
Ge 0.077 # = - 3 9  mV Ge 40.6-34.3 NbsGe~ 

NbsGe~ Nb 5,0~)0 707 -~ 2 Cons tan t  Nb 63,5-65.4 NbsGes 
Ge 0.642 ~ = - 4 5  m V  Ge 36.5-34.6 

NbsGe~/N-bsGo Nb 5.000 816 ~ 2 Cons tan t  Nb 65.2-63.8 Nb~Ges 
Ge 0.059 ~/ = - 4 2  m V  Ge 34.8-31.2 and min o r  

Nb~Ge 
Nl}3Ge/Nb Nb 5.000 769 Constant  Nb > 95 Nb and 

Ge 0.150 ~ = -350  mV Ge < 5 min o r  
Nb~Ge 

Nb Nb 5.000 751 -~ 2 Constant  Nb ~ 100.0 Nb 
Ge 0.000 i = 5 m A / c m  s Ge ~ 0.0 

8.8-9.2 
9.2-9.3 

8.8-9.2 

Ind iv idua l  crysta l l i tes  

Separate  m i c r o p r o b e  analysis  
of  the  t w o  phase  reg ions  

V e r y  c o m m o n  m i x t u r e  

V e r y  shor t  run .  Condit ions  of  
opera t ion  v e r y  r e m o t e  f r o m  
equ i l ib r ium 

m Constant  cathodic  potent ia l  v e r s u s  the  r e f e r e n c e  e t ec trode  M o / N b ( V ) ,  N b ( I V ) .  
b E l ec t ron  m i c r o p r o b e  chemica l  analysis  w i th  spot  reso lu t ion  u p  to 1 ~m, a~d precis ion of • 5% of the  c i ted concen t ra t ion .  

Sto ieh iometr i c  compos i t ion  of  the  var ious  compounds:  NbGe~ (33.3-66.7 % ) ; Nb~Ge2 (60-40%) ; Nb~Ge~ ( 62.5-37.5% ) ; Nb3Ge (75-25%). 
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Fig. 2. SEM showing individual crystallites of NbGe2 

wave (such as shown in Fig. l d ) .  F igure  3 shows the 
coat ing sur face  of the  s ing le -phase  Nb3Ge2, which was 
ob ta ined  by  e lec t rolyzing at  --35 mV wi th  the  l a t t e r  
p rocedure  (cf. Table  I ) .  

NbsGe3.--This compound was p repa red  f rom the low 
ge rman ium concentra t ion  solut ions b y  e lec t rolyzing 
unde r  a constant  po ten t ia l  corresponding to the  base  
of a s ing le -s tep  first cathodic wave.  F igure  4 shows 
the coat ing sur face  of  this compound obta ined  at  --45 
mV (cf. Table  I ) .  

Phase-mixtures.--The fol lowing phase -mix tu re s  were  
obta ined  under  var ious  opera t ing  condit ions as sum-  
mar ized  in Table  I. Notice that  of ten in such mix tu res  
the  crys ta l l i tes  a p p e a r  to be more  rounded  and lack  the 

sha rp  angles and fiat facets of the  s ing le -phase  coat-  
ing surfaces. 

NbGe2 ~ NbsGe~.--A coat ing surface  of this mix tu re  
is shown in Fig. 5. The la rge  ind iv idua l  crys ta l l i tes  are  
the NbGe2 compound,  and the fiat uni form coating is 
Nb3Ge2. This was confirmed b y  e lect ron microprobe  
and XRD analyses.  

Nb~Ge~ ~ Nb~Ge3.--A coat ing surface  of this  m ix tu r e  
is shown in Fig. 6. Notice the  rounded  appearance  of 
the  crys ta l  l i tes and the spreading  of smal l  p i m p l e - l i k e  
par t ic les  on the l a rge r  crystal l i tes .  I t  is not  known 
whe the r  these are a secondary  nuclea t ion  or  the  sec-  
ond phase. 

Nb~Ges ~ NbsGe.--A m i x t u r e  wi th  Nb3Ge as the 
minor  const i tuent  was deposi ted under  s imi la r  condi-  
tions to those of NbsGea (cf. Table  I ) .  A h igher  t em-  
pera ture ,  however ,  was used (T --  815~ F igure  7 
shows the coating surface of this mixture .  I t  is not 
ye t  c lear  whe the r  the smal l  par t ic les  which are  sp read  
about  on the l a rge r  crys ta l l i tes  a re  secondary  nuclei  
or  the  second phase (Nb3Ge). 

Nb3Ge ~- Nb. - -Mix tu re s  wi th  the NbsGe as the 
minor  const i tuent  could be obta ined under  ex t reme  
conditions of polarizat ion.  Electrolysis  under  constant  
cathodic potent ia ls  corresponding to the base of the  

Fig. 3. SEM of Hb3Ge~ coating surface 

Fig. 4. SEM of NbsGe3 coating surface 

Fig. 5. S,EM of the mixture NbGe~ -t- Hb3Ge2 coating surface. 
The large crystallites are the NbGe2 compound. The rest of the 
surface is composed of the Nb~Ge2 compound. 



1484 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE A N D  T E C H N O L O G Y  July 1983 

Fig. 6. SEM of the mixture Nb~Ge2 ~ Nb~Ge3 coating surface 

second cathodic wave,  or  s l ight ly  to its left, y ie lded  a 
ve ry  thin t rans ient  l aye r  under ly ing  a n iobium deposi t  
layer .  The t rans ient  layer ,  as verified by  XRD, con- 
ta ined the phase  Nb3Ge. A superconduct ing t rans i t ion  
t e m p e r a t u r e  was observed  for these coatings at  about  
9.3 K, jus t  above  the r egu la r  Nb t ransi t ion at 9.2 K. 

The deposi ted N b - G e  compounds were  character ized 
by  XRD for their  la t t ice  parameters ,  and by  e lect ron 
mic roprobe  for the i r  composit ion.  A leas t - square  com- 
pu te r  p rog ram was used to opt imize  the calculat ion of 
the la t t ice  parameters .  Table  II  compares  the presen t  
resul ts  wi th  values r epor ted  in the A S T M - P o w d e r -  
XRD file. The differences in the values  are  be l ieved to 
be due to the different  composit ions obta ined at  the 
lower  t empera tu re s  and more  in terna l  defects in the 
e lec t rodeposi ted  samples.  The ASTM values  a re  re~ 
por ted  for bulk  samples,  typ ica l ly  p repa red  at  much 
h igher  tempera tures .  

Attempts to obtain the NbzGe compound.~A sub-  
s tan t ia l  effort was devoted in a t tempts  to obta in  s ingle-  
phase Nb3Ge coatings. Al toge the r  about  130 exper i -  
ments  were  pe r fo rmed  towards  this goal. Quite dis-  
appoint ingly ,  they  were  a lways  unsuccessful.  

Most of these exper iments  were  character ized by  
large cathodic polarizat ion,  corresponding to the vic-  
in i ty  of the  second cathodic wave  (Nb) of Fig. lb.  
The purpose  was to increase the ra t io  of N b / G e  in the 
deposi t  by  ra is ing the concentra t ion polar izat ion of 
ge rmanium (cf. Eq. [2]).  The effect, however ,  was 
a lways  to produce  uns table  growth  of powders  and 
dendri tes ,  on top of a thin adheren t  layer .  

Fol lowing  the significant improvemen t  of Nb ola t ing 
ra te  and deposi t  morpho logy  (11, 19), a per iodic  re -  
versa l  (PR) technique  was a t t empted  in hope to 
improve  the Nb-Ge  deposi t  morpho logy  while  s t i l l  
ut i l izin~ la rge  cathodic polar izat ion.  The resul ts  were  
not conclusive. Typ ica l ly  a thin un i form and adheren t  
film (of less than  1 ~m) was found on the subs t ra te  
surface,  and a massive deposi t  ( "umbre l l a" )  grew 
pe rpend icu la r  to the  substrate ,  on top of the e lec t ro-  
lyte.  The difficulties encountered  are  be l ieved to be due 

Table II. Lattice parameters of Nb-Ge compounds 

A S T M  r e ~ o r t e d  P r e s e n t  w o r k  
( b u l k  p r e p a r e d )  ( e l e c t r o c h e m i c a l l y  p r e p a r e d )  

N b a G e  C u b i c  ( A )  C u b i c  ( A )  
ao ffi 5.168 ao = 5.14-5.17 

Nb~Ges T e t r a g o n a l  T e t r a ~ o n a l  
ao = 10,148 ao = 1 0 . 1 4 9 _  0.005 
Co = 5.152 Co = 5.(~85 ~-0 .010  

Nb~Ges H e x a g o n a l  H e x a g o n a l  
ao -- 7.718 ao = 7.774-----0.002 
Co = 5.370 Co = 5.380 _--_ 0.002 

N b G e ~  H e x a g o n a l  H e x a g o n a l  
ao = 4.966 ao = 4.964 ~ 0.006 
co = 6,781 co = 6.786 "4-0,009 

Fig. 7. $EM of the mixture NbsGe~ ~ Nb3Ga (minor) coating 
surface. 

to the  separa te  s t r ipping  potent ia ls  of the  var ious  
Nb-Ge  alloys (cf. Fig. lc  and d) .  A few exper imen t s  
were  a t t empted  wi th  a new cyclic mu l t i l aye red  a l loy 
(CMA) technique.  Here  the  idea was to cycl ical ly  
sweep or  s tep the  poten t ia l  be tween  the two l imits  
corresponding to the deposi t ion of the N b - G e  phase (s) 
and the Nb phase,  respect ively.  I t  was hoped that  a 
thin in te rmedia te  ( t rans ient )  l aye r  of Nb3Ge would 
be fo rmed  on each cycle be tween  the a l t e rna t ing  layers .  
Again  the  resul ts  were  inconclusive;  the  deposits  being 
essent ia l ly  s imi la r  to those ob ta ined  by  the PR tech-  
nique. 

According to Eq. [2], the  rat io N b / G e  in the  de-  
posi ted al loy might  also be increased by  rais ing the 
opera t ing  t e m p e r a t u r e  and by  the decrease  of the  ion 
concentra t ion rat io  G e ( I V ) / N b ( I V )  in the  solution. 
However  prac t ica l  l imits  are imposed on these two 
routes. Rapid  volat i l iza t ion and ba th  deple t ion  become 
subs tan t ia l  at t empera tu res  above about  850~ At -  
tempts  to opera te  at  815~ y ie lded  the phase -mix tu r e  
NbhGe3 + Nb3Ge, but  not the s ingle-phase  Nb3Ge (cf. 
Table  I ) .  A lower  l imi t  is imposed (11, 24) on the ion 
concentra t ion rat io due to e i ther  a lower  l imi t  of 
Ge ( IV)  concentra t ion or to a h igher  l imi t  of N b ( I V )  
concentrat ion.  As the  bu lk  concentra t ion of Ge ( IV)  is 
reduced,  i ts f luctuations near  the  cathode interface  be -  
come significant. Also, the avai lab le  deposi t ion ra te  
soon decreases to be low a prac t ica l  value.  At t empts  to 
s ta r t  deposi t ion f rom solutions containing no G e ( I V ) ,  
and cont inuously increase  i t  by  the anodic dissolution 
of a Ge sheet,  y ie lded  the phase Nb~Gea as the first 
deposit  to form. The other  remedy,  that  of increasing 
the Nb (IV) concentra t ion to its h igher  l imit ,  was also 
tr ied.  Exper iments  wi th  80 m/o  of K2NbF~ y ie lded  
essent ia l ly  ident ical  resul ts  to the 5 m/o  solution, wi th  
infer ior  qua l i ty  coatings as a rule.  Other  p roblems  en-  
countered  with  the  h ighIy concentra ted  solut ion are  
the high v~por pressure  and ba th  deplet ion,  and the 
high viscosity. The l a t t e r  is associated wi th  low ionic 
mobil i t ies  and slow deposi t ion rates.  Severa l  exper i -  
ments  wi th  80 m/o  K2NbF~ solutions, s tar t ing from 
zero Ge (IV) concentra t ion and cont inuously increas ing 
it b y  anodic dissolution of a Ge sheet,  again fa i led to 
yie ld  the  s ing le -phase  Nb2Ge deposit .  The first deposi t  
to form was a lways  too rich in germanium.  

I t  is now the author ' s  opinion that,  e lect rodeposi t ion 
of s ing le -phase  Nb3Ge coatings is not  feasible f rom the 
presen t  f luoride system. The main  h indrance  is a t -  
t r ibu ted  to the t he rmodynamic  ins tab i l i ty  of the  Nb3Ge 
phase, when in its pu re  state (9, 10). One might  specu-  
la te  that,  if not  for  the extensive Durification of the  
fluoride electrolytes .  ~a r t i eu la r ly  wi th  regard  to mois-  
ture  and oxide-containing_ traces, one could have  had  
a be t t e r  chance to achieve this goal. However ,  one mus t  
also consider  the  fact  tha t  ge rman ium is more  noble  
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than niobium in the fluoride melts and tends to de- 
posit preferentially.  Plating Nb-rich alloys, therefore, 
becomes more difficult as the ratio Nb/Ge increases. 
Moreover, electrodeposited alloys, in general, may dif- 
fer considerably from those of thermally  prepared 
alloys (i.e., cast alloys) in their phase-composition- 
ranges. Metastable st~persaturated phases are quite 
common, and the range of existence of other phases 
may be smaller, or the phase may not exist at all (25). 
Kinetic effects are usually of paramount  significance in 
alloy plating and may influence the electrodeposited 
phase(s)  considerably. 

Conclusions 
Electrodeposition of Nb-Ge alloys from molten fluo- 

ride electrolytes was demonstrated. Stable growth de- 
posits were obtained of the intermetallic compounds 
NbGe2, NbsGe2, NbsGe~, and their  phase-mixtures.  
However, the superconducting compound Nb3Ge could 
not be obtained as a single-phase deposit. It was ob- 
tained only as a minor constituent in certain phase- 
mixtures when operating under extreme conditions. 
Germanium was found to be more noble than niobium 
in the molten fluoride system, thus facilitating the dep- 
osition of Ge-rich alloys. 
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Measurement of Electroless Plating Rate by Coulostatic Method 
N. Sato,* M. Suzuki, and Y. Sato 
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Kanagawa, 210, Japan 

ABSTRACT 

The copper deposition rate in a production electroless copper plating bath was measured by the coulostatic method. 
The effects of the substrate material and the degree of bath aging on the measured parameters were investigated. The depo- 
sition current density iELp, obtained from weight gain data of the specimen, the double layer capacityCd, and the polarization 
resistance Rp measured by this method depended on the substrate material, while the proportionality constant K for con- 
version from R, to i ELP was almost constant. The dependence of i ELP, C d, and R p on the substrate material was interpreted in 
terms of the surface roughness of the substrate. The possibility of using this method for real time monitoring of electroless 
deposition rates was demonstrated by these results. 

In electroless deposition of metals, the deposition 
rate is thought to be one of the most important  pa-  
rameters for controlling plate quality and plating bath, 
as well as for understanding the deposition process. So 

i Electrochemical Society Active Member. 
Key words: deposition, plastics, transients, SEM. 

far, not many studies on deposition rate m e a s u r e m e n t s  
have been reported (1-8). 

In the previous paper (9), the coulostatic method 
was successfully applied in in situ measurements of 
copper and nickel plating rates. The r e s u l t s  i n d i c a t e d  
that the coulostatic method has the advantage that t h e  
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measuremen t  is ve ry  rap id  (wi th in  a few tens of mi l l i -  
seconds) and needs no correct ion for solut ion res is t -  
ance, which is essent ia l  in the  usual  l inear  polar iza t ion  
method (5). I t  was found tha t  the polar izat ion res is t -  
ance measured  b y  the coulostat ie  method  is inverse ly  
p ropor t iona l  to the  deposi t ion cur ren t  dens i ty  calcu-  
la ted f rom weight  gain da ta  and that  the p ropor t ion-  
a l i ty  constant  K var ies  wi th  the  k ind  of ba th  used. In  
the previous  s tudy,  no a t ten t ion  was pa id  to influences 
of addi t ives  and byproduc ts  accumula t ion  because 
p la t ing  baths  used were  composed of only  basic com- 
ponents,  namely,  meta l  ion to be  plated,  reducing agent  
and complexing  agent,  and also because the  per iod of 
each expe r imen ta l  run  was r e l a t ive ly  short .  In  p roduc-  
tion electroless baths,  however ,  it  is impossible  to 
avoid the  changes in the  concentra t ion of addi t ives  and 
the accumulat ion  of react ion byproducts ,  which br ing  
about  a change in solut ion p r o p e r t y  (10). 

T h i s  work  was unde r t aken  to de te rmine  whe ther  the 
quant i t a t ive  re la t ionship  found with  the  coulostatic 
method can be appl ied  under  such prac t ica l  conditions. 
Fu r the rmore ,  s tudies were  also made  on effects of sub-  
s t ra te  mate r ia l  on the deposi t ion rate.  

Experimental 
The method of coulostat ic measurements  for de te r -  

mining  polar iza t ion  resis tance Rp and double  layer  
capaci ty  Cd was the same as tha t  descr ibed prev ious ly  
(9). 

Cuposit  Coppermix  328 A, L (Ship ley  F a r  East,  
Limi ted)  was employed  as a prac t ica l  electroless cop-  
per  p la t ing  bath.  Besides the  f reshly  p repa red  bath,  a 
few aged p la t ing  solut ions taken  from a product ion  
ins ta l la t ion  were  used. 

An al l-glass,  s ingle  compar tmen t  cell  wi th  three  
electrodes was used. I t  contained 200 ml of the p la t ing  
solution. Al l  exper iments  were  car r ied  out wi thout  re -  
moving d~ssolved oxygen  from the bath.  The t e m p e r a -  
ture range  for measurements  was 20~176 

Three  kinds of subs t ra tes  were  employed  as w o r k -  
ing and reference  electrodes:  epoxy  glass base copper  
clad l amina ted  sheet  (copper  clad l amina te ) ,  epoxy  
glass base l amina ted  sheet  (epoxy-g lass  l amina te ) ,  and 
ro l led  copper  sheet. Two specimens of the same ma te -  
r ia l  and  size (1 • 2 cm in size, wi th  0.3 m m  d iam cop- 
pe r  lead  wire,  respec t ive ly)  served  as working  and 
reference  electrodes,  a l te rna te ly .  Act iva t ion  of the 
e lectrodes was carr ied  out  using Cata lys t  6F and Ac-  
ce lera tor  19 (Sh ip ley  F a r  East, Limi ted)  in the usual  
way. A p la t inum sheet  of 4 cm 2 was used as a counter  
e lect rode for these exper iments .  

Electrodes were  dr ied  in n i t rogen  a tmosphere  and 
weighed before  and af ter  coulostatic measurements  in 
order  to obta in  weight  ga in  data. By dissolving the de -  
posi ted copper f rom two a r b i t r a r y  samples  wi th  5% 
ammonium persul fa te  solut ion and de te rmin ing  the 
mass of copper  by  atomic absorpt ion  spectroscopy, the 
re l i ab i l i ty  of weight  gain measurements  was evaluated.  
Fo r  these samples,  both resul ts  agreed wi th  each other  
wi th in  1%. Deposi t ion cur ren t  density,  SELF, was calcu-  
la ted f rom weight  gain data;  iELP of 1 ~A/cm 2 corre-  
spends to the deposi t ion ra te  of 2.85 m g / d m 2 / d a y  for 
copper.  

Fo r  the  var ious  subs t ra tes  the  p ropor t iona l i ty  con- 
s tant  K for conversion f rom Rp to ~E~P was examined  
using Eq. [1] 

~ELP -- K /Rp  [1] 

The appara tus  and method  used were  the same as 
those descr ibed prev ious ly  (9). The immers ion  t ime 
of each test  piece was about  1 hr. 

Results 
Results on the freshly prepared b a t h . - - A  typical  

overvol tage  decay curve for the electroless  copper  dep-  
osition on the ro l led  copper  sheet  e lectrode is shown in 
F i g .  1. For  a lmost  al l  the  exper iments ,  the overvol tage  

Ju ly  1983 
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Fig. 1. Example of the potential decoy curve for roiled copper 
sheet electrode at 20~ 

decayed wi th in  a few tens of mil l iseconds.  In  the case 
of the epoxy-g lass  lamina te  electrode,  it  was difficult to 
obta in  meaningfu l  decay curves immed ia t e ly  ~ t e r  im-  
mersion.  As the meta l  depoait ion proceeded,  i~ became 
possible to obta in  decay  curves s imi lar  to that  shown 
in Fig. 1. 

As seen in Fig. 1, the  measured  log ut vs. t re la t ions  
were  not  comple te ly  l inear  for al l  electrodes,  pa r t i cu -  
l a r ly  in the ear ly  par t  of the  decay,  which suggests the 
presence of pseudocapaci ty  on the electrode surface as 
pointed out  prev ious ly  (9). De te rmina t ion  of the Ca 
and R~ values  was car r ied  out by  analyzing a s t r a igh t  
l ine which was fitted to the  l inea r  pa r t  of the  log 
~t --  t curve (the dot ted  l ine in Fig. 1). Rp values did  
not  change not iceably  dur ing  immers ion in each ex-  
pe r imen ta l  run.  

Table  I lists the pa rame te r s  measured  for epoxy-g lass  
laminate ,  copper  clad laminate ,  and rol led copper 
shee t  e lectrodes as subs t ra tes  at  20~ The Rp values in 
Table I are  the averages  obta ined  f rom graphic  in te-  
gra t ion of the Rp-1 ~ t re la t ion dur ing  the ent i re  im-  
mers ion  period. Cd'S are  the  range of the  measured  
values. The deposi t ion cur ren t  density,  iELP, was ob-  
ta ined f rom the weight  gain da ta  of the electrode.  I t  i s  
seen f rom the table  that  both Ca and Rp depended  on 
the subs t ra te  ma te r i a l  in spi te  of the ba th  condi t ion 
being the same, while  the K values,  the p ropor t iona l i ty  
constant  in Eq. [1], were  essent ia l ly  identical .  In  Fig. 
2, the iELP values ca lcula ted  f rom weight  gain da ta  are 
plot ted vs. the average  Rp values on a log- log  scale. 
These plots fell  on a s ingle l ine having  a slope of --1, 
showing that  the measured  Rp values  are inverse ly  re-  
la ted to the deposi t ion ra tes  regardless  of the subs t ra te  
ma te r i a l  a n d / o r  tempera ture .  The K value  obta ined by  
the least  squares  method was 27.3 inV. 

Results on aged baths.--In the  product ion eleetroless 
copper bath,  consumed ingredients  are  replenished  so 
that  the level  of copper  ion, formaldehyde ,  and pH is 
kep t  a lmost  constant.  However ,  the  deposi t ion ra te  
changes as p la t ing  proceeds because of the byproduc ts  
accumulat ion  dur ing  the p la t ing  reaction.  This aging 
phenomenon cannot  be avoided even if the concent ra-  
tions of main comoonents  are  kep t  constant.  

F rom the prac t ica l  s tandpoint ,  the coulostat ic method  
should be appl icable  th roughout  the  ent i re  ba th  life. In  
o rder  to ascer ta in  this, coulostat ic  measurements  were  

Table I. Measured parameter~ for various substrates (20~ 

Cd R. iELp (mA K 
Substrate (gF era-2) 1 (9 em'-')~ em--~)~ (mY) 

Rolled cooper  shee t  250 ~ 350 32.3 0.834 26.9 
Conper  clad laminate 350 ~ 500 28.2 0.933 26.3 
Epoxy-glass laminate 500 ~ 700 16.2 1.690 27.4 

Range  of  va lues  m e a s u r e d  dur ing  immers ion .  
: A v e r a g e  va lue  dur ing  immers ion .  

F r o m  w e i g h t  gain  data. 
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Fig. 2. Rp ~ IELP relation at 20~ for various substrates in 
freshly prepared bath, [-1: epoxy-glass laminate, G :  copper clad 
laminate ( e  in aged bath), and A:  rolled copper sheet. 

carried out using aged Cuposit Coppermix 328 solu- 
tions sampled from an extensively used production 
bath. Results are shown in Fig. 3, where the deposition 
current density iELP obtained from weight gain data 
of the specimen (solid circles) and the measured Rp 
(open circles) are plotted against the total plating area 
of the printed wiring boards (PWB). It is seen that  the 
deposition rate decreased with the aging of the bath 
while the obtained Rp value increased. This relation 
was compared with that of the fresh bath, and iELP w a s  
plotted vs. Rp (Fig. 2, solid circles). These data fell 
on the same straight line as those obtained in the fresh 
bath. This result proves that the deposition rate can be 
measured quanti tat ively by the coulostatic method 
throughout the entire bath life. Furthermore, the de- 
gree of bath degradation can be estimated from the 
increase in the Rp value. 

Discussion 
Even when a nonconducting substrate such as the 

epoxy-glass laminate is used as electrodes, coulostatic 
measurements become possible after several minutes 
from the initiation of the plating reaction. Sard's work 
on carbon substrates using electron microscopic tech- 
niques revealed that the electr01ess deposition of 
copper init ially occurred by three-dimensional nuclea- 
tion only at catalytic sites on the surface and that these 
nuclei formed aggregates of randomly oriented copper 
crystallites (11). He concluded that continuous copper 
films were obtained from the repeated three-dimen-  
sional nucleation and recrystall ization process. Du- 
mesic et al. found that the copper deposition on glass 

substrates started at s i lver- t in activated sites and grew 
through an open network structure into a fairly rough 
and porous, polycrystall ine copper film (2). From these 
investigations, copper deposition onto the epoxy-glass 
laminate is thought to occur only at catalytic sites, 
namely onto palladium particles adsorbed during the 
activation process (12, 13). It appears that  coulostatic 
measurements become possible when the surface was 
covered with continuous copper film. Dumesic and co- 
workers have investigated copper deposition rates onto 
silver-,activated glass substrates at relat ively early 
stages (2). Their results indicate that the deposition 
rate onto copper differs from that onto silver probably 
due to the difference in the nature of the catalytic sur-  
face. Although the authors could not measure deposi- 
tion rates at the initial stage before continuous copper 
films were formed, it seems l ikely that the deposition 
rate on palladium nuclei differs from that on copper. 
However, this difference cannot lead to a significant 
error in results because the period of copper deposition 
taking place on palladium nuclei should be negligible 
as compared with the total plating period. 

It can be seen from Table I that the deposition rate 
itself and Cd values varied with the substrate material.  
Differences in plating rate on copper and on plastic 
substrates are well known (14, 15). However, the 
Rp ~ {ELP relation was independent of the substrate 
material  as seen in Fig. 2. In order to clarify this phe- 
nomenon in some detail, scanning electron micro- 
scopic (SEM) observations were performed. 

Figures 4a, b, and c are SEM's of the substrate sur- 
faces of the epoxy-glass laminate, the copper clad lami-  
nate, and the rolled copper sheet, respectively, prior  to 
electroless plating. The surface of the epoxy-glass 
laminate proved to be considerably rougher than cop- 
per surfaces in b and c. Figures 4d, e, and f show the 
corresponding surfaces after Copper deposition (about 
1 ~m film thickness). An x - r ay  diffraction study eluci- 
dated that the deposits on the epoxy-glass laminate 
consist of aggregates of small copper crystallites with a 
face-centered cubic structure. I t  appears that electro- 
less deposition of copper occurred along the surface 
roughness, so that the deposited copper film reflected 
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Fig. 3. Variations in /ELP and Rp during the bath life at 20~ 
(epoxy-glass laminate electrode). 

Fig. 4. SEM's of substrates (a ~ c) and films (1 Fm thick) de- 
posited on each substrate (d ~ i). (a): bare epoxy-glass laminate, 
(b): bare copper clad laminate, (c): bare rolled copper sheet, 
(d, g): deposits on epoxy-glass laminate, (e, h): deposits on copper 
clad laminate, and (f, i): deposits on railed copper sheet. 
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the roughness  of the  subs t ra te  surface.  However ,  f rom 
a comparison of the micrographs  t aken  with  a h igher  
magnif icat ion (Fig. 4g, h, and i ) ,  i t  can be concluded 
that  the mic ros t ruc tu ra l  character is t ics  are  essent ia l ly  
independen t  of the subs t ra te  mater ia l .  This resul t  sug-  
gests tha t  once a continuous copper  film is formed,  cop- 
pe r  deposi t ion on an insula tor  such as the epoxy-g lass  
lamina te  proceeds by  the same  autocata ly t ic  mechanism 
as the deposi t ion on copper  subst ra te .  Therefore,  an 
ident ical  re la t ion be tween  iELP and Rp is considered 
to be val id  for var ious  substrates .  F rom Table I and 
Fig. 4, i t  is seen that  the l a rge r  the surface  roughness,  
the  smal ler  the measured  Rp. On the basis of the above 
observat ion,  the measured  la rge  Cd and smal l  Rp values  
can be  in te rp re ted  in terms of the  difference in surface 
roughness.  In fact, the  t ime constant,  Cd • Rp, was 
app rox ima te ly  constant  for  al l  substrates .  If  both  
values  of Cd and Rp were  normal ized  not  by  apparen t  
a rea  but  by  t rue  area, they  should  not  depend on the 
subs t ra te  mater ia l .  

The iden t i ty  of the  deposi t ion character is t ics  for 
var ious  subs t ra te  mater ia l s  must  be the  reason for the 
ident ica l  re la t ionship  observed  be tween  Rp and iELp, 
which  makes  this method  effective and pract ica l  for  
deposi t ion ra te  measurements .  

Conclusions 
F r o m  coulostat ic measurements  and micros t ruc tura l  

observat ions,  the  fol lowing resul ts  were  obtained.  
(i) A nonconduct ing subs t ra te  such as the  epoxy-g lass  
l amina te  could be  used as the e lec t rode  for the coulo-  
s ta t ic  measurements .  (ii) The deposi t ion ra te  iELP , 
obta ined f rom weight  gain data,  and the apparen t  Cd 
and Rp values,  obta ined  from the present  method,  de -  
pended  on the subs t ra te  ma te r i a l  used. (iii) The K 
value, which is the p ropor t iona l i ty  constant  in the 
r e l a t i o n  iEL P : K/Rp, was constant  independen t  of the 
subs tra te  mater ia l ,  and  the K value was 27.3 mV. (iv) 
The deposi t ion ra te  fel l  wi th  the aging of the bath.  
However ,  the  p ropor t iona l i ty  constant  K did not  
change. (v) Microscopic observat ions  revea led  that  the 

dependence  of iELP, Cd, and Rp on the subs t ra te  ma te -  
r ia l  was due to the surface  roughness  of the subst ra te .  
This method  is sui table  for moni tor ing  the electroless  
deposi t ion rate.  

Manuscr ip t  submi t ted  Dec. 20, 1982; rev ised  manu-  
scr ipt  received March  23, 1983. 

Any  discussion of this pape r  wi l l  appear  in a D i s c u s -  
s ion Section to be publ i shed  in the June 1984 JOURNAL. 
Al l  discussions for the June  1984 Discussion Section 
should be submi t t ed  by  Feb.  1, 1984. 

The Toshiba Corporation assisted in meeting the 
publication costs o] this article. 
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Semiconductor Electrodes 
52. Photoelectron Spectroscopic Determination of the Structure of Thin Platinum Silicide Layers 

Formed on Si(100) and Si(111) for Use as Electrodes 

G. A. Hope, F.-R. F. Fan, and A. J. Bard* 
Department of Chemistry, The University of Texas at Austin, Austin, Texas 78712 

ABSTRACT 

Plat inum silicide was grown on (100) and (111) silicon by vacuum annealing an evaporated layer (0-15 nm thick) at 400~ 
immedia te ly  following deposition. The element  distr ibution in the product  layer was measured using electron spectroscopy 
(XPS and AES) in conjunction with argon ion sput ter ing of the sample. The silieide thus produced was covered by a thin 
surface layer of SiO2. The decrease in plat inum concentrat ion with increasing penetrat ion into the sample was characteristic 
of a reaction mechanism in which a plat inum species diffuses into the Si. 

Among  the  methods  for  pro tec t ing  the surface  of 
n - t y p e  si l icon f rom photocorrosion when  employed  as 
an e lec t rode  for  genera t ing  h igh ly  oxidiz ing s p e c i e s ,  
such as chlor ine  and oxygen  in photoelec t rochemical  
(PEC) cells,  the  use of th in  noble meta l  s i l icide films 
has been pa r t i cu l a r l y  beneficial  ~ (I ,  2). Such films, 
s o m e t i m e s  su i tab ly  modified wi th  meta l  oxides or o ther  
catalysts ,  can also p romote  the  in ter fac ia l  e lectron 
t rans fe r  react ions of pho togenera ted  carriers .  More-  

* Electrochemical Society Active Member. 

over,  several ,  s i l icide systems have  been inves t iga ted  
because of the i r  appl ica t ion  in the  electronics indus t ry  
(3).  The si l icides formed f rom P d ( 4 ) ,  P t ( 5 ) ,  and Ni (6) 
have  been !~articularly wel l  s tudied.  There  is, however ,  
only  l imi ted  informat ion  ava i lab le  on the s t ruc ture  and 
pr(~perties of the  ve ry  thin  layers  (<50 nm)  which are  
of p r i m a r y  in teres t  in e lec t rochemical  studies.  In  this  
paper ,  we repor t  the resul ts  of x - r a y  photoelectron 
spectroscopy (XPS or  ESCA) and Auge r  e lect ron spec-  
t roscopy (AES)  s tudies  of the P t - S i  films formed on 
single c rys ta l  surfaces of Si. 
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Experimental 
Subs t ra tes  for si l icide g rowth  were  n-Si (100)  and 

p - S i ( l l l )  (0.4-0.6 ~ cm) donated  by  Texas  Ins t ru -  
ments.  The crysta ls  were  pol ished wi th  0.6 ~m a lumina  
and etched wi th  HNO~:HF:HOAc  (3:3:1)  containing 
0.03% Br2 for 10-15 sec, fol lowed by  concent ra ted  H F  
for 10-15 sec, and then washed wi th  dis t i l led wate r  and 
methanol  immed ia t e ly  p r io r  to inser t ion into the evapo-  
ra t ion  chamber .  A known  mass of p l a t inum (Alfa  Ven-  
tron, 99.9%) was evapora ted  f rom a tungsten f i lament  
in an Edwards  E306A vacuum coat ing system. The 
source to subs t ra te  dis tance was 8 cm and base pressure  
dur ing  evapora t ion  did not  exceed 1 X 10 -6 Torr.  The 
si l icon crysta ls  were  suppor ted  by  a mica pla te  res t ing 
on a m o l y b d e n u m  heat ing  stage. Fol lowing  P t  deposi -  
tion, the t empera tu re  of the hea t ing  stage was raised 
to ~00~ and he ld  to wi th in  _+10 ~ for  a few minutes  up 
to 1 hr. The t e m p e r a t u r e  was measured  wi th  a chromel -  
a lumel  thermocouple  in contact  wi th  the mica. A f t e r  
hea t - t r ea tmen t ,  the  samples  Were a l lowed to cool and 
removed  f rom the vacuum sys tem for s tudy  by  XPS, 
AES, and scanning e lect ron microscopy.  XPS measu re -  
ments  were  made of the P t  4f, Si 2p, and O ls peaks  
wi th  a Phys ica l  Electronics 548 ins t rument  using a Mg 
Ks  source (2 m m  spot d iam) on the a s -p repa red  sam-  
ple  surface and fo l lowing va ry ing  per iods  of  5 keV 
argon ion b o m b a r d m e n t  at a cur rent  dens i ty  of 6 ;~A- 
cm -2. The AES da ta  were  obta ined  on a Phys ica l  Elec-  
t ronics 5'90 system, the  exci t ing radia t ion  be ing  5 keV 
electrons wi th  a sample  cur ren t  of 240 ~A over a spot  
d iamete r  of 3 ~m. The sample  spec t ra  were  measured  
f rom 25 to 2000 eV for the  a s - p r e p a r e d  specimens and 
be tween  spu t t e r ing  periods.  Dur ing  sput te r ing  (at  40 
~A-cm -2 wi th  3 keV argon ions, ras te red  over  6 m m  2) 
the intensi t ies  of the  Si KL~L~ C KL2L2 O KL2L2 and 
Pt  NsN~O4 peaks  were  monitored.  The sample  topog-  
r a p h y  was inves t iga ted  wi th  a JEOL JSM 35C electron 
mic roprobe  ana lyzer  (EMP).  

Results and Discussion 
When the  c leaned unannea led  si l icon surface  was in-  

spected in the  EMP, it was found to be smooth and 
s l ight ly  pi t ted,  the  pits  hav ing  been genera ted  in the 
c leaning process. React ion of this surface wi th  p l a t i -  
num to form the si l icide a l te red  the topography  only  
sl ightly,  genera t ing  no de tec table  surface s t ruc ture  at  
magnifications up to 100,000 times. Reacted  samples  
were  also inves t iga ted  by  scanning mode AES, where  
the  surfaces resembled  those observed in the  EMP. AES 
spec t ra  of the  surface both before  spu t te r ing  and af ter  
hav ing  been spu t t e red  unt i l  app rox ima te ly  9 nm of the  
sample  had been removed  are  shown in Fig. 1. The un-  
spu t t e red  surface was contamina ted  wi th  carbon and 
oxygen and, a l though the Si peak  at  92 eV was small ,  it  
had  a shape that  resembled  tha t  found for  SiO2. There  
were  only  ve ry  weak  peaks  which could be a t t r ibu ted  
to Pt. The sample  spec t rum af ter  spu t t e r ing  contained 
only  smal l  s ignals  for  carbon and oxygen,  the ma jo r  
peaks  were  those of silicon and pla t inum.  On fur ther  
spu t t e r ing  of the  sample,  the  p l a t i num peaks  de-  
creased in in tens i ty  and even tua l ly  only  the s i l icon sig- 
nals  were  obtained.  

Samples  were  also depth-prof i led  whi le  moni tor ing  
the Si KL2L2:, C KL2L2, O KL2L2, and Pt  NsNTO4 Auger  
peaks  to de te rmine  the e lementa l  dis t r ibut ion.  A typica l  
depth  profile is p resented  in Fig. 2. The or ig inal  surface  
of the sample  was charac te r ized  by  a region approx i -  
ma te ly  5 nm thick, which was enr iched in oxygen and 
carbon and deficient in p la t inum.  Beneath  this surface 
region the m a x i m u m  p la t inum signal  was obta ined and, 
as spu t te r ing  removed  more  of the sample,  the p la t i -  
num signal  decreased and the si l icon s ignal  increased.  
This was observed for  samples  wi th  anneal in~ t imes as 
shor t  as 5 min at this t empera tu re .  The intencAty of the 
Si peak  reached a m a x i m u m  when app rox ima te ly  21 
nm had been spu t te red  f rom the surface;  however ,  the 
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Fig. 1. The Auger electron spectrum of a platinum silicide 
sample prepared by annealing an evaporated Pt film on (100) n-Si 
at 400~ for 30 min. Far the upper spectrum, the sample had nat 
been sputtered, and the lower spectrum was taken after approxi- 
mately 9 nm of the sample had been removed. 
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Fig. 2. The elemental depth profile of the sample of Fig. 1. This 
profile shape is typical of all annealed samples. 

p la t inum signal  was st i l l  p resen t  and cont inued to de-  
crease wi th  s p u t t e r i n g - - i t  was p resen t  even af ter  30 
nm of sample  had  been removed.  

The informat ion  provided  by  depth-prof i l ing  the  s i l i -  
cide layer  and moni tor ing  the surface composit ion wi th  
AES gives s t rong suppor t  for a model  of  si l icide fo rma-  
tion in which p la t inum is the  mobile  species, since i t  is 
the p l a t inum which pene t ra tes  the silicon; This mecha-  
nism is in ag reemen t  wi th  that  proposed f rom t racer  
studies using 3lSi (7),  but  con t r a ry  to tha t  proposed 
on the basis of Ru ther fo rd  backsca t te r ing  (RBS) using 
th icker  s i l icide layers  (8, 9). I t  is possible  tha t  the  
sput te r ing  of the  s i l ic ide does not  r emove  the p la t inum 
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fully;  however ,  Poate  et al (10), have s tudied the spu t -  
ter ing process in the argon ion energy  range  which we 
have used and found almost  s to ichiometr ic  spu t t e r ing  
of PtSi.  F o r  the  pure  mater ia ls ,  P t  sput te rs  2.4 t imes as 
fast as Si. Add i t iona l  informat ion  on the chemical  na -  
ture  of the  sil icide l aye r  and the ex ten t  of p l a t inum 
pene t ra t ion  into the sil icon was obta ined  wi th  high 
resolu t ion  XPS. In  Fig. 3, the  changes in the si l icon 2p 
peak  are  shown for var ious  depths  of sample  sput ter ing.  
The in i t ia l  peak  is s ignif icant ly b roadened  and consists 
of a h igher  energy  component ,  located where  the  Si 2p 
peak  in SiO2 is found as wel l  as a sha rpe r  peak  closer 
to the  e lementa l  Si peak  location. The Si 2p peak  
n'arrows, shifts  to lower  energy,  and  increases in 
s t rength  af ter  app rox ima te ly  2 nm of sample  had  been  
sput te red  away;  this resul t  indicates  tha t  the thin 
surface l aye r  of SiO2 present  on the  sample  was re -  
moved. The energy  of the  si l icide Si 2p peak  was 99.3 
_ 0.3 eV de te rmined  by  reference  to the  silicon sub-  
s t ra te  a f te r  the P t  4f7/2 s ignal  was no longer  detected.  
O l s  peak  intensif ies were  only  significant in the ini t ia l  
3 n m  of the  sample.  The P t  4f peaks  were  also mea -  
sured af te r  each sput ter ing,  and the energy of the P t  
4f7/2 peak  was measured  re la t ive  to P t  4f7/2 peak  ob-  
ta ined  f rom a p l a t i n u m  foil mounted  nex t  to the silicon. 
Typical  scans of the Pt  4f peaks  for  vary ing  degrees 
of sput te r ing  are  shown in Fig. 4. The energy of the  
si l icide P t  4f7/2 peak  is app rox ima te ly  1.6 eV h igher  in 
energy  than  for  the  metal ,  P t  o has a value  of 72.5 __ 0.2 
eV. This is most p r o b a b l y  the  va lue  for P tS i  which must  
be in te rg rown with  silicon. Note tha t  atomic rat ios of 
P t / S i  > 1, wi th  a s to ichiometry  of P tS i  near  the e lec-  
t rode surface, have  also been found (2);  the  composi-  
t ion of the  surface l aye r  depends  upon the amount  of 
P t  deposi ted and the anneal in~ time. F r o m  the in ten-  
s i ty  da ta  obta ined  wi th  the XPS measurements ,  a dep th  
profile can be  drawn,  der ived  f rom the s t ronger  p l a t i -  
num signal,  and ob ta ined  using h igher  energy  argon 
ions opera ted  at  a lower  ion cur ren t  dens i ty  to give a 
s lower  spu t te r ing  ra te  than  that  used to obta in  the  AES 
profile. The XPS  der ived  P t - S i  depth  profile is p re -  
sented in Fig. 5. This profile resembles  the AES depth  
profile in e lementa l  dis t r ibut ion,  and provides  add i -  
t ional  in format ion  on the composi t ion of the p l a t i num 
containing layer .  

Severa l  impor t an t  conclusions can be d rawn  from 
the dep th  profiles and the AES and XPS spectra.  Firs t ,  
the  dep th  resolut ion obta ined wi th  XPS and AES show 
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Fig. 3. Var/atlon in the Si 2p peak shape with extent of sputtering 
(A) lightly (! nm) sputtered with Si 2p peak shape characteristic 
of the presence of SiCk2, (B) Si 2p peak after approximately 5 nm 
of the sample have been removed, (C) after 15 nm removed. 
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Fig. 4. The Pt 4f peak shape and location in the silicide layer 
compared to a platinum foil standard (upper curve) (A). The 
spectra were recorded after 10 (B) and 18 (C) nm (lower curve) 
were sputtered away. 
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Fig. 5. The XPS depth profile showing the variation in element 
peak intensity as a function of sputtering depth. 

tha t  the thin P t  o films are  conver ted  into si l icide con- 
ta in ing layers  which are  a pp rox ima te ly  4 t imes th icker  
than  the or iginal  meta l  film. This l aye r  does not  achieve 
a uni form PtS i  s toichiometry,  and  under  the  condit ions 
here  was r icher  in silicon, suppor t ing  a model  which  
involves diffusion of p l a t inum into the si l icon subst ra te .  
Under  these condit ions of prepara t ion ,  there  was also 
no discrete  P t S i / S i  interface,  and  the only  oxygen or  
carbon contaminat ion  is located close to the  s a m p l e /  
vacuum interface.  The XPS resul t  p resented  in Fig. 3 
shows tha t  SiO~ is present  at  the  v a c u u m / s a m p l e  su r -  
face, a l though some oxygen is detected at  g rea te r  
depths  into the  sample  using AES. Since these signals 
are also associated wi th  carbon, the  source of the oxy -  
gen is p robab ly  re la ted  to oxida t ion  of Si, p r io r  to 
p l a t inum film deposit ion.  There  is no evidence to sup-  
po r t  the in te rg rowth  of P t -S i  and SiO2 throughout  the 
film. The diffuse na tu re  of the  si l icide l aye r  on si l icon 
p robab ly  s t rongly  influences the  proper t ies  of any  
Schot tky  ba r r i e r  be tween  this l aye r  .and the sil icon 
substrate.  
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A New (W, Mo)C Electrocatalyst Synthesized by a Carbonyl Process: 
Its Activity in Relation to H2, HCHO, and CH3OH Electro-Oxidation 

T. Kudo, G. Kawamura, and H. Okamoto 
Central Research Laboratory, Hitachi, Limited, 1-280 Higashi-koigakubo, Kokubunji, Tokyo, 185 Japan 

ABSTRACT 

Tungsten and molybdenum mixed carbide electrocatalysts  are formed on a carbon fiber substrate  using a novel tech- 
nique, in which metallic film given by CVD at 450~ using W(CO)G and/or Mo(CO)6 is then carburized with CO at 820~ The 
catalyst  thus obtained has a hexagonal  WC structure (ao:2.89, co:2.85~), and there is little contaminat ion by carbon in elemen- 
tal forms, on its surface, according to observation by  Auger  electron spectroscopy. Activity tests in relation to electro- 
oxidat ion of H~, HCHO, and CH3OH, are conducted in 1M H2SO4, revealing that  the potentiostatic current  produced by each 
reactant  per  real surface area of the catalyst is 0.12 A/m s (at 0.2V vs. RHE), 0.04 (at 0.3V) and 0.00082 (at 0.5V), at 50~ No 
stat ionary current  due to methanol  oxidation is observed in the molybdenum-free catalyst. 

Since Levy  and Boudar t  (1) r epor ted  that  tungsten 
carb ide  (WC) exhib i ted  p l a t i num- l i ke  proper t ies ,  ow- 
ing to i ts sur face  electronic s t ruc ture  being s imi lar  to 
tha t  of p la t inum,  a number  of studies have been carr ied  
out  to demrmine  the na tu re  of cata lyt ic  ac t iv i ty  in WC. 
To date, however ,  no definite conclusion has been ob-  
tained,  ma in ly  because WC with  ident ical  surface 
p roper t i e s  was not  used in each of these studies:  i.e., 
the  ca ta ly t ic  behavior  of WC is h ighly  influenced by  
the method  of prepara t ion .  

Whe the r  the surface of WC is p l a t i num- l ike  or  not, it  
exhibi ts  r e m a r k a b l e  activit:~ to chemical  or e lec t ro-  
chemical  react ions  that  a re  ca ta lyzed by  pla t inum.  
Therefore,  WC is a t t rac t ing  a t tent ion  as a ca ta lys t  to 
replace  the more  expens ive  p la t inum.  This is especial ly  
t rue for  e lec t rocata lys ts  used in acidic solut ions be -  
cause WC is not  easi ly  corroded by  acids. 

Ross et al. (2) inves t iga ted  the e lec t roca ta ly t ic  ac-  
t iv i ty  of WC from severa l  different  origins. His studies 
centered on hydrogen  oxidat ion  in an aqueous solu-  
t ion of sulfur ic  acid, and he concluded, on the basis of 
measuremen t  using Auger  e lect ron spectroscopy (AES), 
tha t  ac t iv i ty  depends  on surface composit ion,  i.e., the 
rat io  of tungsten to carbon. Only  carbon deficient WC 
showed good act ivi ty.  I t  was so active that  the cur ren t  
dens i ty  based on rea l  surface a rea  amounted  to 0.02 
A / m  2 at  a po ten t ia l  of 0.2V vs. RHE and 22~ More 
recent ly ,  Miles (3) inves t iga ted  WC catalysts  in an 
a t t empt  to ut i l ize such catalysts  in methanol  fuel cells 
using acidic solutions.  However ,  the  resul t  was nega-  
tive, not  only  because  his catalyst ,  p repa red  bv  car -  
bur iza t ion  of WO3 wi th  CO, exhib i ted  no significant 
ac t iv i ty  for  e l ec t ro -ox ida t ion  of methanol ,  but  also 
because the ca ta lys t  corroded at  potent ia ls  above 0.4V 
(vs. RHE) .  Nevertheless ,  i t  is no t ewor thy  that  his 

Key words: electrocatalyst,  t u n g s t e n  c a r b i d e ,  c h e m i c a l  vapor 
deposition, fue l  cell,  

catalyst ,  conta ining about  20 a tomic  % (a /o)  mo lyb -  
denum, seemed to have some act iv i ty  in re la t ion  to 
methanol electro-oxidation. 

In the present work, mixed carbide electrocatalysts 
of tungsten and molybdenum are synthesized using a 
novel technique involving CVD from carbonyls. These 
electrocatalysts exhibit notable activity in regard to 
the electro-oxidation of hydrogen, formaldehyde, and 
methanol Jn acidic solution. The relationship between 
eleetrocatalytic activity and surface composition of the 
catalyst thus obtained is also investigated using Auger 
electron spectroscopy and other techniques. 

Experimental 
Preparation of catalyst-deposited electrodes.--A 

schemat ic  d rawing  of the appara tus  used for  p r e p a r a -  
t ion of ca ta lys t -depos i ted  electrodes is shown in Fig. 1. 
Two carbon pape r  subs t ra tes  (Kureha  Chemical  Com- 
pany,  E-715) (character is t ics  of which are  summar ized  
in Table I) were  hung  in a doub le -wa l l ed  quar tz  re -  
act ion tube and hea ted  under  evacuat ion by  an image 
furnace  powered  by  in f ra red  l ight  sources. Cooling 
ai r  was in t roduced be tween  the walls,  so tha t  only  the 
subs t ra tes  were  heated.  The t e m p e r a t u r e  of the sub-  
s t ra tes  was measured  using a thermocouple  ins ta l led  in 
a quartz  tube put  be tween  them. When  the subs t ra te  
t e m p e r a t u r e  reached 450~ the valve  was opened, a l -  
lowing the CVD source, a mix tu re  of W(CO)6  (Mit-  
suwa Chemical ) ,  and Mo(CO)6 (Aldr ich) ,  to evapo-  
rate.  Dur ing  the process, the sys tem was p u m p e d  by  
a vacuum pump having  a capaci ty  of 100 l i t e r /min .  Car-  
b o n y l  compounds decomposed on the hea ted  subs t ra tes  
to give meta l l ic  W and Mo. (This deposi t  contained a 
no tab le  amount  of carbon also.) Af te r  evapora t ion  w a s  
completed,  or  s topped af te r  the  des i red  dura t ion  b y  
closing the valve,  the subs t ra tes  were  again hea ted  up 
to 700 ,~ 820~ At this t empera tu re ,  CO w a s  i n t r o d u c e d  
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P ....... guage ~ ~ ~ Table I. Specifications of carbon paper* 
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Fig. I. Apparatus for preparing (W, Mo)-deposited electrodes. 
Wall of reaction tube is kept cold during CVD process. 

into the  react ion tube to carbur ize  the deposi ted W 
and Mo. The pressure  of the  CO just  af ter  in t roduct ion  
was about  500 T o r r  and  did not  change no tab ly  for  
t empera tu res  h igher  than  800~ but  a considerable  
decrease was observed  when  the  t empera tu re  was as 
low as 700~ p re sumab ly  as a resul t  of the d ispro-  
por t iona t ion  react ion 

2CO - C + CO2 [I] 

The catalyst-deposited electrodes thus obtained were 
stored in distilled water or IM H2SO4 to prevent direct 
contact  wi th  air. 

Analytical techniques.--To obtain x - r a y  data,  a 
no rma l  scanning di f f rac tometer  (Rigaku Denki)  was 
used wi th  Ni-f i l tered CuKa. The as -ob ta ined  sample,  
a piece of ca ta lys t -depos i ted  carbon fiber, or  Au, was 
d i rec t ly  set  into a goniometer .  

Bulk composit ion of the ca ta lys t  was measured  using 
an induc t ive ly  coupled p lasma  spec t romete r  ( ICPS) .  
The solut ion for this analysis  was p repa red  by heat ing 
the ca ta lys t  in oxygen  at  700~ The resu l t an t  mix ture  
of WO3 and MoOz was then  dissolved in an ammoniac  
solution. 

The surfaces of the  cata lys ts  were  inves t iga ted  by  
AES and x - r a y  photoelec t ron spectroscopy (XPS) .  For  
AES, a spec t romete r  equipped wi th  a t i t an ium-coa ted  
tungsten cathode (electron probe  diam: 0.03-0.5 ~m) 
was employed.  This ins t rument  was recen t ly  developed 
at the  Cent ra l  Research Labora tory ,  Hitachi,  Limited;  
XPS was car r ied  out  using a Vacuum Genera to r  ESCA 
3, Mark  2. F u r t h e r  detai ls  of analysis  wil l  be given 
l a t e r  in this work.  

Electrochemical measurements.--The elec t roca ta ly t ic  
ac t iv i ty  of the  ca ta lys t -depos i ted  electrodes was in-  
ves t iga ted  using a potent ios ta t ic  method.  For  measure -  
ment  of the  rea l  surface area  of the electrode,  a l inear  
sweep vo l tammetr ic  technique was employed.  Al l  elec-  
t rochemical  exper iments  descr ibed here  were  con- 
ducted using a glass cell, kep t  at  a constant  t e m p e r a ,  
ture,  in which the sample  e lect rode was immersed  in a 

Items Specifics 

Material fiberous carbon 
from pitch coal 

A p p a r e n t  d e n s i t y  ( g / m  ~) 150 
Resistance ( ohm �9 c m  ~) 0.5 
Thickness ( r a m )  0.4 
S u r f a c e  a r e a  (mS/g)  0 . I I  
Impurities Ca, A1 (trace) 

Q Carbon paper, E-715, produced by Kureha Chemical Company 
( J a p a n ) .  

1M H2SO4 solution.  The e lec t rode  was connected to the  
ou te r  circui t  th rough  an Au  lead  wire,  because Au  
proved to be negl ig ib ly  act ive to the  reac tan ts , / . e . ,  H2, 
HCHO, and CH3OH. A bubbl ing  hydrogen  reference  
e lec t rode  was connected v ia  a cap i l l a ry  to the solut ion 
containing the sample  electrode.  A counter  e lect rode 
made  of Au  was separa ted  by  a porous glass fi l ter f rom 
the solut ion to avoid possible  contamina t ion  of the  
evolving gases. Pu re  N~, containing less than 1 ppm O2, 
was bubbled  th rough  the solution, except  when H2 was 
bubbled.  

Elec t rocata ly t ic  ac t iv i ty  was tes ted in the fol lowing 
sequence:  Bubbl ing  of N2 was cont inued unt i l  the 
sample  e lect rode showed a constant  potent ia l  ( typ i -  
ca l ly  0.4 ,~ 0.SV vs. RHE) .  Then, the  N2 was rep laced  
by  H~ and the change in potent ia l  recorded.  Af te r  the 
open circui t  po ten t ia l  became constant ,  potent ios ta t ic  
measurements  were  conducted in the  range  of po-  
tent ia ls  be tween  0 and 0.5V vs. RHE. In the  nex t  stage, 
N2 was again in t roduced to ' purge  the  H2. The oxidat ion  
cur ren t  through the sample  electrode,  which was kep t  
at a potent ia l  of  0.5V, d iminished as the H2 was 
purged,  and became almost  nul l  ( typical ly ,  in the 
order  of 0.1 ~A).  Depending  on synthesiz ing conditions,  
however ,  some samples  showed a no tab le  background  
current  due to corrosion of the electrode.  When the 
background  cur ren t  became constant ,  CH3OH (Kanto  
Chemical  Company,  u l t r a  GR grade)  was in t roduced 
using a syringe.  The cur ren t  genera ted  by  the CH3OH 
was de t e rmined  by  the cur ren t  difference be tween  the 
ac tual  and background  levels  at  the corresponding elec-  
tro.de potentials .  Ac t iv i ty  for  HCHO oxidat ion  was 
tested in the same manner .  

Results and Discussion 
Characterization of deposited catalysts.--Substrate 

carbon pape r  consists of in te r twined  smooth-sur face  
carbon fibers. A scanning  e lec t ron micrograph  (SEM) 
of such a pape r  is shown in Fig. 2 (a) .  X - r a y  diffraction 
shows that  the as -depos i ted  film formed on this carbon 
surface  at  450 ~ C is amorphous.  I t  consists of W and Nio, 
as wel l  as some carbon p r o b a b l y  der ived  f rom car -  
bonyls,  according to the AES data. This resul t  presents  
a contras t  to tha t  r epor ted  by  Miyake  et al (4), in 
which Mo films formed on graphi te  at  400~ using a 
s imi la r  CVD from Mo(CO)6 were  in a crys ta l l ized 
phase.  

F igure  2(b)  is a SEM pic ture  of a typica l  sample  
(No. 271), obta ined  by  carbur iz ing  the  deposi t  at  
820~ This SEM shows that  eve ry  carbon fiber is a l -  
most  comple te ly  covered with  the  film thus formed.  
Ripples  in the  film surface  a re  shown in the picture.  
In o rder  to observe  the  film surface in more  detai l ,  
such film was also formed on smooth Au  under  ex-  
ac t ly  the  same conditions. A SEM of this sample  mag-  
nified fifty thousand t imes (or ig inal ly)  is shown in 
Fig. 2(c) .  I t  shows grains  wi th  d iameters  of about  
500A. 

An  x - r a y  diffraction pa t t e rn  f rom the same sample  
(No. 271) as that  in Fig. 2 (b ) ,  is shown in Fig. 3. I t  

indicates  tha t  the  film formed on the carbon subs t ra te  
is in a single phase having a hexagona l  WC- l ike  s t ruc-  
ture,  in which the la t t ice  pa ramete r s  for  ao and co, are  
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Fig. 2. Scanning electron microscope (SEM) pictures, (a): sub- 
strate (carbon fiber paper), (b): (W, Mo)C-depasited electrode 
(#271) ,  (c): (W, Mo)C film formed on a smooth Au piece by the 
same manner as in (b). Samples in (b) and (c) were prepared under 
conditions as fallows: CVD at 450~ with source (W(CO)6 lOmg 
Mo(CO)6 2rag) at 20~ carburization at 820~ with 500 Torr CO 
for 1 hr. 

2.89 and 2.85A, respectively. The broad peak at 26.4 ~ 
(28) is assigned to the carbon paper substrate. Hexag-  
onal parameters  of the sample deviate from the usual ly  
accepted values (ao:2.906, Co:2.836A) (1). This devia-  
tion may arise from carbon deficiencies in the bulk  
lattice, as suggested by Ross (2) for his sample WC, 
or from the part ial  subst i tut ion of Mo at W sites. It 
should be noted that  the film formed on Au gives the 
same x - ray  pa t te rn  as that  in Fig. 3, except that  weak 
peaks derived from the W2C-like phase are seen. This 
phase seems to be formed in the deeper par t  of the 
deposited films. 

The surface of the sample (No. 271), shown in  Fig. 
2(b) gives the AES pa t te rn  shown in Fig. 4. A 10 keV 
electron beam with a diam of 0.3 ~,m was used as the 
excitation source. Weak Ar ion bombardment  (5 keV, 
5 • 10 -~ Torr)  was done for 2 min  before recording 
the spectra to el iminate contaminants  from the stor- 
age atmospheres and /or  the analyzing chamber. Figure  
4 shows that the surface is composed main ly  of W and 
C, including Mo and oxygen as minor  components. A 
peak derived from the Mo LMN transi t ion can be seen 
at about  2000 eV. The surface Mo concentrat ion is 
estimated to be in the range between 1 and 5 a/o, 
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Fig. 3. X-ray diffraction pattern obtained with (W, Mo)C-de- 
posited electrode (#271), the same sample as (b) of Fig. 2. 
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Fig. 4. Auger electron spectrum given by (W, Mo)C-deposited 
electrode (#271).  (a) shows details of spectrum from C KLL 
transitions at 200-300 eV. (b) shows carbon spectrum of WC 
reported by Chang [taken from Ref. (6)]. 

which is much smal l e r  than  tha t  expected  f rom the 
source composition. (The mol rat io  of Mo to W i s  1:4, 
in the source used here.)  This resul t  is reasonable  be -  
cause Mo(CO)o,  having h igher  vapor  pressure  than  
W(CO)o  (5),  may  be consumed faster,  resul t ing in a 
Mo-deficient  vapor  composit ion in the  final s tage of 
CVD. The overa l l  rat io in the  deposi ted film, however ,  
proved to be 1: 4, ident ica l  wi th  the source composit ion.  
This was de te rmined  by  chemical  analysis  using ICPS. 

F igure  4 also shows that  the main  peak  of the K L L  
t ransi t ion in C at  260 eV is fol lowed by  two smal ler ,  
but  significant, subpeaks  on the l ow-ene rgy  side. The 
shape of this  C KLL t rans i t ion  is character is t ic  of 
carbons in a b ind ing  s ta te  wi th  metals .  The repor ted  
carbon spect ra  (6),  also shown in the figure, is, for  
the  most  par ts  ident ical  wi th  these results.  I t  should be 
noted tha t  the  sample  using an Au subs t ra te  gave 
a lmost  the same results.  

However ,  samples  carbur ized  at t empera tu re s  lower  
than 700~ or  p repa red  under  a CVD condit ion in 
which the source was kep t  at  a high t empera tu re  (i.e., 
the vapor  p ressu re  of the carbonyls  was h igh) ,  present  
a different  AES pat tern ,  as shown in Fig. 5. This sample  
was p repa red  in the same way, except  tha t  the  CVD 
source was hea ted  to 70~ The main  peak  of the ca r -  
bon spec t rum at 260 eV is g rea t ly  intensified, but  con- 
versely,  the subpeaks  disappear .  This shape is charac-  
ter is t ic  of graphitiC, nonbinding,  i.e., free, carbon. The 
fact  tha t  a r e m a r k a b l e  amount  of f ree -ca rbon  remains  
on the surface even af te r  having been i on -bombarded  
suggests tha t  the origin of the f r ee -ca rbon  does not  
arise f rom a s imple  contaminat ion,  but  f rom the car-  
bur iza t ion  process. Carbon accumulates  on the surface 
th rough  the d ispropor t ionat ion  react ion of CO rep re -  
sented  in Eq. [1]. I t  should also be noted in Fig. 5 
that  the  in tens i ty  of the NvOO t rans i t ion  in W at 165 
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Fig. 5. Auger electron spectrum given by sample (#258)  severely 
contaminated with free carbon. (a) shows carbon spectrum of 
graphite [taken from 'Ref. (6)]. 

eV is much  smal le r  than  tha t  in Fig. 4, suggest ing tha t  
the surface  of the  ca ta lys t  is covered wi th  a th ick  
( ~  100A) free carbon  layer .  The amoun t  of carbon 
accumula t ing  on the  surface dur ing  carbur iza t ion  m a y  
depend  on the ca ta ly t ic  ac t iv i ty  of the  surface  i tself  
toward  the d i spropor t iona t ion  react ion of CO, if  the  
t empe ra tu r e  is the same. If the Mo or Mo- r i ch  ca~,bide 
is active, the  severe  contamina t ion  in this s ample  could 
eas i ly  be expla ined:  i ts surface contains a l a rge  amount  
of Mo because CVD was s topped whi le  the  vapor  p res -  
sure  of the Mo (CO)r was s t i l l  high. 

XPS measurement  was also car r ied  out  to inves t i -  
gate  the  surface  chemis t ry  involving oxygen,  which is 
l ike ly  to p l ay  a considerable  role in the  cata lyt ic  oxi-  
dat ion of  I-I~ (2, 7). The resul ts  obta ined  for  the  sample  
using the Au subs t ra te  in Fig. 2(c)  are  shown in Fig. 
6 and 6(a ) ,  the l a t t e r  showing detai ls  in the b ind-  
ing energy  range  be tween  30-40 eV. The measuremen t  
using A1-K~ i r rad ia t ion  (13 kV-20 mA) was done 
wi th  Vc, vacuum level  and angle  of i r rad ia t ion  at 
1.7 kV, 10 -10 Tort ,  and 45 ~ respect ively .  As shown 
in Fig. 6 (a ) ,  the peaks  of the spec t rum der ived  f rom 
W(4f)  are  at b inding  energy  levels  ident ica l  with 
those of meta l l ic  W, which is ve ry  close to the b inding  
energy  of W in WC (8). In  the sample  obta ined here,  
therefore,  the  amount  of W binding  wi th  oxygen is 
considered to be much sma l l e r  than that  observed b y  
Ross et al. (2) for  AEG-Te le funken  WC, a l though ve ry  
weak  peaks  resul t ing  f rom W 6+ are  observable  a round 
37 eV. The peak  in tens i ty  of O ( l s )  at 530 eV in Fig. 
6 also suggests that  the surface of the ca ta lys t  is 
on ly  s l ight ly  oxidized. I t  is no tewor thy  that  the  C ( l s )  

3'0 ,~v' 4{) 31 
l 
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2~o 4~o 6~o 
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Fig. 6. X-ray photoelectron spectrum af (W, Mo)C film formed 
on a smooth Au piece, the same sample as (c) of Fig. 2. 
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spec t rum has a ve ry  sha rp  peak  at  280 eV, suggest ing 
tha t  a lmost  a l l  the  carbon is in a b ind ing  s ta te  wi th  the  
W. This presents  a c lear  contras t  to Miles '  (3) resul ts  
in which the  sur face  carbon s ta te  was e i ther  ca rbonyl  
or  carbonate .  The shoulder  seen at  230 eV is de r ived  
f rom Mo (3d) emission, indica t ing  tha t  the surface Mo 
concentra t ion  might  be 1 ~ 5 a/o,  a va lue  ident ica l  
wi th  tha t  ob ta ined  f rom AES. 

Real suryace area oS the electrodes.--Figure 7 is a 
l inear  sweep  vo l t ammogram of a (W, Mo) C / A u  elec-  
t rode  (1 X 3 cm 2) p r epa red  under  the same condit ions 
as were  used when  the sample  giving the SEM pic ture  
in Fig. 2(c)  was prepared .  The condit ions are  shown 
in Fig. 2. Since the  vo l t ammogram in i M  H2SO4 was 
reproduc ib le  and revers ib le  dur ing  repea ted  Cycles, 
the  cur ren t  observed  in Fig. 7 is r easonab ly  considered 
to be genera ted  b y  double  l a y e r  capaci tance and ad-  
sorp t ion-desorp t ion  of hydrogen  on the electrode.  The 
capaci tance of the e lec t rode  can be given by  

C -- i~ (dE~dr) [2] 

where  i is the  cu r ren t  and (dE/dr) is the  sweep rate.  
A capaci tance of 750 ~F was es t imated f rom a p la teau  
cur ren t  of 7.5 ~A and a sweep  ra te  of 10 mV/S.  Almost  
the  same value  of  capaci tance  was obta ined  even 
though the  sweep  ra tes  were  changed in the  range  
f rom 1-50 mV/S.  Therefore,  the process on the elec-  
t rode is considered to be revers ib le  in this  expe r imen ta l  
conditions.  F r o m  the mic rograph  in Fig. 2(c) ,  i t  might  
be assumed that  the  roughness factor  of the  e lec t rode  
be  unity.  Then, the capac i ty  pe r  uni t  real  surface a rea  
would  be  1.25 F / m  2. 

V o l t a m m e t r y  was also conducted on the  (W, M o ) C /  
carbon paper  e lec t rode  under  the  same condit ions as 
above. The resul t  showed that  this e lect rode gives sub-  
s t an t i a l ly  the  same shape vo l t ammogram,  as shown 
in Fig. 7, a l though the cur ren t  is much higher .  In  
this case, the  capaci tance was es t imated  to be 0.012F. 
Consequently,  the rea l  surface a rea  of the  (W, M o ) C /  
carbon pape r  e lec t rode  (No. 271) m a y  be calcula ted to 
be  about  100 cm 2. 

ElectrocataZytic activity in (W, Mo)C/carbon paper 
electrodes.--The open circuit  po ten t ia l  of the  e lect rode 
(No. 271) under  cont inual  bubbl ing  of N2 reached 
about  0.5V (vs. RHE) at 50~ I t  decreased r ap id ly  and 
reached the same poten t ia l  as RHE about  10 rain af ter  
the in t roduct ion  of t-I2 in place of the N2. The resul ts  
of potent ios ta t ic  cur ren t  measurements  conducted 
the rea f t e r  are  shown in Fig. 8, in which the cur ren t  is 
normal ized  by  the real  surface area  de te rmined  above. 
The  p lo t  of H2 oxida t ion  cur ren t  is lineal: in the  po-  
ten t ia l  range be tween  0.05-0.12V. It  becomes nonl inear  
at  h igher  potent ia ls  due to the onset of diffusion con- 
trol.  The exchange  cur ren t  es t imated  by  extrauolat~on 
of the l inear  par t  of the plot  is about  10 -2  A/m~, which 
is two or  three  orders  of magni tude  lower  than  tha t  of 
P t  r epor ted  b y  Vet te r  et al. (9).  Nevertheless .  the  
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Fig. 7. Linear sweep voltammogram of (W, Mo)C/Au electrode 
(prepared by the same method as in sample (c) of Fig. 2), 1M 
H2S04. 10 MV/s. 
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Fig. 8. Potentiostatic currents obtained from (W, Mo)C-deposited 
electrode (#271). Currents are normalized by real surface area of 
the electrode. Temperature: 50~ Concentration of H:, HCHO, 
and CHr3OH: saturated H~ at 50~ 1.25M, and 5M, respectively. 

presen t  (W, Mo) C/ca rbon  p a p e r  e lec t rode  is more  
active toward  H2 e lec t ro -ox ida t ion  than  any  o ther  WC 
repor ted .  The best  ca ta lys t  among them m a y  be A E G -  
Telefunken ' s  WC (not conta ining Mo),  which was 
repor ted  to exhib i t  cur ren t  dens i ty  of 2 • 10 -2 A / m  2 
( rea l  sur face  area)  a t  0.2V (vs. RHE) and 22~ (2).  
Under  the same conditions, the current  of the e lectrode 
in the p resen t  s tudy  is es t imated  to be 3 X 10 -2 A / m  2. 

The open ci rcui t  po ten t ia l  observed  when  the e lec-  
t ro ly te  was fueled wi th  CH3OH (5 mol / l i t e r )  was 
about  0.35V (vs. RHE) ,  which  is cons iderab ly  h igher  
than  the revers ib le  potent ia l ,  0.04V, The cur ren ts  gen-  
e ra ted  by  the e lec t ro -ox ida t ion  of methanol  

CH4OH + H~O + 6e- ---- CO~ + 6H + [3] 

are plotted vs. potenti.als in Fig. 8. The potentiostatic 
current at 0.5V is 8 X 10 -4 A/m ~ at 50~ which is 
about one or two orders of magnitude smaller than 
pure Pt, and three orders smaller than for a Pt-Sn 
alloy (10, Ii). 

Miles (3) repor ted  tha t  m o l y b d e n u m - t r e a t e d  WC 
(conta ining 20 a /o  Mo) exhib i ted  ca ta ly t ic  ac t iv i ty  for 
the  e lec t ro -ox ida t ion  of methanol .  This ma te r i a l  was 
p repa red  using a method in which a mix tu re  of am-  
monium molybda te  and ammonium pa ra tungs ta t e  was 
hea ted  in a i r  a t  400~ and then  carbur ized  in CO at 
700~ Because da ta  on the surface area  i~ not ava i l -  
able  and a significant corrosion cur ren t  was observed 
at  potent ia ls  h igher  than  0.4V (vs. RHE) ,  i t  is ha rd  to 
es t imate  precise cur ren t  dens i ty  for methanol  e lec t ro-  
oxidat ion  of this catalyst .  To es t imate  ve ry  roughly,  
however ,  the cur ren t  due to e lec t ro -ox ida t ion  of me th -  
anol pe r  rea l  surface area  might  be, at  most, in the  
order  of 10 -7 A / m  2. I t  should be noted that  the corro-  
sion cur ren t  repor ted  by  Miles was not observed  at  
al l  in the  e lec t rode  (No. 271) of the presen t  s tudy  at  
0.4V, and even at  0.5V the background  cur ren t  p r o b -  
ab ly  due to corrosion decreased rapidly .  

Formaldehyde ,  a possible in te rmedia te  in the  me th -  
anol ox ida t ion  process,  unde rwen t  e l ec t ro -ox ida t ion  
more  easi ly  on the e lec t rode  (No. 271) than  methanol  
did. The open circuit  po ten t ia l  for HCHO (1.25 m o l /  
l i te r )  was about  0.0V (vs. RHE) ,  which  is close to the  
revers ib le  potent ial ,  0.08V. Potent ios ta t ic  cur ren t  a t  
var ious  potent ia ls  is also shown in Fig. 8. 

The t empe ra tu r e  dependence  of the  e lec t ro -ox ida t ion  
cur ren t  cor responding to H~, HCHO and CH.~OH is 
shown in Fig. 9. The ac t iva t ion  energies  a re  given a s  

47.6, 50.2, and  75.2 k J / m o l  for It2, HCHO, and CH~OH, 
respect ively.  The act ivat ion energy  for He agrees  wel l  
wi th  tha t  r epor ted  for  pu re  WC. 48.1 k J / m o l  (12). I t  
is, therefore,  not l ike ly  that  1YIo p lays  an essential  role  
in the  e lec t ro -ox ida t ion  of He. The value obta ined  wi th  
methanol  is s imi la r  to those usua l ly  repor ted  for P t -  
based catalysts ,  such as P t - S n  alloys. 
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Fig. 9. Arrhenius plots of potentiostatic anodic current of 
(W, Mo) C-deposited electrode (#271). Electrode potential is 0.1, 
0.3, and 0.5V vs. RHE, respectively. 

Influence o] sur]ace free-carbon.--It has often been 
ment ioned tha t  surface  contaminat ion  by  carbon gen-  
e ra l ly  br ings  about  degrada t ion  in the  ac t iv i ty  of WC 
catalysts ,  including the e lec t roca ta ly t ic  oxidat ion  of 
}Is (2). This k ind  of degradat ion,  p robab ly  ar is ing 
f rom surface contaminat ion  by  carbon in e lementa l  
(or  graphi t ic)  form, was observed in the present  s tudy.  
Since the con taminant  is considered to be der ived  f rom 
the d ispropor t iona t ion  react ion of CO dur ing  the car-  
bur iza t ion  process, the  degree of contaminat ion  m a y  
be dependent  on synthes is  conditions.  

In  Table II, the  e lec t roca ta ly t ic  act ivi t ies  of elec-  
t rodes p repared  under  different  condit ions are  com- 
pa red  to show the re la t ionship  be tween  thei r  ac t iv i ty  
and degree of contaminat ion.  The rat io of the p e a k - t o -  
peak  va lue  of the  C K L L  t rans i t ion  at  about  270 eV 
to that  of the W NvOO t rans i t ion  at 163 eV, is 
used as a measure  and is represen ted  by  (C/W)  
in the  table.  The ac t iv i ty  changes d rama t i ca l ly  wi th  
degree  of contaminat ion.  The difference be tween  the 
cleanest  electrode,  No. 271, and the least  clean one, 
No. 258, is more  than  four  orders  of magni tude  in the 
ac t iv i ty  to He, even though the bu lk  composit ion of 
both  electrodes is a lmost  the  same. The AES pa t te rns  
recorded for  these two electrodes were  in Fig. 4 and 5, 
respect ively.  The severe  contaminat ion  in electrode,  
No. 258, was expla ined  in previous  section. 

Compar ing  sample  No. 242 with  No. 253, it  is obvi -  
ous tha t  the e lect rode c a rbur ized  at  820~ has a c leaner  
surface  than  tha t  at the lower  t empera ture ,  695~ This 
resul t  is reasonable  because the the rmodynamics  of 
the CO dispropor t iona t ion  react ion suggests that  car -  
bon is more  easi ly  created at low tempera tures .  Thus, 
the h igher  the carbur iza t ion  tempera tures ,  the  more  

act ive the catalysts .  In addit ion,  i t  should be noted 
that  sample  No. 240, which has undergone  exposure  to 
CO at  lower  tempera tures ,  shows ve ry  l i t t le  act ivi ty.  I ts  
surface has p robab ly  been contamina ted  to a g rea t  
ex ten t  dur ing  hea t ing  f rom 450-700~ because,  as in 
this case, CO was in t roduced  immed ia t e ly  af ter  the 
CVD process at  450~ Dura t ion  of exposure  to CO 
also influences the  act ivi t ies  of electrodes.  I f  too short ,  
high ac t iv i ty  does not  result ,  because carbur iza t ion  is 
not  completed.  Also, pro longed carburizat ion,  exceed-  
ing 2 hr, as seen in sample  No. 262, causes degradat ion,  
p robab ly  because f r ee -ca rbon  fo rmat ion  proceeds even 
at a t empe ra tu r e  as high as 820~ though ve ry  slowly.  
The free energy  change of the  d i spropor t iona t ion  re-  
act ion (e.g. [1]) is about  +42  k J / m o l  at  800~ bu t  
a g rea t  excess of CO was inc luded in the  carbur iza t ion  
a tmosphere .  

Ef]ect o~ Mo.--To inves t iga te  the effect of Mo, Mo- 
free electrode,  (No. 261), was p repa red  in the same 
manne r  and its act ivi t ies  were  compared  wi th  those of 
e lec t rode  (No. 271), which contains 1 ,,~ 5 a /o  of Mo 
on its surface.  The resul ts  shown in Table l I I  suggest  
that ,  in re la t ion  to H2 e lec t ro-oxidat ion,  act ivi t ies  of 
both  electrodes are  a lmost  the same, leading to the  
conclusion that  Mo does not p l ay  an essential  pa r t  on 
H2 oxidat ion.  This has also been suggested by  the dis-  
cussion involving act ivat ion energy  in the previous  
section. 

Conversely,  the  cur ren t  produced by  methanol  oxi-  
dat ion is observable  only in the  e lect rode conta ining 
Mo. Al though s ta t ionary  cur ren t  in the  table  is nul l  
for the Mo-f ree  electrode,  t rans ien t  cur rent  was de-  
tectable  for  a few minutes  af ter  methanol  was in t ro-  
duced into the  electrolyte .  A s imi lar  decay in t rans ient  
cur ren t  was also observable  in the e lect rode containing 
Mo, but  became s t a t iona ry  wi th in  severa l  min. Suzui 
et al. (13) have recen t ly  r epor ted  that  the potent ios ta t ic  
methanol  cur ren t  in a P t  e lectrode in acidic solut ion 
decays r ap id ly  (i.e., about  one order  in 1 min) ,  and 
that  this decay  results  f rom the  ca ta lys t  being poisoned 
by  an in te rmedia te  genera ted  by  the oxidat ion  of 
methanol .  I t  is therefore,  reasonable  to consider  that  
Mo in the electrodes obta ined here acts to r emove  
poisonous in termedia tes ,  or it leads the e lec t rochemical  
react ion to another  pa th  in which poisons are  not  p ro -  
duced. 

Conclusion 
An e lec t roca ta lys t  has been obtained using a novel  

method involving CVD from W (CO)6 a n d / o r  Mo (CO)6. 
Cata ly t ic  ac t iv i ty  is g rea t ly  influenced b y  surface con- 
tamina t ion  from carbon in e lementa l  forms produced 
by  the d ispropor t iona t ion  react ion of CO. The most 
active ca ta lys t  obta ined here  gives He-oxidat ion  cur -  
rent  dens i ty  of 0.12 A / m  e (based on real  surface area)  
in an acidic solut ion at  0.2V (vs. RHE) and 50~ The 
exchange current  density,  es t imated  to be 3 X 10 -e  
A / m  2, is l a rge r  than  that  of any  other  WC known to 
date. Oxidat ion  cur ren t  in methanol  as la rge  as 8.2 • 
10 -4 A / m  e is observed with  ca ta lys t  containing Mo at 

Table II. Activities of electrodes prepared by various conditions 

Synthesizing condit ions  

Electrode Source Carb. Duration iH 2 at 0.2V }Hc~o at 0.3V 
No. temp. (~ temp. (~ of carb. (hr) (C/W)* (10-SA/m 2) (10-~A/m~) 

teH~o~ at 0.SV 
( 10-~ A / m  s) 

240t 70 700 2 ( - - )  0.35 
242 70 695 2 2.1 1.9 
245 70 818 2 ( - - )  5.0 
2535 70 824 2 1.4 5.2 
258w 70 823 2 30.0 <0.0,02 
262 20 819 2 1.2 8.1 
271 20 820 1 0.6 11.5 

<0.03 
0.20 
0.90 
1.60 

n 0  
1.50 
4.00 

~0 
~0 
2.7 
1.7 
~O 
1.3 
8.2 

~ The p-p intensity ratio, C KLL/W NvOO transition, determined by AES. 
t CO was introduced at 450~ In other samples, at the carburization temperature. 
Source composition: W(CO)6 20 mg + MO(CO)~ 4 rag. In others, 10 mg + 2 rag, respectively. 

w Evaporation of source [W(CO)o 21 mg+ MO(CO)~ 4 mg] was stopped at 2 rain. 
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Table III. Effect of Me on electrocatalytic activities 

Elee. Surface 
trode CVD Mo conc. iH~ inc~o ic~je~ 
No. source (a/o) (10-~A/mD (10-2A/m ~) (10-~A/mD 

271 W(CO)e + 1 ~ 5 11.5 4.0 8.2 
Mo(CO)6 

261 W(CO)6 0 9.3 1.2 0 

* Currents in the Table are stationary ones. 
* Potential for H2, HCHO, and CHJOH is 0.2, 0.3, and 0.SV (vs. 

B/-U~). 

0.5V and 50~ Molybdenum seems to act as a center 
to remove poison intermediates  or to lead the electro- 
chemical reaction to another  path in which poisons 
are not  formed. 
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A Voltammetric Investigation of Oxygen Reduction in a Trickle Bed 
Cell Using Graphite Chip and RVC Cathodes 

J. B. Davison,' J. M. Kacsir, 2 P. J. Peerce-Landers, 3 and R. Jasinski* 

Occidental Research Corporation, Irvine, California 92714 

ABSTRACT 

Steady-state voltammetry measurements were used to assess the uniformity of reaction conditions along the length of 
the packed bed electrode in a two-compartment trickle bed cell. The model reaction was the cathodic reduction of oxygen in 
2M caustic under  various conditions of O~ pressure, cell temperature, and catholyte flow rate. Two kinds of carbon cathodes 
were employed: small chips of high purity graphite and a piece of reticulated vitreous carbon foam. Oxygen reduction was 
shown to occur at these carbons in two steps, O~ ~ HO2-; HO~- ~ OH-. Generally, an increase in current density produced an 
increase in the potential gradient along the cathode bed, favoring the reduction of HO~- to OH-. This nonuniform potential 
distribution is attributed to local differences in the oxygen supply. We conclude that mass transfer in the trickle bed cell is 
not efficient enough to replace all the oxygen consumed by electrolysis at current densities above ca. 200 A/m s . 

The trickle bed cell (1) uses a three-d imensional  
packed bed electrode to electrolyze gaseous reactants 
(2-5). Mass t ransfer  of reactant  gas into the fluid phase 
is facilitated by the t r ickl ing flow of the electrolyte 
layer  over each particle in the electrode bed. 

Previous work with the trickle bed cell suggested 
that the potent ial  dis t r ibut ion in the cathode bed was 
nonun i fo rm in  the direction of current  flow and, thus, 
the particle bed thickness was l imited to ca. 3-6 m m  
(3). Reaction conditions along the length of the cath- 
ode bed, in the direction of gas/electrolyte flow, can 
also be nonun i fo rm by vir tue of the nonuni fo rm dis- 
t r ibut ion of reactants. This could impose a max imum 
size or current  densi ty  l imitat ion on the cell. In  order 
to assess this la t ter  nonuniformity ,  we exper imenta l ly  
determined the potential  difference between two 
points along the length of the cathode bed for a two- 

* Electrochemical  Society Active Member. 
1 Present address: J. C. Schumacher Company, Oceanside, Cal- 

ifornia 92054. 
Present  address: Beckman Instruments  Incorporated, Analyti- 

cal Instrument Sales & Service Division, Anaheim. California. 
Key words: carbon, electrode,  electrolysis,  particles. 

Present  address: Betz Laboratory, The Woodlands, TX 77380. 

step electrolysis. This was accomplished by steady state 
vol tammetry  measurements  dur ing  the electroreduction 
of oxygen in 2M caustic. The variables were gas pres- 
sure, cell temperature,  and catholyte flow. 

It  was anticipated that the cell performance could 
also be a funct ion of the configuration of the carbon 
bed, since this factor could also affect the contact of gas 
and electrolyte. Accordingly, we compared the per -  
formance of two different types of carbon cathodes: a 
packed bed of graphite  chips and a single piece of 
ret iculated vitreous carbon foam (RVC). 

Experimental 
An exploded view of the tr ickle bed cell used in t h e s e  

exper iments  is shown in Fig. 1. This design is a slight 
modification of that  described in the l i terature  (1). The 
5 X 50 X 1 cm anode and cathode plates were made of 
#316 stainless steel and had channeled interiors to 
permit  the circulation of heating or cooling water. It  
is presumed that  the ohmic drop down this plate is 
min imal  so that  the back side of the bed is effectively 
an equipotential  surface. The 5 • 50 • 0.3 cm cathode 
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Fig. 1. Exploded view of the two-compartment trickle bed cell 

bed was filled wi th  e i ther  --.10 to /-16 mesh Ul t ra  F 
g raph i te  chips (Ul t ra  Carbon Company)  or  a piece of 
RVC-100S foam (The F luorocarbon  Company) .  This 
thickness (0.3 cm) is tha t  requ i red  to mmmuze  non-  
uni form poten t ia l  drop across the  thickness  of the bed  
(3). The membrane  be tween  anode and cathode was 
Nation #425 (E. I. du Pont  de Nemours  & Company) .  
I t  was phys ica l ly  suppor ted  by  glass beads o n  the 
anode side. These e lements  were  sandwiched  be tween  
two 2 in. p lexiglass  plates.  For  safe opera t ion  at  p res -  
sures  up to 1750 kPa,  the  cell  was enclosed be tween  
two ~/4 in. s tainless steel  backing plates.  

The s teel  backing  plates ,  the  plexiglass  cell  body,  
and the s teel  cathode pla te  were  dr i l l ed  to pe rmi t  the  
in t roduct ion of two specia l ly  constructed ceramic junc-  
tions (Broad l ey - James  Corpora t ion) .  These junct ions  
were  inser ted  nomina l ly  0.5 m m  into the cathode bed  30 
cm apart ,  one 10 cm from the top and the o ther  10 cm 
f rom the bottom. Outside the  cell, the junct ions  were  
connected to e lec t ro ly te  wel ls  in which sa tu ra ted  calo-  
mel  re ference  electrodes were  immersed.  Cathode po-  
tent ia ls  were  measured  wi th  a Ke i th ley  616 Digi ta l  
Elect rometer .  

The anode  chamber  was flooded wi th  2M NaOH flow- 
ing at  a ra te  of ca. 40 ml /min .  The flow of ca tholyte  
(2M NaOH) t r ick l ing  through the graphi te  bed was 
control led  by  a me te r ing  pump.  Catholyte  and oxygen 
gas were  p remixed  pr ior  to en ter ing  the cathode cham-  
ber  by  passing th rough  a 50 ml  mix ing  column filled 
wi th  glass beads. Oxygen  flow into the cell  was regu-  
la ted  by  a high pressure  ro tometer .  

The oxygen  pressure  is given in the da ta  Tables.  The 
flow ra tes  were  in the  range  of 500-1000 cc /min  STP 
(depending  on the pressure  head and the pressure  drop 
wi th in  the bed) .  This flow ra te  is equivalent  to a cur-  
rent  of 80-160A. The m a x i m u m  cur ren t  used in these 
exper iments  was 50A. The t empera tu re  of the  ca tholyte  
s t ream was measured  by  thermocouples  located in the  
p lumbing  immed ia t e ly  outs ide the cell. Cell  vol tages  
were  appl ied  wi th  a Hewle t t  Packa rd  6269 B 5OA 
power  supply.  Cell  cu r ren t  was measured  wi th  a 
Ke i th ley  177 Digi ta l  Mul t imeter .  Cur ren t  densit ies were  
calcula ted b y  d iv id ing  the measured  cell  cur ren t  by  
the  a rea  of the  cathode feeder  plate,  0.025 m 2. Perox ide  
concentra t ions  were  de t e rmined  by  t i t ra t ing  1 ml  
al iquots  f rom the ca tholy te  s t r eam wi th  a s t anda rd  
ceric ammonium sulfa te  solut ion (6). 

Fo r  the s t eady- s t a t e  vo l t ammet ry  exper iments ,  the  
cell  pressure,  e lec t ro ly te  exi t  t empera ture ,  and elec-  
t ro ly te  flow ra te  were  ma in ta ined  wi th in  the  fo l low- 
ing tolerances:  cell  p ressure  --  +__2 psi; e lec t ro ly te  
ex i t  t empe ra tu r e  --  •176 wi th  graphi te  cathode 
and -+4.0~ wi th  RVC cathode;  e lec t ro ly te  flow rate  
_-- • ml /min .  The appl ied  cell vol tage was ad-  
jus ted  to main ta in  the  top cathode poten t ia l  at  a 
p r ede t e rmined  value. The bo t tom cathode potent ia l ,  
the cell  current ,  and the peroxide  concentra t ion 
were  measu red  eve ry  5 min. A s teady  state was a s -  

sumed when these values  s t ayed  wi th in  the fol lowing 
l imi t  for at  least  20 rain: bo t tom cathode poten t ia l  at  
0-0.9V -- --+2 mV graph i t e  cathode, -+10 mV RVC; 
bo t tom cathode po ten t ia l  at --1.2V --  -+110 mV graph-  
i te cathode, ___30 mV RVC; cell  cur ren t  - -  -+I.0A graph-  
ite cathode, _0.25A RVC; [HO~-]  --  +--0.03 weight  pe r -  
cent  ( w / o ) .  Genera l ly ,  a l l  the  var iab les  were  wel l  
wi th in  the  quoted to lerance  l imits.  However ,  at  higher  
cur ren t  densit ies a var iab le  could fluctuate to these 
l imits.  

The ex ten t  of t he rma l  decomposi t ion for  caustic 
pe rox ide  solutions as a funct ion of t empe ra tu r e  was 
de te rmined  by  c i rcula t ing a 1.4 w /o  pe rox ide /2M caus-  
tic solut ion th rough  the  g raph i te  chip t r i ck le  bed at  
open circuit.  

Results 
The first exper iments  were  in tended  to es tabl ish the 

potent ia l  at  which peroxide  is reduced  under  wel l  con- 
t ro l led  and wel l  defined mass t ranspor t  conditions,  on 
the  specific carbon used in the  t r ickle  bed. As shown in 
Fig. 2, curve A, the  reduct ion of oxygen in 2M NaOH 
at an Ul t ra  F g raph i t e  pas te  ro ta t ing  disk e lec t rode  
(RDE) occurs in two steps, the  first wave  beginning  at  
ca. --0.2V, the reduct ion of oxygen  to peroxide  

02 + H20 + 2e --> HOg-  [1] 

and a second wave  beginning  at  ca. --0.7V, due at  least  
in par t ,  to the reduct ion  of perox ide  to hydrox ide  

HO~- + H20 + 2e-> 3 O H -  [2] 

A s imi lar  polar izat ion curve is obta ined  on a commer -  
cial ly avai lab le  vi t reous  carbon RDE. 

The nex t  objec t ive  of the  vo l t ammet ry  exper iments  
was to show tha t  oxygen was indeed e lec t rochemical ly  
reduced  by  the same two-s tep  process at a t r ick le  bed  
graphi te  cathode as at  a g raphi te  RDE. S teady- s t a t e  
potent ia l  measurements  were  made  on a graphi te  bed 
at  the  fol lowing six cathode potent ia ls :  --0.25 (at  the 
foot of the oxygen reduct ion  wave) ,  --0.35, --0.50, 
--0.70 (a t  the  foot of the RDE HO2- reduct ion  wave) ,  
--0.90 (where  both reac t ion  (I)  and react ion (II)  oc-  
cur) ,  and at  --1.2V (which is a lmost  the potent ia l  at  
which wa te r  is e lec t ro lyzed) .  To p reven t  HO2-  from 
reaching the anode where  it would  be oxidized via 

HO2- + OH- -> 02 + H20 + 2e [3] 

a peroxide-stable cation exchange membrane (Nation) 
separated the anode from the cathode. The data so 
obtained (Table I) is consistent with this two-step re- 
duction in the trickle bed, in that 100% current effi- 
ciencies were obtained when the cathode potential was 
less negative than --0.7V, and a decrease in current 
efficiency was observed at cathode potentials negative 

-1.2 

-1.0 

-0.8 

E 

-0.6 

0 -0.4 I,u 

-0.2 

A S  
f 

-o~s -o'~s -o~o -o~o -o~o - ~  
Graphite RDE Potential, V vs. SCE 

Fig. 2. Curve A: The reduction of oxygen in 2M NaOH occurs in 
two steps at an Ultra F graphite paste rotating disk electrode. 
Curve B: The reduction of 5 . 1 0 - 3 M  H202 in oxygen-free 2M 
NaOH at the same electrode. Rotation speed = 3000 rpm; scan 
rate = 100 mV/sec. 
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Table I. Steady state voltammetry data using the graphite bed cathode 

Cell Electrolyte 
Run pressure,  temperature ,  

number  kPa 'C 

Electrolyte Cathode potential,  - V  Cell Current  
flow, current  density, 

ml /min  Top Bottom AV A A / m  = 

Conc Current 
H ~ 0 2  efficiency. 
w/o % 

1 1725 81 
31 
31 
32 
29 
31 

2 1725 45 
45 
45 
45 
45 

3 1725 61 
61 
60 
60 
61 

4 1726 29 
29 
29 
29 
29 
29 

5 345 30 
30 

31 
39 
33 

10,4 0.250 0,250 0 0.34 13.6 0.05 100 
9.3 0.354 0.352 0.002 2.00 80.0 0.22 100 

lO.l 0.504 0.552 0.048 4.95 198.0 0.48 10O 
9.8 0.714 0,831 0,117 8,43 337.3 0.69 81 

10.7 0.916 1.028 0.112 15.0 600.0 0.75 
8.6 1.18 1.59 0.41 49.9 1996.0 0.10 2 
9.3 0.261 0.253 0.002 0.38 15.2 0.05 100 
9.7 0.360 0.339 0.021 1,93 77.2 0.20 100 
9.4 0.504 0.536 0.032 5,37 214.8 0.56 99 

10.0 0,713 0.801 0.088 12.0 480.0 0.89 76 
9.4 0.891 0.979 0,088 22.8 912.0 1.25 53 

10.1 0.252 0.262 0 0.41 16.4 0.03 82 
10.7 0.350 0.343 0.007 2.57 102.8 0.17 74 
9.6 0.605 0.511 0.006 6.90 276.0 0,53 76 

10.1 0.701 0.779 0.078 17.7 708.0 1.0~ 61 
10,3 0,914 1,107 0.193 42,2 1688,0 1,17 29 
28.3 0.252 0.247 0.005 0.28 11.2 
30.2 0.350 0.345 0.005 1.70 68.O 0.07 
28.8 0.~02 0.516 0.014 3.65 146.0 0.12 100 
29.8 0.706 0.765 0.059 6.00 240.0 0.20 97 
29.0 0.901 0.974 0.073 11.2 448.0 0.24 64 
28.6 1.188 1.418 0.230 36.0 1440.0 0.10 8 
9.9 0.250 0.254 0.004 0.12 4.8 

10.5 0.350 0.362 0.012 1.03 41,2 0.~0 100 
9.6 0.509 0.614 0.~)5 1,87 74.8 0.17 92 

10.2 0.709 0.725 0.016 4.18 167.2 0.92 50 
11.1 0.925 0.960 0.035 13.5 540.0 0,20 17 
8.1 1.20 1,57 0.37 44.5 1780.0 O 0 

of --0.7V. Exceptions,  i.e., runs  3 and 5, a re  exp la ined  
below. That  reac t ion  [2] indeed  occurs in the t r ick le  
bed cell  at  potent ia ls  more  negat ive  than  --0.7V was 
also shown by  an expe r imen t  in which  a solut ion con- 
ta in ing HO~-,  bu t  no oxygen  (1725 kPa  argon)  began 
to e lect rolyze  at  ca. --0.7V. We de te rmined  in sepa ra te  
exper iments  tha t  H~O electrolysis  begins in the t r ick le  
bed cell  at  ca. --1.4V. So in those cases where  the  bot -  
tom cathode po ten t i a l  exceeds this va lue  ( runs  1, 4, 
and 5), H20 is be ing  reduced  a long wi th  O2 and H a 2 - .  

The effect ol pressure.--An increase  in reac tan t  oxy -  
gen gas p ressure  resu l ted  in an increase  in HOe-  con- 
centrat ion,  as long as the ca thode potent ia l  was kep t  
posi t ive  of --0.7V. This can be  seen by  compar ing  runs  
1 and  5 in Table  I and  in Fig. 3. Under  ident ica l  condi-  
t ions of t empe ra tu r e  and ca tholy te  flow, s ignif icant ly 
h ighe r  concentra t ions  of pe rox ide  were  produced  at  a 
g iven cathode poten t ia l  at  the h igher  pressure  of o x y -  
gen (1725 k P a  vs. 345 k P a ) .  At  both  pressures ,  the 
differences in the  solut ion poten t ia l  be tween  the  bo t tom 
and the top of the  cathode bed, increased wi th  increas-  
ing appl ied  cell  vol tage  (cur ren t ) .  (With  a few excep-  
t ions occurr ing  on ly  at  low appl ied  cathode po ten-  
tials, this  was t rue  for  a l l  five runs:  see Table  I.) 

The effect of temperature.--Resistive heat ing  is l ike ly  
to be an impor t an t  considera t ion in any  la rge-sca le  
e lec t rosynthes is  us ing a s tack  of t r i ck le  bed cells. To 
de te rmine  the effect of t empe ra tu r e  on the per formance  
of the t r ick le  bed cell, vo l tamet r ic  measurements  were  
made  under  ident ica l  condit ions of pressure  and flow 
at 30 ~ 45% and 60~ (These t empera tu res  were  a t -  
t a ined  by  c i rcula t ing wa te r  f rom a constant  t em-  
p e r a t u r e  ba th  through the hol low anode and cathode 
plates.)  The resul ts  a re  p resen ted  in Table  I, runs 1-3, 
and in Fig.  4. 

At  60~ the cu r ren t  efficiency for  H a 2 -  product ion  
is wel l  be low 100% even at  potent ia ls  wel l  posi t ive of 
--0.TV. Exper imen t s  outside the  cell  demons t ra ted  tha t  
t he rma l  decomposi t ion of  caustic pe rox ide  solutions is 
subs tan t ia l  above 50 o (Tab]re I I ) .  

However ,  the da ta  also suggest  that  a cer ta in  amount  
of res is t ive  hea t ing  m a y  be beneficial  in te rms of in-  
creased synthesis.  Fo r  exmnple,  1.25 w/o  HO~- is p ro -  
duced at  45~ compared  with  0.75 w/o  at  30~ at  
nea r ly  ident ica l  potent ia ls  and cur ren t  efficiencies. The 
increase in cu r ren t  dens i ty  can resul t  f rom an increase  
in the  ra te  constants  for  the  e lect rode react ions and an 
increase  in the  diffusion coefficient for  02. Opposing 
these effects is the decrease in O2 so lubi l i ty  at  h igher  

t empera tu res  (7). However ,  the net  overa l l  effect in 
the  case of 02 reduct ion is an increase in ra te  and 
produc t  y ie ld  wi th  an increase in t empe ra tu r e  (unt i l  
the onset  of t he rma l  decomposi t ion) .  

The effect of catholyte flow r a t e . - -Because  of it~ po-  
t en t ia l ly  ma jo r  impact  on mass t ransfe r  condit ions,  the  
ca tholyte  flow ra te  is an impor t an t  process var iab le  in 
a t r ick le  bed  cell  (3, 5). Vol tamet r i c  da ta  was ob-  
ta ined at  a c a t h o l y t e  flow ra te  of 29 m l / m i n  in run  4 
of Table  I. These da ta  m a y  be compared  wi th  those 
f rom run  1 at  10 m l / m i n  under  ident ica l  condit ions of 
t e m p e r a t u r e  and pressure  (see Fig. 5). 

Subs tan t i a l ly  h igher  H 0 2 -  concentra t ions  were  ob-  
ta ined at  the  s lower  flow rate.  This is l ike ly  due to the 
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Table II. Thermal decomposition of H202" in the graphite chip 
trickle bed cell at open circuit 

tive than --0.TV. At potentials beyond this value, less 
current was sustained than with the graphite bed, but 
more peroxide was obtained using the RVC cathode. 

Outlet temperature ~ % Change 

26 1 o 
41 4 
48 4 
54 11 
60 26 0.8 

* 1.4% ]E[~O~ in 2M NaOH at 35 ml/min. 

increased residence time of the catholyte in the cell. 
The current efficiency at both rates is 100% at poten- 
tials below --0.TV. At cathode potentials more negative 
than --0.7V, the current efficiency is ca. 10-15% less at 
10 ml /min than at 29 ml/min.  The vol tammetry data 
suggest why peroxide production is more inefficient at 
the lower flow rate. For example, when the top cathode 
potential is --0.7V, the bottom potential at 10 and 29 
ml /min  are more negative by 117 and 59 mY, re-  
spectively~ Thus at 10 ml/min,  the bottom of the cath- 
ode is well into the potential region where HO2- is 
reduced (cL Fig. 2). 

The use of a reticulated vitreous carbon cathode.~A 
piece of reticulated vitreous carbon (RVC) foam was 
cut to fit the cathode compartment of the trickle bed 
cell. Voltametric data obtained at 1725 kPa and am- 
bient temperature, 29 _ 3~ appear in Table III. These 
conditions correspond approximately to those of run 1 
in Table I using the graphite bed cathode. A compari- 
son of the two runs is shown in Fig. 6. 

As with the graphite chips, the current efficiency for 
HO~- production is ca. 100% at potentials more post- 
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Table Iil. Steady state voltammetry data at 1725 kPa using the RVC cathode 

1501 

Eleetrol 
temperature,  ~ 

Electrol  
flow, ml/min 

Cathode potential  - V 
Cell Current 

Tap Bottom AV eurrent,A density, A/m~ 
Cone Current 

H~O~, w / o  efficiency, % 

26 9.2 
29 9.5 
30 9.5 
25 9.3 
33 9.4 

0.252 0.311 0.059 0.13 5.2 0.03 100 
0.351 0.379 0,028 0.89 35.6 0.12 100 
0.5~0 .0.597 0.097 5.1 204.0 0.52 97 
0.724 0.776 0.032 6.5 280.0 0.67 97 
1.22 1.34 0.12 21.9 870.0 1.05 46 

The poten t ia l  var ia t ion  along the  l eng th  of the  bed at  
h igh  current ,  e.g. 876 A / m  2, is also less wi th  the RVC 
than  with  the  g raph i t e  ( run  1). 

A t  s lower  e lec t ro ly te  flow rates,  the  per formance  of 
t he  RVC cathode is s ignif icant ly be t t e r  than  that  of the 
g raph i te  chips. For  example ,  at  a flow ra te  of 7 m l / m i n  
and a cur ren t  dens i ty  of 800 A/m2, the  RVC cathode 
produces  2.82 w/o  HO2- at  85% cur ren t  efficiency com- 
pa red  to 0.64 w/o  HO2-  at  23% cur ren t  efficiency for 
the g raph i te  chips. 

Discussion 
Our v o l t a m m e t r y  indicates  tha t  the cathodic reduct ion  

of oxygen  in the  t r ick le  bed cell  fol lows the same 
two-s tep  mechan i sm observed at  a g raphi te  RDE, i.e., 
O~ -> H O s -  --> O H - .  Fu r the rmore ,  the two reduct ion  
steps in i t ia te  at  essen t ia l ly  the  same potent ia ls  in the  
beds as on the RDE, i.e., --0.2 and --0.7V. At  potent ia ls  
more  posi t ive  than  ca. --0.7V, HO2- is p roduced  at  
nomina l ly  100% cur ren t  efficiency at  cur ren t  densi t ies  
up to ca. 200 A/m~ a t  both  a graphi te  bed and a R u  
bed. A t  more  negat ive  potent ials ,  pe rox ide  synthesis  
efficiency falls. The phys ica l  mechanism account ing for  
most  of these poten t ia l  changes wi th  opera t ing  var i -  
ables is l i ke ly  mass  t r anspor t  of oxygen  to the surface  
of the  bed part ic les .  In  both cell  systems,  more  posi t ive  
ha l f  cell  potent ia]z  and h igher  concentra t ions  of p e r -  
oxide  a t  high cur ren ts  were  favored b y  high oxygen  
pressures  and low ca tholy te  flow rates.  Increas ing  cur-  
ren t  densi t ies  increased the potent ia l  g rad ien t  a long 
the length  of the bed. 

These specific effects a re  in the  direct ions expected in 
terms of the  cur ren t  deple t ing  the  oxygen content  by  
the 02 --> HO2-  process  fas ter  than  the ra te  of rep lace-  
ment  of oxygen by  dissolution from the gas phase.  With  
the  cells s tudied,  the  quan t i ty  of oxygen presen t  in the 
gas phase  was a lways  grea te r  than that  requi red  to 
sus ta in  the  observed  currents  by  the process:  O~ --> 
HOs- .  The effects of these opera t ing  var iables  are  all  

consistent  with:  (i) more  effective mix ing  of gas and 
e lec t ro ly te  occurr ing  before the  mix tu re  enters  the cell 
than  on the bed and (ii) more  effective mix ing  of oxy -  
gen and e lec t ro ly te  occurr ing  on the RVC bed than  on 
the graphi te  chip bed. 

The h igher  net  yields  of pe rox ide  observed wi th  the 
RVC bed are  a consequence of a more  uni form vol tage 
d is t r ibut ion  down the length  of the bed. Less perox ide  
is reduced  down the bed when the half  cell  potent ia l  at 
the  ent rance  of the bed is nomina l ly  --0.7V. This more  
uni form cur ren t -po ten t i a l  d i s t r ibu t ion  must  be re la ted  
to the phys ica l  s t ruc ture  of the  RVC re la t ive  to tha t  of 
the g raph i te  chip bed, r a t h e r  than  a var ia t ion  in ohmic 
drop along the bed ( the cu r ren t  col lector  also runs the  
length  of the bed) .  The RVC is a more  open s t ruc ture  
containing less total  surface  than  the graphi te  chip 
bed, and as would  be expected,  the net  cur ren t  flow for 
a given half  cell potent ia l  (at  the top of the bed)  is less 
wi th  the  RVC than  the graphite .  P resumably ,  the RVC 
bed is less flooded than  the graphi te  chips. I t  would  
be necessary  to s tudy  this fac tor  in more  detail .  Re-  
gardless  of  the exact  explanat ion,  the  RVC bed is more  
effective in producing  HO2- than is the  graphi te  chip 
bed. 
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Jet Impingement Systems for Electroplating Applications: Mass 
Transfer Correlations 

A. A. Sonin 1 

NAPCO, Division of  Thermo Electron Corporation, Terryville, Connecticut 06786 

ABSTRACT 

A s tudy is presented of mass transfer rates in some jet  impingement  systems which are suitable for electrochemical 
processes where high transfer  rates are required. Exper imenta l  data are presented and an empirical  correlating equation is 
proposed.  An appIication to high speed electroplating of pr inted circuit boards is described. 

Je t  impingement  systems are  used in m a n y  indus t r ia l  
processes which requi re  high hea t  or mass t ransfer  
ra tes  of surfaces.  These systems consist of a r r ays  of 
jets  which are  d i rec ted  at  the  surface where  the t r ans -  
fer  process is to take  place. In  most applicat ions,  the 

1Present address: Professor, Mechanical Engineering, Massa- 
chusetts Institute of Technology,  Cambridge, Massachusetts 02139. 

ca r r i e r  fluid is a gas. A significant l i t e ra tu re  is ava i l -  
able  on the pe r fo rmance  of gaseous j e t  impingement  
systems, which  have  appl icat ions  in the p a p e r - m a k i n g  
indus t ry  (1, 2). 

Je t  impingement  systems also have  appl icat ions  in 
e lec t rochemical  systems.  Elec t ropla t ing  is an obvious 
example .  Here,  the m a x i m u m  cur ren t  at which  the 
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pla t ing can take place wi thout  sacrifices in p la te  qual i ty  
is less than  the l imi t ing  current ,  the  l a t t e r  being the 
m a x i m u m  ra te  at  which  the p la ted  meta l  ions can 
reach the surface  by  convect ion and diffusion. To the 
extent  tha t  j e t  impingement  devices can be used to in-  
crease the l imi t ing  current ,  they  wil l  a l low an in-  
crease in p la t ing  speed. 

Elect rochemical  appl icat ions  use l iquids as the  car -  
r ie r  fluid, however ,  and re l a t ive ly  l i t t le  sys temat ic  in-  
format ion is ava i lab le  on the mass t rans fe r  cha rac te r -  
istics of l iquid je t  imp ingemen t  systems. There  are  sev-  
era l  impor tan t  differences be tween  gaseous and l iquid 
systems. Liquids  typ ica l ly  have ve ry  high Schmidt  
numbers ,  and thei r  Sherwood  n u m b e r  correla t ions  wi l l  
be different  in form from those of gases, which have  
Schmidt  numbers  of o rde r  uni ty.  Liquids  also have  a 
much h igher  densi ty ,  and  the i r  use in je t  impingement  
systems wil l  requi re  excessive pumping  power  unless 
the sys tem has lower  open areas  than  typica l  gaseous 
systems ("open area"  refers  to the  rat io  of the exi t  a r ea  
of one of the je ts  to the t ransfe r  a rea  associated with  
one je t ) .  

This paper  presents  da ta  on the mass  t ransfe r  char -  
acterist ics  of some je t  impingement  systems su i tab le  
for e lect rochemical  applicat ions.  A corre la t ing  equat ion 
is proposed,  and an appl ica t ion  to high speed pla t ing of 
p r in ted  c i rcui t  boards  is described.  

Jet  I m p i n g e m e n t  Systems 
Some dozen different  j e t  imp ingemen t  sys tems were  

buil t ,  each consist ing of an a r r a y  of pa ra l l e l  mani fo ld  
pipes wi th  orifices d i s t r ibu ted  on the side facing the  
mass t rans fe r  surface (Fig. 1). Al l  sys tems had pipes 
wi th  the  same outer  d iamete r  of 1.3 in. (3.3 cm) and 
the same center l ine to center l ine  spacing of 4.0 in. 
(10.2 cm).  They were  dis t inguished by  the size, shape,  
and d is t r ibut ion  of thei r  orifices. Depending on the sys-  
tem, the  pipes would  have  one to five rows of orifices 
along axia l  lines. Some systems had orifices wi th  con- 
toured shapes so as to minimize  f r ic t ional  losses. The 
open area  ~ ranged  f rom about  10 -8 to 10 -2. 

F igure  1 shows an example  of a sys tem wi th  good 
mass t ransfer  characteris t ics ,  B - l ,  which  had  two rows 
of holes wi th  a 45 degree  inc luded angle be tween  the 
rows. The holes had  a d iamete r  of 0.099 in. (0.25 cm) 
and an axia l  c en t e r - t o - cen t e r  separa t ion  of 1.0 in. 
(2.5 cm),  giving the sys tem an open area  f = 0.00385. 
Ano the r  good system, B-2, had  three  rows of holes 
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with  45 ~ be tween  ad jacent  rows. The holes had a d iam-  
e ter  of 0.059 in. (0.15 cm) and an axia l  c en t e r - t o - cen t e r  
separa t ion  of 1.0 in. (2.5 cm) ,  giving an open a rea  
$ = 0.00205. The systems were  comple te ly  submerged  
in the working  fluid and tested over  a range of man i -  
fold pressures  (flow ra tes ) .  Severa l  separa t ions  be -  
tween  the mani fo ld  pipes and mass t ransfer  surface 
were  t r ied,  usua l ly  1.5 and 2.0 in. (3.8 and 5.1 cm) .  
Volume flow ra tes  and mani fo ld  pressures  were  re -  
corded independent ly ,  and  the hydrau l i c  loss coeffi- 
cients of the  var ious  systems de te rmined  (see Table  I ) .  

Mass Trans fe r  Measurements  
Diffusion- l imited mass t rans fe r  ra tes  were  de te rmined  

by  measur ing  the l imi t ing cur ren t  due to the  reduct ion 
of f e r r i cyan ide  ions a t  a n ickel  cathode (3, 4). The 
work ing  fluid was an aqueous solut ion of 0.01M potas -  
s ium fer r icyanide ,  0.{)IM potass ium ferrocyanide,  and 
2M sodium hydroxide .  Limi t ing  cur ren t  densi ty  was 
measured  at  a c i rcular  0.25 in. (0.635 cm) d iam nickel  
cathode imbedded  flush in the surface of a nonconduct -  
ing epoxy- res in / f ibe rg lass  board.  A large  s ta inless  s teel  
sheet  mounted  on the o ther  side of the manifo ld  pipes 
served  as the anode. The cathode d iamete r  was large  
compared  with  the diffusion l aye r  thickness,  bu t  smal l  
enough to resolve the changes in  mass t ransfer  con- 
dit ions over  the board.  The cur ren t  associated wi th  the  
fe r r i cyan ide  ion reduct ion  reached  a l imit ing p la t eau  at  
a cathode vol tage  of about  0.2V, and remained  constant  
to about  1V. The l imi t ing  cur ren t  was typ ica l ly  mea-  
su red  at  a f ixed vol tage  of 0.5V. Limi t ing  cu r ren t  d is-  
t r ibut ions  were measu red  by  moving the board  r e l a -  
t ive to the mani fo ld  pipes (Fig.  1). 

Fo r  purposes  of da ta  reduct ion,  the  diffusion co- 
efficient of the  fe r r i cyan ide  ion at  the  typ ica l  20~ 
opera t ing  t empera tu re  was t aken  as 4.70 X 10 - 1 ~  
m2/sec (5), and the solut ion dens i ty  and viscosity 
were  taken  as 1080 kg/m~ and 1.56 • 10 -a  kg/msec,  
respect ive ly  (6).  

F igure  1 shows l imi t ing  cur ren t  d is t r ibut ions  in the 
B-1 sys tem at two manifold  pressures,  5.5 and 16.5 psig 
(0.38 and 1.07 ba r ) .  As expected,  mass t rans fe r  is h igh-  
est  where  the  jets  impact  d i rec t ly  on the surface,  and 
lowest,  in this case, d i rec t ly  unde r  each manifo ld  pipe, 
be tween  je t  impact  points.  The m i n i m u m  t rans fe r  ra te  
is some 30% lower  than  the average  across the  board.  

The nonuni fo rm dis t r ibut ion  of l imi t ing cur ren t  un-  
der  the jets  has some re levance  in e lec t ropla t ing  ap -  
plications.  The local  l imi t ing cur ren t  represents  the 
m a x i m u m  cur ren t  tha t  can in pr inc ip le  be susta ined 
loca l ly  by  the deposi ted ions alone. In  e lec t ropla t ing  
applicat ions,  p la t ing  qual i ty  de ter iora tes  ( "burn ing"  
occurs) when the appl ied  cur ren t  reaches  a cer ta in  
fract ion of the l imi t ing current  of the  p la ted  meta l  ions 
(what  tha t  f ract ion is mus t  be de t e rmined  exper i -  
men ta l l y ) .  Hence, to avoid "burn ing"  at  any  point,  
the appl ied  cur ren t  dens i ty  must  be less than  the cr i t i -  
cal f ract ion of the l imi t ing cur ren t  at  eve ry  point  on 
the p la ted  surface.  

When  we re fe r  to a sys tem's  l imi t ing  cur ren t  in 
wha t  follows, we mean  the lowest  l imi t ing  cur ren t  in 
tha t  sys tem (the value  labe led  the  "cr i t ical"  l imi t ing  
cur ren t  in Fie.  1). 

F igu re  2 shows the l imi t ing  cur ren t  in the  B-1 sys-  
tem as a funct ion of mani fo ld  pressure  for  two different  
man i fo ld - to -boa rd  separat ions.  The one - th i rd  power  
law re la t ions  be tween  l imi t ing  cur ren t  and mani fo ld  
pressure  was typica l  of a l l  our  data.  The  coefficient in 

Table I. Sherwood number coefficient a 

System L, in. (cm) f Ce Cv a 

B-1 1.5 (3,8) 0.00385 1.0 0,816 0.96 
B-1 2.0 (5.1) 0.00385 1.0 0.816 0.87 
B-2 1.5 (3.8) 0.00205 1.0 0.620 0.97 
B.2 2.0 (5.1) 0.00205 1.0 0.620 0.97 
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tha t  re la t ionship  depended  on sys tem configuration 
(i.e., dis t r ibut ion,  size and shape of  orifices, mani fo ld-  
t o -boa rd  separa t ion) .  

Scoping tests were  run  with  some dozen different  
mani fo ld  configurations to es tabl ish  those which 
showed the most p romise  of p rov id ing  the highest  
l imi t ing  cur ren t  for the  least  pumping  power  input.  
Systems B-1 and B-2 were  among this l a t t e r  group, 
and the mass t ransfe r  character is t ics  of these systems 
were  de te rmined  wi th  some care (e.g., Fig. 2). 

Mass Transfer Correlations 
Dimensionless  correlat ions .~Consider  a set of geo- 

me t r i ca l ly  s imi la r  a r r ays  of c i rcular  nozzles exhaus t ing  
onto a flat mass t ransfe r  surface.  The systems are  of 
effect ively infinite extent ,  wi th  a repea t ing  pa t t e rn  
of nozzles. "Geomet r ica l ly  s imi lar"  in this context  im-  
plies tha t  t h e  center  to center  d i s t r ibu t ion  pa t t e rn  of 
the nozzles is the  same, when measured  in uni ts  of the  
d is tance  L of the  nozzles f rom the mass  t r ans fe r  su r -  
face. The sys tems m a y  differ  v ia  the i r  character is t ic  
size L, via  the i r  nozzle d iamete r  (which is a "free"  
p a r a m e t e r  not  re la ted  to the  scale L) and v ia  thei r  
fluid proper t ies  and flow conditions.  

We res t r ic t  our  a t tent ion  to sys tems where  the nozzle 
d iamete r  is smal l  compared  with  L, so tha t  the mass 
t ransfe r  sur face  is in the far  field of the  jets;  to fluids 
wi th  ve ry  la rge  Schmid t  number ;  and to flow condi-  
t ions wher t  the je ts  are  fu l ly  turbulent .  These res t r ic -  
t ions are  ve ry  often satisfied in pract ice;  t hey  also s im-  
p l i fy  the mass t rans fe r  scal ing laws considerably.  

The mass t ransfe r  surface  being in the  far  field of the 
jets,  we can be assured (7) that  the  je ts  wi l l  affect the 
t rans fe r  ra te  at  the  surface  only  via the magni tude  
of the m o m e n t u m  flux on unit  surface area  

J : ~V2CJ [1] 
where  

V : C~ (2Ap/p) ~ [2] 

is the j e t  ve loci ty  at the vena contracta.  I t  follows f rom 
dimensional  considerat ions  that,  at  leas t  for  d i lu te  
solutions, the  mass t ransfe r  da ta  for  a geomet r ica l ly  
s imi la r  set of sys tems should  corre la te  in the  fo rm 

Sh "- Sh (Sc, Re) [3] 
where 

Sh = NL/D (c -- cw) = jllmL/nFDc [4] 

is the Sherwood number 

Sc : ~/pD [5] 

is the Schmidt number, and 

Re : (pLl;O (JIp) '/, [5a] 

= (pVLl~) ( C J )  '/~ [5b] 

: (L /~)  (2]CcCv2Ap) ,/2 [5c] 

is a Reynolds  n u m b e r  based on the momen tum flux 
f rom the je ts  pe r  uni t  .area of mass t r ans fe r  surface.  
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For  fu l ly  tu rbu len t  flow condit ions,  we m a y  ap-  
p rox ima te  Eq. [3] wi th  a p o w e r - l a w  form. The de-  
pendence Sh ,,, Scl/Z has been demons t ra ted  (8, 9) and 
wide ly  accepted for var ious  Schmidt  number ,  t u r -  
bu len t  flows [see also the  s tudy  of a single je t  impinge-  
ment  sys tem by  Chin and Tsang (10)].  As for  the  de-  
pendence on Re, both our  own exper imen t s  wi th  l iq-  
uids and the  extens ive  corre la t ions  of Mar t in  (1) for  
gases suggest  tha t  Sh ,~ Re 2/~ (see Fig. 2). These facts 
imp ly  a corre la t ion  of the  fo rm 

Sh = a Sc 1/z Re ~/3 [6] 

The coefficient "a" depends  on the nozzle d is t r ibut ion  
geometry ,  in the sense defined earl ier .  In  concent ra ted  
solutions,  i t  m a y  also be affected by  the mass f ract ions 
of the species in the  solution. Table  I shows that  for  
sys tems B-1 and B-2, which were  the  best  among the 
manifolds  tested 

a = 0.9-1:0 ['/] 

Note that  the Sherwood number  r e fe r red  to in these 
correla t ions  is based on the lowest  l imi t ing  cur ren t  
measured  on the t rans fe r  surface, not  the average.  
The average  was typ ica l ly  a factor  of about  1.5 h igher  
(see Fig. 1). 

Limit ing current . - -Based on Eq. [6], the l imi t ing  
cur ren t  (or  mass t ransfe r  coefficient) can be expressed  
in terms of e i ther  the je t  veloci ty  o r  the mani fo ld  pres-  
sure as 

jltm/nFc = a (CJp l~L)  1/a (VD)2/3 [8a] 

: a(CvD)2/3 (2CJAp)/~L)*/~ [8b] 

Consider  how j]tm depends  on pumping  power.  The 
pumping  power  Wp/A consumed by  the je ts  per  uni t  
t r ans fe r  a rea  is the manifo ld  pressure  hp t imes the  
volume flow rate  per  uni t  area,  V C J .  With  Eq. [2], this 
can be wr i t t en  

WplA  : CvCJ(2 /p)  1/2 Ap3/S [9] 

The power  in the je ts  can be changed e i ther  via the  
open a rea  f or  the  mani fo ld  pressure  Ap or  both. Note 
tha t  eve ry  doubl ing  of the power  by  the increase  of 
Ap alone wil l  increase the l imi t ing  cur ren t  by  only 
17%, while  every  doubl ing of power  by  the increase of 
] alone wil l  increase  the l imi t ing  cur ren t  by  26%, a 
somewhat  larger ,  but  s t i l l  low figure. The l imi t ing  cur -  
ren t  for  je t  impingement  systems is thus ve ry  insensi-  
t ive to the pumping  power  input.  L i t t l e  h e a d w a y  can 
be made  by  bru te  force increase  in pumping  power.  I t  is 
impor tan t  to use opt imized sys tems with  the  h ighest  
possible  "a" and with  contoured nozzles wi th  min imum 
friction. 

Temperature  dependence.--Final ly ,  Eq. [8] predic ts  
the t empera tu re  dependence  of the  mass t rans fe r  coeffi- 
cient. If  the  subscr ipt  (o) denotes condit ions at  a r e fe r -  
ence tempera ture ,  20~ say, we can wr i te  for  l iquids 

~D/T  : ~oDo/To [10] 

p = #o [Ii] 

where T is the absolute temperature. The temperature 
dependence of the viscosity can be approximated with 
(n )  1) 

. = e x p  T - T o  [I21 

where  aG is the  f ree  energy  associated wi th  the  vis-  
cosity. Based on Eq. [10]-[12],  and [8], we find 

(Jlim)-"-~ = \ ' - ~ o "  exp ---~-- To T [13] 

where  (jlim)o is the l imi t ing cur ren t  at  the  reference  
t empera tu re  To and jlim is the l imi t ing  cur ren t  at  t em-  
pe ra tu re  T at the  same concentra t ion  and same je t  
veloci ty  (or  same mani fo ld  pressure ,  or  same pumping  
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power ) .  The t empe ra tu r e  dependence  is qui te  strong.  
Fo r  example ,  in the  t empe ra tu r e  range  20~176 the 
viscosity of wa te r  can be fitted wi th  AG/R -- 2000 K 
[12] and based on this, a ba th  t empe ra tu r e  r ise f rom 
20 ~ to 40~ say, would raise the  mass t rans fe r  coeffi- 
cient by  62%. 

Application to Electroplating of Printed Circuit  Boards 
Figure  3 shows how the je t  impingement  systems of 

this s tudy can be set up for  e lec t ropla t ing  pr in ted  cir-  
cuit  boards.  Note the s taggered  d is t r ibu t ion  of mani fo ld  
pipes on the two sides of the board.  This insures  good 
agi ta t ion in the  holes which pass th rough  the board.  

A bench-sca le  e lec t ropla t ing  sys tem was set up using 
the B-1 manifo ld  design wi th  L --  1.5 in. (3.8 cm) .  
Typical  two-s ided  p r in ted  circui t  boards  ( type  IPC 
B-25 test panels)  were  pa t t e rn  p la ted  wi th  copper in 
acid copper  solutions, using a de l ivered  pumping  power  
Wp/A _-2 k W / m  2. Two different  acid copper  p la t ing  
ba ths  were  tested.  Bath A was a convent ional  h igh-  
t h row acid copper  ba th  (0.3M Cu, 1.8M H}SO4, plus 
smal l  concentra t ions  of p rop r i e t a ry  addi t ives  and chlo- 
r ide ) .  Bath  B was an expe r imen ta l  ba th  designed spe-  
cifically for h igh  speed p la t ing  (0.6M Cu, 2.2M HzSO4, 
plus addi t ives  and chlor ide)  at  a h i g h e r - t h a n - n o r m a l  
opera t ing  tempera ture .  

A prac t ica l  l imi t ing cur ren t  for the  p la t ing appl ica-  
tions was de te rmined  by  increas ing the average cur ren t  
dens i ty  ( the cur ren t  d iv ided  by  the ac tual  copper  a rea  
being p la ted)  in steps and not ing the value  at  which a 
de ter iora t ion  in p la te  qual i ty  ( "burn ing")  first a p -  
peared  anywhere  on the board.  P la t ing  tests were  car-  
r ied out  over  a range of cu r ren t  densit ies and ba th  
tempera tures .  Burn ing  was inva r i ab ly  first observed on 
cer ta in  isolated lines or  pads. 

The average  cur ren t  densi t ies  where  burn ing  first 
occurred in Bath A can be deduced from Fig. 4; the  
da rk  points indicate  burn ing  at some point  on the 
board,  and the whi te  points  none. The solid l ine on Fig. 
4 represents  0.15 jllm, where  jlim is computed  f rom Eq. 
[16] and [13] wi th  a _-- 0.95, wi th  the ba th  proper t ies  
quoted previously ,  and wi th  AG/R = 2000 K (appro-  
p r i a t e  for  wa te r ) .  The da ta  suggests that  the p rac t ica l  
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l imi t ing cu r ren t  for  this board  was about  15% of  the 
l imi t ing current  deduced f rom our mass t ransfer  cor-  
re la t ion.  

Tests were  also conducted with  a manifo ld  which had  
the same orifice d is t r ibut ion  as B- l ,  but  wi th  smal le r  
holes, so that  the open area  was only :f _-- 0.00137. For  
these da ta  also the p rac t ica l  l imi t ing  cur ren t  cor re la ted  
wel l  wi th  0.15 Jnm. 

When  mani fo ld  B-1 was used with  Bath  B at  a 
pumping  power  of 2 k W / m  2 and a t empera tu re  of 40~ 
(103~ burn ing  occurred above 225 A S F  (2420 A / m f ) .  
The gain was due en t i re ly  to the h igher  copper concen- 
t ra t ion  in Bath  B. When reduced  to dimensionless  form, 
the  da ta  gain cor re la ted  app rox ima te ly  wi th  0.15 jlim. 

Clearly,  the da ta  suggests tha t  for these boards,  the 
prac t ica l  l imi t ing current ,  tha t  is the m a x i m u m  current  
which can be used wi thout  compromis ing the p la te  
qua l i ty  anywhere  on the board,  was only about  15% 
of the copper  l imi t ing  cur ren t  based on our mass 
t ransfer  correlat ion.  This is not  en t i r e ly  surpris ing.  
P la te  qua l i ty  deter iora tes  before  the ful l  copper l imi t -  
ing current  is reached.  Kess ler  & Alk i r e  (13), for ex-  
ample,  observed a prac t ica l  l imi t ing cur ren t  of the  
order  of 25% of the ac tual  mass t rans fe r  l imi ted  value.  

Secondly,  burn ing  a lways  occurs first on a p r in ted  
circuit  board  at isolated points  or lines, whe re  the local 
cur rent  densi ty  is h igher  than the average  value  on the 
board.  At  the  isolated point  where  burn ing  usua l ly  
began on the IPC B-25 test  board,  the  local cur ren t  
dens i ty  (as measured  b y  p la te  thickness  p r io r  to b u r n -  
ing)  was over  twice as high as the  average.  The local  
bu rn ing  cur ren t  was therefore  ac tua l ly  more  than  30% 
of the  ful l  copper  l imi t ing  current .  

Al though these da ta  for p la t in~ are  r a t h e r  l imited,  
they  do suggest  that  the prac t ica l  l imi t ing  cur ren t  is 
control led l a rge ly  by  the l imi t ing  cur ren t  for  the  meta l  
ions and b y  the pa t t e rn  on the board.  

Conclusion 
A mass t ransfer  corre la t ion has been der ived  for je t  

impingement  sys tem su i tab le  for e lec t rochemical  appl i -  
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cations. With such systems, high transfer rates (limit- 
ing currents) can be attained over large surfaces. Al- 
though the limiting current can in principle be con- 
tinuously increased by increasing the pumping power, 
only 17-26% increase in rate results from every 
doubling of the power, depending on whether the 
power is increased by boosting manifold pressure or 
opening jet area. This rule applies to jet impinge- 
ment systems in general. For this reason, it is important 
that systems be well designed so that the maximum 
fraction of the hydraulic power input is used for pro- 
moting mass transfer. Other factors affecting the limit- 
ing current are ion concentration and bath temperature. 

An application of a jet impingement system for in- 
creasing production rates in acid copper electroplating 
of printed circuit boards showed that average operating 
current densities over 100 ASF (1080 A/m 2) can be 
employed using a conventional high-throw acid copper 
bath (0.3M Cu, or 10 oz/gal copper sulfate), a typical 
printed board and moderate pumping power inputs. 
This working current was more than doubled to 225 
ASF, or 2430 A/m by using a bath with twice the con- 
ventional copper concentration (0.6M) and higher op- 
erating temperature (40~ or 103~ without any in- 
crease in pumping power. 
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LIST OF SYMBOLS 
a coefficient in Sherwood number correlation, Eq. 

[6] 
A total area of mass transfer surface (m 2) 
c bulk concentration of surface-reacting species 

(mol/m 3) 
Cw concentration of surface-reacting species at wall 

(mol/m 3) 
Cc contraction coefficient: area of jet at vena con- 

tracta divided by jet exit area 
Cv velocity coefficient, Eq. [2] 
D diffusion coefficient of surface-reacting species 

(mf/sec) 

J exit area of single jet/mass transfer area per jet 
F Faraday's constant 
~G Gibbs free energy of activation (J/mol K) 
Jlim limiting current density (A/m 2) 
L separation between mass transfer surface and 

face of manifold pipe; a characteristic length (m) 
n number of electrons transferred in reaction of 

one molecule of surface-reacting species at wall 
N flux of surface-reacting species to surface (mol/ 

see m 2) 
hp manifold gage pressure (N/m 2) 
R universal gas constant 
Re Reynolds number, Eq. [5] 
Sc ~/pD, Schmidt number 
Sh Sherwood number, Eq. [4] 
T absolute temperature (K) 
V jet velocity at vena contracta (m/sec) 
Vc-p pumping power input into jets (W) 

viscosity (kg/m sec) 
v ~/p, kinematic viscosity (mf/sec) 
p density (kg/m 8) 

Subscripts 
(o) conditions at a reference temperature 
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ABSTRACT 

Polyphenylene films were deposi ted on Pt  or glassy carbon electrodes by anodically oxidizing benzene in liquid hydro- 
gen fluoride. The polymer is electroactive in l iquid HF, with a remarkably  low oxidation potential. It  can also undergo 
electrochemical  oxidation-reduction in dry propylene carbonate containing LiAsFs, and charging/discharging curves of the 
system are presented. The polymer  film is shown to be suitable for electrode surface modification by means of simple 
chemical  reactions performed on the coated electrodes. 

Two different  areas  of research which have a t t r a c t e d  
much a t tent ion  in recent  years  include modified elec-  
t rodes (1) and conduct ing po lymer s  (2). In  some cases, 
however ,  the two are  s t rongly  l inked,  as some po lymer  
films deposi ted  e lec t rochemical ly  (or o therwise)  on 
e lect rodes  become e lec t r ica l ly  conduct ive under  cer-  
ta in conditions.  This is the  case, for example ,  wi th  po ly -  
py r ro le  and its de r iva t ive  (3), po lyan i l ine  (4), and 
polyace ty lene  (5).  These po lymers  are, in addit ion,  
e lec t rochemical ly  react ive,  showing revers ib le  ox ida -  
t ion- reduc t ion  waves for the p o l y m e r  (3-5).  

Among the  known  conduct ing polymers ,  chemical ly  
synthesized po lyace ty lene  films (6) and p o l y - p - p h e n y l -  
ene p o w d e r  (7) are  p robab ly  the  most wide ly  inves t i -  
gated.  Both po lymers  become h ighly  conduct ive upon 
e i ther  vapor -phase  or  l iqu id -phase  doping wi th  s t rong 
e lect ron acceptors (e.g., AsFs)  or  e lect ron donors (e.g., 
Li)  (2). Both can also be e lec t rochemical ly  oxidized or  
reduced (i.e, doped)  in a revers ib le  manner  in non-  
aqueous solvents  u n d e r  iner t  a tmosphere  (8, 9), a p rop -  
e r ty  which has been used to demons t ra te  thei r  appl ica-  
b i l i ty  as act ive mate r ia l s  for energy  s torage  (9, 10). 

The poss ibi l i ty  of  obta in ing po lypheny lene  deposi ts  
v ia  the anodic oxidat ion  of benzene has been demon-  
s t ra ted  previously ,  in HF-benzene  b i -phas ic  system 
(11) and in mesi tylene:HCl:2A1Cl~ solutions (12). 
More recent ly ,  po lypheny lene  films on electrodes were  
obta ined  by  e lec t rochemica l ly  oxidiz ing benzene in 
l iquid SO~ (13) or  in HF/SbF5  super  acid (14). In  a 
recent  publ ica t ion  (15), we inves t iga ted  the proper t ies  
of po lypheny lene  films grown anodica l ly  in H F - b e n -  
zene system. The films become e lec t r ica l ly  conduct ive 
('~10 -2 12 - I  cm -1)  upon vapor -phase  doping wi th  
AsFs; the  measured  conduct ivi t ies  were,  however ,  
lower  than  those obta ined wi th  doped chemicaUv syn-  
thesized p o l y - p - p h e n y l e n e  (~102 a -1 cm -1)  (16). This 
was expla ined  on the basis of the po lymer  s t ruc ture  be -  
ing amorphous,  in contras t  wi th  the crys ta l l ine  na tu re  
of po ly -p -pheny lene .  

In  the present  publicat ion,  different  asuects of the 
e lec t rochemis t ry  of po lyphenvlene  deposi t ion in this 
sys tem and of the  resu l t an t  po lymer  are  examined  in a 
p r e l im ina ry  m a n n e r  Some possible auul icat ions of 
po lyphenvlene  film~ on electrodes are  also uresented,  
a long wi th  expe r imen ta l  resul ts  demons t ra t ing  the  
principles .  

Experimental 
Materials.~Hydrogen fluoride (Ai r  Products)  and 

arsenic pentaf luor ide  (Ozark-Mahoning)  gases, 49% 
hydrofluoric  acid (Fisher ,  Reagent  A.C.S.) and benzene 
(Mal l inckrodt ,  A.R.) were  used as received.  NaI  (BDH, 
Reagent)  was dr ied  under  vacuum before  use. Dimethy l  
fo rmamide  (DMF) (Baker ,  Ana lyzed  Reagent)  was 
dr ied  over  4A molecular  s ieves (Al fa -Ven t ron)  before  
a n d  dur ing  the exper iments .  Ru (bpy)  ~ (CIO4) e (where  

* Electrochemical  ~ociety Active Member. 
Present  address: Department of Plastics Research, Weizmann 

Institute of ~cience, Rehbvot 76190, Israel. 

bpy  = 2 ,2 ' -b ipyr idine)  was p r e p a r e d  f rom the  chlor ide 
(S t rem Chemicals)  (17). P ropy lene  carbonate  (PC) 
(Burd ick  and Jackson,  glass dis t i l led)  was fu r the r  
purif ied by  passing th rough  a 4A molecu la r  s ieve col-  
umn in a d r y  box. LiAsF6 (Al fa -Ven t ron )  was dr ied  
unde r  vacuum overnight  and kep t  in the d ry  box. 

Cell and instrumentation.~Simple 50 ml  disposable 
po lypropy lene  cells were  used for exper iments  involv-  
ing HF, wi th  a Teflon cover, th rough  which holes were  
dr i l led  to accommodate  the  electrodes.  P t  disks (area,  
0.02 cm 2) or  glassy carbon (GC) (Atomergic  Chemet -  
als)  disks (area,  0.04 cm 2) were  used as work ing  elec-  
trodes,  wi th  a P t  coil counterelect rode.  A Pd/H2 ref -  
erence e lec t rode  (18) was used in HF solut ions (-}-0.145 
and --0.060V vs. SCE in 93% HF and 49% HF, re -  
spec t ive ly) .  Fo r  exper iments  be low room tempera ture ,  
the cell was immersed  in a m e t h a n o l - w a t e r  bath,  held 
at  the des i red  t empera tu res  using a Laud.a Model  RC3 
circulator .  For  cu r ren t -vo l t age  curves in aqueous 
H2SO4, a s t andard  th ree -e l ec t rode  glass cell was used, 
with a K2SO4-saturated mercurous  sulfate re~erence 
e lec t rode  (MSE).  In  DMF solutions, a s i lver  wire  
quas i - re fe rence  e lec t rode  (19) was employed.  The same 
type  of cell  was used for e lec t rochemical  measurements  
in PC/LiAsF6,  which were  carr ied  out  in a d ry  box 
under  Ar  a tmosphere ,  using an Li  wire  reference.  

Procedures for HF solutions.--Experiments with  49% 
H F  were  carr ied  out  at room tempera tu re ,  using com- 
merc ia l ly  avai lab le  hydrofluoric  acid. For  exper iments  
in 93% HF, the fol lowing procedure  was under taken :  
1 ml  of wa te r  was p laced  in the cell, which was then 
immersed  in the cooling ba~h at  --5~ 13 ml of pu re  
HF were  then condensed from the gas cy l inder  into 
the cell, using a copper co i l - type  condenser,  also kep t  
at --5~ When  condensat ion was  completed,  the t em-  
pe ra tu re  was ra ised to ~-7~ and kep t  constant  
th roughout  the exper iments .  At  that  point,  if necessary,  
a l ayer  of 10 ml  benzene  was added  on top of the HF 
phase.  

Results and Discussion 
PoIyphenyIene deposition.--Current-potential curves 

for a P t  e lect rode in 49% H F  and in the  two-phase  
system, 49% HF-benzene  (e lect rode immersed  in the  
HF phase)  a re  shown in Fig. 1. I t  is conceivable tha t  in 
the  two-phase  system a smal l  amount  of benzene is dis-  
solved in the HF. The increase in anodic cur ren t  in the 
P t - o x i d e  region in the  presence of benzene is a t t r ibu ted  
to e lec t ro-oxida t ion  of benzene adsorbed on the Pt  su r -  
face, a behav ior  s imi lar  to tha t  repor ted  by  Gi leadi  
e~ al. (20) for  p la t in ized P t  in aqueous H2SO4 conta in-  
ing a small  amount  of dissolved benzene.  I t  seems, how-  
ever, tha t  soluble  species r a the r  than  po lyphenylene ,  
a re  the  oxidat ion  products  in this case, s ince no film 
was detected on the electrode surface upon repe t i t ive  
cycling. 

A to ta l ly  different  behav ior  is observed in 93% H F -  
benzene two-phase  sys tem (e lect rode immersed  in the 
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Fig. 1, Current-potential curves for a Pt electrode in 49% HF 
( . ) and in 4 9 %  HF-benzene (---) (scan rate - -  0.1 V/sec). 

HF phase), as shown in Fig. 2A. UPOn scanning the po- 
tential of a Pt electrode in the positive direction, no 
current is observed prior to the sharp rise at ca. + I . I V  
On the reverse scan, a small cathodic peak is already 
observed at +0.35V. When scanning positively again, 
an anodic peak develops at + 0.55V, which continuously 
grows upon repetitive cycling, along with the corre- 
sponding cathodic peak. (Note that on this current 
scale, the background current for Pt in 93% HF with no 

A 

2 mA I . . . . -  

2mA I 

2mA I 

I , I, J I ~ I 
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E(VOLTS vs. Pd/H2) 

Fig. 2. Current-potential curves for a Pt electrode, in consecutive 
steps: (A) repetitive cycling in 93% HF-benzene, (B) steady-state 
cycling in the same solution, (C) steady-state cycling in 9 3 %  HF 
(scan rate - -  0.| V/sec). 
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benzene coincides with the base line.) At the same time, 
a film, which thickens and becomes darker with cycling, 
is observed on the electrode surface. 

If at some point the positive potential limit is low- 
ered to +0.85V, the reversible wave remains unchanged 
for numerous cycles, as shown in Fig. 2B. If the elec- 
trode is then transferred to 93% HF solution (no ben- 
zene), the waves are still evident at steady-state 
cycling (Fig. 2C). The same type of behavior is also 
observed with GO electrodes. 

It is clear from these observations that benzene, dis- 
solved to some degree in the 93% HF, is anodically oxi- 
dized at ca. 1.1V, to form the polyphenylene deposit on 
the electrode surface. The sharp rise in current attrib- 
uted to benzene oxidation is Continuously shifted to less 
positive potentials upon cycling, as the irregularly 
shaped, conductive polymer is deposited on the sur- 
face (15), providing an increasing surface area for 
further deposition (14). The outstanding properties of 
liquid HF as a catalyst for different organic reactions, 
including alkylation of benzene and various polymeri- 
zations, are well known (21). It is not surprising, 
therefore, that liquid HF also provides an excellent 
medium for electrochemical polymerization of benzene. 
Furthermore, the unique properties of liquid HF as a 
solvent in electrochemical reactions are demonstrated 
by the chemically reversible oxidation of polyphenyl- 
erie in this medium at ca. 0.55V. This is approximately 
1V less anodic than in nonaqueous medium (see below), 
and is not observed at all in liquid SO2 (13). It indi- 
cates a considerable stabilization of the polymer radical 
cation in this system, probably by association with 
fluoride ions, some of which are reversibly incorporated 
in the polymer upon oxidation. If this is indeed the 
case, it might be a rare example of polyphenylene 
doping with a halogen ion. 

Note that in cases where the amount of electrical 
charge passed during the deposition is specified, the 
polymer was deposited galvanostatically at 1.0 mA 
cm -2, for the desired length of time. 

Properties.--Physical and chemical properties of 
electrochemically deposited polyphenylene are dis- 
cussed elsewhere (11, 15). It was shown that the poly- 
mer thus produced, though largely para-linked, is 
actually composed of mixed types of linkages, and is 
amorphous in nature (15). The film appears dendritic, 
with varying degrees of porosity, depending on the 
deposition conditions (15). The porous nature of a 
galvanostatically deposited film is demonstrated in Fig. 
3, where current-potential curves for a polyphenylene- 
coated Pt electrode (denoted Pt /PP)  in 0.1M H2SO4 
are presented. Although smaller, the Pt oxygen and 
hydrogen adsorption/desorption peaks are apparent, 
indicating that part of the surface is exposed to the 
solution. The amount of exposed Pt surface is not very 
reproducible, and some films show a markedly different 
porosity than others, grown under similar conditions. 
This may be related to an "aging" effect of the deposi- 
tion solution, and requires further investigation. 

I i I i I I I L 
-0.8 -0.4 0.0 0.4 

E (VOLTS vs MSE) 
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I I 
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Fig. 3. Current-potential curves in 1.0M H2SO4 for a bare Pt 
electrode ( . ) and for Pt/PP, prepared by passing 8.6 X 10 - 3  C 
(---) (scan rate = 0.1 V/see). 
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Electrochemistry in nonaqueous ~nedium.--In Fig. 4 
are presented current-potential curves for a bare Pt 
electrode (4A) and a Pt electrode electrochemically 
coated with polyphenylene (4B), in a propylene car- 
bonate solution containing 0.2M LiAsF6. The poly- 
phenylene film appears to be anodically oxidized under 
these conditions, with two oxidation peaks, at +4.73 
and +5.18V, and two reduction peaks, at +4.30 and 
+ 2.82V. Electrochemical oxidation-reduction of chemi- 
cally synthesized poly-p-phenylene has been previ- 
ously observed under similar conditions, accompanied 
by incorporation of AsFs- ions into the polymer 
lattice (9). From the two plots in Fig. 4B, it appears 
that the anodic oxidation of the polymer occurs in 
two stages, with the second (at 5.18V) considerably less 
reversible than the first. This might be related to the 
reported two-stage chemical oxidation of poly-p- 
phenylene in the vapor-phase doping with AsF5 (16, 
22). Upon repetitive cycling, the height of the oxidation 
and reduction peaks constantly decreases, apparently 
due to poor chemical reversibility of the second oxida- 
tion. If the cycled electrode is left at open circuit for 
several minutes, a considerable increase in the peaks' 
amplitude is observed, indicating that the reduced state 
of the polyphenylene is regenerated via a slow chemical 
reaction. This will be further stressed in connection 
with charging curves of the polymer. By integrating 
the charge under the oxidation curve in Fig. 4B, one can 
estimate that in the first cycle 8% of the phenylene 
groups are oxidized, i.e., 8 mol percent (m/o) AsFs- is 
incorporated into the polymer. This is considerably 
higher than in the vapor-phase doping of the same 
polymer (15). 

On the cathodic side in Fig. 4, one only observes the 
deposition-dissolution of Li, rather than reduction of 
the polymer. The Li/Li+ waves are smaller than those 
obtained with the bare Pt electrode, probably because 
Li is deposited on the exposed part of the Pt surface, 
rather than on the undoped, poorly conducting poly- 
phenylene. It has been reported (9) that chemically 
synthesized poly-p-phenylene is cathodically reduced 
in a reversible manner at potentials more positive with 
respect to Li deposition, in contrast with the behavior 
of polyphenylene films. It appears that on this time 
scale (and down to 2 mV/sec) the polymer film re- 
duction is too slow to be noticeable; the reason for this 
behavior is not clear at this point. 

Figure 5 presents a typical charging-discharging 
curve for a GC/PP electrode, charged for 5 min at 
constant current to a level of 2 m/o. The results are 
close to those obtained with poly-p-phenylene pellets 
(9), and demonstrate the possible application for 
energy storage. One also notices that the transition 
time for the discharge is shorter than the charging time, 
an effect which becomes more pronounced with longer 
charging times. This indicates a slow self-discharge 
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4. Current-potential curves in PC containing 0.2M LiAsF6 
bare Pt electrode (A) and for Pt/PP, prepared by passing 
10 -2  C (B) (scan rate = 0.2 V/sec). 
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Fig. 5. Charge-discharge curve in PC containing 0.2M LiAsFe for 
a GC/PP electrode prepared by passing 0.3C, performed at a con- 
stant current of +10/~A to a level of 2 m/o doping. 

process in this system, as already mentioned above, 
most likely by reaction of oxidized polymer with the 
solvent or with traces of water. 

Application to electrode surface modification.--The 
electrochemically deposited polyphenylene coating is 
highly chemically stable, insoluble in all common sol- 
vents, adherent to Pt or carbon surfaces, and can be 
grown to a desired thickness, with a very high surface 
area and variable porosity. These properties make the 
system very attractive as means for modifying elec- 
trode surfaces. In normal working potential range (ex- 
cluding the oxidation at high positive potentials in 
strictly nonaqueous medium) and particularly in aque- 
ous solutions, the polymer is electrochemically inert. 
However, since polyphenylene is composed of simple 
phenylene units, highly susceptible to various substi- 
tution reactions, it can rather simply be modified to 
contain electrochemically reactive groups or species. 
Two examples of this approach are presented below, 
employing nitration and sulfonation of the polymer 
(23). In the first, polyphenylene films on Pt were 
nitrated by dipping coated electrodes in a solution of 
H~SO4(conc):HNO~(conc):H20(5:3:l) for 30 min at 
58~ As shown in Fig. 6A, the partially nitrated poly- 
mer is electroactive, though the reduction of the nitro 
groups is not as reversible as that of nitrobenzene (Fig. 
6B). Upon repetitive cycling the peaks continuously 
diminish, apparently due to irreversible reductive con- 
version of nitro groups (24). 

In the second case, polyphenylene films on Pt were 
sulfonated by dipping the coated electrode in concen- 
trated H2SO4 for 5 hr at 155~ Note that longer reac- 
tion times result in separation of the polymer layer 
from the surface. The resultant sulfonated polyphenyl- 
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Fig. 6. f~urrent-potentlal curves for (A) Pt/PP prepared by pass- 
ing 8.6 X 10 -3C ,  before (---) and after ( ) nitration, in DMF 
containing 0.1M Hal, (B) bare Pt electrode in DMF and 0.1M Hal 
containing 3.0 mM nitrobenzene (scan rate = 0.1 V/sec). 
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ene is an ion-exchange polymer, and is capable of 
binding electroactive cations by ion-exchange action 
(1C). A current-potential curve for the sulfonated 
P t /PP  and for a bare Pt electrode in aqueous solution 
containing 0.5 m/Vl Ru(bpy)s(CIOd)2 is shown in Fig. 
7A. It is evident from the two curves that the sulfo- 
hated polymer incorporates a high concentration of re- 
active complex ions. No such effect is observed with 
unsulfonated Pt/PP. If the modified electrode is then 
transferred to background solution, the oxidation-re- 
duction waves persist (Fig. 7B), indicating actual bind- 
ing of the complex to the electrode surface. Upon re- 
petitive cycling, however, slow loss of active material 
from the surface is observed, by ion-exchange with 
protons in solution. 

Conclusions 
Benzene is readily oxidized electrochemically in 

liquid hydrogen fluoride to form a layer of polyphenyl- 
erie on Pt or GC electrodes. The deposited polyphenyl- 
ene exhibits oxidation-reduction peaks in the same 
solvent at remarkably low potentials (ca. +0.45V vs. 
Pd/H2). This demonstrates the unique properties of 
liquid HF as a solvent in electrochemical systems, in 
this case by stabilizing aromatic radical cations. Poly- 
phenylene films are anodically oxidized in dry PC/  
LiAsF6, and can be repetitively charged and discharged, 
with some loss of oxidized material by a slow chemi- 
cal process. This slow process is probably either reac- 
tion with traces of water or with the solvent, in which 
case the system will be inherently unstable in PC. In 
a clear deviation fro,m the behavior of chemically 
synthesized poly-p-phenylene, no reduction of the 
polymer is observed on the time scale of the cyclic 
voltammograms, positive to Li deposition. This and 
some other aspects of the electrochemical behavior of 
polyphenylene films are not fully understood at this 
point, and require further investigation. 

The polymer film, which is very stable, adherent, 
and has a high surface area, can be employed for 
electrode surface modifications. By carrying out simple 
chemical substitution reactions on coated electrodes, 
electroactive or catalytic groups can be bound to the 
electrode surface. Although nitration and sulfonation 

i I i J , i , 
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Fig. 7. Current-potential curves for (A) bare Pt electrode (---) 
and suffonated Pt/PP prepared by passing 2.1 X 10-2C ( ) ,  
in 0.1M H2SO4 containing 0.5 mM Ru(bpy)3(CIO4)2, (B) sulfonated 
Pt/PP electrode of (A), rinsed and transferred to 0.1M H2SO4. 

did not produce highly stable modifications, it should 
in principle be possible to obtain well-behaved modi- 
fied electrodes from polyphenylene films, particularly 
by covalent attachment of stable electroactive groups 
to the phenylene units. 

Manuscript submitted Nov. 15, 1982; revised manu- 
script received March 11, 1983. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1984 JOTn~NAL. 
All discussions for the June 1984 Discussion Section 
should be submitted by Feb. 1, 1984. 
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ABSTRACT 

Three techniques for measuring interband transitions in semiconductor electrodes in electrolytes are described. These 
are photomodulated and one-beam and two-beam potential modulated spectroscopies. The usefulness of the techniques is 
demonstrated by using each technique to measure the direct band gap transition for a single crystal n-CdSe electrode in a 
1M S-1M Na2S-1M NaOH electrolyte. The difference between a two-beam potential modulated photoelectrochemical spec- 
trum and a corresponding one-beam spectrum is interpreted to be a measure of minority carrier recombination inside and at 
the surface of the semiconductor electrode. Peaks in the modulated photocurrent spectra at the direct bandedge of CdSe are 
attributed to field induced absorption effects. 

Interband transitions in semiconductor electrodes 
in situ have been measured by electroreflectance (1), 
photoelectrochemical (2), two-beam (3), and more 
recently by stress modulated photoelectrochemical 
spectroscopies (4). Each of these techniques has ad- 
vantages and disadvantages. For example, electrore- 
fiectance spectroscopy requires a fair ly complex in- 
strument arrangement (5). In photoelectrochemical 
spectroscopy, the slopes of the photoresponse-wave- 
length curves are subject to change due to wavelength 
dependent surface and depletion layer recombination 
effects (4). Stress modulated photoelectrochemical 
spectroscopy requires a piezoelectric disk to be at-  
tached to the semiconductor electrode (4). In addition, 
the ratio of the amplitude of the stress modulated sig- 
nal to the noise level is often small and is conse- 
quently sometimes difficult to detect in practice. 

The techniques described in this paper are based on 
the effect of an electric field on the optical properties 
of space-charge regions. Franz (6) and Keldysch (7) 
discussed the effect of a strong electric field on the ab- 
sorption of light by crystals of insulators and semi- 
conductors. They predicted that the electric field will 
cause the bandedge for fundamental absorption to shift 
toward longer wavelengths. This effect was demon- 
strated by a number of workers who measured the 
changes in the light transmitted through crystals of 
various materials, as a function of wavelength, on 
application of electric fields within the crystal of 105 
V/cm or larger  (8-10). 

This electric field induced light absorption was ex- 
plained in terms of the model shown in Fig. 1. The 
slope of the bands arises from the external  application 
of a high electric field to the insulator or semiconduc- 
tor. This has the result that electrons with a given total 
energy exist in states which lie in the valence band at 
one point (A) in the space, and in the conduction band 
at another, point (E). A barr ier  to the free motion of 
electrons is set up, but this may be traversed by 
quantum mechanical tunnelling under certain condi- 
tions. This can give rise to a finite electron density at 
points in the forbidden zone such as C. Light absorbed 
by such an electron will  raise it to state D where it 
may then move through the conduction band as shown. 

The need to external ly apply a high electric field of 
over 105 V/cm to enable these effects to be observed 
in semiconductor crystals, was eliminated when it was 
realized that such field strengths may be obtained in 
the space charge regions of p-n junctions, metal-semi-  
conductor contacts, metal  electrolyte, and semicon- 

ductor-electrolyte interfaces (11, 12). In a study of 
electroabsorption effects in the space-charge region of 
a germanium p-n  junction, Frova and Handler (13) 
measured changes in the absorption edge for various 
values of electric field, and showed a peak in the field 
induced absorption at a wavelength corresponding to 
the direct bandgap of the semiconductor. 

A differential photocurrent response method (14) 
has also been used to study electroabsorption in GaAs, 
Ge and Si p-n  junctions. This technique employed a 
small-signal ac voltage in series with the biasing 
voltage to produce a differential pbotocurrent, and an 
oscillatory dependence of the absorption coefficient on 
the field for photon energies greater than the absorp- 
tion edge, was observed for the direct transition region 
of Ge and GaAs. 

In this paper, three techniques are described, which 
make use of electro-absorption effects to measure 
strong interband transitions in semiconductors in situ. 

In the one-beam and two-beam potential modulated 
photoelectrochemical spectroscopies (OBPMP and 
TBPMP, respectively),  a small a-c potential is super= 
imposed on the d-c potential applied to the semicon- 
ductor. The d-c voltage determines the maximum 
value of the electric field in the space charge region, 
while the a-c voltage, by altering the field, modulates 
the light absorbed at the interface. This results in a 
modulated component of the photocurrent which can 
be electronically separated and amplified by means of 
a lock-in amplifier. 
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In  pho tomodula ted  photoe lec t rochemical  (PhMP)  
spectroscopy,  a constant  po ten t ia l  is app l ied  to the  
semiconductor  which is s imul taneous ly  i l lumina ted  
with chopped laser  l ight  a n d  unchopped monochro-  
mat ic  l ight.  The intense laser  l ight  excites e lectrons 
from sub bandgap  states into the  conduct ion band in a 
manne r  s imi la r  to that  proposed  in a previous  s tudy  
(15). A modula ted  pho tocur ren t  can thus be ob ta ined  
as a funct ion of wave leng th  of the unchopped  mono-  
chromat ic  l ight .  

As wil l  be shown, the above techniques do not  r e -  
quire  complex  ins t rument  assemblies,  nor  special  a t -  
tachments  to the semiconductor  electrode.  F u r t h e r -  
more,  the  potent ia l  modula ted  techniques y ie ld  large  
signal  to noise rat ios in comparison to stress modula ted  
photoe lec t rochemica l  spectra.  

Exper imental  
An ohmic contact  was made  tO a s i n g l e  c rys ta l  of 

n -CdSe  (Cleveland Crys ta ls )  by  solder ing In onto the  
back  of the sample.  A tin coated copper  wire  was 
so ldered  onto the In  contact  and an e lec t rode  was fab-  
r ica ted  by  mount ing  the sample  in an epoxy  resin 
(Epirez Aus t r a l i a ) .  A CoS counter  e lec t rode  was used 
and 1M Na2S-1M S-1M NaOH was the e lectrolyte .  The 
n -CdSe  single c rys ta l  was etched in conc. aqua regia  
for 20 sec, d ipped in 1M KCN, and r insed  in d is t i l led  
wa te r  before use. A schemat ic  of the expe r imen ta l  a r -  
r angemen t  used for measur ing  PhMP spect ra  is shown 
in Fig. 2. 

Expe r imen ta l  a r rangementS  for measur ing  OBPMP 
and TBPMP spect ra  a re  shown in Fig. 3. In  each case, 
the semiconductor  e lec t rode  potent ia l  was ma in ta ined  
at a constant  value  (posi t ive of the f la tband potent ia l  
for n - t ype  semiconductors  and vice versa  for p - t y p e  
semiconductors)  wi th  a potent ios ta t  (PAR model  173 
fitted wi th  a PAR model  176 cur ren t  to vol tage con- 
v e r t e r ) .  

To measure  pho tomodula ted  photoe lec t rochemical  
spectra,  the semiconductor  was i l lumina ted  wi th  laser  
l ight  chopped at  33 Hz (He-Me laser  2mW; Laser  
Electronics  Pry. Limited,  Gold Coast, Queensland,  
Aus t ra l ia )  and s imul taneous ly  i l lumina ted  L wi th  un -  
chopped monochromat ic  l ight  emergin~ from a scan-  
ning monochromato r  (Spex Minimate ;  Spex  Industr ies ,  
Incorpora ted ,  New Je r sey ) .  The source of the po ly-  
chromat ic  l ight  en te r ing  the monochromator  was a 
300W quar tz -ha logen  l amp  (Phi l l ips) .  The modula ted  
laser  l ight  resul ts  in a modula ted  pho tocur ren t  which  
is detected wi th  a lock- in  amplif ier  and is offset to 
zero wi th  a zero offset. 

OBPMP and TBPMP spect ra  were  measured  by  
super impos ing  a 10 mV a-c  potent ia l  of f r equency  
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Fig. 2. Schematic diagram of the experimental arrangement for 
photomodulated photoelectrochemical spectroscopy. 
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Fig. 3. Schematic diagram of the experimental arrangements for 
one-beam and two-beam potential modulated photoelectrochemical 
spectroscopies. 

392 Hz on the d -c  potent ia l  app l ied  to a single c rys ta l  
CdSe electrode.  In  OBPMP spectroscopy,  the  semi-  
conductor  e lec t rode  (in this case n -CdSe)  is i l l um-  
ina ted  wi th  unchopped  monochromat ic  l ight  as a 
funct ion of wave leng th  f rom a scanning monochroma-  
for. A modula ted  pho tocur ren t  wi th in  cer ta in  wave -  
length  l imits  can be measured  at  the same f requency  
as the f requency  of the a -c  signal.  The pho tomodu-  
la ted  s ignal  which is super imposed  on the da rk  a -c  
s ignal  is r ead i ly  measured  by  using the zero offset on 
the  lock- in  amplif ier  to offset the  da rk  a -c  signal.  

The expe r imen ta l  a r r a n g e m e n t  in TBPMP spec-  
t roscopy is ident ica l  to tha t  of OBPMP spectroscopy 
except  that  a source of intense i l luminat ion,  a He-Ne  
laser  is used to s imul taneous ly  i l lumina te  the  semi-  
conductor  e lec t rode  as wel l  as the scanning mono-  
chromat ic  light.  The intense i l lumina t ion  causes an 
addi t ional  pho tocur ren t  s ignal  to be super imposed  on 
the da rk  a-c  signal.  Both these signals  a re  offset wi th  
the lock- in  ampli f ier  and the modula ted  signal  due to 
the scanning monochromat ic  l ight  is recorded  only. 
One and t w o - b e a m  photoelec t rochemical  spect ra  of an 
n -CdSe  single c rys ta l  in 1M S-1M Na2S-1M NaOH 
were  also recorded in the usual  manne r  (3) for com- 
parison.  In  one -beam photoelec t rochemical  spect ros-  
copy the potent ia l  of the n -CdSe  single crys ta l  was 
main ta ined  constant  wi th  a potent ios ta t  whi le  the 
semiconductor  was i l lumina ted  with  chopped mono-  
chromat ic  l ight  and the resu l tan t  modula ted  photo-  
cur ren t  detected with  a lock- in  amplif ier  and recorded 
as a funct ion of wavelength .  In  t w o - b e a m  photoelec-  
t rochemical  spectroscopy l ight  f rom an unchopped  
he l ium-neon  laser  was s imul taneous ly  used to i l lumi -  
nate  the n -CdSe  surface and the modula ted  photocur -  
ren t  resu l t ing  f rom the chopped monochromat ic  l ight  
was detected and recorded in an ident ica l  manner  to 
the one -beam photoelec t rochemical  spectroscopic 
technique.  

Results and Discussion 

For  the purpose  of comparison,  typica l  one and two-  
beam photoelec t rochemical  spect ra  as descr ibed by  
Heller ,  Chang, and Mil le r  (3) for an etched n -CdSe  
single c rys ta l  at  --0.TV (vs. SCE) are  shown in Fig. 4. 
As can be seen, the ampl i tude  of the pho tocur ren t -  
wave leng th  response of the t w o - b e a m  spec t rum is 
s l ight ly  less than the one -beam spectrum.  This drop 
off is a t t r ibu ted  to the presence of imperfect ions,  even 
in the etched single crystal ,  which act as recombinat ion  
centres  (3). When the laser  is on, more  electrons are  
exci ted into the conduct ion band and a propor t ion  of 
these can recombine  with  the holes produced  by  the 
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Fig. 4. One and two-beam photoelectrochemlcal spectra far a 
single crystal n-CdSe electrode at --0.7V (vs. $CE) in 1M S/1M 
Na:~S/1M NaOH. 

chopped monochromatic light resulting in a lowering of 
the modulated photocurrent. 

A PhMP spectrum is shown in Fig. 5 for an etched 
n-CdSe single crystal at --1.07V (vs. SCE). The spec- 
trum is fairly ill defined due to the unfavourable sig- 
nal to noise ratio but the photocurrent response com- 
mences at about 475 nm and finishes at approximately 
850 nm with a band gap transition peak centered 
around 720 nm. Such a peak is not present in the con- 
ventional photocurrent spectra shown in Fig. 4 indi- 
cating that it is not due to filtering of the higher energy 
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Fig. 5. Photomodulated photoelectrochemical spectrum for an 
etched single crystal n-CdSe electrode at --1.07V (vs. SCE) in 1M 
Sl IM N a ~ i M  NaOH. 

light by the polysulphide solution. As mentioned 
earlier, the modulated photocurrent results from the 
excitation of electrons by the chopped laser light, from 
subband-gap states into the conduction band. 

OBPMP and TBPMP spectra for an etched single 
crystal n-CdSe electrode are presented in Fig. 6 for an 
n-CdSe potential of --0.7V and in Fig. 7 for an n-CdSe 
potential of --I.4V (vs. SCE). The shapes of the OBPM 
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Fig. 6. One-beam and two-beam potential modulated spectra for 
an etched single crystal n-CdSe electrode at --0.7V (vs. SCE) in 
1M S/1M Na2S/1M NaOH. 
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Fig. 7. One-beam and two-beam potentlal modulated spectra for 
an etched single crystal n-CdSe electrode at - - ! .4V (vs. SCE) in 
1M S/1M Na2S/1M NaOH. Intensity of laser illumination same as 
for Fig. 6. 
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spectra at --0.7 and -1 .4V are similar to each other 
although the magnitude of the response at --1.4V is 
much smaller than that at --0.TV. The shapes of the 
OBPM spectra are also similar t o  that of the PhPM 
spectrum but are more clearly defined in the former 
cases due to the more favorable signal-to-noise ratios. 
At --0.7V, the TBPMP spectrum is different from the 
OBPMP spectrum at this potential in one main respect. 
While the shape of the TBPMP spectrum is similar to 
the corresponding OBPMP spectrum the amplitude has 
decreased significantly. At more negative potentials the 
photoresponse in the OBPMP spectrum other than the 
band gap transition peak at 720 nm decreased to a 
negligible value in the TBPMP spectrum as shown in 
Fig. 7 for n-CdSe at --1.4V (vs. SCE). The decrease in 
the amplitude of the response of an OBPMP spectrum 
when a laser is used to simultaneously i l luminate an 
electrode is presumably due to the same reason a de- 
crease is observed in a photoelectrochemical spectrum 
when subjected to intense illumination (3). That is, it 
is a result of an increase in the recombination rate due 
to the larger  number  of electrons excited into the con- 
duction band by the illumination. Thus, in each of the 
spectra shown in Fig. 6 and 7, a peak is observed at an 
energy corresponding to the bandgap of the semicon- 
ductor. This can be at tr ibuted to the changes in the 
field-induced absorption which have been reported to 
occur around the band edge of insulator and semi- 
conductor materials (6-14). 

Another significant feature of the PhMP, OBPMP, 
and TBPMP is the presence of a large photocurrent 
response in the sub-band gap regions. Unlike the re-  
sults of conventional photocurrent spectra, this sub- 
band gap response is observed even for the etched 
single crystal n-CdSe electrode. As described at the 
beginning of this paper, this sub-band gap photocur- 
rent response in OBPMP and TBPMP results from the 
field induced absorption which causes the band edge to 
shift towards longer wavelengths. The increase in this 
field-induced absorption with increasing field strength 
is also exemplified here in the differences between the 
spectra obtained at --0.7 (Fig. 6) and --1.4V (Fig. 7). 
The electric field strength in the space charge region 
is much greater at --0.7 than at --1.4V vs. SCE. As 
expected, therefore, the field induced sub-band gap 
response is considerably greater in Fig. 6 where the 
electric field strength is the higher. 

One final point is that the effect of the laser is much 
greater on the one-beam potential modulated spectra 
than it is on the photoelectrochemical spectra for the 

etched n-CdSe. This suggests that the combination of 
OBPMP and TBPMP spectroscopies can be used as a 
suitable and a sensitive al ternative for monitoring de- 
fects in semiconductor electrodes, to the combination 
of one and two-beam photoelectrochemical spectros- 
copies introduced by Heller, Chang, and Miller (3). 

Conclusions 
It has been demonstrated that the band gap transi-  

tion for a single crystal n-CdSe electrode can be 
measured in situ using photomodulated, OBPMP and 
TBPMP spectroscopies. In addition, it has been shown 
that OBPMP and TBPMP spectroscopies can be com- 
pared with each other to give a measure of recombina- 
tion in a semiconductor in situ. 
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ABSTRACT 

The impedance  of 5 virgin faces of single crystal  RuO2 was measured over the frequency range of 1-106Hz, in three elec- 
trolytes--10-~M and 1M Na2SO4 and 10-3M KF. The fastest relaxing capacit ive element  was identified, and its values mea- 
sured as a function of the electrode potential.  A maj or contr ibut ion to this capacitance is due to the double  layer capacitance. 
The potential  of zero charge in 10-3M NasSO4 was measured for the five crystall ine faces. The variations of the potential  of 
zero charge with the crystall ine faces are small. "Average" value is (-0.09 -+ 0.1) V vs. SCE. The potential  of zero charge 
correlates well with the reported work functions of RuO2 and Ru metal. 

Ru then ium dioxide  (RuO~) belongs to the  f ami ly  of 
t rans i t ion  meta l  d ioxide  compounds  wi th  ru t i l e  t ype  
s t ruc ture  which possess an in teres t ing  va r i e ty  of e lec-  
t r ic  and  magnet ic  proper t ies ;  d is t inct ive  among them 
is the  high int r ins ic  meta l ic  conduct iv i ty  of the ma-  
terial .  RuO~ is wel l  known  as a corrosion resis tant ,  
d imens iona l ly  stable,  low overpo ten t ia l  e lec t rode  for 
chlor ine  and oxygen  evolut ions  (1-7).  I t  has been  
recent ly  r epor t ed  tha t  RuO2 is also an effective ca ta-  
lys t  for oxygen  evolut ion in wa te r  photolys is  on pow-  
ders  or  sol id  photoelec t rodes  (8). A considerable  
amount  of work  was done on the e lec t rochemis t ry  of 
thin films of RuO2 (9). Recent ly ,  we have  succeeded 
in growing s ingle  crys ta ls  of RuOs la rge  enough so 
that  the fundamenta l  e lec t rochemical  proper t ies  can 
be inves t iga ted  as a func t ion  of c rys ta l  face. 

The technique of r e l axa t ion  spec t rum analys is  in 
which the impedance  of a junct ion  is moni to red  over  
a wide  f requency  range  and the resul ts  are  p o r t r a y e d  
in te rms of a set of pa ra l l e l  f requency  m a e p e n d e n t  
R-C e lements  was used in the  past  to descr ibe  the 
potent ia l  d is t r ibut ion  at  the  semiconductor  e lec t ro ly te  
in terface  (10). In  this  paper ,  we make  the first a t -  
t empt  at  ex tend ing  the app l icab i l i ty  of the concepts 
that  were  in t roduced  there,  to ana lyze  the  potent ia l  
d i s t r ibu t ion  at  the  me ta l  aqueous solut ion interface.  

RuO~ is of pa r t i cu l a r  in teres t  for  this purpose  be-  
cause its crys ta l  s t ruc ture  is s imi lar  to tha t  of TiO~ 
(ruffle)  which  was the  sys tem most thorough ly  ana-  
lyzed  by  re laxa t ion  spec t rum analysis  (11). The cyclic 
v o l t a m m e t r y  of s ingle c rys ta l  RuO2 has been repor ted  
ea r l i e r  (12). The vo l t ammogram was in te rp re ted  in 
te rms of field induced s t ruc tu re  changes at  the surface  
which are  super imposed  on the charging curve of 
the  "double  layer ."  I t  is c lear  f rom these resul ts  tha t  
RuO2 does not  behave  in any potent ia l  region as an 
idea l ly  polar izable  electrode.  The technique of r e l a xa -  
t ion spec t rum analysis  is advan tageous  in such a 
sys tem because i t  can dif ferent ia te  be tween  processes 
wi th  var ious  r e l axa t ion  times. The pseudocapaci tance  
effects which  are  associated wi th  ox ida t ion- reduc t ion  
of the surface  a re  usua l ly  cons iderab ly  s lower  than  
the charging  and d ischarging  of the "double  layer ."  
In this  paper ,  we repor t  on the behav ior  of the  fastest  
r e lax ing  charge  accumula t ion  modes.  The identif icat ion 
of s lower  modes wi l l  be discussed in fu ture  pub l i ca -  
tions. 

Experimental 
RuO~ single  crysta ls  of typ ica l  dimensions 10 • 5 • 

5 mm~ where  grown (13) by  the method of chemical  
t r anspor t  in the  flowing oxygen  system. The  gaseous 
oxide  RuO3 is formed b y  the  fol lowing mechanisms 

RuO2 (solid) -{- �89 O2-> RuO3 [I] 

�9 Electrochemical Society Active Member. 
i Present address: Department of Electronic Engineering and 

Technology, National Taiwan Institute of Technology, Taipelj 
Talwan. 

Ru (solid) + 3/2 O2-~ RuO~ [2] 

when oxygen at atmospheric pressure is passed over 
a mixture of polycrystaUine RuO2 and purified Ru 
metal powder at a temperature of about 1350~ with 
a flow rate of approximately 60 ml/min. The volatile 
RuO8 gas decomposes and crystallizes into highly 
ordered single crystals of RuO2 in a cooler region 
where the temperature is approximately 1100~ 
The crystal orientation were determined by the Laue 

backscattering x-ray diffraction method. The measure- 
ments were made on RuOs (i00), (101), (001), (1i0), 
and (111) "as-grown" crystal surfaces. 

The electrodes were prepared in the following way: 
The crystals were mounted on a copper plate and 
glued with conducting silver paint. One end of the 
copper plate was soldered to a copper wire which 
passed through a pyrex tube. The wires and plate were 
insulated with microstop, leaving only the desired face 
exposed to the electrolyte. The geometric surface areas 
in the five different orientations (100), (101), (001), 
(110), and (111) were 3.6, 8, 3.8, 6.4, and 3.5 turn2, re- 
spectively. The counter electrode was a Pt plate with 
surface area of 4 crn 2 exposed on both sides. A satu- 
rated calomel electrode was used as reference. Mea- 
surements were made in a standard, Teflon made, 
single compartment electrochemical ce11, under nitro- 
gen atmosphere. 

An IBM Model EC/225 voltammetric analyzer was 
used for cyclic voltammetry. For the impedance mea- 
surements, a HP network analyzer was used, follow- 
ing a procedure that was previously described (10). 
Before each experiment the eles was scanned 
repetitively between --0.4-1.0V vs. SCE at a rate of 
50 mV/sec till a reproducible cyclic voltammogram 
emerged (typically 20 scans). Each complete set of 
impedance measurements took about 3 hr. After com- 
pletion of each exper iment ,  the  vo l t a mmogra m was 
again t raced  and proved  to be ident ica l  to the one that  
we have  s t a r t ed  with.  Al l  chemicals  were  ana ly t ica l  
grade  and were  used wi thout  fu r the r  purification. 

Results 
Figure  1 shows the impedance  spec t rum of the  (111) 

face of single c rys ta l  RuO2 in contact  wi th  a 1M Na2SO4 
solution. Under  the  condit ions in which r e l axa t ion  
spec t rum analysis  can be per formed,  there  exists a 
f requency  region in which the equiva len t  c i rcui t  can 
be  reduced  to a s ingle R-C e lement  (10). In  this 
f requency  range,  the impedance  is given by  

J 
ZHF = R -- - -  

~Cf 

In this regime,  the  real  pa r t  of the  impedance,  R, is 
f requency  independen t  and equal  to Rs the  series 
resistance,  whi le  the  imag ina ry  pa r t  is given b y  

1514 
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Fig. 1. Impedance response curves for the RuOe (111) virgin sur- 
face in 1M Na2S04 at U = + 0 . 2 V  vs. SCE Area" 0.035 cm~. 

X - -  1 / ~ C f  

w h e r e  ~ ---- 2~f is the angu la r  f requency,  f the  f re -  
quency,  and Cf the capaci tance which  is associated wi th  
the  fastest  r e l ax ing  R-C element .  In  the case of me ta l -  
solut ion interface,  this  is associated wi th  the  charging 
of the double  layer .  

Under  these condit ions 

l og  ( 2~X)  = --  l og  .f - -  log  Cf 

and log (2~X) should be l inear  wi th  log f wi th  a s lope 
of --1 and an in te rcept  f rom which Cf can be extracted.  
F rom Fig. 1, the  f requency  range  of 20,000-200,000 Hz 
sa t i s fy  these cr i ter ia .  The exact  f requency  regime in 
which these cr i ter ia  are  met  var ies  wi th  the  condit ions 
in which  the expe r imen t  was car r ied  out. For  each 
exper iment ,  the  ent i re  f requency  dispers ion of the  
impedance  was measured,  the f requency  regime in 
which  on ly  the  fastest  r e l ax ing  R-C e lement  was i den -  
tified and the res is tance and capaci tance values  in this 
reg ime measured.  The resis t ive element ,  Rs, measures  
the series resis tance of the  system. In all  cases r e fe r red  
to in this paper ,  the  series resis tance is contro l led  b y  
the res is t iv i ty  of the e lectrolyte ,  and is po ten t ia l  in-  
dependent .  The p a r a m e t e r  .which is of p r ime  in teres t  
in this work  is the  capaci t ive  e lement  associated with  
the  fa~test r e l ax ing  R-C element.  

F igure  2 shows the Cr as a funct ion of e lect rode po-  
ten t ia l  for  the  five c rys ta l  faces of RuO2 in 10-'3M 
NaeSO4. On the nega t ive  bias side, the  C(U)  curves of 
al l  faces show a wel l  defined min ima  at  potent ia ls  
summar ized  in Table  I. The capaci tance increases on 
both  sides of the  min ima  wi th  considerable  amount  
of s t ruc ture  emerg ing  at  the  more  posi t ive potent ials .  

F igu re  3 shows the cyclic vo l t ammograms  of the  
var ious  crys ta l  faces, t aken  under  the  same condit ions 

Table I. Position of the minima in C(U) and PZC vs. SCE of the 
various crystalline faces of Ru02 

Face (I00) (I01) (~I )  (ii0) ( i i i )  

Minimum -0.07 -0.18 10104 - 0 . I I  -0.13 
V vs. SCE 
PZC -0.05 -0.16 -0.02 -0.09 - 0 . I i  
V vs. SeE 
Average 1 Ru 2 Ru 1 Ru 2 Ru V2 flu 
eomposi. 2 0  - 2 0  

tlonl 
Atomic 7.1 x 10~4 8.2 x 10~ 5.0 x 10 ~* 10 x 10 ~ 3.5 x 10 ~' 
density 
(atoms/ 

em~) 

Per projection of the unit cell onto the given crystal face. 
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Fig. 2. C(U) curves for the five Ru02 crystalline faces in 10 -3M 
Na2S04. 

as the  C(U)  data .  There  is cons iderable  amount  of 
s t ruc tu re  on these vo l t ammograms  which  is supe r -  
imposed on the charging  of the double  layer .  S imi la r  
vo l t ammograms  were  measured  in acidic e lec t ro ly te  
and analyzed  in te rms of charge  t ransfe r  to and f rom 
in te rmed ia te  of the  oxygen  and hydrogen  evolut ion  re -  
actions, o r  to use a different  terminology,  wi th  ox ida -  
t ion and reduct ion at  the  surface  of RuO2. 

F igure  4 shows the C(U) curves of the  (111) face 
of RuO2 in two different  e lec t ro ly te  concentrat ions.  The 
dis t inct ive m i n i m u m  in the C(U)  curve d isappears  in 
the  high e lec t ro ly te  concentrat ion.  A broad  potent ia l  
range  can be identif ied in which the capaci tance is 
app rox ima te ly  poten t ia l  independen t  wi th  values  of 
17 _ 1 ~F /cm 2. At  more  posi t ive potent ials ,  the  capaci -  
tance increases also in 1M Nra2SO4, but  th roughout  the  
potent ia l  regions,  except  in the  area  of the  minimum,  
the capaci tance in the  concent ra ted  e lec t ro ly te  is lower  
than the capaci tance in the  more  di lu te  e lectrolyte .  In  
an effort to d is t inguish be tween  effects of solvent  and  

l . . . . .  (Io0 
4ol- ..... (oo0 / ~  
~ [  ....... (ioo) /,, ..f! 
"~'~/ 01o) , / /g  

i 
-50 ..~// 

-40 v 

-0.4 -0.2 0 0.2 0.4 0.6 0.8 1.0 
U (V vs SCE) 

Fig. 3. Cyclic voltammetry curves for the five Ru02 crystalline 
faces in i 0 - 3 M  Na2S04 scan speed: 50 mV/sec. 
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Fig. 4. C(U) curves for Ru02 (111) virgin surface in 10 -3  and 
IM  Na2S04. 

solute  on the C(U)  curves,  we have taken measure -  
ments,  also in 10-3M KF. 

F igure  5 shows the C(U)  curve of the (110) face in 
10-sM KF. The capaci tance r ema in  app rox ima te ly  con- 
s tant  t i l l  U ~ 0.3V vs. SCE, wi th  only ve ry  shal low 
m in imum visible at  --0.2V vs. SCE. The capaci tance 
value  in the  region,  which is independen t  of potent ia l ,  
is app rox ima te ly  the same as the one found for the 
(111) face in 1M Na2SO4. At  potent ia l s  more  posi t ive 
than  0.3V vs. SCE, a sharp  increase  in capaci tance is 
observed.  Comparison of the  C(U)  of the  (110) face 
in 10-~M K F  and in 10-3M Na2SO4 reveals  tha t  there  

52 
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Fig. 5. C(U) curve for RuO~ (110) virgin surface in IO -~M KF 

a r e  qual i ta t ive  s imi lar i t ies  at  the  most posi t ive po-  
ten t ia l  region. 

F igure  6 shows the cyclic vo l t ammogram of the 
(110) face in 10-3M KF.  In  agreement  wi th  the C(U)  

data ,  i t  is s t ructure less  t i l l  about  0.5V vs. SCE where  
i t  reflects only  the  charging of the double  layer ,  whi le  
at  more  posi t ive potent ials ,  s t rong pseudocapaci tance  
peaks  due  to the in te rmedia tes  of the  oxygen evolu-  
t ion reac t ion  are  evident .  

Discussion 
The first and most  impor t an t  quest ion tha t  we must  

address  is whe the r  the  d is t inc t  min ima in the  C(U)  
curves in a l l  five faces in the  di lute  e lec t ro ly te  a re  
associated wi th  the diffuse double  layer .  I t  is obvious 
f rom the corre la t ion  be tween  the cyclic vo l t ammo-  
grams and the C(U)  curves that  even at  these high 
frequencies,  in which  the equ iva len t  circuit  of the 
in terface  can be represen ted  in te rms of a single R-C 
elements,  there  a re  sur face  react ions which are  fast  
enough to cont r ibute  to pseudocapaei tance  on both the  
cathodic and the anodic side of the C(U)  curves.  The 
min ima  can resu l t  f rom compensat ion  be tween  the 
pseudocapaci t ive  branches  (14). The s t rongest  evi-  
dence in favor  of associat ing the  capaci t ive min ima  
with  the diffuse double l aye r  comes f rom Fig. 4. As ex-  
pected f rom the diffuse double  l aye r  theory,  as we 
increase  the  concentra t ion  f rom 10-SM to 1M Na~SO4, 
the  capaci tance due to the diffuse double  l aye r  increases 
and the capaci tance wil l  be domina ted  by  the compact  
inner  layer ,  which is expected to be potent ia l  i ndepend-  
ent  as long as anions wi l l  not  pene t r a t e  th rough  this 
layer .  The numer ica l  value  of the  capaci tance due to 
the compact  inner  l ayer  agrees  wel l  wi th  the  one tha t  
was found for  the inner  l aye r  on the surface of mer -  
cury  e lec t rode  and is be l ieved to be due to d ie lec t r ica l ly  
sa tu ra t ed  solvent  l ayer  (15, 16). This agreement  re -  
quires  ass ignment  of roughness  factor  equal  to 1 to 
the  sur face  of RuO2 which is reasonable  wi th  na t ive  
crys ta l  faces of a good single crystal .  For  a 1:2 valance 
type  electrolyte ,  the diffuse l aye r  capaci tance is ex-  
pected to obey  the fol lowing equat ion (17) 

Cd ---- - -  3 . 4 6  X 1013 \ - - - ~  I 

b / ~  [exp ( - - y )  --  e x p ( 2 y ) ]  [3] 
[exp (y) --  1] [1 + 2 exp ( - - y ) ]  

whe re  ~ is the  dielectr ic  constant,  ~o the pe rmi t t i v i ty  
of free space, k the Bol tzmann constant ,  e, the elec-  
t ronic  charge, and T, the  absolute  t empera tu re ,  C the 
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Fig. 6. Cyclic voltammetry curve for Ru02 (110) virgin surface in 
10 -3  KF scan speed: 50 mV/sec. 



VoW. 130, No.  7 ORIENTED SINGLE CRYSTAL RuO$ 1517 

molar concentration, and 

y : eq~/kT [4] 

where ~ is the potential,  relat ive to the solution of the 
outer Helmholtz layer  which relates to the electrode 
potent ia l  through 

qJ : U -- U~=o [5] 

where U~=o is the potent ial  of zero charge (PZC).  All 
the parameters  in Eq. [3] are expressed in SI units  
except the concentrat ion of the electrolyte which is 
expressed in  mols/ l i ter .  The resul t ing capacitance is 
expressed in F / m  e . All  the .data in the paper  will  be 
expressed in ~F/cm 2. It  can be easily seen by  differen- 
t iat ion of Eq. [3] that the m i n i m u m  in the C(U) curve 
is not  at the potent ial  of zero charge but  is shifted by 
16 mV negat ive to this potential.  Using Eq. [3], the 
capacitance at the m i n i m u m  can be calculated and for 
10-3M of Na2SO4, it should be 11.2 ~F/cm 2. Taking the 
inner  layer  capacitance to be 17 ~F/cm 2, the total ex-. 
pected capacitance at the m i n i m u m  should be 6.75 
~F/cm 2. The total observed capacitance at the min i -  
m u m  varies from face to face, bu t  in all  cases it is 
higher than the expected value. This might  well  be 
due to distortion of the real  min ima  by the anodic and 
cathodic pseudocapacitive branches.  We can estimate 
the uncer ta in ty  in posit ioning the minima, by  solving 
Eq. [3], to give us the potential  range which will  re-  
sult  in the observed total capacitance. For 12 ~F/cm 2 at 
the min imum,  a shift of 0.106V in the negative direction 
or 0.044V in the positive direction is required. We esti- 
mate  that  the accuracy of the de terminat ion  of the 
potent ial  of zero charge on RuO2 is wi thin  this range  
of potentials. 

The results in 10-~M KF that  are shown in Fig. 5 
and 6 are not ful ly consistent with our  in terpre ta t ion  of 
the data with Na2SO4. K F  was chosen, following the 
published work on metal  electrode (15, 16) to dis- 
t inguish between effects of anions like SO4 = that do 
adsorb on the surface of the electrode and F -  which 
due to relat ively large negative hydrat ion energy, do 
not adsorb. It was expected that  in the region of the 
potential  of zero charge, the behavior  in 10-~M KF 
will  be s imilar  to that of 10-~M Na2SO4 and that  at 
more positive potentials the data with F -  will  enable  
us to differentiate between contr ibut ions due to pseudo- 
capacitance of the intermediates  of the oxygen evolu- 
t ion reaction and adsorption due to SO4 =. The data 
as shown in Fig. 5 and 6 do not follow these predictions. 
The m i n i m u m  in the C(U) curve, al though it appears 
in the same potential  range as in Na2SO4, is hard ly  
visible in 10-3M KF. The general  features of the 
C(U)  curve in KF  more near ly  resemble the behavior  
in the concentrated solution of Na2SO4, as shown in 
Fig. 4, than  in the dilute one. The cyclic vo l tammet ry  
in KF, as shown in Fig. 6, is also different from the 
one observed in Na2SO4 or for that  matter,  the one 
previously observed in H2SO4 and NaOH (12). The 
cathodic region seem to be completely devoid of sur-  
face reactions and dominated by the charging of the 
double layer. While the anodic region is dominated by 
the underpotent ia l  charging and  discharging of in ter -  
mediates of the oxygen evolution reaction. Although 
addit ional  data are needed to unders tand  this system, 
the explanat ion might  reside in the observations on 
powders of t ransi t ion metal  oxides that F -  is chemi- 
sorbed on the surface of these oxides and that  the 
s t rength of adsorption within the halogen series is 
reversed on this class of materials,  compared to the 
si tuat ion on the surface of mercury  electrode (18). 

At positive potentals, the C(U) curves in dilute 
Na2SO4 show an increase with considerable amount  of 
s t ructure  while the C ( U )  curves in  1M Na2SO4 and 
10-~M KF show a potential  independent  capacitive 
value up to U ---- ~0.3V vs. SCE with an increase in 
the capacitance values at more positive potentials.  

It  is also worth noticing that  throughout  the ent i re  
range, except for the potent ia l  range  in which the 
min ima  in the C(U) curves appear, the capacitance 
values at the more concentrated electrolyte are lower 
than those obtained in the more dilute electrolyte. This 
behavior  is dist inctly different from the expected shift 
in the maxima in the C (U) curve that was interpreted 
in  terms of specific adsorption (19, 20). It suggests 
that  the major  contr ibut ions to the C(U) curves at 
more positive potentials resul t  from pseudocapacitance 
due to formation of intermediates  in the oxidation of 
the solvent. This explanat ion is consistent with cyclic 
vol tammograms,  but  the reduct ion in the activity of 
the solvent  at high electrolyte concentrat ions is in -  
sufficient to account for a factor of two reduction in 
capacitance. Considerable amount  of addit ional  infor-  
mat ion is needed before the C (U) curves in this region 
can be completely deciphered. Return ing  now to Table 
I, we will  attempt, in spite of the uncer ta int ies  men-  
tioned, to correlate the PZC with the crystal l ine s t ruc-  
ture  of the interface. The most s t r ik ing result  that  
emerges out of Table I, is the insensi t ivi ty  of the PZC 
to the crystal l ine face~ We have included in  Table I 
also the average composition for the projection of the 
uni t  cell onto that crystal face and the atomic densities 
at each "ideal" face. Both parameters  vary  considerably 
from one face to the next, while the variat ions in  the 
PZC are almost the same as the uncer ta in ty  imposed 
by the concomitant  presence of the pseudocapaci~ance. 
This result  is in sharp contrast to the reported var ia-  
tions of the PZC with the crystallographic face in 
elemental  metals such as Ag, Au, and Cu (21). This 
relat ive insensi t ivi ty  to crystal l ine face allows us to 
calculate an "average" PZC as PZCavg -- 1 / N  Y, 

iv 
PZC "- -- 0.09 • 0.1V vs. SCE when the summat ion  is 
over all the measured crystal  faces, and the error  
margin  covers the individual  values and the uncer -  
ta in ty  due to the pseudocapacitance. I t  was shown 
that the PZC varies l inear ly  with the electron work 
funct ion of a metal  -- r according to the following 
relat ion (22) 

U~=o (NHE) -------- r -- 4.72 [5] 

while for t ransi t ion metals s imi lar  relation, but  with 
somewhat  different intercept,  was proposed (23) 

U~=~ (NHE) : r -- 5.01 [6] 

The two formulas are only marg ina l ly  outside our  
error  marg in  and will  be treated here as equivalent .  
Our "average" PZC will t ranslate  to U~=o (NHE) : 
0.15V vs. NHE. From Eq. [5], r for RuO2 should be 
4.87 eV. In  a pre l iminary  report  (24), the work func-  
t ion of single crystal RuO2 grown by the Brooklyn 
College group, was measured by photoemission, to be 
r ~- 4.8 eV. But  as yet to be explained, coincidentally,  
the work funct ion of Ru metal  in polycrystal l ine foil 
was reported as 4.73 eV (25) and in films on tungsten  
as 4.86 eV (25). If we interpret  all  these results l i t -  
erally, we will  be forced to conclude that  not  only the 
work function of RuO2, through its l inear  dependence 
with the PZC, is independent  of the crystal l ine face, 
but  there is also no difference between the work func-  
tions of Ru metal  and RuO2. This might  be in conflict 
with Riviera 's  result  (25) that reported that dur ing 
measurements  of average work funct ion of polycrystal-  
l ine ru then ium foil, he found a progressive lowering 
of r dur ing electron bombardment  as long as there was 
an evolut ion of gas, but  no fur ther  change, once gas 
evolution ceased. The conflict arises if we interpret  the 
unt rea ted  sample as coated with oxide. Comparison of 
the scarce l i tera ture  data which are available for the 
work funct ion of metals and their oxides (25) also 
reveal that  there should be a difference in their  work 
function~. It should be pointed out that  all these oxides 
are insulators or semiconductors and none  of them is 
metallic like RuO2. 
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A possible alternative explanation, that will account 
for all the available data is that the work function and 
the PZC were not measured on intrinsic surfaces of 
the respected materials;  that in spite of the precautions 
taken, the work functions of Ru metals were measured 
on slightly oxidized surfaces while the measurements 
on RuO2, on slightly reduced surfaces. In our case, 
since PZC is in the potential range of the hydrogen 
evolution reaction, this is a distinct possibility. 

An alternative source for comparing the PZC data 
is to measurements of the point of Zero Zeta Potential 
(PZZP). Colloidal chemists refer to this as point zero 
charge (PZC) not to be confused here with the poten- 
tial of zero charge which is also abbreviated as PZC 
(26). The PZZP is the pH at which the concentration 
of adsorbed OH-  and H + ions is equal. Ardizzone et al. 
(27) have measured the PZZP of suspensions of RuO~ 
prepared by thermal decomposition of RuC1s. nH20 in 
two different temperatures, 400 ~ and 700~ They have 
reported that the PZZP of the sample prepared at 400~ 
is 5.1 • 0.05 while the one prepared at 700~ is 6.1 • 
0.05. They have argued that these differences might 
be due to possible different stoichiometries in the two 
samples. Trasatti  et aI. (9) have reported that the 
rest potential of RuO2 changes with pH according to 

U ( S C E )  : 0.71 -- 0.059 pH [7] 

and substituting the PZZC values in this equation, 
Ardizzone et al. (27), obtained Ug=o -- -k0.41V vs. 
SCE for the sample treated at 400~ and -b0.35V vs. 
SCE for sample treated at 700~ While these results 
lie at more positive potentials than the PZC reported 
in this work, these differences should be viewed in 
terms of the different parameters that were measured 
and large differences in the properties of the samples. 
For example, Ref. (27) states that "the presence of 
C1- ions in the first formed suspension of RuO2 can 
be minimized but not eliminated." Also, it  has been 
noted that C1- is generally found in material  made by 
the thermal decomposition of RuCl~ �9 nH20 (9). While 
PZZC measurements are extremely sensitive to traces 
of adsorption by foreign ions, they are not effected by 
charge transfer across the interface. These results 
should not be viewed as in conflict, but rather  should 
point out to the complexity of the interface of this 
important  system and to additional work that is re- 
quired before a consistent understanding of this inter-  
face will emerge. 

Conclusions 
The potential of zero charge of single crystal RuO~ 

was measured in aqueous electrolytes at five different 
crystalline faces. I t  was found that within the accuracy 
of the measurements, estimated here to be _O.IV, the 
PZC is independent of the crystalline face. The aver-  
age PZC in 10-~M Na2SO4 was found to be --0.09V 
vs. SCE. 

Based on the linear relation between PZC and the 
work function, the work function of RuO2 was found 
to be 4.9 eV which corresponds to direct measurements 
of the work function of RuO2 by photoemission. The 
same work function was also reported for polycrystal-  
line Ru metal. These results were also compared to 
PZZP measurements on powders of RuO2 from which 
the PZC was estimated to be at more positive potentials 
and to vary with sample preparation. 
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ABSTRACT 

The growth rate of Cr203 on pure Cr, Ni-25, and 50% Cr and Co-25% Cr in flowing CO-CO2 mixtures  of effective oxygen 
pressures in the range 8.4 x 10-1~-8.3 x 10 -~ atm at 1000~ has been measured. The parabolic growth constant is vir tually 
independent  of oxygen potential  for both pure Cr and the alloys; for the alloys, it is about an order of magni tude  smaller than 
for pure Cr. These results provide supportive evidence for Cr interstitials being the predominat ing mobile  defect species in 
Cr203 under  these conditions. 

Cr20a is an impor t an t  oxide;  it  p rovides  the p ro tec -  
t ive scale on m a n y  technologica l ly  impor t an t  alloys. 
Nevertheless ,  ne i the r  its defect  and t r anspor t  p rope r -  
ties, nor  its g rowth  mechanism are  wel l  understood.  
This is the case in spite of the m a n y  invest igat ions  of 
Cr208 format ion  on both pure  Cr and many  Cr20~- 
forming  alloys. Most of these have been summar ized  
recen t ly  (1, 2). 

With  some just i f iable reservat ions,  the growth  k i -  
netics of Cr203 are  gene ra l ly  d i f fus ion-control led  
(parabol ic ) ,  at  least  at  some s tage of the reaction. 
However ,  appa ren t  ra te  constants  at  1000~ for e x a m -  
ple, can differ by  as much as a fac tor  of 104. Indeed,  
the larges t  sca t t e r  in ra te  constants  is obta ined  wi th  
g rowth  on pure  Cr, r a the r  than wi th  al loys (2). 

Considerable  effort has been expended  in a t tempts  
to expla in  these large  differences, but  l i t t le  consensus 
has been achieved.  Nevertheless ,  one of the  ma jo r  
con t r ibu to ry  factors is the deve lopment  of nonuni form 
growth  of Cr208 in the form of oxide nodules,  bl isters,  
convoluted,  and mul t i l aye red  scales; the de ta i led  me t -  
a l lographic  observat ions  of severa l  authors  (1; 3, 4) 
provide  excel len t  examples .  Detachment  of the Cr20~ 
scale f rom the subs t ra te  as a resul t  of poor  adhesion, 
or  s tress  deve lopment  dur ing  growth  supposedly  does 
not  stifle its g rowth  since the vapor  pressure  and 
t r anspor t  ra te  of Cr f rom the meta l  to the unders ide  of 
the oxide are  high enough to susta in  cont inued growth.  
Cracking  of the de tached  oxide and format ion  of a 
second or  more  l aye r  of Cr203 is a common occurrence.  
There  is seemingly  l i t t le  corre la t ion  wi th  expe r imen ta l  
var iables ,  such as surface  condition, sample  pur i ty ,  
t empera ture ,  oxygen  pressure,  etc. 

Nevertheless ,  a l though not  definable a priori, under  
cer ta in  conditions,  Cr203 does grow as a pro tec t ive  
l aye r  which m a y  or  m a y  not be adheren t  to the  sub-  
s t rate ,  and i t  is possible  to ra t ional ize  the  parabo l ic  
g rowth  constant  by  compar ing  its magni tude  wi th  tha t  
ca lcula ted  f rom independen t  diffusion measurements  
of the t r anspor t  ra te  of the p r edominan t l y  mobile  spe-  
cies in the oxide. In doing this, L i l l e rud  and Kofs tad  
(1) were  on ly  able  to ra t ional ize  the i r  resul ts  by  as-  
suming that  the in /por tant  cation lat t ice defects  were  
Cr in ters t i t ia ls  and not  vacancies,  as seems to have 
been commonly  accepted in l i t e ra tu re  discussions, a l -  
though the basis for  this seems ra the r  obscure, or  at  
least  tentat ive.  KrSger  (5) has comprehens ive ly  re -  
v iewed al l  the evidence and is unable  to different ia te  
be tween  VcW' or  Cri a. as the  p redomina t ing  defect. 
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An impor t an t  impl ica t ion  of Cr in ters t i t ia ls  be ing  
the p redominan t  defects  is that  the parabol ic  g rowth  
constant  is independen t  of oxygen  pressure ,  as ob-  
served (1), and that  Cr diffusivi ty  in Cr~O8 increases  
with  decreas ing oxygen pressure .  According to L i l l e rud  
and Kofs tad  (1), this  expla ins  the  observat ion  tha t  
the Cr diffusion coefficient was a pp rox ima te ly  10 t imes 
h igher  in hot  pressed than  in s in te red  Cr20~ compacts  
(6). The or iginal  authors  (6) r epor ted  that  the hot  
pressed samples  contained free Cr, suggest ing (1) tha t  
the effective oxygen  pressure  wi th in  the samples  w a s  
close to the Cr/Cr20~ dissociation pressure  and lower  
than that  exis t ing wi th in  s in te red  samples  which were  
annea led  in n i t rogen ( res idual  oxygen being 10-7-10 -8  
a tm) .  As pointed out  (1), enhanced s in te r ing  of Cr2Os 
as the oxygen pa r t i a l  pressure  is decreased is also 
consistent  wi th  n - t y p e  defect  model,  oxygen  vacancies 
being the minor i ty  defect. 

The presen t  pape r  repor ts  addi t iona l  da ta  which 
suppor t  the proposed (1) defect  model.  I t  is not  mean t  
to be a comprehensive  s tudy,  but  represents  da ta  ob-  
ta ined for the growth  kinet ics  of Cr203 on Cr and Cr-  
r ich al loys as par t  of a research  p rogram on a l loy be -  
havior  in su l fu r -con ta in ing  a tmospheres  of low oxygen  
potent ia l  (7). 

Experimental 
Samples  of pure  Cr, NiCr, and CoCr al loys were  cut  

f rom induct ion mel ted  and vacuum cast ingots to di-  
mensions a pp rox ima te ly  12 • 12 X 1 m m  and the i r  
surfaces p r epa red  by  gr inding  th rough  600 gr i t  SiC 
papers .  Af te r  cleaning, the samples  were  suspended b y  
quartz  fiber in a Cahn 1000 microba lance  assembly,  for  
which, under  the presen t  opera t ing  conditions,  the 
sens i t iv i ty  of the the rmograv ime t r i c  measturements 
was be t t e r  than 30 ~g. The sample  hung  in the center  
of the inner  of two concentr ic  mul l i t e  tubes. These had 
d iameters  of a pp rox ima te ly  1 and 2.5 cm, respect ively.  
The gas flow passed down the outer  tube and up the 
inner  one, and so was p rehea ted  before  coming into 
contact  wi th  the sample.  The mul l i t e  tubes were  
heated by  a quar tz  l amp furnace,  contro l lable  wi th in  
+_. I~ A purif ied argon gas flow passed th rough  the 
balance head  chamber ,  and was exhaus ted  wi th  the  
react ive  gas above the furnace  tube.  

Control  of the react ive  gas composit ion was achieved 
by  mix ing  me te red  flows of certified grade  CO2 and 
CO27CO mixtures .  P r io r  to mixing,  the flow rates  of the  
ind iv idua l  suppl ies  were  control led  th rough  motor -  
ized needle  valves  ac tua ted  th rough  ca l ibra ted  mass  
flow meters .  The flow rate  of the final gas mix tu re  was 
also moni tored  wi th  a ca l ibra ted  mass flow me te r  and  
was kep t  constant  throughout- a l l  the  exper iments .  The 
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l inear  gas velocity was 0.3 cm/sec. However, few runs  
were carried out to determine the effect, if any, of this 
variable on the reaction rate. 

The kinetic data were recorded on a chart  recorder, 
the exper imenta l  data points marked on accompanying 
figures indicat ing the values taken from the original 
chart  recordings. Samples were examined after ex- 
posure by  s tandard  metal lographic techniques inc lud-  
ing SEM and EPMA. 

Results 
Figure 1 presents weight change data plotted as 

a funct ion of square root of t ime for pure Cr exposed 
at 1000~ to a n u m b e r  of CO/CO~ mixtures.  The effec- 
tive oxygen part ial  pressure is listed in Table L Pro-  
tective behavior was always observed up to ma x i mum 
periods of exposure. All  the lines deviate sl ightly from 
l ineari ty;  however, as discussed later,  this was related 
to slight grain coarsening dur ing  scale growth and 
does not inval idate the de terminat ion  of a meaningful  
parabolic rate constant. Indeed, l inear  correlation co- 
efficients were always bet ter  than 0.999. The rate 
constants are included in Table I. 

There was no systematic var iat ion of the parabolic 
rate constants with oxygen part ial  pressure. The slight 
differences were almost cer ta inly related to subtle 
changes in the grain  size of the Cr20~, which may  be 
dependent  on the exposure conditions, al though this 
was not  studied in detail. For a par t icu lar  set of con- 
ditions, the kinetic curves were reproducible. Figure 2 
s h o w s  an example of three independent  weight ga in /  
time curves in CO~-0.3 volume percent  (v/o) CO at 
1000~ at l inear  gas velocities of 0.03, 0.33, and 0.66 

1.0 < 

0 5  

1O00~ . .  : ~ % ~ o  v w 
2.0 �9 e ~ o ~ ~W 

...- ~oo =v~ ~ 
�9 ~ ' ~  

CO/C0= RATIO e e ~:~ ~ 

e�9 ~ PURE Cr 

5 10  15  2 0  2 5  3 0  

Fig. I. Parabolic growth kinetics of Cr20~, on pure Cr at IO00~ 
in C 0 2 / C 0  mixtures. 
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Fig. 2. Parabolic growth kinetics of Cr20a on pure Cr at 1000~ 
in COg-0.3 v/o CO at linear gas flow velocities of 0.03, 0.33, and 
0.66 cm/sec. 

Table I. Parabolic growth constants for Cr203 growth on pure Cr 
at 1000~ 

Gas mixture Oxygen potential, (arm) K~ (g2 cm-~ see -~) 

C0~-0.1% CO 8.3 • 19 -9 9.21 x lO -u 
CO�9 CO 9.2 • 19 -to 9.50 x 10 -zl 
CO~-0.3% CO 9.2 • 10 -lo 1.00 x l0 -~~ 
CO~-0.3% CO 9.2 x 1O -~o 1.07 x 19 -20 
C0~-1% CO 8.2 x iO-il 1.18 x i0 -m 
C02-15% CO 2.7 • 10 -I~ 1.33 x 10 -1o 
C0'~-37% CO 2.4 • 10 -I~ 1.03 x I0 "ao 

mean--1.07 x 10 -xo 

cm/sec. The weight changes at the longest exposure 
time (15 hr)  were within + 50 ~g/cm2; the s tandard 
deviation of the parabolic rate constants for the three 
runs is +_ 0.05 X 10 -1~ g2 cm-4  see-1. 

In  addition, volatil ization of Cr2Os to CrOa (3) is not  
expected at the low oxygen pressures. This was con- 
firmed by recording the weight change of a large flake 
of Cr203 (scale spalled from one of the samples) ex- 
posed to the CO2-0.1% CO mixture  (highest Po2). 
Within the sensit ivi ty of the microbalance, no weight 
change was observed over a time period corresponding 
to that of a typical experiment.  

In all cases, only uni form single layer scales of 
Cr20~ were ever observed, al though in most cases, 
these spaIled from the surface as large rectangular  
flakes when cooled rapidly from the reaction tempera-  
ture. They exhibited a macroscopic wr inkled  appear-  
ance, infer r ing plastic deformation without  fracture at 
these reduced oxygen potentials.  Presumably,  they 
were not totally adherent  to the substrate;  however,  
they evident ly  did not crack open. Figure 3 shows a 
typical fracture section through spalled flake. Equiaxed 
grains with uni form submicron size are evident,  al-  
though not  easily measurable.  Some whiskers prot rude 
out of the outer surface of the scale, bu t  would n o t  
contr ibute any significant amount  to the total weight  
gain. 

Figure 4 shows weight change data for Co-25 weight 
percent  (w/o) Cr and Ni-25 and 50 w/o Cr at 1000~ 
in different gas mixtures  as detailed in Table II. 
Again, the rates are substant ia l ly  parabolic, decreasing 
very sl ightly with extended exposure, but  not suf-  
ficiently that  a meaningful  average parabolic rate con- 
s tant  cannot  be defined. The rates, given in Table II, 
are vi r tual ly  independent  of gas composition and alloy 
chromium content (at least in Ni alloys for the range 
25-50 w/o Cr),  slightly greater for Ni alloys compared 
with the Co alloys, and considerably lower than the 
corresponding rates for pure Cr. Examinat ion  of the 
scales showed no apparent  differences in grain mor-  
phology to those formed on pure Cr and no detectable 
Ni or Co contents. 

Discussion and Conclusions 
Based on the present  observations and data available 

in the l i terature,  it  is now possible to formulate  a 

Fig. 3. Fracture section through a spalled flake of Cr20~ formed 
on pure Cr. 
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Fig. 4. Parabolic growth kinetics for Cr203 on Ca-25 Cr and Ni- 
25 and 50 Cr at |000~ in C02/C0 mixtures. 

growth model for Cr203. The present  measurements  
provide s t rong support  for recent suggestions by  Lil le-  
rud and Kofstad (1). 

Firstly,  the parabolic growth constant  is v i r tua l ly  
independent  of oxygen fugacity. According to the ab-  
breviated version of Wagner 's  parabolic equat ion (8), 
if Cr203 grows by bulk  diffusion of interst i t ial  Cr ions 
of effective charge ~, then 

Kp [ (oxide thickness)S/t ime] 

= ([~ + 1)Dcr o { (po~,i)-3/4(a+l)_ (po2a)-3/4(-+1)} 

[1] 

where Kp is the parabolic rate constant  in terms of 
oxide thickness, Dcr ~ is the self diffusion coefficient of 
Cr in Cr203 in equi l ibr ium with oxygen at uni t  ac- 
tivity, and Po2 i and Po2 a a r e  the effective oxygen par-  
tial pressures at the inner  and outer scale interfaces, 
respectively. In  the case of pure Cr, Po2 i is of course 
the dissociation pressure of Cr2Oz in contact with Cr, 
which is 10 -21.57 atm at 1000~ and hence even at the 
lowest ambient  oxygen potent ial  used (2.4 • 10 - l ~  
atm) 

Po2 a > ~> Po~ 1 

a n d  Eq. [1] reduces to 

Kp [ (oxide thickness) 2/time] 

- -  (~ "4- 1)Dcr ~ (P02 i)-3/4(~+I) __ (~ + 1)Dcr i [2] 

where Dcr i is the self-diffusion coefficient of Cr in 
Cr203 in equi l ibr ium w i t h  Cr (i.e., at acr = 1). Thus, 
the rate is independent  Of the external  oxygen pres-  
sure. Assuming a value of ~ ---- 3 (fully ionized in te r -  
stitials) and convert ing the measured gravimetr ie  rate 
constant, Kg, to Kp 

Kp -- K ~  [3]  

where y is the average weight fraction of oxygen in 
the oxide (for Cr203 ---- 48/152) and pox is the densi ty 
of the oxide (pcr2o3 = 5.21 g/cm'~), gives an average 
value of Dcr i of 4.93 • 10 -12 cm2/sec. This is very  
close to the value extrapolated (their  measurements  
were in the range 1030~176 so this is only a small  
extrapolat ion)  from the diffusion experiments  of Hagel 
and Seybolt  (6) in hot-pressed compacts of Cr203: 
5.57 • 10 -~2 cm2/sec. As referred to earlier, because 
of the presence of unreacted Cr in the compacts, the 
effective oxygen potent ial  of the measurements  was 

Table II. Parabolic growth constants for Cr203 growth on alloys 
at 1000~ 

O x y g e n  p o t e n t i a l ,  
Alloy G a s  m i x t u r e  (atm) K~ (g~ em -4 s e e  -x)  

Ni-25 w/o Cr coe-15% co 2.7 x 10 -~8 1.54 x 10 -xx 
Ni-50 w/o Cr CO~15% CO 2.7 x 10 -18 1.79 x 10 -n 
Co-25 w/o Cr CO~0.1% CO 8.3 x 10 -~ 1.28 x 10 -n 
Co-2S w/o Cr CO~-15% CO 2.7 x 10 -18 1.47 x 10 -~ 
Co-25 w / o  C r  C02-50% CO 8.4  x i0 -I~ 1.15 x IO - ~  
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thought (1) to be equivalent  to the dissociation pres- 
sure of Cr203 in contact with Cr. 

An  al ternat ive  view of the growth mechanism would 
involve Cr t ransport  through the oxide via cation va-  
cancies, when  

Kp [ (oxide thickness) 2/time] 

-- (a Jr" 1)Dcr ~ {(Po2a) 3/4(I+a) -- (po2i) 3/4(I+a)} [4] 

Again, with Po2 a > >  P02 i, the rate constant  depends 
on the 3/4 (1-b ~)th power of the ambient  oxygen 
pressure. This means that over the range of oxygen 
potentials examined in the present  study, 2.4 • 10 -14 
to 8.3 • 10 -9 atm, the rate constant  should have in -  
creased by  a factor of 11 (~ -- 3, ful ly dissociated va-  
cancies) or much greater than that if a < 3 (120 if ~ = 
1), and would have been easily detected with the pres-  
ent  exper imental  ar rangement .  The dependence of the 
gravimetric  constant  K~ (Eq. [3]) on Po2 a for the as- 
sumed defect models (Eq. [2] and [4]) along with the 
exper imental  values are plotted in Fig. 5. Evidently,  
the data substant iate  the interst i t ial  model. 

The second piece of evidence presented here is the 
lower growth constant  observed for Cr203 growth on 
the alloys. Again, this is a direct consequence of the 
interst i t ial  model. For alloys, the Cr activity at the 
al loy/oxide interface is less than unity, and hence, the 
effective oxygen pressure there is higher than when 
pure Cr is the substrate. In terms of a vacancy model, 
this would make vi r tual ly  no difference to the ex-  
pected growth rate (Po2 a ~ Po2i), except at low al- 
loy Cr contents when the diffusion of Cr from the bulk  
alloy to the scale became ra te-control l ing (11). Fur -  
thermore, this difference in reaction rate, which is ap- 
proximately  an order of magnitude,  cannot be ac- 
counted for by a variat ion in oxide grain size. As indi-  
cated earlier, no at tempts were made for detailed 
grain size measurements  since no significant difference 
was observable as a funct ion of time or oxygen poten-  
tial, or between scales formed on pure Cr or the alloys. 
Nonetheless, based on the grain  boundary  "short cir- 
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Fig. 5. Dependence of the gravimetric parabolic rate constant 
for Cr203 growth on Cr on ambient oxygen potential according to 
an interstitial (Eq. [2])  and vacancy (Eq. [4]) model, and ex- 
perimental data. 
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cult" model (9, 10), it can be shown that if this were 
the case, the grain size would have been different by at 
least an order of magnitude since the "apparent" rate 
constant is roughly inversely proportional to the aver- 
age grain diameter. 

As the reaction is diffusion controlled, the Cr con- 
centration (activity) at the alloy/scale interface is 
uniquely defined and is less than that in the bulk alloy 
by an amount depending on the ratio of the scale 
growth constant to the alloy interdiffusion coefficient. 
In order to estimate this parameter, it is necessary to 
balance the fluxes of Cr into the scale and from the 
bulk alloy. Following the usual analysis (11, 12), for 
the case where the alloy is single-phase, has a concen- 
tration-independent ~nterdiffusion coefficient, and 
where selective oxidation is complete, gives 

Xc~ b - F(~) 
Xc~ l = [5] 

1 - F(~) 

where Xcr i and Xcr b are the atomic fractions of Cr at 
the interface and in the bulk alloy, and 

V/ o = and F(~) = ~v/~exp~Serfc~l [6] 

2Dan 

where Kc is the so-called "corrosion constant," and 
represents a parabolic rate constant in terms of the 
displacement of the alloy/oxide interface, AXmetal, due 
to scale growth as defined by 

AXmetal --  u Kc t" [7] 

Kc is, thus, related to the gravimetric rate constant by 

K~ = -~ K~ - -  [8] 
pmetal ~] 

w h e r e  pmetal is the density of the metal substrate and 
y, as defined earlier, is the average weight fraction of 

oxygen in the oxide [Ycr2oa = 0.3158]. Dall is the alloy 
interdiffusion coefficient. 

For the Ni-Cr system, the alloy interdiffusion coeffi- 
cient is approximately independent of composition in 
the range 0-40 w/o Cr (13) and at 1000~ has a value 
of 2.2 • 10 - n  cme/sec. Combining this with the mea- 
sured gravimetric rate constants for Cr203 growth on 
Ni-25 and Ni-50% Cr alloy, 1.54 • 10 - n  and 1.79 • 
10-n  g2 cm-4 sec-1, respectively, and using Eq. [5], 
[6], and [8] give an atomic fraction of Cr at the 
alloy/scale interface of 0.1 and 0.35 for the two alloys, 
respectively. The 50% Cr alloy actually contains two 
phases, the 7-Ni solid solution and an ~ Cr-rich bcc 
phase. The solubility limit of Cr is approximately 44% 
at this temperature. However, this would not signifi- 
cantly alter the calculated Cr-content at the interface. 

The effective Pos at the alloy scale interface is now 
obtained by considering the equilibrium relationship 
between Cr2Oa and Cr in the alloy. Thus, 

I [ 2AG~ ] 
Po2 i = (acri),t/--------- ~ exp 3RT [9] 

where AG~ is the Gibbs standard free energy of 
formation of Cr20~ and ac~ i the activity of Cr at the 
alloy/scale interface. On pure Cr, acr i = 1 and Po2 i = 
ncr2o3, the dissociation pressure of Cr203 in contact 
with pure Cr. Thus, combining Eq. [2] and [9], the 
ratio ~, of parabolic growth constants for Cr~Os on an 
alloy to that on pure Cr is given by 

= (ac~t) 1/~+1~ [10] 

for the case where interstitials are the major defect. 
This result is in contrast to that if vacancies were 

the dominant diffusion species, when ~ is given by a 
combination of Eq. [4] and [9] 

I - (acr i) - iz<~+ i) (=cr~osIPo2a)~/4(1 + a) 
= [11] 

1 - (~cr2o3/Po2a) 3/4(I+ ~) 

In the present case, since Pos a >> ~cr~oa, and unless 
acr i is very small, @ is little different from unity 

Thus, it is argued that since experimentally, ~# 
0.15, and although this is not entirely consistent with 
Eq. [10], that fact that is considerably less than unity 
favors the interstitial model. 

Similar calculations for the Co-Cr system, in which 
D~11 appears (14-16) to fall in the range (3.3-5.5) X 
10 -12 cm2/sec suggest that acr i is somewhat smaller 
than in the Ni-Cr system. However, diffusion c oe f f i -  
c i e n t s  [Cr tracer in Co-21 w/o Cr, 2 v/o y20~ (17)] 
as high as 10 -11 cm2/sec have been measured, and 
this would give Cr concentration at the interface of 
similar magnitudes to those in the Ni-Cr system. 
Again, the measured ratio of growth constants is 
~0.12, and there is no evidence that the oxide growth 
rate is being controlled by Cr diffusion in the underly- 
ing alloy, for example a tendency to develop a non- 
planar alloy/scale interface. 

Although the growth constants for Cr2Oa on the al- 
loys are not quantitatively consistent, they do qualita- 
tively agree with the general behavior observed at  
higher oxygen potentials (1 atm) : parabolic rate con- 
stants for Cr208 growth on Fe, Ni, and Co-Cr a11 in- 
crease with increasing alloy Cr content (18). However, 
under these conditions, it has usually been speculated 
that this is related to a decrease in the noble metal 
(Fe, Ni, or Co) content of the oxide modifying the de- 
fect concentrations. With the present experiments, sig- 
nificant solubility of Ni or Co in the Cr2Oz is not 
anticipated since the Po2 is either below, or only 
slightly above the dissociation pressures of NiO or 
CoO. Nevertheless, the apparent independence of the 
growth constant on the a11oy Cr content, and by impli- 
cation the content at the a11oy/scale interface, is puz- 
zling. 
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ABSTRACT 

The electrogenerat ion of methyl  viologen radical  cation (MV +) at a silver electrode in chloride solution has been studied. 
Evidences for the adsorpt ion ofMV § or a related species have been obtained by cyclic vol tammetry  and in situ laser Raman 
spect roscopy measurements .  I t  was observed that  electrode cycling and high chloride ion concentrat ion stabilize the ad- 
sorbed state ofMV § at the electrode. It appeared possible  to dist inguish between Raman signal due to surface species and to 
species dissolved in the solution. Characteristic spectra are presented.  The Raman technique also seems capable of de- 
tecting submonolayer  quanti t ies of MV + and to be useful for monitoring concentration changes of the radical cation. 

Cons iderable  in teres t  p re sen t ly  exists  in the  use of 
methy lv io logen  (N,N ' -d imethyl -4 ,4 ' -b ipyr id ine ,  MV +e) 
as an  e lec t ron  r e l ay  in var ious  schemes for  hydrogen  
generation through the photochemical  sp l i t t ing  of 
wa te r  (1). Various  der iva t ives  of py r id in ium salts are  
also w e l l - k n o w n  poten t  herbicides;  they  are  often 
considered as model  systems for  NAD + (nicot inamide 
d inucleot ide)  and  o the r  components  of biological  e lec-  
t ron  t r ans fe r  chains (2). A common scheme for the 
photoc leavage  of wa te r  w o u l d  involve  product ion of 
MV + by  e lec t ron t rans fe r  f rom an exci ted  sensi t izer  to 
MV+% This rad ica l  would  then  t ransfer  an e lect ron to 
a noble me ta l  ca ta lys t  usua l ly  present  in the system 
in the  colloidal  s tate (3). The in terac t ion  of MV + 
wi th  noble  meta ls  such as Pt, Au, and Ag is of much 
interest .  Thus, for example ,  the question of adsorpt ion  
of MV + on the meta l  surface pr io r  to the e lect ron 
t rans fe r  act is of crucial  impor tance  in eva lua t ing  the 
pe r fo rmance  of the catalyst .  This quest ion was p rev i -  
ous ly  addressed  in a t t empts  to observe surface en-  
hanced  Raman  sca t te r ing  (SERS) f rom MV +, poss ibly  
adsorbed  on col loidal  Ag cata lys ts  (3). Al though 
resonance Raman  sca t te r ing  (RRS) was easi ly  obta ined  
f rom M'V+ in solution, no SERS was observed  in the 
col loidal  sys tem (3). Ve ry  recent ly ,  however ,  a SERS 
spec t rum of MV + on Ag elect rodes  has been observed 
(4). An  analys is  of the Raman  spec t rum of  MV + in 
solut ion was also repor ted  (5). Our  spec t roe lec t ro-  
chemical  inves t igat ions  were  in progress  when these 
works  appeared .  We were  in te res ted  in fu r the r  c la r i fy-  
ing the quest ion of rad ica l  adsorpt ion  and de te rmin ing  
the origin of the Raman  spec t rum of the e lec t rogener -  
a ted  species, i.e., whethe r  f rom species dissolved in the  
solut ion or  adsorbed  on the e lec t rode  surface. More-  
over, this sys tem also appea red  ve ry  wel l  sui ted to test  
the sens i t iv i ty  of the Raman  spectroscopic technique 
for  in situ in te r fac ia l  s tudies since coulometr ic  genera -  
t ion of  the  radica l  cation al lows accura te  surface cov- 
e rage  to be de te rmined .  We repor t  here  the  resul ts  of 
our  s tudy.  

Experimental 
The N , N ' - d i m e t h y l - 4 - 4 ' - b i p y r i d i n i u m  dichlor ide  

(MVCI~) was obta ined  as a h y d r a t e d  sal t  (Aldr ich  

* Electrochemical Society Active Member. 
Key words: methyl  viologen radical cation, Raman spectra, c y -  

c l i c  voltammetry. 

Chemical  Company,  Milwaukee,  Wisconsin)  and  was 
used wi thout  fu r the r  purification.  Solut ions were  p r e -  
pa red  using 4- t imes  dist i I led wa te r  and  were  deaera ted  
by  bubbl ing  wi th  research  grade  He. The cell  for e lec-  
t rochemical  measurements  was of a convent ional  H- 
type  design with  3 compar tments .  Rubber  s toppers  
(provided  wi th  holes for inser t ion of the  electrodes)  
were  used as covers to exclude a tmospher ic  oxygen.  
The Ag electrodes were  fabr ica ted  f rom 0.Ol0 in. th ick 
Marz grade  (99.99% pur i ty )  foil (Mater ia ls  Research 
Corporat ion,  Orangeburg,  New York) .  The work ing  
e lec t rode  was c leaned and roughened  by  abra id ing  
with  size 600 gri t  emery  cloth and then  washed wi th  
acetone and dis t i l led water .  A sa tu ra ted  calomel  re f -  
erence e lect rode was used in this s tudy,  and al l  po ten-  
t ials  quoted here  are  r e fe r red  to it. A Pr ince ton  A p -  
pl ied  Research Model 173 Potent ios ta t  and a Model 179 
Universa l  P r o g r a m m e r  were  employed  for cyclic 
v o l t a m m e t r y  studies. Raman  spect ra l  measurements  
were  car r ied  out  in a 3 -compar tmen t  cell  fitted wi th  a 
quar tz  optical  w indow (6).  A SPEX model  1400-II 
double monochromator  fi t ted wi th  1200 g roove / r am 
grat ings  and a pho tomul t ip l i e r  tube detector  was used. 
Sli t  widths  of 200-250 ~m were  employed.  Signal  
processing was done th rough  a SPEX model  DPC-2 
Digi ta l  Pho tomete r  opera ted  in the photon-count ing  
(PC) mode. Sample  exci ta t ion was by  K r  + (Coherent  
model  CR 750K) and Ar+  (model  CR 6) lasers  at  
power  levels be tween  50-120 mW. 

Results and Discussion 
Electrochemical measurements.--Figure 1 shows a 

typica l  cyclic vo l t ammogram on a Ag e lec t rode  in de-  
ae ra ted  5 • 10-~M methy l  viologen chloride (MVCI~) 
solution. The genera l  shape of the  vo l t ammogram is in 
good agreement  wi th  tha t  r epor ted  by  S teckham and 
Kuwana  (7). The ox ida t ion- reduc t ion  waves  have been 
in te rp re ted  in terms of the react ions  

Ic  
MV + + + e -  ~:~ MV + [1] 

Ia  

IIc 
MV + + e -  ~ M V  [2] 

IIa 
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Fig. 1. Cyclic voltammogram of S • lO-aM MV +2 solution on 
Ag electrode. Scan rate - -  20 mV/sec. 

In this paper, we will  confine ourselves to a detailed 
study of the first wave, i.e., the electrogeneration of the 
methyl  viologen radical cation (MV +) and its possible 
interaction with the silver electrode.  Figure 1 shows 
that reaction (1) proceeds fairly reversibly at the Ag 
electrode. The separation between anodic and cathodic 
peaks in Fig. i is, however, greater  than the 60 mV 
required for a t ruly  reversible reaction because of high 
solution resistance in the absence of a support ing elec- 
trolyte. In  the presence of a support ing electrolyte, e.g., 
0.1M KC1 or LiC1, the peak separation is close to the 
theoretical value of 60 mV as shown in Fig. 2. The in-  
creased C1- concentration, however, gives rise to new 
waves (IIIa and IIIc, Va, and Vc, Fig. 2). Following 
t h e  t rea tment  of Wopschall and Shain (8), the waves 
IIIa and IIIc are a t t r ibuted to the adsorption of the 
product of the cathodic reduction of MV+ +, i.e., the 
radical cation MV + or a related species. We will dis- 
cuss the in terpre ta t ion of Va and Vc later  on. A plot of 
the ratio of anodic to cathodic peak currents  in 5 • 
10-SM MVCI2 solution against the square root of the 
scan rate (Fig. 3) shows a deviation from the value of 
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Fig, 2. Cyclic voltammogram in 10-3M MV +2 and 0.1M KCI 
solution. Scan rate = 100 mV/sec. 
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1.0 that is characteristic of an uncomplicated and re-  
versible charge t ransfer  process (9). While this devia-  
tion could be par t ly  a t t r ibuted to solution resistance, it 
is also probably  due to adsorption occurring at the 
electrode surface. Evidence of an adsorbed state in the 
pure MV +2 solution (no KC1 or LiC1 support ing elec- 
trolyte) is observed more prominent ly  (Fig. 4) when 
the  electrode is cycled between the potential  for 
anodic dissolution of Ag (greater than 0.2V vs. SCE) 
and its subsequent  redeposition (less than or equal to 
about --0.SV). Adsorption prepeaks IIIa and IIIc ap- 
pear following even one anodic dissolution and 
cathodic reduction cycle of Ag (corresponding to 
waves IVa and IVc in Fig. 4, respectively).  These ad- 
sorption waves are not  observed even if the electrode 
potential  is taken to ra ther  negative values (e.g., 
--1.2V as in Fig. 1) so long as massive Ag dissolution 
and deposition do not occur. While it has been found 
that a film of methyl  viologen polymer is formed at 
Au and Ni electrodes in buffered solutions (10, 11) as 
well as on tin oxide electrodes (7) at ra ther  negative 
potentials (i.e., about --1.0), it is not apparent  from 
Fig. 1 that such is the case in the present system nor 
that the presence of a polymer film gives rise to ad- 
sorption prewaves. The waves IIIa and IIlc in Fig. 4 
could, therefore, not  be a t t r ibuted a pr ior i  to the same 
type of film that Landrum (10), Bowden (11), and 
Steckham (7) have found on their electrodes. The 
waves found here have all the characteristics of a d -  
sorption prepeaks treated by Wopschall and Shain 
(8) ; they appear more likely to be due to adsorption of 
the product of the cathodic reduction of MV +2, which 
is MV +. It is not unlikely,  however, that such an ad- 
sorbed species as discovered here may be the pre-  
cursor of the film formed in the studies by Landrum 
and others. 

Figure 5 shows cyclic vol tammograms in 10-SM 
MV +2 and 0.1M KC] solution taken with various 
switching potentials. (The numbers  in parenthesis in -  
dicate the nth  consecutive scan.) Two effects are im- 
mediately apparent.  One is the increased prominence of 
waves Va and Vc. Secondly, extending the cathodic 
switching potential  to --1.0V does not give any  
stronger indication of the formation of a 'polymeric 
film on the electrode surface. On repeating the same 
experiment  after cycling the electrode between +0.3 
and --0.9V, for one to three cycles, the results shown in 
Fig. 6 are obtained. The appearance of the adsorption- 
desorption waves, IIIa and IIIc, is cer tainly fascinating. 
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Fig. 4. Cyclic voltammogrom of 5 X I0-3M MY +2 solution on 
Ag electrode. - . . . . . .  second scan before cycling electrode to 
anodic potentials; scan rote ~ 50 mV/sec. - -  fifth cyclic 
scan between 03 and --1.0V; scan rate = 100 mV/sec. 
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Fig. 5. Cyclic voltammograms in 10-5M MY +2 and O.1M KCI 
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Fig. 6. Cyclic voltammograms in 10-5M MV +2 and 0.1M KCI 
solution after cycling to anodic potentials; scan rate = 50 mV/ 
sec .  

It  is clear from the figure that  it is not necessary to 
scan the electrode to hydrogen evolution (wave VIc) 
in order to form the surface species. It  is also obvious 
that a Ag dissolution-deposit ion cycle indeed stabilizes 
the state of the adsorbed species on the electrode. It is 
not clear to us at the moment  how this effect comes 
about. The increase in interact ion of MV + with the Ag 
surface on cycling may  be due to an increase in  
"cleanliness" of the surface, a roughening of the sur-  
face, the generat ion of Ag adatoms, or some related 
species which interact  more strongly with the MV +, or 
a combinat ion of these factors. The fact that  electrode 
cycling can enhance adsorption has, to our knowledge, 
not been demonstrated electrochemically and may be 
of considerable significance in the in terpre ta t ion  of 
other physical  phenomena,  e.g., the surface enhanced 
Raman effect (SERS). We shall show in the next  sec- 
tion that indeed the stabilization of the adsorbed state 
appears to correlate with our  obta ining a bet ter  sig- 
nal  in our Raman  spectroscopy experiments.  More- 
over, since an increase in the C1- concentrat ion (as 
brought about by the addit ion of KC1 or LiC1 support-  
ing electrolyte) appears also to stabilize the adsorbed 
state at about --0.5V even without  prior cycling, it is 
probable that the cycling process may be leading to 
an increase in concentrat ion of a chlorosilver complex 
on the electrode surface or the double layer  region. 

Finally,  we consider the in terpre ta t ion  of waves Va 
and Vc. These waves become more prominent  with de- 
creasing MV +2 concentrat ion and with addition of 
KC1 or LiC1. The variat ion of peak current  with scan 
rate for these waves is shown in Fig. 7. The l inear  be-  
havior suggests that  these correspond also to a set of 
adsorption-desorption waves, al though somewhat i r-  
reversible compared to IIIa and IIIc. The ident i ty  of 
the surface species involved in the process needs to be 
fur ther  elucidated. 

In situ laser Raman spectroscopy s~udies.--These 
studies were under taken  in conjunct ion with the elec- 
trochemical measurements  in order to determine the 
s tructure of the species in the interphase region and to 
fur ther  elucidate the nature  of the processes occurring 
at the electrode. Figure 8a shows the Raman  spectrum 
of MV + electrogenerated at a Ag electrode in 10-SM 
MV +2 solution using Kr + laser excitat ion with the 
6471A line. The spectrum was obtained with the elec- 
trode potentiostated at --0.8V vs. SCE. (The spectra 
reported here have been retraced and reduced from 
actual chart recorder outputs;  hence, they have been 
smoothed out in the process.) The measured band po- 
sitions are in good agreement  with the solution spec- 
t rum previously obtained by others (3, 4, 5). Essenti-  
ally the ~same spectrum is obtained with excitation us- 
ing the 5471A line of the Ar + laser. The quant i ty  of 
charge integrated dur ing the time the spectrum was 
obtained corresponded to m a n y  layers of mater ia l  re-  
duced so that it is reasonable to conclude that the 
spectrum is due pr incipal ly  to species on the solution 
side of the double layer  region. The relat ively good 
in tens i ty  of the signals observed is p resumably  main ly  
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due to the resonance Raman  effect, since the laser  ex-  
ci tat ion is wi th in  the electronic  absorpt ion  band (3) of 
MV +. To see if  we could detect  a monolayer  quan t i ty  
of MV +, spectra l  scans were  made as a funct ion o f  
charge passed. We were  unable  to observe the whole 
spec t rum of a monolayer  equiva lent  of MV +. How-  
ever,  by  moni tor ing  the in tens i ty  of  the  s t rongest  band 
of MV + at  1530 cm -1, it  appea red  possible to detect  
about  one-ha l f  of a monolayer  of the radica l  cat ion 
wi th  a s igna l - to -noise  rat io  of  1:1 for this band.  We 
found no significant difference be tween  spect ra  t aken  
at  --0.80 and --0.90V vs. SCE. We did not  see the 
spec t rum of MV +~ (even in 5 • 10 -a  MV +~ solution) 
nor  tha t  of the species responsible  for the  vo l t ammet r i c  
waves Va and V~ as Regis and Corset  (4) c la im to have 
observed.  Moreover,  our  spec t ra  showed no bands  that  
c a n  be a t t r ibu ted  to MV+ dimers  which are  l ike ly  to 
be formed wi th  increas ing MV+ and MV +2 concent ra-  
tions. 

A special  effort was made  to detect  the  presence of 
MV+ adsorpt ion  using Raman spectroscopy and to 
dis t inguish the Raman  s ignal  of the  adsorbed species 
f rom that  dissolved in the solu,tion. Regis and Corset  
have repor ted  observ ing  the R a m a n  spec t rum of MV + 
adsorbed  on a Ag electrode.  They  did not, however ,  
observe the same on P t  imply ing  tha t  the  difference 
m a y  be due to a surface enhancement  of the spec t rum 
on the Ag. Ohsawa et al. (12) ob ta ined  only the  spec-  
t rum of  the solut ion species produced at  a Pt  electrode.  
Compar ing  the v ibra t iona l  bands  a t t r ibu ted  by  Regis 
(4) to adsorbed MV + wi th  the solut ion spect ra  ob-  
ta ined  b y  Ohsawa ( i2)  and Fors te r  (5), one finds no 
majo r  differences in the band posit ions tha t  these 
authors  have observed  except  for the band  at  1650 
cm -1 for  the  adsorbed MV+ being shif ted to h igher  
f requency  (~1660 cm -1)  in the solut ion case. Our  
spectra  for e lec t rogenera ted  MV + at  -0 .80  and 
--0.90V are  essent ia l ly  the same as that  obta ined  by  
Fors t e r  for chemica l ly  p repa red  ma te r i a l  (Fig. 8a).  
This suppor ts  our  in i t ia l  c laim tha t  the  spect ra  ob-  
ta ined  at  these potent ia ls  a re  due to solut ion species. 
We n o r m a l l y  could only  observe a band at  1530 cm-Z 
when potent ios ta t ing  the e lect rode at  --0.60V and this  
at  a signal  to noise rat io of about  1: 1. However ,  on 
cycl ing the e lec t rode  be tween  anodic Ag dissolution 
a n d  cathodic redeposi t ion potent ia ls  in the presence of 
added  KC1, we find a significant increase in in tens i ty  
of the Raman  s ignal  (,,~25 t imes)  which al lows us to 
obta in  the complete  spec t rum at --0.60V. F igure  8b 
i l lus t ra tes  wha t  we observed.  F rom corre la t ion of the 
spec t rum wi th  the e lec t rochemical  da ta  p resen ted  in 
Fig. 6 and 7, it  is logical  to a t t r ibu te  this spec t rum wi th  
that  of  MV + adsorbed at  the electrode.  Our spec t rum 
for adsorbed  MV + shows a shift  of the  1659 cm -1 (for  
the solut ion species)  to 1640 cm -1 and the band at  
1255 to 1240 cm -~. Three  new bands at  1168, 1196, and  
1592 cm -1 appea r  for  the surface  species (Fig. 8b) 
compared  to the solution one. 

F u r t h e r  evidence for our  ass ignment  of the spect ra  
at  --0.8 and --0.90V as being ma in ly  due to the solut ion 
species comes f rom measurements  of the re laxa t ion  of 
the Raman  signal  for the 1530 cm -1 band fol lowing a 
r e t u r n  to open-c i rcu i t  conditions. In  this exper iment ,  
the Ag elect rode is potent ios ta ted  at  the desired po-  
tent ia l  whi le  the monochromator  is set to detect  the 
1530 cm -~ band. The decay of the Raman  signal in-  
t ens i ty  (I) is fol lowed as the  circui t  is opened and 
equi l ib r ium al lowed to be established.  F igure  9a shows 
the resul t  of such an exper iment .  The decay of the 
e lect rode potent ia l  is also moni tored  for comparison.  
The l inear  plot  of log I vs. t ime, t, is consistent  wi th  
that  p red ic ted  theore t ica l ly  for a diffusional process 
(13) occur r ing  in the  solution. At  --O.80V, i t  is s o m e -  
t imes possible to observe a b reak  in the in i t ia l  por t ion 
of the log I vs. t curve (Fig. 10) fol lowed by  the usual  
l inear  behavior .  This fas ter  decaying  process is p rob -  
ab ly  due to the  inject ion of charge by  adsorbed  MV + 
to the Ag e lec t rode  resul t ing  in its reoxida t ion  to 
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Fig. 9. (o) Relaxation of open-circuit potential and Raman 
signal at 1530 cm -z .  (b) Logarithmic plot of the decay of Raman 
signal after potentiostating at E - -  - -0.90V vs. SCE. 

M'V+~. It  is not  unreasonable  to expect  that  the Raman  
spectra  of MV + at  a Ag e lec t rode  would  be a super -  
posi t ion of spec t ra  a t t r i bu tab le  to both adsorbed  
species and species dissolved in the solution, wi th  one 
dominat ing  over  the  other  depending  on the potent io-  
s ta t ing voltage.  

F ina l ly ,  we i l lus t ra te  the u t i l i ty  of the Raman spec-  
troscopic technique for moni tor ing  the changes in corr- 
cent ra t ion  of MV +. F igure  l l a  shows the Raman  signal  
for the 1530 cm -1 band  as the poten t ia l  is swept  
cycl ical ly  at the ra te  of 5 mV/sec.  The corresponding 
vo l t ammogram is i l lus t ra ted  in Fig. l l b .  I t  can be seen 
tha t  whi le  the format ion  of MV + and its reox ida t ion  
back  to MV +2 are  ha rd ly  discernible  f rom the vo l t am-  
mogram,  these are  c lear ly  de tec tab le  by  the R a m a n  
spectroscopic technique.  I t  is also wor thwhi le  to note 
the presence of a shoulder  at about  --O.8V in the sec- 
ond half  of the in tens i ty -po ten t i a l  curve. F rom a corre-  
la t ion of this curve with  the vo l t ammograms  in Fig. 6 
and V, it  is reasonable  to i n t e rp re t  the in tens i ty  va r i a -  
tion dur ing  the posit ive scan to be due to a superpos i -  
tion of signals both f rom solut ion species and adsorbed  
mate r i a l  on the electrode.  Thus, at  --1.15V (point  A, 
Fig. l l a ) ,  the e lectrode is p r e suma b ly  covered wi th  a 
film (V) of ne u t r a l  MV ~ As the po ten t ia l  becomes more  
posit ive,  the MVo is conver ted  to MV + resul t ing  in the  
observed increase in Raman  s ignal  (due to the solut ion 
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species). As the MVo is exhausted, adsorption of the 
MV + occurs resulting in an enhancement of the 
Raman signal due to the adsorbed species (point B). 
Both components of the Raman signal decrease as the 
MV + is converted to MV+2 at potentials more positive 
than --0.6V. Acknowledgments 
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Two-Plateau Rechargeable Sodium/Sulfur(IV) Molten 
Chloroaluminate Cell 

G. M a m a n t o v , *  K. Tanemoto ,  and Y. Ogata  

Department of Chemistry, University of Tennessee, Knoxville, Tennessee 37996 

ABSTRACT 

The behavior of the rechargeable cell 

Na/t3"-alumina/SC13 + in molten A1C13-NaC1 

under  conditions in which S(IV) 1s reduced to S(-2) is described. It is shown that the use of reticulated vitreous carbon as the 
positive current collector and high concentrations of active material result in cells which operate at temperatures -<220~ 
and have very high energy densities (>450 W-hr/kg). 

Previous studies have described the use of tetra- 
valent  sulfur in molten  chloroaluminate secondary 
batteries (1-3).  It has been Shown in this laboratory 
that the rechargeable cell  

Na//~"-alumina/SCl3 + in AICI~-NaCI 

has an open-circuit  voltage of 4.2V and can be operated 
at 180~176 Long cycle life [1370 cyc le s  for one of 
the cells (4)]  and high energy densities (~..280 W - h r /  
kg) have been demonstrated for cells in which S(IV)  
is reduced to e lemental  sulfur in accordance with the 
overall  reaction 

4Na + SCI3AICI4 + 3AIC13 = S + 4NaAICI4 [1] 

Although our early studies (5) demonstrated the pres- 
ence of the second discharge plateau in which sulfur 
is reduced further to sulfide, only preliminary results 
(3) have been reported to date. In this paper, we pre- 
sent the results of additional studies on the two-plateau 

�9 Electrochemical Society Active Member. 
Key words: battery, rechargeable, chloroaiuminate sulfur, Beta- 

alumina. 

2 
u3 
_J 
o 
> 1 

-1 

UTILIZATION ( % )  

20 40 60 80 100 
I i I I I 

Y O - 1 - 8 0  

250=C CCV 

CHARGE 

-1- 

-2  - 

I 
0 

DISCHARGE "4- 
- o 

CHARGE I 
- f - - - - - - - - -  ,, 

SULFUR ELECTRODE ~ 

1 
DISCHARGE 0AOA ( 16.3 mAIcm 2 

CHARGE O.20A ( 8.2mA/cm 2) 

SODIUM ELECTRODE 

DISCHARGE 

CHARGE 

I I I I I I I I 1 
1 2 3 4 5 6 7 8 9 

NO. OF COULOMBS ( x lO  3 ) 

Fig. !. Galvanostatic charge-discharge curve and potentials of 
sulfur and sodium electrodes vs. AI(I I I ) /AI  (in NaCIsat melt) 
reference electrode at 250~ Discharge time 6.4 hr. Percent utiliza- 
tion is calculated for the 6e-  process. Initial positive electrode 
mix: 0.52g of sulfur and 50.0g AICI3-NaCI (57-43 m/o = 57/43). 

Na/S (IV) chloroaluminate cell. It  is shown that a sig- 
nificant gain in energy density and lower operating 
temperatures  have been obtained through these studies. 

Exper imental  
Melt preparation,  laboratory procedures, and a d(~- 

scription of the laboratory cell used for charge/dis-  
charge studies have been reported previously (2, 6, 7). 
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In some of the cells, re t icu la ted  vi t reous  carbon (RVC 
6 X i -- 45S from Fluorocarbon Company) was used 
as the positive electrode current collector in place of a 
tungsten spiral. Sulfur (t5N5 grade from Alfa) was 
used as received; S(IV) was added as SCI3AICI4 (8). 
An ECO Model 545 galvanostat and electrometer (ECO 
Instruments) and a Mark II automatic cycler (Argonne 
National Laboratory) were used for cycling of the lab- 
oratory cells. 

Results and Discussion 
P r e l i m i n a r y  s tudies  have  shown (9) tha t  pronounced 

vol tage oscil lat ions occur  at  the  end of the  first dis-  
charge p la teau  (corresponding to the format ion  of e le-  
menta l  sulfur)  when the  mel t  composit ion at  that  poin t  
correspon~ls to an A I ( I I I ) / N a  (I) rat io of ,~1 (neut ra l  
mel t )  and  when  a tungs ten  ~piral is used as the  posi t ive 
cur ren t  collector.  Our in i t ia l  approach  to correct  this 
p rob lem was to use lower  sul fur  concentrat ions  
(,~0.3m), which resul t  in sma l l e r  ac id i ty  changes du r -  
ing the discharge.  In this way, the mel t  remains  acidic 
( A I ( I I I ) / N a ( I )  ra t io  > 1) at the  end of the  second 
discharge  pla teau.  A galvanosta t ic  charge /d i scharge  
curve and the var ia t ion  of su l fur  and sodium electrode 
potent ia l  vs. an A I ( I I I ) / A 1  reference  e lect rode for a 
2.6 A - h r  cell  are  shown in Fig. 1. As expected  from the 
rat io of the n-va lues ,  the rat io  of the n u m b e r  of cou- 
lombs in the  first to the  second p la teau  was found to be 
,~2, indica t ing  the format ion  of su l fur  in the --2 state. 
Recent  Raman  spectroscopic s tudies  (10, 11) have  
shown tha t  sulfide in acidic mel ts  is p resen t  as ol igo-  
meric  A1SC1. The overa l l  react ion corresponding to the  
second discharge p la teau  can be wr i t t en  in simplif ied 
form as 

2Na + S + A1C13 = A1SC1 + 2NaC1 [2] 

Thus, the mel t  ch loroacid i ty  continues to decrease du r -  
ing the  second discharge plateau.  F u r t h e r  discharge 
af ter  the  second p la teau  resul ts  in the format ion  of a 
b lack  product  (p resumab ly  a luminum)  on the tungsten 
cur ren t  collector.  I t  m a y  be seen from Fig. 1 that  
charging of the  cell  resul ts  in much grea te r  overa l l  i t -  
r evers ib i l i ty  for the  second p la teau  as compared  to 

the first one. This behavior  is at least  pa r t i a l l y  due to 
the  low solubi l i ty  of sulfide and su l fur  in mel ts  tha t  
a re  not  s t rong ly  acidic (10, 12). The second p la teau  was 
poor ly  defined at lower  t empera tu re s  and  higher  ap-  
pl ied cur ren t  densi t ies  using tungsten sp i ra l  as cur ren t  
col lector  (Fig. 2). Good definit ion of the second dis-  
charge p la teau  was obta ined  at  h igher  t empera tu re s  
(Fig. 2). The dependence  of the  cell vol tage on cur-  
rent  dens i ty  is i l lus t ra ted  in Fig. 3. The behavior  for 
the  first p la teau  is s imi lar  to tha t  repor ted  prev ious ly  
(2, 3) ; because of the large  i r r evers ib i l i ty  of the second 
charge plateau,  the CCV dependence  on the cur ren t  
dens i ty  for the  second charge p la teau  is not  shown. 
The energy  densit ies  obta ined  in this cell were  low 
(<200 W - h r / k g )  because of the low concentra t ion of 
the  act ive mater ia l .  Much be t t e r  resul ts  for  the  second 
p la teau  were  ob ta ined  wi th  an RVC cur ren t  collector.  
This spongy mate r i a l  provides  a much l a rge r  surface 
area;  it  also minimizes  problems  re la ted  to the low 
solubi l i t ies  of  sulfur  and sulfide in neu t ra l  and basic  
melts.  The resul ts  obta ined wi th  an RVC cur ren t  col lec-  
tor  are  shown in Fig. 4. No vol tage osci l lat ions are ob-  
served a l though the mel t  composit ion becomes basic 
(mel t  is sa tu ra ted  wi th  NaC1) dur ing  the second 
plateau.  I t  should also be noted that  the i r r eve r s ib i l i t y  
of the second charge p la teau  is cons iderab ly  less as 
compared  to the cell which  uses a tungs ten  sp i ra l  
(Fig. 1). 

A ve ry  significant increase in the energy  dens i ty  re -  
su l ted  by  using ve ry  high concentrat ions  of the  act ive 
ma te r i a l  (1.17m) and an RVC cur ren t  collector.  
Charge-d i scharge  curves for  such a cell, as wel l  as 
the var ia t ions  of the potent ia ls  of the  sulfur  and so- 
d ium electrodes,  a re  shown in Fig. 5. The comparison of 
the pa rame te r s  be tween  a " su l fu r - r i ch"  and a "normal"  
RVC cell is shown in Table I. The energy  dens i ty  
achieved (457 W - h r / k g )  is s ignif icant ly h igher  than  the 
values  obta ined prev ious ly  (2, 3). Because the reduc-  
tion of one SC13 + ion is accompanied  by  the conversion 
of 3 A1C13 molecules  to A1C14- (see Eq. [1]) ,  it  is 
necessary  to use ve ry  acidic melts  for  exper iments  in-  
volving "su l fur - r ich"  posi t ive mixes.  Such mel ts  have 
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Fig. 5. Galvanostatic charge-discharge curve and potentials of sulfur and sodium electrodes vs. A I(III)/AI (in N aClsat melt) reference elec- 
trode at  200~ Reticulated vitreous carbon used as positive current collector. 

low conductivities and high vapor pressures. Therefore, 
"sulfur-rich" cells are usually operated at lower current 
densities (-----25 mA/cm 2) and lower temperatures 
(---220~ in addition, the charging is restricted to 
<90% of full charge compared to the complete con- 
version to S(IV).  The cell described in Table I under- 

went 108 deep charge/discharge cycles and was in con- 
tinuous operation for ~8 months. Some degradation in 
performance was observed at ~.,90th cycle. Post mortem 
examination of the RVC used in this two-plateau cell 
indicated some attack of the material by the positive 
mix. On the other hand, RVC used as the current col- 

Table I. Typical parameters of two-plateau cells using RVC current collectors 

1st  P l a t e a u  2 n d  P l a t e a u  O v e r a l l  

C u r r e n t  
densi ty= A v e r a g e  cel l  E n e r g y  E n e r g y  A v e r a g e  cel l  E n e r g y  E n e r g y  E n e r g y  

T e m p e r -  m A / c m  s v o l t a g e  V eff ic iency d e n s i t y  Util iza- v o l t a g e ,  V eff ic iency d e n s i t y  Util iza- d e n s i t y  Utiliza- 
a t u r e  ~ DC CH DC CH % W - h r / k g  t ion ,  % DC CH % W - h r / k g  t ion ,  % W - h r / k g  t i on ,  % 

" N o r m a l "  RVC-Cell  b 

220 17.4 8,7 3.32 4.61 72.1 206a 87,6s 2.24 3.21 69.7 720 90.9 278f 88.7 

" S u l f u r - r i c h "  RVC-Cell  c 

180 10.6 5.3 3.61 4.78 75.5 3489 84.5 k 2.49 2.95 84.3 107 h 77.8 455 82.3 
200 21.2 10.6 3.62 4.43 81.6 354 85.7 [ 2.50 2.98 83.9 103 74.6 457 82.0 
220 21.2 10,6 3.73 4.31 86.4 306 72.3 m 2.51 2.99 83.9 111 80.8 417 75.1 
250 21.2 10,6 . . . . .  2.58 2.89 89.2 126 89,6 - -  

�9 C u r r e n t  d e n s i t y  b a s e d  on  t h e  i n n e r  s u r f a c e  a r e a  of  ~" -a lumina .  
b In i t i a l  pos i t ive  e l e c t r o d e  mix :  19.2g SChAICh  in  69.8g A1Ch-NaCI (66.0-34.0 m / o )  mel t .  T h e o r e t i c a l  C a p a c i t y  10.0 A-hr .  
c In i t i a l  pos i t ive  e l e c t r o d e  mix :  24.1g SChA1Ch in  42.6g AIC~-NaCI (83.4-16.6 m / o )  mel t .  T h e o r e t i c a l  C a p a c i t y  12.6 A-hr .  
d M a x i m u m  e n e r g y  d e n s i t y  288 W - h r / k g .  iThe  r e q u i r e d  w e i g h t  os s o d i u m  is i nc luded . ]  

M a x i m u m  e n e r g y  d e n s i t y  129 W - h r / k g .  
M a x i m u m  e n e r g y  d e n s i t y  417 W - h r / k g .  
M a x i m u m  e n e r g y  d e n s i t y  458 W - h r / k g .  

h M a x i m u m  e n e r g y  d e n s i t y  208 W - h r / k g .  
I M a x i m u m  e n e r g y  d e n s i t y  666 W - h r / k g .  
J P r i o r  c h a r g e  109%. 
k P r i o r  c h a r g e  89.8%. 
l P r i o r  c h a r g e  91.4%. 
m P r i o r  c h a r g e  77.6%. 
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Fig. 6. Phase diagram of SC1~AICI4-(63-37 m/o AICI3-NaCI) 
section of SCI3AICI4-AICI3-NaCI system (phase compositions were 
not determined). 

lector for cells in which charge/discharge involved only 
the first plateau, did not exhibit similar deterioration. 

Finally, much lower operating temperatures are 
possible with "sulfur-rich" cells as indicated by the 
partial phase diagram for the system SC13A1C14-(63/37 
A1C13-NaC1) shown in Fig. 6. The lowest liquidus 
temperature obtained was 52~C. Thus, cell operation 
over a relatively narrow composition region should be 
possible a few degrees above the melting point of so- 
dium (105~ However, at such temperatures the re- 
sistivity of ~"-alumina may be too high for a satis- 
factory performance. 
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ABSTRACT 

The limiting current analysis has been applied to a flow-through porous electrode with two counterelectrodes. The 
electric driving force variation through the working electrode can be minimized by adjusting the fraction of the total current 
that passes through each countere]ectrode. For applications with a maximum acceptable ohmic potential drop in the reac- 
tor, the use of two counterelectrodes can substantially increase the maximum processing rate for a flow-through reactor 
and hence make it more competitive with the flow-by electrode configuration. 

Flow-through porous electrodes (current flow paral- 
lel to the fluid flow) have been studied to a great ex- 
tent both experimentally and theoretically, and they 
have the potential for numerous industrial applica- 
tions (1-3). Electrode performance has been shown to 
be dictated by the distribution of the electric driving 
force within the electrode (4-8). For flow-through po- 
rous electrodes of industrial interest, the current must 
traverse a significant distance through the bed. This 

" E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
Key words: l imiting current,  mass transfer,  potential  distribu- 

tions. 

can result in highly nonuniform current and potential 
distributions and, hence, in poor reaction selectivity. 

Two types of flow-by electrode geometries (current 
flow perpendicular to the fluid flow) have been sug- 
gested to improve the system behavior: (i) spirally 
wrapped sandwich construction (9-12) suitable for a 
mixed anolyte-catholyte electrochemical system [also 
referred to as the "Swiss Roll Cell" (13)] and (ii) 
separate anolyte-catholyte configuration (14, 15). 

Trainham and Newman (16), with an approximate 
model for a redox battery (operation below the limit- 



153Z J. E lec t rochem.  Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY J u l y  I983 

ing current ) ,  have shown that the flow-by geometry 
[(i i)  above] is superior  to the flow-through configura- 
tion. Fedkiw (17) has shown that, at the l imit ing cur- 
rent,  the flow-by geometry [ (ii) above] with an aspect 
ratio L / d >  5 allows a higher processing rate than  a 
f low-through porous electrode with an upstream 
counterelectrode. 

Tra inham and Wu (8) have suggested the use of 
mult iple  current  collectors to improve the performance 
of the f low-through configuration. Their  analysis in-  
dicates that electric dr iving force variat ions are sig- 
nif icantly smal ler  for a working electrode with two 
current  collectors ra ther  than one. Also, Ng (18) has 
shown exper imenta l ly  that  with two counterelectrodes 
("the porous trielectrode reactor") ,  the electric dr iv-  
ing force dis t r ibut ion is more uni form and higher pro-  
cessing rates are possible than with the s tandard bi-  
electrode system. 

In  this paper, a theoretical anaIysis of the porous 
trielectrode system suggested by  Ng (18) is presented. 
The analysis is restricted to the l imit ing current  and, 
consequently,  only the overpotential  variat ions wi thin  
the electrode can be minimized. Results are compared 
with the analysis for mul t iple  current  collectors (11), 
with available exper imenta l  data (18), and with re-  
suits for the flow-by geometry (17). 

Analysis 
The one-dimensional  model  is based on the macro-  

scopic theory of porous electrodes in which the solution 
and mat r ix  phases are treated as superposed cont inua 
(19). At the l imit ing current ,  and with the assumption 
that  axial  diffusion and dispersion can be neglected, 
a mater ia l  balance wi thin  the porous electrode be-  
comes (3) 

dCR akin 
- -  - -  CR [ 1 ]  

dx v 

Integrat ion of Eq. [1] yields 

CR : ca~e - ~  [2] 

where a -- akm/v  and car is the upstream feed con- 
centrat ion of reactant.  The parameter  a is assumed to 
be independent  of position in the packed bed. 

The movement  of electrons in the matr ix  phase is 
governed by Ohm's law 

dr 
i~ = --  r - [33 

dx 

where r is the effective matr ix  conductivity. Ohm's law 
can also be used to represent  the variat ion of potential  
in the pore solution 

dx 

provided that the concentrat ion of the l imit ing reac- 
tan t  is small  compared to that  of the support ing elec- 
trolyte. 

The effective conductivi ty K of the solution within 
the pores can be related to the bulk  conductivi ty ~| by 
(20) 

= ~=d.5 [53 

As a consequence of the condition of electrical neu-  
trality, the divergence of the total current  density is 
z e r o  

V . i ~ +  V . i ~ = 0  [63 

For a single electrode reaction, represented as 

SiMizt "-> h e -  [7] 
i 

(with SR < 0 for reductions and SR > 0 for oxidations),  
Faraday 's  law is expressed as 

s i  dh 
aji .  = [a] 

nF dx  

if double- layer  charging at the electrode surface can be 
ignored. The pore-wai l  flux iRa Of reactant  at the 
l imit ing current  is related to the mass t ransfer  co- 
efficient km by 

3Rn -" km (CRw -- Ca) = -- kmca [9] 

Combinat ion of Eq. [2], [8], and [9] yields 

d• n F  
---  akmcate -~= [i0] 

dx  SR 

The cur ren t  dis t r ibut ion in  the working electrode 
can be obtained by integrat ion of Eq. [10], subject  to 
the appropriate boundary  conditions. For an electrode 
with finite matr ix  conductivity,  these boundary  con- 
ditions depend on the location of the current  collector 
relat ive to the direction of fluid flow. If the matr ix  
conductivities of the counterelectrodes can be regarded 
as infinite, there are two electrode configurations, as 
i l lustrated in Fig. 1. The corresponding boundary  con- 
ditions are given in Table I. The paramete r  ] repre-  
sents the fraction of the total current  i that passes 
through the downstream counterelectrode. In  both 
cases, the superficial cur rent  density i2 in the pore 
phase is, from Eq. [10] 

i2(x) : # -- B (e -~z -- e -aL) Ell] 
where 

nFvcat  
B - -  - -  _ _  [ 1 2 ]  

8R i - -  e -c~L 

The distribution of local overpotential n (-- ~i -- ~2) 
is derived by combination of Eq. [3], [4], [6], and 
[i0] and integration 

n(0) -- n (x)  -- A[(1  -k Ro) (1 -- e -Q= -- ~xe-~L) 

- -  ] ' a X ( 1  - -  e - ~ L )  ] [ 1 3 ]  

where A and Ro are assumed to be constants and a r e  
defined as 

A =-- Bla~, Ro "-- ~ / ~  [143 

The current  factor ]' in Eq. [13] is equal to f for an 
upst ream current  collector and to 5 § Ro for a down- 
s t ream current  collector. In the l imit ing case of infinite 
matr ix  conductivi ty in the working electrode, Ro = 0, 
and the results are independent  of current  collector 
location. 

Results and Discussion 
Equation [13] can be used to calculate the dis tr ibu-  

t ion of electric dr iving force in a f low-through porous 

(I-  f )i i fi 

[ I 
-I 

h X  

a) Upstream current collector 

( I - f ) i  i 

~ X  

b) Downstream current collector 

Fig. 1. Electrode configurations 

f i  



Vol .  130, No .  7 P O R O U S  TRIELECTRODE REACTOR 1533 

Table I. Boundary conditions for electrode configurations in Fig. I 

i~(x = O) i2(x = 0) i~(x = L) i=(x = L) 

Fig. la i (f - 1)i 0 fl 
Fig. lb 0 (f - 1)i - i  fi 

electrode with two counterelectrodes. The equat ion ap- 
plies to a system operated at the l imit ing current  
where the reactant  is t ransported through the electrode 
by convection alone. In practice, it may be desirable to 
choose the parameter  f to minimize potential  variat ions 
across the bed because the variat ions can govern the 
specificity of the reactor (2). 

For the configurations shown in Fig. 1, there are 
two modes of behavior  of physical interest. When 

0 < f ' <  (1 + Ro) (1 -- fu) [15] 
where (8) 

aL  + e - a L  _ 1 
fu -- 

aL(1 -- e -aL)  

the electric dr iving force 0(0) -- q(x) is smallest at 
the fluid inlet  and largest at some intermediate  point  
xu. When 

(1 -t- Ro) > f' > (1 -{- Ro) (1 - -  fu) [16] 

the dr iving force is also largest at a point  wi thin  the 
electrode but  it is smallest  at the fluid outlet. 

Figure 2 shows the relationship between nmax -- nm~n 
(the difference between the largest and smallest over-  
potentials in the electrode) and the current  factor f', 
for one set of bed characteristics. In  this example, the 
dr iving force varies least when $' : #rain ---- 0.154. This 
is the current  factor associated with the discontinui ty 
in Fig. 2, and it represents the condition for the loca- 
tion of the smallest electric dr iving force to switch 
between the fluid inlet  and !he fluid outlet. It corre- 
sponds to f ---- 0.154 with an upstream current  collector 
and f ---- 0.144 with a downstream current  collector. 

Comparison of Eq. [15] and [16] indicates that, in 
general,  #min is given by 

f'min "-- (1 -t- Ro) (1 -- fu) [17] 

With this value of f~ the electric dr iving force is the 
same at the front  and the back of the electrode. Sub-  
st i tut ion of Eq. [17] into [13] shows that the potential  

6.0 

5.0 

4.0 

E 3.0 

2.0 

1.0 

I 

aL= 6.5 

K / O "  = 0 . 0  I 

f'min = 0.154 

I I l I I 

0.0 0 2  0.4 0.6 0 8  1.0 
f '  

Fig. 2. Dependence of the variation in the electric driving force 
on the current factor, at the limiting current. 

variat ion associated with f'min is 

'qmax - -  ~]min 
= 1 -- W + w l n w  [18] 

A(1 -k Ro) 
where  

i -- e-aL 
w = e -~x .  = [19] 

,r 

The value of the m i n i m u m  electric dr iving force var ia-  
tion obtained ~ o m  Eq. [18J is identical  to that pre-  
dicted for a f low-through porous electrode with mul -  
tiple current  collectors [see Eq. [37], L39J, [53], and 
[58] of Ref. (8) ]. However, the corresponding op t imum 
division of current  between the two counterelectrodes 
is not  the same as that between the two current  collec- 
tors Lcompare Eq. [17] with [47] and [68] of Ref. 8) ]. 
This indicates that, under  opt imum conditions, the im-  
provements  obtained with the porous trielectrode re-  
actor are equivalent  to those achieved with mult iple  
current  collectors, but  that the na ture  of the corre- 
sponding operat ing conditions is different. 

Changes in ~]max -- ~]min with ~/r are presented in 
Fig. 3, for one par t icular  value of aL. For the special 
case of Ro = 0~ the m i n i m u m  variat ion in electric dr iv-  
ing force is with f = f'mi, ~- 0.152. At larger  values of 
Ro, fmin is larger for the upstream current  collector 
configuration, in  accordance with Eq. [17] and with 
the definition of f'. It should be noted that, for aL -: 
6.5, values of Ymin greater  than approximately  0.3 (i.e., 
~/~ ~ 1) are unl ike ly  to be encountered in practice. 
For  a downst ream current  collector, the fraction f of 
the total cur rent  that passes through the downstream 
counterelectrode must  be less than 0.152 with Ro > 0, 
if the mi n i mum overpotent ial  var ia t ion is to be at-  
tained. 

Figure 4 shows the dependence of f'min and ~]max -- 
~]min on the dimensionless s treamwise bed depth =L. As 
the magni tude  of =L is increased, the mi n i mum electric 
dr iving force variat ion becomes larger and, to operate 
at f'm~,, more current  must  be collected from the up-  
stream counterelectrode. 

In  Fig. 5, predicted overpotential  distr ibutions are 
compared with previously published exper imental  data 
(18). For each ~L, the exper imenta l  value of ~](0) -- 

(L) is used to calculate the fraction f of current  in the 
downstream counterelectrode. This parameter,  together 
with E q. [13], is used to obtain each theoretical curve. 
In  the three examples, there is a discrepancy of ap- 
proximately  60 mV between the calculated and the 
observed values of ~](0) -- ~](x) at x / L  = 0.5. This 
might  result  from side reactions, such as reduction of 
oxygen in the cathode, although parasitic reactions gen- 
eral ly reduce the magni tude  of potential  variations (8). 
It  should also be noted that the discrepancies are not 

~ 
I K r 

#1 

f'~o ' 

u L =  6 .5  

o ' ' 4 ' ' 

K/o- 

Fig. 3. Dependence of the variation in the electric driving force 
on the conductivity ratio of the solution phase to the matrix phase, 
at the limiting current. 
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Fig. 4. Dependence of the variation in the electric driving force 
and of the current factor on the dimensionless streamwise bed 
depth, at the limiting current. 

O.4 

particularly sensitive to the choice for ~(0) -- ~(L).  
For aL = 0.48, 11(0) -- ~(L) would need to be ap- 
proximately 0.17V to give ~max - -  ~lmin close to the ob- 
served value of 0.18V and, even then, the maximum 
would be at xu/L '-- 0.78, rather  than at the center of 
the electrode. The predicted minimum variations in 
electric driving force are listed in Table II, together 
with the corresponding values of fmin and x,/L. The 
results indicate that, in the absence of side reactions 
and with the limiting current condition across the 
whole bed, the potential variations could be even 
smaller than those obtained experimentally. With ad- 
justment of the current flow through each counterelec- 
trade, reduction in potential cl~anges through the elec- 
trode and improvements in reaction specificity should 
be attainable. 

Table III  compares calculated solution phase ohmic 
potential drops for the trielectrode reactor with previ- 
ously published calculations (17) for flow-by and stan- 
dard flow-through electrodes. Results are presented at 
three values of the conversion, each at two Pdclet num- 
bers. For the flow-through system, addition of a second 
counterelectrode reduces the potential variation sub- 
stantial ly in each case. The effect is largest at low 
processing rates (low Pe) and small fractional conver- 
sions (large 0). 

Table II. Predicted minimum variation of electric driving farce 
for t.~electrode reactor. Parameters as in Fig. 5 

Xu 

a b  f re t .  L ~,..x - ~m~. (V) 

0.480 0.460 0.480 0.075 
0.285 0.476 0.488 0.132 
0.142 0.488 0.494 0.270 

I I I D 

$ 

O.5 

> 

o.2 

0.1 

0.0 

o . i 2  I I 1 
0.0 0.4 0.6 0.8 1.0 

x / L  

Fig. 5. Overpotential distributions for a trielectrode reactor. 
Curves represent theoretical predictions. Data points are for re- 
duction of a silver plating bath solution (18). Experimental con- 
ditions: K ---_ 0 . 0 1 7 . ~ - l c m - Z ;  r ,-~ 105 D , - l c m - Z ;  a - -  8.05 
cm-1;  L - -  5 cm; CRf ~ 1.08 X I0  - e  mol/cm~; n ~- 1; SR 
- - I .  �9 (curve 1): v "-- 0.051 cm/sec; km ~ 6.12 X 10 - 4  cm/ 
sec. �9 (curve 2): v ~- 0,140 cm/sec; km ---- 9.90 X 10 - 4  cm/sec. 
�9 (curve 3): v - -  0.537 cm/sec; km - -  1.89"X 10 -~  cm/sec. 

The trielectrode reactor also compares favorably with 
the flow-by porous electrode, especially at high con- 
versions. Consider an example with 99% conversion at 
a fluid flow rate corresponding to Pe : 10. At the 
limiting current, the flow-through trielectrode system 
has a maximum dimensionless potential drop of 73 
whereas the flow-by electrode would need an aspect 
ratio greater than 3.5 to achieve a smaller potential 
variation. For 99.9% conversion, the flow-by electrode 
would need to be even longer (L/d ~ 4.8) to give a 
smaller ohmic potential drop than the flow-through 
reactor with two counterelectrodes. 

Conclusions 
A limiting current analysis has been used to predict 

the variation of electric driving force within a flow- 
through porous trielectrode reactor. The potential vari- 
ation through the bed can be minimized by controlling 
the fraction of the total current that passes through 
each counterelectrode. The optimum value of this frac- 
tion depends on the dimensionless streamwise bed 
depth and the conductivity ratio of the solution to 

Table III. Comparison of maximum dimensionless ohmic potential drop in a flow-through porous trielectrode with corresponding 
values (17) for flow-by porous electrodes with different aspect ratios and for a porous electrode with one counterelectrode 

1534 

(~tFDoCRf/KSR) 

Flow-through Flow-by 

Pe = v/aDo T r i e l e c t r o d e  B i e l e c t r o d e  L i d  = 2 L i d  = 3 L i d  = 4 L i d  ---- 5 

10 131 245 445 256 170 122 
10 "a 10 ~ 5,876 10,200 18,700 10,800 7,130 5,100 

10 73 157 170 94 61 42 
I 0  s 10 ~ 2,912 6,130 6,810 3,760 2,420 1,690 

10 32 96 51 26 16 11 
10 -~" 10 �9 1,250 3,360 1,980 1,020 62,2 421 
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matrix phases. The analysis shows that, for applications 
where conversion and maximum electric driving force 
variation are specified, the maximum processing rate 
that can be obtained in flow-through electrodes with 
two counterelectrodes is always greater than that with 
one counterelectrode and, under some circumstances, 
can be greater than that for flow-by porous electrodes. 

Manuscript submitted Nov. 8, 1982; revised manu- 
script received April 1, 1983. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1984 JOUa~AL. 
All discussions for the June 1984 Discussion Section 
should be submitted by Feb. 1, 1984. 

LIST OF SYMBOLS 
a interfacial area per unit electrode volume 

(cm-1) 
A parameter defined by Eq. [14] (V) 
B maximum possible superficial current density as 

defined by Eq. [12] (A/cm 2) 
CR reactant concentration per unit volume of solu- 

tion (mol/cm 3) 
cat feed concentration of reactant (mol/cm 8) 
CRL outlet concentration of reactant (mol/cm 3) 
caw concentration of reactant at electrode wall (tool/ 

cm ~ ) 
d bed depth perpendicular to fluid flow direction 

(cm) 
Do free stream diffusion coefficient (cm2/sec) 
f fraction of total superficial current density that 

passes through downstream counterelectrode 
]min value of $ that corresponds to the minimum vari- 

ation in electric driving force through working 
electrode 

f' current factor (see below Eq. [13]) 
f'min value of f that corresponds to the minimum 

variation in electric driving force through work- 
ing electrode 

]u parameter in Eq. [15] 
F Faraday's constant (96,487 C/equiv.) 
i superficial current density to working electrode 

(i < 0 for reductions and i > 0 for oxidations) 
(A/cm 2) 

il superficial current density in matrix phase (A/ 
cm 2 ) 

i2 superficial current density in pore phase (A/ 
cm 2 ) 

jin pore-wall flux of species i from the solid phase to 
the solution (mol/cm 2 sec) 

km average mass transfer coefficient between flowing 
solution and electrode surface (cm/sec) 

L thickness of porous electrode (cm) 
Mi symbol for the chemical formula of species i 
n number of electrons transferred in electrode re- 

action 
Pe P~clet number, v/aDo 
Ro K/c, ratio of solution conductivity to matrix con- 

ductivity 

si stoichiometric coefficient of species i in electrode 
reaction 

v superficial fluid velocity (cm/sec) 
x distance through working electrode measured 

from the fluid inlet (cm) 
xu value of x for which the electric driving force is 

a minimum (see Eq. [19]) 
zi valence or charge number of species i 

Greek Letters 
= akin~v, reciprocal of penetration depth at lim- 
iting.current (cm-1) 
porosity or void volume fraction 
= r -- r local overpotential (V) 

8 conversion, CRL/CRf 
K effective solution conductivity (mho/cm) 

effective matrix conductivity (mho/cm) 
�9 1 electric potential in the matrix (V) 
~2 electric potential in the solution (V) 

Subscripts 
R reactant 
r bulk solution property 
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Electrochemical Synthesis of Photoactive MoS2 
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ABSTRACT 

The growth of polycrystall ine films and single crystals of molybdenum disulfide by electrolytic reduction of a sodium 
tetraborate-sodium fluoride melt  containing molybdenum trioxide and sodium sulfate has been examined and physical  
propert ies  of those deposits  studied. Polycrystal l ine n-type MoS2 is readily obtained from a melt  at 800~ while larger single- 
crystals are obtained if the melt temperature  is raised to 900~ MoS2 is a semiconductor  with bandgap well matched to the 
solar spectrum and with unusual  resistance to photoelectrochemical  corrosion. Electrochemically-grown single crystals 
and polycrystal l ine films were employed as  photoanodes  in aqueous iodide-tri iodide electrolytes under  -40  mW/cm 2 
tungsten-halogen illumination. Open-circuit  photopotentials  of -150 mV were observed for polycrystall ine MoS2. For  
single crystal electrolytic MoSs an open-circuit photopotential of 2 I0 mV and -2 mAJcm 2 short circuit current were reached. 
The use of electrochemical methods to prepare these materials offers the advantages of relatively low growth temperatures, 
controlled thickness, and excellent adaptability to producing large-area films inexpensively. 

In t h e  s e a r c h  for new mate r ia l s  for solar  energy  
conversion, the l aye red  t rans i t ion  meta l  d ichalcogen-  
ides such as MoS2 have a t t r ac t ed  much in teres t  (1). 
Favorab le  character is t ics  of this  f ami ly  of mater ia l s  
include bandgaps  we l l -ma tched  to the  solar  spectrum, 
and inheren t  corrosion resistance.  Solar  to e lectr ical  
power  conversior~ efficiencies as high as 10, 9, and ~5% 
have been repor ted  for single crystals  as WSe2. MnSe2, 
and  MoS2, respec t ive ly  (2-4).  However ,  efficiencies are  
e x t r e m e l y  dependent  on crys ta l  qual i ty  and are  low-  
ered by  defects and steps which have been shown to 
act as recombinat ion  centers  or  sites at which back-  
react ion or corrosion occurs (5-7).  Efforts to develop 
edge plane pass ivat ion techniques appl icable  to these 
mater ia l s  are  a imed at reducing such losses (8-10). 
Fur ther ,  the usual  crys ta l  growth  technique,  ha logen 
vapor  phase t ranspor t ,  is difficult in the case of MoS2 
and in general ,  is not  wel l  sui ted to the p repa ra t ion  
of large  area  samples.  MoS2 is t r anspor ted  from a hot  
zone at  l l00~ (2), a t empe ra tu r e  at  which  quar tz  
ampules  used for sample  conta inment  rap id ly  devi t r i fy .  

Convent ional  th in- f i lm p repa ra t ion  techniques such 
as sput te r ing  have fa i led  to y ie ld  photoelectrodes  of 
MoS2 or  o ther  l ayered  dichalcogenides wi th  any sig- 
nificant ac t iv i ty  even when subjec ted  to pos t - t r ea t -  
ments  such as anneal ing  (11, 12). The use of wel l -  
crys ta l l ized MoS2 to fabr ica te  f lux-pas ted  electrodes 
and electrodes using a PMMA po lymer  b inder  has im-  
proved the per formance  of such thin-f i lm electrodes 
(12). Po lycrys ta l l ine  p-WSe2 films p repa red  by a 
t ranspor t  technique have y ie lded  ~--1% efficient re -  
genera t ive  photoelec t rochemical  (PEC) cells using red  
l ight  (11). Using var ious  ho t -press ing  techniques com- 
bined wi th  a pos t - t r ea tmen t  of the surface, l ight  to 
e lec t r ic i ty  conversion efficiencies of 2.3% have been 
obta ined  wi th  po lycrys ta l l ine  n-WSe2 in 1M N a I /  
0.1M I2 e lectrolytes  (13). At tempts  to p repa re  MoS2 
films b y e l e c t r o c r y s t a l l i z a t i o n  f rom room t empera tu re  
aqueous solutions have y ie lded  deposits  of poor c rys ta l  
qual i ty  and no de tec tab le  photoresponse (14). 

The p repara t ion  of  MoS2 as wel l  as WS2 by an elec-  
t ro lyt ic  reduct ion of fused salts  was first r epor ted  by  
Weiss (15). Smal l  hexagonal  b l u e - g r e y  p la te le ts  were  
obta ined  by  electrolysis  under  drast ic  conditions, 7.5V 
and 15A. }iowever,  only  chemical  analysis  of the p rod-  
ucts was repor ted.  An a l te rna t ive  mol ten  salt  sys tem 
y ie ld ing  MoS2 as the produc t  has been pa ten ted  (16), 
but  again, l i t t le  charac ter iza t ion  of the product  ma te -  
r ia l  is included.  

We are in teres ted  in the e lec t rocrys ta l l iza t ion  of 
MoSe as a method which could be ex tended  to the 
p repara t ion  of large  area  photoelectrodes.  We repor t  
the growth  of mo lybdenum disulfide single crysta ls  and 
po lycrys ta l l ine  films by  e lect rodeposi t ion from a 
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sodium te t r abora te  mel t  at  T > 800~ The physical  
proper t ies  of these deposits  and thei r  appl ica t ion  as 
photoanodes for photoelec t rochemical  cells is discussed. 

E x p e r i m e n t a l  
The appara tus  used for the e lect rochemical  crys ta l  

growth  is shown in Fig. 1. The mel t  was contained in a 
vi t reous  carbon crucible  (Nomar  Industr ies ,  Anaheim,  
Cal i fornia)  which served as the anode. The crucible  
was seated into a graphi te  suppor t  which was con- 
tac ted  by  a molybdenum wire.  This assembly  was 
contained wi th in  a quar tz  vessel, in which a N2 a t -  
mosphere  was mainta ined,  inside a L indberg  crucible  
furnace.  The MoS2 was ob ta ined  from a mel t  of com- 
posit ion 1 Na2B407 + 0.5 NaF W 0.14 MoO3 + 0.1 
Na2SO4, s imi lar  to one developed by  Weiss (15). WS2 
was ob ta ined  f rom the mel t  developed by  Weiss 
(1Na2B407 4- 0.5 NaF + 0.26 WO3 + 0.17 Na2SO4) 
(15). Ana ly t i ca l  grade  reagents  which were  dr ied  be-  
fore use were  used. High-dens i ty  high pur i ty  py ro -  
lyt ic  graphi te  rod, Mo wire  (Alfa, 99.97%), Ta wi re  
(Alfa,  99.9%), and  ]Pt wire  were  employed  as cathode 
mater ia ls .  Deposi t ion was carr ied out  under  galvano-  
static control  in a two-e lec t rode  configuration. Fo l low-  
ing deposition, traces of sal t  were  removed  by  im-  
mers ing  the sample  in }IF (24%) for a few minutes.  
For  cyclic vo l tammet ry ,  a gold wire served as a 
pseudo- re fe rence  electrode.  

Scanning e lect ron micrographs  (SEM) of MoS2 de-  
posits were  taken  with  an ETEC Corporat ion Auto-  
scan Scanning Electron Microscope opera ted  at 20 kV. 
Samples  were  examined  by  x - r a y  diffract ion on a 
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Fig. 1. Schematic representation of molten salt electrolysis system 
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Rigaku Powder Diffractometer using CuK~ radiat ion 
and a scan speed of 2 ~ min  -1. 

Electrodes for photoelectrochemical experiments  
were fabricated from selected electrochemically grown 
single crystals as follows. Satisfactory electrical con- 
tacts were made by rubb ing  Ga / In  eutectic on one side 
of a crystal which was mounted (with conducting 
silver epoxy) onto a flattened copper wire. With 4 mm 
Pyrex tubing  shielding the Cu wire lead, and ord inary  
epoxy insula t ing  the assembly, only the MoSs (001) 
face (~0.02-0.05 cm 2 exposed area) makes contact with 
the electrolyte. 

A Pr inceton Applied Research Corporation (PAR) 
Model 173 potent ios ta t /galvanosta t  equipped with a 
Model 179 digital coulometer was used for crystal 
growth experiments.  For cyclic vo l tammetry  on the 
melt, the above was used in conjunct ion with a PAR 
Model 175 programmer.  Current -vol tage  behavior  in 
aqueous electrolytes was monitored using a Pine In -  
s t ruments  RDE3 dual-potent iosta t  and an HP Model 
7046A X, Y, Y' recorder. Electrochemical experiments  
were performed in a one-compar tment  cell with car- 
bon rod counterelectrode and a saturated calomel 
reference electrode. Electrolytes were prepared using 
reagent  grade chemicals and t r iply distil led water. The 
cell was equipped with an optical flat window to permit  
semiconductor i l luminat ion  with a 100W Oriel tung-  
s ten-halogen lamp operated to yield ~40 mW/ c m 2 in-  
cident intensity.  For measurements  of the spectral re-  
sponse of this material ,  the lamp output  was passed 
through an Oriel scanning monochromator.  The output  
of the electrode operated at short circuit was corrected 
for lamp spectrum and  monochromator  throughput  and 
normalized by the light f requency to obtain a measure 
of the relat ive quan tum efficiency. Open-circui t  photo- 
potential,  Voc, and short-circui t  current,  /sc, measure-  
ments  as a funct ion of incident  power were made by 
passing a 632.8 nM He-Ne laser (1.0 mm beam) 
through a calibrated a KLC crossed polarizer a t tenu-  
ator. The photopotential  was monitored on a DVM and 
the short current  was approximated by placing a 1012 
resistor across the cell in otherwise the same configura- 
tion. The transmission spectrum of the electrolyte was 
recorded on a Pe rk in -E lmer  Model 330 Spectrophoto- 
meter.  

Results and Discussion 
The electrolytic reduction of a tetraborate melt  con- 

ta ining MoO3 and Na2SO4 produces crystall ine de- 
posits of molybdenum disulfide. Figure 2 shows a SEM 

of a sample deposited on a Mo cathode at a current  
density of 10 mA / c m 2 at a melt  temperature  of 800~ 
Typical platelet crystallites are ~0.1 mm diam and 
very thin. Figure 3 shows the same sample at higher 
magnification (500><). The porosity of this film is evi- 
dent, with much in tergrowth of crystallites. Samples 
examined by  x - r ay  diffraction were general ly found 
to be the 3R rhombohedral  polytype of MoS~, al though 
one sample grown from a melt  at 900~ was found to 
be a mixture  of 2H and 3R phases. Current  density 
seems to have little effect on crystalli te size at a given 
melt  temperature.  Beyond a l imit ing current  density 
which depends on melt  composition, a different phase, 
Na0.6MoS2, results from the electrolysis (17). This 
phase is produced more readily from melts containing 
lower sodium sulfate concentration. 

Several  materials,  including graphite, molybdenum,  
tantalum, and plat inum, were tried as cathode mate-  
rials on which MoS2 deposition was attempted. Molyb- 
denum appeared to be the most sui table substrate for 
the preparat ion of polycrystal l ine MoS2 in terms of the 
adhesion of the deposit. Tan ta lum was of interest  as a 
substrate which could later  be passivated to reduce 
back-react ion through the substrate  when immersed 
in  the electrolyte. However, a layer  of metall ic TaS2 
which forms dur ing  the deposition el iminates the use- 
fulness of t an ta lum as a substrate material .  

Larger crystals were obtained by raising the melt  
tempera ture  to 900~ Graphite  and molybdenum were 
typically used as cathode materials at this temperature.  
The obtained crystals were very thin and large as 1 cm 
diam. Their thinness made it difficult to avoid intro-  
ducing tears or wrinkles dur ing handling,  but  we were 
still able to select and mount  several as described. 

The spectral response of an electrolytic MoS2 crystal 
at short circuit in 0.1M NaI § 0.01M I2 solution is 
shown in Fig. 4. The apparent  bandgap as judged from 
the wavelength at which photocurrent  begins to in-  
crease rapidly is 1.7 eV as expected for MoS2 which 
has a 1.7 eV direct gap and 1.2 eV indirect  gap (18). 
Features of the spectral response are similar to those 
reported for both na tu ra l  and vapor phase t ransport  
synthesized MoS2 (19, 20). The transmission spectrum 
of the electrolyte, which contributes to the short-  
wavelength cut-off in the photoresponse, is provided 
for comparison. 

A steady-state photocurrent-vol tage curve for a 
single MoS2 crystal in the more concentrated electro- 
lyte, 1.0M KI 4- 0.1M I2, i l luminated  by a tungs ten-  
halogen lamp is shown in Fig. 5. The solution potential,  
E~edox, indicated by the arrow, is 0.266V vs. SCE. The 

Fig. 2. SEM of Mo$2 deposited on Mo wire at ]0mA/cm ~ under 
galvanostatic control T~elt ~ 800~ Magnification 30•  Fig. 3. SEM af MoS2 sample of Fig. 2 at 50OX magnification 
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Fig. 4. Solid line shows the wavelength dependence of the photo- 
response of o single Mo$o crystal in O.]M KI + O.O]M 12 under 
short-circuit conditions. The dotted line is the transmission spec- 
trum for this solution. 
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Fig. 5. Steady-state photocurrent-voltage curve for a single MoS~ 
crystal in 1.0M KI + O.1M 12 illuminated by a 100W tungsten- 
halogen lamp (solid line) and in the dark (dashed line). The solu- 
tion potential, ERedox, is indicated by the arrow. 

open-circui t  photopotential,  Voc, under  i l luminat ion  
in tensi ty  of ~40 mW/cm 2 was 210 mV for this crystal. 
Representat ive data for electrolytic MoS2 crystals ex- 
amined under  conditions similar to those above are 
given in Table I. 

Table I. Data from steady-state photocurrent--voltage curves for 
I -  oxidation at illuminated MoS2 a 

MoS~ 
sample  i,~b (mA/cm 2) Vocc (mV) Fill fac tor  a 

1 2,6 270 0.42 
2 1.17 330 0.30 
3 1,51 185 0,31 
4 0.90 280 0.29 

All data are for 1.0M KI/0.1M I.~ solutions at 25~ Samples  
are  electrochemically-grown single crystals illuminated by a 
tungsten-halogen lamp with a beam intensity of 50 mW/cme un- 
correc ted  for solution absorption. 

b Short circuit current. 
c Open circuit voltage. 

Fill factor is a measure of the rectangularity of the output 
photovo l t age -photocurrent  curve and is defined to be (max p o w e r  
out)/(Vo= x i,~). 

The open-circui t  photopotential,  Voc, and the short 
circuit current ,  isc, for an MoS2 single crystal immersed 
in 1M KI + 0.1M I2 are shown as a funct ion of incident  
intensity,  I~v, in Fig. 6. The slope of log Ihv vs. Voc is 
95 mV/decade (ideal Schottky junct ion value 59 mV/  
decade) for a qual i ty factor of 1.61. The logarithmic 
rate of change of isc with Ihv is slightly less (0.9) than 
the un i ty  slope expected ideally. This result  l ikely 
arises from slope in the current-vol tage curve for this 
crystal near  zero output  voltage which makes the de- 
te rminat ion  of the light l imited curren~ have a kinetic 
dependence. 

Several  polycrystal l ine films on Me and graphite 
substrates were also examined in the 1.0M KI + 0.1M 
T2 electrolyte with tungsten-halogen i l luminat ion.  
Open-circui t  photopotentials of --450 mV were ob- 
served initially. However, the response dropped to 
~50 mV within a few moments,  presumably  as the 
electrolyte penetrated to the Me substrate thus leading 
to an increased back-reaction.  All samples, both single 
and polycrystalline, had n- type  conductivity as deter-  
mined from their photoresponse. 

While photoactive MoS2 polycrystal l ine films and 
single crystals have been prepared by the electrolytic 
reduction of a sodium te t raborate-sodium fluoride melt  
containing molybdenum trioxide and sodium sulfate, 
the mechanism for the electrochemical formation of 
MoS2 in this medium is not  known. However, the reac- 
t ion may  be wr i t t en  formal ly  as 

MoO~ + 2 Na~SO4 --> 2 Na20 + MoS2 (cathode) 
+ 9 / 2  'O2 (anode) 

which implies that the number  of electrons required to 
deposit one molecular  uni t  of MoS2 is 18. Indeed, 
bubbles, presumably  from oxygen evolution, were ob- 
served on the pyrolytic graphite crucible anode. At a 
melt  tempera ture  of 800~ polycrystal l ine films of 
MoSu such as those shown can be formed on graphite 
or molybdenum substrates. The photoactivity of the 
electrodeposited polycrystal l ine MoS2 samples is 
noteworthy since thin film samples of layered di- 
chalcogenides have general ly  failed to show any sig- 
nificant photoresponse (11, 12). Djemal  et al. (12) 
have shown film crystal l ini ty to be of major  impor-  
tance to the preparat ion of their  flux-pasted and poly- 
mer  binder  treated MoS2 electrodes which show sig- 
nificant photoresponse. Exposure of crystal surfaces 
other than the Van der Waals ( •  plane to the elec- 
trolyte has deleterious effects on PEC cell performance. 

A serious difficulty with polycrystal l ine MoS2 photo- 
anodes prepared by electrolysis is the problem of pas- 
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sivation of the substrate. Because of the porosity of 
the films, electrolyte can penetrate to the metallic sub- 
strate where back-reactions can occur. Methods to 
passivate the Mo substrate following film formation 
are under study. The use of a polymer binder to iso- 
late the substrate may represent another approach to 
this problem. 

Larger single crystals of MoS2 (,~1 cm diam) have 
been prepared by raising the melt temperature to 
900~ Under the conditions of these experiments. 
crystals produced are very thin. It is thus difficult to 
handle them without introducing damage which re- 
duces their performance as photoanode materials in 
photoelectrochemical cells. Still, such a crystal yielded 
an open-circuit photopotential of 210 mV and 2 mA/ 
cm ~ short-circuit current in aqueous iodide/triiodide 
electrolyte illuminated by a tungsten/halogen lamp at 
,-,40 mW/cm 2. 

The electrodeposition of WS2 was also attempted. 
The deposition carried out under potentiostatic con- 
trol at --0.7V vs. the counterelectrode yielding a cur- 
rent density of ~17 mA/cm 2 on a graphite cathode. The 
melt temperature was 800~ WS2 deposits were not 
examined further. 

In principle, the technique of electrochemical 
crystallization of MoS2 is applicable to a continuous 
growth process yielding large single crystals (21). The 
design of efficient photoelectrochemical systems em- 
ploying layered dichalcogenides such as the poly- 
crystalline MoS2 films which are readily prepared as 
described awaits development of techniques for passi- 
vating the substrate and for edge plane passivation. 
While not yet fully competitive with halogen vapor 
phase transport for the production of large, defect- 
free MoS2~ single crystals, the encouraging properties 
of electrolytically-grown MoS2 films suggests that the 
electrolytic reduction of a molten salt is an interesting 
alternative growth technique for MoS2. 

Manuscript submitted Oct. 8, 1982; revised manu- 
script received March 23, 1983. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1984 JOURNAL. 
All discussions for the June 1984 Discussion Section 
should be submitted by Feb. 1, 1984. 

Bell Laboratories assisted in meeting the publication 
costs of this article. 
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Techn ca  Note 

Electrochemistry of Coal Slurries III. FTIR Studies of Electrolysis of 
Coal 

Patrick M. Dhooge and Su-Moon Park* 
Department of Chemistry, The University of New Mexico, Albuquerque, New Mexico 87131 

In our previous papers (1, 2), we described the 
mechanism of what was originally reported by 
Coughlin et al. (3-5) as the "electrochemical coal 
gasification" reaction. As a result of our detailed 
studies on this reaction, employing various electro- 
chemical techniques, we established the reaction 
mechanism of the oxidation. The mechanism can be 

�9 Electrochemical Society Active Member. 
Key words: coal slurry oxidation, FTIR, electrochemical coal 

gasification, ~sO enriched water. 

described as a catalytic oxidation of coal in acidic 
solution by iron ions possessing a sufficiently high 
standard electrode potential according to the half-cell 
reaction 

C + 4Fe ~+ + 2H20--> CO2 + 4Fe 2+ 

+ 4H + + other products 
at the anode and 

4 H  + -~ 4e--> 2H2 
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at the cathode. Here coal is simplified as e lemental  
carbon (C) and the iron ions were shown to come 
from coal by us (1) and other investigators (6, 7). 
The Fe2+ thus produced from the react ion with coal 
is then oxidized back to Fe ~+ at the electrode forming 
a complete catalytic cycle. The order of the reaction, 
was shown to be approximately 1.0 with respect to both 
reactants,  i.e., Fe 8+ and coal (2). This indicates that  
the overall  oxidation reaction consists of a series of 
one-electron transfer  reactions. Fur ther ,  we postulated 
(2) from several exper imental  results that  the forma- 
tion of oxides may precede CO2 evolution. 

In our  current  communication,  we address two 
questions, (i) whether  surface oxides are indeed 
formed when coal s lur ry  is oxidized and (ii) whether  
the oxygen atoms in the product CO2 are derived from 
the solvent water  as implied by the above stoichiom- 
etry. We used the Four ier  t ransform infrared (FTIR) 
spectroscopic technique for these studies. 

The electrochemical cell used has been described 
elsewhere (1, 2). Electrochemical oxidations were car- 
ried out under  the ni t rogen atmosphere by bubbl ing  
water vapor saturated ni t rogen gas (2). All the in -  
frared spectrum recordings and analyses were con- 
ducted with a Nicolet Model 6000 computerized FTIR 
system. Gas samples were taken in a 10.0 cm gas cell 
with KBr windows. Solid samples (1.5 rag) of coal 
mixed with 300 mg KBr  were pressed into disks for 
infrared analysis. Alfa Product~' 1sO enriched water  
(10% H2~sO) was used for the isotope tracing experi-  
ments. Coal samples from San Juan  Basin of nor th-  
western New Mexico and Pi t t sburgh Seam No. 8 
(PSOC-1099) were used for this study. 

Since we found that acid-washed coals showed 
some slight changes in their  infrared spectra com- 
pared with those of unwashed ones, we compared in-  
frared spectra of Fe 3+ or Ce 4+ treated, and electro- 
lyzed, coals with acid washed ones. Figure 1 shows the 
difference spectrum of electrolyzed minus  acid-washed 
San Juan  coal, Ce4+-treated minus  acid-washed San 
Juan  coal, and the spectra of Ce 4+ treated and acid- 
washed Pennsy lvan ia  coal, respectively. San Juan  coal 
(<  60 mesh, 20.0g) had been electrolyzed at 70~ in 
150 ml of 1.0M H2SO4 solution containing 0.10M Fe ~+ 
at an applied potential  of 1.0V vs. NHE unt i l  about 
10,000C of charges had been passed. "Acid-washed" 
coal samples were washed with 1:1 sulfuric acid at 
room temperature  for 48 hr. These samples were fil- 
tered, washed and dried. 

In  Fig. la, one can see obvious differences between 
electrolyzed and washed coals, notably  the increase in 
absorption peaks at --,1700, ~1650, and 1100-1000 cm -~ 
region. These peaks have been assigned by previous 
investigators (8-11) to --COOH, quinoids, and ali-  
phatic ethers and alcohols, respectively. One also sees 
an increase in hydroxyl  stretch at about 3400 c m - L  
The peak at ~1260 cm -~ is characteristic of the C-O 
stretch of phenolic groups. We may conclude from this 
result  that oxygen containing compounds are being 
formed on the coal surface during reaction with Fe s+. 
Surprisingly,  al iphatic- type acids, ethers, and alcohols 
are seen, as well  as evidence of conjugated C ---- O (i.e., 
quinoids) and phenolic C-OH (i.e., phenols and /or  hy-  
droquinoids) .  

As a method for comparison, 2.0g of San Juan  coal 
were placed in 70~ 1M H~SO4 plus 0.50M Ce 4+ for 
48 hr, and PennsyIvania  coal was t reated s imilar ly  in 
solutions containing 0.50M Fe3+ and 0.50M Ce 4+. Ad- 
mittedly, these are not as rigorous oxidative conditions 
as the electrolysis, but  we believed they would be 
sufficient for oxidative changes to be seen in the coals. 

Figure lb  shows the difference spectrum between the 
Ce4+-oxidized San Juan  coal and acid-washed San 
Juan  coal. The differences are not near ly  as great as 
with the electrolyzed coal. but  are somewhat similar  
to those seen with Fe ~+. Figure lc shows the spectrum 
of acid-washed Pennsy lvan ia  coal with the spectrum 
of Ce 4+ oxidized Pennsy lvan ia  coal. Similar results 
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Fig. 1. (a) Difference spectrum obtained from electrolyzed coal 
and washed coal (San Juan). (b) Difference spectrum obtained 
from Ce 4+ treated and washed coals. (c) Spectra obtained from 
Pennsylvania coal washed with 1:1 H2S04 (lower curve) and the 
same coal subjected to Ce 4+ in 1.0M H2S04 at 70~ (upper 
curve). 

were obtained for Ce ~+ treated Pennsy lvan ia  coal. 
Neither of these oxidized coals has much variat ion 
from the parent  coal. 

This fact is fair ly significant in view of the CO2 pro- 
duction efficiency values reported earlier (2). P e n n -  
sylvania coal had high current  efficiency values indi -  
cating little formation of part ial ly oxidized funct ion-  
alities, while current  efficiencies for San Juan  coal 
indicated that much of the oxidation current  was being 
used (indirectly) to produce compounds other than 
CO2. This is confirmed by the spectral data showing the 
formation of oxygen compounds on San Juan  coal but  
not as much on Pennsy lvan ia  coal. There is some evi- 
dence of part ial  oxidation on Pennsylvania  coal using 
Fe 3+ as the oxidant, as well  as enhancement  of com- 
pounds containing C-H. This can be interpreted to be 
due to the lower redox potential  of the Fe~+/Fe 2+ pair, 
which is not  able to completely oxidize many  sites, 
therefore leaving par t ia l ly  oxidized functionalit ies.  

In order to determine whether  the CO2 produced in 
coal oxidation was from water  or from oxygen already 
existing in the coal, we studied the products of the 
coal oxidation reaction in 10% H2180. Figure 2a shows 
a 0.5 cm - I  resolution FTIR spectrum at the COo bend-  
ing region of a s tandard gas mixture  having 270 ppm 
CO2 and 31 ppm CO in nitrogen. Fig. 2b shows a typical 
spectrum obtained from the gaseous coal oxidation 
product in the purge gas N2-stream using 10% H~lsO 
as solvents. When-an  isotopic subst i tut ion is made in a 
simple molecule, the equi l ibr ium bond length and the 
force constant  are unchanged, since they depend only 
on the behavior of the bonding electrons. However, the 
reduced mass does change and this will affect the 
vibrat ion and rotation of the molecule, resul t ing in a 
shift in t ransi t ion to lower wavenumbers .  Since the 
force constant and symmetry  remains the same despite 
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Fig. 2. FTIR spectrum of C02 bending region from I0 cm gas cell 
containing: (a) standard gas, 270 ppm C02 in nitrogen, and (b) 
effluent gas from ,~10% H21so coal oxidation experiment. 

this isotopic subst i tut ion,  the s imple rat io  of the two 
peaks  can be used to de te rmine  the percentage  of 
C18O100 as long as two t rans i t ion  peaks  are  resolved.  
As can be seen in Fig. 2b, there  is now a second la rge  
peak  due to the t rans i t ion  for C100~60, shif ted to lower  
wavenumbers .  The smal l  peak  at  about  065 cm -1 is 
consistent  wi th  tha t  of C170180 from the reduced  mass 
calculat ion and the composi t ion of the solvent  (3.80% 
H~170). 

F igure  3 presents  the rat ios of C~so~60 found in the 
produc t  gas wi th  the e lectrolysis  t ime for San Juan  
coal wi th  Fe  ~+ or Ce 4+ as an oxidat ion  catalyst .  The 
rat io of C100~80 stays reasonab ly  constant  and r ep re -  
sents the amount  which would be found if both  0xy-  
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l - &  . . . .  - i  
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Fig. 3. Ratio of C16OlSO peak height to C1602 peak height vs. 
time for oxidation of coal using 10.65% H~zsO as a solvent: A - -  
0.50M Fe r3+ -I- 5.0g San Juan coal in 150 ml 1.0M H~504 at 70~ 
and ~ I . 0 V  anodic potential, and [ ] - -0 .50M Ce 4+ -~ 5.Og San 
Juan Coal in 150 ml 1.0M H2S04 at 70~ and -]-1.50V anodie 
potential. The dotted line is the calculated value from the H21SO 
content. 

gens  in the CO2 produced  come from the water ,  since 

F i r s t  oxidat ion:  

C -F 10% H2100 - - - - ->  10% C180 

-t-90% C160 ~ 2H + ~- 2e 
Second oxidat ion:  

CO ~- 10% H2zsO - - - - >  1% ClsO2 ~ 9% ClsOzsO -F 

9% CzsO160 -P 81% CmO2 -F 2H + -]- 2e 

With  the isotopical ly  enr iched wa te r  used here,  which 
was 10.65% H2100, and  3.8% H2170, one would  obta in  
6.5% Cz7OlsO, 73.12% Cl002 and 18.22% C16O100, if the 
two oxygens  are  added  to the coal f rom water .  This 
gives a ratio, ClsOlsO/CteOe, of 0.249. This value,  indi -  
ca ted by  a dot ted  l ine in Fig. 3, is wi th in  the  expe r i -  
men ta l  error .  

These studies a re  significant in tha t  they  establ ish for 
the first t ime the role of wa te r  in the coal oxida t ion  
reaction. Wate r  is i n t ima te ly  involved in the oxidat ion  
mechanism,  supply ing  the source of oxygen  for p roduc-  
tion of carbon oxides, much  as in the coal gas reac t ion  
for the product ion of I-I2 -F CO. In fact, this e lec t ro-  
chemical  process is r e m a r k a b l y  s imi lar  to the coal gas 
reaction.  Both oxygens  are  suppl ied  independen t ly  in 
the e lec t roca ta ly t ic  oxida t ion  of coal, and are  i r r eve r s i -  
b ly  bonded in the final step as verified by  the fract ion 
of C16OlsO produced  in the reaction.  Along wi th  o ther  
evidence presented  ear l ie r  (2), it  can be concluded 
tha t  the oxygens  are  added  in two separa te  steps. The 
first s tep m a y  be the  format ion  of a quinoid group and 
follows the second step where  oxygen  is added  would  
be conversion of the quinone to CO2. 

These exper iments  have demons t ra ted  the exocar -  
bonaceous source of the oxygen  in CO2 produced  from 
coal under  these conditions. This fact disputes  the 
content ion which has been put  fo rward  by  some in-  
vest igators  (7) that  the carbon dioxide produced  in 
this react ion is f rom carbonates  or  o ther  carbon-  
oxygen  compounds ex tan t  in the coal. The source of 
CO2 is a r a the r  s t r a igh t fo rward  oxidat ion  of carbon 
sites in the presence of an oxygen  source (H20).  

In conclusion, we have shown by FTIR spectroscopy 
and isotope exper iments  that  the anodic e lectrolysis  of 
coal proceeds in two steps: the format ion  of surface 
oxides a n d  the evolut ion of CO2. The oxygen in CO2 is 
shown to be der ived  f rom the solvent,  water .  
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Planarization Properties of Resist and Polyimide Coatings 

L. K. Whi te*  

RCA Laboratories, David Sarnoff Research Center, Princeton, NJ 08540 

ABSTRACT 

The planarization propert ies  or thickness changes on topographical  features are examined in detail  for several types of 
spun-on polymer  films. A profilometer is used to measure the step height changes of isolated line features of various di- 
mensions.  The viscosity of the solution appears to give a reasonable indication of the spun-on planarization properties.  
However, in many cases, the thermal  flow of the polymer  during a subsequent  curing procedure  is the dominant  
planarization mechanism. Methods for producing highly planarized surfaces with positive resist materials  are descr ibed 
along with the effects of feature size on the planarization properties.  

The use of spun-on  p o l y m e r  coatings is of w i d e -  
s p r e a d  impor tance  in semiconductor  manufac ture .  Re-  
sists used for  optical ,  E-beam,  x - ray ,  and ion -beam 
l i thographic  processes are  for the most  pa r t  spun-on  
po lymer  coatings. When  these coatings are  appl ied  to 
subs t ra tes  wi th  topographica l  features,  changes in the 
coat ing thickness  occur at  and a round  the features.  
Since the whole  coat ing receives the same dose dur ing  
most l i thographic  exposures,  any  influence the resis t  
thickness exer t s  on the effective exposure  can in t ro-  
duce d imens iona l  control  devia t ions  (1-4).  

Spun-on  die lect r ic  po lymer  films are  also becoming 
increas ing ly  impor t an t  (5-7). Fo r  these applicat ions,  
the thickness  changes in the spun-on  coating influences 
the  e lec t r ica l  character is t ics  of the  insula tor  (8, 9). 
More recen t ly  spun-on  po lymer  coatings have been 
proposed  to p lanar ize  device topography  in mul t i l eve l  
resist  process ing schemes (10-13) and in surface  
smoothing procedures  that  employ  d ry  etching tech-  
niques (14). In  the mul t i l eve l  approach,  one of the 
functions of the sub layer  is to smooth topographica l  
fea tures  so tha t  a subsequent  spun-on  resis t  coat ing 
exhibi ts  sma l l e r  thickness variat ions.  This p rocedure  
is by  no means  t r iv ia l  and in some cases there  is 
no m a r k e d  improvemen t  in the resis t  thickness va r i a -  
tions wi th  the sub layer  coating. P rope r  p lanar iza t ion  
techniques are  necessary  to gain the m a x i m u m  benefit  
f rom a mul t i l eve l  res is t  processing scheme (15). Con- 
versely,  for  convent ional  s i ng l e - l aye r  res is t  process-  
ing, the  p lanar iza t ion  p roper t i e s  should  be minimized  
so tha t  res is t  thickness  changes do not  p roduce  s ig -  
nificant l inewid th  deviat ions.  

I n  this  work,  quant i ta t ive  in format ion  is p resented  
for  the  p lanar iza t ion  proper t ies  or  the film thickness  
changes on topographica l  fea tures  for severa l  spun -on  
po lymer  mater ia ls .  These proper t ies  are  re la ted  to 
t h e  po lymer  solut ion proper t ies .  Other  p r o p e r t i e s ,  
main ly  the t he rma l  flow proper t ies  dur ing  a sub-  
sequent  cure step, are  shown to s t rongly  influence 
the  p lanar iza t ion  proper t ies .  Methods for  producing  
h igh ly -p l ana r i zed  diazoquinone,  novolac- res in  b a s e d  
posi t ive resis t  films, are  presented.  

Experimental 
T a b l e  I lists the mate r ia l s  eva lua ted  in this  s tudy  

a n d  t h e i r  r e l evan t  solut ion proper t ies .  Most of t h e s e  

* Electrochemical  Society Active Member. 
Key words: polymers,  topography, films, surfaces. 

mater ia l s  a re  i ndus t ry  s tandards ,  f ami l i a r  to most  
workers.  These mate r ia l s  were  sp in -coa ted  onto 3 in. 
si l icon wafer  subs t ra tes  wi th  known topography.  Al l  
solut ions were  equi l ib ra ted  to room t empera tu r e  p r io r  
to spin-coat ing.  The spin t ime was 30 sec and spin  
speeds ranged  from 4000 to 7000 rpm. The spun-on  
coating thickness was measured  wi th  a Rudolph  film 
thickness moni tor  on unpa t t e rned  bare  si l icon wafers  
for  eve ry  po lymer  solut ion and spin speed. The resis t  
thickness var ia t ions  across these control  wafers  were  
less than  100A. Subs t ra tes  wi th  topographica l  fea tures  
were  p repa red  in this manner :  A the rmal  oxide was 
grown onto the bu lk  sil icon wafer  to the thickness  of 
the des i red  step height.  In  this work,  0.5 and 1.0 ~m 
step heights  were  examined.  The subs t ra te  was p a t -  
t e r n e d  in posi t ive resist  wi th  a mask  having  isolated 
l ine fea tures  of var ious  widths.  The isola ted l inewidths  
were  50, 20, 9, 7, 5, and 3 microns, and the lengths of 
the l ines were  nomina l ly  500 ~m. The the rmal  oxide 
was etched in a p lasma system, anisotropical ly ,  to p ro -  
duce nea r -ve r t i ca l  wal ls  and to main ta in  an accurate  
l inewidth  dimensions.  Fol lowing  the remova l  of t h e  
resist, the subs t ra tes  *were then coated with  0.5 ~m of 
polysi l icon deposi ted by  LPCD or  1.0 ~m of In-source  
A1. This procedure  was fol lowed to dupl ica te  po lymer  
p lanar iza t ion  proper t ies  as they  might  occur dur ing  
l i thographic  processing of an IC device. 

The polysi l icon coated subs t ra tes  were  used for  most  
exper imen t s  because they  prov ided  the most  n e a r -  
ver t ica l  walI  profiles and  less surface roughness  for  
the  substrate .  Po lymer  films coated onto polysi l icon 

Table I. Solution properties of spun-on polymer films* 

% Specific Solvent 
Solids Viscosity gravity system 

HPR204 27.8% 18.5 cps 1.036 Cellosolve 
acetate 

HPR206 33.0% 43 cps 1.055 Cellosolve 
acetate 

HNR120 13.5% 31 cps 0.8?0 Xyleno 
Kodak 809 32% 23 cSt 1.045 Cellosolve 

acetate 
KTI PMMA 9% 90 cSt ~ Chloro- 

496k benzene 
PI2555 Dupont 20% 1,000 cps 1.060 n-methyl-2- 

polyimide pyrroli- 
done 

~ From manufacturer  data sheets, 

1 5 4 3  

~iii~ ii i ~ ~ i~ii 
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subst ra tes  p lanar ized  topographica l  fea tures  s l ight ly  
be t te r  than  those coated onto a luminum substra tes .  
This is a t t r ibu ted  to s l ight  differences in the measured  
fea ture  size and the wal l  profile;  however ,  i t  is con- 
ceivable tha t  in terface  proper t ies  m a y  account for 
these differences. 

P lanar iza t ion  profiles were  measured  wi th  a Tencor  
A l p h a - S t e p  Prof i lometer  opera t ing  wi th  a 12 ~m rad ius  
s tylus  and a 15 mg stylus t rack ing  force. Step heights  
were measured  before  and af te r  the po lymer  coating 
procedure.  Only isolated lines were  ana lyzed  wi th  this 
technique,  since the radius  of the s tylus  prohib i t s  an 
accurate  analysis  of s imi l a r ly  d imensioned spaces. 

Measurements  were  made of isolated l ines at  severa l  
or ientat ions  wi th  respect  to the center  of the wafer,  ir~ 
general ,  no dependence  in the spun-on  p lanar iza t ion  
proper t ies  was detected for the var ious  or ienta t ions  of 
the  isolated lines. Flood exposures  of posi t ive resis t  
films for the p lanar iza t ion  s tudies  were  done wi th  a 
high pressure  me rcu ry  l amp  on a Canon P L A  500F 
aligner.  A 100 m J / c m  2 exposure  was used as de te r -  
mined b y  an OAI 310-125 in tens i ty  me te r  wi th  an 
P400-3 probe.  Batch oven bakes  of var ious  mate r ia l s  
were  done in mechanical  convection ovens for 30 rain 
in room air  ambients .  Hot p la te  bakes  were  for 30 rain 
in room air  ambients .  

S p u n - O n  Polymer P lanar i za t ion  Propert ies 
The spun-on  p lanar iza t ion  proper t ies  or  film th ick-  

ness changes on topographic  fea tures  for  any  p o lyme r  
film are  exceed ing ly  complex.  I t  is often difficult to 
isolate the effects of all  the var iables  involved.  In this 
work,  we deal  wi th  re la t ive ly  isolated line features.  
F igure  1 displays  a schemat ic  of a spun-on  po lymer  
film going over  an isolated line topographica l  feature.  
Four  different  thicknesses are  shown. TBo~- is the 
thickness at  the bot tom of the s tep on the flat ex-  
panse. This is usua l ly  the spun-on  coating thickness if 
the isolated fea ture  is far  away  from o ther  topographi -  
cal features.  TMAX is the m a x i m u m  po lymer  film th ick-  
hess and usua l ly  is associated wi th  the bot tom of the 
step. TMIN is the min imum po lymer  film thickness 
and is associated with the top corner  of the step. TTop 
is the m a x i m u m  po lymer  film thickness on top of the 
step. I t  is genera l ly  less than TBOT provided  tha t  the 
l ine fea ture  is small.  TwoP depends  on numerous  
pa rame te r s  that  include:  s tep height,  po lymer  film 
thickness,  isolated l ine fea ture  size, s tep  edge profile, 
su r rounding  topographica l  features,  the  na ture  of the 
spun-on  po lymer  solution, and the processing of the  
resul tant  spun-on  layer .  

We wil l  only  be consider ing the difference in po ly -  
mer  film thickness at  the top of the step, TwoP, and at  
the bot tom of the step, TBOT. It  should be realized,  
though, that  grea ter  changes in po lymer  film thickness 
are possible at the edge of a step. The difference be-  
tween the measured  or iginal  s tep  height  and  the final 
step height  (H~ and He, respect ively,  in Fig. 1) gives 
the change in po lymer  film thickness ( T B o T  ~ T T O P ) .  
Figure  2 d isplays  spun-on  p lanar iza t ion  results  for  
the mater ia l s  l is ted in Table II. The f ract ion of the 
step he ight  af ter  app ly ing  the polymer ,  He/H~, is 
p lo t ted  agains t  the po lymer  film thickness.  An isolated 
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Fig. 2. Spun-on plonarization properties vs. polymer film thick- 
ness for 20 ~m isolated line feature and a one micron polysilicon 
step height. 

20 ~m line fea ture  is used for  this in i t ia l  evaluat ion.  
Mater ia ls  that  fa l l  on the lower  le f t  por t ion  of the  
graph are the best  p lanar iza t ion  materials .  These ma-  
ter ia ls  y ie ld  the m a x i m u m  step he ight  reduct ion at  the  
lowest  spun-on  po lymer  film thickness.  The po ly imide  
film cured at  200~ has the wors t  p lanar iza t ion  p rope r -  
ties, fol lowed by  PMMA, and then most of the resis t  
mater ia ls .  HPR204 resis t  ma te r i a l  had  best  sp un -on  
p lanar iza t ion  proper t ies  of al l  the mate r ia l s  evaluated.  
Lui  (16) has r epor ted  a s imi lar  p lanar iza t ion  rank ing  
of polyimide,  PMMA, and HPR204 resist.  

Other  aspects  of this  da ta  are  no tewor thy .  For  the 
HPR204, HPR206, K o d a k  809, and PI2555 mater ia ls ,  
where  the po lymer  film thickness  was var ied  b y  using 
different  spin  speeds,  4000 and 7000 rpm, ex t rapo la t ion  
of the line back  to a zero film thickness yields  a num-  
ber  close to one. This suggests  that ,  at leas t  for the  
spun-on  films d isp layed  here, a p lanar iza t ion  charac-  
ter izat ion scheme independen t  of the po lyme r  film 
thickness m a y  be possible.  Hi ra ta  (17) has  also p lo t ted  
p lanar iza t ion  da ta  versus a spun-on  p lanar iza t ion  
thickness in a l inear  fashion that  also ex t rapola tes  to 
the appropr ia te  in tercept  at  a zero po lyme r  film th ick-  
ness. The slope of this ex t rapo la t ed  l ine is used to 
compare  the p lanar iza t ion  proper t ies  to the spun-on  
po lymer  solut ion proper t ies .  This p lanar iza t ion  con- 
s tant  represents  the percen t  reduct ion in step he ight  
for an one micron change in po lymer  film thickness.  
The grea te r  the absolute  value  of the  slope, the  be t t e r  
are  the p lanar iza t ion  proper t ies  of the mater ia l .  The 
constant  is defined for a pa r t i cu la r  fea ture  size and 
step height  and is mean t  to factor  out  the effects of 
the po lyme r  film thickness.  

I t  is somewhat  surpr is ing  that  only  s l ight  improve-  
ment  in the spun-on  p lanar iza t ion  proper t ies  resul ts  
through the use of this mul t ip le  coating technique.  The 
second coating sees a reduced s tep height  and wi th  al l  
o ther  things being equal,  a s imi la r  pe rcen t  reduct ion 
in step height  for a subsequent  coating might  be ex-  
pected.  Obviously,  al l  o ther  things are  not  equal,  the 
wal l  profile is less s teep and the top corner  of the s tep 
is no longer  sharp. In  addit ion,  the fea ture  size has 
effect ively changed. Genera l ly ,  the isolated fea ture  size 
dimension is somewhat  l a rge r  for the coated feature.  
Ano the r  effect may  also contr ibute  to the reduced  
p lanar iz ing  capabi l i ty  of mul t ip le  coat ing techniques. 
Usually,  the second coat ing tends to mix  or  dissolve a 

Table II. Planarization constants of various materials 

1.0 ~ m  s tep  0.5 g m  step 

H 1 -H  2 = TBO T - T T O  P 

Fig. I. Schematic of spun-on potymer coating over an isolated 
line feature. 

HPR204 0.38 0.43 
HPR206 0.26 0.20 
Kodak 809 (32%) 0.31 0.35 
HNR120 0.21 0.25 
KTI PMMA 496k 0.16 ~0 .10  
PT2555 0.12 ~0 .10  
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portion of the initial coating, this phenomena increases 
the viscosity and percent solids composition of the 
polymer solution at the interface between the coatings. 
This change in solution properties could adversely 
effect the spun-on planarization properties of the sub- 
sequent coating. Using spin speeds below 4000 rpm to 
increase coating thickness is not practical because they 
do not produce uniform 'coatings across substrates 
(18). 

The relative positions of HPR204 and HPR206 data 
are also significant. Although HPR206 gives a thicker 
coating at the same spin speed, no marked improve- 
ment in the spun-on planarization properties is ob- 
served. Apparently,  the change in polymer solution 
properties for these quite similar materials has af- 
fected the spun-on planarization properties. 

In view of these observations, an attempt was under-  
taken to correlate the planarization properties with 
the polymer solution properties shown in Table I. The 
best correlation was found with the viscosity of the 
solution. Figure 3 displays this correlation. The log of 
viscosity is plotted against the planarization constant 
(i.e., the slope from Fig. 2) for a 1.0 micron step (see 
Table II).  The planarization properties of all the mate-  
rials in Table I can be ranked correctly according to 
their viscosity with the exception of HNR120. The 
lower viscosity solution produces the bet ter  spun-on 
pl'anarization properties. A number  of other solution 
properties undoubtably contribute to the planarization 
properties. The evaporation of solvent during spinning 
changes the solution viscosity. The solvent, percent 
solids composition, and the spin speed influence the 
evaporation rate (19, 20). However, considering the 
diversity of the materials studied here, the solution 
viscosity gives a reasonable indication of the spun-on 
planarization properties of a polymer solution. 

Although the definition of the planarization constant 
used here was intended to factor out the effects of 
polymer film thickness relative to the step height, 
the data displayed in Table II shows that changes do 
occur in the planarization constant for different step 
heights. These changes are not fully understood. Most 
materials show an. increase in the planarization con- 
stant for the smaller step height. The films that are 
deposited in relat ively thick layers, PI2555 and HPR- 
206, show decreases in their planarization constant. 
It appears that the l inear correction for polymer film 
thickness is not entirely valid and that different realms 
of behavior in the planarization characteristics may 
be present in regard to the polymer film thickness 
relative to the step height. However, for spun-on film 
thicknesses approximately equal to and somewhat 
greater  than the step height, this definition of the 
planarization constant appears to produce consistent 
results. Applying the same constant to polymer films 
with spun-on thicknesses less than or much different 
than the step height may not be valid. A different cor- 
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Fig. 3. Correlation between viscosity and planarization 
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relation between viscosity and planarization properties 
may also exist under these conditions. 

Rothman (21) has reported a different correlation 
between the planarization and solution properties for 
cured polyimide coatings. The best planarization prop- 
erties were related to a high percent solids composi- 
tion, which generally would produce high viscosities. 
As Rothman points out, planarization properties are 
not just confined to the spun-on properties, film 
shrinkage and thermal flow during subsequent curing 
steps also affect these properties. Rothman studied 
cured polyimide films, so that data are a reflection of 
the thermal flow properties of polyimide films as well 
as the spun-on planarization properties of the polyim- 
ide solution. A following section in this work addresses 
the effects of thermal flow on planarization pi'operties. 
These results show that polyimide films do flow to a 
considerable degree when they are cured. 

The data displayed in Fig. 1 only reflects spun-on 
planarization properties. The cure conditions for the 
various polymer films, we believe, do not appreciably 
alter the spun-on planarization properties. 

Feature Size Dependence 
Figure 4 shows profilometer traces of PMMA and 

Kodak 809 spun-on coatings. Although the thickness 
of the PMMA coating is greater than that of Kodak 809 
material, the planarization properties of the Kodak 
809 material  are better than the double coating of 
PMMA. The change in feature size affects the degree 
of planarization obtained from both coatings. Small  
features are planarizcd to a greater degree than the 
larger features. 

For large features ( ~  50 ~m) only a small degree of 
planarization occurs, although all the polymer coatings 
do produce a shallower smoother wall profile for the 
step. For some feature sizes, a slight increase in step 
height has actually been observed. Presumably, there 

Original Step (0.94 

9 7 5 

9 7 5 3 50 

,,-m) 

1.0Fm 

3 50 

1s ,~m 

K o d a k ~  T 
l.O/~m 

1 
9 7 5 3 50 

Fig. 4. Profilometer traces ot PMMA and Kodak 809 coatings. 
The substrate is LPCVD polysilicon. The PMMA is a double coating 
of a 9% solids solution curing at 200~ The Kodak 809 coating is 
a single layer spun-on at a 4k spin-speed. Linewidth, 3-50 /~m is 
indicated for each feature. 
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is a tendency for the polymer solution to puddle on 
certain size features. 

Figure 5 plots the degree of planarization obtained 
for various feature sizes as a function of the polymer 
film thickness. As expected, smaller feature sizes show 
greater step height reductions. Smaller features also 
have a somewhat greater change in step height as the 
polymer film thickness is increased. Planarization con- 
stants tend to be greater for the smaller feature sizes. 

Surrounding topographical features also influence 
the planarization properties. The complexity of the ef- 
fects make a quantitative description difficult, but 
some qualitative statements can be made. As feature 
sizes become finer and the complexity of the pattern 
increases, the degree of planarization and polymer film 
thickness variations increase. The closer one feature 
is to another the more influence it has on the degree 
of planarization obtained for the adjacent feature. 
Features next to each other help planarize both fea- 
tures with the greatest effect being incurred on t h e  
smaller feature. 

In this work, data are presented only for isolated 
line features. Applying these data to complex patterns 
requires caution. To predict the maximum polymer 
film thickness variation within a complex pattern, the 
smallest dimensioned line or space feature within 
the pattern should be considered. The polymer film 
thickness variations are usually no less than that en- 
countered for the isolated line. If the dimension be- 
tween small features is of similar magnitude as the 
small feature itself, greater polymer film thickness 
variations can be expected. The isolated line planar- 
ization only represents a first approximation of the 
polymer film thickness variations encountered on real 
device structures. For example, the step heights are 
more reduced and resist thickness variations larger for 
10 x 10 ~m gratings than they are for 10 ~m isolated 
line features. 

Coat ing Considerations for Resist Processing 
Although it is well known that thicker resist coat- 

ings cover steps better than thinner coatings, the de- 
tails of this observation deserve further attention, par- 
ticularly for design rules below three microns. Resist 
thickness variations on topography become extremely 
important in regard to linewidth dimensional control. 
Figure 6a shows the absolute resist thickness change 
on 1.0 ~m topography for softbaked HPR204 and HPR- 
206 resist materials. The minimum resist thickness 
change is observed for HPR206 spun at 7000 rpm. Even 
though the resulting thickness of the coating is signifi- 
cantly greater than the HPR204 coating thickness, the 
resist thickness change on topography ]s diminished. 
These results suggest that to minimize resist thickness 
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changes, the higher viscosity resist formulation at 
high spin speed should be used. Note that this advan- 
tage becomes more significant as the feature size de- 
creases. 

Although Fig. 6a does not show any advantages in 
terms of the absolute resist thickness changes using 
the lower spin speeds, benefits are possible over the 
whole spin speed range for the higher viscosity mate- 
rials. Since the exposure dose of the resist is usually 
adjusted to pattern the thickest portion coating, the 
fractional resist thickness change is a more important 
measure of linewidth control than the absolute resist 
thickness change. Figure 6b displays the same data 
in terms of the fractional resist thickness change. 
Thicker resist coatings produced by spin speed varia- 
tions offer little or no advantage in reducing the func- 
tional resist thickness change. Significant differences in 
the fractional resist thickness deviations do exist for 
different viscosity resist formulations. At the 10 ~m 
feature size range, the fractional resist thickness 
change on 1.0 ~m topography for the HPR204 and 
HPR206 materials are 0.45 and 0.25, respectively. 

The monotonic linewidth dimensional variation due 
to the resist thickness variation can be expected to be 
nearly halved using the higher viscosity resist mate- 
rial. This advantage must be balanced against possible 
reductions in resolution accompanying the use of 
thicker resist coatings. Resist wall profiles, however, 
tend to be steeper for the thicker resist films, particu- 
larly, if high resolution direct wafer stepper imaging 
is being employed. The increased exposure energy for 
the generally thicker resist coatings are presently of 
minor importance for 10-X reduction stepper thruput 
considerations. 

It should be pointed out that other factors also con- 
tribute to dimensional variations. Reflective substrates 
and more monochromatic light sources tend to enhance 
standing wave interferometric phenomena and differ- 
ences in exposure due to sidewall reflections. If dimen- 
sional control problems exist on topography that are 
primarily due to resist thickness variations, turning 
to higher viscosity resist formulations at high spin 
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speeds appears  to offer a way  to minimize  resis t  th ick-  
ness var ia t ions  and reduce the f rac t ional  resis t  th ick-  
ness change. These s l ight  changes in convent ional  
single level  res is t  processing should be a t t empted  be -  
fore resor t ing  to mul t i l eve l  resis t  processing schemes.  

Effects of Thermal Flow on Planarization Properties 
Frequent ly ,  the spun-on  p o l y m e r  film undergoes  a 

h e a t - t r e a t m e n t  to remove  res idual  so lvent  or to cure 
the film in some fashion. Dur ing  this procedure ,  both 
film shr inkage  and po lymer  flow can occur. In  many  
cases, po lymer  flow dur ing  a subsequent  h e a t - t r e a t -  
men t  can be the dominan t  p lanar iza t ion  mechanism.  
An example  of the effects of p o l y m e r  flow on the 
p lanar iza t ion  proper t ies  is shown in Fig. 7. The p ro -  
f i lometer  traces of a po ly imide  film show a significant 
improvemen t  in the p lanar iza t ion  proper t ies  when  
po lymer  flow occurs. The measured  s tep heights  for  
smal l  fea tures  are  reduced by  almost  50% wi th  the 
400~ cure. Al though  the s t ep -he igh t  is not  reduced  
for  the 50 #m fea tu re  size wi th  p o l y m e r  flow, the  t race 
does indicate  a subs tant ia l  change in the  wal l  profile. 
The wa l l  profile is more  s loped and a g rea te r  degree 
of th inning  of the  po lymer  film at  the top corner  of 
the s tep appears  to occur. The types  of wal!  on large  
fea ture  size profiles are  a lmost  diagnost ic  for  the oc- 
currence of the rmal  flow of the po lymer  mater ia l .  
These resul ts  indicate  tha t  if  po lymer  film thickness 
changes are  undes i rable ,  t he rmal  flow of the po lymer  
film should be minimized;  if  p lanar iza t ion  is desired,  
po lymer  flow should be maximized.  Po ly imide  films 
that  are  used as a dielectr ic  should be processed so 
that  th inning Of the films on topography  is minimized.  
P o l y i m i d e  mate r i a l s  that  have  d iminished t h e r m a l  
flow proper t ies  dur ing  cur ing and cure cycles tha t  
minimize the rmal  flow should be an impor t an t  con- 
s idera t ion when this ma te r i a l  is used as a dielectric.  

The the rma l  flow proper t ies  of a pa r t i cu la r  po lyme r  
film are  dependen t  upon severa l  parameters .  Among 
them are:  the t empera ture ,  rise to t empera ture ,  na tu re  
of the rmal  source, ambient ,  po lymer  film thickness,  
subs t ra te  the rmal  proper t ies ,  subs t ra te  s tep height,  
and in some cases changes in the po lymer  film molecu-  
la r  s t ructure .  F igure  8 i l lus t ra tes  the effects of the 
na ture  of the heat  source and changes in po lymer  mo-  
lecu la r  s t ruc ture  on the flow proper t ies  of a diazo-  
quinone novolac resin posit ive resist.  The prof i lometer  
t races show the p lanar iza t ion  proper t ies  for  batch oven 
baked  and ho t -p la t e  (backside bake  of subs t ra te )  
baked  0.6 t~m topography.  Both unexposed  and ex -  
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Fig. 8. Profilometer traces for HPR 204 on 0.58 /~m topography. 
Linewidth, 3-50 #m, is indicated for each featur~ 

posed resis t  films were  examined.  The ba tch  oven bake  
shows no difference be tween  unexposed and exposed 
samples.  The hot p la te  bake  shows an improvemen t  
for both the unexposed and exposed resis t  samples.  
The exposed resis t  film, however ,  shows d rama t i ca l ly  
improved  p lanar iza t ion  proper t ies .  Fe a tu r e  sizes be low 
10 ~m are p lanar ized  to wi th in  0.1 ~m. The large  fea-  
ture (50 ~m) st i l l  is not p lanar ized  apprec iably ,  a l -  
though considerable  po lymer  flow is ev ident  f rom the 
prof i lometer  t race of the wal l  profile. 

The same expe r imen t  was also conducted wi th  the 
same HPR204 resis t  ma te r i a l  on 1.0 t~m topography.  
F igure  9 shows a schemat ic  of these results.  In  this 
case, a l though some po lymer  flow occurs at  the 200~ 
baking  tempera ture ,  no m a r k e d  difference be tween  the 
unexposed and exposed mate r ia l s  is observed.  The 10 
t~m features  are  only p lanar ized  to wi th in  0.4 ~m. A p -  
parent ly ,  the po lymer  flow tha t  does occur does not  
p lanar ize  topography  features  as wel l  for  the l a rge r  
s tep heights.  Since the po lyme r  film thickness  is less 
on top of the. step, it  is conceivable that  a cer ta in  
thickness of po lymer  is necessary  to induce a sufficient 
amount  of flow to p lanar ize  topography.  To test  this 
hypothesis ,  the expe r imen t  was repea ted  wi th  HPR206 
resis t  on the 1.0 t~m topography.  F igure  10 shows the 
results.  In this case, the improved  p lanar iza t ion  p rop -  
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Fig. 10 Step heights vs. feature size for HPR 206 on 1.0 /~m 
topography. 

er t ies  for  the exposed, ho t -p la te  cured resis t  is ob-  
served. The th icker  coating has p romoted  the improved  
flow proper t ies  of the po lymer  f rom the top of the 
step. Presumably ,  the improved  the rmal  flow p rope r -  
ties of exposed resist  ma te r i a l  is re la ted  to the func-  
t ional  group modification of the sensi t izer  por t ion of 
the  resist. This modification pr io r  to bak ing  m a y  p re -  
vent  po lymer  crossl inking react ions f rom occurr ing 
dur ing  a subsequent  bake.  Using a 125~ hot p la te  or 
ba tch  oven bake to des t roy  the sensi t izer  does not  im-  
prove the t he rma l  flow characteris t ics .  

Our  s tudies  also eva lua ted  another  diazoquinone re -  
sist ma te r i a l  wi th  r epor t ed ly  grea te r  the rmal  flow 
proper t ies  (22). F igure  11 displays  expe r imen ta l  r e -  
sults for Kodak  809 (32% solids) spun-on  to a soft-  
baked  thickness of 1.4 ~m on 0.5 ~m topographica l  fea-  
tures. In  this case, the 10 ~m fea tures  were  p lanar ized  
to wi th in  0.05 ~m for  exposed resist  film in both the  
batch and ho t -p la te  bake  ovens. More significantly,  
large fea tures  (50 ;,m) are  p lanar ized  to a subs tan t ia l  
degree,  unl ike  the HPR204 results.  Crust  format ion  for  
this resis t  ma te r i a l  may  not  be as p reva len t  as that  in 
o ther  diazoquinone resist  mater ia ls ,  or, a lower  glass 
t ransi t ion t empera tu re  may  al low po lymer  flow to oc- 
cur before  a crust  is formed. This Kodak  809 mate r i a l  
has produced the most  p lanar ized  surfaces to date. To 
produce h igh ly  p lanar ized  surfaces for features  size up 
to 10 #m, it appears  tha t  t he rma l  flow of the appl ied  
po lymer  coating is essential .  The use of resis t  ma te -  
r ia ls  for this purpose  is a t t rac t ive  because of the i r  high 
pur i ty ,  widespread  use, and wel l -charac te r ized  p rope r -  
ties. 

Summary 
The p lanar iz ing  proper t ies  or the thickness va r i a -  

tions on topographica l  fea tures  have been examined  
for severa l  spun-on  po lymer  thin-f i lm mater ia ls .  The 
viscosity of the  spun-on  po lymer  solut ion appears  to be 
a reasonable  indica tor  of the spun-on  p lanar iza t ion  
characterist ics.  Diazoquinone novolac resin resist  solu-  
tions had the best  spun-on  p lanar iza t ion  proper t ies  
fol lowed by  po lyme thy lme thac ry l a t e  (PMMA) and 
poly imide  solutions. To obta in  the min imum absolute 
resist  thickness  change on topographical  fea tures  wi th  
posit ive resist  mater ia ls ,  h igh  viscosi ty mate r ia l s  at 
high spin speeds should be used. The f ract ional  resis t  
thickness  change is improved  over  the ent i re  spin 
speed range using higher  viscosi ty mater ials .  

In many  cases, t he rmal  flow of the po lymer  film du r -  
ing a subsequent  cure step is a dominan t  p lanar iza t ion  
mechanism. Backside (hot p la te)  bakes  appear  to p ro-  
mote  the rmal  flow to a g rea te r  degree  than  ba tch  oven 
bakes.  F u l l y  exposed (bleached)  diazoquinone novo- 
l ac - res in  resis t  mate r ia l s  have produced the greates t  
degree of p lanar iza t ion  to date. With  processing con- 
dit ions tha t  promote  t he rma l  flow, an isolated 10 ~m 
line fea ture  wi th  a 0.5 ;,m s tep height  can be p l ana r -  
ized to wi th in  0.1 ;,m or  less wi th  a po lymer  coating 
less than  1.5 ~m thickness.  Of the posi t ive resis t  m a -  
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Fig. 11. Step heights vs. feature size for Kodak 809 on 0.5 /~m 
topography. 

ter ia ls  studied,  Kodak  809 resist  c lear ly  exhibi ts  the 
super ior  p lanar iza t ion  proper t ies  p r i m a r i l y  due to its 
improved  the rma l  flow proper t ies  dur ing  the high 
t empera tu re  pos tbake  process. 

Manuscr ip t  submi t ted  Jan. 13, 1983; revised manu-  
script  received March 29, 1983. 

Any  discussion of this pape r  wi l l  appea r  in a Discus-  
sion Section to be publ ished in the June  1984 JOURNAL. 
Al l  discussions for the June 1984 Discussion Section 
should be submi t t ed  by  Feb.  1, 1984. 
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Study of Breakdown Fields of Oxides Grown on Reactive Ion Etched 
Silicon Surface: Improvement of Breakdown Limits by Oxidation of 

the Surface 
N. Lifshitz 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The oxide breakdown field is known to be low if the silicon surface prior to oxidation was treated by reactive ion etch- 
ing (RIE) in C12 or other ambient  with high Si etching rate. It is believed that the early breakdown is due to poor morphology 
of Si surface, viz. pores and spikes caused by RIE and associated inhomogeneities of the electric field in the oxides grown 
on such surface. In the present work, a method to upgrade the oxide to a device quality is suggested. The method consists in 
growth of a thin sacrificial oxide and its chemical removal prior to gate oxidation. For example, with the sacrificial oxide as 
thin as 180~,, this process results in improving the breakdown field from 4 to approximately 6 MV/cm. Growth of sacrificial 
oxide about 600~ thick yields a breakdown field as high as that of oxides grown on virgin silicon wafers. 

Reactive ion etching (RIE) of silicon and polysilicon 
in  C1 ambient  yields high etching rates and good selec- 
t ivi ty relat ive to SIO2. Nevertheless, silicon surfaces 
subjected to RIE can not be used for device fabrication. 
Breakdown fields of oxides grown on such surfaces are 
low, and incidence of low field fai lure is high (1, 2). 

It  is believed that the ear ly  breakdown of oxides 
grown on Si surfaces etched in chlorine atmosphere is 
due to poor morphology of the surface, viz. pores and 
spikes and associated inhomogeneit ies of the electric 
field in the oxide (1, 3, 4). 

Schwartz and Schaible studied reactive ion etching 
of silicon, in a plasma containing chlorinated species 
(5). They report  roughening of the etched surface in 
CC14 and C1.2 plasmas. The effect was par t icular ly  pro- 
nounced in C12 plasma when the formation of black 
silicon (black plague) was observed. 

There are at least two plausible mechanisms of for- 
mat ion of surface inhomogeneities dur ing RIE in C12 
ambient.  For  example it can be: (i) high density of de- 
fects and dislocations (local etching rate is higher near  
the defects), or (ii) high selectivity of etching Si over 
SIO2. If the etching rate ratio in chlorine medium is 
high ( typically 20 -- 30), local variat ions in the nat ive 
oxide thickness can be t ransformed into sizable spikes 
and craters. It has been noticed that  at very high ratios 
microroughness of etched silicon becomes severe (black 
plague) (4). 

In  the present  work, a method is suggested to up-  
grade breakdown properties of oxides grown on RIE 
exposed surface to a device qual i ty  by improving mor-  
phology of the surface. In  this methed, th in  layers of 
sacrificial oxides are grown and chemical ly removed 
prior  to gate oxidation. 

Experimental 
Sample preparation.--Si wafers (p- type Wacker 

<100> oriented, 6-8 ~l cm) were thermal ly  oxidized 
to grow 4000A of SIO2, and the oxide was removed in 
buffered hydrofluoric acid. The exposed silicon surface 
w a s  then reactive ion etched to remove about 5,000A 
o f  Si. Chlorine was used as the reactive ion medium in 
these experiments.  In  Table I, some parameters  of RIE 
process are gathered. 

A f t e r  RIE, sacrificial oxides of different thicknesses 

Table h 

Power Si etch- 
Reactor Flow Pressure density tng Rate Selectivity 

type (cc /min)  (~m) (w/cm ~) (A/min) over SiOs 

Parallel 
Plate 20 8 0.22 500 20:1 

were thermal ly  grown at 950~ and removed in BHF. 
After  a s tandard preoxidation clean, the gate oxide 
250A thick was grown at 1000~ in dry O2/HC1. A poly- 
silicon layer  3500A thick was deposited, doped with 
phosphorus at 950~ pat terned in 30 mil  dots, and 
plasma etched to form MOS capacitors. 

To determine the oxide breakdown field a 10 X 10 
ar ray  of 30 mil  diam capacitors were probed. The field 
was incremented in 0.5 MV/cm steps unt i l  a current  of 
2 #A was reached. This current  was chosen as a cr i ter-  
ion for breakdown.  The voltage was recorded, reset to 
zero, and the next  capacitor was probed. 

High frequency (1 MHz) capacitance-voltage and 
conductance-voltage measurements  were made on a 
PAR Model 410 C-V plot ter  to determine the effect of 
C12 reactive ambient  exposure on MOS properties of 
the Si/SiO2 interface. A heated chuck was used to per-  
form bias- tempera ture  stress experiments.  All mea-  
surements  were made in a dark box. 

Results 
Results of the measurements  are gathered in Fig. 1 

and 2 and Table II. In Fig. 1, the log-normal  probabi l i ty  
distr ibution of the breakdown fields is plotted for the 
oxides grown on Si surface etched in  C12 medium. For 
comparison, the data for a control sample (oxide grown 
on virgin Si) is also plotted (filled t r iangles) .  It  is 
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Fig. 1. Breakdown field vs. cumulative percent failure for RIE in 
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Fig. 2. Breakdown field as a function of sacrificial oxide thickness 

easy to see that the reactive ion exposure caused degra- 
dation of the oxide breakdown properties. Median 
breakdown field of oxides grown directly on the ex- 
posed Si surface (open squares) is only 4.5 MV/cm, 
while for the control  sample this field is 7 MV/cm (see 
Table II) .  The breakdown fields begin to improve as 
soon as the sacrificial oxide growth and chemical re-  
moval  procedure is introduced. As the sacrificial oxide 
thickness ds increases, the dis tr ibut ion plots move to 
higher fields. Median breakdown field grow steadily as 
shown in Fig. 2 and exceeds that of the control sample 
at ds ---- 600A. 

At the same time, sacrificial oxide procedure leads 
to increasing the spread of breakdown fields. Figure 3 
i l lustrates the observation. Here the histograms of 
breakdown fields from Fig. 1 are plotted for different ds. 
While moving to higher fields the distr ibutions spread 
over wider and wider range and lose their  sharpness. 

The occurrence of a low-field (~-- 2 MV/cm) break-  
down shown in the last column of Table II does not 
seem to correlate ei ther wi th  ds or median breakdown 
fields. Table II also presents values of the fixed charge 
density at Si/SiO2 interface obtained from C-V and 
G-V measurements .  Exposure of Si surface to RYE in 
C12 atmosphere does not seem to affect the MOS prop- 
erties, though a slight increase in the charge density 
is observed on samples with thicker sacrificial oxides. 
Bias- temperature  stress measurements  conducted at 
250~ with electrical fields of 2 MV/cm showed no 
changed or shift of C-V characteristics after  15 min 
with either positive or negative bias. This indicates the 
absence of traps at the Si/SiO2 interface and mobile 
ionic charges in the gate oxide. 

Conc lus ions  
A method to improve the morphology of a Si surface 

exposed to RYE in chlorine env i ronment  is suggested. 

Table II. 

In te r .  
Sacrif icial  face 

oxide  Median c h a r g e  
thick- b r e a k d o w n  Low field dens i ty  

Reac t ive  ness  d.  field b r e a k d o w n  ( 10 ~o 
a m b i e n t  (A) (M V/c m)  (%) c m  -~) 

Control  0 7.0 3 2 
(no RIE) 
RIE in 0 4.5 3 2 

CI~ 180 5 1 4 
ambient  360 5.5 1 9.5 

650 7.5 5 4 
8OO 9.0 4 10 
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Fig. 3. Breakdown field hystogram (RIE in chlorine ambient) 

The method consists of slight oxidation of the surface 
with subsequent  removal  of the oxide. It is believed 
that the process moderates violent nonuniformit ies  gen- 
erated dur ing reactive ion etching of the surface. The 
method allows one to upgrade breakdown properties 
of oxides grown on the etched surfaces to a device 
quality. 
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Some Observations on Oxygen Precipitation/Gettering in Device 
Processed Czochralski Silicon 

H. R. Huff, *'1 H. F. Schaake,* J. T. Robinson,* S. C. Baber,* and D. Wong *''2 
Texas Instruments, Incorporated, Dallas, Texas 75265 

ABSTRACT 

Several results of our experimental program studying the relationship between the properties of the silicon starting 
material and N-channel MOS dynamic RAM circuit performance is described. The thermal history and oxygen and carbon 
concentrations control the silicon material properties and much of the subsequent  circuit performance. The beneficial ef- 
fect of intrinsic gettering due to precipitation of oxygen in the bulk on MOS dynamic RAM refresh performance will be 
shown. Equivalent thermal processes will result in similar circuit performance only when the silicon material is equivalent. 
Some circumstantial evidence is also presented for a degrading effect of high concentrations of carbon in the starting 
material. 

The correlation of integrated circuit performance 
with silicon mater ial  and IC process parameters  is an 
active area of current  research. In  particular,  the use 
of get tering procedures affords greater  control over 
IC product  performance and consequently has at-  
tracted much a t tent ion (1-5). The present  paper de- 
tails several results of our  exper imental  program 
studying the relat ionship between the properties of 
the silicon star t ing mater ial  and N-channel  MOS dy- 
namic RAM circuit performance. Our approach has 
been to use the MOS dynamic RAM as a diagnostic 
probe to assess the role of several  s tar t ing mater ial  
variables and thereby ident ify the critical mater ial  pa- 
rameter  (s). We have correlated the circuit refresh time 
with the MOS minor i ty  carrier  generat ion lifetime and 
with the amount  of oxygen precipitat ion which occurs 
in the bulk of the wafer, as determined from x- ray  
topography. The results show a significant beneficial 
effect of the intr insic  gettering provided by the oxy- 
gen precipitation. 

In  this work, three different sets of experiments  were 
conducted: (i) an evaluat ion of mater ial  from several  
different sources on yield loss due to refresh failure 
of a 16K dynamic RAM, (ii) an evaluat ion of wafers 
produced from a single crystal as a function of position 
in the crystal and as a function of the tempera ture  of 
a single low- tempera ture  anneal  before the wafers 
are committed to processing, and (iii) calibration of 
the in tens i ty  of x-rays  which are diffracted dur ing  an 
x - r ay  topography  scan with the amount  of oxygen 
which has precipitated in the wafer. 

Experimental Procedures 
Wafer selection and preparation.--All wafers used 

in these investigations were 76 mm diam, <100> 
oriented, 10-15 a - c m  boron-doped, dislocation-free, 
non back-surface damaged, Czochralski-grown wafers. 
For the first set of experiments,  a total of 23 wafers 
from three vendors was selected for processing in five 
split  lots. These wafers were used "as is," and conse- 
quent ly  both the surface preparat ion and the low- tem-  
perature  anneal  to annihi la te  the oxygen donors and 
stabilize the resist ivity were uncontrol led and a func-  
tion of the vendor. 

For the second set of experiments,  a single crystal 
was selected after growth, sectioned as shown in Fig. 
1, and processed in two split lots. The crystal had re-  
ceived no heat - t rea tment ,  o the r  than that which it 
received dur ing the Czochralski growth process. Slabs, 
2 mm in thickness, were taken between each of the 
sections for room tempera ture  measurements  of the 
oxygen and carbon concentrat ions by FTIR techniques 

" Electrochemical  Society Active Member. 
Z Present  address: Philips Research Laboratories Sunnyvale, 

Slgnetics Corporation, Sunnyvale, California 94086. 
~Present address:  Arco Solar, Inc., Chatsworth, California. 
Key words: integrated circuits, gettering,  semiconductor,  x-rays. 

(6, 7). Each of these sections was then subjected to a 
single four hour low- tempera ture  anneal  as indicated 
in Fig. 1. Non back-surface damaged wafers were then 
prepared from each section by conventional  produc-  
tion techniques and the wafers were committed to the 
fabrication of 16K dynamic RAMS. 

For the third set of experiments,  a single section 
taken from the top of a Czochralski crystal was se- 
lected. This par t icular  crystal was grown such that 
there was a large radial  variat ion in  the oxygen con- 
centration. This section had received no anneal  sub-  
sequent to its growth. Slabs, 2 m m  in thickness, were 
taken from either end of the section for de terminat ion  
of the carbon and oxygen concentrat ions using a n  
FTIR spectrometer. These measurements  were made 
as a ~unction of position across the slabs. The oxygen 
concentrat ion showed a var iat ion of near ly  a factor of 
2 from edge to center, while the carbon concentrat ion 
was below the limits of detection, i.e., <2 • 1016 cm -3. 
Both top and bottom slabs yielded the same resulLs, 
indicat ing that all wafers which were prepared from 
the section between the two slabs had identical  oxygen 
and carbon concentrations. The wafers which were 
prepared from this section were polished on both sides 
to enable  FTIR measurements  to be made of the oxygen 
and carbon concentrations. 

Circuit 5abrication test procedure.--N-channel 16K 
dynamic RAM circuits were fabricated on the as-re-  
ceived wafers using a double level polysilicon gate 
s t ructure  (8). In  addit ion to the specific exper imenta l  
wafers described above, a n u m b e r  of control wafers, 
d rawn from the f ron t -end  inventory,  were included in  
each lot of wafers which was processed. The identical 
process and process facility were used for the wafers 
processed for experiments  reported here. A series of 
funct ional  and parametr ic  tests were performed on 
completed wafers to identify good devices prior to a 
detailed series of circuit refresh measurements  using 
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LOW-TEMPERATURE OXYGEN CARBON 
G FACTOR ANNEAL (~ (1018/CM3) (1016/CM3) 

.04-.12 600 2.16 ND 

.12-.20 700 ND 

.20-.29 650 1.87 ND 

.29-.40 600 1.70 N D 

X | ; )  .83-.91 700 1,46 <5.6 

Fig. 1. Summary of oxygen, carbon, and low-temperature thermal 
anneal data for particular Czochrolski-grown crystal. 
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conventional  industr ia l  automated test probe proce- 
dures. 
The importance of these refresh measurements  is be-  

cause informat ion in a dynamic RAM MOS memory cell 
is retained on a small  capacitance, typically much less 
than 1 picofarad. Such volatile charge is subject  to the 
destruction of information due to leakage currents. 
Consequently, a mechanism is required to r e tu rn  the 
capacitor to its original  charge state. The terminology 
"circuit refresh time" refers to this mechanism and is 
the max imum allowable time in terval  to both s e n s e  
and restore sufficient charge on the capacitor to dis- 
cr iminate the original  informat ion content. A pass/fail  
cri terion based on a circuit refresh t ime of 50 msec at 
25~ is used in  this paper. The terminology "time for 
the first bit to fail" refers to the length of t ime when 
one can no longer re l iably  sense the charge on the 
capacitor and, therefore, the informat ion is i r re t r iev-  
ably lost. Not surprisingly,  reduced wafer refresh loss 
was found to correlate with increased t ime for the first 
bit  to fail when averaged over the good devices on a 
wafer. 

Lifetime and x-ray topography measurements.--The 
minor i ty  carr ier  generat ion l ifetime was measured by 
the pulsed capaci tance-t ime (C-t) technique (9) on 
the  process control monitors located on each of the 
completed circuit  wafers. 

Transmission x - r ay  topographs were made of all  
wafers after processing using a (220) reflection and Mo 
K~z radiation, in a microcomputer  automated topog- 
raphy camera with automatic a l ignment  and Bragg 
angle control. Wafers on which dynamic RAMS had 
been fabricated were stripped to the bare silicon sub-  
strate prior to this topographic examination.  As the 
wafer was scanned, the in tensi ty  corresponding to the 
peak in the Bragg reflection was recorded as a funct ion 
of position. Since the crystal growth procedure results 
in near ly  radial ly  symmetr ic  wafers, the single scan 
across a wafer diameter  yields information on the 
entire wafer. 

To calibrate the diffracted x - r ay  in tensi ty  to the 
amount  of oxygen precipitation, each of the third set 
of wafers was subjected to a single low-tempera ture  
anneal  followed by a 16 hr  anneal  at 1000~ in dry 
oxygen. The low-tempera ture  anneals were performed 
in ni t rogen at 550 ~ 600 ~ 650% 700 ~ or 750~ for times 
ranging from 0.5 to 128 hr. After removal  of the sur-  
face oxide, the diffracted x - ray  in tensi ty  from each 
wafer  was recorded as a function of position along the 
diameter  of the wafer as the transmission topograph 
was made. The oxygen concentrat ion after precipita-  
t ion was then measured as a function of position on the 
wafer in  the FTIR, the difference between this mea-  
surement  and the ini t ial  concentrat ion yielding the 
amount  of precipitated oxygen. Since the wafers had a 
large radial  var iat ion in the oxygen concentration, the 
results for a single wafer yielded information on the 
precipitat ion kinetics for a wide variat ion of oxygen 
concentrations. 

Results and Analysis 
The results of the x - ray  topography calibration ex- 

per iments  are shown in Fig. 2 and 3. In  Fig. 2, the 
change in the relat ive diffracted x - r ay  in tensi ty  is 
plotted against  the amount  of oxygeh which had pre-  
cipitated, as determined from the IR measurements.  
With some scatter, it can be seen that the change in the 
x - ray  in tensi ty  is exactly proportional to the amount  of 
oxygen which had precipitated, regardless of the low- 
temperature  anneal  conditions. This leads us to propose 
that for a fixed h igh- tempera ture  anneal,  the diffracted 
x - ray  intensi ty will be a measure of the total amount  
of precipitated oxygen, regardless of an init ial  low- 
temperature  process. ( In work subsequent  to this, we 
have found that  this s tatement  is not t rue if the wafer 
contains large amounts  of carbon, e.g., ~10 t7 c m - s  or if 
the wafer is subjected to a prolonged anneal  at ~450~ 
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Fig. 2. Correlation ,of precipitated oxygen with change in dif- 
fracted x-ray intensity. 

prior to the subsequent  low- tempera ture  anneal.  It is 
also not  t rue for the earliest stages of precipitation, 
which result  in a decrease in the diffracted intensity.)  
Figure 3 is a plot of the init ial  oxygen concentrat ion 
vs. the diffracted x - r ay  intensity,  which by the fore- 
going is proport ional  to the amount  of precipitated 
oxygen. In  the l inear  regions of this log-log plot, the 
amount  of precipitated oxygen is found to be propor-  
t ional  to the eighth power of the init ial  oxygen con- 
centration. This ext reme sensit ivity to oxygen concen- 
t ra t ion is a manifestat ion of the nucleat ion kinetics and 
has been noted before (10). The data for the 1 hr  650~ 
anneal  is identical with that  which was found if no 
low-tempera ture  anneal  were performed prior to the 
1000~ anneal.  This is a result  of the nucleat ion of 
oxygen precipitates which had occurred dur ing  the 
crystal growth process. 

The results of the experiments  on the 23 wafers from 
various vendors processed in 5 split  lots is summarized 
in Fig. 4-6. Figure 4 i l lustrates the relative wafer re- 
fresh loss vs. the corresponding MOS generat ion life- 
time. The blackened data points in this figure denote 
wafers in which at least some oxygen precipitat ion was 
detected by the x - r ay  in tensi ty  measurements .  A quan-  
ti tative examinat ion of the dependence of the relative 
wafer refresh loss at room tempera ture  with the degree 
of precipitat ion for the same processed wafers is i l lus- 
trated in  Fig. 5. The general  absence of data in the 
upper  r ight  hand portion of this figure is significant 
and shows that high refresh losses are associated with 
m i n i m u m  precipitat ion of oxyge n in the bulk. In -  
creased oxygen precipitation correlates with reduced 
wafer refresh loss. Figure 6 dramatical ly il lustrates this. 
This fi~.ure shows transmission topographs for four 
different comuleted wafers from two vendors processed 
in a single split lot. Each vendor 's  mater ial  exhibits sig- 
nificantly different refresh yield losses. The letters 
A-D corresuond to the s imilar ly  labeled data points 
in Fig. 5. The two topo~ra~hs on the r ight  show sig- 
nificant precipitat ion while the two on the left do not. 
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Refresh loss results on wafers made from the crystal 
shown in Fig. 1 and processed in two split lots are 
shown in Fig. 7. While there is considerably more scat- 
ter in this data than in Fig. 5, it wil l  be noted that again 
there is a correlation between the amount of oxygen 
precipitation and reduced refresh loss. Several addi- 
tional points are illustrated in these results: (i) Precipi- 
tation alone does not insure minimal refresh loss and 
the lack of precipitation does not guarantee high re- 
fresh loss. (ii) Material from the top of the crystal (high 
oxygen, low carbon) generally performs better than 
material from the bottom of the crystal ( low oxygen, 
high carbon). (iii) Even though precipitation occurred 
in material from the bottom of the crystal, refresh 
losses were comparatively large for these wafers. (iv) 
The 4 hr 650~ anneal appears to be somewhat superior 
to other anneals, although the small  amount of data 
limits this generalization. 
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Fig. 6. Transmission topographs illustrating the wafer relative 
refresh loss for four different completed wafers from two vendors 
processed in a single split lot. Each vendor's material exhibits 
significantly different refresh yield losses. (Letters A-D corre- 
spond tu similarly labeled data points in Fig. 5.) 
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Discussion 
The beneficial effect of intrinsic gettering from pre- 

cipitation of oxygen in the bulk has been reported by 
several authors. Reduced p-n junction leakage current 
(3),  controlled epitaxial stacking faults (11), reduced 
s-pit  formation (12), slip retardation (13-15), and 
improved MOS generation lifetime (16, 17) have been 
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observed.  The impor tance  of sample  the rmal  h is tory  
has been noted (18) and the magni tude  of the  genera -  
t ion current  has been shown to depend on both the 
sample  location wi th in  the grown crysta l  and on the 
subsequent  the rmal  processing (19). 

In the present  work, Fig. 5 and 7 c lear ly  indicate  a 
correla t ion be tween improved  MOS dynamic  RAM 
circuit  ref resh  per fo rmance  and increased oxygen p re -  
cipitat ion.  This work  also c lear ly  shows that  good 
refresh  per formance  is possible in wafers  in which no 
de tec table  prec ip i ta t ion  has occurred.  The role of in-  
t r insic ge t ter ing  by  the prec ip i ta t ion  of oxygen may  
therefore  be said to widen  the process window in 
which low ref resh  losses are to be expected.  

The role of l ow- t empe ra tu r e  anneals  and oxygen 
concentrat ion on the nucleat ion kinet ics  of oxygen p re -  
cipi tat ion is wel l  es tabl ished (10, 20, 21). In  this work,  
the nuclea t ion  kinet ics  and subsequent  prec ip i ta t ion  
were h ighly  repea tab le  in we l l - cha rac te r i zed  ma te r i a l  
(e.g., the  ma te r i a l  used in the x - r a y  topography  cal i-  
b ra t ion  exper iments ,  Fig. 2 and 3). The var ia t ion  in 
the  ma te r i a l  used in the exper iments  summar ized  in 
Fig~ 1 and 7, however,  was sufficient to make  p re -  
cipi tat ion somewhat  unpredic table .  F igure  3 provides  
an explana t ion  for this behavior .  Since the amount  of 
prec ip i ta ted  oxygen  depends on the eighth power  of 
the ini t ia l  oxygen concentrat ion,  in order  to control  the 
amount  of prec ip i ta t ion  to wi th in  _+50%, it is necessary 
to control  the  oxygen concentra t ion to wi th in  ___5%. 
The mate r i a l  used, even wi thin  a given G-fac tor  range,  
did not  fu l ly  meet  these requirements .  This also dem-  
onstra tes  the usefulness of recent  work  a imed at g row-  
ing r ad ia l ly  and ax ia l ly  uni form crystals  containing 
control led  amounts  of oxygen (21-24). 

In  the present  work,  a surface zone denuded  of oxy-  
gen precip i ta tes  was not in ten t iona l ly  in t roduced  by  
the out-diffusion of oxygen before  processing (25, 26). 
Clearly,  such a denuded zone did form, however ,  as a 
large amount  of prec ip i ta t ion  wi thin  the deplet ion 
depth  of the MOS capaci tors  in the  memory  cells (~_5 
~m for the device)  would  lead to catas t rophic  ref resh  
fai lures.  P re sumab ly  the denuded  zone formed both 
dur ing  the ini t ia l  oxidat ion  due to the suppression 
effect of the  ambien t  on the prec ip i ta t ion  of oxygen 
(27, 28) and dur ing the subsequent  processing due to 
the dissolution of prec ip i ta tes  dur ing the  processing 
cycle. 

I t  was noted in the  previous  sect ion that  mate r ia l  
f rom the bot tom of the crys ta l  had h igher  ref resh  
fai lure,  even though oxygen prec ip i ta t ion  was present .  
This correlates  wel l  wi th  increased carbon concentra-  
t ion in the mater ia l ,  and may  demonst ra te  a degrad ing  
effect of large  amounts  of carbon, which is known  to 
affect the prec ip i ta t ion  of oxygen (29). 

Summary and Conclusions 
It has been shown that  in terna l  ge t te r ing  by  oxygen 

precip i ta t ion  in the bu lk  of a silicon wafer  can sig- 
nif icantly reduce yie ld  losses due to ref resh  fai lures  in 
dynamic  m e m o r y  devices. The high sensi t iv i ty  of the 
prec ip i ta t ion  kinet ics  on oxygen  concentrat ion,  nuc lea-  
t ion t ime and tempera tures ,  and carbon necessi tates 
s t r ingent  control  on the s ta r t ing  mater ia l ,  if in terna l  
ge t te r ing  is to be pred ic tab le  dur ing  the IC processing 
cycle. Some c i rcumstan t ia l  evidence for the ha rmfu l  
role  of high concentrat ions of carbon on ref resh  losses 
has also been found. In this work,  the  lowest  refresh 
losses were  consis tent ly  found on mate r ia l  containing 
oxygen prec ip i ta t ion  and having  low carbon concen- 
trations.  Certainly,  cont inued work  a imed at control  
of the prec ip i ta t ion  of oxygen and the format ion  of 
the denuded  zone in the active region of the  device is 
warran ted .  
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Oxidation of Arsenic Implanted Polycrystalline Silicon 
E. Kinsbron,* S. P. Murarka,* T. T. Sheng, and W. T. Lynch 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The techniques of Rutherford backscattering spectrometry, neutron activation, and transmission electron microscopy 
were employed in this extensive study of the thermal oxidation of arsenic implanted polycrystalline silicon (polysilicon) 
films. Some evidence for slower oxidation rates were found for polysilicon layers lying over silicon dioxide substrate as 
compared to the oxidation rates of films lying directly over bare silicon. Complete oxidation of films lying over silicon 
dioxide substrates left scattered arsenic-silicon-oxygen inclusions trapped at the original polysilicon/si]icon dioxide inter- 
face. Significant arsenic diffusion through the underlying silicon dioxide layer, into the silicon substrate, was measured 
after the complete oxidation of thick polysilicon films over thin silicon dioxide substrates. 

Polycrystal l ine  silicon (polysilicon) films are widely 
used in MOS integrated circuits technology. Phos- 
phorus doped polysilicon films are often used as MOS 
gates and as interconnections and several studies have 
reported on the thermal  oxidation of these films (1-5). 
With the recent use of silicide films at gate in tercon-  
nections and with the development  of polysilicon films 
doped with arsenic dur ing the film deposition, the use 
of arsenic doped films has become more attractive. In 
spite of the usefulness of arsenic doped polysilicon, it 
was found dur ing  this study that  there is practically 
no informat ion about  thermal  oxidation of arsenic 
doped polysiticon. 

In  this work, the thermal  oxidation of arsenic im-  
planted polysilicon films was extensively investigated. 
The effects of parameters  such as: doping doses, oxida- 
tion ambient,  oxidation temperature,  and substrate 
s t ructure  were tested and characterized. The tech- 
niques of Rutherford backscattering spectrometry 
(RBS), neu t ron  activation, and transmission electron 
microscopy (TEM) were applied dur ing this study to 
obtain max imum informat ion about the oxidation 
process. 

Arsenic is known to preferent ia l ly  segregate in sili- 
con dur ing  oxidation (6) and therefore arsenic atoms 
are "pi led-up" at the oxide/polysi l icon interface. Due 
to grain boundary  diffusion and grain  boundary  segre- 
gation arsenic in polysilicon also piles up at the in ter -  
face of the polysilicon film and the substrate (7). If an 
arsenic doped polysilicon film lying over an oxidized 
substrate  is thermal ly  oxidized the polysilieon layer  
remain ing  between the grown oxide and the bur ied 
substrate oxide will become richer and richer in 
arsenic. The question of what  will happen to the last 
tens of angstroms of the polysilicon layer, very  rich in  
arsenic, if it is forced to be completely oxidized, was 
never  addressed in the past and is answered in this 
paper. 

The results are presented in three main  sections. The 
first summarizes the oxidation rates for the various 
oxidation conditions. The second examines the behavior  
of the oxidation of thin polysilicon films over thick 
oxide substrates. The third section presents the results 
of oxidizing thick polysilicon films over thin oxide or 
bare silicon substrates. 

Experimental 
S i l i c o n  wafers of < i 0 0 >  orientat ion boron doped to 

6-8 ~cm, both with and  without  thermal  oxide, were 

�9 E l e c t r o c h e m i c a l  Soc i e ty  Act ive  Member .  

used as substrates for the polysilicon deposition. The 
polysilicon films were deposited by  the thermal  de- 
composition of silane at 625~ in a s tandard low pres- 
sure (150 mTorr)  chemical vapor deposition reactor. 
Four  main  groups of sample structures were tested 
dur ing this work: (A) thin polysilicon (500A) de- 
posited over a thick oxide layer (2500A), (B) thick 
polysilicon (2500-6000A) deposited over a thin oxide 
layer  (300-1000A), (C) polysilicon films deposited 
directly over single crystal silicon substrates, and (D) 
bare single crystal samples without  polysilicon film 
(see Table I and Fig. 1). Arsenic ions were implanted 
into the polysilicon films at 30 keV with doses of 0.7- 
7 • 101~ cm -2. No anneal ing  t rea tment  was given to 
the implanted samples prior to the oxidation. This will  
leave the top surface of the film amorphous and not  
electrically activated. The thermal  oxidation was per-  
formed either in a wet ambient  at 900 ~ and 1050~ or 
in a dry ambient  at 1000 ~ and 1100~ Oxide thicknesses 
were determined by ellipsometer for oxides on single 
crystal silicon or by a Talystep step height reader for 
those on polysilicon films. In some cases, the oxide 
thickness was also determined from measurements  
conducted on scanning electron microscope (SEM) 
cross-section samples or from the RBS measurements .  
Good agreement  was found between these different 
methods. 

The arsenic dis t r ibut ion and location after the oxida- 
tion were determined by RBS or by neu t ron  activation 
techniques. The backscattering spectra were taken with 

Fig. I. Schematic cross-section views of three of the four different 
group of samples used in this work. 
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Table I. 

July 1983 

Initial structure As implantat ion  

Sample group Oxide th i c k n e s s  (A)  P o l y s i l i c o n t h i c k n e s s  (A) Energy (KeV) Dose 1 x 10 ~ (cm -~) 

Oxidation 

Wet (~ Dry (~ 

A 2500 500 30 1 
B 300 6000 30 and 90 1 
B 1000 5000 30 0.7 and 7 
B 1000 2500 30 1 
C ~ 2500 30 1 
D ~ ~ 30 1 

2 MeV He + ions and a system energy calibrated to 
4.00 KeV/channel :  depth determinat ion was done us-  
ing published (8) values of stopping cross sections. 

For the detection of small arsenic concentrations, 
t rapped in the grown oxide, the neu t ron  activation 
technique was applied. The samples were activated by 
a thermal  neut ron  flux of 2 • 1013 per cm 2 per second, 
and the total gamma ray activity of arsenic at 560 KeV 
was measured approximately  40 hr  later  for a fixed 
time of 100 sec by use of a Ge(Si)  detector and a 
computerized pulse height analyzer.  The depth profiles 
of the arsenic distr ibution were obtained by succes- 
sively etching a thin layer of oxide and recount ing the 
(cumulat ive)  remaining  arsenic activity, N(x).  The 
oxide th inn ing  was done by chemical etching using 
BHF mixtures  containing a few drops of 1000 ppm in-  
active arsenic solution to reduce redeposition of acti- 
vated arsenic dur ing the etching and rinsing. 

The TEM study was conducted at 200 KeV on thin film 
vertical cross-section samples which were prepared 
according to an established technique (9). These 
studies were performed in order  to reveal the presence 
of arsenic inclusions (if any) at the original  polysili-  
con/oxide interface and for characterization of the 
oxide/polysil icon interface morphology. 

R e s u l t s  a n d  D i s c u s s i o n  

Oxidation rate.--The oxide thicknesses of thermal  
oxide grown from arsenic implanted polysilicon films 
in wet and dry  oxygen ambient  at various tempera-  
tures and times are given in Fig. 2. From the compari-  
son of the oxidation rates of a reference undoped (111) 
silicon single crystal (dashed l ines),  it is concluded 
that at the lower temperatures  the wet oxidation of 
the doped polysilicon films is faster. This result  is s im- 
ilar to what  was reported for the oxidation of phos- 
phorus doped films (1.0). The doping affects the chemi- 
cal surface reaction and is more significant at the 
lower temperatures.  The oxidation in the dry ambient  
also occurred at a higher rate for the doped polysilicon 
films than for the reference undoped (111) silicon 
single crystal. 

No significant difference was found between the oxi- 
dation rate of the low dose (7 • 1024 cm -2) and the 
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20K 
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o.1 o2  (15 1 2 5 10 20 

TI ME (HOURS) 

Fi 9. 2. Oxide thickness as a function of time for thermal oxida- 
tion of arsenic implanted polycrystolline silicon films lyin9 over 
silicon dioxide substrote. Points a and b are for polysilicon films on 
bore silicon substrate. 

900 1000 
900 and 1050 
900 and 1050 10O0 and 1100 
900 and 1050 
900 and 1050 
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high dose (7 X 1015 cm -~) implanted  samples. The 
reason can be because the top 500A of the polysilicon 
films were amorphized dur ing the implanta t ion  pro- 
cess. The samples were not annealed  prior to the oxi- 
dation and faster oxidation rates and As segregation 
could take place dur ing  the init ial  oxidation. The high 
segregation coefficient of As in Si, the fast grain 
boundary  diffusion and the As accumulat ion at the 
polysi l icon/buried oxide interface leave the polysilicon 
grains at a relat ively low arsenic concentrat ion inde-  
pendent  of the implanted  dose. The difference in the 
sample s tructure can explain why our results of the 
oxidation rate are different from Ohkawa (11) results 
on oxidizing As- implanted  silicon single crystal sub- 
strates, at relat ively low temperatures  (650~176 
The oxidation rate is faster than  the As diffusion rate, 
and there is a continuous increase in the As concentra-  
tion at the oxidized surface of the single crystal sub- 
strate. This As segregation depends on the ini t ia l  im-  
planted dose and affects the oxidation rate. 

The oxide thickness of oxidized polysilicon lying on 
bare silicon substrate (group "C" samples) are also 
shown on Fig. 2 by the a and b data points. As can be 
seen on Fig. 2, only small  differences in the oxidation 
rate have been found between samples of this group 
and samples of group "B", with the buried oxide under  
the polysilicon film. The result  probably reflects the 
fact that  at the grown SiOJpolys i l icon interface the 
buried oxide layer  does not affect the arsenic concen- 
t rat ion unt i l  the very end of the polysilicon oxidation. 
At this point, the polysilicon layer  becomes very rich 
in  arsenic and the oxidation rate can be affected but  
could not  always be determined i n  our experiments  
where the average oxidation rate was obtained by 
dividing the total oxide thickness by the oxidation 
time. Some evidence for slower oxidation rate in 
samples from group "B" were observed in the RBS 
spectra and will be discussed later. 

During the etching of the oxide films, it was found 
that the 1050~ wet oxidized films are etched about 
7% faster than the 900~ wet oxidized films. This 
result  is related to the different amount  of arsenic 
which had been trapped in the oxide film and will be 
discussed later. 

Oxidizing thin polysilicon films.--Samples from 
group "A" (Table I) were oxidized at 900~ in a wet 
ambient  for 1O, 20, and 60 min, or at 1000~ in a dry 
ambient  for 200 rain. The energy spectra of He + ions 
backscattered from these 900~ wet oxidized samples 
are shown in Fig. 3. It is clear from this figure that  the 
arsenic is pushed ahead from the top surface towards 
the bur ied SiO2/polysilicon interface dur ing  the short 
oxidation. The "bump" near  the Si edge of the He + 
spectra (see Fig. 3) indicates that  the polysilicon was 
not completely oxidized after 10 min  of oxidation, and 
a thin polysilicon layer  is still t rapped between the 
original buried oxide and the new grown oxide. The 
same result  was obtained also from the TEM cross- 
sectioned samples. When the oxidation is completed 
(after ,-,20 min) ,  all the arsenic is located at the orig- 
inal  buried oxide/polysi l icon interface (Fig. 3). The 
arsenic or the arsenic compound is t rapped in the form 
of small inclusions (as will  be demonstrated later)  at 
the original polysi l icon/buried SiO2 interface. After  
longer oxidation (60 min) ,  the arsenic does not change 
its location and remains  at the same position as after 
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Fig. 3. Energy spectra of 2.0 MeV He + ions backscattered from 
samples of thin polysilicon over thick oxide (see insert) after being 
wet oxidized at 900~ for 10 rain ( e ) ,  20 rain (A) ,  and 60 min 
(i-]). Notice the same location of the arsenic peak after the 20 and 
60 turin oxidation. 

the 20 min oxida t ion  (see the As spect ra  in Fig. 3). The 
arsenic  r ich layer  imbedded  in the  oxide does not  influ- 
ence the oxida t ion  of the Si subs t ra te  below as is seen 
in the SiO2 par t  of the spec t ra  in Fig. 3. 

The RBS technique was not  sensi t ive enough to 
detect  the arsenic  d is t r ibut ion  in the oxide, dur ing  the 
oxida t ion  of the  thin polysi l icon layers  over  th ick oxide  
subst ra tes  and the measurements  were  done by  the 
neutron ac t iva t ion  technique.  F igure  4 demons t ra tes  
the resul ts  of the neut ron  act ivat ion measurements  
ob ta ined  f rom a wet  oxidized sample  (900~ 60 min) .  
The arsenic  act ivi ty,  N(x) (normal ized  to the  ini t ia l  
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Fig. 4. (a) Thin polysilicon layer over thick buried oxide, (b) 
after wet oxidation at 900~ for 60 min, (c) the arsenic activity 
(normalized to the initial activity) as a function of depth, (d) 
arsenic concentration profile (in arbitrary units) as obtained from 
the neutron activation measurements. 

ac t iv i ty  N (0) ) ,  as a funct ion of depth  is given in pa r t  
c of  this figure. A measure  re la ted  to the  arsenic  con- 
cent ra t ion  CAs (Fig. 4d) is ob ta ined  by  dividing the 
difference in the arsenic  ac t iv i ty  of two successive 
layers ,  N(x - -  ~x) - -  N(x), by the thickness,  ~x, of 
the l aye r  removed  be tween  the two measurements .  As 
was expected,  due to the high segrega t ion  coefficient of 
arsenic  in silicon, a v e r y  smal l  quan t i ty  of arsenic is 
t r apped  in the  top oxide l aye r  and  most of the arsenic  
is p resen t  at  the or iginal  po lys i l i con /bur i ed  oxide  in-  
terface.  F igure  5 summarizes  the neu t ron  act ivat ion 
da ta  for  the pa r t i a l l y  oxidized film at 900~ (s team) 
and the comple te ly  oxidized films at  900~ (s team) 
and 1000~ (d ry ) .  In  the pa r t i a l l y  oxidized sample,  
most of the  arsenic  remains  in the unoxid ized  polys i l i -  
con layer .  The sharp  drop in the arsenic  content  at  the 
ox ide /po lys i l i con  interface  is p robab ly  caused b y  the 
etching of a thin sur face  l aye r  of sil icon af te r  the top 
oxide  removal .  The a p p a r e n t  spread  in the arsenic  
d is t r ibut ion  near  the po lys i l i con /bur ied  oxide  in ter face  
for the comple te ly  oxidized samples  in Fig. 4 and 5 
could be caused b y  the var ia t ions  in the thickness of 
the polysi l icon films across the wafer  or  b y  var ia t ions  
in the oxide  etching. 

Note tha t  there  is no de tec tab le  arsenic  diffusion into 
the bur ied  oxide l aye r  in the  900~ wet  oxidized 
samples.  On the o ther  hand, there  was subs tan t ia l  
arsenic diffusion into the bu r i ed  oxide dur ing  the 
longer  1000~ d r y  oxida t ion  (Fig. 5). For  the  900~ 
wet  oxidat ion,  the t empera tu re  is too low and the t ime 
is too short  for any  de tec table  arsenic diffusion into the 
under ly ing  oxide. A rough es t imate  of the arsenic  d i f -  
fus ivi ty  can be ob ta ined  by  assuming that  the arsenic  
f ront  d i sp lacement  in the  1000~ d r y  oxidized sample  
compared  to that  of the 900~ wet  oxidized sample  is 
about  ~/Dt--~ where  D is the  arsenic diffusivi ty in SiO2 
at  1000~ and t is the d ry  oxidat ion  time. The va lue  of 
D ~ 1 X 10 -15 em2/see, ob ta ined  by  this a pp ro x ima-  
tion, is s l ight ly  h igher  than  some previous  resul ts  ob-  
ta ined for  arsenic  diffusion in silicon dioxide (12, 13) 
but  is in ve ry  good agreement  wi th  the  da ta  of 
Tsukamoto etal .  (14). The Tsukamoto  exper imen t s  
showed that  the arsenic diffusivi ty in sil icon dioxide  is 
enhanced b y  in t roducing  ex t ra  oxygen into the si l icon 
dioxide f rom an oxidiz ing a tmosphere .  Arsenic  in t e r -  
acts wi th  the ex t ra  oxygen,  and an a r sen ic -oxygen  
compound is formed which has a much h igher  diffu- 
s iv i ty  than  e lementa l  arsenic.  

Oxidizing thick po~ysiIicon f~/ms.--Samples of group 
"B" or "C" (see Table  I)  were  used for eva lua t ing  the 
long oxidat ion  runs and the arsenic  diffusion th rough  
the thin bur ied  oxide subs t ra te  (see Fig. 6a). The 
backsca t te r ing  spectra,  t aken  wi th  2.0 MeV He + ions 
f rom samples  tha t  were  pa r t i a l l y  oxidized at  900~ are  
given in Fig. 7. The SiO2 edges and the arsenic  locat ion 
in this spec t rum indicate  that  th inner  oxides were  
grown on samples  of group "B". This slowing down of 

r \ ~ POLY S i- 500A \ 
r ~c~sio2-25oo~, ~ ' 

Z i~ - r ,  I 'A ' '  
.~0.5 WET 900~ 'IOMIN. 

i I o WET 9 0 0 ~  
(~ ~ DRY 1000~ 200 MtN. 
-- ORIGINAL POLY/SiO 

INTERFACE 

, l~ O /  ] I I I I I I I I I 
500 1000 

~PARTIALLY 
" ~ D I Z E D  

\ ,  
t500 2000 

DEPTH [~,] 

Fig. 5. Arsenic losses in the grown oxide as measured by the 
neutron activation technique on thin polysillcon films oxidized 
over a thick silicon dioxide substrate, after successive etching of 
SiO2. 
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Fig. 7. Backscattering spectrum using 2.0 MeV He + ions from 
samples of thick polysilicon deposited on thin oxide or bare silicon 
substrates, arsenic implanted (30 keV, 1 X lO-l~cm -2)  and 
partially oxidized at 900~ Notice the arsenic pile-up at the top 
and bottom interfaces of the deposited layer. 

the oxidation is due to the presence of the buried oxide 
under  the polysilicon film which affects the arsenic 
concentrat ion in the remain ing  polysilicon layer. 
Arsenic forced to concentrat ion above the solubili ty 
l imit  in silicon could form an intermetal l ic  compound 
which may oxidize slower than pure silicon. Both 
samples of Fig. 7 shows the arsenic pile up at the top 
and bottom edges of the remaining  polysilicon (see 
also Fig. 6b). The arsenic pile up at the grown oxide/  
polysilicon interface is as expected. The arsenic ac- 
cumulat ion at the polysi l icon/substrate  interface can 
be explained (7) in terms of diffusion and segregation 
of arsenic in  the grain boundaries and  by considering 
the interface between the polysilicon and the sub-  
strate (single crystal or oxide film) to  be analogous to 
the interface between grains in a polycrystal l ine ma-  
terial. When the polysilicon is completely oxidized, 
most of the arsenic remains at the original  polysil icon/ 
oxide interface (Fig. 6c), but  some of the arsenic 
diffuses through t he  thin oxide and is smoothly dis- 
t r ibuted below the new oxide/si l icon interface. It  was 
not determined if the arsenic diffused into the silicon 
substrate was in an elemental  form or as As2Ox. 

Figure 8a is a TEM micrograph of a vertical cross- 
sectional sample of group "B" after being completely 
oxidized in steam at 900~ The scattered dark dots 
along the original polysi l icon/buried oxide interface 
were analyzed by an energy dispersive x - ray  of an 
EDAX spectrometer in a Philips EM 400 STEM, and 
found to be a compound of arsenic-oxygen-si l icon.  The 
size of these inclusions were too small  for a definite 
identification of their composition and s t ructur  e . Since 
the arsenic is exposed, dur ing the oxidation, to an 
oxygen env i ronment  and since the arsenic had shown 

Fig. 8. Transmission electron microscope, cross-section micro- 
graphs after a complete oxidation at 900~ in steam of thick 
polysilicon film (2500A) deposited over (a) thin oxide (1000A) or 
(b) bare silicon substrates. 

a significant diffusion into the buried oxide, we 
believe that the arsenic inclusions are in the form of 
arsenic oxide. An unsuccessful at tempt was made to 
analyze the arsenic compound in this sample by 
Auger spectroscopy (15). The Auger measurements  
failed to detect the arsenic either due to the average 
low concentrat ion of the scattered arsenic inclusions or 
due to the fact that the arsenic-oxygen compounds 
have a high vapor pressure [10 -5 Torr  (16)] at room 
temperature  and were volatilized dur ing the ion beam 
mil l ing used to obta in  the Auger depth profile. More 
experiments  are required to bet ter  analyze the chemi- 
cal state of the arsenic oxygen complex. The dis t r ibu-  
tion of these arsenic agglomerations at distances com- 
parable to the polysilicon grain size s t rengthen the 
assumption that the arsenic segregates at the grain 
boundaries of the polycrystal l ine material .  

The neu t ron  activation analysis of the oxidation of 
samples from group "B" and "C" are given in Fig. 9. 
These results are different from the results obtained 
after oxidizing thin polysilicon over thick oxide (Fig. 
4). Even after etching the oxide behind the original 
polysi l ica/buried oxide interface, the arsenic concen- 
tration, is still high. The arsenic activity remains  strong 
even after the complete removal of the oxide indi-  
cating that arsenic must  have diffused into the silicon 
substrate through the 1000A Of the buried oxide. This 
large amount  of arsenic diffused into the substrate is 
probably due to the relat ively long time of oxidation 
that was required for completing the oxidation of the 
2500A polysilicon and due to the fact that arsenic diffu- 
sion in SiO2 is enhanced in a wet oxygen ambient  (14). 
By fur ther  etching of the silicon after the oxide re-  
moval, it was found that  in most cases the diffused 
arsenic into the silicon substrate  is located at the first 
500A below the oxide interface. Figure 10 summarizes 
the normalized activity of the remaining  arsenic as a 
function of depth, for samples wet oxidized .at 1050~ 
In this figure, three regions of sharp drop in the 
amount  of the remaining  arsenic are observed. Those 
at the right hand of the figure are caused by  the arsenic 
accumulat ion near  the SiO2/Si interface. The drop in 
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Fig. 9. (a) Thick polysilicon layer over buried oxide or bare 
silicon substrate. (b) Samples after wet oxidation at 10S0~ for 
200 min. (c) Arsenic concentration profiles (in arbitrary units) as 
obtained from the neutron activation measurements. 

the arsenic content  of samples c and d, around the 
depth of 5700A (--~2500/0.45), is due to loss of the 
arsenic accumulated at the original  polysilicon/SiO2 
interface as it was observed also by the TEM and the 
RBS. Sample b with the polysilicon deposited directly 
on the silicon substrate does not  show, as expected, 
this arsenic loss. It is still not fully understood what  
caused the changes of the arsenic absorbed in the oxide 
around the depth of 3000A. 

Neutron activation measurements  were conducted 
also on the steam 900~ steam oxidized samples and an 
example for these results in comparison with the 
1050~ oxidation are shown in Fig. 11. The arsenic re- 
main ing  in the silicon substrate, after the oxide re-  
moval, is slightly lower (~--5%) as compared to the 
10% which remains  in the 1050~ samples. This differ- 
ence is due to the faster diffusivity of the arsenic 
through the buried oxide at the h ighe r  temperature .  
These results can be compared with the results of 
group "A" samples, with the thick oxide substrates, 
(shown also in Fig. 11) where no arsenic was detected 
in the silicon substrate after the oxide removal. 

Figure 11 also shows that more arsenic is t rapped in 
the oxide grown at the 900~ than in the 1050~ oxide 
films. This var iat ion in the arsenic concentrat ion in the 
grown oxide could be the reason for the different 
etching rate which was reported earlier. 

The morphology of the final oxide/si l icon interface 
of group "B" samples is different from that of group 
"C" samples as is shown in Fig. 8b. In  the group "C" 
samples (2500A polysi l icon/Si) ,  small  protuberances 
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Fig. 10. Neutron activation measurements of the arsenic dis- 
tribution in thick polysilicon films implanted with arsenic (30 keV, 
1 X 10-ZScm -2)  and oxidized at 1050~ in steam. The solid lines 
are for group "B" samples (2500A polysilicon aver 1000A SiO2) 
and the dashed lines are for group "C" samples (2500A poly- 
silicon over bare silicon substrate). 
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Fig. 11. Comparison of the arsenic distribution after wet oxida- 
tion of samples from group "A" and "B" at 900 ~ and 1050~ 

in the oxide near  the substrate interface were observed. 
The nonuni fo rm distr ibut ion of arsenic a t  the i n t ~ a c e  
is again due to the grain boundary  segregation. Silicon 
inclusion in the polysilicon oxide as found by Ander -  
son and Kerr  (17) or Marcus and Sheng (5) could not 
be detected in  this work in any  group of samples or 
oxidation temperatures.  It  should be ment ioned that  
whenever  thin polysilicon films (~500A) were com- 
pletely oxidized over bare single crystal substrates 
the oxide/sil icon interface was always smooth and 
uni form as for normal  thermal  oxidation of silicon 
single crystal. This is probably because of the complete 
amorphizat ion of the polysilicon layer  dur ing  the im-  
plantat ion process. 

Conclusions 
The complete oxidation of arsenic implanted poly- 

crystall ine films over oxidized substrates can be 
achieved with the following features: (i) The oxida- 
tion rate of polysilicon is slightly reduced by the pres- 
ence of a buried oxide layer  under  the polysilicon. (ii) 
Arsenic, probably  in the form of an arsenic-oxygen 
compound, is t rapped at the original polysi l icon/buried 
SiO2 interface. (iii) The diffusion of arsenic through 
the buried oxide is enhanced in dry or wet oxygen 
ambient.  With long oxidation t ime and with a th in  
buried oxide a significant amount  of arsenic can diffuse 
through the oxide into the silicon substrate. 

Oxidation of the doped arsenic films over bare silicon 
substrate resulted in the following conclusions: (i) 
Arsenic accumulated at both oxide/polysil icon and  
polysil icon/sil icon interfaces when  the films were only 
par t ia l ly  oxidized. (ii) The oxide/si l icon interface, 
after the oxide reaches the silicon substrate, was rough 
when thick polysilicon layers (2500A) were oxidized 
and smooth in the case of oxidizing thin polysilicon 
layers (500A). (iii) No inclusions or protuberances 
were found in any  of the oxide films grown from the 
implanted polysilicon films. Fur ther  analysis to iden-  
tify the arsenic-oxygen compound is necessary. 
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Infrared Characterization of and fi-Crystalline Silicon Nitride 

J. P. Luongo 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Silicon nitride, Si3N4, used as a passivating layer in microelectronics, exists in the crystalline forms, a-Si3N4 and fl-Si3N4, 
and as amorphous material. Although the two crystalline modifications differ only slightly in their structure, it has been 
found that each modification can be distinguished by infrared spectroscopy. The spectral characteristics of a- and fl-Si3N4 
are described and a method for determining the concentration of one phase in the presence of the other has been developed. 

The current  interest  in the highly desirable proper-  
ties of SigN4 for use in microelec~ronics has prompted 
a need to t  an improved characterization os crystalLne 
SigN4. The purpose of this work is to describe how 
the a- and S-modifications of crystall ine Si3N4 can be 
quant i ta t ively  characterized by infrared spectroscopy. 

The formation of bulk  silicon mtr ide  was first noted 
by early workers (1, 2) who heated several metal-s i l i -  
con alloys in ni t rogen at approximately 1400"C and 
then extracted the unreaeted metal  phase from the re-  
action mixture.  Pre l iminary  ewdence of two dii-lerent 
nitrides was first reported by Turkdogan and Ignato- 
wicz (3). Although other workers at tempted to cnarac- 
terize the two modifications as orthorhombic, rhombo- 
hedral, etc., it was the experiments of Turkdogan et al. 
(4) and Hardie and Jack (5) that established the actual 
ident i ty  of the two forms which were designated "a-" 
and "fl-." Turkdogan et aI. (4) found that  the a- and fl- 
forms could be prepared by first heating pure amor-  
phous silica to 1450~ in a s t ream of extremely pure 
nitrogen. Samples from this "master batch" were then 
heated to 1450~ in a stream of 2% hydrogen plus 
98% ni t rogen over a period of 2-8 days in a tempera-  
ture range of 1450~176 Periodic x- ray  diffraction 
analyses of the samples dur ing the n i t r id ing process 
showed progressive changes occurred in the diffrac- 
t ion pat tern over the 2-8 day period even though there 
was no change in the chemical composition or density 
of the samples. 

The init ial  crystall ine phase of Si3N4 that formed at 
the lower temperature  (1450~ he called "a" and the 
crystall ine phase that formed at the higher tempera-  
lure  (1600~ and prolonged ni t r id ing was called "~." 
X- ray  analysis of specimens fro-reed between the ini-  
tial and final stages showed they contained various 
ratios of a- and ~-Si~N4. Fur ther  experiments confirmed 
that  the a-phase formed in the presence of excess 
e lemental  silicon and the/~-phase formed in the absence 
of silicon. Hardie and Jack (5) in collaboration with 
Turkdogan have shown that the crystall ine structure 
of both ~- and fl-Si3N4 is hexagonal and that the basic 

Key words: spectroscopy, a n a l y t i c a l ,  s i l i c o n .  

uni t  is a tetrahedron. They established that the differ- 
ence between the two modifications is that the/~-form 
is a slightly distorted tetrahedron relative to the a- 
form. 

The infrared spectrum of crystal l ine a-SigN4 has 
been reported by Prochazka and Greskovich (7) and 
Taft (8) has compared the infrared spectra of crystal-  
l ine fi-SisN4 and amorphous Si3N4. Additionally,  a 
group theoretical analysis of the crystal l ine SigN4 in-  
frared spectra has been reported by Wada et al. (9) 
and Wild et al. (10) have suggested that atomic sub- 
st i tut ional  changes in crystal l ine fi-SisN4 are reflected 
in spectral changes. 

In  the current  manufacture  of crystall ine Si3N4, the 
ratio of the a- and ~-Si3N4 modifications can vary  con- 
s iderably depending on the s tar t ing materials and 
conditions of the ni t r id ing process. 

In  this work, the quant i ta t ive  infrared determinat ion 
of the a.- and S-modifications in commercially avail-  
able samples of crystal l ine Si3N4 will be described. 

Experimental 
The spectra (as KBr pellets) were recorded using a 

Pe rk in -E lmer  Model 283B infrared spectrometer in ter-  
faced with a Model 3500 Data Station Computer. In 
Table I, the freque~ncy location (cm -1) of the absorp- 
tion bands are correlated with the corresponding n u m -  
bers shown on the absorption bands in Fig. 1 and 2. 

Figure 1 shows the spectra of ~-Si3N4 and fl-Si3N4 in 
the 1300 to 320 cm -1 region. The main  strong absorp- 
tion band near  950 cm -1 is a fundamenta l  vibrat ion 
due to the St-N-St  ant isymmetr ical  s tretching mode 

Table I. 

B a n d  c m  -1 B a n d  e m  -x B a n d  era-* 

1 1040 7 854 13 443 
'2 957 8 684/675 14 406 
3 941 9 600 15 378 
4 906 10 578 16 371 
5 693 11 509/495 17 352 
6 671 12 460 
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Fig. 1. In f rared  spectra of  ~ -  and f l -S i3N4 

and the absorption at 495 cm -1 is the symmetr ica l  
s t retching mode for the Si-N-Si  molecular  group (6). 
The considerable var iat ion i n  the intensities of the 
a- and /~-phase absorption bands reflect the subtle 
difference in the distorted te t rahedron of the /3-phase 
relat ive to the a-phase. 

In  the a-phase (Fig. 1), the bands at 957, 941, 906, 
893, 871, and 854 cm -1 appear as distinct absorptions 
whereas in the fl-phase these absorptions form a band  
envelope with the main  absorption min ima  at 941 cm -1. 
The most significant difference can be seen at 684/675, 

,B -Si3N 4 13 

a -S i3N 4 
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Fig. 2. D i f fe rence  spectra of ~-  and f l -S i3N4  

in the 1300  cm - ;  to 300  cm - 1  region 

600, 495, 460, 406, and 352 cm -1. In the a-phase, these 
absorptions appear as s trong sharp bands when com- 
pared to the /~-phase at the same frequencies. In the 
/3-phase, the bands at 578, 443, and 378 cm -1 are strong 
and distinct when compared to the a-phase. In  Fig. 2 
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Fig. 3. 684  c m - ~ / 5 7 8  cm - 1  absorpt ion rat io  vs. % w / w  a -S i3N4  
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Fig. 4. Infrared spectra of three samples.of commercial grade crystalline SIGN4 

is shown the computer -ass i s ted  difference spec t rum of 
the ~- and ~-modlfications.  The absorpt ions  above the 
basel ine  at  578, 443, and 378 cm -1 are due to the #- 
modification and the absorpt ion  below the basel ine are  
due to the a-modif icat ion.  

Since the 684/675, 600, 509/495, 460, 406, 371, and 
352 cm-1  absorpt ions  are  assignable to the a -phase  and 
the 578, 443, and 378 cm -1 absorpt ions  are  a t t r ibu tab le  
to the  in t ramolecu la r  in teract ions  of the ~-phase,  the 
ra t io  of the absorbances  at  684 and 578 cm -1 can be 
used to quan t i t a t ive ly  de te rmine  the amount  of a- and 
B-SigN4 in unknown mixtures .  

The absorbance  ratios,  R = A6s4 cm -1 (~) f rom the 
A57s cm -1 (~) 

spec t ra  of known mix tures  were  p lo t ted  vs. % concen-  
t ra t ion  a-Si3N4 and are  shown in Fig. 3. 

In  Fig. 4, are shown the spect ra  of th ree  com- 
merc ia l ly  avai lab le  samples  of crys ta l l ine  Si3N4 to 
i l lus t ra te  the  ~/B var ia t ions  encountered.  The 

A6s4 cm -1 (a) 
R -- ra t io  of the  th ree  samples  was ca1- 

A57s cm -1 (.B) 
cula ted  and the concentrat ions of the ~- and ~-phases 
de te rmined  f rom Fig. 3. Table  II  shows the concent ra-  
tions of the  ~- and B-modifications found in the three  
commercia l  samples.  

The min imum concentra t ion of e i ther  the a- or ~- 
modification that  can be detected in the presence of 
the o ther  was found to be •  ( w / w ) .  Fo r  example ,  
in the spec t rum of the  "TCNOR" sample,  Fig. 4, the  
684 cm -1 absorpt ion  represents  3% ~-Si~N4. Using com- 

Table II. 

S a m p l e  % a-SiaN4 (w/w) % ~-Si3N~ (w/w) (100% -%a) 

PCNOE 54 46 
LATOB 49 61 
TCNOR 3 97 

pute r  genera ted  scale expansion of the  a-  or B-absorp-  
tions, it  is es t imated  that  the detect ion l imits  can be 
reduced to • ( w / w )  of e i ther  the a- or  B-modi-  
fications. 

Conclusion 
The absorpt ion  spect ra  of the ~- and B-phases of 

SigN4 can be  used to dis t inguish the two crys ta l l ine  
modifications. The absorpt ion  bands  due to each phase 
have  been assigned and the  absorbance  rat ios  of the 
respect ive  bands  can be used for  the quant i t a t ive  de-  
t e rmina t ion  of c rys ta l l ine  a- and B-silicon ni tr ide.  

Manuscr ip t  submi t ted  Dec. 10, 1982; rev ised  m a n u -  
scr ip t  received March  15, 1983. 

Any  discussion of this  paper  wil l  appear  in a Discus-  
sion Section to be pub l i shed  in the June  1984 JOURNAL. 
Al l  discussions for  the June 1984 Discussion Sect ion 
should be submi t t ed  by  Feb.  1, 1984. 

Bell Laboratories assisted in meeting the publication 
costs of this article. 
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The Influence of the LOCOS Processing Parameters on the Shape of 
the Bird's Beak Structure 

T.-C. Wu,* W. T. Stacy,* and K. N. Ritz* 
Philips Research Laboratories Sunnyvale ,  Signetics Corporation, Sunnyvale,  California 94086 

ABSTRACT 

A qualitative model  to explain the influence of processing parameters  on the shape of the "bird 's  beak" structure, the 
transit ion region from field oxide to pad oxide, has been developed. The parameters  included are (i) pad oxide thickness,  
(ii) field oxidation temperature,  (iii) wafer orientation, (iv) thickness of the field oxide grown, and (v) field oxidat ion pres- 
sure. The strength of the influence of each parameter  is also discussed. Exper imental  results are also presented that  Verify 
the model. 

The local  oxida t ion  process  (LOCOS) has been 
wide ly  appl ied  as a device isolat ion technique to im-  
prove  the pe r fo rmance  and to increase the  packing 
dens i ty  of in tegra ted  circuits  (1). In  a typica l  LOCOS 
process, there  is a l aye r  of SiO2 (the pad  oxide layer )  
under  the  SisN4 oxida t ion  mask.  The pad  oxide layer  
serves two m a j o r  purposes:  (i) as a buffer l aye r  to 
reduce the  stress f rom Si3N4 which causes defects in  
si l icon dur ing  the LOCOS step, and (ii) as an etch 
step l aye r  du r ing  the n i t r ide  etching step. La t e ra l  dif-  
fusion of the  ox idan t  th rough  the pad  oxide  l aye r  
dur ing  the LOCOS step creates a region which is 
cal led the b i rd ' s  beak  (BB) nea r  the edge of the mask-  
ing n i t r ide  layer .  

The length  of the BB (Lbb) is comparab le  to the 
thickness  of the  field oxide which is typ ica l ly  of the 
o rde r  of 1 #m. Therefore,  the magn i tude  of Lbb makes  
i t  an impor t an t  factor  in VLSI  technology.  Not only 
does the  BB region reduce  the area  of the active de-  
vices, but  also the  edge effect due to the  BB has to 
be taken  into account for  smal l  geomet ry  devices. For  
two-d imens iona l  device modeling,  i t  is impor t an t  to 
know the shape of the BB in detai l .  Fu r the rmore ,  it  
is des i rable  to use the oxide wal l  as a se l f -a l igned  edge 
for  the  contact  opening to improve  the dens i ty  of the  
circuit .  The contact  e tching s tep  then is cr i t ical  so 
tha t  a good contact  can be made  wi thout  exposing the 
p - n  junc t ion  under  the  BB region. Al l  of these requi re  
an  unde r s t and ing  of the  influence of the LOCOS pro -  
cessing pa rame te r s  o n  the shape  of the  BB. 

In  this paper ,  a qual i ta t ive  model  is p resented  to 
descr ibe the  re la t ionship  be tween  the processing con- 
dit ions and the shape  of the BB. The processing p a r a m -  
eters  included in this pape r  are  (i) pad  oxide th ick-  
ness (ii) oxidat ion  t empera tu re ,  (iii) wafer  o r ien ta -  
tion, ( iv)  th ickness  of the field oxide grown, and (v) 
oxidat ion  pressure .  The shape of the BB is obta ined by  
t ransmiss ion e lect ron microscope (TEM) or scanning 
e lec t ron microscope (SEM) cross-sect ional  techniques.  
The da t a  agree  ve ry  wel l  wi th  the  proposed  model.  

The Mechanism of the Bird's Beak Formation 
The growth  mechanism of the  BB can be i l lus t ra ted  

by  the schemat ic  d rawing  of Fig. la.  A t  a pa r t i cu la r  
t ime dur ing  the  LOCOS process,  the point  S ( t ) ,  y ___ 0, 
is the  end of the BB. At  the same time, some amount  
of the field oxide, Tox(t), has g rown in areas  wi thout  
SisN4. As the oxidat ion  react ion continues,  the ox idant  
diffuses th rough  Tox(t) to increase  the  thickness  of 
the  field oxide and th rough  the exis t ing BB region to 
extend the length  of the  BB. By compar ing  the ox ida -  
tion ra te  under  the  n i t r ide  mask and the oxidat ion  ra te  
under  the  exis t ing field oxide, the  influence of p a r a m -  
eters  on the shape of the BB can be obtained.  

* Electrochemical  Society  A c t i v e  M e m b e r .  
Key  words:  local  oxidation,  field oxidation,  LOCOS process ,  

bird's beak structure.  

The oxida t ion  ra te  in the  region  y > 0 of Fig. lb  
can be obta ined by  solving a s imple diffusion equat ion 
together  wi th  the oxidant  consumpt ion rate.  The flux 
of the  oxidant  I ( y , t )  at any  point  y > 0 for  t ime t > 0 
can be expressed as 

dC(y ,  t) 
I ( y ,  t) = Tpd " J (Y ,  t)  = --  TpdD [1] 

dy 

where  J ( y ,  t) is the flux dens i ty  of the oxidant ,  Tpd is 
thickness  of the  pad  oxide layer ,  D is the  diffusivi ty of 
the  ox idant  in SIO2, and  C(y ,  t) is the concentra t ion of 
the oxident .  Meanwhile ,  the  consumption ra te  of the 
oxidant  be tween  y and y + dy is 

dI (y ,  t)  d~C(y, t )  
- -  . - -  -- TroD = ksCi(y,  t)  [2] 

dy dy2 

where  Ci (y , t )  is the concentra t ion of the  ox idant  at  
the Si/SiO2 in ter face  corresponding to posi t ion y, and 
ks is the  surface react ion ra te  of oxidat ion.  Fo r  a 
typical  pad  oxide of 200-500A, the profile of the  ox idan t  
a long the z -d i rec t ion  can be assumed to be l inear .  
Therefore  

C ( y ,  t) - Ci (y ,  t) 
O -- ksCi(Y, t )  

Tpd/2 
o r  

Z 

I ' Tox(t) ,, Lbb( t ) "~  }/  I / , i / l t P  

Ro(t) (a )  

C (y, t ) Tpd 

i " Y  
rl 

C i (y, t) 

(b)  

Fig. 1. (a) Schematic drawing for the growth mechanism of the 
bird's beak, (b) detail drawing of the region y > 0 in (a). 
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Ci(y,  t) ---- - - - C(y ,  t) [3] 

+ 

Subs t i tu t ing  Eq. [3] into Eq. [2] 

dy2 --  Tpd---D Tpdks ) C ( y , t )  [4] 

-b 2D / 

solving Eq. [4] wi th  the  p rope r  bounda ry  conditions,  
we find 

C ( y , t )  ---- Cs(t)  exp ( - -  7Y) [5] 

where  Cs(t)  is concentra t ion of the ox idant  of point  S 
(y ---- 0) at t ime t; and 

2 D /  

Therefore,  the  oxida t ion  ra te  at  the Si/SiO2 interface 
under  the  masking  n i t r ide  is 

R ( y ,  t) -~ ksCi(y,  t)  

= ksC~(t) Tpak- exp ( - - ' m )  [7] 

+ 
At the same time, the  oxida t ion  ra te  under  the exist ing 
field oxide is 

Ro(t)  = ksCi(t)  [8] 

where  Ci(t)  is the concentra t ion  of the ox idant  at the  
Si/SiO.~ interface  under  Tox(t). Combining Eq. [7] and 
[8] 

R ( y , t )  C~(t) ~11 + ~__pdk . ) Ro(t---~ -- Ci(t)  - exp ( - -Ty)  [9] 

2 D J  

This re la t ionship  holds th roughout  the ent i re  LOCOS 
step, so that  i t  correlates  the ra~io of Lbb to  Tox ( th ick-  
ness of the  field oxide g rown) .  By analyz ing  Eq. [9], 
the influence of the processing pa ramete r s  on the shape 
of the  BB can be obtained.  Even though Eq. [9] is 
i l lus t ra ted  for the case of a typica l  MOS process (Fig. 
3b),  i t  works  for the  recessed oxide  case (Fig. 3a),  also. 

The r i gh t -hand  side of Eq. [9] consists of an ex-  
ponent ia l  decay te rm and a p re -exponen t i a l  factor. The 
exponent ia l  decay te rm shows the decrease of the oxi-  
dat ion ra te  wi th  the distance away  f rom the n i t r ide  
edge, which is the  dominat ing  mechanism of the BB 
formation.  The l a rge r  the decay  coefficient 7 is, the 
sma l l e r  the value of Lbb/Tox wil l  be. I t  can be seen from 
Eq. [6] tha t  7 is a function of k~ (surface react ion ra te  
of oxida t ion) ,  D (diffusivi ty of the oxidant  in SiO2), 
and Tpd ( thickness of the pad oxide l aye r ) .  For  s team 
oxida t ion  at a round  1000~ and pad  oxide thickness of 
a round 500A, the va lue  of Tpdks/2D is of the o rder  of 0.1 
which  makes  the  (1 + Tpdks /2D)- I  t e rm of 7 much 
less important , .  

Table  I lists the effects of va ry ing  processing p a r a m -  
eters  on the values of 7 and Lbb/Tox. The sma l l e r  a r row 
indicates  the less ' inf luential  effect which is about  an 
order of magni tude  sma l l e r  than the long arrow. The 
ma jo r  conclusions are  as fol low: 

(i) Decreasing the thickness of the  pad oxide layer  
causes both  term, ks/TpdD, and the second term, (1 + 
Tpdks/2D) -1, in 7 to increase  which resul ts  in a drast ic  
decrease of Lbb/Tox. This is the most common method 
of reducing the length  of BB. However ,  the  purposes  
of the pad  oxide l aye r  impose a l imi t  on the  pad  
oxide  thickness.  

(ii) Increas ing the va lue  of k~ wil l  give a net  re -  
duction in the  va lue  of LbbTox. This can be done by  

Table I. The influence of varying the processing parameters on the 
values of 7 and Lbb/Tox 

7 = 
Tp4D 

L 

k s 

TpdD 7 

1 -~ ~ ~/c 

T~dks i 
1 + - -  

2D 

1 

Tpd)~s 
1 + - -  

2D 

Lbb 

Tox 

T T* i v 
Processing $ [ ~" 

tempera ture  T l I $ 

using wafers  wi th  different  or ientat ion,  such as using 
<111> w a l e r  ins tead of <100>.  This effect expla ins  
the  resul ts  repor ted  in the l i t e ra tu re  (2) where  the 
p -channe l  process, using <111> wafers,  has a shor te r  
BB than  the n -channe l  process, using <100>  wafers.  

(iii) Increas ing the processing t empera tu re :  Both ks 
and D increase  as the t e m p e r a t u r e  increases. Since ks 
is more  t empe ra tu r e  dependen t  than  D is, the value  of 
ks/D increases as the t empe ra tu r e  increases.  I t  resul ts  
in a ne t  decrease of Lbb/Tox. Therefore,  h igher  process-  
ing t empe ra tu r e  provides  a shor t e r  BB in the  LOCOS 
step. 

As the  values  of Tpd, ks, and D rema in  constant,  
secondary  effects due to the var ia t ion  of the p r e - e x -  
ponent ia l  factor  in Eq. [9] can be detected.  The value 
of Lbb/Tox is de te rmined  by  the cumula t ive  effect of 
C s ( t ) / C i ( t ) ,  where  both terms are  t ime dependent .  In 
the beginning of the LOCOS process, the oxidat ion  
reac t ion  is in the  l inear  regime.  The rat io of C s ( t ) /  
Ci(t)  is ve ry  close to 1. As the react ion progresses,  both 
the Si/SiO2 interface  under  the field oxide and point  S 
move away  from the source of the ox idant  (gas 
s t r eam) .  In  addit ion,  the  deve lopment  of the BB l imits  
the solid angle of the oxidant  supply  to point  S. 
Therefore,  the rat io of C s ( t ) / C i ( t )  decreases.  With  
these arguments ,  qual i ta t ive  var ia t ions  of Lbb/Tox due 
to the effect of Cs ( t ) / C i ( t )  can be obtained.  

(iv) The va lue  of Lbb/Tox depends  on the thickness 
of the  field oxide grown.  For  th inner  field oxide, a 
la rger  value of Lbb/Tox is expected,  because a grea ter  
por t ion  of the react ion is in the ini t ia l  regime. As the 
field oxide gets thicker,  the  por t ion in the  ini t ia l  regime 
becomes less impor tant ,  so that  the value of Lbb/Tox 
gradua l ly  approaches  a constant  number .  

(v) High pressure  oxidat ion  resul ts  in a s l ight ly  
longer  BB. Both the  l inear  ra te  and the parabol ic  ra te  
constants have  been observed to have a l inear  p res -  
sure dependence  (3) for s team oxidat ion.  This indi-  
cates tha t  both  ks and D are pressure  independent .  The 
effect of high pressure  oxidat ion  on Lbb/Tox is main ly  
due to the  effect of C s ( t ) / C i ( t ) .  For  a fixed thickness 
of the field oxide, more of the  react ion is in the ini t ia l  
regime in the case of high pressure  oxidat ion.  This re -  
sults in a s l ight ly  l a rge r  value  of Lbb/Tox. 

Experimental  Results 
The processing sequence for  the exper iments  are  

l isted in Table  II. The field oxida t ion  s teps were  car-  

Table II. Processing sequence of the experiments 

(1) s tar t ing material:  p-type <100> 5-7 il-cm 
p-type <111> 7-21 9-cm 

(2) pad oxide growth: 95{)~ in 02, 300-600A 
(3) LPCVD SigN, deposition: 80,0~ SiHeC12, 1000-2000A 
(4) photoli thography 
(5) plasma etch of Si~N~ 
(6) strip photores i s t  
(7) pad oxide  e tch  
(8) field oxidation under  various  condit ions  
(9) LPCVD poly-Si deposition: 650~ Sill4, 2500-5000A 

(10) TEM and SEM cross  sect ion  
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r ied out  in pyrogenic  s t eam a t  pressures  of 1 or 10 
a tm with  t empe ra tu r e  be tween  920~176 Two 
groups of samples  were  p r e p a r e d :  (i) Type  1 samples  
have  field oxide  thickness  of 1 ~m. The thickness of the 
field oxide grown was control led  to be as close to 1.0 
~m as possible.  This is to e l iminate  the effect l is ted in 
i t em (iv) of the las t  section. (ii) Type 2 samples  were  
used to s tudy  the influence of va ry ing  the thickness of 
the  field oxide.  Wafers  of the same or ienta t ion  and pad  
oxide thickness  were  oxidized in pyrogenic  s team at  
1000~C for var ious  t imes. This gives the dependence  of 
Lbb/Tox on Tox. 

A f t e r  the  local  oxidat ion  step, a l aye r  of LPCVD 
po ly -S i  was deposi ted on the wafe r  to protect  the top 
surface so that  a be t t e r  cross-sect ional  profile can be 
obtained.  F igure  2 is a typical  TEM cross-sect ional  
pho tog raph  of  the  BB immed ia t e ly  af te r  the  LOCOS 
ste1~ The high resolut ion  of the  TEM technique al lows 
us to inves t iga te  the  BB s t ruc ture  in fine detail .  For  
some studies,  the  SEM cross-sect ional  technique was ap-  
pl ied to s impl i fy  the s tep of the sample  prepara t ion .  I t  
can be seen f rom Fig. 3a and b that  the po ly -S i  layers  
make  the top boundar ies  of the SiO2 ve ry  sharp.  The 
length  of the BB (Lbb) is defined as the hor izonta l  dis-  
tance be tween  the SisN4 edge to the place where  the 
pad oxide  is 5% th icker  than the or ig inal  value.  

The resul ts  of the  measurements  a re  summar ized  in 
Fig. 4 and 5. F igure  5 is the plot  of the  values  of 
Lbb/Tox VS. the processing tempera ture .  Al l  the da ta  
points  a re  for  field oxide  thickness of about  1.0 ~ru. 
The fo l lowing t rends  can be c lear ly  seen in Fig. 4: (i) 
Reducing the  pad  oxide  l aye r  f rom 500 to 330A de-  
creases the va lue  of the Lbb/Tox dramat ica l ly .  (ii) The 
va lue  of Lbb/Tox decreases as the t empera tu re  of the  
field oxida t ion  increases.  (iii) For  any  given t e m p e r a -  
ture, <111>  wafe r  has sma l l e r  Lbb/Tox than  <100>  
wafer.  (iv) Field  oxides grown at  10 a tm pressure  have  
a s l igh t ly  l a rge r  va lue  of Lbb/Tox than  the comparab le  
1 a tm oxidat ion.  These four  resul ts  confirm the p re -  
dictions obta ined f rom Eq. [9]. 

F igu re  5 is the  plot  of Lbb/Tox VS. Tox for <100>  
wafers  wi th  500A of pad  oxide and <111>  wafers  wi th  
550A. of pad  oxide. The oxidat ion  s tep was done in 1 
arm pyrogen ic  s team at 1000~ .The decreas ing t r end  
of Lbb/Tox VS. Tox agrees  ve ry  wel l  wi th  the  predic t ion  
(iv) of the last  section. 

Fo r  fu r the r  analysis ,  the da ta  Points which cor-  
respond to samples  wi th  <100>  wafe r  and field ox ida -  
t ion in 1 a tm steam are  p lo t ted  in Fig. 6. F rom this plot, 
the  compar ison be tween  the effect of reduc ing  pad  
oxide thickness and the influence of increas ing ox ida -  
t ion t e m p e r a t u r e  can be made,  and the act ivat ion en-  
e rgy  of the  t e rm ks/D can be roughly  est imated.  I t  
can be seen f rom Fig. 6 that  the LOCOS step at  920~ 

Fig. 3. SEM cross-sectional photographs of the bird's beak, where 
(a) typical bipolar process and (b) typical MOS process. 
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Fig. 4. Experimental results of LbblTox vs. the processing tem- 
perature. 

Fig. 2. A TEM cross-sectional photograph of the bird's beak 

with  330A of pad  oxide  has  the same value  of Lbb/Tox 
as the LOCOS step at  a round  972~ wi th  500A of pad  
oxide. Since the domina t ing  factor  of Lbb/Tox has been 
shown to be the  decay coefficient v in Eq. [9], a l l  the  
influence is assumed to be caused b y  v only.  Therefore  

(ks~D) at  972~ 
~_ 1.6 [10] 

(ks/D) at  920~ 
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Fig. 6. Experimental dato for the comparison between the effects 
due to temperature and the pad oxide layer. 

This lead to an activation energy of 1.2 eV for the 
terms ks/D. The reaction kinetics of oxidation is usually 
described by the l inear-parabolic model (4) where 
the l inear rate constant, B/A, and the parabolic rate 
constant, B, are 

ksh C* 
B/A ~ ks + h N--~ [11] 

C* 
B --  2 D  ~ [12]  

N1 

where C* is the concentration of the oxidant at the ga~ 
phase, N is the number of the oxidant molecules in- 
corporated into a unit volume of oxide, and h is the 
gas-phase mass-transfer coefficient in terms of concen- 
tration in solid. 

I t  has been shown that h is typical ly much larger 
than ks (5), so that Eq. [11] can be simplified as 

C* 
B/A ~_ k . ~  [13] 

From Eq. [12] and [13], we obtain 

ks  Linear Rate Constant (B/A) 
cc [14]  

D Parabolic Rate Constant (B) 

The activation energies of B/A and B for steam oxi- 
dation are 2.05 and 0.78 eV (6), respectively. From 
Eq. [14], the activation energy for ks/D should be 1.27 
eV which is consistent with the value (1.2 eV) esti- 
mated from Eq. [10]. 

Conclusions 
A qualitative model to explain the influence of the 

processing parameters in the LOCOS process has been 
developed, and it agrees very well with the experi-  
mental results. The model can be applied to both the 
MOS LOCOS process, Fig. 3b, or the Bipolar process, 
Fig. 3a. Besides the well understood effect of the pad 
oxide thickness, the variation of the length of the BB 
due to the wafer orientation is correlated with the 
difference in the surface reaction rate of the oxidation 
(ks). This effect has to be taken into account if the 
oxide isolated bipolar process is to be converted from 
the traditional <111> wafer to the <100> wafer. Since 
the oxidation temperature has a larger  influence than 
the oxidation pressure, the combination of both effects 
has to be considered as high pressure oxidation is 
introduced into the processing sequence. To shorten the 
length of the BB, it is bet ter  to operate at higher tem- 
perature and shorter oxidation period than to operate 
at lower temperature. Finally, the dependence of the 
value of Lbb/Tox on the thickness of the field oxide 
grown has to be included when scaling down to smaller 
dimensions. 
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Profile Control of Polysilicon Lines with an SF6/02 Plasma Etch Process 

R. W. Light* ond H. B. Bell 
Sandia National Laboratories, Albuquerque, New Mexico 87185 

ABSTRACT 

Typical plasma etching techniques used in integrated circuit fabrication can generate steep topographies that cannot be 
covered adequately by subsequent  deposition steps. An SFdO~ plasma etching process for polysilicon using controlled 
photoresist erosion produces tapered edge profiles compatible with step coverage requirements. The degree of taper is a 
function of the photoresist profile, the photoresist to polysilicon etch rate ratio, and the extent of overetch. The photoresist 
and the polysilicon appear to etch predominantly anisotropically with the isotropic component of the polysilicon etch rate 
increasing during the overetch period. 

High resolution photolithographic techniques and 
plasma etching processes are required for the m a n u -  
facture of fine l ine semiconductor devices. Typical 
anisotropic or isotropic plasma etching processes can 
produce vert ical  profiles or profiles approaching 90 ~ at 
the  top of the step that  cannot be covered adequately 
by subsequent  deposition steps. Examples of this prob- 
lem are metal  coverage of contact windows etched 
through silicon dioxide by an anisotropic technique or 
metal  lines crossing conformal SiO~ layers covering 
anisotropically etched polysilicon lines. A thermal  re- 
flow of the SiO2 layer  is often applied to minimize 
these problems but  can result  in undesired dopant 
diffusion or degradation of radiat ion hardness in MOS 
devices. By eroding the edges of the photoresist mask 
dur ing  a plasma etch, a coverable tapered profile can 
be formed on the etched feature. In  this fashion, the 
photoresist profile can be t ransferred to the film being 
etched if the thicknesses and etch rates of the film and 
the photoresist are similar. Controlled photoresist 
erosion (1-5) and flexible diode (6) methods have been 
employed to obtain tapered profiles on plasma etched 
pat terns .  Reports on these techniques have general ly 
given qual i tat ive results. 

This work describes the plasma etching of tapered 
polysilicon lines with an SF6/O2 process and details the 
relat ionship among the photoresist profile, photoresist 
etching behavior, polysilicon etching characteristics, 
and the final polysilicon profiles. The effects of feed 
gas  composition, loading, and etch t ime on the silicon, 
photoresist, and silicon dioxide etch rates are discussed, 
and the polysilicon profile is examined as a function of 
the photoresist to silicon (PR/Si)  etch rate ratio and 
the  ini t ia l  photoresist profile. 

Experimental 
Photolithography.--KTI 1470J positive photoresist 

was dispensed onto the wafer, accelerated to the nec- 
essary spin speed, and prebaked at 90~ for 7.5 min in 
an infrared oven. The photoresist was exposed with 
Kasper  Ins t ruments  Model 2001 contact aligners and 
dip developed using KTI 351 developer (3.5 parts 
water:  1 par t  developer) at 21~ for 60 sec. The photo- 
resist coated wafers were baked at 90~ for 30 rain in 
a convection oven and used either without fur ther  
baking or with an addit ional  bake at a higher tem- 
pera ture  for a 30 min  period. 

Samples.--One hundred  mm diameter  wafers of 
<100>,  3-6 ~ - c m  silicon were oxidized, patterned,  and 
wet etched to leave one-ha l f  of the wafer bare silicon 
and the other half  silicon dioxide. A grid pat tern  of KTI 
14703 photoresist was applied over the wafer. These 
half  and half wafers were used in the init ial  character-  
ization of the silicon, silicon dioxide, and photoresist 
etch rates. Characterization of the loading effects and 
the etching profiles was performed using thermal ly  
oxidized 100 mm silicon wafers coated with 0.60 
microns of LPCVD polysilicon. The polysilicon was 

* Electrochemical Society Active Member. 
Key words: semicondu.ctor, plasmas, etching. 

phosphorus doped to give a sheet resist ivi ty of 20 ~ / [ ] .  
Some of the wafers were then coated with 0.50 #m of 
a luminum.  Both types of wafers were coated with KTI 
14703 positive photoresist and pat terned wi th  2, 3, 4, 
and 5 #m lines and spaces. The a l u m i n u m  coated 
wafers were wet etched and the photoresist removed, 
providing a noneroding  etch mask for the polysilicon. 

Etching.--A Plasma Therm Incorporated PK-2440, 
dual p lasma/react ive  ion etching system with a 3000W, 
13.56 MHz rf power supply was used for this study. The 
rf power was applied to the upper  electrode, and the 
lower wafer -conta in ing  electrode was grounded. The 
24 in. diam a luminum electrodes have a separation of 
2.0 in. and were temperature  regulated at 30~ lower, 
and 25~ upper. Sulfur  hexafluoride and oxygen were 
introduced using calibrated automatic mass flow con- 
trollers. The pressure was set up without wafers in  the 
reactor and was not throttle valve controlled dur ing 
the etch. The half and half samples described above 
were etched for 3.0 min, and the pat terned polysilicon 
profile wafers were etched either by time or un t i l  end-  
point as indicated by moni tor ing the 704 n m  fluorine 
emission line. The polysilicon profile Wafers were 
arranged symmetr ical ly  around the outside of the 
electrode. Eleven wafers can be accommodated per 
run  with an etch time of 2-4 rain. 

Measurements.--Etch rates were determined using 
either a Tencor Alpha-Step Profilometer or by scan- 
n ing electron microscopy (SEM) of t ransversely sec- 
tioned wafer samples. Photoresist and polysilicon pro- 
file data were obtained by SEM. The accuracy of the 
SEM measurements  based upon comparison of the 
pa t te rn  pitch (4, 6, 8, and i0 ~m) with the indicated 
magnification was wi thin  __+5% of nominal  among the 
three SEM ins t ruments  used and the repeatabi l i ty  for 
each ins t rument  was --+2%, relat ive __+a. Samples were 
taken from the center of the wafer and 15-20 mm in 
from the edge of the wafer. 

Results and Discussion 
Etch rates.--The Si, SiPs, and photoresist etch rates 

and the uniformities of the etch rates across the re- 
actor and within  the wafer were optimized using the 
half  and half wafers described above over a range of 
pressure, power, total flow, and percent  oxygen values. 
The total flow, pressure, and power were fixed at 450 
sccm, 150 reTort, and 1500W, respectively. Rf discharges 
of SF6 and SFdO2 mixtures  are par t icular ly  at tract ive 
for polysilicon etching because of the high Si etch rate 
and Si to SiO2 selectivity displayed (7, 8). As shown 
in Fig. 1, the Si etch rate determined from 3.0 rain 
runs with two half and half samples per run  is reduced 
as the percent  O2 is increased. This effect has been 
at t r ibuted to competition between oxygen atoms and 
fluorine atoms for chemisorption on the silicon surface 
(5). The etch rs te  data replotted in Fig. 2 as etch rate 
ratios demonstrate  that the Si to SiP2 selectivity can 
be main ta ined  above 10-1 while br inging the PR/Si  
etch rate ratio to approximately one to one. 
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Fig. 1. The effect of percent 0 2  in SF6 on the etch rates of 
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A typical  loading effect using the pa t t e rned  polys i l i -  
con wafer  3amples is observed  for this sys tem wi th  the 
inverse  of the polysi l icon etch ra te  propo~'tional to the 
number  of wafers  ia  the reactor  (9). These da ta  a re  
plot ted in Fig. 3 as t he  photores is t  to si l icon etch ra te  
rat io  v s .  the n u m b e r  of wafers,  since the photoresis t  
erosion ra te  is r e l a t ive ly  constant  under  these condi-  
tions. By ad jus t ing  the percent  O2 in the e tchant  mix -  
ture,  the loading curve can be shif ted to accommodate  
va ry ing  numbers  of wafers  at  a given P R / S i  etch ra te  
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Fig. 3. The effect of loading on the photoresist/polysilicon etch 
rate ratio. 

ratio. Silicon dioxide does not exhibit  a significant 
loading effect in this system. 

The PR/Si  etch rate ratios derived with the pat-  
terned polysilicon sample are based on etching the 
wafers to completion using the 704 n m  fluorine emis- 
sion l ine to detect the endpoint.  These etch ratios are, 
in fact, averages, since the polysilicon etch rate is pro- 
port ional  to the etch time. This effect is i l lustrated in 
Fig. 4 for a six wafer load and a 75% 02/25% SF6 
mixture.  Separate runs are used to obtain data for each 
etch time. Similar  effects have been observed in bar-  
rel etching and were a t t r ibuted to heating of the wafers 
dur ing the etch (10). Although the electrodes are 
tempera ture  controlled, the wafers may be thermal ly  
isolated since they are not in hard contact with the 
electrode surface. Inspection of the wafers in various 
stages of the etch demonstrates that the etching is non-  
uni form with the wafers etching radial ly  inward  on 
the electrode and radial ly inward on the wafer. This 
gives a lopsided bul l ' s -eye appearance to par t ia l ly  
etched wafers. An interest ing feature of the etch rate 
vs. etch time data is that the deviation in the etch rate 
uniformity,  wafer center to wafer edge, becomes more 
severe as the etch progresses. 

Photoresist pro~les.--The shape and the etching 
characteristics of KTI 1470J photoresist can be altered 
by the temperature  of the postdevelopment bake. 
Examinat ion  of photoresist lines after a 90~ 30 rain 
bake reveals a steep wall  profile. Photoresist lines 
baked at 90~ for 30 min, then at 140~ for 30 rain, 
show a dome shape, the profile of which can be closely 
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Fig. 4. The time dependence of the polysilicon etch rate 
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approx ima ted  b y  a segment  of a circle. The two stage 
bake appears  to increase the  r ep roduc ib i l i t y  of this 
process. The doming of the photores is t  l ines thins the 
edges of the line, enhancing the etching at  the base. 
This m a y  occur  through a densification of the edges of 
the l ine by  re lease  of vola t i le  components.  Whi le  the 
wid th  of the  photores is t  l ine at  the base does not  
change upon baking  at  140~ the thickness  of the l ine 
does change and is a function of the l inewidth.  Two, 
three,  four, and five micron  wide photores is t  l ines of 
1.1-1.2 ~m thickness a f te r  baking  at  90~ wil l  y ie ld  
thicknesses of 1.0-1.1, 1;1-1.2, 1.2-1.3, and 1.3-1.4 ~m, 
respect ively ,  a f te r  bak ing  at  140~ At  165~ and 
above, mel t ing  of the film wil l  occur, causing severe  
dis tor t ion of the pa t te rn .  

Polysilicon profiles.--Under the condit ions employed  
for polysi l icon etching out l ined in this work,  the photo-  
resis t  appears  to etch anisotropical ly .  The curves in 
Fig. 5 i l lus t ra te  the side loss expected  for photores is t  
l ines of 3, 4, and 5 ~m (thicknesses 1.2, 1.3, and 1.4 ~m, 
respec t ive ly)  baked  at  90~ for 30 min and 140~ for 
30 min as a funct ion of the thickness lost for isotropic 
e tching and anisotropic  etching, assuming a c i rcular  
segment  profile. The anisotropic  etching mechanism is 
more  consistent  wi th  the expe r imen ta l  data, a l though 
these da ta  show a lot of spread.  The photoresis t  etch 
ra te  shows l i t t le  dependence  upon gas composit ion 
f rom 65 to 80% 02, wafer  load in the reactor,  or bake 
tempera ture ,  and averages  2200 _+ 250 A / m i n  (~_~) on 
pa t t e rned  polysi l icon test samples.  Tt is ev ident  f rom 
Fig. 5 that  a 5 #m photores is t  l ine wil l  give a g rea te r  
side loss than  a 3 #m photoresis t  l ine for a given th ick-  
ness loss. The profiles of the e tched polysi l icon lines 
are, therefore,  l inewidth  dependent ,  wi th  the smal le r  
l ines s teeper  than the l a rge r  lines. This effect is i l lus-  
t r a t ed  in Fig. 6 for 140~ baked  photores is t  l ines at  
th ree  P R / S i  etch ra te  ratios.  The angle, 8, is defined in 
the inset  to Fig. 6. Al though  the polysi l icon profiles 
observed in this s tudy  m a y  appear  s l ight ly  convex or 
concave, an overa l l  angle  can eas i ly  be assigned and 
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Fig. 6. The influence of the photoresist linewidth and the 
photoresist/polysilicon etch rate ratio on the polysilicon line taper 
for photoresist baked at 90~ for 30 min and 140~ for 30 min. 

provides  a useful  f i r s t -order  approx imat ion  t o  the l ine 
shape. When significant cu rva tu re  was present ,  the 
s teepest  ass ignable  angle  charac ter ized  the profile. A 
typical  polysi l icon profile wi th  the photoresis t  on the 
l ine is shown in Fig. 7. The angles formed are  a func-  
t ion of the PR/S i  etch ra te  rat io  indica t ing  that  photo-  
resis t  edge erosion is control l ing the polysi l icon l ine 
profile. I n  general ,  the more  photores is t  removed  dur -  
ing the etch, the smal le r  the polysi l icon slope angle  
produced.  Photoresis t  l ines baked  at  90~ erode more  
s lowly at the edge, producing  steep ( large  8) polys i l i -  
con line profiles that  are  not dependent  upon linevr 
and P R / S i  etch ra te  ratio.  These data  appear  in Fig. 8. 
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Fig. 7. SEM photograph of a 2 #m wide polysilicon line with 
photoresist. 
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An a l t e rna t ive  to man ipu la t ing  the P R / S i  etch ra te  
rat io  for ob ta in ing  s loped l ines is var ia t ion  of the pho-  
toresis t  thickness.  The na tu ra l  th inning of the photo-  
resist  over  steps forms the prac t ica l  l imi t  for this s lop- 
ing technique in device production.  F igure  9 demon-  
s t ra tes  the  effect of in i t ia l  photores is t  thickness  (140~ 
bake)  on l ine slope for severa l  l inewidths  at a P R / S i  
etch ra te  rat io  of 1.6. The l inewid th  dependence  dis-  
cussed above is c lear ly  evident  in these data.  

SEM da ta  of lines e tched wi th  e i ther  a luminum 
masking  or  wi th  photores is t  baked  at 90~ indicate  a 
subs tant ia l  anisot ropic  component  wi th  the ver t ica l  
etch ra te  at  leas t  twice the  l a t e ra l  etch rate.  The de-  
ta i led dependence  of the anisotropic  component  on the 
p lasma pa rame te r s  is cu r ren t ly  being invest igated.  
The profile da ta  suggest  tha t  a change in the  degree of 
an iso t ropy  occurs as the polysi l icon l ines begin to over -  
etch. As ment ioned  above, the  polysi l icon etch ra te  is 
nonuni form across the  wafer  resul t ing  in a bu l l ' s - eye  
effect. The ex t r eme  outside of a wafer  may  receive as 
much as a 50% overetch dur ing a typica l  run.  The 
overetch tends  to s teepen the slopes and reduce  the 
l inewidths .  A comple te ly  anisotropic  overe tch  at etch 

rates  typ ica l ly  observed dur ing  overetch per iod  does 
not  account for e i ther  the amount  of l inewid th  loss at  
the base of the  line, or  the  angles observed.  However ,  
an isotropic overe tch  is consistent  wi th  the l inewid th  
loss and the s teepening of the angles. F igure  10 i l lus-  
t ra tes  the change in step angle and l inewid th  at  the 
base of the polysi l icon l ine as a funct ion of the P R / S i  
etch ra te  rat io  for a 4 ~m wide, 1.2 #m th ick  photores is t  
l ine baked  at  140~ The dashed lines indicate  the range 
of slopes and l inewidths  p red ic ted  using s imple geo- 
metr ic  considerat ions and an anisotropic  photores is t  
and si l icon etching mechanism wi th  no overetch,  wi th  
an  isotropic overetch,  and wi th  an anisotropic  over -  
etch at  (3000 A / m i n  overe tch  rate,  beginning  1.0 min 
before the endpoin t ) .  While  this model  is consistent  
wi th  the  data,  the exact  roles of t ime dependen t  phe -  
nomena such as wafer  t empera tu re  and the change in 
local loading dur ing  the approach  of the  endpoint  re -  
main  undefined. F u r t h e r  work  wil l  be necessary  to 
fu l ly  character ize  this complex etching mechanism.  

Conclusion 
The profiles of p lasma etched polysi l icon l ines a re  

de te rmined  by  the re la t ive  rates  of photores is t  and 
polysi l icon etching and the photores is t  profile. The 
average  silicon etch ra te  can be ad jus ted  by  va ry ing  
the percent  O2 in SF6 and the number  of sil icon wafers  
in the reactor  whi le  the photoresis t  and SiO2 etch rates  
r emain  r e l a t ive ly  constant.  In this manner ,  the  P R / S i  
etch ra te  rat io  can be set independen t  of reactor  load-  
ing. The photores is t  l ine profile is a function of post-  
deve lopment  bake  t empe ra tu r e  and assumes a semi-  
c i rcular  profile af ter  baking  at  90~ for 30 min fol-  
lowed by  a 140~ 30 rain bake.  The semic i rcular  profile 
resul ts  in more r ap id  edge erosion of the  photores is t  
l ine dur ing  the polysi l icon etch than  possible wi th  
photores is t  l ines baked  only at 90~ and produces 
t apered  polysi l icon l ine profiles. The polysi l icon and 
photores is t  appear  to etch aniso t ropica l ly  wi th  the 
isotropic polysi l icon etching component  becoming 
dominant  dur ing  the overe tch  period.  

Product ion  processes for 3 and 2 ~m design rule  
technologies based on this work  have been established.  
The 2 ~m process uses a P R / S i  etch ra te  rat io  of 0.5 and 
yields a steep polysi l icon profile, whi le  the 3 ~m process 
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Fig. 11. An SEM photograph of an etch polysilicon pattern with 
the photoresist removed. 

uses a P R / S i  etch ra te  rat io of 1.2 and gives both 
t apered  and s teep polysi l icon profiles. L inewid th  va r i a -  
t ions of the min imum geomet ry  polysi l icon gates 
wi th in  the wafer  and wafer  to wafer  are  typ ica l ly  --+5- 
7%, re la t ive  -+,T. An  SEM photograph  at 20 ~ t i l t  of an 
etched polysi l icon pa t t e rn  in the 3 #m technology is 
shown in Fig. 11. The topographic  and l inewid th  de-  
pendences  of  the  polysi l icon profile a re  evident  in this 
photograph  w i t h  the wide fea tures  on top of the SiO2 
step (middle  of photograph)  appear ing  t apered  and 
the na r row  lines in the lower,  active regions (fore-  
ground of the photograph)  d i sp lay ing  a steep profile. 
Step coverage of  AI /S i  l ines crossing over  under ly ing  
t apered  polysi l icon l ines is s ignif icant ly  be t te r  than 
those crossing over  under ly ing  ver t ica l  polysi l icon 
lines. Since a l inewid th  loss of 0.5-0.7 ~m at the base of 
the polysi l icon line is p roduced  and mask  biasing is 
necessary,  this process is l imi ted  to reproduc ing  a 4 #m 
pi tch wi th  1.5 ~m m i n i m u m  resolut ion in the photo-  
resist.  
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Growth Process of Silicon Over Si02 by CVD: Epitaxial Lateral 
Overgrowth Technique 

/ .  Jastrzebski,* J. F. Corboy, J. T. McGinn, and R. Pagliaro, Jr. 

RCA Laboratories, Princeton, New Jersey 08540 

ABSTRACT 

The epi taxial  lateral overgrowth (ELO) process of deposi t ing single crystal silicon over a SiO2 mask is described. A CVD 
technique has been developed which consists of deposi t ing silicon in openings in a SiO2 mask and then growing the silicon 
laterally over the SiO2 film. By optimizing the HC1 concentrat ion in the gas, growth temperature,  and the use of a growth 
procedure  based on a series of growth/etch steps the nucleation of polysil icon over SiO2 has been el iminated and 
monocrystal l ine ELO fihns have been grown. Low defect densi ty ELO films have been achieved by orientating the oxide 
islands along the [010] direction on (100) substrates.  The growth kinetics, overgrowth morphology, and defect formation in 
ELO films are descr ibed as a function of the growth conditions. One can conclude that  optimization of the growth process 
has allowed us to grow monocrystall ine,  low defect densi ty ELO films with smooth mirrorl ike surfaces. 

A significant amount  of in teres t  has been genera ted  
in the  las t  few years  in SOI (silicon over  SiO2) (1). 
The die lect r ic  isolat ion process for  b ipo la r  circuits (2) 
could be s ignif icant ly  s implif ied by  using SOI layers  Jf 
the i r  thickness  and minor i ty  car r ie r  l i fe t ime were  suf-  
f iciently high. Also, s t ress  enhancement  of the ca r r i e r  
mobi l i ty  observed  in SOI s t ructures  (3) ob ta ined  by  
s t r ip  hea t e r  recrys ta l l iza t ion  of si l icon films on quar tz  
or  sapphi re  subs t ra tes  (4) could provide  significant 
improvemen t  in device performance.  SOI s t ructures  
would give an addi t ional  degree  of f reedom to the 
circuit  des igner  in designing convent ional  CMOS cir -  

* Electrochemical Society Active Member. 

cults (5) and  in the  fu ture  could a l low the achievement  
of th ree  d imens iona l  ver t i ca l ly  in t eg ra ted  IC's (6). 

To make  s t a t e - o f - t h e - a r t  LSI  or VLSI  circuits,  s i l i -  
con films wi th  a low defect  dens i ty  a re  requ i red  (7). 
To da te  g raphoep i t axy  (8), seeded or  unseeded e lec-  
t ron beam, laser  recrys ta l l i za t ion  (1) or  s t r ip  hea te r  
methods  (4) have been used to obta in  continuous SOI 
films. To improve  the surface morpho logy  of the re -  
crys ta l l ized films, SiO2 or  SisN4 caping usua l ly  has to 
be used to contain recrys ta l l iz ing  sil icon dur ing  an-  
nealing.  To obta in  good qua l i ty  films, contact  wi th  the 
single c rys ta l  subs t ra te  to provide  a seed for  solidifica- 
t ion is required.  Laser  annea l ing  is a low t empera tu r e  



1572 J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY J u ~  1983 

technology which has a significant advantage when 
making three dimensional circuits, but unfortunately 
the time required to recrystallize a four inch wafer is 
long and the recrystallized film contains large poly- 
silicon grains (1). The strip heater technique has 
yielded good quality films which have been recrystal-  
lized at the rate of a few mm/sec (4). During strip 
heater recrystallization, a silicon film, sandwiched be- 
tween dielectric layers, is melted by a strip heater and 
resolidified. Monocrystal l ine solidification is induced 
by seeds which are in intimate contact with the re-  
crystallizing film. The major disadvantages of this 
technique are the high temperatures (around 1420~ 
to which the substrate surface region is heated during 
recrystallization and the large horizontal and vertical 
temperature gradients across the wafer. The high tem- 
perature can destroy any circuits already present in 
the substrate and the large temperature gradients may 
generate slip and warpage in the wafer (9), adversely 
affecting the yield of IC circuits manufactured on 
these wafers (7). Graphoepitaxy uses CVD silicon 
techniques and relies upon inducing the crystallo- 
graphic orientation of the deposited film by forcing 
nucleation and growth along a pattern present on the 
surface of an amorphous substrate (8). Practical prob- 
lems with grid preparation have hampered develop- 
ment of this method so far. 

Another approach is a CVD epitaxial la teral  over- 
growth technique (ELO) in which an epilayer is 
seeded through openings in the mask and from these 
openings grows lateral ly over the mask (10-19). The 
technique has been applied with excellent results to 
the growth of GaAs (12). This method takes ad- 
vantage of the well developed silicon epitaxial tech- 
nology. The major problem encountered during the 
ELO deposition process has been the formation of 
polysilicon nuclei over the SiO2 surface (16-19). When 
incorporated into the overgrowing ELO layer, these 
nuclei have introduced defects into the silicon film 
(17-19). Growth conditions which prevent the forma- 
tion of poly or amorphous silicon and give only homo- 
epitaxial growth are required to obtain good quality 
ELO layers. 

Attempts to obtain monocrystalline silicon growth 
over SiO2 using a CVD technique has been previously 
reported (14-19). Because nucleation of polysilicon on 
SiO2 requires a certaip amount of time (tcriticaI) (20, 
21), monocrystalline layers of silicon overgrowing thin 
oxides have been obtained only when the growth time 
was shorter than tcritica 1 (16, 17). If all the silicon atoms 
deposited on the SiO.2 surface were to diffuse to the 
growing interface of the monocrystalline silicon, no 
nucleation of polysilicon would take place. Therefore, 
close spacing of seeds (approximately equal to the 

Fig. 1. Pattern used during the ELO growth: 6 ~m wide Si and 
20 #m wide Si02 strips or vice versa. 

diffusion distance of silicon atoms on SiOf) could also 
give monocrystalhne ELO films (14, 15). These re- 
strictions on the growth time or on seed spacing have 
provided a serious limitation for any practical applica- 
tion. A significant increase in tcritica I (suppresmon of 
nucleation) has been observed when chlorine was in- 
troduced into the gas during the growth process (17- 
19, 22-24). By optimizing the concentration of HC1 and 
the growth temperature a decrease in the nuclei density 
on the SiO2 surface from 107-108 cm -2 to 103-102 cm -2 
has been achieved (19). To decrease their density even 
further, growth/etch procedures have been proposed 
(6, 19). 

In the present work, we report on a growth pro- 
cedure which totally suppresses the nucleation of sili- 
con over SiOf. We discuss how growth parameters af- 
fect surface morphology and defect formation in the 
ELO films, and show how by optimizing temperature, 
gas composition, and seeding procedure high quality 
monocrystalline ELO films can be grown. 

Experimental Procedure 
Epitaxial films have been prepared on (100) three 

inch diameter silicon wafers in the radiant  heated 
barrel  readtor. Film characteristics were studied as a 
function of deposition temperature,  concentration of 
HC1 in the gas phase, time of the growth/etch cycle, 
orientation of the openings in SiO2 mask, geometry of 
the SiO2 strips, and thickness of the epilayer. Samples 
were prepared by thermally oxidizing the silicon 
wafers at tl00~ in steam for 90 rain (,~8000A SiOf). 
Parallel  periodic channels or squares were etched 
through the oxide exposing the underlying Si surface. 
The repeat distance of the remaining strips of SiO2 
was 26 #m. Samples with an oxide strip width of either 
6 or 20 ~m have been prepared (see Fig. 1). The chan- 
nels in SiO2 were etched along either [011] or [001] 
directions. The silicon films were deposited in a series 
of growth steps using a mixture of SiHfC12, Ha, and 
HC1. Each growth step was followed by an etching step 
using a HC1, H2 mixture. Prior to growth the samples 
were in situ etched for two minutes in HCI at 1100 ~ 
1200~ Subsequently, the susceptor temperature was 
decreased to the growth temperature, 1000~176 and 
the deposition was started. During growth, the silicon 
epilayer grows up through the channel openings and 
then proceeds to expand lateral ly across the surface 
of the SiO2 island while continuing to grow vertically. 
The surface morphology of as-grown layers was ana- 
lyzed using Nomarski microscopy, and the surface 
topology was measured using a Teledyn profilometer. 
To study growth kinetics, (100) samples have been 
cleaved along the (110) direction and cross sections 
have been analyzed us ingSEM and Nomarski micros- 
copy. The crystallographic defect structure in ELO 
films was studied by wet chemical etching and TEM. 
For wet chemical etch experiments, samples were angle 
lapped and polished (about 1 ~ using Syton and sub- 
sequently Dash etched. TEM samples were prepared 
for planar and cross section topographs. 

Experimental Results 
Nucleation ol silicon over SiOz.--Formation of poly-  

silicon nuclei over the SiO2 has been studied as a 
function of growth temperature,  HC1 concentration in 
the gas phase and length of the growth and etch steps. 
Figure 2 shows the surface morphology of epilayers 
grown at 1100 ~ and 1150~ with all other deposition 
conditions being the same (specified in the caption of 
Fig. 2). The observed stripe pattern on the surface re-  
flects the pat tern of the SiO2 islands which were cov- 
ered by a 12 ~m thick ELO layer  (for the relationship 
between surface morphology and epi thickness see 
below). The irregularities present on the epilayer sur- 
face were most l ikely generated by polysilicon nuclei 
formed on the SiO2 and then incorporated into the 
epilayer. The density of the surface defects in the 
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Fig. 2. Comparison of the surface morphology of 17.5 Fm thick 
ELO films grown at 1150 ~ and 1100~ Other growth parameters 
kept the same: 0.75 I/rain SiH2CI2 ~ 0.5 I/rain HCI ~ 82 I/rain 
H~, 25 cycles, 2 min deposition ~ 1 rain etch, SiO2 width 20 #m 
oriented along [010]. 

ELO films was found to be similar to the density of 
polysilicon nuclei observed on the surface of large 
areas of SiO~ which the ELO film had not overgrown 
(see Fig. 3). I t  was observed that the defect density 
is dramatical ly reduced by decreasing the growth 
temperature.  In addition, increasing the HC1 concen- 
tration in the gas phase during the growth cycle also 
resulted in a decrease in the defect density as shown 
in Fig. 4. On the basis of the presented results, it can 
be concluded that the defect density, caused by poly- 
silicon nuclei formed over the SiO2, decreases with 
decreasing growth temperature and increasing HC1 
concentration. By combining low deposition tempera-  
ture and high HC1 concentration, the density of poly- 
silicon nuclei on SiO2 has been reduced to about 102- 
103 cm -2. It has to be emphasized that even for opti- 
mized growth temperature and HC1 concentration we 
were not able to completely eliminate these nuclei dur-  

Fig. 3. Polysilicon precipitates observed on the surface at 5iC)2 
which was not covered by silicon. Deposition: 1100~ 0.75 I/rain 
SiH2CI2 ~ 0.55 I/rain HCI ~ 82 I/rain H2, 25 cycles, 2 rain depo- 
sition -t- 1 rain etch. 

Fig. 4. Comparison of the surface morphology of 17.5 #m thick 
ELO layers grown with different concentrations of HCI (0.75 I/rain 
and 0.55 I/min). Growth conditions: 1100~ 0.75 I/min SiH2CI2 
82 I/rain H2, 25 cycles, 2 rain deposition ~ 1 min etch, 20 /Lm 
wide SiO2 oriented along [010]. 

ing the two minute growth cycle. It has been estab- 
lished that these nuclei were usually found after the 
initial few minutes of the ELO process. To further re- 
duce the density of polysilicon nuclei, additional ad- 
justments of the length of the growth and etch periods 
have been required. 

As is shown in Fig. 5, by increasing the etch time 
from one to two minutes and by reducing the growth 
time from two to one minute, the density of polysilicon 
nuclei was significantly reduced. Optimization of the 
deposition variables: low deposition temperature, high 
HC1 concentration during deposition, and short growth/  
long etch time during the growth/etch cycle, resulted 
in the complete elimination of the polysilicon nuclei 
(below 1 per cm 2) on SiO2 surfaces (see Fig. 9). 

E~ect of substrate parameters.--The orientation of 
the edge of the oxide mask had a dramatic effect on 
the surface morphology of the ELO layers that  were 
grown under conditions where nucleation on the SiO2 
was totally suppressed. Figure 6 shows a comparison 
of the surface morphology in ELO layers grown on 
(100) substrates that were seeded along the [010] di- 
rection and the [011] direction. It is clearly seen in 
Fig. 6 that layers seeded along the [010] direction 
do not exhibit any surface irregularities, whereas i r -  
regularities were observed in layers seeded along the 
[011] direction. The surface roughness of layers seeded 
along the [011] direction was most l ikely caused by 
twins or low angle grain boundaries intersecting the 
surface of the ELO layers. A significant difference in 
the defect density of layers seeded along the [010] vs. 
the [011] direction is seen in the TEM cross sectional 
micrographs of Fig. 7a and b. The ELO film seeded 
along the [011] direction (Fig. 7a) shows a high den- 
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Fig. 5. Comparison of the surface morphology of ELO films grown 
with 1 min growth, 2 min etch cycle and 2 min growth, 1 min etch 
cycle. Other growth parameters: 1150~ 82 I/min H2 -Jr- 0.75 
I/min SiH2CI2 @ 0.55 I/min HCI, 50 cycles, 20 Fm wide SiO2 
oriented along [010]. 

s i ty  of twins, s tacking faul ts  and a single low angle 
gra in  bounda ry  above the middle  of the SiO2 island. 
In the  ep i layer  seeded along the [010] di rect ion shown 
in Fig. 7b, only  one line dis locat ion and a void was 
observable  above the oxide  s t r ip  imaged.  The void 
was located above the center  of the SiO2 is land where  
the  two g rowth  fronts, seeded f rom opposi te  sides of 
the  SiO2 island, would  have  met.  

Overgrowth Process 
Cross-sect ional  views of ELO layers  which had been 

grown to var ious  thicknesses over  a 6 ~m wide SiO2 
is land are  presented  in Fig. 8. The deposi t ion condi-  
t ions used to p repa re  these films are  given in the 
capt ion of Fig. 8. When  the ep i layer  reached a ver t ica l  
he ight  of app rox ima te ly  4.5 ~m, it comple te ly  covered 
the 6 ~m wide SiO2 is land (Fig. 8b).  The approx ima te  
rat io be tween hor izonta l  and ver t ica l  growth  rates  was 
one. When  the two growth  fronts,  seeded on opposi te  
ends of the SiO~ str ip,  in i t ia l ly  ~oined together  a su r -  
face flatness pe r tu rba t ion  (dip)  of about  4 ~m was 
fo rmed  above the  center  of the  SiO2 is land (Fig. 8b).  
Increas ing the ep i l aye r  thickness  b y  2.0 ~m (Fig. 8c) 
decreased the depth  of the  dip to about  0.1 ~m, in-  
creasing i t  by  another  1.5 ~m comple te ly  e l imina ted  the 
dip. The presence  of the d ip  was reflected in the  sur -  
face morphology.  F igure  9 shows a top view of 13, 17, 
and 18.5 ~m thick sil icon layers  grown over  20 ~m 
wide SiOe strips.  The locat ion of the SiOe s tr ip  and the 
topology of ELO films is also shown in Fig. 9. In  the 
17 ~m thick epi film, the  depth  of the groove (dip)  
was much less than  1 ~m, whereas  in the 13 ~m th ick  
film it exceeded 3 ~m. Increas ing the film thickness to 
18.5 ~m comple te ly  e l imina ted  the  dip, resul t ing in a 
flat surface.  Decreas ing the SiC~ is land width  gives 

Fig. 6. Comparison of the surface morphology of 18 Fm thick ELO 
films grown on (100) substrates with different orientation of oxide 
islands: [110] and [100]. Growth conditions: 1050~ 0.75 I/min 
SiH~CI2 -~ 2 I/min HCI ~ 140 I/min H2 35 cycles, 1 min deposi- 
tion -I- 2 min etch, 20 Fm wide SiO2 oriented along ~ 0 1 0 ~ .  

the  same effect on sur face  morphology  of ELO layers  
as increasing the ep i layer  thickness (Fig. 10). Thinner  
layers  overgrowing  n a r r o w e r  SiO2 islands wi l l  give 
smooth and flat surfaces.  

The l a te ra l  g rowth  ra te  var ied  dur ing  deposi t ion 
with  time. Etching of the  silicon layer  dur ing  the 

Fig. 7. Comparison of the defect structure observed by cross 
section TEM in ELO films grown on (100) substrates over 6 ~m 
wide SiO2 islands oriented along [110] and [010] (Fig. 7a and b, 
respectively). All other growth conditions same as in Fig. 6. 
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Fig. 8. Different steps of the overgrowth process. ELO films are: 
2.5 #m (a), 4.5 ~m (b) and 6.5 #m (c) thick. Growth conditions: 
1050~ 0.75 I/rain SiH.2CI2 -~ 2.0 I/rain HCI d- 82 I/rain H2, 4 
cycles (a), i l  cycles (b) and 16 cycles (c), 1 rain deposition + 2 
rain etch, 6 #m wide SiO2 oriented along [010]. Wafers have been 
cleaved along [110] direction. 

Fig. 10. Comparison of the surface morphology of 13 #m thick 
ELO films grown over (a) 6 gm wide SiO2 islands and (b) 20 ~m 
wide SiO2 islands. Growth temperature: 1100~ 0.75 I/min SiH2CI2 
-f- 2.0 I/rain HCI @ 82 I/min H2, 50 cycles, growth cycle: 1 min 
growth ~ 2 min etch. 

Fig. 9. Surface morphology vs. film thickness of ELO films. Thick- 
ness = 13 #m (a), 18 ~m (b) and 19.5 ~m (c). Growth conditions: 
temperature 1050~ 0.75 I/min SiH2CI2 -f- 2.0 I/min HCI -f- 82 
I/min H2. Growth cycle 1 rain deposition d- 2 mln etch, SiO2 
width 20 ~m, orientation along [010]. Location of SiO2 islands 
and surface topology of ELO are schematically marked in the figure. 

etch por t ion  of the depos i t ion /e tch  cycle de l inea ted  the 
in terface  be tween  growth  steps. These interfaces are  
observed as l ines in the  p l ana r  TEM micrographs  of 
the  ELO films shown in Fig. 11. F rom these in terface  
demarca t ion  l ines the microscopic l a t e ra l  g rowth  ra te  
du r ing  the ELO process has been calculated.  The 

Fig. 11. Planar TEM micrograph of an ELO film grown over a 
20 ~m wide SiO2 island oriented along the [010] on a (100) sub- 
strafe. Growth conditions were chosen to suppress nucleation of the 
SIO2. TEM contrast conditions chosen to reveal interface demarca- 
tion lines caused by etch cycles. 
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lateral growth rate as a function of the number of 
growth/etch cycles is presented in Fig. 12. Complete 
coverage of the 20 #m wide SiO~ strip was obtained 
after about thirty cycles when the two growth fronts 
seeded from opposite sides of the oxide strip joined. 
It is evident that as the two growth fronts approached 
each other lateral growth rate dropped to about 50% 
of the initial value. 

The shape of the growing interface was found to be 
a function of the concentration of HC1 present in the 
gas phase during the etch and growth cycles. Figure 
13 presents a cross-sectional view of epilayers grown 
with and without HC1 present during the growth cycle 
while all other growth conditions were held constant 
(growth conditions were chosen to suppress nucleation 
on SiO~). It is quite clear that the shape of the grow- 
ing interface is different in the two cases. When HC1 
was present during deposition, it reduces the vertical 
growth rate by approximately 20% and the horizontal 
growth rate by approximately 35%. The HC1 concen- 
tration also influenced the physical extent of the (001) 
and (101) planes. With increased HC1 concentration 
the size of the (001) plane increased at the expense of 
the (101) plane. 

The effect of the duration of the HCI etching cycle 
on the shape of the growing interface is shown sche- 
matically in Fig. 14 (data obtained from cross-section 
photographs). An increase in the HC1 etching period 
from 20 to 40 sec decreased the vertical layer thickness 
by about 0.6 #m and reduced the width of the layer 
in the horizontal (100) plane by about 1.0 ~m. There- 
fore, it can be concluded that the effect of having HC1 
present during the growth and/or the etch cycle is 
greater on the horizontally growing (001) (101) planes 
than on the vertically growing (100) plane. 

Growth Model 
To understand the influence of the growth param- 

eters on ELO films, one has to consider the mechanisms 
involved in epitaxi,al overgrowth. When a supersatura- 
tion exists in the gas phase, the absorption and de- 
sorption of silicon atoms from the growth surface takes 
place simultaneously over the silicon and SiO~ surfaces. 
Nucleation and growth occurs almost instantaneously 
on the silicon surfaces. However, there is a certain 
amount of time, tD, required to deposit silicon on the 
SiOe surfaces and an additional amount of time, tc to 
coalesce these atoms and form polysilicon nuclei. The 
critical time (tcritical ---- tD -~- tC) required to form 
nuclei on the SiO2 is a strong function of the growth 
conditions (20, 21). An increase in the growth tem- 
perature will increase the diffusion constant of silicon 
over the SiO2 which will reduce tc and increase the 
rate of nuclei formation (Fig. 2). When HC1 is added 
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Fig. 12. Lateral growth rate as a function of the number of 
growth steps (growth time) for the ELO film from Fig. 12. 

Fig. 13. Cross sectional views of ELO films grown with different 
concentration of HCI in the gas during the growth step: 2 I/min 
HCI (a), no HCI (b). Growth conditions: 1050~ 0.75 I/min 
SiH2CI2 + 180 I/min H2, 12 cycles: 40 sec growth + 60 sec etch, 
20 #m SiO2 islands along [010]. Notice the difference in the shape 
of the horizontally growing interface (contribution from (100) and 
(I 10) planes). 

to the gas stream, silicon is etched from the SiO2 sur- 
faces via the following reaction (24, 25) 

2Si + 2HC1--) SIC12 -+- Ha 

Therefore, an increase in times tD and tc can be ex- 
pected when the HC1 concentration increases (26) 
which is in agreement with data presented in Fig. 4. 
The presence of contaminants or topological defects on 
SiO2 surface could significantly reduce tD and tc and, 
therefore, these defects will act as nucleation sites for 
polysilicon (heterogeneous nucleation). We believe 
that a distinct difference in tcritical exists between 
spontaneous nucleation over SiO2 and heterogeneous 
nucleations on a SiO2 surface. For the spontaneous nu- 
cleation tcritical is longer than the time of growth ex- 
periments (102 min) for the optimum temperature and 
HC1 concentration. For the heterogeneous nucleation, 
tcritica 1 is on the order of minutes (this also depends on 
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Fig. 14. Schematic representation of the effect of the duration 
of the etch cycle on the overgrowing films. Growth conditions: 
0.75 I/rain SiH2CI2 + 2 I/rain HCI -~- 180 I/rain H2. 12 cycles; 
20 sec growth -I- 10 sec etch (dashed line) or 40 sec etch (solid 
line). Notice the difference between the etch rate of the horizontal 
and vertical (100) plane. 
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type  of heterogeneous  nucleat ion s i te) .  Therefore,  i t  
is not  surpr i s ing  that  for  a growth  process tha t  exceeds 
a few minutes,  even a process tha t  has been opt imized 
for HC1 concentra t ion and tempera ture ,  polys ihcon nu -  
clei densi t ies  of 102-103 cm 2 were  observed on SiO2 
surfaces.  For  prac t ica l  reasons,  the growth  t ime ve ry  
often exceeds the shor tes t  tcritical t ime for  he te rogene-  
ous nucleat ion,  therefore,  the fol lowing procedure  is 
proposed  to obta in  defect  free epi layers .  Growth  should 
be s topped af te r  a t ime equal  to or less than  the shor t -  
est tcritical and should  be fol lowed by  an etch cycle. 
Dur ing  the etch cycle, si l icon atoms and smal l  nuclei  
which have  formed around  the heterogeneous  nuc lea-  
t ion sites on the SiO2 surfaces a re  removed  with  only 
a s l ight  e tch ing  of the homoepi tax ia l ly  grown silicon. 
As is shown in Fig. 5, a decrease  of the growth  t ime 
and an increase of the etch t ime has d rama t i ca l ly  re -  
duced the dens i ty  of polysi l icon precip i ta tes  incorpo-  
r a t ed  into the  overgrowing  layers .  Fol lowing  the etch 
period,  the SiO,~ surface is free of unwan ted  sil icon 
and the g rowth / e t ch  cycle  can be repea ted  as often as 
requ i red  unt i l  the des i red  thickness of the ep i layer  or 
SiO2 coverage is achieved.  The value of tcritical and, 
therefore,  the length  of the  g rowth /e t ch  per iods  are  a 
function of the  growth  t empera tu re ,  gas composit ion,  
concentra t ion of SiH2C12 and HCI, and the p repa ra t ion  
of the  SiO2 surface.  Al l  of these var iables  affect ab -  
sorp t ion  and the nucleat ion process of silicon over  SIO2. 
Opt imizat ion of these pa rame te r s  have resul ted  in the 
growth  of defect  free epi layers  over  SiO2 as is shown 
in Fig. 9c. 

The atoms deposi t ing on the sil icon surface wil l  con- 
t r ibu te  to homoepi tax ia l  growth,  which in the ini t ia l  
s tages of g rowth  is 100% ver t ica l  and only  in the SiO2 
mask openings.  When  the epi  growth  is level  wi th  the 
surface of the  oxide layers ,  it  also grows hor izonta l ly  
over  the  SiO2. Fo r  (100) subs t ra tes  and [010] oxide 
edges, the  hor izonta l  and ver t ica l  g rowth  planes  are  
c rys ta l lograph ica l ly  ident ica l  and of the {100} type. In  
addi t ion to these two growth  planes,  the growing in te r -  
face also contains {101} planes  (see Fig. 13). The shape  
of the  growing interface  wi l l  be a funct ion of the  
g rowth  ra te  of the  hor izonta l  and ver t ica l  {100} planes  
and the {101} plane.  When the hor izonta l  (001) p lane  
grows fas ter  than the ver t ica l  (100) plane,  the  contr i -  
but ion of the {101} plane to the  growing interface  wil l  
increase  wi th  growth  t ime as is shown schemat ica l ly  in 
Fig. 15. Under  ex t reme  conditions, the  hor izonta l  (001) 
p lane  a lmost  d i sappears  and the {101) p lanes  becomes 
the p redominan t  hor izon ta l ly  growing  plane (Fig. 13a). 
When  two growth  fronts, seeded f rom opposi te  sides 
of the  oxide, jo in  toge ther  a surface  pe r tu rba t ion  is 
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formed.  The depth  and dimensions of surface p e r t u r b a -  
tions wil l  depend on the shape of this interface.  In t e r -  
faces wi th  smal l  contr ibut ions  f rom the {101} wil l  have  
a small ,  sha l low dip  (Fig. 16a) whi le  interfaces con- 
ta ining no {101} p lane  wil l  have  no dip. When the in te r -  
faces a re  formed with  the  ma jo r  cont r ibut ion  coming 
f rom the  {101} planes,  the  surface pe r t u rba t i on  wil l  
be wide and deep (Fig. 16b). Growth  ra te  differences 
be tween  the hor izonta l  growing and the ver t ica l  g row-  
ing {100} interfaces  a re  a t t r i bu tab le  to differences i~ 
the  si l icon flux from the gas phase to the growing in te r -  
faces which could be re la ted  to: (i) a sha rpe r  hor izon-  
tal  than ver t ica l  concentra t ion gradients  in the gas 
phase  due to a h igher  supersa tu ra t ion  over  the  SiO2 
than si l icon (27), (ii) an addt iona l  flux of sil icon atoms 
deposi ted on the SiO2 and diffusing to the growing  
i n t e r f ace  from a dis tance shor t e r  than  the diffusion 
length  (14). I t  is impossible  f rom the ava i lab le  exper i -  
menta l  da t a  to assess quant i t a t ive  contr ibut ion f rom 
each of these mechanisms,  but  one can find some ex-  
pe r imen ta l  evidence which indicates  that  both of them 
p l ay  an impor tan t  role  in ELO processing.  Surface  di f -  
fusion, the  second mechanism,  expla ins  the different  
shapes of the growing interface  in the  presence and 
absence of HC1 dur ing  the growth  cycle (Fig. 13). 
When HC1 is not p resen t  in the gas, more  of the si l icon 
atoms are  deposi ted on SIO2, which resul ts  in a h igher  
diffusion flux a long the  oxide to the growth  interface.  
The h igher  flux of silicon to the l a t e ra l ly  expand ing  
(001) p lane  wil l  increase its growth  ra te  and thus re-  
sult  in a decrease  in its cont r ibut ion  to the  growing 
interface.  On the o ther  hand, a decrease  in the l a te ra l  
g rowth  ra te  as a funct ion of t ime can be exp la ined  by  
differences be tween  the horizontal  and ver t ica l  con- 
cent ra t ion  gradients  in the gas phase, the  first mecha-  
nism (Fig. 13). The l a t e ra l  concentra t ion grad ien t  in 
the gas phase would decrease as the  two growth  fronts 
seeding on opposite sites of  the oxide s t r ip  come to-  
gether,  which would resul t  in the observed  decrease  in 
the  l a te ra l  g rowth  velocity.  This phenomena  cannot  be 
expla ined  by  a decrease  in diffusion flux of silicon 
atoms deposi ted on SIO2, because the diffusion dis tance 
of si l icon atoms es t imated f rom the spacing of homo-  
geneous nucleus does not exceed a few micrometers  in 
the  1050~176 t empe ra tu r e  range.  

(a) 

(1oo) 
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Fig. 15. Schematic representation of the effect that the growth 
rate of the laterally moving (001) growth front has on the shape 
of the overgrowing interface. When the two {001jr growth fronts 
and the (101) plane advance at the same rate, the shape of the 
interface is preserved (b). When the lateral moving (001) growth 
front advances more rapidly than the vertically moving (100) 
front the contribution to the growing interface from the (101) 
plane increases (a). 

(b) 

Fig. 16. Schematic representation of the relationship between the 
shape of the growing interface and the depth of the surface per- 
turbation formed upon completion of the overgrowth. The larger 
contribution from the (101) plane to the growing interface results 
in a deeper surface perturbation. 
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Defect  Structure of ELO Films on (100)  Si W a f e r s  
The na tu re  of the defect  s t ruc ture  of the  sil icon over-  

growth  was found to be s t rong ly  dependent  upon the 
or ienta t ion  of the  edge of the oxide  s t r ips  (Fig. 6 and 
7). I t  is suggested that  this dePendence is d i rec t ly  re -  
la ted to the  ease wi th  which the in te rna l  stresses gen-  
e ra ted  dur ing  g rowth  and subsequent  cooling are  re -  
l ieved through deformat ion.  A mechanism for faul t  
fo rmat ion  which is consistent  wi th  our  observat ions  is 
proposed for  the  configurat ion in which the edge of 
the oxide  s t r ip  runs along a [001] direction.  

Fo r  oxide  s t r ips  a l igned along the [011] direct ion,  
the silicon which overgrew the SiO2 was highly  defec-  
t ive (Fig. 7a). This defect  region was bounded below 
by  the oxide s tr ip,  above by  the free surface and l a t e r -  
a l ly  by  the (151) and (111) planes.  The p redominan t  
defect  fea tures  observed wi th in  this volume were  
microtwins .  Commonly  70-90% of the  volume of the  
defect ive  region was twin  re la ted  to the substrate.  
Above the  center  of the oxide s tr ip,  an incoherent  
grain b o u n d a r y  ex tended  f rom the sample ' s  surface  
to the  base  of the  overgrowth.  This b o u n d a r y  was 
p r e s u m a b l y  formed when the silicon growth  fronts  
emanat ing  f rom the two edges of the  SiO2 jo ined  above 
the center  of the  oxide  strip.  Along this boundary ,  i r -  
r egu la r ly  shaped gra ins  which were  commonly  twin  
re la ted  to the  subs t ra te  have  been observed.  

When  channels  in the SiO2 layer  were  etched along 
[001] direction,  a d ramat ic  improvemen t  in the qua l i ty  
of the overgrowth  was achieved.  Above 6 ~m wide 
oxide  strips,  h igh qual i ty  silicon was grown as shown 
in Fig. 7b. A void at  the  base  of the overgrowth  and 
above the center  of the  oxide s t r ip  was the only con- 
sistent defect.  Occasionally,  isolated s tacking  faults  or  
micro twins  were  found but  the g ra in  bounda ry  above 
the  center  of the ove rg rowth  where  the growth  fronts  
jo ined  was not  observed.  

Sil icon overgrowths  above 20 ~m wide [001] or ien ted  
oxide s tr ips  d i sp layed  a wide var ia t ion  in the  defect  
s t ructures .  These var ia t ions  seem to be random in 
nature. In  low defec t  dens i ty  samples,  only  sca t tered  
dislocations and the cent ra l  void were  observed  (s imi-  
l a r  to the defects  presented  in Fig. 7b).  In  h igh ly  de-  
fective samples,  s tacking faults,  dislocation ne tworks  
emina t ing  f rom the edges of  the oxide strip,  as wel l  as 
a cent ra l  void and grain  b o u n d a r y  were  a l l  p resen t  
(Fig. 17). To one side of the centra l  boundary ,  s tacking 
faul ts  were active on two of the four { l l i~  planes.  
Whi le  across the boundary ,  the remain ing  {111} s tack-  
ing faul t  planes  were  active. That  is, on a given side 
of the  centra l  gra in  boundary ,  only  that  pa i r  of {111} 
planes  which form a closed t e t r ahedron  wi th  the centra l  
gra in  bounda ry  and the overgrowth  oxide interface 

was found to contain s tacking faults  (28). I t  was de-  
t e rmined  f rom TEM contras t  condit ions that  the bound-  
ing dislocations and therefore  the s tacking faults  were  
of the  a /6  <211>  Shockley  type  (29). F igure  18 is a 
p l a n a r  view of  the overgrowth-SiO2 interface.  The 
s tacking  faults  are  seen to have formed in pairs  along 
two intersect ing (111} planes.  The l ine of  intersect ion 
extended f rom the edge of the oxide th rough  the re -  
main ing  overgrowth.  Each of the s tacking  faul ts  ex-  
tended f rom this l ine of intersect ion to the centra l  void 
along its respect ive  {111} plane.  The walls  of the cen- 
t ra l  void were  deformed  where  the intersect ion with  
the  s tacking faul t  occurred,  as seen in the inser t  in 
Fig. 18. These observat ions  suggest  that  the s tacking 
faul ts  were  nuclea ted  at  the  edge of the oxide film 
af te r  the centra l  void had  been formed. 

Shear  stress measurements  (30) were taken  along 
the ove rg rowth -ox ide  in ter face  in both high and low 
defect  dens i ty  samples.  Selected area  t ransmission elec-  
t ron diffraction pa t te rns  were  obta ined f rom the ELO 
film in such a m a n n e r  that  the incident  e lec t ron beam 
was coincident  with the  [001] direction. Shear  s t ra in  
was measured  by finding the devia t ion  f rom or thagon-  
a l i ty  of the  400 and 040 spots in the electron diffraction 
pat tern .  In  the high defect  dens i ty  samples,  the shear  
stress was be low the de tec tab le  levels.  In  the low 
defect  dens i ty  samples,  shear  stresses of 3.6 X 109 d y n e /  
cm 2 which  changed sign symmet r i ca l l y  across the 
center  of the  oxide s t r ips  were  measured.  The specific 
na ture  of the defect  genera t ion  in the overgrowth  film 
has been shown to be h igh ly  sensi t ive to the c rys ta l lo-  
graphic  or ienta t ion of the  edge of the  oxide str ip.  This 
m a y  be unders tood if these or ientat ions  are considered 
re la t ive  to the slip planes  in silicon. These planes  are 
the  planes  along which dislocations can most easi ly 
glide, and thus deformat ion  can most read i ly  occur. 

Fig. 17. A TEM cross sectional micrograph of an ELO film with 
high defect density grown o v e r  20 ~m wide SiO2 strips oriented 
along the [010] on a (100) substrate. The overgrowth contains a 
high density of stacking faults, a grain boundary and a central 
void. Growth performed under conditions of suppressed nucleation 
on SiO~. 

Fig. 18. A planar TEM micrograph of an ELO film with low 
defect density grown over 20 ~m wide SiO2 strip oriented along the 
[010] an a (100) substrate. Growth performed under conditions of 
su.ppressed nucleation on SiO2. Notice the stacking faults originat- 
ing at the oxide edge and central void. 
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They are the {111} family of planes in silicon. Only 
those dislocations for which the line of the dislocation 
and the Burgers vector are contained on a slip plane 
are free to move by glide through the crystal. Internal  
stresses can thus most easily be relieved if a large 
component of that stress can be resolved onto one of 
th~se planes. Internal  stresses probably occur due to 
differences in the thermal coefficients of expansion be- 
tween silicon and SIO2. The dispnsition of these internal 
stresses relat ive to the {111} slip planes and the <110> 
directions will strongly influence the deformation 
mechanisms available for the relaxation of the crys*,at. 
If the oxide strip is aligned along the [011] direction, 
internal  stresses which occur during growth or sub- 
sequent cooling are ideally situated to nucleate dis- 
locations. Internal  stress risers, such as the edges of 
the oxide strip (28), the central grain boundary, and 
associated void, all run along the [0!l]  direction and 
are possible sites for nucleation of perfect ,  low-energy 
dislocations. Once nucleated, these dislocations would 
be free to glide along either the (11~) or (11"1) planes 
creating a large number of defects. 

If the oxide strip runs along the [0011 direction on 
a (100) substrate, the lines of high internal stress do 
not coincide with a direction along which easy nuclea- 
tion of dislocations would occur. Any dislocation lying 
along the [001] direction would be in a high-energy 
state and thus would require a high internal stress for 
nucleation to occur. In cases where sufficient internal 
stress exists for a dislocation to nucleate, movement of 
the dislocation could only occur by climb and not by 
glide since the dislocation is not contained in a slip 
plane. If such a dislocation were nucleated along the 
[001] edge of the oxide strip, it could climb to a low 
energy position along <110> directions. Once in its 
new configuration, the now segmented dislocation could 
dissociate into Schockley particles on the (111) and 
(111) planes. As these particles expand, they leave 
behind a pair  of stacking faults (Fig. 18). The sug- 
gested mechanism is very similar to, and largely 
adopted from, the mechanism proposed for the forma- 
tion of stacking fault tetrahedra in gold (31). 

The proposed model for stacking fault generation is 
consistent with the nature of the stacking faults ob- 
served above oxide strips aligned along the [00] ] direc- 
tion. The shear strain measurements made iv the over- 
growth indicated that samples with low stacking fault  
densities had large shear strains while the shear strain 
in highly faulted samples was below detectable limits. 
This suggests that the stacking faults were generated 
as a strain relief mechanism rather  than as growth 
defects due to nucleation errors. 

Summary 
The growth of silicon over SiO2 using a CVD epi- 

taxial  overgrowth technique has been discussed. Epi- 
layers were seeded through openings in the SiO2 mask 
and from these openings grow over the SiO2 surface. 
Growth has been carried out using a mixture of 
SiH2C12, H2, and HC1 in the temperature range of 1050 ~ 
1200~ To avoid previously encountered problems 
with the formation of polysilicon nucleations over SiO2, 
which introduce defects into the overgrowing silicon 
epilayer, the growth process had to be carried out in 
a series of growth/etch steps. Growth temperature and 
HCI concentration were also optimized. The time of 
the growth step has been adjusted so as not to exceed 
the critical time required to form polysilicon nuclei 
over SiO2. During the HC1 etch step the silicon atoms 
deposited on the SiO2 surface were removed with 
minimal etching of the homoepitaxially grown silicon. 
The growth/etch was repeated until  the desired film 
thickness was achieved. The length of the growth and 
etch periods was found to be a function of the gas 
composition, the growth temperature and the quality of 
the SiO2 surface. A typical cycle consisted of a one 
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minute growth followed by two minutes of etching at 
1050~ with a gas composition of ~7.0 • 10-3% volume 
of SiH~CI~ and 2 X 10-~% volume of HCl. 

The defect structure of ELO films grown under con- 
ditions of suppressed silicon nucleation over SiO2 has 
been found to be critically sensitive to the orientation 
of the SiO~ islands on (100) substrate~ The lowest 
defect density (102-10 ~ cm -~) is achieved in layers 
grown over SiO2 islands oriented along the [010] di- 
rection. For the same growth conditions ELO films 
overgrowing SiO~ islands oriented along the [110] di- 
rection have orders of magnitude higher defect den- 
sities. This difference has been at tr ibuted to differ- 
ences in the nucleation energy of stacking faults and 
dislocations along stress risers such as the edge of the 
oxide strip. The difference in the nucleation energy 
between [001] and [011] oriented oxide strips has been 
attr ibuted to the differences in the angular arrangement 
of the stress risers relative to the {111} slip planes and 
the <110>, low energy dislocation directions in these 
two type samples. 

The overgrowth process has been shown to be con- 
trolled by the aspect ratio between the vertical and 
horizontal growth rates which depends on the growth 
conditions and, in our experiments, varied between one 
and two. The growth rate of the horizontal interface is 
controlled by: (i) the diffusion flux of silicon atoms in 
the gas, which is in turn controlled by the horizontal 
concentration gradient  and, (ii) the diffusion flux of 
the silicon atoms deposited on the oxide at a distance 
shorter than the diffusion length. The growth rate of 
the horizontal interface controls the shape of the hori-  
zontally growing interface (contribution from (100) 
and (1(}1) planes) and also the surface morphology of 
ELO films when SiO2 coverage becomes complete. 

One can conclude that the optimization of the growth 
parameters: deposition temperature, gas composition, 
and length of the growth/etch cycle, results in the re-  
duction of polysilicon nuclei on SiO2 to below 1 cm-~. 
Under these conditions, an ELO film seeded from a 
silicon substrate and grown by CVD over an SiO2 mask 
has the orientation of the substrate and is monocrystal- 
line. Epilayers about 18 ~m thick were grown over 20 
~m wide SiO~ islands at a growth rate of approximately 
0.25 ~m/min in a radiant heated reactor. Smooth mir-  
rorl ike surfaces were obtained. It has been found that 
when growth conditions that suppress the nucleation of 
polysilicon over SiO~ are used the ELO films are pract i-  
cally defect free if the SiO2 islands have been properly 
oriented (along the [010] on a (100) substrate).  

Manuscript submitted Oct. 27, 1982; revised manu- 
script received Apri l  4, 1983. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1984 JOURNAL. 
All discussions for the June 1984 Discussion Section 
should be submitted by Feb. 1, 1984. 

RCA Laboratories assisted in meeting the publica- 
tion costs o] this article. 
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Multizone Modeling of Impurity Redistribution in Ion-Implanted 
Materials 

R. Kwor and C. Paz de Araujo*t 

Department of Electrical Engineering, University of Notre Dame, Notre Dame, Indiana 46556 

ABSTRACT 

Implanted  impuri ty  redistr ibution has been ob served during annealing of many ion-implanted materials. Experimental  
evidence suggests some posit ion dependence  in the redistr ibution process. The tail region of ion-implanted impuri ty  
profiles usually exhibits  faster diffusion than the near-surface region. In this paper, a multizone model  for the redistribu- 
tion of implanted  impurit ies is presented. The implanted  substrate is considered as a stratified medium with zones where a 
local diffusion equation is obeyed, and an effective diffusion coefficient is defined within each zone. The basic formulation 
of the model  and its mathematical  background are discussed.  The multizone equations are solved using the Crank-Nicolson 
method. A computer  program is used to generate a plot of the post-annealing redistr ibuted impuri ty  profile. The model  is 
applied to the case of sulfur-implanted GaAs for dose range of 4 • 101~ to 4 x 10 ~5 cm -2, with energies of 120 and 300 keV. Good 
agreement  is obtained between the computer  generated profile and the SIMS experimental  profile. 

Ion implan ta t ion  offers a number  of advantages  in 
the fabr ica t ion  of semiconductor  devices and is now 
an es tabl ished technology for production.  Its attrac- 
t iveness  comes f rom the ab i l i ty  to achieve doping 
profiles which are  control lable ,  reproducible ,  and 
sometimes not  easi ly  obta ined  by  o ther  techniques. In 
the designing and charac ter iza t ion  of ion implan ted  
devices, i t  is therefore  ve ry  impor t an t  to know or  to 
be able  to predic t  the doping profile. In  most cases, 
the final ca r r ie r  concentra t ion profile is closely re -  
la ted to the implan ted  impur i t y  d i s t r ibu t ion  and the 
pos t - implan ta t ion  annealing.  H i g h - t e m p e r a t u r e  an-  
neal ing is necessary  for  the remova l  of rad ia t ion  dam-  
age and the act ivat ion of implan ted  atoms. However ,  
the diffusion of the impur i t y  atoms dur ing  anneal ing  
often resul ts  in subs tan t ia l  movement  of these atoms, 
a l te r ing  the impur i t y  dis tr ibut ion.  The p reannea l ing  
impur i t y  d is t r ibut ion  is usua l ly  descr ibed by  the p ro-  

* Electrochemical  Society Active Member. 
t Present  address: Dept. of Elec t r ica l  Eng inee r ing ,  Unive r s i ty  

of Colorado at Colorado Springs.  
Key words: ion implantation, diffusion, multizone,  sulfur .  

files of LSS (1), jo ined  ha l f -Gauss ian  (2), and more 
recently,  the Pearson IV (3, 4). Depending on the 
implan ta t ion  condit ions,  these profiles have var ious  
degrees of success. For  pos t -annea l ing  profiles, how-  
ever,  the effect of diffusion mus t  genera l ly  be in-  
cluded. The commonly  used model  for impur i t y  diffu- 
sion dur ing  anneal ing  assumes an ini t ia l  Gaussian 
d is t r ibut ion  and a constant  diffusion coefficient (5, 6). 
In  the case of capped subs t ra te  such as Si3N4 on GaAs, 
the encapsulan t  is somet imes considered a cont inuat ion 
of the substrate.  According to this model,  anneal ing  
wil l  resul t  in a b roader  and lower  Gaussian d i s t r ibu-  
tion. This type of diffusion can only  be rega rded  as an 
approximat ion ,  whereas  the ac tua l  diffusion of im-  
p lan ted  species is, in general ,  fa r  more  complex.  Fac-  
tors such as la t t ice defects may  p l ay  an impor t an t  role 
in the diffusion mechanics  of impur i ty  atoms. Dur ing  
implan ta t ion  different  types  of defect  occur in damage 
clusters a round the pa th  of the  implan ted  par t ic le  (7). 
The na ture  and spa t ia l  d is t r ibut ion  of rad ia t ion  d a m -  
age is e x t r e m e l y  complicated.  The exact  class of de -  
fect or defect  complex  depends  on m a n y  factors,  in-  
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cluding the mass and energy  of the  inc ident  par t ic les  
and  the mass of the t a rge t  atom. Genera l ly ,  the  d a m -  
age profile does not  coincide wi th  the implan ted  ion 
profile; the  degree  of d i spa r i ty  be tween  these two 
being a function of the mass difference be tween  the 
bombard ing  ion and the la t t ice  atoms. Moreover ,  when 
the solid so lubi l i ty  of the imp lan ted  species in the sub-  
s t r a t e  is exceeded,  as in the case of h igh  dose imp lan -  
tation, p rec ip i ta tes  somet imes  occur, thus changing 
the local  character is t ics  of the medium.  Clear ly,  the  
p reannea l ing  subs t ra te  cannot  be considered as a 
homogeneous med ium for diffusion of the  implan ted  
i m p u r i t y  atoms. A~othe r  impor t an t  p a r a m e t e r  which 
m a y  also have a considerable  influence on the final 
d i s t r ibu t ion  of implan ted  ions is the  subs t r a t e - encap -  
su lan t  b o u n d a r y  condition. Most encapsulants  behave  
a s  bar r i e r s  to outdiffusion, leading  to a b u i l d - u p  of 
impur i t y  a toms at  the subs t ra te  surface,  bu t  i t  is also 
possible for  some to act as sinks. The s t ra in  at  the 
subs t r a t e - encapsu lan t  in terface  also has an effect on 
the diffusion of the implan ted  impur i t i es  (8). This 
complex i ty  is suppor t ed  b y  the expe r imen ta l  evidence 
tha t  m a n y  pos t -annea l ing  i m p u r i t y  profiles cannot  
be accura te ly  descr ibed by  the s imple  diffusion theory.  
Examples  of long diffusion tai ls  a re  numerous  (9-11). 
They  suggest  tha t  the imp lan ted  med ium m a y  be 
charac te r ized  by  two or  poss ibly  more  zones wi th  
different  diffusion constants.  This resul ts  in a mul t i -  
zone model ing  scheme for the ion implan ted  medium.  
The med ium is d iv ided  into zones where  a local  diffu- 
sion equat ion is obeyed  with  an effective diffusion co- 
efficient which  lumps  the effects of the defects  and 
possible precipi ta tes .  Wi th  appropr ia t e  bounda ry  and 
interface  conditions,  this  model  can be used to more  
accura te ly  descr ibe  the pos t -annea l ing  i m p u r i t y  p ro -  
files. In  i ts ex tended  form it can be used to model  
outdiffusion of implan ted  species into the encapsulant .  
In  this paper ,  the basic formula t ion  of the model  and 
its ma themat i ca l  background  are  discussed. A com- 
pu te r  p rog ram is then used to genera te  a plot  of the 
pos t -annea l ing  red i s t r ibu ted  impur i t y  profile. Reason-  
able ag reemen t  is obta ined  be tween  the compute r  
genera ted  profile and the SIMS atomic profile of 
s u l f u r - i m p l a n t e d  Cr -doped  GaAs for dose range of 
4 • 1013 to 4 • 1015 cm -2 wi th  energies  of 120 a n d  
300 keV. This provides  a s imple and ye t  more  accurate  
way  of es t imat ing  the diffusion coefficients of an ion 
implan ted  medium.  The advanced  ma t r i x  fo rmula t ion  
of the model  al lows the computer  p rog ram to be inde-  
penden t  of the ini t ia l  profile and also v i r tua l ly  inde-  
penden t  of constr ict ions in the  bounda ry  conditions.  
The method  is thus ve ry  sui table  for profile analysis  
in ion implan ta t ion  when the ini t ia l  profiles cannot be 
defined by  ana ly t ica l  forms as in the case of non-  
Gaussian profiles or  mul t ip le  implanta t ions .  

Basic Formulation of Mult izone Model 
The basic concepts of a double-zone  model  wi l l  first 

be discussed. In l a te r  sections, these basic concepts a re  
genera l ized  for  the mul t izone case. F igure  1 shows the 
geomet ry  of a double-zone  model. The genera l  cont i -  
nu i ty  equat ion for the posi t ion dependen t  diffusion co- 
efficient is 

aC O [D(x)  ac ] 
at - ox o'-~ [i] 

where  C ( x , t )  is the concentra t ion of the implan ted  
impur i t y  atoms, D (x) is the posi t ion dependen t  diffu- 
sion coefficient, t is the t ime, and x is the depth.  F o r  
a double-zone  model,  each of the two zones is assumed 
to have a constant  diffusion coefficient 

Dz for O ~ x ~ a -  
D (x)  = [2] 

D2 for  a + --~x ~ l  

where  Dz and D2 are  the  effective diffusion coefficients 
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Fig. !. Configuration of a double-zone model for impurity re- 
distribution. 

for  zone 1 and zone 2 respect ively ,  r is the  locat ion of 
the zone interface  and l is the  locat ion of the second 
zone boundary .  Thus, Eq. [1] becomes the fami l ia r  
Fick 's  second law inside each zone 

OC.1.__Dz 82C1 for 0 < x < a  [3a] 
at ox 2 

oc2 02c2 
~ : D 2  for a < x < l  [3b] 
8t ax 2 

where  Cz and C2 are  the concentrat ions  in thei r  respec-  
t ive zones. If  the ini t ia l  condition, i.e. the a s - imp lan ted  
impur i t y  profile is F (x) ,  then 

C l ( x )  : F ( x )  for 0 ~ x - - a  [4a] 

C2(x) : F ( x )  for  a ' ~ x ' ~ l  [4b] 

In our  s imple double-zone  model,  three  bounda ry  
conditions wi l l  be assumed. A per fec t ly  reflective cap 
is assumed to exis t  at the surface. Thus 

8C1 
- -  : 0 [ 5 ]  
Ox x=0 

For  large  l, i t  is assumed that  no diffusing impur i t y  
wi l l  cross the  b o u n d a r y  at  x : l for the shor t  annea l -  
ing t ime used in ion implanta t ion .  Then 

aC2 
: 0 [6] 

ax x=Z 

And at the zone interface  of x = a, the flux in zone 1 
equals that  in zone 2. Hence 

acl ac2 
Dz : D 2  at  x--a [7] 

ax 8x 

Physical ly ,  this means  tha t  the interzone b o u n d a r y  is 
nonabsorbing  and does not  segregate  impuri t ies .  Also 
in this model,  the  locations of the zone boundar ies  a re  
assumed to be t ime- independen t .  Then, given an 
in i t ia l  condit ion C(x, 0) = F ( x ) ,  and with  the bound-  
a ry  condit ions specified by  the Eq. [5]-[7] ,  Eq. [3] can 
be solved to y ie ld  the funct ions Cl and C2 for a spe-  
cific combinat ion of anneal ing  t ime and the effective 
diffusion coefficients in the two zones. The ma thema t i -  
cal method is out l ined in the next  section. 

Discretization of the Diffusion Equations for 
Double-Zone Model 

To solve Eq. [3a] and [3b] for  the double-zone  case, 
the continuous set of space- t ime  points  { ( x , t ) }  pai rs  
is subs t i tu ted  wi th  a grid of discrete  points  {xm = 
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m~x; tn -- nat}, where  hx and At are small intervals  
of distance and t ime respectively,  m and n are non- 
negative integers, m---- 0, 1 ,2  .... , L ; n  -~ 0, 1 , 2 , . . . , T .  
At  the beginning of first zone, Xm :-  0, m -- 0; and at 
the end of second zone, Xm -- l, m ---- L. The total  an- 
nealing t ime is equal  to TAt. The function C ( x , t )  at 
the grid point  (m, n) is approximate ly  represented 
by the point Cm ~. Using the Crank-Nicholson method 
(12), Eq. [3] can be t ransformed to 

~) t+Cran__DiDz+Dx-  ( Cmn-[-Cmn+l ) 
2 [8] 

where Dj is the diffusion coefficient of the i th  zone. 
f)t + -- the finite difference operator  for the forward  

time step 
C m  n + 1 ~ C m  n 

Dt  + Cm n -- 
At 

Dz + = the finite difference operator for the forward 
distance step 

Cm + i n -- Cm n 
DZ + Cm n -- 

ha: 

Dz- -- the finite difference operator for the back- 
ward distance step. 

Crn n - -  C m _ l  n 
D~- Cm ~ - 

A~ 

The Crank-Nicholson method is chosen because of 
its convergence and unconditional stability. Equation 
[8] can be expanded to a set of equations 

%1 
( i  -~ ~.l)Cm n+i -- -- (Cm+l n+! ~- era-1 n+l) 

2 

"- (i -- ~d)Cm n "~ E (Cm+In "~" Cm-ln) [9] 

where ki ---- Di/~t/(Ax) ~, the normalized diffusion coeffi- 
cient for the ith zone. The initial condition (n -- 0) is 
readily incorporated in this system, and the boundary 
conditions in the discrete space-grid are: (i) At the 
beginning of the first zone, Xm ---- 0, m -- 0, i _-- 1. 
Equat ion [9] thus becomes 

(i q- ll)Con+l ----~1 (C1n+l -~ C_In+l ) 
2 

= (l-h)Co ~+~(c~+c-i~) [i0] 

If we assume a perfectly reflecting surface, then Eq. 
[i0] becomes 

(I + ll)Co n+1 --',kl el n+i -- (I -- ,~i) Co n 2 c kl Ci n 

[II] 

(if) At the end of the second zone, Xm -- 1, m = L, i --  2 

~3~o Co" = 0 
Eq. [9] beomes 

(I -I- }~2) CL n+l -- ~.2 CL--1 n+l ~- (i -- k2)CL n -I- k2 CL-i n 

[12] 
(iii) At the zone interface, xm ---- a, m = A, and 

DiDo-CAn = D~l)x+Cin 

then the interzone equat ion can be shown to be 

( kl ~ 2 )  ~i CA_in+l ~-2CA+in+ I i + y + CA ~+i -- 
2 2 

- - ( 1  h k2)  M,~ .n ~2 2 2 CAn-~-~-'~.,A - ,  + y C A + l  = [13] 

For  m -- 0, 1, 2 ........ L, the system of equations Eq. 
[9] can be represented by a mat r ix  equat ion 

where  

Cn+l --- 

A C n+l = B C n [14] 

"Co n+l . and C n ~  Co n 
Cln + 1 Cln 

. CL n+l e L  n 

Depending on the surface condition (at Xm -- 0), the 
interzone conditions and the last zone boundary condi- 
t ion (at Xm -- l), the A and B matr ices  will  take dif- 
ferent  forms. A computer  p rogram is then used to 
solve the mat r ix  equat ion Eq. L14] and calculate the 
values of C,n n at different grid points (re, n) .  The 
Crout-Dooli t t le  a lgor i thm is used to per form the n e e -  
essary mat r ix  inversion. The redis t r ibuted profile af ter  
a certain anneal ing t ime can then be plotted. 

The Multizone Model with General Boundary 
Conditions 

The mult izone model  follows the same arguments  as 
the double-zone model�9 Inside the ith zone, where  i --  
1, 2, 3 . . . . . . .  ,I, Fick's law is assumed to be obeyed 

OCi 02Ci 
= D i - -  inside i th zone [15] 

Ot Ox 2 

Assume the boundary  condition at the surface to be 

0C1 
..... + p l C , = @ l ( t )  at x = 0  [16] 
Ox 

And at x -- l the boundary  condit ion is 

oC~ 
-~ piCi -~ r  [17] 

Ot 

Here r and Cz(t) are t ime dependent  sources (or 
sinks) at the first and last boundaries.  The functions 
Pl and P1 are related to the permeabi l i ty  of the bound-  
aries. These boundary  conditions are now discretized 

D~~ s + plCo s = ~I s Xm = 0 [18] 

Dz~ s -~-. PICL s = r s Xm = l [19] 

w h e r e s = n , n +  1 

The first and last equations in Eq. [14] then become 

[1 + (1 -- hxpl)  ki]Co n+l - - k l  Cl n+l + kl AX~bin+l 

= [1 -- (1 -- Axpl)).l] Co n + ~.~ Cl n -- ~., ~cr n [20] 

[i + (i + hzpl)kl] CL n+l -- k, CL-i n+l -- k, AX~bln+l 

- -  [1 - -  (1 ~- AxpI  ) kl ]CL n -~- kI e L - 1  n -~ ~.I Ax~bI n [21] 

Equations [20] and [21] are seen to reduce to Eq. [11] 
and [12] for the double-zone case if I = 2, Pl -- Pl -- 0 
and r = 4i ---- 0 for all t > 0. For  the mult izone case, 
another  mat r ix  equation can be obtained 

AC n+1 + 'tI* n+l : BC n + 'I~ n [22] 
where 

~]~s --- ['~.l~X~bl s 0 0 . . . . . .  ~IAZr 'T 8 "-- n ,  n ~- 1 

If the interzone conditions are kept  the same as that  
for the double-zone case, i.e., assuming no interface 
resistance or enhancement  to part icle flow, approaches 
s imilar  to that  for the double-zone model  can be used 
to find the matrices A and B. And again the redis-  
t r ibuted profiles can be calculated given the anneal ing 
t ime and the set of diffusion coefficients for the I zones. 
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Application of the Model to the Redistribution of 
Sulfur in Ion-Implanted GaAs 

In this section, the mul t izone model  descr ibed in the 
previous  sections is appl ied  to some profiles of su l fur  
implan ted  in <100>  or ien ted  Cr -doped  semi - insu la t -  
ing G a b s  subst ra te .  The implanta t ions  were  done at  
room t empera tu re  and in a nonchannel ing  d i rec t ion  to 
doses rang ing  f rom 4 X 1013 to 4 X 10 ~s cm-~.  Af t e r  i m -  
plantat ion,  the  samples  were  capped with  e i ther  SiaN4 
or SiO2 and then  annealed.  There  is a significant red is -  
t r ibu t ion  of sul fur  as a resul t  of diffusion dur ing  an-  
neal ing.  As indica ted  by  the SIMS profiles (Fig. 2-5), the 
a s - imp lan ted  profile cannot  be adequa te ly  descr ibed 
using LSS. Pearson  IV dis t r ibut ion  was therefore  used 
as the ini t ia l  condit ion for  the mul t izone model.  Using 
the same approach  as tha t  in Ref. (4), the four  mo-  
ments  for  the  Pearson  IV d is t r ibu t ion  were  found. 
These four  moments  were  then fed to the compute r  
which genera tes  the ini t ia l  condit ion for  the model.  
A t t empt s  to match  the pos t -annea l ing  profiles for these 
su l fur  implan ts  wi th  Pearson  IV dis t r ibut ion  have 
been unsuccessful  because of the long diffusion tails  
involved.  However ,  as wil l  be seen later ,  the t r ip l e -  
zone model  can be used to adequa te ly  descr ibe  these 
profiles. Double-zone  model  has  also been  tr ied,  bu t  i t  
does not  give as good results.  As discussed ear l ier ,  the 
model  accepts  in i t ia l  condi t ion of a n y  dis t r ibut ion.  
Pearson  IV has been used th roughout  because i t  gives 
sa t i s fac tory  resul ts  for  these pa r t i cu la r  applicat ions.  
F rom the SIMS data  shown in Fig. 2-5 the different  
zones in the r ed i s t r ibu ted  profiles a re  apparent .  De-  
pending  on the anneal ing  t ime, t empera ture ,  implan-  
ta t ion energy,  and dose, the effective diffusion coeffi- 
cients in different  zones are  different.  In  Fig. 2-4, the 
i m p u r i t y  concentra t ions  nea r  the surface  exceed the 
solid so lub i l i ty  due to high dose implanta t ion .  P r e -  
c ipi ta t ion a n d / o r  a large amount  of unannea led  dis-  
o rder  in this region results  in a ve ry  smal l  effective 
diffusion coefficient. Deeper  in the substrate ,  the su l fur  
a toms diffuse wi th  a l a rge r  effective diffusion coeffi- 
cient. Under  such circumstances,  significant r ed i s t r ibu-  
t ion of su l fur  only  occurs in the tai l  region of the  
profile. In lower  dose implants ,  there  is a much smal l e r  
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Fig. 2. SIMS unannealed and annealed profiles of Cr-doped GaAs 
implanted with 120 keV, 1014 cm -2  ~2S. 15 rain anneal was per- 
formed with an SiaN4 encapsulant. 
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Fig. 4. SIMS unannealed and annealed profiles of Cr-doped GaAs 
implanted with 300 keV, 4 X 1015 cm -2  82S. 20 min anneal was 
performed with an SiO2 encapsulant. [After C. A. Evans et al., 
Ref. (10)]. 

difference in the effective diffusion coefficients of dif-  
fe ren t  zones, except  in the lower  t empera tu re  annea l -  
ing. F igure  5 gives such an example .  

The mult izone model  was appl ied  to four  cases. In  
each case, the  Pearson  IV moments  for the a s - im-  
p lan ted  profile were  found from the SIMS data  and 
used to genera te  the ini t ia l  profile. The red i s t r ibu ted  
profile a f te r  anneal ing  was then calcula ted using a 
computer .  The t ime and spa t ia l  steps used were  z%t = 
1 sec and hx  ----- 0.01 ~m. The p rog ra m requ i red  approx-  
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Fig. 5. SIMS unannealed and annealed profiles of Cr-doped GaAs 
implanted with 300 keV, 4 X 10 is cm -2  s2S. 20 min anneal was 
performed with an SiO2 encapsulant. [After R. G. Wilson, Ref. 
01) ] .  

imately 2 sec CPU time. The four  cases are discussed 
below. 

The SIMS unannea led  and annealed profiles of Cr- 
doped GaAs implanted with 120 keV, 1014 cm -2 32S 
are shown in Fig. 2. These profiles were reported 
earl ier  in Ref. (9). The annealed profile shows a very 
distinct mult izone characteristics. Pearson IV distr i-  
but ion was used to describe the as- implanted  profile 
which is seen to deviate substant ia l ly  from LSS. With 
the choice of four moments  of Rp = 0.1 ~m, ~ -- 0.08 
~m, ,y = --1.7 and fl = 40, a good fit was obtained ex-  
cept near  the tail region where the Pearson IV distri-  
but ion  has a sl ightly shallower penetrat ion.  After  a 15 
min  anneal  at 900~ performed with an SigN4 en-  
capsulant,  a pronounced tail  appeared in the annealed 
profile. The tail  is seen to start  at about 2 X 10 is cm -~, 
which is commonly accepted as the solid solubil i ty of 
implanted  sulfur  in GaAs. To model this annealed pro- 
file, a t r iple-zone scheme was used. The Pearson IV 
dis tr ibut ion with the above ment ioned four moments  
was used as the init ial  condition. The tr iple-zone 
profile with interfaces at 0.2 and 0.22 ~m, and three 
effective diffusion coefficients of D1 = 4 X 10 - le  cm2/ 
sec, D2 -- 8 X 10 - i s  cm2/sec, Ds -- 1.36 X 10 -z3 cm2/ 
sec, is shown in Fig. 6. 

In  Fig. 3, the SIMS unannea led  and annealed profiles 
of Cr-doped GaAs implanted with 120 keV, 1015 cm -2 
32S are shown. The four moments  used in  the Pearson 
IV dis t r ibut ion for the as- implanted  profile were Rp -- 
0.11 ~m, ~ = 0.097 #m, -y -- --2.5 and ~ _-- 40. Again, 
a good fit was obtained except near  the tail  region 
where the Pearson IV has a shallower penetrat ion,  
which is common in all the cases reported in this 
work. After  15 min  annea l  at 900~ performed with an 
Si3N4 encapsulant,  a pronounced tail s imilar  to the 
above-discussed 1014 cm -2 dose case appeared. The 
tr iple-zone profile for the annealed curve is shown in  
Fig. 7. The interfaces used were at 0.21 and 0.23 #zn. 
The three effective diffusion coefficients were D1 ---- 4 
X 10 -16 cm~/sec, D2 ---- 8 X 10 - i s  cm~/sec, and Ds -- 
5.6 = 10 -13 cm2/sec. 

The SIMS data studied in the last case here were 
also from Ref. (11). Several  annealed  curves for dif- 
ferent  temperatures  are shown in Fig. 5. Multizone 

characteristics of the profile are more apparent  in the 
lower temperature  annealed  curves. Triple-zone 
modeling was performed for the 700~ annealed pro- 
file. The SIMS as- implan ted  profile from Fig. 8 was 
first calibrated in terms of concentrat ion by integrat ing 
the area under  the curve and set t ing it  equal  to the 
area under  the 700~ annealed curve. The four mo- 
ments  of the Pearson IV were then found: Rp = 0.24 
~m, �9 = 0.12 ~m, -y = --1 and ~ ---- 40. This ini t ial  con- 
dit ion was then used for the t r iple-zone model. (Fig. 
9). The interfaces used were at 0.42 and 0.60 ~m. The 
effective diffusion coefficients were D1 = 9 X 10 -16 
cm2/sec, D2 = 2.07 X 10 -13 cm~/sec, and Ds - -  2.7 X 
10-13 cm2/sec. 

The above results indircate that  for high dose im- 
plants, there is very  little diffusion in the first two 
zones, while the effective diffusion coefficient in  the 
third zone is be tween 10 -13 and 10 -12 cm2/sec, near  
the values of sulfur  diffusion coefficient reported by 
other researchers (6, 14, 15, 16). For lower dose and 
high energy implants, there is also a significant differ- 
ence in diffusion coefficients of different zones. At an-  
neal ing temperatures  below 700~ there is little diffu- 
sion in the first zone where there is still a significant 
density of unannea led  disorder, but  the rate of diffu- 
sion in the third zone is near  that  of a single crystal. 
This is a t t r ibuted to faster crystall ine regrowth near  
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Fig. 6. SIMS profile of 120 keV, 1014 cm -2  :]2S implant annealed 
at 900~ for 15 min; Pearson IV profile initial condition; and 
triple-zone profile with interfaces at 0.2, 0.22 #m and D1, D2, D3 
equal 4 X 10 -16 , 8 X 10 -15 , 1.36 X 10 -13 cm2/sec, respec- 
tively. 
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nealed at 900~ for 15 min; Pearson IV profile initial condition; 
and triple-zone profile with interfaces at 0.21, 0.23 #m and D1, D2, 
D~ equal 4 X 10 -16 , 8 X 10 -1~, 5.6 X 10 -13 cm2/sec, respec- 
tively. 
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respectively. 

the b o u n d a r y  be tween  the implan ted  (damaged)  me-  
d ium and the undamaged  bu lk  crystal .  I t  is be l ieved 
that  the th i rd  zone quickly  a t ta ins  h igher  c rys ta l l ine  
o rder  than  the o ther  zones and since the impur i t y  dis-  
t r ibu t ion  in that  zone is wel l  be low the solubi l i ty  
l imit ,  s ingle c rys ta l  type  of diffusion behavior  is ex-  
pected.  

Summary and Discussion 
In al l  cases studied, reasonable  fit was obta ined  be-  

tween  the t r ip le -zone  profile and the corresponding 
SIMS annea led  curve, wi th  best  fit obta ined in the first 
and th i rd  zones. The assumption of a per fec t ly  reflect-  
ing in ter face  be tween  the encapsulan t  and the med ium 
is val id  here for  S - imp lan t ed  GaAs since expe r imen ta l  
evidence has shown that  there  is negl ig ible  outdiffu-  
sion of sul fur  (9). As there  is a change of as much as 
severa l  orders  of magni tude  in the effective diffusion 
coefficients f rom the first to the th i rd  zones, the 
second zone is in rea l i ty  a t rans i t ion  zone in which 
there  is a cont inuous change of diffusion coefficient. 
Because of the p iece-wise  l inea r  na ture  of the t r ip le -  
zone model,  only  one effective diffusion coefficient is 
chosen for the second zone. Thus the g rea te r  the di f -  
ference be tween  the diffusion coefficients in the first 
and th i rd  zones, the more difficult it  is to have an ac-  
cura te  fit of the profile in the second zone. The re -  
sul ts  f rom the  mul t izone model ing  show tha t  the i ra-  
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pur i ty  diffusion is re la ted  to implan ta t ion  energy,  dose 
and annea l ing  tempera ture .  This model  impl ies  that  
heav ie r  damage in the first two zones leads  to lower  
diffusion coefficients; whereas  the diffusion coefficient 
in the th i rd  zone seems to have  been enhanced.  Fas t e r  
crys ta l l ine  r eg rowth  in the th i rd  zone coupled wi th  
increased vacancy  dens i ty  diffusing f rom the o ther  
defect  s a tu ra t ed  zones provides  a reasonable  p ic ture  
to this complex  system. F igure  5 gives a good ind i -  
cation of the influence of annea l ing  t empera tu re  on 
the difference in effective diffusion coefficients of d i f -  
fe rent  zones. In  this case, when  the implan ta t ion  en-  
e rgy  is high and anneal ing  t empe ra tu r e  is low (around 
700~ not  much of the implan ta t ion  damages  near  
the surface are  removed  dur ing  anneal ing,  and  there  
is a grea t  difference in the effective diffusion coeffi- 
cients of the different  zones. A t  h igher  annea l ing  t em-  
peratures ,  the implan ta t ion  damages  are  removed,  the  
difference in diffusion coefficients in different  zones is 
reduced.  At  850~ anneal ing  tempera ture ,  the annea led  
profile has  a lmost  lost its mul t izone character is t ics .  

In  summary ,  the mul t izone model  gives a reasonably  
accurate  descr ipt ion of the pos t -annea l ing  atomic p ro -  
file for  i on - imp lan t ed  impuri t ies .  I t  also gives some 
insight  of the phys ica l  process occurr ing  dur ing  the 
pos t - implan ta t ion  annealing,  y ie ld ing  some in forma-  
t ion of the posi t ion dependence  of the  diffusion. Using 
the model, effective diffusion coefficients in different  
zones of the implan ted  ma te r i a l  can be more  accura te ly  
calculated.  A table  of effective diffusion coefficients 
can be compiled for different  implan t  and anneal  con- 
di t ions once enough expe r imen ta l  da ta  are  avai lable .  
They  shal l  have some predic t ive  value  for  profile ana l -  
ysis. This model  accepts any  profiles as in i t ia l  condi-  
tion, and is thus ve ry  sui table  for those ion imp lan ta -  
tions when the in i t ia l  profiles are  non-Gauss ian  and 
cannot  be defined by  ana ly t ica l  forms. 
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Influence of Carbon Addition on the Electrical and Structural 
Properties of Phosphorus and Boron Doped Silicon Layers 

W. A. P. Claassen, J. Bloem,* and F. H. P. M. Habraken' 
Philips Research Laboratories, 5600 JA Eindhoven, The Netherlands 

ABSTRACT 

Phosphorus  and boron doped polycrystall ine silicon layers grown by chemical  vapor deposit ion were addit ionally 
doped with carbon via the introduction of C2H~ in the gas phase. Addit ion of carbon to n-type and p-type polycrystall ine 
silicon gives rise to characteristic differences in resistivity vs. P c~H2 input  pressures, at least at small input  pressures of C2H~. 
The difference in resistivity can be explained by a donor activity of carbon or sil icon-carbon complexes  or by an asymmet-  
rical energy distr ibution of grain boundary traps, both at the grain boundaries.  It is also shown that  the addit ion of carbon 
has a strong influence on the morphology of the growing silicon layer. With increasing values ofP  c~2, the size of the grains 
in the layer decreases, under  certain circumstances even amorphous silicon is formed, and this effect is stronger at the 
lowest temperatures.  The decomposi t ion kinetics of C2H2 has also been discussed. It is concluded that at high input  pres- 
sures of C~H2 the deposit ion rate of carbon is gas phase diffusion controlled. At lower Pc~H2 values and temperatures  above 
850~ the formation of Si-C nuclei  is rate-limiting as far as the introduction of carbon is concerned. 

Polycrys ta l l ine  si l icon layers  are  used ex tens ive ly  
for the fabr ica t ion  of in tegra ted  circuits  (1), e.g., gate 
mate r ia l  in MOS field effect t rans is tors  and l a t e r a l  
diodes (2). The e lect r ica l  p roper t ies  of chemica l ly  de-  
posi ted po lycrys ta l l ine  silicon layers  s t rongly  depend 
on the size of the polysi l icon grains  in the layers  (3).  
Due to the presence of gra in  boundaries ,  there  is a 
large  difference in the res i s t iv i ty -dope  character is t ics  
be tween  polycrys ta l l ine  si l icon and monocrys ta l l ine  
silicon. The i m p u r i t y  segregat ion model  (4), the car -  
r ie r  t r app ing  model  (5), or  a combined mechanism of 
dopant  segregat ion,  ca r r ie r  t rapping ,  and ca r r i e r  tun-  
nel ing th rough  gra in  boundar ies  (6) are  proposed to 
expla in  the electr ical  p roper t i e s  of polycrys ta l l ine  
silicon. The gra in  size of the po lycrys ta l l ine  si l icon 
layers  can be influenced by  the addi t ion of small  con- 
centra t ions  of impur i t ies  l ike carbon or  oxygen.  In  this 
way, the e lect r ica l  behav ior  of the si l icon layers  can be 
changed (7). 

This paper  descr ibes  a s tudy  of the influence of car-  
bon addi t ion on the e lect r ica l  p roper t ies  of po lyc rys -  
ta l l ine  si l icon for  the SiHa-H2-B2H6 sys tem and the 
SiH4-H2-PI~ system via  the in t roduct ion  of C2H2 
dur ing  the growth  of the si l icon layers .  

Experimental 
The deposi t ion exper imen t s  were  pe r fo rmed  in a 

hor izonta l  r f  hea ted  CVD reac tor  at  a tmospher ic  p res -  
sure by  adding  smal l  concentrat ions of C2H2 a n d  
PH3 or  B2Hs to hydrogen  loaded with  silane. Expe r i -  
menta l  deta i ls  have been descr ibed in an ea r l i e r  paper  
(8), where  we used the same sys tem for s tudying  

nuclea t ion  and growth  of silicon f rom silane. Add i -  
t ional  in format ion  is given below. The gases PHi,  
B2H6, Sill4, and C2H2 were  of electronic grade.  The 
s u b s t r a t e s  used were  si l icon slices covered wi th  an 
amorphous  150 nm thick LPCVD laye r  of SigN4, whi le  
in the same run  n-  or p - t y p e  (2-5 ~ m ) ,  silicon slices 
were exposed to the react ion mix tu re  in the reactor .  

The e lect r ica l  p roper t ies  of the  grown layers  were  
de te rmined  by  res is t iv i ty  ( four -poin t )  and Hal l  effect 
measurements .  As i t  is possible to deposi t  monocrys -  
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ta l l ine  silicon on monocrys ta l l ine  si l icon wafers  at  
1000~ Irv~n's curves (9) can be used to es t imate  the 
dopant  concentra t ion in the ep i tax ia l  film. According 
to Monkowski  et al. (10), the dopant  concentra t ion of 
polycrys ta l l ine  si l icon and s imi la r ly  grown monocrys -  
ta l l ine si l icon films are equal  at a deposi t ion t empera -  
ture  of 1225~ Al though there  could be some dopant  
segregat ion  at  the gra in  boundar ies ,  we assume tha t  
at  a deposi t ion t empera tu re  of 1000~ the dopant  con- 
cent ra t ion  of the films deposi ted on SigN4 are  in a 
first approx imat ion  equal  to the dopant  concentrat ions  
in the  ep i tax ia l  films (other  things being equal) .  

The l aye r  morpho logy  was s tud ied  via  t ransmiss ion 
e lec t ron microscopy (TEM) and the presence of carbon 
and silicon carbide was detected by  in f ra red  absorp-  
tion spectroscopy.  The carbon content  of the layers  
was measured  by  AES spec t romet ry ,  a f te r  r emova l  of 
severa l  surface layers  by  Ar+ bombardment .  The h y -  
drogen content  in the l aye r  was measured  wi th  a 
ka tha rome te r  whi le  hea t ing  the wafer  at  1150~ 
Thickness measurements  were  pe r fo rmed  in the middle  
of the wafer  by  in f ra red  and Talys tep  measurements .  

Experimental Results 
Chemical and structural analysis.--The carbon con- 

cent ra t ion  in the si l icon layers  was de t e rmined  by  
means  of Auge r  e lect ron spectroscopy using the AES 
sens i t iv i ty  factors of Ref. (11). F igures  1 and 2 give 
the amount  of carbon in the films as a funct ion of the 
C2H2 pressure  and the subs t ra te  t empera ture .  The car -  
bon concentra t ion var ies  be tween  0 and 12 atomic pe r -  
cent (a/o) in the t empera tu re  and C2H2-pressure range  
under  invest igat ion.  In  Fig. 1, it  is shown tha t  at  700~ 
the carbon concentra t ion increases l i nea r ly  wi th  the 
C2H2-pressure, both for H2 and a 96% N2/4% H2 gas 
mix ture  as ca r r i e r  gas. At  1000 ~ and 1080~ the carbon 
concentra t ion is lower  than  at 700~ and increases 
more than l inear ly  wi th  the  C2H2 pressure ,  while  at  
850~ an in te rmedia te  curve is observed (Fig. 2). The 
value of the PH3 par t i a l  pressure  and the subs t ra te  
used [Si3N4 or S i ( l l l ) ]  have no influence on the 
amount  of carbon incorporated.  However ,  at  C2H2 
pressures  less than  3 • 10 -5 ba r  boron doped layers  
were  found to contain a s l igh t ly  l a rge r  amount  of 
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Fig. I. Carbon content of silicon layers deposited at 700~ as a 
function of the C2H2 partial pressure (+0 .2  v/o Sill4 in a 96% 
N2-4% H2 gas mixture, �9 0.4% v/o SiH41n H2). 

carbon. The deposi t ion ra te  of s i l icon was found to be 
independen t  of the C2H2, PHi,  and B2Hs input  concen- 
t ra t ions  in the expe r imen ta l  reg ime under  discussion. 
In f r a red  t ransmiss ion spec t ra  of the  layers  grown at  
t empera tu re s  be low 850~ show a broad  absorpt ion  
band  wi th  a m a x i m u m  at 740 cm -1 indica t ive  of the  
fo rmat ion  of S i -C  bonds (12). At  t empera tu re s  above 
850~ and at  C2H2 pressures  l a rge r  than  3 X 10 -5 
bar,  the band  shifts to shor te r  wavelengths ;  the max i -  
mum is found at  800 cm -1, which va lue  is cha rac te r -  
istic for c rys ta l l ine  s i l icon-carb ide  (SIC) (12). Ac-  
cording to TEM da ta  of Hendr iks  et ai. (13), p rec ip i t a -  
t ion of ~-SiC par t ic les  at  the  gra in  boundar ies  was 
found at  PC2H2 pressures  h igher  than  3 X 10 -~ bar.  The 
SiC band  is not  observed  at  C2H2 pressures  be low 3 • 
10 -5 ba r  at  any  tempera ture .  The film also contains 
hydrogen.  Its concentra t ion was de t e rmined  by  hea t ing  
the wafers  at  1150~ and measur ing  the amount  of 
hydrogen  given off to the gas phase.  The hydrogen  

Table I. Hydrogen and carbon concentrations for layers 
deposited at 700 ~ 850 ~ 1000 ~ and 1080~ (deposition rates are 

given in Fig. 1 and 2) 

Deposition 
temperatures Po2~= Pdopo [H] [C] 

(~ {bar) (bar) (at/cm 3) (at/cm s) 

700~ 9 x 10 4 1.9 x 1 0 - 7 ( P H ~ )  4 x  108z 5 x 10 ~ 
850~ 9 x 10 -5 8.4 x 10-g ( P H i )  2.4 x 10 ez 3.5 x 10 m 

1000~ 6 x 10 -8 1.9 x 19 -s ( P H a )  1.3 x 10 ~ 3.5 x 10 ~ 
1000~ 6 x 10- 5 1.2 x 10- 8 (B.~I6) 1.9 x I0  n 4.5 x 10 ~n 
100O~ 9 x 10 -5 1.9 x 10-~ ( P H i )  1.2 x 10 ~z 3.5 x 10 ~ 
1000~ 9 x 10-  ~ 1.9 x 10 -s (PI-I~) 1.5 x 102~ 3.5 x 10 ~ 
1000~ 9 x 10-  5 1.2 x 10 ,-s (Be.H6) 3.2 x 10 ~n 4.5 x 10 m 
i080~ 9 x I0 ~ 1.7x 10- 9(PHi) 2.5x 10 m 6 x i0 ~ 

concentrat ions  are  given in Table I. I t  appears  tha t  
the hydrogen  content  decreases  wi th  increas ing depo-  
s i t ion t empera tu re  and is nea r ly  independen t  of the  
PH3 input  pressure .  

The boron doped layers  appea r  to contain somewhat  
more  hydrogen.  The gra in  size as a function of C2H2 
pressure  was s tudied  b y  means  of TEM for the samples  
deposi ted at  850~ Up to C2H2 pressures  of 2 X 10 -5 
bar,  the average  gra in  d i ame te r  is a lmost  constant  and  
amounts  to app rox ima te ly  0.1 ~m. At  C2H2 pressures  
above 2 X 10-5"bar ,  the gra in  size becomes sma l l e r  
and the ma te r i a l  is amorphous  at  high C2H2 pressures  
as detected by  x - r a y  diffraction. 

F r o m  x - r a y  diffract ion l ine broadening  measu re -  
ments  and analysis  of layers  deposi ted at 900 ~ and 
1000~ Hendr iks  et al. (13) also found the same ten-  
dency with  respect  to the gra in  size. Fur the rmore ,  they  
deduced that  the micros t ra in  in the  layers  becomes 
l a rge r  as a resul t  of the in t roduct ion  of carbon. 

In Fig. 3, SEM photomicrographs  are  given of an 
SiO2 substrate ,  wi th  silicon clusters (8) obta ined in 
the ea r ly  stage of g rowth  in a SiH~-H2-HC1 gas mix -  
ture at 1000~ with  and wi thout  addi t ion  of C2H2. In 
these exper iments ,  HC1 is added  in o rder  to reduce the 
supersa tura t ion  in the gas phase, and i t  appears  from 
TEM analysis  that  al l  si l icon clusters  are monocrys ta l -  
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Fig. 2. The amount of incorporated carbon as a function of 
PC2H2 for CVD silicon layers deposited at 850 ~ 1000 ~ and 1080~ 
( O  0.2 v/o Sill4 in H2, + 0.1 v/o Sill4 in H2, �9 0.05 v/o Sill4 
in 1"12.) 

Fig. 3. SEM pictures of the Si nucleus density at 1000~ on an 
SiO2 substrate for Ps~H4 --~ 10 -3  bar and PHCl ~ 4 • 10 -3  bar 
(a) without C2H2 addition, (b) with Pc2H2 ~ 6 X 10 -5  bar. 
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line. Introduction of C2H2 in the system has no in- 
fluence on the number density of silicon clusters as 
can be seen on the SEM picture (Fig. 8) ; however, the 
clusters are no longer monocrystalline as found from 
TEM analysis. 

Electrical results.~Figures 4, 5, and 6 give plots 
of the room temperature resistivity of the silicon lay- 
ers, measured in the dark as a function of the C_~H2 
input pressure. The silicon films were deposited at 700 ~ 
(Fig. 4), 850 ~ (Fig. 5), and 1000~ (Fig. 6), while 
varying the PHa pressure, and hence the phosphorus- 
dopant concentration. The figures also give the activa- 
tion energy for the resistivity (Ep) in the temperature 
region 20~176 

In the resistivity values of the samples deposited at 
850~ three regions can be distinguished, as schemati- 
cally shown in Fig. 7. In region I, the resistivity of 
the layer decreases with increasing C2H2 input pres- 
sure notably at the lowest PH3 concentrations. In re- 
gion II, the resistivity increases while in region III 
the resistivity is seen to decrease again with increasing 
C~H2 values. Comparison of Fig. 4, 5, and 6 shows that 
at a growth temperature of 700~ region I and at 
I000~ region III is absent. The minimum in the re- 
sistivity, observed in the 850 ~ and 1000~ experiments, 
tends to shift to lower C2H2 pressures, when the 
dopant concentration is increased. At all temperatures 
considered, the resistivity tends to become independent 
of the PH3 input pressure at high C2H2 input concen- 
trations. For the activation energy of resistivity a 
qualitatively similar behavior is measured. 
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p 105 
(~cm) 

I 10 s 

104 

103 

102 

10 ~ 

100 

Ep 0.5 
(eV) 

I 0.4 

03 

0.2 

0.1 

0 

"" ~ !t= 

0.4 voI. % Si H~ / H 2 / PH3 
700oc 
G = 011jurn/min 

]II 
I I I I I I I 

§  

I I I 

2x11~ s 
I I I I 

4x10 "s 6x10 "s 8x10 "s 
Pc2.~ (bar) 

Fig. 4. Resistivity (p) and temperature dependence of the resis- 
tivity Ep (between 20 ~ and 70~ as a function of PC2H2 for [ayers 
deposited at 700~ (O PPH3 = 1.7 X 10 - 9  bar, 4- PPH3 = 
1.9 X 10 - 7  bar.) 
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Fig. 5. p and Ep measurements as a function of the C~,~H2 input 
pressure for layers deposited at 850~ (O PP~3 ----- 1.7 X 10 - 0  
bar, 4- PPH3 = 8.4 X 10 - 9  bar, O PPH3 -- 1.9 X 10 - 8  bar, 
A PPHS - -  1.9 X 10 - ~  bar.) 

In order to compare the n-type silicon films with p- 
type silicon layers, a series of deposits were made at 
1000~ by adding B2H6 to the SiI-I4-H2-C2H2 gas mix- 
tures. Figure 8 shows the resistivity of these films and 
the activation energy for the resistivity (Ep) as a 
function of the C2H2 input pressure with the diborane 
pressure as parameter. Contrary to the n-type films, 
the resistivity of the B-doped layers goes through a 
maximum at the lower C2H2 pressures, whereas the 
maximum shifts to larger PC2H2 values with increasing 
B2H6 input pressure. Figure 8 also gives the resistivity 
and Ep of undoped silicon films. After an initial con- 
stant region (,-.10s ncm), the resistivity and Ep de- 
crease when Pc2H2 > 2 X 10-5 bar. Simultaneously 
with the deposition on SiaN4, monocrystalline silicon 
substrates were covered at 1000~ with carbon con- 
taining deposits in the same run. The resistivity of 
these films as a function of PC2H2 is shown in Fig. 9, 
with the PHa and B2H6 partial pressures as parameter. 
At small input pressures of C2H2, the resistivity of the 
n- and p-doped silicon layers remains almost constant 
although the layers contain a large amount of carbon 
(Fig. 2) which greatly exceeds the solubility of carbon 
in silicon. At higher C2H2 input pressures, the resistiv- 
ity increases due to the fact that the deposited layer 
becomes polycrystalline. It also appears that the be- 
ginning of the increase of resistivity depends on the 
doping level, and shifts to smaller PC2H2 values at 
lower dopant input pressures. 

Figure 10 gives the results of Hall measurements, 
showing the mobility (,) and the free carrier con- 
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Fig. 6. As Fig. 4, with a deposition temperature of 1000~ 

centrat ion (n) at 20~ as a funct ion of PC2H2 for 
heavily doped n- type  and p- type  layers (PH3 ---- 1.9 X 
10-7 bar, PB2H6 = 1.1 X 10 -7 bar). The corresponding 
resist ivity of these layers is given in Fig. 6 and 8. It  
can be observed that the free carrier  concentrat ion 
(n) is almost constant  up to PC2H2 ---- 2 • 10 -5 bar  fol- 
lowed by a strong decrease in the concentrat ion of free 
carr ier  at higher  PC2H2 values, notably  in boron doped 
silicon layers. It  can also be observed that  the mobi l i ty  
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Fig. 7. A schematic picture of p vs. PC2H2 
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Fig. 8. p and E,o vs. PC2H2 measurements for boron doped silicon 
deposited at I000~ (O  undoped. + PB2H6 = 1.1 • 10 - 9  bar, 
Q PB2H6 = 1.2 X 10 - s  bar, A PB2H6 = 1.1 X 10 - 7  bar). 

of free carriers (~) is hampered with increasing PC2H2 
values. 

Discuss ion  
First  we want  to spend a few words on the kinetics 

of the carbon incorporate. To be able to make a bet ter  
comparison of the rate of carbon incorporate at dif- 
ferent  temperatures  and silicon growth rates, we have 
calculated the carbon deposition rate (a toms/cm 2 min)  
(Table II).  This table also gives exper imenta l  data of 
Booth et al. (14). According to Table II, the carbon 
deposition rate depends sl ightly on temperature;  at 
the same time as much as 10% of the C2H2 input  
contr ibutes to the carbon incorporate. 

These data point  to a gas phase diffusion controlled 
kinetics. Calculation shows that if the carbon deposi- 
tion rate is gas phase diffusion controlled the deposi- 
tion rate at 1080~ is about 1.8 times higher than at 
630~ using a diffusion coefficient which is proport ional  
to T 3/2. According to Table II, this is the r ight  order of 
magnitude,  at least at Pc2H2 --~ 9 • 10 -5 bar. However, 
not all exper imental  data can be explained by a gas 
phase controlled deposition rate of carbon. In  order 
to unders tand  this, Tables I and II can be used to- 
gether with Fig. 1 and 2. 

At temperatures  above 850~ the shape of the 
curves is characteristic of a nucleat ion and growth 
mechanism; a more than l inear  increase in the rate of 
carbon uptake is observed around PC2H2 4 • 10 -5 bar  
(Fig. 2). Acording to the JANAF tables (15), the 
growth of silicon carbide is thermodynamical ly  feasi- 
ble under  all  growth conditions of this study. Whether  
it real ly  occurs is of course a mat te r  of kinetics, which 
includes the breaking of C--H and C=C bonds. As dis- 
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Fig. 9. ~ as a function of PC2H2 for silicon layers deposited on 
monocrystalline silicon at 1000~ (Substrate 2-5 D, cm p-doped 
for n-doped layers and 2-5 D, cm n-doped for p-doped layers.) 

cussed before,  in f ra red  spec t ra  revea l  bands  tha t  are  
character is t ic  of si l icon carbide  at  t empera tu re s  h igher  
than  850~ and for C2H2 pressures  above 3 • 10 -5 bar.  
Therefore,  we suggest  the fol lowing model.  Fo r  T ~-- 
850~ and low input  pressures  of C2tt2, the react ion 
step tha t  de te rmines  the carbon concentra t ion has to 
be found in a sur face-con t ro l led  process. In  such a 
process adsorption,  decomposi t ion of C2I-I2, surface di f -  
fusion, and deposi t ion of C2H2, surface diffusion and 
deposi t ion of carbon ( format ion  of S i ~ C  bonds)  has 
to be taken  into account. According to Chung et al. 
(16), who s tudied adsorpt ion of C2H2 on Si(111),  
C2I-I2 desorbs easi ly  at  t empera tu res  above 700~ in-  
dicat ing tha t  the r a t e - l imi t ing  s tep is not  l ike ly  to be 
in the adsorpt ion  of C2H2. I t  should be noted that,  as 
the sil icon layer  is growing,  adsorbed Cell2 molecules  
can be bur ied  before  desorpt ion or decomposi t ion 
which would expla in  the large up take  ra te  of carbon 
and hydrogen  (Tables  I and I I ) .  At  Pc2H2  > 3 • 10 -5 
bar, SiC nuclei  are  formed,  which have a h igher  re -  
ac t iv i ty  for the  decomposi t ion of C 2 H 2  leading to a 
second phase of sil icon carbide.  As discussed before,  
TEM analysis  of Hendr iks  et aI. (13) reveals  the p res -  
ence of ~SiC precip i ta tes  at  the gra in  boundar ies  at 
C 2 H 2  input  pressures  above 3 X 10 -5 bar.  A t  s t i l l  
h igher  up take  rates, the up take  rate  of carbon can be 
expected to become gas-phase  diffusion contro l led  
(Table  I I ) .  According to Table  I, the  si l icon layers  
doped wi th  carbon contain a large  amount  of hydrogen  
notab ly  at  the lowest  temueratures .  The hydrogen  is 
assumed to be presen t  in C - - H  bonds, because S i - - H  
bonds decompose around 550~ (17). At  700~ (Fig. 
1), the decomposi t ion of C2H2 does not  proceed fast  
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Fig. 10. Hall measurements for layer deposited at 1000~ ( 
is the detection limit.) 

enough for the fo rmat ion  of carbide  islands, as dis-  
cussed before,  while  at the same t ime the carbon 
deposi t ion ra te  is p ropor t iona l  to PC2H2. AS desorpt ion  
of C2He becomes less impor tan t  wi th  decreasing tem-  
pe ra tu res  and due to the high growth  ra te  of silicon, 
S i - - H ~ C  complexes (Table I) are incorpora ted  in the 
film at a ra te  which is de te rmined  by  gas phase dif-  
fusion of C2H~ towards  the growing film. 

Discussion ,of the Electrical Data  
I t  is commonly  accepted now that  the conduct ivi ty  

in polysi l icon is de te rmined  by  t r app ing  of car r ie rs  in 
gra in  bounda ry  t raps  (18) and also in the case of 
doping with  phosphorus  and arsenic, by  segregat ion  of 
these dopants  at lower  t empera tu re s  to the gra in  
boundaries ,  where  they  are e lec t r ica l ly  inact ive (19). 
We shal l  assume tha t  the models  also hold for the car-  
bon-conta in ing  film and fu r the rmore  tha t  the gra in  
bounda ry  segregat ion  of phosphorus  is not  influenced 
by  the up take  of carbonaceous  species. F i r s t l y  we shal l  
consider the region where  l i t t le  reduct ion in gra in  size 
occurs ( roughly  speaking at  PC2H2 ~ 2 • 10 -5 ba r  at 
t empera tu res  ~-- 850~ Secondly  we shall  t rea t  the 
region where  a s t rong reduct ion in grain size is found 
(Pc2H2 > 2 • 10 -5 ba r  at  850~ and at  all  PC2H2 
values at  700~ 

Low carbon contents.--The curves,  r ep resen t ing  the 
res is t iv i ty  of the polysi l icon films, and its t e m p e r a t u r e  
dependence,  as a function of the C2H2 input  pressure  
at T ~ 850~ show a min imum in the phosphorus-  
doped film and a m a x i m u m  in the bo ron -doped  films. 
This m in imum and m a x i m u m  is most pronounced  in 
the lower  dope regions (Fig. 5, 6, and 8). Wi th  

Table II. The deposition rate of carbon atoms (cm -2  rain "-1) at different temperatures and C2H2 input pressures 

700~ 
Temperature 1080 ~ 1000~ 85@~ 630~ 
Carrier gas  H2 H2 H~. K.~ 4% H2 in Ne He* H e "  

Deposition rate 0.1g 0.30 0.32 0.11 0.17 0.13 0.09 
(Si) ~ r a / m i n  

Pooh e = 2 x 10 -s b a r  1.3 • 10 le 0.6 x 10 l~ 1.6 • 10 TM 1.5 x 10 ~ 1.3 x 1016 - -  2 x 10 TM 

PC2H 2 = 5 X 10 .5 b a r  3.8 • I0 ~e 4.2 x I~P ~ 5.2 x I~} la 3.2 x 10 Io 4.5 x I0 le - -  4 x 10 TM 

Pc~u 2 = 9 x 19 -~ ba r  11.4 x 10 TM 11.5 x 10 TM 12.0 x 101~ 5.3 x i0 TM 8.3 x 10 I~ 5 x i0  TM 6 X I0 TM 

�9 Experimental data of Booth  et a~. (14). 
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l a rge r  phosphorus  doped concentrat ion,  the  m i n i m u m  
shifts to lower  C2H2 input  pressures ,  i.e., to lower  [C] 
contents  in the film, white  the  m a x i m u m  in the boron 
doped layers  shows an opposi te  behavior .  The undoped 
film (Fig. 8) shows a res is t iv i ty  which  is a lmost  con- 
s tan t  up to PC2H2 "-- 2 X 10 -5 bar,  fo l lowed by  a de -  
crease in res is t iv i ty  at  h igher  P values  of PC2H2. 

A s imple  exp lana t ion  for  these phenomena  can be 
found in donor  act ivi t ies  of carbon or  wi th  an a sym-  
met r ica l  ene rgy  d is t r ibu t ion  of gra in  b o u n d a r y  t raps  
a round  midgap.  According to de Graaff  et al. (2),  the 
energy  d is t r ibu t ion  of gra in  b o u n d a r y  t raps  in po ly -  
c rys ta l l ine  sil icon is symmet r i ca l  (U-shaped)  a round  
midgap,  de Graaff et al. calcula ted  this D-shaped  t rap  
energy  d is t r ibu t ion  f rom the shape of the  curve of the 
ba r r i e r  he igh t  (E ~ vs. the donor  concentrat ion.  (E ~ 
is the ba r r i e r  he igh t  at  T = 0 K.) In  Fig. 11, we have 
plot ted  E values  (E ~ E ~ as a funct ion of acceptor  
(boron) and donor  (phosphorus)  concentra t ion  using 
E values  as given in Fig. 6 and 8 (wi thout  C2H2 add i -  
t ion and with  Pc2H2 = 2 • 10 -5 ba r ) .  I t  can be ob-  
se rved  tha t  for  n - t y p e  silicon, the E values  for carbon 
doped sil icon are  sma l l e r  than  the E values  wi thout  
carbon addit ion,  whi le  for p - t y p e  doped si l icon the 
opposi te  is the case. I t  can therefore  be concluded that,  
if the t rap  energy  d is t r ibut ion  funct ion of polysi l icon 
layers  wi thout  carbon doping is U-shaped,  the t rap  
energy  dens i ty  of the carbon doped sil icon layers  is 
a symmet r i ca l  a round  midgap.  This leads to an increase 
in the free ca r r i e r  concentra t ion  as the  cap tur ing  of 
e lectrons is h a m p e r e d  and consequent ly  to a reduct ion  
in res is t iv i ty  wi th  increas ing PC2H2 values  in the n - t y p e  
regime where  the gra in  size is constant.  In  p - t y p e  
layers  the opposi te  occurs leading  to an increase in 
res is t iv i ty  at  low input  pressures  of C2H2. 

Hal l  effect measurement s  (Fig. 10), which could 
only be pe r fo rmed  on the h igh ly  doped samples,  give 
suppor t  for  this model.  Firs t ,  a t  PC2H2 ~-- 2 • 10 -5 bar,  
the free ca r r i e r  concentra t ion is a lmost  constant  whi le  
the ac t iva t ion  energy  for  the res is t iv i ty  (Ep) in-  
creases wi th  carbon addi t ion  for p - t y p e  doped silicon, 
whi le  for n - t ype  doped si l icon the opposi te  is the case 
(Fig. 11). Second, at  Pc2H2 > 2 • 10 -5 bar,  the free 
ca r r i e r  concentra t ion  and the mobi l i ty  in the boron 
doped layers  decrease fas ter  wi th  increas ing carbon 
content  than  in the phosphorus  doped films. The mo-  
b i l i ty  a l r e ady  shows a decrease at  low carbon content  
in both  n - t y p e  and p - t y p e  films which  indicates  that  
some reduct ion  in gra in  size a l r eady  occurs in that  r e -  
gion. F i lms  grown on monocrys ta l l ine  subs t ra tes  (Fig. 
9) exhib i t  l i t t le  or  no change in res is t iv i ty  upon the 
in t roduct ion  of C2H~ in the reac tor  wi th  PC2H2 ~ 3 X 
10 .5  bar.  This indicates  tha t  the suggested a symmet r i  c 
energy  d is t r ibu t ion  of gra in  b o u n d a r y  t raps  is r e -  
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Fig. 11. The temperature dependence of the resistivity vs .  the 
donor and acceptor concentration ( +  without C2H2 addition, �9 
PC2H 2 --- 2 X 10 -5 bar). 

s t r ic ted  to the carbon atoms presen t  at  gra in  bound-  
aries. 

The min imum in the res is t iv i ty  observed  in the 
phosphorus  doped films at  T ~ 850~ and at  low 
caroon contents is not  observed  at the g rowth  t em-  
pe ra tu re  os 700~ This is because the s l ightest  C2H2 
concentra t ion in the gas phase is a l r eady  sufficient to 
give nea r ly  amorphous  growth  at  this t empera ture .  

High carbon con ten t s . - -A t  the onset  of this region 
(Pc2H2 > 2 • 10 -5 b a r  at  T ~ 850~ the res is t iv i ty  
and its t empera tu re  dependence  of the phosphorus  
doped layers  grown both at  850 ~ and 1000~ increases 
wi th  increas ing FC~He pressures  (Fig. 5 and 6). The 
res is t iv i ty  of the h igh ly  doped boron films and its 
t empe ra tu r e  dependence  increases also, but  in the low 
doped boron films the res is t iv i ty  decreases  (Fig. 8). 
The res is t iv i ty  of the samples  on monocrys ta l l ine  sub-  
s t ra tes  (Fig. 9) also increases.  This increase  is ascr ibed 
to a s t rong reduct ion  of the gra in  size as is deduced 
f rom TEM and x - r a y  da ta  (the "epi tax ia l"  films be-  
come po lycrys ta l l ine ) .  

A t  the highest  carbon uptake,  the res is t iv i ty  is in-  
dependent  of the dopant  concent ra t ion  as is expected  
for amorphous  mater ia l .  At  PC2H2 = 9 • 10 .5  bar ,  the 
res is t iv i ty  of the films grown at  1000~ is sma l l e r  than 
at 850~ whereas  the carbon concentra t ion is about  
equal.  At  that  point,  the gra in  size is sma l l e r  at  850~ 
than at  1000~ according to the  x - r a y  da ta  of Hendr iks  
et al. (13). At  850~ the res is t iv i ty  decreases  for PC2H2 
above 6 • 10-~ bar,  whereas  the res i s t iv i ty  becomes 
only weak ly  dependent  on tempera ture .  At  700~ the 
same effect is observed  at  PC2H2 "-- 2 • 10-~ bar.  This 
indicates that  another  type of conduct ion is opera t ing  
in that  region, which  m a y  be due to a pa ra l l e l  conduc-  
tion pa th  via p rec ip i t a ted  carbon or  silicon carbide.  

Conclusions 
The results  of a s tudy  on the influence of the add i -  

t ion of carbon via  C2H2 on the e lec t r ica l  p roper t ies  of 
silicon layers  doped wi th  phosphorus  and boron show 
that  addi t ion of carbon to n - t y p e  and p - t y p e  si l icon 
layers  gives rise to different  character is t ics  of res is t iv-  
i ty  v s .  PC2H2. The curves represen t ing  res i s t iv i ty  as a 
funct ion of PC2H2 show a min imum for n - t y p e  layers ,  
which min imum shifts to lower  C2H2 input  pressures  
with l a rge r  phosphorus  doped concentrat ions.  On the 
other  hand, the p - t y p e  films show a m a x i m u m  in the 
res is t iv i ty  v s .  PC2H2 curve, a m a x i m u m  which shifts  to 
larger PC2H2 values wi th  l a rge r  boron concentrat ions  in 
the gas phase. A model  is pos tu la ted  in which the 
differences in the res is t iv i ty  v s .  PC2H2 curves be tween  
n-  and p - t y p e  doped layers  can be expla ined  b y  donor  
act ivi t ies  of carbon or  by  an a symmet r i ca l  ene rgy  dis-  
t r ibu t ion  of the gra in  bounda ry  traps.  

A pa ra l l e l  s tudy  of the influence of carbon addi t ion 
on the morpho logy  of the si l icon films and the decom- 
posit ion kinet ics  of carbon shows tha t  at  t empera tu re s  
above 850~ the addi t ion  of smal l  amounts  of carbon 
gives rise to only  a s l ight  reduct ion in gra in  size, 
whi le  at h igher  input  pressures  of C2H2, the gra in  size 
is s t rongly  reduced  and even amorphous  layers  c a n  

be formed. At  700~ amorphous  si l icon layers  can a l -  
r eady  be formed when smal l  amounts  of CzH2 are  
added  to the gas phase.  

I t  is concluded tha t  a t  low input  pressures  of C2H2 
and at t empera tu re s  above 850~ the ra te  of incorpo-  
ra t ion of carbon is sur face-cont ro i led .  In this regime,  
the format ion  of SiC nuclei  is r a te - l imi t ing .  At  h igher  
input  pressures  of C2H2, the format ion  of SiC nuclei  is 
no longer  r a t e - l im i t i ng  and the carbon up take  ra te  is 
de te rmined  by  gas phase diffusion of C2H2 towards  the 
growing film surface.  At  700~ the incorpora t ion  of 
carbon is also gas phase diffusion cont ro l led  but  no 
sil icon carbide  is formed.  Due to the h igh  sil icon 
g rowth  rate,  adsorbed  C - - H  complexes  are  t r apped  
into the film, no tab ly  at  the lowest  tempera tures .  



1592 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  July 1983 

Acknowledgments 
The authors  wish to thank  Prof.  S. Rade laar  and Mr. 

M. Hendr iks  for  discussions on the s t ruc ture  of the  
deposi ted layers  and for  pe r fo rming  x - r a y  diffract ion 
l ine broadening  measurements .  

Manuscr ip t  submi t t ed  Oct. 22, 1983; revised m a n u -  
scr ip t  received March  7, 1983. 

Any  discussion of this  pape r  wil l  appea r  in a Discus-  
sion Sect ion to be publ i shed  in the June  1984 JOURNAL. 
All  discussions for  the June  1984 Discussion Section 
should be submi t t ed  b y  Feb.  1, 1984. 

Philips Research Laboratories assisted in meeting the 
publication costs oi this article. 

REFERENCES 
1. T. I. Kamins,  M. M. Mandurah ,  and K. C. Saraswat ,  

This Journal, 125, 927 (1978). 
2. H. C. de Graaff and M. Huybers ,  Solid-State Elec- 

tron., 25, 67 (1982). 
3, M. W. M. Graef,  Thesis, Univers i ty  of Ni jmegen,  

Nijmegen,  The Nether lands,  (1980); J. J. Yang, 
W. I. Simpson, and R. P. Ruth,  J. Electron. 
Mater., 10, 1011 (1981). 

4. M. E. Cowher  and T. O. Sedgwick,  This Journal, 
119, 1565 (1972). 

5. T. I. Kamins,  IEEE Trans. Parts Hybrids Packag., 
p h p - 1 0 ,  221 (1974). 

6. M. M. Mandurah ,  K. C. SarasWat,  and T. I. Kamins ,  
IEEE Trans. Electron Devices, ed-28, 1171 (1981). 

7. J. Bloem and W. A. P. Claassen, Appl. Phys. Lett., 
40,  725 (1982). 

8. W. A. P. Claassen and J. Bloem, This Journal, 127, 
194 (1980). 

9. J. C. Irvin,  BSTJ, 41, 387 (1982). 
10. J. R. Monkowski ,  J. Bloem, L. J. Giling, and 

M. W. M. Graef,  Appl. Phys. Lett., 35, 410 (1979). 
11. L. E. Davis, N. C. MacDonald,  P. W. Pa lmberg ,  

G. E. Riach, and R. E. Weber ,  "Handbook  of 
Auger  Elect ron Spectroscopy,"  Phys ica l  Elec-  
tronics,  Eden  Prai r ie ,  MN (1976). 

12. I. P: Akimchenko,  Kh. R. Kazdaev,  I. A. K a m e n -  
skikh,  and V. V. Krasnopevtsev ,  Soy. Phys. 
Semicond., 13, 219 (1979). 

13. M. Hendriks ,  R. Delhez, Th. H. de Kei jser ,  and S. 
Radelaar ,  Abs t rac t  AII7, 2rid European  Confer-  
ence on Sol id Sta te  Chemist ry ,  Veldhoven,  Neth-  
erlands,  June  6-9, 1982. 

14. D. C. Booth, D. P. Al l red,  and B. O. Seraphin,  Sol  
Energy Mater., 2, 107 (1979). 

15. J A N A F  Thermochemica l  Tables,  2nd ed., NSRDS-  
NBS-37, June  1971. 

16. Y. W. Chung, W. Siekhaus,  and G. A. Somorjai ,  
Sur]. Sci., 58, 341 (1976). 

17. J. A. McMil lan  and E. M, Peterson,  J. Appl. Phys., 
50, 5238 (1979). 

18. J. Y. W. Seto, ibid., 46, 5247 (1975). 
19. M. M. Mandurah ,  K. C. Saraswat ,  C. R. Helms, a n d  

T. I. Kamins,  ibid., 51, 5755 (1980). 

Reactive Ion Etching of Silicon with CIJAr(1) 
H. B. Pogge,* J. A. Bondur,* and P. J. Burkhardt 

IBM Corporation General Technology Division, East Fishkill Facility, 
Hopewell Junction, New York 12533 

ABSTRACT 

A study of the use of reactive chlorine species for etching silicon and silicon dioxide in a plasma etching process has 
been made with a C12-Ar gas mixture in a cathode-coupled diode system. A key advantage of the C12-Ar gas mixture is the 
abili ty to achieve high etch rate ratios between silicon and silicon dioxide (-> 20:1) coupled with no mask undercutt ing,  
which tends to be prevalent  with fluorinated gas systems. Etching characterist ics of Si as a function of process parameters  
(C12 concentration, pressure, system loading) and material  parameters  (e.g., Si conductivity,  edge shape of SiO~ mask) have 
been evaluated. These parameters  can influence the silicon etch rate, the Si/SiO2 etch rate ratio, as well as the etched edge 
shape. 

Much of the  p r o g r e s s  repor ted  recent ly  for p lasma 
etching has re la ted  to processes which use f luorinated 
hydrocarbon  gases, in pa r t i cu la r  CF4, for etching 
semiconductor  mater ia ls .  The resul ts  obta ined  wi th  CF4 
have been varied,  and this can be a t t r ibu ted  to differ-  
ences in the techniques for genera t ing  the plasma,  or 
in the  coupling of the rf  field to the wafer .  Fo r  ex-  
ample,  e tching processes using high pressure  CF4 
plasmas (0.2-1.0 Torr)  have resul ted  in silicon etch 
rates tha t  range  f rom 0.05-0.6 ~m/min  (2).  The etch 
rates,  produced under  these processing conditions,  are  
sensi t ive to wafer  t empera ture ,  gas flow, and pressure,  
as wel l  as to the wafer  load present  in the system. F u r -  
thermore,  the resu l tan t  e tched regions are  typ ica l ly  
isotropic or  nondirect ional ;  that  is, the si l icon is etched 
l a te ra l ly  as wel l  as ver t ical ly ,  and the final sil icon 
pa t t e rn  is, therefore,  wider  than the mask  pa t te rn .  Iso-  
t ropic  etching also resul ts  in the loss of image  resolu-  
tion caused by  a significant etch bias. 

Besides high pressure  CF4 p lasma etching, the gas has 
also been eva lua ted  for  etching si l icon in the  react ion 
ion etching (RIE) mode. Schwar tz  et at. (3) have 
repor ted  on opera t ing  condit ions wi th  which they  could 
achieve e i ther  d i rect ional  or isotropic silicon etching. 
The change-over  from one type  of etching to the other  

~ Electrochemical Society Active Member. 

was p redominan t ly  d ic ta ted  by  the  sys tem load; that  
is, as the  load was increased for a fixed set of p lasma 
conditions, the si l icon etch profile became more ver -  
tical. Concurrent ly ,  this was accompanied by  a decrease 
in the overa l l  etch ra te  for the fixed set  of opera t ing  
conditions, al though,  in the case of the high pressure  
CF4 p lasma  system, this effect was not  as dominant .  
This reduced  etch ra te  sens i t iv i ty  could be a t t r ibu tab le  
to the wafers  having  been placed in contact  wi th  a 
cooled cathode and, consequently,  to a lower  wafer  
t empera ture .  Al te rna t ive ly ,  i t  could also be due to a 
reduced  supply  of radicals  when the system is fu l ly  
loaded. A fur ther  demonstra t ion,  which indicates  tha t  
the control  of the etched geomet ry  of a ma te r i a l  (in 
this case insulators)  can be impac ted  by  the loading 
effect, was repor ted  by  Bondur  (4) when etching 
with CF4 in an RIE sys tem and employing  photoresis t  
as a mask.  

The referenced work  (4) demons t ra ted  tha t  the 
photores is t  etch rate  was also load sensit ive.  Under  ful l  
load conditions, the  photores is t  etch ra te  was less than  
that  of SIO2. Thus, i t  is possible to change the SiO2 
pa t t e rned  image  by  va ry ing  the resis t /SiO2 etch ra te  
rat io  th rough  system load variat ions.  

In  summary ,  the  expe r imen ta l  da ta  wi th  CF4 thus in-  
dicate tha t  the control  over  image shapes and pa t t e rn  
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resolution has been achievable only with conditions in 
which relat ively low silicon etch rates were used; that  
is, rates less than 0.05 ~m/min.  Such low etch rates tend 
to be impractical  for apphcations in which as much as 
3-4 #m of silicon are to be etched, since it would imply 
the need for very stable mask materials  that must  be 
able to withstand long exposures to the etchant plas-  
mas. These mater ia l  choices are very limited. 

An al ternat ive  gas system, which overcomes the 
shortcomings ment ioned above, would have a signifi- 
cant impact  on extending silicon processing techniques. 
This could be accompanied by the possibilities of en-  
hanced and  unique  device fabrication capabilities. A 
C12/Ar gas mix ture  was found to fit the basic process 
requi rements  when used in a water-cooled cathode RIE 
system. The results have indeed shown that in most 
instances deep vertical  silicon trenches can be etched 
at high etch rates with high Si/SiO2 etch rate ratios. 
Some restrictions of silicon etch rates were, however, 
required for highly doped silicon, in  which case a 
greater  tendency for lateral  etching was observed for 
higher etch rates. 

Experimental  
The reactive ion etching was performed in a parallel  

plate diode system (2-4) with a water-cooled silica 
plate (bonded to copper cathode) on which the samples 
were placed. The general  operat ing ranges were 

Pressure 10-10.0 #m 
Gas mixture  3-10% C12 in argon 
Gas flow (total) 10-50 cc/min 
Power  density 0.16 wat ts /cm 2 
rf f requency 13.56 MHz 
Cathode diameter  18 cm 

The silicon wafers were of <100> orientation~ nor -  
mal ly  p- type  (boron ~1015 atonis/cma),  and pat terned 
with SiOz films. In  several experiments,  wafers con- 
ta ining heavily doped arsenic- or boron-diffused re-  
gions were used either directly or after an epitaxial  
n - type  film (arsenic 2 • 1016 a toms/cm 3) was deposited 
over those regions. The SiO~ film pat tern  was etched 
either by s tandard wet etching techniques or by re-  
active ion etching with CF4. 

The etch rates of SiO2 were determined either in situ 
by means of a laser etch rate moni tor ing technique 
(5-6) or indirect ly by differential  film thickness mea-  
surements  before and after the etch process .The lat ter  
measurements  were made by either a step gauge or with 
the use of an IBM Thin Fi lm Analyzer.  The silicon 
etch rates were calculated by measur ing groove depths 
via a Talystep or from optical or SEM photomicro- 
graphs of 90 ~ cross-sections. 

To assure the absence of any possible geometric dis- 
tortions in the vertical  and horizontal  directions when 
measur ing the silicon groove shapes, all such evalua-  
tions were made on 90 ~ beveled cross-sections by SEM 
at nomina l ly  10,000X. 

Results 
Our early work with CI~ etching resulted in incon-  

sistent  etch rate data. Certain runs exhibited very 
li t t le etching, and this was usual ly  accompanied with 
the etch areas being blackened. Figure 1 provides an 
example of such a surface. The high magnification 
micrograph shows a dense ar ray  of needle- l ike  s t ruc-  
tures. This columnar  mater ia l  was readi ly removable 
with s tandard  silicon wet etches. The height of the 
columnar  silicon, or the depth of the crevices between 
the columnar  pedestals, was inconsistent from run  to 
run, even though the same etch times were employed. 

The p r imary  cause of the black silicon formation was 
found to be residual  moisture in the vacuum system. 
The conclusion is based on two observations. Firstly, 
the prevalence of black silicon was greater on days of 
high humidity,  and this tended also to be associated 
with more difficulties in efficient system pump-downs.  

Fig. 1. RIE of silicon with CI2/Ar using poor etch conditions, 
residual system pressure -----/10 -6  atm. 

Secondly, extensive s~stem pump-downs  resul t ing 
in background pressures of 5 • 10-'~ Torr  (or lower),  
before Pack ~ilhng with C12/Ar gas mixtures,  effectively 
el iminated the occurrence of black silicon. The exact 
na ture  of the apparent  nonuni fo rm masking film, 
which permit ted the columnar  s t ructure  formation, 
has not  been identified. However, we suspect it to be 
some form of S~O~. 

Once we recognized that good pump-down condi- 
tions influenced etch characteristics, etch repeatabi l i ty  
was found to be very consistent. An indication of pat-  
tern replication capabil i ty with good etch conditions 
is shown in Fig. 2. The sample consisted of a substrate 
with an epitaxial  layer, the lat ter  containing epi- 
taxial stacking faults. Stacking faults have a nomina l  
height difference with respect to the wafer 's surface of 
about 20 nm. As can be seen in Fig. 2, this height differ- 
ence is sufficiently well re tained throughout  a 4 ~m 
deep etching process to remain  visible at the bottom 
of the groove. 

Some system-to-sys tem process sensit ivi ty was ob- 
served, and this is given in Fig. 3. The silicon etch 
rate increases l inear ly  with increasing operat ing pres-  
sure; one system is somewhat  less sensitive to pressure 
change~ than the other. This may  be due to slight var ia-  
tions in gas flow for the two systems involved. In the 
lower etch rate region, however, the systems behave 
similarly,  not only in terms of etch rates of silicon but  
also with respect to etch rate ratios between silicon 
and silicon dioxide. Notice should be taken of the fact 
that relat ively high etch rate ratios can be achieved at 
high silicon etch rates. In  several instances, we have 
observed ratios greater than 20:1. The etch rate for 
SiO2 tends to remain  relat ively constant at about 5-8 
n m / m i n  for the range of etch conditions evaluated so 
far. In these experiments,  the gas flow rate varied as 
pressure conditions were changed. 

Figure 4 gives an example of the influence of operat-  
ing pressure on pat tern  groove geometries. The samples 
were all etched with the same gas composition and for 
equal times; the difference in depth is, therefore, at-  

Fig. 2. RIE of silicon with CI2/Ar with optimum etch conditions 
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Fig. 3. Silicon etch rate changes with system pressure in two 
different reactors. 

Fig. 4. Silicon groove etching into P-  substrates under different 
pressures. 

t r ibutable  to etch rate changes as the system pressure 
was varied. As can be seen in Fig. 4, the groove g~om- 
etry is also influenced by this parameter  change. The 
tapering in the sample, etched under  10 #m pressure 
conditions, is par t ly  due to the low Si/SiO2+ etch rate 
ratio, which causes a partial  t ransla t ion of the existing 
SiO~ taper into the silicon groove. However, the 
tendency of some lateral  etching in samples etched at 
higher pressures was more directly related to factors 
that are associated with accompanying higher silicon 
etch rates. 

The lateral  silicon etching can become a dominant  
feature for highly doped silicon. Figure 5 indicates ex- 
cessive lateral  etching of this type for a buried, highly 
doped arsenic diffused region covered with an epitaxial  
layer. Appropriate  adjustments  of etch conditions can 
result  in very un i formly  etched grooves, as shown in 
Fig. 6 and 7. The samples i n  Fig. 5 and 6 had common 
process history up to the silicon etching step so that all 
samples had the same star t ing SiO2 pat tern window 
geometry. Three of the four cross-sections in Fig. 6 
have been preferent ia l ly  etched with s tandard s ta ining 
techniques to delineate the N + diffused region. As indi-  
cated, the taper  angle varies from near  vertical  to 
about 21 ~ away from vertical. Thus, the process flexi- 
bi l i ty available to achieve different groove geometries 
with the C12/Ar gas system is suggested by Fig. 6, and 
these data are summarized in Fig. 8. 

Addit ional  process parameter  data are given in Fig. 
9-11. Proper  use of these data allow the fabrication of 
predetermined silicon taper angles in the silicon groove, 

Fig. 5. Silicon underetching in N + diffused regions 

provided the SiO2 taper angle of the SiO2~ mask pat tern 
is controlled. 

Discussion 
As indicated by the exper imental  results, C I J A r  gas 

mixtures  in an RIE env i ronmen t  can be used effec- 
t ively for silicon groove pat tern  formation in the pres- 
ence of an SiO2 mask. Its extension for use in etching 
polysilicon is implied, provided appropriate etch con- 
ditions are determined to accommodate doping and 
crystal l ini ty  effects. Appropriate control over process 
parameters  permits  either fabrication of silicon grooves 
with predetermined depth and geometries or selective 
removal  of silicon to create pat terned islands, pedestals, 
and ridges of various shapes. 

It  is long known that  chlorine chemisorbs onto sili- 
con at room tempera ture  to form stable surface struc-  
ture  (7). At elevated temperatures  (300~ it reacts 
spontaneously with silicon to form volatile species, 
very much in the same manner  as fluorine atoms react 
with silicon at room temperature  to form volatile spe- 
cies. Consequently,  different etching results could very 
well be expected with the use of chlorine or fluorine 
chemistries for RIE of silicon. Fur thermore ,  in the case 

Fig. 6. Silicon groove etching of N - / N + / P  - structures under 
controlled etch conditions (Mag. 1000X ). 
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Fig. 7. Silicon groove etching of N - / N + / P  - structures. Samples 
are the same as Fig. 6b and c. The scalloping is caused by the Si 
decorating etch for SEM delineation purposes (Mag. 10,000X). 

of the chlorine species, a change in etching character-  
istics could be expected to result  from variations in 
the substrate temperatures.  The spontaneous reaction 
of the halogen with silicon and its resu l tan t  volatile 
species will cause isotropic etching, whereas stable sur-  
face compound formation could result  in  anisotropic 
etching. 

Winters '  studies (8) indeed have shown that  silicon 
is etched by "F" radicals at room temperature  in the 
absence of high energy radiation, thereby causing iso- 
tropic etching. In contrast to the "F" radicals, the "CI" 
species was found to chemisorb onto the silicon sur-  
face ra ther  than to react spontaneously with silicon 
at room tempera ture  and cause Si etching. The s trength 
of interact ion between the chlorine species and silicon 
is apparent ly  sufficient to form a chlorine-sil icon com- 
plex which, with the bombardment  energy supplied by 
the argon plasma, can be dislodged to cause silicon 
etching (8-10). Since the energy supplied by the RIE 
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Fig. 9. Loading effect on silicon etch rates for different CI2/Ar 
concentrations. 

plasma would be imparted predominant ly  in a direc-  
t ional manner ,  the effective etching of silcon would 
only occur in the vertical direction. On the other hand, 
the chemisorbed "CI" remains  on the sidewalls and is 
unaffected by the plama, thus prevent ing  or "pro- 
tecting" the sidewalls from any significant etching. 

These general  effects appear to be operative in the 
C12/Ar system. However, some qualifications must  be 
considered to account for the significant lateral  etching 
of samples containing highly doped diffused regions. 
The data in Fig. 8 indicate lateral  etching of diffused 
regions occurs when  the etch rates of silicon exceed 
the 0.08 ;Lm/min. The effect is sensitive to the "C12" con- 
centrat ion in the gas plasma, as observed in Fig. 8, 
which indicates the relat ionship between the "C12" 
part ial  pressure and silicon etch rates. This lateral  
under-e tch ing  of N + regions can be reduced s i g n i f i -  
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cant ly  for samples  being etched under  high etch ra te  
conditions, provided  the etching cycle is i n t e r rup ted  
ra ther  than continuous. The etching in te r rup t ion  would 
a l low the wafer  to be cooled and thus possibly change 
the "C12" in terac t ion  wi th  si l icon from a spontaneous 
react ion (causing isotropic etching) to a s table  ch lor ine-  
silicon complex format ion  (causing ver t ica l  e tching) .  
This heat ing sens i t iv i ty  has been fu r the r  confirmed by  
exper iments  as repor ted  by  Schwar tz  and Schaible  
(11). The heat ing effect is also appa ren t  in the da ta  in 
Fig. 4 for  s a m p l e  etching at  90 ~m pressure  under  
condit ions of high etch rates. The l a te ra l  e tching is, 
however,  s ignif icant ly less for the p - t y p e  subs t ra te  
(Fig. 4) as opposed to N + diffused regions (Fig. 5 and 
8). Severa l  exper iments  wi th  P+ diffused regions also 
exhib i ted  s t rong la te ra l  etching in those regions s imi-  
l a r  to tha t  observed in N + diffused regions.  

An a l te rna t ive  a rgument  for  the excessive l a te ra l  
undere tch ing  of h igh ly  doped sil icon could be based 
on differences in the chemical  react iv i t ies  of "C12" and 
the diffused regions as opposed to lowly  doped silicon. 
I t  is known that  chlor ine  reacts  spontaneous ly  wi th  
e i ther  arsenic and boron to form vola t i le  species. Thus, 
isotropic etching of h igh ly  doped regions could be ex-  
pected.  However ,  the a tomic impur i t y  concentra t ion 
levels in the  diffused regions are  at  best  ,~1%, and 
this makes  i t  somewhat  difficult to explain,  on this 
basis alone, the  significantly h igher  isotropic etching 
of these regions. 

It m a y  tu rn  out  that  ac tua l ly  both factors (i.e. t he r -  
mal  hea t ing  and enhanced chemical  react ivi t ies)  to-  
ge ther  cont r ibute  to the l a t e ra l  etching of h igh ly  
doped sil icon regions. For  one, the  the rmal  conduc-  
t iv i ty  of h igh ly  doped n - t y p e  and p - t y p e  sil icon is 
lower  t h a n  for undoped sil icon (see Fig. 12). Conse- 
quently,  such regions would  exper ience a fas ter  hea t  
rise dur ing  the RIE etch process than undoped silicon. 
This in tu rn  would  enhance the isotropic etching char -  

acterist ics in the h igh ly  doped regions.  The effect 
would be fu r the r  enhanced,  if one considers the  real  
possibi l i ty  that  the cri t ical  t empera tu re  for the onset 
of isotropic etching in arsenic-  and bo ron- r i ch  si l icon 
regions could wel l  be expected  at  lower  t empera tu res  
than for undoped silicon. This would p r imar i l y  be 
due to the ease of vola t i le  ch lor ine-arsenic  (or boron)  
species format ion  at lower  t empera ture .  Al though the 
combinat ion  of these two effects could expla in  the 
cu r ren t ly  avai lab le  expe r imen ta l  data,  more  work  is 
requi red  to more c lear ly  iden t i fy  and quantize the  
ind iv idua l  effects. 

The other  significant observat ion,  that  of b lack  si l i -  
con, also lacks c lear  unders tandings ,  a l though this 
form of surface t ex tu r ing  has been observed and re -  
po r t ed  in the l i t e ra tu re  (12). Based on the present  
results,  i t  appears  tha t  its format ion  m a y  be due to 
the presence of a thin nonuni form oxide film in the 
window areas  p r io r  to the  etch process. Al te rna t ive ly ,  
ins tead of a nonun i fo rm film, the silicon surface in the 
window area  may  have  been very  p re fe ren t i a l ly  oxi-  
dized to form smal l  oxide  islands. In  e i ther  case, the 
oxide was most p robab ly  formed by  the res idual  
mois ture  present  in the etching chamber.  The presence 
of the mois ture  has been verified with  the use of a 
res idual  mass analyzer .  However ,  a pa r t i cu la r  mois ture  
level  be low which  the b lack  si l icon was absent  was 
not  c lear ly  established.  I t  was found easier  and more 
convenient  to insist  that  the  sys tem pressure  be below 
5 • 10 -7 Torr  before  s ta r t ing  an etch run.  This was 
typ ica l ly  achieved much faster  whenever  the  re la t ive  
humid i ty  was low. 

The presence of the nonuni form oxide film on the 
silicon surface  would pe rmi t  the  format ion of  the 
columnar  type  growth,  because of differences in etch 
rates be tween  silicon and SiO2. Fur the rmore ,  the s i l i -  
con etch rate  becomes enhanced in the case when a 
ve ry  low silicon surface area  is exposed (see Fig. 9), 
whereas  the S i Q  etch ra te  remains  re la t ive ly  constant.  
The resu l tan t  high etch ra te  rat io wil l  favor the col-  
umnar  growth  unt i l  the  masking  S i Q  film has been 
etched away. F u r t h e r  etching wil l  then recess the 
columnar  s t ructure  be low the or iginal  si l icon sub-  
s t ra te  surface. This has typ ica l ly  been observed.  The 
fact that  the depth  (or height)  of the columnar  s t ruc-  
ture  var ied  f rom run to run may  ve ry  wel l  be aszociated 
wi th  different  thicknesses of nonuni form SlOe films 
due to different mois ture  condit ions in the chamber  
p r io r  to those runs. 

I t  is somewhat  more  difficult to expla in  that,  in 
association with  the occurrence of b lack silicon for-  
mation, the  effective sil icon etch rate  tends to be 
reduced to zero af ter  a cer tain etch time. However .  it  
is known that  si l icon etching by  ~aseous HC1 can be 
h indered  in the presence of an oxide laver  ( formed by  
res idual  oxygen in the react ion chamber ) ,  esoecia l ly  
in an argon envi ronment  (13). I t  seems that  argon 
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Fig. 12. Thermal conductance of silicon with different doping 
levels. 
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aids in  the formation of a "closed structured" oxide 
layer, which is less penet rable  to the HC1, than ap 
oxide formed in a hydrogen environment .  In an RIE 
system, the chamber  and pumping  l ine are coated with 
deposited reaction product materials,  most probably  
containing a high proport ion of chlor ine-conta ining 
species. The deposits can represent  a very large surface 
area and are prone to rapid moisture adsorption. Such 
absorbed moisture can be difficult to remove dur ing  
the pump-down  cycle and, in fact, could be mis in-  
terpreted as a "vir tual  leak" in the system. 

It is speculated that for an incomplete PUmP down, 
the re ta ined moisture in the chamber and on the tai'get 
(cooled cathode) can be gradual ly  released as the 
etching process proceeds, due to a general  tempera-  
ture rise in the system. The moisture, if at sufficient 
levels, could poison the silicon surface, including the 
surfaces of the columnar  structures, and thereby e~- 
fectively stop fur ther  etching. The onset of the mois-  
ture  release and its efficiency to poison the silicon 
surface could again be variable  due to specific etch 
conditions and moisture content in the system. 

The other process parameters  tend to exhibit  normal  
behavior  and are similar  to those found in other etch- 
ant  systems. In  order to offset variations in etch rates 
due to changes in wafer loads (loading effect because 
of different pa t te rn  densit ies),  it has been found use- 
ful  to add to the RIE system an appropriate amount  of 
silicon to increase the exposed silicon surface to about 
10% rather  than adjust ing the C I J A r  concentrations, 
system pressure and /or  gas Now rates. This is especially 
t rue for very low percentages of silicon surface areas 
to be etched. The final groove taper angles can also 
be adjusted at will, provided a good reliable photo- 
lithographic process and a eont'rolled Si02 window 
pattern taper formation are in use. 

Summary 
The C12/Ar gas system was found to be an excellent 

candidate to preferent ia l ly  etch silicon when u s i n g  
SiO., as a masking material .  Etch rate ratios for Si /  
SiO~, ~ 20:1 have been achieved. The etched profiles 
can be either evenly t apered  or vertical, provided 
proper etch conditions are utilized. Enhanced lateral  
etching can occur, especially for highly doped silicon, 
and this was found to be substrate temperature  sensi- 
tive. Etch bias was missing for this process. System 

moisture was found to dramat ical ly  influence the etch 
characteristics of silicon and must  be kept to a min i -  
m u m  for good process control. 
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Ramp Breakdown Study of Double Polysilicon RAM's as a Function of 
Fabrication Parameters 

D. K. Brown* and C. A. Barile* 
IBM General Technology Division, East Fishkill Hopewell Junction, New York 12533 

ABSTRACT 

Interelectrode ramp breakdowns have been studied on double- polysilicon RAM's as a function of five fabrication pa- 
rameters: (i) the polysilicon thickness, (if) the polysilicon doping, (iii) the removal of the first-gate oxide, (iv) the oxidation 
of the second gate, and (v) the post second-gate thermal annealing. For the particular case using an 800~ wet/HC1 second- 
gate oxidation, a 1000~ 15 rain post gate 2 anneal significantly improved the breakdown yield. Without the anneal, the 
breakdown yield was found to be extremely dependent  on the poly 1 phosphorus concentration between 1.41 • 1020 to 7.0 • 
102~ atoms/cm ~. The breakdown dependence on all five parameters has been explained in terms of a previously reported 
stress model. 

Polysilicon gate technology is rapidly becoming the 
indus t ry -wide  s tandard for 64-k RAM fabrication. 
Single-,  double-,  and even t r iple- level  polysilicon gate 
products are available in the market  place today. 

�9 Electrochemical Society Active Member. 

Though the technology has many  positive attributes, 
it is not without problems (1-3). 

Certainly, one of the major  concerns in the mul t i -  
level technology is interelectrode reliability. A n u m -  
ber  of technical papers have been published on this 



1598 J. E lec trochem.  Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY Ju l y  1983 

subject,  offering a var ie ty  of solutions to the problem 
(4-6). Very few solutions, however, are without  con- 

sequence. 
In  this paper, the results of 5 changes made in the 

fabrication process of a double-polysi l icon RAM are 
presented. The interelectrode integri ty  was monitored 
by ramped voltage breakdown measurements  on 8-k 
RAM chains. The results may be explained in terms of 
a stress model, which was published in an earlier 
paper  (2). 

Exper imenta l  
The double-polysi l icon gate RAM chains (7) were 

fabricated in split-  and single-process lots, making  
variat ions from a s tandard process in: (i) polysilicon 
thickness, (ii) the first polysilicon doping, (iii) the 
removal  of the first-gate oxide, (iv) the second-gate 
oxide's oxidation temperature ,  and (v) a post second- 
gate anneal.  

The polysilicon electrodes (also referred to as poly 
1 and poly 2) were deposited in a low pressure (,-~0.3 
Torr) ,  chemical vapor deposition system at about 625~ 
using an anhydrous HC1 gas preclean and a 100% silane 
gas deposition process. The films were grown to a 
nomina l  thickness of 420 n m  for the s tandard  case 
(the first polysilicon was deposited over a 45 n m  gate 
oxide/640 nm field oxide structuI"e). 

The polysilicon deposition was followed by a 900~ 
POCla diffusion to dope the electrode with phosphorus. 
The flow conditions for the s tandard process were 
3.72 l i t e r /m of N2 plus 0.73 l i t e r /m of 02 injected 
directly into the furnace, while 0.35 li ter of N2 was 
bubbled  through the l iquid POCI~ source (held at 
24~ _ 1~ prior to injection. The durat ion of the 
doping step was 20 rain. It  was immediate ly  followed 
by a 45 rain N2 anneal,  also at 900~ with the PSG 
still  on the polysilicon. Upon cooling, the PSG film 
was stripped off in a buffered hydrofluoric acid solu- 
tion. 

The next  step in the s tandard  process was a 105 n m  
plasma-enhanced CVD oxide deposition. This step was 
carried out in a paral lel  plate reactor. This oxide was 
not densified prior to gate 2 oxidation in order to retain 
a favorable etch rate ratio to the gate 1 oxide. 

After  the plasma oxide was deposited, the poly 1 
was defined. Photoresist was applied, exposed, devel-  
oped, and then both the plasma oxide, and the poly- 
silicon were etched in a paral lel  plate plasma reactor. 
Upon completion of the dry etching, the first-gate oxide 
was wet etched in a buffered hydrofluoric acid solu- 
tion. The resist was then stripped, and the wafers were 
prepared for the second-gate oxidation. 

For the s tandard  process, the second-gate oxidation 
was an 800~ steam/HC1 reaction, which was designed 
to grow 65 nm on a p- type  (100) substrate. The oxi- 
dation rate on the s tandard doped polysilicon was 
approximately 3 times higher on the top of the elec- 
trode than on the substrate.  

The post second-gate anneal  was performed in situ, 
immediate ly  following the oxidation, for the s tandard  
process. The conditions of anneal ing were 15 min  at 
1000~ in N2. The ramp time from 800 ~ to 1000~ was 
30 min, and the ramp down was also 30 rain. 

The second polysilicon was deposited, doped, and 
defined in a s imilar  m a n n e r  as for the first polysilicon. 
The wafers were then fully processed through first 
metal  and ramp tested. 

The exper imental  matrices and process variations 
a r e  listed by the corresponding figure numbers  in Table 
1. Polysilicon thickness increases (Fig. 6) were ob- 
tained by increasing the deposition times whi le  doping 
increases (Fig. 4 and 7) were obtained by increasing 
the I%.2 flow through the POC18 bubbler .  An overetch 
of the first gate (Fig. 7a, b, and c) was prepared by 
increasing the s tandard  etch t ime by a factor of three. 
An anisotropic dry etch of the first-gate oxide (Fig. 8) 
w a s  performed in the same reactor as the dry etch of 

Table I. Experimental matrix by figure number 

Fabrication 
step 

Fie ld  ox ide  6 4 0 n m  S t d  4a, b , c , d  5 6 7a, b , e  8 9 
G a t e l o x i d e  4 5 n m  S t d  4a, b , c , d  5 6 7a, b , c  8 9 
P o l y  1 420 ~-m S td  4a, b,  c, d 5 6 7a, b,  c 8 9 

(LPCVD)  470 n m  6 
520 n m  6 

P o l y  1 d o p i n g  L i g h t l y  4c, d 7e 
(N~-O2-t~OCIz) T r a n s i t i o n  S t d  4b 5 6 7b 8 

H e a v i l y  4a 7a  9 
P l a s m a  ox ide  1 6 5 n m  S t d  4a, b , c , d  5 6 7a, b , c  8 9 
P o l y l e t c h  D r y  S t d  4a, b , c , d  5 6 7a, b , c  8 9 
G a t e l r e m o v a l  W e t  l X  S t d  4a, b , c , d  5 6 7a, b , c  8 9 

Wet 3X 7a, b, e 
D r y  l X  8 

G a t e 2 o x i d e  65nm80,{)~ S~d 4a, b , c , d  5 6 7a, b , e  8 9 
(Wet /HC1)  65 n m  9~b,~ 9 

G a t e  2 a n n e a l  In si tu S t d  4a, b , c , d  5 6 7a, b , c  9 
(N~-10~0~ - S e p a r a t e  5 
15') No a n n e a l  4a, b,  c, d 5 8 

P o l y  2 420 n m  S t d  4a, b,  c, d 5 6 7a, b,  e 8 9 
(LPCVD)  470 n m  6 

520 n m  6 
P o l y  2 d o p i n g  T r a n s i t i o n  S t d  4a, b ,  c,  d 5 6 7a, b, e 8 9 

the plasma oxide. A 900~ 65 nm second gate was 
grown in a steam and HCI env i ronment  and annealed 
in situ at 1000~ for 15 rain (Fig. 9). 

A separate post gate 2 anneal  (Fig. 5) was performed 
in a different furnace than the oxidation furnace. The 
wafers were cooled to room tempera ture  before in-  
sertion into the anneal  furnace. The t ime/ tempera ture  
cycle from 800 ~ to 1000~ was the same as for the 
in situ anneal.  

F i lm thicknesses were measured using an IBM Fi lm 
Thickness Analyzer  and/or  an SEM. The phosphorus 
content in the polysilicon was measured by x - ray  
fluorescence. 

Ramp breakdowns on the 8-k chains were measured 
on a logarithmic picoammeter  (1 V/sec) and recorded 
on an x -y  chart  recorder. This method insured that 
the true destructive breakdown was measured and 
was not  s imply high leakage. Since the rel iabi l i ty  of 
the s t ructure  was the pr imary  concern, dead shorts 
were el iminated from the data. The substrate potential  
was main ta ined  at half  of the poly l 's  potential,  while 
the poly 2 was grounded. An electrode-to-substrate  test 
was made after each breakdown in order to verify that  
an interelectrode breakdown had occurred. 

Results 
The phosphorus concentrat ion in the polysilicon prior 

to the second-gate oxidation is given as a function of 
the POC13 doping concentrat ion in  Fig. 1. Also pre-  
sented are the single-crystal  sheet resistance values 
of the furnace moni tor  wafers which correspond to 
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Fig. 1. The phosphorus concentration in the polysilicon as a 
function of POCI3 concentration in the furnace (left hand y-axis). 
The right hand y-axis shows the approximate corresponding 
single-crystal silicon sheet resistance on the furnace monitor 
wafers. (The initial polysilicon thickness was 420 nm.) 
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each condition. The  concentra t ion of phosphorus  in 
the polysi l icon var ies  l i nea r ly  wi th  the POC13 concen- 
t ra t ion  in the  furnace.  The s ing le -c rys t a l  values (Rs in 
~/[:])  increase as the  phosphorus  concentra t ion de-  
creases. Typical ly ,  f rom run  to run,  the s ing le -c rys ta l  
Rs values  correspond only  roughly  to the polysi l icon 's  
phosphorus  concentrat ion.  

F igure  2 gives the poly  1 to po ly  2 r a m p  yie ld  for  
b reakdowns  exceeding 30V as a funct ion of poly  1 
doping. Each da ta  poin t  signifies one lot of wafers  
tested. The lot  size var ied  f rom 5 to 18 wafers  and 
six 8-k RAM g a t e  chains were  r a m p e d  pe r  wafer .  The 
y ie ld  for each lot is the  percentage  of gate chains which  
had exceeded a 30V b reakdown  over  the to ta l  number  
of gate  chains tes ted in that  lot. Circled da ta  points  
indicate  that  the  lot received a 1000~ post  gate 2 
anneal ,  while  nonci rc led  da ta  points  indicate  tha t  
there  was no post gate 2 anneal .  

The lots that  were processed wi thout  the 1000~ post  
gate  2 anneal  exhib i t  a s t rong b reakdown  dependence  
on the poly  1 doping level.  The dependence  Curve has 
been d iv ided  into th ree  regions:  the  "heavi ly  doped"  
region,  the " t ransi t ion"  region, and the " l ight ly  doped"  
region. The "heavi ly  doped"  region is charac ter ized  by  
the unannea led  lot hav ing  a r amp  yie ld  of 0%. In the  
" t ransi t ion"  region, the r amp  yield on unannea led  lots 
var ied  f rom 0 to 95%. In the  " l ight ly  doped" region,  
the yields  were  grea te r  than 80%. 

In contras t  to the unannea led  lots were  the lots that  
received the 1000~ post  gate 2 anneal .  The r amp  yie ld  
by  lot shows a s t r ik ing  improvemen t  wi th  the anneal ,  
p a r t i cu l a r l y  for  the  "heavi ly  doped"  and " t ransi t ion"  
regions. F u r t h e r  evidence on the effect of the post  gate 
2 annea l  is offered in Fig. 3. The 30V ramp yie ld  is 
given as a funct ion of when the  lot was processed 
th rough  the second-ga te  oxidat ion.  Before the anneal  
was added to the process, the r amp  yields  var ied  f rom 
0 to 95%. Af t e r  the  ins t i tu t ion  of the anneal ,  the r amp  
yield se t t led  at above 80%. 

F igure  4 gives the f rac t ional  cumula t ive  fai lures  as 
a function of vol tage  for a w i th in - a - l o t  spl i t  of po ly  1 
doping and post  gate 2 anneal  vs. no anneal.  In eve ry  
case, the annea led  samples  were  super ior  to the un-  
annea led  samples.  The difference becomes d rama t i c  in 
the " t ransi t ion" and "heavi ly  doped" regions. The 
op t imum condition, f rom a b r eakdown  point  of view, 
appears  to be the  annea led  " t ransi t ion" region sampled.  
This condit ion consis tent ly  produces  a high b r eakdown  
voltage. The s ingu la r  high b reakdown  for the annea led  
samples  increases wi th  poly 1 doping. 

F igure  5 gives the  poly 1 to pol.v 2 b r eakdown  re-  
sults of a w i th in - a - l o t  spli t ,  compar ing  the in situ post  
gate 2 anneal ,  the separa te  post  gate 2 anneal ,  and an 
unannea led  gate  2. For  this case, the poly 1 was 
doped in the  " t rans i t ion"  region. There  is a significant 
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Fig. 2. The poly 1 to poly 2 ramp breakdown voltage yield (per- 
centage ~ 30V) as a function of the poly 1 dopniq. The circled 
data represents wafer lots which received the 1000~ 15 min post 
gate 2 anneal. Noncircled data represents wafer lots which re- 
ceived no post gate 2 anneal. (All samples had wet/HCI 800~ 
second gates.) 
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Fig. 3. The poly 1 to poly 2 ramp breakdown yield (percentage 
=- 30V) before and after the institution of the 1000~ 15 min post 
gate 2 anneal. (All samples had wet/HCI 800~ second gates.) 

difference be tween  the unannea led  wafers  and those 
that  were  annealed.  However ,  there  is ve ry  l i t t le  differ-  
ence be tween  the in sitz~ and the separa te  post  gate 2 
anneals.  

The results  f rom using a constant  POC13 doping p ro -  
cess and vary ing  the po ly  1 thickness are  given in 
Fig. 6 for  annea led  samples.  The ear ly  fails are  de-  
creased by  increas ing the thickness of the po ly  1. 

F igure  7 gives the resul ts  of an exper imen t  where  
the gate 1 oxide  etch t ime  was increased by  a factor  of 
three  in each of the poly  1 doping regions on annea led  
samples.  In  al l  cases, the median  b r eakdown  vol tage  
was reduced by  undercu t t ing  of the first polysil icon. 
A dramat ic  shif t  occurs in the "heavi ly  doped" region. 

F igure  8 shows the difference in b r eakdown  d i s t r i -  
but ions be tween  a wet  isotropic etch and a d ry  aniso-  
trol~ic etch of the gate 1 oxide for unannea led  samples  
in the ?heavi ly  doped"  region. There  is an overa l l  im-  
p rovement  in the d is t r ibu t ion  for the anisotropic  gate 
oxide etch. 

The results  of increas ing the oxida t ion  t empe ra tu r e  
of the gate oxide from 800 ~ to 900~ in the "heavi ly  
doped" region (for annea led  samples)  is given in Fig. 9. 
The 900~ process is s ignif icant ly be t t e r  than  the 800~ 
process for this pa r t i cu la r  doping condition. 

Discussion 

The mate r i a l  p roblems  tha t  may  develop dur ing  the  
l o w - t e m p e r a t u r e  oxidat ion  of a heav i ly  doped po ly -  
si l icon electrode have  been discussed by  Brown,  Hu, 
and Morr issey  (2). The origin of the problems  is two-  
fold and in te rdependent .  F i rs t ly ,  when  one volume of 
silicon oxidizes, 2.27 volumes of SiO2 are  formed.  The 
newly  formed volume must  be  accommodated  for in 
some manner .  On a p l ana r  surface,  the oxide is s imply  
displaced no rma l ly  to the plane.  However ,  on a con- 
cave or  convex surface  the oxide wil l  exhibi t  an add i -  
t ional  l a te ra l  displacement ,  i.e., grow ei ther  into i tself  
on a concave surface  or  grow away  from itself  on a 
convex surface.  Secondly,  at  low t empera tu res  (e.g., 
800~ and high oxidat ion  rates,  the viscoelastic flow 
of the  SiO~ cannot  read i ly  occur in response to the 
rap id  s t ra in ing  genera ted  by  the oxidat ion.  Under  these 
conditions, s t ress  wil l  bui ld  up in the  SiO2 and the 
su r rounding  polysi l icon unt i l  a point  is reached where  
one of the mater ia l s  must  yield.  

On convex polysi l icon corners,  the  oxide grows into 
tension. As the  oxide thickness increases,  the l a te ra l  
stress increases. If  the oxide stress exceeds a cr i t ical  
value,  the oxide  wil l  crack. The oxide 's  cr i t ical  value  
m a y  be de te rmined  by  physical  defects, such as p in -  
holes, or  by  the  chemical  env i ronment  which could 
ini t ia te  S i -O bond b reak ing  (8). 
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Fig. 6. The poly 1 to poly 2 fractional cumulative failures as a 
function of the initial polysilicon thickness. The POCI~ doping was 
identical for all samples. (All second gates were 800~ wet HCI 
oxides annealed at 1000~ for 15 min.) 

In  confined regions (such as under  the  edge of the  
polysi l icon e lect rode)  the  oxide grows into itself, gen-  
era t ing enormous compressive stress. The excess vol-  
ume m this case must  be accommodated  for  in one of 
severa l  ways.  If the  viscosi ty of the oxide was low, the 
excess SiO2 volume would  flow out f rom undernea th  
the  polysi l icon land. This, however ,  has been found 
not to be the case at  800~ Rather ,  the  polys i l icon i tself  
yields  p las t i ca l ly  to the ever  increasing SiO2 volume.  

The y ie ld ing  of the polysi l icon occurs in two ways. 
P r imar i ly ,  there  is s l id ing of the  polysi l icon grains.  
This ver t ica l  movement  may  occur a b r u p t l y  and be 
accompanied by  a crack in the s idewal l  oxide. Second-  
ar i ly,  the  polysi l icon can yie ld  to the enormous com- 
press ive  stress through diffusion creep a n d / o r  t r ans -  
gra in  sl iding. In  this case, the  movement  of the  p o l y -  
si l icon is l a t e ra l  r a the r  than  ver t ical .  The l a te ra l  move -  
ment  deforms the po lys i l i con /ox ide  s idewal l  cont inu-  
ously  th rough  the oxidat ion,  genera t ing  poly  1 p ro t ru -  
sions and thin oxide  regions. 

The b reakdown  dependence  on po ly  1 doping can 
be expla ined  by  using the a forement ioned  model.  As 
the  doping is increased,  the oxida t ion  ra te  of the  po ly  
1 rises. This increased oxidat ion  ra te  of the  poly  1 has 
the end resul t  of genera t ing  more  SiO~, which  mus t  
be displaced and accommodated.  Hence, the  stress in-  
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Fig. 7. The poly 1 to poly 2 fractional cumulative failures as a 
function of voltage for a within-a-lot split of poly 1 doping and 
gate 1 etch times. (All samples had wet/HCI 800~ second gate 
oxides which were annealed at 1000~ for 15 min.) 

creases, as does the polysilicon deformation. The final 
state of the sidewall  oxide after gate 2 oxidation is 
therefore very doping dependent.  

The residual  stress in the s t ructure  can be relaxed 
by a 1000~ post gate 2 anneal  of the s t ructure  for 15 
min. -The end result  of the anneal  is to el iminate any 
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Fig. 9. The fractional cumulative failures as a function of volt- 
age for a within-a-lot split comparing wet/HCI 800 ~ and a 900~ 
second gate. (All samples had the 1000~ 15 rain post gate 2 
anneal and had "heavily doped" poly 1.) 

post oxidation cracking. The benefit of the anneal  is 
shown in  Fig. 4. It  is believed that  the 1000~ anneal  
will cause flow only  in the oxide which is under  stress. 
That  is to say that if the oxide stress has been relieved 
by  cracking, the cracked oxide wil l  not self heal (at 
least not at 1000~ From the projection of the oxide's 
viscosity at 1000~ it  is orders of magni tude  too high 
for this to occur (2). 

A significant clue to the question of when  the oxide 
cracks can be d rawn from the in si tu vs. the separate 
1000~ anneal  data. Since the breakdown results of the 
in si tu and the separate anneals  are basically equiva-  
lent  (Fig. 5) and accepting the hypothesis that  cracks 
in the oxide will  not  self heal at 1000~ the conclusion 
must  be reached that the oxide does no t readily crack 
dur ing the gate 2 oxidation or the thermal  cycling (at 
least not at these doping concentrat ions) .  The reader  
is reminded  that  for the separate anneal  the wafers 
are pulled from the furnace after the 800~ oxidation, 
cooled to room temperature,  and placed in another  
furnace for the 1000~ anneal.  For  the in si tu anneal,  
the furnace simply is ramped up to 1000~ after the 
oxidation is completed. The cracking must  therefore 
be induced after the oxidation and thermal  processing 
is complete. This was alluded to earlier in the discus- 
sion when  the oxide's critical stress (the level of ten-  
sile stress at which the oxide can sustain before frac- 
ture) was stated to be a function of the chemical en-  
vironment .  The exact post oxidation process step to 
which this phenomenon can be at t r ibuted has not yet 
been determined.  However, it must  occur prior to 
the second polysilicon deposition since all cracks are 
filled in with the second polysilicon. Both the wet 
chemical preclean and the dry HC1 clean prior to poly 
2 deposition are likely suspects. 

The dependency of poly 1 to poly 2 breakdown volt-  
age on the poly 1 doping, even on the annealed samples, 
is quite remarkable  (e.g., Fig. 2 and 4). The strength 
of the relationship is fur ther  substant ia ted by the re-  
sults from the exper iment  vary ing  the poly 1 thickness 
(see Fig. 6). For a constant POC13 doping process, the 
phosphorus concentrat ion in the polysilicon must  de- 
crease l inear ly  as the poly thickness increases. This is 
a consequence of the polysilicon phosphorus concentra-  
tion having a l inear  dependence on the POC13 con- 
centrat ion (see Fig. 1). As the doping concentrat ion 
in the poly is diminished by  the thicker poly film, the 
early failures are reduced. This is despite the fact that  
the sidewall oxide's surface area is increasing l inear ly  
with poly 1 thickness. Thus, the surface area of the 
wall  and the area-re la ted defects are of far less im- 
portance than the polysilicon doping level and the 
doping-related flaws. A comment  which is apropos at 
this t ime is that  while thickness control is critical in 
that it  affects the final doping, one may avoid this 
problem altogether by adapting an in si tu doped poly-  
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silicon, where the doping remains constant dur ing 
deposition. 

The effect that undercut t ing  the poly 1 land has on 
interlevel  breakdowns (Fig. 7) also may be explained 
in terms of the aforementioned model. Over thin oxide 
regions, the lateral  depth of the undercut  is propor-  
t ional to the lateral  depth of the wedge oxide formed. 
This is in tu rn  proport ional  to the volume of polysilicon 
that must  be displaced. The volume of polysilicon dis- 
placed determines, in part, the magni tude  of the poly 
1 protrusion and /or  the vertical  rise of the grains if 
grain boundary  sliding occurs. Figure 10 is a schematic 
depiction based on observations (2) of the undercu t -  
ting over a th in  oxide region. 

Over the thick oxide region, the vertical  separation 
between the leading edge of the polysilicon and the 
surface of the oxide below is increased with under -  
cutt ing (as is the lateral  depth of the undercu t ) .  One 
result  of the undercut  over thick oxide is that an extra 
polysilicon convex corner is exposed, i.e., the lower 
corner. When oxidized, the addit ional corner increases 
the area of tensile stressed oxide. Figure 11 depicts the 
proposed undercut  phenomena over the thick oxide 
region. Referring back to Fig. 7, it is apparent  that the 
undercut  effect is exacerbated by increasing the poly 
1 doping level. 

The deleterious effect of exp0sing the poly 1 lower 
corner over thick and thin oxide regions is fur ther  
verified by the results of the anisotropic gate oxide 
etch given in Fig. 8. Since a vertical  etch eliminates 
any  possible undercut t ing,  the aforementioned mecha- 
nisms are minimized. Figure 12 is a depiction of ver t i -  
cal etching of the gate oxide over th in  and thick oxide 
regions. 

A pr imary  advantage of oxidizing at low tempera-  
tures (e.g., 800~ is that the oxidation rate of heavily 
phosphorus-doped silicon is substant ia l ly  enhanced 
(9-11). The differential oxidation rates between the 
heavily doped polysilicon and an intrinsic or low-doped 
substrate in this case are as high as 4: 1. It  is clear from 
the stress model that thicker oxides, which grow on 
the heavily doped polysilicon at low temperatures,  can 
lead to substant ia l  mater ial  oroblems. The~e problems 
should intensify if the second-gate oxidation tempera-  
ture is lowered, if the second-gate thickness is in-  
creased, or if the first-polysilicon dopin~ is ~ncreased. 
Each of these changes would increase the thickness of 
the oxide grown on the polysilicon and raise the pro- 
pensi ty to flaw. Conversely, if a change were m~de ~n 
the opposite direction (e.g., raising the temperatures  of 

/ -  Leading Edge 
/ Of Oxidation 

T-f-~- %_~_~,~_~_ I 
CVD UI TIT T A 
'~-z/-~. / z /~ / / / J /Z  { / ~  

'(/~ ~ PolysilJcoa 
Poly 1 ~-r- l - - r - - t - V . ~  To Be 

Undercut 

Plasma Oxide 

Oxidized 
Polysilicon 

Poly 1 

Thick 
Oxide 

V / K - '  l / -Add i t iona l  
� 9  

/ - - ~ ~ 1 1  ~ Stressed 
L - - -  ]L.-- ."  Corner 

"~-"-'~'-- Poly 1 
,= Undercut 

{ 
Before Oxidation 

- - - - - -  After Oxidation 

Fig. 11. The undercut of poly 1 during the gate I oxide wet 
etch--shown over a thick oxide region. The additional exposure of 
the lower poly 1 corner increases the area of tensile-stressed oxide. 

the second-gate oxidation), a less flawed structure 
would be formed. This prediction is corroborated by 
the 900~ data given in Fig. 9 (for poly 1 from the 
"heavily doped" region). As the temperature is raised, 
the differential oxidation rate is decreased and less 
oxide is grown on the heavily doped polysilicon. It is, 
therefore, not surprising that the 900~ "heavily doped" 
data compares quite well with the 800~ "transit ion" 
region data in Fig. 4c. Should higher doped electrodes 
be d2sired, raising the oxidation temperature  can be 
used to offset oxidation enhancement  effects. Higher 
temperatures,  however, do enhance autodoping phe- 
nomena;  and proper precautions, such as oxygen pre-  
heats, are advisable. 

A thicker sidewall oxide, if flawless, will  result  in a 
higher breakdown voltage. The anneal  prevents certain 
flaws from being generated. This accounts for the wider 
distr ibution of breakdown voltages found on "heavily 
doped" post gate 2 annealed samples (e.g., Fig. 4d). 
The early fails are created by flaws such as poly 1 
protrusions and sidewall  oxide thin spots, while the 
late fails are a result  of the ul t imately  thicker oxide on 
the less flawed sidewalls. 

Summary 
Interelectrode ramp breakdowns have been studied 

on double polysilicon RAM's as a function of fabrica- 
t ion parameters.  For the part icular  case using an 800~ 
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Fig. 10. The undercut of poly 1 during the gate 1 oxide wet 
etch~shown over a thin oxide region before and after the second 
gate is oxidized. The volume of polysilicon which is displaced is 
proportional to the undercut and determines, in part, the magni- 
tude of the poly 1 protrusion, and/or the vertical rise of the grains 
when grain boundary sliding occurs. 
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Fig. 12. The results of an anisotropic gate I etch over thick and 
thin oxide regions. Comparatively less deformation and stress 
should be achieved with this structure. 
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wet/HC1 second-ga te  oxidat ion,  a 1000~ post  gate 2 
N2 anneal  s ignif icant ly  improved  the b r eakdown  yield.  
The improvemen t  is a t t r ibu ted  to the re l ief  of stress 
in the  s t ructure ,  which prevents  fu r the r  f lawing ( in-  
duced af ter  the  oxida t ion  and the rma l  cycl ing) .  

The po ly  1 to po ly  2 b r e a k d e w n  dependence  on poly  
1 doping was also s tudied  and par t i t ioned  into three  
regions:  "heav i ly  doped, '  . . . .  t ransi t ion,"  and " l ight ly  
doped." The b r eakdown  resul ts  in each of these regions 
are  dependent  not  only  on the poly  1 doping concent ra-  
tion, bu t  also on the second-ga te  ox ida t ion  t empera tu re ,  
the po ly  1 undercu t  p r io r  to the  oxidat ion,  and the post  
gate  2 anneal  step. 

In  the  "heav i ly  doped"  region (for an 800~ wet  
gate  2), the  poly  1 undergoes  severe  deformat ion  and 
the encapsula t ing  oxide approaches  cri t ical  stress levels  
on convex corners.  The  1000~ post  gate 2 anneal  can 
remove the stresses;  however ,  poly  1 pro t rus ions  and 
oxide  thin spots  wil l  r ema in  as art ifacts.  In the  " t r an-  
si t ion" region,  these ar t i facts  lessen in magni tude.  
When annealed,  the " t ransi t ion"  region samples  are  
super ior  in in tegr i ty  to the  "heavi ly  doped" region 
samples.  In  the  " l ight ly  doped" region, both  stress and 
the ar t i fac ts  are  of a noncr i t ica l  na tu re  and the post  
gate 2 anneal  adds l i t t le  benefit. 

The undercu t t ing  of the poly  1 land  was found to 
have  the most dele ter ious  effect when the poly  1 is 
heav i ly  doped. This holds t rue  even for annea!ed sam-  
ples (since the poly  1 prot rus ions  and oxide thin spots 
a re  not  removed  by  the post  gate 2 annea l ) .  There  is 
significant improvemen t  on "heavi ly  doped" unannea led  
samples  if the poly  1 land  is not  undercu t  (by  aniso-  
t ropic r emova l  of the gate 1 oxide) .  Oxidizing the 
second gate at  h igher  t empera tu re s  (e.g., 900~ re -  
duces the  concen t ra t ion -dependen t  oxidat ion  ra te  and 
therefore  decreases the stress bu i ld -up  due to the dis-  
p lacement  of oxide  generated.  If  heav i ly  doped elec-  
t rodes are required,  it  would  be p ruden t  to raise all  
post  process oxidat ion  t empera tu res  as well  as include 
anneals.  However ,  one must  guard  against  au todoping 
effects if these measures  are to be taken  (3). Few 
changes in this sys tem a re  wi thout  consequence. 
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ABSTRACT 

MoSi2 films used as gate electrodes and interconnects  were deposi ted on oxidized Si substrates via reactions between 
MoC15 and SiH~. At high temperatures,  HC1 generated by reactions involving MoC15, H2, and Sill4 reacts with Si to form 
volatile SiH3C1, SiH2C1, SiHC13, and SIC14; thus Si is etched away and is not available to form MoSi2, resulting in deposi ted 
film consist ing of only metallic Mo. At low temperatures,  the deposi ted film consists of MoSi2 which is thermodynamical ly  
stable. The deposi ted films show characterist ics (resistivity, crystal structure, and so forth) similar to those of MoSi2 films 
deposi ted by sputtering. Chlorine in the deposi ted films has a gettering effect for mobile ions such as Na § 

In  ve ry  la rge-sca le  in t eg ra ted  circuits,  the re la t ive ly  
high e lect r ica l  res i s t iv i ty  of po lycrys ta l l ine  silicon 
used for in terconnect ions  and gate e lectrodes is a 
ma jo r  l imi ta t ion  on circuit  performance.  The h igh  re -  

* Electrochemical Society Active Member. 
Key words: CVD. MoSh, interconnect,  gate electrode. 

s is t iv i ty  of po lycrys ta l l ine  silicon lowers  the s p e e d  
of the circuits. Ref rac tory  meta l  silicides, such as  
WSi2, TaSi2, and MoSi2, are  being s tudied as h igh ly  
conduct ive in terconnect  mate r ia l s  for  ve ry  la rge-sca le  
in tegra ted  circuits  to replace  po lycrys ta l l ine  silicon 
(1-6).  
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Severa l  techniques have  been used to form the si l l -  - - -  
cides: (i) spu t t e r ing  f rom the s to ichiometr ic  corn- . C  
pounds  (1, 4), (ii) co-evaporati .on of the meta l  and E 
silicon (2), (iii) cosput ter ing of meta l  and sil icon (3, 
5), (iv) sequent ia l  deposi t ion of ind iv idua l  compo-  
nents  fol lowed by  anneal ing  (3),  and  (v) chemical  ~  
vapor  deposi t ion (CVD) (7-9).  The second and th i rd  q) 
techniques are  wide ly  used; however  there  a re  some ~-- 
p rob lems  associated with  these techniques,  such as 
poor s tep coverage and i r rad ia t ion  damage caused by  FF" 
e lec t ron beams or  sput ter ing.  These problems  can be c- I 0 0  
avoided if CVD is used for deposi t ion of the sil icides; O 
however ,  CVD silicides have columnar  or  rough sur -  
faces. If  fluoride, such as WF6 and MoF6, is used, . -  
fluorine or  hydrof luor ide  genera ted  in the react ion u~ 

O etches the SiO2 film. CL 
To solve these problems,  we s tudied  a CVD tech-  (D 

nique using MoC15 and Sill4. This pape r  presents  the  Ch 
CVD technique and film proper t ies  such as the  re -  
sist ivi ty,  c rys ta l  s t ruc ture ,  and  MOS character is t ics .  

Experimental Procedure 
Figure  1 shows a schemat ic  d i ag ram of the CVD sys-  

tem. Sill4 was used as the sil icon source, and MoC15 
was used as the meta l  source. The MoC15 was first 
hea ted  to 160~ then  suppl ied  to the react ion furnace  
using H~ as car r ie r  gas. Ar,  H2, or N2 was used as the  
di luent  gas. The deposi t ion was carr ied  out  at  a p res -  
sure of 0.6-2.0 Torr,  and at  520~176 Gases in the 
furnace  were  analyzed  by  quadrupole  mass spec t ro -  
graph before  and dur ing  the deposit ions,  i,,-C 

In the exper iments ,  a 4 in. d iam p - t y p e  Si wafe r  was " ~  It.) 
used and the mo lybdenum silicide film was deposi ted 
onto the oxidized Si substrates.  Af te r  deposit ion,  the O 
wafers  were  annea led  in N2 for 20 min at  t empera tu re s  
be tween  700~176 The deposi ted films were  eva lu -  ~_~ 
ated as follows: crys ta l  s t ruc ture  b y  x - r a y  diffrac-  
tion, composi t ion b y  Ruther fo rd  backsca t te r ing  spee-  

* -  Id4 t roscopy (RBS),  impur i t ies  in the film by  ion micro-  " ~  
probe  mass analysis,  and res is t iv i ty  by  , t -point  probe.  . - -  

MOS capaci tors  were  made on (10O) p - t y p e  Si. The " ~  
1000A thick oxides were  grown at  1000~ in d ry  03, " - -  

09 and then  the 8000A th ick  si l icide films were  deposi ted (D 
onto oxide and pa t t e rned  into 400 ~m d iam dots wi th  [~ ,  
photores is t  and etched in react ive  ion etching wi th  
CF4/O2. A final anneal ing  s tep in H2/N2 at 450~ 5 
completed  the process. I~ 

Figure  2 shows the deposi t ion ra te  dependence  on 
the deposi t ion tempera ture .  The deposi t ions were  car -  
r ied out  using MoC15 wi th  H2 ca r r i e r  gas at  190 cm~/ 
min, SiIq_4 at  210 cm3/min, and N2 as a d i luent  gas. 
Deposi t ion ra te  is l imi ted  by  react ion in this  condi-  
tion and the deposi t ion ra te  increases wi th  deposi t ion 
t empera tu re  at pressure  of 0.6-2.0 Torr.  

Film Properties 
Figure  3 shows the film res is t iv i ty  dependence  on 

deposi t ion and anneal ing  t empera tu re s  a f te r  deposi -  

Ar 
N2 
H2 
Sill4 , 

MoCIsJL_L2__j 
Temperature 
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Pump. 
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Fig. 1. Conceptual diagram of reactor 
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Fig. 2. Deposition rate dependence on deposition temperature 
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Fig. 3. Film resistivity dependence on annealing temperature 

tion. Annea l ing  was car r ied  out in N2 for 20 min. The 
res is t iv i ty  of the film deposi ted at  800~ was 7 • 10 .6  
a c r e  and did not  change af ter  anneal ing.  F i lm  de-  
posi ted at  800~ was found to be a Mo film as analyzed  
by  x - r a y  diffraction traces and RBS. The res is t iv i ty  
of the  film deposi ted at  700~ was 2 • 10 .5  ~cm, sev-  
era l  percent  of sil icon as de t e rmined  by  Auge r  elec-  
t ron spectroscopy. The res is t iv i ty  of the film as -de -  
posi ted at  670~ was 1 • 10 .3  F~cm, and decreased  to 
about  1.2 • 10 .4  a c r e  a f te r  anneal ing  at  1000~ 
This film was eva lua ted  by  RBS and x - r a y  diffract ion 
as follows. F igure  4 shows the RBS resul ts  on the 
film deposi ted at  670~ This composit ion was Mo: Si _-- 
1:2, as de te rmined  by  calcula t ing the Mo and Si peak  
heights.  There  are  severa l  forms of mo lybde num si l i -  
cide, name ly  MosSi, MosSi3, and MoSi2. However ,  in 
the present  s tudy,  only  MoSi2 was ob ta ined  because i t  
is the s table form for the deposi t ion condi t ion used. 

The crys ta l  s t ruc ture  was de t e rmined  by  x - r a y  
diffraction, as shown in Fig. 5. The c rys ta l  s t ruc ture  
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of the as -depos i ted  film was hexagona l  MoSi2 (AST1VI 
cards 17-917) and changed to t e t ragona l  MoSi2 (ASTM 
cards 6-681) when annea led  at 900~ or higher.  By 
contrast ,  the s t ruc ture  of sput te red  films changed at  
lower  tempera tures ,  _>--800~ (5, 6). 

In  the CVD method,  the  as -depos i ted  MoSi2 films 
were  in the crys ta l l ine  form, as opposed to the 
amorphous  s t ruc ture  obta ined  by  spu t t e r ing  (5, 6); 
therefore,  impur i t i es  such as chlor ine to be shown 
la te r  in Fig. 10, tend  to segregate  along the gra in  
boundar ies  and might  make  difficult the crys ta l  s t ruc -  
ture  change upon anneal ing.  

We s tudied the gases in the react ion furnace  to ana-  
lyze the above results.  F igure  6 shows the mass spec-  
t rograph  when MoC15 and Sill4 were  suppl ied  toge ther  
in the react ion furnace at 625~ at  a pressure  of 0.8 
Torr. Mass peaks  of HC1, SiHsC1, SiH2C12, SiHC13, and 
SIC14 appea red  as soon as the MoC15 and SiH~ were  
suppl ied  to the furnace�9 Dur ing  the deposit ion,  the 
mass peaks  of SiH3C1, SiHfC12, SiHC13, and SIC14 were  
almost  constant  and d i sappeared  when the MoCls gas 
flow was stopped,  as shown in Fig. 7. These resul ts  
show that  the  fol lowing react ions occurred in the re -  
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act ion furnace  
5 

MoCI~ + -~- H2 "-> Mo Jr 5HC1 [1] 

Sil l4-> Si + 2H2 [2] 

Mo + 2Si-> MoSi2 [3] 

Si + HC1 4- H2--> SiH3C1 [4] 

Si + 2HC1--> SiH2C12 [5] 

Si + 3HC1--> SiHC13 + H2 [6] 

Si + 4HC1 --> SiCI4 + 2H2 [7] 

In general ,  MoC15 and SiH~ decompose to Mo and Si, 
respect ively,  to form mo lybde num sil icide films�9 How-  
ever, Si from decomposed Sill4 and HC1 o~ decom- 
posed MoC1JH2 react  and form SiHxCly. At  high t em-  
pera tures ,  the react ion be tween  HC1, Hf, and Sill4 
changes to volat i le  SiHsC1, SiH2C12, SiHCI~, and SIC14. 
Si is e tched away  and not ava i lab le  to fo rm MoSi2, r e -  
sul t ing in only meta l l ic  Mo film deposits.  The film w a s  
deposi ted e i ther  as Mo or MoSi2 film depending  o n  
the etching or  deposi t ing of Si. We have not  ye t  
es tabl ished the kinet ics  of the deposi t ion reaction.  

MOS Properties 
To s tudy  the effects of ma te r i a l  p roper t ies  on device 

characteris t ics ,  MOS capaci tors  were  fabr ica ted  and  
tested. The f la tband vol tage was s tudied  wi th  corn- 
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para t ive  C-V measurements .  F igure  8 shows the flat-  
band voltages de te rmined  f rom C-V measurements  for 
Mo and MoSi2 gates. When the film was annea led  at 
above 1000~ the surface s ta te  and fixed charge of the  
Mo and MoSi2 gates were  less than  3 • 10 TM cm -2. So 
the value  of the VFB difference be tween  MoSi2 and 
Mo is caused by  the work  function difference as 
shown in previous  work  (5, 6). 

The film mus t  be s tab le  if it  is to be used as a gate 
electrode.  I t  is known that  mobile  ions such as Na + 
are  the  s tab i l i ty  degrada t ion  factor. The mobile  ion 
dens i ty  in the CVD films was measured  using the t r i -  
angular  vol tage seep (TVS) method  at  230~ and a 
vol tage seep ra te  of 33 mV/sec  (10). F igure  9 shows 
the measuremen t  results.  The mobile  ion dens i ty  for  
the as -depos i ted  films was on the o rde r  of 1 • 1011 
cm -2, which is qui te  large.  When  annea led  at  above 
900~ for 20 min, the mobile  ion dens i ty  decreased,  
and when annea led  at  1000~ the densi ty  fel l  be low 
the measu remen t  l imit ,  tha t  is less than  1 X 109 cm -2. 
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These values are less than or  equal  to those of po ly-  
crys ta l l ine  si l icon gates and provide  sufficient s tabi l i ty .  

By ion microprobe  mass analysis,  i t  was de te rmined  
that  the CVD film contained C1- as shown in Fig. 10, 
where  the da ta  for both  spu t t e red  and CVD films are  
presented  for comparison.  I t  can be considered tha t  
mobile  ions are  reduced  because C1- in the sil icide 
films deposi ted using MoC15 acts as a ge t te r  for Na +, as 
in HCl-processed gate oxide films. 

Step Coverage 
Figure  11 shows an SEM photograph  of the MoSi2 

deposi ted on the Si subs t ra te  wi th  pat terning.  The step 
height  is 0.8 ~m and the film thickness is 0.3 #m. The 
side wal l  thickness is a lmost  the same as tha t  of the 
flat plateau.  The CVD is therefore  an a t t rac t ive  method  
for  deposi t ing MoSi2 films wi th  good step coverage. 

Conclusions 
We have demons t ra ted  tha t  MoSi2 can be deposited 

by  CVD via react ions be tween  MOO15 and Sill4. A t  
high tempera tures ,  HCI genera ted  by  react ions invo lv-  
ing MoCIs, H2, and Sill4 changes Si to volat i le  SiHC18, 
SiH2C12, SiH3C1, and SIC14. Thus, Si is e tched away  
and is not present  to form MoSi2, resul t ing in only  
meta l l ic  Mo film deposits.  MoSi~ can be deposi ted in a 
l o w - t e m p e r a t u r e  react ion region, but  sufficient Sill4 
must  be suppl ied  to produce MoSi2. 

The deposi ted films show character is t ics  s imi lar  to 
those of si l icide films deposi ted by  sputter ing.  Chlorine 
in the  deposi ted films has sufficient ge t ter ing  effect for 
mobile  ions such as Na+.  The step coverage of the 
CVD-deposi ted  films is excel lent  compared  with  the  
sput te red  MoSi2 film. 
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As previously explained, silicide films deposited in 
the CVD method can be used as gate electrode and 
interconnect  materials.  We believe that this technique 
must  be improved for greater  re l iabi l i ty  in the future. 
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Crystallographic Orientation and Surface Morphology of Chemical 
Vapor Deposited AI203 
C.-S. Park, J.-G. Kim, and J. S. Chun 

Department of Materials Science and Engineering, Korea Advanced Institute of Science and Technology, Seoul, Korea 

ABSTRACT 

Deposits of a luminum oxides (A1203) have been formed by a chemical vapor deposition technique involving the appli- 
cation of gaseous mixtures of A1C13, CO2, and H2 onto TiN-coated cemented carbide substrates. Reaction parameters (depo- 
sition temperature, system pressure, and composition of reactant gases) and their effects on the crystalline structure, crys- 
tallographic orientation, and surface morphology of the A1203 deposit have been studied. A1203 crystals maintain a 
corundum structure throughout the entire range of deposition conditions. Cr~vstals of A1203 appear to nucleate in random 
orientations on the TiN layer, and further growth proceeds with (1014) and (1126) preferred orientations. The effects of reac- 
tion parameters on the final surface morphology of the A1~O3 deposit can be described by considering the supersaturations 
of the reactants and the growth rate. The crystals of the Al~O3 deposit become finer and more uniform as the supersaturation 
of the reactant controlling the AI~O~ nucleation increases. 

The chemical and physical properties of a solid are 
determined main ly  by its crystal structure, crystal-  
lographic orientation,  and morphology. In  chemical 
vapor deposition (CVD), the crystal structure,  crystal-  
lographic orientation,  and morphology vary  widely ac- 
cording to the deposition condition. Because CVD in-  
volves the repeti t ion of nucleat ion and growth of the 
nucleus, the crystal morphology of a deposit is affected 
by their  characteristics. 

Classical nucleat ion theory indicates that the nuclea-  
tion rate is a function of the deposit formation flux 
and the statistical probabi l i ty  of embryo's  growth over 
the critical nucleus size. The critical parameters  which 
determine the above statistical probabili ty,  and l ike- 
wise affect the nucleat ion rate, are the temperature  
and supersaturat ion of the reactants (1, 2). Recently, 
at tempts have been made to investigate the influence of 
supersaturat ion on the nucleat ion (3, 4) and final crys- 
tal morphology (5) of the deposit in the CVD process. 
Since CVD is general ly  accompanied by m~,lti,~le chem- 
ical reactions, and the nucleat ion characteristics are 
concealed by the growth behavior, the quant i ta t ive  
analysis of crystal morphology with supersaturat ion 
becomes very complex. 

In  this work, a wide range of deposition conditions 
have been evaluated with respect to the resulting_ crys- 
tal structure, crystallographic orientation, and surface 

Key words: CVD, crystallography, coatings. 

morphology of CVD A1203 employing gaseous mixtures  
of AICI~, CO2, and H2. The effect of the deposition con- 
ditions on the crystal morphology is described as a 
funct ion of the supersaturat ion of the reactants and 
the growth rate of the A12Q deposit. 

Calculation of Supersaturation 
The supersaturat ion of a reactant, ~i, is defined as 

Pin(i) 
Zi = ~ [1] 

Peq (i) 

where Pin(i) and Peq(i) are the inlet  part ial  pressure 
and the equi l ibr ium part ial  pressure, respectively, of 
the i species. Since CVD general ly  involves many  
chemical species, a total supersaturat ion can be 
defined only after cor~sidering all the chemical species. 
Due to the lack of detailed informat ion on the ki- 
netics of each chemical reaction involved in A120:; 
CVD, the inlet  composition on the substrate surface 
cannot be obtained; therefore, the total supersatura-  
tion cannot be specified. In this work, the reactants 
were divided into two groups (Al-donor  and O-donor) ,  
and the supersaturat ions of both the Al-donor  and the 
O-donor were calculated in place of the total super-  
saturation.  

Calculations for the equi l ibr ium part ial  pressure of 
each chemical species are based on the minimizat ion of 
total free energy, and are carried out by a simple 
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F;g. 1. Calculated supersaturation as a function of the deposition 
temperature. (System pressure: 100 Tort, AICI8 mol fraction: 
2.0 • 10 -3 ,  mol ratio of CO2 to H2: 1.) 

i tera t ion method  on a computer  (6, 7). The calculat ion 
resul ts  give both the vapor  phase and deposi t  equi l ib-  
r ium composit ions when  the ini t ia l  composit ion is 
known for each deposi t ion condition. 

Even though the  on ly  in le t  r eac tan t  containing a lu -  
minum is A1C18, the equ i l ib r ium pa r t i a l  p ressure  of the 
A l -donor  is ca lcula ted  b y  considering al l  a luminum 
chlor ides  such as A1C1, A1C12, A1CI~, and A12C16, since 
any  of these can be conver ted  into A1203 by  reac t ing  
with  the O-donor  

ZAI --  
Pin (AiCl3) 

Peq(AICl) -~ Peu(A1C1.2) + Peq(AICla) + 2Peq(A12C16) 

[2] 

H20 vapor  formed by  the react ion of CO2 and H2 is 
considered as an O-donor  (8, 9), (and the inlet  value  is 
ca lcula ted f rom the empir ica l  equat ion of Tingey (10) 
(10) 

Pin (H20) 
Zo = [3] 

Peq (H20) 

The supersa tura t ions  obta ined  f rom Eq. [2] and [3] 

Fig. 2. Scanning electron micrographs of the surface of AI203 
crystals deposited at different temperatures for 1 hr. (System 
pressure: 100 Torr, AICI~ mol fraction: 2.0 X 10 -3 ,  real ratio of 
CO~ to H2: 1, gas flow rate: 1 liter/min.) (A) 1050~ (B) 1150~ 

Table I. Measured x-ray intensities and texture coefficients of 
AI20~ crystals deposited at different temperatures for 1 hr 

T = 1900~ T = I050~ T = II00~ T = I150~ 

(hkil) Io Im TC Im TC Im TC Im TC 

101"2 71 60 1.06 63 0.99 30 0.75 2I 0.64 
1014 98 73 0.94 100 1.14 100 1.82 100 2.I8 
1120 41 27 0.83 25 0.68 10 0.43 ? 0.36 
112"3 lOO t00 1.25 94 1,05 40 031 42 0.90 
0224 43 33 0.96 38 0.99 23 0.94 14 021 
1126 81 60 0.93 68 1.2Z 73 1.60 68 1.80 
1234 30 27 1.13 31 1.15 14 0.84 14 1.01 
3030 45 33 0.91 31 0.77 23 0.91 7 0.43 

System pressure: 1O0 Torr, A1Ch real fraction: 2.0 • 10 -~, real 
ratio of COs to I-I~: 1, gas flow rate: 1 liter/rain. 

are  shown in Fig. 1, 3, 5, and 7 as funct ions of each re-  
act ion parameter .  

Experimental 
The deposi t ion exper iments  have been conducted in 

an open f low-type  reac to r  using gaseous mix tu res  of 
A1CI~, CO2, and H2. The subst ra tes  used in this exper i -  
ment  were  TiN coated cemented  carbides  [WC-6 weight  
percent  (w /o )  CoJ, wi th  the  d imensions  of 10 X 6 X 3 
mm. The deta i led  deposi t ion procedure  was descr ibed 
in a previous work  (9).  

In  o rde r  to s tudy  the i r  c rys ta l l ine  s t ruc tures  and 
c rys ta l lographic  or ientat ions,  a ser ies  of deposits  was 
inves t iga ted  th rough  x - r a y  diffraction analysis  Cu K s  
radia t ion  wi th  an Ni filter. The measured  intensi t ies  of 
given (hki l )  planes  were  subs t i tu ted  in Eq. [4] to get  
the t ex tu re  coefficieqts, T.C. (hki l )  

Im (hkit)/Io (hkil) 
T.C. (hkil) __ [4] 

1 ~ Im(hkil)/Io(hkil) 
N 

where  Im is measured  intensi ty,  Io is the ASTM stan-  
dard  intensi ty,  and N is the number  of reflections. The 
t ex tu re  coefficients of var ious  diffracting planes  are  
.shown in Table I, II, III,  and IV as functions of each re-  
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Fig. 3. Calculated supersaturation as a function of the AICI3 
mol fraction. (Temperature: 1150~ system pressure: 100 Torr, 
mol ratio of CO2 to H2: 1.) 
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Table II. X-ray diffraction intensities and texture coefficients of AI203 crystals deposited at different AICI3 real fractions for I hr 

Xaml. = 1.0 x 10 -a X~ml a = 2.0 X 10-~ XAIOI a = 1.0 X 10 -2 XAml a = 3.0 X 10-~ 

(hkil) Io Ira T C  Ira T C  Ira T C  Im T C  

101"2 71 39 0.80 21 0,64 6 0.27 8 0.32 
101"4 98 100 1.49 100 2.18 100 3.39 100 3.01 
1120 41 9J 0.32 7 0.36 4 0.33 4 0.30 
1123 100 49 0.63 42 0.90 15 0.50 26 0.77 
2024 43 32 1.08 14 0.71 5 0.40 7 0.47 
1126 81 78 1.40 63 1.80 47 1,93 52 1.89 
1234 30 18 0.88 14 1.01 8 0.90 10 0.97 
3030 45 43 1.40 9 0.43 4 0.30 4 0.27 

Depos i t ion  t e m p e r a t u r e :  1150~ s y s t e m  pressure :  100 Torr ,  

action parameter .  Scanning  electron microscopy has 
been used to observe the crystal morphology of the 
AltOs deposit. 

Results and Discussion 
The effect of deposition temperature.--Figure 1 

shows the calculated supersaturat ions of the Al-donor  
and the O-donor  as functions of the deposition tem- 
perature.  Since the A1203-producing reaction is exo- 
thermic, the supersaturat ion of the A-l-donor decreases 
as the deposition tempera ture  increases. In contrast, 
the O-donor supersatura t ion increases with the dep- 
osition tempera ture  because the H20 inlet  concentra-  
tion is more sensitive to tempera ture  than the H20 
equi l ibr ium concentration.  Figure 2 shows the final 
surface morphology of the A12Q crystals which were 
deposited at different temperatures.  The crystals of 
the A1208 show faceted structures which become 
coarser as the deposition tempera ture  increases. Al-  
though the O-donor  supersatura t ion increases with the 
deposition temperature,  the exponent ia l ly  increased 
growth rate shows the coarser crystaIs-to exist at the 
higher deposition temperature.  

X- ray  diffraction analysis reveals the A1203 crystals 
deposited at temperatures  between 1000~176 to 
have e corundum structure. The texture  coefficient of 
each diffracting crystal plane is shown as a funct ion 
of deposition tempera ture  in Table I. The crystals de- 
posited at 1000~ are randomly  oriented, however, the 
A1203 crystals deposited at higher temperatures  show 
the evident  preferred orientat ions of (10]'4) and (112"6), 
a n d  a r e  accompanied by an increased growth rate. 

Fig. 4. Scanning electron micrographs of the surface of AI20~ 
crystals deposited at different AICI3 rnol fractions for 1 hr. (Depo- 
sition temperature: ]150~ system pressure: 100 Torr, mol ratio 
of CO2 to H2: 1, gas flow rate: 1 liter/rnin.) (A) 1.0 X 10 -3  , 
(B) 2.0 X 10 -2,  (C) 1.0 X 10 -3,  and (D) 3.0 X 10 -2.  

real  rat io  of  CO~ to I-I2: ! ,  gas  f low rate:  1 l i ter /ra in .  

From these results, it can be concluded that  the A1203 
crystals nucleate on the TiN layer  without  a preferred 
orientation, and proceed with stable growth at (101-4) 
and (112-6) preferred orientations. 

The effect of AICl3 mol Sraction.--Figure 3 shows the 
dependence of the supersaturat ions  of the Al-donor  and 
the O-donor  on the A1C13 real fraction. With an in -  
crease of the A1C13 mol fraction, the supersaturat ion of 
the Al-donor  decreases, while that of the O-donor 
increases. The surface appearance and texture coeffi- 
cients of A1203 crystals deposited at different A1C13 
mol fractions are shown in Fig. 4 and Table II, re- 
spectively. When the A1CI~ mol fraction is increased 
to 1.0 X 10 -2, the A1203 crystals become coarser and 
clearly exhibit  the preferred orientat ions of (1014) and 
(1126). From the exper imental  results in Fig. 4 and 
the calculated supersaturat ions  in Fig. 3, it can be 
concluded that crystal morphology is controlled by the 
Al-donor  supersaturat ion up to the A1C13 mol fraction 
of 1.0 X 10 -2. Above 1.0 X 10 -2, the nucleat ion of the 
AI~O~ crystals seem to be l imited by the O-donor super-  
saturation,  hence the crystals become finer and the 
preferred orientations are reduced with a fur ther  in-  
crease of the A1C18 real fraction. 

The effect of C02 mol fraction.--Figure 5 shows the 
supersaturat ions of the Al-donor  and the O-donor  as 
functions of the CO2 mol fraction at the A1CI3 mol 
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fraction. (Temperature: 1027~ system pressure: 100 Tort, ACi~ 
mol fraction: 1.0 X 10-2.) 



1610 J. Electrochem. See.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  July I983 

Table III. Measured x-ray diffraction intensities and texture 
coefficients of AI203 crystals deposited at different CO2 mal 

fractions for 1 hr 

Xco~ = 0.10 Xco~ = 0.35 Xc% = 0.65 Xe% = 0.90 

(khil) Io Im TC Im TC Im TC Im TC 

1012 71 29 0.73 29 0.70 17 0.40 38 0.83 
101"4 98 100 1.83 100 1.90 100 1.98 100 1.58 
1120 41 - -  - -  9 0.51 - -  - -  18 0.68 
1123 100 39 0.69 43 0.84 32 0.60 55 0.86 
2024 43 20 0.83 15 0.64 16 0.44 20 0.82 
1126 61 55 1.22 66 1.51 63 1.52 62 1.19 
1234 30 16 0.96 17 1.20 20 1.20 20 1.0 
3030 45 19 0.77 16 0.71 19 0.76 21 0.74 

Deposition temperature: 1027~ system pressure: 100 Tort, 
A1CI~ reel fraction: 1.0 x 10-=, gas flow rate: 2 liter/mAn. 

Table IV. Measured x-ray diffraction intensities and texture 
coefficients of AI203 crystals deposited at different system 

pressures for ! hr 

50 T o r r  I00 Torr 200 Tort 400 Tort 

(hkil) Io Ira TC Ira TC Im TC Im TC 

I0i'2 71 30 0,59 23 0.65 27 0.62 23 0.48 
10i'4 98 100 1.44 100 2.07 100 1,65 100 1.54 
112-0 41 23 0.77 9 0.45 13 0.49 15 0.56 
112"3 100 70 0.79 41 0.83 59 0.96 65 0.97 
202"4 43 25 0.82 14 0.67 25 0.94 22 0.77 
1126 81 75 1.31 74 1.85 86 1.72 80 1.49 
1234 30 28 1.30 16 1.08 19 1.02 26 1.31 
3030 45 25 0,79 9 0.4 16 0.59 26 0.87 

Depos i t ion  t e m p e r a t u r e :  1125~ A1Ch reel fraction: 2.0 x 10-s, 
real ratio of CO= to H=: 1, gas flow rate: 1 l i ter /ra in .  

fract ion of 1.0 X 10 -2. The A l -donor  supersa tu ra t ion  
reaches its max imum value at the CO2 mol fraction of 
0.5, and the O-donor supersaturat ion has a m i n i m u m  
value at 0.7. The surface morphology and the texture 
coefficients of the A120~ crystals deposited at different 
COs reel fractions are shown in Fig. 6 and Table III, 
respectively. The A1203 crystals deposited at the CO2 
reel fraction of 0.65 are coarser and show the (10i-4) 
and (112"6) preferred orientat ions more dist inctly than  
in  any  other condition. This is consistent with the 
calculated supersaturat ion of the O-donor. 

T h e  e f ] ec t  o f  s y s t e m  p r e s s u r e . - - F i g u r e  7 shows the 
variat ions of the supersaturat ions of the Al -donor  and 

the O-donor  with the sys tem pressure  at a constant  
mol fraction of each reactant. The supersaturat ion of 
the Al-donor  is near ly  constant, while that of the O- 
donor is raised with the system pressure by  a power 
of about 1/2. Figure 8 shows the surface appearance of 
Al~O3 crystals deposited at different system pressures. 
Even though the growth rate at 100 Tor t  is much 
greater  than that at 50 Torr (9), Fig. 8 shows that  the 
crystal size at 100 Torr  is comparable with that  at 
50 Torr, consistent with the supersaturat ions in Fig. 7. 
In addit ion to the increase in the O-donor  supersa tura-  
tion, the vapor phase in termolecular  collision fre- 
quencies also increase with the system pressure, there-  
by permi t t ing  the homogeneous nucleat ion of A1203 
at the higher  system pressure. The soots of A1~O3 were 
observed on the surface of the A1203 crystals deposited 
at 200 Torr  and 400 Torr. At the higher system pres- 
sure, the preferred orientat ions of (10f4) and (112-6) 
were reduced by the increased O-donor supersaturat ion 
and by the a t tachment  of the r andomly  oriented A1208 
soots to the crystal surface (Table IV). 
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Fig. 7. Calculated supersaturation as a function of the system 
pressure. (Temperature: 1125~ AICI3 mol fraction: 2,0 X 10-~, 
mol ratio of CO2 to H2: 1.) 

Fig. 6. Scanning electron micrographs of the surface of AI203 
crystals deposited at different CO2 mol fractions for 1 hr. (Deposi- 
tion temperature: 1027~ system pressure: 100 Torr, AICI8 mol 
fraction: 1.0 X 10 - 2  , gas flow rate: 2 liter/min.) (A) 0.1, (B) 
0.35, (C) 0.65, and (D) 0.9. 

Fig. 8. Scanning electron micrographs of the surface of AI203 
crystals deposited at different system pressures for 1 hr. (Deposi- 
tion temperature: 1125~ A[CI~ mol fraction, 2.0 X 10 -3,  mol 
ratio of CO2 to H2: 1, gas flow rate: 1 liter/min.) (A) 50 Torr, 
(B) 100 Torr, (C) 200 Tarr, and (D) 400 Tort. 
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Conclusion 
The A12Oa crystals ma in ta in  a corundum structure 

throughout  the entire range of deposition conditions. 
The A1208 crystals appear to nucleate  on the TiN layer  
with random orientation,  and proceed with stable 
growth at (101"4) a n d  (1136) preferred orientations. 
The surface morphology of the A1203 deposit is shown 
to be ma in ly  affected by the oxygen-donor  supersa tu-  
rat ion and the growth rate, however, at the low A1CI~ 
mol fraction below 1.0 • 10 -3 the surface morphology 
is controlled by the a luminum-donor  supersaturation.  

Manuscript  received Feb. 9, 1983. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in  the June  1984 JOURNAL. 
All  discussions for the June  1984 Discussion Section 
should be submit ted by Feb. 1, 1984. 
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article. 
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Pore Size Distribution in Porous Silicon Studied by Adsorption 
Isotherms 

G. Bomchil,* R. Herino,' K. Barla, and J. C. Pfister 
Centre National d'Etudes des Telecommunications de Grenoble, BP. 42, 38240 Meylan, France 

ABSTRACT 

Porous silicon was obtained by anodic attack of single crystal silicon substrates in 25% hydrofluoric acid solutions. 
Specific surface area, total porous volume, and pore size distribution of porous silicon have been determined. The experi- 
mental  technique used is based on the measurement  of the volume of gas adsorbed at low constant temperature by the 
porous silicon. The adsorption isotherms show the general behavior found for porous materials, but at the same time, they 
show clear differences following different preparation conditions of porous layers. Quantitative analysis using models ex- 
tensively used in the catalysis field lead to large values for the porous silicon specific surface area and sharp pore size 
distribution. Mean pore radii are found to vary in the range 20-100A when forming current density varies from 10 to 240 
mA/cm 2. 

Porous silicon films were first obtained by Uhlir  (1) 
a n d  Turne r  (2) while s tudying the electropolishing of 
silicon in dilute hydrofluoric acid solutions. Since then, 
this new porous mater ial  has been investigated partic- 
u lar ly  because of its potential  use in integrated circuit 
technology (3-6). Porous silicon layers of any  desired 
thickness up to several  microns can be obtained by 
anodization of silicon wafers in hydrofluoric acid (HF) 
solutions. According with the exper imenta l  conditions 
of porous silicon preparation,  e.g., current  density, 
electrolyte concentration,  films of different densities 
have been obtained and the mean porous silicon density 
h a s  been found to decrease when increasing the form- 
ing cur ren t  density dur ing  the anodic reaction (7). 
This density variat ion could be related to changes in 
pore diameter.  Nevertheless, no accurate de termina-  
tion of the pore sizes has been obtaind yet. Scanning 
electron microscopy of the porous surface only shows 
some pits on the entire anodized area and even after 
part ial  etching in NaOH, it is not possible to ident ify 
the pore structure.  Transmission electron microscopy 
(TEM) reveals the existence of an extremely fine 
structure of pores, with a predominant  or ientat ion 
normal  to the surface and limits in size lower than 
200A (8). Accurate measurements  are difficult main ly  
because of the S-shape of pores in the thickness direc- 
tion, which complicate the analysis of the obtained 
microphotographs. 

* Electrochemical Society Active Member. 
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The purpose of the work was to obtain a bet ter  
knowledge of the porous structure.  We show in this 
paper that the pore size dis tr ibut ion on porous silicon 
can be determined by the analysis of adsorption iso- 
therms of gases at low temperatures  and that this 
technique is appropriate to give a quant i ta t ive  measure 
of changes in the mean pore size of porous silicon 
prepared in different electrochemical conditions. 

Experimental 
Uniform porous silicon layers were obtained by 

anodic reaction in H20 25%, HF 25%, CeH~OH 50%. 
The silicon crystals were p- type (boron doped), 10 -2 

cm resistivity, <111> oriented. The wafers were 
mounted at the bottom of the electrochemical cell and 
a wel l -del imita ted part  of the front surface was ex- 
posed to the electrolyte. The cathode was a p la t inum 
grid facing the silicon substrate at a distance of 3 cm. A 
constant  current  source was used. Forming current  
densities were varied from 10 to 240 m A / c m  2 i n  differ- 
ent experiments.  The anodic reaction time was varied 
to obtain porous layers of about 80 microns thickness 
for each current  density. Exact thickness of the porous 
layer  and geometrical profiles were measured by 
optical microscopy on cleaved samples for each differ- 
ent exper imental  condition. 

Usually porous silicon films are prepared by anodic 
attack of crystall ine silicon in aqueous hydrofluoric 
acid solutions. Hydrogen evolution is observed dur ing  
the reaction, bubbles stick at the silicon surface, and in 
general  prevent  the formation of a homogeneous 
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layer  of porous silicon. Improvements  in the qual i ty of 
the porous silicon layers can be obtained using 
mechanical  means to remove bubbles,  e.g., ultrasonic 
agitation associated with gas sweeping of the electrode 
surface or forced electrolyte circulation dur ing the 
anodic attack. However, we have found that in all 
these cases x - r ay  topographies of the samples reveal 
the existence of strains induced by the presence of the 
hydrogen bubbles.  

The use of e thanol-aqueous hydrofluoric solutions 
results in a large decrease in the size of hydrogen 
bubbles and in a much easier removal  from the sur-  
face. A much better  homogeneity in the porous silicon 
layer is obtained. Quite similar results in homogeneity 
c a n  be obtained using galvanostatic pulses of current  
instead of continuous current  dur ing the anodic reac- 
tion. 

The x - r ay  topography technique is an appropriate 
tool to i l lustrate the effect even in cases where optical 
microscopy reveals few differences between samples 
prepared in aqueous and in alcoholic solutions. The 
x - ray  topography of the 230 reflection in the sample 
prepared by the usual  technique reveals large strains 
resul t ing from the presence of hydrogen bubbles dur-  
ing the electrochemical reaction (Fig. la)  (9). Figure 
lb  shows the same topography but  in a sample pre-  
pared in the alcoholic solution; in this case, there is 
a marked improvement  and only small defects are 
present  in the whole volume of the layer. In addition 
to the good homogeneity of the layer  the use of the 
alcoholic solution leads to a bet ter  reproducibil i ty in 
all the physical measurements  of the porous silicon 
layer, in par t icular  in the pore size distr ibutions ob- 
tained from the gas adsorption experiments.  

The gas adsorption experiments  are based on the 
measure of the volume of gas adsorbed by the sample 
as a funct ion of the equi l ibr ium pressure (10). The 
m i n i m u m  volume that  can be detected wi th  this ex- 
per imenta l  procedure fixes a lower l imit i n  quant i ty  
of porous mater ial  in the sample container. To obtain 
good accuracy in the adsorption measurements  the 
geometrical volume of porous silicon should be at least 
0.05 cm 8. This was obtained by  prepar ing porous sili- 
con samples 80 ~m thick and 10 cm ~ of geometrical 
surface area. 

Wafers with the porous silicon layer  were in t ro-  
duced in  a sample container  for adsorption measure-  
ment  constructed in Pyrex glass and specially flat- 
designed to minimize the dead volume. Prior  to deter-  
minat ion of an isotherm, all physisorbed mater ial  was 
removed from the surface of the porous silicon by 
outgassing 6-10 hr unt i l  the residual pressure was re-  
duced to values lower than 10 -5 Torr. 

Nitrogen adsorption isotherms were measured using 
precision manometr ic  techniques. The gas volume ad- 
sorbed by the sample was measured as a funct ion of 
the equi l ibr ium pressure. Constant  values of the 
equi l ibr ium pressure were obtained within 1-3 min  

after the introduct ion of the gas dose. Sample tempera-  
ture dur ing the exper iment  was kept constant  at 77.2 K. 
Both adsorption and desorption isotherms were ob- 
tained dur ing the same. run;  several runs were made 
for each sample showing excellent reproducibili ty.  

Results 
The adsorption isotherm of gas by a porous solid 

presents a definite par t icular  shape. In the presence of 
pores, the physical adsorption of gases by a surface is 
increased relative to a nonporous surface by capil lary 
condensation in pores, which starts at values of relative 
pressure where the smallest pores begin to be filled. 

Two examples of adsorption isotherms obtained for 
porous silicon samples prepared at two different cur-  
ren t  densities are shown in Fig. 2. They present  the 
typical shape of isotherms obtained in mesoporous 
solids (pores between 20-500A). Similar  results are 
obtained for other preparat ion conditions of the porous 
layers. The exper imental  results are presented as the 
ratio of the adsorbed gas volume VN2 reduced to nor-  
mal  conditions of tempera ture  and pressure (273 K, 
760 Torr) over the total geometrical volume of porous 
mater ial  Vp (obtained from the thickness and geo- 
metrical  surface of the porous film) vs. the relat ive 
pressure p/po, po being the saturated vapor pressure of 
ni t rogen at 77.2 K. 

The first par t  of the curves, for P/P~ lower than 0.4 
can be used for the determinat ion of the specific sur-  
face area of samples by  using the conventional  BET 
method. BET plots have proved to be quite successful 
in evaluat ion of the specific surface area of heterogene- 
ous substrates present ing isotherms like the ones 
shown in Fig. 2 (10). In  Table I are shown the specific 
surface area obtained from the BET plots of the ex- 
per imenta l  isotherms for samples prepared at different 
current  densities. 

Results indicate that  within the accuracy of the 
method; the specific surface is independent  of the form- 
ing current  density. The average value 200 m2/cm 3 is 
quite large and in the order of those obtained for ma-  
terials used as adsorbents and catalysts (11). 

The rising part  of the curves for p/po greater than 
0.6 corresponds to capil lary condensation of the ad- 
sorbate in the pores; then a plateau is observed which 
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Fig. 1. (a, left) 220 x-ray topography of porous silicon samples 
prepared in HF-H20 solutions. (b, right) idem in HF-H20-C2H5OH 
solutions. 

Fig. 2. Adsorption isotherms of two porous silicon samples, 
corresponding to a forming current density of V~2 (cm 3) 240 mA/ 
cm 2 (full line) and 80 mA/cm ~ (dotted line). Adsorbed gas volumes 
are plotted relative to the geometrical volume of porous material 
Vp (cm3). 
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Table I. 

Forming current density Specific surface area 
(mA/cm 2) (m2/cm 8) 

10 180 
80 225 

240 205 

represents the filling of all the pores with liquid ad- 
sorbate. When the amount  of gas adsorbed along the 
plateau is expressed as a volume of liquid, we obtain 
the void volume in the porous material .  The ratio void/  
geometrical  volume and the corresponding apparent  
densi ty are calculated and the results, shown in Table 
II, indicate a strong dependence with the forming cur-  
rent  density. 

Values of the apparent  density have been checked 
using an independent  gravimetric  method. Samples 
were weighed before anodic reaction (ml) ,  after anodic 
reaction (m2), and after removal  of the porous silicon 
layer (m~). Porous silicon is removed by dissolution 
in dilute NaOH solutions. We have verified that  dur ing  
the time necessary to dissolve porous silicon, there 
was no measurable  change in weight of the silicon 
substrate. The apparent  density was obtained from 

P p s  ~ P S i  (7P-2 - -  m3/m~ - -  m~) 

Results shown in Fig. 3 and comparison with results 
shown in Table II indicate an excellent agreement  be-  
tween the apparent  density obtained from the adsorp- 
tion isotherms and that obtained by the gravimetr ic  
method. 

The hysteresis loops observed for p/po greater  than 
0.6 which correspond to capil lary condensation in  the 
adsorption branch and evaporat ion in the desorption 
branch are different, due to different pore size dis- 
tributions.  The pore size dis tr ibut ion can be computed 
from the exper imenta l  isotherms using various differ- 
ent  methods. We have used a procedure developed by 
Bar re t - Joyner -Ha lenda  known as the BJH method 
(12). 

Figure 4 shows the pore size distr ibutions obtained 
for three different forming current  densities. The pore 
size dis tr ibut ion appears quite sharp for the lower cur- 
rent  density, and ra ther  broad for the highest. It  is 
clear that when current  densi ty increases, the mean  
values of pore radii increase. Using other procedures 
to calculate the pore size distribution, we have obtained 
the same relat ive results al though there are slight 
differences in the absolute values of mean  pore radii. 

As the smallest pore radius which can be determined 
using the gas adsorption techniques is in the order of 
20A, a peak in the pore size distr ibution for this value 
represents the contr ibut ion of all pore sizes up to 20A. 
This means that for low current  densities (10 m A / c m ~) 
as shown in  Fig. 3, a large n u m b e r  of very small  pores 
is present. 

The area under  a pore distr ibution peak is equal to 
the total adsorbed gas volume which as shown before 
increases with the increase in the current  density. As 
the geometrical porous volume Vpwas near ly  the same 
for each of the samples, there was a large difference 
in the anodic reaction t ime between the samples pre-  
pared at different current  densities, e.g., the anodic re-  
action t ime at 10 m A / c m  2 is 25 times larger  than at 
240 m A / c m  2. However the pore dis tr ibut ion at 10 m A /  
cm 2 is sharp compared to the pore dis t r ibut ion at 240 

Table II. 

Forming current 
density Void volume/geometrical Apparent density 

(mA/cm -~ volume (g/cm 2) 

I0 0.3 1.63 
80 0.6 0.93 

240 0.7 0.69 
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Fig. 3. Apparent density of porous silicon layers as a function of 

the anodic current density. 

mA / c m 2. When high current  densi ty samples are left 
in the electrolyte on open circuit dur ing  an equivalent  
t ime to the lower current  densi ty samples, no not ice-  
able change can be detected in the pore size dis tr ibu-  
tion. These results indicate that the broadening in  the 
pore size dis tr ibut ion is due to a specific effect of the 
current  density, and is ne i ther  related to the anodic 
reaction time, nor affected by chemical reaction with 
the electrolyte on open circuit. 

All these results were obtained with porous silicon 
samples at about 80 microns thick. However, gravi-  
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Fig. 4. Distributions of pore of three samples corresponding to 
different current densities: 1--10 mA/cm 2, 2--80 mA/cm ~, 3 - -  
240 mA/em 2. The pore volume per group of pores of radius R, 
dV/dR (cm 8 X A. -z )  is plotted relative to the geometrical volume 
of porous material Vp (cm3), as a function of R. 
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Fig. 5. Apparent density of porous silicon layers as a function of 
thickness for anodic current density j -- 10 mA/cm 2. 

metr ic  measurements  indicate  that  the appa ren t  porous 
silicon dens i ty  is n e a r l y  independen t  of the  porous 
l aye r  thickness,  except  for the lowest  values  of the 
cur ren t  density,  where  a s l ight  decrease in porous 
dens i ty  is observed  in the first 15 microns,  as shown 
in Fig. 5. I t  wi l l  be in teres t ing  now to follow the 
evolut ion of the pore  size d is t r ibut ion  as a funct ion of 
thickness,  especia l ly  for thin layers  of porous silicon. 
Work  in this direct ion is in progress,  a l though we have 
observed some scat ter  in the results,  due to the ve ry  
smal l  porous volume which  is ana lyzed  in these cases. 

Conclusion 
We have  shown that  the  gas adsorpt ion  technique is 

an appropr ia t e  tool to measure  the pore  sizes in porous 
silicon layers ,  and to invest igate  the  evolut ion of the 
pore size d is t r ibut ion  as a funct ion of the format ion  
conditions. The resul ts  demons t ra te  the  de te rmin ing  
role p layed  by  the forming cur ren t  dens i ty  in the pore 
formation.  F u r t h e r  work  should be or ien ted  towards  
the s tudy  of pore  size d is t r ibut ion  as a funct ion of 
o ther  parameters ,  l ike e lec t ro ly te  composit ion and 
subst ra te  res is t ivi ty .  This would  p robab ly  lead  to a 

be t te r  unders tand ing  of the  pore fo rmat ion  mecha-  
nisms. 
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Electroepitaxial Growth of HgCdTe from Te-Rich Solution 
L. Jedral, H. Ruda, P. Becla, J. Lagowski,* and H. C. Gatos* 

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 

l tgCdTe is idea l ly  sui ted  for advanced inf rared  de-  
tect ion and imaging. However ,  due to inheren t  p rob -  
lems associated wi th  the  g rowth  of bu lk  mater ia l ,  
ep i tax ia l  techniques are  now wide ly  pursued.  Liquid 
phase e lec t roep i taxy  (LPEE) has been employed  for 
the growth  of mul t i component  I I I -V  compounds and 
has been found to have a number  of advantages  over  
convent ional  LPE techniques (1). Thus, the growth  
veloci ty  and doping are  read i ly  control led  by  the cur-  
ren t  densi ty;  in addit ion,  it  leads to improved  surface 

* Electrochemical Society Active Member. 
Key words: mercury cadmium telluride, electroepitaxy, tel- 

lurium-rich solution. 

morphology  and defect  s t ruc ture  (2). I t  was also 
shown most recen t ly  tha t  LPEE offers enhanced in te r -  
face s tab i l i ty  compared  to convent ional  LPE (3). 

LPEE layers  of HgCdTe have been grown from 
Hg-r ich  solutions at t empera tu res  as low as 290~ (4). 
In  the present  communicat ion,  we present  resul ts  on 
LPEE growth  of HgCdTe from Te- r ich  solut ion at 
501~ 

Growth  exper iments  were  pe r fo rmed  in a two-zone 
furnace.  A graphi te  boat  wi th  BN sl ider  of a design 
s imi lar  to that  descr ibed e lsewhere  (5) was placed in 
the high t empera tu re  zone. The lower  t empera tu re  
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zone contained a pu re  Hg reservoir .  The mercu ry  pres -  
sure  over  the g rowth  sys tem was controllect by se-  
lect ing the t empe ra tu r e  o~ this zone and tt~e flow ra te  
of H2. A Te- r i ch  solut ion wi th  the  composit ion 
Hg0.1ssCd0.012Te0.s00 was used. The expe r imen ta l l y  de -  
t e rmined  liquictus t e m p e r a t u r e  for  this solut ion was 
501~ wi th  a me rcu ry  reservoi r  t e m p e r a t u r e  os 294~ 
at a H~ flow rate  of about  50 cm~/min. 

LPEE requi res  low res is t iv i ty  subs t ra tes  to avoid ex-  
cessive Jou le  hea t ing  due  to cu r ren t  flow through  the 
subs t ra te - so lu t ion  system. Commerc ia l ly  ava i lab le  
CdTe of high or med ium res i s t iv i ty  (commonly  used 
in LPE)  was found to be unsui tab le  as a subs t ra te  
ma te r i a l  for  e lec t roepi taxy.  To overcome this problem,  
we g rew a low res i s t iv i ty  HgCdTe l aye r  about  200 #m 
thick on CdTe (111) wafers  (B-surface)  b y  i so thermal  
VPE (6);  the CdTe wafer  was subsequent ly  th inned  
down to less than  100 #m by mechanica l  polishing. 
Thus, the  subs t ra tes  used for  LPEE consisted of a 
200 #m thick HgCdTe l a y e r  on a 100 ~m thick CdTe; 
the  CdTe A-sur face  was used for  LPEE growth.  

A low res is t iv i ty  and un i form back-s ide  electr ical  
contact  be tween  the HgCdTe surface of the subs t ra te  
and the g raph i t e  boat  was made  with  a mix tu re  of 
g raph i te  and Te powders .  The subs t ra te  (1 cm 2) re -  
s i s t iv i ty  at  500~ was less than  20 m12. As es tabl ished 
exper imenta l ly ,  the  Joule  hea t ing  in te r fe rence  was 
negl ig ib le  up to a cu r ren t  dens i ty  of 10 A / c m  e. 

P r io r  to growth  the solut ion was mel ted  unde r  m e r -  
cury  p ressure  smal le r  than the equi l ib r ium one. Sub-  
sequent ly ,  the  t empe ra tu r e  of the Hg reservoi r  was 
raised,  and the sys tem was equ i l ib ra ted  for a per iod  
of about  one hour,  close to the l iquidus  tempera ture .  
Growth  was then in i t ia ted  and sus ta ined by  passing 
a constant  electr ic  cur ren t  across the subs t r a t e - so lu -  
l ion interface.  (The po la r i ty  of the subs t ra te  was posi-  
t ive.)  The dura t ion  of g rowth  was var ied  f rom 15 to 
90 rain. The cur ren t  densi t ies  were  be tween  2-10 A / c m  2. 

Uniform single c rys ta l l ine  layers  of Hg(1-z)CdxTe 
were  grown with  thickness  up to 50 #m of a composi-  
t ion of x ---- 0.23. The e lec t r ica l  character is t ics  of the 
layers  were  comparab le  to those obta ined by  o ther  
ep i tax ia l  techniques.  As-grown,  they  were  p - type ;  af ter  
s t andard  annea l ing  in a Hg a tmosphere ,  they  exhib i ted  
typ ica l  ca r r i e r  concentrat ions  of the  o rde r  of 10 TM 

cm -a  and car r ie r  mobi l i t ies  of the o rder  of 10~ cm2 
V-1 sec-~.  

The e lec t roep i tax ia l  g rowth  behav ior  of HgCdTe 
was found to be s imi lar  to that  of the I I I -V  compounds,  
p rev ious ly  repor ted .  As shown in Fig. 1, the e lec t ro-  
ep i tax ia l  g rowth  veloci ty  increased l inea r ly  wi th  the 
cur ren t  density.  For  10 A / c m - ~ ,  the growth  veloci ty  
was about  0.8 #m/min ,  i.e., apprec iab ly  h igher  than 
tha t  r epo r t ed  for I I I - V  compounds at  typica l  LPE 

growth  t empera tu res  700~176 [for GaAs a ra te  of 
,.,,0.4 # m / m i n  has been repor ted  for  800~C (7)] .  In  
Fig. 2, the thicknesses of e lec t roepi tax ia l  layers  are  
presented  as a funct ion of g rowth  t ime for three  values  
of cur ren t  density.  I t  is seen that  the l aye r  thickness 
can be very  well  app rox ima ted  by  a l inear  dependence  
on the growth  time. 

The resul ts  of Fig. 1 and 2 can be quan t i t a t ive ly  ac-  
counted for by  the mul t i component  theory  of LPEE, 
presented  in Ref. (1);  the overa l l  e lec t roepi tax ia l  
g rowth  veloci ty  can be expressed  as 

2 

V -- (~t)-----~/2 /=1 (Di) 1/2 

2 2 

i=1 (Di) 1/2 "= (Di) 1/2 [1] 

where  i refers  to components  Hg and Cd; hTo is the 
cu r r en t - induced  change of the in terface  t empera tu re  
due to the  Pe l t i e r  effect);  #i is the solute  mobih ty ;  E 
is the electr ic  field in the  solut ion (which is p ropor -  
t ional  to the cur ren t  dens i ty ) ;  ~i = OT/OCilci=cio, T~) are  
the  l iquidus  s lope components;  Di is the  diffusion co- 
efficient of the solute in the  solution; t is the g rowth  
t ime and Ci s~ and Ci o are  the solid and l iquid concen-  
trat ions,  respect ively .  

The first t e rm on the r i gh t -hand  side of Eq. [1] rep-  
resents  the  Pe l t i e r  effect contr ibut ion  to the growth  
velocity.  This t e rm is t ime dependen t  and plays  a role 
only  at  the  ini t ia l  s tages of e lec t roepi tax ia l  growth.  
Af te r  the ini t ia l  t ransient ,  the  second te rm becomes 
dominant ,  and the growth  proceeds wi th  a constant  
growth  veloci ty  control led  by  solute e lec t romigrat ion.  
I t  is impor tan t  to note that  the resul ts  of Fig.  1 and 
those of Fig. 2 indicate  that  e lec t romigra t ion  is the 
dominan t  contr ibut ion  to growth,  as there  is no ap-  
prec iable  devia t ion  of the growth  veloci ty  f rom a 
l inear  dependence  on t ime ( the thickness increases  
l i nea r ly  wi th  t ime over  a g rowth  per iod  of 10-90 
min) .  Using express ion [1], no contr ibut ion  f rom the 
Pe l t i e r  effect, the  phase d iag ram and t ranspor t  da ta  
in Ref. (8, 9) and the resul ts  of Fig. 1 and 2, we have 
es t imated  the e lec t romigra t ion  velocit ies E~Hg and E/~cd 
(assumed to be equal)  to be of about  1.3 X 10 -6 cm/  
sec for  a cur ren t  dens i ty  of 10 A / c m  2. 

These values were  used to calculate  the e lec t roepi -  
t ax ia l  g rowth  veloci ty  for o ther  solid composit ions (x 
values)  and growth  tempera tures .  The theore t ica l ly  
calcula ted dependences  of the e lec t roepi tax ia l  g rowth  
veloci ty  on x are  shown in Fig. 3. It is seen that  there  
is a genera l  t endency  for the growth  veloci ty  to in-  
crease with decreas ing  x and with  increas ing g rowth  

: : t .  

f =  

I . - -  
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Fig. 1. Average electroepitaxial growth velocity as a function of 
current density. Growth was curried out at 501~ from Hgo.~ss- 
Cdo.oz2Teo.8~ solution. Individual points correspond to growth 
times ranging from 15 to 90 min. 
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Fig. 2. Layer thickness vs. growth time for three values of current 
density. Growth conditions as in Fig. 1. 
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Fig. 3. Electroepitaxial growth velocity of Hgl-xCdxTe as a 

function of x calculated from electroepitaxial model in Ref. (1). See 
text. 

t empera ture .  In  the region of low x values  (e.g., x = 
0.2 which is of greates t  in teres t  for prac t ica l  appl ica-  
t ions) ,  the  growth  velocit ies exceeding 2 ~m/min  can 
be real ized be tween  550~176 using a r a the r  low 
cur ren t  densi ty  of 10 A / c m  2. Such high growth  rates  
can be of considerable  prac t ica l  impor tance  since they  
minimize  in ter fer ing  effects of solid s ta te  diffusion 
wi thin  the ep i layer  and outdiffusion of defects from the 
subst ra te  (10, 11). 

In  summary ,  we have demons t ra ted  the feas ibi l i ty  of 
e lec t roepi tax ia l  growth  of HgCdTe from Te-r ich  solu-  
tion in an open- tube  s l ider  system. Prob lems  of Joule  
hea t ing  were  essent ia l ly  e l imina ted  by using sub-  
s t rates  consist ing of a low res is t iv i ty  HgCdTe l aye r  
and a very  thin CdTe layer  and employing  a low re -  
s is t ivi ty  back  contact. The thickness of e lec t roepi tax ia l  

layers  wi th  x _~ 0.23 was found l inea r ly  dependent  on  
the  cur ren t  densi ty  and on the growth  t ime. For  a 
cur ren t  dens i ty  of 10 A / c m  2, the average g rowth  veloc-  
i ty  was about  0.8 ;~m/min. E lee t romigra t ion  was found 
to be the  dominant  g rowth  mechanism.  
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Absence of Oxidation in Polysilicon Fuse Links 
D. W.  Greve  

Carnegie-Mellon University, Pittsburgh, Pennsylvania 15213 

Polysi l icon l inks are p resen t ly  being used in large 
MOS memories  to deselect  defect ive rows a n d / o r  
columns and therefore  enhance yield.  Both e lect r ica l  
and laser  p rog ramming  of the po]ysil icon l inks have 
been demons t ra ted  (1 ) .  Elect r ica l  p rog ramming  is 
p robab ly  the most desirable ,  but  the high p r o g r a m -  
ming currents  requi red  are  a ma jo r  difficulty. 

Some previous  repor ts  (1, 2) have suggested tha t  
oxidat ion  of the polysi l icon l ink p lays  some role dur ing  
programming .  On the other  hand,  we have reuor ted  
tha t  the most impor tan t  mechanism was migra t ion  of 
mol ten  silicon in the appl ied  electr ic  field (3, 4). Be- 
cause the res is t iv i ty  of silicon decreases on melt ing,  
we found that  ve ry  large  currents  were  required .  I t  is 
possible, of course, that  both  mechanisms m a y  occur 
depending on p rog ramming  conditions. I f  this were  the 
case, i t  might  be possible to choose p rogramming  con- 
dit ions so tha t  on ly  oxida t ion  occurred and lower  p ro -  
g ramming  currents  could be used. We have, therefore,  
conducted some exper iments  to look specifically for an 
oxidat ion  mechanism in polysi l icon fuse programming .  

The fuses we s tud ied  had a notch of width  2 and 
length  4 ~m wi th  wider  ends for contacts. The po ly -  
si l icon thickness was ~0.3  ~m and the under ly ing  SiO~ 

Key words: SEM, fuses, semiconduetor, melting. 

l aye r  ,-.1.5 ~m; there  was no pass ivat ion  layer  on top of 
the fuses. The fuses were  p rog ra mme d  as prev ious ly  
repor ted  (4) wi th  a source resis tance Rs = 50,0. and 
pulse length  45 ~sec. Current  and vol tage waveforms 
were  recorded dur ing  programming .  

Consistent  wi th  our  ear l ie r  resul ts  (3, 4), we found 
essent ia l ly  no change in fuse resis tance unless a second 
b reakdown  t rans i t ion  (evidenced by  a rise in cur ren t  
and a drop in vol tage)  was observed.  We prev ious ly  
showed that  this t ransi t ion resul ts  from format ion  of a 
mol ten  silicon f i lament ex tend ing  lengthwise  th rough  
the fuse. Of the fuses showing this type  of t ransient ,  
some opened  while  others  r emained  continuous. 

F igure  1 shows a fuse which did not  open; the  m a x i -  
m u m  cur ren t  dur ing  p rog ramming  was 47 m A  and the 
fuse resis tance decreased to 90 f rom 100~. A fuse which 
opened is shown in Fig. 2; an open circuit  was ob- 
served af ter  p rog ramming  and the m a x i m u m  cur ren t  
was 48 mA. In these photographs,  it  is c lear  that  the 
fuse in Fig. 2 is discontinuous.  However ,  when v iewed 
from a direct ion nea re r  to the normal ,  the or iginal  
outl ine of the fuse is st i l l  visible.  F rom such photo-  
graphs,  one might  conclude tha t  there  was no gap and 
that  the fuse had opened by oxidat ion.  This i n t e rp re -  
ta t ion is suppor ted  to some ex ten t  by  the  apparen t  
increase  in thickness.  
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Fig. I. $EM photograph of programmed polysilicon fuse. A second 
breakdown transition was observed but the fuse remained con- 
tinuous. 

Our photographs show clearly that there is a gap in 
the polysilicon and that the out l ine of the fuse which 
remains  after programming is due to etching of the 
under ly ing  oxide dur ing fabrication. We can check this 
by etching the programmed sample in oxide etch and 
reexamining  the fuse. The result  is shown in Fig. 3; 
approximately  0.2 ~m of oxide has been removed under  
the fuse leaving polysilicon suspended over the gap. 
The appearance of the fuse mater ia l  is unchanged in-  
dicating that  none of it is silicon dioxide. The apparent  
increase in thickness near  the gap is due to t ransport  
of silicon away from the r ighthand (positive) contact. 
Some th inn ing  of the polysilicon layer  near  the positive 
contact is visible in Fig. 1. 

We noted one difference between these notched fuses 
and the bar  fuses we studied previously. Notched fuses 
which showed the second breakdown transi t ion bu t  
did not open showed a small  decrease in resistance, in 
contrast to the increase observed in bar fuses. This is 
because t ranspor t  of silicon in a bar fuse must  result  in 
a th inner  region somewhere and therefore an increase 
in resistance. In a notched fuse, the mater ial  can come 

Fig. 2. Polysilicon fuse programmed at slightly higher current, 
The fuse is an open circuit, 

Fig. 3. Programmed polysilicon fuse of Fig. 2 after etching with 
hydrofluoric acid. The fuse material is not removed so a negligible 
amount of Si02 was formed during programming, 

from the wider end regions. The fuse resistance in  this 
Case is mostly determined by  the notch region which 
increases in thickness. 

Finally,  we explored the possibility that oxidation 
could occur dur ing long pulses below the threshold for 
second breakdown. For this experiment ,  we used the 
bar fuses previously studied (3, 4) with the top passi- 
ra t ion  layer removed. We used a pulse length of 12 
msec and adjusted the ampli tude so that some of the 
fuses would just  go into second breakdown. Those that 
did not go into second breakdown would then 
reach a temperature  near, but  below the silicon mel t -  
ing point. All of the fuses not showing second break-  
down decreased in resistance. Oxidation would be ex- 
pected to cause an increase in resistance. We note that 
the pulse length we used is several times the length of 
all pulses added together in a commercial program- 
ming procedure (5). 

In conclusion, then, we find that under  all practical 
programming conditions oxidation of polysilicon fuses 
is negligible. The fuses open by field-induced migrat ion 
of silicon ions in a molten filament. We find no evi- 
dence for a mechanism which does not require forma-  
tion of a molten filament. It appears, then, that high 
programming currents  are unavoidable.  
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Reactions at the Anode during Storage of Partially Discharged Li/S02 
Cells 

K. M. Abraham* and L. Pitts 

EI C Laboratories, Inc., Newton, Massachusetts 02158 

Although the Li/LiBr, CH3CN/SO 2 cell is 
one of the most advanced among the non- 
aqueous Li cells, concerns of safety have 
precluded it from being widely accepted. In 
a recent study (i) involving a literature and 
user survey of the safety hazards in Li/SO 2 
cells, we have shown that partially dis- 
charged and stored Li/SO 2 cells and batteries 
have a greater propensity for safety hazards, 
especially in use under harsh conditions such 
as high current pulses, temporary short- 
circuits and overdischarges. In an effort to 
understand the underlying chemistry we have 
analyzed cells which had been stored for 
about one year at room temperature after a 
partial discharge corresponding to ~50% of 
their rated capacity. Because of the great 
concern in the user community for the safety 
of partially discharged and stored Li/SO 2 
cells, we wish to communicate some of our 
preliminary analytical results obtained from 
these cells. We believe that the results 
have considerable practical relevance. 

The Li/SO 2 cells used in these studies 
were commercial C-size cells procured from 
two different manufacturers. We found the 
same analytical results with both types of 
cell. The cells, having a rated capacity of 
~3 Ahr, were discharged at a constant current 
of i00 mA to a depth of ~50% or 1.5 Ahr. 
The i00 mA current corresponds to current 
densities of 0.6 and 0.8 mA/cm 2 respectively 
for the two kinds of cells. The cells were 
then stored at laboratory temperature for ii 
months and 2 weeks prior to the analysis. 
Several undischarged cells were similarly 
stored for comparative analysis. The stored 
cells were opened and analyzed for gaseous, 
liquid and solid products. Our technique 
which permits cell analysis without atmos- 
pheric contamination has been described else- 
where (2,3). Infrared (IR) spectrometry, 

*Electrochemical Society active member. 
Key words: SO 2 battery, anode, cathode: 
Li2S406 �9 

ESCA, gas chromatography (GC) and mass spec- 
trometry were the principal analytical tools 
(2,3). Qualitative identification of some of 
the sulfur-oxy compounds were also made using 
standard analytical procedures (4). 

Vapor phase IR spectra and GC data did 
not reveal any materials other than SO 2 and 
CH3CN in the gas phase. Our GC analysis 
conditions were suitable for detecting, among 
others, H 2 and CH 4. The IR spectrum of the 
cathode (Fig. i) shows only the absorptions 
at i085(s), 1020(s), 900(s), 550(m) and 
500(m) cm -I due to Li2S204 (3). 

Evidence for a considerable amount of 
reaction products (several milligrams) on the 
anodes of partially discharged cells was 
obtained when their Li-anodes were compared 
with those of the undischarged cells stored 
for the same period. The SEM micrograph in 
Fig. 2 indicates that there are several com- 
ponents in the anode product. The anodes of 
undischarged cells had so little material on 
them it could not be separated for analysis. 
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Fig. i. Infrared spectra of the cathode 
(curve A), and the product(s) formed on the 
Li anode (curve B) from a partially discharged 
(~50% DOD) and stored (~i year at 25~ Li/SO 2 
C-cell. 

16]8 
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An IR spectrum (KBr pellet) of the prod- 

uct from the anode of a partially discharged 
cell is shown in Figure i. The spectrum 
indicates that Li2S204 is one of the com- 
ponents. This was confirmed by qualitative 
analysis with Naphthol Yellow-S (4). Of 
course, Li2S204 is believed to be the pro- 
tective film on Li. The spectrum showed no 
absorptions due to the organic compounds, 
~-aminocrotononitrile and 3,5-diamino-2,4- 
hexenenitrile which are products of the reac- 
tion between Li and CH3CN (2,3). The absence 
of these and other organic compounds was also 

confirmed by mass spectral data (2) with the 
anode product. 

A striking feature of the IR spectrum is 
the absorptions at 1240 (broad s), l170(s) 
and 570(m) cm -I. A few inorganic sulfur-oxy 
compounds which give rise to IR absorptions 
in the 1200-1250 cm -I region are the alkali 
metal thionates, Sn06-2 , n = 2-6 (5). The 
latter compounds also show absorptions around 
1000-1050 cm -I and 600 cm -I (5). Alkali 
metal sulfates show characteristic absorp- 
tions at NIl00-1150 cm -I (5). Thus, the IR 
absorptions strongly suggest that the anode 
film includes, in addition to Li2S204, Li- 
thionate(s), and possibly Li2SO 4. An ESCA 
spectrum of the sample had peaks due to three 
types of S with the S(2p) binding energies at 
163.6, 166.8 and 168.3 eV. The peak at 166.8 
eV is most probably due to the S in Li2S204 
(3). The peak at 163.6 eV is in the range 
expected for "-S-" type sulfur and the broad 
peak at 168.3 eV is in the range expected for 
S V or S VI or both. The IR spectrum and ESCA 

data strongly support our contention that one 
of the components in the anode product is a 
thionate. Since none of these except Li2S204 
is found on the cathode, it seems that reac- 

Fig. 2. The SEM of the Li anode from a par- 
tially discharged and stored Li/SO 2 cell. 
Magnification, 5000X. 

tions involving Li are necessary for the 
formation of the anode products. We suggest 
the following reactions would satisfactorily 
account for the various observed products. 

OO 

4Li + LiO-S-S-OLi + 2Li20 + LiO-S-S-OLi [I] 

I 

0 O 
II II 

LiO-S-S-OLi + 2SO 2 + LiO-S-S-S-S-OLi [2] 

0 0 
Li-tetrathionate, II 

II Li-reduction SO 2 insertion [3] 

..... ~ ~ Li2SnO6 , n>4 

I is analogous to H2S202, an intermediate 
proposed in the synthesis of thionic acids 
from sulfurous acid and H2S (6). The pro- 
posed mechanism is also consistent with the 
synthesis of K2S406 from S2Ci 2 and sulfurous 
acid followed by neutralization with KOH (7). 
In the latter synthesis, the first step ap- 
parently involves the insertion of SO 2 into 
the S-OH bonds of HO-S-S-OH, formed first by 
hydrolysis of $2CI 2 (7). 

Dithionate can be ruled out since it is 
formed under oxidizing conditions (6) and we 
do not find it on the cathode. It is possi- 
ble to conceive of S04 -2 formation via reac- 
tions of the type in equation 4. 

0 0 
II II 

LiO-S-S-S-S-OLi + 2Li20-~ 2Li2SO 4 + Li2S 2 [4] 
II II 
0 0 

Such redistribution reactions are well known 
in solution chemistry (8), but they are un- 
usual in the solid state. It should be noted 
Li2SO 4 was previously identified, from ESCA 
spectra, on the anodes of discharged cells 
(9), although the storage history of those 
cells after the discharge was not reported. 

we note that polythionates have a tend- 
ency to decompose with heating to give off S 
which has been shown to sustain exothermic 
runaway reactions. Another implication of 
our findings is that given the opportunity, 
sulfur species ranging from S V~ to S -2 could 

be expected as reaction products in the Li/SO 2 
cell. 

The observed reduction of SO 2 mostly to 
$204 -2 in the normal discharge is simply 



1620 J. EIectrochem. Soc.: ACCELERATED BRIEF COMMUNICATION J~tIy 1983 

because of the kinetic restrictions of the 
reaction. In this connection the recent 
report of Li2S as a reaction product of Li 
and SO 2 is interesting (i0). 

The presence of larger amounts of reac- 
tion products on partially discharged as 
opposed to undischarged anodes may be attrib- 
uted to the differences in the nature of the 
Li films in the two cases. Our evidence 
suggests that very small quantities of Sn06-2 
are also formed on the anodes of undischarged 
stored cells. The implication of our find- 
ings on the safety and performance of Li/SO 2 
cells is being studied further. 
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Diffusion-Coupled Active Dissolution in the Localized Corrosion of 
Stainless Steels 

R. C. Newman* and H. S. Isaacs* 

Corrosion Science Group, Brookhaven National Laboratory, Upton, New ,York 11973 

We have examined the anodic dissolution of 
stainless steels in environments relevant to 
localized corrosion in neutral chloride solu- 
tions. There is a maximum active dissolution 
rate, for a given potential, which is not 
associated with the most concentrated 
localized environment. This observation seems 
to be significant with respect to the stability 
of localized corrosion in these alloys. Re- 
sults of this kind are capable of explaining 
the existence of a critical pit solution, a 
protection potential against pitting, multiple 
steady states, low frequency electrochemical 
noise and differences between open circuit and 
potentiostatic behavior. 

An artificial pit technique was used to 
examine two materials in i mmwire form: type 
304L stainless steel (18.50Cr, 8.99Ni, 0.013C, 
1.61Mn, 0.33Cu, 0.62Si, 0.32Mo, 0.021S, 0.17Co, 
0.136N) and a high purity iron-19Cr-10Ni alloy 
(18.7Cr, 10.3Ni, others <0.01). The high 
purity alloy was homogenized for 16 hours at 
1150~ in an evacuated silica tube and cooled 
by immersing the intact tube in mineral oil; 
the stainless steel was used as received. Both 
alloys were fully austenitic. The wires were 
abraded lightly with 600 grit paper, washed 
with methanol and mounted in rods of epoxy 
resin. After abrading to expose the end of the 
wire, each specimen was mounted in a 150 mi 
glass cell containing a saturated calomel 
eleCtrode (SCE) and a perforated stainless 
steel tube which served both as counter 
electrode and as an inlet for high purity 
nitrogen. The electrolyte was deoxygenated IM 

+ o NaCI, pH 6, at 25 _ 1C. The metal surface, 
facing upwards, was first polarized at +400 mV 
(SCE) to induce a general breakdown of passivi- 
ty by coalescence of pits. Diffusion-con- 
trolled dissolution was allowed to continue 
until a cavity 0.8 mm deep was produced. The 

* Electrochemical Society Active Member. 

Key words: stainless steel, localized 
corrosion, anodic dissolution. 

cell was then flushed with distilled water and 
fresh electrolyte added. ~ The metal surface 
was flat and bright. After deoxygenation, 
polarization was repeated at +200 mV, for just 
long enough to establish a steady state in the 
cavity. This time is about 2~2/D, where ~ is 
the depth of the cavity and D the ionic dif- 
fusivity (~I0 -5 cm2/s). Generally, 20 minutes 
was allowed to elapse before beginning the 
next stage; this involved the dissolution of 
about 50 ~m of metal. The diffusion con- 
trolled current density of ~i00 mA/cm 2 at a 
pit depth of 0.85 mm indicated that the in- 
terfacial concentrations of Fe 2+, Cr 3+ and Ni 2+ 
were about 2.8, 0.7 and 0.35 molar, respec- 
tively (1,2). 

Open circuit behavior in pit environments 

The first attempt to understand the behavior 
of the alloys in solutions of their corrosion 
products involved simply switching off the 
potentiostat. In these experiments the salt 
film present during diffusion-controlled dis- 
solution (I) is dissolved within about one 
second. The alloy surface is then exposed to 
a decreasing concentration of its dissolution 
products, and may eventually passivate. As- 
suming constant diffusivity, and that the new 
dissolution rate of the alloy is negligible, 
the interfacial concentration C o of, for in- 
stance, Cr3+ is given by: 

E { [ ] t} I) Co = 8Cs/ 2 i exp (2~l)y 2 D 
n=l (2n-l) 2 

where C s is the saturation concentration. For 
practical purposes, this fortuitously reduces 
to the useful form: 

lOgl0 (%/%) ~ -t/T 

where T = ~2/D. 

2) 

The alloys behaved differently in the open cir- 
cuit experiment (Fig. i). Whereas the poten- 
tial of the high purity alloy immediately fell 
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to below -400 mV, that of the steel remained 
close to -250 mV for about 10 minutes. This 
clearly results from the presence of an 
oxidizing agent (other than H +) in the pit 
solution. Copper ions could be present as a 
result of dissolution of the 0.33% copper from 
the steel; this could give an interfacial con- 
centration close to 0.01M, and -250 mV is a 
reasonable potential for plating of copper 
from a solution of relevant species such as 
CuCI2 (3,4). In another paper we will report 
microelectrode studies of the dissolution and 
plating of copper in artificial pits on 
type 304L stainless steel. 

- 5 0 0  I I I I I I I 

v 

Z '  
3 0 4 L  /- 

- 

-300 

I-I I I I I I I 
2 4 6 

T I M E  ( x l O O O s )  

Fig. 1 Variation of open circuit potential 
for 0.85 mm deep artificial pits, following 
diffusion-controlled dissolution at +200 mV. 

Potentiostatic behavior in pit environments 

The impurity effects preclude the use of the 
artificial pit technique to examine the dis- 
solution of the stainless steel below -250 mV. 
This limits information on crevice corrosion, 
which often propagates at potentials between 
-400 and -300 mV (5). However, there were no 
difficulties in making measurements down to 
about -400 mV on the high purity alloy. 
Fig. 2 shows a set of potentiostatic current- 
time curves for the high purity alloy following 
treatment at +200 mV; ~ was 0.85 + 0.05 mm 
throughout. Above -300 mV the curves showed an 
initial increase in current, followed by a 
decrease. At some potentials rapid passivation 
occurred; at others a more prolonged active 
state was maintained. The stainless steel 
showed a more complex behavior with a second 
levelling out of the current prior to passi- 
vation. Fig. 3 shows current density-potential 
curves constructed for both alloys at the 
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Fig. 2 Current density variation for 0.85 mm 
artificial pits of the iron-19Cr-lONi alloy, 
followin~ diffusion controlled dissolution at 

+200 mV. ~2/D =700 s. Initialc.d. =100mA/cm 2. 
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Fig. 3 Anodic dissolution kinetics for 95% 
saturated solutions of corrosion products, o,x: 
iron-19Cr-10Ni, with and without IR correction 
respectively; + : 304L, IR corrected. For 
iron-19Cr-10Ni a possible change in Tafel 
slope at about -300 mV is indicated. 
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near-saturation level. We have indicated a 
possible change in Tafel slope for the high 
purity alloy at around -300 mV; this has a 
precedent in the behavior of iron in similar 
solutions (6). The stainless steel has a 
parallel but much displaced Tafel line for 
potentials above -200 mV. 

To ensure that the increasing portions of the 
current-time (I-t) curves were not due to 
surface roughening, the dependence on pit depth 
was examined. When the pit depth was doubled, 
the duration of the current rise increased by 
a factor of about four. As a further check, 
the concentration range of the measurements was 
extended by supersaturating the solution (2). 
This involved switching off the potentiostat 
for 5 seconds during diffusion-controlled dis- 
solution, then polarizing again at +200 mV 
until the salt film was about to precipitate. 
On pulsing to -275 mV this gave an extended 
region of positive dI/dt, and also showed that 
the shape of the current-time curve is the 
same whether the prior high potential dissolu- 

tion is resistance or diffusion controlled. 

Mechanism of dissolution and consequences for 
localized corrosion 

The occurrence of a region of negative dI/dC o 
indicates acceleration by OH-, as in iron (6). 
Water and chloride ion activities also un- 
doubtedly influence the kinetics. The subse- 
quent region of positive dI/dC o is due to an 
increasing coverage by chromium-oxygen species, 
finally leading to passivation. The occurrence 
of a maximum suggests a significant coupling 
between dissolution and diffusion. 

Consider a localized corrosion site with a one 
dimensional diffusion path length 6. Possible 
steady state current densities i s are given by 
(2) : 

i = zDFCo/~ = kC 3) 
S O 

At constant potential and geometry, therefore, 
steady states are given by the intersection of 
equation 3 with an i-C o curve such as those 
implicit in Figure 2 and shown schematically 
in Fig. 4. The stability of these steady 
states can be analyzed by considering the ef- 
fect of fluctuations in i or C o . For small 
fluctuations, a steady state iw stable if 
k>di/dC o. States in the region of negative 
di/dC o are therefore particularly stable 
(e.g. B', Fig. 4), but states such as B are also 
stable. States such as A and A' are unstable or 
metastable depending on the frequency and size 
of the fluctuations; for small 6 (pitting) such 
states will generally be unstable, and the 
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Fig. 4 Schematic variation of current 
density with concentration of dissolution 
products at constant potential (curved line), 
with superimposed straight lines representing 
Fick's first law for two values of ~ at a one- 
dimensional steady state. 

metal will either repassivate (that is, pass 
to another steady state close to the origin) 
or increase its dissolution rate to B or B'. 
For large ~ (crevice corrosion), a single 
fluctuation is generally not catastrophic and 
a random variation in i without rePassivation 
is expected. This may be a component of the 
electrochemical "noise" during crevice cor- 
rosion. There are generally two or more 
diffusion-coupled steady states; usually only 
one of these is a stable active state. There 
are indications that the stainless steel may 
have more stable states than the high purity 
alloy. For crevice corrosion, Tromans and 
Frederick (7) have obtained results which may 
be analyzable in terms of multiple steady 
states. A different type of multiple steady 
state behavior, involving passivation which 
requires salt precipitatio$ is described by 
Epelboin et al. (8). Because of the 
stringent requirements for pit stability in 
neutral chloride solutions, actively dis- 
solving pits in stainless steel are probably 
stable over a range of potential corresponding 
to a factor of only about two in current 
density. This gives a simple interpretation 
of the protection potential against pitting. 
At constant bulk chloride concentration, in- 
creased stability can be attained by adding 
a supporting strong acid (9), by applying a 
potential or restricting diffusion suffi- 
ciently to precipitate a salt film (i), or by 
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adding sulfur compounds to stabilize the 
active state (i0). Some stabilization (smaller 
di/dCo) can also be attained by relaxing con- 
trol of the potential. We should also note 
that the complexity of the i-C o curve is re- 
duced as the solution ohmic drop (which is a 
function of i and ~) increases, finally be- 
coming virtually a step function. 

Further consequences 

Several further possibilities are suggested by 
the form of the i-C o curve. First, smooth pit 
surfaces may be expected if di/dC o is negative, 
since the onset of facetting will be hindered 
by more rapid dissolution of the asperities 
which are exposed to a less concentrated 
solution. Second, we note that the relevant 
i-Co curve for a very small pit is not the 
approximately steady state relationship de- 
termined using the present technique. At 
short times following a very rapid change in 
Co, the value of di/dC o is decreased. In 
effect, this defines a form of electrode 
impedance relating the current density to the 
concentration of dissolution products at con- 
stant potential. Finally, the hydrolysis of 
Cr 3+ ions to Cr(OH)3 is slow at ambient 
temperature, taking 1-3 days to reach equili- 
brium (ii); this involves a pH change of up to 
one unit and is another possible stabilizing 
factor. More detailed results are in press (12). 
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The Dealloying of a Cu-8.9% AI Solid Solution 

M. J. Pryor* 
Metals Research Laboratories, Olin Corporation, New Haven, Connecticut 06511 

The author had proposed earlier that the 
n u Mn(l) ( kinetics of deailoying i C - , Cu-Zn z) 

and Cu-Ni(3) solid solutions appeared to be 
better related to the difference between the 
test potential and the reversible potential 
of the solute element than to the relative 
diffusion kinetics in the solid solutions.(1) 
Cu-AI solid solutions may provide a test of 
this hypothesis since the reversible potential 
of Al (-1.66 VSH E) is more active than that of 
Mn (=1.16 VSHE). Furthermore, the diffusion 
coefficient at 27oc is over four orders of 
magnitude lower for the Cu-18.7 a/o Al alloy 
than for a Cu-27.8 a/o Mn alloy.(lO) A 
Cu-18.7 a/o Al solid solution grows a thin 
film of Cu20 at room temperature following 
mechanical surface preparation. The Cu20 film 
evidently includes some aluminum ions since it 
exhibits relatively high electronic resistance 
virtually identTcal to that reported earlier 
for a Cu-10 a/o Ni alloy and much higher than 
that of Cu20 grown on Cu as judged by its 
cathodic polarization characteristics in 
sodium chloride solution(4). Aluminum oxide 
does not exist as a separate phase in the room 
temperature oxide film and thus, is not 
capable of generating the highly irreversible 
and much more noble corrosion potentials ex- 
hibited by aluminum itself. Previous work on 
Cu-A] alloys suggests that this system is in- 
herently more resistant to dealloying than 
Cu-Zn alloys.(5) Most references refer to 
dealloying of B' and y phases(6-8) with the 

Cu-AI solid solutions being reported to be 
relatively free from severe dealloying.(9) 

A Cu-18.7 a/o Al alloy was induction 
melted and chill cast in a 2x10x20 cm water 
cooled copper mold. The casting was heated 
for two hours at 850oc and hot rolled to a 
thickness of 1.0 cm. Cu-18.7 a/o AI is a 
hypereutectTc alloy that can be transformed to 
a homogeneous ~ solid solution by extended 
soaking around the eutectoid temperature of 
565oc. Accordingly, the hot rolled plate was 

heated at 570~ for 16 hours followed by 
heating at 540oc for 24 hours. The homog- 
enized plate was milled to remove around 0.07 
cm from each surface. It was then cold 
rolled to a final thickness of 0.075 cm with 
intermediate anneals at thicknesses of 0.35 
and 0.175 cm and a final anneal. Intermedi- 
ate and final annealing was conducted Tn a 
96% nitrogen-4% hydrogen atmosphere at 500oc 
for 4 hours. Metallographic evaluation of 
the annealed Cu-18.7 a/o A1 alloy showed that 
it exhibited a fine graine d (0.030 mm) equi- 
axed structure and contained no residual B' 
or T phase. 

Mass balance experiments on the de- 
alloying of this solid solution were carried 
out in 0.5 M NaCl solution at 25oc at poten- 
tials ranging from +0.50 to -0.50 VSH E in 
the fashion described in an earlier publica- 
tion(2). One difference in experimental 
technique compared with the previous work was 
the preparation of the surface by mechanical 
means rather than by etching. This was 
achieved by light unlubricated end milling of 
the specimen surface followed by careful de- 
greasing in benzene. The second difference 
was that larger specimen areas (12 sq cm) 
were used at potentials of O, -0.25 and -0.50 
V because of the lower corrosion rates of the 
Cu-Al solid solution in this potential region. 

Figure I shows the weights of Cu plus Al 
dissolved from the specimens at different 
potentials in 20 hours. The relationship of 
total weight loss to potential is basically 
similar to that reported earlier for a Cu- 
29.4 a/o Zn alloy(2) except that the weight 
losses of the Cu-AI solid solution are lower 
at potentials of 20.25 and -0.50 V. The 
specimens held at +0.50 and +0.25 V ex- 
hibited surface dealloying very similar to 
that reported earlier for a Cu-29.4 a/o Zn 
alloy. Figure 2 shows the surface of a 
Cu-18.7 a/o AI alloy held at +0.50 V for 20 
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hours. The surface is extensively faceted 
and there is extensive porosity very similar 
to that observed earlier on Cu-29.4 a/o Zn. 
The thickness of the dealloyed surface layer 
is also similar to that found earlier on Cu- 
29.4 a/o Zn. Figure 3 shows the percent of A1 
removed from the Cu-Al alloy as a function of 
potential. On a mass balance basis, it is 
clear that there is substantial and effective 
dealloying of the Cu-AI alloy solid solution 
starting at a potential of O.OO V with the 
selectivity of dealloying, (i.e. the enhance- 
ment of solute concentration found in the 
total corrosion product) increasing as the 
potential is depressed to -0.50 V. Dealloy- 
ing of Cu-18.7 a/o Al is somewhat more selec- 
tive than that of a Cu-29.4 a/o Zn alloy(2) 
but less selective than that of a Cu-27.8 a/o 
Mn alloy(1). 

Table I compares at a fixed potential of 
-0.25 VSHE the excess solute removed* in 20 
hours from l sq cm of the Cu-Mn, Cu-Zn and 
Cu-AI solid solutions. Due to the very low 
overall corrosion rates of Cu-Al solid solu- 
tions at potentials of 0.O0 V and more active, 
the kinetics of dealloying fall in the order 
of Cu-Mn > Cu-Zn > Cu-Al. This is despite 
the fact that the aluminum is enriched in the 
total corrosion product to a greater degree 
than zinc. 

Tile foregoing experiments confirm the 
widely held view that Cu-Al solid solutions 
are somewhat more resistant to dealloying than 
Cu-Zn solid solutions. This is despite the 
fact that the electrochemistry of the system 
would appear to favor more rapid removal of 
aluminum. Superficially, this work would 
tend to favor solid state diffusion as the 
controlling factor in dealloying kinetics 
since it places Al and Zn in the correct 
kinetic order. Diffusion considerations 
however, fail to place Mn in the correct 
order as pointed out earlier(1). One of the 
limiting features is the low limit of solu- 
bility of Al in the ~ solid state solution 
(19.6 a/o) which to date has prevented direct 
comparison of the three solute elements at 
equal atomic concentrations. This comparison 
is being made in continuing work. 
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Alloy 

Table I. 

Excess Wt. of Solute Removed 
20 Hrs. at -0.25 VSHE(m@/cm2) 

Cu-27.8 a/o Mn 0.009 
Cu-29.4 a/o Zn 0.003 
Cu-18.7 a/o Al 0.0002 
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Orientation of (100) InGaAsP/InP Wafers By HCI Chemical Etching 
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A wide variety of optical, electronic, and optoelectronic 

devices are currently being developed on InP or InP-substrate 

based systems, l -  Many of these devices require a special 

orientation of the substrate to achieve the desired device 

structure. Injection lasers fabricated from the InGaAsP/InP 

material system provide one example. These are currently of 

interest for application in optical fiber communication systems 

operating at ~. = 1.3 tzm and 1.55 #m. Laser structures that 

utilize a real refractive index waveguide, such as the buried 

heterostructure (BH), channel substrate or ridge waveguide 

lasers, have been shown to have advantages with respect to 

current threshold, output spectra, and freedom from pulsations 

or light jump behavior. 2 For most refractive index- guided 

laser structures, the fabrication sequence usually requires a 

chemical etching step to formeither a mesa or channel which 

ultimately defines the optical cavity of the laser. 

We find that, similar to the case of GaAs, 3 preferentially 

etched mesas or channels on (100) InP wafers have different 

side wall geometries depending on the orientation of the 

etching mask with respect to the [011] or [01]'] crystal 

directions. 

Fig. 1 illustrates the result with HC1 etching and mask edges 

aligned along either the [011] or [015] direction or, 

(100) InP. 4 Note that the (01]') plane is exposed for the 

orientation in Fig. l(a) but the corresponding (011) plane is 

not defined when the mask is rotated 90* as in Fig. 1 (b). As 

is generally the case for III-V compounds with the zinc-blend 

crystal structure, the relative orientation of the polar generic 

{111} planes are the major contributing factors to this kind of 

selective etching anisotropy. 3-7 As detailed by Tuck, 5 one set 

Keywords: Orientation, HCI Chemical Etching, InP. 

of {111} planes contain a layer of In at the surface and is 

conventionally labeled A (even number of bars, e.g., (111)); 

the opposite set of planes contain a layer of P at the surface 

and is conventionally labeled B (odd number of bars, e.g., 

(111)). The {lll}A planes etch slowly compared with the 

{111}B planes. 

Thus, in distinguishing the (011) from the (01]') for the 

important purpose of device fabrication, one is really 

determining whether the {111}A or the {111}B, respectively, 

separates the "top" or "working" surface (100) from the 

perpendicular edge surface. There is no real chemical 

difference between the (011) and the (01]). They appear to 

behave differently only because of the different relative 

position of the difficult to etch {111}A plane with respect to 

the working surface. Figure 2 illustrates this common 

convention that results from defining the working surface as 

(100) on a {100} wafer. (Note that if the working surface had 

been labeled (TOO), the new (011) and (01]') planes would 

interchange properties, since then the {ll~}B and {Ill}A, 

respectively, would fall in between. That is, rotation about 

[100] by 90 ~ is equivalent to inversion of the substrate axis. 4) 

The orientation procedure consists of etching a small 

portion of the InP or InGaAsP/InP wafer in HCI (for 20 sec 

at 20 ~ C) followed by inspection of the edges in an optical 

microscope. For best results, the test piece should be cleaved 

in both perpendicular directions to allow comparison of the 

Manuscript submitted Nov. 5, 1982; re- 

vised manuscript received April 26, 1983. 

Bell Laboratories assisted in meeting 
publication costs of this article. 

1628 



Vol. 130, No. 7 O R I E N T A T I O N  OF ( I00)  I n G a A s P / I n P  1629 

two {011} edges. The cleaved edges of the test piece might 

turn out to be either smooth or severely terraced depending on 

the quality of the cleave. In the latter case, longer etching is 

required to produce the triangular etch pits. Figure 3 

illustrates results starting from either smooth (a) or rough (b) 

cleaves. If  the substrate is already masked, the edges of the 

entire wafer can be used so that no material is lost. Also in 

this case, there is no danger of mixing-up the orientation of 

the test piece relative to the wafer. 

Triangular pits (i.e., depressions) pointing away from the 

(100) work surface indicate the (011) edge. Sometimes it is 

easier to focus on the triangular mesas left behind between 

large pits when they coalesce. Then, triangular mesas (i.e., 

protrusions) pointing away from (or hanging down from) the 

(100) work surface designate the (01T) edge. Another 

characteristic of the (011) edge is the appearance of 

"blackish", fine-textured areas after prolonged etching; see 

Fig. 3(b). 

Again, we point out that a (100) surface must first be 

chosen (if not already decided by the existence of epi-layers, 

masking films, etc.), for we are really determining the relative 

location of the {111} planes. The side from which the 

triangular etch pits point away is where the [111]A falls 

between the surface and edge normals (see Fig. 2). 

In summary, we have presented a very simple method 

for orienting (100)InP wafers. It does not require x-rays, 

photomasking or the  loss of a significant amount of material. 

The technique is superior to other orientation techniques, 

which generally require masking the surface. 5'8-1~ The most 

reliable prior technique necessitated a photolithographic mask, 

etching and then careful inspection of the etched wall 

profile. 1~ Other techniques, which utilize etch pits that occur 

randomly at a defect 8'9, have proven difficult to use and 

somewhat unreliable. In our case, the edge-to-surface juncture 

provides a natural nucleation site, and most desirably, it is 
best to have a mediocre cleave that provides edge striations for 

a distinctive result as shown in Fig. 3. Such results are 

obtained consistently. Little or no wafer area need be 

sacrificed, and virtually no additional processing time is spent 

in this orienting procedure. 
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Fig. 1 - SEM and schematic cross sectional cuts, illustrating 

HCI etched wail profiles for mask edges in the (a)- 

(01T) and (b)-(011) planes. For the photos markers 

= 10ttm; etching time = 1 min. 

WORKING SURFACE 

(B) b.~ 

(~oo) 

(1t t )  

7(-t l  

D, (0tt}  

Fig. 2 -  Crystal plane diagram showing relative location of 

polar [111} A and B planes in a III-V compound. 

Fig. 3 - InP edge facets after HC1 etching for (a) 20 sec on a 

"smooth" cleave, and (b) 2 min on a "rough" cleave. 

Both iUustrate the characteristic triangular etch pits. 

p = pit; m ~ mesa. Labeling assumes (100) is the 

top surface. 



A New Eiectrodeposited Oxide Film Containing Lead and Thallium 
with the Cubic Fluorite-Type Structure 

M. Sakai, T. Sekine,* and Y. Yamazaki 
Department of Electronic Chemistry, Graduate School at Nagatsuta, Tokyo Institute of Technology, Yokohama, Japan 

In the previous papers, the com- 
parative investigation on the anodic 
oxidation of TI(I) to T1203 with that 
of PbCII) to PbO2 was carried out in 
alkaline solutions (1,2). As a result 
of these analyses, the possibility of 
the anodic co-deposition of pbO 2 and 
TI203 was suggested on the basis of the 
similarity of both anodic reactions to 
produce the corresponding oxides. On 
the way of this extention, a new com- 
pound having the cubic fluorite-type 
structure was obtained by means of the 
anodic oxidation of the mixture of 
Pb(II) and TI(I) under a certain elec- 
trolytic condition. 

The electrodeposited oxide, 
PbsT15024 , was prepared in the follow- 
ing manner: the electrolytic solution 
was prepared with 1.0M NaOH solution 
containing 60mM Pb(II) and 30mM TI(I); 
anodic potential was controlled at 
0.200 volts vs. SCE by using a potenti- 
ostat; a platinum plate(3x2cm) was used 
as an electrode substrate; the total 
quantity of electricity consumed in the 
electrolysis was 500 coulombs; the an- 
olyte was kept at 25~ under moderate 
agitation. The electrolytic cell con- 
sists of a cylindrical anode chamber 
(440cm3) and a couple of cathode cham- 
bers(200x2cm3) connected with the salt 
bridges having sintered glass diaphrams 
to prevent the diffusion of the elec- 
trolytes during the electrolysis. The 
compositions of the catholyte and the 
solution in the salt bridges were the 
same as that of the anolyte. 

The obtained electrodeposited 
oxide on the platinum substrate was 
black with metallic luster and had a 
good electric conductivity. 

~Electrochemical Society Active Member. 
Key words: Pb8T15024, fluorite-type 
oxide, X-ray analysis, dectrodeposition 

The composition of the electro- 
deposited oxide was determined as 
PbsTI5024 through the following proce- 
dure. After measuring the weight of 
the dried electrodeposited oxide on 
the platinum substrate, the oxide was 
cathodically treated with the constant 
current(300mA) till TI(III) was com- 
pletely reduced to TI(1) in 6.0M HNO3 
solution. Before the simultaneous 
determination of Pb(II) and TICI) by 
polarography, the pH of the above so- 
lution containing Pb(II) and TI(I) was 
controlled to be a strongly alkaline 
solution by the addition of NaOH solu- 
tion. The amount of oxygen in the 
electrodeposited oxide was calculated 
by subtracting the obtained weight of 
lead and thallium from the weight of 
the oxide. 

In order to obtain the accurate 
results of the chemical analysis, the 
polarographic measurement was repeated 
twelve times for each specimen of the 
electrodeposited oxide, where five 
specimens were prepared under the same 
electrochemical conditions. The sig- 
nificant figures and the errors listed 
in Table I were calculated through the 
error analyses on the determination 
processes for lead, thallium, and 
oxygen. 

Table I shows the most probable 
values of the stoichiometric coeffi- 
cients for the prepared oxide and 
their relative errors in percent. 
From the data in Table I, the compo- 
sition of lead, thallium, and oxygen 
in the oxide was determined as 
PbsTI5024. 

The crystal structure of the 
oxide was investigated with an X-ray 
powder diffractmeter equipped with a 
graphite monochromator. The CuKa ra- 
diation was used for the measurement 
and the ~oniometer was calibrated with 
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Table I. Analytical values of lead, thallium, and oxygen 

Lead (x) 

Thallium (y) 

Oxygen (z) 

M.P.V. a) E.M.S. b) R.E. (%)c) 

7.94 

5.00 

24 

• 

• 

• 

0.8 

0.6 

4 

a): Most probable values of the stoichiometric coefficients 
of the prepared oxide(PbxTlyOz). 

b): Errors mean square for M.P.V.. 
c): Relative errors. 

Table I I .  X-ray powder d i f f ract ion data for Pb8T15024 

hkl dobsd dcalcd a) I / I  1 

3.0791 I I I  

20O 

220 

311 

222 

400 

331 

420 

422 

511,333 

440 

531 

600,442 

620 

3.0778 

2.6649 

1.8855 

1.6084 

1.5398 

1.3333 

1.2235 

1.1925 

1.0887 

1.0264 

0.9429 

0.9016 

0.8890 

0.8435 

2.6666 

1.8855 

1.6080 

1.5395 

1.3333 

1.2235 

1.1925 

1.0886 

1.0264 

0.9428 

0.9015 

0.8889 

0.8432 

lO0 

28 

30 

25 

8 

3 

8 

5 

5 

5 

l 

5 

3 

2 

a): Calculated on the basis of the la t t i ce  constant 
a:5.3331/,. 

standard silicon powder(NBS-SRM640). 

Table II shows the X-ray powder 
diffraction data of the electrodeposit- 
ed oxide PbsTlsO24. The Miller-indices 
of the lattice planes of this oxide 
were determined completely by assuming 
that the crystal system of PbsT15024 
had the fcc structure, since all dif- 
fraction lines were well-defined and 
were not including any unidentified 
ones. The values of the relative inte- 

gration intensity of the diffraction 
lines listed in Table II were calcu- 
lated on the basis of the values ob- 
tained with the scaler. From the 
above X-ray data, the crystal struc- 
ture of PbsT15024 was considered to be 
the cubic fluorite-type structure and 
the lattice constant of this oxide was 
determined as 5.3331~0.0003~. 

As a result, PbsTI5024 having the 
cubic fluorite-type structure was in- 
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dubitably determined to be a single 
phase being diverse from PbO2 or T1203 
by considering the data in Table II and 
the X-ray diffraction data of ~-PbO2 
(orthorhombic)(3), 6-PbO2(tetragonal) 
(4),and Tl203(scandium oxide structure) 
(5) .  

The Pb8TI5024 is quite stable 
under atmospheric pressure at room tem- 
perature, and the X-ray diffraction 
lines of this oxide have never changed 
for five months since the fresh 
Pb8TI5024 was prepared by electrolysis. 

The synthesis of PbO2 having the 
cubic fluorite-type structure under 
high pressure more than 50Kb from 
~-PbO 2 was reported by Syono et a/.(6). 
However, the oxide was unstable and was 
not a single phase, and undergo a ret- 
rogressive transition to a-PbO2 even at 
room temperature (6). 
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Stabilization of Glassy Carbon Electrodes 
R. Jasinski,* G. Brilmyer, *,~ and L. Helland 

Occidental Research Corporation, Irvine, California 92713 

INTRODUCTION 

A need exists for low cost, stable anode 
materials in the electro lyt ic  synthesis of 
laboratory and industrial chemicals. Plat i-  
inum,and the DSA class of materials are 
expensive. Platinum and stainless steels 
corrode in halide-containing media. Lead 
dioxide is subject to chemical decomposition, 
depending on electrolyte composition. Carbons 
(graphite and glassy carbon) are cheaper but 
are dimensionally unstable anodes for the 
evolution of oxygen in aqueous electrolytes. 

We have found that the addition of fluo- 
ride ion to aqueous acid electrolytes of sul- 
phate, phosphate and chloride signi f icant ly 
represses the physical deterioration of 
glassy carbon anodes. There is precedence 
for this effect. I t  has been known for some 
time that the addition of f luoride, thio- 
cyanate and chloride ions delay the evolution 
of oxygen on platinum from sulfate electro- 
lyte,  favoring the generation of S208-(1,2). 

This stabil ization is not found on 
graphite. 

RESULTS AND DISCUSSION 

Glassy carbon anodes 3mm in diameter and 
lOmm long were immersed in the appropriate 
electrolyte using an undivided cell and a 
platinum cathode Icm square. Half cell 
potentials Vs. an Ag/AgCl reference electrode 
were monitored as a function of time at a 
constant current of 300 ma. As the electrol- 
ysis proceeded in the absence of fluoride ion, 
the glassy carbon electrode slowly deteri- 

T E l e c t r o c h e m i c a l  Society Active Member. 
Present address: Johnson Controls, Inc., 

Milwaukee, Wi sconsi n. 
Key Words: glassy carbon, anodes, dimen- 
s~ionally stable anodes. 

orated. Particles of carbon sloughed off the 
surface. Eventually the structure had disin- 
tegrated to the point that l i t t l e  surface was 
le f t  immersed in solution and the electrode 
potential increased exponentially. Shown in 
Table 1 are the times required to reach these 
potentials, the solution compositions with 
and without fluoride present, and the i n i t i a l  
steady state half cell potentials. The 
"Deterioration Time" value for the chloride 
solutions and the H~SO,, H~PO, solution 
fluoride-free repre~en~ ma~or~ visible dete- 
r ioration of the glassy carbon. 

Obviously, fluoride ion signif icant ly 
extends the l i fetime of the glassy carbon 
rods in all solutions. This effect was not 
found for graphite or pyro l i t ic  graphite. 
The effect was also not permanent. Glassy 
carbon rods, anodized in sul fur ic acid/F- 
solutions without deterioration, were then 
placed into fluoride-free sulfuric acid. 
Disintegration of the electrode took place 
upon electrolysis of the solution. 

The mechanistic role of the fluoride ion 
is not at all clear. However, i t  is involved 
with the evolution of oxygen. In sulfuric 
acid, synthesis of persulfuric acid is 
favored with respect to the evolution of 
oxygen. I t  was observed that the rate of gas 
evolution had decreased from the addition of 
fluoride ion and that a strong soluble oxi- 
dant was formed. Phosphoric acid containing 
fluoride ion also exhibited both phenomena 
upon electrolysis. The half cell potentials 
in Table 1 do indicate a sh i f t  to more 
positive potentials with fluoride ion present 
in the electrolyte. However, disintegration 
of the glassy carbon was also suppressed in 
the chloride-containing medium. Gas evolu- 
tion was not dramatically retarded in the 
HCl solution. However, green chlorine gas 
was observed coming off  the electrode surface 
when fluoride was present but not when fluo- 
ride was absent. Detailed gas chromatographic 
analyses and mass balances were not done to 
quantify this effect. 
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Table I. Effect of NaF on the stabi l i ty  of glassy carbon electrodes 

NaF E I/2 Deterioration 
Electrolyte Concentration vs Ag/AgCl Time (hr.) 

3M H2SOA, 0 3.6V 5 
1.2 M 4.0 >24 

2M H3PO 4 0 3.8 2.5 
l .2 4.3 >24 

3M HCI 0 3.2 32 
I. 2 3.2 363 

l. 

. 

at 300 ma in i t ia l  current. 
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Polymer Films on Electrodes 

13. Incorporation of Catalysts into Electronically Conductive Polymers: Iron Phthalocyanine in 
Polypyrrole 

R. A. Bull, F.-R. Fan, and A. J. Bard* 
Department of Chemistry, University of Texas at Austin, Austin, Texas 78722 

Abstract 
Tetrasulfonated iron phthalocyanines 

(FePcS) can be incorporated into 
electronically conducting polypyrrole by 
electrochemical polymerization of pyrrole in 
the presence of FePcS. The FePcS modified 
glassy carbon electrodes catalyzed the 
reduction of 04 at potentials 250 to 800 mV 
less negative th~n at bare glassy carbon or at 
polypyrrole-coated g lassy  carbon not 
containing FePcS. Ro ta t ing  ring-disk 
experiments indicated some hydrogen peroxide 
formation at most pH's. However, at high pH 
essentially exclusive reduction of 0 to H 0 
was observed at potentials 250 ~V le~s 
negative than at a non-catalyzed electrode. 

(end of abstract) 
One of the main motivations for the 

preparation of modified electrodes, including 
those covered with polymer f i lms,  is the 
incorporation of electrocatalysts onto the 
electrode surface. For example, catalysts 
have been covalently attached to the 
substrate, irreversibly adsorbed, and 
introduced into polymer f i l  ms vi a 
electrostatic binding (1). Of particular 
interest have been electrocatalysts for the 
reduction of oxygen (2-5); these often are 
based on metal porphyrins and phthalocyanines. 
Among the problems arising in the util ization 
of catalytic modified electrodes are the 
limited effectiveness on monolayers (6), 
instabil i ty of the attached or adsorbed 
materials, and low rate of charge transport 
through non-electronically conductive films. 
We suggest here the incorporation of a 
catalyst into a conductive polymer layer by 
electrochemical polymerization in the presence 
of catalyst and brief ly describe the 
characteristics of such an electrode for the 
reduction of oxygen. 

Electrochemical Society Active Member , 
Key Words: catalysis, polymers, voltammetry, 
electrodes 

Manuscript submitted Feb. 22, 1983. 

The conductive polymer chosen was 
polypyrrole (PP); a number of electrochemical 
studies of this material have demonstrated 
that this can be readily deposited by 
electrochemical oxidation of pyrrole from 
nonaqueous or aqueous solutions (7-10). The 
catalyst was tetrasulfonated phthalocyanine 
incorporating iron (FePcS) and the substrate 
was glassy carbon (GC). The advantages of 
this system include ease of preparation, and 
both high conductivity and high porosity of 
the PP film (11), leading to rapid transport 
of both charge and solution substrate within 
the electrode structure. 

Polypyrrole films were deposited from 
aqueous 0.05 M sodium trifluoroacetate 
solutions (NaTFA) (pH 1-7) that were 0.1M in 
pyrrole by anodic oxidation at +0.7 V vs. 
SCE at GC. Polymer film 2thicknesses were 
estimated by taking 24 mC/cm of charge to be 
equivalent to a I ~m film (8c). GC/PP/FePcS 
films were prepared by an identical procedure 
except that the solution contained only 1 mM 
FePcS and 0.1 M pyrrole. Oxidation of 
pyrrole in the presence of FePcS was 
necessary for catalyst incorporation. 
Control experiments in which a GC electrode 
was held at +0.7 V vs. SCE in a FePcS 
solution not containing pyrrole showed no 
- reduction catalysis. PP films deposited ~ 
the absence FePcS and then cycled through the 
PP redox waves in a solution containing FePcS 
also showed no catalytic activity. 

CV Experiments.--A typical cyclic 
~Itammogram (CV) of a FePcS/PP film ( 0.I um 
thick) is shown in Fig. la for a 0.1M NaTFA 
electrolyte (pH 1.7) saturated with N^. The 
small waves for FePcS reductio~ and 
re-oxidation are superimposed on the large PP 
background; the large background currents 
have been ascribed to capacitive charging of 
the highly porous PP film (11). An estimate 
of the amount of electroactive FePcS in the 
polymer from the CV, assuming n=l for 
Fe(III)/Fe(II) couple 
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is 2 to 6 x 10 "11 moles/cm 2 geometric area. 
The FePcS redox waves were stable to cycling 
within the potential limits imposed by PP. 
Scanning to potentials sufficiently negative 
for PP reduction (i.e. out to -0.3 to -0.5 V 
vs. SSCE) resulted in a decrease in the peak 
currents ( i )  for the FePcS waves. Potentials 
posi t ive eflough for irreversible PP oxidation 
(+0.8 V vs. SSCE at pH 1 to +0.4 V at pH 13) 
also decreased i for the FePcS redox waves, 
although the f i~m s t i l l  remained on the 
electrode surface. 

In 02-saturated solutions the current at 
the FePcS wave was greatly increased (Fig. 
lb); this is attributed to the catalyzed 
reduction of 0 . In all cases significantly 
higher reductio~ currents were found at more 
positive potentials at GC/PP/FePcS than at 
GC/PP or bare GC electrodes. For example, 
under the conditions of Fig. Ib, O  ̂reduction 
at GC/PP occurs at about -0.8 V vs.ZSSCE. The 
effect of pH on the potentials for catalyzed 
O^-reduction was similar to that found for the 
F~PcS waves themselves. At pH < 3, the shift 
of E was 45 mV/pH unit. As with the FePcS 
redox p waves themselves, the waves attributed 
to O_ reduction disappeared upon irreversible 
PP oxidation. 

mRo•iEfExperiments.--Reduction of O  ̂at bare and 
ied GC disk electrodes withZdetection of 

products (e.g. H~O~) via oxidation at a Pt 
ring electrode pro~i~ed additional information 
about catalysis by incorporated FePcS (Fig. 
2). At a bare GC electrode O?-reduction 
occurred to produce a mass transfer controlled 
wave, with ~he limiting current, i 
increasing with angular rotation velocity, ~: 
For GC/PP electrodes a wave at similar 
potentials was observed, but i. reached a 
limiting value at about 1000 L rpm. The 
collection efficiencies, N, found for GC and 
GC/PP electrodes (for O  ̂ reduction at the disk 
and H20^ oxidation at t~e ring) were generally 
0.26 -ZO.30; this is less than the collection 
efficiency found with this electrode3agW a 
soluble redox couple such as Fe(CN)~ " ~ ' ,  
where N = 0.39. For a GC/PP/FeP~S disk 
electrode, the reduction of O~ essentially 
conincided with the FePcS reduction wave and 
occurred at less negative potentials compared 
to GC and GC/PP electrodes, similar to the CV 
results. At most pH's anodic ring currents 
were observed when 02 was reduced at the disk 
(e.g. at pH = 6.5, E. = -0.6 V; E = +1.0 V 
vs. SSCE), demonstrating that so~e H20 ~ is 
produced. Typical results for a 0.1: ~m 
PP/FePcS film in 02-saturated O.1M NaTFA (pH 
6.5) are given in 

Fig. 2a. Strict corr~@ondence to the Levich 
equation ( i ,  vs. m ~:) was not found with 
this electrode, perhaps because of 
interference from the background processes of 
PP. The reduction of O~ at GC/PP/FePcS in 
0.1 M NaOH did not le~d to anodic ring 
currents until the disk potential attained 
values where direct 07 reduction of GC/PP 
occurs. Typical RRDE voTtammograms are given 
in Fig. 2b. After an ini t ia l  "break-in 
period" during which the reduction current 
decreased, the current between -0.1 and -0.3 
V was independent of ~ .  No ring currents 
were observed at these values of E,. When 
E. reached -0.35 V, the onset potential for 
O~ reduction at bare GC, anodic current 
b~came apparent. Note, however, that even at 
these potentials the anodic currents were 
very small, so that N-values in this region 
were two orders-of-magnitude smaller than for 
catalyzed O  ̂ reduction at lower pH. These 
results suggest that FePcS catalyzes the 
decomposition of H^O_ in 0.1M NaOH solution. 

In general, ~v~r the pH-range of 1.7 to 
13, N-values for GC/PP/FePcS electrodes were 
always smaller than those for bare GC 
electrodes at the same pH. However, at lower 
pH, N was nearly the same as that for the 
bare electrode. At pH 13, N was two orders 
of magnitude less than at a bare GC 
electrode, even at potentials where peroxide 
is produced at GC. 

The stabi l i ty of FePcS-PP films depended 
on the pH and the cathodic scan limits. I f  
the PP films were reduced, O~-reduction 
activity decreased. ~ a  result, limiting 
currents and i .  vs. ~ "~ datm could not be 
obtained. Thi~ was particularly so at low 
pH, where PP reduction began at only slightly 
negative potentials. The stabi l i ty of the 
catalyst-film during Oo reduction and in the 
presence of reduction products, e.g. HoO ~, is 
also of interest. Successive O^-re~uEtion 
scans, especially at low pH, resulted in a 
gradual decrease in the disk current. After 
prolonged O~ reduction the in i t i a l l y  shiny 
blue-black FePcS-PP film changed to a gray 
particulate deposit that was easily removed 
from the electrode. At this point, l i t t l e  
O  ̂ reduction activity was observed and, after 
N~ saturation, no FePcS redox activity was 
f~und. The addition of H 0 to the 
electrolyte also brought about ra~i~ delay of 
catalytic activity. 

In conclusion, this method of 
incorporation of catalysts via conductive 
polymers onto an electrode surface appears to 
be a promising one. For the GC/PP/FePcS 
electrodes we have observed significant 
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catalytic activity for Q2 reduction at 2. 
potentials 250 to 800 mV less negative 
(depending on pH) than at bare GC or GC/PP 
electrodes. Moreoever, the observed current 
densities for 0 reduction based on the 3. 
geometric area o~ the electrode appear to be 
larger t h a n  those reported for similar 
catalysts adsorbed on electrodes (2,5). This 
can probably be attributed to the high 4. 
conductivity and porosity of the PP matrix, 
making a larger number of catalyst centers 
accessible per unit area of electrode to 5. 
dissolved ~ .  

The background often hindered the 
collection of precise peak and limiting 
current data for quantitative kinetic 6. 
analysis. As a result, only qualitative 
aspects of O  ̂ reduction mechanisms can be 
discussed. ~he similari ty of the FePcS and 
catalyzed Oo reduction potentials suggests a 7. 
redox-type 6echanism (12). However, the 
voltammetric behavior and the change of N 
with pH suggest at least two simultaneous 0 
reduction processes. At low pH the reductio~ 8. 
is predominantly to peroxide and N is nearly 
that found for an unmodified GC electrode. 
As the pH is raised the Tafel slopes 
increased and N decreased from that at an 
unmodified electrode. At intermediate pH, 
the 2e and 4e processes are competitive, but 
at high pH no peroxide was detected at 
potentials positive of O~ reduction at GC, 
suggesting a direct 4e reduttion to H^O. The 
4 electron process probably invol~es the 
dismutation of H~O~ by FePcS, as suggested 
for iron porph~r%ns in methylacrylate 
polymers (13). Direct reduction of H_O_ is 
also possible; however, H^O^ contribu~e~ to 9. 
instabi l i ty  of PP and l~s~ of catalytic 
act ivi ty. The stabi l i ty  of PP/FePcS catalyst 
increased at higher pH. 

The catalytic behavior found here is 
quali tat ively similar to those observed by 
Zagel et. al. (2) and perhaps involve similar 
mechanisms. This suggests that incorporation 
of FePcS into PP has essentially no effect on 
the mechanism or catalytic behavior. 
However, the conductive support enhances the 
effectiveness of the catalyst by providing 
more surface area and a larger percentage of 
active centers than are present in adsorbed 
films or catalysts in non-conducting polymers 
and provides a convenient method of attaching 
the catalyst to the substrate (14). 
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Thermal Modulation Voltammetry 
B. Miller* 

Bell Laboratories, Murray Hill, New Jersey 07974 

The temperature dependence of current through an 
electrode/solution interface under a controPed potential scan 
arises from a number of possible sources. These include equili- 
brium potentials, electron transfer rate constants, chemical 
kinetics, and mass transport factors which will contribute 
according to their respective temperature coefficients and 
influence in the overall electrochemical sequence involved at the 
particular potential, E. If the electrode mass is subjected to a 
periodic temperature perturbation by means of an external heat 
pulse, there will be a corresponding modulation component, 
Aiw, about the average (isothermal) current, i. Such a process 
yielding AiT-E curves along with conventional i-E plots is the 
subject of this communication and will be referred to as Ther- 
mal Modulation Voltammetry (TMV). 

The current response to thermal modulation will be the net of 
the interaction of the aforementioned temperature coefficients 
and the fluctuating thermal gradients. The changing contribu- 
tion to current control by factors such as reaction kinetics and 
transport will be determining of the AiT/i ratios at any given 
potential. Initial experiments are described here in which such 
heat pulses are applied to the rigorously controllable mass tran- 
sport system of the rotating disk electrode (RDE) and Aiw and 
i are measured as a function of E. 

A schematic of the electrode and heating mode part of the 
experiment is shown in Figure 1. The electrode is a very thin 
disk (=10~t) of gold backed by somewhat thicker copper whose 
surface was converted to a black, absorptive oxide film. This 
copper remains after sequential etching of a machined dish 
shape upon which the gold shell and disk were electrodeposited. 
The structure provides an electrode of low thermal mass, high 
thermal conductivity, and a highly heat absorptive rear surface. 
Heat is provided through an argon ion laser beam (power to 
1.5 w) incident on the electrode back. The RDE stirring gen- 
erates the solution flow past the electrode to provide the major 
dissipation of the heat pulses. 

The light is chopped and the cell current response obtained by 
band pass filter-rectification or synchronous detection as 
described for the parallel requirements of hydrodynamic modu- 
lation experiments (1). 

The results of an experiment with a 5 mM Fe+3-1.1 M H C I O  4 

solution and the gold disk are shown in Figure 2 in the form of 
Air versus E and i versus E plots. The example was chosen to 

illustrate a variety of reaction types. There are six labeled 
regions of interest (a-f) starting from +0.6 v versus SCE, scan- 
ning positive to 1.8 v, then negative to -0 .6  v. They represent, 
respectively 

a - gold oxidation 
b - oxygen evolution 
c - gold oxide reduction 
d - rising portion of Fe +3 wave 
e - mass transfer limited Fe +3 reduction 
f - hydrogen evolution 

Comparison of the traces indicates that/XiT and i have different 
response to these various features, perhaps better seen from the 
potential scans in a AiT versus i and E versus i format as in 
Figure 3. Results from the latter are interpreted in Table I as 
the Aix/i response in relative scale units for the given feature, 
either as a constant slope (b,f), plateau height ratio (a,e), or 
peak ratio (c,d). 

The center values of i traced in the Figure 2 or 3 scans are 
about 10% higher than i without the 50% laser duty cycle (at 
5 Hz) heating. This represents the equivalent to steady state 
thermal rise. 

Characterization of the actual electrode temperature rise and 
spatial profiling of the solution phase await elucidation --  the 
present efforts are designed to document the attainability of the 
TMV effect under easily accessible conditions and some of its 
relative properties. In the same vein TMV responsivity is a 
function of heat pulse factors related to beam cross-section, 
chopper frequency, rotation speed, and beam power by relation- 
ships not treated here. 

Other survey experiments of the type in Figure 2 reinforce the 
expectation that diagnostic discrimination by thermal sensitivity 
for mechanism and current controlling elements may be 
developed into a valuable addition to the repertoire of the elec- 
trochemist. The electrode design could be adapted to many 
materials by appropriate attachment modifications. A particu- 
lar area of interest would be to semiconductor electrodes (with 
and without front illumination) and the possible discrimination 
of solid state and surface recombination from electrochemical 
kinetics. 
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Key Words: Electrode, Energy Transfer, Mass Transfer 
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TABLE I. Relative Thermal Response 
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Zinc Electrode Morphology in Alkaline Solutions 

II. Study of Alternating Charging Current Modulation on Pasted Zinc Battery Electrodes 
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ABSTRACT 

The dependence of the faradaic conductance and the morphology of pasted zinc electrodes on the charging method has 
been investigated. The charging methods included d.c. (3-1,25 mA-cm 2) and d.c. (3-125 mA-cm 2) with superimposed square 
waves of a.c. of various amplitudes and frequencies (0.1-5000 Hz). In the case ofd-c charging, the faradaic conductance goes 
through a maximum at -75 mA-cm 2. The decrease in the faradaic conductance at higher current densities (100 mA-cm 2) is 
related to the formation of dense zinc deposits on the electrode surface. At low d.c. (<30 mA-cmS), superimposition of a.c. 
promotes growth of zinc close to the current collector and results in small amounts of dispersed hexagonal zinc deposits on 
the current collector. Except where dense deposits are formed at high current density, the remainder of the zinc deposit has 
a very fine structure. Pulsed charging at low current densities (<30 mA-cm 2) is beneficial in that it increases the electrode 
faradaic conductance and promotes growth of the zinc deposit close to the current collector. The relaxation time for the 
double layer in pasted zinc electrodes is -50 msec. This indicates that the opt imum frequency for pulsed charging is be- 
tween 1 and 10 Hz. 

Alkal ine  zinc bat ter ie s  can  be designed to e ns ur e  
complete dissolution of the discharge product  in  the  
electrolyte, or provisions can be made to cause pre-  
cipitat ion of the discharge product  in the electrode 
structure.  In  the case of the former, operat ional  prob-  
lems can occur because of the formation of nonad-  
herent  mossy deposits and the growth of nodules and 
dendri t ic  zinc. The problems wi th  second type of elec- 
trode are related to zinc electrode shape change, den-  
sification of zinc, and penetra t ion of zinc through the 
separator  (1). 

In  the past, approaches for stabil izing soluble elec- 
trodes were careful control of the hydrodynamic  con- 
ditions and the use of additives. Promis ing results  
have been obtained using modified charging methods 
(2-6). There is general  agreement  that  pulsed charg- 
ing methods suppress formation of mossy zinc and 
yield a smoother  deposit. In  the case of insoluble 
zinc electrodes, improvement  in  cycle life has been 
obtained by several  electrode and cell design modifica- 
tions. These are modification of cell geometry (1), use  
of additives, improved separators, sealed cell opera= 
tion, and use of a pressure switch cutoff to prevent  
overcharge (7). There have been several  reports on 
the effect of modified charging methods on the ca- 
pacify and life of a lkal ine  zinc batteries. Romanov 
(8) found that  asymmetr ic  current  charging of zinc- 
silver oxide cells improved the cell capacity by as 
much as 20%. This was correlated .with a change in  the  
distr ibut ion of monovalen t  and divalent  si lver in the 
positive electrode (9). In  the case of zinc-nickel  
oxide cells, it was found that  asymmetric  current  
charging suppressed the tendency for zinc dendrites to 
grow into the separator  (10). More reQently, Smi th-  

* Electrochemical Society Active Member. 
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rick (II) investigated the effect of various charging 
wave forms of 120 and 1000 Hz on the performance 
and cycle life of zinc nickel oxide cells. He found little 
or no effect. Wagner (7), on the other hand, has re- 
ported significant gains in cycle life using pulsed 
charging current with frequencies 10 Hz or less. 

This paper reports a study of the effect of super- 
imposed square wave pulses on the charging cur- 
rent for pasted zinc electrodes. The study included an 
investigation of the effect of the charging method on 
the faradaic conductance, potential relaxation phe- 
nomena, and the morphology of the electrode. 

Experimental 
Cell.--Experiments were carried out  in  a small  two- 

electrode zinc=nickel oxide cell with a reference elec- 
trode. A schematic of the cell is shown in  Fig. 1. The 
cell design v~as very  s imilar  to that  described previ-  
ously (12) except the electrodes were circular (diameter 
= 1.27 cm z) and the reference electrode consisted of a 
zinc wire masked with heat  shr inkable  tubing to be-  
low the level of the electrolyte. The zinc electrodes 
were 0.063 cm thick and were made by pressing 200 
mg of a PTFE-bonded  ZnO mixture  (98% ZnO -]- 2% 
PTFE)  onto an expanded s i lver  screen (Exmet Corpo- 
rat ion 5 Ag 12.5-2/0). Prepara t ion  of the ZnO/PTFE 
mixture  is described in detail elsewhere (12). The 
separator system consisted of a 0.127 mm nonwoven 
polyamide felt (Pellon Corporation 2504K4) in abut ta l  
with the nickel electrode. The main  separator was two 
layers of 0.025 mm microporous polypropylene (Cela- 
nese Corporation Celgard 3501). 

Instrumentation.~Most of the exper iments  w e r e  
done using a Stonehart  BC-1200 potentiostat  in the 
galvanostatic mode. The cur ren t  profile could be 
varied by inputs of square wave pulses to the poten-  
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Fig. 2. Cyclic voltommetry for pasted zinc electrodes charged to 
100 mA-hr at various current densities. Current densities ore indi- 
cated on the figure; sweep rate 10 mY/sac. 

Fig. 1. Schematic of experimental zinc-nickel oxide cell 

t ios ta t  f rom a H e w l e t t - P a c k a r d  3325A funct ion gen-  
erator .  Cyclic v o l t a m m e t r y  measurements  were  made  
by  using the poten t ios ta t  in conjunct ion  wi th  a 
Pr ince ton  Appl ied  Research  PAR-175 p rog ramme r  and 
a Soltec 6432 X-YI-Ys  recorder .  The poten t ia l  and  
cu r ren t  wave  forms were  per iod ica l ly  moni tored  on a 
Tek t ron ix  7634 oscilloscope. 

P rocedures . - -The  cells were  we t ted  down wi th  e lec-  
t ro ly te  (8.4M KOH -t- 0.5M LiOH -t- 0.74M ZnO) and 
a l lowed to soak  for  a t  least  2 hr.  The cells were  then  
vacuumed in a bel l  jar ,  us ing a mechanica l  pump,  and 
backfiUed wi th  ni trogen.  CeiLs were  then  charged to a 
capaci ty  of 100 m A - h r  using var ious  cur ren t  regimes.  
Af te r  charging,  cells e i ther  were  used for  cyclic voi t -  
a m m e t r y  measurements  or  were  dissected for  ex -  
amina t ion  by  scanning  e lec t ron microscopy (SEM).  
The cells for the  cyclic vo l t ammet ry  measurements  
were  evacuated  at  the  end of charge to remove gas 
bubbles  and were  backfi l led wi th  ni trogen.  Cyclic vo l t -  
a m m e t r y  measurements  were  made  b y  scanning the 
zinc e lect rode poten t ia l  in a n a r r o w  potent ia l  envelope 
( •  mV) ,  a t  10 mV/sec,  about  the open-c i rcu i t  po-  
tential .  The p repa ra t ion  of zinc samples  for scanning 
e lec t ron microscopy is descr ibed in de ta i l  e l sewhere  
(12). 

Results 
Charging mode and /aradaic conductance of zinc 

electrodes.--The cyclic vo l t ammograms  showed a 
smal l  constant  hysteresis .  The da ta  p resen ted  here  give 
the  average  be tween  the anodic  and cathodic sweeps.  
F igure  2 shows a f ami ly  of cyclic vo l t ammograms  for 
e lectrodes tha t  were  charged to 100 m A - h r  at  var ious  
cur ren t  densit ies.  The slope of  these curves is a mea -  
sure  of the  faradaic  conductance of the  electrode.  
F igure  3 shows tha t  the  faradaic  conductance of the 
e lect rode goes through a m a x i m u m  at a charging cur -  
ren t  dens i ty  of about  75 m A - c m  s. The effect of supe r -  
imposed 60 Hz square  wave  cur ren t  is dependent  on 
the d -c  and a-c  component  of the  current .  At  the 
no rma l  low cur ren t  densi t ies  <30 mA-cm~, used to 
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25 50 75 I00 

D.C. CHARGING CURRENT DENGITY, mA/crn z 

Fig. 3. Forodoic conductance of pasted zinc electrodes vs. charg- 
ing current. 

charge bat ter ies ,  super impos i t ion  of a.c. tends  to in-  
creases t he  fa rada ic  conductance of the  electrode.  A t  
h igher  cur ren t  densit ies,  super imposi t ion  of a.c. de -  
creases the  fa rada ic  conductance.  These t rends  are  
shown in Fig. 4. F igure  5 is a set of  cyclic vo l t ammo-  
grams on electrodes charged at  76.8 mA-cm2 wi th  an 
a -c  cur ren t  of 19.1 m A - c m  s of various frequencies  
super imposed  on it. The fa rada ic  conductance is de -  
penden t  on f requency  and goes th rough  a m a x i m u m  in 

I ~ t D.C. mA/cm~ 1 o A 6,4 
8 19.1 

. ~  C 58,4 | 
~E D 76'8 / 

,-, o t 1 
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R.H.3 A C CURRENT DENSITY, mA/crrP 

Fig. 4. Dependence of faradaic conductance on the a-c com- 
ponent of the charge for various d-c charging current densities. 
The a.c. was a square wave of 60 Hz. 
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Charging mode and zinc electrode morphology.--For 
d-c charging currents of <75 mA-cm2, the zinc had a 
very finely divided morphology like that shown in 
Fig. 7. At higher current densities (,~60 mA-cm2), 
the only difference observed was some open areas in 
the deposit, such as those shown in Fig. 8. At very 
high current densities (~100 mA-cm2), the zinc 
tended to form a metallic skin on the electrode surface 
in abuttal  with the separator. Some areas on the elec- 
trode surface were dense, as shown in Fig. 9. 

Superimposition of a-c square waves produced a 
number of differences in the zinc distribution in the 
electrode and in the morphology. When a-c square 
waves were superimposed on low d-e charging cur-  

OVE RPOTENTIAL~ mV 

Fig. 5. Effect of frequency of the a-c component of charge on 
the electrode polarization. The d-c current was 76.8 mA-cm ~, and 
the a-c current was 19.1 mA-cm ~. Frequency of the current square 
wave is shown on the figure. 

the vicinity of 60 Hz. At  1000 Hz, the effect of superim- 
posed a.c. disappears completely. 

Relaxation phenomena in zinc electrodes.--Figure 6 
shows potential  relaxation phenomena in a zinc elec- 
trode that  was charged to a capaciy of 50 mA-hr  at a 
current density of 5.0 mA-cm2. In the relaxation 
s~udies, a 5.0 mA-cm ~ square wave of various fie- 
quencies was applied to the d-c component. Both po- 
tential and current were recorded on oscillograph 
traces. The results in Fig. 6 show that the current 
trace was an undistorted square wave. Significant po- 
tential relaxation was observed only at low fre- 
quencies (<15 Hz). At frequencies of 200 Hz or 
greater, the potential relaxation phenomenon disap- 
peared completely. 

Fig. 7. Electrode charged at 6.4 mA-cm 2 to a capacity of 100 
mA-hr, 

Fig. 6. Oscilloscope truces of the current (square wave) and po- 
tential on a pasted zinc electrode that had been charged to S0 
mA-hr at 5 mA-cm 2. The center horizontal line of the oscillograph 
was zero for both current end potential. Potential is displayed on 
top curve (5 mV/dlvisiun) and current is displayed on the bottom 
square viave (10 mA/division). Tests were at 5 mA-cm 2 d.c./5 
mA-cm 2 a.c.; (A) 5 Hz, (B) 12 Hz, (C) 60 Hz, (D) 200 Hz. 

Fig. 8. Scanning electron microgruph of the zinc deposit in a 
posted zinc electrode charged at 60 mA-cn~ to a capacity of 100 
mA-hr. 
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Fig. 9. Scanning electron micmgraph of  a dense portion of the 
zinc deposit on the surface of a pasted zinc electrode charged at 
100 mA-cm 2 to a capacity of 100 mA-hr. 

rents  (<~30 mA-cm2) ,  most  of the zinc deposi t  was in 
the v ic in i ty  of the  cur ren t  collector.  A t  the  end of 
charge, the e lectrode surface  in contact  wi th  the sepa-  
r a to r  was s t i l l  most ly  whi te  zinc oxide. The bu lk  of the  
zinc deposi t  was of a finely d iv ided  na tu re  and ap -  
pea red  ident ical  to tha t  shown in Fig. 6. When  a -c  
square  waves  were  super imposed,  addi t ional  smal l  
amounts  of dispersed crys ta l l ine  zinc deposi ts  were  
formed on the s i lver  cur ren t  collector.  These had  a 
wel l  defined hexagona l  c rys ta l l ine  morpho logy  as 
shown in Fig. 10. Extens ive  invest igat ions  were  made  
on electrodes charged at  6.4 m A - c m  2 d.c. wi th  a 6.4 
m.A-cm~ a -c  square  wave  super imposed  on it. Crys ta l -  
l ine deposi ts  were  observed on the cur ren t  col lector  a t  
f requencies  be tween  1 and 1000 Hz. No crys ta l l ine  de -  
posits were  found at  O.1 and  5000 Hz. Charging r e -  
gimes of 60 Hz, for  which  these localized crys ta l l ine  
deposi ts  on the  cur ren t  collector  were  found, were  3.1 
m A - c m  ~ d.c./3.1, m A - c m  s a.e., 6.4 mA-cm2 d.c./6.4 
m A - c m  2 a.c., 15 m A - c m  2 d.c./15 m A - c m  2 a.c., 30 m A -  
cm 2 d.c./15 m A - c m  2 a.c., 60 m A - c m  2 d.c./20 m A - c m  2 
a.c. At  high d -c  cur ren t  densi t ies  (100 mA-cm2) ,  su-  

Fig. 10. 5canning electron micregraph of the zinc deposit in a 
pasted zinc electrode charged ot 6.4 mA-cm 2 d.c. end 6.4 mA- 
cro 2 a~c. to a capacity of 100 mA-hr. (A) The crystalline deposit 
on the horizontal silver strand can be seen at the center of the 
micrograph; (B) is the same deposit at higher magnification. 

per imposi t ion  of a.c. d id  not  p roduce  these crys ta l l ine  
deposi ts  or  any  o ther  de tec table  change in zinc mor -  
phology.  

Discussion 
Charging processes in pasted zinc electrodes.raThe 

mechanism of charging pas ted  zinc electrodes is s t i l l  a 
moot  point.  Hlad ik  and Schwabe (13) concluded that  
reduct ion  occurred p r edominan t ly  by  the d i rec t  r educ-  
tion of zinc oxide.  These resul ts  were  d i sputed  by  
Drazic and Nagy  (15) on the basis of invest igat ions  
of s ing le -c rys ta l  zinc oxide  in z incate  electrolytes .  
They concluded tha t  d i rec t  reduct ion  contr ibutes  only 
about  2% to the  overa l l  reduct ion  and that  the r e -  
ma inde r  of the  deposi t ion was vi~a the soluble zincate  
in te rmedia te .  Direct  reduct ion  of ZnO has been r e -  
por ted  in pe rch lora te  e lec t ro ly tes  (15, 16). More re -  
cent  resul ts  indicate  tha t  the reduct ion of zinc oxide  
films on zinc occurs via a so l id-s ta te  mechanism in 
d i lu te  KOH (0.1M) and via the  zincate in te rmedia te  in 
more  concent ra ted  KOH (2.5M) (17). I t  was also 
found tha t  the ra t io  of the amount  reduced  via  the  
so l id - s ta te  react ion or  via  the soluble  in te rmedia te  
could be a l t e red  b y  the addi t ion of organic  addi t ives  
(18). Cyclic v o l t a m m e t r y  s tudies  (12) indicate  tha t  
some cathodic process occurs on the first charge of a 
pas ted  zinc electrode,  a t  about  400 mV posi t ive to the  
revers ib le  zinc potenti~al. This process is not seen 
when cyclic v o l t a m m e t r y  is car r ied  out  on the s i lver  
cur ren t  col lector  in zincate  e lec t ro ly te  wi th  no zinc 
oxide  pas te  present .  I t  would appea r  then tha t  the r e -  
act ion process in pas ted  zinc electrodes is qui te  differ-  
en t  f rom that  found in a zincate  solution. Direct  r e -  
duct ion of zinc oxide mus t  somehow be involved.  
PuLsed charging could affect the  degree  of d i rec t  
reduct ion of zinc oxide and, as has been shown (6),  
the  morphology  of zinc formed by  the  reduct ion of 
zincate. 

Faradaic conductance and electrode morphology.-- 
One sal ient  aspect  of the zinc morpho logy  in zinc 
e lect rodes  charged  wi th  d -c  cur ren t  is the ve ry  fine 
s t ruc ture  of the zinc deposit .  The s t ruc ture  is even 
finer than  tha t  found for mossy deposi ts  in zinca~e 
electrolyes at  low overvol tages  (6).  The resul ts  in Fig. 
2, 3, and 7-9 indicate  tha t  the charging cur ren t  densi ty  
effects both  the  fa rada ic  conductance and  the zinc 
morphology.  Below a charging c u r r e n t  of 75 m A - c m  2, 
there  was no de tec table  change in the mic ros t ruc tu re  
of the  deposit.  The increase  in fa rada ic  conductance 
on going f rom a charging cur ren t  of 6.4-75 m A - c m  2 
could only  be a t t r ibu ted  to the open spaces (Fig.  8) 
which impar t  some macroporos i ty  to t h e  e lect rode 
s t ructure .  The decrease  in the faradaic  conductance at  
ve ry  high cur ren t  densi t ies  (~75 m A - c m  2) is due to 
the  fo rmat ion  of dense low surface a rea  zinc on the 
e lect rode surface (Fig.  9). 

E~ect oS a.c. on Iaradaic conductance and e~ectrode 
morphologg.--No appa ren t  affect of a.c. on the fine 
s t ruc ture  of the bu lk  of the deposi t  could be detected.  
However ,  visual  observat ions  indica ted  tha t  super im-  
posi t ion of a.c. on low d -c  cur ren t  densi t ies  (<30 m A -  
cm 2) resul ted  in growth  of most  of the deposit  close 
to the  cur ren t  collector.  This m a y  be due to the in-  
crease in nuclea t ion  ra te  of zinc that  is expected  on 
superimposition of a-c square waves (19). The con- 
centration of zinc close to the current collector fur- 
nishes extra space and reducible material in front 
of the zinc deposit and reduces the polarizability of 
the electrode. 

The isolated hexagonal crystalline deposits (Fig. 10) 
that are found on the superimposition of a.c. are only 
found as adherent deposits on the strands of the ex- 
panded metal current collector. These deposits are 
very  s imi lar  to those found on imposi t ion of an a l t e r -  
na t ing  po ten t ia l  square  wave  at  low overvol tages  in 
zincate e lec t ro ly tes  (6). This would indicate  that  these 
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crystalline deposits are due to the reduction of zincate 
onto the current collector. 

Deposit morphology at high current density.EThe 
dense deposit morphology on the electrode surface at 
high current densities (~100 mA-cm2) is probably 
due to the reduction of zincate that migrates in from 
the pores of the separator. High overvoltages are 
known to promote a more dense deposit from zincate 
electrolyte (6), Superimposition of a.c. has little 
effect. This is also the case in zincate electrolyte at 
high overvoltages. Actually, one analysis predicts a 
decrease in the nucleation rate at high overvoltages 
for superimposition of a.c. of large amplitude (19). 
Thus, in such a case, superimposition of a.c. might 
even lead to more dense deposits. 

E~ect of frequency.--It is known that the smearing 
effect of the double layer on the potential can elimi- 
nate the effects of pulsating current on metal depo- 
sition (20, 21). The results in Fig. 6 indicate that it 
takes ~50 msec for discharge of the double layer in 
a half-charged zinc electrode. Thus, the most bene- 
ficial effects are expected at frequencies of 10 Hz or 
less. This is in agreement with the findings of Wagner 
(7) who uses a pulsating current regime of about 5 
Hz to achieve long cycle life in zinc-nickel oxide cells. 
The beneficial effect of pulse charging disappears at 
low frequency (0.1 Hz) because one approaches the 
d-c case. At high frequencies, the smearing effect of 
the double layer capacitance prevails. This would 
explain the absence of any major effects in the work 
of Smithrick (11) at high frequencies. 

Pulsed charging and the mechanism of zinc deposi- 
tion.EIn previous work on zinc deposition from 
zincate electrolyte, it was found that pulsed charging 
could result in compact hexagonal zinc deposits, even 
on stationary zinc electrodes in quiescent electrolyte. 
If deposition in pasted electrodes was via a zincate 
mechanism one would expect some pulse charging 
regime to yield a completely hexagonal crystalline 
deposit. However, only scattered localized crystalline 
deposits were found on the current collector. This 
would indicate that the direct reduction of ZnO is 
dominant. With d-c charging, the mossy zinc deposited 
via reduction of zincate is indistinguishable from the 
fine deposit from ZnO reduction. Application of a.c. 
converts the mossy deposit to hexagonal platelets and 
leaves the direct reduction of ZnO unaffected except 
for the tendency of most of the deposit to be formed 
adjacent to the current collector. 

Pulse charging and battery cycle life.--The works 
of Wagner (7) and Romanov (10) indicate that some 
pulse charging regimes inhibit the growth of zinc 
dendrites into the separator and improve cycle life. 
This effect is most probably due to the redistribution 
of zinc that occurs on superimposition of pulses. The 
zinc deposit is adjacent to the current collector, and 
the part of the electrode in contact with the separator 
is largely zinc oxide. This furnishes a reservoir of 
reducible material that prevents concentration polari- 
zation and the concomitant formation of dendritic 
deposits in the separator (22). In addition, at low 
current densities, superimposition of a.c. increases the 
faradaic conductance. This improves the electrode 
performance, particularly at high rates of discharge, 
and also improves the useful life of the cell by 
mitigating capacity fading effects due to densification. 

This work shows that superimposition of a-c. can 
induce many effects during the first charge of pasted 

zinc electrodes in a zinc-nickel oxide cell. Further 
work is necessary to elucidate the effect of such 
charging during prolonged cycling of cells. 
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Statistical Analysis of Lithium Iron Sulfide Status Cell Cycle Life and 
Failure Mode 

E. C. Gay,* J. E. Battles, and W. E. Miller 
Argonne National Laboratory, Chemical Technology Division, Argonne, Illinois 60439 

ABSTRACT 

Groups of 12 or more identical Li-alloy/FeS cells fabricated by Eagle-Picher Industries,  Incorporated and Gould Incor- 
porated were operated at Argonne National Laboratory  in the status cell test  program to obtain data for statistical analysis of 
cell cycle life and failure modes. The cells were full-size electric vehicle battery cells (150-350 A-hr capacity) and were cycled 
at the 4 hr discharge rate and 8 hr charge rate. The end of life was defined as a 20% loss of capacity or a decrease in the 
coulombic efficiency to less than 95%. Seventy-four cells (6 groups of identical cells) were cycle life tested, and the results 
were analyzed statistically. The ult imate goal of this analysis was to predict  cell and battery reliability. Testing of groups of 
identical cells also provided a means of identifying common failure modes which were el iminated by cell design changes. 
Mean t ime to failure for the cells based on the Weibull dis tr ibut ion is presented. Post-test  examinat ions determined the 
causes of failure in each cell group, and corrective actions are discussed. 

F o r  the  pas t  s eve ra l  years ,  L i -A1 /FeS  cells for  
e lect r ic  vehicles have  been deve loped  at  Argonne  
Nat ional  Labora to ry  (ANL) and its indus t r ia l  sub -  
contractors  (Eag le -P iche r  Industr ies ,  Incorpora ted  and  
Gould Incorpora t ed ) .  The pe r fo rmance  goals of these 
cells a r e  (i) h igh  re l iabi l i ty ,  (ii) a specific energy  of 
125 W - h r / k g  at  the  3 hr  rate,  and (i/i) peak  specific 
power  of  185 W / k g  at  50% charge.  Progress  in the  
fabr ica t ion  and deve lopment  of cells t oward  ach iev-  
ing  these  goals was de te rmined  by  life tests at  ANL 
for  groups of 12 or  more  ident ica l  s t a t e - o f - t h e - a r t  
ce l l s  ("status" cells) suppl ied  b y  each contractor .  These  
cells were  opera ted  to obta in  da ta  for  s ta t is t ical  
analysis  of cell cycle life, performance,  and fa i lure  
modes.  

The m a j o r  task  confronted in the  cycle l ife s tudy 
was to assess the  app l i cab i l i ty  of a selected s ta t i s t ica l  
model  on the basis of the  given data.  This was ac-  
complished using two approaches:  p robab i l i t y  p lo t -  
t ing and analysis  of  the da ta  using the W- te s t  and 
the Ko lmogorov -Smi rnov  s ta t is t ica l  t e s t  for  good-  
ness of fit (1, 2). Based on these tests, the  Weibul l  
d is t r ibut ion  p rov ided  a n  adequa te  represen ta t ion  of 
the data .  The Weibul t  d is t r ibut ion  is wide ly  used in 
engineer ing prac t ice  because of its versat i l i ty .  The 
p robab i l i t y  dens i ty  funct ion for the  Weibul l  d i s t r ibu-  
t ion has a va r i e t y  of shapes (1).  In  par t i cu la r ,  when  
the Weibul l  slope, b, is g rea te r  than  one, the  Weibul l  
p robab i l i t y  dens i ty  funct ion is s ing le -peaked ;  for b < 
1, the  p robab i l i t y  dens i ty  funct ion is reverse  J - shaped ;  
for  b = 1, the  Weibul l  d is t r ibut ion  is equiva lent  to 
the  exponent ia l  d is t r ibut ion.  The pr inc ipa l  use of the  
WeibuU dis t r ibut ion  is in the field of l ife phenomena.  
The end of l ife for  the  s ta tus  cells was defined as a 
20% loss of  the  ini t ia l  s tabi l ized capac i ty  or a de-  
crease to less than  95% coulombie efficiency. A t t empt s  
to develop  sel~arate s tat is t ics  for  these  two end-o f -  
l ife events  showed tha t  t hey  reflected common life 
factors.  In  a l l  bu t  one case (Gould  Group I cells shown 
in Table  I ) ,  a s ingle  Weibul l  slope p rov ided  the best  
corre la t ion  of  the  cycle  l i fe  data.  Analys is  of the  
cycle l ife da ta  also ind ica ted  tha t  the  mean  t ime to 
fa i lure  (MTTF) for  the  s ta tus  cell  groups would  be 
increased subsi :ant ia l ly  if the  end-of - l i f e  cr i ter ia  were  
changed to 30% loss of in i t ia l  s tabi l ized capaci ty  or  
a decrease  to 90% coulombic efficiency. 

T h e  cells fabr ica ted  by  Eag le -P i che r  contained 
Li-A1 negat ive  electrodes and BN-fe l t  separa tors  and 
were  filled wi th  e lec t ro ly te  b y  a vacuum infi l t rat ion 
technique;  cel ls  fabr ica ted  by  Gould conta ined Li-A1- 
Si negat ives  and MgO powder  separators ,  and em-  
phasis  was p laced  on the  s t a rved  e lec t ro ly te  cell  de -  

. Electrochemical Society Active Member. 
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sign. The  s t a rved  e lec t ro ly te  cell  des ign conta ined 
insufficient e lec t ro ly te  to fill the  voids in the  as-  
fabr ica ted  e lect rodes  and separators .  Elec t ro ly te  pow-  
der  was mixed  wi th  powdered  active mater ia l s  for  
the  electrodes or  wi th  MgO powder  for the  separa tors  
and  pressed to fo rm plaques  for assembly  into the  
cells. The in i t ia l  volume percen t  gas in the cell  c o m -  
ponent s  for  the  solid s ta te  of the  e lec t ro ly te  was 12% 
for the  posi t ive electrodes,  14% for the  negat ive  
electrodes,  and 5% for the  separators .  The construct ion 
of the s tatus cells was descr ibed in a previous  r epor t  
(3 ) .  

Statistical Analysis of Cycle Life 
In ea r ly  1980, Eag le -P iche r  fabr ica ted  14 L i -A1/FeS  

mul t ip l a t e  cells (Group  I)  which had  a specific energy  
of 71 W - h r / k g  at  the  4 h r  discharge ra te  and peak 
power  at  50% discharge of 55 W/kg .  These somewha t  
low values  were  the resul t  of the  use of ve ry  h e a v y  
components  in the e lec t rode  s t r u c t u r e s ;  these com- 
ponents  have  since been s ignif icant ly reduced in 
weight .  The Group I cells showed ve ry  stable capaci ty  
(Fig. l )  wi th  an average  decl ine ra te  of 0.03% per  
cycle and an MTTF of  410 cycles. The Weibul l  s lope 
for  these cells was 2.9. 

Subsequent ly ,  three  addi t iona l  s ta tus  cell groups 
(Group  I l l ,  VI, and IX cells) were fabr ica ted  by  
Eag le -P i che r  and tes ted a t  ANL.  As shown in Table  
I, the  average specific energy for  a l l  cell groups was 
71-94 W - h r / k g  at  the  4 h r  discharge ra te  wi th  an 
average  decl ine ra te  of 0.03% per  cycle. The average  
peak  specific power  was 55-80 W / k g  at  50% charge.  
The Weibul l  s lope was 1.4-3.2 and the MTTF was 138- 
410 cycles. The Group IX cells showed no cell  fai lures 
unt i l  ,about 200 cycles (Fig. 2) as did  the  ea r l i e r  
Group  I cells. The Group  IX cells, however ,  showed 
an improvemen t  in the  specific energy and specific 
power  to 90 W - h r / k g  at  the 4 hr  ra te  and 80 W / k g  
at  50% charge.  With in  the range  tested,  460~176 
the per formance  of the E a g l e -P i c he r  cells was in-  
dependen t  off temperature .  

The MTTF for  the second group of Gould s ta tus  
cells wi th  MgO powder  separa tors  is shown in Fig. 3 
for  different  opera t ing  tempera tures .  The MTTF at 
455~ (the opera t ing  t e m p e r a t u r e  r ecommended  by  
Gould)  was 268 cycles. Subsequent  opera t ion  at h igher  
t empera tu res  increased the MTTF to 330 cycles be -  
fore  the  loss of in i t ia l  s table  capaci ty  exceeded 20%. 
The Weibul l  slopes for these  cells were  3.1 at 455~ 
and 2.9 at  the  h igher  t empera tu re .  The specific energy 
of these cells was 80 W - h r / k g  at  the  4 h r  rate.  The 
capac i ty  decl ine was 0.08% per  cycle at  455~ and 
0.06% per  cycle over  the range  455~176 A + 5  o 
t e m p e r a t u r e  increase  f rom the base  t e m p e r a t u r e  
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Table I. Summary of Li/FeS cell performance tests at ANL 

Gould MK II 
status cel ls  Eagle-Picher MK II status cel ls  

l II Group I Group III Group VI Group IX 

No. of cel ls  in group 
Theo capacity, A / h r  
Avg operating temperature,  "C 
Avg peak capacity, A / h r  
Std deviation in peak capacity, • 
Avg  specific energy,  W-hr /kg  
Peak specific power,  W / k g  

12 12 14 12 12 12 
194 194 360 394 394 894 
465 s e e b e l o w  465-475 475-490 470-480 465 
158 157 288 294 347 346 
4.5 3.2 5.2 6.6 0.9 2.1 
74 80 71 81 94 90 
70 70 ~ 55 74 80 

Temperature, 

Cycle li~e a 
High/ low,  cycles  307/14 
Mean t ime to fai lure,  cycles  218b/26 b 
Weibull  s lope 2.0/3.4 

Avg  capacity loss rate,  % per  cycle 

455 455475 

4671121 542/158 1031/238 908/23 201/100 517/193 
268 330 410 362 138 345 
3.1 2.9 2.9 1.4 2.1 3.2 
0.08 0.06 0.032 0.027 0.045 0.024 

, End of life defined as  20% capacity loss or decrease  in coulombic efficiency to < 95%. 
b Correlated as five and seven cell  groups s ingle  group correlat ion not  possible. 

Cells run initially at 455~ to 20~  capacity loss, temp then increased m 5" steps. 

(455~ was just  as effective in restoring cell capacity 
as a +10~ increase, and when capacity again de-  
d ined  after the initial temperature change, subse- 
quent temperature change had little effect. The tem- 
perature  sensitivity of these cells may be at t r ibuted 
to the use of 22 mol percent (m/o) LiF-31% LiCl-47% 
LiBr electrolyte in the cells. This salt has a liquidu$ 
temperature of 445~ compared to the 425~ mp of 
the LiCI-KC1 salt used in the Eagle-Picher cells. These 
cells showed a large improvement over the first 
group of status cells with MgO powder separators 
(Table I) .  Figure 3 basically shows that the Gould 
cells failed by capacity loss; in fact at 455~ all of 
the failures were by this route. 

Testing of all of the status cells shown in Table I 
has been completed. The statistical significance of 
the status cell tests is shown in Table II and was 
determined by comparing the Weibull distribution 
mean lives for the cells. At confidence levels between 
90-99%, i t  was concluded that, with respect to longer 
cycle life, Gould Group II was better  than Group I, 
Eagle-Picher Group I was bet ter  than Groups VI and 
IX, and Group IX was bet ter  than Group VI. 

Uniformity in cell performance for all cell groups 
was also assessed. The standard deviation in peak 
capacity among cells in the groups is shown in Table 

I. For  both contractors, this has decreased with time, 
showing an improving control of the cell manufactur-  
ing process. 

One objective of the status cell program was  to 
forecast the rel iabil i ty of Li-alloy/FeS cells in bat- 
teries. It was assumed in the statistical analysis that 
no new factors are brought to bear on the cycle life 
of cells operated in a bat tery  compared to the opera- 
tion of single cells. This assumption appeared va l id  
in the testing of these cells based on the manner in 
which the cells are clamped between constraining 
plates to prevent volume increase during cycling. The 
constraining techniques are near ly  identical for 
single-cell  and multiple-cell  testing in a battery. 
Forecasts of cell failures in 10-cell modules are shown 
in Table III. Based on the two 10-cell modules tested 
to date which contained cells identical to status cells 
tested in the program, it was concluded that  at a 
95% confidence level, the projected number of cell 
failures shows good agreement with the measured 
number of cell failures. 

Cell Failure Modes 
Post-test  examinations, which have been an im- 

portant par t  of the Li -a l loy/FeS bat tery development 
program, have provided valuable information for 
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Table II. Statistical significance of status cell tests 

Eagle-Picher a 
Gould a 

Groups b II/I Q I/III I/VI I/IX IX/VI III/IX 

Combined de- 
grees of free- 
dom 44 143 

Mean-life ratio 1.5 1.1 
Weibull slope 2.9/1.6 2.9/1.4 
COnfidence level,  

% 95 --~ 
Best ceil group 

in comparison 
test II -- 

143 143 122 122 
3.0 !,2 2.6 1.02 

2.9/2.1 2.9/3.2 3.2/2.1 1.4/3.2 

> 99 > 90 > 99 _ d 

I I IX ~ d  

, Gould cells have MgO powder separators; Eagle-Picher cells have BN-felt separators. 
b Significance test  was based on mean-life ratio of indicated groups of s tatus cells. 
c Based on five MgO powder separator cells with  mean  t ime to failure of 218 cycles. 
a Undetermined; statistical tables needed for this analysis were  uot generated.  

Table III. Forecasts of Li-alloy/FeS battery cycle life 

Sample 
mean Projected number 
l i f e  to of cell fai lures  a 

Designation of failure, Weibull 
s ta tus  eells cycles siope Cycles Low High 

Measured 
number 
of cell 

failuresb 

Cycles No. 

EPI Group IX 345 3.2 200 0 5 
300 1 7 
400 4 10 

Gould Group II 330 2,9 200 O 4 
300 1 8 
400 4 10 

EPI Group HI 362 1.4 200 0 7 
300 2 10 " 
400 4 10 

EPI Group VI 138 2.1 100 0 7 
150 3" 10 
200 6 l0 

225 I 

90 1 
110 2 
130 3 

a Cycle life data were analyzed using the Weibull distribution, 
and calculations were based on the 95% confidence level for 10- 
cell modules. 

b 10-ceU modules with cells similar to the indicated status cells. 

r ecommenda t ion  on designs to achieve improved  cell  
pe r fo rmance  and re l i ab i l i ty  and for the  selection of 
mater ia l s  (4, 5). The ma jo r  objec t ive  of the  post -  
test  examinat ions  has been the de te rmina t ion  of cell  
fa i lure  mechanisms.  Other  object ives  are  the de te r -  
mina t ion  of the  e lectrode mieros t rueture ,  the dis-  
t r ibut ion ,  uni formity ,  and ut i l izat ion of act ive ma-  
terials ,  and the in -ce l l  corrosion of cur ren t  col lector  
mater ia ls .  These pos t - tes t  examinat ions  include me ta l -  
lography,  chemical  analysis,  x - r a y  diffraction, ion and 
e lec t ron microprobe  analysis ,  and scanning e lec t ron  
microscopy.  Because the  cell  mater ia l s  (LiCI-KC1, 
LiA1, and Li~S) react  r ap id ly  wi th  the ambien t  a tmo-  
sphere,  a unique  he l ium a tmosphere  faei l i ty  was con- 
s t ructed for the  pos t - tes t  examina t ion  of cells (5). 
The resul ts  p resented  in this paper  pe r ta in  to the 
fa i lure  analysis  of Eag le -P iche r  and Gould status cells. 

The fa i lure  analysis  has been completed  for the  
Eag le -P i che r  Groups  I, III,  VI and IX status cells, 
and the fa i lure  modes are summar ized  in Table  IV. 
In a l l  cases, fa i lure  has been b y  an e lect r ica l  short  
c ircui t  be tween  opposing electrodes,  which is indica ted  
by  a decl ine in the coulombie effieieney. 

Table IV. Failure analysis of Eagle-Picher status cells 
Groups I, III, VI, and IX 

Failure mechanisms Number 

Li.AI protrusions across BN-felt separator 26 
Extrusion of active material  from ruptures in the  

electrode edge retainers 9 
Short circuit  in feedthrough 1 
Assembly difllculty 3 
Other 3 
Not identified 3 
Not examined 8 

TOTAL - 50 

Two ma jo r  fa i lures  have been identif ied for the  
Eag le -P i che r  s ta tus  cells. The first is the format ion  
of L i - A l  prot rus ions  tha t  pene t ra te  the BN-fe l t  s epa -  
ra tor  and contact  the  posi t ive electrode.  A typica l  
example  of a prot rus ion,  wi th  the  porous s t ruc ture  
typ ica l  of the negat ive  electrode,  is shown in Fig. 4. 
This fa i lure  mode was most p reva len t  in Groups  
III, VI, and  IX cells (23 of 36 cells fa i led by  this mode), 
and i t  coincided wi th  changes in methods  o f  cell  as-  
s embly  and p r e t r e a tme n t  of BN-fe l t  separators ,  i.e., 
presen t  BN felts  are sa tu ra t ed  wi th  magnes ium acetate  
or ni t ra te ,  compressed,  and then pyro lyzed  before  as- 
sembly;  previous  felts  were  un t rea ted  and compressed 
dur ing  cell  assembly.  Al though the mechan i sm for 
the format ion  of L i - A l  prot rus ions  has not been com- 
p le te ly  elucidated,  recent  s tudies have shown they  
can be p reven ted  by  s imple  mechanica l  design 
changes. The MTTF for Group IX cells was s ig-  
nif icantly ex tended  over  that  of Group VI cells, 
MTTF of 345 cycles compared  to 138 cycles; this was 
accomplished by  reducing the size of the openings in 
the  photoetched re ta iner  screens, i.e., f rom 0.33 to 
0.23 m m  diam. Pos t - t es t  examina t ion  of Group IX 
cells showed that  a l though the fai lures  were  caused 
by  protrusions,  the number  of prot rus ions  was 
cons iderably  less than  tha t  observed in Group VI 
cells. Addi t iona l  cell  tests have shown that  pro t rus ion  
format ion  can be comple te ly  p reven ted  by incorpora t -  
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Fig. 3. Life test for Gould second MgO powder separator status 
cells. 
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Fig. 4. Penetration of Bbl-felt separator by an Li-AI protrusion 

Fig. 6. Penet~fion of M$O powder separator by active material 
from the positive electrode. 

Fig. 5. Cell failure caused by extrusion of positive material 

ing a fine mesh screen (200 mesh) inside the normal 
photoetched retainer screen. 

The second major cause of short-circuit  failures in 
Eagle-Picher status cells was the extrusion of active 
material  at the edge of the electrodes. An example of 
this failure mode is shown in Fig. 5 where the posi- 
tive electrode material  has extruded through a rupture 
in the edge retainer and contacted the negative elec- 
trode. This failure mode, which was caused by in- 
adequate mechanical restraint  at the electrode edges, 
was the predominant cause of short-circuit  failures in 
Group I cells (9 of 14 cells in ,this group failed by 
this mode).  No addit ional extrusion failures have 
occurred since a U-shaped channel was added to re-  
inforce the mechanical restraint at the edges of both 
electrodes. The formation of Li-A1 protrusions was 

Table V. Failure analysis of Gould status cells 
Groups 1 and 2--MgO powder separators 

Failure mechanisms Number  

Separator penetrated by positive 9 
electrode material 

Short circuit in feedthrough 2 
Capacity decline 2 
Not examined 11 

TOTAL 24 

observed in Group I cells, and three cell failures were 
caused by these protrusions. 

Post-test  examination of the two groups of Gould 
status cells showed only a single mechanism for the 
internal  short-circuit  failures. The failure modes are 
summarized in Table V. Two cell failures were 
caused by short circuits in the electrical feedthroughs. 
Although all of the cells in the first group and most of 
the cells in the second group failed because of capac- 
i ty loss, cell operation was continued to the point of 
short-circuit  failure (coulombic efficiency decline) ex-  
cept for two cells in the first group. In these cells, 
the predominant  failure mode was short circuits 
caused by complete penetration of the MgO powder 
separator by active material  f rom the positive elec- 
trode as shown in Fig. 6. The material  from the 
positive electrode compressed the MgO powder, and 
its i r regular  advance resulted in numerous localized 
penetrations which eventually contacted the negative 
electrode (,-~300-500 cycles). This failure mode occurs 
because the mechanical properties.of the present MgO 
powder separators are inadequate for the contain- 
ment of the positive electrode material.  Elimination 
of this failure mechanism requires substantial im- 
provements in the mechanical properties of the powder 
separator /retainer  system. 

Conclusions 
The statistical model for evaluating cell perform- 

ance has been verified and found applicable on the 
basis of experimental  resuRs. The failure mechanisms, 
which result in short circuits, have been identified 
for Li-A1/FeS cells that use both BN-felt  and MgO 
powder separators. 
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The Influence of Smoke and Isobutane on Corrosion in Sulfur Dioxide- 
Polluted Environment 

J. B. Johnson, B. S. Skerry, and G. C. Wood 

Corrosion and Protection Centre, University of Manchester Institute of Science and Technology, Manchester, England 

ABSTRACT 

Specimens of iron, zinc, and a luminum were exposed  to an air a tmosphere containing 3000 -+ 500 ppm CO~, at 298 - 0.5 K 
and 97 - 2% relative humidi ty  for t imes up to 200 hr. To this a tmosphere  could be added  separately or in combinat ion 3.5 
ppm SO2, 60 vpm isobutane, and smoke at 160 or 360/~g m -~. Corrosion was enhanced by SO2 or smoke in all cases, and by 
isobutane plus SO2 in the case of a luminum and zinc. In  contrast, isobutane as a single pollutant  slightly inhibi ted the corro- 
sion of each metal, and the corrosivity of SO2 in the case of iron. Possible mechanisms concerning the observed effects of 
smoke and isobutane are suggested. These include corrosion promotion by smoke via an enhancement  of the microclimate 
activity of water and sulfur dioxide, and corrosion inhibit ion by isobutane via competi t ive reactions with water molecules. 

Indus t r ia l  h igh ly  pol lu ted  a tmospheres  contain  m a n y  
substances,  the sources of which include the combus-  
tion of fossil fuels. Such combust ion produces  su l fur  
dioxide and smoke and, whi le  the corrosion associated 
with the presence of sul fur  dioxide has been, and 
s t i l l  is, ex tens ive ly  s tud ied  (1-7) ,  in compar ison  less 
research has been ca r r i ed  out  on the corros ivi ty  of 
smoke part ic les .  This s i tuat ion exists  in spite of the 
fact tha t  the research  car r ied  out on carbon par t ic les  
has shown tha t  such ma te r i a l  has an adsorpt ion  ca-  
pac i ty  for  both wa te r  and su l fur  dioxide,  s t rongly  
catalyzes  the cathodic reduct ion  of oxygen  and has 
an enhancing  effect on the corros iv i ty  of su l fur  d ioxide  
(2, 8-10). 
However, industrially produced smoke particles will 

differ from carbon particles both physically and 
chemically. Smoke particles are generally less than 
10-7m diam and will be associated with sorbed ma- 
terials, such as moisture, sulfur dioxide, and hydro- 
carbons (11). Clearly then, in order to study the cor- 
rosivity of industrial smoke particles, the action of 
moisture, sulfur dioxide, and laboratory produced 
"clean" smoke should be assessed as individual pol- 
lutants and in various combinations. The overall action 
of industrial smoke particles may then be interpreted 
by recourse to knowledge of the actions and possible 
interactions of the particle components. This paper 
addresses itself to a preliminary investigation using 
this approach, with the high concentrations of carbon 
dioxide, sulfur dioxide and smoke that can be found 
in the proximity of fossil fuel combustion emissions. 
Many hydrocarbons are present in the atmosphere, 
(12, 13), the sources of which include combustion ~)ro- 
cesses, biological, and geothermal activities. Isobutane 
is a relatively abundant trace uollutant, up to 35 pnb, 
(14), and was chosen to be studied because of possible 
reactivity due to its polar character, (15). 

Experimental Procedure 
An atmospheric test chamber (16, 17) was used in 

which the environmental temperature and humidity 
were controlled at 298.3 • 0.5 K and 97 • 2%, respec- 

Key words: metals, particles, mobil i ty ,  a tm osp h e r e .  

t ively ,  whi le  the air  env i ronment  included 3000 _ 500 
ppm of carbon dioxide.  Fur the r ,  when required ,  3.5 -*- 
0.5 p p m  of su l fur  dioxide,  l abo ra to ry  p roduced  smoke  
at concentra t ions  of 160 and 360 ~g m -3, and  60 _ 10 
vpm (volumes pe r  mi l l ion  volumes of a i r )  i sobutane 
could be in t roduced into the  chamber .  

The test  chamber  env i ronment  was an a tmosphere  
produced  by  the contro l led  combust ion of na tu r a l  gas 
(analysis :  93 • 2% CH4, 3.5 • 0.5% Cz!-I6, and 1.5 • 
0.5% N2)~ P r io r  to combustion,  the contro l led  flow of 
na tu ra l  gas was passed over  ana ly t ica l  reagent  qual i ty  
carbon disulfide, ma in ta ined  at  271 K. The flow ra te  
and t empera tu re  contro l led  the resu l t an t  concent ra-  
tions of CSz in the  na tu ra l  gas, and  thus (af ter  com-  
bust ion)  the  concentra t ion of SO2 in the  test  chamber .  
Smoke was produced  by  the control led  combust ion of 
high qua l i ty  paraffin (18) using a s imple  wick bu rne r  
l amp  (flame t empe ra tu r e  m a x i m u m  757 K)  benea th  
an inver ted  funnel .  The smoke then passed into the  
chamber  close to a smal l  d i s t r ibu t ing  fan. The iso- 
bu tane  (,analysis: 99.4% isobutane,  0.55% n-bu tane ,  
and 0.05% propane)  was passed into the  test  chamber  
at  a control led  ra te  of flow (19). Table  I summar izes  
the var ious  a tmospheres  used. 

Checks on the composit ion wi th in  the  test  chamber  
inc luded wet  and d r y  bulb  t empe ra tu r e  observat ion  
for  re la t ive  humidi t ies ,  Drager  tube sampl ing  for 
carbon d ioxide  (20), and s t anda rd  test  methods  for  
su l fur  dioxide and for smoke (21). With  reference  to 
sul fur  dioxide,  the technique  consisted of d rawing  a 
known volume of chamber  a tmosphere  through a 0.3% 

Table I. Experimental exposure conditions 

E x p o s u r e  T e s t  a t m o s p h e r e  

(a )  
(b) 
(c) 
(d) 
( e )  
( f )  

Control  air 
Control  air  inc luding 60 • v p m  i sobutane  
Control  air inc luding  3.5 • 0.5 p p m  sul fur  d iox ide  
Control  air inc luding  60 ----. 10 v p m  Isobutane  and 

3.5 ----- 0.5 p p m  su l fur  d iox ide  
Control  air  inc luding  s m o k e  (360/zg  m -s) 
Control  air inc luding 3.5 • 0.5 p p m  sul fur  d ioxide  

and s m o k e  (160/~g m -3) 
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v / v  solut ion of hydrogen  peroxide  at  p H  4.5. This 
solut ion oxidized sul fur  d ioxide  to sulfur ic  acid. The 
acid produced  was then b a c k - t i t r a t e d  to pH 4.5 wi th  
a s tandard  solut ion of  sodium borate:  The amount  of 
a lka l i  r equ i red  re la ted  d i rec t ly  to the  amount  of sul fur  
d ioxide  absorbed.  The measuremen t  of smoke also in-  
volved sampl ing  a known volume of chamber  a tmo-  
sphere  which, in this case, was d rawn  through  a Wha t -  
man  No. 1 filter paper ,  such tha t  a s tain of 25 m m  diam 
was produced.  The decrease  in reflection caused b y  
the stain, compared  wi th  nons ta ined  filter paper  and 
wi th  s t andard  whi te  and g ray  plates,  was measured  
by  a Diffusion Sys tem Limi ted  Model  43 Smoke  
Sta in  Ref lectometer  Meter .  This decrease was then 
r e l a t e d  to the  weight  of smoke, and so to the a tmo-  
spher ic  concentrat ion,  using s t anda rd  charts.  I t  was 
impor t an t  tha t  fu r the r  analysis  was also carr ied  out. 
Thus, a l though the specification for  the paraffin pe r -  
mi t t ed  the presence of a m a x i m u m  of 0.2% sulfur,  gas 
chromatographic  inspect ion (22, 23) of the  a tmosphere  
wi th in  the test  chamber  p roduced  by  the combust ion 
of na tu ra l  gas and of the paraffin (using a Pye  104 
Chromatograph)  did  not  detect  the presence of sulfur  
dioxide,  o r  the presence of e i ther  organo-sulf ides  of 
hydrogen  sulfide when na tu ra l  gas was bu rned  wi th  
the  carbon disulfide. The ins t rumenta l  de tec tab i l i ty  
l imits  were  10 -5, 10 -4 and 10 -6 ~g see -z,  respect ively.  

The meta l s  s tud ied  were  iron, zinc, and  a luminum,  
be ing  r ep resen ta t ive  of commonly  exposed mater ia l .  
Thei r  composit ions are  given in Table IL Specimens 
were  cut  f rom 0.025 m m  foils into s tr ips  50 X 10 mm. 
They  were  then twice u l t rasonica l ly  degreased  in 
ana ly t i ca l  reagent  qua l i ty  acetone, dr ied  in w a r m  
air,  and  s tored  in a desiccator  unt i l  required .  Speci -  
mens of the 99.99% pu r i t y  a luminum were  t rea ted  dif-  
f e ren t ly  in tha t  they  were  e lec t ropol ished in a solu-  
t ion of 80% ethanol  10% perchlor ic  acid, using an 
a luminum cathode for  5 min  at  100 m A  c m - ~  and 
263 K. They were  then  r insed  in dis t i l led wa te r  fol -  
lowed  by  ana ly t ica l  qua l i ty  acetone, and f inal ly dr ied  
and s tored  in a des iccator  unt i l  requi red .  

Af te r  careful  weighing,  specimens of each of  the  
meta ls  were  suspended f rom a s lowly  ro ta t ing  
carousel  wi th in  the test cabinet,  and were  subjec ted  
in separa te  exper iments  to each test  env i ronment  
shown in Table  I for  per iods  up to 220 hr. Af t e r  ex-  
posure,  the suecimens were  d r i ed  in a desiccator  and 
reweighed.  They  were  then  t rea ted  to the  appropr i a t e  
corrosion uroduct  r emoving  method (24), as given 
in Table  ITI, then rin.~ed in flowin~ water ,  washed in 
acetone, a i r  dr ied,  and reweighed.  Specimens of un -  
exposed meta l s  were  also t rea ted  wi th  the  app rop r i a t e  
solutions,  as shown in Table  III,  such that  weight  

Table II. Test metal compositions 

Metal P u r i t y  Compos i t ion  (ppm)  

loss measurements  could be correc ted  for  any  meta l  
(as opposed to corrosion produc t )  r emova l  due to 
these solutions. However ,  no correct ion was found 
necessary. 

A sufficient number  of specimens were  exposed at  
the same t ime so that  morphologica l  examinat ions  
could be c a r r i e d  out. Such examinat ions  used both 
opt ical  microscopy and scanning e lec t ron microscopy 
wi th  an  energy  dispers ive  analysis  by  x - r a y s  faci l i ty .  

Smoke  par t ic le  charac ter iza t ion  was car r ied  out  
using a Phi l ips  301 t ransmiss ion e lect ron microscope, a 
Coming  PT1-8 conduct iv i ty  me te r  and a pH meter .  
Samples  for  the TEM were obta ined  by  exposing 
s t anda rd  copper  gr id  foils for  30 rain in  the exposure  
chamber  and then submi t t ing  the  specimens to 
examinat ion.  The conduct iv i ty  work  was carr ied  out  
on the  exposure  chamber  a tmosphere  by  d rawing  i t  
th rough  200 ml of deionized wa te r  and measur ing  the 
conduct iv i ty  at  var ious  t imes up to 54 hr.  In  o rde r  to 
assess the effect of the smoke part icles ,  measurements  
were  carr ied  out  on the  combust ion gases alone by  
fi l tering out  the smoke par t ic les  themselves  using 
Wha tma n  No. 1 filter papers ,  and on the combust ion 
gases plus the smoke part icles .  The in i t ia l  pH of the  
deionized water ,  and the final pH af ter  passage of 
the smoke,  was measured  using an Electronic  Ins t ru -  
ments  Limi ted  Model  7050 pH meter .  

Results 
Weight changes.--While weight  gains a re  indicat ive  

of the  extent  and na tu re  of corrosion products  and 
the i r  r e t en t ion  on the me ta l  surface,  weight  losses 
a f te r  chemical  c leaning of  the corroded surfaces  
represen t  a t rue  measure  of the me ta l  losses b y  cor-  
rosion. 

F igures  1 to 6 d i sp lay  the  weight  changes of the 
metals  caused b y  the var ious  environments .  The da ta  
shown consist  of e i ther  resul ts  f rom dupl ica te  speci-  
mens  when the values  a re  shown as the  two values  
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Fig. 1. Weight gains for aluminum in the various atmospheres 

Iron 
ZL~c 

A l u m i n u m  
Aluminum 

99.5% Mn 3000, Si 1000, C 800, P 400, S 500 
99.5% Ca 1, Cd 20, Cu 15, Fe  10, In  10, Mg 1, 7.{ 

Na 2, Ni 1, Pb  100, Si 2, Sn 8 
99.0% Cu 1000, Fe  7000, Mn 1000, Si 5000, Zn 1000 
99.99% A g l .  C a 2 ,  CuS ,  F e S ,  Ga 2, 6( 

Mg 20, Na 1, Ni  2, Pb  2, St 7 

Table III. Methods used for chemical cleaning after ~ 
exposure testing ~ ~,.~ 
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Temperature Time o ~ 
Metal Solution (K) (rain) 

,7, 

Aluminum 70% nitric acid in water  293 5 
I ron  2% ant imony tr ioxide  283 12 

5% s tannous  chloride i n  1.o 
hydrochlor ic  acid 

Zinc 10% a m m o n i u m  chloride in 293 5 
wate r ,  t h e n  w a s h e d  in  
w a t e r  and  d i p p e d  in to  5% 
ch romic  acid p lus  1% sil- Boi l ing  0.33 
v e t  nitrate in water  
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Fig. 2. Weight gains for iron in the various atmospheres 
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obtained, or as single points which are the average of 
triplicate test specimens. The variation between any 
given set of triplicate results was never more than 
• of the average value. Figures 1-3 show the 
weight gain with time, and Fig. 4-6 present the weight 
loss with time. These latter figures will be com- 
mented upon as the more direct indication of corro- 
sion, while the former figures will be considered later 
with reference to the possible corrosion products 
formed. 

The influence of isobutane on the action of the 
control air, i.e., comparing the effects of environments 
(b) with (a), is inhibition of corrosion. Figures 5 and 
6 show that with respect to iron and zinc, the control 
air at 200 hr caused losses of 0.9 and 0.3 mg cm -~, 
respectively, while when isobutane was also present 
the respective char~ges were reduced to 0.4 and 0.07 
mg cm-~. 

The action of smoke particles, in contrast to the 
above, is to enhance the corrosion effect of the control 
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air. Thus, comparing the environments (e) and (a), 
Fig. 4 and 6 snow that  at 100 hr, wnile control air 
produced losses of aluminum and zinc of 0.0,15 and 
0.2 mg cm-e, respectively, the smoke aadition increas- 
ed losses to 0.065 and 1.1 mg cm -2. This corrosion en- 
hancement effect is shown to be particularly dramatic 
in the case of iron, as shown m Fig. 5, waica at 70 
hr showed an increase in metal loss from 0.25 to 7 
mg cm-% 

The expected increase in corrosion due to the 
presence of sulfur dioxide is also clearly shown in 
Fig. 4, 5, and 6. Comparing the influence of environ- 
ments (c) and (a), the metal losses at 180 hr of 
alunnnum, iron, and zinc in control air (a) were 0.063, 
0.85, and 0.25 mg cm-e, while the addition of sulfur 
dioxide (c) produced losses of 0.25, 7.5, and 4.75 mg 
cm-~, respectively. 

The effects of the various combinations of the 
contaminants isobutane, sulfur dioxide, and smoke 
are complex. Figures 4 and 6 show that, for aluminum 
and zinc, the additional presence of isobutane (d), 
or smoke (f), enhance the corrosivity of sulfur di- 
oxide (c). The highest environmental corrosivity is 
shown by isobutane plus sulfur dioxide (d), followed 
by smoke plus sulfur dioxide (f). While the additional 
action of smoke is consistent with its effect as a sole 
contaminant (e), the corrosion promotion effect of 
isobutane in combination with sulfur dioxide Contrasts 
with its inhibiting action when alone (b). 

Iron was affected differently. Figure 5 shows that 
the dominant contaminant was smoke (e), followed 
by smoke plus sulfur dioxide (f), and that the effect 
of isobutane was to inhibit the action of sulfur di- 
oxide (d) compared to (a). 

In addition to the results shown in Fig. 4 and 5 
that demonstrate the much better corrosion resistance 
of aluminum compared with that of iron, and in 
Fig. 5 that emphasize the high corrosivity of sulfur 
dioxide to zinc, a more general comparison of weight 
gains against weight losses is also instructive. This 
comparison gives a tentative indication of the nature 
of the corrosion products formed. Ideally, for example, 
a corrosion product /~aXb Would give a weight gain 
to weight loss ratio equal to the ratio of "b" times 
atomic weight of anion X to 'a' times atomic weight 
of metal M. Thus for aluminum, comparing the 
weight gains shown in Fig. 1 with the weight losses 
in Fig. 4, the similar values of weight gain and loss 
in the control air (a) atmosphere indicates the pres- 
ence of Al~O8 (ratio of 3 • 16 to 2 • 26.98 = 1.12). 
In contrast, both the sulfur dioxide plus isobutane (d) 
and the sulfur dioxide plus smoke (f) atmospheres 
produce high ratios of weight gain to weight loss of 
approximately 4:1. These results indicate the joint 
presence of both AI(OH)8 and Al~(SO4)8, (ratio of 
4.18:1) suggesting by implication, that both smoke 
and isobutane promote the production of A1~(SO4)3 by 
sulfur dioxide. In contrast to the weight changes 
found for the 99% aluminum, the electropolished 
99.99% pure aluminum showed no corrosion effects 
in any of the test atmospheres. 

In the case of iron, as shown in Fig. 2 and 5, the 
ratio of weight gain to weight loss (0.6) suggests that 
in the case of control air (a) the corrosion product is 
likely to be FeOOH (ratio of 33 to 55.85 = 0.59). In 
each of the remaining environments the corrosion 
product is probably better represented by FeOOH. 
HzO or Fe (OH)8, with a ratio of approximately 1. 

Finally, with reference to zinc, Fig. 3 and 6 show 
approximately equal ratios of 1:1 for weight gain to 
weight loss in both the control air (a) and control air 
plus isobutane (b) environments. This suggests that 
the corrosion products include a high proportion of 
ZnCO~, probably as the basic carbonate. However, 
while at the 20 hr point the higher gain to loss ratio 
caused by environment (d) suggests the presence of 
some ZnSO4, the decreasing weight gain shown in Fig. 
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3 (due to soluble corrosion product dripping from 
specimens) invalidates any further comparisons. 

Topography.--The corrosion products formed on the 
aluminum (99% purity) specimens were very similar 
irrespective of the test environment. Thus, a whitish- 
gray colored tarnish layer developed on the surface, 
becoming visible after approximately 24 hr. This layer 
thickened with time and with severity of environment 
and often then displayed a generalized cracking as 
shown in Fig. 7. The electropoiished high purity 
(99.99%) aluminum specimens developed only a very 
slight tarnish film after approximately 96 hr, and 
this occurred only in the control air plus SO~ and 
isobutane environment (d). 

Two general types of corrosion products were ob- 
served upon zinc. Those environments not containing 
SOs produced a smooth and even grayish-white col- 
ored tarnish layer. Those environments containing 
SOs also demonstrated a grayish tarnish layer but 
developed an overlying even distribution of a white 
powdery crystalline material, which transformed with 
time to a more transparent corrosion product. 

The overall appearance of iron specimens exposed 
to the control air (a), and to the control air plus iso- 
butane (b), was that of a shiny metal covered with an 
even distribution of discrete rust particles. In the case 
of environment (a) the particles of rust were orang.e- 
red in color, while in the case of environment (b), 
they appeared reddish-brown. The typical morphology 
of these corrosion locations is shown in Fi~. 8 and 9. 
The presence of SO2 produced a much different cor- 
rosion appearance. Thus, control air plus SO2 (c), and 
control air plus SO2 and isobutane (d), caused the 

Fig. 7. Scanning electron micrograph of surface of aluminum 
(99% purity) after exposure for 93 hr to control air plus 3.5 ppm 
S02 and 160 ~g m -3  smoke, shewing the general surface cracking 
of corrosion products. 

Fig. B. Scanning electron micrograph of surface of iron after 
exposure for 96 hr to control air, showing localized corrosion 
postules amid relatively nonaffected areas. 

Fig. 9. Scanning electron micrograph of surface of iron after 
exposure for 283 hr to control air plus 60 • 10 vpm isobutane, 
showing laterally developed corrosion amid relatively nonaffected 
areas. 

corrosion to cover within 24 hr practically the entire 
surface of the test specimens with a rust layer. As the 
exposure time increased, the color of this rust layer 
changed from reddish-brown to brownish-black and 
back to reddish-brown. Cracking of the reddish-brown 
corrosion layers was often associated with the presence 
of an orange-red colored crystalline material. Figure 
10 illustrates the appearance of the cracked corrosion 
layer. A much different corrosion product topography 
was observed upon those specimens exposed to the 
control air plus smoke (e) atmosphere. The corro- 
sion product appeared as a very even, bright russet 
colored layer, which was very fragile and consisted of 
densely packed minute tubular globules of rust grow- 
ing vertically from the surface of the metal. 

The environment including both smoke and SO2 (f), 
produced an appearance similar to that of environ- 
ment (e), except that the general color was a darker 
brown and that the corrosion globules were much less 
uniform in both distribution and size. 

Energy dispersive analysis by x-rays.--Sulfur peaks 
were detected in corrosion products from four of the 
s ix  test environments. These included environments 
(c), (d), and (f) as expected, but also the control air 
and smoke atmosphere (e). However, in this latter 
case, the sulfur Ka peak height was only slightly 
greater than the background level, thus indicating a 
trace only of sulfur contamination in the corrosion 
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Fig. 10. Scanning electron micrograph of iron after exposure 
for 47 hr to control air plus 3.5 • 0.5 ppm SO~, showing complete 
surface coverage by corrosion products with general cracking of 
such products. 

products.  The corrosion products  associated with  a 
r ap id  and cont inuing decrease  in weight  gains (c) and 
(d) no ted  for  zinc al l  contained much  sulfur .  This 
contrasts  w i th  i ts absence in the  corrosion products  
produced b y  envi ronments  of control  a i r  (a) and con- 
t rol  a i r  p lus  isobutane (b) which caused continuing 
gain of weight ,  ~as seen in Fig. 3. This resul t  suggests  
tha t  in i t ia l ly  formed hydrox ides  and basic carbonates  
of zinc, (s table  in env i ronments  (a) and ( b ) ) ,  react  to 
p roduce  wa te r  soluble  sulfates  in the  presence of SO~.. 

The chlor ine Ka peak  was found in the  corrosion 
products  on a luminum and iron produced  in the a t -  
mosphere  of control  a i r  plus isobutane (b) ,  and in the  
envi ronments  of control  a i r  plus SO2 and isobutane  
(d) and control  a i r  plus smoke  (e) in the case of a lu-  
minum. Aga in  the  peak  heights  were  ve ry  s l ight ly  
above the background  levels  indica t ing  only  t race  
amounts.  

The other  t race  contaminants  found among the cor-  
rosion products  upon the three  meta ls  were  sodium 
and silicon. I t  can only be assumed tha t  the  presence 
of the t race  contaminants  is due to, and occurred 
during,  the  ca r ry ing  and manipu la t ion  of the speci-  
mens,  in spi te  of much  care being taken  at  al l  stages. 

Smoke particle characterization.--The physical  
charac ter iza t ion  of the  smoke par t ic les  indica ted  tha t  
they  were  in the form of aggrega ted  g raph i t e - l ike  in-  
d iv idua l  platelets ,  app rox ima te ly  13 X 10-gm diam, 
jo ined  in long chains wi th  a cer ta in  amount  of p la te le t  
clumping.  The s tereoscopic view (Fig. 11) suggests 
tha t  the  s t ruc ture  of par t ic le  agglomerat ions  was 
three  dimensional .  Thus, ins tead of s imply  having  an 
essent ia l ly  p l ana r  s t ructure ,  i.e., th reads  of jo ined p a r -  
ticles ly ing  flat in one place, they  appea red  to consist 
of s t rands  of jo ined  par t ic les  twis ted  in all  directions.  

The conduct iv i ty  measurements ,  Table  IV, showed 
tha t  smoke par t ic les  themselves  had  a significant con- 
duct ion increasing effect. Thus, whi le  passing the com- 
bust ion gases for 54 h r  increased the conductance to 
91.4 ~S cm -1, smoke par t ic les  increased the conduct ion 
by  319.2 ~S cm -1. Over the  same per iod a pH fall  f rom 
7.2 to 4.6 was observed due to the passage of smoke.  

Discussion 
General considerations.--Physicochemical processes 

such as the re la t ive  adsorpt ion  of water ,  sulfur  d i -  
oxide, and isobutane molecules on the different  meta l  
surfaces, and on smoke part icles ,  are  c lear ly  impor tant .  
Other  associated processes include condensat ion and 
concentrat ion,  the  specific and compet i t ive  adsorpt ion  
of chemical  species, and catalysis.  Fur the r ,  whi le  e lec-  
t rochemical  react ions provide  the basis of the mecha-  

Fig. 11. Stereoscopic electron micrographs of smoke particles 
showing relative displacement appearance. Top micrograph for a 
- -6  ~ specimen stage tilt. Bottom microgroph for a 4 6  ~ specimen 
stage tilt. 

nisms of corrosion, never theless  the ex ten t  of the 
react ions depends  upon the t ranspor t  to and f rom re -  
act ion sites of chemical  species. 

Considering the control  a i r  (a) envi ronment ,  the 
two react ive  chemical  species present  are  water  and 
carbon dioxide  molecules.  The amount  of corrosion is 
a function of the na ture  of the surface,  e.g., o x i d e / h y -  
d rox ide / ca rbona t e  film produced,  and weak  spots or 
act ive si tes wi th in  it. However ,  the corrosion ra te  of 
i ron increases r ap id ly  wi th  increase of wa te r  act ivi ty.  
In  contrast ,  both  zinc and a luminum have on ly  first 
order  corrosion rates wi th  respect  to water ,  and are  
therefore  less affected by  wa te r  ac t iv i ty  than  i ron in 
thei r  corrosion behavior  (7). Thus, the presenta t ion  
of an ent i ty  which enhanced wa te r  ac t iv i ty  would  
increase the corrosion of i ron by  a grea ter  factor  than  
i,t increased the corrosion of zinc or  a luminum.  Con- 
s ider ing carbon dioxide,  its high concentra t ion in this 
work  has much re levance  to the corrosion of zinc. 
The corrosion product  p roduced  in a clean damp air  
a tmosphere  is basic carbonate  (7),  so in this work  the 
deve lopment  of this p roduc t  m a y  reasonab ly  be ex-  
pected to be accelerated.  

Inj~uence of sulfur dioxide.--While each of the  me t -  
als responded  to the  presence of sul fur  dioxide b y  
y ie ld ing  a la rge  increase in corrosion, the  mechanisms 
responsible  a re  different.  Various authors  have  shown 
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Table IV. Conductivity change due to passage of smoke 
particles into deionized water 

Conductivity Conductivity 
(~ cm -I) (~ cm-~) 

Passage Combustion Smoke Passage Combustion Smoke 
time gas particles t,me gas partmles 
(hr) (filtered) ( + gas) (hr) (filtered) ( + gas) 

1 2.9 8.2 27 60.4 215.6 
2 5.2 15.3 28 63.5 2Z7.7 
3 7.8 25.9 29 64.2 2,40,7 
4 10.3 32.8 30 66.9 252.0 
5 13.7 40.5 48 85.8 384,8 
6 15.4 49.5 49 85.0 390.2 
7 17.3 57.3 50 86.5 397.9 
8 20.6 66.0 51 88.3 402.1 

24 54.1 180.4 52 89.6 409.8 
25 56.0 192.1 53 90.5 415,3 
26 58.2 204.8 54 91.4 420.6 

tha t  su l fu r  d ioxide  adsorpt ion  var ies  f rom meta l  to 
me ta l  (3, 6, 25), both  in amount  and dis t r ibut ion.  In  
the  case of iron, the adsorpt ion  occurs in discrete lo-  
cations, whi le  on a luminum and zinc i t  is considered 
to be a more  un i form coverage.  F u r t h e r  factors  wiLh 
reference  to i ron should be noted.  The e lect r ica l  con- 
duc t iv i ty  of 7 - F e O ( O H )  is increased by  chemisorpt ion  
of su l fur  dioxide,  so accelera t ing  corrosion (26). Su l fur  
d iox ide  takes  par t  d i rec t ly  in the e lec t rochemical  r e -  
act ions (4, 5, 7), a f te r  me ta l  ions have ca ta lyzed  the 
oxida t ion  to sulfates (27-29). Homogeneous catalysis  
is suggested since, at the high re la t ive  humidi t ies  used 
in this work,  a dis t inct  l iquid phase,  i.e., an electrolyte ,  
would  be present  (30-34). Wi th  zinc, however ,  the  p r i -  
m a r y  corrosion products  a re  the oxide and hydroxide ,  
and basic carbonate  (7),  and su l fur  d ioxide  reacts  
wi th  these products  to form soluble sulfates which can 
d r i p - w a s h  at  h igh humidi t ies .  The  lesser  corrosion 
effects upon a luminum are  due to the more  pro tec t ive  
na tu re  of the  a luminum o x i d e / h y d r o x i d e  surface l a y e r  
which, upon development ,  m a y  also reduce the ra te  of 
su l fur  d ioxide  adsorpt ion  and thus subsequent  reac-  
t ion (35). 

Influence of isobutane.--The effects p roduced  in the 
presence of i sobutane  are  p robab ly  the resul t  of sorp-  
t ion causing changes in surface tension (36, 37), and 
compet i t ive  adsorpt ion  w i t h ~ w a t e r  molecules  for  
meta l  a toms and ions. Thus, adsorpt ion  at  incipient  
corrosion reac t ion  sites could in te r fe re  wi th  anodic  
e lec t rochemical  reactions.  

A di rec t  in te r fe rence  wi th  the anodic react ion may  
arise by  the polar iza t ion  of the  isobutane molecules  
H ~ - -  C ~+ (CHs)s (38, 39), and the i r  association wi th  
me ta l  a toms and meta l  hydra tes  at  the anodic si te in-  
terface.  The associat ion wi th  meta l  a toms at  anodic 
sites is a sugges ted  compet i t ive  act ion agains t  wa te r  
molecules,  which  o therwise  would  assist the release of 
me ta l  a toms as charged  h y d r a t e d  ions. The reac t ion  of 
i sobutane  wi th  h y d r a t e d  ions would  r e t a rd  the  motion 
of such ions away  from the anodic sites. Both processes 
would  the re fore  inhibi t  the anodic process (40). 

With  su l fur  dioxide a d d e d ,  compet i t ive  adsorpt ion  
and react ion m a y  in ter fere  wi th  the  ca ta ly t ic  con- 
vers ion of sul fur  d ioxide  to sulfates,  and  so reduce the 
effective corros iv i ty  of su l fur  dioxide.  This cons idera-  
t ion would  app ly  in the case of i ron where  t h e  p ro -  
duct ion of fer rous  ions is known to ca ta lyze  the con- 
vers ion of SO~ to sul fa te  (4, 28). In  contrast ,  the  cor-  
rosion promot ion  of su l fur  d ioxide  by  isobutane in the  
case of a luminum (Fig. 4) and zinc (Fig. 5) m a y  be 
due to an in ter ference  wi th  the deve lopment  and re -  
pa i r  of a pro tec t ive  film of  surface ox ides /hydrox ides ,  
v ia  compet i t ive  adsorpt ion  wi th  wa te r  molecules.  

The effects of i sobutane observed in this s tudy  are  
therefore  p r i m a r i l y  an inhibi t ion of oxida t ion  b y  com- 
pet i t ion against  the  react ions  of water ,  and are  s imi -  
l a r  to o ther  research  (40), in which i t  wa~ demon-  
s t ra ted  t ha t  the  presence of i sobutane  inh ib i ted  the  

corros iv i ty  of noncontamina ted  a i r  to iron, zinc, and 
a luminum.  I t  was also shown tha t  while  isobutane in-  
h ib i ted  the  corros iv i ty  to i ron of a su l fur  dioxide con- 
t amina t ed  air, i t  enhanced the corrosion of such con- 
t amina ted  a i r  to zinc and a luminum.  

Fu tu re  papers  wi l l  discuss the effects on meta l  cor-  
rosion of low molecu la r  weight  gases represen t ing  the 
alkyl ,  olefin, and acetylenic  group of organic chemmals  
in the  presence and absence of smoke a n d / o r  su l fur  
dioxide.  

Influence of smoke particles.--The conduct iv i ty  ex-  
pe r iments  showed that  smoke increased the conduc-  
t iv i ty  of deionized water ,  while  the  pH fell  f rom 7.2 
to 4.6. There  are  two types  of surface act ive complex  
which form on graphi te  surfaces,  and the p r inc ipa l  
funct ional  groups formed are  carbonyl ,  hydroxy l ,  and 
carboxyl ic  (41, 42). 

One type  of surface  complex  is acid adsorbing.  Such 
adsorpt ion  sites occur at, for example ,  a CxO surface  
si te which is quinolic in nature .  The equi l ib r ium wi th  
wa te r  is as follows 

(CxO) + H20 ~ (CxOH) + + OH- 

This would lead to alkalinity in the surrounding solu- 
tion. The second type of surface active complexes is 
base adsorbing. Such a complex would be CzO having 
the nature of an acid anhydride. In this case the re- 
act ion equ i l ib r ium with  w a t e r  is as fol lows 

CzO + H~O ~ (CzO2H) - + H + 

This would lead to acidity in the surrounding solu- 
tion (43, 44). The adsorption characterization of 
graphite relates to the predominance of one or the 
other of these two types of surface oxygen active 
complexes, which depends mainly upon the combus- 
tion flame temperature (lower than approximately 
820 K for base absorbing sites, higher temperatures for 
acid absorbing sites), and on the amount of oxygen 
present (45). The maximum flame temperature mea- 
sured in this work was 757 K. Thus the increase in 
conductivity and decrease in pH are considered to be a 
result of the increasing quantity of hydrogen ions 
produced at the active sites. Since atmospheric cor- 
rosion proceeds by electrochemical mechanisms, any 
increase in conductivity must play an important role 
in enhancing corrosion. In addition to an increase in 
ionic conductivity, as shown above, the joined strings 
of graphite-like smoke particles implies the presence 
of electronic conduction (45, 46). 

The influence of the presence of smoke particles de- 
pends upon their capacity to adsorb, concentrate, and 
react with chemical species, and the finely divided na- 
ture of smoke being an important factor. It is con- 
sidered that a population of minute deposits of smoke 
par t ic les  establ ishes microcel ls  of increased wate r  ac-  
t iv i ty  and cathodic r eac t iv i ty  (8).  This considera t ion 
would app ly  for i ron in the  presence of smoke con- 
t amina t ion  alone. In  the cases of a luminum and zinc, 
s imi lar  considerat ions also apply,  but  he re  the in-  
creased wate r  ac t iv i ty  and the different  na tu re  of the  
e lec t rochemical  react ions  would  l a rge ly  promote  a 
th ickening  of the oxide  and hydrox ide  layers  (7). 

In  the case of the addi t iona l  presence of su l fur  d i -  
oxide, the  pa r t i cu la r  behav io r  of a meta l  depends  upon 
the specific manne r  in which sul fur  d ioxide  takes  par t  
in the  corrosion reactions.  The first act ion is considered 
to be that  of the smok e par t ic les  adsorbing,  concent ra t -  
ing, and conver t ing  the sul fur  d ioxide  in solut ion as 
sulfite and bisulfite ions to sulfa te  (47-50). The neces-  
s a ry  presence of a l iquid phase  is suppor ted  by  the 
high re la t ive  h u m i d i t y  used in this work  (34). 

Then, for  iron. the react ions  involve  fu r the r  ca ta ly t ic  
oxidat ion  of sulfur  d ioxide  to sulfate  (27-29) due to 
the presence of meta l  ions in an electrolyte ,  wi th  di-  
rect  part iciDation in the  anodic reactions,  and corro-  
sion is p romoted  (4-7) .  In  the  case of a luminum and 
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zinc, corrosion enhancement is due to sulfur dioxide 
indirect reactions with the pr imary corrosion products 
of oxide and hydroxide, interfering with protective 
film formation in the case of aluminum, and producing 
soluble corrosion products as for zinc. 

Manuscript submitted June 14, 1982; revised manu- 
script received April 22, 1983. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1984 JOURNAL. 
All discussions for the June 1984 Discussion Section 
should be submitted by Feb. 1, 1984. 
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ABSTRACT 

A generalized theory is presented for pulse electrolysis with rectangular current  pulses, periodical  pulse reverse, and 
double rectangular  pulses with relaxations. It is shown that  very high instantaneous mass transfer rates corresponding to a 
current  densi ty of 100-1000 A/cm 2 can be attained by short  current  pulses at high pulse frequencies. Numerical  results for the 
concentration fluctuations and potential  responses have also been calculated for the deposit ion/dissolution of copper on a 
rotating disk electrode in acid copper  sulfate solution. The results indicate that the current  pulses can profoundly change 
the current-potential  relationships and thus the current  dis tr ibut ion and the morphology of electrodeposits  on the electrode 
surface. 

E l e c t r o l y s i s  with a pulsa t ing  cur ren t  (PC) h a s  b e e n  
ex tens ive ly  used in pulse plat ing,  electrodissolut ion,  
anodizing,  and  a-c  corrosion processes (1). In pa r -  
t icular ,  the pulse  cur ren t  can cause a p rofound  change 
in the morpho logy  of e lect rodeposi ts  (2-5);  i t  gives a 
softer,  more  uniform, and compact  deposi t  wi th  be t t e r  
adherence  to the substrate .  This can be a t t r ibu ted  to 
the fact  tha t  PC modifies the  mass t r anspor t  processes,  
enhances the ra te  of nucleat ions,  and improves  the 
kinet ics  of e lect rode reaction.  I t  produces  a pulsa t ing  
diffusion l aye r  (6-10) where in  the concentrat ions  of 
the  ionic species f luctuate per iod ica l ly  wi th  t ime nea r  
the e lect rode surface. The resul t ing  concentra t ion and 
surface  overpoten t ia l s  depend  not  only  on the magn i -  
tude of pulsa t ing  cur ren t  dens i ty  but  also on the f re -  
quency of  pulses. 

There  are severa l  waveforms avai lab le  for the l ab-  
o ra to ry  and indus t r ia l  appl icat ions  of pulse e lec t ro l -  
ysis. These include the s inusoidal  wave,  the  t r i angu la r  
wave,  and the r ec t angu la r  wave.  In  the  e lec t rop la t ing  
industry ,  the  symmet r i ca l  and asymmet r i ca l  r ec tangu-  
l a r  waves  have  been t r ad i t iona l ly  used in pulse p l a t -  
ing. Smal l  s inusoidal  and t r i angu la r  waves  are  used 
for  e lec t roana ly t ica l  applicat ions;  whereas  a 50 ~ 60 
Hz sinusoidal  cur ren t  of la rge  ampl i tudes  is encoun-  
te red  in the a -c  corrosion process. A theore t ica l  s tudy  
of pulse e lectrolysis  was first made  by  W a r b u r g  (11, 
12) who considered a redox process when a s inusoidal  
PC was appl ied  to the  electrode.  He recognized that  
PC produced per iodic  concentra t ion changes of the 
oxidized and the reduced  species at  the e lect rode sur -  
face. Using these as the  b o u n d a r y  conditions,  he solved 
Fick 's  diffusion equat ion and obta ined  concentra t ion 
changes wi th  an ampl i tude  tha t  decreased r ap id ly  
with the dis tance f rom the electrode.  The concent ra-  
t ion overpo ten t ia l  f rom these concentra t ion f luctua-  
tions was then  expressed  in te rms of a polar iza t ion  
capac i ty  and a polar iza t ion  resis tance cal led the W a r -  
burg  impedance.  K r u g e r  (3) modified Warburg ' s  ana l -  
ysis by  tak ing  into account the suppor t ing  e lec t ro ly te  
which  cont r ibu ted  to the s t ruc ture  of e lectr ic  double  
layer .  These invest igat ions  which have  led to a good 
unders tand ing  of t h e  e lec t r ica l  double  l aye r  a re  
t rea ted  in grea t  deta i l  in Grahame ' s  rev iew (14, 15). 
Leva r t  and Schumann (16-18) and Newman  et al. 
(19, 20) have  ca lcula ted  the W a r b u r g  impedance  of a 
ro ta t ing  disk electrode.  Venkatesh,  Sethi,  Meyyappan ,  
and Chin (7-10) have made  an analysis  for the s inu-  
soidal  potent ia l  and cur ren t  modula t ion  of the  ro t a t -  
ing disk and hemispher ica l  electrodes.  They calcula ted 
the  cu r ren t -po ten t i a l  re la t ionship  for the dissolution 
and deposi t ion of copper  in an acid copper  sulfa te  
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larization. 

s o l u t i o n .  Mass t r ans fe r  wi th  r ec t angu la r  c u r r e n t  
pulses, per iodical  pulse  reverse,  and a r amp  cur ren t  
has been t rea ted  by Viswana than  and Cheh (21-24). 
Popov  et al. (5) ca lcula ted  the  cu r r en t -po ten t i a l  
curves  for  pulse e lectrolysis  wi th  r ec tangu la r  waves.  A 
rev iew of the pulsa t ing  e lec t rode  processes was given 
by  Venkatesh  and Chin (1).  

This paper  descr ibes  a theo ry  of pulse  e lectrolysis  
wi th  a general ized double  r ec tangu la r  wave  consist ing 
of (i) a cathodic cur ren t  pulse, (it) a low cur ren t  or 
r e laxa t ion  period,  and (i/i) a shor t  anodic cur ren t  
pulse  as shown in Fig. la .  The w a v e f o r m  is of p a r -  
t icu lar  in teres t  to e lec t ropla ters .  The cathodic p u l s e  
of a su i tab ly  high magni tude  would  act ivate  n u m e r o u s  
nuclea t ion  sites and cause meta l  deposi t ion to proceed 
at  a ra te  severa l  orders  of magn i tude  h igher  than  the  
l imi t ing cur ren t  densi ty.  The r e l axa t ion  per iod  of e 
smal l  or  zero cur ren t  would  a l low the meta l  ions to 
diffuse to the  e lec t rode  surface and be avai lab le  for 
fu r the r  deposi t ion;  i t  would  also al low the  absorpt ion  
of cer ta in  addi t ives  or the  desorpt ion  of codeposited 
atomic hydrogen  f rom the electrodeposi ts .  A reverse  
pulse of high anodic cur ren t  would  enable  the me ta l  to 
dissolve into the e lec t ro ly te  f rom high points  such as 
bur r s  and dendri tes .  The wave fo rm can be r e d u c e d  
to the  special  cases of (i) r egu la r  pulse p la t ing  if 
/~ --  O and t8 ~ 0 (Fig. l b ) ,  and (it) per iodical  pulse  
reverse  if t2 ---- 0 (Fig.  l c ) .  The presen t  ma thema t i ca l  
model  is s imi la r  to a previous  analysis  for the s i n u -  
s o i d a l  cur ren t  and poten t ia l  pulses (7-9).  The model  
considers the  mass  t r anspor t  process dur ing  the pulse  
e lectrolysis  as a l inear  combinat ion  of a s t eady- s t a t e  
t ime -ave raged  concentra t ion component  and a f luctu-  
a t ing (or pulsa t ing)  concentra t ion  component  caused 
by  the cur ren t  fluctuations at  the e lect rode surface. 
The convect ive diffusion equat ion for the  t i m e - a v e r -  
aged concentra t ion component  can be solved b y  con- 
vent ional  methods  whereas  a S i lve -Ha le  a p p r o x i m a -  
tion (25, 26) is used for the solut ion of the  f luctuating 
concentra t ion component .  The resul ts  for the con- 
cent ra t ion  changes are  then  subst i tu ted  into the  elec-  
t rokine t ic  equat ions for the solut ion of the  surface,  
the concentrat ion,  and the ohmic overpoten t ia l  losses 
in pulse  electrolysis.  The analysis  can be used for al l  
pulse  waveforms  as wel l  as for  the  super imposi t ion  of 
pulsa t ing  cur ren t  onto a direct  cur ren t  (d.c.).  

Theoretical Analysis 
Convective mass trans~er.--Mass t ransfe r  in p u l s e  

electrolysis  is a nons teady-s ta te  process. The concen-  
t ra t ion  of a diffusing ion at  any  given locat ion in the  
e lec t ro ly te  would  per iod ica l ly  f luctuate wi th  the  t ime. 
To s impl i fy  the analysis,  we  shal l  assume tha t  (i)  the  
solut ion has sufficient iner t  sa l t  so that  the  migra t iona l  
flux of the diffusing ion in the  electr ic  field can be 
neglected;  (it) the  phys ica l  p roper t ies  of the  e lec t ro-  

1 6 5 7  
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1. Schematic representation of a generalized double 
rectangular pulsating current wave consisting of ( i)  a cathodic 
current pulse, ( i i )  a low current or relaxation period, and ( i i i )  a 
short anodic current pulse, (a). The waveform can be reduced to 
the special cases of rectangular cathodic current pulses (b), and 
periodical pulse reverse (c). 

lyte are constant; (iii) the effect of gravitational force 
on the diffusion field is negligible; (iv) there is no 
homogeneous chemical reactmn in the electrolyte; and 
(v) the effect of an electric double layer  on the con- 
centration and potential responses can be neglected. 
The last assumption is reasonable as long as the pul-  
sating period of current  pulses is much greater than 
the double layer  charge/discharge time which is on 
the order of a few microseconds. Under  these cir- 
cumstances, the convective diffusion equation and the 
associated boundary  conditions may  be given as 

~C 
+ 7 .  ~ c  = Dv~C m 

0t 

boundary  conditions 

C=C| at 

C=C| at 

OC 

Oy 

,=0 t t = oo [2] 

i ( t )  at y = 0 
nF 

where C is the concentration of the diffusing ion, t is 
the time, y is the vertical distance from the electrode 
surface, and the subscript oc denotes the bulk prop- 
erties. 

During the pulse electrolysis, one m a y  consider the 
current  flowing across the electrode/electrolyte inter-  
face to be composed of a t ime-averaged d-c com- 
ponent, id.c., and a fluctuating alternating current  
(a-c) component,  i . . . .  

i ( t )  -----/d.c. "4- {a.c.(t) [3] 

For the  generalized double rectangular  wave shown 
in Fig. la, the t ime-averaged d-c component may  be 
obtained f rom the following expression 

,s 
ia.~. = -~ i (t)dt = T (i~t, + %% + +~%) [4] 

where ii, i2, and ia are the instantaneous current den- 
sities at the electrode surface during the cathodic 
pulse, the relaxation, and the anodic pulse periods, 
respectively. Likewise, one may  also split the con- 
centration C into a t ime-invariant  s teady-state  com- 

ponent, C_ and a fluctuating component,  

c(y , t )  = ~(y)  + ~ ( y , t )  [5] 

Substituting Eq. [5] into Eq. [1]-[2] ,  one obtains t w o  
sets of differential equations and associated boundary  
conditions, One for the s teady-state  concentration 

and the other  for the fluctuating concentration ~. The 
equations for the s teady-state  concentration are 

~. ~ =  D V ~  [6] 

C ' = C |  at y = o o  

t --D OC id.~. [7] 
- -  at y - - 0  

aY nF  

The solution to the above equation would give a sur-  
face concentration component  Cs in the form 

C",, +,d.o. 
= 1 - C8] 

C| ill m 

where iltm is the d-c limiting current  density for a 
given convective condition. The thickness of the 
s teady-state  Nernst diffusion layer, 5, may  be evalu- 
ated f rom the concentration gradient at the electrode 
surface by  

8 = - - -  [9] 
C~--Cs y 0 

The equations for the fluctuating concentrations are 

aC -*~ 
- - +  7 .  v c  = DV~  [lO] 

Ot 

~ = 0  at t = 0  ] 

= 0  at Y = ~  t [11] 

--D--OC _ i a ' c ' ( t )  at y = 0  
OY nF 

It has often been assumed that the concentration fluc- 
tuations occur essentially within a thin region of the 
s teady-state  Nernst  diffusion layer  where the contri-  

bution of the convective flux term, ~ �9 VC may be 
assumed to be negligibly smal l .  This approximation 
was first introduced by Silver (25). Hale (26) has 
shown that  the approximation gave a surface con- 
centration only 4% higher than the exact solution 
over a wide range of the time domain. Several  other 
l i terature evidences (8-10, 19, 20) have suggested 
that  this is a reasonable assumption for pulse elec- 
trolysis at high frequencies. Accordingly, one may  

drop the convective flux term V �9 VC in Eq. [10] and 
replace the boundary  condition at y = oo with a con- 
dition at y = 8 

Ot 
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~ : 0  at t = 0  

C = 0  at y = ~  

O~ %.o.(t) 
Oy nF 

at y : 0  

[13] 

One dimensional mass transfer processes.--For one- 
dimensional problems, Eq. [12]-[13] can be solved 
with the Laplace t ransform method (8, 9), and the 
fluctuating surface concentrat ion can be expressed as 

~ = Y ( t -  u )  �9 i , ~  ( u ) d u  [14]  
C= n F C  " ' 

w h e r e  

Y(t)  = lexp - -  ( m - -  ~ ) 2 t  [15] 

The total surface concentration m a y  be obtained by 
substituting Eq. [8] and [14] into Eq. [5] 

C=- ~: : I- ilim 

+ ~ g ( t -  u)/..~.(u)du [16] 

For  pulse electrolysis with the generalized double 
rectangular  current  wave shown in Fig la, Eq. [14]- 
[16] ean be analytiea!ly integrated. The resulting sur-  
face eoncentration change during the pth (p = 1, 2, 
3 . . .) period may  be expressed by the following di- 
mensionless equations 
(i) during the cathodic pulse time (p -- 1 < t* < p 
- - 1 + 9 1 )  

C*,  = C'-*, + ~'% =-(1 +/*d.lO.) 

[exp (~m(k + d j ) )  - -  exp (km(k + d j -1 ) ) ]  

( / '1  --/*d.c.) [exp (Xmt*) --  exp (km(p -- 1 ) ) ]  + 
J 

[17] 

(ii) during the low current  or relaxation time (p -- 1 
+ Oi < t* < p -- 1 + 01 + 02) 

C*s : C*s + C*s : (i +/*d.c.) 

+ 2T* (--;~=t*) ~ r  ( i* j  - -  i 'd .c . ) '  
~n=l -~m exp k=o j=* 

[exp (~=(k + dj)) -- exp (~m(k + d j - D ) ]  

+ (i '1 --/*d.c.) [exp (km(P -- 1 + 81)) 

-- exp ( l= (p  -- 1 ) ) ]  + ( i '2  --/*d.c.) [exp (lint*) 

-- exp Q.m(p -- 1 + ez))] ~ [18] 
J 

+ 2T* ~ -/-1 exp (--lint*) (/*j --/*d.c.) 
,n=l ~.ra 

[exp (k=(k + dj) ) -- exp (Xm(k + d j - , ) ) ]  

+ (i '1 --/*d.c.) [exp (k= (p -- 1 + S,) ) 

-- exp (km(P -- 1) ) ]  + ( i '2  -- i'd.c.) 

[exp (km(p -- 1 + 81 + 02) -- exp (km(P -- 1 + 81))] 

+ (i'8 -- /*d.c.) [exp (lint*) 

( ~ = ( p - - 1 + ~ 1 + 8 2 ) ) ]  ~ [19] ~ e x p  

9 
Here the eigenvalues km are given as 

X m = = 2 T * ( m - -  Vz) ~, m - - l ,  2, 3 . . . .  [2{}] 

and the dummy variables dj (j : 

d o = 0  t 

dimensionless 

dl = 81 

ds : 81 + 82 

d3 -- 8Z + 82 + 83 

O, 1, 2, 3) a r e  

[21] 

The other 
in the above equations are defined as 

dimensionless time 

dimensionless surface 
concentration 

dimensionless pulse period 

dimensionless cathodic pulse 
time (or cathodic du ty  
cycle) 

dimensionless relaxation time 
dimensionless anodic pulse 

time (or anodic duty cycle) 

dimensionless cathodic pulse 
current  density 

dimensionless current  
density during the low 
current  or relaxation time 

dimensionless anodic 
pulse current  density 

variables and parameters  

t*  = tiT [ 2 2 a ]  

C*s : Cs/C= [22b] 

T* : DT/6S [22c] 

ez = tz /T  [22d] 

82 = ts /T  [22e] 

82 = ta/T [22f] 

/*1 = il/]iUm[ [22g] 

~'2 = iJ[iu=[ [22h] 

i '8  = is/Iil~=[ [22i] 

Limit ing pulse current dens i ty . - -An important  
quanti ty in the analysis of pulsating mass transfer  
problem is the determination of the limiting pulse 
current  density, ipL, which is defined as the current  
density at which the surface concentration of the r e -  
a c t i n g  species becomes zero at the end of the cathodic 
pulse t ime 

ipL = i " 
@-C, + C, = 0 
@t = (z, - 1)T + t~ [23 ]  

This quant i ty  can be evaluated by  letting Eq. [17] 
equal to zero and solving for i '1  at the end of a cath-  
odic du ty  cycle t* = p -- 1 + 81. The result  may  be 
expressed as 

/*PL (dimensionless limiting _-- ip,~/liliml 
pulse current density) 

i + i%[(1  --  I1 - f2 - I3)02 + I3] + i ' 3 [ (1  - fl - I2 - J~)0z + f~] 

(I - li - Is - i.~) ei + il 

( i i i )during the anodic pulse time (p -- 1 4- el + 02 
< t* < p) 

C% = C*s + C% = (1 +/*d.c.) 

with 

f l  - "  2T$ e x p  ( - -~m (P - -  I + Ol)) 
k=o =1 -~m 

[exp (~m (k + 8z) ) -- exp (Xmk) ] 

[24] 

[25] 
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p--~ 

- ~ e x p  ( - - ~  (p -- 1 + 01)) 
k=0 m = l  

[exp (s (k -t- 01 -~ 0~) ) -- exp (~m (k -~ 01) ) ] [26] 
p--g ~r 

k=0 m=l "~m exp (--kin (P -- 1 -t- 0z) ) 

[ exp( tm ( k - ~ l ) )  - - e x p  ( tm(/Cq-01-t-02))]  [27] 

For the s teady-state  pulsating electrolysis, p -> oQ, Jl 
-t- $~ q- ~3 = 1, and ~q. LZ~J-L2/] can De simplified to 

1 § ~*~f= + i*afa 
i*pL ( a s  p ' -~  O~) " -  - -  [24a] 

~o 

]z (as p--> ~ )  = 2T* [25a] 
m--z ~mL1 -- exp (--s 

I~ ( a s p ~  o~) 

~-~ exp [--~m(1 -- e~)] -- exp (--kin) 
2T* [26a] 

~=z troll -- exp ( - l m ) ]  

~a (as P-~ oo) 
eo 

~ .  exp [--km(~z -t- ~a)] -- exp (--kin) 
2T* [27a] .,t=,,f 

~=~ lm [i -- exp (--ira) ] 

The magnitude of the limiting pulse current  density 
as seen f rom the above equations, depends upon the 
bulk concentration, the convective condition, the 
transport  properties of the diffusing ion, and the 
conditions of current  pulses. The physical significance 
of ipL i~ similar to the limiting current  density, ilim, 
in d-c  electrolysis. I t  represents a maximum current  
limit caused by the mass transfer  limitation of the 
electrode reaction. To operate the cell at the current  
densities beyond ipL would generally result in poor 
quali ty electrodeposits or loss of the coulombic effi- 
ciency because of depletion of the reacting ions at 
the electrode surface. 

Potential-current relations.--The surface concen- 
trations obtained in the foregoing analysis can be 
used to evaluate the potent ial-current  relations in 
pulse electrolysis. For the simplicity of the analysis, 
we shall  consider only the one-dimensional problem, 
i.e., the current  distribution is uni form across the 
electrode surface. 

The total overpotential  of an electrode during the 
electrolysis consists of three components. They are 
(i) the surface overpotential  ~s, (ii) the concentration 
overpotential ~conc, and (iii) the ohmic overpotential  
~lohm 

"q = l]s ")~ 1]conc -~ "qohm [28] 

For an electrochemical reaction consisting of a metal 
electrode and an ion of the metal  

M n+ ~ h e -  : M [29] 

the surface overpotential  m a y  be related to the cur-  
rent density at the~electrode surface by the Butler-  
Volmer equation of the type 

( C ~ ( t ) ) v  ( anF 
i ( t )  : i o \ ~  [ e x p  ~ - ~ s ( t )  ) 

- - e x p  ( - -  
~nF 

where io is the exchange current  density based upon 
the bulk concentration C=, of M "+ ion, ,~ and 3 are 
the anodie and the cathodic ch,arge transfer  coeffi- 

cients, respectively, and ~ is a kinetic parameter  re-  
lating to me  oraer  of the electrochemical reaction. 

The concentration overpotential  is caused by a dif- 
ference in concentration between the electrode sur -  
face and the bulk solution. For the meta l /meta l - ion  
system, it may  be given by the Nernst  equation as 

RT In Cs(t)  
~on~(t) = [31] 

nF C= 
The ohmic overpotential  is caused by the electric 

resistance of the electrolyte. I f  p is the electrolyte re-  
sistivity, and l is the distance between the working 
and the reference electrodes, the ohmic overpotential  
may  be expressed in terms of one-dimensional  Ohm's 
law as 

1]ohm(t ) = p l i ( t )  [32] 

Equations [28]-[32] describe the potential  responses 
of an electrode during the pulse electrolysis. The 
potential will be periodically fluctuating with time, 
and it can be considered to consist of a time-aver.aged 
d-c  component,  ~d.e., and a fluctuating a-c component  

(t) -- ~a.~. - t -  ~ ,  (t) [33] 

The d-c overpotential component  may  be obtained by 
carrying out the time averaging of the total overpo-  
tential profile over one pulse period 

1 f ,  lot 

~( ,  1)T~l(t)dt [34] ~ld.c. --  - ~  

Introducing  the following dimensionless variables and 
parameters  

dimensionless nF 
overpotential  ~* - -  RT ~l [35a] 

dimensionless exchange 
current  density i*o = io/[ium[ [35b] 

dimensionless ohmic nF 
(pl)* - -  _~pllilim [ [35c] resistance / ~ T  

the governing equations for the potential responses 
may  be expressed in the dimensionless form as 

surface i* = i*oCs*~ [exp (a~l*s) 
overpotential  -- exp(--~q*s)]  [36] 

concentration 
overpotential ~1"conr = in C*s [37] 

ohmic 
overpotential  ~*ohm = (pl)*i* [33] 

total 0 '  --" ~*s  "~ /l*conc "~- ~l*ohm [39] 
overpotential 

S: d-c overpotential  ~*d.c. = -1 11*dr* [40] 

Equations [361-[38] permit one to calculate the in- 
stantaneous overpotential  components, ~*s, ~*eonc, and 
~l*ohm, once the surface concentration of the diffusing 
ion is obtained from Eq. [17]-[19]. The total overpo-  
tential wave, al*, and the d-c overpotential  component,  
~*d.c. are then obtained from Eq. [39] and [40], re-  
spectively. For a given PC waveform, the calculation 
can be made at various d-c current  densities to gen-  
erate a d -c  polarization curve in the form of ~*d.c. VS. 
log i'd.c.. The apparent  electrokinetic parameters  for 
pulse electrolysis can be then evaluated from the d-c  
polarization curves. 

Results and Discussion 
The limiting pulse current densi ty . --In this work,  

numerical  calculations have been made on a digital 
computer  for (i) the rectangular  cathodic current  
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pulses (i2 --  0 and ta = 0), (i i)  the per iodica l  pulse  
r eve r se  (t2 --  0), and (i i i)  the double  r ec tangu la r  cur -  
ren t  pulses  wi th  re laxa t ion  (ie = 0) and reverse  pulses 
(Fig. 1). Using Eq. [24]-[27] and [24a]-[27a] ,  the 
l imi t ing  pulse cur ren t  dens i ty  was first eva lua ted  for  
these waveforms.  Since the equat ions represen t  a 
genera l ized  solut ion for one-d imens iona l  mass t r ans -  
fer  problems,  the  numer ica l  resul ts  were  genera ted  
wi thout  speci fy ing the e lect rode geomet ry  and the 
convect ive condi t ions at  the e lec t rode  surface. Only  
the resul ts  obta ined  with  the s t eady-s t a t e  per iodica l  
concent ra t ion  and potent ia l  osci l lat ions wil l  be re-  
por ted  in this paper .  The typica l  t rans ient  t ime was 
less than  two pulse  per iods  for T* = 10 and less than  
10 pulse per iods  for T* --  0.001. 

F igures  2, 3, and 4 show the dimensionless  l imi t ing 
pulse cur ren t  dens i ty  as a funct ion of the d imens ion-  
less pulse per iod  T* : DT /82  for  (i) the  r ec t angu la r  
cathodic  pulses, ( i i )  a r ec t angu la r  pulse  reverse  ( i ' 3  
--  5.0), and ( i i i)  a double  r ec tangu la r  pulse wi th  
i*~ = 0, i*s = 10, and 88 : 0.1, respect ively .  The 
pa r ame te r s  in the  figures a re  the  cathodic du ty  cycle 
el = t l / T .  The resul ts  cover a wide range of T* from 
0.001 to 10 and el f rom 0.001 to 1.0. The value of i*PL 
increases  wi th  decreas ing T* and 8z. At  ve ry  smal l  
pu lse  per iods  and cathodic du ty  cycles, a ve ry  high 
l imi t ing  pulse  cu r ren t  dens i ty  corresponding to 100 
1000 t imes of the d -c  l imi t ing  cur ren t  dens i ty  is ob-  
tained.  

To i l lus t ra te  the prac t ica l  appl icat ions  of the results,  
le t  us consider  the deposi t ion of copper  f rom a typica l  
acid copper  su l fa te  ba th  containing 188 g / l i t e r  CuSO4 �9 
5H20 (0.75M) with  the r ec t angu la r  cathodic pulse  
current .  If  one uses a value  of 0.001 cm for the th ick-  
ness of the s t eady - s t a t e  Nernst  diffusion l aye r  8 and a 
va lue  of 7.6 • 10 -6 cm~/sec for the diffusivi ty of Cu ~+ 
ion (8, 9), then  the d-c  l imi t ing  cur ren t  dens i ty  can 
be es t imated  as 

nFDC| 
il~ = - ~ = - 1.1 A / c m 2  

Using this ilzm value  and the curves shown in Fig. 2, 
the  l imi t ing  pulse cur ren t  dens i ty  for  the  pulse p la t ing  
of copper  can be es t imated  for  var ious  pulse per iods  
and du ty  cycles (32). For  the smal l  du ty  cycles 0t - -  
0.001 ~ 0.01, the values  of iPL are  

(i) at  T : 0.13 m s e c  --{PL : 790 ~ 88 A / c m  2 

( i i )  at  T = 1.3 msec --ipL = 210 ,-, 56 A / c m  2 

I t  is seen tha t  the values  of ipL carl be as high as 
severa l  hundred  amperes  pe r  square cent imeter .  The 
resul t  is r a the r  in teres t ing  for it  demons t ra tes  tha t  
in pulse  pla t ing,  one m a y  app ly  an ex t r eme ly  high 
cathodic cur ren t  dens i ty  of a dura t ion  of 0.1 ,~ 100 
~sec wi thout  deple t ing  the meta l l ic  ion a t  the elec-  
t rode surface.  This provides  the e lec t ropla ters  an 
addi t ional  opt ion to improve  the proper t ies  of e lec t ro-  
deposits.  The presen t  ca lcula t ion agrees  wi th  the 
works  of Ibl  et al. (3, 4, 6, 27, 28) who pe r fo rmed  the 
pulse p la t ing of severa l  meta ls  a t  the pulse  cur ren t  
dens i ty  up to 200 A/cm~ and obta ined  good qua l i ty  
electrodeposi~ts. 

For  e lectrolysis  wi th  rec tangu la r  cathodic pulses, 
Viswanathan,  F a r r e l  Epstein,  and Cheh (22-24) have 
used a different  approach and calcula ted the  l imi t ing  
pulse cur ren t  dens i ty  for mode ra t e ly  high du ty  cycles 
(01 : 0.2 to 0.8). The i r  numer ica l  resul ts  are  shown 
in Fig. 2 as &;  the  ag reemen t  be tween  the two solu-  
tions was wi thin  1%. 

Figures  3 and 4 show the effect of anodic pulses on 
the l imi t ing  pulse cur ren t  densit ies.  The average  (or  
d-c)  cur ren t  dens i ty  when the e lec t rode  is be ing  
opera ted  at iPL can be calcula ted f rom the fol lowing 
equat ion 

i*d.c. - -  {$PL el "~- {*.~ 83 (for  i*~ - -  O )  [41] 

It  should  be noted tha t  i*PL represents  a cathodic p ro-  
cess; it  has a negat ive  value.  The quan t i ty  i*s r ep re -  
sents  an anodic cur ren t  densi ty;  i t  has  a posi t ive  

' ' ' i  .... , , , ' l  .... J , , ,i,'"~_----]' ' ' i ' "  1 

/ ~ :5  1 I / 
0 L e 1 : 0 . 0 5  - L . ~ .  

' . 0 0 1  - 0 1  .1 1 1 0  

T *  

Fig. 3. Dimensionless limiting pulse current density as a function 
of a dimensionless pulse period. The results are given for a 
rectangular periodical pulse reverse with i'3 "- 5.0. 
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~qO01  , 0 1  .1 1 10  

T *  

Fig. 2. Dimensionless limiting pulse current density as a function 
of a dimensionless pulse period. The results ore given for o 
rectangular cathodic pulsating current. The numerical results ob- 
tained from Ref. (22) are shown by the symbol O �9 
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Fig. 4. Dimensionless limiting pulse current density as a function 
of o dimensionless pulse period. The results a r e  given for double 
rectangular current pulses with i*~ = 0 ,  i*,~ --10, and 03 - -  0.1. 
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value. The value of i'd.c, represents the net rate of an 
electrode reaction in pulse electrolysis. If /*d.c. iS 
negative~ the net  reaction is cathodic. If /*d.c. is posi- 
tive, the net reaction is anodic. The net  reaction rate 
becomes zero if 

i*d,c. : /*PL01 + i'303 --"  0 (for i ' 2  = 0) [42] 

This equation has been numer ica l ly  solved for the 
pulse wave shown in Fig. 3 and 4 and is plotted in 
the figures as a dashed curve. This curve represents a 
condition for the change in the direction of an electro- 
chemical reaction in pulse electrolysis. The region to 
the left of the dashed curve is cathodic and the re-  
gion to the r ight  of the curve is anodic. The curve can 
serve as a guideline for the electroplaters to deter-  
mine  the proper values of i*i and i*a in pulse plating. 
It  should be noted that  the l imit ing pulse current  
density i'eL represents a m a x i m u m  cathodic pulse 
l imit for the onset of a mass t ransfer-control led condi- 8 
tion. Since the anodic current  pulses cause an in -  
crease in the surface concentrat ion of the reactive ion J 
dur ing the anodic duty cycle, the value of i*pL for the 
pulse waves with a pulse reverse is general ly  greater  
than that  with the rec tangular  cathodic pulses. 

SurJace concentration and potential ~uctuations.~ 
The ca~tculations for the concentrat ion and the poten-  
tial responses were performed for the deposit ion/dis-  
sQlution of a copper rotat ing disk electrode in 0.05M 
CuSO4 and 0.5M H2SO4. This electrolyte system was 
chosen because the electrokinetic parameters  of the 
Cu2+/Cu reaction and the thermodynamic  and t rans-  
port  properties of the solution have been wel l -docu-  
mented  in the l i terature.  In  addition, mass flux of the 
diffusing ion to the rota t ing disk electrode is one- 
dimensional;  the s teady-state  d-c  l imit ing cur ren t  
density, iiim, and the thickness of the Nernst  diffusion 
layer, 8, have been obtained by Levich (31) as 

ilim = -- 0.62045 nFC| 119" [43] 

8 = 1.61173 D1/8~1/6~-I/2 [44] ~ o 
u .  

These two equations together with Eq. [17]-[22] and =_ 
[36]-[40] permit  one to determine the fluctuations in  
the surface concentrat ion of Cu ~+ ion and the over-  o 
potential  changes of the Cu2+/Cu reaction on the ro- 
tat ing disk electrode for the pulsat ing current  wave-  
forms shown in Fig. 1. A base calculation was made 
for various pulse conditions at an electrode rotat ional  c 
speed of 300 rpm and a pulse period of 100 msec. The o 
input  parameters  for the numer ica l  computations are 
listed in Table I. 

Figure 5b shows a set of s teady-state  surface con-  
centrat ion oscillations when  the electrode is polarized 
with rectangular  cathodic current  pulses having a 
dimensionless pulse period T* = 0.1103 and a cathodic 
duty  cycle 01 = 0.4. Three sets of surface concentra-  
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~ t ,  - 

T 

t2 "I 

b)  Surface Conc  
T *  = 0.1103 

r 0 1 : 0 . 4  

i l  = - 0 , 1 7 9  

c; 

11 = - 1 . 0 7  

o ] 2 
t/T 

c )  Potent ia l  

o r ,:-_ o , , .  

I- . . . . . . .  I - - ,  . . . . . . . . . .  I . . . . . . .  - I  . . . . . . . . . . . . .  - +  I i dc 

oi-  . . . . . .  I _ - ; - - -  . . . .  ] . . . . . .  l - -  , ~ 1 7 6  

S 
.9t 
11 = - 1 . 9 6  

i 

t iT  

q~ 

~dc 

, I 
2 

Fig. 5. Surface concentration and overpotential responses for the 
rectangular cathodic current pulses. The calculation was made 
for a copper rotating disk electrode in an acid copper sulfate 
solution at 300 rpm with the following pulse conditions: T ~- 100 
msec (or T* = 0.1103); and 01 = 0.4. 

Table I. Input parameters for the numerical computation of the 
potential-current relation of a copper rotating disk electrode (RDE) 

in 0.05M CuSO4 and 0.5M H2SO4 at 298 K 

P a r a m e t e r  Value  Reference  

Exchange current density, io 1.5 mA-cm ~ (9) 
Anodic  charge-transfer coeffi- 0.75 (29) 

cient, a 
Cathodic charge-transfer  coei~i- 0.25 (29) 

cient,  
Kinetic parameter, ~, 0.75 (29) 
Diffusivlty of Ctt ~+ ion, D 7.6 • 10 -e (8) 

cm~/sec 
Kinematic v iscos i ty  o f  electro- 0.O1 cm~/sec (8) 

lyte,  
Resistivity of e lectrolyte ,  ~ 1 ~ �9 cm (30) 
Distance of re ference  probe, I 0.2 cm 
Base calculat ions at 300 rpm and 

T = 100 msec:  
D-C limiting current density, ilim -27.95 mA/cm 2 
Thickness  of the Nernst  diffusion 2.924 • 10 -~ cm 

layer, 6 
Dimensionless  pulse  period,  T* 0.1103 

tions corresponding to the pulse current  densities of 
i '1  = --0.179, --1.07, and --1.96 are given. I t  is seen 
that  dur ing the current  pulse period, the surface con- 
centrat ion of Cu 2+ ion diminishes with t ime a n d  
reaches a m i n i m u m  value at the end of the du ty  cycle 
(or the cur ren t -on  period).  Dur ing  the re laxat ion 
(or current-off)  period, the surface concentrat ion re-  

covers quickly to the original  value. In this way', the 
surface concentrat ion fluctuates between a high and a 
low value; the t ime average of the concentrat ion fluc- 
tuations is shown as a dashed line in the figure. The 
t ime-averaged dimensionless surface concentration,  
C's,  is related to the t ime-averaged d-c current  den-  
sity, /d.c., by  Eq. [8]; for a given pulse period and duty 
cycle, its value decreases with increasing cathodic 
current  pulses, i*l. On the other hand, the magni tude  

of the fluctuating concentrat ion component,  C 's ,  be-  
comes larger as i*l increases, and the total  surface 
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concentrat ion,  C*s = C*s + ~*s, a t  the  end 
of a du ty  cycle decreases  wi th  increas ing i*z. At  a 
sufficiently la rge  i*~ = --1.96, the to ta l  surface con- 
cent ra t ion  at  the  end of the  cathodic du ty  cycle be -  
comes zero as shown in Fig. 5b. Accordingly ,  this  cur -  
ren t  pulse  value  of i*pL = - -1 .96  m a y  be taken  as the  
l imi t ing  pulse cur ren t  densi ty,  i*pL, which signifies 
the  beginning  of a mass t r ans fe r -con t ro l l ed  process. 

The cor responding  s t eady-s t a t e  po ten t ia l  osci l lat ions 
of the  Cue+/Cu react ion for  the above r ec t angu la r  
cathodic cur ren t  pulses a re  shown in Fig. 5c. The po-  
ten t ia l  wave  is r ec t angu la r  a t  the  smal l  pulse  cur ren t  
dens i ty  of i '1  - -  --0.179. At  an  in t e rmed ia t e ly  high 
i*~ _-- --1.07, the  po ten t i a l  wave  is d is tor ted  f rom 
the  r ec t angu la r  shape.  The overpo ten t ia t  of the  cop-  
pe r  ro ta t ing  disk e lec t rode  increases wi th  t ime toward  
the  negat ive  d i rec t ion  dur ing  the cathodic du ty  cycle; 
this is p r i m a r i l y  due  to a decrease in the  surface con- 
cen t ra t ion  of Cu e+ ion dur ing  the same per iod  as 
shown in Fig. 5b. When the pulse cur ren t  reaches  
the  l imi t ing  pulse  cur ren t  density,  i ' 1  ---- i*pL -" --1.96, 
the e lec t rode  potent ia l  becomes a ve ry  la rge  va lue  at  
the  end of the cathodic  du ty  cycle because of the  de -  
p le t ion of Cu 2+ ion on the e lec t rode  surface.  This 
p r o p e r t y  is useful  to expe r imen ta l l y  de te rmine  the  
values of ipL for var ious  flow and pulse conditions.  The 
th ree  overpo ten t ia l  components ,  ~l*s, ~*conc, and lq*ohm, 
for  i ' 1  ---- --1.96 are  also p lot ted  in the figure. I t  is 
seen tha t  con t r a ry  to the common judgment ,  the  con- 
t r ibut ions  of the  ohmic overpotent ia l ,  ~*ohm, and the 
concentra t ion  overpotent ia l ,  ~*conc, to the total  ove r -  
potent ia l ,  ~*, a re  r a the r  smal l  (~*ohm less than  4% 
and ~*conc less than  14%). The surface ovepotent ia l ,  
~l*s, on the o ther  hand,  const i tutes  more  than  80% of 
the to ta l  overpo ten t ia l  losses. 

Fo r  e lectrolysis  wi th  a cu r ren t  wave  having a n  
anodic  pulse reverse ,  the  surface concentra t ion gen-  
e ra l ly  undergoes  a r ap id  increase  dur ing  the cu r ren t  
reversa l  period.  This is c lear ly  shown in Fig. 6b and d, 
where  the  ca lcula ted  surface concentra t ion is p lo t ted  
for  a genera l ized  double  r ec t angu la r  wave  wi th  a 
cathodic pulse  ( i '1  - -  --1.79 and --2.85, and ez ---- 0.4), 
a r e l axa t ion  pe r iod  ( i ' 2  ---- 0 and e2 = 0.5) and an 
anodic  pulse  ( i% --  5.0 and e~ = 0.1). The surface  
concentrat ion,  C 's ,  undergoes  a decrease  dur ing  the 
cathodic du ty  cycle, a s low recovery  dur ing  the re -  
l axa t ion  cycle, and a fas t  r ise dur ing  the anodic  
pulse  cycle. The resul ts  also indicate  that  under  cer-  
ta in pulse conditions,  the  surface concentra t ion of 
the  reac t ive  ion can become g rea te r  than the bu lk  
concentrat ion,  even though the overa l l  process (as 
r ep resen ted  by  C*s < 1) is cathodic and there  is  a ne t  
consumpt ion of the  react ive  ion at  the e lec t rode  su r -  
face. F igures  6c and e show the ca lcula ted  overpo-  
ten t ia l  responses  for  this pa r t i cu l a r  cur ren t  waveform.  
Dur ing  the cathodic du ty  cycle, the potent ia l  response 
is s imi la r  to the  curves  shown in Fig. 5c. Dur ing  the 
anodic  d u t y  cycle, the  potent ia l  change is r e l a t ive ly  
fiat and independen t  of the t ime. This is because the  
anodic cur ren t  pulse causes an increase in the su r -  
face concentra t ion of Cu2+ ion. Consequently,  the con- 
cent ra t ion  overpotent ia l ,  ~l*conc, shifts t oward  the 
posi t ive direct ion,  and the surface  overpotent ia l ,  ~l*s, 
shifts t oward  the negat ive  direct ion.  The two over -  
po ten t ia l  components  cancel  each o the r  giving a flat 
anodic po ten t ia l  response as shown in Fig. 6e. 

Time-averaged d-c potential-current relations.-- 
The s t eady - s t a t e  po ten t ia l  osci l la t ion waves  shown i~ 
Fig. 5 and 6 can be numer ica l ly  in tegra ted  over  one 
pu l se  per iod  to y ie ld  the d -c  overpo ten t ia l  component ,  
n'd.c.. F o r  a given cur ren t  pulse  wave,  one can ob-  
tain a d -c  polar izat ion curve by  p lo t t ing  ~*d.c. v s .  /*d.c. 
on a semi logar i thmic  scale. For  the purpose  of eva lu -  
a t ing  the  effect of pu lsa t ing  cur ren t  on the  e lec t ro-  
k ine t ic  pa r ame te r s  of the Cu2+/Cu react ion,  al l  the 

d -c  polar iza t ion  curves  dep ic ted  he rewi th  wi l l  be 
compensa ted  for  the ohmic overpo ten t i a l  in the elec-  
t ro ly te  (i.e., by  le t t ing  ~l*ohm -- 0). Except  as noted,  
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Fig. 6. Surface concentration and overpotential responses for a 
double rectangular pulsating current with i2 ~ O. The calculation 
was made for  a copper rotating disk electrode in an acicl copper 
sulfate solution at 300 rpm for the following common pulse con- 
ditiens: T ~ 100 msec (or T* = 0.1103); 01 ---- 0.4; 03 ---- 0.1; 
i*z ~ 5.0. The cathodic pulse current densities in the figures are 
(b) and (c), i '1  ~ - -1 .79  and (d) and (e), i*z - -  - -2 .85.  
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al l  the calculat ions were  made  for the base case of 300 
rpm and T --  100 msec. 

F igure  7 shows a set  of d - c  polar iza t ion  curves for  
the  r ec tangu la r  cathodic cur ren t  pulses having a d i -  
mensionless pulse per iod  T* -:-- 0.1103. The pa ramete r s  
in the figure are  the cathodic du ty  cycle 01 (0.01 ,,, 1.0). 
For  each curve, the calculat ion was made  by  g radua l ly  
increas ing the values  of i '1  unt i l  i t  reaches  99.9% 
of the l imi t ing  pulse cur ren t  density,  iPL. For  compar i -  
son, the anodic  and cathodic polar izat ion curves for 
d -c  e lectrolysis  a r e  also p lot ted  in the  figure as the  
Lthin curves.  I t  is seen tha t  PC s t rong ly  modifies the  
shape of the polar iza t ion  curves. I t  behaves  as a de -  
polar izer ,  i.e., for a g iven d-c  cu r ren t  densi ty,  PC re -  
duces the d -c  overpoten t ia l  r equ i red  for the  copper 
deposi t ion r eac t ion .  The ex ten t  of reduct ion in po-  
la r iza t ion  increases  wi th  decreas ing cathodic duty  
cycle el. A t  01 = 0.01, the  cathodic polar iza t ion  curve  
is seen to become a nea r  hor izonta l  line. I t  should  be 
noted that  a l though the theory  al lows very  high ca th-  
odic cur ren t  pulses at  severa l  hundred  t imes g rea te r  
than  the d-c  l imi t ing cur ren t  densi ty,  the t i m e - a v e r -  
aged cathodic d -c  cu r ren t  dens i ty  can never  exceed 
the d -c  l imi t ing  cur ren t  density.  This p ic ture  is 
c lear ly  shown in Fig. 7 where  each polar iza t ion  curve 
with  PC is t e rmina ted  at  i*PL with an Ii*d.c.] < 1. 

The effect of anodic cur ren t  pulses on the d -c  po-  
la r iza t ion  curves  is shown in Fig. 8 and 9, respec-  
t ively,  for  a r ec tangu la r  per iodica l  pulse reverse  
(02 ---- 0 and 0z : 0.2), and a double  r ec tangu la r  wave  
wi th  re laxa t ion  and pulse reverse  (01 : 0.4, 03 ---- 0.1, 
and i2 ---- 0). The pa ramete r s  in the  two figures are  
the magni tudes  of anodic pulse  cur ren t  density,  i ' 3  
( f rom 1 to 19). For  the double rec tangu la r  wave, the  
effect of the cathodic du ty  cycle, 0~, is given in Fig. 10, 
where  the d -c  polar iza t ion  curves are  p lo t ted  for  0s --  
0.1 and i*~ = 5.0. I t  is seen tha t  for  the  PC with  both 
anodic and cathodic cu r ren t  pulses, not  only  is there  a 
change in the shape of the polar izat ion curves, bu t  
also there  is a shif t  in the appa ren t  rest  potent ia l  ( the 
e lect rode poten t ia l  at  /d.c. = 0) t oward  the negat ive  
direction.  This is caused by  the nonsymmet r i ca l  
anodic and ca thodic  polar iza t ion  behav ior  of the  
Cu2+/Cu react ion sys tem as descr ibed in Ref. (8, 9). 
The magni tude  of the  rest  potent ia l  shif t  increases 
wi th  increas ing anodic pulse  cur ren t  density,  i%, as 
wel l  as the  cathodic du ty  cycle, 01. No Tafel  regimes  
can be  observed  for  al l  the  curves wi th  PC. Al though 
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Fig. 7. Dimensionless d-c polarization curves for pulse electroly- 
sis with rectangular cathodic current pulses. The calculations were 
made for a copper rotating disk electrode in an acid copper sulfate 
solution at 300 rpm for T = 100 msec. 
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Fig. 8. Dimensionless d-c polarization curves for the rectangular 
periodical pulse reverse. The calculations were made for a copper 
rotating disk electrode in an acid copper sulfate solution at 300 
rpm for T = 100 msec, 01 = 0.8, and 03 = 0.2. 

PC reduces  the  overpoten t ia l  for  the  cathodic deposi-  
t ion reaction,  this is not  a lways  t rue  for the anodic 
dissolut ion reaction.  The anodic polar izat ion curves 
wi th  PC appea r  to reach a cur ren t  p la teau  at  h igh  
anodic d-c  current  densit ies.  

Ef]ect of pulse period.wA par t i cu la r  set  of compu-  
tat ions was pe r fo rmed  to de te rmine  the effect of 
pulse  per iod  (or  pulse f requency)  on the  d -c  po la r iza -  
t ion curves. In  these calculations,  the ro ta t ional  speed 
of the copper  disk e lect rode was kep t  at  300 rpm, and 
the per iod  of PC waves var ied  from 1 to 1000 msec 
(or 1000-1 Hz).  The resul ts  a re  p lot ted  in Fig. 11 for 
the rec tangu la r  cathodic cur ren t  pulses wi th  01 vary* 
ing from 0.1 to 1.0. The PC wi th  sma l l e r  pulse per iod  
(or high f requency)  extends  the  polar iza t ion  curves 
to h igher  values  of the d -c  current  densities.  The 
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i dc  / l i l i r n l  

Fig. 9. Dimensionless d-c polarization curves for the double 
rectangular current pulses with relaxotians (/2 = 0). The calcula- 
tions were made for o copper rotating disk electrode in an acid 
copper sulfate solution at 300 rpm for T = 100 msec, 01 = 0.4, 
82 = 0.5, and e~ = 0.1. The parameters in the figure are the 
anodic pulse current densities, i'8. 
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Fig. 10. Dimensionless d-c polarization curves for the double 
rectangular current pulses with relaxations (i2 ~ 0). The calcula- 
tions were made for a copper rotating disk electrode in an acid 
copper sulfate solution at 300 rpm for T ~ 100 msec, 63 ----- 0.1, 
and i '3 - -  5,0. The parameters in the figure are the cathodic 
duty cycles 91. 

effect is p a r t i c u l a r l y  appa ren t  for the  curves wi th  a 
smal l  cathodic du ty  cycle  el ---- 0.1. At  smal l  d -c  cur -  
r en t  densi t ies  and la rge  du ty  cycles, the  difference be-  
tween the high and low pulse per iods  becomes less 
significant.  I t  should  be noted that  the present  calcu-  
la t ion d id  not  account  for  the cha rge /d i scharge  of an 
e lect r ic  double  l aye r  a t  the e lect rode surface.  This 
assumpt ion  g rea t ly  simplifies the ma themat i ca l  com- 
pl icat ions and gives a good approx imat ion  if the  cu r -  
r en t  pulse  t ime iS much grea te r  than  the double  l aye r  
cha rge /d i scha rge  time. The effect of the double  l aye r  
capaci tance on the shape of polar iza t ion  curves in 
pulse e lectrolysis  has been discussed in Ref. (8, 9). 

Implication to the secondary current distribution.m 
Since the  cu r ren t  dens i ty  dur ing  the pulse is usua l ly  
h igher  than  tha t  in the d -c  electrolysis,  it  has been 
thought  tha t  the p r i m a r y  cu r ren t  d i s t r ibu t ion  would  
p reva i l  and the cur ren t  d i s t r ibu t ion  would  be  less 
un i form dur ing  the pulse e lectrolysis  (6, 33). How-  
ever,  t he re  have been numerous  cont radic t ing  resul ts  
r epor ted  in the  l i te ra ture .  Sheshadr i  (34) examined  
the copper  deposits  obta ined  wi th  PC, and concluded 
tha t  PC reduced  gra in  size and produced  more  leveled 
and smoother  deposits.  Enchev (35) used PC in the  
e lec t rowinning  of nonfer rous  alloys;  he obta ined  
h igher  qua l i ty  deposi t  and h igher  cur ren t  efficiency. 
Chin et al. (2, 36) have found that  PC g rea t ly  en-  
hanced  the nuc lea t ion  ra te  and p roduced  more  un i -  
form zinc deposi ts  in acid zinc chlor ide  and a lka l ine  
zincate  solutions.  With  a pas ted  zinc e lec t rode  in a 
n icke l -z inc  ba t te ry ,  they  found that  the  use of PC 
dur ing  the charge  per iod  caused a deeper  pene t ra t ion  
of cu r r en t  into the  porous e lec t rode  ma t r ix  and more  
zinc deposits  were  obta ined at  the s i lver  gr id  located 
on the back  side of the electrode.  PC has been  used 
commerc ia l ly  in the  color anodizing of a luminum 
(37-39). The color of anodized a l u m i n u m  al loys a p -  
pea red  to be  b r igh te r  wi th  pulse e lectrolysis  because  
of deeper  pene t ra t ion  of meta l l i c  dye ions into the  
micropores  of the  oxide  film on the  a luminum surface. 
These evidences  imp ly  that  more  un i form cur ren t  dis-  
t r ibut ions  can be achieved wi th  pulse electrolysis .  

The p resen t  ca lcula t ion can be used to obta in  an in -  
s ight  into the secondary  cur ren t  d i s t r ibu t ion  in pulse  
electrolysis .  For  a mode ra t e ly  fast  e lec t rochemical  r e -  
action, such as the Cu 2 + /Cu  react ion,  the contr ibut ions  
of the  ohmic overpo ten t i a l  and  concent ra t ion  o v e r -  

idc/lil iml 
Fig. !1. Effect of pulsating period (or pulse frequency) on the 

dimensionless d-c polarization curves for the rectangular cathodic 
current pulses. The calculations were made for a copper rotating 
disk electrode in an acid copper sulfate solution. The electrode 
rotational speed was kept at 300 rpm; whereas the pulsating period 
varied from ! to 1000 msec for various duty cycles Oz. 

potent ia l  to the total  overpo ten t i a l  losses are  smal l  as 
cmpared  with  tha t  of the surface  overpo ten t ia l  (Fig. 
5 and 6), and  the secondary  cu r r en t  d i s t r ibu t ion  
would  p reva i l  at  mode ra t e ly  high pulse cu r ren t  den-  
sities. An impor t an t  qu,antity in the un i fo rmi ty  of the  
secondary  cur ren t  d i s t r ibu t ion  is the  va lue  of a d i -  
me~sionless  group cal led Wagner  n u m b e r  (40) 

Wa : K (d~ld.c./did.c.) / b  

: 2.3K (d~d.c./d log/d.c.)/id.c.L [45] 

where  K is the conduct iv i ty  of the e lectrolyte ,  L is a 
character is t ic  l ength  depending  upon the e lec t rode  
geomet ry  (e.g., radius  of the disk e lec t rode) ,  and  
dl]d.c./d log id.c. iS the  slope of the d -c  polar iza t ion  
curve of the e lect rode reaction.  This number  r e p r e -  
sents the  ra t io  of the  act ivat ion (or  cha rge - t r ans fe r )  
resis tance to the ohmic resis tance of the  e lect rolyte .  
The cur ren t  d is t r ibut ion  iS gene ra l ly  more  un i form at 
large Wagner  numbers .  Since PC s t rong ly  modifies 
the shape of d -c  polar iza t ion  curves as shown in 
Fig. 7-11, the apparen t  Wagner  numbers  eva lua ted  
f rom these figures wi l l  be r a the r  different  f rom those 
of d -c  electrolysis.  For  smal l  d -c  cur ren t  densit ies,  the  
slope of the polar iza t ion  curves  wi th  PC is genera l ly  
smal le r  than  those of the  d -c  electrolysis .  Conse-  
quent ly,  the Wagne r  n u m b e r  wi th  PC iS sma l l e r  and  
the cu r ren t  diStr ibution wil l  be less un i form wi th  PC 
at sma l l  d - c  cur ren t  densit ies.  However ,  the  s lope 
wi th  PC is seen to increase wi th  increasing id.c. and 
even tua l ly  becomes l a rge r  than  that  of the  polar iza t ion  
curves of d -c  e lectrolysis  at  h igh /d.c. values.  The phe -  
nomenon is pa r t i cu l a r ly  obvious for  the  anodic po-  
la r iza t ion  curves in Fig. 8-10. Consequently,  one would  
expect  to have a more  un i fo rm cur ren t  d i s t r ibu t ion  
wi th  PC at  h igh d -c  cur ren t  densit ies.  Thus, PC can 
improve  or  worsen the cu r ren t  d is t r ibut ion  depending  
upon the pulse conditions.  The polar iza t ion  curves 
presented  in Fig. 7-11 can serve  as a guidance in the  
es t imate  of the  secondary  cur ren t  d is t r ibut ion  dur ing  
the pulse operat ion.  

Conc lus ions  
A mathemat i ca l  model  has been  presented  for  the  

analysis  of convective mass t ransfer  and po ten t i a l -  
cur ren t  re la t ions  in pulse  electrolysis.  Numer ica l  r e -  
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sults for the limiting pulse current densities were 
generated for the rectangular cathodic current pulses, 
the periodical pulse reverse, and the double rectangu- 
lar wave with relaxation and pulse reverse. It was 
shown that an instantaneous mass transfer rate 100 ,~ 
1000 times greater than the steady-state d-c limiting 
current density could be obtained with short pulses 
and small pulse period. The concentration fluctuations 
and the potential-current responses were subsequently 
calculated for the deposition/dissolution of copper on 
a rotating disk electrode in acid copper sulfate solu- 
tion. The PC caused a profound change in the cur- 
rent-potential relationships. PC reduced the overpo- 
tential required for the electrode reaction and elimi- 
nated the Tafel regime from the polarization curves. 
For the pulse waveforms having both anodic and 
cathodic current pulses, PC shifted the apparent rest 
potential toward the negative direction. The im- 
plication of the results to the secondary current distri- 
butions and the pulse plating processes was dis- 
cussed. 
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LIST OF SYMBOLS 
C concentration of ionic species, kg-mol/m s 
Cs surface concentration, kg-mol/m a 
C| bulk concentration, kg-mol/m 3 

steady-state concentration component, kg- 
mol/m z 

fluctuating concentration component, kg-mol/ 
m s 

C* dimensionless concentration defined as C/C| 
D diffusivity of ionic species, m2/sec 
dj a dummy variable, Eq. [21], dimensionless 
F Faraday constant, 9.65 X 10 -7 C/kg-equiva- 

lent 
.I1, ]2, f~ infinite series defined by Eq. [25]- [27] 

current density at the electrode surface, A/m s 
ia.c. fluctuating a-c current density, A/m 2 
id.e: d-c current density, A/m 2 
i l i  m d-c limiting current density, A/m 2 
iPL limiting pulse current density, A/m 2 
io exchange current density, A/m s 
il cathodic pulse current density, A/m s 
is current density during the relaxation time, A/  

m s 
i~ anodic pulse current density, A /m s 
i* dimensionless current density defined as i/  

lil~nl 
j a dummy index, dimensionless 
K conductivity of electrolyte, ~-i m-1 
k a dummy integer, Eq. [17]-[19] and [25]- 

[27], dimensionless 
L characteristic length, m 
l distance between the working electrode and 

the reference probe, m 
m a dummy integer, Eq. [17]-[19] and [25]- 

[27], dimensionless 
n number of electrons transferred in the elec- 

trode reaction, kg-equivalent/kg-mol 
period number, dimensionless 
universal gas constant, 8.314 J /kg-mol  �9 K 
.pulse period, sec; also absolute temperature 
m Eq. [30], K 

p 
R 

T 

T $ 
t 
tl 
ts 
t3 
t* 
V 
Wa 
Y 
Y 

dimensionless period defined as DT/8~ 
time, see 
cathodic pulse time, sec 
relaxation time, sec 
anodic pulse time, sec 
dimenslonless time defined as t/T 
velocity of electrolyte, m/sec 
Wagner number defined as K (d~ld.c./did.c.)/r. 
infinite series given by Eq. [15] 
vertical distance from the electrode surface, m 

Greek Letters 
a anodic charge transfer coefficient, dimension- 

less 
cathodic charge transfer coefficient, dimen- 
sionless 

7 a kinetic parameter in Eq. [30] 
5 thickness of the steady-state Nernst diffusion 

layer, m 
overpotential, V 

~conc concentration overpotential, V 
~d.c. d-c overpotential component, V 
T/ohm ohmic overpotential, V 
ms surface overpotential, V 
0" dimensionless overpotential defined as (nF/ 

RT)~ 
01 cathodic duty cycle defined as tilT, dimen- 

sionless 
82 dimensionless relaxation time defined as t2/T 
03 anodic duty cycle defined as tJT,  dimension- 

less 
~.m an eigenvalue defined by Eq. [20], dimension- 

less 
v kinematic viscosity, m2/sec 

resistivity of electrolyte, ~ �9 m 
~ol) product of p and l, ~ �9 m s 

speed of electrode rotation, rad/sec 

Subscripts 
s surface value 
r bulk value 

Superscript 
�9 representing a dimensionless parameter or 

variable, see Eq. [22] and [35J for various 
definitions 

Other Symbols 
- -  time-averaged steady-state value 
--, fluctuating value 
--> vector notation 
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Electrodeposition of Zinc on Glassy Carbon from ZnCI2and ZnBr2 
Electrolytes 

J. McBreen* and E. Gannon 
Brookhaven National Laboratory, Department of Energy and Environment, Upton, New York 11973 

ABSTRACT 

The initial stages of the electrocrystall ization of zinc from 3M ZnCl~ and 3M ZnBr2 on glassy carbon has been investi- 
gated using cyclic voltammetry,  the potential  step method, and scanning electron microscopy. Part icular  care was taken to 
ensure electrolyte puri ty and to el iminate resistance effects in the measurements.  The nucleation overvoltage in 3M ZnC12 
was - 17 and - 12 mV in 3M ZnBr2. In 3M ZnC12, the current  transients from the potential  step measurements  could be fitted 
to a simple model  that  assumes instantaneous nucleation followed by growth of three dimensional  centers  under  kinetic 
control. A similar mechanism is operative for 3M ZnBr2 at low overvoltages. At higher overvoltages, the current  transient  is 
governed by mixed kinetic and diffusion control and cannot be fitted to a simple model. The lower nucleation overvoltage 
and the faster kinetics in 3M ZnBr2 is correlated with the lower stabili ty constants for the zinc bromide  complexes.  Errone- 
ous results are obtained when resistance effects are not accounted for. 

The zinc e lec t rode  is common to both z inc /ch lor ine  
and z inc /b romine  bat ter ies .  Al though  considerable  
progress  has been made  in engineer ing these ba t -  
teries,  the re  a re  s t i l l  p rob lems  wi th  the  zinc elec-  
t rode  (1-8).  These are  re la ted  to changes in zinc 
e lec t rode  morpho logy  which resul t  in dendr i t ic  g rowth  
and nonadheren t  deposits.  These  p rob lems  are  more  
severe  under  condit ions of r andom shal low cycling. 

There  have been severa l  publ ica t ions  on the k i -  
netics of zinc deposi t ion f rom zinc chlor ide e lec t ro-  
lytes  (9-16).  There  have  been repor ts  on the depend-  
ence of zinc morpho logy  on addi t ives  (17) and a -c  
modula t ion  of the  charging cur ren t  (18). The kinet ics  
of dendr i t e  g rowth  in zinc chlor ide  e lec t ro ly tes  has 
been repor ted  recen t ly  (19). Except  for br ie f  re fe r -  
ences in a few publ icat ions  (2, 6), the re  is no infor -  
ma t ion  in the open l i t e ra tu re  on the e lec t rodeposi t ion 
of zinc f rom zinc b romide  e lect rolytes .  In  the  case of 
zinc chloride,  the publ icat ions  deal  ma in ly  wi th  the 
electrodic react ions  (10-16) and the e lec t rode  mor -  
phology  af ter  p ro longed  deposi t ion (17-19). There  are  
no publ icat ions  on the processes involved in the in i -  
t ia l  s tages of nucleat ion and growth  of zinc on foreign 
substrates .  

In  zinc halogen bat ter ies ,  zinc is deposi ted on an 
iner t  cur ren t  collector.  Mater ia ls  that  have  been used 
are  plas t ic  bonded carbon (6), dense graphi te  (7), 
v i t reous  carbon (6),  or  s i lver  p la ted  t i tanium.  In 
the p resen t  study,  the  in i t ia l  s tages of zinc deposi t ion 
on glassy carbon were  inves t iga ted  us ing the poten t ia l  
s tep technique  (20). This inc luded s tudies  in both 
3M ZnC12 and 3M ZnBr2 electrolytes .  

* Electrochemical Society Active Member. 
Key words: battery, SEM, nucleation. 

Experimental 
Reproducib le  results,  which  fitted reasonable  nu-  

cleat ion and growth  models,  could only  be obta ined  
af te r  careful  a t tent ion  was given to cur ren t  d i s t r ibu-  
tion, resis tance effects, and e lec t ro ly te  pur i ty .  

Cell design.--The cell  used in these s tudies  was a 
modification of the design of Cahan et al. (21). The 
cell, which  was machined f rom PTFE, is shown in 
Fig. 1. The th ree  PTFE par ts  were  held  toge ther  by  
a luminum flanges and tiebolts.  The bo t tom two par ts  
were  sea led  wi th  a CTFE O-r ing  and a 0.25 m m  PTFE 
spacer.  The counter  and reference  electrodes were  1 
m m  d iam zinc wires  (99.999'9% pu re ) .  These were  
covered with  hea t  sh r inkab le  PTFE tubing  to a level  
be low the top of the  e lectrolyte .  This cell  design en-  
sured un i form cur ren t  d is t r ibut ion  over  the e lec t rode  
surface.  The w o r k i n g  e lec t rode  was a 7.5 m m  d iam 
glassy carbon e lec t rode  with  a PTFE  col lar  (Pine  
Ins t rumen t  Company) .  The col lar  fo rmed a t ight  l eak  
free s l ip fit wi th  the bo t tom par t  of the cell. 

Electrolyte preparation.--High pur i ty  3M ZnC12 was 
p repa red  by  react ing high pur i ty  zinc (99.9999%) with  
the  dis t i l led azeotrope of HC1. Concentra t ion ad jus t -  
ments  were  made by  addi t ions  of t r ip ly  dis t i l led water .  
High pu r i t y  3M ZnBr2 was p repa red  by  react in~ high 
pur i ty  zinc wi th  h igh  pu r i t y  bromine  unde r  t r ip ly  dis-  
t i l led water .  The react ion was car r ied  out  in an Er l en -  
m e y e r  flask immersed  in an ice bath .  

Electric circuitry.--Cyclic v o l t a m m e t r y  measu re -  
ments  were  made  using a S tonehar t  BC-1200 poten t io-  
s ta t  in conjunct ion  with  a PAR 175 p r o g r a m m e r  and 
a Soltec 3316 X - Y  recorder .  Resistance correct ion was 
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Fig. 1. Schematic of cell for zinc deposition studies 
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Fig. 2. Cyclic voltammogram for zinc deposition on glassy carbon 
in 3M ZnC[2, pH - -  2.8, sweep rate 50 mV/sec. 

made using the potentiostat  in conjunct ion with a 
Hewle t t -Packard  3325A funct ion generator  and a 
Tektronix  7634 oscilloscope. Potent ia l  step measure-  
ments  were made using the potentiostat  in  conjunct ion  
with the X-Y recorder. 

Experimental procedure.wThe electrodes were suc- 
cessively polished with 320 and  600 grit  sandpaper,  
3 and 1~ d iamond polish. The electrodes were then  
r insed with t r iply distilled water  and assembled in  
the cell. Par t icu lar  care was taken to ensure that the 
electrode surface was flush with the top surface of the 
bottom part  of the cell. The cell was filled wi th  20 ml  
of deaerated electrolyte, and the electrochemical mea-  
surements  were immediate ly  carried out. When sam-  
ples were prepared for scanning  electron microscopy, 
the cell was quickly disassembled and the electrode 
was rinsed with water  and methanol.  Samples were 
stored under  deaerated methanol  prior to carrying 
out the electron microscopy. In some cases, the elec- 
trodes were weighed so as to determine the current  
efficiency for zinc deposition. 

Results 
Figure 2 is a cyclic vol tammogram for zinc depo- 

sit ion from 3M ZnCI~ on glassy carbon. The cyclic 
vol tammogram exhibits a nucleat ion loop in that  
cathodic current  on reversal  of fine sweep is higher 
than  that  found on going in the cathodic direction. 
Qualitatively,  the results, in zinc bromide, were s imi-  
lar. There was no evidence of underpotent ia l  deposi- 
tion of zinc. 

Figures 3 and 4 show the results of the potential  
step measurements  in 3M ZnC12 and 3M ZnBr2, re-  
spectively. The cur ren t  t ransients  show a small  in-  
duction t ime followed by a smooth rise to a current  
plateau. The potent ial  step measurements  indicate 
that the critical overvoltage for zinc deposition is ,.,17 
mV in 3M ZnC12 and .-.12 mV in 3M ZnBr2. For the 
same overvoltage, the cur ren t  is much  higher  in  3M 
ZnBr2. At the higher overvoltages in 3M ZnBr2, the 
shape of the current  t ransients  change. When the re-  
sistance correction is not made the currents  are much 
lower. As the current  increases, the iR component  in-  
creases and the real applied potential  decreases with 
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Fig. 3. Current transients (solid lines) for zinc deposition on 
glassy carbon in 3M ZnCI2, pH = 2.8. Overvoltages are indicated 
on the figure. Calculated values for the current based on Eq. [2] in 
the discussion and the constants in Table I ore also shown (X ) .  

time. This tends to level off the current  transient .  
Figure 5 shows scanning electron micrographs 

(SEM) of the deposit in 3M ZnBr2 and 3M ZnC12. The 
SEM data indicate that the growth pa t te rn  may be 
described by  the growth of equal ly  sized zinc particles 
dispersed at random over the zinc surface. The n u m -  
ber  of particles per  cm 2 increases with the applied 
overvoltage. When deposition was carried out for a 
long t ime the deposit morphology was essentially iden-  
tical to that found by Oren and Landau  (19). Weight  
measurements  indicated that the cur ren t  efficiency for 
zinc deposition was -.~100%. 

Discussion 
Models for electrocrystallization,--Several models 

have been developed for describing the nucleat ion 
and growth of metals dur ing electrodeposition at con- 
s tant  potent ial  (20, 22-25). These models include var i -  
ous assumptions regarding nucleat ion and growth of 
three dimensional  centers. Nucleation can be ins tan-  
taneous or can occur over a period of time, governed 
by a first order  kinet ic  law. Growth can occur under  
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Fig. 4. Current transient (solid lines) for zinc deposition on 
glassy carbon in 3M ZnBr2, pH ---- 3.0. Overvoltages are indicated 
on the figure. Calculated values for the current at 15 and 17 mV 
( X )  are also shown. These are based on Eq. [2] in the discussion. 
At 15 mV k2Nc, -~ 2.13 X 10 -5  tool 2 cm -6  sec -2, and at 17 
mV, k2No : -  - -  3.66 X 10 -5  mol 2 c rn-8 sec -2. 

ei ther  k ine t ic  or  diffusion control.  In  the  k inet ic  con- 
t rol  g rowth  models,  provisions can be made  to ac-  
count  for  over lap  of g rowth  centers  using the Avrami  
theorem (26). More compl ica ted  models  have been 
deve loped  which  t ake  into account such th ings  as 
the  dea th  of g rowth  centers  (24, 25) and s imul tane-  

ous l aye r  g rowth  along wi th  the nucleat ion and 
growth  of th ree  d imensional  centers  (27-29). 

F o r  the s imple r  models,  r i s ing cu r ren t  t rans ien ts  
a re  predic ted.  Fo r  shor t  t imes the re la t ionship  be -  
tween  the current ,  i, and  t ime, t is 

o: tn [1] 

The exponen t  n depends  on the geometry ,  the  type  of 
nucleat ion,  and the g rowth  condit ions.  For  ins t an tane-  
ous nuclea t ion  and growth  unde r  diffusion control,  
r~ = 0.5, and for  progress ive  nuclea t ion  and g rowth  
under  diffusion control,  n - -  1.5. Fo r  ins tantaneous  
nucleat ion and g rowth  under  kinet ic  control,  n --  2, 
and for  progress ive  nuclea t ion  and  growth  under  k i -  
net ic  control  n ---- 3. 

Electrodeposition in 3M ZnCl2.--In the case of elec-  
t rodeposi t ion  in 3M ZnCl~, the fol lowing conclusions 
can be d r a w n  from the expe r imen t a l  facts. The resul ts  
f rom cyclic vo l t ammet ry ,  potent ia l  s tep measurements ,  
and cur ren t  efficiency de te rmina t ions  indicate  tha t  
the cont r ibut ion  of hydrogen  evolut ion to the overa l l  
cu r ren t  is negligible.  Thus, the  da t a  can be  t rea ted  
wi thout  consider ing the cont r ibut ion  f rom hydrogen  
evolution.  For  shor t  t imes i c c  t 2. This would  indicate  
a mechanism involving ins tantaneous  nuclea t ion  and 
growth  under  k inet ic  control.  The scanning e lec t ron 
microscopy observat ions  indicate  tha t  the zinc growths  
are  app rox ima te ly  of equal  size. This implies  tha t  the 
nuclea t ion  is ins tantaneous.  The cur ren t  t ime r e l a -  
t ionship for the growth  of r ight  c i rcular  cones unde r  
condit ions of ins tantaneous  nuclea t ion  and growth  
under  k inet ic  control  is 

( aM2k2Not2 ~ 
~ = zFk* [I-- exp-- ~-{ / ]  [2] 

where k* and k are the respective rates (mol cm -s 
sec -I) of crystal growth in the direction perpendicular 
and parallel to the substrate, M is the molecular 
weight of zinc (65.38 g/mol), p is the zinc density 
(7.14 g cm-8), and No the instantaneous nucleation 
rate; z ---- 2 and F is the faraday constant. 

Theoretical values of {, calculated according to Eq. 
[2] are shown in Fig. 3. The values of zFk t and kSNo 
for various overvoltages are given in Table L The 
agreement between theory and experiment for the 
current transients is quite good. This, together with 
the microscopic observat ions,  indicates  tha t  a s imple  
mechanism based on ins tantaneous  nuclea t ion  fol -  
lowed  by  g rowth  of three  d imens iona l  centers  under  
kinet ic  control,  is operat ive.  

Electrodeposition in 3M ZnBr~.--In the  case of zinc 
deposi t ion f rom ZnBr~ electrolyte ,  the contr ibut ion  of 
hydrogen  evolut ion can also be neglected.  The mic ro-  
scopic observat ions  and the dependence  of the cu r ren t  
on the  s~uare  of the  t ime for  shor t  t imes  indicates  
that  the  mechanism is s imi la r  to tha t  found in ZnCL, 
e lectrolyte .  However ,  on ly  the cu r r en t  t rans ients  at  
15 and 17 mV could be fitted to Eq. [2]. The da ta  at  
h igher  overvol tages  could not  be fitted to any s imple  
theore t ica l  model.  Close fits could be ob ta ined  for  
models  that  assumed the onset  of a second set of 
nuclei  a f te r  a few seconds. However ,  the microscopic  
observat ions  indica ted  tha t  a l l  the  zinc growths  were  
ident ica l  in size, and no nuclei  beyond  those ins tan-  
taneous ly  fo rmed  by  the poten t ia l  s tep were  observed.  

Table L Values of zFk I and k2No for zinc deposition from 3M 
ZnCI2 electrolyte 

O v e r v o l t a g e  z F k  1 k2No 
( m V )  ( m A / c m  ~) ( t oo l  ~ c m  -a s e e  -~) 

Fig. 5. Scanning electron micrograph of the deposit on glossy 
carbon after 10 sec of electrodepositlon, (A) ZnCI2 at 25 mV, (B) 
ZnBr2 at 18 inV. 

23 15.84 1.42 x 10-~ 
25 32.59 4.13 x 10 -~ 
27 45.27 9.75 x 10 ~ 
30 75.14 4.04 • 10-4 
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The divergence from the simple theoretical model is 
most likely due to the onset of diffusion limitations 
at high current densities. 

Comparison of electrodeposition in 3M ZnCl2 and 
3M ZnBr2.--The nucleation overvoltage is lower 
(~12 vs. ~17 mV) in ZnBr2 than in ZnC12 electrolytes 
and the electrode kinetics are faster in ZnBr2. It is 
known that the complexing halide ions can effect the 
exchange current density for molybdenum deposition 
from molten salts (30). A similar effect apparently 
occurs in the case of zinc in aqueous electrolytes. The 
stability constants for zinc chloride complexes are 
much ~ higher than those for zinc bromide complexes 
(31). This would explain the lower nucleation over- 
voltage and the faster kinetics in ZnBr2 electrolytes. 

Ef]ect of resistance corrections.--When no re.~istance 
corrections are made, the potential step measurements 
yield erroneous results particularly at high current 
densities. The nucleation rate is not greatly affected 
since the initial current is very low. However, as the 
current transient rises the real applied potential at 
the electrode falls and the current transient rises with 
a lower time exponent. At high current densities, the 
current vs. the square root of time yields linear plots. 
Thus, without resistance correction the data could 
be erroneously interpreted as having growth under 
diffusion control conditions. These results, and those 
of Cahan et al. in alkaline electrolyte (21), indicate 
that it is imperative to eliminate resistance effects in 
zinc electrode kinetic measurements. Otherwise, er- 
roneous conclusions on mechanisms can be easily 
made. 
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Mathematical Modeling of High-Current Chromium Plating with 
Application of a Rotating Disk Electrode 
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ABSTRACT 

Based on a mathematical design of experiments, the effect of temperature, current density, H~SO~, and K~SiF~ concen- 
trations, and hydrodynamic conditions on the current efficiency, electrical energy consumption, speed of deposition, gloss, 
and the microhardness of chromium coatings obtained at current densities of 200-400 A/din 2 was investigated. The results 
are presented by means of regression equations in the form of quadratic polynomials. 

Tradit}onal electrolytic p la t ing of chromium is 
characterized by low deposition speed of chromium 
and low cur ren t  efficiency. In recent  years, a n u m -  
ber  of papers were published which describe chro- 
mium plat ing processes at high current  densities 
whose rate of deposition may be higher by an order 
of magni tude  as compared with s tandard processes 
(1-6). High-cur ren t  densities up to 20 A/cm 2 may be 
applied if a suitable flow rate of electrolyte with 
respect to the cathode is ensured. In  order to main-  
ta in  the electrolyte flow, gear pumps are used (1-3, 
6) and, if the components  to be chromium plated are 
of rotat ional  symmetry,  the workpieces are rotated 
(3-5). It is convenient  to investigate the chromium 
plat ing process unde r  variable  hydrodynamic  condi- 
tions on a rota t ing disk electrode (3). One does not 
need then an expensive and complicated instal lat ion 
for forcing the electrolyte flow and the bath is not 
contaminated with corrosion products of the system. 
In  addition, in a cell equipped with a rota t ing disk 
electrode one can readi ly determine and moni tor  the 
hydrodynamic  conditions (7). 

Experimental Procedure 
A p r i o r i  informat ion contained in the l i terature and 

obtained in our studies enables us to dist inguish four  
(Table II) or five (Table I) factors affecting the prop-  
erties ei ther  of the chromium deposit or of process con- 
ditions. In  order to carry out a full  factorial experi-  
ment,  it would be necessary to perform 24 ~ 16 ex- 
per iments  for four factors and, for five factors, 32 ex- 
per iments  at levels --1, 0, +1.  Taking into account 
replicates of exper iments  one should perform 32 and 
64 experiments.  In  order to reduce the n u m b e r  of ex-  
periments,  fractional replicates of the 25-2 and 24-~ type 
suggested for the first t ime by  F inney  in 1945 were 
carried out; 'they required 8 experiments  repeated 
twice each. As a defining contrast (16) or in other 
words a basis of the design (17) of the 2 ~r type, the 

relations I - -  - -  x l x 2 x 5  - -  - -  x s x 4 x 5  "- § x l x 2 x 3 x 4  were 
assumed. For the 24-2 design the defining contrast  was 
taken according to the formula  I : x l x 2 x ~ x 4 .  The de- 
fining contrasts selected this way affected the ent i re  
design in such a way that  they enabled the miniIniza-  
tion of the necessary n u m b e r  of experiments.  I t  also 
determined the combined estimates, aliases, and mutua l  
relations of the design matr ix  columns. The more 
complicated design 2 ~-2 will be discussed here in a 
detailed way. Table I describes the factors, ranges of 
their  changes, and code symbols. 

The following symbols are used (Table I) : xi, value 
of the dimension related factor, xi, dimensionless 

(coded) value of the factor, xoi and Xoi, values of fac- 
tors in the design center, related and unre la ted  to di- 
mension, respectively, z~, is the range of factor var ia-  
tions, i _-- 1, 2 . . . . .  5. 

Factor coding and the inverse operation are accord- 
ing to the formulas 

xi - -  - -  x i  - -  x iz i  ~- Xoi [1] 
zj 

The design mat r ix  of the 25-2 type was prepared on 
the basLs of the 28 matrix.  According to our defining 
contra~t, in the 23 design the column of the three-  
factor interact ion x l x 2 x 3  (column 5 in Table II) was 
subst i tuted with factor x4. Meanwhile  column 7 i n  
Table I[ of the two-factor interact ion - - x ~ x ~  was sub-  
s t i tuted with factor xs, the signs of coded values having 
been changed to the opposite ones, according to the 
defining contrast I : x l x 2 x s .  Table II  shows the s t ruc-  
ture of the design matr ix  25-2 where the current  effi- 
ciency (y~) was the optimization parameter.  Taking 
into account the defining contrast  or keeping track of 
mutua l  relations of signs in the design matr ix  columns, 
one finds 

Table I. 

Factor  Dimens ion  x ,  ~ l  xo, ~ l  z, 
1 2 3 4 5 6 7 

K~SiFe concentrat ion k g / m  3 xl  2 4 6 2 

Temperature  ~ x2 30 40 50 10 

I-I~SO4 concentrat ion k g / m  ~ ~ 1 2 3 1 

Cathodic current  dens i ty  A / d i n  ~ x~ 200 300 400 100 

Disk e lectrode  speed 1 /see  ~ 30 45 60 15 
Coded factor va lues  x~ = (-1) = xol = 0 xl = (+1) = 

(--) = (+) 

The basic e lectrolyte:  CrOa--250 g / l i ter ,  Cr~O~--7 g / l i ter .  
Before  the  measurements ,  analytical  determinat ions  of the CrO~, Cr203, H~So,, and I~SIF6 concentrat ions  were  made.  

1671 
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Table II. 

1 2 3 4 5 6 7 8 9 10 

N 

u = l  
S~ {y} = [5] 

N 

1 + - - - + + + 40.20 
2 + + + - - - + - - 32.16 
3 + - - + + - + - - 48.47 
4 + + - + - + - + - 49.43 
5 + - + + - + - - + 36.87 
6 + + - - + + - - + 3 4 . 3 6  
7 + - + - + + - + - 3 8 . 0 0  

N = 8 + + + + + - -  + + + 4 5 . 8 5  

XlX2 = X3X4 = --Xs; XlX3 : X2x4; 

x~X3 = XtX~; Xt = --X2Xs; etc. 

Such an a r r angemen t  of  the ent i re  design by  means  
of the  defining cont ras t  has two aspects. The one is 
the  fact that  the  es t imated  regression coefficients bi and 
bi~ where  i r j and i, j e{1, 2 . . . . .  5} are  b iased with  
h igher  o rder  in teract ions  and the combined es t imate  
sys tem has the form 

bo -> Bo + ~ Bii 

b, -> Bx -- B2~ + B~4 + B1345 

bz--> B2 - -  B15 + Bl~4 - -  B2~4~ 

b3 "-> B3 -- B45 + B124 -- B1235 

b~ ~ B~ - -  B ~  + B ~  - B~24~ [2]  

b~ ~ B~ - -  Bl~. - -  Ba4 + B ,~4~  

b~3 ~ BI~ --  Bz~ + B2~ --  B~45 

This means  tha t  the ca lcula ted  regress ion coefficients 
b0, hi, bij a re  es t imates  o~ thei r  expected values  B0, Bi, 
Bij in the  pa ren t  popu la t ion  of a l l  the possible  expe r i -  
ments  for  the  process under  invest igatmn.  In general ,  
i t  is assumed tha t  t h r e e - l a c t o r  and h igher  o rder  in t e r -  
act ions are  insignificant.  Therefore,  the  te rms B~j~, Bu~, 
and  Bljklm in [2] m a y  be neglected.  The sys tem of 
es t imates  de te rmines  also the sign re la t ions  be tween  
pa r t i cu l a r  columns.  Fo r  instance,  the  second re la t ion  
shows tha t  the  xax5 column wil l  have  symmet r i ca ] ly  
opposi te  signs wi th  respect  to the  x~ column, whereas  
the x~x~x~ column wil l  have consistent  signs. 

The o ther  aspect  which resul ts  f rom the defining 
contras t  is tha t  using the regress ion equat ion 

A 
Y =  h a +  ~-f b i x i +  ~-t buxiXJ-- b o +  b l X l +  b'2X2 

/ = 1  {<~ 

+ bax3 + b4x4 + bsx~ + bl~Xxx3 + b2ax2x3 

i t  is possible,  r emember ing  the equal i t ies  xlx3 - -  x2x~ 
and x2x3 -- x~x~, to ana lyze  them in an in teres t ing  
fashion. 

The regress ion coefficients were  ca lcula ted  f rom the 
expression 

N 

b i  = I / N  X 
U = I  

XiuYu, where  i = 0 , 1  . . . . .  k, [3a] 

k + 1 = number  of regres -  
sion coefficients to 
be de te rmined .  

The significance of the regress ion coefficients was de -  
t e rmined  th rough  an F- tes t .  Since a l l  coefficients in 
the  25-2 design are  de te rmined  with  the  same error ,  
hence 

1 
{b~} -~ S~ {b~} = -~ S~ {~} [4] 

Each expe r imen t  was repea ted  twice,  so 

w he re -y  is the mean  of the two expe r imen ta l  results.  
be bi 

Next  the Fcalc, o - -  - -  ; Fcalc, l --  - -  ; F c a l c ,  iJ " -  
S 2 ( b 0 )  S 2 ( h i )  

b~j 
- -  rat io was ca lcula ted  and compared  with  Fcrit 
$ 2  ( b i j )  

for  fl - -  1, f~. = N, ~ --  0.05, f rom the  tables.  When  
F c a l c  < F c r i t  the zero hypothesis  of the  significance of 
a given coefficient was rejected.  That  mean t  tha t  the  
coefficient is considered insignificant in compar ison 
wi th  the  e r ro r  of its de terminat ion .  The adequacy  of 
present ing  the measured  resul ts  by  means  of the re-  
gression equat ion was also defined by  means  of the 
F- tes t .  To this end the sum of squares  for the  re -  
ma inder  was ca lcula ted  f rom the equat ion 

N K 

u = l  t = 0  

and the res idual  var iance  
SR 

S R 2  --- _ _  

fR 

where  ~R is the number  of degrees  of f reedom 

~ R = N - - k - - 1  

k + 1 is the number  of regression coefficients to be 
de te rmined .  The F rat io  was de te rmined  f rom the 
equat ion 

SR 2 
Fcalc = [7] 

S 2 ( y )  

and compared  wi th  Fcrit f rom the  tables  for  Yt --  ~r 
f2 = N, a = 0.05. Again,  for Fcalc > ~ c r i t ,  the  zero h y -  
pothesis  of adequacy  of present ing  the resul ts  b y  the  
po lynomia l  obta ined  was re jected.  

In  the  25-2 design, yl, Ye, Y3, Y4 defined be low were  
se lec ted  as response functions.  Ano the r  design pe r -  
fo rmed  in o rde r  to inves t iga te  the  s i l icof iuoride-sulfate  
ba th  was the 24"1 design. Table  I I I  descr ibes  the  fac-  
tor ia l  space for that  design, using symbols  as in Table  
I. The design ma t r i x  was const ructed such that  in the  
23 design the x, x2x3 column was rep laced  by  the x4 
factor  column. This is t an t amoun t  to the  assumpt ion 
tha t  Blez --  0. The combined es t imate  sys tem has the 
f o r m  

b0- ->  B 0  + ~ b i i  b3- ->  B 3  + B124  h i 2 - - ~  B 1 2  + B 3 4  

b l - > B I + B ~ 4  b 4 ~ B 4 + B 1 2 ~  b 1 3 - ~ B 1 3 + B ~  

b2 "> B2 + B184 b23 ~ B~3 + Bi4 

[8] 

Appl ica t ion  of the  ma in  defining contras t  enab led  us 
to cons iderab ly  improve  the resolut ion of the  design. 
The basic  regress ion coefficients bi a re  biased only wi th  
th ree - fac to r  interact ions.  In  general ,  i t  is assumed 
tha t  these interact ions  are  insignificant.  Two- fac to r  
interact ions  are  es t imated  jo in t ly  in twos (a l iases) .  
Transformat ions  of the  defining contras t  enable  us to 
find the fol lowing impor t an t  re la t ions  

X l X 2  = XSX47 X l X 3  = ~2X4~ X2X3 " -  X l X 4  

These relat ions,  as in the case of the 25-2 design, may  
be used for  more  extens ive  in te rp re ta t ion  of the re -  
gression equat ions obtained.  In  this case, the  response 
surface m a y  be descr ibed by  the fol lowing equat ion 
^ 
y = bo + blxl  + b~x2 + b~x~ + b4x4 

+ bl~xl~c2 + blsxlxz + b2zx2x3 [9] 
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Table III. 

1 6 7 3  

Factor Dimension 
1 2 

= ,  =o ,  z ,  

3 4 S 6 7 

H~SO, concentrat ion k g / m  a 

Temperature  ~ 

Cathodic current  density A/dm~ 

Disk electrode speed 1/sec 
Coded factor values  

x, 2 3 4 1 

x~ 30 37 44 7 

x, 200 300 400 100 
x, 30 60 90 30 

z i =  ( - i )  = x o 1 = 0  z i =  ( + i )  = = ( - )  = ( + )  

Calculat ions of the regress ion coefficients, s ta t is t ical  
calculations,  and the method  of test ing the s ta t is t ical  
hypotheses  were  the  same as those for the 25-2 design. 

Favorab le  resul ts  obta ined  based on the 2~-2 and 
24-1 designs encouraged us to make  an a t t empt  at  a 
more  de ta i led  descr ipt ion of the quas i - s t a t iona ry  re -  
sponse surface by  means of pa r t i a l  four th  degree po ly -  
nomial  of the  type  

N N N 

i = l  i < j  i<j<k 
N 

Jl" b1234XlX23g3X4 "~ ~ biixi2 
i = l  

Due to economic considerat ions  (number  of exper i -  
ments)  and the level  of calculat ion difficulties, the  3 n 
and ro ta tab le  designs were  abandoned.  The cent ra l  
composite  or thogonal  design (CCOD) was se lec ted  
whose ma themat i ca l  pr inciples  were  worked  out b y  
Box and Wilson in 1951 (14). In  our  case, this  design 
is a composite  of the 24 design, s tars  of design, and 
one centra l  point.  In  the  CCOD, the resul ts  of the  
reduced  24-1 design were  uti l ized.  

The basic ma t r i x  of the CCOD contains 25 l ines and 
4 columns. The ful l  m a t r i x  used for  ca lcula t ions  con-  
ta ins  20 columns, i.e., 500 elements ,  and for this reason 
it is not  ment ioned  in the  presen t  pape r  [cf. (15), page  
92]. The  poss ib i l i ty  of const ruct ing 20 columns makes  i t  
possible  to calculate  20 coefficients of the pa r t i a l  
fou r th -degree  polynomial .  The fac tor ia l  space in t h e  
CCOD is, of  course, ident ica l  to tha t  in 24-I des ign 
(Table  I I I ) .  Con t r a ry  to the  25-~' and 24-1 designs, the  
es t imated  coefficients a re  not  b iased wi th  interact ions,  
for  ins tance  

bo-> B0, bl--> B1, blb~--> B12, b263b4-> B2z4, b n  "-> B n  etc. 

In t roduc t ion  of the columns ob ta ined  b y  squar ing  the 
values  of l inear  factors into the  des ign m a t r i x  causes 
inor thogonal i t ies  in these columns. In  o rde r  to ma in -  
rain the  design or thogonal ,  the fo l lowing t r ans fo rma-  
tion should  be int roduced.  

N 

1 ~ Xlu ~ = =i ~ _ =i-- ~ in] xf  = x#  - -~  . = I  

and the  "s ta r  a rm"  length,  a, should be de te rmined  
which for  the 24 CCOD is: a = +--1.4142. The  t r ans fo r -  
mat ion  in t roduced is used for  ca lcula t ion of b0, bii and  
for  construct ion of the xi 2 c o l u m n s .  

The regress ion coefficients of the  CCOD design are  
ca lucula ted  according to the  formulas  

N 

bo' = Xou �9 Yu; bo =-- bo' - -  b n x ,  ~ --  . . .  - -  biixi ~ 

[ i i a ]  

TER 

The regress ion equat ions were  tes ted by  an F - t e s t  in  
the case of the  designs discussed ear l ier .  

Testing Set 
The ma in  pa r t  of the  tes t ing set  was a disk e lec t rode  

wi th  an e lec t ro ly t ic  cell. The set consisted also of a 
d-c  supply  uni t  and  measur ing  ins t ruments ,  and  is 
shown schemat ica l ly  in Fig. 1. A special  g loss -mete r  
was designed for  measur ing  the  gloss of ch romium 
coatings. Its d i a g r a m  is shown in Fig. 2. 

Preparation of surSace for deposition.--Before each 
measurement ,  the  p l a t i num disk  surface was ground 
wi th  abras ive  pape r  No. 800 and degreased  in t r i -  
chloroethylene.  Af te r  degreas ing and drying,  the  disk 
was immed ia t e ly  ch romium pla ted ,  wi thout  addi t ional  
t rea tment .  

Results and Discussion 
In most  papers  deal ing wi th  h igh -cu r r en t  chromium 

pla t ing  (1, 2, 4-6),  a s t anda rd  sul fa te  e lec t ro ly te  was 
used. In  the presen t  paper ,  s tudies have been pe r -  
fo rmed wi th  the s i l icof luor ide-sulfa te  e lec t ro ly te  which 
is more  efficient, under  s t a t iona ry  conditions,  than  the 
sulfa te  e lectrolyte .  Using the 25.2 design prev ious ly  
discussed (Tables  I and I I ) ,  the fol lowing regress ion 
equat ions were  ob ta ined  

Ustab. 

mmlo 

;FORMER 

N N 

Xiu " Yu ~ Xmt " ~ u  
~=1 ~=1 

bi : ; bil : 
N N 

u = l  u = l  

STAT 

Fig. 1. Schematic diagram of experimental setup 
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DISC ELECTRODE 

Fig. 2. Schematic diagram of gloss-meter 

mr �9 F �9 n �9 100 
Yl ---- (%) is the cur ren t  efficiency 

M . i . t  

u . i . t  
Y2 -- (kJ/kg) is the electric energy consumption 

mr 

Ys -- - -  (~m/sec) is the deposition rate 
A . d . t  

Y4 (%) is the gloss 

(Prior  to measurements ,  the gloss-meter  (Fig. 2) was 
calibrated by set t ing the diaphragm to 100% for a 
s tandard chromium coating, obtained from a sulfate 
bath and wet ground with abrasive paper No. 600), 
where: mr is the mass of chromium deposited on the 
cathode, F, is Faraday 's  constant, n is the number  of 
electrons exchanged in the reaction Cr6+ --> Cr 0, M is 
the molecular  mass of Cr, i is the current  density, t is 
e!ectrolysis time, u is the mean  voltage be tween the 
anode and cathode, d is the chromium density, A is the 
disk surface area, equals 16 m m  2. 

A 
yl ---- 40.67 -- 0.2175xi -- 2.4475x2 + 4.4875x3 + 1.0025x4 

- -  1.0025x5 + 2.7025xlx~ -- 1.3475x~x3 [12] 

A 
y~ ---- 112129 + 2534xl + 1635x2 -- 12628x3 + 6917x4 

-t- 3526x5 -- 8717xlx3 -b 3268x2x~ [13] 

A 
Y8 ---- (154.64 -- 2.512xi -- 5.837~c~ -t- 18.162x~ + 54.887x4 

- -  9.412x5 -t- 7.112xlx3 -- 5.362x2xa) �9 10 -3 [14] 

A 
Y4 ~ 13.237 -- 1.462xi -- 8.525x~ -- 0.288x3 -- 1.15x4 

- -  2.95x5 + 0.587xlx8 -- 0.9x2x3 [15] 

A 
The bl coefficients in the Yl equat ion and bl, b3, b4, his, 

^ 
and b23 in the Y4 equation appeared to be statistically 
insignificant. All  estimates of the regression coeffi- 

A A 
cients for functions Y2 and  y~ appeared to be signifi- 
cant, so, due to the absence of any degrees of f reedom, 
the adequacy of these equations was not tested. After 
re jec t ing the insignificant coefficients in Eq. [12] and 
[15], other coefficients describe the response space ade- 
quately. In  spite of ini t ial  suppositions, the silicofluo- 
ride content  of the bath  (from 2 to 6 g/ l i ter)  appeared 
to have an insignificant effect on the current  efficiency 
of chromium and on the gloss coating. The effect of the 
silicofluorides on the electrical energy consumption and 
rate  of covering iz unfavorable.  However, a relat ively 
high value of the b~s coefficient, which is a combined 

estimate of interactions of the silicofluoride concentra-  
t ion and sulfate concentrat ion as well  as of the tem- 
pera ture  and cur ren t  density, may  indicate a favor-  
able effect of the silicofluorides together with the sul-  
fates on Yl, Y2, and Ys. 

An  influence s imilar  to that of the silicofluorides is 
exerted on the investigated values by the bath tem- 
perature.  Its increase affects adversely Yl, Y3, and Y4 
and also increases the energy consumption Y2. In all 
equations, the effect of tempera ture  appeared to be 
significant. The tempera ture  range from 30 ~ to 50~ is 
found to have an ext remely  negative effect on the gloss 
of the coating Y4. A s imilar  negative effect of tempera-  
ture  in this range on the smoothness of coating ob- 
tained at the current  densi ty of 370 A / d m  2 at the sul-  
fate electrolyte flow was found by Suzuki et al. (4). 
The highest  roughness was exhibited by the coatings 
prepared over the temperature  range from 50 o to 65~ 
Contrary  to the effect of the tempera ture  and silico- 
fluoride concentration,  the sulfuric acid concentrat ion 
has a favorable effect on the optimization parameters.  
An increase of the concentrat ion of H2SO4 increases 
considerably Yl and Y3 and decreases y2. The effect of 
the concentrat ion of H2SO4 on Y4 appeared to be in -  
significant. 

The assumed cur ren t  density range exerts the s t rong-  
est influence on the plat ing rate Y3 resul t ing in a high 
asymmetry  of the equation. Certa in  significant coeffi- 
cients are lower by one order  of magni tude  than the b4 
coefficient at the current  density. Therefore, the coeffi- 

A 
cients in the equation for Y3 should be treated with 
caution. An increase in current  density from 200 to 
400 A/d in  2 increases slightly Yl but, at the same time, 
increases y2, main ly  as a result  of the increased voltage 
between the cathode and anode. The effect of current  
densi ty  on Y4 appeared to be insignificant. An increase 
in the disk electrode speed from 30 to 60 rps was 
found to exer t  a sl ightly negative effect on Yl, Y~, and 
y4 and a favorable effect on y~. In  spite of the negative 
effect of increasing the electrode speed over the as- 
sumed range on all optimization parameters,  it was not  
possible to obtain satisfactory coatings of uni form 
thickness at the same other parameters  under  sta-  
t ionary conditions. Chromium coatings deposited on 
the p la t inum disk at 300 A / d m  2, 40~ K2SiF~ concen- 
t rat ion of 4 g / l i ter  and H2SO4 concentrat ion of 2 g / l i te r  
(25-2 design center) bu t  without  rotat ing the electrode, 
were gray, brit t le,  and had no adhesion to the base. 
The bottom limit  of the electrode speed, 30 rps, was as- 
sumed because at lower speeds the disk electrode was 
blocked by hydrogen bubbles,  par t icular ly  at higher 
current  densities. 

Applicat ion of a high fract ional i ty design (which 
is highly sa tura ted) ,  such as the 25-2 design, provides, 
a rauid response in the form of assumed functions at a 
small  n u m b e r  of points (8 points for 5 facfo~s) but. at 
the same time, such a design has a low resolving power. 
The l inear  coefficients are estimated here in conjunc-  
tion with the two-factor  interactions which appeared 
to be significant. Therefore, in this design, one should 
take into consideration a considerable adul terat ion of 
the effect of par t icular  factors on the optimization pa-  
rameters.  Since the effect of the K_~SiF6 concentrat ion 
on the optimized parameters  did not appear to be very  
sieniflcan~ and for technological reasons it is ad- 
vantageous to introduce excess silicofluorides to sa tu-  
rate the bath. in fur ther  studies a bath containing 20 
g/ l i ter  KeSiF6 was used. 

In  light of the results obtained in the next  design, we 
decided to lower the basic level, to decrease the level of 
temperature  variations, and to increase the basic level 
with the same interval  of H~SO4 variations. In  order to 
emphasize the effect of the electrode speed on the op- 
timized parameters,  we decided to increase their  basic 
level and to enlarge the in terva l  of variations. Although 
the favorable effect of increased current  densi ty on the 
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plat ing rate  and current  efficiency suggests that  it 
should be increased, the format ion of dendri tes  and 
lower adhesion of coating at cur rent  densities exceed- 
ing 400 A / d m  2 suggested keeping constant  both the 
basic level and in terval  of variat ions in the subsequent  
design. 

This t ime the 24-~ design was accomplished for four 
factors. The factorial space for this design, together 
with the values of levels and intervals  of variations, is 
given in Table III. Apar t  from the same optimization 
parameters  Yl -- Y4 as in the previous design, an addi-  
t ional parameter  Y5 (microhardness)  was adopted for 
this design. The following regression coefficients were 
obtained [Y5 (kg /mm 2) is the microhardness.  It  was 
determined by Vickers' method under  the load of O.1 
kg.] 

A 
y (  : 43.50 % 1.487xl ~ 0.612x2 -5 1.975x3 -- 3.825x4 

-5 0.325XlX2-5 2.337xlx3 -5 0.537x2x5 [16] 

^ 
Y2' =- (107.28 -- 4.23xl -- 5.78x2 -5 5.360x~ -5 9.7x4 

-5 1.21xlx2 -- 6.42xlx~ -- 2.76x2x3) �9 103 [17] 

^ 
Y3' ---- (166.68 -5 8.47xl -5 2.98x2 -5 62.17x3 -- 14.87x4 

- -  6.01xlx2 % 10.63xlx3 -5 2.79x2x3) �9 10 -3 [18] 

^ 
Y4' -- 19.38 -- 2.17xl -5 7.96x2 -- 4.67x3 -- 3.52x4 

-5 1.21x~x2 -- 2.27xlx~ -- 3.02xsx3 [19] 

^ 
Y5' -- 1127.56 -5 17.56Xl -- 82.68x2 -5 14.83x~ -- 19.56x4 

-- 3.18xlx2 -- 0.31XlX3 -- 29.31x2x3 [20] 

On reject ing the insignificant coefficients, the equations 
assumed the following form 

^ 
y (  -- 43.50 -5 1.487xl -5 1.975x3 

- -  3.825x4 -5 2.337xlx8 [21] 

^ 
Y2' = (107.28 -- 4.23xi -- 5.78x~ -5 5.36x3 

-5 9.70x4 -- 6.42x1~c3) �9 10 ~ [22] 
^ 
Y3' -- (166.68 -5 8.47xI -- 62.17x8 

- -  14.87x4 -- 6.01xlx2 -5 10.63XlX3) �9 10 -~ [23] 

^ 
Y4' ---- 19.38 -- 2.17x~ -- 7.96x~ -- 4.67x8 

- -  3.52x4 -- 2.27x~x~ -- 3.02x2x~ [24] 

^ 
y~' = 1127.56 -5 17.56x~ -- 82.68x2 -5 14.93x3 

- -  19.56x4 -- 29.31x2x~ [25] 

These equations adequately describe the exper imenta l  
results. A comparison of the 25-2 and 2~-1 designs shows 
that  all optimization parameters  were considerably im-  
proved. First  of all, the absolute values of the free b0 
terms which in these designs are mean  values of mea-  
surements,  were increased. This profit results main ly  
from a decrease in tempera ture  and increase in  the 
concentrat ion of H2SO4 in  the bath. Unexpectedly,  in  

^ ^ 
the 24-~ design for equations y~' and Y3' the est imate of 
the coefficient changed its sign at temperature  (bz) 

^ 

from ( - - )  to (-5) in  the 25-2 design and for the y2' 
equation from (-5) to ( - - ) .  This fact might  be ex- 
plained by a positive interact ion of tempera ture  with 
the concentra t ion of KsSiF6 in the bath. As ment ioned 
previously in  the 24-~ design K2SiF6 was added to sa tu-  
rat ion and, as is well  known,  its concentrat ion in  solu- 
t ion increases with temperature .  The values of estimates 
for the b~ coefficients in the 24-1 design decreased con- 

A A A 
siderably for y ( ,  y2', and y~', which might  indicate that  
the plot of these parameters  vs. the concentrat ion of 
H~SO4 is flattened on increasing this concentrat ion.  In  
the second design, the estimate of the bl coefficient in 

A 
the equat ion for Y4' appeared to be significant. The 
na ture  of the relat ionship of optimized parameters  with 
cur ren t  densi ty was unchanged,  in principle,  for both 
designs. 

An increase in the in terva l  of variat ions and increase 
in the basic level of electrode speed resulted in an in-  
crease of absolute values and regression coefficients in  
the 24-1 design without  changing their  signs. In  the 
second design, an addit ional  optimization parameter  
was microhardness (Ys). Its mean  value of 1127 kg/  
mm2 is, in  principle, consistent with the values re-  
ported by  other  investigators for this type of bath. 
From the analysis of the estimates of regression coeffi- 
cients it is seen that  microhardness of coatings de- 
creases considerably with increasing tempera ture  and 
less rapidly with increasing rotat ional  speed in  the 
intervals  assumed. On the other hand,  microhardness 
increases with increasing H2SO4 concentrat ion and 
current  density. A considerable value in  the equat ion 

A 
for Ys' was reached by the combined estimate of in ter -  
actions (aliases) of the concentrat ion of H2SO4 and 
rotat ional  speed as well as of tempera ture  and current  
density. A comparison of microhardness  values for 
these interactions, for the case when both the factors 
are at the lower level as well  as when both are at the 
higher level, shows that  the ma in  contr ibut ion is the 
interact ion of tempera ture  and current  density. 

Based on the analysis of the results of both designs 
a decision was made to describe, in a detailed way, the 
response surface in the factorial space of the 24-I de- 
sign. To this end the CCOD discussed earl ier  was ac- 
complished. Its estimates of the regression c o e f f i c i e n t s  

are summarized in Table IV. After  reject ion of in -  
significant estimates, other  estimates describe ade- 

A A A 
quately  the exper imenta l  data for the YI", Y2", and Y4" 

A 
models, bu t  the y3" model appeared to be inadequate.  
This may be explained as a result  of a too-large asym- 
met ry  of the regression coefficient estimates caused by  
a too-large in terval  of variat ions assumed for the 
current  density. 

Because of high labor consumvtion involved in the 
determinat ion of microhardness,  this paramete r  was not  
determined in this design. The difference in estimates 
of the free b0 terms in the CCOD with respect to the 

Table IV.  

Electrical 
Current energy Plating 

efficiency c o n s u m p t i o n  speed Gloss 
( % )  ( k J / k g )  ( / ~ m / s e c )  ( % )  
A A A A 
y~" y~" x 10 -~ y~" x i0 ~ Y,~ 

bo 49 .773  9 0 . 4 4 0 0  1 0 6 . 3 2 4  1 5 . 9 3  
b l  1 .7512  - 4 . 3319  1 2 . 7 0 9  - -  2 . 6 3  
b.o 0 .6303  - 5 . 0003  5 . 8 7 2  6 . 3 9  
bs  1 .2360  6 . 8 4 8 0  4 3 . 6 7 0  - -  4 . 3 8  
b ,  - -  1 . 7 3 9 4  3 . 8 3 9 6  - -  2 . 0 8 0  ( 0 . 3 7 )  
b ~  ( - -  0 . 3 2 5 0  ) 1 . 1 9 6 9  - -  2 . 7 5 0  0 . 8 4  
b~s 1.2812 - 3.7781 3.000 -- 1.98 
b l ,  - 0 . 9 7 5 0  1 .6531  - -  3 . 9 3 7  - -  0 . 9 8  
b ~  1 .5125  - -  4 . 4 3 4 4  6 . 1 2 5  - -  2 . 0 4  
b2,  1 . 0 5 6 2  - 2 . 7 5 3 1  ( 1 . 0 6 2 )  ( - - 0 . 2 9 )  
ba,  (O.0O00) ( 0 . 0 2 8 1 )  - -  2 . 1 8 7  ( 0 . 3 6 )  
b ~  -- 1.8125 5.1719 ( -- 1.250) --3.95 
b ~ ,  0 . 7 4 3 7  - -  1 . 7594  - -  1 7 . 6 9 0  - -  0 . 7 7  
bla4 (0.0500) ( - 0.6969) (1.187) 1.62 
b~4 (0.0562) ( - -0 .1156)  8.063 (0.06) 
b l ~  ( 0 . 3 8 1 2 )  1 . 4656  2 . 9 3 7  ( 0 . 3 6 )  
b~1 - -  1 . 6645  3 . 0 8 1 2  - -  3 . 1 4 0  ( 0 . 3 1 )  
b ~  - -  1 . 7020  4 .6437  - -  5 . 5 1 5  2 . 1 6  
b~ -- 1.4520 3.0582 -- 3.040 1.48 
b ~4 - -  1 . 6 2 2 0  4 . 4 5 6 2  - -  5 . 2 6 5  - -  0 . 8 4  

( . . . )  - -  s t a t i s t i c a l l y  i n s i g n i f i c a n t  e s t i m a t e s  w e r e  d e t e r m i n e d .  
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estimates from the 24-1 design is mainly due to a 
large value of the quadratic terms (see the method of 
calculating b0 in the CCOD). At the same time, this 
confirms the advisability of the second order design 
for description of the selected response surfaces. The 
estimates of linear coefficients were also changed, 
which was caused by separation of the linear effects 
from the second order interactions in the CCOD with 
respect to the 24-1 design. The estimates of the two- 
factor interactions and also some of the three-factor 
interactions in all four mathematical models appeared 
to be very significant and comparable with the esti- 
mates of linear effects. This is indicative of the com- 
plex effects of the selected factors on the electrolytic 
chromium plating process. 

In discussing regression equations, we have focused 
on the remarks and conclusions essential for our fur- 
ther studies. The reader interested in optimum (ex- 
tremal) values of the given model functions may find 
an answer to his questions by solving differential equa- 
tions. By applying the method of steepest ascent, one 
may also obtain information about directions of changes 
of particular model functions. The application of 
extrapolation with respect to the functions given 
makes it possible to get the answer concerning the 
values of a given parameter beyond the sphere pre- 
sented in the paper. To sum up, one should note that 
the chromium plating speed is affected to the greatest 
extent by current density whose increase also increases 
the current efficiency but at the same time the elec- 
trical energy consumption rises and the coating gloss 
decreases. The second factor which affects the as- 
sumed parameters is H2SO4. 

With its increasing concentratio~n in the bath the 
current efficiency, plating speed, and microhardness 
increase, whereas the electrical energy consumption 
and gloss decrease. Temperature has the greatest in- 
fluence on microhardness and gtoss of the coatings. 
With increasing temperature, the microhardness is 
lowered and the gloss is increased. Although an in- 
crease in the electrode speed reduces all the optimized 
parameters over the interval of variations under in- 
vestigation, at the same time the electrolyte flow 
through the cathode compartment is necessary to pre- 
pare technically useful coatings at high current den- 
sities. 

Summary 
The object of the paper is to detect cooperation of 

parameters of chromium plating at high current den- 
sities, which studied with electrochemical methods 
would allow us to determine the mechanism of the 
process. It was found that the addition of fluorosilicate 
ions to the bath containing chromic acid anhydride 
and sulfate ions, which considerably increases current 
efficiency and quality of the chromium coating under 
stationary conditions, has a much smaller effect at 
higher current densities of 200-400 A/din2 when the 
flowing electrolyte is applied. The current efficiency 
of chromium obtained under such conditions was equal 

to about 50%, and it increased with increasing con- 
centration of sulfate ions in the electrolyte and in- 
creasing current density. By the application of mathe- 
matical methods, it was found that at least the same 
effect as that of the above-mentioned factors is ex- 
erted on the current efficiency by cooperation of two 
or more factors, e.g., temperature and current density 
or concentration of sulfate ions, temperature, and cur- 
rent density. Additional parameters introduced during 
our investigations, such as unitary energy consumption, 
chromium deposition rate, gloss, and microhardness of 
chromium coatings, confirm the thesis of a complex 
effect of temperature, current density, electrolyte com- 
position, and hydrodynamic conditions on the process 
parameters and quality of the coatings obtained. 

Since the criteria of the optimum process are al- 
ways to a great extent arbitrary, no optimum process 
conditions are given. They may easily be found by 
formulating the demanded criteria and making use 
of the regression equations given in our paper. 

Manuscript submitted Jan. 11, 1982; revised manu- 
script received Feb. 16, 1983. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1984 JOURNAL. 
All discussions for the June 1984 Discussion Section 
should be submitted by Feb. 1, 1984. 
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Compositions of Electroless Nickel Plating Baths by 31p NMR 
Spectroscopy 

D. J. Eustace* and K. D. Rose 
Exxon Research and Engineering Company, Solar Energy Conversion Unit and Analytical and Information Division, 

Linden, New Jersey 07036 

ABSTRACT 

Phosphorus-31 nuclear magnetic resonance spectroscopy has been used to determine the H2PO2- and HPO3- concentra- 
tions of electroless Ni plating baths. The 3,p NMR resonances of H2PO2- and HPO~ 2- are narrow and resolvable in alkaline 
solution, appearing at + 8.0 and + 4.7 ppm with respect to neat phosphoric acid, and are the only resonances detected in fresh 
and spent plating bath solutions. In  the presence of proton coupling, these resonances appear as multiplets due to direct 
proton coupling, with characteristic coupling constants: 'J(~IP-'H) = 517.6 Hz for H2PO2- and = 566.4 Hz for HPO32-. Al- 
though the compositions of alkaline baths can be monitored without additional sample treatment, the phosphorus reso- 
nances in acid baths are broad and overlapped indicating that the phosphite anions can compete and exchange with solvent 
molecules for solvation positions about the paramagnetic Ni 2+. Strong Ni 2+- complexing agents, like EDTA 2- and NH3, are 
effective in displacing the phosphorus-containing ligands from the Ni 2+ coordination sphere, thus permitting species deter- 
mination by 8,p NMR. Compositions of the phosphorus species of Ni plating baths obtained by this method are reported and 
compared to results obtained by the traditional titration method. Monitoring of the H2PO2- and HPO32- levels as a function 
of bath use is demonstrated using this approach. 

The concentrat ions of hypophosphite (I-I2PO2-) and  
orthophosphite (HPO32-) must  be strictly monitored 
for opt imum operation of electroless nickel  plat ing 
baths. For the deposition of nickel on silicon, the 
H2PO2- interacts  with the surface which has been 
sensitized with a hydrogenat ion-dehydrogenat ion  cata- 
lyst, such as Ni, Pd, Au, and Co. The reactive in ter -  
mediate, which forms (1) subsequently,  reduces Ni 2+ 
to form the nickel deposit. It  also reacts with itself to 
produce H2 gas, which is evolved from the bath, and 
e lemental  phosphorus, which becomes incorporated 
into the plated nickel  layer. In all cases, more mols of 
H2PO2- than Ni '2 + are consumed. 

Dur ing  normal  plat ing bath operation, the concentra-  
tion of HPO32- increases with the n u m b e r  of wafers 
plated. Although Ni (H2PO2)2 is readi ly soluble in the 
aqueous plat ing solution, the nickel  orthophosphite 
a n d  phosphite have low solubil i ty [for example, 
NiHPO3 solubili ty: 0.29g/100 cm~ at 50~ (2)] and can 
precipitate under  typical  bath operat ing conditions. In  
addit ion to reducing the total nickel concentrat ion in 
solution, these insoluble salts provide nuclea t ion  sites 
for spontaneous bath decomposition. Commercial  
nickel plat ing baths contain nickel ion complexing re-  
agents, such as lactate, that help delay the onset of pre-  
cipitation and bath decomposition. Bath life can be ex-  
tended by regular  moni tor ing and replenishment  of 
pla t ing bath components. 

The H2PO2- concentrat ion in  an electroless plat ing 
bath can be monitored b y  an indirect  iodometric t i t ra-  
tion (3). Alternat ively,  an indirect  cerimetric t i t rat ion 
method (4), where H2PO2- is oxidized by iron (III) 
giving iron (II) ,  which in  tu rn  is oxidized by cerium 
(IV), can be used. Quant i ta t ive hydrogen evolution, 
polarography, and kinetic colorimetry have also been 
reported (3). None of these techniques,  however,  can 
quant i ta t ive ly  measure  the H~PO~ -~ and HPO32- con- 
centrat ions s imul taneous ly  and nondestruct ively.  For  
this reason an NMR spectroscopic technique has been 
developed, which can be used to characterize electro- 
less nickel baths. 

Phosphorus-31 NMR spectroscopy is a convenient  
and nondestruct ive  method which can be used to 
ident i fy  phosphorus-conta in ing species. Several  prop- 
erties of the NMR exper iment  make this technique 
par t icular ly  at tract ive for rout ine plat ing bath analysis. 
Under  typical measurement  conditions, 31p NMR 

* Electrochemical Society Active Member. 
Key words: electroless deposition, mP NMR, semiconductor, 

solar. 

studies can be performed at phosphorus levels higher 
than about 1 mM, general ly  using less than 2 ml  of 
solution. The ~lp resonances associated with phosphate 
and phosphite bath components are nar row (less than 
0.1 ppm),  yet span roughly  50 ppm in chemical shift 
values about the reference signal of H3PO4. The corre- 
lat ion of chemical shift values with subt le  molecular  
s t ructure changes are well documented for phosphorus 
species (5). In addition to relat ive intensit ies of phos- 
phorus resonances and their  characteristic chemical 
shift values, the phosphorus n u c l e i  are sensit ive to 
neighboring (covalently bonded)  magnet ic  nuclei, 
such as ~H, and certain paramagnet ic  metal  cations, 
such as Ni 2+. Nuclear  interact ions are manifested by 
mul t ip le t  spl i t t ing pat terns of characteristic magni -  
tudes; paramagnet ic  interactions are indicated by a 
broadening and shifting of the phosphorus resonances 
which sample the paramagnet ic  environment .  Thus, 
each of the phosphorus-containing species present  in 
the original bath or generated by metal  deposition can 
be s imultaneously  identified and quant i ta t ive ly  mea-  
sured using 81p NMR. In  order to avoid ambigui ty  in  
the NMR experiment,  the resonances of phosphate, hy-  
pophosphite, and orthophosphite species have been as-  
s igned  by  evaluat ing the characteristic hydrogen-  
phosphorus interactions or couplings as well as the 
chemical shift values. We report here the application of 
31p NMR to plat ing bath technology for monitor ing 
the consumption of H2PO2- in alkal ine and acid nickel 
pla t ing baths. The results obtained by  this technique 
are compared to those obtained using tradi t ional  
analyt ical  methods. 

Experimental 
31p NMR.--The NMR measurements  were made us- 

ing a JEOL-FX-900 spectrometer operat ing at 36.27 
MHz for ~lp. The magnetic  field was ex terna l ly  locked 
to deuter ium oxide. Acquisit ion conditions used in  
these experiments  included a 10 #sec rf  pulse (about  
45 ~ flip angle) a 2.0 sec delay between acquisitions, 
and gated proton decoupling. Other spectra obtained 
using longer repeti t ion delays gave identical  peak 
ratios. About  30 rain of data collection per spectrum 
was required. The plat ing bath-solut ions were exam- 
ined as received using 10 mm NMR tubes. Chemical 
shift values are referenced to neat  phosphoric acid. 

Optical spectroscopy.--Optical spectra were taken on 
solutions contained in 1 cm path length cuvettes using 
a Cary 17 spectrophotometer operat ing over the spec- 
t ral  range 350-1300 n m  at ambient  temperature.  
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Alkaline nickel plating bath.--The ini t ial  bath was 
composed of a stock solution comprising the following 
reagent  grade chemicals: 65 g . l i t e r  -1 ammonium 
citrate, 60 g �9 l i ter  -1 ammonium chloride, 30 g �9 l i ter -z 
nickel chloride, and 12 g .  l i ter -1 sodium hypophos- 
phite, adjusted to pH -,, 9.5 by ammonium hydroxide. 
The total volume of the bath was 1.8 liter. Proper ly  
sensitized, 100 cm 2 silicon solar cells were processed 
indiv idual ly  through the bath at 88~ for 10 min. 
Aliquots were wi thdrawn at intervals  after  the bath 
had cooled to 25~ and had been adjusted in volume 
and pH. Samples were studied by energy dispersive 
x - r ay  fluorescence, iodometry, and31P NMR spectros- 
copy. 

Acid nickel plating baths.--Experiments were per-  
formed on a 1.8 l i ter Enthone|  NI-410 (Enthone In -  
corporated, New Haven, Connecticut)  pla t ing bath  and 
an 11 li ter Niklad 1000 (Allied Kelite Division of the 
Richardson Company, Des Plaines, Ill inois) plat ing 
bath. 31p NMR and optical spectra were obtained on 
2-5 cm~ aliquots taken at selected stages dur ing  use. 
Reagent grade di-sodium ethylenediaminetet raaceta te  
was used to make an EDTA solution for the nickel  
complexation studies. It  was determined to be 0.25M 
based on t i t rat ion with a s tandard  zinc bromide 
solution. 

Results and Discussion 
Alkaline nickel bath studies.--Aliquots of the al-  

kal ine nickel bath described in the exper imenta l  sec- 
tion were taken at intervals  as silicon wafers were 
processed through the bath. These aliquots were sub-  
jected to several analyt ical  tests including e lemental  
Ni and P analyses, iodometric ti tration, optical spec- 
troscopy, and 31p NMR. The 81p NMR spectrum of the 
fresh plat ing solution showed a single sharp resonance 
at -t-8.0 ppm with respect to neat  phosphoric acid. The 
aliquot, sampled after 22 wafers had been processed, 
showed resonances at -t-8.0 and -t-4.7 ppm (Fig. la ) ,  
which were assigned to the H~PO2- s tar t ing reagent  
and HPO32- oxidation product, respectively. No addi-  
t ional resonances were detected in this or other ali- 
quots. To confirm these resonance assignments, the 1H- 
coupled ~lp spectrum (Fig. lb)  was obtained and com- 
pared to the 1H-decoupled result. The large one-bond,  
phosphorus-hydrogen couplings and characteristic 
tr iplet  and doublet  coupling pat terns  are consistent 
with the H2PO2- and HPOs 2- assignments. The chemi- 
cal shift values and coupling constants are also con- 
sistent with l i terature  values for the sodium salts of 
these anions in aqueous solution (6). The spectra, ob- 
tained for aliquots sampled through 66 wafers 
processed, are compared in Fig. 2. The peak intensi ty  

H2PO2~ 

A 

1J(~P-'H) = 517.6 Hz 

. ~  1J(~IP-~H) = 566.4 Hz 
B 

I ~ I I , l ( I  f t [  f , , , I f  f ~ l , ,  p ,  I , '  I I I I i i 

40 30 20 10 0 -10  -20 

3~p Chemical Shift (ppm) 

Fig. 1. (A) 1H-decoupled and (B) 1H-coupled 31p NMR spectra 
of the electroless nickel plating solution after processing 22 wafers. 

0 wafers processed 

H,PO G  
22 wafers _ _ , , ~  P03(~ 

38 wafers 

66 wa!ers _ _- ~ _ . . . . .  

{ , , , , I ; , , , l , , ; , l ,  i l l l J i J l [ l l l l [  
40 30 20 10 0 - 10 - 20 

3~p Chemical Shift (ppm) 

Fig. 2. ZH-decoupled 3Ip NMR spectra of electroless nickel 
plating solutions. 

data were used to obtain the distr ibution of H2PO~- 
and HPO3 ~-. 

Table I summarizes bath compositions for these 
same samples using the solution density (1.14 g/cm 3) 
and elemental  analyses. Hypophosphite and orthophos- 
phite concentrations, obtained by combining XRF de- 
terminat ions  and 81p NMR peak ratios, are compared 
to results from iodometric t i t rat ion measurements  of 
the hypophosphite concentrat ion.  The H~PO~- re-  
sults determined by NMR and elemental  analyses agree 
very well  with iodometric t i tration. 1 

No conclusive s ta tement  can be made about the re la-  
tive rates of the nickel  deposition and the two side re-  
actions based on the data presented. It can be observed 
that  different amounts  of H2PO2- were consumed per 
wafer  in each interval  and different amounts  of phos- 
phorus were lost from the plat ing bath by incorpora-  
tion into the nickel deposit as the bath was used. A 
comprehensive study which would yield a detailed 
mass balance might include nickel  metal  composition 
determinat ions (Ni /P)  and hydrogen gas analyses. 

Acid nickel bath studies.--Aliquots of the acid nickel 
plat ing baths, described in the exper imental  section, 
were taken at intervals  as silicon wafers were 
processed through the baths. The 81p NMR spectrum of 
the freshly prepared Enthone 410 solution showed a 
single, broad resonance at 12.0 ppm with respect to 
neat  phosphoric acid (Fig. 3a). The downfield shift and 
broadening of the phosphorus resonance in this spec- 
t rum are due to paramagnet ic  ion interactions between 
phosphorus-containing ions and Ni~+ in solution. Addi-  

z Absolute concentrations of hypophosphite and orthophosphite 
could also be determined by ~P NMR using weighed additions of 
sample and a suitable phosphorus-containing re ference  material.  
This approach was not used here  but would e l iminate  the need 
for the quantitative XRF results. 

Table I. Determinations of nickel and phosphorus species 
concentrations in an alkaline plating bath 

Number os XRF ~P NMR Iodometry 
wafers  iPtotal] XRF and [HPO~-] [HsPO=] 

processed [Ni~+] (M) [H2PO2-] (M) (M) 

0 0.11 0.101 0.101 0.09 ----- 0.02 
22 0.10 0.091 0.067 0.024 0.06 -- 0.02 
38 0.~91 0.088 0.054 0.034 0.05 • 0.02 
66 0.086 0.085 0.033 0.052 < 0.03 
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3,p Chemical  Shift  (ppm) 

Fig. 3. Effect of EDTA 2 -  addition on on unused acid nickel 
plating both (Enthone 410). (A) 1.1 meq Ni 2+, (B) 1.1 meq Ni 2+ 
and 0.5 meq EDTA, end (C) 1.1 meq Ni 2+ and 2.5 meq EDTA. 

t ion of EDTA 2-  (equiva len t  ra t io  2.5:1.1: : meqEDTA 2-  : 
meqNi 2+ ) sharpens  and shifts upfield the resonance  
s ignal  (Fig.  3c). This resul t  could be caused b y  two 
effects. The Ni2+ ions could be conver ted  f rom octa-  
hed ra l  and pa ramagne t i c  to four -coord ina te  and d ia-  
magnet ic  b y  EDTA 2-  coordination.  Al te rna t ive ly ,  the 
n ickel  ions could become fu l ly  coordina ted  b y  the 
EDTA 2-  l igands.  The s t r eng th  of the  n ickel  - - E D T A  2+ 
in te rac t ion  (log K ---- 17.5) and  steric factors would  
p reven t  the phosphi te  anions f rom ente r ing  the n ickel  
first coordinat ion sphere.  Ei ther  mechanism would  
p reven t  phosphi te  anions f rom in te rac t ing  wi th  p a r a -  
magnet ic  n ickel  ions and resul t  in sha rp  phosphorus  
resonances which  appea r  at  the  chemical  shift  posi-  
t ions observed  in a lka l ine  solutions. 

Opt ical  spect ra  of the solutions (Fig. 4) confirms tha t  
the resonance  line na r rowing  is due to d i sp lacement  of 
the p h o s p h i t e  anion by  EDTA 2-  l igands.  Most octa-  
hedra l  n ickel  complexes are  paramagnet ic ,  appear ing  
yellow, green, or b lue  wi th  different  l igands depend-  
ing on the l igand  posi t ion in the spec t rochemica l  series. 
These complexes  give r ise to absorpt ion  spec t ra  wi th  
three  bands  at 7.-13. • 103, 11.-20. • 103, and 20.-28. • 
l0 s cm - i  (9). The f reshly  p repared ,  acid  n ickel  solu-  
t ion is green and has three  absorpt ion bands  at  8.7 • 
103, 14. • 103, and 25. • 1() 3 cm -1. The Ni u+ solut ion 
to which EDTA~-  has been added  shifts to blue  wi th  
absorpt ion  bands  at 10. • 10 3, 16. • 10~, and  26. • 103 
cm -1. Since d iamagnet ic  nickel  complexes  are  red or  
orange and have two absorpt ions  at  15.-23. • 103 and 
23.-27. • 103 cm - I ,  the opt ical  absorpt ion  spec t ra  sup-  
po r t  the  conclusion tha t  the  n i cke l -EDTA 2-  complex  is 
oc tahedra l  under  these conditions. 

The impor tance  of this resul t  is tha t  the phosphi te  
anions can be p reven ted  f rom in te rac t ing  wi th  the 
pa ramagne t i c  n ickel  ion, wi thout  ad jus t ing  the solut ion 
pH, giving rise to 31p NMR spect ra  equ iva len t  to those 
observed  in a lka l ine  p la t ing  baths.  This makes  possible 
analysis  of both  H2PO2 and HPO32- in a p la t ing  bath.  
Prac t ica l  appl ica t ion  of 3~p NMR and n ickel  complexa-  
t ion to p a r t i a l l y  processed and spent  Enthone nickel  
p la t ing  soIutions is shown in Fig. 5. Both solutions were  
t r ea ted  wi th  the  EDTA ~- solut ion as descr ibed above 
before  the spec t ra  were  taken.  The figure shows tha t  in 
these acid n ickel  p la t ing  baths,  HPO32- is the  on ly  
oxida t ion  product  de tec ted  and its concentra t ion  can be 
moni tored  in the presence of unoxid ized  H2PO~- anion. 

Conclusions 
I t  has been shown tha t  31p NMR spect roscopy can 

detect  H2PO2- and HPO82- and be used to analyze  
the i r  concentra t ions  in a lka l ine  eIectroless n ickel  p l a t -  

SAMPLE I I I 
NO. meq NF + meq EDTA 2- 

I 1 1.1 o 
il_i / 2 1.1 0.5 

x I "O IA(~ )  3 1.1 2.5 ~ 

~ // \\ |  = 0 . 6 ~  
o4  (~) 

0.0 
350 550 750 950 1150 1300 

X(nm) 

Fig. 4. Relative absorbance of electroless nickel plating solution1 
as a function of amount of EDTA 2+ added. 

Partial ly Processed L 
Enthone 410 " 92% H=PO2Q 

Spent  Enthone 410 2% H=P02 (~) 

30 20 10 0 -10 -20 
31p Chemica l  Shift  (ppm) 

Fig. 5. 31p NMR of on acid nickel plating bath at different 
stages of bath use after addition of EDTA 2 - .  

ing baths  nondes t ruc t ive ly .  In  acid n ickel  baths,  how-  
ever, the phosphorus  resonances are  b roadened  and 
over lapp ing  due to in terac t ion  of the phosphi te  l igands  
wi th  the Ni 2+ coordinat ion sphere  positions. This 
resul t  demons t ra tes  tha t  the phosphi te  l igands which 
occupy Ni 2+ coordinat ion posit ions in acid solut ion are  
p reven ted  f rom doing so by  NH3 in a lka l ine  solutions. 
To pe r fo rm the NMR analyses  for acid solutions, the 
phosphi te  l igands must  first be d isplaced f rom the Ni 2+ 
envi ronment  by  complexing the meta l  ion wi th  re -  
agents,  such as EDTA 2-.  The 81p NMR spect ra  can then 
be in te rp re ted  in the same way  as a lka l ine  ba th  results.  

Hypophosphi te  concentrat ions  obta ined  by  31p NMR 
and e l emen ta l  analyses  compare  wel l  to resul ts  ob-  
ta ined  b y  iodometry .  Thus, 3]p NMR is a useful  ap-  
proach for inves t iga t ing  the phosphorus  species dis-  
t r ibu t ion  resul t ing  f rom pla t ing  ba th  use. 

81p NMR analysis  should be useful  for de te rmin ing  
rep len i shment  schedules for the addi t ion  of hypophos-  
phi te  and for moni tor ing  the pe r fo rmance  of electroless  
n ickel  baths.  I t  also makes  possible correla t ions  be -  
tween pla t ing qual i ty  and the s ta te  of the  p la t ing  bath.  
The 31p NMR approach  for de te rmin ing  H2PO2- and 
HPO~ 2-  should  be useful  for  a l l  hypophosph i t e -d r iven ,  
electroless  meta l  reduct ion systems, lIB NMR analysis  
of boron-conta in ing ,  r educ ing - r eagen t  baths  should 
provide  the same k ind  of informat ion  for electroless  
p la t ing  baths.  

This pape r  is dedica ted  to Professor  E. G r u n w a l d  on 
the occasion of his 60th b i r thday .  
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Semiconductor Electrodes 
XLIX. Evidence for Fermi Level Pinning and Surface-State Distributions from Impedance 

Measurements in Acetonitrile Solutions with Various Redox Couples 

G. Nagasubramanian, B. L. Wheeler, and A. J. Bard* 
Department of Chemistry, University of Texas, Austin, Texas 78712 

ABSTRACT 

Capacitance-voltage (C-V) measurements  were made for the single crystal semiconductors  n-TiO2, n-CdS, n-InP, p-Si, 
p-GaAs, n- and p-WSe2, and n-MoSe2 in acetonitrile containing a number  of redox couples whose potentials (Vredox) spanned a 
potential regime much wider than the bandgaps.  The flatband potential  (VrB) evaluated from capacitance-potential  (C-V) 
measurements  (Mott-Schottky plots) exhibi ted three types of behavior with varying solution redox potentials: (i) VFB varied 
monotonical ly with Vredo • for p-Si, p-GaAs, and n:InP; (ii) for n-TiO2 and n-CdS, VFB did not shift for couples located negative 
of the midgap potential,  but  varied monotonical ly for couples positive of this value; (iii) for the layer-type, compounds  
(MoSe2, WSe~),VF, was almost independent  of Vredo• These differences were ascribed to differences in surface-state densi- 
ties. For  n-TiO2 crystals, (001) face etched with molten KHSO4 and reduced, evidence for surface states at two different po- 
tentials was obtained from the in-phase component  of the total admittance. Tentative assignment  of these states is to lattice 
defects. The states closer to the conduct ion band are assigned to oxygen vacancies and the deeper  states to Ti (III). The 
densities of surface states (N~) evaluated from GJ(o vs. (0 plots for TiO2 and p-Si are around 101~ and 101~ cm-2, respectively. 
These two values represent  different situations, i.e., while the former value of N~s is not sufficient for pinning the Fermi  
level, the latter value is sufficiently high for the occurrence of Fermi  level pinning. 

There  has been increas ing evidence, based  on m e a -  
surements  of open-c i rcu i t  photopotent ia ls  (Voc) de-  
veloped by  semiconductor  electrodes,  tha t  the model  
for the semiconduc tor / l iqu id  in terface  (1), in which 
the bandedges  r ema in  fixed in the presence 'of  different  
redox couples, of ten does not hold. The observed effect 
is t ha t  Voc is r e l a t ive ly  independen t  of  Vredox, the  po-  
tent ia l  of the redox couple in solution. This has been 
ascr ibed to Fe rmi  level  p inning (FLP)  (2) in the 
presence of a high dens i ty  of in terface  or surface 
states. Under  these conditions,  a change in po ten t ia l  
across the semiconductor / so lu t ion  interface  is l a rge ly  
absorbed by  a change in the potent ia l  drop across the 
Helmhol tz  l aye r  ra ther ,  than across the  space charge 
layer  wi th in  the semiconductor  (Fig. 1). Thus, in the 
presence of FLP,  the f la tband potent ial ,  VFB, changes 
with Vredox SO tha t  Voc ~- IVF8 - -  Vred~x] remains  r e l a -  
t ive ly  constant.  This shift  of VFB wi th  Vredox has not  
been the subject  of many  invest igat ions.  Previously ,  
we have shown by  capaci tance measurements  tha t  
VFB shifts for  p - S i  in MeCN solutions (3).  In  this  
paper ,  we ex tend  these studies to severa l  o ther  semi-  
conductor  mater ia ls .  We might  note that  F L P  is also 
wel l  known for semiconduc to r /me ta l  junct ions where  
the ba r r i e r  height  across the junct ion for a given semi-  
conductor,  e.g., GaAs, is found to be independen t  of 
the meta l  work  functions (4). 

Even with  la rge  bandgap  mater ia ls ,  surface states 
m a y  media te  in ter rac ia l  e lect ron t ransfe r  processes in 

* Electrochemical Society Active Member. 
Key words: capacitance, flatband potential, conductance. 

PEC cells (5-10). Surface  s tates  can also affect the  
efficiency of PEC cells, e.g., b y  act ing as recombina t ion  
centers  or  by  abe t t ing  da rk  backreact ions.  For  ex-  
ample,  the shape of the pho tocur ren t  vs. appl ied  bias 
curve can be used as a measure  of efficiency of a PEC 
cell; the precipi tous  increase in pho tocur ren t  nea r  VFB 
for  n-TiO2 etched in a special  w a y  with  s immer ing  
H2SO4 was taken  as a sign of improvemen t  (11). Such 
a sharp rise to the sa tura t ion  va lue  has been a t t r ibu ted  
to an absence of recombina t ion  sites and surface 
s ta tes  (12). The dependency  of the  Schot tky  ba r r i e r  
heights  on meta l  work  funct ion wi th  la rge  bandgap  
mater ia ls ,  such as TiO2 and SrTiO3 sol id-s ta te  devices 

s . . . . . .  
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Fig. 1. Scheme I. Position of bandedges upon variation of the 
redox energy level of the contacting medium (El, E2, E3) for a 
Fermi level pinned n-type semiconductor. EB is invariant with Ei, 
while V~B varies with respect to the energy level of a reference 
electrode, Eref.. 
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(13), has been attributed to the absence of a high 
density of surface states. Further, the absence of sur- 
face states is sometimes assumed when frequency in- 
dependent Schottky-Mott (S-M) plots (plots of C-~ 
~s. V, where C is capacitance) are found. However, we 
(14) and others (15-17) have shown that with small 
bandgap semiconductors, the in-phase (0 ~ conduct- 
ance) component of the total admittance is more 
sensitive to the presence of surface states than the 
quadrature (90 ~ , capacitance) component (see Ap- 
pendix). 

We report here a-c impedance studies of several 
single-crystal semiconductors in MeCN and show that 
VFB shifts with Vredox occur with several of these. The 
effect of pretreatment of TiOs on its impedance be- 
havior and investigation of surface states by conduct- 
ance measurements are also discussed. 

Experimental 
The single crystals employed were n-TiO~, n-InP, 

n-CdS, n- and p-WSe~, n-MoSe~, p-Si, and p-GaAs. 
The procedures for polishing and mounting the semi- 
conductor electrodes have been described elsewhere 
(18-24) and the etching procedures are given in Table 
I. Two different types of TiO~ crystals were employed. 
The undoped TiO2 single crystal (Nakazumi Earth 
Crystals, Japan) is denoted crystal A and the Nb- 
doped TiO~ crystal, obtained from H. S. Jarrett, 
du Pont, is denoted crystal B. Both were oriented with 
the (001) face exposed to solution, as ascertained by 
x-ray diffraction (ASTM Card No. 23-1486). Some 
crystals were treated by a procedure recommended by 
Jarrett to produce a smooth surface (treatment 1). 
These were polished in succession with 0.3/~m alumina 
and 1 #m diamond paste to produce a mirror-like sur- 
face. This surface was then etched with molten KHSO~ 
in a Pt crucible (625~ for 2 hr. An SEM photograph 
(Fig. 2) shows a very smooth surface. Since the 
crystals had a straw-colored appearance after the 
molten KHSO~ etch, implying that they were oxidized, 
they were subjected to a reduction pretreatment be- 
fore use. The Nb-doped crystals were reduced in 
flowing CO at 700~ for 1 hr, the undoped crystals 
were reduced in an H2 atmosphere at 625~ for 20 rain. 
These were mounted as electrodes and used without 
further treatment. In treatment 2, the undoped TiOs 
crystals were not etched with KHSO~, but instead were 
only reduced in H~ (625~ for 20 rnin) directly after 
polishing with AltOs and diamond paste. The methods 
of purification of the solvent acetonitrile (MeCN) and 
sources of redox couples are given elsewhere (18). 
Abbreviations of the various redox couples employed 
are given in Table II. Their concentrations varied from 
0.1 to 30 raM. With perylene, rl~brene, chrysene, and 
MV(PFs)2 (where MV ---- methyl viologen) the con- 
centrations were about 0.1 raM; for Ru(bpy)s ~§ 
and AQ ~ (where bpy ~ bipyridine and AQ --- an- 
thraquinone) they were about 0.5 and 2 raM, respec- 

Table I. Doping density and etching procedures for different 
semiconductors 

SC ND(A)/cm ~ Etching procedures 

TiOs ~ 1 0  ~ 

CdS ~ 1 0 ~  

n-WSes 
n-MoSes ~ 1 0 ~  
p-WSe~ 
n- InP  ~ 1 0  ~s 

p -GaAs  ~ 1 0  ~ 

p-Si ~l{PS 

Conc  HNO~ f o r  1 r a in  f o l l o w e d  b y  cone  
H F  f o r  10 sec,  t h e n  r i n s e d  w i t h  dist i l led 
w a t e r .  T h i s  p r o c e d u r e  w a s  r e p e a t e d  twice .  
Conc  HC1 f o r  40 sec ,  t h e n  r i n s e d  w i t h  dis-  
t i l l ed  w a t e r .  
6M HCI f o r  30 sec,  t h e n  r i n s e d  w i t h  dis- 
t i l l ed  w a t e r .  Th i s  p r o c e d u r e  w a s  r e p e a t e d  
twice .  
6M HCI f o r  30 sec,  t h e n  r i n s e d  w i th  dis- 
t i l led  wa te r � 9  
HsSO~:H~Os(30%):HsO (3 :1 :1  b y  v o l u m e )  
s o l u t i o n  f o r  5 sec,  t h e n  r i n s e d  w i t h  dis-  
t i l l ed  w a t e r .  
HNO~:CH~COOH:HF,  (3:1:3  b y  v o l u m e )  
c o n t a i n i n g  a drop o f  Br~ p e r  50 m l  f o r  30 
sec  f o l l o w e d  b y  conc  H F  f o r  5 sec ,  t h e n  
r i n s e d  w i t h  d i s t i l l ed  w a t e r ,  
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Fig. 2. Scanning electron micrograph of TiO2 after etching with 
KHSO4 for 2 hr in Pt crucible. 

t iveIy. Ni t robenzene used with  p -S i  was about  30 mM. 
All  o ther  couples were  10 mM. The concentrat ions of 
the e lec t rochemica l ly  genera ted  forms were  about  20- 
30% of the s ta r t ing  mater ia l .  The suppor t ing  e lec t ro-  
ly te  was e lec t rometr ic  g rade  t e t r a - n - b u t y l a m m o n i u m  
perchlora te  (TBAP)  (Southwes te rn  Ana ly t i ca l  Chem-  
icals, Austin,  Texas) .  This was purif ied by  dissolving 
i t  in a min imum quan t i ty  of acetone, fi l tering the 
solution, and  then recrys ta l l iz ing  with  ether.  This p ro -  
cedure  was repea ted  twice. The recrys ta l l ized  TBAP 
was dr ied  for two days at  80~ under  vacuum (<10 -5 
T o r r ) .  Al l  chemicals  were  s tored in a he l ium-f i l led  
glove box (Vacuum Atmosphere  Corporat ion,  Haw-  
thorne,  Cal i forn ia) .  

A convent ional  two-compar tmen t  e lec t rochemical  
cell of  ~25 ml  capac i ty  was used for e lec t rochemical  
studies. For  impedance  measurements ,  a large  area  
(~40 cm ~) P t -gauze  immersed  in the same compar t -  
ment  as the  work ing  e lect rode was used as a counter -  
electrode.  A P t -gauze  (~10  cm2), separa ted  f rom the 
main  compar tmen t  by  a medium porosi ty  glass frit ,  was 
used as a countere lec t rode  for e lec t rochemical ly  gen-  
e ra t ing  radicals .  An aqueous SCE with  a KCl - s a tu r a t ed  
agar  plug, d i rec t ly  in t roduced into the main  compar t -  
ment,  was used as the reference  electrode.  Al l  the  po-  
tent ia ls  are  expressed  against  this aqueous SCE unless  
o therwise  specifie d . 

A PAR Model 173 potent ios ta t  and a PAR 175 un i -  
versa l  p rog rammer  (Pr ince ton  Appl ied  Research 
Corporat ion,  Princeton,  New Je rsey)  equipped  wi th  a 
Model 2000 X-Y recorde r  (Houston Ins t ruments ,  
Austin,  Texas)  were  used to ob ta in  the cyclic vo l t am-  
mograms as wel l  as for capac i tance-vol tage  measu re -  
ments.  A Soltec (Sun Valley,  Cal i fornia)  Model 6432, 
X-Y1Y2 recorder  was used for recording  both the 0 ~ 
and 90 ~ components  s imul taneously .  In  these l a t t e r  ex-  
per iments ,  a lock- in  amplif ier  technique,  which yields  
the in -phase  and the ou t -o f -phase  components  of an 
a-c  s ignal  super imposed  on a l inear  sweep, was used. 
The a-c  s ignal  (N12 mV p e a k - t o - p e a k )  at  different  
f requencies  was obta ined  for input  into the  poten t io-  
s tat  f rom a Model 200CD wide range  osci l lator  (Hew-  
le f t -Packard ,  Palo Alto, Cal i forn ia) .  I ts  components  at  
O ~ and 90 ~ were  ob ta ined  by  using e i ther  a PAR Model  
HR-8 or a PAR Model 5204 lock- in  amplifier.  An 
MINC-11 (Digi tal  Equ ipment  Corporat ion,  Marlboro,  
Massachuset ts)  computer  could also be used for  con- 
t inuous da ta  acquisi t ion f rom the lock- in  amplifier,  
and  a Houston Ins t ruments  d igi ta l  p lo t t e r  (Model 
,DMP-5) was used for  the  da ta  output .  The exper i -  
menta l  appara tus  and procedures  are s imi lar  to those 
ipreviously descr ibed (3) and wil l  be descr ibed in 
more  de ta i l  in a separa te  paper .  Al l  solut ions were  

p r e p a r e d  and sea led  inside the  glove box prior to r e -  
moval  for exper imenta t ion .  

Results 
C-V data.--Capacitance values  were  obta ined  for a 

number  of  s ing le -c rys ta l  semiconductors  in 0.1M TBAP 
MeCN solutions as a funct ion of f r equency  and appl ied  
potent ia l  in the absence and presence of var ious  redox 
couples spanning  a wide range of Vredox, The f la tband 
poten t ia l  vs. an aqueous SCE, VFm was then  de te r -  
mined  f rom a Scho t tky -Mot t  (S -M)  plot  of I/C~ vs. V 

1 2 
= (V - V~B - 0.025) [I] 

C 2 eeeoN 

where  C is the  capaci tance pe r  uni t  a rea ;  e, the elec-  
tronic charge (1.6 X 10 -19 C) ;  e, the semiconductor  di-  
electr ic  constant;  Co, the pe rmi t t i v i t y  of free space 
(8.85 • 10 -14 F / c m )  ; and N, the acceptor  (p - type)  or  
donor  (n - type )  densi ty.  Al though  in some cases de-  
t e rmina t ion  of VFB from the in tercept  of S -M plots  
involves some ambigu i ty  (25), VFB can genera l ly  
be de te rmined  to wi th in  0.1V, and shifts in VFB can 
quite read i ly  be de te rmined  f rom the C-V plots them-  
selves. As shown prev ious ly  (3), l inear  S-M plots  
which y ie ld  VFe can be obta ined  in the presence of 
surface states when the f requency  used to obta in  the 
capaci tance is such that  the sur face-s ta te  capaci tance 
does not make  an apprec iab le  contr ibut ion.  In  Fig. 3 
a re  given the S-M plots  for unetched TiO2 (crys ta l  A, 
t r e a tmen t  2) in suppor t ing  e lec t ro ly te  alone at  three  
different  frequencies;  in Fig. 4a, b, the C-V and the 
corresponding S-M plots, respect ively,  a re  shown for a 
solution containing the TMPD 0/+ couple ( abbrev ia -  
tions used are  given in Table I I ) .  Al though the VFB 
for n-TiO2 in the absence and presence of  the TMPD 0/+ 
couple is the same, addi t ion of o ther  redox couples, 
such as 10-MP 0/+ o r  Per  ~ causes an  apprec iab le  
shift  of VFB to more  posi t ive values.  The resul ts  are  
summar ized  in Table  II .  S imi la r  shifts in  VFB wi th  
Vredox are found wi th  n -CdS and n - I n P  (Fig. 5 and 6). 
In  Fig. 7, the plots of var ia t ion  of VFB wi th  Vredo~ are 
given for p-Si ,  p -GaAs,  p-WSe~, and n - I n P  along with  
n-TiO2 and n-CdS.  Note however ,  that  for the  l aye r -  
type  compounds n-WSel ,  n-MoSe~, and  p -WSel ,  VF~ 
is essent ia l ly  invar ian t  wi th  Vredox. This finding agrees  
wi th  a previous  s tudy  of the C-V behavior  of another  
l a y e r - t y p e  compound,  ~-MoTe~, where  VFB was inde-  
penden t  of Vredox (14). 

The behavior  o f - t h e  semiconductors  which show 
shifts of VFB wi th  Vredox is consistent  wi th  F L P  and 
the presence of surface states on the e lect rode surface. 
The dens i ty  and d is t r ibut ion  of these states can be 
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Fig. 5. S-M plot for n-CdS contacting MeCN, 0.1M TBAP, con- 
taining various redox couples; f ~ 2 kHz blank (11); 10-MP ~ 
(A) ;  Th ~ ( e )  (For abbreviations, see Table II). 

probed  b y  conductance measurements  (14). I f  a su r -  
face-s ta te  level  is assumed wi th  a t ime constant ,  3, in-  
dependent  of potent ial ,  the measured  overa l l  in -phase  
(0 ~ component ,  Gp, of a semiconductor  in contact  
wi th  a l iquid e lec t ro ly te  can be re la ted,  under  cer ta in  
condit ions (see A p p e n d i x ) ,  to the  sur face-s ta te  ca-  
paci tance,  Css, and its t ime constant  (3) by  the fo l low- 
ing equat ion (14) 

Gp Gss Cro Css~ GD 
-- = -- + - + [2] 

~ ~ 1 + w~ z 

where  GD is the deple t ion  l aye r  conductance,  Gss is the  
sur face-s ta te  conductance,  and ~ is the  angu la r  f re -  
quency.  Then a plot  of Gp/~  vs.  ~ at a g iven potent ia l  
wi l l  go th rough  a m a x i m u m  when ~T = 1. The rec ip-  
rocal of  this  peak  angular  f r equency  wil l  y ie ld  a t ime 
constant  which  represents  a weigh ted  average  of the 
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Fig. 6. S-M plots for n-lnP/contacting MeCN, 0.1/4 TBAP con- 
taining various redox couples f ---- 5 kHz. Blank ( ); MV ~ + / +  
(---); Fe(CP)2 ~  ( - - . - - . ) .  (For abbreviations, see Table II). 
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Fig. 7. Plots of variation of VFB with Vredox for different semi- 
conductor electrodes in MeCN, O.]M TBAP containing various re- 
dox couples. The numbers on the figure represent different redox 
couples; see Table II, 

t ime constants  associated wi th  the surface s tates  lo-  
cated a round  tha t  potent ial .  For  the l a y e r - t y p e  com- 
pound,  n-MoSe2, a plot  of Gp/~  vs.  ~ at +0.25V vs.  
SCE, in MeCN, 0.1M TBAP, containing 10-MP is given 
in Fig. 8a. The t ime constant ,  3, corresponding to the  
peak  f requency  eva lua ted  f rom this plot, is a round  
1.14 • 10 -4 sec. This value  of r is in good agreement  
wi th  tha t  ob ta ined  by  K a u t e k  and Ger ischer  for MoSe2 
(26). Notice also that  the peaks  of the Gp/~  vs.  ~ plots 
(Fig. 8a) occur at  about  the same f requency  for differ-  
ent  appl ied  potent ia ls  in the region where  the peak  is 
observed in the Gp vs.  V plots;  this suggests  that  T is 
r e l a t ive ly  independen t  of potent ial .  Wi th  this va lue  of 
3, the sur face-w dens i ty  as a funct ion of potent ia l  
(Nss, in cm - s  eV -1) can be ca lcula ted  f rom the equa-  
t ion 

2Gss 
N~s = --" �9 [3] 

e 

where e is the electronic charge. The procedure used 
to determine Gss is given in the Appendix. A typical 
plot of Nss (cm -2 eV-1) vs. V is shown for n-MoSe2 
over the potential range +0.I-0.45V vs. SCE in Fig. 8b. 
The integrated value of the curve in Fig. 8b when 
multiplied by T/e yields the value of Nss (cm-2). Thus 
for n-MoSe2, the surface-state density in the +0.I- 
0.45V regime is estimated as about 1.4 X 101~ cm -2. 
This value of the density of surface states is compar- 
able to that obtained with a-MoTe2 (14) which is 10 *0 
cm -2. Similar values for �9 and Nss were obtained for 
n- and p-WSe2. In Fig. 9a, b are shown the plots of 
Gp/~e vs. ~ at --0.1V and Nss vs. V, respectively, for p-Si. 
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Following the method described above for n-MoSe2, 
the T and Nss are about 4 • 10 -s  sec and 101~ cm-2, 
respectively. 

E~Iect o] pretreatment on TiOz behavior.--For TiO.~, 
the etching procedures documented in l i terature span 
a wide regime of chemical act ivi ty--f rom such caustic 
mixtures as H2SO4/(NIQ)2SO4 (1:1) (27) and molten 
NaOH (28, 29) to solutions that probably only clean 
the surface, such as dilute acids (30-32). Molten bi- 
sulfates have been shown to dissolve TiOs at high 
temperatures,  and KHSO4 as an etchant has been 
shown to be specific for the TiO2 (0r01) face (33). We 
report below the effects of two different pretreatment 
procedures (treatment 1 and 2, see Experimental)  on 
the properties of surface states on n-TiO2 (001). To 
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Fig. 9. (a) Gp/o~ vs. f for p-$i in MeCN, 0.1M TBAP at a poten- 
tial of 0.1V vs. SCE; (b) Nss vs. V for p-Si in MeCN, 0.1M TBAP. 
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probe the effects of these two different treatments on 
the properties of surface states such as time constant, 
energy, and density distribution, the 0 ~ component was 
measured both as a function of potential and frequency 
for two undoped (crystal A) and Nb-doped (crystal B) 
TiOs crystals. In Fig. 10 are shown the Gp vs. V curves 
in MeCN, 0.1M TBAP containing 10 mM 10-MP ~ for 
crystal A (treatment 1). For crystal A (treatment 2) 
such plots are shown in Fig. 11. For Nb-doped TiO2 
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Fig. 10. Gp and Cp vs. V for TiO2 (crystal A, treatment 1) in 
MeCN, 0.1M TBAP containing 10 rnM 10-Mpo/+; (a) f = 25 Hz; 
(b) f = 50 Hz. 
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Fig. 11. Gp and Cp vs. V for TiO2 (crystal A, treatment 2) in 
MeCN, 0.1M TBAP, containing 10 mM 10-Mpo/+; f = 25 Hz. 
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crystals (treatment 1), Gp vs. V plots are given in Fig. 
12. The frequencies employed and the concentrations 
of the redox couples used are given in the respective 
figur e captions. For crystal B, the S-M plots in the 
presence of different redox couples are shown in Fig. 
13. A typical Gp/o, vs. ~, plot is given for crystal B in 
Fig.  14. Following the arguments given for n-MoSe2, 
the time constant, T, and the density of surface states 
located around 0V vs. SCE are around 8 X 10 -5 sec 
and 1010 cm-~, respectively. Similar values of T and 
N ,  were obtained for crystal A. 

Discussion 
Not many studies have been reported in literature 

pertaining to the a-c impedance measurements of 
semiconductors in nonaqueous solvents (34). Dutoit 
et  al. (25) and Tyagai and Kolbasov (35) have made a 
systematic investigation of the C - V  behavior of single 
crystal TiO2 and CdS in aqueous solutions. Essentially 
both of these studies indicate that surface states located 
within the bandgap influence the mechanism of the 
overall charge transfer occurring at the interface. For 
n-TiO~ (crystal A, treatment 2), the VFB was found to 
be frequency independent, although there was a mar- 
ginal variation in the slope (Fig. 3). A similar observa- 
tion was made by Kabir-ud-Din et al. (36), although 
the VFB values in MeCN reported by them were more 
negative by about 0.3V than our values; values of VFB 
closer to ours were reported earlier (8, 37). In the 
presence of Fe015-CsMes)~ ~ and TMPD ~ which 
are located above half of the gap, there is little varia- 
tion in the VFB from the blank solution. However, for 
couples such as Fe(Cp)~ 0/+ and 10-MP ~ located be- 
low half the gap, the VFB varies monotonically as 
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Fig. 12. Gp and Cp vs. V for TiO2 (crystal B) in MeCN, 0.1M 
TBAP containing 10 mM 10-MP~ (a) f - -  10 Hz; (b) f = 25 
Hz. 

qu_ 

160 

JO 
x5 I 
, 4 \0  

80 

/ i  / / / 
/ �9 �9 / 

/ 
/ zl r 1 I 

-0 .5  0.5 1.5 

Vvs.SCE 

Fig. 13. S-M plots for n-'130~ (crystal B) contacting MeCN, 0.1M 
TBAP containing different redox couples; f "- 200 Hz; ( � 9  I - /  
12; ( e )  Th~ (Z~) IFe015 - -  C5Me5)2[~ (1-1) Blank; (11) 
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shown in Fig. 7. In the case of n-CdS, the variation in 
VFB with Vredo~ is similar to that of n-TiO2 (see Fig. 
7). A similar observation was made by Frese (38) for 
n-CdSe in aqueous solutions. With p-Si, p-GaAs, and 
n-InP, the VFB varies montonically with Vredox (Fig. 
7). In the case of n-InP, the S-M plot is linear for the 
entire bandgap (Fig. 6); similar observations with 
n-InP were made by Van Wezemall et al. (39) in 
aqueous solutions and by Tuck et al. (40) for solid- 
state Al /n-InP Schottky barriers. They observed that 
the S-M plot is linear over a range of 0.8V and deviates 
slightly thereafter implying the presence of deep donor 
levels about 0.8V below the conduction band. The 
layer-type compounds represent a different situation 
where there is no significant shift in VFB with Vredo,x 
from that observed in blank solutions for couples with 
Eo's located within or outside of the bandgap (Fig. 7). 
This probably indicates that while for many large and 
small bandgap semiconductors the role of bandgap 
surface states is important, for layer-type compounds 
the surface states have only marginal effects. The time 
constant associated with surface states on p-Si is 
around 4 X 10 -5 see, and this falls in the domain of 
fast surface states. The Nss is around 10 TM cm -2, and 
this is high enough for Fermi level pinning to occur. 

The surface states on TiOs made conductive by re- 
duction are due in part to oxygen vacancies and Ti 8+. 
Several investigators have used different techniques 
to deduce the presence of these states. These include 
(i) thermal and photoelectronic properties (41), (ii) 
electron spectroscopy (42), (iii) catalytic decomposi- 
tion of N20 supplemented with EPR studies (43), and 
( iv)  low frequency capacitance-voltage method (44). 
However, in all the methods, the evidence for surface 
states was not obtained with TiO~ in contact with an 
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electrolyte .  Since the p roper t i e s  of the e lect rode sur -  
face d rama t i ca l ly  change upon immers ion  in e lec t ro-  
lyre (because of the la rge  electr ic  field in the in t e r -  
facial  region and in terac t ion  wi th  solvent  and e lec t ro-  
ly te ) ,  a s tudy  of surface states in  s i tu produces  more  
meaningfu l  in format ion  about  the e l ec t rode  surface. 
The low f requency  C - V  method,  which  employs  the  
quadra tu re  component  of the a-c  impedance,  can be 
employed to s tudy  the proper t ies  of the surface states, 
but  it  suffers f rom the l imi ta t ion  (15) tha t  the spread  
in the space charge capaci tance values,  even when the 
f requency  is im:reased by  one o rde r  of magni tude ,  is 
on ly  14%. This means  large  e r rors  wi l l  be in t roduced  
in the calculat ion of the su r face - s ta te  proper t ies  as we 
discussed in more  deta i l  in a recent  paper  (14). The 
conductance technique is more  useful  in ex t rac t ing  
sur face-s ta te  proper t ies .  In  our  studies on the a-c  ad-  
mi t tance  character is t ics  of n-Tin2 (crysta ls  A and B, 
t r ea tmen t  1), the  in -phase  component  y ie lds  evidence 
for the presence of states at two energies  (Fig. 10, 12). 
However ,  in the case of Tin2, c rys ta l  A, t r ea tment  2, 
only  one peak  in the Gp vs. V plot  at  0.1V vs. SCE is 
observed  (Fig. 11). Based on the evidence obta ined  by  
o ther  invest igators ,  we t en ta t ive ly  assign those closer 
to VFB (shal low level)  to oxygen  vacancies and those 
a round  the middle  of the gap (deep levels)  to Ti 3+, 
The peak  heights  are  f requency  dependent  as shown 
in Fig. 10-12. The shif t  in VFB'S of the KHSO4-etched 
Tin2 crysta ls  to posi t ive values  when Vredox is below 
half  the gap (Fig. 13) is s imi la r  to tha t  observed wi th  
crys ta l  A ( t r ea tmen t  2) (see Fig. 7). In  a l l  the S -M 
plots, the devia t ion  f rom l inea r i ty  nea r  the VFB is due 
to the constancy of  the capaci tance a round  VFB since 
at  potent ia ls  negat ive  of VFB an n - t y p e  semiconductor  
behaves  l ike  a metal .  Fo r  both crysta ls  e tched wi th  
KHSO4, the  peak  potent ia l s  of the surface states due 
to Ti  ~+ are  located at  the same potent ia l  (0.72V vs. 
SCE),  but  those due to oxygen vacancies (shal low 
levels)  are  offset by  0.1V (crys ta l  B 0.1V more  negat ive  
than crys ta l  A) .  Note that  surface states due to Ti 3+ 
and oxygen  vacancies a re  presen t  in both  the crysta ls  
~ubjected to t r ea tmen t  1. Thus i t  appears  tha t  in Tin2 
crysta ls  e tched wi th  KHSO4, wi th  the reduct ion by  
e i ther  CO or  Hs, two sets of surface states occur. The 
t ime constant  eva lua ted  f rom the Gp/~ vs. ~ plot  (Fig. 
14) is ~ 8  • 10 -5 sec, and the sur face-s ta te  dens i ty  for  
oxygen  vacancy is -~1010 cm -2. This value  of Nss is too 
smal l  for ~ e r m i  level  p inning  to occur (2).  The ab -  
sence of the Ti ~+ sur face-s ta te  peak  for crys ta l  A, 
t r ea tmen t  2 (Fig. 11) is difficult to explain.  Perhaps  the 
surface Ti 8+ ions are  oxidized in this crys ta l  or  a sur -  
face l aye r  forms to block these sites. 

Conclusions 
Based on the resul ts  repor ted  here,  we can assign the 

semiconductors  s tudied here  into th ree  categories:  (i) 
Smal l  bandgap  compound and e lementa l  semiconduc-  
tors (GaAs, InP, Si) r ep resen t  a s i tuat ion where  VFB 
t r a ck s  Vredo x monotonica l ly ;  (ii) Large  bandgap  semi-  
conductors  (Tin2, CdS) where  V ~  remains  fa i r ly  con- 
s tant  for couples located above half  of the  gap and 
varies  monotonica l ly  for  couples located be low half  of 
the gap; and (iii) L a y e r - t y p e  compounds (WSe2) 
where  VFB does not v a r y  wi th  Vredox. Evidence for two 
sets of surface states on a Tin2 surface contact ing 
M e C N  has been ob ta ined  b y  a-c  impedance  measu re -  
ments  of  the in -phase  component  of the  to ta l  admi t -  
tance. The t ime constant  associated wi th  surface states 
on TiO~. surfaces is equal  to 8 • 10 - s  sec, and the Nss 
for the level  at  0V vs. SCE was found to be ~101U 
cm -2. The t ime constant  and the Nss for p -S i  are  
4 • 10 -~ sec and l0 Is cm -2, respect ively.  This value  of 
Nss is sufficient for p inning the Fe rmi  level.  
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A P P E N D I X  
Figure  A-1 is the equiva len t  circui t  o f  the semicon-  

duc to r / l i qu id  in ter face  (45), neglec t ing  the con t r ibu -  
t ion f rom the Helmhol tz  l aye r  and countere lec t rode  
capaci tance as wel l  as the bu lk  resis tance of the  semi-  
conductor,  res is tance of the  e lect rolyte ,  and the F a r a -  
daic impedance.  The net  equiva lent  circui t  comprises  a 
series combinat ion  of sur face-s ta te  resis tance (Rss) and 
capaci tance (Css) connected in para l l e l  to a para l l e l  
combinat ion  of space charge  l a y e r  capaci tance (CD) 
and resis tance (RD) respect ively;  these are  f requency  
independen t  but  vol tage dependent .  The to ta l  admi t -  
tance of the  equ iva len t  circui t  is YD = GD § j~Co 
where  the in -phase  component  

,~ Css ~ Rss 1 
Gp = ~ [A-l] 

I + Rss 2,~ Css s + RD 

Css Rss 

rl 
Co 

Ro 
Fig. A-I .  Equivalent circuit of the semiconductor~electrolyte in- 

terface in the presence of surface states. 
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and the out-of,  phase component 

Css 
Cp = 1 + Rss 2 ~s Css 2 "~ CD [A-2] 

Equations [A-l]  and [A-2] can be written as 

~2 ~ Css 
Gp -- - -  ~- GD "- Gss "~- GD [A-3] 

and 
Css 

Cp = - -  ~- CD [A-4] 
1 + ws~2 

where Gss = Css~ST/(1 + ~Ts), T = RssCss, and GD "~ 
1/RD. Gp can be equated with Css and hence Nss, only 
after considering GD (Eq. [A-3J). Therefore, Eq. [2] 
holds only when GD is small compared to Gss. Since GD 
(and CD) are frequency independent, a change in the 
value of GD would be manifested in the G,/~ vs. ~ plot 
by a shift parallel to the G,/~ axis. The ~ value cor- 
responding to the peak would not be affected by such 
a change. Hence, the Gp/~ vs. ~ plot will always be 
valid for finding the value of T independent of the 
relative values of Gss and GD. 

To determine Nss, Eq. [2] can be written 

Gp -- GD Css~ 
CA-S] 

- 1 + ~ 2  

Theoretically, the Op/~ vs. ~ plot should yield values 
of G D from the baseline of the plots. However, these 
plots do not always have fiat baselines, and obtaining 
reliable values of GD becomes difficult. In these situa- 
tions, the Op vs. V curves can be more helpful. Values 
of GD at a particular potential can be obtained by ex- 
trapolating a smooth parabolic baseline in the regime 
of the peak due tosurface states (Fig. A-2). This value 
can then be subtracted from the measured value of O~ 
to obtain Css. 
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A Study of the Transition from Oxide Growth to Evolution at Pt 
Electrodes in Acid Solutions 
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ABSTRACT 

A P t  ring disk electrode was used in acid solutions to s tudy the transit ion from Pt oxide growth to oxygen evolution and to 
dist inguish the rates of these two processes. When a constant  current  is appl ied to the disk electrode, the disk potential,  V, 
initially increases linearly with time, and hence with the charge density, while a negligible current is observed at the ring. In 
this potential  region, essentially all of the applied current  is used for the growth of a Pt oxide film. Following the linear V/t 
region, V continues to increase but  now more slowly and nonlinearly with time, while the ring current  initially increases 
sharply and then slowly approaches the value expected for 100% oxygen evo]ution at the disk electrode. Thus, the Pt  oxide 
film continues to grow in the nonlinear V/t region even when oxygen evolution becomes the major reaction. In the 
nonlinear V/t region, V again increases nearly linearly with the integrated charge densi ty for oxide film formation or with 
the oxide film thickness.  This V/q relationship in the nonlinear V/t region is different from the V/q relat ionship in the linear 
V/t region. However, the mechanism of Pt  oxide growth and the propert ies  of the film when the 02 evolution reaction is the 
dominant  reaction remain the same as in the initial Pt  oxide growth region where O~ evolution is not significant. The distri- 
bution of potentials in the oxide film and in the inner and outer Helmholtz layers is discussed. 

When a constant  anodic cur ren t  is appl ied  to a p r e -  
r e d u c e d  ox ide - f r ee  Pt  e lect rode s ta r t ing  f rom the rest  
po ten t ia l  in O2-satura ted acid or a lka l ine  solutions, 
VR = 0.98V vs. RHE (1) ,  three  dis t inct  po ten t ia l  r e -  
gions can be seen in a V/t t rans ien t  (2-5).  In i t ia l ly ,  the 
poten t ia l  increases r ap id ly  and non l inear ly  wi th  t ime 
as the  first monolayer  of an oxide film is fo rmed (5-7) .  
Fol lowing  this region, the e lect rode potent ia l  increases 
fa i r ly  l inea r ly  wi th  t ime (Fig. 1) wi th  the cur ren t  
being used for  fu r the r  growth  of the oxide  film (8).  
Even tua l ly  at  h igher  potent ials ,  oxygen  evolut ion be-  
gins and soon becomes the ma jo r  e lect rode reaction.  

In  Fig. 1, po t en t i a l / t ime  curves are  shown for three  
constant  cur ren t  densi t ies  in a 0.2N H.~SO4 solution.  In  
this  figure, the  t ime axis has been scaled for  each 
cur ren t  dens i ty  to represen t  charge densi ty,  q = it. 
At  a pa r t i cu l a r  potent ial ,  which depends  on the ap-  
pl ied current  dens i ty  and the pH, the  l inear  increase  
of the potent ia l  wi th  t ime, or  charge densi ty,  ceases. 
Now, the poten t ia l  increases at a ra te  which decreases 
wi th  t ime whi le  O2 evolut ion continues to increase  
and soon becomes the p redominan t  e lect rode react ion 
(9).  Previous  work  has shown tha t  at  long t imes the 
potenti.al changes nea r ly  l inea r ly  wi th  the  logar i thm 
of t ime of polar iza t ion  and the oxide film continues to 
g row at a ve ry  s low ra te  (3, 9, 10). 

In  this  s tudy,  a P t  r ing  disk e lec t rode  has been used 
to s epa ra t e  the  react ions  of P t  oxide  growth  and O2 
evolut ion.  A compara t ive  analysis  of the i r  ind iv idua l  
ra tes  and  the i r  dependence  on the e lec t rode  potent ia l  

* Electrochemical Society Active Member. 
Key words: metal  kinetics, chemisorption. 

is expected  to y ie ld  i n f o r m a t i o n  on t h e  n a t u r e  o f  the  
changes in the kinet ics  of oxide growth  and on  the  
potent ia l  d i s t r ibu t ion  across the complex interface,  
comprised  of the oxide film and the inner  and outer  
Helmhol tz  layers ,  dur ing  the t ransi t ion f rom the oxide  
g rowth  to O2 evolut ion.  Su.ch an analysis  is also ex-  
pected to aid in the  overa l l  unders tand ing  of the 
mechanism of the  O2 evolut ion react ion at  ox ide-  
covered electrodes.  

Experimental 
A commerc ia l ly  designed P t  d i sk -P t  r ing  e l e c t r o d e  

(Pine  In s t rumen t  Company,  disk radius  0.383 cm, r ing 
i n n e r  radius  0.399 cm, and r ing  outside radius  0.422 cm) 
was ut i l ized in an a l l -g lass  cell  s imi lar  to that  de -  
scr ibed in (11). The r ing -d i sk  e lec t rode  was pol ished 
to a mi r ro r  finish wi th  a lumina  paste.  In  some exper i -  
ments,  a th in  l ayer  of gold (,~1000A) was e lec t rode-  
posi ted ove r  the r ing  electrode.  A sa tu ra t ed  calomel  
e lect rode in a separa te  compar tmen t  se rved  as the 
reference  electrode,  and a Luggin  cap i l l a ry  ex tended  
upwards  toward  the center  of the d isk  electrode.  A P t  
countere lec t rode  was placed in the same compar tmen t  
as the r ing  disk electrode.  

Solutions were  p repa red  f rom reagen t  g rade  su l -  
fur ic  acid and conduct iv i ty  water .  No extens ive  pu r i -  
fication of solut ions was car r ied  out, e.g., b y  pree lec-  
trotysis. In  al l  exper iments ,  solut ions were  first purged  
of O~ wi th  h igh  pu r i t y  Ar.  Dur ing  e lec t rochemical  
measurements ,  A r  was passed over  the solution.  

P r io r  to e a c h  series of exper iments ,  the  disk e l e c -  
t rode  was anodica l ly  oxidized and ca thodica l ly  r e -  
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Fig. 2. Slopes of the V-q traces, such as those in Fig. 1, plotted 
against the applied current density. Data ore corrected for surface 
roughness. 

duced  severa l  t imes af te r  which the solut ion was re -  
placed.  Then, a constant  anodic cur ren t  was appl ied  
to the  disk e lec t rode  f rom a high vol tage  ba t t e ry  pack  
( ,~lg0V) and precis ion resis tors  in ser ies  wi th  the 
d isk  electrode.  The r ing poten t ia l  was kep t  constant  at 
0.4V vs. RHE using a commerc ia l  po ten t ios ta t  so tha t  
oxygen  evolved  at  the  d isk  e lec t rode  could be detected 
at  the  r ing electrode.  The r ing  cur ren t  observed  at  the 
longest  t ime of polar iza t ion  of the  disk e lec t rode  was 
scaled to be  equal  to the  cur ren t  appl ied  at  the  disk 
as essent ia l ly  100% oxygen  evolut ion occurs at  long 
times. In  the  poten t ia l  region of O2 evolut ion,  al l  o ther  
cur ren ts  are  much smal le r  than  that  for O2 evolut ion.  
Fo r  instance,  P t  dissolut ion cur ren t  dens i ty  is about  
10-9 A - c m - 2  (12). The r ing currents  a t  shor te r  t imes 
could then  be  r ead i ly  converted,  by  reference  to this  
scale, to give the  fract ion of the  appl ied  disk cur ren t  
u t i l ized in the  O~ evolut ion.  For  this  scaling, i t  does 
not  m a t t e r  whe the r  Oe is reduced to H20 or  to H~O2, 
p rov id ing  the  rat io  of the  cur ren ts  for  these pa r t i a l  
processes is constant  dur ing  measurements .  Wi th  the  
gold r ing  e lec t rode  in acid solutions,  H~O2 is the  p r e -  
dominen t  p roduc t  in the  reduct ion (11, 13), and this 
is reflected in lower  r ing  cur ren ts  than calculated.  This 
is discussed below. 

Both the poten t ia l  at  the Pt  d isk  and the cur ren t  at  
the  P t  r ing  e lec t rode  were  moni tored  wi th  t ime on an 
X - Y - Y  recorder .  

Results and Discussion 
Rates of the individual processes o~ ox/de growth 

and oxygen evolution.--Growth of o~cide film in the 
linear V/ t  region.--The re la t ionships  be tween  V and 
q in the  l inear  V / t  region are  given in Fig. 1 wi th  the 
slopes, OV/Oq, increas ing wi th  increas ing constant  cur -  
ren t  densi ty,  i, app l ied  to the d isk  electrode.  These 
slopes are  found to increase l i nea r ly  wi th  log i over  a 
few decades of cur ren t  dens i ty  (Fig. 2) wi th  the  same 
dependence  be ing  observed  in acid solutions of di f -  
ferent  pH (7).  

In  Fig. 1, it  can also be seen tha t  the  l inear  V/q  
t races in te rcept  in ex t rapo la t ion  to a common point,  
P ( - -qo ,  Vo). The p a r a m e t e r  qo can be considered as 
the charge dens i ty  equiva lent  to the  oxygen  species 
adsorbed  at  the P t  surface pr io r  to the  appl ica t ion  of 
a constant  cur ren t  (5, 7). The p a r a m e t e r  Vo has been 
found to depend  on pH, decreas ing 60 mV vs. a pH 
i ndependen t  re fe rence  e lec t rode  as the  pH increases  
one unit  

2.SRT 
Vo : Voo - -  pH [1] 

F 

This pH dependence  of Vo is the  cause of the  shift  
a long the V axis of the V/q  t races  wi th  pH. Vo can also 
be seen to be independen t  of the  appl ied  cur ren t  dea r  
s i ty  (Fig.  1). Voo is a constant  that  depends  on the 

choice of the reference  e lec t rode  (Voo --  0.94V vs. 
NHE).  

In  the l inear  V/ t  region,  the  fol lowing re la t ionships  
ho}d 

6V 1 i 
- -  : - - i n -  = I ( i d i s k )  [2] 
6q a io 

and 
av q 

- -  =-- =/(q) [ 3 ]  
0 In  idisk a 

Here, io is the cu r ren t  dens i ty  at  which  OV/Oq = 0 
(Fig. 2) and can be considered to be the exchange 
cur ren t  dens i ty  (7).  

Therefore,  the  kinet ics  of P t  oxide growth  in the 
l inear  V/ t  region can be descr ibed  by  the ra te  equa-  
tion (7, 14) 

[ ~ ( V - - V o )  ] [4] 
~og = io, og exp q + qo 

where  a can be eva lua ted  f rom 

02V 
= ~-I [5] 

OqO In iog 
F r o m  Fig. 2, ~ = 0.018 C V - l - c m  -2  and io is equal  to 
2 X 10 - l ~  A - c m - 2  independen t  of the  pH. The va lues  
of io, qo, and  a a re  given wi th  respect  to the  t rue  area  
of the  P t  e lect rode surface (7). In  the  l inear  V/ t  r e -  
gion, a lmost  all  the  appl ied  cu r ren t  dens i ty  at  the  
disk, /disk, is used for  oxide format ion  and hence /disk 
_~ log ~ i. 

The observed rate,  Eq. [4], can be der ived  f rom the  
Cabre ra  and  Mott  model  (15) of the high f ie ld-assis ted 
growth  of anodic oxide  films (7, 14) 

[ z ek (V - -  Vo) ] [6] 
~o~ = io, o~ exp - dkT 

Here,  ze is the  charge of ions migra t ing  in the  field 
and par t i c ipa t ing  in the rate  de te rmin ing  step, and  ?, 
is the h a l f - j u m p  dis tance of the  ions. A n  analysis  has 
shown that  (V --  Vo) is the  poten t ia l  difference across 
the  growing oxide  film and the inner  Helmhol tz  l aye r  
(16). Accordingly ,  Vo is the  potent ia l  of the inner  
Helmhol tz  p lane  wi th  respect  to a pH independen t  
reference  electrode.  Therefore,  Vo gives a measure  of 
the  potent ia l  difference across the  outer  Helmhol tz  
l aye r  (16). 

A model  of the  complex  interface,  comprised  of the 
oxide film and t h e  inner  and outer  Helmhol tz  layers ,  
is sugges ted  in Fig. 3 for two constant  cur ren t  densit ies.  
Dur ing  oxide  growth,  the potent ia l  difference across 
the ou te r  Helmhol tz  l aye r  (OHL) remains  constant  
(Vo ---- coast)  at  al l  cur ren t  densit ies.  Poten t ia l  differ-  
ence across the inner  Helmhol tz  l aye r  ( IHL)  is also 
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Fig. 3. A model of the interface of the oxide film and inner and 
outer Helmholtz layers during the oxide growth at a constant cur- 
rent density. Note that the potential difference across the outer 
Helmholtz layer is independent of applied current density. 

constant  dur ing  the oxide growth  at a constant  cur ren t  
density.  I t  decreases,  however ,  as the  cur ren t  densi ty  
of oxide  g rowth  increases. As the film grows at  a 
constant  cur ren t  dens i ty  and the me ta l -ox ide  interface  
propagates  to the  left ,  on ly  the  potent ia l  difference 
across the  oxide  film increases  wi th  t ime  (and hence 
film thickness) �9 However ,  the fields wi th in  the oxide 
film and the IHL remain  constant  dur ing  oxide  growth  
at a given cur ren t  dens i ty  (16). As the current  dens i ty  
for  oxide  growth  decreases,  these fields decrease too. 

The dependence  of the field in the  film on the appl ied  
cur ren t  dens i ty  and the s t rength  of the fields at  differ-  
ent  cur ren t  densi t ies  can read i ly  be obta ined  from Fig. 
2 (7). For  example ,  at  10 -8 A - c m  -2, the field is about  
7 • 106 V-cm -1. This field is of the same magni tude  
as those observed  for insula t ing  anodic oxide films at  
valve  meta ls  (17) which shows c lear ly  tha t  P t  oxide  
films are  also ve ry  poor  electronic conductors.  

At  a constant  cur ren t  density,  the  field at  any  point  
of the  complex  interface  (Fig.  3) should  be invar ian t  
wi th  t ime and thickness of the  film. Therefore,  it  could 
be ant ic ipa ted  tha t  the  process of oxide growth  would 
be un in t e r rup ted  and that  the films would  continue to 
th icken indefini te ly  as they  do at valve  meta l  e lec-  
trodes. Instead,  at a cr i t ical  potent ia l  or a cr i t ical  oxide 
film thickness (Fig. 1), the e lect rode potent ia l  ceases 
to increase l i nea r ly  wi th  t ime and O2 begins to evolve 
and soon becomes the p redominan t  reaction.  In the 
fol lowing section, this t rans i t ion  from the l inear  Vi i  
region,  where  oxide growth  is the m a j o r  reaction,  to 
the nonl inear  V/ t  region of 02, evolut ion p redominance  
is analyzed and discussed. 

Growth of Pt  oxide film in the transition region.-- 
The ind iv idua l  ra tes  of the  oxide  g rowth  and the O2 
evolut ion react ions can be obta ined  from r ing disk ex -  
per iments ,  such as tha t  shown in Fig. 4 for id,~k ---- 10 -8 
A-cm -2. The poten t ia l  of the P t  d isk  e lect rode and the 
r ing cur ren t  a re  fol lowed wi th  t ime. The r ing cur ren t  
is conver ted  to give the  fract ion of the  appl ied  cur ren t  
at  the  disk which  is ut i l ized in the  O2 evolut ion re -  
action, io2. Then, /disk - -  iO2 gives the cu r ren t  due to 
the  oxide  growth  reaction,  iog 

log : idisk - -  io2 [7] 

In the  l inear  Vi i  region (Fig. 4), no O~ is measured  
at the r ing e lec t rode  and essent ia l ly  al l  of the current  
appl ied  to the  disk is used for oxide  film formation.  
At  the  point  where  the  l inea r i ty  ceases and a charge  
dens i ty  of about  1000 ~C-cm -2 has passed, O2 begins  to 
evolve and the r ing  cur ren t  commences to increase 
sharp ly  wi th  t ime (Fig. 4). However ,  the cur ren t  at  

I t I I I 

ir,.g / / ~  

I I 

I I P I i I I - 2 3 4 5 6 7 
THE [Sec] 

Fi 9. 4. Rototing ring disk electrode experiment, The ring cur- 
rent and the disk potential change with time. Disk current is 10 -8  
A-cm-2;  solution is 2N H2$O4. The ring electrode is electroplated 
with Au. 

the r ing  electrode soon levels off and then ve ry  s lowly 
approaches  the  value  corresponding to 100% 02 evolu-  
tion at  the  disk electrode.  I t  follows, therefore,  tha t  
the cur ren t  due to oxide growth  is s t i l l  quite significant 
in the  t rans i t ion  region. In  fact, af ter  the l inear  Vi i  
region, the film st i l l  grows an addi t ional  30-35% for 
the same per iod  of t ime tha t  it g rew in the l inear  re -  
gion. Only  a f te r  longer  t imes, such as 100 sec at  I m A -  
cm -2, is the cur ren t  at  the disk due almost  en t i re ly  
to the  02 evolut ion react ion ( > 9 9 % ) .  

It can be seen f rom Fig. 4 tha t  af ter  15 sec, the r ing 
cur ren t  is a l r eady  8.6% of /disk. Af t e r  about  100 sec, 
the r ing  cur ren t  reaches  9.2% of /disk and remains  
p rac t i ca l ly  unchanged  wi th  fu r the r  t ime of po lar iza-  
tion. At  this stage, idisk is used almost  en t i r e ly  for 02 
evolut ion and then /ring divided by  /disk gives the col- 
lect ion efficiency of the r ing  electrode.  In  the  exper i -  
ment  shown in Fig. 4, the r ing  electrode was Au-p la t ed .  
Au electrodes were  found to be less sensi t ive to res idual  
impur i t ies  in solut ions than  Pt  e lectrodes (11), and 
more  s table  r ing currents  were observed  wi th  these 
electrodes.  In  v iew of the  fact  tha t  a t  gold electrodes 
O2 is r educed  ma in ly  to H202 (11, 13), the  collection 
efficiency is 18.4%. This value  is close to the  efficiency 
(18.2) ca lcula ted  and t abu la ted  in (18). The exper i -  
men ta l ly  obta ined  efficiency is used to scale the r ing 
cur ren t  and calculate  iog according to [7]. 

In  the  non l inear  Vi i  region, the  potent ia l  is aga in  
seen to increase n e a r l y  l inea r ly  wi th  the in tegra ted  
charge densi ty  for oxide film growth,  q ---- fo t iog dr. 

This is shown in Fig. 5 for two constant  cur ren t  den-  
sit ies app l ied  to the disk electrode�9 To minimize  er rors  
due to s tepwise in tegra t ion  of smal l  currents ,  the in te-  
gra t ion  was car r ied  out  on ly  up to the t ime when iri,g 
Corresponded to about  95% id~sk. The dependence  of V 
on q ca lcula ted  in this  w a y  in the  non l inear  Vi i  region 
is qu i te  different  from tha t  in the ini t ia l  l inea r  Vi i  
region and can be represen ted  b y  Eq. [8], r a t h e r  than  
by  Eq. [2] 

OV 
--  m = 270 V C - l - c m  ~ ~ f (/disk, q) [8] 

aq 

It  is shown below tha t  this re la t ionship  is an approx i -  
mate  one and tha t  aV/Oq is equal  to m on ly  at  l a rge  
values of q. As can be de te rmined  f rom the four cur -  
ren t  densit ies used in these exper iments  (10 -4, 3 X 
10 -4, 10 -8, and 3 • 10 -8 A - c m - 2 ) ,  the  fol lowing re la -  
t ionship holds at  any  q in the non l inear  Vi i  region 
(Eq. [3]) 

OV 2RT 
= ~/ ( /d isk ,  q) [9] 

'0 In idisk F 
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Fig, 5. Potential at the disk electrode vs. integrated charge 
density for oxide film growth at two current densities. Note that 
the V-q relationships at high q's change from those at low q's. 
Current and charge densities ore not corrected for surface rou9 h- 
hess (disk electrode KF "- 1.4). 

These re la t ionships  in the non l inear  V/ t  region are  
qui te  different  f rom the  corresponding re la t ionships  in 
the l inear  V/t  region (Eq. [2], [3]) .  

To de te rmine  whe the r  these differences in the V/q 
re la t ionsh ips  in the  ox ide  g rowth  region  and in the  02 
evolut ion region indica te  a change in the  oxide g rowth  
mechanism a n d / o r  a change in the physical  p rop -  
er t ies  of the  film, e.g., film aging a n d / o r  increas ing 
conduct iv i ty  (3),  the  fo l lowing calculat ions were  car -  
r ied  oi~t. By using the expe r imen ta l ly  de te rmined  
values for  io~ and q, V --  Vo (=Vcal~) was ca lcula ted  
for  al l  q by  using Eq; [4] and  was then compared  to 
the observed value  of V --  Vo (=Vo~s) at  each q. For  
this calculat ion,  io,og, ~, and Vo were  de te rmined  f rom 
the l inear  V/t  region for which Eq. [4] holds.  The r e -  
sults of  this  compar ison are  shown in Fig.  6 for two 
appl ied  constant  cur ren t  densit ies.  I t  can c lear ly  be 
seen tha t  Vcalc closely over laps  Vobs in a l l  regions of 
the  V/q  curve.  

I t  was possible  to conclude from this analysis  tha t  
the  P t  oxide  film continues to g row with  the same 
mechanism in the t rans i t ion  region and in the p re -  
dominan t ly  O2 evolut ion region as in the  l inear  V/ t  or 
ox ide  growth  region. The physical  p roper t ies  of the 
film do not  change in going f rom the oxide growth  
region to the case where  O2 evolut ion is the ma jo r  
react ion.  I t  fol lows then tha t  in the 02 evolut ion r e -  
gion, the  films must  s t i l l  be poor  electronic conductors.  
Fur the rmore ,  the  s t ruc ture  of the  double  l aye r  in the  
t rans i t ion  and the O~ evolu t ion  region is bas ica l ly  the  

f I I I [ I I [ I I I . , , ~  ~ I 0,9 oO9 o - -  

o ~ 1 7 6 1 7 6  ~ 2N H2 SO~ / o+OO § o o  / 
0.8 /+ + o § o~ o~ , - -  

0.7 + ~ - 

0.5 
o .  o Observed m 

~'~ , .  + : Oalcurated ~,~ 0.4 
~ , o  . 1=10-4Acrn -z 

~. 0.3 * '  ~ : t=  1O-SAcrq -z - -  
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I I I I I / I I I 
10 12 14 16 I8 20 22 24 25 
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Fig. 6. Calculated and observed potentials vs. integrated charge 
density. 

, same as in the  oxide g rowth  region.  In  par t icu la r ,  
hVoHL remains  constant ,  i ndependen t  of  the  appl ied  
cur ren t  dens i ty  and the oxide  film thickness,  and has 
the same value  as in the l inear  V/t  region.  In  the non-  
l inear  V/ t  region, at  any  constant  appl ied  cur ren t  den-  
sity, the  fields in the film and in the  IHL, however ,  de-  
crease wi th  increas ing film thickness  because  the cur-  
ren t  dens i ty  for oxide film growth  cont inuously  de -  
creases wi th  t ime or  increas ing film thickness.  In  spi te  
of this decrease in the fields, the poten t ia l  difference 
across the oxide film and the IHL, (V --  Vo), s t i l l  in-  
creases wi th  time. This is because the thickness of the 
film increases at a fas ter  r a t e  than  the  ra te  .at which 
the field increases.  This is i l lus t ra ted  in F ig  7. I t  may.  
be noted tha t  a l though the potent ia l  difference across 
the film and the IHL, (V - -  17o), increases wi th  t ime,  
the po ten t ia l  difference across the IHL i tself  s lowly  
decreases  wi th  t ime (since field decreases  wi th  t ime) .  
This is discussed fu r the r  below. 

Oxygen evolution reaction in the transition region.-- 
Once O~ evolut ion becomes the p redominan t  reaction,  
its ra te  as a funct ion of q and V can be der ived  f rom 
the V/q re la t ionships  represen ted  b y  Eq [8] and [9] 
and  shown in Fig. 5 and 6. By in tegra t ion  of Eq. [8] and 
[9], the fol lowing ra te  equat ion is obta ined 

- -  2R---~ q 2RT 

- -  io,o2exp [--Gd] exp [ _ ] [1,o] F(V VR) 

Here, d, the thickness of the  oxide  film, is equal  to rq, 
where  r ( =  9 X 103 A C - l - c m  2) (9) converts  charge 
dens i ty  into film thickness,  z The p a r a m e t e r  5 is then  
equal  to mF/(2RTr)  = 0.6 A. -1. The in tegra t ion  con- 
stant ,  VR, is chosen to be  the revers ib le  po ten t ia l  for 
the oxygen evolut ion reaction.  The e lect rode potent ia l ,  
V, increases wi th  t ime in the same way  as does the po-  
ten t ia l  difference, V --  Vo, across the oxide film and the 
IHL. I r respec t ive  tha t  a t  a constant  appl ied  cu r ren t  
dens i ty  the potent ia l  difference across the I H L  de-  
creases g radua l ly  and ever  so s lowly  wi th  t ime, as 
dLscussed above, the  cur ren t  dens i ty  for  O2 evolut ion 
st i l l  increases wi th  t ime.  This is because the  cu r -  
ren t  dens i ty  for  02 evolut ion  depends  on the po-  
ten t ia l  difference across the  oxide film and the IHL, 

ZFor the Pt(OH)~ s t ruc ture ,  a m o n o l a y e r  o f  t h e  o x i d e  film 
c o r r e s p o n d s  to about  170 pC-cm -~. If  it i s  a s s u m e d  tha t  a m o n a -  
l a y e r  is 2A thick, the  r factor  w o u l d  h e  s o m e w h a t  h i g h e r  (11.8 x 
10~ AC-l-cm =) than  calculated f r o m  the  densi ty of Pt(OH)2 (2, 9). 
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Fig. 7. A simple model of potential distribution across the oxide 
film and inner and outer Helmholtz layers when 02 evolution be- 
comes significant. Though field in the film decreases, overall po- 
tential still increases with time. 
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V - Vo, and not  only  on the poten t ia l  difference 
across the IHL. This dependence  on the potent ia l  12 
difference across the  oxide film and the IHL can 
be expla ined  by  a mechanism in which the first e lec-  to 
t rochemical  s tep involv ing  e lect ron tunnel ing  th rough  
.the oxide films and IHL is ra te  determining.  Both ~ 0.8 

q and V increase wi th  t ime, bu t  the first exponen-  
t ia l  t e rm in Eq. [10] increases  at  a fas ter  ra te  than  the  =* 0.6 
second exponent ia l  t e rm decreases,  and hence the  cur -  
ren t  for 02 evolut ion increases  wi th  t ime. -~ 

0 4  
An equat ion ident ica l  to Eq. [10] has been obta ined 

p rev ious ly  f rom s t eady - s t a t e  Tafel  l ine measurements  ~- 
which were  obta ined  af te r  the ini t ia l  polar iza t ion  of 02 
an e lect rode at  a constant  potent ia l  or cu r ren t  dens i ty  
h igher  than  the potent ia ls  at which the Tafel  r e l a t ion-  0e 
ships were  subsequent ly  obta ined  (9, 19, 20). In  this  
way, the films became fa i r ly  th ick but  thei r  thickness,  
as de te rmined  by  e l l ipsomet ry  (9), r ema ined  constant  
dur ing  the Tafel  measurements .  F r o m  the e l l ipsometr ic  
measurements ,  the p a r a m e t e r  8 was de te rmined  to be 
1.4 A -1. The d iscrepancy  be tween  8 obta ined  in this 
s tudy  and tha t  obta ined  by  e l l ipsomet ry  is not  clear.  No 
special  significance is, however ,  given here  to this d i f -  
ference in 5's. 

The p r e - exponen t i a l  factor,  io,O2, is the exchange cur-  
ren t  dens i ty  which would  be expected at  zero film 
thickness at  the revers ib le  potent ial .  I t  can be eva lu-  
a ted  b y  ex t rapo la t ion  to q = 0 of the l inear  V/q l ines 
f rom the nonl inear  V/ t  region. Such an ex t rapo la t ion  
for  a disk  cur ren t  of 10 -8 A - c m  -2 (Fig. 6) gives Vq=o 
= 0.545V vs. Vo, where  Vo is 0.94V vs. RHE (7). S imi-  
lar ly ,  for  a disk  cur ren t  of 10 -4 A - c m  -2, Vq=o = 0.430V 
vs. Vo. The exchange  cur ren t  dens i ty  at  zero film th ick-  
ness can now be ca lcula ted  by  de te rmin ing  the cur ren t  
density,  io2, expected at  the revers ib le  po ten t ia l  for 
oxygen  evolution,  VR = 1.23V vs. RHE. Since this po-  
ten t ia l  is 0.29V posi t ive to Vo, it  follows that,  at  10 -4 
A-cm-2 ,  for instance, the overpoten t ia l  for the oxygen 
evolut ion react ion is 0.14V (0.43-0.29V). Since for each 
decade of  the  appl ied  cur ren t  densi ty,  the  poten t ia l  
changes about  115 mV, io,o2 at  the revers ib le  potent ia l  
is equal  to 6 X 10 - s  A - c m - 2 .  

The above analysis  shows that  the same ra te  equa-  
tion applies  to the O2 evolut ion react ion in the t r ans i -  
t ion region at shor t  t imes of polar izat ion (2-10 sec at  
10-a A - c m - 2 ) ,  as wel l  as at  long t imes (102-104 sec at 
10 -8 A - c m - 2 ) .  The mechanism of O2 evolut ion does 
not  change wi th  changes in the thickness of the oxide  
film and with  the t ime of polar izat ion,  and the films do 
not  age or  change thei r  conduct ive proper t ies  wi th  film 
thickening�9 However ,  Eq. [10] does show tha t  the  ra te  
of O2 evolut ion depends  exponen t i a l ly  on the th ick-  
ness of the oxide film. In fact, a subs tan t ia l  pa r t  of the 
overpoten t ia l  for  the  oxygen  evolut ion  react ion ar ises  
f rom the effect of the ba r r i e r  to charge t ransfer  which 
these insula t ing films exert .  

Oxygen evolution and oxide growth as parallel pro- 
cesses.--The t rans i t ion  f rom the oxide g rowth  region 1~ 
to the O2 evolut ion region at  different  cur ren t  densities,  
such as those shown in Fig. 5, can now be unders tood 
in the  fol lowing way.  A t  a n y  appl ied  cu r ren t  dens i ty  ~ 17 

and a t  any  q, the two processes of oxide  g rowth  and O2 
evolution,  wi th  respect ive  pa r t i a l  cur ren t  densi t ies  ~og -~  ~ 

and io2, occur in paral le l ,  and Eq. [7] is obeyed.  These 
two processes depend di f ferent ly  on q and V (Eq. [4] ~- 
and  [10]). Thus for  oxide  growth,  the  V-q l ines at  ~ ~.5 

different  cur ren t  densi t ies  or iginate  at  Vo and diverge 
l i nea r ly  to infinite thicknesses  and potent ials .  For  O2 
evolution,  the V-q l ines are  pa ra l l e l  and equa l ly  spaced ~4 
along the potent ia l  axis for equal  increments  of cur -  
ren t  density.  In Fig. 8, a f ami ly  of d iverging V/q  lines, 
r epresen t ing  oxide growth  at  different  cur ren t  den-  
sities, in tercept  a fami ly  of para l l e l  V/q  lines, r ep re -  
sent ing O2 evolut ion at  different  cur ren t  densities.  
When the l ines for the same cur ren t  dens i ty  intercept ,  
the ra te  of  both react ions  is equal.  

Schematic Representation 
of V vs.q at Pt ~ / 

1 M H2SO4 i=10_1 _ ~ , ~  ~ 

I I I I I I i I I 
0 2 4 6 8 10 12 14 16 18X10 -4 

Charge Density [Ccm"] 

Fi 9. 8. Schematic representation of V-q relationships for oxide 
9rowth and 0,9 evolution. At the intercepts of V-q lines for any 
9iven current density, the major process changes from oxide 9rowth 
to 02 evolution. 

Quite  general ly ,  when two processes occur in pa r a l -  
lel, the process which occurs at  the lower  potent ial ,  at  
any  q, wil l  predominate .  Thus at  low q, the oxide films 
grow with  nea r ly  100% cur ren t  efficiency. At  high q, 
much h igher  potent ia ls  would be requi red  to main ta in  
the  un in te r rup ted  growth  of the oxide films than  for  
the  evolut ion of oxygen.  Consequently,  02 begins to 
evolve  and soon becomes the p redomina te  react ion.  

F igure  8 indicates  tha t  the potent ia l  of the t rans i t ion  
points  should increase while  the  charge dens i ty  at  this 
point  should  decrease wi th  increasing appl ied  Current 
density.  In Fig. 9, the potent ia ls  of  the t rans i t ion  
points,  obta ined exper imenta l ly ,  a re  p lot ted  vs. the ap-  
pl ied cur ren t  density.  In this  figure, da ta  of previous  
workers  (7, 9) a re  included.  I t  can be seen tha t  the po-  
ten t ia l  at  the t rans i t ion  point  does indeed increase  with 
increas ing appl ied  cur ren t  density.  

Combining oxide growth and 0 z evolution in a single 
exPression.--In the  preceding  discussion, i t  was shown 
tha t  the growth  of an anodic Pt  oxide film obeys the 
same growth  l aw (Eq. [4]) in the t ransi t ion and O2 
evolut ion region as in the ini t ia l  l inear  V/ t  region in 
which Pt  oxide  film growth  is the p redominan t  elec-  
t rode reaction.  Also, O2 evolut ion is descr ibed by  the 
same ra te  (Eq. [10]) in al l  regions. These equations 
provide  the basis for the analysis  of the  ent i re  V/q  r e l a -  
t ionship. 

The quest ion remains  as to whe the r  the two ap-  
p a r e n t l y  l inear  regions in Fig. 5 and 6 would be ant ic i -  
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Fig. 9. Transition potentials from oxide growth to 0,2 evolution in 
2N H2SO4 as a function of applied current density. 
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pated to be l inear by Eq. [4] and [10] when both pro-  
cesses occur in parallel. At  any film thzckness, Eq. 
[7] holds, and with the elimination of io~ and log f rom 
Eq. [10] and [4] by using Eq. [7], the dependence of V 
on q at any applied current  density is readi ly obtained 
in an implicit form 

io,os exp qT -{- iv~o2 exp 2RT 

+ FV/(2RT)  ] -- " = 0 [11] 

In  this equation, V is given vs. Vo for both the oxide 
growth and the oxygen evolution reaction. For this 
reason, io,o2 in [10] is replaced by  ivo,o2 which is the 
current  density for oxygen evolution at Vo and zero 
film thickness and is equal to 2 • 10 - s  A-cm-% qr rep- 
resents the total charge density for oxide growth. By 
differentiation and by using the relationship dio~ -- 
--d/o2, the following dependence of  dV/dq on iog, io2, 
and qw can be obtained 

dV 2RTiog In (iog/io,og) -~ mFqTio~ 
[12] 

dqT 2RTaiog -{- FqTio2 

dV/dqw continuously decreases with qw arid, there-  
fore, neither the first nor the second V-q region should 
truly be linear. However,  when i o g > >  io2, as in the 
first apparent ly  linear V/q  region, dV/dq is vir tually 
constant for a constant current  density and is given by 
Eq. [2]. Also, when io2 > >  iog, as in the second ap-  
parent ly  linear V/q region, dV/dq must  also become 
virtually constant and equal to m (Eq. [8]).  

In order to estimate more accurately the degree of 
the l inearity in both regions of the V/q plots, Eq. [11] 
has been calculated by computer  using the experi-  
mental ly  determined parameters.  The parameter  m was 
determined in two ways with the first being from the 
slopes of the V/q traces, as discussed above. This pro-  
cedure may  be subject to error  due to the fact that  
V/q traces are not expected to be quite linear. The 
second method for determining the value of m was by  
using the median value of the ring current  where 
log - "  io2 and where q and V are known. Then, f rom 
Eq. [10] 

idlsk [ m F  FV~/2 ] 
- - - ~  : io,o2 exp -- 2R--"'T qT,1/2 "~ ~ j [13] 

where qT,1/2, and V1/u are the values of q and V at 
log = io2 : 1~ idisk. With the first procedure, m = 270 
VC-1-cm 2, and with the second, m ---- 330 V C - l - c m  2. 

The computer-calculated V/q curve is shown in Fig. 
10 and can be compared to the experimental ly obtained 
V/q relationship as in Fig. 5. I t  is clear that  the change 
of OV/Oq with q is negligible everywhere  but  near the 
transition point. I t  can therefore be concluded that  
a virtu'ally l inear V/q  relationship .exists for oxide film 
growth, both when  the oxide growth is the predomi-  
nant  reaction and when the oxygen evolution is the 
major  reaction. 

S u m m a r y  a n d  C o n c l u s i o n s  
The individual rates of Pt  oxide growth and O2 

evolution at a Pt  electrode in acid solutions were 
separated using rotat ing r ing-disk electrode experi-  
ments. When a constant anodic current  is applied to 
the disk electrode, the potential of the electrode is ini- 
tially observed to increase l inearly with time. In this 
l inear V/ t  region, essentially all of the current  is 
utilized in the formation of an insulating Pt  oxide film. 

Following the linear V/ t  re~ion, V increases non-  
l inearly with time, and current  at the ring electrode 
now commences to flow. This ring current  increases 
sharply at first and then more slowly approaches the 
value expected for essentially 100% oxygen evolution. 
In the nonlinear  V/ t  region, the potential is also seen 
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Fig. 10. Computer calculation (Eq. [11] )  of V w.r.t. Vo as a 
function of total charge density. Note that both V/q regions are 
virtually linear. 

to increase near ly  l inearly with the integrated charge 
density for oxide film growth. 

In  order  to test the high field model for Pt  oxide film 
growth when 02 evolution is the major  reaction, a 
calculation of the potential for the Pt  disk electrode 
was made with the assumption that the mechanism of 
oxide growth  is the same in the nonlinear V/t  region as 
it was in the oxide growth  region. It  was found that  tha  
observed and the calculated potentials match closely 
at all values of q. Therefore, it was concluded that  P t  
oxide films continue to grow beyond the linear V/ t  
region according to the same mechanism as in the 
linear V/ t  region. Consequently, the physical prop-  
erties of the film, such as the electronic conductivity, 
do not change in going from the oxide growth region 
to the predominant ly  02 evolution region. 

The close match between the calculated and the ob- 
served V/q curves also implies that  the s tructure of 
the oxide film/solution interface remains unchanged 
throughout  the V/q  curves. In particular, the p o t e n t i a l  
difference across the OHL remains constant, independ- 
ent of the applied current  density, and has the same 
value in the nonlinear V/ t  as in the l inear V/ t  region. 

The mechanism of the O2 evolution reaction does not 
change with increasing oxide film thickness although 
the rate of the O~ evolution reaction depends exponen-  
tiaUy on the film thickness. The exchange current  den- 
sity for oxygen evolution at zero oxide film thickness 
is as high as 6 • 10 -6 A-cm-~  compared to about 10 -10 
A-cm -2 at oxide-covered electrodes (19). 

At  any applied current,  the two processes of oxide 
growth and 02 evolution occur in parallel. The pro-  
cess which occurs at the lower potential for the same 
current  density and oxide thickness predominates. A 
computer  calculation of the entire V/q curve shows 
that  virtually linear V/q  relationships exist both when 
oxide growth is the predominant  reaction and when 
oxygen evolution is the major  reaction. 

Manuscript  submitted Jan. 15, 1982; revised manu-  
script received Jan. 11, 1983. 

Any  discussion of this paper  will appear  in a Discus- 
sion Section to be published in the June 1984 JOURNAL. 
All discussions for the June 1984 Discussion Section 
should be submitted by  Feb. 1, 1984. 

Allied Corporation assisted in meeting the publica- 
tion costs o) ~ ~h~s article. 
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ABSTRACT 

Steady-state V-log i relationships have been determined for the oxygen evolution reaction at plat inum electrodes in acid 
solutions of various pH's. At all pH's, Tafel slopes close to 2RT/F have been obtained after initially cathodically pretreating 
the electrode, polarizing it at a high anodic current density for a particular length of time, and then measuring the V-log i 
relationships at current densities lower than that used in the initial anodic electrode pretreatment. The order of the reaction 
with respect to hydrogen ions is then found to be one-half. 

In other experiments, a rotating Pt ring disk electrode was used in solutions of various pH's  in order to separate the cur- 
rents due to Pt oxide film growth and those due to the oxygen evolution reaction and to accurately determine the charge 
density utilized for film growth. From this, it could be seen that the potential, at any constant charge density and pH, in- 
creases 120 mV for a tenfold increase of the current density, and that at a given current density and charge density, the 
potential decreases 60 mV as the pH increases one unit. These results confirm that the unusual  fractional reaction order 
with respect to hydrogen ions is still obtained when the thickness of the oxide film remains constant. Further, it is reported 
here that the dependence of the oxygen evolution rates on p H can be attributed entirely to the dependence on the p H of the 
potential difference across the outer Helmholtz layer at the oxide film/solution interface. This simultaneous study of oxide 
film growth and the oxygen evolution reaction has led to a model for the potential distribution across the metal/oxide 
film/IHL/OHL/solution interface during ihe oxygen evolution reaction and to the conclusion that a fast quasi-equilibrium 
process exists across the outer Helmholtz layer. 

T h e  oxygen evolution reaction (OER) at p la t inum 
electrodes, in  both acid and alkal ine solutions, is a 
complex process that is still not satisfactorily unde r -  
stood. Evidence of this is shown by the great variance 
in the kinetic data of previous workers, even when 
apparent ly  the same exper imental  conditions have been 
used, thus making any analysis of the reaction mecha-  
nism ra ther  difficult. For  example, in  an early work, 
Hickling and Hill (1) reported a Tafel slope of 2RT/F 
(130 mV/decade)  for the OER in 1N I-I2SO4 solutions 
at cur rent  densities from 10 -5 to 10 -3 A-cm -2. On the 
o t h e r  hand, Pushnograeva et al. reported two different 
Tafel slopes for the OER in this same solution (2). 
For current  densities of about 10-5-10 -3 A-cm -2, the 
slope was close to 2RT/F, while for current  densities 
from about 10-z-5 • 10 -2 A-cm-e ,  the slope was close 
to 3RT/F (175-190 mV/decade) .  Shultze and Vetter, 
however, reported V-log i relationships with a slope 
of about 120 mV/decade .at low current  densities but  a 
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slope of only 95 mV/decade at high current  d e n s i t i e s  
(3). Most other workers (4-11) have reported Tafel 
slopes close to 2RT/F in acid solutions, f requent ly  for 
over five decades of current  densi ty  (4, 6, 7). 

Par t  of this variance in Tafel slope determinat ions 
can be related to the lack of control of electrode pre-  
t rea tment  and of the procedure of V- log i  measure-  
ments.  It is now well  documented that a thin insula t ing 
oxide film, presumably  Pt (OH)2 (12), grows at a 
p la t inum surface at potentials more positive than about 
1.0 V/RHE (13-16). The rate of growth depends on 
the potent ial  and film thickness (13-16). It  is also well 
known that  the rate of the OER depends critically on 
the thickness of these films (3, 9, 17) so that the current  
density at a given potenti,al decreases exponent ia l ly  
with increasing thickness of the oxide film (3, 17). 

Due to the effect of the film thickness on the kinetics 
of the OER, it is essential that the determinat ion of 
the Tafel lines, required for a mechanistic analysis of 
the OER, is carried out under  strictly controlled con- 
ditions of film growth or film thickness. For example, 
meaningful  Tafel lines have been obtained when the 
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electrode was first anodically pretreated for a spe- 
cified length of time at a higher current  density, iv, 
than those at which subsequent  Tafel measurements  
were made (6, 9, 10). At current  densities lower than iv, 
and hence at the lower potentials,  the field wi thin  the 
film that is the dr iving zorce for film growth (13-16) 
sufficiently decreases to render  any fur ther  film growth 
negligible, as exper imenta l ly  observed (12, 17-19). The 
Tafel lines can then be determined at an essentially 
constant  film thickness. The film thickness itself will 
depend on the potential  or the current  density as well 
as tile durat ion of electrode pretreatment .  Irrespective 
of the film thickness, the Tafel lines obtained after this 
type of electrode pre t rea tment  have a slope close to 
2RT/F  over a few decades of current  density (6, 8-10, 
17). However, they are shifted paral lel  to each other 
when different electrode pre t rea tment  is used, i.e., the 
exchange current  densi ty changes (3, 9, 17). 

It  has also been recently demonstrated,  with the use 
of a rotat ing r ing d i sk  electrode which can separate 
the two processes of oxygen evolution and oxide 
growth, that even when the oxide film is very thin 
and still  growing, the V-log i relationships for oxy- 
gen evolut ion at any constant charge density repre-  
sent ing the oxide film growth have a slope of 120 mV/  
decade (20). 

As is customary in electrode kinetics, these slopes of 
120 mV/decade have been associated with a mechanism 
in  which a first charge t ransfer  step is rate de termin-  
ing (4, 8, 10). A serious difficulty with this simple 
in terpre ta t ion  is that  it cannot account for the ob- 
servation that for the same electrode pre t rea tment  
(e.g., ip _-- cont., t ---- cont.) at  any  constant  current  
density in the Tafel region, the potential  decreases 60 
mV as pH increases one uni t  (3, 9, 21). This leads to 
a fractional reaction order of one-hal f  with respect to 
hydrogen ions (cf., Ref. 3 and 9). 

The question can then be raised as to whether  the 
observed fractional reaction order is related to dif- 
ferent  oxide film thicknesses existing in solutions of 
different pH's. In order to answer  this, experiments  
have been carried out in which a solution of a given 
pH was rapidly replaced with a solution of a lower pH 
without  in te r rup t ing  the current  flow dur ing the Tafel 
measurements .  These experiments  showed that the 
fractional reaction order is real (9). 

One explanat ion for this fractional reaction order 
has been that  these thin oxide films are electronic in-  
sulators so that instead of having only a single barr ier  
for charge t ransfer  across the double layer  at the oxide 
f i lm/solution interface, a dual  barr ier  comprised of 
both the oxide film and the oxide fi lm/solution in te r -  
face exists. If a chemical step following the first charge 
t ransfer  step is then considered to be the ra te-deter -  
min ing  step, a Tafel slope of 120 mV/decade and a 
fractional reaction order of one-hal f  with respect to 
hydrogen ions can be accounted for (9). 

In recent studies of the growth of anodic oxide films 
at plat inum, it has been suggested that  the potential  
dis t r ibut ion across the meta l /oxide  f i lm/solution in -  
terface is even more complex than suggested by the 
dual bar r ie r  model (14, 22) and is actual ly a dis t r ibu-  
tion across three barriers,  namely,  the oxide film and 
the inne r  and outer Helmholtz layers. Under  constant  
current  conditions, the film ini t ia l ly  grows without any 
significant oxygen evolution occurring, and the poten-  
tial difference across the film increases l inear ly  with 
increasing film thickness. The potential  difference 
across the inne r  Helmholtz layer is considered to re-  
main  constant a t  a constant  current  density and in-  
creases as the current  densi ty for oxide growth in-  
creases. In  contrast, the potent ial  difference across the 
outer Helmholtz layer  has been found to remain  con- 
s tant  at all rates of oxide growth (22). Also, at any 
given film thickness and current  density, the potential  
distr ibution across the film and the inner  Helmholtz 
layer  is independent  of pH [in acid solutions only  (22, 

23)] while the potential  difference across the outer 
Helmholtz layer  decreases 60 mV as pH increases one 
unit.  Even when both the OER and oxide growth occur 
concurrently,  or when the OER is the major  reaction, 
it has been shown by rotat ing r ing disk experiments  
that oxide film growth continues according to the same 
rate equation as when only oxide film growth occurs 
(20). This indicates that when either oxide growth or 
oxygen evolution is the p r imary  reaction, the potential  
distr ibution across the metal /oxide f i lm/solution in ter -  
face remains essentially unchanged.  In  particular,  the 
potential  difference across the outer Helmholtz layer 
remains independent  of the rate of either oxide growth 
or of oxygen evolution and dependent  on pH. 

With the progress made in the studies of oxide 
growth at p la t inum anodes and with the development  
of a rat ional  model for the potential  dis t r ibut ion across 
the various interfaces, as well as with the success of 
the r ing disk experiments  in separating the rates of 
the individual  ' processes, it has become warran ted  to 
examine the pH dependence of the OER and to ana-  
lyze the fractional  reaction order with respect to hy-  
drogen ions by the rotat ing r ing disk methods. 

E x p e r i m e n t a l  
Two types of experiments  have been carried out. In  

the first, the s teady-state  V-log i relationships were 
determined for the OER in acid solutions of various 
pH's. A prereduced electrode was first subjected to 
an anodic current  density of 3 • 10 -8 A-cm -2 for 1 
hr, and then the V-log i relationships were determined 
at current  densities less than this value. 

In  the second series of experiments,  a Pt  r ing disk 
electrode was used in acid solutions of various pH's to 
separate and to follow individual ly  the rates of oxide 
growth and the OER with time. The cell, electrode 
pretreatment ,  exper imental  procedures, and analysis 
of data were the same as described in a previous paper  
(20), and all measurements  were made at room tem- 
perature.  

Resul ts  a n d  Discussion 
Steady-state V - log i  determination for the oxygen 

evolution reaction on Pt  at a given pH. - -As  discussed 
above, s teady-state  V- log /  relationships have been 
determined after first cathodically reducing the Pt  
electrode and then subject ing it to a constant  anodic 
current  density, ip, in a 2N H2SO4 solut ion for various 
periods of time. Some typical Tafel lines, which were 
obtained by the stepwise decrease of current  density 
after the electrodes were charged at ip _-- 10 -8 A - c m - 2  
for 102, 103, and 104 sec, are shown in Fig. 1. After  
recording the potentials at the lowest current  density, 
the V-log i relationships could be retraced by increas- 

, ,, , , 
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2N H SO a /  103 sec 

1,9 ' ' J , J ' /  - 

, . ' /~176 
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/ ~  , / '  / o  

1 .~ ~ j o  j ip = 10 -3 Acrn -z 

j ~  
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t I 6 5 
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Fig. 1. V-log i relationships at Pt electrodes after various times at 
10 . 3  A-cm - 2  in 2N H2S04. Note a decrease in the catalytic ac- 
tivity of the electrodes with time of pretreatment at 10 . 3  A-cm-2.  
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ing cur ren t  densit ies up to the cur ren t  dens i ty  of the 
ini t ia l  anodic p re t rea tment .  The e lect rode could remain  
at  this cur ren t  dens i ty  for only  a shor t  t ime, such as 
20-50 sec for  the ini t ia l  polar iza t ion  t ime of 10 ~ sec, 
as otherwise  the  potent ia l  would  s lowly  increase fur -  
ther  wi th  t ime as the film thickness begins to increase 
again.  

I t  can be seen in Fig. 1 that  the  Tafel  l ines for 3.5 
decades of cur ren t  dens i ty  a l l  have a slope close to 120 
mV, independen t  of the length  of t ime of anodic p re -  
t r ea tmen t  a t  10 -3 A - c m  -2, as given in Eq. [1] 

a V  2RT 
"~ini = r ~f (d ,V)  [1] 

where  d is the oxide film thickness,  which is known to 
increase  wi th  t ime of polar izat ion at  the cur ren t  den-  
s i ty  of e lect rode p r e t r ea tmen t  (9, 16, 24). 

I t  can also be seen in Fig. 1 tha t  a tenfold  increase 
of the  polar iza t ion  t ime at  any  pa r t i cu la r  cur ren t  den-  
s i ty  increases the poten t ia l  by  about  75 mV 

aV 
- -  = d = ? S m V  [2 ]  
O log t 

This increase  of the potent ia l  wi th  t ime is indica t ive  
of the increas ing oxide film thickness wi th  t ime. 

I t  is c lear  tha t  a l inear  V-log i re la t ionship  would 
not  have  been  observed  if the  e lect rode had  been 
brought  f rom a potent ia l  of about  1.0 V/RHE to a 
h igher  potent ia l  by  g radua l ly  increasing e i ther  the  
poten t ia l  or the anodic  cur ren t  density.  This has been 
wel l  documented  by  var ious  workers  (4,6,  7, 10). Also, 
a l inear  V-log i re la t ionship  would  not  have been ob-  
ta ined  if the  measurements  had been  made  first at  low 
cur ren t  densit ies,  or  potent ials ,  and then at h igher  
cur ren t  densities,  or  potentials ,  as the films would  have  
th ickened  dur ing  the course of these measurements .  

I t  is clear,  therefore ,  tha t  l inear  Tafel  l ines wi th  
the slope of 120 mV can be obta ined  only  when the 
thickness of the oxide film remains  constant  dur ing  
Tafel  l ine determinat ions2 and tha t  for a meaningfu l  
mechanis t ic  analysis,  the thickness of the  oxide film 
should be known. 

The pH dependence of the OER from steady-state 
measurements.--In order  to de te rmine  the pH de-  
pendence of the OER under  these s t eady-s ta te  condi-  
tions, a const,ant cur ren t  dens i ty  of ip -- 3 X 10-3 A -  
cm - s  was appl ied  to a p re reduced  electrode for 1 
h r  in al l  of the solutions studied.  The Tafel  l ines were  
then de te rmined  by  decreas ing the cur ren t  dens i ty  in 
steps. F igure  2 shows that  at  any  constant  cur ren t  den-  
s i ty  in the Tafel  region, the  potent ia l  has decreased 
60 mV as the  pH increased one unit.  This po ten t i a l -pH 
re la t ionship  is also shown in Fig. 3 for al l  of~the solu-  
tions s tudied in this work.  Significantly,  i t  can be seen 
that  an addi t ion  of neu t r a l  sal ts  does not  affect the  
kinet ics  of oxygen evolution.  Fur the r ,  it  is seen tha t  
the same V-log i re la t ionship  is ob ta ined  in both H~SO4 
and HC104 solutions of the same pH. 

The da ta  in Fig. 2 and 3 resul t  in the  fol lowing ra te  
equat ion for oxygen evolution,  where  the react ion 
order  wi th  respect  to hydrogen  ions is one-ha l f  

io2 = K [H~O + ] '/2 exp 2 - - ~  [31 

This f rac t ional  react ion o r d e r  has  been  prev ious ly  ob-  
ta ined f rom measurements  in sulfur ic  acid solutions of 
two pH's  in the absence of a neu t r a l  sal t  (9). I t  is now 
confirmed over  a wide pH range  in both H~SO4 and 
HC104 solutions,  wi th  and wi thout  salt. 

The separation of the rates of oxide growth and oxy- 
gen evolution in solutions of different pH's with a ring 

In  the older data showing the slope of 120 mV/decade ,  the 
p r e t r e a t m e n t s  of e lec t rodes ,  which  w e r e  f r e q u e n t l y  v e r y  exten- 
sive, appear to have led to the required condition for the con- 
stant slope. 
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Fig. 2. V-log i relationships at electrodes after 1 hr at 3 X 10 - 3  
A-cm - 2  prior to measurements in solutions of various pH's. 
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Fig. 3. Potentials at 3 X 10 - s  A-cm - 2  at electrodes after 1 
hr at 3 X 10 - 3  A-cm - 2  prior to V-log i measurements at 
i < 3  X 10 - 3  A-cm -2.  Potentials are recorded vs. SCE. Full sym- 
bols: an addition of the corresponding K + salt up to 1M. 

disk electrode.--Rotating r ing disk electrode exper i -  
ments  s imul taneous ly  provide  the e lect rode potent ial ,  
V, the cur ren t  due to oxide growth,  iog, the cur ren t  due 
to oxygen  evolut ion,  io2, and the charge density,  q, 
which is equivalent  to the  thickness of the oxide film, 
at all  t imes of polar izat ion by  a constant  anodic cur -  
rent,  where  q can be obta ined  by  Eq. [4] 

q = ;o ~ io~ dt [4] 

Thus, as has been shown previous ly  (20), when a 
constant  cur ren t  is appl ied  to a p re reduced  disk elec-  
trode, the potent ia l  in i t ia l ly  increases l inear ly  wi th  
time, s tar t ing at about  1.0 V/RHE.  In this l inear  po-  
ten t ia l  region,  essent ia l ly  al l  of the cur ren t  is ut i l ized 
for  oxide  film growth,  and the r ing  cur ren t  is essen-  
t ia l ly  zero. This oxide film grows by  the high field 
mechanism (13, 15) according to the fol lowing ra te  
equat ion (25, 26) 

io~ = iog, o exp cq [5] 

where  c is a constant  ( =  57 VC -1 cm 2) independent  of 
pH, and Vo is a pa r ame te r  which depends  on pH. The 
field wi th in  the oxide film is p ropor t iona l  to (V -- Vo)/  
q. 

Af te r  some t ime of constant  cur ren t  polar izat ion,  the  
l inear  V / t  behav ior  ceases and the poten t ia l  increases 
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more  s lowly  and non l inea r ly  at  a ra te  which decreases 
wi th  t ime. The cur ren t  at  the r ing  e lec t rode  then in-  
creases due to the reduct ion of oxygen which is being 
evolved at  the disk electrode,  but  the cur ren t  soon 
levels  off and r a the r  s lowly  approaches  the cur ren t  
expected for  essent ia l ly  100% oxygen evolu t ion  at 
the  disk e lec t rode  (20). 

When the cu r ren t  at  the r ing electrode,/ring, is scaled 
to the cu r ren t  at  the disk electrode,  /disk, the  current  
due to P t  oxide growth  can be obta ined  as in Eq. [6] 
(20) 

iog - -  i d i s k  - -  / r i n g  [6]  

These r ing  disk da ta  show that  the oxide film continues 
to grow even when oxygen  evolut ion is the main  re-  
action at  the d i s k  electrode.  This has p rev ious ly  been 
observed by  cou lomet ry  (24) and e l l ipsomet ry  (16). 

I t  can be seen in Fig. 4 that ,  as in the  case when 0nly 
oxide g rowth  occurs and Eq. [5] is obeyed,  the ob-  
se rved  V/q re la t ionship  is also l inear  even when the 
OER is the  p r i m a r y  react ion at  the disk. Fur ther ,  when 
V is ca lcula ted  f rom Eq. [5] by  ut i l iz ing the in tegra ted  
va lue  of q (Eq. [4]) and the cur ren t  due to oxide 
g rowth  (Eq. [6]) and is then compared  to the observed 
potent ia l  at  the disk electrode,  these two V/q re la t ion-  
ships  match  ve ry  closely as shown in Fig. 4 for two 
pH's.  Consequently,  the oxide films continue to grow 
at al l  pH's  in acid solutions wi th  the same mechanism 
even dur ing  vigorous oxygen evolut ion as when no 
significant oxygen  evolut ion  occurs. 

At  any  constant  charge dens i ty  and a given pH, the  
potent ia l  increases  120 mV for a tenfold increase of 
the cu r ren t  dens i ty  (not  shown in Fig. 4). I t  follows 
that  the ra te  of the OER in a solut ion of a given pH 
can be expressed by  the fol lowing equat ion (20) 

[Fv] 
i o ; - - k ' e x p  L ~ J  exp ~ [7] 

where  m ( =  OV/Oq) is a constant  which has been de-  
t e rmined  to be 270-330 VC -1 cm 2 (20), and where  
o ther  symbols  have  the i r  usual  significance. Equat ion 
[7] shows tha t  the ra te  of the OER depends  cr i t ica l ly  
on the thickness  of the  oxide film. 

I t  is also seen in Fig. 4 that  in both l inear  V-q re -  
gions, the potent ia l  at  any  constant  thickness of the  
oxide  film has decreased 60 mV as the pH has increased 
by  one unit.  As essent ia l ly  a l l  of the cur ren t  in the 
second l inear  V/q region is ut i l ized for the OER, the  
fol lowing re la t ionships  can be es tabl ished for the OER 

OV 2.3RT 
- -  ~F(q,  ip) [8] 
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OV 
= m ~ ](pH, ip) [9] 

Oq 
By combining these equat ions wi th  Eq. [7], the fo l low- 
ing ra te  equat ion for the OER is ob ta ined  

FV 
io2--K[H~O+]'/2exp[ --mFq ] e x p [  2--~] [10] 

2RT 
Since Eq. [10] is de te rmined  f rom s imul taneous  mea-  
surements  of V, i, and q in solut ions of different  pH's,  
the f rac t ional  react ion o rde r  wi th  respect  to H30 + is 
confirmed at  al l  thicknesses of the  oxide  film, even at  
the  ear l ies t  stages of oxygen  evolut ion when the films 
are  very  thin and s t i l l  growing.  This f rac t ional  reac-  
t ion o rde r  cannot be ignored and must  be considered in 
any  mechanis t ic  analysis.  

Model of the metal oxide film solution interface and 
dependence on pH.--The growth  of the  anodic oxide 
film at  P t  e lectrodes has been found to obey Eq. [5], 
which also expresses the  ra te  of the high field mig ra -  
t ion of ions through an insula t ing  film (25). In  this 
equation, Vo is the  only pH dependent  pa ramete r ,  de-  
creasing 60 mV as pH increases one uni t  (15, 23). Vo 
is considered to be the potent ia l  in the inner  Helmhol tz  
p lane  wi th  respect  to a pH independent  re fe rence  elec-  
trode, and  therefore,  it  gives a measure  of the potent ia l  
difference across the outer  Helmhol tz  layer ,  hVonL. 
(V -- Vo) is then the poten t ia l  difference across the 
growing oxide film and the inner  t Ie lmhol tz  l aye r  (22). 
A s imple model  suggested for  the potent ia l  d i s t r ibu t ion  
across the complex  interface,  comprised  of the  oxide 
film and the inner  and ou te r  Helmhol tz  layers ,  is 
shown in Fig. 5, for two cur ren t  densi t ies  and two pH's.  

The close match  be tween  the ca lcu la ted  and ob-  
served potent ia ls  (Fig. 4) in the r ing  disk exper imen t s  
has shown that  even when oxygen  evolut ion becomes 
the ma jo r  reaction,  the poten t ia l  difference across the  
outer  Helmhol tz  layer ,  A V O H L ,  remains  constant  at  a 
given pH, i r respect ive  of the ra te  at which the oxide 
is s t i l l  growing (22). In  o ther  words,  ~VoHL has the 
same value  in the p r edominan t ly  oxygen evolut ion 
region as in the p r e domina n t l y  oxide growth  region.  
This implies  that  as the ra te  of oxide  growth  decreases 
and the OER becomes more  predominant ,  the observed 
increas ing potent ia l  must  be a resul t  of an increased 
poten t ia l  difference across the  oxide film and the IHL, 
ra the r  than across the OHL. Since Eq. [5] also holds 
in the oxygen  evolut ion re~ion, and since iog cont inu-  
ously  decreases wi th  the  thickness of the  oxide film, 

~ 4  Oxide Film 

i l>iz Helmh01tz 
Layer 

Solution 

pill < pHz 

pH1 

PHz _-:[- 

1 
pH Independent 

Reference Electrode 

Fig. 5. Model of the potential distribution across the oxide film 
and the inner and outer Helmholtz layer at two current densities 
and two pH's. The same model holds both when oxide growth 
process and the oxygen evolution reaction predominate. Note that 
potential difference across the OH[. is independent of the applied 
current density but decreases as pH increases. 
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the field wi th in  the  film and the IHL must  also de-  
crease. This is possible only because the thickness of 
the  film increases at  a fas ter  ra te  than  the potent ia l  
difference across the oxide film (Fig. 6). 

When the solut ion pH increases one unit,  Vo de-  
creases 60 mV and the potent ia l  of the inner  He lm-  
holtz plane, wi th  respect  to a pH independen t  r e fe r -  
ence electrode,  also decreases 60 mV (22, 23). There-  
fore, in solutions of different  pH's,  the potent ia l  dif-  
ference across the film and the inner  Helmhol tz  l aye r  
is the same for the same current  dens i ty  of oxide 
growth  and the thickness  of the oxide film, independ-  
ent  of pH, as is i l lus t ra ted  in Fig. 5. As a consequence, 
the  V-q lines in the first l inear  V-q region, when es- 
sent ia l ly  only oxide growth  occurs, and in the second 
V-q region, when oxygen  evolut ion is the ma jo r  re -  
action, are para l l e l  but  shif ted along the V axis b y  
60 mV per  pH unit  (cf. Fig. 4). The shift  is due en- 
t i r e ly  to the dependence  of AVoHL on pH. 

Because  AVOH L does not change wi th  a change in 
cur ren t  densi ty  when a Tafel  l ine is de te rmined  by  
decreasing cur ren t  dens i ty  over  a range of cur ren t  
densities,  i t  is the potent ia l  difference across the oxide 
film and the inner  Helmhol tz  layers  which changes 120 
mV for each decade of cur ren t  dens i ty  (Fig. 7). I t  
follows that  it  is the potent ia l  difference across the 
oxide film and the inner  Helmhol tz  l ayer  which con- 
trols the  ra te  of the OER. The observed 60 mV de-  
pendence of the ra te  of the OER on pH and the ob-  
served f rac t ional  reac t ion  order  wi th  respect  to hy -  
drogen ions reflects only  the change of ~VOH L with 
pH, whi le  the  potent ia l  differences across the oxide 
film and the inner  Helmhol tz  l aye r  at a given cur ren t  
density,  (V -- Vo), do not change, i.e., (V --  Vo) at  
any  constant  cur ren t  dens i ty  is independen t  of pH. 
The explana t ion  of the  observed  pH dependence  of the 
OER and the f rac t ional  react ion order  wi th  respect  to 
hydrogen ions is, therefore,  an explana t ion  of the  pH 
dependence  of A'~OH L. 

The fact  tha t  A~7OH L remains  constant  over  a large  
range of cur ren t  densit ies must  mean that  the charge 
t ransfer  process occurr ing across the outer  Helmhol tz  
l aye r  is fast  and in quasi  equi l ibr ium.  The most l ike ly  
process for this would  be the rap id  tran=fer of a p ro -  
ton f rom a wa te r  molecule  at the inner  Helmhol tz  p lane  
across the outer  Helmhol tz  l aye r  to a wate r  molecule  
in the  outer  Helmhol tz  plane,  according to 

_ _  m 

Oxide 

I r r 

I I> o 
! 

Distance I 
Film ~ I ~  RE T 

t,<t:~<ts --= I 0  I 
I 

Helmholtz Layer 

Fig. 6. Model for the potential distribution across the oxide film 
and the inner and outer Helmholtz layer in the transition from 
predominantly oxide growth to predominantly oxygen evolution. As 
current density for oxide growth and the fields in the oxide film 
and IHL decrease, the potential still increases because the film 
thickness increases faster than the field decreases. Note that 
AVoHL iS not affected in the transition, 
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Fig. 7. When the Tafel lines are determined by decreasing the 
current density incrementally, the potential distribution across the 
oxide film and the inner and outer Helmholtz layer adjusts so that 
AV across the oxide film and the IHL decreases 120 mV for a ten- 
fold decrease of current density. Note that AVoHL remains con- 
stant. 

H20) IHP -~ H20) OHP ~--- OH- ) IHP ~- HsO + ) OHP [ ii ] 

Alternatively, during oxygen evolution, a water mole- 
cule in the inner Helmholtz plane may discharge, eject- 
ing a proton across the outer Helmholtz layer 

2H20)IHP'-> OH)IHP + e~n -~- H3O+)iHP [12] 

HsO + ) IHP -~- H20) OHP ~-- H20) mP+ lifO + ) OHP [ 13 ] 

Therefore, while the rate of proton transfer across the 
outer Helmholtz layer is fast and independent of AVOHL , 
the slower electron transler step across the anodic film 
and the inner Helmholtz layer are potential dependent 
and rate limiting. The mechanism of the electron 
transfer is another subject and will be dealt with in a 
subsequent paper. 

The actual value of AVOHL is not known. If it is as- 
sumed that at Pt the zero electrode potential coincides 
with the potential of zero ch.arge (pzc) and that the 
pzc decreases 60 mV per unit of pH vs. a pH inde- 
pendent reference electrode, as reported (2?), then 
AVOHL can be considered to be constant at every pH. 
The rate of the OER could then be expressed with re- 
spect to the pzc as follows 

i = C e x p  [ - - m F q  ] exp  [ V ' ~  ] 
2RT ~ [14] 

where  Vp~c is the  e lectrode poten t ia l  agains t  the pzc 
and C is a constant  independen t  of the  pH. 

I t  is evident  f rom this work  and a previous  p a p e r  
(20) tha t  the  OER and the oxide  growth  react ion at  a 

P t  e lec t rode  are  closely in te r re la ted .  Subs tan t ia l  p ro -  
gress has been made  in unders tand ing  the anomalous  
pH dependence  of the OER and its f rac t ional  reac t ion  
o rde r  wi th  respect  to hydrogen  ions by  under s t and ing  
the potent ia l  d is t r ibut ion  at the m e t a l / o x i d e  f i lm/solu-  
t ion interface.  F u r t h e r  progress  in the under s t and ing  
of the  OER and of the dependence  of AVOH L on pH is 
expected by  ex tending  these types of s tudies  to a lka l ine  
solut ions where  the pH dependence  of the  oxide  
g rowth  react ion (22) and of the OER (28) are more  
complex than  in acid solutions. 

Manuscr ip t  submi t ted  March  2, 1982; revised m a n u -  
scr ipt  received Feb. 7, 1983. 

A n y  discussion of this paper  wi l l  appea r  in a Discus-  
sion Section to be publ i shed  in the  June  1984 JOURNAL. 
Al l  discussions for  the June  1984 Discussion Section 
should be submi t t ed  by  Feb.  1, 1984. 
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The Recombination of Photogenerated Minority Carriers in the 
Depletion Layer of Semiconductor Electrodes 

W. J. AIbery* and P. N. Bartlett* 

Department of Chemistry, Imperial College, London SW7 2AY, England 

ABSTRACT 

The problem of deplet ion layer recombinat ion in i l luminated semiconductor  electrolyte systems, as used for solar energy 
conversion, is considered. I t  is shown that there can be four different kinetic cases. The conditions for the existence of these 
different cases as a function of the potential  drop across the deplet ion layer, the irradiance, and the photocurrent  are de- 
rived. Analytical  solutions for current  voltage curves for the different cases'are derived and criteria for dist inguishing be- 
tween the different cases are given. The effects of concentration polarization of the majori ty carriers are considered and 
shown to be negligible for typical  semiconductors.  

In  a previous  pape r  (1), we  ex tended  the t r ea tmen t  
by  Ga r tne r  (2) and  by  Wilson (3) of the p rob lem of 
the  t r anspor t  and kinet ics  of pho togenera ted  minor i ty  
car r ie rs  in semiconductor  e lec t ro ly te  cells to include 
the effect of the  recombina t ion  of minor i ty  carr iers  in 
the  deple t ion  layer .  In  Ref. (1), we as ' tamed that  the 
kinet ics  of the  recombina t ion  were  first o rder  th rough-  
out  the deple t ion  layer .  This assumpt ion m a y  be con- 
t ras ted  wi th  tha t  made  by  Reichman ('D in his t r ea t -  
men t  of deple t ion  1.ayer recombinat ion .  He fol lowed 
Sah,  Noyce, and Shockley  (5) and assumed tha t  be -  
cause of the repuls ion  of  m a j o r i t y  car r ie rs  f rom the 
surface,  the recombina t ion  kinet ics  changed somewhere  
in the deple t ion  l aye r  f rom being first o rde r  in mino r i t y  
carr iers  to being first order  in m a j o r i t y  carr iers .  In  this 
paper ,  we presen t  a unified t r ea tmen t  of these two 
eases. We also consider  two o ther  new cases which 
can arise where  the  recombina t ion  kinet ics  a re  first 
o rde r  in both m a j o r i t y  and minor i ty  carr iers .  We de-  
scr ibe  and discuss the  condit ions unde r  which  these 
four  different  cases are  found. We presen t  a s imple  
genera l  d i ag ram which shows how the  zones of domi-  
nance  of the  different  cases depend  upon expe r imen ta l  

* Electrochemical Society Active Member. 
Key words: photoelectrochemistry, semiconductor kinetics, 

semiconductor/liquid electrOlyte, 

var iables  such as i r rad iance  and appl ied  potent ia l .  We 
der ive  s imple ana ly t ica l  expressions for  the cu r ren t -  
vol tage curves and show how the different  cases m a y  
be dist inguished.  Hi ther to  i t  has been assumed that  the  
concentra t ion of m a j o r i t y  carr iers  is given b y  a Bol tz-  
mann  dis t r ibut ion  in the field of the deple t ion  layer .  
Laser  and Bard ' s  s imula t ion  (6) showed that  there  
could be a bu i ldup  of photogenera ted  ma jo r i t y  carr iers ,  
whi le  they  are  wai t ing  to be t r anspor ted  out of the de-  
ple t ion layer .  In our  t rea tment ,  we consider  the effect 
of t r anspor t  on the concentra t ion of m a j o r i t y  carr iers .  
We show that  a l though there  can indeed be a bui ldup,  
it is un l ike ly  to effect the recombina t ion  kinet ics  of 
typical  semiconductors .  Throughout  .this paper ,  we 
wil l  consider  the case of a p - t y p e  semiconductor .  

The Rate Limiting Step in Recombination 
We assume that  the recombina t ion  process is the 

same  as tha t  of Shockley  and Read  (7),  bu t  we wil l  
use the normal  notat ion of  chemical  kinetics.  With  the 
fol lowing ra te  constants  

k~ k~ 
e ~ e ~ e 

conduct ion k -  z t rap  k - 2  valence  
band  band 
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the expression for the ra te  of recombinat ion,  r, is 

1 1 k - 1  k -=  1 
- - - 4  {- - -  ~- - -  [11 

r kxn kik~np klkznp k=p 

I II,  1 II,  2 I I I  

where  n is the concentra t ion of e lec t rons  ( the minor -  
i ty  ca r r ie r s ) ,  p is the  concentra t ion of holes ( the m a -  
jo r i ty  carriers),  kt and ks a re  f i r s t -order  ra te  constants,  
and k -1  and k - 2  are ze ro -o rde r  ra te  constants.  

The ze ro -o rde r  ra te  constants  k -1  and k -~  descr ibe 
the ra te  of the rmal  exci ta t ion  of e lectrons f rom the full  
t raps  to the conduct ion band  ( k - z )  and  f rom the 
valence band to the  empty  t raps  ( k - 2 ) .  As depic ted  in 
Fig, 1 each of the terms in [1] re la tes  to a different  
s i tuat ion with  respect  to first the r a t e - l imi t ing  step 
and second whe ther  the  t raps  are  ful l  or empty.  The 
re la t ive  sizes of II, 1 and II, 2, depend  upon ~ - l  and k -2  
and in Fig. t, we have shown the locat ion of the t raps  
wi th in  the bandgap  which leads to e i ther  II, 1 or  II,  2 
being found. 

We assume tha t  in the f ie ld-free region the recom-  
binat ion kinet ics  are  first o rde r  in the pho togenera ted  
minor i ty  car r ie rs  (n)  and tha t  the ra te  is given by  t e rm 
I in [1]. This is because te rm I is the only  t e rm tha t  
does not  contain the concentra t ion of ma jo r i t y  carr iers  
(p) which in the  f ie ld-f ree  region wil l  be close to the 
unpe r tu rbed  value. Now in the deplet ion layer  n in-  
creases and p decreases so tha t  in [1] one of the o ther  
terms labe led  II  or  I I I  may  become the dominant  term.  
Combining II, 1 and II, 2, Fig. 2 shows a contour  d ia-  
g ram for the  recombina t ion  ra te  r and the three  zones 
of dominance  for the  different  terms.  Hence, the first- 
o rder  kinet ics  in n (I)  may  give w a y  to second-order  
kinetics ( I I ) ,  I --> II. I f  k -1  > k -2  (case II, 1) then 
this change occurs when,  because of the repuls ion of 
holes f rom the  surface,  an e lect ron fa l l ing into the 
traps,  which  are  empty,  is more l ike ly  to re tu rn  to the 
conduction band than  to find a scarce hole in the va -  
lence band. If  k - 2  > k - ]  (case II, 2), the change oc- 
curs when the Fe rmi  leve l  fills the  traps,  so that  an 
e lect ron in the conduction band  now has to find a 
scarce hole in the  t rap  (see Fig. 1). Secondly,  the first- 
order  kinet ics  in n may  give w a y  to the f i r s t -order  
kinet ics  in p, I ~ III. An even more complicated case 
is possible where  close to the e lec t ro ly te  surface as n 
rises and p drops  the sys tem passes th rough  the se-  
quence I -~ I I  --> III.  If  both n and p obey a Bol tzmann 
d is t r ibut ion  in the  field o f  the deple t ion  l aye r  then  the 
locus of any  sys tem in Fig. 2 is a l ine of s lope --1. In  
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Fig. 2. The zones of dominance of terms I, II, and !11 in Eq. [1] 
as a function of the concentrations of electrons and holes. The 
value of log (r / (k-1 + k-s) )  is shown by the contours and ap- 
proximate expressions for r are given in each zone. As n rises and 
p falls, a system moves from zone I towards the bottom right corner. 
If n and p both obey a Boltzmann distribution then the locus has a 
gradient of --1. 

Table  I, we collect  together  the different  cases and 
using Fig. 2, we descr ibe the  region in the deple t ion  
l aye r  where  the ra te  of  recombina t ion  is largest .  Which 
sequence is found and where  the  kinet ic  boundar ies  are  
depends  on the distr ibur of n and p in the deple t ion  
layer .  

Distr ibut ion of M inor i ty  Carr iers - 
F r o m  Eq. [15], [22], and [23] of Ref. (1), a good 

approx imat ion  for the concentra t ion of minor i ty  car -  
r iers  in the deple t ion  l aye r  is 

n = no exp (0 -- 0o) 

klnoLv ] 
(2O.o) '/2 

where  

2'/2LD [ 
Dn Io(1 --  ~ --  N) 

r O o ~ - / 2  

exp (o) ~'oy~ exp (--~.2)d~, [2] 

no - NIo/kz' [3] 

In these equations,  0 ---- FV/RT and  is a dimensionless  
po ten t ia l  measured  wi th  respect  to the bu lk  of semi-  
conductor;  no is the  concentra t ion of e lect rons  a t  the  
e lec t ro ly te  interface;  N is the collection efficiency 
which is the  flux of electrons th rough  the e lec t ro ly te  in-  
terface d iv ided  by  Io; Io is the  i r r ad iance  at the  e lec-  
t ro ly te  interface;  kz' is the sum of the he terogeneous  
ra te  constants  for r emoving  minor i ty  car r ie rs  at  the  
e lec t ro ly te  interface;  Dn is the  diffusion coefficient of 
the electrons;  ~ = exp ( - -W/L~)  where  W is the wid th  
of the deple t ion  layer ,  L~, the absorpt ion length,  is the  
rec iprocal  of the absorpt ion  coefficient, and  ~ de -  
scribes the  fract ion of  l ight  tha t  pene t ra tes  to the field- 

Table I. Location of maximum rate of recombination for different 
kinetic cases 

Fig. I. The kinetics of recombination of minority carriers (e for 
a p-type semiconductor) as described by the 4 terms in Eq. [1:]. 
The transition state symbol @ shows the rate limiting step. The 
symbols �9 and o show whether the trap is full or empty; in the 
sequence of dominant terms ] through to Ill, n increases and p de- 
creases. 

Case Location 

I 
I - ~  II  

I -~ II-~ III 
I-~ III 

Sharp maximum at electrolyte surface 
Constant rate between electrolyte surface and L 

II boundary 
Constant ra te  between L II and IL II l  boundaries 
Sharp maximum on I, III boundary 
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free region;  W -- (28o)VZLD where  LD is the Debye  
length.  In  Ref. (1), we showed that  the second te rm 
on the r i gh t -hand  side of [2] which descr ibes  concen- 
t ra t ion  polar iza t ion  is dominan t  a t  the inne r  b o u n d a r y  
of the deplet ion layer  whi le  the no te rm is dominan t  
th rough  most  of the res t  of the  layer .  Since any  swi tch  
in kinet ics  is un l ike ly  to take  place  near  the inner  edge 
of the  deple t ion  layer ,  we can neglect  the  second 
t e rm and wr i te  

n ~_ (NIo/kr . ' )  exp (0--80 ) [4] 

Distribution of Majority Carriers 
The dif ferent ia l  equat ion descr ibing t r anspor t  and k i -  

netics 1or the m a j o r i t y  car r ie rs  is 

OP + ,Oo _ x 

s + k p d x  + pNIo [5] 

In  this  equat ion,  Dp is the diffusion coefficient of the 
holes, x is the dis tance f rom the e lec t ro ly te  interface,  
and k is a f i r s t -o rder  ra te  "constant"  for the recom-  
binat ion of the  m a j o r i t y  carr iers ;  k wi l l  va ry  with  x 
depending  on the different  kinet ic  regimes.  At  the  elec-  
t ro ly te  interface,  the to ta l  flux of minor i ty  carr iers  
pass ing th rough  the  in ter face  is NIo. Of this flux, we 
assume a f rac t ion pNIo undergo surface recombina t ion  
while  the  r ema inde r  (1 --  p)NIo take  par t  in fa rada ic  
reactions.  The flux of holes consumed at  the  e lec t ro ly te  
in ter face  by  surface  recombina t ion  is then  given by  
pNIo. 

In  Table  I, we l is ted where  the  zone of m a x i m u m  
recombina t ion  is to be found for each kinet ic  case. Be-  
cause of the  exponen t ia l  te rms in the  concentra t ion 
profiles, one cart show that  recombina t ion  in the space 
be tween  this zone ending  at  a d is tance XRZ and the 
inside edge of the  deple t ion  l aye r  at  x --  W is neg l i -  
gible. We now define K which descr ibes  the  total  loss 
due to recombina t ion  in the deple t ion  l aye r  

,~ = k p d x  [6] 

Then for xRz < x < W, we subs t i tu te  Eq. [6] in [5] 
and  ~;reat ~ as a constant .  Equat ion  [5] then  has the  
same form as [19] of ou r  prev ious  t r ea tmen t  whe re  
in tha t  equat ion k ---- 0. We can solve Eq. [5] by  the 
same method  to obta in  for p in the region XRZ < X < W 
a s imi lar  equat ion to Eq. [2] 

P = p w e x p ( - - ' 8 )  + ~  Io 1 - - / ~ e x p  Le 

) ] - - p N  - - ~  emp( - - , 8 )~o  e x p ( l ~ ) d k  [7] 

where  pw is the  concentra t ion of m a j o r i t y  carr iers  in 
the  f ie ld-f ree  region.  

Different ia t ion of Eq. [7] and use of the re la t ion  
d x / d 8  --  --(28) ' /~LD shows tha t  (provid ing  LD < <  Le 
which is a lmost  ce r ta in  to be t rue)  

- - D p ( d p / d x ) x = v r  = Io[1 --/~ --  pN] --  K [8] 

Equat ion  [8] shows that ,  as wi th  the  minor i ty  ca r -  
r iers,  the second t e rm  in Eq. [7] describes the  con- 
cent ra t ion  polar iza t ion  necessary  to ca r ry  the  photo-  
genera ted  ma jo r i t y  car r ie rs  out  of the  deple t ion  layer .  
They are  genera ted  b y  Io(1 --  fl) --  the fract ion of l ight  
absorbed  in  the deple t ion  layer .  They are  des t royed  
first ly at  the e lec t ro ly te  in terface  by  surface recom-  
bination,  pNIo and secondly  by  homogeneous  recom-  
b ina t ion  in the  reac t ion  zone K. As found in the s imu-  
la t ion of Laser  and Bard  (6) when  the r i gh t -hand  
side of Eq. [8] is posit ive,  the  concentra t ion  of m a -  

j o r i t y  carr iers  wi l l  pass through a m a x i m u m  some-  
where  in the deple t ion  layer .  S imi l a r ly  f rom Eq. [2], we 
find that  the flux of minor i ty  car r ie rs  at  x = W is 
given by  

- - D n ( d n / d x ) z = w  --  Io (1 --  ~ - -  N) --  ~ [9] 

where  for the f i r s t -order  case (1) 

"- n o L D k l /  (28o) v~ [10] 

Sub t rac t ion  of Eq. [8] and [9] shows tha t  the  net  cu r -  
ren t  at  x =. W is ION(1 --  p), and  it is sa t is factory  tha t  
this equals  the fa rada ic  cur ren t  a t  the  e lec t ro ly te  
interface.  

Re turn ing  to Eq. [7], we can now find the  concen-  
t ra t ion  of m a j o r i t y  car r ie rs  PRZ at the poten t ia l  0RZ in 
the reac t ion  zone 

bo 
PRZ --" Pw exp (--#~z) + [Io(1 --  #S' - -  pn) --  ~] 

D( 2ORZ) '/~ 
Bol tzmann Transpor t  

[11] 
where  

~' --  exp (--xRZ/Lc) [12] 

The square  b racke t  in Eq. [11] describes the flux 
of m a j o r i t y  carr iers  passing f rom the react ion zone to 
the re la t ive  safe ty  of the  inner  par t  of the deple t ion  
l aye r  where  there  are  ve ry  few minor i ty  car r ie rs  
to des t roy  them. The analys is  of the  terms is s imi lar  
to tha t  in Eq. [7]. 

As in our  previous  t r ea tmen t  of the minor i ty  car -  
r iers  (1),  PRZ can be de te rmined  e i ther  by  the classical 
Bol tzmann t e rm or  by  the t r anspor t  t e rm descr ib ing 
the concentra t ion polar iza t ion  requ i red  to move the 
ma jo r i t y  carr iers .  However ,  whereas  for  the minor i ty  
carr iers ,  the Bol tzmann te rm dominates  near  the  elec-  
t ro ly te  in terface  and the t r anspor t  t e rm near  the in-  
t e rna l  interface,  for  the m a j o r i t y  carr iers  the  s i tuat ion 
is reversed.  If the  t r anspor t  t e rm in Eq. [7] is to domi-  
nate,  i t  mus t  be. in a region near  the e lec t ro ly te  in te r -  
face where  the first t e rm has been reduced  to in-  
significance by  exp (--8RZ). 

The Collection Efficiency 
Equat ion  [29] of Ref. (1) was shown to be a good 

approx imat ion  for the collection efficiency 

1 -- [3 + ~L~/(LK + L~) 
N ~ [13] 

.k,t  [ LD L~ ] 

1 -5 k ~ (28o) --------~/, q- exp  (Co) 

where  LE is the  diffusion length  for  minor i ty  car r ie rs  
in the  f ie ld-f ree  region;  LE = (Dn/kl)~/2. The three  
te rms in the denomina tor  of Eq. [13] ( the "kinet ic  
t e rm")  descr ibe the th ree  fates of minor i ty  carr iers  at  
the e lec t ro ly te  interface,  passage through the interface,  
f i r s t -order  recombina t ion  in the  deple t ion  l aye r  and 
recombina t ion  in the f i e ld - f ree  region. Now the exact  
locat ion and type  of kinet ics  for m a x i m u m  recombina-  
t ion does not  effect the form of Eq. [13]. Hence sub-  
s t i tu t ing  f rom Eq. [10], we can wr i te  a genera l  ex -  
pression for N 

1 -- fl + fl L~J (LK + L~) 
N = [14] 

klLK 

I+~-~ k'~exp (Co) 

In the kinetic term, the third term describes minority 
carriers which reach the electrolyte interface but even 
so return against the field described by 80 and are 
destroyed in the field-free region. Figure 8 of iCtef. (I) 
shows that the zone of dominance of this term is 
limited to small values of 8o and so for simplicity we 
will henceforward ignore it. 

The Boltzmann Case 
Next,  we consider  the case where  we can neglect  the 

t r anspor t  t e rm in Eq. [11] and the  d is t r ibu t ion  of the 
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m a j o r i t y  carr iers  is given by  the Bol tzmann term.  
Considera t ion of Eq. [1] together  wi th  [4], and [11] 
a l lows us to construct  Fig. 3 which shows how the four 
cases in Table I depend  on the poten t ia l  difference 
across ~he deplet ion layer  (0o) and the i r rad iance  or 
pho tocur ren t  (Nio).  We now consider  each bounda ry  
l ine in turn.  

The  l ine OA is f ixed by  the potent ia l  difference, s(; ---- 
sr.m at which the e lec t ro ly te  interface,  the surface  
concentra t ion of m a j o r i t y  carr iers ,  p, is so reduced 
that  t e rm II  becomes equal  to te rm I. F r o m  Eq. [1] 
and [11] 

0i, iI - -  In [k2Pw/(k-1 + k - 2 ) ]  [15] 

The l ine OB is fixed by the va lue  of NIo ---- (NI)H, HI 
which so increases n that  at the surface te rm II  is so 
reduced  that  it  becomes equal  to t e rm III. F r o m  Eq. 
[1] and  [4] 

In (NI)n ,  ni --  In [k'z (k-1 + k-~)/kl] [16] 

The l ine OD is fixed by  the values  of NIo and of 8o 
which make  te rm I I I  equal  to t e rm I a t  the e lec t ro ly te  
interface.  F r o m  Eq. [1], [4], and [11] 

In (NIo) + eo = in  [k'xkspw/k~] [17] 

The poin t  O is the unique point  for  any  semiconductor  
e lec t ro ly te  sys tem where  the  three  te rms I, II,  and I I I  
in Eq. [1] are  a l l  equal  a t  the e lec t ro ly te  interface.  
The l ine OC describes the values of NIo and so where  
the three  te rms I, II, a n d  I I I  are  al l  equal  at  some 
point  inside the deple t ion  layer .  This l ine shows where  
t e rm II  is squeezed be tween  terms I and III, and hence 
marks  the l imi t  of its region of dominance.  The equa l -  
i ty  of t e rms  I and II  means  that  the value of 0 when 
the t r ip le  equa l i ty  occurs is a lways  0 --  @,]i. F r o m  Eq. 
[1], [4], and [11], we find tha t  OC is given by  

In (NIo) -- So -- In ( N I )  ILII I  - -  0I, II [18] 

Hence, the case diagram is divided into the four dif- 
ferent regions shown. 

In deriving Eq. [I], we assume (7) that klk2np is 
much larger than k-lk-2;  the recombination of photo- 
generated carriers is much larger than recombination 
in the dark. The line EF in Fig. 3 shows the locus of 
the  condit ion for  the rmal  equ i l ib r ium k~k~np -= k-lk-2.  
The equat ion is 

In (NIo) -- So ---- In (NI)zLm -- 0LIX 

_ ( k - l ~  V" k - 2 y  i= 

Compar ison of Eq. [19] and [18] for the  l ine OC shows 
that  the l ines are  pa ra l l e l  wi th  the  separa t ion  given by  
the las t  t e rm in Eq. [19]. The systems we are  consider-  

{n NIo m c ] 

I~I][ / /  

0 0~.~ % 

Fig. 3. Case diagram showing how the existence of the four cases 
in Table I depends upon the band bending, ~o, and the irradiance or 
photocurrent, NIo. The line EF represents a typical locus for the 
system at thermal equilibrium in the dark. Equation [ I ]  assumes 
that the illuminated systems are displaced upwards by at least an 
order magnitude from EF. For each case, the insets show schemat- 
ically the typical locations of the dominant kinetic terms within the 
space charge layer. 

ing must  lie s ignif icant ly above the line EF since they  
are  i r revers ib le  (klk~2np >> k- lk-2) .  When k -1  = 
k-2, the separa t ion  is only  2 In 2 so for sys tems wi th  
this equa l i ty  the  lines EF and OC are  so close tha t  the 
cases wi th  t e rm I I  dominant  can be neglected.  For  the 
t e rm II  cases to exist,  we  requi re  k -1  > >  k -2  or 
k -2  > >  k -1  (see Fig. 1). Ei ther  condit ion depresses 
EF  be low OC and therefore  a l lows the existence of 
regions where  t e rm II  m a y  be dominant .  

Cases I and I ~ I I I  
We now consider  the  different  cases in Table  I and 

Fig. 3. We have to find expressions for K and then use 
[14] for N. For  case I, we  a l r eady  have Eq. [10] for K. 
However  in the  Appendix ,  we presen t  a unified t r ea t -  
men t  of case I p rev ious ly  considered by  us (1) and 
case I --> I I I  p rev ious ly  considered by  Reichman (4). 
S ta r t ing  with  

we obtain 

GT 
--1 

N 

I i  ~ klk2np dx 
K = , k i n  Jr ksp 

I/z klLD exp (0RZ -- So) [Vz ~ -F tan -I sinh (0o -- eRZ) ] 

k'z [ (200) v2 -{- { (28RZ) i/= _ (280) '/2} S (So -- SRZ) ] 

[20] 

In Eq. [20], GT is the "generating term" and is given 
by the numerator of Eq. [14]. It describes the supply 
of photogenerated minority carriers to the depletion 
layer; S().) is the unit step function where if ~. < 0 
S _-- 0 and if ~. > 0 S _-- 1; for case I I I  sys tems 6RZ 
describes the  value  of 0 where  there  is m a x i m u m  re-  
combinat ion  in the  deple t ion  layer ,  and is given by  

eRZ "-- l/z So -F Vz In [k2pwk'~/klNIo] [21] 

For  s imple case I systems,  0o -- SRz wil l  be less than  
- -  3 and 

tan - i  s inh (so --  ,SRZ) --~ --  �89 ~ -{- 2 exp (S o --  0RZ) [22] 

I t  is sa t i s fac tory  that  subst i tu t ion of Eq. [22] in [20] 
recovers  our previous  resul ts  for this case 

GT klLD 
- -  1 -+ [ 2 3 ]  

N k'z (2~o) '/= 

For  border l ine  and I ~ I I I  systems,  we have  Eq. [20] 
and [21] to de te rmine  the two unknowns,  N and SRZ. 
To solve these equations,  we in t roduce  an approx ima te  
solut ion for  SRZ, S*RZ, where  

exp (0*RZ -- SRZ) ---- 1 --  N/GT [24] 

When  N is much smal l e r  than  GT, eRZ --> 0*RZ. Mul t ip l i -  
cat ion of (GT/N -- 1) f rom Eq. [20] by  (N /GT)  f rom 
[21] gives an expression for  (1 --  N/GT). Subst i tu t ion  
in Eq. [24] yields  the fol lowing express ion for  S*RZ 

[ t a n - l s i n h ( o * - - S * a z )  ] In (2O*RZ) In Vz + 
S*RZ -} 2 

[ Yz~k2PwLD] 
__ In Io (GT) [25] 

Since 0*Rz wil l  usua l ly  be much l a rge r  than  unity,  the  
In  te rms on the l e f t - hand  side of  Eq. [25] a re  fa i r ly  
insignificant and in these terms we can rep lace  0RZ 
wi th  the  app rox ima te  value,  0*RZ. We can s imi la r ly  
replace  eRz wi th  ~*Rz in the nonexponent ia l  t e rms  in  
Eq. [20]. Mul t ip l ica t ion of Eq. [20] by  [24] then gives 
G T (  N )~ 

N GT' 

J/z h:ILD e x p ( o * R z -  oo)[l/z ~ + t an -1  sinh ( S o -  O*Rz) ] 

k'~ [(2So) v2 + { (2S*Rz) 1/= _ (2~o) I/2} S(So -- S*Rz)] 

[26] 
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GT N(1--- 
with 

This equation holds for borderl ine and I --> III  cases. 
When 0o -- 0*RZ is larger  than 3, then the system is a 
s imple I ~ III  case and Eq. [25] and [26] can be sim- 
plified. The second In term on the le f t -hand side of 
Eq. [25] is zero. Subst i tu t ion from Eq. [25] in  [26] 
then gives 

N )2 -- ~2klk2pwLD2 
GT 8k'z[o(GT)~*Rz exp (--  80) [27] 

Io(GT) 
The quadrat ic  form of Eq. [27] is the same as that  
found by Reichman for the I --> III  case (4). There 
are, however, two differences. First  of all  in follow- 
ing Sah, Noyce, and Shockley (5), Reichman assumed 
kl -- k~; we have not  made this assumption. Secondly, 
we have derived Eq. [28] for 0*Rz. 

An  impor tant  result  that emerges from our analysis, 
Eq. [24], [27], and [28] is that when N is much smaller 
than GT, 0Rz, the value of 0 where the max im um re-  
combinat ion takes place, has a constant  value of 8*Rz 
(providing that Io and GT remain  constant) .  The rea-  
son for this is that  with only a small  fraction of the 
minor i ty  carriers react ing at the surface (N < <  GT) 
the depletion layer  recombinat ion must  have a con- 
s tant  flux equal  to Io(GT). At a constant  value of the 
potential  0*Rz, the concentrat ion of major i ty  carriers 
is fixed by the Boltzmarm distr ibut ion and is always 
the same. The concentrat ion of minor i ty  carriers also 
remains  the same being fixed by the condition kin = 
k~p which maximizes the in tegrand for K. The rate 
under  these conditions matches the supply of minor i ty  
carriers and so does not  change even though the loca- 
t ion of the reaction zone within the depletion layer  
may well  alter. For  instance as 8o increases the loca- 
t ion of 0 : 0*Rz will shift fur ther  into the semiconduc- 
tor. Meanwhile  back at the surface the concentrat ion 
of minor i ty  carriers is increasing and so the k'~ pa th-  
way is becoming more and more likely. Inspection of 
the r igh t -hand  side of Eq. [26] shows that it describes 
the part i t ion of the minor i ty  carriers between the re-  
action at the surface, k'z, and the drift  back into the 
semiconductor against the field, exp (0*RZ -- 0o), fol- 
lowed by  the recombination,  klLD/(28*RZ) 1/=. When 
N approaches GT, there will  be less depletion layer  
recombinat ion;  the removal  of carriers at the surface 
lowers n so that p is also lower at eRz leading to less 
recombinat ion and eRz is closer to the surface than 
0*Rz. This is described by Eq. [24]. Figure 4 i l lustrates 
the behavior  of Eq. [27] and shows how N increases 
with 0 (assuming GT is constant) .  The insets show 
typical concentrat ion profiles. 

It  is also interes t ing to consider the effect of the 
more complicated expression in Eq. [27] on an ob-  
served Tafel plot. Given a l imit ing current  iL, it is 
customary to plot In [i/(iL -- i ) ]  against potential.  
Figure  5 is calculated from Eq. [27] and shows the ap- 
pearance of such a plot near  the hal f -wave potential.  
At potentials below the hal f -wave potent ial  the " t rans-  
fer coefficient" ~, approaches un i ty  while at potentials  
above the hal f -wave potential  it approaches a l imit ing 
value of �89 From Eq. [22], the hal f -wave potential  i t-  
self is given by  

{ klk'~pwLD2~ } [29] 
0z/~ - -  In 4k'zIoGTo*Rz 

In  this expression as one might  expect the ha l f -wave  
potent ial  is larger, the faster are the kinetics of the 
depletion layer  recombination,  kl and k2 the more 
major i ty  carriers there are pw or the fatter is the de- 
plet ion layer, LD. The hal f -wave potential  is reduced 
by fast surface reaction k'x, or by increased irradiance, 
Io. The reason for the latter,  is that  increasing [ o  i n -  

w W iF- RZ O 

Ink~n tnk;n l n k l n  1 ~ Lnk~n 

10 

Fig. 4. Photocurrent voltage curve calculated from Eq. [27]. The 
insets show the concentration profiles for majority (p) and minority 
(n) carriers in the depletion layer, together with the location of the 
reaction zone at 0Rz. 3"he approximate location, 8Rz* from Eq. 
[28] is also shown. The broken lines show the profile of the 
minority carriers that would be observed if there was no significant 
flux at the interface. On the limiting plateau, the main pathway is 
reaction at the interface and the recombination at 0az is much 
less than that at 0*RZ. In the top row of insets, the profiles are 
plotted against distance from the interface; in the bottom row of 
insets, they are plottecl against potential. 

creases no. The matching of n and p must  now take 
place at a larger value of p or fur ther  into the semi- 
conductor at a lower value of 0oz. This is shown by 
the l ine OD in Fig. 3. At this lower value of 0az, there 
are in proportion less minor i ty  carriers and hence the 
depletion layer  recombinat ion is less effective. Final ly,  
it is interest ing that, when N is less than GT, ln(NIo) 
varies l inear ly  with 0o. This means that the locus of a 
system in Fig. 3 in the I -~ III region runs  parallel  to 
the l ine OC. We may conclude that  systems which are 
in the I --> III  zone do not cross the OC line into the 
I ~ II -> III  zone as ~ increases. 

T h e  I - >  I I  and I --> I I  ---> I I I  Zones  
Next we consider the I ~ II and I ~ II --> III  cases 

in Table I and Fig. 3, again assuming a Bol tzmann 

0~- 0112 

Fig. 5. Appearance of Tafel plot for a system in the I -~ II case 
calculated from Eq. [27]. The currents are plotted according to 
the conventional correction for s limiting current iL: - - In [ i / ( i L  - -  

i ) ] .  
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distr ibution for the major i ty  carriers. In these zones, 
the max imum rate of reaction is found in zone II. The 
Boltzmann factors in  e for the holes and electrons 
cancel and so the integrat ion is simple. We find 

k lk~pwno exp  (--e~o) Ln 
= [30]  

k-1 + k-.~ 

where LI~ is the width of zone II in the depletion layer. 
For the I ~ II  case this width is given by  

LII ---- LD [ (28o) '/' -- (281,II) V~] [31] 

For the I -> II --> Ill case, we find from Eq. [1] and 
[16] that 

8II, III " - -  6o-~  In (NI)ii, ni  - -  In NIo [32] 

a n d  hence 

LII = LD [ (280 -- 111 {NIo/(NI) n,m}) v2 -- (28i, xD v~] 

[33] 

where eI,H and (NI)ii,m are given in [15] and [16]. 
The expression for N is 

GT klk2Pw exp (--  8o) LII 
: i "F [34] 

N k ' z (k -1  + k-2)  

where LH is given by Eq. [31] or [33]. 
Although Eq. [31] and [33] show that  LH increases 

with eo this effect on N is small  compared with the 
effect of the exponent ial  te rm in (--co). Differentiation 
shows that  when N is smal ler  than GT 

O ln N/O eo ~ 1 -- V2 eo -'~ ''-" 1 

Thus, the locus of a system in  zones I -+ II and I--> II 
I II  in Fig. 3 runs paral lel  to the line OC, and Tafel 
plots should have a _~ 1.0. As in the previous case, 
changing the potent ial  cannot make a system cross 
the l ine OC into the I -> III  zone. Thus for any par-  
t icular  Light intensity,  systems are divided into those 
above the l ine O C, the I --> III  systems, and those below, 
the II systems. Since for both types of system N varies 
with exp (to) one cannot use the dependence of photo- 
current  on potential  to dist inguish between the  two 
different types. However from. Eq. [34], we find that  
the ha l f -wave  potent ial  for type II systems is given by 

01/2 : In { k l k f p w L I I }  
k'~ (k-~ + k - D  [35] 

As above, the hal f -wave potent ial  is larger the more 
efficient is the recombinat ion (klkfpwLH) and is smaller  
for larger k'z or for more  efficient back react ion ( k - t  
+ k-~) .  However, apart  from the In Io term in Eq. [33], 
Eq. [35] shows that  el/2 is roughly constant and will 
not be changed much by varying the irradiance. Equa-  
t ion [29] for the I ~ III  :systems shows that  e~/2 varies 
with -- In Io. In  Fig. 6, we show two typical cur rent  
voltage curves for the same system in the I --> III  zone 
and in the II  zones; we also show the lines of the half-  
wave potential  as Io is varied. If this pat tern  of be-  
havior is found, then the l ine OC can be fixed from 
the point C' and the l ine OD from D' or the l ine OA 
from A'; hence Fig. 3 can in pr incipal  be constructed. 

V a r i a t i o n  of  Zones  wi th  I r rad ionce  
So far we have concentrated on the loci of current  

voltage curves across the zones of Fig. 3. It is however 
instruct ive also to consider the different types of be-  
havior that  can be found as the irradiance Io is varied 
at a constant  value of co. Under  these conditions, the 
depletion layer  does not  change its dimensions and 
therefore the eo scale can also be considered as mea-  
suring the distance through the depletion layer. As 
shown in Fig. 7a and b, one can then plot the zones 
of dominance of the different kinetic terms in Eq. [I]. 
One can also see in Fig. 7a how for eo < eI.H, the sys- 

tnNI o c 

IE ~E ~IE 

V ~ I ~ I I  

00 
Fig. 6. Typical current voltage curves from Eq. [23],  [27],  and 

[34]. The broken line shows the locus of the half-wave potential 
as Io is varied From the breaks in the lines one can in principle 
identify the points A', C', and D' and hence construct the diagram 
from experimental results. 

tern will s tar t  for low Io in case I and for higher Io 
will become case 1 4 III. For eo > eI, H, we have Fig. 7b. 
Here with increasing Io, the system will go through the 
sequence of cases I --> II, I --> II ~ III; I ~ III. Note 
how in  Fig. 7b that  ~I, m is sti l l  equal to 0o on the ex- 

1.0 O.B 05 01 ' ' KINETIC x/w CASES 
I n ( N l ~  

/ c  / / / 
W - - 7 "  . . . . . . . . . . . . . .  \ / 

of- B 
I 
I I 

I 

1 
AIB].~ 

Oo ~e- 

A 

4.0 O.g 

x/w 

In(Nl~ ! D 
\ 

\ 

\ 
\ 

\ 

I 

o.B o.? o.s o I 
i i i Oo 

, / 

\- /\~~) I--II~1]I 

""""~ ',, ', _ __ _B. 

\\ "". I ~ I I  

ei,~ eo e L 
Fig. 7. A and B show the effect of increasing NIo at constant 8o 

with eo < eI, I~ for A and ~o :> ei,ii for B. The eo scale can also 
be regarded as describing distance into the depletion layer, see 
the scales (x/W). The zones of dominance of the different terms in 
Eq. [1] and the different kinetic cases in Table I are shown. The 
reaction zone lies along the boundary between I and III, at the 
interface for case I and across the plateau of zone II. 
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tension of the l ine  DO. These d iagrams also show where  
the react ion zone is and confirm the conclusions in 
Table I. t n  Fig. 78, the zone is along the I / I I I  bounda ry  
and then at  the  interface.  In  Fig. 7b, the zone is a long 
the I / I I I  bounda ry  and then a" p la t eau  in region  II. 

Effect of Transport Terms 
We now re tu rn  to Eq. [11] to examine  whe the r  the 

t r anspor t  t e rm can ever  be l a rge r  than the Bol tzmann 
term.  This poss ibi l i ty  might  arise when  the Bol tzmann 
exponent ia l  factor  has g rea t ly  reduced  the concent ra-  
t ion of m a j o r i t y  car r ie rs  nea r  the  e lec t ro ly te  interface.  
However  for  the  pho togenera ted  m a j o r i t y  car r ie rs  to 
be t r apped  and des t royed whi le  wai t ing  to be t r ans -  
por ted  out  of the deple t ion  layer ,  t hey  have to be 
genera ted  be tween  the e lec t ro ly te  in terface  and the 
reac t ion  zone. Concentra t ion  polar iza t ion  of photogen-  
e ra ted  m a j o r i t y  car r ie rs  fur ther  into the  semiconductor  
wi l l  not  lead  to the i r  des t ruc t ion  since they  wil l  be  
repe l led  b y  the field and expe l led  f rom the deple t ion  
layer .  

In Eq. [11], subs t i tu t ion  of the  re la t ion  

K = Io (GT- -  N) 

and assuming that  there  is no surface recombina t ion  
(p --  0), gives 

Io (1 --  flexp(v~2o LD/L~) -- pN) -- 

= Io N --  p exp  [X/~0az LD/L,]  + ~ Le + L-----~ [36] 

This express ion is negat ive  or  ve ry  smal l  if  ~ is close 
to uni ty,  where  fl describes the fract ion of l ight  that  
pene t ra tes  into the  f ie ld-free region.  

Under  these conditions,  there  is l i t t le  pho togene ra -  
t ion of carr iers  in the deple t ion  layer ,  and so ins tead 
of a bui ldup,  the negat ive  value  implies  a reduct ion  
caused by  recombinat ion.  In  o rder  to have as la rge  a 
bu i ldup  as possible,  we wil l  assume therefore  that  
is smal l  and that  most  of the l ight  is absorbed in the 
deple t ion  layer .  So we wil l  ignore the fl te rms in Eq. 
[36]. We can now wr i te  down a re la t ion  be tween  8RZ 
and NIo which describes when  the  Bol tzmann t e rm 
and the t r anspor t  t e rm in Eq. [11] a re  equal  

ORZ ~ In [D (20RZ) '/~ pw/LD] -- In NIo [37] 

In  the I --> HI  zone, we combine  Eq. [37] wi th  [21] to 
find the  locus of the va lue  of 0o, (So)BT, for  which the 
Bol tzmann  and t r anspor t  te rms are  equal  

{ D2klpw(2s*Rz) } _ lnNio  [38 ] (0o)BT "-" In , 2 
]C X]~2LD 

For  the  I --> II  -> I I I  case, we take  SRz in Eq. [37] to be 
0n, m since it is here  that  the Bol tzmann te rm will  be 
smallest .  Combining Eq. [32] and [37], we find 

[ Dpw(20II, III) V" ] 
(Oo)BT --  In [39] 

LD (NI) n. III 

In  this zone (0o)BT does not depend on NIo. I t  is sat is-  
fac tory  that  eva lua t ion  of the  different  constants  shows 
that  Eq. [38] and [39] in tersect  on the l ine OC in Fig. 
3. F ina l ly  in zone I --> II, we take  0RZ to be so, and Eq. 
[37] defines the  locus of (So)BT: Eq. [37] and [39] 
c lea r ly  in tersec t  on the  l ine OB wi th  011.111 = ao. Hence 
as shown in Fig. 8, a l ine of the shape PQRS wil l  de-  
scr ibe where  the t r anspor t  t e rm in Eq. [11] m a y  be-  
come la rge r  than  the Bol tzmann term.  We now use Eq. 
[29], [35], [38], and [39] to find the  difference be tween  
(SO) BT and (So)I/~. In  the I --> 111 zone, we find 

[(So)BT -- (So) 1/2]mo = 21n r D'2~*RZ ] [40] 
I.. LD2kz J 

and in the  I --> I I  --> I I I  zone 

P c tnNi ~ e~\\  ,~01 ",,~Je0; B- / 

I ~ I I  ~ 

~ s  

Oo 

Fig. 8. The locus of (So)BT, which describes the value of O, where 
the Boltzmann and transport terms in Eq. [11] are equal, is shown 
from Eq. [37] [38], and [39] to be the line PQRS. The locus of 
typical half-wave potentials is shown from Eq. [29] and [35] by 
the broken line. The separation between the two lines |s given by 
Eq. [40] for case I -~ III and Eq. [41] for case I -~ II -~ III. At 
constant NIo, the separation in Eq. [40] is twice that in [41]. 
Since with increasing So systems travel parallel to the line OC, the 
separation between Sl/2 and (eo)BW is the same along these lines 
and is given by Eq. [42]. 

(0o) BT __ (8o) 1/2,~ ]XI [ D ] 
LD2k2 [1 --  (0i, n /Sn,m) '/~] 

[41] 

It  can be seen tha t  apa r t  f rom the e te rms the sepa ra -  
t ion is g iven by  the same group D/LD2k2. The t e rm 
D/LD 2 describes the character is t ic  t ime for  t r anspor t  of 
holes in tlae deple t ion  layer  whi le  the  ra te  constant  k~ 
describes the l i fe t ime of the  holes given by  te rm I I I  
in Eq. [1]; this t e rm is p a r t i a l l y  ra te  l imi t ing  for  the 
cases considered.  The factor  of 2 in Eq. [40] arises,  
because, as shown in Fig. 8, the  difference is e's has  
been ca lcu la ted  for  a constant  va lue  of NIo. As dis-  
cussed above  in both zones for  a pa r t i cu la r  sys tem In 
NIo varies  wi th  so and therefore  along l ines pa ra l l e l  to 
OC we m a y  wr i t e  tha t  the  separa t ion  be tween  ( 0 o ) B T  

and (so)1/2 (for both  zones) obeys the  condit ion 

[(0o).BT- (~o)l /s]oc--2V~In (D/LD~k2) [42] 

Now a typica l  value  of D/LD 2 is 10 TM sec -1, and  we 
consider  i t  is l ike ly  tha t  for  n e a r l y  a l l  systems k~ wil l  
not  be as large  as this value.  Hence, we conclude tha t  
the ha l f -wave  potent ia l  wil l  be reached before  the  
sys tem crosses the l ine  PQRS and tha t  when  deple t ion  
l a y e r  recombina t ion  is significant the  concentra t ion of 
m a j o r i t y  carr iers  is given by  the s imple  Bol tzmann dis-  
t r ibut ion.  The assumptions that  we made  in reaching 
this conclusion were  aH in the d i rec t ion  which favored  
the t r anspo r t  t e rm so any b reakdown  in the  assump-  
tions renders  our  conclusion even more  secure. 

Summary and Conclusions 

We now collect  toge ther  the  main  conclusions and 
expressions found in th is  work.  

1. Deple t ion  l aye r  recombinat ion  can be d iv ided  into 
four  different  cases as given in Table  I. 

2. Term II of the ra te  law, Eq. [1], cannot  be domi-  
nant  if k -1  ---- k -~  which is l ike ly  to ar ise  for t raps  
s i tua ted  m i d w a y  be tween  the valence and conduct ion 
bands.  When  the t raps  are  unsymmet r i ca l l y  placed,  
t e rm I I  can be dominant .  

3. F rom Eq. [23], sys tems which remain  in case I of 
Fig. 3 wi l l  show cur ren t  vol tage  curves where  i var ies  
wi th  0 v~ p rov id ing  tha t  the genera t ion  t e rm  is constant.  
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4. Current  voltage curves for other systems divide 
into two classes: I -~ III  above the l ine OC in Fig. 3 
and II  below the line OC. 

5. For both classes (I ~ III  and II) ,  In NIo will vary  
with ~o for low values of N giving a sharp rising cur-  
ren t  voltage curve, with a well-defined ha l f -wave  po- 
tential.  

6. For  the (I --> III)  case, the b~lf-wave potential  
will  decrease with In NIo (Eq. [29] ) but  will be con- 
stant  for the II case (Eq. [35] ). 

7. Concentrat ion polarization of the major i ty  carriers 
is unl ike ly  to be significant. 

8. Analyt ical  equations for the current  voltage curves 
have been derived as follows: I, [23] ; I --> II, [34] with 
[31]; I ~ II -> III  [34] with [33]; I -~ III, [27] with 
[28]. 

Acknowledgments 
We thank the 1851 Commissioners for a Research 

Fellowship for P.N.B. This is a contr ibut ion from th e  
Oxford Imperial  Energy Group. 

Manuscr ipt  submit ted Nov. 5, 1982; revised m a n u -  
script received Feb. 24, 1983. 

Any  discussion of this paper  will appear in a Discus- 
sion Section to be published in the June  1984 JOURNAL. 
All discussions for the June  1984 Discussion Section 
should be submit ted by Feb. 1, 1984. 

APPENDIX 

In this Appendix,  we obtain an expression for N for 
cases I and I ~ I l I  assuming a Bol tzmann dis t r ibu-  
t ion of the major i ty  carriers. We start with 

So W kl k2 np 
dx 

-- kl n + k2 P 

where p : p~ exp ( - -  o) and n : no exp (0 - -  0o). Let 
0RZ be the value of 0 where kin = k2p and the in te-  
grand for K passes through its maximum;  for case I, 
0RZ will  be larger than 0o. Then 

ORZ : Vz Oo + �89 In [kspw/klno] [A- l ]  
and 

= ~z LD [k l  ks no Pw e x p  ( - -  ,0o) ] 
f _Oo-O~z d O' 

o~z (20) ~/z cosh (0') 

where 0 -- o' + 0RZ. Now cosh (0') varies much more 
s t rongly with o' than  (20)1/~ and so following Sah, 
Noyce, and Shockley (5) for case I ~ III, we can re-  
place (20) ,/2 with (20RZ) '/2 and then integrate.  

Similar ly  for case I, we can replace (20)v2 with 
(200) 1/2 since the in tegrand  has its ma x i mum value at 
o' = Oo - -  0RZ or 0 -- 0o. We also assume that  0RZ is 
sufficiently negative ( <  --5) so that  there is negligible 
error in replacing the integrat ion l imit  of -- 0RZ with 

We then obtain after integrat ion and using [A-I]  

g ~  

Lv ks no exp (0RZ --i0o) [ ~  + t an -1  sinh (0o -- 0az)] 

(20o)'/~ for Oo < 0RZ or (20RZ) ~/~ for 0o > ,0RZ 

Now from Eq. [14] [A-2] 

GT/N ~_ 1 + K/kz' no [A-3] 

where the genera t ing  term GT is the numera to r  of Eq. 
[14], and we have neglected the third term in the  
kinetic term. Subst i tut ion of Eq. [3] in [A- l ]  gives 

20RZ -I- In NIo ~- In [kl/k2 k'z p~] -- oo [A-4] 

It  is satisfactory that comparison of Eq. [A-4] with 
[17] shows that  ao = 0RZ on the l ine OD in Fig. 3. 
We now have three equations [A-2]- [A-4]  for three 
unknowns,  0RZ, K, and N. El iminat ion of K between 
[A-2]- [A-3]  leads to [20] and rea r rangement  of [A-4] 
gives [21]. 
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Role of Pt Overlayers on Ti02 Electrodes in Enhancement of the Rate 
of Cathodic Processes 

T. Kobayashi, H. Yoneyama,* and H. Tamura 
Department of Applied Chemistry, Faculty of Engineering, Osaka University, Osaka 565, Japan 

ABSTRACT 

The decrease in cathodic overpotentials by platinization of TiO2 single crystals was studied for dark reductions of 
Ce4+,Fe~+,Os, and H + as a function of the thickness of the Pt overlayers both for a well-etched TiO~ substrate and for a mechan- 
ically damaged one. Improvements in the cathodic properties of TiO2 electrodes by platinization occur in two different 
modes. One is related to high electrocatalytic activities of Pt and is observed for reduction of O2 and evolution of H2 when 
both etched and damaged TiO2 electrodes are loaded with a Pt layer having only 3A thickness. The other results from en- 
hancement  of probabilities of electron exchange between the electrode and electrolyte species caused by platinization and 
is observed for reductions of Ce 4§ Fe ~+, and 02 when the Pt thickness exceeds 100A for the etched TiO~ and 10A for the 
damaged one. Action spectra of anodic photocurrents suggest that new electronic levels are created by platinization. 

Photocatalytic activities of TiO2 powder for a var ie ty  
of heterogeneous reactions can be improved by loading 
Pt  on its surfaces. I t  is usual ly  believed that  the im-  
provement  is brought  about by high electrocatalytic 
activities of Pt  for cathodic processes involved in the 

* Electrochemical Society Active M e m b e r .  
Key words: semiconductor electrodes, platinised TiO~, dark 

cathode, overpotentials. 

heterogeneous reactions (1-5). However, the electro- 
catalytic activity may not necessarily explain all the 
functions of the loaded Pt. As suggested for ZnO elec- 
trodes (6), for example, the loading of Pt  may create 
new electronic states in  TiO2 which facilitate electron 
t ransfer  from the conduction bands to solution species. 
Thus, it is impor tant  to clarify in detail  how Pt  loaded 
on TiO2 enhances the rates of cathodic processes. For 
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this purpose,  cathodic proper t ies  of TiO2 mus t  be 
s tudied  both in react ion systems for which P t  has high 
e lec t roca ta ly t ic  act ivi t ies  and  in those for which no 
r e m a r k a b l e  effects of P t  subs t ra te  is usua l ly  observed.  
The amount  of  P t  deposi ted on TiO2 wil l  be an im-  
por t an t  va r i ab le  (3, 7). 

As the method of the P t  loading,  the photodeposi t ion 
technique (1) has of~en been employed  (2, 3, 8, 9). 
Previous  repor ts  concerning the photodeposi t ion of 
noble  meta ls  such as P t  and Pd  on n - t y p e  semiconduc-  
tor  single crysta ls  show tha t  the  me ta l  deposi t ion 
se lec t ive ly  occurs  at  flaws exis t ing in the semiconduc-  
tor  surfaces (10, 11). Therefore ,  in o rde r  to have more  
knowledge  on the role of the deposi ted Pt  in l igh t -  
induced heterogeneous  reactions,  invest igat ions  on sur -  
face condit ions wi l l  be impor tan t .  However ,  photo-  
deposi t ion does not  a lways  give the  Pt  layers  of a 
homogeneous  thickness.  Thus, the arc p lasma sp ray ing  
method  was chosen to p repa re  the electrodes.  Effects 
of surface  condit ions of the  TiO2 subs t ra te  on cathodic 
p roper t ies  of the p la t in ized  electrodes were  then in -  
ves t iga ted  b y  using two kinds  of TiO2 single crysta ls :  
wel l  e tched TiO2 and mechan ica l ly  damaged  crystals .  
In  this paper ,  i t  is shown how overpoten t ia l s  for sev-  
era l  cathodic react ions are  decreased by  the p la t in iza-  
tion, and discussion on the resul ts  ob ta ined  a re  given 
based on the energet ic  point  of v iew of the deposi ted 
Pt. 

Experimental 
The p repa ra t ion  of  the  welt  e tched surfaces of TiO2 

single crys ta ls  was p rev ious ly  repor ted  (11, 12). The 
surface  exposed to e lec t ro ly tes  was the (001) face. The 
damaged  surfaces were  p repa red  by  lapping  the wel l  
e tched surfaces wi th  No. 500 SiC abrasives.  The deposi -  
t ion of P t  wi th  use of t h e  arc p lasma spray ing  tech-  
nique was car r ied  out  under  a fixed condit ion (appl i -  
cat ion of 1 kV be tween  the Pt  t a rge t  and TiO2 sub-  
s t ra te  under  10 -3 Tor r ) .  A deposi t ion ra te  of 0.46A 
sec ~'1 was ob ta ined  as de te rmined  by measur ing  the 
thickness  of the Pt  layers  as a funct ion of the sp ray ing  
t ime by  using a mul t ip le  beam in te r f e romete r  (Model  
2, Mizoj i r i  K o g a k u ) .  Since the presen t  method  of 
p la t in iza t ion  of TiO2 might  cause oxidat ion  of the de -  
posi ted Pt, the  p la t in ized  TiO2 electrodes p repa red  
were  usua l ly  polar ized  ca thodica l ly  in 0.5M H2SO4 at 
--0.2V v s .  SCE for more  than 10 min  before  use in 
e lec t rochemical  measurements .  

The base e lec t ro ly te  used was 0.5M H2SO4 into which 
an oxidiz ing agent  of e i ther  one of Ce(SO4)2, Fe2(SO4)3, 
or  O2 was dissolved. The concentra t ion of the  former  
two oxidizing agents  was 10-2M, whi le  sa tu ra ted  solu-  
tions were  used for the case of Oe. The e lec t ro ly tes  
were  p r e p a r e d  by  using twice -d i s t i l l ed  wa te r  and  r e -  
agent  grade  chemicals,  and al l  measurements  were  
car r ied  out  under  N2 a tmospheres  except  for  the case 
of reduct ion  of  O2. A po ten t io -ga lvanos ta t  (DPGS-1,  
Nikko Keisoku)  was used for  e lec t rochemical  mea -  
surements .  An SCE served as a re ference  electrode,  and  
al l  potent ia ls  ci ted in this pape r  a re  r e fe r red  to this 
electrode.  

Amounts  of H202 produced  in the  course of O2 re -  
duct ion were  de te rmined  b y  means  of a ro ta t ing  r ing-  
disk e lec t rode  (RRDE) as p rev ious ly  repor ted  (13). A 
P t  r ing  e lect rode wi th  7.0 mm inner  d iamete r  and 9.0 
m m  oute r  d i ame te r  was mounted  in a concentr ic  posi-  
t ion to the TiO2 disk e lec t rode  wi th  5.8 m m  d iamete r  
in the RRDE. The ro ta t ion  ra te  of the  RRDE was fixed 
a t  2000 rpm.  

Spec t ra l  response of  anodic photocur ren ts  was 
measured  by  an auto phase  lock- in  ampli f ier  (LI -  
574A, N F  Circuit  Block) jo ined  to the po ten t io -ga l -  
vanos ta t  w i th  chopped monochromat ic  l ight  w h i c h w a s  
obta ined  f rom a 500W xenon l amp  (UXL-500D, Ushio 
Electr ic)  wi th  series combinat ion  of a monochromete r  
(CT-25N, J A S C O ) ,  a cutoff glass filter (UV-39, Tosh-  
iba  Glass) ,  and a 30 Hz l ight  chopper  (M-250, Nikon) .  
The n u m b e r  of inc ident  photons was measured  by  a 
thermopi le  (E-6, Epp ley  L a b o r a t o r y ) .  

Results 
Cur ren t -po ten t i a l  curves  for 02 reduct ion at  TiO~ 

electrodes wi th  and wi thout  the Pt  ove r l aye r s  are  
shown in Fig. 1. As expected,  the Pt  loading  decreases  
the  overpotent ia l s  for the  reduct ion react ion by  posi-  
t ive ly  shif t ing e lec t rode  potent ials .  However ,  the posi -  
t ive shif t  of potent ia ls  is not  simple.  There  are  two 
kinds  of modes in shif t ing the potent ial .  One is 
pa ra l l e l  shif ts  of Tafel  l ines which are  brought  about  
by  the Pt  loading of 3A for both the damaged  TiO2 
(D-e lec t rode)  and  the wel l  e tched one (E-e lec t rode) .  
The otl~er is seen when the thickness  of the  Pt  over -  
l ayers  increases  f rom 30 to 300A for the  E-e lec t rode  
and f rom 3 to 30A for the D-e lec t rode .  In  these cases, 
the pa ra l l e l  shifts of the e lec t rode  potent ia ls  towards  
posi t ive direct ion are  observed  in a region of low cur-  
ren t  densit ies,  but  the degree  of the posi t ive shift  of 
the e lect rode potent ia ls  become less m a r k e d  wi th  an 
increase in the  cu r ren t  densi ty,  resu l t ing  in de fo rma-  
tion of the Tafel  l ines into " inver ted  S shapes." F u r t h e r  
increase in the Pt  thickness  f rom 30 to 300A for the 
D-e lec t rode  seems to have effects in shif t ing an inflec- 
t ion point  in the " inver ted  S curves" towards  high 
cur ren t  densit ies.  

When the e lec t rode  potent ia ls  a t  10-4 A - c m - 2  are  
p lo t ted  as a funct ion of the  Pt  loading,  Fig. 2 is ob-  
tained. The fol lowing is c lear ly  shown in this figure. 
The Pt  deposi t ion of 3A thickness caused a m a r k e d  
posi t ive shif t  of e lec t rode  potent ia ls  or a m a r k e d  de-  
crease in overpoten t ia l s  for oxygen  reduction,  but  fu r -  
ther  increase in the thickness of the Pt  over layers  did  
not  b r ing  about  any  r e m a r k a b l e  decrease  in the over -  
potent ia ls  up to a cr i t ical  thickness  which  was ca .  10A 
for the D-e lec t rode  and ca. 100A for the  E-e lec t rode .  
Beyond the cr i t ical  thickness,  however ,  an apprec iab le  
decrease  in the overpoten t ia l s  appea red  again.  I t  is 
not iced in Fig. 1 that  the e lectrodes having  Pt  g rea te r  
than the cri t ical  thickness  give cu r ren t -po ten t i a l  curves 
o f  the " inver ted  S- type . "  

For  the case of evolut ion of H2, a P t  loading of 3A 
thickness is found to be enough to decrease  the  over -  
potent ia ls  to those achieved at  P t  e lectrodes for both D- 
and E-elect rodes .  Since the Pt  loading of 3A thickness  
causes s imi lar  posi t ive shifts  of e lec t rode  potent ia ls  for 
both evolut ion of H2 and reduct ion of O2, the na tu re  of 
the shift  in these cases must  be the same. Indeed,  
pa ra l l e l  shifts in the Tafel  l ines s imi lar  to those ob-  
served for O2 reduct ion were  seen in cu r ren t -po ten t i a l  
curves for evolut ion of I-I~ (not shown) .  
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Fig. 1. Current-potential curves for reduction of 02 at Ti02 
electrodes with and without Pt overlayers having various thickness. 
Open symbol; well etched Ti02 substrate, closed symbol; mechani- 
cally damaged one. Thickness of Pt layer/A: ( - - A ~ ,  - - A m ) ;  0, 
( - - F ' ] - - , - - I - - ) ;  3, ( t o O - - , - - t - - ) ;  30, (--O----, - - ) - - ) ;  
300. 
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Fig. 2. Variation of electrode potentiols at the cathodic current 
of 10 -4 A-cm-2 for reduction of O2 and evolution of H2 with Pt 
overlayers having various thickness. ( - - [ ] - - ,  - - I I - - ,  --FII--);  in 
Oe saturated 0.SM H~504, (--A--, --A--, --&--); in N'2 satu- 
rated 0.SM H2SO4, (~Fq-- ,  --Z&--); well etched TiOe, ( - - I I - - ,  
- - A - - ) ;  mechanically damaged TiO2, ( - - f l - - ,  - - A - - ) ;  Pt elec- 
trode. 

Effects of the Pt  loading on reduct ion of Ce ~+ and 
F e  ~+ are  shown in Fig. 3. For  both react ions on the E-  
electrode,  the potent ia ls  var ied  negl ig ib ly  wi th  in-  
creasing thickness of the Pt  over layers  up to 100A, bu t  
beyond that,  effects of p la t in iza t ion  become m a r k e d  to 
make  the e lec t rode  potent ia ls  f inally approach  those of 
P t  electrodes.  In  cases of the D-elec t rode ,  effects of 
p la t in iza t ion  appear  at  smal le r  thickness (>10A) .  Ex-  
cept for the  Pt  thickness less than  3A, the e lect rode 
potent ia ls  vs. the amount  of P t  loading relat ions shown 
in this figure have pa t te rns  s imi lar  to those shown in 
Fig. 2 for reduct ion of Oe in that  the Pt  loading does 
not  m a r k e d l y  change the e lect rode potent ia ls  up to the 
cr i t ical  amount  of the Pt  loading beyond which marked  
posi t ive shifts appeared.  When the P t  loading was 
enough to cause apprec iab le  posi t ive shifts of the  e lec-  
t rode potent ials ,  cu r ren t -po ten t i a l  curves of the  resu l t -  
ing e lect rode had " inver ted  S curves"  s imi la r  to those 
shown in Fig. 2. The m a r k e d  para l l e l  shifts of the Tafel  
l ines of the cu r ren t -po ten t i a l  curves as observed for 
reduct ion of  Oe and evolut ion of He in the P t  loading  
of 3A thickness was not seen in these reactions.  

I t  was repor ted  tha t  02 is reduced  to HeO2~ on TiO2 
electrodes (14) but  to HsO on P t  e lectrodes (15). In  
o rder  to obta in  informat ion  on how much the Pt  loaded 
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Fig. 3. As in Fig. 2, but for reduction of Ce 4+ and Fe 3+. 
( - -O- - ,  - -0 - - - ,  -"~@--); in 0.SM H2SO4 with 10-2M Ce 4+, 
( - - O ~  - -e - - - ,  ~ - - ) ;  in 0.5M H2SO4 with 10-2M Fe 3+, 
(--*O---, ~ O - - ) ;  well etched TiO2, ( - - 0 - - ,  - - e - - ) ;  me- 
chanically damaged TiO~, ( - -@-- ,  - - ( ~ - - ) ;  Pt electrode. 
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on TiO2 influences the reduct ion  behavior  of 02, cur -  
ren t  efficiencies of  the fo rmat ion  of H202 were  mea -  
sured  by  means  of the RRDE technique as a funct ion of 
the thickness  of the Pt  layers .  The potent ia l  of the  P t  
r ing  e lect rode was kep t  at  1.15V vs. SCE (15) in o rde r  
to oxidize a l l  of H20~ formed on the TiO2 disk elec-  
trode. The cur ren t  efficiency ( r  was de te rmined  
by  using Eq. [1] 

r = (100/N) (Ir/Ia) [1] 

where  N denotes  an inheren t  collection efficiency of 
the RRDE ( - -  0.35) (12), Ir an inc rement  of the anodic 
r ing cur ren t  due to the oxida t ion  of H202, and  Ia the 
reduct ion  cur ren t  at  the d isk  e lect rode which was fixed 
at  10 -4  A - c m  -2 in the presen t  study.  

The cur ren t  efficiency of the  format ion  of H202 on 
the bare  wel l  e tched TiO2 elect rode was ca. 70% as 
shown in Fig. 4, and i t  was d ropped  to ca. 15% by  the 
Pt  loading of  only  3A thickness.  F rom these results,  i t  
is c lear  that  the mare  react ion of O2 reduct ion  at  the 
bare  TiO2 elect rode is the expected one 

02 4" 2H + 4" 2 e -  ~ H202 [2] 

and tha t  for P t - loaded  TiO2 electrodes is 

02 4" 4H+ 4" 4 e -  -~ 2H~O [3 ]  

In o rder  to obta in  informat ion  on ene rgy  levels  of 
the  deposi ted Pt, measurements  of anodic photocur -  
rents  were  car r ied  out  for  the E-e lec t rodes  wi th  and 
wi thout  30A Pt  layers  at  1.5V vs. SCE in 0.5M H2SO~. 
As shown in Fig. 5, a photoresponse  appeared  for  the  
p la t in ized e lec t rode  at photon energies  lower  than  3.0 
eV. This photoresponse must  be caused by  the de-  
posi ted P t  and  not  by  some surface s tates  inheren t  to 
TiO~ because the appearance  and d i sappearance  of this 
photoresponse  were  reproducib le  by  a t taching  and 
e l imina t ing  the deposi ted Pt, as shown in the  figure. 

The appa ren t  e lec t r ica l  conduct ivi ty  of the deposi ted 
Pt  layers  was measu red  by  means  of the four -p robe  
method.  In  this case, the Pt  layers  were  p repa red  on 
glass plates  by  employing  the same method  as used in 
the  p repa ra t ion  of  the Pt  layers  on TiO2 substrates .  As 
shown in Fig. 6, r e m a r k a b l e  changes in the surface 
conduct iv i ty  occur  in a thickness region covering f rom 
ca. 20A to ca. 200A. 

Discussion 
I t  is c l e a r  f rom the resul ts  shown in Fig. 5 that  P t  

layers  form new electronic  states in the  TiO2 electrodes.  
F igure  7 represents  two kinds  of  conceivable  ene rgy  
d iagrams for the explana t ion  of the new photoresponse 
observed.  In  the  model  I, the photoexci ta t ion  occurs in 
the Pt  l aye r  at  the semiconduc to r /P t  boundaries ,  while  
in  the model  II,  e lectrons are  photoexci ted  f rom the 
semiconductor  to tlde Pt  l aye r  and then f rom the P t  

100 

> ,  

q~ 

._o 5G 

0 3 10 30 100 300 I' 
Pt thickness / ~ Pt electrode 

Fig. 4. Current efficiency of H202 formation in the course of re- 
duction of 02 at well etched TiO2 electrodes with and without Pt 
overlayer and at Pt electrode. Open symbol; TiO2 substrate, closed 
symbol; Pt electrode. 
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Fig. 5. Spectral response of anodic photocurrents in 0.SM H2S04 
at a well etched TiO2 electrode with and without a 30A Pt layer. 
Measurements were successively carried out for the same Ti02 
sample: ( ~ O ~ ) ;  bare electrode, ( ~ @ ~ ) ;  after deposition of 
30A Pt layer, (--D--); after rinsing in aqua regia for 30 min to 
remove Pt layer, ( - - I - - ) ;  after redeposition of 30A Pt. 
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Fig. 6. Surface conductivity of Pt layers with various thickness 
deposited on gloss plates. 

layer into the conduction band by the quan tum-  
mechanical  tunne l ing  processes. However, the model 
II seems less l ikely because photoexcitation of electrons 
from the semiconductor to deposited metal  does not 
easily occur (16). 

The modes of enhancement  of cathodic reactions by 
in t roducing Pt overlayers are classified into two types, 
as described in  the previous section. One is the paral lel  
shift of the TafeI lines towards a direction of positive 
potentials and is observed in  cases of evolution of H2 
and reduction of O2 when the electrodes are loaded 
with 3A Pt. Although the deposited Pt on the TiO2 
surfaces forms new electronic states, this is not  re-  
sponsible for the paral lel  shift observed because the 
Pt  layers of 3A thickness did not  cause any  appreci- 
able effect on the reductions of Ce 4+ and Fe '3+. On the 
other hand, it is well  known  that  Pt  serves as a good 
electrocatalyst  for reduct ion of 02 and  evolution of H~ 
but  not so for reduct ion of Ce 4+ or Fe s+ (17). The re- 
sults obtained by loading with 3A Pt  seem then to re-  
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Fig. 7. Schematic representation for explanation of the additional 

anodic photoresponse observed at TiO2 electrodes having Pt over- 
layers of 30A thickness. Model I; excitation in the Pt layer, model 
II; excitation from the valence bands to the Pt foyer. 

flect the effects of electrocatalysis of Pt  (compare Fig. 
2 with Fig. 4). 

The other type of the enhancement  of the rate of 
cathodic reactions by depositing Pt, in which Tafel 
lines in cur ren t -po ten t ia l  curves are deformed into 
"inverted S curves," requires a thicker layer  of Pt, bu t  
the amount  is influenced by surface conditions of TiO2 
substrate  and is smaller  for damaged surfaces than for 
well etched surfaces. Judging from the results shown 
in Fig. 2 and 3, the amount  required will be roughly 
30 .~ 300A with which apparent  two-dimensional  elec- 
trical conduction appears in the Pt  l~iyer (Fig. 6). 

The abrasion of the crystals introduces lattice defects 
into their  surfaces to a depth comparable to the particle 
size of the abrasive, and these defects work as electron 
traps in  the forbidden zone of the semiconductors 
(18-20). The electron traps can facilitate electron 
t ransfer  from the semiconductor to solution species by 
providing a pathway for electrons in the Schottky bar-  
rier layer formed at the surface (21); this permits  
cathodic processes to occur easily as noticed from com- 
parison of the results shown in Fig. 1 to 3 for the P t -  
free D- and E-electrodes. However, the enhancement  
in the rate of the cathodic processes in this case is not 
so large as that achieved by plat inizat ion of TiO2. The 
electron traps are localized energetical ly and posi- 
tionally, and hence the effective area of the electrode 
surfaces for the cathodic reactions via such electron 
traps must  be restricted. 

In  the cases where the surface of TiO2 is loaded with 
Pt, however, a different s i tuat ion can occur. An in-  
crease in the amount  of Pt  loaded on the surface can 
br ing  about an increase in electrical conduction in the 
two-dimensional  plane, and furthermore,  an increase 
in the probabi l i ty  of contact between the deposited Pt  
and electron trap sites on the surfaces. This results in 
delocalization of electrons which reach the electrode 
surface from the bu lk  via such electron traps (Fig. 8). 
Thus, the Pt  layers thick enough to show appreciable 
conduction on the surface can give a large cross section 
for cathodic reactions. The enhancement  of the rate of 
cathodic reactions by plat inizat ion will  depend in  this 
case on the n u m b e r  of electron traps existing in  the 
surface region of the TiO2 electrodes. Since the con- 
centrat ion of lattice defects in well etched TiO2 sur-  
faces is much lower than that in mechanical ly damaged 
surfaces, a thicker layer  of Pt, which shows higher 
two-dimensional  conduct ivi ty  and brings about higher 
probabi l i ty  of contact with the electron trap site, is 
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Fig. 8. Schematic representation for electron transfer from the 

conduction bands to solution species through Pt overlayers via elec- 
tron traps in the semiconductor. 

needed for appearance  of this  type  of improvemen t  in 
the cathodic processes.  

The va l id i ty  of our  v iew proposed here  can be 
checked by  calcula t ing cu r ren t -vo l t age  curves of a 
Schot tky  ba r r i e r  diode with  leak  resistance.  One can 
easi ly  recognize that  log ( fo rward  cur ren t )  vs. f o rw a rd  
bias re la t ions  of ideal  diodes sat isfy l inear  re la t ions  
s imi lar  to the Tafel  l ines shown in Fig. 1. However ,  the 
l inear  re la t ions  are  d is tor ted  if a l eak  resis tance is 
in t roduced pa ra l l e l  to the ideal  diode. The resul t ing  
re la t ions  in this case are  s imi lar  to those given in Fig. 
1 for reduct ion of  O~ with  a r e l a t ive ly  high number  of 
the P t  loadings,  which  wil l  be shown below. 

Let  us consider  an equiva len t  circui t  p resented  in 
Fig. 9a. In  this  figure, Dsc denotes the Schot tky  ba r r i e r  
diode which is appl icable  to an ideal  contact  of TiO2/ 
e lec t ro ly te  a n d / o r  to that  of TiO2/Pt /e lec t ro ly te .  Ac-  
cording to our  model  of e lect ron t ransfe r  f rom the con- 
duct ion band to the  electrolyte ,  e lectrons first fai l  into 
the e lect ron t raps  in the  Schot tky  ba r r i e r  l aye r  and 
then move to the  Pt  over layers  under  assistance of 
electr ic  fields, as shown in Fig. 8. Such a s i tuat ion wil l  
be r easonab ly  shown by  inser t ing  a series combinat ion 
of two different  l eak  resistances in para l l e l  wi th  Dsc. 
Rz represents  a leak  resis tance or ig ina t ing  from elec-  
t ron t raps  in the Schot tky  bar r ie r .  I ts value  is var ied  
by  the n u m b e r  of  the e lect ron t raps  exis t ing in the 
space charge l aye r  of TiO~ and must  be much l a rge r  in 
the etched TiO~ than  in the  damaged  one. R2 is a re -  
sistance charac ter iz ing  effects of  pla t inizat ion,  the 
magni tude  of which is governed  both by  the p robab i l -  
i ty  of contacts  be tween  the deposi ted Pt  and electron 
t rap  sites on the surface and by  the e lect r ica l  conduc-  
t iv i ty  of the Pt  l aye r  in the two-d imens iona l  plane, as 
discussed above. Therefore,  the va lue  of R2 decreases 
wi th  increas ing amounts  of  the deposi ted Pt. In  o rder  
to construct  a complete  equiva len t  circuit,  an add i -  
t ional  resis tance charac ter iz ing  e lec t rochemical  reac-  
tions has to be incorporated,  but  it  is omi t ted  here  to 
avoid too much complication.  Effects of damaged  TiO2 
subs t ra te  and of p la t in iza t ion  on phys ica l  proper t ies  of 
Schot tky  bar r ie r s  formed at the e lec t rode /e lec t ro ly te  
in terface  can be exp la ined  wi th  use of the s imple c i r -  
cuit  p resented  here.  

The cu r ren t -vo l t age  re la t ion  character iz ing the di-  
ode, Dsc, is given by  Eq. [4] (22, 23) 

IfD : Io [ e x p ( q V f / k T )  -- 1] [4] 

where  IfD denotes the fo rward  cur ren t  in ampere ,  Io 
the  exchange  cur ren t  of Dsc under  equi l ibr ium,  i.e., at 
zero bias, and Vf the fo rward  bias to the diode in volt. 
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Fig. 9. Calculated current-voltage curves of Schottky barrier 
diode, Osc, with two kinds of leak resistances of different nature, 
R1 and R2, (a), and bias voltages required to flow a constant cur- 
rent of 10-4A for two different values of R1 as a function of R2 
(b). Solid lines and dashed lines concern the curves with a fixed 
Rz of 3 k~  and 30 ~ ,  respectively, with R2 values given below: 
(a); o0, (b,b'); 100 kl% (c,c'); 10 k/L (d,d'); 1 k~, and 
(e,e'); variable. The solid lines correspond to the etched Ti02 
substrate while the dashed lines correspond to the damaged one. 
(For details, see text.) 

The fo rward  current ,  IfR, in the leak  resistances is 
given by  Eq. [5] 

If R "- (R1 -I- R 2 ) / V f  [5] 

The total  fo rward  current ,  If, can then be given by  Eq. 
[6] 

I f  "-- I f  D --~ I f  R 

= Io [ e x p ( q V f / k T )  -- 1] + (Rt  + R ~ ) / V f  [6] 

In o rde r  to fit Eq. [6] to the e x p e r i m e n t a l l y  obta ined 
cu r ren t -po ten t i a l  relat ions,  shown in Fig. 1, numer ica l  
definitions of Io, R1, and R2 are  needed.  In  cases of 
Schot tky  diodes, a condit ion of Vf = 0 can be appl ied  
to the  open-c i rcu i t  condit ion where  there  is a band 
bending  in the semiconductor  a t  the me ta l / s emicon-  
ductor  junct ion the magni tude  of which is in pr inciple  
equal  to the difference in the  work  fun ctior~ be tween  
the me ta l  and the semiconductor .  Thus, when Eq. [6] 
is appl ied  to the semiconduc tor /e lec t ro ly te  junction,  Vr 
should be measured  f rom the open-c i rcu i t  condit ion 
where  ca. 0.7V vs. SCE was achieved at the p la t in ized  
TiO2 electrodes in the O~-saturated solution. Note that  
an increase in Vf corresponds to an increase in the 
cathodic polar izat ion of the semiconductor  electrodes.  

As descr ibed in the previous  section, the Pt  loading 
of  on ly  3A. thickness  gives a m a r k e d  change in the 
appa ren t  act ivi t ies  for reduct ion of  O2 as wel l  as for 
evolut ion of He. High e lec t roca ta ly t ic  act ivi t ies  of P t  
for these react ions r a the r  than  any leakage  of the 
conduct ion band electrons to the  surface th rough  the 
space charge l aye r  seem to have an in t imate  re la t ion 
to the observed  phenomena,  especia l ly  for the  case of 
the etched electrode.  Thus, Io was eva lua ted  by  e x t r a p -  
ola t ing the Tafe l - l ike  re la t ions  obta ined  at  the Pt  (3A) / 
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etched TiO2 to the open-circuit  potentials, and the 
value determined was 2 X 10-14A. 

In order to evaluate the sum of the values of R1 and 
R2 in the equivalent circuit used, current-voltage 
curves of Pt (1000A)/TiO2 diode were measured in the 
solid state for both etched and damaged TiO2 sub- 
strates in a bias voltage region from --0.3 to 0.3V. The 
results obtained were 3 ~ 5 k12 for the etched sub- 
strate and 70 ,-~ 150f~ for the damaged one. The Pt 
layers having 1000A thickness in the Pt/TiO2 diodes 
will make a contribution of R2 to the total resistance 
values relat ively small. By this reason, two different 
values of 3 k12 and 30~2 are assumed for R1 for the E- 
and D-electrodes, respectively, and current-voltage 
relations were calculated with variation of R2. 

Figure 9a shows the current-voltage relations ob- 
tained by using Eq. [6] for R2 values of ~c, 10O, 
10, and 1 kft. The bias voltages required for the 
forward currents of 10-4A are also plotted in Fig. 9b 
as a function of R2 values. 

By taking into account that R~ gives a relative mea- 
sure of the amount of the Pt overlayers, one can rec- 
ognize from Fig. 9a that "inverted S curves" in current-  
potential relations appear depending on the Pt loading, 
as observed in Fig. 1. The amount of electron traps in 
the semiconductor surfaces, a relative measure of 
which is given by the value of R~, influences on the 
current-voltage relations if the Pt loading is rather  
high, as observed also experimentally. 

Furthermore,  it is noticed that the calculated Vf vs. 
R2 relations shown in Fig. 9b have patterns similar to 
those given in Fig. 2 for reduction of O2. According to 
this figure, the bias voltages required to flow a con- 
stant current of 10-4A decrease with a decrease in the 
value of R2 if R~ is smaller than the critical value 
which depends on the magnitude of R1. Thus, one can 
understand how the thickness of the Pt overlayers in- 
fluences the decrease in the overpotentials, as shown 
in Fig. 2, and it is believed that similar situations are 
valid also for the case of Fig. 3. 

In summary, the good matching of the experi-  
mental ly obtained results with those obtained with the 
use of the equivalent circuit not only clarifies the ob- 
served complicated behaviors of the Pt- loaded TiO2 
electrodes but also supports the validity of our pro- 
posed view on the role of Pt overlayers on TiO2 elec- 
trodes in electrochemical reactions in the dark. 
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Technical Notes 

Voltammetric Reduction of Sulfuryl Chloride in the Presence of 
Calcium Tetrachloroaluminate 

W .  K. Behl * 

U. S. Army  Electronics TechnoLogy and Devices Laboratory (ERADCOM), Power Sources Division, Fort Monmouth, New 
Jersey 07703 

Recently,  i t  has been suggested (1-6) tha t  the sa fe ty  
of the th ionyl  chlor ide  and su l fury l  chlor ide  cells can 
be s ignif icant ly improved  by  rep lac ing  the low m e l t -  
ing l i t h ium anode (mp 180.7~ wi th  a high mel t ing  
calc ium anode (mp 839~ Thus, bQth the ca lc ium-  
thionyl  chlor ide (1-4) and ca l c ium-su l fu ry l  chlor ide  
(5, 6) cells have been inves t iga ted  dur ing  the past  
three  years.  For  both these cells, solut ions of l i th ium 
te t rach loroa lumina te  or  calcium te t rach loroa lumina te  
have been used as electrolytes .  However ,  the cathode 
capacit ies  in calcium cells using l i th ium te t rach loro-  
a lumina te  solutions as e lec t ro ly tes  were  found (5, 6) 
to be smal le r  t han  the cathode capacit ies  in cor re-  
sponding l i th ium cells. The cathode capacit ies  in cal -  
cium cells were  even sma l l e r  if solutions of calcium 
te t rach loroa lumina te  were  used as e lec t ro ly tes  (2, 5, 
6). Therefore,  in o rde r  to gain an insight  into the 
cathodic process in calcium cells, we have  s tud ied  the 
vo l t ammet r i c  reduct ion  of sul fur  oxychlor ide  solvents  
at  smooth glassy carbon e lect rodes  in solut ions con- 
ta in ing calcium te t rachloroa lumina te .  This paper  sum-  
marizes  our  resul ts  in su l fu ry l  chlor ide solutions.  

Exper imenta l  
Anhydrous  l i th ium te t rach loroa lumina te  (7, 8) and 

anhydrous  calcium chlor ide  (9) were  p repa red  b y  
fusion under  a flowing a tmosphere  of hydrogen  chlo-  
r ide gas according to the procedures  p rev ious ly  de -  
scribed. The fused sal ts  were  then t rea ted  wi th  chlo-  
r ine gas in o rder  to oxidize any  organic  mat ter .  The 
excess of any  hydrogen  chloride and chlor ine  gases 
were  then removed  by  purg ing  with  pure  d ry  argon 
gas. The anhydrous  salts  so p repa red  were  solidified 
and s tored under  an argon a tmosphere .  A l u m i n u m  
chloride (iron and wa te r  free;  F l u k a  AG) was used as 
received.  Su l fu ry l  chlor ide (Matheson, Coleman, and  
Bell  Company)  was refluxed over  l i th ium meta l  and 
dist i l led as colorless l iquid. 0.4 mola r  Ca(A1C14)~- 
SO2C12 and 1.0 mola r  LiA1C14-SO2C12 solut ions were  
p repa red  by  dissolving requisi te  amounts  of anhydrous  
salts in f reshly  dist i l led su l fu ry l  chloride.  The LiA1C14- 
SO2C12 and Ca(A1C14)2-SO2C12 solutions were  then  
equi l ib ra ted  wi th  a smal l  c rys ta l  of l i th ium chlor ide  
and calcium chloride,  respect ively ,  in o rder  to neu-  
t ral ize t races of excess a luminum chloride,  if any,  in 
the solutions. The choice of the concentra t ion of 
Ca (A1CI4)2-SO2C12 solutions used in the  presen t  s tudy  
was dic ta ted by  the so lubi l i ty  l imi t  (,~0.5 mo l / l i t e r )  
of calcium te t rach loroa lumina te  in su l fu ry l  chlor ide 
(6). 

A th ree -e lec t rode  sys tem was used for  al l  measu re -  
ments.  The reference  (1 X 5 cm) and counter  (3.5 X 6 
cm) e lect rodes  were  both made  b y  press ing l i th ium o r  
calcium onto a nickel  screen. Both e lect rodes  were  
mechanica l ly  abraded  and thoroughly  washed  wi th  
carbon te t rach lor ide  before  use. The l i th ium electrodes 
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were  used in 1.0 molar  LiA1C14-SO~CI2 as wel l  as i n  
l i th ium te t rach lo roa lumina te  solut ions c o n t a i n i n g  
smal l  amounts  of calc ium te t r aeh lo roa lumina te  
whereas  the  calcium elec t rodes  were  used in 0.4 mola r  
Ca(A1C14)2-SO2C12 solutions. The reference  e lec t rode  
was separa ted  f rom the other  e lect rodes  b y  the use o f  
a P y r e x  tube with  a coarse poros i ty  f r i t t ed  glass bot-  
tom. The work ing  electrode consisted of a 3.18 m m  
d iam glassy carbon rod (Beckwi th  Carbon Company) ,  
hea t - sea led  in a sh r inkab le  Teflon tubing and pol-  
ished as p rev ious ly  descr ibed (10). The cross-sect ion 
a rea  of the work ing  electrodes was 0.079 cm 2. 

The cyclic vo l t ammet r i c  scans were  pe r fo rmed  using 
an EG&G PAR po ten t ios t a t /ga lvanos ta t  (Model  173) 
coupled with  the EG&G PAR universa l  p r o g r a m m e r  
(Model 175) and recorded on H e w i e t t - P a c k a r d  X - Y  
recorder  (Model  7047A). 

Results and Discussion 
Cyclic vo l t ammograms  obta ined  a t  g lassy  carbon 

electrodes in 0.4 molar  Ca(A1CI~)~-$O2C12 solutions 
were  s imi la r  to those ob ta ined  in 1.0 mola r  LiA1C14- 
SO~C12 solut ions (10). Thus, at  a scan ra te  of 0.1 
V/sec,  a typica l  cyclic vo l t ammogram (Fig. 1) ex -  
h ib i ted  a b road  reduct ion peak  at  -~2.1V 1 wi th  a 
shoulder  a t  ~2.55V. The shoulder  in these vo l t ammo-  
grams  was d is t inguishable  only  at  scan ra tes  be low 
~0.5 V/sec and at  h igher  scan rates  only one b road  r e -  
duct ion peak  was obtained.  In  solutions conta ining 
chlor ine or aged solutions, on ly  one broad  reduct ion 
peak  was obta ined as was also observed  in LiA1CI4- 
SO~C12 solutions (10). The peak  potent ia ls  in 
Ca (A1C14)2-SO~C12 solutions are  close to the peak  p o -  

1 All potentials are referred with respect to the calcium ref- 
erence  electrode. 
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Fig. 1. Typical cyclic voltammogram at glassy carbon electrode 
in 0.4M Ca(AICI4)2-S02CI2 solutions at a scan rate of 0.1 V/see, 
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tent ia ls  observed  in LiA1CI4-SO2C12 solutions (10) 
consider ing tha t  the potent ia l  of the calc ium meta l  
e lect rode in 1.0M LiA1C14-SO2C12 solutions was found 
to be ~0.7V vs. the l i th ium reference  electrode.  The 
peak  heights  increased with  increas ing scan rates  and 
the peak  potent ia ls  shif ted to less posi t ive potent ials .  
A t  al l  scan rates,  the cyclic vo l t ammograms  did not  
show any  oxida t ion  peaks  corresponding to these re -  
duct ion peaks  dur ing  the reverse  scan. 

Since, su l fu ry l  chlor ide is known (11) to decompose 
to chlor ine  and sulfur  dioxide,  the shoulder  at  ~2.55V 
and peak  at  ~2.1V in the cyclic vo l t ammograms  (Fig. 
1) may  be, analogous to LiA1C14-SO2Clz solutions, 
a t t r ibu ted  to the reduct ion of chlor ine and su l fu ry l  
chloride,  respec t ive ly  

C12 + Ca + + + 2e --> CaC12 [1] 

SO2C12 + Ca + + + 2e --> CaClz + SO~ [2] 

Since, calc ium chloride was found to be insoluble  in 
su l fury l  chlor ide  solutions, the  deposi t ion of calcium 
chlor ide  at  the glassy carbon elect rode surface resul ts  
in its passivat ion.  The to ta l  charge requ i red  to pass i -  
va te  the e lect rode surface  was measured  by  in tegra t ing  
the area  under  the cathodic reduct ion  peaks  at  each 
scan rate  and is p lo t ted  in Fig. 2 as a funct ion of the 
scan rate.  F r o m  the to ta l  charge passed, the thickness  
of the ca lc ium chloride film on the glassy carbon elec-  
t rode surface was calcula ted using a value  of 2.154 
g / c m  ~ for  the dens i ty  of calc ium chlor ide  at  25~ As 
in LiA1C14-SO2Cle solut ions (10), the to ta l  charge re -  
qui red  to pass ivate  the glassy carbon e lec t rode  surface  
as wel l  as the thickness of the calcium chlor ide  film 
were  found to decrease wi th  increas ing scan rate.  
However ,  a t  al l  scan rates,  both  the charge passed 
under  the cathodic reduct ion  peaks  as wel l  as the 
thickness of the  pass iva t ing  film on glassy carbon elec-  
t rode were  found to be much smal le r  in calcium t e t r a -  
ch loroa lumina te  solutions than  those obta ined  in l i th -  
ium te t rach lo roa lumina te  solutions (10). This large  
decrease  in the charge requ i red  to pass ivate  the 
glassy carbon e lec t rode  is not  s imply  accounted for  b y  
the r e l a t ive ly  smal l  increase in the equiva lent  volume 
(equiv. vol) as the e lec t rode  film changes f rom l i th -  
ium chlor ide  (equiv. vol 20.5 cm ~) in LiA1C14-SO2C12 
solut ions to calcium chloride (equiv. vol 25.8 cm 3) in 
Ca(A1C14)2-SO2C12 solutions. Therefore,  i t  appears  
that  the morpho logy  of the calcium chloride deposits  
is such that  i t  resul ts  in thinner,  less porous, and more  
pass iva t ing  film on the e lect rode surface than the 
pass iva t ing  film obta ined  wi th  l i th ium chlor ide  de -  
posits. Thus, Gi lman and co-workers  (6) have found 
that  the cathode capacit ies in Ca /Ca  (A1C14)2-SO2C12/C 
cells were  only  one - t en th  of the cathode capacit ies  in 
Li/LiA1C14-SO2C12/C cells. 

A t  more  negat ive  potent ia ls  (,~ --1.1V),  the cyclic 
vo l t ammograms  in Ca(A1C10~-SO2C12 solut ions (Fig. 
1) show a large  increase  in the cathodic cu r ren t  which 
m a y  be r ega rded  as due to some deposi t ion of  ca lc ium 
metal .  On the reverse  scan, the cyclic vo l t ammograms  
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Fig. 2. Total charge passed under the cathodic reduction peaks 
and the calcium chloride film thickness as a function of scan rate. 

(Fig. 1) exhib i t  a smal l  anodic peak  at  -~ --0.17V. 
Since this anodic  peak  is not  observed if the direct ion 
of vol tage scan is reversed  pr io r  to the onset  of in-  
creasing cathodic cur ren t  at  ~ --1.1V, i t  m a y  be 
ascr ibed to the dissolut ion of the  deposi ted ca lc ium 
metal .  

The deposi t ion of some calcium meta l  at  glassy c a r -  
b o n  electrodes in Ca(A1CI4)2-SOzC12 solut ions was 
also indica ted  by  the cathode po ten t i a l - t ime  plots  ob-  
ta ined on constant  cur ren t  e lectrolysis  of these solu-  
tions. Thus, at  a cur ren t  dens i ty  of 1 m A / c m  2, the 
cathode po ten t i a l - t ime  plot  (Fig. 3) first shows the re-  
duct ion of su l fury l  chlor ide beginning  at  ,~2.2V and as 
the glassy carbon elect rode is pass iva ted  by  the dep-  
osition of calc ium chloride,  the cathode poten t ia l  
qu ick ly  decreases to ~- --1.17V and remains  at  this  po-  
ten t ia l  unt i l  the cu r ren t  is tu rned  off a f te r  10 rain of 
electrolysis.  S imi la r  vol tage  p la teaus  were  observed at  
cur ren t  densi t ies  up to ,~5 mA/cm2 though the p la t eau  
potent ia l  decreased to more  negat ive  potent ia ls  as the  
cur ren t  dens i ty  was increased (e.g., --1.63V at  a cu r -  
rent  dens i ty  of 5 mA/cm2) .  At  h igher  cu r ren t  dens i -  
ties, cathode po ten t i a l - t ime  plots showed s l ight ly  s lop-  
ing vol tage plateaus.  Af te r  the e lectrolysis  is t e rmin -  
ated, the cathode po ten t i a l - t ime  plot  (Fig. 3) shows an 
ar res t  at ~ - - 0 . 7 V  indica t ing  some deposi t ion of cal -  
c ium metal .  The f reshly  deposi ted calc ium meta l  
quickly  corrodes in Ca(A1Cl~)2-SO2C12 solut ions and the 
glassy carbon elect rode poten t ia l  increases to more  
posi t ive values.  As in Ca(A1C14)2-SOCI2 solutions (2, 
4), the deposi t ion of calcium meta l  in su l fu ry l  chlor ide  
solutions was not  found to be ve ry  efficient. Thus, upon  
current  reversa l  a f te r  10 min  of e lectrolysis  a t  a cur -  
ren t  dens i ty  of 1 m A / c m  2, the n u m b e r  of  coulombs re -  
covered was only a t iny  f ract ion of the  number  of 
coulombs consumed dur ing  the electrolysis .  

In 1.0 molar  LiA1CI4-SO2C12 solut ions conta ining 
smal l  amounts  of calc ium te t rach loroa lumina te ,  the  
cyclic vo l t ammograms  at  glassy carbon e lect rodes  
showed a decrease in peak  heights  as wel l  as a d e -  
c r e a s e  in the  charge passed under  the cathodic peaks.  
The to ta l  charge under  the cathodic peaks,  at  a f ixed 
scan ra te  of 0.1 V/sec, is p lo t ted  in Fig. 4 as a funct ion 
of the concent ra t ion  of calc ium te t rach loroa lumina te .  
I t  is seen tha t  the addi t ion  of even sma l l  amounts  of 
calc ium te t rach lo roa lumina te  in 1.0 mola r  LiA1C14- 
SO2C12 solut ions resul ts  in a r e l a t ive ly  large  decrease  
in the quan t i ty  of charge passed under  the cathodic 
peaks.  These resul ts  are  also in ag reemen t  w i t h  the r e -  
s u l t s  of Gi lman  and co -worke r s  (6) who found that,  a t  
s imi la r  discharge rates,  the capacit ies  of the carbon 
b lack  cathodes in Ca/LiA1CI4-SO2ClyC cells w e r e  
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Fig. 3. Cathode potential-time plot obtained at glassy carbon 
electrode in 0.4M Ca(AICI02-S02CI2 solution at a current density 
of I mA/cm 2. Open circle on the ordinate represents the open- 
circuit potential. 
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Fig. 4. Total charge passed under the cathodic reduction peaks 
at a scan rate of 0.! V/sac in 1.0M I-iAICI4-SO2CI~ solution as a 
function of calcium tetrachloroaluminate concentration. 

only  one - th i rd  of the cathode capaci t ies  in Li/LiA1C14- 
SO2C12/C cells. Therefore ,  i t  appears  tha t  the fo rma-  
t[on (5) of ca lc ium te t rach loroa lumina te  in solut ion in  
the ea r ly  s tages  of d ischarge  of the Ca/LiA1C14- 
SO2C12/C cell  and the subsequent  coprecipi ta t ion of 
calcium chlor ide  and l i th ium chlor ide  seems to "poi-  
son" the carbon b lack  cathodes resul t ing  in reduced  
cathode capacit ies  in ca lc ium-su l fu ry l  chlor ide  cells. 

Manuscr ip t  submi t ted  Jan. 28, 1983; revised m a n u -  
scr ip t  received ca. A p r i l  26, 1983. 

Any  discussion of this pape r  wi l l  appea r  in a Discus-  
sion Sect ion to be publ i shed  in t h e  June  1984 JOURNAL. 
Al l  discussions for the June  1984 Discussion Sect ion 
should be submi t ted  b y  Feb.  1, 1984. 

U.S. Army  Electronics Technology and Devices Lab- 
oratory assisted in meeting the publication costs of this 
article. 
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Corrosion by Alternating Current: Polarization of Mild Steel in 
Neutral Electrolytes 

D-T.  Chin*  and P. Sachdev 

Department of Chemical Engineering, Clarkson College of Technology, Potsdam, New York 13676 

This  l abo ra to ry  has unde r t aken  a series of inves t i -  
gat ions of the effect of a.c. on the corrosion of metals .  
S ix ty  cycles s inusoidal  a.c. was super imposed  onto an 
oxygen  diffusion cell, and the measuremen t  of cor ro-  
sion cu r r en t  was compared  to the  ac tual  weight  loss 
of the specimens in soil (1-2). I t  was found that  s inu-  
soidal  a.c. enhanced the corrosion of a luminum,  cop- 
per, mi ld  steel, and a 50-50% t in - l ead  alloy. At  high 
a -c  levels, severe  p i t t ing  corrosion occurred on copper  
and mild  steel  specimens.  Subsequent  polar iza t ion  
measurements  for mi ld  steel  in a neu t ra l  sodium sul-  
fate  solut ion (3-4) revea led  tha t  s inusoidal  a.c. en-  
hanced the corrosion current ,  shif ted the corrosion 
potent ia l  t oward  the nega t ive  direction,  and des t royed 
the pass iv i ty  of mi ld  steel  at  the passive potent ials .  
The effect was s imi la r  to the addi t ion of  chlor ide ions 
to sulfate  solutions. 

In  the present  work,  the  polar izat ion measuremen t  
has been ex tended  to neu t ra l  sodium chlorate,  sodium 
ni t rate ,  and  sodium perch lora te  solutions. Anions can 
exer t  profound influence on the pass ivat ion mecha-  
nism. In sulfa te  and perch lora te  solutions, the pass iv i ty  
of i ron is in i t ia ted  b y  a dissolution and prec ip i ta t ion  
mechanism (5). In  n i t r a t e  solution, the l i t e r a tu re  evi -  
dences (6-7) suggest  that  the pass iv i ty  of i ron is 
caused by  the anodic deposi t ion of ferr ic  oxide  f rom 
the e lect rolyte ;  whereas  in neu t ra l  chlora te  solut ion 
(8), the pass iv i ty  is a t t r ibu ted  to a direct  oxidat ion  of 
i ron by  absorbed  chlora te  ions. I t  is the  objec t ive  of  
the presen t  work  to invest igate  the in terac t ion  of a.c. 
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with  these anions on the pass ivat ion  of mild  steel  in 
aqueous solutions. Also there  are  three  form~ of a.c. 
ava i lab le  for l abo ra to ry  invest igat ions.  They  are:  (i) 
s inusoidal  wave,  (ii) square  wave,  and (iii) t r i angu la r  
wave. The second objec t ive  of this s tudy  is to inves t i -  
gate  t h e  effect of a -c  waveforms  on the polar izat ion 
behavior  of mi ld  steel. A s imple model  is used to ac-  
count for the changes in the po ten t i a l - cu r ren t  r e l a -  
t ions wi th  these a-c  waveforms.  

Exper imental  
There  are  two ways  to inves t iga te  the effect of a.c. 

on the e lect rode processes. The first method  is called 
a l t e rna t ing  cur ren t  (a-c)  modulat ion.  This method 
uses a constant  a l t e rna t ing  cur ren t  passing th rough  
the e lec t rode-e lec t ro ly te  interface,  and  the resul t ing  
t ime -a ve ra ge d  (or d-c)  e lect rode poten t ia l  is mea -  
sured  as a function of d-c  cur ren t  densit ies.  The sec- 
ond method is the a l t e rna t ing  vol tage (AV) modu la -  
tion. In this method,  an a l t e rna t ing  vol tage  r a the r  an 
a l t e rna t ing  cur ren t  is appl ied  across the reference  and 
the work ing  electrodes;  the resul t ing  d -c  cur ren t  den-  
s i ty  is then measured  as a funct ion of d-c  e lect rode 
potent ials .  Both  methods  would  y ie ld  the same resul ts  
concerning the effect of a.c. on the e lect rode processes 
(3-4).  In  the presen t  work, the method  of AV modu la -  
t ion has been used. The advan tage  of AV modula t ion  is 
that  the  measuremen t  is po ten t ios ta t i ca l iy  control led.  
For  the metals ,  such as iron, which exhib i t  an  ac t ive-  
passive t rans i t iona l  proper ty ,  it  is easier  to analyze  
the expe r imen ta l  resul ts  wi th  the  AV modula t ion  
method.  



VoL I30, No. 8 CORROSION BY A L T E R N A T I N G  CURRENT I715 

The details of the exper imenta l  setup and the elec- 
trical circuit for the AV modulat ion measurement  have 
been described in a previous publicat ion (4), and 
will not  be repeated here. The electrolytes used were: 
(/) 0.5M Na2SO4, (ii) 1.0M NaC104, (iii) 1.0M NaNO~, 
and (iv) 1.0M NaC!Os. All  the solutions were pre-  
pared by dissolving reagent  grade chemicals in dis- 
tilled water  and were deaerated with high pur i ty  
ni t rogen before and dur ing  the experiment .  A s t a '  
t ionary  mild steep circular disk electrode having a 
surface area of 0.079 cm 2 was used for the measure-  
ment.  The electrode was placed in  a 3 l i ter  Plexiglas 
cell equipped with a p la t inum-screen  counterelectrode 
and a sa turated calomel reference electrode. For each 
run,  the mild steel electrode was polished with 600 
grit  emery paper, degreased with methanol,  cleaned 
in dilute sulfuric  acid, and rinsed with distilled water;  
after  that, the electrode was t ransferred to the cell. 
The s teady-state  polarization measurements  were car- 
ried out in each electrolyte for three different types 
of AV superimpositions, i.e., (i) sinusoidal, (ii) square, 
and (iii) t r i angular  waves. The magni tude  of A V  
varied from 0 to 2000 mV rms. Except as noted, the fre-  
quency of AV was kept at 60 Hz. All the runs were 
made at a constant  room tempera ture  of 22 ~ ___ I~ 

Results 
E/~ect of A V  wavelorms for mild steel in sulfate 

solution.mFigure 1 shows the anodic polarization of 
mild steel in 0.5M Na~SO4 solution when the electrode 
was superimposed wi th  60 Hz sinusoidal, square, and 
t r iangular  AV at 750 mV rms. The curves are desig- 
nated by the symbols: ~ ( D m  for sinusoidal  wave, 
~ [ : 3 - -  for square wave, and ~ A ~  for t r i angular  wave. 
For comparison, the polarization curve without  any  
superimposed AV is also plotted in the figure as the 
filled dots, ~ $ ~ .  Figure 2 shows the oscilloscope 
traces of the resul t ing a-c current  at various d-c po- 
tentials,  It  is seen that  the effect of AV was charac- 
terized by: (i) a shift in the corrosion potential  toward 
the negative direction, (ii) an increase in d-c current  
densities in the active and  the transpassive regions, 
and (iii) the disappearance of passivity at the passive 
potentials. 

In  the passive region, the increase in  the passivity 
current  was the highest for t r i angular  wave, and 
the effect diminished according to the order  

Composition of mild steel was: Fe, 97.S-97.9%; C, 0.085%; Co, 
0.05%; Cr, 0.I-0.2%; Mn, 1.0%, Ni, 0.I-0.2%; Si, 0.I-0.2%. 

I i l I I i 

I I ~ ] P } _ 
O~ I O IO-O IOO.O 

DC CURRENT D E N S I T Y ,  r n A / v n  12 

Fig. I. Effect of AV waveforms on the polarization of mild steel 
in 0.SM sodium sulfate solution. The curves are designated by the 
symbols: ~ O - -  for sinusoidal wave, - - [ Z ~  for square wave, 
~ / k ~  far triangular wave, and ~ $ ~  for without AV super- 
imposition. All the AV had a magnitude of 750 mY rms and a 
frequency of 60 Hz. 

Act ive Region 

Square Wave 
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C 

Passive 
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Fig. 2. The oscilloscope traces of a-c currents for AV modula- 
tion of mild steel in 0.SM sodium sulfate solution. The magn|tude 
of 60 Hz AV was 1000 mV rms. The values of controlled d-c po- 
tentials are: --0.$V vs. SCE for a, b, c, 0.SV vs. SCE for d,e, 1.0V 
vs. SCE for f, 1.5V vs. SCE for g, h, and 2.0V vs. SCE for i. 
Vertical scale: 20 mA/div; horizontal  scale: 5 msec/div. 

Triangular  > Sinusoidal  > Square [ 1 ] 

This sequence is in accordance with the ins tantaneous 
peak voltage of the applied AV. For a given roo t -mean  
square (rms) ,  the peak voltage, Vp, of various wave-  
forms can be calculated by the correlations 

Tr iangular  wave Vp = 1.73 rms 

Sinusoidal wave Vp = 1.41 rms I [2] 

Square wave Vp = rms 

Apparent ly ,  the influence on the passivity is related 
to the peak voltage. A t r iangular  wave had the highest 
peak voltage and accounted for the severest destruc- 
tion of passivity. For  the same reason, the passivity 
current  for sinusoidal wave was between those of 
t r iangular  and square waves as shown in Fig. 1. 

In  the active and the transpassive regions, the effect 
of AV waveforms was in the reverse order of Eq. [1], 
a l though the difference was not as large as that  in the 
passive region 

Square > Sinusoidal  > Tr iangular  [3] 

the exact na ture  of this reverse order  is not  clear. I t  
is l ikely that abrupt  current  reversal  in the square-  
wave mode played an impor tant  role in the cur ren t -  
potential  relationship. 

Figure 3 shows the shift in the corrosion potential  
of mild steel in 0.5M Na2SO4 as a function of the rms 
of AV for three different waveforms. The na tu ra l  cor- 
rosion potential  of mild steel in the system was --0.7V 
vs. SCE. The corrosion potent ial  was first shifted by 
AV toward the negative direction, and reached a min i -  
m u m  value of --0.82 to --0.83V vs. SCE at  750-1000 
mV rms AV. Then, the corrosion potential  was shifted 
back toward the positive direction with fur ther  in -  
crease in AV and approached asymptotical ly to --0.76V 
vs. SCE at very high AV values. Figure 3 fur ther  
indicates that  square wave had the greatest effect; 
sinusoidal wave was the next,  and t r iangular  wave 
had the least effect on the shift of corrosion potentials. 
The t rend was similar  to the effect of AV waveforms 
on d-c current  densities in the active and the t rans-  
passive regions. However, the differences among var i -  
ous waveforms were not  significantly large. Judging 
from the shape of the curves shown in Fig. 1 and 3, 
one may  conclude that the effect of different AV 
waveforms were qual i ta t ively  similar. The same re- 
sults were also observed for mild steel in neut ra l  
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Fig, 3. Corrosion potential of mild steel in 0.5M sodium sulfate 
solution as a function of the rms of superimposed AV (60 Hz). The 
various notations are: O for sinusoidal wave, - - ~ - -  for square 
wave, and --A-- for triangular wave. 

nitrate,  perchlorate, and chlorate solutions. For this 
reason, only the results obtained with the square wave 
AV modulat ion will be presented in the subsequent  
sections. 

Polarization o] mild steel in nitrate and perchlorate 
solutions.--The resuIts for the square-wave  AV modu-  
lations of mild steel in 1.0M NaNO3 and 1.0M NaC104 
solutions are given in Fig. 4 and 5, respectively. Again, 
60 Hz AV was used in the polarization measurements .  
The magni tude  of AV varied from 0 to 2000 mV rms 
for n i t ra te  solution, and from 0 to 1000 mV rms for 
perchlorate solution. In  the active and the t ranspas-  
sive regions, the effect of AV was s imilar  to that  in  
sulfate solution: AV increased d-c current  densities 
and shifted the corrosion potential  toward the nega-  
tive direction. The magni tude  of the potential  shift in -  
creased with increasing AV values. 

In  the passive region, AV destroyed the passivity 
and increased the passivity current  densities by one to 
two orders of magnitude.  At large AV values, two 
distinct passive regions were observed. For n i t ra te  
solution, this occurred at the AV values greater  than 
500 mV rms. The phenomenon was more predominant  
with the square-wave AV modulat ion than with the 
sinusoidal and the t r iangular  waves. The first active- 
to-passive t ransi t ional  potential  occurred near  the 
na tura l  Flade potent ial  of 0V vs. SCE, and the second 
active-to-passive t ransi t ional  potential  occurred ap-  
proximately  at 0.75V vs. SCE. 

, % , I , , 'o lo  ~ooo , 
0.i Dg CURRENT Ds 0 mA/cm 2 
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Fig. 5. Effect of 60 Hz square wave AV on the polarization of 
mild steel in 1.0M sodium perchlorate solution. The magnitude of 
AV varied from 0 to 1000 mV rm~ as indicated in the figure. 

For perchlorate solution, the occurrence of the 
active-to-passive t ransi t ional  potentials was less re-  
producible. This was because the oxide film on mild 
steel was ini t ia ted by a dissolut ion-precipi tat ion 
mechanism, and the value of the act ive-to-passive 
transi t ional  potential  depended heavi ly  on the elec- 
trolyte convective conditions (5). The oxide film in 
perchlorate solution was less stable, and the electrode 
possessed an active region larger than that  in sulfate 
and n i t ra te  solutions. Also at the transpassive poten-  
tials, the oxygen evolution at the electrode was  less 
vigorous than in the other solutions. Figure 5 indicates 
tha t  when 500 mV rms AV was superimposed onto the 
electrode, the potential  range of the passive regioa was 
considerably reduced. At 1000 mV rms AV, two active- 
to-passive t ransi t ional  potentials were observed: the 
first occurred near  the na tu ra l  Flade potential  of 0.5V 
vs. SCE, and the second one occurred at a large noble 
value of 1.75V vs. SCE. 

A V  modulation of mild stee~ in chlorate solution.-- 
The behavior  of mild steel in neut ra l  sodium chlorate 
solution was ra ther  different from those in the other 
electrolytes. The na tu ra l  corrosior potential  in this so- 
lut ion was --0.3V vs. SCE as compared to --0.6 to 
--0.8V vs. SCE for sulfate, nitrate,  and perchlorate 
solutions. Figure 6 shows the effect of 60 Hz square-  
wave AV on the polarization of mild steel in  1.0M 
NaCIOa solution. It  is seen that  the corrosion potential  
was shifted toward the positive direction ra ther  than 
the negative direction. AV also el iminated the passive 
region in chlorate solution. For AV greater  than  500 
mV rms, no passive region was observed, and the 
active dissolution region was extended to 1.SV vs. SCE 
as shown in thr figure. It  seems that AV had the abil i ty 

 fSf 
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[ D 1500 
I I �9 zoop o r  ~ _ f ~ I 
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Fig. 4. Effect of 60 Hz square wave AV on the polarization of 
mild steel in 1.0M sodium nitrate s~lution. The magnitude of AV 
varied from 0 to 2000 mV rms as indicated in the figure. 

Fig. 6. Effect of 60 Hz square wave AV on the paltrlzatlon ~f 
mild steel in 1.0M sodium chlorate solution. The magnitude of AV 
varied from 0 to 2000 mV rms as indicated in the figure. 
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to p reven t  the  fo rmat ion  of oxide  film in chlora te  
solution. 

Discussion 
The shift  in the  corrosion poten t ia l  could be ex -  

p la ined  by  the fa rada ic  rect if icat ion due to a non-  
symmet r i ca l  behav ior  be tween  the cathodic and the 
anodic polar izat ions.  The calculat ions  made  b y  Chin 
et al. (3-4) indicate  that  the  corrosion potent ia l  wil l  
be shif ted toward  the negat ive  direct ion if the anodic 
Tafel  s lope is smal le r  than  the cathodic Tafel  slope. 
Conversely,  if  the anodic  Tafel  slope is g rea te r  than  
the cathodic Tafel  slope, then  the shift  in the  corrosion 
potent ia l  wi l l  be in the posi t ive direct ion.  For  smal l  
AV, the  potent ia l  of the  mi ld  s teel  e lec t rode  was fluc- 
tua t ing  be tween  a cathodic value  and a value  in the 
act ive region of the anodic polar iza t ion  curve. The 
Tafel  s lope of the  anodic polar iza t ion  curve in the  
active region was smal le r  than  tha t  of the  cathodic 
polar iza t ion  curve (4), and  consequent ly ,  the corrosion 
poten t ia l  was shif ted toward  the nega t ive  direct ion.  
As the  super imposed  AV increased,  the potent ia l  of 
the  mi ld  steel  e lec t rode  would  fluctUate over  a wide r  
po ten t ia l  range.  When  the e lec t rode  was super imposed  
wi th  an AV grea te r  than  750-1000 mV rms, the  ins tan-  
taneous peak  vol tage  could eas i ly  ex tend  into the pas -  
sive region,  where  the  polar iza t ion  curve possessed 
an inf ini te ly  large  Tafel  slope. I t  is be l ieved  tha t  this 
in terac t ion  wi th  the  passive region caused the even-  
tual  shift  back  of the corrosion poten t ia l  toward  the 
posi t ive di rect ion at  high AV values.  

An  a t t empt  has been  made  to exp la in  the  foregoing 
phenomena  wi th  a s imple  ma themat i ca l  model  based 
on the polar iza t ion  behav ior  wi thou t  any  super imposed  
AV. I t  was thought  tha t  the increase  in the pass iv i ty  
cur ren t  dens i ty  was caused by  the ins tantaneous  po-  
ten t ia l  var ia t ions  along the S - shaped  polar iza t ion  
curve when an AV of  a sufficient magni tude  was 
super imposed  onto the  electrode.  At  l a rge  AV values,  
the e lec t rode  potent ia l  could easi ly  change from a 
cathodic value,  th rough  the act ive region  on the anodic 
polar iza t ion  curve, to a value  in the passive or the 
t ranspass ive  region, and then back th rough  the same 
pa th  to the cathodic region.  This ins tantaneous  po-  
ten t ia l  var ia t ion  caused a complex cur ren t  f luctua-  
t ion at  the  electrode,  and the enhancement  of d -c  
cur ren t  was the resul t  of the t ime -ave rag ing  of the 
cur ren t  fluctuations.  Mathemat ica l ly ,  the  cu r ren t  den -  
s i ty -po ten t i a l  re la t ionsh ip  at  the mi ld  steel  e lec t rode  
m a y  be r ep resen ted  by  a function, ~(r 

i : I(r [4] 

This function can be obtained with the polarization 
measurement without any superimposed A~ r. It should 
be noted that Eq. [4] covers both anodic and cathodic 
regions of the polarization curves. When the electrode 
potential, @, is more negative than the corrosion po- 
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Fig. 7. Computer-simulated polarization curves for the square- 
wave AV modulation of mild steel in sodium perchlorate solution. 

tent ia l ,  ~bcorr, the  ne t  reac t ion  of the  e lect rode is ca th-  
odic, and according to the e lec t rochemical  convention, 
i should have a negat ive  value.  Conversely ,  if ~ is on 
the posi t ive side of  r the ne t  react ion is anodic, 
and i is positive. When  the e lec t rode  is polar ized wi th  
a d -c  potent ia l ,  CDC, super imposed  wi th  an AV, r 
the  ins tantaneous  cur ren t  can be ca lcula ted  by  

i(~,t) = •[r - t -  CAC(~t) ] [5] 

whe re  t i s  the  t ime and ~, is the  f r equency  of super -  
imposed AV. The quan t i ty  CAC for sinusoidal,  t r i -  
angular ,  and squa re -wave  AV may  be given as 

s inusoidal  wave  
~Ac = Vp sin ~t [6] 

t r i angu la r  wave  

(2/:~)Vp[~t --  2 (m -- 1):r], 

2(m-- l)r~<~t < (2m-- 3/2)~ 

(2/;{)Vp[ (2m -- I)~ -- ~t], 
CAC - - "  

2(m -- 2/3)~ < ~t < (2m -- I/2)~ 

(2/~) Vp[~t -- 2m~], 

(2m -- 1/2)~ < ~t < 2m~ 
[7] 

square wave  

f 
Vp, 2 (m -- 1 ) : ~ < , ~ t <  ( 2 m - -  1)~ 

CAc = [8] 
--Vp, ( 2 m - -  1 ) # < ~ t < 2 m z r  

where  Vp is the  peak  voltage,  and m denotes  the  cycle 
number  (m = 1, 2, 3 . . . .  ) of super imposed  AV. The 
d -c  cu r ren t  is equal  to the  t ime -a ve ra ge  of the in-  
s tantaneous  cur ren t  over  the mth  per iod  fluctuations 

iDC = (�89 ~) ~_,~ i[r c + CAC(~t)]d(~t) [9] 

I t  should be noted that  the concentra t ion  polar iza t ion  
and the effect of charging  and d ischarging  the electr ic  
double l aye r  have been neglec ted  in the analysis  for 
the sake of s impl ic i ty  of calculat ion.  The above equa-  
t ions have been used by  Chin and Venka tesh  (4) to 
s imula te  the s inusoidal  AV modula t ion  of mild  steel  
in sodium sulfa te  solutions. 

In  the presen t  s tudy,  a series of expe r imen ta l  runs  
were  made to de te rmine  the anodic and the cathodic 
polar iza t ion  curves wi thout  any  super imposed  AV for 
mi ld  steel  in 0.5M Na~SO4, 1.0M NaNO3, 1.0M NaC104, 
and  1.0M NaC103 solutions. These da ta  were  then  used 
as the  function ] (~)  in Eq. [4]- [9] ,  and the numer ica l  
resul ts  were  genera ted  on a d igi ta l  computer  to s imu-  
la te  the squa re -wave  AV modulat ions.  F igure  7 shows 
the typica l  compu te r - s imu la t ed  polar iza t ion  curves for 
mi ld  steel  in sodium perch lora te  solution. I t  is seen 
tha t  in spite of the s impl ic i ty  of the model,  the  s imu-  
l a t ed  curves  c lear ly  demons t ra te  tha t  (i)  t he re  is a 
shift  in the corrosion potent ia l  b y  AV toward  the 
negat ive  direct ion,  (ii) AV increases d -c  cu r ren t  den-  
sities in the cathodic region and in the  active region 
of the anodic polar iza t ion  curve, (iii) AV destroys  the  
passive region and increases the pass iv i ty  cur ren t  den-  
sities, and (iv) at  high AV values,  there  are  two dis-  
t inct  ac t ive - to -pass ive  t rans i t iona l  potent ials .  These 
resul ts  qua l i t a t ive ly  agree  wi th  the  expe r imen ta l  
curves  shown in Fig. 5 and p resen t  a good exp lana t ion  
of the  behavior  of the  mi ld  s teel  e lec t rode  under  the  
super imposed  AV conditions, in sodium sulfate,  so- 
d ium ni t ra te ,  and  sodium perch lora te  solutions.  F o r  
sodium chlora te  solution, the  compu te r - s imu la t ed  po-  
la r iza t ion  curves  showed the  cha rac te r i s t i c s  s imi la r  to 
those in the o ther  solutions, but  con t ra ry  to the t r end  
of the  expe r imen ta l  curves shown in Fig. 6. This dis-  
c repancy  impl ies  tha t  the  change in the shape of the  
polar iza t ion  curves  in ch lora te  solution was not  caused 
by  the e lec t r ica l  in te r fe rence  of AV on nonsymmet r i ca l  
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polar iza t ion  behavior  of the anodic and cathodic re -  
actions. Rather ,  the effect was of a chemical  nature,  
and AV caused a profound change in the  mechanism of 
i ron dissolution and film format ion  processes in chlo-  
ra te  solution. I t  is suggested that  fu r ther  studies be 
under t aken  to resolve the problem.  

Conclusions 
A s tudy  has been  made of the  effect of a l t e rna t ing  

vol tage (AV) on the polar izat ion of mi ld  steel  in 
neu t ra l  sodium sulfate,  n i t ra te ,  perchlorate ,  and chlo- 
ra te  solutions. The types of AV used were  60 Hz s inu-  
soidal, square,  and t r i angu la r  waves, and the measu re -  
ments  were  carr ied  out  for a range of AV from O to 
2000 mV rms. Based upon the expe r imen ta l  results ,  
the fol lowing conclusions could be made:  

1. AV caused a shift  in the corrosion potent ia l  
toward  the nega t ive  direct ion for  mi ld  steel  in sulfate,  
ni t ra te ,  and perch lora te  solutions. In  chlorate  solution, 
the corrosion potent ia l  was shif ted toward  the posi t ive 
direction.  

2. AV behaved  as a depolar izer  and subs tan t ia l ly  in-  
creased d-c  cur ren t  densit ies in the act ive and the 
t ranspass ive  regions of the polar izat ion curves. 

3. In  the passive region, AV des t royed  the pass iv i ty  
and increased the pass iv i ty  cur ren t  dens i ty  b y  one to 
two orders  of magn i tude  for mild  steel  in sulfate,  
n i t ra te ,  and perch lora te  solutions. In  chlora te  solution, 
AV preven ted  the format ion  of oxide film on the elec-  
trode, and comple te ly  e l imina ted  the passive region in 
the polar izat ion measurements .  

4. At  high AV values,  two dis t inct  ac t ive - to -pass ive  
t rans i t ional  potent ia ls  were  observed for mi ld  steel  
in n i t ra te  and perch lora te  solutions. 

5. The effects of var ious  AV waveforms were  qua l i -  
t a t ive ly  s imi lar  for al l  the solutions invest igated.  Tr i -  
angu la r  wave  caused the severes t  des t ruct ion  of pas -  

s iv i ty  in the passive region;  whereas  square wave 
caused the highest  increase  in d-c  cur ren t  in the act ive 
and the t ranspass ive  regions. 

6. A s imple ma themat i ca l  model  was used for the 
computer  s imula t ion  of the  polar izat ion behavior  of 
the mi ld  steel  e lect rode under  the super imposed  AV 
conditions. The s imula ted  curves agreed  qua l i t a t ive ly  
wi th  the expe r imen ta l  curves  for  sulfate,  n i t ra te ,  and  
perch lora te  solutions. 

Acknowledgment 
Acknowledgmen t  is made  to the Donors of the 

Pe t ro l eum Research Fund,  admin i s t r a t ed  by  the 
Amer ican  Chemical  Socie ty  for  suppor t  of this r e -  
search. 

Manuscr ip t  submi t ted  Sept.  23, 1982; revised m a n u -  
sc r ip t  received Jan.  7, 1983. 

A n y  discussion of this pape r  wil l  appea r  in a Discus-  
sion Section to be publ i shed  in the June  1984 JOURNAL. 
Al l  discussions for  the June  1984 Discussion Section 
should be submi t t ed  by  Feb.  1, 1984. 

The Petroleum Research Fund assisted in meeting 
the publication costs o5 this article. 

REFF_,RENCES 
1. S. R. Pookote  and D-T.  Chin, Materials Per]ormance, 

17, 9 (1978). 
2. S. Venkatesh  and D-T. Chin, Isr. J. Chem., 18, 56 

(1979). 
3. D-T. Chin and T. W. Fu, Corrosion, 35, 514 (1979). 
4. D-T. Chin and S. Venkatesh,  This Journal, 126, 1908 

(1979). 
5. D-T. Chin, ibid., 119, 1043 (1972). 
6. D-T. Chin, ibid., 119, 1181 (1972). 
7. D-T. Chin, ibid., 121, 527 (1974). 
8. D-T.  Chin, ibid., 118, 174 (1971). 

Galvanostaircase Polarization 
S. T. Hirozawa 

BASF Wyandotte Corporation, Wyandotte, Michigan 48192 

Cyclic po ten t iodynamic  polar izat ion is used most 
often to s tudy  the localized corrosion of metals.  There  
are  two cr i t ical  potent ia ls  tha t  are  genera l ly  be l ieved 
to be r e l evan t  to localized corrosion. The first of these 
is the potent ia l  at  which the cur ren t  begins to r ise 
above the passive c u r r e n t - - i t  has been re fe r red  to by  
var ious  names  (and symbols ) :  b r eakdown  potent ia l  
(Eb), b reak th rough  potent ia l  (Eb), cr i t ical  b r eakdown  
potent ia l  (Ec), t ranspass iva t ion  potent ial ,  p i t t ing  po-  
ten t ia l  (Ep, Epit), protect ion potent ia l  agains t  p i t t ing  
(Epp), cr i t ical  p i t t ing  potent ia l  (Ec, Ecp), and pit  nu-  
cleation poten t ia l  (Enp) (1-4).  The second cr i t ical  
potent ia l  is the potent ia l  at  which the cur ren t  on the  
reverse  vol tage  scan reaches the passive current ;  i t  
has been re fe r red  to as the protec t ion  potent ia l  (Ep, 
Ep~ot) (2, 3) and repass iva t ion  potent ia l  (Erepass). In 
this paper ,  the two cr i t ical  potent ia ls  wi l l  be r ep re -  
sented by  the b reakdown  (Eb) and protec t ion  (Eprot) 
potent ials .  Ep was purpose ly  avoided because it is used 
sometimes to s tand  for the p i t t ing  potent ial .  

The e lec t rochemical  techniques used to s tudy  loca l -  
ized corrosion can be d iv ided  into two genera l  groups:  
potent ia l  (E ) -con t ro l l ed  and cur ren t  ( / ) - con t ro l l ed  
polarizat ion.  The E-cont ro l led  group includes poten t io-  
dynamic  or  potent iokinet ic  polar izat ion (PDP) ,  s ta -  
t i ona ry  potent ios ta t ic  polar izat ion,  quas i - s t a t ionary  
potent ios ta t ic  polar iza t ion  (QSP) ,  scratch or scrape 
potent ios ta t ic  method,  chronocoulomet ry  ( record  i -  
vs. t - cu rve  at constant  potent ia l )  (1) and the pi t  

p ropagat ion  ra te  (PPR)  method  (3). The i -con t ro l led  
methods include ga lvanokinet ic  polar izat ion,  s ta t ion-  
a ry  galvanosta t ic  polar iza t ion  [galvanostep (5) ], 
quas i - s t a t iona ry  galvanosta t ic  polarizat ion,  and chro-  
nopo ten t iomet ry  ( record  E- vs. t - curves  at  constant  
cur ren t )  (4, 9). 

The e lec t rochemical  method used to s tudy localized 
corrosion mus t  be se lec ted  ca re fu l ly  because i t  wi l l  
have a large  influence on induct ion t ime, hysteresis ,  
scan ra te  effect, and charge  effect, al l  of which affect 
the values  of Eb and Eprot. The classical  E-cont ro l led  
polar izat ion techniques such as PDP and QSP are  ex-  
t r eme ly  prone to induct ion t ime effects which shif t  
Eb in the noble direct ion and cause the reproduc ib i l i ty  
~o be ve ry  poor. The reason for this t endency  is tha t  
the classical E-cont ro l led  methods  are  passive in na -  
ture, i.e., one raises the  vol tage  across the  passive 
l aye r  and  wai ts  for the  b r e a k th rough  of  charge  or  
b reakdown  of the passive layer .  The / -cont ro l led  
methods  are  active in nature ;  one does not  wai t  for 
the  b r eakdown  but  ac tua l ly  p rograms  it on any de-  
sired schedule (6). Therefore,  / -cont ro l led  techniques 
are  not affected by  induct ion t ime effects. 

In  a PDP or  QSP curve, a high induct ion t ime can 
lead  to excessive, uncont ro l lab le  cur ren t  hysteresis  
(6, 7); hence the charge densi ty  or  the .extent of pi t  

p ropaga t ion  cannot  be reproduced.  Wilde  (2) has 
found tha t  the va lue  of E~ var ies  i i n e a r l y  wi th  the  log 
of the coulombs passed. Syre t t  (3) t r ied  to avoid  the  



Vol. 130, No. 8 GALVANOSTAIRCASE POLARIZATION 1719 

passage of excessive charge (which is probably re-  
lated to pit propagation) by raising E above Eb to the 
breakthrough, then quickly reducing E to a constant 
level between Eb and Eprot and holding at the selected 
potential for 10 min. The pit propagation rate was ob- 
tained by dividing the average pit propagating current 
by the pit area, then plotting the pit propagation cur- 
rent density against potential to obtain Eprot. By mini-  
mizing the extent of pit propagation, the El, rot value 
should relate closely to the conditions of the metal 
surface existing in service. He found the Eprot values 
of stainless steels in Tyrode's solution much more 
noble than the values found by potentiodynamic po- 
larization. 

Pesall and Liu (8) used the potentiostatic approach 
but avoided the induction time by forcing a break-  
down by scratching the surface. The scratch method 
approaches the minimal pit  propagation recommended 
by Syrett, but it has the disadvantage in that the 
scratch location may not involve any of the most vul-  
nerable pitting sites. In the PPR (3) method, the most 
vulnerable sites are involved. 

Because current is under control in i-controlled 
techniques, it is not possible to have current hysteresis. 
Hence the charge density (coulombs/cmS) in a given 
test is under complete control. However, /-controlled 
techniques are subject to voltage hysteresis due to slow 
kinetics in the precipitation and possible recrystal l iza- 
tion of insoluble salts. The galvanokinetic method has 
the same disadvantage as the PDP method in that the 
kinetics of the electrode process is not evident. The 
stationary and quasi-stat ionary galvanostatic methods 
can vir tual ly eliminate the hysteresis effect by judici-  
ous adjustment of the time allowed for each step to 
reach steady state. Broli et al. (4, 9) found that the 
quasi-stat ionary galvanostatic method gave the most 
reproducible results and concluded that there was only 
one characteristic protection potential for pitting, Epp. 

The present paper  introduces the galvanostaircase 
polarization (GSCP) method which is an adaptation of 
the quasi-stat ionary galvanostatic method. Instead of 
plotting the steady-state potential against current, the 
voltage transients, which are responses to the current 
staircase signal, are recorded. The GSCP method not 
only combines the advantages of the scratch potentio- 
static method, the PPR curve method, and the quasi- 
stat ionary galvanostatic method, but also provides ad- 
ditional advantages. 

Exper imenta l  
A programmable timer was used to control a Prince- 

ton Applied Research Company (PAR) Model 175 
universal programmer to create a voltage staircase 
signal. This voltage staircase signal was fed to the 
PAR Model 73 potentiostat/galvanostat,  and under 
the "CONTROL I" mode the resulting current staircase 
signal was applied to the aluminum working electrode. 
The potential transients resulting from the applied 
current staircase were recorded. The steady-state po- 
tentials at the end of the up-steps were extrapolated 
to zero time or current to obtain the breakdown po- 
tential  (ED) and the steady potentials at the end of the 
down-steps were extrapolated to zero current to ob- 
tain the protection potential (Ep, Eprot). (6). 

The preparat ion of the aluminum test specimens and 
the test media were described earl ier  (5). 

Results and Discussion 
Figure 1 shows the GSCP curves for 3003 A1 in 100 

ppm C1- and in 1% NO~- in 25% glycol using the fast 
scan rate (20 #A/cm2:1  rain steps). Note that there is 
a slight separation between Eb and Eprot (AE > 0) for 
both cases. Figure 2 shows that slowing down the scan 
rate by one-half  causes hE to drop to a virtual  zero for 
both C1- and NO3-. This appears to support the view 
of some (4, 9) that  there is only one critical potential. 
However, the GSCP curve of a well inhibited anti-  
freeze coolant shows a very wide separation of Eb and 
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Fig, I. GSCP curves of 3003 AI in 100 ppm C I -  and 1% NaNO~ 
in 25% reference antifreeze (1% borax in glycol) using fast scan 
rate (20 ~A/cm2:1 min steps). Lower curve is C I - .  
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Fig. 2. GSCP curves of 3003 AI in 100 ppm C I -  and I% NaNOs 
in 25% reference antifreeze using medium scan rate (40 #A/cm2: 
4 min steps). Lower curve is C I - .  

Ep at the fast scan rate (Fig. 3). Figure 4 shows that 
slowing the scan rate down 2/15 times diminished ~E 
somewhat but failed to eliminate it completely. The 
"loop" formed by the Up-step and down-step sections 
of the GSCP curve (Fig. 4) is not the result of hystere-  
sis. In an /-controlled mode, only voltage hysteresis is 
allowed, i.e., voltage would be lagging current and the 
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Fig. 3. GSCP curve of 3003 AI 25% experimeataI antifreeze 
363-1.20 FA/cm2:1 min steps. 
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Fig. 4. GSCP cu+e of 3003 AI 25% experimental antifreeze 
363-1.40 #A/cm2:15 min steps. 

loop should have swung upward  ins tead of downward  
if hysteresis  occurred.  The rais ing of Eb re la t ive  to Eprot 
p robab ly  means  tha t  an outer  passive film was formed 
which resists  the flow of ions, t he reby  decreas ing the 
genera l  corrosion rate.  I t  is then quite unders t andab le  
why  Eb is affected by  the previous  h is tory  of the meta l  
which affects the thickness and pe rmeab i l i t y  of the 
passive film to ions. Eb is r a the r  nonreproduc ib le  in 
an inhibi ted  environment ,  whi le  in a noninhib i ted  or  
s l ight ly  aggressive med ium where  the meta ls  do not  
passivate,  it  is quite reproducible .  The single cr i t ical  
potent ial ,  Epp, proposed by  Broli  et al. (4) and the Epit 
obta ined  b y  Wiggle  et al. (10) (both ob ta ined  by  i -  
control led  methods)  p robab ly  correspond to Eb. In  
media  such as chlor ide  or n i t ra te ,  both of these po ten-  
t ials would  be equiva len t  to Eprot; however ,  in h igh ly  
inh ib i ted  medium,  e.g., expe r imen ta l  coolant  No. 363- 
1 in Fig. 3 and 4, the agreement  wi l l  not  hold true.- 

Eprot obta ined  by  GSCP was shown to be the t rue  
p i t t ing  potent ia l  (5, 6). Eprot of A1 in 3000 ppm C1- 
agreed ve ry  wel l  wi th  the repass iva t ion  potent ia l  ob-  
ta ined  b y  Rudd and Scul ly  (7) b y  the scrape poten t io-  
s tat ic  method.  When  the appl ied  potent ia l  was be low 
Eprot, the localized corrosion of A1 was prevented .  
When the appl ied  potent ia l  was be tween  Eb and Eprot, 
both  p i t t ing  and crevice corrosion occurred.  Eb appears  
to have no direct  re levance  to localized corrosion; how-  
ever,  i t  seems to have indirect  re levance.  For  example ,  
we found that  the grea te r  the aE, the more severe  was 
the crevice corrosion of A1 (5, 6). 

There  are  two p h e n o m e n a  observed in polar izat ion 
curves which are  dependent  on the method of po lar iza-  
tion. In E-con t ro l l ed  polar izat ion,  a cur ren t  m a x i m u m  
m a y  be observed  which corresponds to the ac t ive /  
passive t rans i t ion  of cer ta in  metals  in cer ta in  media ;  
this m a x i m u m  cannot  be observed  in / -cont ro l led  
polar iza t ion  curves. Meanwhile ,  in / -cont ro l led  po la r -  
ization, a vol tage  m a x i m u m  is observed occasional ly;  
this vol tage m a x i m u m  is not  de tec table  by  E-con-  
t ro l led  methods  (5). The vol tage  m a x i m u m  appears  at  
the ea r ly  stages of polar iza t ion  at  low cur ren t  and it 
could be noisy (p i t t ing)  or noise free. At  h igher  cur -  
ren ts  pas t  the  max imum,  the curve can remain  noise 
free, or noise could appea r  indica t ing  that  p i t t ing  has 
commenced.  The ava i l ab i l i ty  of this noise informat ion  
is one of the advantages  of GSCP. The vol tage m a x i -  
mum is p robab ly  due to slow pass iva t ion /depass iva t ion  
processes - - th i s  phenomenon is p r o b a b l y  the cause of  
the negat ive  shif t  of Eb with  s lower scan ra te  in po-  
t en t iodynamic  polar izat ion.  The p rob lem posed by  the 
vol tage m a x i m u m  can be easi ly  avoided by increas ing 
the cu r r en t  s tep in te rva l  in the GSCP method.  

The vol tage  m a x i m u m  discussed above is often re-  
f e r red  to as the pi t  nuclea t ion  potent ia l  (Epn) (1, 4). 
Epn should not be considered as one of the cr i t ical  
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potent ia ls  because it is h ighly  dependen t  on the 
kinet ics  of the e lect rode processes and scan rate,  and if  
g iven sufficient t ime, it  should drop down to Eb. 

A luminum is the ideal  meta l  to show the big differ-  
ence be tween  E-cont ro l led  and / -cont ro l led  polar iza-  
tion. The reason for  this  is tha t  A1 has a very  s t rong 
tendency  to pass ivate  in neu t r a l  media  and forms a 
ve ry  th ick (2000-5000A) passive layer .  F igure  5 shows 
the QSP curves obta ined  by  Rudd and Scul ly  (7) for 
A1 in 0.08M benzoate  in 3000 ppm C1- af te r  1/2 and 
16 hr  immers ion  t ime. To faci l i ta te  comparison,  the 
corresponding GSCP curves are  over l a id  on the QSP 
curves.  Note the ve ry  la rge  posi t ive shift  in Eb o b -  
t a i n e d  by QSP due to the induct ion effect. The severe 
hysteres is  in the QSP curves makes  it difficult to de-  
t e rmine  Eprot. The total  charges passed are  about  0.08 
and  15.2 coulombs/cm2 for the QSP curves  for the  1/2 
and 16 hr  immers ion  times, respect ively,  whi le  the 
charge  dens i ty  for  the two GSCP curves was exac t ly  
0.086 coulombs/cm 2. GSCP al lows the total  charge to be 
kep t  at  a m in imum p rede t e rmined  constant.  

The PPR curve method (3) is an E-cont ro l led  
method,  and therefore  the ac tual  charge passed per  
test  is not  under  absolute  control  a l though the au thor  
t r i ed  to keep it to a minimum.  The lowest  charge 
dens i ty  used was 1.12 coulombs/cm 2, and the charge 
dens i ty  was as high as 17.4 cou lombs /cm 2. F o r t u -  
nately,  the da ta  points, o ther  than  those der ived  f rom 
zero pi t  p ropagat ion  cur ren t  density,  appear  i r re levant .  
Pe rhaps  the main  weakness  of the PPR method is t h a t  
Eb and Eprot must  be known and they  are  obta ined by  
E-cont ro l led  methods  which make  the va lue  of Eb 
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Fig. 5. Potential/current density curves (of AI) obtained in 0.08M 
benzoate solutions (o) after 0.5 hr pre-exposure and (h) 16 hr pre- 
exposure. Different values of Epit (Eb) were attained as a result of 
the different times of exposure. [Courtesy of W. J. Rudd and J. C. 
Scully, Pergamon Press. See Ref. (7).] GSCP curves obtained under 
identical conditions are overlaid an their QSP curves. 
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doubtful especially when applied to A1 in neutral  
medium. 

Conclusion 
A GSCP method was developed which combines the 

advantages of the quasi-stationary galvanostatic 
method [Broli, et al. (4)], the scratch potentiostatic 
method [Pessall and Liu (8)], and the PPR curve 
method [Syrett (3)]. The advantages of the GSCP 
method are summarized: 

1. Rapid, accurate and precise. 
2. Eliminates induction time. 
3. Eliminates hysteresis. 
4. Charge flow is programmed precisely--kept  at 

minimum. 
5. Noise information in voltage transients signals 

commencement of pitting (if it occurs). 
8. Corrosion is localized at the most susceptible 

sites. 
7. Two critical potentials are obtained: (i) Eprot is 

reproducible and related directly to localized corrosion, 
and (ii) Eb is not reproducible because it is related to 
the degree of passivation. The higher the Eb (relative 
to Eprot) the greater the inhibition against general cor- 
rosion but the greater the tendency towards crevice 
corrosion. 

Manuscript submitted Nov. 16, 1982; revised manu-  
script received ca. May 5, 1983. This was Paper  48 
presented at the Detroit, Michigan, Meeting of the So- 
ciety, Oct. 17-21, 1982. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1984 JOURNAL. 
All discussions for the June 1984 Discussion Section 
should be submitted by Feb. 1, 1984. 

BASF Wyandotte Corporation assisted in meeting 
the publication costs o] this article. 
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ABSTRACT 

This paper presents some theoretical considerations to show that by etching in an enhanced acceleration field, such as 
can be obtained in a centrifuge, it is possible to circumvent many of the typical objectionable features of some of the tradi- 
tional etching techniques. The theory is corroborated by a small series of experiments. These clearly indicate that cens 
gal etching may yield very low undercutting, large etch rates, and, if proper care is taken, an extremely smooth surface 
finish. 

In many etching processes, the diffusional transport 
of the active components of the etchant to the surface 
or of the etched materials away from the surface, is a 
factor that severely limits the etch rate. The reason is 
that the diffusion coefficient of species dissolved in 
liquids is very small. D is of the order of 10-9 m~Isec 
(I), but it may be greater than that number depending 
upon the temperature. To increase the etch rate, vari- 
ous methods, such as jet, spray, or film etching, are 
used. The common feature of these methods is that the 
etchant is forced to flow along the surface, thus adding 
the effect of convectional transport. If the purpose of 
the etching procedure is to produce small holes or slits 
in an otherwise smooth surface, the flow will almost 
never directly penetrate into the holes (2). Except 
when the cavity is shallow, the etchant moves along 
the hole, the flow in the cavity being characterized by 
one or more trapped eddies. It has been shown before 
(3) that the transport of reactants or Of reaction 
products often occurs in a thin boundary layer that 
exists along the rim of the vortex. The exchange of 
etching products occurs by means of diffusion across 
the streamline that separates the eddies from one 
another or from the outer flow (Fig. 1). 

Although adding convection will certainly increase 
the etch rate, etching methods that involve the forcing 
of the etchant along the hole pattern have one in- 
herent drawback. It has, in fact, been shown experi- 
mentally (4) and explained theoretically (3) that the 
emergence of every new vortex leads to a drastic re- 
duction of the etch rate (Fig. 2). This results in strong 
undercutting effects. In any case, it is doubtful 
whether, in the end, the etch depth will ever be much 
larger than the final hole width. Therefore, deep etch- 
ing using forced flow outside the holes is probably 
impossible. This is also borne out by the experiments 
performed by Allen et al. (5-8). When convection 
effects are excluded, i.e., in purely diffusional pro- 
cesses, deep etching with respect to hole diameter in 
isotropic materials is equally impossible. Indeed, in 
such materials a diffusion process does not have a 
characteristic direction, and eventually etching will 
result in almost spherically shaped cavity wails. 

The purpose of this paper is to propose an alterna- 
tive method of etching that does involve convection 
but circumvents the deleterious side effects mentioned 

above. This method makes use of the fact tha t  in an 
actual etching process, the densi ty of the l iquid cer- 
ta inly is not  un i form throughout  the system. In  m a n y  
instances, the fluid will  become more dense if reaction 
products are added to it. This means that  in  such cases 
the fluid close to the wall  of the cavity is more dense 
than the remaining  pure etchant. When  the complete 
system is put  in  an acceleration field, e.g., inside a 
centrifuge or in  the ordinary  gravi ty field, and care is 
taken to ensure that  the acceleration vector is point-  
ing out of the hole, the more dense "polluted" fluid 
will  be d rawn out, thus creating a na tu ra l  convection 
pa t te rn  inside the cavity. Now there will be no trapped 
vortex wi thin  the cavity of the k ind sketched in Fig. 
1, as the fluid flows outward along the wall  and, by 
the requi rement  of continuity,  inward  through the 
center  (Fig. 3). It  should be realized that  pure etehant  
now first encounters the bottom of the cavity, thereby 
creating the largest etch rate exactly where it  is 
needed. The impur i ty  level grows along the side walls 
in the upward  direction which results in lower etch 
rates closer to the orifice. It  would seem that, by using 
this method, deep levels of penetra t ion can be reached 
and that  undercut t ing  can be kept  to a min imum.  

It is obvious that  the acceleration vector should 
point  inward  when addition of dissolution products to 
the etchant leads to lower densities. This is equal ly  
true if the removal  of active species leads to an 
etchant  of lower density. The acceleration vector 
should also point  inward  when the heat  produced dur -  
ing the etching process is so large that  thermal  ex- 
pansion exceeds the densi ty enhancement  due to the 
addit ion of etching products. If it  is difficult to assess 
the relative magni tude  of these two effects by  theo- 
retical means, suitable exper iments  will  be needed in 
order to decide how to apply the acceleration field. 

In  the remaining  par t  of this paper, we discuss some 
of the theoretical ideas that  explain how na tura l  
convection can be an effective means of t ranspor t ing 
reactants into arid reaction products out of a cavity. 
Several  experiments  were carried out using a centr i -  
fuge, and we present  some of the results in this paper. 
To simplify the presentation, we assume an etching 
process in which the "polluted" e tchant  has a higher 
density than pure etchant. As was explained above, 
the other cases can be dealt with similarly. 
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Fig. !. Qualitative picture of mass transfer from an open cavity 
as a function of cavity depth in jet etching. Arrows denote flow 
direction. Reaction products occupy the dotted regions. 
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Fig. 2. Qualitative picture of etch rate as a function of etch depth 

in jet etching. Dips are caused by the emergence of new cells in 
the flow pattern. The question mark signifies that due to under- 
cutting the two-cell pattern may never arise in practice. 

1 
fl 

e i c h a n t  

solid malerial 

~|ch resist 

Fig. 3. Mass transfer from a cavity with free convective stirring. 
Arrows denote the direction of flow. Reaction products occupy the 
dotted region. The acceleration field is denoted by a. Case de- 
picted assumes that reaction products are heavier than pure etchant. 
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T h e o r e t i c a l  Considera t ions  

In o rde r  tha t  we may  decide whe the r  na tu ra l  con-  
vect ion Of the type  descr ibed in the above sect ion can 
rea l ly  cont r ibute  to the  t r anspor t  of e tched mate r i a l s  
in an ac tual  s i tuat ion,  we must  have  an es t imate  of 
the re la t ive  magni tudes  of convect ional  and diffusional  
t ranspor t .  In  a s tanding  etchant ,  i.e., when s t i r r ing  is 
absent,  the t r anspor t  of reac t ion  products  is due 
solely to diffusion down a concentra t ion  gradient .  
Therefore,  the convect ive t r anspor t  due to f ree  con- 
vect ive s t i r r ing  should  at  least  be as large  as the  d i f -  
fus ional  t r anspor t  component ,  if i t  is to be not iceable  
at all. 

Clearly,  f ree convective s t i r r ing  wil l  be useful  only  
if i t  dominates  convection. In  a sys tem tha t  is charac -  
ter ized b y  a large  Schmidt  number  

Sc = v/D [1] 

where  ~ is the k inemat ic  viscosi ty of  the e tchant  
( ~  10-.8 m2/sec) and D is the diffusion coefficient 
( ~  10-9 m2/sec) ,  i t  is essent ia l ly  the  Rayle igh  number  
(Ra) 

Ra ---- a~ (• Is~ (~,D) [2] 

that  de te rmines  the re la t ive  impor tance  of convect ion 
and diffusion (9).  In  Eq. [2], a denotes  the acce lera-  
t ion field (m/sac  2) and  1 is a l ength  (m) tha t  is 
charac ter i s t ic  for  the size of the system. At  the  s ta r t  
of the  e tching process,  I m a y  be t aken  as the  ha l f -  
width  of the e tchable  area.  When  a deep hole has been 
etched, the  dep th  m a y  be t aken  as  the  charac ter i s t ic  
length. Fur ther ,  hc is a measure  of the concentra t ion  

difference ( m o l / m  s) of the  reac t ion  products ,  and  
is the coefficient of volumetr ic  expansion.  In  ac tua l  
fact, if  the dens i ty  var ia t ions  are  not  too large,  the  
dens i ty  of the po l lu ted  e tching fluid can be given b y  
the l inear  re la t ionship  

p = ~o (1 + ~ c )  [3] 

where  p0 is the dens i ty  of pure  etchant .  Should  t h e r -  
ma l  effects be impor t an t  ( react ion hea t ) ,  Eq. [3] wi l l  
have to be ex tended  to include these 

p = p0(l + p~c --  ~HAT) [4] 

where  T is the t empe ra tu r e  and ~H signifies the  c o e f f i -  

c i e n t  of t he rma l  expansion.  
Convect ion effects a re  dominan t  if the  Ra number  

is cons iderab ly  l a rge r  than  unity.  I t  is known,  f rom 
both the h e a t  and the mass  t r ans fe r  l i t e r a tu re  (10, 11), 
tha t  Ra should  at  leas t  be on the order  of one h u n d r e d  
for  convect ion r ea l ly  to domina te  over  diffusion. To 
obta in  an idea  of the  values  Ra m a y  assume, consider  
what  happens  in an o rd ina ry  g rav i ty  field (a = 10 
m/sec2),  using the values  of D and v a l r e a d y  given. 
If  the  cavi ty  to be e tched has an or ig inal  w id th  of 
100 #m, we have 1 ,~ 1,2 �9 10-4m (ha l f -w id th ) .  A r e a -  
sonable  value  of /~Ac would  seem to be 0.01, which  
means  a dens i ty  change on the o rde r  of one percent .  
Ra for  this case is about  10, which seems to be too 
smal l  for convect ion to have  a significant influence on 
the etching process. 

To ob ta in  large  e tching ra tes  in the  example  ci ted 
above, we might  employ  wha t  m a y  be  ca l led  an a r t i -  
ficial g rav i ty  field tha t  can be crea ted  inside a cen t r i -  
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fuge. Values of a up to 104 m/sec  2 can be created even 
in a s imple  centrifuge.  Using such an appara tus ,  we 
m a y  induce an intense na tu ra l -convec t ive  s t i r r ing  
r i gh t  f rom the s t a r t  of the process. In the example  
given above, the Ra number  would be on the o rde r  
of 104 at  least,  ensur ing  the dominance  of na tu r a l  
convect ion over  pure  diffusion. 

When the holes to be etched become smal ler ,  the  Ra 
number  decreases in p ropor t ion  to the th i rd  power  of 
the characterist}c length. Therefore,  when  etching 
smal le r  holes, leaving  al l  o ther  pa rame te r s  in the sys-  
tem unchanged,  we even tua l ly  have to use a more 
powerfu l  u l t racen t r i fuge  ( l a rger  a) to keep  the Ra 
number  at  high levels.  

Fur ther ,  it  should be r e m a r k e d  that  in Ra-number=  
de te rmined  flows, ce l lu lar  flow pa t te rns  m a y  emerge.  
These are  cal led B~nard cells, which emerge  when  
the fluid dens i ty  g rad ien t  and the ex te rna l  field a re  
para l l e l  but  d i rec ted  oppositely.  An  a r r a y  of such 
cells is sketched in Fig. 4, toge ther  wi th  the e tching 
pa t t e rn  that  may  be expected on account of  these cells. 
La t e r  in this paper ,  we consider  this phenomenon in 
more  de ta i l  to exp la in  cer ta in  expe r imen ta l  results.  

To conclude this section, we devote some a t ten t ion  
to the possible Sherwood  numbers  (Sh)  that  can be 
ob ta ined  th rough  cent r i fugal  etching. Here the Sh 
number  is defined b y  

Sh -- ~L/(D~c) [5] 

where  r is the flux of dissolved produc t  and  L is a 
length  tha t  character izes  the  size of the active surface,  
e.g., the  hydrau l i c  radius.  To get  an ins ight  into the 
possible values  Sh may  at tain,  we appea l  to the resul ts  
obta ined for f ree-convect ive  mass t ransfe r  at  hor i -  
zon t a l e l ec t rodes  (12). If Ra is in the range 3 • 104 
Ra < 2.5 X 107, we have 

Sh --  0.64 Ra'/4 [6] 

Al though i t  is not  exp l ic i t ly  s ta ted in (12), i t  would  
seem tha t  both Ra and Sh in Eq. [6] are  based  on the 
width  L of the mass t rans fe r  area. 

The Ra range  of va l id i ty  of Eq. [6] is res t r ic ted  by  
the t rans i t ion  to tu rbu len t  flow (upper  bound)  and 
the inaccuracies  of l amina r  b o u n d a r y - l a y e r  theory  at  
smal le r  Ra numbers  ( lower  bound) .  The resul ts  of 
Golds te in  et al. (13) are ve ry  useful  to de te rmine  the 
Sh n u m b e r  in the lower  Ra range.  The corre la t ions  
es tabl ished b y  these authors  are  

l I  

e t c h  b a t h  
B6nard 
# cell-,L' 

e t c h  r a t e  e t c h a b t e  

s u r f a c e  

e t c h e d  cett  

Sh = 0.59 Ra I/, (Ra > 200) [7a] 

Sh = 0.96 Ra I/6 (Ra < 200) [Tb] 

It  should be  noted tha t  the ,characteristic length  used 
in Eq. [7a] and [7b] is de te rmined  by  dividing the 
a rea  of the mass t ransfe r  region by  its per imeter .  For 
long stripes,  this means tha t  the ha l f -w id th  should be 
taken,  On the o ther  hand, for  c i rcular  or  square  re -  
gions the q u a r t e r - d i a m e t e r  and the q u a r t e r - w i d t h  
should be used respect ively .  

It is t empt ing  to compare  the Sh -Ra  correla t ions  of 
Eq. [6] and [7] wi th  those re fe r r ing  to forced con- 
vect ion flows tha t  p reva i l  in je t  etching. The app ro -  
pr ia te  Sh -Sc -Re  corre la t ion  depends  s t rongly  upon 
the w a y  in which the e tchant  is forced onto and 
along the surface. Reference (9) presents  some of 
these correla t ions  which show tha t  for Ra _-- 104, the 
Sh numbers  that  fol low from Eq. [6] or  [7] are  
an order  of magni tude  smal le r  than the corresponding 
forced convection ones. However ,  as the holes become 
deeper,  the forced convection Sh numbers  wil l  r ap id ly  
drop to lower  values for reasons discussed before  (see 
discussion of Fig. 1). The na tu ra l - convec t ive  cor re la -  
tions, on the o the r  hand,  wi l l  r emain  valid.  Since free 
convection along ver t ica l  surfaces is more  effective in 
terms of mass t ransfe r  rates,  the f ree-convect ive  Sh 
numbers  m a y  even go up a l i t t le  bi t  as soon as a 
ver t ica l  s idewal l  of a l ength  comparab le  to the  hole 
wid th  has been deve loped  dur ing  the e tching process. 

Exper imenta l  
A beake r  containing the e tchant  was placed in a 

centr i fuge wi th  a m a x i m u m  rota t ion ra te  of  30 rps, 
which gave an art if icial  g rav i ty  of W or  - 500g at  the 
locat ion of the test  samples.  The appara tus  we used 
was a s imple  table  centr i fuge tha t  was or ig ina l ly  de-  
signed for the sp in  dry ing  of silicon wafers.  

The samples  were  mounted  on the top or  the bot tom 
surface of a glass ho lder  along which the e tchant  
could flow freely.  Dur ing  spinning,  samples  moun ted  
on the top of the ho lder  exper ienced  a posit ive,  i.e., 
i nward  d i rec ted  art if icial  gravi ty  wi th  respect  to the 
test  pa t t e rn  surface,  whereas  samples  fixed to the 
bot tom surface were  subjec t  to a nega t ive  (ou tward  
d i rec ted)  g rav i ty  at  the test  pa t t e rn  surface.  A sche- 
mat ic  pic ture  of the expe r imen ta l  setup is given in 
Fig. 5. 

A single expe r imen t  (__.25,000g) was car r ied  out  in 
an ul t racentr i fuge.  In  the l a t t e r  exper iment ,  we used a 
Teflon sample  holder ,  the shape and the size of which 
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Fig. 4. Binard cell flow pattern and resulting etching structure. 
(I) Initial flow pattern and etch rate distribution. (11) Sketch typi- 
fying a later stage of the etching process. 

Fig. S. Apparatus used in centrifugal etching. Case depicted 
refers to negative artificial gravity. The acceleration field is de- 
noted by a. 
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were  adap ted  to the  specia l  e longated  b e a k e r s  e m -  
p l o y e d  in an u l t racen t r i fuge  of the swing -ou t  t y p e .  
Again,  this  k ind  of cent r i fuge  was  not  spec ia l ly  d e -  
s i g n e d  for e tching purposes,  as i t  is used ex tens ive ly  
for  biological  sed imenta t ion  exper iments .  

In  o rde r  to inves t iga te  whe the r  the theore t ica l  con- 
s idera t ions  p resen ted  ea r l i e r  in this p a p e r  a re  valid,  
we took as test  samples  monocrys ta l l ine  (1,0,0) or ien ted  
n - type  GaAs slices as wel l  as magnes ium-bronze  
sheets  both  wi th  thickneases of 200 and 400 ~m. We 
used a tes t  pa t t e rn  of circles wi th  d iameters  ranging  
f rom 80 to 5000 ~m. The e tch res i s tan t  l a y e r  on GaAs 
was pyro l i t i c  SiO~ and on bronze the  so-cal led  C 
lacquer .  1 

The GaAs slices were  etched e i ther  wi th  a p re fe ren -  
t ia l  or  a nonpre fe ren t i a l  etchant .  The fo rmer  is ve ry  
sensi t ive to c rys ta l lographic  or ientat ion,  and  the e tch-  
an t  used (3,1,1) exhib i t s  the lowest  etch r a t e  o n  
(1,1,1) surfaces. 

3 vol par t s  CI-I3OH (methanol )  
1 vol  pa r t  HsPO4 (conc) 
1 vol pa r t  H202 (30%) 

The nonpre fe ren t i a l  e tchant  (5,5,2) had  the fol lowing 
composit ion 

5 vol par t s  H~PO4 (conc) 
5 vol par t s  H2SO4 (conc) 
2 vol  par t s  H202 (30%) 

At  the s ta r t  of  the exper iment ,  the t empera tu re  of the 
e tchant  was 20~ 

Results 
In  Table I, resul ts  wi th  GaAs per ta in ing  to the 

etched depths  have been summar ized .  The c i rcular  
areas  had  large  d iamete rs  compared  to the etched 
depths.  I t  should be noted tha t  the nonpre Ie ren t i a l  
e tchant  y ie lds  an ex t r eme ly  smooth  su rmce  finish 
(Fig. 6). 

Sheets  of bronze were  etched in a centr i fuge in 
aqueous solutions of FeCl~ wi th  s.w. 1.40 g / cm J and 
with  an art if icial  g rav i ty  ranging  f rom -t-500 to 
-25,000g. Resul ts  ob ta ined  f rom exper imen t s  in which  
the art if icial  g rav i ty  was di rec ted  away  f rom the test  
pa t t e rn  surface,  as wel l  as those where  the  art i f icial  
g rav i ty  was d i rec ted  inward ,  seem to confirm some of 
the theore t ica l  expectat ions.  

When  the g rav i ty  field was d i rec ted  toward  the test  
pa t tern ,  the e tched holes, wi th  d iameters  ranging  f rom 
80 to 5000 #m have pe rpend icu la r  s idewal ls  and flat 
bo t tom surfaces.  There  is no evidence of B~nard cell  
s t ruc tures  which are  character is t ic  for the negat ive  
g rav i ty  case (see be low) .  The undercu t t ing  amounted  
to about  one -ha l f  of the etched dep th  for  e tching t imes 
of up to 15 min. For  longer  etching times, i t  tends  to 
become equal  to the  e tched depth.  With  the  condit ions 
descr ibed  in Table  II  for the --  350g exper iment ,  the  

350g expe r imen t  showed etching depths  of app rox i -  
ma te ly  40 and 50 ~m for etching t imes of 15 and 30 
min, respect ively .  Af te r  90 rain of etching, the h o l e s  
were r a the r  de fo rmed  wi th  a m a x i m u m  dep th  of about  
100 ~m. 

Wi th  the g rav i ty  field d i rec ted  a w a y  f rom the test  
pa t t e rn  surface, we used accelerat ions  of - -  140, - -  350, 

~A polyvinylbutyral-based negative lacquer (made  by Phlltps 
for internal  use) .  

Table I. Effect of gravity field on etched depth (~m) after 
6 min etching of GaAs; hole diameter: 250 #m. 

Etchant Etchant 
Etching time: 6 rain 5,5,2 3,3,1 

Standing etchant  6 /zm 11/zm 
+ 350g 25 ~m 25 ~m 
- 350g 55 ~-n 50 izm 

Fig. 6. Smooth surface finish in GaAs (~350g); 70~C; 30 sec; 
etch bath 3:1:1 (H2SO4:H202:H~O). 

--500, and --25,000g. To achieve the la rges t  o f  t h e s e  
values,  we used an u l t racen t r i fuge  in a single ex -  
per iment .  A p a r t  f rom the e tching t ime, the depths  o f  
the holes ob ta ined  depend  on the art if icial  g r av i ty  a n d  
on or ig ina l  hole d iameter .  Since the thickness  o f  t h e  
bronze sheet  used was not  more  than  400 ~m, h o l e s  
which otherwise  would  have been deeper  c o u l d n o t  be 
measured.  The lower  values  given in  Table II  r e fe r  to 
holes wi th  a d i ame te r  of  100 #m. 

The 5000 ~m hole shows an except ion to this rule,  
as the average  etch ra te  drops cont inual ly ;  we a t -  
t r i b u t e  this unusua l  behav ior  to a t empe ra tu r e  effect. 
In Table III, resul ts  are  given for  var ious  etching 
t imes and hole diameters .  S ta r t ing  at  a r a the r  high 
value,  the e tch ra te  remains  v i r t ua l ly  constant  f o r  
t imes las t ing up to 90 min. The e tch ra te  of FeCls in a 
s tand ing  e tchant  is 1 ~m/min  for  hole d iamete rs  ~-- 
100 ~m. The etch ra te  p roduced  in the u l t racen t r i fuge  
(--25,000g) was --~ 40 ~ m / m i n  for  a hole d i ame te r  o f  
250 ~m and 13 ~m/min  for  a hole d iamete r  of 10C #m. 

Wi th  art if icial  g rav i ty  d i rec ted  outward ,  we ob-  
served B~nard cell s t ructures .  F igure  7, which refers  
to a shor t  e tching t ime and therefore  sha l low etching, 
c lea r ly  shows the hexagona l  s t ruc ture  charac ter i s t ic  o f  
B~nard cells. This pa r t i cu la r  expe r imen t  was car r ied  
out in - -350g.  The average  size of the cell  is about  
100-200 ~m. Smal le r  d i ame te r  holes e tched unde r  t h e  
same expe r imen ta l  condit ions showed a s imi lar  cell 
pat tern ,  the  average  cell  size being again  app rox i -  

Table Ih Effect of gravity field and etching time on the etched 
depth (#m) of bronze; hole diameters: 100-1000 ~m. 

Etching t ime 

Artificial gravity 7.5 rain 15 rain 60 rain 

+ lg  20 
-- 140g 100 100-300 
-- 350g 50 100 120-400 
-- 500g 125 160-400 
- 25,o00g 2O0-4O0 

Table IlL Average etch rate (~m/min). Etch depth (,~m) per min 
for an artificial gravity of --350g; bronze. 

Etching t ime 
used for 

averaging (in rain) 

Initial hole diameter (~m) 

5000 500 250 100 

7.5 17 7 6 8 
30 13 3.5 3.5 2 
60 7 3.5 3.5 2 
90 4.5 3.5 3.5 2 
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Fig. 7. Binard cell structure (bronze, --350g); etching time, 15 
min; etchant, FeCIB; s.w., 1.35. 

mate ly  100 #m, indica t ing  tha t  this is a length  charac-  
ter is t ic  for the p reva i l ing  etching conditions.  Al though  
the hexagona l  s t ruc ture  d isappears  as l a rge r  depths  
are  reached,  the cells remain ,  the i r  appearance  be-  
coming more  rounded.  Smal l e r  holes, wi th  a d i ame te r  
only  a few t imes the  character is t ic  length,  exhib i t  a 
r ing- l ike  series of d e e p  holes showing a p i l l a r - l i ke  
s t ruc ture  in the  middle  (Fig. 8-10). Below hole d i am-  
eters  of 150 ~m, the mul t ice l l  phenomenon d isappears  
for  reasons tha t  should be obvious. F igure  11 shows a 
cy l indr ica l  hole of 100 ~m d iamete r  e tched th rough  a 
sheet  tha t  was 200 #m thick. 

A simplif ied p ic ture  of the type  of fluid flow tha t  
can be expected  due to the  B~nard phenomenon  is 
shown in Fig. 4, where  a l inea r  a r r a y  of B~nard cells 
is shown. Typica l ly ,  the  width  and the he ight  of a 
pa r t i cu la r  cell  a re  of the same o rde r  of magni tude .  
The etch ra te  wil l  be larges t  where  downward  d i rec ted  
fluid reaches the e tchable  surface.  I t  wi l l  be lowest  
where  the  s t reaml ines  are  d i rec ted  a w a y  f rom the 
surface. Clearly,  t h e  e tched cells wi l l  be app rox i -  
ma te ly  twice as l a rge  as the B~nard fluid cells. The 
ideal  p ic ture  ske tched in Fig. 3 refers  to the case 
when  exac t ly  two B~nard ceils fit into the  cavity.  

In  the  single expe r imen t  car r ied  out  at  --25,000g, 
a s imi la r  ce l lu lar  s t ruc ture  could be observed,  a l -  
though the phenomenon  was not  ve ry  dist inctive.  The 
cells appeared  to have a d i ame te r  tha t  was about  
one -qua r t e r  of  those resu l t ing  f rom the - -350g  e x -  

Fig. 9. Cellular pattern (OHW 350 #m. Bronze, --350g). Etching 
time: 1 hr; etchant: FeCI~; s.w.: 1.39. 

Fig. 10. Side view showing central pillar. Hole same as that of 
Fig. 9. (Bronze, --3S0g.) 

Fig. B. Cellular pattern. Original hole width (OHW): 200 #m. 
(Bronze, --350g.) Etching time: 1 hr; etchant: FeCl~; s.w.: 1.39. 

Fig 11. Cylindrical hole in bronze (width: 100 ~m, depth: 200 
~m, --350g). Etching time: 15 min; etchant: FeCI3; s.w.: 1.35. 

per iment .  F igure  12 shows a hole wi th  a d iamete r  
s l igh t ly  la rger  than 100 ~m. The bo t tom contains a 
great  many  cells; however  the cells are  r a the r  vague. 
At  - -350g,  the same hole shows on ly  a single cell  
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Fig. 12. Cellular pattern at --25,000g (OHW 120 /~m, bronze). 
Etching time: 15 min; etchant: FeCI~. 

and that  would have filled the ent i re  cavity.  P i l l a r  
format ion  ev iden t ly  depends  upon the .characteristic 
cell  size; the l a rge r  the art if icial  g rav i ty  appl ied,  the 
smal le r  the hole d iamete r  is tha t  reveals  the phenome-  
non. 

Despite these cells, the undercutting of the photo- 
resis t  was ve ry  slight.  When  the sheets  were  etched 
through,  no evidence of the cell  s t ruc tures  was left, 
as the wal ls  were  smooth.  Table  IV gives a s u m m a r y  
of the  ra t io  of undere tch ing  to e tched depth  for  
var ious  art if icial  gravit ies .  This rat io  appears  to be in-  
dependen t  of hole d iameter .  F rom the single expe r i -  
ment  car r ied  out  in the u l t racent r i fuge ,  we t en ta t ive ly  
conclude tha t  the etch factor  can even be much 
sma l l e r  under  ex t r eme  accelera t ion  .conditions. At  
--25,000g, the etch factor  appeared  to be on the o rde r  
of 0.05. 

Al though etch ra te  and undercu t t ing  seem to have  
a more  or  less r egu la r  behavior  as a funct ion of hole 
d i ame te r  and  o ther  pa rame te r s  ment ioned,  i t  s imply  
occurred too .often to be considered accidenta l  that ,  for  
hole d iameters  in the range 100-160 ;~m, the etch ra te  
was c lear ly  h igher  than  tha t  of both  sma l l e r  and l a rge r  
holes. In  15 min, we etched a hole 200 #m deep with  a 
d i ame te r  of 100 ~m holes. Holes of 40.0 ~m deep with  a 
d iamete r  of 140-160 ~m were  etched in 30 min. The 
walls  of these holes were  as perfect  as al l  the o ther  
holes ob ta ined  dur ing  the same exper iments .  

When holes had  been etched th rough  comple te ly  
before e tching stopped, an increase of the  hole d i ame-  
te r  occurred in the lower  pa r t  of the holes. F igures  
15 and 16, which  refer  to resul ts  obta ined  in the u l t r a -  
centr ifuge,  c lea r ly  show this phenomenon.  

Discussion 
The expe r imen ta l  resul ts  p resented  in this exp lo ra -  

tory  pape r  c lear ly  indicate  tha t  some r e m a r k a b l e  re -  
sults m a y  be obta ined  by  centr i fugal  etching. I t  would  
seem tha t  re la t ive  e tching depths  can be reached 
that  a re  s imply  not ob ta inable  by  the t rad i t iona l  
methods  of jet ,  spray,  and film etching. The degree  
of undercu t t ing  is e x t r e m e l y  low b y  o rd ina ry  s tan-  
dards.  In  many  instances, our  cen t r i fuga l  etching 

Table IV. Underetching--depth etching ratio for various artificial 
gravities and etching times: bronze. 

E t c h i n g  t i m e  

Ar t i f i c i a l  g r a v i t y  15 ra in  60 r a in  90 min 

solid malerial 
Fig. 13. Diffusion field in a standing etchont. The density of the 

dots denotes the concentration level of reaction products. D is the 
diffusion coefficient and t is the time. 

~a elchanl 

/ elch resisl solid material 
Fig. 14. The squeezing of reaction products against the substrate 

by means of an applied acceleration field a. It is assumed that 
reaction products are heavier than pure etchant. 

procedure  gave holes tha t  were  a lmost  cyl indr ical ,  the  
e tched depth  being cons iderab ly  l a rge r  than the final 
hole diameter .  In an u l t racent r i fuge ,  etch ra tes  m a y  
be achieved tha t  a re  even l a rge r  than  those ob ta ined  
by  o rd ina ry  j e t  e tching methods.  Al l  these r e m a r k a b l e  
resul ts  were  obta ined  when the art if icial  g rav i ty  was 
point ing away  f rom the surface being etched. 

Inward-directed artificial gravity.~On the o ther  
hand, when the accelera t ion  field was point ing inward ,  
e x t r e m e l y  smooth surface finishes were  seen. The 
etched bot toms were  ve ry  flat, bu t  now undercu t t ing  
was not  negligible.  Still ,  the  etch ra te  p roved  to be a 
fa i r  bi t  h igher  than  tha t  obta ined  in a s tand ing  e tch-  
ant. As an explanat ion,  we might  ven ture  the fol -  
lowing. 

With  inward  d i rec ted  art if icial  gravi ty ,  the reac t ion  
products  a re  squeezed against  the surface, the po l lu ted  
l aye r  becoming almost  one-d imens iona l ly  strat if ied 
(Fig. 14). In the absence of the accelera t ion  field, the 
etching products  would  have assembled in a semi-  
spher ica l  s lowly  expand ing  diffusion region (Fig. 
13), the  thickness of which  would  be on the o rde r  of 
the diffusion length  (Dr)'/2. Since pol lu ted  e tchant  was 
assumed to be more dense than  pure  etchant ,  this 
semispher ica l  region cannot  be ma in ta ined  in a force 
field that  acts on the mass of a substance.  Therefore,  
the po l lu ted  e tchant  wi l l  spread  out  over  the surface  
which is " lowest"  in the field, much as a l aye r  of cold 
a i r  would  spread  out over  the surface of the earth.  
The one-d imens iona l  s t rat i f icat ion of the fo rmer  case 
(wi th  i nward  d i rec ted  force field appl ied)  leads to an 
effective diffusion length  tha t  is much smaller ,  where  
the  diffusion length  could be defined as the dis tance 
over  which the concentra t ion  drops  to 50% of its 

- -  140g 0.13 0.13 
- 350g  0.13 0 .12 0.10 
- 500g 0.12 0.~)8 
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highest value. As the etch rate is inversely propor-  
t ional to the effective diffusion length, we may under -  
stand that  etching will then  proceed more rapidly. 
Evidence for this can be found in Table I where the 
application of a positive field led to an etch rate that 
was at least two times larger than that  observed in  a 
s tat ionary etchant. 

The smoothness of the surface finish observed in 
the positive, inward  directed gravi ty  case could be 
explained as follows. Dur ing  etching, gaseous products 
may be created at the surface. In case these products 
are not dissolved completely, t iny gas bubbles wil l  
appear. If these remain  attached to the wall, a coarse 
etched surface will be obtained. A strong positive field 
will pull  these bubbles away from the surface the 
moment  they appear, and a smoother etching process 
is obtained. 

B~nard cells.--Returning now to the negative grav-  
i ty case, it would seem that  the most favorable con- 
ditions for fast deep etching exist when  the hole 
diameter  is just  a little over the characteristic length 
given by the B~nard cell size. As we said before, for 
a given etching system, the cell size is fully deter-  
mined  by the magni tude  of the artificial gravity. 
From the experiments  on bronze in an  FeC13 envi ron-  
ment,  performed at -- 350 and --25,000g, respectively, 
we found a reduct ion of the cell size from ~ 120 to 

30 #m. Since the etching systems were the same in  
the two cases, this means that  the Ra n u m b e r  based 
on cell size (Eq. [2] ) was the same in  both experi-  
ments. Referr ing to the classical theories of Rayleigh- 
B~nard ins tabi l i ty  (14), we conclude that there is 
a critical Ra number  at which convection sets in in a 
horizontal ly stratified fluid. This value of Ra is in the 
neighborhood of 1000. If this theory applies to the 
present  case, we have a means of de termining  the 
correct acceleration needed to etch a given hole in 
an optimal sense. The required acceleration is 

a = a r ( l r / / )  3 [8]  

where ar and Ir are values obtained from an experi-  
men t  that was carried out for reference purposes, and 
I is the given hole diameter.  If Eq. [8] is applied to 
the two experiments  ment ioned earlier in this para-  
graph, we readily find that  the values ar -- 350g, a = 
25,000g, lr = 120 ~m, and I = 30 ~m do satisfy Eq. [8] 
to a remarkable  extent. Here it  should be realized that  
the values of lr and l were read directly from the 
photographs of Fig. 7 and 12 and are only correct in 
an approximate sense. 

Etch rates: a comparison between theory and ex- 
periment.--We shall  now investigate how the etch 
rates as shown in  Table II can be explained with a 
view to the theoretical etch rates as expressed by Eq. 
[7]. In using Eq. [7], one should take into considera- 
tion that this equation is applicable only when  the 
etching process has not yet proceeded to depths that  
are larger than the original width of the cavity. In -  
deed the exper iments  that led to Eq. [7] (13) were 
done on nonetchable  s ta t ionary surfaces. When etch- 
ing has proceeded to greater  depths, the motive force 
a t t r ibutable  to free convection along vertical surfaces 
will dominate the etching process and a different 
(probably larger) Sh n u m b e r  will  be obtained. 

Another  complicating factor that  may hamper  a 
correct judgment  of the relative etch rates is to be 
found in the heat production that will occur dur ing  
many  etching processes. If the etchable area is much 
larger than  the thickness of the sheet, the main  par t  
of the produced heat has to be carried off to the 
fluid, conduction through the sheet being only of 
minor  importance. On the other hand,  if the holes are 
relat ively small, conduction may well be the main  
cooling factor, especially if the sheet mater ia l  is a good 
heat conductor such as bronze. In  the former case, only 
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one mode of heat transfer is present, and we may 
expect higher temperatures and consequently higher 
etch rates. Table III presents some evidence for this 
phenomenon, as the etch rate observed for the 5000 
~m hole is significantly above that  for the smaller  
holes. 

With the provisos of the previous paragraph in 
mind, we may still a t tempt  to explain the e tch-depth 
variations presented in Table II. Since the Sh number  
is a measure of the ratio of the actual overall  mass 
t ransport  on the one hand and mass t ransport  solely 
due to diffusion on the other, it will  have a value of 
about  one when st i r r ing is absent or only very moder-  
ate. in  Eq. [7a], we see that Sh is in the range of 3.5 
to 6 when the Ra number  varies in  the range of 10 s- 
104 . The etched depths given in Table II (15 rain 
column) for the s tanding etchant and centr i fugal  ones 
of down to -- 500g do seem to confirm this range of 
values. An estimate of the true value of the Ra 
number  may be obtained as follows. As postulated 
above, in each centr ifugal  case, the value of Ra based 
on the width of the B~nard cell (half the width of the 
etched cell) is around 103. In  the case of -- 500g, this 
size is Ib ~ 60 ~m. For round holes, the Ra n u m b e r  of 
Eq. [7a] was based on the quar te r -d iameter  (13). 
The Ra n u m b e r  can therefore be estimated as follows 

Ra : 103 (l/41b) ~ [9] 

where l is the diameter  of the hole. 
When comparing the etch rates obtained under  

different centr ifugal  conditions, one should be careful 
always to use holes of the same original  diameter,  
since a rule such as Eq. [7a] gives the overall  mass 
t ransfer  from the hole. In actual fact, it is the mass- 
flow density (see Eq. [5]) that determines the etch 
rate. If we enter  L = I/4 in [5], which is in accord 
with the conditions of Ref. (13), we may obtain from 
Eq. [7a] and [9] 

r = 4.7 D (~c)/-V4/b-S/4 [10] 

which shows a ra ther  weak dependence upon the size 
of the cavity. The dependence upon Ib, the size of the 
B~nard cell, however, is ra ther  strong. If two holes 
of the same size are etched with different centr ifugal  
accelerations, the etch rate can be compared with the 
following rule 

~bl/~b 2 - -  [ ( I b ) 2 / ( / b ) l ) ]  s/4 --" (al/a2)'14 [11] 

where the last equal i ty  follows upon an application 
of Eq. [8]. If we apply Eq. [11] to the results pre-  
sented in the 15-min column of Table II, taking the 
result  for - -500g as a reference, we find an etched 
depth of 91 ~m for - - 1 4 0 g ,  114 #m for --350g, and 
330 ;~m for --25,000g. The observed values cannot be 
overly accurate, as it is impossible to define the exact 
depth of a cavity when  the bottom is quite uneven.  
Nevertheless, there is a good correspondence between 
theory and experiment.  In  part icular ,  it is satisfying 
to find that  the depth predicted by  Eq. [11] for 
-- 25,000g is in the range of the observed values. 

That  the etch rate as expressed by Eq. [10] is only 
weakly dependent  upon the width of the cavity, [i.e., 
as long as the cavity is wider  than 2/b] is an added 
advantage of the centr ifugal  etching technique over 
pure diffusion etching. In a s tanding etchant, the etch 
rate is dependent  upon the ini t ia l  size of the cavity, 
i.e., the area of the etchable region. When the etched 
depth has become much larger than the ini t ial  hole 
diameter,  the etch rate will have dropped to values 
that are much lower than those prevalent  in the ini t ia l  
stages of the etching process. Obviously, this phenom-  
enon wil l  occur earlier when  etching smaller  holes. 
Therefore, a s imultaneous etching of holes of differ- 
ent sizes may present  problems if equal  depths are 
required in the end. Jet  etching, as we ment ioned in 
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Fig. 15. Abnormal etching at the underside after complete etch- 
through has occurred (bronze, --25,000g). 

Fig. 16. Blow up of second cavity from the left in Fig. 15 (width: 
400 ~m; bronze, --25,000g). 

the first section will also present problems here, as 
the etch rate will drop drastically when a depth 
comparable to the hole width has been reached. Cen- 
trifugal etching may offer a way out when care is 
taken that at least two B~nard flow cells fit into the 
smallest of the holes. 

Abnormal etching after etch-through.--To explain 
the phenomenon shown by Fig. 15 and 16, we should 
realize the following. As soon as etch-through occurs, 
the concentration boundary layer acquires a definite 
leading edge. From the literature on boundary layers 
(1), we know that the largest normal gradients (for 
instance, that relating to mass transfer) occur at and 

close to the leading edge. In o u r  case, this must 
necessarily lead to a rapid sideways etching. This 
process clearly does not stop when the bottom has 
been etched away. Eventually, the shape of the side- 
wall will reflect the distribution of the mass transfer 
coefficient at the wall. Due to the special nature of this 
phenomenon, its occurrence is independent of the fact 
whether or not a photoresist layer covers the other 
side of the substrate. The only cause for its existence 
is that fresh etchant now hits the lower edge of the 
sidewall first. If the bottom is open, fresh etchant 
will be pulled in from behind the substrate. If a 
photoresist provides a permanent cover of the other 
side of the substrate, fresh etchant will be brought in 
through the orifice, then down through the center and 
along the photoresist cover toward the sidewall. 

In conclusion, it is clear that our preliminary etch- 
ing results do not give a complete picture of the capa- 
bilities of the centrifugal etching technique. Never- 
theless, they do indicate that centrifugal etching can 
be a new and powerful tool in material technology. 
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ABSTRACT 

Ta and Ta-oxide Schottky barrier diodes structures on n-type (100) Si substrates were prepared under  various standard 
processing conditions using either sputter deposition or electron beam (E-beam) evaporation, and these samples were ana- 
lyzed for their oxygen and carbon content using high resolution Auger sputter profiling. We found that the bulk Ta of the 
sputter-deposited and E-beam-deposited Ta films contain 3 atomic percent (a/o) oxygen. In addition, E-beam-deposited Ta 
films contain approximately 0.3 a/o carbon in the bulk and 1-3 a/o carbon at the interface. Photoresist use prior to deposition 
left residual carbon at the Ta-Si interface, and this carbon remained intact after an anneal of 400~ for 1 hr in vacuum. Oxy- 
gen present in Ta-oxides at the Ta-Si interface diffused away from the interface and tended to redistribute itself uniformly 
throughout the Ta layer for anneals of 400~ for 1 hr. Greater redistribution occurred for annealing at 450~ for 3 hr. 

As VLSI processes cont inue to evolve, the need for 
new materials  and their  control has increased. In  
particular,  m a n y  new circuit applications are op- 
timized by use of a low barr ie r  height (0.5-0.6 eV) 
Schottky barr ier  diode (SBD) component.  Common 
materials usual ly  used in SBD fabrication such as A1 
or PtSi are not suitable because their  ba r r i e r  heights 
to n - type  Si are too high (0.7 eV for A1, 0.85 eV for 
PtSi) .  There are, nevertheless,  a n u m b e r  of materials  
with appropriate bar r ie r  heights (0.5-0.6 eV) such as 
Ti, W, and Ta. At present, however, the reproducibi l -  
i ty of many  Schottky barr iers  using these materials  is 
not sufficient (__ 0.1 eV). This poor reproducibi l i ty  
appears to be related to the cleanliness of the me ta l /  
silicon interface. Indeed, the scatter in  the values of 
barr ier  heights is usual ly at tr ibuted,  in part, to the 
var ia t ion in the surface t rea tment  of the Si prior to 
metal  deposition (1). 

In order  to overcome the effects of interracial  con- 
tamination,  low temperature  anneals  are usual ly  per-  
formed after metal  deposition. These anneals  which 
usual ly do not  exceed 500~ due to circuit fabrication 
constraints, may remove interfacial  impuri t ies  by  
chemical reduction or silicide formation. For example, 
for A1/Si contacts, it is believed that  anneal ing  causes 
A1 to chemically reduce any  interracial  SiO2 and, 
hence, form a more in t imate  and reproducible contact  
to the Si (2). Another  method of removing interfaciaI 
contaminants  is to consume the outer layers of the 
Si by forming a metal-s i l icon compound, that  is, a 
silicide. In  this case, the sil icide/sil icon interface ad-  
vances into the bulk  of the Si, away from the region 
of residual  contaminants  (3). This technique of 
forming Schottky bar r ie r  diodes has been utilized 
successfully for high bar r ie r  Schottky bar r ie r  diodes 
such as the PtSi /Si  system (3). 

In this work, we report  an invest igat ion of how 
various deposition conditions affect bulk  Ta and Ta-Si  
interfacial  impur i ty  content  (oxygen and carbon) and 
how low tempera ture  (400~176 anneals cause re-  
dis t r ibut ion of the impurities.  Since Ta does not form 
a silicide below 650~ (4), the consumption of the 
interfacial  impuri t ies  by a silicide was not possible 
and only impur i ty  dissolution was possible. Charac- 
terizatio~ of the impur i ty  dis t r ibut ion was performed 
using high resolution high sensit ivity Auger  sputter  
profiling. 
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tion, New York 12533. 
s Present address: IBM General Products Division, Tucson, Ari- 

zona 85744. 

Sample Preparation 
The Ta was deposited onto silicon substrates  e i ther  

by sput ter ing or evaporation. Sput ter ing was also used 
to prepare the samples which had in tent ional  oxygen 
contaminat ion;  evaporat ion was used for those with 
in tent ional  carbon, present  as photoresist residue or 
deposited from a charge not previously outgassed. 

The sputtered Ta films were deposited in a Mater ia ls  
Research Corporation Model 822 sput tersphere in  the 
rf diode mode using 500W forward power and 8 ~m 
Ar pressure with no sput ter  cleaning prior to deposi- 
tion. Oxygen contaminat ion was introduced,  via an 
u l t ra th in  layer  of TaxOy at the Ta/Si  interface, by 
nonreact ively sput ter ing from a Ta target  which had  
been preoxidized by reactively sput ter ing in an  A r /  
10% O2 ambient.  The details of this sample prepara-  
tion technique have been described elsewhere (5). 

The evaporated Ta films were deposited from an  
E - gun  source using a Temescal FC-1800 evaporation 
tool. In tent ional  carbon contaminat ion was introduced 
in some films by using new, nonoutgassed Ta source 
material .  Carbon was also introduced by depositing a 
layer  of AZ 1350 H photoresist mater ia l  prior to the 
deposition. A blanket  exposure and development  was 
subsequent ly  used to remove all but  a thin residue of 
carbon-bear ing  contamination,  as observed in  these 
studies. 

Sample anneal ing was performed in a Linde induc-  
t ion-heated furnace. The sput ter ,deposi ted Ta/TazOy/ 
Si sample was chosen for s tudy because it contains 
an oxide layer  between the Ta and Si thick enough 
so that it could be easily followed in detail  after  
annealing.  Similarly,  the E-beam Ta/Si  sample pro- 
cessed with photoresist and with a used charge was 
chosen since it  has a large amount  of interfacial  carbon 
which could be followed after annealing.  The Ta /  
Ta~Oy/Si sample was annealed by sealing it in a 
quartz tube and then placing the tube into the furnace. 
The tube was outgassed and then pumped to a pressure 
of 10 -6 Torr  using sorption and ion pumps. The Ta /S i  
sample was annealed in a similar  tube pumped to a 
pressure of about 10 -.6 Torr  using a mechanical  and 
diffusion pump. The anneal ing was performed in  
vacuum to minimize effects due to chemical reactions 
with residual  gases, since Ta is an  excellent  getter. 

Auger Sputter Profiling System Parameters 
A Varian Auger  microprobe (Model 2738) was used 

to obtain the Auger  sput ter  profiles. Electrons from 
the integral  gun  of the cylindrical  mir ror  analyzer  
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(CMA) struck the sample at an angle of incidence of 
30% The E-beam had an energy of 4.5 keV and a cur-  
rent of 18 ~A focused into a 10 ~m diam beam. This 
beam was then rastered over a 200 • 200 ~m area to 
minimize E-beam damage (e.g., Ref. 6). Routinely, 
the CMA was operated at an energy resolution of 
0.3%. To allow detection of low concentrations of the 
element of interest, the CMA was operated at an 
energy resolution of 1.2% to increase transmission 
without excessive broadening of the transitions of in- 
terest. The sputtering gun was typically operated with 
1.5 keV Ne + ions with a current density of 48 ~A/cm 2 
broadened by scanning to a full width at half maxi-  
mum of a few millimeters. The SiKLL (1619 eV), O~LL 
(502 eV), CKLL (272 eV), and the TaMNN (1680 eV) 
transitions were monitored during the experiment. 

Concentrations are usually estimated using the 
peak- to-peak  height of the derivative Auger spectrum, 
dN (E)/dE [where N(E)  is the number of Auger elec- 
trons at energy El. A more accurate method is to use 
the areas of the peaks of the N(E)  spectrum. These 
areas were obtained by integrating the derivative 
spectrum twice using a Tracor Northern TN-1710 data 
processor. Since the concentration of oxygen in Ta20~ 
is known, a comparison of the ratio of the oxygen 
Auger peak area [N(E) spectrum] in the Ta2OJSi 
and Ta/Ta=Oy/Si samples yields the concentration of 
oxygen in the Ta layer. A similar comparison of the 
ratio of the oxygen Auger  peak- to-peak height to the 
Ta Auger peak- to-peak height [dN(E) /dE spectrum] 
also gives an oxygen concentration, although not the 
same value obtained using peak areas. The ratio of 
oxygen concentrations calculated from the two meth-  
ods give a calibration factor to convert from Auger 
peak- to-peak heights to concentration assuming no 
changes in lineshape are occurring. 

Calibration of the carbon concentration could not be 
achieved in a similar manner as the oxygen concentra- 
tion due to the lack of a carbon standard. Instead, the 
carbon concentration was estimated using the pub- 
lished derivative Auger spectrum of TaC (7). Com- 
paring the ratio of the carbon peak- to-peak height 
to the Ta peak- to-peak  height in the published data 
and the Ta/Si  sample gives the concentration of 
carbon in the Ta layer. 

The sputter time (minutes) was converted to depth 
by using the sputter rate (A/min)  as a calibration 
factor. The sputter  rate was calculated by combining 
thickness measurements with total sputtering time, 
where the thickness was measured by at least one of 
the three following methods: ellipsometry, Rutherford 
backscattering, and Dektak stylus. For the operating 
parameters used (see above), the sputter rate was 15 
A/min  for Ta and 50 A/ra in  for Si. These values are- 
accurate to • giving that level of confidence in the 
depth calibration. The metallurgical interface is taken 
to be the position where the Ta concentration is 50% 
of the bulk concentration. The Ta-Si interface widths 
were measured from these profiles by taking the dif- 
ference in depths of the positions where the concen- 
tration of Ta was 10% and 90% of the bulk concen- 
tration. These measured widths represent upper 
values of the actual width due to possible broadening 
by knock-on mixing, sample roughness, and other ef- 
fects (6). 

Care was taken to prevent adsorption of background 
gases on the sample being analyzed. The standard 
procedure was to s tar t  with the base pressure in the 
10 -10 Torr range; the profiling was performed with the 
ion pump turned off but with fresh Ti in the sublima- 
tion pump; finally, the chamber was backfilled with 
the sputtering gas. After  the ion pump is turned off, 
the total pressure rose about one order of magnitude. 
This is due pr imar i ly  to noble gases which are re-  
leased by the ion pumps when turned off. In order 
to detect low concentrations of oxygen, as in the pres-  

ent studies, additional precautions had to be taken to 
minimize the contribution of background gases to the 
oxygen Auger signal. A liquid nitrogen cryoshroud 
around the Ti sublimation pump is found to be effec- 
tive in this respect and can be used with Ne + for 
sputtering while cryopumping gases which will inter-  
fere with the oxygen Auger signal. A differentially 
pumped ion gun would also provide acceptable results 
but was not necessary for these studies. 

Results 
A typical Auger sputter  profile is shown in Fig. 1. 

This profile of the Ta/TaxOJSi  sample clearly shows 
oxygen at the interface. Unexpectedly, there is also 
carbon (peak concentration 4.0 a/o) at the interface. 
Since the measured widths of these peaks are < 70A, 
they could only be rel iably detected by carefully 
choosing the operating conditions of the high resolu- 
tion Auger microprobe (see previous section). The im- 
portance of choosing appropriate operating parame- 
ters is exemplified by a comparison with an Auger 
sputter profile of a similar sample obtained under  dif- 
ferent conditions (5). In this previous profile, the oxy- 
gen peak is not so evident. Compared to the present 
study, this oxygen peak is lower in concentration, 
broader in width, and shifted away from the interface 
towards the surface of the sample. The difference 
between the profiles is probably due to artifacts of 
the Auger sputter profiling technique (6). Attempts 
have been made to minimize these effects in this work. 

In the present study, the oxygen in the TafraxOy/Si  
sample has been examined even more carefully in 
order to follow the oxygen after annealing (Fig. 2a). 
This profile has been reduced from the raw Auger 
signal vs. sputtering time spectrum to a concentration 
vs. depth profile by the method described in the pre-  
vious section. It can be seen that, not only is the 
interracial oxygen peak apparent  in detail, but the 
low level of bulk oxygen in the Ta is also quantita- 
tively detected and determined to be 2.0 a/o (relative 
to the atomic concentration of Ta). The peak concen- 
tration of the oxygen is 20 a/o and the peak width is 
67A. This measured value represents an upper limit 
of the width. The actual width is less than 67A but 
broadened due to artifacts of the Auger sputter  pro- 
filing technique (6). For comparison, the integrated 
amount of oxygen represented by the 67A layer  of 
"Ta=Oy" is the same as the amount of oxygen in a 15A 
layer of Ta20~. 

The various Ta/Si  samples analyzed in this study 
differ only in their interracial composition. The im- 
puri ty content in the bulk Ta layer appears rather  
independent of processing and deposition procedures. 
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Si sample. As-deposited. 
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Oxygen levels are roughly 2.6 a/o and carbon levels 
are about  0.35% for E-beam Ta/Si  samples, regardless 
of whether  or not photoresist processing was used 
and whether  a new or used charge was used in the 
evaporator  (Fig. 3a-c). In addition, the sput te r -de-  
posited Ta /Ta=OJSi  sample (Fig. 1) and Ta/Si  sample 
(Fig. 4) also contain about  the same amount  of oxygen 
in the bu lk  Ta as the E-beam samples (see Table I 
for a detailed summary  of the processing procedure 
and impur i ty  content  of the E-beam samples).  

Profiles of the E-beam-deposi ted samples are shown 
in  Fig. 3a, c. The interface region of the E-beam Ta/Si  
samples have s imilar  oxygen profiles but  quite distinct 
carbon profiles. The oxygen begins at a m i n i m u m  in 
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samples displaying only the oxygen and carbon profiles in the us- 
deposited condition: (a) processed without photoresist and with a 
new Ta charge, (b) processed without photoresist and with a used 
Ta charge, (c) processed with photoresist and with used Ta charge. 

the Si (about 0.2 a/o due to background contamina-  
t ion),  rises monotonical ly over 200A, then levels off 
at the oxygen concentrat ion of the bulk  Ta (about  2.6 
a /o) .  These are the pr imary  features of the oxygen 
profiles of each sample. The sample processed without  
photoresist and with a used charge has an addit ional  
feature: addit ional  oxygen over a region 25A wide 
(Fig. 3b at a depth of 700A). There is some evidence 
of a similar feature in the sample processed with 
photoresist and with a used charge (Fig. 3c at a depth 
of 650A). The possible origin of this region is discussed 
in  the discussion section of this article. 
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Table I. Processing procedure and impurity content 

Total 
Deposition Bulk oxygen Bulk carbon Peak earbon Carbon peak interracial carbon 

Sample method Figure (a/o)  (a/o)  (a/o)  width (A) (No. atoms/cm~) 

Ta/SI E-beam without  
photoresist 3a 2.5 0.40 1,2 144 9 x 10~, 

new charge 
Ta/Si  E-beam w~thout 

photoreslst  3b 2.7 0.33 1.i 63 
used charge 3 x 10~ 

Ta/SI E-beam with 
photoresist 3c 2.6 0.28 2.9 47 7 x 1~ 6 

used charge 

The oxygen  profile for the  spu t t e r -depos i t ed  T a / S i  
sample  (Fig. 4) is also graded,  as in the E -beam sam-  
ples. However ,  the grading  occurs over  100A ins tead 
of 200A. Fur the rmore ,  the spu t t e r -depos i t ed  sample  
contains a smal l  peak  a t  the  in terface  wi th  a ha l f -  
wid th  of ~0A and  a peak  concent ra t ion  of 3.2 a/o.  This 
is only  a smal l  increase over  the bu lk  concentra t ion  
of 3.0 a /o  but  s t i l l  corresponds to a to ta l  leve l  of 
in ter face  oxygen  of 4 • 10 z4 cm -2. 

The  t h r e e  types  of E - b e a m  samples  have s imi lar  
amounts  of carbon but  have dis t inct  dis t r ibut ions .  The 
sample  processed wi thou t  photores is t  and wi th  a new 
charge  contains 9 • 1014 carbon a t o m s / c m  2 in the  in-  
terface region (Fig. 3a),  d i s t r ibu ted  in a low and 
broad  peak  (1.2 a /o  high, 144A wide ) .  At  the  Si s ide 
of the interface,  the  carbon profile pa ra l l e l s  the  oxy -  
gen profile. A t  the Ta edge of the  interface,  however ,  
the oxygen  concentra t ion  levels  off at  its m a x i m u m  
value,  whereas  the  carbon  reaches  a m a x i m u m  value  
and then  fal ls  to the concent ra t ion  of bu lk  Ta (0.40 
a / o ) .  The ent i re  carbon peak  is not  symmet r i c  and is 
skewed  towards  the Ta side of the interface.  The 
in ter face  region i tself  is qui te  b road  (175A), sugges t -  
ing tha t  some of the fea tures  of this profile are  a r t i -  
ficially b roadened  b y  the profi l ing technique.  Such 
b roaden ing  is discussed fu r the r  in the discussion sec- 
t ion of this  art icle.  

The  sample  processed wi thout  photores is t  and wi th  
a used charge has the leas t  amount  of carbon (3 • 
10 i4 c m - 2 ) - - a b o u t  one -ha l f  the  amount  in e i t h e r  of 
the o the r  two E - b e a m  samples .  The carbon in the  
sample  (Fig. 3b) is d i s t r ibu ted  in a low and n a r r o w  
peak  (1.1 a /o  high, 63A wide) .  Again, the carbon p ro -  
file pa ra l l e l s  the  oxygen  profile wi th in  the in ter face  
region,  peaks  nea r  the Ta edge of the  interface,  and  
then  falls  to the bu lk  level  (0.33 a / o ) .  The peak  in 
this  sample  is symmet r i c  and is only  s l igh t ly  skewed  
towards  the Ta side of the  interface.  The interface  
wid th  in this  case is 95A, whereas  the oxygen  st i l l  
t akes  200A to change f rom its m i n i m u m  to its m a x i -  
m u m  value.  This means  tha t  on top of the in ter face  
region is a Ta l aye r  wi th  a g raded  oxygen  content  
(to be discussed fu r the r  in the discussion sect ion of 
this  a r t ic le ) .  

T h e  sample  processed wi th  photores is t  and  wi th  a 
used charge  (Fig. 3c) has 7 • 1014 carbon a toms /cm ~ 
d i s t r ibu ted  in a h igh  and  n a r r o w  peak  (2.9 a /o  high,  
47A wide) .  The carbon concentra t ion  s t i l l  peaks  
wi th in  the  in terface  region and fal ls  to its b u l k  va lue  
jus t  outs ide (to 0.28 a / o ) ,  however ,  the  carbon profile 
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Fig. 4. Auger sputter profile of the sputter-deposited Ta/Si 
sample displaying only the oxygen profile. As-deposited. 

does not  pa ra l l e l  the oxygen  profile. Indeed,  the  c a r -  
b o n  profile rises a t  the Si side of the in ter face  before  
the oxygen  rises. The carbon peak  is symmet r i c  and  
s l ight ly  skewed  towards  the Ta side of the interface.  
The width  of the  in terface  is 75A. 

To s tudy  the effects of annea l ing  on in te r fac ia l  
carbon, the E -beam-depos i t ed  T a / S i  sample  processed 
wi th  photores is t  and wi th  a used charge was chosen 
since i t  has a ca rbon-con ta in ing  l aye r  tha t  could be 
fol lowed in de ta i l  a f te r  anneal ing.  The carbon profile 
a f te r  anneahng  at  450~ for 1 hr  was essent ia l ly  the  
same as for the as -depos i ted  sample  (Fig. 3c). 

To s tudy  the effects of anneal ing  on in te r fac ia l  
oxygen,  the T a / T a z O J S i  sample  was chosen since i t  
conta ined an oxide l aye r  be tween  the Ta and Si  t ha t  
could be eas i ly  fol lowed in de ta i l  a f te r  anneal ing.  I t  
was found tha t  a low t e m p e r a t u r e  anneal  causes oxy-  
gen in the thin oxide  l aye r  to red i s t r ibu te  into t h e  T a  
layer .  The profiles show (Fig. 2a, b) that ,  upon an-  
nea l ing  in vacuum at 400~ for  1 hr, the peak  oxygen  
concentra t ion decreased f rom 20 to 10% and the wid th  
increased f rom 67 to 87A. In addit ion,  the  oxygen  level  
in the Ta bu lk  increased f rom 2 to 3.5%. F u r t h e r -  
more,  there  was an indica t ion  of a second peak  ap -  
pear ing  in  the  profile a f te r  anneal ing.  The oxygen  
peaks  in the profiles for the as -depos i t ed  a n d  t h e  an-  
nea led  samples  are  located wi th in  50A of each other.  
This is less than  5% of the to ta l  depth  which  is wel l  
wi th in  the reproduc ib i l i ty  of the profi l ing technique 
and the dep th  cal ibrat ion.  

Annea l ing  at  450~ for 3 h r  (Fig. 2c) caused even 
more  oxygen red i s t r ibu t ion  than  for  anneal ing  at  
4000C for 1 hr. The peak  concentra t ion has fa l len  to 
9%, the wid th  has r isen to 125A, and the concent ra t ion  
in the bu lk  Ta has increased to 4.3%. These expe r i -  
ments  show tha t  low t empera tu re  anneal ing  causes 
oxygen  to leave the in terface  region to en te r  the bu lk  
Ta layer .  Also, two peaks  are  c lear ly  fo rmed  in t h e  
"oxide"  region.  

The chemical  s ta te  of the "oxide" region is not  a t  
a l l  cer tain.  Compounds such as TaO2, Ta2Os, or  SiC2 
m a y  be present ,  as wel l  as Ta and Si. A no the r  possi-  
b i l i ty  for the composi t ion is two different  l ayers  of 
oxides,  such as two layers  of Ta oxides  or  one l a y e r  
of Ta oxide and one l aye r  of Si oxide. Because of t h e  
unce r t a in ty  in the makeup  of the  "oxide"  region,  i t  
has been  l abe led  "Ta~Oy" in the profiles. ( I t  should 
also be noted that,  since the  ac tua l  interfaces  are  not  
abrupt ,  the labe l ing  of the Ta/"TazO~"/Si  interfaces  
is on ly  approx imate . )  

Discussion 
I t  is in teres t ing  to note  tha t  the  bu lk  i m p u r i t y  levels  

are  quite close to r epor ted  h igh  t e m p e r a t u r e  equi l ib -  
r ium sol id  solubi l i t ies  in Ta: oxygen  so lubi l i ty  is 1-3 
a /o  for  t empera tu re s  700~176 and carbon s o l u -  
b i l i t y  is 0.1-0.3 a /o  for t empera tu re s  338~176 (8).  
The samples  p r e p a r e d  for this s tudy  did not  reach  such 
high t empera tu re s  dur ing  deposi t ion and are  therefore  
l ike ly  not  at  t he rmodynamic  equi l ibr ium.  However ,  
the s imilar i t ies  be tween  the measured  oxygen  and 
carbon levels  and the r epor t ed  solubi l i t ies  suggest  tha t  
the  p roper t i e s  of the  Ta film i tself  l imi ts  the amount  
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of oxygen  and carbon incorporated.  This is consistent  
wi th  the observat ion  that  the  bu lk  oxygen  and carbon 
contents  are  r a the r  independent  of processing and 
deposi t ion procedures .  

The profiles of the E - b e a m  Ta /S i  samples  can be 
descr ibed by  d iv id ing  the profiles into four  regions:  
(i) the Si substrate ,  (ii) a thin layer  of contaminants  
( including carbon and oxygen) ,  (iii) a l aye r  of Ta 
containing carbon and oxygen  of va ry ing  concent ra-  
tions, and (iv) the l aye r  of bu lk  Ta which contains 
constant  concentra t ions  of carbon and oxygen.  This is 
shown in Fig. 5. The l aye r  of contaminants  is consid-  
ered to have been presen t  before  deposi t ion of Ta and 
would include any res idue f rom t h e  photoresist .  Also 
included in this l aye r  is any  carbon and oxygen  which 
was adsorbed by  the Si subs t ra te  dur ing  its exposure  
to a i r  fol lowing the last  chemical  c leaning step. 

Carbon and oxygen  are  also deposi ted dur ing  evap-  
ora t ion of the Ta. This carbon and oxygen m a y  come 
from the Ta charge  i tself  or  f rom the res idual  gas in 
the evapora t ion  chamber .  In  the first s tages of the  
deposit ion,  there  wi l l  be a t rans ien t  dur ing  which  the 
deposi t ion rates  must  approach  s t eady  state.  Unt i l  such 
a s t eady-s t a t e  condit ion is reached,  the carbon and 
oxygen  content  of the deposi ted Ta l aye r  wi l l  vary .  
This is the origin of the th i rd  region descr ibed above, 
which can be of the  o rde r  of up to 100A thick. 

The two samples  evapora ted  f rom a used charge,  
wi thout  and  with  photores is t  (Fig. 3b, c, r espec t ive ly) ,  
show the four  regions of the model  c lear ly.  The carbon 
peak  at  the in terface  is ma in ly  the surface contamina-  
tion l aye r  (Region 2) and p a r t l y  the deposi ted  carbon 
(the beginning of Region 3). The surface oxygen  ap-  
pears  to have  been b roadened  and shi f ted  in posi t ion 
due to ar t i fac ts  of the spu t t e r ing  process. This can ex-  
p la in  the bump in the oxygen  profiles (at  700A in Fig. 
3b and 650A in Fig. 3c). The r is ing oxygen level  
outside the in terface  region corresponds to non - s t eady -  
s ta te  deposi t ion (Region 3). 

The only  difference be tween  the two samples  evap-  
o ra ted  f rom a used Ta charge is tha t  one was p ro -  
cessed wi th  photores is t  and the o ther  was not. There-  
fore, the difference in the carbon profiles is due to 
carbon f rom the res idual  photoresist .  The carbon in 
the profile of the sample  wi th  photores is t  (Fig. 3c) 
also rises before  the oxygen  does. This indicates  tha t  
the  addi t iona l  carbon is located ad jacen t  to the  Si 
surface. This lends fu r the r  suppor t  to the i n t e rp re t a -  
t ion of the ex t r a  carbon as res idual  photoresist .  

The sample  processed wi th  a new charge is quite 
different  f rom the samples  processed wi th  a used 
charge.  This sample  (Fig. 3a) has an asymmetr ic  and 
broad  carbon peak  and the in terface  wid th  is ve ry  
broad  also (175A)- -abou t  twice as b road  as the o ther  
two samples.  These three  fea tures  of the profile sug- 
gest  tha t  the  t rue  profile has been expe r imen ta l ly  
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broadened. This broadening could be due to lateral 
nonuniformity of the area studied (about 200 X 200 
~m). For example, small islands (say 10-80 ~m diam) 
of carbon or TaC deposited from the Ta charge could 
alter the profiling process. 

Annealing Schottky barrier diode structures appar- 
ently produces more reproducible barrier heights. In 
this work, we found that oxygen present in Ta-oxides 
at the Ta-Si interface diffused away from the interface 
for anneals of 400~ for 1 hr. Greater redistribution 
occurred for an extended anneal at 450~ for 3 hr. If 
the variation of barrier height is due to a thin oxide 
layer introduced during the cleaning of the silicon 
substrate, then perhaps annealing dissolves the oxide 
layer to produce a more intimate contact and more 
reproducible electrical characteristics. 

It has been shown above that photoresist processing 
prior to Ta deposition left residual carbon at the Ta-Si 
interface. Furthermore, this carbon remained intact 
after an anneal of 400~ for 1 hr in vacuum. It is not 
known whether the carbon is in a polymer form char- 
acteristic of processed photoresist or if the carbon is 
in a conducting graphitic form. It is possible that 
polymerized photoresist adheres more strongly to sili- 
con than other carbon containing contaminants. Hence, 
in principle, it is possible that some types of carbon 
contaminants may diffuse away from the Ta-Si inter- 
face in a manner similar to interracial oxygen. It is 
uncertain whether the interracial carbon is insulating 
or conducting. The effects of a thin insulating inter- 
facial  l aye r  on the e lect r ica l  character is t ics  of 
Schot tky  ba r r i e r  diodes is wel l  documented  and un-  
ders tood (9). The effects of a conduct ing carbon a r e  

sti l l  unclear .  
Conclusions 

For  device applicat ions,  reproduc ib le  and low ba r -  
r ie r  Schot tky  ba r r i e r  diodes are  required.  Reproduc i -  
b i l i ty  appears  to be re la ted  to the ab i l i ty  of the contact  
me ta l  to dissolve or  to consume in te r fac ia l  contami-  
nants  upon low t empera tu r e  anneal ing.  Tan ta lum 
has been shown to dissolve oxygen  for anneals  of 
400~ for 1 hr, bu t  Ta is not  able  to dissolve carbon. 
Also, Ta does not  form a silicide be low 500~ which 
is the t empera tu re  l imi t  for pos tmeta l l iza t ion  anneals.  
For  these reasons, Ta may  not be a good choice for 
reproducib le  Schot tky  ba r r i e r  diodes. 
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Properties of Thermal Oxides Grown on Phosphorus In Situ Doped 
Polysilicon 

M. Sternheirn, 1 E. Kinsbron*, J. Alspector, and P. A. Heimann* 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The oxidat ion characteristics and the electrical conduct ivi ty and breakdown of thin oxides grown on phosphorus in 
situ doped polysil icon are reported. Breakdown fields of 8 mV/cm and leakage currents as low as 5 • 10 -~ A/cm 2 at 3.5 
MV/cm were measured for 400-to 1200A oxides grown thermally at 1000~ in dry O~ on phosphorus in situ doped films 
deposi ted at 600~ The oxides grown on the 600~ polysilicon films are superior to the oxides grown on the 640~ 
polysilicon films. The high breakdown fields and low leakage currents are related to the film structure and surface mor- 
phology as revealed by SEM and TEM micrographs.  

Oxides  grown on polycrys taUine si l icon films p lay  
an impor t an t  role in the fabr ica t ion  of MOS devices. 
The rma l  oxides  grown on polysil~con, r e fe r red  to as 
polyoxides,  are  used as insula t ing mate r ia l s  in double  
polysi l icon s t ructures  of RAM's  (1) and var ious  
PROM's (2). The proper t ies  of polyoxides  g rown on 
films doped by  diffusion f rom PBr3 or POCI~ sources 
have been ex tens ive ly  s tudied  and repor ted  in the  
l i te ra ture .  Oxidat ion  character is t ics  of undoped and 
heavi ly  doped polysi l icon (3-5) and the e lec t r ica l  
conduct ion and b reakdown  fields of the polyoxides  (6- 
9) and  techniques to improve  those proper t ies  (10, 11) 
were  of m a j o r  concern.  

The ava i l ab i l i ty  of in situ doped polycrys ta l l ine  
si l icon f i lms (12-14) led to the inves t igat ion of thei r  
ox ida t ion  rates  and of the  e lect r ica l  p roper t ies  of 
the the rmal  oxides grown on these films. In this paper ,  
we r epor t  resul ts  of s tudies  of the oxidat ion  rates  of 
phosphorus  in situ doped films in wet  and d ry  ambi -  
ents, the e lec t r ica l  act ivat i ion of the dopant  dur ing  
the oxidat ion  process, and the b r eakdown  fields and 
the leakage cur ren t s  th rough  the oxides. The p r o p e r -  
t ies of oxides grown on films deposi ted at  600~ are 
compared  wi th  those grown on films deposi ted at 
640~ and are  cor re la ted  to the film s t ruc ture  as re -  
vea led  by  TEM studies.  

Experimental Procedure and Results 
Film deposition.--Thermally oxidized (1000A) 3 in. 

silicon wafers  were  used as subs t ra tes  for  the s tudy  of 
the proper t ies  of polyoxides  grown on phosphorus  
in situ doped polysil icon.  The phosphorus  in situ doped 
films were  deposi ted by  pyro lys i s  of Sill4 and PH~ 
di lu ted  in N2 in an LPCVD system. The films were  de-  
posi ted in the t empera tu re  range of 600~176 and 
had  thicknesses  be tween  6000-7000A. 

Oxidation o] phosphorus in si tu doped polysilicon.-- 
Samples  were  oxidized in s team at 800 ~ and 950~ 
and, in a d r y  ambient ,  a t  1000~ The oxide thickness 
was measured  using a Tay lo r -Hobson  s tylus  ins t ru -  
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ment  or by  measur ing  the capaci tance be tween  20 rai l  
A1 dots pa t t e rned  on top of the polyoxide  and the 
phosphorus  in situ doped polysi l icon film. The ox ida -  
t ion ra tes  for the different  processes a re  p resen ted  
in Fig. 1. Oxide un i fo rmi ty  was measured  on 25 ca- 
pacitors spread  on an area  of  1000 • 500 m i d  and 
found to have a s t andard  devia t ion  of about  0.7%. 

In three  cases, the change in the thickness  of the 
polysi l icon film as a resul t  of the oxida t ion  s tep  was 
measured.  The ini t ia l  and  final thicknesses  of the  
polysi l icon films were measured  using the s ty lus  in-  
s t rument .  The amount  of polysi l icon consumed dur ing  
the oxida t ion  is app rox ima te ly  ha l f  of the  oxide  
thickness.  

Resist ivi t ies  of the phosphorus  in situ doped fi lms 
as deposi ted and af te r  oxidat ion  were  measured  using 
a four -po in t  probe.  For  the 600~ phosphorus  in situ 
doped polysi l icon p ---- (6.5 __+ 1) • 10 -4 fL-cm (af te r  
oxidat ion)  and p~/po ~ 0.3 where  po is the res is t iv i ty  of 

IO 4 
DEPOSITION OXIDATION 

TEMP. PROCESS 

640~  950~  STEAM 
o~ �9 600~  IO00~ 
v j3 / A 640oC IO00~ 

/ / SINGLE-XTAL 1000~ 
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z r ~  / ~ ' j  ~ ' ' / ( I  00)  

I0  -~ -l- 

IO 2 I p ~ I ~ 1  I ~ r I ~ l l  I I ~ B~ 
0.1 0,2 0,5 1.0 2 5 I0 20  50  I 00  
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Fig. 1. Oxidation rate of phosphorus in sltu doped polysilicon de- 
posited at 600 ~ and 640~ 
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the as -depos i ted  film. For  the 640~ phosphorus  in situ 
doped films, the final res i s t iv i ty  is 1.5 X 10 -3  Q-cm 
and p/po ~ 0.1. 

The etching ra te  of the polyoxides  e i ther  in 30:1 
BHF at room t empera tu re  or  in a react ive  spu t t e r  
e tching (RSE) sys tem ut i l iz ing C H F J 4 %  NHa gas 
mix tu re  (15) is the same as tha t  of t he rma l  oxides  
grown on s ing le -c rys ta l  silicon. The polyoxide  etch 
ra te  is 300 A/mAn in 30:1 BHF and 280 A / m i n  for the 
condit ions used in the RSE reactor.  The etch ra te  
of the polyoxide  is independen t  of the oxida t ion  p ro -  
cess. 

Electrical conduction and breakdown fields of 400A- 
1200A thick polyoxides.--Electrical conduct ion th rough  
thin polyoxides  grown on phosphorus  in situ doped 
polysi l icon and the e lec t r ica l  b r eakdown  fields (BF)  
of these oxides were  measured  on capacitors.  The 
phosPhorus in situ doped polysi l icon film served  as a 
common pla te  for  al l  the capacitors,  and the field 
plates  were  pa t t e rned  using l i thographic  techniques 
and etched to form 20 mi l  t%/dots on top of the  po ly -  
oxides.  The e lec t r ica l  cur rents  were  measured  using 
a logar i thmic  p i coammete r  and  a r amped  vol tage  
source. The BF were  measured  using a min icompu te r -  
contro l led  sys tem (16). 

The b r eakdown  test  is done as follows: each capaci -  
tor  is s t ressed by  a sequence of increas ing electr ic  
fields. A t  each field va lue  the capaci tor  is s t ressed for  
about  60 msec and then the field is reduced  to 2 
MV/cm to measure  the cu r ren t  th rough  the capaci tor  
at the low field. If  the cu r ren t  at  2 M V / c m  is more  
than  2 ~A, the capaci tor  is considered broken.  Other -  
wise the s tressing e lect r ic  field is increased and the 
test  continues. No capaci tors  were  found to pass 2 ~A 
without  suffering i r revers ib le  breakdown.  

The e lec t r ica l  b r eakdown  fields (BF)  were  measured  
on 100 capaci tors  for  each of the  oxide thicknesses  
va ry ing  be tween  400 and 1200A grown on 600 o and 
640~ phosphorus  in situ doped polysi l icon at  IO00~ 
in d r y  ambient .  The cumula t ive  fa i lure  in (%)  at  
different  s t ress ing fields is shown in Fig. 2. Two th ick-  
nesses (400 and 900A) of polyoxides  grown in a d ry  
ambien t  on 600~ polysi l icon films are  compared  wi th  
700A of polyoxide  grown on 640~ polysi l icon film. 
The median  BF for the oxide grown on the 600~ 
poly  is 8.0 __ 0.25 M V / c m  and for the  oxide  grown on 
the 640~ po ly  is on ly  5.0 _.+ 0.25 MV/cm.  The s t ress ing 
field was appl ied  wi th  posi t ive po la r i ty  to the top A1 
plate.  A t  this polar i ty ,  enhanced e lec t ron emission 
f rom the polysi l icon into the oxide occurs (6-9) due 

BREAKDOWN FIELD ( M V / c m )  OF T H E R M A L  OXIDES 
( l O 0 0 ~  DRY) GROWN ON P i n - s i t u  DOPED POLYSIL ICON 

IO 

> 

(3 
J 
LU 
LL 
Z 

0 
C3 
3g 
<[ 
LIJ 
ri- 
m 

t_9_& DEPOSITION 

�9 400/~ , , T E M P .  

o 900~ ~ ~ 6 0 0 ~  

i e  MEDIAN BF = 8.2 M V / c m  

�9 o- = 0 .25  MV/cm 

MEDIAN BF =4.9  M V / c m  

- SiO 2 
~ P i n - s i t u  POLY 

z~ 6 0 0 0 ~ - ' f  ' SUBS. ' Si02 

I 
0.1 

i I I I I I t I I I I I 
I 2 5 I0  30  5 0  70  9 0 9 5  9 8 9 9  9 9 9  

CUMULATIVE FAILURE (%) 

Fig. 2. The electrical breakdown field vs. cumulative failure % 
of the phosphorus in situ doped polysilicon deposited at 600 ~ and 
640~ for a positive polarity field (insert). 

to asper i t ies  a t  this interface.  No capaci tors  b roke  
down at  fields be low 6 MV/cm for  the 600~ poly. The 
median  BF is h igher  for  capaci tors  hav ing  th inner  ox-  
ides as the d ie lec t r ic  layer .  F igure  3 descr ibes  the  
dependence  of the BF on the oxide  thickness as i t  
varies  f rom 300 to 1200A. The BF of the oxides g rown 
on the 600~ films increases app rox ima te ly  
10% as the oxide thickness is reduced  f rom 1000 to 
400A. The improvemen t  of the BF is more  d ramat ic  
on the oxides g rown on 640~ poly. As the oxide  
thickness is reduced  f rom 500 to 300A, the  BF  in-  
creases f rom 5 to 7 MV/cm,  and there  are no low field 
fa i lures  ( f reaks) .  

Typical  cur ren t  field curves (16, 17), compar ing  the 
leakage currents  th rough  polyoxides  grown on 600 ~ 
and 640~ polysi l icon for the posi t ive po la r i ty  appl ied  
to the field plate,  are  shown in Fig. 4. The field was 
r amped  at  a ra te  of 0.1-0.2 (NIV/cm)/sec.  The leakage  
cur ren t  th rough  the oxide  grown on the 640~ po ly -  
si l icon is four  orders  of magni tude  h igher  than  the 
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Fig. 3. Median breakdown field for the phosphorus in situ doped 
polysilicon deposited at 600 ~ and 640~ as a function of the 
oxide thickness. 
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current through the oxide grown on 6000C polysilicon 
at the same field and is lower for a negative polarity 
applied to the field plate, independent of the deposi- 
tion temperature. 

The current density through the polyoxide has a 
time dependence of J ~ t -n ( 9 ) ,  • ~'~ 0.6-0.7 (Fig. 5). 
The current through a 500A polyoxide was measured 
using a logarithmic picoammeter stressing the capaci- 
tors at various constant electric field values between 
4.0-7.5 MV/cm at a positive polarity. The dependence 
of the current density on a stressing field was also 
measured using the computer-controlled probing sta- 
tion. For each field value, 25 capacitors were stressed 
for 10 sec before measuring the current densities. The 
data for 400 and 500A polyoxides are presented in 
Fig. 6 in the form of (J/E 2) vs. 1/E, where J is the 
measured current density and E is the stressing elec- 
tric field (9). 

The electrical conduction and breakdown fields for 
dry (1000~ and steam (950~ oxidation on P in situ 
doped polysilicon films deposited at 600 ~ and 640~ 
are summarized in Table I. 

Discussion 
Resistivity.--The low specific resistivity %0 ~ 3 X 

10 -3 12-cm) of the phosphorus in situ doped films as 
deposited at 600~ indicates that the films are poly- 
crystalline. The structure of the films was found to be 
predominantly (111), whereas the structure of the un- 
doped films deposited at the same temperature was 
found to be amorphous (18). The resistivity of the as- 
deposited films at 640~ is about four times higher 
than the resistivity of the 600~ as-deposited films 
(Table I). This difference in resistivity is due to the 
difference in the film grain size (Fig. 7) and the phos- 
phorus content. Figure 7 shows TEM micrographs 
(taken by T. T. Sheng). The thin film vertical sec- 
tions were made according to established procedures 
(19) after coating the unoxidized films with a 1200A. 
protecting layer of plasma-deposited SiO2. Figure 7a 
shows the relatively large grains of the 600~ as- 
deposited film as compared to the columnar grains, 
50-100A wide, of the 640~ as-deposited film (Fig. 
7b). Although the grain structure after oxidation 
of these two films is similar (Fig. 7c, 7d), the final 
resistivity of the 600~ film is lower. This result in- 
dicates the higher phosphorus content in the film de- 
posited at lower temperature. By comparing our data 
to Sunami's (4) values for the resistivity of phos- 
phorus-doped films as a function of the phosphorus 
concentration, one can estimate the concentration in 
our films to be about 2-4 X 1020 cm -~. The phosphorus 
content of the 600~ and the 640~ phosphorus in situ 
poly was measured using SIMS analysis (18) and 
neutron activation techniques (20) to be 4 X 1020 cm-S 
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and about 2 X I0~0 cm-8, respectively, in good agree- 
ment to Sunami's predicted values. During the dry 
oxidation at relatively high temperatures, the phos- 
phorus diffuses ahead into the remaining unoxidized 
polysilicon film and increases the phosphorus concen- 
tration of the film. For steam oxidation (and especially 
at the low temperatures), the oxidation rate is faster 
than the phosphorus diffusion rate, so phosphorus is 
trapped in the grown oxide and the final resistivity 
does not reach as small a value and, in some cases 
(800~ steam), results in a resistivity higher than that 
of the as-deposited film (P/po -- 1.3). 
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Fig. 5. The current density as a function of time through 400A 
polyoxide grown on 600~ phosphorus in situ doped polysilicon. 

Fig. 7. TEM cross sections of the 600 .= and 6400C phosphorus 
in situ doped polysilicon film taken by T. T. Sheng. The micrographs 
compare the films as deposited (a,b) and after oxidation at 1000~ 
in dry 02 (c, d). The gate oxide is 1000A thick. Notice the differ- 
ent structure of the films as deposited at 600 ~ and 640~ 
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Table I. Electrical leakage and breakdown results 

August 1983 

Depos i t ion  Oxidat ion Oxide th i cknes s  Leakage current (A/cm ~) at 
t e m p e r a t u r e  (~ process (A) positive* electric field (MV/cm) 

Breakdown field (MV/cm) 

Positive + Negative - 

2 • 10 ̀-8 at 3.3 
600 IO00~ dry 400 10 -4 at 7.8 

2 • 10 -8 at  3.0 
600 IO00~ dry 900 10-' at  7.5 

2 • I0 -s at  0.8 
600 950~ s t e a m  1900 10-,  at 5.0 

2 • 10 -8 at  1.3 
640 I000"C dry 700 3 • I0 -s at 4.3 

2• 10 -s at 1.15 
640 IO00~ dry  1050 1.4 • 10- ~ at  4.3 

2 x 10- s at 0.88 
640 950~ steam 1700 10 -3 at 4.4 

8.5 -I-- 0,5 8.5 • 0.25 

8.0 ----- 0.5 8.0 • 0,5 

5.25 ~ 0.5 5.5 ~ 0.5 

5.0 ~ 0.5 7.0 --  0.5 

4.75 • 0.5 6.5 • 0.5 

4.5 • 0.5 5.0 • 0.5 

" Polar i ty  applied to aluminum top e lec trode .  

Oxidation.--Figure 1 shows tha t  the d r y  oxidat ion  
rate  is about  30% higher  for the polysi l icon films de-  
posi ted at  600~ than  the oxida t ion  ra te  of the film 
deposi ted at  640~ This enhancement  of the oxidat ion  
ra te  is p robab ly  due to the h igher  phosphorus  concen- 
t ra t ion  and the s t rong (111) p re fe r r ed  or iented  tex-  
ture  (18) of the polysi l icon films deposi ted at  600~ 
For  the same reason, the oxida t ion  ra te  of the in situ 
doped polysi l icon films is fas ter  than  tha t  of the  
s ing le -c rys ta l  si l icon wi th  the (100) or ientat ion.  

F igure  8 shows three  pa i r  of SEM micrographs ,  
compar ing  the top surfaces of the 600 ~ and 640~ po ly -  
si l icon films as deposi ted (Fig. 8a, b ) ,  the surfaces of 
the oxides  grown on these films (1000~ d r y  ambien t )  
(Fig. 8c, d) ,  and the surfaces of the polysi l icon films 

af te r  s t r ipping the oxides (Fig. 8e, f) .  Two impor tan t  
conclusions are  d rawn  from these micrographs :  the 
surface of the 640~ poly  is rougher  than the surface 
of the 600~ poly at all  the processing steps, including 
the high t empe ra tu r e  step of oxidat ion,  and the oxi-  
dat ion process causes the surface to become rougher  
(compare  the 600~ po ly  surface as deposi ted and 
af ter  oxide s t r ip)  (5). 

Af te r  oxidat ion  in steam, even the polysi l icon film 
deposi ted at 600~ wi th  its or ig inal  smooth surface 
(Fig: 9a) resul ted  in an ox ide-polys i l i con  interface 
ful l  of asper i t ies  (Fig. 9c) (21). Since there  is evi-  
dence for the increase of conduct iv i ty  in oxide grown 
on polysi l icon due to asper i t ies  (7),  a d ry  oxidat ion  is 
p re fe rab le  for good insulators  and capacitors.  

Oxide breakdown.--It is c lear  from the da ta  of Table 
I and f rom Fig. 2 that  the b r eakdown  field of the 
oxide grown on the 600~ polysi l icon film is 
much h igher  than  that  of the oxide grown on the 

Fig. 8. SEM micrographs of the surface of the 600 ~ and 640~ 
phosphorus in situ doped polysilicon film as deposited (a, b), of 
the surface of the polyoxide grown at 1000 ~ C in dry 0~ (c, d), and 
of the surfaces of the po|ysillcon after polyoxide was stripped in 
BHF (e, f). See text for discussion. 

Fig. 9. TEM cross section of the 600~ phosphorus in situ doped 
polysilicon film as deposited (a), after oxidation at 1000~ in dry 0.~ 
(b), and after oxidation in steam at 950~ (c). 3,EM micrograph was 
taken by 3" .3-. Sheng. 
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640~ films. This difference in the break-  
down field is due to the differences in the size and 
quantity of protuberances and bumps at the oxide- 
polysilicon interface, which are expected to lower the 
electric strength by increasing the local electric field 
(22). The initial surface morphology and the grain 
structure of the as-deposited films affect the size and 
density of the final protuberances and bumps (19). 
Therefore, the 600~ film with the smoother 
surface and fewer grain boundaries behaves more like 
the single-crystal  substrate which yields oxides with 
a high breakdown field. The variance in the break~ 
down field is tight and almost the same for the differ- 
ent oxide thicknesses. Figure 2 shows also that there 
are no freaks in the oxide grown on the low tempera-  
ture-deposited films. Contrary to what is found for 
oxides grown on polysilicon ~lms doped by PBr~ (23), 
the breakdown field (BF) for thinner oxides is higher 
than the BF for the thicker oxides grown on the 
in situ doped films (Fig. 3). The effect is emphasized 
on the 640~ films. The in situ doped films 
are relat ively flat and smooth, and during the short 
period of oxidation (for the thin oxide) there is no 
buildup of bumps or protuberances which lower the 
breakdown field. As the oxides grown on the phos- 
phorus in ~ situ doped films become thicker, intergranu- 
lar  oxidation enhances the surface roughness of the 
polysilicon film, and the oxide breakdown field is re-  
duced. 

As is summarized in Table I, the breakdown fields 
for the negative polar i ty  of the 640~ poly-  
silicon films are about 30-40% higher than the fields 
measured with a positive polarity. The fact that there 
is no polari ty dependence in the breakdown field of 
the 600~ films indicates that  the top sur-  
face of the oxide is as smooth as its bottom surface. 

Electrical conduction.--The electrical conduction of 
the polyoxides, as seen from Fig. 4, 5, and 6, is con- 
trolled by traps in the polyoxide (9, 16, 24, 25). Most 
of the electrons are trapped close to the polyoxide- 
polysilicon interface (16). 

The much higher leakage current of the polyoxides 
grown on the 640~ P in situ poly compared to those 
through the oxides grown on the 600~ poly can be 
correlated to the surface morphology as revealed 
in the SEM micrographs (Fig. 8). The roughness of 
the polysil icon/polyoxide interface causes enhanced 
local electric fields which increase the injection of 
electrons into the polyoxide, yielding high leakage 
currents (22). 

The data presented in Fig. 5 for the time depen- 
dence of the current density J show that J N t - n  and 
n ,~ 0.55-0.7. These results agree with results reported 
previously for 100,0~ dry oxidation (9). The currents 
are controlled by electron traps which lower the effec- 
tive local fields at asperities as they fill. No attempt was 
made to pursue a detailed model to explain the results. 
The dependence of J /E 2 on 1/E, as given in Fig. 6 (E 
is the stressing field), follows approximately a func- 
tional dependence J : aE2 exp (- -  b/E) expected for 
the Fowler-Nordheim tunneling (26). However, the 
two numerical factors a and b cannot be given a sim- 
ple physical interpretation, as in the case of oxide on 
single-crystal  silicon, since local field enhancement 
occurs over a portion of the area. 

Conclusions 
The electrical properties of thin oxides thermally 

grown on phosphorus in situ doped polysilicon films 
in a dry ambient at 1000~ have been studied. High 
breakdown fields (~,-8 MV/cm) and low leakage cur- 
rents (5 • 10 -s  A/cm 2 at 3.5 MV/cm) through the 
oxide (thickness varying from 400 to 1200A) have 
been obtained. Thermal oxides grown on phosphorus 
in situ doped polysilicon deposited at 600~ are su- 
perior to those grown on the phosphorus in situ poly- 

silicon deposited at 640~ The sheet resistance of the 
600~ films is reduced from 35 to 10-13 t~/[~ 
after 10 min of dry oxidation at 1000~ for films that  
are 6000A thick. Under the same condition, the sheet 
resistance of the 640~ films is decreased 
only by a factor of 8 to a final value of 20-25 ~/[~. 
The electrical characteristics of the polyoxides are re-  
lated to the smoothness of the interface between the 
phosphorus in situ doped polysilicon, deposited at 
600~ and the oxide. 

The use of polyoxide grown on polysilicon doped 
in situ with phosphorus at the optimal conditions has 
two major advantages for IC technology: (i) the 
breakdown fields are 25% higher, and the leakage 
currents are more than an order of magnitude lower 
than polyoxides fabricated on PBrs-diffused polysil i-  
con films, and (ii) a high temperature processing step 
of doping the polysilicon films by PBr3 diffusion can 
be eliminated. 
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Cation and Anion Transport Numbers in Anodic GaAs Oxides 
C. W. Fischer and J. D. Canaday* 

Department of Physics, University of Guelph, Guelph, Ontario N1G 2W1 Canada 

ABSTRACT 

An Xe T M  marker  atom layer of concentrat ion 2 • 1015 cm -2 has been implanted into GaAs to a depth of 20 nm. The GaAs 
containing the Xe TM was anodized to various thicknesses,  and Rutherford backscat ter ing was used to measure the change in 
the Xe TM marker  atom depth relative to the change in oxide thickness. These measurements  are used to calculate the cation 
and anion t ransport  numbers  which are 0.18 and 0.82, respectively. A secondary result from backscat ter ing measurements  is 
the oxide bulk stoichiometry and oxide density. The results show a bulk oxide composit ion of (Ga + As): 0 = 2:3, and an 
oxide densi ty of 4.64 g/cm 3. 

The except ional  electronic and opt ical  p roper t ies  of 
GaAs  has resu l ted  in extens ive  mate r ia l s  research,  
much of it  a imed  a t  the  deve lopment  of devices on 
this semiconductor .  Not su rpr i s ing ly  the  oxide of GaAs 
has also received considerable  at tent ion.  Many studies 
have charac ter ized  the oxida t ion  kinet ics  in a va r ie ty  
of e lec t ro ly tes  (1-3) and have measured  the oxide 
composit ion profile (4-6).  The e lect r ica l  p roper t ies  of 
the oxide  and the ox ide-semiconduc tor  in terface  have 
also been repor ted  in the  l i t e ra tu re  (3, 5, 7, 8). Un-  
fo r tuna te ly  these studies have  shown that  the nat ive  
GaAs oxide is infer ior  to that  of SiO~. Subsequent  re -  
search was a imed  at  unders tand ing  the oxida t ion  
mechanism of GaAs and in the ways  in which it 
differed f rom tha t  of Si and va lve  metals .  

The oxygen  distr ibUtion in GaAs anodic oxides 
grown from elect rolytes  p r epa red  wi th  H20 TM and 
H~O is has been analyzed  by  Coleman et al. (9). The 
da ta  showed tha t  as the  oxide thickens,  addi t ional  
oxygen is incorpora ted  into the  film at  the ox ide -e lec -  
t ro ly te  interface.  This resul t  and  the hypothesis  tha t  
mass t r anspor t  occurs th rough  the inters t ices  of the 
th ickening  oxide lead to  the conclusion that  Ga and As 
were  mobi le  dur ing  anodization.  A resul t  s imi la r  to that  
of Coleman et al. (9) was repor ted  by  Koshiga and 
Sugano (10), and Yamasak i  and Sugano (11) for 
anodic GaAs films grown by  p lasma  oxidat ion.  Com- 
posi t ion profiles showed tha t  oxygen  in i t ia l ly  incor-  
pora ted  in the film was located near  the  GaAs-ox ide  
interface,  whereas  subsequent  oxygen  incorpora t ion  re -  
mained nea r  the  ox ide -vacuum interface.  Thus, the 
oxygen o rde r  was seen to be  preserved ,  and in te rs t i -  
t ia l  oxygen migra t ion  could be ru led  out, as this 
process would  have reversed  the oxygen order .  

The mechanism of cation t r anspor t  in anod i c  GaAs 
has also been considered.  Wi lmsen  et al. (12) have pro-  
posed tha t  oxide growth  occurs p r i m a r i l y  by  the mig ra -  
t ion of Ga and As towards  the ox ide -e lec t ro ly te  in te r -  
face. Breeze and Har tnage l  (13) hypothesize  that  Ga 
and As are  ionized at  the GaAs-ox ide  interface  and 
then migra te  in te r s t i t i a l ly  under  the  influence of the  
anodic field. Thus, there  is s t rong evidence that  both  
cation and anion t r anspor t  occurs dur ing  anodic ox ida -  
tion. 

The magni tude  of the cat ion and anion migra t ion  
in anodic GaAs oxides has, heretofore ,  not  been mea -  
sured.  The main  purpose  of this pape r  is to r epor t  the  
resul ts  of a d i rec t  measurement  of  the re la t ive  f ract ion 
of the oxide formed by  cat ion .and anion migra t ion .  In  

* Electrochemical  Society Active Member. 
Key words: semiconductor,  electrode,  mass transport. 

this  work  we wil l  adopt  the  t e rmino logy  which h a s  
been used in the  s tudy  of valve  meta l  oxides,  namely :  
the fract ion of the oxide formed by  meta l  ion t r anspor t  
is defined to be the cation traresport number .  S imi lar ly ,  
the complement  of this f ract ion is the anion t ranspor t  
number ,  i t  represents  the f ract ion of oxide formed by  
oxygen t ranspor t .  The r eade r  m a y  refer  to Pr ing le  
(14) for a concise s u m m a r y  of the  t r anspor t  number  
measurements  repor ted  on many  valve metals  and sev-  
era l  semiconductors,  as wel l  as pa ramete r s  charac ter iz -  
ing the  oxida t ion  kinetics.  I t  is of pa r t i cu la r  in teres t  to 
note that  in Si, the cation t r anspor t  number  is v i r tua l ly  
zero (15, 16) whereas  for  A1 it is app rox ima te ly  0.4 
(17). An  in teres t ing  corre la t ion be tween  the cation 
t r anspor t  number  and cat ion radius  was made  by 
Har tnage l  (18). He showed tha t  the  cation contr ibut ion  
to oxide th ickening  approaches  zero l inea r ly  wi th  in-  
creasing ionic radii .  In  fact for  ionic radi i  g rea te r  than 
0.8A this corre la t ion showed that  the meta l  ion con- 
t r ibu t ion  to oxide th ickening is app rox ima te ly  zero. 
App ly ing  this corre la t ion  to t r ipos i t ive  Ga and As ions, 
we would expect  a cat ion t ranspor t  number  of ap-  
p rox ima te ly  0.3. Fu r the rmore ,  since the Ga and As ions 
are  of different  size, we might  expect  one e lement  to 
dr i f t  more  r a p id ly  than  the o ther  and resul t  in non-  
uni form oxides. These nonuni form oxides have in fact 
been observed for GaP (19), GaAs (4, 6), and InSb 
(20), and fur thermore ,  the  composit ion profile has 
been shown to be sensi t ive to the  pH of the e lect rolyte  
(19, 21). 

The exper imen ta l  technique,  descr ibed in the  nex t  
section, which is used to measure  the t r anspor t  number ,  
is based on an implan ted  Xe TM m a r k e r  a tom laye r  
through which the migra t ing  ions can pass. Our  choice 
of m a r k e r  was based on a n u m b e r  of considerat ions,  
many  of which have been discussed by  Pr ing le  (22). 
F i r s t  of all, the m a r k e r  should  be a nonreac t ive  neu-  
t ra l  a tom which  is not  easi ly  ionized by  the anodic field. 
Secondly  the m a r k e r  concentra t ion must  be low so tha t  
its presence wil l  not  in ter fere  wi th  the movement  of 
cat ions  and anions. And  finally, if the concentra t ion is 
to be low and Ruther fo rd  backsca t te r ing  is to be used 
for locat ion of the m a r k e r  posi t ion then  the m a r k e r  
must  have a mass  exceeding that  of Ga and As. P r ing le  
(22) showed that  the noble gases were  essent ia l ly  iner t  
and immobi le  and prov ided  re l iab le  t r anspor t  number  
measurements .  

Experimental 
The ma te r i a l  used in this s tudy  was (100) or ien ted  

undoued GaAs wi th  a net  donor  dens i ty  of app rox i -  
ma te ly  8 • 1016 cm -~. The surfaces were  p repa red  b y  
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successive pol ishing and l app ing  steps, the final one 
employing  Y4 ~m diamond.  This s tep was fol lowed by  
etching the wa te r  for 10 sec in a z% by volume Br: 
CH~OH solut ion fol lowed by  hot  me thano l  and t r i -  
ch loroe thylene  rinses. A p p r o x i m a t e l y  1 cm 2 of the sur -  
face of each wafer  was tl~en implan ted  with  Xe TM at an 
energy  of 40 keV. By use of backsca t te r ing  spec t rom-  
etry,  the Xe TM was found to have a m a x i m u m  concen-  
t ra t ion  of a p p r o x i m a t e l y  3 par t s  pe r  thousand located 
20 nm below the surface  and a ful l  width  at  half  m a x i -  
m u m  of 12 nm. At t empt s  to implan t  the  m a r k e r  in a 
p re fo rmed  oxide  were  unsuccessful  because of oxide 
spu t te r ing  dur ing  exposure  to the Xe TM beam. 

Anodization 
Anodizat ion  was pe r fo rmed  at  25~ using the p re -  

v iously  descr ibed (t0 cell. By r epea ted ly  masking  the 
wafer ,  oxides of different  thickness,  each l aye r  ap -  
p r o x i m a t e l y  0.25 cm 2 in area,  were  grown on a single 
wafer .  Growth  was pe r fo rmed  at  a constant  cur ren t  of 
1.0 m A / c m  2 in an aqueous solut ion of 2% ta r ta r ic  acid 
in e thy lene  glycol  in the rat io  of 1:2 by  volume. The 
measured  pH of the  e lec t ro ly te  was 2.5. Appl ica t ion  
of the cur ren t  resul ted  in a l inear  anode vol tage rise 
measured  re l a t ive  to a sa tu ra t ed  calomel  e lect rode 
(SCE).  The measured  vo l t age- t ime  graphs  and the 
oxide  in te r fe rence  colors were  ident ical  wi th  those ob-  
served on un implan ted  wafers.  The resul t ing  oxide 
thickness  was measu red  by  first masking  the oxide, ex-  
cept  for  a smal l  a r ea  which was exposed to an H F  
e tchant  ( H F : H 2 0  = 1:103). The masking  was washed 
off and the resul t ing  step be tween  the oxide and the 
subs t ra te  was measu red  using a Dectak  s ty lus  ins t ru -  
ment.  F igure  1 i l lus t ra tes  the resul ts  of these th ick-  
ness measurements  p lo t ted  as a funct ion of the final 
oxide voltage.  We define the final oxide vol tage to be 
the  difference be tween  the GaAs anodic potent ia l  r e l a -  
t ive to the  SCE at  the t e rmina t ion  of anodizat ion and 
the b r eakdown  vol tage  of the Schot tky  ba r r i e r  formed 
be tween  the e lec t ro ly te  and the n type  GaAs. The 
sol id  l ine on Fig. 1 is a l inear  least  squares  fit to the  
da ta  and has a slope of 1.88 nm/V.  This value  is nea r ly  
m i d w a y  be tween  1.98 n m / V  repor ted  b y  Har tnage l  (7) 
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Fig. i. Oxide thickness vs. oxide voltage measured relative to a 
saturated calomel electrode. 

using a s imi la r  e lec t ro ly te  and the value of 1.78 mea -  
su red  by  the authors  (3) in a 0.2N methanol ic  potas-  
s ium hydrox ide  e lectrolyte .  

Backscattering Spectrometry 
The bu lk  s to ichiometry  and the posi t ion of the  Xe TM 

within  the oxide were  measured  using backsca t te r ing  
spec t roscopy with  He 4 ions at  no rma l  incidence and 
wi th  an incident  energy of 1.60 MeV. The backsca t -  
tered ions were  detected at  app rox ima te ly  180 ~ using 
an annu la r  sil icon surface  ba r r i e r  detector  wi th  a 
resolut ion of a pp rox ima te ly  15 keV. Typical  inc ident  
ion currents  and to ta l  flux were  0.5 nA and 1.0 ~C, re -  
spect ively.  The GaAs wafers  were  mounted  on a mu l t i -  
p le  t a rge t  ho lder  along wi th  samples  of C, A1, V, Nb, 
and  Ta which were  used for energy  cal ibrat ion.  A 
typical  backsca t te r ing  spec t rum is shown in Fig. 2. The 
gross fea tures  of in teres t  in this  spec t rum are  the y ie lds  
f rom the O, and the Ga and As in the  oxide, as wel l  as 
the Xe TM yield  and its posi t ion on the energy  axis. Al l  
measured  backsca t te r ing  spect ra  were  s imi la r  to Ffg. 2 
except  that,  for the  th inner  oxides,  the  m a x i m u m  
yie ld  f rom the Xe184 was shi f ted  toward  h igher  energies  
and the energy wid th  for  sca t te r ing  f rom the O, and 
the GaAs in the oxide, was reduced.  Deta i led  e x a m i n a -  
tion of the  spec t ra  showed tha t  the  p la teau  region cor-  
responding  to sca t te r ing  f rom the Ga and As in the 
oxide was flat, t he reby  indica t ing  a homogenous  oxide 
s t ruc ture  wi th  no gross deficiencies of excesses at  the  
interfaces or  wi th in  the bulk.  Fur the r ,  the  ha l f -he igh t  
y ie ld  of the leading  edge of the spec t ra  cor responded to 
an energy  consis tent  wi th  sca t ter ing  f rom an  e lement  
of mass equal  to the mean  of the  Ga and AS masses. 

Results and Discussion 
The energy  axis of the backsca t te r ing  spec t rum of 

Fig. 2 may  be conver ted  to a dep th  scale using the 
re la t ion  (24) 

KEo --  E --  Nt[Q [1] 

where  K is the  k inemat ic  sca t ter ing  factor,  Eo the in-  
c ident  ion energy,  and E is the  detected energy  af ter  
sca t te r ing  f rom a s imi la r  a tom at dep th  t. The concen-  
t ra t ion  of sca t te r ing  e lements  is N and e is the s top-  
ping cross sect ion factor  given b y  [Q --  Ke(Eo) + 
e(KEo) where  e is the s topping  cross sect ion which is 
eva lua ted  at  energies  Eo and KEo. In each case, we as-  
sume Bragg 's  l aw to eva lua te  the s topping  cross sec-  
tion. As poin ted  out  by  Chu et al. (24), the use of Eq. 
[1] to convert  f rom an energy  scale to a depth  scale 
assumes that  the oxide dens i ty  is known.  The requ i red  
informat ion  on oxide bu lk  s to ich iomet ry  and dens i ty  
was obta ined  b y  the  use of backscat ter ing ,  as follows. 
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Because of the small  mass difference between Ga and 
As, bacl~cat ter ing spectroscopy cannot  be used to 
measure compositmn profiles. However the bulk stoi- 
chiometry, that  is, the Ga plus As concentrat ion rela-  
tive to the oxygen atom concentrat ion is easily mea-  
sured from the backscattered yields using the relation 
(24) 

N o  H o  ~rGA [e]GA ~ 
- -  _ - -  [ 2 ]  

NGA HGA r [dO ~ 

where Ho and HGA are the heights of the scattering 
yields from the oxygen and Ga and As in the oxide, re-  
spectively, and ~GA and ~o are the Rutherford scatter- 
lag cross-sections tor Ga and As (mean value assumed) 
and the oxygen, respectively. The terms [e]G~ ox and 
[e]o ox are the stopping cross-sectional factors for scat- 
tering from Ga and As atoms and oxygen atoms in the 
oxide, respectively. Table I summarizes the results of 
the use of Eq. [2J to evaluate the bu lk  stoichiometry 
for oxides of thicknesses ranging from 85 to 302 rim. 
The two th innes t  oxides were not analyzed because the 
oxygen yield was insufficient to obtain a meaningfu l  
measure of the stoichiometry. The results show that the 
oxide is composed of Ga plus As and O in the ratio of 
2:3. This formulat ion is consistent with that  reported 
by Mizokawa et al. (25) and also Ishii and Jeppson 
(26) who used an electrolyte s imilar  to ours. The bulk  
Ga to As ratio in anodic oxides has been measured 
using Auge r  spectroscopy (4, 6). These measurements  
general ly  show a Ga and As composition variat ion near  
the interfaces, however, the bulk  Ga to As ratio is ap- 
proximately  1: 1. 

The third column of Table I is a tabulat ion of the 
energy width of the oxide. That  is the difference in 
energy between the measured yields at the half-heights  
for He ~ ions scat ter ing from Ga and As atoms on the 
surface and scattering from the oxide-GaAs interface. 
This quant i ty  is identified in Fig. 2. Using the measured 
stoichiometry, we calculate the stopping cross-sectional 
factor [e]~ox appearing in Eq. [1], and defined in [2] 
([e]CA ox = 5.12 X 10 -~z eV cm -2) and then calculate 
the number  of scattering centers, Nt per cm 2 in the 
oxide (column 4, Table I).  The n u m b e r  of scat ter ing 
centers/cm~ is given by Nt/tox where tox is the physical 
oxide thickness. These calculations are summarized in  
column 5. Finally,  the oxide density (column 6, Table 
I) is evaluated by use of the calculated density of scat- 
ter ing centers and a weighted average molecular  
weight based on the bu lk  stoichiometry. 

The average oxide densi ty of 4.64 g/cmS with a s tan-  
dard deviation of 0.17 is within 5% of 4.81 g/cm3 which 
is the value that  would be calculated assunming the 
oxide was composed of equal fractions of Ga203 and 
AssO3 of density 5.88 and 3.74 g/cm ~ (23), respectively. 
This value of 4.64 g/cm3 is also very close to 4.78 
g/cm ~ measured by the authors (3) using a weighing 
and str ipping technique and also s imilar  to the value 
4.7 g/cm~ reported by t tasegawa and Hartnagel  (2). 

The technique we have applied in this section is an 
impor tant  and necessary step whenever  the energy 
scale of backscattered spectra has to be converted to a 
depth scale. It  is par t icular ly  impor tant  with thin films 

Table I. 

Oxide 
thick- Stoichi-  E n e r g y  Oxide 
hess  o m e t r y  w i d t h  (z~E) Molecu le s  Molecu le s  density  
( n m )  ( G a + A s )  :O (keV)  (10Wcm~) ( 1 0 ~ / c m  a) ( g / c m  a) 

39.1 - -  30 0.586 1.50 4.79 
65.0 - -  49 0.957 1.47 4.71 
85.0 0 .636  65 1.269 1.49 4.78 

149.2 0.607 llO 2.148 1.44 4.61 
155.2 0.686 117 2,284 1.47 4.71 
198.1 0.661 150 2.928 1.48 4.73 
267.4 0.656 185 3.612 1.35 4.32 
301.9 0.719 215 4.197 1.39 4.45 

Mean 0.66 + 0.04 1.45 + 0.05 4.64 + 0.17 
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where the film densi ty may be dependent  on the forma-  
t ion process, as is the case when A1 is anodized in some 
electrolytes. 

Transport  Numbers 
As previously described the oxides were grown to a 

range of thicknesses as given in  Table I. The location of 
the Xe TM below the oxide vacuum interface was calcu- 
lated from the backscattered spectra using Eq. [1]. In 
using Eq. [1], t was considered to be the depth of the 
Xel~% E represents the energy of the m a x i m u m  Xe TM 

yield, and Kxe is the kinematic  factor for scattering 
from Xe TM. The stopping cross-sectional factor [,]Xe ox 
= Kxe,(Eo) + ~(KxeEo) is evaluated assuming Bragg's 
law and the mean  oxide stoichiometry as listed in 
Table I. We use the surface energy  approximat ion for 
[~] and calculate its value to be 5.265 • 10 - i3 eV cm -2. 
The average value of N in Eq. [1] is taken from Table 
I. Before present ing the results of the Xe TM position as 
a funct ion of oxide thickness, we will discuss the 
model which we use for our analysis. 

The q u a n t i t y  of importance to us is the change in 
the Xe TM marker  depth as a function of the change in 
oxide thickness. Figure 3 Schematically i l lustrates the 
effect of the ini t ial  anodization, which we assume in-  
corporates the Xe TM in the oxide. Although the Xe i~4 
is shown to be distr ibuted near  the midpoint  of this 
thin oxide, its exact location is not  known. However, 
this aspect is not  impor tant  for the discussion which 
follows. Subsequent  anodization of this thin oxide to 
higher  potentials results in  oxide thickening by one 
of the mechanisms i l lustrated in Fig. 3a-d. In  a, we as- 
sume that Ga and As ions move through an exist ing 
oxide to react at the oxide-electrolyte interface, form- 
ing new oxide at this interface. Here the Ga and As 
transport  mechanism could be interst i t ial  or subst i -  
tial via anion vacancies. Ei ther  t ransport  mechanism 
will  result  in oxide thickening and the Xe TM marker  
would be located at the GaAs-oxide interface. In  this 
case, a plot of the change in marke r  depth vs. the 
change in oxide thickness wo.uld have a slope of unity.  
This slope is defined to be the metal  or cation t ransport  
number .  

In  Fig. 3b, we assume that  all oxide thickening is 
due to oxygen ion t ranspor t  and that  new oxide is 
formed at the GaAs-oxide interface. In  this case, the 
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in i t ia l  anodiza t ion  would incorpora te  the m a r k e r  a toms 
at a dep th  be low the ox ide -e lec t ro ly te  in terface  given 
by  its in i t ia l  dep th  be low the GaAs surface mul t ip l i ed  
by  the P i l l i ng -Bedwor th  rat io,  tha t  is, the volume of 
oxide formed d iv ided  by  the volume of meta l  consumed 
(1.5 for  GaAs)  (2).  Fo l lowing  this in i t ia l  anodizat ion,  
any  fu r the r  anodizat ion would  resul t  in a zero change 
in m a r k e r  dep th  for  increasing oxide  thickness.  In  this 
case, a p lo t  of the  change in m a r k e r  dep th  vs. the 
change in oxide  thickness  would have zero slope. The 
cat ion t r anspor t  n u m b e r  would  be zero and the anion 
t r anspor t  n u m b e r  would be unity.  

P a r t  c of Fig. 3 combines the  effects of par t s  a and b, 
namely :  oxide fo rmat ion  at  the  ox ide -e lec t ro ly te  in te r -  
face due to Ga and As  migrat ion,  and  also oxide  fo rma-  
t ion at  the  GaAs-ox ide  interface  due to oxygen  ion 
t ranspor t .  In  this case, as the  oxide thickness increases,  
the  Xe TM would  be found at an increas ing depth  below 
the ox ide -e lec t ro ly te  interface,  however ,  a g raph  of the  
change in m a r k e r  dep th  vs. the change in oxide th ick-  
ness would  have a slope be tween  zero and unity.  In  th is  
case, the  t r anspor t  numbers  would sum to unity.  

F ina l ly  in Fig. 3 r  we a l low for the mechanism in c 
plus  the poss ib i l i ty  of oxygen reac t ing  with  Ga and As 
wi th in  the bu lk  of the exis t ing oxide.  This mechanism 
would  resul t  in a b roadening  of the m a r k e r  d i s t r ibu-  
tion. The broadening  should increase  wi th  increas ing 
oxide  thickness.  Therefore  by  measur ing  the change in 
m a r k e r  a tom posi t ion re l a t ive  to the ox ide -e lec t ro ly te  
in ter face  and its d is t r ibut ion,  i t  should be possible  to 
different ia te  be tween  the mechanisms described.  The 
analysis  of the  da ta  is based on the model  jus t  p re -  
sented.  A crucial  aspect  of this model  is the chemical  
iner tness  and s tab i l i ty  of the m a r k e r  a tom layer .  
P r ing le  (22) has discussed the necessary proper t ies  of 
m a rke r s  and has  examined  the behavior  of rad ioac t ive  
noble  gas marke r s  in Ta205. Pr ing le  (22) found tha t  
the  t r anspor t  number  of Ta in Ta~O5 was independen t  
of the  m a r k e r  type  and tha t  the  effect of the  m a r k e r  
a toms on anodizat ion was negligible.  As the previous  
sect ion has shown, the  anodic proper t ies  of the  GaAs  
implan ted  wi th  Xe is essent ia l ly  ident ical  wi th  the 
un impla~ ted  wafers .  Fur the rmore ,  since both the GaAs 
anodic oxides and the t an ta lum oxides are  amorphous,  
the  Ga, As, and Ta ions are  nea r ly  ident ica l  in size, 
and  since s imi lar  oxida t ion  fields are  measured  in the 
two oxides,  we wil l  assume that  the Xe TM in the GaAs 
anodic oxide  wi l l  not  d r i f t  and wil l  therefore  behave  
in a m a n n e r  s imi la r  to tha t  r epor ted  by  Pr ing le  (22). 

F igure  4 i l lus t ra tes  the resul ts  of our  measurements  
of the change in depth  of the Xe TM vs. the  change in 
oxide  thickness.  We also show the  change in the Xe TM 

m a r k e r  posi t ion measured  re la t ive  to the  GaAs-ox ide  
interface.  Both sets of da ta  show tha t  the distance of 
the Xe TM f rom the interfaces increases as the oxide 
thickens.  Thus n e w ' o x i d e  is fo rmed on top of and  
be low the m a r k e r  layer .  By definit ion the cation and 
anion t r anspor t  numbers  a re  s imply  the slopes of the 
da ta  shown in Fig. 4. A l inear  least  squares  fit to the 
d~ta gives the cation and anion t r anspor t  numbers  of 
0.176 and 0.824 -!-_ 0.005, respect ively.  These resul ts  
c lear ly  rule  out  mechanisms a and b i l lus t ra ted  in Fig. 
3. I t  is of in teres t  to note tha t  the magni tude  of the 
cat ion t r anspor t  number  is cons iderab ly  less than~ 
would  be expected  on the basis of Har tnage l ' s  (18) cor-  
re la t ion  assuming s imi la r  sizes of in te r s t i t i a l  sites and 
t r ipos i t ive  Ga and As ions of radi i  0.62 and 0.58zi, r e -  
spect ively.  The fact that  our  measured  t ranspor t  num-  
ber  is subs tan t ia l ly  less than  expected suggests tha t  
the  Ga and As m a y  dr i f t  v ia  an anion vacancy  ex-  
change mechanism ra the r  than  through the inters t ices  
of the  oxide. Sil icon is another  example  of an e lement  
which does not  d r i f t  in te r s t i t i a l ly  dur ing  anodizat ion 
(16). Our  measured  cat ion t r anspor t  n u m b e r  of ap-  
p r o x i m a t e l y  0.18 does not d is t inguish  be tween  Ga and 
As  t ranspor t .  As pointed out ea r l i e r  a Ru ther fo rd  back-  
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scat ter ing  composi t ion profile does not  pe rmi t  differen-  
t ia t ion be tween  Ga and As in the oxide. When  the ent i re  
oxide is considered backsca t te r ing  shows tha t  we have  
a un i form mix tu re  of the form Ga203 + As208. I t  is 
ve ry  l ike ly  that  Ga and As wil l  dr i f t  at  s l igh t ly  di f -  
fe rent  rates. The resul ts  a re  consistent  wi th  non-  
uni form composit ion profiles which have been re -  
por ted  (4-6).  An ind i rec t  measu remen t  of Ga t rans-  
por t  of 0.13 (14) in GaP anodic oxides  (19) is ve ry  
s imi la r  to our  composite measurement .  

The previous  discussion has ru l ed  out  mechanisms 
a and b, as i l lus t ra ted  in Fig. 3, for  oxide thickening,  
we mus t  now consider the  evidence for  oxide  fo rma-  
t ion wi th in  the  bulk.  If  bu lk  g rowth  occurs then as 
discussed ea r l i e r  we would  expect  to observe an in-  
crease in the width  of the m a r k e r  a tom dis t r ibut ion.  
Fol lowing the method  of Chu et al. (24), the fu l l - .  
w i d t h - a t - h a l f  m a x i m u m  (FWHM) values  of the ap-  
p r o x i m a t e l y  gaussian Xe TM dis t r ibu t ion  were  de te r -  
mined by  subt rac t ing  in quadra tu re  the detector  reso-  
lut ion and energy  s t raggl ing te rms f rom the measured  
profiles. These resul ts  show the FWHM increases f rom 
a pp rox ima te ly  12 to 16 n m  for oxide thickness  in-  
creases ranging  f rom 65 to 267 rim. This increase would  
suggest  bu lk  oxide format ion  of up to 2%. However ,  
dur ing  a s tudy  of the  behav ior  of A r  41, K r  79, Xe 12~, and 
Rn 222 m a r k e r s  in Ta205, P r ing le  (22) also observed a 
b roadening  of a magni tude  s imi lar  to tha t  measured  
here.  Pr ing le  (22) a t t r ibu ted  this b roaden ing  to col- 
lisions be tween  the m a r k e r  species and the migra t ing  
ions. If  collisions are  responsible  for  the  b roaden ing  
then because of differing ion fluxes, masses, and d i rec-  
tions of motion, we might  expect  to observe an a sym-  
m e t r y  in the  m a r k e r  a tom dis t r ibut ion.  Unfor tunate ly ,  
the low Xe concentrat ion does not  pe rmi t  a meaningfu l  
measure  of  the  change in a s y m m e t r y  of the m a r k e r  
a tom dis t r ibut ion.  However ,  our  resul ts  show that  bu lk  
growth  is insignif icant  compared  with  tha t  occurr ing 
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at the interfaces. We conclude that in the case of anodic 
GaAs, the oxide thickening is due to both the trans- 
port of cations to oxide-electrolyte interface and anions 
to the GaAs-oxide interface with bulk growth ac- 
counting for less than 2%. 

Summary and Conclusions 
Implanted Xe TM marker atoms and backscattering 

spectrometry has been used to show that during the 
anodic oxidation of GaAs the oxide thickens at both 
the oxide semiconductor and the oxide electrolyte in- 
terface. In particular, it is found that at 25~ at a cur- 
rent density of 1 mA/cm 2 that 82% of the oxide 
thickening occurs at the GaAs oxide interface by the 
inward migration of oxygen. The complementary frac- 
tion or 18 % of the oxide is formed at the oxide-electro- 
lyte interface by the outward migration of Ga and As 
ions. 

Backscattering spectrometry was also used to mea- 
sure the oxide stoichiometry in the presence of the 
Xe TM marker atoms. It was found that the Xe TM marker 
atoms in the oxide did not have any significant effect 
on either the anodization kinetics or the bulk oxide 
stoichiometry. The anodization constant was measured 
and found to have a value of 1.86 nm/V at a current 
density of 1 mA/cm 2. The oxide bulk stoichiometry 
was measured and within the resolution of backscat- 
tering spectrometry, we find (Ga % As):0 -- 2:3. The 
oxide density was measured to be 4.64 g/cm 3. 
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Optical Probing of Silicon-Sapphire Interface of Heteroepitaxial SOS 
Films 

J. Lagowski, *,1 L. Jastrzebski,* and G. W. Cullen* 
RCA Laboratories, Princeton, New Jersey 08540 

ABSTRACT 

The reflectivity of silicon-on-sapphire in the visible and near infrared spectral range is found to be dependent on the 
crystalline quality and on the film processing such as thermal annealing and hydrogenation. These findings are 
quantitatively explained taking into account an amorphous-like character of the silicon-sapphire interface. It is also shown 
that reflectivity for h. > 2 eV can be used as a means for probing the crystalline quality of the silicon-sapphire interface. 

Silicon-on-sapphire plays an important role as a 
material especially suited for radiation-hard integrated 
circuits. The SOS technology has also been considered 
as a potential contributvr to high performance VLSI 
and VHSI applications. Recent work on silicon-on- 
sapphire/MOS devices has clearly demonstrated a di- 
rect relationship between the crystalline perfection 
of SOS films and device parameters (1}. It  has also 

* Electrochemical Society Active Member. 
Present address: Massachusetts Institute of Teehnology~ Cam- 

bridge, Massachusetts 02139. 

been shown that crystalline imperfections have a 
detrimental effect on electronic properties of SOS 
films, such as excess carrier lifetime, trapping centers, 
degree of amorphization, and microscopic electrical 
inhomogeneities (1-3). 

It has been our experience that the pace of the  
optimization of materials properties in the heteroepi- 
taxial silicon technology is closely related to the 
ability to characterize the quality of the deposits. The 
entire thickness of the film can be observed by cross- 
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section transmission microscopy, but this method is la- 
borious and time consuming, and therefore cannot 
serve as rapid feed-back for materials optimization 
efforts, u.v. reflectometry (1, 4) now serves as a 
rapid method to characterize the crystalline quality 
of the heteroepitaxial silicon most remote from the 
silicon/substrate interface. No fast method is cur- 
rently available, however, for the characterization of 
the crystalline nature of the silicon near the silicon/ 
substrate interface. Specific aspects of device perform- 
ance (for instance, leakage current) are associated 
with the properties of the silicon near '  the substrate 
interface. In this ~tudy, we describe a method of char- 
acterization which may prove to be useful in the rapid 
and nondestructive characterization of the near-inter- 
face silicon. 

In the commonly utilized u.v. refection technique 
(1, 4), the concentration of (221) twins is taken as 
the measure of the crystalline quality of the SOS films. 
For practical purposes, the commercially available 
films have been divided into six categories (A to F). 
The best films, belonging to category A, contain ~ 3% 
by volume (221) twins. The inferior quality films of F 
category show the presence of 15-17% by volume 
(221) twinning planes. The u.v. reflection technique 
relies on an empirically established correlation be- 
tween the reflection coefficient of Si at ~ -- 0.28 ~m 
(h~ ~ 4.4 eV) and the concentration of (221) twin 
planes as measured by x-ray topography. In the 
photon energy range employed in this technique, the 
absorption coefficient, a, of Si exceeds 10 s cm -1. The 
Si film is not transparent and the reflection from the 
Si/sapphire interface is of no importance (note that 
for a film of a typical thickness d ~ 0.6 ~m, the factor 
ad " ~  60). Thus, the u.v. technique probes the quality 
of SOS film in the vicinity of the outside surface. 

In the present work, we analyze the reflectance in a 
lower photon energy range, hv < 2 eV, in which the 
epitaxial film is not absorbing the incident light (ad 
< <  1). Accordingly, the intensity of reflected light 
probes not only the outside surface, but also the Si/ 
sapphire interface. The Si/sapphire interface region 
contains a high density of crystalline imperfections 
generated during heteroepitaxial growth (1, 5). In 
view of the importance of this region, new means (Si + 
and O + implantations combined with subsequent an- 
nealing) have recently been proposed for improving 
the crystalline quality of Si near the Si/sapphire in- 
terface (6-8). 

In the present work, we identify the optical effects 
related to the Si/sapphire interface and the influence 
of thermal annealing and hydrogenation on imperfec- 
tions located near this interface. 

Experimental Results 
Silicon-on-sapphire can be represented as a silicon 

film of thickness d confined between two interfaces, 
Si/air and Si/sapphire, characterized by reflection co- 
efficients RI and R2, respectively, (see Fig. la). In re- 
flection measurements, this film is illuminated with a 
monochromatic light at close to normal incidence. As 
shown schematically in Fig. Ib, the intensity of re- 
flected light measured as a function of photon energy 
exhibits a sequence of interference maxima-minima. 
Energy positions of maxima-minima can be used to 
determine the film thickness d and the value and 
energy dependence of refractive index n. In a l o w  
photon energy range (ad < <  I),  the reflectivity val- 
ues at maxima and minima provide a measure of RI 
and R~ (9). In a higher photon energy range, the 
amplitude of reflectivity oscillations decreases due to 
absorption and the oscillations rapidly vanish when 
ad exceeds i. For a perfect interface, the reflectivity 
is determined by values of refractive indexes between 
two media. Thus, a comparison between measurements 
of the energy position of interference extrema (which 

n=, In, l n2 
Air Si Sapphire 
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- -  (b) 

Photon Energy 
Fig. 1. (a) Optical representation of silicon-on-sapphire film. (b) 

Reflectivity oscillations vs. photon energy and definitions of Rmax 
and Rmin. 

determine n) (9) and of the amplitude of oscillations 
(which depend on R2) (9) can be used to draw con- 

clusions on the quality of interfaces. 
In the experimental procedure used in this work the 

intensity of refected light, IR, was recorded (in arbi- 
trary units) as a function of the photon energy. This 
experimental dependence enabled the determination 
of IRmax and IRmin (see Fig. 16) in arbitrary units and 
also the ratio IRmax/IRmin which measured directly the 
ratio of the maximum to minimum reflectivity Rmax/ 
Rmin. It should be emphasized that the ratio Rmax/ 
R~in is accurately determined without any additional 
measurements required for the determination of abso- 
lute values of reflectivities Rmax and/or Rmin and cor- 
recting IR (hv) according to the spectral distribution 
of the incident light intensity and the sensitivity of the 
detector. 

The present studies were carried out using the sam- 
ples of heteroepitaxial silicon-on-sapphire listed in 
Table I. Three inch diameter SOS-wafers often exhibit 
Si-film thickness variations which exceed __+ 5%. In 
order to minimize the error resulting from thickness 
variations, we found it necessary to reduce the diame- 
ter of an incident beam to about 1 ram. SOS wafers 
contain a rather homogeneous central portion and a 
highly inhomogeneous peripheral region (within 1 cm 
from wafer edges) which is of inferior crystalline and 
electronic quality. Unless explicitly stated, the results 
reported further on refer to the central portion of the 
wafers. 

Table I. Characteristics of SOS films 

Crystallinity 
according to 

No. u.v. m e t h o d  Processing Comments 

1 A as-grown ~ different 
2 A as-grown J vendors 
3a F as-grown ~ sections of 
3b F hydrogenated ~ the same 

(lh; 300~ wafer 
4a B as-grown ~ sections of 
4b B hydrogenated ; the same 

( lh; 300~ wafer 
5a B as-grown "~ sections of 
5b B heat-treated ~ the same 

(1100~ 3 h) wafer 
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Refract ive  Index  
Figure 2 presents the position, L-~, of refiectivity 

extrema vs. a consecutive number of extremum, l, 
for films listed in Table I. The position of extreme is 
related to the wavelength L], maxima 2 and minima 2, 
respectively, of the reflectance occur at n d =  (2t + 
1)~./4 and n d =  (2/ + 2)L/4 [El (eV) -- 1.24/L1 (~m)]. 
For low energy, E1 increases iinearly with I due to a 
constant value of the refractive index. In this region, 
different slopes in various films results from small dif- 
ferences in the film thickness -d, which was about 
6000A. For higher energy, the separation between ex- 
treme decreases due to increasing value of the refrac- 
tive index n ( E ) .  In Fig. 3a, we show the energy dis- 
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persian of the refractive index calculated from the 
data in Fig. 2. It is of importance to note that there 
is no measurable difference between as-grown, heat- 
treated, and hydrogenated films. Such behavior is 
similar to single-crystalline Si and quite different from 
that encountered in amorphous, silicon. In this latter 
case, the refractive index significantly decreases upon 
annealing (10). Most recent results have also shown 
that the value of n in amorphous silicon is highly 
sermitive to the presence of hydrogen (11). 

For a comparison between crystalline-noncrystalline 
materials and/or the effects of processing, the index of 
refraction is compared with a phenomenological de- 
pendence, 1 / ( n 2 _  1) vs. 1/L 2, which defines the long- 
wavelength limit of the refractive index n (L = oo) = 
no (12). The results obtained for SOS films satisfy a 
linear dependence of 1/(n2 -- 1) vs. 1/L 2 (see Fig. 3b). 
The value of no = 3.37 _+ 0.05 determined in this man- 
ner is very similar to no of single crystalline silicon 
(13) and is independent of film processing, in agree- 
ment with recent studies (14). Therefore, one can con- 
clude that the long wavelength refractive index of 
silicon films is the same in all films and equal to this of 
bulk silicon. 

A m p l i t u d e  of In te r fe rence  Ext rema 
The magnitude of interference extreme in different 

SOS wafers was found to exhibit small but definite 
differences. We will present these results using two 
quantities, i.e., /{max (hv) and Rmaz (hv)/Rmin (hv), 
where Rma x and Rmin are the maximum and minimum 
values of reflectivities. 

As shown in Fig. 4, Rmax (hv) exhibits two specific 
features: (i) it increases with increasing photon en- 
ergy and (ii) its value in a higher photon energy 
range slightly decreases upon thermal annealing and 
hydrogenation. It is also seen in Fig. 4 that Rmax (hv) 
has definitely higher value at the edges of the wafer 
than in the middle. Changes of Rmax can be caused by 
two factors: (i) changes in reflectivities of two inter- 
faces (air-silicon and silicon-sapphire) and (ii) changes 
in optical absorption. Increase in optical absorption 
will tend to decrease Rmax, especially in a higher 
photon energy range hv -- 1.8 eV whereby =d becomes 
noticeable (for hv = 1.8 eV ad _~ 0.18). This effect is 
probably responsible for the leveling of the Rma= 
seen in Fig. 4. The increase of Rmax clearly observed 
for lower energy cannot be related to optical absorp- 
tion. In this low energy range, d is negligible (da -- 
6 X 10 -3 and 3 X 10 -2 for hv -- 1.2 eV and 1.4 eV, 
respectively). Furthermore, the increase of Rmax would 
require a decrease of the absorption coefficient with 
increasing hv which is opposite to the well established 
behavior. Thus, we believe that an explanation of re- 
sults of Fig. 4 should involve changes in reflectivity, 
In further estimates, the changes in optical absorption 

0,12 

0,11 

- 0 , 1 0  
I 

? 0 . 0 9  
O4 r 0 .08 

0 .07 

0 . 0 6  
0 

x - 5 0  

* - 5 b  

u -  4 a , 4 b , 2  

~ ~ " ~ " ' ~ - .  x ~ - I 

| I ~ 1 7 6  "~' i t '  ~" X~ 

1,0 2,0 3,0 4,0 

(I/x)ZE~m-a] 

(b) 

Fig. 3. (a) Summary of results on the energy dependence at the 
refractive index of silicon-on-sapphire films subjected to a different 
processing treatment (b) (n 2 - -  I )  - 1  vs. ~ - 2  for the SOS films of 
Table I (see text). 

1.2 
~  

1.0 

o.8 

E 
t~ 

. . . . .  3o Edge 

............. 30 Center, 40 
- - - - - -  50 
. . . . .  4 b , 5 b  

= i i I I I I I I 

o.6 0.8 I.o L2 1.4 L6 L8 2.0 2.2 

Energy (eV) 

Fig. 4. Energy dependence of the reflectivity maxima Rmax of 
SOS films. Note small but definite change upon hydrogenation and 
thermal a n n e a l i n g ,  and a difference between the center and the 
edge of the SOS wafer. (The value of 1 on reflectivity scale cor- 
responds to the absolute value of Rmax of about 0.55.) 



VoL 130, No. 8 SILICON-SAPPHIRE INTERFACE 1747 

Table II. Reflectivity of silicon-on-sapphire 

SOS Films 

3a 

I 2 Center Edge 3b 4a 4 b  `sa Sb 

Kx = Rmax/Rmln (1 eV)  6.1 6.1 6.1 6.1 6.0 6.3 6.1 6.3 ,5.9 
Ks = Rmfx/Rm I n ( 1.8 eV) 6.S 6.5 7.0 7.2 6.3 6.7 6.3 7.7 6.3 
K2/KI" 1.07 1.07 1.15 1.18 1.05 1.06 1.03 1.22 1.07 

�9 Theoretical limit of KdKz calculated u s i n g  R~-values of crystalline Si [Ref.  (13-18)] is 1.06 w h i l e  t h e  l imi t  c a l c u l a t e d  u s i n g  R2 for 
a - S l / s a p p h i r e  [ a f t e r  Ref .  (10) ] is  1.25. 

will be neglected in order to avoid numerical calcu- 
lations. As summarized in Table II, the quantity Rmax] 
Rmin exhibited a similar but quantitatively more pro- 
nounced tendency of decreasing upon thermal treat- 
ment and hydrogenation. The value of Rmax/Rmin was 
also higher in samples of inferior crystalline quality 
than in the best wafers of category A. (In further 
analysis, we will discuss a ratio Rmax/Rmtn because in 
our experimental procedure this ratio is determined 
more accurately than absolute values of R.) 

Discussion 
Results presented in Fig. 4 and in Table II  clearly 

demonstrate that, in a spectral region of negligible 
absorption, the reflectivity of SOS films is sensitive to 
the processing of films and to their crystalline quality. 
As discussed in the previous section, none of these 
factors affected in any detectable way the average re- 
fractive index of epitaxial SOS films. It is also of im- 
portance to note that extensive u.v. reflection studies 
have not revealed any measurable changes of u.v. 
reflectivity as a function of film processing such as 
thermal annealing and hydrogenation (15). These u.v. 
reflection measurements were carried out at a photon 
energy range of =d > >  1, i.e., they probed only the 
front surface of SOS films. Furthermore, the u.v. re- 
flection coefficient was found to increase with im- 
provement of the film quality (1, 4), while the pres- 
ently studied amplitude of reflectivity is higher in 
films of inferior crystalline quality. 

The following optical characteristics of SOS films 
have been experimentally observed: (i) insensitivity 
of the average refractive index, n, of silicon films to 
processing and crystalline perfection, (ii) insensitivity 
of u.v. reflection to processing, but sensitivity to crys- 
talline perfection, (iii) sensitivity of lower energy 
reflection to processing and crystalline perfection. 
These observations can consistently be explained as- 
suming the presence of an interface region, near the 
Si/sapphire interface, of different optical properties 
than the rest of the Si-film. Such a region of thickness 
much lower than the film thickness, d, would not affect 
the average refractive index, n, consistent with result 
(i); it would also play no role in u.v. reflection, con- 
sistent with result (b); however, it would evidently 
affect the reflection coefficient, R2, of the Si/sapphire 
interface, leading to anomalous characteristics of re- 
flectivity in the lower photon energy range. 

The required characteristics of R2 can be derived 
from quantitative interpretation of the present reflec- 
tivity results. For a negligible adsorption (ad < <  1) 
and a normal incidence the thin film interference 
extrema of reflectivity are given by the following ex- 
pressions (9) 

and 

( VR, + VE2 )2 
R,,,,, = , iYqa   [i] 

Rmln ( "k/'R'I --  " k / ~  ) ~ = T- [2] 

Calculated values of Rmax, Rmin and Rmax/Rmtn as 
a function of Rs are shown in Fig. 5 for R1 = constant 

and =d < <  I. It is seen that Rmax and Rmax/Rmln in- 
crease with increasing R2. Accordingly, the experi- 
mental results of Fig. 4 and Table II can be explained 
as due to (i) increase of R2 with decreasing crystalline 
quality (note the highest value of Rmax/Rmin "- 7.7 in 
the as-grown wafer 5a, of poor crystallinity), (ii) de- 
creasing of R2 as a result of heat-treatment (note the 
low value of Rmax/Rmin for heat-treated film 5b), and 
(iii) decreasing of R2 as a result of hydrogenation 
(note low values of Rmax/Rmin in a hydrogenated film, 
3b and 4b). The increase of Rmax in a spectral region 
(1.4-1.7 eV) would require (iv) a strong increase of 
R2 in this range. 

It is of significance to note that characteristics (i)- 
(iv) of R~ are in fact consistent with the behavior 
which can be expected from the interface between 
amorphous or partially amorphized Si and the 
sapphire. The reflection coefficient between two media 
of the refractive index, nt and n2, is given as 

- - -  C3] 

Between 1-1.8 eV, the refractive index, n2, of sapphire 
changes insignificantly (from 1.75 to 1.76) (16). Thus, 
the behavior of R~ is determined by nl (interracial 
silicon). The refractive index of a-S[ exhibits the fol- 
lowing characteristics (10-12): (i) Its value is higher 
than the value of crystalline Si; this would lead to a 
higher R2 value than for crystalline Si and thus higher 
amplitude of oscillations, Rmax/Rmin; (ii) The value 
decreases upon thermal annealing; this would lead to 
a lower R2 value in annealed samples and thus lower 
Rmax/Rmin; (iii) The value increases more rapidly with 
photon energy (due to proximity of the optical energy 
gap of a-S[) than in crystalline silicon; this would 
account for the fast increasing of Rmax/Rmin with 
photon energy (Fig. 5). Optical properties of a-S[ are 
also known to be affected by hydrogen (12), which 
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may explain the sensitivity of refiectivity oscillations 
to hydrogen. 

For a comparison, we have also indicated in Table II  
the values of K2/KI calculated according to the ex- 
pressions (i)- (iii), using the following approximations 
of the interfaces: R1 for crystalline silicon/air and R~ 
for crystalline silicon/sapphire; and R1 for crystalline 
silicon/air and R2 for amorphous Si/sapphire. The fol- 
lowing values of parameters were used 

hv: l .OeV:  n s 1 : 3 . 4 8  h v : l . S e V :  nsi- -3 .7  

na-si - 3.8 na.sl ,~ 4.5 

It is seen that experimental values fall in between two 
approximations, which would indicate only partial 
amorphization of SOS in the vicinity of the sapphire 
interface rather than a completely amorphous char- 
acter of this highly defected region. 

Silicon has essentially the same short-range ordeff' 
in crystalline and amorphous form and thus the differ- 
ent optical properties of a-Si are interpreted as due 
to a large number of dangling bonds on internal sur- 
faces, large strain, and different density (10, 12, 17). In 
the vicinity of sapphire, epitaxial silicon obviously 
contains a large number of dangling bonds associated 
with surface atoms of the walls of small-size crystal- 
lites. 

The number of dangling bonds in silicon decreases 
upon annealing and also upon hydrogenation. Thus, 
fo r annealed or hydrogenated SOS films, the properties 
of the Si/sapphire interface tend to approach theoreti- 
cal values for an ideal crystalline Si/sapphire inter- 
face. A large strain in an interfacial region of SOS 
films can be expected as a result of the lattice mis- 
match between sapphire and silicon. It is of interest to 
note that changes of dangling bonds and strain are 
considered to be responsible for the annealing-induced 
changes of optical properties of amorphous Si-films 
(1O). In this case, a decrease of nl upon annealing was 
attributed to an increase of the size of crystalline 
grains rather than to amorphous-crystalline transition. 

Interpretation of the present findings in terms of a 
high concentration of dangling bonds is consistent 
with the most recent studies of electrical properties of 
hydrogenated (18) and annealed silicon-on-sapphire 
(19). These studies were addressed to average prop- 
erties of SOS films rather than to the Si/sapphire 
interface. However, they also revealed the effects re- 
lated to dangling bonds and the reduction of dangling 
bonds upon hydrogenation and thermal annealing. As 
a result of hydrogenation, we have also observed 
(using a test-device structure) a drastic increase in 
electrical conductivity in the vicinity of the Si/sap- 
phire interface (20). In a-Si, the reduction of dangling 
bonds is well known to lead to increased conductivity. 
Accordingly, the above observations can be considered 
as additional indirect evidence supporting the model 
of an amorphous-like Si/sapphire interface containing 
a large number of dangling bonds. 

Summary 
It is found that the reflectivity of heteroepitaxial 

silicon-on-sapphire in the energy range of negligible 
absorption (hv < 2 eV) is sensitive to the crystalline 
quality of the film and to the film processing. The 
value of reflectivity decreased as a result of thermal 
annealing and hydrogenation. None of these factors 
was found to affect the refractive index of the silicon 
films in any measurable way. This apparent inconsis- 
tency of two interrelated optical properties was ex- 
plained in terms of a model which takes into account 

Short-range order is general ly  considered as a major factor in 
determining the optical properties (refractive index). 
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a partial amorphization of the silicon film in the vi- 
cinity of sapphire. This amorphization was attributed 
to a large number of dangling bonds on the internal 
surfaces of small size crystallites and to the interfacial 
strain. Refiectivity characteristics calculated from such 
a model, considering the known optical properties of 
a-Si, are in agreement with experimental data. It 
should be emphasized that presently revealed effects 
of epitaxial layer/sapphire interface are not observed 
in the higher photon energy range employed in the 
u.v. reflection technique for characterization of SOS- 
films, whereby only reflection from the front surface is 
probed due to very high optical absorption. As shown 
in this work, an extension of reflectivity measurements 
to lower photon energy range offers a new means for 
probing the quality of silicon film in the vicinity of 
sapphire substrates. 
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Dark Conductivity Peak in P-Type Glow-Discharged a-SiC:H Films 
O. Kuboi 

Komatsu Electronic Metals Company,  Hiratsuka, Kanagawa,  Japan 

ABSTRACT 

Here we report the doping characteristics of a-SiC:H, specifically the dark conductivity peak of P-type a-SiC:H. When 
the CH4 concentration in the gas rhixture of Sill4, CH4 and B2H~ was varied under  constant B2H~ concentration, a clear dark- 
conductivity peak was observed for glow-discharged a-SiC:H film at nearly 20% of CH4. The peak becomes clearer below 
0.5 % of B2H~ in the gas mixture. We have not yet seen this feature reported in the literature. No peak is observed for undoped 
and phosphorus-doped a-SiC:H. 

Efforts to develop the high efficiency photovoltaic 
a-Si  solar cells are being made at many  laboratories. 
a -S iC:H (1, 2) is used on the light incident  side as a 
wide bandgap mater ia l  for a high efficiency a-Si  solar 
cells. Recently, efficiencies above 8% have been ob- 
tained by using this mater ia l  (3, 4). We are also s tudy-  
ing the material .  The glow-discharge method is used 
to prepare a -S iC :H  and CH4 is used as the carbon 
source. 

In  this paper, we discuss impur i ty  doping charac- 
teristics of a-SiC: H, specifically our new finding about  
the dark conduct ivi ty peak of the boron doped one. 
A. Tawada et al. (3) reported the doping characteris-  
tics, but  did not discuss that the P- type  a -S iC:H has a 
peak in the dark conductivity.  The shoulder of the 
photoconductivi ty of P- type  a -S iC:H reported by 
A. Tawada et al. (3) seems to be located right above 
the dark conductivi ty peak, and the recovery of the 
photoconductivi ty by boron doping, as reported in the 
l i terature,  seems to be related to the dark conduct iv-  
i ty peak. 

E x p e r i m e n t a l  

The glow-discharge system used in  the exper iments  
is as follows: The reaction chamber  was made of 
quartz. Diameter  of quartz tube was 150 mm. Width of 
r ing-shaped electrode made of copper plate was 20 
ram. Distance between two electrodes was 30 ram. 
Distance between the center of two electrodes and 
substrate  was 110 mm. Ring-shaped copper electrodes 
are set on it. The rf f requency was fixed at 8 MHz. rf 
power was 30W in all experiments.  Gases used for the 
exper iments  were Sill4, CH4, H2, B2He (1 volume per-  
cent (v /o ) :  di luted with H~) and PHs (1 v/o:  diluted 
with H2). The total gas flow was fixed at 50 sccm in-  
cluding H2. Tylan  Model FC260 mass flow controllers 
were used to control the flow rates. The total  pressure 
in the reaction chamber  was fixed at about  1 Torr  for 
all  experiments.  

The substrate  for the a -S iC:H film was Coming  
7059 glass. The tempera ture  of the substrate was set at 
250~ The samples for conductivi ty measurements  
were prepared by  evaporat ing two A1 electrodes onto 
a -S iC:H films. The electrodes were 10.0 mm wide 
with 1.0 mm gap. Lead wires were attached with con- 
ductive Ag paste, and then the samples were annealed  
at 150~ for 1 hr in the air to form the ohmic contacts. 
The conduct ivi ty measurements  were performed with 
two-probe configuration. 

For measurements  of ~D (dark conductivi ty)  and 
~ph (photoconductivi ty) ,  a YHP 4140B pA mete r /d -c  
voltage source, and a Wacom R & D Corp. WXS- 
180H solar s imula tor  were used in combinat ion with 
HP 9845B desk-top computer.  ~p~ was measured under  
AM-1 i l luminat ion.  Eg(opt)  (optical bandgap)  of a- 
S iC:H was graphical ly determined by using the fol- 
lowing empirical  relat ion 

~/~h---T ~ ~ - Eg [1] 

Key words: semiconductor, amorphous, cell, photovoltaic, en- 
ergy conversion. 

where ~ is absorption coefficient and hv is photon 
energy. All of the samples were measured at room 
temperature.  The carbon concentrat ions in a -S iC:H 
were determined by x - r ay  photoelectron spectroscopy 
(XPS) measurements  using a VG Scientific Limited 
ESCA LAB-5. 

Results 

Carbon concentration in a-S iC:H.- -The  carbon con- 
centrations in the a -S iC:H wei'e determined by XPS 
measurement  (5). Before the measurements ,  the a-  
SiC:H were sputtered off by argon ions by 80-100A in 
thickness. The XPS signals of Si~p and Cls were de- 
convoluted into gaussian type l ine shapes by setting 
the appropriate b ind ing  energy and full  width at half  
max imum of the shapes. 

Following Katayama et al. (5), the gaussian type 
line shapes around 102 and a round 284 eV were ne-  
glected. The carbon concentrat ions were calculated 
from the atomic sensit ivi ty factors (area) of Si2~ and 
Cls signals. The factors of Si2p and Cls were set at 
0.17 and 0.20, respectively, in accordance with the 
VG Scientific Limited text book. 
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The results obtained are shown in Fig. 1, in which 
the relationship between the carbon concentrat ion in 
a-SiC: H and CH4 concentrat ion in the gas mixture  are 
plotted. 

,~D peak in P-type a-SiC: H f i lm.~Curves of ~D VS. 
CH4% are shown in Fig. 2 where the concentrat ion of 
B2Hs was varied. The gas flow rate of Sill4 + CI-I4 was 
fixed at 8 sccm. The concentrat ion of B2H6 is given by 
the following equation 

B~-I6 
B2He% = X 100 [2] SiI~ + CH4 

Every curve has a conductivi ty peak, and alI the peaks 
are located at near ly  20% of CH4. The peaks for 0.25 
and 0.50% of B2H6 .are shaper, compared with 1.00% of 
Bell6. The absolute values of #D, however, becomes 
larger as the concentrat ion of B2H6 increases. A similar 
peak was not observed for undoped and phosphorus- 
doped a-SiC: H film. 

In  the case of fixed flow rate of Sill4 + CH4, as the 
flow rate of CH4 increases, the rate of S i I~  must  
be decreased inversely result ing in increase in the 
ratio of B2H6 to Sill4. If it is assumed that  the growth 
of the a-SiC: H depends main ly  on the gas flow rate of 
Sill4 not on the rate of CI-~, the ~D of the film is ex- 
pected to become larger with increase in  the gas 
flow rate of CI-I4, for the above reason. 

To check this possibility, exper iments  with fixed 
SiI-I~ flow rate were performed. In  the experiments,  
the concentrat ion of B2H6 is presented by the follow- 
ing equation 

B2Hs 
B2H6% : ~ X 100 [3] Sill4 

Then, the ratio of B2He to Sill4 was held constant 
through the experiments.  

CI-I4 was mixed only for the purpose of changing the 
ratio of Sill4 to CH4. The results are shown in Fig. 3 
compared with the results of fixed flow rate of S i I~  + 
CH4. 

From the figure, it can be seen that  the discrepancy 
between the two data is negligible and there is also a 
clear peak at near ly  20% of CH4. Then, it can be con- 
cluded that the increase in r in the curves of the area 
below 20% of CH4 in the Fig. 2 is not  due to the in-  
crease in the ratio of B2H6 to Sill4. 

Other doping characteristics.--The ~D, (rph VS. CI-I4v~v 
for the P- type  and N-type a -S iC:H are shown in Fig. 
4. The flow rate of Sill4 + CH4 and the doping con- 
centration, defined by 
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Fig. 2. Dark conductivity vs. CH4 concentration in the gas mixture 

of Sill4, CH4, and B2H6. GQs flow of Sill4 -}- CH4 was fixed to 8 
sccm. 
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Fig. 3. Dark conductivity vs. CH4 concentration in the gas mixture 

of Sill4, CH4, and B2H6. B2H6 concentration of open circle is equal 
B2H6 B2He 

to X 100 and that of solid circle, - X 100. 
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Fig. 4. Dark conductiYity and photoconductivity vs. CH4 con- 
centration in the gas mixture of Sill4, CH4, and B2H6 or Sill4, CH4, 
an d PHs. 

B~Hs (or PHa) 
X 1O0 = 0.50 v /o  [4] 

s i I ~  + cI-I4 

were fixed. 
Cz) values of P- type  a -S iC:H are the same one as 

shown in Fig. 2 and 3. There is no peak in ~ph for both 
P- type  and N- type  a-SiC: H, but  the shoulder is seen at 
near ly  30% of CI-I4 for the P type. 

This shoulder has a l ready been reported (3). O'ph 
values of the P- type  a -S iC:H which contain different 
concentrat ion of B~H0 (0.25, 0.50, 1.00%) did not  vary  
as in the case of CD. The ~D, O'ph VS. B~HG% and PH3% 
are shown in Fig. 5. The flow rate of SiI-I4 -t- CH4 and 
CH4%, defined by  

CHt 
X 100 = 30 vlo [ 5 ]  

Sill4 + CH4 

were fixed. 
~D depends }argely on the doping concentration.  I t  

shows about six orders of magni tude  in the range from 
0.05 to 1.00% of the doping concentrat ion for both the 
P- type  and N-type. On the other hand, Cph is near ly  
constant  in the range between 0.025-0.25% of the dop- 
ant  concentrat ions.  These facts are worthy of note from 
the view point  of application of the mater ia l  to an 
efficient a-Si  solar cell, since Eg (opt) decreases when 
the B2He concentrat ion is increased. 
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In Fig. 6, Eg (opt) vs. CH~% are shown for undoped, 
P- type  and N-type a-SiC:H. The Eg (opt) increases 
monotonical ly with increasing CH4% in all cases. But 
the rates of increase in Eg (opt) with increasing 
CH4% are different. The order of the rate is as follows: 
Undoped is the first, N-type the second, and P- type  
the third. The rate of undoped and N-type are near ly  
the same. It  seems that there is a small  shoulder in the 
curves of Eg (opt) of all the a-SiC: H at near ly  40% of 
CH4. The Eg (opt) shr inkage was observed only for 
P- type a -S iC:H with increasing dopant concentration.  

Summary and Discussion 
We found the clear maxima in ~D in the P- type  glow- 

discharged a-Si:  H films. The or igin of this peak has not 
yet been clarified. But it is worthy of note that  the dop- 
ant  and hydrogen form dopant -hydrogen complexes 
(6). The shoulder of the ~ph of P- type  a-SiC: H reported 
by Tawada et al. (3) seems to be located right above 
the ~D peak, and the recovery of the cph by boron dop- 
ing, as reported in the l i terature,  seems to be related 
to th ~D peak. The peak appears to result  from the two 
curves. One is the up slope curve and the other is the 
down slope one. It  is inferred that  the increase in ~D in 
the up slope curve is caused by more incorporat ion of 
boron which becomes electrically active in accordance 
with the increase in the flow rate of CH4, while the de- 
crease in ~D in the range over 30% of the flow rate of 
CH4 is concerned v~ith the degradation of qual i ty  of the 
a -S iC:H and increase in Eg (opt) by the higher con- 
centrat ion of carbon. Studies on the origin of the peak 
in ~'D for the P- type  a -S iC:H is present ly  being 
planned.  

SCIENCE AND TECHNOLOGY August  1983 

Acknowledgments 
Author  would like to thank Dr. E. Nakanishi,  the 

director of Energy Laboratory of Komatsu Limited, 
for encouragement  of this work and Y. Yatsurugi, the 
director of R & D of Komatsu Electronic Metals Com- 
pany, Limited, for helpful  discussions. Author  also 
thanks Mr. I. Uchino for the XPS measurements .  

Manuscript  submit ted Nov. 30, 1982; revised m a n u -  
script received Apri l  7, 1983. 

Any  discussion of this paper  will appear in  a Dis- 
cussion Section to be published in the June 1984 JOUR- 
NAL. All discussions for the June  1984 Discussion Sec- 
tion should be submit ted  by Feb. 1, 1984. 

Komatsu Electronic Metals Company assisted in 
meeting the publication costs o] this article. 

REFERENCES 
1. D. A. Anderson and W. E. Spear, Philos. Mag., 35~ 1 

(1977). 
2. Y. Katayama, T. Shimada, K. Usami, and S. Ishioka, 

Proc. 1st. Photovoltaic Science & Engineer ing 
Conf. Japan,  Tokyo (1979), Jpn. J. Appl. Phys., 
19-2, 115 (1980). 

3. Y. Tawada, K. Tsuge, M. Kondo, H. Okamoto, a n d  
Y. Hamakawa, J. Appl. Phys., 53, 5273 (1982). 

4. A. Catalano, R. V. D'Aiello, J. Dresner, B. Faughnan ,  
A. ~-irester, J. Kane, H. Schade, Z. E. Smith, G. 
Swartz, and A. Triano, 16th IEEE Photovoltaic 
Specialists Conference, San Diego, CA (1982). 

5. Y. Katayama, K. Usami, and T. Shimada, Philos. 
Mag., 43, 283 (1981). 

6. D. E. Carlson, R. W. Smith, C. W. Magee, and P. J. 
Zanzucchi, ibid., 45, 51 (1982). 

Si on Cubic Z irconia 

H. M. Manasevit, *'1 I. Golecki, *'2 L. A. Moudy, J. J. Yang, 3 and J. E. Mee 

Rockwell International, Microelectronics Research and Development Center, Anaheim, California 92803 

ABSTRACT 

Epitaxial growth of single-crystal Si films has been realized on the (100), (110), and (111) crystallographic planes of 
yttria-stabilized, cubic zirconia single crystals. The Si films were grown by chemical vapor deposition, using the pyrolysis 
of Sill4 at temperatures in the range 950 ~ 1075~ and at deposition rates of 0.08-1.2 ~m/min. A predeposition annealing proce- 
dure has been developed, resulting in a quasi-stable, oxygen-deficient zirconia surface. A model is presented to explain the 
dependence of oxygen kinetics in cubic zirconia on temperature and yttria content. The heteroepitaxial Si films have been 
characterized by optical and scanning electron microscopies, reflection electron diffraction, x-ray diffraction, Rutherford 
backscattering and channeling, and surface electrical conductivity and Hall effect measurements.  Several 0.4-0.5 ~m thick 
(100)- and (110)-oriented Si films on cubic zirconia were found to be of higher crystal quality than commercial (100) Si on 
sapphire films of similar thickness. 

High qual i ty submicron-thick,  s ingle-crystal  Si films 
on insulat ing substrates are highly desirable for use in 
fabricat ing high speed, high density, radiat ion hard 
integrated circuits. The current  s ta te -of - the-ar t  ma-  
terial is chemically vapor-deposited (CVD) s i l icon-on-  
sapphire (SOS), first demonstrated in our  laboratories 
over 18 years ago (1). This early success was subse- 
quent ly  expanded in our  laboratories to include epi- 
taxial  Si grown by CVD on other insula t ing substrates 
such as spinel  (2), bery l l ium oxide (3), and chryso- 
beryl  (3), and the growth of a host of different com- 
pound semiconductors and alloys by metalorganic-CVD 
(MOCVD) on this same kind of insulators (4). The 
only film insulator  combinat ion that  has been put  to 

* Electrochemical  Society Active Member. 
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e Also Visiting Associate,  California Institute of Technology,  
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Key words: semiconductor,  CVD, heteroepitaxy,  ceramic,  in- 
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a practical use to date seems to be SOS, and specifically 
(100) Si on (0112) sapphire. For device purposes, 0.5- 
0.6 ~m thick SOS films are rout ine ly  used in fabricating 
large scale integrated :circuits with device dimensions 
down to and sometimes below 2 ~m, but  the qual i ty of 
these thin films is inferior to that  of bu lk  Si. This has 
been at t r ibuted to the thermal  and lattice mismatches 
between film and substrate.  Successful efforts have 
been made in recent  years to improve films for device 
applications (5-7). Ideally, however,  the use of the 
as-grown Si films without  regrowth steps would be 
preferred. 

In  this paper, we present  the ini t ial  results of a 
CVD study on a new heteroepitaxial  system, Si on 
s ingle-crystal  yt t r ia-s tabi l ized cubic zirconia (YSZ) 
substrates.  YSZ is a defect solid solution, the defects 
be ing oxygen vacancies created to preserve lattice 
neut ra l i ty  when y+3 ions are subst i tuted for Zr +4 ions 
in the fluorite-type structure.  These vacancies give 
rise to high oxygen ion mobili t ies (8). From a prac-  
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tical  s tandpoint ,  YSZ presen t ly  is commerc ia l ly  ava i l -  
able as la rge  single crystals  wi th  hnea r  a imensions  up 
to ,-,5 cm. In this form, it has been used m a i m y  as a 
d iamond subst i tu te  in the j ewe l  industry.  In the past,  
the  use of z irconia  conta ining yt t r ia ,  calcia, or o m c r  
addi t ives  to s tabi l ize the cubic phase was l imi t ed  most ly  
to po lycrys ta l l ine  ma te r i a l  and to its h igh t empe ra tu r e  
ionic oxygen conduct ing proper t ies  (9, 10). The Y2Os- 
ZrO2. sys tem has been s tudied  by  severa l  invest igators  
(11-13). It was de te rmined  tha t  YSZ containing ,,-8 to 
,-,40 mol  pe rcen t  (m/o)  y t t r i a  possesses the cubic 
(CaF2) s t ruc ture  and, depending  upon its Y~O3 content,  
can va ry  in la t t ice  p a r a m e t e r  f rom 5.14A to 5.23A as 
compared  to 5.43A ~or Si. Thus, it  is be t te r  l a t t i ce -  
matched  to Si  than is sapphi re  (see be low) .  Its average 
expans ion  coefficient be tween  room t empera tu r e  and 
lO00~ (for ,-,9 m/o Y203) is 11.4 X I0-6/~ (14), 
---30% greater than that of sapphire. We show 
here that single crystal epitaxial growth of Si on YSZ 
has been achieved with film orientations that parallel 
those of the substrate. In addition, the crystal quality 
of 0.4-0.5 #m thick (lO0)-oriented films has been found 
to be better than that of commercially available SOS 
of s imi la r  thickness.  

Exper imenta l  

Sing le -c rys ta l  (Y20~)m (ZrO2) l -m boules, having  
nomina l  y t t r i a  mol fracUons, m, of 0.09, 0.12, 0.18, and 
0.33, g rown by  the skul l  mel t ing  technique (15) at  
~2700~ in air, were  obta ined f rom Ceres Corpora t ion  
(16) and Singh Indust r ies  (17). The skul l  mel t ing  
technique (15) uses a specia l ly  shaped radio f requency  
appara tus  for mel t ing  the source powders  and employs  
solidification of the  mel t  and crys ta l  format ion  in a 
skul l  of its own composit ion.  These boules have been 
in most  cases l a rge  enough in size to cut  subs t ra tes  of 
1.2 X 1.2-2.5 X 2.5 cm dimensions in any  or ientat ion,  
a l though much l a rge r  crysta ls  can be grown by  this 
technique.  F igure  1 is a photograph  o f  one of the 
larges t  subs t ra tes  grown upon to date  in this s tudy.  
Boules were  o r ien ted  by means  of x - r a y  back-ref lec t ion  
Laue  techniques,  sl iced and pol ished at  Rockwel l  into 
0.75 m m  thick wafers  having the (100), (110), and 
(111) c rys ta l lographic  or ienta t ions  (wi th in  0.3 ~ 
Wafers  were  l apped  wi th  a series of A1203 p o w d e r s /  
col loidal  s i l ica mix tu res  and then chemical ly  mechani -  
ca l ly  pol ished in col loidal  si l ica at pH = 3-4 to obta in  
an "epi tax ia l  qual i ty"  surface finish. Reflection e lec t ron 
diffract ion (RED) using 50-100 keV electrons and MeV 
4He+ Ruther fo rd  backsca t te r ing  (RBS) and channel -  
ing measurements  (see below) indica ted  tha t  the as-  
pol ished YSZ surfaces were  of r e la t ive ly  h igh  crys ta l  
qual i ty .  

Fig. 1. One of the largest yttria-stabilized cubic zirconia sub- 
strates used in the present study. 
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Si films were  grown at  1 a tm pressure  via the py ro l -  
ysis of SiH~ in a ver t ica l  co ld -wal l  quar tz  reactor .  The 
gases and flow ra tes  genera l ly  used were as follows: 
Pd-pur i t i ed  H2 as the carr ier ,  3000 cm6/min, and 5% 
S i I ~ - i n - H e ,  10-100 cm~/min. The subst ra tes  were  
c leaned in organic  solvents  and then  hea ted  in the  re -  
actor  on a rotat ing,  i f -coup led ,  S iC-coa ted  graphi te  
susceptor,  ~57 mm in d iameter .  Before each growth  
exper iment ,  the  reac tor  por t ion of the sys tem was 
evacuated  to at least  10 -~ Torr  pressure  and then filled 
wi th  purified flowing H2 pr io r  to hea t ing  the susceptor.  
Tempera tu re  measurements  Were made  with  an opt ical  
py rome te r  on the side of the  susceptor .  Values  given 
here  are  uncorrec ted  readings;  previous  cal ibrat ions  
(18) had  shown that  the ac tual  wafer  t empera tu re  on 
the top of the susceptor  was 33~176 lower  at  950 ~ 
1075~ respect ively.  Af t e r  deposit ion,  se lected films 
were  character ized by  Nomarsk i  opt ical  and scanning 
e lect ron microscopies (SEM),  RED, x - r a y  diffraction 
(XRD),  RBS/channe l ing ,  t ransmiss ion e lec t ron micros-  
copy (TEM) (19), and e lect r ica l  measurements .  

Results and Discussion 
Substrate purity and composition.--A pre l im ina ry  

analysis  of the chemical  composi t ion of as - rece ived  and 
sl iced YSZ subs t ra te  ma te r i a l  was car r ied  out by  
spec t rochemica l  means  at  a special ized l abora to ry  (20) 
where  samples  of the four YeO3-content levels  were  
analyzed.  Qual i ta t ive ly ,  the measured  amount  of the 
two main  meta l l ic  consti tuents,  Zr and Y, fol lowed the 
nomina l  compositions.  Trace amounts  (200-700 ppm)  
of SiO2, MgO, and TiO2 were  detected in a sample  
which had nomina l ly  a 33% mol  Y203 content.  RBS/  
channel ing measurements  using 0.8-2.0 MeV 4He+ ions 
were  revea led  in as-pol ished YSZ 2-4% mol  HfO2, 
where  the  Hf occupied subst i tu t ional  posit ions in the  
meta l  subla t t ice  (21). The mass resolut ion of the RBS 
sys tem was insufficient, however,  to provide  a quan t i -  
ta t ive measure  of the  Y and Zr  content  in YSZ. 

The bulk  composit ion of as-pol ished,  s ing le -c rys ta l  
YSZ subs t ra tes  from most boules was also ind i rec t ly  
de te rmined  b y  measur ing  the i r  la t t ice  parameters ,  a, 
using the x - r a y  Bond technique.  Comparison to values  
repor ted  in the l i t e r a tu re  (13) for  Hf - f ree  YSZ, shown 
in Fig. 2, indicates that  the p resen t  values  of a are  
lower  by  (6-12) X 10-2%. This smal l  sys temat ic  d i f -  
ference could be due to the HfO2 in our  samples  (22) 
and possibly  to an ac tual  Y208 content  0.4-1.5% mol 
lower  than  the nomina l  value.  
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Fig. 2. Variation of the lattice parameter of yttria-stabilized cubic 
zirconia with yttria content. The solid line is for Hf-free material 
trom Ret. ( |3); the crosses are tot the present material, having 
2-4% mal Hf02. 
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Substrate crystal quality.--The crystal quali ty of 
the as-polished YSZ substrates was found to be high 
by (i) the presence of diffraction spots and Kikuchi  
lines in RED patterns, and (ii) the presence of a sur-  
face peak and surface oscillations in RBS/channe l ing  
spectra (21). The value of the axial surface channel ing 
yield, % = 0.07 (at 0.8 MeV 4He+ incident  energy) 
for the u + Zr sublat t ice in (100) YSZ could be low- 
ered even fur ther  by high temperature  anneal ing as 
described in the next  section. 

Thermal stability study of substrates.--Early in the 
investigation, it was found that the substrates changed 
color dur ing  the process of being heated in  H2 to the 
temperature  prepared for Si growth. The color range 
(from colorless to yellow to orange to brown to black) 
was found to begin at ,~475~ ana  to continue progres- 
sively with temperature  increase, the final color being 
a function of the time of exposure to H2, the max i mum 
temperature  of exposure, and the composition of-the 
substrate.  In  the lat ter  case, the lower the Y203 content, 
the more quickly did the substrate darken and the 
darker  was the final color. Heating under  somewhat  
poor vacuum conditions (~10 -3 Torr) or in flowing 
99.9999% pure l iqu id-n i t rogen- t rapped  He gas caused 
only slight changes in substrate color. For example, 90 
min  in flowing He at ,~1250~ turned an 18% mol Y20~- 
containing substrate  l ight  yellow; in H2, under  the 
same thermal  conditions, it became dark brown. The 
darkening of YSZ substrates in oxygen-poor ambients  
is related to the loss of oxygen from the substrates. 

It was also observed that  a substrate which was 
blackened at ,~1250~ in this case with a Y20~ com- 
position of ~12 m/o, would on prolonged exposure in 
H2 at a lower tempera ture  (~3  hr  at 1000~ revert  
to a ye l low-brown color. This change was probably 
caused by reabsorption of trace amounts  of O2: from 
the gaseous atmosphere. A substrate  so treated did 
not  readily lend itself to epitaxial  growth of Si from 
Sill4 (see below).  

This "blackening" phenomenon of YSZ has been re- 
ported previously (23), but  there is only a l imited 
n u m b e r  of studies (24, 25) of the quant i ta t ive  variat ion 
of the oxygen deficiency, x, in Y2mZrl-mOe+m-~ as 
function of m, T, and p (02), the oxygen part ial  pres-  
sure in equi l ibr ium with YSZ. The la t ter  quant i ty  is 
given by p (O2) = [exp ( - -~G/RT)  ] [p(~-I20)/(p(H2)] 2, 
where ~G is the Gibbs free energy of the reaction 
2H2 + O2 ~ 2H20 + hG, p(H2) "- 1 atm, and p(H20)  
is determined by trace amounts  of residual  water  vapor 
in the system. Qualitatively,  x increases with increasing 
tempera ture  and decreasing P(O2), while p(O2) also 
decreases with increasing temperature  (at constant  
part ial  pressures of water  vapor and hydrogen)  (26). 
Under  our exper imental  conditions, we estimate the 
order of magni tude of x in "blackened" YSZ to be 1% 
mol. 

Although the quant i ta t ive  thermodynamics,  i.e., 
x[m, T, p(O2)] of the YSZ system has not  been ful ly 
investigated, the kinetics of oxygen loss or absorption 
can be readi ly calculated from the measured electrical 
conductivi ty data (9). We have performed such cal- 
culations, using the Nerns t -Eins te in  equation to cal- 
culate the oxygen diffusion coefficient, D, in YSZ a s  

function of m and T 

D : ~lkT/niqi 2 

where ~l = ao (m) exp[ - -~E(m) /kT]  is the ionic con- 
ductivi ty of YSZ from Ref. (9), ni -- 7.1 • 102T [4m/ 
(1 + m) ]  is the number  of oxygen vacancies in YSZ 
per m~ (15), and qi = 2e is the charge per oxygen 
vacancy. The assumptions used in this procedure are 
(i) oxygen is the only conducting ionic species in YSZ, 
verified in Ref. (9), and (ii) the "blackening" (i.e., 
reduction) of YSZ does not appreciably alter its ionic 
conductivity. This will be true if the vacancy concen- 
trat ion produced by the reduction is small  compared to 

the init ial  concentration, determined by the yttr ia con- 
tent, m. Extrapolations of published (24a) ionic con- 
duct ivi ty data as a funct ion of x for x = 0-0.014 and 
m = 0.09 to the temperature  range of interest  here 
(950~-1z50~C) show tl~at this is indeed the case (see 
Fig. i0 in Ref. 24a). Similar  electr ical-nonstoichiometry 
data for reduced YSA wlth higher m are not available, 
bu t  since the ini t ia l  oxygen vacancy concentrat ion in-  
creases with m, this approximation is expected to hold 
possibly even better  for higher m. 

Using these calculated values for the oxygen diffu- 
sion coefficients in a s tandard  solution of the one- 
dimensional  diffusion equat ion in a thin plate (27), we 
obtained an expression for a characteristic equi l ibra-  
tion time, teq, of YSZ, with the surrounding p(O~) as 
a function of m and T: teq -- b2/2D(m, T). Here b = 
0.75 m m  is the thickness of the YSZ wafers, and teq is 
the t ime necessary to reach 0.991 of the final oxygen 
concentrat ion midway between the two faces, of the 
YSZ wafer. We assumed symmetr ic  diffusion from both 
polished and unpolished faces of the YSZ, i.e., the ab- 
sence of surface effects. The results of our  calculation 
are given in Fig. 3. As expected, teq increases with in -  
creasing yt t r ia  content, m, in the YSZ, and with de- 
creasing temperature.  These calculated values are in 
agreement  with our visual observations of color 
changes and with l imited thermogravimetr ic  measure-  
ments  (25) considering the exper imental  uncer ta int ies  
in the determinat ion of the wafer temperature  and in 
the thermodynamics  of YSZ. 

X- ray  diffraction measurements  were also performed 
in our laboratories on a l imited n u m b e r  of YSZ sam- 
ples as a function of high temperature  t rea tment  in 
H2 in our CVD reactor. No significant systematic change 
in lattice parameter  could be detected within the ex- 
per imental  accuracy in agreement  with Ref. (28). 

Finally,  as noted above, RBS/channe l ing  measure-  
ments  indicated that the "blackened" YSZ substrates 
had a significantly bet ter  surface and near-surface  
crystal qual i ty  compared to the already satisfactory as- 
polished condition. In  fact, the surface channel ing yield 
of 0.034, measured (21) for the Y + Zr sublattice in  a 

m 

103 - -  0 2  J~ 9 0 0 ~  
~' Y S Z  ~0.75 mm 

, j ,,o 
1000 

"~ 10 2 

/ J  CALCULATED FROM DATA OF 
~ ' /  D.W. STRICKLER AND W. G. CARLSON 

~ R. CEFL SO(~ 47, 122 (1964). 

1 - - I  I I [ I I I 
10 2O 3O 40 

MOLE PERCENT YTTRIA, rn 

Fig. 3. Calculated equilibration time for the oxygen content in a 
0.75 mm thick, yttria-stabilized cubic zirconia wafer, as function 
of yttria content and temperature; the lateral dimensions of the 
wafer were assumed to be much larger than its thickness. The solid 
lines are intended as an aid to the eye. 
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(Y:O3)0.12(ZrO2)0.ss sample after a 30 rain anneal ing  
in H~ at 1250~ corresponds to an essentially perfect 
single crystal. 

As indicated below, some of the above observations 
had a significant influence on the exper imental  growth 
procedures used to effect epitaxial  growth of Si on 
YSZ of different compositions. 

Si growth studies.--Most studies were performed 
with substrates  having m ~_ 0.12 and 0.18 from which 
polished slices of all three orientations, (100), (110), 
and (111), were obtained, with the emphasis, however, 
put  on (100) YSZ substrates. It  was found in the early 
stages of this s tudy that in  order to obtain epitaxial 
Si growth, a stable oxygen-deficient  YSZ surface was 
necessary. For  example, anneal ing of the u  sub-  
strates in H2 at ~1000~ for 10 min  prior to Si deposi- 
t ion at the same tempera ture  resulted in either con- 
t inuous polycrystal l ine Si films or sometimes discon- 
t inuous islands. However, preheat ing of the substrates 
at more elevated temperatures  caused a change in the 
na ture  of Si growth that was obtained at ~1000~ 
For example, it  was observed that  films grown at 
1000~ on substrates with m -- 0.12 and 0.18 after heat-  
t rea tment  at 1150 ~ and 1225~ respectively, for about 
15 rain, consisted of nonun i fo rm island growth and par-  
tial coverage bu t  with crystallites now displaying a 
high degree of order. Single-crystal ,  epitaxial, cont inu-  
ous Si growth was obtained only  after the YSZ sub-  
strafes had been first annealed in H2 at ~1250~ for 
30-180 min  (the anneal ing  times corresponding to m ---- 
0.12-0.33, respectively) before Si deposition at 950 ~ 
1075~ As explained above, the two major  effects of 
this predeposition, high temperature  anneal ing  in H2 
are (i) stabilization of an oxygen-deficient composition 
in the YSZ. The length of t ime required to reach equi-  
l ib r ium throughout  the thickness of the YSZ substrate 
increases with y t t r ia  content, m, as shown in Fig. 3, due 
to the lower oxygen diffusion coefficient. When the sub-  
strate tempera ture  is subsequent ly  lowered by 200 ~ 
300~ and dur ing the Si deposition (lasting only sev- 
eral minutes), the previously stabilized, oxygen-defi-  
cient composition remains  approximately "quenched- 
in" because of the slower kinetics at this lower deposi- 
t ion temperature.  Therefore, this procedure avoids the 
presence of oxygen near  the substrate,  which might 
otherwise evolve out of the YSZ, react with the Sill4 
and  I-I2 to generate SiO~ at the surface, and impede 
epitaxy; and (ii) significant improvement  in the crys- 
tal l ine perfection of the polished YSZ surface. I t  is 
not known whether  this improvement  is due only to 
thermal  annea l ing  of residual  polishing damage or 
also to mater ia l  removal  by the H2 as is the case for 
AltOs (29). 

Table I lists the set of predeposition annealing pa- 
rameters and deposition temperatures which were 
found sufficient for epitaxial Si growth on YSZ. Most 
of the films were grown at deposition rates of 0.08- 
0.8 ~m/min, with a few grown at 1.2 ~m/min. The 
thickness range of epitaxial Si/YSZ films was 0.25-I0 
~m. No systematic growth studies were performed out- 
side this set of parameters. Properties of the epitaxial 
Si/YSZ films are described in the next section. 

Table I. Sufficient conditions for epitaxial SI arowth on 
(Y20~)m(ZrO2)l-m by the pyrolysis of Sill4 

I-~ annealing Approximate 
Composition temperature (~ / growth 

~r* Orientation time (rain) temperature ('C) 

0.09 (100) 1250/45 1000-1025 
0.12 (100) 1250/60 950-1025 

(ii0) 975-1025 
(111) 1000-1075 

0.18 (I00) 1250/90 1900-1025 
(110) 975-1025 
(111) 1000-1045 

0.33 (100) 1250/180 1009 
(11o) lOOO 

Si film characterization: morphology, crystalline 
structure, and per]ection.--Optical microscopy with a 
Nomarski  interference a t tachment  showed the epitaxial  
S i /~SZ films to have a "grainy" surface topography 
similar  to commercial  SOS films. XRD analysis on a 
ful l-circle goniometer  showed that the crystallographic 
orientat ions of the films were the same as those of 
the substrates;  in addition, the in -p lane  f i lm/substrate  
orientat ions were also found to be parallel ,  i.e., 
S i (hk l ) / /YSZ(hk l )  and Si[hkl]//YSZ[hkl].  An ex- 
ample of the measured epitaxial  relationships for a 
(100) Si film on a (100) YSZ substrate  (m _-- 0.12) is 
given in Fig. 4. This paral lel ism was found to hold for 
all samples analyzed by this technique, having m _--: 
0.12 and 0.18, and for all three pr incipal  cubic or ienta-  
tions: (100), (110), and (111). 

The surface crystal  qual i ty of the Si films was evalu-  
ated qual i ta t ively by means of RED. Figures 5a and 5b 
show such RED pat terns of 0.4 ~m and 0.45 ~m thick, 
(100) and (110) Si /YSZ films grown at 977 ~ and 
1002~ respectively, on YSZ substrates having m -- 
0.12. The presence of Kikuchi  lines in the pat terns at-  
tests to the high surface crystal qual i ty  of these films. 

Quanti ta t ive measurements  of the crystall ine per-  
fection of the Si/YSZ films as a funct ion of depth were 
obtained by means of RBS/channel ing,  using 0.8-2.0 
MeV 4He+ ions with a variable scattering angle de- 
tection system. The Si films were first al igned and mea-  
sured in the glancing exit mode (scattering angle e : 
95~176 which enabled the top half of submicron 
thick Si/YSZ films to be measured without  the higher 
in tensi ty  interfer ing background from the heavy ele- 
ments Y and Zr in the substrate  and with high depth 
resolution (30). The surface barr ier  detector was then 
positioned at a larger scattering angle (8 ---- 151~176 
and the channel ing spectra were remeasured. This 
lat ter  geometry provided useful informat ion on the 
crystal qual i ty  of the Si films throughout  their  thick-  
ness, and especially near  the Si/YSZ interface. Figures 
6a and 6b and Table II i l lustrate the results obtained 
for a 0.45 ~m thick (100)Si/(100)(Y203)0.1s(ZrO2)o.s~ 
film in comparison to a (100) s ta te -of - the-ar t  commer-  
cial CVD SOS film of s imilar  thickness and to (100) 
bulk  Si. The SOS samples selected for comparison are 
the best that we have measured out of a large n u m b e r  
of commercial wafers grown under  various conditions 

[oT1] 

[ 0 ] 1 ]  [011] 

[oi ] 
Fig. 4. Stereographic projection of the crystallographic planes of 

a 0.9 ~m thick, epitaxial Si film (solid circles) grown at 1005~ on 
a "(Y20~)o.12(ZrO~)o.ss, (lO0)-oriented, single-crystal substrate 
(open triangles). These data were obtained by means of x-ray dif- 
fraction, using a full-circle goniometer, and demonstrate the epi- 
taxial relationships between film and substrate, (100) Si / /  (100) 
YSZ, [O11 ] Si 11 [011 ] YSZ. 
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Table II. Surface channeling yields, Xo, and average dechanneling 
rates, clx/dz, for a 0.45 Fm thick, (100) Si / (100) 

(Y208)O.ls(ZrO2)o.s2 film, a commercial CVD (100) Si / (011"2) 
A1203 film of similar thickness, and bulk, (100) Si. Eo is the 

incident energy of the 4He+ analyzing beam, and 0 is the scattering 
angle. 

Eo = 0.8 MeV Eo = 1,5 MeV 
= 103 ~ # = 102 ~ 15fi~ �9 

"d#dz (#m)-~ dX/dZ (#m)-~ 
Sample Xo 0-0.2 p~n xo 0-0.4 ~m 

Si/YSZ 0.067 0.56 0.I0 1,2 
SOS 0.125 0.75 0.13 1.3 
Bulk Si 0.034 0.13 0.035 0.08 

Fig. 5. Reflection electron diffraction patterns obtained with 100 
keV electrons on (a) a 0.4 ~m thick (100) Si single-crystal film 
grown at 977~ and (b) a 0.45 ~m thick (110) Si single-crystal 
film grown at 1002~ on (Y20.~)o.12 (ZrO2)o.ss single-crystal sub- 
strafes of the respective orientations. 

in the last five years. The following conclusions can be 
drawn from these and similar  measurements  on a 
large number  of samples: 

I. The surface anti near-surface crystal quali ty of 
0.4-0.5 #m thick (100)- and (110)-oriented (19) 
Si/YSZ films grown in our laboratories is superior to 
that of s ta te-of - the-ar t  commercial  CVD (100) SOS 
films of similar  thickness. This conclusion was sup-  
ported by XRD measurements  of the width of the Si 
rocking curve, A~, which is an inverse measure of the 
depth-averaged crystal qual i ty of the film. For ex- 
ample, A~(Si/YSZ) -~ 17 min  of arc and /,~(SOS) -~ 
29 min  of arc for the samples in Fig. 6 and Table II. 
TEM analyses (19) also supported this conclusion. 

2. The crystal qual i ty  of (111) S i / u  films was 
significantly poorer than that of (100)- and (110)-ori-  
ented films. Channel ing yields in (111) films were gen- 
erally at least twice the values found for the other ori- 
entations, and XRD measurements  revealed the pres- 
ence of relat ively high twin  densities. 

3. The concentrat ion of the dechannel ing defects in 
the Si/YSZ films, shown by TEM (19) to consist of 
stacking faults, twins, and dislocations, increased rap-  
idly with depth and was highest at the Si/YSZ in te r -  
face. A similar  s i tuat ion has been known to exist in  
SOS films. We believe that  it is the relat ively high 
difference in thermal  expansion coefficients (14) be- 
tween Si(~2~5o-1000oc ---- 3.8 • 10-6/~ and either cubic 
zirconia (~----- 11.4 • 10-6/~ or sapphire ( ~ - :  9 • 
10-6/~ which is main ly  responsible for the defective 
interface. This thermal  mismatch results in a severe 
compressive strain in the plane of the Si film which 
develops dur ing cooling from the deposition tempera-  
ture  to room temperature.  Par t  of this compressive 
s t rain is relieved into crystallographic defects. We have 

measured the depth-averaged macrostrain in  both Si /  
YSZ and SOS (31) by determining the peak position 
of the Si rocking curve. We have found that  at room 
temperature  the in -p lane  s t r a in ,  e,,, in as-deposited 
Si/YSZ films was systematical ly higher than in  SOS 
films. For example, e,, (Si/YSZ) : --5.4 • 10 -3 (corre- 
sponding to an in -p lane  stress r --- --9.7 • 109 dyne]  
cm 2) and e,,(SOS) : --4.1 • 10 -3 (a,, : --7.4 • 109 
dyne /cm 2) for the samples in Fig. 6 and Table II. This 
difference is due to the higher  expansion coefficient of 
YSZ as compared to sapphire. I t  is noteworthy that  in  
spite of the higher strain, the defect level  is lower in 
the Si/YSZ films, possibly due to the smaller  lattice 
mismatch between Si and YSZ (4.1-5.3% for m -- 0.33- 
0.09, respectively) as compared to Si and A1203 
(~10%) .  

Si film characterization: electrical properties.--The 
electrical properties of the epitaxial  Si layers were 
found to be dependent  upon the composition and ori-  
enta t ion of the substrate  and the predeposit ion sub-  
strate preparation.  Unin ten t iona l ly  doped, (100)-ori-  
ented films grown on substrates with m -- 0.09 tended 
to be p-type;  for m _-- 0.12, they were n - type  with 
depth-averaged carrier concentrat ion general ly in the 
5 • 101~-10 is cm -3 range; and for m ---- 0.18, they were 
also n - type  with carriers in the 1014-1017 cm -3 range. 
Depth-averaged Hall  mobilities for several of the as- 
grown films were measured using the Van der Pauw 
technique, with the four contacts being placed around 
the rims of the samples, thus resuIt ing also in  lateral  
averaging over the entire areas (3-5 cm 2) of the Si 
films. The Hall  mobilit ies of these un in ten t iona l ly  
doped films were in the same range as those we have 
measured in commercial, in tent ional ly  doped, n - type  
CVD SOS films of the same carrier concentrat ion and 
thickness. Representat ive values for the Si/YSZ films 
were as follows: the 0.45 ~m thick (100) Si/YSZ film 
characterized by RBS/channe l ing  in  Fig. 6 had /~e -~ 
200 cm2/Vsec (at ne ----- 7 • 1016 e/cm3), and a 2.2 ~m, 
(100) film had ~e = 310 cm2/Vsec (at ne ~- 1.2 • 10 iv 
e/cm~). These mobil i ty  values were typical for the re-  
spective Si film thicknesses. They are lower than some 
values reported in the l i tera ture  (32) for in tent ional ly  
arsenic-doped SOS films of s imilar  thickness, e.g.,/~e : 
330 cm2/Vsec in a 0.5 /~m thick film (at ne : 6 X 1016 
e/craB). Due to the rapidly increasing defect level in 
these films as the Si/YSZ interface is approached, the 
surface mobil i ty is expected to be higher than the Hall  
mobi l i ty  (32); it is the former quant i ty  which deter-  
mines the speed of an enhancement-mode,  n -channel ,  
metal  oxide semiconductor,  field effect transistor,  for 
instance. Addit ional  informat ion on the electrical prop- 
erties of Si/YSZ films must  await  the systematic growth 
of in tent ional ly  doped films. 

Summary 
1. Yttr ia-stabil ized cubic zirconia (YSZ) has been 

found to be an adequate substrate  for the epitaxial  
growth of Si layers. 
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Fig 6 a(left), b (right). Energy spectra of 1.SMeV 4He+ ions, backscattered at (a) 101 ~ and (b) 156 ~ from a 0.45/~m thick epltaxial (100) 
Si/ (100) (Y203)o.18(ZrO2)o.82 film grown at 1002~ In these spectra, lines were passed through the raw data points from the multichan- 
nel analyzer in order to bring out the salient features. The substrate contains ~3 .5% tool. HfO2 in substitutional lattice positions. The 
dashed lines indicate the background which must be subtracted in order to calculate the channeling yield in the Si films. (See Table II 
for Xo and dz/dz values.) 

2. A high temperature exposure to hydrogen prior 
to Si film growth at a lower temperature has been 
found essential for achieving epitaxial growth. This 
predeposition treatment assures the necessary absence 
of oxygen near the YSZ during Si epitaxy and improves 
the YSZ crystalline perfection. 

3. The orientations and directions of the epitaxial 
layers are parallel to those of the substrate, i.e., 
Si (hkl) / / Y S Z  (hkl) and Si [hkl] / /YSZ [hkl]. 

4. Preferred growth temperatures have been deter- 
mined for the growth of (100)-, (110)-, and ( I l l ) -  
oriented Si films by the pyrolysis of Sill4. 

5. RBS/channeling, XRD, and TEM (19) data indi- 
cate that the crystal quality of 0.4-0.5 #m thick (100)- 
and (110)-oriented films is better than that of commer- 
cially available (10O) SOS films of similar thickness. 
However, the Si/YSZ interface is a source of planar 
lattice defects as in SOS. 

6. The electrical properties of unintentionally doped 
films are dependent upon the substrate composition and 
orientation and the predeposition surface preparation 
of the substrates. 
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Oxidation of Cu3Sn and Cu6Sn5 Films in Room Air from 175~ to 250~ 

H. G, Tompkins, 1 J. E. Bennett,* J. A. Augis, and T. M. Paskowski 

Bell Laboratories, Columbus, Ohio 43213 

ABSTRACT 

Stoichiometric single-phase samples of Cu3Sn and Cu6Sn5 were fabricated by sputter deposition. These were subse- 
quently heated in air for various times and temperatures. For most of the t ime-temperature combinations, the resulting film 
was tens of angstroms thick and primari ly an Sn oxide containing some copper. The film growth can be described 
kinetically with a logarithmic rate law. For the higher temperatures  for longer times, when the Cu-to-Sn ratio in the center of 
the oxide film reached about 1:1, the film growth mechanism changed. This resulted in films several hundreds  of ang- 
stroms thick which were primari ly copper oxide. 

One of the most common and oldest  means  of jo in ing  
meta l l ic  components  in the e lec t r ica l /e lec t ronic  tech-  
nologies is soft  soldering.  F rom older  systems incorpo-  
ra t ing  discrete  components  to modern  in tegra ted  c i r -  
cuit  systems, there  are  l ike ly  to be m a n y  soldered 
connections. Many  such connections are  copper  or  
copper  base a l loy t e rmina t ions  jo ined wi th  l ead - t i n  
solders.  I t  has been ex tens ive ly  documented  (1-6) 
that  at  the  t ime of solder  coat ing or  jo in ing such elec-  
t r ica l  connectors  the t in of the solder  reacts  r ead i ly  
wi th  the copper  of the subs t ra te  to form the i n t e r -  
meta l l ic  compounds Cu~Sn and Cu6Sn5 and that  subse-  
quent  t he rma l  t r ea tmen t  wi l l  cause cont inued g rowth  
of the compounds.  Influence of these compound layers  
on the mechanical  and e lec t r ica l  behavior  of the jo ined 
region has also been the subject  of numerous  inves t i -  
gations (7-14). 

Conversely,  the present  work  deals  wi th  a subt le  
and uns tudied  aspect  of these in termeta l l ics .  Previous  
work  by  two of the authors  (15) demons t ra ted  that  
subsequent  the rmal  t rea tments  of thin solder  coatings 
on copper base subs t ra tes  can resul t  in m a r k e d  changes 
in the surface charac te r  of the solder.  The actual  sur -  
face m a y  have regions of Cu6Sn5 a n d / o r  Cu3Sn exposed 
to the environment .  Obviously,  the reac t iv i ty  of the 
exposed in te rmeta l l ics  wi th  the env i ronment  could 
have an impor tan t  bear ing  on shelf l ife wi th  regard  to 
so lderab i l i ty  of components  having  such surfaces. This 
paper  repor ts  on the oxidat ion  character is t ics  of the 
pure  in te rmeta l l i c  compounds.  Addi t iona l  work  is in 
progress  compar ing  so lde rab i l i ty  of the oxidized vs. the 
unoxid ized  compounds and wil l  be repor ted  elsewhere.  

Experimental 
Sample preparation.--Initially, severa l  a t tempts  to 

p repa re  the pure  compounds were  made  by  conven-  

~ E l ec t r o ch emi ca l  Socie ty  Ac t ive  Member. 
i P r e s e n t  a d d r e s s :  EG&G Idaho ,  Incorporated~ Idaho Falls, Idaho 

83415. 
Key  words: sputter deposition, corrosion, intermetallics,  thin 

films. 

t ional  induct ion mel t ing  procedures  in a protective 
a tmosphere  fol lowed by  long homogenizing anneals.  
The  Cu~Sn compound could be p repa red  in this man-  
ner, but  the Cu~Sn~ compound could not  be p repa red  
as a homogeneous  single phase.  Ingots  of the l a t t e r  
were  a lways  mul t iphased,  containing CusSn a n d / o r  
Sn, even af ter  remel t ing  and high t empera tu re  (200 ~ 
400~ long- t ime  anneals  (up to 680 h r ) .  This diffi- 
cul ty  is a t t r ibu ted  to the unce r t a in ty  of the composi-  
t ion t empera tu re  l imits  of this phase field in the  equi-  
l i b r ium d i a g ra m (16); the phase  field is n a r r o w  and 
sl, anting,  thus requi r ing  accurate  knowledge  of ac tua l  
mel t  composit ion and precise control  of homogenizing 
tempera tures .  Reichenecker  (17) had s imi lar  difficulty 
p repa r ing  this compound bu t  chose to ignore the minor  
amounts  of the second phases for  his the rmal  expan-  
sion measurements .  As a consequence of this problem,  
an a l te rna t ive  procedure  was developed for p repar ing  
both of the compounds for use in our  invest igat ion.  

The samples were  u l t ima te ly  p repa red  by  sput te r  
deposi t ion (18) of the compounds onto quar tz  crystals  
which are  rou t ine ly  used for  thin film deposi t ion 
thickness monitor ing.  The equipment  used for the  dep-  
osit ion was a Sloan S-300 sput te r ing  gun which uses 
magne t ron -enhanced  spu t t e r ing  (where  a toroidal  
magnet ic  field confines the p lasma  at the ca thode) .  The 
sput te r ing  ' ,parameters were  

Cu3Sn 445V 0.9A S u b s t r a t e t e m p ,  112~176 

Cu6Sn5 495V 0.9A Subs t ra te  not  hea ted  

in 8 mTor r  of argon, and meta l l ic  films about  3 am 
thick were  deposited.  

The sput te r  deposi t ion equipment  uses a r ing  ca th-  
ode, a cy l inder  2 cm ta l l  and 8 cm in diameter .  In  
o rder  to employ  this equipment ,  special  r ing cathode 
targets  had to be developed.  They were  ~abricated b y  
spot weld ing  regions of Sn onto a copper  cyl inder ,  as 
shown in Fig. 1. Because of different  spu t te r ing  yields,  
the s to ichiometry  of the  remain ing  film was not  s imply  
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Fig. I. Ring cathode for sputter deposition shown schematically 

the rat io  of the areas  of the two mater ia ls .  This is 
shown in the in i t ia l  deposi t ion values  shown in Table I. 
If  55% of the exposed area  of the cathode is Cu, then 
the deposi ted film contains 79% Cu. Af te r  some t r ia l  
and e r ror  and  guided by  energy  dispers ive  x - r a y  
analysis  measurements  of the  film s toichiometry,  the 
r equ i red  area  rat io  was de te rmined  and this is shown 
in Table I for each compound.  At  this point,  i n t e r -  
meta l l ic  deposi ts  were  p r e p a r e d  with  the p roper  
s to ich iomet ry  using no special  sample  t empera tu re  
control.  The analys is  of the deposits  was done by  
energy  dispers ive  x - r a y  analysis  using pure  e lements  
and the Cu3Sn ingot  sample  for cal ibrat ion.  They were  
fu r the r  ana lyzed  by  x - r a y  diffraction and me ta l -  
lography.  The Cu6Sn5 samples  were  found to be s ingle-  
phase and to exhib i t  only  the Cu6Sn5 diffraction lines. 
The samples  deposi ted wi th  the CusSn s toichiometry,  
however ,  were  found to be mult iphase,  having Cu6Sn5 
and Cu-Sn  B-phase  diffraction l ines in addi t ion  to the 
Cu~Sn diffract ion lines. By exper imenta t ion ,  it  was 
de t e rmined  that  if  the sample  t empe ra tu r e  was held  at  
t empera tu re s  be tween  110~176 dur ing  deposi t ion 
and then quenched to room tempera tu re ,  the  Cu.~Sn 
samples  were  s ing le -phase  and exhib i ted  only Cu3Sn 
diffract ion lines. 

Heat-treatment.--For the oxidat ion,  the  h e a t - t r e a t -  
ments  were  done in glass tube furnaces  which were  
fabr ica ted  by  wrapp ing  a 15 m m  diam glass tube wi th  
a hea t ing  tape. The t empe ra tu r e  was held  constant  
wi th  a thermis tor  probe  t empe ra tu r e  contro l ler  and  
was qui te  s table  for the  r equ i red  times. The tube  fu r -  
nace was constructed with  a hot zone which remained  
wi th in  •176  over  a dis tance of severa l  inches hence 
severa l  samples  could be hea ted  at the  same time. The 
env i ronment  was normal  l abo ra to ry  a i r  wi th  a room 
t e m p e r a t u r e  re la t ive  humid i ty  of about  50%. Tem-  
pe ra tu res  of  175 ~ 200 ~ 225 ~ and 250~ and hea t ing  
t imes va ry ing  f rom 2 to 1000 hr  were  used. The samples  
were  s tored in a desiccator  be tween  deposi t ion and 
h e a t - t r e a t m e n t  and  p r io r  to ana lys i s .  

Analysis of oxide film characteristics.--The atomic 
composit ion and thickness  of the oxide  films were  

Table I. Stoichiometry* vs. relative area of sputter cathode 

Compound 
Theoretical % area % element in 

% on cathode deposited film 
Cu Sn Cu Sn Cu Sn 

Init ial  Cu6Sn5 55 45 55 45 79 21 
deposition Cu3Sn 75 25 75 25 87 13 

Final  Cu~Sn~ 55 45 26 74 52 48 
deposition Cu3Sn 75 25 47 53 74 26 
* As  determined by energy dispersive x-ray analysis. 

analyzed using Auger  e lect ron spectroscopy (AES) 
along wi th  argon ion sput ter  etching. A Phys ica l  Elec-  
t ronics Indus t r ies  ins t rument  was used. Elect ron beam 
pa rame te r s  were  3 kV, 2 #A, and a spot d iamete r  of 
about  10 ~m. Der iva t ive  spect ra  were  taken  wi th  a 
modula t ion  vol tage of 3V. Ion beam pa rame te r s  for 
the sput te r  e tching were  1 kV, 11.7 • 0.2 #A/cm 2 ave r -  
age cur ren t  dens i ty  ( ras te r ing) .  The spu t te r ing  yie ld  
is not known for the oxide which forms on these com- 
pounds, so ~ the thickness is repor ted  in spu t te r ing  t ime.  
For  i l lus t ra t ion  purposes,  the spu t te r ing  rates  (mea-  
sured  in the same ins t rument )  for Sn, Cu, and Cu~O, 
using the same ion beam parameters ,  are  35, 14, and 
11 A/min ,  respect ively.  A typical  spec t rum and profile 
a re  shown in Fig. 2 and 3, respect ively .  

Results 
Film composition.--After heating,  the resul t ing films 

were  no rma l ly  severa l  tens of angst roms th ick and 
composed of Sn, O, Cu, and the usual  carbonaceous 
contamina t ion  which occurs on most  samples  which 
have been in the a i r  for any  length  of time. In  the 
typical  spec t rum shown in Fig. 2, the p r i m a r y  com- 
ponents in the film are  Sn and O. Al l  of the films 
formed did contain some Cu, however .  As indica ted  in 
the typica l  profile shown in Fig. 3, the Sn signal  r ises 
r ap id ly  as the carbonaceous l aye r  is removed,  reaches  
a max imum,  and then decreases  to the equ i l ib r ium 
value in the bulk  of the meta l  a f te r  the film has been 
removed.  The O signal  para l le l s  the Sn signal  to some 
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Fig. 2. Typical Auger electron spectrum. CusSn heated at 200~ 
for 20 hr. 
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Fig. 3. Depth profile, typical for the films which were essentially 
tin oxide containing some copper. This was a Cu3Sn sample heated 
at 200~ for 20 hr. 



1760 J. E~ectrochem. Sac.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY August  1983 

extent  unt i l  the film has been removed. The Cu signal 
decreases initially,  levels out, and then increases to its 
bulk equi l ibr ium value. Using elemental  sensit ivi ty 
factors from Ref. (19), rough estimates can be made of 
the concentrat ion of copper in the center of the film. 
For  the lower times and temperatures,  the ratio of 
Cu to Sn is of the order of 1 to 4 for CusSn5 and 1 to 2 
for Cu~Sn. For higher temperatures  and longer times, 
the amount  of Cu in the film increases. As long as the 
ratio of Cu to Sn is below about 1 to 1, the O signal 
parallels the Sn signal and the thickness is several tens 
of angstroms. When the ratio of Cu to Sn becomes 
greater than 1 to 1, the si tuat ion changes ra ther  
abruptly.  This is shown in Fig. 4 where the O signal  
parallels the Cu signal and the thickness is several 
hundreds  of angstroms thick. The film changes from 
being several tens of angstroms thick to being several 
hundreds  of angstroms thick when it  changes from be-  
ing essentially a "tin oxide" film containing Cu to being 
a "copper oxide" containing some or no tin. X- ray  pho- 
toelectron spectroscopy (XPS) measurements  suggest 
that, with the exception of the short time-175~ Cu~Sn5 
samples, the Sn and Cu are in the Sn( IV)  and Cu(I I )  
states, suggesting SnO2 and Cue .  For the short t ime 
175~ CusSn5 samples, Sn ( I I )  is a possibility. This 
tends to be confirmed using quant i ta t ive  AES analysis 
where sensit ivi ty factors from Ref. (19) or the values 
in Ref. (20) are used. 

Film thickness.--Let us take the "thickness" of the 
film, measured in sput ter ing time, to be that t ime where 
the O signal is half  of the max imum value, as indicated 
in  Fig. 3 with an  arrow. The times to half  maximum,  
measured for all of the heating times and temperatures,  
are shown in Tables II and III and Fig. 5. The lines in 
Fig. 5 are in tended to show which points go with which 
temperatures  and should not  be taken to suggest any  
par t icular  rate law. As indicated previously, for the 
higher temperatures  and the longer times, the film 

_~ Cu 

+ 

~o 2o s'o +; ~o 6o io 8o 
Sputtering Time, Minutes 

Fig. 4. Depth profile, typical for the higher temperatures at 
longer times. This is essentially copper oxide containing a little 
tin. This sample was Cu6Sn5 heated at 225~ far 1000 hr. 
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Fig. $. 'Thickness" of the oxide film vs .  heating time for various 
temperatures. The circles refer to Cu6Sn5 and the triangles refer 
to Cu3Sn. The straight lines ore plots of the logarithmic rote law, 
Eq. [2],  with the indicated rate constant b. 

Table II. Oxide "thickness" for Cu~Sn for various temperatures 
(expressed in sputter etch time to half max) 

Heating time 175~ 

( Hr ) ( iRin ) 

2~~ 2~~ 2~~ 

2 1.2 1.6 2.4 3.1 
5 1.3 2.2 3.0 3.9 

10 2.4 2.8 3.7 
20 2.5 3.2 3.8 

1.9 2.7 3.8 4.7 
1 ~  2.5 3.8 4.6 4.6 
~ 0  2.2 3.2 5.0 * 

506 2.9 4.3 5.3 * 
1000 3.2 4.1 6.5 * 

* P r i m a r i l y  copper  oxide. 
Note: With the same sputter etching parameters,  the sput ter-  

ing r a t e s  of Sn, Cu, and  Cu2 a re  35, 14, and 11 A/ra in ,  respectively.  

Table III. Oxide "thickness" for CusSn5 for various temperatures 
(expressed in sputter etch time to half max) 

Hea t in g  t ime  

( H r )  

175oc 200oc 225oc 250oc 

(Min) 

2 1.3 1.6 2.6 3.2 
5 2.0 2.7 3.4 

10 1.8 2.3 3.7 3.B 
20 1.9 3.5 4.5 
50 1.9 3.3 " 

102 2.0 3.6 " 
200 3,2 5.4 * 
506 2.4 �9 " 

1000 4.5 " " 

* P r imar i l y  copper  oxide. 
Note:  With  the  s ame  s p u t t e r  e tch ing  parameters,  the sput ter-  

ing r a t e s  of Sn, Cu, and  Cu20 a re  35, 14, and  11 A/ra in ,  respec- 
tively. 

changes from being essentially a t in oxide to being a 
copper oxide. These conditions are noted in the tables. 
Although not  observed experimental ly,  we would ex- 
pect this changeover to occur for all of the tempera-  
tures at times somewhat greater than  1000 hr. No 
changeover time predictions can be made due to in-  
sufficient data. 

Discussion and Conclusions 
Film growth rate law considerations.--Since we have 

"thickness" vs. time for three orders of magni tude  of 
time, it is reasonable to at tempt to draw conclusions 
about a possible rate law for the film growth for the 
"t in oxide" films. The data shown in Fig. 5 are plotted 
on a log-log plot and it is easy to test for a power law 
such as 

x n -- kt [1] 

A slope of 1/2 on the plot would give the famil iar  
quadrat ic  rate law with n ---- 2. From the figure, it can 
be seen that  if a power law were appropriate,  the value 
of n would be roughly 6. Although rate laws with n ---- 
2, 3, or 4 have been demonstrated, values of n as high 
as 6 are not usual ly  encountered. No first principle 
model predicts a value this high. Another  rate law 
which is sometimes proposed is the logarithmic rate 
law 

x = a l n ( b t  + 1) [2] 

When this is derived from a first principle model, the 
rate constant  b contains an activation energy term E 

b = bo e - E / R T  [3 ]  

where R is the gas constant  and T is the absolute tem- 
perature.  

The value of b can be plotted on an Arrhenius  plot 
to obtain the activation energy E. The data for both 
Cu~Sn and CusSn5 fit the logarithmic rate law rather  
well. Figure 6 shows the data plotted on semilog plots. 
The solid l ine represents Eq. [2] above. The values of 
b for the different temperatures  are shown in this 
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figure and are  also p lot ted  on an Ar rhen ius  plot  in Fig. 
7. 

Comparisons with Pure Elements 
Oxidat ion of copper and of t in has been s tudied 

ra the r  ex tens ive ly  (20-28). Oxidat ion  of pure  copper  
gives films much grea te r  than those ob ta ined  wi th  the 
in te rmeta l l i c  compounds.  P innel  et al. (26) found tha t  
a t empe ra tu r e  of 150~ (less than the t empera tu res  
used here in)  p roduced  films hundreds  of angs t roms 
th ick for t imes of 5-1000 h r  (e.g., about  500A for 20 h r ) .  

A few samples  of pure  t in were  given the same 
t rea tments  as the in te rmeta l l i c  compounds.  The 
samples  which were  hea ted  at 200~ for 20 and 50 h r  
had  films wi th  sput te r  "depths"  of 10 and 20 min (i.e., 
100-300A). Reference (28), using cathodic reduct ion,  
suggests tha t  200-400A f i l m s r e s u l t  f rom heat ing  Sn at  
180 ~ and 210~ for 20 hr. 

The key  point  here  is that  the film which forms on 
the in te rmeta l l i c  compounds is much th inner  than  the 
film which forms on ei ther  of the pure  e lements  alone. 
This film, pa r t i cu l a r ly  whi le  i t  is st i l l  p r imar i l y  t in  
oxide, gives significant protect ion from addi t ional  oxi-  
dation.  

Summary 

Using the sput te r  deposi t ion technique,  we have 
fabr ica ted  homogeneous  s ing le-phase  samples  of Cu~Sn 
and Cu6Sns. These samples  were  then hea ted  in room 
air  at  t empera tu re s  f rom 175 ~ to 250~ for t imes v a r y -  
ing from 2 to 1000 hr. 

For  the lower  t empera tu res  and the shor te r  t imes, 
the resul t ing  films were  p r i m a r i l y  Sn oxide containing 
some Cu. Under  these conditions,  the films were  tens 
of angst roms th ick and grow wi th  a logar i thmic  ra te  
law. When the copper - to - t in  rat io  in the film exceeds 
about  1: 1, the film growth  mechanism changes and the 
resul t ing  films are  hundreds  of angst roms th ick and are 
p r i m a r i l y  copper  oxide containing ve ry  l i t t le  or no tin. 

Manuscr ip t  submi t ted  Feb. 11, 1983; revised m a n u -  
scr ipt  received Apr i l  22, 1983. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Sect ion to be publ i shed  in the  June  1984 JOUR~Ar.. 
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Fig. 7. Arrhenius plot of rate constant b from Fig. 6 plotted vs. 
inverse temperature. 

All  discussions for the June  1984 Discussion Section 
should be submi t t ed  by  Feb. 1, 1984. 

Bell Laboratories assisted in meeting the publication 
costs of this article. 
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Changes in Adhesion Forces during Picture Tube Screen Production 
E. Scharrer, L. Grimm, H. Mayatepek, and W. Ritsert 

Valvo B ildrohrenfabrik der Philips GmbH, 5100 Aachen-Rothe Erde, Germany 

ABSTRACT 

When luminescent  screens are manufactured for color TV tubes, various layers are appl ied successively to the glass 
screen. The bonding of the layers to the screen glass and to each other is caused by various forces. These interaction forces 
affect the adhesion of the different interfaces. The adhesion mechanism of the precoating, phosphor,  and lacquer layers and 
the a luminum backing before and after baking out the luminescent  screen are discussed. 

Manufac tu r ing  the phosphor pic ture  tube screen is, 
as regards  surface chemistry,  the most  in teres t ing  pa r t  
of p ic ture  tube production.  Modern  color TV tubes  
have screens wi th  a pa t t e rn  of some 700 t r iads  of green,  
blue, and red stripes,  each s t r ipe app rox ima te ly  one-  
qua r t e r  of a mi l l ime te r  wide. To manufac tu re  these 
screens, adhesion layers  a re  appl ied  one af te r  the o ther  
and, dur ing  the process, pa r t ly  or  whol ly  removed  
again.  F rom the sequenced process involved in produc-  
ing the p ic ture  tube screens, it  is obvious how neces-  
sa ry  it is to have an op t imum and reproducib le  process 
control  to be able  to manufac tu re  at  an economic yield.  
Precise  knowledge  of the  phys ica l  and  chemical  process 
tak ing  place is therefore  ve ry  impor tant .  

The PVAL Precoat Layer on the Glass Faceplate 
The production of phosphor screens s tar ts  wi th  p re -  

coating the glass faceplate,  in  o rde r  to create  a r ep ro -  
ducible  surface,  the  inside of  the  facepla te  is washed  
wi th  hydrofluoric  acid and r insed with  an ample 
quant i ty  of deminera l i zed  water .  This creates (i) a 
new surface by  dissolving the topmost  l aye r  of glass, 
(ii) react ive  si lanole groups f rom the s i loxane groups 
of the glass surface, and (iii) the  exchange  of cations 
on the surface of the  glass for H + ions. S c h a r r e r  (1) 
and Di inewald  (2) confirmed this mechanism by  ex-  
pe r iments  wi th  powdered  TV screen glass (Fig. 1). 

The glass surface, which is st i l l  wet,  is then covered 
wi th  a precoat  l ayer  of po lyv iny l  alcohol (PVAL) .  
During the subsequent  d ry ing  process, covalent  bonds 
are  formed wi th  the  surface  of  the  glass by  an es te r i -  
fication reaction.  The OH groups in the PVAL reac t  
with the hydrogen  in the si lanole groups on the sur -  
face of the glass (Fig. 2). 

Tests on the solubi l i ty  of the PVAL laye r  showed 
that  even af ter  t rea t ing  wi th  wa te r  severa l  times, an 
a pp rox ima te ly  0.003 #m thick PVAL laye r  (more  or  
less monomolecular )  r emained  on the surface of the 
glass and could only  be comple te ly  removed  wi th  
hydrofluoric  acid (Fig. 3). 

According to Jenke l  and Rumbach (4) and  Fleer ,  
Koopal ,  and Lyk l ema  (5), only  about  30% of the PVAL 
chain on the surface of the solid lies flat on it, the res t  
p ro jec t ing  f rom the surface  in the form of loops or  
bristles.  This pro jec t ing  PVAL bonds fu r the r  PVAL 
molecules via H-br idges  (Fig. 4). 

The Phosphor Layer 
The phosphor  suspension for coat ing the faceplate  

contains phosphor,  PVAL and ammonium dichromate  
(ADC).  The PVAL laye r  formed in the suspension on 
the gra ins  of phosphor  behaves  in the same manne r  as 

Key words: phosphor screen, adhesion forces, baking.out 
changes. 

on the glass surface,  forming loops and bristles (4, 5). 
Probably ,  a covalent  bond of the PVAL with  the sur -  
face of the phosphor  does not  exist.  I t  is assumed tha t  
H-b r idges  are  developed be tween  the PVAL and the 
hydra t ion  l aye r  of the phosphor  surface or the  hy -  
d ra t ed  ions adsorbed on the surface. 

ADC and P V A L  form the photosensi t ive  system. 
Af te r  flow coat ing the phosphor  suspension (green  
first) onto the glass surface and drying,  the phosphor 
screen is exposed to u l t rav io le t  l ight  th rough  the slots 
in the shadow mask.  Dur ing this exposure,  a redox  
react ion takes  place in which the PVAL is oxidized and 
the Cr2072--anions  are  reduced  (6). 

~// ]Si-O-Na + ,!SJ 0 H + 
/ 

. , / /  / 

// !SI O H + t " -  - 

// !Si _O_H+ 

"~ !Si_O-H + 

BQ 2+ 

K + 

No + 

F- 

[SIF612- 

Fig. 1. Surface of glass before and after treatment with hydro- 
fluoric acid. 

HCH HCH 
. . . . . . .  

Si-- O-IH + H OI-CH , . . . . . . . .  \ 

H T O-H + H 

~ i - - O - H  + ~/C . . . . .  .//~-~Si H-O-CH 
OZass Si H O-C-H 

~ 0  H- \ -2H20 ~ ]  ~'O"" \ 

i - -  0 ill+ _ _ H_Oi- \ I O - -  

HCH H 
Surface of the glass / / /" 

PVAL 

Fig. 2. Glass/PVAL reaction schematic diagram 
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~y mg pVAL ~n 300 ml :y [ng FVAL/screen i n  
Drying I demlneralxzed water I H2F 2 after treatment w:tL 500 mll Tota: ~mount i 
tempera~ur~ exposure  ti~e , water ~g PVAL/screen 

Oc i m~n 5 m~n 1o mln 3 mln 

25 10,7 11,~ 11,0 0 , 9  ~ I , ~  

3a 8 , 7  9,5 10,7 O,9 ~ ,6 

50 7,3 s,6 10,5 o , 9  - 1,2 11,& - 11,7 

I soz~bzr 1~ w~ter  I :nsolub:e :n ~ a t e r  I 

The f •  g s  ~eaa v a l u e s  from 3 t o  5 ~ a s u r e ~ e n ~ .  

Dete~:natxvn of PVAL ~ccords to Horacek, Ze:tschris fur Analytl~che Chem:e 19~ (196~), page 220. 

The p r o p o r t i o n  ~ f  pVAL ~a$~lu~le L~ w a te r  f s l l ~ ,  i f  the s c r e ~  s pu• a s i d e  f o r  a p c r ~ d  o f  elme 
(0,~ and 2& hours) between washing (H2F2) ~d rlmszng w~tb H20 %bus permitting the ~&lanole groups 
t ~ t d e c r e a S e ' g  u n w a s h e d � 9  $r ha~e the same low ~ a l u e s  as  t h e y  weald bare  i f  p u t  a~zde fo~  2~ hou r s  

] 
Fig. 3. Solubility of the PVAL precoot layer 

PVAL l a y e r  

( s w e l l i n g  l a y e r )  

S 

~ Adsorption of PVAL on the 

~ - - ~ - - D  colour picture tube glass 

"Loop and bristle" model 

Rumbach 

PVAL irreversibly bond,d 

approx. 0 , 5 . 1 0  - &  mg/cm 2 

PVAL reversibly and irreversibly 

bonded approx, 5,qO -a mg/cm z 

~ Layer thickness approx. O,O& ~m 

~ H - B o n d s  w i t h i n  t h e  PVAL l a y e r  

Covalent bond with the glass 

Fig. 4. Adsorption of PVAL en the color picture tube gloss 

The PVAL oxida t ion  products  form complex  com-  
pounds wi th  the Cr 3+ cations reduced  f rom the 
Cr~O?~--anion. Complex  bonding prevents  swel l ing up 
and thus r emova l  of the  PVAL (Fig. 5) (7). 

I t  is assumed tha t  the  th ickness  of the ha rdened  
PVAL l aye r  on the phosphor  surface is of the  same 
magni tude  as on the glass surface (0.04 ~m). The r ea -  
sons for this s t a t ement  are  as follows: the  loss of 
weight  in f low-coated u .v . -ha rdened  and developed 
phosphor  par t ic les  under  bak ing -ou t  condit ions (hea t -  
i n g u p  10~ to 450~ 1 hr  holding t ime and cooling 
down)  is 3g PVAL/100g.  This is less than  half  of the 
PVAL content  in' the phosphor  suspension (7.6g P V A L /  
100g solid ma t t e r ) .  

As one can see f rom microphotographs  made  wi th  an 
e lec t ronmicroscope (magnificat ion 4,600• there  is a 

_ _T  ) . . . . . . . .  

Fig. 5. "Loop and bristle" model after the PVAL/ADC u.v.-photo- 
reaction. 

lot  of PVAL in the angles and the pores of the phos-  
phor  part ic les .  Along the contact  points  be tween  the 
phosphor  part ic les ,  the  P V A L  l aye r  thickness mus t  be 
smal le r  than  0.1 #m, which was ca lcula ted  f rom the 
loss of weight  (3 g/100g) and the surface a rea  of the 
phosphor  powder  (average  surface area  0.2 mg-/g). 
Assuming  tha t  the thickness of the PVAL l aye r  on the 
phosphor  par t ic les  at  the contact  points  is about  the 
same as on the glass sur face  and tha t  2-3 phosphor  
par t ic les  (average  gra in  size 5-8 ~m) make  up the 
thickness of the  phosphor  layer ,  then al l  the PVAL 
layers  be tween  the phosphor  par t ic les  and the glass 
surface together  have a thickness of about  0.20 ~m. 

Development  wi th  deminera l ized  wa te r  at about  30~ 
which then follows, causes the unexposed por t ions  o f  
the phosphor  to swel l  up again.  In  o ther  words,  these 
por t ions  a re  washed  off. The exposed port ions form 
the desired pa t t e rn  (s tr ipes)  of the first phosphor  layer .  
Af te r  subsequent ly  dry ing  this layer ,  phosphor  str ipes 
of the o ther  two colors (blue and red)  are  appl ied  in 
turn  in ident ica l  process sequences (f low-coating,  d r y -  
ing, exposure,  development ,  and d ry ing ) .  

I t  is concluded that  the phosphor  par t ic les  are  
bonded to the glass facepla te  via the PVAL layers  
a round  the phosphor  surface and the glass surface. The 
PVAL loops and br is t les  of the  glass surface and the 
phosphor  par t ic les  are  fixed toge ther  via the complex 
bonding system. 

The Lacquer and Aluminum Layer 
To reflect the  l ight  exc i ted  in the  phosphor  b y  the 

e lec t ron beam in the  di rect ion of the v iewer  and thus 
to enhance the screen  brightness,  a luminum is evap-  
ora ted  onto the rear  of the luminescent  screen. To pre -  
vent  the a luminum from pene t ra t ing  into the porous 
l aye r  of phosphor  when evapora t ion  of the a luminum 
onto the phosphor  under  high vacuum is t ak ing  place, 
~t is necessary  to provide  a foundat ion  l aye r  for the 
a luminum.  The most sui table  foundat ion  for use in 
p ic ture  tube product ion is usua l ly  a film of lacquer  
made up f rom a mix tu re  of po lyme thac ry la t e  and po ly-  
acrylate .  The lacquer  film can be produced  in var ious  
ways:  (i) by  spray ing  on the lacquer ing  substance 
dissolved in an organic  solvent  and (ii) by  flow coating 
on a s tabi l ized dispersion.  

In  both lacquer ing  processes,  the  phosphor  l aye r  is 
wet ted  again.  This means  that  the pores be tween  the 
par t ic les  of phosphor  are  filled by  the aqueous phase.  
Due to the i r  size, the lacquer  drople ts  which form the 
dispersion do not pene t r a t e  into the inters t ices  but  
r a the r  r emain  on the surface of the phosphor  coating. 
In  the sp ray ing  process, lacquer  drople ts  are  formed 
on the surface. If  a solution of PVAL is used as a 
wet t ing  agent,  a r e l a t ive ly  s table  emulsion of lacquer  
droplets  of the "o i l - i n -wa te r "  type  is c rea ted  dur ing  
spray ing  (8). 

In  Fig. 6, the  var ious  stages of lacquer  film creat ion 
are  shown. Whi le  drying,  the lacquer  drople ts  coalesce 
and form a continuous film of lacquer,  adher ing  to the 
phosphor  par t ic les  v ia  the H-b r idges  of the PVAL 
layers  (Fig. 7, 8). 

The thickness  of the  lacquer  l aye r  which has been 
de te rmined  by dissolving and weighing  the lacquer  is 
1.5 #m. A l u m i n u m  is then evapora ted  onto this lacquer  
coating under  high vacuum, a pp rox ima te ly  10 -7 bar.  
The process is designed to provide  a l aye r  app rox i -  
ma te ly  0.25 #m thick in the middle  of the luminescent  
screen. Af t e r  evaporat ion,  this e x t r e m e l y  thin l aye r  of 
a luminum follows the contours of the lacquer  film 
exact ly .  I t  adheres  to the l aye r  of lacquer  due to dis-  
pers ion forces (Fig. 9). 

Baking Out the Screen 
Since organic  substances are  not s table  in a high 

vacuum and organic  po lymers  also have a cer ta in  v a p o r  
pressure  coming from res idual  monomers  and f rom 
decomposi t ion or depolymer iza t ion  which would upset  
the funct ioning of the  color p ic ture  tube  and shor ten  
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Fig. 6. Creating the lacquer film 

PWL e ~ q u ~  

Oi~:~ Fho~phor A i ~ t ~ l u ~  

Fig. 7. Structure of the layers on the luminescent screen before 
bakeout. 

Fig. 9. Aluminum layer in reflected light (with lacquer film). 
Microphoto, magnified 100 X ' (magnification on the photo 400 •  

its life, the organic matter has to be removed again 
by baking out. During this bakeout, the polymeth- 
acrylate/polyacrylate film depolymerizes almost com- 
pletely. Depolymerization takes the form of a chain 
reaction; after the initial reaction, the monomers are 
split off from the end of the chain like a zipper (9) 
(Fig. 10). 

The PVAL is broken down during the bakeout. Ac- 
cording to Kaesche-Krischer and Heinrich (10), there 
is merely dehydration in the first phase up to 260~ 
The loss of weight during this initial stage is approxi- 
mately 32%. At higher temperatures in the second 
phase, a mixture of various hydrocarbons is created. 
Above 390~ the carbon structure collapses (Fig. 11). 

CH 3 [-CH 3 ~ CH 3 CH.~ 
H I  HI I H / I  H I~H  

- C - C - - C q - C - - C g C - - C - - C - - C  
H I n H | l n H l , l . n  H I.n H 

<OR L<o j <OR C'OR 

Depolymerlzetlon ~ H3 

C=CH 2 
175 - 275 ~ I. 0 

C-OR 

Thermal decomposition of the polymethacrylate 
(R is usually an isobutyl, n-butyl or methyl residue). 

Fig. 8. Layer structure of the phosphor before bakeout. EM 
photo magnification 1,600• (magnification of the photo 45,000• 

Fig. 10. Depolymerization reaction of the lacquer film in the 
course of baking out the luminescent screen. 
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OH OH rO-H:FOH "-],' 0~'---()-I-:I] OH,["- 
- c - I c - c - l c - c - c - o - c - c - c - c - c - c - c -  
H ~ H.]Hn H H H H H H H H H H 

-H~O I 

H FH-- HI 
=C J~C-IC= C-CJrC = C-C-IC = C4~-C~IC=C - 

H LH_JH H H LH_H_H_JH H LHHjH H 

CH,O CH~ CH-CHO CH~CHO 
Formaldehyde Acrylaldehyde Acetaldehyde 

Above 390 ~ the carbon st~cture collapses, 

First stags of deoompos~tlon 

~O0 - 260 ~ 

Second stage of decomposition 

200 J90 ~ 

Fig. 11. Decomposition reaction of the PVAL layers in the course 
of baking out the luminescent screen. 

Depolymer iza t ion  of the lacquer  film commences  at  
t empera tu re s  above  app rox ima te ly  175~ S imu l t ane -  
ously,  the  first phase of the decomposi t ion of the PVAL 
starts.  Above 260~176 af te r  the lacquer  film has 
been decomposed,  the  subsequent  phases of decompo-  
s i t ion of the PVAL take  place.  The monomers  and 
o ther  products  of decomposi t ion diffuse th rough  the 
a luminum backing.  These r e l a t ive ly  slow processes 
avoid  damag ing  the phosphor  or  b l i s te r ing  the a lu-  
m i n u m  back ing  by  p reven t ing  r ap id  fo rmat ion  of 
gaseous products .  

In  addit ion,  decomposi t ion takes  place f rom the coat-  
ing side inwards ;  this means  tha t  the PVAL layers  on 
the sur face  of the  glass are  b roken  down last. The 
presence of any  PVAL af ter  bak ing  out  could not  be 
proved  wi th  the iod ine /bor ic  acid (3) reaction.  

For  d i rec t  proof  of the  change in the PVAL layers  
and the lacquer  film, the thickness  of the coatings was 
measured  before  and af ter  bakeout .  The measurements ,  
ca r r ied  out  on the green phosphor  s t r ipe wi thout  
l acquer  by  means  of a l ight  sect ion microscope, showed 
that  the phosphor  l aye r  had decreased  in thickness  by  
roughly  10%, i.e., a p p r o x i m a t e l y  1.5 ~m (Fig. 12). 

This decrease  is m a r k e d l y  g rea te r  than  al l  the  PVAL 
layers  before  bakeou t  on the surfaces of the  phosphor  
and glass at  the  contact  points.  Obviously,  the  phos-  
phor  l aye r  must  have become more  compact.  This re -  
duct ion in the dis tance be tween  surfaces leads us to 
conclude tha t  ions on the surface of the solids in con- 
tact  have changed place due to the hea t - t r ea tmen t ,  r e -  
sul t ing in s intering.  At  the same time, ion bonds have 
occurred.  The reduced  spacings also favor  the dis-  
pers ion forces (Fig. 13). 

This has been confirmed also by  measuremen t  of 
gra in-s ize  d is t r ibut ion  (green phosphor)  : before  bake -  
out, average  7.08 ~m 

f 

Fig. 13. Structure of the layers on the luminescent screen after 
bakeout. 

<5 #m 17% 

<10 ~m 14.8% 

and af te r  bakeout ,  average  7.7 ;~m 

<5 #m 12% 

<10 #m 21% 

Adhesion Measurements  
What  influence has the ba k ing -ou t  p rocedure  on the 

adhesion of the phosphor  par t ic les  to each o ther  and to 
the surface of the  glass? To es tabl ish  this, adhesion 
tests were  car r ied  out  on screens tha t  had  been  
th rough  the var ious  s tages  of the manufac tu r ing  
process. The method  used was to direct  a je t  of wa te r  
of a cer ta in  size agains t  var ious  posi t ions on the screen 
for a cer ta in  time. The pressure  of the  je t  of wa te r  
was increased unt i l  a hole became c lear ly  visible.  The 
pressure  of the jet ,  measured  by  the di f ferent ia l  p res -  
sure method wi th  a me rc u ry  manometer ,  is the ind i -  
cator  of the adhesive s trength.  This test,  which was 
done severa l  t imes on lacquered  and un lacquered  
phosphor  screens before  and af te r  bake  out, ind i -  
cated no decrease  in the adhesive  s t r eng th  of the phos-  
phor  l aye r  to the  glass a f te r  bakeou t  (Fig. 14). Even 
af ter  three  bakeouts ,  there  was no change. 

No difference was found in the  adhesion of the phos-  
phor  par t ic les  to one another  nor  to the  glass either.  
This confirms the supposi t ion that  power fu l  adhesion 
forces have been crea ted  by  the bakeout .  When  wa tch -  
ing the fo rmat ion  of the  hole b y  the wa te r  jet ,  the  hole 
in the  screen is seen to occur and is immed ia t e ly  
visible on the glass surface.  

gm 

I.) before baking out 10 i16,0 1,0 

2.) agte~ baking out 10 i14,5 1,6 

Difference ~n the two series of measurements 

Zk = 1,5 ~m 

The measurements were carried out on the green "phosphor 

strlpe without a lacquer Film, using a light ~ection 

microscope. 

I Composi t •  o f  l a y e r  I ~o~  ~ B k e d - o u t  I B a k e d - o u t  once  I B a k e , - o u t  t h r e e  t ~ e s  I 

Phospho r  
< 1 > 67 

i Phosphor  s u s p e n s i o n  

(+ PVAL aud AEC) 1,5 �9 67 

P~ospl,or suspension 

(+ pVAL and A~) > 67 > 67 > 67 
�9 ft,~ e~osure to l 

l~Sh~ 

Fig. 14. Adhesion measurements on phosphor coatings (green); 
Fig. 12. Layer thickness measurements adhesive strength stated in kPa. 
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The Aluminum Layer af ter  Baking 
The attaching mechanism of the phosphor layers to 

the aluminum is also changed by baking-out. The 
foundation layer of lacquer, previously between phos- 
phor and aluminum, has been completely removed, 
leaving empty spaces in between. Figure 15 shows the 
aluminum lacquer in transmitted light. One can see 
several holes in the aluminum layer. 

The aluminum skin is now only attached to those 
points where it is lying on the phosphor crystals or 
where holes have been made in the former lacquer 
coating by sharp points in the phosphor layer during 
the drying process. It has been proved by several ex- 
periments that the adhesion of the aluminum increases 
with the number of holes. The adhesion of the alumi- 
num layer is affected by dispersion forces in those 
places where the aluminum is in close contact with the 
phosphor or by mechanical forces (clamping phe- 
nomena). Figure 16 shows an electron microscope 
photo of a hole where the aluminum is attached. 

Conclusion 
From the experiments and conceptions on the adhe- 

sion of phosphor layers in color picture tubes before 
and after bakeout, the following can be concluded for 
the changes in adhesion forces: 

1. In the course of luminescent screen production, 
PVAL and the polymethacrylate/polyacrylate  film form 
high molecular intermediate layers. The PVAL layers 
adhere to the surface of the solids, par t ly  by covalent 
bonds with the glass and par t ly  by H-bridges of the 
PVAL molecules with the phosphor and lacquer. The 
aluminum baking, evaporated onto the lacquer, ad- 
heres by dispersion forces. 

2. Exposure of the flow-coated phosphor screen to 
ultraviolet light irreversibly changes the PVAL in the Fig. 16. Electron microscope photo of a point of attachment for 

the aluminum backing. Magnified 5,600• (magnification on the 
photo 15,000 X ). 

Fig. 15. Aluminum layer in transmitted light. Magnified 100• 
(magnification on the photo 400X ). 

PVAL/ADC intermediate layer itself. It  loses the abil- 
i ty to swell up. After the photoreaction the oxidized 
compounds of the PVAL molecules become complex 
bonds, with Cr 3 + as the complex forming ion. 

3. During bakeout, all the intermediate layers of the 
phosphor screen are removed. The phosphor layer be- 
comes more compact. Adhesion is affected by directly 
influencing the surfaces with respect to each other by 
means of sintering (ion bonding) by dispersion forces 
a~d by mechanical forces. 

Manuscript submitted Feb. 1, 1982; revised manu- 
script received ca. Dec. 1, 1982. This was Paper 218 
presented at the St. Louis, MO, Meeting of the Society, 
May 11-16, 1980. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1984 JOUaNAL. 
All discussions for the June 1984 Discussion Section 
should be submitted by Feb. 1, 1984. 

Valvo Bildrohrenfabrik der Philips GmbH assisted 
in meeting the publication costs of this articte. 
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The Mechanism of the Cross Linking of Poly(Vinyl Alcohol) by 
Ammonium Dichromate with U.V.-Light 

L. Grimm, K.-J. Hilke, and E. Scharrer 

Valvo B ildr6hrenfabrik der Philips GmbH, 5100 Aachen-Rothe Erde, Germany 

ABSTRACT 

The phosphor raster of color TV screens is produced by the exposure of photosensitive coats to ultraviolet light. On the 
basis of existing papers and our own experiments, a model is presented showing the mechanism of the photosensitive reac- 
tion between poly(vinyl alcohol), ammonium dichromate, and water. A complex redox reaction takes place between the 
three components, leading to chromium (III) ions and poly(vinyl alcohol) cleavage products with terminal carboxyl groups. 
There is interaction to chelate complexes, thus resulting in a three-dimensional poly(vinyl alcohol) network insoluble in 
water. 

Dur ing  the product ion  of color TV screens,  a phos-  
phor  r a s t e r  is c rea ted  by  exposing photosensi t ive  coat-  
ings to u l t rav io le t  l ight.  The photosensi t ive  l aye r  con- 
sists of phosphor,  p o l y ( v i n y l  alcohol)  (PVAL) ,  am-  
monium d ichromate  (ADC),  and water .  A high pres -  
sure m e r c u r y - v a p o r  l amp  is used as the source of u l t r a -  
violet  l ight.  The ac tua l  photosensi t ive  sys tem comprises  
a m m o n i u m  dichromate ,  po ly  (v inyl  a lcohol) ,  and water ,  
so the  phosphor  need not  be taken  into account when 
fu r the r  consider ing the phc~toreaction. 

Po ly  (v inyl  alcohol)  is a t h r ead - l i ke  po lymer  wi th  a 
molecu la r  weight  of app rox ima te ly  100,000. This cor re-  
sponds  to a p p r o x i m a t e l y  2500 monomer  molecules.  
P o l y ( v i n y l  alcohol)  is soluble in water .  F igu re  1 
i l lus t ra tes  a sect ion wi th  two bui ld ing  blocks. The OH 
groups are  a r ranged  in a 1,3 position. They are  a t tached  
to a secondary  carbon ato,m and correspond in the i r  
character is t ics  to the h y d r o x y l  groups of secondary  
alcohols. 

The second pa r t  of Fig. 1 shows the smal les t  ana lo-  
gous polyol,  2,4-pentanediol .  This compound was taken  
as a model  subs tance  for  the  exper iments  on the ox ida -  
t ion of PVAL by  chromate  descr ibed  below. 

I n  the presence  of water ,  ammonium dichromate  
reaches an equi l ib r ium wi th  ammonium hydrogen  
chromate  

[ 2 ( N H 4 )  +] + Cr~VIO~ - -  + H20 

2HCrwO4 - + [2(NHD +] 

Both types  of ions act as oxidants.  Thei r  m a x i m u m  
l ight  absorpt ion  level  is a round  360 nm. In both com- 
pounds,  the  chromium is hexavalent .  F igure  2 r e p r o -  
duces the  absorp t ion  spec t rum of an ammonium di -  
chromate  solut ion in connection wi th  the  emission spec- 
t rum of a high pressure  m e r c u r y - v a p o r  lamp.  The re -  
c iprocal  effect be tween  ammonium d ichromate  and 
u l t r av io le t  l ight  is possible,  because the absorpt ion  
m a x i m u m  of the  ammonium dichromate  and a s t rong 
emission l ine of  the m e r c u r y - v a p o r  l amp  both  l ie  
a round  360 nm. 

That  p o l y ( v i n y l  alcohol)  is oxidized and c h r o -  
m i u m ( V I )  is reduced  to c h r o m i u m ( I I I )  dur ing  the 
photoreac t ion  has been known  for a considerable  t ime. 

Schl~pfer  (1) formula ted ,  for  example ,  the oxida t ion  
of a h y d r o x y l  group of the  P V A L  to a keto  group as 
the  react ion of a secondary  alcohol  wi th  ammonium 
d ichromate  

R ~ 

\ 
3 C H - - O H  + Cr~O72- + 8H 

/ 
R 

R' 
\ 

-~ 3 C = O  + 2Cr 8+ + 7H20 
/ 

R 

Schl~pfer  (1). Duncalf  and Dunn (2, 3), van Nice and 
Fa r l ee  (4),  al l  assume tha t  complexing occurs be tween  
the chromium (III)  thus fo rmed  and the PVAL, jo ining 
the PVAL chains together  to c rea te  a t h r e e - d i m e n -  
mensional  ne twork .  This makes  the  P V A L  insoluble  in 
water .  There  are  va ry ing  views on the  na tu re  of the 
complex formation.  

Our  own research (5, 6) indicates  tha t  the oxida t ion  
of PVAL with  ADC continues unt i l  the molecular  
chains a re  split .  Subsequent ly ,  t rue  chelate  complexes 
form with c h r o m i u m ( I I I ) .  Two facts would seem to 
suppor t  this  resul t :  (i) The  loss of viscosi ty in a 

\ 

H-C-H 
/ 

HO-C-H 
\ 

H - C - H  
/ 

HO-C-H 
\ 

H-C-H 
/ 

t 
/ 

Sect ion - of a 
po l yv i ny l  a lcohol  

cha in  

H 
I 

H-C-H 
/ 

HO-C-H 
\ 

H-C-H 
/ 

HO-C -H 
\ 

H-C-H 
I 
H 

Model substance 
2,&-Pentened iol 

Key words: dark reaction, chain cleavage, model substance 2,4. 
pentanedioL Fig. 1. Poly(viny| alcohol) (PVAL) 
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Fig. 2. Emission spectrum of o high pressure mercury vapor dis- 
charge lamp end absorption spectrum of ADC. 

phosphor  suspension and (ii) exper iments  wi th  2,4- 
pen tanedio l  as a model  substance for PVAL 

Figure  3 shows how the  viscosi ty in a photosensi t ive  
phosphor  suspension behaves  as a funct ion of t ime. 
The readings  were  taken  on f reshly  made -up  phosphor  
suspensions to the exclusion of u l t rav io le t  light.  A 
redox  reac t ion  takes  place in these suspensions which 
is known as the "da rk  react ion."  The proof  tha t  a 
redox  reac t ion  occurs is that the chromium (III)  con-  
ta ined  in the  suspension increases at  the same time. 
Af te r  24 hr, roughly  4% of the origina] chromium (VI) 
is p resen t  in the  fo rm of c h r o m i u m ( H I )  due to the 
dark  react ion (Fig. 4). 

In  addi t ion  to this, the pH-va lue  rises dur ing  this 
per iod  f rom 5.3 to 5.8, since protons are  consumed du r -  
ing the chromate  oxidat ion.  Our  exper iments  indica ted  
that the d a r k  react ion ceased af te r  severa l  days at  a 
c h r o m i u m ( I I I )  content  of 6-7% of the or iginal  chro-  
m i u m ( V I ) .  The pH value  rose f rom 0.5 to 0.7 pH units. 
P resumably ,  the  r ise  in the  p H - v a l u e  l imits  the  d a r k  
reaction. 

3ot 

2 a  

I 

lsl 
10 20 30  

Time (hours) 

Fig. 3 : Viscos,ty behavtour of  a 
phosphor suspension 

Fig. 3. Viscosity behavior of a phosphor suspension 
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Fig. 4. Increase of chromium (111) in phosphor suspensions de- 
pendent on time (dark reaction). 

The surpr i s ing  fact  tha t  a redox  reac t ion  be tween  
PVAL and ADC can take  place even without the effect 
of l ight  led  to a thorough invest igat ion of the d a r k  
reaction.  We discovered tha t  in a d i lu te  aqueous so lu-  
t ion of PVAL and ADC, corresponding in concentra t ion  
to a phosphor  suspension, no measurab le  format ion  of 
e h r o m i u m ( I l I )  ions and no loss of viscosity took p lace  
wi th in  the  per iod of one week.  If, however ,  a sulfidic 
phosphor  or  dissolved sulfide ions a re  added,  the da rk  
reac t ion  descr ibed  above can be observed.  I t  is not  
possible to induce a d a r k  react ion with  oxidic phos-  
phors  or insoluble  oxides such as SiO2, AlzO3, or TiO2. 
I t  may, therefore ,  be assumed tha t  in the  case of the 
da rk  react ion,  the redox  react ion be tween  PVAL and 
ADC is induced by  a react ion be tween  sulfide ions and 
ADC. 

I t  is t rue  the  photoreact ion  is in i t ia ted  in a different  
manner  f rom the d a r k  reaction,  but  i t  m a y  be assumed 
that during the course of the d a r k  reaction,  the  same 
react ion sequence wi th  respect  to the  oxida t ion  of 
the p o l y ( v i n y l  alcohol)  occurs as in the layer .  There  
will,  however,  be a cons}derably s lower  react ion 
rate.  This would  appea r  to be  confirmed by  the fact  
that, s imi l a r ly  to the  d a r k  reaction,  the  format ion  of 
c h romium( I I I )  ions is l imi ted  in the photoreact ion as 
well.  A m a x i m u m  of about  25% of the chromate  pres -  
ent  can be reduced to c h r o m i u m ( I I I ) ,  as our  expe r i -  
ments  have shown. The view that the dark  reac t ion  
has an analogous react ion sequence is suppor ted  by  
the fact that the f low-coated layers  become insoluble  
by  a sufficiently long d a r k  reaction. 

According to S taudinger ' s  theory  (7), the loss in 
viscosi ty observed means a lower ing  of the mean chain 
length,  i.e., PVAL chains must  be get t ing cleaved. A 
reduct ion in viscosi ty due to hydro lys i s  can be dis-  
counted. Nei ther  the  acid reac t ion  of the d ichromate  
ions, nor  the presence of solid surfaces alone influences 
the viscosi ty of the PVAL solution, as our  exper iments  
have indicated.  

The object  of our  work  is to invest igate  in grea te r  
depth  the  sequence of PVAL oxidat ion  b y  ADC. Since 
Duncal f  and Dunn 's  (2) exper imen t s  have shown that 
it  is difficult to prove  the exis tence of in te rmedia te  
products  dur ing  PVAL oxidat ion,  we have u s e d - - a s  
Schl~pfer  d id - -2 ,4 -pen taned io l  as a model  subs tance  
for some exper iments .  While  Schl~ipfer (1) used a 
surp lus  of ADC, we have  used an ADC/2 ,4-pentanedio l  
rat io corresponding to the  quant i t ies  of ADC and 
PVAL in phosphor  suspensions.  Dur ing  the course of 
our  exper iments ,  we made  the fol lowing observat ions :  
2 ,4-pentanedione (acety lacetone)  forms a ve ry  s tab le  
chelate  complex,  chromium acetylacetonate ,  wi th  chro-  
m i u m  (III)  (8).  If  2,4-pentanediol ,  our  model  substance 
for PVAL,  were  to be oxidized wi th  ADC to a diketone,  
ch romium ace ty lace tona te  would  also be bound  to 
form. However ,  we found upon t rea t ing  2,4-pentanediol  
wi th  ADC not  ch romium ace ty lace tona te  or 2,4-pen- 
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tanedione  but  3 -pen ten-2 -one  (9).  This means  tha t  
dehydra t ion  takes  p lace  af ter  the oxida t ion  of the first 
h y d r o x y l  group to a ketone group. The existence of 
these reac t ion  produc ts  was proved  by  gas chromatog-  
r a p h y  and in f r a red  spec t roscopy wi th  the aid of syn-  
thesized compara t ive  substances (Fig. 5). 

We must,  therefore,  exclude the poss ib i l i ty  of the 
PVAL being oxidized to a d iketone grouping  and thus 
the  format ion  of a s imi la r  complex with  ch romium (II I )  
to that  forming with  acetylacetone.  

Unsa tu ra ted  ketones  are, never theless ,  ve ry  l iable  to 
ox ida t ion  and easi ly  cleaved.  These findings have led 
us to put  to discussion the fol lowing model  for the 
mechanism of the  photoreac t ion  be tween  PVAL and 
ADC. Fo r  the s t a r t  of the photoreact ion,  we have  taken 
over  the mechanism of the  oxidat ion  of a secondary  
alcohol wi th  ADC, according to Weber  and Asperge r  
(10), designed on the basis of kinet ic  invest igat ions  
into the  photochemical  oxidat ion  of glycer ine  wi th  di-  
chromate.  The first photochemica l  reaction,  accord-  
ingly,  consists of an e lect ron in the hydra t ed  d ichro-  
ma te  ion be ing  raised to a h igher  level  by  the adsorp -  
tion of  light.  This makes  the ion unstable  and it decays, 
forming chromium tr ioxide,  an unstable  monomer ic  
in t e rmed ia te  (first reac t ion) .  As is wel l  known,  chro-  
mium t r iox ide  is a s t rong Lewis acid and is able to 
form an es ter  wi th  an OH-group  of the  p o l y ( v i n y l  
alcohol)  (second react ion)  

Cr2072-+H20 

[HCrO41-§ CrO3* OH- 

IHCrO4]- .OH- 

(1) photoreachon 
H H " H H ] 

R , -C-C-C- -C-C-R7 I 
- - I  H I H I ~1 

OH OH OH j 

12) ester formotion 

r H H H H H ] 
/ I%-C--C-C-C-C-R-H 
| -  I H I H I L| 
/ ? o .  o .  I 
/O=Cr=O I 

J 
Chromium esters, as in te rmedia te  s tages  dur ing  the 

oxida t ion  of alcohols, were  detected b y  Wes the imer  
(11, 12, 13), Kl~ning (14, 15), and Carr ington  (16). I t  
may,  therefore,  be sa fe ly  assumed tha t  the  chromate  
oxida t ion  of a secondary  alcohol  takes  place via  the  
format ion  of a chromate  a lcohol  ester (17). These 
esters a re  not  ve ry  s tab le  and are  also sensi t ive to l ight ,  
as Kl~ining (14, 15) has shown. They decompose easi ly  
upon exposure  to u l t rav io le t  l ight,  c rea t ing a keto 
group and a compound of t e t r ava len t  chromium in the 
process ( th i rd  reac t ion)  

IV 
[HCrO&]-+ [HCrO~-+ H20 

(5) oxldahon 

2 [HVCr Oj2-* 2 H + 

H HHH H ] 
RI-C-C-C-C-C-R21 

H I H I  / ~ OH o. / 

Lot o ] 
J h,J (31 ester cleovoge (photoreodion) 

FR HHHH ] 
-G-C-C-C-C-R 2 / 

/ II H I H /  / 
L o OH o. j 

H H 
H20 + FRI-C-C =C-C-C-R2] 

/ I1H H H I | 
L o oHJ 

In the  l i te ra ture ,  only  the th i rd  react ion (ester  c leav-  
age) is considered to be a photosensi t ive  reaction.  We 
are  of the opinion tha t  Weber  and Asperger ' s  mecha-  

2,4-Pentonediol 

CH3--CH-- CH2--CH -- CH 3 
I I 
OH OH 

Oxidotion lwith ADC 
CH3--~H--CH2-- ~ -- CH 3 

OH 0 

2 - Pentano1-4-one 

O x i d a t i o n /  XDehydrc l t i on  

C H3--C--CH2--C - -CH 3 CH3--CH = C H - - C - - C H  3 

II II II 
O O O 

2/+ - Pentanedione 3-  Penten-2 -one 

Fig. 5. Oxidation of 2,4-pentanediol 

nism (first photoreac t ion)  can also be in tegra ted  in 
the  photoreact ion  scheme as favor ing  the format ion  of 
chromium esters. I t  is genera l ly  assumed (17) tha t  
the  first s tep in the  redox react ion be tween  chromate  
and alcohol is a two-e lec t ron  reaction,  as was fo rmu-  
la ted here.  Nice and Fa r l ee  (4) have  another  in te r -  
pretat ion.  They  conclude f rom EPR measurements ,  in 
which chromium (V) occur red  as an in te rmedia te  stage, 
that  the P V A L - C r ( V I )  es ter  becomes a P V A L - C r ( V )  
ester via  a charge t ransfe r  process by  absorbing rad i -  
a t ion dur ing exposure.  That  ch romium(V)  can also 
be presen t  as a resul t  of ano ther  subsequent  reac-  
tion wil l  be shown later .  The p a r t l y  oxidized 
p o l y ( v i n y l  alcohol) ,  o c c u r r i n g  as a resul t  of the 
th i rd  reaction,  does not  at first oxidize fur ther .  In -  
stead, in t ramolecu la r  dehydra t ion  sets in, as we have 
shown by  our  model  exper iments .  The format ion  of 
an ~,#-unsaturated ketone group ( four th  react ion)  
takes place. The low wate r  content  in the  coating favors  
this reaction. Duncalf  and Dunn (2) also discovered 
unsa tu ra ted  ketone groups in p a r t l y  oxidized PVAL 
films. The four th  react ion is an equ i l ib r ium reaction,  
s imi la r  to t h e  equ i l ib r ium descr ibed by  Pressman  et aL 
(18), be tween  mes i ty l  oxide and diacetone alcohol. 
Resul tan t  react ions wil l  displace this equ i l ib r ium in the 
direct ion of a dehydra t ion .  

Presence  of ch romium(V)  as an in te rmedia te  s tage 
in the  oxida t ion  of alcohol has been p roved  b y  severa l  
authors  (3, 11, 19) and so can be  reckoned  to be cer-  
tain. I t  m a y  also be assumed that  this ch romium(V)  
oxidizes alcohol or  in te rmedia te  products  of the alcohol 
oxidat ion  in a two-e lec t ron  reac t ion  and becomes chro-  
m i u m ( I I I )  in the  process.  However ,  there  a re  var ious  
views on how ch romium(V)  is formed.  

On the one hand,  there  is the v iewpoin t  of West -  
he imer  et al. (12); according to this, Cr ( IV)  is oxi -  
dized by  Cr (VI) to Cr (V) 

Cr ( IV)  + Cr (VI )  --> 2 Cr (V)  

This mechanism is suppor ted  by  the expe r imen t s  of 
Haight  et al. (20) and also b y  Bontchev et.al.  (21). But, 
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on the o ther  hand,  there  is the opinion he ld  by  Rocek 
et al. (22, 23) that  the Cr ( IV)  reacts wi th  more alcohol, 
forming a radica l  and Cr ( I I I ) .  The radical  p lus  Cr (VI) 
then yields  Cr (V)  and becomes a ketone 

R2CHOH + Cr( IV)  --> R2.COH + C r ( I I I )  

I%~COH + Cr (VI )  -~ R e C = O  + Cr (V)  

Exper iments  by  Rocek et al. (22) and Wiberg  et al. 
(19) tend  to suppor t  the rad ica l  mechanism.  Both 
authors  worked  under  react ion condit ions which in 
some respects  were  cons iderably  different  to those 
exis t ing in the photosensi t ive  phosphor  suspension. As 
the react ion condit ions in the case of Bontchev et al. 
resemble  those in PVAL oxida t ion  most, we decided 
to use the  Wes the imer  mechan i sm and have fo rmula ted  
the fifth reac t ion  accordingly:  the Cr ( IV)  is oxidized 
to Cr (V)  by  C r ( V I ) ,  which, being a ve ry  s t rong oxi -  
dant,  reacts  p re fe ren t i a l ly  in the  course of the  process.  

Compounds wi th  double  bonds, which  are  also po-  
lar ized by  the proximi, ty  of keto groups, are  l iable  ta 
oxidize (24, 25, 26). We assume that  dur ing  this oxi -  
d'ation, an in te rmedia te  is first fo rmed by  addi t ion of 
chromium acid to the double  bond (27). We have  for-  
mula ted  this in te rmedia te  as an es ter  of the  pen tava len t  
chromate  (s ixth reac t ion) .  Such cyclic esters are  
known  to formul 'ate when double  bonds  are  oxidized 
in the  presence of osmium te t roxide  (28). The cyclic 
chromate  ester  is hydro l ized  in this react ion envi ron-  
men t  and  a 1,2-glycol forms (seventh react ion)  

V 2 § 
2 [HCrO~] -+ 2H 

[HCrO4 ]2-+ H + + H20 

1 
[ HCrO 4 ]2% Cr3++ 3 OH" 

HH 
H20 + [R -C- C=C-C-C-RJ 

I II H HH I 1 
L 0 OH J 

(6) chromale(~/}add, ban 

" H H HH ] 
R -C-C~C-C-C-R2 I 

I I(| H I I 
0 0,",0 OH I 

Ho'C~3H j 

(7) hydrolysis 

FR ,HHHH 1 
I- -C-C-C-C-R 

L o OHOH OH J 

Under  such circumstances,  glycols are  not  s table.  
They  get  c leaved b y  surp lus  d ichromate  and continue 
oxidiz ing to twa  carbonic  acid groups.  There  is no 
reference  in the l i t e ra tu re  to an obvious mechanism for 
the  ax ida t ive  c leavage of glycol.  We have, therefore,  
l imi ted  ourse lves  to g iving a to ta l  fo rmula  for  this  
s tage of the react ion.  In  the  case of the  P V A L - A D C  
photochemical  system, this react ion leads to a c leavage 
of the chain, the chain ends having  the s t ruc ture  of 
a -ke tonic  and # - h y d r o x y  acid (e ighth react ion)  

V" 2 -+ [ H H H H ] 
3[H'~rO 4] -+3CrJ +gOH-+4Cr2072-+3H20 + 3 IR+ -c - c - c - - c -C -R~ I  

I ' II I I H I L/ 
L 0 OH OH OH J 

{8) oxidative glycol cleavage 

] 3 H H - 10[Cr2033H20]+4Cr042-+ -~--~--0 § F-O--C--C--C--Ro] 

L o o  j I I . I  +I 0 OH J 

m-ketonlc acid /J-hydroxy- acid 

The p o l y ( v i n y l  alcohol) / a m m o n i u m  dichromate  re-  
action mechanism,  a l r eady  discussed in detai l ,  is naw 
shown schemat ica l ly  in Fig. 6. 

Differing mechanisms are  pu t  fo rward  to exp la in  the  
cross- l inking  of the p o l y ( v i n y l  alcohol)  by  the chro-  
mium (III)  ions which  have  formed.  Duncal f  and Dunn 
(2) and van  Nice and Far lee  (4) assume tha t  cross- 
l inking  occurs by  format ion  of a hexacoordina t ion  
a round  the t r iva len t  chromium wi th  the help  of 
poly  (v inyl  alcohol)  hyd roxy l  groups. 

On the basis of our  exper iments ,  we a r r ive  at  a 
s to ichiametr ica l  camplex ing  formulat ion.  This happens  
in the fol lowing manner :  the  p o l y ( v i n y l  alcohol)  
c leavage products  wi th  t e rmina l  ca rboxyl  groups 
created dur ing  the redox reac t ion  make  oc tahedra l  
chelate  complexes  wi th  the c h r o m i u m ( I I I )  ions formed.  
Because af the i r  configuration, the ~- or #-fixed po la r  
groups can develop coordinat ing l inkages.  In  this  way  
a m a x i m u m  of three  chain ends can be jo ined  up to 
each o ther  

1- H H - 2Cr 3.* 3 1 R - C - C -  +3F-O-C-C-C-R2] 
/ II II / II H I / 

I L~176176 J 

c 

o J \ c = o  
= \ W , .  I 

/ 
R1 R 2 

Simi la r  complexes  can be formed wi th  one or  two 
chelate  groups. The remain ing  coordinat ion points on 
the chromium can be sa tu ra ted  by  po la r  groups af 
o ther  p o l y ( v i n y l  alcohol)  chains. This would  also l ead  
to a th ree -d imens iona l  c ross - l inkage  and thus con- 
s ide rab ly  reduces  the  so lubi l i ty  of PVAL in water .  

dichromate 
I 

(1) photoreaction h.v 

chromium trioxide ~ 

chromium(IV) 4 
+ 

chromium (V[) 
I 

(5) ox ida t ion  

chromium(V) 

chromium (liT) q 

polyvinyl alcohol (PVAL) 
/ 

' 1 (2)ester formation 

PVALchromium ester 

h.v ~ (3)ester cleavage 

PVAL with keto group 

(&)intmmolecular 
dehydration 

~,/9 - unsaturated 
j ketone- 

I (6) chromate (V} - 
~, additon 

PVAL chromate(V) ester 

~(7) hydrolysis 

0r keto-1,2-glycol 

+ chromium(VI) (5)oxidative glycol 
, c eavage 

~--chromium(III) + co-ketonic acid + 
/~-hydroxy acid 

Fig. 6. Mechanism of the PVAL-ADC reaction 
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This combination of both model concepts is presumably 
closest to the situation in the flow coat layer. 

Upon considering the summation equation of the 
photoreaction, it is clear that water will be consumed 

~- H H H H H 
10 Cr2072- § 3H20+ 31Rr-(;--C--C--C--~--R2[ 

/ / H I H I  / 
L OH OH OH .J 

] h.v 

From experience, we also know ,that too little mois- 
ture in the phosphor layer inhibits the reaction. On 
the other hand, superfluous water in the layer im- 
pedes three-dimensional cross-linkage. The necessary 
trivalent chromium created during the photoreaction 
can then form stable hexaquo complexes with water in 
a competing reaction. These hexaquo complexes no 
longer contribute to cross-linking. This is why a cer- 
tain limited moisture content must be maintained in 
the phosphor layer during exposure to obtain a fault- 
less phosphor raster. This is ensured by holding the 
climatic conditions in the flow coat room within very 
tight limits. 

Manuscript submitted Feb. 1, 1982; revised manu- 
script received ca. Dec. 1, 1982. This was Paper 223 
presented at the St. Louis, MO, Meeting of the Society, 
May 11-16, 1980. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1984 JOUR- 
NAL. All discussions for the June 1984 Discussion Sec- 
tion should be submitted by Feb. 1, 1984. 

Valvo Bildrohrenfabrik der Philips GmbH assisted in 
meeting the publication costs of this article. 
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Reduction of Carbon Dioxide to Methanol on n- and p-GaAs and 
p-lnP. Effect of Crystal Face, Electrolyte and Current Density 

D. Canfield and K. W. Frese, Jr.* 

Materials Research Laboratory, SRI International, Menlo Park, California 94025 

As part of a program to study the 
conversion of inorganic substances into 
fuels, we have been investigating the reduc- 
tion of CO 2 to CH3OH on semiconductor 
electrodes. A good example study of CO 2 
reduction on metal electrodes is reference 
(i). In this communication we report the 
conversion of CO 2 into CH30H at n and p- 
GaAs, and p-InP electrodes and give Faradaic 
yields for methanol and formaldehyde and 
methane. 

ELECTROLYSIS 

The electrolysis of CO 2 saturated 
electrolytes was carried out in a closed sys- 
tem consisting of a I.i % CO 2 reservior, a 
teflon circulation pump, and an electrolysis 
cell. The anode and cathode compartments 
were separated by a Na2SO4/agar bridge. 
Electrolytes, 0.2 M, (25 ml) were prepared 
from either reagent grade Na2SO 4 and 
distilled-deionized water, electrolyte A; or 
99.999% Na2SO 4 and 1.6 x 107 ohm cm 
conductivity water (milligard filters), 
electrolyte B. The experiments were per- 
formed galvanostatically in the dark for n- 
type and under illumination (tungsten-halogen 
lamp) for p-type. Typically 10-20 coulombs 
of charge were passed. The initial pH of the 
cathode compartment was 4.0; due to removal 
of H + in the reaction, final pH values were 
5-6. The electrodes were chemomechanically 
etched first with 1% Br2/CH~OH (V/V) followed 
by 1% sodium hypochlorite in 0.i M disodium 
ethylenediammine tetracetic acid at pH = 9- 
I0. 

PRODUCT ANALYSIS 

Formaldehyde was determined by the 
chromotropic acid colorimetric method. Plots 
of absorbance versus concentration were 

linear from 10 -4 to 10 -6 M. 

Methanol was detected by flame ioniza- 
tion gas chromatography (FID) using a column 
of Porapak N. To obtain good separation from 
H20 and reproducibility in the results, we 
had to analyze the CH3OH/H20 vapor in 
equilibrium with the CH3OH/Na2SO 4 electro- 
lyte. Peak area versus CH3OH concentration 
in the liquid was linear from 10 -4 to 5 x 
10 -2 M. Methane was also analyzed by FID 
using Porapak R and Q. We found varying 
amounts up to 10 -7 M in the CO 2 reactant 
gas. We could detect-CH 4 at ~ 10 -8 M in a 
calibration of CH4/N 2 mixtures. 

RESULTS AND DISCUSSION 

Tables I summarizes our typical results 
on Faradaic efficiency for methanol produc- 
tion for co 2 saturated Na2SO 4 electrolytes 
using n-GaAs electrodes. Note that two elec- 
trolytes, A and B, as well as crystal face 
and current density are compared. The effi- 
ciency-current density data are presented in 
corresponding pairs in a certain current den- 
sity range. High faradaic efficiences were 
obtained using the (iii) As face in reagent 
grade Na2S04, (A). As evident from Table I, 
as the current density increased the yield of 
methanol decreased. When the electrolysis of 
CO 2 was performed in high purity electrolyte 
(B), no methanol could be found at low cur- 
rent density. The importance of electrolyte 

*Electrochemical Society Active Member 
Key words: CO 2 reduction, methanol, 
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purity has been stressed in the past. Auger 

electron spectroscopy experiments are in 
progress to obtain information about the GaAs 
surface after electrolysis in both A and B 
electrolytes. 

Available efficiency data obtained with 
the (lll)Ga face show that methanol is pro- 
duced in either electrolyte. In electrolyte 
A, the efficieneies are close to those of the 
(ill)As face at comparable current density. 
In electrolyte B, the results indicate much 
better yields even at the high current den- 
sity (340 ~A/cm2). The methanol yields with 
the (I00) and (ii0) faces are evident in the 
remainder of Table I. Generally, these faces 
gave low yields of methanol. 

Table II shows comparable data obtained 
using p-GaAs and p-lnP electrodes. The pat- 
tern with respect to current density is simi- 

lar to that observed with n-type. However n- 
type As face might give higher yields than p- 
type at the same current density. 

The effect of photo current density is 
clear in the InP results. In addition this 
material works well in both electrolytes A 
and B. 

In all cases presented here, no CH 4 due 
to electrolysis was detected. Faradaic 
efficiencies for formaldehyde were always 
< 0.001. 
N 

We will report more detailed results of 
CO 2 reduction in the near future. 
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Table I 
FARADAIC EFFICIENCY FOR METHANOL USING 

n-GaAs ELECTRODES 
Crystal Face Current a ~A/cm 2 Electrolyte b Efficiency 

(ill)As 160-200 A 1.0-i.0 
160-240 A 0.89-0.85 
360-400 A 0.28-0.24 
100-130 B 0.0 c 

(lll)Ga 290-390 A 0.27-0.14 
340 B 0.30-0.80 

(ii0) 130 A 0.14 
i50-240 B 0.04-0.04 

(i00) 145-160 A 0.01-0.0 

a) Typical electrode potentials were -1.2 to -1.4 V v s SCE. 

b) See text for explanation 
c) 3 trials 

Table II 
FARADAIC EFFICIENCY FOR METHANOL USING 

p-GaAs AND p-lnP ELECTRODES 
Photo Current a ~A/cm 2 Electrolyte Crystal Face 

(ill)As 

(lll)Ga 

(lll)e 

Efficiency 
80-100 A 0.52-0.57 
165 A 0.27 
i00 B 0.07 
120 A 0.27 
415 A 0.09 
240 B 0.ii 
850 B 0.14 

60-66 A 0.80-0.69 
i00 A 0.44 
60 B 0.80 

aElectrode potentials -1.2 to -1.4 V vs SCE. 



Surface Enrichment of Nitrogen during Passivation of a Highly 
Resistant Stainless Steel 

Y. C. Lu 1'3, R. Bandy, C. R. Clayton *,1, and R. C. Newman* 

Brookhaven National Laboratory, Upton, New York 119 73 

A stainless steel with 0.44 wt.% N and 
6.1 wt.% Mo has been shown to have exceptional 
resistance to local ized corrosion ( I ) .  This 
resistance is superior to that of commercial 
al loys based on Fe-Cr-Ni-Mo, and at least equ~ 
to that of more expensive Ni-Mo-Cr al loys. 
The a l loy also represents a s ign i f icant  im- 
provement on laboratory materials with some- 
what lower N or Mo concentrations ( i -3 ) .  We 
have analyzed the surface of the a l loy af ter  
passivation, and have obtained evidence for a 
surface enrichment of N. The role of Mo 
remains obscure. 

The composition of the high-nitrogen al loy,  
designated #30, is given in Table 1. I t  was 
used in the solut ion annealed condit ion, where 
i t  has an austeni t ic structure and most of the 
nitrogen is in sol id solution ( I ) .  For com- 
parison, the commercial low-nitrogen a l loy  
AL 6X was also analyzed. A I0 x 7 x I mm 
coupon of each allQy was polished with 
diamond paste to a 0.25 ~m f in ish ,  cleaned 
with acetone and immersed in Ar-deaerated 
O.5M H2SO 4 at 22oc. After passivating at 
+500 mV (SCE) for 24 hours, the specimen was 
rinsed with deaerated, d i s t i l l e d  water and 
transferred to a Vacuum Generators ESCA 3 
(Mark 2) electron spectrometer. All these 
operations were performed in an argon atmo- 
sphere, using a glove box and a transfer 
device. 

Auger electron and X-ray photoelectron 
analyses were carried out using a hemispherical 
e lect rosta t ic  analyzer. The Auger electrons 
were excited by an electron beam with a diame- 
ter of 5 um and a beam current of 1.8 ~A. The 

*Electrochemical Society Active Member. 
IDepartment of Materials Science, SUNY, Stony 
Brook, NY 

3Visi t in~ scholar on leave from Guangzhou Res. 
Inst.  of Elec. Appliances, Guangzhou, China 

Key words: a l loy,  corrosion, passivi ty.  

Auger electron spectra were recorded in the 
d i f fe ren t ia l  mode using a modulation voltage 
of 3 V peak-to-peak. The X-ray source was 
A1 Ka radiat ion. The photoelectron spectra 
were processed and displayed by a VGS I000 
Datasystem. The pressure during analysis was 
about 10 -9 to r r .  Depth pro f i l ing  was per- 
formed using a beam of Xe ions incident at 60 o 
to the specimen surface, with a current of 
2 uA and an accelerating voltage of 2 kV. The 
pressure of Xe was 10 -6 to r r .  Under identical 
condit ions, the etching rate of type 304 stain- 
less s tee l  is about 0.01 nm/s (4). 

Figure 1 shows Auger electron spectra at three 
stages in the analysis of the #30 al loy.  The 
second spectrum was recorded at the posit ion 
of maximum nitrogen concentration. Figures 2 
and 3 are depth prof i les of the passivated 
#30 and AL 6X al loy surfaces. No nitrogen was 
detected on the AL 6X al loy.  The main fea- 
tures of the #30 a l loy surface are summarized 
as fol lows: 
1. The outer region of the f i lm contains no 

detectable Mo, and is essent ia l ly  a Cr-Fe- 
Ni oxide (or hydroxide). 

2. The maximum N signal occurs at a point 
where the 0 signal has fa l len substan- 
t i a l l y  below i ts  level in the outermost 
part of the f i lm. 

3. The apparent maximum N concentration is 
about 7 times i ts  bulk level ,  assuming 
constant sens i t i v i t y  and no preferent ial  
sputtering. 

4. I f  the etching rate is comparable with 
that of type 304 stainless steel (4), the 
O-rich part of the f i lm is about I nm 
th ick,  compared with ~2 nm for AL 6X 
(Figure 3). Most of the excess N is 
local ized within a layer 3 nm thick. 

5. No enrichment of Mo is detected. 

Examination of the nitrogen signal d i s t r i -  
bution reveals some evidence for a speci f ic  
local izat ion of nitrogen on the metal side of 
the metal-oxide interface. The descending 
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part, between 180 and 600 s etching, is 
roughly paral lel  to the oxygen d is t r i bu t ion .  
Oxygen is not rea l l y  d is t r ibuted in th is  
fashion - the ef fect  is caused by surface 
roughness and/or ion beam damage. There must, 
therefore, be a sharp fa l l  in nitrogen con- 
centrat ion between 200 and 300 s etching (that 
is ,  wi thin about I nm). Simi lar ly ,  the r is ing  
part of the nitrogen d is t r ibu t ion  (0-90 s 
etching) is distorted by sub-surface emission. 
The mean free path of the 379 eV nitrogen 
Auger electrons is about I nm (5). The oxide 
f i lm may therefore contain l i t t l e  or no 
nitrogen. Given the estimated etching rate of 
0.01 nm/s, we conclude that at least 75% of 
the excess nitrogen is local ized within I nm of 
the metal-oxide interface, and is in (or on) 
the metal rather than incorporated into an 
oxide. We are therefore seeing a segregation 
or adsorption of nitrogen near the metal-f i lm 
interface, resul t ing from selective removal of 
metal atoms. 

X-ray photoelectron spectroscopy (XPS) showed 
that the N(ls) binding energy was 396.9+0.1 eV 
at al l  stages of ion etching, including-the 
end of the prof i le  where the N was in sol id 
solut ion in the al loy.  Species such as NH~ 
and NO~ are therefore ruled out (6). There is 
evidently no speci f ic association of N and Mo; 
a subtle explanation is therefore required for 
the reported synergism between these two 
elements in passiv i ty ( I ) .  More detai led XPS 
surface analyses wi l l  be described in a longer 
paper (7); they show, Ln~t~ cce~La, that the 
composition of the #30 a l loy surfaces is 
s imi lar whether H2SO 4 or HCI is used as the 
passivating medium at +500 mV (SCE). Since a 
low nitrogen a l loy pi ts in HCl solut ion under 
the same condit ions, we wi l l  conclude that the 
in ter fac ia l  nitrogen enrichment is responsible 
for the resistance of the #30 a l loy to 
local ized corrosion. 

Conclusions 

1. Nitrogen, probably in an uncharged form, is 
enriched on the metal side of the metal- 
f i lm interface af ter  passivation of the 
#30 al loy.  

2. Molybdenum is probably present in the oxide 
f i lm,  but is depleted compared with the 
bulk a l loy  and shows no obvious association 
with nitrogen. 

3. The improvement of passivi ty by al loying 
with nitrogen probably resul ts  from segre- 
gation of nitrogen to the metal surface 
during preferent ial  d issolut ion of metal 
atoms, rather than from i t s  incorporation 
into an oxide f i lm. 
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Table I.  Composition of Alloys 

wt.% Cr Ni Mo N C S P 

#30 24.3 19.9 6.06 0.44 0.018 

AL 6X 20.5 24.65 6.19 0.04 0.2 .002 .03 
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Fig. 1 Auger electron spectra of the 
passivated surface of high-nitrogen alloy #30 
(O~5M HoSO~, +500 mV (SCE), 24 h). Times of 
Xe § etcBin~ and peaks used for quantification 
are indicated. 
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Fig. 3 Auger depth profi le of passivated 
surface of alloy AL 6X (O.5M HoSO 4, +500 mV 
(SCE), 24 h) .  Carbon is omitte~. 
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Fig. 2 Auger depth profile of passivated 
surface of high-nitrogen alloy #30 (O.5M 
H2SO 4, +500 mV (SCE), 24 h) Carbon is 
omitted for c lar i ty  - see Fig. I for 
typical contamination levels. 
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Reactive Ion Etching of Copper Films 
G. C. Schwartz* and P. M. Schaible 

IBM. East Fishkill Facility, Hopewell Junction, New York 12533 

We have demonstrated that it is 
feasible to reactively ion etch (RIE) 
copper films. The etch rate is about 
an order of magnitude higher than the 
sputter etch rate. There is no under- 
cut of an inert mask and the patterns 
formed have vertical sidewalls. 

The vapor pressure of copper 
chloride is substantially lower, than 
that of aluminum chloride. Neverthe- 
less, A1/4-6% Cu films can be etched, 
residue free, in CCla containing 
plasmas, when a heated c~thode is used 
in the reactor (1). Therefore, we 
expected that RIE of copper films 
would require elevated cathode temper- 
ature. 

In reactive ion etching, both 
chemical reactivity and sputtering 
contribute to the overall reaction 
rate (2). Because of the low vapor 
pressure of copper chloride, we pre- 
dicted that high ion bombardment ener- 
gies (high input power densities) 
would be essential for additional sub- 
strate heating and for sputter etching 
partially reacted surface layers or 
reaction products of marginal volatil- 
ity. 

RIE of AICu films was reproducible 
in CCI~ but not in CI~ plasmas. The 
superior results obtained in CCla were 
related to its ability to remove the 
protective native oxide on aluminum 
and to getter oxygen and water vapor, 
thereby preventing re-oxidation. 
Since the oxide formed on copper is 
not protective and can be removed 
readily, we assumed that C1 o plasmas 
would be suitable for RIE o~ copper. 

*Electrochemical Society Active Member 
Key words: reactive ion etch (HIE), 
chlorinated plasma, CC14 plasma, cop- 
per film 

However, a black '~mut"was formed on 
the surface of the copper film and 
little or no etching occurred. We 
postulate that, in the presence of 
oxygen from the Si02 cathode plate and 
water vapor from outgassing of the 
chamber, copper oxychloride is formed 
and inhibits etching. Therefore, the 
gettering action of CCl~ is required 
for etching copper as Well as for 
etching aluminum. 

The reactor used in these experi- 
ments has been described previously 
(1). The etch rate of copper in- 
creases with increasing input power 
density, cathode temperature, and re- 
actant partial pressure. We did not 
investigate the effect on etch rate of 
total pressure, reactant flow rate, or 
loading. We did not observe corrosion 
on the etched samples in the labora- 
tory, but have not subjected them to 
accelerated testing in a hostile en- 
vironment. However, the reaction of 
copper with C1- is probably self- 
limiting as opposed to the catalytic 
effect of C1- on corrosion of aluminum 
(aluminum/copper). 

Process optimization is incom- 
plete, but etch rates of about 5000A/ 
min. were obtained using the follow- 
ing HIE paramenters: 2rf power density 
(13.56 MHz), 1.3W/cm ; gas composi- 
tion, 5mTorr Ar/5mTorr CClh; CCl~ flow 
rate, 2.5 sccm; cathode temperature, 
225oC. 

O 

Thin films of copper (10,000A) 
were etched in CCl~/Ar plasmas using 
plasma-hardened pho~oresist as a mask. 
The resist etched at about half the 
rate of copper. However, the mask 
could not be stripped in solvents, 
e.g., J-100. Ashing, in the presence 
of chlorinated residues, resulted in 
the formation of thick layers of cop- 
pe r oxychloride. Therefore an inor- 
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ganic mask was required. 

MgO is an excellent mask, but 
does not adhere to coppe~. We have 
found that a thin (2000A) film of 
molybdenum is an effective barrier 
against copper diffusion and that MgO 
adheres well to it. CC1 a plasmas etch 
molydenum readily. The masking pro- 
cedure for reactive ion etching of 
copper requires, therefore, the depo- 
sition of a thin film of molybdenum on 
the copper surface, formation of a 
simple lift-off stencil on the molyb- 
denum film, evaporation of MgO, and 
lift-off of the superfluous Mg0. 
After RIE of copper, the MgO is dis- 
solved in a warm aqueous solution of 
oxalic acid and the molybdenum dis- 
solved in an alkaline solution of 
potassium ferricyanide at room temp- 
erature with no attack, on the under- 
lying copper. 

Figure I shows the result of 
etching, with an MgO mask, a composite 
film on a thermally oxidized silicon 
substrgte: 2000AoTi (adhesion layer)/ 
30,000A Cu/ 2000A Mo. The narrowest 
space is about 2 ~m. There is no 
undercut of the mask, although there 
is occasional lateral attack of the 
vertical sidewall. 

In reactive ion etching of copper, 
the narrower spaces clear more 
slowly than the wider ones, whereas in 
RIE of aluminum and aluminum/copper, 
the narrower spaces clear more rapid- 
ly. This is illustrated for HIE of 
copper in Fig. 2; a hardened resist 
mask was used. This geometric effect 

is also illustrated in Figs. 3a and b; 
the patterns are positive and nega- 
tive images of the same dimensions. 
Isolated lines etched to a clear back- 
ground although, in the same time, 
isolated spaces did not clear�9 Since 
the application of HIE of copper is 
directed toward defining relatively 
widely spaced conductor patterns, this 
effect does not appear to be a signi- 
ficant drawback�9 

Because of the large sputtering 
component of the etch process, etch 
rate ratios are, in general, not 
large. However, the erosion rate of 
the Mg0 mask is very low so that 
suitable masking is possible. Since 
the application is the formation of 
copper conductors on ceramic sub- 
strates, the loss of substrate due to 
sputtering is acceptable. Figure 4 
shows the result of RIE in CC14/Ar of 
a Cr/Cu/Cr layer, 5 ~m thick, depo- 
sited on a ceramic substrate. 
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Tin Doping of Gallium Arsenide by Metal Organic Chemical Vapor 
Deposition (MOCVD) 
J. D. Parsons* and F. G. Krajenbrink 

Hughes Research Laboratories, Malibu, California 90265 

We report here the results of a study 
to determine the feasibility of grow- 
ing Sn doped GaAs by MOCVD. Tin is 
a very desirable n-type dopant for 
MOCVD grown III-V compounds because of 
its low vapor pressure and low compen- 
sation. The most commonly used n-type 
dopants for MOCVD grown III-V com- 
pounds are S,Se and Te. These ele- 
ments are effective, low compensation 
dopants; however, they have very high 
vapor pressures (Figure i) which re- 
sult in the so called 'memory effect'. 
As a result, it is not possible to 
grow epilayers with abrupt high-low 
doping profiles. Silicon, like Sn, 
has a low vapor pressure but exhibits 
a considerable amphoteric nature in 
III-V compounds and alloys. 

We have completed a series of exper- 
iments in which we determined that: 
(a) tetramethyltin (TMT) can be used 
as a Sn source for n-type doping of 
MOCVD grown GaAs; (b) Sn incorporation 
can be controlled over a broad range 
of carrier concentrations, and (c) no 
surface pile-up of Sn occurs in III-V 
epilayers grown by atmospheric pres- 
sure MOCVD. 

The TMT used for this study was sup- 
plied by Thiokol/Ventron Division. 
Higb carrier concentrations (>101~cm -3) 
were achieved by passing carrier gas 
through liquid TMT maintained at 
approximately -50~ Carrier concen- 
trations between ~i017cm -~ and 1018cm -3 
were obtained by using the TMT bubbler 
as an effusion cell and passing the 
H 2 carrier gas by the bubbler outlet 
tube. 

Excellent room temperature mobilities 
were obtained (Figure 2) in Sn doped 
GaAs epilayers with carrier concen- 
trations ~anging from 9 x1016cm -3 to 
8x 10~Scm -3. Compensation ratios in 
the Sn doped GaAs epi%~ye~s decreased 
from about 2 at 8 x i~ cm-- to about 
1 at 3x 1017cm -3. This may be due to 
a decrease of carbon incorporation 
from the TMT source. 

Our experiments show that the problems 
of Sn doping experienced by LPE and 
MBE are easily overcome with atmos- 
pheric pressure MOCVD. High carrier 
concentrations are difficult to a- 
chieve with Sn in GaAs by LPE (i); 
however, high carrier concentrations 
are readily achieved by MOCVD with 
Sn, as discussed above. All surface 
morphologies were excellent and no 
surface pile-up of Sn [often ob- 
served in M~E(2)] was detected by 
SIMS or microscopic examination. 

In conclusion, epitaxial films of Sn 
doped GaAs, having excellent morphol- 
ogies and Hall mobilities, have been 
grown by MOCVD. We are in the process 
of modifying our MOCVD system so that 
we may grown Sn doped GaAs epilayers 
with carrier concentrations ranging 
from ~5 x 101Scm -3 to ~I019c~C3. Growth 
parameters will be empirically deter- 
mined so that GaAs films with carrier 
concentrations in the above mentioned 
range can be grown in a predictable 
and reproducible manner. 

*Electrochemical Society Active Member 
Key words: semiconductors, epitaxy, 
growth 
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Figure 1. Vapor pressures of Sn and 
n-type GaAs dopants com- 
monly used by MOCVD. 
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by MOCVD. (---) theory, 
(e) measured data. 
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Use of Diethylberyllium for Metal Organic Chemical Vapor 
Deposition of Beryllium-Doped Gallium Arsenide 

J. D. Parsons* and F. G. Krajenbrink 

Hughes Research Laboratories, Malibu, California 92065 

A new dopant source [diethylberyllium 
(DEB)] has been successfully employed 
to grow Be-doped GaAs epilayers with 
excellent surface morphology and 
transport properties. This is the 
first time that DEB has been used as 
a Be source for p-type doping of 
MOCVD-grown GaAs epilayers. Room tem- 
perature electrical properties and 
Hall mobilities of Be doped GaAs epi- 
layers, grown to date, are presented 
in Table I. 

Beryllium has a much lower vapor pres- 
sure than Cd, Zn and Mg (Figure i). 
As a consequence, the memory effects 
observed in MOCVD reactors can be sub- 
stantially reduced. This will signif- 
icantly increase the range of device 
structures that can be grown in a sin- 
gle reactor, and reduce compensation 
effects at p-n junctions. 

Studies to determine the feasibility 
of using DEB as a Be source for p-type 
doping of GaAs by MOCVD have been com- 
pleted. We have determined that DEB 
has several important advantages over 
other potential Be sources. First, it 
is a liquid below room temperature (i); 
thus, carrier gas saturation can be 
easily controlled. Second, the vapor 
pressure of DEB is high enough to per- 
mit the bubbler temperatures to be 
kept below room temperature (2) so that 
condensation on inlet tube walls can 
be easily avoided. Third, no reactions 
which can adversely affect doping effi- 
ciency occur in the gas phase or at the 
gas/epilayer interface. The only dif-- 
ficulty experienced with DEB is Si con- 
tamination which is probably caused by 
(CH3)4Si in the DEB bubbler. This has 

*Electrochemical Society Active Member 
Key words: semiconductors, doping, 
epitaxy. 

caused a degredation in the trans- 
port properties of p-type epilayers 
with concentrations in the low 10 ]8 
cm -3 range due to compensation ef- 
fects. We plan to distill our DEB 
source so that it can be used to grow 
epilayers with carrier concentrations 
below 10~m -3 . Carrier concentrations 
ranging from ~101Scm-3 to %102~ -3 
may be obtainable with DEB when high 
purity sources become available. 

We are deeply grateful to the Ventron 
Corporation, Alfa division, for their 
special efforts to provide us with an 
experimental sample of DEB. A very 
special thanks is extended to Mr. 
Andreas Melas of the Ventron Corpor- 
ation whose efforts made it possible 
for us to obtain the DEB used for this 
investigation. 

Table I. Roan Tenloerature Hall Data for Be 

SAMPLE 

1 

2 

3 

4 

5 

6 

Doped GaA Epilayers Grown by 

~H 
(~2/~.s) 

45 

64 

72 

72 

82 

76 

(~-~) 

8.7x10 -4 

1.4x10 -3 

2.8x10 "3 

3.5x10 -3 

5.0xl0 -3 

2.6x10 -2 

p (cm -3) 

1.6x1020 

7.0xl019 

3.1x1019 

2.5x1019 

i. 5x1019 

3.2x1018 
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Figure 1. Vapor Pressures of GaAs 
p-type Dopants Used by 
MOCVD. 
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A One-Volt p-lnP/n-CdSe Regenerative Photoelectrochemical Cell 
P. G. P. Ang* and A. F. Sammells* 

Eltron Research Inc., Naperville, Illinois 60540 

Photoelectrochemical (PEC) cells have the 
potential utility of being used for either the 
direct conversion of solar energy to electri- 
city as in regenerative devices or to generate 
stored redox species which can later be electro- 
chemically discharged in a suitable cell. This 
latter approach has been particularly intrigu- 
ing to us over the last few years. However, 
although several photoelectrochemical storage 
cells have been discussed by ourselves and 
others (1-5), it has become increasingly desir- 
able to have a high-voltage (=I V) PEC cell, so 
that the storage cell with which it is asso- 
ciated has some hope of being competitive with 
presently available commercial batteries. 

One approach whereby liquid-junction pho- 
toelectrochemical cells might be used as an 
electrical energy storage device is to identify 
regenerative systems possessing sufficient 
photopotential for the direct charge of an ex 
situ electrochemical storage cell, where a bi- 
polar electrode configuration between the PEC 
and the electrochemical cell might be feasible. 
The use of this type of cell configuration, 
shown schematically in Figure I, could lead to 
a considerable simplification in the interfac- 
ing between PEC solar cells and the ex situ 

- -  . _ _  

electrochemical storage device. Such an ap- 
proach would have merit if the ex situ stored 
redox couple has a sufficiently high voltage 
(i.e. >0.5 V) so that in spite of the inevit- 
able overpotential losses, electrochemical 
energy efficiencies of ~75% might be achievable 
for the discharge reaction at practical current 
densities. An incidental benefit might be in 
achieving some degree of thermal management 
within the cell due to the circulation of the 
storage redox electrolytes. 

The incentive to identify such a regenera- 
tive cell came from our earlier work with pho- 
toelectrochemical storage cells, one of the 
most recently discussed (5) having the over-all 
configuration p - I n P / S ~ - , S 2 - / I - , I 2 / n - W S e  2 . W i t h  

*Electrochemical Society Active Member 
Key Words: cadmium chalcogenides, indium phos- 
phide, photoelectrochemical regenerative cell. 

this later cell the photopotential generated 
was typically between I,I and 1.2 V. This was 
sufficient to charge the one-volt sulfide/iodine 
redox couple at current densities in the 1 to 5 
mA/cm 2. Two major issues, however, presently 
limit further progress on this cell. The first 
is the absence of suitably efficient polycrys- 
talline n-WSe 2 photoanodes. While some progress 
has recently been reported (6) on fabricating 
such materials, the efficiencies are still too 
low to warrant use in a PEC storage cell. This 
is a result of nonproductive recombination of 
the photogenerated carriers which occur at the 
edge steps of this layer compound leading to a 
low over-all efficiency for the desired photo- 
electrochemical reaction. The second is the 
reduction in effective light transmittance 
through the electrolyte to the photoanode dur- 
ing photo-oxidation of the iodide/iodine couple 
upon cell photo-charge. Here the realizable 
power conversion efficiency was observed to 
progressively decrease during the photocharging 
process. 

We wish to report here on a two-photoelec- 
trode regenerative PEC cell which has shown a 
combined photovoltage in excess of one volt. 
The cell consists of n-CdSe as the photoanode 
and p-InP as the photocathode in an aqueous 
sulfide/polysulfide electrolyte. All work re- 
ported here is with single-crystal materials. 

n-CdSe single crystal was obtained from 
Cleveland Crystal Inc. Ohmic contact was made 
by the use of a gallium-indium entectic followed 
by contacting a titanium wire via silver epoxy. 
After appropriate insulation of the semicon- 
ductor current collector, the photoanode was 
initially etched in concentrated HCI for 30 
seconds, followed by rinsing with distilled 
water. The unoptimum performance character- 
istics of this photoanode under I00 mW/cm 2 ELH 
illumination were: Voc = -700 mV; Isc = 21 mA/ 
cm2; FF = 0.4; and ~ = 5.6%. The p-InP single- 
crystal photocathode used in this work was ob- 
tained from Crysta Comm. Inc. (Zn-doped, carrier 
density 1016/cm 3, the <iii> surface used). 
Ohmic contact to this material was performed by 
first sputtering gold, followed by zinc electro- 
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deposition and a final sputtered gold layer. 
The whole electrode assembly was then annealed 
at 450~ for one minute. Current collection 
was achieved by the use of nickel wire contacted 
with silver epoxy. Insulation of the current 
collector was performed as before using a non- 
conducting epoxy. Previous work reported by us 
has shown that the photoelectrochemical perform- 
ance of p-InP for photoreduction of aqueous 
sulfide/polysulfide solutions was enhanced by 
the incorporation of cobalt sulfide onto the 
p-InP surface (7). For work reported here, the 
photocathode was initially etched in 12M HCI 
for two minutes. This was immediately followed 
by immersion in a sulfide/polysulfide electro- 
lyte of nominal initial composition 2M Na2S + 
IM S + IM NaOH. Upon removal of the wetted crys- 
tal surface from this solution, a drop of 0.2M 
CoCI 2 was added to its surface. This resulted 
in the immediate formation of a black precipi- 
tate of cobalt sulfide. After this, the crys- 
tal surface was rinsed thoroughly with distil- 
led water to remove excess cobalt sulfide. The 
performance of p-InP in sulfide/polysulfide 
electrolyte treated in this manner under 75 mW/ 
cm 2 ELH illumination has previously been dis- 
cussed by us (7) where the following character- 
~stics were observed: Voc = 500 mV; Isc = 
17 mA/cm2; FF = 0.57; ~ = 6.4%. The single 
crystal p-InP used in conjunction with n-CdSe 
in this work under I00 mW/cm 2 ELI{ illumination 
gave the performance characteristics: V e = 
500 mV; Isc = 31 mA/cm2; FF = 0.30; ~ =~ 

Upon simultaneous illumination of both a 
n-CdSe photoanode and a p-lnF photocathode in a 
common electrolyte (2M Na2S + IM S + IM NaOH) 
under I00 mW/cm 2 ELH light, the photoelectro- 
chemical performance curve shown in Figure 2 
was obtained. With this unoptimized regenera- 
tive cell, its performance can be summarized as 
Voc = 1.15 V; Isc = 24 mA/cm2; FF = 0.40; and 

= 5.5%. Each photoelectrode had an area of 
0.I cm 2. Current density was probably limited 
by the photoanode. 

Although these preliminary results have not 
been performed under optimum conditions, the 
photopotentials generated appear sufficient for 
the external charge of a number of redox battery 
couples, including the sulfide/iodine system 
previously discussed (5). 

If this one-volt regenerative system is to 
have merit of being developed into a useful 
device, the use of polycrystalline photoelec- 
trodes must be, of course, pursued. For n-CdSe 
a number of interesting techniques are presently 
available, including aqueous slurry coating 
(8,9), electrophoretic deposition (I0), thin- 
film vacuum evaporation (ii), spray pyrolysis 

(12), and electrochemical deposition (13). 
Clarification of photocorrosion processes in 
semiconductor materials are being obtained (14) 
with a variety of interesting approaches identi- 
fied for arresting such corrosion (]5-21). All 
of this gives encouragement and promise that 
n-CdSe will eventually be fabricable into an 
efficient, stable, and cost-effective poly- 
crystalline photoanode for application in this 
regenerative cell. For this regenerative cell, 
the direct individual illumination of both the 
n-CdSe and p-InP will probably be necessary. 
Substitution of n-CdS for the n-CdSe may allow 
the direct in-series illumination of this two- 
photoelectrode cell because of the transparent 
properties of this former material. This ap- 
proach is presently being pursued. 

Less work has been performed on the prepara- 
tion of polycrystalline p-lnP; however, encour- 
aging progress is being made for solid state 
cells using chemical vapor deposition tech- 
niques (22-24). 

We are presently evaluating several 
approaches for the use of polycrystalline 
photoelectrodes in this two-photoelectrode 
regenerative cell. This will be discussed in 
later communications by us. 
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Ion Insertion at a Vanadium Pentoxide Cathode 

P. G. Dickens and S. J. Hibble 
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The discharge of a vanadium pent- 
oxide cathode using an aqueous ammon- 
ium salt solution (4M) as electrolyte 
leads to the characteristic shape 
of potential vs. charge passed shown 
in Figure i. Our results agree with 
those of Shukler and Kuz'min (i) for 
comparable current densities. The 
final reduction products on examina- 
tion prove not to be those suggested 
by these authors (V204 or V20~) , 
however, but in facs involve s 
incorporation of ammonium into a new 
solid cathodic phase. This result 
may be of general interest in 
relation to the use of ammonium 
salts as supporting electrolytes 
in the presence of other metal oxide 
cathodes. 

The plateau in Fig. 1 is 
characteristic of the co-existence 
of two solid phases; Shukler and 
Kuz'min identify these as V205 and 
V204 and the corresponding redox 
reaction as, 

V205 + 2H + + 2e- = V204 + H20 [i] 

This is unsatisfactory, however, since 
the end of the plateau region in 
Fig. 1 corresponds to 0.6 e- passed 
per V205 and not 2e-- as implied by [I]. 
Moreover, the X-ray powder pattern 
of the product reveals no lines 
characteristic of V204. The X-ray 
powder pattern is identical with that 
of a compound "V~O5(OH)4" reported by 
Glemser (2) as t~e product of a 
chemical reduction of V205 by Zn in 
NH4C] solution (Table I). 

Keywords: Solid, cathode, phases, 
reduction. 

Table I. X-Ray Po:Tder Data for 

(NH4)I+xV308 , dobs/A 

Cathodic 

Product (NH4~l.92V308 V305(OH)4 h k 1 

M 5.587 S 5.549 VS 5.54 0 0 1 
VW 4.432 WM 4.46 0 2 0 

M 3.982 S 3.970 VS 3.97 1 2 0 
VVW 3.481 W 3.471 S 3.46 0 2 1 

M 3.236 S 3. 233 VS 3.23 1 2 1 
W 2.814 M 2. 811 1 3 0 

W 2.784 0 0 2 
VVW 2.737 S 2.74 2 2 1 

UW 2.510 M 2.511 MS 2.50 1 3 1 
VW 2.466 2 3 0 
VW 2.280 1 2 2 
VW 2.257 W 2.25 2 3 1 

VVW 2.156 W 2.15 1 4 0 
VVW 2.095 W 2.09 3 3 0 

VVW 1.989 W 1.991 2 4 0 
VVW 1.977 W 1.982 MS 1.98 1 3 2 

o 

a = 8.897(3)A* 
c 5.561(4)~* 

a = 8.905(3)A** 
c = 5.572(2)~** 

We have shown by repeating the synthe- 
sis of this compound following 
Glemser's prescription, that the black 
product formed, and the product of 
electrochemical reduction using 
2M (NH4)2SO 4 as electrolyte, are the 
same. Careful chemical analysis of a 
series of synthetic products shows 
that their mean composition is 
(NH4)I+xV308 (0.8<x<l), and not 
V305(OH}4 as reported by Glemser. The ~ 
IR spectrum of the synthetic material 
shows a peak at 1400 cm -I characteris- 
tic of NH4 +. The relevant analytical 
data are given in Table II. 

*Cathodic product. 

** (NH4) i. 92V308 
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Table II. Analytical Data for Synthetic (NH4)I+xV308 

Sample %N %H %NH3* MW 

1 8.44 2.48 - 318.0 
2 8.30 2.38 - 316.2 
3 8.45 2.35 10.25 314.7 

*Kjeldahl method 

Mean 
Oxidn 

State of V 

4.68 
4.78 
4.74 

The mean oxidation state of vanadium in 
the synthetic materials is ~4.7 which 
agrees with the degree of cathodic 
reduction shown in Fig. i. 

(NH4)I+xV308 is isostructural with 
K2V308 and Rb2V308 as the lattice 
parameters indicate: 

(NH4)I.92V308 
a = 8.905~ 
c = 5.571~ 

K2V308(3) Rb2V308(3) 
a = 8.897A a = 8.891~ 
c = 5.246~ c = 5.542~ 

We conclude that the cathodic reduction 
of V205 in the presence of NH4 + leads 
to t~e formation of an ammonium inser- 
tion compound as the final product 
according to the approximate overall 
reaction: 

3/2 V205 + 2NH4+ + 1/2 H20 + e- 

= (NH4)2V308 + H + 

i. 

. 

. 
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(NH4; i. 92V308.0 
(NH4) I. 86V308. i0 
(NH4)I 86V308.01 

EvsSHE 

0 .8 [  eRef. I .  

�9 Present Work 
0.4 

0 

-0.4 

-o .81 I I 9 
0.2 0.4 0.6 

e-/V205 

FIGURE 1 

Discharge curve of V205 electrode 

(Electrolyte, 2M(NH4)2SO4(aq) ) 
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Thickness of Electrolyte Layers on Emersed Pt Electrodes 
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Ex situ analytical methods show promise 
for elucidating the elementary steps in elec- 
trocatalysis and for determining electrode 
structure at the atomic scale (I). However, 
the details of the electrode emersion process 
must be understood if definitive results 
are to be obtained. The works of Hansen, 
Kolb, et al. (2,3,4) indicate that, at least 
in some cases, electrodes can be emersed with 
the double layer intact. Of equal importance 
to the application of ex situ techniques is 
the question of how much bulk electrolyte 
adheres to the electrode upon emersion. 
Gordon (5), using a total attenuated reflec- 
tance method, h~s measured an electrolyte 
thickness of 38A on a Ag electrode emersed 
from 0.I M NaF into wate~ vapor-saturated 
Ar, with smaller, potential-dependent thick- 
nesses measured after emersion into unsaturat- 
ed argon. The extent to which such behavior 
is typical of electrode-electrolyte systems 
in general remains to be determined. The 
present work was carried out using a cell 
designed to allow the clean transfer of the 
electrode to an ultra-high vacuum surface 
analytical chamber. The order of magnitude 
of the thickness of electrolyte remaining 
on the surface after emersion was determined 
by quantitative Auger electron spectroscopy 
(AES) applied to the non-volatile sodium 
residue from a HF-NaF aqueous electrolyte. 

The electrochemical cell is shown in Fig. 
I. After preparation in UHV the single- 
crystal pt(100) electrode was moved to a 
transfer chamber which was then backfilled 
with purified research grade Ar. The cell, 
consisting of a Pt ring counterelectrode and 
an ~-PdH reference disk, was loaded with about 
i00 ~% of electrolyte through a PTFE capillary 
connected to an external PTFE reservoir. 
Contact of the crystal with the electrolyte 
(under potentiostatic control) left a ca. 0.5 
mm electrolyte- filled gap between the working 
electrode and the counter-reference assembly. 

Keywords: emersed electrode, platinum, Auger 
electron spectroscopy, sodium ion 

Electrochemical Society Active Members 

Hydrophilic contact angles were always 
observed on Pt electrodes. The transfer 
chamber was then pressurized, and the elec- 
trolyte drained across the crystal surface 
in about 5s and out the PTFE capillary. The 
surface appeared free from water except about 
a 0.I mm 2 droplet which was trapped between 
the crystal and the drain capillary. The scan- 
ning capabilities of the Auger system allowed 
this spot to be analyzed separately. After 
emersion, the Pt crystal was withdrawn from 
the cell, the transfer chamber was pumped 
down, and the crystal was returned to the 
main UHV chamber for surface analysis. 

Figures 2a and b show Auger spectra for 
Pt(100) emersed from 0.3 M HF and 0.3 M HF 
+ 5x10 -3 M NaOH, respectively. Emersion from 
the latter electrolyte yielded a Na 990 eV/Pt 
1722 eV ratio of 0.2. The amount of sodium 
remaining as Na20 or NaOH on the surface after 
evaporation of the electrolyte film can be 
estimated using standard reference spectra of 

Pt and Na0. 7 WO 3 (6): 

Na+/cm 2 = 

3 kV, 5 kV 
1990 /I990 

N meas. 
a990 @ 5 kV 

X 
p meas. 3 kV. 5 kV 
t1722 @ 5 kV 11722/11722 

Pt1722, Pt std. Na990 bulk std. 
x 

Na990,Na std. Na990 monolayer std. 

Na+/cm 2 Nao. 7 WO 3 

I x 1014 Na+/cm 2 

The first factor to the right of the 
equals sign is the experimental Auger peak 
ratio (0.2) which was taken with a primary 
beam energy of 5 kV to maximize the signal- 
to-noise ratio. The second factor (2.3) 
corrects the data to the 3 kV beam energy 
used in the standard spectra in Ref. (6). 
The third factor gives the ratio of peak 
intensities for bulk Pt and for sodium in 
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bulk Na0. 7 WO 3 (6). The fourth factor is 
a calculation of the ratio of the 990 eV 
Auger emission intensity from bulk Nao.7 WO 3 
to that for a single surface layer of Na0. 7 
WO 3 derived from Lambert's law of exponential 
attenuation (7), 

Na990, bulk 

Na990, one layer 
= [l-exp(-d/%cos 42~ -1 

where d is the distance between Na-containing 
(i00) planes (approximately 3.85 ~ for the 
sodium tungsten bronze lattice, Re f. 8~, % is 
the Auger electron mean free path (Ii A for 1 
kV electrons in W03 as calculated by Powell 
Ref. 9),and 42 ~ is the acceptance angle of the 
cylindrical mirror electron energy analyzer. 
Attenuation of the Pt signal was ignored in 
this calculation'because only small fractions 
of a monolayer of sodium were observed in these 
experiments. The Na + surface density of (I00) 
Na0. 7 WO 3 (4.7 x 1014 Na+/cm 2) is derived from 
the structure in Ref. 8. The experimental 
Auger spectra yield a sodium $~n density Qf 
I.i x 1014 Na+/cm (1.8 x I0 -• g ions/cm z) on 

the Pt(lO0)-I x 1 surface (1.30 x 1015 Pt/cm2), 
or a Na/Pt surface atomic ratio of 0.08. The 
accuracy of the calculation suffers from un- 
certainties in %, matrix effect differences 
between the Na20 or NaOH experimental deposit 
and the Na0. 7 WO 3 reference material, and the 
backscattering effect of a high atomic weight 
substrate on the low atomic weight overlayer. 
The last effect would tend to make the calcu- 
lated Na coverage high (by a factor of up to 
~2), but is partially compensated for by the 
W in the reference material. More accurate 
calibration will require Auger studies of 
single Na monolayers evaporated onto Pt(100) 
and subsequently oxidized, but the present 
calculation yields at least the proper order 
of magnitude for the amount of Na on the 
surface. 

Similar sodium signals were seen on 
electrodes emersed at 0.8 V, 1.2 V, and 1.9 V 
RHE. Emersion at 0.08 V led to Na signals 
ca. 2- fold smaller. If the detected sodium 
were due to ions electrostatically bound to 
the surface one would expect a significantly 
higher Na signal for emersion at 0.08 V (below 
the point of zero charge) than for the other 

measurements. The sodium coverage above the 
point of zero charge is I02- fol~ larger than 
the 1.2 x 10 -12 g ions/cm 2 specific Na + adsorp- 
tion on Pt between 0.3 and 0.8 V RHE in 10 -3 
N NaF + I0- H2SO 4 reported by Balashova and 
Kazarinov (I0). The sodium measured here 
is thus the nonvolatile residue left behind 
by the evaporation of the electrolyte film 
remaining on the surface after emersion. 
The thickness of this electrolyte film, t, 
before evacuation can be determined from the 
measured Na + surface concentration as follows: 

3 
1014 i000 cm t = I.i x Na+/cm 2 x 

5 x 10 -3 moles Na + 

1 mole Na + 108 
x x - 4 x 103 

1023 6.02 x Na + 1 cm 

No fluorine Auger signals were observed on 
properly emersed electrodes - fluoride evap- 
orates from the acidic electrolyte as HF, 
leaving a residue of NaOH (or Na20). Higher 
levels of sodium and sometimes fluorine were 
observed in the capillary separation spot 
or when improper draining left visible drop- 
lets in the interelectrode gap. Attempts 
to emerse the crystal by dropping the counter- 
reference assembly vertically away from it 
left larger electrolyte drops on the surface. 
Residue from these drops interfered with sur- 
face analysis even when the electrolyte was 
nominally residue-free HF. 

Auger analysis was also performed for 
sodium residues on Cu(lll) and polycrystalline 
Ni electrodes. Emersion of Cu(lll) at -~.12 
V RHE from a NaF - NaOH solution 5 x i0- M 
in Na + led to a calculated film thickness 

of 2 x 104 A. Polycrystalline Ni emersed 
at 1.5 V RHE from bicarbonate-carbonate 
buffers 2 x 10 -3 and 2 x 10 -2 M in Na + gave 
film thicknesses of 2 x 104 ~ and I x 104 A, 
respectively. The potential dependence of 
the emersion layer thicknesses on Cu and Ni 
have yet to be studied. The 103-104 
electrolyte thicknesses measured here, While 
much greater than those measured by Gordon on 
Ag (5), are still sufficiently small to 
allow the application of UHV techniques to 
electrode surfaces emersed from electrolytes 
with non-volatile solutes up to at least 10 -2 
M in concentration (<0.2 monolayer of residue) 
as confirmed by LEED patterns of Cu(lll) 
emersed from bicarbonate buffer. Since spec- 
ifically adsorbed ions can drastically alter 
the electrochemical properties of a surface 
at bulk concentrations as low as 10 -5 M (ii), 
it appears that specific adsorption at elec- 
trodes can also be studied using ex situ UHV 
techniques. The 103-104 A emersed film thick- 
ness is of the same order of magnitude as 

the thicknesses reported by Muller (12) 
for vertical films on Ni at a point 1 cm above 
the 3.4 M KOH bulk electrolyte surface. The 
agreement may be fortuitous, as the electrode 
surface here is horizontal and the film drawn 
by differential pressure rather than by gravity. 
The disagreement with the 40 A thicknesses 
reported by Gordon (5) for a system apparently 
closer to ours in geometry and electrolyte 
is not easily explained. It suggests the 
necessity of independent measurements for each 
electrode-electrolyte pair and every emersion 
geometry. 
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Fisure Captions 
Fig. i. Electrochemical cell showing a.) 
single crystal Pt working electrode goldbrazed 
to Ta cylinder, b.) Pt ring counter electrode 
(cut off flush with top of PTFE plate), c.) 
Pd-H reference electrode, and d.) PTFE capillary 
for introduction and removal of electrolyte. 

Fig. 2. Auger spectra for Pt(lO0) electrodes 
emersed from a.) 0.3 M HF at 1.8 V RHE and 
b.) 0.3 m HF + 5x10 -3 M NaOH at 1.9 V RHE. 
c.) is b.) scaled to give same Pt signal as 
a.). Ep = 5 kV, V M = IOV p-p. 
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Chloride Ion Penetration of Passive Films on Iron 
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Models of the passive layer on iron are 
of two kinds--hydrated amorphous (I) or anhy- 
drous polycrystalline (2). 

While the assumption of initial adsorption 
of chloride ions on passive film surfaces is 
common to almost all approaches of chloride 
breakdown mechanisms (3), the further action 
of these ions is unclear. Two possibilities 
can be entertained (4-6). 

Mass.) was removed (i0), and the electrode po- 
tential was then stepped from the resting 
value to +0.30 V (NHE) in a freshly added (i0) 
borate buffer solution (pH = 8.4) and held at 
this value for 45 minutes in each case. The 
solution was then replaced with a 0.5 M sodium 
chloride-containing borate buffer solution, 
and the passivated specimens exposed to this 
solution at +0.30 V (NHE) for the times shown 
in Table I. 

i. The chloride ions locally remove some 
metal cations from defects on the surface, 
which initiates local pitting in the passive 
film (4). Once this removal has commenced, 
the local anodic field will begin to increase 
as the distance between the bottom of the pit 
and the metal surface decreases, in a manner 
which facilitates enhanced anodic dissolution 
until a visible pit is formed. The formation 
of a sufficient number of pits leads to the 
breakdown of the film. t 

2. Chloride ions penetrate through the 
passive film without forming visible pits 
(5,6). Several mechanisms for this have been 
suggested (5-7), including passage through a 
channel already present in the film (8). When 
the chloride ions reach the iron/iron oxide 
interface, they aid the removal of ferrous 
ions from the metal lattice {cf., a similar 
event in active dissolution (9)}, and the re- 
sulting complexes diffuse upward through chan- 
nels to the outer metal oxide/solution inter- 
face. 

The air-formed oxide on iron electrodes 
(99.99% purity, AlfaVentron Corp., Danvers, 

Electrochemical Society Active Members. 

fAdifficulty of this model involves the pro- 
bable filling of pits with gelatinous iron 
hydroxide arising from dissolution of the 
metal at high local current densities. 

Key words: passive films, iron, chloride ions, 
penetration of, SIMS. 

TABLE I 

Passivated Sample 
Number 

Time of Exposure 
to CI- in Seconds 

1 40 
2 80 
3 163 
4 205 
5 420 

After washing with triply distilled water, 
samples were removed from the cell in a glove 
box and transferred in argon atmosphere-con- 
taining glass vials to a SIMS-SIPS instrument, 
where SIMS analysis was carried out. Sputter- 
ing was performed with Ar at a sputtering rate 
of approximately 0.3 ~ sec -I. 

The current density versus time curve for 
a passivated iron electrode in 0.5 M buffered 
chloride solution is shown in Figure i. Also 
marked on this diagram are the times of with- 
drawal from the solution of the various passi- 
rated specimens. It can be seen that break- 
down of passive iron begins, under the condi- 
tions used, after ca. 160 seconds (electrode 
3). After this time, the current begins to 
increase sharply. Electrode 5 showed signs of 
a rust-colored film. 

The SINS data presented in Figure 2 for 
the passivated iron specimens illustrated in 
Figure 1 reveal surprising features: (i) for 
increasing exposure times (40, 80 and 163 sec- 
onds) up to breakdown time, increasing amounts 
of chloride ions penetrate the passive films, 
reaching a maximum around breakdown; (ii) for 
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FIGURE 2. Variation of C1 :O ratios, obtain- 
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at 0.30 V (NHE) in 0.5 M chloride-containing 
borate buffer solutions for various times: 
----- 40 secs; ----- 80 secs; --- 163 secs; 
�9 -- 205 secs; --420 secs. 

ride content of the passive films' is apparent, 
the C1 concentration within the film becoming 
lower for the larger exposure time (electrode 
5). Chloride ions penetrate passive films 
right up to the metal/film interface. 

In the hydration model of passivity (i), 
film breakdown would arise through removal of 
the water. The present results establish 
chloride penetration (unambiguously for the 
first time) into the passive film on iron, and 
it may be thought probable that the coordina- 
ting ligand, C1 ion, would displace bound 
water, as both ligands give rise to similar 
crystal field splittings on forming transi- 
tion metal octahedral complexes (Ii), and 
chloride ion is a stronger Lewis base compared 
to either water or hydroxyl ions (12). Chlo- 
ride itself coordinates with Fe 3+ ions, thus, 
removing what, in this model, is the essential 
S ecles ~ 3 +  m ,  p " ,~ -un2~ in the passive layer. 

The necessity of water within passive 
films for chloride ion penetration of the lat- 
ter has been stressed in the case of the 
breakdown of passivated titanium alloys (12). 
Displacement of water by the stronger Lewis 
base, chloride ion, and resulting modification 
of the film structure leading to penetration 
by chloride ions was assumed (12) to occur. 

The anhydrous model appears to be less 
consistent with the facts reported here in 
Figure 2. (i) O z- would be much less eas~ to 
displace by CI- when coordinated with Fe 3 
than would be H20 (13). (ii) At potentials 
positive to +0.30 V (NHE), breakdown with this 
model would imply migration of 02- against the 
electric field gradient. (iii) Considering 
the time to breakdown, a diffusion Coefficient 
for chloride ions within the passive film of 
at least i0 -Is cm 2 sec-: must be expected. 
Although literature data is not available for 
this process) an extrapolated diffusion coef- 
ficient for the related phenomena of water 
diffusion through crystalline silica (14) 
yielded the much lower value of 6 • 10 -19 cm 2 
sec-l Amorphous structures (as with the 
model of the hydrated passive film) tend to 
give rise to faster diffusion (15). 

In respect to the surprising decrease of 
chloride ions with time in passive films (cf., 
Fig. 2), some dissolution of the passive film 
itself takes place, as is evidenced by the 

exposure times longer than breakdown, however 
(205 and 420 seconds), a decrease in the chlo- 

tThese changes occur throughout the films, but 
are more marked in the first 12-15 ~. 
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rotating ring-disc work of Heusler and Fischer 
(16), which showed Fe 3+ species arising after 
exposure of passivated iron discs to chloride 
solution. This process would account for the 
observations of Figure 2. 

This communication serves to resolve the 
inconsistencies between those workers who found 
chloride ions in depassivated films (5) and 
those who did not (17). It is evidently a 
matter of time after depassivation at which the 
observations are made. 
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Electrochemical treatments of tita- 

nium dioxide are well known as leading to im- 
portant changes in physical (color, IR 
absorption), electrical (capacitance, conduc- 

tivity) and photoelectrochemical properties 
either for single crystal material (1-4) or 

rf reactively sputtered (5) or thermally grown 

thin layers (6,7). Here we report similar 
observations on highly doped (~ 1019 cm -3) 

200 nm thick layers obtained by anodic oxida- 

tion of bulk electropolished titanium, at 80 V 
in 1 M  sulfuric acid (8). 

A treatment at - 2 V/SCE in IMNaOH 
solution gives an enhancement of the photo- 
electrochemical effect as illustrated in fi- 

gure i. Such a treatment, continued for three 

| 

�9 

o 

ELECTRODE P O T E N T I A L  ( vs .  SCE ) 

FIGURE i - Photocurrent (arbitrary units) 

vs electrode potential (see text) 
a) as anodized 
b) after cathodic treatment 
c) after subsequent anodic treat- 

ment. 

Electrochemical Society Active Member 

Keywords : TiO 2 films, photoanode, nuclear 
analysis 

hours seems not affect layer thickness, re- 

flexion spectra of the sample being almost 

unchanged. Although such observations, first 
made by Asatiani (6) have generally been 

explained by the incorporation of hydrogen 
species into the material, to date no expe- 
rimental evidence of this phenomenon has 

been reported. 

A direct proof of such a phenomenon 
is given here using nuclear microanalysis and 
more specifically the 15N induced resonant 

nuclear reaction on hydrogen (9). Briefly 
summarized the principle of such non destruc- 

tive depth profiling technique is based on 

the detection of the characteristic 4.43 MeV 
X-Ray emission occuring at a depth within 
the sample corresponding to the energy loss 
between the 15N incident ion energy and the 

resonance energy of the reaction (% 6.4 MeV) 

Varying the incident energy above the reso- 
nance energy leads to probe the hydrogen dis- 

tribution with a depth resolution related to 

the resonance energy width (% 7 keV) which 
corresponds to about 30 A at the titanium 
oxide surface. 

Figure 2 shows the essential fea- 
tures of our study. From the curve (a) it 
appears that the anodic layer is quite hydro- 

gen free while a three hour cathodic ageing 

at - 2 V/SCE in I M NaOH solution (Vfb 
- 1V/SCE leads to a large hydrogen incorpo- 
ration. As already observed in other hydro- 
genated materials (i0) this hydrogen distri- 
bution is evolving under beam impact from an 

initial distribution (extrapolated at zero 

fluence) to a stable one (respectively curve 
b and c). This loosely bonded hydrogen is 

mainly confined in the anodic layer and can 
be related to the labile species mentioned by 

Ginley (3) from electron stimulated desor- 
ption and by Harris (2) and Weber (5) using 
voltamperometry and capacitance measurements. 

After a subsequent anodic treatment 
- -  fourteen hours at + 2 V/SCE in i M NaOH so- 

lution -- of these cathodically loaded layers 
we observed a decrease in the hydrogen con- 
tent. Within the exception of the near surfa- 
ce region (% 50 nm) where hydrogen is still 

1795 
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highly mobile under beam impact the depth 
distribution does not evolve significantly 

(curves d and e). The shape of the stable spe- 
cies distribution remains unchanged but the 

total amount is significantly smaller than for 
the cathodically loaded layer (curves c and 

e). Furthermore the characteristic shape of 
the distribution is conserved after 450~ an- 

nealing under vacuum and has been observed 
for all the tested sampies. 
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FIGURE 2 - Hydrogen depth distribution (see 
text) 

a) as anodized 

b) after cathodic treatment (ini- 
tial depth distribution) 

c) after cathodic treatment (stable 
species) 

d) after subsequent anodic treat- 

ment (initial depth distribution) 
e) after subsequent anodic treat- 

ment (stable species). 

Thus, such a depth distribution 

would be characteristic of bonded species. 
Moreover the same kind of profile has been 
found for other anodization voltages (i.e. 
other oxide thicknesses). 

In accordance with Schumacher's 
observations the anodic or annealing removal 

of hydrogen is accompanied by a decrease of 

the photocurrent (curve b figure i). We did 
not succeed by any treatment in completly 

removing the incorporated hydrogen and cor- 

respondingly values of the photocurrent ne- 

ver come back to the starting value of the 
hydrogen free layer. 

Thus, nuclear analysis brings out 
the direct evidence of the existence of at 
least two forms of incorporated hydrogen 

within TiO 2 layers as is often proposed in 
the literature. Incorporation mechanism seems 

to be intricate and hydrogen profile in our 

samples cannot be explained by a simple dif- 

fusion law. Probably some hydrogen species 
are trapped on defects resulting from crys- 

tallization during film growth (11). 
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ABSTRACT 

The electrochemistry of various solid Pb alloys in two different H2SO4 concentrations (5.0 and 5.5M) has been s tudied 
using linear sweep vol tammetry  (LSV). It was found that  the Ca-Sn-Pb alloys were more susceptible to corrosion than pure 
lead or various ant imonial  lead alloys in 5.0 and 5.5M H2SO4. 

Various  metals ,  and  even the i r  oxides and sulfa tes  
(1), have  been added  to the ma te r i a l  of the suppor t  
grids of l e a d - a c i d  ba t te r ies  in o rde r  to impar t  many  
des i rable  p roper t i e s  such as longer  serv ice  life, im-  
proved castabi l i ty ,  etc. A n t i m o n y  in automot ive  posi-  
t ive gr ids  ex tends  the  l i fe  of the b a t t e r y  by  producing  
fu r the r  res is tance to deep  cycl ing and ex ter~ ive  over -  
charge.  This is p r o b a b l y  due to the corrosion layer ,  
fo rmed by  the P b / S b  alloy, adher ing  wel l  to the act ive 
ma te r i a l  and  not  causing an i n t e rg ranu l a r  a t tack  on 
the crys ta l l i tes  in the  gr id  ahoy.  The only technical  
d i sadvantage  of the  addi t ion of Sb is tha t  the hydrogen  
overvol tage  of the cell  is lowered  because the addi t ive  
deposi ts  i tself  on the  nega t ive  pla te  resul t ing in a de-  
crease in the  poten t ia l  of  hydrogen  evolut ion  at  tha t  
electrode.  I t  has also been discovered tha t  at low an t i -  
mony  concentrat ions,  the  re ten t ion  character is t ics  of 
the posi t ive pas te  on the suppor t  grids are  usua l ly  ob-  
se rved  to be poor. 

Other  mate r ia l s  have  been  used ins tead of ant imony,  
such as calcium, tin, a luminum,  magnesium,  t i tanium,  
and b ismuth  (2). The first three  meta ls  ment ioned  have 
been used successful ly  in al loys in var ious  countr ies  
because  they  seem to suppress  m a r k e d l y  the hydrogen  
evolut ion react ion;  however ,  r emoving  an t imony  from 
the posi t ive  gr ids  resul ts  in r a the r  infer ior  cycle l ives.  

This l~aper records  the  LSV measurement s  carr ied  
out and compares  the  da ta  obta ined on pure  lead  and 
var ious  lead al loys in two different  H2SO4 concent ra-  
tions, i.e., 5.0 and 5.5M (the range  of m a x i m u m  opera -  
t ive concent ra t ion) .  However ,  i t  should be noted tha t  
in indust ry ,  ba t t e ry  d ischarge  techniques are  carr ied  
ot~t at ra tes  equiva len t  to e x t r e m e l y  slow sweeps  
whereas  here  a fas ter  cycle range  is employed.  

Experimental 
The work ing  electrodes were  p repa red  f rom pure  and 

a l loy lead  rods (CTL-meta ls ,  d i ame te r  _-- 0.3 cm) 
shrouded in Teflon which could be ro ta ted  at  a known 
constant  speed.  The l inear  sweep exper imen t s  were  
pe r fo rmed  using the  compute r -con t ro l l ed  potent ios ta t  
r ecen t ly  re fe renced  (3).  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  
Key  words:  bat ter ies ,  lead,  a l loys ,  an t im on y ,  calcium. 

Al l  po ten t ia l  measurements  were  made  at  23°C w i t h  
an Hg/Hg2SO4 reference  e lect rode which was in the 
same H2SO4 e lec t ro ly te  solut ion as the work ing  elec-  
trode. 

The alloys used contained 

Analys is ,  w e i g h t  p e r c e n t  

Code Sh Ca Sn Pb 

A ~ - -  99.999 
B 0.~8 - -  ~ R e m a i n d e r  
C 1.88 - -  - -  R e m a i n d e r  
D 4.18 - -  R e m a i n d e r  
E -- 0.086 0.~4 R e m a i n d e r  
F - -  0.076 0.75 R e m a i n d e r  

The exper iments  .consisted of  cycl ing to a constant  
response be tween  500-1500 mV at a series of sweep 
ra tes  (10-100 mVsec -1)  in both H2SO4 concentrat ions.  
The t ime needed for  constancy was a pp rox ima te ly  
1.5 hr. 

Results and Discussion 
Figure  1 shows s tabi l ized  cur ren t  response curves 

for pure  lead and va ry ing  degrees of  an t imonia l  lead in 
5.0M H2SO4. As can be seen, pu re  lead  undergoes  
grea ter  anodic a t tack  than  the o ther  an t imonia l  al loys 
showing that  the presence of an t imony  or o ther  im-  
pur i t ies  exer t  a pro tec t ive  effect. Al loy  D is corroded 
the  least,  and the PbO2 peak corresponding to i t  occurs 
at  a lower  potent ial .  Al loys  B and C have  ve ry  s imi la r  
m a x i m u m  peak  cur ren t  values  (ip) which are  h igh-  
l ighted in Table I, a l though in the case of the former,  

Table I. A comparison of ip, Ep, and anodic charge values 
for pure Pb(A) and the alloys (B-F) at 

v --  100 mV sec -1 in 5.0M H2SO~, 

Al loys  ip/mA-cm -2 Ep/V Charge, Q/mCcm -~ 

A 2.394 1.213 3.333 
B 0.901 1.248 2.554 
C 0.930 1.191 2.828 
D 0.73,0 1.177 2.190 
E 3.296 1.260 7.087 
F 2.592 1.200 5.412 

1 7 9 7  
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Fig. 1. 5.0M H2SO4 electrolyte. Digitally drawn voltammograms 
of A, pare Pb; B, Pb-Sb (0.58%); C, Pb-Sb (1.88%); D, Pb-Sb 
(4.18%). (500-1500 mV, v = 100 mVsec - t )  after cycling for 
1.5 hr. 

Fig. 3. 5.0M H2SO4 electrolyte�9 Digitally drawn voltammograrns 
of A, pure Pb; E, Pb-Ca (0.086%)-Sn (0.34%); F, Pb-Ca (0.076%)- 
Sn (0.75%). (500-1500 mV, v = 100 mV sec-D after cycling for 
1.5 hr. 

the peak potenti,al (Ep) appears at a higher value 
than for pure lead. The peaks appear broad, compar- 
able to those o~btained by Kelly et al. (4), indicating 
that the PbO~ formed on the electrodes is quite porous 
and thus the reaction can be driven deeper into the 
porous layer as the potential is increased. 

Figure 2 displays the potential curves for the same 
alloys used for Fig. 1 but in 5.5M H~SO4. This reveals 
that although pure lead undergoes more. anodic attack 
than the other alloys, the effect is not so prominent 
and again the placing of the antimonial alloy peaks is 
similar to those in Fig. 1. However, as described re- 
cently (3), the amount of charge contained in the posi- 
tive-going sweep (sweep rate, v -- 100 mVsec -1) for 
all the alloys (A-F) decreases dramatically in 5.5M 
H2SO4 when compared with the charge values in 5.0M 
H2SO4. (See Tables I and II). 

Figure 3 exhibits the LSV curves for pure lead and 
ternary alloys (Ca-Sn-Pb) in 5.0M I-~SO4; Fig. 4 
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Fig. 2. The same conditions as in Fig. I ,  but LSV's carried out 
i .  5.5M H~SO4. 
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Fig. 4. The same conditions as in Fig. 3, but LSV's carried out 
in 5.5M H2SO4. 

corresponds to the same metals employed in 5.5M sul- 
f-uric acid. 

In Fig. 3, the ternary alloys undergo more cor- 
rosive attack than pure Pb, especially alloy E. This 
highlights the point mentioned earlier that the reduc- 
tion of Sb, or even lack of it in the positive grids re- 
sults in rather poor cycle life. Hence, adding Ca/Sn to 
pure Pb produces a PbO2 deposit which is more anal- 
ogous to that of a freshly plated more reactive elec- 

Table II. Repeat of Table I, but in 5.5M H2SO4 

Al loys  i p / m A - c m  -~ E~/V C h a r g e ,  Q / m C . e m  -~ 

A 1.324 1.248 2.238 
B 0,963 1.251 1.711 
C 1.155 1.209 2.279 
D 0.675 1.202 1.608 
E 1.037 1.230 1.889 
F 1.577 1.209 3.430 
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trode as described by Fleischmann [whose research 
used lead freshly electroplated onto massive lead (5)] 
than to the deposit produced on flat lead and Pb /Sb  
electrodes. 

Figure 4 shows that  alloy E has a lower ip value than 
pure lead and alloy F, thus varying the acid concen- 
tration has a marked effect on the formation of the 
PbO2 deposit on these Ca-Sn-Pb alloys. 

The relationship between peak potential  (Ep) in the 
oxidation of PbSO4 to PbO2 and sweep rate  (v) in the 
form of Ep vs. logz0 (sweep race) is displayed in Fig. 5 
for the 5.0M H2SO4 case. The equation for this rela-  
tionship was developed by Canagaratna et al. (6) for 
the production of a single layer on an electrode. As can 
be seen from the straight line plots in Fig. 5, for alloys 
D and F, the formation of PbO2 occurs at a mu.ch less 
positive potential than on the pure metal. In 5.5M sul- 
furic acid when Ep is plotted against log~0 (sweep 
rate) ,  all the alloys (B-F)  form PbO~ at a much less 
positive potential than pure Pb. 

Figure 6 exhibits the ip-(sweep speed, v)v, relation- 
ship in 5.0M H2SO4, and straight lines were obtained 
with the pure lead and the alloys in the range v -- 10- 
100 mVsec-L The l ineari ty of the plots indicate that 
the process for each alloy and pure Pb is a simple first 
order charge transfer reaction. The ip vs. v'/2 relation- 
ship still  remained intact for most of the alloys in 
5.5M sulfuric acid. 

Tables I and II show that the ip values correspond- 
ing to the sweep rate, v ---- 100 mVsec -1 were higher 
in 5.0M H2SO4 for pure Pb and alloys D, E, and F. 
Alloys B and C had higher ip values in 5.5M H2SO4. 
However, in 5.0M H2SO4 more charge was obtained 
with the ternary alloys. 

In 5.0M sulfuric acid, using pure Pb (99.999%, 
Koch-Light) instead of precast lead (contains many 
minute impurities and is thus <99.999% pure) which 
Kelly et aI. (4) used, it would seem that more charge is 
obtained than with the antimonial alloys. This may be 
due to the fact that the PbO2 deposited on the pure Pb 
metal is more porous than the ant imony/lead binary 
alloys and does not produce a passivating layer  which 
is tight and mechanically sound (4). Even at slower 
sweep rates, the pure metal still  produced more charge 
in the LSV curves, although it was expected that the 
antimonial alloys would undergo more anodic attack 
since it has been observed that some stationary batteries 
containing Pb-Sb components exhibit  a large amount 
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Fig. 5. Plot of Ep vs. Ioglov for: �9 = A, pure Pb; ~ = B, Pb-Sb 
(0.58%); [ ]  - -  C, Pb-Sb (1.88%); L~ = D, Pb-Sb (4.18%); X ---- 
E, Pb-Ca (0.086%}-Sn (0.34%); [ ]  - -  F, Pb-Ca (0.076%)-Sn 
(0.75%); in the range 10-100 mY sec -1.  
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Fig. 6. Plot of ip vs. v ~12 for: @ - -  A, pure Pb; ~ - -  B, Pb-Sb 

(0.58%); [ ]  = C, Pb-Sb (1.88%); ~ = D, Pb-Sb (4.18%); X 
= E, Pb-Ca (0.086%)-Sn (0.34%); A = F, Pb-Ca (0.076%)-Sn 
(0.75%); in the range 10-100 mV sec -z .  

of corrosion. In the authors'  experiments in 5.5M sul- 
furic acid, however, only 1.88% antimonial lead dis- 
played higher charge content in the l inear sweep volt- 
ammogram than the pure metal. 

In these experiments, the pure lead undergoes more 
anodic attack than the Pb-Sb alloys. This is probably 
due to the lack of impurities because, as mentioned re-  
cently (3), additives such as Ag, Cu, Ti, and Bi in lead 
metal can exert a protecting effect and considerably 
reduce corrosion. Also, as reasoned earlier, the pure 
Pb may produce a PbO2 layer which is more porous 
than with the antimonial allvys, thus resulting in a 
greater degree of corrosion evidenced by voltammo- 
gra ms' containing more charge for the pure lead. These 
results may be considered at variance with those of 
an earl ier  investigation (4); however, the number of 
s.weeps taken to obtain steady states for each alloy and 
the sweep speed range were comparable with those 
reported by Kel ly  et aI. (4). However, the potential 
limits were different; in this case, they were 500-1500 
mV, whereas Kelly (4) used the limits of 400-1520 inV. 

Conclusions 
1. In 5.0M H2SO4, the Ca-Sn-Pb alloys are more sus- 

ceptible to anodic attack than either pure lead or 
(0.58-4.18 % ) antimonial lead. 

2. There was more charge in the voltammogram cor- 
responding to pure lead in 5.0M H2SO4 than with the 
Pb-Sb alloys. 

3. In 5.5M H2SO4, more charge was obtained with 
electrode C than with pure lead and the other two 
Pb-Sb electrodes. 

4. In 5.0M and 5.5M H2SO4, the ip values correspond- 
ing to pure lead were higher than those obtained with 
the lead/ant imony binary alloys. 
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ABSTRACT 

Linear sweep vol tammetry  (LSV) has been employed to study the electrochemical behavior of various pasted lead elec- 
trodes (positives) in two different H2SO4 concentrat ions (5.0 and 5.5M). The early cycle histories of the porous Sb-based elec- 
trodes displayed that  they discharged more deeply in 5.0M H2SO4 when sweeping back and forth between the PbO~ and 
PbSO4 regions. The case was different for the porous Ca/Sn lead electrodes which gave larger reduction peak current values 
(ip) in 5.5M sulfuric acid. 

The capab i l i ty  of a l ead -ac id  batter~" to accept  
charge and then  redischarge  (1) depends on factors 
such .as construction,  condition, age, charging  condi-  
tions, and the t empe ra tu r e  of the cell. I f  the ba t t e ry  is 
charged too fast and not  effect ively control led,  gassing 
occurs toge ther  wi th  high t empera tu re s  and sizeable 
par t ic les  f rom the posi t ive plates  can be torn away  re-  
sul t ing in PbO2 s ludge which  would p r e m a t u r e l y  re-  
duce the capaci ty  of the cell. Some of the s ludge is car -  
r ied over  to the negat ive  p la tes  as a pos i t ive-charged  
colloid v ia  e lectrophoresis  or  convection. At  these 
plates,  the  colloid is reduced to Pb which in tu rn  can 
lead  to shor t -c i rcui t ing.  Also, sulfa te  conversion can be 
affected making  charging more difficult and the ex-  
panders  wi l l  be r endered  inoperat ive .  However ,  if 
charging is s topped before  gas evolut ion the active 
ma te r i a l  does not  become fu l ly  charged,  and this re -  
sults in the cel l  having a low overal l  capaci ty.  

An t imony  is employed  as the grid a l loying  addi t ive  
for  the  ]~ead-acid posit ive plate  in automot ive  bat ter ies ,  
as descr ibed  by  Ke l ly  et al. (2, 3). However ,  a technical  
d i sadvantage  of the  meta l ' s  presence in the cell is tha t  
an t imony  re leased f rom the posi t ive e lect rode deposits  
i tself  on the negat ive  p la te  resul t ing  in a reduct ion of 
the  hydrogen  overvol tage  at tha t  electrode.  

T h e  use of calcium (~0.09 weight  pe rcen t  [ w / o ] )  
(4-6) and t in as a l loying  agents in l ead -ac id  cells was 
especia l ly  deve loped  for float service; they  increase the  
tensi le  s t rength  of lead wi thout  in t roducing ha rmfu l  
side react ions into the ceils. Dur ing  float periods,  the 
smal l  overvol tage  appl ied  to the  cell resul ts  in a cur -  
ren t  which is jus t  sufficient to prevent  in te rna l  self-  
discharge processes. At  the same time, this low cur ren t  
keeps the loss of wa te r  by  electrolysis  to a minimum. 
Wi th  an t imonia l  grid, because the  hydrogen  overvol t -  
age is depressed  by  the presence of an t imony  on the 
negat ive electrode,  the  float cur rent  increases dur ing  
service. However ,  r emova l  of  an t imony from the posi-  
t ive grids gives r ise to very  poor  cycle lives (2). 

The LSV exper iments  were  car r ied  out on all  the 
pas ted  lead  a l loy electrodes in 5.0 and 5.5M sulfur ic  

* Electrochemical Society Active M e m b e r .  
K e y  w o r d s :  b a t t e r i e s ,  l e a d ,  a n t i m o n y ,  calcium. 

acid; the  reason for the l a t t e r  va lue  was discussed 
recen t ly  (7). Also, the  base lead  alloys used here a r e  

the  same as those prev ious ly  employed  (7). 

Experimental 
The compute r -con t ro l l ed  exper imen ta l  set up was 

recen t ly  descr ibed (7, 8). The porous  e lec t rodes  were 
p r e p a r e d  by  a r rang ing  a solid suppor t  (var ious lead-  
based al loys)  to l ie benea th  the level  of a Teflon 
shrouding.  By forcing the posi t ive pas te  into the  cavity, 
a porous l aye r  was produced  (3 m m  diam; 0.76 m m  
deep)  which t e rmina ted  the  lead electrode.  The densi ty  
of the high capaci ty  posi t ive paste (15% red lead)  used 
here  was 4.2 gcm -~, and the charging of the electrodes 
was pe r fo rmed  in 0.3M H2SO4 as repor ted  by  Ke l ly  
et al. (3). 

For  each concentra t ion of sulfuric  acid, an Hg/Hg2SO4 
reference  e lect rode was used, and all  the exper iments  
were  carr ied  out  at 23 ~ _ I~ 

The base lead alloys used in the LSV exper iments  
were  

Analysis, w/o 
C o d e  Sb Ca Sn Pb 

B 0 . 5 8  - -  - -  R e m a i n d e r  
C 1 .88  - -  ~ R e m a i n d e r  
D 4 . 1 8  - -  - -  R e m a i n d e r  
E ~ 0 .086  0 .34  R e m a i n d e r  
F - -  0 . 076  0 .75  R e m a t n d e r  

Results and Discussion 
The l inear  sweep exper iments  were  carr ied out be-  

tween the l imits  of 1240 mV (PbO2) and 700 mV 
(PbSO4), the sweep-speed  being a lways  10 mVsec - I .  

F igures  1-5 correspond to a series of vo l t ammo-  
grams for the ea r ly  cycle his tories  of each pas ted  Pb -  
a l loy electrode,  that  is, B-F,  al l  in 5.0M H2SO4. Figures  
6-10 correspond to the same electrodes,  but  the po-  
ten t iodynamic  cycling exper iments  were  per formed  in 
5.5M sulfuric  acid. 

As can be seen from the ten figures, there  is a de-  
crease in peak  current  values (ip) wi th  cycling (PbO~ 

PbSO4 reduct ion peak) .  The majo r  difference is be -  
tween the ip values for the first and second cycles for 
al l  the electrodes as h ighl ighted by  Tables I and II. 
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Fig. 1. Digitally drawn voltammograms for B, pasted Pb-Sb 
(0.58%) positive in 5.0M H2SO4. (1240-700 mV, r ---- 10 mV sec - z ,  
nominal surface area - -  0.07 cm2). a, first cycle; b, second cycle; 
c, third cycle, d, fourth cycle. 
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Fig. 3. As in Fig. 1, but for D; pasted Pb-Sb (4.18%) positive 
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Fig. 4. As in Fig. 1, but for E; pasted Pb-Ca (0.086%)-Sn (0.34%) 
positive. 

Fig. 2. As in Fig. I,  but for C; pasted Pb-Sb (1.88%) positive 

The large initial reduction current is due to a passi- 
vated form of PbSO4 being produced which resists oxi- 
dation to PbO2 during the anodic sweep (3). If the 
higher potential limit is raised above 1240 mV, oxygen 
bubbles are formed in the electrode matrix which 
would interfere with the charging/discharging opera- 
tion. 

The electrodes had to be reoxidized galvanostatically 
(25 mAcm -~ in 0.3M H2SO4) in an upward-facing 
position after a series of cycles. This is because the 
layer of passivated le~d sulfate crystals formed on the 
Pb electrodes is such that in order to reproduce lead 
dioxide a large overpotential is needed. 

Table I shows that in 5.0M H2SO4, the pasted alloy-D 
electrode ha~ a larger initial ip value than that of the 
other porous Pb-Sb electrodes. Also, the pasted alloy 
positive attains a constant response after approxi- 
mately 15 cycle.s, the ip and position of i~ (Ep) values 

remaining constant. Pasted alloys B and C reach con- 
stant responses after 11 and 14 cycles, respectively. 
However, the pasted alloy-E electrode discharges more 

Table !. A comparison of ip with linear sweep cycling 
of the porous Pb-olloy electrodes (1240-700 mV, 

10 mV sec -1)  in 5.0M H2SO4 

Cycle Reduction peak Position of ~p, 
Alloys n u m b e r  current, ip/raA Ep/mV 

B 1 32.79 912 
2 20.00 651 
3 13.53 844 

C 1 42.00 842 
2 20.00 824 
3 15.40 821 

D 1 50.00 873 
2 26.00 840 
3 21.00 833 

E 1 50.80 894 
2 20.60 891 
3 13.80 866 

F I 45.13 882 
2 20.55 862 
3 13.90 848 
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Fig. 5. As in Fig. I,  but for F; pasted Pb-Ca (0.076%)-Sn (0.75%) 
positive. 

10 

-10. -Z0 

-20 

-30 

-40 
12~0 ]132 ]OZ4 ~16 BOB 700 

fOTENTIAL /mV 

Fig. 6. Digitally drawn voltammograms for B in 5.5M H2SO4. 
(1240-700 mV, v = 10 mV see -1 ,  nominal surface area - -  0.07 
cm2). a, first cycle; b, second cycle; c, third cycle; d, fourth cycle. 

deeply  on the first cycle than  the porous ant imonia l  
lead electrodes as h ighl ighted  b y  Table  I. This m a y  be 
a t t r ibu ted  to the fact  tha t  a more  reac t ive  PbO2 de-  

Table II. Repeat of Table I, but in 5.5M H2SO4 

Cycle  Reduction peak Position of ip, 
Alloys number current, ip/mA Ep/mV 

B 1 35.00 858 
2 16.09 786 
3 11.60 776 

C I 38.00 850 
2 18.40 813 
3 13.40 808 

D 1 55.00 866 
2 24.00 848 
3 17.40 826 

E 1 @1.17 869 
2 23.00 858 
3 15.00 835 

F 1 58.00 950 
2 21.40 861 
3 16.00 840 

posit  is p roduced  on C a - S n - P b  alloys (7) than the de-  
posit  formed on pure  lead and most P b - S b  alloys. 
Hence, the poros i ty -of  the pasted C a - S n - P b  elect rode 
ma t r ix  when charged may  have been fu r the r  increased.  
Porous a l loy-E  posi t ive has a h igher  ini t ia l  ip value 
than  the porous a l l oy -F  electrode,  and they  both ob-  
tain a constant  response af te r  11 cycles no ma t t e r  wha t  
subsequent  cycl ing exper iments  are  carr ied  out. (This 
appl ies  to the previous  pasted P b - S b  positives.)  It 
would seem, as descr ibed by  Ke l ly  et al. (3), tha t  the 
PbSO4 produced  reaches  an equ i l ib r ium form with  
some of the "unpass iva ted"  lead sulfate  present  in the 
porous ma t r ix  which can be oxidized (to PbO2) and  
reduced (back to PbSO4) by  sweeping po ten t iody-  
namical ly .  

Table  I I  shows that  in 5.5M sulfuric  acid the pasted 
aUoy-D posi t ive has a grea ter  ini t ia l  ip value than that  
of the o ther  two porous P b - S b  electrodes but  is in tu rn  
lower  than  the ini t ia l  ip value  of the pos i t ive-F  elec-  
trode. A s t range  fea ture  of  the h igher  concentra t ion of 
H2SO4 (i.e., 5.5M) is that  the pasted a l loy-C e lec t rode  
undergoes  pa r t i a l  ohmic control  af ter  10 cycles. Wi th  
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Fig 9. As in Fig 6,but for E Fig. 10, As in Fig. 6, but for F 

the other  porous electrodes,  thei r  vo l t ammograms  
reach  constancy af te r  a l a rge r  n u m b e r  of cycles than  
the corresponding electrodes in 5.OM H2SO~. The pas ted  
C a - S n - P b  electrodes discharge more  in i t ia l ly  in 5.5M 
H2SO4 than  in 5.0M sulfur ic  acid, whereas  the s i tuat ion 
is comple te ly  the  opposi te  wi th  the  pas ted  P b - S b  posi-  
tives. I t  would seem that  va ry ing  the acid concent ra-  
t ion has a m a r k e d  effect on the  PbO2 porous ma t r i x  
on the  base  C a - S n - P b  metals .  

Compar ing  the r epor t ed  da ta  (7) on flat unpas ted  
electrodes to those exhib i ted  here,  one notices a few 
m a j o r  differences. With  the flat unpas ted  electrode,  the  
PbO2 peak  is dominant  (7) and the da ta  obta ined  cor-  
respond to the product ion of a s ingle l ayer  on an elec-  
t rode  wi th  no th ickening of the  deposi t  occurring.  Wi th  
the porous electrode,  the p rominen t  PbO2 format ion  
peak  is absent  because the  lead  d ioxide  produced  grows 
in layers  (9),  and thus a b road  band is observed made 
up of many  different  ox ida t ion  peaks  over lapp ing  wi th  
each other. Ano the r  significant difference be tween  the 
two e lect rodes  is tha t  wi th  the porous one, l a rger  cur -  
rent  and hence charge values are  obtained.  

A look at the  vo l t ammograms  of the flat and pas ted  
electrodes shows that  the reduct ion peaks  (PbO2 -> 
PbSOD are c lear ly  different.  With  the flat electrode,  
the  reduct ion  "peak" is h a r d l y  visible;  for  the pas ted  
electrode,  a long "reduct ion ta i l"  (3) is d isp layed 
which is indicat ive  of newly  produced  porous PbO2, 
where  the discharge is being dr iven  deep into the 
porous matr ix .  

The ip, and hence charge  values obta ined for the 
pas ted  P b - S b  electrodes,  a re  h igher  than those re-  
por ted  by  Ke l ly  et al. (3). This is due to the fact that  
the  pas te  used here  was such that  it  could sustain more 
charge than  the s t anda rd  automot ive  paste  employed  
by  t hem (3).  

Conclusions 
1. The C a - S n - P b  electrodes in i t ia l ly  discharge more  

deeply  than  the  P b - S b  electrodes in 5.0 and 5.5M 
H2SO4 al though elect rode D (containing 4.18% Sb) per -  
forms ve ry  s imi la r ly  to e lect rodes  E and F. 

2. Af t e r  the first cycle the reduct ion peak  cur ren t  
values  (ip) for the porous P b - S b  e lect rodes  were  
h igher  in 5.0M H2SO4 than  in 5.5M H2SO4. 

3. The porous C a - S n - P b  e lec t rodes  had  higher  re -  
duct ion peak  cur ren t  values  (ip) in 5.5M H2SO4 than  
in 5.0M H2SO4. 
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Corrosion Behavior of SiC/AI Metal Matrix Composites 
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ABSTRACT 

The effect of the SiC phase on the corrosion behavior of SiC/A1 metal matrix composites has been studied in 0.1 and 0.6N 
NaC1. both in the presence and absence of dissolved oxygen. Anodic polarization behavior has been determined, and pitting 
potentials have been measured for three composite systems: SiC/A1 2024, SiC/A1 6061, and SiC/A1 5456. General corrosion 
behavior and the effects of anodizing on the corrosion resistance of the composites have been studied by a-c impedance 
techniques. The results show that pitting susceptibility is about the same for the composites and their corresponding alloys, 
except for A12024. In this system, the composite is less resistant to pit initiation than the corresponding wrought a luminum 
alloy. General corrosion is more significantly affected by the presence of oxygen than by the SiC phase. In the absence of 
oxygen, corrosion resistance is improved for both the alloys and composites. In addition, the corrosion resistance of the 
composites can be improved by anodizing. 

Recent advances in the fabrication and characteriza- 
tion of SiC/A1 composites have resulted in a new gen- 
eration of engineer ing materials that are under  con- 
sideration for a variety of s tructural ,  defense, and 
aerospace applications. These materials  consist of an 
a luminum alloy matr ix  into which SiC (i.e., flakes, 
whiskers, or fibers) is incorporated, using various met-  
aUurgical techniques, to enhance the physical and me-  
chanical properties of the matr ix  material .  The amount  
o f  SiC typically varies between 10 and 50 volume per-  
cent (v/o) .  Composite materials have part icular  appeal 
because, wi thin  limits, they can be designed and fab- 
ricated to fit the mechanical  requirements  of a given 
application (1). 

Addit ion of a second phase to a metal  alloy, however, 
could significantly change corrosion behavior. St ruc-  
tural  flaws (i.e., crevices, pores) and /or  galvanic cou- 
pling within the mater ia l  could result  in increased 
localized corrosion of the matrix.  In addition, surface 
variations could affect the integri ty  of the protective 
a i r - formed film and promote increased localized or 
general  attack. 

Several  investigators have reported modest to sig- 
nif icant  increases in the corrosion rates of composites 
as compared to the matr ix  for a variety of systems (i.e., 
boron /a luminum,  boron/copper,  boron/nickel ,  graph-  
ite/A1 6061, and depleted uranium-0.75% t i t an ium/  
tungsten)  in chloride envi ronments  (2-4). Dull  et al. 
have studied the corrosion behavior  of graphite/A1 
6061 in 3.5% NaCI (3). For this composite, an in -  
creased corrosion rate was found to be a result  of 
crevice corrosion promo,ted by galvanic coupling be-  
tween the matr ix  and graphite fibers. Bo ron / a luminum 
composites have been studied in NaC1 solutions by 
Sedriks et al. (5) and Pohlman (6). In  the former 
work, boron fibers were tungsten-coated and diffusion- 
bonded to a luminum alloy foils; in the latter, uncoated 
boron filaments were hot pressed in the alloy matrices. 
In both studies, preferent ia l  localized corrosion was 
observed at the matr ix- f i lament  interfaces. Sedriks at-  
t r ibuted this behavior  to an increase in anodic sites as 
a result of compositional changes and /o r  fissures at the 
filament matr ix  boundary.  Pohlman showed that  in-  
creased localized attack was a result  of galvanic cou- 
pling between the matr ix  and an a luminum boride in-  
termetalIic compound which formed dur ing  fabrication 
and hea t - t rea tment  of the composite. 

The purpose of this investigation is to study the 
effects of the SiC phase on the corrosion behavior of 
SiC/A1 composites for three alloy systems: A1 2024, 

�9 Electrochemical  Society  Act ive  Member.  
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ting. 

A1 5456, and A1 6061. Pi t t ing potentials were measured 
to compare the pit t ing susceptibil i ty of the composites 
with that of their  base alloys. General  corrosion re- 
sistance and the effect of anodizing were studied 
through a-c impedance techniques. 

Experimental 
The a luminum alloy samples were wrought  extruded 

rods of nomina l  composition given in Table I. Com- 
posite samples of the corresponding alloys were ex- 
truded rods prepared by powder meta l lu rgy  techniques. 
The composites contained 20 v/o SiC whiskers with 
diameters of 0.5-1 ~m and lengths up to 50 ~m. More 
detail on sample preparat ion is given elsewhere (1), 
but  in brief, the SiC whiskers were blended with 
commercial ly available alloy powders of --325 mesh 
and were then cold compacted, hot pressed, and cold 
extruded. Both the composites and wrought  alloys were 
given a T-6 heat - t rea tment .  

Figure 1 shows SEM photomicrographs of a cross- 
sectional area of a typical composite sample. The light 
areas are ~he SiC particles; dark areas are the metal  
matrix.  The top micrograph shows that  the SiC par-  
ticles are distr ibuted uneven ly  throughout  the matr ix  
resul t ing in a concentrat ion of particles in some areas 
and an absence of particles in other areas. The bottom 
micrograph at a higher magnification shows the i r regu-  
lar  shape and random orientat ion of the SiC particles. 

Anodized samples were prepared by a sulfuric acid 
anodizing process. Both Type II (porous, conventional)  
and Type III  (porous, hardcoat) coatings were tested. 
Prior  to anodizing, surfaces were polished to 600 grit 
and cleaned thoroughly. Type II  anodizations were 
carried out at 23~ and 27 mA / c m 2 ( ~  18V) for 30 
min in 16 weight percent  (w/o)  tt2SO4. Type III  
anodizations were prepared in the same solution at 
- - I~  by raising the anodizing voltage IV (vs. a 
counterelectrode) every 10 min  up  to 30V. Following 
anodization, the specimens were sealed in boil ing water  
for 30 min  (7). 

For the polar izat ion measurements ,  samples were 
mounted  in epoxy, abraded through 600 grit  paper, 

Table I. Nominal composition of the aluminum alloys* 
(w/o) 

Cu Mn Mg Cr Si 

2024 4.4 0.6 1.5 
5456 0.8 5.1 0.12 
6061 0.27 1.0 0.2 0.6 

* "Metals Handbook." 8th ed.. VoL 7, p. 241, Amer ican  Society  
for Metals,  Metals Park,  Ohio (1972). 

1 8 0 4  
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Fig. I. Scanning electron micrograph of SiC/AI 6061 after polish- 
ing with diamond paste and etching for 40 sec in Keller's reagent. 
The top figure shows the uneven distribution of SiC particles and 
the bottom figure shows their irregular shape and random orienta- 
tion. 

rinsed with water, air dried, and stored in a dessicator 
unt i l  used. The exposed area of the samples was about 
1 cm 2, and the edges at the epoxy mold were masked 
with lacquer to prevent  crevice corrosion. 

Solutions were prepared with Fisher certified re-  
agent dissolved in distilled water  (10 -6 f~-I cm-1 
conductivi ty) .  Solutions were deaerated by bubbl ing  
with argon for at least 12 hr prior to immersion and 
dur ing  the polarization run. For rur~s in solutions 
containing oxygen, the solutions were quiescent and 
open to the air. 

Measurement of Pitting Potentials 
Pit t ing potentials were determined by the anodic 

potentiostatic polarization method. Samples were im-  
mersed in solution for approximately 2 hr unt i l  a 
steady open-circui t  potential  (Ecorr) was recorded; at 
this time, the potential  was increased in 10 mV in ter -  
vals and the steady current  recorded (usually after 10 
rain).  The potential  at which the current  cont inuously 
increased was interpreted to be the pit t ing potential  
(Epit). In  most cases, visible pits and gas evolution 

were observed at this time. At the pi t t ing potential  and 
at potentials  anodic to the pi t t ing potential,  the r is ing 
currents  were recorded at 1 and 10 min  intervals.  After  
10 rain a new potent ia l  was set, the currents  recorded 
as described, and so on unt i l  the end of the run.  

SEM Studies 
In  order to examine the effect of SiC on pit morphol-  

ogy, SEM studies were performed on one alloy system 
(A1 6061) after pi t t ing in deaerated 0.1N Nat1. For 

these studies, epoxy-mounted  samples were polished 
with diamond paste (0-1 ~m), immersed in solution, 
allowed to reach a steady potential,  and then polarized 
at a potent ial  about 50 mV positive (--0.610V) to 
Epit for 30 rain. About  half  of the total  surface area 
(0.5 cm 2) was masked with lacquer  before the r u n  in  
order  to compare exposed and nonexposed areas s imul-  
taneously in  the SEM. 

Impedance Measurements 
Impedance measurements  were made at 25~ in 

a three-electrode cell containing aqueous 0.6N NaC1 
solution. A PAR Model 173 potentiostat  and a Solartron 
Model EMR 1172 frequency response analyzer  were 
connected to the cell. Potent ia l  control of the working 
electrode was main ta ined  using the potentiostat  and a 
saturated calomel reference electrode. The reference 
electrode was immersed in the cell by means of a 
Luggin probe which was isolated by a PAR Model 178 
isolation amplifier. The cell current  was measured us-  
ing a PAR Model 376 current  to voltage converter.  Data 
were collected and reduced using an HP9835 minicom-  
puter, and results were automat ica l ly  plotted on the 
plotter. 

The measurement  system was calibrated by  replac- 
ing the electrochemical cell by an electrical analog 
with known values for the components. No phase shifts 
or measurement  errors greater  than  4% were measured 
over the entire f requency range investigated. At  10 
kHz, repet i t ive measurements  on an anodized a lumi-  
num sample showed a s tandard deviation of 0.8 ~ in 
phase angle and 3.0 ~-cm2 in impedance over 20 mea-  
surements.  Impedance measurements  were started 1 hr 
after immersion.  First  the open-circui t  electrode po- 
tential,  Er of the sample was measured relat ive to 
the SCE, and potent ial  control was established at this 
value. Impedance measurements  were then performed 
by connecting the generator  stage of the frequency 
response analyzer  to the input  control of the potentio-  
stat. This superimposed a 10 mV a-c excitation signal 
with a programmable  frequency range of 104-10 -4 Hz 
on the control potential. Both sinusoidal (-~10 mV 
rms) and t r iangular  (•  mV peak- to-peak)  wave 
forms were used. 

Results and Discussion 
Polarization behavior and pitting potentials.--The 

anodic polarization curves for alloys A1 2024 and 
A1 6061 and their  respective composites in  deaerated 
0.IN Na.CI are shown in  Fig. 2 and 3. Figures 4 and 5 
show the corresponding curves in quiescent solutions 
open to air. Points including arrows indicate the cur-  
rent  rise (at a given potential,  in a 10 min  interval)  
dur ing active pitting. All other points on the curves 
are steady current  readings. These curves show that  
the polarization behavior  of the composites and alloys 
is similar. In  deaerated solution, a constant current  
region (200-700 mV) is observed between the corrosion 
potential  and pit t ing potential,  whereas in the presence 
of oxygen, the corrosion potent ial  is shifted to wi thin  
20 mV of the pit t ing potential.  

Table II is a summary  of the pit t ing potentials (Epit) 
and corrosion potentials (Ecorr) in 0.1N NaC1. It can be 
seen that  the pi t t ing potentials are independent  of the 
presence of dissolved oxygen in  solution for all the 
alloys and composites studied. In  comparing a given 
alloy with its SiC composite, the pi t t ing potentials are 
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Fig. 2. Potantiastatic polarization curves for AI 2024 and SiC/AI 
2024 in deaerated 0.1N NaCI. (Arrows show the increase in cur- 
rent density with time, in the initial 10 min interval at a given 
potential, after the onset of pitting.) 
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Fig. 5. Potentiostatic polarization curves for AI 6061 and SiC/AI 
6061 in quiescent 0.1N NaCI open to the air. (Arrows show the in- 
crease in current density with time, in the initial 10 rain interval 
at a given potential, after the onset of pitting.) 
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Fig. 3. Potentiostatic polarization curves for AI 6061 and SiC/AI 
6061 in deaerated 0.1N NaCI. (Arrows show the increase in cur- 
rent density with time, in the initial 10 min interval at a given 
potential, after the onset of pitting.) 
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Fig. 4. Patentiostatic polarization curves for AI 2024 and SiC/AI 
2024 in quiescent 0.1N NaCI open to the air. (Arrows show the in- 
crease in current density with time, in the initial 10 min interval 
at a given potential, after the onset of pitting.) 

the same for the a l loy and composite  except  for the 
A1 2024 system. In this system, Epit of the composite is 
100 mV more  nega t ive  than  tha t  of the alloy. 

This lower  value  of Epit for  the 2024 composite  canno t  
be a t t r i bu ted  to possible differences in ma t r i x  s t ruc-  
ture  be tween  the wrough t  a l loy and the powder  m e t a l -  
l u rgy  alloy. To invest igate  this possibil i ty,  an A1 2024 
sample  was fabr ica ted  f rom powders  in the same way  
as the  composites (except  tha t  SiC was exc luded) .  The 

measured  p i t t ing  poten t ia l  of this powder  product  was 
the same (--0.540V) as the wrought  alloy. Therefore,  
possible differences in ma t r i x  s t ruc ture  or composit ion 
as a resul t  of fabr ica t ion  do not cont r ibute  to the  lower  
va lue  of Epit for  A1 2024 when SiC is present .  

Thus, the SiC phase does not  affect the suscept ib i l i ty  
to pi t  in i t ia t ion of the composites  tested,  except  for  
A1 2024. In  this  system, the  composi te  is somewha t  
more  suscept ible  to pi t  in i t ia t ion than  the ma t r i x  alloy. 
Addi t iona l ly  while  a l loy A1 2024 is the  least  suscept ible  
to p i t  in i t ia t ion in chlor ide  solution, the  p i t t ing  sus-  
cept ib i l i ty  of the o ther  a l loys  and composites is about  
the same. 

Table  II  also shows the effect of solut ion deaera t ion  
and of SiC addi t ions on the open-c i rcu i t  corrosion po-  
tentials.  In  the  deaera ted  solutions, Ecorr, for al l  s am-  
ples, is severa l  hundred  mil l ivol ts  negat ive  to the va l -  
ues found for solutions containing oxygen.  This effect 
has been observed prev ious ly  for a luminum alloys in 
chlor ide  media  (8). The effect of SiC on the corrosion 
potent ia l  is not as clear, however.  The addi t ion  of SiC 
to the Mloy can resul t  in Ecorr being more  posit ive,  
more  negative,  or  unchanged,  depending on the a l loy  
sys tem and on deaera t ion  conditions.  

Pit  M o r p h o l o g y  

Figure  6 shows SEM photomicrographs  of A1 6061 
and the corresponding SiC composite af ter  p i t t ing  in 
deae ra ted  0.1N NaC1 at  --0.610V for 30 min. I t  can be 
seen tha t  pi ts  on the composite differ in size and s t ruc -  
ture  f rom those on the base alloy. Smal l  rounded  shal-  
low pits develop on the composite whereas  l a rge r  i r -  
r egu l a r l y  shaped  deeper  pits  are  observed on the  alloy. 
In  addit ion,  pits  develop on the composite both  in 
regions of high and low dens i ty  of SiC. 

F igure  7 shows the  detai ls  of two typ ica l  pits  found 
on the composite. In  Fig. 7a, a pi t  is shown developing 
in a region of low dens i ty  of SiC. F igure  7b shows a pi t  
developing around a c luster  of SiC part icles .  Here,  the  
growth  of the pi t  apuears  to have been in t e r rup ted  by  
the presence of the SiC part icles.  

Table II. Open-circuit potentials (Ecorr)  and pitting potentials 
(Epi0 (vs. SCE) in 0.1N NaCI solutions 

Open to the a i r  D e a e r a t e d  

Ecorr E p  I t ~corr Epl t 

2 0 2 4  - 0 . 5 4 6  - 0 . 5 4 0  - -  1 . 065  - -  0 . 5 4 0  
S i C / A 1  2 0 2 4  - - 0 . 6 5 2  - - 0 . 6 4 0  - - 0 . 8 9 9  - - 0 . 6 4 0  

5456 - 0.704 - 0.690 -- 1.091 -- 0.680 
SiC/A1 5456 -- 0.705 - 0.695 - 1,097 -- 0.690 
6061 - 0,683 -- 0.673 - 1.272 --0.640 
SiC/A1 6061 -0.669 -0.660 -1,108 -0.665 
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Fig. 6. Pits on (a) SiC/AI 6061 and (b) AI 6061 after polarization 
in deaerated 0.1N NaCI at --0.610V for 30 min. 

Thus, a l though pi t  in i t ia t ion for this sys tem is un-  
affected by  the SiC part icles ,  thei r  presence  affects the 
morpho logy  and growth  of pits. 

A-C Impedance Measurements 
Impedance  spec t ra  for  a l loys A1 2024, AI 5456, and  

A1 6061 and thei r  respect ive  SiC composites in 0.6N 
NaC1 quiescent  solut ions open to the air  are  shown 
in Fig. 8~10. The curves are  made  up of three  dis t inct  
regions.  At  high f requency  (>10 Hz) ,  the  e lec t rode  
behavior  is control led  b y  the double  l aye r  capaci tance.  
Slopes of --1 on the curves indicate  pu re ly  capaci t ive  
behavior ,  whereas  s lopes less negat ive  than  --1 indicate  
the  poss ib i l i ty  of some diffusion effect at the electrode.  
In  al l  cases except  for the  wrought  A1 2024 and the 
S iC/A]  6061 specimens,  the  slopes are  n e a r l y  --1, and 
the samples  exhib i t  double  l a y e r  capaci tances  rang ing  
f rom 6 to 16 ~f /cm 2. The wrought  A1 2024 shows only  
a l imi ted  capacitance,  and the capaci tance of the SiC/A1 
6061 ma te r i a l  is affected b y  diffusion. A t  in te rmedia te  
frequencies  (10 -2  to 1 Hz) ,  the  curves  e i ther  p l a t eau  
or  go th rough  a max imum.  

The value  of the  m a x i m u m  is expected  to be d i rec t ly  
re la ted  to the  polar izat ion resis tance of the ma te r i a l  

/ 

Fig. 7. Typical pits observed on SiC/AI 6061 after polarization in 
deaerated 0.1N NaCI at --0.610V for 30 min. 

and therefore  to the ins tantaneous  corrosion ra te  in 
the  S t e r n - G e a r y  re la t ionship  (9) 
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Fig. 8. Impedance spectra for AI 2024 and SiC/AI 2024 in quies- 
cent 0.6N NaCI open to the air. 
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Fig. 9. Impedance spectre for AI 5456 and SiC/AI 5456 in quies- 
cent 0.6N NoCI open to the air. 
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Fig. 10. Impedance spectra for AI 6061 and $iC/AI 6061 in quies- 
cent 0.6N NaCI open to the air. 
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where  Z is the faradaic  impedance  f rom the imped-  
ance plot, Rp is the  polar iza t ion  resistance,  Icorr is the 
corrosion current ,  and ba and bc are  the anodic and 
cathodic Tafel  constants,  respect ively.  Thus, the  corro-  
sion resis tance varies  d i r ec t ly  wi th  the values of im-  
pedance in the  p la teau  region. In  the At  5456 and A1 
6061 systems,  the composites exhibi t  s l igh t ly  less cor-  
rosion resis tance than  the wrought  mater ia l .  In  the 
A1 2024 system, this t rend  is reversed.  At  ve ry  low 
Yrequencies (10 -e  Hz),  the impedance  decreases wi th  
decreas ing frequency.  This appa ren t  induct ive  behavior  
has been observed in o ther  corroding systems (10, 11). 
While  this  effect is not  wel l  understood,  i t  has been 
a t t r ibu ted  to double l aye r  capaci tances wi th  d is t r ibu ted  
t ime constants  (10). In  the presen t  case, it  is be l ieved 
tha t  this appa ren t  inductance resul ts  f rom cur ren t  
spikes occurr ing because of b reakdown  and repass iva-  
t ion of the AI~O~ l a y e r  on the mater ia l .  In the  oxygen  
containing solutions, p i t t ing  was observed to occur du r -  
ing the course of the  low f requency  measurements .  Tl~e 
low f requency  measurements  requi re  severa l  hours  to 
make  and therefore  a re  p resumed  to over lap  the  incu-  
bat ion t ime for  the  onset  of pi t t ing.  The resul t ing  cur -  
rent  spikes  are  in tegra ted  into the cur ren t  measure -  
ment,  and therefore  the ca lcula ted  Z : aE/~I  has a 
decreased value.  The lower  the  f requency  and the 
longer  the  measuremen t  t ime, the more  current  bursts  
a re  in tegra ted  into the cu r ren t  measurement ,  and 
therefore  the impedance  is expected to decrease wi th  
decreas ing frequency.  

F igure  11 shows the impedance  curves for  the com- 
posites in deaera ted  solutions. The impedance  behavior  

of a l l  composi tes  was essent ia l ly  the same in deae ra t ed  
solutions. P l a t eau  values  were  at  least  an o rde r  of 
magni tude  g rea te r  than those observed in quiescent  
solutions, and induct ive  behav ior  was s ignif icant ly less. 
These character is t ics  indicate,  first, that  oxygen  con- 
tent  in the solut ion is the p r i m a r y  factor  in de te rmin ing  
the corrosion character is t ics  of the composite, and 
second, that  film b reakdown  (in the absence of oxygen)  
is of shor te r  dura t ion  a n d / o r  less f requent  in the  pas-  
sive film b r e a k d o w n - r e p a i r  cycle. In  cases where  p i t -  
t ing is suppressed,  decreases  in low f requency  im-  
pedance  a re  expec ted  to be reduced  but  not  e l iminated.  
This is because passive film b reakdown  and repass iva-  
t ion events  s t i l l  occur but  wi th  reduced in tegra ted  cur-  
ren t  bursts.  This in te rp re ta t ion  is suppor ted  b y  the fact  
that  where  p i t t ing  is suppressed  (specimens at Ecorr in 
deae ra ted  solut ions) ,  less induct ive  behavior  is ob-  
served in the  impedance  measurements .  Compare  Fig. 
11 wi th  Fig. 8-10. 

F igure  12 shows impedance  spec t ra  for anodized 
S iC /At  6061 in quiescent  0.6N NaC1 open to the air. 
Comparison of these curves wi th  Fig. 10 shows that  
the Type  I I I  coat ing increases the  p la teau  impedance  
value and decreases the  apparen t  inductance.  Type II  
anodization,  on the o ther  hand, lowers  the  impedance  
curves over  the ent i re  f requency  range  and is ac tua l ly  
de t r imen ta l  to corrosion resistance.  This indicates  tha t  
the  a lumina  film formed dur ing  Type  II  anodizat ion 
contains weak  spots which become pre fe r red  sites for 
pi t t ing.  

Summary 
1. P i t t ing  potent ia ls  are  independent  of the  presence 

of oxygen  in 0.1N NaCI for  al l  a l loys and composites  
s tudied.  
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Fig. 11. Impedance spectra for S~C/AI 2024, SiC/AI 5456, and 
SiC/AI 6061 in deaerated 0.6N NaCI. 
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Fig. 12. Impedance spectra for Types II and III anodized SiC/AI 
6061 in 0.6N quiescent NaCI open to the air. 
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2. For all specimens in the absence of oxygen, Ecorr 
is several  hundred  millivolts active to Ecorr in solutions 
containing dissolved oxygen. While pi t t ing init iates in 
the freely corroding state in the presence of oxygen, 
this is not the case in deaerated solutions. 

3. The susceptibil i ty to pit ini t iat ion is unaffected by 
the presence of SiC whiskers for all alloys except A1 
2024. For this system, the composite exhibits less re- 
sistance to pit ini t ia t ion than the base alloy. Of the 
specimens tested, A1 2024 is least susceptible to pit 
ini t ia t ion in chloride solutions. 

4. Pi t  morphology is affected by the presence of SiC 
for A1 6061. In  this system, large i r regular ly  shaped 
pits form on the alloy whereas much smaller  rounded 
shallow pits form on the SiC composite. 

5. General  corrosion is most significantly affected by 
the presence of oxygen ra ther  than by the alloy type 
or SiC phase. The corrosion rate for all specimens is 
significantly lower in deaerated solutions. 

6. Type III  anodization significantly improves the 
corrosion resistance of the composites. Corrosion con- 
trol of these composites should be approached from the 
s tandpoint  of improvement  of the oxide film. 
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Optical Anisotropy and Electrostriction in the Anodic Oxide of 
Tantalum 

J. L. Ord* and W. P. Wang* 

Department of Physics, University of Waterloo, Waterloo, Ontario, Canada N2L 3G1 

ABSTRACT 

The anodic oxidation of tantalum in sulfuric acid electrolyte is studied using potential stepping transients to study the 
optical anisotropy of the oxide film under anodizing conditions and the strain induced in the film by changes in the field. 
The optical measurements are made with a self-nulling ellipsometer, and galvanostatic transients are used to study the 
changes in low frequency dielectric constant associated with the field-induced refractive index and film thickness 
changes. Two different analysis techniques are used to determine values for beta, the degree of anisotropy (the ratio be- 
tween refractive index changes parallel and transverse to the field). The beta values obtained using the two techniques, 1.95 
and 2.04, are not greatly different, but we regard the 2.04 value as more accurate because the technique used to obtain it is 
relatively insensitive to common systematic errors. The film thickness increases and the refractive indexes par- 
allel and transverse to the field decrease when the field is applied. Both thickness and index exhibit dependences on field 
which curve away from the field axis, but  the curves are not the parabolas predicted by the theory of electrostriction. The 
low frequency dielectric constant also decreases when the field is applied, but the charge-discharge cycles exhibit consid- 
erable hysteresis, and the dependence on field is not as clearly defined as it is at optical frequencies. The results of the study 
of tantalum oxide are compared with results of studies of the oxides of niobium, tungsten,  and molybdenum carried out 
under  similar experimental conditions. The electrostrictive behavior of these oxides and the absence of electrostriction in 
the anodic oxides of bismuth and zirconium pose a number  of questions which theory cannot answer at present. 

This is the last in a series of three papers report ing 
the results of studies of optical anisotropy and electro- 
str ict ion in va lve-meta l  oxides. The previous papers 
reported the results of s imilar  studies on the anodic 
oxides of molybdenum (1) and n iobium (2). Interest  in 
electrostrictive effects was in i t ia l ly  sparked by the 
observation that, contrary to "condenser pressure" pre-  
dictions, the film thickness increases when a field is 
applied to the oxide. The changes in film thickness 
were found to be much larger than had been expected, 
but  the result ing changes in the density of the oxide 

* Electrochemical Society Active Member. 
Key words: capacitance, dielectrics, ellipsometry. 

appeared to be of the magni tude  required by the 
Clausius-Mossotti  relat ion to account for the associated 
changes in both the refractive index and the low fre- 
quency dielectric constant. We reached these con- 
clusions in the paper  in which we original ly re-  
ported electrostrictive effects in va lve-meta l  oxides 
(3), and subsequent  work appeared to support  our 
conclusions. When we investigated the theory of 
electrostriction to see how the film thickness could 
increase when the field is applied, we found that the 
theory had more trouble with the decrease in dielectric 
constant  than with the increase in film thickness (4). 
In the theory, energy conservation requires the dielec- 
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t r ic  constant  to increase when the field is appl ied  if 
its var ia t ion  is due to the change in the dens i ty  of the 
oxide. This clash be tween  theory  and exper imen t  mot i -  
va ted  the exper iments  r epor ted  in this and the two 
previous papers .  

Apar t  f rom our or iginal  s tudy  which did not  a t t empt  
an anisotropic opt ical  analysis  (3),  there  has been only 
one s tudy  of e lect ros t r ic t ion in t a n t a l u m  oxide (5):  
Optical  measurements  are  difficult in the t an t a lum sys-  
tem because the e lec t ros t r ic t ive  effects are  smal le r  
than in the other  va lve -me ta l  systems which  have been 
studied, but  the t an t a lum sys tem is ve ry  impor t an t  be -  
cause of the vast  amount  of work  which has been done 
on its oxidat ion  kinetics.  Of pa r t i cu la r  re levance  to 
the present  s tudy  is the recen t  work  (6, 7) on quan t i t a -  
t ive analysis  of the  re laxa t ion  processes associated wi th  
overshoot  phenomena  and thei r  possible re la t ion to 
the dielectr ic  re laxa t ion  processes involved in e lec t ro-  
striction. Our  specific object ives  in this pape r  are  to 
analyze the f ie ld- induced s t ra in  and opt ical  an iso t ropy 
in t an ta lum oxide using the techniques developed in 
our  n iobium s tudy  (2) and to use galvanosta t ic  t rans i -  
ents (8)to s tudy  the associated changes in the low 
f requency  dielectr ic  constant.  We include with  our 
findings a s u m m a r y  of the  recent  work  on e lec t ro-  
s tr ict ion in va lve -me ta l  oxides. 

Experimental 
The equipment  used and the procedures  fol lowed in 

this work  are  s imi lar  to those used in the n iobium 
s tudy  (2). The e l l ipsometer  is a modified version (9) of 
the se l f -hu l l ing  ins t rument  which has been used in this 
l abo ra to ry  for many  years  (10). Quadra tu re  F a r a d a y  
modula t ion  is decoded by  a two-phase  lock- in  amplif ier  
and the d -c  e r ror  s ignals  are  fed back to the s tepping 
motor  dr ives  th rough  vo l t age - to - f r equency  converters .  
The s ine-cosine quadra tu re  dr ives  have  a nominal  reso-  
lut ion of 1/1600th of a degree,  and under  typica l  oper -  
a t ing conditions, the ins t rument  has a response t ime 
of a few tenths  of a second and a resolut ion of a few 
thousandths  of a degree.  A he l ium-neon  laser  is the  
l ight  source, and al l  re f rac t ive  indexes  quoted in this 
paper  are  for  a wavelength  of 6328A. The hollow equi-  
l a te ra l  glass pr i sm used as a cell requires  an angle 
of incidence of 60 ~ . The cell has s tandard  t ape r  joints  
through which the e lect rode holder,  a p l a t inum coun- 
tere lect rode,  a me rcu ry -mercu rous  sulfa te  reference  
electrode,  and a gas dispers ion tube are  inserted.  The 
cell  was filled wi th  0.tM sulfur ic  acid e lectrolyte ,  and 
all  exper iments  were pe r fo rmed  at  22~ 

The c i rcui t ry  used wi th  the  cell  is ope ra ted  b y  the 
HP 2114B process control  computer  which logs the opt i -  
cal da ta  and operates  the on- l ine  d isplays  ( two s torage 
oscilloscopes and an X - Y  p lo t t e r ) .  The cur ren t  source 
consists of a d ig i t a l - t o - ana log  conver te r  connected to 
a high vol tage  opera t iona l  amplifier,  and a second 
ampli f ier  fol lows the poten t ia l  of the  reference  e lec-  
t rode  re la t ive  to the work ing  electrode which  is held 
at v i r tua l  ground. A p rog rammab le  amplif ier  interfaces 
the fo l lower  to a 16-bit ana log- to -d ig i t a l  conver ter  
with a 25 #sec conversion time. 

The cyl indr ica l  work ing  electrode,  p repa red  f rom a 
single c rys ta l  of tan ta lum,  exposes a ver t ica l  surface 
1.11 cm2 in a rea  to the e lec t ro ly te  when it  is c lamped 
be tween  Teflon washers  in a glass e lec t rode  holder .  
The opt ical  measurements  are  made on a flat ground on 
one side of the cyl inder .  The surface was p repa red  for  
opt ical  measurements  by  e lect ropol ishing in an e lect ro-  
ly te  consist ing of two par ts  hydrofluoric,  two par ts  
nitric,  and five par t s  sulfuric  acid. Be tween  exper i -  
ments, the e lect rode was s tored with  a th ick oxide film 
on its surface, and hydrofluoric  acid sa tu ra ted  with  
ammonium fluoride was used to remove  oxide films 
f rom the surface of the electrode.  

Results and Discussion 
The resul ts  of the exper imen t  used to s tudy  the 

opt ical  an iso t ropy  induced in t an ta lum oxide by the 
anodizing field are  shown in Fig. 1. The plot  of po ten-  
t ia l  vs. t ime for  the  expe r imen t  is shown in the lower  
por t ion of the figure, and the corresponding locus 
t raced out  by  the  nu l l  set t ings of the polar izer  and 
ana lyzer  of the  e l l ipsometer  is shown in the  upper  
portion. The poten t ia l  scale uses as its zero the po-  
ten t ia l  at  which the opt ical  analysis  indicates  tha t  the 
thickness of the oxide  film ex t rapola tes  to zero. The 
225 ~A/cm 2 cur ren t  is swi tched on at  point  A, and 
anodizat ion continues to point  K in t e r rup ted  by  t r an -  
sients at  points B through  H. The t rans ients  used in the  
optical  analysis  are  those appl ied  at  points B, C, F, and 
H in the  regions  where  the  polar izer  nu l l  set t ing 
passes th rough  its m a x i m u m  and m i n i m u m  values.  
The overpoten t ia l  is s tepped to zero (ac tua l ly  far  
enough above  zero to avoid  faradaic  processes)  in 
eight  equal  s teps of 8 sec dura t ion;  then  it is s tepped 
up and down five steps before being s tepped back  eight  
s teps to its in i t ia l  value.  The 3 sec t ime constant  is 
chosen to sui t  the response t imes of the e l l ipsometer  
and the p r o g r a m  which  varies  the cur ren t  to produce  
the  potent ia l  steps. Over  the lower  t h r ee -qua r t e r s  of the 
potent ia l  range,  the oxidat ion  cur ren t  is not  signifi-  
cant  and the opt ical  readings  at  the 3 sec point  on a 
s tep are  v i r t ua l ly  ident ica l  wi th  the readings  at  the  
2 sec point. The s tepped "W" t rans ients  appl ied  at  
points  E and G in Fig. 1 are not  used in the  opt ical  
analysis.  At  point  D, the  oxidat ion  cu r ren t  is lowered  
by  a factor of 16 and a fast ga lvanosta t ic  "W" t r an -  
sient  is appl ied  in o rde r  to s tudy  the field ,depen- 
dence of the low f requency die lect r ic  constant.  

In  the t an ta lum system, the effect of an iso t ropy on 
the opt ical  da ta  is not  c lear ly  resolvable  on the scales 
used in Fig. 1, and only the f irst-cycle da ta  are ac tua l ly  
shown in the figure. Uniax ia l  negat ive  aniso t ropy 
causes the  second cycle to be displaced to s l ight ly  
h igher  polar izer  nul l  settings, and the most  direct  ap-  
proach to analyzing the an iso t ropy  uses the in ter loop 
spacing and the zero-f ield offset in the  m a x i m u m  and 
m i n i m u m  polar izer  regions to de te rmine  the degree of 
anisotropy.  We show the data  recorded in these 
regions along with  theoret ica l  curves de te rmined  

- i 0  90 
80 

POLARIZER OEb 

I0 30 50 70 

I ~ I I 

B F H 

F3 

C 

B 

F2 

140 

5 >~ 

7o 

P_ 
0 

- 60~ o 

._J 
4o ~ 

2O 

0 i0  20 30 40 50 

TIME MIN 

Fig. 1. Anodic oxidation of tantalum at 225 #A/cm 2 in 0.1M 
sulfuric acid electrolyte with stepped potential transients for study- 
ing electrostriction applied at B, C, E, F, G, and H. At point D, 
the current was reduced by a factor of 16, and a fast ga|vanostatic 
transient was applied to study dielectric constant variation. 
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by this approach  on grea t ly  expanded  scales in Fig. 2. 
The t ransients  shown a re  those recorded at points  
B, C, F, and H in Fig. 1, and the 1 th rough  5 number ing  
scheme is tha t  shown on t rans ient  F in Fig. 1. The data-  
p lot ted  are  the  points  recorded  at the end of the 3 sec 
in terva ls  on the first downward  s tepping  segment  of the 
t ransient .  The da ta  f rom the remain ing  segments  ex-  
hibi t  some hysteresis  on a field plot  bu t  super impose  
on a po l a r i ze r - ana lyze r  plot  and are  omi t ted  f rom the 
figure for c lar i ty .  

The in ter loop spacing in Fig. 2 is about  the  same in 
the high and low polariZer regions, but  the f ield- 
switching da ta  behave  di f ferent ly  in the two regions, 
shi f t ing t oward  a zero-f ield point  to the left  of the 
anodizat ion curves  at  low P, and be tween  them at 
h igh  P. If  the opt ical  an iso t ropy  were  to re lax  com- 
p le te ly  at  zero-field,  then points  B2-F2 and C2-H2 
would fal l  on curves para l l e l  to the  anodizat ion curves. 
Their  fa i lure  to do so, apparen t  in Fig. 2, is t aken  as 
evidence for  res idual  an iso t ropy  at  zero-f ield under  our  
s tepping  conditions.  If  the  degree of zero-f ield anisot-  
ropy  is assumed to be independen t  of film thickness,  
an ex t rapo la t ion  scheme can be devised to locate an 
isotropic curve  which is consistent  wi th  the data, and 
this curve, for  a film with  index  2.1944, is shown in the  
figure. The p rob lem is then to find a value  for the 
degree  of anisot ropy,  beta,  defined as the ra t io  of 
index  change in t~e field direct ion to index change 
t ransverse  to the  field, which enables  the  anodizat ion 
curves in Fig. 2 to be fi t ted wi th  common values  of Nz, 
the index  in the  field direction,  and Nx, the  index 
t ransverse  to the field. The theore t ica l  curves in the  
figure are  p lo t ted  for  a be ta  va lue  of 1.95 and index  
values Nz _-- 2.17705, Nx : 2.1855. 

The analysis  p rocedure  descr ibed  above rel ies heavi ly  
on in ter loop spacings:  the  B2-F2 and C2-H2 spacings to 
locate the  isotropic curve and the BI-I~I  and C1-H1 
spacings a long wi th  the i r  offsets f rom the isotropic 
curve to de te rmine  the degree  of anisotropy.  Conse-  
quent ly,  the  resul ts  of the analysis  wil l  be qui te  sensi-  
t ive to any  fac tor  (such as a change in the surface  
roughness)  which can cause the  opt ical  read ings  to 
"dr i f t"  s l igh t ly  wi th  progress ive  film growth.  In  a p r e -  
vious pape r  (2), we developed an analysis  tech-  
n ique which rel ies  p r i m a r i l y  on the field depen-  
dent  shifts B1-B2, C1-C2, F1-F2,  and H1-H2 to de te r -  
mine  the degree  of opt ical  anisotropy.  As wi th  the 
analysis  descr ibed  above, the  p rocedure  begins b y  lo-  
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Fig. 2. Optical data in the region of transients B, C, F, and H 
in Fig. 1 along with theoretical curves for an isotropic film of index 
2..1944 and an anisotropic film with transverse index 2.1855 and 
index 2.17705 in the field direction. The numerical labeling follows 
the scheme shown on transient F in Fig. 1. 

cat ing an isotropic re ference  curve,  but  the analysis  is 
not sensi t ive to how the curve is located.  Then for a 
series of values of beta, index and f rac t ional  film th ick-  
ness changes are  ca lcula ted  for each of the  four t r an -  
sients. The best  value for the be ta  is then t aken  to be 
the one which gives the most  consistent  index and 
f rac t ional  thickness changes for al l  four  t ransients .  

F igu re  3 shows the f rac t ional  thickness changes cal -  
culated f rom the da ta  in Fig. 2 using this procedure.  
The lower  %ths of each t rans ient  is fitted using least  
squares to de te rmine  the f rac t ional  thickness change as 
the field is reduced  f rom 3.8 X 106 V /cm to zero, and 
this is the quan t i ty  which is p lo t ted  vs. beta  in Fig. 3 
for  each t ransient .  Note that  i t  is t rans ient  H a t  the 
r ight  of the second opt ical  loop which is most sensi t ive 
to the value of beta. The s t anda rd  devia t ion  from the 
four - t r ans ien t  average  f ract ional  thickness change is 
plot ted vs. beta  in Fig. 4 along wi th  the corresponding 
devia t ion  in the re f rac t ive  index t ransverse  to the field. 
The curves in Fig. 4 have the i r  min ima  at s l igh t ly  
different  beta  values,  but  ne i ther  curve is s ignif icant ly 
above its m i n i m u m  at beta  equals 2.04, the  average of 
the values  at  the two minima.  Note tha t  this value  gives 
a signif icantly be t t e r  fit to the field switching da ta  than  
does the  1.95 va lue  de t e rmined  above. We r e -  
gard 2.04 as a more accurate  value  for be ta  than  1.95 
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Fig. 3. Calculated strain values for the four transients in Fig. 2 
for a range of assumed values of beta, the degree of anisotrapy. 
The strain values platted are for a field change from 3.8 X 106 
V/cm to zero. 
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because i t  is deduced f rom field swi tching  t rans ients  
which repl ica te  under  condit ions where  in ter loop 
spacings and zero-f ield offsets va ry  considerably.  The 
value or ig ina l ly  r epor ted  for the degree  of anisot ropy 
in t an ta lum oxide is 1.6 (5), a value  which  is outside 
of our  p lot t ing range in Fig. 3 and 4. 

Once we have de te rmined  the degree of anisotropy,  
we can de te rmine  how the ref rac t ive  index of the  film 
and the s t ra in  in i t  depend  on the appl ied  field wi thout  
fur ther  difficulty. Trans ient  F is the most sui table  one 
to use for this purpose  because the low P region gives 
the best  separa t ion  be tween  thickness and index effects 
and because f ie ld- induced thickness changes are p ro-  
por t iona te ly  grea te r  at  the grea te r  film thicknesses of 
the second opt ical  cycle. F igure  5 shows how the s t ra in  
and t ransverse  index depend on the field for  t rans ien t  
F. The s t ra in  values at  the anodizing field, points  F1 
and F5 in Fig. 2, requi re  ex t rapo la t ion  and correct ion 
for film growth  and are  not  shown in the figure a l -  
though corresponding index values are. Be tween  zero-  
field and the anodizing field, the film thickness in-  
creases by  about  one -qua r t e r  of a percent ,  and the 
t ransverse  index decreases by  about  the same amount .  
Normal  incidence opt ical  measurements  depend  on the 
product  of t ransverse  index and thickness and hence 
can detect  only  second-order  differences be tween  the 
thickness and index changes. Al though both s t ra in  and 
index curve away  from the field axis, ne i the r  depen-  
dence is the parabol ic  one pred ic ted  by  the theory.  The 
curves exh ib i t  some hysteresis ,  but  the var ious  seg-  
ments  differ l i t t le  in shape.  When we come to compare  
t an ta lum with  other  mater ia ls ,  we wil l  use a curve 
fitted to the Nz va r ia t ion  over  segment  F1-F2  r a the r  
than the Nx curves in Fig. 5, but  the two curves differ 
only  by  a scale factor  of 2.04. 

The changes in the low f requency  dielectr ic  constant  
which accompany the f ie ld- induced changes in film 
thickness and re f rac t ive  index are  s tudied  using a gal-  
vanostat ic  t rans ien t  wi th  a s imi la r  "W"-shape  to the  
t rans ien t  used for  the optical  measurements ,  but  wi th  a 
much shor te r  t ime constant.  One such t ransient ,  appl ied  
at  a r e l a t ive ly  high anodizing voltage,  is shown in Fig. 
6. The anodizing current  density,  in i t ia l ly  90 ~A/cm e, 
was reduced  by  a fac tor  of 32, and  the sys tem was 
a l lowed to re tu rn  to a s t e ady  s ta te  before  the  cycl ing 
current ,  also 90 ~A/cm 2, was applied.  The factor  of 32 
was used to reduce any  unce r t a in ty  in t roduced into the  

.3  

. 2  
Z 

n~ 
l -  

- . 1  

x - . 2  
Z 

I.-- 
_J 
~ - . 3  

- . 4  

I I I I I I 

- -  F 3  - -  

F 2  

F2 

-- FB -- 

FS -- 

FI 

I 1 1 I 1 1 
1 2 3 4 5 B 

FIELO 10~6 VOLT/CN 

150 !B I l l \ 
\ 

X \ o ioo - \ /0 
, ,, 

\ 

\\ 

i ' ' 50 -- X\\\\\\ / \XX\X\\ 
I \~/c I \k/E I 

0 190 260 390 520 

TIME MSEC 

Fig. 6. Galvanostatic "W"-transient with alternating cathodic 
(broken curve) and anodic (solid curve) segments. The charge-dis- 
charge current density, 90 ~A/cm 2, is 32 times the initial steady- 
state current density. 

charge calculat ions by  the funct ional  form used to cor-  
rect  ~or ionic cur ren t  flow. We have given a de-  
ta i led descr ipt ion of the procedure  used to acquire  
the da ta  e l sewhere  (8) and have since appl ied  the  tech-  
nique in s tudies  on m o l y b d e n u m  ( I )  and  n iob ium (2).  

The charging curve der ived  from the " W " - t r a n -  
sient in Fig. 6 is shown in Fig. 7. Corresponding seg-  
ments  bear  the same labels  in the  two figures. The dis-  
charge segments  curve away  from the charge axis in 
Fig. 7, but  the charging segments have opposite cu rva-  
ture and the sys tem exhibi ts  significant hysteresis .  This 
type of charging expe r imen t  was in i t ia l ly  devised to 
look for upward  curva ture  in charging curves,  and the 
first system studied, tungsten (8),  exh ib i ted  upward  
curva ture  on both charge and discharge  segments  even 
though the hysteres is  was significant.  The t an ta lum sys- 
tem, however ,  does not exhib i t  as much curvature ,  and 
the hysteres is  appears  to dominate  the charge segments,  
causing them to curve toward  the charge  axis. Re laxa -  
t ion effects and hysteresis  make  i t  difficult to de te r -  
mine  how the die lect r ic  constant  depends on the ap-  
pl ied field wi thout  s tudy ing  the kinet ics  of the  p ro -  
cesses involved,  but  we can see how the magn i tude  
of the effect var ies  f rom system to sys tem b y  com- 
pa r ing  results  obta ined by  analyzing only  the ini t ia l  
discharge segments.  (The technique was designed to 
average  over  the cha rge -d i scharge  cycle in the  middle  
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of the "W", but we do not wish to defend such an 
averaging process at this time.) 

Dielectric constant values for tantalum oxide deter-  
mined from the initial discharge cycle in Fig. 7 are 
plotted vs. field ha Fig. 8 along with corresponding re-  
sults for the anodic oxides of tungsten, .molybdenum, 
and niobium. Although the field spanned by the t ran-  
sient is greater for tantalum oxide than for the other 
oxides, the change in dielectric constant is smaller. 
Among materials with similar elastic properties, the 
classical theory of electrostriction predicts larger elec- 
trostrictive effects in materials with higher dielectric 
constants. The dC}a in Fig. 8 are consistent with this 
prediction under the assumption that the tantalum- 
niobium and molybdenum-tungsten pairs of oxides 
have similar elastic properties, and the molybdenum- 
tungsten pair is more strongly electrostrictive than the 
tantalum-niobium pair. 

A refractive index plot for the four oxides is given in 
Fig. 9. The field scale is the same as in Fig. 8, and the 
index plotted is the index in the field direction. Again, 
tantalum oxide exhibits the smallest electrostrictive 
effect, and the other oxides exhibit  effects consistent 
with their low frequency dielectric constant variation. 
No te tha t  it is the d-c field, not the optical field, which 
produces the electrostriction, and hence it is the low 
frequency dielectric constant, not the refractive index, 
whose magnitude influences the size of electrostrictive 
effects. 

Some electrostrictive information is available for 
three additional anodic oxides. Clayton and DeSmet 
(11) studied the optical anisotropy of vanadium oxide 
under anodizing conditions, and their published data 
is used to estimate the size of electrostrictive effects in 
vanadium oxide. We estimate a value of 1.8 for 
beta, and find that the index in the field direction 
increases from 2.328 at a field of 2.7 • 106 V/cm to 
2.351 at zero-field. Vanadium oxide has a higher re- 
fractive index than molybdenum oxide, but the two 
oxides have vir tual ly the same residual anisotropy, 
anodizing field, and electrostrictive behavior. There is 
nothing surprising in this result, but it does broaden 
the range of anodic oxides exhibiting electrostrictive 
effects. 

What is surprising is the finding by Hopper, Wright, 
and DeSmet (12) that  zirconium oxide shows no elec- 
trostrictive effects and our finding of the same 
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result for bismuth oxide. Bismuth and zirconium both 
have characteristics which distinguish them from other 
valve metals, but eleetrostriction is thought to be a 
universal second-order effect exhibited by all dielectric 
materials at high electric fields. Bismuth is itself an 
optically anisotropic material, and although this com- 
plicates the analysis of ellipsometric data, it is not the 
reason that no ellipsometric studies of the anodie oxi- 
dation of bismuth have been published. The problem 
with bismuth is the electrochemical anisotropy of the 
surface and the changes in surface topography which 
accompany polishing and oxidation processes. These 
changes strongly affect optical measurements, and it is 
not surprising that even some straight electrochemical 
studies have resorted to using mechanical polishing as 
a final surface treatment (13, 14). 

This then completes our re-examination of the ex- 
perimental evidence of electrostriction in valve-metal  
oxides; Fig. 8 and Fig. 9, along with the values quoted 
for vanadium and the negative findings on zirconium 
and bismuth, summarize the current experimental  
status. At present, the theory of electrostriction says 
more about what the results do not mean than it says 
about what they mean, and more theoretical work will 
be required before we can begin to understand the 
significance of our experimental  findings. 
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Deposition of Metals at a Flow-Through Reticulated Vitreous Carbon 
Electrode Coupled with On-Line Monitoring of the Effluent 

J. Wang* and H. D. Dewald 

Department of Chemistry, New Mexico State University, Las Cruces, New Mexico 88003 

ABSTRACT 

Flow electrolysis at reticulated vitreous carbon (RVC) electrodes was employed for decontaminating heavy metal solu- 
tions. Continuous clean up of Cu(II), Ag(I), and Pb(II) solutions (starting concentration, -10 6~M) was carried out under 
controlled potential conditions. The decrease in metal ion concentration was monitored by intermittent stripping 
voltammografns recorded at a downstream flow detector. Electron microscope photographs showed the nature of the elec- 
trodeposited metal films. Due to high clean-up efficiency, durability under prolonged flow-through conditions, economy, 
and simplicity, RVC competes with prevalent metallic and carbonaceous porous materials. 

F low-through porous electrodes are attractive for in-  
dustr ial  and env i ronmenta l  applications since they pro- 
vide in t imate  contact between the flowing stream and 
the electrode surface. The idea of using flow-porous 
electrodes for removal  or recovery of metal  ions from 
waste process streams has been investigated since 1972 
(1), and has been fur ther  developed both in the lab-  
oratory and on a pilot p lant  scale. Various materials,  in 
different forms, have been employed as porous elec- 
trodes to obtain the high electrolytic yields. Of the 
porous matrices employed for these purposes, those 
made of carbon are becoming popular  as compared to 
metallic matrices. Different forms of f low-through 
porous carbon electrodes have been reported in con- 
nection with removal  of metal  ions from aqueous 
media. These include columns packed with finely 
divided graphite chips (1) or granules (2), glassy 
carbon grains (3), crushed graphite (4), and screens 
made of graphite (5) or carbon (6). 

The authors report  here on the application of RVC 
as an electrode mater ia l  for removal  and recovery of 
metal  ions from flowing streams. RVC is a relat ively 
new honeycomb carbonaceous mater ia l  which appears 
to be well-sui ted as a versatile electrode mater ial  (7). 
It combines the electrochemical properties of glassy 
carbon with many  s t ructural  and hydrodynamic ad- 
vantages (8, 9). RVC has been employed recently in a 
variety of electroanalytical  applications, main ly  as an 
effective detector in flowing streams (8, 10, 11). In  spite 
of its unique  properties, RVC has not been exploited 
yet for removal  of metal  ions from flowing streams. 
(Str ipping vol tammetry  of trace metals at mercury  
coated RVC has been reported (12).) Some properties of 
RVC make it especially suitable for extraction of met-  
als from effluents: high surface area results with elec- 
trolysis yields up to 100%; due to its high void vol- 
ume and large pore dimensions, sufficient porosity and 
low resistance to flow is retained even after deposition 
of thick metal  films; self-support ing rigid matr ix  that  is 
advantageous compared to a bed of loose particles; and 
finally, electrodes are very  inexpensive and easily fab-  
ricated. 

In  the present  work, the c lean-up efficiency of t h e  
effluent solution was monitored continuously at a down- 
stream flow cell, operated in the sensitive d~fferential 
pulse str ipping mode. Anodic str ipping vol tammetry  
(ASV) has been adapted recent ly to analysis of flow- 
ing streams, in particular,  for the moni tor ing of heavy 

* Electrochemical Society Active Member. 
Key words: RVC, electrolysis, metals,  stripping voltammetry. 

metals in na tu ra l  waters (13, 14). A dual cell assembly, 
s imilar  to the one employed in this study, was used 
recently to minimize various problems associated with 
ASV measurements;  mercury  coated RVC cyl inder  w a s  
employed (15). The characteristics of the dual  cell as- 
sembly for the electrolytic c lean-up of metal  ions solu- 
tions at an upstream RVC cell, accompanied by a si- 
multaneous ASV monitor ing of the effluent at a wall-  
jet detector, are explored in this study. 

Experimental Section 
Apparatus.--The duaL flow cell design is shown in 

Fig. 1. The cylindrical  body of the upper  cell was made 
of Plexiglas (3.18 cm diam, 7.30 cm length) .  A solution 
flow channel  (0.55 cm dlam) was drilled through the 
Plexiglas body. The working electrode was composed 
of a reticulated vitreous carbon cylinder (RVC type: 
2 • 3 S; 100 ppi; 1.3 cm length, 0.~5 cm diam; pur -  
chased from Fluorocarbon Company (the production 
rights were t ransferred recent ly to ERG Incorporated, 
Oakland, Cal i fornia)) .  The RVC cylinder was posi- 
t ioned at the lower end of the solution channel  by a 
snug fit. Electrical contact to the RVC was made by 
pressure to one end of a short glassy carbon rod (0.25 
cm diam) sealed with nonconduct ing epoxy through a 
hole in the cell wall. The Ag/AgC1 (3M NaC1) refer-  
ence and the p la t inum wire (0.33 mm diam) auxi l iary 
electrodes were introduced to the flow channel  of the 
upper  cell through two holes in its wall. 

The lower wall  jet detector was described in detail 
previously (16). The working electrode was a glassy 
carbon disk (0.25 cm diam) onto which a solution 
s t ream was directed from an inlet  nozzle (0.34 mm 
diam).  The distance between the nozzle tip and sur-  
face of the electrode was 0.25 mm. The glassy carbon 
disk was polished by a 1 ~m a lumina  slurry, unt i l  a 
mir ror - l ike  surface was obtained, and washed with 
nitric acid and deionized water. All  potentials were 
determined with respect to an Ag/AgC1 (3M NaC1) 
reference electrode. The cell was connected to the RVC 
electrode cell via a 1.5 cm long Teflon tubing.  

The sample and mercury ( I I )  solutions were stored 
in 250 ml and 400 ml Nalgene beakers, respectively, 
fitted with covers. Solution flow was main ta ined  with 
an FMI Lab pump (Model RP-SY, Fluid  Metering, In-  
corporated, Oyster Bay, New York) located between 
the solution reservoirs and the RVC electrode cell. The 
reservoirs were connected, through Teflon tubing  (1.0 
mm inside diameter, 2.0 mm outside d iameter ) ,  
to a th ree-way Teflon stopcock and connected to 
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Fig. I. Dual flow cell assembly: (A, G) solution inlets, (B, H) 

solution outlets, (C, J) reference electrodes, (D) auxiliary electrode, 
(E) RVC cylinder, (F) lead to RVC, (K) glassy carbon disk, (L) 
Teflon spacers, (M) lead to glassy carbon disk. 

the pump. Other connecting tubing was Teflon (0.5 mm 
ID, 1.5 mm OD). All tubing was sealed inside Tygon 

tubing to reduce oxygen interference. The RVC elec- 
trode cell was connected to a Princeton Applied Re- 
search Model 364 polarographic analyzer. Stripping 
voltammograms at the voltammetric detector were re-  
corded with a Sargent-Welch Model 4001 polarograph. 

Reagents.--Stock solutions of 10-3M Ag( I ) ,  Cu (II) ,  
Hg(I I ) ,  and Pb( I I )  were prepared by dissolving the 
metal or its ni t rate  salt in nitric acid and diluting as 
required with deionized water. The solutions were 
stored in polyethylene containers. The Ag(I_) solution 
container was wrapped in aluminum foil. Portions of 
these solutions were di luted as required for clean-up 
experiments. A 5 • 10-SM Hg(II)  solution was used 
for mercury film plating as required. Sample solutions 
were prepared in 0.1M potassium nitrate supporting 
electrolyte. 

Procedure.--A preplated mercury film was used for 
the downstream ASV detection of the metals (except 
for si lver which cannot be determined at mercury due 
to its anodic peak potential) .  A 5 • 10-SM Hg(NOa)2- 
0.1M KNO3 solution was purged with N2 for 20 rain. 
The glassy carbon wal l - je t  working electrode was 
filmed by holding its potential at --0.7V and passing 
the mercury(II)  solution through the cell at 0.3 ml /min 
for 20 min. After this period, the mercury film electrode 
was held at -t-0.05V (+0.5V was used for the bare 
glassy carbon employed in the silver experiments).  
Following this conditioning, the stopcock was turned 
to allow flow of the deaerated sample through the dual 
cell assembly. Removal of the metals began by apply-  
ing the appropriate potential at the RVC electrode; at 
the same time the ASV plat ing potential was applied 
at the downstream wal l - je t  electrode. Following the 
ASV plating period (usually 2 rain) the solution flow 
was stopped; after a 15 sec rest period, a differential 
pulse potential ramp was initiated and the voltammo- 
gram was recorded simultaneously. The scan termi-  
nated at 40.05 (+0.5V when Ag was measured).  Solu- 
tion flow was renewed for 90 sec to allow cleaning of 
the mercury film, readying the system for the next de-  
termination. The metals deposited on the RVC elec- 
trode and the mercury film were removed at the end 
of a series of experiments by holding the electrodes 
at -t-0.5V for 20 min. 

SEM procedure.--Electrodes prepared for scanning 
electron microscope (SEM) photographs were stored 
in covered test tubes and handled with gloves. Metal 
deposition was performed from 5 • 10-~M metal ion- 
0.1M KNOB solutions for 20 min under continual solu- 
tion flow of 0.35 ml/min. Samples were prepared for 
topographical investigation by evaporative coating with 
gold and were examined with a Phillips 501B-SEM at 
320 magnification and 5-9 kV accelerating voltage. 

Results and Discussion 
Blaedel and Wang (8) stt~died the mass transport  

characteristics at flow-through RVC electrodes using 
K3Fe(CN)6 solutions. Good agreement was found be- 
tween the experimental  results and the theory of the 
porous electrode reactor (17). Accordingly, the degree 
of conversion (R) is a function of the electrolyte flow 
rate  and the electrode length; using a 1 cm long RVC 
cylinder and low flow rates (<1 ml /min) ,  R approaches 
1.0. Based upon these data, similar conditions have been 
employed in this study. For various practical purposes, 
a longer electrode would allow the use of high flow 
rates while-maintaining a high degree of conversion. 

Figure 2 demonstrates the high degree of clean-up 
efficiency obtained with the RVC electrode. It shows 
stripping voltammograms for a Cu(II)  solution re-  
corded at the downstream flow detector. Voltammo- 
grams a and b are the response for the blank (0.1M 
KNO3) solution and following an addition of 10-6M 
Cu(I I ) ,  respectively, while the deposition potential is 
not applied at the upstream RVC electrode. A defined 
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Fig. 2. Characteristic stripping voftammograms recorded at the 

downstream detector for the 0.1M KNO3 blank (a) and a 10 -8M 
Cu(ll) (b-h) solutions. RVC potential, ~0 .05V (a, b, h), --0.SV 
(c-g). Flow rate, 0.2 ml/min. ASV conditions: deposition at - -0.8V 
for 2 rain; differential pulse ramp, 50 mV amplitude, 0.5 V/rain 
scan rate, 0.5 sec repetition time. 

copper peak is observed at ~0.1V (the small peak at 
%0.55V is due to impuri ty of lead).  Once the Cu(II)  
is deposited at the RVC electrode, the voltammograms 
recorded downstream (curves c-g) are very similar to 
that of the blank solution (curve a),  i.e., effective 
clean-up of Cu(II) .  The detection cycle at the down- 
stream cell consists of 2 min deposition period, 2 min 
stripping step, and 90 sec cleaning period, i.e., a com- 
plete cycle takes 6 min (or a rate of ten measurements 
per hour).  Curves c-g were recorded over an uninter-  
rupted 30 min period through which the RVC potential 
was --0.5V. The absence of a copper stripping peak in 

these curves indicates that the RVC maintains its 
clean-up characteristics under continuous operation 
conditions. Following this operation, the potential of 
the RVC was switched to -t-0.05V at which copper is 
not deposited; the corresponding "downstream" volt- 
ammogram (curve h) shows copper and lead peaks 
identical to those recorded at the beginning of the 
experiment (curve b).  This demonstrates the suitabil-  
ity of the flow ASV detection for this purpose. For a 
start ing metal  concentration of 10-BM, 99% clean-up 
efficiency corresponds to a final concentration of 10-SM, 
which can be detected electroanalytically only by 
ASV. The high sensitivity of the present detector is 
the result of combining the effective mass transport 
of the wal l - je t  detector with the sensitive differential 
pulse stripping mode. More rapid detection methods, 
such as square wave polarography (18), can be utilized 
in purification of 10-4M solutions, where the final con- 
centration (99% efficiency) is 10-sM. 

Figure 3 shows the dependence of the clean-up 
efficiency on the potential applied at the RVC elec- 
trode. The clean-up efficiency was calculated from 
the ratio of the ASV peak current at a given RVC 
potential, to that obtained while the R~C was held at 
+0.05V (no deposition). Satisfactory clean-up effi- 
ciency (exceeding 90%) is obtained at potentials more 
negative than --0.5V. Dependence with similar shape 
was reported for Cu(II)  deposition at graphite cloth 
eleCtrodes (19). The experiment also included applied 
potentials of - -o .gv and --1.2V, at which complete 
clean-up was maintained (not shown). 

Figure 4 shows ASV monitoring of silver ion in the 
effluent solution. Curves a and b represent the response 
of the blank solution and the 10-SM Ag(I )  solution, 
respectively, obtained while holding the RVC elec- 
trode at -}-0.SV. A defined silver peak is observed at 
-t-0.37V. Curves c-e were obtained while the silver was 
electrodeposited at the upstream RVC electrode (ERvc 
: .  --0.5V) ; the response is similar to that of the blank 
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Fig. 3. Dependence of clean-up efficiency on imposed potential. 
2.5 • 10-~M Cu(ll); 0.1M KNOB; flow rate, 0.19 ml /min-] .  ASV 
detection conditions, as in Fig. 2. 
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downstream detector for the blank (a) and 10-6M Ag(I) (b-f) 
solutions. RVC potential, -t-0.SV (a, b, f), --0.5V (c-e). Flow rate, 
0.24 ml/min. ASV conditions: deposition at --0.6V for 5 rain; dif- 
ferential pulse ramp, as in Fig. 2. 
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solution (curve a).  Fol lowing this series, the potential  
of the RVC was switched back to -t-0.5V, and a vol tam-  
mogram, s imilar  to that  recorded earlier under  similar 
conditions was obtained (compare curves b and f).  
Because of its anodic peak potential,  s i lver was moni-  
tored at a bare glassy carbon disk, ra ther  than at the 
mercury  electrode; this simplifies the procedure em- 
ployed, since detector condit ioning (mercury  plat ing) 
is not  required. The de terminat ion  of silver in flowing 
streams by ASV has not been reported yet. 

Figure 5 shows ASV monitor ing for a mix ture  of 
copper and lead ions, s tar t ing concentrat ion 10-6M in 
each ion. Curve a was obtained without  removal  of 
the metals at the RVC electrode. The capabili ty of ASV 
for measur ing mixtures  of ions, shown in this curve, 
is an advantage  of the method (in addit ion to the ad- 
vantages of high sensi t ivi ty and on- l ine  moni tor ing) .  
Curves b- f  are par t  of a series of ten successive mea-  
surements,  over 60 min  of continuous operation through 
which the RVC electrode was held at --1.1V. At this 
potential,  both copper and lead coplated at the RVC 
electrode, as indicated from the ASV response of the 
effluent. Throughout  this period, complete c lean-up of 
copper, s imilar  to that  of Fig. 2, is observed. The first 
two curves (b, c) show incomplete c lean-up of lead 
(,-~85%, 95% efficiency, respectively),  following which 
complete removal  is main ta ined  over the rest of the 
series. Similar  phenomenon was observed in experi-  
ments in which only lead was plated (not shown) and 
is a t t r ibuted to s imultaneous evolution of hydrogen 
bubbles that occurs at the potent ial  employed. Follow- 
ing the 1 hr period of curves b-f,  the potent ial  of 
the RVC electrode was switched back to -b0.05V, at 
which no deposition occurs; the result ing vol tammo- 

Fig. 5. Characteristic stripping voltammograms recorded at the 
downstream detector for a solution of 1 X 10-6M Cu(ll) and 
Pb(ll) in 0.1M KNO3. RVC potential, -t-0.05V (a, g), --1.1V (b-f). 
Flow rate, 0.22 ml/min. ASV conditions: deposition at --1.1V for 
2 rain; differential pulse ramp, as in Fig. 2. 

gram (curve g) is s imilar  to that  recorded at the be- 
g inning  of the experiment,  under  similar  conditions. 

Figures 6, 7, and 8 show SEM photographs of the 
bare RVC electrode, and after deposition of copper and 
silver, respectively. For  both metals, the deposit 
formed is discontinuous, with certain regions of the 
RVC left bare. Similar  photographs were obtained 
following depositions of lead and mercury  under  s imi-  
lar  conditions (not shown).  Such discontinuit ies in the 
electrode surface coverage have been reported for non -  
porous glassy carbon, and a t t r ibuted to the presence 
of surface active sites (20). The na ture  of the deposit 
may depend on the deposition potential,  that  affects 
the n u m b e r  of active sites (21). The SEM photographs 
show no appreciable clogging of the RVC. Although 20 
min  depositions were employed, these data indicate 
that the RVC retains sufficient porosity even after 
deposition of thicker metal  films. In  some experiments,  
continuous c lean-up operation was performed over 
more than 6 hr, yielding satisfactory efficiency through-  
out. 

In  conclusion, the above results confirm the feasibil-  
i ty of exploiting RVC as a working electrode in flow 
systems concerned with the removal  and recovery of 
dissolved metall ic contaminants .  The mater ia l  com- 
petes with prevalent  metall ic and carbonaceous ma-  
terials utilized for electrodeposition purposes. Elec- 
trodes are easily fabricated and are inexpensive enough 
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Fig. 6. SEM photograph of RVC. Magnification 320 • 

Fig. 7. SEM photograph of RVC after deposition of copper at 
--0.7V. Magnification 320• 5 • 10-5M Cu(H) in 0.1M KNOs. 
Deposition period, 20 min; flow rate, 0.35 ml/min. 

to be disposable. A scale-up of this removal process, 
employing longer RVC electrodes, would allow the 
use of higher flow rates, while maintaining the high 
clean-up efficiency. The downstream ASV cell allows 
real-time monitoring of the effluent and simultaneous 
determination of mixtures. 
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ABSTRACT 

A higly stable nonaqueous suspension for the electrophoretic coating of alumina powders on double helical filaments 
has been developed. This suspension enables uniform coating in less than a second at a voltage of 300-600V with an average 
current density of about 1 mA/cm 2. The suspension is composed of dispersing powders, acetone, nitrocellulose, and a small 
amount  of strong base and strong acid. A variety of powders can be anodically deposited uniformly using the same composi- 
tion. Successful results are obtained for A1203, (Ba,Sr,Ca)CO3, MgO, ZnO, TiO~, SiO~, SiO, In203, LaBs, WC, and CdS pow- 
ders; for phosphors such as ZnS:Cu,A1, ZnS:Ag, ZnS:Au,Ag,A1, Y~O~S:Eu, Y20~:Eu, Y202S:Tb, and CaS:Ce; and for metallic 
powders such as W, Mo, Ni, A1, Zn, and Ru. 

A n u m b e r  of investigations have been carried out 
on the electrophoretic cieposition of powders in aque- 
ous solutions (1-5), but  there have been relat ively 
few investigations in  nonaqueous media (6-9). One of 
the appealing features of this technique is the un i -  
formity of the deposit and the e l iminat ion of the waste 
encountered in the dipping or spraying operations. 
T h i s  method has been applied in the fabricat ion of 
oxide-coated cathodes and in the coating of tungsten  
spirals with an insulat ing layer  of A1203 (1, 2, 6-9), 
and in  the formation of uni form and even phosphor 
screens for high resolution oscilloscope (3-5). 

Electrophoretic deposition from aqueous solutions 
or nonaqueous media containing some percentage of 
water  is general ly  achieved by using magnes ium and 
a l u m i n u m  ni trates  as electrolytes in the presence of 
an appropriate amount  of organic solvent such as 
alcohol or acetone which minimizes the electrolysis of 
the  l iquid and a t tendant  gassing at the electrodes (1- 
5). L a n t h a n u m  and /o r  calcium nitrates  are sometimes 
used instead of magnes ium and a l u m i n u m  nitrates  for 
phosphor coating because these ni trates  have less 
effect on the luminescent  properties of phosphors (3, 
4). Metallic ions adsorbed on the powders are the 
charge determining ions, so the suspended powders 
are deposited at the cathode. Although this type of 
suspension is widely used, it has some disadvantages 
because of the electrolysis of water  which inevi tably  
occurs in aqueous or water containing nonaqueous so- 
lutions. The formation of hydrogen at the cathode pre-  
vents the deposition of a uniform adhering layer, yield-  
ing coarse layers with pin holes caused by gas evolu- 
tion. Hydrogen also causes t ransparent  oxide electrodes 
such as In203 and SnO2:Sb to brown on the glass 
substrate, a serious drawback in using this method 
to apply a phosphor coating to the face plate. Because 
of the electrolysis of water  which occurs in parallel  
with the powder deposition, current  efficiency is low 
and it takes considerable t ime to obtain a powdered 
layer  of significant thickness. 

These difficulties are, however,  ent i re ly  el iminated 
by using nonaqueous organic dispersion media. In  
nonaqueous media, even at very high voltages, cur rent  
efficiency is high because there is no gas develoument  
at the electrodes c a u s e d  by water  decomposition. 
Hamaker  et al. (6, 7) first proposed a system in which 

Key words: electrophoretic depositiion, insulator, phosphor. 

the  suspension is prepared by gr inding the a lumina  
in an organic medium, such as alcohol or acetone, with 
the dispersion fluid in a bal l  mill. 

Yabumoto (8) has suggested a different approach 
which requires no grinding and which includes ni t ro-  
cellulose dissolved in alcohol and ether (collodion). 
Deposition t ime was about 20-30 see to obtain an ap- 
propriate thickness. Tomita (9) investigated a similar 
type of suspension composed of methyl  isobutyl ketone, 
nitrocellulose, and a lumina  powders. He examined the 
influence of water  content  in the suspension as well  as 
that of the cosolvents for nitrocellulose on the electro- 
deposition characteristics of various pretreated a lumina  
powders. Deposition t ime was ~round 10 sec with an 
applied voltage of 500V. However, the detail of the 
suspension, for example, its stabil i ty and reproducibi l -  
i ty are not presented and the origin of the potential  
determining species remains  obscure. 

The authors investigated the suspension containing 
nitrocellulose in some detail  and found that  the re-  
quired deposition t ime was about 1 sec and that  the 
surface of the closely packed deposited film was very 
smooth. Unfortunately,  the authors also found that 
this type of suspension was unstable  (i.e., it had a 
short pot life) and that  its reproducibi l i ty  was poor. 
An at tempt was made to solve these problems by 
clarifying the mechanism of the deposition process. 
The authors began by ident i fying the charge deter-  
mining  species of the dispersed particles and considered 
the potent ial  dis t r ibut ion in the plat ing cell ideal for 
electrophoretic deposition. The potential  distr ibution 
must  be as shown in Fig. 1 in order to supply voltages 
at the electrode interfaces just  sufficient for deposition 
while re ta ining the ma x i mum potential  gradient  iff the 
bulk  necessary for mass transfer.  Such a potential  
dis t r ibut ion can be realized by adding an appropriate 
amount  of electrolyte to the solution to control its re-  
sistance. If the amount  of electrolyte is insufficient, no 
deposition voltages are applied at the electrode in ter -  
faces and thus no deposition wiII occui', bu t  if too much 
electrolyte is added, the potential  gradient  is flat in the 
bulk  and there will be no electrophoresis. 

The authors report here a highly stable nonaqueous 
suspension which enables a un i form and very dense 
coating using almost any kind of powder in less than 
a second at a voltage of 300-600V with an average 
current  densi ty of about 1 mA/cmL A dist inguishing 

1819 
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Cathode Anode 

> ir 

Fig. 1. The potential gradient ideal for electrophoretic deposi- 
tion, where the anodic and cathodic deposition voltages are de- 
noted by VDA and VDr respectively, and that bath voltage, the 
resistance of the solution, and the flowing current by VB, Rs, and i, 
respectively. 

feature of the method used is the use of a very small  
amount  of strong base and strong acid in the presence 
of acetone which contains nitrocellulose. The base gives 
the necessary conductivi ty to the suspension and the 
acid imparts  a negative charge to the suspended par-  
ticles. 

Experimental 
Chemicals.--Acetone of "electronic grade" and tetra-  

methyl  ammon ium hydroxide (10 weight percent  
[w/o] methyl  alcohol solution, hereafter  abbreviated 
to TMAH) and sulfuric acid of guaranteed grade were 
obtained from Kanto Chemical Company, Incorporated. 
Nitrocellulose of RS-60, [ C 6 H T O 2 ( O N O 2 ) 2 ( O H )  ]n=72'0, 
was obtained from Daicel Limited. I t  was dried in a 
water  bath at 80~ for 3 hr, after which the ni t rocel lu-  
lose was dissolved in acetone and kept as a stock solu- 
tion. ~-A1203 (38-900, 5 ~m in average diameter)  was 
obtained from Norton Company Limited, U.S.A. Since 
a lumina  usual ly  contains a variety of electrolytes 
which might  lead to instabi l i ty  and i rreproducibi l i ty  of 
the suspension, the powders were washed before use 
with deionized water  using the decantat ion technique 
or using a glass filter unt i l  the conductivi ty of the 
supernatant  solution reached near ly  the conductivi ty 
of the ini t ial  deionized water. After washing, the 
powders were dried at 160~ for 3 hr  to completely 
remove the water. The same t rea tment  was also applied 
to the other powders. 

Plating cell and plating conditions.--Electrophoretie 
deposition was carried out in a cylindrical  cell of 
about 250 ml whose diameter  was about 60 mm, with 
a d-c  power supply of 0-630V/0.SA (Metronix Com- 
pany Limited, Model 419-630). The applied voltages 
were between 300 and 600V. The deposition t ime was 
1 sec or less for a coating of about 150 ~m. Since the 
sulfate ions are adsorbed onto the surface of the par-  
ticles, as will be described later, the particles are 
negat ively charged and deposited at the anode. The 
electrodes coated were a tungs ten  filament containing 
3% Re for the A12D8 coating and a glass substrate of 
40 • 50 mm 2 coated with t ransparent  electrodes such 
as IntO3 or SnO2:Sb for the coating of phosphor ma-  
terials. For other powders, an a luminum plate was 
employed. As a counterelectrode, an a luminum cy- 
l inder  was used for the a lumina  coating while a paral -  
lel plate of a luminum was employed for other powders. 

Preparation of the suspension.--First, 100g of the 
desired powder was suspended in 500 ml  of a 5 mM 
of nitrocellulose in acetone (monomeric concentrat ion) .  
To this suspension, 60 ~1 of 10 w/o TMAH was added. 
Then, approximately 250 ml of this suspension was 
placed into the electrolytic cell, and 5 ~1 of concen- 
trated sulfuric acid was added. Hereafter the above 
composition wil l  be called the "standard composition." 

Conductivity and pH measurements.--Conductivity 
and pt-I measurements  of the superna tan t  solution of 
the suspension were made at room temperature  with a 

Model CM-20A conductivi ty meter  and a Model 
HM-5A pH meter, both from TOA Electronics Limited. 
The conductivi ty was measured 1 min  after the elec- 
trodes were immersed in the solution, while the pH 
values were measured after 5 rain. 

Moving boundary method.--The authors used a Bur-  
ton tube 10 m m  in d iameter  and a pair  of p la t inum disk 
electrodes 8 mm in diameter.  The distance between the 
electrodes was 20 cm, and the 1000V was applied be-  
tween the electrodes (50 V/cm) .  The sharp boundary  
was ini t ia l ly  made by pouring the white suspension 
("standard composition") whose color was caused by 
alumina,  followed by the pouring of the superna tan t  of 
the suspension which had been made in advance by 
centrifuging. 

Determination of the nitrocellulose concentration in 
the suspension.--A given amount  of nitrocellulose was 
dissolved in 500 ml  of acetone in which 100g of a lumina  
had been suspended. The suspension was then centr i -  
fuged and the superna tan t  was analyzed by polaro- 
graphic method (10, 11). Correction was made for n i -  
trocellulose adsorbed on the vessel. 

Results and Discussion 
Characteristics of the electrophoretic deposi t ion.-  

When the a lumina  suspension was prepared according 
to the s tandard composition, the following characteris-  
tics were observed. Figures 2a and 2b show the relat ion 
of the t ransient  current  vs. deposition time and the 
amount  of deposit per un i t  area vs. deposition time, 
respectively. The applied voltage was fixed at 500V in 
both cases, and the electrode to be coated was an 
a lumin ium wire 0.5 m m  in diameter.  The distance be- 
tween the electrodes was about 15 mm. One can see 
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Fig. 2. (a) Transient current vs .  deposition time, and (b) the 
amount of the deposit vs. deposition time. The applied voltage was 
500V in both cases. 
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that the current  decreases rapidly as the amount  of 
deposit increases. The decrease in cur ren t  is caused 
by the deposition of the highly resistive a lumina  pow- 
der. What is surpris ing is the extremely high deposition 
rate. As c a n  be seen from Fig. 2a, the max imu m cur-  
rent  densi ty  is only 1 m h / c m  2. In  a single second, the 
outer and inne r  side of the filament is covered with 
a uniform layer  of closely packed A1203 particles. 

The decrease in  current  described above was also 
observed in the case of metallic powders, bu t  the de- 
crease was much slower. This decrease can also be 
a t t r ibuted to the deposition of metall ic powders whose 
surface is covered with an insulat ing polymer of ni t ro-  
cellulose. (see section on adsorption of nitrocellulose) 

Figure  3 shows the amount  of the deposit per uni t  
area against  deposition t ime as a function of applied 
voltage. The amount  of deposit increases with deposi- 
tion time, and there is a tendency for the deposit to 
saturate at voltages of between 3.00 and 600V. Throwing 
power of the deposition increases with voltage so that  
at voltages above 300V, the throwing power is sufficient 
to coat the double helical filaments with alumina.  

Powders other than a lumina  can also be deposited 
un i formly  and with good adherence with the same 
bath composition under  the same exper imental  condi-  
tions. An example is shown in Fig. 4 where a white 
emit t ing mixed phosphor of ZnS:Au,  Ag, A1, and 
Y202S:Eu (P4A, Kasei Optronix) was deposited on a 
glass sUbstrate coated with In2Oz. It can be seen how 
the surface of the closely packed phosphor layer  has 
been deposited very  evenly. This even deposition al- 
lows application to phosphor screens where high reso- 
lut ion and low noise, characteristics which depend on 
the flatness of the surface of the phosphor screen, are 
required. Since the deposition rate is high, powders 
with a different specific gravi ty can be s imultaneously 
deposited in order to obtain a layer  which possesses 
the same composition as the suspension. Another  fea- 
ture of this method is that one can use the face plate 
with t ransparent  oxide electrodes such as In203 and 
SnO~: Sb for phosphor screen. These t ransparent  oxide 
films were not subject  to coloration due to electrolytic 
attack of hydrogen dur ing electrodeposition because 
the powders were deposited at the anode where if any 
oxygen were evolved, it could not result  in the b rown-  
ing of the t ransparent  electrodes. 
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Fig. 3. Deposit vs. deposition time as a function of applied 
voltage. 
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Fig. 4. Microphotograph of the phosphor deposited on an I n 2 0 J  
glass substrate. Pieces of phosphor particles on the top of the layer 
fell there when the glass covered with the phosphor was cleaved 
in order to prepare the SEM sample. 

Microelectrophoretic deposition of a stripe was also 
possible, as is shown in Fig. 5, where deposition was 
performed on a t ransparen t  ras ter - type cell of In203 
(10 • 10 ram2). The electrode was made in the form 
of two in terpenet ra t ing  combs by using a photoetching 
technique. One group of stripes was first deposited with 
blue phosphors, then the other group of stripes was 
coated with green phosphor. Deposition was carried 
out at a low voltage of 30V for 0.1 sec. The 50 ~m 
wide stripe was successfully coated with phosphors 
whose average diameter  was 4 ~m. F ine r  pat terns  are 
clearly possible if finer phosphor particles are used. 
With microelectrophoretic deposition, a very  low volt-  
age of 30V or even less is sufficient because the electric 
field can be concentrated on a very fine stripe. 

Addition oS TMAH.--As noted previously, a certain 
amount  of electrolyte must  be added to the suspension 
to lower its resistance. The authors examined TMAH 
and sulfuric acid added separately to the suspension in 
the presence and in the absence of a lumina  and n i t ro-  
cellulose while moni tor ing the change in conductivity.  
The exper iment  was performed with the s tandard 
composition of t he  suspension while varying  the con- 
centrat ion of a lumina  from 20 to 140g per 500 ml  of 
acetone. 

As shown in Fig. 6, no significant increase in con- 
duct ivi ty was observed in the suspension of acetone 
and a lumina  and in the solution of acetone and ni t ro-  
cellulose when compared with the conductivi ty of pure  
acetone (about 0.2 ~S/cm).  The addition of TMAH in-  
creases the conductivi ty to some extent, especially in 
the region of the low concentrat ion of alumina.  What 
is remarkable  is that the conductivi ty increases dras-  
t ically when  TMAH and nitrocellulose are present  to- 
gether. This mechanism may be explained as follows: 
no considerable increase in conduct ivi ty  suggests that  
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the adsorpt ion  sites of the a lumina  to the suspension, 
and the ni t rocel lulose  is, in re turn,  adsorbed  on these 
s i t e s - - r ep lacemen t  of the  adsorbate  on the adsorp t ion  
sites. The increase in conduct iv i ty  can thus be ex-  
p la ined  in te rms of the ions ex t ruded  f rom the a lumina  
surface. The conduct iv i ty  of  the suspension of a round 
10-15 ~S/cm was found to be the op t imum for the elec-  
t rophore t ic  deposit ion.  

When sulfuric  acid is added ins tead of TMAH, no 
significant increase in conduct ivi ty  is observed r ega rd -  
less of the presence or absence of  ni trocel lulose.  (Al-  
most the same conduct iv i ty  curve in the presence of 
acetone and ni t rocel lulose  in Fig. 6). The reason for 
this is re la ted  to the charge de te rmin ing  ions of a lu-  
mina  descr ibed in the fol lowing discussion. 

Influence of sulfuric acid on the electrophoretic dep- 
osition.--The suspension wi thout  sulfuric  acid ex-  
hibi ted no significant deposi t ion;  however ,  when jus t  a 
t race of sulfur ic  acid was d ropped  into the  suspension, 
considerable  deposi t  occurred.  Sulfate  ions here  con- 
t rol  the surface charge of the  part icles.  The op t imum 
concentra t ion of sulfur ic  acid was de te rmined  by  add-  
ing the acid drop by  drop, if necessary  di lu ted  with  
acetone, unt i l  the film of the  op t imum adherence  and 
smoothness was obtained.  The suspension kep t  then  its 
op t imum s t a t e  for 8 h r  or  more  unless over  50% of 
the suspended a lumina  was taken  out  of the ba th  by  
e lec t rophoret ic  deposit ion.  

F igures  7a and 7b show the conduct ivi ty,  pH values,  
and the amount  of deposi t  pe r  second per  uni t  area 
when a weighed amount  of sulfuric  acid was added  to 
the suspension of the s tandard  composition. The appl ied  
vol tage was 500V. The in i t ia l  conduct iv i ty  of app rox i -  

Fig. 5. Fine phosphor stripes prepared by electrophoretic deposi- 
tion. (a) Transparent electrode (In20~) is photoetched to form a 
raster cell. (b) One side is covered with blue phosphor, then the 
other side is coated with green phosphor. 

both hydrox ide  anions and qua t e rna ry  cations of 
TMAH are  adsorbed  on the a lumina  as is shown by  the 
fact that  the conduct iv i ty  decreases as the  a lumina  
concentra t ion increases.  When ni t rocel lulose  is added,  
the ni t rocel lulose  causes these ions to be desorbed  f rom 
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mate ly  10 ~,S/cm is due to TMAH. The ini t ia l  decrease 
in conduct iv i ty  in Fig. 7a is caused by  the neu t ra l i za -  
t ion react ion of hydrox ide  ions f rom TMAH wi th  p ro -  
tons f rom sulfur ic  acid, H + + O H -  ~ H20. Conduc-  
t iv i ty  then g r adua l l y  increases  unt i l  4 ~1 of sulfur ic  
acid, a f te r  which  it h a r d l y  increases  unt i l  6 #1 of sul-  
furic acid is added.  The deposi t ion of a lumina  begins 
a b r u p t l y  at  the  point  of 3 #1 of sulfur ic  acid and in-  
creases l inea r ly  up to 8 ~1 as shown in Fig. 7b. The fact  
tha t  the amount  of deposi t  increases whi le  no con- 
s iderab le  increase in conduct iv i ty  suggests  that  the su l -  
fate ions m a y  be adsorbed on the part icles .  The slow 
increase in conduct iv i ty  ment ioned  above is considered 
to be caused by  react ion of sulfur ic  acid wi th  adsorbed  
TMAH re leas ing  qua t e rna ry  cations of TMAH into the 
solut ion whi le  sulfate  is being adsorbed.  The usual  
ab rup t  b reak  corresponding to the beaks  in the con- 
duc t iv i ty  was not  observed in the pH curve in Fig. 7a. 
This s ta te  of affairs can be a t t r ibu ted  to the fact  
tha t  the  dissociat ion constant  of water ,  which is 
[H +] [ O H - ]  --  10-14 in aqueous solutions, is expected  
to be quite different  in nonaqueous solut ions and tha t  
the pH value  measured  in nonaqueous  media  does not  
correspond to the one measured  in aqueous solutions. 

Successive addi t ion  of acid causes an incrcease in 
conduct iv i ty  as shown in Fig; 7a, whi le  the amount  of 
deposi t  s t i l l  increases  and shows the deposi t ion m a x i -  
mum at 8 ;~1 of sul fur ic  acid and then decreases,  as 
can be seen in Fig. 7b. The decrease in the amount  of 
deposi t  can be exp la ined  as follows: when al l  the  ad -  
sorpt ion sites on the a lumina  surface are  occupied 
with  sulfa te  ions, al l  su l fa te  ions added  subsequent ly  
remain  in the  suspension and cause the increase in 
conduct ivi ty.  The mass t ransfe r  of nega t ive ly  charged 
a lumina  decreases due to the reduced  potent ia l  g rad i -  
ent  in the bu lk  and, at  the same time, two different  
ionic species, nega t ive ly  charged a lumina  and sulfate  
ions, compete  at  the  anode which resul t  in the de -  
crease in deposi t ion efficiency of a lumina.  

The op t imum throwing  power  which enables  one to 
coat the outer  and  inner  side of the  f i lament  was ob-  
se rved  in the  region b in Fig. 7a, whi le  the depos i t ion  
m a x i m u m  occurs wi th  a l a rge r  quan t i t y  of sulfur ic  acid 
as shown in Fig. 7b. This fact  indicates  tha t  an op t imum 
quant i ty  of surface charge  is necessary for the e lec t ro-  
phoret ic  deposi t ion wi th  high th rowing  power.  

F igure  8 shows the charged species before  and af ter  
the addi t ion of sulfuric  acid. Under  the  op t imum com- 
position, no compet ing  anions wi th  nega t ive ly  charged 
a lumina  exist  at  the anode, so a high cur ren t  efficiency 
is assured.  

Confirmation of the adsorption of sulfate ions.--In 
order  to confirm d i rec t ly  the adsorpt ion  of sulfate  ions, 
the  moving b o u n d a r y  method  (12) was employed.  F ig-  
ure  9 shows the moving dis tance toward  the anode af te r  
15 min appl ica t ion  of the  vol tage plot ted  against  the  
quan t i ty  of sulfur ic  acid. In this figure is also shown 
the amount  of the deposi t  per  uni t  a rea  as obta ined 
f rom a separa te  exper iment .  A minus  value  of the 
moving d is tance  indicates  a sed imenta t ion  of the  
b o u n d a r y  caused by  par t ic les  wi th  not  enough charge 
moving  toward  the anode. One can see tha t  the moving 
dis tance increases wi th  the addi t ion of sulfur ic  acid to a 
cer ta in  point,  a f te r  which the dis tance decreased.  The 
same tendency  was observed  in the amount  of deposit.  
These observat ions  confirm tha t  the charge de te rmin ing  
species are  sulfate  ions. 

Adsorption of nitrocelluIose.--Nitrocellulose is ad-  
sorbed on the a lumina  surface and causes an increase  in 
the dispers ion power  of the part icles .  A minute  change 
in adsorpt ion  affects the process  of e lec t rophore t ic  
deposit ion.  When  the concentra t ion of ni t rocel lulose  in 
the  suspension is small ,  the  deposi t  is so poor ly  ad -  
he ren t  that  it  cannot  be removed  intact  f rom the bath.  
An increase  in the  concentra t ion of n i t rocel lu lose  im-  
proves  adherence,  bu t  the  th rowing  power  of the sus- 
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pension decreases when the amount  of ni t rocel lulose  
exceeds a cer tain point. Because of this, i t  is im-  
por tan t  to de te rmine  the quan t i ty  of ni t rocel lulose be -  
ing adsorbed on the surface. The amount  of n i t roce l lu-  
lose adsorbed on the surface was de te rmined  using a 
po la rographic  technique which moni tors  the reduct ion 
wave  of --NO2 to - - N H O H  (10, 11). This ana ly t ica l  
method is accurate  wi th in  0.1%. 
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Figure  10 shows the  re la t ion  be tween the n i t roce l lu-  
lose quan t i ty  dissolved in the suspension and the quan-  
t i ty  adsorbed by  the alumina.  At  a concentra t ion of 
1.25g of ni t rocel lulose  pe r  500 ml  of acetone (about  5 
mM),  about  40% of the dissolved ni t rocel lulose  was 
adsorbed on the a lumina  surface.  If we take  a n i t ro -  
cellulose dens i ty  of 1.6 and assume the average  d iam-  
eter  of the a lumina  par t ic les  to be 5 ~m, a s imple  cal-  
culat ion shows that  the adsorbed  layer  of ni t rocel lulose  
is about  1O0A. This thickness is acceptable  if, as has 
been suggested b y  Crawl  (13), the s tabi l iza t ion  of dis-  
persion of smal l  par t ic les  of A120~ by  an adsorbed l aye r  
mechanism requi res  an adsorbed layer  of at  least  50A 
thick. 

Deposition mechanism at the anode.--As the  Ve rw e y-  
Overbeek theory  (14) predicts ,  the  par t ic les  are  
b rought  up  to the e lect rode under  the influence of an 
electr ic  field which exer ts  sufficient force to overcome 
the mutua l  repulsion,  thus a l lowing the par t ic les  to 
come close enough for the London-van  der  Waals  force 
of a t t rac t ion  to predominate .  A lumina  par t ic les  migra te  
to the anode b y  electrophoresis ,  so the concentra t ion of 
the par t ic les  is high a round  the e lect rode in comparison 
wi th  the concentra t ion in the bulk.  The moment  the 
sulfate  ions on the surface of the par t i c les  discharge at  
the anode, the  par t ic les  lose thei r  surface charges and 
come closer to each other  so that  the  n i t rocel lu lose  
chains on the a lumina  surface may  form the necessary  
br idges  to cause them to deposi t  at  the anode (see Fig. 
11). The adhesion force due  to ni t rocel lulose  po lymer  
is much grea te r  than  when i t  depends  only on the 
London-van  der  Wa, als a t t rac t ive  force. 

Brown (15) has a s imi la r  explana t ion  of the elec-  
t ro ly t ic  reac t ion  found in an aqueous suspension con- 
ta ining a luminum chlor ide  as an electrolyte .  In  Brown's  
system, i t  is known that  a po lymer ic  hydrox ide  is in i -  
t ia l ly  fo rmed  at  the  cathode f rom the a luminum chlo-  
r ide  and the resul t ing  chains are  adsorbed onto t h e  pa r -  
ticles, as they  are  b rought  up to the cathode, to hold 
them together.  Ano the r  s imi la r  mechanism is found in 
the fact that  the addi t ion of a p ro lamine  such as zein 
to the suspension of metal l ic  and  nonmeta l l ic  powders  
resul ts  in improved  adhesion of the deposit  in the  ab -  
sence of any  e lect rolytes  (16, 17). The zein wil l  be ad -  
sorbed s t rong ly  onto the par t ic les  and form the neces-  
s a ry  bridges.  

Role of the chemicals.--Acetone acts as a solvent  for 
ni t rocel lulose.  A n y  ketonic  solvent  can replace  the ace-  
tone. Nitrocel lulose p lays  the fol lowing three  impor tan t  
roles in the suspension. The first role is tha t  of a dis-  
persant .  In  general ,  there  are two methods of p re -  
vent ing par t ic les  from being coagulated.  One method 
is to impar t  a charge to the par t ic les  so that  the elec-  
t r ic  repuls ive  force of the  par t ic les  prevents  the pa r -  
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Fig. 10. Adsorption of nitrocellulose on the surface of the 
alumina powder. Concentration of nitrocellulose is plotted against 
the prepared c6ncentration of nitrocellulose. 

Nitrocellulose chains 

(a) Before discharge 

(b) After discharge 
Fig. 11. Particles before and after discharging their charges at 

the electrode. 

t icles f rom approaching  each other, thus resul t ing in a 
good dispers ive effect. The other  method is to use po ly -  
mers  which can be adsorbed on the surface of the pa r -  
ticles. The po lyme r  chains, one end of which is adsorbed 
onto the par t ic le  whi le  the other  end of which  is free 
in the  solvent,  p reven t  the par t ic les  f rom converging 
by  s ter ic  hindrance.  Ni t rocel lulose  in the  present  sys-  
tem works  as a d ispersant  in the la t te r  mechanism. A 
negat ive  surface  charge caused by  sulfate ions might  
also be expected to increase the dispers ive  effect ac-  
cording to the fo rmer  mechanism.  The second role is 
that  of a binder .  Adher ing  s t rength  depends  on how 
act ive the  surface is ( the wet t ing  effect) and how 
s t rong the chemical  b inding force is be tween  part icles .  
Ni t rocel lulose  is an effective surface  active agent  and 
works  as a binder .  Ni t rocel lu lose  in its th i rd  role causes 
the  ions of TMAH to be desorbed f rom the a lumina  
surface  to the suspension ~0 that  the  conduct iv i ty  of the 
suspension increases r emarkab ly .  

TMAH is an e lec t ro ly te  which increases the conduc- 
tivity of the  suspension. TMAH is not the only e lect ro-  
ly te  which can aid e lec t rophoret ic  deposit ion.  Any 
a lka l ine  s t rong electrolyte ,  such as sod ium hydroxide ,  
potass ium hydroxide ,  t e t r a - a l k y l  ammonium salts of 
(N(CnH2n+I)4X, X = C1, Br, I, OH) is effective in the 
present  system. However ,  there  is a definite advan tage  
in using t e t r a - a l k y l  hydroxides ,  since they  are  com- 
posed of only  noncontamin, a t ing atoms for  the insu la t -  
ing and luminescent  proper t ies  of the powders .  F u r -  
thermore ,  these reagents  a re  popu la r  suppor t ing  e lec-  
t ro lytes  in the field of p o l a r o g r a p h y  and ava i lab le  in 
high puri ty.  A lka l i  meta ls  such as sodium and paras-  
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s ium somet imes  work  as a flux, assisting the crysta l  
g rowth  of the powder ,  or sometimes cause leakage  of 
the current .  Chlorine is also known  to cause colorat ion 
of phosphors  under  e lect ron beam radiat ion.  

Sul fur ic  acid  impar t s  a negat ive  charge  to the  pa r -  
ticles. The authors  ex tens ive ly  inves t iga ted  acids which 
could replace  sulfur ic  acid, but  the only possible a l t e r -  
na t ive  p roved  to be phosphor ic  acid. 

Further application of powder deposition.---Since ni-  
t rocel lulose covers the  powder ' s  surface, on-which  sul-  
fate  anions are p re fe ren t i a l ly  adsorbed,  in pr inc ip le  
any  powders  can be e lec t rophore t ica l ly  deposi ted under  
the same condit ions if n i t rocel lu lose  can be effectively 
adsorbed  on the surface of t h e  par t ic les  and if the pow-  
der  is not  soluble in the solvent.  Successful  resul ts  are 
obta ined for (Ba, Sr, Ca)CO3, MgO, ZnO, TfO2, SIO2, 
SiO, IngOt, LAB6, WC, and CdS for phosphors  such as 
ZnS: Cu,A1, ZnS: Ag, ZnS:Au,Ag,A1, Y203: Eu, Y2:O2S: 
Eu, Y202S: Tb, CaS: Ce, and for metal l ic  powders  such 
as W, Mo, Ni, A1, Zn, and Ru. 
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Study of a Decomposing Hydride Phase at Nickel Cathodes by 
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ABSTRACT 

At Ni or Raney Ni Al-type electrodes subjected to cathodic polarization with H2 evolution in alkaline solutions, charac- 
teristic t ime dependent  currents are observed when measurements  are made in the direction of increasing or decreasing 
potentials. Also, after polarization to high cathodic overvoltage, appreciable quantit ies of H2 continue to be evolved after 
interrupt ion of the current  or an anodic current  is observed at low cathodic overpotentials as the potential  is reduced, that is 
at potentials still negative to the H2 reversible potential.  These observations suggest that  a three-dimensional  hydride is 
formed which undergoes decomposi t ion at low overpotentials.  The kinetics of decomposi t ion of such a surface or thin layer 
metal  hydride were evaluated by means of open-circuit  potential  decay measurements.  A mixed "corrosion"-type mecha- 
nism is considered with anodic hydride decomposi t ion 

M H + O H -  = M + H 2 0  + e  [1] 

coupled concurrent ly with cathodic H2 evolution through the steps 

M + H20 + e = MHads + OH- [2a] 
and 

MHads + H20 + e = M + H2 + OH- [2b] 

Evidence shows that the anodic process [1] is not A1 dissolution. Kinetic t reatment  of the potential  decay on open circuit is 
given in terms of the above mechanism involving adsorbed H and decomposi t ion of a bulk  hydride. Certain condit ions are 
shown to correspond with the observed exper imental  behavior. Similar  behavior with respect  to potential  decay and H2 
evolution is found with electroplated Ni-iYIo-Cd-coated cathode preparations.  

A s t r ik ing  fea ture  of cathodic H2 evolut ion behav ior  
on R a n e y - t y p e  leached Ni-A1 al loys or on e lec t ro ly t i -  
ca l ly  p r e p a r e d  N i -Mo-Cd  electrodes is that  the  decadic 

* Electrochemical Society Active Member. 
Key words: hydrogen cathodes, hydrides, open-circuit poten- 

tial, nickel cathodes. 

Tafel  slopes are  changed d rama t i ca l ly  f rom ca. 1O0 mV 
on bulk  Ni to ca. 20 ,~ 30 mV on the composite  surfaces. 
Correspondingly ,  unusua l ly  low potent ia l  decay slopes, 
dE/d log t, are observed which indicate  tha t  d is-  
charge  of some capacitan.ce as wel l  as that  of the 
doub le - l aye r  is involved.  
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During  the evaluat ion  of the cathodic polar izat ion 
behavior  of some Raney  Ni-A1 and Ni -Mo-Cd  elec-  
trodeS, an in teres ing t ime dependence  of hydrogen 
overpoten t ia l  (~l) was observed  m the direct ions of in-  
creasing or decreas ing cur ren t  density,  i. Also, appre -  
ciable quant i t ies  of Hz continue to be evolved af ter  in-  
t e r rup t ion  of the cu r ren t  and an anodic cur ren t  is ob-  
served at  low but  s t i l l  cathodic H2 overpotent ia l s  as 
the  potent ia l  is reduced in a s tepwise  ma:~ner in a 
potent ios ta t ic  exper iment .  These observatior,  s suggest  
that  some species forming a two-  or th ree -d imens iona l  
phase are  formed which  undergo decomposit ion,  l ead-  
ing to evolut ion of H2 on open circuit  or  to the anodic 
current  observed at  low cathodic ~. I t  wil l  be shown 
that  it  is l ike ly  tha t  a n ickel  hydr ide  species is formed.  

It  m a y  be significant tha t  H2 overpoten t ia l s  are  low-  
est at  those metals ,  e.g., Pt, Ir, Rh, on which a t w o - d i -  
mens iona l  surface  hydr ide  (s t rongly chemisorbed H at  
ful l  site coverage)  exists a l r eady  at  or before the re -  
versible  hydrogen  potent ial .  Thus, H2 evolut ion occurs 
on an a l r eady  completed chemisorbed I5 film. On the 
other  hand, previous  work  on Ni e lectrodes indicates  
(1, 2, 3) tha t  at  that  metal ,  full  coverage by  atomic H 
is not  a t ta ined  at the revers ib le  hydrogen  potential ,  bu t  
a t h ree -d imens iona l  hydr ide  can develop on cathodic 
polar izat ion (4, 5) and gives r ise to a surface having 
good e lec t rocata ly t ic  proper t ies  for H2 evolut ion s imi la r  
to those associated wi th  the two-d imens iona l  hydr ide  
surfaces at  Pt, Rh, etc. (6). 

I t  appears  that  in genera t ing  a h ighly  act ive surface 
of Ni f rom Raney-Ni  al loys by  leaching,  or  by  e lec t ro-  
deposi t ion of Ni-Mo al loys wi th  cathodic co-evolut ion 
of Ha and hence codeposi t ion of H, some kind  of hy -  
dr ide  phase is formed having  desi rable  e lec t roca ta-  
lyt ic  proper t ies ,  in pa r t i cu la r  low Tafel  slopes that  are  
as impor t an t  as high exchange cur ren t  densi t ies  for 
minimiz ing  overpotent ia l .  Thus, it  is not  necessar i ly  
genera t ion  of large  r e a l / a p p a r e n t  area  that  is the on ly  
or even the key  factor  in leading  to high per formance  
of such H2 cathode mater ia ls ;  however ,  the impor tance  
of dis t inguishing the real  a rea  factor  f rom other  in-  
t r insic  surface chemical  and react ion mechanism fac-  
tors in eva lua t ing  e lec t roca ta lys t  mater ia l s  must  be 
stressed (7, 8). These considerat ions are ma te r i a l  to 
the deve lopment  of e lec t ro ly t ica l ly  p repared  a l loy ca th-  
odes containing Mo [cf. Ref. (9)]  or Ti where  the  
role  of the a l loy  e lement  in Ni m a y  be to faci l i ta te  for -  
mat ion  of a hyd r ide  phase. 

In  this paper ,  invest igat ions  of the hydr ide  ques-  
t ion are  made  by  means  of s tudies  of t ime var ia t ion  of 
cathodic He overpoten t ia l  on some Raney  Ni-A1 and 
Ni -Mo-Cd  e lec t rode  prepara t ions  in re la t ion  to open-  
circuit  decay of potent ia l  and the observat ion of s imul-  
taneous ly  evolved H2 on open circuit  fol lowing p re -  
vious cathodic polarizat ion.  

Experimental 
Electrodes.--Nickel rods wi th  Ni/A1 p l a s m a - s p r a y e d  

coatings on the surface  were  used in par t  of the work. 
Only  the  surface of the bot tom of the  rod was exposed 
to the solut ion so tha t  its work ing  area  was wel l  de-  
fined. The sides, a f te r  being smoothed by  grinding,  
were  covered by  shr inkable  Teflon. The l a t t e r  ope ra -  
t ion was necessary  to p reven t  the e lec t ro ly te  creeping 
up the pores in the wal ls  of the electrode,  thus leading 
to a change of reac t ive  surface area.  The electrodes 
were  ac t iva ted  in concent ra ted  boi l ing NaOH for 24 h r  
dur ing  which  per iod  vis ible  He evolut ion had ceased. 

E lec t ro ly t ica l ly  deposi ted or t he rma l ly  p r e p a r e d  (9) 
Ni-Mo al loy mater ia l s  are also active for  cathodic He 
evolut ion and have per fo rmance  character is t ics  s imi lar  
to those of Raney-Ni  prepara t ions .  Such electrodes 
were  p r e p a r e d  by  e lect rocodeposi t ion of Ni, Mo, and 
Cd (9) onto chemica l ly  polished Ni electrodes from a 
p la t ing  solut ion having the fol lowing composit ion in 
molar  concentrat ions  of i ts const i tuents:  NaeMoO4, 
0.033M; NiC12:, 0.073M; Na4PeO7 �9 10H20, 0.145M; 

N a H C Q ,  0.892M; NaC1, 1.28M; N.zH4" H~SO4, 0.025M; 
Cd(NO3)2, 3.9 • 10-4M; and KSCN, 2 • 10-~M. Com- 
positions of the coated Ni e lectrodes were  de te rmined  
by  x - r a y  emission analysis.  The electrodes used were  
thoroughly  washed free of the p la t ing  solut ion and 
then leached for several  hours at  95~ in strong aque-  
ous NaOH. 

Solutions.--The elec t ro ly te  solut ion was aqueous 
I0M NaOH pre -e lec t ro lyzed  for  many  hours  in a small  
scale Nation membrane  C12 electrolysis  cell as used by 
Hooker  Chemical  Company,  Niagara  Falls ,  New York. 
This e lec t ro ly te  was shown, in para l l e l  cyclic vo l t am-  
me t ry  exper iments  at  Pt, to be r e m a r k a b l y  pure  by  the 
s tandards  p rev ious ly  publ i shed  for high pur i ty  elec-  
t rochemical  surface work  (10). 

Polarization curves.--Fresh electrodes,  p repared  by  
the leaching procedure,  were  polar ized  ca thodical ly  at  
--0.250V E~ io r  up to 2 h r  in o rder  to obta in  the  most  
reproducib le  results .  The ascending and descending 
polar izat ion curves were  made by  regis ter ing  the ini t ia l  
and the reasonably  s teady  currents  for potent ia ls  
changed in in tervals  of 10 mV. 

Cathodic and anodic potential steps.--In order  to 
s tudy  the anodic decomposi t ion of the supposed nickel  
hydr ide ,  potent ia l  s teps f rom a cathodic  polar izat ion 
into the anodic potent ia l  region (but  st i l l  negat ive  to 
the  Ha revers ib le  potent ia l  for  that  solut ion)  for  the 
hydr ide  oxida t ion  react ion were  made  poten t ios ta t i -  
cally. 

In another  type  of exper iment ,  a smal l  ascending or 
descending potent ia l  s tep of about  10 mV was imposed 
on the electrode in the potent ia l  range of the potent ia l  
t ime effects and the change of cur rent  wi th  t ime was 
recorded.  

Open-circuit decay o] potentiaL--In order  to ensure 
that  the  in i t ia l  s tate of electrodes used was the same 
in each exper iment ,  al l  e lectrodes were  first p r epo l a r -  
ized to give reproduc ib le  behavior  (see sect ion on 
polar iza t ion  curves)  and then a l lowed to reach a s teady 
potent ia l  on open circuit.  The electrode was then po-  
lar ized ca thodica l ly  in successive measurements  to 
constant  potent ia ls  of --0.100, --0.200, and --0.250V, 
EH for 5 min before the cur ren t  was in te r rup ted  and 
the var ia t ion  of the potent ia l  of the e lectrode was re-  
corded in time. 

Results and Discussion 
Introduction.--An indicat ion of unusual  behavior  of 

the R a n e y  Ni and Ni -Mo-Cd H2 cathodes was given 
by  three  phenomena  observed dur ing  cathodic po la r i -  
zation and open-c i rcu i t  decay exper iments .  

1. Dur ing  cathodic H2 evolut ion at the Raney  Ni-A1 
or Ni -Mo-Cd electrodes,  the  cur ren t  density,  i, is not  
s teady  at  a constant  po ten t ia l  (Fig. 1); it  decreases 
wi th  t ime when a given ~1 is approached  from lower  ~1 
whi le  i t  increases wi th  t ime when the ~] change is in 
the opposite direction.  The re la t ive ly  most significant 
changes of i wi th  t ime occur at  low 0, 0.04 ~.- 0.08V. 
This t ime dependence  of ~l is a character is t ic  fea ture  of 
cathodic polar izat ion of Ni -based  cathodes evolving H2, 
and its unders tand ing  is basic to the improvemen t  of Ni 
cathode performance.  The t ime dependence  of po ten-  
tial, at low overpotent ia ls ,  is observed not  only  at the 
Raney  Ni-A1 electrodes but  also at  e lec t rodeposi ted  
Ni -Mo-Cd coatings at Fe or  at Ni -e lec t rodepos i ted  on 
Fe, as well  as at the  bu lk  Ni-Mo alloys,  as may  be 
seen from Fig. lb.  This figure also shows a comparison 
of the Tafel  l ines for  these e lect rode prepara t ions  
f rom which i t  is seen how the Tafel  slope for H2 
evolut ion is quite dependent  on the electrode com- 
posi t ion or  prepara t ion .  

2. Upon in te r rup t ion  of a cathodic cur ren t  at ~) 
0.10V, cont inuing evolut ion of H.2 gas is observed which  
is qui te  vigorous for 5 ~ 6 min and s lower  for a fu r -  
ther  severa l  minutes.  Dur ing  this t ime, the  potent ia l  
dr i f ts  s lowly  f rom ca. --0.075 to --0.010V but  does not 
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drop to 0.0V EH. This suggests that  a process different  
f rom the revers ib le  H2/H20 reaction,  wi th  Erev chang-  
ing with  t ime, occurs at  the e lect rode in p a r a l l e l  wi th  
H2 evolution.  

When ~ is lowered  to --0.040V or less, a rap id ly  
d iminish ing  anodic cu r ren t  is first observed  at  nomi -  
na l ly  cathodic overvol tages  (i.e., w.r.t, the H2 revers ib le  
po ten t ia l  for the same solution) indica t ing  that,  besides 
H2 evolution,  another  process occurs on the e lect rode 
having  an Erev more  negat ive  than  that  for H2 evolu-  
tion. The observed behav ior  also indicates  tha t  this 
Erev changes wi th  t ime dur ing  polar izat ion.  

h i  
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{og [ : f(-E) ,~ ], 

o.z - ~/,? 

,/,:~/r 0.1 -- 0.064") , 
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I / 
I I I 
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Fig. la. Polarization curves for hydrogen evolution on NI-AI elec- 
trodes in MX cell solutions (5M aqueous NoCI solutions at 298 K). 
xmoscending curve; imdescending curve; -I-~steady-state values 
in potential steps. Arrows show directions of potential change with 
time. 

3. When cathodic cur ren t  is in te r rupted ,  a r ap id  fal l  
of po ten t ia l  (due to iR drop)  is first observed fol lowed 
b y  a r e m a r k a b l y  s low fu r the r  decay  of potent ia l  (Fig. 
2a),  un l ike  that  no rma l ly  observed when discharge 
of the  doub l e - l a ye r  capaci tance is involved.  This sug-  
gests par t ic ipa t ion  of a la rge  pseudocapaci tance  (11). 
Only  in po ten t ia l  decay  traces taken  from higher  ~, 
where  the pseudocapaci tance  seems to have become 
almost  comple te ly  charged,  corresponding to a sa tu ra -  
t ion condition,  does the poten t ia l  decay  t race assume a 
more  no rma l  curved (Fig. 2b) form which, however ,  
soon goes into a region of ve ry  s low fur the r  fal l  of 
po ten t ia l  as in F ig  2a. 

In  the  following,  we examine  the t ime depend-  
ent  changes of cur ren t  fol lowing changes of po-  
ten t ia l  and the  potent ia l  decay  behavior  and make  
some quant i  ,tative in terpre ta t ions .  Changes of s ta te  o f  
a hydr ide  ph'ase wi l l  form the basis of this  approach.  

Current response to stepwise changes of potential.-- 
When the e lec t rode  potent ia l  is s tepped f rom higher  to 
lower  cathodic polar izat ion for H2 evolution,  e.g., f rom 
--0.150 to --0.040V, the cathodic current ,  ic,0.15, changes 
not  as expected to a lower  cathodic va lue  at  the lower  
potent ia l  bu t  first to an anodic current ,  ia.0.04. The 
l a t t e r  diminishes at  first r a p id ly  then more  slowly,  
reaching zero af te r  about  20 sec. S imi la r  effects, bu t  in 
the  opposi te  direction,  occur if the overpo ten t ia l  is 
ra i sed  in a s tepwise  manne r  in the  range  --0.010 to 
--0.150V. A f t e r  fu r the r  time, fol lowing the t rans ien t  
anodic cur ren t  at  0.040V, the cur ren t  becomes cathodic 
and even tua l ly  a t ta ins  a s t eady-s t a t e  value,  ic,0.04, a f te r  
about  60 sec. Such an i- t  t rans ient  is shown in Fig. 3. 

The occurrence  of an anodic cur ren t  at  ca thodic  
polar izat ion with  respect  to the H2 evolut ion process 
indicates  that,  in fact, the poten t ia l  step was made to a 
potent ia l  region be low the revers ib le  potent ia l  for  the  
format ion  of some species, o ther  than  H2, p resen t  on 
the  surface or  in the e lect rode and an ad jus tmen t  o f  
concentra t ion  of this species is t ak ing  place  dur ing  
the i-t  t ransient .  

> 0.3 
b_l 

I 

b = 150,.A-/.~ 
~ / - / b : 1 4 0  ~ 40%Ni, 60%Mo 

bulk 

b ~ x  " :.~ ~li~ M -Mo -Cd plated Fe 
~ 9 8  b=130 b=5Z @ 

o . ,  b=54 
-_ ; . - - - x . ~  b=50 

0 I I I -z  -i b i 2 

log i ( m A cm -2) 
Fig. lb. Comparison of polarization curves for H2 evolution on Ni-plated Fe, bulk Ni-Mo alloy as indicated, and NI-Mo-Cd electro- 

plated coating on Fe. 5.0M NaCI at 368 K. Note marked differences of Tafel slopes. 
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iR  

$ 
? �9 , s low d e c a y  

J iR  (b) 

J ~  
- -  more  rap id  d e c a y  

t 
Fig. 2. Potential drop on open circuit for an electrode with large 

pseudocapacitance. (a)--Oscilloscope record of the fall of po- 
tential after current interruption at a Raney Ni electrode. (b) - -As 
in (a) but from a higher cathodic potential. 

The observed changes of cur ren t  in response to a 
potential  step take place over a t ime scale of seconds 
or minutes.  Such a rate of change of current  excludes 
ad jus tment  of coverage 8H of adsorbed H, which is 
normal ly  completed in milliseconds, or of double- layer  
charge, which takes place on an  even shorter t ime 
scale. 

An accurate measurement  of the i = f ( t )  curve is 
difficult because of the high degree of reversibi l i ty  of 

the reaction which occurs, i.e., it is associated with a 
large exchange current  density, io. Thus, the potentials 
involved are near ly  the same as the reversible poten-  
tial of the process. Even a potential  shift of 1 mV 
changes the current  by 30-50%, and 1 mV is just  the 
practical l imit  of s tabil i ty of most potentiostats. Never-  
theless, it was established from the exper imental  re- 
sults that  more than one type of cur ren t - t ime  depend- 
ence can be distinguished. Thus, the shape of the total 
current  i t vs. time t curve, shown in Fig. 3, indicates 
that at least two rate determining processes are operat-  
ing. At  shorter  times, it changes l inear ly  with log t 
(Fig. 4) while, at longer times in certain experiments,  
it as f ( t )  has a region in which it is proport ional  to t 1/2 
(Fig. 5) indicating the role of diffusion control. At 
even longer times, as it approaches the steady-state 
value at this potential,  the changes in i t are small  so 
that  it is difficult to evaluate precisely the form of the 
dependence of it on t. 

The dependence of current  on t'/2 over some of the 
t range indicates that  the reacting species are not only 
present  on the surface of the electrode but  also in the 
bulk  of the electrode. This is what  would be expected 
if a bu lk  metal  hydride was involved as the reacting 
species as is the case with a Pd electrode (12, 13). 

Response to small potential steps (AE ----- E2 - -  E1). - -  
In order to investigate the first process, small  potent ial  
steps AE from a potential  El-E2 of 10 mV were im- 
posed on the electrode in the potent ial  range from 
--0.090 to --0.027V, and the resul t ing change of current  
with t ime was recorded on an oscilloscope. Such an 
oscillogram for a step AE of ~10 mV from E1 = --0.0980 
,-, --0.0982 to E2 = --0.0877 ,-~ --0.0876V is shown in 
Fig. 6, trace a. At the moment  the potential  is 
changed from E1 to E2, the cathodic current  drops from 
the steady-state  value /El to below the steady-state 
current  for E2 but  then slowly recovers by increasing 
to the steady-state value iE2 for potential  E2. The in-  
crease of the current  is logarithmic in t ime (Fig. 7a) 
on the t ime scale of the oscillogram, followed by a 

I 
.(~-) 

-o 10- -  
0 
c -  
O 

E o 

o -10  

0 
..C 

0 
0 

(E 2 = - 4 0  mV ) 

N i - A Z  e lec t rode 

M X  cell so lu t ion  

I = f i t )  

for  a p0tentk~l  step : - 1 5 0 m V - - ~ - 4 0 m V  

sca le  E 

.-J (E 1 =-  150  rnV) 

r I r I r I I I , I ~ I 
20 40 60 80 100 120 

t(s) 
Fig. 3. Change of current it with time following a potential step from - -0 .150 to - -0 .040V 
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Fig. 4. Change of current it with log t following a potential step 
from --0.150 to --O.040V. 
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Fig. S. Change of current it with ~ / t  following o potential step 
from --0.150 to --O.040V. 
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Fig. 6. The oscilloscope traces of current as a function of time for 
potential step 

(a) - -  0.0980 --~ - -  0.0877V 

(b) --0.0876--) --0.0981V 

much slower increase as was shown in Fig. 4. This slow 
ad jus tment  of the cur ren t  takes a longer  t ime when 
the potent ia l  step is made  at lower  potentials  (Fig. 8). 

In  the case of t race b, Fig. 6, the potent ial  step was 
made  in the opposite direct ion to that  in trace a, i.e., 
f rom a lower E1 value of --0.0876V to a more  negat ive  
Value of E2 -- --0.0980V. The current  increased momen-  
tar i ly  after  the step was made but then decreased again 
logar i thmical ly  in time, (Fig. 7b). 

The magni tude  of the first sharp increase or decrease 
of the current  depends on the t ime of polarizat ion as 
can be seen in Fig. 8 whi.ch shows the current  changes 
which arise in response to potent ial  steps applied to 
the electrode af ter  (i) a s teady state was reached or 

E 
,-a 

o) 

I9emV 

t 8 7  mV 

0 I i I 
-2 -1 o 1 

log t(s) 
Fig. 7. Currents as a function of log t after potential steps as in 

Fig. 6. 
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Fig. 8. Oscilloscope traces of current as a function of time for 
potential steps from Ez = --0.038V to E~ = --0.028V. (a) m 
step after a steady state is reached at Ez; (al)mstep after a 
steady state is reached at E2; (b)~stcp after 6 s at El; ( c )~  
step after 1.7 s at E~ (after trace b); (d)mstep after 1.2 s at E1 
(after trace c). 

(ii) after  various short  periods of t ime at the potent ial  
of the beginning of the step. 

Significance of time dependent currents.--It will  be 
necessary to t rea t  several  possibilities that  arise for 
the mechanism of t ime dependence of currents  and the 
observed open-circui t  evolut ion of H2. The hydr ide  
model  re fer red  to ear l ier  wil l  be considered. In order  
to provide  some indication whe the r  the exper imenta l  
behavior  observed can be explained in terms of such 
a model, we invest igate  mathemat ica l ly  the conse- 
quences of various mechanist ic  possibilities and com- 
pare  them with  exper iment .  

Two types of behavior  will  be considered: (i) the 
t ime dependent  currents  that  result  (Fig. 6a, 6b) when 
an "ascending" or  "descending" potent ia l  step is ap- 
pl ied to a porous catalytic Ni electrode acting as a 
cathode for H2 evolution, and (ii) the open-circui t  
evolut ion of H2 and the associated decay of potent ial  
wi th  time. 

Responses of current to a potential step.--The results 
of the potent ial  step method  are t reated in terms of 
the possible format ion of a nickel  hydr ide  1 phase 

1 The nickel hydride is written here as Nigh rather than NiI-Iz 
for reasons of convenience in order to relate all equations to a 
one-electron process and not t o  o n e  involving a fraction o f  a n  
electron. 
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xNi + H'20 + e--> NixH + O H -  [1] 

i - -  XH XH 

in parallel  with hydrogen evolution 

HsO + 4- e --> H2:O 4- u H2 [2] 

on nickel  atom sites on the surface of the electrode. In 
Eq. [1], XH represents the site fraction of H in the 
metal  lattice and x the stoichiometry (see footnote) of 
the nickel hydride phase. 

The response to a change of potent ial  is associated 
with the anticipated proper ty  that XH in the hydride is 
dependent  on potential  according to some th ree -d imen-  
sional "Langmuir  type" sorption equation of the form 
[cf. that for two-dimensional  electrochemical adsorp- 
t ion (14, 15)] 

XH/1  -- XH ----- K exp [ - - F V H / R T ]  �9 CH+ [3] 

SO that XH increases as VH becomes more negative. A 
similar relat ion applies to three-dimensional  Li + sorp- 
tion in TiS2 (16). It is impor tant  to note that  Eq. [3] 
corresponds to a continuous variat ion of reversible 
potential  VH for the hydride phase with increasing or 
decreasing XH, as with an ionic redox electrode where 
the reversible potential  depends logari thmically on 
the ratio of activities of [ox] and [red] species. Hence, 
a read jus tment  of Xn occurs in response to a change of 
Vm or vice versa, but  any  change of XH requires 
faradaic charge transfer,  anodic or cathodic in .direc- 
tion, depending on the direction of change of VH. 

The total current  it will  be the sum of the hydrogen 
evolution current  ill2 and a hydride formation current  
iNizH 

it -- ill2 4- iNixH [4] 

In the steady-state condition at potential  El, before 
a potential  step is applied, the hydride lattice fraction 
XH, E1 will  be constant and the current  for the hydride 
fo rma t ion ,  iNi~H = 0. The total current  will therefore 
be only the current  due to 1-12 evolution, it = ill2. After  
the potential  of the electrode is stepped downwards 
from E1 to E2, the nickel hydride H lattice fraction, XH, 
has to become adjusted from XH,E1 to XH,E2, the value 
at the new potential  E2. The corresponding current  for 
the decomposition of the hydride (E2 < El) is then an 
anodic one given by 

QNixH \ ' - - - ~  -- SNixH ---= i -- i 

---- QNixH [kl(1 -- XH) CH20] exp [-- (1 -- # ) F V / R T ]  

- -  k--I-u exp [ # V F / R T ]  [5] 

The ad jus tment  of surface coverage #H by Hads in -  
volved in reaction [2] from a value ~H.S~-eH,~ occurs 
in a shorter  time than the t ime scale of the measu re -  
ments  analyzed here; therefore the current  due to this 
ad jus tment  does not have to be considered. Also the 
double- layer  charging occurs over a much shorter t ime 
than that measured here. 

The nickel hydride current ,  iNixH , diminishes with 
time, reaching zero in the eventual  s teady-sta te  con- 
dition at the potential  E~. The t ime dependence of iNtxH 
can be found as follows 

Equat ion [5] can be rewri t ten  with 

klCH20 exp [--  (1 -- # ) F V / R T ]  - A 

and k-lCOH -- exp [ # F V / R T ]  =_ B [6] 
a s  

d X a  
= A(1 -- XH)  -- B X H  [7] 

dt 

Rearranging  Eq. [7] and in tegrat ing gives 

1 
~ l n [ A - -  ( A + B ) X H ] - - - - t - - C  [8] 
A 4 - B  

At t ---- 0, XH ---- XH,E1, the H lattice fraction at poten- 
tial E1 and C, the integrat ion constant, is 

1 
- C _ - -  In [A -- (A + B) XH,Zl] [9] 

A + B  

From Eq. [8] and [9], the lattice fraction XH as a 
function of time is 

(A 4- B)XH,E1 A 
XH = - -  e -(A+B)t �9 4- ~ [10] 

A 4 - B  A 4 - B  

The change of X~ with time is 

dXH = - - [ A  - - ( A  4- B)XH,E1] exp - - ( A  4- B) t  �9 dt 

[ n ]  

and the current  for hydride oxidation 

dXH 
- -  iNixH = F ~ [12] 

dt  
is 

iNixH = F[A - - ( A  + B)XH,E1] exp - - ( A  + B ) t  [13] 

o r  

In liNixH[ --~ In IF[A -- (A 4- B)XH,sl][ - (A 4- B) t  [14] 

The log of the hydride formation or oxidation cur-  
rent,  as can be seen from Eq. [13], is hence a l inear  
function of time. 

To check if the potential  t ransients correspond to a 
reaction mechanism leading to Eq. [13], the total cur-  
rent  it minus  the steady-state current  at E~ was plotted 
as a funct ion of time. An example of such a plot is 
shown in Fig. 9. The ra ther  good straight  l ines obtained 
confirm the possibility that reaction [1] is the operat- 
ing process, i.e., a nickel hydride is formed and de- 
termines the H2 evolution characteristics of the elec- 
trode. 

Cont inu ing  Hz evo lu t ion  at N i  electrodes on open-  
c ircui t  af ter  cathodic polarizat ion and the  t ime  varia-  
t ion of  overvo l tage . - -Or ig in  e l  the  observed  ef Iects . - -  
An important  phenomenon associated with the cathodic 
evolution of H2 at Ni is the observation of cont inuing 
H2 gas evolution on open circuit at Ni cathodes, espe- 
cially at the porous-leached Raney Ni-A1 electrodes 
after cathodic polarization. The behavior is observed to 
be related to the t ime dependence of cathodic over-  
voltage, ~i at Ni at various current  densities, i, and to 
the decay o f  potential  on open circuit after in te r rup-  
tion of cathodic polarization. 

~og IN~xH: f (t] t5 
E~ (v) Ea(V) 

a) -0.0875 -0.0980 Q 
. ~ 0  b) -0.098~ -0.0876 

o \ \  
1.o 

0,5 

0 ~ ~ • -1 0 1 
log { I t -  I1.5=) 

Fig. 9. Log of oxidation (a) and formation (b) currents for nickel 
hydride after a potential step as a function of time. 

(a) - -0 .0980-~  --0.0877V 

(b) - -  0.876 ~ - -  0.0981V 
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When ~1 is lowered  to --0.04V or  less, the r ap id ly  
d iminishing anodic current ,  r e fe r red  to in the sect ion 
on cur ren t  response to s tepwise changes of potent ial ,  is 
first observed  at  nomina l ly  cathodic overvol tages  (i.e., 
w.r.t, the H2 revers ib le  potent ia l  for  the same solu-  
t ion) indica t ing  tha t  the Erev for the e lectrode process 
changes dur ing  polar izat ion.  Upon in te r rup t ion  of the 
current ,  H2 evolu t ion  was observed to continue for 5 
min, and the poten t ia l  of  the electrode,  ins tead of d rop -  
ping to 0.0V Em dr i f ted  s lowly  over  ca. 20 min f rom ca. 
--0.075 to --0.010V. The decay of this po ten t ia l  is 
logar i thmic  with  t ime t, a fea ture  of the behavior  tha t  
wil l  be t r ea ted  in more  de ta i l  below. 

The observed  change of appa ren t  revers ib le  po ten t ia l  
for  H2 at  the Raney  Ni or  a l loy  electrodes could arise 
on account  of the fol lowing possibi l i t ies:  (i) increased 
Hz p ressu re  in pores  of the e lect rode dur ing  e lec t ro l -  
ysis, (ii) format ion,  dur ing  cathodic polar izat ion,  of a 
species such as h y d r i d e  NizH on the e lec t rode  having 
a revers ib le  po ten t ia l  more  negat ive  than  tha t  of the  
hydrogen  electrode,  or  (iii) adsorpt ion  o r  deposi t ion 
of impuri t ies .  The l a t t e r  is not  a real is t ic  poss ibi l i ty  
since i t  could not  lead to macroscopic  H~ gas evolut ion 
on open circuit .  Also, the  processes involved would  be 
diffusion cont ro l led  which  they  are  not;  c]. the log t 
behavior .  

Poss ib i l i ty  (i)  is e l imina ted  i f  the  p ressure  of H2 in 
pores  requ i red  to account  for  the  s low fa l l  of the ob-  
se rved  quas i revers ib le  po ten t ia l s  f rom --0.075 to ca. 
--0.005V is ca lcula ted  f rom the Nerns t  equat ion:  259 
a tm at --0.075V Em F r o m  the  na tu re  of the  e lec t rode  
mater ia ls ,  it  is un l ike ly  tha t  the  observed shif t  of 0.07V 
could be accounted for  in the above  w a y  as a change of 
revers ib le  H2 poten t ia l  wi th  pressure .  

Corrosion of res idua l  A1 in the Raney  electrodes 
could also give r ise to t ime dependen t  changes of cur -  
ren t  wi th  changing poten t ia l  o r  to the  open ci rcui t  
evolut ion  of H~. This seems un l ike ly  for  the fol lowing 
reasons:  a, the character is t ic  behavior  in Fig. 6, is r e -  
pea tab le  indefini tely,  wi th  posi t ive or  nega t ive -go ing  
changes of potent ia l ;  it  could not  arise in the  cathodic 
d i rec t ion  since redeposi t ion of any  dissolved A1 is not  
possible./~, the  mate r ia l s  which show these effects, had 
prev ious ly  been leached v igorous ly  in KOH at 95~ 7, 
the  effects, depend  on the potent ia ls  and t imes of p r e -  
vious ca thodic  polar izat ion,  i.e., the  ex ten ts  to which a 
hydr ide  phase could have  been formed.  

Poss ib i l i ty  (ii), the  format ion  and decomposi t ion of a 
nickel  hydr ide ,  NixH, is therefore  indicated.  This hy -  
dride,  as ment ioned  ear l ier ,  would  be formed e i ther  as 
a surface  or  bu lk  phase by  process [1] in para l l e l  wi th  
cathodic He evolut ion (process [2]) and decomposed 
by  the reverse  of this process on anodic polar izat ion.  
Decomposi t ion of NixH can, however ,  also proceed on 
open circuit  as t rea ted  in the  fol lowing section. 

The decay o] potential on open circuit at Ni-based 
cathodes.- -Experimental  potential vs. log [time] plots. 
- - T y p i c a l  changes of po ten t ia l  wi th  t ime on open c i r -  
cuit  af ter  polar iza t ion  for 5 min  at  each of three  po ten-  
tials, as indicated,  a re  shown in Fig. 11; l ines in series 
a a re  for the  Raney  Ni e lect rodes  whi le  those in 
series b are for bu lk  Ni-Mo al loy (80-20). The changes 
in po ten t ia l  are  l inea r  in log t wi th  the slopes ind ica ted  
on the figure. Unl ike  the  s i tua t ion  for  potent ia l  decay  
at  Hg or for  anod ica l ly  polar ized  e lect rodes  of Ni 
evolving O2, the  s lopes depend on the ini t ia l  po lar iza-  
t ion potential .  This is p robab ly  connected wi th  the  
s ta te  of hydr id iza t ion  of the e lectrodes as re fe r red  to 
in o ther  ways  e l sewhere  in this  paper .  As t -* oo, the 
potent ia ls  a sympto t i ca l ly  approach  the rest  po t en t i a l  
of ca. --0.01V, as expected.  The behavior  is exce l len t ly  
reproducible ,  as exemplif ied in Fig. 12 for the Raney  
Ni electrode,  with respect  to 2 runs.  

b) Bulk Ni, M0 (80.20) Alloy 

Slope b (v} 
0.060 

0 .12  ~ + + ~  0.048 

008  a) Raney NI(AI) 
Slope b (v) /0030 

~J t 0.025 

log t (s) 

Fig, I I ,  Decay of open-circuit potential with log [time, sec] at 
Raney Ni (AI) and bulk Hi (80%)-M0 (20%) alloy electrodes 
after cathodic polarizations for 5 min at the potentials as indi- 
cated 
a) (~ --0.10V; --0.20V; 4- --0.25V EH for Raney Ni (AI) elec- 
trode. 
b) x --0.30 or --0.45V; �9 --0.25V; C) --0.18V EH for 80:20 
Ni-Mo alloy electrode. 
Each at 368 K in 5.0M aqueous NaCI. 

The nature of self-discharge processes involving H~. 
eve lu t ion . - -When a hydr ide  phase,  e.g., NixH, is pres-  
ent  which can establ ish a range  of quas i revers ib le  po-  
tent ia ls  more  negat ive  than the H J H 2 0 ,  O H -  re-  
vers ib le  potent ia l ,  depending  on x, se l f -d ischarge  can 

Anodic  react{on of NixH # , /  EASE ~ (almost reversible] ~ I  

- E  ~176 

E 
log i.o, c I I~ i'd 

I I, 

log i 

Fig. 10. Evans diagram for decomposition of the hydride through 
an electrochemical mixed process. 
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Fig. 12. Reproducibility of open-circuit potential decay after 
polarization for 5 min at --0.100V for the Raney Hi (Ai) electrode 
of Fig. 11. 



1832 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  September  I983 

take place on open circui t  b y  means of an anodic and 
cathodic process coupled as para l l e l  reactions,  viz., 
through the formal  scheme 

NizH -}- O H -  ~ xNi + H20 + e (anodic)  [-1] 

e + H20--> O H -  + 1/2 H2 (cathodic)  [2'] 

The H2 evolut ion in [2'] proceeds by  one of the usual  
two-s tep  react ions involving adsorbed H as the in t e r -  
media te  e i ther  on Ni or  NizH sites. The above anodic 
and cathodic processes a re  coupled as in a corros ion-  
type process wi th  the net  reac tmn of NizH decomposi-  
t ion tak ing  place a t  some mixed  potentml,  E~. 

The above type  of se l f -d ischarge  is to be contras ted 
with tha t  involved in desorpt ion of adsorbed H in the 
H2 evolut ion react ion i tself  on var ious  other  meta ls  
where  processes (for a lka l ine  pH's)  such as H20 -}- e 
+ M --* MHads + O H -  fol lowed by  MHads -~ H20 -}- e 
-> H2 + O H -  + M must  take place, as t rea ted  in p re -  
vious papers  (t7, 18). The l a t t e r  two processes will ,  
however ,  be involved in the  cathodic pa r t i a l  reaction,  
s tep [2'J, of H.2 evolution.  

The mixed  potent ia l  E M of the local cell  in which 
processes [-1] and [2'] a re  occurr ing in  a coupled man-  
ner, wil l  be de t e rmined  by  the potent ia l  of  the more  
revers ib le  of the two coupled processes, as shown 
schemat ica l ly  in the Hoar -Evans  diagram,  Fig. 10. In  
this figure, the anodic process is d r a w n  as a lmost  re -  
vers ib le  (potent ia l  EA) whi le  the cathodic process wi th  
revers ib le  potent ia l  E c  and exchange cur ren t  dens i ty  
io,c is polar ized  wi th  a Tafel  s lope b. As usual,  the  
"mixed potent ia l"  is de t e rmined  by  the potent ia l  of 
the more  revers ib le  process, i.e., EA, So tha t  EA ___ EM 
and the decomposi t ion cur ren t  ia is de te rmined  at  al l  
po t en t i a l s  by  the  kinet ics  of the process of cathodic 
evolut ion of H.2 on the hyd r ided  surface.  The s i tua t ion  
is analogous to tha t  t rea ted  by  Conway and Bourgaul t  
(19, 20) for decomposi t ion of the surface oxide at nickel  
ox ide  ba t t e ry  cathodes where  O~, r a the r  than  H~, is 
evolved on open circuit.  They showed that  the kinetics 
of the  ra te  control l ing coupled process in the open-c i r -  
cuit  react ion could be eva lua ted  f rom an analysis  of 
the open-c i rcu i t  decay of po ten t ia l  wi th  log [ t ime].  
This approach can be adapted  to the react ions occur-  
r ing here  at  nickel  cathodes evolving H2. The exper i -  
men ta l  decay behavior  for two types  of electrodes is 
shown in Fig. 11 and 12 and wil l  be discussed in re la -  
t ion to mechanisms in the sect ion comparison with  
exper iment .  
Kinetics of the potential decay, and capacitance.- 
When, in a sys tem with  two para l l e l  reactions,  as in 
Fig. 6, a polar iz ing cur ren t  is in ter rupted ,  the po ten-  
t ia l  V of the e lect rode wil l  fal l  wi th  t ime on open 
circuit  on account of cont inuing passage of cur ren t  
across the double l ayer  causing discharge of the double-  
l ayer  capacitance,  C, and the addi t iona l  (pseudo-)  
capacitance,  C$ (3), ar is ing on account of the potent ia l  
dependence  of the la t t ice  f ract ion XH of sorbed species 
(H) ,  Eq. [3]. Thus, the open-c i rcu i t  process  involves 
"discharge" of this C~ (decomposi t ion of the sorbed 
species) in para l l e l  wi th  tha t  of C (cf. Ref. 13, 15) 

it -- (C~ + C) dV/dt  [15] 
o r  

i t ~ C~ dV/dt  [16] 

since no rma l ly  C ,  > >  C except  as XH ~ 0 or XH - ,  1 
(3). 

I t  should be  ment ioned  tha t  any  species which can 
be formed or  decomposed at potent ia ls  negat ive  to 
the H= revers ib le  potent ia l  for  the solut ion involved 
and whose revers ib le  po ten t ia l  Vrev depends  on a two-  
or  th ree -d imens iona l  la t t ice  occupancy f rac t ion (by  
H) in the way  ment ioned  ea r l i e r  can provide  the 
pseudocapaci tance  the  discharge of which wil l  a l low 
evolut ion of H~ on open circuit,  as observed.  

The format ion  of Ni(OH)2,  r a the r  than  anodic de-  
composit ion of hyd r ide  (process [-1],  is un l ike ly  as i t  

could occur, according to the Pourba ix  diagram,  only at 
potent ia ls  more posi t ive than  the ~2 revers ib le  po ten-  
tial. This is confirmed by  po ten t iodynamic  i vs. V pro -  
files for a Ni e lec t rode  in a lkal ine  solut ion (Fig. 13) 
which show tha t  a surface oxide is formed only  i r -  
r evers ib ly  at  Ni at  potent ia ls  posi t ive to the  H.2 re -  
versible  potential .  

In  the system invest igated,  no species o ther  than  
nickel  hydr ide  is therefore  l ike ly  to be fo rmed  and to 
behave  in the ,way observed.  

The anodic reaction in the corrosion-type mechanism 
(processes [ - i j  and [2'J).--The values  of the open-c i r -  

cuit  potent ia l  indicate  t h a t  the  decomposi t ion of h y -  
dr ide  can be considered as occurr ing almost  revers ib ly  
wi thout  any  l imi ta t ion  by  act ivat ion or  by  diffusion. 
Therefore,  the  rate  of the mixed  hydr ide  decomposit ion 
process is de te rmined ,  as ind ica ted  in Fig. 10, by  the 
H2 evolut ion react ion kinet ics  (,process [2']; see Eq. 
[21a], [-21a], and [21b] be low) .  

The revers ib le  potent ia l  for  react ion [1], a lmost  
equal  to the  mixed  potent ial ,  EM, wil l  depend  on the 
la t t ice  si te fraction, XH (cf. Eq. [3] ) 

RT (1 - -  XH)  CH20 
Erev ----- E ~ -~ - in [17] 

F XnCoH- 

The ex ten t  of open-c i rcu i t  evolut ion of H2 on the 
porous Ni e lectrodes wil l  be de te rmined  by  the amount  
of the NiH= hydr ide  species in the  e lec t rode  mater ia l ,  
so that  a capaci tance analogous to the adsorpt ion  
pseudocapaci tance C ,  (15) should be wr i t t en  in te rms 
of XH (Eq. [3] and [2.0]) as 

n F  
CNI=H = QNizH-~-~-- (XH) (1 - -  XH) [18] 

Then the kinet ic  equat ion for se l f -d ischarge  of CNtzH 
involves XH and the ra te  of the s tep [21b] (see be low) ,  
wi th  0N the coverage of H on the hydr ide  at  the surface. 

The course of decay of potent ia l  on open circuit  in 
re la t ion to a decrease of XH and coupled evolut ion of 
H2 can be convenient ly  i l lus t ra ted  b y  reference  to a 
work ing  d iag ram (Fig. 14). 

Thus, in region I (Fig. 14), the potent ia l  drop on 
open circuit,  e.g., f rom E2 to El, is associated with  
change of XH down the XH VS. E l ine f rom XH,~ to 
XH.2, wi th  evolut ion of H2 on open circuit.  The H2 
cur ren t  is coupled with  the s ta te  of the hydr ide  mea-  
sured  b y  the XH and the corresponding E values.  

In  region I I  (Fig. 14), where  the hydr ide  has reached 
a s ta te  of sa tu ra t ion  (XH --> 1) and the cathodic po ten-  
t ia l  Ee is g rea te r  than  the potent ia l  for XH = 1, 2 open-  

St r i c t ly ,  a s  XH ~ 1, t h e  p o t e n t i a l  t e n d s  to inf in i ty  ( - )  accord- 
ing to  Eq.  [3]. H e r e  a p r a c t i c a l  l imi t  of X H  = c a .  0.95 c a n  be  con- 
s idered.  

E 
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Fig. 13. Potentiodynarnic i vs. V profile for Roney Hi electrode, 
previously leached in NaOH, s --~-- 25 mV s -1 ,  T = 298 K. 
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Fig. 14. Working diagram illustrQting open-circuit discharge of 
hydride pseudoeapacitance in terms of change of lattice fraction 
XH of H with potential according to the corresponding sorption 
isotherm for H in relation to currents for H2 evolution as a func- 
tion of potential. 

circui t  ch.anges of potent ia l  are  in i t ia l ly  de te rmined  
main ly  by  the doub l e - l aye r  capaci ty  (as in Fig. 2b) 
unt i l  E ~ E'l, when cont inuing fal l  of potent ia l  follows 
the XH curve wi th  a much la rger  capaci tance (hence 
s lower  decay  of po ten t i a l ) .  Then the poten t ia l  decay 
follows the represen ta t ion  shown in region I, accord-  
ing to the  curve of X~ vs. E in  a descending direct ion.  

In  te rms of the  proposed equi l ib r ium state of NigH, 
its format ion  and remova l  rates, i l  = i - i ,  give for a l -  
ka l ine  pH's  

klCH20(1 - -  X H )  exp [ - - ( 1  -- ~)VF/RT] 

= k - l C o s - X H  exp [~VF/RT] [19] 

(~ is assumed the same for  cathodic and anodic d i rec-  
tions of (1), i.e., fl = 0.5.) Hence 

KlCn~o (CoH-) - 1 exp  [ - -  VF /RT]  
X H  = [20] 

1 -t- KICH2o (Con--) --1 exp [--VF/RT] 

where  K1 = kl /k-1 .  This type  of re la t ion  is the  iso- 
t he rm for " in terca la t ion"  of H, e.g., s imi lar  to tha t  
known for Li § into TiS2 (16). This ana logy is useful  
to make.  

The cathodic process.--In the case of the Ni cathode, 
the in i t ia l  open-c i rcu i t  potent ia l  is ca. --0.075V, indi -  
cat ing tha t  the  decomposi t ion of the  hydr ide  is not the  
l imi t ing  step, so that  the  ra te  control l ing process 
should be one of the s teps in the  He evolut ion reac t ion  
(Eq. [21a,b] be low)  proceeding according to the  Vol-  
m e r - H e y r o v s k y  p a t h w a y  as indicated in previous  pub-  
l ished l i t e r a tu re  

Ni -F H20 W e ~- NiHad~ -t- O H -  (pH ~ 7) [21a, -21a] 

1 - -  OH ( V )  OH Coil- 

coupled wi th  

NiHads + H20 -t- e-~ Ni -t- O H -  -b H21' [21b] 

OH (V) 

l ead ing  to H2 evolution.  
Here  i t  must  be  s t ressed tha t  there  is a basic di f -  

ference be tween  adsorbed  H (NiHads at  coverage OH) 
in steps [21a] and [21b] and NixH in processes [1] and 
[-1].  N igh  is a phase  compound exis t ing at and  nea r  

the surface whi le  Hads is a chemisorbed in te rmedia te  
in the H2 evolut ion  reaction.  P r o b a b l y  Hods is adsorbed  
on the surface of the  in te rphas ia l  ( >  monolayer )  Ni-  
hydr ide ,  NizH; this is analogous to the  s i tuat ion p ro -  
posed for H2 evolut ion at  P t  where  the k ine t ica l ly  in-  
volved H is weak ly  adsorbed on a mono laye r  surface 
compound of P tH  wi th  H in 4 ,~ 5 mul t ip le  s tates  of 
chemisorpt ion,  s t rong ly  bound.  

The state of H as NixH should  p robab ly  be t rea ted  
in te rms of a la t t ice  s i te  f ract ion XH (cf. Eq. [20]) in 
the Ni la t t ice  in an in te rphas ia l  region (order  of 1 ,~ 
5 nm near  the  sur face?) .  However ,  the state of chemi-  
sorbed H must  be t rea ted  di f ferent ly  but  in the  usual  
w a y  in terms of the two-d imens iona l  surface site 
fraction,  OH, tha t  is for H adsorbed  at  the  surface of 
the Ni and NigH phases.  Exper imen ta l ly ,  i t  is not  pos-  
s ible  to d is t inguish the  adsorbed  H from the hydr ide  
H by  the e lect rochemical  procedures  used in the  
presen t  work  but  this does not  affect the  genera l  in te r -  
p re ta t ion  of the resul ts  repor ted  here.  

At  Ni, previous  work  (2, 18) indicates  tha t  cathodic 
H~. evolut ion occurs at cur ren t  densi t ies  de te rmined  by  
the ra te  const.ant of s tep [24], and wi th  a coverage 0'H 
of H which is r a the r  low (3) (OH < ca. 0.1). Then re -  
act ion [23a] wi l l  be at  quas iequi l ibr ium,  and the cover-  
age of H on e lec t rode  surface sites (OH) can be wr i t t en  
for this process in the  usual  way  as follows 

K'2I aeH~o (CoH --) -- 1 exp [ - -  VF/RT] 
OH -- [22] 

1 W K2IacH~o (CoH - ) - 1 exp [ --  VF/RT] 

In  o rde r  to pursue  the consequences of the  hydr ide  de -  
composit ion model,  it  is necessary  to assume that  the 
change of la t t ice  fraction,  XH, in nickel  hydr ide  is not  
subs tan t i a l ly  affecting the overvol tage  of hydrogen,  
i.e., the changes of e lectrode mixed  potent ia l  EM due 
to the change of the revers ib le  potent ia l  of react ion 
[1], El, are much grea te r  than  the change of hydrogen  
overvol tage.  This, of course, can onIy be a first ap -  
p rox imat ion  but  wil l  app ly  so long as no g rea t  f rac-  
t ion of the hydr ide  is consumed. 

The overa l l  r a te  of H~ evolut ion according to this 
model,  wi th  s tep [21b] ra te  controll ing,  is given by  

i = 2Fk21bCH2OOH e x p [ - - ( 1  -- f l)VF/RT] [23] 

Then, subs t i tu t ing  for 0n in te rms of its po ten t ia l  de -  
pendence given by  Eq. [22] 

2FK,21akzlbe2H2O ( C o n -  ) - 1 exp  [ - -  (2 --  ~) VF/RT  ] 
i =  

1 -F g21aCH20 (CoH--) --1 exp [--VF/RT] 
[24] 

This wil l  be the cu r ren t  which wil l  d ischarge  the  
capacitance,  associated with  hydr ide ,  as given by  Eq. 
[16], unt i l  the revers ib le  po ten t ia l  of H2/H20 is a t -  
ta ined  so tha t  there  would then be no fu r the r  t endency  
for se l f -d ischarge  to occur. 

Time dependence of open-circuit potential.--The ex-  
press ion which  represents  the t ime course of e lec-  
t rode  potent ia l  dur ing  seI f -d ischarge  wi th  evolut ion of 
H2 is requi red .  This is given by  solving the differen-  
t ia l  Eq. [16], but  using t h e  capaci tance associated with  
bu lk  NixH as expressed by  Eq. [18]-[20] giving XH. 

Then, f rom Eq. [20] to [24], and not ing the  reac-  
tions [1], [-1] 

2QNixHF [ KICH20(COH--) --1 exp ( - -VF/RT)  

RT L 1 + KlCH20(CoH-) -1 e x p ( - - V F / R T )  

_ ( K l C H 2 0 ( c o H - ) - l e x p ( _ V F / R T ) ) 2 ]  

1 + KlCH20 (COH--) --1 e x p ( - - V F / R T )  

u 

dV 

dt 

2Fk21bK21aC2H2O (CoH-) -1 exp --  (2 --  ~) VF/RT  
[25] 

.1 -{- K21aCH20 (Cox-)  - 1 exp  ( -- VF/RT)  

This equat ion involves the  quan t i t y  of  charge Q~izH 
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associated with the amount  of NixH, but  a rate of dis- time, i.e., V would increase. By reductio ad absurdum, 
charge controlled by the surface reactions involving, this result  indicates that  the con di'tions for case d 
adsorbed H (steps [21a] and [21b]). cannot  arise in reality. The results for these Cases are 

Eq. [25] simplifies to summarized in Table I. 

( - - V F )  
F [ 1 + K2~CH2O (coi l - )  -1 exp ( - -  V F / R T )  ] �9 exp, (2 -- ~) V F / R T  �9 K1 exp - - ~  

QNIxH " - -  dV = d t  [26] 
R T  k21bK2.1aCH20 [1 + K~CH2o (CoH-) - l e x p  ( - -  V F / R T )  ]~ 

In  order to evaluate the time course of potential  on 
open circuit (potential  decay),  this equation has to 
be integrated. This can be done for four l imit ing cases, 
several of which correspond to realistic conditions. 

Case a: Coverage eH and extent  of sorption XH are 
high, i.e., K1 and K21a are large. Then 

KlcH2o (CoH-) - 1 exp ( -- ~ F / R T )  > > 1 
and 

KSlaCH20(CoH--) -1 exp ( - - V F / R T )  > >  1 

I n t e g r a t i o n  then gives the potential  decay relat ion 

2RT 2RT 
V ( t )  = in  [t + A exp(3FVin/2RT)]  . . . . .  l n A  

3F 3F 
[27] 

where Vin is the ini t ial  potential  (at t = O) and A is 
given by 

2QNIxH COH-- 
A -- - -  [28] 

3F k21bglC2H20 

The main  conclusion of interest  here is the slope of 
the potent ial  decay relat ion at appreciable times, viz. 
2RT/3F or 0.04OV in log t at 298 K which can be com- 
pared with experiment.  The behavior  for other cases 
follows analogously. 

Case b: XH iS high, ~?H lOW, i.e., K1 is large, K21a 
small. Proceeding as in case a, gives a potentiat  decay 
law 

2RT 2RT 
V ( t )  = ~ in  [t -b A'  exp (5FVin/2RT) ] -- ~ In A' 

5F 5F 
[29] 

The slope of the relat ion in In t is thus 2RT/5F or 
0.024V in log t. 

'Case c: low XH and low 0H, i.e., both K1 and K21a 
small. These conditions give a potential  decay law 

2RT 2RT 
V ( t )  = - - I n  [t + A' exp(FVin /RT)  ] -- l n A "  

F F 
[30] 

This gives a slope of the potential  decay in In t of 
2RT/F or 0.120V in lo~ t. 

Case d: low XH but  high 8H. This case is physically 
unrealistic. Processing of the equations leads to a re la-  
tion in which formation of hydride would occur in 

Similar  calculations made for the first step in  hy-  
drogen evolution, the Volmer discharge reaction (Eq. 
[21a]), as the rate de termining  step show that, after 
sufficiently long times, the open-circui t  potential  will 
decay logari thmically in t ime with a slope of 0.040V 
for large XH. For small  XH, however, the decay slope 
expected is 0.120V, indicating that  it is not decomposi- 
t ion of the hydride that  would occur but  an increase 
in XH which is an unrealis t ic  situation. 

The assumption made in an earl ier  paragraph that  
hydrogen overvoltage does not  depend on the lattice 
fraction of hydride is, of course, a speculative approxi-  
mation. As was ment ioned in the introduction,  how- 
ever, there are indications that hydrogen overvoltage 
is lower on a hydride than on a bare metal  surface so 
that, practically, H2 should be evolved main ly  on the 
hydride. Based on this model, the slopes of the time 
dependence of the open-circui t  potent ial  decay were 
calculated in a similar  way to that used above but  
taking into account the expectation that the surface 
area at which the hydrogen evolution takes place 
should be proport ional  to XH. Then reactions [21a, 
b] have to be wri t ten  in the following m a n n e r  

NixH -{- H20 + e ~ (NixH) Hads -~- O H -  [21a'] 

(NixH) Hads -'[- H2.O + e ~ NixH + O H -  + H2~" [21b'] 

As w.as done earlier in  this paper, the value of the 
lattice pseudocapacitance, CNIxH , Of nickel  hydride (Eq. 
[18]) and the current  for hydrogen evolution, I, are 
introduced in Eq. [16]. Previously, the area of the elec- 
trode was taken as constant; therefore the current  
density i could be used. Now the reaction area is pro- 
portional to the lattice ' fraction of hydride so that  
current  is I = aXsi,  where a is a proport ional i ty  factor 
with the dimensions of cm 2. 

Equat ion [16] with Eq. [18] gives 

F 
QNizH-~-" XH (1 -- XH) " dV = aXHi" dt [31] 

and, after r ea r rangement  

QNixH [1 -~- K21aCH20 (CoH-) -1 exp ( - - F V / R T )  ] 

RT  [1 + KlCH20 (COH--) --1 exp ( - - F V / RT)  ] 

COIl- exp [ (2 -- ~)FV/RT]  
dV = d t  

ac2tt2ok21bg21a 
[ 3 2 ]  

Table I. Mechanisms and potential decay slopes, dV/d log t, for the H2 evolution process on Ni metal sites 
at Ni in the presence of hydride NixH 

dV 

Mechanism Case Condition d log t A 

2Q COIl" 
Mixed process  a KI, K ~  Iarge 0.040 

3F k21b K1 c2H~o 
Anodic  reaction: ( 1),  fast 
Ni=H + OH---> xNi + H=O + e 2Q C~OH - 

Cathodic reaction: (21) b K~ large 0.024 
with  (21b) r.d.s. Ksla smal l  5F k~lb K~a K~ C~HsO 
a) Ni + HsO + e ~ - N i H ~ d  + OH- 
b) NiHad + H20 + e --> Ni + OH- + Ha t 

2Q K1 
0.120 

F k~b K~a cH~o 

Physical ly  unreal ist ic  

0.040 
- 0.120V, physically unrealistic 

c KI and Ksla 
small 

d KI small 
K~ large 

Cathodic reaction a KI large 
with (21a) r.d.s b KI small 
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which is to be compared  with  Eq. [26]. Again,  four 
l imi t ing cases can be dist inguished.  

Case a: K1 and K21a a r e  l a rge - -Eq .  [32] simplifies to 

QNixH COH-- exp[  (2 --  8)FV/RT]  
~ . .  dV = dt [33] 

RT aKlC2H2ok21b 

which is ident ica l  wi th  the equat ion der ived  before,  
i.e., the  slope dV/d log t is 0.040V as der ived  ear l ier .  

Case b- -K1 is large,  a n d  K21a is small .  Again,  Eq. 
[32] simplifies to an equat ion ident ica l  wi th  the one 
der ived  before  

QNixH C2OH - exp [ (3 --  8) FV/RT] 
dV = dt [34] 

RT aK1K21ak21bC~H2O 

giving the same value  for  dV/d  log t = 0.024V. 
Case c--K1 and K21~ are small .  Equat ion  [32] gives 

then 

QNizH COH-- exp [ (2 --  8) FV/RT  
dV = dt [35] 

RT ak~lbg,21aC2H20 

which is different  f rom the resul t  de r ived  before  for 
this case bu t  it  has the same genera l  form as Eq. [33]. 
dV/d  log t is therefore  0.040V. 

Case d--K1 is small ,  and  K21a is large.  Because of 
the model  used here,  this case must  be different  from 
the corresponding previous  one. Equat ion [32] s im-  
plifies to 

QNixH exp [ (1 --  8) FV/RT] 
dV = dt [36] 

RT CH2oak21b 

which, a f te r  in tegra t ion  and rea r rangement ,  gives 

2RT 
v =  F 

with 

In [t -b A exp (FVin/2RT) ] -- 2RT/F in A 

[37] 

2QNtzH 1 
A -- - -  [38] 

1 ~ k21bCH20 

For  sufficiently long t imes 

V = 0.120 log t --  0.120 log A [39] 

so that  dV/d log t = 0.120V. The resul ts  of this t r ea t -  
ment  a re  summar ized  in Table II. 

Comparison with experiment.--The slopes of the ex-  
pe r imen ta l  decay  plots a re  unusua l ly  low, in the range 

Table II. Mechanisms and potential decay slopes, dV/d log t, 
for the H2 evolution process on Ni hydride sites at the Ni 

electrode surface 

Mechan i s m Case Condit ion 

d V  

d lOg t 

Mixed process  

Anodic  react ion:  
(1) fas t  

NigH + OH--* xNi  
+ H~O + e 

Cathodic  react ion:  
(21a', b') w i t h  
(21b') r.d.s. 

a) Nigh + H20 + e 
-* (NizH)Had + 0H- 

b) (NigH)Had + H20 + e 
-* Ni~I-I + OH- + He 1" 

a K,, Ke,a' large 0.040 

b K1 large 0.024 
K~la, smal l  

c K1, K~la, small 0.040 

i d K~ small  0.120 

g2ta, large 

N o t e  on Table II: Th e  potent ia l  d e c ay  s lopes  for  the  condi t ions  
h e r e  do not  fo l l ow the  e x p e c t a t i o n s  for  regu lar  c o n s e c u t i v e  re- 
ac t ion  steps as t r ea t e d  in Ref. (17) and (18) because the surface  
s i te  availabil i ty is a s s u m e d  to  be  proport iona l  to  XH (Eq. [20]) 
w h i c h  in troduces  a potent ia l  d e p e n d e n t  quant i ty  in addit ion to 
that  aris ing f r o m  0H (Eq. 122]). 

0.022 ~ 0.030V (Fig. 12, 12). This indicates tha t  case 
(b) applies .  

Physical ly ,  the t r ea tmen t  given in this pape r  in-  
volves the difficult concept  that  sorbed  H as NixH be-  
haves  l ike a surface film capacitance.  However ,  as we 
have  ment ioned,  analogous systems are known in 
th ree  dimensions  (16), and have been proposed for H 
in Ni (11). The observed re lease  of a macroscopic 
volume of H2 on open circuit  dur ing  some minutes  and 
the observed  anodic cur ren t  on cathodic polar iza t ion  
af ter  appl ica t ion  of a potent ia l  step provide  the physical  
suppor t  for  the view that  a n ickel  hydr ide  is involved  
but  the kinet ics  of the mixed  process are de te rmined  by  
the H2 evolut ion reaction.  

Relevance to nickel cathode perJormance.--The per -  
formance (overpoten t ia l  vs. In i re la t ion for H2 evolu-  
tion) of n icke l -based  cathodes of the k ind  we have  
inves t iga ted  is much super io r  to that  of bu lk  nickel  
meta l  cathodes,  e.g.. Tafel  slopes are  lower.  We bel ieve  
that  the presence of a hydr ide  phase, as indica ted  by  
the presen t  work  on potent ia l  decay,  could be the im-  
por tant ,  if not  essential ,  condit ion for  low overpo ten t ia l  
behavior  in n ickel  cathode per formance  and for r e l a -  
t ive ly  smal l  deprecia t ion  of pe r fo rmance  wi th  t ime 
over  ex tended  periods. In  the case of  the e lec t ro-  
ly t i ca l ly  deposi ted Ni-Mo electrodes,  the codeposi t ion 
of H and the coevolut ion of H2 [cf. Ref. (22)] may  be 
impor tant .  
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Hydrogen Overvoltage on Tin Self-Cleaning Rotating Electrode 
(SRE) in Absence and Presence of Surface Active Ions 

C. I. Noninski, I. P. Ivanov, 1 and M. Vassileva-Dimova I 

Higher Institute of Chemical Technology, Sofia, Bulgaria 

ABSTRACT 

An investigation of hydrogen overvoltage on tin self-cleaning rotating electrode (SRE) in sulfuric acid solution in the 
presence and absence of some halogen ions was carried out. It was established that the rate of the mechanical  renewal exerts 
significant influence on the hydrogen evolution overvoltage decreasing it about 0.120V. It was found that the halogen ion 
adsorpt ion practically does not change the magni tude of the overvoltage decrease which remains of the same order as it is in 
pure sulfuric acid. It was shown that the effective energy of activation of the hydrogen evolution process upon a continu- 
ously renewed surface decreases about two t imes in comparison with an unchanged surface. 

Tomashov et aL (1, 2) were  the first to c a r r y  out  
measurements  of hydrogen  evolut ion on cont inuously  
mechanica l ly  renewed  elect rode surfaces of meta ls  
wi th  var ious  hydrogen  overvol tage.  These authors  
found out  tha t  the e lec t rode  surface renewal  de-  
creases the hydrogen  overvol tage  only in the case of 
meta ls  charac ter ized  by  low hydrogen  overvol tage  
(Fe, Ni, and Pd ) ,  but  does not  influence the over -  
vol tage in the case of the meta ls  of h igh hydrogen  
overvol tage  used in the  s tudy  (Sn and Pb) ,  which  
p robab ly  is due to screening of the e lect rode surface  
by  the ro ta t ing  corundum disk used. The p r e l i m i n a r y  
invest igat ions  car r ied  out  by  Noninski  (3) wi th  
the help  of his SRE (4) whose work ing  e lec t rode  
surface is n e a r l y  free (nonscreened)  dur ing  the re-  
newal,  show tha t  the  mechanica l  r enewal  exer ts  a sig- 
nificant influence on the value  of hydrogen  evolut ion 
overvol tage  on Sn and Zn e lect rodes  by  decreas ing the 
overvol tage  about  10O mV. If  i t  is proceeded by  the 
common concepts used b y  Tomashov et al. (1, 2), these 
results  ev iden t ly  cont radic t  the dominat ing  theory  of 
charge t ransfer .  I t  was necessary  tha t  the ment ioned  
p r e l i m i n a r y  invest igat ions  done by  Noninski  (3) be 
cont inued while  s t r ic t ly  keeping the con tempora ry  re -  
qui rements  when measur ing  the hydrogen  evolut ion 
overvoltage.  Such a s tudy  was done b y  the authors  
using SRE of meta ls  wi th  different  values  of h y d r o -  
gen overvol tage  (5) and on Cd SRE (5-7) in H2SO4 
solutions. 

In  this paper ,  the  influence of the ra te  of the con- 
t inuous mechanica l  r enewal  of the cathode surface on 
the hydrogen  evolut ion overvol tage  and on the energy  
of act ivat ion of the process on Sn SRE in sulfur ic  
acid solut ion is s tudied.  The influence of some halogen 
ions on the hydrogen  overvol tage  value  on nonre-  
newed and on the cont inuous ly  mechan ica l ly  renewed  
surface of the e lect rode is s tudied  as well .  

Experimental 
When  construct ing the appara tus ,  s c h e m a t i c a l l y  

shown in Fig. 1, measures  were  taken  to keep t h e  
highest  solut ion pu r i t y  and to avoid (to the h ighes t  
possible ex ten t )  the  pene t ra t ion  of a tmospher ic  oxy -  
gen and oxygen  f rom the anodic compar tmen t  of the 

1 Present address: Department of Chemistry, Medical Academy, 
1431 Sofia, Bulgaria. 

Key words: self-cleaning rotating electrode, continuously me- 
chanical renewal, decreasing of hydrogen overvoltage, energy of 
activation. 

cell  into the cathodic compar tment .  Al l  the c o n n e c -  
t i o n s  were  made  th rough  glass weldings,  and  the 
sleeves and taps were  made  t ight  by  spec ia l ly  m a n u -  
fac tured  detents  filled wi th  me rc u ry  K. The SRE, F, 
wi th  which the exper iments  were  car r ied  out  was 
s i tuated in the cen t ra l  pa r t  of the e lec t ro ly t ic  cell, A, 
whose he rme t i c i t y  was ensured  also th rough  a m e r -  
cury  detent ,  D. In the compar tmen t  B, the counter -  

H2 

S A C 

Fig. 1. Scheme of the apparatus for measuring hydrogen over- 
voltage: A--working electrode compartment; B--counterelectrode 
compartment; C---reference electrode compartment; M~pre-elec- 
trolysis cell; Nmanode; F--SRE; D--mercury detent; K--hydraulic 
detents; G--water jacket; E, I., I-gmtaps. 
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elec t rode  was s i tuated,  and  in compar tmen t  C, the no r -  
mal  h y d r o g e n  e lec t rode  used as a re ference  was s i tu -  
ated. In  o rde r  to avoid the ohmic potent ia l  drop  be-  
tween  the cathode and the Luggin  cap i l l a ry  end, the 
l a t t e r  was s i tuated in the  nea r  v ic in i ty  of the  r e n e w -  
ing surface at  a dis tance of about  0.1-0.2 ram. The 
cathode c o m p a r t m e n t  and tha t  of the hydrogen  elec-  
trode were  suppl ied  wi th  wa te r  jackets ,  G, which  
ma in ta ined  the des i red  t empe ra tu r e  and  was mea -  
sured  by  an u l t r a the rmos ta t  wi th  accuracy  _0.1~ 

The solut ions were  p repa red  wi th  H2SO4 (pure  spec- 
imen [p.a.])  and f lesh  b i -d i s t i l l ed  water .  The salts,  
KI  and KBr  (p.a.) ,  used were  add i t iona l ly  purif ied 
th rough  double  recrys ta l l iza t ion  in b i -d i s t i l l ed  water .  
F ina l  puri f icat ion of the solutions was reached  through  
p re -e lec t ro lys i s  on an aux i l i a ry  t in  e lec t rode  in cell  M 
at 2 �9 10 -1 A - c m  -2 cur ren t  dens i ty  for 20 hr. In  o rde r  
to avoid the influence of side depolar izers ,  a l l  the ex-  
pe r iments  as wel l  a s  the p r e l i m i n a r y  e lectrolysis  of the 
solut ions were  car r ied  out  in hydrogen  a tmosphere  at  
closed E and L taps  separa t ing  the anode f rom the 
cathode compar tment .  Af te r  p lac ing the SRE, F, in the  
e lec t ro ly t ic  cell  and b lowing hydrogen  th rough  the  
l a t t e r  for  severa l  hours, tap  3 was opened to le t  the  
p re -e l ec t ro lyzed  solut ion passing into the  cent ra l  pa r t  
A of the cell  where  it was d i s t r ibu ted  in the  anode  B 
and the reference  e lec t rode  C compar tments .  Through-  
out  the whole  course of t ak ing  the polar iza t ion  curves,  
a cont inuous b lowing of hydrogen  th rough  al l  th ree  
compar tmen t s  of the  cell was ensured.  This hydrogen  
was obta ined  th rough  e lect rolys is  of 20% KOH (Fig. 
2). The pressure  necessary  for  b lowing the hydrogen  
obta ined  in the electrolyzers ,  2 and 3, in Fig. 2 was 
ensured th rough  an  addi t ional  wa te r  column ( tube 1). 
Specia l  a t ten t ion  was pa id  to the purif icat ion of the  
hydrogen  f rom traces of oxygen.  For  this purpose,  
a f te r  the hydrogen  was passed th rough  washing  bot t les  
conta ining a lka l i  solut ion of pyroga lo l  (5), sulfur ic  
acid solut ion (6),  and b i -d i s t i l l ed  w a t e r  (7),  i t  was 
passed consecut ively  th rough  a furnace  wi th  copper  
wadd ing  and through  furnaces  wi th  pa l lad ized  as-  
bestos (9, 10) at  350~176 For  ca tching the last  t races 
of oxygen  the hydrogen  was passed th rough  a furnace  
with  pa l lad ized  asbestos (11) a t  600~ Af t e r  tha t  the  
hyd rogen  was passed th rough  washing  bot t les  con- 
ta ining Pb(CH3COO)2 solut ion (12), H2SO4 solut ion 
(13), and work ing  solut ion (14). 

Fo r  ensur ing  ro ta t ing  mot ion of the  SRE a d -c  elec-  
t romotor  motor  genera to r  type  was used. The ro ta -  
t ion ra te  of the SRE was judged  by  the vol tage of the 
genera to r  winding.  A l l  the par t s  of the  SRE whose 
construct ion is shown in Fig. 3 (4) were  made of 
Teflon. The work ing  e lect rode surface was r enewed  
using a c leaner  spec ia l ly  constructed for the a im 5 
which  was a t tached  immovab ly  at  the bo t tom cap 6 
of the SRE. The appl iance  for r enewal  ( the c leaner )  

Fig. 2. Scheme of the system for the production and purification 
of hydrogen: lwwater column; 2, 3--electrolyzers; 5, 6, 7, 12, 13. 
14---washing bottles; 16--bath with flowing water; 8~furnace with 
copper wadding; 9, !0, 11~furnaces with asbestos @ Pd. 

Fig. 3. Construction of the SRE: I--metal wire; 2winsulating 
layer; 3--working electrode surface; 4--edges of the sharpener; 5m 
sharpener; 6wscrewing up lid; 7--tube; &--boll bearing; 9--spring 
(or heavy washers); lO---connector; 11--small screw to connect 
the electrode 1 with the connector; 12, 13mwater or mercury 
detents; ]4--body of the SRE; IS--sleeve; 16~bearing case; 1 7 -  
lid. 

is made  of corundum. The c leaner  consists of four  
cut ters  whose edges ensure continuous r enewa l  of the 
whole work ing  surface of the electrode.  I t  is ve ry  es-  
sent ia l  tha t  the edges of the  appl iance  for  r enewa l  
touch a very  smal l  pa r t  of the e lect rode surface  and 
that  the remain ing  par t  f rom the e lec t rode  solut ion 
interface,  where  the e lect rode process in fact  takes  
place, is en t i re ly  free and nonscreened.  An  e lec t rode  
made  of spec t ra l ly  pure  Sn with  a cone work ing  sur -  
face of 0.1 cm 2 was used as a work ing  electrode.  The 
measurements  were  car r ied  out  in potent ios ta t ic  r e -  
gime vs. normal  hydrogen  e lec t rode  at 24 ~ ___ 0.1~ Be- 
sides that ,  invest igat ions  were  car r ied  out  a t  var ious  
tempera tures .  

Results and Discussion 
The expe r imen ta l  resul ts  obta ined  b y  the authors  

are  r ep resen ted  in Fig. 4-8 and in Table  I. 
In  Fig. 4, the  influence of  the  ra te  of cont inuous 

mechanica l  r enewal  of the  e lec t rode  surface on the  
hydrogen  evolut ion overvol tage  on Sn SRE in 2N 
H2SO4 is shown. As it is seen f rom the figure, the  ra te  
of mechanica l  r enewal  exer ts  significant influence on 
the hydrogen  evolut ion  overvol tage  as the  l a t t e r  de- 
creases, reaching about  0.120V at ra te  of e lec t rode  ro -  
ta t ion n ---- 50 sec - I  and cur ren t  dens i ty  i ---- 1 �9 10 -8  A -  
cm -2  (curve 5). At  ve ry  high rates  of r enewa l  (n > 
50 s e c - D ,  the decrease in the overvol tage  remains  
p rac t i ca l ly  the  same as at lower  ra tes  of renewal .  
F rom Fig. 4, i t  is also seen tha t  in the  polar iza t ion  
curves n- log i t aken  both on nonrenewed  and on a con- 
t inuously  mechan ica l ly  renewed  surface, a sharp  drop  
of the overvol tage  reaching  0.25-0.30V is observed at  
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Fig. 5. Dependence ef ~l-log i on Sn SRE obtained in 1N H2SO4 + 
0.01N KBr(o) und in 1N H2SO4 + 0.1N KBr(b): 1--nonrenewed 
surface; 2--n - -  9.7 sec-Z; 3--n = 29 see-l;  4--n = 50 sec-1; 
5--n = 70 sec -1 ,  at 24~ 

overvoltage of about 0.6V. On a nonrenewed electrode 
surface, two linear Tafel regions are formed in the 
n-log i polarization curve having different constant a 
values and approximately equal constant b values. On 
a continuously mechanically renewed electrode sur- 
face, the second linear region is not observed. 

The sharp drop of hydrogen overvoltage is due to 
passing through the zero charge potential of the metal 
which for Sn is about --0.4V (8). Such a drop of over- 
voltage when passing from a negatively charged metal 
surface to a positively charged surface, as it is known, 
was observed long ago by other authors. The constant 
a values found out by the authors (on a negatively 
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Fig. 6. Polarizatlon curves obtained on Sn SRE in 1N H2$O4 + 

0.01N Kl(a, top) and in 1N H2SO4 + 0.1N Kl(b, bottom). The 
indications are the same as in Fig. 5, at 24~ 

charged nonrenewed electrode surface, a -- 1.16V, 
while on a positively charged nonrenewed electrode 
surface, a = 0.88V) are near to those of Kilimnik and 
Rotinjan (9). 

Experiments in H2SO4 solutions containing the halo- 
gen ions I- and Br- were carried out to examine the 
way the surface active ions influence the hydrogen 
evolution overvoltage. In Fig. 5a and 5b, are shown the 
polarization curves m-log i obtained in 1N H2SO4 in the 
presence of 0.01N KBr (Fig. 5a) and 0.1N KBr (Fig. 
5b) while in Fig. 6a and 6b the same curves are given 
in presence of 0.01N KI (Fig. 6a) and 0.1 KI (Fig. 6b). 
From Fig. 5 and 6 it is seen that in sulfuric acid solu- 
tion containing the surface active ions Br- and I-, the 
continuous mechanical renewal of the Sn electrode 
exhibits approximately the same influence on the hy- 
drogen evolution overvoltage as in pure H~SO4 solu- 
tion. The overvoltage decrease due to mechanical re- 
newal is practically the same as in pure H~SO4 solu- 
tion which is better seen from Table I in which data 
obtained on the basis of the curves in Fig. 5 and 6 at 

Table I. Hydrogen overvoltage (V) on tin Sn SRE in 1N H2SO4 and 
in H2SO4 solution containing surface active ions Br-  and I -  at 

variou~ rates of renewal of the electrode surface and at 
i = 1 �9 10 -3  A-cm -2  

N o n r e n e w e d  C o n t i n u o u s l y  mechanical ly  
surface  renewed  surface 

C o m p o s i t i o ~  o f  n = 0 n = 9.7 ~ = 29 n = 50 n - 70 
the electrolyte sec -~ sec -~ see -I sec -~ sec-1 

1N H2SO~ 0.810 0.735 0.720 0.700 0,690 
1N H_~O~ 

+ 0.01N K B r  0.785 0.720 0.700 0.685 0,685 
1N H2SO~ 

+ 0.1N K B r  0.775 0.715 0.700 0,690 0.660 
1N I-I~SO~ 

+ 0.01N KI  0.735 0.675 0.610 0.605 0.600 
1N H~SO~ 

+ 0.1N KI 0.625 0,570 0.550 0.545 0,540 
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i = 1 . 1 0  -3 A-cm -2 are shown. From Table I, i t  is 
seen that  the hydrogen evolut ion overvoltage observed 
in H2SO4 solution after the addit ion of the surface 
active ions B r -  and I -  is decreased both on nonre -  
newed and on cont inuously  mechanical ly  renewed 
cathode surfaces of the Sn electrode. In the same con- 
centrat ion,  the influence of KI  is expressed more 

s t rongly than the same of KBr which corresponds to 
the increase of the surface activity of the ions F - ,  
CI- ,  B r - ,  and I - .  From the table, it is also seen that  
the influence of ions on the hydrogen overvoltage is 
more expressed for higher  concentrat ions.  The invest i -  
gations carried out by  the authors as it was ment ioned 
show that  halogen ion adsorption practically does not  
change the magni tude  of the overvoltage decrease 
which remains  of the same order  as i t  is in pure 
I-I~SO4. From the above investigations, a conclusion 
can be drawn that the adsorption of the studied sur-  
face active ions, I -  and B r - ,  takes place at a rate 
higher than the rate of renewal  of the electrode st~r- 
face. This fact can be judged by the total shift of the 
,i-log i polarization curves compared to the same but  
taken in absence of the surface active ions. 

In order to estabhsh how the rate of mechanical  re-  
newal  influences the effective activation energy of 
hydrogen evolution on a t in  electrode, the tempera-  
ture dependence of the rate of electrolytic evolution 
of hydrogen in sulfuric acid solution was studied. It  
is necessary to note that  in  the l i terature there are no 
data for the activation energy not only for a mechani -  
cally renewed tin electrode surface but  also for a non -  
renewed surface. In Fig, 7a and 7b, the dependence of 
the overvoltage on the logari thm of current  density is 
shown, respectively, for nonrenewed and for cont inu-  
ously mechanical ly  renewed cathode surface at tem- 
peratures of 24 ~, 34 ~ 41 ~ 50 ~ and 60~ From curves 
in  Fig. 7a and 7b, it is seen that  the tempera ture  has 
a much weaker  influence on the hydrogen overvoltage 
of a mechanical ly  renewed electrode surface. 

In Fig. 8 the dependence of the logari thm of the cur-  
rent  density on the reciprocal value of the tempera-  
ture  is shown at overvoltage '1 = 0.SV for a nonre -  
newed surface (curve 1) and for a cont inuously re-  
newed electrode surface at a rate of electrode rotat ion 
n = 9.7 sec -1 (curve 2) and at n = 30 sec -1 (curve 
3). From Fig. 8, it is shown that the effective activa- 
t ion energy of hydrogen evolution on a nonrenewed 
surface has a value Ea -- 42 kJ-mo1-1,  while on a con- 
t inuously mechanical ly renewed surface at a rate of 
electrode rotat ion n = 9.7 sec -1 and n -- 30 sec -1, the 
activation energy has values Ea -- 23 kJ-mo1-1 and 
Ea "- 20 kJ -mol -1 ,  respectively. From the obtained 
data it is seen that  the mechanical  renewal  of the 
electrode surface influences the effective activation 
energy of hydrogen evolution by  decreasing it about  
two times. 

In  general, the results in this paper  are a new con- 
firmation of the influence, observed by Noninski  (3), 
of the cathode surface renewal  both on the activation 
energy and on the hydrogen evolution overvoltage on 
metals with high hydrogen overvoltage and in the 
absence and presence of surface active ions. The ex-  
per imenta l  results obtained by the authors with the 
help of SRE when studying the influence of the con- 
t inuous mechanical  renewal  on the overvoltage and 
the activation energy of hydrogen evolut ion can 
hardly  be explained by the widely accepted theories 
for this process: theory of recombinat ion and the 
theory of charge transfer.  The authors agree with 
Tomashov et al. (1, 2) that if it is proceeded from the 
theory of delayed recombinat ion only  the decrease of 
the hydrogen overvoltage of metals with low one can 
be explained where measurable  adsorption of atomic 
hydrogen can be observed. As for the metals with high 
hydrogen overvoltage at which there is practically no 
such adsorption, Tomashov et al. (1, 2), accepting that  
here the theory of charge t ransfer  is valid, r ightful ly 
consider that on these metals the continuous mechani-  
cal renewal  should not influence the hydrogen evolu-  
tion overvoltage. The authors observed that a decrease 
of hydrogen overvoltage on metals characterized by 
high hydrogen overvoltage where there is practically 
no adsorption of atomic hydrogen leads them to be-  



1840 J. Electrochem, Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  September  1983 

l ieve tha t  also for  meta ls  wi th  low hydrogen  overvo l t -  
age, the decrease of the l a t t e r  is not  connected wi th  
the adsorpt ion  of a tomic hydrogen  but  wi th  some 
other  reason. 

According to some of the main  theses developed in 
Ref. (10), i t  can be accepted tha t  the e lec t rode  po ten-  
t ia l  influences the  electrode process ra te  ma in ly  b y  
changing the total  n u m b e r  of collisions of the  ions on 
the e lect rode surface th rough  respect ive  change of the 
rate  of the t rans la t iona l  movement  and the concent ra -  
t ion of the neu t ra l iz ing  ions. At  tha t  the e lec t rode  po-  
ten t ia l  influences the e lect rode process ra te  not  by  in-  
creasing the ra te  of the t rans la t iona l  movemen t  of the  
ions that  much bu t  by  increasing the i r  concentra t ion 
at  the e lect rode surface.  According to the  concepts 
in Ref. (10), at  the s ta t ionary  process the ma in  r ea -  
son for the e lectrode overvol tage  is the increased con- 
cent ra t ion  of the ions at  the e lect rode surface.  I t  is 
impor t an t  to note tha t  the above-men t ioned  increase 
of the ion concentra t ion is connected wi th  the  in-  
crease of the in tens i ty  of the e lect ros ta t ic  field. As a 
resul t  of the  mechanica l  r enewal  of the  e lectrode su r -  
face, an efficient s t i r r ing  of the solut ion is obta ined  
because the immovable  l iquid l aye r  ly ing  nex t  to the 
e lec t rode  surface is s t irred.  This energet ic  s t i r r ing  
leads to level ing the ion concentra t ion at  the elec-  
t rode surface wi th  the i r  concentra t ion in the bu lk  of 
the solution. As a resul t  of this, the energy  is h indered  
along the pa th  of the neut ra l iz ing  ion in such a w a y  
that  the hydrogen  overvol tage  and the act ivat ion en-  
e rgy  are  decreased.  

As it is known, the continuous mechanica l  r enewa l  
changes the e lec t ron work  function,  and therefore  the  
contact  po ten t ia l  difference be tween  the cathode meta l  
and  p l a t inum wil l  also be changed. 2 

According to the equat ion 

~l : a p t +  VptMe -~ b l o g i  [1] 

(apt and b-Tafe l  constants)  
-"More exactly, according to Ref. (11) there should be consid- 

ered the difference between the zero charge potentials of the 
platinium and the cathode metal. 

es tabl ished on the basis of significant expe r imen ta l  
da ta  ( i1 ) ,  it  is na tu ra l  to expect  a change of the over -  
vol tage as a resul t  of mechanical  r enewal  because it 
includes the contact  po ten t ia l  difference UPtMe. From 
Eq. [ lJ ,  it  is also seen that  if the  same meta l  which is 
used for a cathode is taken  as a reference e lect rode 
then i t  is to be expected  tha t  the measured  overvol tage  
on al l  meta ls  wi l l  be the same as tha t  on p la t inum.  
The hydrogen  overvol tage,  however ,  includes in i tself  
the contact  potent ia l  difference UptMe and name ly  be-  
cause of this i t  wil l  depend  on the na tu re  of the ca th-  
ode metal .  

According to the shor t ly  expla ined  concepts (10, 11) 
it seems most  p robable  that  the continuous mechanica l  
r enewal  influences the hydrogen  overvol tage  both by  
level ing the ion concentra t ion at  the e lect rode su r -  
face wi th  that  in the bu lk  of the solut ion and by  
changing the c o n t a c t  potent ia l  difference UptMe. 

Manuscr ip t  submi t t ed  March  18, 1982; revised m a n u -  
scr ipt  received ca. May 24, 1983. 
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Maskless Laser Patterning for Gold Plating of Microelectronic 
Materials 

R. J. von Gutfeld,* M. H. Gelchinski, and L. T. Romankiv;* 

IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

ABSTRACT 

The authors have developed a method for producing small area patterns using any one of several organic coatings, in- 
cluding photoresist  in conjunction with a Q-switched Nd-YAG laser. The laser removes the coating locally leaving a clean 
metal  surface which can then be plated by conventional means. The authors have laser pat terned coated substrates of cop- 
per, nickel, nickel-plated Be-Cu, and gold plated the patterned 1/2-1 mm diarn regions. These areas are typical of those re- 
quired on microelectronic connector parts and serve to demonstrate  the potential of this simple technique for conserving 
precious metals. Laser and coating parameters  are described together with details of the patterning method. 

The increas ing cost and scarci ty  of precious meta ls  
for microelect ronic  appl icat ions  have crea ted  a s t rong 
need for  conserving these resources.  This can be ac-  
complished by  e i ther  finding cheaper  subst i tu te  meta l s  
or  al loys at  a cost of decreas ing the per formance  or  
using the same precious meta ls  more efficiently. The 
most recent  approach  in the p la t ing  indus t ry  is to seek 
methods  for increas ing the ef f ic ient  use of precious 
metals  by  pa t t e rn ing  the pa r t  so that  only  the essen- 
t ia l  areas  are  plated.  Severa l  mask ing  schemes for  

* Electrochemical Society Active Member. 

local p la t ing  of electronic par t s  have been  devised in-  
cluding moveable  masks  that  are  brought  into contact  
wi th  the pa r t  dur ing  p la t ing  and subsequen t ly  r e -  
l e a s e d  when p la t ing  is comple ted  (1). Such contact  
masks  are usua l ly  made of v iny l  and have  to be 
especia l ly  fabr ica ted  for each specific appl icat ion.  
More complicated contact  masks  have been  designed 
for use wi th  r e e l - t o - r e e l  je t  p la t ing machines.  Here,  
the mask cont inuously rota tes  to make  and b r e a k  con-  
tact  in synchronism wi th  the pa r t  as i t  moves th rough  
the p la t ing  cycle. The use of photores is t  in conjunc-  
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tion with preformed masks can also be used but is a 
costly time consuming multistep process, not well 
suited for most electronic connector parts, part icularly 
in reel- to-reel  plating machines. Further,  the standard 
photoresist technique is fair ly inflexible since new 
masks must be fabricated with every change in plating 
pattern. 

The authors report  a simple inexpensive method for 
forming patterns for localized plating without the use 
of a preformed mask. The scheme uses a focused laser 
beam to remove locally a thin masking mater ial  which 
has been preapplied over the entire part. This results 
in a clean metallic region for plating while maintain-  
ing electrical insulation over the remainder of the 
part. The technique is part icularly applicable for reel-  
to-reel  plating machines in conjunction with a high 
repetition rate laser to form the required maskless 
pattern on an array of moving parts. The authors have 
termed this patterning process "laser ablation tech- 
nique." 

Exper imental  Procedures and Results 

Maskless plating patterning using the laser ablation 
technique requires the following steps: (i) immersion 
of the part  to be locally plated in any one of a 
number of liquid dielectric materials to obtain a thin 
coating which upon solidification is electrically in- 
sulating with good adhesion to the substrate and in- 
soluble in water. This coating can also be applied by 
controlled spraying of the dielectric liquid onto the 
part. (ii) Absorption of one or more laser pulses by 
the coated part  to remove completely the desired area 
of dielectric. The size of the area uncovered or pat-  
terned is controlled by the laser spot diameter, power 
density, wavelength, and pulse width. (iii) Plating of 
the part  by conventional, jet, or laser plating tech- 
niques (2-4) after cleaning to remove solid remnants 
of the ablation followed by (iv) rinsing in the appro- 
priate solvent to dissolve the remaining dielectric 
coating material  not previously removed by the laser 
patterning step. 

A number of organic dielectric masking materials 
were used in the first studies including glycol phthal-  
ate, paraffin, and AZ| photoresist (Shipley Company), 
all applied to pure nickel or nickel-plated beryl l ium- 
copper stock, --8 mil thick. Nickel-plated beryl l ium- 
copper is typical ly used in the electronic connector in-  
dustry so that most of our later experiments concen- 
trated on the use of this material  in conjunction with 
gold and gold alloy electroplating. Initial  experiments 
with glycol phthalate as a dielectric coating were 
made by dipping the samples in a solution of glycol 
phthalate dissolved in acetone followed by air drying. 
Laser ablation occurred with the samples immersed in 
a gold plating solution using millisecond pulses from 
a mechanically modulated multiline 8 w cm argon 
laser. Although resulting gold-plated sections were 
found to be adherent and of reasonable quality, two 
problems were observed: (i) nonuniform removal of 
the dielectric coating due to some melting and char- 
ring of the coating. This resulted in some local spots 
of charred residue and uneven plating patterns, espe- 
cially around the outer periphery, and (ii) contam- 
ination of the plating solution from accumulation of 
ablated dielectric material  The detailed effects of this 
organic contamination on the quality of plating were 
not determined or investigated but are known to be 
detrimental  to the plating solut ion performance with 
long term usage (5). In order to eliminate the pos- 
sible contamination of the plating bath, the experi-  
mental procedure was altered to produce patterning in 
air. Also, a Nd-YAG laser that could be Q-switched 
to produce pulses as short as 20 nsec at 1.06 ~m wave- 
length was used. Pulse widths of 100 ~sec, 1 msec, 2 
msec, and 5 msec were also available as non-Q- 
switched pulsed modes. The advantages of this laser 

for laser ablation are the short  pulses and weak ab- 
sorption by the organic coatings at 1.06 ~m. 

It was found that a single 5 msec pulse burned the 
glycol dielectric coating applied to a nickel-coated 
Be-Cu substrate. Consequently, a rough poorly adher-  
ing nodular deposit was obtained, presumably due to 
the remnant residue layer. This type of deposit is 
shown in the scanning electron microscope micro- 
graphs of Fig. 1. In addition to the poor surface clean- 
ing resulting from this relat ively long pulse, heat 
dissipation caused a weakening of the adhesion of the 
glycol phthalate at the per iphery of the ablated spot 
and led to the underplating evident in Fig. la. Short 
Q-switched pulses, on the other hand, resulted in 
uniform cleanly ablated patterns as well as a smooth 
surface for subsequent plating. Plating obtained on 
such surfaces resulted in uniform and bright deposits 
as shown in Fig. 2. In addition, the damage to the 
substrate adhesion of the glycol phthalate at the 
periphery took place over a much smaller circumfer- 
ential area. 

Although experiments with glycol phthalate showed 
feasibility, it was of interest to explore other coating 
materials. In the first experiments with AZ| photo- 

Fig. i. (a) SEM micrograph of gold plating on nickel-plated 
Be-Cu using glycol phthalate dielectric oblated with one 5 msec Nd- 
YAG laser pulse. Note the underplating along the circular periphery 
caused by overheating during ablation. (b) Gold surface mor- 
phology near the center. 
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Fig. 2. Same as Fig. 1 but using the 20 nsec Q-switched Nd-YAG 
pulse to form the ablation. Note the improvement in the decreased 
underplating. 

melted (on the order of 1-2 ~m) creating a smoother 
surface texture. This smoothing effect is shown in 
Fig. 4, where two sulfamate nickel-coated surfaces are 
compared, one laser treated, the other untreated. 

The weak dependence of laser power (for successful 
ablation) as a function of photoresist thickness leads 
the authors to conclude that material  removal is due 
to differential expansion as well as possible thermal 
shock from locally intense thermoelastic expansions. 
This results in local fracture of the photoresist layer 
and a clean metal area without organic residue in the 
immediate region of laser absorption. This model is 
consistent with the two to three times higher thermal 
expansion coefficient of resist compared to nickel and 
copper. Film or coating fragments have been observed 
in close proximity to the ablated regions indicative of 
shattering rather than vaporization or melting of the 
dielectric. 

After the ablation steps with from one to three 
Q-switched laser pulses, the following procedure was 
carried out to obtain the final gold-patterned product. 
First, the samples were subjected to a stream of air 
to remove the shattered film fragments. This was f o l -  

resist, standard spinning (2000 rpm) and baking at 
80~ for 20 rain of the photoresist coatings on the par t  
were utilized. Ablation was carried out with 5 msec 
pulses which caused carbonization of the photoresist 
and did not provide a clean ablated surface for p la t -  
ing. Q-switched pulses, on the other hand, resulted in 
a uniform ablation pattern. In addition, the rather  
cumbersome techniques of spinning and baking the 
photoresist were found to be unnecessary for success- 
ful laser ablation. Experimentation showed that coat- 
ings could be rel iably produced by dipping the part  in 
a dilute resist solution followed by air drying. The 
laser power required for ablating was found to be in- 
dependent of the coating thickness when 20 nsee Q- 
switched pulses were used. Typical laser energy per 
pulse was 5 mJ producing ablated spots on the 
order of 1 mm in diameter. The relative independence 
of laser energy with coating thickness and the very 
weak absorption in photoresist at 1.06 ~m as shown in 
Fig. 3 implies that laser absorption occurs in the 
metal substrate giving rise to heating at the photo- 
resist-metal  interface. Peak temperature increases at 
the interface resulting from the 5 mJ Q-switched 
pulses are estimated for a perfectly smooth surface to 
be on the order of ~500~ based on a one-dimensional 
thermal diffusion calculation using the thermal pa-  
rameters of the substrate and a reflectivity of ~70% 
(6). At these laser power levels, however, the rough 
surface, peaks, typical of sulfamate nickel plating, are  
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Fig. 3. Optical absorption us a function of wavelength resulting 
from an air-dried AZ|  photoresist material on glass. Note the very 
low absorption at the Nd-YAG (1.06/~m) wavelength. 

Fig. 4. Smoothing of rough suffamate nickel-coated Be-Cu sur- 
face as produced by laser absorption: (a) substrate surface after 
removal of photoresist with acetone; (b) after removal of photo- 
resist with one Q-switched laser pulse. Here isolated fragments of 
photoresist "flakes" are also visible. 
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lowed by immersion in a 1:1 HC1 solution for 1 rain 
followed by a quick water rinse. The samples were 
subsequently immersed in Autronex N (Selrex Corpo- 
ration) solution and electroplated in a conventional 
two-electrode cell at constant potential for 35 rain. 
This was followed by a water, acetone, and alcohol 
rinse. The acetone removed the remaining photoresist 
not previously removed by the laser ablation step. 
Micrographs of a plated region are shown in Fig. 5a, b 
while a photograph of the patterned array of nickel- 
gold spots is shown in Fig. 6. These areas were fabri- 
cated to serve as gold contacts and were tested for 
adhesion, electrical conductivity, and porosity. Tests 
showed them to be entirely similar in these properties 
to the gold contact dots produced conventionally on 
similar substrates. It was observed that the surface 
quality of the gold improved with the slightly higher 
intensity laser ablation pulses which smoothed out the 
substrate surface. The slight substrate melting, as pre- 
viously described, is believed to provide a better sur- 
face for the electroplated gold layer which leads to a 
decrease in the porosity of the gold deposition (7). 

Fig. 6. An array of parts (sulfamate nickel-plated Be-Cu) showing 
a single gold-plated spot on each part to obtain selective plating 
via the ablation technique. 

Figure 7 is a photograph of a metallurgical section of 
~1.5 #m thick nickel-gold sample, a thickness suitable 
for typical contact applications. Electrical contact 
measurements of this pore-free sample compared 
favorably with a gold-on-gold sample used as a ref- 
erence standard for contact resistivity. 

In the experiments, the authors studied the plating 
quality on ablated regions as a function of laser power 
density, pulse width, and number of pulses/site. For 
H1 mm diam ablation areas with AZ| photoresist, best 
results occurred with the sample ablated in air using 
Nd-YAG 20 nsec Q-switched pulses, one to three 
pulses/site, ~5 • 2 mJ/pulse. Repetition rates were 
~40/min preventing any average heating of the sub- 
strate between successive pulses. It was also found that 
photoresist gave the ~ most reproducible ablation and 
plating quality compared to the other dielectrics used, 
i.e., glycol phthalate and paraffin. Furthermore, it was 
realized that glycol phthalate may be hydrolyzed in 
acid solutions. Hydrolysis could result in plating solu- 
tion contamination as well as a dissolution of the di- 
electric mask. Problems arising from patterning with 
values of laser parameters outside of the above-men- 
tioned parameters, i.e., the "process window" were (i) 
charring, burning, or melting of the dielectric layer 
which resulted in poor adhesion and led to underplat- 
ing (plating underneath coating regions not ablated), 
(ii) damage to the substrate, and (iii) incomplete 
removal of the dielectric causing irregular or nodular 
gold plating and inadequate adhesion. The incomplete 
removal may consist of a very thin layer, probably 
less than 100A in thickness in the form of an organic 
or carbon residue which prevents high electrical con- 
duction to the substrate and causes poor plating ad- 
hesion. However, operating within the process window 

Fig. 5. (a) SEM micrograph of selectively plated gold (Antronex 
N) using conventional d-c plating for 35 min on a sulfamate 
nickel-plated Be-Cu sample. Here AZ|  phatoresist was ablated to 
achieve the pattern. Gold thickness is ~ 6  ~m. (b) SEM of gold 
region of (a) showing surface morphology. 

Fig. 7. Metallurgical cross section of nickel-gold contact plated 
after laser ablation of photoresist. The substrate is sulfamate 
nickel-plated Be-Cu. (See text.) 
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eliminates all of the above difficulties and results in a 
clean surface and excellent plating with good adhesion. 

Summary and Conclusions 
Experiments with a number of dielectric coating 

materials on metal substrates have been undertaken to 
attempt maskless laser patterning for subsequent elec- 
troplating of the patterned area. The patterning by 
way of laser ablation has been undertaken both with 
the sample in air and submerged either in water or a 
gold plating solution. Glycol phthalate, paraffin wax, 
and AZ@ photoresist were used as dielectric coatings, 
all with some success. Optimum patterning on Be-Cu 
substrates results from the use of AZ'| photoresist in 
conjunction with a Q-switched Nd-YAG laser. This 
optimum was measured in terms of the quality of the 
resulting gold plating, its adhesion, uniformity, mi- 
croscopic structure, and electrical conductivity. The 
laser parameters were found to be optimal for these 
cases where the laser wavelength is not absorbed 
by the coating material but by the substrate at the di- 
electric coating-substrate interface. This method of 
maskless patterning should find interesting applica- 
tions in a number of areas requiring selective plating 
or etching patterns. 
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ABSTRACT 

Experiments have been run which demonstrate that electrochemical oxidation ofn-alkanoic acids (in the range of C4-C6) 
in aqueous solution at a smooth platinum anode gives higher yields of alkane dimer product when run at elevated pressures 
than an equivalent experiment at atmospheric pressure. This phenomenon has been observed over awide range of reaction 
conditions. A plausible explanation for this result is that under high pressure conditions, olefin accumulates at the anode 
surface which helps to prevent the water, required to stabilize intermediates in the formation of competitive products, from 
reaching the electrode surface. 

The electrochemical oxidation of aliphatic carboxylic 
acids is among the oldest of organic reactions. Kolbe 
described the decarboxylation and dimerization of 
organic acids to produce alkanes (1). Hofer and Moest 
described the decarboxylation of organic acids to pro- 
duce alcohols (2). In addition, a variety of other 
products have been observed under both sets of re- 
action conditions particularly when acids other than 
acetic are electrolyzed including olefins, esters, non- 
dimerized alkanes, and cyclopropane derivatives (3, 
4). 

The stoichiometry for the Kolbe and Hofer-Moest 
reactions are, respectively 

RCOOH ~ R'HC ---- CHR" + CO2 + H2 [3] 

where R' and R" are either hydrogen or organic radi- 
cals. With most other electrode materials and at low 
current densities, the primary side product (in aque- 
ous solution to which this discussion is limited) is 
oxygen. 

Speculation as to the mechanism of the Kolbe and 
Hofer-Moest reactions has been going on almost since 
the reactions were discovered. The evolution of the 
current view of the mechanism of these reactions is 
documented in reviews such as those by Utley (4), 
Weedon (5), or Eberson (6). Figure 1 presents a dia- 

RCOOH + R'COOH-> R--R'  + 2CO2 + H2 [1] 

RCOOH + H~O-~ R*OH + CO~ + H2 [2] 

where R* refers to R and isomers of R collectively. 
The former (Kolbe) reaction (Eq. [1]) is predomi- 

nant at smooth platinum anodes with acetic acid and 
the longer chain fatty acids (C6 and up) (5). T h e  
second (Hofer-Moest) reaction (Eq. [2]) is observed 
to predominate at carbon anodes (6). In both cases, 
under most conditions the main side product is olefin 

1 Present address: Moleeulon Research, Cambridge, Massachu- 
setts. 

Present address: Earthsean, London, England. 

RCH2CH 3 {Alkane) 

RCHCH2 {AEkene) R (CH2]4RDimer) 

RCH2CH2CO 2- ~ RCH2CH2CO2-lads} ~ RCH2CH2CO 2" 

OH- e 

RCO 2 
RCHCH 2 

RCO2CH2CH2R {Ester) 

Fig. I. Anodic oxidation of carboxylates reaction mechanism 
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gram s imi la r  to the one const ructed  by  Ut ley  (4) in -  
d ica t ing the mechanism of the Kolbe  and Hofer -Moes t  
reactions.  Table  I shows typ ica l  product  dis t r ibut ions .  
No method has been repor ted  which  is capable  of in-  
creasing the yie ld  of a lkane  d imer  above the levels  
usual ly  obta ined  for  a given organic  acid (6). This 
paper  suggests  a technique for  increas ing the  y ie ld  
of a lkane  d imer  and presents  an exp lana t ion  for this 
effect. 

Experimental 
The electrolysis  react ions under  inves t igat ion take  

place in a f low- through e lec t ro ly t ic  cell manufac tu red  
by  ECO, Incorpora ted ,  Cambridge,  Massachusetts .  A 
schemat ic  d i ag ram of the  cell  is shown in Fig. 2. The 
cell has been modified and re inforced  to a l low it  to be 
opera ted  at  pressures  up to 1.5 MPa. The e lect rodes  
are  separa ted  by  ca rdboard  gaskets  giving an e lec t rode  
spacing of app rox ima te ly  0.15 ram, The exposed in-  
t e rna l  surface  a rea  of the  e lec t rodes  is 36 cm% The in -  
let  and out le t  por ts  are  both located on the ca thode  
side of the cell.  

The cell  is in tegra ted  into a c i rcula t ing  sys tem 
shown in Fig. 3 which is capable  of measur ing  and 
regula t ing  l iquid t empera tu re  and l iquid flow rate  as 
well  as current ,  potent ia l  difference, gas flow rate,  and 
pressure.  A BIF| d i aph ragm pump draws  the aqueous 
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acid solut ion f rom a 1 l i te r  holding vessel  and c i rcu-  
la tes  i t  th rough  the e lec t ro ly t i c  cell. The l iquid  and  
genera ted  gas r e tu rn  to the  hold ing  vessel, and the  
gaseous products  exi t  t h rough  a back pressure  r egu -  
lator.  

The sys tem pressure  is measured  by  a pressure  
gauge connected to the holding vessel  and ma in ta ined  
by  ad jus tmen t  of the back pressure  regula tor .  The 
e lec t ro ly t ic  cell  is connected to a Sorenson SRL10-100 
d-c  power  supply ,  capable  of de l iver ing  up to 100A at 
be tween  0 and 10V. The cur ren t  is moni to red  b y  a 
Sa rgen t -Wel sh  a m m e t e r  connected in ser ies  be tween  
the anode and posi t ive t e rmina l  of the power  supply.  

Exper imen t s  have been run up to 1.5 MPa and up to 
150"C. For  exper imen t s  over  100~ a condenser  w a s  
ad.~ed to the sys tem to minimize wa te r  loss in the  gas  
stream. In al l  exper iments ,  wa te r  vapor  is r emoved  
f rom the exi t  gas s t ream by using a "U" tube filled 
wi th  indica t ing  Drierite|  Once a sa t i s fac tory  balance  
be tween  deca rboxy la t ed  products  and  carbon dioxide 
product ion  was demons t ra ted ,  another  "U" tube  con-  
ta ining indica t ing  Ascari te |  was added  to the  sys tem 
to remove CO~ from the exi t  gas to s impl i fy  the ana ly -  
sis of the gas composi t ion.  Gas p r o d u c t i o n  was mea -  
sured  e i ther  b y  wa te r  d i sp lacement  or  b y  a wet  test  
meter .  The pH of the  l iquid in the holding vessel  is 
checked at  the s ta r t  and end of each exper iment .  

Al l  reagents  were  reagent  grade mate r i a l s  obta ined 
f rom m a j o r  supp ly  houses and were  used wi thout  
purification.  In m a n y  exper iments ,  sodium sulfa te  

Table I. Kolbe electrolysis of aliphatic monobasic carboxylates 

P e r c e n t a g e  y ie ld  

Ac id  S t r u c t u r e  Pa ra f f in  Olefin E s t e r  

E t h a n o i c  CHsCOOH 85 2 2 
P r o p a n o i c  C2HsCOOH 8 66 5 
n -Bu tano i c  C3H~COOH 14.5 53 10 
2-Methyl-  (CH~) 2CHCOOH t r a c e  62 10 

p r o p a n o i c  
n - P e n t a n o i c  C~H~COOH 50 18 4 
3-Methyl-  (CH3)BCHCH2COOH 43 42 5 

b u t a n o i c  
(CH,~) 

\ 
Methy l  e t h y l  CHCOOH 10 42 10 

e t h a n o i c  / 
( C2H5 ) 

T r i m e t h y l  (CH3)~C COOIt  13 52 0 
e t h a n o i c  

n - H e x a n o i c  C3HnCOOH 75 7 1.5 

F r o m  Al len ,  p. 103 (7) ,  

~ '  L IQUID FLOW 

ELECTROLYSIS 
CELL BACK 

PRESSURE 
REGULATOR 

GAS SAMPLING PORT 
HOLDING 

....... I I . . . . . . . . . . . . .  
SUPPLY STIRRER 

Fig. 3. Diagram of integrated electrolysis system 

was used as a suppor t ing  e lec t ro ly te  to reduce the  
e lect r ica l  resis tance of the e lec t ro ly te  solution. 

Gaseous products  (olefins, etc.) are  separa ted  and 
quantified using a Gow-Mac  750 gas ch romatograph  
equipped wi th  a flame ionizat ion detector .  These p r o d -  
ucts are  separa ted  on a Ys in. • 20 ft s tainless  steel  
column packed  wi th  n -oc tane  on D u r a p a k  using n i t ro -  
gen car r ie r  gas at  48~ The wa te r  immiscible  products  
are  ana lyzed  on a p rog ra mma b le  P e r k i n - E l m e r  F30 
gas chromatograph  equipped  wi th  a flame ionizat ion 
detector.  Glass columns 1/4 in. d i am X 6 ft packed  wi th  
Chromasorb  101 (no l iquid phase)  are  used wi th  n i -  
t rogen car r ie r  gas to separa te  these products  at 130 ~ 
230~ Wate r  soluble  components  a re  quantif ied using 
the same ins t rument  by  inject ion of the acidified aque-  
ous solut ion using the same t e m p e r a t u r e  program.  

Results 
Numerous  exper iments  have  been  run  under  a wide  

va r i e ty  of condit ions of e lec t ro ly te  concentrat ion,  t em-  
pera ture ,  pH, cur ren t  density,  etc., in which  the p rod -  
uct d is t r ibut ion  at  e leva ted  pressures  has been com- 
pa red  with  the produc t  d i s t r ibu t ion  under  the same 
conditions, bu t  a t  a tmospher ic  pressure.  Table  II  p re -  
sents the  resul ts  of one such expe r imen t  using 2M n -  
butanoic  acid at  pH 5.2 and an anodic cur ren t  dens i ty  
of 0.28 A / c m  2. Al though  in this case, es ter  appea red  
to be the p r i m a r y  benef ic iary  of increased pressure ,  
some hexane  was identif ied in the  produc t  mix.  These 
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Fig. 2. Schematic diagram otelectroprep T M  electrolysis cell 
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Table II. Effect of pressure on the product yields from the 
electrolysis of butanoic acid on platinum in aqueous solution 

100 kPa,  Run 82 1.1 MPa, Run 81 
Pressure product % yield % yield 

Hexane O 2.7 
P r o p y l  b u t a n o a t e s  53.0 67.0 
Isopropanol 3.1 2.3 
n-propanol 1.0 0.9 
Propene 42.0 27.0 
p H  r a n g e  5.0-5.2 5.0-5.3 
Concentration 2.0M 2.0M 

Table V. Effect of pressure on linear alkane yield 

Run pH Concen- 
number Acid range Pressure tration % Alkane* 

71 n-Pentanoic 7.5-8.6 1.1 MPa 0.7M 67 
72 n-Pentanolc 7.5-9.1 100 kPa 2.0M 51 
73 n-Pentanoic 7.4-9.2 lC~) kPa 2.OM 45 
74 n-Pentan0ic 7.4-8.2 1.1 MPa 2.0M 59 
75 n-Pentanoic 7.0-7.5 1.1 MPa 2.0M 71 
76 n-Hexanoic 7.7-8.3 1.1 MPa 1.OM 80 
77 n-Hexanoic 7.4.8.8 100 kPa 1.0M 68 
78 n-Hexanolc 7.4-8.0 1.1 MPa 1.0M 88 
79 n-Hexanoic 7,4-8.9 100 kPa  1.0M 76 

data are included because they r e p r e s e n t  t h e  o n l y  
re levant  n -butanoic  acid data to date. Also, they 
clearly show the reduction in  olefin yield as a result  
of pressure. 

Table III  presents typical  results for the electro- 
chemical oxidation of n -pen tano ic  acid. Each result  
represents the average of two experiments  using 2M 
n-pentanoic  acid at pH 7.5 and an anodic current  
density of 0.28 A/cm 2. In  these experiments,  the 
amount  of olefin formed was reduced by half and the 
n-octane  yield was increased significantly. Similarly,  
in the case of n-hexanoic  acid, Table IV presents the 
product dis t r ibut ion for experiments  using 1M n - h e x -  
anoic acid at  pH 8.0, also at 0.28 A / c m  2. Although the 
alkane dimer yield is quite high even at atmospheric 
pressure, it increases fur ther  at elevated pressure at 
the expense of olefin formation. Table V shows the 
alkane dimer yield for four sets of paired reactions 
under  a variety of conditions using n-pentanoic  and 
n-hexanoic  acids, plus run  75 which is included even 
though no run  under  exactly the same conditions, ex- 
cept for pressure, was performed because it represents 
the highest alkane dimer  yield obtained to date with 
n-pentanoic  acid in the 1 MPa pressure range. 

Discussion and Conclus ions 
It is clear that  electrolytic oxidation of organic ali-  

phatic acids in aqueous solution at elevated pressures 
produces smal ler  amounts  of olefin sideproducts than  
does an equivalent  exper iment  r u n  at lower p re s su re  
and that the p r imary  beneficiary is a lkane dimer. 
There are two apparent  explanat ions for this result. 

Table III. Effect of pressure on the product yields* from the 
electrolysis of n-pentanoic acid on platinum in aqueous solution 

Pressure product 100 kPa, % yield 1.1 MPa, % yield 

n-octane 42.9 63.3 
sec-butyl pentanoate 2.7 3.4 
n-butyl pentanoate 0.9 0 
see-butanol 4.1 1.7 
n-0utanol  1.4 1.3 
other  aqueous 10.5 2.1 
1-butene 15.5 8.9 
trans-2-butene 5.5 2.1 
cis-2-butene 4.1 1.7 
n-butane 2.3 0.8 
other gaseous  10.0 4.2 
uncol lected 0 10.5 
pH range 7.4-9.2 7.4-8.2 

* Mol percent of acid consumed to produce  the specified 
products. 

Table IV. Effect of pressure on the product yields from the 
electrolysis of n-hexanoic acid on platinum 

Pressure  product 100 kPa, % yields* 1.2 MPa, % yield 

Decane  76.0 88.0 
Penty l  hexanoates  0 0 
2-Pentanol 3.3 1.0 
1-Pentanol 0 0 
Pentenes  20.0 11.0 
pH range 7.4-6.9 7.4-8.0 

* Average of two runs. 

* Mol percent  of acid consumed to form alkane dlmer product.  

The first explanat ion is that  the formation of olefin 
from 1-electron oxidation product is a reversible reac- 
tion. The pressure increases the activity of olefin in the 
system, which increases the rate of the reverse reac- 
tion. However, there are no data to support  this hy-  
pothesis. In particular,  in the electrolysis of pentanoic 
and longer acids, a substant ia l  amount  of the olefin 
product is 2-olefin. By any conceivable reverse re-  
action from a 2-olefin to alkane dimer, the alkane 
dimer would be nonlinear .  Nobody has reported 
the identification of nonl inear  a lkane  dimer in this 
type of reaction. Fur thermore,  in the cur ren t  work, 
considerable effort has been expended to identify 
isoalkane dimer  in  the product mix without suc- 
cess. Typically, in an exper iment  run  at 1+  MPa, 
the yield of alkane exceeds the atmospheric yield 
by 20-50% of the atmospheric yield. Also, typi-  
cally, the 2-olefin comprises about 50% of the total 
olefin produced. If one assumes that the increase 
in alkane yield is a result  of back reaction a n d  
that  ' the 1-olefin and 2-olefin are equal ly  reactive, 
then one would expect at least 10% of the alkane 
product to be isomeric. It is un l ike ly  that  this amount  
of isomeric a lkane could have escaped detection. 

Another  approach to a t tempt  to demonstrate  the 
reversibi l i ty  of the radical-to-olefin reaction was to 
perform an electrolysis of n -pentanoic  acid in a vessel 
pressurized with propene. A reaction of this type 
would be expected to produce normal  and isomeric 
heptanes, decanes, and undecanes along with the usual  
n-octane product if the aforementioned hypothesis 
were true. This approach had been previously success- 
ful  in  demonst ra t ing  that under  electrolysis reaction 
conditions at a carbon anode that  olefin could be 
converted to alcohol. Figure 4 shows a gas chromato- 
gram of the aqueous product  fraction of an electrolysis 
of n -pentanoic  acid in a vessel prepressurized with 
propene. The presence of n -propanol  and i -propanol  
along with the usual  butanol  products are apparent.  
These peaks do not  appear when propene is no t  added. 
However, in the exper iment  to demonstrate  formation 
of heptanes, decanes, and undecanes, none were ident i -  
fied. 

Some researchers have reported the t rapping of 
methyl  radicals produced by electrolysis of acetate by  
added olefins in  which two methyl  groups are added to 
the olefin (4), bu t  this reaction may  be peculiar  to 
methyl  radicals. 

Another  hypothesis which has proven more resil ient  
to scrut iny is that  the yield of l inear  a lkane is in -  
creased as a result  of an increase in the part ial  pres-  
sure of olefin in  the electrolysis cell because the pres-  
sure increases the amount  of olefin at the electrode 
surface. This olefin, along with 1-electron oxidation 
intermediates  (alkyl  radicals perhaps) form a lipo- 
philic layer  at the electrode surface which serves to 
keep water  (or other polar solvents) away from the 
electrode surface. It  is not difficult to imagine that  
since carbonium ion products are often observed to 
form at lower potentials than radical  products that, in  
the presence of water  or other polar mater ia l  which 
will serve to stabilize the t ransi t ion state as well  a s  
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Fig. 4. Gas chromotograms of liquid products from oxidation ot 
pentanoic acid on carbon anode with propene in headspace. 

the carbonium ion intermediate, 2-electron oxidation 
products will  be favored. Table VI lists the vapor 
pressures of various olefins calculated from the data 
given using the Clausius-Clapeyron relationship. These 
data indicate that all of the olefins of interest, with 
the possible exception of propene, are liquids under 
the high pressure electrolysis conditions employed. It 
is interesting to note that alkane dimer only becomes 
the major  product at room temperature and atmo- 
spheric pressure in aqueous solution when the acid 
used is n-hexanoic or longer. The olefin sideproducts 
from these acids are liquids at room temperature. 

The notion that alkane dimer is favored by high 
current densities because the alkane dimer is the 
product of a second order radical coupling reaction has 
been prevalent  in the l i terature for some time. An 
alternative explanation is based on the fact that in the 
absence of competitive reactions, the radical concen- 
tration on the electrode surface will s imply build up 
until the rate of dimerization equals the rate of gen- 

Table VI. Vapor pressure of olefins 35~ 

AHv 
Olefin BP~6o AHv ca l /g*  c a l / m o l  

THE EFFECT OF PRESSURE 

Propene -47 .7~  104.6 (47.7~ 4393 
1-Butene - 6.3~ 86.8 25~ 4861 
cis-2-Butene + 3.7~ 86.8 25~ 4861 
trans-2-Butene 0.88~ 91.8 25~ 5141 
1.Pentene 30"C 85 es t  5950 
2-Pentene 37.1~ 65 es t  5950 
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eration. It may be that the formation of lipophilic 
products, alkane dimer and olefin, augment the forma- 
tion of alkane dimer in the sense that  their presence 
impedes the flow of water  to the electrode surface 
necessary to stabilize carbonium ion formation re-  
quired for the production of sideproducts. Muck and 
Wilson (8) have proposed an explanation of increased 
dimer yield with long chain carboxylates due to stack= 
ing or layering of the organic acids caused by hydro-  
phobic attraction between the alkyl  chains. This stack- 
ing occurs perpendicular to the electrode surface and 
tends to trap CO2 between the anode and the alkyl  
radicals formed after decarboxylation. The separation 
of alkyl  radicals from the electrode surface will  tend 
to decrease the efficiency of the second electron trans= 
fer to form the carbonium ion and favor dimer for- 
mation. Our data do not contradict this explanation. 
The exclusion of water  from the electrode surface by 
lipophilic products, however, also helps to explain the 
difference observed in dimer yields for the shorter 
chain (C4-C6) carboxylates at elevated pressure. 

The explanation is further  supported by a series of 
experiments in which butanoic acid and mixtures of 
butanoic and hexanoic acids were the reacting species. 
These experiments were performed at room tempera-  
ture, atmospheric pressure, and 0.28 A/cmZ current on 
platinum anodes. The aqueous electrolysis solutions 
contained 1.4M butanoic acid or 0.7M butanoic plus 
0.7M hexanoic acids. Solutions were neutralized with 
sodium hydroxide to pH 7. The results (summarized in 
Table VII) show a marked increase in the formation 
of 1-electron product from butanoic acid in the pres-  
ence of hexanoic acid. Both experiments where buta-  
noic-hexanoic mixtures were used produced more 
alkane dimer from butanoic (hexane and octane) and 
less olefin than the experiment using butanoic alone. 
The ratio of butanoic to hexanoic acid reacted was 1:3 
when equimolar concentrations were used and 1:2 
when twice as much butanoic as hexanoic was used. 
This may result from the more favorable parti t ioning 
of hexanoic acid from the bulk aqueous solution into 
the lipophilic layer surrounding the anode. 

The shift of butanoic acid products to 1-electron 
products in the presence of hexanoic acid may be ex- 
plained by a similar mechanism as the shift caused by 
increasing the reactor pressure--providing a more 
substantial lipophilic layer. Thus, the product dis- 
tr ibution (1-electron vs. 2-electron oxidations) is con- 
trolled by the integri ty of the lipophilic layer and its 
effectiveness in excluding water from the anode. 

The significance of the abil i ty to increase dimer 
yields at elevated pressures can best be appreciated 
by quoting Eberson (6) in a review article on the 
electrochemical behavior of carboxylic acids: 

"Since the possibility of two competing pathways 
in the Kolbe reaction exists, the immediate prob- 

Table VII. Product distribution from electrolytic oxidation butanoic 
bexanoic acid mixtures* 

Product 

% Yield 
from % Yield from % Yield from 

butanoic 0.7M butanoic 1.4M butanoic 
alone + 0.7M hexanoie + 0.7M hexanoia 

Butanoic Butanoic Hexanoic Butanoic H e x a n o i a  

V a p o r  P r o p a n e  2.0 4.7 - -  2.5 - -  
pressure, Propene 31.1 15.6 -- 10.7 

35~ n-Hexane 17.0 21.9 -- 31.5 
n-Octane 31.3 9.5 45.3 26.9 
P r o p a n o l s  ~-.7 15.6 2.9 

1.4 MPa  E s t e r s  4.0 11.0 ~'.3 7.0 4.4 
0.34 D e c a n e  - -  - -  66.4 - -  49.8 
0.25 Pentanols -- -- 4.7 -- 0.3 
0.28 P e n t a n e  -- -- 3.3 -- 4.9 
0.12 P e n t e n e s  -- -- 12.8 -- 13.7 
0.9 

* F r o m  L a n g e ,  "N.A.  H a n d b o o k  o f  C h e m i s t r y , "  9th  ed.,  Hand-  
book  Publishers,  Sandusky,  Ohio (195i6). 

* Percent yields are based on mols acid reacted to form prod- 
ucts recovered. One tool of each acid is reacted to form each 
mol of n-octane. 
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lem to answer  is whe the r  one can influence the 
direct ion of a given process b y  p rope r  man ipu l a -  
tion of expe r imen ta l  var iables  so that  e i ther  the 
radical  or carbonium ion mechanism is favored.  
As we shal l  see, un id i rec t iona l  se lec t iv i ty  can 
easi ly  be achieved,  in that  one can a lways  find 
conditions to favor  the cationic mechanism;  on the 
o ther  hand, in many  cases, because of s t ruc tu ra l  
fea tures  in the  subs t ra te ,  i t  m a y  not  be possible to 
real ize the radical  p a t h w a y  even under  the most  
favorable  expe r imen ta l  conditions.  
In short ,  to date, Kolbe e lectrolysis  has not  been 

used commerc ia l ly  for  the conversion of mixed  a n d / o r  
di lute  organic acids to hydrocarbons  because no tech-  
nique was ava i lab le  whe reby  the y ie ld  of a lkane  d imer  
could be increased above those which  have  been  ob-  
served for years,  as given in Table I. By runn ing  
electrolyses  at  e levated  pressures ,  these values  have 
been subs tan t ia l ly  exceeded in the cur ren t  work.  
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Polarographic and Potentiostatic Reduction of Carbodiimides in 
Nonaqueous Solvents 

R. C. Duty and M. Garrosian 
Chemistry Department, Illinois State University, Normal, Illinois 61761 

ABSTRACT 

The polarographic reduction of unsubst i tu ted and substi tuted phenyl  carbodiimides in dimethylformamide and 
acetonitrile reduced in one wave (E~ = 1.48-1.87 at 25~ Ag/AgBr reference electrode). A plot ofEdmeVS. (i/id-i) revealed a 
one-electron reduction for the rate controlling step. A postulated mechanism for this reduct ion was a carbene intermediate.  
A large scale reduction in dimethylformamide produced diphenylurea which was formed by the carbene abstracting oxy- 
gen from the solvent. In acetonitri le as the solvent, the abstraction of hydrogen was not possible, and the carbene was re- 
duced to N, N-diphenylmethanediamine.  A Hammett  subst i tuent  plot produced a reaction constant (p) of + 0.489 which was 
in agreement  with the suggested mechanism. 

Carbodiirnides have not  been prev ious ly  s tudied po-  
la rographica l ly ,  but  cumula ted  double  bonds have been 
reduced by Peover  et al. (1). Peover  po la rograph ica l ly  
reduced t e t r apheny la l l ene  and found that  al lene s t ruc-  
tures were  reduced by  one electron to a rad ica l  anion 
which was r ap id ly  pro tona ted  and reduced  by  a second 
elect ron to the a l ly l  carbanion.  Bromina ted  allenes 
have been reduced  by  S imonet  et aI. (2), but  in the i r  
s tudy,  the bromo group was reduced  in two one-  
e lect ron steps to the al lene carbanion  which is a reso-  
nance s t ruc ture  of a t h r ee -p ropyne  anion. 

Carbenes  have been genera ted  e lect rolyt ica l ly ,  and 
Wawzonek  et al. (3) were  the first to r epor t  such an 
in te rmedia te  d ichlorocarbene genera ted  f rom the elec-  
t ro lyt ic  reduct ion of carbon te t rachlor ide .  A second 
repor ted  carbene in te rmedia te  was genera ted  e lec t ro-  
ly t ica l ly  f rom 9,9-dichlorofluorene where  dif luorenyl i -  
dene was the d imer ized  produc t  of the carbene,  fluo- 
reny l idene  (4). 

This invest igat ion was begun to ascer ta in  if carbenes 
could be genera ted  from the carbodi imide  funct ional  
group (Ph - - -N :C- - - -N- -Ph ) .  Wi th  cumula ted  double 
bonds, f lanked on e i ther  side wi th  s t rong e lect ro-  
negat ive  n i t rogen atoms, a two-e lec t ron  reduct.~on 
would  resul t  in a carbene in te rmedia te  ( P h N H - - C - -  
N H - - P h ) .  Isolated products ,  Hammet t  react ion con- 
stant,  and the number  of electrons involved in the re-  
duction steps were  used to prove  the existence of the 
carbene in te rmedia te .  

Experimental 
Apparatus.--A Heath  Model EUW-401 po la rograph  

witb a Hea th  Model EUW-19-2 opera t iona l  ampli f ier  
was used to record  the polarograms on a Hea th  re -  
corder  EUW-20A. The potent ios ta t  used in the  large 
scale reduct ions was a Beckman Electroscan 30 wi th  a 
reference vol tage span of __.5.0V wi th  __10 mV ac-  
curacy. In f r a red  spec t ra  were  recorded  on a Beckman 
IR-8 spec t ropho tomete r  and NMR spec t ra  were  re -  
corded on a Hitachi  P e r k i n - E l m e r  R-20 h igh  resolu-  
t ion NMR spect rophotometer .  The mass spec t romete r  
was a F inn igan  Model 3000. 

Reagents.--Fisher reagent  grade N ,N-d ime thy l fo rm-  
amide  was purified as p rev ious ly  descr ibed  (4). The 
suppor t ing  e lec t ro ly te  was Eas tman reagent  grade 
t e t r a - n - b u t y l a m m o n i u m  bromide  (0.175M) and was 
recrys ta l l ized  severa l  t imes f rom anhydrous  e thyl  ace-  
tate  unt i l  po la rograph ica l ly  pure.  

Acetoni t r i le  (Mal l inckrodt  Nanograde)  was ref luxed 
with  sodium hydr ide  ( app rox ima te ly  1 g / l i t e r )  and 
dist i l led,  under  ni t rogen,  th rough  a 30 cm f rae t iona t -  
ing column filled wi th  glass helices. The first and las t  
10% fract ions were  discarded,  and the dis t i l led  aceto-  
n i t r i le  was s tored under  ni t rogen.  

Carbodiimides.--Seven aromat ic  carbodi imides  (p-H, 
p -CI~ ,  p-CH30, p-Br ,  p-Cl ,  m-CHa, and o - F )  were  
p repa red  for this s tudy  by  the method  of Campbel l  
(5). 
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Diphenylcarbodi imide ,  bp 130~176 at  0.5 Torr ,  
90% yield.  Bis - (p-ch lorophenyl ) -carbodi imide ,  mp 56 ~ 
57~ (lit. mp 56~176 (5). 4 ,4 ' -Ditolylcarbodi imide,  
mp 54~176 (lit. mp 56.5~176 (5),  72% yield.  3,3'- 
Di to ly lcarbodi imide ,  145~176 at  0.375 Torr,  94% 
yield.  B i s - (o - f l uo ropheny l ) - ca rbod i imide ,  147 ~ at  0.05 
Torr,  96% yield.  B i s - ( p - m e t h o x y - p h e n y l c a r b o d i i m -  
ide)  m p  51~176 (lit. mp  52~176 (6),  98% y i e l d .  
Bis - (p -bromophenyl ) -ca rbod i imide ,  mp 64~176 89% 
yield,  o -F luoro  and p -b romo  had not  been p repa red  
p rev ious ly  and these were  confirmed by  the i r  cha r -  
ac ter i s t ica l ly  s t rong  in f ra red  s t re tching  f requency  for  
carbodi imides  be tween  2000 and 2140 cm -1. 

The catalyst ,  3 ~ m e t h y l - l - p h e n y l - 3 - p h o s p h a l e n e - 1 -  
oxide, for  the carbodi imide  synthesis  was p repa red  
f rom d ich lorophenyl  phosphine  and isoprene in 40% 
yield,  bp 160~ at  0.40-0.45 Torr  (6). 

Procedure.--A cur ren t -vo l t age  curve was recorded 
for  a solut ion concent ra t ion  of the o rde r  of 1 • 10-3M 
in carbodi imide  and 0.175M for suppor t ing  electrolyte .  
The cap i l l a ry  had  a drop  t ime of 3.45 sec (6.92 r ag /  
drop)  at  60 cm of me rcu ry  wi th  an m2/at~/~ value of 
4.46. 

The large  scale reduct ion  cell  (4) had  app rox i -  
ma te ly  25 mI compar tments  of ca tholyte  and anolyte.  
The ca tholyte  was charged wi th  lg  of ca rbodi imide  
and 20 ml  of 0.175M suppor t ing  electrolyte .  The ano-  
ly te  contained only the 0.175M suppor t ing  electrolyte .  
The cathode was a 7 cm 2 pool of me rcu ry  which was 
s t i r red  magnet ica l ly ,  and both  anolyte  and ca tholyte  
were  degassed wi th  purif ied n i t rogen  before  and 
dur ing  the reduction.  The reduct ions  were  conducted 
in a 0~ constant  t empera tu re  bath,  and the reduct ion  
poten t ia l  was --1.95V vs. an A g / A g B r  reference  elec-  
trode. The reduct ion  t ime was 10 hr, and the cur ren t  
had d ropped  to 9 mA. Dur ing  the course of  the re -  
duction, the c lear  ca tholyte  tu rned  dark  green  and the 
anolyte  da rk  red. 

The ca tholyte  was ro t a ry  evapora ted  to a da rk  vis-  
cous l iquid (2.82g) which was ex t rac ted  wi th  ether.  
The e ther  ex t rac t  y ie lded  0.19g of a ye l l ow-whi t e  
ma te r i a l  which mel ted  above 400 ~ . This e the r  ex t rac t  
contained less than  1% d iphenylca rbod i imide  as com- 
pa red  by  ~ in f ra red  with  a known 1% solution. The 
e ther  insoluble  res idue was washed wi th  dis t i l led  
wate r  and produced  0.710g of crude d ipheny lu rea  mp  
234 ~ ~ Recrys ta l l iza t ion  f rom 95% ethanol  
y ie lded  0.312g (28.5% yie ld)  of pure  d iphenylurea ,  
236~176 i r  (KBr)  3280, 1601 cm -1 (lit. mp  234 ~ 
2360C) (7). 

The reduct ion  of d ipheny lca rbod i imide  in ace toni -  
t r i le  was accomplished in the exact  manne r  as in di-  
m e thy l fo rmamide  except  that  the  reduct ion was done 
at a po ten t ia l  of --1.90V vs. A g / A g B r  e lec t rode  and 
was run  for a to ta l  t ime of 22 hr. The ini t ia l  cur ren t  
was 140 m A  which fel l  to 0.2 m A  at the end of the  re -  
duction. The ca tholyte  was da rk  green at  the end of 
the reduct ion  and had no evidence of any  d ipheny lca r -  
bodi imide  peak  be tween  2100 and 2200 cm -1 in the  in-  
f rared.  

The ca tholyte  was ro t a ry  evapora ted  to dryness  
(2.62g) and washed with  40 ml of ether.  Evapora t ion  
of the e ther  p roduced  a ye l l ow-whi t e  res idue which 
was recrys ta l l i zed  once f rom 95% e thano l  and  twice 
f rom n -hexane  to yie ld  0.043g of 4 ,4 ' -d iaminodiphenyl -  
methane,  4.3% yield,  mp 96~176 lit. mp  93~ (8), 
IR (KBr)  3390, 3260, 3060, and 1490 cm -1 mass spec-  
t rum (70 eV) m / e  (vol. in tens i ty)  198 (9),  197 (18), 
196 (63), 106 (100), 105 (63). Molecular  weight  range  
10:0-210. 

Results and Discussion 
A potent ios ta t  (Beckman Electroscan 30) was used 

in conjunct ion wi th  the Hea th  po la rog raph  (Model  
EUW 401) to es tabl ish  a possible  mechanism for the 
reduct ion of a romat ic  carbodi imides .  The reduc t ion  of 

N=~--N 

Rad ica l  an ion  

carbene 

I 
Oxygen a h s t r a c t i o n  t [ 2e 
from solvent fast 

(D~) 

H + (D~) 

H+ (CH3CN) 

~0 
N-C-N_/~. N, N-dlphenylmethanediamine 

," H ~ , ~ _ /  - -  
Diphenylurea 

Fig. 1. Proposed mechanism for the reduction of diphenylcarbo- 
diimide. 

dipheny lca rbod i imide  m a y  proceed via  a one-e lec t ron  
ra te  control l ing s tep to a radical  anion which r ap id ly  
reduces to a carbene via  a second fast  e lec t ron add i -  
tion. A proposed mechan i sm for  this  reduct ion is given 
in Fig. 1. 

Seven different  carbodi imides  were  p r e p a r e d  for  
this s tudy  and reduced  polarographica l ly .  The po-  
l a rograph ic  resul ts  for  these carbodi imides  are  given 
in Table I where  the i r  ha l f -wave  potent ia l s  and diffu- 
sion cur ren t  constants a re  given. The ha l f -wave  po-  
tent ia is  were  p lo t ted  against  the Hammet t  subs t i tuent  
constants,  and this graph is shown in Fig. 3. The s lope 
of this plot,  the react ion constant  (p), was %0.489. 
The fact  tha t  a posi t ive slope exists  indicates  there  i s  
a mechanis t ic  re la t ionship  be tween  the ha l f -wave  po-  
ten t ia l  and the subs t i tuen t  groups. I t  was shown (10, 
11) for posi t ive react ion cons tan~  for  po la rographic  
reduct ions  tha t  the r eac tan t  in the ra te  control l ing 
s tep is s tabi l ized b y  e lect ron cont r ibu t ing  groups. If 
one assumes two one-e lec t ron  steps in the reduct ion  
of carbodi imides  (see Fig. 1), the first s tep  would  have 
to be the ra te  de te rmin ing  step to be in accord wi th  
the Hammet t  plot  of Fig. 2. 

To ascer ta in  the number  of e lectrons involved in the 
ra te  contro l l ing  step, the po la rograms  were  analyzed  
according to the p rocedure  of Meites (12). In  this 

i 
method  a plot  of Edme VS. log . ~ was const ructed 

Sd - -  '/" 
for  d ipheny lca rbod i imide  as shown in Fig. 3. The 
values of Ddme and i were  taken  at each equal  incre-  

Table I. Polarographlc half-wave potentials and diffusion 
current constants for aromatic diphenylcarbodiimides 

Diffusion 
H a l f - w a v e  current  

C o m p o u n d  p o t e n r  ( E I ~ )  c o n s t a n t  (Id)  

~----N= C = N - - r  1.64 2.02 
p - - C H s - - r  = C , - - - N ~ C H s - - p  1.78 1.34 
m - - C H 3 - - r  = C = N- - - -~ - -CH~- -m 1.77 1.15 
p - - CI - I ~ - - O - - - ~ - - N  = C = N - - ~ - - - O C H 3 - - p  1.g7 1.30 
o - -F - - - -~ - -N  = C = N - - ~ - - - F - - o  1.62 0.937 
p - - -Br - - -C- -N  = C = N - - C - - B r - - p  1.54 0.804 
p - - C I - - - ~ - - N  = C = N - - - ~ - - C I - - p  1.48 1.00 
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Fig. 2. Graph of Ez/2 values vs. sigma values of substituent 
groups of carbodiimides. 
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Fig. 3. Graph of El~2 values vs. log ( i / id  - -  i) of diphenylcarbo- 
diimide at 60 cm mercury height. 

ment of 20 mV where the scan rate was stopped and 
the current  read. This operation was done through the 
rising portion of the polarogram. The slope of this 
plot is equal to --0.054/an where ~ is the transfer co- 
efficient and n is the number of electrons in the rate 
controlling step. The value of an has been shown to 
fall in the range of 0.4 to 0.6 for a one-electron re-  
duction of a rate controlling step (13, 14). Conse- 
quently, since the an from Fig. 3 was 0.432 for di- 
phenylcarbodiimide, this is consistent with a mecha- 
nism which postulates the addition of one electron in 
the rate controlling step. Therefore, the Hammett plot 
plus the one-electron addition in the rate controlling 
step support the mechanism postulated in Fig. 1. 

To ascertain whether the polarographic currents were 
kinetic currents, adsorption currents, or diffusion con- 
trolled currents, four carbodiimides (diphenyl, 4,4'- 
ditolyl, b is- (p-methoxylphenyl ,  and bis(p-chloro-  
phenyl) each were run at 40, 50, 60, and 70 cm heights. 
The diffusion currents were plotted vs. the square root 
of height and every plot gave a l inear positive slope 
which indicated a diffusion controlled current was 
produced. 

To help substantiate the mechanism given in Fig. 1, 
the diphenylcarbodiimide was reduced potentiostati-  
cally and the products of the reduction were analyzed. 
In the solvent, dimethylformamide, two products 
could be expected to form: N,N-diphenylmethanedi- 
amine (PhNI-ICH2NHPh) and/or  diphenylurea 
(PhNHCONHPh). The lat ter  product is produced 

from an oxygen abstraction reaction of the carbene 
with the solvent. Carbenes and atomic carbon are 
known to abstract oxygen, and Skell (15) has re-  
ported that oxygen is abstracted from acetone by 
atomic carbon to form carbon monoxide. In this lab-  
oratory, the carbene from 9-anthrone was shown to 
abstract oxygen from phosphorus oxychloride and, 
also, tr iethylphosphate as i l lustrated (16) 

0 0 

POCl 3 

_PC13 ) @I 

(El O) 3PO 
) 

- ( F . t o )  sp 

In each of these eases, the bond energies favor the 
formation of anthraquinone. Bond dissociation en- 
ergies (17) for POCIa and (EtO)3PO are 127.5 and 
150.7 kcal/rnol, respectively, for the phosphorus-oxy- 
gen bond, and the bond energy for a carbon-oxygen 
double bond is 185.8 kcal/mol (18). 

If the reaction between the carbene and dimethyl- 
forrnamide is to occur, the bond energy for the car- 
bon-oxygen double bond should be stronger for di- 
phenylurea than for dimethylformamide. Unfortu- 
nately, these bond energies are not available, but one 
would expect the resonance contribution from two ni- 
trogens in the urea molecule to add additional bond 
strength to the carbon-oxygen double bond as com- 
pared to one nitrogen for dimethylformamide. 

When lg of diphenylcarbodiimide was reduced at a 
stirred mercury pool cathode in dimethylformamide, 
no N,N-diphenylmethanediamine was produced, but a 
28.5% yield of diphenylurea was found. Every effort 
was made to ensure that  the dimethylformamide was 
anhydrous; to maintain these anhydrous conditions, 
dry nitrogen was bubbled through the cell throughout 
the entire potentiostatic reduction period. Conse- 
quently, since diphenylurea was formed, the oxygen 
must have come from the oxygenated solvent, di-  
methylformamide. 

To further prove the abstraction of oxygen reaction, 
the potentiostatic reduction was run in an aprotic non- 
oxygenated anhydrous solvent, acetonitrile. When 
these reduction products were analyzed, as discussed 
in the experimental  section, no diphenylurea was 
formed. However, from the ether extract, after two re- 
crystallizations, a 4.3% yield of 4,4'-diaminodiphenyl- 
methane was recovered. Wagner (8) had earl ier  
shown that N,N-diphenylmethanediamine would easily 
rearrange to N-(4-aminophenylmethyl) -ani l ine  and 
finally to the 4,4'-diaminodiphenylmethane. 

Manuscript submitted Nov. 16, 1982; revised manu- 
script received May 26, 1983. 
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Oxygen Electrocatalysis on Some Oxide Pyrochlores 
H. S. Horowitz, J. M. Longo, and H. H. Horowitz* 

Exxon Research and Engineering Company, Corporate Research Laboratories, Linden, New Jersey 07036 

ABSTRACT 

Pyrochlore structure oxides described by the formula A2[B2_xAx]7_y, where A = Pb or Bi, B = Ru or Ir, 0 <~x <1 and 
0 ~<y ~<0.5, have been evaluated for oxygen electrocatalysis. In alkaline electrolyte between room temperature and ll0~ 
these materials display significantly lower polarizations than any other catalyst for O2 evolution and are among the best for 
O2 reduction. Rotating ring disk experiments have not detected soluble H20~ as an intermediate during 02 reduction. It has 
been established that reasonable activity maintenance is achievable over relatively long periods (500-1800 hr). 

One particularly troubling aspect of modern oxygen 
electrochemistry technology is the lack of reversible 
bidirectional electrocatalysts, i.e., there are few known 
materials that can reversibly, or nearly reversibly, cata- 
lyze both the electroreduction and electroevolution of 
oxygen. Metal oxides and mixed metal oxides have 
shown promise as oxygen electrocatalysts (1, 2), but 
are often limited by low electric conductivity or low 
specific surface area. 

One family of oxides that does function bidirection- 
ally and reduces activation overvoltages for both 02 
reduction and evolution has been discovered (3, 4). 
These catalysts, which have the pyrochlore structure, 
may be described by the formula A2[B2-xA=]OT-, 
where: A ---- Pb o rBi ;  B _-- R u o r  Ir; 0 ~x----- l a n d  
0 -- y --~ 0.5. In alkaline electrolyte between room 
temperature and ll0~ these materials display sig- 
nificantly lower polarizations than any other catalyst 
for 02 evolution and are among the best for O2 re- 
duction. This paper describes the behavior of these 
catalysts during oxygen reduction and evolution. Data 
on the ability of these catalysts to promote the oxida- 
tion of organics including alcohols, ketones, and olefins 
(5) have already been presented. The data presented 
here deal primarily with the Pbe[Ru~-=pbx4+]O~.5 
series, wi~h which the great majority of our experi- 
mental data has been collected. 

Experimental 
The synthesis and characterization of the pyrochlore 

oxide catalysts used in this study have been reported 
in Ref. (3). The alkaline solution synthesis technique 
which has previously been reported (6), eliminated 
the need for any" reaction at elevated temperature and 
thus provided pyrochlore oxide catalysts with high 
surface area (50-200 m~/g, by the BET method). Be- 
cause the solution-synthesized catalysts demonstrated 
superior catalytic activity, and because this synthesis 
route represents the simplest and most reproducible 
method of preparing pyrochlore electrocatalyts over 
a wide compositional range, most of the electrocatalytic 
results presented here were obtained on materials 
synthesized by this solution route. 

Teflon-bonded porous electrodes (5 cm 2 in area) 
were fabricated according to the following procedure: 
weighed amounts of catalyst and Teflon (du Pont No. 
42 suspension) were gently mixed with a few drops of 
water to coagulate the Teflon. The electrodes were 
always 20 weight percent (w/o) Teflon. The catalyst 

* Electrochemical Society Active Member. 
Key words: inorganic, electrode, overvoltage, stoichiometry. 

loading usually employed was approximately 60 rag/ 
cm2. The gummy product was then spread on a gold- 
expanded metal screen and pressed dry between filter 
paper. The electrode was then cold-pressed for 0.5 
min at 2000 psi, allowed to air dry for a minimum of 
30-45 min, and then hot pressed at 325~ 500 psi for 30 
rain. The hot pressing was usually done in an inert 
atmosphere since the presence of oxygen often led to 
combustion of the organic constituents in the electrode. 
After cooling, the electrode was weighed to determine 
its loading and then placed in the electrochemical cell 
for testing. 

The cell, schematically illustrated in Fig. 1, con- 
sisted of a thermostated liquid phase compartment and 
a gas phase compartment. The liquid compartment 
contained the electrolyte, counterelectrode, s~turated 
calomel reference electrode (in communication with 
the test electrode via a Luggin capillary), and magnetic 
stirrer. The gas phase compartment contained a gas 
inlet and outlet and a stopcock to drain off any con- 
densate. The test electrode, situated between the two 
compartments, was held in place between two Teflon 
washers with an annular gold current collector press- 
ing against it. In a few cases specifically mentioned in 
the text, the working electrode was submerged in the 
electrolyte and no gas phase compartment was used. 

The cell was connected to a Princeton Applied Re- 
search Model 173 potentiostat equipped with a pro- 
grammer and logarithmic current convertor. Outputs 
of potential vs. log current density (based on geo- 
metric surface area) were directly recorded. The elec- 
trochemical potential was experimentally measured 

REFERENCE ELECTRODE 

WORKING E R ELECTRODE 

CURRENT 

0 2 

GAS 6 

\ 
TEST CATHODE 

Fig. 1. Interface maintaining electrode cell 
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against a saturated calomel reference electrode (SCE). 
This potential  was later  referenced to the reversible 
hydrogen electrode (RHE) by exper imenta l ly  mea-  
suring, in the same electrolyte, the potent ial  o f  an 
SCE against a freshly platinized p la t inum coil con- 
tained in a tube  through which hyc~rogen was bubbled.  
The referencing of each SCE vs. RHE was carried out 
at least once per week to ensure that the reference 
electrodes were not  changing with time. All  polariza- 
tion curves presented in this paper  are exper imenta l ly  
obtained and are not IR corrected. The electrode re-  
sistances, as measured by  the application of voltage 
steps, were of the order  of 0.5 ~,-crn 2. 

Performance curves were general ly obtained at  a 
programmed polarizat ion rate of 0.2 mV/sec The only 
exceptions were those s teady-s ta te  performance curves 
referred to in the text. Life tests were usual ly  designed 
to r un  cont inuously at constant  current  densi ty while 
the electrode potent ial  was monitored. Dur ing  life 
tests, t i trat ions of the electrolyte were made at least 
every few days, and water  or fresh alkali  added, if 
necessary, to main ta in  the appropriate pH. 

X- ray  diffraction was rout ine ly  performed on the 
electrodes after testing to detect any major  phase 
changes. Significant changes in the lattice parameter  
could- also be detected in  this manner .  Catalyst s tabi l i ty  
was also monitored by analyzing the electrolytes for 
the presence of metal  cations (Pb, Bi, Ru) .  These 
analyses were performed by differential pulse polarog- 
raphy on a dropping mercury  electrode. 

Diagnnsis of the causes of electrode failure was 
aided by chronoamperometr ic  measurements  which 
were made following the application of a voltage step 
to the electrode. These cur ren t  vs. t ime plots (fraction 
of a second time scale) were recorded on a Tektronix  
Model 5103N dat,a storage oscilloscope. The electrode 
was kept under  ni t rogen for this experiment.  These 
measurements  were usual ly  made on an electrode at 
various stages dur ing  the course of a life testing ex-  
periment.  

The stabil i ty of lead ru thenate  as a funct ion of its 
composition, surface area, ~nd method of preparat ion 
were also monitored in separate immersion tests. 
Catalyst powders, Teflon-bonded onto gold screens, 
as above, were suspended in stirred 3N KOH at room 
tempera ture  and potentiostated at  1.25V vs. SCE. The 
counterelectrode was main ta ined  in a separate cham- 
ber separated by a porous g~ass fri t  to minimize metal  
deposition. Each day samples were analyzed for lead 
and ru then ium by differential pulse polarography us- 
ing a Pr inceton Applied Research Electrochemistry 
System Model 170. When the concentrat ions reached 
a constant  value, the electrolyte was changed and 
the test continued. 

Tests for the formation of hydrogen peroxide as an 
intermediate  in the reduct ion of oxygen on lead 
ru thenate  were carried out on a rotat ing r ing disk 
electrode. Both the r ing and the disk were made of 
gold, but  the disk was depressed about  1 mm below 
the surface and the space thus formed was packed 
with powdered lead ru thena te  bonded by 20% Teflon. 
Tests were run  at room tempera ture  in 0.1N NaOH at 
1000, 2000, and 3000 RPM. The r ing was kept at 
+150 mV vs. the saturated calomel reference electrode 
to oxidize any  H202 to 02. The disk was held at vary-  
ing potentials from 0 to --510 mV/SCE at 30 mV 
intervals  and the disk and r ing were monitored for 
current.  

Results 
Oxygen  reduc t ion .~Figure  2 compares s teady-sta te  

polarization curves for the electroreduction of 02 on 
a typical  pyrochlore catalyst, Pb~ [Rul.42Pbo.ss 4+ ] O~.5, 
and 15 w/o p la t inum on carbon. The lat ter  was con- 
s'idered representat ive of conventional  supported noble 
metal  electrocatalysts. The activities of both catalysts 

I I I I I I ! 

0.8 o Pb2[Ru 1.42Pb.58]06.5 ~ \  

0.7 o 15~ Pt on Carbon 
l I I I I I I 

I 10 100 400 1000 

mA/cm 2 

Fig. 2. Steady-state polarization curves for 02 reduction in 3M 
KOH, 75~ on Pb,[Rul.~Pbo.ss 4+ ]06.5, and 15 w/o Pt on carbon. 
Catalyst Ioadings are 60 and 50 mg/cm 2, respectively. 
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Fig. 3. 02 reduction in 3M KOH, 75~ on Pb~[P, ul.~Pbo.ss 4+ ] 
06.5 using 02 (dynamic and steady-state polarization) and air 
(dynamic polarization only) as feed gases. Catalyst loading is 60 
mg/cm 2. 

are quite comparable.~ Figure 3 presents oxygen re- 
duction curves for the same pyrochlore catalyst run  
under  s teady-state  as well  as dynamic scan conditions 
(0.2 mV/sec) .  The constant  polarizat ion at low cur- 
rent  densities observed for the pyrochlore run  under  
dynamic scan conditions is a consequence of pseudo- 
capacitance charging currents.  (Lead ru thenate  with 
surface areas of 60-80 m2/g has a pseudocapacitance 
of more than 100 farads/g;  thus, vol tammograms 
under  N2 at 0.2 mV/sec showed capacitance currents  
of 3-8 m.A/cm2.) However, it is apparent  that  in the 
cur ren t  density range of practical interest  (i.e., ten to 
several  hundred  mA / c m 2) there is little difference 
between the curves. Thus, the dynamic  scan conditions 
are adequate for providing data that realist ically 
characterize the inherent  catalytic activity of these 
materials  at significant current  densities. Also in-  
cluded in  Fig. 3 for comparison is a polarization curve 
obtained using air as the feed gas. 

Figure 4 i l lustrates the O2 electroreduction ac- 
t ivi ty of a number  of lead ru thenate  pyrochlores, 
Pb2[Ru2-xpb=4+]O6.5, where  0 ~ x "~ 1.0. These data 
along with that of Table I demonstrate  that catalysts 
of roughly equivalent  activity can be synthesized over 
the entire compositional range. In  the two examples 
where the activity is noticeably lower (x = 0.04 and 
x = 0.98), the synthesis conditions were such that the 
surface areas of the catalysts were quite low (<15 
m2/g).  Thus, the quali tat ive conclusion drawn from 
these activity curves is that the catalyst activity does 
not appear to be significantly dependent  upon com- 
position; surface area does appear  "to be the pre-  
dominant  factor. 

In  order to determine whether  the electrocatalytic 
activity of the lead ru thena te  pyrochlores was signifi- 
cant ly  different from RuO~ and whether  the activity 

Subsequent work performed in this laboratory by J. S. Batzold 
and R. B. McCormick, with regard to the comparative oxygen re- 
duction performance of lead ruthenate pyrocblores and carbon- 
supported platinum, has emphasized the optimization of low 
loaded electrode structures for both catalysts. This more quan- 
titative study concluded that the specific activity of lead ruthe- 
nate (in terms of milliamperes per milligram of noble metal con- 
tent) is approximately equal, within a factor of two (10-15 my), 
to platinum. 
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Table I. 03 redaction activity on Pb2[Ru~-~pb=4+]06.~ as a 
function of composition (test conditions: 3M KOH, 75~ 

Potential at 
Composition 100 mA/cm= Surface area 

(X) (mV vs. RHE) (m~/g) 

0.04 830 
0.11 880 28 
0.18 86O 24 
0,80 888 89 
0.38 895 85 
0.41 890 109 
0 . ~  70o 
0.58 926 67 
0.65 910 82 
0.68 900 63 
0.71 9O5 63 
0.82 902 60 
0.89 899 57 
0.94 881 81 
0.98 840 13 

of the  pyrochlores  could possibly  be a t t r ibu ted  to 
impur i t y  phases of r u then ium oxide, severa l  com- 
para t ive  tests were  per formed.  F igure  5 compares  the 
oxygen  reduct ion  ac t iv i ty  of Pb~[Rul.42Pb0.ss4+]O6.5 
(67 mS/g) wi th  amorphous  hyd ra t ed  ru then ium oxide 
(21 mS/g),  c rys ta l l ine  RuOe synthesized by  h e a t - t r e a t -  
ing the  hyd ra t ed  ru then ium oxide at  600~ for 48 hr  
(4 mS/g) ,  and  amorphous  hyd ra t ed  ru then ium oxide 
p repa red  by  prec ip i ta t ion  in a lkal i  of a ru then ium 
n i t r a t e  solut ion (145 mS/g).  The r e su l t s  show tha t  
each form of ru then ium oxide  tes ted demons t ra t ed  
ac t iv i ty  tha t  was infer ior  to the lead  ru thenate .  The 
amorphous  ru then ium oxides impar t ed  a deep amber  
color (due to the ru thena te  ion) to the e lectrolyte ,  
t he reby  indica t ing  severe  s tab i l i ty  problems�9 

The effect of both t empe ra tu r e  and [ O H - ]  on O2 
reduct ion ac t iv i ty  is shown in Fig. 6. The a lmost  t em-  
pe ra tu re  independen t  behavior  most  l ike ly  resul ted  
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.... X=0.82 (60 rrl;/g) 
- - - - -  X=0.94 (81 rn~/g) 
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Fig. 4. O~ reduction in 3M KOH, 75~ on Pb2[Ru~-xPbo.ss 4+]  
06.~ as a function of X. Catalyst loading is 60 mg/cm e. 
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Fig. 5. 02 reduction in 3M KOH, 75r o n  Pb~[Rul.42~bo.584+] 
06.5 and several ruthenium oxides. Catalyst loading is 60 mg/cm 2 
in all cases. 
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Fig. 6. O~ reduction in 3M KOH, 75~ on P~[Kul.41Pbo.594+] 
06.5 (67 mS/g) as a function of electrolyte temperature and 
[ O H - ] .  Catalyst loading is 60 mg/cm ~. 

f rom the compensat ing  effects of an Ar rhen ius  type  
behavior  vs. a decrease  in e i ther  the hydrophob ic i ty  
of the e lect rode or the oxygen  so lubi l i ty  of the elec-  
t ro ly te  wi th  increas ing tempera ture .  The effect of 
[ O H - ]  is qui te  pronounced,  wi th  a change from 
0.1 to 12M KOH resul t ing  in an increase  of 02 re-  
duct ion potent ia l  of a pp rox ima te ly  100 mV re la t ive  
to the revers ib le  hydrogen  potent ia ls  in each e lec t ro-  
lyte.  

In  Fig. 7 a re  shown polar iza t ion  curves for the  
reduct ion  of oxygen on a number  of b i smuth  ru then -  
ates,  Bi~[Rue-zBi=]OT-y. As was the case wi th  the  
lead ruthenates ,  ac t iv i ty  does not  appear  to be sig- 
nif icant ly dependen t  upon composition. The level  of 
oxygen  reduct ion ac t iv i ty  is seen to be comparab le  
to tha t  obta ined  wi th  the  lead ru thenates .  

Oxygen evolution.--Figure 8 shows polar izat ion 
curves for  oxygen  evolut ion on a n u m b e r  of py ro -  
chlores, Pb2[Ru~_=Pb=4+]O6.5, where  0 < x < 1. I t  
can be seen f rom these curves and Table  II  that  
cata lys ts  of roughly  equiva lent  ac t iv i ty  can be syn-  
thesized ove r  v e r y  n e a r l y  the  ent i re  composi t ional  
range;  surface  a rea  again  appears  to be the  p re -  
dominan t  factor  affecting activity�9 Note again the  
p redomina t ing  effect of pseudocapaci tance  at low cur -  
ren t  densit ies.  

The da ta  in Fig. 8 i l lus t ra te  the fact  that  
Pbe[Rue-~Pb~+]O6.5 pyrochlores  are  even more  ef-  
fect ive cata lys ts  for  oxygen  evolut ion than  they  are for 
oxygen  reduction�9 A typica l  good Pb~ [Ru2_=Pb~+ ] O~.5 
ca ta lys t  evolves oxygen at 100 mA/cm2 at a po la r iza -  
t ion of a pp rox ima te ly  120 mV from the theore t ica l  
potent ia l  (1.18V vs. RHE, 3M KOH, 75~ as com- 
pa red  to a polar iza t ion  of a p p r o x i m a t e l y  260 z_. ~,r f rom 

1.1 

1.0 

h, 0.9 

~o 

o > 

I I I I 

- -  • = .37 (167 mZ/g) 
--- X .56 (136 ~/g) 
-O-X .85 (85 m~/~g) 
.A. X .86 (131 mL/g) 

I I I I I 

1 Io I0O 400 

mA/cm 2 

Fig. 7. Oe reduction in 3M KOH, 75~ on several Bi~[Ru~-~Bi~] 
O~-y catalysts. Catalyst loading is 60 mg/cm e. 
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Table II. 02 evolution activity on Pb2[Ru~-~Pbz ;+  ]0~.5 as a 
function of composition (test conditions: 3M KOH, 75~ 

Potential at 
Composition 100 mA/em~ Surface area 

(X) (mV vs. RHE) (m'~/g) 

0.10 1355 12 
0.14 1335 33 
0.25 1328 28 
0.30 1319 39 
0.33 1302 85 
0.41 1310 109 
0.54 1349 74 
0.58 1318 67 
0.64 1335 85 
0.68 1312 63 
0.70 1339 30 
0.87 1385 15 
0,89 1370 93 
0.98 1423 14 

theory for oxygen reduction at the same current 
density. This extraordinarily low anodic polarization is 
further demonstrated by the oxygen evolution ac- 
tivity comparisons, shown in Fig. 9, between 
Pb2[Rul.67Pbo.s34+]O6.5 and some competitor electro- 
catalysts. Data for Pt black, RuO2, 1% Mg-doped 
NiCo20~ supported on Ni sheet, and Ni sheet are in- 
cluded along with the pyrochlore. It should be noted 
that RuO~, while included in the comparison, is found 
not to be stable in alkali under anodic polarization. 

= .14 (33 m2/g) X 

- - u - -  x ,33 (85 rn2/g)" 
x .58 (67 m^/g) 

2[ 
1 . 4  X . 6 8  ( 6 3  m , ~ / g )  

t-,- x . 8 9  ( 9 2  m ~ / g )  

. _ . .  ~1.3 . - - -  ~ o  

~ 1.2 

.............................. ~ o ~ r Os, m-m.,m~O = _ _ 0 a'-~-'" 

I I .......... I I 
1 IO lOO 300 

mA/cm 2 

Fig. 8. 02 evolution in 3M KOH, 75~ Pb~[Ru2-xPbx4+]08.5 
as o function of x. Catalyst loading is 60 mg/cm 2. 

The performance of Ni could probably have been sub- 
stantially improved by using a higher surface area 
form of the metal, but there are no reports in the 
literature of achieving oxygen evolution activities with 
nickel that are any better than can be obtained with 
NiCo204. 

As illustrated by Fig. 10, polarization of the oxygen 
evolution reaction decreases with increasing tem- 
perature, in contrast to the oxygen reduction reaction. 
It is a reasonable assumption that the oxygen solubil- 
ity is not a factor in the evolution reaction. In addition, 
the loss of electrode structure effectiveness with i n -  
creasing temperature, invoiced for oxygen reduction, 
is of diminished importance here since maintenance of 
a delicate three-phase interface (catalyst-gas-electro- 
lyte) is not critical for oxygen evolution. Figure 11, 
when compared with Fig. 10, shows that a decrease 
in the OH-  concentration of the electrolyte leads to 
a decrease in activity. 

Electrode life testing~activity vaaintenance.--Figure 
12 shows the results of several galvanostatically con- 
trolled life tests of oxygen reduction activity. In Fig. 
12a, the catalyst Pb2[RuLszPb0.174+]O6.5 was tested at 
50 mA/cm 2. The low surface area (8 m2/g) resulted 
in a relatively low potential. The catalyst contained 
a trace impurity of RuOe; however, as was previously 
demonstrated, this trace impurity cannot contribute 
significant electrocatalytic activity to the lead ruthen- 
ate pyrochlore. The test, which was voluntarily termi- 
nated after 1176 hr, was interrupted at 745 hr as 
well as at 1176 hr, and at each interruption the elec- 
trode was removed from the cell, x-rayed, and then 
reinstalled. No change in the x-ray pattern could be 
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Fig. 9. O~ evolution in 3M KOH. 75~C an various catalysts. Cata- 
lyst Ioadlngs were: 60 mg/cm2 for the pyrochlore; 33 mg/cm 2 for 
the Pt black; and 62 mg/cn~ for the RuO~. The catalyst loading 
for HiCo04 spinel was not recorded. 
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Fig. 10. O~ evolution in 3M KOH on Pb~[RUl.41Pbo.594+]06.~ 
(63 m2/g) as a function of electrolyte temperature. 
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Fig. 11. 02 evolution in O.1M KOH on Pb2[Rul.~6Pbo.344+]Oe..~ 
(74 m2/g) as a function of electrolyte temperature. 
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Fig. 12. 02 reduction life tests in 3M KOH, 75~ on (a) 
Pb2,[Rul.s3P~.n 4 + ]065  (8 m2/g), (b) Pb2[Rul.79Pbo.214 + ]06.5 
(86 m2/g), and (c) Pb2[RuL~Pbo.564+]{)6.5 (76 m2/g). Catalyst 
leading was 60 mg/cm 2 in each case. 

detected. It can be seen that most of the activity 
loss yeas suffered in the first 300 hr. 

The results of a life test run on Pb [RuLTgPbo.e~I 4 + ] 06.5 
(86 m2/g) at 100 mA/cm 2 is shown in Fig. 12b. There 
was little voltage decay during the course of the test. 
The test was voluntarily terminated at 500 hr; at this 
time the electrode was "weeping" badly (i.e., electro- 
lyte had passed through to the gas side). Figures t3a 
and 13b show pre-test and post-test polarization curves 
for oxygen reduction and oxygen evolution, respec- 
tively. The decay in oxygen reduction is probably due 
primarily to the flooded condition of the electrode. 
This conclusion is supported by the fact that the 
oxygen evolution activity, which is not dependent 
upon the maintenance of the three-phase interface, 
was not affected. The x-ray diffraction pattern of the 
electrode showed no changes relative to the original 
catalyst. 
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Fig. 13. Pre-test and post-test polarization for (o) 02 reduction 
and (b) O2 evolution in 3M KOH, 75~ for the life tested 
Pb2 [Rul.79Pbo.214 + ] O6.5. (See Fig. 12b.) 

An Oe reduction life test at an even higher current 
density, 200 mA/cm e, was run on the catalyst 
Pb2[Rum4Pb0.s64+]Os.s (76 me/g). A steady decline 
amounting to 43 mV over the 587 hr of the test is 
observed in Fig. 12c. X-ray diffraction of the tested 
electrode showed a contraction of the lattice param- 
eter indicating that the extent of lead substitution on 
the "B" site, x, had decreased (3) yielding the com- 
position Pb~. [Rul:65Pb6.~8.54 + ] 06.5. 

A chronoamperometric measurement, made on the 
electrode .after completion of the life test, is displayed 
in Fig. 14 along with the corresponding current decay 
curve obtained on the electrode before the test. In 
the pre-test measurement, the initially high currents 
decay quite rapidly with time. In contrast, the post-test 
measurement displays a rapid decay of the initial 
current with time followed by a very slow decay of 
smaller currents for a longer time. It is speculated 
that the pretest current decay behavior is character- 
istic of an electrode where the catalyst is in good 
contact with the current collector grid, whereas the 
post-test data is characteristic of separation of the 
catalys.t layer from the grid. The low resistance and 
capacitance associated with the first decay process of 
the post-test measurement would correspond to the 
grid wires and any catalyst still in good con'tact with 
them. The second, slower decay process is attributed 
to the bulk of the porous high surface area catalyst 
which is separated from the grid by a high electronic 
resistance. 

Figures 15 and 16 show the results of cycling mode 
life tests. In both experiments, the electrode was 
operated at 25 mA/cm2 in 02 reduction for 8 hr 
periods followed by 12.5 mA/cm 2 Oe evolution periods 
of 16 hr duration. Figure 15 shows the results for 
Pb2[Rul.61Pbo.394+]O6.5 (67 m~/~) which suffered a 
steady activity decay. At the 293 hr mark, the elec- 
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Fig. 14. Pre-test and post-test chronoamperometric measurements 

on the life tested Pb2[Ruz.~4Pbo.564+]O&5. (Fig. 12c). AmV - -  30. 
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Fig. 15. 0~, reductlon/evolution cycling mode life test in 3M KOH, 
75~ on Pb2[RuL61Pbom94+]06.5 (67 m~/g). Catalyst loading is 
60 mg/cm ~. 
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Fig. 16. O~ reduction/evolution cycling mode life test in 3M 
KOH, 75~ on Pb2[Rul.8~Pb~,a74+]06.5 (8 m2/g). Catalyst load- 
ing is 60 mg/cm 2. 

t rode was "weeping"  badly .  In  addit ion,  a chrono-  
amperomet r i c  curve obta ined at  this s tage d i sp layed  
the character is t ic  change in shape suggest ive of ca ta-  
lys t  separa t ion  f rom the cur ren t  col lector  (Fig. 17). 
The e lec t rode  was removed  f rom the cell, cold-pressed,  
and then re ins ta l led  in the  cell. The e lect rode s t i l l  
"weeped"  qui te  badly ,  but  the  capaci tance curve had 
regained  the shap~ character is t ic  of a f resh ly  f ab r i -  
cated e lec t rode  (see Fig. 17), and the measured  elec-  
t rode resis tance and capaci tance had  recovered  to 
values not  ve ry  much different  than  the p re - l i f e  test  
values.  The improvemen t  in ac t iv i ty  that  was achieved 
wi th  repress ing  is evident  in the series of oxygen  
reduct ion polar iza t ion  curves  shown in Fig. 18. This 
c lear ly  suppor ts  the authors '  bel ief  tha t  the  observed 
ac t iv i ty  main tenance  difficulties a re  re la ted  to elec-  
t rode  s t ruc ture  problems.  I t  should be noted that  the 
ac t iv i ty  improvemen t  achieved b y  repress ing was 
t empora ry ;  when  the life test  was continued, s t ruc-  
ture de te r iora t ion  as evidenced by  "weeping,"  was 
again noted.  The resu l tan t  decl ine in ac t iv i ty  is seen 
in Fig. 15. 

X - r a y  diffract ion of the e lect rode af ter  t e rmina t ion  
of the  l ife test  showed a contract ion of the  lat t ice pa -  
r ame te r  indicat ing tha t  the  composit ion of the cata lys t  
had  changed to apu rox ima te ly  Pb2 [Rut.75Pbn 2~ 4 + ] O~.~. 
This occurred via  dissolution into the  electrolyte .  Some 
me~al deposi t ion occurred on the countere lec t rode  
when  it was polar ized  ea thodica l ly  and this d i sap-  
peared  ~r i t  was cycled anodical ly.  Analyses  of 
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Fig. 17. Chronoamperometric measurements made on life tested 
Pb2[Rut.61Pbo.~94+]06.5 (see Fig. 14) in (a) pro-test condition, 
(b) post-test condition, and (c) post-test condition plus repressing. 
AmV = 10. 

the  e lec t ro ly te  taken  when the countere lec t rode  was 
clean showed 4 • 10-4M Pb and 9 • 10-6M Ru. 
Whi le  i t  is apparen t  that  the cata lys t  did  undergo some 
chemical  changes dur ing this test, no gross chemical  
ins tabi l i ty  was observed,  .and it appears  that  the ac t iv-  
i ty  decl ine  was p r i m a r i l y  associated wi th  e lec t rode  
s t ruc ture  problems.  

The second cycl ing test  shown in Fig. 16 was run  
on the same elect rode tha t  had  prev ious ly  been tested 
for  1176 h r  in O~ reduct ion  (Fig. 12a). The cycl ing 
was cont inued for  524 h r  at which t ime the e lec t rode  
was again removed  and x - r ayed .  No crys ta l lographic  
changes could be detected.  As can be seen f rom the 
figure, no addi t ional  ac t iv i ty  loss was observed dur ing  
this per iod of cycling. 

I n  Fig. 19 are  shown the resul ts  of severa l  O2 
evolut ion  l ife tests. The  ca ta lys t  in Fig. 19a was 
Pb2[RUl.49Pbo.514+]O6.5 impregna ted  into a porous 
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nicke l  subs t ra te  at  a loading of 6 mg/cm% The im-  
mersed  e lec t rode  was ma in ta ined  in continuous O2 
evolut ion s ta r t ing  at  25 m A / c m  2 and  subsequen t ly  at  
50 and 100 m A / c m  2. There  appea red  to be an increase 
in po lar iza t ion  for about  the  first 500 h r  of the test,  
bu t  dur ing  the last  200 hr, the polar iza t ion  remained  
constant.  The test  was t e rmina ted  at  722 hr. E lec t ro ly te  
analyses  revea led  no d e t e c t a b l e  concentra t ions  of 
ru thenium,  and  lead  concentra t ions  of ,~ 2.3 • 10-sM. 
X - r a y  .diffraction of the  e lect rode showed no changes  
in the  catalyst .  S imul taneous  with  this exper iment ,  a 
compara t ive  l i fe  test  was run  on the porous nickel  
support�9 These da t a  a re  also included in Fig. lga, 
and i t  can be  seen tha t  the  ac t iv i ty  of the  suppor t  
ma te r i a l  is s ignif icant ly  lower  than  the l ead  ru thena te .  
The r e l a t ive ly  low ac t iv i ty  of the  lead ru thena te  (com- 
pa red  to polar izat ion curves  shown ear l ie r )  is thought  

to be due to the  low (1.2 mg  R u / c m  2) ca ta lys t  loading 
and nonopt imized suppor t  technique.  

A suppor ted  lead  ru thena te  e lect rode (Pb2 
[Rul.49Pb0.514+]O6.5), ident ical  to the  one used in 
Fig. 19a was again l i fe  tested in oxygen  evolut ion,  
but  this t ime at  a constant  cur ren t  dens i ty  of 200 
mAJcm% The test  was run  for 1019 hr,  and the ac t iv i ty  
maintenance,  as shown by  Fig. 19b was qui te  good. 
X - r a T  dif f ract ion ind ica ted  the  ca ta lys t  had  not  
undergone  a n y  change,  and the e lec t ro ly te  analysis  
results  were  essent ia l ly  the same as those obta ined  on 
the  previous  expe r imen t  run  with  this type  of elec-  
trode. 

An  improvemen t  in oxygen evolut ion ac t iv i ty  can be 
achieved by  using a h igher  loading (62 mg/cm2) ,  
Teflon-bonded,  in ter face  ma in ta in ing  e lect rode;  but  
ac t iv i ty  ma in tenance  prob lems  become more  severe  
wi th  this type  of electrode.  F igure  19c shows the re -  
sults of an oxygen evolut ion l ife test  run  at  50 m A /  
cm% The polar iza t ion  was r e l a t ive ly  low, but  there  
was a definite increase in polar iza t ion  with  t ime. By 
the t ime the test  was t e rmina ted  at  504 hr, the  elec-  
t rode  had s ta r ted  to phys ica l ly  d is in tegra te  wi th  po r -  
tions of the cur ren t  col lector  becoming vis ible  where  
par ts  of  the  ca ta lys t  l aye r  had become separated.  The 
chronoamperomet r i c  curve ob ta ined  at  the  end of the 
l ife test  showed the Chlaracteristic shape suggest ive of 
ca ta lys t  l aye r  separa t ion  f rom the cur ren t  collector.  
The resul ts  of this expe r imen t  h ighl ight  the need for 
a much  more  rugged  e lec t rode  s t ruc ture  in app l ica -  
t ions involving Oe evolut ion.  X - r a y  diffract ion could 
not  detect  any  changes in the  catalyst ,  bu t  po la ro-  
graphic  analysis  of the e lec t ro ly te  revea led  Pb present  
at  3 • 10-4M and Ru present  at  4 • 10-5M (in an 
e lec t ro ly te  volume of 250 ml ) .  

In  o rder  to de te rmine  the ac t iv i ty  main tenance  cha r -  
acterist ics of b i smuth  ru thena te  pyrochlores ,  the ca ta-  
lyst  Bi2[Rul.~3Bi0mT]OT-y (167 m2/g) was l ife tested. 
The electrode was first ope ra ted  in oxygen  reduct ion 
at  50 m A / c m  2 for  240 hr  and then swi tched to a cycl ing 
mode (8 h r  of 02 reduct ion at 25 m A / c m  2 and 16 h r  
of Oe evolut ion at  12.5 mA/cm2) .  The test  was vo lun-  
t a r i ly  t e rmina ted  at 1174 hr  of opera t ion  due  to bad  
leaks in the  electrode.  As can be seen in Fig. 20, the re  
was l i t t le  or  no ac t iv i ty  decay.  E lec t ro ly te  analyses  
conducted dur ing  the  tes t  ,detected Bi at  levels of 
~ 6  • 10-SM and Ru at ,-~4 • 10-SM. X - r a y  diffract ion 
of the tested e lec t rode  did not  r evea l  any  cata lys t  
changes. 
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Electrolyte immersion tests at the potential  of in-  
cipient oxygen evolution, as described in the experi-  
menta l  section, were also used to measure catalyst 
stability, par t icular ly  wi th  respect to the effects of 
compositional variations. In  a typical experiment,  
plumb,ate and ru thena te  ions would be detected in the 
electrolyte, and  their  concentrat ions in solution would 
rise within a few d, ays to a vi r tual ly  constant value 
in the range of I0-4-10-6M of lead ions (20-0.2 ppm) .  
The ru then ium concentrat ion was almost always 
slightly lower, 1/2-2/3 that  of the lead. Most of this 
level was reached during the first day. 

When the electrolyte was changed, the concentrat ion 
of ions would again rise to a near ly  steady value, 
lower than  before. This would continue for several  
electrolyte changes unt i l  this final concentrat ion de- 
creased quite slowly from run  to run. These ul t imate 
s teady-state  concentrat ions were in  the range of 10 -~ 
to less than 10-6M in lead (2-0.2 ppm) .depending on 
the catalyst composition. The tendency was for the 
final concentrat ions of dissolved lead and ru then ium 
to decrease with ,decreasing surface area and with de- 
creasing x (where x is given by the formula, 
Pb~[Ru2-xPbx]O6.s). The best sample tested showed 
a final lead concentrat ion of 7 • 10-7M (0.15 ppm).  
This sample had a composition x ---- 0.18 and a surface 
area of 24 mS/g. It  was prepared by ceramic tech- 
niques at 600~ 

As the concentrat ion of alkal i  or the temperature  
was increased, the concentrations of lead or ru then ium 
cations in the electrolyte rose. However, it was still 
possible to find 1.1 • 10-6M Pb 2+ at 40~ in 2M KOH 
with Pb2[Ru2106.5 having a surface area of 2.4 m/g.  
At lower voltages in the realm of oxygen consumption, 
compositions where x = 0 gave [Pb 2+ ] < 10-6M, even 
in 20% NaOH at 80~ with a catalyst of 33 m2/g 
surface area. 

The intermediacy of hydrogen peroxide.--Using the 
compacted lead ru thena te  ,disk and gold r ing rotat ing 
electrode assembly described in the exper imental  
section, an at tempt was made to detect hydrogen 
peroxide dur ing  oxygen reduction in 0.1M NaOH. The 
low concentra t ion of alkali  was used to maximize oxy- 
gen solubil i ty to make detection of even small  
amounts  of t!202 easy; yet  none  was observed at 
potentials of 0 to --510 mV vs. SCE, a range where 
oxygen reduct ion current  on the disk was very evi-  
dent. 

Control runs made with H20# added to the electro- 
lyte showed that H202 yields of 1% of the oxygen 
consumed could be detected in this apparatus. The 
r ing collection efficiency, as measured with ferr i-  
cyanide solutions, was just  under  30%. Thus it can 
be said that  up to 3000 rpm less than  1% of H202 was 
produced as an in termediate  in the reduct ion of 
oxygen. 

The addit ion of hydrogen peroxide to an open- 
circuited lead ru thena te  electrode at 50~ in 1.5M 
KOH caused the formation of 02 bubbles and a small  
but  ,definite reduction in potent ia l  to just  about 1.0V 
vs. the reversible hydrogen potential.  This suggests 
that lead ru thena te  catalyzes the anodic oxidation of 
peroxide to oxygen thereby reducing the mixed po- 
tential.  

Summary and Discussion of Results 
The .data presented in  this paper  have established 

that a new class of mixed metal  oxides that  subs tan-  
t ial ly reduce the activation energy overvoltages as- 
sociated with oxygen electrocatalysis have been dis- 
covered. Specifically, it  is found that these catalysts, 
in aqueous alkaline media near  ambient  temperature,  
are superior  to any other .oxygen evolution catalyst 
and are equal in performance to the best known oxy- 
gen reduct ion .catalysts. As bidirectional  oxygen elee- 
trocatalysts, they appear to be unmatched.  

It has been established that  reasonable activity 
maintenance is achievable over relat ively long testing 
periods (500-180.0 hr) .  The principal  .difficulties associ- 
ated with activity maintenance  appear to be related 
to electrode structure.  These difficulties may be due, 
in part, to the fact that the Teflon concentrat ion used 
in test electrodes was optimized for init ial  perform- 
ance ra ther  than for activity maintenance.  While no 
indications of gross chemical /electrochemical  insta-  
bi l i ty were noted, evidence of finite catalyst solubil i ty 
was established. Interest ingly,  this observed corro- 
sion appeared to have no significant effect on catalytic 
activity. 

There are several  physical and chemical charac- 
teristics of the oxide pyrochlores under  discussion 
which may contr ibute  to their high electrocatalytic 
activity. The previously described alkaline solution 
synthesis technique (6) has provided these materials  
with surface areas typical ly ranging from 50 to 200 
m2/g. Thus one of the basic requi rements  for an ef- 
fective electrocatalyst has been satisfied: the electro- 
catalytic activity is not l imited by the unavai labi l i ty  
of catalytically active surface sites, as is so often the 
case with metal  and mixed metal  oxides. 

Since all the catalysts investigated in this study 
display metall ic or near  metall ic conductivity, the 
addit ional basic requi rement  of minimizing ohmic 
losses wi thin  the .catalyst and between the catalyst 
and cur ren t  collector has  also been satisfied. 

While high surface area and metal l ic  conductivi ty 
are beneficial to electrocatalysis, they do not alone 
explain the high catalytic activity. Our speculations 
in this mat te r  center around two themes: the variable 
oxygen stoichiometry of the pyrochlore lattice, and 
the mult iple  valence states of the cations, par t icular ly  
the ru thenium.  

Noble metal  pyrochlores were or iginal ly considered 
by the authors as prime electrocatalyst candidates be- 
cause of their  abil i ty to accommodate oxygen va- 
cancies in up to one seventh of the anion sites. 
Changes in the average valence of the ru then ium can 
be expected to accommodate any  such stoichiometry 
changes in Pb2 [Ru2-xPb~] 06.5. The existence of higher 
and lower valent  oxides (either surface or bulk)  in 
the potential  range of interest  appears to be a charac- 
teristic of many  oxygen electrocatalysts such as Pt, 
Ag, Ni (for oxygen evolut ion) ,  Au, etc. The reasons 
for this have never  been explained exactly, although 
the abi l i ty  of the surface to interact  with or adsorb 
the potential  in termediate  peroxide or hydroperoxide 
ion on its surface is often invoked. 

In the case of lead ruthenate,  the oxygen non -  
stoiehiometry concept can be developed fur ther  by 
combining it with the known reactions of the variable 
valence ru thenium.  It is known that these same 
catalssts can cleave carbon-carbon double bonds (5) 
in a manner  analogous to that of osmium and ru then-  
ium tetroxide (7). It  is known (8) that OsO4 (and 
presumably  RuO4) cleave olefins via complexes with 
the structure 

H 

O o C o \  cl / R 

I C ~  R" 
o o HI 

The fact that  these catalysts can carry out me 
very same eleavage suggests that they ean form 
moieties similar  to the tetroxide on their  surfaces. 
By analogy, it is possible that the ru then ium atoms 
at the surface of the .crystal lattice can react with 
oxygen molecules so as to form these same surface 
complexes 
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These can be reduced stepwise to regenerate the 
starting structure 
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- O \  ./OH +2% O"~Ru/+-'20 H- -O\Ru~'O 2 H20 + 2e 
-O '/ %0 + "--~- o/RU ~OH -O/" \ \ \  
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This or a similar set of reaction steps would avoid 
the formation of hydrogen peroxide consistent with 
the results of the rotating disk electrode experiment. 
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Computer-Controlled Apparatus for Interfacial Tension 
Measurements 

M. Carlb, G. Aloisi, G. Papeschi, and S. Bordi* 
Universitd di Firenze, Istituto di Chimica Fisica, I 50121 Firenze, Italy 

ABSTRACT 

A fully computer-controlled apparatus for interfacial tension measurements at the mercury/solution interface is de- 
scribed. The apparatus is based on the drop time method, whose reproducibility and accuracy have been improved by a new 
calibration technique and the use of a glass polyethylene dropping electrode. 

This paper describes a fully automated apparatus, 
based on the drop time method, that has been imple- 
mented for interracial tension measurements. The need 
for automation comes mainly from the amount of 
data that must be collected and elaborated to carry  
out adsorption studies on families of organic com- 
pounds (up to 5,000-10,000 data for each family).  The 
drop time technique has been chosen for its ease of 
automation, unlike the capillary electrometer and the 
sessile drop methods that are very difficult to be 
automated (1). Moreover the drop time measurements 
are affected by a random scatter of each point fair ly 
smaller than the one obtainable with the other tech- 
niques. This is part icularly important  in this kind of 
measurement because the mathematical elaboration 
involves several differentiations of the experimental  
data. The drop time method has been frequently re- 
garded as scarcely accurate so that alternative meth-  
ods, such as the maximum bubble pressure and the 
capil lary electrometer methods, have been preferred 
(2). This attitude is mainly due to the fact that the 
proportionali ty relation between interfacial tension 
and drop time (namely Tate's formula) is only ap- 
proximate. Several side effects, difficult to be com- 
pensated or computed exactly (3, 4, 5), are responsible 
for deviations from Tate's formula and for some of 
them [e.g. Harkin's effect (6)], there is not even a full 
agreement about their actual relevance. This difficulty 
has been overcome by calibrating the apparatus on a 
whole reference electrocapillary curve, rather than on 

�9 Electrochemical Society A c t i v e  M e m b e r ,  
Key words: drop time, interracial tertsion, computer control. 

a single electrocapillary maximum, so as to obtain 
empirical correction terms to Tate's formula. Another 
drawback of the drop time method consists in the 
difficulty of preparing satisfactory and durable drop- 
ping electrodes since the precision of the drop time 
measurements depends dramatical ly on the precision 
of the drop growth and detachment which, in turn, 
depends on the sharpness of the electrode orifice. 
These requirements have been usually satisfied with 
glass capillaries drawn on a gas flame and internally 
siliconized, but this technique of preparat ion requires 
a high degree of skill and many trials. Moreover, these 
capillaries cannot be employed with certain electro- 
lytes which have the very useful proper ty  of being 
not specifically adsorbed [say, NaOH, HF, dilute NaF 
(7, 8)]. This difficulty has been overcome by devising 
a quite reproducible procedure for constructing com- 
bined glass-polyethylene dropping electrodes with the 
required mechanical and chemical properties (9). 

System Description 
The whole system is shown in Fig. 1. It consists of 

three sections: the digital control section, the measur- 
ing cell, and the auxil iary devices (emptying and fill- 
ing system). 

Digital section.--The computer is a 960A Texas In- 
struments with 16-bit word and 32-K words of main 
memory. The peripheral  configuration for electro- 
capillary measurements includes console, printer, tape 
puncher, and X-Y display. Interfacing with the other 
sections is accomplished through (i) a digi tal- to-analog 
converter (DAC) to set up the polarization potential 
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across the meta l - so lu t ion  in ter face  (12 bits, 1 mV 
resolution, 250 ~V accuracy) ;  (ii) an ana log - to -d ig i t a l  
conver te r  (ADC1) (12 bi ts)  to sample  the cur ren t  
flowing across the d ropping  electrode;  (iii) an analog-  
to -d ig i ta l  conver te r  (ADC2) (12 bits)  to moni tor  the 
cell  t empera tu re ;  (iv) an in t e r rup t  l ine f rom the drop 
fa l l  de tec tor  [descr ibed in de ta i l  in Ref. (10)] to 
measure  the drop t ime (resolut ion:  1 msec) ;  (v) two 
level  de tec tor  l ines (LD) to sense when the solut ion 
in the measur ing  cell  reaches any of two p r e - e s t a b -  
l ished levels  dur ing  the filling operat ion;  (vi) a va lve  
control  bus to control  the  e lec t ropneumat ic  valves  
( V 1 - V l l )  which  dr ive  the  empty ing ,  washing,  filling, 
and deaera t ing  opera t ions  on the cell. 

The opera t ing  sys tem is m e m o r y  res ident  and sup-  
por ts  a compi led  Basic wi th  mul t i t a sk  and t ime sha r -  
ing capabil i t ies ,  imp lemen ted  in this l abo ra to ry  (11). 
A ful l  run  can be p r o g r a m m e d  for any  n u m b e r  of 
e lec t rocap i l l a ry  curves,  by  p re -es tab l i sh ing  for each 
curve the poten t ia l  range and s teps and b y  select ing 
the p rope r  washing  and deaera t ing  cycle as wel l  as the 
flask ( F I - F 8 )  f rom which the work ing  solut ion mus t  
be drawn.  Dur ing  the run, the presence of the opera to r  
is requ i red  only  to change the solut ion flasks (the sys-  
tem can accommodate  up to e ight  flasks at  a t ime) .  
A p a r t  f rom this in tervent ion,  measurements  proceed 
unat tended,  p r e f e r ab ly  by  night,  when possible sources 
of v ib ra t ion  are reduced to a minimum.  

Dur ing  the measurements ,  for each poin t  of a curve, 
the  sys tem records  on the p r in t e r  the t ime, the  d rop  
t ime averaged  over  three  consecutive drops, the cell  
t empera ture ,  and the cur ren t  flowing across the in t e r -  
face. At  the end of each curve, the drop  t imes are  
punched on paper  tape for  fu r the r  e laborat ion.  

Measuring cell.--A schemat ic  p ic ture  of the cell  as-  
s embly  is shown in Fig. 2. A copper  cage (1), con- 
ta ined in a Dewar  Vessel (2), is suspended to a bar ,  
fixed into a ma in  wal I  of  the labora tory .  The me a su r -  
ing cell  (4) is made  of P y r e x  glass wi th  a Teflon p lug  

which holds al l  the electrodes.  Both this cell and the 
cap i l l a ry  that  regula tes  the me rc u ry  flow (5) are  con- 
ta ined  in the cage and are  the rmos ta ted  by  a Pe l t i e r  
cell (6) a t  25 ~ • 0.1~ Besides the d ropping  electrode,  
the ceil  contains:  (i) a s a tu ra t ed  calomel  e lect rode 
(8), made  in this l abo ra to ry  and employ ing  a low 
leakage  junct ion;  (ii) a p l a t inum countere lec t rode  
(9);  (iii) a the rmomet r i c  probe (10); (iv) two p la t i -  
num pins to "sense" the solut ion level  (11) (v) e ight  
po lye thy lene  tubes (12) (for the filling opera t ions)  
which  are  connected to the e ight  flasks F1-F8 of Fig. 
1; (vi) a tube (13) which  draws  the solut ion and the 
me rc u ry  f rom the bot tom of the  ceil; (vii) a deae r a -  
t ion tube (14) which can be moved up and down by  
ac tua tor  (19) and tha t  del ivers  n i t rogen to the cell  
e i ther  th rough  or over  the solution. Ni t rogen can also 
be b lown outside the  cell, th rough tube (18) to re -  
move oxygen from the Dewar  vessel. The whole cell  
assembly,  the eight  flasks for filling the  cell, and the 
flasks for  humidi fy ing  ni t rogen (F9 and F10 in Fig. 1) 
are  ins ta l led  in a cabine t  the rmos ta ted  at  25 ~ _ 0.5~ 

Emptying and filling sgstem.--Working solut ions are 
l i f ted into the cell  by t ransmi t t ing  a n i t rogen  pressure  
to the filling flasks th rough  the e lec t ropneumat ic  
valves (V1-V8 in Fig. 1) opera ted  by  the computer .  
The filling opera t ion  is control led  th rough  the two 
level  detectors  (LD) :  a lower  level  for  the work ing  
solut ion and a h igher  level  for the washing  operat ion.  
Usually,  two washing opera t ions  are  pe r fo rmed  before  
filling the cell  for the measurements ;  on the whole,  
this procedure  requires  about  70 cm ~ of solution. The 
empty ing  sys tem consists of a vacuum pump,  a va lve  
( V l l  in Fig. 2), and a t rap  balloon. 

Calibration and Results 
In drop t ime measurements ,  where  only  the appl ied  

potent ia l  and the solut ion composit ion are  va r ied  
under  o therwise  ident ical  e xpe r ime n t a l  conditions,  
the drop t ime t is commonly  considered to depend  
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but  tha t  it  is close to l inear.  Upon expand ing  this 
funct ion in a power  series and fitting the  d i rec t ly  ob-  
ta ined expe r imen ta l  da ta  to those of the reference  
solut ion by  the least  squares  method,  i t  was found that  
only  the powers  up to the second need to be reta ined.  
The equat ion employed  for  the ca l ibra t ion  has, t he re -  
fore, the fo rm 

- - 7 = 5 = d r  I + A .  j 

Figure  3 shows the reference  e lec t rocap i l l a ry  curve  
for  0.1M KC1, as ob ta ined  by  Vos and Los (12) wi th  
the sessile drop  method,  toge ther  wi th  the  one ob-  
ta ined  with  the drop t ime method  b y  the above  cal i -  
b ra t ion  procedure  ~(A = 0.933, B = --0.065). 

Af te r  the above cal ibrat ion,  e lec t rocap i l l a ry  curves  
were  measured  in severa l  solut ions for  which -y values,  
as ob ta ined  b y  the  cap i l l a ry  e lec t romete r  or  the  m a x i -  
m u m  bubble  pressure  methods,  are  avai lab le  in the 
l i tera ture .  Results  obta ined  in 0.1M HC104 (13), 1M 
KCI (5), and 0.1M Na~SO4 (14) solut ions are  shown 
in Fig.  4, 5, and 6. A g r e e m e n t  is ve ry  good for  the  
first two solutions ( m a x i m u m  devia t ion--0 .5  dynes 
c m - 1 ) ,  while  i t  is s l ight ly  less sa t i s fac tory  for  the  
th i rd  solut ion ( m a x i m u m  dev ia t ion- -1  dyne  c m - 1 ) .  

These discrepancies  a re  qui te  consistent  wi th  the 
da ta  accuracy tha t  m a y  be expected  on the basis of 
the  accuracy of the severa l  ca l ibra t ion  s tandards  tha t  
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Fig. 3. Electrocapillary curve of 0.1M KCI. a. Solid line-- 
authors' data; squares--data from Vos and Los (12). b. Differences 
between the two sets of data. 
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Fig. 2. Cell assembly. (l--copper cage; 2--Dewar vessel; 4--mea- 
suring cell; 5--glass capillary; 6--Pe!tier cell; 8--reference elec- 
trode; 9--auxiliary electrode; 10--thermometric probe; 11--solu- 
tion level detectors; 12--filling tubes; 13--emptying tube; 14-- 
deaeration tube; 15--suspension bars; 16--signal pick-up of the 
drop fall detector; 17--dropping polyethylene tip; 18--deaeration 
tube; 19--actuator; 20--thermal insulator; 21--Peltier cell cooling 
circuit.) 

expl ic i t ly  only upon the in ter fac ia l  tension 7 and upon 
the solut ion dens i ty  d. Accord ing  to Corbus ie r  and 
Giers t  (4) and to Bar radas  and K i m m e r l e  (5), the  
funct ional  dependence  of t upon ~ and d has  the gen-  
e ra l  form 

"vr D -- dr f 

where  "vr and tr are  the "v and t va lues  of the e lec t ro-  
cap i l l a ry  m a x i m u m  of the reference solution,  dr is the 
dens i ty  of this  solution, and  D is the  dens i ty  of m e r -  
cury. No agreement  exists  on the exact  form of ] ( t / t r ) ,  
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Fig. 4. Electrocapillary curve of O.1M HCI04. a. Solid line-- 
authors' data; squares--data from Baikerikar et at. (13). b. Differ- 
ences between the two sets of data. 
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Fig. 5. Electrocapillary curve of 1M KCl. a. Solid line--authors' 
data; squares--data from Barradas et al. (5). b. Differences be- 
tween the two sets of data. 
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Fig. 6. Electrocapillary curve of 0.1M Na2S04. a. Solid line-- 
authors' data; squares--data from Nakadomari et al. (14). b. Dif- 
ferences between the two sets of data. 
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have been used. In te rna l  accuracy ( reproduc ib i l i ty )  
of the appara tus  is r ea l ly  much bet ter ,  but  this is l i t t le  
help in obta in ing more accurate  da ta  as long as a 
more accurate  absolute  ca l ibra t ion  s t anda rd  is not  
avai lable .  This reproduc ib i l i ty  has been tes ted in sev-  
e ra l  runs for  different  substances and a da ta  scat ter  
be t te r  than 0.2 dyne cm -1 has been observed as the 
worst  case value  even for organic compounds.  For  
s imple inorganic  systems,  the da ta  reproduc ib i l i ty  
reaches 0.03 dyne cm -1. This value  is close to the one 
repor ted  by  Mohi lner  (15) and obta ined with  the 
m a x i m u m  bubble  pressure  technique.  This e r ror  is 
sma l l  if compared with  the e r ro r  of the best  ava i lab le  
s t andards  (0.3 dyne cm-1 ) .  

Manuscr ip t  submi t t ed  Dec. 12, 1982; rev ised  m a n u -  
script  received ca. Apr i l  8, 1983. 

Universit~ di Firenze, Istituto di Chimica Fisica as- 
sisted in meeting the publication costs of this article. 
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The Electrolytic Maintenance of Homogeneous Catalytic Activity 
J. B. Davison,  1 P. J. Peerce-Landers ,  .2 and R. J. Jas insk i *  

Occidental Research Corporation, Irvine, California 92714, 

ABSTRACT 

The lifetimes of homogeneous nickel and pal ladium catalysts used in the cyanation of aryl chlorides were increased 
several fold by the application of a reducing potential.  Catalytically inactive metal  species formed in deleterious side reac- 
tions with cyanide were electrochemically intercepted and restored to a catalytically active state. The low number  of elec- 
trons consumed per tool of product,  0.02-0.04 for nickel  and 0.06-0.25 for palladium, suggests that  the charge consumed was 
only used to maintain catalyst activity. The low power consumption makes electrolytic maintenance a commercial ly attrac- 
tive method for prolonging catalyst lifetimes. 

The shor t  l i fe t imes of many  homogeneous t rans i t ion  
meta l  ca ta lys ts  prec lude  thei r  use in commercia l  p ro -  
cesses. Cata lys t  deact iva t ion  f requen t ly  resul ts  f rom 

* Electrochemical Society Active Member. 
i Present address: J. C. Schumacher Company, Oceanside, Cal- 

ifornia 92054. 
SPresent address: Betz Laboratory, The Woodlands, Texas 

77380. 
Key words: nickel triphenylphosphine, palladium triphenyl- 

phosphine, electrocatalysis, aryl chlorides, catalysis. 

redox react ions be tween  the ca ta lys t  and impuri t ies ,  
reactants ,  and /o r  products .  I t  occurred to the authors  
that  the l i fet imes of such redox deac t iva ted  cata lys ts  
might  be pro longed by  e lec t rochemical  means. This 
requires  tha t  the deact iva ted  meta l  complexes be elec-  
t roact ive  and conver t ib le  to some species wi th in  the 
ca ta ly t ic  cycle. To be an efficient process,  only  the  
deac t iva ted  complex  should be e lec t roact ive  at  the  po-  
tent ia ls  employed.  



VoI. 130, No. 9 THE E L E C T R O L Y T I C  M A I N T E N A N C E  OF H O M O G E N E O U S  1863 

A sys tem mee t ing  these requ i rements  is the t e t r ak i s -  
( t r ipheny lphosph ine)  n ickel  (0) (NIL4, L --  PPh~) 
ca ta lyzed  cyanat ion  of a ry l  chlor ides  in e thanol  (1) 

NiL4 
ArC1 + C N - E t O H  ' 55o C ~ ArCN + C1- 

The reac t ion  proceeds under  r a the r  mi ld  conditions. 
However ,  the  number  of ca ta lys t  turnovers  ob ta ined  is 
low, gene ra l ly  < 50. Cassar has repor ted  tha t  the  
n ickel  ca ta lys t  is r ead i ly  poisoned b y  excess cyanide 
(1). The authors  have found tha t  the format ion  of 
t e t racyanonicke la te ,  Ni (CN)4  -2, accompanies  cessa-  
t ion of ca ta ly t ic  ac t iv i ty  (2). 

E lec t roreduct ion  of Ni (CN)4  -2 in e thanol  did not  
resul t  in the fo rmat ion  of Ni/-~ even in the presence 
of large  excesses of t r ipheny lphosph ine  (mol rat ios of 
L :Ni  > 25). Only  n ickel  me ta l  was obtained.  S imi la r  
resul ts  were  ob ta ined  when e lec t rochemical  r egene r -  
a t ion of NiL4 was a t t empted  in spent  react ion mix -  
tures. Moreover,  NiL4 could not  be e lec t rogenera ted  
f rom N i ( I I )  in the presence of four  equivalents  of 
cyanide.  However ,  Ni (II)  was reducib le  to NiL4 in the 
presence of one or  two equiva lents  of cyanide.  There -  
fore, i t  was reasoned tha t  the continuous appl ica t ion  
of a reducing  poten t ia l  might  prolong ca ta lys t  ac t iv i ty  
by  e lec t rochemica l ly  res tor ing  in te rmedia te  inact ive  
n ickel  species  to the ca ta ly t ic  cycle. 

Nei ther  the  a ry l  chlorides used, the  produc t  ni t r i les ,  
nor  the in te rmedia te  a ry l  n ickel  complexes  were  re-  
ducible  at  the potent ia ls  requ i red  to form NiLe. Te t r a -  
kis ( t r ipheny lphosph ine)  pa l l ad ium (0) (PdL4, L --  
PPh3) was also tes ted since i t  too was found to cata-  
lyze the cyanat ion of a ry l  chlor ides  and was read i ly  
poisoned by  excess cyanide.  

Experimental 
All  chemicals  were  reagen t  grade  and used as r e -  

ceived unless o therwise  specified. NiL4 was p repa red  
by  the l i t e ra tu re  method  (3);  PdL4 was obta ined  f rom 
Strem. Al l  chloroarenes,  t e t r a e t h y l a m m o n i u m  cyanide  
(TEACN, Lacha t ) ,  and t e t r a e t h y l a m m o n i u m  chloride 
(TEAC, Eas tman)  were  commercia l  mater ia ls .  A b -  
solute e thanol  and DMF were s tored over  molecu la r  
sieves and thorough ly  degassed pr io r  to use. The HMS 
carbon fibers used as e lectrodes were  obta ined  f rom 
Hercules.  

Al l  e lec t rochemical  exper imen t s  were  conducted 
using a Pr ince ton  Appl ied  Research  (PAR) Model  173 
Po ten t io s t a t /Ga lvanos t a t  in conjunct ion with  a PAR 
Model 175 Universa l  P r o g r a m m e r  and a PAR Model  
179 Digi ta l  Coulometer .  The e lec t rochemical  cell  was 
a convent ional  t h r e e - c o m p a r t m e n t  cell  which isolated 
the work ing  and aux i l i a ry  electrodes wi th  provis ion 
for  degassing the solut ion in the work ing  e lec t rode  
compar tmen t  and main tenance  of an iner t  a tmosphere .  
The top of the work ing  e lec t rode  compar tmen t  was 
fitted to a reflux condenser  which was connected to a 
minera l  oil bubbler .  In  addit ion,  there  was a sep tum 
por t  on the work ing  e lec t rode  compar tmen t  top 
through which TEACN solut ion was in t roduced  and 
GC samples  were  wi thdrawn.  The aux i l i a ry  and w o r k -  
ing e lect rodes  consisted of severa l  2 in. d iam loops of 
HMS carbon fibers to which  e lec t r ica l  contact  was 
made  using an a l l iga tor  clip connected to a copper  
lead  wire.  

Nickel  potent ia ls  were  measured  and are  repor ted  
re la t ive  to an A g / A g  + (0.1M AgBI%/EtOH) reference  
electrode.  The poten t ia l  of this reference  e lec t rode  
was 0.510 ___ 0.01V vs. SCE. Pa l l ad ium potent ia ls  were  
measured  and are  repor ted  re la t ive  to an A g / A g I  (0.1M 
I - / D M F )  reference  electrode.  The potent ia l  of this 
reference e lec t rode  was --0.5V vs. SCE. Contact  of 
the reference  electrodes wi th  the solut ion in the w o r k -  
ing e lec t rode  compar tmen t  was made  via a sal t  b r idge  
filled wi th  e i the r  0.1M T B A P / E t O H  (nickel)  or  0.1M 

T B A P / D M F  (pa l l ad ium) .  A 0.1M solut ion of TEAC 
was u sed  as the suppor t ing  electrolyte .  

Gas chromatographic  analyses  of the  reac t ion  mix -  
tures were  pe r fo rmed  on a H e w l e t t - P a c k a r d  5840 gas 
chromatograph  equipped  wi th  a 12m 0V-101 cap i l l a ry  
column. In f ra red  spec t ra  were  recorded on a Beckman 
4260 spect rometer .  

General procedure for electrolytic reactions.--In the 
d ry  box, the  work ing  compar tmen t  was loaded  wi th  
0.25 mmol  NiL4 or  0.125 mmol  PdL~ catalyst ,  a th ree -  
fold excess of L (based on Ni or '  Pd ) ,  10 mmols  
naph tha lene  ( in te rna l  GC s t a nda rd ) ,  100 mmols  a ry l  
chloride,  40 ml  of 0.1m TEAC in e thanol  (Ni) or DMF 
(Pd) ,  and a magnet ic  s t i r r ing  bar.  The o ther  two com- 
pa r tmen t s  were  filled wi th  the TEAC suppor t ing  elec-  
t ro ly te  solution. The cell was s toppered,  r emoved  from 
the d ry  box, fitted wi th  a reflux condenser  connected 
to a mine ra l  oil  bubb le r  to moni tor  a ve ry  slow argon 
purge,  and placed in an oil ba th  at  55~ (Ni) or 130~ 
(Pd) .  

General procedure for control reactions.--The con- 
t rol  react ions were  set  up as above but  in a two-neck  
round bot tom flask fitted wi th  a reflux condenser  and 
rubbe r  septum. The control  react ions were  not  e lec-  
t ro lyzed  but  did contain 40 ml of the suppor t ing  elec-  
t ro ly te  solution. 

Both the  control  and  electrolysis  react ion mix tu re s  
were  pe rmi t t ed  to s t i r  for 30 min at  t empera tu re .  Dur -  
ing this t ime, the solids dissolved. The solutions were  
a homogeneous ye l low o.range when  contro l led  add i -  
tion of the TEACN solut ion was begun. For  the n ickel  
reactions,  an ethanol ic  solut ion of 3M TEACN was 
used. Fo r  the pa l l ad ium reactions,  a 0.42M TEACN 
solut ion in DMF was employed.  The ra te  of addi t ion 
was ma in ta ined  by  a syr inge  pump at 3.6 retools 
TEACN per  hour  for the n icke l  reactions.  See Table  
II  for  the cyanide  addi t ion  ra tes  in the  pa l l ad ium re -  
actions. GC samples  f rom both the control  and elec-  
t rolysis  react ion mix tu res  were  w i t h d r a w n  hour ly  by  
syr inge  and analyzed.  

Results and Discussion 
To de te rmine  whe the r  the l i fe t imes of the n ickel  

a n d  pa l l ad ium cata lys ts  could be e lec t ro ly t ica l ly  p ro -  
longed, the a ry l  chlor ide cyanat ion react ions were  run  
in the presence of a reducing  potent ia l .  A po ten t ia l  
sufficient to reduce M ( I I )  to M(0)  was appl ied  to 
the work ing  electrode:  --1.2 to --1.6V for Ni; --0.3 to 
--0.8V for Pd. The react ions were  also run  at a con- 
stant  cur ren t  of 5 mA. Each e lec t rochemical  exper i -  
ment  was run  concur ren t ly  wi th  a nonelec t ro ly t ic  
control.  

Prolonging the catalytic activity of NiL4.pThe re -  
sul ts  of the cyanat ion react ions ca ta lyzed by  NiL4 are  
shown in Table  I. Wi th  the  except ion of para-dichloro- 
benzene, a t  least  a two- fo ld  enhancement  in ca ta lys t  
l i fe t ime was observed in al l  the e lec t ro ly t ic  reactions.  
No a t t empt  was made to opt imize conditions.  In some 
cases, react ions were  a r b i t r a r i l y  t e rmina ted  before  
cata lyt ic  ac t iv i ty  had  been  lost. The resul ts  show that  
the observed  effect is genera l  for a ry l  chlor ides  b e a r -  
ing e lec t ron wi thd rawing  or  e lec t ron donat ing  groups 
in the meta and para positions. The number  of elec-  
t rons consumed per  mol of p roduc t  was quite low: 
0.02-0.04. This suggests  that  the  charge consumed 
was only used to main ta in  ca ta lys t  activity.  

The da ta  f rom the e lect rolyt ic  and the homogeneous  
control  exper imen t s  for  react ion 1 in Table  I a re  
g raphica l ly  compared  in Fig. 1. The ra te  of the  
product  format ion  in both cases was governed by  the 
TEACN addi t ion rate.  Af te r  about  4 hr, the ca ta lys t  
in the control  react ion was inactive.  However ,  in the  
presence of a reducing potent ial ,  ca ta lys t  ac t iv i ty  was 
ma in ta ined  for  over  12 hr. 
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Fig. I. Comparison of nickel catalyst performance in the presence 
and absence of an applied reducing potential. The reaction is the 
conversion of parachlorobenzotrifluoride (PCBTF) to paracyano- 
benzotrifluoride (PCNBTF). (Cf. reaction 1 in Tcrble II.) 

Figure  2 shows the in f ra red  spec t ra  of samples  wi th -  
d r a w n  from both react ions  at various times. At  t = 0, 
before C N -  addi t ion was begun, both  spec t ra  were  
identical .  A t  t = 3 hr, the spec t ra  were  st i l l  indis t in-  
guishable.  Both exh ib i ted  an absorbance  at  2230 cm -1 

t = 0 Hrs 

t = 3 Hrs 

A. Electrolytic B. Homogeneous 
Maintenance Control 

I I I I I I I I I 

200  2000 2200  2000  

CM -1  CM-1 

t = 4 Hrs 

t = 5 Hrs 

Fig. 2. Infrared spectra in the 2000-2300 cm - I  region of aliquots 
taken from the two reactions depicted in Fig. 1. Times refer to the 
time elapsed since the addition of cyanide was begun. 

September I983 

a t t r i bu tab le  to the C = N  s t re tch  of the  product ,  para- 
cyanobenzotr i f iuoride.  Af te r  4 hr, the spec t ra  of  the 
two react ion mix tures  differed. The spec t rum of the  
e lec t ro ly t ic  react ion showed only  a more  intense p rod-  
uct  peak.  However ,  l i t t le  change was observed in the  
in tens i ty  of the product  band  in the spec t rum of the 
control  reaction. In  addit ion,  a new band  was observed 
at  2124 cm -1 due to the C _ N  s t re tch  of Ni(CN)4-~.  
The appearance  of Ni (CN)4  -2  af ter  3 hr  cor re la ted  
wi th  the loss of cata lyt ic  ac t iv i ty  (cf. Fig. 1). Af t e r  
5 hr, the spec t rum of the control  react ion exhib i ted  
an addi t ional  band at  2078 cm -1 due to unreac ted  
TEACN. Only  the product  band  was observed  be tween  
5 and 13 h r  (not shown) in the spec t rum of the  elec-  
t ro ly t ic  reac t ion  mixture .  These spectroscopic da ta  in-  
dicate tha t  ca ta ly t i ca l ly  inact ive  n icke l  species were  
e lec t rochemica l ly  in te rcep ted  and the ra te  of forma-  
tion of Ni (CN)4 -3  minimized.  

Eventual ly ,  ca ta ly t ic  ac t iv i ty  was lost in most  of the 
e lec t ro ly t ic  reactions.  The presence of Ni (CN)4  -2  in 
the spent  reac t ion  mix tu res  was detected by  inf rared .  
[Loss of cata lyt ic  ac t iv i ty  was genera l ly  accompanied 
by  a change in solut ion color f rom a m b e r  to pale  ye l -  
low (2).] The cause of ca ta lys t  deac t iva t ion  in these 
cases was not  inves t iga ted  in detail .  I t  may  have re-  
su l ted  f rom pass ivat ion  of the work ing  electrode.  An 
insoluble  coating was observed on the work ing  elec-  
t rode dur ing  react ion 8. I t  is also possible that  not a l l  
of the  inact ive nickel  species formed are  reducib le  to 
ca ta ly t i ca l ly  act ive species. As those inact ive  species 
accumulate ,  the concentra t ion  of free cyanide wil l  in-  
crease (since the ra te  of addi t ion of cyanide  is con- 
s tant)  and i r revers ib le  ca ta lys t  poisoning wil l  result .  

Prolonging the catalytic activity ol PdL4. - -Elec t ro-  
lyt ic  main tenance  of ca ta lys t  ac t iv i ty  was also demon-  
s t ra ted  for the PdL4 cata lyzed cyanat ion  of a ry l  chlo-  
r ides 

PdL4 
ArC1 + C N -  , ) A r C N  + C1- 

DMF, 130~ 

A higher  t empera ture ,  130~ and a h igher  boi l ing 
solvent,  DMF, were  requ i red  because pa l l ad ium did 
not  inser t  into the  a ry l  ca rbon-ch lor ine  bond  at  lower  
tempera tures .  To the authors '  knowledge,  there  is no 
l i t e ra tu re  precedent  for this reaction. 

Comparison of e lec t ro ly t ic  and homogeneous control  
exper iments  for five a ry l  chlorides is given in Table 
II. Wi th  the except ion of or thochlorobenzotr i f luor ide,  
the e lec t ro ly t ic  exper iments  ou tpe r fo rmed  the con- 
trols. The effect of TEIACN addi t ion ra te  on ca ta lys t  
tu rnover  number  was s tudied  in react ions 9, 10, and 
11. In  these reactions,  the e lect rochemical  exper imen t  
was run  at a constant  cu r ren t  of 5 mA. 

In the cont ro l  reaction,  as the ra te  of addi t ion of 
C N -  was increased,  the number  of tu rnovers  observed 
decreased.  This resul t  demons t ra tes  the sens i t iv i ty  of 
the  pa l l ad ium ca ta lys t  to excess cyanide.  A band  at  
2124 cm-1  was observed in the in f ra red  spect ra  of 
spent  react ion mix tures  suggest ing the presence of 
Pd(CN)4  -2. In contras t  to the control  exper iments ,  in 
the presence of a reducing potent ial ,  the pa l l ad ium 
cata lys t  pe r fo rmed  jus t  as wel l  or  be t t e r  a t  h igher  
C N -  addi t ion rates. The number  of e lectrons consumed 
per  mol  of p roduc t  decreased wi th  increasing C N -  
addi t ion rate.  This suggests  that  pa r t  of the cu r ren t  
was expended  in side react ions at the s lower  C N -  ad-  
di t ion rates.  

There  were some differences in ac t iv i ty  be tween  the 
pa l l ad ium and n ickel  systems.  For  example ,  no reac-  
t ion was obta ined  wi th  parach loro to luene  using PdL4. 
However ,  this a ry l  chlor ide  was ve ry  reac t ive  in the 
n ickel  system. Conversely,  chlorobenzene unde rwen t  
cyanat ion wi th  the pa l l ad ium catalyst ,  bu t  not  wi th  
nickel.  Therefore,  PdL4 and NiL4 are  complemen ta ry  
ary l  chlor ide  cyanat ion  catalysts .  
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Table I. s of homogeneous catalysis and electrolytic catalyst.regeneration for the cyanation of aryl chlorides. Ni(PPh3)4 catalyst 

Number of catalyst turnovers 
Electrons consumed/ 

Reaction No. ArC1 Product Homogeneous Electrolytic mol of product 

1 FjC-~CI F3C-<~CN 32 142 0.04 

C1 CN 
2 F 3 C-(~ F 3 C-(~ 55 124 0.03 

3 H3C.~.CL H3C.K~CN 25 160 003 

Cl CN 
4 H3CK~ H3C ~ 54 230. O02 

, , ,0o. o.o, 

C1 Cl 
6 F - ~  F - ~  46 185 0.04 

C1 CN 
� 9 1 6 9  ,,  oo. o.o, 

a. Reaction arbitrarily terminated; catalyst was still active. 
b. Insoluble coating formed on working electrode and probably prevented further electrolytic regeneration. 

Table Ih Comparison of homogeneous catalysis and electrolytic catalyst regeneration for the cyanation of aryl chlorides. Pd(PPh3)4 catalyst 

CN - Addition Number of catalyst turnovers 
rate Electrons consumed/ 

React ion No. ArC1 Product mmols/hr Homogeneous Electrolytic real of product 

9 F3C-~CI F3C-~)- CN 1.4 58 113 0.24 

10 F3C-~CI F3C-~CN 2.1 38 116 0.11 

11 F3C'K~CI F3CK~CN 3.5 8 162 0.06 

12 H3C'K~CI H3C'~CN 2.1 0 Ca.2 0.I0 
.~C] ,~(CN 

13 F3C F3C" ~ 1.4 18 130 0.14 
C1 ~ NC, 

F3C-K ~ 14 F3C" ~ 1.0 Trace Trace 

15 O-CI ~ - C N  1.0 _Trace 96 0.25 

Conclusions 
M e t a l  c o m p l e x e s  t h a t  e x i t  a ca ta ly t i c  cycle  due  

to r e d o x  s ide  reac t ions  m a y  be  e l e c t r o c h e m i c a l l y  r e -  
t u r n e d  to the  cycle  in situ. In  th is  way,  the  l i f e t imes  
of  h o m o g e n e o u s  n icke l  and  p a l l a d i u m  ca ta lys t s  w e r e  
p r o l o n g e d  severa l fo ld .  Idea l iy ,  on ly  the  ca t a ly t i ca l l y  
i nac t i ve  m e t a l  species  a re  e l e c t r o a c t i v e  at  t he  p o t e n -  
t ials  employed .  U n d e r  these  condi t ions ,  the  p o w e r  con-  
s u m p t i o n  is o n l y  a f r ac t i on  of  t he  s to i ch iome t r i c  
r e q u i r e m e n t .  E l ec t ro ly t i c  m a i n t e n a n c e  of  ca ta lys t  ac-  
t i v i t y  m a y  p e r m i t  the  e x p l o i t a t i o n  Of ca ta lys t s  p r e -  
v ious ly  cons ide red  too ineff ic ient  and  s h o r t l i v e d  fo r  
c o m m e r c i a l  use. 

M a n u s c r i p t  s u b m i t t e d  Jan .  24, 1983; r ev i s ed  m a n u -  
sc r ip t  r e c e i v e d  M a y  2~, 1983. 
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Semiconductor Electrodes 
I.I. Efficient Electroluminescence at ZnS Electrode in Aqueous Electrolytes 

F.-R. F. Fan,* P. /eempoel, and A. J. Bard* 
Department of Chemistry, The University of Texas at Austin, Austin, Texas 78712 

ABSTRACT 

Electroluminescence (EL) on ZnS was studied in aqueous solutions containing various redox species. For species able 
to generate strongly oxidizing intermediates, such as peroxydisulfate or hydrogen peroxide, bright blue luminescence was 
observed during cathodic polarization at potentials near to or negative of flatband potential (V ~B) of ZnS. For solutions con- 
taining supporting electrolyte alone at various p H's, no emission was detectable even at potentials 7V negative of VrR. This 
suggests that minority carrier (hole) injection is responsible for the initiation of EL. The peak energy of the EL spectrum was 
much smaller (by 1 eV) than the bandgap of ZnS, suggesting that the radiative recombination is through intermediate lumi- 
nescent centers. Under steady-state conditions, the EL intensity was proportional to the square of the current, suggesting 
that EL intensity is dominated by the recombination of electron hole pairs at luminescent centers. In the early part of a 
potential pulse (especially the first pulse), the growth behavior of EL intensity was strongly affected by the electron 
trapping of the empty upper luminescent  states. The location of the EL spectra depended on the current density and EL 
intensity; with increasing EL intensity, a significant blue shift of the emission peak was observed. These results suggest 
that the overall radiative recombination rate might be limited by electron transfer (through a tunnel ing mechanism) from 
the occ,upied upper luminescent  states to the empty lower lufninescent states. An EL efficiency of 0.2% can be achieved by 
operating at a current density of 25 mA/cm 2. 

The s tudy of interracial  charge t ransfer  processes 
at semiconductor electrodes is under  active invest iga-  
tion (1-5). Luminescence techniques have been em- 
ployed successfully as probes to s tudy surface re- 
combinat ion and excited state processes (6-9). Re- 
cently Ellis et al. (6) have carried out extensive 
studies on the electroluminescence and photolumi-  
nescence of cadmium chalcogenides, for example CdS 
and CdSe, and, by comparison with photogenerated 
charge t ransfer  obtained informat ion about the re- 
action processes at these electrodes. The efficiency 
of the room tempera ture  emission of these materials 
in the visible spectral  region is quite low, as is that 
of most other semiconductors (e.g. quan tum yields 
< 10-8). 

Wide bandgap I I -VI  compounds are potent ial ly 
useful electrode materials  for visible electrolumines-  
cence in solution; the zinc ehalcogenides are especially 
good candidates for such applications. Indeed, low 
voltage solid-state devices which produce electro- 
luminescence have been described; however, it is 
difficult to produce a good p -n  junct ion  necessary 
for efficient charge inject ion due to self-compensation 
by nat ive  .defects. Less complex Schottky junct ions 
have been atten~pted with some degree of success 
(10-12), There have been few reports of solution 
studies of electroluminescence of ZnS (13, 14). In  
an early let ter  (14), emission was reported for a 
ZnS electrode immersed in  fuming sulfuric aicd; this 
was a t t r ibuted  to the formation of an inversion 
layer  at ZnS surface. More recent ly a brief r epo r t  by 
Tyagai et al. (13) described the blue emission of a 
ZnS cathode in H202, which was at t r ibuted to hole 
inject ion from the reduct ion intermediate,  'OH, into 
the valence band of ZnS. However, details of the 
process, the mechanism of emission, and the depend-  
ence of the spectral  dis t r ibut ion on a variety of 
electrochemical parameters  were not explored. The 
authors  thought it of interest  to examine the electro:  
luminescence of ZnS as a probe of the energetics at 
the ZnS/elect rolyte  interface and for possible ap- 
plication to display devices. 

In  this paper, the authors examine the elects'o- 
chemical and electroluminescent  properties of single- 
crystal n - type  ZnS electrodes with various redox 
couples. They demonstrate  that the electrolumines-  
cence (EL) is init iated by hole inject ion from solution 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  Member. 
Key words: electroluminescence, luminescence, display, semi-  

c o n d u c t o r .  

redox couples and under  s teady-state  conditions, the 
EL intensi ty  is dominated by the recombinat ion of 
electron hole pairs at luminescent  centers. Neither 
electron t ransfer  to the upper  states nor  hole 
t ransfer  to the lower state controls the rate of emis- 
sion in the condition studied. The effect of t rapping 
on the growth of EL and the factors affecting the 
intensi ty  and spectral  d is t r ibut ion  of the EL are 
discussed. The EL efficiency at room temperature  is 
among one of the highest in the photoelectrochemical- 
type luminescent  cells or low voltage solid-state elec- 
t roluminescence devices (22). An EL efficiency of 
0.2% can be achieved by operating at a current  den-  
sity of 25 m A / c m  2. 

Experimental Section 
Materials.--Al-doped ZnS single crystals were gen- 

erously donated by J. O. McCaldin or were grown 
by ioame cnemmal vapor t ransport  (15). These crys- 
tals usual ly  had high resistivities ( ~  10 TM ~-cm) .  
The crystals were heated in a molten 90% Zn-10% A1 
mixture  at 900 C for 10-24 hr. This t rea tment  re-  
duced the resistivity of some crystals to 20-10 ~ 12- 
cm. The crystals with low resistivity were used in 
the EL experiments.  They were cut into slices along 
the (111) plane and were subsequent ly  polished by 
ca rborundum (1 #m grit size) and a lumina  (0.5 tim 
part icle size), Ohmic conta.ct was made according to 
the method given by Kaufman  and Dowber (16). The 
crystals were mounted  as electrodes as described pre-  
viously (17). Before a series of experiments,  the 
electrode was etched in a potassium dichromate-H2SO4 
cleaning solution at 70~ ior 5 rain. Reagent grade 
chemicals were used without  fur ther  purification. All 
solutions were prepared from tr iply distilled water  
and were deoxygenated, if not  otherwise mentioned, 
for at least 30 mm with purified ni trogen before each 
experiment.  These experiments  were carried out with 
the solution under  a ni t rogen atmosphere. 

Electrochemical measurements.--All electrochemi- 
cal measurements  were performed with the same 
electrochemical cells, apparatus, and procedures as 
reported previously (17). The impedance measure-  
ments  were carried out with an aqueous solution con- 
ta ining 1.0M NaC104. The pH of the solution was ad- 
justed with HC104 or concentrated NaOH (10M). The 
apparatus and procedures for impedance measure-  
ments  were based on those reported previously (18). 
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Two a-c frequencies (100 and 300 Hz) were em- 
ployed and no significant dispersion was found. 

Electroluminescence measurements . - -The EL spectra 
were main ly  obtained with a PAR Model 1215 OMA2 
optical mul t i channe l  analyzer  inc luding a silicon in-  
tensifier target vidicon detector with a vacuum u.v. 
scinti l lator to enhance the u.v. response. This detec- 
tion system has an essentially fiat response in the 
wavelength range of the ZnS E L spectrum, 350-550 
rim. To obtain the EL spectra, the electrode was 
pulsed between 0.0V vs. SCE and a given negative 
potential.  The EL signal was detected by synchroniz-  
ing the OMA detect, ion system with the potential  
pulses applied to the electrode. Another  detection 
system was constructed based on an  Oriel mono-  
chromator  equipped with gratings blazed at 500 or 
1000 nm. The monochromator  was interfaced to a 
highly red-sensi t ive photomult ipler  tube (PMT) 
(Hamamatsu  R928). Signals from the PMT were 
amplified by a lock-in amplifier and displayed on a 
Houston Model 2000 X-Y recorder. In  the t rans ient  
experiments,  the EL signal was detected by a PMT 
with attached neu t ra l  density filters and a 460 n m  
bandpass filter. Signals from the PMT were ampli -  
fied by a current - to-vol tage  converter  and displayed 
together with the chronoamperometr ic  curves on a 
Nicolet Model 1090A digital oscilloscope, and then re- 
corded on a Houston Model 2000 X-Y recorder. 

The integrated EL efficiency, C-EL, was determined 
by an in tegrat ing sphere photometric detection sys- 
tem as described by I taya and Bard (19) and by 
Bezman and Fau lkne r  (20). 

The total photometric apparatus consisted of an 
in tegrat ing sphere and an EG&G radiometer  at tached 
to the viewing port  of the sphere. The sensitivity, S, 
os the integrat ing sphere was calibrated with an 
He-Ne laser or by a light beam (10 nm bandwidth)  
obtained from a 450W Xe- lamp and an interference 
bandpass filter at 460 rim. The calibration factor, C, of 
the EG&G radiometer  was obtained by a s tandard 
actinometric procedure with a 0.1M ferrioxalate acti- 
nometer.  The sample cell for EL experiments  was in-  
serted into the sphere and was held in position by  a 
s tandard  taper  jo int  attached to the sphere. The elec- 
trode was pulsed and the total charge passed was mea-  
sured with a digital coulometer. The total photon 
energy emit ted was measured by the integrat ing 
sphere photometric apparatus. The integrated n u m b e r  
of photons can be calculated based on Eq. [1] given 
in Ref. (19) or approximate ly  

the total  n u m b e r  of photons (einsteins) 

--~ S • C • total photon energy (joules) measu red /F  

• photon energy~max [1] 

in which F is Faraday's  constant  and ~max is the 
wavelength at the peak of EL spectrum. In this 
equation, the average energy per  photon is taken as 
the photon energy at ~-max. This is only an approxi-  
mat ion  since the EL spectra are not  nar row enough 
to be treated as line spectra. However, they are 
quite symmetr ic  and the half -width  is na r row as 
compared with the photon energy at ~max. 

Results 
Electrochemical behavior.--Flatband potential (VFe). 

- -S tudies  of the capacitance of n -ZnS  electrodes were 
conducted in  deaerated aqueous solutions containing 
1M NaC104 at different pH's. As shown in Fig. 1, a 
Schottky depletion layer  was formed at the surface 
of ZnS, as indicated by the l inear  dependence of 
the reciprocal of the square of the capacitance on 
the potential  (Mott-Schottky plot) .  VFS of this ZnS 
electrode was --1.61V vs. SCE at pH 1.95 and shifted 
about  55 mV negat ively per pH uni t  increment.  The 
uncompensated ionized charge density, found from 
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Fig. i. Mott-Schottky plots of ZnS electrodes in IM NaCIO4 at 
different pH. A-C frequencies, 100 and 300 Hz. Z~, pH 1.95; [-7, 
pH 7; O ,pH 10. 

the slope of the Mott-Schot tky plots and the di- 
electric constant (e = 8.3) (21) was 9.1 • 101~ cm -3. 

Voltammetric behavior.wCyclic voltammetr ic  studies 
on n -ZnS  were conducted in deaerated 1M NaC1 
solution at different pH's. As shown in  Fig. 2, in the 
absence of peroxydisulfate at pH 11.4, no appreciable 
cathodic current  was obsevved at potentials positive 
of --2.0V vs. SCE (curve a). The in t roduct ion of 20 
mM K2S2Os into the solut ion caused an increase in  
the cathodic current  for potentials negative of --1.SV 
vs. SCE (curve b) .  This enhanced cathodic current  
is apparent ly  due to the reduction of S2Os 2- at the 
ZnS electrode. When the pH of the solution used in 
b was decreased to 2.2, a diffusion-controlled reduc-  
t ion wave with a peak current ,  ip, proport ional  to 

200 ~A 

I i I ! 
o -I.o -s  

V vs.  SCE 

Fig. 2. Cyclic voltammograms on ZnS electrodes. Scan rate; 100 
mV/sec in (a) 1.0M NaCIO4, pH 11.4; (b) 1.0M NaCIO4, 20 mM 
K2S2Os, pH 11.4; (c) 1.0M NaCIO4, pH 2.3; (d) 1.0M NaCIO4, 20 
mM K2S208 at pH 2.2; (e) i.0M NaCIO4, 20 mM K2S2Os at pH 
2.0. Solution pH was adjusted with concentrated NaOH (10M) and 
HCIO4. 
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the square root of scan rate and a peak potential,  Ep, 
at  about  --1.85V vs. SCE appeared (curve d). This 
wave can ma in ly  be a t t r ibuted to proton reduction, 
because the peak height increases with the proton 
concentrat ion (cf. curve e with curve d) and the 
peak position was essentially the same as that cor- 
responding to proton reduction in  a solution not 
containing S2Os '~- (see curve c). However the dif- 
ferent  /p-values in curves d and c suggest part ial  con- 
t r ibut ion by the reduction of peroxydisulfate species. 
The reduction of S~Os 2- does not appear to be s t rongly 
pH dependent  over the pH range studied. Note that 
the peak position for S2Os 2- reduct ion of graphite 
electrodes is essentially pH independent  (see Fig. 3). 

InterJacial energy scheme. - -The  interracial  energy 
scheme at the (ZnS/electrolyte)  interface at pH 1 is 
summarized in  Fig. 4. The location of the bandedges 
of ZnS with respect to SCE were calculated based 
on the procedures reported previously (18) and on 
the following quantit ies:  the resistivity of the sample, 
p ~ 20 ~ -cm;  the effective mass of electron, me* ---~ 
0.34 mo (21) (mo is the mass of free e lectron);  the 
electron mobility, ~e ---- 160 cm2/Vsec (22); the band-  
gap, Eg = 3.66 eV (21, 22) and  the flatband poten-  
tial at pH 1, VFS ---- --1.54V vs. SCE. The conduction 
bandedge, Er was found to be --1.74V vs. SCE. This 
put the valence bandedge, Ev, at a potential  of 1.92V 
vs. SCE. The normal  potentials of the ( O H - .  OH) 
and SO42-/SO4 ~) couples have been estimated to 
be 2.7 and 3.2V vs. SCE, respectively (23). 

ElectroIuminescence (EL) . - -S tudies  of EL from n -  
ZnS electrodes were conducted in deaerated aqueous 

solutions containing various redox couples given in 
Fig. 4 or in  oxygen-satura ted solution containing no 
redox couples otrler than support ing electrolyte, 1M 
NaC104. In  the presence of peroxydisulfate or hydro-  
gen peroxide, a br ight  blue emission was observed 
start ing at potentials negative of VFB that was readily 
observable under  dayl ight  conditions (Fig. 5). No 
detectable EL was observed in solution containing 
only support ing electrolyte even at an applied po- 
tent ial  of --10V vs. SCE. In Ce (IV) solution, the blue 
emission was found at potentials far negative of VFB, 
such as --5V vs. SCE. EL with peroxydisulfate was 
studied most extensively, and details of the results 
in solutions containing 0.2-1M S2Os 2- at different 
pH's are given below. 

Steady-state current and EL-potent ial  p roper t i e s . -  
As shown in Fig. 6a, the current,  i, increases exponen-  
t ial ly with potential,  and some cathodic current  flows 
when the potential  is positive of Vfm This exponent ial  
dependence is consistent with the capacitance mea-  
surements  which indicate the formation of a Schottky 
depletion layer  at the surface of ZnS. When the po- 
tential  is-well negative of VFB, the i -SV  (where hV : 
V-YES ) characteristic obeys a power law relationship 
over a wide range of applied potential  of the form 
i o: ~V~ with n equal  to 2. This suggests that the cur- 
rent  in this potential  range is dominated by double 
injection (24). A current  doubling effect is expected 
with this system based on the interfacial  energy 
scheme shown in  Fig. 4. 

Different from the i - •  behavior,  significant EL 
intensi ty  is only detected at potentials near  to or 
negative of VFB (see Fig. 6b), where double inject ion 

i / / I / /  /IS j 
/ 7 / r/ 

0 t/ ~/ 

o.o . . . . .  : o o.8 ' -,2a - 1 2  
V vs.  S e E  

Fig. 3. Cyclic voltammograms on graphite electrode. Scan rate, 
100 mV/sec in (a) 1.0M NaCIO4, pH 11.4; (b) 1.0M NaCIO4, 20 
mM K2S2Os, pH 11.4; (c) 1.0M NaCIO4, 20 mM K2S~O8, pH 2.2. 
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Fig. 4. Energy scheme atZ~nS/electrolyte interface Fig. 5. Photo of EL. at ZnS electrode 
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Fig. 6. Current-(curve a) and EL intensity-(curve b) vs. potential 
at ZnS electrodes in 1.0M NaCIO4 and 0.2M (NH4)2S2Os at pH 
8.4. Scan rate, 20 mV/sec. 

takes  place. Moreover,  the EL in tens i ty  rises more  
steeply,  as compared  wi th  the current ,  wi th  increas ing 
negat ive  potent ia l .  As shown in Fig. 7, the EL in-  
tensi ty,  I, var ies  according to a re la t ionship  of the 
form I oc i n, wi th  n equal  to 2 over  the cur ren t  range  
studied.  

Spectral distribution.--EL spec t ra  were  obta ined  b y  
r epe t i t i ve ly  puls ing the e lec t rode  be tween  0.0V and 
a potent}al negat ive  of VFB. The br igh t  b lue  emission 
could be seen eas i ly  wi th  the naked  eye even under  
o rd ina ry  room l ight  conditions.  The EL spectra  were  
obta ined b y  synchroniz ing  the OMA detect ion sys-  
tem with the potent ia l  pulses appl ied  to the electrode.  

Since the in tens i ty  and the spec t ra l  d is t r ibut ion  of 
the  EL va ry  with  t ime dur ing  the first severa l  po-  
ten t ia l  pulses and reach  a s t eady-s t a t e  condit ion only  
af ter  some per iod of cycling, the EL spect ra  shown 

were  recorded under  s t e a d y - s t a t e  potent ia l  puls ing 
conditions,  if not  o therwise  ment ioned.  The EL growth  
behav ior  is descr ibed in the  fol lowing sections. 

The EL spectra,  shown in Fig. 8, are  character ized 
by  a s ingle  broad  band wi th  m a x i m u m  EL in tens i ty  
at  about  460 rim. The exact  peak  position, ~max, of the 
EL spec t rum depends  on severa l  pa rame te r s  which 
wil l  be discussed in the  fol lowing sections. Because 
the sens i t iv i ty  of the OMA detect ion sys tem was low 
at wavelengths  beyond 700 nm, a h igh ly  red-sens i t ive  
pho tomul t ip l i e r  tube  (Hamarnatsu  R928) was used 
to check the EL spec t rum in this region. No other  
bands were  observed out to 1000 nm. 

El~ects of potential on EL intensity and spectral dis- 
tribution.--As shown in Fig. 8, significant changes in 
the in tens i ty  and shifts in spec t ra l  d is t r ibut ion  of 
the EL were  found wi th  smal l  changes of the  nega t ive  
poten t ia l  l imit .  More negat ive  s tep potent ia ls  in-  
creased the EL in tens i ty  and produced  a b lue  shif t  
in the  EL spec t rum (by  about  35 nm in ~m~ wi th  a 
potent ia l  change of --1.95 to --2.25V vs. SCE).  The 
EL spec t rum also was b roadened  wi th  decreasing 
negat ive  l imits  (ha l f -wid th  of 92 nm at --1.95V vs. 84 
n m  at --2.25V vs. SCE).  Note tha t  the EL spec t rum 
with  the  h igher  emission in tens i ty  had  a sha rpe r  
high energy  edge than tha t  wi th  low emission in-  
tensi ty.  This is shown more  c l ea r ly  in Fig. 9 by  nor -  
mal iz ing curve e in Fig. 7 to the  same peak  height  
as curve a and then  t rans la t ing  this normal ized  curve 
b y  35 nm to shor te r  wavelengths  to match  the peak  
posi t ions of  the  two curves.  

Development o~ electroluminescence and current 
during sequential potential pulses.--The growth  and 
decay of the EL in tens i ty  and current  dur ing  a se- 
quence of potent ia l  pulses be tween  0 and --2.75V vs. 
SCE is shown in Fig. 10. In  the first pulse,  the cur ren t  
( the lower  curve)  reaches a peak  va lue  wi th in  5 ~sec, 
which is v e r y  close to the  rise t ime of the poten t ia l  
s tep genera ted  from the potent iostat .  Af te r  reaching 
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Fig. 7. EL intensity vs. current for ZnS electrodes in 1 .0M NaCl04  
and 0.2M (NH4)2S20s at pH 8.4. 
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Fig. 8. Steady-state EL spectra at different step potentials on 
ZnS electrodes in 1.OM NaCI04 and 0.2M (HH4)2S20s at pH 8.9. 
The positive limit potential was OV vs. SCE. Negative l irnit poten- 
tials: (a) --2.25V, (b) --2,20V; (c) --2.15V; (d) --2.10V; (e) 
--2.05V vs. SC, E. 
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Fig. 9. EL spectra from curves a and e in Fig. 8 normalized curve 
e to the s~me peak height as curve a and then this normalized 
curve translated 35 nm to shorter wavelengths to motch the peak 
po~itions of these two curves. 

the max imum,  the cu r ren t  decays exponent ia l ly  to a 
s t eady-s t a t e  value.  In  the  subsequent  pulses, this 
cur ren t  overshoot  d i sappears  g radua l ly  and the cur-  
ren t  more  r ap id ly  ( , ,20 ~sec) a t ta ins  the  s t eady-s t a t e  
value.  In  the  reverse  (posi t ive)  potent ia l  step, the 
current  decays to zero wi th in  20 #sec and occasional ly  
shows an oscillation. The increase of EL in tens i ty  was 
s lower  than  the corresponding ra te  of cur ren t  in-  
crease  and no significant decay  occurred dur ing  the 
cathodic step, if the pulse width  was shor t  (--~5 msec) 
(Fig. 10). The EL in tens i ty  increased with  sequent ia l  
po ten t ia l  pulses and reached a s t eady- s t a t e  va lue  
af ter  about  10 pulses, if the cathodic s tep poten t ia l  
was negat ive  of --2.5V vs. SCE. The decay  t ime of 

/ f 
�9 rime 

5 ms ~ 

~ - O  I-~ 

Fig. 10. Bottom: Current time characteristics of ZnS electrodes 
in 1M NaCIO4 and 0.2M (NH4)2S2Os at pH 8.4. The potential was 
pulsed between 0 and --2.75V vs .  SCE at a frequency of 100 Hz. 
Top: corresponding EL intensity-tlme characteristics. 

EL (--~20 #sec) was much shor te r  than  its rise time. 
The rise t ime depended  on the h is tory  of pulsing and 
the s tep  potent ial .  Extens ive  potent ia l  pulsing a n d / o r  
a la rge  ampl i tude  potent ia l  step decreased the rise 
t ime of EL. /%. rise t ime of 200 ~sec can be achieved 
af te r  extensive puls ing of the ZnS electrode be tween  
0 and --3.5V vs. SCE. There  was a lways  a dead zone 
at  the beginning  of the first po ten t ia l  pulse  of  a se-  
quence where  significant cur ren t  was observed  wi th -  
out genera t ion  of a significant amount  of EL. 

Accompanying  the growth  of the  EL in tens i ty  du r -  
ing a sequence of pulses, a blue shif t  of the EL spec-  
t rum was observed.  As shown in Fig. 11, the in te-  
g ra ted  EL in tens i ty  du r ing  a single pulse  increased 
with  pulse  number .  This is consistent  wi th  the resul t  
shown in Fig. 10. The in tegra ted  EL in tens i ty  in the 
26th pulse was about  100 t imes h igher  than that  of 
the  first pulse. Moreover,  a p ronounced  b lue  shift  of 
about  20 n m  in ~-max was observed on the EL spec t rum 
of the  26th pulse compared  to that  of the  first. 

Effects of pH on EL intensi ty  and spectral distribu- 
t ion . - -S tudies  of pH effects on the EL were  conducted 
in deaera ted  solutions containing 0.2M (NH4)2S~O8 
and 1M NaCIO4. The pH of the solut ion was ad jus ted  
wi th  10M NaOH and HC104. The peak  in tens i ty  of the 
EL was a funct ion of pH (Fig. 12). When  the po ten-  
t ia l  of the  ZnS e lec t rode  was pulsed be tween  0 and 
- -3V vs. SCE with  a 5 msec pulse width,  the EL 
in tens i ty  reached a m a x i m u m  value at  pH 7-9 and 
decreased g radua l ly  at  lower  pH and more  s teep ly  at  
h igher  pH. An  increase in pH from 8.0 to 10.1 caused 
a la rge  decrease  in the EL in tens i ty  and a red  shift  of 
35 nm in the EL spectrum. Simi lar ly ,  a decrease of 
pH from 8.0 to 1.2 decreased the EL in tens i ty  and 
caused a red shif t  (,-~18 rim) of the  EL spect rum 
(Fig. 13). 

~, n m  

Fig. 11. Development of EL spectra for different potential pulses 
on ZnS electrodes in 1.0M NaCIO~ and 0.2M (NH4)2S20~ at pH 
8.9. Curve a--26th pulse; curve b ~ l l t h  pulse; curve d--first 
pulse; curve c--five times expansion of the El. scale in curve d. 
Potential of the electrode was pulsed between 0 and --2.25V vs .  

SCE at a frequency of 100 Hz. 
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Fig. 12. El. peak intensity vs. pH characteristics of ZnS electrodes 
in 1M NaCIO4 and 0.2M (NH4)2S2Os. The electrode was pulsed 
between 0 and --3V vs. SCE at a frequency of 100 Hz. 

Electroluminescence in  the first potential  p u l s e . -  
The growth of EL dur ing  the first pulse was usual ly  
very  different f rom that  observed under  s teady-state  
pulse conditions. The effect of the negat ive potent ial  
l imit  is shown in Fig. 14. At smaller  negative poten-  
tials (e.g., positive of --2V vs. SCE), the EL in tens i ty  
was very  low and increased l inear ly  with t ime (see 
curve 14a). As the l imit  was made more negative,  the 
EL intensi ty  increased l inear ly  with t ime at the very 
beginning  and exponent ia l ly  approached a sa turat ion 
value at longer  times (see curve 14c), indicat ing a 
faster growing- in  of EL as compared with that  at less 
negative potentials. A faster rate in EL growth could 
also be achieved at less negative potentials,  if the 
electrode was prebiased to a potent ia l  where no EL 
was generated bu t  a significant current  was observed 
(for example, a prebias at any  potential  be tween --1.4 
and -- 1.8V vs. SCE at pH 8.4). 

The effect of prebias on the growth behavior of EL 
at --2.25V vs. SCE is shown in Fig. 15. Without  pre-  
bias, the EL in tens i ty  was low and grew very  slowly 
(see curve b).  The corresponding chronoamperometr ic  
curve (curve d) showed a significant current  over-  
shoot and sharp decay to a s teady-state  value. Pre-  
bias of the electrode for 30 sec at --1.72V vs. SCE, 
where no EL but  a significant t ransient  current  was 
detected, not  only enhanced the EL in tens i ty  but  also 
accelerated the growth of EL (see curve a). The cur-  
rent  overshoot in curve d disappeared and the cur-  
rent  reaches the s teady-state  value wi th in  a few 
tens of #sec (see curve c) .  

E1~ficiency and stabil i ty  of  ZnS  e lec trode. - -The EL 
~fficiency was determined in a pulse exper iment  with 
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Fig. 13. El. spectra at different pH on ZnS electrodes in 1M 
NaCIO4 and 0.2M (NH4)2S~Os. The electrode was pulsed between 
0 and --2.25V vs. SCE at a frequency of 100 Hz. Curve a--pH 8.0; 
b--pH 7.4; c--pH 5.0; d--pH 2.7; e--pH 1.2; f--pH 10.1. 
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Fig. 14. Growth behavior of El. of ZnS electrodes during the first 
pulse. Solution contained 1.0M NaCIO4 and 0.2M (NHa)2S2Os at 
pH 4.0. The cathodic step potential: --2.0V vs. SCE (curve a); 
--3.0V (curve b); --3.5V (curve c). 

a step potent ial  to --2.5V vs. SCE where a s teady- 
state current  densi ty of 25 mA / c m 2 was obtained. A.n 
integrated EL efficiency, eEL, was calculated based on 
Eq. [2] 

total l ight emitted • F 
~EL : [2] 

total charge passed through the electrode 

in which F is Faraday 's  constant, the light emitted 
was in einsteins, and the charge in coulombs. The 
total light energy, in joules, was converted to einsteins 
at 460 nm. The broad (FWHM of ~80 nm) but  quite 
symmetr ic  feature of the EL spectrum makes this 
only an approximation.  The EL efficiency at a current  
density of 25 mA / c m 2 ranged from 0.2 to 0.35%, de- 
pending on the par t icular  electrode. Since the EL in-  
tensi ty depends in a non l inea r  way on the current  
density, as i l lustrated in Fig. 7, so does eEL. To in-  
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Fig. 15. Effect of prebias on the growth of E1 and current for 
the first potential pulse. Solution and electrode, same as in Fig. 14. 
Curves a (EL) and c (current)--electrode was prebiased at - - | .75V 
vs. SCE for 30 sec before step to --2.25V; curves b (El) and d 
(current)--without prebias. 

vestigate the s tabi l i ty  of the Zn8 electrodes m aque-  
ous solution containing peroxydisulfate,  the authors 
performed a long- te rm pulse experiment.  The elec- 
trode was immersed in a solution containing 0.2M 
(NH4)28208 and 1M (NH4)2HPO4 (pH ,~ 8) and was 
pulsed between 0 and --2.5V vs. SCE with a pulse 
width of 5 msec. The EL intensi ty  was monitored oc- 
casionally with a radiometer.  Since peroxydisulfate is 
reduced i r revers ibly on the ZnS electrode and is not 
regenerated at the counterelectrode, an addit ional  
amount  of peroxydisulfate was introduced daily into 
the solution. The pH of the solution was kept  at ~-8. 
The EL intensi ty  showed some shor t - term fluctuation 
but  the electrode glowed cont inuously for at least 11 
days, after which time the exper iment  was termi-  
nated. The surface of the electro.de after this test was 
darker  colored than originally but  the weight loss was 
<1%. At present, the authors are uncer ta in  as to the 
origin of the apparent  change of the electrode surface 
color. The darkening  of the electrode surface did not 
decrease the EL intensity,  and the surface film was 
difficult to remove by etching with dichromate clean- 
ing solution. 

Discussion 
Interracial energetics and mechanism of etec~ro- 

luminescence . - -The  fact that significant EL intensi ty  
near  VFB occurs only in solutions containing redox 
couples, such as H202 and $2082-, whose reduct ion 
produces intermediates  that are sufficiently oxidizing 
to inject  holes into the valence band of n -ZnS (see 
Fig. 4), supports the minor i ty  carrier inject ion mecha- 
nism of electroluminescence (6-8, 13). The lack of 
EL in support ing electrolyte alone and the observa- 
tion of l i t t le EL in solutions containing weakly oxidiz- 
ing species, such as Fe(CN)6 ~-, even at a potential  
far negative of VrB (for example --8.0V vs. SCE), 
rules out the possibility that the energetic holes re-  
quired for EL are generated by high electric field 

processes inside the semiconductor,  e.g., field-assisted 
electron tunne l ing  from valence band to conduction 
band. In  solutions containing redox couples with po- 
tentials located wi thin  the bandgap but  close to the 
valence bandedge of n-ZnS,  such as Ce ( IV) /Ce ( I I I )  
and T I ( I I ) / T I ( I ) ,  significant EL was observed only 
when the n - ZnS  electrode was biased at a potential  
at least 1V negative of ~YFB. The requ i rement  of this 
overpotential  is unders tandable  simply based on the 
energetics for interracial  hole transfer. Both Ce(IV) 
and T1 (II) are energetically insufficient to inject holes 
into the valence band  of n-ZnS.  However, efficient 
hole inject ion can occur, if a significant net  change 
in the potential  drop across the double layer is al- 
lowed or a s trong negat ive bias is applied to the elec- 
tro.de so that electron tunne l ing  from the valence band 
to the solution species can take place. This seems the 
case for Ce(TV) and TI ( I I ) .  

The mechanism proposed for the electrolumines-  
cence in $2082- or H202 is shown in Scheme I. This 
scheme has long been applied to explain the edge 
emission ~rom GaP, CdSe, etc. 

EC .,~ e- 

E D h ~  I ,  A 2 + e- + A" + A- (3) 

Ev ~ ~ § + (4) h + A. A- h + 

Scheme I 
The first stage (Eq. [3]) involves the reduction of 
82082- or  H202 by conduction band  electrons of the 

n -ZnS electrode. This produces SO4- or �9 OH; these are 
sufficiently oxidizing to capture electrons from the 
valence band in the second stage (Eq. [4]). The 
radiative recombinat ion of these injected holes with 
conduction band electrons does not produce edge 
emission (corresponding to Eg) in the .present experi-  
ment.  The peak energy (2.74 eV) of the EL spectrum 
is substant ia l ly  smaller  than the bandgap (3.66 eV) 
of ZnS. This subbandgap emission can only be ex- 
plained based on radiat ive recombinat ion through 
intermediate  levels, such as the donor impur i ty  level 
ED and/or  ~cceptor impur i ty  level F.A. 

The interracial  energetics can also be changed by 
varying the pH of the solution. Capacitance measure-  
ments clearly show the strong pH dependence of VF~ 
of n-ZnS electrodes. Increasing the pH, shifts VFB 
towards more negative values. This favors hole in-  
ject ion (Eq. [4] in Scheme I) but  makes electron 
t ransfer  from the conduction band of n -ZnS to solu- 
tion species (the first step or Eq. [3] in Scheme I) less 
favorable. Thus at a given potential, the current  
density and the corresponding EL intensi ty  decrease 
with an increase in pH. This is consistent with the re- 
sults shown in Fig. 12 when the pH is beyond 8. The 
decrease of EL intensi ty  with a decrease in pH at pH 
< 7 does not fit this argument .  The decrease of EL 
intensi ty  in this pH range might be caused by at 
least two factors. The first involves the competit ion 
between the reduction of proton and 82082- on the 
ZnS electrode. This is i l lustrated in Fig. 2. Proton 
reduction which produces no EL, would decrease the 
contr ibut ion of the reduct ion of $2082- to the total 
current  density and thus reduces the EL intensity.  
The second factor pertains to the instabi l i ty  of ZnS 
in acidic solution. Significant weight loss ( ~5%)  was 
observed after a ZnS crystal was immersed in an air-  
saturated solution containing 1M (NH~)28208 at pH 1 
for 2 months. 
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Spectral distribution and intensity of eIectrolumi- 
nescence.--That  EL spect ra  a re  more a symmet r i c  a t  
h igh emission in tens i ty  than  at  low in tens i ty  as shown 
in Fig. 9 might  be pa r t i a l l y  due to the effect of self-  
absorpt ion.  If  holes can be t r ans fe r red  f rom some 
dis tance into the ZnS, the  photons emi t ted  there  
(especia l ly  those wi th  shor te r  wave length)  could be 
r ecap tu red  to p romote  pho to - induced  e lec t ron  t r ans -  
fer  fro,m traps.  Exper iments  showing a pho to -en -  
hanced cathodic cur ren t  and photoquenching of EL, 
which wil l  be discussed in a s epa ra t e  paper ,  sup -  
por t  this argument .  The sharper  rise in in tens i ty  in 
the  high energy  edge is expected  f rom reabsorp t ion  of 
the luminescence by  the t rans i t ion  be tween  the band  
ta i l  (caused by  heav i ly  doping) and  filled in te rmedia te  
levels.  These resul ts  suggest  tha t  EL f rom ZnS is p ro -  
duced in a region ex tending  f rom the semiconduc tor /  
solut ion in ter face  into a cer ta in  dep th  of the  semi -  
conductor.  However ,  due to the much lower  (~16 
t imes)  hole mobi l i ty  compared  wi th  the e lect ron 
mobil i ty,  the emission zone could be qui te  thin. 

One of the in teres t ing  fea tures  of the  EL spec t rum 
on the ZnS elect rode is the blue shif t  of ~.max with in-  
creasing exci ta t ion ra te  (cur ren t  densi ty)  and thus 
EL intensi ty.  Severa l  exper iments  have been con- 
ducted to i l lus t ra te  this phenomenon.  These include 
(i) the  effect of cathodic step potent ia l  (see Fig. 8), 
(ii) the  t ime dependence  of EL spec t rum (see Fig. 
11), and (iii) the  pH effect (see Fig. 13). Such peak  
shifts might  be a t t r ibu ted  to a kinet ic  effect involving 
the ra te  of filling of holes in a band of acceptor  levels  
involved in the r ad ia t ive  process. Thus, at low cur-  
rents  only,  the  upper  acceptor  levels would be popu-  
lated,  resu l t ing  in lower  energy  t ransi t ion,  whi le  at  
high currents ,  lower  acceptor  levels would  be in-  
volved and  a h ighe r  energy  t rans i t ion  would  be ob-  
served.  I f  this mechanism applies,  one would  expect  
the  low energy  edge of the  EL spec t rum to reproduce  
a p p r o x i m a t e l y  the shape  of the acceptor  band at  the 
low energy  tail.  This seems consistent  wi th  the ex-  
per iment ,  if the impur i t y  band  has an exponent ia l  
d is t r ibut ion  of states at the  low energy edge. However ,  
the high energy  edge of the EL spect rum should be a 
r a the r  ab rup t  cutoff before the impur i ty  band is com- 
p le te ly  filled. The expe r imen t  does not show this be -  
hav ior  especia l ly  at low cur ren t  densi t ies  ( low EL in-  
tens i t ies) .  

One of the  accepted models  to expl~iin this phe -  
nomenon and most  of our resul ts  on luminescence  
( including photoluminescence  and photoquenching of 
EL which  are not repor ted  here)  at ZnS involves tun-  
nel ing be tween  spa t ia l ly  separa ted  uppe r  (or  donor)  
and lower  (or acceptor)  s ta tes  (see Scheme 1). This 
concept  was proposed  about  two decades ago by  
Wil l iams and co-workers  (2.5) to expla in  luminescence 
f rom Cu-doped  and Cu I n - d o p e d  ZnS. S imi la r  r e -  
combinat ion  processes by  e lect ron tunnel ing  have 
been identif ied for  donor  acceptor  pairs  in many  semi-  
conductors  (26-28) and in a lka l i  hal ides  (29). 

The energy  of the emi t ted  l ight  due to the t r ans i -  
t ion f rom the donor  level  to the acceptor  level  in a 
donor  acceptor  pa i r  separa ted  b y  a distance, r, is given 
by  Eq. [5] (21), if  the  phonon coupling is neglected 

E(r )  : Eg -- (EA + ED) -]- e~/or [5] 

in which Eg is the  bandgap,  EA and ED are  the  depth  
of the  donor and acceptor,  respect ively,  e is the  e le-  
m e n t a r y  charge, and  ,o is the s ta t ic  d ie lec t r ic  constant .  
The e lec t ron tunnel ing p robab i l i t y  be tween  two states  
can be wr i t t en  (30, 31) 

W ( r )  -- Wo exp ( - -2r/a)  [6] 

where  a is the  effective radius  for  over lap  of the donor 
wave  functions wi th  the  ,acceptor wave  funct ions and 
Wo is a p a r a m e t e r  independen t  of r. 

Based on the tunnel ing  model,  the ra te  de te rmin ing  
s tep  for  the  overa l l  r admt ive  recombina t ion  process is 
the e lec t ron t ransfe r  ( through a tunnel ing  mecha -  
n ism) be tween  the occupied uppe r  s ta tes  and the 
empty  lower  states. With  progress ive  exci ta t ion  by  a 
po ten t ia l  pulse  of la rge  ,amplitude, e lectrons are  ac-  
cumula ted  in the  upper  luminescent  levels  and  holes 
in the  lower  levels.  This increases  the~densi ty  of ex-  
cited luminescent  s tates  and  thus s ta t i s t ica l ly  shortens 
the  average  i n t e r impur i t y  distance. A b lue  shift  of the 
emission peak  (Eq. [5]) wi th  increas ing t rans i t ion  
p robab i l i t y  (Eq. [6]) should be observed.  However ,  
since the n u m b e r  of possible  pa i r ings  decreases as r 
decreases (25c, 26c), the emission in tens i ty  mus t  go 
th rough  ,a m a x i m u m  as the separa t ion  r is varied.  
Qual i ta t ively ,  this model  .explains the re la t ion be-  
tween the spec t ra l  d i s t r ibu t ion  and the EL in tens i ty  
quite sat isfactor i ly .  

Electroluminescence intensity-c~rrent relationship.-- 
The in tens i ty  ( / ) - c u r r e n t  (i) re la t ionship  of the  fo rm 
I c c  i2 suggests  that  the  r ad ia t ive  recombina t ion  of 
e lect ron hole pai rs  a t  the  luminescent  centers  is the 
ra te  de te rmin ing  step of the EL under  s t eady- s t a t e  
conditions. Ne i the r  e lec t ron t ransfe r  to the  upper  
s tates  nor  hole t r ans fe r  to the lower  s ta te  controls  
the ra te  of emission. This is consis tent  wi th  the tun-  
nel ing model  discussed above. 

At  s t eady  state,  the e lect ron dens i ty  of the upper  
occupied state,  nu, is p ropor t iona l  to exp [ e ( Q F L E ) /  
kT] and the densi ty  of free electrons,  n. The QFLE 
te rm represents  the quas i -Fe rmi  level  o f  electrons,  k 
is the Bol tzmann constant,  and T is the absolute  t em-  
pera ture .  Assuming tha t  the diffusive component  of 
th~ cur ren t  is negl ig ib ly  smal l  as compared  to the mi -  
gra t ion term, the cur ren t  dens i ty  is thus p ropor t iona l  
to N. Hence 

n~ r162 i [7] 

The hole dens i ty  of the lower  e m p t y  state,  Pb is p ro -  
por t ional  to exp [ e ( Q F L H ) / k T ) ]  and the dens i ty  of 
free holes, p. The QFLH te rm is the q u a s i - F e r m i  level  
of holes, p is p ropor t iona l  to the ra te  of hole in-  
jec t ion which contr ibutes  one-ha l f  of the to ta l  cur -  
rent.  The spl i t t ing  of QFLH and QFLE from the equi -  
l i b r ium Fermi  level  arises because electrons accumu-  
late  in the .donor levels and holes accumula te  in the  
lower  acceptor  states.  Thus 

p ~ i [8] 

Since the  emission ra te  is p ropor t iona l  to the  p r o d -  
uct  of nu and Pl, if the rad ia t ive  recombina t ion  process 
is the ra te  de te rmin ing  step, a square law for the in-  
t ens i ty -cu r r en t  re la t ionship  is predicted.  

E~ect of trapping on the growth of electrolumines- 
cence.--Several  expe r imen ta l  resul ts  demons t ra te  the  
existence of e lect ron t rapping,  which s t rong ly  affects 
the EL on ZnS: (i) there  is a potent ia l  region where  
no EL in tens i ty  is detected but  significant cur ren t  is 
observed (see Fig. 6); (ii) the cur ren t  overshoots  in 
the first potent ia l  pulse;  p reb ias ing  the  e lect rode or 
puls ing the e lect rode cont inuous ly  e l iminates  this cur -  
ren t  overshoot  (see Fig. 10 and 15) - - th i s  suggests tha t  
the  cur ren t  overshoot  at the  beginning  of the first po-  
ten t ia l  pulse  is not  control led  by  solut ion double  layer ;  
(iii) at  a low negat ive  s tep potent ia l ,  the  EL in tens i ty  
is ve ry  tow and increases l i nea r ly  wi th  t ime (see Fig. 
14). Progress ive ly  puls ing  the e lec t rode  accelerates  
the  g rowing- in  of EL and increases also the EL in-  
tens i ty  (see Fig. 10). The increase of cathodic l imi t  
po ten t ia l  has the same effect on the growth  of EL (see 
Fig. 14). 

A s imple  ra te  equat ion is adequa te  to i l lus t ra te  
qua l i t a t ive ly  these points  (see Scheme I I ) .  If  the  
uppe r  (donor)  s ta tes  are  sufficiently deep tha t  the  
de t r app ing  of e lectrons to the  conduct ion band  can 
be neglected,  the  ra te  of e lec t ron filling of the  in i t ia l ly  
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empty  upper  (donor)  states is given by  

dnu 
, : AI~(nD -- nu) --  A2nuPl -- A~nuPl [9] 

dt 

in which nu is the dens i ty  of occupied upper  (donor)  
states,  n the  dens i ty  of electrons in the  conduct ion 
band, nD the total  number  of upper  states ( empty  
and occupied)  p e r  uni t  volume, p, the  dens i ty  of 
empty  lower  (acceptor)  states, and A1 and A2 are  con- 
s tants  descr ibing the  ra te  of genera t ion  of nu, the 
rad ia t ive  recombina t ion  ra te  and the nonrad ia t ive  
recombina t ion  through nu and Pl, respect ively.  

The authors  assume tha t  before  most  of the upper  
states a re  filled, e lec t ron t r app ing  by  these states is 
the  p redominan t  process for  the consumption of elec-  
t rons in jec ted  f rom the bu lk  of semiconductor  into 
the  emission zone. Thus, in the  ea r ly  pa r t  of the  
pulse, n, p, and p~ are  smal l  and only s lowly  vary ing  
variables ,  i.e. 

dn 
- -  , ~  0 [10a] 
dt 

dp 
- -  ~ O [ 1 0 b ]  
dt 

dPl 
- -  ~ 0 [ I 0 c ]  
dt  

By in tegra t ion  of Eq. [9] wi th  n ,  ___ 0 at  t ---- 0 and 
the assumptions in Eq. [10a], [10b], and [10c] 

nu = nu ~ [1 -- exp ( ' -- t /~) ] [11] 
in which 

nu ~ : AlnnD/(Sln -5 A2pl -5 A3Pl) [12] 
and 

: 1 / (Aln  -5 A~pl + A~pl) [13] 

The EL in tens i ty  is given b y  

I : A~n,pl : A2Plnu ~ [1 -- exp ( - - t / T ) ]  [14] 

This exponent ia l  growth  of EL was observed at 
high s tep  potent ia ls  and in the t ime domain  away  from 
the beginning  of a po ten t ia l  step (Fig. 14). 

When  t/T--> 0, Eq. [14] reduces  to 

I : A2Pinu ~t/T [15] 

This l inear  growth  behavior  of EL is observed at the 
beginning  of any  potent ia l  step or  throughout  the 
whole width  of potent ia l  pulse, when its ampl i tude  
is smal l  (see curve a of Fig. 14). 

The conservat ion of charges gives 

dnu dn d dpl 
{- - -  i d  [ 1 6 J  

dt dt dt d t  
with 

id : iT -- (/f.e -5 if.h) [17] 

i d in these equations should represen t  the cu r r en t  
overshoot  in the chronoamperograms  in the first po-  
ten t ia l  pulses.  Combinat ion  of Eq. [10a], [10b], [10c], 
[12], and [16] y ie lds  

id -- (nu~l~) exp ( - - t / z )  [18] 

This cur ren t  t rans ien t  is c lear ly  shown in the first 
potent ia l  pulse in Fig. 10. The t ime constant  for  the 
increase of EL is ve ry  s imilar  to that  for the cur ren t  
decay, as expected f rom Eq. [14] and [18] 

The actual  mechanism is ce r t a in ly  more  com- 
pl icated than  tha t  g iven above and involves rad ia t ion-  
less recombinat ions  be tween  n and p, p robab ly  via  
t rapp ing  levels.  These radia t ionless  processes are wha t  
contr ibute  to the modest  efficiency of the observed 
EL. Addi t iona l  surface quenching processes by  solu- 
t ion species also occur. Such processes a re  cu r ren t ly  
under  invest igat ion.  

Conclusions 
Bright  blue EL resul ts  f rom the e lect rochemical  

reduct ion  of peroxydisu l fa te  at  an n -ZnS  electrode.  
This luminescence arises f rom recombina t ion  of an 
e lec t ron with  a hole in jec ted  by  an in te rmedia te  

(SO4 ' ) in the  reduct ion.  
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Note 

Electrochemical Reduction of Calcium Chromate 

F. M. Delnick* 
Sandia National Laboratories, Exploratory Batteries Division 2523, Albuquerque, New Mexico 87185 

D. K. McCarthy 
Sandia National Laboratories, Battery Development Division 2522, Albuquerque, New Mexico 87185 

A sa tu ra t ed  solut ion of CaCrO4 in LiC1-KC1 eutectic 
is used as the ca thode in  Ca /CaCrO4/Fe  t h e r m a l l y  ac-  
t iva ted  bat ter ies .  Upon act ivat ion to the mol ten  state, 
CrO4 -2 i.s reduced  'at the  Fe Cathode current  col lector  
and Ca is oxidized v ia  a Ca-Li  a l loy in te rmedia te  at 
the  anode (1-4).  Since the CrO4 -2 solut ion is in in t i -  
mate  contact  wi th  the anode, the  CrO4 -2 is also re-  
duced at  the  anode  in  a side react ion para l l e l  to Ca 
oxidat ion.  These CrO4 -2 reduct ions at both the cathode 
and anode p roduce  insoluble  p roduc t  l ayers  which 
pa r t i a l l y  control  the  d ischarge  behavior  of the Ca/  
CaCrO4/Fe the rmal  ba t t e ry  (4, 5). 

The insoluble  chromate  reduct ion product  at  the 
anode has been identif ied by  Nissen (4) as p r imar i l y  
Ca2CrO4C1. In p a r t i a l l y  d ischarged bat ter ies ,  Hlava  and 
Head ley  (6) have identified both Cas(CrOD3C1 and 
Ca2CrO4C1. 

La i t inen  and co-workers  (7-14) have s tudied ex ten-  
s ively the  e lec t rochemical  reduct ion  of d i lu te  solut ions 
of CrO4 -2 in LiC1-KC1 eutect ic  and have  observed 
ne i ther  of the above  two Cr (V) compounds.  

By control led  potent ia l  coulometry ,  Ferguson  (15) 
and Bhat ia  (16) observed  that  three  Fa radays  of 
charge were  requi red  to reduce  one mol of CrO4 -2 
in a s ingle reduct ion  wave.  Using chronopoten t iomet ry  
in the  presence and absence of 0 -2, Lai t inen  and B a n k -  
ert  (7) concluded that  this th ree -e lec t ron  s ingle-s tep  
reduct ion  resul ted  in the  format ion  of the in te rmedia te  
CrO4 -~ which subsequen t ly  decomposed to CrO~ -3 and 
0 -2. P r o p p  and La i t inen  (8) examined  the reduct ion  
of KeCrO4 in the presence  of Mg +2. A nonstoichiometr ic  
C r ( I I I )  compound was obta ined:  LixMgyCrO4, (x -4- 2y 
= 5). Hanck  and Lai t inen  (10) ob ta ined  LiZn2CrO4 in 
the presence  of  Zn +2 and e i the r  C02CRO4 or  LiCo2CrO~ 
(depending  on specific condi t ions)  in the presence of 
Co +2. Nezu and La i t inen  (11), however ,  were  not  
able to ident i fy  the  reduct ion  produc t  of  CrO~ -2 in the 
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temperature. 

presence of Ca +2. Uchida and Lai t inen  (12) concluded 
that  Ca +2 has no effect on the reduct ion of CrO4 -2, and 
that  wa te r  associated wi th  hygroscopic CaC12 'does in-  
fluence the reduct ion mechanism and a.ccounts for the 
i r reproduc ib le  resul ts  of Nezu and Lai t inen  (11). 

By evalua t ion  of the diffusion ,coefficients and shifts  
in chronopotent iometr ic  q u a r t e r - w a v e  potent ia l s  of the 
CrO4 -2 reduct ion react ion in the  presence of d iva len t  
meta l  cations M ( I I )  = Zn +2, Mg +2, and  Ni +2, Hanck  
and Lai t inen  (10) concluded that  CrO4 -2 reduct ion 
does not  proceed in a s ingle-s tep  th ree -e lec t ron  r e -  
duction react ion to an oxy-an ion  such as CrO4 -5 
[Lai t inen and Banke r t  (7)]  but  tha t  it  must  proceed 
via an in te rmedia te  ox ida t ion  s tate  of chromium. 

The discovery  of Niki  and Lai t inen  (13) tha t  chemi-  
cal ly synthesized Li~CrO4 is s table  in LiC1-KC1 eu-  
tectic has led Niki,  Uehida, and Lai t inen  (14) to p ro -  
pose that  the Cr (V)  compound Li~CrO4 is a possible 
in te rmedia te  in the e lec t rochemical  reduct ion of 
CrO4 -2 in LiC1-KCI according to the equat ion 

CrO4 -2 -[- 3Li + ~- e -  ~ Li3CrO4 (solid) [1] 

These authors,  however ,  did not  r epor t  the synthesis  
of Li~CrO4 by  the e lec t rochemical  reduct ion of CrO4 -2. 
The subsequent  d i spropor t iona t ion  according to Eq. 
[2] or fur ther  reduct ion according to Eq. [3] of LisCrO4 
leads to LiCrO2, the final p roduc t  in the overa l l  reduc-  
tion of CrO4 -2 in LiCI-KC1 eutectic (13, 14) 

3Li~CrO4 ~ 2Li2CrO~ -[- LiCrO2 -~ 2Li20 [2] 

Li3CrO4 ~- 2 e -  ~ LiCrO2 (solid) + 2 0  -2 -t- 2Li + [3] 

In this report ,  Li3CrO~ has been  e lec t rochemica l ly  
synthesized by  reducing CrOi -2 in LiC1-KC1 eutectic,  
thus ,confirming the hypothesis  of Niki,  Uchida, and 
Lai t inen  (14). The  authors  have .also synthesized 
Cas(CrO4)~C1 and Ca2CrO4C1 b y  e lect rochemical  r e -  
duction of  CrO4 -2 in the presence of Ca +2. Li3CrO4, 
Ca2CrO4C1, and  Ca~(CrO4)3C1 have each been fu r the r  
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reduced  to LiCrO2, the final product  in the overa l l  
reduc t ion  of CrO4-% 

Experimental 
Polarographic  grade  LiC1-KC1 eutecr was suppl ied  

by  Anderson  Physics  Laborator ies ,  Incorpora ted  and 
was used wi thout  fu r the r  purification. CaC12-NaC1-KC1 
t e r n a r y  eutectic was p repa red  in our l abo ra to ry  f rom 
reagent  grade chemicals  and was also used wi thout  
fur ther  purification. Potent ios ta t ic  reduct ions  were  
conducted on gold flags (99.5% pur i ty )  o r  spectroscopic 
grade  g raph i te  electrodes.  Sol id  products  were  r insed  
l ight ly  wi th  wa te r  to remove the hal ide  electrolyte .  
The m a j o r  const i tuents  were  then identif ied by  x - r a y  
powder  diffraction. When Cr (V)  compounds  const i -  
tu t ea  the  ma jo r  reduct ion  products ,  the i r  identif icat ion 
was not  impeded  b y  hydro lys i s  reactions.  These h y -  
drolysis  react ions did, ho~vever, prohib i t  the ident i f ica-  
t ion of Cr (V)  minor  consti tuents.  Cyclic vo l t ammo-  
grams were  measured  on gold disk e lect rodes  ~abri-  
cated by  fusing gold wire  onto a lumina  tubes. The end 
of the gold-f i l led tube was cut  flat and  pol ished to ex-  
pose a gold e lect rode of  c i rcular  cross sect ion (area  = 
0.03 cm2). Al l  exper iments  were  pe r fo rmed  in a quar tz  
cell  under  an argon a tmosphere  (AR _-- 99.9995% 
pur i t y ) .  Al l  potent ia ls  are  r epor ted  vs. the A g /  
Ag + (0.1m) reference  e lect rode (17), and all  concent ra -  
tions are  expressed in  molal i ty ,  m. 

Results and Discussion 
The cyclic vo l t ammograms  of 0.11m solutions of 

K2CrO4 and  CaCrO4 a re  shown in Fig  1. In  the  absence 
of Ca +2, a two-s tep  CrO4 -2 reduct ion  sequence is ob-  
served.  The first s tep at E = --0.1V corresponds to 
LisCrO4 format ion  according to Eq. [1]. The cur ren t  
peak  at  E = --0.45V represents  the  subsequent  r educ-  
tion of LisCrO4 to LiCrO2 according to Eq. [3] (13, 14). 
Potent ios ta t ic  reduc t ion  of concent ra ted  (>0.1m) solu-  
tions of K2CrO4 in LiC1-KC1 eutect ic  on a gold flag at  

E _-- --0.2V yields  a da rk  crys ta l l ine  solid identif ied 
as LiaCrO~ 1 by  x - r a y  diffraction. In  the  presence of 
Ca + 2 ions, a th ree - s t ep  reduct ion  sequence is observed.  
By analogy,  the first and th i rd  steps (at  E ---- --0.1 and 
--0.47V) represen t  Li3CrO4 and LiCrO2 formation,  
respect ively.  The second reduct ion  wave  at  g ~_ --0.22V 
represents  the  fo rmat ion  of Cas(CrO4)~C1. Successive 
cyclic scans on the reduct ion produc t  subs t ra te  (Fig. 2) 
show the  complete  dominat ion of the Cas(CrO4)3C1 
reaction.  Af te r  the  second scan, the Li~CrO4 reduct ion 
react ion cannot  be resolved,  and the LiCrO~ cur ren t  
peak  is reduced.  Potentios~atic reduct ion  of concen- 
t ra ted  (>0.1m) solut ions of CaCrO4 in LiC1-KC1 eu-  
tectic at  E = --0.3V yields Ca~(CrO4)~C1. 2 When this 
product  is removed  from the CaCrO4 solution, washed,  
vacuum dried,  and  then  placed into an LiC1-KC1 elec-  
t ro ly te  conta ining no C,aCrO4, fu r the r  so l id -s ta te  re -  
duction occurs but  at a much s lower rate.  The product  
of this so l id - s ta te  react ion is LiCrO2. 3 

In L iCI-KCl  eutectic,  the  Cr (V)  compound Cas- 
(CrO4) sC1 is the ini t ia l  ma jo r  product  of the reduct ion  
of concent ra ted  solutions of CaCrO4 over  the potent ia l  
range  of E --  --0.05V to E ~_ --0.4V and t empera tu re  
range  T ---- 400~176 As concentra ted  solutions of 
CaCrO4 are  reduced to complet ion at potent ia ls  more  
negat ive  than E ---- --0.2V, however ,  a d is t r ibut ion  of 
reduct ion products  consist ing of Ca~(CrO4)3C1 and 
LiCrO2 is obtained.  The final reduct ion  product  is 
LiCrO~. 

In CaC1.2-NaCI-KC1 t e rna ry  eutectic,  the  po ten t io -  
s tat ic  reduct ion  of concent ra ted  solutions of CrO4 -2  
yie lds  Ca2CrO4C14 e:eclusively. This Cr (V)  compound 
undergoes  no fu r the r  reduct ion in the t e r n a r y  eutectic.  
S imi lar ly ,  when  Ca~(CrO4)3C1 is in t roduced into this  
Li  + free e lec t ro ly te  it  undergoes  no fu r the r  reduct ion.  

~Join~ Commi t t ee  P o w d e r  Diff ract ion S tandards ,  Se ts  1-31, 
P o w d e r  Dif f rac t ion  F i le  (PDF)  27-1229 (1982). 

Ibid., Sets  1-31, PDF 12-2~t6 (1982). 
Ibid., Sets  1-31, PDF 25-476 (1982). 
Ibid., Sets  1-31, PDF 19-217 (1982). 
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On the other hand, when Ca2CrO4C1 is introduced into 
LiC1-KC1 eutectic, it can be completely reduced to 
LiCrO2. 

Cyclic voltammograms of dilute solutions (<0.04m) 
of CaCrO4 in LiC1-KC1 eutectic yield a single-step 
irreversible charge transfer reaction. Potentiostatic re- 
duction at E : --0.4V requires 3.03 Faradays of charge 
per mol of CrO4 -2. The product of this reduction is 
identified by x-ray diffraction as LiCrO~ exclusively. 
In dilute solutions, Ca +z is not incorporated into the 
CrO4 -2 reduction products and apparently exerts no in- 
fluence on the overall reduction reaction. This agree- 
ment with Uchida and Laitinen (12) suggests that the 
CrO4 -2 reduction product is not only strongly de- 
pendent ~n the cations present (8, 10) but also depen- 
dent upon cation and CrO4 -~ concentrations. Laitinen, 
et at. (7-10, 12) confined their work to concentration 
ranges approximat'ely one order of magnitude lower 
than those used in this report and, therefore, never 
observed direct evidence of a Cr(V) intermediate in 
the chromate reduction reaction [indirect evidence at- 
tributed to a Cr(IV) intermediate was obtained by 
Hanck and Laitlnen (10)]. The reduction products 
containing Cr(V) are favored at the higher concen- 
trations of Ca +2. The availability of Li + (not con- 
sidered by Laitinen and co-workers) also exerts an in- 
fluence on the reduction mechanism. 

Conclusions 
The electrochemical reduction of CrO42- proceeds 

through a Cr (V) intermediate, CrO4 -3. The reaction of 
this intermediate with the available cations and the 
concentrations of these cations determine the overall 
reaction mechanism and the ultimate reduction prod- 
uct. In LiC1-KC1 eutectic, CaCrO4 ( ~> 0.1m) is reduced 
to the stable intermedi,ate Cas(CrOD~C1. In  CaC12- 
KC1-NaCI te~'nary eutectic CaCrO4 (~> 0.1m) is re- 
duced to the stable intermediate Ca2CrO4C1. in the 
presence of Li+, each of these Cr(V) compounds is 
further reduced to LiCrO2. No subsequent reduction of 
Ca5 (CrO4) ~C1 or Ca2CrO4CI occurs in CaC12-KC1-NaC1 
ternary eutectic. 
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ABSTRACT 

Thin oxide MOS capacitors which exhibited high leakage and lowered breakdown strength were studied by a number  
of methods in order to identify the mechanism responsible for the degradation. Electron beam-induced current (EBIC) 
studies, Secco etching, transmission electron microscope imaging, and energy dispersive x-ray spectroscopy were all ap- 
plied to this problem. The results indicated that the defects responsible for the poor dielectric properties are impurity 
(Cu,Ni,Fe,Zn,Sn)-decorated stacking faults about 1~ in length, located in silicon near the silicon-silicon dioxide interface. 
This study establishes that decorated stacking faults degrade the quality of MOS capacitors by increasing capacitor leakage 
and decreasing breakdown strength. 

High qual i ty thin silicon dioxide film is of basic 
importance to integrated circuit MOS technology. As 
lateral  dimensions of device elements become smaller, 
gate oxide thickness is also reduced in order to lower 
the operat ing voltage and thereby the power con- 
sumption.  Gate oxides 25 nm thick are now commonly 
used in  VLSI devices and the thickness is expected 
to be fur ther  reduced in the future. 

An addit ional advantage of thin oxide is its high 
intrinsic breakdown strength. Both exper imental  and 
theoretical studies (,1, 2) indicate that  the field 
s trength at breakdown improves as the thickness de- 
creases: from about 9 MV/cm at 50 nm to 15 MV/cm 
at 10 nm; and for very thin silicon dioxide films, the 
intrinsic breakdown field s t rength  is about 30 MV/ 
cm. On the other hand, such ideal strengths are not 
usual ly  attained. The breakdown strength of the 
oxide film in practice is u l t imately  l imited by ex- 
trinsic factors. In  this regard, the influence of mobile 
ions, sodium ion clustering (3), or pinholes (4), etc. 
on oxide breakdown strength has attracted much at- 
tention. 

This paper  reports on the results of a s tudy of the 
cause of leakage and low voltage breakdown in a 
group of capacitors made with 22 nm oxides. This 
s tudy involved the identification of extrinsic defects 
which were responsible for poor capacitor perform- 
ance. The identification was made with a number  of 
tools and methods including EBIC microscopy with 
the scanning electron microscope (SEM), and t rans-  
mission electron microscopy (TEM). 

The EBIC observations and the correlation between 
the breakdown sites and EBIC spot sites are described 
in a later  section. Leakage current  and breakdown 
field s trength measurements  are presented and cor- 
related with the n u m b e r  densi ty of EBIC spots in the 
section on breakdown and leakage measurements.  Ex- 
periments  aimed at ident ifying the defects responsible 
for leakage and breakdown are reported in the sec- 
tion on defect characterization. Techniques app]_ied to 
this identification include EBIC imaging of Schottky 
diodes fabricated from MOS capacitors, preferent ial  

Key  w o r d s :  si l iconj s t a c k i n g  f au l t s ,  EBIC, impurity ,  oxide  leak .  
age.  

chemical etching of oxidized silicon wafers, and char-  
acterization by TEM and energy dispersive x - ray  
emission spectroscopy (EDXES). 

Experimental 
Specimen characteristics.--The specimens studied 

were capacitors formed on field and gate oxides on 
three 3 in. diam (100) p-type,  6-8 ~-cm, 0.5.1 mm 
thick silicon wafers. All  wafers were degreased and 
cleaned prior to oxidation. Field oxides were formed 
by growing 100 n m  dry oxide at 1000~ for 100 min  
in O2/HC1, followed by 250 n m  of steam/N2 oxide 
at 950~ Thin gate oxides were grown in O2/HCI at 
1000~ for 16 min. Square-shaped capacitors 0.5 mm a 
side were formed using field plates described in 
Table I. 

EBIC imaging of capacitor defects and breakdown 
sites.--Figure 1 shows the exper imental  setup for 
EB~C mode of imaging of MOS capacitors. It  con- 
sisted of an SEM (Cambridge Steroscan $4) operated 
from 1.0 to 30 kV and the preamplifier, a ba t tery-  
powered 30V d-c bias supply, a Tektronix 569 curve 
tracer, and a micromanipula tor  with an etched tung-  
sten probe. The current  was taken directly from the 
back contact of the silicon wafer to the low noise 
preamplifier mounted to one port of the specimen 
chamber. The values of the feedback resistors were 
chosen to be 1 / (cur ren t  sensit ivity) to provide uni t  
voltage gain. The f rame scan rates used were 20 and 
60 sec for current  ranges of 10 and 1 nA, respectively. 

Conventional  EBIC imaging of capacitors with rela-  
t ively thick oxide proceeds by biasing the capacitor 

Table I. Specimens studied 

G a t e  F ie ld  plate  
Field plate  ox ide  m a t e r i a l / t h i c k n e s s  

S p e c i m e n  doping  th i cknes s  ( n m )  

1 PBrs ,  950'~ 22 Po ly /350  

2 A s  + i m p l a n t ,  225 Po ly /350  
90~~ annea l  

3 As + implant ,  22 Po ly /150  n m  over  
900~ a n n e a l  m e t a l  s i l ie ide/80 n m  

1878 
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Fig. 1. Diagram of the experimental arrangement for electron 
beam-induced current mode ~maging and breakdown strength 
measurement of MOS capacitors. 

into depletion so that  the deplet ion region in  silicon 
can be used to separate the beam-induced  carriers. 
This technique was used as well  as one in which the 
capacitors were biased into deep accumulation.  In  
the la t ter  case, a high field exists across the oxide, 
and regions of enhanced tunne l ing  of charges showed 
up as br ight  spots in EBIC images. 

Figure 2 shows EBIC images of capacitors with 
(a) th in  gate oxide and (b) thick field oxide. These 
micrographs were taken while the capacitors were 
biased in  depletion, and they show distinct whi te /  
black spots which were found to correlate with leak-  
age and locations of breakdown (see below).  Figures 
3a-3d show a set of micrographs taken on another  
capacitor. In  the secondary electron image (a), the 
capacitor appears normal.  In  the Iow field EBIC image 
(b) ,  ,a n u m b e r  of EBIC spots s imilar  to those in Fig. 2 
were present. When the bias was increased to above 
6 MV/cm, a n u m b e r  of br ight  spots appeared both at 
the low field EBIC spot sites and at '  some extra 
,places. The extra spots appeared to have lower br ight -  
ness in comparison with the low field EBIC spots. 
After  stressing the capacitor to breakdown, one of 
the sites which was imaged before breakdown was 
found to coincide with the breakdown site (arrow, 
site D). 

The coincidence of EBIC spots with breakdown sites 
was observed in many  cases. Figure  4 gives two more 
examules in which breakdown sites coincided with 
the EBIC spots for two capacitors with widely dif- 
ferent  numbers  of EBIC spots (9 vs. 220). 

Breakdown and leakage measurements.--Before 
specimens 1 and 2 were examined in the SEM, the 
voltage required to give a leakage current  of 10 ~A 
was measured for each capacitor. The distr ibutions 
were found to be bimodal  on both specimens, with 
the populations (about) equal ly distr ibuted on each 
specimen. Wafer maps showed that  the capacitors in 
the lower voltage range were grouped together 
(spatially) on each specimen, and were the only ca- 
pacitors which had the EBIC spots described in the 
previous section. 

The leakage and breakdown characteristics of ca- 
pacitors on specimens 1 and 2 were measured using 
an HP-4061A automated current  voltage measure-  
ment  system. The voltage was applied in 0.25V steps 
with 3 sec sett l ing t ime unt i l  i rreversible breakdown,  
and the I-V values were recorded. Figure 5 shows 
typical I -V curves thus recorded for two capacitors 
with (curve S8) and without  (curve E2) EBIC spots; 
it shows that both the leakage current  at a fixed 
voltage and the breakdown voltage were affected by  
the total n u m b e r  of EBIC spots per  capacitor. Figures 
6a and 6b show that the leakage current  increased by 
two to three orders of magni tude  as the EBIC spot 

Fig. 2. Typical EBIC images of capacitors with thin (22 nm) gate 
oxide (a), specimen 1 and thick (350 nm) field oxide (b), specimen 
2. Each side of the capacitors is 0.5 mm in length. 

density (total n u m b e r  of spots/capacitor area) varied 
over the range 0-105/cm 2. Figures 7a and 7b show that  
the breakdown voltage decreased by about a factor 
of two for the same set of capacitors. These data 
in.dicate that  defects responsible for EBIC spots also 
contr ibute to excessive leakage current  and init iate 
oxide breakdown events. 

Defect characterization.--A n u m b e r  of analysis 
techniques were used to characterize and identify the 
defects whi~ch produced the EBIC spots and leakage 
and reduced breakdown voltage. 

EBIC studies.--It  is known that the Schottky metal  
semiconductor bar r ie r  can be used to image defects 
in semiconductors in the EBIC mode. This technique 
is ideally suited to de termining  whether  the defects 
reside in  the silicon substrate or in  the oxide or the 
field plate. 

A n u m b e r  of capacitors of specimen 1 were pre-  
pared into Shottky diodes by first removing the poly- 
silicon field plate in CF4 plasma and the gate oxide 
in buffered HF, and then depositing a thin (20-50 
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Fig. 4. Micrographs showing the coincidence of EBIC spots with 
breakdown sites, independent of defect density of the capacitors. 
Arrows point to EBIC spots in (a) and (c), and to corresponding 
breakdown sites in (b) and (d). Specimen 1. 
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Fig. 5. I-V characteristics of capacitors with 485 EBIC spots 
(curve $8) and no spots (curve E2). Specimen 1. 

nm) layer  of a luminum to serve as a Schottky barr ier  
field plate. Schottky diodes thus fabricated were then 
examined in the EBIC mode. Figures 8a and 8b show 

that there is an exact one- to-one correspondence be- 
tween the defects imaged in an MOS capacitor and 
in the Schottky diode fabricated from it. At a higher 
magnification (Fig. 8c), two Schottky EBIC defects 
appear rec tangular  in  shape and oriented p e r p e n -  
dicular to each other; one is paral lel  to the wafer 
flat, which suggests that  the defects may be stacking 
faults in  the substrate.  

EBIC imaging and Secco etching.--Part of sample 3 
was first s tudied in the EBIC mode and then treated 
with buffered HF to remove the polysi l icon/metal  
silicide field plate and the oxide. The sample was then 
Secco (5)-etched for 30 sec, and reexamined in the 
SEM. Figures 9a and 9b show that the EBIC spots 
coincide with defects revealed by Secco etch. Some 
etch pits are seen at higher magnification in the SEM 
micrograph of Fig. 9c. The 1 ~m long etch pits are 
oriented paral lel  and perpendicular  to the wafer flat 
and have similar dimensions to the Schottky diode 
defects in  Fig. 8c. 

Transmission electron mLcroscopy and x-ray emission 
spectroscopy.--In order to locate specific EBIC spot 
sites in  the TEM it is necessary to first generate 
fiducial marks  convenient  to spot sites and use these 
marks to again locate the defect area in the TEM after 
TEM sample preparation.  The method chosen was to 
"write" orthogonal  lines of polymer ized .hydrocarbon 
with the SEM electron beam, and use these lines as a 
set of fiducial marks. Two such lines wr i t ten  orthogo- 
na l ly  on a capacitor plus the capacitor edges served 
to locate the EBIC sites in the TEM sample (Fig. 10). 

Sam]oles were studied by TEM at 120 and 200 keV; 
EDXES detection was used for specimen composition 
analysis. 
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Figures  11 and 12 show TEM micrographs  of three  
defects at  h igh magnification. Each defect  consists 
of a s tack ing  faul t  wi th  precipi ta tes .  The s tacking  
faul ts  dimensions are a p p r o x i m a t e l y  1 • 0.2 #m, close 
to those of Secco-e tched pits  and the EBIC defects re -  
vea led  in the  Scho t tky  diode. Prec ip i ta tes  c lus tered  at  
the defect  a re  c lear ly  visible (arrows,  Fig. 11, 12). 
The prec ip i ta tes  were  sensi t ive to e lec t ron i r rad ia t ion  
and d i sappea red  af te r  5 min exposure  to a 1 • 
10-11A, 120 keV beam (compare  Fig. l l a ,  b) .  EDXES 
analysis  was car r ied  out by  focusing a reduced d iam-  
e ter  beam on the precipi ta tes .  F igure  13a shows the 
same s tacking  faul t  as in Fig. l l b ,  together  wi th  two 
c i rcular  contamina t ion  marks  which indicate  the size 
of the  sampled  area  and were  made  whi le  analyzing 
the si l icon background.  The EDXES spect ra  shown in 
Fig. 13b and 13c and o ther  analyses  on three  defect  
sites showed the presence of copper,  tin, zinc, i ron 
and nickel  in prec ip i ta te  regions. F u r t h e r  TEM char -  
ac ter izat ion of the  defects is in progress.  

Discussion 
Morphology and origin o~ delects.--The defects re -  

vealed by  EBIC, Secco etch, and TEM analys is  are  
identif ied as decora ted  s tacking  faults.  The un i form 
length  of the defects and the i r  mu tua l ly  pe rpend icu la r  
or ien ta t ion  suggest  that  they  were  formed in the 
surface l a y e r  of si l icon dur ing oxidat ion;  and in fact  
s imi la r  defects  have  been identif ied by  EBIC, TEM, 
ar~d opt ica l  microscope s tudy  of oxidized,  Secco-etched 
silicon wafers  (6, 7). Secco etch s tudies  of a 2~  
piece from sample  3 showed the absence of pits  under  
the  surface, confirming that  the defects are  not bu lk  

Fig. 8. Defects found by EB1C study in a capacitor (a)  and in the 
Schottky diede prepared from it (b). Labels 1-4 mark~ corresponding 
sites. A higher magnification image of defects | and 2 (c) shows 
that they are oriented perpendicular to each other. Specimen 1. 

s tack ing  faults.  Most of the  Secco-e tched pits  seen 
in Fig. 9c are  not symmet r i c a l l y  shaped and are  s imi -  
l a r  to those shown in Fig. 4b-4d of Ref. (6);  these 
shapes had been a t t r ibu ted  to ox ida t ion- induced  
s tacking faul ts  wi th  impur i ty  decorat ion.  

The size of s tacking faults  depends  on oxida t ion  
conditions. At  t empera tu res  lower  than  1150~ s tack-  
ing faul ts  grow with increas ing  oxida t ion  t ime, and 
a t  h igher  tempera tures ,  t hey  sh r ink  af ter  an in i t ia l  
g rowth  per iod and even tua l ly  disappear .  The p ro -  
cessing step which  is considered most l ike ly  to be 
responsible  for  s tacking faul t  format ion  is the 950~ 
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Fig. 9. Coincidence of EBIC spots in (a) with Secco-etched pits 
in (b); No. I -6 mark corresponding sites. (c) is a secondary electron 
image showing etch pits on the sample. Specimen 3. 

wet field oxidation step. Reference (8) gives a gen- 
eral relat ion for the stacking fault  length growth rate 
dl/dt in (100) silicon in dry or steam 02 ambient  

dl ( d~t )o.4_ k ~ [1] ~ ' -  kl 
dt 

where 

kl : 1.58 • 101~ exp (--2.4eV/kT)(~/hr) ~ 

k2 -- 6.45 • 10 i7 exp (--4.8 eV/kT) (~/hr)  [2] 

dx 
= rate of growth of oxide thickness x 

dt 

Applying this equation to calculate the stacking fault  
growth length, a total length of 1.44~ at the rate of 
1.02 ~/hr  is calculated. This length is indeed close to 
the length of EBIC defects and Secco etch pits ob- 
served (1-1.5~). 

Coincidence oi breakdown sites with deiects.--The 
coincidence of breakdown sites with oxidat ion- induced 
stacking fault  sites is a new and impor tant  observa-  
tion. Although many  SiO~ breakdown mechanisms 
have been suggested, to the authors '  knowledge no 
direct observation or correlat ion with substrate crys- 
tallographic defect sites has previously been made. 
Among various proposed breakdown mechanisms, the 
one advanced in Ref. (1) is of part icular  interest.  
In this model, electrons are injected from the cathode 
into the oxide by Fowler -Nordheim tunne l ing  and 
accelerated by the oxide field. The model can be ap- 
plied to the present  experiment,  if it is assumed that 
precipitates at the faults cause enhanced electron 
tunne l ing  from the cathode. In  fact, local increase of 
current  at defect sites unde r  high field strengths 
(above 6 MV/cm) at which the induced current  fol- 
lows Fowler-Nordheim behavior  has been confirmed 
in another  s tudy (9). 

Although the role of decoration is not certain, it 
should be pointed out that the amount  of impur i ty  
present  at a crystallographic defect has been found to 
correlate both with the extent  of electrical activity 
at an EBIC recombinat ion center (10, 11) and with 
p -n  junc t ion  leakage (6). By inference, it might be 

Fig. 10. EBIC image of a capacitor before thinning for TEM study 
(a), and optical micrograph (b), and electron micrograph (c) of the 
same capacitor after thinning. The two lines dividing the capacitor 
into quadrants are polymerized hydrocarbon written by the SEM 
electron beam, and serve as fiducial marks in locating the defects 
in TEM. EBIC spot sites a-g (a) were relocated by TEM after 
sample thinning. Specimen I. 

Fig. 11. TEM micrographs of a stacking fault with impurity 
precipitates (arrow) which disappeared after beam irradiation (1). 
Specimen I. 

suspected that  in the present  case the gate oxide 
leakage and breakdown might  also depend on the 
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Fig. 12. Two other decorated stacking faults imaged by TEM. 
Notice the precipitates (arrow) in (a). Specimen 1. 

type  and amount  of impur i t y  precipi ta tes  present  at  
the s tacking  fault.  F u r t h e r  s tudy  on this question is 
underway.  

Conclusion 
The authors '  observat ions  indicate  tha t  i m p u r i t y -  

decora ted  ox ida t ion - induced  s tack ing  faul ts  located in 
sil icon nea r  the si l icon-si l icon dioxide interface  de-  
grade  the qua l i ty  of MOS capacitors.  This is the first 
t ime tha t  a corre la t ion  has been es tabl ished be tween  
such defects  and leakage  and b reakdown  in thin 
oxide  capacitors.  
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Fig. 13. A TEM image of the decorated stacking fault as in Fig. 
11b (a), EDXES spectra from the silicon matrix (b), and precipitate 
region (c); the probe diameter for EDXES study is approximately 
the diameter of the contamination disks. Arrow indicates area 
sampled for EDXES analysis of the precipitate. The extra peaks 
in (c) correspond to Cu and Ni. The Me peak in both (b) and (c) 
is due to the sample retaining ring. Specimen 1. 
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Effect of CaO and MgO on Crystallization in Lead Borosilicate 
Glasses 

S. Sachdev and R. C. Buchanan* 
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ABSTRACT 

The effects of crystallization of CaO and MgO additions to high lead borosilicate glasses were investigated. Both oxides 
were found to promote crystallization when added in amounts > 10 tool percent (m/o), with CaO being the more effective 
additive. Crystal phases 4PbO �9 3CaO �9 SiO2 �9 and 8PbO �9 MgO �9 6SIO2 were identified in the crystallized CaO and MgO con- 
taining glasses, respectively. Morphology of the crystals was hexagonal. 

Glasses in  the te rnary  system PbO �9 B203 �9 SiO2 
find extensive use as dielectric insulat ion and for 
many  low melt ing solder glass compositions (1, 2). 
Stable glasses have been found to exist in this sys- 
tem for compositions with PbO content between 30 and 
70 m/o  and SiO2 content  below 30 m/o  (3-5). Crystal-  
lized glasses in this system are of interest  because 
they introduce desirable properties of hardness, me-  
chanical strength,  thermal  stability, and higher defor- 
mat ion temperatures  compared to the vitreous glasses. 

Generally,  the usefulness of a par t icular  modifying 
oxide in promoting crystall ization of the glass dur ing 
hea t - t rea tment  depends upon the charge/size ratio or 
field s trength of the cation (6). Small  cations of high 
field s trengths will tend to be sur rounded by a more 
ordered a r rangement  of oxygen ions compared to 
larger cations of equivalent  charge. The t ransi t ion 
to the more ordered structure with small  cations is 
readily accomplished (6) for simple component sys- 
tems. Of the alkal ine earth modifier oxides, MgO 
would be the most effective in inducing crystallization 
since the field s t rength of the Mg 2+ cation is higher 
than those for Ca 2+, Sr ~+, or Ba '~+ ions. Higher con- 
centrations of these cations would, therefore, be 
needed for equivalent  crystallization. 

Embabi  et al. (7) studied the crystall ization be- 
havior of a PbO �9 SiO2 glass, modified with B203, 
A1203, R20 (R----Na, K, Li) and RO (R=Ca ,  Mg, Zn) 
oxides, by observing the changes in the electrical re-  
sistivities of the modified glass as a function of tem- 
perature.  These exper iments  showed the devitrifica- 
tion tendency to be suppressed by the R20 and R203 
oxides as well as by MgO and ZnO, but  not by CaO. 
The apparent  anomaly  in the crystallization tendency 
of MgO is of significance since CaO and /or  MgO are 
f requent ly  incorporated in low melt ing lead boro- 
silicate glass compositions for viscosity and expansion 
control. In contrast, studies in other glass systems of 
the type SiO2 �9 G 2 0 3  " AI~O3 �9 RO �9 R20, where the 
RO oxides were CaO, MgO, and BaO, showed a lower-  
ing of viscosity and expected devitrification tendency 
in the order  MgO > CaO > BaO (8). 

This s tudy was intended to fur ther  investigate the 
effects of RO (R = Ca, Mg) oxides on the crystal-  
lization tendency of lead borosilicate glasses, in view 
of their common usage in these low melt ing glass 
compositions. 

Experimental 
The base glass used was 43 m/o  PbO, 30 m/o B203, 

a n d  27 m/o  SiO2. This composition is close to a small  
immiscibil i ty region in the PbO �9 B208 �9 SiO2 ternary  
diagram given by Pavlushkin  and Zhuravlev  (5). 
Subst i tut ion of modifier oxides CaO and MgO was 
made at the expense of B.208, since this would have 
t h e  effect of increasing the crystall ization tendency. 
Crystallization observations were made visually, a s  

�9 E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
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well as by scanning (SEM) and transmission (TEM) 
electron microscopy, optical microscopy, and x - r ay  
diffraction (XRD) analysis. Phase identification and 
composition were determined using electron micro- 
probe and XRD analysis  techniques. 

Table I gives the base glass composition as well 
as the CaO and MgO substi tut ions made. Reagent 
grade chemicals were used for all  batch constituents. 
The batches were melted in p la t inum crucibles in a 
globar furnace at temperatures  between 1125 ~ and 
1225~ for approximately  1 hr in a sl ightly reducing 
air ambient.  The glasses, after homogenization, were 
fri t ted by quenching in water  or were cast in graphite 
molds and furnace cooled. 

Differential thermal  analysis (DTA) traces were 
made of the vitreous frits (ground to ,~70 ~ n )  to 
determine the glass t ransi t ion (Tg) and  the crystal-  
lization temperatures  (Tx0. The DTA experiments  
were carried out up to N800~ using a du Pont  1090 
thermal  analyzer  system with Pt  crucibles and A120~ 
standards.  DTA traces of glasses (1, 6, 7) in Table I 
are shown in Fig. 1 as curves a, b, c, respectively. The 
glass t ransi t ion temperature,  Tg, is seen to be in the 
range 390~176 A nucleat ion peak for the Ca con- 
taining glass (b) is indicated to be 445~ from which 
the nucleat ion region was estimated to be between 
430 ~ and 460~ The DTA traces also showed a crystal-  
lization peak in the region of 560~ for the Ca glass. 
Invest igat ion of the crystal growth phase was, how- 
ever, carried out both above and below this tempera-  
ture in the range of 550~176 

An investigation into the growth of the main  x - ray  
in tensi ty  peak (2o = 32.2 ~ for the crystal phase in 
the 12.4 m/o CaO containing sample, as a function of 
soak t ime at 580~ showed that  almost 90% crystal-  
lization had occurred after 4 hr. This data is given 
in Fig. 2. The increase in the relative integrated in-  
tensi ty with soak time up to 24 hr would pr imar i ly  
indicate growth in crystallite size with time. 

Accordingly, the thermal  cycle used to induce crys- 
tallization in the glass samples was as follows: the 
ground (,--70 ~m) glass powders were (i) placed in 
small  p la t inum dishes; (ii) heated at 10~ to 
450~ (iii) held at 450~ for 20 min  to aid nucleat ion;  
(iv) heated to 580~ and held for 4 hr to achieve crys- 
tallization; then (v) furnace cooled. Samples cooled in 

Table I. Lead borosilicate glass compositions 

C o m p o s i t i o n s  ( m / o )  
O x i d e  s 1 * 2 3 4 5 6 7 

P b O  43.0 43.0 43.0 43.0 43.0 43.0 43.0 
B203 30.0 25.0 20.0 25.0 17.6 17.6 - -  
SiO2 27.0 27.0 27.0 27.0 27.0 27.0 - -  
CaO - -  5.0 10.0 12.4 

* B a s e  c o m p o s i t i o n .  
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Fig. 2. Relative integrated x-ray intensity peak (2e  ---- 32.2 ~ as 
a function of soak t ime a t  580~  

graph i t e  molds  we re  also held  at  580~ both on 
cooling and on rehea t ing  f rom room tempera tu re .  This 
was to observe  any crys ta l l iza t ion  in the bu lk  s am-  
ples. 

The crys ta l  phases deve loped  were  observed v isua l ly  
and wi th  the  aid of SEM, TEM, and opt ical  micros-  
copy. Identif icat ion of  the  unknown phases  was made 
using an x - r a y  Phi l l ips  Norelco d i f f rac tometer  wi th  
monochromete r  and a D e b y e - S c h e r r e r  powder  camera.  
Nickel - f i l te red  copper  Ks  rad ia t ion  was used wi th  an 
acce le ra t ing  volt.age of 25 kV and a f i lament cur ren t  of 
10 mA. rThe powder  camera  specimens were  p repa red  
using s t anda rd  powder  camera  techniques.  Exposure  
t ime was 12 hr. Dif f rac tometer  scans were  made at  the 
ra te  of 2 ~ 2e/min f rom 15 ~- to 75 ~ 2e. Scans of 0.5 ~ 28/ 
min  were  used for  accura te  identif icat ion of pa r t i cu l a r  
angles.  

Elect ron microprobe  (beam size --4 ~m) analysis  
was car r ied  out, using A R L - F M X  elect ron micro-  
probe,  to de te rmine  the chemical  composi t ion of the 
phases.  The samples  used were  pol ished to one-  
qua r t e r  micron  sur face  finish wi th  d iamond paste.  The  
analysis  was made  using samples  of diopside (CaMg-  
Si206), j ade i t e  (NaA1Si206), and  ga lena  (PbS)  as 
s tandards .  

R e s u l t s  a n d  D i s c u s s i o n  
The DTA traces  in Fig. 1 show glass t rans i t ion  t em-  

pe ra tu res  (Tg), indica ted  by  endothermic  peaks  at  
,--395 ~ 410 ~ and 420~ for the base, Ca and Mg glasses, 
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respect ively .  The re la t ive  increase  in Te over  the base 
glass is in l ine wi th  the  h igher  field s t rength  for the 
Mg 2+ ion compared  to Ca 2+. As indica ted  also for the 
Ca conta ining glass, the  exo thermic  peaks  at  N445 ~ and 
560~ can be a t t r ibu ted  respec t ive ly  to apparen t  nu-  
cleat ion and to crys ta l l iza t ion in the  glass. Both events,  
as  expected,  were  .absent in the base glass. The Mg 
glass showed no de tec tab le  nucleat ion at 445~ and 
on ly  s l igh t ly  c rys ta l l iza t ion  at  560~ indicat ing a 
lower  crys ta l l iza t ion tendency  for  the glass. 

Endo the rmic  react ions  in  the region 470~176 
l ike ly  represen t  coalescence and flow of the glass pa r -  
ticles, since smooth t r anspa ren t  films were  genera l ly  
obta ined af ter  h e a t - t r e a t m e n t  a t  580~ Endothermie  
peaks at  -.,705 ~ and 715~ in the Mg and Ca containing 
glasses can be a t t r ibu ted  to mel t ing  of the respect ive  
crys ta l l ine  phases.  The magni tude  of the peaks  again 
re la te  to the degree  of c rys ta l l in i ty  in the two glasses 
since the  s.ample volumes were  the same. Al l  th ree  
glasses showed a mel t  endo the rm at ~670 ~ C. On cool-  
ing f rom 800~ the DTA traces for the  glasses were  un-  
eventful ,  except  for glass t ransi t ions,  Tg, which oc- 
cur red  at  s l igh t ly  lower  t empera tu re s  than  on hea t -  
ing. 

The results  of heat ing the  different  powdered  glass 
samples  th rough  the prescr ibed  crys ta l l iza t ion  cycle 
m a y  be summar ized  as follows. 

The base glass showed sl ight  cloudiness when ob-  
served visual ly .  However ,  examina t ion  of the unmi l led  
f l i t  by  TEM showed no evidence of e i ther  immis -  
c ibi l i ty  or  crys ta l l in i ty .  The cloudiness was therefore  
a t t r ibu ted  to the  presence of smal l  bubbles.  Wi th  CaO 
or MgO in amounts  of app rox ima te ly  5 m/o,  the glasses 
were  v i sua l ly  clear  and no t race of c rys ta l l in i ty  was 
detected,  e i ther  op t ica l ly  or  wi th  the SEM. 

Glasses conta ining >10 m/o  CaO or MgO showed a 
significant degree  of crys ta l l iza t ion  when processed 
through the crys ta l l iza t ion  cycle. The effect was more  
pronounced  wi th  CaO than  wi th  MgO in l ine wi th  the  
DTA resul ts  and as i l lus t ra ted  in Fig. 3a and 3b, which 
show SEM photomicrographs  of the  surface  of the  12.4 
m/o  CaO and MgO crysta l l ized samples ,  respect ively .  
The hexagonal  morpho logy  of the  crys ta l l i tes  is c lea r ly  
evident .  The l a rge r  size crysta ls  ob ta ined  wi th  the 
NIgO samples  would  indicate  that  fewer  nuclei  were  
formed;  hence, the glasses could be considered more  
stable.  Wi th  the  >10 m/o  CaO or  MgO glasses, which  
were  cooled in graphi te  molds  and kep t  at  580~ for  4 
hr, no c rys ta l l in i ty  was detected.  Crys ta l l in i ty  was de-  
veloped,  however ,  when the bu lk  samples  were  cooled 
to room t empera tu r e  and heated th rough  the c rys ta l -  

Fig. 3a. $EM photomicrograph of fracture surface of 12.4 m / o  
CaO-crysta l l l zed  sample showing hexagonal  crystals. 
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Table III. Interplanar "d" spacings from MgO-crystallized glass 
compared with Mg-barysilite ( P b e M g ( S i 2 O J 3 )  

MgO-crystallized glass  Mg-barysilite 
(measured) (JCPDS) 

d (A) Intensity d (A) Intensity  

Fig. 3b. SEM photomicrograph of fracture surface of 12.4 m/o 
MgO-crystallized sample showing hexagonal crystals. 

l izat ion cycle, bu t  to a lesser  degree.  This would be ex-  
pected f rom the lack of surface nuclei  and the DTA 
observations.  

Table  I I  gives the p rominen t  x - r a y  l ines obta ined  for 
the 12.4 m/o  CaO-crys ta l l ized  glass sample.  The mea -  
sured in t e rp lana r  "d" spacings are seen to correspond 
to those given for  a lead calcium si l icate phase ( ten ta -  
t ive ly  identif ied as Ca2PbsSi3Oli) by  Ito (9).  The me l t -  
ing point  of the  crys ta l  phase in the 12.4 m/o  CaO 
sample  wa$ de te rmined  by  DTA to be ,~715~ 

Despi te  the apparen t  close x - r a y  s imi la r i ty  be tween  
Ito 's  data  (9) and the da ta  given in Table II, e lec t ron 
microprobe  analysis  of the phase crys ta l l ized f rom the 
calc ium conta in ing  glasses indica ted  a composit ion 
close to 4PbO �9 CaO �9 3SiO2. To fur ther  examine  this 
composition, wi thout  influence f rom o ther  oxides, a 
glass sample  was p repa red  as described,  using only 
PbO, CaO, and  SiO2 in the mola r  ra t ios  (4 :1:3) ,  and 
was crys ta l l ized  using the same the rmal  cycle as for 
the o ther  glasses. X - r a y  diffract ion analysis  showed the 
4 : 1 : 3  ( lead calcium sil icate)  compound to be h ighly  
crystal l ine.  The normal i ized  x - r a y  in tens i ty  pa t te rns  
a re  compared  in Fig. 4, which shows the 4PbO �9 CaO �9 
3SIO2 compound to be ident ical  to the crys ta l l ine  phase 
in the Ca glass, except  for  in tens i ty  differences. 

Table  I I I  shows the measured  in t e rp lana r  spacings 
for the 12.4 m/o  MgO-crys ta l l i zed  samples.  The d spac-  
ings are  again compared  to those of magnes ium b a r y s -  

Table II. Interplanar "d" spacings from CoO-crystallized glass 
compared with calcium lead silicate phase 

CaO-crystallized glass 
(measured) 

Calcium lead si l icate phase 
(ASTM Card 20-220) 

d (A) Intensity d (A) Intensi ty  

4.869 S 4.94 VS 
4.446 S 4.44 S 
4.245 S 4.27 M 
3.536 S 3.55 VS 
3.390 S 3.39 M 
3.232 S 3.23 M 
3.069 VS 3.06 V~ 

m m 2.978 V W  
2.853 VS 2.850 VS 
2.850 VS 2 . ~ i  S 
2.718 S 2.730 S 
2.347 M 2.339 W 
2.131 W 2.136 W 
1.996 1~ 1.999 M 
1.944 M 1.943 W 
1.809 1~ 1.808 M 
1.729 W 1.721 W 
1.688 V~W 1.700 V W  
1.514 V W  1.516 V W  
1.468 W 1.468 V W  
1.414 W 1.414 V W  

4.86 V W  4.91 V W  
4.56 M 4.57 M 
4.23 W 4.18 W 
3.52 M 3.5O M 
3:23 W 3.30 VS 
2.98 M 2.96 VS 
3.87 W 2.82 M 
2.72 M 2.77 S 
2.72 S 2.68 VS 
2.58 W 2.80 W 
2.34 W 2.35 W 
2.28 W 2.30 M 
2.15 VS 2.26 W 
2.09 VS 2.10 W 
2.94 S 2.00 W 
1.98 M 1.95 W 
1.94 s 1.94 M 
1.89 W 1.88 V W  
1.83 W 1.84 M 
1.72 M 1.70 M 
1.58 V W  1.59 W 

i l i te  (PbsMg (Si207) 3), which shows good correspond-  
ence. 

Electron microprobe  analysis  was carr ied  out  on 
la rge  s ingle crys ta l  grains  in the pol ished surface of the 
Ca-crys ta l l ized  glass sample.  The microprobe  resul ts  
showed n e a r l y  ident ica l  composit ion for the ~; 1: 3 lead 
calc ium si l icate  and  the 12.4 m/o  CaO-crys ta l l ized  
samples.  Typical  analysis  for the samples  is given in 
Table IV. The K ra t io  values shown in Table IV indi-  
cate the character is t ic  x - r a y  in tens i ty  for an e lement  
wi th in  the sample  compared  to the s t anda rd  sample,  
correc ted  for background.  The da ta  show the existence 
of ident ica l  phases wi th  a chemical  fo rmula  approx i -  
ma t ing  4PbO �9 CaO �9 3SIO2. I t  was concluded, there-  
fore, that  this was the most  l ike ly  fo rmula  for the 
phase identif ied by  Ito (9). F igure  5 shows an SEM 
pho tomic rograph  of the surface of the (4: 1:3) c rys ta l -  
l ized lead calcium sil icate sample.  The crysta l l i tes  ap-  
pear  to be of rhombohedra l  morpho logy  al though,  as 
indicated,  they  were  chemical ly  ident ical  wi th  the  12.4 
m/o  CaO-crys ta l l i zed  samples  shown in Fig. 3. The 
different  morphology  no doubt  reflected the different  
growth  conditions.  Table  V shows the electron micro-  
probe  resul ts  for the 12.4 m/o  MgO-crys ta l l i zed  sam-  
ple. The microprobe  confirmed the chemical  fo rmula  
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Fig. 4. Comparison of x-ray peak positions (normalized) as a 
function of diffraction angle 2~ for crystallized 17..4 m/o CoO (A) 
and 4PbO �9 CaO �9 3Si02 samples (B). 
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Table IV. Electron microprobe analysis on crystals in 12.4 m/o CaO~crystallized samples compared with 4PbO �9 CaO �9 3Si02 phase 

Element  K-ratio w / o  (meas)  w / o  (calc)  a /o  (meas)  a / o  (calc)  Molar (meas)  Ratios  (calc)  

Pb (M=) 0.7752 73.56 73.41 21.48 21.05 3.90 PbO 4.0 
Ca (K=) 0.1812 3.64 3.55 5.50 5.26 1.0 CaO 1.0 
Si (Ka) 0.3367 8.12 7.46 17.51 15.79 3,18 SiO~ 3.0 
O* - -  14.68 15.59 55.51 57.89 - -  - -  

" By difference.  

Table Y. Electron beam microprobe analysis on 12.4 m/o crystallized samples compared with 8PbO �9 MgO �9 6Si02 phase 

Element  K-ratio w / o  (meas)  w / o  (calc)  a /o  (meas)  a /o  (calc)  Molar (meas)  Ratios  (ealc) 

Pb (M~) 0.7182 80.13 75.8 27.45 22.20 8.07 PbO 8.0 
Mg (K~) 0,0140 1.16 1.11 3.40 2.78 1.0 MgO 1.0 
Si (Ka) 0.1386 7�9 7.71 18.35 16.67 5.34 SiO~ 6.0 
0 ~ -- 11.45 15.37 50.80 58.33 -- -- 

" By difference.  

of the crystals to be PbsMg(Si2OT)3. The electron mi-  
croprobe traces are compared in Fig. 6 for the crystal-  
lized Ca and Mg glass samples. 

In  summary,  CaO was observed to promote a greater 
degree of crystall ization than MgO in the lead bore-  
silicate glasses studied. This may simply reflect the 
lower viscosity of the CaO glass (10) compared to 
the MgO glasses at  the nucleat ion and crystal growth 
temperatures,  which would have the effect of i n -  
creasing nuclei  formation and mass t ranspor t  dur ing  3500 
crystallization�9 Work by Kim (11) has shown that  
molar  additions of MgO to a lead borosilicate glass of 
like composition resulted in  a higher dens i ty  (and 5o0o 
lower molar  volume) than equivalent  CaO addition. 
This resulted also in higher  softening point, glass 
t ransi t ion temperature,  act ivation energy for electrical 2500 
conduction, and electrical resist ivi ty bu t  lower thermal  
expansion coefficient for the MgO glasses. These data 
would indicate that  the higher field s t rength of the 2000 
Mg 2+ (Mg 2+ ,.- 4.7; Ca 2+ ,~ 2.4) ions exert  a greater  
stabil izing influence on the relat ively low SiO2 content  o 
lead borosilicate glasses. This in tu rn  would result  in  o 1500 
the lower crystall ization tendency observed. 

Conclusions looo 
The conclusions reached from this s tudy were as 

follows: 
1. CaO and MgO induce crystall ization in high lead 5o0 

borosilicate glasses, when present  in concentrat ions 
greater  than 10 m/o.  

Fig. 5. SEM photomicrograph of fracture surface of synthetic 
crystallized sample containing (4:1:3) PbO, CaO, and SiO~ show- 
ing rhombohedral crystals. 

2. CaO was found to promote crystal l ization to a 
greater degree than MgO. 

3. The compound 4PbO �9 CaO �9 2SIO2 was identified 
as the crystall ine phase in the Ca containing glasses. 

4. A crystal phase PbsMg(Si20~)3 was identified in 
the MgO-crystall ized glasses. 
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A Theoretical Study of the Low-Temperature Chemical Vapor 
Deposition of Si02 Films 

C. Cobianu and C. Pavelescu 
Microelectronica, R-72996, Bucharest, Romania 

ABSTRACT 

The mhcon dioxide depogltlon on slhcon substrates in the SiH4-O2-N2 system was investigated in the temperature range 
from 80 ~ to 400~C on a nozzle-type reactor at atmospheric pressure. An exponential temperature dependence (of Arrhenius 
type) with a break at 250~ has been observed for the O2/SiH4 ratio corresponding to the maximum deposition rate and also 
for the OJSiH, ratio corresponding to near-zero deposition rate in .the retardation region. Within the bimolecular surface 
reaction theory (Langmuir-Hinshelwood mechanism), these results are explained, and the break is interpreted as a change 
in the adsorption mechanism of the reactant gases with temperature. The apparent activation energy of the surface reaction 
(5.2-6.5 kcal/mol) in the temperature range from 80~ 400~ has been derived from the Arrhenius plot of the maximum 
deposition rate, in agreement with the above theory. An empirical reaction rate equation has been proposed which, in addi- 
tion, explains the linear dependence of the maximum deposition rate on silane flow rate at constant O2/SiH4 ratio. 

The s tudy of the low-tempera ture  silane oxidation 
has been made in  two directions: homogeneous and 
heterogeneous reactions. 

The homogeneous reaction between oxygen and 
silane was studied by Emeleus and Stewart  (1), who 
found the lower and  upper limits of the explosion in 
the tempera ture  range from 15 ~ to 200~ They con- 
cluded that  the gas-phase oxid.ation of the silane is a 
branching chain reaction. Strater  (2) studied the for- 
mat ion of silicon dioxide i n  the gas~phase or on the 
reactor walls for SiI-I4-O2-N~ mixtures.  He observed 
that the temperature  of reaction ini t iat ion increased 
with O2/SiH4 increase. For temperatures  ranging from 
240 ~ to 450~ the reaction is 

Sill4 -t- 02 ~- SiO2 -t- 2H2 [1] 

Shintani  et al. (3) determined the variat ion of the 
number  and dimension of SiO~ submicron particulates 
dispersed in a CVD reactor as a function of CVD con- 
ditions. 

The heterogeneous reaction between silane and oxy- 
gen for SiO2 and PSG film deposition at temperatures  
ranging from 250 ~ to 500~ was extensively studied 
(4-11). Baliga and Ghandhi  (7) suggest that the dep- 
osition reaction obeys the theory of heterogeneous re- 
action at a solid surface. 

This paper presents our exper imental  results of SlOe 
deposition kinetics in the temperature  range from 80 ~ 
to 400~ on a nozzle-type reactor. In  addition, we in-  
terpret  our data as well as those of other workers using 
the bimolecular  surface reaction theory r In this 
way the variat ion of the deposition rate with the pro- 
cessing variables can be explained, and thus a step in 

Key words: silane, oxygen, adsorption. 

the explanat ion of the complex mechanism of the re-  
action can be made. 

Experimental 
A continuous nozzle-type reactor employing sepa- 

rate, n i t rogen-di lu ted  oxygen and silane streams that  
are directed toward the substrate  by laminar  flow 
nozzles [Fig. 2D from Ref. (13)] was used for the SiO2 
film deposition. The temperature  profile on the sus- 
ceptor surface was measured with a Technoterm 9500 
digital thermometer,  and we found a ___5% variat ion 
around the set point  value across the susceptor sur-  
face. Five percent  silane in argon and oxygen, both 
diluted in n i t rogen were used for film deposition. A 
total flow rate of 8.2 l i t e r s /min  was main ta ined  constant 
in all experiments  except for the case when the effect 
of the carrier  gas flow was studied. 

The layers were deposited on polished silicon wafers 
cleaned before deposition by degreasing in boiling 
trichloroethylene, alcohol and then etched in 5% HF. 
The wafers were heated on the susceptor for 5 min  be-  
fore deposition in order to a t ta in  equi l ibr ium tem- 
perature.  

The oxide thickness was measured by profilometer 
method with a stylus type profilometer, and was veri-  
fied with an ell ipsometer for thicknesses less than 
500A. 

Results 
Our exper imental  results of the low- tempera ture  

chemical vapor deposition (LTCVD) of SiO2 films ob- 
tained on a nozzle- type reactor agree from a qual i -  
tat ively point  of view with the data published for hori-  
zontal (11) and vertical (9) reactors. 
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However, our exper imenta l  work performed with 
high si lane concentrat ion has allowed the SiO2 film 
formation at temperatures  as low as 80~ 

The effective results obtained on the nozzle-type re-  
actor, which also support  the application of bimolecu-  
lar  surface react ion theory to the kinetic s tudy of the 
low tempera ture  SiO2 deposition, are presented below. 

Thus, the var ia t ion of growth rate at 350~ with 
O2/SiH4 ratio on the abscissa and si lane flow rate as 
a parameter  is shown in Fig. 1. At a given silane flow 
rate, we obtained an increase-maximum-decrease  de- 
pendence of deposition rate on O2/SiH4 ratio. More- 
over, for different silane flow rates (30, 45, 60 cm3/ 
min) ,  the m a x i m u m  deposition rate appeared at the 
same O2/SiH4 ratio. In  addition, in the region where  
the deposition rate decreased with respect to the 
O2/SiH4 ratio ( re tardat ion region),  the deposition rate 
tended to become independent  of the silane flow rate 
and the inhibi t ion of the reaction seemed to appear at 
about  the same OJSiH4 ratio when si lane flow rate 
was varied. A similar behavior  was obtained at 250 ~ 
300 ~ and 400~ for different sil,ane flow rates. 

In  order to gather more informat ion about this 
heterogeneous deposition process we studied the SiO2 
film formation in the tempera ture  range from 80 ~ to 
400~ at a si lane flow rate of 45 cm3/min (Fig. 2). At 
all temperatures  investigated, the O2/SiH4 ratio corre- 
sponding to the m a x i m u m  deposition rate and that  cor- 
responding to the inhibi t ion of the reaction in the re-  
tardat ion region increased with temperature  increase. 
The max imum deposition rate increases with tempera-  
ture increase, but  at 400~ the increase seemed to be 
reduced with respect to that obtained at 350~ 

The effect of the si lane flow rate on the SiO2 dep- 
osition rate at 400~ with SiH4/O2 ratio on the abscissa 
and oxygen flow rate as a parameter ,  was also repre-  
sented by an increase-maximum-decrease  var iat ion 
(Fig. 3). The max imum deposition rate for an oxygen 
flow rate of 400 cm3/min was twice the value for an 
oxygen flow rate of 200 cm3/min but  the maxima ap- 
peared at the same SiH4/O2 ratio. The same behavior  
was observed b.v represent ing Goldsmith and Kern 's  
data (4) in a s imilar  manner .  

The deposition rate var iat ion at 400~ with the total 
gas flow rate on the abscissa at  a given O2/SiH4 ratio 

2 . s L  . . . .  , . . . .  , . . . .  

350~ 
2.0 5iH4 3 

o60 cm ./min _ [ / %  ,,45 cm3,'mi  

\ \ 

0.5 

0 
0 t0 20 30 4O 

02/Si l l  4 RATIO 

Fig. 1. Film deposition rate vs.  oxygen/silane ratio, at 350~ 
with silane as a parameter. 

2.5 

I 0 1  ' ' ' " ' " 1  ' ''"'"I ' ' ' " '  

5iH4 -4  5 cm 3/rain 

400~ 

\ oo2 ~176 )o 
2 

110o 

I I 1  

0.1 I 10 100 
02/5 iH 4 RATIO 

Fig. 2. Film deposition rate vs.  oxygen/silane ratio, at tempera- 
tures from 80 ~ to 400~ with silane flow rate of 45 cm3/min. 
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Fig. 3. Film deposition rate vs .  silane/oxygen ratio, at 400~ 
with oxygen flow rate as a parameter. 

(silane flow rate is kept constant)  is presented in Fig. 
4. We observed an increase-maximum-decrease  var ia-  
tion as predicted by Kern  (9, I0). 

Discussion 
The temperature dependence of the experimenta~ 

data.--The increase of the O2/SiH4 ratio correspond- 
ing to the ma x i mum deposition rate with tempera ture  
increase (Fig. 2) suggested an exponent ial  tempera ture  
relationship for this dependence. In  Fig. 5 (curve 1) 
the logari thm of the O2/SiH4 ratio for the ma x imum 
deposition rate is plotted against  the reciprocal ab-  
solute tempera ture  for our data (silane flow rate of 45 
cm3/min) over the 80~176 range, as well as those 
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vs. t e m p e r a t u r e  ( 8 0 ~ 1 7 6  O ,  our  d a t a ;  I - i ,  T a f t ' s  d a t a  ( i l ) .  

of Taft  (silane flc)w ra te  of 38 cmS/min) (11) in the 
130~176 range. For  both sets of data, we obtained 
two s t ra ight  lines that  broke at 250~ As the exper i -  
menta l  points reported in (11) and in this paper  were  
too close to one another,  we have drawn a single curve 
through them using the least squares method (ap- 
plied throughout  this work  where  it  was the case). 
The act ivat ion energies (El) associated with  this t em-  
pera ture  ver ia t ion are presented in Table  I. The same 
tempera tu re  dependence was observed for the O2/SiH4 
ratio corresponding to the near -zero  deposition ra te  in 
the re ta rda t ion  region, as shown in Fig. 5 (curve 2). 
The act ivat ion energies der ived f rom the slopes of 
these s t raight  lines (noted by E2) are listed in Table I. 

The tempera ture  dependence of the max imum dep- 
osition rate  at a given si lane flow rate  (Fig. 2) fitted 
an Arrhenius  law as shown in Fig. 6. For  our  data  
as well  .as for those of Taft  (11) the slopes of the 
straight lines corresponding to different silane flow 
rates were  close to one another.  The values of the 
corresponding activation energies (noted by E~) are 
,also listed in Table I. The processes including these en- 
ergetic barr iers  (El, E2, E3) are identified according 
to the bimolecular  surface react ion theory. 

Theory and model.--The deposition rate of the 
LTCVD SiO2 films which presents a m a x i m u m  when 
the par t ia l  pressure of oxygen is varied and the par -  
tial pressure of silane is kept  constant (Fig. 1, 2) and 
another  m ax im um  when  silane is var ied and oxygen 
is kept  constant (Fig. 3) have  led us to in terpre t  the 
exper imenta l  data  on the basis of the theory  of bi-  
molecular  surface reactions (12), Langmui r -Hinshe l -  
wood mechanism (see Apper~dix). Moreover,  our ex-  
per imenta l  results on the efficiency of the silane oxida-  
tion react ion in the deposition of SiO2 films, which 
have shown an inc rease -maximum-decrease  depen-  
dence on O2/SiI-I4 ratio were  consistent with this 
theory (14). 

In our  case, the react ion surface is the outer  sur-  
face of the growing SiO2 while the adsorbed gases are 
oxygen and silane whose part ial  pressures are Po2 and 
PSiH4 (calculated by dividing the flow rate  of the gas 
by the total  flow rate) .  At this stage we neglect  the 
poasible adsorption of the ni t rogen and /o r  argon or 
react ion products. According to Eq. [A-11] of the Ap-  
pendix, for both sufficiently s t rongly adsorbed gases, 
the O2/SIO4 ratio corresponding to the m a x i m u m  dep- 
osition rate is given by 

Po2/PsiH4 : K01 exp ( - -E1/RT)  [2] 

where  K01 is defined by Eq. [A-12] and depends on 
the nature  of the adsorbed molecules, while E1 ac- 
cording to Eq. [A-13] is 

E1 : E02 -- ESiH4 [3] 

where  Eo2 and Esis4 are the energies l iberated at 0 K 
per  oxygen and silane molecule adsorbed. According to 
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Table I. The activation energies of the silicon dioxide deposition process on silicon substrates 

Experimenta[ 

dot a 

Present  
work 

Re f . [11 ]  

Temperature 

range 

P C) 

60 -250  

250-400 

130-250 

250-320 

Reactor 

Nozzle-type 

Horizontal 

A c t i v a t i o n  e n e r g i e s  ( K c a t / m o L e  } 

Adsorp t ion  of reac tant  gases co r respond ing  to Sur face reac t ion  

Maximum deposi t ion rate(E1) True (E r )  

3.60 

9.97 

4.46 

7.55 

Near-zero depos i t ion  rate (E 2) 

5.16 

11.23 

6.49 

8.16 

Apparent(E 3 ) 

6.52 

5.20 

4.72 

1,53 

2.97 

1.42 

this theory,  the act ivat ion energies  (El)  der ived  f rom 
Fig. 5 can be cal led appa ren t  .activation energies  of 
the adsorpt ion  of the two reac tan t  gases corresponding 
to the  m a x i m u m  deposi t ion rate.  Their  values  (3.6- 
9.9 kca l /mol )  lead us to the conclusion tha t  the two 
gases are  p r o b a b l y  chemisorbed on the SiO2 surface, 
r a the r  than  phys ica l ly  adsorbed  (where  the heats  
evolved are  in the  range  of few hundred  ca l /mo l ) .  
The b reak  in the act ivat ion energy,  El, at  250~ (Fig. 
5) may  indicate  a change in the  adsorpt ion  mechanism 
for si lane a n d / o r  oxygen wi th  t empera tu re .  

The expe r imen ta l  ac t iva t ion  energy,  E2, der ived  
f rom the exponent ia l  t empe ra tu r e  dependence  of the  
O J S i H 4  rat io  corresponding to a near -zero  deposi t ion 
ra te  can be in te rp re ted  according to Eq. [A-29] - [A-31]  
as follows: 

Po2/PsiH4 = K02 exp ( - - E 2 / R T )  [4] 

where  K02 is a constant  defined by  Eq. [A-30]. Ac-  
cording to Eq. [A-31],  E2 can be cal led the appa ren t  
ac t ivat ion energy  of the  adsorpt ion of the two reac-  
tant  gases corresponding to the near -ze ro  deposi t ion 
ra te  and is given b y  

E2 : Er -}- Eo2 - -  ESiH4 [5] 

In Eq. [5], Er is the ac t iva t ion  energy  of the reaction,  
while ESiH4 and E02 are  the  energies  l ibe ra ted  at  0 K 
for an adsorbed  molecule  of Sill4 or  O~ corresponding 
to the surface fract ions 002 and eSiH4 covered by  the 
two gases at  nea r -ze ro  deposi t ion rate.  In  fact, the 
ac t iva t ion  energy  E2 m a y  be qua l i t a t ive ly  in fe r red  
by  consider ing tha t  the  inhibi t ion of the reac t ion  cor-  
re la tes  wi th  .a cer tain 002/0SiS4 rat io,  giving an equa-  
tion s imi la r  to Eq. [2]. The values  of the expe r imen ta l  
ac t iva t ion  energy  of the adsorpt ion  corresponding to 
a nea r -ze ro  deposi t ion ra te  a re  h igher  than  those of 
the adsorpt ion  corresponding to the  m a x i m u m  depo-  
si t ion rate.  

According to the  Langmui r -H inshe lwood  mechan-  
ism, the m a x i m u m  deposi t ion ra te  for sufficiently 
s t rongly  adsorbed  oxygen  and s i lane (Eq. [A-8] )  is 
given by  

VM : kr /4  = ko3 exp ( - - E J R T )  [6] 

where  kr is the ra te  constant  of the  react ion (which 
obeys the  Ar rhen ius  l aw) ,  k03 = k0r/4 and E3 = Er 
(Eq. [A-4] ) .  Therefore,  the  quan t i ty  E3 der ived  f rom 
the slope of s t ra ight  l ine shown in Fig. 6 is the ap-  
pa ren t  ac t ivat ion energy of the l imi t ing react ion be-  
tween the molecules  adsorbed on the surface.  

However ,  Eq. [6] cannot  expla in  the l inear  depend-  
ence of the  m a x i m u m  deposi t ion ra te  on the s i lane 
flow ra te  (at  constant  O2/SiH4 rat io,  at a given t em-  
pe ra tu re )  as shown in Fig. 7. In  fact, the increase of 
the m a x i m u m  deposi t ion ra te  b y  a factor,  when the 
s i lane in t roduced  is mul t ip l i ed  by  the same factor,  
cor re la ted  wi th  the  oxygen increase  by  the same factor  
(to keep  the O2/SiH4 ra t io  constant)  is equiva lent  
wi th  a l inear  dependence  of the m a x i m u m  deposi t ion 
r a t e  wi th  respect  to the  square  root  of the product  of 
s i lane and oxygen  pa r t i a l  pressures .  On the o ther  
hand,  the  react ion ra te  equat ion for compet i t ive ly  and 
sufficiently s t rong adsorpt ion  of s i lane and  oxygen,  

depending  only on the ra t io  of the pa r t i a l  pressures  
of the two gases (Eq. [A-14])  cannot  predic t  this 
l inear  increase wi th  the s i lane at  constant  O2/SiH4 
ratio.  On this basis, in o rde r  to descr ibe  more  com- 
p le te ly  the  expe r imen ta l  results,  we suggest  an empi r i -  
cal react ion ra te  equat ion of the L a ngmui r -H inshe l -  
wood type  which is mul t ip l ied  by  the square  root  of 
the  produc t  of the s i lane and oxygen par t i a l  pressures  

v = krKo2KsiH4Po2PsiH4/(1 4- Ko2Po 2 + KmH4PSm4)2 

[7] 

This empir ica l  react ion ra te  equat ion also predicts  an 
i nc r ea se -max imum-dec rea se  behavior  of the  deposi-  
t ion ra te  wi th  respect  to both  s i lane and oxygen pa r -  
t ia l  pressures  when one is var ied  and the o ther  is 
kep t  constant.  The coordinates  of the m a x i m u m  depo-  
sit ion r a t e  are  given by  Eq. [A-16] and [A-17]. In  
addit ion,  Eq. [A-18] and [A-20] show the same ex-  
ponent ia l  t empe ra tu r e  dependence  for  the O2/SiH4 
rat io corresponding to the m a x i m u m  deposi t ion ra te  
as that  p rovided  by  Eq. [3]. The l inear  dependence  of  
the  m a x i m u m  deposi t ion  ra te  on the square  root  of 
the product  of si lane and oxygen (Eq. [A-25])  or  on 
the s i lane par t i a l  pressure  (Eq. [A-21])  is obta ined  
as fol lows 

VM = k0MPsiH4 exp ( - -Ea /RT)  [ 8 ]  

where  k0M is a constant  given by  Eq. [A-22] and Ea is 
an apparen t  act ivat ion energy  

Ea = Er -~ (Eo2 -- ESiH4)/2 [9] 
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Fig. 7. Film deposition rate vs. silane flow rate at temperatures 
from 250 ~ to 400~ with oxygen/silane ratio as a parameter. 
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In  this equation Er is the true activation energy of 
the reaction while Eo2 and EsiH4 were defined in Eq. 
[3]. If we consider in this case that  E a = E 3 and Eo2 -- 
ESiH4 : El, where E3 and E1 are known from Table I, 
then we can calculate the values of Er according to 
Eq. [9]. The break in the true activation energy of 
the reaction at 250~ is due to the two regimes in the 
activation energy of adsorption of the two gases at 
the m a x i m u m  deposition rate. This result  is in agree- 
ment  with the fact that  the surface reaction mechan-  
ism is determined by the heat evolved in the adsorp- 
tion process. On this basis, the change in the adsorption 
mechanism of the reactant  gases (at about 250~ is 
also made responsible for the break observed in the 
exponential  temperature  dependence of the reciprocal 
of the absorption coefficient corresponding to 680 c m - :  
(15). Thus, this empirical  reaction rate equation can 
predict the determinat ion of the reaction process by 
the adsorption of the reactant  gases in the complex 
mechanism of SiO2 deposition reaction. 

Specific to this empirical  equation is the re tardat ion 
of the reaction rate by  the square root of the part ial  
pressure of the reactant  gas more strongly adsorbed 
on the surface. In this case, the exponent ial  tempera-  
ture dependence of the O2/SiH4 ratio corresponding 
to near-zero deposition rate could be explained on 
the basis of a certain 002/0SiH4 ratio at the inhibi t ion 
of the reaction. 

The inhibition of the Si02 film deposition reaction 
by the carrier gas.--The exper imental  results (4, 9-10) 
have shown that with the increase of the ni t rogen flow 
rate over a given value (the other CVD conditions 
kept constant)  the deposition rate begins to decrease 
(Fig. 4). The theory of the inhibi t ion of the bimolecu- 
lar surface reactions by  a third gas (poison) can ex- 
pla in  these results. Thus, at higher part ial  pressures 
of ni t rogen the surface fractions covered by  the re-  
actant  gases begin to decrease due to the  third gas 
adsorbed on the same surface. Therefore, the reaction 
rate (Eq. [A-32]) is decreased because of the lower 
probabi l i ty  of the two reactant  gases to be adsorbed 
on neighboring sites of the surface. 

Conclusions 
The bimolecular  surface reactions theory (Lang-  

muir-Hinshelwood mechanism) was applied to explain 
the kinetics of the low temperature  (80~176 SiO2 
film deposition. The exper imental  dependence of the 
deposition rate with respect to silane, oxygen and 
ni t rogen flow rates are explained within  this theory. 
The exponent ial  temperature  dependences (of Ar-  
rhenius- type)  exper imenta l ly  obtained, for (i) the 
O2/SiH4 ratio corresponding to the max imum deposi- 
tion rate, (ii) the O2/SiH4 ratio corresponding to near -  
zero deposition rate, and (iii) the max imum deposi- 
tion rate are explained by means of this theory. The 
corresponding activated processes which have been 
identified according to the Langmuir -Hinshehvood 
mechanism are the adsorption of the reactant  gases 
corresponding to the max imum deposition rate (El) ,  
the adsorption of the reactant  gases corresponding to 
the near-zero deposition rate, in the retardat ion re- 
gion (E2) and the surface reaction (Es), respectively. 
The break observed in the activation energies E1 and 
E2 at 250~ was interpreted as a change in the adsorp- 
tion process of the reactant  gases. 

In  addition, we have proposed an empirical  reac- 
tion rate equation which explains the l inear  depend-  
ence of the max imum deposition rate with respect to 
the si lane flow rate at constant  O2/SiH4 ratio. Accord- 
ing to this empirical equation, a compensation effect 
between the adsorption and reaction processes has 
been found to explain the same value of the apparent  
activation energy of reaction when the temperature  
was varied from 80 ~ to 4O0~ 

Manuscr ipt  submit ted  Jan. 27, 1983; revised manu-  
script received Apri l  22, 1983. This was Paper  208 pre-  
sented at the Montreal,  Quebec, Canada, Meeting of 
the Society, May 9-14, 1982. 

APPENDIX 
Adsorption of two gases on the same surSace.--In the 

case of the competitive adsorption of two gases A and 
B without  dissociation on a perfectly smooth surface, 
with no interact ion between the adsorbed molecules 
the fractions of the surface covered by the two ad-  
sorbed gases, 0A and 0B are (12) 

gA --~ KAPA/ (I -~ KApA q- KBPB) [A-l] 
and 

~B = KBPB/(I q- KAPA -~ KBPB) [A-2] 

where PA and PB are the partial pressures of the re- 
actant gases while KA and KB are the equi l ibr ium 
constants for the adsorption of the two gases. 

Langmuir-Hinshelwood mechanism ~or bimolecular 
surSace reactions.---According to the L a n g m u i r - H i n -  
shelwood hypothesis, the adsorption equi l ibr ium is 
undis turbed by the occurrence of the reaction be- 
tween the two gases A and B and the reaction rate 
is proport ional  to the product  of the surface fractions 
covered by A and B, 0A and 0B, respectively (12) 

V -~ krO~SB -~ k r K A K B P A P B / ( 1  q- KAPA q- K B P B )  :2 

[A-3] 

where the rate constant  kr obeys the Arrhenius  law 

kr ---- k0r exp ( - -  Er/RT) [A-4] 

If the part ial  pressure PA is kept constant  and PB is 
varied, the reaction rate has an inc rease -maximum-  
decrease variation. There is a s imilar  var ia t ion with 
respect to PB if PA is kept constant. With PB kept  
constant  and PA as a variable, the m a x i m u m  reac- 
tion rate is obtained for 

PA = (I -}- KBPB)/KA [A-5] 

For this value of PA, the maximum reaction rate is 

VM -- krKBPB/[4(1 Jr KBPB)] [A-6] 

If we consider now a sufficiently strong adsorption of 
the gas B (KBpB > >  1), Eq. [A-5] and [A-6] be-  
come 

PA/PB = KB/KA [A-7] 
and 

v~ ~- kr/4 ~- k03 exp (--  E J R T )  [A-8] 

where ko3 = kor/4 and Ea ~- Er is the activation en-  
ergy defined by Eq. [A-4]. If we take into account 
Eq. [A-7], we obtain pAKA --~ PBKB :>~ 1, and the 
conclusion is that  at the m a x i m u m  reaction rate, a 
sufficiently strong adsorption of one gas implies the 
strong adsorption of both of them. 

The statistical t rea tment  of the ideal adsorption of 
two .gases on the same surface gives the next  ex-  
pressions for KA and KB (16) 

KA ---- K0A (T) exp (EA/RT) [A-9] 
and 

KB ---- K0B (T) exp (EB/RT) [A-10] 

where E A and EB are the energies l iberated at 0 K per 
adsorbed molecule A and B, respectively, and KoA(T), 
KoB(T) are quanti t ies  whose temperature  variat ions 
are small  compared with the rapid variat ion of the 
exponent ial  terms. With KA and Ks given by Eq. 
[A-9] and [A-10], Eq. [A-7] that gives the abscissa 
of the ma x i mum reaction rate becomes 

PA/PB -~ Kol exp (--  E1/RT) [A-11] 

where K01 and E1 are given by 

K01 ~- K0B (T)/KoA (T) [A-12] 
and 

E1 ----- EA -- EB [A-13] 

In  the same manner ,  one can obta in  the values for 
the ma x i mum reaction rate and the corresponding 
PB/PA ratio when PA is kept constant  and PB is varied. 

In  the hypothesis of both gases competi t ively and 
sufficiently strongly adsorbed so that  KAPA q- KBpB > >  
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1, the reac t ion  ra te  equat ion depends  on the rat io of 
the pa r t i a l  pressures  of the two gases 

v = krKAKBPAPs/(KAPA + KBpB) ~ = krar / (ar  + 1)~ 

[A-14] 

where  a ~- KA/KB and r ---- PA/PB. The m a x i m u m  re-  
act ion ra te  and the corresponding abscissa are  the  
same as those given by  Eq. [A-7J and [A-8] .  

Empirical  reaction rate equat ion . - - In  order  to im-  
prove  the fit of the theory  to expe r imen t  we propose 
the equat ion 

v : krKAKBpAS/2pBS/2/(1 -5 KAPB -5 KBpB) 2 [A-15] 

for  the react ion rate.  Wi th  PB kep t  constant  and PA 
varied,  the abscissa of the m a x i m u m  reac t ion  ra te  is 

PA : 3(1 + KBPB)/KA [A-16] 

and the m a x i m u m  react ion ra te  becomes 

vM : 33/2krKBpB3/2/[16KA 1/2 (1 -5 KBPB) l/z] [A-17] 

In the case of sufficiently s t rong adsorpt ion  of the gas 
B (KBPB > >  1), Eq. [A-15] and [A-16] become 

PA -- 3KBPB/KA [A-18] 
and 

VM : (33/2/16) kr (KB/KA)'/2 PB [A-19] 

If we take  into account Eq. [A-9] and [A-10],  then 
Eq. [A-18] and [A-19] become 

PA/PB -- 3Kol exp  ( - -  E1/RT)  [A-20] 

where  Kol and E1 are  defined in Eq. [A-12] - [A-13] ,  
and 

VM ---- koM exp ( - -  Ea/RT)pB [A-21] 

in which the constant  k0M and the appa ren t  ac t ivat ion 
ene rgy  Ea are  given by  the fol lowing equat ions 

k0M : (33/2/16) Kol '1~ kor [A-22] 
and 

Ea = Er -5 (EA -- EB)/2 [A-23] 

where  kor, EA, and EB are  p rev ious ly  defined, and Er is 
the t rue  ac t iva t ion  energy  of the reaction.  F r o m  Eq. 
[A-18], by  mul t ip ly ing  wi th  PB in each pa r t  of the  
equal i ty ,  we obta in  

P B - -  (1/31/2) (KA/KB) 1/2 (PA/PB) V" [A-24] 

and therefore,  Eq. [A-19] becomes 

vM ---- (3/16) kr (PAPB) 1/2 [A-25] 

S imi la r  resul ts  can be obta ined  wi th  PB as a var iab le  
and PA kep t  constant .  

Inhibi t ion of the bimolecular surface reaction by the  
reactant gases.--The fa l l ing off of the react ion ra te  
(Eq. [A-3] )  is obta ined  when the pa r t i a l  pressure  of 
the gas tha t  is varied,  PA, begins to fulfil the condi t ion 

KAPA >> 1 -5 KBPB [A-26] 

In this case, the react ion ra te  equat ion becomes 

v -- k r (KB/KA)  (PB/PA) [A-27] 

If we denote  b y  Vo a react ion ra te  close to the exper i -  
men ta l  zero deposi t ion rate,  and we consider  this 
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amount  as a threshold  value for  the to ta l  inhibi t ion  
of the react ion independen t  of t empera tu re ,  then  
the cor responding  ra t io  of the r eac tan t  gases becomes 

PA/PB ~- (krKB) / (KAVo) [A-28] 

F r o m  Eq. [A-28],  the t empe ra tu r e  dependence  of 
PA/PB tha t  gives nea r -ze ro  deposi t ion ra te  is 

PA/P~ -~ K02 exp ( - -  E2/RT)  [A-29] 

where  K02 and E2 are 

K02 ---- korK01 [A-30] 
and 

E2 ---- Er + EA -- EB [A-31] 

In the above equation E2 is the apparent activation 
energy of the adsorption corresponding to the near- 
zero deposition rate and Er is the true activation en- 
ergy of the reaction defined in Eq. [A-4]. EA and EB 
correspond now to the surface fractions covered by the 
two gases at the inhibition of the reaction. 

Inhibit ion o] the bimolecular surJace reaction by the 
diluent gas.--In addi t ion to the L a ngmui r -H inshe l -  
wood mechanism presented ,  if the effect of a th i rd  gas 
of pa r t i a l  pressure  Pi tha t  is adsorbed on the same 
surface  is considered,  the react ion ra te  becomes 

v = krKAKBPAPB/(1 + KAPA + KBpB + K~i )  ~ 

[A-32] 

where  Ki is the equ i l ib r ium constant  of the  th i rd  gas. 
A s imi lar  express ion could be adopted  for our  em-  
pi r ica l  react ion ra te  equat ion in the case of h igher  
pa r t i a l  pressures  of ni t rogen.  
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Oxide Isolation for Double-Polysilicon VLSI Devices 
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ABSTRACT 

A novel method for the formation of an isolation layer between the polysilicon layers in double-polysilicon VLSI de- 
vices is described. The intermediate oxide is realized by means of CVD oxide or a combination of polyoxide on top of the 
first polysilicon layer and CVD oxide on its walls. The isolation can be applied also to structures having a firstconductor 
level which is difficult to oxidize. Test capacitors indicate that very low freak population, low'leakage currents, ~i~d break- 
down voltages higher than 50V between the polysilicon layers can be achieved by the use of the method. The i~esults are 
compared to double-polysilicon structures having thermally grown sidewall oxide. 

Double-polysil icon gate MOS structures are exten-  
sively utilized in MOS and CCD memories (1-3). In 
conventional  proCesses, the isolation between the side- 
wall  of the first polysilicon layer  and the overlapping 
polysilicon layer  is realized by an intermediate  oxide 
which is thermal ly  grown from the first polysilicon 
level, s imul taneously  with the second gate oxide (1, 
4-6). In comparison to oxides grown on single-crystal  
silicon, oxides grown on polysilicon have lower break-  
down fields and are more conductive for a given aver-  
age field (4, 7-9). Therefore, it is very impor tant  to 
have a thick in termediate  oxide. With a thicker in-  
termediate  oxide, the parasitic capacitance between 
the two polysilicon levels is also reduced, and the 
performance of most circuits is improved. I t  has been 
demonstrated recent ly that when oxidation is carried 
out in the tempera ture  range of 700~176 heavily 
doped polysilicon is oxidized two to four times faster 
than single-crystal  silicon (10-12). This effect has 
been used to grow intermediate  oxides which are 
significantly thicker than the second gate oxide and 
therefore have high breakdown voltages and low leak-  
age currents  (5, 6). 

The strong dependency between the thickness of the 
second gate oxide and that of the intermediate  oxide 
is the major  disadvantage of the convent ional  isolation 
methods. The continuous reduction in device d imen-  
sions forces a reduct ion in the gate oxide thickness 
and, as a result, a th inn ing  of the in termediate  oxide. 
The methods which are s trongly dependent  on the 
oxidation properties of polysilicon face even more 
severe problems in VLSI technology. As a result  of the 
reduction in device dimensions, the l ine width and 
the thickness of the polysilicon runners  are also re- 
duced, and their resistance is increased. To overcome 
the increased resistance of the interconnects,  composite 
structures consisting of a refractory metal  or a re- 
fractory metal  silicide on top of polysilicon have been 
considered (13, 14). Some of the metals proposed for 
this s t ructure  cannot be oxidized easily; others may 
be oxidized more slowly than doped polysilicon and 
will  yield a very  thin intermediate  oxide as isolation 
between the conductor  levels. 

In  this paper, the authors present  and characterize 
a novel method for applying an isolation oxide be-  
tween two polysilicon levels. The process is outl ined 
in Fig. 1. After  the deposition of the first polysilicon 
gate layer, a thick oxide layer  is grown (or deposited) 
on top, and the first gate level is defined using etching 
techniques which yield vertical  oxide/polysil icon walls 
(Fig. la ) .  After  resist removal,  a desired thickness of 
oxide is deposited (Fig. lb )  and etched anisotropically 
together with the under lay ing  first gate oxide to ex- 
pose the silicon surface at the second gate regions, 
leaving an oxide layer  on the polysilicon sidewalls 
(Fig. lc) .  The second gate oxide is now thermal ly  
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grown, and the second polysilicon gate is applied (Fig. 
ld ) .  Glass deposition followed by an anisotropic etch- 
ing has been used recent ly to achieve sidewall spacers 
in the fabrication of novel MOFET structures (15-17). 

Because the in termediate  oxide is applied separately 
from the oxidation of the second gate, its thickness is 
independent  of the second gate oxide thickness. Also, 
the intermediate  oxide can be applied over gates made 
of a var ie ty  of materials.  Structures with very thin 
second gate oxide but  high breakdown voltage, low 
poly I -poly  II leakage currents,  and low parasitic ca- 
pacitance between the two gate levels can be fabricated 
by the use of this method. 

Requirements for the CVD Isolation Process 
The requirements  for good CVD isolation process 

with un i form sidewall oxide thickness can be summar -  
ized as follows: 

(i) Vertical walls at the SiO2/poly I gate edge--This  
requi rement  is met by many  of the recent dry etching 
processes because it is imperat ive for the VLSI tech- 
nology (18). If the walls are not vertical, par t  of the 
oxide deposited on the walls is etched off dur ing the 
etching of the CVD/first gate oxides, its thickness is 
reduced, and its electric isolation properties are de- 
graded. 

( i i)Anisotropic SiO2 e tching--The  etching of the 
CVD/first gate oxides should be anisotropic to avoid 
any  etching and th inn ing  of the sidewall oxide. 

(iii) Good thickness uni formi ty  of the deposited 
glass--I t  has been reported that excellent thickness 
uni formi ty  can be obtained in the deposition of un -  
doped SiO2 glass films (19, 20). 

(iv) Uniform step coverage of the deposited glass--  
If the step coverage of the glass is not uniform, re- 
en t ran t  angles may appear at the base of the steps. 
This means that  the oxide thickness is not uni form 
along the step. Also, after  anisotropic etching of the 
second polysllicon layer, residual  polysilicon within  the 
r e -en t r an t  angles may short between adjacent  second 
gates. Glass deposition processes with the capabil i ty 
of very  good step coverage have been recent ly  demon-  
strated (21-23). 

Fulf i l lment  of these four requirements  is impor tant  
to assure good control on the sidewall  oxide thickness. 
However, even if they are not completely fulfilled, 
the desired final sidewall oxide thickness (and elec- 
trical isolation properties) can be achieved after char-  
acterization of the complete process by depositing glass 
films which are thicker than the final required oxide 
thickness. 

Experimental 
Sample preparation.--Double-polysilicon capacitor 

structures were fabricated on 3 in. p- type silicon 
wafers, ~100~  oriented, 6-30 a - c m.  The processing 
sequence is outl ined in Table I. 

An 8000A thick polysilicon film was deposited 
(LPCVD, SiI~, 630~ onto 4000A thermal ly  grown 

1 8 9 4  
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Fig. 1. Process sequence for the CVD isolation method 

sil icon dioxide.  A f t e r  phosphorus  doping of the po ly -  
si l icon f rom a PBr3 source at  950~ for 60 min, the 
P-g lass  film grown on top of the polysi l icon dur ing  
the doping was dip etched in d i lu ted  HF solut ion (50 
pa r t s  H~O:I pa r t  by  vo lume of 49% HF acid) and 
4000A oxide  was grown in s team at 950~ on top of 
the polysi l icon layer .  The first polysi l icon level  was 
pa t t e rned  using a t r i leve l  resis t  s t ruc ture  (24) and 
opt ical  photo l i thography.  The top oxide and the po ly -  
si l icon were  reac t ive  ion etched (RIE) anisot ropica l ly  
in C H F J N H 3  and C12, respect ively .  The resis t  was 
s t r ipped,  and var ious  thicknesses of undoped SiO~ glass 
were  deposi ted at  630~ by  decomposing t e t r ae thy l  
or thosi l ica te  (TEOS) at  reduced  pressure  (20, 25). 
The CVD oxide thickness  was measured  on flat s i l icon 
monitors.  The CVD oxide and 250A of the t he rma l ly  
g rown SiO2 were  RIE aniso t ropica l ly  in CHF3/NH,~. 
The add i t iona l  etching of t he rma l ly  g rown oxide s imu-  
la tes  the etching of 250A th ick  first gate oxide which  
is a typ ica l  gate oxide thickness in submicron  channel  

devices (26). The samples  were  then oxidized in d ry  
T2/HC1 ambien t  a t  1000~ for 16 min to s imula te  the  
g rowth  of 250A second gate oxide. The second po ly-  
sil icon l aye r  was deposited,  phosphorus  doped,  pa t -  
t e rned  and RIE. F ina l ly ,  the  exposed oxide  was etched 
f rom top of the first polysi l icon level  to pe rmi t  con- 
tact  to this level.  (I t  should be ment ioned  tha t  an H F  
dip can be used pr ior  to the deposi t ion of the second 
polysi l icon l aye r  wi thout  having  the prev ious ly  re-  
por ted  (27) fast  e tching of the  CVD oxide at  the step.)  

A TEM cross sect ion th rough  a complete  sample  is 
shown in Fig. 2. The s t ruc ture  is s imi lar  to tha t  shown 
in Fig. ld,  wi th  the  thickness of GOX I and GOX II  
app rox ima te ly  equal  to 4000A. Thick oxide was used 
undernea th  the polysi l icon layers  r a the r  than  thin 
gate  oxides  to assure  tha t  shorts  and leakage  currents  
be tween  the polys i l icon levels  do not  occur th rough  
the substrate .  The s t ructure  consists of two capaci tors  
be tween  the  two polysi l icon levels  which are  con- 
nected in para l le l :  an over lapp ing  capaci tor  and  a 
s idewal l  capacitor .  The former  capaci tor  has a th ick 
(4000A) dielectr ic  oxide  (on top of po ly  I ) .  The  la te r  

capaci tor  has a s idewal l  dielectr ic  oxide which  is va r i ed  
over  the range  200-930A. Only  the thin oxide region 
(s idewal l )  may  be sensi t ive to e lec t r ica l  b r e a k d o w n  
and leakage  currents  at  low voltages.  The length  of 
the s idewal l  capaci tor  is 2.0 cm and its wid th  ( the 
height  of poly  I)  is 0.6~, y ie ld ing  a capaci tor  a rea  of 
1.2 • 10 -4 cm 2. The a rea  of the  over lapp ing  capaci tor  
is 8.0 • 10 -4 cm 2. 

Fo r  comparison,  s imi lar  double -po lys i l i con  s t ructures  
wi th  t he rma l ly  grown in te rmedia te  s idewal l  oxides 
were  prepared .  The process sequence is ident ica l  to 
that  out l ined above,  except  for  the  oxide deposi t ion 
and etching (steps 8 and 9 in Table  I)  which  were  
skipped.  

Electrical measurements.--The e lec t r ica l  b r eakdown  
proper t ies  of the double-polys i l i con  s t ructures  were  
measured  by  an au tomated  sys tem on more  than  130 
capaci tors  for each of the oxide  s idewal l  thicknesses 
(at  least  two wafers  for each th ickness) .  Every  ca-  
paci tor  was s t ressed in incrementa l  s teps to high 
vol tages for  50-100 msec. Af t e r  eve ry  step, the vol tage  
was lowered  to 2V and the cur ren t  passed th rough  the 
capaci tor  was measured.  Breakdown vol tage  was de-  
fined as the highest  vol tage  appl ied  to the  capaci tor  
before  cur ren t  of 2 ~A was measured  at  2V (28). No 
capaci tors  were  found to pass this cur ren t  wi thout  
having prev ious ly  suffered a des t ruc t ive  breakdown.  

Po ly  I - p o l y  II  l eakage  cur ren t  character is t ics  were  
measured  using a logar i thmic  p icoammete r  and a 
r a m p e d  vol tage source. 

Experimental Results and Discussion 
TEM study.--TEM cross sections th rough  the first 

gate edge are  presented  in Fig. 3 and 4. The s idewal l  
oxide  in  Fig. 3 was formed dur ing  the oxida t ion  step, 
which s imula ted  the growth  of 250A second gate 
oxide on < 1 0 0 >  s ing le -c rys ta l  silicon. The s idewal l  
oxide  thickness var ies  be tween  200-400A. Thinning of 
the oxide  is ev ident  at  the top and the base corners  
of po ly  I. The surface of the  po ly  I s idewal l  is ve ry  

Table I. Process sequence for CVD intermediate oxide method 

1. Grow oxide (Steam, 950~ 4000A). 
2. Deposit polysilie0n (8000A). 
3. Phosphorus doping (PBr3, 950~ 60 ml.n). 
4. Grow oxide (Steam, 950~ 4000A). 
5. Poly I lithography (Trilevel resist structure).  
6. RIE SiO= (CHFs/NH~). 
7. RIE polysilicon (CI~). 
8. DeposR SiO~ glass (TEOS, 630~ 
9. RIE CVD Si02 + 250A thermally grown Si02. 

I0. Grow oxicte (dry O~/HC1, 1000~ 16 rain). 
11. Deposit polysiUcon (3000A). 
12. Phosphorus doping (PBr~, 950~ 30 n31n). 
13. Poly II lithography. 
14. RIE polysilicon (C12). 
15. RIE SiO2 (CHF~/NI-I~). 

Fig. 2. A TEM cross section through a complete double-polysilieon 
structure. 
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Fig. 3. A TEM cross section through the edge of the first gate. 
The sidewall oxide was thermally grown. 

s t rafed in Fig. 3 which  shows a large  polysi l icon pro-  
ject ion into the th ick polyoxide  (shown by  the a r r o w ) .  

Breakdown voItage.--Electrical breakdown  resul ts  
a re  presented  in Fig. 5 on a l og -norma l  scale. For  the 
t he rma l ly  grown s idewal l  oxide, the median  b r eak -  
down voltage is 12V. Five percent  of the  capaci tors  
fai l  at  vol tages lower  than  5V, which is a typica l  
circuit  opera t ion  voltage. Three  percent  of the capaci -  
tors fai l  to pass even the first test  at  2V. The CVD 
s idewal l  capaci tors  (wi th  the addi t ional  oxidat ion  un-  
der  GOX II condit ions)  do not  exhibi t  ea r ly  b reakdown  
behavior  even for a nomina l  oxide  thickness of 390A. 
The median  b r e a k d o w n  voltages are  13, 32, and 60V 
for nomina l  CVD oxide thicknesses of 390, 620, and 
930A, respect ively .  The corresponding median  b r e a k -  
down fields a re  3.3, 5.2, and 6.5 MV/cm.  I t  should  be 
ment ioned  however  tha t  the  oxide thicknesses which  
are  used to calculate  the  fields a re  the  nominal  th ick-  
nesses and may  not  be the  actual  thicknesses.  Break-  
down measurements  (34) which have been conducted 
recent ly  on flat capaci tors  indicate  that  the b reakdown  
field of CVD oxide af te r  densification at  1000~ in 
argon for 30 min  is h igher  than  5 MV/cm in the range 
of thicknesses used in the  present  work.  

On isolated areas on a few wafers,  the b r eakdown  
voltages were  signif icantly lower  than those measured  
on most of the  capaci tors  having s imi la r  s idewal l  oxide  
thicknesses.  This manifests  i tself  by  the weak  tai l  in 
the b reakdown  dis t r ibut ion  of the samples  having 
s idewal l  oxide 930A thick (Fig. 5). This phenomenon 
is a t t r i bu ted  t o  nonuniformit ies  in the  s idewal l  oxide  
thickness across the wafers  and m a y  be caused by  any 
of the  four  reasons given in the second section of this 
paper .  Actua l ly ,  i t  has been found that  the slope of 
the po ly  I edge in these areas  is 75~ ~ compared  
to 88~ ~ e lsewhere  on the wafers.  

The resul ts  presented  in Fig. 5 were  obta ined with 
the first polysi l icon level  biased pos i t ive ly  wi th  respect  
to the  second polysi l icon level.  Measurements  con- 
ducted wi th  opposi te  po l a r i t y  did  not  y ie ld  s ignif icant ly 
different  results .  

Leakage current.--ResultS of l eakage  cur ren t  
th rough  a CVD s idewal l  oxide (nominal  thickness 
830A) and th rough  a t he rma l ly  grown s idewal l  oxide  
a re  shown in Fig. 6. The constant  cur rents  at  low 
vol tages are d i sp lacement  currents  due to capaci tor  
charging. The advan tage  of the  CVD isolation method 
over  the the rmal  oxidat ion  method is clear,  since the  
leakage  current  th rough  this capaci tor  is much lower.  
The lower  cur ren t  measured  in the  second sweep is 
due to charge t rapp ing  in the  oxides (35, 36). Subse-  

Fig. 4. A TEM cross section through the edge of the first gate. 
The sidewall oxide is CVD oxide, with additional oxidation in dry 
O~ /HCI  ambient at  1000~ for 16 min. 

rough  wi th  sharp  protuberances .  On the o ther  hand,  
the s idewal l  oxide  in Fig. 4, which is a deposi ted glass 
film, is fa i r ly  un i fo rm (650-850A), and the poly  I s ide-  
wal l  is smooth.  

Oxide th inning  is known to occur at  sharp corners  
of s ing le -c rys ta l  si l icon (29) or  phosphorus -doped  po ly -  
sil icon (3, 6), as wel l  as the  occurrence  of increased 
roughness  o~f the  polysi l icon surface af te r  its oxida t ion  
(9, 30-32). P ro tuberances  and bumps on the polysi l icon 
surface are  expected  to lower  the b r eakdown  field 
and increase  the leakage  current  passing through the 
capaci tor  by  enhancing the local  e lectr ic  field (33). 
Local  e lect r ic  field enhancement  may  be emphasized 
when a th ick oxide  film is t he rma l ly  grown f rom a 
polys i l icon layer ,  as is done in the convent ional  double-  
polysi l icon processes,  because some of the  p ro tube r -  
ances m a y  extend v e r y  deep into the oxide causing 
a significant local oxide  th inning (31). This is demon-  
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Fig. 6. Leakage currents through a thermally grown sidewall 
oxide and an 830A thick CVD sidewall oxide (the oxide deposition 
is followed by an oxidation in dry O2/HCI ambient at 1000~ for 
16 min). 

quent sweeps result in only very small changes in the 
leakage current. 

Conclusions 
A novel method for the formation of an isolation 

layer between two polysilicon layers by means of oxide 
deposition has been described. Measurements con- 
ducted on test capacitors indicate that double-polysili- 
con structures with zero freak population, high break- 
down voltages, and low leakage currents can be ob- 
tained by the use of the proposed method. In contrast, 
double-polysilicon structures with sidewall isolation 
oxide which is grown simultaneously with the second 
gate oxide (250A in this study) exhibit freak popula- 
tion, low breakdown voltages ,and high leakage cur- 
rents. 

The main advantage of the CVD isolation method 
is the interdependency between the intermediate oxide 
thickness and the second gate oxide thi*ckness. As a 
result, an intermediate oxide as thick as necessary 
can he formed to achieve any desired electrical iso- 
lation strength. In the course of this work, structures 
with sidewall oxides of 200-3000A thick were fabri- 
cated. The isolation can be realized even when the 
first gate material cannot be oxidized. 

The requirements for the CVD isolation method, 
vertical SiO2 and polysilicon walls, anisotropie SiO2 
etching and good thickness uniformity and step cover- 
age of the deposited glass are not special for this 
method because they are imperative for VLSI tech- 
nology. 
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The Effects of Arsenic Doping in Reactive Ion Etching of Silicon in 
Chlorinated Plasmas 

G. C. Schwartz* and P. M. Schaible 
IBM General Technology Division, East Fishkill Facility, Hopewell Junction, New York 12533 

ABSTRACT 

The results of a study of the influence of arsenic doping of silicon and C12 and CCI~ reactant concentrations on etch rate 
and etch profile are described. From approximately 10 '~ to 1020 As/cm 3, the etch is anisotropic and the etch rate does not 
increase in either C12 or CC14 plasmas. At concentrations above 1020 As/cm 3, mask undercut t ing occurs and the etch rate 
rapidly increases (approximately 300% for 1.5 × 102' As/cm3), although the functional form of the relationship between etch 
rate and As concentration depends on the reactant, reactant supply, and silicon load. Temperature effects are also 
described. 

Among the dry etching processes required for fab-  
rication of VLSI semiconductor devices is an aniso- 
tropic etch to form deep trenches in s ingle-crystal  
silicon. Silicon can be reactively ion etched in CC14 and 
C12 plasmas without undercut  of a pe rmanen t  mask. 
However, when the silicon is heavi ly  doped with 
arsenic for buried subcollectors, undercut  occurs dur -  4000 
ing trench etching (1, 2). It  was also observed that the 
undercut  occurred more readily in C12 than in CC14. 

In  this paper, the authors present  the results of a 
s tudy of the influence of arsenic doping and C12 and 
CC14 reactant  concentrat ions on both etch rate and 
etch profile. It has been found that both plasmas ex- 
hibit a combinat ion of spontaneous and ion-assisted 
reactions as the arsenic concentrat ion exceeds 1020/cm3. 

Experimental Procedures 
The apparatus and the operat ing procedures have 

been described previously (1, 3). The depths of the 
etched slots were measured with a Taylor-Hobson 
Talystep after removing the pat terned AIeO3 mask. 
When there is undercut t ing  of the mask, a pi le-up of 
scattered mater ia l  beneath the edges of a proximity 
mask (e.g., a silicon chip placed on the wafer) can 
make it difficult to in terpre t  the Talystep traces. 
Therefore, a mask of A12Oa evaporated through a l ift-  
off stencil was used. Etch rates were calculated from 
the ratio of etched depth (after mask removal)  to total 
etch time; this assumes a constant etch rate. 

High concentrat ions of arsenic in single-crystal  sili- 
con, relat ively constant  for a depth of at least 1 t,m, 
were obtained by capsule diffusion at 1050°C followed, 
when required, by  a dr ive- in  at the same temperature.  
The protective oxide was removed in buffered HF 
before fur ther  processing. The concentrat ion and the [] 
concentrat ion profile of arsenic in the silicon were 
measured by 2 MeV 4He+ nuclear  backscattering 
spectrometry (NBS). A typical spectrum is shown in 
Fig. la. The arsenic concentrat ion profiles are not '~ 
known beyond a depth of 1 tim because this is the '~ 
depth l imit  of the method. The highest concentrat ion ¢ 

of arsenic obtainable was 1.6 × 1021 As/cm 3, i.e., ap- 
proximately  3 atomic percent  (a/o) .  Figure lb  is a plot 
of the sheet resistance of some of the silicon samples 
(used in these e x p e r i m e n t s ) a s  a funct ion of arsenic 
concentration. Samples containing different concen- 
trations of arsenic were etched in a single run  to 
el iminate the effects of r u n - t o - r u n  variations. The ref- 
erence sample was a P- type  silicon wafer, chosen 
because it was readi ly available. It had been shown 
previously (4) that when the wafers were not bonded 
to the cathode, an N-type (0.1 ~cm) wafer etched 8% 
faster than a P- type  (2 t2cm) wafer (in 20% CC14) 
whereas bonded wafers etched at the same rate. The 

*Elec trochemica l  Soc ie ty  A c t i v e  Member .  
Key  words:  reac t ive  ion e t ch ing  (RIE),  ch lor ina ted  p lasmas ,  

arsenic-doped s i l icon,  e tch  profi les.  

difference in etch rates of the unbonded  wafers was 
at t r ibuted to the fact that the N-type wafer was cooler. 

Etch times were relat ively short (usual ly 5 min)  to 
try to ensure, whenever  possible, that only the un i -  
formly doped region was etched. The influence of 
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tempera ture  was examined by comparing, in the same 
run,  samples resting on the water-cooled cathode (i.e., 
unbonded)  and samples thermal ly  bonded to it with a 
heat conducting silicone grease, Dow Corning No. 340. 
The authors have shown (4) that  bonding a wafer to 
the cathode changes its temperature,  n o t  its electrical 
coupling. In  all the experiments  reported here, the 
input  power densi ty was 0.8 W / c m  2 and the system 
pressure, before igni t ion of the flow, was 10 mTorr.  
The ftow rate Q of the reac tant  gas was adjusted, at 
constant  thrott le setting, to produce the required 
pressure in the chamber.  Pressures of 2, 5, and 10 
mTorr  CC14 and 0.5, 2, 5, and 10 mTorr  C12 were used 
in these experiments;  argon was added, where neces- 
sary, to br ing the total pressure to 10 mTorr.  When the 
ini t ial  reactant  pressure was, e.g., 2 mTorr,  the reactant  
concentrat ion was called 20%; any  differential pump-  
ing was ignored. Since the only  di luent  used was argon, 
it is Understood that 20% Cl2 means 20% C12 in Ar. The 
pump speed for CC14 was 24.0 l i ter /sec (Le., Q(CC14) 
was 3.75 sccm at 2 mTorr  CC14); for C12 it was 68.4 
liter/sec. 

The wafer load was the equivalent  of one 57 mm 
wafer masked with a pat tern  that  exposed 60% of the 
silicon surface, except for exper iments  in  which the 
effect of loading with silicon wafers was investigated. 

At an input  power of 0.8 W/cm 2 and a pressure of 
10 mTorr,  the peak- to-peak  rf voltage Ypp was ap- 
proximate ly  2000V in argon, 1850V in C12, 1900V in 
CC14 at Q(CCI4) = 2.0 sccm, and 1500V in CC14 ~at 
Q(CC14) = 30 sccm. When Q(CCI4) < 8 sccm, the pres-  
sure in the reactor decreased when the glow was ig- 
nited; at Q(CC14) > 8 sccm it increased. The decrease 
in pressure probably  contr ibutes to the observed in-  
crease in Vpp at low values of the flow rate. Also, the 
species in the plasma probably change in concentra-  
tion and in  na tu re  (oligimers or f ragments)  as the 
flow rate is changed. The bias became more negative 
when  part  of the SiO2 surface was covered by silicon 
wafers. 

Fractured sections were examined in a scanning 
electron microscope (ISI Super Mini-SEM) to obtain 
the etch profiles. 

Experimental Results 
Etch rates.--Etch rates at constant throttle and 

constant load.--Figures 2a, b, c, and d show the influ- 
ence of arsenic concentrat ion on the etch rates of 
s ingle-crysta l  silicon in both C12 and CC14 plasmas. In  
most cases, etch rates are given for both u n b o n d e d a n d  
bonded wafers. 

The etch rate of unbonded  silicon wafers doped with 
1020 As/cm a was, at most, approximately  10% greater  
than that of a P- type  silicon wafer (2 12cm). There was 
no significant difference in etch rates when  the wafers 
were bonded. As the arsenic concentrat ion was in-  
creased from 1020 to 1.5 • 1021/cm ~ (i) in 5, 20, and 
50% C12 and in 20% CC14, the slope of the curve, etch 
rate vs. concentrat ion of arsenic, increased ~with in- 
creasing concentrat ion and (ii) in 50 and 100% CC14 
and 100% C12, the etch rate increased l inear ly  with in-  
creasing concentrat ion of arsenic. 

There was a tendency for the cooler wafers to etch 
faster when the concentrat ion of arsenic was lower, 
with the t rend reversed at the higher doping levels. In  
both plasmas, the higher the concentrat ion of reactant,  
the greater  the influence of temperatures  on the etch 
rates of doped silicon. 

In 100% C12 and CC14, in which the largest increases 
in etch rate occurred, the rates were tr ipled (approxi-  
mately)  for the unbonded wafers as the  arsenic con- 
centrat ion was increased from 1 • 102o (0.2 a/o) to 
1.5 • 1021/cm a (3 a /o) .  The enhancement  of etch rate 
with increasing dopant  concentrat ion was significantly 
smal ler  for the bonded (cooler) wafers. 

Influence o5 the flow rate o5 CCl4.--In one series of 
experiments,  at 10 mTorr  CC14, the throt t le  was ad-  

justed to reduce the flow rate from 19 to 6 sccm. Figure 
3 compares the etch rates obtained at these two flow 
rates: A and A' for 19 sccm (from Fig. 2d), and B and 
B' for 6 sccm. 

At the lower flow rate, there is a gradual  increase in 
the etch rates at the lower concentrat ions of arsenic 
with a more rapid increase in  etch rates at higher con- 
centrations.  At the higher flow rate, however, the etch 
rates increase l inear ly  with increasing concentrat ion of 
arsenic. The increase in etch rate due to the increase 
in flow rate is significantly greater for heavily doped 
than for l ightly doped wafers, par t icular ly  in  the case 
of the unbonded  (hotter) wafers. 

Influence of wafer load.--The authors had shown that  
in RIE of l ightly doped silicon there was a loading 
effect in both C12 and CC14 plasmas (5); the decrease 
in etch rate with increasing load is most rapid at small 
loads (less than 10% of the SiO2 cathode plate covered 
by silicon). Therefore, the loading effect for P- type  
silicon was compared with that  for silicon heavily 
doped with arsenic. 

When six unmasked 57 mm P- type  silicon wafers 
were added to the s tandard load for RIE in 20% C12, 
the etch rates of both P- type  silicon and silicon doped 
with 1.5 • 1021 As/cm 3 decreased in  about the same 
proportion, i.e., approximately 40%. (Compare points 
labeled AL and A'L with curves A and A' in Fig. 2b.) 
Several  runs were made in 100% CC14, Q(CC1D : 6 
sccm, in which 1/16 of a wafer was used instead of the 
s tandard  load of one wafer. The increase in etch rate 
of the heavily doped wafers was significantly greater 
than that  of the P- type  .substrate. The increase was 
approximately 25% for P-type,  approximately  90% 
for 6 • 102o As/cm 3, and approximately  220% for 
1.2 • 1021 As/cm~. (Compare points labeled BL with 
curve B in Fig. 3.) 

Etch profiles.--Scanning electron micrographs of 
fractured sections of typical wafers whose etch rates 
are given in  Fig. 2 and 3 are shown in Fig. 4-10. 

Unbonded walers, Cl2 plasmas.--The undercu t  profiles 
had a smooth taper with a positive slope (Fig. 4-7). In  
20% C12, there appears  to be no undercu t  on the sample 
doped with 1 • 1020 As/cm a (Fig. 5a). However, if the 
sample is then etched for 30 min, instead of the usual  5 
(chosen to l imit  etching to the uni formly  doped re-  
gion),  undercut  does occur (Fig. 5e), but  only in the 
doped region. The extent  of undercut  is comparable to 
that observed in the N+ region (1020 As/cm a) after 
RIE through an N / N + / P  layered s t ructure  to form a 
deep slot (etch time approximately  30 min)  ( I) .  

Unbonded wafers, CCI4 plasmas.--There was no under -  
cut of the mask when wafers heavily doped with 
1.5 • 1021 As/cm ~ wafers were etched in 20% CC14, nor  
was there undercut  of the N + layer  when the N / N + / P  
structure (mentioned above) was etched for 30 rain 
(1). Undercut  occurred in 50% CC14; the slope was pos- 
itive, except on the sample doped with 1.5 • 1021 As/  
cm 3 (Fig. 8e). In  100% CC14, undercut  depended on 
the flow rate of CC14; at high flow (Fig. 9) the slope 
was positive (the highest doping level was 1.2 • 1021 
As/cm a) ; at low flow, (Fig. 10) the slope changed from 
positive to negat ive at a doping level between 2 and 
4 • 1020 As/cm 3. 

Extent of undercut on unbonded waSers.--To estimate 
the extent  of undercut ,  the lateral  and vert ical  etch 
distances were measured on the micrographs of Fig. 
4-10. There is a wide scatter in the results, probably  
due to the sensi t ivi ty of the measurements  to the angle 
of fracture, angle of view, and acuity of focus. 

Figure l l a  is a plot of the extent  of undercut  ( lateral  
etch dis tance/ver t ical  etch distance) on wafers etched 
for 5 rain in C12 plasmas, a s  a funct ion of dopant  
concentration. In  5 and 20% C12, undercut  increases 
with increasing arsenic concentration.  In  50 and 100% 
C12, undercu t  is independent  of arsenic concentrat ion 
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Fig. 2. The reactive ion etch rate of the arsenic-doped silicon as a function of arsenic concentration. Input power density, 0.8 W/cm~; 
total pressure, 10 mTorr. Data are given for wafers resting on the cooled cathode (open symbols) and (in most cases) for wafers ther- 
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at concentrat ions > 3 • 1020/cm s. From 5 to 50% C12, 
undercu t  increases with increasing concentrat ion of 
C12. Undercut  is s imilar  in 50 and 100% C12. The maxi -  
m u m  ratio of la teral  to vertical  etch depth is about 0.7. 
In isotropic etching the ratio is one. 

Figure l l b  is a plot of undercut  vs. arsenic concen- 
t rat ion for wafers etched in  CC14 plasmas. As stated 
above, no undercut  was observed in 20% CC14 plasmas. 
In 50 and 100% CC14, undercut  is independent  of arse- 
nic concentrat ion at concentrat ions greater  than ap- 
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Fig. 5. Scanning electron micrographs of fractured sections at 
unbonded silicon wafers doped with several concentrations of 
arsenic reactively ion etched in a 20% 0 2  plasma. Input power 
density, 0.8 W/cm2; total pressure, 10 mTorr; run time, 5 min 
(except e). a, 1 • 1020 As/cm3; b, 3.3 • 102o As/cm3; c, 
7 • 102o As/cn~; d, 1.2 • 1021 As/cm3; e, ! • 102o As/cm 3 
(30 mln). 

Fig. 4. Scanning electron micrographs of fractured sections of 
unhanded silicon wafers doped with several concentrations of 
arsenic reactively ion etched in a 5% CI2 plasma. Input power 
density, 0.8 W/cm2; total pressure, 10 mTorr; run time, 10 min. 
a, 3.3 • 102o As/cm~; b, 1.5 • 1021 As/cm 3. 

proximate ly  4 • 1020/cm3. In  100% CC14, when the flow 
'rate was reduced from 19 to 6 sccm, the extent  of 
undercut  was reduced by about 25%. The m a x i mum 
ratio of la teral  to vertical  depth is about 0.4. 

The effect of loading with silicon wafers was the re-  
duction, by  the same fraction, of both vertical  and 
horizontal etch rates. This is i l lustrated in  Fig. 12. 

Bonded wafers.--Heat s inking the heavily doped 
wafers to the water-cooled cathode inhibits  unde r -  
cutting. There was no mask undercut  on bonded wafers 
etched in 20 and 50% C12. Undercut  occurred in 100% 
C12 but  the profiles were unusual ;  a typical profile is 
shown in Fig. 13. The edge is vertical  at the topmost 
third of the slot; at greater  depth, the typical undercut  
profile is seen. The ratio of la teral  to total vertical  
depth is about 0.3. 

There was no undercu t  on bonded wafers etched in 
CC14 plasmas. 

Enhanced etching adjacent to etched walls.--Enhanced 
etching adjacent  to the etched walls (also called 

Fig. 6. Scanning electron micrographs of fractured sections of 
unhanded silicon wafers doped with several concentrations of 
arsenic reactively ion etched in a 50% 0 2  plasma. Input power 
density, 0.8 W/cm2; total pressure, 10 mTorr; run time, 5 min. 
a, 1 • 102o As/cm~; b, 3.7 X 10 ~~ As/cm3; c, 7.0 • 1020 As/cm3; 
d, 1.5 • 1021 As/cn~. 

Fig. 7. Scanning electron micrographs of fractured sections of 
unhanded silicon wafers doped with several concentrations of 
arsenic reactively ion etched in 100% 0 2  plasma. Input power 
density, 0.8 W/cm2; total pressure, 10 n~Torr; run time, 5 min. 
a, P-type silicon; b, 3.3 X 102o As/cmi3; c, 8.2 X 102o As/cm3; 
d, 1.2 X 1021 As/cm 3. 

t renching or grooving) was not seen after RIE in 5% 
C12; it was seen only on the most heavily doped 
(1.5 X 1021 As/cm 3) sample in 20% C12. In  50% C12, 
there was no t renching on samples doped with less 
than approximately  3•  1020 hs/cm3; at greater  con- 
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Fig. 8. Scanning electron micrographs of sections of unbonded 
silicon wafers doped with several concentrations of arsenic re- 
actively ion etched in a 50% CCI4 plasma. Input power density, 
0.8 W/cm2; total press~rre, 10 mTorr; run time, 5 rain (except f). 
a, I X 10 2~ ArS/Cm~; b, 3.3 X 102 o As/cm3; c, 8.2 • 102 o As/ 
cm3; d, 1.2 • 10 21 As/cm~; e, 1.5 • 1021 As/cm~; f, 1.5 • 10 21 
As/era 3 (3 rain). 

Fig. 9. Scanning electron micrographs of sections of unbonded 
silicon wafers doped with several concentrations of arsenic re- 
actively ion etched in a I00% CCI4 plasma. Input power density, 
0.8 W/cm2; total pressure, 10 mTorr; flow rate of CC14, 19 sscm; 
run time, 3 rain. a, I X 10 ~~ As/cm'~; b, 2.4 X 102 0 As/era 3, c, 
3.7 X 102o As/era3; d, 1.2 X 10 21 As/cm 3. 

centrat ions of As, the depth of the t rench increased 
with doping level. 

In 100% C12, however, t renching was barely  per-  
ceptible; its extent  appeared to be the same on all the 
As-doped wafers. In  50% CC14, grooving was sporadic; 
in 100% CC14 (at both flow rates) it was evident  only 
on the more l ight ly  doped wafers. 

Bonding the heavi ly  doped wafers to the cathode 
el iminated trenching,  except for the most heavily 
doped sample etched in 100% C12. 

Increasing the silicon load reduced the trench depth 
in C12 but  increased the depth in CCt4 RIE of heavi ly  
doped wafers. 

Boron doping. - -The authors looked briefly at the 
effect of high concentrat ion of P- type  impurit ies.  A 
wafer heavi ly  doped with boron (1.3 X 1021 B/cm ~ at 
the surface decreasing to 6 X 102o B/cm 3 at a depth of 
1 ~m) etched at the same rate as P- type  silicon wafer 

Fig. 10. Scanning electron micrographs of fractured sections of 
unbonded silicon wafers doped with several concentrations of 
arsenic reactively ion etched in a 100% CCI~ plasma. Input power 
density, 0.8 W/cm~; total pressure, 10 mTorr; flow rate of CCI4, 
6 sccm; run time, 3 rain. a, 2.1 • 10 2o As/cm~; b, 5.9 • 10 2~ 
As/era3; c, 8.2 X 102 o As/cn~; d, 1.5 • 102 1 As/cm 3. 

containing < 1016 B/cm 3 in both 20 and 50% Cl2, and 
the mask was not undercut .  However, in 50% C~2, there 
was a very small  t rench adjacent  to the etched walls. 

Discussion 
As the concentrat ion of arsenic in s ingle-crystal  

silicon was increased from approximately  1016 to 102~ 
cm ~, the reactive ion etch rate did not increase in 
either C12 or CC14 plasmas at 10 reTort. When the 
concentrat ion was increased beyond 102o As/cm 8, the 
etch rate increased with increasing dopant  concentra-  
tion. The functional  form of the relationship between 
etch rate and concentrat ion of arsenic in silicon de- 
pended on the reactant  and the reactant  supply. In  5- 
50% C12, in 20% CC14, and in 100% CC14 at low flow 
rate, there was a gradual  increase in etch rate at the 
lower concentrat ions and a more rapid increase at the 
higher concentrations.  In  50 and 100% CC14 and in  
100% C12, the etch rate increased l inear ly  with in-  
creasing dopant  concentrat ion.  

Similar  results have been  reported by  Koike et al. 
(6). They measured the etch rate of phosphorous- 
doped polysilicon. The relat ive etch rate (doped/un-  
doped polysilicon) increased very  slowly with de- 
creasing resistance reaching a value of approximately 
1.1 at 250 ~/[:];  it increased gradual ly  to approxi-  
mately  1.35 as the resistance decreased to 75 ~ / [ ] ;  and 
finally it increased very rapidly to approximately 3 at 
25 12/[~. 1 They also reported that the relat ive etch rate 
approached uni ty  as the d-c bias was increased. 

The authors a t t r ibute  the increase in etch rates of 
very heavily doped silicon to the increasing importance 
of the chemical component of the etching reaction as 
compared with the ion-assisted component.  Some of 
the evidence which supports this view follows. As 
shown in Fig. 2, the more heavily doped the silicon, the 
greater  was the increase in etch rate in response to an 
increase in the reactant  concentrat ion (which de- 
creased the rf peak- to-peak  voltage and therefore the 
cathode bias) and to an increase in temperature.  This 
point about reactant  supply can be demonstrated in a 
somewhat different way by replott ing some of the data 
of Fig. 2 as has been done in Fig. 14. Figure 14 shows 
that al though the etch rates of both l ight ly  and very 
heavily doped single crystal silicon increase monotoni-  
cally with increasing reactant  concentration, the rate 
of increase is significantly greater  for the heavily 
doped silicon. 

i since the thickness of the polysiticon was not given by Koike 
et al., dopant concentrations could not be calculated. The au- 
thors can make an estimate: at about 75 ~/[~ [P] is about 5 x 
10 TM for a polysilicon thickness of 2 ~m and 2 x 10:~/cm ~ for a 
polysilicon thickness of 0.5 ~m. 
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Fig. 11. Extent of undercut in reactive ion etching unhanded 
wafers in chlorinated plasmas as a function of arsenic concentration 
at 0.8 W/cm" input power density, 10 mTorr total pressure. Un- 
dercut is expressed by: 

lateral distance 

vertical distance 

The distances are estimated from scanning electron micrographs of 
fractured sections, a, In 5 (A) ,  20 ( O ) ,  50 (D) ,  and 100% ( V )  
CI2; b, in 50 ( O )  and 100% CCI4, flow rate = 10 sscm (Z~), 
flow rate - -  6 sscm ( ~ ) .  

Also, the decrease in etch rate which resulted when 
(at 10 mTorr  CC14) the flow rate was reduced (and the 
rf peak- to-peak  voltage thereby increased) was 
greater  for the more heavi ly  doped wafers. Finally,  the 
loading effect in I00% CC14 was almost ten times larger  
for a wafer  doped with 1. 9. • 1021 As/cm a than for a 
very l ight ly doped wafer. 

Undercut  dur ing RIE can occur only as the result  of 
a chemical reaction in which a volatile product  is 
formed directly (i.e., without  the assistance of ion 
bombardment ) .  It is speculated that high concentra-  
tions of arsenic in silicon promote such a reaction since 
undercu t  does not  occur dur ing  RIE of l ight ly doped 
silicon using the same conditions of chlorinated species 
supply and ion bombardment .  The volume of mater ial  
removed froth beneath the mask was too large to be 
accounted for by a reaction only  of arsenic. 

Fig. 12. Scanning electron micrographs of fractured sections to 
show effect of silicon loading on profile of arsenic-doped silicon 
reactively ion etched in chorinated plasmas. The input power 
density is 0.E W/cm2; total pressure, 10' reTort; and run time, 5 
rain. a, 20% CI2 in Ar, 1.5 • 102x As/cm~, 1/16 of a masked 57 
mm wafer; b, as in a, with six additional unmasked 57 mm silicon 
wafers; c, 100% CCI4, 6.1 • 1020 As/cm s, 1/16 of a masked 57 
mm wafer; d, As in c, with one additional unmasked 57 mm silicon 
W a i f .  

Fig. 13. Scanning electron micrographs of fractured sections af 
bonded silicon wafers doped with several concentrations of arsenic 
reactively ion etched in a 100% Cl2 plasma. Input power density, 
0.8 W/cm2; total pressure, 10 mTorr; run time, 5 min. a, 3.3 X 
10 ~~ As/cm3; b, 5.2 X 102o As/cm3; c, 8.2 • 102o As/cm3; d, 
1.2 X 1021 As/cm 3. 

As it has been noted, undercut  occurs when  the con- 
centrat ion of dopant  exceeds about I020 As/cm~; the 
exact doping level at which it is first seen depends on 
the na tu re  of the reactant,  its concentrat ion in the feed 
gas, the substrate temperature,  and the run  time. It 
required a higher concentrat ion of CC14 than C12 in the 
feed gas to produce an undercut .  The max imum unde r -  
cut was almost twice as great in C12 as in CC14. Cooling 
the substrates to 25~ completely e l iminated under -  
cutt ing in CC14 plasmas and in 50% C12. The differ- 
ence between the plasmas may be due to the fact that 
in CC14 sidewall passivation (7) (by recombinat ion or 
oligerimization) may provide addit ional  protection 
against  undercut .  Since undercu t  is due to a pure ly  
chemical reaetion, it is not unexpected that  reducing 
the tempera ture  inhibi ts  it. 

The authors a t t r ibuted the higher etch rates observed 
for very heavily doped wafers, par t icular ly  at high 
reactant  concentrations, to the increasing importance 
of. the chemical component  of RIE. However, since the 
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trend. This is seen c lear ly  in Fig. 15 in which the 
quan t i ty  ( a / D ) - z  (which is an approx ima te  measure  
of e lectron concentra t ion)  and the etch rates  of un -  
bonded wafers  in 50% CCl4 and C12 are  plot ted as a 
function of arsenic  concentrat ion,  as wel l  as in the 
resul ts  of Koike  on phosphorus -doped  polysil icon. 
F rom Koike 's  results,  one might  conclude that  signifi- 
cant  etch ra te  accelera t ion occurs when  phosphorus-  
doped silicon becomes degenerate .  In  a r sen ic -doped  
s ing le -c rys ta l  silicon, the fact  tha t  the ca r r i e r  concen- 
t ra t ion  increases more  s lowly  than the atomic concen- 
t ra t ion (above about  10e0/cm 3) has been a t t r ibu ted  to 
cluster  format ion  (8). There  appears  to be a corre la t ion 
be tween  the onset of c lus ter ing and the onset  of etch 
ra te  accelera t ion  and undercu t  in RIE of the doped 
s ing le -c rys ta l  silicon in CC14 and C12. I t  is not known 
whe ther  this is a coincidence or  whe ther  this suggests  
a mechanism.  Al though the s t ruc ture  of the cluster  
has not been de termined,  a configuration, A s - V - - - A s ,  
has been proposed  (10). The s tabi l ized doubly  charged  
negat ive  vacancy  may  p lay  a role in enhancing the 
chemical  component  of the etching reaction.  

To dis t inguish be tween  the impor tance  of arsenic in 
clusters and the impor tance  of free car r ie rs  (electrons)  
in etch ra te  accelera t ion and l a te ra l  e tching in RIE of 
heavi ly  doped ( >  102o As/cmS),  the fol lowing exper i -  
ment  (which the authors  were  unable  to do) should be 
instruct ive.  By the use of laser  anneal ing,  silicon can 
be doped b y  ion implan ta t ion  with  e lec t r ica l ly  active 
arsenic  above its so lubi l i ty  l imit .  Therefore,  one could 
compare  etch rates  and ex ten t  of undercu t  of l aser -  
annea led  si l icon and l a se r - annea led  silicon which was 
subsequent ly  t he rma l ly  annea led  to form clusters.  

In  phys ica l  sput ter ing ,  t renching  has been a t t r ibu ted  
to the dependence  of  spu t te r ing  yield .on the angle of 
incidence of the bombard ing  ions, fo rward  sput ter ing,  
and  enhancement  of the ion flux at  mask  edges. P r ev i -  
ously (1), the  authors  had  re la ted  t renching  dur ing  
RIE of  l igh t ly  doped silicon in chlor ina ted  p lasmas  to 
the spu t te r ing  component  of RIE; they  repor ted  a cor-  
respondence be tween  the ex ten t  of grooving and the 
RIE pa rame te r s  such as input  rf  power  and frequency,  
sys tem pressure,  ion mass, and loading.  While  spu t te r -  
ing effects undoub ted ly  a re  operat ive,  they  cannot  ex -  
plain all  the observat ions  repor ted  in this paper .  

unde rcu t  reaches a l imit ing value,  less than  one, it  
appears  that  the pu re ly  chemical  react ion has a l imi ted  
effect on the etch ra te  in the absence of the synergis t ic  
in teract ion of chemis t ry  and ion bombardment .  

How does a r e l a t ive ly  smal l  amount  of arsenic in 
silicon, i.e., 0.2-3 a/o,  resul t  in an accelera t ion  of the 
etch ra te  and undercu t  of the mask? Boron doping does 
not  have the same effect. Mogab and Levins te in  (7) 
a t t r ibu ted  the enhancement  of the etch ra te  of phos-  
phorus -doped  (5 • 10 -4 12cm) po lycrys ta l l ine  silicon 
(in C2FdC12 mix tures  in a high p res su re /h igh  flow 
reactor)  and the difference be tween  boron and phos-  
phorus doping, to the presence in P -doped  polysil icon, 
to a high concentrat ion of free electrons which increase 
the ra te  of chemisorpt ion of C1 atoms. Certainly,  the  
fact that  there  is no accelera t ion  in etch rate  when 
silicon is heav i ly  doped with  boron makes  the role of 
electrons plausible.  However ,  if high concentrat ions  of 
electrons,  pe r  se, are  responsible  for the increase  in 
the ra te  of the  e tching reaction, it  is reasonable  to 
expect  some corre la t ion be tween  the change in e lec t ron 
concentra t ion and the change in etch ra te  as the doping 
level  is increased.  

The concentra t ion of electrons in n - t ype  silicon in-  
creases monotonica l ly  wi th  increas ing dopant  concen- 
t ra t ion  in the range  1016-1020/cm3, a l though the ra te  of 
increase decreases m a r k e d l y  at the h igher  (i.e., 
> 3 • 1020/cm3) dopant  concentrat ions  (8, 9). How-  
ever, the etch rates  of n - t y p e  si l icon do not pa ra l l e l  this 
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Chemical  effects also contr ibute  to t rench formation.  
For  example ,  in 20 and 50% C12 plasmas,  t renches  of 
different  depths  were  formed on wafers  etched at the 
same time. There  was a corre la t ion  be tween  the 
t rench depth  and the concentra t ions  of both reactant '  
and dopant .  Despi te  the lower  cathode bias in 50% C12, 
compared  with  20% C12 the t renches  were  deeper  a f te r  
RIE in 50% C12. In 100% CI~, however ,  the lower  
cathode bias seems to be the dominan t  factor;  t renches  
were  shal low and the same for al l  the a r sen ic -doped  
wafers  despi te  the h igher  r eac tan t  supply.  The  authors  
cannot  expla in  the resul ts  obta ined in the CC14 plas-  
mas;  the ex ten t  of t renching fol lowed no consistent  
pa t t e rn  wi th  respect  to cathode bias, reac tan t  supply,  
or dopant  concentrat ion.  

Conclusions 
Doping of sil icon with  arsenic increases the chemical  

component  of etching re la t ive  to the ion-ass is ted  com- 
ponent  when react ive  ion etching silicon in chlor inated  
plasmas.  As the chemical  component  becomes more  
impor tant ,  the dependence  of etch ra te  on t empera tu re  
becomes more  pronounced  and etch profiles become 
more  isotropic.  The exact  dependencies  of etch ra te  and 
etch profile on tempera ture ,  r eac tan t  concentrat ion,  
r eac tan t  flow, and wafer  load are different  for CC14 and 
C12 plasmas,  bu t  both p lasmas  exhib i t  a combinat ion  
of free radica l  and ion-ass is ted react ions as the 
arsenic  concentra t ion exceeds 102~ 3. 

The mechanism by which arsenic  enhances the re-  
action ra te  of silicon is in question. The etch ra te  does 
not corre la te  wi th  free e lec t ron densi ty  which could 
enhance C1 adsorpt ion.  Clustering,  which is opera t ive  
in the As-S i  system above about  1020/cm 3 As, coincides 
wi th  the  onset  of etch ra te  accelerat ion,  but  the role 
tha t  a c luster  would  p l ay  in etching needs fu r the r  
invest igat ion.  
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Properties of Hot-Pressed Zirconium Pyrovanadate Ceramics 
R. C. Buchanan* and G. W. Wolter 

Department of Ceramic Engineering, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801 

ABSTRACT 

Zirconium pyrovanadate powders prepared from solution precipitation and by solid-state reaction were hot pressed 
below 80022. Unit cell parameter and thermal expansion were found to have a negative slope above 15022, attributed to 
flexing of the bond angles in the ZrV~O7 structure. Thermal expansion coefficient determined was 72 x 10 -7/~C. Electrical 
conductivities measured were in the range I0 -~ -10 -6 (~-cm) -I at 2522 with activation energy of 0.2 eV. Conduction was de- 
termined to be n-type and was attributed to the presence of V 4+ ions in the hot-pressed ZrV20~. Infrared transmission was 
significant in the range 2.5 -i0/xm with a maximum (85%) at 7.5/xm. 

Although zi rconium pyrovanada te ,  ZrV20~, was first 
r epor ted  in 1942 by  Peyrone l  (1), ve ry  l i t t le  has been 
repor ted  concerning its proper t ies .  This is due to the 
difficulty of forming high pur i ty  ZrV~O7 since the re-  
act ions involved  in the fo rmat ion  are  ex t r eme ly  slow. 
Also, the re  is difficulty in ob ta in ing  dense compacts  of 
the mater ia l ,  owing to i ts t endency  to decompose in 
the t empe ra tu r e  r ange  where  normal  so l id-s ta te  s in-  
te r ing  would  occur. 

The sys tem V20~-ZrO2 was s tudied by  Burdese  and 
Bor le ra  (2) and by  Ciril l i ,  Burdese,  and Brisi  (3). 
Only  one compound,  ZrV207, was found to exis t  in 
the system. It  mel ts  incongruen t ly  at 747~ to ZrO2 
plus a l iquid of composit ion 64% V205-36% ZrO~ 

* Electrochemical  Society Act ive  Member. 
Key words: inorganic, infrared, synthesis,  conductance.  

which melts  at  about  670~ No areas  of solid solu-  
b i l i ty  were  repor ted .  

Zirconium py rovanada t e  has been  p repared  by  two 
methods:  a solut ion method  r epor t ed  by  Peyrone l  (1) 
and by  the d i rec t  react ion of ZrO2 and V20~ (2-5) .  
The method  repor ted  b y  Peyrone l  involved  the re -  
act ion of NH4VO~ and Z r O ( N Q ) a  in aqueous solu-  
t ion in the presence of  H~O2. In the  pH range  f rom 2.1 
to 6.9, a z i rconyl  vanadate ,  3ZrO2 �9 2V205 �9 9H20, was 
formed.  The z i rconyl  vanada te  was ye l low in color, 
amorphous,  and insoluble  in water .  If  the pH of the 
solut ion was be low 3.0, HVO~ was also formed and 
was absorbed on the surface of the 3ZrO~ �9 2VeO5 

9H~O. Af t e r  hea t ing  to 260~176 these adsorpt ion  
products  decomposed to form ZrV2OT. 
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Format ion  of ZrV~O~ by direct  react ion of ZrO~ 
and V20~ has been repor ted  by  Burdese and Bor le ra  
(2), Craig and Hummel  (4), and Pedregosa  et aI. (5). 
Incomplete  format ion  of the  ZrV207 was repor ted  
af ter  react ing a s to ichiometr ic  mix tu re  of ZrO2 and 
V205 for 1000 h r  at t empera tu re s  of 650~176 The 
react ion vcas descr ibed as "ex t r ao rd ina r i ly  slow". 

Reactions in the system ZrOz-V205 were  s tudied  by  
Tsuji i  et al. (6). High t empera tu re  x - r a y  diffraction 
(XRD),  d i f ferent ia l  t he rmal  analysis  (DTA), and inf ra-  
red spectroscopy were  used to examine  the reactions.  
The decomposi t ion of ZrV2~)7 to ZrO2 plus l iquid was 
repor ted  to occur at t empera tu re s  above 800~ 

The crys ta l  s t ruc ture  of ZrV207 has been de te r -  
mined to be cubic wi th  a repor ted  la t t ice  constant  of 
8.74A [Peyronel  (1)] ,  8.742A [Burdese and Bor le ra  
(2)] ,  8.777A [Craig and Hummel  (4)] ,  and 8.787A 
[Pedregosa  et  al. (5)] .  This resul ts  in a theore t ica l  
densi ty  of 2.93 g / c m  3. 

The space group of ZrV207 was de te rmined  to be  
Pa3 by  Pedregosa  et al. (5), using x - r a y  powder  
diffract ion methods.  The Pa3 space group is typica l  of 
many  MeX207 compounds,  such as the  ZrP2Ov. s t ruc-  
ture.  The ZrP207 structure,  consists of an NaCl- l ike  
d is t r ibut ion  of Zr 4+ and P2074- ions (7). Each Z r  ~+ 
ion is su r rounded  by  six O 2-  ions. Levi  and Peyrone l  
(8) repor t  tha t  the P2074- groups in the ZrP207 l a t -  
tice are  cen t rosymmet r ic  and occupy the special  posi-  
tions in the Pa3 lattice.  

The the rmal  expans ion  behavior  for ZrV~O7 was 
inves t iga ted  by  Craig and Hummel  (4). Two rap id  
revers ib le  invers ions were  repor ted  at about  80 ~ and 
100~ Above 150~ the  expansion was found to be 
negative,  wi th  an expansion coefficient of --68 X 
10-7/~ be tween  200 ~ and 600~ Hot s tage XRD was 
used to de te rmine  the effect of t empera tu re  on the 
unit  cell  dimensions.  The var ia t ion  in ao wi th  t em-  
pe ra tu re  was found to be s imi la r  to the bu lk  the rmal  
expansion.  The two low t empera tu re  inversions re -  
por ted  by  Craig and Hummel  (4) were  appa ren t ly  
t ransi t ions from a low t empera tu re  cubic s t ruc ture  
to a high t empera tu re  s t ruc ture  which is also cubic. 
The large area  of negat ive  expansion p robab ly  re-  
su l ted  f rom the open s t ruc ture  of the ZrV207 which 
allows changes in coordinat ion or  bond angles wi thout  
drast ic  changes in the s t ructure .  S imi la r  behav ior  was 
noted by  Harrison,  McKinst ry ,  and Hummel  (9) for 
ZrP207 and other  MeX207 compounds.  

The pronounced negat ive  expansion and uni t  cell 
character is t ics  sugges ted  in teres t ing  anomalies  in the 
e lectr ical  proper t ies ,  analogous to the ZrP207 (7). 

The goals of this s tudy,  therefore,  were  to inves t i -  
gate hot  press ing as a technique for producing  dense 
samples  of ZrV2OT, and to character ize  the samples  
produced,  wi th  respect  to micros t ructure ,  optical,  and 
electr ical  propert ies .  

Experimental 
Zirconium py rovanada t e  powders  used in this s tudy 

were p repared  both f rom solut ion prec ip i ta t ion  and 
by so l id -s ta te  reaction.  For  the solut ion prepara t ion ,  
reagent  grade NH4VOs and Z r O ( N Q ) 2  powders  were  
used as precursors .  A typ ica l  batch consisted of 13.96g 
NH4VO3 and 15.94g ZrO (NO3)2. The const i tuents  were  
dissolved s epa ra t e ly  in 500 ml of deionized water ;  
however,  the NH4VO3 solut ion requi red  heat ing to 
near  boil ing to achieve complete  dissolution. The 
ZrO(NO3)2 solut ion plus 70-80 ml  of H202 was then 
added  to the  NH4VO3 solution, while  s t i rr ing.  Af te r  
the react ion subsided,  t h e  pH was ad jus ted  t o  2.5-2.8 
by  adding ni t r ic  acid. The resul tan t  p rec ip i ta te  on 
cooling was separa ted  from the superna te  by  vacuum 
filtration. Calcinat ion of the prec ip i ta te  above 350~ 
for 8 h r  p roduced  ZrVzOT. Any  unreac ted  V205 p res -  
ent  (de te rmined  f rom DTA and XRD) could be sub-  
s tan t ia l ly  removed  by  mi l l ing  of the powders  in de-  
ionized water .  

To obta in  the so l id - s t a t e - r eac ted  powders ,  ZrO2 and 
V~O5 powders  were  combined in equimolar  rat ios  to 
obta in  a 100g batch. The mixed  powders  were  p laced  
in a p l a t i num crucible  and reac ted  in a i r  at  650~C for 
72 hr, 700~C for 48 hr, and 720~ for 50-250 hr. Ap-  
p rox ima te ly  every  25 hr, the react ion products  were  
crushed wi th  a mor ta r  and pest le  and  examined  by  
XRD and DTA. The final powder ,  which  was de te r -  
mined to be ZrV2OT, was obta ined  af ter  calcination 
at  720~ for  240 hr.  F igure  1 shows the react ion se-  
quence f rom ini t ia l  powder  to ZrV207 product .  The 
ZrV207 powder  was then mi l led  for 6 hr  in po lye thy l -  
ene ja rs  wi th  zirconia  balls  to reduce the  par t ic le  size. 

Hot press ing was used to densi fy  the ZrV~O7 sam-  
ples. Hot press ing was employed  since normal  solid.- 
state s inter ing would  not  p roduce  dense compacts  due 
to the low decomposi t ion t empe ra tu r e  for ZrVzOT, 
which is shown in Fig. 2 to be 840~ The decomposi-  
t ion effect ively l imi ted  hot  pressing t empera tu res  to 
be low 800~ 

The hot pressing appara tus  used consisted of a press  
wi th  furnace,  wa te r -coo led  platens,  t empe ra tu r e  con- 
t rol ler ,  and  dia l  gauge to measure  p la ten  movement .  
Severa l  die mater ia l s  were inves t iga ted  including 

Zr02 ~. V205 
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Fig. 1. X-ray diffraction patterns showing progressive formation 
of ZrV207 from powder reactants ZrO~ and V205 taken at various 
calcination times and temperatures. 
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Fig. 2. Typical DTA curve for solid state reacted ZrVe07 powder 
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graphi te ,  s tainless steel, boron n i t r ide  and alumina.  
Alumina  was f inal ly chosen as the die mater ia l .  
Graphi te  dies proved  unsa t i s fac tory  since they  r e -  
duced the ZrV207 sample.  Stainless  s tee l  and boron 
n i t r ide  dies de tormed  under  load at  press ing t empera -  
tures, r ender ing  sample  eject ion impossible  wi thout  
des t roying  the die. Boron n i t r ide  also appeared  to 
reduce the sample,  a l though not  as d ras t ica l ly  as 
graphite .  A lumina  was found to possess sufficient hot 
s t r eng th  to serve a s  a die mater ia l .  However ,  a eu-  
tectic r epor t ed  be tween  V205 and A1203 at 658~ (10) 
suggested the poss ib i l i ty  of a reac t ion  be tween  the 
ZrV207 and the die. This react ion was e l imina ted  by  
encasing the sample  in p l a t i num foil. The punches 
were  made  of 12.5 m m  diam McDaneP 998 alumina,  
and the die was a 13 m m  ID McDanel  ALGT 
3106 a lumina  tube wi th  a j acke t  of cas table  ref rac tory .  
The dense a lumina  tube  p rov ided  the rmal  mass to re -  
duce t empe ra tu r e  f luctuat ion of the die. The furnace  
used was a w i r e - w o u n d  kan tha l  tube furnace.  P res -  
sures up to 80 MPa were  typ ica l ly  used at  d ie  t em-  
pe ra tu res  jus t  be low 820 ~ 

F o r  hot  pressing,  the ZrVeO7 powder  was prepressed  
at 35 MPa in a 12.7 m m  steel  die wi th  a hand  hydrau l i c  
press to provide  mechanica l  s t rength  for  sample  
handl ing.  The prepressed  sample  was placed in the  
hot press  (a lumina)  die assembly  and was hea ted  
f rom room t e m p e r a t u r e  to 700~ in 1 hr.  The heat ing 
ra te  was then reduced,  and at  ,~20~176 be low the 
desired press ing t empera tu re  (75'00 ___ 10~ pressure  
(80 MPa)  was appl ied  to the  sample.  The press ing 
t ime (60-90 min), t empe ra tu r e  and p la ten  posi t ion were  
recorded.  The ac tua l  sample  t empera tu re  was about  
50~ lower  than  the measured  die t empera ture .  After  
the sample  was hot  pressed for the  des i red  t ime at  
t empera ture ,  the  pressure  was released,  the bot tom 
punch suppor t  removed,  and the  press  was used to 
eject  tl~e sample  th rough  the lower  end of the die. The 
sample  was a l lowed to cool slowly,  res t ing on the 
bo t tom punch  in the  lower  pa r t  of the furnace.  

Low t empera tu r e  react ions  in the  ZrVzOz powders  
were  inves t iga ted  using a pressure  DSC cell wi th  a 
du Pont  900 t he rma l  analyzer .  DTA and TGA analyses  
were  also made  on the powders .  Powder  samples  as 
wel l  as crushed ho t -p ressed  ZrV207 samples  were  
ana lyzed  b y  XRD. A Phi l l ips  Norelco d i f f rac tometer  
wi th  monochromete r  and  D e b y e - S c h e r r e r  powder  
c~,mera were  used in the analysis  wi th  n ickel  f i l tered 
copper  K ,  radiat ion.  Lat t ice  pa r ame te r  var ia t ions  
wi th  t empe ra tu r e  were  inves t iga ted  using a hot  s tage 
and pulse  height  ana lyzer  (PHA)  wi th  the diffrac- 
tometer .  

The in f ra red  absorpt ion  spectra  was inves t iga ted  us-  
ing a Beckman 12 spec t rophotometer  and a Cary 14 
spec t rophotometer .  Samples  consisted of 1 m g  of 
ZrV207 in 200 mg of KBr  pressed into a pellet .  Ab-  
sorp t ion  spec t ra  f rom 2.5 to 35 ~m were  obta ined with  
the  Beckman unit, and  spec t ra  f rom 0.6 to 2.6 ~m 
were  measured  wi th  the Cary  14 unit.  

Elect ron pa ramagne t i c  resonance (EPR) was used 
to de te rmine  the presence of V 4+ ions in calcined 
ZrV207 powder  and crushed ho t -p ressed  samples.  
Since the  E:PR s ignal  is dependen t  on the number  of 
unpa i red  electrons in the ma te r i a l  be ing  examined  
and none of the ions in the ZrV207 n o r m a l l y  has un-  
pa i red  electrons; an EPR signal  should resul t  only  
when V 4+ ions (unpa i red  d 1 electrons)  are  present .  
Samples  for  EPR consisted of 70 ~m sized powders  
which were  p laced in fused quar tz  tubes 4 m m  diam 
and 8 cm long. A Var ian  EPR uni t  was used for mea -  
surements .  Al l  measurements  were  made at room 
tempera tu re .  Microwave  frequencies  of 9.1-9.3 GHz 
and a scan range  f rom 2200-4200 gauss was covered. 

The micros t ruc ture  of f rac tu red  and pol ished sec- 
tions for ho t -p ressed  ZrV207 were  examined  using 

McDanel Corporation, Beaver Falls, Pennsylvania. 

JEOL JSM U3 scanning e lect ron microscope. Ene rgy  
dispers ive  x - r a y  analysis  (EDAX) was used to de te r -  
mine  e lementa l  d is t r ibut ion  in the samples.  The the r -  
mal  expansion of ZrV207 was de te rmined  using a 
modified du Pont  940 the rmochemica l  ana lyzer  
(TMA).  The sample  size used was 6 m m  and the hea t -  
ing ra te  was 10~ Expansion was measured  
from 22 ~ to 500~ The ins t rument  was s tandard ized  
using A1, Fe, and quar tz  s tandards .  

Samples  for e lec t r ica l  measurements  were  lapped  
p lane  pa ra l l e l  and e lec t roded with  a p l a t inum paste  
which was fired on at  600~ for 10 rain. D-C conduct iv-  
i ty  was measured  as a function of t empe ra tu r e  over  
the range  22~176 using an e lec t rometer .  A - C  elec-  
t r ica l  p roper t ies  were  measured  using a Hewle t t -  
Pa c ka rd  4815A impedance  bridge.  Measurements  were  
made at  a f requency  of 1 MHz. The sample  impedance  
(Z) and phase  angle (o)  were  measured  at t em-  

pera tu res  f rom 22 ~ to 500~ 
The type  of charge  car r ie r  p resen t  in ZrV20~ was 

de te rmined  f rom the thermoelec t r ic  or Seebeck effect. 
A t empera tu re  grad ien t  p laced across the ma te r i a l  
caused the ma jo r i t y  carr iers  f rom the higher  t em-  
pe ra tu re  region to diffuse toward  the colder  regions. 
This resul ted  in a vol tage being developed across the  
sample,  which was detected wi th  a ga lvanometer ,  the 
direct ion of this vol tage indica t ing  the car r ie r  type. 

Results and Discussion 
The ZrV207 powders  p repa red  from aqueous solu-  

t ion and by so l id - s ta te  reac t ion  showed essent ia l ly  
s imi lar  proper t ies .  With  the aqueous solut ion method 
of p repara t ion ,  pH control  in the range 2.2-3.0 was 
necessary,  but  o therwise  the  ZrV207 compound was 
read i ly  obtained.  

The so l id -s ta te  reac t ion  of ZrO~ and V205 to form 
ZrV:zO~ was confirmed to be ve ry  slow. This can be 
seen f rom the XRD pa t te rns  shown in Fig. 1. Af te r  72 
hr  of calcining at  650~ the  react ion was incomplete.  
X-~,ay dif f ract ion peaks  indica ted  tha t  significant 
amounts  of ZrO2 and V205 were  st i l l  present .  Af ter  
240 hr  at  720~ a t race of the VzO5 (110) peak  was 
sti l l  evident .  Powders  were  calcined unt i l  no t race of 
the  ini t ia l  oxides could be detected from the diffrac- 
t ion pat terns .  This ma te r i a l  was de te rmined  to contain 
less than  0.5 weight  percent  (w /o )  unreac ted  oxides 
f rom DTA studies. 

The crys ta l  s t ruc ture  for ZrV~O7 was found by  XRD 
analysis  to be p r imi t ive  cubic, wi th  a la t t ice  constant  
of 8.778A corresponding to a theore t ica l  dens i ty  of 
2.997 g / em 3. The var ia t ion  of the la t t ice  constant  wi th  
t empera tu re  was s imi la r  to that  obta ined  b y  Craig 
and Hummel  (4). The la t t ice  size increased up to 
150~ with  a sudden change in ao at  8O~ Above 
150~ the la t t ice  constant  decreased l inear ly .  Except  
for  the shift  in d spacings due to the var ia t ion  of ao, 
the XRD pa t te rns  were  ident ica l  at  al l  t empera tures .  
No ext inc t ion  or change in in tens i ty  of any  peak  was 
noted. 

A DTA heat ing  trace for the ZrV2OT sample  p re -  
pared  by  so l id-s ta te  react ion is given in Fig. 2. Only 
the mel t ing  endotherms for  the V2O5 (670~ and 
ZrV207 (840~ were  observed,  in contras t  to the 
p rec ip i t a ted  powders  where  seve ra l  lower  t e m p e r a -  
ture  events  were  noted. DSC studies of the ZrV207 
also showed revers ib le  endothermic  react ion peaks at  
78 ~ and 107~ These endotherms correspond to DTA 
endotherms repor ted  b y  Craig and H u m m e l  (4) and 
were  only observed in samples  calcined above 650~ 
These react ions appea r  to be t ransi t ions  f rom a low 
t e m p e r a t u r e  cubic phase to high t empe ra tu r e  cubic 
ZrV2OT, s imi lar  to the t rans i t ion  observed  in ZrP207 
by  Harr i son  et at. (9).  This t rans i t ion  in ZrP207 was 
de te rmined  b y  Lazerev  and Tenisheva (10) to be a 
resul t  of bond angle changes wi thin  the P2074- group, 
changing f rom a "bent"  s t ruc tu re  to a s ta t i s t ica l ly  
cen t rosymmet r ic  s t ructure .  This s t ruc tu ra l  r e a r r a n g e -  
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merit between the low and high temperature cubic 
phases appears to be subtle since XRD studies showed 
no intenstty change in any peak as the temperature 
was varied. 

Samples hot pressed under the conditions of 70-.80 
MPa at 740~176 for 60-90 min gave densities in 
the range 2.84-2.86 g/cm~ (>95% theoretical).  The 
samples were brown m color, with the center portion 
occasionally being darker  than the edges, due possibly 
to v.ariation of oxygen partial  pressure over the sam- 
ple during hot pressing. Rupture strengths for the 
dense samples were estimated to be in the range 70- 
130 MPa. Samples which were hot pressed above 
770~ appeared to consist of two phases. These sam- 
ples showed lower strength and higher porosity and 
were not used for property measurements. 

Figures 3a and 3c show, respectively, SEM photo- 
micrographs of the solid-state-reacted (calcined) and 
solution-precipitated powders. The corresponding 
fracture sections for the hot-pressed samples are 
shown in Fig. 3b and 3d. Comparison of the two s tar t -  
ing powders showed the particles of the calcined ma- 
terial to be larger (2.0 v s .  0.6 ~m average particle size) 
and more spherical, compared to the more acicular- 
shaped precipitated particles (Fig. 3c). 

Figures 3b and 3d show significant grain growth 
occurring in the hot-pressed samples. However, the 
relative size and shape differences remain (,~7.0 v s .  

2.0 #m), as can be seen from Fig. 3d which show 
sharply angular grains (and high density) for the hot- 
pressed precipitated powder. Figure 3b and 3d show 
little evidence of plastic flow in the hot-pressed sam- 
ples. Considering the relat ively low hat pressing tem- 
perature and time (750~ hr) ,  the most likely 
mechanism for the marked densification and grain 
growth observed for the ZrV207 samples is liquid 
phase-assisted sintering. The liquid would be pro- 
vided by the residual V205 content (,~0.5 w/o)  in the 
prepared powders. However, no second phase was de- 
tected in any of the hot-pressed samples examined. 
Vanadium EDAX scans of polished sections showed no 
anomalously high concentrations nor any evidence of 
a vanadium rich phase in the grain boundaries, ex- 
cept possibly at some triple point regions. This would 

be expected from the low free V content and is con- 
sistent also with a liquid phase-assisted mechanism. 

The infrared absorption spectrum for ZrV207 was 
measured from 0.7 to 40 #m. The spectrum Irom 2.5 to 40 
~m is shown in Fig. 4. Absorption bands were observed 
at 25.6, 14.3, and 11.8 ~m, in agreement with the re- 
sults of Hubin and Tarte (12). The peak at 25.6 #m 
was at tr ibuted to the antisymmetic deformation of the 
VO3 group. The other two peaks were attributed to 
valence vibrations of the VOa group, one symmetric 
and the other (11.8 ~m) antisymmetric. 

Significant infrared transmission is seen to occur 
throughout the range 2.5 to 10 .~m with 85% transmis- 
sion at the 7.5 ~m peak position. The small absorption 
peak at 6.13 ~m (0.2.02 eV) corresponded closely to the 
measured activation energy for electrical conduction in 
the ZrV207 samples. This very l ikely represents, there- 
fore, the absorption or activation energy for electron 
hopping between V 4+ and V 5+ ions. For  the near in- 
frared region, the infrared spectra showed a gradual 
decrease in tr.ansmission from 2.5 to 0.6 #m, except for 
an absorption band at 2.19 ~m which was not previ-  
ous ly  reported, since studies did not include these 
wavelengths. 

The thermal expansion curve determined for the 
hot-pressed ZrV207 is shown in Fig. 5. The curve is 
similar to that obtained by Craig and Hummel (4) 
and to the measured x- ray  expansion data. The ma- 
terial expanded l inearly up to 70~ at which point 
there was a sudden expansion. Expansion continued 
up to 120~ Above 150~ there was negative linear 
expansion up to at least 400~ Above 400~ the 
TMA data were not reproducible due to equipment 
limitations. Also, the error  in :XRD measurements 
increased due to broadening of the diffraction peaks. 
However, the negative expansion appeared to con- 
tinue above 400~ as reported by Craig and Hummel 
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Fig. 4. Infrared absorption spectrum for ZrV207 sample (30-2.5 
~m). 
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Fig. 3. SEM photomicrographs of ZrV207 samples: a) solid-state- 
reacted powder with b) hot-pressed fracture section and c) pre- 
cipitated powder with d) hot-pressed fracture section. 
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ilar for both solid-state-reacted and precipitated ZrV2OJ. 
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(4). The high temperature expansion was determined 
to be --72 • 10-7/~ This negative expansion ap- 
pears to be due to a rearrangement in the ZrV207 
structure, l ikely a change in the angle of the V-O-V 
bonds in the V2074- group. This type of bond angle 
change has been reported for similar compounds (11). 

Typical electrical conductivity values obtained for 
ZrV~O7 ranged from 10-s-10 -6 G2-cm) -1 at 25~ 
depending on sample preparation. Arrhenius plots of 
the data are shown in Fig. 6. These plots show linear 
behavior throughout the temperature range w i t h  a 
smalL deviation from l ineari ty at about 80~ This 
temperature corresponded to the transition noted 
from DSC and thermal expansior~ data. 

The activation energy for conduction, Ea, was de- 
termined to be 0.20 _ 0.01 eV in line with the infrared 
absorption band seen at 0.202 eV. This activation energy 
was identical to that obtained by Allersma e ta l .  (13) 
for V205 which had a conductivity three orders of 
magnitude higher than ZrVaOT. The activation energy 
for V~O5 was at tr ibuted to the mobil i ty for electron 
hopping from V 4+ to V ~-~ ions (13-15). Since EPR 
measurements indicated that V 4+ was present in the 
hot-pressed ZrV~O7 samples (Fig. 7), a similar con- 
duction mechanism can be proposed. The lower conduc- 
t ivity for the ZrV207 samples as compared to that of 
V20~ may be at tr ibuted to the lower concentration of 
V 4+ ions. The carrier  concentration was not deter-  
mined, but Seebeck effect measurements showed 
ZrV207 to be an n- type conductor which also agrees 
with the proposed conduction mechanism. 

The activation energy was similar for hot-pressed 
samples prepared from both solid-state-reacted and 
precipitated powders. Conductivity values, however, 
were an order of magnitude higher for the solid- 
s tate-reacted powders. This agreed with the higher 
V 4+ content indicated from the EPR measurements 
(Fig. 7). The conductivity of the solid-state reacted 

powders could, however, be decreased to that of the 
precipitated ZrV~O7 by annealing in air at 700~ 
which treatment would have the effect of decreasing 
the V 4+ content. 

A-C impedance and phase angle data for the ZrV207 
are shown in Fig. 8. An impedance bridge was used 
for measurements since the material  was too lossy 
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Fig. 7. Typical EPR spectrum for precipitated and solid-state- 
reacted ZrV207 samples showing V 4+ peak in the reacted sample. 

for measurements with a capacitance bridge. The 
results are 'as  expected for a lossy dielectric. Measured 
impedance vaIues were low (Z .-~ 1000~) which in- 
dicated a high concentration of charge carriers. The 
impedance decreased rapidly with temperature,  ac- 
companied by a phase angle change from near --90 ~ 
(a pure capacitor) at low temperature to near 0~ 
(a pure resistor )a t  high temperature. These changes 
reflect an increase in carrier mobility with tempera-  
ture. It was also noted that the impedance for the 
samples formed from the precipitated powders was 
higher than that for solid-state-reacted powders in- 
dicating lower carrier concentration, in agreement 
with the d-c conductivity data. 
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Fig. 8. A-C dielectric properties of hot pressed ZrV207 samples: 
a) solid-state-reacted ZrV207, and b) precipitated ZrV~07. 
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Summary 
1. Zirconium py rovanada t e  was p repa red  by  sol id-  

s ta te  react ion of ZrO2 and  V~O5 and by solut ion reac-  
tion of NH4VO3 and ZrO (NO3)2. 

2. Hot pressing was used to dens i ty  ZrV207 to 
g rea te r  than 95% of theore t ica l  density.  The resul t ing  
samples  were  de te rmined  to be s ingle-phase .  

3. Normal  the rmal  expansion was observed to 120~ 
with two areas  of rap id  expansion noted at  78 ~ and  
l l0~  corresponding to revers ib le  endothermic  re-  
actions. These react ions  were  a t t r ibu ted  to sl ight  
angular  r ea r rangemen t s  wi th in  the ZrV207 crysta l  
lat t ice.  

4. A large a rea  of negat ive  the rmal  expansion was 
observed above 150~ The expansion coefficient de-  
t e rmined  w a s - - 7 2  • 10-7/~ 

5. Elect r ica l  conduct ion was found to be due to V 4+ 
defects in the  ma te r i a l  which al lowed e lec t ron hop-  
ping be tween  V 4+ and V 5+ cations. The act ivat ion 
energy  for conduct ion was 0.2 eV with  conduct iv i ty  
values in the range of 10-5-I0 -.6 (12-cm)-I  a t  room 
tempera ture .  Conduct ion was de t e rmined  to be n-  
type. 

6. A-C  impedance  measurements  indica ted  h igh  
car r ie r  concentra t ion and mobi l i ty  for the ho t -pressed  
ZrV207. 
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ABSTRACT 

Autodoping exper iments  were performed using a radiat ion-heated Appl ied Materials Corporation (AMC) 7600 epitaxial  
reactor, (100) n-doped silicon wafers, arsenic-doped buried layers (subcollector) of total implanted or diffused dose of 7 • 
1015 - 3 • 1016 cm -2, and buried layer areas between 10 and 100% wafer area. Intentionally undoped epitaxial  layers of 1.4 ~m 
thickness Were grown. The lateral autodoping was found to be very uniform with no distinct  flow pat tern-induced spatial 
distribution. Autodoping follows a square root law with respect  to buried layer area. Autodoping shows a l inear relationship 
with respect  to buried layer doping. An analysis of the buried layer doping profile identifies the out-diffusion source with 
electrically inactive arsenic, about 50% of total implanted or diffused dopant. Less than 1% of the out-diffusing arsenic is 
incorporated into the wafer surface and growing epitaxial  layer. 

The out-dif fus ion of dopants  oa t  of h igh ly  doped 
wafer  areas  dur ing  the ep i tax ia l  process and the in-  
corporat ion into the wafer  surface du r ing  p rebake  
and into the  growing ep i tax ia l  l ayer  dur ing  deposi-  
t ion is cal led autodoping.  Various papers  have ap-  
pea red  to descr ibe this undes i red  ep i tax ia l  doping 
and the dependence  on process pa ramete r s  l ike p re -  
bake  time, p rebake  t empera tu re ,  hydrogen  veloci ty  
and pressure  wi th in  the ep i tax ia l  reactor ,  and growth  
rate.  A rev iew of many  impor tan t  resul ts  and an 
ex tended  b ib l iog raphy  is given in the  repor t  by  
Sr in ivasan  (1). Most authors  use r f -hea t ed  ep i tax ia l  
reac tors  wi th  defined hor izonta l  H2 gas flow which  
resul ts  in a d is t inct  flow pa t t e rn  wi th in  the auto-  

* Electrochemical Society Active Member. 
Key words: epitaxy, impurity, mass transport. 

doping ,distribution, the so-ca l led  l a te ra l  autodoping.  
Only the work  publ ished by  Lewe (2) is pe r formed  
using an AMC 7000 r ad ia t ion -hea ted  system. 

The aim ~>f this work  is to invest igate  the influence 
of the  ve ry  complex flow character is t ic  of the rad ia -  
t ion -hea ted  AMC 7600 ep i tax ia l  reac tor  on l a te ra l  
autodoping.  

A main  point  of in teres t  is an analysis  of the bur ied  
l aye r  doping profile before and af te r  out-diffusion in 
order  to locate the out-diffusion source wi th in  the 
bur ied  layer .  In  addit ion,  the re la t ionship  be tween  
autodoping and bur ied  l aye r  doping level  as wel l  as 
bur ied  l aye r  a rea  wil l  be examined.  Ske l ly  and Adams  
(4) found a l inear  re la t ionship  be tween  the au to-  
doping level  and the bur ied  l aye r  doping level  in 
the range of 4 • 1018-4 • 10 TM cm -3. Sr in ivasan  (5) 
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publ ished  a square  root  dependence  of autodoping on 
bur ied  l aye r  area. 

Experimental 
Autodoping  exper iments  were  pe r fo rmed  using n -  

sil icon wafers  wi th  (100) or ienta t ion  and 82 m m  
diam. Arsen ic -bu r i ed  layers  were  diffused (cap-  
sule diffusion, 1105~ 135 min)  or implan ted  (Ex-  
trion, 50 kV) ,  doses va ry ing  be tween  7 • 101~ and 
2.9 • 10 TM cm -2. Bur ied  l aye r  areas  var ied  be tween  
10 and 100% of to ta l  wafer  area.  In ten t iona l ly  un-  
d o p e d  ep i tax ia l  l ayers  of 1.4 ~m thickness were  
grown under  no rma l  pressure  wi th  H2 car r ie r  gas. 
Throughpu t  was 300 l i t e r /min .  Besides the  ver t ica l  
gas s t r eam of the down flow system, which carr ies  
one ha l f  of the  total  throughput ,  there  a re  two je t  
inIets pe rpend icu la r  to the  axis of ro ta t ion ,  which  
ca r ry  the o ther  half, and 0.06 mol percen t  (m/o)  
SIC14 for the ep i t ax ia l  deposit ion.  The l inear  veloci ty  
of the  gas volume calcula ted  f rom th roughput  and 
reac tor  geomet ry  is about  2-3 cm/sec.  The veloci ty  
is smal l  compared  wi th  the t he rma l  veloci ty  of the 
gas molecules.  The p rebake  and deposi t ion t empera -  
ture  was 1150~ real ized by  70 halogen lamps  pow-  
ered  as proposed  by  AMC. 

Table I contains the essent ia l  process pa rame te r s  of 
the lots processed. Two groups of wafers  were  p ro-  
cessed. Group 1 consisted of four  dots  (No. 516-519) 
wi th  an a lmost  constanL bur ied  layer  doping dose 
of 2 • 10 z6 cm-2,  and subcol lec tor  areas  vary ing  
be tween  10 and 70%. Group 2 consisted of five lots 
wi th  100% bur i ed  l aye r  a rea  a n d  vary ing  bur ied  
l aye r  (subcol lector)  doping dose. Lots 513 and 514 
have  an ep i tax ia l  doping of about  2 • 10 ~6 cm -z.  
These lots were  ma in ly  used for bu r i ed  l aye r  doping 
profile analysis.  Lot  521 of group 2 can be counted 
also to group 1 to complete  the lots wi th  va ry ing  
bur ied  l a y e r  area.  

Af te r  the  ep i t ax ia l  process, about  150 nm SiO2 were  
grown and a luminum dots evapora ted ,  defining MOS 
capacitors.  Some measurements  discussed be low were  
pe r fo rmed  wi thout  a luminum dots using a me rc u ry  
probe  bui l t  by  Hagmann  and Voelmle (8). In  o rder  
to de te rmine  the  doping profile of the epi taxy,  in 
most cases the pulsed capaci tance vol tage  (PCV) 
method  was appl ied  (6). The PVC appara tus  used 
dur ing  this work  was bui l t  by  the Ge rman  Manu-  
fac tur ing  Technology Center  of IBM (7). The IBM 
5100 desk  compute r  a t tached to the measur ing  unit  
de l ivered  the doping profile da ta  and a g raph  of the  
profile. Because of the l imi ts  given by  the b r eakdown  
vol tage of  the  oxide and the die lect r ic  b r e a k d o w n  
o f  silicon, the  above -men t ioned  thin  ep i tax ia l  l aye r  
of 1.4 ~m thickness  was grown in o rde r  to get  close 
to the ep i t axy - subs t r a t e  interface.  

To de te rmine  t h e . b u r i e d  l aye r  doping profile, the  
two-po in t  sp read ing  resis tance probe  (SR) and sec-  
onda ry  ion mass spectroscopy (SIMS) were  used. I t  
is imposs ib le  to de te rmine  the ep i tax ia l  doping  p ro -  
file b y  SR or  SIMS in the  r ange  be low 10 TM cm-8  of 
ep i tax ia l  doping. In  the  case of SR, i t  is known  tha t  
a low doped l a y e r  (ep i taxy)  on top of a high doped 

Table I. Hardware of autodoping experiments 

Buried layer  area Buried layer 
percentage  of  doping dose  

Lot  No.  total  area em 4 Remarks  

513 i00 7 x I0 ~ Eplproeess  wi th  dop- 
514 100 2.2 x 10 ~e lng  

2 • lO~e cm 4 
516 50 1.9 x 10 ze Diffused 
517 30 2.1 x 10 TM Implanted  
518 70 2.1 x i 0  ~e Implanted  
519 10 2.1 x 10 TM Implanted  
520 100 1.4 x 10 TM Implanted 
521 100 1.9 x 10 lo Implanted 
522 1#0 2.5 x 10 lo Implanted  
523 100 2.9 x I0 TM Diffused 
524 100 7 x 10 TM Implanted 

l aye r  (subcol lector)  is difficult to measure  due to 
ar t i facts  c rea ted  by  the correct ion algori-thm (9).  
New a lgor i thms are  publ i shed  to ease or  accelera te  
the computa t ion  (10, 11); however ,  the basic jus t -  
ment ioned d i sadvantage  rest r ic ts  the appl ica t ion  of 
SR. In  the case of SIMS, the low sens i t iv i ty  is the  
l imi t ing factor,  1017 cm -3 for the appara tus  used in 
the BSblingen l abora to ry  (12) .  This value  is wel l  
above the ep i tax ia l  doping or au todoping level  of 
about  1016 cm -3. 

In  o rder  to character ize  the ep i tax ia l  doping level  
due to autodoping,  many  authors  [e.g., (1)]  take  the  
autodoping peak  concentra t ion value close to the epi-  
t axy - subs t r a t e  interface.  Due to the b r e a k d o w n  re -  
s tr ict ions ment ioned  above, this peak  value  could not  
be measured  by  PCV. Ske l ly  and Adams (4) charac-  
ter ized the autodoping by  tak ing  the ep i tax ia l  doping 
level  der ived  f rom CV measurements .  Measurements  
on m a n y  wafers  showed that  in this case the doping 
wi th in  the  ep i t axy  is a sensi t ive indica tor  for the 
amount  of autodoping.  

Results 
Lateral autodoping.--Using a hor izonta l  r f - h e a t e d  

reactor,  Sr in ivasan  (1) found tha t  the peak  va lue  
of autodoping measured  as a funct ion of the distance 
f rom the bur ied  l aye r  edge decreases.  The slope is 
ve ry  steep for  the ups t ream direct ion and modera tes  
in the downs t ream direction.  Af te r  the theory  given 
in Sr in ivasan 's  paper ,  this is to be expected.  

The expe r imen ta l  resul ts  found in this s t u d y  are  
qui te  different.  F igure  1 contains five PCV profiles 
taken  almost  at  the bur ied  layer  edge (profile 7) up 
to a d is tance  of 40 m m  from the edge. The profiles 
were  taken  fol lowing the a r row in the  wafe r  sketch 
given in  the upper  r igh t  corner  of Fig. 2. The p ro -  
files of Fig. 1 indicate  a s l ight  increase of ep i tax ia l  
doping wi th  increas ing dis tance f rom the bur ied  layer  
edge. In o rder  to get  one n u m b e r  to character ize  the  
autodoping,  one could take  the doping concentra t ion 
Nx at  a fixed pene t ra t ion  dep th  x wi th in  the  epi taxy.  
The doping concentra t ion at x _ 0.4 #m, N0.4, was 
taken  to character ize  the  autodoping.  Of course, a 
n u m b e r  N0.8 or  N0.5 would  do the same. Measurements  
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fig. I. Five PCV profiles taken close to the buried layer edge 
(profile 7) up to 40 mm apart (profile 11). 
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Fig. 2. Lateral autodoping No.4 of a 50% buried layer wafer, 
abscissa displays the distance from buried layer-(BL) edge. The 
measurements fallow from left to right the line indicated in the 
schematic in the upper right corner of figure. 

of many  wafers  show tha t  indeed No,~ does not  va ry  as 
long as the p r o c e s s i s  constant.  In  addit ion,  this n u m -  
ber  is more  sensi t ive  to process var ia t ions  a n d / o r  
autodoping var ia t ions  as an in tegra ted  value l ike  
sheet  resistance.  N0.4 should represen t  the  doping at  
a given dis tance f rom the autodoping peak  concen- 
t rat ion.  However ,  because x ---- 0.4 /~m is measured  
from the ep i t axy  surface, fluctuations in epi th ick-  
ness wi l l  influence the dis tance from the autodoping 
peak, which should be constant  1.0 ~m. Thickness 
fluctuations wi l l  resul t  in apparen t  N0.4 fluctuations. 
Such ep i tax ia l  thickness  fluctuations have been  ob-  
served and the da ta  corrected,  if possible. F igure  2 
gives the autodoping N0A wi th  respect  to posi t ion on 
the wafer  surface. The dis t r ibut ion of subcol lector  
and bur ied  l aye r  free a rea  is g iven in the upper  r ight  
of Fig. 2. The main resul t  is that  autodoping is a lmost  
flat over  the  whole wafer  regardless  of a bur ied  l aye r  
undernea th  the ep i t axy  and independent  of d i s t r ibu-  
t ion of bur ied  l aye r  area.  A dist inct  increase is found 
near  the wafer  edge ( r im) .  S imi la r  resul ts  are  re -  
por ted  by  Langer  and Goldste in  ( 1 3 ) a n d  Ske l ly  and 
Adams  (4).  The flat autodoping N0.4 over  the wafer  
a rea  must  be due to the above-men t ioned  ve ry  com- 
p lex  flow characterist ic .  A dis t inct  flow p a t t e r n - i n -  
duced autodoping d is t r ibut ion  was a lways  found in 
ep i t ax ia l  sys tems wi th  smooth ver t ica l  or hor izonta l  
gas flow. 

The increase of autodopiI ,g nea r  the wafer  r im  
rela tes  o ther  authors  (13, 4) to autodoping f rom the 
back of the  wafer .  In  this  case, such a source is ve ry  
un l ike ly  because the wafer  back is oxidized pr io r  to 
the bur ied  l aye r  diffusion process. Nevertheless ,  some 
out-diffusion out  of the  r im  of the wafe r  i tself  can-  
not be ru led  out. If  the susceptor  is an impor t an t  
autodoping source too, then the  r im of the wafer  
should be more affected than the center.  The analysis  
of the  autodoping profiles given l a t e r  shows tha t  
some contr ibut ion  of the susceptor  is ve ry  l ikely.  

Autodoping and buried layer doping.--Table I gives 
the five lots processed wi th  va ry ing  subcol lector  dop-  
ing. Some were  processed b y  diffusion [capsule,  
1105~ 135 rain) and some by ion implan ta t ion  (Ex-  
t r ion/V'arian,  50 keV, redis t r ibut ion:  l l00~ 75 min) .  
The subcol lector  reox ida t ion  process is ident ica l  for  
both  diffusion processes;  970~ 95 min. 

F igure  3 contains five doping profiles for  wafers  of 
lot 524 ( lowest  curve) ,  520, 521, 522, 523 (upper  
most  curve) .  These PCV profiles show tha t  the epi-  
tax ia l  doping due  to autodoping increases wi th  in-  
creasing bur ied  l aye r  doping. Again.  N0.4 is t aken  and 
this value  inves t iga ted  as a funct ion of bur ied  l aye r  
doping, which was de t e rmined  b y  x - r a y  fluorescence. 
F r o m  Fi, g. 4, the l inear  re la t ionship  be tween  N0a and 
bur ied  l aye r  doping  is qui te  obvious. There  m a y  be 
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Fig. 3. PCV profiles of lots with different buried layer doping 
ranging from 7 X 101~ (lot 524) up to 2.9 X 1016 cm -'2 doping 
dose (lot 523); see aso Table I. 

a s l ight  level ing off for subs t ra te  doping dose higher  
than  2 X 1016 cm -2. The few d a t a  do not  a l low a more  
exact  de te rmina t ion  of the mean curve in this area. 
Ske l ly  and Adams  (4) found a s imi lar  re la t ion  for 
subcol lector  doping up to 4 X 10 TM cm -8. The da ta  
given here correspond to subcol lector  doping levels 
up to 3 X 102o cm -8 ( roughly  1 ~m pene t ra t ion  depth  
was processed) .  The da ta  o f -Ske l l y  and Adams can- 
not  be compared  d i rec t ly  wi th  the da ta  given in Fig. 
4, because total  subcol lector  doping and e lec t r ica l ly  
ac t ive  doping differ quite a lot  as wi l l  be shown be-  
low. The increase of ep i tax ia l  doping close to the 
ep i tax ia l  surface  (Fig. 3, ~-- 0.1 ~m) is an ar t i fac t  and 
wil l  not be discussed, 

Electrically active dose.--In orde r  to examine  the 
out-diffusion process and the autodoping mechanism 
in more  detail ,  the  e lec t r ica l ly  active bur ied  layer  
doping dose was compared  wi th  the  total  bur ied  l aye r  
doping dose before  the  e p i t a xy  process.  F igure  5 
contains these data.  The points  given in Fig. 5 com- 
p.are the e lec t r ica l ly  act ive dose (ord ina te  l e f t -hand  
reading)  de te rmined  by  sheet  resis tance and pene t r a -  
t ion dep th  (bevel  and  stain) measurements  as wel l  as 
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Fig. 4. Mean epitaxial autodoping level No.4 as a function of 
total built-in buried layer dose, measured by x-ray fluorescence 
technique. 
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and total built-in dose post prebake cycle of epitaxial process 
(crosses) as a function of total built-in dose. 

SR d a t a  wi th  the total  bur ied  l aye r  doping dose f rom 
x - r a y  fluorescence analys is  (abscissa) .  I f  a l l  the  
arsenic  would  be e lec t r ica l ly  active, a s t ra igh t  l ine 
wi th  s lope 1 would  be expected.  This l ine is given in 
Fig. 5, too. The ac tua l  curve differs qui te  a lot f rom 
this line. Roughly  50% of the  diffused or  implan ted  
arsenic  is e lec t r ica l ly  active. There  is no difference 
be tween  imp lan ted  or  diffused arsenic as fa r  as this 
percentage  is considered. 

I f  one compares  the  to ta l  bur ied  layer  doping dose 
before  and  af te r  a 10 min  p rebake  (ord ina te  r igh t -  
hand  r ead ing ) ,  a reduct ion of about  50% is found. 
This is indica ted  by  the crosses in Fig. 5. They  define 
almost  the  same curve as the points. I t  follows tha t  
the  e lec t r ica l ly  active arsenic s tayed in the subs t ra te  
and the inact ive  arsenic  diffused out  dur ing  prebake .  
Obviously,  a 10 rain p rebake  is sufficient for  out -d i f fu-  
sion of al l  e lec t r ica l ly  inact ive  arsenic. This was con- 
f irmed by  two addi t iona l  10 min hea t ing  cycles which 
did not  change the bur ied  l aye r  doping measured  
af te r  the first prebake.  

Sr in ivasan  (14) r epor t ed  a decrease  of l a te ra l  
au todoping  with  increas ing p rebake  t ime. The author ' s  
resul ts  would  indicate  that  this is due to the fact  tha t  
the  autodoping source ceases and the autodoped su r -  
face areas  a re  b leached out. 

Buried layer doping prol~le analysis.--In order  to 
get d i rec t  informat ion  about  the decrease of arsenic 
wi th in  the  bur ied  l aye r  dur ing  processing, the bur ied  
l aye r  profile was measured  by  SR and b y  SIMS be-  
fore p rebake  and  af ter  the ep i tax ia l  process including 
p rebake  and growth  of a 1.4 ~m s l igh t ly  doped epi-  
tax ia l  layer .  The SR da ta  give the e lec t r ica l ly  active 
arsenic;  the  SIMS profile shows the total  amount  of 
arsenic  wi th in  the bur ied  layer .  F igure  6 gives the  
da ta  accumula ted  for lot 514 (see Table  I ) .  The total  
bur ied  l a y e r  doping dose measu red  b y  x - r a y  fluores- 
cence technique was 2.2 X 10 z6 cm-2;  the e lec t r ica l ly  
act ive dose (sheet  resis tance and pene t ra t ion  depth)  
was 1.1 X I0 TM cm -2. 

Firs t ,  the  profiles postdiffusion process (Fig. 6: SC- 
Reox) wil l  be compared.  The SIMS profile conta in-  
ing all  arsenic  diffused in shows the we l l - know n  su r -  
face p i l e -up  because of the  high segrega t ion  coeffi- 
cient  (Si/SiO2) of ten for arsenic.  The semilog plot  
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DEPTH/UM 
Fig. 6. Spreading resistance two-point probe and SIMS buried 

layer doping profiles postdiffusion process (BL-Reox) and post 
epitoxial process (Epi-Reox) indicating the difference between 
electrical active and total built-in dose post BL-Reox (lot 514). 

shows a huge difference be tween  total  (SIMS) and 
e lec t r ica l ly  act ive (elac) (SR) arsenic.  F igure  7 
gives the  different ia l  curve N(x)  vs. pene t ra t ion  
dep th  

N ( X )  ~- N ( x ) t o t - -  N(X)elac [1] 

whereas  N(x) to t  is the  to ta l  amount  of dopant  a t  
depth  x and N(x)elac is the e lec t r ica l ly  active dopant .  
In tegra t ion  of the  curve given in Fig. 7 yields a dose 
difference hD 

hD ---- 1 X 10 TM cm -2 

in accordance wi th  the  x - r a y  fluorescence and sheet  
res is tance da ta  given above. 

The profiles of the bur ied  layer  a f te r  the ep i t axy  
process (Fig. 6: Ep i -Reox)  do  not  differ at  al l  wi th in  
the measuremen t  accuracy.  The profiles show the 
same increased pene t ra t ion  depth  due to the  add i -  
t ional  heat  cycle, but  there  is no difference be tween  
e lec t r ica l ly  act ive and to ta l  amount  of bur ied  l aye r  
doping. 

Discussion 
The resul ts  presented  in the  last  sections were  not  

given to repea t  measurements  made  b y  o ther  authors  
in detai l .  Therefore,  the  layout  of the sys tem was not  
changed wi th  respect  to gas flow proper t ies ,  p r ebake  
time, or  p rebake  tempera ture .  The aim was to check 
an exis t ing sys tem wi th  respect  to l a t e ra l  au todoping 
and dependence  of au todoping on bur ied  layer  doping 
(arsenic)  and bur ied  l aye r  a rea  (Fig. 8). 

Lateral autodoping.--The smooth l a te ra l  au todop-  
ing found is ve ry  promis ing  considering a commer -  
cial ep i tax ia l  sys tem used in the process of deve lop-  
ing in tegra ted  circuits.  There  is no dist inct  direct ion 
of gas flow wi th  respect  to bur ied  l a y e r  edge. The 
complex flow pa t t e rn  of the AMC 7600 ep i tax ia l  r e -  
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Fig. 1. Differential curve derived from SR, BL-Reox and SIMS, 
BL-Reox curves of Fig. 6. •  is the difference in duping dose cal- 
culated by integration. The penetration depth is measured from the 
epitaxial-substrate interface. 

actor  prevents  any  spa t ia l  dependence  of autodoping.  
This is an advan tage  wi th  a view to appl icat ion.  

Square root law.--The square root  law of au todop-  
ing with  respect  to  bur ied  l aye r  a rea  detected by  
Sr in ivasan  (5) was verified. The measurements  ac-  
cumula ted  dur ing  this work  fit wel l  wi th  Sr in ivasan  
data. The theory  given by  Sr in ivasan  (5) shows tha t  
for point  gr ids  wi th  smal l  gr id sizes 10 ~m, the 
square root  dependence  of autodoping on bur ied  
layer  a rea  indeed holds.  Here,  au todoping sources 
were  inves t iga ted  up to 100% wafer  area,  no smal l  
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point  grids but  large  sources only. Ins tead  of a poin t  
grid, which m a y  expla in  the in tegra ted  c i rcui t  wafer ,  
an area  is a s sume d  la rge  in d iamete r  compared  with  
the bounda ry  layer  thickness (15, 16)) ,  which  can 
be calcula ted f rom basic theory  (17) to be about  
1 cm. A sketch is given in  Fig. 9. The bur ied  layer  
pene t ra t ion  dep th  is not on the  same scale. Of the 
out-diffusing arsenic,  only  par t ic les  remain ing  in the 
bounda ry  l aye r  wi l l  cont r ibute  to the  autodoping.  
Therefore,  responsible  for the autodoping is the 
area  formed by  the bounda ry  l aye r  height  and the 
c i rcumference  of the  bur ied  layer ,  which in a f irst  
approx imat ion  is p ropor t iona l  to the square  root  of 
the bur ied  l a y e r  area. Af te r  this assumption,  the 
square root  law is a consequence of the  bounda ry  
layer .  

Autodoping source.--The main  p rob lem was to de-  
tect and  analyze  the  autodoping source wi thin  the 
a r sen ic -bur ied  layer .  F r o m  the  da ta  given (Fig. 6), 
it  is qui te  c lear  tha t  wi th  pos tbur ied  l aye r  diffusion 
and  red is t r ibu t ion  almost  half  of the arsenic  is elec-  
t r i ca l ly  inactive.  Only the  inact ive  arsenic diffuses out  
du r ing  the p rebake  process. Obviously  for the AMC 
7600 reactor ,  a 10 min p rebake  at a t e m p e r a t u r e  of 
1150~ is sufficient for  the out-diffusion of al l  inact ive 
arsenic. A second and th i rd  p rebake  do not  change 
the amount  of arsenic  wi th in  the bur ied  l aye r  as 
shown. The addi t ional  p rebake  cycles show that  the  
e lec t r ica l ly  active arsenic incorpora ted  wi thin  the  
silicon la t t ice  does not diffuse out  and cannot  be  
tu rned  into e lec t r ica l ly  inact ive arsenic at  a t em-  
pe ra tu re  of 1150~ 

Surpr is ingly ,  even for the  lowest  doping  dose of 
7 X 1015 cm -2 about  50% of the arsenic is e lec t r ica l ly  
inactive.  One would  have expected,  tha t  for  ve ry  
low doping doses the amount  of e lec t r ica l ly  inact ive 
arsenic is smal l  compared  with  high doping doses. 
F igure  5 shows some indicat ion of a sa tura t ion  effect 
for doping doses of about  3 X 10 TM cm -2. But the 
effect is not  ve ry  pronounced.  

Autodoping profile.--From the resul ts  accumulated,  
it  is ve ry  difficult to de r ive  a conclusive model  or to 
test  one of the  exist ing autodoping models.  This is 
due to the fact tha t  the  PCV data  do not  de l iver  the 
autodoping maximum.  Genera l ly ,  it  is difficult to 
measure  a profile wi th  an in depth  increasing im-  
pur i ty  concentra t ion by  PCV. The capaci tance changes 
wi th  increas ing vol tage step are too smal l  wi th in  the  
steep par t  of the profile. Spread ing  resistance mea-  
surements  would  not show this problem,  but  it  is 
a lways  difficult to get  the correct  low concentrat ion 
amount  (ep i taxy)  on top of a h igh  concentra t ion 
(bur ied  layer )  by  SR due to correct ion p rogram a r t i -  
facts (9).  In  this work,  the correct  amount  of doping 
wi th in  the  ep i t axy  was the in teres t ing  number .  There -  
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Fig. 8. Autodoping level within epitaxial layer in relative units 
vs. percentage of buried layer area. Figure contains measurements 
of Srinivasan (5) (crosses) and data of this paper (bars). 

Fig. 9. Schematic drawing of boundary layer; arrows indicate 
some directions of out-diffusing arsenic out of the buried layer. 
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fore, the authors took the PCV technique instead of 
SR. In order to get very close to the autodoping maxi- 
mum, the very thin epitaxy (1.4 ~m) was processed. 

The results published by Lewe (2) for another 
radiation-heated epitaxial reactor (AMC 7000) show 
that the absorption layer model published by Tabe 
and Nakamura (18) is a good tool to describe auto- 
doping profiles. Of course, because of lack of data, this 
model cannot be proven. The exponential law of auto- 
doping concentration C(z) as a function of penetra- 
tion depth z, measured from the epitaxy-substrate 
interface is indicated in the steep part of Fig. 10 

ka 

C(z) ~ e k~" [3] 

k2, k2' are equili'brium constants (2, 18) for the in- 
corporation of out-diffused arsenic into the growing 
epitaxial layer (k2) and for the out-diffusion of in- 
corporated arsenic (k2'). Tabe and Nakamura con- 
sider also the influence of the susceptor to the auto- 
doping amount. The normally clean susceptor ( <  5 • 
1013 cm -3) will absorb some of the out-diffused 
arsenic. This will then be incorporated in the grow- 
ing epitaxial layer. That this process may be im- 
portant for the first half micrometer within the 
epitaxy can be seen in Fig. 10. The impurity concen- 
tration within this part of epitaxy cannot be ex- 
plained by the exponential law given above. It 
could be the result of a constant contribution of some 
doping source, possibly the susceptor. 

Assuming that the interface is at 1.4 ~m in accord- 
ance with epi thickness measurements, one can get an 
estimate of the total amount of arsenic built in due 
to autodoping and compare this number with the 
total out-diffused arsenic doping dose. In Fig. 10, the 
profile for lot 516 is given. The out-diffused arsenic 
was 1 • 10 TM cm -2 (Fig. 5, Table I). Integrating the 
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Fig. 10. PCV profile of a wafer of lot 516; given is the theoretical 
curve following the absorption layer model by Tabe and Naka- 
mura (18). 

exponential law and taking the same amount of 
arsenic on bo.th sides of the interface results in 3 • 
101a cm-2. In spite of the low accuracy of this num- 
ber, it is quite clear that only a small part of less 
than 1% of the out-diffused arsenic is built into 
the growing epitaxial layer. A similar value was found 
by Skelly and Adams (4). 

Conclusion 
It has been shown that the source of autodoping is 

electrically inactive arsenic, abou~ 50% of the total 
dose diffused during the buried layer process. This in- 
active arsenic out-diffuses during prebake of the epi- 
taxial process. The square root dependence of auto- 
doping on buried layer area was verified. 

The autodoping profiles measured by PCV are 
consistent with the absorption layer model published 
by Tabe and Nakamura (18). 
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Correlation of Lifetime with Recombination Centers in Electron- 
Irradiated P-Type Silicon 

B. J. Baliga* and A. O. Evwaraye 

General Electric Company, Corporate Research and Development Center, Schenectady, New York 12345 

ABSTRACT 

Four majority carrier trap levels have been observed in p-type (boron-doped) silicon after 1.5 MeV electron irradiation. 
By correlation of the annealing rate of the minority carrier recombination lifetime with the concentration of these levels, it 
has been found that the divacancy-induced level at (Ev + 0.23 eV) controls the lifetime. Since this level begins to anneal out 
only at temperatures above 300~C, it can be concluded that electron irradiation of p-base silicon devices can be used to con- 
trol their switching speed. 

With the development  of t ransient  capacitance 
techniques, the s tudy of defects in silicon has been 
rapidly advancing in recent years. Among these mea-  
surement  techniques,  deep level t ransient  spectroscopy 
(DLTS) has been found to be the most convenient  to 
measure the energy level and capture the cross section 
of the defect levels (1). The study of defect levels in-  
duced by  electron irradiat ion has been performed us- 
ing this technique to unders tand the na ture  of defect 
levels and to correlate the defect level position with 
defect s t ructure  identified using EPR (2-4). 

From a device point ,of view, the s tudy of electron 
i r radia t ion- induced damage is impor tant  because it 
can be used to evaluate device degradation in  harsh 
environments  where a high flux of energetic electrons 
may be present. In  addition, electron irradiat ion of 
power devices has been del iberate ly  performed as a 
method for controll ing lifetime in order to adjust  the 
switching speed (5). In these cases, it would be use- 
ful to be able to determine which of the many  elec- 
t ron i r radia t ion- induced defects is responsible for 
de termining the recombinat ion lifetime: This has 
been performed in a previous s tudy for n - type  silicon 
(6). This paper  reports a corresponding study per- 
formed to correlate defe~t levels produced in p - type  
(boron-doped) silicon by electron irradiation. 

Experimental Technique 
To s tudy electron i r radia t ion- induced defects in p- 

type silicon, (n + p p +) junc t ion  diodes were fabricated 
by using 5 ~2-cm boron-doped Czochralski s tar t ing 
material.  The heavi ly  doped P+ contact layer was first 
formed by boron diffusion using boron ni t r ide as a 
source. The n + diffusion was then performed using 
POC13 as a source. These diodes were mounted  on 
TO-5 packages for the measurements .  The defect 
levels were measured 5by using DLTS wi th  temperature  
sweeps from 77 K to room temperature.  The minor i ty  
carrier recombinat ion l i fet ime was measured by using 
the reverse recovery technique (7). 

The electron i r radiat ion was performed at room 
tempera ture  using a ,1.5 MeV electron beam at flux of 
up to 2.5 • 10 TM electrons per cm 2. The devices were 
mounted  on a cooling block with forced air cooling to 
minimize the tempera ture  rise dur ing  radiation. Mea- 
surements  of the DLTS spectrum and the l ifetime 
were then conducted immediate ly  after radiat ion as 
well as after annealing.  

Defect Levels 

Immediate ly  following the electron irradiation, four 
major i ty  carrier  defects levels were observed. These 
levels are shown in Fig. 12 and identified as M1-M4. 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 The rate w i n d o w s  u s e d  t o  o b t a i n  t h e  DLTS spectra shown in 

t h e  figures range from 1 to 10 m s e c .  

It was found that the level M3 annealed upon stor- 
age of the diodes at room temperature.  The anneal ing 
out of the level M3 was found to be accompanied by a 
growth in the concentrat ion of level M4. A DLTS spec- 
t rum of a diode after room temperature  anneal ing 
for 1 week is shown in Fig. 2. Note the absence of the 
M3 peak. Due to this observed anneal ing at room tem- 
perature,  fur ther  measurements  were conducted only 
after stabilizing the diodes at room temperature.  The 
results of measurements  of the DLTS peak heights 
and  the lifetime were then conducted as a funct ion of 
the radiat ion dose. It was found that the concentrat ion 
of the levels increased with increasing radiat ion dose 
as i l lustrated in Fig. 3. In this figure, the variat ion in 
the lifetime with radiat ion .dose is also shown. 
Throughout  this paper, the reciprocal of the lifetime 
has been used for purposes of comparison with the 
DLTS peak heights because the lifetime is inversely 
proport ional  to the concentrat ion of the recombinat ion 
level. I t  can be seen that the variat ion in the lifetime 
correlates with the concentrat ion of both levels M2 
and M4. 2 To determine which of these levels is re- 
sponsible for controling the lifetime, it was there-  
fore necessary to perform studies of the behavior of 
these levels and the lifetime as a function of anneaing.  

Note that the M1 l e v e l  is  t o o  s h a l l o w  to  i n f l u e n c e  minority 
carrier l i f e t i m e  and  i ts  a n n e a l i n g  b e h a v i o r  i s  t h e r e f o r e  n o t  dis-  
c u s s e d  in  t h i s  paper. 
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, i M3, , i 
77 103 148 185 217 246 

TEMPERATURE (~ 
Fig. 1. Deep levels observed in p-type (boron-doped), 5 ~-cm, 

silicon immediately after 1.5 MeV electron irradiation at room 
temperature. 
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Fig. 2. Deep levels observed in p-type (boron-doped) 5 ~-cm 
silicon after i.5 MeV electron irradiation and room temperature 
annealing. 
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Fig. 3. Increase in concentration of defect levels M2 and M4 as 
a function of radiation dose. The corresponding reduction in the 
minority carrier recombination lifetime (~) is also shown. (The 
radiation dose is in units of 10 t4 electrons per cm:ZJ 

Annealing Experiments 
In order  to correlate  the defect level  position wi th  

the l ifet ime, isothermal  anneal ing of the diodes was 
per formed at tempera tures  ranging f rom 200 ~ to 
500~ During this annealing, the defect level  concen- 
t ra t ion was periodical ly  measured by using DLTS and 
the l i fe t ime measured by the reverse  recovery  tech-  
nique. It was found that  below 40O~ the defect levels  
M2 and M4 exhibi ted dist inct ly different anneal ing 
behavior.  The level  M4 was found to ei ther  increase in 
concentrat ion or  rem.ain re la t ive ly  stable. In contrast, 
the leve l  M2 was found to anneal  out at be tween  300 ~ 
and 400~ This a l lowed correlat ion of the behavior  of 
the l i fe t ime to the defect  level  reponsible for de te r -  
mining the recombinat ion of minor i ty  carriers. Fig-  
ures 4 and 5 show typical  results  observed in this 
s tudy for the var ia t ion  of the l i fe t ime and the defect  
level  (M2 and M4) concentrat ion at 350 o and 400~ 
respect ively.  I t  can be seen that  in both cases the 
l i fe t ime var ia t ion  exhibits a v e r y  good correlat ion 
with the anneal ing behavior  of the level  M2. F rom 
these data, it can be concluded that  the recombina-  
tion l i fe t ime is being controlled by defect level  M2 
and not by defect level  M4. This is an unexpected  ob- 
servat ion because levels  located closer to midgap are 
usual ly  found to be the dominant  recombinat ion 
centers. 

Discussion and Conclusions 
In this study, four  major i ty  carr ier  levels  were  ob- 

served a f te r  electron i rradiat ion of p- type  silicon. 

1 . 4  I I I I I I I 
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Fig. 4. Annealing behovlor of defect levels M2 and M4 and 
the lifetime for isothermal annealing at 350~ Note that frac- 
tional changes ore being compared here for purposes of correlation. 
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Fig. 5. Annealing behavior of defect levels M2 and M4 and the 
lifetime for isothermal annealing at 400~ Note that fractlenal 
changes are being compared here for purposes of correlation. 

Table I gives a list of deep levels  repor ted  in ear l ier  
studies corresponding to the levels  M1-M4 observed in 
this study. The anneal ing out of level  M3 observed in 
this study at room tempera tu re  wi th  the correspond-  
ing increase in the concentrat ion of level  M4 has also 
been observed in the ear l ier  studies (2, 3). The ob- 
served anneal ing out of the M2 level  at lower  t em-  

Table i. Defects in electron-irradiated p-type silicon 

This study Walker/Sah Kimerling M o o n e y  et  ai. 

M1 Ev + 0.18 eV gv + 0.09 eV Ev + 0.18 eV 
(gv + 0.18 

__- 0.05 eV)  
lVI2 Ev + 0.24 eV Ev + 0.21 eV Ev + 0.23 e V  

(Ev + 0.23 
- -  0.05 eV)  

M3 Er + 0,29 e V  Ev + 0.27 e V  
(Ev + 0.29 

• 0.05 eV)  
M4 Ev + 0.35 eV Ev + 0.33 eV Ev + 0.38 eV 

(Ev + 0.36 
+-- 0.05 eV)  
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peratures than the M4 level in this s tudy is also in 
agreement  with the results reported in all the earlier 
studies (2-4). Based upon these comparisons, the 
levels M1-M4 can be related to the defect levels re- 
ported in the earlier studies as shown in Table I. 
Mooney et al. (4) have argued that the level M4 at 
(Ev ~ 0.38 eV) is a vacancy carbon oxygen complex 
called the K-cen te r  while the level M2 at (Ev -{- 0.23 
eV) is due to the divacancy defect center. Based upon 
the correlation of the annea l ing  behavior  of the mi-  
nor i ty  carrier  lifetime with the concentrat ion of level 
M2 observed in this study, it can be concluded that 
the lifetime in electron-irradiated,  p- type (boron- 
doPed) silicon is controlled by the divacancy defect 
center. It  is worth not ing here that  the divacancy 
center was also observed to control the lifetime in 
l ightly doped n- type  silicon (6). In addition to these 
conclusions, the results of this s tudy also indicate 
that the defect controll ing the lifetime in p- type 
silicon does not anneal  out unt i l  temperatures  over 
300~ are reached. Since power devices are general ly 
operated at well below junct ion  temperatures  of 

2OO~ these results indicate that electron i rradia-  
tion can be used to control lifetime in p-base de- 
vices without encounter ing changes in device char-  
acteristics during operation. 

Manuscript  submit ted Nov. 22, 1982; revised m a n u -  
script received ca. May 9, 1983. This was Paper  65 pre-  
sented at the Philadelphia,  PA, Meeting of the Society, 
May 8-13, 1977. 
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publication costs o] this article. 
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On the Formation of Planar-Etched Facets in GalnAsP/InP Double 

H ere rostructu res 

L. A. Coldren, K. Furuya, 1 and B. I. Miller 

Bell Laboratories, Holmdel, New Jersey 07733 

ABSTRACT 

Techniques to predict and control the etched wall profile at a mask edge are developed. An understanding of the etch 
rate vs. substrate orientation angle is used to predict and experimentally realize desired etched wall profiles on (001) 
GaInAsP/InP double heterostructure (DH) wafers. The identification and utilization of crystallographic stop etch planes is 
key to ensuring planar and reproducible etched facets. Fabrication procedures employing wet and dry etching techniques 
are outlined for either isolated step-etched vertical wall profiles or narrow groves. 

The promise of integrated optics and /or  electronics 
in the G a I n A s P / I n P  mater ial  system (1) depends upon 
a detailed knowledge of the etching properties of the 
various epi layers both individual ly  and in combina-  
tion. A number  of papers have contr ibuted to this 
knowledge over the years (2-8). Perhaps the most im-  
portant  aspect of etching in the present  context is the 
resul t ing wall  profile, slope, and undercut  at the edge 
of some mask, since masked etching is usua l ly  the pr i -  
mary  means of defining the necessary surface topology. 
Altervat ive techniques of selective epi growth (9) or 
etching with a beam of l imited extent  (10-12) are still 
in exploratory stages. 

Recently, there have been several impor tant  papers 
that addressed the topic of etching in G a I n A s P / I n P  
(13-16), but  still lacking are detailed procedures for 
obtaining a desired wall profile (such as vertical) or 
an unders tanding  of how to proceed to develop such 
procedures for a new problem. Earl ier  work in 
GaA1As/GaAs went  some distance in addressing these 
questions (17-20) but  much of the informat ion is l im- 
ited to that system. In  this paper  we at tempt  to supply 
some of the missing informat ion for the G a I n A s P / I n P  
system. In  particular,  we begin by considering the 
factors that affect wall profiles at mask edges. Star t ing 
with InP alone, it is shown that a knowledge of the 
relative etch rates o f  the various planes containing the 
mask edge line (together with some informat ion about 
mask adhesion) allows the prediction of the etched 
wall evolution given some star t ing surface plane. 

1 Present  address: Tokyo Inst i tute  of Technology, Tokyo, Japan. 
Key words:  lasers,  reactive ion etching, crystallographic etch- 

ing, integrated optics. 

Armed with this information, we then proceed to focus 
on the impor tant  and most critical practical problem of 
creating smooth, planar,  and vert ical-etched facets in 
G a I n A s P / I n P  DH configurations for laser mirrors 
(15, 16, 21-23). In  this mul t i layer  situation, it is found 
to be advantageous to use mult iple  etching steps to 
control the wall  profile (21, 23). Also, in order to etch 
nar row grooves with vertical walls, procedures to 
avoid undercut t ing  have been developed (23, 24). 
These procedures are given in detail. 

Although the focus is on the impor tant  example of 
laser mirrors, it is emphasized that  the general  basis of 
the approach can be used to obtain any n u m b e r  of 
preferred results, provided only that mater ia l -e tchant  
combinations giving the necessary etch rate vs. surface 
orientat ion angle characteristics are found. Prediction 
of this characteristic from the materials  involved and 
the crystal s t ructure would provide procedures based 
t ru ly  on fundamentals .  Although we certainly do not 
go that  far, the connection between crystal s t ructure  
and the etch rate curves in these I I I -V compounds is 
discussed. 

Wall  Profiles at Mask,Edges--lnP 
Conventional wet chemical etching (WCE).--With 

the possible exception of the etching depth, the qual i ty  
and na ture  of the wall  profile is the most impor tant  
result  of chemical etching on a masked substrate. 
(Here "wall profile" is used to general ly  refer to all as- 
pects of the resul t ing wall  unless other qualities, e.g., 
smoothness, mask undercut ,  slope, etc., are specifically 
stated.) The wall  profile becomes especially crucial in 
devices that directly use the etched wall  as an integral  
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component  (e.g., mir ro r s  in e tched facet  lasers  or  
waveguide  s idewal ls  in BH and bur ied  crescent  [BC] 
lasers ) .  Genera l ly ,  one desires a p red ic tab le  and re-  
producib le  result .  In  this section, the g roundwork  is 
la id for unde r s t and ing  and pred ic t ing  wal l  profiles 
given the mask ing  and subs t ra te  mater ia ls ,  the i r  or ien-  
tat ion,  and the chemical  etchant .  We wil l  first con- 
cen t ra te  on InP. 

F igure  1 i l lus t ra tes  a number  of wal l  profiles tha t  
can be obta ined  using SisN4 masks  on e i ther  (100) or  
(110) wafers.  At  least  to a degree,  the differences tha t  
occur among the var ious  combinat ions  are re la ted  to 
the an i so t ropy  in t roduced  by  the re la t ive  or ien ta t ion  
of the po la r  {111} planes.  The more  chemical ly  iner t  
{ l l l } A  In planes  [(111),  (111), (111)] form app rox i -  
mate  "stop etch" planes  for all  known wet  etches. This 
fact  is c lear ly  reflected by  the resul ts  in Fig. 1. Put  
another  way,  the factors tha t  cause the { l l l } A  surfaces 
to differ chemica l ly  f rom the more  act ive ( l l l } B  P 
surfaces (e.g., number  of  unbonded  valence electrons 
(2),  etc.) p robab ly  exist  to some degree  on o ther  
n e a r b y  or  re la ted  surfaces.  Our  ini t ia l  task  here  is to 
under s t and  the effects of these differences in etch ra te  
on the resul t ing  wal l  profiles at  mask  edges. 

Fig. 2. Schematic representatian of the results of chemical etch- 
ing near a mask edge for time t. Dashed lines represent the original 
surface and an intermediate depth profite. 

Figure  2 schemat ica l ly  t races the progress  of etching 
at  the edge of a mask.  The impor t an t  observa t ion  one 
can make  f rom this genera l  i l lus t ra t ion  is that  there  
must  be a ro ta t ion of the surface no rma l  near  the edge 
of a mask  as the etching proceeds.  This s loping of the 
surface is necessary  to connect the unetched and etched 
regions.  Thus, the var ia t ion  of  etch rate,  R, w i th  sur -  
face ro ta t ion angle  about  the  mask  edge, e, is impor tan t  
in de te rmin ing  the eventua l  wa l l  profile for  the ma te -  
rials, or ientat ions,  and etchants  involved.  In fact, for 
a number  of special  case R vs. ~ character is t ics ,  the 
wal l  profile can be p red ic ted  by  inspection. 

Fig. 1. (a) SEM cross sections of etched wall profiles at SigN4 
mask edges for (100) InP with three different etches. (b) SEM 
perspective view of Br:methanol etching on (110) InP with a three 
slot Si3N4 mask. Markers --  10 #m. 

Fig. 3. Hypothetical etch rate R vs. substrate orientation angle 
(left) and predicted wall profile cross section at a mask edge 
(right). 



1920 J. EZectrochern.  Soc.:  S O L I D - S T A T E  SCIENCE AND TECHNOLOGY S e p t e m b e r  1983 

Figure 3 gives several hypothetical  examples of 
special R vs. o characteristics with resul t ing walI pro- 
files. Here, because of the inequali t ies (R0 > >  R~, etc.) 
and the effective stop etch planes (R3 ~ 0, etc.), the 
result ing wall slopes can be easily predicted quant i ta -  
tively. However, we must  presume that etching condi- 
tions near  the mask edge approximate those under  
which the R vs. o curve was obtained. That  is, the 
rate control l ing etching mechanism must  not be 
varied. Also, one can predict that  very  smooth surfaces 
should result  if a sharp local m in imum in etch rate oc- 
curs at that-or ientat ion angle. (See Fig. 3a~0~, 3b--0i, 
3c--01 and 02.) These p lanes  tend to be very smooth 
simply because any  4- surface i r regular i ty  will be sub-  
jected to a much higher etch rate and quickly disap- 
pear. We have termed these "crystallOgraphic. planes," 
since a part icular  crystal plane usual ly coincides. 
Note that stop etch orientat ion angles are not always 
"crystallographic," under  our definition, since R ,,~ 0 
at some angle is not always associated with a large etch 
rate for both __ ~0 deviations from this angle. (See 
Fig. 3e---4~, 3d--01, 3e--0~, 3f--01.) Thus, these surfaces 
have been labeled, as well as any other that do not fall 
under  the crystallographic etching definition as 
"rough." 

In Fig. 3a-f, we have a ctuaIly only i l lustrated three 
material  combinations s imilar  to the actual results with 
(100) InP  using Br :methano l  in (a) and (b),  HC1 in 
(c) and (d), and HC1 + HNO8 in (e) and (f) for mask 
edges lying in the (011) and (01]') planes, respectively. 
Because of symmetry,  the R vs. o characteristics are 
mirror  image pairs in this case, and inver t ing  the 
crystal to its rear  surface (start ing from 0 = 180 ~ is 
equivalent  to using the orthogonal (rotated by 90 ~ on 
the surface) mask orientation. Figure 3g is obviously 
an isotropic example not  characteristic of any of the 
III-V's. 

The predict ion of mask undercut t ing  is a bi t  more 
complicated, even in the special cases i l lustrated in Fig. 
3. First, we must  know or assume something about 
the etching properties of the mask-subst ra te  interface. 
Then, we must  somehow calculate how much under -  
cutt ing occurs before a stable stop etch or slow etch 
orientat ion is established (25). From this point, they 
again can use the rate mult ipl ied by  the time for the 
stable wall or ientat ion angle, provided as always that 
the R vs. o characteristic is still valid for the changing 
geometry. 

The schematic wall  profiles in Fig. 3 also i l lustrate 
undercut t ing.  In most cases, the first assumption is that  
no increase or decrease in etch rate occurs due to the 
mask-substra te  interface. Secondly, it is noted that for 
cases with stop etch planes where 0 < 01 ~ 90 ~ there 
should be very little undercu t t ing  before this stable 
plane is established. This assumption follows from the 
first since the wall  would tend ini t ia l ly  to proceed 
beneath the mask only with a perpendicular  intersec- 
tion angle. (See Fig. 3g--isotropic case.) But with a 
stop etch plane at o -~ 90 ~ essentially no undercut t ing  
will ini t ia l ly  occur, since the plane is reached at the 
mask edge almost instantaneously.  Thus, in these cases, 
the undercut  is R l t / s i n  o~ unless another stop etch plane 
with a still lower etch rate is encountered for 0 --~ 90 ~ 
as in Fig. 3c. Then R3t /s in  o3 determines the undercut .  
In practice, the above analysis gives good predictions. 

If the stop etch plane occurs for 0~ > 90% (e.g., Fig. 
3b) it may  never  be established under  the assumptions 
that  there is no reduct ion in etch rate at the mask in-  
terface or with increasing undercut .  In  practice, using 
Br :methanol  on InP, a significant dependence on the 
choice of masking mater ial  has been observed. In  some 
cases, the stop etch plane is quickly established; in 
other cases it never  is reached (25). Thus, the amount  
of undercut t ing  is general ly  dominated by process de- 
pendent  factors, such as mask- to-subs t ra te  strain, and 
not the side etching of the stop etch plane in the 02 > 
90 ~ cases. One must, therefore, characterize his own 
process in order  to predict  undercut t ing  in  these cases. 

Also, diffusion of reactants  or products to or away 
from the region immediate ly  under  the mask can be 
impor tant  for large undercuts.  

In cases where there are no stop etch orientat ions 
[R(0) ~ 0] or crystallographic planes [R(0) < <  
R(0 _ he)], the wall  profile cannot be quant i ta t ively  
predicted as easily. (See Fig. 3e, f.) However, qual i ta-  
t ively the same thing happens if there are even weak ~ 
min ima  in R vs. o. That is, the final walt  profile wiI1 
tend to be characterized by slopes given by 0 ~ 0mira, 
and undercut t ing  will tend to proceed at R(Omin.)t/  
sin Omin. if .0 -~ 90 ~ Again, assumptions concerning the 
mask-subst ra te  interface and R vs. 0 for the etching 
geometry must  be made. For 0rain. > 90 ~ the undercu t -  
t ing si tuat ion is much less predictable as ment ioned 
above since etching near  the mask-subst ra te  interface 
predominates.  

Figure 4 gives the actuaI measured plots of R vs. o 
for the cases shown schematically in  Fig. 3a-f, as well 
as one other. The data was obtained with p lanar -  
masked samples that  had been polished to a number  of 
different surface orientat ions as shown. The same sub- 
strate mater ia l  was used for all etchants. From these 
data, we can determine the values R1, R3, o2, o3, etc. 
for a part icular  ease shown in Fig. 3 to obtain a 
quant i ta t ive  prediction of wall profile. For example, 
with HCI (Fig. 3c) they obtain:  R0 = 8 ~/min,  01 ---- 
55 ~ RI = 1.2 #m/rain;  02 = 90 ~ R2 = 0.4 ~m/min,  and 
~3 = 140 ~ 

One should be cautioned, however, that quant i ta t ive  
predictions from these data are restricted by several 
factors: (i) the etch rate is general ly nonl inear  with 
time. The rate is usual ly significantly higher dur ing the 
first few seconds of etching (2) so Fig. 4 is only quan-  
t i tat ively valid near  the etching time used. The qual -  
i tative form, however, does appear to hold for a wide 
var ie ty  of etching times. (ii) Geometry ma y  change 
the etch rate, especially in reactions that  are par t ia l ly  
l imited by diffusion of reactants or products to or away 
from the region. Deep grooves and wails with large 
undercu t t ing  are examples of l imit ing geometries. It  is 
also noted from Fig. 4 that 0~ and 03 are crystal lo-  
graphic min ima but  that 0~ is only a stop etch angle. Of 
course, o3 is not a factor since Re ~ 0, unless etching 
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proceeds from the e ---- 180 ~ side. Equivalent ly  for e3, 
the lower abcissa with el ~ 40 ~ analogous to Fig. 3d is 
used. 

The small  bump or m a x i m u m  for HC1 in Fig. 4 for 
e ~ 95 ~ is believed to exist, but  it has only been 
observed quali tat ively.  Its ampli tude and width have 
not  been measured accurately. The best evidence for 
its existence is the very smooth appearance of a resul t -  
ing etched (015) facet, indicat ing crystallographic be-  
havior as shown in the exper iments  below. It  is ent i rely 
possible that there is no bump in the plane but  that the 
{011} is a sharp m i n i m u m  in some other orthogonal 
plane. 

Figure 5 shows some exper imental  results of wall  
profile and surface texture  for HC1 etching analogous 
to the schematics in Fig. 3c, d. Par t  (a) considers the 
mask edge in the (015) plane (Fig. 3c or upper  abcissa 
in Fig. 4). In  this case, the authors observe the two 
predicted crystal lographic facets labeled (111) and 
(011") for el = 55 ~ and ~2 ---- 90 ~ respectively. Here the 
etching time was 90 sec, so Rot ----= 12 t~m, Rlt  ----= 1.8 ~m, 
and  Ret ---- 0.6 t~m from Fig. 4. The measured values 
from Fig. 5 of 11, 2.4, and 0.5 ~m, respectively, for the 
depth, slope erosion, and mask undercut  are in good 
agreement  with the prediction. Also, the extreme 
smoothness of these facets shown by the perspective 
views is characteristic of the predicted crystallographic 
etching. 

The t r iangular  mesas, which depart  from p lanar i ty  in 
Fig. 5a, are the result  of mask roughness. Of practical 
significance is the fact that the wall  eventual ly  be-  
comes smooth even if the mask is rough, provided 
only its average edge line falls in the (011) plane. 
These characteristic features are useful in dist inguish-  
ing (011") vs. (011) under  the convention adopted. That  
is, t r iangular  mesas that  point away from the desig- 
nated (100) surface signify a (011) edge surface, and 
mesas that point toward the (100) signify a (011) facet 
(26). 

The above-ment ioned mesas are believed to account 
for the occasional apparent  deviat ion of the resul t ing 
etch profile from 90 ~ . Deviation from the vertical  of 
~2~ ~ (i.e., 62 : 92~ ~ have been observed by 

others (14, 15) and ourselves. Arrays of very small  
mesas can explain this phenomena.  However, it can 
also be argued that e2 is not 90 ~ but  must  be slightly 
greater  than 90 ~ to break the chemical degeneracy be- 
tween (011) and (011-). When 62 > 90 ~ the surface has 
more In  atoms than P and vice versa. Perhaps the sur-  
face must  be slightly In rich to inhibi t  HC1 etching, for 
it is well established that the In rich surfaces are more 
inert  than the P rich ones. Regardless of the explana-  
tion, this s'light tilt does exist, but  for tunate ly  its effect 
on laser mirror  reflectivity is small  (15). 

Figure 5b gives the results of HC1 etching with 
the mask edge in the (011) plane. In  this case, we 
again observe a well defined stop etch angle (01 
40 ~ as predicted from Fig. 4 (lower abcissa), but  the 
etching is clearly not  crystallographic in our  definition, 
since the surface is textured and rough. The roughness 
appears to follow the mask edge roughness. With 
smoother mask edges the wall  could be improved, but  
the point here is that the etching does not na tu ra l ly  
provide a smooth surface despite edge roughness as in 
Fig. 5a. The undercu t t ing  is too small  to measure with 
such a rough surface. 

Figure 6 gives similar  results for etching with 3% 
Br:methanol .  For  both mask orientations,  the { l l l } A  
plane defines the crystallographic stop etch or ientat ion 
angle analogous to the schematics in  Fig. 3a, b. The 
surface smoothness is good in both cases. The etching 
depth corresponds to the rate R0 -- 4 tLm/min obtained 
again from the plot in Fig. 4. The undercut t ing  for the 
mask edge in  the (011) plane, as ment ioned above is 
predictable, and it agrees with the value R1 = 0.4 ~m/ 
min  from Fig. 4. For the orthogonal or ientat ion (Fig. 
6a), the undercut t ing  is very nonl inear  with etching 
time as also suggested in the Fig. 3 discussion. (Note 
that this is a wall  angle effect, not the ini t ial  t rans ient  
in etch rate referred to in the Fig. 4 discussion.) Dur-  
ing the first 10 or 20 sec with this 3% concentrat ion and 
an Si3N4 mask, the wal l  is approximate ly  perpendicular  
to the mask, and the side etching is approximated by 
R (0 ~ 90 ~ ~ 7 ~m/min.  Then after the stop etch plane 
is established, R (e ~ 125 ~ ~ 0.4 #m/min,  the side etch- 
ing is relat ively insignificant. 

As ment ioned earlier, this si tuation can vary  dra-  
matically, dependent  main ly  upon the degree of etch 
rate enhancement  or suppression at the mask-subst ra te  
interface (25). Only slight changes in etch rate are 
necessary to change the wall  slope, which is the domi- 
nate  factor in de termining  undercu t t ing  in this case. 
For other masks, such as some photoresists and some 
forms of SiOf, the unders loping { l l l } A  stop etch 

Fig. 5. SEM cross sections (top) and perspectives (bottom) of 
steps on (100) lop etched with HCI for 90 sec using mask edges 
lying in either the (a) (011) or (b) (011) planes. Mask is plasma 
deposited Si3N4. Markers ~ 10 ~m. 

Fig. 6. SEM cross sections (top) and perspectives (bottom) of 
ridges on InP etched with 3% Br in methanol for 120 sec using 
two Si3N4 mask stripes 10 ,~m wide spaced by 10 ~m in the orienta- 
tions indicated. 



1922 J. EZectrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY September t983 

plane is never  obtained for this orientation,  and the 
side etching continues at some intermediate  rate. These 
relat ively subtle interface changes have little effect on 
undercut t ing  for the first orientat ion [Fig. 6b- -mask  
edge in (011) plane] or any other case in which the 
stop etch orientat ion angle 0 ~ 90 ~ as stated above. 

'The enhancement  or suppression of etch rate at the 
mask-subst ra te  interface is not always subtle. Metal 
masks on InP  offer some examples. Figure 7 gives 
example SEM's of HC1 etching with Ti masks. For both 
mask orientat ions the interface undercut t ing  is dra-  
matic. This example used an RIE first step, but  the 
same "wild" undercut t ing  has been observed in other 
cases as well. Similar  results have been observed with 
photoresis t -over-Au masks and Br :methano l  etching. 
These results suggest some sort of electrochemical cell 
action or the formation of an easily etched interface 
compound. The former is believed to be more l ikely in 
these cases. 

Reactive ion etching (RIE).--A n u m b e r  of d ry  etch- 
ing procedures, including the low pressure reactive ion 
etching (RIE), have been studied for use on InP  and 
G a I n A s P / I n P  device structures. Since these studies 
are well documented in the l i terature  (24, 27, 28), the 
results will not be discussed in any great detail here. 
However, a review of the sal ient  characteristics of 
certain processes that have been used to overcome the 
l imitat ions of WCE is needed. Although some of the 
same results can be obtained with the general ly  higher 
pressure plasma etching processes (29-31), we will 
concentrate on the highly directional etching properties 
of RIE. We will also only  discuss C1.2:O2:Ar gas mix-  
tures although other possibilities exist (27). 

The first, and perhaps most significant, property of 
RIE in this context is the lack of any significant etch- 
ing dependence on crystal orientation. That  is, wall  
profiles are general ly  not  dependent  on crystal  or ienta-  
tion, but  they are dependent  on the etching conditions 
and parameters  of RIE. This is in distinct contrast  to 
the higher pressure plasma etching results using C12 on 
GaAs (31) where much lower ion energies have al-  
lowed the observation of crystal or ientat ion effects. 
The second significant feature of RIE is that  mask un -  
dercutt ing is practically nonexistent .  Etching occurs 
only where the collimated ions strike the surface. 
Figure 8 gives examples of InP  etching with a C12 + 
02 mix ture  for two different etching conditions. The 
change in wall  profile and roughness with changing 
conditions is apparent.  No orientat ion effect was ob- 
served, and in all  cases no undercu t t ing  of the mask is 
evident. It  should be noted, however, that mask erosion 
is a more significant problem with RIE as compared to 
WCE because of the poorer lnask vs. substrate  etching 
selectivity. Metal masks are usual ly  required to wi th-  
s tand the sput ter  etching effect of the incident  ions. 
Nevertheless, mask erosion is not  the cause of the wall  
slopes general ly  observed for normal ly  incident  ion 

Fig. 8. SEM perspective of InP etched by RIE. Etching conditions: 
top~80% CI2 @ 20% 02 gas mixture at 2 mTorr pressure; 0.33 
W/cm 2 applied rf power; substrate temperature 250~ etching 
time was 20 m.in. Bottom~80% CI2 ~ 20% 02; 4 reTort; 0.33 
W/cm2; 30~ 20 min. Markers ~ 1 #m. 

beams. The sloping effect is general ly  a t t r ibuted to 
nonvolati l ized etch products that "mask" the wall  (28). 

The top part  of Fig. 9 i l lustrates RIE groove etch- 
ing for T~/Si~N4 masks with edges in either the (011) 

Fig. 7. SEM cross sections of InP etched with HCI for 10 sec 
following RIE with a Ti mask. Markers ~ 1 ~m. 

Fig. 9. SEM cross sections showing at the top, RIE grooves (80% 
CI2 ~ 20% 02, 2 mTorr, 0.33 W/cm 2, 25~ 20 rain) formed with 
a Ti over SisN4 mask, and at the bottom, the results of subsequent 
etching in HCI for 10 sec. 
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or (01i') planes. No difference can be observed. Also, 
the capabil i ty of RIE to etch nar row grooves is noted. 
The bottom part  gives the result  of post etching in HC1 
for 10 sec. The distinction observed earl ier  is clearly 
evident. The near  zero etch rate for 40 ~ < e < 85 ~ with 
the mask edge in the (011) plane (Fig. 9b) results in 
no HC1 effect on the rough RIE surface. Even the small  
(N1000A) str iat ions are unaffected on the RIE wall  
which here has a 0 ,-, 75 ~ slope. For the (011) case, the 
walls etch quickly to a smooth and near  vertical  state 
as shown previously. The Ti/SiaN4 mask used in Fig. 9 
allows prolonged RIE (several hours) ,  plus the capa- 
bil i ty to immediate ly  WCE/HC1 without  the wild un-  
dercutt ing effects shown in Fig. 7. This capabil i ty is im-  
portant  i n  nar row-grooved device structures (23). 

Combined RIE-WCE- grooves, (01I) ]acets.--Figure 9, 
discussed above, suggests combining an RIE step with 
a subsequent  WCE step to obtain narrow, high aspect 
ratio grooves in InP. Later, it will  also be seen that this 
combinat ion is par t icular ly  useful with G a I n A s P / I n P  
heterostructures.  For InP  alone, the principal  ad- 
vantage of preceding HCI-WCE by RIE is to lessen the 
undercut t ing.  Since the side etching rate with HC1 for 
(011) walls is about one- ten th  the vertical rate (R2/ 
Ro ~ 0.05 from Fig. 4), a groove wil l  widen by about 
10% of the etched depth (two times undercu t ) ,  if only 
HC1 is used. The formation of the { l l l } B  facets at the 
groove bottom require even longer etching if the height 
of the (011) wall  is of p r imary  interest.  That  is, the 
useful depth is reduced by the "V" formed at the bot- 
tom by an amount  w J 2  tan 55 ~ ---= 0.71 we, where w e 
is the groove width. However, if RIE is first used to the 
desired depth, only a few seconds in HC1 will planarize 
the wall  to the (011") as in Fig. 9a. This planarizat ion 
is par t icular ly  rapid, since the wall  slope left by RIE is 
typically eR ~ 75 ~ and from Fig. 4 a max imum in etch 
rate is observed near  this or ientat ion (R75 ~ 12 nm/  
rain).  Also, no low etch rate orientat ion now separates 
the star t ing from the final (e ~ 90 ~ wall  angles. Thus, 
in a typical HC1 dip time of 5 sec, a mask undercut t ing  
of R2t ,-~ 350A is obtained from Ffg. 4. For such small  
amounts  of etching it is sometimes desirable to dilute 
the HCI slightly with water. A 1:1 dilution slows the 
etch rate by about an order of magnitude,  but  the 
quali tat ive features of Fig. 4 remain.  

Another  important  possibility with combined RIE 
and WCE steps is the formation of (011) vertical  facets 
on (100) InP  (32). To the author 's  knowledge, no WCE 
will provide a wall angle ~ > 55 ~ when the masking 
edge is in the (011) plane. The reason, of course, is the 
coincidence of the {111}A stop etch plane which is 
effective for all known WCE etchants. With RIE this 
is not  the case. 

Figure 10a shows that RIE can provide 0 > 90 ~ if the 
ion beam is angled relat ive to the substrate normal  
(23, 33). From Fig. 4, using the lower abcissa, it is ob- 
served that with 0 > 90 ~ the wall  surface has moved 
out of the zero etching range 40 ~ < e < 90 ~ and into a 
range where HC1 will quickly planarize the wall back 
to the (011). Figure 10b ilIustrates the exper imental  
result  of briefly post etching the angled RIE sample of 
Fig. 10a in IIC1. The vertical (011) facet is clearly des- 
ignated by the upward  point ing t r iangular  mesas. The 
mask for this WCE step is actual ly  at the bottom of the 
RIE wall  where 0 becomes <90 ~ and the etch rate falls 
to zero. Below this depth of RIE, the wal l  takes on the 
characteristic wall  angle, e ~ 40 ~ and rough texture  
observed previously in Fig. 5b. The si tuation after RIE 
in Fig. 10 is ent i re ly  analogous to that  in Fig. 9. The 
RIE has provided a wall  surface oriented between the 
{ l l l } B  and the vertical. The high HC1 etch rate in this 
region angles the wall  slope to the crystallographic 
stop etch or ienta t ion nea r  t h e  vertical. The p r imary  
difference is the location of the effective mask. 

Figure 10c shows an a l ternat ive  method to obtain a 
(011) facet, and this t ime all steps are WCE. The trick 

F.ig. 10. SEM cross sections and perspectives of (011) facets after 
(a) 40~ RIE (60% CI2 r -~- 30% 02.-}- 10% At, 2 mTorr, 
0.33 W/cm 2, 25~ 150 min), and (b) additional etching of in HCI 
for 10 sec. Mask for (a) and (b) is Ti/SiaN4. (c) Results of all WCE 
procedure incorporating (1)etching in HCI for 30 sec, (2) etching 
in a 6:4:35 by wt I~aFe(C.N)6:KOH:Hr20 solution for 60 sec, and 
(3) etching in HCI for 20 sec. Mask for (c) is SiaN4; all markers ---_ 
1/~m. 

is to provide a different composition buried epi layer  
that can be selectively etched to provide the necessary 
undercut  masking line. Here a three-step procedure is 
employed to (i) cut through the InP  to a GaInAsP 
layer, (ii) selectively etch away the buried GaInAsP 
layer  to beneath the top mask, and (iii) then etch in 
HC1 to planarize the wall  above the GaInAsP mask, 
etching from the bottom-up.  

G a l n A s P / l n P  H e t e r o s t r u c t u r e  W a l l  Prof i les 
One-step etching.--Most commonly, mul t i layer  s truc-  

tures in this mater ia l  system are etched with a single 
etchant at any  given masking level. If all layers are to 
be cut at some mask edge, it is desirable to choose an 
etchant that etches both the qua te rnary  and InP  layers 
at about the same rate so that  no protrusions or reces- 
sion of any single layer  occurs. A n u m b e r  of studies 
have proposed etching mixtures  to satisfy this criteria 
(I3-15) and thereby yield a uniform wail  profile across 
a mul t i layer  heterostructure.  For etched mir ror  facets 
in lasers, this wall  should be "vertical" or perpendic-  
ular  to the surface. Of all the etchants that have been 
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proposed, however, none use a crystallographic stop 
etch plane to provide a reproducible and planar  facet 
as i l lustrated with HC1 above for InP  alone. The one 
mixture  that does reproducibly give a p lanar  wall  
across all layers, Br :methanol ,  provides a { l l l } A  
crystallographic plane, which is not compatible with 
simple two-mir ror  lasers on (100) substrates. There 
has been some work with Br: methanol  and mask edges 
in the (01i-) plane, in which the etching did not  l imit 
at the 0 = 125 ~ { l l l } A  plane (15). In  these cases, the 
mask-subst ra te  combinat ion apparent ly  inhibi ted the 
formation of the unders loping wall  by favoring con- 
t inuing  undercut t ing.  But here again, the reproducibi l -  
i ty  and planar i ty  advantages of a stop etch plane are 
not being utilized, and the wall profile is rounded as in 
other such cases (13-20). 

To our knowledge, no single etchant  which limits at 
the (011") plane in both the quaternrary and InP  has 
been identified. Without this stop etch action, we can 
only hope to approximate a verti.cal wall, e.g., (011), 
and the etch rates of the qua te rna ry  and InP  must  be 
exactly equal to avoid any  step at a buried interface. 
Figure 11 i l lustrates the optimization of an HC1 § 
xHNO~ mixture  to el iminate this step by adjust ing x. 
This interest ing mixture  is a combinat ion of an etchant 
that etches InP  but  not GaInAsP-HC1 and one that 
etches GaInAsP but not  InP-HNO~. Although it retains 
some of the anisotropic characteristics of HC1 so that 
(011) walls are approximated, the addit ion of HNO3 
removes the crystallographic stop etching quality. The 
undercut t ing  rate is ,-,2 ,~m/min or about one-four th  
the vertical  rate. In  other words, the R vs. ~ character-  
istic shows only a weak m i n i m u m  at ~ = 90 ~ unl ike  
pure HC1. In our  experience, the resul t ing wall  profile 
for the optimized mixture  (x = 2 in this case) is about 
as good as can be done with a single etching step. 

RIE again provides an a l ternat ive  way of obta ining a 
desired wall  slope in G a I n A s P / I n P  heterostructures.  
Because of the collimation of the ion beam and since 
e t ch ing  only occurs where the ions strike, there is no 
tendency for a step to form at a bur ied layer  in this 
case, even if a different etch rate exists. Thus, the wall  
profiles are s imilar  to those shown earlier in Fig. 8 for 
InP  alone. In most cases, it is impossible to discern the 
location of a bur ied qua te rnary  layer in InP.  The chief 
quali tat ive difference between the WCE result  of Fig. 

11 and RIE with a properly angled ion beam is the lack 
of mask undercut t ing  i n  the lat ter  dry etching case. 
Wall  striations and slope are qual i ta t ively of the same 
order. Also, RIE can provide the same wall regardless 
of orientation.  Laser thresholds using either one-step 
WCE or RIE are increased by ~0-50% over cleaved 
control samples. 

Two-step etching.--In order to improve the quali ty 
and reproducibi l i ty  of wall  profiles resul t ing from a 
first etching step, we have proposed a second crystal-  
lographic stop etching step to smooth and planarize the 
wall. For (011) walls, HC1 is the on ly  etchant found 
that provides a definite crystallographic stop etching in 
InP. Of course, the major  difficulty in the hetero- 
s tructure is that  HC1 will not etch GaInAsP at all. 
Thus, the first step must  leave the wall  very near ly  
planar  at the (011) so that a brief  HCI etching 
(5-20 sec) will not create a large protrusion of the 
qua te rnary  layers of interest.  Figure I2 i l lustrates the 
results that can be obtained with a WCE first step. The 
wall  i l lustrated deviates less than ,~500A from planar-  
ity. 

If angled RIE is used for the first step, (011) facets 
as well as (011-) can be obtained. For (01i-) facets, the 
results are similar  to Fig. 12 but  with reduced under -  
cut. The technique for (011) facets is the same as used 
for Fig. 10. That  is, the RIE is angled to provide a very 
slightly unders loping wall, exposing to the HC1 a wall  
surface that  can be etched back to the (011) with the 
bottom of the wall  acting as a mask. The results, 
shown in Fig. 13, also include a supplementary  mater ia l  
selective etching of the qua te rnary  (Q) layer and an-  
other brief HC1 etching to reduce the qua te rnary  pro- 
trusion. Such supplementary  steps have also been 
found to improve the yield of (011-) facets as in Fig. 
12. The next  section will  review these and other mul t i -  
step etching procedures. 

Multistep and sequential layer etching facets and 
grooves.--By mult is tep etching, we refer to an ex-  
tension of the two-step procedures discussed above. 
That  is, they have found that it is possible to improve 
the yield and have more predictable wall  profile results 
if addit ional  "fine tuning"  steps are included. Also, 
certain of the steps can be rei terated to converge on the 
desired smooth and p lanar  walls. 

Table I outlines a general  mult is tep procedure for 
obta ining mir ror  qual i ty  (011) walls in DH laser 
wafers. Here, the first step is assumed to cut through 
all impor tant  layers of the device structure.  Subse- 

Fig. 11. SEM perspectives and cross sections of GalnAsP/InP 
DH etching in HCI -I- xHNO3 for x ---- 1.5, 2.0, and 2.5. Mask 
is negative resist on $i~N~; markers - -  I #m. 

Fig. 12. SEM perspectives and cross sections of two-step WCE 
DH wall profiles after etching in (1) 1 : I .5 -HCI:HNOs as in Fig. 11 
and C2) pure HCt for 10 sec. 
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Table II. Sequential layer etching, (011) facets and grooves 

Fig. 13. (a) SEM cross section and perspective of a (011) facet 
on a DH wafer. (b) Schematic illustration of steps employed. 
Marker = 1 #m. 

quent  e tching is appl ied  to improve  the result ,  p r i -  
m a r i l y  by  side etching. The s imple  two-s tep  p rocedure  
discussed above is a special  case in which  no opt ional  
s teps  a re  employed.  As noted, angled  RIE can also be 
used to form (011) facets. Al l  e tchants  in s tep 1 wi l l  
etch all  layers  of the DH. Step 2 uses a select ive Q- 
etch to recess the act ive Q l aye r  by  ~1000A, or  the 
assumed s t r ia t ion  devia t ion  f rom the (011-) p lane  lef t  
by  step 1. Step 3 p lanar izes  the wal l  wi th  the c rys ta l lo-  
graphic  HC1 etchant .  Step 4 includes addi t ional  side 
e tching steps of ever  decreas ing dura t ion  (or ex ten t )  
a lways  ending wi th  the  impor t an t  HC1 crys ta l lographic  
etching. F igure  14 gives an e tched DH facet  example  
in which some opt ional  steps were  employed.  The m i r -  
ror  qua l i ty  was un i fo rmly  good over  most of the wafer.  
Note that  the  opt ional  step 2 m a y  be sk ipped  in i t ia l ly  
and then  inc luded in s tep 4. I t  is impor tan t  to real ize in 
consider ing this mul t i tude  of possibi l i t ies  that  the p r i -  
m a r y  etching is done in s t eps  1 and 3. The r ema in ing  
steps are  only  for  fine tuning  that  which should a l r eady  
be a good resul t .  

Table  II  out l ines  a different  k ind  of approach,  in 
which ind iv idua l  l ayers  of a DH are  removed  se-  
quen t i a l ly  f rom the top. This approach  is pa r t i cu l a r ly  
useful  for na r row  groove etching since RIE can be used 
for cut t ing al l  Q layers  wi thout  any  mask  undercut t ing ,  
and then  tha t  Q- l aye r  becomes the mask  for c rys ta l lo-  
graphic  etching of the unde r ly ing  InP  l aye r  wi th  l i t t le  
associated undercut t ing .  Of course, the na r rowes t  
grooves are  st i l l  ob ta ined  by etching deeply  wi th  RIE 

Table h Multistep etching, (011) facets 

Step Etchant Comment 

(HCI:HNO3 "1 Cut all layers approx. 
HCI:CHzCOOH:H20~ ~ vertical [RIE --> (011) 

1. | Br: CH30H alsol 
t/_RIE ~ 40" 

2. ( KaFe(CN)e:KOH:H20 "~ Selective Q-etch to re- 
[optionall -~ H'~SO4:H202:H20 ~ cess Q--layers 

L HNO~ (~IO00A) 
3. HC1 Planarize at (011) 
4. As above Repeat 1-3, 1 and 3, or 2 

[optional] and 3 to improve facet 

Step Etchanr Comment 

~ I~Fe (CN)~:KOH:H~O } Cut through Q--cap; 
1. a. H~O~:H~O2:H~O a. selective 

HNO~ b. nonselective 
[RIE -~ no underct~t] 

~ HCI:HNO~ 
b. Br:CH~OH 

1 RIE 
2. HCI Cut to Q-active with 

little undercut 
Cut through Q--ace 
tire 

a undercutting a 
problem 

b. relative under. 
cutting 

[RIE --~ no undercut] 

~ KaFe (CN)e: KOH:H~O 
a. H~SO4:HeO2:H~O 

HNOs 

b. { HCI:HNOa 
].RIE _ 5 o 

~ KsFe (CN) 6: KOH:H~O ~ Recess protruding 
4. HsSO4:H~O2:H~O Q--layers after step 

[optional] HNOs 3b. 
5. HC1 Etch below Q-layer 

and planarize at 

6. As above Repeat 3-5 or 3 and 5 
[optional] to improve facet 

to avoid the necess i ty  of pro longed WCE for t h e  
desired depth.  

As shown in Table  II, the first s tep is used to cut 
th rough  the cap or contact  Q- l aye r  shown schemat ica l ly  
in Fig. 11 above. Etchant  group (a) is ma te r i a l  select ive 
so tha t  stop etching wil l  occur at  the  InP  c ladding  l aye r  
for  depth  control.  Undercu t t ing  or  side etching does 
not  se l f - l imi t  in these cases. The second step uses HC1 
to cut ve r t i ca l ly  to the  act ive Q- layer .  With  the group 
b e tchants  in step 3 (RIE or  HC1 ~ HNO~), the  act ive 
l aye r  can be cut  wi th  no u n d e r c u t t i n g  re la t ive  to the 
ad jacen t  InP.  (The HC1 q- HNO3 mix tu re  etches both 
at the same rate,  undercu t t ing  both  together .)  How-  
ever, wi th  the ma te r i a l  select ive e tchants  of 3a the 
Q- l aye r  a lways  is undercu t  s l igh t ly  re la t ive  to the  
upper  InP cladding layer .  I t  then is genera l ly  ve ry  
difficult to avoid an undercu t t ing  step at  the active 
layer  af ter  subsequent  HC1 etching. F igure  15a i l lus-  
t ra tes  an example  of the  resul t ing  wal l  profiles in a 
groove. Only by  ve ry  careful  t iming of the e tching can 
the lower  edge of the Q- l aye r  be kep t  roughly  in line 
wi th  the mask ing  InP  cladding l aye r  to avoid this 
phenomenon.  See Fig. 15b. 

S l igh t ly  angled  RIE, on the other  hand, can be used 
to cut the active layer  wi th  no undercu t t ing  or s tepping 
problems.  Thus, it  becomes the p re fe r r ed  e tchant  in 

Fig. 14. SEM cross section of an (011) DH facet using multistep 
etching an a wafer with a buried Q stop etch layer. Step 1 used 
HCI:HNO~,-I:3 for 15 sec. Step 2 used K3Fe (CN)6:KOH:H20- 
6:4:70 far 7 sec. Step 3 used HCI for 10 sec. Markers ~ 1 rum. 
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Fig. 15. SEM cross sections of etched grooves in DH using 
sequential layer etching. Step I~RIE; step 3--1QFe(CN)6:KOH: 
H20; step 4 and 6--not used. Part (o) results of over etching 
in step 3; (b) proper etch times. 

Fig. 16. SEM cross section (a) and perspection (b) of DH groove 
using a different etchant sequence. Step 1--RIE; step 3~._RIE 
at 5~ step 4--K~Fe(CN)6:KOH:H20; no step 6. Markers ~- 1 ~m. 

step 3 for n a r r o w  grooves. The opt ional  step 4 is useful  
to recess the  act ive Q- l aye r  s l ight ly  fol lowing the use 
of the group 3b etchants  analogous to s tep 2 in Table I. 
Step 5 extends  the (01i') facet to be low the active Q- 
layer ,  using it as its mask. F igure  16 shows the resul t  
using the RIE based procedure  (RIE in steps 1 and 3). 

Summary and Conclusions 
In this work, an under s t and ing  of the etch ra te  vs. 

suhst ra te  or ien ta t ion  angle  has been used to predic t  and 
expe r imen ta l l y  real ize  des i red  etched wal l  profiles on 
G a I n A s P / I n P  DH wafers.  Crys ta l lographic  stop etch 
planes  were  employed  to ensure the qua l i ty  and re -  
producib i l i ty  of the results.  Etched mi r ro r  fabr ica t ion  
procedures  combining WCE and RIE techniques were  
out l ined in some deta i l  in Tables I and II. 

The resul ts  indicate  that  high qual i ty  laser  m i r ro r  
facets can be obta ined with  all  WCE using a basic two-  
step etching procedure,  s ta r t ing  with  an HCI:HNO:~ 
mix tu re  and finishing wi th  an HC1 p lanar iz ing  step. 
Optional  refinement,  as shown in Table I, m a y  be des i r -  
able. For  n a r r o w  grooves t o  be used as pa r t i a l l y  t r ans -  
missive mirrors ,  a sequence of RIE and HC1 WCE steps 
as out l ined in Table II  gives the best  resul ts  on (001) 
G a I n A s P / I n P  DH laser  wafers.  

Despi te  the success we have demonst ra ted ,  a 
s impler  one-s tep  p rocedure  would sti l l  be desirable.  
However ,  in this case i t  is be l ieved that  an e tchant  
which stop etchs at the same ver t ica l  p lane  for both 
the InP and  Q layens must  be found. Ident ica l  etch 
ra tes  in the two mate r ia l s  are  not  enough. 

For  appl icat ions  where  o ther  types  of wal l  profiles 
a re  desired,  the etch ra te  vs. angle character is t ics  of 
var ious  possible etches again  can provide  the s ta r t ing  
point. For  reproduc ib i l i ty  and p lanar i ty ,  stop etch 
planes  should be identif ied and util ized. 
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ABSTRACT 

The liquid phase epitaxial (LPE) growth conditions for lattice-matched A10.48In0.52As and Al~Ga,In~_~._~As layers with 
various compositions and energy gaps were determined by using the x-ray diffraction and photoluminescence 
measureements. The epitaxial layers were grown on InP (1 l l )A and (100) substrates. By using these LPE growth conditions, 
the lattice-matched epitaxial layers can be grown in the energy gap range from 0.8 to 1.44 eV. The Hall measurements of 
unintent ional ly doped Alo.48In0.~2As layers which were grown without using special baking methods were performed at 
room temperature. The carrier concentration was 4.7 • 10 ~ and 5.9 • 10 ~ cm -~, and the Hall mobility was 4549 and 4466 
cm~/Vsec. The compositional grading in Al~Ga~In~_~_~As layers was studied by the CuK~ rocking curves. It was found that 
the epitaxial layers with mirror surface were more easily obtained on (111)A InP than on (100) InP. The composition depend- 
ence of the growth  rate of Al~Ga,In~_~_,As was s tudied .  The poss ib i l i ty  of o b t a i n i n g  h e t e r o s t r u c t u r e s  such as 
Al~Ga,In~ ~_~As/Alo.~sIn0.~ As and Ino.~Ga0.~TAs/A10.4~Ino.~As was also studied. 

AlzGayInl -~-yAs can be lattice matched to InP  and 
can be used to obtain optical devices designed for the 
wavelength range, from 0.86 to 1.68 ~m. A10.4sIn0.~2As 
is one of the t e rmina l  Compounds of the latt ice- 
matched AlxGayInl-x-yAs/InP system and has a 
larger energy gap than InP (1). Therefore, it is espe- 
cially interest ing that  this alloy system has a possi- 
bi l i ty of achieving laser emission in the 1.0-1.2 ~m 
range in which effective carr ier  confinement effects 
cannot be expected in I n P / I n l - x G a z A s l - y P J I n P  
double heterostructure lasers. A10.48In0.52As can also 
be used as th in  in termediary  layers to increase 
Schottky barr ier  heights for In0.~3Ga0ATAs field effect 
transistors because A10.48Ino.52As has a higher 
Schottky bar r ie r  height than InP  (2). A10AsIn0.52As 
and AlxGa~Inl-x-yAs can also be expected as mate-  
rials for detectors because of their wide wavelength  
range. 

It has been general ly  believed that the l iquid 
phase epitaxial  (LPE) growth of Alo.48In0.5~As and 
AlxGayInl-x-yAs is difficult due to the very large 
dis tr ibut ion coefficient of At (3). Therefore, molecular  
beam epitaxy (MBE) has been used for the growth 
of these materials  (2, 4-9). However, undoped A10.48- 
Ino.52As epitaxial  layers grown by MBE were found 
to be semi- insula t ing  due to the presence of high den-  
si ty of deep level traps (2, 4). In  order to obtain high 
pur i ty  A10.48In0.52As and AlxGayInl-~-yAs,  it is neces- 
sary to grow them by the LPE method. Recently, we 
found for the first t ime that  la t t ice-matched A10.48- 
In0.52As (10) and Al~GauInl-x-~As (11) epitaxial  
layers could be grown on InP  by LPE. Relat ively high 
growth temperatures  such as 700 ~ and 800~ were used 
to grow epitaxial  layers of these materials  in order  to 
avoid the violent  deplet ion of A1 in the growth solu- 
tions. In  these previous works, however,  sufficient in-  
formation required for the growth of la t t ice-matched 
Al~Gaylnl-~-~As layers with various compositions 
was not supplied. 

In  this work, the LPE growth conditions for lat t ice- 
matched A10.48In0.~2As and Al~Ga~jInl-x-yAs with 
various compositions were obtained. The evitaxial  
layers were grown on InP  ( l l l ) A  and (100) sub-  
strates, and the growth conditions to obtain epitaxial 
layers without surface defects were found by s tudy-  
ing the substrate  orientat ion dependence of the sur-  
face morphology. A possibility of growing hetero-  
s t ructure  wafers such as Al~Ga,~Inl-z-yAs/Al~.48- 
Ino..52As and In0.5~Ga0.47As/A10AsIn0.~2As was also 
studied for device applications. In  order  to know 

Key words: A1GaInAs, LPE growth, matching, thir~ film. 

whether  thick AlxGayInl-x-~As epitaxial  layers c a n  

be grown or not, the composition dependence of the 
growth rate of AlxGayIn~-x-~As was investigated. 
The compositional grading in AlxGayInl-x-yAs layers 
was studied by the ha l f -wid th  of the CuKal rocking 
curves. The energy gaps of la t t ice-matched A10.48- 
In0.52As and AlxGayInl-x-yAs were exper imenta l ly  
de termined by photoluminescen~ce measurements .  The 
Hall  measurements  of un in ten t iona l ly  doped A10.48- 
In0.52As layers were performed at room temperature,  
and the carrier  concentrat ion and Hall mobi l i ty  were 
derived from the measurements .  

Experimental Procedure and Results 
LPE growth conditions ior lattice-matching.--Alx- 

In l -xAs  and AlxGauInl-x-yAs epi taxial  layers were 
grown onto InP  ( l l l ) A  and (100) substrates by  the 
LPE method. The solution compositions for the growth 
were de termined o n  the basis of the previously cal- 
culated phase diagrams (10, 11). These values are 
listed in Tables I and II. The exper imental  apparatus 
consisted of a horizontal  furnace system and a con- 
vent ional  sl iding graphite boat as reported previously 
(12). Pd-purif ied H2 flowed through the fused silica 
tube set in the furnace. Materials used were semi- 
conductor grade A1, In, GaAs and InAs. AlIn  mother  
alloy which contained 0.1 atomic percent  (a/o) A1 
was used as the A1 source because it was very  difficult 
to dissolve A1 into In  melts direct ly at the growth 
temperatures,  by reason of the miscibil i ty gap in 
the l iquid state of the A1 and In  b inary  system (13). 

At the s tar t  of the growth run,  the furnace was 
heated rapidly to 30~176 above the start ing growth 
temperature,  and the growth solution was held there 
for about 30 min. It was then cooled with a constant  
cooling rate of 0.5~ Prior to growth, the ther-  
mal  damage of the surface of the InP substrates was 
removed using an undersa tura ted  In  ~ P solution. 

For the growth of AlxInl-zAs,  685 ~ 770 ~ and 790~ 
were used as the s tar t ing growth temperatures.  The 
exact ~amount of supercooling is not  clear because of 
the lack of an exper imenta l  phase diagram, but  it is 
sure that the epitaxial  layers were grown from super-  
cooled solutions (10). When the growth tempera ture  
interval  was 9~ the thickness o f ' e p i t a x i a l  layers 
grown on InP  ( l l l ) A  substrates was 0.1 and 0.5 um 
for the s tar t ing growth temperatures  of 685 ~ and 
790 ~ C, respectively. 

Lattice constants of these layers were measured 
by a double crystal x - ray  diffraction technique with 
a symmetr ic  paral le l  a r rangement  [W (333), -- (333)]. 

1927 
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Table I. Starting growth temperatures, solution compositions, substrate orientations, lattice constants o (A) ,  and energy gaps Eg 
(eV) at 300 K for Alxlnz-xAs grown on InP substrates 

Solut ion  compos i t ions  
Starting growth 

temperature, ('C) XA~ z Xa~Z Xia I Face a (A) E, (eV) 

685 0.00026 0,077 0.92274 (111) A 5.886 -- 

0.00027 0,076 0.92373 5.881. -- 

0.00030 0,070 0.9297 5.864 -- 

770 0.00067 0.13.99 0.85943 ( 111 ) A 5.8825 1.425 
0.00068 0,139 0.86032 5.885 1.431 
0.00070 0,138 0.8613 5,880-5.882 1,437 
0.00073 0,134 0.86527 5.870 1.443 

790 0.00075 0162 0.8372 (111) A 5,914 -- 

0.00080 0.157 0.8422 5.885 - -  

0.00085 0.152 0.8471 5.870-5,872 1.44 
0.00090 0,147 0.8521 5.861 

Table II. Starting growth temperatures, solution compositions, substrate orientations, lattice constants a (A) ,  and energy 
gaps Eg (eV) at 300 K for AIxGoyinz-z-yAs grown on InP substrates 

So lu t ion  compos[tions 
Starting g r o w t h  
t e m p e r a t u r e ,  (~ XAt~ Xea z Xz~ 1 XA~ Face a (A) Eg (eV) 

685 

790 

0.00012 0.025 0.07795 0.89693 (111) A 5.866-5.870 0.8305 
0.00012 0.030 0.07514 0.89474 5.858 0.7858 
0.00015 0.015 0.0778 0.90725 5.879 1.033 
0.0~)15 0,020 0.0750 0.90485 5.865 0,960 
0 ~ 0 3  0,020 0.8u97 0,170 (111) A 5.931 
0.0003 0.025 0.8077 0,167 5,919 
0.0003 0.038 0.8047 0,157 5,862-5.867 0,808 
0.0003 0.040 0.8037 0.156 5.86~ 0.793 
0.0004 0,020 0.8206 0.159 5,884-5,878 1.057 
0.0004 0,025 0.8196 0,155 5.873 1.010 
0.00,04 0.030 0.8186 0.151 5.865-5.859 0.887 
0.0005 0,010 0.8345 0,155 5,877-5.884 1.240 
0.0005 0,014 0.8345 0,151 5,873 1,028 
0.0005 0,016 0.8335 0.150 5,866 1.040 
0.0006 0.093 0.8489 0.1475 5.888 1,352 
0.0006 0,005 0.8484 0.146 6,862 1,259 
0.0006 0.008 0.8474 0.144 5.857 1.252 
0.0005 0.007 0.8355 0.157 (100) 5.878 1.288 
0:0005 O.OlO 0.8345 0.155 5.873 1.269 
0.0005 0.015 0.8335 0,151 5,850 1.277 

The precise diffraction angle of the layers was de- 
termined from the (333) CuKal reflection by using 
the substrate  reflection as an in terna l  standard. The 
measured results are listed in Table I. Figure  1 shows 
the lattice constant  of AlxInl-~&s epitaxial  layers 
grown on InP  ( l l l ) A  substrates s tar t ing from 685 ~ 
770 ~ and 790~ as a funct ion of Xm t, where Xi 1 repre-  
sents the atomic fraction of the element  i in the solu- 
tion. The broken line represents  the lattice constant  
of InP.  Figure 1 .also shows the previously determined 
lattice constant  of Al=Inl-xAs layers grown on InP  
(100) substrates (10). The s tar t ing growth tempera-  
ture was between 790 ~ and 770~ (10). When 
AlzInl-~As layers were grown from solutions with 
the same composition, the lattice constant  of a layer  
grown on the ( l l l ) A  face is larger than  that of a 

' I I I I 
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_ J  
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Fig. 1. Lattice constants of AI=Inl-=As layers grown on ( I I 1 ) A  
and (100) InP substrates.  The starting growth temperatures  are 
685% 770 ~ and 790~ for the ( l i l ) A  face, and between 790 ~ 
770~ for the (100) face. 

layer  grown on ~he (100) face. The solution compo- 
sitions for the growth of lat t ice-matched A10.4sIn0.52As 
on InP  can be determined from Fig. 1 

For the growth of AlxGayInt-=-yAs, 685 ~ and 790~ 
were used as the s tar t ing growth temperatures.  The 
qua te rnary  epitaxial  layers were grown on I nP  ( l l l ) A  
and (100) substrates. Lattice constants of these layers 
were also determined from t he  (400) and (333) CuKax 
reflections by using the double crystal x - ray  diffrac- 
tion technique. The precise diffraction angle of the 
layers was determined by using the substrate reflec- 
tion as an in te rna l  standard. The results are listed in  
Table II. Figure 2 shows the lattice constant of 
AlxGa~Inl-z-yAs layers grown on InP  ( l l l ) A  and 
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Fig. 2. Lattice constants of AIxGaylnl -x-yAs layers grown on 
(111)A and (100) InP substrates. The starting growth tempera- 
tures are 685 ~ and 790~ for the (111)A face and 790~ for the 
(100) face. 



VoI. 130, No. 9 L I Q U I D  P H A S E  E P I T A X I A L  G R O W T H  1929 

(I00) substrates starting685 ~ and 790~ The growth 
solutions containing XAI I -- 0.00012 and 0.00015 at 
685~ ,and XA11 = 0.0003, 0.0004, 0.0005, and 0.0006 at  ~.- 
790~ were  used for  the  ( l l l ) A  face. The growth  
solut ion wi th  XAI' ---- 0.0005 were  used for  the  (100) 
face. w h e n  A lxGayIn l -x -yAs  layers  were  grown from 
solutions wi th  the same composition, the la t t ice  con-  
s tant  of a l aye r  grown on the ( l l l ) A  face is a l s o  
l a rge r  than  tha t  of a layer  grown on the (100) face. 
The solut ion composit ions for the growth  of la t t ice-  
matched  Al~GayIn l -x -yAs  on InP  can be found f rom 
Fig. 2. 

F igure  3 shows solut ion compositions, Xca ~, XAs 1, and 
XA1 z, requi red  for the  LPE growth  of l a t t i ce -matched  
A10.4sIn0.52As and A l x G a y I n l - z - y A s  layers  wi th  va r i -  
ous composit ions.  These da ta  were  der ived  f rom Fig. 
1 and 2 and the calcula ted l iquidus  isotherms (10, 11). 
The s ta r t ing  g rowth  t empera tu re s  of 685 ~ and 790~ 
were  used. As shown in Fig. 3, X~a I and XAs I decrease 
as XA~ z increases.  When  g rowth  solut ions have the  
same XA~ z, Xoa z is smal le r  for the (100) face than  for  
the ( l l l ) A  face. The da ta  for XGa z '---- 0.0 gives the 
solut ion composi t ions for  the  g rowth  of la t t ice-  
matched  Alo.4sIno.~As on InP.  

Rocking curves o] Al=Ga~Inz-=-~As Iayers.~Figures 
4 and 5 show the CuKaz rocking curves  for the (333) 
reflection of Al~GayInz-~-~As LPE layers  g rown on 
InP (111)A substrates .  These layers  were  grown s t a r t -  
ing from 790~ at  a constant  cooling ra te  of 0.5~ 
The qua t e rna ry  l aye r  shown in Fig. 4 has the th ick-  
ness of 0.8 ~m, the  wave length  of 0.99 /~m, and the 
la t t ice  misfit  of --2.22 • 10 -3. The ha l f -w id th  of the 
diffract ion peak  is about  51 sec, and it is a l i t t le  l a rge r  
than  that  of InP  (about  34 sec) .  This means  tha t  the 
composi t ional  grading  in the  0.8 /~m thick AI~Ga~- 
In~-=z-~As LPE l aye r  is smal l .  The qua t e rna ry  l aye r  
shown in Fig. 5 has the thickness of  3.7/~m, the  wave-  
length  of 1.53 /~m, and the la t t ice  misfit  of --4.8 X 
10 -~ to --1.34 X 10-~. The ha l f -w id th  of the diffrac-  ~" 
t ion peak  is ,about 100 sec, and it is l a rge r  than tha t  ~_, 
of InP  (about  36 sec) .  This indicates  tha t  the  3.7 ~m 
thick A l ~ G a ~ I n l - ~ - ~ s  l a y e r  has a composi t ional  
grading,  and  the la t t ice  constant  of the l aye r  is es t i -  
ma ted  be tween  5.867 and 5.862A. The  ha l f -w id th  of 
the 3.7 /~m thick AI~Ga~Inl -x-~As LPE l aye r  is com- 
parab le  to tha t  of the  4.3 ~ n  th ick Ini-xGazAs~_~Pu 
LPE l aye r  which was grown s ta r t ing  f rom 650~ at  a 
constant  cooling ra te  of 0.5~ (14). Therefore,  the 
degree  of the composi t ional  g rad ing  of Al~Ga~Inl -~-~-  
As is a lmost  comparab le  wi th  tha t  of In~-~Ga~AS~-~P~. 

Energy gaps oI lattice-matched alloys.~The energy  
gap of undoped AI~Inl-zAS and AI~Ga~Inl -x-~As 
layers  was de te rmined  b y  photoluminescence (PL)  
measurements  at  300 and 77 K. A CW 200-mW A r  ion 
laser  a t  5145A was used as the opt ical  pumping  source. 
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Fig. 3. Solut ion composit ions,  Xca 1, XAs 1, and XA] 1, required 
for  the LPE growth of l a t t i ce -matched  Alo.4slno.5~As and 
AIxGa~lnl-x-yAs layers with various compositions. 
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Fig. 4. CuKal racking curve for the (333) reflection of a 0.8 ~m 
thick Al~Gaylnl-x-yAs layer grown on (111)A InP. 
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Fig. 5. CuKal racking curve for the (333) reflectioa of e 3.7/~m 
thick AIxGaylnl-x-yAs layer grown on ( I ] | )A  laP. 

The laser  l ight  was .chopped at  a f requency  of 200 Hz 
and focused on the sample  to a spot  about  0.5 m m  in 
diameter .  Fo r  the P L  measurements  of longer  w a v e -  
lengths  than  0.9 ~m, a JASCO CT-50 monochromator  
wi th  a PbS  de tec tor  cooled at  77 K and a PAR HR-8 
lock- in  ampli f ier  were  used. For  the P L  measu re -  
ments  of shor t e r  wave leng ths  than  0.9 ~m, a NARUMI 
RM-21 monochromator  wi th  an Si photodiode (HTV 
S1336) at  room t empera tu re  and an NF LI-573 lock- in  
ampli f ier  were  used. The  measured  resul ts  are  l is ted 
in Tables I and II. 

A typ ica l  PL  spec t rum of an Al~Ga~Inl -~-~As l aye r  
is shown in Fig. 6. The spec t rum was measured  at  
300 K. The peak  wave leng th  is 1.028 ~m. The thickness  
and la t t ice  constant  of the  qua t e rna ry  l aye r  are 0.5 
~m and 5.873A, respect ively .  This l aye r  was grown on 
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( l l l ) A  InP star t ing from 790~ at a constant  cooling 
rate of 0.5~ The hal f -width  of the PL spectrum 
shown in Fig. 6 is 57 meV, and this value is com- 1.6 
parable to the half -width  of the PL spectra of 
Inl -=GaxAsl-yPy layers whose thickness was 1 ~m 
(15). This means that the composition variat ion in this 
A lzGayIn l - z - ,As  epitaxial  layer  is not large. This ~ 1.5 

o .  is consistent with the results of the rocking curves. 
Figure 7 shows the energy gap of AlxInl-=As as a 

function of XAIL The energy gap of AlzInl-~As epi- 
taxial layers grown on InP  ( l l l ) A  and (100) sub-  ~ 1.4 
strates was measured a t  300 and 77K. The s tar t ing "' 
growth temperature  was 770~ for the ( l l l ) A  face, 
and it was between 790 ~ and 770~ for the (100) face 
(10). The energy gap of la t t ice-matched A10.4sIn0.52As 
was measured to be 1.44 eV. This value is sl ightly 
larger  than our previously reported value of 1.42 eV 
(10), ;and it is comparable to Lorentz and Onton's 
value of 1.45 eV (1). The energy gap increases gradu ,  
ally with XA~ 1 for both faces. The energy shift be-  
tween the energy gaps at 300 and 77 K was found to 
be 0.06 eV. 

Figure 8 shows the energy gap of la t t ice-matched 
( l l l ) A  oriented AlxGayinl-x-~As epitaxial  layers 
as a funct ion of XA11 at 685 ~ and 790~ The energy 1.4 
gap was measured at 300 K. The energy gap varies ~: 
abrupt ly  with increasing XA~ t in the range of the 
wider energy gap than 0~ eV. The te rminal  value at ~1.2 
XAZ 1 ---- 0.0 corresponds to the value of In0.~Ga0.4~As, 
and the te rminal  values at XAZ ~ = 0.00025 and 0.00086 a 
correspond to that  of A10.~sIn0.~As for the two differ- ~ ~.0 
ent growth temperatures.  From the informat ion pre-  
sented in Fig. 3 and 8, the LPE growth conditions for 
la t t ice-matched Al=Ga,In l -=-~As layers with desired 
energy gaps can be easily determined.  "' 0.8 
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Fig. 6. Typical PL spectrum of an Al=G%lnl-x-zjAs layer 
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Al=Gaylnl-=-yAs layers as a function of XA11 at 685 ~ and 790~ 

Hall measurements oJ unintentionally doped 
Alo.4sIno.5~As layers.--The Hall  measurements  of un -  
in tent ional ly  doped A10.4sIn0.52As layers were per-  
formed at room temperature,  and the carrier concen- 
tration, n, and Hall  mobility, ~, were derived from 
the measurements .  The method of the Hall measure-  
ments  was the same as in the previous work (16). 
Two samples of 0.5 ~m thick A10AsIn0.52As layers 
grown on Fe-doped semi- insula t ing  (10 '6 ~ -cm)  (111) A 
InP were used for the Hall  measurements .  In  this 
growth, any  baking methods of growth solutions de- 
scribed previously (17) have not  been employed to 
obtain high pur i ty  LPE A10.4sIno.52As layers. The re-  
sults of the Hall  measurements  were # -- 4549 cm2/ 
Vsec at n = 4.7 • 1015 cm -3, and ~ -- 4466 cm2/Vsec 
at n = 5.9 X 101~ cm -3. These Hall  mobili t ies are the 
highest of those reported unt i l  now, and these car- 
r ier  concentrations are the lowest of those reported 
unt i l  now. The room temperature  Hall  mobil i ty  of 
A10.4sIn0.~2As layers grown by MBE was reported by 
Cheng et al. (6). According to their data, the Hall  
mobil i ty  was lower than 800 cm2/Vsec at n = 1 X 1017 
cm -~. The Hall  mobil i ty  and carrier concentrat ion of 
undoped A10.48In0.52As has not  been reported. How- 
ever, the Hall  mobilit ies of Alo.4sIn0.52As grown by 
LPE are obviously higher than those of Alo.4sIno.52As 
grown by MBE. High pur i ty  A10.4sIn0.52As layers with 
carrier concentrations of 5 X 1015 cm-S can be easily 
obtained by LPE without special purification methods 
such as the baking technique (17). 

Substrate orientation dependence o~ surface mov- 
phology.--The surface morphology of A10.4sin0.52As 
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and AlxGayInl-x-yAs depends s t rongly  on the or ien-  
tat ion of the substrates. For  the s tar t ing growth tem- 
perature  of 685~ the typical surface morphologies of 
AlxInl-~As grown on InP  (100) and ( l l l ) A  sub-  
strates are shown in Fig. 9a and b, respectively. As 
shown in Fig. 9a, only small  growth islands appear 
on the surface of the (100) substrate, and it is very 
difficult to grow an AlxInl-xAs epitaxial  layer  all over 
the (100) surface. However, it is easy to grow an 
Al~Inl-xAs epitaxial  layer  on the ( l l l ) A  substrate  
as shown in Fig. 9b. For the high s tar t ing growth tem- 
perature of 790~ an AlxInl -zAs epitaxial  layer can 
be grown all over the surface of the (100) InP  sub-  
strate as shown in Fig. 10a. However, many  surface 
defects often appear on the (100) surface. In  order to 
obta in  AlxInl-~As epitaxial  layers without  surface 
defects, the epitaxial  layers must  be grown on the 
( l l l ) A  substrates. Figure 10b shows the typical sur-  
face of an lklxIn~-xAs layer  grown on ( l l l ) A  InP  
start ing from 790~ The ( l l l ) A  surface is very  
smooth, and such surface defects as shown in Fig. 10a 
are not  observed at all. For  the growth of 
Al~GayInl-x-yAs,  epitaxial  layers with smooth sur-  
face can also be easily grown on the ( l l l ) A  sub-  
strates. 

The reason why the surface defects easily appear 
on the (100) surface of Al~Inl-xAs layers is related 
to dissolution of the InP  (100) substrates. When 
AI~Inl-xAS layers were completely removed by using 
a selective etchant  of HF:HNO3 ~ 1:1, m a n y  small  
holes were observed on the surface of the InP  (100) 

1931 

Fig. 9. (a) Typical surface of Alx lnl -xAs grown on (100) InP 
starting from 685~ (b) Typical surface of Alz ln l -xAs grown on 
( i11)A InP starting from 685~ 

Fig. 10. (a) Typical surface of Alx ln l -xAs grown on (100) InP 
starting from 790~ (b) Typical surface of A iz ln l -xAs grown on 
(111)A trip starting from 790~ 

substrates. However, such holes were not  observed 
on the surface of the InP  ( l l l ) A  substrates. As re- 
ported previously (18), the ( l l l ) A  face is more stable 
to dissolution than the (100) face. Therefore, the 
surface defects due to dissolution of the substrates 
appear more easily on the (100) face than on the 
( l l l ) A  face. 

Growth rate of Alo.4sIno.~2As and AlxG%Inl-x-~As. 
- - F i g u r e  11 shows the layer  thickness of lat t ice- 
matched h10.48In0.52As and AlxGa~Inl-z-yAs as a func-  
t ion of XA11. These layers were grown on InP  ( l l l ) A  
substrates  by the ramp cooling method. A constant  
cooling rate of 0.5~ was used. The star t ing 
growth temperatures  were 685 ~ and 790~ and the 
cooled tempera ture  in terval  was 9~ As shown in 
Fig. 11, the layer  thickness of A l x G a y I n l - x l A s  in-  
creases as XA11 decreases. This means that  the layer  
thickness of AlxGayInl-x-yAs increases as x (A1 con- 
tent  in the alloy) decreases. The growth rate of 
A10.~sIn0.52As te rnary  layers is the smallest  of the 
A1-Ga-In-AS system. The growth rate of AlzGay- 
I n l - x - y A s  increases rapidly when XAll becomes 
smaller  than 0.0005. 

Figure 12 shows the layer  thickness of AlxInl-~As 
grown for 1 min  as a funct ion of the s tar t ing growth 
temperature.  The growth was performed on ( l l l ) A  
I nP  by  the ramp cooling method. A constant  cooling 
rate of 0.5~ was used. As shown in Fig. 12, the 
layer  thickness per 1 min  was only 60A at 685~ and 
240A at 790~ Therefore, very thin layers can be 
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Fig. 11. Layer thickness of lattice-matched AIo.481no.5~As and 
Al=Ga~lnl -x-~As grown on (111)A InP starting from 685 ~ and 
790~ 

Fig. 13. Al=Gaulnl-x-yAs/Alo.481no.52As/AIxG%lnl-x-yAs/ 
(111)A InP heterostructure. 
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Fig. 12. Layer thickness of Alxln1-xAs grown for 1 min as a 
function of the starting growth temperature. 

grown under  good control by using the ordinary LPE 
growth apparatus with a sl iding graphite boat. It is 
expected that a 40A thick layer  can be grown at 
790~ for the growth time of 10 sec. 

Growth o$ heterostructures.--In order to fabricate 
devices using A10.4sIn0.52As or AlxGayInl-~-yAs,  it is 
necessary to obtain heterostructures.  AlxGaylnl-z-~As 
can be grown on Alo.4sIn0.52As without dissolution. 
A10.48In0.52As can-also be grown on AlzGayInl-z-yAs,  
bu t  the dissolution of Alo.4sIno.52As into the A1-Ga-In-  
As growth solution becomes more severe as the A1 
content  in the qua te rnary  alloy decreases. Figure  
13 shows the AlxGayInl-x-yAs/AloAsIno.52As/Al=Gay- 
I n l - x - y A s  heterostructure  grown on ( l l l ) A  InP. The 
s tar t ing  growth tempera ture  was 790~ The wave-  
length  of the AlxGa~Inl-z-yAs layers was 1.0 #m at 
300 K. In0.~Ga0.4~As can be grown on Alo.48Ino.52As as 
shown in Fig. 14. These layers were grown on ( l l l ) A  
InP. In0.53Ga0,47As was grown on A10AsIn0.52As at 
650~ by the ramp cooling method. In l -xGa=Asl-yPu 
can also be grown on Alo.4sIn0.seAs, but  the growth of 
Alo.48Ino.5~As on Ino.53Gao.4vAs was more difficult. 

Figure 15 shows a mul t i layer  s t ructure  consisting 
of Alo.4sIno.52As and AlxGayInl-=-yAs grown on 
( l l l ) A  InP. The thickness of the Alo.4sIn0.52As and 
AlxGayInl-x-yAs layers were about 0.05 and 0.1 
~m, 'respectively. The growth was started from 781~ 
at a constant  cooling rate of 0.5~ and the growth 
time of each layer  was 1 rain. Since a sightly super-  

Fig. 14. Ino.~Gao.4~As/Ao4slno.~2As/(111)A InP heterostruc- 
ture. 

Fig. 15. Multilayer structure consisted of A o481no.5~As and 
AIxGa~lnl -x-yAs grown on (111)A InP. 

cooled (2~176 solution was used for the growth of 
Alo.4sIno.~eAs layers, the growth rate was higher than 
that shown in Fig. 12. The wavelength of the 
AlxGauInl-x-yAs layers was 0.98 ~ at 300 K. Figure 
16 shows the O2+/SIMS depth profile of 71Ga from 
the surface of this sample. As shown in Fig. 16, this 
sample has 11 layers. The abruptness  of the hetero- 
interfaces cannot be accurately known from Fig. 16 
because of the l imit  of resolut ion of SIMS depth pro- 
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filing measurements. A thinner mult i layer structure 
can be grown by using a shorter growth time. 

Discussion 
It is generally considered that the LPE growth of 

Alo.4sIno.52As and Al~GayInl-=-uAs is difficult due to 
the very large distribution coefficient of A1. However, 
it is found that the LPE growth becomes possible by 
using the high growth temperatures and by protect- 
ing properly InP substrates from thermal damage. 
Especially, very smooth surfaces without defects can 
be obtained for the (111)A face. It was reported that 
the ( l l l ) A  face can be used for optical devices such 
as avalanche photodiodes (19). Therefore, it is ex- 
pected that the ( I l l ) A - o r i e n t e d  Alo.4sIno.52As and 
AlxGayInl-z-yAs can be used for optical devices and 
field effect transistors. For the growth of (100)- 
oriented Alo.4sIno.52As and AlxGauInl-x-yAs with 
smooth surfaces, it will be necessary to use large 
amounts of st~persaturation. These materials are un- 
suitable for the growth of thick layers because of the 
very small growth rate, but they are suitable for the 
controllable growth of thin layers. Moreover, various 
kinds of heterostructures can be obtained. Therefore, 
Alo.4sIno.52As and AlxGayInl-x-yAs can be applied to 
various devices. 

Summary 
The LPE growth conditions for lat t ice-matched 

A10.48In0.52As and AlxGayInl-x-yAs layers with vari-  
ous compositions were determined at 685 ~ and 790~ 
By using these growth conditions, the lat t ice-matched 

epitaxial layers can be grown in the energy gap range 
from 0.8 to 1.44 eV. The results of the room tempera-  
ture Hall measurements of unintentionally doped 
A10.4sIno.52As showed ~ -- 4549 cm2/Vsec at  n ---- 4.7 X 
1015 cm -3, a n d #  -- 4466 cm~/Vsec a t n  = 5.9 X 1015 
cm -5. High puri ty A10.4sIn0.52As layers with carrier 
concentrations of 5 X 1018 cm -5 can be easily obtained 
by LPE without special purification methods. Epitaxial 
layers without surface defects were more easily ob- 
tained on ( l l l ) A  InP than on (1O0) InP. The growth 
rate of Al=Ga~Inl-=-yAs increases as the A1 content 
in the alloy decreases, and the growth rate of 
A10.4sIn0.~2As was the smallest of the A1-Ga-In-As 
system. The layer thickness of AlxIn1-=As grown for 
1 rain was only 240A when the starting growth tem- 
perature was 790~ so very thin layers can be con- 
trollably grown by the ordinary LPE growth method. 
The compositional grading in thin Al=GauInl-x-yAs 
layers with the thickness of 0.8 ~m is small. The 
heterostructures of AlxGauIn1-=-yAs/Alo.4sIn0.52As/ 
AlzGauInl-x-yAs/InP,  In0.~Ga0.47As/A10.4sIn0.~2As/InP, 
and In1-zGaxAsl-,jPJAlo.4sIno.52As/InP can be ob- 
tained by LPE. 
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ABSTRACT 

The preferential etching of gallium arsenide in H2SO4-H202-H20 has been studied. A mechanism for the etching process 
is discussed drawing on observation by optical and scanning electron microscopy, published results on U H V surface anal- 
ysis, and surface state models. The etch rates of the revealed planes are related to surface step densities, and the exposure of 
"equilibrium" step density surfaces is related to the surface migration lengths of probable reactant species. 

The wet chemical etching of GaAs has found con- 
siderable application in device fabrication. The 
H2SO4:H202:H20 etchant  has been used to define 
stripe lasers (1), waveguides (2), and gratings (3), 
a n d a l s o  for etching laser mirrors (4). However, etch- 
ants have largely been selected on an empirical basis, 
and, al though recent papers have characterized the 
kinetics of the etch reaction, little a t tent ion has been 
paid to the reaction mechanism itself. 

The early work of Gatos and Levine (5) showed 
that the preferential  etching of the surfaces of I I I -V 
semiconductor crystals could be related to the sur-  
face densi ty  of group V atoms. Tarui  et al. (6) re-  
ported a variety of pit profiles etched in GaAs through 
silica masks of differing orientations using a dilute 
(5%) b romine-methano l  etch. The revealed planes 
were identified as A {111}. They also measured etch 
depth as a function of time for the nonpolar  {110} and 
{100} planes, showing that the etch rates for the 
various planes proceeded in the order {110} --  B {111} 
--~ {100} --~ A {111). Koszi and Rode (7), again etching 
GaAs in the b romine-methanol  system, ~ found that at 
etch concentrat ions greater  than 1% bromine, the 
revealed plane was of the {322} type, lying at an 
angle of 10 ~ to the nearest  A {111} plane. 

The etchant system used in this work, H2SO4:H202: 
H20, was reported in the context of etching beneath  a 
mask of Iida and Ito (8) who used a variety of etch 
solutions to produce a te rnary  etch rate diagram for 
the system (with respect to etching in the {100} direc- 
t ion).  The measured angles of the revealed planes 
for a variety of mask orientations on various surfaces 
were shown, and results were found to vary  consider- 
ably from those expected pure ly  from exposure of 
A {111} planes. A var ie ty  of other "Ga" planes, namely  
the A {223}, {335}, {112}, {113}, {115}, and {117}, were 
considered as slow etch planes all of which lie on the 
great circles connecting the A {111} planes in stereo- 
graphic projection. The fact that  measured angles did 
not coincide exactly with these planes was at t r ibuted 
to poor mask al ignment.  

The final shelf life of the H2SO4:H202:H20 etch can 
limit the reproducibi l i ty  of results. Mori and Watanabe 
(9) showed that  the replacement  of sulfuric by phos- 
phoric acid provides greater stability. They suggested 
a kinetic model for the etching system based on the 
assumption of five stages in the reaction process: (i) 
adsorption of m molecules of H~O2 onto an active 
center;  (ii) formation of oxidized products; (iii). ad- 
sorption of n molecules of H3PO4 on oxidized prod- 
uct; (iv) dissolution of oxidized products; and (v) 
desorption of dissolved complex into solution. 

The factors m and n were de termined exper imen-  
tal ly to be 1 and 2, respectively, giving the reaction 
orders for stages (i) and (iii) of the process. The 
exper imental  results presented below are in agree- 
ment  with these measurements.  However, the main  
emphasis of the exper imental  work was the accurate 
de terminat ion  of the orientat ion and surface struc-  
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ture of the exposed planes. The discussion which fol- 
lows relates the exper imental  results to the mechanism 
of stages (i) and (iv) above. 

Experimental Procedure 
The GaAs specimens were prepared by chemical 

polishing in Br/CI-I~OH with subsequent  cleaning in 
methanol,  acetone, and isopropyl alcohol. Positive 
photoresist AZ 1350J was used to produce a series of 
masking stripes on the specimens. To use the photo- 
resist as a mask for subsequent  etching, it was nec- 
essary to bake it for 15 min  at 130~ Alternat ively,  
a l uminum masks could be produced by evaporation 
and lift-off. 

The etchant  was prepared from Aris tar  grade hy-  
drogen peroxide and sulfuric acid with distilled water  
and used within hours of preparat ion in an at tempt  
to avoid ambiguities introduced by possible decom- 
position of the peroxide. The etchant compositions 
referred to subsequent ly  are volume percentages of 
30% H20~ (by volume),  concentrated H2SO4, and dis- 
tilled water. 

Etching was carried out at a range of temperatures  
from --10 ~ to ~30~ in a circulating thermostatic 
bath c o n t a i n i n g  a me thano l /wa te r  mixture.  Tempera-  
ture was controlled to _0.5~ and etchant was 
stored in the bath prior to use to ensure it was at 
the correct temperature.  

Subsequent  to etching, the specimens were cleaved 
normal  to the mask strips and mounted  for observa-  
tion in the optical and scanning electron microscopes. 
Measurements of etch pit  dimensions were made from 
photographs taken in an optical microscope by com- 
parison with a s imilar ly photographed calibration 
graticule. Etch rates of smaller  specimens were made 
in the scanning electron microscope using photographs 
with electronically super imposed  marker  bars. The 
marker  bars and camera distortions were calibrated 
by photographing a scribed diffraction grating. 

The type of pit profiles produced by the etchant are 
shown in Fig. 1. Measurements were made of the etch 
rate in the {001} direction, the mask undercut t ing  rate, 
and the angles ~ and ~ which identified the plane ex- 
posed at the pit side wall and the relat ive etch rates 
of the {001} and  B {111} surfaces exposed. By cleav- 
ing specimens with a luminum masks (semitransparent  
to the electron beam) or photoresist masks (semi- 

~-A~ 
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Fig. 1. Diagrams illustrating the pit profiles observed when 

preferentially etching masked (O01)-oriented GaAs. 
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t r anspa ren t  to l igh t ) ,  the  etch rate  of the  {ll0} su r -  
face could also be measured.  

In  the  subsequent  discussion, the  e tching charac -  
terist ics of the  var ious  pa r ame te r s  measured  are  re -  
la ted to the  s t ruc ture  of a tomica l ly  clean surfaces of 
s imi lar  or ientat ion.  

Results and Discussion 
Gatos and Levine  (5) identif ied the differing etch 

ra tes  of the  A {111} and B {111} planes  of the  GaAs 
crystal ,  the  A (Ga) planes  etching at  a much s lower  
ra te  than  the  B (As) planes.  

The difference was expla ined  on the basis that  the 
r emova l  of the  t r ip ly  bonded surface a toms was ra te  
contro l l ing  as the under ly ing  (-singly bonded)  atoms 
of the o ther  e lement  could be  expec ted  to be h ighly  
unstable .  This is an overs impli f ied one-d imens iona l  
model.  

F igu re  2 shows a zinc b lend la t t ice  s t ruc ture  wi th  
{ l l l } - t y p e  top surfaces,  the  l ines jo in ing  the la t t ice  
points  indica t ing  the d i rec t ion  of the in te ra tomic  
bonds. 

F igure  3 represents  a p lan  v iew of the {111} plane,  
the  a tom circles jo ined  by  bold l ines represen t ing  the 
sur face  l aye r  and those jo ined  by  dashed l ines the  
under ly ing  layer .  The double  circles r epresen t  a toms 
d i rec t ly  be low atoms on the surface. The surface 
l aye r  of a toms is buckled  as shown in Fig. 2. 

If  the  a tom m a r k e d  "X" is r emoved  from the 
"s table"  surface (al l  a toms t r ip ly  bonded  to the sub-  
s t ra fe ) ,  then,  r a the r  than  leav ing  a s ingly  bonded  
a tom (as assumed b y  Gatos) ,  the surface  indenta t ion  
produced  wil l  have three  side wal ls  of t r i p ly  bonded 
atoms of the a l t e rna te  (whi te)  a tom (1). When these 
atoms are  removed,  t hey  revea l  doub le -bonded  
(black)  atoms which on react ion wil l  again  revea l  
t r i p ly  bonded  (whi te)  a toms (2). 

\ 

I 

II11) 

Fig. 2. Diagram of the zinc blend (!11) surface 

__% 

Fig. 3. Plan view of the (!11) surface of the zinc blend lattice. 
Solid lines represent bonds between surface atoms. Fine dashed 
lines represent bonds between atoms in the second layer. Double 
circles indicate interplanar bonds to an underlying (black) atom. 
Bold dashed lines indicate progress of surface etching steps. 

Assuming that  the  reac t iv i ty  of a surface a tom is 
dependen t  on  the number  of bonds b inding  i t  to the  
subs t ra te  (i.e., the  o rde r  of s t ab i l i ty  of surface s ta tes  
is 3A, 3B, 2A, 2B, 1A, 1B where  the numbers  repre -  
sent  the  number  of bonds in the subs t ra te  direct ion 
and the A and B represents  Ga and As atoms, respec-  
t ive ly ) ,  a l amina r  model  for  the e tching process 
emerges.  

If  t r i p ly  bonded  A and B atoms are  r ega rded  as 
cons iderab ly  more  s tab le  than  the o ther  four  possible 
states, and s imi la r ly  a 3A a tom is much more s table 
than  a 3B atom, then despi te  the low reac t iv i ty  of an 
A {111} surface,  once one a tom has been removed  the 
ent i re  surface  l aye r  can be removed  by  the l a te ra l  
e tching of steps compris ing t r i p ly  bonded  B atoms 
fol lowed by  doubly  bonded  A atoms. 

A fu r the r  extension of this  a rgumen t  is revea led  by  
again re fe r r ing  to the  lat t ice model  of Fig. 2. Once an 
edge of 3B atoms has been es tabl ished as i l lus t ra ted,  
then the remova l  of one a tom from such an edge wil l  
produce  a pa i r  of "jogs" (by  analogy wi th  edge dis-  
locations) whose edges are  comprised  of 2A and 2B 
atoms and which could be expected to propagate  
r ap id ly  in a direct ion pe rpend icu la r  to the  ini t ia l  sur -  
face s tep encounter ing  no t r i p ly  bonded  atoms to 
impede  progress.  Which of the three  types  of site for  
a tonl  r emova l  dominates  the  etch mechanism is also 
effected by  the fact that  the sites a re  two-,  one-,  and 
zero-d imens iona l  wi th  respect  to the  p l ana r  surface,  
a step, and a jog. 

The s imple  model  of a two-d imens iona l  square  l a t -  
t ice was used to s imulate  the  etching of s teps of 3B 
atoms on an A {111} surface  when the  re la t ive  a tom 
remova l  ra tes  of the 3B atoms and 2A a tom sites are  
assumed to be ra te  control l ing.  

Results  t aken  f rom a range  of react ion p robab i l i ty  
ra t ios  of 1:1 to 128:1 (s tep: 'surface)  show the fo l low- 
ing s imple re la t ionship  be tween  react ion p robab i l i t y  
and reac t ion  occurrence at  the  two types  of site 

( react ion ra te  ra t io)  ---- ( react ion  p robab i l i ty  ra t io)  '/2 

[1] 
and s imi l a r ly  

1 
( react ion  ra te )  = [2] 

( react ion  ra te  ra t io)  

The s ta te  of the  a r r a y  dur ing  etching shows a de-  
crease in edge si te dens i ty  (number  of s tep s i t e s /num-  
ber  of surface si tes)  f rom 0.5 for  a 2:1 reac t ion  p rob -  
ab i l i ty  rat io  (count ing s tep and surface doub le  sites 
as s tep si tes)  to less than  0.1 for a react ion p robab i l i ty  
ra t io  of 128:1. 

When  etching a B {111} surface,  the reac tan t  is 
p resented  wi th  a h igh ly  reac t ive  surface on which 
less reac t ive  s teps wi th  A - t y p e  construct ion are  ex-  
posed when surface atoms are  removed.  Fo r  t h e  case 
where  s tep  sites are  less react ive  than  surface  sites 
for  the  same range  of react ion p robab i l i ty  ratios,  r e -  
act ion ra te  decreases  asympto t ica l ly  to the  sur face  
s i te  react ion rate.  

If  i t  is assumed that  the resul ts  of this s imple  ex-  
ample  can be used as a basis for unders tand ing  the 
etching of a t h ree -d imens iona l  system, the  fol lowing 
conclusions m a y  be d r a w n  f rom the exercise:  (i) 
when a h igh ly  s table  surface etches to revea l  reac-  
t ive steps which can p ropaga te  la te ra l ly ,  the  r emova l  
of a toms at  such steps is the  dominan t  etch mecha-  
nism, b u t  the  etch ra te  i tself  is de te rmined  by  the 
reac t iv i ty  of the sur face  atoms because tha t  r eac t iv i ty  
de termines  the s tep s i te  densi ty;  and (ii) the  presence 
of s table steps on a reac t ive  surface has l i t t le  influ- 
ence on e i ther  the surface topography  or reac t ion  rate,  
the  s tep dens i ty  being s imi lar  to that  found when re -  
act ion rates  a re  identical .  

The dependance  of etch ra te  on surface s tep dens i ty  
is verified by  the expe r imen ta l  resul ts  in Fig. 4, 
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Fig. 4. 'A' plane etch rate as a function of angle to the (001) 
surface with results normalized t~ the etch rate in the [001] di- 
rection. 

showing the etch rates  of the large  range  of A - t y p e  
planes  revea led  due to var ia t ions  in the undercu t t ing  
ra te  p roduced  by  var ia t ion  in mask  adhesion qual i ty .  
The etch ra te  of the  B {111} surface  was unaffected 
by  mask  adhesion, and there fore  a l a rge r  a rea  of 
B {111} surface  was revea led  in cases of poor  adhesion 
and high angled side planes.  Etch rates  of the revea led  
planes  are  expressed  as a f ract ion of the etch ra te  of 
the ad jacen t  (001) surface  wi th  resul ts  t aken  over  a 
range  of t empera tu re s  f rom --9 ~ to +25~ The etch 
ra te  increase is app rox ima te ly  l inear  wi th  angle  and 
is nonzero at  54.7% the angle  of the A {111} plane.  
F igure  5 shows the atomic a r r angemen t  in two atomic 
layers  of a (110) sect ion th rough  a GaAs crys ta l  
(normal  to the mask  d i rec t ion) .  

The th ree  sections of the A (111), A (221'), and 
(150) p lanes  show how each surface can be con-  
s t rue ted  wi th  a m i n i m u m  n u m b e r  of dangl ing  bonds, 
and hence a min imum sur face- f ree  energy,  by  a ser ies  
of monatomic  s teps of B {111} p lane  (As atoms)  wi th  

( 1 i o ~  

12~.i1~ 

(lil)li l 
% 

Fig. 5. A (110) section of the zinc blend lattice showing minimum 
dangling bond construction of three planes with a [110] zone axis. 
Bold atoms - -  top layer; fine atoms = second layer. 

surface  densit ies of 0, 0.25, and 0.5, respect ively.  
Dangl ing bond As a tom densi t ies  for  the whole range 
of surfaces f rom the A {111} to the B {111} are  shown 
in Fig. 6 with resul ts  normal ized  to the  dens i ty  of 
dangl ing  bonds on the B {111} surface.  For  the range 
of p lanes  be tween  A {111} and (110} (54.7 ~ --90~ 
dangl ing bond densi ty  is eqdal  to s tep density.  

Step dens i ty  increases l inea r ly  wi th  angle  in the 
range  of expe r imen ta l  results,  and this corresponds 
to the  l inear  increase  in the  etch ra te  wi th  step 
dens i ty  shown in Fig. 4. The  gradients  of the two 
graphs  are  s imilar ,  but  the expe r imen ta l  resul ts  show 
a finite etch ra te  for  the A (111} surface corresponding 
to a " random" surface s tep  dens i ty  of 0.1 and giving 
no contr ibut ion  to the macroscopic p lanar  angle. How- 
ever, the two components  cannot  be s imply  added  
together.  A significant fac tor  is the  sur face  l i fe t ime 
of the  steps. Reference to Fig. 3 shows tha t  in the 
th ree -d imens iona l  case, the  s tep  dens i ty  contr ibut ion  
f rom ind iv idua l  sites is not  constant  but  wi l l  increase 
wi th  t ime. The eventua l  l imi t  is de te rmined  by  the 
poin t  a t  w'hich the t r i angu la r  s teps defec t  f rom 
ne ighbor ing  react ion sites, over lap  and annih i la te  each 

1.0 

0"8 

0'6" 

0./," 

0.2" 

| i e ! i i w I 

'0 I io 9,o 11o 
A(111) (110) 8(111) 

Fig. 6. Normalized dangling bond density as a function of angle 
to the (001) plane. 
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other. When there is a constant  addit ional  source of 
steps which sweep across the specimen with a regu-  
lar  f requency (as provided by a surface mask) ,  the 
A {111} surface react ivi ty  cont r ibut ion  to the etch 
rate wil l  be reduced because the average n u m b e r  of 
step sites created per "surface" reaction will be re-  
duced as a funct ion of densi ty of steps on the surface. 

A second res t ra int  on the extent  to which step 
density determines the etching rate of an exposed 
surface follows. 

Each step envisaged on the vicinal  A surface ex- 
posed dur ing  etehing would lie in the direct ion of 
the mask edge, and the surface generated by rows of 
equal ly spaced paral lel  steps on an A {111} surface. 
Each step has a surface consisting of Ga atoms t r iply 
bonded to the substrate in a m a n n e r  completely ana-  
logous to the bonding on a B {111} surface. I t  might, 
therefore, be assumed that the etch rate of the steps 
on the A- type  vicinal surface would be equal to that  
of the B {11i} surface. The si tuat ion is i l lustrated by 
referr ing to Fig. 5. Etching perpendicular  to the 
macroscopic surface is due to steps moving in the 
[111] direction. As the angle of the plane increases, 
the step density increases, and if their  velocity is 
constant  (giving the observed exper imenta l  re lat ion-  
ship between etch rates) ,  then the n u m b e r  of steps 
passing a fixed point  on the plane will  also increase. 
An increased flux of steps arr iving at the B surface 
would account for its faster growth rate in the pres- 
ence of higher angle side planes as observed experi-  
mental ly.  However, if the etch rate is determined by 
the dangl ing bond density on the surface, the B {111} 
surface would etch at the same rate as the steps on 
the A plane surface .and it would not  grow. Therefore, 
there mus t  be a l imi t ing factor on etch rate other than  
dangl ing bond density. 

A second example of addit ional  etch rate l imit ing 
factors is given in the cases where the mask is com- 
pletely undercut .  If side wall  etch rate is determined 
by the progress of surface steps away from the sub-  
s t ra fe /mask  interface, then undercu t t ing  is deter-  
mined by the "release" rate of steps from the in ter-  
face. On this basis, a very  fast undercu t t ing  rate could 
be expected to reveal a {110} surface or (ul t imately)  
a B {111} surface. Figure 7 shows that  this does not  
happen. An increase in the undercu t t ing  rate of the 
mask has caused the formation of a new {001} surface, 
but  the A- type  side wall  of the r ib has main ta ined  
the same angle as that in the region of the rib where 
the mask is still intact. In  previous examples, the 
angle of the exposed A- type  side wall  could be re- 
lated to mask adhesion quality, but  here there is no 
mask adhesion and yet the side wall  has remained.  

Figure  7b shows a (110) section through a specimen 
and i l lustrates the development  of a vicinal  A surface 
at the intersection of the (110) side of the specimen 
and the (001) top surface. The adjacent  masked rib 
s tructure has etched to reveal  lower angle side walls 
with lower step density determined by mask adhesion. 

In  order to unders tand  the observation of "equil ib-  
r ium" step density surfaces where the vicinal angle 
adopted is de te rmined  by  the reaction conditions in -  
stead of masking of the surface, a discussion of the 
reaction mechanism is required. 

The surface of GaAs oxidizes to a thickness of a 
few angstroms when exposed to the atmosphere (10). 
It is assumed that the chemical etching reaction can 
be related to the surface s tructure of an atomically 
clean surface for which it is possible to draw on the 
numerous  published RHEED and LEED results avail-  
able from experiments  conducted in UHV. 

Although surface steps have been digcussed above 
in the context of a l aminar  etching mechanism, it has 
long been recognized that  their  presence on vicinal  
surfaces in  regular  arrays is also a mechanism of free 
energy minimizat ion (11, 12). 

Fig. 7. Examples of the exposure of "equilibrium" step density 
surfaces. (a) Electron micrographs (1 /~m markers). (b) Optical 
micrographs (X  3000). 

The surface state model  of Gregory and Spicer (13) 
for the GaAs {110} surface has two surface state 
bands, an As-associated band lying at the top of the 
valence band and hence filled, and an empty  Ga- 
associated band just  below the conduction band. This 
is the equivalent  of the simple Gatos atomic model 
with the As surface atom main ta in ing  five electrons 
(one dangling bond) and the Ga atom three electrons 
(no dangling bond) in accordance with their  atomic 
valence numbers .  The theoretical analysis of Mele and 
Joannopoulos (14) predicts these surface states and 
also explains the different results observed on defect- 
covered surfaces. They suggest that when defects oc- 
cur on the cleaved surface, the crystal is t ry ing to 
cleave on two adjacent  (110) planes. 

Although these addit ional  {110} planes will not  
themselves al ter  the surface states present, the in te r -  
action of the two planes must  involve the presence of 
double dangling bonds. Analysis of a {110} surface 
wi th  every second surface bond broken produces new 
surface states which would be associated, for instance, 
with jogs in surface steps. Interact ion between the 
two dangl ing bonds on each atom results in split  en-  
ergy levels giving a filled As-l ike sp-derived state 
below the valence max imum and an empty As-der ived 
t ransverse p-state in the upper  half of the bandgap. 
The Ga atom gains a filled sp- type state in the lower 
ban dgan ,and an empty transverse p-state  in the up-  
per half  of the bandgap. 

This analysis shows that  a surface Ga atom with 
only two bonds to the substrate  will  have a dangl ing 
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bond associated with it, and a doubly bonded As atom 
will still only have a single dangling bond. Therefore, 
the chemical reactivi ty of doubly bonded Ga and As 
atoms may be expected to be similar to that of a 
t r iply bonded As atom. 

Studies of surface states can provide useful infor-  
mat ion about the reactivi ty of atoms in the various 
possible surface configurations, but  the mechanism of 
surface adsorption is also of pr ime importance in the 
discussion of chemical reaction. Gojstein (15) showed 
that  differences in heat of adsorption between sites of 
less than 10% could give orders of magni tude  differ- 
ence in abs'orption probabili ty.  

Goddard et al. (16) presented a theoretical evalua-  
tion of adsorption to GaAs (110) surfaces using the 
chemical approach of modeling a small  complex of 
a toms--a  gall ium or arsenic atom with three (sub- 
s t ra te-or iented)  bonds te rmina ted  with hydrogen 
atoms. The surface states predicted were in agree- 
ment  with Mele and Joannopoulos, and it was shown 
that  the chemisorption of atomic oxygen occurs be-  
tween an empty  p-orbi ta l  and the As dangling bond; 
molecular  oxygen is only weakly physisorbed and 
atomic oxygen is only weakly adsorbed to Ga sites. 

An impor tant  aspect of this work is the accuracy 
of a few atom models in predicting surface behavior, 
suggesting that local s t ructure  ra ther  than the or ien-  
tat ion of the surface dominates surface reactivity. In  
this light, the {110} surfaces may be regarded as a 
corrugated surface of a l ternate  A-  and B-type (111) 
monatomic steps. 

Hydrogen peroxide has the electronic s t ructure  
shown schematically in Fig. 8, having two hydrogen 
atoms in separate planes with a common axis through 
the two oxygen atoms (18). Comparison of this s truc-  
ture with that of the oxygen molecule shows that 
there are none of the empty  orbitals which provide 
the basis for the chemisorption of the oxygen mole-  
cule at As dangling bonds. 

The reaction u l t imate ly  required of the H202 is 

*H202--> H20 ~ *O [3] 

where the * refers to an adsorption site such that 
adsorbed atomic oxygen becomes available for oxida- 
tion of the surface. The addition of oxygen to both 
organic and inorganic compounds which possess un-  
shared electrons f requent ly  occurs, but  there are no 
obvious sites on the GaAs surface to provide unshared 
electrons, and al ternat ive reactions must  be sought. 

Discussing the catalytic decomposition of hydrogen 
peroxide at the surfaces of silver and gold, Goszner 
and Bischof (17) showed a strong correlation between 
oxygen affinity and surface activity. 

Y 

x 

H202 HOL[CULE 

Fig. 8. A representation of the electronic structure of the hy- 
drogen peroxide molecule. The oxygen is and 2s orbitals are full 
and not illustrated. 

A possible ini t ial  reaction step for both gold and 
silver suriaces was given as 

H~O2 ~ e -}- * -> *OH ~ O H -  [4] 

O H -  -}- *-> *OH- [5] 

Spli t t ing the H~O~ molecule down the center in this 
m a n n e r  leaves one OH molecule with an empty p-  
orbital  (suitable ior  bonding to an As atom) and 
one with both p-orbi tals  ful l  which could be envis-  
aged as bonding to the empty  d-orb i ta l  of an adjacent  
surface Ga atom, al though such a bond would be 
weak. Fur ther  reaction requires addit ional  peroxide 
to form an OOH-  ion which will  subsequent ly  re- 
lease a n  oxygen atom 

�9 O H -  -t- H20~--> *OOH- + H20 [6] 

�9 OOH-  --> *O ~ O H -  [7] 

Such an oxygen atom would be adsorbed on a Ga 
t r ip ly  bonded site as this is most suited to the OOH-  
ion with its hydrogen-free  oxygen atom having two 
filled p-orbitals.  However, as atomic oxygen is only 
weakly adsorbed to Ga (16), it is l ikely to migrate  
to an As site (or other suitable reaction site) by a 
surface diffusion mechanism. If the weakly adsorbed 
reactant  is assumed to have a finite surface lifetime, 
then for the range of surfaces where the distance 
between reaction sites is greater than the surface path 
length of the reactant, the probabi l i ty  of reaction at a 
part icular  site will  be constant. However, when the 
surface site separat ion is less than the surface path 
length of the reactant,  there will be an excess of re- 
action sites and the probabi l i ty  of reaction at a par-  
t icular  site will drop. 

The vicinal surface whose site separation is equal 
to the reactant  migrat ion length, and all those with 
higher site densities, will have equal bulk etch rates 
because the increase in site density will not increase 
the probabi l i ty  of reaction. 

In  terms of the observed effects, the range of vicinal 
A surfaces with low step densities would have reac- 
tion rates determined by the step density while re-  
action rates of surfaces such as the basal B (111} plane 
and the (110) surface will be limited by the arr ival  
rate of reactant. At a mask/subs t ra te  interface, if the 
separation of surface steps released from the interface 
is greater than the surface path length of the reactant,  
then the steps produced by  the process of undercu t -  
t ing will be evenly distr ibuted down the side wall of 
the etch pit. However, if undercut t ing  occurs faster 
than the critical rate, the velocity of the surface steps 
will decrease, increasing their density. Under  these 
circumstances, the defects introduced at the mask /  
substrate  interface will not be accommodated into 
the vicinal  A surface, and the mask adhesion wil l  
"fail," the excessive undercut t ing  revealing an {001} 
surface. If a vicinal A surface has been formed be-  
fore failure of the mask, then  at the interface be-  
tween it and the new {001} surface there will be a 
large source of surface steps, but  the l imited surface 
density of reactant  on the vicinal A surface will l imit  
the movement  of steps from this large source onto 
the side wall. This mechanism determines the equi-  
l ibr ium step density described above. 

A max imum etch rate, independent  of reaction site 
density, whereby reaction rates of indiv idual  sites 
on high site density surfaces are inversely propor-  
t ional to site density, also explains the observed 
faceting of the {001) and etched {110} surfaces. 

The specimen i l lustrated in Fig. 9a shows a corner 
intersection of the (001), (11-0), and (llO) surfaces. 
The (001) surface was prepared by chemical /mechan-  
ical polishing and exhibits the typical elongated pyra-  
midal  structure, detail of which is shown in Fig. 9b. 
The two (110} surfaces were cleaved immediate ly  
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Fig. lO. Variation in etching parameters with etch composition. 
Etch temp. = 2I~ etch time : 4 min. 

Fig. 9. Electron mierographs of preferentially etched GaAs sur- 
faces. Markers in (a) = 10 #m; markers in (b) and (c) ---- 1 ~m. 

prior to etching. The (110) (top) surfaces are etched 
flat from an ini t ia l ly  good cleave. In contrast, the 
cleaved surface of the (1]-0) plane was in ter rupted  by 
an ar ray  of cleavage defects Lying in a [1l l ]  direc- 
tion, and these have acted as nucleat ion sites for the 
exposure of the observed defects. 

Figure 9c il lustrates a third {110} surface topography 
observed after  etching. Diagrams d and e show the 
derivat ion of the const i tuent  planes of these struc-  
tures. Figure 9e shows the or ientat ion of the four 
{ l l0}- type surfaces and two A {111} surfaces which 
intersect  the (001) surface. The pyramids revealed 
by etching the (001) surface are elongated in the 
[110] direction and are therefore comprised of planes 
lying between the {110} and A {111} planes with a 
common zone axis. 

Figure 9d i l lustrates that  A (111)/(110) vicinal 
planes lead to the formation of the structures in the 
micrographs a and c. The tendency to form surfaces 
with an equi l ibr ium step densi ty  is expla ined by  
random variat ion occurring in site densi ty dur ing  
etching. 

Having identified a reaction model based on the ex- 
posure of surfaces with an equi l ibr ium density of re- 
active surface steps, variat ion of the equi l ibr ium step 
density with etch composition and tempera ture  are 
discussed. Figure 10 shows the dependence of various 
etch parameters  with the amount  of peroxide in the 
etch. There is a first-order relat ionship between the 
peroxide concentrat ion and both mask undercut t ing  
rate  and {001} etch rate. The size of the exposed B 
{111} surface is constant, so its size relat ive to the 
exposed A- type  size wall  decreases with peroxide 
concentration.  Figure  11 shows the results of measure-  
men t  of the etch angle of the apex between the B 
(111) and (100) surfaces, in terpre ted as a measure 
of the relat ive etch rates of the two planes. There is 
a var iat ion of 20% in the relat ive etch rates for the 
range of peroxide concentrat ion examined. 
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Fig. 11. Graphs showing the dependence of B (111}/(OO1) etch 
rate ratio on peroxide concentration. 
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Fig. 12. Comparison between (a) the theoretical relationship 
between the etch angle of B (1"11)/(001) apex and the angle to the 
(001) surface of the "equilibrium" vicinal surface lying between 
the A (111) and (110) surfaces and (b) experimental points indi- 
cating the etch angle of the B (111)/(001) apex associated etch 
pit side wall angle. 

A second series of experiments  in which the acid 
concentrat ion in the etch was varied showed that for 
masks orientated in the [110] direction the rate of 
mask undercut t ing,  shown in Fig. 10 to be proport ional  
to peroxide concentration, was also independent  of acid 
concentrat ion (see Fig. 13). In the theoretical discus- 
sion, the undercut t ing  rate was related to the release 
rate of steps from the interface between the mask 
and the etch pit side wall. This has now been directly 
related to peroxide concentrat ion which therefore 
controls step movement.  

The number  of react ion sites on the surface steps 
which are oxidized will depend on the probabi l i ty  of 
removal  of oxidized reaction product, and therefore 
for the same vicinal plane, the density of reaction 
sites will depend on acid concentration, and the 
"equi l ibr ium" reaction site separation cannot be di- 
rectly measured from the macroscopic p lanar  angle. 

The etch rate of the (0{)1) surface, shown to be 
proportional to peroxide concentration, mainta ins  this 
relationship because the surface will  always facet to 
reveal surfaces with equi l ibr ium step density, the 
macroscopic angle of which will vary with acid:per-  
oxide ratio but  whose reaction site separation, and 
therefore reactivity, will  be determined by the surface 
lifetime of the peroxide-derived reactant.  The pyra-  
midal  facets observed on the (001) surface have 
mirror  symmetry  in the (110) plane (the plane of the 
sections used in exper imental  measurements) .  The 
graph in Fig. 12 shows the relationship be tween  the 
angle to the (001) direction of the components of the 
etch vectors of the faceted surface in the (110) p!ane 
and the angle of the vicinal surfaces to the (001) 
surface. The exper imenta l  points plotted on the graph 
relate the measured angles of the revealed side planes 
and the angle to the apex between the (001) and B 
{111} surfaces. The major i ty  of the points lie well  be- 
low the theoretical curve as would be expected if mask 

Fig. 13. (110) sections of channels etched between (11-0)-oriented 
masks on the (001) surface with various H~SO4:H2~2:H20 etch 
compositions. (1 ~.m markers.) 

adhesion is producing a side wall  angle with less 
than the equi l ibr ium step density. Those results which 
lie close to the theoretical curve correspond to cases 
where the mask had failed and indicate that the 
growth of the (001) surface under  the mask is in the 
direction of the etch vectors of surface facets with 
"equi l ibr ium" step density. 

Figure 14 shows an Arrhenius  plot for various mea-  
sured parameters  over the tempera ture  range 30 ~ 
10~ using a 2:14:84 etching solution. The tempera-  
ture dependence of etch rate in the (001) direction 
and of undercut t ing  of the mask are the same with an 
activation energy of 5 kca l .  mo1-1, comparing well 
with the value of 6-8 kca l .  real -1 (depending on 
composition) quoted by Iida (8) However, the pa ram-  
eters marked X and Y in Fig. 1, the distance from the 
mask to the apex between the A and B planes, and the 
height (in the (001) direction) of the B {111} plane 
have a different dependence. The general  t rend indi-  
cated is a reduct ion in the exposed area of B {111} 
plane as the tempera ture  is reduced. 

The surface oxide removing stage has the higher 
activation energy as it becomes less effective at lower 
temperatures.  Therefore, as t empera ture  is reduced 
there will  be an increase in  step densi ty on the equi-  
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Fig. 14. Arrhenius plots of log (etch rote) for various parameters 
against reciprocal temperature; �9 ~-- (001) etch rote, �9 ~--- mask 
undercutting rote, �9 ~-- parameter X growth rote, and X 
parometer Y growth rote. 

librium surface confirmed by the results of Fig. 14 
showing the variation in angle ~ with temperature and 
partly accounting for the decrease in area of exposed 
B {111} surface. The angle of the revealed side wail 
showed no significant change with temperature. 

Summary 
A mechanism for preferential chemical etching of 

GaAs in H~SO4: H202:H20 h'as been proposed based on 
the known characteristics of the etchant and the GaAs 
surface. All the topographies observed experimentally 

are explained by this mechanism as are the results of 
other workers in the feld. 

Model building of GaAs crystal surfaces showed 
that the preferred etch pllanes observed could be con- 
stru,cted by adding regular arrays of surface steps 
to the fundamental A {111} surfaces. Investigation of 
the relative etch rates of the observed surfaces with 
respect to surface step density showed that there was 
a limit to the etch rate increase caused by increasing 
the step density suggesting a surface migration limited 
reaction rate. Studies of the characteristics of various 
etch compositions lead to the conclusion that there 
was also an equilibrium surface density of oxidized 
steps which influenced the macroscopic angle of the 
equilibrium surface. 
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Effects of Back-Side Oxidation of Si Substrates on Sb Diffusion at 
Front Side 

S. Mizuo and H. Higuchi* 
Hitachi Limited, Central Research Laboratory, Kokubunji, Tokyo 185, Japan 

ABSTRACT 

The effect of back-side oxidation of Si wafers on the diffusion of Sb in the front of wafers is investigated with back-side 
selective oxidation (BSO) at 1100~C in dry 02 ambients. It is found that the diffusion of Sb in the front of the wafers is re- 
tarded by BSO only for FZ Si substrates under  directly formed Si3N4 films, and that Sb diffusion in CZ Si substrates and 
under double-layered SiO2-Si3N4 films in both FZ and CZ substrates is not affected by BSO. The effective range over which 
BSO affects Sb diffusion is found to increase with oxidation time. The range and extent of oxidation retarded diffusion 
(ORD) for Sb are shown to agree with those of oxidation enhanced diffusion (OED) for B and P. These results are explained 
with a proposed model: (i)there is a thermal equilibrium between vacancies and interstitials, and (ii)the Si-SiO2 interface 
provides sinks and generation centers for point defects in Si, though the Si-Si3N4 interface does not react with point defects. 

It is well known that diffusion of Group III  and 
and V elements in Si is affected by thermal  oxidation. 
Diffusion of B, P, and As has been found to be en-  
hanced by thermal  oxidation (1-3). This phenomenon 
has been discussed in relat ion to the mechanism of im-  
pur i ty  diffusion and point  defect s t ructure in Si using 
several different models. 

The authors have found ORD of Sb in Si and pro- 
posed that there is a local equi l ibr ium between in ter -  
stitials and vacancies (4). Moreover, they have found 
that  the range of B- and P-diffusion enhancement  
effect by thermal  oxidation increases with oxidation 
time (5-6). If local equi l ibr ium between intersti t ials 
and vacancies exists, the Sb ORD range due to oxi- 
dation should be equal to the OED range for B and P 
and should expand with oxidation time. 

In  this paper, the ORD range for Sb is investigated 
by BSO to clarify the existence of local equil ibrium. 

Point Defect and Impurity Diffusion Model 
Formerly,  impur i ty  diffusion in Si was explained 

using a vacancy model (7). However, this model can- 
not explain the coexistence of OED for both B and P 
in Si, and extr insic stacking fault  growth dur ing 
thermal  oxidation (8). 

Gosele et al. claimed that B and P diffuse in Si only 
through interst i t ials  in both inert  and oxidizing am- 
bients (9). They explained the OED for B a n d P  in Si 
in terms of the increase in concentrat ion of in ter -  
stitials at the oxidizing Si-SiO2 interface. 

Hu and Antoniadis  et al. have proposed a dual dif- 
fusion mechanism model. According to their  model, 
an impur i ty  atom diffuses in Si via both intersti t ials 
and vacancies (10, 11). 

Taniguchi  et al. assumed from exper imental  re- 
sults that B and P diffuse in Si via vacancies that  
have .developed from t rea tment  with iner t  ambients  
and that they  diffuse via both vacancies and interst i -  
rials with the use of oxidizing ambients.  However, 
these two models encountered problems with the find- 
ing of ORD of Sb in Si (12). 

The authors have found that the ratio of impur i ty  
diffusion coefficient under  oxidizing and nonoxidizing 
condition (Do/DN) for B and P is inversely propor-  
t ional to Do/DN for Sb (4)., Moreover, they have 
found that B, P, A1, and Ga have s imilar  Do/D~ 
values (13, 14). This strongly suggests that the four 
elements .diffuse in Si by only one mechanism. It  
would be incredible for all these elements to have 
similar  fractions of interst i t ial  diffusion, f~, with 
values other than uni ty  in spite of the differences in  
ionic radii  and in periodic table grouping. Conse- 
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quently,  the authors have concluded that they diffuse 
only by interstit ials.  

Recently, Antoniadis  et al. investigated the effects 
of oxidation and obtained fractions of JI (15). Their 
values are 0.30 for B and 0.38 for P at 1000~ How- 
ever, Tan et al. showed that  f1 must  be greater than 
0.5 for enhanced diffusion in the case of interst i t ial  
supersaturat ion at equi l ibr ium between interst i t ials  
and vacancies (16). Therefore, the fl values of An-  
toniadis et al. must  be analyzed in more detail. Thus, 
even if diffusion of B and P do not  proceed ent i re ly  
by interstitials,  they can be regarded as playing the 
dominant  role in such diffusion. Ant imony  can be re- 
garded to diffuse by vacancies. The f~ value of An-  
toniadis et al. for Sb, which is 0.03, indicates the 
dominant  role of vacancies in Sb diffusion (15). The 
above models were proposed to explain exper imental  
results assuming the changes in concentrat ion of in-  
terstitials and vacancies. More exper imental  data is 
necessary to show the val idi ty of this model. The ex- 
per imental  data of this subject  could be summarized 
as follows. 

Taniguchi et al. found that the OED range from the 
oxidizing Si-SiO2 interface is 25 ~m and is indepen-  
dent  of oxidation t ime (12). They proposed that va- 
cancies only develop in Si with hea t - t rea tment  using 
iner t  ambients  and that intersti t ials are generated only 
at the oxidizing Si-SiO2 interface. 

The authors found ORD of Sb in Si under  the same 
condition in which B and P exhibit  OED (4). This re-  
sult indicates that the increase in point defect con- 
centrat ion causing B and P diffusion and the decrease 
in concentrat ion of ,defects causing Sb diffusion, occur 
at the same time. Consequently,  they proposed the 
equi l ibr ium between intersti t ials arid vacancies to be 

I -{- V ~  Null  [1] 

where I, V, and Null  denote interstitials,  vacancies, 
and perfect crystal, respectively. Hence, the follow- 
ing relat ion holds regardless of ambient  or location 
in Si 

CI X Cv ---- constant [2] 

where C~ and Cv denote the concentrat ion of inters t i -  
tials and vacancies. 

Recently, Tan et al. found OED of Sb in (111) Si 
under  the condition in which B and P exhibit  ORD 
(17). This shows that undersa tura t ion  of intersti t ials 
and supersaturat ion of vacancies actual ly occur at the 
same time and s t rengthens the model that interst i -  
rials and vacancies in Si effect thermal  equil ibrium. 

On the other hand, Antoniadis  et al. found that ORD 
of Sb in Si occurs about an hour  after the beginning 
of oxidation at l l00~ (15). Their  results show that  
the equi l ibr ium reaction of Eq. [1] takes several hours. 
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Gosele et al. proposed that  the above delay is caused 
by an entropy barr ie r  (18). They showed that  some 
t ime dura t ion is necessary to achieve thermal  equi-  
l ibrium. 

In  this experiment ,  the ORD range of Sb is invest i -  
gated in detail  to clarify the val idi ty  of the model that 
local equi l ib r ium between interst i t ials  and vacancies 
holds. 

Experimental 
The sample preparat ion procedure for this experi-  

ment  is shown in Fig. 1. The substrates used were 
p- type FZ- or CZ-grown (100)-oriented wafers with 
electrical resistivities of 20-30 F~-cm. The wafers 
were 400 ~m thick. Ant imony  predeposition diffusion 
was carried out at 1175~ in an N2 ambient  for 30 rain 
with Sb~O~ as the diffusion source (19). The sheet 
resist ivity of the Sb-diffused layers was 40 ~/[] 
and the junc t ion  depth was 0.8 ~m. The samples were 
oxidized at 1000~ in dry 02 for 60 rain to grow 50 nm 
thick SiO2 films. 

Silicon ni t r ide fiIms 75 n m  thick were grown on the 
back surface of the wafers at 800~ with Sill4 and 
NH3 as sources. These Si3N4 films at the back were 
selectively removed by  photoetch!ng. The etching 
mask pa t te rn  is shown in Fig. 2. 

Striped pat terns with frames were used to preserve 
the stiffness of the samples after  Si etching. The SiO~ 
films on the surface of the samples were removed by 
chemical etching with a buffered HF etchant. The 75 
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Fig. 2. Photoetching mask pattern 

n m  thick SigN4 films were deposited by chemical 
vapor deposition on the front  surface of the samples. 
Then, the uncovered areas on the back of the wafers 
were etched to reduce their  thickness. A 40 weight 
percent  (w/o)  KOH aqueous solution was used at 
80~ for this Si etching. The depth of the Si etching 
ranged from 100 to 300 ~rn. 

A microphotograph of a cross section of the samples 
after Si etching is shown in Fig. 3, and a schematic 
cross section of the sample is shown in Fig. 4a. Im-  
pur i ty  diffused layers directly covered with SisN4 films 
were formed on the front of the samples (top of Fig. 
4a). There are two areas on the back of the samples 
(bottom of Fig. 4a);  one is the area covered with 
double- layered SiO2-Si3N4 films (the BN area),  and 
the other is the bare Si-etched area (the BO area).  

Fig. 1. Sample preparation procedure Fig. 3. Cross-sectlonal view of the samples (SEM microphotograph) 
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Fig. 4. Schematic cross section of the samples: (a) before BSO, 
(b) after BSO. 

The back-sides of the samples were oxidized at 
l l00~ in dry  02. The oxidation times ranged from 
500 to 4000 min. A schematic cross section of the sam- 
ples after oxidation is shown in Fig. 4b. Then, the 
samples were angle- lapped with A1~O3 powder, and 
the pn junc t ion  was revealed b y  s ta ining (20). The 
junc t ion  depths in both the BN and BO areas (XjBN 
and XjBO in Fig. 4b) were measured using a micro- 
scope and scale. 

Experimental Results 
The results of 500 min  BSO at l l00~ in dry  Os are 

shown in  Fig. 5. The horizontal  axis is the distance L 
between the oxidized Si-SiO~. interface and the front 
surface (L = wafer thickness minus Si etching 
depth) .  The vertical  axis is the ratio of xj in the BO 
area to that in the BN area. This can also be repre-  
sented as the t ime average of the square root of the 
ratio of the impur i ty  diffusion coefficient in the BO 
and BN areas. That  is 

XjBO V DBO = [3] 
XjBN DBN 

where, DBo and DBN denote the time average of the 
impur i ty  diffusion coefficient in the BO and BN areas. 
Deviation of XjBO/XjBN from uni ty  signifies enhance-  
men t  or re tardat ion of diffusion by BSO in the BO 
area. It  can be seen that  XjBO/XjBN in the FZ Si sub-  
strates masked with SigN4 films (white circles) is 
smaller  than unity,  indicat ing diffusion retardat ion 
by BSO. The deviat ion of XjBO/XjBN from uni ty  is 
larger for a smaller  L. This indicates that the effect 
of BSO on Sb diffusion is reduced with an increase 
in distance from the oxidizing Si-SiO2 interface. The 
range for Sb of ORD (the value of L at which XjBO/ 
XjB~ becomes uni ty)  is about  300 #m. 

XjBO/XjBN in CZ substrates under  Si3N4 films (white 
cube) does not significantly deviate from unity,  indi-  
cating that  the range of ORD effect for BSO is very 
small  in comparison to that  in FZ substrates. This 
XjBO/XjB~ under  double- layered SiO2-SisN4 films for 
both FZ and CZ substrates (black circle and cube) 
is unaffected by  BSO. These results are similar to 
those for B and P diffusion (6). 

The results for 1000 min  BSO are shown in Fig. 6. 
Characteristics for 500 min  oxidation are not changed. 
However, the deviation of XjBO/XjBN from uni ty  is 
larger  and the range of effect of BSO is also larger. 
The results for both 2000 and 4000 rain oxidation are 
shown in Fig. 7 and 8. The increase in ORD range 
seems to begin to saturate.  

The shape of the pn junct ion at the boundary  be- 
tween the BO and BN areas is shown in Fig. 9. The 
slope of the pn junct ion  at the pat tern  edge is grad- 
ual. This is similar to the case for B and P diffusion 
(6) and suggests that the effect of oxidation spreads 
not only vert ical ly but  also horizontally. The results 
also suggest that lattice s t ra in  caused by selective 
oxidation does not affect Sb diffusion. 

The results of this exper iment  and those of B and P 
experiments  (6) are summarized in Fig. 10. It can be 
seen from that  figure that the range of OED for B 
and P and the ORD range for ~b are similar.  More- 
over, the deviat ion of XjBO/XjBN from uni ty  for B and 
P is s imilar  to that  for Sb. This suggests the existence 
of local equi l ibr ium between intersti t ials and vacan-  
cies. 
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Discussion 
The results of this exper iment  can be summarized 

thusly:  
1. The ORD range of Sb due to BSO increases with 

oxidation time. 
2. The OR]:) range of Sb due to BSO agrees with 

that of OED for B and P. 
3. The extent  of ORD for Sb is s imilar  to that  of 

OED for B and P. 
4. Sb diffusion at the front  of FZ Si substrates 

that  are directly covered with Si3N4 films is retarded 
by BSO. 

5. Sb diffusion at the front  of FZ Si substrates 
masked with double- layered SiO2-Si~N4 films is not 
affected by BSO. 

6. Sb diffusion at the front of CZ Si is not affected 
by BSO under  either SisN4 or SiO~-SisN4 films. 

The above results can be considered in relat ion to 
the point defect s t ructure  in Si, and the defect model 
can be deduced. 

Fig. 9. Junction shape at the boundary between the BO and BN 
areas: 1100~ dry 0~, 2000 min. 
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Point defect structure and impurity difIusion.--Re- 
sult  1 shows that the dis tr ibut ion of point  defects 
contr ibut ing to Sb diffusion increases with BSO dura-  
tion. This suggests that  dis t r ibut ion of point  defects is 
determined by  their diffusion. 

As is ment ioned in the section on point  defect and 
impur i ty  diffusion model, B and P can be regarded 
as diffusing, at least mainly,  by interstitials.  There-  
fore, the OED range from the oxidizing Si~SiO2 in ter -  
face represents the dis t r ibut ion of supersaturated 
interstit ials.  Similarly,  the ORD range of Sb can be 
considered to correspond to the distr ibution of under -  
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sa tu ra t ed  vacancies. Hence, Resul t  2 shows that  the 
increase  in supersa tu ra ted  in te rs t i t i a l  d i s t r ibu t ion  
agrees wi th  that  of unde r sa tu ra t ed  vacancy d i s t r ibu-  
tion. This supports  the model  that  in ters t i t ia ls  and 
vacancies effect t he rma l  equi l ibr ium.  

Result  3 supports  the proposal  that  the f ract ion of 
fz is un i ty  for B and P and that  ~z is zero for  Sb. 

Antoniadis  et al. found that  ORD of Sb in Si occur 
about  an hour  af ter  the beginning  of oxida t ion  at 
l l00~ (15). However ,  this does not  negate  the pres-  
ence of the rmal  equi l ib r ium be tween  inters t i t ia ls  and 
vacancies. If  the t ime de lay  in Sb ORD proposed  by 
Antoniadis  et al. exists, the range of OED for B and 
P and that  of ORD for Sb may  differ. However ,  the 
resul ts  in Fig. l0 show no significant difference in 
these ranges.  This may  be due to the long BSO t ime 
in this exper iment .  A BSO expe r imen t  wi th  smal ler  
L and shor te r  BSO t ime wil l  c lar i fy  the effect of 
t ime delay.  

Effect oS surJace films on impurity dif]usion.bIn this 
exper iment ,  r e t a rded  diffusion by  back-s ide  oxida t ion  
is found only under  d i rec t ly  formed SijN4 films. This 
is s imi lar  to the case of B- and P -enhanced  diffusion 
by  back-s ide  oxida t ion  (6). The authors  have found 
anomalous-enhanced  diffusion of B and P in CZ Si 
under  d i rec t ly  formed SijN4 films (21, 22) and have 
proposed that  (i) the  Si-SiO2 interface  reacts wi th  
point  defects  in Si and preserves  thei r  concentra t ion 
and  (it) the  St-SigN4 interface  does not  react  wi th  
point  defects  in St. 

The effect of surface films in this exper imen t  can 
be expla ined  by  the above model. Excess Si a toms 
in t roduced  into Si crysta ls  whi le  oxidiz ing the back 
surface diffuse toward  the front  surface. In  the case 
of d i rec t ly  formed SijN4 film at  the front  surface,  
excess Si atoms reaching  the front  surface decrease 
the  vacancy concentra t ion near  t h e  front  surface. 
Consequently,  Sb diffusion is re tarded.  On the other  
hand, in the case of doub le - l aye red  SiO2-SisN4 films, 
excess Si a toms reaching the front  surface  react  wi th  
the Si-SiO2 interface  and vanish. Therefore,  no de-  
crease in vacancy  concentra t ion  or Sb - r e t ayded  dif -  
fusion occurs. 

Hu found tha t  the shr inkage  of ox ida t ion- induced  
s tack ing  faul ts  (OSF's)  is in t e r rup ted  b y  d i rec t ly  
formed SijN4 films (23). Recently,  the authors  found 
that  OSF's  under  d i rec t ly  formed SisN4 films grow 
due to BSO but  that  those under  doub le - l aye red  
SiO2-SisN4 films sh r ink  (24). These OSF behaviors  
s t rengthen  the difference in in terface  characteris t ics .  

Effect of substrate crystal growing method.--The 
results  of this exper imen t  show that  S b - r e t a r d e d  dif -  
fusion does not  occur in CZ Si crystals  even under  
d i rec t ly  formed SijN4 films. Two effects cause this 
phenomenon.  One is that  oxygen prec ip i ta te  fo rma-  
tion with  subsequent  supersa tura t ion  of in ters t i t ia ls  
and undersa tu ra t ion  of vacancies occurs in CZ Si 
dur ing  BSO. The changes in point  defect  concentra t ion 
affect impur i t y  diffusion under  d i rec t ly  formed SigN4 
films: B and P diffusion is enhanced and Sb diffusion 
is r e t a rded  (21, 22, 25). This effect occurs not only  
in the  BO area  but  also in the BN area  (21, 22). Con- 
sequent ly ,  the  difference in diffusion caused by  BSO 
between %he two areas  is canceled. 

The o the r  effect is that  oxygen precip i ta tes  formed 
in CZ Si crysta ls  make  extr ins ic  s tacking faul ts  and 
they  act as s inks for excess Si atoms. The excess Si 
a toms diffusing f rom the oxidizing back surface 
toward  the front  surface in the BO area  are  cap tured  
by  s tacking faul ts  in the  crys ta l  bu lk  and cannot 
reach  the front  surface. Hence, S b - r e t a r d e d  diffusion 
does not  occur in CZ crystals.  On the other  hand,  the 
concent ra t ion  of oxygen  in FZ Si is ve ry  low and 
prec ip i t a te  format ion  does not  occur. Therefore,  ex-  
cess Si a toms diffusing f rom the oxidizing back sur -  
face can reach  the front  surface. 

The fact tha t  the  OED range ob ta ined  b y  Taniguchi  
et el. in CZ Si is smal l  compared  to tha t  in FZ Si 
suppor ts  the above  exp lana t ion  (5, 6, 12). 

Remaining zquestions.--The resul ts  of this  pape r  
s t rongly  suggest  the  existence of local equi l ib r ium be-  
tween in ters t i t ia ls  and vacancies.  However ,  severa l  
questions remain.  One is the  rat io  of the concentra-  
t ion of in ters t i t ia ls  to the concentra t ion of vacancies,  
which is not  c lear  at  this point.  Ano the r  quest ion is 
which point  defect  is the major  diffusant in Si crystals .  
Fu r the r  invest igat ion is necessary to c lar i fy  both these 
questions. The l a t t e r  quest ion may  be solved by  ex-  
per iments  wi th  the effect of oxida t ion  on se l f -d i f fu-  
sion of St. That  is, if in ters t i t ia ls  a re  the major  dif-  
fusant,  self-diffusion of Si would be enhanced by  
the rma l  oxidat ion.  On the o ther  hand, if Si atoms 
move in Si by  vacancies,  self-diffusion of Si would 
be r e t a rded  by  oxidat ion.  

Conclusion 
The range  of ORD from the oxidizing Si-SiO2 in t e r -  

face has been inves t iga ted  for Sb diffusion in Si by  
BSO. The exper imen ta l  resul ts  can be summar ized  
as follows: 

1. Sb diffusion at  the  front  of FZ Si subs t ra tes  d i -  
rec t ly  covered wi th  SigN4 films is r e t a rded  by  BSO. 

2. Sb diffusion at  the front  of FZ Si subs t ra tes  
masked with  doub le - l aye red  SiO2-SijN4 films is not  
affected by  BSO. 

3. Sb diffusion at  the front  of CZ Si is not  affected 
by  BSO under  e i ther  SisN4 or  SiO2-SijN4 films. 

4. The range  of ORD due to BSO increases wi th  
oxida t ion  t ime. 

5. The ORD ranges of Sb with  BSO are almost  equal  
to the OED ranges of B and P with  BSO. 

These resul ts  confirm tha t  the ORD of Sb is the in-  
verse effect of OED of B and P. This phenomenon is 
expla ined  most cons i s t en t ly  by  a model  wi th  local 
equi l ib r ium be tween  in ters t i t ia ls  and vacancies. 
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Effects of Exposure Atmosphere and Ejected Electrons on PGMA 
Negative Resist Cross-Linking in X-Ray Lithography 

K. Okada, K. Suzuki, and J. Matsui 

NEC Corporation, Microelectronics Research Laboratories, 4-1-I, Miyazaki ,  Miyamae-ku,  Kawasak i  213, Japan 

ABSTRACT 

The exposure atmosphere effect for poly (glycidyl methacrylate) (PGMA) in x-ray lithography using an A1 x-ray source 
has been studied with special reference to the interaction with electrons ejected from the gold film on the x-ray mask. The 
exposures were performed in a pressure-controlled exposure chamber, using a 1.7 kW stationary A1 source and a gap- 
controlled mask and wafer assembly. PGMA cross-linking distinctly increases, as the atmosphere pressure is increased 
from 6.7 to 2670 Pa, when using the x-ray masks with thin gold films. As the mask-to-wafer gap is increased from 6/~m to 1 
ram, PGMA cross-linking markedly decreases when using these masks. An interpretation of the mechanism for the ob- 
served effects is also presented. Furthermore, protective films, such as Mylar, polyimide, and silicon nitride, have been 
examined to suppress electrons ejected from the gold film. 

X- r ay  l i thography is a promising technology for 
replicating very high resolution patterns. However, for 
replication of submicron-size features, problems such 
as the effects of photoelectrons and Auger  electrons 
from the x - r ay  mask (1, 2) and exposure atmosphere 
effect (3, 4) should be elaborately investigated. 
Maldonado et al. (1) have studied the effects caused by 
the continuous radiat ion when using Rh and Pd x - r ay  
sources. It  has been reported that the photoelectrons 
and Auger electrons ejected from the x - ray  mask, and 
also from the resist substrate, decrease the resolution 
and contrast of the exposed pattern.  Moran et al. (3) 
have shown the exposure atmosphere effect in the mix-  
ture of 92.5 weight percent  (w/o) poly (2,3-dichloro- 
1-propyl ~acrylate) and 7.5 w/o COP (DCOPA). Ac- 
cording to Ref. (3), the 1 ~m resolution for DCOPA 
negat ive resist cannot be accomplished without  a care- 
ful ly controlled atmosphere of n i t rogen and oxygen 
when using a Pd x - r a y  source. Saitoh et al. (2) have 
reported the effects of photoelectrons and Auger elec- 
trons ejected from the x - r ay  mask on the contrast and 
resolution in resist pat tern  replication when using an 
Mo x - ray  source. 

To date, studies concerning the above problems have 
been made using the x - ray  sources in the shorter  wave-  
length range from 0.4 to 0.6 nm. A previous work (4) 
pointed out the exposure atmosphere dependence of 
PGMA negat ive resist cross-l inking when using an A1 
x - ray  source. In  the present  work, the exposure at-  
mosphere effect on PGMA cross-l inking was examined 
in connection with the effects of the electrons ejected 
from the gold film fabricated on the x - r ay  mask. The 
exposure-atmosphere pressure dependence, the mask-  
to-wafer  gap dependence, and the effect of using pro-  
tective films are described. 

Experimental 
The schematic of the x - ray  exposure system used is 

i l lustrated in Fig. 1. The source contains a water-cooled 
1.7 kW stat ionary A1 target  which is co lumnar  in 
shape and has ten exchangeable foci formed on the 
side of the column. Focus exchange can easily be ob-  
tained by revolving the target  at small  angle incre- 

Key words: pressure, polymers, absorption, integrated circuits. 

ments in the mount ing  to the x - r ay  tube. The exposure 
chamber is separated from the source chamber  by a 
25 ~m thick Be window. The pressure in  the exposure 
chamber  is varied in the range from 1 to 104 Pa by 
controll ing a rotary pump evacuation with a vacuum 
valve. A mask and wafer assembly in the exposure 
chamber  is set 22 em from the target. The mask- to-  
wafer gap is varied in the range from a few ~m 
to 103 ~m using Mylar or stainless steel spacers. The 
incident  x - r ay  flux density �9 is given by 

1 
= ~l " P " Tw �9 Td �9 Tm �9 -- [1] 

12 

where ~ is the radiated characteristic x-ray power per 
watt per steradian (5), P the input power, Tw the 
transmission factor for the window, Td the transmis- 
sion factor for the target-to-mask atmosphere, Tm the 
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Fig. 1. X-ray exposure system schematic 
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t ransmission factor for the mask, and I the target- to-  
mask distance. Exposure time is decided upon based 
on the equation T = D/c,  where D is the required 
radiat ion dose per  un i t  area. 

The x - r ay  mask substrates were silicon ni t r ide mem-  
branes made by plasma-CVD method (6). Thin  gold z_ Z 
films were deposited on the substrate by rf-sputter ing,  
and several  protective layers were overlaid on th~ :~ 
gold film. The exposure aspect for x - ray  mask, spacer fig w 
and resist-coated Si wafer is i l lustrated in Fig. 2. The 
spacer and the Si ribs of the x - r ay  mask were utilized - 
as x - ray  absorbers. ,'7 

The PGMA was obtained from Tokyo Ohka Kogyo o 
Company, Limited. Its weight average molecular  N W 
weight and polydispersity were 89,000 and 1.47, re- _7 
spectively. The resist films were prebaked at 80~ in <~ 
ni t rogen gas for 10 min. The average resist thickness n- o 
was 0.74/~m. Exposed samples were developed by im-  z 
mersing them in a 7:1 mix ture  of methyl  ethyl ketone 
and ethanol  at 23~ for 2 min. They were then rinsed 
in methyl  isobutyl  ketone at 23~ for 1 rain. The re-  
sist thickness was measured with a Talystep. 

Results and Discussion 
The PGMA sensit ivi ty curve by A1 Ks x - r ay  i r radia-  

tion was obtained under  6.7 Pa pressure in the ex- 
posure chamber. The dose required to leave 60% resist 
thickness under  no x - r ay  mask condition was 30 m J /  
cm~. For all exposures, the dose to PGMA resist and 0.S 
the electron accelerating voltage to A1 target were 
main ta ined  at 30 m J / c m  2 and 17 kV, respectively. Air 
was used as a gas medium in the exposure chamber. Z 
Therefore, for all exposures performed here, the ex- 
posure time was adjusted to provide tl~e A1 Ks dose of ~ 0.7 
30 m J / c m  ~ to PGMA resist, since gas absorption in -  w 
creases with an increase in air  pressure, fig 

Figure 3 shows the pressure dependence of the re-  / 
maining  PGMA film thickness. Under  no x - r ay  mask iT 
condition, the remain ing  PGMA film thickness gradu-  0.5 
ally decreased as the pressure in the space separating c~ w 
mask and resist-coated wafer was increased from 6.7 _ 
to 2670 Pa. As is general ly  known (3), this is a t-  " ,z 
t r ibuted to PGMA cross- l inking retardat ion by oxy-  :~ fig 
gen molecules. On the contrary, when an x - r ay  mask ~ o.3 
with a 17 n m  thick gold film on the silicon ni t r ide 
membrane  was employed, the remaining  PGMA film 
thickness dist inctly increased with an increase in pres- 
sure. Here, the mask- to -wafer  gap was kept at 20 ~m. 
Fur thermore,  the pressure dependence was examined 
in the case of the x - ray  masks with 42 and 90 nm thick 
gold films. The results obtained were near ly  the same 
as in the case of the x - r ay  mask with 17 n m  thick gold 
film. 

A s tudy was under taken  to examine the above- 
ment ioned novel pressure dependence. The effect of 
the mask- to-wafer  gap on the remain ing  PGMA film 
thickness is shown in Fig. 4. Here, the pressure used, 
which was the highest value at ta inable in the system, 
was kept at 2670 Pa. As the mask- to -wafer  gap was 
increased from 6 ~m to 1 mm, the remain ing  PGMA 
film thickness markedly  decreased and approached the 
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Fig. 2. Cross-sectional representation of x-ray mask, spacer, and 
resist-coated Si wafer under exposure condition. 
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Fig. 4. Mask-to-wafer gap dependence of the remaining PGMA 
film thickness. Pressure was maintained at 2670 Pa. 

value under  no x - ray  mask condition. Gold film thick- 
ness dependence was not recognized. 

The authors postulate a mechanism that can account 
for the observed effects. In  the energy region below 10 
keV, the range-energy  relat ion R ---- 900 p-O.SEt.8 was 
found with R in A, p in g cm -3, and E in keV (7). 
Thereby, R in the gas medium (air) is est imated to be 
more than ~0.36 mm in the pressure range used here, 
assuming that  E = --,1 keV. Therefore, the major i ty  of 
electrons ejected from the gold film appear to reach 
the PGMA film, since the mask- to -wafer  gap is 20/~m: 
(i) Photoelectrons and Auger electrons are ejected 
into the mask- to-wafer  space by the absorption of 
x-rays  in the gold film on the x - r a y  mask. (ii) With 
the ionization of the consti tuents of air by these elec- 
trons, a large number  of secondary electrons are pro- 
duced in the space. (iii) PGMA cross-l inking is pro- 
moted to a greater extent  by the total electrons com- 
prising both electrons ejected from the gold film and 
those produced by secondary ionization. 

For the results indicated in Fig. 3, it should be noted 
that the amount  of photoelectrons and Auger electrons 
in each point, ejected from the gold film, is theoret i -  
cally constant  even in the case of pressure variations. 
Therefore, the mechanism for surplus secondary elec- 
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tron production through the ionization of air appears 
most relevant.  The stopping power (8), which  indicates 
the standard ionization quantity, is approximated by 

-- r162 N. Z [2] 
dz 

where N is the number of atoms per unit volume, Z 
atomic number, E incident energy, and x electron 
trajectory. Equation [2] represents that the stopping 
power is proportional to the density of air. An in- 
crease in the pressure in the mask-to-wafer space 
leads to an increase in the density of air. Consequently, 
it is interpreted that surplus secondary electrons are 
produced with an increase in pressure. The mask-to- 
wafer gap dependence of the remaining PGMA film 
thickness (Fig. 4) also appears to support the above 
mechanism. Namely, it is appropriate to consider that 
the energy absorption of electrons ejected from the 
gold film in the air in the mask-to-wafer space, as a 
general tendency, decreases with an increase in the 
gap (9). Finally, the observed effects seem to be 
temporarily interpreted by the above mechanism. 

In order to suppress the photoelectrons and Auger 
eleetrons generated from the gold film on the x-ray 
mask, a few protective films covering the gold film 
were tested. Figure 5 shows the pressure dependence 
of the remaining PGMA film thickness when using 
Mylar films as a protective layer. The mask-to-wafer 
gap was kept at 20 ~m, and a 4 nm thick Mylar fi lm 
was put on the x -ray  mask. As shown in this figure, 
t h e  data for both a 4 ~m thick Mylar film mask alone 
and the 17 n m  thick gold film mask covered wi th  a 4 
~m thick Mylar film almost agree with those u n d e r  
direct x -ray  exposure. The results indicate that elec- 
trons ejected from the gold film on the x -ray  mask can 
be effectively e l iminated by the Mylar film and that 
almost no electrons a r e  e j e c t e d  from the Mylar film 
i tself .  Results  for po ly imide  films used as a p r o t e c t i v e  
layer are shown i n  Fig.  6. T h e  polyamic  acid was  spin-  
coated on the x -ray  masks and next  converted to 
polyimide by curing the film at 150~ for 30 rain and 
then at 300~ for 1 hr. As the pressure was increased 
from 6.7 to 2670 Pa, the remaining PGMA film thick-  
ness was much more retarded under a 1.4 ~m thick 
poly imide  film mask than under direct x -ray  e x p o s u r e .  
In addition, when using the 20 nm thick gold film 
mask coated by  a 1.4 ~m thick polyimide film, t h e  r e -  
m a i n i n g  PGMA film thickness was much  m o r e  r e t a r d e d  
with an increase in pressure than when using a 1.4 gm 
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Fig. 6. Effect of poyimide films utilized as a protective layer 

thick po ly imide  fi lm mask.  In the previous work (4) ,  
we indicated similar tendencies in experiments  em- 
ploying poly imide  fi lm masks. Comparisons, h o w e v e r ,  
w e r e  made first in this study between polyimide film 
masks and direct x -ray  exposure. Si l icon nitride films, 
produced by plasma CVD method, were tried as an 
example  of inorganic protective layer. As indicated in 
Fig. 7, the data for .a 1.2 ~m thick sil icon nitride film 
mask alone and the 20 nm thick gold film mask covered 
with a 0.9 ~m silicon nitride film agree fairly wel l  with 
those under direct x -ray  exposure. With a silicon 
n i t r i d e  film of a suitable thickness,  it appears that 
p h o t o e l e c t r o n s  a n d  A u g e r  e l e c t r o n s  g e n e r a t e d  f r o m  t h e  
x-ray  mask are effectiveIy stopped. 

Conclusions 
Results on the exposure obtained wi th  a n  A1 x-ray  

s o u r c e  a r e  summarized as follows: 
1. PGMA cross- l inking dist inctly increases, as the 

exposure atmosphere pressure is increased from 6.7 to 
2670 Pa, when  using the x-ray  masks with thin gold 
films. 

2. As the mask- to-wafer  gap is increased from 6 ~m 
to 1 mm, PGMA cross- l inking markedly  decreases and 
approaches the value pertaining under direct x -ray  
exposure when using these masks. 
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3. These observations are temporar i ly  interpreted in 
terms of PGMA cross- l inking variat ion basically de- 
pendent  on the ionization quant i ty  of air caused by 
electrons ejected from the gold film fabricated on the 
x - ray  mask. 

4. In order to suppress electrons ejected from this 
gold film, a few protective films have been examined. 
It  appears that silicon ni t r ide and Mylar films satisfy 
the demand. 
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Modeling and Analysis of Low Pressure CVD Reactors 
K. F. Jensen and D. B. Graves 

Department of Chemical Engineering and Materials Science, University of Minnesota, Minneapolis, Minnesota 55455 

ABSTRACT 

A detailed mathematical model for the hot wall multiple-disk-in-tube LPCVD reactor is developed by using reaction 
engineering concepts. This model includes the convective and diffusive mass transport in the annular  flow region formed 
by the reactor wall and the edges of the wafers as well as the surface reactions on the reactor wall. In addition, the model 
describes the coupling of diffusion between and reaction on the wafers. Variations in gas velocities and diffusion fluxes due 
to net changes in the number  of mols in the deposition are also taken into account as are nonisothermal operating condi- 
tions. The combined reactor equations are solved by orthogonal collocation. The deposition of polycrystalline Si from Sill4 
is considered as a specific example, and the model is employed in estimation of kinetic rate constants from published reac- 
tor measurements.  The effects on the growth rates and film thickness uniformity (within each wafer and from wafer to 
wafer) of variations in flow rates, reactor temperature profiles, and Sill4 concentration in the feed stream are analyzed. The 
model predictions show good quantitative agreement with published experimental data from different sources. Finally, 
recycle of reactor effluent is considered a typical commercial operating conditions, and it is demonstrated that this 
modification produces higher growth rates and better film uniformity than can be achieved in conventional LPCVD 
processing. 

Chemical vapor deposition (CVD) is a key process 
in the semiconductor indus t ry  for growing thin solid 
films, in part icular  polycrystal l ine St, Si3N4, and 
SiO2 films. These materials are grown predominant ly  
in tubular ,  hot wall, low pressure chemical vapor 
deposition (LPCVD) reactors which have replaced 
the earlier cold wall  atmospheric pressure reactors. 
This change has come about because LPCVD reac- 
tors allow a larger number  of wafers to be processed 
with bet ter  uni formi ty  of film thickness and composi- 
tion within and among the wafers. Table I gives a 
summary  of LPCVD process conditions for polycrys- 
tal l ine St, Si3N4, and SiO2. The very large packing 
densities of wafers that  can be realized in LPCVD re- 
actors are po:ssible because at the low process pres- 
sures (0.5-1 Tort ) ,  the diffusion coefficients are three 
orders of magni tude  larger than at atmospheric pres-  
sure so that the chemical reactions at the surface of 
the wafers are rate controll ing ra ther  than  mass 
t ransfer  processes. Moreover, in spite of the low 
pressures, rates of deposition in LPCVD are only 
five to ten times less than those obtained in atmo- 
spheric CVD since the reactants are used with li t t le 
or no d i luent  in LPCVD whereas they are s t rongly 
diluted in conventional  CVD (1). The wall  deposits, 
which are avoided in cold wall  reactors, could create 
par t iculate  problems in LPCVD processes. However, 
these potential  problems may be avoided by  keeping 
the cumulat ive wall  deposit thin by  periodic reactor 
cleaning. 

Key words: LPCVD, polycrystalline Si, modeling, reactors. 

The development  of CVD reactors and the selection 
of operating regimes have hitherto main ly  been based 
on empirical design rules. Tilts limits the operation of 
existing reactors to certain fixed conditions and se- 
verely hampers the development  of novel deposition 
processes. Furthermore,  the decrease of feature sizes 
in large scale integrated circuits necessitates the 
growth of films of highly un i fo rm thickness and com- 
position. This must, of course, be achieved by efficient, 
economical use of resources. Thus, reaction engineer-  
ing analysis and design should be a key element  in 
the development  and operation of CVD reactors. 

CVD in cold wall  reactors a t  atmospheric pressure 
has been analyzed for two ma jo r  reactor geometries. 
Evers te i jn  et al. (2), Rundle (3), and Takahashi et al. 
(4) used various simplifying asumptions to consider 
the deposition of Si in a horizontal  reactor with a 
flat plate st~sceptor. Fuj i i  et al. (5), Di t tman (6), and 
Manke and Don'aghey (7) modeled to various degrees 
of accuracy the epitaxial  growth of Si in a "barrel" 

Table I. Typical deposition conditions in LPCVD reactors (1), (21) 

Total 
Pres- ~as 

Reactant Temper- sure, flow, Dep. rate, 
Film gases ature, ~ Torr sccm A/min 

Poly-Si Sill, 620 0.3 70-100 i00-120 
SiH,/N2 640 0.5 500-1000 140-160 

SisN4 SiH~/NH~ 8i)0 0.3 100-200 40-60 
SiO2 SiH2C1JN.~O 800-90,0 0.6 200-300 80-120 
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react'or. None of the inves t iga tors  took into account  
that  the  ba r r e l - fo rmed  susceptor  m a y  ro ta te  dur ing  
reac tor  operat ion.  There  have been tew and most ly  
descr ip t ive  model ing efforts for LPCVD reactors.  
Gieske et al. (8) and Hi tchman  et  al. (9) have p re -  
sented expe r imen ta l  da ta  and discussed flow fields, 
ma~s t rans fe r  effects, and possible kinet ics  but  have 
not fo rmula ted  a deta i led  model .  Recently,  in fact  
af ter  we had completed  this work,  Kuiper  et al. 
(10) publ i shed  a model  for the  LPCVD growth  
of po lyc rys ta l l ine  Si. This s imple  model  omits  effects 
of diffusion in the space be tween  wafers  and the sig- 
nificant volume expans ion  associated wi th  Sill4 re -  
act ing to Si and 2H2. Fu r the rmore ,  the mode l  in its 
p resen t  form is res t r ic ted  to i so thermal  condit ions and 
there fore  cannot  p red ic t  reac tor  t empera tu re  profiles 
that  wi l l  y ie ld  un i form growth  ra tes  throughout  the 
reactor .  The authors  make  no a t t empt  to compare  the 
model  predic t ions  wi th  expe r imen t a l  observat ions.  

In this paper ,  we develop a de ta i l ed  ma themat i ca l  
model  for  the commercial ,  m u l t i p l e - d i s k - i n - t u b e  
LPCVD reac tor  i l lus t ra ted  in Fig. 1. This model  in-  
cludes the  physicochemical  processes in the annular  
flow region formed by  the t~be wal l  and the edges of 
the  wafers  as wel l  as those occurr ing  in the  spaces 
be tween  the wafers.  The changes in gas veloci ty  and 
diffusion fluxes, due to a net  p roduc t ion / r educ t ion  of 
mols in the gas phase  dur ing  the reactions,  are  t aken  
into account as is the  deposi t ion of ma te r i a l  on the  re-  
ac tor  wal l  and wafe r  carr ier .  A genera l  non iso thermal  
furnace  profile is considered such that  var ia t ions  in 
growth  ra tes  f rom wafer  to wafer  may  be minimized.  
We shall  demons t ra te  that  the ma themat i ca l  model  
cor rec t ly  predicts  expe r imen ta l  observat ions  and gives 
a quant i ta t ive  comparison wi th  publ i shed  exper i -  
menta l  da ta  f rom separa te  reac tor  studies. In addit ion.  
we shal l  use the  reac tor  analysis  to compare  growth  
ra tes  and thickness uni formit ies  across ind iv idua l  
wafers  as wel l  as from wafer  to wafer  for different  
opera t ing  conditions. In  par t icu lar ,  the effects of flow 
rates,  d i luen t  (N2.). t empe ra tu r e  profiles, and recycle  
of reactor  effluent are  elucidated.  

M o d e l  D e v e l o p m e n t  
The model ing  approach  tha t  we present  is not 

res t r ic ted  to a n y  specific deposi t ion kinetics.  How-  
ever,  in o rde r  to compare  model  predic t ions  and ex -  
per iments ,  w e  focus on the low pressure  CVD of 
polycrys ta l l ine  Si from Sill4 which is a ma jo r  LPCVD 
process for  which expe r imen ta l  data  have  been pub-  
lished. We consider  the usual  commercia l  LPCVD re-  

Fig. I. Schematic of LPCVD reactor: (a) overall system, (b) de- 
tails of wafer positioning. 

actor  i l lus t ra ted  in Fig. 1. The wafers  are  p laced 
pe rpend icu la r  to main  direct ion of flow and concen- 
t r i ca l ly  inside a quar tz  tube.  The flow in the annular  
region formed by  the reac to r  tube and the wafer  
edges, i.e., Rw --~ r ~ Rt, is laminar .  Because of the low 
pressures,  diffusion is the dominant  mode of t ranspor t  
in the  spaces be tween  the wafers,  and the mixing  
caused by  the flow past  the wafer  edges is negligible.  
The re'actor t empe ra tu r e  is control led  by  a th ree-zone  
heater ,  and the heats  of react ion associated wi th  the 
deposi t ion are smal l  because  of the  slow growth  rates. 
Moreover,  at the low pressures  and high t empera tu re s  
encountered  in LPCVD, heat  t ransfe r  occurs main ly  by  
radiat ion.  Therefore,  we m a y  assume that  the t empera -  
ture  profile is .determined sole ly  b y  the furnace  set~ 
tings. 

Even though there have been a number  of ex-  
pe r imen ta l  s tudies  of Si deposi t ion f rom Sill4, the 
kinetic  mechanism is not  unders tood (11). I t  is possi-  
b le  that  Sill4 decomposes in the gas phase (12, 13) 
according to the react ion 

Sill4 ~ Sill2 + H~ [ 1 ] 

The formed SiH2 then adsorbs  on the Si surface 

Sill2 + * ~ Sill2* [2] 

where  it diffuses to a react ion si te  and decomposes to 
Si re leas ing H2 

Sill2*--> S i ( s )  + H2(g) + * [3] 

Since there  are  no rate  da ta  ava i lab le  for the in-  
d iv idua l  react ion steps, we assume, as did Claassen 
et al. (14), that  the surface react ion is rate  control-  
l ing and  follows the ra te  expression 

kPsiH4 
= [mol S i / m  2 sec] [4] 

1 -k K1PH2 q- K,2PsiH4 
This pa r t i cu l a r  form may  be just if ied by  the mecha-  
nism (Eq. [1 ] - [3 ] )  and reflects the expe r imen ta l  ob-  
servat ions:  (i) the ra te  is inhib i ted  b y  H2, ( i i)  the  
ra te  is first order  in Sill4 at low Sill4 pa r t i a l  pressures  
(~10 m Tor r ) ,  and (iii) the ra te  approaches  zero order  
in Sill4 at  high par t i a l  pressures  ( N t  Torr )  (14). In 
addit ion,  we m a y  neglect  the homogeneous  react ions 
(Eq. [1]) in the ensuing model  deve lopment  and the 

lumped ra te  express ion (Eq. [4]) used. Considering 
the lack of deta i led  kinet ic  data,  the inclusion of the 
k inet ic  scheme (Eq. [1 ] - [3 ] )  in the model  would 
only obscure the reactor  analysis.  

With  the  above assumptions  and remarks ,  we are  
able  to construct  ma themat i ca l  models  for the s ta t ion-  
a ry  opera t ion  of the LPCVD reac tor  shown in Fig. 1. 
The concentra t ion of the  reac tan t  Sil l4 be tween  the 
wafers  is governed  by  the cont inui ty  equat ion 

V �9 N1 = 0 [5] 

w h e r e  N1 is the mola r  f lux of Sil l4 and 

P 
hrl = -- ~ DlmVXl -b x l  , ~  hri [6] 

R T  i = l  

Here  D~ra is an effective b ina ry  diffusivi ty  and x r ep -  
resents  the tool f ract ion of Sill4. The b o u n d a r y  con- 
di t ions are  

~Xl 
x l ( r = R w )  = X l b  ~ = 0  Z l < Z < Z l ~ h  [6a] 

Or o 

--Nlzlwafer ! = ~ Nlzlwaferi+l = ~ 0 < r < Rw [6b] 

where  express ion [6b] states that  the molar  flux to the 
Wafer surfaces equals  the ra te  of deposi t ion of Si  pe r  
uni t  area.  Since the  wafer  spacing h is smal l  compared  
to the radius  of the wafer  Rw, i.e., A /Rw < 0.1, and the 
reac tan t  concentra t ion var ies  smooth ly  over  the length  
of the reactor ,  we m a y  neglect  the var ia t ion  in the 
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z-direction within each cell formed by the wafers and 
use an average Sill4 concentration. By the averaging 
process, the boundary  conditions (expression [6b]) 
are incorporated into the cont inui ty  balance which 
now takes the form 

a d 
(rND -- ~ [7] 

2r dr 

By using Eq. [6], that 2N1 = --N2 according to the 
stoichiometry, and that  the flux of inerts N3 -- 0, the 
balance takes the form 

P d (  r dxl ) 
- -  - -  Dim = ~ [8] 
2r RT -~r 1 + xl  dr 

with boundary  conditions 

x l ( r = R w )  =Xlb  and dxl  = 0  [9a, b] 
dr o 

The cont inui ty balance over Sill4 in the annular  
flow region has the form 

V �9 cDVx l  -- V �9 (cxtv)  = 0 [10] 

D is a dispersion coefficient and D -- Dim since at 
low pressures and small  Re the mixing occurs main ly  
by molecular diffusion. The boundary  conditions are 

- -D Oxl = vo[xjo -- xl] 
@z o 

0 X l  
= 0  

.Oz L 

and 

P Oxl 
- - - - D  

RT Or 

[ l l a ]  

Rw < r < Rt 

[11b3 

- -  ~ ( R t )  [ l l c ]  
Rt 

O < z < b  

P D = ~ + a [ l l d ]  
RT or Rw 

Equations [11a] and [11b] are the same as Danck-  
werts'  boundary  conditions for fixed bed reactor mod- 
els. With these boundary  conditions, the dispersion 
model becomes identical  to the cont inuously st irred 
tank reactor (CSTR) in the l imit  of very large dis- 
persion coefficients, and it approaches the plug flow re-  
actor (PFR) in  the l imit  of very small  dispersion coeffi- 
cients where convection dominates. The boundary  
condition (Eq. [ l l c ] )  represents the deposition on the 
hot reactor wall. The first term on the r igh t -hand  side 
of condition (Eq. [ l l d ] )  gives the flux of Sill4 be-  
tween the wafers due to the deposition of Si. The 
quant i ty  ~ is analogous to the effectiveness factor in 
heterogeneous catalysis (16) and is defined as the ratio 
of the total rate of reaction on each pair of wafers to 
that which we would obtain if the concentrat ion were 
equal to the bulk  concentrat ion everywhere in the cell 
formed by the two wafers, i.e. 

R w 

2.~0__ r ~ ( x l ( r ) ) d r  

~q -- [12] 
Rw2~ (Xl (R~))  

Thus, if the surface reaction is the rate controll ing 
step, ~1 ~ 1; whereas if the diffusion between the wafer 
controls is the rate  control l ing step, n < 1. In  the l imit 
of s trong diffusion resistance, the deposition is con- 
fined to a na r row outer band  of the wafers and a 
s t rongly nonun i fo rm film results. The second term on 
the r igh t -hand  side of Eq. [ l ld ]  refers to the deposi- 
tion on the wafer  carrier. .~ is the area of the carrier  
relative to reactor tube area. 

The pressure drop over the LPCVD reactor is very 
small  (9) so that the total pressure, P, may be con- 
sidered constant. Therefore, the increase in the n u m -  
ber o~ mols by the deposition reaction SiH~ -> Si 
+ 2H2 means an increase in the volumetr ic  flow. To 
effectively treat  this effect, we express the concentra-  
t ion of species in terms of the overall  conversion 
(x) and the fractional change in volume between no 
conversion and complete conversion (e) (see Ref. (20) 
for details).  The stoichiometry implies that  e ---- xl0. 
The mol fractions of Sill4 and H2 are then given by 

(1  - -  x)xlo x~o + 2xx10 
xl -- x2 = [13] 

1 + r 1 + ex 

The gas flow is paral lel  to the axis of the reactor (the 
z-direction) and 

v = Vo(1 + ~x)T/To [14] 

where Vo is the entrance velocity. 
At the low pressures employed in LPCVD, diffusion 

coefficients are approximately  1000 times larger than 
those at atmospheric conditions and  consequently,  the 
radial  mixing is rapid in the annu la r  flow region. 
Furthermore,  the time scale associated with deposition 
is larger than that for diffusion, i.e., the generalized 
DamkShler  number ,  ~ �9 (Rt -- Rw) /CoDm is small. 
Therefore, we assume perfect radial  mixing and aver-  
age over the cont inui ty  balance by using 

~ R t r . d r d o  
0 R w 

<'> = [15] 

~ 2 w f  Rt rdrdo 
0 = ] R  w 

This averaging el iminates the r -component  and includes 
the boundary  conditions Eq. [11c] and [ l l d ]  in the 
one-dimensional  cont inui ty  balance. Then by making  
use of the expressions [13] for the tool fractions, the 
axial velocity (expression [14]), and the temperature  
dependence of the diffusivity D/Do = (T/To) 1.65, we 
derive the following balance in terms of the conver-  
sion, X 

D~ q--~z +V~ 

2~ R t ( l + . ~ )  + ~ ~ = 0  /16] 
( R t  2 -- Rw 2) C10 

where 

-- (1 + ex)2 [17] 

The boundary  Conditions take the form 

dx 
dx = vo(1 -{- • -- 0 [181 

D~ "~-z 0 "~z L 

To set forth the fundamenta l  parameter  combina-  
tions associated with the deposition process, we make 
the modeling equations dimensionless by defining 

g(x) = 

Z r 
~ = - -  4 = - -  

L Rw 

2LRt(1 -t- ~) 
Dal = ~(x  = 0) 

Vo (Rt 2 -- Rw 2) ci0 

2L Rw2/~ 
De2 = ~(x  _-- 0) 

vo(Rt2 -- Rw2)cl0 

~(x)  VoL 
P e  = 

~(x = 0) Do 

2Rw2~(x = 0)  
4~2 = [19] 

Acl0Dlmo (T/To) 0.65 

The reactor Eq. [16] then takes the form 
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d-")- ~P +Pe--d~-- -Pe(Da~- t -~ lDa~)g(x)  = 0  

[20] 
with boundary  conditions 

dx I dx = Pe(1 q- x(0) , )x(0)  and ~ = 0 [21a, b] 
o 

and. 

f 0  g ( x ( O )  df [22] ~] = 2 ~ g(xb) 

The reaction-diffusion problem governing the wafers 
becomes 

d~ ] ' + e x  d~- + ~ g ( x ( O )  = 0  [231 

with boundary  conditions 

= 0 [24a, b] x(~_--l)  - -Xb(D and d~ o 

The parameters  each have specific physical signifi- 
cances. The Damk6hler  numbers  Da~ and Da2 repre-  
sent the ratios of reactor space time to the character-  
istic t ime for deposition on the reactor  wall and on 
the wafers, respectively. The axial Peclet  number  
(Pc) represents the ratio of the time constant for con- 
vective t ransport  to that  for diffusive transport.  The 
parameter,  ~, is equivalent to the Thiele modulus (r 
used extensively in analysis of heterogeneous reac-  
tions. I t  denotes the ratio of the characteristic time for 
diffusion in between the wafers to the characteristic 
time for deposition of Si on the wafer  surfaces. Thus, 
if ,I, is large, the deposition is hindered by diffusion 
and a nonuniform film results. This effect is com- 
pletely analogous to that  of a large r for a porous 
catalyst. In fact, the modeling Eq. [20]-[24] are simi- 
lar to those for a catalytic fixed bed reactor. 

Numerical Solution of the Modeling Equations 
The modeling equations form two nonlinear bound-  

ary  value problems which must  be solved by some 
suitable numerical  technique. Here we use the or-  
thogonal collocation method which has been applied 
successfully to many  chemical reaction engineering 
problems, especially fixed bed reac,tors [ (17), (18) and 
references therein].  In this method, the first and sec- 
ond spatial derivatives are approximated by a weighted 
sum of values of the dependent  variable at the col- 
location points 

N+I 

- -  = A i j x j  i = 0, 1 . . . . .  N + 1 [25] 
d~ ~i j=o 

N+I 
d2x 

= Bijxj i = O, 1 . . . .  , N -k 1 [26] 
d~ "2 ~i j=0 

The weight  matrices depend on the trial functions 
which in our  case are the first N Jacobi polynomials 
Pi(a,/~)(~ ") with weight  function ~a(1 -- ~)~ (17, ct. 3). 
Since there  is no special symmet ry  in the tubular  re-  
actor problem Eq. [20], we use (a, f~) = (0, 0) for that  
equation. However,  for the wafer  problem (Eq. [23]), 
advantage is taken of the radial symmet ry  and the 
Dirchlet condition (Eq. [24a]) by  using (a, g) = 
(1, 0). The collocation points are in each case the zeros 
of the orthogonal polynomium, PN(a,B)(~). By dis- 
cretizing the reactor Eq. [20], [21], we obtain the fol- 
lowing set of nonl inear  algebraic equations for the 
interior 

N + I  N + I  N + I  

~i ~r [Pe-t- ~--~Aijfj ] ~ Aijxj 
j = o  j = o  j = o  

- -  Pe(Dal  --k ~(X)Dla~)g(xi) = 0 i --- 1, . . . ,  N [27] 

and for the boundary  

N+I 

~ A o j x j  -- Pc(1  q- XoD Xo = 0 [28] 
j=0 

N+I 

~ AN+I,jXj = 0 [29] 
j=0 

In order  to solve this sys tem of equations, we 
need to evaluate ~](xi) f rom the solution to the 
wafer  problem, (Eq. [23]). Since the variations in 
film thickness across the individual wafers is small 
(<5%)  in most LPCVD reactors, we expect r to be 

small. In that  case, it is possible to obtain an ac- 
curate solution to the wafer  problem by using just one 
interior collocation point. This technique has been 
demonstrated to give accurate results for the ana-  
logous cat'alyst particle problem even for moderate ly  
large values of �9 (19). Then by  using the one-point  
collocation technique (19), the wafer  problem is ap-  
proximated as 

[ 1-k ~x(~i) ] 
ec2g(x ( h ) )  ---- 6 In [30] 

1 + ex(1) 

This equation can be solved for given r e, and x(1) 
to yield x(~l). One can then evaluate ~q~ by  Radau 
quadrature  (17, 19) as 

2 
~]i-- - -  [% " g(xQ1))  + 1/a g ( x ( 1 ) ) ]  

g (x (1 ) )  

1 [ g(x(~l))  ] 
= - - -  1 - t - 3 - -  [31] 

4 g (x (1 ) )  

By combining these equations with the N q- 2 non-  
linear algebraic equations for the reactor tube (Eq. 
[27]-[29]) ,  we can find the solution to the en- 

tire LPCVD problem by  Newton-Raphson iteration. 
This, in turn, enables us to predict growth rates and 
variations in film thickness within and among wafers. 
The growth rate on the wall is determined by 

Gt ----- Vsi~( z ~-- 0)g(x)  [32] 

while the average growth rate on each wafer  is 

Gw ---- Vsi~(x =- O)g(x)~ [33] 

The average growth rate on all wafers in the reactor 
is computed by quadratures  

I: G = Vsilq (x = O) g(x)nd~ 

N 

- 2 -- Vsi~ (x - -  0) wig(xi)~li [34] 
i=l 

where the w~'s are Gauss quadrature  weights corre-  
sponding to the N interior collocation points. The vari-  
ation in growth rates and thus film thickness is de-  
termined as 

~0 ~ [g (x)n]Zdt 

= ~ d ~ =  [ f : g ( x ) ~ l d ~ ] - - 1  

L ~ , U  j 

[35a] 

for the reactor 

�9 w 2 = 2 ~ - =  d ~  
Gw 

2 f01 [ g ( x ( O )  ]2d~__l  [35b ] 
r12 " g(x(1 ) )  

within each wafer  
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These integrals can also be evaluated by quadrature.  
With the developed mathematical  model, we are now 
able to analyze exper imenta l  observations and to 
draw comparisons between growth rates and possible 
levels of uni formi ty  at different operat ing conditions. 

Eva luat ion  of K ine t ic  Parameters  
Since detailed rate data for the pyrolysis of SiHi 

are scarce and often contradictory (11), we 
chose ~to evaluate the parameters  k, K1, and K~ in 
expression [4] from exper imental  data for the dep-  
osition of polycrystal l ine Si in an LPCVD reactor ob- 
tained by Claassen et al. (14). The  reactor was loaded 
with 50 76.2 mm diam wafers spaced 10 m m  apart  and 
it was kept isothermal. Very low concentrat ions of 
SiHt (xl0 = 0.0047) were used in mixtures  of H2 and 
N2. The relat ive amount  of the carrier gases, H2 and 
N2, was varied to demonstra te  the inhibi t ion of Si 
deposition by H2. Figure 2 shows the exper imental  
data from Claassen et al. (14) and the theoretical pre-  
dicted growth rates as a funct ion of the dimensionless 
axial reactor position, ~. 

The model predicts quite well the decrease in 
growth rates along the reactor length due to deple- 
t ion of Sill4 as well  as the inhibi t ing effect of in-  
creased Hz concentration. 

The rate constants determined from this comparison 
with exper imental  data are 

k = 1.25 109 exp (--  18,500/T) mol /m2/a tm/sec  

K1 = 1.75 103 atm -1 

K2 = 4.00 104 a tm-1  

The activation energy for k is not determined but  in -  
stead extracted from Bryant ' s  survey of the tempera-  
ture dependence of Si deposition (11). The "adsorp- 
tion parameters," K~, K2, are considered tempera ture  
independent  in  the range of temperatures  of interest  
in LPCVD of polycrystal l ine Si, 600~176 because of 
insufficient data. The rate constants were not deter-  
rained b y  any statist ical  technique al though the 
modeling equations could form the basis for non-  
l inear  least squares parameter  estimation. However, 
that  falls outside the scope of the present  work. 

In  order to test the abil i ty of our mathematical  
model to predict  growth rates at different conditions 
than  those used in the evaluat ion of the kinetic param-  
eters, we consider the effect of varying the deposition 
area by removing wafers. Figure 3 shows mea-  
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Fig. 2. Model predictions (solid line) vs. experimental data (14) 
of growth rate profiles as a function of inlet H2 concentration. 
Reactor conditions: P = 0.53 Torr, T = 6250C, flow = 1000 
sccm, XSiH4 = 0.0047. 
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Fig. 3. Model predictions (solid line) vs. experimental data (14) 
of growth rate profiles as a function of number of wafers in the 
reactor. Reactor conditions: P = 0.53 Torr, T = 625~ flow 
1000 sccm, Xs~H4 = 0.0047. 

sured growth rates by Claassen et al. (14) and pre-  
dicted growth rates for the cases of 5 and 50 wafers 
in a 0.hm reaction zone. The model matches the t rend 
of the exper imental  observations and demonstrates 
that, as expected, the growth decreases more rapidly 
in the case of the larger  deposition area (50 wafers) 
because of the faster depletion of the reactant,  Sill4. 
The assumption of a small wafer spacing relative to 
the wafer radius (i.e., A/Rt << 1), which was used to 
el iminate the z-dependence in the wafer problem 
(Eq. [5], [6]), clearly does not hold for the five-wafer 
case. This may explain the sl ightly larger differences 
between model predictions and exper imental  observa-  
tions for the five-wafer run  than those for the 50- 
wafer  run. 

Compar ison  of M o d e l  Predict ions and C o m m e r c i a l  
Process Da ta  

In order to fur ther  test the mathematical  model, 
we consider deposition data obtained by  Rosler 
(1) with a different LPCVD reactor system, and at 
SiH~ concentrations two orders of magni tude  larger 
than those used in the above evaluat ins of the kinetic 
constants. The same size wafer (76.2 mm diam) was 
used in the exper imental  study. The reactor contained 
110 wafers spaced at 4.7 mm 'as well as five dummy 
wafers at each end of the wafer zone. The possible 
growth rates and film thickness uniformities for two 
typical conditions for commercial  LPCVD reactors, 
pure Sill4 feed and Sill4 diluted with N2, were com- 
pared, and the effects of flow rates, reactor tempera-  
ture  profile, and di lut ion were demonst ra ted  experi-  
mental ly.  

Figure 4 i l lustrates the measured growth rates (1) 
and the predicted rates as functions of the wafer 
position in the reactor for a • change in SiH~ 
feed rates around the base case of 47 sccm pure SiH.~ 
feed. The reactor temperature  is varied from 607 ~ to 
654~ along the length of the reactor by using the 
3-zone furnace to produce a near ly  un i form thickness 
of the polycrystal l ine Si layer  in the base case. The 
model predictions accurately predict the trends in the 
exper imental  data. When the feed rate of Sill4 is 
stepped up 15%, the growth rates, as reflected by the 
Si-thickness, increase along the length of the reactor 
since there is excess reactant  avai lable  relat ive to the 
base case. A fiat thickness profile could clearly be 
achieved by lowering the temperature  gradient  along 
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the length  of the  reactor .  S imi lar ly ,  if the flow ra te  of 
SiI-I4 is dropped,  the ra tes  of deposi t ion of Si ta i l  off. 
Aga in  a flat thickness  profile could be rees tab l i shed  by  
read jus t ing  the t e m p e r a t u r e  profile, this t ime by  in-  
creasing the t empe ra tu r e  gradient .  

The sl ight  wave l ike  appea rance  of the model  p re -  
dict ions comes about  because the  deposi t ion ra te  de-  
pends  exponen t ia l ly  on the reactor  t empe ra tu r e  which 
varies  piecewise l i nea r ly  along the reactor .  In o rder  
to obta in  a quant i ta t ive  agreement  be tween  model  and 
exper iments ,  we have  used a s l ight ly  smal le r  t empera -  
ture var ia t ion,  607~176 ra the r  than  607~176 and 
a shor t e r  deposi t ion t ime, 30 rain r a the r  than  45 min. 
Neve r the l e s s / t he  accurate  predic t ion  of the t rends  and 
the good quant i ta t ive  agreement  be tween  model  p re -  
dictions and exper imen t s  obta ined  wi th  those minor  
changes demons t ra tes  the usefulness of our  model ing 
approach,  in pa r t i cu l a r  when consider ing that  the  k i -  
netic ra te  constants  are  based on deposi t ion at  ve ry  
low Sill4 concentrat ions  and on different  subs t ra tes  
than in the presen t  case. 

Because of the high sens i t iv i ty  to S i I ~  flow ra te  
var ia t ions  and the large t empe ra tu r e  gradients  re -  
qui red  to produce  a flat g rowth  profile in LPCVD 
processing with  pure  SiI-I4, d i lu t ion with  N2 is often 
employed.  This process modification reduces the sensi-  
t iv i ty  to flow var ia t ions  and to t empera tu re  gradients  
as seen by  compar ing  Fig. 4 and 5. The l a t t e r  figure 
shows expe r imen ta l  data  for  di lute  processing (23% 
Sill4 in N2), obta ined  by  Rosler  (1), and model  s imu-  
lations. Aga in  the model  predic ts  the t rends  quite 
well,  but  lower  t empera tu res  were  used in the model  
s imulat ions  in o rder  ~o compensate  for our imperfec t  
knowledge  of the ra te  constants.  

The growth  rates  obta ined by  using pure  Sill4 a re  
less than those obta ined  in d i lu te  processing, app rox i -  
ma te ly  125 A / r a i n  vs. 200 A/min .  However ,  this differ-  
ence is caused by  the l a rge r  Sill4 flow ra te  used in 
d i lu te  processing. Fo r  the same feed rates  of SiH~, the  
growth  r a t e  is l a rge r  for pure  Sill4 feed than  for di -  
lute  feed. Nevertheless ,  the  di lute  processin~ offers 
the  advant,ages of a smal l  sens i t iv i ty  to flow d i s tu rb-  
ances and a smal l  t e m p e r a t u r e  grad ien t  a long the re -  
actor. The la t te r  effect is especia l ly  advantageous  
since it produces  more  un i form grain  sizes and con- 
sequent ly  more  uni form electronic proper t ies  than 
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Fig. 4. Model predictions (solid line) vs. experimental data (1) 
of film thickness profiles as a function of (pure) Sill4 flow rate. 
Reactor conditions P ~ 0.6 Tort, wafer spacing ---- 0.00476m, re- 
actor length ---- 0.625m (assumed); experimental temperature pro- 
file and deposition time: 607 ~ 629 ~ 654~ t ~ 45 min; model 
temperature profile and deposition time: 607 ~ 614 ~ 650~ t 
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Fig. 5. Model predictions (solid line) vs. experimental data (1) 
of film thickness as a function of (dilute) Sill4 flow rate. Reactor 
conditions same as in Fig. 4 except: P ----- 0.7 Torr, N2 flow - -  500 
sccm; experimental temperature profile and deposition time: 643 ~ 
643 ~ 647~ 25 rain; model temperature profile and deposition 
conditions: 625 ~ 629 ~ 633~ 25 min. 

can be achieved in a process wi th  pure  Sill4 feed 
where  la rger  t empera tu re  gradients  a re  needed to give 
un i form film thickness.  The d isadvantages  of the  di-  
lute  processing a re  the high flow rates  and the asso- 
ciated pumping  speeds. Fur the rmore ,  there  is an in-  
creased cost of SiI4_4 since less Sill4 is conver ted  over  
the reactor.  

Aa  L P C V D  Reactor wi th  Recycle 
The u l t ima te  goal  in LPCVD deposi t ion of po ly-  

crys ta l l ine  Si is to grow Si films wi th  constant  th ick-  
ness and mate r i a l  proper t ies .  Because of the d i s t r ib -  
uted na ture  of the  LPCVD reactor ,  i t  has been neces-  
s a ry  to e i ther  v a r y  the wafer  t empera tu re  along the 
length  of the reactor  or  to use d i lu te  processing in 
order  to at  least  approach  this goal. Nei ther  of the 
two approaches  is ideal  as dr  in the above 
discussion. A cont inuously  s t i r red  t ank  reac tor  would  
give uni form films, but  there  a re  difficulties such as 
par t icu la te  and wafer  loading problems  associated 
wi th  the  design and opera t ion  of a CSTR reactor .  On 
the o ther  hand, these problems  are avoided in the 
tubu la r  LPCVD reactor.  By recycl ing a fract ion of the 
reac tor  effluent to the  reac tor  inlet  as i l lus t ra ted  in 
Fig. 6, one can combine the  benefits of the CSTR and 
the convent ional  LPCVD reactor .  I f  we define the  re-  
cycle ratio, ~. as 

reac tor  effluent r e tu rned  to the  reac tor  in le t  Fr 

to ta l  r eac to r  effluent - -  Fexit 

then the recycle  reac tor  wi l l  behave  as CSTR in the  
l imi t  ~, --> 1 and obviously  as a convent ional  LPCVD 
reac tor  in the l imit  ~ --> 0 [see Ref (20)].  Thus, the 

inlet 1 outlet 

recycle stream F r 

Fig. 6. LPCVD reactor schematic with recycle. Recycle ratio 
Fr/Fexit. 
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recycl ing provides  a means for obta in ing var ious  de-  
grees of mix ing  with  the  LPCVD reactor.  

If we assume tha t  the recycle s t ream is quenched 
to avoid react ions in the recycle  l ine and then mixed  
wi th  the inlet  s t r eam at the same tempera tu re ,  a total  
mol balance over  the mix ing  point  y ie lds  

Fo -~ Fr  : Fo' [36] 

where  Fo, Fr, Fo' are the  mola r  flow into the system, 
in the recycle  loop, and  into the  reactor ,  respect ively.  
By using Fr  -- ~.Fo'[1 + e(xe --  xi)] we find the flow 
into the reactor  is 

Fo 
Fo' = [37] 

1 -- ~[1 -~ e(Xe-- xi)] 

where  xi is the conversion of Sill4 in the combined 
feed to the  reactor  and Xe represents  the exi t  conver-  
sion. A balance  over  Sill4 gives 

FOX10 of- FrXle --" Fo'Xlt [38] 

which by  using Eq. [13] can be wr i t t en  in te rms of the 
inlet  and exi t  conversions,  xi and • as 

Fo ~,(1 - -  Xe) [1 + ,E(xe -- xi)] (1 -- xi) 
- -  [ 39 ]  

~ - -  - -  -i 1 + ,xt  Fo' 1 -k ~xe 

In avldition, the in le t  bounda ry  condi t ion (Eq. [21a]) 
has to be re fo rmula ted  and now takes the form 

~ = P e ( X - X l )  ( l + ~ x )  
d~ 0 (1 + exi) [40] 

By combining Eq. [37], [39], and  [40] wi th  the reactor  
model ing Eq. [20]-[24],  and by  employing  the same 
numer ica l  p rocedure  as descr ibed above, the con- 
version and growth  ra te  profiles for  the  recycle  reac tor  
are de termined.  The DamkShle r  and Pec le t  numbers  
have to be calcula ted in the  numer ica l  solut ion s ince 
they  depend on the flows into the reactor.  

In  the fol lowing section, we compare  the pe r fo rm-  
ance of the LPCVD reactor  wit,h pure  Sill4 feed, di -  
lu te  feed, and recycle  for  the  condit ions r epor t ed  by  
Rosler  (1). These ,conditions correspond to those used 
commercia l ly .  The perfor~nance of the reactor  is 
eva lua ted  in terms of  (i) the  necessary  t empe ra tu r e  
increase over  the reac to r  to achieve a flat g rowth  
profile, AT; (ii) the average  g rowth  rate ,  G; (iii) the 
effective use of Sill4, E, i.e., Sill4 used to deposi t  Si  on 
the wafers  con t r a ry  to S i I ~  was ted  on the wal ls  and 
car r ied  out  of the  reactor  system; and (iv) the s tan-  
dard  devia t ion  in growth  rates  across the reactor ,  ~, 
ca lcula ted wi th  Eq. [34]. In  o rder  to have an equi table  
comparison of the reactor  operat ions,  they  are  con- 
s idered for  constant  t empera tu re  difference (AT), total  
flow through  the reactor,  and Sill4 flow into the r e -  
ac tor  system. The l a t t e r  condit ions imp ly  tha t  the  
pumping  and reac tan t  costs are  ma in ta ined  constant.  

Tab le  II  summar izes  the per formance  measures,  G, 
E, and ~ for different  values  of L F o r  the case of pure  
Sill4 feed (no recyc le) ,  a t e m p e r a t u r e  increase of 25~ 
is needed to make  the g rowth  ra tes  somewha t  un i form 

Table II. Comparison of model predictions between one-pass 
reactor operation and reactor with recycle. Reactor conditions: 

P : -  0.6 Torr, reactor length = 0.65m, reactor diameter = 0.12m, 
100 wafers, wafer diameter _-- 0.0762m, wafer spacing ~ 0.0047m, 

make-up SIH4 flow rate = 47 sccm 

Recycle Dilute 

X ~ A/rnin % % x~'~ A/rain % % 

0 25 132 63 2.1 0.0000 
0.25 21 141 68 1.7 0~865 
0.50 15.5 152 73 1.1 0.6775 
0,75 9.5 163 78 0.5 0.8700 
0.90 4.0 170 81 0.6 0.9536 

125 60 22.1 
117 50 27.3 
96 45 22.2 

over  the reactor .  As the recycle  increases,  the needed 
AT decreases,  and at 90% recycle on ly  4~ are  neces-  
s a w  to produce a very  un i fo rm film thickness f rom 
wafer  to wafer.  At  the  same time, G and E have gone 
up. I t  is noted that  E wil l  a lways  be leas than 100% 
since wal l  deposi ts  cannot  be avoided.  On the other  
hand, for  the d i lu te  processing conditions,  the  average  
growth  ra te  and  consequent ly  the effective use of 
Sill4 fal l  off wi th  increas ing N2 content  in the  feed. 
Moreover,  the s t andard  devia t ion  rises wi th  XN2, ex-  
cept  at large  di lut ions where  the growth  ra te  is so 
d iminished that  the s tandard  devia t ion  also is reduced.  
This compar ison of LPCVD opera t ing  a l te rna t ives  
c lear ly  demons t ra tes  the advantages  of including the 
recycle  s t ream.  I t  also shows that  di lute  processing is 
an a t t rac t ive  a l t e rna t ive  on ly  if addi t ional  S i I ~  is 
added to improve  growth  ra tes  as was done in the 
cases discussed in the previous  section. 

Conclusion 
In this paper ,  we have  deve loped  a de ta i led  

mathemat ica l  model  for  the LPCVD reactor  by  using 
react ion engineer ing concepts. This model  encompasses  
the convecuon and diffusion processes in the annu la r  
region be tween  the reac to r  wal l  and the edges of 
the wafers  as wel l  as the surfa, ce react ions  on the re -  
ac tor  walls.  In  addit ion,  the modal  describes exp l i c i t ly  
the in terac t ion  be tween  diffusion and be tween  surface  
reac t ion  on the wafers.  The var ia t ions  in gas velocit ies 
and diffusion fluxes due to ne t  changes in the  n u m b e r  
of tools in the gas phase  in the deposi t ion react ions  are  
t aken  into account. These are  significant in CVD re-  
actions but  have been neglec ted  in most  previous  
model ing studies.  The combined  reac tor  equat ions 
have  the same form as the .ones for a ca ta ly t ic - f ixed  
bed reactor ,  and consequent ly  the  concepts developed 
for fixed bed  reactors  also app ly  to LPCVD reactors .  

The model ing  equations were  solved by  or thogonal  
collocation which is a power fu l  numer ica l  technique 
and pa r t i cu l a r ly  useful  for reactor  p roblems  (17). By 
using expe r imen ta l  da ta  obta ined by  Claassen et al. 
(14), it  was demons t ra ted  tha t  the mode l  could be 
used to es t imate  kinet ic  parameters .  The model  could, 
in turn,  predic t  expe r imen ta l  observat ions  obta ined  at  
different  reac t ion  condit ions than  those used in the  
p a r a m e t e r  est imation.  In  this  way,  the  observat ions  
made  by  Rosler  (1) for  commerc ia l  LPCVD reac tor  
condit ions were  ana lyzed  for  effects of flow ra te  
changes and t empe ra tu r e  gradients  on the growth  
rates  of po lycrys ta l l ine  Si. In  addit ion,  we considered 
recycl ing a f ract ion of the reac tor  effluent back  to the 
reac tor  inlet .  This modification al lows us to man ipu -  
la te  the degree  of backmix ing  in the reac tor  and 
produce  large  growth  ra tes  wi th  high degrees of 
uniformit ies  wi th in  wafers  as wel l  as f rom wafer  
to wafer.  Fur the rmore ,  only  a smal l  t empe ra tu r e  
rise (<5~ over  the reactor  is then necessary  
to ensure  un i fo rm growth  rates .  The H2 content  in 
the recyc le  reac tor  is not  subs tan t i a l ly  different  from 
tha t  in s t andard  LPCVD reactors.  Thus, the recycle  
reac tor  is not  expected to a l te r  the film .composition. 
For  the  same pumping  speed and r eac t an t  leed,  the  
recycle  reactor  out per forms  the convent ional  LPCVD 
reac to r  even when  compared  to so-ca l led  di lu te  p ro -  
cessing. This indi:cates tha t  fu ture  reac tor  design 
should emula te  the CSTR whi le  minimiz ing  pa r t i cu -  
late  problem's and  prov id ing  for  easy wafer  loading.  

In al l  the cases considered in this  paper ,  the film 
thickness var ied  <1% wi th in  each wafer .  Thus, the  
sur face  react ion control led  the deposi t ion  on the 
wafers  which was reflected in smal l  values  of ~. In -  
creases in the pressure  which  decreases the diffusivi ty 
for closer wafer  spacing would  increase the diffusion 
resistance.  This would  cause the depos i ted  film to be -  
come th inner  towards  the  center  of the wafer .  At  the 
low pressures  encountered  in LPCVD, Knudsen  dif -  
fusion becomes the dominan t  mode of mass t r anspor t  
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with small wafer spacings (--2 nun). For faster 
surface reactions than considered in this paper, the 
diffusion of reactants between wafers could be rate 
controlling with standard 3/16 in. spacings. This ap- 
pears to be the case in some SiO2 and SiaN4 deposition 
schemes (1). 

The quantitative agreements with experimental data 
and the good predictions derived from this modeling 
approach demonstrate the power in analyzing dep- 
osition processes. The approach is not restricted to 
any particular deposition reaction. The growth of 
polycrystalline Si and Sill4 was considered as an ex- 
ample because of the importance of LPCVD-grown Si. 
The analysis can easily be extended to the deposition 
of materials such as SiO2 and SigN4 as well as doping 
of films, provided the reaction kinetics are known. 
Unfortunately, kinetic rate expressions are scarce for 
most deposition reactions. The modeling approach 
used here offers the ability to estimate overall param- 
eters as we have shown for Sill4. However, the 
entire deposition mechanism composed of homogene- 
ous and heterogeneous reactions can only be discov- 
ered by experiments involving carefully controlled 
flow fields and surfaces. This is currently under in- 
vestigation. 
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LIST OF SYMBOLS 
A matrix of differentiation weights, see Eq. 

[25] 
B matrix of differentiation weights, see Eq. 

[26] 
Co total inlet concentration 
D dispersion coefficient'-- Dim 
Dim diffusivity of component i in the gas mixture 
Da~, Da2 DamkShler numbers, see Eq. [19] 
E effective use of Sill4 
Fo~ Fr, Fo' molar flow into reactor system, in recycle 

loop, into reactor 
g(x) 
G 

Gt 
Gw 

k, K1, Ks 
Ni 
P 
Pe 
r 
R 

Rw 
R t  
T 
V 
W 

Xi 
Z 

dimensionless rate, see Eq. [19] 
growth rate averaged over length of reactor, 
see Eq. [34] 
growth rate on reactor wall, see Eq. [32] 
growth rate averaged over wafer, see Eq. 
[33] 

rate constants, see Eq. [4] 
molar flux of component i 
pressure 
Peclet number, see Eq. [19] 
radial coordinate 
gas constant 
reaction rate, see Eq. [4] 
radius of wafer 
radius of reactor tube 
temperature 
linear velocity in annulus 
Gaussian quadrature weights 
mol fraction component i 
axial coordinate 
area of wafer carrier relative to reactor tube 
area 

wafer spacing 
volume expansion coefficient, cf. Eq. [13], 
[14] 
dimensionless axial coordinate, see Eq. [19] 
effectiveness factor, see Eq. [12] 

~ recycle ratio 
dimensionless radial coordinate, see Eq. [19] 

~2 variation in film thickness along reactor, see 
Eq. [34] 

~w ~ variation in film thickness across wafer, see 
Eq. [35] 
Thiele modulus, see Eq. [19] 

• conversion 
xi, x e inlet and exit conversion 
% see Eq. [17] 

Subscripts 
b bulk conditions 
1 Sill4 
2 H2 
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Substrate Biasing for Plasma Etching 
T. D. Mantei 

Department of Electrical and Computer Engineering, University of Cincinnati, Cincinnati, Ohio 4522.1 

Most plasma etching processes require negative sub- 
strate biasing to ensure directional ion bombardment. 
The electrodes of an rf-driven plasma etch reactor, for 
example, acquire a negative self-bias voltage due to 
partial rectification of the applied rf electric field by 
the plasma sheath surrounding the platens (1-3). In 
many cases, however, it may be desirable to apply an 
additional separately controllable substrate bias or to 
establish a substrate bias in a quiescent plasma in 
which self-bias is negligible. This note shows that the 
negative d-c substrate bias resulting from the applica- 
tion of an external alternating voltage to a substrate 
can be accurately predicted by a simple calculation. 
The result is confirmed by bias measurements in a 
quiescent plasma. 

Figure la shows a substrate immersed in plasma and 
driven by an externally applied alternating voltage 
Vrf cos ot. The capacitor prevents the extraction of net 
current from the plasma. The Langmuir current-volt- 
age characteristic (4) in Fig. lb shows that the ther- 
mal currents of the electrons and the heavier less 
mobile ions are unequal. With no applied rf signal, the 
substrate potential will therefore settle at a negative 
value (VF), the floating potential (4), relative to the 
ambient plasma potential (Vp). At the floating po- 
tential, the random electron and ion thermal currents 
falling to the substrate surface just cancel. When the 
alternating voltage (Vrr cos or) is applied, a more neg- 
ative steady bias voltage (Vd.~.) is established (Fig. 1) 
at which the time-average electron and ion current 
components again cancel; that is 

<Ie + Ii> "- 0 [I] 

where the brackets denote time-averaging. For a Max- 
well-Boltzmann electron energy distribution, Eq. [1] 
becomes 

n q A (  KTe ~)'/= exp Vd.c. 

1 . v . c o s o t  
" ' ~ z ~  e x p ( q  " ~ e  . / d o t - - ( ~ m l , }  = 0  

[2] 
where n is the electron density, q the electronic 
charge, A the substrate area, Te the electron tempera- 
ture, K is Boltzmann's constant, mi and me are the ion 
and electron masses, and Vd.c. is the resulting negative 
d-c substrate bias voltage relative to Vp. The integral 
can be recognized as a form of I0, the zero-order Bes- 
sel function of the second kind (5). Equation [2] thus 
gives the compact relation 

Vd.e. = -- VF -- Ve In (I �9 [Vrf/Ve] ) [3] 
where 

VF = V e In (2mi/~me) �89 

is the floating potential and Ve [-- KTe/g] is the elec- 
tron temperature expressed in volts. A similar result 

Key words: semiconductor, plasma, etching. 

has been reported for an undriven Langmuir probe in 
an electrically noisy plasma (6). 

In the limit Vrf ~ 0, Vd.c. reduces to -- VF. When 
Vrf > 10 Ve, then 

In I �9 (Vrf/Ve) ~- Vrf/Ve -- In (2~ Vrf/Ve) 
and 

Vd.e. ~ -- Vf -- Vrf + Ve In (2~Vrf/Ve) V, 

Thus for large Vrf [> 10 Ve], the negative substrate 
bias (Vd..c.) equals the floating potential plus the peak 
applied rf voltage minus a positive correction term. 

Figure 2 shows measured values of Vd.e. plotted vs. 
Vrf, obtained in a quiescent plasma discharge currently 

(a) Plasma (Vp) 
(b) 

~ Substrate (Voc) 

C 

rf COS (.Ut 

I 

f 

V-Vp 
0 

Fig. 1. a. Simplified sketch of biased substrate immersed in 
plasma, b. Sketch of Langmuir current-voltage relation showing 
the floating potential (VF) and final steady substrate bias voltage 
(Vd.c.). 
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Fig. 2. Steady d-c electrode bias as a function of peak applied 
rf voltage in argon 1.0 mTorr. Dashed line is Eq. [3]  with Te ~ 
!.8 eV and VF = - -7.9V.  
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being deve loped  for  p lasma e tching (7). Fo r  this com- 
parison,  a smal l  cy l indr ica l  p l a t i n u m  probe  was d r iven  
by  an audio osci l la tor  supply ing  an  a l t e rna t ing  vol tage  
(Vrf cos ~t) re la t ive  to the grounded  chamber  wa l l  
in an argon p lasma  wi th  P --  1.0 mTorr ,  n - -  6.3 X 
101~ cm-~,  Ve = 1.8 eV, and w/2~ --  4 kHz. The solid 
line and circles r epresen t  the expe r imen t a l  points  
while the dashed l ine represen ts  Eq. [3] using the 
measured  value  VF = --7.9V. The measured  points  l ie 
wi th in  3% of the  ca lcula ted  values  of Vd.c.. Be t t e r  
ag reemen t  can in fact  be obta ined  b y  using a more  
deta i led  t r ea tmen t  of ion collection (8), but  the ad -  
di t ional  complex i ty  does not  seem just i f ied for  most  
applicat ions.  

S imi la r  measurements  have been car r ied  out  using 
f luor inated e tch gases in the same quiescent  p lasma  
etch reac tor  wi th  qua l i t a t ive ly  ident ica l  results .  A n  
iner t  gas was used for the compar ison presen ted  above 
s imply  to avoid the ambigu i ty  in t roduced by  the pres -  
ence of negat ive  ions. 
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Chlorine Redistribution in HCI Oxides Due to High Temperature 
Annealing 

B. C. Beard 
Center for Surface and Coatings Research, Lehigh University, Bethlehem, Pennsylvania 18015 

S. Titcomb and S. R. Butler* 
Sherman Fairchild Laboratory, Lehigh University, Bethlehem, Pennsylvania 18015 

The incorpora t ion  of chlor ine  in the  growing  SiO2 
film dur ing  O2/HC1 oxida t ion  of si l icon has been 
s tudied  by  a number  of workers  (1, 2). I t  has been 
wel l  es tabl ished tha t  unde r  cer ta in  oxidat ion  con:  
di t ions a CI-r ich  phase  develops  at  the  in ter face  of 
the  SiO2 film and the Si subs t ra te  (3, 4). In  this  
report ,  the red i s t r ibu t ion  of the  C1 from the SiO2/Si 
in terface  region in response to h igh  t empe ra tu r e  an-  
neal ing is discussed. 

Ru the r fo rd  backsca t te r ing  (RBS) s tudies  of the 
C1 red is t r ibu t ion  have recen t ly  been presented  by  
But le r  et al. (4). In  a pa ra l l e l  s tudy,  secondary  ion 
mass spec t rome t ry  (SIMS) . analysis  was pe r fo rmed  
on a number  of C1 conta ining specimens.  The super ior  
dep th  resolut ion  of SIMS (<18 nm)  over  RBS (35 
nm)  a l lowed for more  de ta i led  dep th  profiles of C1. 

Materials 
The SiO2 films "were grown in a O2 ambien t  con- 

ta in ing  4% HCI for  30 min  at  1200~ For  this  ox ida -  
tion condition, i t  has been  shown that  a Cl - r i ch  phase  
forms at  the Si/SiO2 in ter face  (5). The resul t ing  
oxide thickness  was 165 nm. The samples  were  then  
annea led  for  up to 16 hr  at 1200~ in N~ containing 
4 ppm H20. 

Experimental Conditions 
The SIMS exper imen t s  were  pe r fo rmed  at an ion 

flux of 4.0 X 1014 ion/sec  cm 2, a t  an energy  of 8 keV, 
corresponding to an SiO2 spu t te r  ra te  of 0.046 • 0.003 
nm/sec.  The ion beam was composed of A r  + ions 
unfocused f rom the duoplasmi t ron  source. The ion 
beam was refined th rough  a Ta ape r tu re  such tha t  
on ly  a smal l  un i fo rm por t ion  of the  beam s t ruck  the  
specimen.  

* E l e c t r o c h e m i c a l  Soc i e ty  M e m b e r .  
Key words :  s i l icon dioxide ,  C1 incorporat ion ,  SIMS, RBS. 

Results 
Figure  1 i l lus t ra tes  a collection of SIMS profiles of  

a sample  before  and af te r  a 12 h r  1200~ anneal .  The 
ini t ia l  Cl - r ich  phase thickness  is ~--18.5 rim, which  
upon annea l ing  migra ted  awa:r f rom the  in terface  to 
a resul t ing  thickness  of ~69 rim. Based on the in te -  
g ra ted  areas,  the annea led  specimen can be seen to 
have less C1. F igure  2 more  c lear ly  shows the SIMS 
C1 concentra t ion vs. depth  profile a f te r  the  anneal .  
The bulk  of the C1 has moved into the  SiO2 away  
from the interface.  The shoulder  on the Si side of the  

4 0  
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z 
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z 
i 

UNANNEALED -~~ 

60.0 90.0 120.0 150.0 180.0 210.0 

SPUTTER DEPTH (nm) 

Fig. 1. The SIMS chlorine depth profiles for an unanneoled 
specimen and for a specimen annealed in N~ (4 ppm H~O) at 
1200~ for 12 hr. Several runs were made on each sample as a 
reproducibility test. The width of the unonnealed peak indicates a 
CI phase thickness of ~ 18.5 nm. 
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Fig. 2. SIMS CI depth distribution profiles of an annealed 
specimen. The majority of the CI is found in the Si02, extending 
from the original pre-anneal interracial (165 nm) region well into 
the bulk of the oxide layer. 

dis t r ibut ion  in each run  may  indicate  nonuni form 
sput te r ing  in the interface region.  Contr ibut ions  to 
the  C1 signal  from the spu t te r  c ra te r  edge or redepos i -  
t ion of C1 dur ing  spu t t e r ing  could also account for the 
observed shoulder .  

RBS analysis  also suggested a th ickening  of the 
Cl- r ich  part icles .  F igure  3 i l lus t ra tes  the  movement  
of the C1 phase ou tward  into the  SiO2 for anneal ing  
t imes of 4 and 16 hr. Note that  at  4 hr  the C1 d i s t r ibu-  
tion has reached nea r ly  m a x i m u m  wid th  (see Fig. 4) 
and tha t  the concentra t ion is s ignif icantly reduced.  
(The m a x i m u m  dis t r ibut ion  wid th  at  anneal  t ime 
>4 h r  can be assigned as ~69 nm f rom the SIMS re -  
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Fig. 3. RBS spectra (chlorine region) of unannealed and an- 

nealed (4, 16 hr) specimens. 

sults.) At  16 hr, the C1 concentrat ion is cons iderab ly  
less wi th  l i t t le  fu r the r  increase in the width.  

Discussion 
It  was sugges ted  in Ref. (4) tha t  the apparen t  

sp read ing  of the  C1 d is t r ibut ion  ou tward  f rom the 
in ter face  region was due to a coarsening of the la rger  
t h i rd -phase  particleS. That  is, the smal le r  par t ic les  
redissolve  and the l a rge r  ones grow due to la te ra l  
diffusion of  C1. In  a somewha t  s lower  process, the C1 
is r emoved  f rom the surfaces of the large  par t ic les  
and diffuses out  th rough  the oxide. The low solubi l i ty  
of C1 in SiO2 l imits  the out-diffusion process, Fig. 5. 

Both the RBS and SIMS data  suppor t  the ou t -d i f -  
fusion of C1 away  from the interface.  Both techniques 
also indicate  a s imul taneous  loss o.f C1 as a function 
of annea l ing  t ime. The d is t r ibu t ion  of the C1, how-  
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Fig. 6. TEM micrograph of a 6% HCI, 1200~ 30 min unan,ealed 
oxide (0.5~ marker). 

Fig. 7. TEM micrograph of a 6% HCb 1200~ 30 min oxide, 
which has been annealed 1 hr in N2 at. 1200~ (0.5~ marker). 

ever, does not  con t inua l ly  b roaden  with  t ime; it  ap-  
pears  to ac tua l ly  recede t oward  the interface.  This 
observa t ion  suggests  a rap id  coarsening of the Cl - r ich  
phase  super imposed  on a s teady low level  loss of CI. 
Recent  t ransmiss ion e lect ron microscopy (TEM) 
studies (5) tend  to indicate  the coarsening of smal l  
t h i rd -phase  par t ic les  as a resul t  of anneal ing,  Fig. 6 
and Fig. 7. The TEM resul ts  may  add fu r the r  suppor t  
to the  SIMS and RBS data  which suggest  a s imul tane-  
ous coarsening/out -d i f fus ion  of the  Cl - r i ch  phase du r -  
ing high t empe ra tu r e  anneal ing.  
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Copolymers of Trimethylsilylstyrene with Chloromethylstyrene for a 
Bi-Layer Resist System 
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Kanagawa Prefecture 213 Japan 

Copolymers of trimethylsilylstyrene 
(SiSt) with chloromethylstyrene (CMS) have 
been developed as the top imaging layer 
resist in a bi-layer resist system, since 
these organosilicon polymers were expected to 
be quite resistive to 02-RIE (i). This paper 
describes the organosilicon polymers etching 
characteristics, E.B. and deep UV exposure 
characteristics for the homo- and the co- 
polymers of trimethylsilylstyrene. It also 
reports the copolymer application to a bi- 
layer resist system. 

Multi-layer resist systems were 
developed(2-7) to obtain fine high aspect 
ratio patterns, even on the steps of the 
substrate. Among them, the bi-layer resist 
system, using 02-RIE , is the most attractive 
from the process standpoint. In this resist 
system, polymers with high dry etch 
resistance (such as AZ-1350J photoresist) are 
used as the bottom planarizing layer, and the 
resist material with high resistance to 02 - 
RIE is used as the top imaging layer. Gokan 
et al. examined the metal-free organic 
polymer resistance to the oxygen ion-beam 
etching extensively and showed the etch rate 
was inversely proportional to the effective 
carbon content in the polymer(8) . Carbon 
itself is the most resistive material among 
all the metal-free organic polymers. 
However, the etch rate ratio between carbon 
and AZ-1350J photoresist is only 1 to 3. No 
metal-free organic polymer can be expected to 
be suitable for the top layer in a bi-layer 
resist system. On the other hand, metals and 
silicon are reported to be highly resistive 
to oxygen ion-beam etching (9). Therefore, 
polymers containing metal or Si atoms are 
promising candidates for the top imaging 
layer in a bi-layer resist system (i0). 
Especially, polymers containing Si atoms are 
favorable, because the contamination problem 
appearing in making integrated circuits is 
avoided. Thus, Si atoms were introduced in 
the organic polymer resists whose sensitivity 
and resolution were proved to be excellent. 

Key Words: electron beam, deep UV light, 
negative resist, multi-layer resist 

Organosilicon polymers were synthesized 
from the corresponding monomers, where 
trimethylsilylstyrene was derived from 
chlorostyrene. The polymers investigated are 
listed in Table I. The copolymer 
compositions were determined by elemental 
analysis. 

The organosilicon polymers etching 
characteristics under 02-RIE condition are 
shown in Fig. i. AZ-1350J photoresist 
etching characteristics are also shown. AZ- 
1350J photoresist was hard baked at 250~C for 
lhr. The film thickness was measured with a 
Taylor Hobson "Taly Step" instrument. The 
RIE system is a parallel plate reactor, 
operated at i.i Pa pressure and a power 
density of 0.096 W/cm 2, and a 4sccm 0 z flow 
rate. 

Organosilicon polymers show an 
interesting etching characteristic. After 
some reduction in film thickness, 
organosilicon polymers etch rates become a 
few A/min, i.e., etching in these polymers 
practically stops. The thickness reductions 
in organosilicon polymers until the practical 
stop of etching, and the number of Si atoms 
contained in these etched layers are 
summarized in Table II. In the calculation 
the polymer densities were assumed as being 
1.2 (ii). From Table II, it is found that 
organosilicon polymer etching practically 
stops when a polymer layer containing l- 
3x1016 atoms/cm 2 is etched. Si atoms would 
be accumulated on the surface in the form of 
SiO 2 or SiO as a protecting layer. This was 
confirmed by Auger spectroscopy and is 
discussed later. On the other hand, AZ-1350J 
photoresist was etched continuously at a rate 
of 800 A/min. From Fig. 1 and Table II, it 
was concluded that very thin (220-2200 A) 
organosilicon polymer layers can be used as 
an etch mask for pattern transfer to the 
underlying planarizing polymer in 02-RIE. 

The PSiSt surface after 02-RIE was 
investigated by Auger spectroscopy. The 
result shows Si atoms are accumulated in the 
form of silicon oxide (SiO 2 or SiO), instead 
of pure Si. Depth profiles for Si, O, and C 
were measured by monitoring Auger signal 
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intensities while removing surface layers by 
Ar ion milling. The surface layers milling 
rate was assumed to be the same as that for 
SiO 2. In the profile measurement, only the 
total Si amount was measured,since it was 
difficult to assign signals for Si to silicon 
oxide or pure Si exactly. Up to the depth of 
200A, the oxygen amount decreased and the 
carbon amount increased gradually with 
increasing depth, while the silicon amount 
was constant. This shows that the PSiSt 
surface gradually changed into silicon oxide 
during the 02-RIE. 

The PSiSt homopolymer and copolymers of 
SiSt with CMS are selected, considering 02 - 
RIE resistance. Their sensitivities and 
resolutions have been evaluated. Both 
polymers were fractionated to obtain polymers 
with narrow molecular weight distribution. 
The fractionated polymers are listed in Table 
III. These polymers were spun on silicon 
wafers from xylene solutions. Prebaking was 
carried out at 100~C for 30 min in a nitrogen 
atmosphere. Electron beam (20 KeV) exposure 
was carried out with JEOL JBX-5A electron 
beam exposure system. Canon PLA-521F contact 
printer (equipped with cold mirror CM 290) 
was used to expose deep UV light. After the 
exposure, the wafers were soaked in a 
suitable developer for 1 min, and then rinsed 
in isopropyl alcohol (IPA) for 1 min. For 
PSiSt, 35:65 tetrahydrofuran (THF) and 
ethanol (EtOH) solution was chosen and for 
P(SiSt90-CMSI0), 45:55 THF and EtOH solution 
was chosen as a developer to minimize 
swelling. Half micron lines and spacings are 
easily resolved in 0.2 ~m thick resist 

The gel doses (D~) for E.B. layers. 
exposure are summarized in Table III. The 
PSiSt sensitivity is 1.5 times as high as 
that of polystyrene. However, this 
sensitivity is not sufficient for practical 
device fabrication. Copolymerization with 
CMS is very effective to improve the 
sensitivity. The sensitivity is enhanced ten 
times as high as that of PSiSt by 
copolymerizing with i0 mol% CMS. The 
copolymer of SiSt with CMS is also sensitive 
to deep UV light. For P(SiSt90-CMSIQ) FI, 
total crosslinking occurs at 60 mJ/cm z deep 
UV exposure. 

Fine pattern fabrication was carried out 
using P(SiSt90-CMSI0) F1 as the top imaging 
layer in a bi-layer resist system. A 1.6 ~m 
thick layer of AZ-1350J photoresist was used 
as the bottom planarizing layer. After E.B. 
(4.5~C/cm 2) or deep UV (60 mJ/cm 2) exposure 
and development, the fine patterns in 0.2~m 
thick P(SiSt90-CMS i0) layer were transferred 
into the thick AZ-1350J photoresist layer by 

02-RIE. The resultant steep profile pattern 
is shown in Fig.2. 

Organosilicon polymers have been found 
to be attractive materials as the top imaging 
layer in a bi-layer resist system, since they 
are very resistive to 02-RIE. The minimum Si 
content to form a sufficient protecting layer 
under 02-RIE condition has been clarified. 
From the above consideration, P(SiSt90-CMSI0 ) 
has been developed as a highly sensitive 
resist material, keeping high dry etch 
resistance and high resolution. It is a 
novel resist material suitable for a bi-layer 
resist system. 
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Table I. List of organosilicon polymers 

Name 

NEC Corporation assisted in meeting 
publication costs of this article. 

PSiMA 

P (SiMAm-GMAn) 

PSiSt 
P(SiStm-CMSn) 

P (SiS tm-GMAn) 

Polytrimethoxysilylpropyl 
methacrylate 
Poly(trimethoxysilylpropyl 
methacrylate-co- 
glycidylmethacrylate) 
Polytrimethylsilylstyrene 
Poly(trimethylsilylstyrene 
-co-chloromethylstyrene) 
Poly(trimethylsilylstyrene- 
co-glycidylmethacrylate) 

e~ +CH 
cH, c CHs 

c5o4i-oc.. 
ocH3 J 

PSiMA P S i S t  

Table II. Number of Si atoms in the layer 
etched by 02-RIE 

Polymer Thickness Si 
Reduction (A) (xl016atoms/cm2) 

PSiSt 220 0.9 
P (SiSt80-CMS20) 290 1.2 
P (SiSt40-GMA60) 1700 3.0 
PSiMA 510 1.5 
P (SiMA20-GMA80) 2200 2 . 0 
P (SiMAs0-GMA50) 620 1.2 

& 
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Organosilicon polymers etching 
characteristics under 02-RIE 
condition 
Etching condition: l.iPa, 4sccm, 

0.096W/cm 2 

Table III. Organosilicon polymers molecular 
weights and gel doses 

Polymer Mw(x104)Mn(x104) Mw/Mn D~ 
0JC/cm 2 ) 

PSiSt F1 19.8 15.1 1.3 15 
PSiSt F2 12.6 9.9 1.3 30 
P(SiSt90-CMSI0) 

F1 28.6 22.2 1.3 i.i 
P(SiSt90-CMSI0) 

F2 15.0 ii.i 1.4 2.1 
P(SiSt80-CMS20)* 5.5 2.5 2.2 3.8 

*This polymer was not fractionated. 

Manuscript submitted May 26, 1983. 

Fig. 2 Resultant high aspect ratio pattern 
obtained using 0.2~m thick P(SiSt90- 
CMSI0 ) F1 as the top imaging layer on 
the 1.6 pm thick AZ-1350J film. 
(4.5pC/cm 2) 



Polymer-Coated Electrodes in Ambient Temperature Molten Salts 

P. G. Pickup and R. A. Osteryoung 
Department of  Chemistry, State University of  New York at Buffalo, Buffalo, New York 14214 

We were interested in investigating redox 
polymer films on solid electrodes ( I )  in a 
molten salt .  We have therefore investigated 
the electrochemistry of poly- 
[Ru(2,2 ' -bipyr id ine)p(4-vinylpyr id ine)p]  2+ 
(2), polyvinylferroc~ne (PVF) (3,4) an~ 
thionine polymer (5) coated glassy carbon 
electrodes in various compositions of the am- 
bient temperature molten sal t  system aluminum 
chloride:n-butylpyridinium chloride (BuPyCI) 
(6) at 40~ Electrodes were coated with 
polymer as described in references 2, 4, and 
5 respectively. Surface coverages were 
measured by cycl ic voltammetry in 0.I M 
Et4NCIO4/CH3CN for the ruthenium and PVF 
polymers and in 0.05 M aqueous H2SO 4 for the 
thionine polymer. 

We have used the 0.95:1 (basic), I : I  
(neutral) and 1.2:1 (acidic) AICI3:BuPyCl mole 
rat io melts in which the dominant equil ibrium 
is (7): 

2AICl 4- ~ AI2CI 7- + Cl- K < 4 x 10 -13 

The "neutral" melt can be described as BuPy + 
AICI4-. The basic melt may be considered to 
consist of BuPy +, Cl- and AICI 4- ions and the 
acidic of BuPy T, AI?CI 7- and AICI4-, the 
content depending off the stoichiometric rat io 
of AICI 3 to BuPyCI. Potentials are quoted 
relat ive to A1 in a 2:1 melt, which is ca. 
§ mV relat ive to SCE in CH3CN (8). - -  

The cycl ic voltammetry of a 
C/poly-[Ru(bpy)p(vpy)~] z+ electrode in an 
acidic melt (Figure I )  was almost featureless 
on the f i r s t  scan. Addit ional ly,  no electro- 
chemistry of dissolved ferricenium (E o' : 0.24 
V) was observed. On subsequent scans aoVell 
defined, reversible wave developed at E = 
+1.26 V and af ter  this wave had reached ca. 
80% of i ts  f inal  size a small membrane 
diffusion type wave (9) for ferricenium 
reduction developed at ca. + 0.3 V. The 
voltammogram of Figure l---reached steady state 
after about 40 scans and the f inal  charge 

* Electrochemical Society Active Member 
Key Words: Fused salts,  electrode, 

voltammetry 

Figure I .  Cyclic voltammograms at 40~ of a 
C/poly-[Ru(bpy)~(vpy~] Z+ el~ctrode (surface 
coverage = 2.0 ~ lO-:~mol/cm ~) in 1.2:1AICI3: 
BuPyCl melt containing ferricenium (ca. 1 mM~. 
Scan speed = I00 mV/s. 

under the wave at +1.26 V corresponded to 
100% of the polymer or ig ina l ly  present. 
Thicker fi lms require a longer break-in 
period. 

We interpret the above behavior as 
indicating slow permeation of melt and f e r r i -  
cenium ions into the polymer f i lm. This per- 
meation is fac i l i ta ted  by repeated oxidation 
and reduction of the polymer since i t  does not 
occur when the polymer is maintained in i ts  
reduced state and i t  is very slow when the 
polymer is exhaustively oxidized. Presumably 
the counter-ion and polymer backbone movements 
associated with oxidation and reduction of 
the polymer (4,10) allow melt to diffuse into 
the polymer. This interpretat ion is supported 
by the gradual appearance of chloride (from 
AlCl 4- or A12C17-) oxidation and A1 deposition 
at the l imitTng-potentials of the acidic melt 
i f  the potential is scanned through the normal 
electrochemical window of the melt (6) during 
break-in. Once an electrode has been broken 
in i t  remains electroactive for extended 
periods (days) in the melt. This type of 
break-in behavior has been observed by other 
workers, using di f ferent  polymers and more 
conventional solvents (water (4) and acetoni- 
t r i l e  ( I0) ) .  

1965 
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Once a ruthenium polymer f i lm has been 
broken in i t  exhibits well defined electro- 
chemistry in both neutral and acidic melts (the 
basic melt is more easily oxidized than_the 
polymer). For fi lms of 3 x 10 -9 mol/cm z or 
less, reversible electrochemistry is observed 
at scan speeds as high as 500 mV/s. Peak 
separations are constant and peak currents vary 
l inear ly  with scan speed, characterist ic of a 
surface bound redox couple. Thicker films show 
evidence of slow charge transport at scan 
speeds above I00 mV/s, with increasing peak 
separation and decreasing charge as the scan 
speed is increased. The formal potential of 
the polymer in the melt is about I00 mV greater 
than expected in comparison to ferrocene/ 
ferricenium, the respective redox potentials 
of these couples being 1.22 V and 0.38 V vs 
SCE in acetoni t r i le .  

To obtain a well defined voltammogram of 
a drop coated C/polyvinylferrocene electrode 
required that i t  f i r s t  be cycled through the 
PVF redox wave in neutral or basic melt (the 
polymer dissolves in acidic melt) and then in 
acetonitrile/Et4NClO a. After washing with 
acetone to remove Et~NClO 4 from the polymer 
and drying in the vaduum port of the dry-box 
the electrode shows well defined electro- 
chemistry in the melt af ter  a break-in period 
similar to that observed for the ruthenium 
polymer. Generally, the f inal voltammogram 
(Figure 2) show~ stable, reversible electro- 
chemistry at E U ~0.25 V. However, the 
quantity of polymer as deduced from the charge 
is always s ign i f icant ly  less than was 
or ig ina l ly  deposited onto the electrode, 
usually corresponding to 5-20 monolayers of 
monomer units. 

Thionine polymer also exhibits a break-in 
period in the melt. Final voltammograms 
(Figure 3) show quasi-reversible electro- 

i 

chemistry at E ~ ~0.25 V with the peak sep- 
aration increasing with scan speed. However, 
the voltammograms in the melt compare well 
with those obtained in aqueous sulphuric acid 
(5). 

The results presented here indicate that 
three very di f ferent redox polymer coated 
electrodes function well in these anhydrous, 
highly conducting ambient temperature ionic 
l iquids and we feel there is great potential 
for the use of such electrodes in such media. 
Other ambient temperature ionic l iquids,  such 
as the dialkylimidazolium chloroaluminates 
( I I )  would also appear to be useful for 
studies of polymeric electrodes. The use of 
such l iquids for studies of e lectronical ly  
conducting polymers such as polyacetylenes, 

polypyrroles and others also appears to have 
considerable sc ient i f i c  and perhaps techno- 
logical significance. Smyrl and co-workers 

114'uA/c mZ 

0.4 ' - ( > 2  
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Figure 2. Cyclic voltammograms at 40~ of a 
C/polyvinylferrocene^electro~e (f inal surface 
coverage = 1.3 x I0 -~ mol/cm ~) in 0.95:1 
AICI3: BuPyCI melt. 

recently reported on impedance studies at 
polyacetylene coated electrodes in a 2:1 
AICI3:BuPyCl melt (12); in this melt compo- 
s i t ion only the oxidation of the polyacetylene 
could be observed since the melt "window" is 
~2 V. However, use of a "neutral" system, 
either the butylpyridinium chloride or 
dialkylimidazolium chloride - aluminum 
chloride ionic l iqu id ,  might render such con- 
ducting polymers susceptible to both oxidation 
and reduction, since solvent l imi ts of ca. 3.5 
and 4.5 V, respectively, are observed ( ~ ) .  
There are possible applications of polymer 
coated electrodes in these molten sal t  systems 
in the f ields of electrocatalysis, fuel cel ls,  
photoelectrochemistry and batteries. Addition- 
al studies in this area are in progress in our 
laboratory. 
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0.8 f// 

E vsAl IN 2:1 MELT 

1'4-uA/cm2 

Figure 3. Cyclic voltammograms at 40QC of a 
C/thionine Rolymer electrode (surface coverage 
= 1,9 x I0 -~ mol/cm ~) in 0.95:1AICI3:BuPyCl 
melt. 
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Increased Electrochemical Window in Ambient Temperature Neutral 
Ionic Liquids 

M. Lipsztajn and R. A. Osteryoung* 

Department of Chemistry, State University of New York, Buffalo, New York 14214 

In the past several years, low tempera- 
ture molten sa l t  systems composed of aluminum 
chloride and alkylpyridinium salts have been 
found (I-3) to be useful solvents for e lectro- 
chemical and spectroscopic studies of both 
organic and inorganic species. Recently 
Wilkes et al (4) have developed a group of 
dial kyl-imidazolium chloroaluminate melts 
having a wider cathodic l im i t  than the a lky l -  
pyridinium chloroaluminates. 

Both cathodic and anodic l imi ts  of these 
solvents depend on the mole ra t io  of compon- 
ents taken for  the preparation of the molten 
sal t .  ~or so-called basic melts 

(MC = "AICI~(1)  the anodic l im i t  corresponds 
nRCI 

to the electrooxidation of chloride ions and 
is identical (5) for both N-n-butylpyridinium 
chloride (BuPyCl)-AICI3 and l -methyl-3-ethyl-  
imidazolium chloride (ImCl)-AICI3 melts. The 
cathodic l im i t  for basic melts corresponds to 
the electroreduction of the organic cation 
(BuPy + or Im+). 

For acidic melts (MC �9 I)  the anodic and 
cathodic l imi ts  are identical (5) for both 
RCI-AICI3 melts (R = BuPy + or Im t )  and corres- 
pond to, respectively, tetrachloroaluminate 
( A I C I j )  oxidation, to y ie ld chlorine, and 
heptachloroaluminate (A12C17-) reduction, to 
y ie ld AI. 

The electrochemical windows for  these 
melts measured at a tungsten electrode are shown 

in Figure I. 
The purpose of th is communication is to 

present the great advantage of use of a 
neutral melt (MC = 1.00); preparation of th is 
melt consists of weighing appropriate amounts 
of AICI3 and RCI, and mixing. This roughly 
neutral melt is subsequently adjusted by 
addition of small amounts of e i ther AICI3 or 
RCl to obtain the proper electrochemical 
window. As shown in Figure 1 the l imi ts  
established for  neutral melts correspond to 
anodic oxidation of AICI~- and cathodic 

*Electrochemical Society Active Member 
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reduction of R +, giving a very wide electro- 
chemical window (~3.6 V for I : I  AICI3-BuPyCI 
and ~4.4 V for I : I  AICI3-1mCl melts 
respect ively).  This extension of the 
electrochemical window enables us to 
investigate several redox systems inaccess- 
ible for study in melts prepared by use of 
an excess of basic (RCl) or acidic (AICI3) 
components. Some of these systems are of 
fundamental importance in understanding the 
chemistry of these melts. 

As an example, the electrochemistry 
obtained at a tungsten electrode in a 30 mmol 
solution of BuPyCl in neutral AICI3-1mCI melt 
is presented in Figure 2. The quasi- 
reversible oxidation of CI- is observed (4) 
as a discrete anodic voltammetric wave, while 
cathodical ly the reduction of BuPy + occurs. 
More detai led studies of CI- oxidation and 
BuPy + reduction w i l l  be presented in 
subsequent publ icat ions; however i t  is worth 
mentioning that th is f i r s t  process is con- 
vective di f fusion control led at a rotat ing 
disc electrode and that the CI- oxidation 
wave can be very useful in studies of many 
chemical reactions, par t i cu la r ly  those in- 
volving chloride complexation with a metal 
ion. 

In a melt symmetric to that discussed 
above ( i .e .  a neutral melt with a small ex- 
cess of AICI3 added (6)) the convective - 
d i f fusion control led reduction of A12C17- at 
a rotat ing disc electrode is observed and 
this wave can be also very useful. 

The very wide electrochemical window of 
neutral AICI3-RCI melts appears very promis- 
ing from the point of view of use as a 
solvent for new high energy density 
batter ies. App l i cab i l i t y  of th is  system to 
studies involving redox and conducting 
polymeric electrodes is in progress (7). 

1968 
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21o ' 11o ' o.o -11o r -~i0 
E vs A1/AI  ( I I l )  in 1.5:1 AICI  3 ImCl  Melt 

Cyclic voltammetric curves recorded on 
tungsten electrode (area 0.0784 cm 2) in 
(a) basic AICI3-1mCI melt (MC = 0.67) 
(b) acidic AICI3-1mCI melt (MC = 1.2) 
(c) neutral AICI~-ImCl melt (MC = 1.00) 
(d) neutral AICI3-BuPyCl melt (MC = I.00) 
Sweep rate = 0.05 V s - t ,  temperature = 
30~ 
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. Cyclic voltammetric curve recorded on 
tungsten electrode (area 0.0784 cm 2) at 
30~ in 30 mmol solution of N-n-butyl- 
pyridinium chloride in neutral AICI3-1mCI 
melt (MC = .994), sweep rate 0.05 V s -z. 
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INTRODUCTION 

Thermal oxidation of si l icon to form a thin 
SiO 2 layer is one of the most important pro- 
cesses in VLSI and VHSIC technology. Present- 
ly,  some commercially available, high perfor- 
mance MOS memory circuits use gate oxides as 
thin as 400 A. There is a wide body of ex- 
perimental evidence which indicates that such 
thin layers of SiO 2 are substantially d i f -  
ferent from thicker layers. These differen- 
ces include growth kinetics, optical proper- 
t ies,  breakdown characteristics, and physical 
structure. In spite of the pioneering stu- 
dies of Deal and Grove i and several other 
authors 2-4, the growth of the f i r s t  several 
hundred angstroms of oxide has not yet been 
quantitatively explained. In this paper we 
propose a conceptually simple modification of 
the Deal -Grove model based on the assumption 
that the oxygen atoms impacting the oxide 
surface have a definite probabil ity of pene- 
trat ing to a certain depth. Expressions use- 
ful for data analysis and simulation (SUPREM 
I I  and I l l )  are given. 

DRY OXIDATION MODEL 

Blanc 3 proposed a simple model which explains 
well the anomalously high oxidation rate of 
thin oxide. This model assumes that although 
oxygen diffuses molecularly during the dry 
oxidation, the actual oxidant is atomic oxy- 
gen; this leads to a conceptually simple mo- 
di f icat ion of the Deal-Grove model. Blanc's 
model was tested in both the thin and thick 
oxide regions and was found inadequate for 
the simulation of both oxide regimes. There- 
fore, here we suggest a semiempirical mod- 
i f ica t ion of the Deal-Grove formula. I t  was 
assumed after Deal and Grove, that the oxida- 
tion mechanism arises from the diffusion trans- 
port of oxidant through the growing amorphous 

* Electrochemical Society Active Member. 
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SiO 2 layer followed by the reaction of Si with 
oxidant at the advancing interface. The equa- 
tion of Deal and Grove which describes the 
change of oxide thickness, Zox, with the oxi- 
dation time, t ,  has the following form: 

dZox K 1 Kp 
z 

dt 2KiZox+Kp (1) 

Here Kl and Kp are the linear and parabolic 
growth rates respectively. They are related 
to the linear and parabolic rate constants A 
and B by A = KJK l and B = Kp. 
We suggest that for thln oxides the linear 
growth rate K l should be replaced by K n, 
where 

K n : K 1 ( i  + Zf exp (-Zox/Zl)) (2) 

The new model parameters are: Zf the growth 
acceleration factor, and Z l the effective 
penetration depth. Their temperature depen- 
dences (for dry 02 ) as determined by compari- 
son to experimental data are: 

Zf = 39.965 - .08145 + 4.2552 x I0-5T 2 (3) 

Z l = 1/(692 - 1.3641T + 6.876 x 10-4T 2) 
(microns) (4) 

where T is in :C. 

Integrating equation (1) one obtains the 
well known dependence (Grove's equation): 

Zox 2 Zox 
t = - -  + (5) 

Kp K l 

This equation wil l  take the following form i f  
K n is  substituted for K l in Eq (1): 

1970 
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2 I -Zox/Zl Zox Zox Zl 1 + Zfe 
t - + .... + In (6) 

Kp K l K l 1 + Zf 

Equation (6) differs from equation (5) by 
an additional te rm which causes faster 
growth for thin oxides but is negligible 
for oxides 3 to 4 times thicker than Zl. 

The SUPREM II-05 program models the oxide 
growth by employing approximate empirical 
correction factors to the usual linear para- 
bolic growth law. The model proposed here 
improves the predictive capabilities of 
SUPREM. In Fig.1 we compare the oxide growth 
rate dZox/dt calculated from the Deal and 
Grove model with that predicted by the new 
model. Also shown is the growth rate which 
was used in the SUPREM II-05 program. Note 
the sharp discontinuity in the SUPREM II-05 
curve. This is due to the attempt to f i t  the 
experimental data with a constant accelera- 
tion factor. 

The analysis of the data 1,2,4,5 at 700, 780, 
893, 980 and 1100~ further confirm the vali- 
dity of the proposed model. Figure 2 shows 
the comparison of the theory with experimen- 
tal data for oxidation in dry 02 at 893~ 
The dashed curve is the result of the SUPREM 
II-05 calculations and the solid curve shows 
that the new model provides a smooth transi- 
tion from the accelerated to the linear growth 
regions while maintaining a good f i t  to 
experimental data for thick oxides. Such a 
good f i t ,  over the entire oxide thickness 
range was not possible with Deal and Grove 
model. 

OXIDATION IN HCL/O 2 MIXTURES 

One of the most significant developments in 
the passivation of thermally grown sil icon- 
dioxide films over the past several years has 
been the addition of a chlorine species dur- 
ing silicon oxidation. This so-called HCI 
oxidation has many benefits 6. I t  reduces 
the instabi l i t ies due to the presence of mo- 
bile ions in the oxide and increases the l i fe -  
time of the minority carriers in the under- 
lying si l icon. I t  also reduces the number of 
oxide defects and therefore improves the di- 
electric breakdown characteristics of the 
oxide. The interface state density is re- 
duced and a reduction in surface charge den- 
sity in the oxide is observed. Also, the HCI 
oxidation reduces the stacking fault density 
in the underlying si l icon. Not all of the 
effects of chlorine, however,are advantageous; 

the chlorine, is responsible for anisotropic 
etching of the underlying silicon and the 
separation of the oxide from the sil icon. 
Because of the practical interest in the HCI 
oxidation a good understanding of the oxida- 
tion process is of considerable importance. 
Most of the work reported in the l i terature 
to date has concentrated on expanding the 
experimental data to gain better insight into 
the reaction kinetics of this system 6-9. 
Monkowski and his coworkers 10 proposed a 
model which explains the development of chlo- 
rinated oxides. I t  accounts for the develop- 
ment of two additional chlorine-rich phases 
at the oxide-silicon interface during HCI oxi- 
dation by analogy to the corrosion of metals 
by two oxidants. I t  does not provide, how- 
ever, quantitative information on the mecha- 
nism of the oxidation, and as such is not 
useful for process modeling and simulation. 

In our present work we suggest a simple ex- 
pansion of the kinetic model proposed in the 
previous chapter to include chlorine oxida- 
tion. In the l ight of the research work of 
Hess and Deal 6 the parabolic rate constant 
(B) gradually increases with increasing HCI 
concentration; there is no variation of B 
with silicon orientation. On the other hand, 
the linear rate constant B/A involves the re- 
action rate constants at the SiO 2 surface and 
at the silicon surface and exhibits a strong 
orientation dependence which decreases with 
increasing temperature. I t  shows an in i t ia l  
increases due to the addition of 1% HCI to 
the dry oxygen atmosphere, but further HCl 
additions have only a small effect on B/A. 
Hess and Deal explain this last behavior of 
B/A as related to enhanced Si-Si bond break- 
ing due to etching by a chlorine species. 
Because Arrhenius plots of the rate constants 
for the 02/HCI oxidations, were not linear 
they concluded that more than one process is 
occurring during silicon oxidation in these 
mixtures. 

Based on the reported observations we includ- 
ed chlorine oxidation effects in the equation 
of Deal and Grove (Eq. I-4) by modifying the 
linear and parabolic growth rates in a fash- 
ion which would allow us to extract expres- 
sions useful for data analysis and simulation. 
We have assumed that the presence of chlorine 
in the oxidizing gas affects both the growth 
acceleration factor, Zf, and the effective 
penetration depth, Z 1 . The parabolic growth 
rate, Kp is also modified. We introduce 
three new model parameters which are defined 
through the following relationships 
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Cl 
Zf = Zf * Af (7) 

C1 
Z 1 = Z 1 * A 1 (8) 

Cl 
Kp = Kp * Ap (9) 

The new coeff ic ients:  Af, A l and Ap are func- 
t ions of the HCI concentration, ahd tempera- 
ture. 

To define the A parameters we used a curve 
f i t t i n g  procedure. The only data of su f f i -  
cient precision, at su f f i c ien t l y  close in ter-  
vals of temperature and extending from low to 
high percentages of HCI appear to be those of 
Deal, Lie and Razouk. 11 We have supplemented 
the i r  data by including a set of unpublished 
oxidation data 12 taken for <100> s i l icon at 
975~ for 4% HCI in dry 02 . All the wafers 
were p-type with a nominal r e s i s t i v i t y  of 
9 13 ~-cm. This low r e s i s t i v i t y  value has 
no influence on the oxidation process 13. 
The oxide thicknesses were measured using 
AME-500 ellipsometer at an angle of incidence 
of 70 ~ and a wavelength of 0.5461 ~m. 

Table i .  The chlorine oxidation model coef- 
f ic ients  Af, A l and A D (Eq. 7-9) from a f i t  
of the calculated ox]de thicknesses to the 
data (Ref. 11.) 

.p Af 

t; I'lCl ~ 900,C 1000"C 1100"C 

1$ 2.22 1.59 2.14 

5% 2.80 2.09 2.97 

10% 3.16 2.53 3.20 

A] 

900" C 1000" C 1100, C 

1.48 1.31 0.56 

1.29 1.05 0.38 

0.95 0.69 0,30 

Ap 

900,C 1000'C 1100"C 

1.12 1.59 1.35 

1.45 2.03 1.61 

1.98 2.70 2.03 

A standard least squares optimization method 
was used in SUPREM IT-05 to obtain the para- 
meters shown in Table 1. All three coef- 
f i c ien ts  exhib i t  a nonlinear behavior as a 
function of temperature and percentage of 
chlor ine. These results were then u t i l i zed  
in defining the functional dependence of the 
A coeff ic ients on the temperature and percen- 
tage of chlorine. This relat ionship was 
assumed to have the form of an equation 

F(P, T) = a + bP + cT + dT 2 + ePT + fp2 (10) 

where P is the percentage of HCI and T repre- 
sents the oxidation temperature in ~ 

The parameters a, b, c, d, e, and f are 
s t r i c t l y  numerical coeff ic ients and cannot be 
d i rec t ly  correlated with physical parameters 
of the oxidation system. 

Equation (10) was solved numerically for each 
of the A coeff ic ients using least squares, 
and the following parametric equations were 
obtained 

Af = 69.79 + 0.150P - 0.13682T + 6.838 x 

10-5T 2 + 5.18 x IO-5pT - 8.54 x 10-3p 2 

(11) 

A l = -12.20 - 0.198P + 3.221 x 10-2T - 1.871 

x 10-5T 2 + 1.636 x IO-4pT - 1.92 x I0-3p 2 

(12) 

Ap = -51.12 + 0.182P + 0.10414T - 5.143 x 

I0-5T 2 - 1.059 x IO-4pT + 2.55 x 

10-3p 2 (13) 

where T is in ~ 
Equations (3-5), (7-9), (11-13) were d i rect ly  
implemented into the SUPREM 11 program 
(Subroutine OXDEP) to account for the effect 
of chlorine in the dry 02 oxidizing gas. 

To ver i fy our phenomenological model we have 
calculated the oxide thickness as a function 
of the oxidation time for dry 02 oxidation of 
<100> s i l icon at 975~ and with 4% HCI. The 
calculat ion is compared with the measured 
values 12 in Figure 3. I t  is seen that our 
oxidation model agrees closely with the ex- 
perimental data in both the l inear and para- 
bol ic regimes. The dashed curve represents 
the calculations done assuming that there is 
no oxide present on the s i l icon surface at 
time t = O. Usually however there is i n i t i a l -  
ly  a thin layer of oxide present and this can 
easi ly be included in the calculations by 
using the DEPOSITION step in the SUPREM Input 
Data Fi le before the OXIDATION steps are sim- 
ulated. The fu l l  curve represents results of 
calculations for i n i t i a l  oxide thickness of 
25 A with a 9 minute push-in simulated pr ior 
to the high temperature oxidation. Incorpo- 
rat ion of these two processing steps brings 
the theory into much closer agreement with 
the experimental data, especially in the thin 
oxide regime. The growth of the i n i t i a l  25 A 
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of oxide can be easily associated with the 
standard R.C.A. cold clean process through 
which wafers went before high temperature 
oxidation. 

12. G. Kirchner, S. Peck and D. Suhl, Private 
Communication 

13. E.A. Irene, J. Electrochem. Soc., 121, 
1631 (1974) 

CONCLUSION 

The phenomenological model presented here 
should be useful for most (chlorine) oxida- 
tions of practical interest, within the range 
of conditions for which data is currently 
available. Better understanding of the me- 
chanisms involved wil l be necessary, however, 
for complete predictive capability particular- 
ly outside the available data range. 

Manuscript submitted June i, 1982; 
revised manuscript received Sept. I0, 1982. 
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Fig. 1. Comparison of the predicted oxide 
growth rate for the new dry oxidation model 
with that of Deal and Grove and that used in 
SUPREM II-05. 
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Chlorine-Caustic Soda 
P r o d u c t i o n  a n d  c a p a c i t y . - - U n i t e d  Sta tes . - -The  U.S. 

indus t ry  produced 9.17 mil l ion tons of chlor ine in 1982, 
down 15% from 1981, the lowest  level  since 1975. In 
December  1982, capaci ty  stood at  39,995 tons /day ,  
compared  to 40,629 a yea r  earl ier .  The indus t ry  ope ra t -  
ing ra te  d ipped to 57.8%, jus t  a shade above the 
August  low of 57% (1). 

Uni ted Sta tes  chlor ine product ion  capaci ty  is given 
in Table I (2). 

Ten percen t  of chlor ine is manufac tu red  in smal l  
p lants  of less than 275 tons capaci ty  per  day. These 
smal l  p lants  are  vu lnerab le  to shu tdown consider ing 
the depressed s tate  of the indus t ry  (3). 

One p lan t  expans ion  was announced.  Vulcan p l ans  
to expand  its Geismar ,  Louisiana,  capac i ty  by  12% in 
the fal l  of 1983. Capaci ty  at  that  t ime wil l  reach 675 
t o n s / d a y  chlor ine and 720 t o n s / d a y  of caustic. P ro jec t  
cost is es t imated  at  $12.5 mi l l ion (4, 5, 6). 

P P G  has announced a modern iza t ion  p rog ram for its 
opera t ion  at  Natr ium,  West  Virginia.  New technology 
will  reduce energy  demands  by  10% (7). 

L inden  Chemicals  and Plast ics  purchased  In t e rna -  
t ional  Minera ls  and  Plast ics  ch lor ine-caus t ic  soda 
p lan t  in Orr ington,  Maine, as wel l  as ch lor ine-caus t ic  
p lants  at Ashtabula ,  Ohio, and Niagara  Falls ,  New 
York  (8, 9). 

A number  of p lan t  closures or cutbacks took place in 
1982. 

Occidental  Chemical  closed its Montague,  Michigan, 
faci l i ty  indef ini te ly  in react ion to depressed opera t ing  
condit ions th roughout  the indus t ry  (10). The p lan t  ca-  
pac i ty  is 74,000 met r ic  tons of chlor ine pe r  year ,  or  
about  7% of Oxy 's  to ta l  (11). 

L inden  Chemicals  and Plast ics  p lan t  in Linden,  New 
Jersey,  is on s t a n d - b y  (10). 

Pennwa l t  closed its 330 t o n / d a y  Calver t  City, K e n -  
tucky,  p lan t  in the sp r ing  (12, 13). 

Dow has mothba l l ed  its Midland,  Michigan,  plant ,  
holding i t  on s t a n d - b y  for  6 to 18 months.  The p lan t  
had  an es t imated  282,000 metr ic  t o n / y e a r  capacity,  or  
about  6% of Dow USA's  4.47 mil l ion met r ic  ton ca-  
pac i ty  (14). 
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sion of The Electrochemical Society. It represents a summary  of 
the published information on production, plant capacities, con- 
sumption, markets  and trends, prices, raw materials, new devel- 
opments, and health and environmental aspects in the electro- 
lytic and related industries. 

The material presented herein has been obtained from many 
sources,  as noted in the list of references ,  and does not neces- 
sarily represent  the opinions of the authors. 

The Industrial Electrolytic Division is grateful for the support 
received from the Vittorio de Nora-Diamond Shamrock Fund 
which assisted with the  publication costs of this report. 

Olin t e m p o r a r i l y  closed its m e r c u r y  cell  p l an t  a t  
McIntosh, Alabama,  because of poor  m a r k e t  condi-  
tions. P lan t  capaci ty  is 350 t o n s / d a y  of chlor ine (15). 

P P G  closed two product ion  Units a t  Lake  Charles,  
Louisiana,  descr ibed as ou tmoded  d i aph ragm cells a l -  
r eady  scheduled  for modernizat ion.  Capaci ty  wi l l  be 
res tored  in 1983 when the old units are  replaced  by  low 
energy  b ipo la r  e lec t ro lyzers  (16). 

Occidental  Chemical  cut output  b y  50% at  its Taft, 
Louisiana,  plant.  Name pla te  capac i ty  is 503,000 t o n s /  
yea r  caustic soda (17). 

Uti l i t ies  on the Gulf  Coast face vast  capi ta l  expend i -  
tures  conver t ing f rom gas to coal. Other  regions where  
nuclear  and coal-f i red genera tors  are  in place might  be 
more  at t ract ive.  P lants  might  be rep laced  wi th  new 
facil i t ies in the Nor thwes t  and wes te rn  Canada  where  
cheap hyd ropow e r  exists  (18). 

Canada . - -Canad ian  chlor ine product ion  capaci ty  is 
given in Table II  (2). 

Japan.--1981 product ion  of soda chemicals  in J a p a n  
was 5.5 mil l ion tons, down 5.3% f rom 1980. 1981 w a s  
the second consecutive yea r  of negat ive  g rowth  in the  
indus t ry  (19). 

65.1% of Japanese  plants  have swi tched f rom mer -  
cury cells to d i aphragm cells. D iaph ragm plan ts  ac-  
count for 2.5 mil l ion t o n s / y e a r  and m e r c u r y  p lants  

Table I. U.S. chlorine production capacity 1982-  
thousands of metric tons per year (2) 

Convent Chemical 377 
Diamond Shamrock 1,147 
Dow Chemical USA 3,811 
DuPont 602 
Georgia-Pacific 429 
Linden Chemicals and Plastics 407 
Occidental Chemical 1,049 
Olin 878 
Pennwalt  362 
PPG 1,348 
Vulcan 438 
Others 1,789 

12,637 

Table II. Canadian chlorine production capacity, 1982-  
thousands of metric tons per year 

American Can of Canada 10.6 
Canadian Occidental 176.0 
Canso Chemicals 24.0 
CIL 320.0 
Dow Chemical Canada 725.0 
FMC of Canada 49.0 
Great Lakes Forest  Products 15.0 
PPG (Stanchem) 105.0 
Prince Albert  Pulp 30.0 
Reed Paper 20.0 
St. Anne Chemical 10.0 

Total  1,484.6 

3 6 9 C  

g 
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produce 1.3 mill ion tons /year  of NaOH. Total capacity 
is 3.8 mill ion tons. The change to diaphragm cell 
plants  should be complete by the end of fiscal 1984 
(20 ) .  

Asahi Glass has changed its d iaphragm cell p lant  in  
Ki takyushu to a membrane  plant. Diamond Shamrock 
DS cells were converted from asbestos diaphragms to 
Asahi Glass membranes.  Caustic capacity was doubled 
from 750 ton /month  to 1500 tons/month.  Cost was 400 
mill ion yen (23). 

Asahi Chemical has s tar ted its 40,000 ton /year  mem-  
brane cell p lant  at Nobeoka. Now, the company can 
produce all its capacity via the membrane  cell process 
(22, 23) .  

The Japan  Soda Indus t ry  has started negotiations 
with Mexico's Exporta dosa de Sal, held 49% by Mit-  
subishi, in order to cut  the supply of salt by 30% from 
1983 levels. Sluggish demand for caustic soda is caus- 
ing reduced salt consumption (24). 

Europe . - -Bi l le rud-Uddeholm has purchased ICI FM21 
membrane  cells for 45,000 metric ton /yea r  plant  ex- 
pansion in Skoghall, Sweden. Star tup is slated for 
December 1983 (25). 

Akzo Zout is bui lding the first world scale mem-  
brane p lant  near  Rotterdam, The Netherlands. The 
plant  uses Asahi Chemical technology and is rated at 
280,000 metric tons /year  (26). 

M a r k e t s  and  p r i c e s . m C h l o r i n e . m C h l o r - a l k a l i  pro- 
ducers were hit hard  dur ing  1982 by demand cutbacks. 
Indus t ry  operat ing rates remained near  60% all year. 
Producers tried to ma in ta in  margins by raising caustic 
prices. However, caustic demand went  soft and prices 
fell $50-$60 per ton. Near the end of the year, a $10 
price increase for chlorine was obtained (27). 

In  midyear,  producers were wait ing for an improve-  
ment  in the entire economy to help s t rengthen chlorine 
markets.  Inventor ies  remained low in ant icipat ion of 
an economic tu rna round  (10). 

The U.S. In te rna t iona l  Trade Commission ruled that  
the domestic indus t ry  was not being hur t  by chlorine 
imports from Canada. Diamond Shamrock, Olin, and 
Pennwal t  complained that  mater ial  from CIL, Incor-  
porated w a s b e i n g  sold at less than fair value (28). 

Most forecasters foresee lower than historic growth 
for chlorine in  the future. 

Chlorine's real price has not  changed since 1977. A n-  
nual  growth rates are expected to be in the 2-3% 
range, down from the 5-7% growth rate experienced 
prior to 1979. Little or no chlorine p lant  capacity will  
be added over the next  5 years (3). 

World consumption of chlorine will grow 9.2% per 
year through 1990 according to a C.H. Kl ine study. 
Chlor-alkalis  are a growth indust ry  in  the developing 
countries of Asia, Africa, and Lat in  America where 
consumption grew at l l . 6 % / y e a r  be tween 1975 and 
1980. Dur ing  the same period in industr ial ized coun- 
tries, the growth rate was 2.8%/year. The only prom- 
ise for bet ter  than average growth is in caust ic-en-  
hanced oil recovery (29). 

The chlor-alkal i  indus t ry  will  grow at just  3.6%/year 
through 1995 compared to the historic level of 4.4% 
according to Predicasts (30). 

Caust i c  soda.--Caustic soda markets  finally reached a 
ceiling after a decade of growth. Prices have fallen. 
Caustic has gone off allocation. 2-5% of caustic con- 
sumers could shift to soda ash. Enhanced oil recovery 
and pollut ion control could help future  caustic mar -  
kets (3). 

U.S. caustic soda exports in 1981 were 1.33 mil l ion 
tons valued at $271 million. This was a 5.9% drop in 
tonnage but  a 33% increase in value over 1980 (31). 

Japanese caustic soda production dropped to an esti- 
mated 2.77 mil l ion tons in 1982, the lowest level since 
1970 (32). 

T e c h n o l o g i c a l  developments . - -Membrane  cell devel-  
opments are continuing.  Asahi Chemical, Asahi Glass, 
DuPont,  and Tokuyama Soda are jockeying for posi- 
tions in the world wide membrane  cell market.  ICI 
estimates that  non -Communi s t  chlor-alkal i  producers 
will add 22 bil l ion Ib /year  of capacity by 1990. if  all 
were membrane  cells, they would require 3.3-4.4 mil-  
l ion square feet of membrane  (33). 

PPG has offered its new bipolar  membrane  cell for 
license. Olin has started up its first commercial  cell us- 
ing the DuPont  Nation membrane  and is designing new 
cells to operate at 5,000 to 10,000 amp/sq  meter, three 
times higher than cur ren t ly  available commercial  
cells. Dow and Oronzio de Nora Impiant i  Elet trochim- 
ici (Italy) are s tudying solid polymer electrolytes 
where the membrane  is bonded to the electrode (34). 
Dow has developed a new ion exchange membrane  
(35). 

Asahi Glass and Solvay have agreed to mutual 
membrane cell development program (36). The agree- 
ment is the sixth of its kind for Asahi Glass (37). 

PPG and Asahi Glass have a production prototype 
unit designated the "Bizec" electrolyzer operating at 
Lake Charles, Louisiana. The commercial scale unit 
produces 25 tons/day of chlorine (38). 

Georgia-Pacific has started an operational pilot 
plant at Phoenix, Arizona, using Diamond Shamrock 
technology and DuPont's Nation 901 membrane (39). 

Asahi Chemical started up an ion exchange mem- 
brane manufacturing plant. Monomer synthesis and 
polymerization facilities are located in Nobeoka, 
Japan. The membranes are made in Kawasaki. Present 
plant capacity can provide membranes for 1.2 million 
metric tons/year of chlorine and could be expanded 
(40). Asahi Chemical has decided to sell the mem- 
brane separately as well as selling entire electrolysis 
facilities (41). 

Asahi Chemical was awarded patents for its chlor- 
alkali production know-how featuring use of an ion- 
exchange membrane (42, 43). 

Electrochemical Technologies is a joint venture be- 
tween Diamond Shamrock and Chemnor (Geneva). 
The new company will conduct research, manufactur- 
ing, and distribution functions previously handled by 
the two parent companies (43). 

Membrane cell plants in operation or construction in 
the U.S., Canada, Japan, and western Europe are given 
in Table Ill (2). 

E n v i r o n m e n t a l  a n d  t o x i c o l o g i c a l  d e v e l o p m e n t s . ~  
Caustic soda will be added to d ioxin-contaminated soil 

Table 111. Membrane cell plant capacity, 1 9 8 2 -  
thousands of metric tons per year of chlorine (2) 

(technology developer listed at right) 

United States 
Fort Howard Paper, Muskogee, OK 5 Hooker 
Georgia-Pacific, Phoenix, AZ 2 Diamond Shamrock 
Vulcan, Wichita, KS 68 Diamond Shamrock 

(1983 startup ) 
Canada 

American Can of Canada 10.6 Ionica 
Great Lakes Forest Prod., Dryden, 

Ont. 15 Hooker 
Prince Albert Pulp, Saskatoon, Sas. 30 Asahi Chemical 
St. Anne Chemical, Nackawic, N.B. 19 ICI 

Japan 
Asahi Chemical, Nobeoka 120 Asahl Chemical 
Denki Kagasu Kogyo, Ohmi 52.6 Asahi Chemical 
Asahi Glass, Kansai 10 Asahi Glass 
Nihon Carbide, Uozu l0 Asahi Glass 
Showa Chlorine, Okinawa 2.2 Diamond Shamrock 
Tokuyama Soda, Tokuyama l0 Tokuyama 

Western Europe 
Finnish Chemicals, Joutseno, Fld. 56 ICI, 1984 startup 
Bayer, West Germany 0.7 ICI 
Akzo Zout Chemic, Rotterdam Asahi Chemical 

The Netherlands 250.0 (1983 atartup) 
Elkem, Svelgen, Norway 8 Ionics 
Torte Cellulosis, Hurum, Norway 14.6 Hooker/Uhde 
Billerud Uddeholm, Skoghall, Swe. ~0 ICI and Diamond 

Shamrock 
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in an EPA test to determine if the technique might 
help clean up ground contamination in Missouri. It is 
hoped that the strong base will strip chlorine from the 
hazardous materials and reduce their toxicity (44). 

EPA has set a limit of 100 ppb for trihalomethanes 
in drinking water. However, if conventional technol- 
ogy cannot reduce trihalomethanes to this level, then 
the EPA can grant a variance (45). 

Other Alkaline and Chlorine Compounds 
C a u s t i c  potash.--Caustic potash prices held firm in 

a relatively stable market, although weak fertilizer 
demand tipped the market balance this year. Linden 
Chemicals and Plastics and Diamond Shamrock posted 
prices of $12/hundredweight. Monsanto's list price is 
$13.00 (46, 47). 

Linden Chemicals and Plastics acquired Interna- 
tional Minerals and Chemical's (IMC's) caustic potash 
plant in Ashtabula, Ohio, plus IMC's share of chlorine- 
caustic potash production from a joint venture with 
Occidental Chemicalin Niagara Falls, New York (48). 

Pennwalt closed its 40,000 ton/year caustic potash 
operation in Calvert, City, Kentucky. This was Penn- 
walt's only KOH plant. Pennwalt will remain in the 
market as a reseller (49). 

S o d a  ash.--Soda ash output for the first 10 months 
of 1982 was 6.6 million tons, down 6% from the 1981 
period (50). Total production for the year was ex- 
pected to be 8.3 million tons, about equal to 1981's out- 
put (51). 

Tenneco Minerals started up a mining and milling 
facility near Green River, Wyoming, in June. The 
company expects to produce two million tons/year of 
soda ash at the site by 1984 (52). 

Church and Dwight and Allied Corporation have 
formed a partnership to mine and process trona de- 
posits in Wyoming. Both companies have production 
facilities near Green River, Wyoming, and trona leases 
in the southwestern part of the state (53). 

Texas Gulf has canceled plans to double production 
at its trona mine and soda ash processing plant near 
Rock Springs, Wyoming, because of the poor economy 
and industry overcapacity. The expansion had been 
scheduled to go on-line in January, 1984 (54, 55). 

Solution mining could significantly lower costs vs. 
mechanical mining or synthetic routes. FMC, Allied, 
Vulcan, and a partnership of Cleveland-Cliffs Iron and 
Industrial Resources of Chicago are among those com- 
panies attempting to develop the new process (51, 56, 
57, 58, 59). 

Allied remained the only synthetic soda ash pro- 
ducer in the U.S. in 1982 (60). 

Market softness characterized by overcapacity and 
high inventories caused Green River, Wyoming, pro- 
ducers to cut prices throughout the year. Bulk soda 
ash prices began the year at $92/ton and fell steadily 
to $84 by year's end. In October, Kerr-McGee slashed 
its California prices by $2.00/ton to $107.25 for dense 
flake soda ash (61, 62, 63, 64). 

The end uses for soda ash are shown in Table IV 
(51). 

Five major Wyoming soda ash producers (Allied, 
FMC, Stauffer Chemical, Texas Gulf, and Tenneco) 
attempted to form an export association under the 
auspices of the Webb-Pomerone Act in order to pene- 
trate Japanese markets. However, California-based 

Table IV. U.S. soda ash end-use--millions of tons per year 

Glass 3.91 
Chemicals 1.32 
Detergents 0.52 
Pulp 0.25 
Water Treatment 0.25 
Other 0.9{} 
Exports 1.10 

Total 8.30 

Kerr-McGee refused to join the cartel. Later in t h e  
year, Allied and FMC also pulled out, citing internal 
difficulties and an inability to attract all U.S. produc- 
ers to join the group. The remaining three companies 
continue in the export cartel (65, 66, 67). 

The European Commission imposed a provisional 
antidumping duty on most imports of heavy soda ash 
from the U.S. Great Britain's ICI initiated the c o m -  
p l a i n t  (68, 69). 

The British soda ash industry was in poor shape. 
Output was below 74% of the rated capacity of 1.5 
million metric tons/year. ICrs list price for soda ash 
was $175/metric ton (70). 

Analyst Roger E. Shamel and soda ash producer 
FMC believe that the industry will shift from caustic 
soda to soda ash as chlorine demand slackens and t h e  
caustic market tightens. The imbalance in the chlor- 
alkali industry provides new markets for soda ash 
(71, 72). 

S o d i u m  chlorate.--Annual U.S. capacity for sodium 
chlorate is given in Table V (73). 

Pennwalt doubled its capacity at its Tacoma, Wash- 
ington, plant with an expansion completed early in t h e  
year (74). 

Kerr-McGee has contracted with Huron Chemicals 
to supply technology, engineering, and equipment for 
an expansion at its Hamilton, Mississippi, plant. The 
project will raise capacity to 52,000 tons/year. Start- 
up is scheduled for the third quarter of 1983. Project 
cost: $5 million (75, 76, 77). 

Erco decided to defer a plan to double its 25,000 ton/ 
year plant at Monroe, Louisiana. Erco has also delayed 
construction of a new plant in Raleigh-Durham, North 
Carolina (78). 

Canadian capacity is over 325,000 tons/year. Can- 
adian plants ship 65-75,000 tons/year of sodium 
chlorate to U.S. customers. More Canadian capacity is 
scheduled. Erco increased the size of its Thunder Bay, 
Ontario plant from 36,000 to 51,000 tons/year. Canadian 
Occidental Petroleum started a 7,600 ton/year plant at 
Nanaimo, British Columbia, in October. BCM Technol- 
ogy has a 2.0,000 ton/year plant under construction i n  
Amhertsburg, Ontario. PPG Industries Canada will 
complete expansion of its Stanchem operation at 
Beaucharnois, Quebec, in the third quarter of 1983, in- 
creasing capacity to 80,000 tons/year. Earlier in the 
year, PPG increased its Stanchem plant by 38,000 to 
73,000 tons/year. Que Nord will increase the size of its 
plant at Magog, Quebec, from 32,000 to 65,000 tons/ 
year. The expansion will cost approximately $21 mil- 
lion (Canadian) (78-87). 

Total U.S. demand in 1982 was approximately 375,- 
000 tons. 1986 demand is expected to be 456,000 tons 
(73). 

Published prices for sodium chlorate varied from 
$420 to $440/ton throughout the year. However, dis- 
counts were available for as low as $375.00, especially 
at year's end as pulp and paper markets softened and 
excess capacity came on-stream in Canada (73, 78, 88- 
94). 

Table V. U.S. sodium chlorate capacity (73) 
(thousands of short tons/year) 

Brunswick Chemical, Brunswick, GA 25 
Ereo, Monroe, LA 2{} 
Georgia Pacific, Plaquemine, LA 27 
Huron Chemicals, Riegelwood, NC 1{} 
Kerr-McGee, Hamilton, MS 38 
Kerr-McGee, Henderson, NV 30 
Occidental Chemical, Columbus, MS 66 
Occidental Chemical, Taft, LA 60 
Olin, McIntosh, AL 22 
Pacific Engineering, Henderson, NV 6 
Pennwalt,  Calvert City, KY 50 
Pennwalt,  Portland, OR 24 
Pennwalt, Tacoma, WA 2[) 

Total 408 
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The pr imary  use for sodium chlorate is p a p e r  
bleaching, accounting for 82% of the U.S. market.  
Other uses: other chlorates--7%; u r a n i u m - - 5 % ;  agri-  
c u l t u r a l - 4 % ;  miscel laneous--2% (73). 

Sodium chlorate's future  is largely dependent  on 
the pulp and paper  industry.  Demand for sodium 
chlorate is expected to grow at 5-6% annua l ly  over 
the next  5 years. Indus t ry  estimates of the market  ba l -  
ance point range from the mid-80's to almost 1990 (73, 
78). 

Metals 
"When the new materials  which are the lifeblood of 

modern  indus t ry  are concentrated in only a few re-  
gions of the world, and when basic industr ies  of a 
nat ion become significantly dependent  on supplies of 
those raw materials  from foreign sources, these be-  
come strategically impor tant  to the economies of those 
countr}es", said B. O. Szuprowicz, author  of "How to 
Avoid Strategic Materials Shortages (95). 

Realization of this potent ia l ly  dangerous dependence 
on foreign sources is prompt ing the White House to 
rebuild the U.S. strategic stockpiles, intensify domestic 
mining,  and open offshore waters for explorat ion of 
vital  minerals  (96). President  Reagan submit ted the 
Adminis t ra t ion 's  National  Materials and Minerals Pro-  
gram Plan and Report to Congress in 1982. The report  
addressed four  areas of concern: land availabil i ty,  
minerals  and materials  data collection and analyses, 
research and development,  and strategic and crit ical 
materials stockpile policy (97). Before the Reagan 
Adminis t ra t ion 's  minera l  policy can be effective, the 
General  Accounting Office (GAO) recommends that  
(i) the terms "critical" and "strategic" should be de- 
fined, (ii) method of measur ing the scope of the prob-  
lem should be developed, and (iii) impact  of short-  
term action on long- te rm minera l  goals should be 
assessed (98). 

The issue of whether  the current  stockpile of min-  
erals and metals is a balance stockpile was raised re-  
cently. "We have the wrong kind of stockpile, and we 
are prepar ing for the wrong k i n d  of emergency", says 
R. G. Adams, Mineral  Economist at Chase Economet-  
rics (99). His rat ionale was that  the stockpile was es- 
tablished in the mid-195O's and therefore does not 
reflect today's arms technology. One of the examples 
cited was that  the roughly 14 mil l ion tons of bauxite,  
the ore from which some a luminum is made, is largely 
i r re levant  because the U.S. has almost stopped using 
bauxite  and switched to a lumina  (99). 

One way to build stockpile and acquire minerals  is 
via bartering.  "When you look at huge surpluses of 
agricul tural  goods the government  holds, it seems 
logical to trade for fuels, bauxite,  cobalt, and other 
minerals  from nations", said B. Fisher, of Agr i -Energy  
Roundtable  Incorporated. One of the problems in bar -  
tering, however, may be the possibility of violating 
GATT (General  Agreement  on Tariffs and Trade) if 
the dairy  products were involved in foreign trade or 
bar ter  (10O). 

Table VI provides a comprehensive i l lustrat ion of 
U.S. reliance of selected minerals  and metals on for- 
eign sources (95). 

Aluminum.mU.S.  a luminum producers ended 1982 
with smelters operat ing at 58% of annua l  rated capac- 
ity of 5.54 mil l ion tons. Canadian plants are r unn i ng  at 
85.7% of their  1.36 mil l ion ton capacity. The indus t ry  
e l iminated 668,735 tons of p r imary  production in 1982. 
Inventories  exceeded 6 months supply, well  above the 
normal  3-4 month  inventory  (101, 102). 

The price for p r imary  a luminum ingot began the 
year  at 51.5 cents/ lb,  nea r ly  one- th i rd  below its 76 
cent list price. The midyear  price fell as low as 43.3 
cents, then gained some ground to close the year  at 
46.5 cents. Product ion costs are about 70 cents /pound 

Table VI. U.S. net import reliance of selected minerals and 
metals as o percent of consumption (95) 

Minerals and Metals Major Foreign Sources 

Columbium (109%) 
Mica (sheet) (10{~%) 
Strontium (10U,%) 
Graphite (109%) 
Manganese (98%) 
Bauxite and Alumina 

(94%) 
Cobalt (93%) 

Chromium (91%) 
Tantalum (90%) 

Platinum--Group Metals 
(88%) 

Fluorspar (87%) 
Tin (79%) 
Asbestos (78%) 
Nickel (73%) 

Potassium (65%) 
Zinc (60%) 
Cadmium (55%) 

Tungsten (53%) 
Selenium (52%) 
Ati%imony (48%) 
Barium (41%) 
Gypsum (38%) 

Titanium (ilmenite) 
(35%) 

Mercury (28%) 
Iron Ore (25%) 

Iron and Steel Scrap 
(37%) 

Gold (18%) 
Vanadium (17%) 
Iron and Steel Products 

(15%) . 
Copper (14%) 
Sulfur (12%) 
Silver (7%) 

Brazil, Canada, Thailand 
India, BrazL1, Madagascar 
lVlexico, Germany, Canada 
Mexico, Korea, U.S.S.tt, Madagascar 
South Afrma, Gabon, Brazil, France 
Jamaica, Australia, Guinea, Surinam 

Zaire, Belgium-Luxembourg, Zambia, 
Finland 

South Africa, U.,S.S.R., Philippines 
Turkey, Thailand, Canada, Malaysia, 

Brazil 
South Africa, U.S,S.R., England 

Mexico, Sonth Africa, Spain 
Malaysia, Thailand, Bolivia, Indonesia 
Canada, South Africa 
Canada, Norway, Botswana, New Cale- 

donia 
Canada, Israel 
Canada, Mexico, Spain, Germany 
Canada, Australia~ Mexico, Belgium- 

Luxembourg 
Canada, Bolivia, China, Thailand 
Canada, Japan, Yugoslavia 
South Africa, Bolivia, China, Mexico 
Peru, Ireland~ Mexico, Morocco 
Canada, Mexico, Spain, Dominican Re- 

public 
Australia, Canada, South Africa 

Spain, Algeria, Italy, Japan 
Canada, Venezuela, Brazil, Liberia 
Net Exports 

Canada, U.S.~S.R., Switzerland 
South Africa, Chile, Canada 
Japan, Europe, Canada 

Chile, Canada, Zambia, Peru 
Canada, Mexico 
Canada, Mexico, Peru, Engl.and 

(103-106). Despite the gloomy profit picture, a n u m -  
ber ,of companies are planning'  new capacity. 

Canadian Reynolds Metals will proceed as p lanned 
to expand its Bale Comeau, Quebec, smelter from 175,- 
000 t ens /yea r  to 300,000 tons /year  now that the 
Quebec government  has agreed to halve its electricity 
rates for 5 years (107, 108). 

Alcan has chosen Vandenhoof, British Columbia, as 
the site for its $750 mil l ion (Canadian)  smelter. 
Pechiney Ugine K u h l m a n  will bui ld a new smelter  at 
Becancour, Quebec. Alumax has plans for a new 
smelter  in Umatilla,  Oregon (109-112). 

Arco Metals is s tudying the feasibility of bui ld ing a 
$1 bil l ion (Canadian) a luminum smelter  in NeW- 
foundland Province. Capacity 200,000 tons/year ,  ex-  
pandable to 300,000 (113). A large n u m b e r  of plants  
experienced shutdowns dur ing 1982. 

Reynolds Metals may close its Arkadelphia,  Arkan-  
sas, p r imary  a luminum reduction plant  unless federal 
officials reverse a 1980 Southwestern Power  Author i ty  
rul ing not to renew a 30 year contract to provide in-  
expensive hydroelectric power to the p lant  (114). 

Reynolds Metals has shut  down two more potlines 
at Troutdale, Oregon, idl ing 50,000 tons /year  of capac- 
ity. One potline remains operational  at 30,000 tons /year  
(115). Reynolds closed the last of seven potlines, 
idling the entire 202,000 ton capacity of its Histerhill ,  
Alabama, plant  (116). Reynolds temporar i ly  shut  
down 56,000 tons of capacity at its Longview, Wash-  
ington, plant  (117, 188). 

Alcoa pe rmanen t ly  closed its 145,000 metric ton /  
year smel ter  at Port  Comfort, Texas. The smelter  h a d  
been idle for 18 months (119). Alcoa shut the second 
of eight potlines at its Rockdale, Texas, smel ter  el im- 
inat ing 37,400 tons of capacity (12.0). 

Kaiser closed a fourth potl ine at its Mead, Washing-  
ton, smelter, cutt ing the capacity to half  its rated out-  
put of 220,600 tons /year  (121). Kaiser  will  not  restar t  
its Ravenwood, West Virginia, smelter  because m a n -  
agement  and the United Steelworkers could not  agree 
on a n u m b e r  of local issues (122). Kaiser  closed an-  
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other  pot l ine in Chalmette ,  Louisiana,  reducing capac-  
i ty  to 137,000 t ons /yea r  f rom 260,000 ra ted  capacity.  
Current ly ,  Kaiser  has only  two potl ines in opera t ion  at  
Chalmet te  (122, 105). 

Mar t in  Mar ie t t a  closed 18,000 tons of prirf iary a lu-  
minum capaci ty  at  The Dalles,  Oregon. The sme l t e r  
had been  opera t ing  at 100% of its 90,000 ton capaci ty  
(124, 125). 

A l u m a x  has s h u t  22,000 t ons /yea r  of p r i m a r y  
a luminum smel t ing  capaci ty  at  the Eastalco sme l t e r  
in Freder ick ,  Maryland .  Pa r tne r  Howmet  A l u m i n u m  
cut 15,000 tons of its capaci ty  p rev ious ly  (126). 

Noranda  A l u m i n u m  has shut  25% of  i ts 140,000 ton /  
year  capaci ty  at  New Madrid,  Missouri  (127). 

Alcan  A l u m i n u m  cut product ion at  its Arvida ,  
Quebec, smel te r  by  10% of its total  476,00.0 ton annual  
capaci ty  (128). 

Consol idated A l u m i n u m  has shut  down 75% of its 
last  r emain ing  pot l ine at  New Johnsonvi l le ,  Tennes-  
see. Curren t  opera t ing  capaci ty  is 9,125 tons annual ly .  
Fu l l  p l an t  capaci ty  is 146,000 tons (129). 

Revere  Copper  and Brass filed for Chap te r  11 b a n k -  
rup tcy  on October  27th (130). 

Power  cost increases  in the Nor thwest  by  the Bon-  
nevi l le  Power  Admin i s t r a t ion  are  causing a luminum 
producers  in the area  to reconsider  spending  plans. 
October  1' ra tes  were  26 m i l s / k w h  compared  to 22 
m i l s / k w h  BPA had forecast  earl ier .  The 1979 average  
was 3 m i l s / k W - h r .  Ka i se r  is reconsider ing plans to in-  
vest  $600 mil l ion at  its Tacoma and Mead, Washington,  
plants.  Alcoa has de layed  ma jo r  improvements  on its 
Vancouver,  Washington,  smel ter .  A l u m a x  Pacific m a y  
be reconsider ing its p lan  to bui ld  a new smel te r  in 
Umati l la ,  Oregon. Producers  may  bui ld  new plants  in 
Brazi l  and Aus t r a l i a  where  energy costs are  30-50% 
lower  than  in the U.S. (131, 132). 

The a luminum indus t ry  was able to reduce the 
amount  of energy  needed to make  a pound of a lu-  
minum by 15.4% through  the first ha l f  of 1981 com- 
pa red  to base year  1972 (133). 

The average  1983 car  bui l t  in the U.S. wil l  contain 
135 lb of a luminum,  about  two pounds  more  than  the 
average  1982 car. 1985 cars m a y  contain 145-200 lb of 
a luminum (134, 135). 

EPRI  is p lanning  a 3 yea r  $600,000 p rog ram to scale-  
up a process for  ex t rac t ing  a luminum from fly ash 
(136). 

An thony  Bird  Associates projects  an indus t ry  recov-  
e ry  which  began  in the  last  qua r t e r  of 1982 and ex -  
tends to mid-1984. A luminum product ion wil l  increase 
)7 .5% in 1983. Chemical  Bank  forecasts an average 
annual  4-5% growth  in demand  for the next  20 years.  
SRI In te rna t iona l  predic ts  a more  modest  3.8% growth  
for the  next  10 years.  Pr ices  wi l l  rise to an average  
$1,887/metric ton be tween  1981 and 1985, compared  to 
an average  $1,224 be tween  1976 and 1980. Producers  
hope the cur ren t  surplus  wil l  d iminish once the gen-  
era l  economy recovers  (137-140). 

Bery l l ium. - -Domes t i c  be ry l l i um minera l  product ion  
in 1982 was about  at the same level  as tha t  of 1981. 
Bery l l ium consumpt ion was as follows: as me ta l  in 
nuc lear  reactors  and aerospace applicat ion,  38%; as an 
a l loy  and oxide in e lec t r ica l  equipment ,  36%; as an 
a l loy and oxide in electronic components,  17%; and as 
compounds and metal  in other,  9%. Bery l l ium meta l  
domest ica l ly  was at  $194/lb (141). 

The s tockpi le  s ta tus  as of November  30, 1982, is as 
fol lows (in s - tons)  (141) : 

Goal Total  Inven to ry  

Beryl  ore (11% BeO) 720 720 
Be ry l l i um-coppe r  mas te r  a l loy 316 295 
Bery l l ium meta l  400 229 

Bery l l ium ore impor t s  for the U.S. were  ma in ly  
from Brazil,  China, India,  and Argen t ina  (141). Al loy  

25, a copper  base containing 2% bery l l ium,  ended 
1982 at $7.10/lb. Pr ice of vacuum-cas t  lump and chip-  
ped  be ry l l i um increased to $173/lb, and be ry l l i um 
oxide powder  was quoted at $49.60/lb (148). 

Increase in be ry l l i um product  sales revenues  in 1982 
was main ly  a t t r ibu ted  to g rea te r  demand  from de-  
fense- re la ted  industr ies ,  according to a Brush  Wel l -  
mart spokesman (142). Average  sei l ing price of be ry l -  
l i u m  products  was increased by  about  8% as of Sep-  
t ember  1982 (143, 144). 

Brush We l lma n  Incorpora ted ,  the only  company 
cur ren t ly  operatirrg a be ry l l ium ext rac t ion  faci l i ty  in 
the wes te rn  world,  announced plans for a $2.5 mi l l ion  
modification of its Delta,  Utah, plant .  The modification 
will  a l low the company to process lower  grade  be ry l  
ore and re la ted  minerals .  Expec ted  complet ion date:  
mid-1983 (145, 146). 

Dur ing  1982, Brush Wel lman  received a l ong - t e rm 
$3.5 mi l l ion research contract  f rom U.S. DOE r ega rd -  
ing be ry l l ium meta l  processing. The company  also ac-  
quired Technical  Mater ia ls  Incorpora ted ,  a p roduce r  
of inlaid  meta ls  (148). 

New uses of be ry l l ium and be ry l l ium products  in-  
clude magnets  for electronic i ndus t ry  containing cop- 
per, a lumina  and be ry l l ium (146) and a be ry l l i um-  
copper  a l loy (Mitsubishi  MX96) used for connectors,  
micrometers ,  sl ide switches,  and others  (147). 

Chromium. - -Chromi te  consumption through Sep-  
t ember  1982 decreased 37% compared  to the same pe-  
r iod in 1981. Consumption of chromium al loys de-  
creased 39% be tween  the two years,  owing p r i m a r i l y  
to the continued decline of s tainless  s teel  product ion  
(149). 

Jos lyn  Stainless  Steels  has adopted  an expe r imen ta l  
technique developed by  the Bureau  of Mines for  in-  
p lant  recycl ing  of s tainless steel  furnace  dusts, mil l  
scale, and gr inding swarfts .  These waste  mate r ia l s  can 
be pel le t ized and r e tu rned  to an electr ic  arc furnace  so 
that  chromium, nickel,  molybdenum,  and o ther  va lu -  
able  const i tuents  can be recovered.  The process solves 
problems of s torage and disposal  and could improve  
furnace economics (150). 

DuPont  has doubled  the capaci ty  of its chromium 
dioxide p lan t  at  Newport ,  Delaware .  The company  
forecasts requ i rements  for  the  produc t  wil l  grow more  
than  20%/yea r  through 1990 (151). 

Amer ican  Chrome and Chemicals  has s t a r t ed  up a 
new chromium oxide p lan t  in Corpus Christi ,  Texas 
(152-154). 

C iba-Geigy  has begun a project  to expand  and mod-  
ernize its chromate  p igment  p lan t  at  Glens Fal ls ,  New 
York (155). 

The Reagan Admin i s t r a t ion  has decided to up -g rade  
chrome ores held  in the  na t ional  defense s tockpi le  in 
o rder  to help the domest ic  i ndus t ry  (156). 

Noranda  Explora t ion  has agreed  to spend $750,000 in 
fees and explora t ion  costs to invest igate  chromite  re -  
serves along the Cal i forn ia -Oregon  borde r  owned by  
Bare t ta  Mining (157). 

Copper . - - In  recent  years,  the copper  indus t ry  has 
managed  to wea the r  the cyclical  s torms th rough  a va -  
r ie ty  of asset managemen t  techniques.  In  1982, de -  
mand  for  copper  had  al l  bu t  d i sappeared  and the first 
6 months  was a financial  d isas ter  for  copper  producers .  
With  the except ion of Newmont  Mining Corporat ion,  
New York, ma jo r  copper  producers  such as Phelps  
Dodge Corporat ion,  Kenneco t t  of SOHIO, and Asarco 
posted 9 month  losses of $60 million, $119 mill ion,  and 
$35 million, respec t ive ly  (158). 

Copper  prices had  fal len so low that  few, if any, 
U.S. copper  min ing  companies  could recover  p roduc-  
t ion costs. And  according to G. B. Munroe,  Cha i rman  
of Phelps  Dodge Corporat ion,  ma jo r  factors in the  r ise 
of product ion  costs are  escalat ion ene rgy  cost, cost for  
pol lut ion control,  and wages (159). 
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The year  opened wi th  COMEX at 74-1/4 cen ts / lb  
and the U.S. p roduce r  pr ice (USPP)  at  79-1/2 cen ts /  
lb. By midyear ,  COMEX had fa l len  to 54,2 cents / lb  
and USPP to 66 cents / lb .  A la te  December  r a l l y  
pushed COMEX over  70 cents / lb .  1982 average  pr ices  
were  65.8 cen ts / lb  for COMEX and 72.8 cen t s / lb  for  
USPP (175). 

In  o rder  to combat  losses, copper  output  was slashed.  
Producers  cont inued to process meta l  f rom leaching 
and work  f rom inventor ies  to meet  cus tomer  demand.  
Cutbacks in buyers  commitments  resul ted  in refined 
copper  inventor ies  (by  Apr i l )  as h igh  as th ree  t i m e s  
that  of the same per iod  in 1981. Chief culpr i t  in th is  
bleak  scenario was demand  which was un insp i red  in 
1982 as the auto and housing indus t ry  cont inued to 
be depressed,  and as customers,  w a r y  of bui ld ing  in-  
ventories,  were  keeping the i r  stocks lean and the i r  or -  
ders  based on immedia te  need (160). 

P r o d u c t i o n / c o n s u m p t i o n . - - C o m p a r e d  to 1982, f ree  
world  mine product ion fel l  by  about  385,000 s-tons.  
There  were  massive cutbacks  in the U.S. and Canada. 
Offsett ing these reduct ions were  198,000 s - tons  in-  
creases in Chile and Peru.  Refined copper  product ion 
was down 480,700 s - tons  (175). Tables VII  and VII I  
provide a s ta t i s t ica l  summary .  

Copper  consumption in the  U.S. fel l  b y  over  330,000 
s- tons  (14.7%) and in Canada  by  95,700 s- tons  (36%) 
in 1982. Tota l  free wor ld  demand  was off 343,200 s-  
tons. Countr ies  showing increases  were  Japan,  En-  
gland, France,  and Belgium. Table IX provides  a sum-  
m a r y  of the free wor ld  consumpt ion of refined copper  
(175). 

U.S. ac t iv i t i e s . - -Produc t ion  cutbacks and work  force 
layoff were  the first s t ra tegies  employed  to counter  the  
recession's impact .  F i rs t  ma jo r  shu tdown was by  Du- 
val 's  Mines and Mills for 3 months at  the beginning of 
1982. Asarco closed its S i lver  Bell  Mine and Inspi ra t ion  
Consol idated Corporat ion,  Phoenix,  closed its Chris t -  
mas mine (158). 

Of comparab le  significance was the indefinite clos- 
ing of the Ray Mines and Chino Mines, divisions of 

Table VII. Free world mine productions of copper(175) 
(000 s-tons) 

1981 1982 

U.S. 1,692 1,254 
Chile 1,189 1,353 
Canada 790 688 
Zambia 646 622 
Zaire 556 517 
Peru 361 396 
Philippines 333 314 
Australia 249 253 
South Africa 232 220 
New Guinea 182 187 
Yugoslavia 122 132 
Mexico 253 253 
Other 549 578 

Total 7,153' 6,767 

Table VII/. Free world refined copper production (175) 
(000 s-tons) 

1981 1982 

U.S. 2,182 1,804 
Japan 1,155 1,177 
Chile 854 974 
Zambia 620 622 
Belgium 472 424 
Canada 525 330 
West Germany 426 435 
Australia 211 204 
Yugoslavia 146 138 
Spain 167 176 
England 150 149 
Other 1,174 1,227 

Total 8,082 7,860 

September 1983 

Table IX. Free world consumption of refined copper (175) 
(000 s-tons) 

1981 1982 

u.s. 2,236 1,881 
Japan 1,379 1,441 
west Germany 818 803 
England 366 407 
France 473 479 
Italy 403 391 
Belgium 286 319 
Canada 266 171 
Other 1,755 1,733 

Total 7,982 7,264 

Kenneco t t  Minerals  Company,  Sal t  Lake  City, in 
March of 1982 (160). Three  weeks  la ter ,  P h e l p s  
Dodge closed al l  its p roduct ion  facil i t ies wi th  the ex-  
ception of its Hidalgo, New Mexico, sme l t e r  (158). 
Newmont  Mining Corporat ion 's  Magna Copper  Com- 
pany  subs id ia ry  closed its 84 mil l ion l b /y r ,  copper  
mine at  Superior ,  Arizona,  for  an indefinite period.  
The copper  mine and smel te r  at  San Manuel  c o n t i n u e d  
to opera te  (161). 

Despite the s lump in copper  markets ,  K e n n e c o t t  
Minerals  and Mitsubishi  Corpora t ion  were  proceeding  
with  the final s tage of the expansion p rog ra m at  the i r  
jo in t ly  owned Chino Mine and Mill  in Hurley,  New 
Mexico, which is expected  to reach ful l  opera t ion  by  
1985 (162). 

Construct ion of White  Pine Copper  Division's  e l e c -  
t r o l y t i c  copper  ref inery in Michigan was 90% com- 
plete. Product ion capaci ty  at  White  Pine Mine stood at  
a pp rox ima te ly  25,000 tons of copper  ore pe r  day.  The 
super ior  high t empera tu re  copper  contains on the  
order  of 20 oz of s i lver  pe r  ton (163). 

E n v i r o n m e n t a L - - T h e  U.S. Court  of Appea ls  ru led  in 
Augus t  that  unless the mining  company can demon-  
s t ra te  that  conforming with  the env i ronmenta l  r egu-  
lat ion (the Clean Ai r  Act)  would  be so economical ly  
d is rupt ive  as to necessi tate  a shu tdown of  the  plant ,  
exempt ions  to the Clean Ai r  Act  could be granted .  
Asarco Incorporated,  Kennecot t  Corporat ion,  and t h e  
now defunct  Bunker  Hill  Company were  the  pr inc ipa l  
pe t i t ioners  for  the r egu la to ry  relief. Thei r  sui t  was 
jo ined by  Phelps  Dodge Corporat ion,  Molycorp In -  
corporated,  and Magna Copper  Company (164). 

To comply  wi th  EPA emission s tandards ,  P h e l p s  
Dodge expec ted  to spend $50 mil l ion for  i ts  A j o  
smel te r  and $150 mil l ion for  its Morenci  mines. Phelps  
Dodge is cu r ren t ly  seeking an 18 month  extension on 
the deadl ine  dates  for  the two p lants  (158). 

Legis la t ion to extend for  5 years,  to 1993, the per iod 
through which  nonferrous  sme l t e r  orders  (NSO's)  
m a y  be obta ined  had  been in t roduced  in Congress and  
approved  by  Commit tees  in the House and Senate.  
[The NSO bas ica l ly  a l lowed a sme l t e r  to opera te  t em-  
pora r i ly  in the absence of s t r ingent  and expensi~re 
pol lut ion controls. The first Clean Ai r  Act  5 yea r  pe r -  
mi t  per iod began in 1977 and the second in J a n u a r y  
1983] (158). 

A c t i v i t i e s  o u t s i d e  U.S.--FOr a va r i e ty  of social,  po l i t i -  
cal, and financial  reasons, monoli thic  blocks of nat ions  
which depend to va ry ing  degrees  on copper  for  the i r  
ha rd  cur rency  earnings  did not decrease  the i r  p roduc-  
tion despi te  depressed prices. According to S. Hobson, 
Director  of Minera ls  Research Services  Limited,  Lon-  
don, the product ion cutbacks took place in Nor th  
Amer ica  ma in ly  due to high cost operat ions,  low grade  
ores, env i ronmenta l  pol lut ion control  costs, and the  
apprec ia t ion  of the U.S. dollars.  Countr ies  such as 
Chile deprec ia ted  the i r  cur rency  and thus cushioned 
or  even e l imina ted  the impact  of fa l l ing  copper  prices 
in te rms of thei r  domest ic  currencies  (158). 

Dur ing  1982, many  expans ion  projects  were  u n d e r -  
t a k e n  in copper  expor t e r  countries.  These i n c l u d e  Eas t  
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Malaysian, 50,000 tpy copper smelter (165); $265 mil-  
lion expansion of Peru Cobriza Copper Mine (166); 
Peru Garga new solvent extraction electrowinning 
plant (167); Sumitomo Metal boost of capacity from 
36,000 to 155,000 tpy of copper (168); and others in 
East Germany (169), Mexico (170), Philippines (171), 
Turkey (172), and China (173). 

Outlook.--According to J. Van Dan, Societe Generale 
des Minerals of Belgium, developing countries will be 
increasing their share of refined copper production, 
and this trend is l ikely to continue for the next few 
years. Mine production in the developed economies 
such as U.S. and Canada will show a dramatic decline. 
"Wider and more violent fluctuations" in copper prices 
than in the past are l ikely to be characteristic of the 
future, Van Dan claimed (174). 

U.S. copper consumption should experience some 
growth in 1983. An increase in housing and auto should 
offset reduced capital spending and loss of the copper 
penny market. Outside the U.S., Japan is projecting a 
decline in copper consumption; major developing 
countries are in deep trouble with foreign debt and are 
not expected to show improvement over 1982. Overall, 
consumption for the free world is not l ikely to be 
bet ter  than 1982 (175). 

L i th ium,~Li th ium metal  prices advanced slightly 
during 1982. The ear ly year price was $20.65/lb. Foote 
Mineral raised its price to $23.35 in April. Lithcoa 
waited until October to increase its price to $21.70 
(176, 177). Foote Mineral and Lithcoa increased prices 
on technical grade lithium carbonate by 4.8% to $1.48/ 
lb in October (!78-181). 

Due to sluggish demand, Foote Mineral has shut its 
18 million lb /year  lithium carbonate plant at Kings 
Mountain, North Carolina, for a 4-7 month period. 
In the interim, a second Foote plant  at Silver Peak, 
Nevada, will  operate at maximum capacity (182, 183). 

Duracell International, Ray-O-Vac, and Union Car- 
bide installed lithium bat tery manufacturing facilities 
in Valdese, North Carolina, Appleton, Wisconsin, and 
Bennington, Vermont, respectively. SRI International 
estimated the world lithium bat tery market  at $45 
million and growing four times as fast as the 8%/year  
rate for all disposable batteries (184). 

The U.S. lithium industry has sufficient capacity in 
place to supply estimated growth requirements for at 
least 10 years. The proven reserve position in the U.S. 
appears adequate for the next 50 years. World-wide 
resources a re  adequate to cover any conceivable 
growth for centuries (185). 

Magnesium.--Western World magnesium production 
fell by over 30% in the firs~ quarter of 1982 compared 
with same period a year ago (186). U.S. production 
and shipment of pr imary magnesium showed litt le 
improvement over the first quarter of 1982, according 
to the Bureau of Mines (187). By the third and fourth 
quarters, the pr imary  magnesium metal industry was 
operating at approximately 50% of capacity (188). 
For the full year, total magnesium output was less 
than 192,000 s- tons-- the  first time since 1975 (196). 

The published list price for pr imary magnesium 
metal in the U.S. in 1982 remained at $1.34/lb (f.o.b. 
producer's plant) between June 1981 and December 
1982 (196). 

Sagging auto sales and lower profit made Detroit 
less willing to pay the incurred expenses by replacing 
aluminum ($0.40/Ib) with magnesium ($1.20/lb). In 
the late 1970's, Ford predicted that its use of mag- 
nesium in the average passenger car would increase 
by 1985 to 5 lb /car  from less than 1 lb/car.  The latest 
projection was that the amount of magnesium would 
rise to only 1 lb /car  by 1985 (189). 

Expanding usages of magnesium may come from the 
galvanizing and high strength magnesium alloys. 

Centre de Recherches Metallingiques of Liege recently 
announced the possible improvement in properties of 
conventional galvanized sheet by the addition of small 
amounts of magnesium and other metals. The mag- 
nesium containing zinc coating offers promising short-  
term solution from the point of view of corrosion 
resistance, etc. (190). Pesses Company announced a 
new nickel-magnesium-developed alloy containing 
20% magnesium (thus reducing the amount of alloy 
being used by one third) which will reduce overall 
alloy product cost (191). Amax and Dow Chemical 
are actively developing magnesium alloys having no 
heavy metal  contamination to correct the corrosion 
problem (189). 

Many other concurrent developments in magnesium 
die casting seem likely to push the superlight metal 's 
use upward sharply in the next few years. A new push 
by the two major magnesium suppliers, Amax and 
Dow, to replace the less rigid plastic components with 
magnesium was underway. Diecasters and metal  firms 
are also zeroing in on the fast growing electronic data 
processing areas. A plus in the electronics markets is 
that the high purity alloy resists "microflaking" which 
can cause failures in computer printers and other per-  
ipherals (192). 

In the magnesium technology production area, Air 
Products and Chemicals Incorporated recently an- 
nounced the development of a process which will 
eliminate obnoxious fumes and corrosion problems 
prevalent under the conventional salt flux method. 
The new system blends carbon dioxide with 2-3% of 
sulfur hexafluoride to protect magnesium at various 
stages of operation (193). 

Norsk Hydro, the world's second largest producer 
of magnesium, announced the undertaking of a $50 
million modernization project that will allow it to in- 
crease capacity (50,000 mt /y r )  by 20%. The moderni-  
zation which includes the replacement of existing 
electrolytic cells with considerably larger ones was to 
begin in the fall of 1982 at its Porsgunn facility (194). 
Modernization of facilities would mean that magne- 
sium production will be temporari ly scaled down dur- 
ing the autumn and that a weak result for the year  is 
expected (195). 

Magnesium market  outlook is expected to show a 
gradual improvement in 1983. Steel desulfurization 
and magnesium diecasting markets are expected to 
show some strengths. The annual growth rate for the 
total magnesium market  is projected to be 3.6% (196). 

Manganese.---Manganese metal imports totaled 4,878 
tons through October 1982, nearly all from the Re- 
public of South Africa. This was down from 6,551 tons 
from the same period in 1981 (197, 198). Manganese 
metal prices settled at 70 cents/lb in June as Elkem 
Metal.s and Foote Mineral matched Kerr-McGee's  
price (199). 

Three actions by the Reagan Administration affected 
the manganese industry. The administration has de- 
cided to allow offshore exploration and mining for 
strategic minerals. A manganese lease off the Georgia- 
Florida coast was expected to be the first to issue. The 
administration refused to sign the international Law 
of the Sea Treaty in 1982 which has been signed by 118 
nations. Thus, U.S. companies might be unable to mine 
manganese nodules in the Pacific Ocean. The main 
stumbling block was a provision calling for worldwide 
sharing of mineral revenues. Most companies sup- 
ported the President 's position. The administration 
endorsed the processing of manganese ore to be held 
in the national defense stockpile in order to help the 
domestic industry. However, import quotas or duties 
were not implemented (200-204). 

Brazil is studying proposals from Brazilian and Jap-  
anese companies for exploiting a 60 million metric ton 
manganese ore deposit in the Carajas mountain range 
(205). 
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The manganese  out look appears  good. Manganese 
consumption in the U.S., Europe,  and Japan  is ex-  
pected to increase by  27% from 1981 levels by  the end 
of the decade according to the pres ident  of Cia. Minera  
Aut lan  S A  de CV of Mexico (206). 

Nickel.--1982 was a poor yea r  for  the n ickel  indus-  
try. S t r ikes  and weak  demand  caused Inco and  Fa l -  
conbridge to close mines and refineries for ex tended  
periods. Inco id led facil i t ies at  Copper  Cliffs, Sudbury ,  
and Por t  Colborne,  Ontario,  and at  Thompson, Mani -  
toba. Fa lconbr idge  shut  i ts S u d b u r y  complex  t empo-  
rar i ly .  Shutdowns  for por t ions  of 1983 have  a l r eady  
been planned.  Overal l ,  the indus t ry  was opera t ing  at  
app rox ima te ly  60% of capacity,  compared  to a 1981 
average  of 70-73% opera t ing  rate.  U.S. consumpt ion 
decreased about  31% compared  to 1981. Merchant  
nickel  prices were  $2.60-2.75/pound ear ly  in the yea r  
but  fel l  s tead i ly  to as low as $1.55 by  year ' s  end (207- 
217). 

P r e l im ina ry  deve lopment  of a n icke l -coba l t  mine 
cont inued at  Gasquet  Mountain,  California.  Cal i fornia  
Nickel  seeks to open a mine and processing p lan t  there  
by  1985. Capi ta l  costs of the mine should be $300 mi l -  
lion. Cal i fornia  Nickel  and Cook In te rna t iona l  have  
agreed to develop a s t ra tegic  meta ls  reserve  at  the site 
(218-221). 

Hanna  Mining Company closed one of its two oper -  
a t ing l ines at  its ref inery in Riddle,  Oregon (222). 

Complet ion of Inco's new open pi t  mine at  Thomp-  
son, Manitoba,  wil l  be de layed  unt i l  ea r ly  1986. 1984 
was the prev ious ly  announced complet ion da ta  (223, 
224). 

Gould, I r c o r p o r a t e d  sold the n i cke l - cadmium-sea l ed  
cell  por t ion of its por tab le  ba t t e ry  divis ion to Saf t  
America ,  Incorporated.  The sale involved Gould 's  
business and manufac tu r ing  faci l i t ies  in Ti juana,  Mex-  
ico, and St. Paul,  Minnesota  (225). 

Indus t ry  forecasts varied.  Inco expects  annual  n ickel  
g rowth  rates  of 2%, while  London s tockbrokers ,  Shep-  
herd  and Chase, p red ic ted  a 3.3% annual  growth  ra te  
through 1984. Both predic t ions  are  down significantly 
f rom the 6% growth  rates  exper ienced  pr io r  to 1974 
(226, 227). 

An  indus t ry - sponsored  s tudy  to de te rmine  the ef-  
fects of n ickel  exposure  on workers  was announced 
(228). 

Sod ium. - -Abou t  80% of total  product ion of meta l l ic  
sodium is used to manufac ture  t e t r ae thy l  lead and 
t e t r ame thy l  l ead  an t iknock  addi t ives  for  gasoline. 
However ,  it  is expec ted  that  this  end use of metal l ic  
sodium wi l l  continue to decline. The sodium used in 
the product ion of meta l l ic  t i t an ium const i tuted about  
11%. Other  uses of sodium are  in the manufac tu r ing  
of herbicides,  pesticides,  perfumes,  dyes, pha rmaceu t i -  
cals, sodium hydroxide ,  and sodium borohydr ide .  New 
potent ia l  uses of meta l l ic  sodium include appl ica t ion  
as an e lect rode in sodium sulfur  bat ter ies ,  as a heat  
t ransfe r  med ium in nuclear  reactors,  and recen t ly  as a 
sodium heat  engine which has no moving  par t s  and 
uses a smal l  quan t i ty  of l iquid sodium as its work ing  
fluid (229, 230). 

Metal l ic  sodium capac i ty  in the U.S. in 1982 was 
128,700 s-tons, down f rom 1981 capaci ty  of 138,600 s- 
tons. Pr ice of metal l ic  sod ium averaged  60 cen ts / lb  
(or  132.3 cen t s /kg)  in 1982 (231). Product ion  and in-  
ven tory  of metal l ic  sodium are  shown in Table X. 

T i t a n i u m . - - I n  spite of the pro jec t ion  by  J. Daniell ,  
P res iden t  of RMI Company,  in la te  1981 tha t  prospects  
are  b r igh t  for  the t i t an ium m a r k e t  in 1982 and beyond 
(233), overcapac i ty  and excessive inventor ies  coupled 
wi th  weak  economic condit ion in 1982 had  b rought  an 
end to a 3 yea r  per iod  of g rowth  and p rospe r i ty  for 
the t i t an ium indus t ry  (234). Other  ma jo r  factors re -  
sponsible for the recession in the t i t an ium indus t ry  are  

Table X. 1982 U.S. production and inventory of 
metallic sodium (S-tons) (232) 

Month Production Inventory 

Jan 8,979 N.A. 
Feb 8,848 2,038 
Mar 9,468 N.A. 
Apr 9,446 N.A. 
May 9,202 3,863 
June 8,824 3,749 
July 8,9~61 4,199 
Aug 8,123 4,813 
~ept 8,121 4,503 
Oct 7,882 5,124 
Nov 7,389 4,281 
Dec 7,780 5,531 

Total 103,023 

a reversa l  of cus tomer  inven tory  policies f rom accu- 
mula t ion  to l iquidat ion,  a decl ine in commerc ia l  a i r -  
craf t  building,  a growing weakness  in electr ic  power  
p lan t  product ion  (pa r t i cu la r ly  nuc lea r ) ,  and a de-  
pressed chemical  capi ta l  spending (235). 

Sponge and ingot  p roducer  cutbacks  began in the 
second quar te r  of 1982. In the four th  quar ter ,  the in-  
dus t ry  opera ted  at an es t imated  35% of capaci ty,  wi th  
some U.S. and foreign producers  to ta l ly  suspending 
operat ions  in November  and December  (249). 

Pr ices  for  t i t an ium also decl ined in 1982, reflecting 
m a r k e t  conditions.  At  the  beginning of 1982, publ ished 
prices were  $7.65/lb for domest ic  sponge and $8.85/lb 
for Japanese  sponge. In Apri l ,  RMI announced a re -  
duct ion to $5.55/lb. By year ' s  end, p r i m a r y  grade  of 
sponge could be purchased  for as low as $5.00/lb. Re-  
flecting lower  sponge costs and a subs tan t ia l  inven-  
tory  accumulat ion,  mi l l  product  prices by  year ' s  end 
discounted for 10-20% below 1981 prices (249). 

Table  XI provides  a summa ry  of U.S. product ion 
and consumption da ta  for  t i t an ium in 1982 (249). 

The growing concern about  impor ts  f rom Japan  had 
p rompted  a cost reduct ion p rogram to be implemen ted  
in U.S. by  t i t an ium producers  (236). "New record 
levels of impor ted  Japanese  sponge have been set in 
each of the last  four  years," according to J. Danie l l  of 
RMI (237). The In te rna t iona l  Trade Admin is t ra t ion  
Depa r tmen t  of Commerce conducted an admin i s t ra t ive  
rev iew of an t idumping  funding on t i t an ium sponge 
f rom U.S.S.R. recen t ly  (238). 

Expansion act ivi t ies  in the U.S. t i t an ium indus t ry  
include s t a r t -up  of In te rna t iona l  T i tan ium p lan t  in 
Moses Lake, Washington,  (5.5 mi l l ion l b / y e a r )  ; 
p lanned  s t a r t -up  of A l b a n y  Ti tanium,  an Oregon p lan t  
of high pur i ty  sponge (420,000 lb ) ;  expansion of Ti -  
t an ium Metals,  Henderson,  Nevada,  28 mil l ion l b / y r  
capaci ty  to 32 mil l ion l b / y r ;  RMI announced 20% ex-  
pansion of its Niles, Ohio, 19 mil l ion l b / y r  ingot fac i l -  
i ty; and 50% increase in sponge announced by  Oregon 
Metal lurgical ,  Albany,  Oregon (241). 

Act ivi t ies  overseas in 1982 include the complet ion 
of IMI Ti tanium, Kynoch Limited,  Witton,  B i rming-  
ham, second stage expansion to 7.5 mil l ion lb (242); 
ma jo r  cutback in product ion was announced by  Osaka 
Ti tanium Company and Toho Ti tan ium Company for 
the th i rd  qua r t e r  of 1982 (243). 

Table XI. U.5. production and consumption of titanium (249) 
(000 pounds) 

1981 1982 

Sponge 
Imports 12,980 3,300 
Consumption 63,198 32,700 
Scrap consumption 29,590 14,700 

Ingot 
Production 91,946 46,600 
Consumption 87,050 46,700 

Mill products 
Shipments 50,984 35,000 
Exports 12,098 6,500 
Imports 2,720 2,400 
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A joint  venture  plan between Westinghouse Electric 
Corporation and Mitsublshi In te rna t iona l  Corporation 
was announced for the production of t i t an ium ingot 
(10 mil l ion lb /year )  at Westinghouse's Ogden, Utah, 
zirconium and hafn ium plant  (244). A licensing agree- 
men t  for the manufac ture  of t i t an ium alloys in  Japan  
was concluded in late 1982 between IMI and Sumitomo 
(parent  company of Osaka T i t an ium Company) (245). 

The D-H Ti tan ium Company was dissolved in De- 
cember 1982 by its two partners,  the Dow Chemical 
Company and Howmet Turb ine  Components Corpora- 
tion. Market  problems rather  than failure of technol- 
ogy was the major  reason for ending the venture  ac- 
cording to spokesmen. The 3 year joint  venture  was 
aimed at developing a new technology adapt ing an 
electrolytic process for producing a crystal- l ike ti- 
t an ium product  (248). Also in the new technology 
front, Ishizuka Research Inst i tute  in Tokyo is devel-  
oping an electrolytic chlorinator  for the manufac tu r -  
ing of t i t an ium sponge at higher efficiency (247). 

Env i ronmenta l  problems developed at In terna t ional  
T i tan ium Incorporated, Moses Lake, Washington, re-  
sulted in  t i t an ium tetrachloride and chlorine spills. 
Product ion was halted dur ing  the summer.  Staff in -  
experience and overextended staff were cited as the 
main  reasons (248). 

Out look:- -Recovery of the t i t an ium marke t  is n o t  
l ikely before 1984, according to executives from ti- 
t an ium industr ies a round the world while a t tending 
the Japan Ti tan ium Society's In terna t ional  Symposium 
(239). In the U.S., the commercial  aerocraft production 
is not expected to significantly improve unt i l  the mid 
or late 1980's. The t i t an ium indus t ry  will  have to seek 
newer  and probably  much smaller  and mundane  mar -  
kets in the future  (240). R. L. Kane of T i t an ium In-  
dustries is projecting the nonaerospace free world de- 
mand  for 1983 will be 21 mil l ion lb including areas 
such as power p lant  condensers,  chemical plant  pr o - 
cessing equipment ,  and electrodes for chemical, pulp 
and paper, desalination, metal  t reatment ,  metal  refin- 
ing, and mar ine  and pol lut ion control (239). 

Timet  forecasted an expected decline in  t i t an ium 
mill  product shipments  in 1983 to 35 mil l ion lb with a 
resurgence in 1984 to 50 mil l ion lb. Other outlooks for 
the 1983 marke t  are more optimistic. However, the 
consensus was that  it  was unl ike ly  that U.S. mil l  
product  shipment  would again at ta in  1980-1981 levels 
unt i l  1985 or later  (249). 

Zinc.raThe worldwide economic recession adversely 
affected U.S. production and consumption of zinc in 
1982. Mine production was down due to mine closings; 
however, the lack of strikes and the opening of two 
new mines minimized the production loss relative to 
1981. The depressed marke t  and low prices resulted 
in lower refined metal  production. Capacity uti l ization 
at p r imary  smelters was about 50% in November  
(251). 

1982 worldwide slab zinc product ion decreased by  
427,000 s-tons from 1981 total of 5.017 mil l ion s-tons. 
Production increased sl ightly in the western hemi-  
sphere and dropped sl ightly in Western Europe. Pro-  
duction in the remainder  of the free marke t  countries 
also remained at v i r tua l ly  the same levels in 1982. 
Both U.S. and Canada slab zinc production decreased 
by about 26% from 1981 levels (see Table XII)  (252). 

U.S. demand of slab zinc was 810,000 s-tons in  1982 
vs. 920,000 s-tons in 1981. Major zinc markets  such as 
galvanizing and diecasting continued to be depressed 
due to poor climate in auto and steel industr ies  
(Tables XIII, XIV). After  s tar t ing the year  at 44 
cents/ lb  for high grade zinc, slab zinc prices bottomed 
out at 35 cents by mid-year .  By year 's end, prices 
(252, 253, 255) closed in a split market  of 36-40 cents /  
lb. In  order to offset low zinc prices and soft demand, 
m a n y  U.S. zinc producers had to resort to measures 

Table XII. 1982 world zinc production and consumption (252) 
(000 s-tons) 

Production 

Mine Slab 

1981 1982 1981 1982 

Consumption 

Slab 

1981 198,2 

U.S. 377 366 432 317 917 809 
Canada 1,206 1,197 681 501 145 116 
Other Western 976 1,U42 409 435 341 286 

Hemisphere 
Western Europe 1,074 1,052 2,031 1,891 1,772 1,652 
Africa 292 290 223 234 176 184 
Asia 443 445 910 890 1,227 1,253 
Oceanic 534 695 331 323 128 106 

Total 4,902 5,097 5,017 4,591 4,706 4,396 

Table XIlI. U.S. consumption of slab zinc (252) 
(000 s-tons) 

1981 1982 

Diecasting 268 210 
Galvanizing 453 397 
Brass 125 101 
Rolled zinc 26 50 
Zinc oxide 21 23 
Other uses 27 29 

Total 920 810 

Table XIV. U.S. zinc supply and demand (252) 
(000 s-toes) 

1981 1982 

Supply 
Ore production (recoverable) 
Ore imports (zinc cont,~nt) 

Total zinc in ore 

Metal production 
Metal imports (for consumption) 
Inventory increase (decrease) 

Total metal supply 

Metal Demand 
Consumption 
Exports 

Total demand 

344 339 
130 51 
474 881 

433 298 
664 450 

(177) 82 

920 810 

920 810 
0 0 

92O I~1o 

such as production cutbacks, pe rmanen t  plant  closings, 
and union wage-benefit  concessions (252). SRI econo- 
mist  reported that  only 47% of the zinc producers 
were able to break even at 40 cents / lb  (254). 

U.S. ac t iv i t i e s /cu tbacks /expans i~  Janua ry  of 
1982, efforts by private investors to purchase the 
Bunker  Hill mining,  smelting, and refining complex in 
Kellogg, Idaho, collapsed, and the faciIity was closed. 
Later in the year, Gulf  Resources and Chemical Cor- 
porat ion (parent  company) announced the in tent  to 
sell portions of the shut tered Bunker  Hill lead and 
zinc operation. A salvage company had expressed in-  
terest in purchasing the company's  lead smelter  and 
zinc plant. The interested par ty  was not identified 
(252, 256). 

Asarco Incorporated in  early 1982 reduced its Corpus 
Christi, Texas, electrolytic zinc refinery to 50% of 
capacity due to poor avai labi l i ty  of feed materials  
(257). In October, Asarco suspended indefinitely the 
Corpus Christi operations. Depressed marke t  and 
metal  prices were cited as the main  reasons (258). 

Cutbacks dur ing 1982 include the output  reduction 
from the electrolytic zinc refinery of Jersey Minere 
Zinc Company, Clarkesville, Tennessee. This 50% cut-  
back resulted in an annua l  produced tonnage of 45,000 
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s- tons  (259). Nat ional  Zinc Company suspended zinc 
smel t ing opera t ion  at its Bart lesvi l le ,  Oklahoma,  p lan t  
beginning Ju ly  3, 1982, due to excessive inventor ies  
and low demand.  The plant ,  which has a capaci ty  of 
56,000 s - t o n s / y e a r  of slab zinc, had been opera t ing  at 
95% of capaci ty  for the first ha l f  of the yea r  (260). 

In  December ,  Gulf  & Western  announced plans to 
close indef ini te ly  i ts zinc mine  at  Beaver  Creek, Ten-  
nessee, and the milI  at  nea rby  Jefferson City tha t  
processed Beaver  Creek  ore. The mine and mil l  had 
been producing  about  2,500 s - t ons /mon th  of zinc con- 
centra te  (252). 

St. Joe Resources Company  s ta r t ed  up three  new 
electrolyt ic  zinc furnaces at its Monaca, Pennsy lvan ia  
Zinc Smel te r  in late  1982. The furnaces  increased ca-  
pac i ty  f rom 75,000 to 85,000 tons at  a cost of 3 mi l l ion 
(262). 

Oppor tun i t i e s . - -The  new zinc coin, conta ining 97.6% 
zinc and 2.4% copper  and weighing about  19% less 
than  the old copper  coin, had  the first volume p roduc-  
tion in 1982. This new coppe r -p l a t ed  zinc penny  would  
account for about  25,000 s- tons of z inc /yea r  (252). 

Galfan,  a new zinc galvaniz ing al loy developed by  
the In te rna t iona l  Lead Zinc Research Organizat ion In-  
corporated,  awarded  a licertse to Yodugawa Steel  
Works  Limited,  Osaka, Japan.  Yodugawa, a p roducer  
wi th  a~ annual  capaci ty  of 600,000 s - tons  of ro l led  
steel, was the n in th  company  to secure such license 
(261). 

Env i ronmen taL- -The  diecast ing and zinc indust r ies  
were brac ing  for  po ten t i a l ly  t igh te r  regula t ion  f rom 
the EPA which  m a y  include zinc on a new list  of 
hazardous meta ls  in foundries.  EPA was expected  to 
issue foundry  effluent regula t ions  dur ing  the four th  
qua r t e r  of 1982 (263). 

The EPA announced tha t  it  had  rev iewed  the s t an -  
dards  of per formance  for p r i m a r y  zinc smel ters  and 
proposed not to revise the s tandards.  These s tandards ,  
es tabl ished in 1971, were  scheduled to be revised 
eve ry  4 years  (264). 

Major activities outside the U.S. - -The  Polar is  lead-  
zinc mine, cal led the no r the rn -mos t  opera t ion  of its 
k ind and located 90 miles f rom the magnet ic  Nor th  
Pole and 900 miles f rom the t rue  North  Pole, made  
the first sh ipments  of concentrates  to Europe in the 
th i rd  qua r t e r  of 1982. The Polar is  mine has an es t i -  
ma ted  25 mil l ion tons of reserves  and is designed to 
produce 206,009 tons of zinc concentrates.  Polar is  
mine 's  pa ren t  company  is Cominco Limi ted  (265, 266). 

Noranda  Mines of Canada  announced de lay  in the 
construct ion of its $360 mil l ion zinc ref inery at Bel le-  
vue, New Brunswick.  The p lant  is to have a capaci ty  
of 110,000 s - tons  of z inc /yea r  (267). 

Capaci ty  at  the Kidd  Creek Mines L imi ted  (Canada)  
e lec t ro ly t ic  zinc p lan t  in Ontar io  was expected to be 
raised to 11,000 tons /month  in 1982. The p lan t  which 
recent ly  produced its one-mi l l ion th  ton of zinc is fed 
zinc concentra tes  f rom Kidd Creek Timmons Mine 
(268). 

Other  foreign expansion projects  were  (i) the ded i -  
cation of a $175 mil l ion e lect rolyt ic  zinc ref inery at 
San Luis Potosi  by  Indus t r ia l  Minera l  Mexico SA. 
(annual  capaci ty  is 125,000 tons of refined zinc) (269) ; 
(ii) Thai zinc pro jec t  wi th  an annual  capac i ty  of 
66,000 s- tons of zinc wil l  d i rec t  its product  to the  
South Eas t  Asian market .  Total  inves tment  was $149 
mil l ion (270). 

Fore ign  cutbacks and shutdowns  include the fo l low- 
ing: (i) the 99,000 s- tons zinc p lan t  at Anda luza  de 
Pi r i tas  SA in Spain  was shutdown due to severe  
drought  (271); (ii) product ion  cutback was requi red  
at Preussag  Metall ,  a ma jo r  West  German  zinc p ro -  
ducer,  as a resul t  of the cor~version of the Harz  
faci l i ty  f rom a p r i m a r y  to a secondary  zinc smel te r  

(272); and (iii) major  zinc smel t ing companies  in 
Japan  such as Mitsui  Mining and Smel t ing  and Toho 
Zinc Company brought  opera t ing  rates  down to a round  
60% of capaci ty  be tween  June  and August  of 1982 
due to low demand  and reduct ion in avai lab le  "dis-  
count" e lect r ica l  ra tes  (273). 

Out look . - -Despi te  cont inued mixed  signals in the 
month ly  economic da ta  there  appears  to be a sol id  
foundat ion for  recovery  forming in 1983. Zinc demand  
should rise and should benefit  d i rec t ly  from even a 
modest  recovery  in auto production,  plus the increased 
ac t iv i ty  in construct ion and appl iances  (252). 

R. H. Lesemann  of Commodit ies  Research Unit  L im-  
i ted pred ic ted  zinc consumpt ion wil l  fal l  to about  1- 
1.5% in the cur ren t  decade, reflecting s lower  economic 
growth  and subst i tut ion.  Regard ing  supply,  new mine  
capaci ty  coming on - s t r eam over  the nex t  5 years  could 
be substant ia l .  Prices should be s t rong  in the  1983-1984 
per iod (274). 

The Electrical Industry (275) 
Despite the severe  economic recession and despi te  

the drop in both peak  demand  and energy  sales tha t  
ut i l i t ies  exper ienced  dur ing  1982, s ta t is t ica l  surveys  
showed that  the ut i l i t ies  ma in ta ined  a s t rong construc-  
t ion program.  Taking  into account ad jus tments  made  
for  a smal l  sample  of ru ra l  e lectr ic  cooperat ives  and 
publ ic  power  bodies, capi ta l  expendi tu res  for  1982 
showed a posit ive increase.  

Total  revenues  of inves to r -owned  electr ic  ut i l i t ies  
hi t  a record  high of $102.3 bi l l ion  in 1982 compared  to 
$94.3 bi l l ion received in 1981. Three  hundred  and e ight  
electr ic  rate  increases were  gran ted  in 1982 which 
amount  to a total  increase of $7.57 bill ion, and 180 
cases are  pending  (or $7.69 bi l l ion) ,  represen t ing  a 
decrease in ra te  increases f rom 1981. 

Power generation in the U.S. (275) . - -Capi ta l  ex-  
pendi tures  by the electr ic  u t i l i ty  indus t ry  in 1982 were  
$40.2 bill ion. Genera t ion  expendi tu res  cont inued to ac- 
count for  about  75% of the total  u t i l i ty  s p e n d i n g - -  
about  $30 bi l l ion (see Table  XV).  The ma jo r i t y  of the 
facil i t ies that  were  canceled in 1982 were  the cap i ta l -  
intensive nuc lear  p lants  which have long lead times. 
For  example ,  18 nuclear  p lants  wi th  a ra ted  capaci ty  
of 22,019 MW were canceled,  and another  28 units  
wi th  a capac i ty  of 31,004 MW were defer red .  As for  
fossil units, 12 units wi th  a ra ted  capaci ty  of 8,006 MW 
were canceled, and 16 units wi th  a ra t ing  of 9,554 MW 
were deferred.  

Dur ing  1982, the power  indus t ry ' s  capab i l i ty  rose to 
649,532 MW (see Tables XVI, XVII ) .  Use of coal as 
fuel  decreased s l ight ly  in 1982; oil consumption 
d ropped  for the th i rd  yea r  in a row; and na tu ra l  gas 
use went  down 3.2 t r i l l ion  ft 3 (see Table XVII I ) .  
Table  XIX indica ted  ene rgy  genera ted  by  fuel  type  
continues its "uns teady"  t rend  towards  p redomina t ion  
of coal-f ired generat ion.  

Tota l  e lec t r ic i ty  sales fel l  1.3% in 1982 to 2.12 t r i l -  
l ion kW-hr .  1982 fal l-off  was t r iggered  by  a drop of 
more than 6% in indus t r ia l  ( large l ight  and power )  
sales. By comparison,  both the res ident ia l  and smal l  
l ight  and power  cus tomer  classes showed cont inued 
growth  (Tables XX, XXI,  XXII ) .  The Edison Electr ic  
Ins t i tu te  is pro jec t ing  a g rowth  in k W - h r  of about  
2%. An es t imate  of 3 % / y e a r  for the l ong - t e rm  growth  
of energy  is not  unreasonable .  

Energy  sources outlook in the U.S.- -According to 
the Depa r tmen t  of Energy 's  m i d - y e a r  sho r t - t e rm  en-  
e rgy  out look report ,  a l though the l ong - t e rm  out look 
for  nuc lear  genera t ion  is uncer ta in ,  nuc lear  power  
was the fastest  growing energy source in the U.S. By 
the end of 1982, nuclear  energy genera t ion  would  have 
accounted for  13.4% of capacity,  up f rom 11.9% in 
1981. Coal-f ired genera t ion  also demons t ra ted  an in-  
crease in 1982; oil and gas showed decl ine (276). 
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Table XV. Total electric power system* capital expenditures (millions of dollars) (275) 
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Generation Transmission Distribution Miscellaneous Totals 

Total Investor Total Investor Total Investor Total Investor Total Investor 
industry owned industry owned industry owned industry owned industry owned 

1979 24,875 16,939 3,384 2,221 5,329 4,098 1,666 1,187 35,254 24,445 
1980 25,688 17,875 3,280 2,279 5,307 4,365 1,650 1,297 35,925 25,816 
1981 25,823 19,217 3,168 2,326 4,950 4,169 1,882 1,543 35,823 27,254 
1982 29,836 22,787 3,497 2,595 5,228 4,432 1,654 1,347 40,216 31,161 
1983" * 28,189 21,649 4,182 3,184 5,496 4,582 1,988 1,659 39,855 31,075 

* 50 states; * * Prospective. 

Table XVl. Electric power industry capability 1983 and beyond, MW (275) 

Total capability Capability additions Present capability 
(Dec. 31, 1982) ( 1983 and beyond ) plus additions 

Fuel type MW % MW % MW % 

Hydro* 78,016 12.0 8,704 7.3 86,720 11.3 
Fossil fuel 451,443 69.5 55,023 46.1 5U6,466 65.9 
Nuclear 63,142 9.7 55,482 46.4 118,624 15.4 
Internal combustion 5,139 0.8 - -  ~ 5,139 0.7 
Combustion turbine 51,792 8.0 200 0.2 51,992 6.7 
Total industry 649,532 100.0 119,409 100.0 768,941 100.0 

* Includes pumped storage. Source: Energy Information Administration/DOE plus Electrical World's Jan 1983 Capacity Additions 
Report. 

Table XVll. Installed generating capacity by type of ownership* (Dec. 31, 1982)--in MW (275) 

Investor Municipals, state, and 
owned power district systems Cooperatives Federal agencies Total 

1979 464,040 62,072 13,843 58,343 598,298 
1980 476,979 62,664 15,425 59,078 613,546 
1981 490,767 64,653 18,406 6u,982 634,608 
1982 498,643 66,882 21,463 62,544 649,532 

* Data includes Alaska and Hawaii. Source: EIA/DOE. 

" F o r  t h e  f i rs t  t i m e  s ince  W o r l d  W a r  II, t h e  e l ec t r i c  
u t i l i t y  i n d u s t r y ,  o u r  b i g g e s t  c u s t o m e r ,  is  r e g i s t e r i n g  
no  g r o w t h  in  t he  g e n e r a t i n g  of  e l e c t r i c i t y , "  o b s e r v e d  
N a t i o n a l  Coal  A s s o c i a t i o n  P r e s i d e n t  C. Bagge .  W i t h  
zero  g r o w t h  in  t h e  d e m a n d  fo r  e l ec t r i c i t y ,  i n d u s t r i a l  
o u t p u t  a t  i t s  l o w e s t  p o i n t  s i nce  1977, s t a g n a t i o n  in  t h e  
s t e e l  i n d u s t r y ,  a n d  l a g g i n g  e c o n o m i c s  ove r sea s ,  U.S. 
coal  c o n s u m p t i o n  p lu s  e x p o r t s  w e r e  off b y  13 m i l l i o n  
t ons  i n  1982 (vs. 1981).  H o w e v e r  a c c o r d i n g  to t h e  U.S.  
E n e r g y  I n f o r m a t i o n  A d m i n i s t r a t i o n ,  g r o w t h  r a t e s  in  
coal  use  b y  u t i l i t i e s  a r e  e x p e c t e d  to a v e r a g e  3.9% o v e r  
t h e  n e x t  10 y e a r s  (277) .  

A c c o r d i n g  to  D. S te f fes  of  P l a n n i n g  a n d  F o r e c a s t i n g  
C o n s u l t a n t s ,  H o u s t o n ,  Texas ,  " A c t u a l  U.S. e n e r g y  c o n -  
s u m p t i o n  fo r  t h e  d e c a d e  of  t he  1980's wi l l  b e  less  t h a n  
t h e  p e a k  y e a r  i n  1979 . . . .  W i t h  U.S. e n e r g y  c o n -  
s u m p t i o n  d e c l i n i n g  a n d  p r o d u c t i o n  i n c r e a s i n g ,  t h e  
n e e d  fo r  i m p o r t e d  e n e r g y  (oi l )  w i l l  d e c r e a s e  s ign i f i -  

Table XVIII. Consumption--type of fuel (275) 

Coal--  Oil--- Gas-- 
millions millions millions 
of tons of bbl of eu ft 

1972 351.2 496.6 3,976.9 
1973 388.7 562.5 3,660.2 
1974 391.2 539.1 3,443.4 
1975 405.9 50.6.6 3,157.7 
1976 448.3 556.5 3,080.9 
1977 477.0 624.2 3,191.2 
1978 481.6 635.8 3,188.4 
1979 527.1 523.3 3,490.4 
1980 569.5 420.2 3,681.6 
1981r 596.8 351.1 3,640.2 
1982 594.1 249.7 3,226.6 

r = revised. 
Source: EIA/DOE. Data includes Alaska and Hawafi. 

c a n t l y  . . . .  T h e  U.S. cost  of  oi l  i m p o r t s  wi l l  dec l i ne  
d r a s t i c a l l y  b e c a u s e  of  t h e  d o u b l e  ef fec t  of  l o w e r  vo l -  
u m e s  a n d  l o w e r  p r i ces . "  (278).  

As  fo r  n a t u r a l  gas, a c c o r d i n g  to M e r r i l l  L y n c h  P i e r c e  
F e n n e r  a n d  S m i t h ' s  ou t look ,  t h e  a v e r a g e  w e l l  h e a d  
p r i ce  of  gas  wi l l  j u m p  a n  e s t i m a t e d  33% in  1982 a n d  
as t h e  d e c o n t r o l  s c h e d u l e  c o n t i n u e s ,  t he  a v e r a g e  p r i c e  
wi l l  b e  no  g r e a t e r  t h a n  $4 .25 /mcf  a t  t he  b e g i n n i n g  of 
1985 (279) .  

T h e  I n s t i t u t e  of  Gas  T e c h n o l o g y  e s t i m a t e d  c u r r e n t  
r e c o v e r a b l e  e n e r g y  r e s e r v e s  in  t he  U.S. a r e  n a t u r a l  
gas, 207 t r i l l i o n  ft3; n a t u r a l  gas  l iquids ,  7.1 b i l l i o n  b b l ;  
c o n v e n t i o n a l  c r u d e  oil, 31.6 b i l l i o n  b b l ;  a n d  coal,  282 
b i l l i o n  t ons  (280) .  

E n e r g y  f r o m  f o s s i l  f u e l s . - - S y n f u e l s . - - F a l l i n g  oil  
p r i ce s  a re  f o r c i n g  e n e r g y  p r o d u c e r s  to  p o s t p o n e  a n d  
c a n c e l  m a j o r  i n v e s t m e n t  p r o j e c t s  co s t i ng  b i l l i ons  of  
do l la rs .  A n u m b e r  of  m a j o r  c o r p o r a t i o n s  sa id  t h e y  
w e r e  n o w  w o r k i n g  o n  t h e  a s s u m p t i o n  t h a t  t h e  a v e r a g e  
c o n t r a c t  p r i ce  of  c r u d e  oil  m a y  n o t  r i se  a t  all  i n  r e a l  

Table XIX. Energy generated--type of fuel (275) 

Energy generated--billions of kW-hr 

Nuclear Coal Oil Gas Total* 

1978 276.4 976.6 364.2 305.4 1,922.6 
1979 255.2 1,G75.0 303.0 329.5 1,967.0 
1980 251.1 1,162.0 245.6 346.2 2,010.4 
1981 272.7 1,203.2 206.1 345.8 2,034.1 
1982 282.8 1,192.5 146.4 305.3 1,932.5 

* Includes production from geothermal sources, wood, and 
waste. 

r = revised. 
Source: EIA/DOE. Data includes Alaska and Kawaii. 
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Table XX. Electric customers and revenue 

Electric customers (thousands)" (275) Electric revenue (millions of dollars)* (275) 

Small Large Small Large 
l ight & light & Other light & light & Other 

Residential  power power  classifications Total* * Residential p o w e r  p o w e r  classifications Total* * 

1979 
1980 
1981 
1982"** 

79,S02r 9,387r 478r 287 89,772r 30,799 22,264 23,825 2,752 70,640 
82,153r 9,699r 485 317r 92,653r 37,581 27,370 27,317 3,195 95,462 
83,459 9,903 487 311 94,160 43,350 32,331 32,720 3,705 111,584 
85,09'0 10,118 505 316 95,939 47,810 35,804 34,720 4,049 122,384 

r --  revised; * -- includes Alaska and Hawaii; ** -- May not add due to rounding; *** -- Estimated by Electrical World. 
Source: Edison Electric Institute. 

terms dur ing  the 1980's. This was affecting the i r  evalu-  
ation of schemes such as synthetic  fuel plants  which 
could be viable only if the cost of conventional  energy 
sources increased (281). 

The U.S. Synthet ic  Fuels Corporation (SFC) has 
shown itself, as a direct consequence of Reagan policy, 
to be unwi l l ing  to back the kinds of mammoth  projects 
that  companies original ly proposed (282). The SFC 
will be more selective in the types of synfuels project  
proposals it solicits for review for federal financial 
support. At its August  board meeting, the SFC 
adopmd a solicitation document  restricting projects to 
those based on coals, oil shale, and tar sands (283). 

Throughout  the year, the SFC had been under  tre-  
mendous pressure, par t icular ly  from the House and 
Senate (284, 285, 286). "We are not going to give 
money to any white elephants," said E. E. Noble, the 
newly appointed chai rman of the $20 bil l ion synfuels 
program. Still, there were concerns among both indus-  
t ry and SFC officials that none of the plants may be 
bui l t  without improved projections of costs for con- 
s truct ing and operat ing the units. Cost overruns  have 
long been a n ightmare  for the fledgling synfuels in-  
dustry (287). 

Table XXIII  highlights the status of the key syn-  
fuels projects in the U.S. (288). 

C o a l  g a s i f i c a t i o n . - - T h e  DOE fossil energy budget  
(December 17, 1982) proposal indicated that the Ad- 
minis t ra t ion proposed to spend approximately $11.2 
mill ion on gasification projects. The House and Senate 
proposed budgets were $50 and $31.25 million, respec- 
tively. The bulk of the funding is expected to be al- 
located to surface coal gasification projects (289). In  
spite of a plea to include underground coal gasification 
in the DOE's budget  of promising energy technologies 
from the American  Inst i tute of Chemical Engineer ing  
citing that the estimated coal reserves recoverable by 
underground  gasification are five times those recover-  
able through conventional  mining,  less than $6 mil l ion 
will be awarded (290). 

Construction of the Great  Plains, North Dakota, coal 
gasification project, the nat ion 's  first commercial  scale 

synthetic  fuels plant  of its kind, is proceeding on 
schedule and should be completed wi thin  budget, 
according to project sponsors (291). The Great  Plains 
project was financed by American Natural  Resources 
(25%), Transco (20%), Tenneco (30%), MidCon 
(15%), and a new partner ,  Los Angeles-based Pacific 
Lighting Corporation (10%) (292). 

Blaming in part  the global oil glut that has weak- 
ened demand for synthetic fuels, the Panhandle  East- 
ern Corporation has scrapped a mul t imi l l ion  dollar 
coal gasification project in Wyoming. The proposed 
plant  would have been the second largest coal gasifica- 
tion plant  in the U.S. capable of producing 26 bil l ion 
ft 3 of na tu ra l  gas and 193 mil l ion gallons of gasoline 
annua l ly  (293). 

The 30 ton /day  exper imenta l  gasifier buil t  in Salt 
Lake City, Utah, under  the sponsorship of DOE, was 
completed in late 1982 and is undergoing tests. The 
"entrained bed" gasifier operates on the principle that 
coal particles are swept and "entrained" in a s t ream of 
oxygen, steam, and the product gases. Unlike the 
Texaco gasifier, whi~ch employs a s lur ry  feeding sys- 
tem, coal is fed to the Salt Lake City uni t  in dry form. 
And unl ike  the K-T  (Kopparsi-Totzek gasifier) sys- 
tem, the Salt Lake City uni t  is pressurized. Only ~he 
Shell-Koppers gasifier being developed in Europe by 
Royal Dutch Shell is both pressurized and fitted with 
dry coal feeding system. Evaluat ion of the Salt Lake 
Unit  should be completed in March 1983 (294). 

O i l  shale . - -The Colony Oil Shale Project  came to an 
abrupt  halt at the end of April  1982. Most surpris ing 
was the announcement  by Exxon Corporation that  it 
is closing down the Colony Oil Shale Project  in West- 
ern Colorado. The reasons cited were high interest  
rates on capital investment ,  current  low price of crude 
oil, and the low priori ty accorded by the Reagan Ad- 
minis t ra t ion to synthetic fuels development  (295). The 
other government-assis ted oil shale project in Colo- 
rado operated by Union Oil is more than halfway 
completed with its first 10,000 bb l /day  uni t  operating 
(295). The SFC asserted that the Exxon withdrawal  
only served to emphasize the importance of a govern-  

Table XXI. Average annual use and bill* (275) Table XXII. Average annual use and bill* (275) 

Residential 

Average  use Average  bill  
kW-hr kW-hr Annum 

Large light and power 

Average use Average bill 
kW-hr kW-hr Annual  

1972 7,691 2.29r $176.39 
1973 8,079 2.38r $192.35 
1974 7,907 2.83r $223.73 
1975 8,176 3.21r $262.26 
1976 8,360 3.45r $288.39 
1977 8,693 3.78r $328.99 
1978 8,849 4.03r $356.74 
1979 8,843 4.43r $391.30 
1980 9,025 5.12r $461.81 
1981 8,863 5.89r $522.24 
1982"* 8,823 6.42r $566.20 

1972 1,761,816 1.09r $19,204 
1973 1,754,641 1.17r $20,529 
1974 1,649,133 1.55r $25,562 
1975 1,578,958 1.92r $30,330 
1976 1,710,023 2.07r $35,370 
1977 1,722,567 2.33r $40,105 
1978 1,702,939 2.59r $44,156 
1979 1,716,294 2.91r $50,012 
1980 1,650,037 3.44r $56,792 
1981 1,628,978 4.03r $65,572 
1982" * 1,514,826 4.66r $70,141 

r = revised. 
* Includes Alaska and Hawaii. 
** Estimated by Electrical World. 
Source: Edison Electric Institute. 

r = revised. 
* Includes Alaska and Hawaii. 
** Estimated by Electrical World. 
Source: Edison Electric Institute. 
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Table XXIII. Status of major federal synfuels program (July 14, 1982) (288) 

Project and location Principals Capacity Status 

Incentives issued --  

o Coal gasification 
Mercer County, ND 

o Oil shale  
(Colony Project)  
Parachute, CO 

o Oil shale  
Garfield County, CO 

Incentives  under negotiat ion 

o Coal l iquefaction 
Breckinridge County, KY 

o Coal l iquefaction 
Hampshire Energy 
Gillette, WY 

o Coal gasification 
Shelby County, TN 

Great Plains Gasification 125 million 
Associates  cu f t /day  

Tosco /Exxon 50,000 bbl /day 
(4O%/60%) 

Union Oil 9,000 bbl /day 

Ashland Synthetic  Fuels; 
Bechtel Petroleum 

Kancb Services; Koppers; 
Northwestern Mutual Life 
Insurance Co.; SOHIO 

Memphis Light, Gas and Water  

25,000 bbl/day 

19,000 bbl /day 

50 million 
cu ft/day 

$2.4 billion loan guarantee;  complet ion date: 1984 

Project shelved. $I.I billion loan guarantee to Tosco 
rescinded. 

About $400 million in price supports and guaranteed 
prices issued for a $520 million project; comple- 
tion date: 1983. 

Loan guarantees  sought for $2.7 billion project; com- 
pletion date: 1988. 

Loan guarantees and price supports sought for $2 bil- 
lion project; completion date: 1986. Process: indi- 
rect liquefaction. 

Loan guarantee, price subvention and interest  rate 
differential sought for $800 million medium BTU 
project; decision on negotiation delayed; comple- 
tion date: 1985. 

ment  program to offer aid to the fledgling synfuel  in-  
dust ry  (296). 

Other than the large oil shale projects centered in 
the western states, oil shale in  the eastern half  of the 
nat ion is beginning  to attract  the a t tent ion of develop- 
ers in Indiana,  Ohio, and Kentucky.  The attractiveness 
of eastern oil shale includes (i) equivalent  amounts  of 
oil recovered (25 ga l / ton  of oil shale) ;  (ii) recover-  
able energy in the form of l ight gases and l iquid hy-  
drocarbon; (iii) strip mining  possibility; (iv) proxim-  
ity to water  sources, and (v) closer markets  (297). 

Using the Hytort  process developed by IGT, IGT 
claimed that  eastern shale may contain as much as 423 
bil l ion bbl  of oil. Table XXIV illustrates the dis t r ibu-  
tion of this potential  (297). 

Activities outside the U.S. include the Morocco 
ONAREP oil shale project. ONAREP has obtained a 
$20 mil l ion loan from the World Bank to help to pro-  
duce shale oil. Morocco's estimated 20 bi l l ion tons of 
shale are available for oil recovery. Occidental Petro-  
leum and Royal Dutch/Shel l  expressed interest  in the 
development  of this shale deposit (298). The Science 
Application Incorporated, Golden, Colorado, T a pro- 
cess will  be used for this development  (299). 

The Lurgi -Ruhrgas  (LR) process developed in West 
Germany  claimed that considerable experience was 
gained in testing shales from many  parts of the world. 
Tests with Colorado shales suggested 100% recovery of 
the oil and an overall  thermal  efficiency of 92.7%. 
Water  consumption is min imal  (299). 

Coal l iquefact ion.--Two coal l iquefaction projects 
were selected by the SFC in 1982 as the most promis-  
ing. The two chosen, for which contracts could be 
awarded as early as August  1982 and no later  than 
November 1982, are a $2.7 bil l ion coal l iquefaction 
plant  to be bui l t  in Kentucky 's  Breckinridge County 
by Ashland Oil and Bechtel and a $2 bil l ion coal 
l iquefaction plant, p lanned to be bui l t  in Wyoming by 
a consort ium headed by Kaneb  Services and Koppers 
( 3 0 0 ) .  

Table XXIV. Oil recovered by the Hytort process (297) 

Area suitable for 
surface mining Recoverable oil 

State ( sq mi) (billion bbl ) 

Ohio 980 140 
Kentucky 2,650 190 
Tennessee 1,540 44 
Indiana 600 40 
Michigan 160 5 
Alabama 300 4 

Total 6,230 423" 

y These resources could, alternatively,  yield as much as 2,200 
trillion cubic feet of synthet ic  natural  gas, depending on the 
processing used. Source: Phillips Petroleum. 

The Breckinridge p lant  is expected to produce 25,000 
bb l /day  via the H-coal direct coal l iquefaction process 
(developed by Dynalectron)  (300, 301). Ashland and 
Hydrocarbon (a subsidiary of Dynalectron)  are seek- 
ing other sponsors for Phase IV of the H-coal project  
to fur ther  demonstrate the ma tu r i ty  and flexibility of 
H-coal technology by processing a var ie ty  of coals 
around the world, testing new catalysts and operat ing 
conditions, and collecting addit ional  scale-up and en-  
gineering data (302). 

The Wyoming Hampshire Venture  (Gillette, Wyo- 
ming) is expected to tu rn  out 22,000 bb l / da y  of gaso- 
line from methanol  via the indirect  coal l iquefaction 
Mobil MTG process (300, 301). However, on October 
19, 1982, SOHIO, one of the five backers of the project, 
decided to wi thdraw based on an economic decision. It  
is thought  that  SOHIO represented at least $300 mil -  
l ion of equity to Hampshire project (303). At tempts  to 
find a replacement  for SOHIO were unsuccessful and 
late in the year the Hampshire  Energy consort ium 
indefinitely suspended its plan to bui ld the 21,000 b b l /  
day coal-to-gasoline plant  near  Gillette, Wyoming. 
Despite, the decision to shelve the project, the Hamp-  
shire group continues to press for federal and s t a t e  
permits  it would need to begin construction (304, 305). 

The Exxon donor solvent  coal l iquefaction process 
developed b y  Exxon has been undergoing a 2 year 
large-scale pilot p lant  testing at Baytown, Texas. Since 
its s tar t  up in 1980, the pilot p lant  accumulated over 
10,600 hr of operation and processed more than  80,000 
tons of coal. The EDS development  program was 
shared by cosponsors Exxon, DOE, EPRI, Phillips 
Coal, ARCO's Anaconda Minerals, West Germany  
Ruhrkohle, ENI of Italy, and a Japanese consortium. 
Commercial scale application is still  some years off 
(301,306). 

E n e r g y  f r o m  n u c l e a r  s o u r c e s . - - I n  spite of the fact 
that nuclear  energy is the fastest growing U.S. electric 
power source (307), the nuclear  indus t ry  must  rebuild 
its credibil i ty to get public acceptance, says NRC 
Chairman, N. Palladino. A recent  s tudy by Battelle 
H uma n  Research Center  also indicated that the Ameri -  
can people express "cautious optimism" in the belief 
that technology can deal with nuclear  p lant  safety a n d  
waste management  problems (308). 

Energy Informat ion  Adminis t ra t ion  estimated that  
nuclear  power in 1982 would generate 313 bil l ion kW- 
hr  of electricity, or 15% more than 1981's total. Nuclear 
power accounted for approximately 13% of the total 
electricity output  in the U.S. dur ing  1982 (307). Elec- 
tricity from coal and na tu ra l  gas supplied over 50% 
and 15%, respectively, of the U.S. electricity demand 
(309). 

Less- than-enthusias t ic  public acceptance, cost over-  
runs, delays and deferrals, and no firm solution to t h e  
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problem of waste disposal had resulted in slipping of 
construction schedules and eventual cancellation of 
numerous projects. Table XXV provides an up- to-date  
overview of nuclear capacity in the U.S. (309). 

The adverse impact of Three Mile Island on the nu- 
clear industry cannot be downplayed. The recent in- 
spection result from TMI-2 reactor showing no fuel 
melting was good news (310). Unfortunately, the can- 
cellation list for nuclear power plants continued to 
grow. TVA scrapped further construction of four par-  
tially completed nuclear power plants in August 1982 
due to dwindling electricity demand. Houston Lighting 
Power Company also dropped the Allens Creek Nu- 
clear Power plant  at Austin, Texas, citing continuing 
delays in  obtaining a construction plant. Since 1975, 89 
reactor years have been lost to delays in nuclear 
power plants (309). 

Many an argument has been triggered on the subject 
of which fuel generates the least expensive electricity. 
Basically, capital costs are much higher for nuclear 
plants than coal-fired plants. But, compared to coal, 
nuclear fuel costs are extremely small. According to a 
DOE Energy Information Administration (EIA) study, 
new nuclear plants will produce power one-half to 
one-third the cost of operating existing oil and gas- 
fired plants (311). In a 1982 study by W. W. Brandfon 
of Sargent and Lundy, nuclear has a 4.7% edge over 
high sulfur coal and a 13% edge over low sulfur 
coal. EIA, however, maintained nuclear-generated 
electricity would cost approximately the same as coal- 
generated electricity in the future (309). 

Unlike the Carter Administration, the Reagan Ad- 
ministration enthusiastically endorsed nuclear power 
and breeder technology coupled with reprocessing of 
spent fuel According to Welske of AIF, "Nuclear 
power is, after all, not only an economic animal, but a 
political emotional animal as well" (309). "Clinch 
River breeder reactor is the epitome of that politiciza- 
tion," said G. Chipman of DOE. Project cost for the 
breeder was estimated to be $8-12 billion, a major 
jump from an earlier projection of $3.7 billion (312). 

Fuel cells and batteries.--Fuel cells.--As of Decem- 
ber 17, 1982, the DOE fossil energy budget for fuel 
cells development includes the following features: 
Reagan request, $95 million; House appropriation, 
$31.5 million (proposed); and Senate appropriation, 
$28.8 million (proposed) (313). The final budget figure 
for fuel cell will likely be somewhere between $20-$30 
million. 

Following the announcement earlier in 1982 that 
DOE and NASA would fund field testing of commer- 
cial-scale fuel cells, the two agencies have now un- 
veiled a 4 year $37 million program to develop alter- 
native fuel cell technology. Westinghouse Electric 

Table XXV. Nuclear power capacity (309) 

Pressur 
ized 

Water water Capacity 
reactor reactor Other Total (MW) Number  of reactors  

3 76 58,496 
3 72 55,061 
0 2 2,328 
0 2 1,106 

0 75 83,280 

0 59 64,870 

0 14 15,858 
0 2 2,560 

1 ii 12,714 

3 0 3 3,510 

105 4 165 158,007 

Operating or l icensed 25 48 
In full  power  24 45 
In power  ascension 0 2 
Shut down indefinitely 1 1 

Construction permit  
granted 26 49 
Construction 

at 20% or more  21 38 
Construction at 

less  than 20% 5 9 
No construction 0 2 

Construction permit  
pending 5 5 

Order placed for  
new plant  0 

Total  56 

September I983 

Corporation, Pittsburgh, Pennsylvania will develop a 
phosphoric acid fuel cell system based on air-cooled 
designs (314, 315). 

A $40.8 million project being shared by DOE and the 
Gas Research Institute (GRD to install 45 fuel cell 
power plants, each capable of generating 40 kW of 
electricity in commercial and residential sites across 
the U.S. will s tart  in mid-1983. NASA will be the con- 
tracting agent. United Technologies will provide the 
fuel cell system (316). The first of 48 units that will be 
field tested is now humming away quietly behind a 
laundromat in Portland, Oregon. The succeeding fuel 
cell began running in October at the Southern New 
England Telephone Company in Vernon, Connecticut 
(317). 

On a slightly negative note, the 4.8 MW demonstra- 
tion (United Technology) phosphoric acid fuel cell 
plant at Con Edison, New York, was further delayed 
until mid or late Fall  of 1982 because of design prob- 
lem in the reformer-tube unit. The plant was slated 
to go into operation in June of 1982 (318). 

Overseas activities in phosphoric acid fuel cell de- 
velopment are part icular strong in Japan. Toshiba 
Corporation, Fuji  Electric Company, and Mitsubishi 
Electric Corporation all are trying to develop cell 
technology (319). Mitsubishi Electric Corporation has 
started joint development of a molten carbonate fuel 
cell with Energy Research Corporation of Connecticut 
(320). 

B a t t e r i e s . - - T h e  $18.8 million federal research and de- 
velopment funding for 1982 according to General Ac- 
counting Office (GAO) was aimed at developing near- 
term electric vehicle bat tery technology and produc- 
ing improved vehicle prototypes. But to date, only 
General Motors has signaled its intention to market  
electric vehicles in the near future. A study prepared 
recently by GAO recommended that the government 
end its research and development effort, with the ex- 
ception of a program to develop more efficient ad- 
vanced electric vehicle batteries such as aluminum- 
air, l i thium-metal  sulfide, and sodium sulfide units. 
For both fiscal 1981 and 1982, DOE provided more than 
$10 million for specific advanced bat tery research 
(321). 

In a move toward the advancement of research into 
the development of the electric automobile, Johnson 
Controls Incorporated, Milwaukee, Wisconsin, and Ex- 
xon Research and Engineering Company, Linden, New 
Jersey, have agreed to jointly pursue the development 
of the zinc-bromine battery. The zinc-bromine battery 
is aimed at providing additional power needed for full 
"on board" capacity and for load leveling application 
(322). 

In early April,  the Strategic Systems Division of 
GTE Products Corporation, Stamford, Connecticut, re- 
ceived a $5.9 million contract from the Air  Force to 
supply 10,000 A-hr  lithium thionyt chloride batteries 
for the Minuteman ICBM program. In anticipation of 
the brisk business with the Military, GTE recently 
opened a $15 million li thium bat tery production plant 
at Henderson, Nevada. The other lithium bat tery de- 
velopers are Power Conversion Incorporated, Elm- 
wood Park, New Jersey (l i thium-sulfur dioxide bat-  
tery) and Gould, Rolling Meadows, Illinois ( l i thium- 
iron sulfide battery) (323). 

F u s i o n  a n d  m a g n e t o h y d r o d y n a m i c s . - - F u s i o n . - - T h e  
Tokamak fusion test reactor (based on the principle of 
"magnetic confinement") at Princeton University 
Plasma Physics Laboratory was successfully tested 
December 24, 1982. The test plasma was hydrogen, not 
fuel (deuterium and tr i t ium).  Temperatures attained 
were only 100,000~ and the plasma lasted 50 msec. 
Investigators are expected to reach scientific break-  
even conditions, i.e., generation of enough heat from 
fusion reactions to maintain the plasma without ex- 
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ternal heating, by 1985. Target of the Princeton group 
is to achieve by 1990 the overall  goal of engineering 
break-even, i.e., production of energy equal to that 
needed to run the entire facility (324). 

Based on the principle of "inertial  confinement", t h e  
group at University of Rochester, Laboratory for 
Laser Energetics, is attempting to produce energy via 
laser fusion techniques. Basically, a number of syn- 
chronized laser beams are directed at a t iny pellet of 
deuterium and tritium. Tremendous energy is gen- 
erated as the escalating temperature of the fuel caused 
atomic fusion. The energy l iberated in the forms of 
neutrons is "inertially confined" and can be captured 
for generating electricity (325). 

These two man-made approaches to fusion, magnetic 
and inertial, can potential ly solve the world energy 
problem for millennia at a tolerable fraction of t h e  
environmental damage now caused by existing sources. 
Table XXVI provides an estimate of future sources of 
energy (326). 

MHD.--Coal-fired power plants that emit practically 
no SOx, NOx, or particulates may be possible by u s i n g  
combined magnetohydrodynamics (MHD)/s team gen- 
erators, according to University of Tennessee's Space 
Institute. Essentially, MHD generation uses a super~ 
heated electrically conductive gas (at 4900~ which is 
produced by burning (coal) gas that is preheated to 
2,960~ and passing the resultant ionized gas (potas- 
sium ions from potassium carbonate seed) through a 
strong magnetic field to generate electricity. The h o t  
gas leaving the MHD generator is at a temperature of 
about 3,500~ so it can be used to create steam in a 
conventional steam generator (327). 

A $2.6 million contract for the first phase of t h e  
MHD Advanced Power Train (APT) program was 
awarded to Westinghouse Electric Corporation by 
NASA. The power train includes the power producing 
components of the MHD topping cycle. Funding for 
the contract was scheduled for completion in late 1982 
(328). 

EPRI, along with DOE, Mountain States Energy, 
and Montana Power dedicated a $1.5 million inverter 
for a $40 million MHD test center at Butte, Montana. 
With MHD~ d-c current is generated by the flow of 
plasma. Electron flows are tapped by electrodes and 
fed i n t o  t h e  inverter. The hot gases are also used to 
produce steam (329). 

A new concept of MHD was expected to be tested 
at the pilot scale plant at Ben Gurion University in 
Beersheba, Israel. The methods entail heating a liquid 
metal which is d r i v e n  t h r o u g h  a high intensity mag- 
netic f i e l d  to produce an electric current (330). 

G e o t h e r m a l . - - T h e  U.S. Geological Survey estimated 
t h e  quantity of energy recoverable from low tempera-  
ture and high temperature geothermal sources are 
200-300 quadrillion BTU and 85-140 quadrillion BTU, 
respectively. Just how far geothermal power can go 
depends strongly on the development of a technology 
called binary generat ion--a technology used for ex- 

tracting energy from low temperature geothermal 
sources. This binary generation technology requires a 
large quantity of isobutane-pentane mixture as heat 
transferring fluid in addition to muds and heat toler- 
ant additive materials  for drilling. According to 
R. Wolke, Manager of Magsobar's Geothermal Divi- 
sion, drilling a 7000 ft wel l - -not  unusually deep--  
would take approximately $50,000 of additives a n d  
muds (331). 

The number of geothermal wells sunk each year  has 
doubled over the past 8 years to 80 wells. The quantity 
of installed geothermal power capacity is, however, 
still small--920 MW (roughly equivalent to a fair-sized 
nuclear plant) .  Potential geothermal power capacity in 
the U.S. according to NSF is 200,000-700,0.00 MW (331). 

The slashing of federal funding from $53 million in 
fiscal 1982 to $10 million in fiscal 1983 casts a shadow 
of uncertainty for the future expansion of geothermal 
energy. Only the attractive economics of geothermal 
energy could prove a powerful incentive for p r i v a t e  
development (331). The recent decision by Southern 
California Edison Company not to undertake the 47 
MW plant at Heber, which was to have been the f i r s t  
commercial geothermal facility in the Imperial  Valley, 
was certainly not encouraging (332). 

The largest geothermal prospect is in the Imperial  
Valley of California. Other areas include Hawaii Is- 
land, Utah, Nevada, Oregon, and New Mexico (331). 

H y d r o e l e c t r i c / w i n d . - - I n  an era of spiraling fuel 
prices and widespread concern for air quality, h y d r o  
and wind generation represents a stabilizing force f o r  
holding down energy costs. In the U.S., almost all pr i-  
mary (high head) hydro resources have already been 
developed and are being used. Secondary (low head) 
resources are just beginning to be tapped (333). 

Although the DOE's Office of Conservation and Re- 
newable Energy has published final rules for loans for 
wind-energy systems and small hydroprojects, it only 
informs the public how to go about obtaining loans. 
The Congress, however, has thus far not appropriated 
any funds for the loan program (334). 

Feasibili ty studies were conducted by Tennessee 
Valley Authori ty (TVA) on 25 sites for the benefits of 
possible hydropower developers. Thus far, eight have 
been evaluated. The results are highlighted in Table 
XXVII (335). 

The Interior Department 's  Bureau of Reclamation 
has dedicated two new wind generators near Medicine 
Bow, Wyoming, with a total capacity of 6.5 MW. Tech- 
nologies are provided by Hamilton Standard Division 
of United Technology and Boeing (337). 

S o l a r  photovoltaic.--Despite a lot of hard work, t h e  
prohibitive cost of converting sunlight directly i n t o  
electricity has held back the solar/photovoltaic indus- 
t ry for the past decade. While federal cuts are l ikely 
to reduce both the number of companies working on 
solar cells and other technological approaches, many 
believe that  the industry is mature enough and has 

Table XXVI. Estimated future sQurces of energy (326) 
("Q" or I0 is BTU 1021 joules) 

Near terms Total future 
or known U.S. supply 

Table XXV[I. Results of feasibility studies for eight dams (335) 

Average  
Installed annual 
capacity energy  Cost* 

Site County (kW) (MW-hr) ($/kW) 

Gas and oil 0.6 2,8 
Shale oil 0.9 9.6 
Coal 5.2 34.0 
Nuclear fusion 1.3 70.0 (breeder)  
Solar renewable  renewable  
Geothermal,  wind; limited l imited 

bioeonversion 
Fusion 250 16,000,000,000 

( l i thium) (deuterium) 

Old Columbia Maury, TN 730 3,200 3,030 
Shelbyvil le  Bedford, TN 230 1,369 3,900 
MeMinnville Warren,  I'N 225 1,400 4,000 
Burgess FaRs Putnam, TN 370 1,300 2,570 
Sparta White,  TN 300 1,400 2,100 
Shoal Creek 1 Lawrence,  TN 300 1,100 3,900 
DeSoto State Park DeKalb, AL 700 2,000 2,200 
Eve Mills Monroe, TN 33 100 3,300 

* Total cost based on 1981 dollars; est imates do not include 
Note: U.S. energy  use rate = approximately  0.1 Q/yr. primary reclosure and transformer costs. 
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good enough technology to prnsper  wi thout  federa l  
suppor t  (338). 

Most recently,  Southern  Cal i fornia  Edison Company 
has filed for a landuse pe rmi t  as a first s tep in wha t  
m a y  prove to be one of the most exci t ing 20th Cen tury  
v e n t u r e s - - a  solar  tower  ins ta l la t ion  wi th  an average 
net~output a round  100 MW. Es t imated  cost is $43 mi l -  
l ion (plus in te res t ) ;  i t  should take  3.5 years  to com- 
plete. Locat ion is to be in the high deser t  region near  
Victorvil le ,  California.  The solar  hea t  would come 
f rom some 15,400 hel iostats  (modula r  mi r ro r ) .  The re -  
ceiver  fluid (potass ium or  sodium n i t r a t e )  would,  by  
heat  exchange,  conver t  into s team to dr ive  a genera to r  
(339). 

Act ivi t ies  in the deve lopment  of improved  solar  cells 
for photovol ta ic  appl ica t ion  are  especia l ly  high in 
1982. Various technologies (Table XXVIII )  are  com- 
pet ing in the race toward  the $1-$2/peak wat t  cost of 
photovol ta ic  cells tha t  is r equ i red  to jus t i fy  h igher  
product ion capacity.  And  al l  photovol ta ic  companies 
are  work ing  on ways  to boost cell efficiency, from the 
cur ren t  level  of about  12-15%, while  cut t ing presen t  
cell cost of about  $10/peak wat t  (340). 

Mobil  Oil Corpora t ion  recen t ly  has purchased  for  
cash tlae 20% equi ty  that  Tyco Labora tor ies  Incorpo-  
ra ted  held  in Mobil  Tyco Solar  Corporat ion,  a jo in t  
venture  since 1974 to develop photovol ta ic  solar  t ech-  
nology. Mobil  wi l l  continue to develop and manufac-  
ture solar  cells at the Wal tham and Billerica,  Massa-  
chusetts,  p lants  (341). 

Ene rgy  Conversion Devices (Troy, Michigan)  an-  
nounced that  its jo in t  so lar  cell ven ture  wi th  S t anda rd  

Table XXVIII. Various photovoltaic technologies (340) 

Company Process Status 

A m e t e k  
(Paol i .  PA)  
A r c o  S o l a r  
( C h a t s w o r t h ,  PA)  
subs.  of A t l a n t i c  
Richfield) 

C h e v r o n  Research 
(Richmond,  CA) 
subs .  of  Soca l  

C h r o n a r  
( P r i n c e t o n ,  NJ)  

Crystal Systems 
( Salem, MA) 

General Electric 
(Philadelphia, PA) 
Mobile Solar 
(Waltham, MA) 
subs. of Mobil Oil 

Photon Power 
(El Paso, TX) 
subs. of Libby 
Owens Ford, Total 
(France) 

E l e c t r o p l a t e s  c a d m i u m  t e l l u - R & D  
r ide  on  a me ta l l i c  substrate  

Pul l s  s i l icon c r y s t a l  f r o m  cru-  C o m m e r c i a l  
cible and sl ices i n to  w a f e r s  

Depos i t s  c a d m i u m  su l f ide /cop-  C o m m e r c i a l  
p e r  o n  a g lass  s u b s t r a t e  

Depos i t s  s i lane  v a p o r  on  a N e a r  com- 
s u b s t r a t e  merc ia l i za -  

t ion  
F o r m s  s i l icon i n g o t  w i t h i n  C o m m e r c i a l  

c r u c i b l e  a n d  s l ices  i n to  
w a f e r s  

Decomposes  s i l ane  p l a s m a  on  R&D 
a t h i n  fi lm 

Uses  a die to shape a s i l icon C o m m e r c i a l  
r i b b o n  

S imi l a r  to  C h e v r o n  R e s e a r c h  R&D 

P h o t o w a t t  I n t e r n a t ' l .  S imi la r  to A r c o  So la r  
(Phoen ix ,  AZ) 
subs .  of Elf  Aqui -  
t a ine  ( F r a n c e )  
a n d  others  

RCA 
( P r i n c e t o n ,  NJ) 
So la r ex  
(Rockvl l le ,  MD) 
p a r t i a l l y  o w n e d  b y  
S t a n d a r d  Oil (IN) 

SES S imi l a r  to  C h e v r o n  Research 
( N e w a r k ,  DE) 
subs.  of Shel l  

So la r  P o w e r  S imi l a r  to A r c o  So la r  
( W o b u r n ,  MA) 
subs.  of  E x x o n  

So lavo l t  S imi l a r  to A r c o  So la r  
( P h o e n i x ,  AZ) 
subs .  of Motorola/  
Shel l  

Telie Depos i t s  c o p p e r  i n d i u m  di- R&D 
(San t a  Monica ,  CA) se l in ide  on a s u b s t r a t e  
subs .  of  D a r t  & 
K r a f t  

West inghouse  Grows si l icon crystals  in  R&D 
( P i t t s b u r g h ,  PA)  s t r ips  u s i n g  a dendrit ic  seed 

C o m m e r c i a l  

S imi l a r  to  GE R&D 

F o r m s  r e c t a n g u l a r  s i l icon C o m m e r c i a l  

R&D 

C o m m e r c i a l  

C o m m e r c i a l  

Oil of Ohio (SOHIO) is moving headlong toward  com- 
mercial izat ion.  The joint  ven ture  (since mid-1981) is 
a imed at  the deve lopment  of amorphous  sil icon solar  
cells. SOHIO has invested app rox ima te ly  $15 mil l ion 
(of the $80 mil l ion envis ioned)  to date. SOHIO also 
wil l  be get t ing a share  of the ECD-Sharp  Corporation,  
Japan,  jo int  venture  (342). 

Other  commercia l  act ivi t ies include the recent  ded i -  
cation of a 225 kW solar  cell power  p lan t  at  Phoenix  
Sky  Harbor  In te rna t iona l  Airpor t .  This photovol ta ic  
p lan t  is a jo in t  effort of DOE and three  other  Ar izona  
par t ic ipants  (343). Also included is the Sacremento  
Municipal  Ut i l i ty  Distr ic t  (SMUD) 100 MW photovol-  
talc pro jec t  sponsored by  DOE, Cal i fornia  Energy  
Commission, and SMUD for the ini t ia l  $12 mi l l i on  first 
phase. And  ARCO's 1 MW photovol ta ic  p lant  nea r  
Barstow, California,  was tested for the first t ime under  
cloudy skies and high winds  producing  40 kW (344). 

In the Research and Deve lopment  front,  ARCO's 
P. Wildes indica ted  that  r ichly  colored compounds may  
soon br ing  solar" energy  closer to economic viabil i ty.  
Chemists have used fluorescent dyes wi th  cheap plast ic  
to produce an inexpensive  luminescent  solar  concen- 
t ra tor  (LSC) that  makes  sil icon photovol ta ic  cells 
more economic to use. These dyes impar t  addi t ional  
s tab i l i ty  to photovol ta ic  cells which are under  constant  
bombardmen t  of l ight  (345). 

Researchers  at Lawrence  Berke ley  L a bo ra to ry  ( team 
headed by  Professor  G. Somor ja i )  c la imed the dis-  
covery  of doped iron oxide mater ia l s  capable  of spl i t -  
t ing wa te r  wi th  solar  radiat ion.  Somor ja i  c laimed that  
the doped iron oxide mater ia l s  wil l  a l low one to make 
use of the visible par t  of the spectrum,  ra ther  than 
only the u l t rav io le t  (346). 

The Texas  A and M Hydrogen  Research Center  also 
claimed the b reak th rough  in the deve lopment  of a 
process which rel ies  on photovol ta ic  cells made  f rom 
s ing le -c rys ta l  si l icon laced with  an inexpensive  metal .  
The Texas A and M group is headed by  Professor  
J. O'M. Bockris and funded by  five companies:  A t -  
lant ic  Richfield, S t anda rd  Oil of Ohio, Diamond Sham-  
rock, Koppers ,  and one unidentif ied company  (347). 
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ABSTRACT 

Two independent  methods were employed to determine the rate of thermal energy generation in 200 A-hr lithium- 
aluminum/iron sulfide cells. The first is an indirect  method using thermodynamic  calculations based on precise measure- 
ments  of the cell potential  as a function of temperature  and state of charge, combined with measurements  of the 
overpotential  during discharge. The second is the direct measurement  of the cell heat  generation using a new high tempera- 
ture bat tery calorimeter. The results obtained by these two methods  are in excellent  agreement.  The rate of heat  gene'ration 
is 40-50W per cell during the last 30% of discharge at 100A. Under  certain conditions the cell reaction, initially exothermic,  
becomes endothermic  and then exothermic again during discharge. This unusual  behavior  is caused by the formation of 
intermediate  J-phase (LiK6Fe~S~eC1) and X-phase (Li~FeS2) compounds  during the course of discharge. 

High t empe ra tu r e  l i t h i u m - a l u m i n u m / i r o n  sulfide 
bat ter ies  a re  under  deve lopment  for  vehicle  p ropu l -  
sion, off -peak energy  storage,  and satel l i te  power  ap -  
pl icat ions.  Thermal  managemen t  is an impor t an t  
aspect  of des ign of these ba t te r ies  because of the i r  
h igh specific energy  of more  than 1O0 W - h r / k g  and 
opera t ing  t empera tu re  of 400~176 F r o m  the v iew-  
point  of t he rma l  management ,  the most impor tan t  
p r o p e r t y  of ~a ba t t e ry  is the var ia t ion  of t empera -  
ture  wi th  posi t ion and t ime, which is caused p r imar i l y  
by  the genera t ion  of the rmal  energy  wi th in  the cells. 

The objec t ive  of the presen t  work  was to de te rmine  
the ra te  of t he rma l  ene rgy  genera t ion  in LiA1/FeS 
cells as a funct ion of cur ren t  and depth  of discharge.  
The u l t imate  goai  of this research is to es tabl ish a 
the rmal  mode l  to predic t  the t empe ra tu r e  a t  al l  points  
wi th in  a ba t te ry ,  given the cur ren t  and  t e rmina l  vo l t -  
age of each cell  and known ini t ia l  and b o u n d a r y  con- 
ditions. Values  of the  ra te  of the rmal  energy  genera -  
t ion are  essential  to this t he rma l  model ing.  

Two independen t  methods  were  used to find the ra te  
of t he rma l  energy  genera t ion  c~. The first, indirect ,  
method was to measure  the cell  po ten t ia l  E as a func-  
t ion of t empera tu re ,  and the to ta l  overpo ten t ia l  ~, a n d  
to compute  c~ us ing the  t he rmodynamic  equat ion (1) 

-- I[--T(OE/OT)p,~ + ~l] [1] 

where  I is current ,  taken  as posi t ive for  discharge;  P 
is pressure ;  and ~ represents  the progress  of the  cell  
react ion.  Severa l  s tudies  of the  t e m p e r a t u r e  coefficient 
of the  cell  po ten t ia l  have  been publ i shed  (2-4) .  
However ,  none of these covers the  des i red  range  of 
t empera tu re  and s tate  of charge  with  sufficient p re -  
cision for our  purpose.  

The use of Eq. [1] for calculat ing the ra te  of the r -  
mal  energy  genera t ion  is val id  only if  the cell is t he r -  
modynamica l l y  revers ible ,  as defined b y  Gibbs (5). 
This has not  been shown prev ious ly  for  LiA1/FeS 
cells. Thus, we have also d i rec t ly  measured  the hea t  
flow f rom iso thermal  cycl ing cells, using a high t em-  
pe ra tu re  ca lor imete r  (6) speciMly designed for  this  
purpose.  Equat ion [1] is s t r i c t ly  appl icable  only  for  
i so thermal  operat ion.  This condit ion is closely met  for 
a l l  of the  ca lor imet r ic  resul ts  repor ted  here.  Thermal  

* Electrochemical Society Active Member. 
Key words: cell, eraf, electrolyte, thermodynamics. 

model ing  and expe r imen ta l  measurements  of in te rna l  
cell  t empera tu re  have shown m a x i m u m  in te rna l  t em-  
pe ra tu re  differences of less than  I~ for cells opera ted  
at  the  currents  used in our  ca lor imet r ic  work,  i.e., 
40A or  less. 

Experimental 
200 A-hr lithium-aluminum~iron sulfide cells.--The 

cells used in the present  s tudy  were  f ive-plate,  p r i s -  
mat ic  cells. They contained three  l i t h i u m - a l u m i n u m  
ahoy  nega t ive  electrodes,  two i ron sulfide posi t ive 
electrodes,  boron n i t r ide  nonwoven separa tors ,  and 
mol ten  LiC1-KC1-LiF (62.7, 28.2, 9.1 mol percent ,  r e -  
spect ively;  mel t ing  point,  397~ electrolyte .  F igure  1 
shows detai ls  of the cell  construct ion.  The cells 
weighed a p p r o x i m a t e l y  2.5 kg and had  ex te r io r  d imen-  
sions of 21 • 13.3 • 3.2 cm; the i r  theore t ica l  capaci ty  
based on FeS content  was 200 A-hr .  The amounts  of 
the e lec t rode  mate r i a l s  and e lec t ro ly te  in the cells are  
given in Table  I. 

Apparatus.--A cyl indr ica l  cons t an t - t empe ra tu r e  
furnace  was bui l t  to house the  L i A I / F e S  cell  under  
test. The furnace core was a 304 stainless s teel  can 
(height,  46 cm; d iameter ,  20 cm) su r rounded  b y  

Fig. !. Five-plate cell construction. 
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Toble I. Mosses of components of a 200 A-hr LiAI/FeS cell 

Component Weight,  g 

Positive electrode 
FeS 185.35 
LisS 96.74 
Fe 129.94 
Mo 15.46 
C 6.88 
LiC1/KCI (eutectic) 134.03 

Total positive material  568.40 

Negative electrode 
LiA1 (18 w/o Li) 237.20 
AI 124.80 
LiC1/KC1 (eutectic) 40.86 

Total negative mater ia l  402.86 

Electrolyte 
LiCI/KCI/LiF 536.90 

(62.7, ZS.Z, 9.1 mol percent)  

three electrical mica band heaters (Tempco Electric 
Heater Corporation, Schiller Park,  Ill inois).  This 
inner container was centered in a cylindrical vessel 
(height, 112 cm; diameter, 56 cm) filled with thermal 
insulation material  (Fiberfrax Blankets and Fiberfrax 
Hot Boards, products of Carborundum Company, 
Niagara Falls, New York). In steady-state operation, 
this furnace without cell connections, lost to the sur- 
roundings the following heats: 195, 182, and 160W at 
temperatures of 490 ~ 470 ~ and 440~ respectively. 

Figure 2 shows schematically the apparatus for the 
measurement of cell potential. An LiA1/FeS cell was 
clamped by two constraint plates to eliminate possible 
shape change of the electrodes and was placed into the 
furnace. Power cables connected the cell terminals to 
the bat tery charge-discharge cycler (Model CDC- 
50-10, Propel Incorporated, South Plainfield, New 
Jersey).  Two smaller gauge wires were also connected 
to the cell terminals for potential  measurements. 
Argon gas was passed at a low rate into the furnace to 
protect the cell terminals from oxidation. The supply 
of constant power to the heaters through a variable 
transformer gave a highly stable s teady-state t em-  
perature, and this method of temperature control was 
used during measurements of cell potential. 

The cell temperature was measured using a cali- 
brated type K thermocouple located at the center of 
the surface of one of the constraint plates. The cell 
potential was measured using a Guildline seven-and- 
one-half-digi t  multimeter. The precision of the mea- 
surements of temperature and cell potential was 0.1~ 
and 0.01 mV. The criterion of equilibrium was taken 
as constancy of the cell potential to within 0.01 mV 
for 1 hr. The time required for at tainment of equi- 
l ibr ium after  a change of temperature or state of 
charge was typically 14-18 hr  but occasionally reached 
several days. Chan~es in state of charge were always 
carried out at 475~ by 50A constant current charge 
or discharge. The cell was assumed to be fully charged 
when its terminal  voltage reached 1.55V during 

MULTIMETER 

iCE K~TYPE 
POINT CON~;TANT 

TEMPERATURE 

Fig. 2. Black diagram of apparatus used for cell potential mea- 
surement. 

charge and completely discharged on reaching 1.00V 
during discharge. The relat ively high current u~ed to 
change the state of charge has little effect on cell 
capacity: for discharge at 50A the capacity was 188 
A-hr;  for 20A discharge it was 194 A-hr;  and the 
theoretical capacity based on the sulfur content of the 
positive electrode was 200 A-hr.  This relat ively high 
current may, however, introduce some uncertainty as 
to the phases present in the FeS electrode, since no 
analysis of the electrode was performed. At each 
depth of discharge, the cell potential was measured 
from higher temperature to lower temperature and 
back again. 

A high temperature bat tery calorimeter (Hart Sci- 
entific, Provo, Utah) was designed and constructed 
for measurement of the rate of thermal energy gen- 
eration of IAA1/FeS cells. The calorimeter was de- 
signed with a temperature range of 400~176 a 
sensitivity of 1 roW, and an upper limit of heat flow 
of 50W. The details of its construction and principles 
of operation are presented in Ref. (6). 

During early testing of the calorimeter, it was noted 
that some of the nickel-foil  heaters and their power 
leads oxidized and failed in 15 days of operation. Ac- 
cordingly, the temperature range of the calorimeter 
was limited to 410~176 Within these limits the 
calorimeter functioned as designed. Design changes to 
remedy its flaws are also presented in Ref. (6). 

Results and Discussion 
Table II gives the values of the cell potential at 

various temperatures and depths of discharge. The re-  
producibili ty of these results was excellent. For ex- 
ample, at 23% depth of discharge (see Table II) ,  the 
cell potential was 1.33705V at 476.8~ after five days 
at lower temperatures, the cell potential was measured 
again as 1.33702V at 476.4~ 

The measured cell potentials are plotted in Fig. 3. 
As can be seen, the temperature derivative of the cell 

Table II. Emf of LiAI/FeS cell 

Depth os discharge (%) Tempera ture  (~ Emf (V) 

0 479.1 1.40476 
464.6 1.40743 
447.2 1.41106 
433.3 1.41398 
417.9 1.41766 

12 494.0 1.34681 
471.6 1.34261 
462.4 1.34083 
447,7 1,33796 
416.4 1.33096 
422.8 1.33232 

23 476.8 1.33705 
459.9 1.33483 
445,2 1.32276 
415.3 1.33254 
417.5 1.33254 
422.3 1.33190 
428.5 1.33106 
448.3 1.33294 
480.1 1.33773 
488.0 1.33916 
476.4 1.33702 

37 474.1 1.33362 
444.0 1.32895 
412,7 1.33267 
418.6 1.33181 
426.4 1.33073 
439.2 1.32872 
483.2 1.33477 
476.0 1.33375 

51 485.2 1.32180 
465.6 1.32456 
414.0 1.33284 
430.0 1.33000 
446,3 1.32748 
477.6 1.32270 

77 475.3 1.32273 
493.0 1.32011 
439.6 1.32840 
407.5 1.33356 
478.0 1.32204 

100 483.2 1.32023 
455.7 1.32649 
428.0 1.33143 
417.0 1.33357 
470.7 1.32292 
474.0 1.32204 
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Fig. 3. Cell potential of an LiAI/FeS cell as a function of tem- 
perature and depth of discharge. 

potent ia l  varies  s t rong ly  wi th  t empera tu re  and depth  
of discharge.  For  fu l ly  charged or  d ischarged cells the 
t empe ra tu r e  coefficient of the emf is negat ive.  How-  
ever, for  p a r t i a l l y  discharged (23-37% depth  of dis-  
charge)  cells, two l inear  por t ions  are  noted;  over  
the  lower  por t ion of the  t empe ra tu r e  range the t em-  
pe ra tu re  coefficient is negat ive,  and at  h igher  t em-  
pe ra tu res  i t  is posit ive.  The cause of this unusual  be -  
hav io r  is be l ieved to be t ransi t ions  be tween  J -pha se  
(LiKsFee4S2sC1) and X-phase  (Li2FeS~) mate r ia l s  
identified by  workers  at  Argonne  Nat ional  Labora -  
tories (7, 8). Fo r  cells d ischarged 50% or  more,  on ly  
nega t ive  slopes were  found over  the  t e m p e r a t u r e  
range of 400~176 

Values of the t e m p e r a t u r e  der iva t ives  at  475 ~ and 
420~ obta ined  by  l inear  leas t  squares  analysis  a re  
given in Table III, along wi th  95% confidence in-  
tervals .  F igu re  4 shows the same resul ts  in graphica l  
form. 

In addi t ion  to the cell potent ia l  and its t empe ra tu r e  
der ivat ive,  values  of the t e rmina l  vol tage  as a func-  
t ion of cur ren t  and depth  of discharge are  requi red  
to compute  the ra te  of the rmal  energy generat ion.  
F igure  5 shows the cell  volt 'age dur ing cons tan t -cu r -  
rent  discharges of 40-100A to a cutoff vol tage of 1.00V 
at 475~ F rom these measurements  and the cell  po-  
tent ia ls  taken  f rom Fig. 3, the ove rpo ten t i a l  was cal-  
culated,  and the ra te  of t he rma l  energy  genera t ion  
was computed  using Eq. [ l ] .  The resul ts  'are p re -  
sented in Fig. 6. 

The rates  of t he rma l  energy  genera t ion  shown in 
Fig. 6 a re  r e l a t ive ly  small ,  even negat ive  (i.e., endo-  
the rmic) ,  dur ing  the  first 50% of discharge at 475~ 
The reason for this is the posi t ive value of OE/OT (see 
Fig. 4), which offsets the polar iza t ion  hea t  I~. Toward  
the end of discharge,  two phenomena  cont r ibute  to a 
subs tan t ia l  r ise in ~. The the rmodynamic  contr ibut ion 

Table III. The emf temperature coefficients of LiAI/FeS cells 
at various depths of discharge and operating temperatures 

Depth of T e m p e r a t u r e  coefficient 95% Confidence interval 
discharge  (mV/K) (• mV/K) 

(%) 475~ 420~ 475~ 420"C 

O --0.210 --0.120 0.023 0.023 
12 + 0.206 + 0.206 0.019 0.019 
23 + 0.147 -- 0.126 0.020 0.032 
37 + 0.150 -- 0.149 02)10 0.008 
51 -- 0.155 -- 0.155 0.013 0,013 
77 - 0.159 -- 0.159 0.012 0.012 

100 -- 0 . 2 ~  - 0.202 0.007 0.007 
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Fig. 4. Temperature derivative of cell potential of a 200 A-hr 
LiAI/FeS cell. 
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Fig. 5. Discharge curves at various currents at 475~ 
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Fig. 6. Thermal energy generation rate of an LiAI/FeS cell dur- 
ing discharge at 475~ 

to ~ changes sign and becomes exothermic ,  and the 
cell  overvol tage  increases r ap id ly  (see Fig. 5). As a 
resu l t ,  the r a t e  of t he rma l  energy  genera t ion  reaches 
40 W/ce l l  for a 100A discharge,  or  4 kW for a 100-cell 
ba t te ry ,  such as might  be used to power  an electr ic  
vehicle,  for example .  

The ra tes  of the rmal  energy  genera t ion  measured  
ca lo r imet r i ca l ly  and computed  f rom Eq. [1] are  com-  
pa red  for a 40A discharge at  430~ in Fig. 7. The 
agreement  be tween  the ca lor imetr ic  (squares,  ful l  
curve)  and the p red ic ted  (circles, do t ted  curve)  
values of hea t  flow is seen to be excel lent .  The po la r -  
izat ion hea t  is also shown:  over  most  of the  discharge 

2 5 -  

~ ' ~  2 0 .  ~.~ . 
w ~  
~ 15- 
<P 1 0 -  
~ger 
w ~  
= z  5 -  

0 - - - -  

MEASURED HEAT 
�9 -o - -  GENERATION 

CALCULATED HEAT 
---o--- GENERATION , J  

40 80 120- 160 
CAPACITY, Ah 

--1.5 > 

--1.4 ~ 

--1.3 ~ 

'1.2 ~ 
21.1 p-  

-1 .0  uJ ~ (J 
2O0 

Fig. 7. Thermal energy generation rate and cell terminal voltage 
of an LiAI/FeS cell at 40A discharge at 430~ 



it lies below and nearly paral le l  to the curve for the 
total heat. 

Discharge of the cell at a lower rate shows more of 
the details of the changes in ceil thermodynamics. 
Figure 8 shows the heat  flow during a 10A discharge 
at 435~ The transition from exothermic to endother- 
mic and back again, which is predicted thermodynam- 
ically, is clearly shown by the calorimetric measure- 
ments. The agreement between the two methods is not 
good during the first quar te r -of  the discharge; the 
calorimetric values are believed more reliable owing 
to the rapid change of the absolute value of the cell 
potential with state of charge, which decreased the 
accuracy of determinations of OE/OT for high states of 
charge. 

Figures 9 and 10 show the heat flows measured at the 
lower temperature of 410~ during a 10A discharge. 
Two points are part icularly significant. First,  the en- 
dothermic effect during discharge was not observed at 
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Fig. 8. Thermal energy generation rate and cell terminal voltage 
of an LiAI/FeS cell during 10A discharge at 435~ 
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Fig. 10. Thermal energy generation rate and cell terminal voltage 
of an LiAI/FeS cell during 10A discharge at 410~ 

410~ in contrast to the case at 435~ (Fig. 8). This 
result, which is consistent with the emf measure- 
ments, indicates that the phase transition of J to X 
did not occur during discharge at 410~ Second, at the 
beginning of discharge, two different heat generation 
rates were observed (Fig. 9 and 10) because the initial 
state of the cell was slightly different in each case. 
For the results in Fig. 9 the cell discharge was begun 
when the open-circuit  voltage was 1.540V. For the re-  
sults shown in Fig. 10 the cell was allowed to stand 
at open circuit for several days after a charge to 
1.550V; at the beginning of discharge its open-circuit 
voltage was 1.375V. The exothermic peak during the 
first 10% of dis.charge as shown in Fig. 8 and 9 is 
believed to be associated with the phase transforma- 
tion of FeS to J (8). Moreover, the absence of this 
exothermic peak in Fig. 10 indicates that the FeS- to-J  
transition in a cell charged to 1.55V may take place 
gradually during open-circuit  stand. The cell reaction 
in the case i l lustrated by Fig. 10 is believed to be 
due pr imari ly  to the reaction of J to Li2S. 

Figure 11 shows the terminal voltages of an old 
cell which was overcharged deliberately to 1.98V and 
subsequently to 1.94V at 420~ at 40A and was then 
placed on  open circuit. The cell voltage dropped 
during open-circuit  stand, underwent a point of in- 
flection in the vicinity of 1.BOV, and then leveled off 
at 1.35V. The transition of FeS to J is thought to be 
responsible for the inflection. 

The entropic contribution to thermal energy gen- 
eration can be expressed as 

Cls = --IT(OE/OT)p,~ = q -- I~ [2] 

At a part icular  temperature and state of charge, the 
temperature derivative is constant. The relationship 
between ~/s and I is thus expected to be linear. Figure 
12 shows ~/s for various charge/discharge currents at 
50% capacity and a temperature of 420~ The circles 
represent the entropic heat, which was obtained by 
subtracting the polarization heat from the total mea- 
sured calorimetric heat flow. The solid lines in Fig. 12 
indicate the values of C/s calculated from the value of 
OE/OT derived from emf measurements, --0.155 mV/K. 
The agreement is excellent for both charge and dis- 
charge. 

The calorimetric measurements and indirect ther-  
modynamic calculations of thermal energy generation 
yielded substantially identical results for the types 
of cells studied in this work. However, bat tery calo- 
r imetry has several advantages over the measurements 
of cell potentials at open circuit and during current 
flow. 

1. The calorimetric measurement of heat flow is 
direct and absolute; it  requires no assumptions as to 
the thermodynamic reversibil i ty of the cell. 

2. Calorimetry gives precise values for heat flow 
and does not require differentiation of the results with 
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Fig. 12. Entropic heat generation rate as o function of charge/ 
discharge current at 50% capacity at 420~ 

respect to temperature, as does the measurement of 
emf. 

3. Calorimetric measurements are rapid. For the 
LiA1/FeS cells studied in this work the amount of in- 
formation collected by calorimetry in one day required 
more than two weeks to obtain in measurements of 
cell potentials. 

4. The rapidity of calorimetric measurements per- 
mits the study of cells in which the state of charge 
is changing because of a finite rate of self-discharge. 

In summary, the precision, speed, and absolute na- 
ture of the results of battery calorimetry tend to off- 
set the cost of the instrument, which is higher than 
that required for precise emf measurements. 

Conclusions 
The rate of thermal energy generation has been de- 

termined for the high temperature lithium-aluminum/ 
iron sulfide cell with boron nitride separator and 
molten LiCI-KC1-LiF electrolyte by two independent 
methods. The cell thermal energy generation calcu- 
lated from a thermodynamic equation is in good 
agreement with the heat flow measured with an iso- 
thermal conduction .calorimeter. The results of cell 
heat generation are valuable for thermal modeling 

and the temperature control of batteries containing 
large numbers of cells. 

The temperature derivative of the cell potential of 
the LiA1/FeS cell is a complicated function of tem- 
perature and state of charge. The cell reaction for 
fully charged and fully discharged cells is exothermic; 
above 430~ a part of the discharge process is endo- 
thermic. 

In the calorimetric measurements, cell reactions at- 
tributed to the conversions of FeS to J-phase and J-  
to X-phase during discharge were observed and dis- 
cussed in this paper. The entropic heat generation of 
a cell was obtained by subtracting the polarization 
heat from the total cell heat generation measured by a 
calorimeter. Although the calculated entropic heat 
at 50% of capacity is consistent with thermodynamic 
reversibility, the cell reaction at higher states of 
charge showed evidence of irreversibility. 

Acknowledgments  
This work was supported by the U.S. Department of 

Energy under Contract W-7405-ENG-48 with Law- 
rence Berkeley Laboratory through subcontract num- 
ber 4505810. The cooperation of Gould's lithium/iron 
sulfide group in cell preparation is gratefully ac- 
knowledged. One of the authors (D.M.C.) would like 
to thank 3. Phillips and C. C. Chen for many valu- 
able discussions. 

Manuscript submitted Jan. 17, 1983; revised manu- 
script received April 28, 1983. 

Gould Incorporated assisted in meeting the publica- 
tion costs o] this article. 

REFERENCES 
1. H. F. Gibbard, "Thermal Properties of Battery Sys- 

tems," This Journal, 125, 353 (1978). 
2. M. M. Farahat, A. A. Chilenskas, and D. L. Barney, 

Abstract 86, p. 234, The Electrochemical Society 
Extended Abstracts, Vol. 80-2, Hollywood, FL, 
Oct. 5-10, 1980; Argonne National Laboratory Re- 
port, ANL-80-49, pp. 58-60 (1980). 

3. M. Gauthier, F. Morin, and R. Bellemar, IREQ Re- 
port Number 1805C (April 1978). 

4. C. Sy, Z. Tomczuk, and M. F. Roche, Argonne Na- 
tional Laboratory Report ANL-77-17, p. 47 (1977). 

5. J. W. Gibbs, "Collected Works," Vol. I, pp. 331-349, 
406-412, Yale University Press, New Haven 
(1957). 

6. L. D. Hansen, R. M. Hart, D. M. Chen, and H. F. 
Gibbard, Rev. Sci. Instrum. , 53, 45 (1982). 

7. Z. Tomczuk and M. F. Roche, Argonne National 
Laboratory Report, ANL-79-94, p. 142 (1980). 

8. Z. Tomczuk, S. K. Preto, and M. F. Roche, This 
Journal, 128, 760 (1981). 



The Effect of Additives on Current Distribution in Pasted Zinc 
Electrodes 

J. McBreen* and E. Gannon 

Brookhaven National Laboratory, Department of Energy and Environment, Upton, New York 11973 

ABSTRACT 

The effect of additives on current distribution during formation of a pasted zinc electrode was investigated in a two- 
electrode zinc-nickel oxide cell with a sectioned nickel oxide electrode. The zinc electrodes consisted of zinc oxide, a PTFE 
binder, and small weight percentage additions of the oxides of high hydrogen overvoltage metals. The square nickel oxide 
electrode was divided into sixteen square sections, consisting of four center and twelve edge sections. It was assumed that 
the current to each section was an exact measure of the current to that section of the zinc electrode that was in register with 
the section. In  the case of zinc electrodes with no additive, the average current density at the edge sections was about twice 
that found at the center sections. Additions ofBi203, Ga203, CdO, and HgO had little effect on the current distribution. Addi- 
tions of T120~ and In(OH)8 resulted in very even current distribution over the electrode area. Anomalous effects were found 
with PbO additions because of leaching of the additive into the electrolyte at the electrode edges. 

The principal  mode of failure in zinc-silver oxide 
and zinc-nickel  oxide cells with pasted zinc electrodes 
is shape change. This is a redis t r ibut ion of the zinc 
active mater ia l  that occurs on cycling. When shape 
change occurs zinc is eroded from the electrode edges 
and the zinc agglomerates toward the electrode center. 
Proposed mechanisms for shape change either at-  
t r ibute it to nonuni form current  distr ibution (1) or 
to separator  related electro-osmotic effects which are 
coupled with electrode reactions to cause nonuni form 
mass t ransport  (2, 3). Since shape change occurs in 
cells with microporous separators, which presumably  
do not  give electro-osmotic effects, and is accelerated 
by membranes  which display electro-osmosis, both 
mechanisms may be operative. Electro-osmosis cannot  
explain the dramatic effects of subst i tut ion of other 
additives for HgO (4-6), or the incorporation of 
Fe (OH)2 at the electrode edges (7, 8). 

In previous work on the addit ion of oxides of high 
hydrogen overvoltage metals to zinc electrodes, it was 
found that  m a n y  of these additives were reduced to 
metal  prior to zinc deposition (9). It  was also found 
that  some metal  oxide additives greatly affect the elec- 
trode polarizabil i ty and the zinc morphology. I t  was 
speculated that the beneficial effects of additives 
might be due to an improvement  in current  d is t r ibu-  
tion. The present  s tudy was an investigation of cur-  
rent  d is t r ibut ion dur ing  formation of zinc electrodes 
with various additives. 

Experimental 
Ce~/.--The current  dis t r ibut ion cell was very similar 

in m a n y  respects to that described previously (1). 
The test cell consisted of a s tandard pasted zinc elec- 
trode, a separator system, and a sectioned nickel  oxide 
counterelectrode. A cross section drawing of the cell 
is shown in Fig. 1. Current  dis t r ibut ion was deter-  
mined by moni tor ing  the current  to the various sec- 
tions of the nickel oxide electrode. 

Zinc electrode.--The zinc electrodes consisted of a 
ZnO/PTFE (polytetrafluoroethylene) mix  with t h e  
various additives on an expanded silver current  col- 
lector (Exmet Corporation, 5 Ag12.5-2/0). The method 
of preparat ion of the ZnO/PTFE mix (98% ZnO + 
2% PTFE) is described elsewhere (9). The ZnO/PTFE 
mix and the additives were blended in a War ing  
blender  in 120 ml of isopropanol. The suspension was 
poured over the current  collector onto a vacuum table 
and the l iquid d rawn  off. After  that, the electrodes 
were pressed wet, dried in  an oven at 50~ and given a 
final dry  pressing to the final dimensions (10.52 • 10.52 
• 0.073 cm). The vacuum table technique has been de- 

* Electrochemical Society Active Member. 
Key words: battery, cell, electrodeposition. 
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scribed in detail elsewhere (10). Each electrode con- 
tained 16.3g of ZnO. Electrodes of the following com- 
positions were evaluated:  98% ZnO + 2% PTFE (con- 
troD, 89% ZnO + 9.2% Bi203 + 1.8% PTFE, 96% 
ZnO + 2% Ga203 -t- 2% PTFE, 96% ZnO -t- 2% CdO 
+ 2% PTFE, 96% ZnO -t- 2% HgO -t- 2% PTFE, 96% 
ZnO -t- 2% PbO + 2% PTFE, 96% ZnO + 2% T1208 
+ 2% PTFE, 96% ZnO + 2% In(OH)3 +t- 2% PTFE, 
91% ZnO + 2% PbO + 5% Zn +t- 2% PTFE, 93% ZnO 
+ 5% Zn + 2% PTFE, and 91% ZnO + 5% Zn + 2% 
HgO + 2% PTFE. 

Nickel o ~ d e  electrode.--The nickel oxide electrode 
was prepared by sectioning a nickel  plaque into 16 
sections (2.54 X 2.54 X 0.13 cm). The sections were 
then welded on to an array of machined nickel current  
collectors that  were countersunk in an acrylic block 
(Fig. 1). The spaces between each section and the 
edges were masked with epoxy. The finished electrode 
is shown in Fig. 2. The space between each section 
was 0.12 cm. Except for the coined indentat ions at the 

CURRENT DISTRIBUTION CELL 

Fig. I. Schematic of current distribution cell 
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up to 20 rain for the zinc electrode to reach the zinc 
deposition potential,  dur ing  formation. This was true 
for additions of T120~, CdO, HgO, and Bi20~. This was 
s imilar  to what  was observed before (9) and was due 
to the reduction of the addit ive oxide to the metal. 
During this time there were rapid fluctuations in the 
current  distr ibution.  In i t ia l ly  edge sections had a 
higher current  that, center sections. However, the cur-  
rent  at the edges decreased rapidly as the oxide was 
consumed and the current  to the center  sections in-  
creased. On reaching the zinc deposition potential,  the 
current  dis t r ibut ion reverted to a condition where 
edge sections had a higher current  than  center sec- 
tions. The current  dis t r ibut ion became somewhat more 
even after the first hour of charge and thereafter  re-  
mained relat ively constant. The dis t r ibut ion shown in 
Fig. 3 is representat ive of that found for the last 17 
hr  of charge. In the case of electrodes with no additive 
and electrodes with additions of Ga2Oa and In(OH)3 
the zinc deposition potent ial  was reached within sec- 
onds. The current  to the edge seconds was higher than 
that  to the center  sections. The current  distr ibution 
became more even after about 1 hr  and once again 
the current  dis t r ibut ion at the end of charge (Fig. 3) 
is representat ive of the current  dis t r ibut ion for the 
last 17 hr  of charge. Some of these experiments  were 
repeated several times and the reproducibi l i ty  was 
good. The experiments  with no additives and with 

Fig. 2. The sectioned nickel oxide electrode for current distribu- 
tion measurements. 

center welds on each section, the electrode was per-  
fectly flat. The sectioned nickel  electrode was impreg-  
nated with Ni(OH)2 -~ 8% Co(OH)2 to a theoretical 
capacity of 2.87 A-hr  using the s tandard impregnat ion 
method (11). The electrode was then given three 
formation cycles in a 6M K O H  -5 0.5M LiOH elec- 
trolyte. 

Cell assembly.--The cell was assembled as follows. 
A sheet of n o n w o v e n  polypropylene (11.0 X 11.0 X 
0.013 cm, Pel lon Corporation, 2504K4) was placed over 
the sectioned nickel  oxide electrode. The zinc elec- 
trode was wrapped in two turns  of a microporous 
separator  (Celanese Corporation, Celgard 3501) and 
then centered over the nonwoven  separator, in register 
with the sectioned nickel  oxide electrode. The zinc 
electrode was placed in such a way that the expanded 
metal  cur rent  collector was on the side of the zinc 
electrode remote from the nickel oxide electrode. The 
rest of the cell was assembled, as shown in Fig. 1, 
and bolted together. Provisions were made to ensure 
an even dis tr ibut ion of thickness in the cell cavity 
(__.0.005 mm) .  The cell was then wetted down with 
20 ml  of electrolyte (8.4M KOH + 0.5M LiOH -5 0.74M 
ZnO) and soaked for at least 16 hr  prior to the s tar t  
of the experiment.  The cells were operated in the 
flooded mode with electrolyte extending 2 cm above 
the top of the zinc electrode. 

Experimental procedure.--The cell was first vacuum 
treated to remove gas bubbles  and then connected to 
the electrical circuitry for measur ing the current  dis- 
t r ibution.  This is described in detail  elsewhere (1). 
The cell was charged 'at 200 mA (1.82 mA/cm 2) for 18 
hr. The cur ren t  to the various sections was cont inu-  
ously monitored.  After  each test the cells were taken 
apart  and the zinc electrodes were visual ly examined. 
The nickel oxide electrode was discharged against  a 
nickel sheet electrode, washed three times in hot 
(60~ KOH to remove soluble additives, r insed with 
distilled water, and  allowed to d ry  overnight  at 25~ 
prior to the next  run.  

Results and Discussion 
Metal oxide additives and the initial s~ages of elec- 

trode formation.--Depending on the additive, it took 

CURRENT DENSITY mA/cm z 

._ .  

0 1  

I 

CONTROL�9 

9.2% BizO 3 

2% Gaz03 = 

2% CdO = 

2% HgO ll~ 

2% PbO �9 

2% TIzO~t 

2%ln(OH)~ 

2% Pb08~ 5%Zn 

0 
I I 

. X 

X=  

�9 X 

-- X 

-- X -" 

X -  �9 

A .  V 
v m  

o 
I 

-" 1.77 

�9 1.7:5 

1.66 

-" 1.69 

1.66 

1.60 

1.22 

1.06 

0.90 

�9 X x �9 

�9 x x �9 

Fig. 3. Current distribution at the end of an ;8 hr charge (1.82 
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Ga20~ were  repea ted  severa l  t imes over  the course of 
these exper iments  to ensure that  changes in cur ren t  
d is t r ibut ion f rom expe r imen t  to expe r imen t  were  not  
due to some ar t i fac t  due to aging of the n ickel  oxide 
electrode.  

The special case of PbO additions.--In the case of 
the cells wi th  PbO addit ions,  there  were  rap id  f luctua- 
tions in the  cur ren t  d is t r ibut ion  dur ing  the first 10 
min of charge. However ,  the cur ren t  to the center  
sections was higher  than  that  to the edge sections. On 
reaching the zinc deposi t ion potent ia l  the cur ren t  dis-  
t r ibut ion  was ve ry  uneven with  the  cur ren t  densi ty  
at the e lec t rode  edges being as much as eight  t imes 
higher  than  that  found at  the center  sections. The cur -  
ren t  d is t r ibut ion  became more even af ter  about  5 hr. 
The resul ts  in Fig. 3 are represen ta t ive  of the cur ren t  
d is t r ibut ion obta ined  in the l a s t  12 hr  of charge.  
However ,  the cur ren t  to the top four  sections of the 
e lec t rode  remained  abno rma l ly  h$gh. The average  
cur ren t  to the  top four  sections was about  twice tha t  
to the  bot tom four  sections of the ele,cti~ode. This ex -  
pe r imen t  was repea ted  severa l  t imes wi th  s imi lar  re -  
sults. I t  was observed af ter  the  overn ight  soak tha t  
the top edge sections of the  zinc electrode ( , ,2  cm 
wide)  were  whi te  while  the center  pa r t  of the elec-  
t rode had the yel lowish t inge of PbO. Thus it became 
evident  that  the PbO was being leached from the elec-  
t rode into the  e lec t ro ly te  at e lect rode edges. The 
anomalies  in the current  d is t r ibut ion  are  a t t r ibu ted  to 
the fact that  there  was much less addi t ive  at the elec-  
t rode  edges. In one test it  was found, if the  cell  was 
charged for 1 hr  and al lowed to s tand overnight ,  tha t  
on resumpt ion  of the charge the cur ren t  d is t r ibut ion  
was much more even. This was due to the d isp lace ,  
ment  of soluble lead f rom the excess e lec t ro ly te  onto 
the e lect rode edge according to 

HPbO~-  -l- O H -  -5 H20 -5 Zn--> Pb -}- Zn(OH)4  = 

It  was then decided to t r y  an e lect rode formula t ion  
consist ing of 91% ZnO -5 2% PbO -5 2% PTFE -5 5% 
Zn (--325 mesh)  where  the soluble  lead would  be dis-  
p laced f rom the e lec t ro ly te  by  meta l l ic  zinc. 

Electrode with PbO and Zn additions.--In the  case 
of e lectrodes wi th  PbO and Zn addit ions,  the  zinc dep-  
osition potent ia l  was immed ia t e ly  establ ished on tu rn -  
ing on the charging current .  The cur ren t  d is t r ibut ion  
was ve ry  even throughout  charge. A b lank  run  with  a 
5% Zn addi t ion and one with a 5% Zn -5 2% HgO 
addi t ion gave respect ive  resul ts  that  were  s imi lar  to 
those found for  the  control  and the cell wi th  a 2% 
HgO addit ion.  The Zn powder  displaces the PbO by 
cementat ion.  The resu l tan t  g ray  Pb could be seen as 
the e lectrode was wet ted  in from the edges, on add i -  
t ion of e lectrolyte .  This resul t  s t rong ly  indicates  once 
again tha t  the effect of these addi t ives  is re la ted  to 
some subst ra te  effect and is not  a codeposi t ion effect 
(9, 12). 

Metal oxide additives and current distribution.-- 
Addi t ives  such as T1203, PbO, and In(OH)2,  which  
were  shown to increase the  e lec t rode  po la r izab i l i ty  
(9), resu l t  in more  even cur ren t  d is t r ibut ion  dur ing  
electrode formation.  However ,  addi t ives  that  reduce 
the po la r izab i l i ty  of the e lectrode do not  resul t  in any 
significan~t d i spar i ty  in the  measured  cur ren t  d i s t r ibu-  
tion over  that  found for e lec t rodes  wi th  no aOditives. 
There  are  at leas t  two possible reasons for this. One, 

is tha t  the  edge ~ections are  large  (2.54 X 2.54 cm) 
and the current  is an average over  this  and does not 
reflect the t rue  cur ren t  densi ty  at  the edge. The o ther  
is that  the condit ion here  is a cur ren t  d is t r ibut ion  case, 
where in  both the  in te re lec t rode  spacing and the po-  
l a r izab i l i ty  are  small .  For  such a case, i t  has been 
shown that  even for  vanishing polar iza t ion  the high 
cur ren t  dens i ty  point  is ve ry  close to the e lectrode 
edge (13). Thus there  is a l imi t  to the unevenness  in 
cur ren t  d i s t r ibu t ion  to be expected.  

There  was qua l i ta t ive  evidence tha t  addi t ives  also 
affect the  cur ren t  d is t r ibut ion  wi th in  the  pores of the 
zinc electrode.  In  cells wi th  Ga~O~ addi t ives  a l l  of the 
z inc  deposit  appeared  to be in abu t ta l  wi th  the sepa-  
rator .  The a rea  a round  the expanded  meta l  cur ren t  
collector  was s t i l l  whi te  zinc oxide. However ,  in cells 
wi th  I n ( O H ) s  and PbO addi t ives  most of the zinc de-  
posit  was in the v ic in i ty  of  the cur ren t  collector.  The 
f ront  of the e lec t rode  in abu t ta l  wi th  the sepa ra to r  
was l a rge ly  whi te  zinc oxide. In  previous  work  (9) 
it  was found tha t  addi t ions  of Ga203 y ie lded  e lect rodes  
wi th  min imum pola~'izabil!ty and addi t ions  of PbO 
and In(OH)~ gave electrodes wi th  m a x i m u m  polar iz -  
abi l i ty.  The observed d is t r ibut ion  of zinc ~s consistent  
wi th  this. 

Conclusions 
1. I t  has been shown that  meta l  oxide addi t ives  can 

affect the  cur ren t  d i s t r ibu t ion  dur ing  format ion  of 
pas ted  zinc ba t t e ry  electrodes.  

2. Addi t ives  such as T1203 and I n ( O H ) s  tha t  in-  
crease e lec t rode  po la r izab i l i ty  improve  the cur ren t  
dis t r ibut ion.  

3. Leaching effects of soluble addi t ives  such as PbO 
at e lectrode edges can lead  to ve ry  uneven current  dis-  
t r ibut ion  dur ing  e lect rode formation.  

4. Results  in electrodes wi th  a combinat ion of a 
PbO/Zn  powder  addi t ive  indicate  tha t  the beneficial  
effect of lead  addi t ives  is re la ted  to a subs t ra te  effect 
and not  to a codeposi t ion effect. 

Manuscr ip t  submi t t ed  March 17, 1983; rev ised  man-  
uscr ip t  received May 25, 1983. 

Brookhaven National Laboratory assisted in meeting 
the publications costs o] this article. 

REFERENCES 
1. J. McBreen, This Journal, 119, 1620 (1972). 
2. K. W. Choi, D. N. Bennion, and J. Newman,  ibid., 

123, 1616 (1976). 
3. K. W. Choi, D. Hamby,  D. N. Bennion, and 5. N e w -  

man,  ibid., 123, 1628 (1976). 
4. A. H imy  and O. C. Wagner ,  U.S. Pat .  4,084,047. 
5. O. C. Wagner ,  A. Almei:ine, and  R. Smith,  Proceed-  

ings 29th Power  Sources Conference, At lan t ic  
City, N5, June  9-12, 1980. The Elect rochemical  
Society  Inc., p. 237 (1981). 

6. S-P.  Poa, G-M. C. Chiang, and  T-C. Lin, Science 
Development Monthly (Taiwan), 6, 1013 (1978). 

7. J. McBreen,  U.S. Pat.  3,876,470. 
8. S-P.  Poa and C. H. Wu, J. Appl. Electrochem., 8, 

427 (1978). 
9. J. McBreen and E. Gannon, Electrochim. Acta, 26, 

1439 (1981). 
10. J. McBreen,  U.S. Pat.  4,000,005. 
11. A. Fleischer,  J. (and Trans.) Electrochem Soc., 94, 

289 (1948). 
12. J. McBreen,  M. G. Chu, and G. Adzic, This JournaZ, 

128, 2287 (1981). 
13. C. Wagner ,  ibid., 98, 116 (1951). 



Chloride Accumulation on Indoor Zinc and Aluminum Surfaces 

G. B. Munier, L. A. Psota-Kelty, and J. D. Sinclair* 
Bell Laboratories, Holmdel, New Jersey 07733 

ABSTRACT 

The long-term accumulation of chloride and other ions on indoor zinc and a luminum surfaces in 15 U.S. cities has been 
measured. For most ionic contaminants,  the accumulation on zinc and a luminum surfaces is similar, suggesting that partic- 
ulate deposition is the most likely mode of accumulation. Chloride accumulation on a luminum occurs by particulate depo- 
sition, but on zinc surfaces, attack by reactive chlorine containing gases also contributes to accumulation. In New York City 
and Philadelphia, chloride accumulation is very rapid on all zinc surfaces but not on a luminum surfaces. Volatilization of 
chloride, probably as HC1 or NH4C1, seems to contribute to the low chloride concentrations observed on a luminum surfaces 
in these cities. In Wichita and Houston, deposition of coarse chloride containing particulates produces rapid accumulation 
of chloride on horizontal zinc and a luminum surfaces while chloride accumulation on vertical surfaces is slow. 

As part  of a broad study to determine the amounts  
and effects of major  inorganic pollutants  in indoor 
envi ronments  (1,  2), the long- te rm accumulat ion of 
chloride on indoor zinc and a luminum surfaces at tele- 
phone company switching centers in 15 U.S. cities has 
been measured (3). In the previous reports (1, 2) on 
this study, the accumulat ion of chloride, nitrate,  sul-  
fate, sodium, ammonium,  potassium, calcium, and mag-  
nesium at seven cities was documented. The highly 
complex na tu re  of the accumulat ion process and the 
many  indoor, outdoor, and  human  factors that  bear on 
the accumulat ion process were discussed, including 
aerosol size distribution, air flow patterns,  tempera ture  
and humidi ty  gradients, air filtration systems, air leak-  
age pathways, and concentrations of ammonia,  acidic 
aerosols, and other substances that could interact  with 
surface species to produce volatile products. The sul-  
fate accumulat ion on zinc and  a luminum surfaces was 
shown to corre}ate well with sulfate concentrat ions in 
the local troposphere but  not with SO2 concentrations, 
indicat ing that the p r imary  accumulat ion process for 
sulfate is part iculate  deposition ra ther  than a corrosion 
reaction with SO2. Hermance et al. (4) have demon-  
strated that a i rborne nitrates in the Los Angeles area 
correlate with n i t ra te  concentrat ions on surfaces and 
with the incidence of electrolytic stress corrosion 
cracking of nickel  brass. 

For the ini t ial  seven cities, the behavior  of chloride 
was highly irregular .  In  New York City and Council 
Bluffs (Iowa),  chloride accumulat ion on zinc was rapid, 
but  on a l u m i n u m  the chloride accumulat ion was low. 
In Houston and Cleveland, accumulat ion on zinc was 
similar  to that on a luminum.  It was suggested in  the 
previous reports that  preferent ia l  volati l ization of 
chloride species from a luminum surfaces might  con- 
t r ibute  to the lower amounts  of chloride at some loca- 
tions by a process similar  to the sulfuric acid aerosol- 
induced depletion of chloride from sea salt aerosol that 
has been documented by Hitchcock et al. (5). For  the 
sea salt aerosol, the volatile chloride was HC1. In  a 
paper  on aerosol chemistry, Weschler and Graedel  (6) 
have discussed evidence that  species with saturat ion 
vapor pressures >10 -7 Torr  will  exist in  the vapor 
phase at remote locations where there are few, if any, 
local sources, while species with saturat ion vapor pres-  
sures in the 10-7-10 - s  Torr  range will be par t i t ioned 
between the gas phase and a condensed phase wi th in  
aerosols. For some indoor surfaces containing chloride, 
interact ion with ammonia  or acid ammon ium sulfate 
aerosol could produce NH4C1, which has a saturat ion 
vapor pressure of 2.4 • 10 -5 Torr. Thus, depending on 
the gas phase concentrat ions of HC1 and NH3, either 
HC1 or NH4C1 could volatilize and thereby remove 
chloride from indoor surfaces. 

In this report  all the completed field data on 
chloride and sulfate accumulat ion are given, as are 
addit ional  laboratory studies that  were in tended to 

* Electrochemical Society Active Member. 
Key words: corrosion, chloride, aluminum, zinc. 

fur ther  elucidate the cause of the difference in a c c u -  
m u l a t i o n  of chloride on zinc and a luminum.  

Experimental 
The zinc and a luminum surfaces examined in this 

s tudy were s t ructural  surfaces associated with tele- 
phone company switching equipment  frames. The zinc 
surfaces were electroplated steel sheets while the 
a luminum surfaces were 2000 series low copper alloys. 
These surfaces were not cleaned or dis turbed dur ing  
the aceumulat ion period, which was determined by 
subtract ing the year  of manufac ture  stamped on 
equipment  surfaces from the year in which the equip- 
ment  was sampled. The sampling was accomplished 
between October 1978 and October 1982, and most of 
the equipment  was 8-15 yr old. The air exchange rate 
at these locations was typical ly in the range of 0.10-0.25 
per rain. The direction of air flow relat ive to equip- 
ment  or ientat ion was variable. The air processing fans 
were run  continuously (except for power outages or 
servicing).  The air filtration systems were equipped to 
remove most of the large particles (>5  ~m aerody-  
namic  diam) from the air intake s t ream but  only  
about 10% of the fine particles (<2 ~,m). 

Except as noted in previous reports (1, 2), surface 
extractions were accomplished with moistened pieces 
(square sections 1.27 crn on a side) of pre-cut  What-  
man  542 filter paper. The papers were cleaned before 
placement  on a surface by washing them three times 
with boiling distilled water, and this was followed by  
oven drying. The volume of water  in each paper was 
determined to be approximateIy 0.03 ml. The papers 
were placed on flat surfaces in either a horizontal  or a 
vertical  p lane and  were removed from the surfaces 
after drying. The sampling in terval  for each paper was 
approximately 30 min  but  was somewhat  dependent  on 
the ambient  relat ive humidity.  The procedure was 
carried out three times on each sampled area to insure 
complete removal  of water-soluble  contaminants  (7). 
Between 50 and 120 samples were collected from each 
location. The samples were stored and t ransported to 
the laboratory in  disposable polystyrene test tubes. In  
the laboratory, the paper  samples were extracted with 
10 ml of water, and the extracts were then split for 
~eparate cation and anion analysis. All samples were 
analyzed by ion chromatography. Standard  ion ex-  
change pro-columns, separator  columns, and suppres-  
sor columns were used for the ion analyses. Appropr i -  
ate b lank corrections for the sampling and analyt ical  
procedure were made when convert ing the solution 
concentrat ions to surface concentrations.  The details 
and val idat ion of the sampl ing and analyt ical  proce- 
dures are described elsewhere (7). 

An ad jus tment  in  the total surface concentrat ion of 
each ion was made to take into account any  accumula-  
t ion that occurred prior to uncra t ing  the equipment  at 
its pe rmanen t  location. These ini t ia l  concentrat ions 
were estimated by sampling new equipment  shortly 
after uncra t ing  at one location in New York City and 
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one in New Jersey. A total of 60 samples each on zinc 
and a luminum surfaces were taken at both locations. 
The average concentrations of chloride on zinc and 
a luminum surfaces were 0.04 and 0.24 ~g/cm 2, respec- 
tively, while those of sulfate were 0.t3 and 0.21 #g/cm 2. 

For surface acidity measurements ,  at least 60 single 
paper extracts from a location were joint ly eXtracted 
in the min imum volume of water  necessary to permit  
measuring the solution pH (on the order of 20 ml) .  The 
relative acidities of the surfaces were calculated on an 
aliquot basis using a water volume of 0.03 ml[paper .  

Results and Discussion 
Accumulation data.--The accumulat ion data can be 

presented either as total surface concentrat ion or as an 
average annua l  accumulat ion based on surface age. 
Neither method is ent i rely satisfactory for the purpose 
of comparing locations or comparing zinc and a lumi-  
n u m  surfaces. Clearly, total surface concentrat ions 
should not  be used to compare surfaces that  range 
from 8 to 15 yr in age. Both total concentrat ion and 
average annua l  accumulat ion are deficient in represent-  
ing cases in which a species may accumulate to a near ly  
l imit ing concentrat ion in the early stages of exposure 
While it would have been desirable to measure accu- 
mula t ion  on a periodic basis and thereby obtain kinetic 
information,  such a s tudy on realistic field surfaces is 
not practical. In  the authors '  opinion, the accumulat ion 
of chloride and sulfate ions measured in this and the 
previous work has, except for chloride on a luminum 
surfaces at some locations, probably occurred at a 
roughly l inear  rate. However, presentat ion of the data 
as an average annua l  accumulat ion in #g/cm 2 does not 
imply l ineari ty.  Surface passivation could lead to a 
cessation of accumulat ion in the case of attack by a 
corrosive gas. A chemical or physical loss process could 
also compete equal ly with accumulat ion after some ex- 
posure interval ,  hal t ing fur ther  apparent  accumulation. 
Both of these possibilities will be considered with 
regard to the accumulat ion of chloride on a luminum.  

The specific characteristics of the accumulat ion rate 
,over the exposure .period and the uni ts  of measure 
selected for present ing the data will not  influence the 
conclusions of this study. Over short time intervals  
(hours to weeks),  the accumulat ion rates of particles 
and gases are l ikely to vary significantly with outdoor 
meteorological conditions, indoor RH, loading of the 
air filters, changes in ambient  concentrations, a l tera-  
tion of surface characteristics with time, and numerous  
other factors. These factors will  probably  not result  in 
substant ia l  var ia t ion in the annua l  accumulations from 
year to year. 

The average annua l  accumulations of sulfate on zinc 
and a luminum surfaces for the cities studied to date 
are shown in Fig. 1. The data are somewhat scattered, 

as expected for the highly nonuni fo rm contaminat ion 
levels typical of field surfaces, but  demonstrate  a 
roughly 1:1 correspondence between the accumulat ion 
of sulfate on zinc and that on a luminum surfaces. For  
the l imited data presented previously (1, 2) on ni trate ,  
sodium, potassium, calcium, and magnesium, the same 
type of correspondence was general ly  evident, though 
in  the case of calcium and magnes ium there was a 
modest preference for zinc surfaces at a few locations. 

For the chloride data, as shown in Fig. 2, the ac- 
cumulat ion on zinc is roughly similar to that on alu-  
m i num in Houston, Wichita, and Orlando. In  New 
York, Philadelphia, Northern New Jersey (Newark and 
Jersey City), and Council Bluffs, the accumulat ion on 
zinc is roughly six to ten times larger than that on 
a luminum.  

These indoor average annua l  accumulations for 
chloride and  sulfate are about one order of magni tude  
lower than typical outdoor accumulat ion rates (8). I n -  
door and outdoor concentrat ions of fine particles (<2 
~,m aerodynamic diam) are usual ly in the same range, 
while concentrat ions of large particles (>2  #m) are 
usual ly a factor of 5-10 higher outdoors than indoors 
(9). In  view of the much larger air currents  typically 
present  outdoors, an order of magni tude  difference in 
the surface accumulat ion indoors and outdoors ap- 
pears reasonable. 

The accumulat ion of chloride, as will be explained, 
seems to resul t  from three major  sources: (a) corro- 
sive gases (pr imar i ly  HC1); (b) large part iculates 
(pr imari ly  crustal materials of aerodynamic diameter  
>2  ~m),  and (c) accumulat ion mode aerosols (pr imar-  
ily of anthropogenic origin with aerodynamic diam- 
eters of 0.1-2 #m) (10). In  general, the chloride con- 
ta in ing gases would be expected to attack horizontal 
and vertical surfaces with equal efficiency but  could 
attack zinc and a luminum at  different rates. The large 
particulates will accumulate efficiently on horizontal 
surfaces but  usual ly will not collect on vertical  sur-  
faces. The aerodynamic characteristics of the accumu- 
lat ion mode aerosols are expected to produce near ly  
equal accufnulation (assuming all other factors includ-  
ing air flow pat terns  are identical) on horizontal and 
vert ical  surfaces (10). In  Table I, the average chloride 
accumulat ion on zinc and a luminum surfaces is sepa- 
rated into horizontal  and vertical  planes. For Houston 
and Wichita, the accumulat ion is s imilar ly high on 
zinc and a luminum horizontal surfaces and consider- 
ably lower on the vertical surfaces. Deposition of 
large particulates is clearly the dominant  accumulat ion 
process. This result  may be related to the dry na ture  
of the crustal materials  in these areas. In  New York 
City and Philadelphia,  very  rapid accumulat ion takes 
place on horizontal and vertical zinc surfaces but  not  
on a luminum surfaces. The corrosive gas source most 
plausibly explains the data, though it is perhaps sur-  
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Table I. Chloride average annual accumulation (~g/cm 2) 

City or State 

Zinc Aluminum 

Horizontal Vertical  Horizontal  Vertical  

Table II. Derived average annual chloride accumulation for the 
three source categories (#g/cm 2) 

Gzn L S 

Houston (2) * 0.22 0.03 0.17 0.10 
Wichita (1) 0.23 0.02 0.15 0.03 
Council Bluffs (1) 0.30 0.33 0.03 0.08 
Chicago (2) 0.28 0.09 0.06 0 
Seattle (2) 0.19 0.11 0.04 0 
North Jersey (2) 0.10 0.09 0.01 0 
Minneapolis (2) 0.10 0.09 0 0 
Colorad0 (3) 0.13 0.13 0.04 0.03 
Indian~ipolis (2) 0.13 0.03 0.02 0 
Cleveland (2) 0.13 0.13 0.06 0.05 
Orlando (2) 0,09 0.05 0.10 0.01 
New York City (4) 0,49 0.60 0.08 0.05 
Philadelphia (2) 0.56 0.37 0.06 0.01 

New York City 0.53 -0 .04  0.04 
Philadelphia 0.47 0.12 -- 0.07 
Council Bluffs 0.29 0.04 -- 0.04 
Chicago 0.16 0.12 --0.04 
Seattle  0.16 0.06 -0 .04  
North Jersey 0.14 0.04 -0 .03  
Minneapolis~ 0.10 0.01 0 
Colorado 0.11 0.01 0.02 
Indianapolis 0.08 0.06 -0 .03  
Cleveland, 0.09 0.01 0.04 
Orlando 0.02 0.06 0.02 
Wichita -0 .03  0.16 0.91 
Houston O 0.13 0.07 

* Number in parentheses is the number  of locat~ons sampled. 

prising that the chloride accumulat ion is a factor of 
ten greater on zinc than on a luminum.  Very little use- 
ful data is available on the atmospheric concentrat ions 
of ' corrosive chlorine containing gases in major  U.S. 
cities. Inc inera t ion  and chemical manufac tur ing  are 
known to be major  sources of HC1 that might be ex- 
pected to produce high concentrations in the Phi ladel-  
phia and New York City areas. In  the major i ty  of 
cities, combinations of the three chloride sources seem 
to be responsible for the observed rates. 

Accumulat ion model . - - I f  it is assumed that: (i) 
large part iculates accumulate exclusively on horizontal 
surfaces; (ii) small  particulates collect at equal rates 
on horizontal  and vertical surfaces; and (iii) the ac- 
cumulat ion rate on zinc due to corrosive gases at nor -  
mal ambient  concentrations is ten times the rate on 
a luminum,  then 

ZnH : Gzn -~ L § S 

Znv-~  Gzn ~- S 

A1H----GAI-~ L ~ S 

Alv ---- GA1 ~ S 

where ZnH, Znv, A1H, and A1v are the observed rates 
on zinc and a luminum horizontal and vertical surfaces, 
Gzn and GA1 are the corrosive gas accumulat ion rates 
on zinc and a luminum (Gzn ---- 10 GA1), L is the accu- 
mula t ion rate of large particulates, and S is the accu- 
mula t ion rate of small  particulates.  

The above system of equations was solved s imul-  
taneously using a least squares fit to the observed data. 
The results are shown in Table II. The negat ive values 
in Table II may result, in part, from the approximation 
Gzn ---- 10 GAl. All but  one of the negative values are 
for the fine part iculate  contribution,  S. If Gzn/GA1 
10, the magni tudes  of the negative S values wiI1 be ~e- 
duced. The normal  scatter in the data and the l imited 
n u m b e r  of observations also undoubted ly  contr ibute 
to the negative values. The tabulated values are a 
quant i ta t ive  estimate of the quali tat ive conclusions 
that have been discussed above. 

Explanation of low chloride on a luminum.- -Four  
possible causes for the substant ia l ly  higher accumula-  
tion at some locations of chloride on zinc, under  the 
influence of a corrosive gas, were considered: (i) the 
reaction with a l u m i n u m  was blocked by the passive 
oxide film or an u n k n o w n  env i ronmenta l ly  dependent  
factor; (ii) chloride products more readi ly flake off 

a luminum surfaces; (iii) chloride products were not 
extractable from a l u m i n u m  (perhaps due to en t rap-  
ment  in the oxide, the formation of an u n k n o w n  com- 
plex oxychloride, or the existence of an organic film 
that  rendered the surface unwet t ab le ) ;  and (iv) chlo- 
ride products on a luminum preferent ia l ly  volatilize. 
The oxide film on a luminum is well known  to be pro- 
tective and explanat ion (i) has been assumed to be 
important .  As will  be discussed, evidence gathered in 
this work suggests that explanat ion (iv) is also im-  
por tant  at some locations. 

Explanat ion (i~) was considered unl ike ly  since the 
accumulat ion on vertical  surfaces is comparable to that 
on horizontal surfaces for both zinc and a l u m i n u m  in 
the clear-cut  cases where a corrosive gas was the 
major  source (New York City and Philadelphia)  and 
in the cases where the corrosive gas and fine par t icu-  
late sources appear impor tant  (Colorado and Cleve- 
land) .  Gravi ty  effects should produce much lower 
concentrat ions on a luminum vertical  surfaces if flak- 
ing is important .  Air  currents  could influence hori-  
zontal and vertical  surfaces, though gravi ty  effects 
would still be expected to yield increased losses from 
vertical surfaces. Further ,  gravi ty and air currents  
should have roughly the same effect on a luminum 
surfaces at all locations. 

Results per t inent  to explanat ion (iii) are shown in 
Table III. The residues remain ing  after evaporat ion of 
the aqueous extractions of the sampling papers were 
examined by EDXA. The x - r a y  intensit ies are refer-  
enced to calcium, which was determined quant i ta t ively  
in previous work (2) by ion chromatography. Zinc is 
clearly a significant contr ibutor  to the anion-cat ion  
balance on zinc surfaces at many  locations. The other 
metal  ions observed are present  only in trace amounts.  
On a luminum surfaces, very low contr ibut ions to the 
anion-cat ion balance were observed for all four metal  
ions. Thus, very little of the chloride that might  have 
been present  on a luminum surfaces in these cities was 
present  as the normal ly  soluble a luminum chloride. If 
chloride was present, it must  have been trapped wi th in  
the oxide or have formed a considerably less soluble 
complex salt of u n k n o w n  composition and structure.  
EDXA analysis of surfaces removed from normal  in -  
door sites in New York City for subsequent  laboratory 
analysis detected significant amounts  of chloride on 
zinc surfaces but  none on a luminum surfaces. While 
EDXA is not a highly sensit ive technique, if chloride 
in an unext rac table  form was present  on a luminum 
to the same extent  as the extractable chloride on zinc, 
the chloride should have been detectable by EDXA. 

Table Ill. Relative x-ray intensities of metal ions extracted from surfaces 

Metal surface 

Ions 

Calcium Zinc Copper  Aluminum Iron 

Zinc 1.0 0.080-0.978 0 .017-0 .041 0 .000-0 .073 0.000-0.095 
Aluminum 1.0 0,029-0.077 0.020-0.059 0.000-0.008 0.007-0.032 
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This result  demonstrates that chloride is not present, 
but  it does not allow a distinction between passivation 
effects and volatil ization of chloride. 

A major  fire that  occurred at a telephone company 
switching center in Manhat tan  in 1975 provided an op- 
por tuni ty  to s tudy the volati l i ty of chloride products 
on a luminum [explanation (iv)]. Severe chloride cor- 
rosion occurred on both zinc and a luminum surfaces, 
due to the release of significant amounts  of HC1 during 
thermal  degradation of wire insulation. These surfaces 
were sampled by paper  extract ion dur ing the first 3 
months after the fire and then again in 1980. The re-  
sults are shown in Table IV. The higher chloride con- 
centrat ion on zinc surfaces in 1975 should not be taken 
as an indication that zinc is more reactive even under  
the extreme conditions of the fire because: (i) normal  
indoor zinc surfaces of comparable service life in New 
York City had, on the average, 27 ~g/cm s of chloride 
in 1975 while a luminum surfaces had ~2 ~g/cm2; and 
(ii) the source of the smoke from the fire was closer 
on the average to the zinc surfaces sampled than to the 
a luminum surfaces. Five years after the fire, the 
amount  of extractable chloride on a luminum dropped 
by a factor of five, while that on zinc decreased only 
slightly. The x - ray  spectra in Fig. 3 were taken of 
heavily corroded a luminum surfaces from the fire lo- 
cation. The spectra show that  chloride observed in the 
pits in 1975 remains present  at a high level in 1981. 
However, in the area adjacent  to the pits, appreciable 
amounts  of chloride were detected in 1975 but  not in 
1981. Presuming  that the chloride products did not 
flake off, it seems very l ikely from the data in Fig. 3 
and Table IV that most of the chloride products from 
the fire volatilized from the surface between 1975 and 
1981 except in the area of the pits. The formation of 
insoluble complex chlorine containing salts or the 
t rapping of chloride in the surface oxide is not the 
major  cause of the low chloride concentrat ions that 
were observed in the extractions of these a luminum 
surfaces in 1981. 

The observations that if indoor HC1 concentrat ions 
are high enough, a luminum will severely pit and cor- 
rode, but  when conditions re tu rn  to normal,  that 
chloride products appear to volatilize, suggest that 
volatil ization may also be significant for normal  indoor 
surfaces. 

Volatility o] chloride products.--Two cations readily 
available from sulfate aerosols, hydronium and am- 
monium, when coupled with chloride yield significantly 
volatile species. Ammonium is also available from 
numerous  potential  indoor sources, including floor and 
window cleaners, air handl ing systems, volatile prod- 
ucts from construction materials  or electronic equip- 
ment,  and humans.  Considering HC1 and NH~C1, the 
least volatile is NH4C1 (as NH3 and HC1). The Jost 
cylindrical  diffusion model (11) was used to determine 
if 40 ~g/cme of chloride could be reasonably expected 
to volatilize in 5 yr  from the fire contaminated surfaces, 
presuming NIQC1 is the surface specie. In  the field en-  
vi ronments  under  study, air convection is clearly im- 
portant  and a diffusion model should substant ia l ly  
underest imate  the actual volatil ization rate. The model 
gives V/ t  : DqC/l, where V is the quant i ty  of vapor 
leaving the top of an assumed evaporation cylinder in 
t ime t, D is the diffusivity of the vapor in air, q is the 
cross-sectional area, C is the equi l ibr ium concentra-  
tion of the vapor immediate ly  above the solid, and 1 is 

Fig. 3. EDXA analysis of chloride attacked aluminum surfaces 
from the New York City fire location. 

the height of the cylinder above which the pressure of 
the vapor is assumed to be effectively zero. The model 
substant ia l ly  oversimplifies the field si tuation but  is 
adequate for a crude estimation. A reasonable value 
for l was determined by gravimetr ical ly monitor ing 
the loss of a sample of ammonium carbonate, which is 
quite volatile (C ~- 1 Torr) .  The circular sample pan 
area was 0.28 cm 2. For l : 1 cm, V/ t  (observed) was 
1.2 mg / h r  while V/t  (calculated) was 0.94 mg/hr .  Us- 
i n g l  ~ 1 cm, and C : 2.4 • 10 -5 Torr, V/ t  (calcu- 
lated) for NH4CI was 1.4 • 10 -5 mg/hr ,  which yields 
a max imum possible loss of chloride in 5 yr of 1460/~g/ 
cm 2. The observed chloride loss is a factor of 36 smaller  
than the calculated max imum loss, indicat ing that 
volatilization of NH4C1 (as NH~ and HC1), which could 
be formed by combinat ion of chloride with deposited 
ammonia,  (NH4)2SQ, or (NH4)HSO4, is plausible. 
Since HC1 is more volatile than NH4C1, either could 
reasonably explain the 40 ~g/cm 2 chloride loss. 

The much greater tendency for apparent  volatiliza- 
tion of chloride species from a luminum than from zinc 
surfaces will  require fur ther  study to be clearly un -  
derstood. If a luminum surfaces are more acidic than 
zinc, volati l ization of HC1 would more readily occur. 
From Table V, the average relat ive surface pH's of 
a luminum surfaces were found to be lower than for 
zinc surfaces. Complicating the interpretat ion,  though, 
is the result  that  the zinc vertical  and a l u m i n u m  
horizontal surfaces have similar  acidities, yet the aver-  
age accumulat ion rate of chloride on zinc is twice that  
on a luminum.  Either the average surface acidity is not 
the dominant  factor or horizontal and vertical  surfaces 
should not be compared because of the coarse particle 
influence on the former. These acidities, of course, are 
from macroscopic measurements .  There could well be 
microscopic areas on a luminum surfaces that  are con- 

Table V. Acidity and average annual chloride accumulation 
for all locations 

Table IV. Average chloride concentrations of fire-contaminated 
surfaces from New York City (/Lg/cm 2) 

Surface 1975 1980 

Zinc 114 99 
Aluminum 49 10 

Chloride 
Surface pH ( # g / c m  ~) 

Zinc 
Horizontal  5.0 0.26 
Vert ical  4.6 0,20 

Aluminum 
Horizontal 4.7 0.00 
Vert ical  4.0 0.09 
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s ide rab ly  more  acidic, due to ongoing p i t t ing  or  the 
influence of local a tmospher ic  factors.  

The authors  have made  comparisons of the surface 
pH and surface chlor ide  concentra t ions  r epor ted  here  
wi th  pH and ammonium concentra t ions  in r a in fa l l  as 
r epor ted  by  the Nat ional  Atmospher ic  Deposi t ion P ro -  
g ram (12). No mean ingfu l  correla t ions  were  found. 
Unfor tunate ly ,  insufficient da ta  on gaseous ammonia  
concentra t ions  and the ac id i ty  and ammonium con- 
centra t ions  of  aerosols in these cit ies a re  ava i lab le  for 
comparisons.  As fu r the r  a tmospher ic  da ta  become 
ava i lab le  these comparisons should be made.  

Concluding remarks.--The prev ious ly  repor ted  ob-  
servat ion  that  chlor ide accumulat ion  on indoor  zinc 
surfaces is cons iderab ly  grea te r  than  on a luminum 
surfaces at  some field locations has been suppor ted  by  
fu r the r  da ta  f rom addi t ional  cities. The contr ibut ions  
of large  par t icula tes ,  fine par t icula tes ,  and gaseous 
substances to the accumula ted  chlor ide  on these sur -  
faces have been es t imated  by  a s imple model  for the 
15 cities s tudied  to date. The lower  chlor ide  concent ra-  
tions on some a luminum surfaces seems to be best  ex-  
p la ined  by  a combinat ion  of the passive na tu re  of the 
oxide film and the vola t i l iza t ion of chlor ide  species. 
Evidence has been offered that  a luminum surfaces are 
s l igh t ly  more  acidic than  zinc surfaces, t he reby  possi-  
b ly  enhancing HC1 evolut ion,  and that  NH4C1, if it  can 
be formed,  is sufficiently volat i le  to r emove  la rge  
amounts  of chloride.  The specific na tu re  of the vo la -  
t i l ization, if  it  occurs, remains  uncerta in .  
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Electroplating of Cyclic Multilayered Alloy (CMA) Coatings 
U. Cohen, *,l F. B. Koch,* and R. Sard *,2 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

A new technique has been developed for producing laminated composites of cyclic mult i layered alloy (CMA) electrode- 
posits. The thickness  and composit ion of the individual  layers of the CMA deposits are altered precisely and conveniently 
by cyclic modulat ion of the cathodic current  or potential  during electrodeposition. It is thus possible to modify the structure 
to obtain laminated composite coatings which may have desirable engineering properties. Wear and corrosion resistances, 
mechanical hardness and strength, as well as certain magnetic, optic, and electronic properties of the plated composite alloys 
should be, in principle, straightforward to design and fabricate. The CMA technique was demonstrated by plating a wide 
variety ofAg-Pd CMA structures. Fine structures, with repeat  distances as small as 0.05 ~m, were obtained. Both square and 
tr iangular waveforms were applied to produce sharp or gradual composit ion variations, respectively. The result ing deposits  
were found to correspond closely to the intended structures with respect to thickness and composition, when the individual 
layers were thicker than about I000/~. The amplitude of the composition modulation diminished rapidly for layer thick- 
nesses below this limit. For the prospective application of Ag-Pd alloys as a contact finish, CMA structures composed of 
relatively thin Pd-rich layers alternating with thick Ag-rich layers would offer the high corrosion resistance of Pd combined 
with the low electrical resistance and low cost of Ag. An initial comparison of the CMA deposits with uniform, d-c plated, 
Ag-Pd alloys did not show any clear difference in contact properties. However, both types of deposit proved satisfactory in 
the tests which were made. 

L a m e l l a r  or  banded  p la t ing  s t ruc tures  obta ined  with  
d i rec t  cur ren t  have o f t en  been observed in both  a l loy 
coatings (1-7) and single meta ls  deposi ted f rom add i -  
t ive conta ining baths  (7-11).  Such s t ructures  are  
l a rge ly  due to nonequi l ib r ium or  dynamic  effects and 
are  usua l ly  unintent ional .  In general ,  they  arise due 
to per iodic  fluctuations in the e lec t rocrys ta l l iza t ion  
process accompanied  by  per iodic  fluctuations of the 

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  M e m b e r .  
1 P r e s e n t  a d d r e s s :  MPI, S a n t a  C la ra ,  C a l i f o r n i a  950,51. 
-~Present  a d d r e s s :  O x y  Meta l  I n d u s t r i e s ,  W a r r e n ,  M i c h i g a n  

48089. 
K e y  w o r d s :  a l loys ,  l a m i n a t e d  c o m p o s i t e s ,  c o n t a c t s ,  electrodepo- 

sition. 

cathodic polar iza t ion  (1, 12). Per iodic  potent ia l  f luctua- 
tions were also r epor ted  in the deposi t ion of banded  Cu 
alloys (13), F e - N i  (14), Cd-Zn (15), and N b - G e  (12). 

Vacuum evapora t ion  of composit ion modula ted  films 
was in t roduced by  DuMond and Youtz (16). The 
technique consisted of evapora t ing  a l te rna te  layers  of 
the  components  onto a common substrate .  Uti l izing a 
s imi lar  technique,  Hi l l i a rd  et al. (17, 18) obta ined  
compos i t ion-modula ted  films with  shor t  wavelengths  
for diffusion studies.  They used a ro ta t ing  p inwhee l  
shut te r  with rad ia l  cutouts to faci l i ta te  a l te rna te  dep -  
osition of the  two components ,  which  were  s imul t ane -  
ously evapora ted  f rom separa te  crucibles.  The tech-  
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nique was fur ther  used to obta in  compos i t ion-modu-  
la ted  films wi th  enhanced elast ic  modulus  (19), mag-  
net izat ion (20-24), and superconduc t iv i ty  (25). S imi-  
lar ly ,  molecu la r  beam ep i t axy  (MBE) was used to ob-  
tain fine s t ruc tures  of a l te rna t ing  ep i tax ia l  layers  of 
GaAs and Ga l -xAlxAs  (26-28). E lec t rop la ted  s t ruc-  
tures  of a l t e rna t ing  layers  were  descr ibed by  Blum 
(29) as ea r ly  as 1921. They were  obta ined by  p la t ing  
a l t e rna te ly  f rom separa te  e lect rolytes  of the two com- 
ponents. Brenner  (1) ment ioned (wi thout  detai ls)  the 
electrodeposit2on of Cu-Bi  .alloy with  a l t e rna t ing  
layers  of different  composit ions f rom a s ingle e lec t ro-  
lyte.  They were  obta ined  by  automa• switching of 
the cu r ren t  dens i ty  be tween  two wide ly  separa ted  
values. The deposi t  was cross sect ioned and etched to 
form a smal l  diffract ion grat ing.  

In  a l loy electrodeposi t ion,  the  cur ren t  dens i ty  gen-  
e ra l ly  has pronounced effects upon the deposi t  com-  
position, s t ructure ,  and proper t ies  (1). Usually,  an in-  
crease of the cu r ren t  densi ty  (or the cathode polar iza-  
t ion)  causes an increase in the re la t ive  amount  of the 
less noble  meta l  in the  p la ted  alloy. With  such alloys, 
it  is possible to control  the composi t ion by  changes in 
the p la t ing  current .  Regu la r ly  modula ted  s t ruc tures  of 
a p la ted  al loy,  made  in this way,  offer the promise of 
new types  of mater ia ls .  The wide versa t i l i ty  of this 
method is due to the fol lowing reasons:  (i) I t  should 
be appl icable  to most a l loy systems that  can be elec-  
t ropla ted.  (ii) Potent ia l  engineer ing appl icat ions  for 
p la ted  a l loy films wi th  ta i lored  layer  thicknesses and 
composit ion modula t ions  should span a wide spectrum. 
Mater ia l  proper t ies  which might  be enhanced b y  such 
s t ructures  include mechanica l  s t rength,  wear  res is t -  
ance, corrosion resistance,  superconduc t iv i ty  and mag-  
netic propert ies .  (iii) For  a given p la t ing  sys tem the 
thickness of each ind iv idua l  l aye r  is de te rmined  by  
the t ime in tegra ted  cur ren t  (charge) ,  and  the cur ren t  
efficiency. Its composit ion is de te rmined  by  the cur-  
ren t  ampl i tude  and other  p la t ing  conditions. (iv) Con- 
t rol  of the  charge can be achieved with  a p r o g r a m -  
mable  power  supply,  comple te ly  ex te rna l  to the p l a t -  
ing cell. (v) The concentra t ion  profile wi th in  each 
cycle can also be tai lored,  up to a point,  by  changing 
the p la t ing  cur ren t  waveform,  e.g., by  changing the 
ampl i tude  and f requency  and by  ut i l iz ing ei ther  t r i -  
angular  or square  wave signals to obtain gradua l  or 
ab rup t  var iat ions,  respect ively.  

Limi ta t ions  of the CMA technique include the l im-  
i ted choice of meta l  pai rs  capable  of a l loy p la t ing  
and the re la t ive ly  smal l  magni tude  of the composit ion 
modula t ion  (usua l ly '  no more  than  about  20-30%). 
With  very  short  spacings (~20A) ,  l imi ta t ion  on the 
modula t ion  might  involve mass t ransfer  effects and 
epi tax ia l  and pseudoep i tax ia l  phenomena  in the solid, 
in addi t ion to re laxa t ion  t imes of  solutes '  r ed i s t r i bu -  
t ion in the diffusion l aye r  in the e lectrolyte .  The 
p la ted  CMA coatings were  character ized by  Auger  
emission spect roscopy (AES) wi th  spu t te r  depth  p ro-  
filing and also by  scanning e lect ron microscopy (SEM) 
on etched cross sections. The l a t t e r  technique re l ied  on 
the p re fe ren t ia l  e tching ra te  of the deposi t  layers.  
This ra te  is sensi t ive to composit ion and p robab ly  also 
to the micros t ructure .  I t  increases wi th  the content  of 
Ag in the  alloy. 

This pape r  describes exper imen ta l  results  demon-  
s t ra t ing  the feas ib i l i ty  of  e lec t ropla t ing  CMA s t ruc-  
tures of A g - P d  al loy coatings f rom a concentra ted 
chlor ide bath.  This a l loy  was chosen because it is a po-  
tent ia l  subs t i tu te  for ha rd  gold pla t ing on e lect r ica l  
contacts (30). CMA s t ruc tures  of the A g - P d  a l loy 
coatings m a y  exh ib i t  cer ta in  des i rab le  proper t ies  in 
such applicat ions.  For  example ,  to minimize cost, r e -  
duce e lect r ica l  resis t ivi ty,  and increase cor ros ion- re -  
sistance, one could conceivably  produce  a l aye red  
s t ructure  composed of r e l a t ive ly  thick layers  of an 
alloy r ich in Ag, a l t e rna t ing  with  thin layers  r ich in 

Pd. To minimize the  format ion  of ta rn ish  films, the  
outer  surface l aye r  would be Bd-r ich.  A p re l im ina ry  
comparison is made  of contact  p roper t ies  of CMA 
deposits  versus those of un i fo rm A g - P d  al loys p la ted  
with  direct  current .  This compar ison is based on sev-  
era l  tests re levan t  to contact  finishes (e.g., contact  
resistance s tabi l i ty  and contact  wea r ) .  

Experimental 
Plating Procedure 

The A g - P d  p la t ing  ba th  
1300 ml)  consisted of: 

LiC1 5'00g 
AgC1 12g 
PdCI~ 39 
HCI 20 ml  
I-~O 1000 ml  

(wi th  total  volume of 

It was opera ted  at 85 ~ + 0.5~ wi th  modera te  s t i r -  
r ing (about  10 cm/sec  flow r a t e ) .  The exper imen ta l  
placing appara tus  and the ba th  p repa ra t ion  are  de -  
scr ibed in deta i l  e l sewhere  (30). The e lec t ropla t ing  
cell consisted of a closed vessel  fitted wi th  five ground 
jo in t  openings for  thermometer ,  s t i r rer ,  and th ree  
electroctes. The countere lec t rode  was made of a s i lver  
sheet  wi th  a surface a rea  of about  15 cm 2. An in te rna l  
re ference  e lect rode was made  by  immers ing  a Pd  wire  
(0.050 m. diam) in the  p la t ing bath.  This e lect rode had  a 
s tat ic  potent ia l  of about  --258 mV vs. the Ag/AgC1 
(sat. KC1) reference  electrode and was used to fol-  
low the cathode polar izat ion,  ~, in response to the  cur-  
rent  modulat ion.  The cathodes,  or substra tes ,  consisted 
of s t r ips  masked  on thei r  edges and back  side .r that  
the exposed area  was about  2.5-3.0 cm 2. Some sub-  
s t ra tes  consisted of pure  si lver,  while  others  were  
CDA 725 copper a l loy (89% Cu-9% Ni-2% Sn) p ro -  
tected with  a soft gold undercoa t ing  (0.2-0.4 ~m 
th ick) .  F o r  more  de ta i l s  of the subs t ra te  p repa ra t ion  
see Ref. (30). 

The appl ied  electr ic  s ignal  was produced  and  con- 
t ro l led  by  a combinat ion of a po ten t ios ta t /ga lvanos ta t  
(PAR 173) and a signal  p rog ra mme r  (PAR 175). The 
t ime traces of the  current ,  cell voltage,  and cathode 
potent ia l  (vs. the Pd wire  reference)  were  moni tored  
by  a char t  recorder  and by  an X - Y  recorder  (HP 
7004B). 

CMA coatings were  p repa red  with  two modes of 
cur ren t  modula t ion;  square  (or s t epped) ,  and t r i -  
angu la r  (or swept )  c u r r e n t  waves.  CMA s t ruc tures  
with pa l l ad ium- r i ch  last  layers  and wi th  s i lver - r ich  
last  layers  were  produced by  s topping the p la t ing  at  
the appropr ia te  ha l f -cycle  in order  to s tudy the effect 
of having the more corrosion res is tant  P d - r i c h  l aye r  
at the surface.  

Microscoplc Analysis 
Metal lographic  cross sections were  mechanica l ly  

po l i shed  using a lumina  powder  (0.05~) and etched for 
30 sec in a f reshly  p repa red  solut ion of 5g KCN, 
5g (NH4)eS~Os, and  200 ml  of deionized water .  The 
moun ted  cross sections were  then  coated wi th  ,~200A 
of gold, by  sputter ing,  to improve  thei r  e lectr ic  conduc-  
t ion for SEM examinat ion.  

Auger Analysis 
The Auger  measurements  were  made  wi th  a scan-  

ning Auger  microprobe  (SAM, PHI  Model 650) em-  
ploying a double  pass cy l indr ica l  m i r r o r  ana lyzer  wi th  
a concentric 5 kV gun. Compos i t ion-dep th  profiles 
were  obta ined with  A r  sput ter ing.  Der iva t ive  spec t ra  
were  taken  with  5 kV p r i m a r y  energy-, ,~10 • 10-TA 
beam current ,  3V peak  to peak  modulat ion,  scan 
r a t e  3 eV/sec,  t ime constant  0.03 sec, and spu t t e r  r a t e - -  
e i ther  ,-~250 or  60A/rain at 3 kV in 5 • 10 -2 Torr  of 
argon. 

The p r i m a r y  informat ion  was ob ta ined  f rom the 
pr inc ipa l  MNN lines of Pd  and A g  ( located at  339 
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and 351 eV, respec t ive ly) .  The re la t ive  sens i t iv i ty  
factor  for these lines, SAg/SPd, was t aken  as 1.28 based 
on the de te rmina t ion  by  Schwar tz  (31) for  a wrought  
R156 a l loy (6070 Pd/40% Ag) and the bu lk  a l loy  mea -  
su rement  descr ibed below. The composi t ion was then 
de te rmined  f rom the fo rmula  CAg/Cpa --" (IAg/Ipd)/ 
1.28 where  CAs and Crd are  in atomic percent  ( a /o )  and 
/As and /Pd are  peak to peak  intensi t ies  of the 351 and 
330 eV lines, respect ively .  The increase in Pd surface 
concentra t ion ( re la t ive  to the  bu lk  concentra t ion)  p ro -  
duced by  sput ter ing,  in t roduced some e r ror  into the de-  
t e rmina t ion  of the bulk  concentrat ions,  as descr ibed by  
Schwar tz  (31). To es t imate  this effect, a sample  of R156 
a l loy was spu t t e red  for 40 min. Af te r  the surface films 
were  removed  in the first minute  of sput ter ing,  a con- 
s tant  in tens i ty  ratio,  IAg/Ipd ~- 0.92, was obta ined  
This rat io,  toge ther  wi th  a sens i t iv i ty  ratiO of 1.28, 
indica ted  a composi t ion of 42% Ag and 58% Pd, in 
close agreement  wi th  the nominal  bu lk  composit ion of 
R156. The Pd enhancement  effect f rom sput te r ing  
thus was small  in this case. The indica ted  composit ions 
of the e lec t rodeposi ted  al loys were wi thin  about  5 a /o  
of the  values  obta ined by  x - r a y  analysis  in the 
SEM. The e r ror  in the Auge r  measu remen t  of absolute  
composit ion is not  a serious p rob lem in the present  
appl ica t ion  where  the change in the re la t ive  amounts  
of Ag  and Pd as a function of depth  is of more  in-  
terest.  

Resul ts  
Effect of Current Wavefo~m on Structure 

In this section, we compare  the in tended  s t ructures ,  
as de te rmined  by  the cur ren t  waveform used, wi th  the 
resul ts  obta ined  by  AES and SEM analysis.  The effects 
of subs t ra te  roughness  and the d isp lacement  react ion 
of Ag f rom the subs t ra te  or the  deposi t  by  Pd are  also 
demonst ra ted .  

Square CMA with modulation ~lO00A.--Figure 
1 depicts  the t ime traces of an appl ied  square  cur ren t  
wave, and the corresponding cathode polar izat ion 
(~ vs. t). These were  obta ined  dur ing  a p la t ing  ex-  
pe r imen t  designed to produce  a s t ruc ture  of a l t e rna t -  
ing th ick  (1000A) Ag- r i ch  layers  and thin  (100A) 
P d - r i c h  layers .  F igure  2 shows SEM photographs  of an 
etched cross section of the resul t ing  deposit.  A com- 
par i son  to the 0.1 ~m (1000A) scale m a r k e r  indicates  
tha t  the to ta l  cycle thickness is ve ry  close to the  
nomina l  va lue  of l l00A.  This deposi t  was p la ted  onto 
a s i lver  s t r ip  subs t ra te  which  had  been chemical ly  
e tched (in NH4OH/H202 1: 1), and immersed  (wi th  no 
appl ied  cur ren t )  for  2 min in the A g - P d  p la t ing  ba th  
pr io r  to the  CMA plat ing.  I t  was also lef t  in this bath  
(wi th  no app l ied  cur ren t )  for 1 min fol lowing the 
te rmina t ion  of the  CMA plating.  Pd - r i ch  layers  p ro -  
duced b y  d i sp lacement  p la t ing  can be seen at  the 
b o u n d a r y  be tween  the Ag  subs t ra te  and the CMA 
st ructure ,  and also on the ou te r  surface.  (The etching 
procedures  make  the P d - r i c h  layers  appear  whi te  in 
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Fig. 2. SEM of an etched cross section of the CMA structure cor- 
responding to Fig. 1. Notice (from left to right) the Ag-substrate, 
a Pal-enriched displacement layer (white), the 34 cycles of CMA 
structure, and another Pd-rich displacement layer. 

these SEM photographs . )  For  more  detai ls  r egard ing  
the d isp lacement  reactions,  see Ref. (30). 

The composit ion modula t ion  and the Pd surface  en-  
hancement  of this sample  are  immed ia t e ly  apparen t  
in the Auger  dep th  profiles shown in Fig. 3. The indi -  
cated var ia t ion  of Pd  in the bu lk  of the  sample  is be -  
tween 34 and 37 a /o  while  corresponding var ia t ion  
in the A g / P d  rat io is 1.94 to 1.70. The g radua l  decrease 
in the ampl i tude  of composit ion modula t ion  with  spu t -  
ter ing t ime does not  represen t  a real  effect in the 
sample.  I t  resul ts  f rom the g radua l  loss of dep th  
resolut ion associated wi th  the analysis  technique.  This 
effect is fu r the r  discussed later .  Minor  amounts  of C1 
and S were  also detected at  about  the  1% level.  The S 
was a surface contaminant  (p resumab ly  a sulfide) 
which  d isappears  a f te r  a spu t t e r ing  t ime of less than 
1 min. In teres t ingly ,  the  C1 s ignal  in Fig. 3 shows 
a modera te  peak  coinciding with  the Pd - r i ch  dis-  
p lacement  layer ,  and ve ry  smal l  peaks occur the rea f t e r  
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Fig. 1. Time traces of the impressed plating current, l, and the 
cathodic polarization, ~1 (vs. Pd-wire reference electrode), for a 
square waveform designed to produce alternating 1000A Ag-rich 
layers end 100A Pd-rich layers. 

Fig. 3. Auger depth profiles for Ag, Pd, and CI obtained with the 
deposit corresponding to Fig. 1 and 2. Notice the Pd-rich outer 
layer produced by displacement and 3-4 cycles of CMA. Also notic~ 
that CI peaks coincide with Pd peaks. 
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at depths  corresponding to m a x i m a  in Pd  concentra-  
tion. When  the spu t te r  beam was tu rned  off, the C1 
s ignal  increased steadily,  indicat ing this species was 
migra t ing  to the  surface.  Presumably ,  this C1 is in-  
corpora ted  f rom the p la t ing  ba th  in grea te r  amounts  
dur ing  the in terva ls  of lower  cur ren t  dens i ty  (i.e, P d -  
rich l aye r s ) .  The depth  profiles in Fig. 3 show quite 
c lear ly  that  the surface layer  is enr iched in Pd  by 
the d isp lacement  reaction.  The indica ted  surface com- 
posit ion is app rox ima te ly  56% Pd. This surface l aye r  is 
about  1000A thick and is var iab le  in thickness f rom 
point  to point  on the sample  as can also be seen in 
Fig. 2. 

Resul ts  are  presented  nex t  which i l lus t ra te  tha t  the 
A g - P d  p la t ing  tends to smooth  smal l  prot rus ions  or 
i r regular i t i es  but  amplifies large  ones. The la t te r  are  
deleter ious since they  proceed to develop into nodules,  
and even tua l ly  de te r iora te  the plat ing.  F igure  5 shows 
SEM micrographs  of an etched cross section of a CMA 
coating on a ve ry  flat and smooth substrate .  The Ag 
subs t ra te  was p repa red  by careful  pol ishing wi th  0.3 
~m alumina.  P la t ing  was in i t ia ted  immedia t e ly  af ter  
immersion,  a procedure  which avoids the s i lver  dis-  
p lacement  react ion with  an a t t endan t  surface roughen-  
ing. The appl ied  cur ren t  waveform and the corre-  
sponding t ime traces of the cathode polar izat ion and 
cell voltage, obta ined dur ing the p la t ing  of this sam-  
ple, are  shown in Fig. 4. The designed CMA s t ruc-  
ture consisted of a l t e rna t ing  layers  of 1000A rich in 
Ag and 200A rich in Pd. A l aye r  of about  1 ~m of soft 
gold (seen as a whi te  l aye r )  was ove rp la t ed  on this 
CMA s t ruc ture  in o rder  to faci l i ta te  the p repara t ion  of 
the meta l lograph ic  cross section. Ano the r  Ag subs t ra te  
was roughened by  a pro longated  etching in NH~OH/ 
H202 (1: 1) fol lowed by  immers ion  in the p la t ing ba th  
for 2 min wi th  no current  applied.  F igure  6 shows 
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Fig. 4. Time traces of the applied current, the corresponding 
cathodic polarization, ~1, and the cell voltage, V, obtained during 
the ptoting of o square CMA designed to produce alternating 
1000A Ag-rieh layers and 200A Pd-rich layers. 

Fig. 5. SEM of an etched cross section of the CMA corresponding 
to Fig. 4. The outermost layer (white) corresponds to a soft gold 
(about 1 /~m thick) plated over the CMA structure in order to 
facilitate mechanical polishing of the sample without damage. 

Fig. 6. SEM of an etched cross section demonstrating the effects 
of substrote roughness (o) and particle inclusions (b) on the stabil- 
ity of the growth interface. CMA structure some as in Fig. 1, 2, 
and 3. 

SEM photographs  of the etched cross section of this sub-  
s t ra te  and the A g - P d  CMA coating which was p la ted  
onto it. The designed CMA s t ruc ture  of this  sample  
was s imilar  to the sample  of Fig. 1, 2, and 3 (i.e., a l t e r -  
na t ing  layers  of 1000A. Ag-r ich ,  and 100A P d - r i c h ) .  
Here, however ,  the subs t ra te  roughening  produced  
la rge  prot rus ions  ~0.5 ~m which were  subsequent ly  
amplif ied in the CMA deposit.  A s imi lar  effect was also 
p roduced  by  inclusion of sol id par t ic les  dur ing  the 
p la t ing  (cf. Fig. 6b).  Smal l  prot rus ions  or ig inat ing  
ei ther  in the  subst ra te ,  or  wi th in  the CMA deposi t  due 
to smal l  fluctuations, a re  seen to be smoothed out  as 
the  deposi t ion proceeds.  

Square CMA with modulations of 500-1000A.I 
Figure  7 shows the t ime traces of the  appl ied  cur ren t  
and t h e  corresponding cathode polar iza t ion  and cell  
vol tage  dur ing  the deposi t ion of a CMA s t ruc ture  de-  
s igned to produce a l te rna t ing  layers  of 500A Ag-r ich ,  
and 250~k Pd- r ich .  SEM photographs  of the etched 
cross section are shown in Fig. 8. Good agreement  be -  
tween the designed and obta ined  to ta l  cycle thickness  
may  be noted.  Also evident  is the  excel len t  resolut ion 
of the micros t ruc ture  a f te r  e tching (be t te r  than  500A). 
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0 Fig. 7. Time traces obtained during the plating of a square CMA 
designed to produce alternating 500A Ag-rich layers and 250A 
Pd-rich layers. 

Fig. 8. SEM of an etched cross section corresponding to Fig. 7. 
Notice the excellent resolution of the etchant. The total deposit 
thickness is about 6 #m, and there are some 80 cycles, or a total 
of 160 layers. 

The deep diagonal  grooves which run  across the coat-  
ing are  p r o b a b l y  ar t i facts  caused by  minute  polishing 
scratches  which  were  la te r  magnif ied by  the chemical  
e tching procedure.  The subs t ra te  of this sample  con- 
sisted of the alloy, CDA 725. I t  was mechanica l ly  pol-  
ished (wi th  0.3 ~m a lumina)  and p la ted  wi th  a 0.3 
~m th ick  soft  gold undercoa t ing  pr ior  to p la t ing  of the 
CMA coating. As discussed e l sewhere  (30), this p ro -  
cedure avoids vigorous d isp lacement  react ions  of base 
meta ls  wi th  the  A g - P d  p la t ing  bath.  The p la t ing  of 
the CMA s t ruc tu re  was s ta r ted  immed ia t e ly  fol lowing 
the immers ion  of the pro tec ted  subs t ra te  in the A g - P d  
p la t ing  bath.  Examina t ion  of this sample  by  AES, as 
wel l  as four  o ther  samples  wi th  nomina l  cyclic wave -  
lengths  less than  1000A, fa i led to show any indicat ion 
of composi t ion modula t ion  in the  spu t t e r  profiles. 
Data  sca t ter ing  was about  2% in the A g / P d  ratio.  
Much of the l aye r  de l inea t ion  seen by  SEM for these 
samples  may  thus or iginate  f rom micros t ruc ture  modu-  
lat ion.  The lack  of composi t ion resolut ion b y  AES 
depth  profi l ing could also be due to the  undula t ing  
charac ter  of the deposi t  surface  (cf. Fig. 8). 

Square CMA with modulation <500A.---Samples 
with a designed modula t ion  of less than  500s show 
no evidence of modula t ions  by  e i ther  SEM or AES. 
Thus, r ap id  var ia t ion  of the appl ied  cur ren t  densi ty  
does not  appea r  to be reflected in e i ther  the deposi t  
mic ros t ruc ture  or  the  composition. This apparen t  l imi t  
on the  dynamics  of the p la t ing  process wil l  be con- 
s idered  in more  deta i l  la ter .  

Triangular CMA.--Figures 9a and 9b depic t  the  
appl ied  t r i angu la r  cur ren t  waveforms,  and the t ime 
traces ~l-t and V-t,  obta ined  dur ing  the p la t ing  of two 
t r i angu la r  CMA structures .  They were  designed to 
produce  s t ruc tures  wi th  cyclic layers  of 2500A and 
500A, respect ively .  Etched cross sections of s imi lar  
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Fig. 9. Time traces obtained during the plating of triangular 
CMA structures. The current waveforms were designed to produce 
a structure with cyclic layers 2500• thick (a) and a structure with 
cyclic layers 500A thick (b). 

samples  are shown in Fig. 10a and 10b. Whereas  i t  is 
easy to del ineate  the CMA s t ruc ture  hav ing  cyclic 
layers  of about  2500A thick (cf. Fig. 10a), a s imi lar  
de l ineat ion  is not  possible wi th  the deposi t  designed to 
produce  cyclic layers  of 500A_ th ick  (cL Fig. 10b) nor  
wi th  severa l  o ther  t r i angu la r  CMA deposits,  designed 
to have wavelengths  shor ter  than  500A. The AES 
depth  profi l ing ob ta ined  wi th  a t r i angula r  CMA s t ruc-  
ture  hav ing  2500A_ wavelength  is shown in Fig.  11. In  
this case, about  3 ~m was spu t te red  away.  enough to 
pene t ra te  th rough  the deposi t  thickness  (nominal ly  
2.75 ~m). A p p r o x i m a t e l y  3 or 4 of the 11 layers  are  
resolved and show a t r i angu la r  var ia t ion  in the com- 
position. As prev ious ly  ment ioned,  the loss of depth  
resolution,  as wel l  as the nonabrup t  drop in s ignal  
when spu t t e r ing  had pene t ra t ed  th rough  the p la ted  
alloy; are  bel ieved to be ar t i facts  due to spu t t e r - i n -  
duced micro topographic  features.  The AES depth  p ro -  
filing was not able to resolve any composit ion modu la -  
t ion in t r i angu la r  CMA deposi ts  wi th  designed l aye r  
thicknesses  of 500A or  shorter ,  jus t  as wi th  the square  
CMA structures .  

Evaluat ion  of Deposits for  C o n t a c t  Finish A p p l i c a t i o n s  
A pre l im ina ry  evaluat ion  of contact  resis tance of 

A g - P d  CMA and d-c  p la ted  a l loy coatings was per -  
formed.  The contact  resis tance pr io r  to and fol lowing 
exposure  to an envi ronment  of flowers of sul fur  (37) 
was measured  using a four -po in t  probe  at  100g force. 

One week exposure  of both  the square  CMA and the 
d -c  coatings (50% Ag-50% Pd)  to an envi ronment  
conta ining flowers of sulfur ,  85% re la t ive  humid i ty  
(RH),  and 50~ had  h a r d l y  any  effect on the  contact  
res is tance of e i ther  types of deposits.  The ini t ia l  value 
was about  1.1-1.3 m ~  for al l  coatings. F igure  12 shows 
a p robab i l i t y  plot  of the measured  contact  resis tance 
values for the  wrought  R156 alloy, for  a un i form (d-c  
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Fig. 12. Contact resistance distribution plot after a flowers of 
sulfur exposure test. Data were measured with a load of 100 g on a 
gold probe using the 4 wire method. Samples were exposed to 
saturated flowers of sulfur for 1 week at 50~ and 85% RH. 

Fig. 10. SEM of etched cross sections of triangular CMA deposits 
designed to produce a structure with cyclic layers 2500A thick (a) 
and a structure with cyclic layers 500A thick (b). (See text.) 
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Fig. 11. Auger depth profiles for Ag, Pd, and CI obtained with 
samples corresponding to Fig. 9o and 10n. Note the triangular 
response of the composition to the current. 

pla ted)  deposit,  and for  two CMA deposi ts  wi th  a l t e r -  
nat ing layers  of 1000A rich in Ag and 200A rich in Pd. 
The two CMA deposi ts  differed f rom each other  only  
in tha t  the p la t ing  cur ren t  was tu rned  off dur ing  the 
p la t ing  of an Ag- r i ch  l aye r  (ARL) or dur ing  the p la t -  
ing of a Pd - r i ch  l aye r  (PRL) .  The ARL deposi t  gave 
s l ight ly  grea te r  sca t ter  than  e i ther  the PRL or the un i -  
form deposit .  However ,  a l l  three  electrodeposi ts  
showed subs tan t ia l ly  less contact  resis tance increase 
than did the bulk  R156 alloy. This improvemen t  in the  
contact  resis tance s tab i l i ty  (CRS) of the  e lec t rode-  
posi ted al loys over  the wrought  a l loy is pa r t i cu l a r ly  
surpr is ing  since the l a t t e r  contained more  Pd than  the 
p la ted  alloys. 

The same resul t  was also found in a previous  com- 
par ison (30) of d -c  p la ted  A g - P d  vs. R156 in a flowers 
of su l fur  test. As discussed below, the influence of in-  
corpora ted  C1 and the micros t ruc ture  wi l l  be con- 
s idered  as possible causes for  the improved  CRS be -  
havior.  Wear  and fr ic t ion response of the A g - P d  CMA 
coatings was eva lua ted  briefly using the approach de-  
scr ibed in Ref. (30) and was also found s imi la r  to that  
of d-c  A g - P d  coatings. 

CMA and d-c  A g - P d  pla t ings  differed in the coating 
appearance ,  d-c  p la t ings  containing less than  about  
45% Ag had rough surfaces wi th  da rk  g ray  mat te  
color. The surface  became smoother,  and  the  color 
l ighter ,  wi th  increased Ag  content.  Deposits containing 
more than  about  70% Ag exhib i ted  a s i lve r -whi te  
color and tended to be powdery .  Semi -b r igh t  d-c  coat-  
ings could be obta ined only  under  op t imum conditions.  
CMA deposits, on the o ther  hand, had  smoother  sur -  
faces and b r igh te r  appearance  under  a wide r  range  
of p la t ing  conditions.  For  a given average  cur ren t  den-  
sity, the  br ightness  increased wi th  the appl ied  wave  
f requency  prov ided  that  the  h igh  cur ren t  amol i tudes  
and dura t ions  were  not  excessive (i.e., about  25 m A /  
cm 2 and 1 ra in) .  

Discussion 
The analysis  of CMA deposits  indlcates  that ,  wi th in  

cer ta in  l imits,  the ahoy  composit ion and s t ruc ture  do 
correspond to the  appl ied  cur ren t  waveform.  A t r i -  
angu la r  wave fo rm gives r ise to a c lear ly  t r i angu la r  
composit ion profile (cf. Fig. 11). A square  waveform,  
however ,  does not  appea r  to cause corresponding sharp  
composi t ion steps, pa r t i cu l a r ly  for short  wavelengths .  
In  such cases the compos i t ion-dep th  profiles are  
rounded,  resembl ing  a roughly  s inusoidal  wave fo rm 
(cf. Fig. 3). The cathodic polar izat ion also does not  
change ins tan taneous ly  wi th  new appl ied  current  bu t  
approaches  a new s teady  s tate  wi th  a t ime  constant  of 
the o rder  of severa l  seconds. This response t ime is not  
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l ike ly  to reflect the n o n - F a r a d a i c  effects such as 
double  l aye r  charging,  which typ ica l ly  takes  place in a 
mil l isecond t ime I rame.  Ratl~er, this response t ime 
p robab ly  reflects the ion red is t r i0u t ion  in the diffusion 
layer  (concentra t ion polar iza t ion)  which  no rma l ly  
takes  place  wi th  a t ime constant  o]~ a few seconds (1) 
such as is observed in Fig. 1. I t  is thus possible to un -  
ders tand  why  we observe a c lear ly  defined CMA s t ruc-  
ture wi th  a cyclic composit ion only when  the wave -  
length  is ~1000A, corresponding to cycle t ime ~ 5  sec 
for the condit ions used. 

The layers  seen in SEM micrographs  of CMA deposi ts  
where  the wavelengths  are  in the in te rmedia te  range 
(500-1000A), m a y  reflect a modula t ion  of the micro-  
s t ruc ture  more  than  of composit ion (since no modu la -  
t ion is de tec ted  by  AES profiles of such samples) .  
The genera l  exper ience  in p la t ing  both al loys and 
single meta ls  indicates  that  micros t ruc ture  is indeed 
sensi t ive to cur ren t  dens i ty  var ia t ions  (1). A s tudy  
of the mic ros t ruc tu re  modula t ions  of CMA A g - P d  
deposits by  t ransmiss ion electron microscopy (TEM) 
of cross sections is p lanned  to confirm this point. A 
previous  s tudy  of d-c  p la ted  A g - P d  coatings by  TEM 
and x - r a y  diffract ion (XRD) revea led  a homogeneous 
single phase solid solut ion with  an fcc crys ta l  s t ruc-  
ture, and ve ry  fine grains  (100-300A) (33). Voids of 
about  20-30A in size were  also noted at the  gra in  
boundaries .  

I t  does not  seem l ike ly  that  the loss of AES depth  
resolut ion is due to so l id-s ta te  diffusion. The rates  of 
so l id - s ta te  interdiffusion of Ag  and Pd in the al loy 
A g - P d  are  ex t r eme ly  low at room tempera ture .  The 
p la t ing  t empe ra tu r e  (85~ is only  main ta ined  for 
short  per iod  (about  10 ra in) .  Exper iments  to homogen-  
ize ad jacen t  th in  layers  of Ag and Pd by  Tu (34), 
r evea led  negl ig ib le  diffusion af ter  a per iod of 24 h r  
at  200~ Indeed,  the diffusion length,  computed  from 
the diffusion coefficients of the bulk  A g - P d  alloy, 
should be only  a smal l  f ract ion of 1A (dur ing  a 24 h r  
per iod  at  200~ 

A m o n g  severa l  possible reasons for the loss of the 
AES resolut ion  of composit ion modula t ions  wi th  the 
depth,  we bel ieve  that  the mic ro topography  of the 
deposi t  surface and outer  layers  is of p r i m a r y  im-  
portance.  The outer  layers  of CMA deposits  wi l l  
gene ra l ly  not be per fec t ly  flat. Undula t ing  r ipples  a re  
c lea r ly  seen in Fig. 2, 5, 6, and 8. Before spu t t e r ing  
is begun, the  AES analyz ing  beam excites only  the  
outermost  l aye r  surface, regard less  of the r ipples,  so 
that  t rue surface composit ion is obtained.  However ,  
a~ depth  profi l ing is set by  sput ter ing,  the bot tom of 
the  spu t t e r ing  cra ter  (about  1 m m  diameter )  advances  
through the deposit,  exposing var ious  depths  of a 
layer ,  or even more  than  a single layer ,  at  a time. The 
topography  of the surface wil l  change dur ing  the 
course of the sput ter ing;  it  could approach  a flat or, 
more  l ikely ,  it  could deve lop  new mic ro topography  
such as the cones often seen on spu t te red  meta ls  (35). 
Consequently,  the analyzing AES beam (of about  5 
~m d iamete r ) ,  focused at  the  cra ter ' s  bottom, wil l  
genera l ly  sample  areas  at different  dis tances  f rom the 
or ig inal  surface at any  instant.  Such averaging  effects 
add to the rounding  of composit ion profiles of CMA 
st ructures  obta ined wi th  square cur ren t  waveforms.  
Esaki  and Chang (27) a t t r i bu ted  the  s teady loss of 
resolut ion wi th  the spu t t e r ing  dep th  to the  spa t i a l ly  
va ry ing  rates  on the scale of the area  of the focused 
p r i m a r y  beam. 

I t  is possible to in t e rp re t  a number  of our  findings 
concerning the control l ing pa rame te r s  in the p la t ing  
process on the basis of a r e l a t ive ly  s imple  model,  i.e., 
that  the  mass t r anspor t  of Pd  +2 ions across the di f -  
fusion l aye r  is ra te  controll ing.  This is the typica l  
behav io r  for  no rma l  a l loy p la t ing  where  the  more  
noble meta l  is d~ffusivity control led  (1). To achieve 
a max ima l  effect of modula t ing  the composit ion,  it  is 
necessary  to opera te  under  condit ions such tha t  modu-  

la t ion of cur ren t  dens i ty  produces  la rges t  change in 
the concentra t ion  of Pd  +2 ions at the interface.  Fo r  
the  expe r imen ta l  condit ions used, increas ing the cu r -  
ren t  dens i ty  modulat ion,  decreas ing the to ta l  ion con- 
cent ra t ion  of the solution, or  decreas ing the ra te  of 
s t i r r ing  a l l  should favor  l a rge r  modula t ion  in the  
composit ion of the p l a t ed  CMA alloy. I t  is an t ic ipa ted  
that  CMA A g - P d  s t ructures  wi th  l aye r  thickness 
--~100A m a y  be obta ined by  decreas ing the ion concen- 
t ra t ions  by  about  an o rde r  of magni tude .  This, how-  
ever,  m a y  increase er ra t ic  fluctuations in composi t ion 
and morphology  of the growth  interface.  

The smoothness of the deposi t  is also contro l led  by  
the mass t r anspor t  of the  Pd +2 ions. We can thus  
unders tand  tha t  changes in p la t ing  pa rame te r s  which 
tend to decrease the Pd content  in the p l a t ed  a l loy 
(e:g., increased cur ren t  dens i ty) ,  tend also to des tab i l -  
ize the growth  interface  of the  deposit .  In  the SEM 
photographs  of etched cross sections (see especia l ly  
Fig. 6a and 6b),  in ter face  prot rus ions  of smal l  d imen-  
sions are  seen to be g radua l ly  smoothed out, whereas  
prot rus ions  of l a rge r  dimensions are  seen to be g r adu -  
a l ly  amplified, causing increas ing roughness  and even-  
tua l ly  leading  to nodule format ion  and coat ing de-  
ter iorat ion.  Other  destabi l iz ing effects due to subs t ra te  
surface i r regula r i t i es  and par t ic le  inclusions dur ing  
growth  can l i kewi se  be seen in these figures. The 
cri t ical  size of pro t rus ion  which is no longer  smoothed 
is expected to be comparab le  to the diffusion l aye r  
thickness since l a rge r  pro t rus ions  wil l  pene t ra te  into 
the diffusion layer ,  t he reby  becoming more  favored  for  
g rowth  over  thei r  surroundings.  The faster  g rowth  ra te  
on such large  prot rus ions  is due to the la rger  nu t r i en t  
concentra t ion ahead of the prot rus ions  causing the fu r -  
ther  amplif icat ion of these protrusions.  With  smal l  p ro -  
trusions, on the  other  hand,  the diffusion l aye r  can 
conform to the outl ines of the solid surface.  The 
growth  of such prot rus ions  is, therefore,  not  favored  
over  the i r  surroundings.  However ,  the increase of 
free energy due to the increased in ter face  area  of p ro -  
t rusions and the associated surface tension, wi l l  tend to 
smooth out the smal l  prot rus ions  (36, 37). 

The SEM photographs  of e tched cross sections p ro -  
vide insight  as to such effects of surface i r regula r i t i es  
on ra te  g rowth  because:  (i) Each cross-sect ional  pho-  
tograph  contains a continuous record  of the growth  
in ter face  posi t ion and shape.  Each contour  line (cyclic 
l ayer )  represen ts  the  ins tan taneous  posi t ion of the  
growth  in ter face  at a known t ime (given by  the 
number  of lines from the subs t ra te ) .  (ii)  The growth  
direct ion is a lways  no rma l  to the  contour  lines. (iii) 
The local  contour  l ine spacing is p ropor t iona l  to the 
local ra te  of growth,  i.e., the regions wi th  the la rges t  
spacing be tween  l ines can be identif ied as the regions 
wi th  the fastest  growth.  In fu ture  studies,  this infor -  
mat ion  could be more  sys temat ica l ly  analyzed  to p ro -  
vide a new means  to s tudy  the s tab i l i ty  of growth  
interfaces  as wel l  as the macro and mic ro th rowing  
power  of p la t ing  baths.  

The super ior  corrosion resis tance and contact  r e -  
sistance s tab i l i ty  (CI%S) of bo th  CMA and d-c  p l a t ed  
A g - P d  alloys ( re la t ive  to the wrought  a l loy R-156),  
as de te rmined  in the flowers of sul fur  tests, is of 
prac t ica l  significance as wel l  as scientific interest .  
Based on the h igher  content  of Ag in the  p la ted  al loy,  
one would  ant ic ipate  the  opposi te  behavior .  Never the -  
less, the p la ted  al loys differ subs tan t i a l ly  f rom the 
wrought  a l loy in the i r  micros t ruc ture  and the i r  in-  
corpora ted  t race impuri t ies .  As noted  prev ious ly  (30), 
the gra in  size of the  wrought  a l loy is of the o rde r  of 
severa l  micrometers ,  whereas  that  of the p la ted  alloys 
is only  about  100-300A. Also, the p la ted  al loy is more  
homogeneous than  its wrought  counterpar t .  The much 
finer gra in  size as wel l  as the g rea te r  homogene i ty  of 
the p la ted  alloy, could reduce the Ag mobi l i ty  towards  
the surface, t he reby  reducing  the format ion  of t a r -  
nish films in the sulfiding envi ronment .  I t  is also con- 
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ceivable  tha t  incorpora ted  impur i t ies  in the p la ted  
al loy may  somehow hinder  and reduce the mobi l i ty  of 
Ag to the surface, t he reby  improving  its ta rn ish  re -  
sistance. The presence of incorpora ted  C1 in CMA 
A g - P d  coatings, es tabl ished by  AES, m a y  thus con- 
t r ibute  to its super ior  ta rn ish  res is tance over  tha t  of 
the  wrought  alloy. 

Summary 
With the appl ica t ion  of the  CMA technique to the 

p la t ing of A g - P d  alloys, we have demons t ra ted  the 
feas ibi l i ty  of p repar ing  new types of l amina ted  com- 
posite s t ructures .  The technique al lows the control  
of thickness and composi t ion of ind iv idua l  layers  
wi th in  the  deposit  in a precise and convenient  manner .  
The versa t i l i ty  of the technique has been demon-  
s t ra ted  by  pla t ing CMA st ructures  by  both  square  
and t r i angu la r  waveforms.  The min imum thickness of 
the ind iv idua l  layers  appears  to be defined by the 
response time, of the o rder  of severa l  seconds, r e -  
qui red  to achieve a new s teady state of concentra t ion 
gradients  in the diffusion layer  af ter  a change has 
occurred in the cur ren t  densi ty.  For  the condit ions of 
this s tudy,  this m i n i m u m  cycle wave leng th  was about  
500-1000A. P la t ing  of CMA s t ruc tures  of A g - P d  a l loy 
wi th  layer  thickness be low about  100A is be l ieved to 
be feasible wi th  lower  average  cur ren t  densit ies and 
ba th  concentrations.  Deta i led  s tudies  of e tched cross 
sections of CMA st ructures  provide  a new and con- 
venient  means to s tudy  destabi l iz ing mechanisms of 
the growth  interface  and its morphology.  

A p re l imina ry  comparison be tween  CMA and d-c  
p la ted  A g - P d  alloys did  not r evea l  any  clear  differ-  
ences in tests re levant  to thei r  contact  finish p rop -  
erties. Both were  found super ior  to the wrought  alloy, 
R-156, in these tests, a l though they  contained one-  
th i rd  less Pd than the wrought  alloy. Indeed the 
contact  finish proper t ies  of both  types  of p la ted  Ag-  
Pd a l loy were  found to be gene ra l ly  sat isfactory.  The 
only not iceable  difference be tween  CMA and d-c  
p la ted  A g - P d  alloys was the  increas ing br ightness  of 
CMA deposits  wi th  the f requency  of the square  or 
t r i angu la r  waveform.  

Wi th  the  knowledge  of the CMA technique gained 
f rom the presen t  s tudy,  it  should be possible to 
produce  other  CMA alloys where  beneficial  effects 
might  be rea l ized f rom the s t rong ly  anisotropic  s t ruc-  
ture. One obvious fu ture  appl icat ion is the  p repa ra t ion  
of magnet ic  a l loy films for informat ion  s torage since 
magnet ic  proper t ies  a re  sensi t ive to both film thickness 
and composit ion.  Other  possible areas  of appl ica t ion  
for CMA pla t ing  include the p repa ra t ion  of super -  
conduct ing films, h igh ly  protec t ive  coatings for use in 
corrosive environments ,  and l aye red  s t ructures  wi th  
opt ical  or  improved  mechanica l  proper t ies  such as 
toughness and wear  resistance.  

Manuscr ip t  submi t ted  June  11, 1982; revised m a n u -  
scr ipt  received May 10, 1983. This was Pape r  310 p re -  
sented at  the Denver ,  Colorado, Meet ing of the Society, 
Oct. 11-16, 1981. 
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A P P E N D I X  A 

Design of CMA Structure Parameters 
Square Current Wave 

The square  cur ren t  wave  is charac ter ized  by  its 
lower  and upper  cur ren t  densit ies,  il = I1/A, and i2 = 
I2/A, respect ively,  and the i r  corresponding per iods  
tl and t2, respect ively.  Here  A is the cathode surface 
area, and 11 and Ie are  the appl ied  cur ren t  steps. The 
cycle f requency  is ~ _-- l / z ,  where  T = t l  -{- t2 is the 
total  cycle period.  The ind iv idua l  l aye r  thicknesses a re  
calcula ted f rom the re la t ionships  

PIIltlM1 
h, = [1] 

nldlAF 

p2/2t2M2 
h2 = - [2] 

n2d2AF 
and 

hi plIltIMln2d2 
[3] 

h2 p212t2M2nldl 
Here p,  and P2 are the  lower  and upper  s tep cathode 
cur ren t  efficiencies, respect ively ,  and M1 and M2 are  
the molar  weights  of the a l loy p la ted  at  i l  and i2, r e -  
spectively.  F is the F a r a d a y  constant  (96,500 cou lomb/  
mol) .  nl and n2 are the numbers  of e lectrons t r ans -  
fe r red  per  fo rmula  of the al loys p la ted  at  i l  and i2, r e -  
spectively,  and dl and d2 are  the corresponding den-  
sit ies of these alloys. Fo r  smal l  magni tude  composit ion 
modulat ion,  the average  pa rame te r s  can be consid-  
ered:  P___PI ~ P 2 ; M  ~ M l _ ~ M ~ ; n ~ n l  ~ n 2 ; a n d  
d ___ dl ~ d2. 
For  this case 

hi = C Ill1 
A [la] 

h2 -- C .12t2 [2a] 
A 

and 
hi Ill1 [3a] 
h2 I2t2 

Here C = pM/ndF is a constant.  Fo r  A g - P d  alloys of 
cm 2 ~m 

about 50% Ag-50% Pd, C ,-~ 1.0 - -  when hl and 
coulomb 

h2 expressed in ~m, Ii and I2 in amperes, tl and t2 in 
sec, and A in cm 2. 

Triangular Current Wave 
Only average  pa rame te r s  a re  considered here  since 

the cur ren t  is cont inuously  swept .  The lower  and 
upper  l imi t  cur ren t  densi t ies  are  i l  - -  I1/A and i2 - -  
I2/A, respect ively.  The average  cur ren t  dens i ty  is 

i l  + i2 
iavg = - - . ,  and the sweep ra te  is 

2 
di 2(i~ --  iD 

- [4] 
dt  

where  ~ is the cycle period.  The cyclic l aye r  th ickness  
is ca lcula ted f rom 

lavg'~ 
h = Ciavg~ "- C ~ [ 5 ]  

A 
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ABSTRACT 

Fla tband potentials (V~B) of polycrystal l ine CdS have been determined as a function of pH, in the absence and in the 
presence of cysteine. From pH 10, the linear dependence  of VvB with pH is explained by a hydroxylat ion of the electrode 
surface. With cysteine, two V~B negative steps occur at pH's  corresponding to the two pKa's of the reductant,  emphasizing 
the VFB dependence  on the degree of ionization of the amino acid. 

Severa l  s tudies (1) have shown tha t  CdS in con- 
tact  wi th  an aqueous e lec t ro ly te  solut ion presents  
impor t an t  photoanodic  corrosion. Up to now, the  
most efficient r edox  e lec t ro ly tes  used to check this 
are  the  cha lcogenide /polyca lcogenide  couples (2). 

I t  was in teres t ing  to test  su l fur  conta ining organic  
reduc tan ts  as kinet ic  inhibi tors  of CdS photocorros ion 
(3).  Accord ing  to some choice cr i ter ia ,  cysteine (I)  
had  been chosen as one of these reductants ;  its be-  
hav io r  at  i l l umina ted  CdS has been descr ibed p r e -  
v iously  (3). These s tudies  have  shown that  a l though 
cyste ine  does not  behave  as an efficient kinet ic  in-  
h ib i to r  of photocorrosion,  the  i /V  curve character is t ics  
of amorphous  CdS are  improved  under  i l lumina t ion  
in an aqueous basic solut ion of cysteine. F rom x - r a y  
fluorescence and LEEIX measurements  (4),  it  tu rns  
out that  the photoe lec t rochemical  character is t ic  im-  
provements  can be  cor re la ted  to hydroxy la t ion  of the 

C d S ,  s t rong ly  enhanced  in the  presence of cysteine 
(pH 14). 

Nevertheless ,  a thorough in situ s tudy  of the CdS-  
cysteine junc t ion  by  capaci tance measurements  could 
not  be car r ied  out  because of  the non l inear i ty  of the 
Mot t -Scho t tky  1/C 2~ vs. V plots. This behavior  p r o b -  
ab ly  stems f rom the amorphous  s t ruc ture  o'f the 
s tud ied  CdS films, obta ined  by  chemical  deposi t ion 
(5). Consequently,  in o rder  to get  a deeper  insight  
into the CdS-cys te ine  in ter face  by  capaci tance studies,  
we examined  ano the r  type  of CdS p repa red  b y  evapo-  
ra t ion and present ing  a be t t e r  c rys ta l l ine  s t ructure .  
Wi th  these samples,  we have  been  able  to s tudy  more  
quan t i t a t ive ly  the  so l id - l iqu id  junct ion,  and espe-  
c ia l ly  the  influence of cysteine and pH on the capaci -  
tance character is t ics  in the  dark,  which  we present  in 
this paper .  

* Electrochemical  Society Act ive  Member; Research Associate 
of the National Fund for Scientific Research (Belgium). 

Key words: CdS, cysteine,  surface modification, fiatband po- 
tential. 
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Experimental 
Electrodes.--Polycrystalline n-CdS  electrodes p r e -  

pared  by  e v a p o r a t i o n  on brass,  were  dona ted  by  
B. Baron ( Ins t i tu te  of Energy  Conversion,  Univers i ty  
of Delaware ,  Newark ,  De laware ) .  The microcrys ta ls  
(hexagonal  sys tem) are  or ien ted  with the c-axis  pe r -  
pendicu la r  to the support ,  the thickness of the CdS 
film is about  25 t~m, wi th  an average gra in  d iamete r  
of 1 t~m and a res is t iv i ty  va ry ing  be tween  1 and 3 
t% �9 cm from one sample  to the  other. The donor den-  
s i ty  (ND ___ 4.5 _ 0.5 10 TM cm -3) was de te rmined  by  
us, f rom the slope o f  the Mot t -Scho t tky  plot. The ND 
va lue  is only  indicat ive  because no roughness  factor,  
which can eas i ly  reach 2, has been considered.  The 
po lycrys ta l l ine  s t ruc ture  has been checked by  SEM 
(ISI  DS 130, no meta l l iza t ion  t r ea tmen t )  (Fig.  1) and 
x - r a y  diffraction. F igure  1 shows that  the surface 
s t ruc ture  is ve ry  different  f rom the nodules  of the 
amorphous  CdS (3b) s tudied  before.  

Preparation of electrodes.--Each elec t rode  is 
moun ted  on a P y r e x  suppor t  using an insula t ing  glue 
(Dow Coming  RTV 730). Elec t r ica l  contact  is made  
by  a copper  wire  glued wi th  a conduct ing s i lver  pa in t  
on the  back  brass  surface.  Before each measurement ,  
the mounted  e lec t rode  is e tched b y  HC1 4M (Merck, 
Ti t r isol)  for 1 min at  room t empera tu r e  in the dark ;  
it  is then  r insed five t imes with  t r id i s t i l l ed  wa te r  and 
f inal ly the  solut ion is poured  into the cell. The mea -  
surements  a re  made a f te r  a 5 min contact  be tween  
the solut ion and the electrode.  
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Fig. 2. Mott-Schottky plots for different frequencies. A: CdS/ 
NaOH pH 14. B: CdS/cysteine 1M, NaOH pH 11.5. 

Fig. 1. SEM picture of the CdS film. Beam incidence of 30 o with 
respect to the surface. 

Solut ions.--Al l  solutions are made with tridistil led 
water. Traces of ferric ions present in NaOH (P. A. 
Merck )are removed by coprecipitation with Mg (OH)2 
added as MgSO4 to the NaOH stock solution (4M). 
L-Cysteine (HSCH2CH(NH2) COOH) (P. A. Aldrich) 
and LiNO3 (P.A.U.C.B.)  are used as such. Na2SO4 
(P.A.U.C.B.) is recrystallized. The pH of each solu- 
tion is measured with a Philips PR 9403 pH meter, 
equipped with a glass electrode (Philips GA 420, pH 
0-14). The concentration of cysteine is checked for 
several experiments by the Ellmann's spectroscopic 
method (6) (oxidation of cysteine by 3,3' dithiobis (6 
nitrobenzoic) acid giving a free yellow nitro carboxy- 
thiolate ion with ~412nm = 13,600). All  solutions are 
deoxygenated by nitrogen bubbling during the solu- 
tion preparation and before and during the experi-  
ments. 

Experimental  s e t u p . ~ T h e  impedance measurements 
are performed by superimposing a sinusoidal signal 
on a linear potential sweep, applied, via a Tacussel Pit 
20-2X Potentiostat, to the CdS working electrode of 
a one-compartment cell containing also the saturated 
calomel and counterelectrodes. The resulting cell 
signal is measured vs. the reference signal of the 
potentiostat, with an Ortec Brookdeal 9503-C Lock- 
in Amplifier or on a X-t  recorder with. a signal recti- 
fier. 

Re'suits a n d  D iscuss ion  
The impedances of the solid-liquid CdS/NaOH and 

CdS/cysteine junctions are determined in order to 
point out the cysteine effect on the Schottky barrier.  
With both junctions, the impedance data fit to a first 
approximation (within the experimental  precision of 
• 10%) with a simple equivalent electrical circuit, 
composed of a resistance Rs in series with a capaci- 
tance C with a paral lel  resistance Rp or "shunt re- 
sistance," responsible for the faradaic or leak current. 

The actual equivalent electrical circuit is probably 
a lit t le more complicated in the low frequency region 
where other electrical elements perturbate by less 
than 15% the behavior of the simple circuit described 
above. These other elements of the equivalent circuit 
are probably responsible for the slight frequency de- 
pendence of the slopes of the Mott-Schottky lines 
(1/C 2 vs. V ) ,  determined in the low frequency region 
in the absence or in the presence of cysteine (Fig. 2A 
and B). 

Frequency dispersion in Mott-Schottky plots have 
been often .described (8) and it has been shown re-  
cently that such a frequency dependence in a low 
frequency range vanishes with increasing frequency 
(9). Nevertheless, as shown by Fig. 2A and B, the 
extrapolated flatband potential  (VFB) remains con- 

stant within the experimental  error (-4- I0 mV). The 
fact that only the slope of the function is frequency 
dependent allows us to evaluate, without appreciable 
error, the VFa by extrapolation of the straight line. 

Figure 3 shows the VFB values as a function of pH 
in NaOH alone and with cysteine 1M. All the values 
are obtained from capacitance measurements made at 
375 Hz. We chose this frequency because the (C~)-1 
values are then comprised between 2600s (C --~ 150 
nF) and 13,000s (C ~ 30 nF) ,  which allows to sim- 
plify the impedance of the equivalent circuit to the 
C branch only. 

For CdS in NaOH alone, as shown in Fig. 3, the 
VFB remains constant between pH 6 and 10, with a 
value of approximately --0.910V vs. SCE. At pH 1O, 
the VFB starts increasing l inearly with the pH, up to 
pH 13.5 with a slope of 30 mV per pH unit. The nature 
of the electrolyte does not seem to have any major 
influence on VFB (LiNO8 0.4M or Na2SO4 0.21Vl). I t  
has to be noticed that, in order to obtain reproducible 
results, an electrode etching with HC1 4M is required 
before each measurement. Indeed, if two successive 
measurements are performed, the first one at a higher 
pH and the second one at a lower pH, without chemi- 
cal etching between both experiments, the VFB value 
at the lower pH is quite irreproducible: the values 
extend from the actual value obtained after etching, 
to values close to the ones obtained at the higher pH. 
This behavior, always observed without prel iminary 
etching, most probabIy stems from an irreversible 
electrode modification by the highly basic aqueous 
solution. 

Figure 3 also shows that in the presence of eysteine 
1M, for all the pH values, the CdS VFB is shifted 
eathodically compared to the VFB obtained in NaOH 
alone. This negative VFB shift is comparable to the 
one observed with the S 2- ions (2b), with however, 
in the cysteine case, a more complex relation be- 
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Fig. 3~ VFB of nCd$ extrapolated from Mott-Schottky plots made 
at 375 Hz as a function of pH. A: NaOH, from pH 6 to 13.5; 
ionic strength is kept constant by adding LiNO3 0.4M ( Q )  or 
Na2SO4 0.2M (111). B: Cysteine IM, from pH 7 to 14. 
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tween  VFB and the pH. Indeed,  as shown in Fig. 3, 
VFB does not  v a r y  l i nea r ly  wi th  the  pH, except  for  
pH higher  than  11. Be tween  pH 6 and 11, there  a re  
two VFB negat ive  s teps as a funct ion of the  pH:  one 
a round  pH 8.5 and the o the r  a round  pH 10.75. I t  has 
not  been possible  to inves t iga te  the pH region  lower  
than  6, because  of the  cys te ine  inso lubi l i ty  in acidic 
medium.  

CdS/NaOH junction.mVariation of VFB of CdS in 
contact  wi th  aqueous solut ions at  different  pH has 
a l r e ady  been inves t iga ted  b y  severa l  authors  (10); 
however ,  the resul ts  a re  somewha t  different  f rom one 
au thor  to the other.  Most  of the differences could be 
a t t r ibu ted  to different  c rys ta l lographic  faces in con- 
~act wi th  the e lec t ro ly te  which exhib i t  different  VFB 
dependence  wi th  the  pH. Recent ly ,  this has also been 
shown in the  case of the n - G a A s  (10d). Thus we fe l t  
tha t  a clarif ication of the  pH effect on our  CdS junc-  
t ion was a prerequis i te  for  a s tudy  of the effects of  
cyste ine  as a funct ion of pH. 

In  our  case, the VFB remains  constant  f rom pH 8 
to 10 and corresponds  to --0.91 V/SCE,  in ag reemen t  
wi th  Watanabe ' s~resu l t s ;  however ,  f rom pH 10, con- 
t r a r y  to Watanabe ' s  results ,  the VFB values  s t a r t  
shif t ing nega t ive ly  by  30 m V / p H  up to pH 13.5, s imi -  
l a r ly  to Matsumura ' s  results.  This behavior  can be 
exp la ined  by  tak ing  into account a chemical  modifica-  
t ion of the CdS induced by  the aqueous basic solution 
under  anodic  bias. Indeed,  i t  has been shown b y  x - r a y  
fluorescence and LEEIX measurement s  (4) tha t  an 
e lec t rode  of amorphous  CdS, d ipped in an NaOH solu-  
t ion at  p H  14, is modified by  h y d r o x y l  groups, cad- 
mium oxide, and su l f a t e - type  sulfur .  Moreover,  under  
anodic bias wi th  respect  to VEto in the  da rk  and under  
i l luminat ion,  the same modification is observed and 
no sul fur  S ~ f rom the la t t ice  sulfide oxida t ion  is 
detected.  These expe r imen ta l  observat ions  are  in very  
good agreement  wi th  the  ca lcula ted  Pourba ix  d iag ram 
for CdS (Fig. 4) w h e r e  the semiconductor  be tween  
pH 2 and 13.5 corrodes anodica l ly  into SO4 ~-  and 
Cd2+ or  different  soluble  hyd roxy l a t ed  Cd 2+ or in-  
soluble  Cd(OH)2,  depend ing  on pH. Such a d i ag ram 
has a l r eady  been ca lcula ted  b y  P a r k  et al. (11) who 
considered the su l fur  S ~ in the anodic corrosion area.  
However ,  the the rmodynamic  da t a  show tha t  only 
HSO4-  and SO42- can be considered as the s table  
the rmodynamic  su l fur  species in the anodic corrosion 
a rea  of CdS (Fig.  4). Therefore,  at V > --0.5V 
(SCE) where  a smal l  oxidat ion  cur ren t  is observed,  
the e lec t rode  could corrode into SO42- and Cd 2+ ions. 
The SO42- should g radua l ly  dissolve into the solut ion 
whereas  the fate  of the Cd 2+ is cr i t ica l ly  pH depend-  
ent. In  neu t r a l  or acidic solution, Cd2§ is soluble  and 
the e lec t rode  m e r e l y  dissolves wi thout  surface  chemi-  
cal modification. On the contrary ,  in the  high pH 
region  (pH 10-13.5), the Cd(OH)2 formed by  anodic 
oxida t ion  would  accumula te  on the surface  and modi fy  
the  CdS. 

Taking  into account  this chemical  modif icat ion by  
corrosion and passivat ion,  the pH effect on the CdS 
VFB can eas i ly  be  expla ined.  Indeed,  according to the  
corrosion cr i te r ia  (i.e., 10-6M for the concentra t ion of 
soluble  species) ,  pH 10 p lays  a capi ta l  role  for  the 
C d S / N a O H  junct ion  since i t  represents  the bounda ry  
be tween  the corrosion (Cd(OH)  + -t- SO42-) and 
pass ivat ion  (Cd (OH) 2 -t- SO4 ~- )  areas.  Consequently,  
for  pH < 10, a l though the e lec t rode  is corroding,  its 
superf icial  chemical  composi t ion does not  change and 
is essent ia l ly  composed of CdS, the  VFB of  which does 
not  depend  on pH. On the  contrary ,  for pH > 10, the 
e lec t rode  surface is pass iva ted  b y  Cd(OH)~,  an "ac- 
t ive" fo rm of CdO, the  VFB of which  should  be pH 
dependen t  as for  the oxide semiconductors .  

CdS/cysteine junct ion.~There are  two types  of 
cyste ine  effects on the  CdS VFB which  a re  pointed out  
in Fig.  3. The first one is a negat ive  shift  of VFB for 
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Fig. 4. Pourbaix diagram of CdS. Solid species considered: CdS, 
Cd, Cd(OH) 2, S. Seluble species considered: Cd 2+, H2S, HS- ,  
HS04- ,  S 2-~, S042- ,  Cd(OH) +, Cd(OH)3- ,  Cd(OH)42-. The 
thermodynamic data are taken from Ref. (12) and (13). The 
boundary between two areas involving at least one solid and one 
soluble species ( . )  is calculated using the corrosion criterion 
of 10-6M for the soluble species concentration. (.....) Boundaries 
between areas involving soluble species of cadmium derivatives; 
( . . . . .  ) boundaries between areas involving soluble species of sulfur 
derivatives. The thermodynamically predominunt species are indi- 
cated in each area. a and b ~ redox potentials of water. 

all  pH values comprised be tween  7 and 14, compared  
to the values  in NaOH alone. The second is a var ia t ion  
of the ampl i tude  of this shift  depending  on pH. 

Actua l ly ,  the amino acid (I)  has three  ionizable 
acid functions wi th  the  fol lowing pKa values (14): 

Kal  
R ' - - C O O H  ~ R ' - - C O O )  ( - )  -b H (+) p K a l - "  1.71 

Ka2 
R'----SH ~- R ' - - S < - )  + H( + ) PKa2 = 8.3/8.7 

Ka3 
R'--NI-I3 (+) ~ R ' - -NH2 -t- H r pKa3 ='  10.4/10.8 

These are  macroscopic constants.  More accurately,  the 
two l a t t e r  PKa's can be d iv ided  into f o u r  microscopic 
constants:  

Ka4 
N H ~ ( + ) - - R - - S H  ~ NH3(+)--R---S(  -> + H + 

PKa4 - -  8.4/8.7 
K~5 

NI-I3(+)--R--SH ~ N H 2 - - R - - S H  -b H + 

pKa5 ---- 8.6/8.9 
Ka6 

N I ~ ( + ) - - R - - S  ( - )  ~ N I ~ 2 - - R ~ S  ( - )  + H + 

pKa6 = 10/10.8 
Ka7 

N H ~ - - R - - S H  ~ N I ~ - - R - - S  (-> + H + 

PKa7 --  10/10.5 

where  - - R - -  s tands for - - C H u C H 2 - - .  
I 

C O 0 ( - )  
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If we assume that cysteine adsorbs reversibly on 
the surface when CdS is dipped in a cysteine solu- 
tion, we can easily interpret our results. For pH 
lower than PKa4 and PKa5 but > PKal, cysteine is 
twice ionized, with a negative charge on the car- 
boxylate group and a positive one on the ammonium 
group, leading to a resulting charge of zero. In this 
condition, the VFB cathodic shift, between pH 7 and 8, 
compared to the value in NaOH alone, could be at- 
tributed to a potential drop in the OHP, due to the 
dipole of the adsorbed "neutral" cysteine. Around pH 
8.5, the VFB shifts cathodically because of the acid- 
base reactions 4 and 5 (first shaded area, Fig. 3), 
leading to an ion with a total negative charge of i. 
Around pH 9.5, the right-member products of equi- 
libria 4 and 5 are the preponderant species in solu- 
tion. Similarly, at pH 10.75, there is a second VFB 
step with increasing p H ,  corresponding to the acid- 
base reactions 6 and 7 (second shaded area, Fig. 3). 
These equilibria lead to an ion with a total negative 
charge of 2. The different VFB shifts would thus de- 
pend on the different degree of the cysteine ionization. 
For pH higher than pKa6 and pKa7, VFB shifts linearly 
with pH with a slope of 30 mV per pH unit. This pH 
dependence indicates probably a superposition of the 
cysteine effect and of the NaOH one. If we accept 
that in this high pH region, as discussed before, the 
electrode surface in contact with the solution, is 
covered by Cd(OH)2, the sulfur atoms being dis- 
solved as sulfate ions, the persistence of the cysteine 
effect in the high pH range (11.5-13.5) on the VFB 
value (compared to the one in NaOH alone), would 
indicate that cysteine adsorbs on the Cd atoms (hy- 
droxylated or not). 

Conclusions 
There are two important results which emerge from 

this work. 
The first one concerns the capacitance results ob- 

tained with the CdS/NaOH junction. The pH effect 
on the VFB indicates that the chemical composition 
of the surface varies with pH. At pH higher than 10, 
the linear dependence of the VFB with pH and the 
examination of the Pourbaix diagram lead to the con- 
clusion that the surface gets hydroxylated at least 
partially. This conclusion has already been suggested 
before by Matsumura et al. (10c) but has never been 
clearly discussed. 

The second result is that, to our knowledge, it is the 
first time that a ~'rFB shift, depending on the degree of 
ionization of the reductant in solution, has been clearly 
pointed out. 
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BP-Stabilized n-Si and n-GaAs Photoanodes 
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ABSTRACT 

Thin boron phosphide overlayers, employed as transparent conductive windows, have been deposited on n-Si and 
n-GaAs photoanodes. Significantly enhanced stabilities are observed in ferro-ferricyanide electrolytes. Spectral response 
and I-V data for aging experiments, as well as a discussion of the energy level diagrams for the heterojunctions, are 
presented. 

The use of heterogeneous photocatalysis for solar 
energy conversion in photoelectrochemical devices has 
attracted t remendous at tent ion over the last 7 or so 
years. Whether  employed as discrete semiconductor 
electrodes or in par t iculate  systems, one of the major  
requirements  in any  practical system is that  of ex- 
tended stability. This is especially true in view of the 
increasing tendency to employ small bandgap non -  
oxide electrode materials.  

Because it is very difficult to find intr insical ly  stable 
materials  and to develop them to device quality, con- 
siderable effort has been expended on electrode modi-  
fication to improve stabil i ty and charge t ransfer  prop- 
erties. Some of the methods employed or suggested 
include the use of stabil izing redox couples in the 
electrolyte (1, 2) or chemically bound on the surface 
(3) and overcoating of unstable  semiconductors with 
stable electronic (4, 5) or ionic conductors (6). 

In  this paper, the authors demonstrate  that  the 
growth of a degenerate layer of n - type  boron phos- 
phide (BP) on either n -Si  or n -GaAs  can impar t  great 
stabil i ty to these normal ly  quite unstable  photoanodes. 
This paper reports p redominant ly  on the results on Si 
substrates, with some results being reported for both 
substrates. Though the application of semiconductor 
overlayers had been previously proposed (4), the in-  
tent  there was to collect photocurrents  from both layers 
and augment  open-ci rcui t  potentials. Prototypes of 
these devices suffered great ly from bandedge matching 
problems, and ext remely  low quan tum efficiencies 
were the result. The in ten t  here was somewhat differ- 
ent. A n u m b e r  of at tempts have been made (7, 8) to 
use thin metal  overlayers as protective films, but  light 
t ransmission and pinhole problems dominated these 
devices. The authors desire was to use this concept, bu t  
to employ a large bandgap stable degenerate semi- 
conductor upon a smaller  bandgap unstable  semicon- 
ductor. For this to be effective, a n u m b e r  of require-  
ments  had to be met. There needed to be an effective 
heterojunct ion between the two semiconductors; this 
implied a high density of interfacial  states. The band-  
gap of the overcoating semiconductor had to be signifi- 
cantly larger than that of the small  bandgap mater ia l  
so that  reasonable conversion efficiencies could be a t -  
tained. The overcoating mater ia l  had to be stable in 
the required electrolyte envi ronment .  All  of these re-  
quirements  could be met  using BP layers (bandgap 2.0 
eV) on n-Si  (bandgap 1.1 eV) and n -GaAs  (bandgap 
1.4 eV). 

Experimental 
The substrate materials  were single-crystal  speci- 

mens of n -S i  and n-GaAs.  The silicon samples were 
Sb-doped to 0.0005-0.20 ~ / c m  and cut perpendicular  to 
the < I 0 0 >  axis. The gal l ium arsenide samples were 
Si-doped to 6-7 • 1017 and were cut perpendicular  to 
the <100> axis. Before growth, all samples were pol- 
ished with 1/4 ~m diamond paste, acid-etched, and 
r insed with spectral  grade methanol .  The Si contacts 
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were T i /P t /Au ,  and the GaAs contacts were G e - A u /  
Ni/Au. All contacts were applied by sput ter ing and 
were annealed in vacuum and hydrogen, respectively. 

Boron phosphide was deposited by chemical vapor 
deposition (CVD) from mixtures  of B2H6, PH3, and 
H2 (9). 

The gas nu t r i en t  materials  used in this work were 
all Matheson gas products. The hydrogen carrier gas, 
99.999% pure, was passed through a Matheson hydro-  
gen purifier Model 8363. The diborane, 99.995% pure, 
was a 1.10% concentrat ion in UHP hydrogen gas. The 
phosphine, 99.999% pure, was a 4.48% concentrat ion in 
hydrogen gas. Both the diborane and phosphine were 
used directly from the gas cylinder. 

Matheson gas flow controllers were used to regulate 
and control all gas flow. The system included mass flow 
controller  Model 8240, mass flow meter  Model 8142, and 
totalizer Model 8122. Each gas system was calibrated 
for a specific gas mixture.  The exhaust  gas was passed 
through a silicone oil gas trap and was then either 
burned  or vented through a hood. 

The growth apparatus is shown schematically in Fig. 
1. The outer  atmosphere chamber,  constructed of fused 
silica, was 31 cm (length) • 5 cm (diam) and sup- 
ported the desired growth envi ronment .  The chamber  

V e r t i c a l  G r o w t h  Apparatus 

Gas Inlet  

0 Graphite Suseeptor 
0 
0 C- RF Co J] 
0 0 
0 0 Monitor TC 

BN Spacer 

Atmosphere Chamber 

Support Rod 

Gas Out.Jet 

--  Base Support 

Fig. |. Schematic of BP vertical growth apparatus 
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was friction-fitted into the support  base. A gas seal 
was provided by an "O" r ing in the base. This con- 
figuration allowed the fused silica growth chamber to 
disconnect from the base, avoiding rupture  in case ex- 
haust  tubing became either plugged or restricted dur-  
ing a growth procedure. 

All electrochemical measurements  were made using 
a conventional  three-electrode electrochemical cell 
with a saturated calomel reference electrode (SCE), a 
PAR 173 potentiostat, and a PAR 174 programmer.  
I l luminat ion was by a 150W Schoeffel medium pres- 
sure xenon lamp used with a Schoeffel grat ing mono-  
chrometer where appropriate.  Conversion efficiencies 
were measured using the unfil tered light source at-  
tenuated to 80 mW/cm 2. 

All electrolytes were prepared from distilled water  
and analyt ical  pur i ty  reagents. The electrolytes em- 
ployed throughout  the bulk  of this study were 0.1M 
potassium ferricyanide and 0.25M potassium ferrocy- 
anide (pH _--~ 7.8). 

All aging experiments  were conducted in the above 
electrolyte in the air. The propensi ty of the electrolyte 
to decompose was rectified by periodic electrolyte  re-  
newal  and by  cleaning the cell windows. The BP-  
coated Si samples were aged at 0.2V vs.  the fer ro-ferr i -  
cyanide couple (+0.455V [SCE] measured on a Pt  
metal  electrode) to be near  the max imum power point  
of the cell. For the aging experiments,  BP-coated GaAs 
was potentiostated at -F0.100'V vs.  SCE and the virgin 
n-GaAs electrode was potentiostated at +0.260V vs.  
SCE. 

Results 
Boron phosphide films for this study were grown 

with P :B  atom ratios in the input  s tream from 1:1 to 
24: 1. Growth temperature  was typical ly 900~ for both 
the Si and the GaAs substrates. Total gas flow was held 
constant  at  2500 sccm by correcting with the hydro-  
gen carrier  gas flow rate. Normally the layers grown 
were 2000-5000A thick, which required growth times 
from 2 to 4 rain for the 1:1 and 24:1 ratios on silicon. 
BP films are well known to grow epitaxial ly on silicon 
(10-12), which was observed in this case. The films, as 
expected, were grown pinhole-free as viewed in the 
SEM. The growth on GaAs produced excellent optical 
quali ty crystal l ine films, but  grain size and orientat ion 
were not determined. 

It was determined that sample resistivity (i.e.,  dop- 
ing level) was a function of P :B  ratio. Figure 2 i l lus- 
trates a plot of resistivity vs.  P:B  growth ratio for BP 
on both n-  and p- type silicon substrates. It  was ob- 
served that at P: B ratios below 2:1 the film resistivity, 
as measured impedance in the PEC, rapidly increased 
and the films approached an intr insic  value. Even 
growing at ratios of less than 1:1 would not  switch the 
films from n-  to p-type,  nor would growing on p- type 
substrates do so. Above ratios of 2: 1, the resist ivity 
rapidly decreased to a low value which was m i n i m u m  

600 

E 

500 

400 

300 

200 

I00 

0 

BP/n-Si BP/p-Si 
Normalized Normalized . . . . .  

. . . . . . . . . . .  ,, 

. . . .  , : . . . . : . . . ~ .  -.:....:-..:": �9 

5 10 15 20 25 

PHOSPHOROUS: BORON RATIO 

Fig. 2. Plot of sample resistance, as determined by I-V plots in o 
photoelectrochemical cell vs. P:B growth ratio. The solid line is the 
curve for BP on n-type silicon; the dashed is for BP on p-type 
silicon. 

about 12: 1. Subsequently,  increasing the phosphorous 
atom percent resulted in a slight increase in conduc- 
t ivity with both the n -  and p-substrates.  It may be 
that the addit ional  phosphorous at higher concentra-  
tions results in the incorporat ion of a high density of 
trap states, reducing major i ty  carrier mobility. To 
achieve the best results when employing these films 
as t ransparent  conducting windows, it is desirable to 
have the conductivity as high as possible but  to min i -  
mize the number  of trap states and defects. This is to 
assure not  only efficient charge t ransport  but  to min i -  
mize the possibility of decomposition reactions ini t ia t-  
ing at near  surface sites with broken bonds or altered 
stoichiometry. 

The val idi ty of this in terpre ta t ion  seems to be re-  
flected in the dependence of conversion efficiency upon 
the P :B  ratio. Figure 3 i l lustrates the conversion effi- 
ciency vs.  the P :B  ratio for BP on n-Si.  This informa-  
tion seems to correlate quite well with that from the 
previous figure. Where resistance is a minimum,  the 
efficiency is a maximum.  As the phosphorous concen- 
t rat ion increases past this point, the conversion effi- 
ciency decreases. As impedance increases, the efficiency 
rapidly decreases and reaches zero, where we see the 
rapid increase in resistivity. The low efficiencies in 
these cells stem from the near ly  l inear  I-V character-  
istics between Isc and Voc, producing a very low fill 
factor. There is also some dark current  which gradual ly  
decreases with time. 

Figure 4 i l lustrates the I -V curves in ferrocyanide 
electrolyte for virgin GaAs and BP-coated GaAs elec- 
trodes. The overall  dark and i l luminated  I-V curves 
are quite similar in shape for the virgin and coated 
electrodes. The leakage current  increased somewhat for 
the coated electrode, al though this diminished with 
time. Fill  factors are comparable;  the flatband shifted 
approximately 0.35V to the positive of SCE for the 
coated electrode. 

Aging studies were performed in aqueous ferro- 
ferr icyanide in the air. In  retrospect, al though the 
couple was energet ical ly very good, it was par t icular ly  
inappropriate  since it underwen t  photodecomposition. 
This required a periodic renewal  of the electrolyte 
and cleaning of the cell windows. The electrode surface 
was also rinsed in distilled water  at these intervals.  
Much of the erratic na tu re  of the photocurrent  with 
time dur ing aging experiments  was a consequence of 
this electrolyte problem. Figure 5 i l lustrates a plot of 
photocurrent  vs.  total interracial  coulombs of a BP- 
coated Si electrode. The P: B growth ratio of ~ this elec- 
trode was 12: 1, and the electrode was aged at approxi-  
mately  the ma x i mum power point. Clearly the photo- 
current  did not  decay. In fact, it has a pronounced up- 
ward t rend indicative of an increasing electrode 
efficiency. The efficiency increased from roughly 1.97 
to 2.75% during the aging experiment,  while the dark 
current  dropped somewhat from --1.0 to --0.5 mA at 
0.0V (SCE). Open-circui t  potentials remained rela-  
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Fig. 3. The plot shows conversion efficiency in percent vs. the 
P:B ratio for a coated p-type silicon substrate in ferro-ferricyanide 
electrolyte. 



Vol. 130, No. 10 B P - S T A B I L I Z E D  n - S i  AND n - G a A s  2001 

n - G a A s  
(0.25M K4Fe(CNI610.IM K3Fe(CN) 5 

~= 600 nm 

DARK 
I I I 

+.8 +.6 +.4 

200 

100 - 

+ F - - - - - ' "  

.2 

/~A 

" 2 

n - B P / n - G a A s  t,A 
(0.25M K4Fe(C~)6/O. IM K3Fe (Ch) 6 200 - L 

~ X v 
i & \ ' -!2 +.8 +.6 . +.4 +~'I00 

Fig. 4. I-Y curves for a virgin n-GaAs photoonode and for a BP- 
coated n-GaAs photoanode vs. SCE in a ferro-ferricyanide electro- 
lyte. 

t ively unchanged.  The electrode surface showed no 
change in appearance and showed no pi t t ing or other 
physical changes under  microscopic examination.  A 
virgin n - type  silicon electrode was run  under  compar-  
able conditions in the fer ro-ferr icyanide  electrolyte. 
Photocurrent  decayed to zero after only  0.8C of in ter -  
facial current.  Figure 6 i l lustrates the dependence of 
the spectral response as a funct ion of aging time. The 
virgin curve looks much as expected with a photocur- 
rent  onset near  the Si bandedge and a cutoff near  the 
bandedge of the BP. As aging proceeds, there seems .to 
be nonsystematic  variat ions in the longer wavelength 
portion of the spectrum. These are, however, syste- 
matic variat ions in the short wavelength portion of the 
spectrum. As aging proceeds, the blue response of the 
electrode continues to improve. 
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Fig. 6. Spectral response curves as a function of aging for the 
BP-coated n-silicon electrode shown in Fig. 5. The solid line is 
before aging; the dashed line is after 590 interracial coulombs; 
and the dotted line is after 26,000 interracial coulombs. 

Figure 7 i l lustrates the aging of a virgin and BP-  
coated GaAs photoanode in the same ferro-ferr icy-  
anide electrolyte. The virgin electrode shows a very 
rapid decay of photocurrent  reaching zero after only 
12C. The BP-coated electrode shows an ini t ia l  rapid 
decrease of photocurrent  followed by a much more 
gradual  decline and by what  appears to be a final 
level ing off. The run  was stopped because an orange-  
green coating began forming on the electrode. Subse- 
quent  chemical analysis showed this coating to be 
composed exclusively of electrolyte decomposition 
products. When the surface was cleaned, it showed a 
surface and photoelectrochemical character very sim- 
i lar to that of the preaged electrode. 

Discussion and Conclusions 
The experiments  discussed above i l lustrate  the vi-  

abil i ty of using a large bandgap semiconductor  as a 
t ransparent  conductive window on smaller  bandgap 
material .  In both the n-Si  and n -GaAs  cases, improved 
stabil i ty was observed while reasonable I-V properties 
were obtained. 

A number  of interest ing effects were observed rela-  
tive to the future  ut i l i ty  of this method of electrode 
modification. 

Basically, the device inheren t ly  resembles a metal  
overcoated semiconductor electrode. It is, in fact, a 
solid-state device. This means that the band  mismatch 
between the two semiconductors can play an impor tant  
role in de termining the behavior  of the device. 

In Fig. 8, the band configurations for BP-overcoated 
n -S i  and n-GaAs are shown. The positions of the bands 
come from the known bandgaps and the electronega- 
t ivi ty model (13). For degenerately  doped BP and n -  
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Fig. 8. Expected band structure for BP-coated n-Si and n-GaAs 
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GaAs, the band positions provide  --0.5V of ba r r i e r  
height  at the junct ion  be tween  the two semiconductors.  
The known posi t ion of the f e r r i - f e r rocyan ide  couple of 
+0.46V (SCE) suggests that  the pho tocur ren t  should 
d isappear  about  0V (SCE),  in reasonable  agreement  
wi th  the da ta  in Fig. 4. 

For  BP-coa ted  n-Si ,  the band posit ions are  such that  
an ohmic contact  would be expected  be tween  the two, 
and no photovol tage  with  the sil icon spect ra l  response 
should be expected.  Since both Si and GaAs are  qui te  
covalent,  Fermi  level  pinning is expected to occur 
a round 1/3 of the bandgap  (14). This is how the band 
s t ruc ture  is d rawn in Fig. 8. Thus, the expected  max i -  
mum open-c i rcu i t  vol tage is about  0.4V, in reasonable  
agreement  wi th  observat ions.  While  Fe rmi  level  p in-  
ning for GaAs might  also be expected,  the height  of 
the conduction band d iscont inui ty  suggests  that  p in-  
ning would change ne i ther  the ba r r i e r  height  nor  the 
m a x i m u m  open-c i rcu i t  vol tage significantly.  

Ano the r  impor t an t  considerat ion in these systems 
is the epi tax ia l  growth  of protec t ive  film on the small  
gap mater ia l .  BP grows ep i t ax ia l ly  on Si but  not on 
GaAs. I t  is, however ,  the GaAs that  shows the best  
junct ion characteris t ics ,  a l though the Si shows some- 
what  grea ter  stabil i ty.  This is to be expected as the 
h igher  in terface  s tate  densit ies in the GaAs case make  
it easier  for holes to pass through the heterojunct ion,  
as shown in Fig. 8. In  the Si case, the l ack  of in terface  
s ta te  densi ty  impedes  the hole t ranspor t  and provides,  
in effect, l a rge  series resis tance for the device. This 
explains  the l inear  I - V  character is t ics  and poor fill 
factors that  are  observed.  

The doping of the overcoat ing semiconductor  l ayer  
is ve ry  impor tant .  To achieve the type  of device de-  
s i r ed - -essen t i a l ly  a Schot tky  ba r r i e r  dev ice - - i t  is 
necessary to have sufficient doping for the layer  to act 
essent ia l ly  as if it  were  a metal .  If  doping levels are  
too low, the device becomes an n / n '  he te ro junc t ion  
device of the type  envisaged by  Wagner  and Nozik 
(4, 5). In this case, minor i ty  car r ie r  t ranspor t  th reugh  
the he tero junct ion  is impeded  by  the band discont inu-  
ities. If  doping levels are  too high, a high densi ty  of 
deep t rap  s tates  can be introduced,  resul t ing in reduced 
t ransmission in the des i red  por t ion of the spectrum. 

While  a high densi ty  of in terface  s ta tes  is des i rable  to 
achieve efficient Schot tky  ba r r i e r  behavior ,  a h igh 
densi ty  of deep t rap  states, as s ta ted above, can be 
de t r imen ta l  to e lect rode performance.  These s tates  can 
or ig inate  wi th  la t t ice  imperfect ions,  impuri t ies ,  and 
excess dopant  (or a compensated  s i tuat ion) .  These 
problems seem to effect the BP-coa ted  silicon e lect rode 
to some extent .  The g radua l  increase  in efficiency vs. 
t ime for these electrodes may  be due to a reduct ion of 
deep t rap  s tate  density. 

In general ,  the device resembles  a Schot tky  ba r r i e r  
solar  cell in series wi th  an e lec t rochemical  cell. This 
s i tuat ion m a y  occur in quite a few surface-modif ied  
systems, and especia l ly  must  be considered when 
metals  are  deposi ted on semiconductor  surfaces. BP 
has demons t ra ted  an except ional  s tab i l i ty  in these de-  
vices, wi th  2000A layers  surv iv ing  nea r ly  30,000C wi th  
11o detec table  deter iorat ion.  While  this type  of device 
m a y  not  be eminen t ly  pract ical ,  it  does provide  an 
excel len t  test  bed  for inves t iga t ing  new semiconduc-  
tors for PEC's and does demons t ra te  the u t i l i ty  of em-  
ploying semiconductors  as s table  t r anspa ren t  conduc-  
tive windows. 
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ABSTRACT 

An experimental analysis of the BrJBr- redox reaction in a porous back fed ruthenium-coated t i tanium electrode is 
described. A mathematical model of the steady-state process is presented. Nonlinear regression of the model against the 
experimental data gives physically meaningful  parameter estimates; these parameters and the model provide a design 
equation for the porous electrode current as a function of specific surface area, bulk Br2 concentration, average total 
overpotential, and the Reynolds number.  The design equation shows that the back fed electrode could reduce the loss of Br2 
across the separator and the ohmic loss in a Zn/Br2 battery. 

A flow-by back fed porous electrode, as shown in  
Fig. 1, is a diffusion electrode. The term "flow-by" 
emphasizes that  the reactant  flows outside ra ther  than 
through the electrode. Consequently,  fresh reactant  
must  diffuse to a reaction site wi th in  the porous elec- 
trode. Typically, the reaction occurs on the side closest 
to the counterelectrode if the catalyst application and 
the concentrat ion are uniform. Thus, the back fed elec- 
trode may be l imited by diffusion if it is too thick. 
This may be the reason it has been ignored by com- 
mercial  monopolar  Zn/Br2 bat tery  designers (1, 2). 

However, this back fed configuration may  provide 
some advantages for a Zn/Br2 bat tery  or s imilar  elec- 
trochemical system. Specifically, the back fed electrode 
may  reduce the ohmic energy loss and the product 
(e.g., Br2) loss across the separator. The ohmic en-  
ergy loss would be decreased because the solution gap 
between the electrodes would be reduced to approxi-  
mately  half  that of the front fed electrode (compare concept. 
Fig. 1 and 2). This reduct ion in  electrode gap could 
decrease the cell's specific resistance by  more t han  
25% in  Zn/Br~ batteries if a re la t ively nonconduct ing 
co,mplexing agent  (3) is present  in the electrolyte. 
[This decrease in resistance is approximate ly  25% be-  
cause the electrolyte between the electrodes contr ib-  
utes only approximately  50% of the' ohmic loss in a 
Zn/Br2 ba t te ry  (1, 4).] The same percentage decrease Counter 
might  be observed in gas generat ing cells. The loss of ElectrotJe~ for Zn'Z/Zn 
product  across the separator  may be reduced because 
the porous electrode may  act as a separator when the 
react ion occurs preferent ia l ly  on the back side (fresh 
solution side) of the porous electrode (Fig. 1). This 
reduct ion of the product  loss across the separator  
would probably  decrease the self-discharge rate in a 
Zn/Br2 battery.  

Even  though back fed electrodes are l imited by  
diffusion, the l imit ing current  due to diffusion may be 
adequate for the specific application. This is evident,  
for example, in the back fed electrode designs of SPE 
water  electrolyzers (5) where the diffusion l imi t -  
in, g c u r r e n t  is large because the reactant  is in a bun -  
dance. Even if the reactant  is present  in low concen- 
tration, the process may be l imited to some current  
below the diffusion l imited current  by  slow kinetics 
or by  some other feature of the other electrode. For  
example, in Zn/Br2 batteries the Br2 electrode is not  
required to operate above 50 m A / c m  2 because of zinc 
dendri te  formation at the zinc electrode (1, 2, 4, 6, 7). E~,o~ 

Since the design principles for flow-by back fed f~ 
porous electrodes are not  well  known,  this paper  pre-  
sents an analysis of this electrode design for the bro-  
mine /b romide  reaction 

Brg. + 2 e -  -~ 2Br -  [1] 

�9 Electrochemical  Society Student Member. 
�9 * Electrochemical  Society Act ive  Member. 
Key words: battery, current  density, mass transport,  kinetics.  

First, a mechanist ic model of the s teady-state  pro- 
cess is developed. Next, an exper imenta l  study of the 
bromine /bromide  redox reaction is presented. Then, 
least squares regression techniques are used to fit the 
model to exper imental  data to obtain physically mean-  
ingful parameter  estimates. Finally,  the regression 
results and the mechanistic model are used to analyze 
the physical behavior  of a f low-by back fed porous Br2 
electrode. 

Previous Work 
The previous analyses (8-12) of s teady-state  mass 

transfer in porous diffusion electrodes per t inen t  to the 
back fed model developed below have been reviewed 
by Newman and Tiedeman (13). 1 In  these previous 

1 The approach of these analyses differs from the approach of 
single-pore models (see Ref. (14), for example)  as described by 
Tilak et al. (15) because it uses a pseudo-homogeneous reaction 
rate and volume average quantities instead of the  single-pore 
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analyses, the authors have considered redox reactions 
which have stoichiometric coefficients of -51 and --1 
for anodic and cathodic species, respectively, whereas 
the coefficients used here are -52 and --1 as shown 
by reaction [lJ. These previous models and the model 
developed here include the assumption of excess sup- 
port ing electrolyte and, consequently, neglect the 
effect of ionic migration. The boundary  conditions for 
the concentrat ion in the previous analyses require a 
known constant concentrat ion of reactant  at the edge 
of the porous region whereas in the model developed 
below the reactant  concentrat ion at the edge of the 
porous region depends on overpotendal ,  Reynolds 
number ,  and the bulk  properties of the flowing elec- 
trolyte. 

The results most closely related to the back fed elec- 
trode model presented here are those of Newman and 
Tiedeman (13) and Aust in  and Lerner  (12) because 
they neglect the ohmic potential  drop in both the 
matr ix  and the solution and because they use a com- 
plete But ler -Volmer  kinetic expression. Newman and 
Tiedeman (13) give the current /potent ia l  relationship 
in Cartesian coordinates for redox reactions with 
stoichiometric coefficients of -51 and --1 and a con- 
stant concentrat ion at the reservoir-electrode in ter -  
face. One problem with this fixed concentrat ion bound-  
ary condition model is that accurate predictions of the 
current  density from the result ing equations occur 
only for infinitely large rates of external  mass transfer. 
Austin and Lerner  (12) use a s tagnant  film concept to 
relax the constant  concentrat ion boundary  condition 
and, thereby, include the effect of external  mass t rans-  
port; they show the current  potential  relationship in 
Cartesian coordinates in terms of the l imit ing current.  
The l imit ing current  density in Ref. (12) could have 
been but  was not given as a function of the external  
mass t ransfer  coefficient 

n F  
ii, -- kCi,b [2] 

Si 

This mass t ransfer  coefficient k is included in the 
back fed model developed below. Aust in  and Lerner  
(12) discuss the relat ive importance of the ohmic drop 
in the solution phase and they show that its neglection 
may be a reasonable assumption when the reaction oc- 
curs over a very short distance as is the case for the 
model presented here as discussed below. 

Model 
The model developed here extends s imilar  develop- 

ments for s teady-state  mass t ransfer  in porous elec- 
trodes (8-13) by including an external  mass t ransfer  
coefficient and different stoichiomefric coefficients 
for the reactant  and product. That  is, redox reactions 
considered in Ref. (8-13) have stoichiometric coeffi- 
cients of -51 and --1 for the oxidized and reduced 
species, respectively, whereas the coefficients used 
here are + 2  and --1 as shown by reaction [1]. 

The model is presented by first stating the assump- 
tions and then developing the equations. The assump- 
tions used in the development  of the model are 

a. Steady-state  is maintained.  
b. The porosity and specific catalytic surface area 

are uniform and they do not change with time. 
c. Dilute solution theory (13) applies. 
d. Sufficient support ing electrolyte exists so that 

ionic migrat ion can be neglected (i.e., no potential  
drop in the solution).  

e. Dispersion and convection are not  present in the 
porous section of the electrode. 

f. In the porous region, the only important  gradients 
are those in the direction normal  to the fluid flow. 

g. The separator at the edge onDosite the flowing 
solution is impermeable  to the reacting species. 

h. The hydrodynamic  profile is known in the non-  
porous region. 

i. The potential  drop in the matr ix  is negligible. 

j. The concentrat ion of the anodic reactant,  B r - ,  is 
large relative to the concentrat ion of the cathodic re- 
actant, Br~. 

k. The kinetic expression follows a But ler -Volmer  
type expression where the cathodic reaction order is 
un i ty  and reaction [lJ is assumed to be an e lementary  
step. 

1. Isothermal conditions exist. 
m. The conversion per pass is small. 

These assumptions permit  the development  of a single 
analyt ical  expression suitable for design over a large 
range of overpotentials.  

The equations of this model can be developed by 
considering the cylindrical  back fed electrode of Fig. 
1. (Cylindrical  coordinates are used since the experi-  
mental  data were obtained with a tubular  porous elec- 
trode.) Bromine is present  at a concentrat ion of C2,b 
in the stream having an axial velocity v. The re dox 
reaction of interest  here occurs in the porous electrode 
which has an outside radius of rm and an inside radius 
of trln where t is less than one. 

The steady-state mater ial  balance for the i th species 
wi thin  the porous electrode can be wri t ten  as (13) 

- -V  �9 Ni -5 aji : 0 [3] 

for reaction [1] with subscrip.t i equal to 1 and 2 for 
B r -  and Br2, respectively. The volume average pro- 
duction rate aji can be wri t ten as (16) 

, ( C i )  p' ( ~aF 
a j i-- --Sna;~ { i ]F~ c-~,b" e xp\-R--~--~l ) 

where 
�9 

Zo,b -- *o ~ [5] 
�9 \ Ci o 

o~aSi 
pi = vi -~- ~ [6 ]  ~b 

acSi 
qi = "n - -  [7] 

and 
~a + ~c - n [8 ]  

-- V - r - ~Ub [9] 

The reaction orders Pi and qi in Eq. [4] can be 
related to the stoichiometry for an e lementary  step 
(17): (i) for anodic reactants, Pi : si and qi ---- 0 
and (it) for cathodic reactants, qi ----- --si and Pi = 0. 
The concentrat ion dependence on the exchange cur-  
rent  density of species i, mi, is then related s imply to 
the stoichiometric equation. That is, since reaction [1] 
is assumed to be an e lementary  step and if it is as- 
sumed that ~a ---- ~c ----- 1.0, for example, then 

(1.0) (2) 
%'1 = 2 -- 1.0 [10] 

2 
and 

(1.0) (--1)  
~2 = 1 -5 - -  0.5 [ i i ]  

2 

The total overpotential ~ in Eq. [4] and [9] is the 
sum of the surface overpotential and the local over- 
potential from outside the double layer to the bulk 
solution. This overpotential includes the effect of a 
reference electrode which differs from the working 
electrode by the term AUb where 

RT ~ siln ( Ci'b ) 
AVb : V O -  U r e  O -  n---F- �9 " pa 

RT~isi ,re ln(ei ' re  ) [12] 
+ n~e'---F �9 - po 
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It is important to note that both io,b and AUb are based 
on the same bulk concentratmn (C2,b), and that the 
potentmI oi the working and reference electrodes must 
be reIerenced to the same thermodynamic scale (e.g., 
H2 scale). 

Neglecting ionic migration according to Assumption 
d, the specific expression tor the flux of Br2 in the 
porous electrode is 

dc~ 
N2 = - D., [131 

dr 
where 

solution in terms of modified Bessel functions of the 
first and second kind (19). The complete solution to 
Eq. [18J is [see Ref. (20)] 

f K I ( x /B )  _ 
0(4) = G[0(t) -- 1.O] Ii(x/B) Io (~/Sf) 

-kKo(~/B--O } q - e x p ( ~ - 2 F  ) [26] 

where the dimensionless surface concentration is 

0(t) = 

GKI (x/B) Io(.~B'-t) -}- GI1(x//B) Ko(x/Bt ) - Ii(VB)exp (R2--~ ~l) 

GK1 (~/B) Io (N/Bt) q- Gll (k/B) Ko (A/Bt) -- I1 (k/i~) 

G 
De : - -  D2 [14] 

-g 

Substitution of Eq. [4], [13], and [14] into the radial 
component of the cylindrical form of Eq. [3] yields 

1 dc2 --aio,b [ aaF d'2c2 ~- Kc~ : exp ) [15] 
r dr 2FDe ~ , " ~  ~ dT 2 

where 
K : aio,b --acF 

2FDeC2,b 

and the local concentration of B r -  has been assumed 
to be constant and equal to the bulk concentration of 
Br - ,  according to Assumption j (i.e., Cl/Cl,b = 1.0). 

The following dimensionless variables can be used 
to simplify Eq. [15] 

r ez 
-- ~ ,  8 - -  [17] 

rm c2,b 

which when substituted into Eq. [15] yields 

d20 1 d0 
l- - -  B0 : - - A  

d42 4 d4 
w h e r e  

and 
B -" Krm 2 

[18] 

[19] 

[2O] 
g~o,b~'m 2 aa F 

A- -2FDeC2 ,beXp(  --~-~1 ) 

Following Assumptions g, h, and m, the boundary con- 
ditions are at 

da 
r = r m ,  ~ - - I  ~:0 [21] 

d4 
at 

d8 rrak 
r -- rmt , 4 : t ~ : (O(t) -- 1.0) [22] 

d~ De 

where the gradients are defined to be in the positive 
direction of 4. The mass transfer coefficient k in Eq. 
[22] is an average value over the length of the tubu- 
lar reactor and is given by (18) 

( 2ri )I/s 
D2 L NR~Nsr [23] k ---- 1.651 2~'t 

Equation [18] can be solved analytically by as- 
suming a solution of the form 

e ( O  : ,I,(f) + r [24] 

where r is a constant for a given ~ and temperature 
and is given by 

2F 
r - exp (--~--~])  [25] 

Application of the boundaryconditions, Eq. [21] and 
[22], to the homogeneous part of Eq. [18] gives the 

[27] 

and 

G----, 
DoV~ [KI (x/B) I1 (x/Bt) -- Ii (x/B) KI (x/Bt) ] 

[28] 
An expression for the current density, consistent 

with the sign convention that cathodic currents are 
negative, can be obtained from the dimensional defini- 
tion of the flux at the inside edge of the porous 
electrode 

= IV~ [ = kc~,b [o(t) -- 1.0] [29] 
2F ~=t 

In addition, the cross-sectional area at the inside edge 
of the porous electrode can be used to obtain an ex- 
pression for the total current 

I : 4ntrmLFkc2.b [0(t) -- 1.0] [30] 

Equation [30] can be used to predict the current  
being passed by a back fed cylindrical porous elec- 
trode as a function of the applied potential and the 
Reynolds number because it includes the dependence 
of the concentration distribution on the mass transfer 
coefficient external to the porous electrode. Also, this 
equation applies to a front fed configuration w h e r e  
the separator and the counterelectrode are located 
at some radial position less than trm (i.e,, close to 
the center line). Thus, the orientation of the coordinate 
system would be the same as with the back fed elec- 
trode and therefore the boundary conditions of Eq. 
[21] and [22] would still apply. Conceptually, the 
boundary condition at 4 "- 1 would be the same be- 
cause a backing plate would be considered imperme- 
able. In this front fed configuration, the mass transfer 
coefficient must be adjusted for flow in an annulus 
(18). (Analogous equations for Cartesian coordinates 
are shown in the Appendix). 

Equation [30] and the model presented here are 
limited to small conversions per pass because they 
'include the lumped mass transfer coefficient of Eq. 
[23] (18). However, a small conversion per pass is a 
reasonable assumption for flow batteries (e.g., Zn/Br2, 
Zn/Cl~, redox) because large concentration changes 
occur only after many passes. Thus, the model has 
utility for flow batteries. Also, the model can be 
utilized to determine kinetic and mass transfer pa- 
rameters from a reactor built to satisfy Assumption m; 
the parameters obtained from this differential reac- 
tor (laboratory. scale) could then be used to design 
a more complicated pilot plant scale reactor. 

A simple form of Eq. [27] for use in Eq. [30] can 
be obtained for the case where the pseudo-homogene- 
ous rate constant B is large and the electrode is not 
too thin; that is, for the cases where 

~/B'~-- 88 and t ~ 0.95 [31] 

Equation [27] becomes 
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or 

where  

krm + De~/B exp ~ n  

( t )  - -  [32]  krm+De~/B 

2 F  
l + P e x p  ( - - ~ - n )  

O(t) "- [33] 
1 + P  

/D,aio.bexp (-~-~-n ) 
P - -  [34] 

k22FC2,b 

The dimensionless  p a r a m e t e r  P in Eq. [34] shows the 
combined effects of in ternal ,  external ,  and  charge 
t ransfe r  res is tance on the surface concentrat ion.  

Experimental Analysis 
The expe r imen t a l  analysis  of the f low-by back fed 

cyl indr ica l  porous electrode considered the reduct ion 
of b romine  to b romide  according to Eq. [1] and the 
oxidat ion  of b romide  to bromine  according to the re -  
verse react ion of Eq. [1]. The exper imen ta l  da ta  were  
obta ined  by  potent ios ta t ic  de te rmina t ion  of the cur ren t  
for a cy l indr ica l  f low-by back fed porous Ti-RuO2 
electrode.  The dependent  var iab le  was the observed 
s t eady- s t a t e  cur ren t  and the independen t  var iables  
were  appl ied  po ten t ia l  ( V  --  %e) and the e lec t ro ly te  
flow which was equiva len t  to the Reynolds  number  
(Nae) since ~ and ri were  assumed to be constant.  The 
exper iments  were  pe r fo rmed  at a constant  bu lk  Br2 
concentra t ion (C~.b) a t  different  appl ied  potent ia ls  and 
Reynolds  numbers .  The o rde r  of the exper iments  (i.e., 
the o rde r  for app ly ing  different  values  of the po ten-  
t ia l )  was randomized to remove the effect of any  con- 
cent ra t ion  changes wi th  time. This randomiza t ion  in-  
sured that  the exper imen ta l  er rors  were  independen t  
and therefore  the  da ta  a re  consis tent  wi th  the assump-  
t ions of the least  squares  theory  discussed be low [see 
also, e.g., Ref. (21) ]. 

Experimental Apparatus 
Reactor system.~A schemat ic  of the reac tor  sys tem 

is shown in Fig. 3; the negat ive  e lec t ro ly te  contacted 
the zinc t e rmina l  (i.e., the countere lec t rode  in this 
s tudy)  and the posit ive e lec t ro ly te  contacted the 

Vent to 
Atmosphere 

~ -Thermometer I Negative Electrolyte 
Recycle 

-Flowmeter 
Closed to 

Zinc Rod Concentric-Cylinder Reactor Atmosphere 
Reference ] f ~ 
Electrode J-----i----i----i-~ "~ Memb . . . .  _ " ~ l  l 

1 . . . . . . . . .  ) 1  gBr--or2+2e- I, 
I I ~ It- . . . .  2 . . . . . . . . . . . .  ~ 1  Calomel 
] , ~ - . i j  Zn §  2 e - - - Z n  ~ Referenc~ 
' - -  ~ Electrode 

- F lowmeter  

-The rm~ I 

Posit ive Electrolyte Recycle 

Fig. 3. A schematic of the experimental reactor system shown in 
the charge mode. 

B r 2 / B r -  t e rmina l  (i.e., the back  fed porous working  
electrode under  invest igat ion he re ) .  F i she r  f lowmeters  
( N o .  448-324) witrl 0.~35 cm outside d iamete r  glass 
floats were  used  for volumetr ic  flow measurement .  
Constant  speed magnet ic  induct ion cent r i fugal  pumps  
(Eastern  No. MD-15T-G01) were  used to c i rcula te  
the e lectrolytes;  per is ta l t ic  (i.e., rol ler)  pumps were not 
used because of r epor t ed  p rob lems  wi th  the  surges in 
pressure  caused by  the ro l lers  (22). The recycle  
s t reams  were  a necessary  resul t  of the constant  speed 
pumps  and they  formed the reservoir  for  each elec-  
t rolyte .  Schedule  40, 1.27 cm PVC pipe was used for 
the sys tem pip ing  and smal le r  connections were  made  
wi th  Tygon tubing and hose clamps. Some a t tack  of 
the tubing  by  Br2 was not iced over  the life of the ex -  
per iments  (~-2 months ) ,  but  no loss of cata lyt ic  ac-  
t iv i ty  due to organic  poisoning of the Br2 e lec t rode  by  
any dissolved Tygon was observed.  

The expe r imen ta l  system was designed as shown in 
Table I, to be consistent  wi th  Assumpt ions  d, i, j, and 
m used in the deve lopment  of the theore t ica l  model;  
the sys tem was .also designed in a manne r  s imi lar  to 
exis t ing Zn/Br2 ba t te r ies  (1, 2, 4, 6, 7, 22). The exper i - .  
men ta l  e lec t ro ly te  was suppor ted  wtih  excess Na+ 
to sa t i s fy  Assumpt ion  d. Al though the specific conduc-  
t iv i ty  K of the e lec t ro ly te  was not measured,  i t  was 
p robab ly  about  0.4 a - 1  cm-1  (1, 4). Using this K value,  
the vol tage  drop  in the solut ion over  the  length  of a 
react ion zone on the order  of 10 -2 cm can be ca lcula ted  
by  Ohm's  l aw and  shown to be on the order  of 10 mV 
(20) at a cur ren t  dens i ty  of 50 m A / c m  2 (a smal l  reac-  

tion zone is expected for this fast  reac t ion  as descr ibed 
be low) ;  this vol tage drop is consistent  wi th  pa r t  of 
Assumpt ion  i. The concentra t ion of  b romide  in Table  I 
is a pp rox ima te ly  80 t imes la rger  than the l imi t ing re -  
actant,  bromine.  This concentra t ion  rat io is consistent  
wi th  exis t ing Zn/Br2 ba t t e ry  design and Assumpt ion  j.  
Table  I also shows that  the conversion (or  product ion)  
pe r  pass of b romine  is expected to be low for typica l  
cur rents  and Reynolds  numbers ,  as discussed below. 

Electrodes.--The zinc t e rmina l  (i.e., countere lec-  
t rode)  consisted of a 2.54 cm OD t i t an ium tube with  a 
wal l  thickness of 0.125 cm. The negat ive  e lec t ro ly te  
was fed to the  inside of the tube through PVC end 
caps. The end caps fit snugly  over  the outside of the 
t i t an ium tube and smal l  leaks  were  s topped b y  w r a p -  
ping Teflon tape around the outside of the tube.  The 
inner  e lect rode hole in the center  of the end caps was 
sealed wi th  an O- r ing  and the end cap lids. Two 
equa l ly  spaced e lect r ica l  connections were  made  be-  
tween  the e n d  caps; no measurab le  vol tage  drop 
exis ted be tween  the connections or  over  the length  of 
the  counterelect rode.  Dur ing  the anodic or charge 
mode of the  exper iment ,  b romide  was oxidized to 
bromine  and zinc was p la ted  at  this counterelect rode.  
Conversely,  when  cathodic potent ia l s  were  applied,  
b romine  was reduced to b romide  at  the  porous elec-  
t rode and zinc was dissolved at  the counterelectrode.  

Table I. Experimental system design specifications 

Negative  e lectrolyte  vo lume 
Posit ive  e lectrolyte  volume 

Negative  e lectrolyte  composi t ion:  
ZnBr~ 1.05M 
NaBr 2.08M 
pH (lowered from 3.8 with HBr) 1.3 
Zyonil 100 ppm 

Positive electrolyte composition: 
ZnBrs 1.05M 
NaBr 2.08M 
Br~ 0.0510M 
pH 3.8 

Negative and positive e lectrolyte  dens i ty  at 22~ 1.38 g / c m  s 
Electrode  length 12.7 cm 
Counterelectrode plat ing area 56.2 cm ~ 
Annulus spacing 0.328 cm 
Posit ive  e lectrode outside diameter  (2rm) 0.4572 cm 
Positive electrolyte, cathodic reactant  convers ion  

per  pass  for .~/Re ffi 100 and 0.25A (aasuming 
100% faradaic conversion) 8.0% 

420 • 10 cm s 
580 • 10 cm' 
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The f low-by back fed e lec t rode  (again, the  e xpe r i -  
men ta l  work ing  e lec t rode)  consisted of a t i t an ium 
tube pe r fo ra ted  wi th  400 holes which were  dr i l l ed  wi th  
a No. 57 dr i l l  (0.10922 cm d iam) .  The t i t an ium tube 
wal l  thickness  was 0.0889 cm and the outs ide d i ame te r  
of the  tube was 0.635 cm. The ent i re  tube was coated 
with  RuO2 b y  using a s tandard  d imens iona l ly  s tab le  
anode (DSA) p repa ra t ion  technique.  Table  II  s u m -  
marizes  the e lec t rode  fabr ica t ion  pa rame te r s  including 
the ca lcula ted  (based on geomet ry)  specific surface  
area  and poros i ty  of the pe r fo ra ted  tube electrode.  

The ca ta ly t ic  surface  a rea  is expected to be much 
grea te r  than  the geometr ic  value  shown in Table  II  
because the RuO2 coat ing was deposi ted by  the rma l  
decomposi t ion and therefore  is h igh ly  porous. Re-  
por ted  ca ta ly t ic  sur face  areas  for the DSA coat ing 
range  up to 1000 t imes la rger  than the geometr ic  a rea  
due to the  roughness  of the  surface (23, 24). Thus, i t  
is this porous coat ing tha t  corresponds to the classical  
concept  of a homogeneous  porous e lec t rode  r a the r  
than  the dr i l led  holes of the t i t an ium tube. Thus, the 
rat io  of poros i ty  and tor tuos i ty  for the porous coating 
would  p r o b a b l y  be l a rge r  than  the geometr ic  value  
for  ~/~ shown in Table  II. 

Also shown in Table  I I  is the  length  of tube before  
the  porous e lec t rode  Len. This ent rance  length  can be 
considered as the length  ava i lab le  for the deve lopment  
of the  hyd rodynamic  profile. The requ i red  ent rance  
length  is a funct ion of the Reynolds  number  and i t  
can be es t imated  (25) 

L e n  : 0.036 N R e  ( 2 r i )  [35] 

At  a Reynolds  n u m b e r  of 100, the ent rance  length  from 
Eq. [35] is 1.64 cm. The actual  en t rance  length  in the  
expe r imen t  was grea te r  than  this because Tygon 
tubing  wi th  an ID a p p r o x i m a t e l y  equal  to r~ was used 
be tween  the PVC pipe  and  the pe r fo ra ted  tube elec-  
trode. 

A sa tu ra t ed  calomel  e lect rode (SCE) was used as 
the reference  e lec t rode  in the expe r imen t  and i t  was 
posi t ioned downs t ream of the work ing  e lect rode as 
shown in Fig. 3. The actual  locat ion (i.e., ups t ream or 
downs t ream)  was un impor t an t  because the  conver-  
sion pe r  pass was smal l ;  hence the reference  e lec t rode  
was ba thed  in a concentra t ion wi th  an essent ia l ly  con-  
s tan t  ra t io  of  B r ~ / B r -  th roughout  an expe r imen ta l  
run. This constant  concentra t ion was used to calcula te  
the  nul l  po ten t ia l  AUb which can be measured  at  open 
circuit .  A measured  va lue  of  AUb ---- 0.757 __ 0.0005V 
was observed  for  al l  Qf the  expe r imen ta l  da ta  r epor t ed  
here.  A ca lcula ted  va lue  of hub --  0.772V is p red ic ted  
according to Eq. [12] wi th  the  concentra t ions  of Table  
L This d i sc repancy  of 15 mV be tween  the observed  
and pred ic ted  values  of hub m a y  be a t t r ibu tab le  to 
the l iquid  junc t ion  potent ia l  be tween  the reference  
e lec t rode  and the  posi t ive  e lec t ro ly te  which  flowed b y  

Table II. Experimental back fed porous electrode fabrication 
parameters. (Values without superscripts were measured.) 

P a r a m e t e r  V a l u e  U n i t s  

e l f  0 . 1 7 ~  n o n e  
a 112.4 = c m  -~ 
L 12.7 c m  

rm 0.3175 c m  
rJ 0 .2286 e m  
t 0 .720 n o n e  

0.009038 c m ~ / s e e  
Lea 12.7 c m  

E l e c t r o d e  18.24 c m  = 
a r e a  a t  r t  

Z A s s u m e d  r : 1.0; �9 w a s  c a l c u l a t e d  f r o m  g e o m e t r y  of  the 
holes in the p e r f o r a t e d  t u b e  electrode. 

~ - A s s u m e d  value  based  o n  g e o m e t r i c  s p e c i f i c  s u r f a c e  a r e a  os 
15.10 c m  -1 a n d  a r o u g h n e s s  f a c t o r  of  7.443. 

s Calculated f r o m  a s s u m e d  va lu e  of  ~' = 1,2~ g / c m - s e c  a n d  a 
m e a s u r e d  va lue  of  p -- 1,384 g / c m  3. 

the  SCE; (according to Ref. (26), l iquid junct ion  po-  
tent ia ls  can be on the order  of 20 mV) .  

Membrane preparation.--The separa to r  used in a l l  
expe r imen ta l  runs was a Nation 315 membrane .  The 
m e m b r a n e  was cut to the requ i red  wid th  and then  
boi led in dis t i l led  w a t e r  for a t  leas t  1 hr. The boil ing 
was requ i red  to open the pores  in the  resin of the  
membrane  and dis t i l led wa te r  ( instead of acid) was 
u sed  to min imize  the diffusion of Br2 th rough  the 
Nation as discussed in Ref. (27). The m e m b r a n e  was 
a l lowed to cool to room t empera tu re  and then i t  was 
wrapped  a round  the outside of the porous electrode.  
The 0.6 to 0.3 cm seam where  the m e m b r a n e  over -  
l apped  was glued by  using a syr inge  app l i ca to r  wi th  
an epoxy  and ha rdene r  (Genera l  Electr ic  No. 512 and 
No. 524). The glue was a l lowed to d ry  at  room tem-  
pe ra tu re  for about  5 days.  The e l e c t r o d e / m e m b r a n e  
assembly  was then tested for leaks  wi th  an app rox i -  
mate  30 cm stat ic  head  of water .  The m e m b r a n e  was 
wrapped  t igh t ly  a round  the e lect rode and hence flow 
th rough  the e lect rode (e.g., in one dr i l led  hole and 
out  another)  was h igh ly  improbab le ;  thus model  As-  
sumpt ion  e was  fulfilled. 

Electronics.--Figure 4 shows a schemat ic  of the  
e lect r ica l  connections used in the exper iment .  A 
Pr ince ton  Appl ied  Research potent ios ta t  (PAR 371) 
was used to control  the  first independen t  var iable ,  the 
appl ied  potent ia l  V --  r e. That  is, the poten t ia l  
difference be tween the porous e lect rode (i.e., the  
work ing  e lect rode)  and the SCE were  control led  
by  ad jus t ing  the potent ia l  appl ied  to the counter -  
electrode.  The appl ied  potent ia l  V --  r was not  
cor rec ted  for  ohmic drop because the  downs t r eam 
reference  e lect rode was located outside of the po ten-  
t ia l  field which exis ted be tween  the work ing  e lec t rode  
and the counterelectrode.  Thus, it  was assumed tha t  
the  potent ia l  in the solut ion was the same eve rywhere  
in the  flow channel  and hence r = r Thus, the 
to ta l  overpo ten t ia l  ~1 of Eq. [9] is re la ted  to the ap-  
pl ied potent ia l  V --  r ---- V --  ~re th rough  the open 
circuit  or nul l  po ten t ia l  AU b (i.e., ~1 = V --  r - -  A U b ) .  

Also, the  assumpt ion of negl ig ible  potent ia l  d rop  wi th -  
in the porous region of the  e lec t rode  impl ies  tha t  
ere --  r = r At  a given appl ied  poten t ia l  and  
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Reynolds number ,  a strip chart recorder (as shown 
in Fig. 4) was used to verify that s teady-state  cur-  
rent  conditions existed. This current  was then read 
from the analog meter  on the PAR 371. The digital 
coulometer (PAR 379) shown in Fig. 4 was used to 
record the n u m b e r  of coulombs passed dur ing an ex- 
per imental  run  which was then used to calculate the 
faradaic conversion per pass of the positive electro- 
lyte, as shown in Table I. (The coulometer was con- 
nected across a 10,000s shunt  to reduce the input  
signal to wi thin  the limits of the coulometer.) 

Experimental Procedures 

Steady-state current measurement.--The procedure 
for measur ing the steady-state current  from the back 
fed electrode began by circulating the electrolyte 
streams for about an hour unt i l  the temperature  of 
each stream was constant followed by an iodometric 
t i t rat ion to find the ini t ial  Br2 concentrat ion in  the 
positive electrolyte. Once the bromine concentrat ion 
was known, the cell was left at open circuit for 30 
min  and the nu l l  potential  (i.e., the open-circui t  po- 
tent ia l  between the working electrode and the down-  
s t ream calomel reference electrode) AUb was recorded 
every 10 min. Once the nul l  potential  was constant, 
exper imental  data were obtained; that is, a randomly 
chosen applied anodic potent ial  difference V -- ~re 
was set unt i l  a s teady-state  current  was observed on 
the strip chart  recorder. Then, the cell was re turned  
to open circuit  and the number  of coulombs of charge 
were recorded. The nul l  potential  AUb as measured by 
the PAR 371 was recorded and the reservoir concen- 
t rat ion of the Br~ above the t i t rated concentrat ion was 
calculated by assuming 100% faradaic efficiency. This 
calculation was used to check the percent  conversion. 

If the percent  conversion was small  and if the nu l l  
voltage was the same after the run  as it was for the 
previous run,  the cell was operated according to the 
above procedure at a randomly  chosen cathodic po- 
tential  difference. If the nul l  potential  was different 
from the value in  the prior  runs,  the cell was charged 
or discharged at a low rate to adjust  the bromine 
concentration, left at open circuit for 10 min  and the 
nu l l  potent ial  checked again. Then, samples were taken 
to de te rmine  the reservoir  concentrat ion of Br~ by 
titration. If the Br2 concentrat ion was the same (to 
wi thin  • 3%) as the previous runs, the cell was oper-  
ated at .a r andomly  chosen cathodic potent ial  dif- 
ference according to the above procedure. Then, the 
above anodic/cathodic sequence was repeated. 

Ti trat ion of these samples and the measurement  of 
the nu l l  potential  AUb were used to check the level 
of the bromine concentrat ion C~.b. Thus, the bromine 
concentrat ion was not  controlled dur ing an experi-  
menta l  r un  but  it was measured, and this measurement  
was used as a basis for including or discarding the 
results of an exper imental  data point. However, the 
t i trat ions involved three 5 ml  samples from the reser-  
voir volume which was about 3% of the reservoir  vol- 
ume. Therefore, to minimize additions to the reservoir, 
samples were taken and t i trat ions were made after 
four or five exper imental  runs if the nu l l  potent ial  was 
unchanged.  Theoretically, the nu l l  potential  can be 
used to predict  changes in the bromine  concentrat ion 
to wi th in  _ 4% for a 0.5 mV change at the concentra-  
tions shown in  Table I. Experimental ly,  an observed 
change in AUD of 0.5 mV corresponded to a 4% change 
in  the bromine concentrat ion as measured by t i t rat ion 
of three samples. Thus, al though the bromine con- 
centrat ion was not  controlled in the experiment,  the 
exper imenta l  error was approximately  4%. To insure 
that  these concentrat ion errors were random, the ex- 
per imenta l  runs  were randomized;  hence, any concen- 
trat ion changes with t ime should not affect the average 
value of the measured current  at a given applied po- 
tent ial  and Reynolds number .  

Flow control.--The second independent  variable, 
the Reynolds number ,  was controlled by a needle 
valve as indicated by a flowmeter. That  is, the volu-  
metric flow in  the nonporous region of the electrode 
was adjusted manua l ly  so that the Reynolds n u m b e r  
remained constant  for an exper imental  data point. 
The volumetric flow was obtained from a calibration 
curve which was drawn from manufacturers '  data and 
the exper imental  kinematic  viscosity shown in Table 
H. The density of the positive electrolyte was mea-  
sured at 24~C and the viscosity of the electrolyte was 
obtained from Ref. (1) for this calculation. The ap- 
proximate error in the experimental  Reynolds number  
was 5%. 

Experimental Results 
The points in Fig. 5 and 6 show the exper imental ly  

determined steady-state  current  as a function of ap- 
plied potential  and Reynolds number  for the per-  
forated tube back fed electrode. The numbers  beside 
each data point  correspond to the sequence in which 
the points were obtained. The data connected by 
dashed lines indicate the conditions where bubbles 
were observed in the exit stream. The solid lines in 
Fig. 5 and 6 are model predictions which are discussed 
below. The electrode fabrication parameters  and elec- 
trolyte compositions are shown in Tables I and II. The 
electrolyte temperature  for all  data was 28~ The 
Br2 concentrat ion varied by 3% from 0.0510M as shown 
in the figure but  the nul l  potential  AUD was essentially 
constant. The data were reproducible over the 2 month  
life of the experiment.  

The general  form of the results in Fig. 5 is s imilar  
to the behavior  of a rotat ing disk electrode (RDE) as 
the rotation speed is increased; that  is, the l imit ing 
current  increases with Reynolds n u m b e r  and thereby 
shows a region in which external  mass transfer con- 
trols the rate of reaction. Also, the length of the l imi t -  
ing current  plateau decreases as the Reynolds number  
increases in a manner  similar  to an RDE system for 
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the reduction of Cu +~ in acidic electrolyte (28). In  
Fig. 5, the side reaction characterized by gassing is 
probably the reduction of hydrogen ion. However, no 
changes in the pH of the positive electrolyte were 
noticed, but  this could be a result  of the small  amount  
of gassing and the large reservoir. 

The anodic exper imental  data in Fig. 6 depend only 
slightly on the Reynolds n u m b e r  over the range of 
exper imental ly  applied potentials. This slight depend-  
ence is due to the high B r -  concentrat ion in the elec- 
trolyte (20). 

Least Squares Regression 
The model presented above depends on, among 

other things, the parameters  ac, io ~ and D2. These 
parameters  can be obtained from the l i terature  if 
available (they are not available for these experi-  
menta l  conditions),  determined by independent  ex- 
periments  or determined by applying least squares 
(LS) regression (21, 29-31) to the model and experi-  
menta l  data. Confidence is gained in the model if the 
parameter  values obtained by LS are physically real-  
istic. If the parameter  values are physically realistic, 
extrapolat ion beyond the exper imental  range could be 
done within the limits of the assumptions. However, 
even if the parameter  values are not physically realistic, 
LS does provide a set of parameter  values suitable for 
use in the model which could be used for interpolat ion 
within the range of the exper imental  data. I t  is per-  
haps this last advantage of LS which is the most im- 
portant  for bat tery  designers. That  is, at the LS esti- 
mates the model provides the best funct ional  re lat ion-  
ship (for the assumed model) between the physical 
parameters  and the exper imental  data. A bet ter  func-  
t ional relat ionship may be obtained with a different 
model but  in the absence of another  model, the de- 
signer should use the LS estimates for interpolat ion 
even in preference to l i terature values. 

The LS method consists of minimizing the following 
nonl inear  objective function 

A 
F (/~) : ~ ei 2 : Z ( h  - -  I i ) 2  [36]  

1 1 
A 

where I, ---- is given by Eq. [30] at the exper imental  
conditions corresponding to the 1 th datum. The non -  
l inear i ty  of Eq. [36] results from the nonl inear  
model equations, but  it does not affect the theory 
behind LS regression. The computations necessary to 
minimize this objective function become more com- 
plicated with a non l inear  function; however, m a n y  
computers have subrout ine  l ibraries which can per-  
form the necessary calculations [see Ref. (20)]. T h e  
nonl inear i ty  does affect the statistical inferences that 
can be made, and hence, the confidence limits for the 
parameters  are valid only as the number  of experi-  
menta l  data points becomes large (29). These con- 
fidence limits for the parameters  are discussed in 
Ref. (20) and (32). 

Regression Results 
Table III  presents the results of the rapplication of 

the LS technique (20). As can be seen in Table III, in  
the first four cases ac was set and LS used to deter-  
mine io o and D2, and in the last case LS was used to 
determine ac, io ~ and D2. The solid lines shown in 
Fig. 5 and 6 were calculated according to Eq. [30] 
with the case five parameter  values [no noticeable dif- 
ference in the lines occurs when  the case 3 or 4 
Table III  parameter  values are used since the values 
of Eq. [36] are not significantly different (20)]. 

Quanti tat ively,  the model  predicts all of the ex- 
per imental  data points to wi thin  30% and most of 
the data to within 10%. The greatest deviations occur 
at large currents  and Reynolds numbers ;  these devia-  
tions could be a result  of measurement  errors in either 
the flow rate or bulk  Br~ concentrat ion which are 
magnified at the large current  exper imental  conditions. 
This degree of accuracy may be suitable for engineer-  
ing purposes. 

Discussion 
Table IV presents a comparison of the LS param-  

eter estimates with l i terature  values. The LS estimate 
of the diffusion coefficient is t h e  same order of mag-  
ni tude as the published data which was obtained in 
a rotat ing disk exper iment  (33). The difference in 
diffusion coefficients may be attribl,tab]e to the rela- 
tively small assumed value of e/~ (0.172). That is, if it 
is assumed that the value for D2 given by Osipov et al. 
(33) is correct, then e/r for the porous electrode 

TaMe Ill. Least squares estimates 

io o x 10 8 , D.~ • I0 ~, 
Case~ c~c aae A / c m  2 cm~/sec SSE s 

1 0.50 1.50 190 • 101 (9.03 -----'2.37) 0.1386 
2 0.75 1,25 610 • 63 (6,99 -+- 1.16) 0.1076 
3 1.00 1.00 123 -+- 41 (5.86 • 0.73) 0.0965 
4 1.59 0.50 58 • 17 (4.79 -- 0.43) 0.0925 
5 1.32 • 0.52 0,68 79 -- 68 (5.08 -- 1.10) 0.0919 

i Cases 1-4 a re  fo r  a~ fixed wi th  io o, and  D2 the  LS e s t i m a t e s .  
Case 5 is for  ao, io o, and D2 as the  LS es t imates .  

Calculated f r o m  Eq. [8] wi th  n = 2. 
SSE = value  of Eq. [36] at  LS es t imates .  

Table IV. Comparison of least squares estimates with literature 
vMues for case 5 of Table III 

Leas t  squares  L i t e r a t u r e  
P a r a m e t e r  Uni t s  e s t ima te  va lue /Ref .  

D~ cm-~/sec (5.08 -- 1.10) 1.2 x 10 -~ (33) 
• 10-5 

i o  ~ A / c m  ~ 0.079 • 0.068 0.345 (33) 1 
ac none  1.32 • 0.52 1.2 (32); 

1.24-1.57 (35) 

l ioo ex t r apo l a t ed  f r o m  the  r e p o r t e d  io,b va lues  u s i n g  E q o  [5]- 
[81 and  the  LS e s t i m a t e  o f  ae = 1.32. 
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studied here would be 0.728. The point  is tha t  the 00~0 
product  (D~) (e/~) (i.e., the effective diffusion coeffi- 

0 . 0 4 -  ~ 
cient) is the unknown  parameter  in a porous electrode. 
The LS est imation procedure gives an estimate of Dg. 
which when mult ipl ied by the assumed value of ~/~ 
is sui table for design wi th in  the range of the data (~.e., 
for in terpola t ion) .  The l i terature  value for io ~ is not 
directly comparable with the LS estimate in Table IV 
because the l i terature value was obtained on a plat i-  o 
hum RDE whereas an RuO2 on Ti electrode was used 
here. However, the LS estimate for io o is reasonable 
because p la t inum should be a bet ter  catalyst and 
therefore result  in  a larger  io o. Another  complication 
in  the comparison of io o is that the product  o f  the 
specific surface area a and the exchange cur ren t  den-  
sity appears in  the model and the value of a was not 
measured in this experiment.  However, the point  is 
(as wi th  the diffusion coefficient) the LS procedure 
gives an estimate of io o which can be used in the 
model with the assumed value of a to interpolate. It  
should be noted that  the LS value of io ~ gives a rela-  
t ively large value of io,b from Eq. [5] which is con- 
sistent with the observations of fast Br2 /Br -  kinetics 
by Zn/Br~ ba t te ry  designers (1, 4, 6, 7, 34). The LS ~0 
estimate of ac agrees well with the l i terature  values 
of Ref. (34) and (35). Both io o and ~c have large 
error bounds due to the smal l  amount  of data obtained 
here for anodic polarfZations (see Fig. 6) and for the 
lack of data on the concentrat ion dependence of 7i- The < 
model deviations from the exper imental  anodic data 
are also a result  of the lack of data on the concentra-  ~ 10 
tion dependence of "n. c~ 

It  is impor tan t  to note that the model is sensitive to E 
the parameter  values throughout  the range of the ex-  
per imenta l  data as demonstrated, for example, by  
Fig. 7 and 8. Similar  predictions can be made for ~ 
anodic currents  (20). It  is also impor tant  to note that  =o 
the est imated values of io o and D~ yield a small  ellipse ~ ~0_~ 
on a contour plot as shown in Fig. 9 with ~ = 1.0. 
Note that  the m i n i m u m  value of the objective appears ~ 
as a steep nar row ellipse wi thin  the vicini ty of the 

O 3  

LS estimates (case 3, Table I I I ) .  o~ 
With the value of ioo obtained by  LS and the ex- 

per imenta l  concentrations, a large value of B results 
from Eq. [19]. Thus, the model predicts a thin reaction t0 < 
zone as indicated in  Fig. 10 by concentrat ion changes ~0 -~ 
only  at the edge of the porous region. This implies that 
only a smal l  fraction of the RuO~/Ti porous electrode 
is util ized even at relat ively small  overpotentials.  
Figure 10 i l lustrates an interest ing feature of the model 
presented here. That  is, at a given ~, e(D drops rapidly 
over a small  distance wi thin  the porous electrode to 
a constant  value instead of zero as might  be expected. 
The reason for this is the inclusion of the complete 
But ler -Volmer  equat ion which leads to the r te rm in 
Eq. [24] (20). 
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Fig. 9. Contours of the scaled least squares objective function 
[F(fl) (as given by Eq. [36] )  X 102 ] for ac ---- 1.0. 

Conc lus ions  
This s tudy of a flow-by back fed porous electrode 

for the reduction of bromine produced a mechanistic 
model of the steady-state process. The model consists 
of a single analyt ical  expression (Eq. [30] ) sui table 
for design purposes. The model is applicable over a 
large range of overpotentials  and includes external  
mass t ransfer  resistance. Also, the model predicts most 
of the exper imenta l  data presented here to wi thin  ap- 
proximately  10%, and the parameter  estimates of 
at, io ~ and D2 obtained here compare favorably with 
l i terature  values. 

Analysis  of the flow-by back fed porous electrode 
for the reduction of bromine revealed that  its l imit ing 
current  is s imilar  to a rota t ing disk; its l imit ing cur-  
rent  densi ty is characterized by a zero .concentration at 
the surface on the side of the fresh reactant.  The re-  
action zone for the fast reaction studied here is less 
than 5% of the electrode thickness; hence, the con- 
centrat ion profile is horizontal  wi th in  the porous 
electrode and the reaction occurs on the back side of 
the electrode. This small  reaction zone thickness indi-  
cates that  small  ohmic energy losses could be achieved 
by using thin back fed electrodes. The concentrat ion 
profile shows that  the Br2 concentrat ion at the separa-  
tor in  a Zn/Br~ bat tery  could be reduced significantly 
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Fig. 10. Concentratio. profiles in experimental back fed porous 
electrode for LS parameter estimates of case 5 of Table III. 

during discharge which would decrease the loss of 
Br2 across the separator. However, on charge, the con- 
centration of Br2 at the separator would be increased 
and would cause consequently a greater loss of Br2. 
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APPENDIX 
The Back Fed Model in Cartesian Coordinates 

The governing differential equation for the concen- 
tration of a catl~odic reactant (e.g., bromine) which 
corresponds to Eq. L15] in the text is 

d 2 c 2  - - a i o , b ( a n F )  
- -  Kc2 ---- exp [A-I]  

dx 2 2FDe ~ ~l 
where 

aio,b e x p (  --~cF ~1 ) [A-2] 
K -- 2F-~eO2,b \ RT 

The following dimensionless variables can be used to 
simplify Eq. [A-1] 

x o~ 
: ; e : [A-3] 

Xm O2,b 

Then, Eq. [A-1] becomes 

where 

d~e 
- -  - -  B e  = - - A  [ A - 4 ]  

(%) - -  exp ~ [A-5] 
A = 2FDec2,b 

a n d  
B = K Xm ~ [ A - 6 ]  

The boundary conditions are at 
de 

z = Xm, ~ = 1.0, .---:--- = 0 [A-7] 
a t  

a t  
d,O Xm~ 

= = 0 ,  ~=0,  ca " =  De (e(0)- l .0)CA-8]  
where 

D~ 2rh \1/3 
1.5 - -E- )  [A-9] k = 1.651 2rh 

and rh is the hydraulic radius as defined in Ref. (25). 
Equation [A-4] can be solved analytically by as- 

suming a solution of the form 
e(D = ~'(D + r [A-10] 

where r is a constant at a given ~] and temperature a n d  
is given by 

r = exp ~] [A-11] 

The general form of ,I, (~) is 

�9 t '(D : E sinh (~/B x) + F cosh (~/B x) 

[A-12] 

and application of boundary condition Eq. [A-7] gives 

F : --E coth (~/B Xm) [A-13] 

Application of boundary condition Eq. [A-8] gives 

x m k  
E : D ~  (e(0) -- 1.O) [A-14] 

Thus, the complete solution for e(D is 

e(~) = E sinh (~/B ~) -- E coth (~/B Xm) 

cosh (x/B D + exp --~--n [A-151 

Solving for the unknown surface concentration, o(0), 
in Eq. [A-13] gives 

xmk coth (A/Bxm) + De~/B exp ( 2 F  ~ 
\ RT / 

8(0) : Dek/-~ + xmk coth(k/~Xm) 
[Ao16] 

Now, consideration of the case where ~/B --> 100.0 
gives 

2F 
X m k  + De~/B e x p ( - ~  n )  

e(0) = xmk + DeV~ [A-17] 

Finally, an expression for the current density is 

' 1 , = N 2  = k C ~ b  ( 0 ( ' 0 )  - -  1 . 0 )  [A-18] 
2 F  x : 0  " 

w h e r e  e(0) is defined by Eq. [A-16] or [A-17]. 

LIST OF SYMBOLS 
a specific catalytic surface area of porous elec- 

trode, cm -1 
cl, c2 concentration of i th species, i = 2 for bromine, 

mol/cm 3 
Ci,b, C2,b bulk concentration of i th species, i ---- 2 for 

bromine, mol/cm ~ 
ci ~ stan~lard reference concentration of i th species 

-- 10 -3 mol/cm~ 
el,re reference electrode concentration of i th spe- 

cies, mol/cm 3 
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D8 

D~. 

F 
F (~t~) 
I 
Io( ' )  

I1(.) 

1: 
A 
I1 

i 
iT. 
io.b 

io ~ 

jl 
K 
Ko(" ) 

KI ( ' )  

k 
L 
Len 
Ni, N2 

NRe 
Nsc 
n 

Pl, qi 

R 
r 
r i  
rm 
8i 

T 
t 
U 0 

Vre 0 
V 
V 

effective diffusion coefficient of bromine, cm2/ 
sec 
free stream diffusion coefficient of bromine, 
cm2/sec 
faraday's constant, 96,487 C/mol of electrons 
least squares objective function, A s 
total cell current, A 
modified Bessel function of the first kind, zero 
order 
modified Bessel function of the first kind, first 
order 
lth experimentally observed current, A 

model predictions at experimental conditions 
corresponding to the lth datum, A 
steady-state current density, A/cm 2 
limiting current density, A/cm 2 
exchange current density at bulk concentra- 
tions, A/cm 2 
standard exchange current density at 1M, A/  
c m  2 
average production rate per unit area 
reaction rate function, cm -2 
modified Bessel function of the second kind, 
zero order 
modified Bessel function of the second kind, 
first order 
mass transfer coefficient, cm/sec 
electrode length, cm 
entrance length, cm (see Eq. [35]) 
flux of i th species, i == 2 for bromine, tool/ 
cm2/sec 
Reynolds number 
Schmidt number 
number of mols of electrons (n ---- 2 mo.ls of 
electrons for reaction [1]) 
reaction orders for i th species (PBr- : 2, 
qBr2 ~-- 1) 
gas constant, 8.313 J /mol /K 
radial coordinate, cm 
inside radius of electrode, cm 
membrane radius, cm 
stoichiometric coefficient of i th species (Ssr- 
=2, SBr2 "-- --1) 
temperature, K 
thickness ratio of porous electrode 
standard open circuit potential of working 
electrode, V 
standard reference electrode potential, V 
potential of working electrode, V 
axial velocity behind the back fed electrode, 
cm/sec 

Greek letters 
aa apparent anodic transfer coefficient 
~c apparent cathodic transfer coefficient 
/~ vector of least squares parameters, ---- [io ~ D2 

~] 
7i concentration dependence for exchange cur- 

rent density 
porosity of electrode 

ci lth residual of least squares function, A 
total overpotential, V 

0(t) dimensionless surface concentration 
kinematic viscosity, cm2/sec 
dimensionless radial coordinate 
3.1416 
tortuosity of porous electrode 

~re potential in the solution at the reference elec- 
trode, V 

~,~ potential of the solution in flow channel of 
porous electrode, V 

~'s,o potential of the solution just outside the 
double layer, V 
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Photo-oxidation of Organic Compounds at Doped -Fe20  Electrodes 
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ABSTRACT 

Photo-oxidation of organic compounds at doped a-Fe~Os electrodes was investigated in aqueous and nonaqueous solu- 
tions. Oxalic and formic acids in 0.5M H~SO4 showed distinctly different reactivities. Photo-oxidation of alcohols, e.g.,meth- 
anol and 2-propanol, was investigated in propylene carbonate and compared to their oxidation in water. The oxidation prod: 
ucts (formaldehyde, acetone, and oxygen) were analyzed quantitatively; they accounted for 100% of the current. 
Competition between methanol and 2-propanol, and between these alcohols and water, is also reported. 

Although photoelectrochemistry at iron oxide elec- 
trodes has been widely investigated in our laboratory 
(1-7) and in others (8-17), little work has been car- 
ried out on the oxidation of organic compounds (16- 
17). Stability. of a-Fe208 in acid solution has now been 
demonstrated (7), so that the photo-oxidation of 
carboxylic acids and alcohols in acidic aqueous solu- 
tions could be under taken.  Also, in the present  study, 
the photo-oxidat ion of alcohols in anhydrous propylene 
carbonate has been carried out. Competit ion between 
alcohols and water  was investigated to help establish 
their  relative reactivities. 

Experimental 
Electrodes were prepared from high pur i ty  ~-Fe2Os 

(99.999%, Alfa Products)  by doping with 1 atomic 
percent  (a/o) SIO2. Pellets were pressed, sintered in 
air at 1365~ for about 20 hr, and then quenched in air 
to room temperature.  The electrodes were about 1 cm 2 
area after s in ter ing and 0.1 cm thick. Electrical con- 
nection was ,made on the back with a sputtered gold 
film followed by silver epoxy to attach a wire lead. The 
electrode and the wire lead were then sealed in a glass 
tube with epoxy resin. The resistances of the electrodes 
measured at 1 kHz with a conductivi ty bridge were 
60-350~3. 

Experiments with the organic acids were carried out 
in a two-compartment cell separated by a fritted glass 
disk. The compartment containing the semiconductor 
electrode was closed and contained a burette for col- 
lection of evolved gases. Experiments with alcohols 
were carried out in a single-compartment cell. 

The light source was .a 150W Xe lamp with light 
focused on the electrode by means of a quartz lens. 
Photocurrent vs. potential plots were taken with PAR 
Model 174 and X-Y recorders. Potentials were mea- 
sured vs. SCE with all photo-oxidation experiments 
carried out at + 1.2V vs. SCE. No attempt was made to 
adjust for the different junction potentials that were 
created when nonaqueous media were employed. 

All chemicals were reagent grade. Propylene car- 
bonate was distilled in vacuo and stored over molecu- 
lar sieves. Tetra-n-butylammonium perchlorate, used 
as supporting electrolyte .at a concentration of 0.1M, 
was dried in vacuo at 120 ~ C before use. 

CO2, CO, and O2 were analyzed by mass spectrom- 
etry. Analysis of formaldehyde was made spectropho- 
tometrically using chromotropic acid. Analysis for 
acetone was made spectrophotometrically using 2,4- 
dinitrophenylhydrazine. 

Results 
Several  carboxylic acids were investigated in solu- 

tions containing 0.5M H2SO4 and 0.1M Na2SO4. Citric 
acid and acetic acid, both at 0.5M concentration, showed 
no influence on the cur ren t -poten t ia l  curves. Essenti-  
al ly all photocurrent  resulted in 02 production (0.8% 
CO2 found with acetic acid). On the other hand; formic 

* E l e c t r o c h e m i c a l  Society Active Member. 
Key  w o r d s :  a-Fe~Os photoanodes, organic acid photo-oxidation, 

alcohol photo-oxidation. 

acid showed a small  .change and oxalic acid a large 
change in the I -V curves, as can be seen in Fig. 1.0.5M 
oxalic acid shifted the onset of photocurrent  0.4V 
cathodically, while formic acid caused little shift~ The 
photocurrents  were significantly higher than in sulfuric 
acid alone. 

An at tempt was made to unders tand  the large 
cathodic shift in photocurrent  onset in oxalic acid by 
invest igat ing current  t ransients  by on-off switching of 
the light source. In 0.5M H2SO4/0.1M Na2SO4, the 
photocurrent  onset was +0.65V vs. SCE, but  the first 
cathodic photocurrents  were not observed unt i l  
< +0.25V vs. SCE. Between -t-0.3 and +0.6V vs. SCE, 
anodic t ransients  were observed upon i l luminat ion  and 
cathodic t ransients  were observed dur ing dark periods. 
Both t ransients  increased with anodic potential  and 
had about the same magni tude  up to +0.6V, thus re-  
sult ing in no net  s teady-state photocurrent .  It  is prob-  
able that the flatband potential  is nea r  the lower value 
of +0.25V vs. SCE. When the same t ransient  experi-  
ment  was carried out with 0.5M oxalic acid in 0.SM 
H2SO4/0.1M Na2SO4, the Ph0tocurrent  onset was at 
+0.225V vs. SCE. No cathodic t ransients  were observed 
above +0.225V vs. SCE, and cathodic photocurrents  
were observed < +0.10V vs. SCE. Thus, the flatband 
potential  appeared to be shifted cathodically only  100- 
150 mV in oxalic solutions, accounting for only a frac- 
tion of the 400 mV cathodic shift in photocurrent  onset. 

Whereas in H2SO4 solutions 100% of the photocur-  
rent  resulted in 02 production, increasing amounts  of 
carboxylic.acid led to a decrease in O2 and an increase 
in CO2. Small  amounts  of CO were also detected. As 
~een in Fig. 2 and 3, formic and oxalic acids showed 
clearly different reactivities. 0.5M oxalic acid gave 
80% CO~ production while formic acid was much less 
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Fig. 1. Photocurrent-potential curves for organic acids in 0.SM 
H2SO4/O.1M No2S04. (a) 0.SM oxalic acid, (b) 0.SM formic acid, 
(c) blank. 
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efficient in compet ing wi th  wa te r  for the pho togener -  
a ted  holes. 

The pho to-ox ida t ion  of alcohols was main ly  inves t i -  
gated in p ropy lene  carbonate  (Fig. 4), a l though the 
oxidat ion  of pure  methanol  and aqueous solut ions  was 
also carr ied  out. This was possible because the t e t r a - n -  
bu ty l ammon ium perch lora te  suppor t ing  e lec t ro ly te  
was eas i ly  soluble  in methanol ,  and a 0.1M solut ion 
exhib i ted  a resis tance of 350~. Pure  2-propanol  could 
not be s tudied because the e lec t ro ly te  was only  s l ight ly  
soluble  wi th  resis tances of about  7 k~.  The product  
of pho to-ox ida t ion  in pure  methanol  was fo rmalde-  
hyde. I t  a,ceounted for 100% of  the cur ren t  and in-  
creased l inea r ly  wi th  t ime as shown in Fig. 5. How-  
ever,  even in 1:1 m e t h a n o l : w a t e r  (0.05M H2SO4, 0.1M 
Na2SO4) by  volume only 25% of the photocur ren t  led 
to formaldehyde .  Results  f rom the same expe r imen t  
wi th  2 -propanol  showed that  only  2.5% of the photo-  
cur ren t  could be a t t r ibu ted  to acetone production.  

The fol lowing set of exper iments  was car r ied  out  in 
anhydrous  p ropy lene  carbonate  containing 0.1M te t r a -  
n - b u t y l a m m o n i u m  perchlorate ,  which exhib i ted  re -  
sistances of about  400~. Except  where  s ta ted otherwise,  
the r eac tan t  rconcentration was 2M. 

Pure  p ropy lene  carbonate  wi th  0.1M suppor t ing  
e lec t ro ly te  showed only very  smal l  photocur ren ts  
(Fig. 4). Upon addi t ion of alcohols or  water ,  significant 
pho tocu r r en~  were  observed  and different  react ivi t ies  
for the var ious  reac tants  could be seen in the  I -V  
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Fig. 4. Photocurrent-potential curves in propylene carbonate 
containing 0.1M tetra-n-butylammonium perchlorate. (a) 2M meth- 
anol/2M H20, (b) 2M 2-propanoU2M H20, (c) 2M methanol, (d) 
2M H20, (e) 2M 2-propanol, (f) blank. 
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Fig. 5. Photo-oxidation of alcohols. (a) Formaldehyde produced in 
methanol, (b) formaldehyde produced in 2M methanol in propylene 
carbonate, (c) acetone produced in 2M 2-proponol in propylene 
carbonate. All solutions contained 0.1M tetra-n-butylammonium 
perchlorate. 

curves. Methanol  caused the highest  increase in anodic 
photocurrent ,  fo l lowed closely by  water ,  whi le  the 
effect due t o  2-propanol  was cons iderab ly  less. I n t e r -  
est ingly,  the pho tocur ren t  wi th  1M methanol /1M 
wate r  mix tures  was higher  than wi th  2M methanol  or 
wi th  2M water ,  individual ly .  

The photo-ox ida t ion  of methanol  in p ropy lene  car-  
bonate  led to fo rma ldehyde  as the oxida t ion  product  
and accounted for 100% of the current .  The photocur -  
rent  d ropped  s l igh t ly  dur ing the exper iments ,  unl ike  
the resul ts  observed  in pure  methanol ,  thus y ie ld ing  a 
non l inear  re la t ionship  be tween  i l lumina t ion  t ime and 
fo rmaldehyde  which was p roduced  (Fig. 5). 

The photo-ox ida t ion  produc t  of 2-propanol  in p ro-  
pylene carbonate  was acetone, which  also accounted 
for 100% of the photocurrent .  Unl ike  methanol  ox ida -  
tion, the ,current increased dur ing  the exper iments  
(Fig. 5), leading  to sma l l e r  differences in photocur-  
rents  be tween  the two alcohols than  was observed 
from the in i t ia l  I -V curves (Fig. 4). However ,  if the  
e lect rode was immersed  in the 2-propanol  solut ion for 
severa l  hours pr ior  to i l luminat ion,  the pho tocur ren t  
was s table  at the h igher  value.  
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Competition between the two alcohols was next 
studied by photo-oxidation of mixtures containing 2M 
concentrations of each. Although the analysis for 
formaldehyde could not be used in the presence of 2- 
propanol, the amount of acetone could be determined. 
The amount of formaldehyde was calculated from the 
coulombs of charge and the yield of acetone. Consider- 
ably more methanol was oxidized than 2-propanol, as 
shown in Fig. 6. Mixtures of methanol and 2-propanol 
gave less product than addit ivi ty would predict. After 
4 hr illumination at  + 1.2V vs, SCE, 2M methanol gave 
41 ~mol of formaldehyde and 2M 2-propanol gave 33 
~mol of acetone (Fig. 5). A mixture of 2M methanol/  
2M 2-propano! gave only 34 ~mol of formaldehyde and 
16 ~mol of acetone under the same conditions (Fig. 6). 

Finally, the competition between w a t e r  and these 
alcohols was investigated. The presence of 2M H20 led 
to a sharp increase in photocurrent (Fig. 4). Surpris-  
ingly, the amount of organic product also increased 
considerably as shown in Fig. 7 and 8. One hundred 
percent of the additional current resulted in acetone 
production in 2-propanol/water  solution; 80% of the 
total current resulted in formaldehyde production in 
methanol /water  solutions. 

Discussion 
In aqueous solutions, it is known that photogenerated 

holes in ~-Fe208 react rapidly with water  or hydroxide 
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Fig. 6. Competition between 2M methanol and 2M 2-propanol in 
propylene carbonate. (a) Formaldehyde production, (b) acetone 
production. 
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Fig. 7. Effect of water on the photo-oxidation of 2M 2-propanol 
in propylene carbonate. (a) Acetone production in the presence 
of 2M H20, (b) acetone production in the absence of H20. 
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Fig. 8. Effect of water on the photo-oxidation of 2M methanol in 
propylene carbonate. (a) Calculated amount of formaldehyde if all 
photocurrent oxidized methanol in the presence of 2M H~O, (b) 
amount of formaldehyde produced in the presence of 2M H20, (c) 
amount of formaldehyde produced in the absence of H20. 

ions. Thus, any organic compound that is oxidized in an 
aqueous medium must compete effectively with water. 
As can be seen from the results with carboxylic acids, 
the abil i ty to compete for photogenerated holes varies 
greatly. Whereas acetic acid is readily oxidized at n- 
TiO2, this reaction apparent ly  does not proceed at 
~-Fe203. Formic acid required high concentrations to 
show any significant amounts of  product, and of the 
acids studied, only oxalic acid showed high reactivity. 
Adsorption of the reactants at the ~-Fe203 surface may 
play a crucial role in determining the reactivi ty as 
well as relative rate constants for the competing re- 
actions. 

The study of transients showed that the large ca- 
thodic shift in photocurrent onset upon addition of 
oxalic acid was only par t ia l ly  due to a shift in flatband 
potential. The predominant reason for its high effi- 
ciency was the lack of back reaction; i.e., no cathodic 
transients were observed. 

Photo-oxidation of alcohols in aqueous solutions 
would also require effective competition with water  
for photogenerated holes. Experiments with 2-propanol 
in aqueous I--I2SO4 showed almost no organic reaction 
taking place, but methanol was able to compete rea-  
sonably effectively. 

However, by working in a nonaqueous solvent, a 
direct comparison of reactivity could be made. 
Methanol in propylene carbonate yielded even more 
photocurrent than water, while 2-propanol was much 
less reactive. Thermodynami.cally, each of these sub- 
stances should be easily oxidized by the photogener- 
ated holes, so the rate of reaction appears to be con- 
trolled by the rate of charge transfer compared to sur- 
face recombination. It should also be noted that no 
evidence for current doubling was obtained, which was 
in contrast to results at TiO~ electrodes (18) but in 
agreement with previous reports at iron oxide elec- 
trodes (16). 

Change in reaction rate with time was also noted for 
the alcohols. The slight decay in photoeurrent observed 
with methanol solutions may be at tr ibuted to a poison- 
ing of the surface by the formaldehyde reaction prod- 
uct. The electrode performance recovered after 
extensive washing, lending support to this hypothesis. 
The opposite behavior exhibited by 2-propanol could 
be accounted for by a slow adsorption process (the 
slow rate may indicate diffusion into the surface along 
grain boundaries).  This hypothesis is supported by the 
fact that immersion in 2-propanol solutions for several 
hours before photo-oxidation produced higher photo- 
currents. 
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Direct competit ion between the two alcohols in pro- 
pylene carbonate was not  additive and, again, may 
reflect the competit ion of reactants for active surface 
sites. The total product  formed was not much greater 
than that from methanol  alone, and mixtures  of the 
two alcohols gave less of each product than solutions 
of the individual  alcohols. Methanol was the more 
effective competitor, with twice as much formaldehyde 
formed as acetone in a propylene carbonate solution 
containing 2M methanol  and 2M 2-propanol.  This is 
consistent with the photocurrent  results shown in Fig. 
4. The nonaddi t iv i ty  would be expected if a Langmui r -  
type adsorption isotherm were involved. With the high 
concentrations used, it would be expected that most of 
the active sites would be filled and increases in con- 
centrat ion would result  in only small  increases in 
photocurrent  as observed. An added complication is the 
expectation, based on the low photocurrents  observed 
for 2-propanol, that the competition for holes will vary  
with the species on the surface. Thus, 2-propanol may 
compete well against methanol  for surface sites, but  
this could lead to more likely surface recombinat ion 
and lower photocurrents.  

The addit ion of water  to propylene carbonate solu- 
tions containing alcohol introduced another  complica- 
tion. Two steps in the total oxidation process are ob-  
served experimental ly.  First, the capture of a hole in 
competition with surface recombinat ion is observed 
in the form of photocurrent.  Second, the final product 
is observed by chemical analysis. It is quite possible, 
and indeed the results seem supportive, that one re- 
actant may be effective in captur ing a hole to form an 
active in termediate  while another  reactant  is more 
effective in its reaction with this intermediate.  Thus, 
the increase in photocurrent  observed when vr was 
added to the propylene carbonate solutions containing 
2M methanol  or 2M 2-propanol indicated the abil i ty of 
water  to capture photogenerated holes. On the other 
hand, these solutions showed greater production of 
formaldehyde or acetone when water  v~as added, pro- 
viding evidence that the alcohols reacted rapidly with 
the water  intermediate,  such as the hydroxyl  radical. 
This concept also helps explain the synergistic effect 
seen in me thano l /wa te r  mixtures  in propylene car- 
bonate in which 1M methanol /1M water  gave higher 
photocurrents than either 2M methanol  or 2M water. 

One reactant,  water, was effective in capturing photo- 
generated holes, while the second reactant  was effec- 
tive in removing the intermediate  from the electrode 
surface to form the final product. 
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The Modulated Flow at a Rotating Disk Electrode 

Bernard Tribollet 1 and John Newman* 

Department of Chemical Engineering, University of California, Berkeley, California 94720 

ABSTRACT 

The frequency response analysis for an electrochemical system (current or potential) to a sinusoidal speed modulation 
at a rotating disk electrode involves, at first, the analysis of the corresponding unsteady laminar flow. This hydrodynamic 
problem is solved by a numerical integration of the unsteady Navier-Stokes equations, and the four first terms of the instan- 
taneous velocity expansions are given. The study of the unsteady mass transport is the second problem; its solution is a 
series expansion of Sc -1~3, and the two first terms are given. Finally, the expressions of the electrical response of the electro- 
chemical system involves also the element of the electrochemical impedance (the diffusion or convective Warburg imped- 
ance, the charge transfer resistance, the electrolyte resistance, and the double-layer capacitance). The results are experi- 
mentally confirmed, in potentiostatic and galvanostatic regulations, over a wide frequency range (10 -2 < p < 5) for the 
reduction of Fe(CN)G ~- to Fe(CN)64- in 1M KC1. 

The frequency response analysis of an electro- 
chemical system to a sinusoidal speed modulat ion at a 
rotat ing disk electrode is a new exper imental  method 

* Electrochemical Society Active Member .  
1 P r e s e n t  address:  Groupe  de R e c h e r c h e  No. 4 du CNRS) Phys- 

ique des Liquides et Electrochim~.e, Associe'h l'Universite Pierre  
et Marie Curie, 75230 Paris Cedex 05, France. 

Key words: hydrodynamic modulation, mass transport, im- 
pedance. 

which was originated by Tokuda et al. (1) and has 
been exploited by a few authors (2-4). In  these early 
works, the knowledge of the ins tantaneous velocity 
profiles close to the rotat ing disk was obtained from 
the work of Sparrow and Gregg (5), which gives a 
good approximation of this hydrodynamic  problem 
when the modulat ion frequency is low. The condit ion 
of low frequency corresponded to the electrochemical 
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measurements  of Tokuda  et al. (1) and Kanzak i  and 
Bruckens te in  (6).  However ,  in a recent  work  of 
Deslouis et al. (4),  h igher  modula t ion  f requencies  
could be achieved and the  l imi ta t ion  of the theore t ica l  
analysis  appeared .  

A n  impor t an t  appl ica t ion  of this method  is the  
de te rmina t ion  of the diffusion coefficient by  means of 
the Schmid t  number .  In  the  uns teady  s ta te  mass t r ans -  
por t  problems,  the  Schmidt  n u m b e r  occurs as its cube 
root  and, therefore ,  good accuracy  is needed in o rder  
to analyze  the expe r imen ta l  data .  

In this paper ,  an  analys is  is made  of the uns teady  
l amina r  flow about  a ro ta t ing  disk whose angu la r  
veloci ty  is p e r t u r b e d  by  a s inusoidal  modula t ion  of 
low ampl i t ude .  This p rob l em is solved numer ica l ly  for 
a large  f requency  range,  and the resul ts  are compared  
to previous  works  (5, 7). 

F o r  a s inusoidal  speed  modulat ion,  a numer ica l  so- 
lut ion of the response of the e lectr ical  quan t i ty  (cur-  
ren t  or  potent ia l )  specific to the in ter face  is given 
for a la rge  f requency  range.  Excel lent  ag reement  be -  
tween  theory  and exper imen t  is found for a redox 
react ion be low the l imi t ing  cur ren t  i n  galvanosta t ic  
regulat ion.  In  potent iosta t ic  regulat ion,  at  the l imi t ing 
current ,  we show the influence of the kinet ics  in the  
high f requency  range.  

Theoretical Analysis 
Hydrodynamic  prob lem. - -The  s teady flow field 

c rea ted  by  an infinite d i sk  ro ta t ing  at  a constant  
angu la r  ve loc i ty  in a fluid wi th  constarit  phys ica l  
p roper t ies  was first s tudied  b y  von K a r m a n  (8). 

For  a low ampl i tude  modulat ion,  the  equat ion of 
cont inui ty  and the equat ion of motion can be nume r i -  
ca l ly  solved f rom the s t eady-s t a t e  solution. As a neces-  
sa ry  p r e lude  to this solution, we brief ly rev iew some 
of the  s t eady-s t a t e  solut ion as given by  von K a r m a n  
(8) .  

Von Karman ' s  suggest ion of a s e p a r a t i o n - o f - v a r i -  
ables approach  to the  solut ion of the t ime independen t  
Nav ie r -S tokes  equat ion resul ts  in a set  of th ree -  
coupled nonl inear  o rd ina ry  dif ferent ia l  equat ions for 
the components  of the fluid veloci ty  vector  and an 
equat ion for  the  dynamic  pressure  in the  fluid above 
the disk as follows 

2F -5 H' = 0 [1] 

F s- C~-5 HF'-- F" -- 0 [2] 

2FG + HG' -- G" = O [3] 

P' + HH' -- H" = 0 [4] 

where the prime designates differentiation with re- 

spect to f ---- zk/~/~. The variables are defined as 

v-r --  r ~ F ( ~ )  [5] 

v0 = r ~ G ( ~ )  [6] 

v .  = ~ / ~ H ( ~ )  [7] 

~ = ~ P ( ~ )  [8] 

where  the  ove rba r  designates  the s teady  state.  The 
bounda ry  condit ions are  

F(0)  -- H(0)  = 0 [9] 

G(0) = 1 [10] 

F(oo)  ---- G(oo)  ---- 0 [11] 

For  the uns teady  si tuation,  the ins tantaneous  value  
12 of the  angular  veloci ty  is defined by  

t2 ---- 12 -5 A12 Re{e j~t} [12] 

Fo r  a low ampl i tude  modula t ion  (h12 < <  12), to de -  
t e rmine  the deviat ions of the  flow from the s teady  
state,  we wr i te  

12 

,~ ~ . 1 
ve----r~ G(~) -5-=-Re{gC~)eJ~t}J  [14] 

[ A~% Re{h(~)el~t} ] [15] 

P - - / ~ [ P ( ~ )  -5 h--~-~Re{~(f)eJ~t} ] [16] 
12 

where  ], g, h, and p are  complex  functions.  
Each component  is expressed as the sum of  a known  

funct ion and the real  pa r t  of a complex funct ion whose 
ampl i tude  is p resumed to be small .  The equat ion of 
cont inui ty  and the uns teady  Nav ie r -S tokes  equations 
are  l inearized,  and the quadra t ic  te rms p ropor t iona l  
to ( ~ / ~ ) 2  are neglected.  The resul t ing equat ions m a y  
be wr i t t en  

2f + h' = 0 [17] 

G + 2F7- 2G; + H? + [181 

j ~p + 2 ~  -5 2F'g + hG' + H g-- ='g" [19] 

+ H'2+ Hh-+ p- = [20] 

where  p = ~o/,e is the dimensionless  f requency  of 
modulat ion.  The bounda ry  condit ions are  

f = = 0 g(0)  --- 1 [22] 

]~oo) = g'(oo) 0 [231 
After  the veloci ty  profiles are  de te rmined ,  the pres-  

sure  d is t r ibut ion  can be calcula ted d i rec t ly  from the 
in tegra ted  form of Eq. [20]. Each complex function 
m a y  be wr i t t en  as the  sum of a rea l  funct ion ( index 1) 
and an i m a g i n a r y  funct ion ( index 2). The set of three  
coupled Eq. [17], [18], [19] becomes a set of six 
coupled l inear  o rd ina ry  di f ferent ia l  equat ions 

211 + hi '  --  0 [24] 

2f2 -5 h2' - -  0 [25] 

--]2p -5 2F]l -- 2Ggl -5 H]l' -5 F'hl -- ]l" = 0 [26] 

f~p -5 2F$2 -- 2Gg2 -5 H]~' -5 F ' ~  -- ]~" : 0 [27] 

-g2P -5 2G]1 -5 2Fgl -5 G'hl -5 Hgl' -- gl" -- 0 [28] 

glP -5 2G]2 + 2Fg2 -5 G'he -5 Hg.2' -- g~" = 0 [29] 

By using Newman ' s  me thod  of solving this k ind  of 
p rob lem (9, 1O), we derive,  f o r - e a c h  dimensionless  
frequency,  the solut ion of the  set of s ix  equations.  

Cochran (11) has shown tha t  the  sys tem of Eq. [1]-  
[4] can be satisfied by  two sets of series expansions  
for  smal l  an,d large values  of f. The series solut ions for 
smal l  va lues  of ~ are  ve ry  useful  for the mass t ransfe r  
p rob lem close to a ro ta t ing  disk electrode.  Therefore,  
the der ivat ives  at  ~ --  0 (given in Table  I)  are  essen-  
t ia l  in o rder  to de t e rmine  the first coefficient of the 
series expansions.  The o ther  coefficients a re  calculated 
f rom the first by  using the set of Eq. [24]-[29.] In 
Table  II, we recal l  the s t eady- s t a t e  solution, and we 
give the  values of the four first te rms of the  series 
for  each function. 

As the f requency  of modula t ion  tends towards  zero, 
we deduce f rom Eq. [13] tha t  r f l ( f )  tends towards  the 
der iva t ive  of v~ wi th  respect  to ~ and f rom Eq. [27] 
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Table I.~((0,p) and ;'(0,p) VS. the dimensionless frequency. In polar coordinates, the amplitude is divided by the 
amplitude for p = 0. 

~ ( o ,  p) ~ ' ( o ,  p) 

In polar coordinates  In polar coordinates  

In Cartesian coordinates  A~' (p) } In Cartesian coordinates  A{~(p) } 

S~'(0, p) S~'(0, p) A{f(0)} -0~ g~'(0, p) g2'(0, p) A{g'(0)} 0~ - 180 ~ 

0.5 0.7513 --0.1977 0.9917 8.2 --0.9235 --0.1857 1.0196 11.4 
1 0.6943 --0.2032 0.9452 16.3 -0.9367 --0.3900 1.0982 22.6 
1.5 0.6154 -0.2585 0.8721 22.8 --0.0874 -0.5951 1.2478 31.1 
2 0.5429 -0.2802 0.7983 27.3 --1.0056 -0.7780 1.4281 36.1 
2.5 0,4845 --0.2842 0.7339 30.4 -1.1551 -0.9354 1.6088 39.0 
3 0,4389 -0,2802 0.6804 32.6 -1.2465 - 1.0719 1.7794 40.7 
3.5 0.4029 -0.2731 0.6360 34.1 -1.3360 -1.1925 1.9383 41.8 
4 0.3739 - 0.2648 0.5987 35.3 -1.4223 - 1.3010 2.0864 42.4 
4.5 0.3502 -0.2565 0.5672 36.2 -1.5050 -1.4003 2.2251 42.9 
5 0.3303 -0,2484 0.5400 36.9 -1.5842 -1.4922 2.3556 43.3 
6 0.2988 -0.2337 0.4956 38.0 -1.7330 -1.6591 2.5968 43.8 
7 0.2749 -0.2210 0.4609 38.8 - i .8709  -1.8091 2.8169 44.0 
8 0.2559 --0.2100 0.4325 39,4 -1.9996 -1,9465 3.,0205 44.2 

10 0.2275 --0.1921 0,3890 40,2 -2.2355 -2.1940 3.3903 44.5 

Table II. Coefficients of the series expansions for the dimensionless components of the fluid velocity. (The values of 
fl '(0,p), f2'(0,p), gz'(0,p)), and g2'(0,p) are given in Table I. 

F G H ~1 ~2 g l  g~ hi  h~ 

~o 0.0 1.0 0.0 0.0 0.0 1.0 0.0 0.0 0.0 
0.51023 --0.61592 0.0 S~'(Q, P)  ]~ ' (0 ,  p )  g~'(O, p )  g2'(O, p )  0.0 0.0 

~9 --0.5 0.0 -0.51023 --1 0.O 0.0 - -  p/2  - f~ ' (0 ,  p )  - f~ ' (0 ,  p )  
1.23184 : -  29~' - f o, . p - 29~ '  + fx' �9 p 1.02046 + 2f1' - g2 '  �9 p 2 . $~' + g~ '  �9 P 

~ 0.205307 0.170077 1/3 2/3 0,0 
6 6 6 6 

and [29] that  f2 ' (D tends towards  zero. Therefore,  

T(0,0) = 3/2 F ' (0 )  = 0.765345, and in the same way  

g'(0,0) = 3/2 G'(O) = --0.923883. These values are  

used for the calculat ion of the reduced  ampl i tude  of f; 

and ~ in Table I. 

The ampl i tude  of g ' (0 ,p)  increases wi th  p, and 

~(0 ,p)  decreases wi th  p. Fo r  mass t ransfe r  measu re -  
ments,  that  means  tha t  the resul ts  for  an ax i symmet r i c  
e lectrode (l ike a disk or a r ing) and a nonax i sym-  
metr ic  e lect rode ( l ike a microe lec t rode  off the axis 
of rota t ion)  m a y  be ve ry  different.  

Comparison with the results of Sparrow and Gregg 
(5) and Sharma (7).--Low frequency range.---Sparrow 
and Gregg (5) solved the uns teady  flow prob lem 
where  the angu la r  ro ta t ion speed is a t ime dependent  
quanti ty.  Their  expressions for the ins tantaneous com- 
ponents of the fluid veloci ty  were  obta ined  by  a ser ies  
expansion about  the  value  found at  a quas i - s t eady  
s tate  

Vr = r ~ ( F ( x )  § f l lFl(x)  § ~ 2 F 2 ( x )  § . . . )  [30] 

VO = r~(G(x )  § ~lGl(X) § p2:G2(x) § . . . )  [31] 

vz --  ~r § ~ lHl (x)  § p2H~(x) § . . . )  [32] 

where  x _-- z (12/v)'/~ is t ime dependent ,  and the expan-  
sion pa rame te r s  depend  only  on t ime and are  defined 
by  

~1 = ( d a / d t ) / a  ~ 

ft,2 = ( d2aldte) / a  z 

After  a numer ica l  in tegra t ion  of the Nav ie r -S tokes  
equation, Spa r row and Gregg gave the value  of the 
veloci ty  der iva t ives  at x = 0 

Ho" (0) = --  1.0205 Go' (0) = --  0.61592 

H~"(O) = 0.40967 G~'(0) = --0.36922 

Hu"(0) =- -0 .046224 G~'(O) = 0.021185 

By using these resul ts  for a s inusoidal  modulat ion,  

we can de te rmine  the expressions of ] '  (0,p) and g' (0,p) 
fol lowing our notat ion 

~(0 ,p)  = (0.765345 -- 0.023112p 2) -- 0.204835pj [33] 

~ (0 ,p )  = (--0.9238~3 --  0.021185p ~) --  0.36922pj [34] 

Sha rma  (7) solved the set of six equations ( [24]-  
[29]) wi th  an impor tan t  approx imat ion ;  he expects  f2, 
g2, and h~ to be smal l  re la t ive  to fl, gl, and hi, and he 
neglects  --pf2 and --Pg'2 in Eq. [26] and [28]. Then he 
finds wi th  our nota t ion 

~ (0 ,p )  = 0.765345 --  0.20178pj [35] 

g'(O,p) = --0.923883 -- 0.52285pj [36] 

These are  exact  only  for p = 0, and the accuracy of 
the asymptot ic  expressions [33] and [34] f rom S p a r -  
row and Gregg (5) is a lways  bet ter .  

High frequency range.--For the high frequencies,  
Sha rma  (7) ob ta ined  an asymptot ic  solution; wi th  our  

notat ion the expressions of f '  (0,p) and  g' (0,p) are  

~'(0,p) = lk/~.~ j / 1 ~  0'313/p [37] 

- 

g'(0,p)  ----- -- "~ -- J "2 2 p 

On Fig. 1 and 2, the  asymptot ic  solut ion of Sp a r row  
and Gregg (5) (Eq. [33], [34]) is compared  wi th  our  
calculat ion for the low f requency  range,  and the 
asymptot ic  solut ion of S h a r m a  (7) (Eq. [37], [38]) is 
co,mpared for  the  h igh  f requency  range.  Express ion 

[34] is an app rox ima te  solut ion for  g' up to p = 2, 
and express ion [38] is an approx ima te  solut ion for 
p h igher  than  7. Express ion [33] gives a good value  of 
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14 

f on ly  for p < t ,  and  for  p = 1 the  devia t ion  be tween  
the express ion [33] and our  numer ica l  ca lcula t ion  is, 
for the ampl i tude ,  a l r e ady  6%. The express ion [33] 
m a y  be used wi th  a good accuracy only  for  p ~-- 0.5 
and the express ion [37] for  p --~ 8. 

Mass transport appIication.--The concentra t ion in 
the  diffusion l aye r  is governed b y  the uns teady  equa-  
t ion of convect ive diffusion 

ae Oe a2c 
- - + v z "  ~ : D ~  [39] 
Ot Oz ~z ~" 

The deve lopmen t  of vz is ob ta ined  f rom Table  I I  
and is l imi ted  to the  two first terms.  In  order  to obta in  
an ana ly t ic  solution, Ref. (3) and (4) l imi ted  the 
deve lopment  to the  first term.  On the contrary ,  Tokuda  
e t a l .  (1), for a numer ica l  in tegrat ion,  used the three  
first te rms of the  Vz development .  By pi t t ing  

C -"-C-}- Re { ceJet} [40] 

and by  us ing the dimensionless  var iab les  and p a r a m -  
eters  

a=0 .51023 ,  K = =  \ a - ~ ]  , B =  [41] 
4% \ a  4 / 

and 

(5 is a d is tance  charac ter i s t ic  of the  thickness  of the  
s t eady- s t a t e  diffusion layer ;  the equiva lent  Nerns t  
diffusion l aye r  thickness is r ( 4 / 3 )  t imes 5) Eq. [39] 
becomes 
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(%~ ) ~[~ :f ( , p )  2B~ 3 d~  
= - -  P.,":" 3 a . . . .  / '~-- Sc a / ~  - ] - ' ' ' "  . - ~  [42] 

where 

a_T= - [4a] 

and where the steady-state derivative at the surface 
can be expressed as 

d~ / co - ~o 
[44] 

0 exp --  ~- ~-~.., d~ 

Let  0 (~) be  a solut ion of the  homogeneous  equat ion 
sat isfying the b o u n d a r y  condit ions 

0 ~ 0  as ~-> Do 
and 

0 = 1  at ~ = 0  

In te rms  of the  funct ion o, the  solut ion of Eq. [42] 
can be ob ta ined  by  the technique of reduct ion  in order  

(12) by  se t t ing c -~ k(~)0(~), where  k satisfies 

d2~ ( B~ 2o' ) d~, 
d ~ '  + 3~2 _ SO/3 + "'" + "~- "~" 

~C~ ( T ( 0 , p )  2 2BSS ) 1 dc 
= - - = -  3 " - So l / - -U+""  ~--~- [45] 12 a 
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In tegra t ion  gives 

exp --x3 W ~ - p  . . .  

~ S ~ d~ c = K~s + K~s s2(x) 
0 

Bx4 
exp ( - - x a - t - ~ - t - . . . )  

dc S ~ 
o 8 d~ 0 o~(~) 

X 3 x ~ 2 -  Sc~/-- ~ + . . .  S(Xl) dx~d~ a 
[46] 

where  K~ and K~ are  two in tegra t ion  constants.  K2 

can be identif ied wi th  co, the  va lue  of the ampl i tude  
function at  ~ = 0. K~ can be obta ined f rom tl~e bound-  

a ry  condit ion that  c approaches  zero as ~ approaches  
infinity, wi th  the  resul t  

K~ = _ ~ W [47] 
d~ 0 

where  

) w =  3~(~ ~2 23~ 
0 a Sc~/~ ~' ' ' '  0d~ [48] 

is a dimensionless  quan t i ty  whose va lue  is wor th  
tabula t ing.  

The genera l  resul t  of this section is a re la t ionship  
be tween  the concentra t ion  and the concentrat ion de-  
r ivat ive,  both  eva lua ted  at the e lect rode surface. In  
te rms of the d imensional  d is tance z, this can be ex-  
pressed as 

d c  Co 0'(0) -b W [49] 
dz T 

where  e '(0) is, for  ~ = 0, the de r iva t ive  of 8(~) r e l a -  
t ive to ~. 

The b o u n d a r y  condit ion at  z = O de te rmin ing  the 

value  of Co involves both the  mode of regula t ion  and 
the e lec t rochemical  kinet ics  at  the  interface.  In  o rder  
to solve the  problem,  it is not  necessary  to study,  as 
in Ref. (3, 4), the pa r t i cu l a r  cases of a constant  con- 
cent ra t ion  at the in terface  [ improper ly  called "poten-  
t iostat ic" in Ref. (3)] ,  or  of a constant  concentrat ion 
grad ien t  at  the in ter face  [ improper ly  called "ga lvano-  
s tat ic"  in Ref. (3)] .  Ths genera l  express ion [49] is 
sufficient for  s tudy ing  the e lec t rochemical  appl ica t ion  
in o rder  to obta in  an equiva len t  express ion be tween  

the observable  e lect r ica l  quant i t ies :  the overa l l  po ten-  
t ia l  and the overa l l  cur ren t  (see Eq. [64]).  De te r -  
minat ion  and tabula t ion  of the quant i t ies  s ' (0)  and  W 
thus provide  the basis for a r a the r  genera l  t r e a t m e n t  
subsequent ly  of the in te r fac ia l  conditions,  even though 
they  might  have kinet ic  and  doub le - l aye r  compl ica-  
tions not  expl ic i t ly  contempla ted  here.  This poin t  de -  
serves  special  emphasis .  

The numer ica l  calculat ion of W requi res  the calcu-  
la t ion of the  homogeneous solut ion s, which is also 
the  solut ion to the  usual  convective W a r b u r g  imped-  
ance problem,  where  potent ia l  or  cur ren t  is modula ted  
ins tead of ro ta t ion speed. 

This p rob l e m had been s tudied  b y  a few authors  
(13-16); in pa r t i cu l a r  Leva r t  and Schuhmann  (13) 
s h o w e d h o w  to wr i te  s as a series expansion in Sc -1/3 

01 (~,K) ~(~,K)  
e(~.Sc,K) = so(~,K) -f - -  + - -  + . . .  [50] 

Sci/3 Sc2/Z 

We solved numer ica l ly  the  corresponding different ia l  
equat ions for So and 31. Since the reciprocal  of e '(0) 
is d i rec t ly  re la ted  to the  convective W a r b u r g  im-  
pedance,  we  have t abu la ted  this quan t i ty  in te rms of 
the expans ion  

- -1  Z I  + . , .  
~s'(0"---'~ = Zo + Sc~/3 [51] 

When K tends towards zero, --I/0'(0) tends towards 
r(4/3) (I § 0.2980 Sc -I/3) which are the two first 
terms of the expansion of the mass transfer rate for 
large Schm~dt number given by Newman (17) (see 
Table I I I ) .  

The expansion for W is more  compl ica ted  because e 

as expanded  depends  on pSc 1/3 whi le  ~ 0 , p )  in Eq. 
[48] depends on p wi thout  Sc 1/s. The expans ion  for  W 
takes the form 

N 1 ~ 
w = f ( 0 , p )  (t~ + jr2) + ~ [ f ( 0 ,p )  (t3 + jr4) 

+ t s + j t ~ - b . . . ]  [52] 

where  the  t's, given in Table IV as functions of pSc 1/3, 
are  calcula ted f rom the fol lowing definit ions 

l t l  - -  o ~2Re(e~ t~ = o ~ 2 I m { e ~  

t8 = ~2Re(ol}d~ t4 = ~Im{el}d~ , 

I; f: i t~ = --2B ~SRe(oo}d~ t 6 - -  --2B ~,Im{Oo}d~ 

[531 

Table Ill. Variation of the diffusion or convective Warburg impedance vs. the reduced frequency pSc 1/3 [K - -  3.258 pSr 1/8] 

Za Z1 Z1 

0 1 0 + 0 . 2 9 9 0  0 
0 .1  + 0 . 9 8 8 3  - 0 . 0 9 5 6  + 0 . 2 7 8 9  - 0 . 0 8 9 8  
0 .2  + 0 . 9 5 5 2  - 0 . 1 8 3 0  + 0 . 2 2 7 7  - 0 . 1 6 0 8  
0 .3  + 0 . 9 0 6 2  - 0 . 2 5 6 0  + 0 . 1 6 9 4  - 0 . 2 0 2 6  
0.8 + 0.7866 - 0.3819 + 0.0301 - 0 . 2 0 4 6  
0.7 + 0.6708 - 0 . 3 9 1 5  - 0.0453 - 0.1810 
1 + 0 . 5 3 6 7  - 0 . 3936  - 0 . 0 7 4 0  - 0 . 0 7 9 0  
1 .5  + 0 . 4 0 4 7  - 0 . 3 5 1 9  - 0 . 0 4 9 5  - 0 . 0 0 6 8  
2 + 0 .3343  - 0 . 3 1 0 1  - 0 . 0 2 4 7  + 0 . 0 0 7 4  
3 + 0 . 2 6 2 7  - 0 . 2 5 3 6  - 0 . 0060  + 0 . 0 0 6 0  
4 + 0 . 1 9 9 6  - 0 . 1 9 6 0  - 0.0010 + 0.0011 
5 + 0 .1816 - 0.1789 - -  0.0007 + 0.0007 
7 + 0.1677 - 0.1656 - 0.0005 + 0.0004 

10 + 0.1398 - 0.1398 - 0 . 0 0 0 2  + 0,0002 
15 + 0.1140 - 0 .1129 - 0.0001 + 0.04)01 
20  + 0 . 0 9 8 8  - -  0 . 0 9 7 7  0 . 0 0 0 0  0 . 0 0 0 0  
3 0  + 0 . 0 8 0 7  - 0 . 0 7 9 6  0 . 0 0 0 0  0 . 0 0 0 0  
4 0  + 0 .0 7 0 1  - 0.0688 0 . 0 0 0 0  0.0000 
60 + 0.0628 - 0.0614 0.6000 0.0000 
70  + 0 .0 5 3 3  - 0 . 0 5 1 7  0 . 0 0 0 0  0 . 0 0 0 0  

100  + 0 . 0 4 4 9  - 0.0431 0.0000 0.0000 



Vol. 130, No. 10 MODULATED FLOW 2021 

Table IV. Coefficients of the W expansion vs. the reduced frequency 

pSc z/~ tz t= to t, t~ te 

0 + 0.6533 0 + 0.7797 0 - 0.5963 0 
0.1 + 0.6511 - 0;0396 + 0.7726 - 0.6829 - 0.5934 + 0.0407 
0.2 + 0.6452 -0.0786 + 0.7549 - 0.1637 - 0.5870 + 0.0808 
0.3 + 0.6356 - 0.1166 + 0.7263 - 0.2402 - 0.5767 + 0.1197 
0.5 + 0.6060 - 0.1874 + 0.6408 - 0.3738 - 0.5452 + 0.1918 
0.7 + 0.5652 - 0.2489 + 0.5289 - 0.4738 - 0.5015 + 0.2539 
1 + 0.4904 - 0.3201 + 0.3405 -0.5537 - 0.4215 + 0.3241 
1.5 + 0,3547 - 0.3825 + 0.0628 - 0.5345 - 0.2787 + 0.3799 
2 +0.2338 - 0 .3 910  -0 . 1107  -0.4179 -0.1540 +0.3782 
3 +0.0725 - 0 .3 328  --0.2063 -0 .1762  +0.0029 +0.2992 
4 - 0.0044 - 0.2562 - 0.1671 - 0.0406 + 0.U608 + 0.2085 
5 - 0.0364 - 0.1931 - 0.1105 + 0.0154 + 0.0838 + 0.1391 
6 - 0.0472 - 0.1466 -0 . 0667  + 0.9320 + 0.0812 + 0.0918 
7 - 0.0486 - 0.1135 -0 .0382  + 0.0325 + 0.0719 + 0.~609 

10 - 0.0386 - 0.'0600 - 0.0055 + 0.0169 + 0.0435 + 0.0195 
15 - 0.0234 -0.0290 + 0.0008 + 0.00~ + 0.t~199 + 0.0043 
20 - 0.0156 - 0.0177 + 0.0006 + 0.0014 + 0.0109 + 0.00,14 
30 - 0.0086 - 0.0092 + 0.0002 + 0.0003 + 0.0047 + 0.0003 
40 -- 0.0056 -0.5058 + 0.0001 + 0.0001 + 0.0026 + 0.0001 
50 - 0.0040 - 0.0041 0.0000 0.0000 + 0.0016 + 0.0001 
70 - 0.0024 - 0.0025 0.000O 0.5000 + 0.5008 0.0000 

1O0 - 0.0014 -- 0.0014 0.0008 0.0000 + 0.0004 0,0000 

~(0 ,p )  is g iven  in  Tab le  I fo r  p ~-- 0.5 and by  Eq. [33] 
f o r p  < 0.5. 

Tab le  V and  Fig.  3 g ive  va lues  of W for  th ree  va lues  
of  Sc (125, 1000, 8000). The  va lue  of the  first  t e rm,  
w i t h o u t  t he  t e r m  in  Sc  -~/3, is also g i v e n  to i l lus t r a t e  
t h e  i m p o r t a n c e  of the  S c h m i d t - n u m b e r  cor rec t ion .  T h e  

i m p o r t a n c e  of the  co r r ec t i on  depends  on the  f r e q u e n c y  
as w e l l  as the  Schmirdt n u m b e r  i tself .  The  va lues  on 
Fig.  3 could  be  m a d e  to fa l l  m o r e  n e a r l y  on top of each 
o t h e r  i f  p lo t t ed  aga ins t  pSc  1/3 r a t h e r  t h a n  p i tself ,  a l -  
t hough  this  w o u l d  also m a k e  the  g r a p h  h a r d e r  to read.  

Va lues  of  --W/o'(O) a re  g i v e n  i n  Tab le  VI  and  Fig.  4. 

Va lues  of  Z0 ) : (0 ,p ) ( t l  -~ jt~) a re  also g iven  to i l lus -  
t r a t e  the  i m p o r t a n c e  of the  S c h m i d t - n u m b e r  correc t ion .  
Electrochemical application.--The pr inc ipa l  resu l t  of  
t h e  p r e c e d i n g  sec t ion  is Eq.  [49] r e l a t i n g  the  osc i l l a t -  
i ng  pa r t  of  the  c o n c e n t r a t i o n  g r a d i e n t  to the  osc i l l a t ing  

p a r t  of  t he  concen t r a t i on  at  the  su r face  (~0) and t h e  
m o d u l a t i o n  of  the  ro t a t i on  speed  (~fD.  Bo th  0'(0) and 
W d e p e n d  u p o n  the  S c h m i d t  n u m b e r ,  and  a subscr ip t  
i shou ld  be added  to a l l  the  r e l e v a n t  quan t i t i e s  to de -  
no te  tha t  d i f fe ren t  species  i can h a v e  d i f fe ren t  va lues  
for  t h e  diffusion coefficient  Di. We discuss h e r e  the  ap -  
p l i ca t ion  of  this  equa t i on  to the  e l e c t r o c h e m i c a l  i m -  
pedance ,  w i t h  s impl i f ica t ions  d i r ec t ed  t o w a r d  the  sys-  
t e m  and condi t ions  used  for  the  e x p e r i m e n t a l  ver i f i -  
ca t ion  of the  effect  of  t he  t e r m  w i t h  W, a r i s ing  f r o m  
t h e  m o d u l a t i o n  o f  t he  r o t a t i o n  speed.  

A s ing le  e l ec t rode  r e a c t i o n  can  be  w r i t t e n  in s y m -  
bol ic  f o r m  as 

~s iMlz / - *  he-  [54] 
i 

For minor species, in the presence of supporting elec- 
trolyte and with neglect of double-layer adsorption of 
these minor species, the concentration gradient is re- 
lated to the  f a rada ic  c u r r e n t  dens i t y  by  

Oci I si = i~ [55] 
DI Oz z=o nF 

and  the  f a r ada i c  c u r r e n t  dens i ty  is g o v e r n e d  by  a k i -  
ne t i c  express ion  

if = S(~],Ci0) [56] 

F o r  a s i m p l e  r e d o x  reac t ion ,  we  h a v e  i n  m i n d  an e x -  
p ress ion  of  t he  f o r m  

[ [ aaF ) cao exp  ( ~ F  ) ]  i - -  i0 cp0 exp  . . . .  
cp= ~,-R--T -~1 ca= - ~ - -  ~1 

[57] 

where ~ is the total overpotential (sum of concen- 
tration overpotential and surface overpotential) and 
/0 is the exchange current density at the bulk composi- 
tion (Cp= and CR=). This expression contains the  essen- 
tial features of the concentration overpotential, which 
m a y  be  the  o n l y  r e l e v a n t  pa r t  fo r  an  i n h e r e n t l y  fas t  
reac t ion .  The  d o u b l e - l a y e r  capac i t y  is t a k e n  to be  i n  
p a r a l l e l  across  t he  i n t e r f ace  and the  di f fus ion l a y e r  i n  
such  a m a n n e r  tha t  the  to ta l  c u r r e n t  dens i t y  is g i v e n  

by  
d~ 

i : / ~  + C [58] 
dt 

and the electrode potential V measured with respect to 
a r e f e r e n c e  e l ec t rode  p laced  in the  b u l k  of  the  so lu t ion  
inc ludes  the  o h m i c  p o t e n t i a l  d rop  acco rd ing  to 

Y : Re i ~- ~1 [59] 

w h e r e  Re is the  so lu t ion  res is tance .  [Actua l ly ,  the  effect  
of t he  n o n u n i f o r m  ohmic  po t en t i a l  drop  to a disk e l ec -  
t rode  should  be  t a k e n  into account ,  bu t  t he  ca l cu la -  
t ions are  t h e n  qu i t e  compl i ca t ed  (18, 19, 20).] 

F o r  i m p e d a n c e  ca lcula t ions ,  al l  these  express ions  can 
be  l i nea r i zed  and t h e  t r a n s i e n t  par t s  t r e a t ed  as sma l l  
d e p a r t u r e s  f r o m  the  s t e a d y - s t a t e  par ts .  I f  a s inuso ida l  
p e r t u r b a t i o n  of v e r y  sma l l  a m p l i t u d e  is app l i ed  to t h e  
sys tem,  al l  va r i ab le s  i n v o l v e d  wi l l  osc i l la te  w i t h  t h e  
s a m e  f r e q u e n c y  p r e sc r i bed  by  the  e x t e r n a l  p e r t u r b a -  
tion, and each  v a r i a b l e  can  be  w r i t t e n  as 

x - -  x ~- Re("xeJ =t} [ 6 0 ]  

Table V. Variation of W vs. the reduced frequency from Eq. [52]  

p~cl/a 
o 

Sc  = 125 

W 
0.50179 

A/A(0) 

f (O,p)  (tt + Jr=) 
0.50000 

0 A / A ( 0 )  

S e = I O 0 0  

W 
0.50090 

A/A(0) 

f ' ( 0 ,  p) ( t t  + Jr=) 
0.50000 

Sc  = 8000 

W 
0.50045 

f ( O , p }  ( t l  + ~ts) 
0.50000 

0 A / A ( 0 )  0 A / A ( 0 )  0 A / A ( 0 )  0 

0.1 0.9980 4.4 0.9985 8.8 0.9982 3.9 0.9985 3.6 0.9983 3.7 0.9985 3.6 
0.2 0.9933 8.8 0.9949 7.6 0.9940 7.8 0.9949 7.3 0.9945 7.4 0.9949 7.1 
0.3 0.9857 13.1 0.9892 1L3 0.9873 11.7 0.9891 10.9 0.9885 11.0 0.9891 10.6 
0.5 0.9621 21.6 0.9710 18.7 0.9661 19.3 0.9710 18.0 0.9683 18.2 0.9709 17.8 
0.7 0.9292 29.9 0.9454 25.9 0.9365 26.7 0.9453 24.8 0.9409 25.2 0.9453 24.3 
1 0.8672 41.5 0.8966 36.2 0.8808 37.1 0.8964 34.7 0.8883 35.1 0.8964 33.9 
1.5 0.7487 58.8 0.7989 51.8 0.7714 52.6 0.7986 49.4 0.7849 49.8 0.7985 48.3 
2 0.6328 73.3 0.6980 65.3 0.6624 65.6 0.6975 62.2 0.6800 62.3 0.6974 60.7 
3 0.4465 95.5 0.5224 86.9 0.4810 85.7 0.5216 82.3 0.5018 81.5 0.5214 80.0 
4 0.3220 111.35 0.3937 103.3 0.3542 100.0 0.3926 98.0 0.3741 95.2 0.3923 94.1 
5 0.2220 124.3 0.2843 117 0.2671 111.4 0.3012 108.4 0.2854 105.3 0.3009 104.5 
7 0.1257 139.1 0.1674 134.6 0.1654 124.9 0.1895 123.9 0.1790 118.7 0.1891 118.6 

10 0.0651 151.3 0.0872 150.1 0.0922 138.6 0.1032 139.1 0.1030 130.7 0.1094 130.4 
15 0.0298 160,7 0.0388 161.5 0.5461 148.8 0.0497 151.7 0.0530 140.4 0.0572 140.4 
20 0.0169 165.3 0.0216 166.7 0.0265 157.5 0.0288 158.7 0.0330 146.8 0.0341 147.7 
30 0.0076 170.1 0.0095 171.3 0.0121 ~ 164.8 0.0131 165.6 0.0163 155.3 0.0168 155.8 
40 0.0043 172.2 0.0053 173.5 0.0069 168.2 0.0074 169.3 0.0096 160.5 0.0099 161.3 
50 0.0033 174.5 0.0034 174.6 0.0045 170.5 0.0047 171.2 0.0063 164.0 0.0065 164.1 
70 0.0024 172.9 0.0026 173.2 0.0033 168.1 0.0034 167.6 

100 0.0014 174.7 0.0015 175.0 0.0016 172.0 0.0016 172.1 
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Table Yl. Variation of --W/#'(O) vs. the reduced frequency; W is obtained from Eq. 152] and - ! /0 ' (0 )  is obtained from Eq. [51] 

Sc = 125 Sc = 1000 SC = 8000 

w w w 

psc~/~ - a'(o) ZoT(O,~) (t~ + jt~) ~'(o) zoT(o, ~)(t~ + jr,) o'(o) z ~ ( o ,  ~)(t~ + jt~) 

AIA(0) 8 AJA (0) 8 A/A(0) 8 AIA(0) 0 A/A(0) 8 AIA(0) # 

0.1 0.9896 10.5 0,9844 9.8 0.9904 9.7 0.9844 9.1 0.9908 9.4 0,9844 9.1 
0.2 0.9690 20.8 0.9676 18.4 0.9682 19,2 0.9676 16.I 0.9684 19.7 0.9676 17.9 
0.3 0.9163 30.6 0.9315 27.1 0.9234 28.4 0.9314 26.7 0.9275 27.2 0.9891 26.4 
0.5 0.8043 40.0 0.8367 42.8 0.8195 44.6 0.8367 42.1 0.8277 42,9 0.8367 41.7 
0.7 0.6887 62.5 0.7343 56.2 0.7101 58.1 0.7342 55.1 0.7219 56.0 0.7342 54.6 
1 0.5419 79.6 0.5967 72.4 0.5677 74.3 0.5966 70.9 0.5817 71.8 0.5966 70,1 
1.5 0.3740 100.7 0.4285 97.2 0.3990 94.0 0.4283 90.4 0.4111 91.3 0,4283 89.3 
2 0.2693 116.5 0.3183 108.1 0.2916 i0@.6 0.3181 105.0 0.3046 105.2 0.3180 103.5 
3 0.1530 139.5 0.1907 130.9 0.1701 129.7 0.1904 126,3 0,1803 125.5 0.1904 12A.0 
4 0.08485 155.9 0.1191 147.8 0.096t19 144.5 0.1098 142.5 0.1031 139,7 0.1097 138.6 
5 0.05332 168,9 0.07247 161.6 0.06698 156.0 0.07678 153.0 0.07164 149.9 0.07670 149.1 
7 0.02792 183.8 0.03946 179.2 0.03783 169,6 0.04467 168.5 0.04155 163.4 0,044.57 163,2 

10 0.01213 196.3 0.01723 195.0  0.01767 183.6 0.02039 184.0 0.02004 175.7 0.02162 175.3 
15 0.00451 205.7 0.00622 206.2  0.00718 193.8 0.0079~ 196.4 0.0837 185.4 0.00917 185.1 
20 0.00221 210.3 0.00300 211.4  0.00357 202.5  0.00400 203.4  0.0(M62 191.8 0.00474 192.4 
30 0.03081 215.1 0.00108 215 .9  0.00133 209.8 0.00149 210.2  0.00182 200.3 0.00191 200.4 
40 0.04)040 217,2  0.00052 218.0  0.00066 213.2 0.000~/3 213 .8  0.00003 205.5 0.00097 205.8 
50 0.00027 219.5 0.00030 218.6  0.00038 215.5  0.00041 215 .0  0.00055 209.0  0,00057 208.1 
70 0.00017 217.9 0.00019 217.3 0.00024 213.1 0,00025 2'11.7 

100 0,00007 219,3 0,~ 218.8 0,00010 216,0 0.00010 215.9 

Eq. [56] then becomes 

%f "-- ~ ci0 �9 

The usual charge- t ransfer  resistance Rt .can be identi- 
fied as the reciprocal of (ai/.0~)cio, al though this may be 
directly measurable at the prevailing s teady-state  sur-  
face concentration. By substitution of Eq. [49] and 
[55], we obtain 

n = Rtif -- Rt - - i f  
l , n~jo  oi'(O) nFDi 

0i'(0) nF-'Di J "- Rti~ + ZD/f 

~ Y R t ~ (  Of ) W~j s, 

St -'~ �9 OCio mcj0 #i'(o) Di [62] 

where 

ZD - -  - -  R t  ~ n,cjo nFD~8i' (O) [63] 

can be termed the diffusion or convective Warburg  
impedance. 

Inclusion of the ohmic potential drop and double- 
layer  capacity according to Eq. [58] and [59] causes 

i i'Rt 
Eq. [2] to become 

where 

-~ 1 + j~C(R t q- ZD) nF 

1 ~,cj0 

Wi~i  81 

oi' (0) Di 
[64] 

Rt + ZD 
Z = Re + [68] 

l -~ Jo)C(R t -~ ZD) 

is the electrochemical impedance (V/i)~xn=o. Under 
the conditions of the experiments, ~ is low enough for 
wCRt and wCZD to be neglected compared to unity. 
Furthermore, the formulation based on Eq. [56] 

obscures the simple relationships which prevail if the 
kinetics are inherently fast and the overpotential re- 
duces to the concentration overpotential 

= RT ~ In ( c i . )  
_ ~ . ~  c661 ~l --'0c rdF I 

o r  

- ~ R T  ~ Cio 
-'-  *le "" - -  ~ ~ s t _ - - - -  [ 6 7 ]  

n F  1 cm 

Equation [64] would then be replaced by 

y = zT+ aa_ 1 ~ n r ~ ,  w~8~ s,2 
[68] 

a 1 +jwCZD nF - ~  0i'(0) nFDi~i0 
where 

zn 
Z - ' R e +  

1 + jwCZ D 
and 

z ,  = _ _ _  [ 91 
nF i Cio el'(0) nFDi 

Galvanostatic mode, ~- -  0: Eq. [64] yields 

YRt/nF~ ~ / O, ~ WIbIsi 

A.ll 1 q- j~C(Rt -t- ZD) " 0el0 mcjo 8i'(O)Di 

[70] 

If  the diffusion coefficients are equal for reactants 
and products, W~ becomes a constant in the sum, and 
this simplifies to 

"~ - ~ z ~ / h  
= W [711 

ASt 1 Or- jcoC(Rt -]- ZD) 

Equations [68] and [69] yield to Eq. [71] with Rt -- O. 
For the relatively low values of ~ dealt with here, 

the approximate form would be 

V T 
= -- ~ ZnW 

A~t St 
[721 

If  we normalize (~/al~) by dividing by its value for 
_-- 0, we obtain a function of only two parameters p 

and Sc 1/a. For  this reason, values of --W/S'(O) were 
given in Table VI and Fig. 4, 

In the potentiostatic mode, ~ ---- 0, and Eq. [64] de- 

fines the value of the ratio ~A~. Where, again, the 
diffusion coefficients of reacting species are equal, this 
yields 

( ~ I Zn 
= ~ W [73] 

a 1 -~- jwC(Rt  -~ ZD) Z 
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Sc 
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---Without Schmidt Number correction 
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Fig. 3. (A) Phase shift of W vs. dimensionless frequency, (B) 
normalized amplitude of W vs. dimensionless frequency. In condi- 

tions of Eq. [75] or [79], the normalized quantities ~/%Q) and 
W are identical. 

In  the presence of an excess of support ing electro- 
lyte and for the f requency used in this experiment ,  
the electrolyte resistance (1%) may be neglected com- 
pared to the sum of the charge- t ransfer  resistance (Rt) 
and the convect ive-Warburg impedance (ZD). Then 
Eq. [73] becomes 

~ Z D 
~ = ' ~  W [74] 

zi~ .Q Rt  -~- ZD 

With the assumption of a .small electrolyte resistance 
Eq. [68] and [69] yield to 

- -  ~ W [75] 

As an  aside, we may note  from Eq. [6.4] that if Z 

denotes the electrochemical impedance ( ~ / ~  Aa=0, then 
it  follows that  

2401 I I 

(A) Phase Shift _ _  

2~176 

sc  %o(Z: 

//// 
40 L ~////~////- With Schmidt Number correction 

~ ,df Number correction 

O F  " : ~ - ~  ~ I I 
0.01 0,1 I I0 09 

I 
(B) Amplitude 

0.1 

(p) 
Sc=8000 

\ 

~\\ 125 

With Schmidt Number correction ~ ' \  \ . . . .  Without Schmidt Number correction 

) 0 [  . . . . . . . . . . . . . . . . . . . . . . .  I 
0.01 0,1 I IO 

O0 p = - = -  
_eL 

Fig. 4. (A) Phase shift of --W/O" (0) vs. dimensionless frequency, 
(B) normalized amplitude of --W/O' (0) vs. dimensionless fre- 

quency. In conditions of Eq. [72], the normalized quantities (~'/ 
A~) are identical. 

i z'~ = "~ ~ C76] 
V=O ~ ~ i=O 

which is s imilar  to the relat ion (21) 

Assuming that we unders tand  the electrochemical 
impedance Z of the system, the test under  hydrody-  
namic modulation,  whether  it be potentiostatic or gal- 
vanostatic or otherwise, essentially tests for the ap- 
plicabil i ty of the theory developed for W. 

We can pick out the Value of W for the oxidized or 
reduced species separately,  without  the assumption 
that  DR ---- Dp, by choosing our steady state under  
conditions where one term or the other in Eq. [57] is 
negligible. If we are on the cathodic l imit ing current  
plateau, we can regard our fixed potent ial  conditions 

to mean  that  ca =- 0 or that  both ca and cR are zero. 
The clearest route to the hydrodynamic  impedance is 
then Eq. [45] applied to species R. With Eq. [55], [58], 
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and [59], we have  

--" W R [ 7 8 ]  , 

1 + j,~CRo 

Again,  we can test  the theory  for WR. Equat ion  [78] 
can also be obta ined  f rom Eq. [73] by  recognizing tha t  
ZD becomes infinite under  l imit ing cur ren t  conditions. 
For  the values  of ~ used  here,  Eq. [78] simplifies fu r -  
ther  t o  

�9 
t $11m 

= - . : ,  W a  [ 7 9 ]  
,A~ 

This relation is similar to Eq. [75] ,obtained with the 
assumption that the kinetics are inherently fast and 
tha t  Re << ZD. 

Experimental 
The aim uf these expe r imen ta l  measurements  is to 

obtain a comparison wi th  theory  on a large f requency  
range for galvanosta t ic  and potent ios ta t ic  regulat ion.  
For  this reason,  we use a we l l - known  elect rochemical  
reaction:  the  reduct ion step of a r ap id  redox  sys tem 
(potassium fe r r i cyan ide - fe r rocyan ide  (0.005M) wi th  
1M KC1 as suppor t ing  e lec t ro ly te ) .  The t empe ra tu r e  
was fixed at  25~ and the Schmidt  number  was 1200. 

The e lect r ica l  scheme of the expe r imen ta l  device 
had been  given in Ref. (2) and  (4).  However ,  for  the 
present  s tudy,  a new elect roopt ical  t achometer  has 
been used in o rde r  to obta in  good regula t ion  of the  
ins tantaneous angu la r  veloci ty  even for a low mean  
veloci ty  (as low as 60 r p m ) .  The measurements  are  
per formed  thanks  to a two-channe l  t ransfer  funct ion 
ana lyzer  (DFTA) .  The r ema in ing  paras i t ic  noises are  
diminished by  supply ing  the potent ios ta t  b y  Ni -Cd  
ba t te r ies  and by  using a ba t t e ry  and a la rge  resis tance 
as a galvanostat .  

In  Fig. 5a and 5b, we give the  expe r imen t a l  resul ts  
obta ined at  120 rpm (2 Hz) wi th  a p l a t inum ro ta t ing  
disk e lect rode (d iam = 5 mm)  for galvanosta t ic  
regu la t ion  at  i- = ~ ilim ( { l i m  --"  170 ~A). The theo-  
re t ica l  curve is obta ined f rom expression [72] wi th  
the Schmidt  number  correction; and for the ampl i tude ,  
the expe r imen ta l  curve is normal ized  b y  the exper i -  

men ta l  va lue  of I ~ / ~  when p tends towards  zero. 
The agreement  be tween  the theory  and exper iment  is 
good for  both the phase shif t  and the ampl i tude  over  
the whole f requency  range.  

In  Fig. 6a and 6b, we give the expe r imen ta l  resul ts  
obta ined at 120 r p m  wi th  the  same ro ta t ing  disk elec-  
t rode  but  for potent iosta t ic  regula t ion  at  the  l imi t ing 
cur ren t  (V : --100 mV vs. sa tu ra ted  calomel  r e fe r -  
ence e lec t rode) .  The theore t ica l  curve is obta ined  

from expression [79] (wi th  the assumption tha t  c = 0 
at  the in terface  and ~CRe <<: 1 ) .  

For  p ~ 1, the agreement  be tween theory  and ex-  
pe r imen t  is good. For  h igher  frequencies,  the deviat ion 
increases wi th  p. This devia t ion  may  be due to the  

assumption of c : 0 at the interface,  which is equiva-  
lent  to (Rt -'{- Re) << ZD. ZD decreases wi th  the 
frequency,  and for p h igher  than 1, the assumption 
may  not  be valid;  therefore,  it  is necessary  to use 
the genera l  express ion [73]. 

F r o m  Eq. [57] we have  

- (oo,_)] 
= - -  ~0 exp -- [80] 

and 

RT 1 
R t  -- - " ~ [81] 

.acF 

With ac ---- 0.5, i---- 850 ~A/cm 2, R ---- 8.314 3 /mol  . K, 
T = 298K, and F . 96487 C/equiw,  we obta in  60 
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Fig. 5. Comparison between the theoretical curve from Eq. [72] 
and the experimental data in galvanostatic mode. The data were 
obtained with the Fe(CN)6~-/Fe(CN)64- system at i = I / 2  
into. Supporting electrolyte JKCI I ~ 1M, Sc = 1200. ~ ~ 120 
rpm: (A) phase shift vs. dimensionless frequency, (B) normalized 
amplitude vs. dimensionless frequency. 

~ '  cm 2. And  f rom Eq. [53] wi th  DR -- 0.765. 10 -5 
cm2/sec and v = 0.0094 em2/see, ZD(~ --  0) ---" 
2 .  10 -4 

1"~ �9 c m  2. 
CR0 

The measurements  correspond to the beginning  of 
the  p la teau;  then  we m a y  assume C--R0 ---- 0.01 Cam and  
ZD(~, : 0) --_ 4 k ~ .  cm2. With  these values,  Re is 
negl igible  compared  to Rt and ZD, and we may  use 
Eq. [74]. The values of ZD m a y  be ob ta ined  f rom 
Table  V, and  we m a y  calculate  the  rat io  ZD/(Rt  + ZD). 
The  resul ts  are  given in Table  VII ,  a n d  the  eorre-  
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sponding corrections are given in dashed lines on 
Fig. 6a and 6b. 

With this correction, the agreement between the 
~heory and experiment is  good over the whole fre- 
quency range for the phase shift and until p = 3 for 
the amplitude. The deviation for the higher fre- 
quencies may be due to the weakness of the signal 
compared to the residual noise of the electronic de- 
vice, in particular the potentiostat. This problem is 
less important in galvanostatic regulation because the 
galvanostat made with a battery may be considered 
without noise. 

From the comparison of our experimental measure- 
ments to the theoretical curve, we have shown on 
the diffusion plateau the effect of the charge-transfer 
resistance for higher frequencies. This effect may be 
more important for intermediate kinetics because Rt 
is higher and ZD is smaller. Then below the limiting 
current, with the assumption Dr  = ~)p and ~,C(Rt --b 
ZD) < <  1, the analysis of the normalized data is 
easier in galvanostatic regulation (their values depend 

Table VIh Variations of 
ZD 

R t -~ Z D 

p 1 1.5 2 3 4 5 
A 0.95 0.93 0.925 0.91 0.90 0.89 
6 3 3.5 4 5 8.5 6 

only on the dimensionless frequency p (p = ~/~) and 
the cubic root of the Schmidt number). However in 
potentiostatic regulation at limiting current, this non- 
stationary method may give some original informa- 
tion because the electrochemical impedance cannot be 
used in this low frequency range. 

An application of this method is the determination 
of the diffusion coefficient for the electroactive species. 
These electrohydrodynamical impedances, in galvano- 
static or potentiostatic mode, may be written as a 
series expansion of Sc-1/z; in order to obtain suffi- 
cient accuracy, it is necessary to use the two first terms 
of this series. A best accuracy is obtained if the 
data analysis is done on a large frequency range. Then, 
for example, comparison of Fig. 6 with Fig. 3 or of  
Fig. 5 with Fig. 4 would permit the determination of  
Sc, with a minor difficulty being associated with the 
inclusion of the Schmidt number correction. Since we 
are working with a well-known mass transfer system, 
it has not been necessary for us to try to infer here 
the value of the Schmidt number from the experi- 
mental results. Tables I-V give resuIts of integration 
of the unsteady Navier-Stokes equations to cover all 
frequencies which can be achieved experimentally. 
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LIST OF SYMBOLS 
a constant = 0.51023 
B constant = (3/a 4) 1/3 
c concentration of the electroactive species, 

mol/cm s 
C double layer capacity, farad/cm~ 
D diffusion coefficient, cm2/sec 
f dimensiOnless unsteady component of the 

radial velocity (see Eq. [13]) 
F dimensionless steady component of the radial 

velocity 
F Faraday's constant, 96,487 C/equiv. 
g dimensionless unsteady component of the 

angular velocity 
G dimensionless steady component of the ve- 

locity in 0-direction 
h dimensionless unsteady component of the 

axial velocity 
H dimensionless steady component of the axial 

velocity 
i current density, A/cm~ 
io exchange current density at the bulk compo- 

sition, A/cm 2 
/r Faradaic current density, A/cm2 
ili m limitin_g current density, A/cm~ 
j : ~ / - 1  
K dimensionless frequency = 3.2576 p Sc I/s 
K1, K2 integration constants (see Eq. [46] ) 
n number of electrons involved in electrode 

reaction 
p dimensionless unsteady component of the 

dynamic pressure 
p dimensionless frequency ---- ~,/~ 
P dynamic pressure, dyne/cm 2 
P dimensionless steady component of the dy- 

namic pressure 
r radial distance in cylindrical coordinates 
R universal gas constant, 8.3143 J /mol-K 
Re electrolyte resistance, ~ .  cm~ 
Rt charge transfer resistance, ~ �9 cm 2 
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Si 

Sc 
t 
t~ 

T 
Vr 

V0 

V z  
V 

W 

Z 
Zi 
Z 
ZD 

Zo, Z1 

{Ta~ a c 
Zl, Z2 
r (4/3) 
5 

*1 
t~ 

t~ 

tt 

oJ 

A~ 

ft 
X 

stoichiometric coefficient of species i in elec- 
trode reactions 
Schmidt number 
time, sec 
parameters of the W expansion (j -- 1 to 6) 
(see Table IV) 
absolute temperature, K 
radial component of the fluid velocity, cm/ 
sec 
angular component of the fluid velocity, c m /  
s e e  
axial component of the fluid velocity, cm/sec 
electrode potential measured with respect to 
a reference electrode placed in the bulk of 
the solution, V 
function defined in Eq. [48] (see Table V, 
Fig. 3) 
axial distance in cylindrical coordinates, cm 
charge number of species i 
electrochemical impedance, ~t �9 cm 2 
diffusion or convective Warburg impedance, 
t2 �9 cm 2 
coefficients of the series expansion of --1/ 
e'(o) in Sc -1/~, (see Eq. [4511 Table III) 
transfer coefficients 
expansion parameters (see Eq. [30]-[32]) 
---- 0.89298, the gamma function of 4/3 
distance characteristic of the thickness of 
diffusion layer, see Eq. [34], cm 
dimensionless axial distance from disk 
( = z~/~tl~ ) 
total overpotential, V 
solution of the unsteady homogeneous equa- 
tion of convective diffusion 
angle in cylindrical coordinates, radian 
coefficients of the series expansion of e in 
Sc -1/3, ( j = 0 , 1 , 2 . . . )  
viscosity, g/cm-sec 
kinematic viscosity, cm2/sec 
dimensionless axial distance from disk 
(=z/g)  
modulation frequency, radian/sec 
amplitude modulation of the rotation speed, 
radian/sec 
disk rotation speed, radian/sec 
dimensionless axial distance from disk 
(=  z,Ja/~) 

Subscripts 
o at electrode surface 
oo in bulk solution 
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i relative to species i 
P produced species 
R reacting species 

Superscripts 
overbar steady state 

unsteady component 
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The Kinetic Parameters of the Fe(CN)6 3- 4- Redox System 

New Results with the Ring Electrode in Turbulent Pipe Flow 
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Institut fur Physikalische Chemie, Universitctt Dusseldorf, Dusseldorf, Germany 

J. Herrmann and U. Vogel 
Institut fur Physikatische Chemie, Universitat Bonn, Bonn, Germany 

ABSTRACT 

A theoretical analysis of a ring electrode in turbulent pipe flow is given in order to estimate the limits of resolution of a 
given experimental setup. Special attention is paid to error analysis, which is necessary for the correct evaluation of the data. 
To demonstrate the potentialities of this method for kinetic studies, the apparent exchange current density of the ferro- 
ferricyanide system was measured. The values obtained are higher than those reported in the literature. 

The study of electrode kinetics has been improved 
with the development of the methods to measure the 
reaction rates with increasing accuracy. Stationary 
and nonstationary methods are employed in a more 

* Electrochemical  Society Act ive  Member .  
Key words: mass transport, kinetics.  

or less successful way in order to eliminate the dif- 
fusion.al contribution to the electrode process in sys- 
tems having standard rate constants, ko, smaller than 
about 10 -3 cm/sec. Above this limit the selection of 
the appropriate technique becomes more and more dif, 
flcult. With the rotating disk electrode (RDE) rate 
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constants in the order of 10-~ cm/sec have been mea-  
sured. Some t rans ient  techniques have extended this 
l imit  by less than one order o~ magnitude.  A rapid 
analysis ol the data for the system Fe (CN)6 ~- /4-  given 
in  2'able I shows that the values of ko obtained by 
different methods under  the same conditions (elec- 
trode metal  and support ing electrolyte),  vary  by a 
factor greater  than two. The differences come prob-  
ably from the fact that  the l imit  of the methods em- 
ployed has been exceeded. Factors such as uncom-  
pensated IR drop or electrode pre t rea tment  can also 
be reasons for the differences observed, and they 
contr ibute  to enlarge the errors to a higher extent, 
thus making the s i tuat ion even more unfavorable.  

Very seldom can one find in the l i terature a correct 
l imit  for the use of an exper imental  method. The 
m a x i m u m  measurable  rate constant is normal ly  over-  
est imated on the basis of theoretical calculations with-  
out real e~per imental  proof. These idealized limits 
do not  take into account the increasing technical 
problems one has to confront in a real exper iment  as 
the rea.ction rate becomes larger. 

From the t ransient  techniques, the one offering the 
most at t ract ive possibilities is probably  the coulo- 
static pulse method. Its main  advantage is the absence 
of ohmic drop effects. If the voltage recording sys- 
tem has very fast recovery properties, the ~-t curve 
can be measured at very short times (0.5 ~sec after 
cessation of the pulse) ,  before the diffusional process 
becomes impor tant  (6). Theoretically, rate constants 
as large as 0.4 cm/sec can be evaluated by means of a 
s imple log ~-t  relationship, or with cumbersome 
mathemat ical  t rea tment  1-5 cm/sec could eventua l ly  
be measured (6). These limits have still  not  been 
experiment.ally demonstrated.  

Recently, a r ing electrode in  tu rbu len t  pipe flow 
(RTP)has  allowed the de terminat ion  of the rate con- 
s tant  of the redox couple Fe(bipy)8  ~+/2+, ko -- 0.9 
cm/sec, with data from s ta t ionary cur ren t -po ten t ia l  
curves (7, 8). In  order to achieve high enough sta- 
t ionary flow rates in a 1 cm diam pipe, the experi-  
menta l  a r rangements  required a relat ively large 
amount  of solution (about 5 l i ters).  In our laboratory, 
the exper imental  setup was improved in order to 
reduce the required volume to about 300 ml  (9) and 
to allow a satisfactory reduction of the ohmic resist- 
ance. As a test of the new device, the often invest i-  
gated system Fe(CN)68- /4 -  was measured on plat i -  
n u m  and gold electrodes. The results obtained at the 
r ing  in tu rbu len t  pipe flow are compared with those 
of RDE exper iments  and with those of some nonsta-  
t ionary methods. The rotat ing disk electrode so far 
has been considered to be sufficient to measure the 
rate constant  of the redox couple Fe(CN)6 S- /4-  (3, 
10). 

The Theoretically Expected Limitations of 
RTP Measurements 

The method of evaluation of the kinetic parameters 
]rom the experimental stationary current-potential 
curve.--In the following discussion we refer to the 
reaction rate in terms of the s tandard  exchange cur-  
rent  density joo which is defined as follows (11) 

Joo -~ nFkoc* [1] 

where c* is a s tandard concentrat ion ---- 10 -8 mol /cm 8 
and F ~- the Faraday  constant, ca. 105 As/equivalent .  
A rate constant  ko ---- 1 cm/sec is equivalent  to a 
s tandard exchange current  density of about 100 A / c m  2. 
The exchange current  density at concentrat ions Cox 
and Cred is related to the s tandard rate constant  ac- 
cording to 

Jo Joo [C~ ]a  [ Cred ] ( l -a )  - ~ [2]  
L C* L C* 

with Co~, cred ---- bu lk  concentrat ions in mol /cm s. 

The exper imental  s ta t ionary cur ren t -poten t ia l  curves 
correctea ~or ohmic drop result  from the contr ibut ion 
of mass and charge transfer.  A reaction having an 
infimte rate of charge t ransfer  (ko or Joo -~ ~ )  can 
be described in  terms of a reversible current,  Irev 

/lira a [1 -- exp (--nF~/RT)] 
Irev --" [3] 

1lira a 
1 -t- exp (--nFli/RT) 

Ilim c 

Equation [3] can be easily obtained for s ta t ionary 
conditions, when the mass t ransport  is proport ional  to 
the concentrat ion gradient  (/lira a, Ilim c ---- anodic 
and cathodic l imit ing cur rents ) .  The reversible current  
is determined only by the parameters  affecting the 
mass t ransfer  (via Ilim a and Ilim c) and by the over-  
potential.  

For  a reaction having a finite rate of charge t rans-  
fer (0 < ko < o0) the observed current  I, will  be 
smaller  than Irev under  the same exper imental  con- 
ditions. The evaluat ion method (8, 12) uses the re-  
lationship of both currents  in t roducing a dimension-  
less parameter  u defined as follows 

2 Irev 
u --- - - -  [4] 

3 Ik 

where Ik is the current  associated with a reaction 
controlled by charge t ransfer  alone 

Ik = Ioexp (anFll/RT) [1 -- exp (--nF~/RT)] 

It can be easily seen that  

2Ilima/A 
71--:. 

3jo exp(anF~l/RT) [ l uu lnmaexp(--nF~l/RT) l 
Jlim c 

[5]  

with A -- electrode area. The current  ratio I/Irev is 
related to the parameter  u 

//Irev -- 1 -- 2u n u 2u21n (1 + 1/u) [6] 

Equat ion [6] contains the e~per imental  cur rent  I and 
the reversible cur ren t  Irev which can be calculated 
from the measured l imit ing currents  according to Eq. 
[3]. Once the value of u is known for several  given 
overpotentials,  the exchange current  density Jo and 
the transfer  coefficient a can be evaluated from Eq. 
[5]. A computer  fitting procedure can give reliable 
statistical mean values of the kinetic parameters.  

At high overpotentials Eq. [5] Can be wr i t ten  

2 ,~nF~] RT - In-/lima 
- - l n u =  3 Ajo + ~ '  for ~ > >  F 

and 
2 I 1 ~  c (1  - -  a )  nF~ 

- -  I n  u = - -  i n  - -  - -  -~- 
3 A j o  RT 

R T  

These l inear  In u vs. ~] relationships can be used as 
an al ternat ive for the calculation. 

The evaluat ion procedure described above makes 
use of the exper imental  l imit ing currents.  For  sys- 
tems having poorly defined l imit ing currents  it is 
possible to obtain Ik by  extrapolat ing the current  I 
to infinitely fast mass t ransport ;  details are given else- 
where (13). 

Simulated current-potential curves for the RTP and 
RDE methods.--A bet ter  unders tanding  of the po- 
tentiali t ies of the methods can be achieved by  s imu- 
hating with a computer  the expected cur ren t -po ten t ia l  
curves for different values of Joo at given mass t rans-  
fer conditions de termined by the exper imenta l  s e t u p .  

C~] 

for ~ < ~ - - ~  
F 
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The theoretical cur rent -potent ia l  curves for the 3.s 
RTP were calculated by means of Eq. [3]-[6] and the 
following expression for the l imit ing current  (8, 9) 3.0 

/lira a ---- 0.276AnFDred213vll3ReT/12L-1/3d-2/3Cred [ 8 ]  e 
2.5 

where D _-- diffusion coefficient, ~ _-- kinematic  vis- - 
cosity, Re = Reynolds number ,  L -- electrode length, = z.0 
d -- pipe diameter,  and A -- electrode area. ~ 

The computer  generated curves are shown in Fig 1. ~ 1.5 
The values of the parameters  employed are indicated ; 
i n t h e  figure.~ ~ ~.0 

In  the case of the RDE the curves Irev and I vs. ~ ~ o.5 
were s imulated with the help of Eq. [3] and the 
equation for the kinetic and diffusion-controlled cur-  
rent  as follows (3, 15) 

1 1 

I Ajo exp (anF~IIRT) [1 - -  exp ( - -nF~ /RT)  ] 

/ l i ra a 
1 + ~ e x p ( - - n F ~ / R T )  

+ [9] 
/lira a [1 -- exp ( - - n F q / R T )  ] 

where the l imit ing current  is given by (15) 

/ l ima : O;620AnFDred2/3zp-1/6CredW 1/2 [10] 

The respective Irev and I curves are shown in Fig. 2. 
The selected parameters  are also indicated. 

In  the l imit  of Jo ~ o0, Eq. [9] and [3] are identical. 
For in termediate  kinetics (0 ~ Jo ~ oo), a d imension-  
less parameter  u can be defined for the RDE as follows 

Iuma/A 
u ---- [11] 

[ /lima ] 
Jo exp (anF~/RT)  1 + - -  e x p ( - - n F ~ / R T  

Il im c 

and the observed current  I is given by 

I/Irev = (1 + u) -~ [12] 

The average flow velocity used to simulate the 
curves in Fig. 1 (v ---- 13.77 m/sec, Re n u m b e r  ---- 
30,000) can be easily at tained with our  exper imenta l  
arrangement .  On the other hand, the rotation speed 
used to s imulate  the curves 'at the RDE (Fig. 2) is 
almost the practical l imit of this technique. Therefore, 
a comparison of Fig. 1 and 2 clearly shows the 
surperiority of the RTP method. The resolution of the 
curves for different values of the exchange current  

T h e  d i f fus ion  coeff ic ients  a n d  k i n e m a t i c  v i scos i ty  c o r r e s p o n d  
to a solution of Fe(CN)6a-/4- in 0.5M K~SO~ at 20~ 

25.0  

I ~ e ~ ' ~ 6 A / c m 2  

RotQtLn9 d~sk, 9780 r . p . m ,  

I 

100.0 

Po ten tLoL  [mV] 

Joo = 50 Atcm 2 
Jao = 30 A/cm 2 
Jea = 15 A/cm 2 
Jan = 6 Atcm 2 

0 .0  I I I 
0 ,0  50 .0  150.0 200.0  

Fig. 2. Computer simulated current-potential curves for the ro- 
tating disk electrode. T - -  20~ Cox - -  Cred = 2.5" 10 -~M,  
Dox ~ 6 .22 '  10 - 6  cm~/sec, Dred ~ 5.93 �9 10 - 6  cm2/sec, kine- 
matic viscosity ---- 1.01 �9 10 -~  cm~/sec, a ---- 0.5. 

density at tained with the RTP cannot be reached by 
the RDE even at a high ~peed of rotat ion (10,000 
rpm).  

From the plots of Fig. 2 we can conclude that  the 
ma x i mum value for the s tandard  exchange current  
density to be measured with the RDE is about 10A 
cm-~. This l imit  can be reached only under  opt imum 
exper imental  conditions. The curves also show that  
the extrapolated exchange cur ren t  densi ty  is very 
sensitive to small  errors in the current  and /or  over-  
potential.  This effect is even more pronounced at 
lower speeds of rot.ation. Therefore, it is convenient  
to perform the evaluat ion of 3o and a from exper imen-  
tal data taken at the highest possible speed of rotat ion 
and by means of a fitting procedure through Eq. [9] 
or [11]. The accurate control of the IR drop is also of 
great importance. Equations [5] and [11] represent  im-  
portant  steps in the calculation of the exper imental  
data of the RTP and RDE methods, respectively. The 
statistical fitting of these relationships gives rel iable 
results that can be convenient ly  presented in the 
form of a In u-~ plot. Such curves were s imulated for 
the RTP with selected mass and charge t ransfer  con- 
ditions as shown in Fig. 3. 

Increasing the convective mass t ransfer  produces a 
displacement of the curves to higher u values. The 
l inear  relationship at high overpotentials predicted 
by Eq. [7] can also be observed. 

Estimation of error in the RTP me thod . - -The  errors 
in the RTP method, as in any exper imental  technique, 
can be systematic or random. In  the first group we 
include the ins t rumenta l  errors, the uncontrol led IR 

20.0 

15.0 

.J 
c 

l o .o  
c 

5.0 o 

A/cm 2 

Tu rbuLen t  pLpe f l a w ,  v = 13.77 m/s 

Joo - 50 A/cm 2 
Joe = 30 A/cm 2 
Joe = 15 A/cm 2 
700 - 6 A/cm 2 

0-0 
0-0 50-0 100 -0 I50 -0 200.0  

Potemt i. oL [mV] 

Fig. 1. Computer simulated current-potential curves for the ring 
electrode in turbulent pipe flow. Electrode length ~-- 0.01 cm; pipe 
diameter - -  0.22 cm, T ~ 20~ Cox ---- Cred ---- 2.5" I 0 - 3 M ,  
Dos ~ 6.22" 10 - 6  cm2/sec, Dred ---- 5.93 �9 10 - 6  cm2/sec, kine- 
matic viscosity ~ 1.01.  10 - 2  cm2/sec, a ~-- 0.5. The average 
flow velocity v corresponds to an Re number of 30,000. 

6 ,0  

5 .0  

4 ,0  

3 .0  
, 

2.0  

v = ~_3,77 m/s / ~  

_ ~ 22.95 m/s ~ : ~  

1,0 

0 .0  
-200 -0 

I I I I 
- 1 0 0 . 0  0 ,0  100.0 200.0  

Po ten tLoL  [mY) 

Fig. 3. Computer simulated semilogarithmic plot ef the potential 
dependence of the parameter u for a ring electrode under the same 
conditions as in Fig. 1. 
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drop, the  er rors  p roduced  by  impur i t ies  in the solu-  
tion, and  the fa i lure  in the  t empera tu re  control.  In  
the RTP method  in par t icu lar ,  an unsa t i s fac tory  
mount ing  of the  r ing  e lect rode can produce  la rge  
sys temat ic  errors .  On the o ther  hand,  a test  of the  
s ta te  of the r ing  e lec t rode  can be easi ly  done by  
tak ing  a cyclic vo l t ammogram in 0.5M H2SO4 and by  
checking that  the  re la t ionship  Into-Re 7/1~ (Eq. [8]) is 
obeyed.  The cyclic vo l t ammogram ,allows a control  of 
the  e lect rode surface and the I -Re 7/12 plot  proves the  
fulf i l lment  of the hyd rodynamic  condit ions for  the 
va l id i ty  of the evalua t ion  procedure .  

In  the  course of one expe r imen t  an increase of 
severa l  degrees  in t e m p e r a t u r e  can be  observed  if 
the solut ion is not  p rope r ly  cooled. Therefore,  the  
t empera tu re  has to be measured  and kep t  constant,  and 
the t empe ra tu r e  control  device must  be p laced very  
close to the electrode.  

The main  r andom er ror  is obvious ly  given by  the 
precis ion of the  ins t rumenta l  device used to record  
the  cu r r en t -po ten t i a l  curve. In  the case of ve ry  fast  
react ions  the rat io  I/Irev can be ve ry  close to un i ty  
g iving ve ry  low values  of the  p a r a m e t e r  u (see Eq. 
[6]) .  Therefore,  the p ropaga t ion  of the unce r t a in ty  
in the I/Irev ra t io  on the p a r a m e t e r  u is of g rea t  in-  
terest .  The cu r ren t  depends  on the appl ied  potent ial .  
Therefore,  the e r ror  in the  cur ren t  m a y  come f rom 
its own inheren t  unce r t a in ty  and f rom the r andom 
fluctuations of the potent ial .  The revers ib le  cur ren t  
can be de te rmined  wi th  h igh  accuracy,  especia l ly  if 
there  exists a wel l -def ined  l imi t ing cur ren t  region.  
This is the case for  the Fe (CN)6  ~ - /4 -  redox sys tem 
on noble  meta l  e lectrodes which we have used as a 
test system. We, therefore,  assume tha t  the e r ror  A/rev 
is negligible.  The p ropaga t ion  of the unde te rmined  
e r ro r  (14) h i  for  the  eva lua t ion  of the p a r a m e t e r  u 
is given by  the re la t ionship  

M 
~ inu__ .  ~ [ - -2  + 4 u i n  (1 + 1/u)--2/(1 + 1 / u ) ] - x  

[13] 
which is obta ined  f rom Eq. [6] by  differentiat ion.  

Equat ion  [13] shows that  .the e r ro r  ~ in u wi l l  va ry  
dur ing  one expe r imen t  due to its complex  dependence  
on u, M, .and Irev. Fo r  a given er ror  M, Eq. [13] im-  
plies sma l l e r  ~ in  u er rors  for  increas ing Irev and 
values.  At  a given overpo ten t ia l  these two pa rame te r s  
can be increased b y  accelera t ing  the  ra te  of con- 
vect ive mass t ranspor t .  On the other  hand,  M can be 
d iminished by  improv ing  the sens i t iv i ty  of the  record-  
ing system. The r andom er ror  in the  cur ren t  depends  
on the pa r t i cu la r  expe r imen ta l  a r r angemen t  used. We 
have used Eq. [13] to calculate  the  er rors  in our  ex-  
pe r imen ta l  u values.  They  are  repor ted  together  wi th  
our  results .  

Exper imenta l  
Apparatus.--The electrolysis  cell  used (Fig. 4) 

consists of a single compar tmen t  wi th  a capaci ty  of 
about  400 cm ~. The countere lec t rode  and the t h e r m o m -  
e ter  a re  p laced  d i rec t ly  th rough  s t anda rd  joints.  The 
solut ion can be deaera ted  b y  bubbl ing  n i t rogen  or  
argon through  a fri t .  The t empera tu re  is control led  b y  
means  of a double  sp i ra l  inside the  cell  connected to 
a cryosta~. The  hyd rodynamic  condit ions at the work -  
ing e lec t rode  are  de t e rmined  by  the pipe which con- 
sists of a glass tube of about  18 cm length  wi th  an 
inside d i ame te r  of 0.22 cm. I t  is p laced in the cell  
th rough  a s t anda rd  joint .  

Two meta l  r ings at  about  3 cm f rom the end of 
the  pipe are  used as re ference  and work ing  electrodes 
(Fig. 5). The pump,  a Verde r  114-ty-316 Micropump 
capable  of p roduc ing  a m a x i m a l  pressure  of 5 bar,  
a l lows the cont ro l led  c i rcula t ion  of the solut ion wi th  
an ad jus tab le  velocity.  The m a x i m u m  average  veloc-  
i ty  is 16 m / s e c  at  20~ and the m a x i m u m  Reynolds  
number  is nea r  35,000. 

d 

f 
4 

(l 

2029 

Fig. 4. Electrolysis cell with pipe assembly. The direction of the 
flow is indicated by the arrows a and b, r = ring electrodes (see 
details in Fig. 5), c = counterelectrode, d = compartment for an 
extra reference electrode, t = thermometer. 

Direction of Flow 

0.22 c m  

10 m 

Ring ELectrodes 

i - - - - -  J Lucite 

i ; ' . '  . i  Adhesive 

Fig. 5. Diagram showing the double ring electrode assembly. The 
first ring in the direction of the flow is the reference electrode, the 
second is the working electrode, a and b are the external contacts. 

The potent ios ta t ic  cu r ren t -po ten t i a l  curves were  
ob ta ined  by  app ly ing  a s low (6 mV/sec)  potent ia l  
sweep through a potent ios ta t  S tonehar t  BC 1200. The 
curves were  p lo t ted  on a X - Y - R e c o r d e r  Hewle t t  Pack -  
a rd  7004 B. 

The double ring electrode and the control of the 
ohmic drop.raPt and Au  were  employed  as meta ls  for  
the  double  r ing  e lect rode (Fig. 5). Specia l  care was 
t aken  in the  construct ion of this unit.  Two m e t a l  sheets  
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(0.2 and 0.1 mm thick) separated by a thin Lucite 
or plastic r ing were stuck together between two 
capillary tubes of 2.2 mm inner  (~ameter. Glycidether-  
Epikure 113 from Shell was used as adhesive. The 
metals were then dri l led to 1.6 mm dram. By gr inding 
capillary tubes of 2.2 m m  inner  diameter. Glyc~dether- 
sults. After polishing with A12Oa (13to  1~ mesh) with 
the help of a Lucite rod and finally with a PTFE 
coated spindle, a smooth surface is obtained. 

The first (0.2 mm thick) r ing was used as a refer-  
ence electrode and the second (0.1 m m  thick) as a 
working electrode. The ohmic resistance between 
both rings was 2.6~ in KF and 3.5~ in K2SO4). 2 
All overpotentials  were corrected for these values. In 
our case, however, the correction amounts  to about 
3.5 % for the exchange current  density. 

As an al ternat ive procedure a parallel  series of 
measurements  was performed with a calomel refer-  
ence electrode. This can be of interest  if the flow 
system is constructed with only one r ing or if the 
two rings are to be used as working electrodes as in 
some kinetic studies (9). In  this case the reference 
electrode was placed in  a separate compar tment  2 
cm before the entrance of the pipe (see Fig. 4). The 
high ohmic resistance can produce a considerable 
potential  drop between the working and reference 
electrodes, al though our measurements  show that  the 
current  in  this part  of the circuit is only about 8-10% 
of the total current .  

A five-electrode a r rangement  in order to el iminate 
the ohmic drop in cont inuous flow systems (16) was 
used here (Fig. 6). Two extra  electrodes, a calomel 
electrode R2 and a P t  (or Au)  wire W2 were included 
in  the circuit. Re is connected to the input  of a second 
potentiostat  P~. The output  is connected to the first 
reference electrode R~ and to the counterelectrode C. 
This a r rangement  makes the potential  drops W2-R2 
and W~-R1 equal  so that  the re tu rn  loop current  
vanishes. 

Solutions.--The solutions were prepared with water  
purified by a double deionization procedure followed 
by filtration through a Mill i-Q uni t  from Millipore. 
Potassium ferr i-  and ferrocyanide were Merck re- 
agent grade. The support ing electrolytes were po- 
tassium sulfate Merck reagent  grade and potassium 
fluoride Merck Suprapur.  

Pretreatmen$ of the dectrodes.--The cur ren t -po ten-  
tial curves of the Fe(CN)~ 3- /4-  redox couple are 
highly sensit ive to small  traces of impurit ies that  can 
be adsorbed at the electrode, producing a par t ia l  
blocking of the surface. Therefore, special care has 
to be taken for the cleaning procedure of the pump, 
the cell, the electrodes, and all materials  in contact 
with the solution. Before taking a curve the electrode 

M e a s u r e d  v i a  a p o t e n t i o s t a t i c  s q u a r e  w a v e  s a n d  t h e  
IR  d r o p  c o r r e c t i o n  b r i d g e  of  t h e  S t o n e h a r t  p o t e n t i o s t a t .  

Pl 

I 

I Wl 
I 
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' l  J 

F 
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~ t_ . . . . . .  j 

Fig. 6. Diagram of the five-electrode circuit for ohmic drop 
control. P1, P~ = potentiostats, W1 ---- working electrode, C - -  
counterelectrode, R1 = reference electrode, R1 and R2 are identi- 
cal, Wx and W2 are of the same metal. 

was activated by cycling the potential  at about 1 V/ 
sec, between the onset of H~ evolution and short ly 
before the beginning of 02 evolution. After  a pause 
of 10 sec at the cathodic end, the curves were recorded 
at a sweep rate of 6 mWsec.  

A set of current -potent ia l  curves at a p la t inum 
electrode in K2SO4 as support ing electrolyte is shown 
in Fig. 7. A good test for the exper imental  a r range-  
ment,  in part icular  for the qual i ty  of the electrode, 
is the l inear  dependence of the l imit ing current  on 
Re 7/12, which is shown in Fig. 8. 

The roughness factor of the electrodes, measured 
by the potent iodynamic sweep technique (17-19) was 
between 2 and 3.5 for Pt  and  between 2.5 and 6 for 
Au. Repeated experiments  showed that  the current  
per geometric area of the electrode is independent  
of the roughness factor, so all our results are referred 
to the geometric area. Apparent ly  it is the geo- 
metric area of the r ing which determines the rate 
of mass t ransport  to the electrode and hence the cur-  
rent.  Only when the surface roughness is so consider- 
able that it disturbs the flow in the b o u n d a r y  layer, 
does it affect the experiments (7, 8). The electrode 
preparat ion described above assured smooth surfaces 
and an undis turbed flow of the solution. 
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Fig. 7. Experimental current-potential curves for Fe(CN)6 ~ - / 4 -  
redox system at a Pt ring electrode in turbulent pipe flow. The 
experiments were made with a calomel reference electrode and the 
five-electrode arrangement shown in Fig. 6. T --- 20~ Coz - -  
2.5 �9 10-3M,  Cred ~ 2.5 �9 I 0 - 3 M ,  0.5M K2SO4. 
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Fig. 8. Plot according to Eq. [8] of the Ilim-Re 7/z2 dependence 
for the anodic branch of the curves shown in Fig. 7. 
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Table I. Values of the apparent standard rate constant for the system Fe(CN)63- /4 -  obtained by different methods as reported 
in the literature 

2031 

Metal Supporting electrolyte Concentration* (reel/liter) Technique T (~ ko ( c m / s e c )  R e f e r e n c e  

Pt  1M KC1 10 ~ C u r r e n t  pulse  25 0.24 (1) 
P t  IlK KC1 ~ 5  �9 10-~ Fa rada i c  i m p e d a n c e  20 0.09 (2) 
P t  0.5M K2SO4 10 -~ RDE 25 0.067 (3) t 
P t  0.SM K~SO6 ~ 5  �9 10 -~ Fa rada i c  i m p e d a n c e  20 0.13 (2) 
Au 0.1-10M KF 5 �9 I0 "~ Coulostatic pulse -- 0.01 to 0.3 (4) $ 
Au IM KF 3.10~-2.10 -4 Potential step -- 0.037 (5) 

* Bulk concen t r a t ion  of each  c o m p o n e n t  of the  r edox  couple.  
t Value  ca lcu la ted  f r o m  the  s tandard  e x c h a n g e  c u r r e n t  densi ty ,  g iven  in the  r e f e r e n c e ,  in A e m  -2. 
$ T he  va lues  of ko are  d e p e n d e n t  on  the  concen t r a t i on  of the  suppor t ing  e lect rolyte .  

Evaluation o] the measurements.--The evaluat ion  
of the  k inet ic  parameters ,  Joe and ~ was pe r fo rmed  
according to the procedure  a l r e a d y  d e s c r i e d .  A com-  
pu te r  p r o g r a m  was used to calculate  the p a r a m e t e r  u 
and to fit the u-~] values  by  a least  squares method  
(20) in Eq. [5]. According  to the dependence  of the  
e r ror  A In u on the u and Irev value  (Eq. [13]),  
sma l l e r  s ta t is t ical  weights  were  given to the values  at 
both  ex t remes  (high and low overpotent ia l s )  of the  
curve. 

Results and  Discussion 
A semi logar i thmic  In u-~] plot  of the expe r imen ta l  

resul ts  for  a gold e lec t rode  in K F  as suppor t ing  
e lec t ro ly te  is shown in Fig. 9. The continuous curve 
corresponds to the fitted values.  The e r ro r  z, In u was 
ca lcula ted  with  help of Eq. [13]. The r andom error  
hi  was assumed to be given by  the precis ion of the 
readings  of the  cu r ren t -po ten t i a l  d a t a  on the mi l l i -  
me te r  pape r  of the X - Y  recorder .  To a first app rox ima -  
tion nI  -- ___ ~r c m .  scale factor,  wi th  Ar be tween  
0.05 and 0.2. In  Table II  are  included some values  of 
u, Irev, and AI used in Eq. [13] to calculate  A In u for  
the curve  shown in Fig. 9. The errors,  represen ted  by  
ver t i ca l  t races on the expe r imen ta l  points, are la rger  
at  high and low overpotent ia is .  Accordingly ,  smal le r  
s ta t is t ical  weights  were  given to these points  in the  
fi t t ing procedure .  The s t anda rd  e r ror  for joe given in 
Fig. 9 is a measure  for the devia t ion  of the exper i -  
men ta l  values  f rom the fitted curve for  a single ex-  
per iment .  The reproduc ib i l i ty  of the method can be 
be t t e r  descr ibed  by  the s t andard  devia t ion  (14) of a 
set  of different  exper iments .  

In Table  I I L  the values  of the  s t anda rd  exchange 
cur ren t  dens i ty  and t rans fe r  coefficient at P t  and Au 
electrodes are  given for  the two suppor t ing  e lec t ro-  
ly tes  employed.  The s tandard  devia t ion  repor ted  in 
Table I I I  indicates  qui te  a good reproduc ib i l i ty  of 
the da ta  and a high precis ion of the method.  
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Fig. 9. Experimental In u-'q plots for Fe(CN)~ 8 - / 4 -  at an Au 
ring electrode in turbulent pipe flow. T ~ 20~ Cox ---- 
2 . 2 . 1 0 - 3 M ,  Cred - -  2.5" 10-3M, 1M KF. The continuous line 
represents the fitted curve. The vertical traces represent the error, 
according to Eq. [13]. 

Table II. Parameters Irev, u, and the estimated random error 41 
used in Eq. [ ]0]  to calculate the propagated error A In u 

mV 41 (FA) Irev (~A) t$ (102) A l a u  

- 170 ~- 0.23 134.69 0.759 0.130 
- 140 "4- 0.23 133.99 1.412 0.068 
- 110 • 0.23 131,77 2:412 0.044 
- 80 ~- 0.23 124.70 3.834 0.029 
- 50 • 0.45 103.83 6.390 0.049 
- 20 +-- b.91 "53.01 9.237 0.150 
+ 20 ---+ 0.91 56.28 9.352 0.150 
+ 50 + 0.45 117.22 6.497 0.043 
+ 80 -- 0.23 144.58 3,997 0.026 
+ 110 - -  0.23 154.18 2.335 0.038 
+ 140 "4" 0.23 157.25 1.221 0.066 
+ 170 ----- 0.23 158.20 0.605 O.ig7 

Table III. Values of the apparent standard rate constant, apparent 
standard exchange current density, and transfer coefficient 

measured with the ring electrode in turbulent pipe flow at 20~ 
The standard deviation for a number N of experiments is also given. 

k o  
Suppor t ing  ( c m  Joo (A 

Metal  e lec t ro ly te  sec -1) c m  -~) ~ N 

Pt  1M KF 0.42 40 • 6 0.48 • 0.04 9 
P t  0.51vl K~SO~ 0.35 34 -- 4 0.51 ---+ U.03 14 
Au  LVl KF 0.38 37 --.+ 4 0.47 :-- O.O1 8 
Au 0.51Vl K~SO~ 0.27 26 ----- 2 0.49 ~- 0.03 11 

In o rder  to compare  our  resul ts  wi th  those of the 
l i t e ra tu re  (Table  1), we r epor t  in Table I I I  the  ko 
values  too. I t  is evident  that  wi th  the RTP method  we 
have obta ined  t.he highest  values  for  the ra te  con- 
s tant  of the Fe (CN)~  3 - /4 -  sys tem r e p o r t e d u p  to the 
present .  

In  view of our  previous  theore t ica l  analysis  of the  
features  of this technique in comparison to the RDE, 
i t  is obvious tha t  such high reac t ion  rates  cannot  be 
measured  by  the l a t t e r  method,  and the  resul ts  r e -  
por ted  in the l i t e r a tu re  reflect the  enormous  effect 
that  smal l  er rors  can produce  when the RDE is used 
beyond the l imits  of its possibil i t ies.  In  the  case of 
the  t rans ien t  techniques for  us, the  quest ion of the  
l imi t  of va l id i ty  remains  open, and a revis ion of the 
resul ts  that  have led to a mechanis t ic  in te rp re ta t ion  
of the  f e r r i - f e r rocyan ide  react ion (4, 5, 21-23) seems 
to be necessary.  
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2032 3. Electrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE A N D  T E C H N O L O G Y  October 1983 

Co~, Cred bulk  concentrat ions  in m o l / c m  3 
D diffusion coefficient 
d r ing electrode d iamete r  
I expe r imen ta l  cu r r en t  
/lira a, Ilim c anodic and cathodic l imi t ing  cur ren ts  
Ik c u r r e n t  for pure  kinet ic  control  
Irev cur ren t  for pure  mass t ransfe r  control  
3.'0 exchange cur ren t  dens i ty  
300 appa ren t  s t anda rd  exchange cur ren t  dens i ty  
ko apparen t  s t anda rd  ra te  constant  
L e lect rode length  
Re Reynolds  number  
u dimensionless  p a r a m e t e r  re la t ing  I to Irev 
v k inemat ic  viscosity 

angu la r  ro ta t ion speed 
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Standard Potentials of Li, Na, and K Electrodes and Transfer Free 
Energies of LiCI, NaCI, and KCI in Selected Ethanol-Water and 

Methanol-Water Solvents 

J. Mazzarese and O. Popovych 
Department ofChemistry, Brooklyn College of the City University ofNew York, Brooklyn, New York 11210 

ABSTRACT 

Standard potentials of the cell M(Hg)(1)IM +, CI-IAgCI(s); Ag(s) (where M = Li, Na, and K) were determined at 25~ in a 
number  of ethanol-water and methanol-water solvents, and the corresponding s tandard potentials of the M+/M electrodes 
were calculated with the aid of l i terature data. The Li and Na cells were studied over the entire range of ethanol-water sol- 
vents at about  10 weight percent  (w/o) intervals of solvent composition, but  only in a l imited number  of methanol-water 
media. The K cell was studied only in - 30, 50, 70, 90, and 100 w/o methanol.  For each of the solvent-electrolyte combinations,  
a function describing the mean ionic activity coefficients of MC1 was obtained. Changes in the standard free energy of MC1 
upon transfer from water to each of the nonaqueous media  were calculated from the E~ Variation of the transfer free ener- 
gies with solvent composit ion was interpreted in terms of individual  ionic contributions. 

The l ong - t e rm  objec t ive  of research in this l abora -  
tory  has been  to s tudy  ion-so lvent  in teract ions  in 
nonaqueous media,  wi th  pa r t i cu la r  emphasis  on the 
de te rmina t ion  of the t rans fe r  free energies  of e lec t ro-  
lytes  and ions. The t ransfer  free energy,  AG~ and 
the t rans fe r  ac t iv i ty  coefficient (medium effect),  mTi, 
are  commonly  defined as follows 

AG~ ~- sG~ --  wG~ : RTlnmTt [1] 

where  sG~ and wG~ are  the (pa r t i a l  molal )  s t andard  
free energies  of the  solute  i in the nonaqueous solvent  
and in v~ater, respect ively.  Transfer  ac t iv i ty  coefficients 
p rov ide  a quant i ta t ive  corre la t ion  be tween  equi l ibr ium 
constants,  r a te  constants,  ion ac t iv i ty  scales, and emf 
series  in different  solvents.  The subjec t  of corre la t ing  

Key words: electrode potentials, transfer free energies,  lith- 
ium, sodium, potassium, methanol, ethanol, water. 

the energic proper t ies  of solutes in d i f ferent  solvents, 
including the methods of eva lua t ing  t ransfe r  ac t iv i ty  
coefficients, has been rev iewed  (1-3).  

A common method  of .de termining AG~ values 
uti l izes the s tandard  potentials ,  E ~ of e lectrodes r e -  
vers ible  to the ions of interest .  Recal l ing tha t  for  any  
e lect rode process, hG ~ m --nFhE ~ one can obtain, for 
example ,  the sum [•176 +) ~- AG~ from the 
E~ of cell  I in wa te r  and given nonaqueous  solvent  

M ( H g )  (1)]M +, C1- [AgCl(s )  ; Ag( s )  [I] 

In  the present  s tudy,  the  E~ of cell  I were  de te rmined  
in m e t h a n o l - w a t e r  and e tha no l -w a t e r  media  using 
d ropp ing  ama lgam electrodes,  where  M : Li, Na, and  
K. These measurements  were  ca r r i ed  out  at  in terva ls  
of about  10 w/o  of each alcohol for those e lec t ro ly te -  
solvent  combinat ions  where  l i t e r a tu re  da ta  were  e i ther  
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unava i lab le  or  conflicting. The p r i m a r y  object ivc  was 
to de te rmine  the t rans Ie r  free energms of J~ICI, NaC1, 
and KCI f rom water  to each of m e  a lcoho l -wa te r  
media.  Fur the rmore ,  f rom emi  measurements  of cell i 
with amalgams  of accura te ly  known composition, the 
s t anda rd  potent ia ls  of the M + / M  electroc~es and a~n 
express ion  for the ac t iv i ty  coe~cmnts  of MCI in each 
of the solvents  were  clerived. 

Analogous  work  using cel l  I with K ( H g )  electrodes 
was a l r eady  repor ted  f rom this l abo ra to ry  for  the 
ent i re  range  of e thano l -wa te r  solvents  (4). Here  the 
studies using the K ( H g )  electrode were  ex tended  to 
m e t h a n o l - w a t e r  mix tures  containing about  30, 50, 70, 
90, and 100 w/o  methanol .  Measurements  of cell I 
wi th  Na (Hg)  and L i (Hg)  electrodes were  carr ied  out  
over  the ent i re  range  of e thano l -wa te r  solvents.  In  
the  m e t h a n o l - w a t e r  system, the  L i ( H g )  e lect rode was 
s tudied in wa te r  and in  30, 50, 70, 90, and 100 w/o  
methanol ,  whi le  the Na (Hg)  e lect rode was inves t i -  
gated only in 70 and 100 w/o  methanol .  For  the 
m e t h a n o l - w a t e r  mix tures  omi t ted  f rom this s tudy,  
the values  of ~G~ of KC1, NaC1, or LiC1 were  a l r e a dy  
repor ted  in the  l i t e ra tu re  (5, 6). Values of ~G~ for 
KC1 over  the ent i re  m e t h a n o l - w a t e r  range  were  de-  
t e rmined  prev ious ly  in this l abo ra to ry  by two different  
methods  not  involving ama lgam electrodes (7);  they  
were pa r t i a l l y  dupl ica ted  here  because of a h is tory  of  
discrepancies  among the l i t e ra tu re  values. 

Experimental 
Mater ia l s .~Anhydrous  methanol  was p repa red  by  

ref luxing 4 l i ters  of F i she r  spec t roanalyzed  or Bake r  
Pho t rex  reagen t  absolute  methanol  over  21g of A1 
powder  and 5g of ]-tgC12 for 24 hr  and then dis t i l l ing 
th rough  a 22 cm v igreux  column, collecting the middle  
3 l i ters.  The purif ied methanol  had  a dens i ty  of 
0.7865 g / m l  at  25~ in agreement  wi th  the  l i t e ra tu re  
values of 0.78654 (8) and 0.7866 g / m l  (9).  The wa te r  
was deionized wi th  a specific conductance of (2-4) • 
10 -7 mho cm -1. M e t h a n o l - w a t e r  mix tures  were  p re -  
Pared as prev ious ly  descr ibed (10). Also the purif ica-  
t ion of ethanol,  the p repa ra t ion  of e thano l -wa te r  m ix -  
tures, and tha t  of the  a lka l i -ha l ide  solut ions were  
car r ied  out as before (4). LiC1, NaC1, KC1, LiOH, 
NaOH, and KOH were al l  F isher -cer t i f ied  ACS re -  
agent  grade  and were  dr ied  before  use. 

Electrodes and measuremen t s . - -Ama lgam electrodes 
were  p repa red  b y  electrolysis  of the corresponding l m  
hydrox ides  employing  a p rocedure  descr ibed p rev i -  
ously (4). The L i (Hg)  contained 0.001-0.003 w / o  Li;  
the  N a ( H g ) ,  0.01-0.02 w/o  Na; and the K ( H g ) ,  0.02- 
0.04 w/o  K. The A g - A g C 1  electrodes were  of the 
t he rma l  e lec t ro ly t ic  type  p repa red  by  a p rocedure  
descr ibed b y  Bates (11). The voltages were  measured  
wi th  an Electro Scientific Ins t ruments  Model  330 po-  
t en t iometer  to _+0.I mV. The appara tus  and the mea -  
sur ing procedure  were  the  same as descr ibed p re -  
v iously  in grea t  deta i l  (4). 

Results and Discussion 
Standard electrode potentials and act iv i ty  coeffi- 

c i en t s .~The  potent ia l  EI of cell I at 25~ is given by  

El ---- E~ ~- 0.05916 log a~(Hg) -- 0.05916 log aMCl [2] 

where  E~ ---- E ~  - -  E~ re fe r red  to E~ ~ 0 
in the given solvent,  aM(Hg ) is the ac t iv i ty  of the  a lka l i  
meta l  in the amalgam,  and aMCl is the  ac t iv i ty  of the 
a lka l i -me t a l  hal ide  in solution. In  o rder  to evalua te  
E~ .and the ac t iv i ty  coefficients of MC1, it is convenient  
to define the quan t i ty  E ~ 

E ~ = E~ -~ 0.05916 log aM(Hg) [3] 

and to express  the e lec t ro ly te  ac t iv i ty  in te rms of its 
molal i ty ,  mMe], the mean  molal  ac t iv i ty  coefficient, -/_+, 
and  the degree  of dissociation, a. Upon rea r rangement ,  
Eq. [2] becomes 

EI -t- 0.1183 log (~mMCl) ---- E ~ --  0.1183 log,y+ [4a] 

Fo r  purposes  of ext rapola t ion ,  i t  is now common prac -  
tice (4, 7, 12) to express  log 7-+ as a po lynomina l  in 
I'/2, where  I is the lomc strength.  Then, E ~ is obta ined 
as the in tercept  f rom a plot  of the  l e f t - hand  side of 
Eq. [4aJ vs. I'/2. In the presen t  s tudy,  these plots were  
s t ra ight  lines, indica t ing  that  the da ta  could be ade-  
qua te ly  represen ted  by  Eq. [4b] 

EI -{- 0.1183 log ('*mMCl) - -  E ~ -k 0.1183 AI'/, [ 4 b ]  

Consequently,  for  each e lec t ro ly te - so lven t  combina-  
tion, tne constant  A obta ined  f rom the slope of Eq. 
t4bj can be usect to calculate  the ac t iv i ty  coen-icmnts 
of  MC1 in the concentra t ion range employed  here  by  
using the re la t ionship  --  log 7-+ ~ AI'/2. Values of E~ 
were  calcula ted f rom those oK E ~ and the l i t e ra tu re  
da ta  on a ma lga m act ivi t ies  wi th  the aid of Eq. [3]. 
Complete  iomc dissociation could be assumed ~or a l l  
of these solutions, except  those of LiC1 in 50-100% 
ethanol  and  of NaC1 in 100% ethanol ,  which  e;~hibited 
s l ight  ion pair ing.  Fo r  these systems,  the values  of a 
requi red  in Eq. 14b] were  ca lcula ted  f rom the l i t e ra -  
ture  values of the ion pair  associat ion constants  (13- 
15). The ranges of the a's involved  are  indica ted  in 
the footnotes of Tables I and II. The calculat ions were  
carr ied  out  on an IBM 370-145 computer .  

A fundamenta l  quan t i ty  in e lec t rochemis t ry  is the 
s t andard  poten t ia l  of an a l k a l i - m e t a l  electrode,  E~ 
It  is the s t andard  poten t ia l  of the cell  

Pt;  H2 (g) ]H+ JIM + IM (s) [II] 

which cannot  be de te rmined  d i rec t ly  in solvents  tha t  
react  wi th  a lka l i  metals ,  bu t  is eva lua ted  by  combin-~ 
ing the E~ of cells I, III,  and IV 

M ( H g )  (1) ]M + ( iner t  so lven t ) iM(s )  [III]  

Pt ;  H~ (g) 1H +, C1 - (given solvent  ) 1AgC1 (s) ; 

Ag (s) [IV] 

I t  is obvious that  

E~ --  E~ § E~ - E~ [5]  

F r o m  the s tandard  potent ia ls  E~ de te rmined  in this 
study,  the authors  ca lcula ted  the values of E~ E~ 
and E~K in each of the solvents  wi th  the  a id  of  Eq. [SJ 
by  using the re levan t  l i t e ra tu re  da ta  for E~  and  E~ 

Table  I summar izes  the resul ts  der ived  f rom the 
emf of L i ( H g ) - - A g - A g C 1  cell  in solutions of LiC1. 
Each E~ was ca lcula ted  via  Eq. [3] f rom an exper i -  
men ta l l y  de te rmined  E ~ using l i t e ra tu re  values  (16) 
for the ac t iv i ty  coefficients of Li in its amalgams  and 
E~ --  --0.8480V, which  was de te rmined  for the Li 
cell  containing p ropy lene  carbonate  as the iner t  sol-  
vent  (17). Throughout  this s tudy,  values  of E~ were  
in terpola ted  for  the exact  solvent  composit ions f rom 
la rge-sca le  graphs  of l i t e r a tu re  da ta  for e t ha no l -wa t e r  
(18-24) and m e t h a n o l - w a t e r  (20, 25-29) solvents.  

Table  I I  summar izes  the  resul ts  de r ived  f rom the 
emf of the Na(Hg)- -Ag-2~gC1 cells in solut ions of 
NaC1. Since the activi t ies of Na in its amalgam~ as  
r epor ted  by  Bent  and Swif t  (30) a re  r e fe r red  ta  
sodium meta l  ( ra ther  than to an inf ini tely d i lu te  
ama lgam)  as the s t anda rd  state,  the expe r imen ta l ly  
de te rmined  E ~ values were  conver ted  d i rec t ly  to the 
t abu la t ed  quan t i ty  (E~ --  E~ ra the r  than  to E~ 

Table I I I  lists the  resul ts  der ived  f rom the emf of 
K ( H g ) - - A g - A g C 1  cells in solut ions of KCI. The ama l -  
gam actvi t ies  requ i red  to convert  E ~ to E~ were  in-  
t e rpo la ted  f rom the da ta  of A r m b r u s t e r  and Crenshaw 
(31). F o r  the  potass ium cell, E~ = --0.9521V, as 
r epor t ed  f rom this l abo ra to ry  p rev ious ly  (4),  b a s e d  
on the da ta  of Lewis and Keyes  (32). 

The results  in Tables I - I I I  were  subjec ted  to a com- 
ple te  e r ror  analysis  from which the fol lowing absolute  
precisions of the E~ of the  a lka l i -me t a l  e lect rodes  
were ca lcula ted  by  the method  of p ropaga t ion  of errors.  
Most of the E~ values  are  precise  to 0.001V. A p re -  
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Table I. Results derived from the emf of cell Li(Hg)(I) j Li+, CI -  [ AgCl(s); Ag(s)* 

Eq.  [4b] 
Eq.  [51 

So lven t  A E ~ E~ I E~ E~ Ll 

Eq.  [1] 
~G~ 

k c a l / m o 1  ( log  m~Lt + log  m~ol) 

(mo la l  sca le )  

W a t e r  0.475 2.2192 2A126 0.22234 -3 .0383  
0.533 2.2184 2.4139 0.22234 --3.0386 
0.487 2.2314 2.4135 0.22234 --3.0392 
0.467 2.2319 2.4135 0.22234 --3.0392 

w / o  E t h a n o l  
10.0 0.968 2.1900 2.3920 0.2146 
20.1 1.060 2.1765 2.3737 0.2074 
30.4 1.066 2.17U8 2.3536 0.2001 
40.3 1.107 2.1350 2.3364 0.1934 
49.9 1.010 2.1297 2.3197 0.1848 
60.3 0.927 2.0845 2.2992 0.172 
70.3 1.491 2.0762 2.2680 0.155 
80.4 1.144 2.0454 2.231 0.127 
90.4 1.798 1.9752 2.181 0.088 

100.0 3.333 1.9102 2.087 --0.081 

w / o  M e t h a n o l  
30.0 0.585 2.1748 2.3747 0.2031 
50.3 0.652 2.1301 2.3429 0.1904 
69.3 0.678 2.1081 2.3148 0.1684 
90.0 1.486 2.0713 2.2716 0.1135 

100.0 1.522 2.0581 2.2368 - 0.0101 

0 0 
0 0 
0 0 
0 0 

- 3.025 0.493 0.362 
--3.014 0.915 0.671 
- 3 . 0 0 2  1.379 L011 
- 2.991 1.775 1.302 
- 2.983 2.160 1.584 
- 2 . 9 7 5  2.633 1 . 9 3 0  

-2 .961  3.35 2.46 
- 2.952 4.20 3.08 
- 2.942 5.35 3.92 
- 3 . 0 1 6  7.53 5 . 5 2  

[ -3.042 (33) ] 

- 3 . 0 2 0  0.892 0.654 
- 3.001 1.625 1.192 
- 2.994 2.273 1.667 
- 3.006 3.269 2.397 
- -  3.095 4.07 2.985 

[ - 3 . 6 5 3 ( 3 4 ) ,  
- -3 .045(35) ,  

--3.0845(36) ] 

* Al l  E ~ va lues  a r e  in volts .  E~ = -0 .0480V (17). T h e  c o n c e n t r a t i o n  r a n g e  of  LiC1 w a s  g e n e r a l l y  0.02-0.05 o r  0.06m. In  the  
e t h a n o l - w a t e r  sy s t em,  the  ~ r a n g e  w a s  0.88-0.92 in  100% e t h a n o l ,  0.90-0.93 in  90.4%, 0.92-0.94 in 80.4%, 0.94-0.95 in  70.3%, 0.94-0.96 in  
60.3%, 0.96-0.97 in  49.9%. 

Table II. Results derived from the emf of cell Na(Hg)(I) ] Na +, CI -  [ AgCl(s); Ag(s)* 

Eq. [4b] 
Eq.  [5] 

So lven t  A E ~ (E~ - E~ E~ E~ 

Eq.  [1] 

hG ~ t (NaC1) 
k c a l / m o l  ( log  mT~a + lOg m'yel) 

(mo la l  sca le )  

w/o Ethanoi 
10.0 0.494 1.9927 - 2.9157 0.2145 -- 2.701 0.457 0.335 
20.4 0.443 1.9627 -- 2.8953 0.2072 -- 2.688 0.027 0.680 
30.8 0.535 1.9398 -2.8715 0.1998 --2.672 1.476 1.082 
40.6 0.647 1.9202 -- 2.8491 0.1932 -- 2.656 1.992 1.460 
50.5 0.795 1.8935 -- 2.8232 0.1842 -- 2.6~9 2.589 1.898 
60.6 0.833 1.8706 -- 2.7972 0.171 -- 2.626 3.189 2.338 
69.9 0.939 1.8394 -- 2.7640 0.157 --2.607 3.954 2.899 
80.0 0.946 1.7896 -- 2.7249 0.128 -- 2.597 4.856 3.560 
90.5 2.14 1.7118 -- 2.644 0.087 -- 2.557 6.73 4.93 

100.0 2.83 1.6299 -- 2.562 -- 0.081 --2.643 8.62 6.32 
[ --2.657 (33),  

w / o  M e t h a n o l  --2.646(37) ] 
69.8 0.804 1.8678 - 2.7053 0.1686 -- 2.627 3.232 2.370 

i00.0 1.390 1.7908 -2.7157 --0.0101 --2.726 5.068 3.715 
[ -- 2.7152 ( 34), 
- -  2.7132 (34), 
- 2 . 728 (38 )  ] 

* Al l  E ~ va lues  a r e  in volts .  T h e  c o n c e n t r a t i o n  r a n g e  of NaC1 w a s  g e n e r a l l y  0.02-0.05 o r  0.06m, e x c e p t  in  100% e t h a n o l  w h e r e  i t  
was  4 • 10-~--1 • 10-~m. In  e t h a n o l ,  t h e  a rmJge  w a s  0.97-0.98. 

Table III. Results derived from the emf of cell K(Hg)(I) [ K +, C I -  ] AgCI(s); Ag(s)* 

Eq. [4b] 
So lven t  m r a n g e  Eq.  [51 

w / o  M e t h a n o l  of KCI A E ~ E~ E~ E~ 

Eq.  [1] 

AG ~ t (KC1) 
k c a l / m o l  ( log  m~/K + log  m~OZ) 

( m o l a l  sca le )  

28.9 0.01-0.06 0.582 1.9761 2.1399 0.2037 - 2.888 
49.7 0.01-0.1 0.547 1.9335 2.0994 0.1908 -2 .861  
70.1 0.02-0.07 0.867 1.8779 2.0490 0.1682 --2.833 
90.6 0.02-0.05 1.080 1.8413 1.9933 0.1096 --2.836 

100.0 0.018-0.044 1.271 1.8012 1.966 --0.0101 --2.928 
[ - 2 . 9 1 1 6  ( 3 4 ) ,  

- -  2.9362 (36) ,  
- -2 .933(39)]  

1.229 0.901 
2.163 1.536 
3.325 2.438 
4.669 3.379 
5.233 3.840 

* Al l  E ~ va lues  a r e  in  vol ts .  E ~  = --0.9521V (4) .  

c i s i o n  o f  0 . 0 0 2 V  w a s  f o u n d  f o r  E ~  i n  8 0 . 4 ,  9 0 . 4 ,  a n d  
1 0 0 . 0 %  e t h a n o l  a n d  i n  1 0 0 . 0 %  m e t h a n o l ,  a s  w e l l  a s  
f o r  E ~  i n  90 .5  a n d  1 0 0 . 0 %  e t h a n o l .  I n  a n o t h e r  t e s t  
o f  t h e  p r e c i s i o n  a n d  a l s o  o f  t h e  a c c u r a c y  o f  o u r  r e s u l t s ,  
t h e  E ~  i n  w a t e r  w a s  d e t e r m i n e d  f o u r  t i m e s  u s i n g  
d i f f e r e n t  a m a l g a m  c o n c e n t r a t i o n s .  T h e  f o u r  r e s u l t s  

( s h o w n  i n  T a b l e  I )  g a v e  a n  a v e r a g e  E~  = - - 3 . 0 3 8 8  
_ 0 . O 0 0 4 V .  M o d e r n  l i t e r a t u r e  v a l u e s  o f  E ~  i n  w a t e r  
a r e  - - 3 . 0 4 0 1  ( 3 3 )  a n d - - 3 . 0 4 3 1 V  ( 1 7 } .  L i t e r a t u r e  v a l -  
u e s  o f  t h e  E ~  o f  t h e  a l k a l i  m e t a l s  i n  t h e  a n h y d r o u s  
a l c o h o l s  a r e  i n c l u d e d  i n  t h e  t a b l e s  f o r  c o m p a r i s o n  
w i t h  t h e s e  r e s u l t s .  
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Transfer free energies.--The changes which the 
s t anda rd  free energies  of the  a lka l i -me ta l  chlor ides  
exper ience  upon t rans fe r  of the e lec t ro ly tes  f rom 
water  to the  a l coho l -wa te r  mixtures ,  AG~ and the 
corresponding t ransfer  ac t iv i ty  coefficients, log roT, are  
compiled in the last  two columns of Tables I-III . .  The 
quan t i t y  (log mTM + log m'~Cl) was ca lcula ted  f rom 
t~e corresponding E~ of cell I in water ,  wE~ and 
the nonaqueous  solvent,  sE~ at 25~ using the equa-  
tion 

w E ~  - -  s E ~  
log mTM "~ log mTC1 = ' [ 6 ]  

0.05916 

AG~ and log m7 are  re la ted  via Eq. [1]. 
As poin ted  out  in the in t roduct ion,  most  of the 

present  work  in m e t h a n o l - w a t e r  med ia  was comple-  
m e n t a r y  in nature ,  i.e., designed to fill the gaps in 
the exis t ing da ta  on &G~ of a lka l i -me ta l  halides. In-  
tent ional  dupl ica t ion  of l i t e ra tu re  da ta  was car r ied  
out  only  for KC1 in the m e t h a n o l - w a t e r  system, 
where  serious discrepancies  have exis ted  among some 
of the r epor ted  values.  In  o rder  to compare  our  re -  
sul ts  wi th  those f rom other  sources, minor  graphica l  
in te rpola t ion  to in tegra l  solvent  composi t ion was 
usua l ly  necessary.  The exis t ing da ta  on the AG~ of 
KC1 from wate r  to m e t h a n o l - w a t e r  solvents  are  com- 
pared  in Table IV. While  agreement  among different  
labora tor ies  and techniques is good in the middle  
range  of m e t h a n o l - w a t e r  composit ion , it  is less than  
sa t i s fac tory  at  both  ex t remes  of the solvent  scale. 
Based on the method  of p ropaga t ion  of errors,  the 
precision of the AG~ values  should be no worse than  
0.01 k c a l / m o l  for most  systems and of the order  of 
0.02 kca l /mo l  for some media  of high alcohol content.  
The complemen ta ry  da ta  on AG~ of LiC1 and NaC1 
obta ined  in m e t h a n o l - w a t e r  med ia  fit wel l  on the  
curves (not shown here)  of exis t ing l i t e ra tu re  data  
(5, 6) as a function of solvent  composition. The values  
of AG~ for LiC1, NaC1, and KC1 in the  a l coho l -wa te r  
media  exper ience  a monotonous increase  wi th  in-  
creasing alcohol content  in the  mixed  solvent.  

Addi t iona l  insight  into the  ion-so lven t  in teract ions  
that  de te rmine  the var ia t ion  of •176 as a func-  
t ion of solvent  composit ion can be  gained by  appor -  
t ioning the corresponding t rans fe r  ac t iv i ty  coefficients 

into thei r  ind iv idua l  ionic contr ibutions.  Here,  this 
can be done only  for the e thano l -wa te r  system, for 
which t ransfe r  ac t iv i ty  coefficients of the chlor ide  ion, 
log mTcl, have been es t imated (40) by  the w e l l - k n o w n  
t e t r apheny lbo ra t e  assumption.  In  this assumption,  log 
m7 of the t e t r apheny lbo ra t e  anion is set equal  to tha t  
of the t e t r apheny la r son ium or  the t e t r apheny lphos -  
phonium cat ion and the log m'y values for  a l l  o ther  ions 
are calcula ted on that  basis (2, 3). Table  V shows 
the quanti t ies  (log m"[Li Jv log mTCl) and (log m'YNa -~ 
log mTCl) de te rmined  in this s tudy  ( in te rpola ted  to 
in tegra l  solvent  composi t ion) ,  the  l i t e ra tu re  values  of 
log mTci) de t e rmined  in this s tudy  ( in te rpola ted  to 
obta ined  by  difference. The var ia t ion  of the ionic 
t ransfe r  ac t iv i ty  coefficients in e thano l -wa te r  med ia  
is depic ted  in Fig. 1. A posi t ive log m~' means  tha t  the  
ion exists in a lower  energy  s tate  in w a t e r  (more  
favorable  solvat ion)  than  in the  nonaqueous  med ium 
and vice versa. The behavior  of the log m~' of ions 
as a funct ion of e thano l -wa te r  composit ion depicted 
in Fig. 1 can be analyzed  in terms of a super impos i -  
tion of two types  of ma jo r  ion-so lvent  interact ions.  
These a re  (i) the nonspecific long~range interact ions  
and (ii) specific chemical  in teract ions  in the p r i m a r y  
solvat ion shell .  Long- range  e lect ros ta t ic  interact ions,  
the magni tude  of which  has been t r ad i t iona l ly  es t i -  
ma ted  f rom the Born  charging  equation,  make  a posi-  
t ive  contr ibut ion  to log m'Y of al l  ions t r ans fe r red  
from wate r  to solvents of lower  dielectr ic  constant ,  
as can be seen from Eq. [7] 

] log roT(Born) : - -  - - - -  0.0128 [7] 
r sD 

where  r is the ionic radius  in angst roms and sD is the 
dielectr ic  constant  of the nonaqueous  solvent.  Because 
this contr ibut ion  increases as the die lect r ic  constant  
of the med ium decreases,  al l  curves in Fig. 1 would  
exhib i t  a continuous rise if  Born charging were  the 
ma jo r  governing  energy term.  Among  the ions r ep re -  
sented in Fig. 1, only  Na + fol lows ve ry  roughly  the  
type  of function pred ic ted  by  the Born equation,  since 
it is an ion which is r e l a t ive ly  free of specific so lvent  
in teract ions  in contras t  to Li+ and C1- ions for  which 
there  is evidence of significant contr ibut ions  f rom 

Table IV. Standard free energies of transfer for potassium chloride from water to methanol-water solvents, AGt ~ 
(kcal/mol, molal scale) in 25~ 

Ref. (7) 

w / o  Methanol  This  s tudy  Ref. (5) Ref. (6)1 F r o m  solubil i ty  ~ From emf  Ref. (34) 

10 0.407 0.413 0,250 0.281 
~20 0.837 0.844 0,690 0.554 
30 1.277 1.22 1.22 
40 1.723 1.739 1.65 1.65 
50 2.179 2.15 2.15 
60 2.732 2.75 2.74 2.74 
70 3.320 3.26 3.26 
80 3.974 3.97 3.98 3.93 
90 4.574 4.65 4.65 
99 5.160 5.25 5,75 

100 5,238 5.31 5.90 5.056 

1 Calcu la ted  in Res (5) f r o m  da ta  in Ref. (6).  ~ Calcula ted  f r o m  th e  solubil i ty of KC1 in w a t e r  and the methanol-water  solvents.  
:' Calcula ted f r o m  the  emf  of a cell composed  of a K-glass electrode and a ca lomel  electrode.  

Table V. Transfer activity coefficients of LiCI, NaCI, and of the individual ions in ethanol-water solvents 

W/O Ethanol  ( log m~L~ + log ,n7Cl) ( log m~/Xa + log m~/Gl ) log , ,~ct (40) log m~/LI log mT~, 

10.0 0.362 0.330 0.05 0.31 0.28 
20.0 0.668 0.666 0.19 0.48 0.48 
30.0 0.999 1.050 0.43 0.57 0.62 
40.0 1.294 1.436 0.79 0.50 0.65 
50.0 1.587 1.876 1.24 0.35 0.64 
60.0 1.920 2.313 1.59 0.33 0.72 
70.0 2.44 2.906 1.98 0.46 0.93 
80.0 3.06 3.560 2.24 0.82 1.32 
90.0 3.89 4.87 2.67 1.22 2.20 

100.0 5.52 6.32 3.45 2.07 2,87 
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Fig. 1. Transfer activity coefficients of ions in ethanol-water 
solvents. 

short-range ion-solvent interactions. The data for 
log m~K, though available from our previous study 
(40), were not included in Fig. 1 because they would 

almost overlap the log m"]Na curve. Hydration of the 
C1- ion is known to be reinforced through hydrogen 
bonding to water molecules. Since the relative H- 
bonding ability of water is superior to that of ethanol 
and its mixtures, the transfer of C1- from water to 
these media is energetically disfavored, leading to 
even more positive values of log m'tcl than would be 
expected on the grounds of lower dielectric constants 
alone. More interesting, however, is the behavior of 
log m~'Li, which first rises at low ethanol contents, then 
drops to a minimum in the middle range of solvent 
composition and finally rises again steeply in the etha- 
nol-rich region. It is noteworthy that the above pattern 
parallels the behavior of the transfer activity coeffi- 
cient of the hydrogen ion, log m'YH, in ethanol-water 
media, which was already reported from this labora- 
tory (40). The appearance of the minimum in log 
m'yH roughly in the middle range of ethanol-water 
composition was interpreted (3, 40) in terms of 
changes in the solvent structure that produce an 
ethanol-water mixture o.f maximum basicity. This 
corresponds to a minimum in log m'~H, which has the 
value of --0.86 at 70 w/o ethanol (40). While in the 
case of the Li + ion, the minimum occurs at a positive 
value of log m'YLi (0.33), meaning that water is still 
the preferred solvator for Li + (and that H+is a 
stronger acid than Li +), the extent to which log m'YLi 
is lowered relative to "normal" behavior, such as 
approximated by Na +, indicates that specific acid-base- 
type interactions between Li + and ethanol-water sol- 
vents do make a significant contribution. The Li+- 
solvent interaction involved here is of the type usually 
referred to as lone pair donation from the oxygens of 
the solvent molecules and it increases with the donor 
ability (basicity) of the solvent. It is not surprising 
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that this specific interaction is greatest for the small- 
est cation, Li + (r = 0.60A), which has the highest 
charge density, and significantly less pronounced for 
the larger cations, Na + (r = 0.95A) and K+ (r = 
1.33k) (K+--not  shown here) with log m'Ysa and log 
m~K exhibiting plateaus rather than minima in the 
middle range of ethanol-water composition. 

The interesting maximum in the log m~Li at low 
ethanol content also mirrors its counterpart in log 
ruTH (40). This maximum is believed to occur in a 
region vChere water structure has been reinforced by 
the presence of smM1 amount of ethanol. The transfer 
of a strongly interacting ion like Li+ from water to a 
solvent that is even more structured is enthalpically 
disfavored (3), leading to a positive contribution to 
log m~/Li . 

This qualitative interpretation of ionic solvatAon is 
obviously far from complete. Significant contributions 
to transfer free energies can be expected to originate 
also from ion-dipole, ion-quadrupole, dispersion, and 
nonelectrostatic interactions, to name just the major 
components of solvation energy. Unfortunately, pres- 
ent knowledge of the structure of nonaqueous (in- 
cluding mixed) solvents and of the parameters that 
govern ionic solvation in them is too limited to 
attempt a more ambitious interpretation. 
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Effect of Carbon on the Reactivity of Lithium with SOs and SOCI2 
Battery Electrolytes 

Stanley D. James,* Patricia H. Smith,* and William P. Kilroy* 
Electrochemistry Branch, Naval Surface Weapons Center, Silver Spring, Maryland 20910 

ABSTRACT 

The normal  inertness of l i thium to SOCl~ and SO2 battery electrolytes changes dramatical ly if  the Li has first been 
ground with carbon black. Spontaneous ignition on mixing then becomes common, especially with SOC12 electrolyte. We 
examined the effect of the nature and proport ion of carbon in Li-Cgrinds on their reactivity. We concluded that  the carbon's  
external  surface area acting via local electrochemical  cells is crucial to its catalytic activity. 

Recent  invest igat ions  in our  l abo ra to ry  indicate  thai  
carbon black,  which is the cathode subs t ra te  for most  
p r i m a r y  l i th ium cells, m a y  act as a power fu l  cata lys t  for 
the  react ion of l i th ium with  th inoyl  chlor ide or sulfur  
dioxide.  I t  is known  that  l i th ium is r e l a t ive ly  iner t  to. 
the SOC12 or SO2 ba t t e ry  electrolytes .  This is due to 
the format ion  of a protec t ive  film which prevents  con- 
t inu ing  react ion whi le  a l lowing discharge to proceed 
via  mobi le  Li ions. However ,  the presence of carbon 
resul ts  in an increased act ivat ion of the react ion be-  
tween l i th ium and the ba t t e ry  ox idant  (1, 2). This 
effect may  genera te  po ten t i a l ly  hazardous  s i tuat ions 
wi th  l i th ium bat ter ies .  In  an a t t empt  to s tudy  the be-  
hav ior  of various carbon blacks, a qual i ta t ive  and 
quant i t a t ive  (ca lor imetr ic)  invest igat ion of the reac-  
t iv i ty  of th ibnyl  chlor ide  or sul fur  d ioxide  e lect rolytes  
wi th  in t imate  mix tures  of carbon and l i th ium was 
under taken .  

Experimental 
Qual i ta t ive  studies were  pe r fo rmed  in a Dry  

Room ( ~  0.5% re la t ive  humid i ty )  by  measur ing  the 
re la t ive  reac t iv i ty  of l i t h ium-ca rbon  mix tures  wi th  
SOC12 or  SO2 electrolyte .  The mix ture  reac t iv i ty  was 
assessed using the fol lowing qual i ta t ive  scale:  (A) no 
reaction,  (B) e lec t ro ly te  boiled, (C) sparks  observed,  
or (D) spontaneous  ignition. 

Weighed amounts  (7 rag) of l i th ium (99.9% Foote 
Minera l )  and carbon (outgassed at  120~ for two 
days)  were  v igorous ly  ground  in a P y r e x  igni t ion tube 
(Corning No. 9860-10) using the f lame-pol ished end of 
a P y r e x  rod. The un i form black,  compac ted  mass thus 
p roduced  was b roken  up wi th  a stainless steel  spa tu la  
and the process was r epea ted  once or twice more  ti l l  
the m ix tu r e  appea red  homogeneous.  The gr ind ing  p ro -  
cedure took about  10 min at  which t ime the reac-  
t iv i ty  was recorded  af ter  adding  70 t,1 of e lectrolyte .  
A 1.6M LiA1C14-SOC12 e lec t ro ly te  was p repa red  by  

* Electrochemical Society Active Member. 
Key words: battery, carbon, catalysis, cathode. 

adding Po la roqua l i ty  LiA1CI~ to SOCI2 (J. T. Baker)  
that  had been ref luxed under  argon for 20 hr  
wi th  l i th ium fol lowed by  dis t i l la t ion under  argon. 
The SO2 e lec t ro ly te  was 72.8, 18.2, and 8.9 weight  
percent  (w/o)  in SO2, CH~CN, and LiAsF~, respec-  
t ively.  It was p repa red  by  Honeywel l  Power  Sources 
Incorporated,  Horsham, Pennsy lvan ia  and is re fe r red  
to as "reserve electrolyte ."  

A quant i t a t ive  invest igat ion of the  carbon-cata~ 
lyzed Li-SOC12 e lec t ro ly te  react ion was accomplished 
by  measur ing  the heat  l i b e r a t e d  when Li -C mix tures  
were added  to 1.5M LiA1Clt-SOCI2 e lec t ro ly te  (ob-  
ta ined  f rom Li th ium Corpora t ion  of Amer ica )  in a 
ca lor imeter  under  an iner t  argon a tmosphere .  Samples  
were p repared  by  gr inding  carbon (outgassed at 100~ 
and l i th ium (1:1 weight  ra t io)  wi th  a glass mor ta r  
and pest le  in a he l ium glove box. The compacted  mass 
which was produced  was b roken  up wi th  a s tainless  
steel  spa tu la  and the process repea ted  for approx i -  
ma te ly  15 min unt i l  the Li -C par t ic les  were  no la rger  
than 2-3 mm in d iameter .  Be tween  30-60 mg of this 
mix tu re  were  accura te ly  weighed into a glass ladle  
and set inside the head of  the ca lor imete r  (Fig. 1). 
The body of the ca lor imete r  contained 25 ___ 1 ml of 
e lec t ro ly te  and a Teflon-coated s t i r r ing  bar.  Af te r  th~ 
ca lor imete r  was assembled,  the ent i re  appara tus  was  
insula ted  with a 1/2 in. l aye r  of F ibe r f r ax  then wrapped  
wi th  severa l  layers  of A1 foil. When  the ca lor imete r  
had reached  the rmal  equi l ibr ium,  the ladle  was low-  
ered into the s t i r red  SOCI2-LiA1CI~ solution and the 
t empera tu re  change recorded.  Cal ibra t ion  of the sys-  
tem was accomplished at the end of each run  by  de te r -  
min ing  the q u a n t i t y  of e lectr ical  work  (i • V • t)  
requi red  to y ie ld  a comparab le  increase in t empera -  
ture.  Dur ing  this process a d-c  current ,  i, of 2.5A, was 
passed th rough  the hea t ing  coil  dur ing  a known t ime 
interval ,  t, while  the  potent ia l ,  V, across the  heat ing 
coil was recorded.  The heat  capaci ty  of the sys tem was 
found to be constant  from run  to run.  
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Fig. 1. Schematic diagram of Teflon calorimeter, (o) heoter, 
chromel A; (b) Pyrex sample ladle with stainless steel mesh lid; 
(c) Teflon-coated stirrer; (d) ChrorneI-Alumel thermocouple. 

Results and Discussion 
A recent  different ia l  scanning ca lor imete r  (DSC) 

s tudy  revea led  that  carbon black catalyzes react ions 
of Li  with ba t t e ry  ox idan t  (1). The mix tures  were  
h igh ly  react ive  wi th  an unpred ic tab le  ini t ia t ion t em-  
pera ture ,  indica t ing  tha t  carbon grea t ly  enhances the 
reac t iv i ty  of Li wi th  SOCl~ or  SO2 ba t t e ry  electrolytes .  
The results  of the presen t  s tudy  reaffirm these observa-  
tions. 

Qualitative study.--Table I summar izes  the effect 
of carbon content  on the average reac t iv i ty  of ground 
Li -C mix tures  wi th  SO2 reserve  e lec t ro ly te  and SOC12 
electrolyte .  Each e n t r y  averages  the resul ts  of 3 to 5 
tests. I t  was observed that  t races of carbon are in-  
sufficient to act ivate  the l i t h ium-ox idan t  reaction.  Only  
when the carbon content  of Li -C mixes  rose above 
app rox ima te ly  12 and 40 w/o,  respect ively ,  for the 
SOC12 and SO2 electrolytes ,  was percept ib le  energy 
l ibera ted.  Of the two electrolytes ,  the SOC12 e lec t ro-  
ly te  was subs tan t i a l ly  more  react ive;  spontaneous 
igni t ion rou t ine ly  occurred above about  25 w/o  carbon. 
Spontaneous  igni t ion occasional ly  occurred with  SO2 
e lec t ro ly te  above 60% carbon but  this is not  apparen t  
in Table I which depicts  on ly  average react ivi t ies .  For  
both electrolytes ,  decreasing carbon content  led to a 
fal l  in spontaneous f lammabil i ty .  

Seve ra l  o ther  var iables  were  qua l i t a t ive ly  examined.  
Inves t igat ions  on the degree of mix ing  Li and C r e -  
vealed tha t  mix tures  ac t iva ted  by  some gr inding  or 
by  h a m m e r i n g  the Li  and C together  were  subs tan-  
t ia l ly  more  react ive  to SOC12 or SO2 e lec t ro ly te  than 

Table I. Reactivity of Li-C ground mixtures with 1.6M LiAICI4-SOCI2 

Li/C ratio w / o  C SO2 reac t iv i ty  SOC12 reac t iv i ty  

0.1 91 Class C Class D 
0.5 67 Class C Class D 
1.0 50 Class B Class D 
1.5 40 Class B Class D 
2.0 33 Class A Class D 
2.5 29 Class A Class D 
3.0 25 Class D 
4.0 20 Class C 
S.0 17 Class B 
7.0 12 Class B 
8.0 11 Class A 
9.0 10 ~ Class A 

Class A; no reac t ion;  class B; electrolyte boiled; class C; sparks 
observed; class D; spon taneous  igni t ion,  
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mixtures  of Li and  C tha t  were m e r e l y  "pressed." 
Pressed mix tu res  containing 50-91% carbon only  
wa rmed  the SOC12 e lec t ro ly te  (class B) .  This contras ts  
wi th  the  far  g rea te r  r eac t iv i ty  of ground mix tu re s  
where  typical  react iv i t ies  were  found to belong to 
class D. Ground mix tu res  were  also found to be far  
more  react ive  than  pressed mix tures  to SO2 reserve  
e lectrolyte .  

F u r t h e r  s tudies  were  pe r fo rmed  to de te rmine  wha t  
effect the  SO2 concentra t ion and the na tu re  of the 
conduct ing sa l t  might  have on the reac t iv i ty  of 1:1 
(by  weight )  L i -C mix tu res  wi th  SO2. Eight  tests con- 
ducted on each  of L iBr  and LiAsF6-sul fur  d ioxide  
ba t t e ry  e lectrolyte ,  r evea led  no divergence  f rom a 
class B react iv i ty .  As the SOs concentra t ion  in  the 
e lec t ro ly te  decreased f rom 14M SO2, the observed re -  
ac t iv i ty  s imi l a r ly  decreased to the point  where  ve ry  
di lu te  SO2 solutions were  no more  reac t ive  than  AN 
or AN-LiAsF6 solutions to ta l ly  free of SO~. 

We compared  the react iv i t ies  of ground 1:1 L i -C  
mix tures  wi th  (i) var ious  dis t i l la te  f ract ions of SOCI~ 
and (ii) 1.6M LiA1CI~-SOCI2 (Po la roqua l i ty  salt)  vs. 
1.6M A1CI~ in SOC12 sa tu ra t ed  wi th  LiC1. No not ice-  
able  difference in reac t iv i ty  was observed in e i ther  
case, wi th  the except ion tha t  the L iC l - sa tu ra t ed  solu-  
tions were  more react ive  (class D) than the LiA1C14 
~olutions (class A) wi th  L i -C mix tures  containing 12 
w/o  carbon. 

The effect of omi t t ing  sal t  f rom the e lec t ro ly te  
was studied.  Pressed Li -C mix tures  (50% carbon)  
consis tent ly  (6 tests out  of 6) caused LiA1C14-SOC12 
to boil  (class B) ,  where,as they  were  to ta l ly  (4 tests 
out  of 4) unreac t ive  to sa l t - f r ee  SOC12. Ground  mix -  
tures  were  equa l ly  react ive  (class D) whe the r  sa l t  
was present  or absent.  As the  carbon content  of the  
ground Li -C mix tures  decreased,  the r eac t iv i ty  to 
sa l t - f ree  SOC12 decreased  unt i l  at  13% carbon, the 
mix tures  appeared  to ta l ly  inert .  

Quantitative study.--The r eac t iv i ty  of 1:1 (by  
weight)  ground mix tures  of l i t h ium and carbon wi th  
SOC12 e lec t ro ly te  was quan t i t a t ive ly  measured  under  
an iner t  he l ium atmosphere .  Table II  summarizes  the 
ca lor imetr ic  data  together  wi th  var ious  phys ica l  and 
chemical  pa rame te r s  of the  carbons invest igated.  As 
the par t ic le  size decreases or  the BET surface area  of 
the carbon blacks increases  (Fig. 2), the reac t iv i ty  
of the L i -C mix tures  wi th  SOC12 e lec t ro ly te  inereases.  
This is not  en t i re ly  unexpec ted  as an increase of ac-  
t iv i ty  wi th  carbon b lack  surface area  has been ob-  
served  in o ther  react ions (3). However ,  surface a rea  
or par t ic le  size is cri t ical ,  as indica ted  by  the appa ren t  
nonreac t iv i ty  of the  Ster l ing  FT carbon b lack  (15 
m2/g) which contrasts  wi th  the sudden  rise in reac-  
t iv i ty  wi th  a r e l a t ive ly  smal l  increase in surface  area. 
Conflicting t rends  in Table I I  show that  degree  of 
c rys ta l l in i ty  is not a control l ing factor  though it  
m a y  have secondary  impor tance .  The s imi lar  un re -  
ac t iv i ty  of S ter l ing  and Super ior  Graphi te  9039 cor-  
re la tes  wi th  thei r  s imi lar  surface area  ra the r  than  
wi th  the i r  ve ry  different  c rys ta l l in i ty .  On the o ther  
hand,  the amorphous  Monarch  130.0 was significantly 
more  react ive  than  the crys ta l l ine  Super ior  Graphi te  
9042 though the i r  areas  were  ve ry  close. Thus crys-  
t a l l in i ty  seems to confer  some degree of inertness.  I t  
should be noted that  the l i t h ium/ca rbon  b lack  ground  
mix tures  were  solid b lack  masses whereas  a s imi lar  
mix tu re  of l i th ium with  the Super io r  Graphi te  9039 
y ie lded  a golden metal l ic  mater ia l ,  s imilar  in appea r -  
ance to LiCe and showed no evidence of dispersed 
carbon part icles.  

Shawin igan  carbon b lack  containing Teflon was 
ground wi th  l i th ium and its average reac t iv i ty  wi th  
SOC12 e lec t ro ly te  was compared  to the average  reac-  
t iv i ty  wi thout  Teflon. The presence of Teflon enhanced 
the exo thermic i ty  by  apDroximate ly  56%. The hea t s  
of reac t ion  l is ted in Table  II  are  much  smal le r  than  



Vol. 130, No. 10 E F F E C T  OF CARBON 

Table II. Effect of carbon type on the reactivity of Li-C ground mixtures (50 w/w %) with I.bM LiAICId-SOCI2 

2039 

B.E.T.  Reactivity 
Carbon Particle s ize  Carbon purity surface area (calories/g 

(manufacturer) Type (m/~) (%) (m~/g) mixture) 2o" (number of runs )  

Sterling FT Carbon  180~ 99.5 a 15 �9 O 
(Cabot)  b lack  
Shawin igan  Carbon  42 b 99,5 b 60 b 3550 
(Gul f  Oil) b lack  
El f tex  12 Carbon  37~ 99.0 c 47~/43~ 3984 
(Cabot)  b lack  
Vulcan  6 Carbon  22 a 99.0 a 119~ 4311 
(Cabot)  b lack  
Monarch  700 Carbon  18~ 98.5c 200c 5190 
(Cabot)  b lack  
Monarch 1300 Carbon 13o 99.5c 560~ 7456 
(Cabot)  black 
9039 Synthetic 5000~ - -  16 a 0 
(Super io r  g r aph i t e  
Graph i t e )  

9042 Synthet ic  <500 ~ ~ 574 �9 4975 
(Supe r i o r  graphite 
Graph i t e )  

80% Shawinigan ,  20% Teflon . . . .  5528 
(Honeywel l )  

o 

616 

875 

166 

714 

880 

(n = 4) 

(n = 4) 

(n = 3) 

(n = 3) 

(n = 4) 

(n = 4) 

(n = 2) 

(n = 2) 

(n  = 2) 

,~ Cabot  p i g m e n t  brochure. 
Data  suppl ied by Gulf  Oil Chemica l  Company. 
Cabot  Technica l  r e p o r t  S-36. 
Analys is  p e r f o r m e d  by Micromer i t i cs  (Norcross ,  Georgia). 

e Data  suppl ied by  Super io r  Graphi te .  

the calculated value for the general ly  accepted bat-  
tery reaction (4Li + 2SOC12 ---- 4LiC1 -}- SO2 + S), 
~H = --364 kcal /mol  of Li or --26 kcal /g  of 1:1 Li-C 
mixture.  Thus the greatest heat listed in Table II, 
7.456 kcal /g  corresponds to about 29% reaction of the 
Li. 

Mechanism of carbon catalysis.--We explored four 
possible mechanisms for the catalytic behavior of 
carbon: (i) local electrochemical cell, (ii) increased 
l i th ium surface area, (iii) formation of an active com- 
pound dur ing  the grind, and (iv) surface funct ional  
groups on the carbon. 

In  the first mechanism, each carbon particle in con- 
tact with l i th ium is viewed as a small  cathode which 
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Fig. 2. Reactivity vs.  surface area for ground mixtures of Li and 
C (1:1 by weight) with 1.5M LiAICId-SOCI2. 

is short-circui ted to the l i th ium anode. When an 
electrolyte solution containing SOC12 or SO2 is added, 
this short-circuited cell discharges at a high rate 
generat ing sufficient heat  to cause, in  the extreme case, 
ignition. This agrees with data (4) showing that  the 
corrosion of a variety of metals in LiA1C14-SOC12 
electrolyte is greatly accelerated if the metal  is elec- 
tr ically contacted to carbon. By analogy with the 
behavior  of large scale cells, one would expect that 
e l iminat ing the support ing electrolyte salt  from the 
electrolyte solution would significantly increase the 
solution resistance, reduce the rate at which the short- 
circuited cells could discharge, and, thus, reduce the 
heat that  would be generated. This was found to be 
the case with pressed 1 to 1 Li-C mixtures.  In  six out 
of six tests, pressed Li-C caused LiA1C14-SOC12 solu- 
tions to boil, whereas, the Li-C mixture  was totally 
unreact ive in four tests in sal t -free SOC12. In  con- 
trast, however, ground 1 to 1 Li-C mixtures  were 
highly reactive toward sal t - f ree SOC12. We suggest 
that  these results can, nonetheless, be understood in 
terms of a shorted cell mechanism. Gr inding the mix -  
tures creates an extensive Li-C interface effectively 
lowering the path length for e lectrolyte  conduction in 
shorted cells to the range of the diffusion layer  thick- 
ness. Thus in  this case, the absence of support ing 
electrolyte salt is relat ively unimportant ,  as significant 
currents  can be main ta ined  through diffusion of the 
ions produced by the anode and cathode reactions. 
With pressed mixtures,  on the other hand,  the com- 
b ina t ion  of high path length and low conductance in 
sal t - f ree SOCI2 apparent ly  depresses the shorted cell 
currents  to negligible levels. 

Another  explanat ion of carbon catalysis may be 
increased Li surface area. In  this case finely divided 
carbon is just  a vehicle for producing a very  extensive 
Li-SOC12 interface. When the carbon becomes coated 
with Li the reaction interface is raised by  many  orders 
of magnitude.  Thus when electrolyte is added, in 
spite of Li passivation, enough heat  is generated for 
ignit ion to occur. This theory was tested by grinding 
l i th ium with powdered A120~ (surface area, 200 m2/g).  
If carbon were simply a vehicle for dispersion of Li. 
then the a lumina  should also give rise to increased 
activation. However, a calorimetric s tudy indicated 
that  a ground mixture  of Li and a lumina  (1:1 weight 
ratio) was quite iner t  to LiA1C14-SOC12. 

A third plausible explanat ion involves the forma-  
tion of an active compound when gr inding the l i th ium 
and carbon together. This active compound would then 
be responsible for the catalytic effect. X- ray  analysis 
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of ground Li-carbon black mixtures indicated forma- 
tion of an Li-C compound other than acetyhde (5). 
The 20 values dil~ered by approximately 1 ~ ~rom a 
stage 5 l i thium-graphite  compound. Perhaps this dif- 
ference is due to the ~act that relat ively amorphous 
carbon black was used in place of graphite. We ruled 
out the participation of other active compounds such 
as Li2C2, LiaN, Li20, Li202 by testing their reactivity 
to bat tery electrolyte, both alone and after grinding 
with lithium. All were inert. The intercalation com- 
pound, LiC6, was also found to be inert to SOC12- 
LiA1C14. It remains possible however that some un- 
identified amorphous, Li-C compound, formed during 
the grinding, played a part  in the enhanced reactivity. 

Final ly we considered the possibility that surface 
functional groups on the carbon particles are re-  
sponsible for the catalysis. Carbon black is known to 
contain superficial H and O which may control its 
absorptive, catalytic, and electrical behavior (6). Re- 
cent studies of Shawinigan carbon black have re- 
vealed a substantial ESR signal (7). Energetic surface 
groups might react with SOCI~ forming labile species 
(8) which could accelerate its reactivity. To check 
this hypothesis we heat- t reated a sample of Shawinigan 
black so as to drive off its O and H content. The carbon 
was fired in an He atmosphere at 950~ for 5 hr. This 
should remove all of its O and most of its H (9). 
The carbon was then cooled under He, ground in He 
with Li (50% mixture) and transported in sealed 
containers for immediate testing in an Ar glove-bag. 
Qualitative reactivity testing with five samples of 
t h e s e  ground mixtures showed a high, consistent re-  
activity identical with that of untreated carbon. Thus 
it is unlikely that superficial () or H are involved in 
carbon black's catalysis of the Li-SOC12 reaction. 

Conclusions 
1. Carbon black promotes reactivity of lithium with 

Li/SO2 or Li/SOCI2 bat tery electrolytes. Lithium- 
carbon mixtures that are ground together (as m a y  
occur in severely warped or sheared batteries) can 
spontaneously ignite with SO2 or SOC12 bat tery elec- 
trolytes. This reactivity occurs both in dry air and 
also in inert gas atmosphere thus excluding air con- 
tamination as a factor in this type of hazard. 

2. T h e  order  of reactivity of the various battery 
electrolytes to ground Li-C mixes was SOC12-LiA1C14 
> >  SO2-AN-LiAsF6 ~ SO2-AN-LiBr. Decreasing the  
concentration of SO2 in the SO2 bat tery electrolyte 
lowers its reactivity. 

SCIENCE AND TECHNOLOGY October 1983 

.3. Traces of carbon are insufficient to activate the  
Li-oxidant reaction. Perceptible energy is l iberated 
only when the C content (in Li-C mixes) e x c e e d s  
12 and 40 w/o, respectively, for the SOC12 and SO2 
electrolytes. Lowering the carbon content of Li-C 
mixes gives rise to decreasing flammability with bat-  
tery electrolyte. 

4. A variety of carbons was examined. The external 
surface area of the particles was judged to be the  
most important  factor in the ability of carbon to pro- 
mote reactivity. 

5. No evidence was uncovered for any mechanism 
of carbon's catalytic activity on the Li-oxidant  re-  
actions other than that of shorted electrochemical cells. 
Grinding of Li with C black generated some Li-C 
compound but this could neither be identified nor 
specifically linked with enhanced reactivity. 
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Technical Notes 

Solution Growth and Electrodeposited CulnSe2Thin Films 
R. N. Bhattocharya* 

Department of Structural Chemistry, The Weizmann Institute of Science, 76100 Rehovot, Israel 
and 

Thin Film Solid State Technology Cell, Department of Physics, I. I. T., Delhi, India 

T h e  s o l u t i o n  g r o w t h  deposition of Bi~Se.~ (1), Bi2S3 
(2), Sb2Se3 (8), a-PbO2 and T1203 (4), and Cul.sS and 
T1Se (5) thin films have been reported previously. The 
growth and photoelectrochemical solar cell based on 
electrodeposited CdSel-xTez thin films have also been 
reported (6-8). The deposition of CuInSe2 thin films 
by solution growth and also by the electropl.ating 

Present address: Department of Chemistry, The University of 
Texas at Arlington, Arlington, Texas 76019. 

method is presented here. The pr imary interest in such 
semiconductor films has been directed toward the ap- 
plication for photovoltaic cells. 

Solution Growth Method 
Thin CuInSe2 films with a thickness in the range of 

200-300A are produced by the solution growth method 
on glass and SnO2: F coated conducting glass substrates 
at room temperature. The conducting base SnO~'F is 
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Table I. X-ray diffraction and TEM data for CulnSe2 thin films: 
calculated and experimental values 

Calculated Observed d 

d 20 (deg )  h k l  R e l a t i v e  i n t e n s i t y  TEM X-ray 

5.2 17.05 101 4 -- 

3.34 26.69 112 100 3.33 3.33 
3.22 27.71 103 3 - -  
2.52 35.63 211 4 - -  
2.155 41.92 105,213 2 - -  - -  

2.04 44.42 220,204 70 2.03 2.02 
1.743 50.50 116,312 40 1.75 1.79 
1.445 64.49 400,008 11 1.44 1.44 
1.327 7L04 332,316 16 1.32 1.33 

obta ined  by  sp ray  pyrolys is  on glass substra tes .  The 
film thicknesses a re  measured  using a Taylor  Hobson 
Talys tep  ins t rument .  

The deposi t ion of CuInSe2 films is based on the slow 
reac t ion  be tween  a solut ion of t r i e thano lamine  com- 
p lexed  wi th  both In 3+ and Cu 1+, and sodium seleno-  
sulfate  solution. The sodium selenosulfate  solut ion is 
p r epa red  by  ref luxing 5g se lenium powder  wi th  12g of 
sodium sulfite in 200 ml wa te r  for about  10 hr. The 
deposi t ion mix tu re  contains 12.5 ml 0.05M In 3+ solu- 
tion, 10 ml 0.05M Cu 1+ solution, 20 ml 0.3M sodium 
selenosulfate  solution, ~-0.03% (volume)  t r i e thano-  
lamine,  and ~0.04% (volume)  ammonia  solution. 

The films are  ana lyzed  by  t ransmiss ion e lec t ron 
diffract ion (TEM) and x - r a y  diffract ion methods.  
Postdeposi t ion t r ea tmen t s  are  used for the films de-  
posi ted on glass substrates .  This included annea l ing  in 
argon gas, which resul ts  p r i m a r i l y  in  the rec rys ta l l i za -  
t ion of the films. The films deposi ted on SnO2: F coated 
glass subs t ra tes  a re  po lycrys ta l l ine  wi th  a gra in  size of 
about  0.08 #m. The ca lcula ted  and expe r imen ta l  values  
of x - r a y  diffract ion and TEM data  are  given in Table  I. 

The bandgap  is ob ta ined  from t ransmiss ion mea -  
surements  made using Unicam SP 700 A Spec t ropho-  
tometer .  The t ransmiss ion T as a function of photon 
energy  hv is measured  f rom four different  samples  de-  
posi ted on glass subs t ra tes  wi th  different  film thickness 
d (dl:800fl~; d2:1000A; ds:2000A; d4:3000A). The opt i -  
cal energy  gap is found to be 1.08 eV (Fig. 1). The 
bandgap  is de te rmined  f rom the var ia t ion  of a2 as a 
funct ion of  ene rgy  hv (a: absorpt ion coefficient).  

Electroplating Method 
The elec~rodeposited CuInSe2 thin films are  p r epa red  

under  potentios~atic condit ions on conduct ing glasses 
(SnO2:F coated) .  Fo r  the  e lectroplat ing,  the p la t ing  
solution is p r epa red  f rom 0.018M InC13, 0.018M CuC1, 
0.025M se len ium dioxide  solution, 0.006% (volume)  
t r ie thanolamine ,  and 0.007% (volume)  ammonia  solu-  
tion. The pH of the deposi t ion mix tu re  is ad jus ted  at 

,oE 150 
% 

I00~ 
% 

50 J 
, "  I ' I 

1.08 1.5 1.8 
h~ (eV.) 

Fig. 1. Variation of ~2 as a function of energy h~ for solution 
growth CulnSe2 thin films deposited on glass substrates. 

Fig. 2a. X-ray pattern of the as-deposited electroplated CulnSe2 
thin films (scale: 4 • 10 2 CPS). 

Fig. 2b. X-ray pattern of the electrodeposited and annealed 
CulnSe2 thin films (scale: 4 • 10 2 CPS). 

~1 by  adding di lu te  HCl. The deposi t ion is car r ied  out  
under  constant  s t i r r ing  and at  room tempera tu re .  The 
vol tage is ma in ta ined  at ,~700 mV vs. SCE. The p la t ing  
cur ren t  is ~15 m A / c m L  

The x - r a y  analysis  of the films is shown in Fig. 2a 
and b. F igure  2a represents  the as -depos i ted  e lec t ro-  
p la ted  films. F igure  2b shows the x - r a y  diffract ion 
pa t t e rn  for the s ing le -phase  CuInSe2 films when  the 
e lec t ropla ted  films are  annea led  in argon gas at  ~600~ 
for 1 hr. 

Recent ly  the films have  also been deposi ted (both  
solut ion growth  and e lec t ropla ted)  on t i t an ium sub-  
strates.  The photoe lec t rochemical  solar  cell  s tudies of 
the CuInSe2 thin films are  in progress.  
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Stability of Conducting Polythiophene and Derivatives 
G. Tourillon* and F. Garnier 

Laboratoire de Photochimie Solaire, CNRS., 94320 - Thiais, France 

Many  organic  conduct ing po lymers  such as po ly -  
acetylene,  P A  (1) ; po lyparapheny lene ,  P P P  (2) ; po ly -  
paraphenylenesul f ide ,  P P S  (2);  and po lypyr ro le ,  PP  
(3) have been proposed in the l i te ra ture .  These po ly -  
mers  show revers ib i l i ty  of  the dop ing-undoping  proc-  
ess, making  them of in teres t  in energy  storage.  One of 
the key  problems,  however ,  is the poor s tab i l i ty  of 
most  of these polymers .  Polyacety lene ,  PA, must  be 
p repa red  and s tored  under  a r igorous ly  O2 free  a t -  
mosphere  and at a low t empera tu r e  (4). Po lypyr ro le ,  
PP, a l though st~able in its conduct ing state, is also 
sensi t ive to 02 in its semiconduct ing undoped  s ta te  
(5). As a ma t t e r  of fact, a progress ive  redoping  by  02 
occurs due to the va lue  of the po lymer  oxidat ion  po-  
tent ia l  (Eox ~ --0.3) which lies in the same range  as 
that  for the reduct ion  of O2. 

P P P  and P P S  show a h igher  oxida t ion  s tab i l i ty  
ma in ly  in the undoped s tate  (Eox ~ ~ l . 6 V ) ,  and thei r  
sens i t iv i ty  to O2 is less pronounced,  but  in format ion  on 
the doped s tate  is scarce. The authors  recen t ly  repor ted  
the e lect rochemical  genera t ion  of thin films of new 
organic  conduct ing polymers ,  polythiophene,  po ly -  
furan,  and der iva t ives  (6) which also appear  as in te r -  
est ing candidates  for organic  e lect rodes  for energy  
s torage  or  display.  

In  this  paper ,  the s t ab i l i ty  character is t ics  of these 
new polymers  is p resented  under  var ious  expe r imen ta l  
condit ions (02, H~O, H +, O H - ,  t empe ra tu r e ) .  

Experimental 
The po lymers  have been generated,  as p rev ious ly  

descr ibed (6), e i ther  as thin films graf ted  on a P t  elec-  
t rode or  as th ick deposits  which are  then scra tched off, 
r insed, and dried.  The analyzed  po lymers  were  poIy-  
thiophene,  PT; po ly -3-methy l th iophene ,  PMeT; po ly -  
3,4 d imethyl th iophene ,  P(Me)2T;  and po lypyr ro le ,  PP  
doped wi th  CF~SO3- f rom N(Bu)4  CF.~SO.~ salt.  

They were  charac ter ized  by  inf rared ,  ESR, e lementa l  
microanalysis ,  and d-c  conduct iv i ty  ini t ia l ly ,  jus t  af ter  
the i r  synthesis,  and af te r  8 months s torage in a i r  a t  
room tempera tu re .  

The s t ab i l i ty  in e lec t ro ly t ic  medium [CH~CN, N (Bu) 4 
PF6] has also been de te rmined  af te r  20 cycles be tween  
oxidized and reduced  state, using XPS (AEI, Mg k~ 
ant ica thode 1253.6 eV).  

Results and Discussion 
The doped PMeT proper t ies  ('Table I)  show that  the 

s torage in a i r  affects ne i the r  the CF~SO~- doping level  
nor the conduct ivi ty .  These resul ts  a re  confirmed by  
the in f ra red  analysis :  this conduct ing po lymer  is char -  
ac ter ized b y  a la rge  broad  band  in the near  in f ra red  
(4000-1600 cm -1) due to free car r ie rs  and by  absorp-  
t ion pa t te rns  (1600-600 cm -1) associated wi th  the 
dopant  CF3SOs-  (Fig. 1). Af te r  8 months  s torage t ime 
in air, a ve ry  s imi lar  absorpt ion  spec t rum is obta ined  
which  bears  out  the long t e rm stabi l i ty .  

The undoped PMeT behaves  in the same way. Af te r  
8 months s torage in ambien t  air,  ne i ther  oxygen  
nor  H20 could be detected,  in contras t  to po lypyr ro le  

�9 Electrochemical Society Active Member. 
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Table I. Physicochemical and electrical properties of a 
508CF3- doped PMeT just after synthesis and after being kept 

8 months in air. 

Physicochemical Just after Kept 8 months 
properties synthesis in air 

M~.croan, alysis 
(anion doping level 25% 24.5% 
per monomer unit) 

Conductivity 
(~-~cm-~) 12 10 

which has been shown to be ve ry  sensi t ive to oxygen.  
Fu r the rmore ,  PMeT can be doped again  af te r  8 months 
by  e lec t rochemical  oxidat ion  to the same level  as be-  
fore, about  25-30%. 

PT and P (Me)2T show the same in te res t ing  s tab i l i ty  
characteris t ics ,  compared  to the expe r imen ta l  p recau-  
tions which must  be taken  wi th  other  types  of organic  
conducting polymers .  

These  mate r ia l s  have grea t  the rmal  s tabi l i ty ;  200 ~ 
250~ in a i r  and 700~176 in iner t  a tmosphere  or 
vacuum. They are  s table  in concent ra ted  acidic 
med ium but  are  s lowly  a t t acked  in basic solution. 

The s tab i l i ty  under  e lec t rochemical  t r ea tmen t  was 
also studied.  PP  and PMeT w e r e  polar ized be tween  
thei r  oxidized and reduced  neu t ra l  states dur ing  20 
cycles in CHsCN-N(Bu)4PF6 medium.  Their  I -V and 
XPS character is t ics  were  recorded  before and a f te r  
this polar izat ion (Fig. 2 and 3). 

With  PP, the oxida t ion  and reduct ion peaks  are  not  
wel l  defined and XPS spect ra  are  grea t ly  modified: 
the peak  due to P is no longer  detected,  the in tens i ty  
of the  F peak  decreases,  bu t  the  O peak  increases.  
S imi la r  resul ts  were  recen t ly  obta ined by  Sa laneck  
et al. (7) and Street  et al. (8). 

These resul ts  show that  the dopant  P F 6 -  is rep laced  
by  02 dur ing  the e lect rochemical  t rea tment .  The au-  
thors do not agree  wi th  the results  of S t ree t  et al. (8) 
who proposed  that  a complex is formed be tween the 
oxygen and the n i t rogen a tom of the cycle: on ly  one 
n i t rogen  chemical  type was a lways  detected.  The same 
resul t  was also observed  wi th  the carbon element .  So 
oxygen must  have the same doping p rope r ty  as I :  or  
AsFs. 

In  contrast ,  PMeT exhibi ts  good e lec t rochemical  
s t ab i l i ty  as shown by the same I -V  curve and XPS 
spectra  before ~and af ter  polar izat ion.  Two p a r a m e t e r s  

lOG 

�9 I i 

4ooo 3 0 0 0  2ooo y . _  cm.1 1ooo 

Fig. 1. Infrared spectra of an SO~CF3- doped PMeT a) just after 
synthesis; b! after 8 months in air. 
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Table I. Physicochemical and electrical properties of a 
508CF3- doped PMeT just after synthesis and after being kept 

8 months in air. 

Physicochemical Just after Kept 8 months 
properties synthesis in air 

M~.croan, alysis 
(anion doping level 25% 24.5% 
per monomer unit) 

Conductivity 
(~-~cm-~) 12 10 

which has been shown to be ve ry  sensi t ive to oxygen.  
Fu r the rmore ,  PMeT can be doped again  af te r  8 months 
by  e lec t rochemical  oxidat ion  to the same level  as be-  
fore, about  25-30%. 

PT and P (Me)2T show the same in te res t ing  s tab i l i ty  
characteris t ics ,  compared  to the expe r imen ta l  p recau-  
tions which must  be taken  wi th  other  types  of organic  
conducting polymers .  

These  mate r ia l s  have grea t  the rmal  s tabi l i ty ;  200 ~ 
250~ in a i r  and 700~176 in iner t  a tmosphere  or 
vacuum. They are  s table  in concent ra ted  acidic 
med ium but  are  s lowly  a t t acked  in basic solution. 

The s tab i l i ty  under  e lec t rochemical  t r ea tmen t  was 
also studied.  PP  and PMeT w e r e  polar ized be tween  
thei r  oxidized and reduced  neu t ra l  states dur ing  20 
cycles in CHsCN-N(Bu)4PF6 medium.  Their  I -V and 
XPS character is t ics  were  recorded  before and a f te r  
this polar izat ion (Fig. 2 and 3). 

With  PP, the oxida t ion  and reduct ion peaks  are  not  
wel l  defined and XPS spect ra  are  grea t ly  modified: 
the peak  due to P is no longer  detected,  the in tens i ty  
of the  F peak  decreases,  bu t  the  O peak  increases.  
S imi la r  resul ts  were  recen t ly  obta ined by  Sa laneck  
et al. (7) and Street  et al. (8). 

These resul ts  show that  the dopant  P F 6 -  is rep laced  
by  02 dur ing  the e lect rochemical  t rea tment .  The au-  
thors do not agree  wi th  the results  of S t ree t  et al. (8) 
who proposed  that  a complex is formed be tween the 
oxygen and the n i t rogen a tom of the cycle: on ly  one 
n i t rogen  chemical  type was a lways  detected.  The same 
resul t  was also observed  wi th  the carbon element .  So 
oxygen must  have the same doping p rope r ty  as I :  or  
AsFs. 

In  contrast ,  PMeT exhibi ts  good e lec t rochemical  
s t ab i l i ty  as shown by the same I -V  curve and XPS 
spectra  before ~and af ter  polar izat ion.  Two p a r a m e t e r s  

lOG 

�9 I i 

4ooo 3 0 0 0  2ooo y . _  cm.1 1ooo 

Fig. 1. Infrared spectra of an SO~CF3- doped PMeT a) just after 
synthesis; b! after 8 months in air. 
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Fig. 2. I-V curves and XPS spectra of thin PMet grafted on Pt 
sweep rate, 50 mV/sec; electrolytic medium, CH3CN-N(Bu)4PF~ 
10 -1  M/liter; XPS spectra, AEI with Mg anticathode; kinetic en- 
ergy, 1253.6 eV. a) XPS spectrum just after polymerization; b) XPS 
spectrum after 20 cycles between oxidized and reduced states. 

appear to be impor tant  for obtaining s table  polymers;  
their oxidat ion-reduct ion potentials and their  chemical 
reactivity. In  Fig. 4, the authors have reported the oxi- 
dation and reduction potential  ranges of several  poly- 
mers together with the Oe reduct ion potential  and the 
H20 oxidation potential.  The scheme clearly shows 
why PP, for example, is not stable in its undoped (re- 
duced) neut ra l  state: it lies close to the 02 reduction 
potential  and will be slowly oxidized by O2 to a con- 
ducting state which is the electrochemical stable form. 

In  the same manner ,  PPP, with a very high oxida- 
tion potent ial  ( + l . 6 V ) ,  higher than the oxidation po- 
tent ial  of water, should be not stable to H20 in its 
doped state but  should be stable in its neu t ra l  form. 
With this scheme, PMeT and PA should be stable in 
both states due to the fact that their  oxidat ion-reduc-  
tion potentials lie between those for 02 reduction and 
H20 values. This is verified in the case of PMeT but  
not with PA. In  this last case with PA, the other impor-  
tant  parameter  is the chemical reactivity of the mate-  
rial. It is composed of l inear  chains with an a l ternat ion 
of single and double bonds. Chemical reaction of O~ with 
a double bond can easily occur and leads either to 
oxygen br idging between chains or to a break down 
of the chains. There is no more ~ electron delocaliza- 
tion and the electrical properties are great ly affected. 
In contrast, PMeT is more stable to 02, as the authors 
have seen. This stabil i ty must  be related to the br idging 
of the polymer double bonds by the sulfur  hetero atom. 

In conclusion, electrochemically generated PT and 
derivatives show good stabi l i ty  to O2 and moisture in 
both doped and neu t ra l  states. Compared to other poly- 
mers such as PA or PP, where drastic conditions must  
be employed to avoid exposure t o  air ~nd moisture, 
these new po lymers  appear to be very attractive. 

Their stabilities argue for exploitation of the very 
promising electrochromic properties that  the authors 

a E 

O. 

V Vo l t s / sce  " ' ~  

Fig. 3. Same as Fig. 2 but for polypyrrole instead of PMeT 

oxidation reduction 

H20 
, (~) 
I PA dl~ pppl 

PPPI PMeTIIPA PMeT ' I 
% ~ "~.11 I ~  pP IPP 

Oil" I I 
( 1.2 0 . 8  0~4 " I 1 I . I �9 " " 0 - 0~4 

E - V o l t s / s c e  

Fig. 4. Oxidation and reduction potentials of several polymers 
compared with 02 reduction potential and H.20 oxidation potential. 
(PP, polypyrrole; PA, polyacetylene; PPP, polyparaphenylene; PMeT, 
poly-3 methyl thiophene). Solid line, oxidation; dashed line, reduc- 
tion. 

have recently observed (9). It must  also be pointed out 
that  these polymers can be obtained either in th in-  
grafted films or as thick deposits with a very high 
reproducibil i ty.  

Manuscript  submit ted  March 17, 1983; revised m a n u -  
script received June  22, 1983. 
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An Analytical Solution of the Nonsteady Convective Diffusion 
Equation for Rotating Electrodes 

C. Deslouis, C. Gabrielli, and B. Tribollet 

Groupe de Recherche No. 4 du CNRS, Physique des Liquides et Electrochimie, associ~ c~ l'Universit~ Pierre et Marie Curie, 
75230 Paris Gedex 03, France 

In electrochemistry, the study of mass transport is 
often carried out by means of rotating electrodes. The 
development of nonsteady-state techniques such as 
electrochemical (1, 2) or electrohydrodynamical (3, 4) 
impedances leads to derivations in which increasingly 
more complex forms of the convective diffusion equa- 
tion are involved. 

So far, this equation has only been analytically 
solved in a few cases. However, an analytical solution 
can be interesting, especially for performing a fitting 
procedure on experimental data. Therefore, in this 
paper an approximate analytical solution of the con- 
vective diffusion equation is given in the vicinity of a 
rotating electrode. This derivation is applicable both 
to steady-state and nonsteady-state (impedances) 
conditions, as will be demonstrated by some examples. 

The convective diffusion equation is generally writ- 
ten as 

ac 
: D V 2e -- ~ grad c [1] 

%t 

where c is the concentration of the diffusing species, 

D the diffusion coefficient, and ~ the fluid velocity, the 
normal component of which is proportional to the 
square of the distance to the electrode. For a sinusoidal 
modulation of small amplitude, the concentration is 

C : C o + S c e x p j ~ t  ( j : ~ / ~ )  

where Co is the steady-state concentration, and ~ the 
angular frequency. 

By using a concentration Uo + 5U exp 9~,t, a normal 
coordinate n, and a frequency K put into a dimension- 
less form according to the geometry, the nonsteady 
part of Eq. [1] can be generally written as 

deSU dSU 
~ - t -  a~ 2 ~ -- (b~i -b jK) 5U : ](~,jK) [2] 

d~l 2 d~l 

with boundary condition 

8 U ~ 0  when ~1-~ 

By means of the variable change 

x = (b + a ) l / ~ n  [8] 
s = (b + a)-2~3 Kj [4] 

and the function change 

~(x,s) : 6 U ( x , s )  exp + a + b  6 [5] 

Eq. [2] leads to 

d~' x + - -  + s  ~ = g(x,s) [6] 
dx2 a Jr b 4 

where 

g(x , s )  : (b + a) -~/8 , ( x , s ) e x p (  " a xs~ - 
\ a - b b  6 ] 

By the above procedure, 0 --~ x ~ 1, so x > x4, and 
we must con~ider the following cases: at mean and 
high frequencies is + xl > >  x~ and the term 

a x 4 
~(x, s) can be neglected. At low frequencies, 

a + b  4 
a x4 

we can substitute for the term r the 
a + b  4 

first term of its Taylor expansion in s i.e., ~ 
a + b  

X4 
-~ r 0) ) with 

eo(x, O) = Uo (x) exp a + b  6 

In Eq. [5], indeed, gU(x, 0) may be replaced by the 
stationary solution Uo (x). 

Hence, Eq. [6] becomes 

d ~  
- ( x + s ) ~ = g ( z , s )  

dx2 
a x'  ( a x e )  

Uo(X) exp [7] 
+ a + b  4 a + b  6 

The homogeneous equation derived from [7] is an 
Airy's equation whose solution is an Airy function 
A i ( z  + s) of the first kind according to the boundary 
condition. 

The solution of full Eq. [7] may then be put as 

: Ai{x + s} �9 q (x, s) [8] 

and one finds 

Ai{x + s} �9 q" -b 2Ai'{x -t- s} �9 q" 

o 
-- - -  Uo(x) exp [9] 
- - g ( x + s ) - b  a - b b  4 a b 6 
If 

q' = Ai -2{x  + s} �9 Y(x, s) [10] 
then 

Y'(x, s) -- Ai{x ~ s} �9 

a x4 Uo(x) exp ( a zs)  
g ( x , s ) +  a + b  4 a + b  6 

Hence 

[il] 

{1 x3 / 
6U(x,s)  : e x p  a + b  6 A i { x + s }  

f: ' a ~,4 Uo(~') + Kz (s) + Ai{~' + s} �9 a +------b T 

( a "3 ) ~ ' + K o ( S ) ] ~ , + K ~ ( s ) }  [12] exp a + b 6 
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K2(s) is obta ined  by  using the b o u n d a r y  condi t ion at  
the e lec t rode  surface  (x --  0) which  depends  on the  
ana lyzed  problem.  The b o u n d a r y  condi t ion at  inf ini ty  
(x -> oo) leads  to 

Z K1(8) = -- Ai{~' + s} g(~', s)d~' [13] 

and for  low frequencies  

Ko(8) = -- Ai{~' -5 s} - -  
a ~,4 

Uo(~') 
a + b  4 

exp a +  b d~' [14] 

If  Ai{~" + s} is expanded  as a Tay lo r  ser ies  

Ai{~" + s} = Ai{~'} -5 sAi'{~'} 
sn 

- 5 . . .  + ~.,Ain{~'} + . . .  [15] 

Ko (8) can be ca lcula ted  as 
8 n 

Ko(s) = lo + Sl, -5 ... -5 ~. In + . .. [16] 

whe re  
s n F ~ a ~' 

In = - -  ~ I  |~'0 Ain{~'} - -  U o ( ~ ' )  
�9 a - s b  4 

a e~ 
exp - -  di' [17] 

a-s  b 6 

The correct ive  t e rm  Ko(s) can be de t e rmined  when  
the s t a t iona ry  solut ion Uo(X) is known. F o r  mean  and 
h igh  f requencies  Ko(s) = O. 

Diffusion impedance for a rotating disk electrode--A 
numer ica l  solut ion of this p rob l em has been  given by  
Levar t  and Schuhmann  (5). In tha t  case, the r e l evan t  
values  of the pa rame te r s  in Eq. [2] are, for large  va lue  
of Sc, a = 1, b ---- 0, ~ (~ , jK)  ---- 0, and ~ = (0.51023 
Sc) 1/~ ~ /~ /v  z. For  a s ingle e lec t ron t rans fe r  process 
the cur ren t  m a y  be wr i t t en  as 

I - -  n F A k co(0) exp (aV) [18] 

A is the e lec t rode  area,  F the F a r a d a y  number ,  k the  
reac t ion  rate,  and  a the Tafel  slope. 

The diffusion impedance  ZD is then  defined as 

1 6c o 1 8clo Z D (8)  - -  
~Co 8I n F D A aCo 

where  

~(Se) 

Oz o 

[19] 

1 6U[o 
ZD (8) = [20] 

n F D A a c o  05U I @x 

Ox o Oz 

The exact  solut ion of the s t a t iona ry  
the bounda ry  condit ions 

Uo(X)-->0 when  x - -  oo 

U o ( 0 ) - - i  when  x=~0  

x t3 ) dt  f0 oxo(_  

prob lem wi th  

Uo(x) : 1 --  [21] 
t3 ) dt 

is 

Af te r  Eq. [12], the nons ta t iona ry  so lu t ion  is 

5U(x ,s )  = e x p  - - ~ -  Ai{x - s s}  

{z is: (Ai{~ + s}) -2  Ai{~' -5 s} --~ Uo(~') 

exp ( ~ ) d , ' - s  Ko(s) ] d ,  -s Ks(s) } 

where  

z § Ko(s) = -- Ai{~' -5 s} UoQ') exp d%' 

[23] 

H e n c e  

ZD(S) - -  

1 
K~(s) : ~  (U(0, s) = 1) 

Ai(s)  

1 Ai{s} 
n F D A aCo a 1/3 Ai'~s} Ko(S) 

1-5-- 
Ai '  (s) 

[22] 

[24] 

[25] 
F r o m  Ref. (10) 

A i ' ( s )  = - -  0 . 2 5 8 8 2  ( 1  + sZ/3) + 0.35502 s3/2 

and f rom Fi l inovski i  et aL (6) 

Ai(8) A/1.877 -5 s 
: [26] 

Ai'(s) 1 -5 s 

After  computa t ion  of Io, I1, I2, Is, by  Eq. [17] one can 
get  for  Is] < 1 the  express ion of ZD 

1.2514 A/1.877 -5 S" 
ZD = - -  (0.93844 

n F D A a c o  1 - s s  

-50.07591 s --0.07392 s 2 -5 0.06769 s 3) [27] 

When Is[ > 1, Ko(s) = 0 and the Eq. [27] is s implif ied 

1.2514 ~/1.877 -5 s" 
ZD -- [27a] 

n F D A ~ c o  1 - s s  

whence the asymptot ic  express ion of W a r b u r g  

ZD OC --S--'12 

For comparison, the values of the real (Xo) and 
imag ina ry  (Yo) par t s  of the  diffusion impedance  cal -  
culated by  Levar t  and Schuhmann  (5) are  given in 
Table  I along wi th  the values ca lcula ted  f rom Eq. [27] 
and [27a]. Agreemen t  is good over  the whole  f r e -  
quency range.  

Electrohydrodynamical impedance for a rotating 
disk electrode.--The e l ec t rohydrodynamica l  impedance  
is the  t rans fe r  funct ion be tween  the sine wave  m o d u -  
la t ion of the  ro ta t ing  speed and the response of the 
e lec t rochemical  interface.  

The convective diffusion equat ion is Eq. [2] where  
a ---- 1, b _-- 0, and fOl, jK)  = ~]2 exp (--~]3/3).  The 
ana ly t ica l  solut ion is given in Ref. (8). 

Dil~usion impedance on a hemispherical rotating 
electrode.--Recently this p rob lem has been analyzed  
by  Chin (9). The au thor  has showed tha t  the  a d imen-  
sional  concentra t ion M can be expanded  in a spher ica l  
coordinate  sys tem as a funct ion of the angu la r  co- 
o rd ina te  e 

M-- [MI(Z) -5182M3(z) -5 ...] e jKsc~/slT [28] 

The notations used are those of Ref. (9), where T is 
the adimensional time and ~ _-- Qt (~2 is the angular 
rotation speed). The convective diffusion equation is 
then equiva len t  to the sys tem 
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Table I. Real and imaginary components of the diffusion impedance 
on a rotating disk electrode 

Numerical  Analytical 
From (5) From Eq. [25] 

1.566 K Xo - Yo Xo - Yo 
K 

0.01 1.6109 0.010 1.611 0.010 
0.02 1.6107 0.0199 1.611 0.021 
0.05 1.6090 0.0498 1.6V9 0.052 
0.07 1.6071 0.u696 1.607 0.073 
0.1 1.6033 0.U992 1.600 0.104 
U.Z 1.5806 0.1944 1.574 0.204 
0.5 1.4431 0.4314 1.426 0.445 
0.7 1.3205 0.5353 1.302 0.553 
1 1.1362 0.6183 1.125 0.663 
2 0.7304 0.5999 0.7096 0.5962 
5 0.4097 0.3961 0.4062 0.3939 
7 0.3419 0.3344 0.34t~6 0.3332 8 

10 0.2640 0.2797 0.2828 0.2769 10 
2U 0.1996 0.1978 0.1967 0.1974 20 
50 0.1263 0.1250 0.1263 0.1250 30 
70 0.1068 0.1053 0.1059 0.1057 40 

150 0.0896 0.0884 0.0886 0.0884 60 
200 0.0635 0.(~626 0.0626 0.b626 80 
500 0.0404 0.0396 0.0396 0.0396 100 

1050 0.0267 0.0280 0.026 0,020 150 

Table II. Values of M3o Sc I/3 

Analyt ical  Numerical  
from Eq. [33] Ref. (9) 

Real part Imaginary part Real part Imaginary part 

0.Ol 0.246 -0.0053 0.24324 -0.00542 
0.015 0.2457 - 0.00795 0.24309 - 0.00760 
0.02 0.3455 -0.0106 0.34297 -0.01013 
0.03 0.2449 -0.0159 0.24250 -0.01519 
0.04 0.2441 -0.0212 0.24207 -0.02031 
0.06 0.2417 -0.0318 0.24066 -0.03022 
0,08 0.2384 -0.0424 0,23866 -0.04004 
0.1 0.2341 -0.053 0.23617 -0.04967 

Analytical Numerical  
from Eq. [35] Ref.(9) 

0.00206 0.500015 0.00216 O.O0011 
0.00132 0.000007 0.00136 0.00001 
0.00033 0.0000006 0.00033 ~ 0  
0.000147 0.0000002 0.00015 
0.~00083 O.00000Ol 0.00008 ~ 0  
0.000037 ~ 0  0.00004 ,~0 
0.000021 ~ 0  0.00002 ~ 0  
0.000013 ~ 0  0.000013 ,-.,0 
0.0000059 ~ 0  0.000006 ~-0 

From (5) (Sc--> co l  
From Eq. [25] with LF correction. 

d2M1 dM1 
-t- 0.51023 zeSc - -  --  

dz 9" dz 
3KSc 2/3 M1 ---~ 0 [29] 

d2M3 dM3 
- -  -}- 0.51023 z2Sc 

dz 2 dz 
-- (1.02046 zSc 

+ jKSc2/~)M3 : -  0.52762 z2Sc 
dM1 

[30] 
dz 

with the bounda ry  condi t ion in z = 0: dM1/dz -- --1 
and d M J d z  ---- O. 

These equations have been numer ica l ly  solved in  
(9). However ,  by  using the previous  der iva t ion  an ap-  
p rox imate  ana ly t ica l  solut ion can be obtained.  Equa-  
tion [29] is equiva len t  to Eq. [2] where  a ---- 0.51023 Sc, 
b : -  0, and )r K) ~- 0. This p rob lem is s imilar ,  a s  
ment ioned  by  Chin, to that  of the diffusion impedance  
on a ro ta t ing  disk electrode.  However ,  the bounda ry  
condi t ion in z : 0 (dM1/dz -~ --1)  is different  f rom 
that  given previously .  

The solut ion of Eq. [29] for K : 0 is then 

M1 ~ (z) Sc 1/3 ~- 1.611 

and 

y0~ ( 0'51023 Sc ) 
- Sc 1/3 exp ~3 g~ 

3 

dM1 ~ ( 0.51023Sc ) 
dz = -- exp  z 3 

3 

[31] 

Equat ion [30] is equiva len t  to Eq. [2] where  a - -  
0.51023Sc, b ~- 1.02046Sc, and ](z,  K j )  : 0.52762 
z 2 Sc dM1/dz. 

For  K ~ 0, an approx ima te  ana ly t ica l  solut ion of 
the Eq. [30] is 

Ma ~ (z) Sc 1/~ = 0.20682 Sc 1/a z exp  --  ~ -  z 3 

( + 0.69337 Ai{(3a)l/3z} exp --  [32] 
6 / 

By the way  descr ibed in the  first pa r t  of this paper ,  
an ana ly t ica l  solut ion of Eq. [30] can then be ca lcu-  
lated.  In  the  low f requency  range by  using a Taylor  
expansion,  we obta in  

M30Sc 1/3 --  (0.246 --  i .19 K ~) --  j 0.53 K [33] 

For  Is] > 1, then f o r K >  0.6 Ko(s)  : 0 and  the ana -  
ly t ica l  express ion of M30Sc 1/8 can be used 

M3oScl/3 --  

x2Ai{x ~- s} Ai '  ~ + 3 2/a s dx 
F,  

~ 1 t29  ~ 
�9 ~o Ai'{s} Ai'{32/3s} [34] 

For  large  value  of K, an equiva len t  of M30Sc 1/3 can be 
obta ined  by  subs t i tu t ing  the Ai ry ' s  funct ion by  the i r  
expansions  (10). 

0.132 0.0223 
M 3 0 S c  1/3 - -  j - -  [ 3 5 ]  

K 2 KT/z 

The agreement  is ve ry  good wi th  the numer ica l  solu-  
t ion given in (9) for K ~ 10 (see Table  I I ) .  

In conclusion, ana ly t ica l  solut ions of the convective 
diffusion equat ion have been der ived  for  fluid flows 
of the same type  as the ro ta t ing  disk system. These 
solutions corresponding to the genera l  Eq. [12] a re  
complemen ta ry  to a numer ica l  solut ion of a problem.  
They c lear ly  es tabl ish the asymptot ic  behav ior  and  
they  can be used for a fitt ing of the p a r a m e t e r  to the 
expe r imen ta l  results.  [Sc, for instance, and e lect r ica l  
e lements  of the equiva len t  circui t  in impedance  m e a -  
surements  (2) ]. 

Three  appl icat ions  have been presented  in this note;  
however ,  this der iva t ion  can be appl ied  to the im-  
pedance p rob lem for a r ing electrode,  a cone electrode 
or  a Couette flow. More general ly ,  this type  of de r iva -  
t ion could be ex tended  to any ax i symmet r i ca l  problem.  

Manuscr ip t  submi t t ed  A p r i l  17, 1981; revised m a n u -  
scr ip t  received June  17, 1982. 
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ABSTRACT 

The damage distr ibution in ion-implanted silicon and the crystalline qual i ty  of epitaxial  films are evaluated by de- 
tecting the reflectivity change in a sample at 275 nm with reference to the reflectivity at 330 nm, and exper imenta l  results 
are compared  with the Rutherford backscat ter ing spectra. The damage distr ibution induced by P+ implantat ion is clearly 
dis t inguished from that by Si § implantat ion in both P+- and Si+-implanted samples. The recrystallization process of the 
Si§ region is identified by UVRM. The distr ibution profile of crystalline imperfection in a silicon epitaxial  film 
on a porous silicon layer is evaluated by UVRM, and is in good agreement  with the depth profile of dechanneled fraction 
obtained by RBS measurement.  

Since ion implan ta t ion  became an indispensable  
technique to fabr ica te  si l icon devices,  many  workers  
have a t t empted  to invest igate  the  damage  dis t r ibut ion  
and the recrys ta l l iza t ion  process in i on - imp lan ted  
regions. Successive resul ts  can be obta ined  by  Ru the r -  
ford backsca t te r ing  (RBS) measurements  and t r ans -  
mission e lect ron microscope (TEM) observat ions,  bu t  
i t  is difficult to ob ta in  accurate  depth  profiles of the 
damage  dis t r ibut ions  and the recrys ta l l iza t ion  in the 
region of interest .  

The opt ica l  ref lect ivi ty  measurement  coupled with  
s t r ipping  of surface  layers  by  anodic oxida t ion  is one 
of the most prac t ica l  techniques for obta in ing  the depth  
profile of c rys ta l l ine  imperfec t ion  in si l icon (1-3).  
The c rys ta l l ine  damage  induced by  the ion imp lan t a -  
t ion causes var ia t ions  of the opt ical  pa rame te r s  of 
silicon. The opt ical  ref lect ivi ty  of the crys ta l l ine  si l i-  
con show sharp  peaks at  the wavelengths  of 275 n m  
and 340 nm, which correspond to the threshold  energies  
for  the d i rec t  in te rband  t rans i t ion  at  x and r points,  
respect ively.  On the o ther  hand,  the ref lect ivi ty at  
330 nm changes only 1-3% for the state f rom the 
s ing le -c rys ta l  to amorphous.  Evalua t ion  of the  
crys ta l l ine  imperfec t ion  by  UVRM presented  in this  
pape r  is based on detect ing var ia t ions  of the  opt ical  
ref lect ivi ty  in samples.  

The authors  have developed an appara tus  for mea-  
sur ing  UV reflectivity,  and have  inves t iga ted  the dam-  
age d is t r ibut ion  profiles in ion - implan ted  si l icon wafers  
by  measur ing  the re la t ive  ref lect ivi ty at  275 nm wi th  
reference  to the  ref lect ivi ty  at 330 rim. In  addit ion,  
the  authors  have appl ied  UVRM to evalua te  the  
c rys ta l l ine  qua l i ty  of sil icon ep i tax ia l  film grown on 
a porous silicon layer .  Profiles of the  crys ta l l ine  im-  
perfec t ion  obta ined  b y  UVRM are  compared  with  
resul ts  obta ined  by  RBS. 

Experimental 
Figure  1 shows the appa ra tus  developed in o rder  

to measure  var ia t ions  of UV ref lect ivi ty  on a sample  
surface. The sys tem consists of a monochromat ic  l ight  
source, reflectors,  and a detector .  The incident  l ight  
t ransmi ts  th rough  the  ha l f  m i r ro r  and the polar izer  

" E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

and is reflected on the sample  surface. The in tens i ty  
of reflected l ight  is detected by  the photomul t ip l ie r .  
The in tens i ty  of incident  l ight  is moni to red  b y  a solar  
cell. The sys tem is set in a box filled wi th  d ry  N2 gas 
to reduce the absorpt ion  of UV l ight  b y  oxygen  in 
air. In  this opt ical  system, the  reflected l ight  in tens i ty  
I is given by  the fol lowing re la t ion  

I ---- THM )< Tp 2 X RHM X Rs 2 X RR • Ii 

where  THM and Tp correspond to the t ransmiss iv i ty  of 
the half  mi r ro r  and the polar izer ,  and RHM, RR, and 
Rs to the ref lect ivi ty of the half  mirror ,  the  reflector, 
and the sample  surface,  respect ively .  The crys ta l l ine  
imperfec t ion  in surface region of a sample  is defined 
as the fol lowing equat ion 

Ic(~1) /Ic(~2) - -  I s ( k i ) / I s ( k 2 )  
Imper fec t ion  ---- 

Ic (Li) / Ic  ( ~ )  -- Ia (},I)/Ia (~2) 

where  I (~ i )  and I(~,2) correspond to the reflected l ight  
intensi t ies  at  275 and 330 nm, respect ively,  and 
c and a denote the control  samples  for the c rys ta l l ine  
and amorphous,  respect ively ,  and s to the  sample  under  
test. Values of the crys ta l l ine  imperfec t ion  given by  
this method have a corre la t ion  to the dens i ty  of de -  
fects and the degree of damage  in a sample.  Opt ical  

Monochromator 

~CI~ Solar Cell 

Xen~on~'~L/ , .  lHolf Mirror(RHM,THM ) 
Lamp ~ v / / ~ ~ l ~ o l a r i z e r  { Tp ) Reflector(RR ) 

c:Z: 
p.M. H c2 -Sample(Rs ) 

L . . I  

L, to Lock- in Amp. 
Fig. 1. Schematic diagram of the apparatus for UVRM. C1, C2: 

collimator, P.M.: photomultiplier. 
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paramete r s  depending  on the sys tem are  e l imina ted  
by  calculat ing the difference of the reflected l ight  
intensi t ies  be tween  the measured  sample  and the 
control  samples.  The expe r imen ta l  errors  due to the 
surface contaminat ions  can be minimized  by  ca lcula t -  
ing the ra t io  of the reflected l ight  intensi t ies  at  M 
and k~. A depth  profile of the crys ta l l ine  imperfect ion,  
i.e., c rys ta l l ine  .damage and qua l i ty  in a sample,  is 
obta ined b y  successive ref lect ivi ty  measurements  fol-  
lowed by  the  anodic oxidizat ion and s t r ipp ing  of sur -  
face layer .  In  the anodic oxida t ion  process, a mix tu re  
of N-me thy lace t amide  (NMA) and potass ium n i t r ide  
(KNO3) is used as the  e lec t ro ly te  in o rder  to form 
constant  oxide thickness in si l icon wafers  wi th  va r i -  
ous impur i t y  concentrat ions and defect  densities. The 
depth  of s t r ipping  by  each anodic oxidizat ion process 
was defined as an averaged  va lue  calct~!ated f rom 
tota l  e tched depth  and numbers  of anodic ~oxidization. 

To ,investigate d is t r ibut ion  profiles o f  damage  in-  
duced by  ion implanta t ion ,  P+ and Si+ were  im-  
p lan ted  into (100) or ien ted  si l icon wafers  at room 
tempera ture .  Thermal  t r ea tments  a t  var ious  t em-  
pera tu res  were pe r fo rmed  in d ry  N2 gas for 10 min. 
Crys ta l l ine  qua l i ty  of sil icon ep i tax ia l  film was also 
eva lua ted  by  UVRM. A si l icon film wi th  a thickness 
of 200 nm was grown on a porous sil icon layer  by  
means of the p l a sma  dissociation of pure  s i lane (4). 
A porous silicon l aye r  of 2 ~m was formed in a p - t y p e  
silicon wafer  with a res is t iv i ty  of 0.003 ~ - c m  by  
the anodizat ion in 50% HF solution. The anodie cur-  
rent  dens i ty  was control led  at  5 m A / c m  2. Damage  
dis t r ibut ion  profiles and the recrys ta l l iza t ion  process 
in ion - implan ted  regions, and the crys ta l l ine  qual i ty  
of ep i tax ia l  fi lm were  also eva lua ted  b y  RBS wi th  
400 keV SHe +. 

Results and Discussion 
Figure  2 shows an a l igned and a r andom RBS 

spect ra  from a P + -  and Si + - implan ted  sample.  Silicon 
ions of 5 X 10t4/cm 2 were  implan ted  wi th  the energy  
of 140 keV before  P+ implan ta t ion  of 5 • 1014/cm 2 at  
100 keV. These spec t ra  show only  that  the amorphous  
s tate  is formed by  the ion implanta t ions  except  for 
the  surface  region. On the  o ther  hand,  the depth  p ro -  
file of the crys ta l l ine  imperfect ion in the same sample  
obta ined  by  UVRM indicates,  as shown in Fig. 3, that  
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Fig. 2. Backscatterlng spectra of P+- and Si+-implanted silicon. 
Silicon ions of 5 X !014/cm 2 are implanted with the energy of 140 
keV before P+ implantation of 5 X IOt4/cm 2 at 100 keV. 
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Fig. 3. Depth profile of the crystalline imperfection in P+- and 
Si+-implanted sample. 

the amorphous  s ta te  is not  formed in the i on - imp lan ted  
region. Two peaks  of the crys ta l l ine  imperfec t ion  are  
c lear ly  de tec ted  by  UVRM at the  depth  of 80 and 
200 nm. These peaks  seem to correspond to d i s t r ibu-  
tions of damage  induced by  P + and Si + implanta t ion ,  
respect ively .  I t  is revea led  tha t  UVRM has high resolu-  
t ion upon the degree of damage  compared  wi th  RBS 
measurement .  

F igu re  4 shows RBS spec t ra  of S i + - i m p l a n t e d  s i l i -  
con. Sil icon ions of 1 X 101~/cm 2 were  implan ted  wi th  
the  energy  of 110 keV. The al igned spec t ra  af ter  the 
ion implan ta t ion  seem to indicate  that  the amorphous  
region is fo rmed in the implan ted  region except  for 
the surface l aye r  of 40 nm. Af te r  the anneal ing  at  
500~ the a l igned spec t rum of the imp lan ted  region 
shows that  the  recrys ta l l iza t ion  proceeds f rom the 
surface region in addi t ion  to the recrys ta l l iza t ion  f rom 
the substrate.  The al igned y ie ld  f rom the implan ted  
region decreases  wi th  increasing the anneal ing  t em-  
pera ture ,  however ,  the  dep th  profile of res idual  d a m -  

400 keV 3He + 
5.0 . , , . , 

Si + Implantation 
E Energy: 110 keY 
m Dose " 1 x 1 0 1 5 / c m  2 
o 4.0 
L )  

% Annealing ' 10 rain. in 
dry N2 

".... 
-Jc~ 3.0 ":..... 
LU implanted 
>- ., " :  region 
cD ",i;% ",..random 

% �9 "Oo. . 

z 2.0 o.-., r--~:--, as-lmplanted 
�9 x x ~  ~,e ~176 

I i i  o o ~x ". �9 .. ~ .... surface 
�9 .~176176 

500" 

< [- ~  o / - - 7 0 0  C �9 I f "  
lO L / / - g ~ 1 7 6  c : :-, 

/-lOOO'C ""-2: 
�9 a ~x" 

o i ,  ~ ~" l L J  I 

200 Z.00 600 800 I000 

CHANNEL NUMBER 

Fig. 4. RBS spectra of Si+-implanted silicon. Silicon ions of 
1 X 1015/em 2 were implanted with the energy of 110 keV, and 
annealed at 500 ~ 700 ~ 900 ~ and 1000~ for 10 min. 
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age after the annealing above 700~ cannot be de- 
termined in these spectra. 

Depth profiles of the crystalline imperfection in 
the same samples obtained by UVRM are shown in 
Fig. 5. It is evident that the amorphous state is not 
formed by Si + implantation with a dose of 1 X 10ts/ 
cm2, and that the degree of damage in the surface 
region of 40 nm is less than that in the region be- 
tween 40 and 240 nm. It is considered that the 
amorphous state was not formed in the implanted 
region because of increase of the substrate tempera- 
ture during the ion implantation. As observed in RBS 
spectra, it is evident from UVIIM spectra that the 
recrystallization proceeds from the substrate toward 
the surface, and that the recrystallization also takes 
place from the surface by the annealing at 500~ It 
is clear that the damage induced by the ion implanta- 
tion remains in the region between 80 and 180 rim. 
In the case of the annealing at higher temperature, 
the residual damage can be detected by UVRM. The 
implanted region is recrystallized mainly from the 
substrate toward the surface by the annealing above 
7O0~ After the annealing at .1000~ the damage 
still remains in the surface region of 100 rim, and 
it is considered that the surface region is not recrystal- 
lized completely because the crystalline quality of 
this region, that acts as a seed for the recrystalliza- 
tion from the surface, is poor compared with the sub- 
strate. The annealing for a longer time is required 
for the complete recrystallization of the implanted 
region. 

The depth profile of both the crystalline imperfec- 
tion obtained by UVRM and the dechanneled fraction 
by RBS in the epitaxial film on a porous silicon layer 
are shown in Fig. 6. Dechanneled fractions were cal- 
culated from the ratio between the aligned yield and 
the random yield at the same depth, and have a 
correlation to the defect density. A large value of the 
dechanneled fraction near the interface indicates 
existence of a transition region from the porous struc- 
ture to a uniform epitaxial film, where micropores 
are pinching off quickly according to the film growth. 
A tendency of increase of the crystalline imperfection 
given by UVRM is in good agreement with the dis- 
tribution profile of the dechanneled fraction obtained 
by RBS measurement. It is revealed that UVRM is 
also available in the evaluation of the crystalline 
quality of silicon epitaxial films. 
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UVRM and the dec~hanneled fraction by RBS measurement. Silicon 
film of 0.2 ~m was grown an a porous silicon layer of 2 ~m. �9 
shows the crystalline imperfection of original surface of the porous 
silico, layer measured before the epitaxy. 

Conclus ion  
Ultraviolet reflectivity measurement is an excellent 

technique for the evaluation of the crystalline qualities 
of epitaxial films and damage in ion-implanted regions. 
Though the dependence of the optical reflectivity on 
the lattice damage is not well identified, it is con- 
sidered that the aligned yield obtained by RBS mea- 
surement depends on the density of atoms displaced 
from the crystalline sites, and that the reflectivity 
change at 275 nm is caused by the increase and broad- 
ening of state density near the conduction band 
bottom to the lower energy side by the lattice dam- 
age. Accordingly, the degree of crystalline imper- 
fection given by UVI~M does not always agree with 
the experimental results obtained by RBS measure- 
ment, but detailed distribution profiles of the crystal- 
line imperfection in silicon can be obtained by 
UVRM with successive stripping of the surface layer. 

Manuscript submitted Oct. 22, 1982; revised manu- 
script received May 31, 1983. 
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ABSTRACT 

An explanation is presented for the (100) texture and < 100> orientation observed in Si graphoepitaxy by laser and strip 
heater recrystallization. With radiational heating, solid crystalline ribbons and islands, having a predominance of (100) tex- 
ture, can coexist with molten Si. Crystallites with (100) texture and < 100> parallel to the axis of a surface-relief grating are 
preferentially retained in partially molten regions, and these crystallites seed subsequent solidification, yielding the overall 
orientation. 

In ear l ier  papers (1-4), exper iments  on a type of 
graphoepi taxy in which amorphous or polycrystal l ine 
Si films were  deposited over  surface rel ief  gratings in 
SiO2 and then recrystal l ized a using a scanning laser 
beam or a strip heater  oven were  described. The re-  
sult ing films were  composed of large grains with (100) 
texture  and a prefer red  orientat ion of <100> crystal-  
lographic axes along the grat ing axis. In this paper, 
we present  an explanat ion for this tex ture  and or ien-  
tation [see also Ref. (4)].  

The init ial  silicon graphoepi taxy research (1, 2) 
utilized a CW Ar- ion  laser to recrystal l ize amorphous 
or polycrystal l ine silicon deposited over  surface rel ief  
gratings of 3.8 ~m spatial  period in fused silica. A 
(100) texture  and orientat ion of a <100> direction 
re la t ive  to the grat ing axis were  observed only if 
recrystal l izat ion was carried out in an oxygen contain-  
ing ambient  (genera l ly  air was used).  The oxygen 
caused an SiO2 layer  or cap, --100 nm thick, to form 
over  the Si. The (100) texture  and <100> orientat ion 
showed angular  spreads of --___2 ~ and --+_10 ~ , respec- 
t ive ly  (1-3). The orientat ion effect was reduced if the 
grat ing profile was degraded. Over a nar row range of 
laser power  the silicon appeared to be par t ia l ly  molten 
and only under  these conditions was orientat ion ob- 
served. (The par t ia l ly  mol ten condition was apparent  
in an image formed with the laser beam reflected off 
the sample.) If the silicon was fu l ly  melted, or if the 
recrystal l izat ion was carried out in an iner t  gas, or 
nitrogen, no or ienta t ion or tex ture  was observed. 

When these results were  ini t ial ly reported, there  was 
considerable skepticism that  a silicon film, he,ated by 
laser radiation, could exist in a par t ia l ly  mol ten  con- 
figuration. However ,  recent  work by BSsch and Lemons 
(5-7) and Biegelson and Hawkins  (8, 9) has shown 
that  one can indeed achieve a stable configuration of 
solid silicon crystall i tes in a pool of molten silicon, 
provided that  the silicon is heated radiat ively.  This 
l iquid-sol id coexistence is stable only when the Si is 
contacted on both sides by an oxide. (The oxide on the 
top side can form in an 02 containing ambient  such as 
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Sc i ence  and Engineer ing ,  Massachuse t t s  Institute of Technology. 

-~Present address:  Los Alamos National Laboratory,  Los Ala- 
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aWe us e  the  t e r m  "recrystal l izat ion" to  e n c o m p a s s  bo th  the  
traditional meaning (solid-state processes involving grain nuclea-  
t ion a~d/or growth) and melr  followed by solidification, in ac- 
cord with recent usage. 

air, or be deposited.) The silicon crystall i tes are 
genera l ly  a few micrometers  wide and have charac-  
teristic elongated shapes. They have been var iously  
re fe r red  to as "filaments," " lamellae,"  or "worms"  
(5-9). However ,  since the solid extends through the 
thickness of the film, which is usually 5-10 times 
smaller  than the width  of the crystallites, we will  refer  
to elongated crystall i tes as solid ribbons and to isolated 
segments of roughly equal  length and width  as solid 
islands. The width of the ribbons is r emarkab ly  con- 
stant, as is their  spacing, if ribbons are densely packed. 

Figure  1 i l lustrates the pat tern  of ribbons and islands 
in a film heated in air wi th  an Ar- ion  laser. As dis- 
cussed below, it is bel ieved that  the <100>  graphoepi-  
taxial  orientat ion effect is a product  of the interact ion 
of such ribbon and island crystal l i tes wi th  the surface 
rel ief  grating. 

The configuration of solid crystall i tes separated by 
molten Si is stable in that  the fraction of mater ia l  that  
is solid and the fraction that  is l iquid remain  constant 
with time, for constant laser power  input. Under  Ar  
ion laser irradiation,  the individual  ribbons change 
shape with t ime and appear  to move about. In some 
cases, small  crystal l i te  islands appear  to break off 
f rom ribbons and move independent ly  through the 
melt. Such motion is only apparent ;  ~:he solid mater ia l  
i tself  is fixed re la t ive  to the substrate and cap. As 
mater ia l  solidifies on one  edge of a crystal l i te  an equal  
amount  tends to mel t  f rom the opposite edge, giving 
the appearance of motion. Careful  observation has 
shown that  ribbons and islands do not nucleate spon- 
taneously in the melt. They are e i ther  unmel ted  rem-  
nants of the polycrystal l ine material ,  or they are the 
product  of growth from unmel ted  crystallites. 

Hawkins and Biegelson (8, 9) have presented a 
theoret ical  model  to  explain the dynami.c s tabi l i ty  of 
the par t ia l ly  mol ten configuration. This model  takes 
into account the large increase in reflectivity of Si 
when it melts (a semiconductor - to-meta l  t ransi t ion) .  
The power  density required to main ta in  a pool of 
ful ly  mol ten Si, P2, is h igher  than the power  density 
requi red  to heat solid Si up to the threshold of melting, 
P1. At any power density in termedia te  be tween P1 and 
P2, the fraction of the film that  is in the solid phase is 
in termedia te  be tween one and zero. If silicon is mel ted  
nonradiat ively,  such as by the rmal  conduction (9) or 
an electrical  discharge (10), no ribbons or islands 
form. 
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Fig. 1. Ar + laser irradiated area of a ,..~1/2 ~m thick poly-Si 
film on fused silica. (a, top) Optical micrograph made from the 
back side in reflected light. Solid Si appears dark, molten Si 
appears bright. (b, bottom) Optical micrograph made in reflected 
light from the front side [a different sample than in (a)]. A thin 
SiO2 encapsulation layer is formed in the air ambient. The granular 
appearance on the perimeter of the partially molten region probably 
indicates solid-state recrystallization or grain growth. Some islands 
in the partially molten region also have a granular appearance 
suggesting they have remained unmelted. 

For  an e l l ip t ica l  laser  spot, such as shown in Fig. 1, 
r ibbons  ex tend  i nward  f rom a pe r ime te r  of po ly-  
c rys ta l l ine  silicon. The ma te r i a l  on the pe r ime te r  has 
a rough, g ranu la r  appearance ,  as shown in Fig. lb.  
This suggests  t ha t . r ap id  so l id-s ta te  recrys ta l l iza t ion  or 
g ra in  g rowth  (11) occurs in this mater ia l ,  which is 
close to the mel t ing  t empera tu re .  I f  so, the gra in  size 
appears  to be of the order  of micrometers ,  which is 
much l a rge r  than  the size of po lycrys ta l l ine  grains  
away  from the high t e m p e r a t u r e  region (<~ 0.1 ~m).  
If  the laser  power  is increased,  the pe r ime te r  expands  
and the cen t ra l  region can become fu l ly  molten.  As the 
laser  power  is decreased,  the solid r ibbons  grow in-  
ward,  leading  even tua l ly  to complete  solidification. 

The solid r ibbons and is lands tend  to be pa ra l l e l -  
s ided and take  on shapes wi th  angu la r  fea tures  close 
to 90 ~ suggest ing (100) t ex tu re  (see Fig. 1). As de-  
scr ibed  e l sewhere  (10) and below, x - r a y  measu re -  
ments,  t aken  af te r  solidification of the pa r t i a l l y  mel ted  
" t rans i t ion  region," confirm a p redominance  of (100) 
texture .  The deve lopment  of (100) t ex tu re  among 
solid r ibbons  and islands may  be exp la inab le  by  the r -  
modynamic  arguments .  I t  is specula ted  tha t  the in t e r -  
facial  ene rgy  be tween  Si crys ta l l i tes  and the SiO~ of 
the cap and subs t ra te  is lowest  for crys ta l l i tes  wi th  
(100) texture .  Al though  there  is no direct  proof  tha t  
this in ter face  is the least  energetic,  i t - i s  wel l  known 
that  it  has the lowest  densi t ies  of fixed oxide  charge 
and in ter face  electronic s tates  (12). Also, ox ida t ion-  
enhanced diffusion and the ra te  of g rowth  of s tacking 

faul ts  are  m a x i m u m  for (100) Si-SiO2 (13). We do 
not bel ieve a direct  calculat ion of the  in te r fac ia l  energy  
would be meaningfu l  in the absence of an exper i -  
men ta l ly  verified model  for the Si-SiO2 interface.  

Given tha t  Si crys ta l l i tes  wi th  (100) p lanes  pa ra l l e l  
to the cap and subs t ra te  oxides  have the lowest  su r -  
f ace -ene rgy  .contributions to the i r  to ta l  energy,  gra ins  
wi th  (100) t ex tu re  should  dominate  in so l id-s ta te  
recrys ta l l iza t ion  or  gra in  growth  immed ia t e ly  pr ior  to 
melt ing.  Also, (100) t ex tu red  crystal l i tes ,  isolated by  
pa r t i a l  melt ing,  wi l l  have a s l igh t ly  h igher  mel t ing  
t empe ra tu r e  ( , ~ 1 0 - 2 K  i f  one assumes a sur face-  
ene rgy  difference of 0.01 J / m  2 for (100) Si-SiO2, as 
shown in the A p p e n d i x ) .  Since the t e m p e r a t u r e  of the 
ent i re  pa r t i a l l y  mol ten  region is s tabi l ized by  the 
mechanism descr ibed  by  Hawkins  ~et al. (9),  even this 
small  difference in mel t ing  t empe ra tu r e  might  lead  to 
p re fe ren t i a l  r e ten t ion  of (100) - tex tu red  crystals .  Re-  
gardless  of whe the r  so l id-s ta te  gra in  en la rgemen t  or 
m e l t i n g - t e m p e r a t u r e  dif ferent ia l  is responsible  for 
p re fe ren t i a l  re ten t ion  of (100) - t ex tu red  crystal l i tes ,  if 
a surface re l ief  s t ruc ture  of squa re -wave  cross sect ion 
is present ,  unmel ted  crys ta l l i tes  hav ing  (100) t ex tu re  
and <100>  direct ions pe rpend icu la r  to (and therefore  
also para l l e l  wi th)  the gra t ing  axis should  be p re fe r -  
en t ia l ly  re ta ined  (14, 15). 

Recently,  we s tudied  laser  recrys ta l l iza t ion  over  
surface  re l ief  gra t ings  (3.8 ~m period,  0.1 ~m depth,  
squa re -wave  cross section) in SlOe using an Ar - ion  
laser  and an appara tus  tha t  pe rmi t t ed  opt ical  micros-  
copy dur ing  laser  i r rad ia t ion  (5-7).  As the laser  
power  was increased and total  mel t ing  approached,  the 
last  crys ta l l i tes  to mel t  were  located along the gra t ing  
corners,  and these tended to have oriented,  square  
shapes (Fig. 2), suggest ing <100>  or ienta t ion  along 
the gra t ing  axis. Also, r ibbons  tended  to be pa ra l l e l  to 
the surface re l ief  grat ing.  When  mol ten  Si came in 
contact  wi th  the re l ief  g ra t ing  in SiO2, the profile was 
ve ry  rap id ly  rounded  due to plast ic  flow at the  high 
t empe ra tu r e  (1412~ Gra t ing  profile was p rese rved  
only unde rnea th  those crys ta l l i tes  which had  not  been 
mel ted  (Fig. 2). We bel ieve  such unmel ted  crys ta l l i tes  
seed solidification. Since the resolidif ied ma te r i a l  is 
or ien ted  with  <100> p redominan t ly  along the gra t ing  
axis, the seeds f rom which it o r ig ina ted  must  also have  
been oriented.  Thus, o r ien ta t ion  can take  place only if 
the seeds are  located on a gra t ing  whose profile has not  
been degraded  by  plast ic  flow. This specula t ion is fu l ly  
consistent  wi th  ear l ie r  observat ions  that  total  mel t ing  
e l imina ted  or ienta t ion (1-4).  

In  the ini t ia l  exper iments  using a s t a t iona ry  s t r ip  
hea te r  oven (3), l a rge r  grains  were  obta ined  than in 
the case of the laser  and somewhat  na r rower  angu la r  
spreads  in the t ex tu re  (N_0.5  ~ and az imutha l  or ien-  
tat ion (,-~__5~ The Si films were  in ten t iona l ly  capped  
with  N2 ~m of SIO2, r a the r  than  a na tu ra l  oxide. 
Recently,  we inves t iga ted  the mechanism of o r i en ta -  
t ion for the  case of s t r ip  hea te r  Si g raphoepi taxy ,  using 
subst ra tes  of the rmal  SiOe over  si l icon wafers.  G r a t -  
ings of 3.8 ~m per iod were  etched into the SiO2 over  a 
centra l  1 cm 2 region pr ior  to deposi t ion of 0.5 ~m of 
Si and a cap of 2 ~m SiO2, 30 nm SisN4. U s i n g  a 
s t a t ionary  s t r ip  heater ,  samples  were  p rehea ted  to 
1100~176 on the lower  s t r ip  and then  rad ia t ion  
from the upper  s t r ip  mel ted  an e l l ip t ica l ly  shaped 
mol ten  zone, which grew rad ia l ly  at  10-100 mm/sec .  
When the power  to the upper  s t r ip  was tu rned  off, the 
mol ten  zone solidified rapidly .  I f  this resolidif icat ion 
took place af ter  the e l l ip t ica l ly  shaped mol ten  zone had  
grown beyond the a rea  of the grat ing,  (100) t ex tu re  
was observed,  but  no or ienta t ion  re la t ive  to the g ra t -  
ing. (This is consistent  wi th  the observat ion  discussed 
above that  to ta l  mel t ing  dest roys  the gra t ing  and 
e l iminates  or ienta t ion. )  

Af te r  resolidification, three  dis t inct  zones are  
c lear ly  discernable :  zone 1, a cent ra l  region tha t  had  
been ful ly  mel ted  and resolidified, composed of la rge  
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ORIENTATION ADJACENT TO TRANSITION REGION 

3O 

Fig. 2. Ar + laser irradiated area of a ,-,1/2 ~m thick poly-Si 
film on a fused silica substrate in which a 3.8 ~m-period surface 
relief grating has been etched to a depth of 0.1 #m. Photographs 
have been taken from a TV monitor. Corners of grating appear as 
dark lines at the edge of crystallites. (a, top) Note that grating 
profile is retained only underneath unmelted crystallites. (b, bot- 
tom) Same area after further melting. 

( ~> 1 mm) crys ta l l ine  grains;  zone 2, a narrow,  annu-  
la r  t rans i t ion  region at  the border  of zone 1, composed 
of  c rys ta l l ine  gra ins  a few ~m in d iameter ;  and zone 3, 
beyond the t rans i t ion  region, composed of fine gra in  
(<0.1 #m) po lycrys ta l l ine  silicon which  had not mel ted  
or  seen any  significant gra in  growth.  We bel ieve  the 
t rans i t ion  region corresponds to the condit ion of pa r t i a l  
mel t ing descr ibed above. X - r a y  diffraction analysis  
shows that  there  is a s t rong predominance  of (100) 
t ex tu re  in the t rans i t ion  zone, even for SiO2 encapsu-  
lants  ~250 nm thick, as shown in Fig. 4 of Ref. (10). 
We were  unable  to de te rmine  if there  was <100> 
or ienta t ion  wi th  respect  to the gra t ing  wi th in  the 
t rans i t ion  region (zone 2) e i ther  dur ing  or af ter  
recrysta l l iza t ion.  Efforts to p repa re  samples  of t rans i -  
t ion regions for TEM analysis  were  inva r i ab ly  unsuc-  
cessful. Because of this difficulty, a "g r id -o f -e tch -p i t s "  
technique (16) was developed to analyze  gra in  or ien-  
tat ion in zone 1, immedia t e ly  ad jacent  to the  t rans i t ion  
region, zone 2. The or ienta t ion of grains in zone 1 was 
assumed to reflect the or ienta t ion  of the smal ler  grains  
wi th in  the t rans i t ion  region f rom which they  had  
grown. [Grains  wi th in  the t rans i t ion  region are  too 
smal l  (,~2 #m) to analyze  by  the g r id -o f - e t ch -p i t s  
technique.]  F igure  3 is a h i s togram of the az imuthal  
or ienta t ion  of those crys ta l l ine  grains that  have (100) 
t ex tu re  and are  located immed ia t e ly  ad jacent  to the 
t rans i t ion  region. Clearly,  there  is a p re fe rence  for 
or ien ta t ion  of <100>  pa ra l l e l  to the  gra t ing  axis. 
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ANGLE BETWEEN <100) AND GRATING AXIS 

Fig. 3. Histogram of measurements of the angle between the 
grating axis and the ~ 1 0 0 >  directions of etch pits immediately 
adjacent to the transition region. The etch pits were located on 
a square grid of 50 ~m period. Measurements were taken only 
when the pit shape indicated (100) texture. 

Histograms of gra in  or ien ta t ion  along the edges of 
t rans i t ion  regions that  are  not over  gra t ings  show no 
p re fe ren t ia l  az imuthal  or ientat ion.  F rom these results ,  
we conclude that  or ienta t ion  with  respect  to the sur -  
face re l ief  gra t ing takes  place in the t rans i t ion  region 
and tha t  crys ta l l i tes  in the t rans i t ion  region act as 
or iented seeds dur ing  solidification of zone 1. This is 
the same mechanism as is opera t ive  in laser  r ec rys t a l -  
l ization, discussed above: or ienta t ion  takes  place only 
in a region of pa r t i a l ly  mol ten  silicon; (100) t ex tu re  
is p redominan t  among crysta l l i tes  in this pa r t i a l l y  
mol ten  region;  if a surface rel ief  gra t ing  is present ,  the 
(100) - tex tured  crysta l l i tes  have a p redominan t  <100> 
or ienta t ion  along the gra t ing  axis, and seed subsequent  
solidification. Dur ing solidification of the mel t  in zone 
1, the gra t ing  has no fu r the r  influence on orientat ion.  
The gra t ing  profile is des t royed by contact  wi th  mol ten  
Si. Moreover,  even if its profile were  preserved,  a 
surface re l ie f  g ra t ing  would not  be expec ted  to a l t e r  
the or ien ta t ion  dur ing  solidification. No or ienta t ion  
re la t ive  to a surface  rel ief  g ra t ing  was observed wi th  
a movable  s t r ip  heater .  In  this case, or ienta t ion  is 
a long the direct ion of zone motion, due to di rect ional  
solidification and occlusion (10, 17). 

A surface re l ief  g ra t ing  does, however,  change the 
character is t ics  of zone mel t ing in one in teres t ing  way. 
On smooth SiO2 surfaces, dendr i t ic  g rowth  competes 
wi th  (100) - tex tured  growth  at  zone scanning speeds in 
excess of ~1  mm/sec  (10, 17). Over  surface rel ief  g ra t -  
ings, the onset  of dendr i t ic  growth  occurred at  --~3 
mm/sec .  We bel ieve the surface re l ief  s t ruc ture  
grea t ly  decreases the dis tance be tween  in ter ior  corners  
of the faceted sol id- l iquid  interface,  which would 
suppor t  a h igher  ra te  of solidification (18). This 
speculat ion is suppor ted  by the observat ion  that  sub-  
boundar ies  a re  f requen t ly  en t ra ined  by, and run  
para l l e l  to, the gra t ing  lines. 

In  addi t ion to the gra ins  having (100) texture,  there  
are  grains in the t ransi t ion region, and ad jacent  to it, 
that  have other  t ex tures  but  no specific or ienta t ion re l -  
a t ive to the grat ing.  These can also act  as seeds dur ing  
solidification of zone 1. However ,  as discussed in Ref. 
(10, 17), thei r  g rowth  is occluded by  the growth  of 
(100) - tex tured  grains. The occlusion phenomenon m a y  
expla in  why la rger  grains  and be t t e r  t ex tu re  were  
obta ined wi th  the s t a t iona ry  s t r ip  hea te r  than with  
the laser  (3). The analysis  of or ienta t ion by  x - r a y  pole 
plot t ing was done only in the solidified zone 1, so that  
grains whose t ex tu re  dev ia ted  f rom (100) were  e l imin-  
a ted  by  the occlusion effect. 
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The in situ observations of the morphology and dy- 
namics of ribbons and islands in laser recrystallization 
(Fig. 1 and 2) lead us to speculate that high quality 
orientation (i.e., much smaller angular spread in tex- 
ture and orientation) with respect to artificial surface 
relief gratings might be realizable by laser recrystal- 
lization if one could avoid degradation of the grating 
profile, for example, by use of substrates with higher 
softening temperature. Furthermore, by oscillating the 
input power density, the solid ribbons and islands 
might be induced to settle into their lowest free-energy 
highly oriented configuration. However, the general 
view is that graphoepitaxy, especially of Si and other 
semiconductors, will have a far greater impact if it 
can be accomplished by means of low temperature 
processes that do not involve melting (19). 
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APPENDIX 

The Dependence ot Melting Temperature on 
Crystallographic Texture 

Consider two crystals of Si with equal cross-sec- 
tional area A and thickness t surrounded by liquid Si. 
We assume one of the crystals has (100) texture, that 
the surface energy for the interface between the crys- 
tal and an amorphous SiO2 layer is ~100, and that the 
other crystal has ( I l l )  texture with surface energy 
"Yuz. The interfaces between the crystals and the melt 
also have equal area, A', and will be assigned the sur- 
face energy 71s. For the sake of simplicity, it will be 
assumed that "Yls is isotropic. For a bulk free energy 
~Gv and atomic volume V: the chemical potential for 
the (100) crystal is 

~zoo = (-- 271ooA -- ~lsA' § At AGv)/(At~V) 

similarly 

~11x ----- (-- 2~'zzzA -- ~lsA' ~ At ~Gv)/(At/V) 

The difference in chemical potential is therefore 

2~7V 
A,U, " - -  ~ 1 0 0  - -  i / Z l l l  ~ ' 

t 

where 47 -- "Yzll -- "~zoo. Assuming a small difference 
in the heat capacities of the liquid and solid (20) 

A~ --- ASf ATm 

where ASf is the entropy of fusion per atom and ATm 
is the difference in melting temperature [(hTra -" 
Tm (100) -- Tm(l l l )  ]. Thus 

2ATV 
•Tm "- 

t~Sf 

If we assume that the average surface energy is about 
0.1 Jm -2 and that the difference in the surface energy 
between (100) and (11I) is about 10% (i.e., h~/ ~ 0.01 
Jm -2) then for a 0.5 ~m thick film, the difference in 
melting temperature should be 0.016~ This effect is 
enhanced by larger surface-energy anisotropy and 
smaller film thicknesses. 
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Oxidation of Sputtered Niobium Nitride Films 
P. K. Gallagher, W. R. Sinclair,* D. D. Bacon, and G. W. Kammlott 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Isothermal (440~176 weight change measurements were made in 0.1% O~ in Ar on films of cubic niobium nitride 
deposited on fused silica or sapphire substrates. The data were fit to various rate laws using a fraction-reacted from 0.2 to 
0.9. The best fitting rate equation over these ranges of temperature and fraction-reacted was the Avrami equation, but sev- 
eral others fit nearly as well. The Arrhenius parameters derived from these data had an activation energy of 44.3 kcal mol- '  
and a log pre-exponential term of 9.26 sec -~. The value of the activation energy was virtually independent  of the choice of the 
best fitting rate law. This apparent activation energy agrees well with that reported for the diffusion of oxygen in Nb203. It is 
suggested that the mechanism is analogous to the oxidation of niobium metal and the rate controlling step is diffusion of 
oxygen through a thin continuous layer of initial product. Studies of the oxidation showed no significant dependence of 
reaction rate on Po2. The average weight gain was 25.0-+0.9 (weight percent) w/o which leads to a film stoichiometry of 
NbNo.96_*o.o6 based upon a stoichiometric Nb205 product. X-ray diffraction above 450~ studies indicated that the product films 
were the low temperature polymorph of Nb~O~. Below 450~ the entire product films were amorphous or microcrystalline. 
In spite of the large lattice expansion associated with this oxidation, scanning electron microscopy revealed that the prod- 
uct films were adherent and continuous without large (>0.1 ~m) cracks or pores. Matching the thermal expansion of the 
substrate and film does not seem important since similar results were obtained with both substrates. 

Superconduct ing n iobium nitr ide films are of in ter -  
est as materials  for Josephson junct ion  devices (1, 2). 
These films have been prepared by d-c reactive mag- 
ne t ron  sput ter ing of n iobium in n i t rogen-argon  mix-  
tures (3). The preparat ion of a th in  continuous insula t -  
ing surface layer on these films is an essential part  of 
such devices. These surface layers are prepared by 
controlled oxidation of the film. 

Earl ier  studies (4) on polycrystal l ine 8-Nb,N0.9 pre-  
pared from bulk  powder arr ived at the following 
conclusions: (i) there is an enormous expansion ac- 
companying the oxidation of 5-NbN0.9. (ii) The oxida- 
tion best followed a pseudo first-order rate law. (iii) 
Both isothermal and dynamic studies gave an apparent  
act ivation energy of 50 kcal mo1-1. (iv) The product  
of the oxidation was Nb205 without the formation of 
in termediate  oxynitr ides or lower va lent  oxides of 
niobium. 

I t  is the purpose of this s tudy to determine if these 
conclusions are valid also for the oxidation of thin 
films, and if there are any significant effects induced 
by changing the substrate or part ial  pressure of oxy- 
gen. 

Experimental Procedures and Results 
Film preparation.--Niobium nitr ide films were pre-  

pared by d-c reactive magnet ron  sput ter ing in a 15% 
N2-85%Ar ambient  as has been recent ly described (3). 
This procedure leads to films having a Tc = 14.2 K and 
an average grain size of 5 nm. Sput ter ing was upwards 
from a Research Sput ter  Gun  (5) onto substrates 
(1 • 2 • 0.1 cm). Substrates were either cleaned fused 
silica or cleaned s ingle-crystal  sapphire. After deposi- 
tion of about 1 ~m of film, the process was stopped, 
the system opened to air, and the substrates tu rned  
over for a similar deposition on the other side. 

Weight  change .~A  Theta TG system was used to 
follow the isothermal  weight change. An Omega Model 
165 tempera ture  controller replaced the controller 
packaged as part  of the apparatus in order to achieve 
better  isothermal operation. The output  from a thermo-  
couple in close proximity to the suspended sample and 
the output  from the balance were fed to a Fluke Model 
2500 data acquisition, control, and processor system. A 
premixed atmosphere of 0.093% 02 in Ar or pure O2 
was flowed through the fused quartz hang down tube 
(1 in. diam) at 100 ml  m i n - L  

The data were least squares-fi t ted to those calculated 
for a var ie ty  of models for solid-state reactions or 
decompositions (6). A rela t ively wide range of frac- 
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tion reaction (~) was used in this procedure, i.e., 0.2 
~ ~ 0.9. Of the 16 equations tested, three fit roason- 

ably well. These were the Avrami  equation (Eq. [1]), 
the Prou t -Tompkins  equation (Eq. [2]), and the simple 
l inear  equation (Eq. [3]),  in  which k represents the 
rate constant in sec -1 

[ - - ln (1  -- ~)]1/3 -- kit [1] 

ln [~ / (1  -- a)]  = k2t [2] 

= k3t [3] 

Table I presents the rate constants derived for these 
three equations. A plot of the data according to the 
Arrhenius  equation (Eq. [4] 

log k = log A -- E/2.303RT [4] 

is shown in Fig. 1 for the Avrami  and the Prout -  
Tompkins equations. The l inear  equations gave rate 
constants very similar to those of the Avrami  equation. 
The lines in Fig. 1 represent  the least squares fit to this 
equation for the data determined in 0.093% 02 in  Ar, 
Values of the apparent  activation energy E and the 
log of the pre-exponent ia l  term A are given in Table I 
for each equation. 

From the weights of the samples before and after 
oxidation, it is possible to make inferences with 
regard to the stoichiometry of the ini t ia l  material ,  
assuming that  the final Product is stoichiometric 
Nb205 and that the init ial  sample contained no signifi- 

Table I. Rate data for the oxidation of cubic niobium nitride 
films in 0.1% 02 in Ar or in pure 02 (see Eq. [I],  [2], and [3] 

in the text) 

T e m p e r -  
a t u r e  (K) Substrate  k l  ( s e c  -~) ks ( sec-~)  ka ( s e e  -1) 

708.6 S a p p h i r e  4.65 x 10 4 2.27 x 10 -4 4.79 x l 0  -~ 
7(~8.6" S a p p h i r e  6.15 x 10-  ~ 3.00 x 10-4 6.49 x 10 -~ 
70,8.8 F u s e d  q u a r t z  3.65 x 10 -~ 1.78 x 10 -4 3.79 x 10 -~ 
723.9 F u s e d  q u a r t z  7.63 • 10 -5 3.74 x 10 -4 7.92 x 10 -~ 
729.7 F u s e d  q u a r t z  8.79 x 10 -2 4.30 x 10-~ 9.14 x 10 -~ 
733.9 S a p p h i r e  1.43 x 10-4 7.00 x 10 -4 1.53 x 10 -4 
747.4 F u s e d  Q u a r t z  1.94 • 10-4 9.54 x 10 -~ 2.02 x 10 -4 
754.8 S a p p h i r e  2.10 • 10 -4 1.02 x 10 4 2.23 x 10 -4 
772.1 S a p p h i r e  4.26 x 10-~ 2. 08 x 10 -~ 4.69 x 10 ~ 
769.0 Fused quartz  5.00 x 10-4 2.45 • I0 -a 5,27 x 10-4 
773.0 S a p p h i r e  4.94 • 10-4 2.39 x 10 -8 5.34 x 10 -4 
78~).0" S a p p h i r e  6.16 • 1O-~ 3.00 x 10 -3 6.41 x 10 ~ 
817.7 F u s e d  q u a r t z  3.15 • 19 -a 1.54 x 10 -~ 3.28 x 10 "~ 

E ( k c a l  t oo l  -1) 44.3 44.3 44.6 
l o g  A ( sec -1)  9.26 9.94 9.36 

* Run in pure 02. Not  used for  the  calculation of Arrhen ius  pa- 
rameters .  
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Fig. |. Arrhenius plots for the oxidation of sputtered films of 
cubic niobium nitride. 

cant impuri t ies .  The average  weight  gain of the 
samples  oxidized to complet ion was 25.0 ___ 0.9 w/o.  
This leads  to a ca lcula ted  i n i t i a l  s to ich iomet ry  of 
NbN0.96_+0.06. The n i t r ide  content  is somewha t  h igher  
than NbNo.9 observed in the previous  s tudy of the po ly -  
c rys ta l l ine  ta rge t  ma te r i a l  (4). This calculat ion ne-  
glects the cont r ibut ion  of carbon which is a known 
impur i ty .  

Structure.--X-ray diffraction s tudies  were  made of 
the s ta r t ing  film and product  films p repa red  at  var ious  
t empera tu res  in both 0.1%O2 in A r  and pure  O~. The 
s ta r t ing  ma te r i a l  was the cubic form genera l ly  re fe r red  
to as 5-NbNo.~. At  the  lowest  t empe ra tu r e  used for  
oxidat ion,  709 K, the product  films were  amorphous  or  
microcrys ta l l ine .  At  h igher  tempera tures ,  the same 
product  was observed  as for the oxida t ion  of bu lk  
po lycrys ta l l ine  powder  (4), i.e., the low t empera tu re  
po lymorph  of Nb205. 

F igure  2 presents  SEM micrographs  of films before 
and af te r  oxidat ion.  The produc t  films are  insula t ing  

and a covering l aye r  of carbon has been deposi ted to 
reduce charging.  

The change in film thickness for both  amorphous  and 
crys ta l l ine  products  was de te rmined  by  the step height  
for as -depos i ted  n i t r ide  on sapphi re  and af te r  complete  
oxidat ion  at  440 ~ and 500~ Results  are  presented  in 
Table  II .  

Discussion 
Overa l l  weight  gain and x - r a y  diffract ion of the  

ini t ia l  and final films indicate  that  the react ion under  
inves t igat ion is the oxidat ion  of cubic subs to ich iomet-  
r ic  n iob ium nitr ide,  8-NbN0.95, to Nb~Os. In spite  of 
the ve ry  large  change in volume known to accompany  
this oxida t ion  (4), see Table III, the SEM resul ts  in 
Fig. 2 do not indicate  any bl is ter ing,  cracking,  or  pee l -  
ing of the films at  this magnification. I t  would  appear  
that  any  cracks or  pores formed are  less than about  0.1 
~m. This is t rue  whe ther  the subs t ra te  is fused quar tz  
or  sapphire .  Oxida t ion  of the metal ,  on the  o ther  hand,  
requi res  an even g rea te r  volume change, see Table III, 
and the in i t ia l  oxide film is pro tec t ive  but  a t  g rea te r  
thicknesses,  b l is ters  and cracks develop which a re  in i -  
t i a l ly  a few tenths  of ~m in size (7).  

F rom the data  in Table III, one would  expect  the  
produc t  oxide film to be cons iderab ly  th icker  by  a 
factor  of about  2.3, depend ing  upon its porosi ty,  than  
the s tar t ing n i t r ide  film. The da ta  in Table II  indicate  
an increase by  a factor  of th ree  in the  thickness a f te r  
oxidat ion.  This does not  appea r  to be grea t ly  affected 
b y  the c rys ta l l in i ty  of the product .  The g rea te r  expan -  
sion would  imply  significant microcracks  or  micro-  
porosi ty.  These pores  or  cracks do not  ar ise  f rom dif-  
ferences in the rmal  expansion of  the subs t ra te  and film 
as subs tan t i a ted  by  the lack of any  observed  difference 
be tween  films deposi ted on fused quar tz  or on sap-  
phire.  

No single ra te  law provided  consis tent ly  the best  
fitting oxidat ion  ra te  equation.  The best  were  those of 
Eq. [1], [2], and [3], and mechanis t ic  inferences  can-  
not be made  solely f rom the da ta  fitting. Subs tan t i a t ing  
evidence,  genera l ly  microscopic,  is necessary  to con- 
firm a pa r t i cu la r  react ion pa th  (8). For  comparison,  a 
change f rom the parabol ic  to the l inear  ra te  law i s  ob-  
served for the oxidat ion  of n iobium meta l  once the 
protec t ive  na ture  of the oxide  film has b roken  down 
by bl is ter  and crack formation.  The parabol ic  ra te  is 
a t t r ibu ted  to the ra te  being de te rmined  by  diffusion of 
the reac tan t  th rough  an ever  g rowing  produc t  layer .  
The l inear  l aw implies  free access of the reac tan t  and 
an essent ia l ly  constant  react ion cross section. 

Examina t ion  of Fig. 1 and the Ar rhen ius  pa rame te r s  
given in Table I suggests  that  any " reasonably"  fitting 
ra te  equat ion wil l  yield nea r ly  the same value  of ap-  
pa ren t  ac t ivat ion energy.  The value  of 44 kcal  mo1-1 
is in good agreement  wi th  previous  work  on oxida t ion  
of n i t r ide  powders  (4, 9) and of po lycrys ta l l ine  plates  
(9), 45-50 kcal  mol. 

Marke r  measurements  for  the oxida t ion  of n iob ium 
have shown that  oxide fo rmat ion  occurs at  the m e t a l /  
oxide in ter face  (7). This is consistent  wi th  the fact  that 

Table II. Thickness measurements before and after oxidation 

Nitride Temperature Oxide 
thickness (/~m) of oxidation (~ thickness (/~m) 

0.33 440 1.00 
0.32 000 0.97 

Table III. Molar volume of selected compounds of niobium 

Compound Molar volume (emS/Nb) 

Fig. 2. Scanning electron mlcrographs of sputtered films of 
cubic niobium nitride before end after oxidation. 

Nb (bce) 10.9 
NbNo.9 (cubic) 12.8 
NbN (hexagonal) 12.25 
Nb~O~ (monoclinic) 29.15 
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Nb20~ is an n - t y p e  semiconductor  having an oxygen 
deficient s toichiometry.  Chen and Jackson (10) have 
measured  the oxygen diffusion constant  in nea r ly  
s toichiometr ic  Nb205 over  the t empera tu re  range from 
850 ~ to 1200~ and obta ined an act ivat ion energy of 
49.4 - 3.3 kcal  mol. Comparison of the oxidat ion  of 
the n i t r ide  here in  wi th  that  of the meta l  (7) suggests a 
s imi lar  mechanism.  Dur ing  the ve ry  ea r ly  stages or at  
low t empera tu res  (<400~ the amorphous  product  
l ayer  (oxide or  oxyni t r ide )  is impervious  and severe ly  
inhibi ts  fu r the r  growth.  At  h igher  tempera tures ,  how-  
ever, e i ther  r ap id  gra in  bounda ry  diffusion becomes 
effective or microcracks  or micropores  a re  formed and 
the ra te  tends toward  l inear i ty .  These pores or cracks 
need not be large to al low for sufficient diffusion of 
oxygen (11). 

One would expect  that  the diffusion of oxygen 
through the continuous, amorphous,  p roduc t  film would 
be ra te  control l ing in the low t empera tu r e  regime pro-  
v ided that  the out-diffusion of n i t rogen  occurs more  
readi ly.  At  h igher  t empera tu res  where  the ra te  lav~ 
becomes more l inear,  one might  expect  the sol ld-s ta te  
diffusion of oxygen to no longer  be the ra te  de te rmin -  
ing step. However ,  the regime of constant  ra te  does 
not prec lude  the diffusion of oxygen  f rom being de te r -  
mining but  mere ly  requires  ~he length  of the path,  
p re sumab ly  the impervious  film thickness,  to remain  
constant.  Since the oxygen diffuses inward  to the 
p r oduc t /me t a l  interface,  it  is suggested that  the p rod-  
uct  fo rmed at  this point  is the continuous, p robab ly  
amorphous,  phase. As the thickness increases beyond 
a cer ta in  value,  the exter ior  surface becomes micro-  
porous or cracked,  a l lowing for r e la t ive ly  free access 
of oxygen to the bulk  ox ide /amorphous  product  film 
interface.  This t ransformat ion  m a y  be associated wi th  
strains,  crystal l izat ion,  or fu r the r  oxidat ion of ini t ia l  
amorphous  phase.  The good agreement  be tween the 
observed appa ren t  ac t ivat ion energy  for the oxida t ion  
of cubic n iob ium n i t r ide  dur ing al l  s tages of the reac-  
t ion and that  of the repor ted  act ivat ion energy  for the 
diffusion of oxygen in Nb~O5 (10) s t rong ly  suggests 
that  this mechanism applies.  
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In the high t empera tu re  regime where  l inear  rate  
behavior  is approached,  the values of k8 given in T a b l e  
I can be conver ted  d i rec t ly  to a ra te  of in terface  mo-  
tion if the motion is assumed inward  and pe rpend icu la r  
to the surface. The film thickness for the kinet ic  
samples was app rox ima te ly  1 ~m. Hence d~/dt of 
2 X 10 -4 see -1 corresponds to about  2 A/sec.  Despite 
the grea t  caution which should be exercised in ex t r ap -  
ola t ing f rom the da ta  in Table I to the low t empera tu re  
regime, there  is exce l len t  ag reement  wi th  recent  Auger  
spectroscopic results  obta ined nea r  room t empera tu r e  
(12). 

Manuscr ip t  submi t ted  Jan.  9, 1983; revised m a n u -  
scr ip t  received June 24, 1983. 

Bell Laboratories assisted in meeting the publication 
costs o] this article. 
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Thermal Oxidation of Niobium Nitride Films at Temperatures from 
20o.400oc 

I. The Surface Reaction 

R. P. Frankenthal,* D. J. Siconolfi,* W. R. Sinclair,* and D. D. Bacon 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The air oxidation of cubic 6-NbN has been studied by Auger electron spectroscopy at temperatures from ambient to 
400~ At temperatures of 180~ or less, only the first one or two monolayers are oxidized, the reaction product being an 
oxynitride of niobium. Above 200~ oxidation is not limited and obeys a linear rate law. At these higher temperatures, the 
reaction product initially is an oxynitride but, as the reaction proceeds, eventually becomes Nb205. The reaction proceeds 
by the diffusion of oxygen through the reaction product to the NbN interface. Grain boundary diffusion of oxygen into the 
NbN is rapid and competes with the oxidation reaction. 

In some recent  studies,  superconduct ing  n iob ium 
n i t r ide  has been used as the base e lect rode in Joseph-  
son tunnel  junct ion  devices (1-4).  Severa l  oxides, 
including n iob ium oxide, have been proposed as the 
ba r r i e r  l aye r  on NbN to provide  tunnel  diodes, a n d  
i t  has been shown tha t  the  a i r  oxidat ion  of n iob ium 
ni t r ide  at  t empera tu res  f rom ambien t  to 90~ pro-  
duces sui table  junct ions  (4). There  have, however ,  

* Electrochemical Society Active Member. 
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oxynitride, superconductor. 

only  been a few studies of the  o x i d a t i o n  of  n i o b i u m  
ni t r ide ,  al l  at  t empera tu res  above 400~ (5-7).  A t  
these tempera tures ,  bu lk  oxidat ion  is rapid,  and the 
thin films requ i red  for  a good junct ion  cannot  be 
formed re l iably .  Therefore,  we have unde r t aken  a 
s tudy of the  oxidat ion of n iob ium n i t r ide  thin films 
in air  over  the t empera tu re  range  f rom 20 ~ to 400~ 

Experimental 
F i l m s  of cubic NbN, commonly  r e fe r r ed  to as 8- 

NbNo.9, 150-550 nm in thickness,  were  d e p o s i t e d  on  
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sil icon subs t ra tes  by  d -c  react ive  magne t ron  spu t -  
ter ing of n iob ium in a 15% N2-85% Ar  gas mix tu re  
(4). The films have an average  gra in  size of 5 nm 
and a superconduct ing  t rans i t ion  t e m p e r a t u r e  of 14 K. 
The thickness  of the  films was ca lcula ted  f rom the 
weight  gain dur ing  deposit ion,  assuming a dens i ty  
of ~.4 g / c m  3 for ~DN. Fi lms  of Nb20~, 15-28 nm in 
thickness,  were  deposi ted  on sil icon subst ra tes  by  
d-c  reac t ive  magne t ron  spu t t e r ing  of n iobium in 
an 02 ambient .  The thickness  of these films was also 
ca lcula ted  f rom the weight  gain, assuming a dens i ty  
of 4.47 g / cm ~ for Nb2Os. 

The NbN films were  oxidized in a i r  at  t empera tu res  
f rom ambien t  to 400~ for t imes ranging  f rom 0.5 
to 64 hr.  

The oxidized films were  analyzed  by  Auge r  e lect ron 
spectroscopy.  Al l  spec t ra  were  obta ined in the de -  
r iva t ive  mode with  a Phys ica l  Electronics  Indust r ies  
thin film ana lyzer  (TFA)  system.  Opera t ing  condi-  
tions were  5 kV elect ron gun voltage,  10 gA beam 
current ,  and 2 eV modula t ion  ampl i tude .  The spect ra l  
da ta  were  digi t ized wi th  a TransEra  752 A / D  con- 
ve r te r  that  in ter faced  a Tek t ron ix  4052 microcom-  
pu te r  to the  TFA. Depth  profiles th rough  the films 
were obta ined  by  argon ion spu t t e r  etching and 
measur ing  the intensi t ies  ( p e a k - t o - p e a k  heights)  of 
the Nb 167 eV, O 510 eV, and N 380 eV peaks.  The 
argon pressure  was 7 mPa  (5 • 10 -5 Tor r ) .  The ion 
beam vol tage and emission current  were  2 kV and 
30 mA, respect ively .  The spu t te r  rates,  de t e rmined  
f rom the t ime to spu t te r  th rough  the films and thei r  
known thicknesses,  were  5.7 • 0.3 n m / m i n  for the 
NbN films and 11 ___ 1 r im/ra in  for the  Nb205 films. 

Results and Discussion 
Electron stimulated ef]ects.--Initially, both the 

oxygen  and n i t rogen peaks r ap id ly  decrease in in-  
tens i ty  due to e lec t ron-s~imula ted  desorpt ion  o~ ad-  
sorbed oxygen  and ni t rogen.  The O peak  continues 
to decay,  but  more  s lowly,  for an addi t ional  10-20 
rain beIore  it a t ta ins  its s t eady- s t a t e  intensi ty.  The 
behavior  of the  ~T peak  is a funct ion of the react ion 
produc t  thickness.  Fo r  ve ry  thin films about  1 mono-  
l aye r  in thickness  (see be low) ,  i.e., those formed below 
100~ the N peak  also continues to decay s lowly unt i l  it  
reaches a s t eady  s ta te  at  about  the same t ime tha t  
the O peak  does. For  react ion products  of in te r -  
media te  or severa l  monolayers  in thicknesses,  the  
N peak,  af ter  the  ini t ia l  rap id  decrease,  reaches a 
m in imum and then s lowly  increases  unt i l  i t  reaches  
a s t eady  state. Fo r  films formed at 400~ the N peak  
rap id ly  reaches  i t s ' s t e a d y - s t a t e  value  wi th  the ini t ia l  
desorpt ion.  I t  is concluded that  a f te r  adsorbed  oxy-  
gen and n i t rogen are  desorbed,  some e lec t ron- s t imu-  
la ted  decomposi t ion of the reac t ion  product  occurs. 
This accounts for the slow decrease in the  O in tens i ty  
a f te r  the ini t ia l  rap id  decrease.  I t  also explains,  for  
the films of in te rmedia te  thickness,  the increase  in 
the N in tens i ty  a f te r  the minimum. As the film is 
decomposed,  i.e., th inned by  the e lec t ron beam, the  
s ignal  f rom the NbN subs t ra te  becomes stronger.  
This is not observed for the films formed at  400~ 
because the  quan t i ty  decomposed is most l ike ly  only 
a f ract ion of a mono laye r  and is too l i t t le  to have a 
measurab le  effect when the react ion product  is r ea -  
sonably  thick. The cont inuing decrease  in the N peak  
in tens i ty  dur ing  e l ec t ron - s t imula t ed  decomposi t ion of 
the films formed be low 100~ indicates  tha t  the re -  
action produc t  contains some N and is p r o b a b l y  a 
n iob ium oxyni t r ide .  Addi t iona l  da t a  confirming this 
is given below. 

Ion sputter profiles.--Nitrogen depth  profiles are  
shown in Fig. 1 for  three  react ion produc t  films of 
different  thickness.  Each profile is the intensi ty,  IN, 
of the  N peak  normal ized  against  tl~e intensi ty,  [Nb,, 
of the Nb peak  f rom the bu lk  NbN film. Normaliza- 
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Fig. 1. Nitrogen depth profiles for oxidation at (o) 20~ for 24 
hr, (b) 270~ for 16 hr, and (c) 400~ for 2 hr. 

t ion removes  the effect of any  ins t rumenta l  var ia t ions  
t rom one exper imen t  to the next .  

Dur ing  spu t te r  e tca ing  oi the th innes t  films, i.e., 
those Zormed at  t empera tu re s  below 100~ the N 
peak  aecreases  s lowly  in in tens i ty  unt i l  i t  reaches  
the  s t eady  state, cor responding to bu lk  NbN (Fig. 1, 
curve a) .  For  hlms of in te rmedia te  thickness  to rmed  
at 180~ or at  270~ for oxida t ion  t imes less than  
20 hr, the N peak  first increases in intensi ty,  goes 
th rough  a smal l  max imum,  and then  decreases  to 
the  s t eady  s tate  (Fig. 1, curve b) .  For  the films 
formed at  400~ the N peak  in tens i ty  first exhibi ts  
a smal l  decl ine that  is fol lowed by  a cont inuous 
increase as the  react ion product  is e tched (Fig. 1, 
curve c).  Fo r  the  products  of i n t e rmed ia t e  thickness,  
the in i t ia l  increase in the N in tens i ty  is due to the  
th inning of the film wi th  sput ter ing.  The decrease  
af ter  the  m a x i m u m  m a y  be caused by  some p re fe r -  
ent ia l  spu t te r ing  of N from NbN. For  the thin film, 
the ini t ia l  decrease in the N in tens i ty  indicates  tha t  
there  is N associated wi th  the  outer  l aye r  of  the 
surface. This means  e i ther  that  the oxida t ion  p roduc t  
is discontinuous,  tha t  is, NbN is exposed at  holes in 
the film, or tha t  it  contains both  O and N. Since i t  is 
known that  these films are good Junctions and tha t  
they  are  made reproduc ib ly  (4), the film cannot  be 
be discontinuous.  Thus, i t  is thought  tha t  the  thin 
reac t ion  produc t  is not  a pure  oxide  but,  more  l ikely ,  
an oxyni t r ide .  Addi t iona l  ,confirmation for this is an 
observed change in shape of the N peak as the  
oxida t ion  produc t  is e tched and the NbN film is 
exposed (Fig.2),  indica t ing  that  the N-spec t r a l  peak  
comes f rom a species o ther  than  NbN. 

The oxygen  depth  profiles are  shown in Fig. 3-5 
as a funct ion of t e m p e r a t u r e  and t ime of oxidat ion.  
Since the react ion products  formed at  t empera tu re s  
of 180~ and be low are  p robab ly  oxyni t r ides  of 
niobium, the  spu t te r  ra te  most l ike ly  lies be tween  
those for  NbN and Nb20~. At  20~ the p roduc t  is 
l imi ted  to a thickness  of less than  0.5 nm, that  is, to 
the first molecular  l aye r  (Fig. 3). 1 It  does not  grow 
th icker  wi th  fu r the r  exposure  to air. As noted above, 
the film formed at  this  t empe ra tu r e  is p r o b a b l y  an 
oxyni t r ide .  At  95~ the l imi t ing thickness  is also 
onlv a mono laye r  of an oxyn i t r ide  (Fig. 3). The 
ini t ia l  O in tens i ty  at  this t empe ra tu r e  is g rea te r  than  
tha t  observed at  20~ which impl ies  tha t  the com- 
posi t ion of the  oxyn i t r ide  is not  fixed bu t  is a func-  
t ion of the oxida t ion  condit ions.  At  180~ the s teady  
s ta te  appears  to have been  reached af te r  oxidizing 
for 64 hr. At  this t empera tu re ,  the  p roduc t  is 1-1.5 
nm in thickness  and extends  into the  second or, 
perhaps,  th i rd  molecu la r  l aye r  (Fig. 3). The shape of 

For NbNo.~,. ao i s  0.439 n m  a n d  t h e  uni t  cell contains 4 m o l e -  
c u l e s  o f  N b N  (8). 
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Fig. 3. Oxygen deptn profiles for oxidation at 20~ for 24 hr, 
95~ for 64 hr, and 180~ for (a) 0.5 hr and (b) 64 hr. 

(a) (b) 
Fig. 2. N KLL Auger electron peaks from (a) specimen oxidized 

at 95~ and (b) NbN. 

the N peak indicates that this film is also an oxy- 
nitride.  

At 270~ a l imit ing thickness for the reaction 
product is not observed (Fig. 4, 6). Instead the 
oxidation reaction appears to follow a l inear  rate 
law. The same phenomenon is observed at 400~ 
(Fig. 5, 7) and is consistent with the results of 
Gallagher et al. (7) who studied the oxidation of 
similar NbN films at temperatures  above 435~ 
Since, as is shown below, the reaction product 
at these temperatures  contains Nb205, the thicknesses 
in Fig. 6 and 7 were calculated assuming the sputter  
rate for Nb2Os. Although at temperatures  below 
435~ the oxidation reaction could not  be followed 
by techniques that  measure changes in  bulk  prop- 
erties (5-7), Auger electron spectroscopy in con- 
junct ion  with depth profiling can do so easily. 

At 270~C, the presence of an oxynitr ide in the oxi- 
dation product is indicated by the shape of the N 
peak. However, it is not possible to determine 
whether  the oxynitr ide is present  throughout  the 
product or only at the NbN interface. At 400~ N 
is detected at low levels throughout  the oxidation 
product (Fig. 1), the concentrat ion at the surface 
being slightly higher than in the bulk of the product. 

2 

H 

I 

0 I I , I 
0 20 40 

T I M E #  

Fig. 
hr, (b) 

' 60 ' 8 0  

4. Oxygen depth profiles for oxidation at 270~ for (a) 0.S 
16 hr, (c) 30 hr, and (d) 64 hr. 

The N peak at this temperature  is too small  to 
analyze its shape. However, as the NbN substrate 
is approached dur ing sput ter  etching, the peak cor- 
responding to the oxyni t r ide is observed. 

To unders tand  bet ter  the composition of the oxida- 
tion product, the shape of the MNN Nb peaks from 
each oxidized specimen was compared wih the shape 
of the peaks from the NbN substrate  and from Nb20~ 
(Fig. 9). For temperatures  from 20 ~ to 180~ and 
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The data in  Ref. (7) obeyed a l inear  rate law 

a = k t  [1] 

in which k is the rate  constant, t is the time, and ~ is 
the fraction of film reacted, i.e., 1/lo in  which I is the 
depth of NbN film of original  thickness lo that  has 
been oxidized. Plots of the rate constant  against  
reciprocal tempera ture  yielded an apparent  activa- 
t ion energy of 44.6 kca l /mol  and a pre-exponent ia l  
te rm of 2.3 • 109 sec -1. Since the ex ten t  of oxidation 
in  the present  s tudy is independent  of NbN film 
thickness, a new rate constant  k' is defined 

k" = lok [2] 
so that  

l = k ' t  [3] 

To determine whether  the rate constants obtained in 
the present  s tudy at 270 ~ and 400~ are consistent 
with those reported at higher temperatures  (7), k" 
was calculated from the data in  Fig. 6 and 7 by 
mul t ip ly ing  the slopes of the l inear  plots by the ratio 
of the molar  densi ty  of Nb~O5 (3.36 X 10 -8 mol / cm 8) 
to that  of NbN (7.86 X 10 -2 mol/cm3).  These rate 
constants, as wel l  as those calculated from the data 
in Table II of Ref. (7), are plotted against  the 
reciprocal tempera ture  in  Fig. 8. The solid l ine is 
calculated from the activation energy and pre-expo-  
nent ia l  te rm in Ref. (7). The agreement  be tween 
the two sets of measurements  is excellent, especially 
when it is realized that one set was done thermo-  
gravimetr ical ly (7), a bu lk  measurement ,  and the 
other was done by Auger electron spectroscopy, a 
surface sensitive technique. At lower temperatures,  
the apparent  activation energy is expected to change 
as the mechanism shifts from one that gives a l inear  
rate law to one that produces a l imit ing film thick-  
ness. 

As seen in Fig. 3-5, O is found in the bulk NbN 
film and extends through it to the silicon substrate. 
It is believed that this results from the diffusion of 
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Fig. 7. Reaction product thickness vs. oxidation time at 400~ 
showing apparent linear rate law. 

for films less than  2 n m  in  thickness at the higher 
temperatures,  Nb205 was not  detected. At 270 o and 
400~ for reaction product  films thicker than about 
2 nm, the product  appears to be N1>205, except a t  the 
surface, where the N concentrat ion is greater than 
in  the bulk  (Fig. 1). There the Nb-peak shape is 
more l ike that  of the oxynitrides. This suggests that, 
after ini t ia l  formation of an oxynitride,  the react ion 
proceeds by the inward  diffusion of oxygen to the 
NbN interface where it reacts. In  all cases, as the 
oxidation product is etched down to the NbN sub-  
strafe, the shape of the Nb peak slowly changes to 
that  for NbN. 
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Fig. 8. Linear rate constant vs. reciprocal temperature, e - -H igh  
temperature data from Gallagher et  al .  (7); O - -Th is  study. Solid 
line from Ref. (7). 
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(a} (b) (c) 

Fig. 9. Nb MNN Auger electron peaks from (a) Nb2Os, (b) spe- 
cimen oxidized at 95~ and (e) NbN. 

oxygen down grain boundaries  at a rate that must  
be more rapid than the rate of oxidation, at least 
after the first molecular  layer  has been oxidized. This 
is being studied further.  

Conclusions 
Based on the present  data, it is concluded that at 

temperatures  below about 200~ surface oxidation of 
NbN is l imited to one to two molecular  layers, and 
the reaction product is most l ikely a n iobium oxy- 
nitride. At higher temperatures,  oxidation is not 
l imited and follows a l inear  rate law. Init ial ly,  the 
reaction product is an  oxynitride, but  as the reaction 
proceeds, Nb205 is formed. Since the oxyni t r ide  is 
mainta ined at the surface, the reaction probably  pro- 
ceeds by  the inward diffusion of oxygen to the 

product /NbN interface. Oxygen not only reacts at 
that  interface bu t  also diffuses through the entire 
NbN film, presumably  along grain boundaries.  It 
appears, therefore, that grain boundary  diffusion is 
rapid compared to the oxidation rate, at least after 
the first monolayer  has reacted. 
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The Influence of Back End Processing on the Fixed Charges Density in 
the Si-SiO2 Interface 

R. M.  Levin*,  1 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Variations in the density of fixed surface charges (Qs/q) at the Si-SiO2 interface during back end processing steps are 
reported. After the deposition of phosphosilicate glass (P-glass) films (LPCVD at 630~ from TEOS, phosphine, and oxy- 
gen), Qs/q measured on a luminum gate capacitors is in the range of 5-30 • 10 l~ cm -2. Densification of the P-glass by means of 
heat-treatment affects Qr/q in a similar fashion to previously reported post thermal oxidation treatments. The effectiveness 
of the densification ambient  in reducing Q~/q can be ranked in the order: steam > oxygen > argon > steam + argon. After 
polycrystalline sil icon/aluminum metallization, which involves polysilicon deposition followed by heat-treatment (doping) 
and a luminum deposition, Qr/q depends very strongly on the premetallization treatment. When this metallization is applied 
over undensified glass, Qjq can be higher than 1 • 10 TM cm -2. It increases with increasing the doping time, the doping tem- 
pera ture ,  the glass th ickness ,  or the p h o s p h i n e  to oxygen  flow rate ratio d u r i n g  the P-glass  deposi t ion.  
Polysil icon/aluminum metallization applied over densified glass yields much lower Qj/q, with the final Q~/q value de- 
pending strongly on the densification conditions. For example, densification in steam or oxygen at 950~ for 10 rain yields 
Qs/q of less than 5• 10 TM cm -2 after the sil icon/aluminum metallization. The results can be explained on a basis of oxygen 
deficiency in as deposited P-glass films and rearrangement of the Si-SiO2 interface in the presence of a polysilicon cap film 
over the glass. 

The qual i ty  of the Si-SiO2 interface has been a sub-  
ject for extensive studies dur ing  the last two decades, 
due to its importance in the MOS (meta l -oxide-semi-  
conductor) technology (1). In  particular,  charges and 
states in  the vicini ty of the Si-SiO2 interface play a 
significant role in de termining the electrical properties 
of MOSFET's. Although there is a difference of opinion 
concerning the origin of the surface charges and sur-  

* Electrochemical Society Acti~ Member. 
1 Present address: National Semiconductor Israel Ltd., 

Herzliya-B, 46103, Israel. 
Key words: dielectric, capacitor, glass, anneal, CVD, integrated 

circuits. 

face states, it  is general ly  agreed that  the main  con- 
t r ibut ion comes from the astoichiometric na tu re  of the 
interface and from bonds and structure defects in the 
interface (2). Most of the published works deal with 
the dependence of the densi ty of the surface charges 
and surface states on the oxidation process and the post 
oxidation heat- t reatments .  Very li t t le is reported on 
the influence of back end processing steps (after poly 
gate definition in a s tandard IC process) on the in ter -  
face (3-5). In  the present  work, we concentrate  on 
the influence of P-glass (phosphorus-doped SiO~) 
deposition and densification, and polycrystal l ine sill- 
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con / a luminum metal l izat ion process on the fixed sur-  
face charge density (Qf). 

P-glass is widely used in the integrated circuits 
technology to passivate the devices. The P-glass, which 
is applied by means of chemical vapor deposition 
(CVD), usual ly  suffers from nonconformal  step cover- 

age (6-8). High tempera ture  hea t - t rea tment  (,-~1050~ 
is used to flow the glass in order to smooth its surface 
(6, 7). This t rea tment  is intolerable  in VLSI technol-  
ogy where very shallow p -n  junct ions in the source 
and drain are desired. Recently, it has been demon-  
strated that by using a P-glass deposition process in 
which tetraethyl  orthosilicate (TEOS), phosphine, and 
oxygen are the reactive gases (to be referred to as P-  
TEOS glass), an excellent  step coverage of the P-glass 
can be achieved, making the high tempera ture  glass 
flow unnecessary (8, 9, 10). A moderate tempera ture  
(800~176 hea t - t rea tment  is still necessary to 
densi ty the P-glass in order to increase its resistance 
to water  absorption (11, 12). 

A major  problem of VLSI circuits, a l uminum spik- 
ing through shallow p -n  junct ions into the Si substrate, 
has led to the use of po lys i l i con/a luminum st ructure  
for metal l izat ion (13-15). In  this process, a polysilicon 
layer  is deposited at 600~176 and doped at 900 ~ 
l l00~ before the a luminum metallization. 

To s tudy the influence of the three processes, P-  
TEOS deposition, P-TEOS densification, and polysil i-  
con / a luminum metal l izat ion on Qf, we carried out high 
frequency capacitance-voltage measurements  on sili- 
con/ thermal  o x i d e / P - T E O S / a l u m i n u m  and on sil icon/ 
thermal  ox ide /P-TEOS/po lys i l i con /a luminum capaci- 
tors. We have found considerable variat ions of Qf 
which are induced by the above treatments.  The value 
of Qf is affected not only by the final hea t - t rea tment  
given to the sample before the a luminum evaporation, 
but  also by previous t reatments  as well. The results 
can be explained qual i ta t ively on the basis of oxygen 
deficiency in the P-TEOS glass. 

Experimental Procedure 
Wafers of 0.7-1.0 12-cm p- type  single-crystal  (100) 

silicon were thermal ly  oxidized at 1000~ to a thick- 
ness of 1000A, and annealed in argon for 15 min  at the 
same temperature.  P-TEOS glass was deposited at 
630~ in a low pressure CVD reactor (9). The phos- 
phorus oxide concentrat ion in the films was determined 
from infrared absorption spectra as described by Levin 
and Adams (9). Unless otherwise noted, the phos- 
phorus oxide concentrat ion is 6 _ 1 mol percent  (m/o) ,  
and the glass thickness is 5000 • 500A. The deposition 
samples were heatTtreated at 700~176 in argon, 
oxygen, or steam ambients  (densification). Polysilicom 
when it was used, was then deposited by LPCVD at 
625~ using Sill4. It was phosphorus-doped at 950~ 
from a PBr3 source, then dip-etched in 50:1 HF for 
10 rain to remove the P-glass grown on top of the 
polysilicon. Some samples were annealed in argon 
after the polysilicon deposition and the polysilicon 
was stripped using CF4/O2 plasma etching. We 
will refer to the hea t - t r ea tment  after the polysilicon 
deposition (PBr~ or argon ambient)  as "polysilicon 
t reatment ."  Silicon ni tr ide was deposited on a few 
samples (instead of polysilicon) by LPCVD at 750~ 
from SiH2C12-NH3. The ni t r ide was etched in hot 
phosphoric acid after argon anneal ing.  

Typically, capacitors were prepared and measured 
at three points of the processing; after the P-TEOS 
deposition ("as-deposited" samples),  after the densifi- 
cation t rea tment  ("densified" samples) ,  and after the 
polysilicon treatment .  The samples were annealed  in 
hydrogen at 450~ for 30 min. A l u m i n u m  was evapo- 
rated on all samples with only  the doped polysilicon 
samples having polys i l i con/a luminum gates, and dots 
of 40 mil  diam were photoli thographical ly defined and 
etched ( a luminum in wet chemicals, polysilicon in 
CF4/O2 plasma) .  Every dot is su r rounded  by a r ing 
electrode which is used to control the surface potent ial  

near  the edge of the capacitor in order to prevent  the 
formation of an inversion layer at the silicon surface 
beyond the field plate. In  the presence of such an in-  
version layer, the capacitance-voltage characteristic is 
distorted (16), making it impossible to extract  the 
dopant concentrat ion in the silicon from the character-  
istic. The back surface layers w-ere then removed and 
a luminum was evaporated to form the back side con- 
tact. Some small  variat ions in the sample preparat ion 
will be ment ioned later. 

High f requency (1 MHz) capacitance-voltage mea-  
surements  were made with a Boonton 72AD capaci- 
tance meter  connected to a minicomputer-control led  
measurement  system. The minicomputer  determined 
capacitance values in accumulat ion and inversion, 
computed a value for flatband capacitance, and then 
found the flatband voltage. This procedure was re- 
peated for 36 devices on a wafer, so that  statistics 
could be obtained for fixed charges, oxide thickness, 
etc. (The work function values used to calculate Qf 
were: A1-3.35 eV; N+-doped poly-3.25 eV; intr insic  
Si-3.8 eV~) The dis tr ibut ion in Qf on a wafer is typi-  
cally less than  ___10%. 

Experimental Results 
As-deposited glass.--The n u m b e r  of fixed surface 

charges measured on samples having the 100,0A 
thermal  oxide only, is always in  the low 10 lo cm-~ 
range. After  the P-TEOS deposition, the shift in the 
flatband voltage corresponds to surface charges density 
of 5-30 • 1010 charges/cm 2. There is no clear correla- 
tion between the surface charge density and the depo- 
sition conditions or the phosphorus oxide concentrat ion 
(up to 8 m/o). A large distr ibution in the surface charge 
density after the P-glass deposition was reported pre-  
viously by Drobek and Adda (17), who used P-TEOS 
films deposited at atmospheric pressure as well  as silox 
glass films deposited at reduced pressure. 

Densified glass.--To improve their properties, the P-  
glass films are usual ly  densified b y  means of heat-  
t rea tment  (11, 12). At 950~ the glass is densified dur -  
ing the first 10 rain with very small  addit ional  effects at 
longer heat- t reatments .  Table I presents the de- 
pendence of Qf/q (where q is the electronic charge) 
on the densification time and the densification ambient .  
The densification was carr ied out at a tempera ture  of 
950~ in argon, oxygen, and steam. After  densification 
t rea tment  of 10 min, Qf/q is highest for steam ambient  
(~3  N 1011 cm -2) and lowest for argon ambient  
(~-1.6 • 1011 cm-2) .  Longer dry hea t - t rea tment  yields 
lower Qf. Fur ther  reduction in Qf/q can be achieved 
by a two step densification t rea tment  in which densifi- 
cation in steam ambient  is followed by a densification 
in argon (0.5 • 1011 cm-2) .  This is in agreement  with 
the results of Drobek and Adda (17). 

To confirm that the charges are located at the Si- 
SiO2 interface, we etched off small  thicknesses of the 
glass and measured the shift in the flatband voltage as 
a function of the glass thickness. (To th in  the P-glass, 
the field plate was stripped, some P-glass was etched, 
a luminum was evaporated on the sample, and dots 
were redefined.) We found that the shift is l inear ly  

Table I. Number of charges per cm 2 (Qf/q)  in the Si-Si02 interface, 
after various densification treatments at 950~ 

(aluminum metallization). 

Ambient  Densifieation time (rain) Q~/q (101~ cm--") 

Argon  10 10-17 
A r g o n  60 10 
Oxygen 10 23 
Oxygen 60 16 
Steam 10 28 
Steam 60 29 
Steam + argon 10 + 10 9 
Steam + argon 10+30 6 
Steam + oxygen 1~+10 17 
Steam + oxygen 10 + 30 16 
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dependent  on the  glass thickness (i.e., the calcula ted 
Qf/q is independen t  of the glass thickness wi th in  5%) 
for a thickness range  of 0-5000A. The same f latband 
shif t  was measured  even af te r  e tching 500A of the 
undernea th  t he rma l ly  grown SiO2. These resul ts  ind i -  
cate that  the charges are  indeed located at  the Si-SiO2 
interface.  S imi la r  measurements  and resul ts  were  ob-  
ta ined on some of the samples  r epor ted  below. 

Polysilicon treatment of undensified g~ass.--Deposi- 
t ion and phosphorus  doping of polysi l icon o'r unden-  
sifted glass has been found to degrade  the qua l i ty  of the 
Si-SiO2 interface.  F igure  1 shows that  Qf/q increases 
f rom 1 X 1011 cm -2, measured  for undoped samples  
(po ly-depos i ted  and immedia t e ly  s t r ipped  before the 
a luminum meta l l i za t ion) ,  to 1.4 • 1012 cm -2 af te r  60 
min doping at  950~ Qf/q increases sha rp ly  at  the  
first few minutes  of the doping and then tends to sa tu-  
rate.  S t r ipp ing  the doped polysi l icon l aye r  p r io r  to the 
a luminum meta l l iza t ion  as wel l  as rep lac ing  the PBr~ 
doping t r ea tmen t  by  argon anneal ing  of the samples  
(and then s t r ipping  the polysi l icon before  the a lumi -  
num metal l izat ion)  do not  change these results.  The use 
of an  Si3N4 film ins tead of polysi l icon has no effect on 
the results.  Doping t empera tu res  lower  than  950~ 
yie ld  lower  Qt/q (Fig. 2). Doping at  700~ for 60 rain 
does not  affect the interface.  F igure  3 indicates  tha t  
Q~/q is l i nea r ly  dependent  on the P-TEOS glass th ick-  
ness in the polysi l icon t rea tment .  Ext rapola t ion  of the 
resul ts  to zero glass th ickness  y ie lds  Q~/q of 1 • 10 ~1 
cm -2, which is a typical  resul t  measured  on as-  
deposi ted or argon densified samples.  In  contrast ,  Qf/q 
is independen t  of the thickness of the t he rma l ly  grown 
SiO2 (in the range of 0.1-1.0~). 

The dependence  of Qf/q on the glass deposi t ion con- 
dit ions is summar ized  in Fig. 4 and 5. In  Fig. 4, the 
phosphorus  oxide  concentra t ion was changed b y  
changing the phosphine  flow rate,  whi le  keeping the 
oxygen  flow ra te  constant .  Qf/q increases  s lowly wi th  
increas ing phosphorus  oxide  concentra t ion up to 5.5 
m/o,  f rom which i t  s tar ts  to increase much faster.  
F igure  5 shows tha t  the impor tan t  p a r a m e t e r  is not  the  
phosphorus  oxide concentra t ion bu t  the phosphine to 
oxygen  flow ra te  rat io  dur ing  the deposit ion.  Samples  
conta ining 3.9 and 7.0 m/o  P.205 have almost  the same 
Qf/q when the phosphine to oxygen  flow ra te  rat io  
used in the deposi t ion is the same, whi le  samples  wi th  
s imi lar  P205 concentra t ion  (4.6 and 4.7 m/o )  show a 
la rge  difference in  Qf/q (1.0 X i0 II and  1.6 X 10 TM 
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Fig. 2. Qf/q after polysilicon treatment performed on undensified 
gloss as a function of the doping temperature. The doping time is 
60 rain. 
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Fig. 3. Qf/q after potysil]con treatment (950~ 60 re|n) per- 
formed on an undensified glass as a function of the P-glass thick- 
ness. 

cm-~,  respec t ive ly)  when  the flow rate  rat io  is differ-  
ent. I t  is shown in Fig. 5 that  Qf/q increases  wi th  in-  
creasing the phosphine to oxygen  flow ra te  rat io.  

I t  should  be ment ioned here  tha t  qua l i ty  of the Sio 
SiO~ interface  can be recovered  by  fu r the r  h e a t - t r e a t -  
ments.  For  example ,  s team anneal ing  of the samples  
a f te r  s t r ipping  the  polysi l icon layer  reduces  Qt/q to 
the low 1011 cm -2 range.  

Polysilicon treatment of densified glass.--Polysilicon 
t r ea tmen t  car r ied  out  on samples  having densified P -  
TEOS glass y ie lded  lower  Qf/q compared  to samples  
having  undensif ied glass. The dependence  of Qf/q on 
the densification t ime and the densification ambien t  is 
p resented  in Fig. 6. Polysi l icon t r ea tmen t  car r ied  out  
on glass which was densified in s t r eam or  oxygen  am-  
b lea t s  at  950~ for  more  than  10 min  y ie lded  low Q:/q 
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Fig. 4. Qf/q after polysilicon treatment (950~ 60 mln) per- 
formed on an undensified glass as a function of the phosphorus 
oxide concentration in the glass. The phosphorus oxide concentra- 
tion is varied by varying the phosphine flow rote, keeping the 
oxygen flow rate constant (95 cma/min). 

( 3 - 6  X 1010 c m - 2 ) .  This n u m b e r  is independen t  of the  
densification t ime (if  i t  is longer  than  10 min) ,  and the 
or ig inal  Qf/q measured  on the as -depos i ted  glass. The 
influence of  densification done in argon is more g radua l  
and depends  on the densification t ime. The dependence  
of Qf/q af te r  the  po ly  t r ea tmen t  on the densification 
t e m p e r a t u r e  is also presented  in Fig. 6. I t  is shown tha t  
while  s team densification car r ied  out  for short  t ime at  
850~ is less effective (from the point  of v iew of Qf/q 
af ter  the polysi l icon t r ea tmen t )  than  tha t  car r ied  out  at  
950~ they  are  equiva len t  af ter  densification of 60 rain. 
Af t e r  60 min, the 850~ s team densification is more  
effective than the 950~ argon densification. 

Discussion 
Before discussing the expe r imen ta l  resul ts  it  should 

be ment ioned  tha t  two pa rame te r s  which may  affect 
Qf have not  been moni to red  in this work;  the presence 
of wa te r  molecules  in the deposi t ion and subsequent  
anneal ing  ambients ,  and the possible presence  of car -  
bon monoxide  in the  glass deposi t ion ambient .  I t  is wel l  
known tha t  Qr is affected by  the presence of wa te r  
species in si l icon dioxide (18), and  therefore ,  it  de-  
pends on the concentra t ion of w a t e r  molecules  in the 
ambien t  dur ing  hea t - t r ea tmen t s .  Carbon monoxide  
m a y  be one of the products  in the decomposi t ion of 
TEOS (8). I t  was proposed by  Fowkes  and Hess (19) 
that  CO m a y  remove oxygen atoms f rom the oxide, and 
as a resul t  affect Qr. 

I t  is usua l ly  s ta ted  in the l i t e ra tu re  that  the surface 
charge dens i ty  in the Si-SiO2 interface  is ma in ly  de te r -  
mined b y  the last  oxida t ion  or anneal ing  condit ion 
(20). This also has been found to be t rue  up to a cer -  

ta in degree  when P -TEOS g l a s s / S i O J S i  s t ruc ture  is 
used wi thout  the polysi l icon t r ea tmen t  (see Table I ) .  
Also, the dependence  of Qf on the dens i fy ing ambient ,  
Qf (s team) > Qf (oxygen)  > QY (argon)  is s imi lar  to 
that  r epor ted  in the  l i t e r a tu re  (20). However ,  af ter  the  
polysi l icon t rea tment ,  Qf depends  s t rongly  on fo rmer  
he a t - t r e a tmen t s  (Fig. 6). 

One possible exp lana t ion  for the dependence  of Qf on 
fo rmer  hea t - t r e a tmen t s  g iven to the  sample  is that  
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Fig. 5. Qf/q after polysilicon treatment (950~ 60 mln) per. 
formed on an undensified glass as a function of the phosphine to 
oxygen flow rate ratio in the P-glass deposition. 
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Fig. 6. Q f/q after a polysilicon treatment (950~ 60 min) as a 
function of the P-glass densification time, with densification am- 
bient and densification temperature as parameters. 

dur ing  the hea t - t r ea tmen t ,  which is a pa r t  of the po ly -  
silicon t rea tment ,  undensif ied glass s ta r t s  to be densi -  
fled. Since the glass is covered wi th  a polysi l icon film, 
large  stresses may  be in t roduced into the Si-SiO2 in te r -  
face, and  the in terface  qua l i ty  degrades.  However ,  this 
model  fails  to expla in  the g radua l  effect of a p r io r  a r -  
gon densification on the Qf/q measured  a f te r  the po ly -  
sil icon t r ea tmen t  (Fig. 6). I t  was repor ted  prev ious ly  
(11, 12) that  at  950~ the P-g lass  densification takes  

place dur ing  the first few minu{es of the t rea tment ,  
when oxidizing ambien ts  as wel l  as iner t  ambien ts  are  
used. Also, this model  does not  exp la in  the s t rong  de-  
pendency  found be tween  the P-g lass  deposi t ion condi-  
tions and Qf/q (Fig. 4 and 5). 

The increase  in Qf/q with  increas ing the phosphine 
to oxygen flow rat io in the deposi t ion (Fig. 5), as well" 
as the effectiveness of the  densification done in oxidiz-  
ing ambients  in reducing the Qf/q af ter  the polysi l icon 
t r ea tmen t  (Fig. 6), indicate  tha t  the source of the 
phenomenon is oxygen deficiency in the  P -TEOS glass 
films. The deposi t ion process of the  P -TEOS glass is 
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described by 

SiO4CsI-I~ ---> SiO2 + 4C~I-I4 + 2H20 

2PHs + 4 O2 ---> Pe05 + 3HeO 

It has been reported that if oxygen is not introduced 
into the system during the deposition, unoxidized 
phosphorus ions exist in the deposited glass (9). Thus, 
it is possible that even in the presence of oxygen the 
oxidation of phosphorus is not completed when the 
phosphine to oxygen ratio is too high. When the un- 
densified glass is capped with the polysilicon layer and 
heat-treated,  oxygen is reduced from the Si-SiO2 in- 
terface to complete the oxidation of the phosphorus 
ions and the density of the fixed surface charges in- 
creases. 

The experimental  results presented in this paper can 
be explained quali tat ively on the basis of oxygen de- 
ficiency in the P-glass and oxygen reduction from the 
interface. It is expected that the process of oxygen 
reduction from the interface will be slower at lower 
temperatures, which explains the results of Fig. 2. The 
linear dependence found between Qf/q and the P-glass 
thickness (Fig. 3) also becomes clear, because the num- 
ber of the initially unsatisfied phosphorus-oxygen 
bonds in the glass depends l inearly on the glass thick- 
ness (assuming the glass structure is uniform). The 
more oxygen introduced into the deposition system the 
less unsatisfied phosphorus-oxygen bonds there will be 
in the glass, which explains the results of Fig. 4 and 5. 
The influence of the densification treatment is also ex- 
plained. The phosphorus oxidation is completed by 
oxygen ions which are supplied from the ambient in 
the course of the densification treatment of the un- 
capped glass. The supply of oxygen from the ambient is 
slower at lower densification temperatures, and at 
lower part ial  pressure of oxidizing species (which is 
the case of argon t reatment) .  As a result, the influence 
of the densification treatment done in steam at 850~ 
or in argon at 950~ on Qf/q after the polysilicon t reat-  
ment is more gradual than that of densification t rea t -  
ment done at 950~ in oxidizing ambients. 

To further verify the proposed model of oxygen de- 
ficiency in the P-glass, oxygen ions were implanted 
into undensified P-glass (120 keV, 1 • 1014 cm-2),  and 
polysilicon treatment was given to the samples. Indeed, 
we measured Qf/q of 1.2 x 1011 cm -2 for the implanted 
samples, as compared to 7 • 1011 cm - s  measured for 
the control unimplanted samples. 

Conclusion 
The influence of some back end process steps on the 

density of the fixed surface charges in the Si-SiO2 in- 
terface has been studied. The results can be summar- 
ized as follows: 

1. Qf/q varies in the range 5-30 • 1010 cm-2 after 
the P-TEOS glass deposition (aluminum metallization). 

2. Densification of the P-glass by means of heat-  
treatment affects the Si-SiO2 interface. Qf/q is a func- 
tion of the densification ambient and can be ranked as 
Qf (steam) > Q~ (oxygen) = Qt (steam + oxygen) > 
Qf (argon) > Qf (steam + argon). Qf/q decreases 
with increasing densification time in dry ambients 
(aluminum metallization). 

3. Qf/q increases sharply after polysilicon treatment 
when it is performed on undensified P-TEOS glass 
films. It increases with increasing doping time (and 
tends to saturate) ,  doping temperature,  glass thick- 
ness ( l inearly) ,  and phosphine to oxygen flow rate 
ratio during the glass deposition. It is independent of 
the initial thermal oxide thickness. 

4. By densification of the glass in oxidizing ambients 
prior to the polysilicon treatment, one can achieve low 
Qf/q (<5 • 1010 cm-2) af ter  the polysilicon treat-  
ment. The effect is very fast for a densification t reat-  
ment done at 950~ but more gradual for densification 
done at lower temperatures. 

5. An argon densification ambient (prior to the 
polysilicon treatment) is not as effective as oxidizing 
ambients in reducing Qf/q after the polysilicon t reat-  
ment. 

6. Oxygen implantation into the P-glass prior to the 
polysilicon treatment is also effective in lowering 
Qt/q after the treatment. 

7. The experimental  results of this work can be ex- 
plained qualitatively on the basis of oxygen deficiency 
in the as-deposited P-TEOS glass film, and rearrange- 
ment in the Si-SiO2 interface for capped P-TEOS glass/ 
SiOs/Si structure. 

Acknowledgments 
The author wishes to thank W. T. Lynch for his con- 

tinuing interest and support, and for the suggestion to 
do the oxygen implantation experiment. Thanks are 
also expressed to L. P. Adda, J. Drobek, H. J. Levin- 
stein, S. P. Murarka, E. H. Nicollian, and F. Vratny for 
valuable discussions, E. 1. Povilonis for his assistance 
in the preparation of the samples, and P. Heimann, 
J. G. Barnes, and T. E. Smith for their help in the 
electrical measurements. 

Manuscript submitted Feb. 14, 1983; revised manu- 
script received June 6, 1983. 

National Semiconductor Corporation assisted in 
meeting publication costs o] this article. 

REFERENCES 
1. For reviews of the subject see: (a) R. P. Donovan, 

"Integrated Silicon Devices Technology, Vol. VII, 
Oxidation," Technical Report No. ASD-TDR-63- 
316, RTI, June (1965); (b) A. Goetzberger, E. 
Klausman, and M. J. Schultz, Crit. Rev. Solid 
State Sci., 6, 1 (1976); (c) E. N. Nicollian and 
J. R. Brews, "MOS Physics and Technology," 
John Wiley & Sons, New York (1982). 

2. B. E. Deal, in "Semiconducting Silicon 1977," H. 
Huff and E. Sirtl, Editors, p. 276, The Electro- 
chemical Society Softbound Proceedings Series, 
Princeton, NJ (1977). 

3. E. H. Snow and B. E. Deal, This Journal, 113, 263 
(1966). 

4. J. M. Eldridge, R. B. Laibowitz, and P. Balk, 
J. Appl. Phys., 40, 1922 (1969). 

5. J. M. Eldridge and D. R. Kerr,  This Journal, 118, 
986 (1971). 

6. W. Kern, R.C.A. Rev., 34, 655 (1973). 
7. W. E. Armstrong and B. L. Tolliver, This Journal, 

121, 307 (1974). 
8. K. Sugawara, Y. Yoshimi, and H. Sakai, in "5th 

International Conference on Chemical Vapor 
Deposition," J. M. Blocher, Jr., H. R. Hinterman, 
and L. H. Hall, Editors, p. 407, The Electrochemi- 
cal Society Softbound Proceedings Series, 
Princeton, NJ (1975). 

9. R. M. Levin and A. C. Adams, This Journal, To be 
published. 

10. J. Drobek and M. K. Becket, Private communica- 
tion. 

11. W. Kern, R.C.A. Rev., 37, 55 (1976). 
12. R. M. Levin, This Journal, To be published. 
13. R. C. Henderson and G. Nash, Annual Report pre-  

pared for Naval Electronic Systems Command 
under contract N00173-76-C-0144, October (1977). 

14. R. K. Wallace, A. J. Learn, and K. W. Schuette, 
IEEE ISSCC Tech. Dig., 148 (1980). 

15. T. Tsujide, N. Yasuoka, T. Tara, K. Tokushinge, N. 
Hirakawa, S. Matsue, and O. Kurakawi,  IEEE 
ISSCC Tech. Dig., 20 (1981). 

16. E. H. Nicollian and A. Goetzberger, IEEE Trans. 
Electron Devices, ed-12, 108 (1965). 

17. J. Drobek and L. P. Adda, Private communication. 
18. E. H. Nicollian and J. R. Brews, "MOS Physics and 

Technology," John Wiley & Sons, New York 
(1982). 

19. F. M. Fowkes and D. W. Hess, Appl. Phys. Lett., 22, 
377 (1973). 

26. B. E. Deal, M. Sklar, A. S. Grove, and E. H. Snow, 
This Journal, 114, 266 (1967). 



Comparative Study of Phosphorescence and Photostimulated 
Luminescence in Zinc Silicate Phosphors and Their Description by a 

Tunneling Model 
P. Thioulouse, I. F. Chang,* and E. A. Giess 

IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

ABSTRACT 

A tunneling pair recombinat ion model  has been proposed to describe the themost imulated luminescence in an earlier 
paper  (1). Under  the same concept  but  assuming two tunneling levels for the electron trap, a descript ion of phosphorescence 
decay (PP via one tunneling level) and photos t imulated luminescence (PSL via a second tunneling level) is presented.  Ex- 
perimental  results on PP and PSL  for manganese-doped silicates with and without arsenic codoping are reported.  A novel 
method of compar ing PP and PSL  in the temperature  and t ime domain leads to the determinat ion of energy values of the 
tunneling states. 

In an ea r l i e r  p a p e r  (1) ( r e fe r red  to as I ) ,  we s tudied  
the t h e r m a l l y  s t imula ted  luminescence  (TSL)  of zinc 
si l icate phosphors  and app l ied  a tunnel ing  pa i r  r ecom-  
binat ion model  for  its descript ion.  We also de r ived  a 
genera l  express ion  and a s implif ied ana ly t ica l  exp res -  
sion for TSL as a funct ion of t e m p e r a t u r e  and corre-  
la ted them wi th  e x p e r i m e n t a l  da ta  ob ta ined  f rom 
manganese -doped  zinc si l icate single crys ta ls  wi th  or 
wi thout  a rsenic  codoping. To obta in  t rap  act ivat ion 
energies,  one gene ra l ly  appl ies  the so-ca l led  Hoogen-  
s t raa ten  method,  which analyzes  the sh i f t  of the 
TSL peaks  wi th  changes in the  t empe ra tu r e  scanning  
ra te  /~(T ---- To + /3T). Tm being the t e m p e r a t u r e  of 
the m a x i m u m  of a TSL peak,  Hoogens t raa ten  (7) cal -  
cula ted  tha t  the  slope of the curve ln(/~/Tm 2) v s .  1~Tin 
would  give the ac t iva t ion  energy  E. In  Pape r  I, we  
showed tha t  the Hoogens t raa ten  method,  once es tab-  
l ished assuming tha t  e lectrons were  t h e r m a l l y  re leased  
into the conduct ion band,  was s t i l l  vaI id in the tun -  
nel ing model,  p rovid ing  tha t  E is defined as the energy  
of the t r ap  tunnel ing  level  above t r ap  ground state.  In  
this paper ,  using the same tunnel ing  in te rpre ta t ion ,  we 
develop a pa ra l l e l  analysis  of phosphorescence decay  
(PP)  and pho tos t imula ted  luminescence (PSL)  peak  
in tens i ty  wi th  a two tunnel ing  state model  and d e -  
s cr ibe  a novel  method  for  quan t i t a t ive ly  de te rmin ing  
the t rap  energy  levels.  The photos t imula t ion  effect, 
descr ibed  e lsewhere  (2-4),  was in t roduced  in phos-  
phor  s tudies  as a means  of inves t iga t ing  deep traps.  
In  the two- tunne l i ng  state model,  we assume tha t  the 
photos t imula t ion  excites the  t r apped  e lect ron to a 
h igher  tunnel ing  state whereas  the the rmos t imula t ion  
excites to a lower  tunne l ing  s ta te  as schemat ica l ly  
shown in Fig. 1. We presen t  the model  first, then  r e -  
por t  suppor t ing  expe r imen ta l  resul ts  of PP  and PSL  
measurements  car r ied  out  on the same zinc si l icate 
samples  as the  ones used in Ref. (1) and using the 
expe r imen ta l  se tup  as i l lus t ra ted  in Fig. 1. The nu-  
mer ica l  values  for  the  t r ap  energies  are  then der ived.  

Identity of Traps Involved in PP, TSL, and PSL 
Connect ing a coulomb me te r  to the ou tpu t  of a pho-  

tomul t ip l i e r  tube,  we measured  the to ta l  quan t i ty  of 
photons (wi th  QTSL1 a p ropor t iona l i ty  constant )  r e -  
leased dur ing  a t he rmog low expe r imen t  a f te r  expos-  
ing the Zn2SiO4:Mn sample  to UV l ight  (;~ = 254 nm)  
for  2 min at  a t empe ra tu r e  Tcv. We then  measu red  
the quan t i ty  of pho tos t imula ted  l ight  QPSL re leased  
dur ing  2 min  by  633 n m  photos t imula t ion  on the same 
sample  at  the same t e m p e r a t u r e  Tuv af te r  the  same 
UV exci ta t ion conditions.  F ina l ly ,  we measu red  the 
quan t i ty  of l ight  QwsI~2 re leased  b y  t he rmo lumines -  

* Electrochemical Society Active Member. 

cence, i.e., b y  w a rming  the sample  up at  the  s a m e  rate  
as for TSL1, a f te r  red l ight  was removed.  Fo r  var ious  
t empera tu re s  of Tvv (--190 ~ --150 ~ and --100~ s e -  
l e c t e d  because of high photos t imula t ion  efficiency),  we 
obta ined  an invar ian t  re la t ion:  QTSLI = QTSL2 -]- QPSL. 
Measurements  on a sample  codoped wi th  arsenic 
y ie lded  the same equali ty.  This means  tha t  the  t raps  
empt ied  b y  the photos t imula t ion  effect are  the ve ry  
same ones involved in t he rma l  s t imulat ion.  Conse-  
quently,  one m a y  conclude that  t h e r m a l l y  or ig ina ted  
phosphorescence and pho tos t imula ted  luminescence 
involve the same d is t r ibut ion  of traps.  This ve ry  im-  
por t an t  s t a t ement  emphasizes  the in teres t  of compara -  
t ive measurements  of PP and PSL  discussed below. 

Single Tunneling Level Model 
Phosphorescence.--Let us recal l  the deta i l s  of the  

tunnel ing  model  presented  in I. Long- l ived  PP  is ac-  
counted for  b y  the tunnel ing  of t r apped  electrons to-  
wards  ionized manganese  centers  and the i r  rad ia t ive  
recombina t ion  wi th  cap tured  holes. The s tate  of the  
phosphor  a f te r  UV exci ta t ion is charac te r ized  by  a 
concentra t ion (5, 6) of ionized pa i rs :  t ha t  is pai rs  
wi th  an ac t iva tor  having  cap tured  a hole and a t rap  
having  cap tured  an electron.  This concentra t ion p is 
a funct ion of the separa t ion  R be tween  donor and act i -  
vator ;  p(R,  t )dR is the number  of closest donor -ac t i -  
va tor  ionized pai rs  which have a separa t ion  be tween  R 
and R + dR, p (R, t) may  include a "neares t  ne ighbor  
factor" for large  impur i t y  densities.  I t  decays r ad ia -  
t ive ly  at  a ra te  

ap  (R, t) 
- -  p ( R , t ) W I ( R )  [1] 

St 
where  

Wz ( R )  : Ale-~a/a ] [2] 

The p a r a m e t e r  ] is the f ract ion of ionized pai rs  whose 
t r app ing  center  is in a tunnel ing  state. Af t e r  UV l ight  
removal  at  t ---- 0, the  phosphorescence in tens i ty  is 
g iven  b y  

L (t)  = --  dp (t) = - -  So = dp 
d t  T (R, t)aZr 

Yo" = p ( R , t ) W I ( R ) d R  [3] 

which is a function of time. At  s t eady  t empera tu re  a n d  
with  no photos t imula t ion  or  exci tat ion,  and not ing tha t  
exp --  E/kT  < <  1, we obtain:  f _--__ exp ( - - E / k T ) .  
Therefore,  the PP  in tens i ty  is 

L1 (t ,  T)  : A l e -  E/kT p (R, t) e -2R/a dR [4] 
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Fig. !. Apparatus for investigation of PP and PSL 

P S L  peak  in t ens i t y . - -Le t  us assume as a first s tep 
that,  in both the rmal  PP  and opt ical  PSL  effects, the  
t r apped  electrons are  exci ted to the same tunnel ing  
level  located at  energy  E above the ground  s ta te  of 
the trap.  If, at t ime to a f te r  UV removal ,  we expose 
the sample  to visible photos t imula t ing  l ight,  the over -  
al l  luminescence is ins tan taneous ly  ra ised to a new 
value  L2 

L2 (T, I) = A J  (T, I) p (R, to) e-~R/a dR [5] 

where  p (R) is the pa i r  concentra t ion af te r  a to second 
PP decay and where  $ ( T , I )  is the new value  under  
an incident  photos t imula t ing  l ight  of in tens i ty  I. The 
express ion for  f ( T , I )  has been  found in Ref. (1) by  
consider ing that  the  t r apped  electrons are in equi l ib -  
r ium be tween  the ground state and the tunnel ing  s ta te  

f (T ,  I) _--_ (exp ( - - E / k T )  ~- ~1I/C1)/(1 ~ ,alI/Cl) 

[6] 

In al l  prac t ica l  cases, we have  ~1I/C1 < <  1. Then,  
J(T,  I) ~ exp  ( - -  E / k T )  ~- ~1I/C1. 

Taking  the rat io  of PSL intensi ty,  ~ L ( T , I )  = 
L2(T, 1) -- LI (t, T) over  PP  in tens i ty  Ll(t0, T) at  t ime 
to, we find 

/ ( T , I )  
r = r (T ,  I) -- - -  1 = (~1I/C1) exp ( E / k T )  

I (T ,O)  
[7] 

This rat io is independen t  of the t ime to e lapsed be-  
tween UV remova l  and PSL exci ta t ion and can be 
r ewr i t t en  as 

E 
In r ---- -F [8] 

k T  \ C~ / 

Therefore,  measur ing  the rat io  r at  dif ferent  t e m p e r a -  
tures  T and p lo t t ing  In r vs. 1 / kT  would  give a s tra ight  
l ine wi th  a slope E, the ac t iva t ion  energy  of the  tun-  
ne l ing  level.  

The  pa r t i cu l a r  in teres t  of this method arises because 
the  rat io  r of ins tantaneous  PSL luminescence over  PP  
in tens i ty  at  the same t ime cancels the contr ibut ion  of 
the pa i r  d i s t r ibu t ion  [the in tegra l  in (4) and (5) ] ;  the 
ana ly t ica l  express ion for  r does not  requi re  any as-  
sumpt ion  concerning this dis tr ibut ion.  

However ,  using a 633 nm He-Ne  laser  as PSL  exc i ta -  
t ion source, we expe r imen ta l l y  found that,  at  any  
t empera tu re ,  the rat io r was dependen t  on the t ime 
elapsed be tween  UV removal  and the red PSL  exc i ta -  
tion, t he reby  inva l ida t ing  our  s ingle tunnel ing  level  
model  for the 633 nm PSL effect. This d iscrepancy can 
be exp la ined  by  the significant difference be tween  the 
He-Ne  laser  opt ical  energy  1.96 eV and the t rap  act i -  
vat ion energy  9.7 eV as de te rmined  by  the Hoogen-  

s t raa ten  method  (7) (see the sect ion on Expe r imen ta l  
Results  be low) .  However ,  this s imple  single tunne l ing  
level  should be val id  for the PSL effect us ing an  
in f ra red  source wi th  optical  energy close to the ac t i -  
vat ion energy  E. Such exper iments  are ye t  to be ca r -  
r ied out  wi th  a tunable  in f ra red  laser.  

Two Tunneling Level Model 
We shal l  assume in this sect ion that,  a l though the r -  

mal  ac t iva t ion  and opt ical  s t imula t ion  involve the 
same t rap  dis t r ibut ion,  the PSL  act iva ted  electrons are 
exci ted  to a sha l lower  and less localized tunnel ing 
state. Let  us call  E' the energy  of the sha l lower  tun -  
ne l ing  level  above the ground state of the t rap  and W2 
the cor responding  tunnel ing  rate.  Let  e be the ground 
s ta te  energy  of the t rap  measured  wi th  respect  to the 
conduct ion band. F igure  2 shows the energy  band  
d iag ram of this  model.  

P P  express ion . - -PP is occurr ing  f rom tunnel ing  of 
electrons f rom the same t rapp ing  state (State  1 in Fig. 
2) as in the single tunnel ing level  model.  Equat ions  
[1]-[4]  are  st i l l  valid.  Here  we der ive  a more  expl ic i t  
express ion of L l ( t ,  T) needed  for fu r the r  calculations.  
S ta r t ing  f rom express ion  [3] for luminescence,  the 
fol lowing calculat ion is ve ry  s imi la r  to Delbecq's  (5) 
and our analysis  in section II.E of I. The PP in tens i ty  
is 

f: L I ( t , T )  = W z ( R ) p ( R , t ) d R  

= po(R)Wl (R)e -W~(R) tdR  [9] 

wi th  
p(R ,  t) = po(R)e-Wl(R) t  

where  po(R) is the ionized pa i r  concentra t ion when 
UV light  is jus t  removed.  

The funct ion g(R)  = W I ( R ) e  -wl(R)t reaches its 
m a x i m u m  at R = Re, i.e. 

W1 (Re) t = 1 
o r  

a 
Rc (t)  = - -  In  (Ale--E/kT t)  [10] 

2 

We shal l  keep the same assumption,  the re la t ion 
[13] in section II.E. of I, tha t  is: A1 exp ( E / k T )  > >  
1 sec -1. Then, for  t l a rge r  than  1 sec, Re(T) is much 
la rger  than  a. In  the same manne r  as in section II.E, 
one can demonst ra te  tha t  g(R)  is much  smal le r  
than  g(Rc) outside a "nar row"  region of wid th  a 
a round  Rc. Assuming that  po(R) is va ry ing  s lowly 
wi th  R compared  to g ( R ) ,  we can take  the concent ra-  
t ion funct ion out of the in tegra l  and obta in  

2.36 

CONDUCTION BAND 

.... T TE2 TUNNELSTATE2 
E1 I TUNNEL STATE 1 

El  /E'GROUND STATE 

TRAP 

Mn 

VALENCE BAND 

Fig. 2. Energy band diagram for manganese activated zinc silicate 
(with or without arsenic codoping) in the two tunneling level inter- 
pretation of phosphorescence and photostimulated luminescence. 
Thermally activated electrons are transferred from traps to excited 
Mn centers through the low energy tunneling state 1 while optically 
excited electrons are proceeding through the higher and thereby 
less localized tunneling level 2. 
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LI (t, T) : Po(Rr Wl(R)e-W~<R)tdR [11] 

Employ ing  an in te rmedia te  in tegra t ion  var iab le  v - -  
e -w~(a)t, and using again  A1 exp -E/kT >:>  1 sea -1 
and t > 1 sec, we get  

a 
L1(t,  T) : ~ po(Rc) [12] 

where  Re( t )  is g iven by  [10]. 
This express ion  is s imi lar  to tha t  obta ined  by  

Delbecq (5), except  tha t  we keep  a nonexpl ic i t  t e rm  
for the pa i r  concentra t ion  P0 (R).  

PSL peak intensity.--Let to be the t ime e lapsed a f te r  
UV remova l  when we app ly  P S L  l ight  and  nL be the  
P S L  peak  in tens i ty  at  tha t  t ime. At  t ime to, the  pa i r  
concentra t ion  is the one af te r  a PP decay of to sec, 
tha t  is p(R,  to) : po(R)e-W~(R)to. The PSL peak  is due 
to photoexc i ted  e lect rons  tunnel ing  to manganese  cen-  
ters  f rom the sha l lower  tunnel ing  leve l  a t  a ra te  
W2 (R) and can be expressed  as 

Z ~L(T , I )  = P(R,  to)Wg.(R,I)dR 

s = Po(R)e-W~(~)~Wz(R,I)dR [13] 

The ra te  We(R, I) is given by  

W2(R, I)  = A2e-eR/b I2(T, I) 

where  b is the radius  of wave  funct ion for the sha l -  
lower  t rap  tunnel ing  level  over lapp ing  with  the m a n -  
ganese (b > a) and  where  ~2 is the f rac t ion of t r apped  
e lec t rons  exci ted  to this sha l lower  level.  This level,  
located high above the ground state,  is l ike ly  to be 
only  popula ted  by  photoexc i ted  electrons;  therefore  

~2I ~2I/C2 ~ I  
e--E'/kW < <  ~ < <  1 and ]2 (T , I )  --~ - - - ~ - -  

c.2 1 + ~I/C2 ca 

where  C2 and a~ are  the capture  cross sect ion and 
photoexci ta t ion  efficiency associated wi th  the sha l -  
lower  tunnel ing  level. S imi la r  to g ( R ) ,  the funct ion 
h (R) : W2 (R, I)e-W~(a)to reaches its m a x i m u m  at Rd 

~ 
Rd : - ~  112 (toA.te -E/kw) + i n  [14] 

Assuming  the re la t ion  in [13] in I as above, and not ing 
that  b/a is expe r imen ta l l y  found to be of the o rde r  of 
2, we find tha t  Rd is a lmost  equal  to Rc and much  
b igger  than  the "width"  a -5 b/2 of the funct ion h. 
Fo l lowing  the same reasoning as in the previous  sec-  
tion, we have 

a2I r162 
hL(T, I) ~-- A~-~2 Po(Rd) ~o e-gR/b e-W~(R)t~ 

We define a new in tegra t ion  var iable :  w --  Wl(R)to.  
2 

Then: dw = -- - - w d R  and the in teg ra l  becomes 
a 

G =: e--2R/b e-W~(a)todR __ 

- -  "~ (Ale -E/kT to) --b/a W ( a / b ) - l e - w d w  [15] 
L' W~(0)to 

where  the lower  in tegra l  l imi t  is much g rea t e r  than  
unity.  Therefore,  we have 

G~--- - -  
2 

and 

/~L (T, 1) 

a a a E 

b a [ a \ o : 2 I  b b kT 
_~ A, - -  A 2 r  [ - - ~ )  Po (Rd) tO e [16] N 

Expression ]or the ratio ~L/Ll.--Comparing [10] 
and [14], we have  

(Rd --  Rc) /Re 

-- ( l n b  ) / ln (toAl exp ( -  E /kT)  ) << l 

Thus we can assume P0 (Rd) ----- P0 (Re) and der ive  t h e  
express ion for  the rat io  r(t0, T, I )  = aL(T,  I)/L1 (to, T) 
to be 

( ~ )  a E 

b kT 
r ( t l ,  T, I)  = Kto e [17] 

where  K : Al-<alb)A2r(a/b) a2I/C2. One notes that ,  
in our tunnel ing  level  model,  r becomes t i m e - d e p e n -  
dent  (compar ing  [17] and [7]).  This t ime dependence  
is a s imple  power  law as opposed to the case of PP  (L1) 
and PSL  (aL)  whose ind iv idua l  behav ior  wi th  t ime is 
complicated by  factors of Po(Rc(t)) and P0(Rd( t ) )  
wi th  unknown  t -dependence .  

Experimental application.--Based on the theory  
above, one can devise the fol lowing expe r imen ta l  
methods  to ve r i fy  its va l id i ty :  

Expe r imen t  1 - -Keep ing  a s teady  t empera tu re ,  mea -  
sur ing the rat io  r(to) of the PSL  peak  ~L over  PP  in -  
tens i ty  L1 at a t ime to a f te r  UV exci ta t ion  r emova l  and  
repea t ing  this expe r imen t  at  the same UV exci ta t ion  
conditibns but  for var ious  va lues  of to ~should give us 
the t ime-depeNdence of r. A plot  of l o g r ( t 0 )  vs. logt0  
should y ie ld  a s t ra ight  l ine with a slope of 1 - -  a/b, 
t he reby  de te rmin ing  the value  of a/b. 

Exper imen t  2 - -Repea t ing  the same expe r imen t  for 
a fixed amount  of t ime to, but  at  var ious  tempera tures ,  
should give us the t empera tu re  dependence  of r. A 
plot  of ln r( t0)  vs. 1/kT should give a s t ra igh t  l ine 
wi th  a slope of (a/b)E. Knowing  a/b f rom expe r imen t  
1 we can then de te rmine  E. 

We shal l  defer  the  discussion of e xpe r ime n t a l  r e -  
sults to a l a t e r  section. 

A simple quantum analysis.--Let E1 (and E2) be the  
energy  depth  of the deeper  (and sha l lower)  tunnel ing  
level  wi th  respec t  to the conduct ion band. The con- 
s tants  a and b in the tunnel ing  ra te  express ions  are  
in fact the Bohr  radi i  of the two e lec t ron exci ted  levels  
in the t r app ing  centers.  Quan tum theory  yields  tha t  a 
and b are  respect ive ly  p ropor t iona l  to EI-~',  and E2-v2. 
Therefore,  we have 

El~E2 : b2/a 2 [18] 

F rom [18] a n d ,  ---- E + E1 --  E2 -5 E' (see Fig. 2), we 
obta in  

E1 -- (E' -- E ) / ( 1  - a2/b ~) 
and 

E~ = (E' -- E)l(b~la~ -- 1) [I9] 

Knowing  the values  of E and a/b f rom the expe r i -  
menta l  method  descr ibed above and de te rmin ing  the 
energy E' of the opt ical  exci ta t ion  separa te ly ,  one 
could then obta in  the  numer ica l  values  for  E,, E2, and  
e and get a complete  and quant i ta t ive  energy  leve l  
re la t ionship  for the t r app ing  centers.  

Experimental Results 
The expe r imen ta l  methods  descr ibed above  have 

been shown to be self-sufficient and to give s t ra igh t  
fo rward  values  for E and a/b f rom measurements  of 
the t ime and t empe ra tu r e  dependence  of the ra t io  
• However ,  in o rder  to ver i fy  the i r  accuracy,  we 
app ly  the  Hoogens t raa ten  method (va l ida ted  in the  
tunnel ing  process scheme in I)  to get  a f a i r l y  accurate  
value  of E f rom TSL measurements .  We then  de te r -  
mine a/b f rom Expe r imen t  1, the t ime dependence  of 
r, and f rom Exper imen t  2, the t empe ra tu r e  dependence  
of r, a second va lue  of a/b which can be compared  with  
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each o ther  to check the va l id i ty  of our  two tunnel ing  
level  model.  

Two manganese -doped  zinc si l icate single crys ta ls  
(8) were  s tudied:  the first one is codoped wi th  arsenic 
(2228B, Mn: 0.067 w/o,  As: 0.0011 w / o ) ,  the second one 
is a rsenic- f ree  (2159~ Mn: 0.6 w / o ) .  The expe r imen ta l  
results  are  discussed below. 

M n - A s  codoped sample . - - ( i )  Our the rmoglow mea -  
surements  show a wel l -def ined  peak  at  260 K for va r i -  
ous heat ing rates  and the Hoogens t raa ten  method 
yields an ac t iva t ion  energy  E of 0.69 eV as shown in 
Fig. 3. 

(ii) We i r r ad ia t ed  the sample  wi th  a 254 nm Hg l ine 
for 3 rain and exposed i t  to a 633 n m  He-Ne  laser  
beam 3 min af te r  UV remova l  (to --  180 sec).  A t  t ime 
to, we measured  the PP  in tens i ty  Lz ( just  before  red  
l ight  i l lumina t ion)  and the PSL  peak  in tens i ty  hL 
and calcula ted the rat io  r. The same expe r imen t  was 
repea ted  eve ry  ten degrees  f rom --80" to --10~ 
Figure  4 gives an Ar rhen ius  plot  of Li (PP)  and hL 
(PSL)  showing the i r  t empera tu re  dependence.  An  
Arrhen ius  plot  of r gave a s t ra igh t  l ine over  more  than 
two orders  of magni tude  as shown in Fig. 5. The slope 
de te rmines  tha t  (a /b )E  =, 0.46 eV. One m a y  point  out  
that  the expe r imen t  is l imi ted  on the high t empe ra tu r e  
side by  the weakness  of the  PSL  signal  compared  to 
PP fluctuations. The devia t ion  of the expe r imen ta l  
curve f rom the s t ra ight  l ine on the l o w - t e m p e r a t u r e  
side c a n  be expla ined  in the fol lowing way:  a t  low 
tempera ture ,  In (toA1 exp ( - -  E / k T )  ) can no longer  be 
assumed to be much grea te r  than In b/a (or un i ty ) ,  
Rd can no longer  be considered equal  to Re and thus 
Po(R) m a y  not  be considered as a constant  in the in-  
tegra l  of the luminescence expression.  

(iii) Combining the value  of (a /b )E  found in (ii) 
with the value of E de t e rmined  b y  the thermoglow 
m e a s u r e m e n ~  in ( i ) ,  we  obtain a/b -- 0.667. 

(iv) We selected the t empe ra tu r e  --40~ in the  
s t ra ight  pa r t  of the curve and repea ted  the same ex -  
pe r imen t  for  var ious  t imes to. Log- log  plots of P P  
in tens i ty  and PSL peak  in tens i ty  as a function of t ime 
show two different  non l inear  curves (Fig. 6). How-  
ever,  the rat io r --  ~L/L1 displays  a power  l aw de-  
pendence on t ime to as t0.2s y ie ld ing  a value of 0,72 
for a/b. This is in good agreement  wi th  the va lue  
(0.667) obta ined f rom the t empera tu re  dependence  
measurements  thus confirming the analysis  in a p re -  
vious section. 

(v) The energy  E' of the h igher  tunnel ing  level  of 
the t raps  is l imi ted  by  the He-Ne laser  ene rgy  which 
is 1.96 eV, i.e., E' ~-- 1.96 eV. 
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Fig. 3, A Hoogenstraaten plot for the 260 K thermoglow peak 
of the Zn2SiO4:Mn,As sample. W~ measured the temperature TM 
of the TSL peak for various heating rates 8. For all thermoglow 
runs, the sample was irradiated with UV light of 254 nm for 2 rain 
at --190~ The slope yields the activation energy: E = 0.69 eV. 
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Fig. 4. Temperature dependence of the phosphorescence intensity 
(PP) measured 3 min after UV exposure was stopped and of the 
photostimulation luminescence peak intensity (PSL) induced by 633 
nm He-Ne light exposure at the same time. The phosphor is 
Zn2SiC)4:Mn, As. Conditions of UV exposure are 254 nm light for 
3 rain. 
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Fig. 5. Temperature dependence of the ratio r - -  ,~L/LI for the 
Zn~SiO4:Mn,As sample. We used the va, lues of AL (PSL) and L1 
(PP) plotted in Fig. 3. The slope yields (a/b) E -~ 0.46 eV. 

F r o m  e x p r e s s i o n  [19] ,  E = 0.69 e V  a n d  a/b = 0.667, 
w e  o b t a i n  

gz  -~ 2.28 e V  

E2 ----- 1.02 e V  
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Fig. 6. Dependence of phosphorescence Lz(PP), photestimulated 
luminescence ~L(PSL) and ratio r - -  ~ L J L z  on time elapsed after 
UV light is removed (temperature iJs at --40~ excitation is 254 
nm light for 3 min). The ratio shows a power dependence on time: 
t ~ which yields o / b  = 0.72. 

This yields  a g round  s ta te  energy  for the t rap  that  is 
equal  to or  less than  2.97 eV below the conduct ion 
band.  The precise  va lue  of the ground s ta te  energy  
can be de t e rmined  if  one can use a high power  tunable  
l ight  source to de te rmine  E' precisely.  

Mn doped sample . - - ( i )  For  this sample,  the rmoglow 
measurement s  show one s t rong  peak,  noted  1, at  229 K 
and ano ther  wel l  s epa ra t ed  one, noted 2, at  361 K. We 
did not  s tudy  the first two TSL peaks  ( located at  140 
and 179 K)  because i t  is difficult to isolate  them f rom 
the main  peak.  Aga in  using the Hoogens t raa ten  
method,  we obta in  an act ivat ion energy  0.68 eV for 
the first peak  and 0.96 eV for the second one shown in 
Fig. 7 and Fig. 8, respect ively .  

(ii) The same expe r imen t s  as for  the  M n - A s  co- 
doped sample  were  car r ied  out. Ar rhen ius  plots  of PP  
in tens i ty  and PSL  peak  in tens i ty  (Fig. 9) a t  (to = 180 
sec af te r  UV remova l )  show curves  s imi lar  to those 
for  M n - A s  codoped samples  (Fig. 7) for  the low t em-  
p e r a t u r e  region though shif ted towards  lower  t e mpe r -  
atures.  The high t empe ra tu r e  TSL peak  in t roduces  an 
addi t iona l  peak  in  these curves.  App ly ing  the same 
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Fig. 7. A Hoogenstraaten plot for the 229 K thermoglow peak of 

the Zn2SiO4:Mn,As sample. We excited the sample with 254 nm 
UV light for 2 rain at -- Ig0~ The slope yields: E = 0.68 eV. 

10 

+ 
5 -  ~ 

E = .96 eV 

I- 

1 
:-h, 

. 6  l t 
2.76 2.8 2.9 3 3.04 

1000/TM ( ~  1) 

Fig. 8. A Hoogenstroaten plot for the 361 K thermoglow peak of 
the Zn2SiO~:Mn sample (we used the some TSL experiments as in 
Fig. 7). The activation energy found is: E = 0.96 eV. 
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Fig. 9. Temperature dependence of LI(PP) and ~L(PSL) for the 
Zn2SiO4:Mn sample. The measurements were carried out in exactly 
the same conditions as for the sample codoped with arsenic (Fig. 
4-6). 

method  as for  the  M n - A s  codoped sample,  the  p lo t  of 
In r vs. 1/T yields a s t ra igh t  l ine over  a lmost  two 
orders  of magni tude  in the peak  1 t e m p e r a t u r e  region 
(Fig. 10) and over  one and a ha l f  orders  of magni tude  
in  the peak  2 region (Fig. 11). In  Fig. 10 (peak  1), the  
da ta  were  l imi ted  on the low t empera tu r e  side by  
in terac t ion  wi th  the  first two TSL peaks,  on the high 
t empe ra tu r e  side by  invo lvement  of the  h igher  t em-  
pe ra tu re  peak  in the PSL  effect. 

(iii) Analys i s  of peak  1. Plot  of the t e mpe ra tu r e -  
dependence  of r gives: (a /b )E  = 0.45 eV (Fig. 10). 
Subs t i tu t ing  the value of E (0.68 eV) found in the 
the rmoglow measurements  yields:  a/b .= 0.662. A plot  
of the t ime dependence  of r at  T ---- --61~ shows a 
power  l aw behavior :  r ~ t 0.2~ which yields  a/b = 0.77 
(Fig. 12) which again  is in good agreement  wi th  the 
first value  ca lcula ted  from the t empe ra tu r e  depen-  
dence of r. 

S imi la r  to sect ion above on an Mn-As  codoped 
sample,  t ak ing  the red  laser  energy  (1.96 eV) as the  
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Fig. 10. Temperature dependence of ratio &L/L1 for the Zn2SiO4: 
Mn sample in the TSL peak 1 region. Values were computed from 
experimental results shown in Fig. 8. The slope determines: (a/b) 
E -" 0,45 eV. 
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Fig. 11. Temperature dependence of ratio AL/Lt for the Zn2Si04: 

Mn sample in the TSL peak 2 region. We used the data plotted 
in Fig. 8. The slope of this curve yields: (a/b)E = 0.47 eV. 

maxzmum value for E', E = 0.68 eV, and a/b = 0.662, 
we obtain: E1 ~ 2.28, E2 ~ 1 eV, and e ----- 2.96 eV. One 
notes that  these energy values are close to those de- 
termined for the Mn-As  codoped sample. Moreover, 
for both samples, there is a s imilar  tempera ture  de- 
pendence of r as shown in Fig. 13. These similari t ies 
suggest that  the traps responsible for PP and PSL 
observed (peak 1) in the Mn doped sample may be of 
the same na ture  as those in the Mn-As codoped sam- 
ple. Differences in apparent  PP and PSL magni tudes  
and their  temperature  dependence (compare Fig. 4 
and Fig. 9) observed from one sample to the other 
may be due to very different pair  distributions. 
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Fig. 12. Time dependence of LI(PP), AL(PSL), and r = L~L/LI 
for the Zn2SiO4:Mn sample. Experimental conditions were similar 
to the ones of the Fig. 10 measurements. The temperature was at 
--61~ The ratio r has a t ~ dependence, which yields: a/b = 
0.77. 
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Fig. 13. Temperature dependence of the ratio r ~-. A L / L  z for 
samples both with and without arsenic codoping. Both curves follow 
the same pattern over more than two orders of magnitude. 

(iv) Analysis of peak 2. A plot of the tempera ture  
dependence of r for the peak 2 region yields (a/b)E = 
0.4'/ eV (Fig. 11). Taking the Hoogenstraaten value of 
E as 0.96 eV, we obtain that  a/b ~. 0.49. However,  as 
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Fig. 14. Time dependence of LI(PP), ~L(PSL), and r ~ ~L/Lz 

for Zn2Si04: Mn sample. Experimental conditions were the same as 
in Fig. 6 and 12; the temperature was at ~47~ The ratio r 
displays a power dependence, t ~ leading to a/b _~ 0.65. 

shown in Fig. 14, the t ime dependence  measuremen t  
at  T --  ~-47~ (Fig. 14) yields:  a/b ~ 0.65. Thus, 
there  is a large  d iscrepancy be tween  the two values 
( ~  30%).  Fu r the rmore ,  as one recal ls  the pecu l ia r  
behavior  of the TSL peak  2 to the var ia t ion  of exc i ta -  
t ion condit ions (see Fig. 4 and 5 of pape r  I ) ,  one may  
suggest  that  the  charge  t rans fe r  f rom the peak  2 set 
of t r app ing  centers  to luminescent  centers  is not  l im-  
i ted to a tunnel ing  process and m a y  involve the con- 
duct ion band.  

Summary 
Using a pa i r  recombina t ion  model  wi th  two tunne l -  

ing levels,  we car r ied  out a compara t ive  s tudy  of PP  
and PSL in Mn-doped  zinc si l icate phosphors  (wi th  or  
wi thout  As)  for 254 nm UV exci ta t ion and 633 n m  
photost imulat ion.  Using a s ingle tunnel ing  level  model,  
one predic ts  that  the rat io r of h L ( P S L ) / L I ( P P )  is 
independen t  of t ime and fol lows an exp - -E/kT t em-  
pe ra tu re  dependence  (the act ivat ion energy  E m a y  be 
obta ined f rom a Hoogens t raa ten  p lo t ) .  However  this 
is inconsis tent  wi th  expe r imen ta l  data  which  showed a 
power  law behav ior  for  r vs. t ime and an exp - - ~ E / k T  
dependence  of r upon t empe ra tu r e  wi th  a < 1. We 
presented  a two tunnel ing  level  model  which could 
account for  both  of these expe r imen ta l  t -  and T-  
dependencies  of r. Moreover ,  in this in te rp re ta t ion  we 
could predict ,  in good agreement  wi th  exper iment ,  
that  t -  and T-dependences  of r were  re la ted  to each 

o ther  by  a common p a r a m e t e r  a/b, tha t  is: r ( t )  --  
K t ( 1 -  a/b) whereas  r ( T )  --  K' exp --  a/b E/kT. 
Fur the rmore ,  this model  yielded,  th rough  e xpe r imen-  
tal  de te rmina t ion  of a/b, a complete  energy  leve l  dia- 
gram of the t raps  responsible  for PP  and PSL. We de- 
termined numer ica l  values  for  the depths  of t r ap  
ground s tate  and tunnel ing levels  which are  as follows. 
For  Mn and As codoped sample,  E --- 0.69 eV, a/b -- 
0.66 by  t empe ra tu r e  dependence  data and a/b -" 
0.72 by  t ime dependence  data;  thus E1 ---- 2.3 eV, E~ 
:= 1.0 eV, and E --  3.0 eV. For  Mn-doped  sample,  E 
- :  0.68 eV, a/b -~ 0.67 and 0.77 corresponding to the 
two methods.  The t raps  present  in samples  both wi th  
and wi thout  arsenic are  found to be of the same type  
but  wi th  different  d i s t r ibu t ion  (we exclude the high 
t empera tu re  set  of t raps  of the sample  wi thout  As) .  
These resul ts  m a y  suggest  that  arsenic  codoping m a y  
induce a change in the t rap  spa t ia l  d is t r ibut ion  r a the r  
than  in the na ture  of the t raps  themselves.  In  the l imi t  
that  the photos t imula t ion  energy  is the same as the 
thermos t imula t ion  energy,  the two tunnel ing  level  
model  should be reduced to a s ingle tunnel ing  l eve l  
model  which can account for  the PP  and P S L  be -  
havior.  This should be observable  if one uses a tunab le  
l ight  source in the in f ra red  ef sufficient intensi ty.  
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Aspects of GaAs Selective Area Growth by Molecular Beam Epitaxy 
with Patterning by SiO2Masking 
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ABSTRACT 

The selective epi taxy of GaAs through windows in SiO2 deposi ted on semi-insulating GaAs substrates has been studied. 
Etching of the (100) substrates for planar inlaid deposit ion may incur problems of irregular nonfiat-bottomed profiles to 
the troughs, and problems of voids after deposi t ion because of the SiO~ undercutt ing.  It is shown that  flat-bottomed holes 
may be obtained by use of an etch of composi t ion l I~ SO4:2.5I-$ O2:50H20 and that  this has a suitable etch rate. The problem 
of voids because of SiO~ undercut t ing may be solved by  an extra step that  removes the overhangs. Many orientations of 
pat terns were studied on the substrates to confirm the effectiveness of the recommended  procedures.  

Select ive ep i t axy  is l ike ly  to become an increas ingly  
impor tan t  technology for the fabr ica t ion  of monoli thic  
ga l l ium arsenide  in t eg ra ted  circui ts  since i t  opens up 
the poss ibi l i ty  tha t  s t ruc tures  may  be made tha t  differ 
f rom those cu r ren t ly  achieved in GaAs b y  ion imp lan -  
ta t ion or  diffusion processes. 

Typical ly ,  the  selective ep i t axy  process uses de -  
posi ted SiO2 or  the rmal  oxide Ga20~ pa t t e rned  to form 
windows on semi- insu la t ing  (100) GaAs th rough  
which the growth  takes place. The GaAs under  these 
windows may  be etched to form troughs into which 
ep i tax ia l  GaAs is inlaid  or  the GaAs may  be epi-  
t ax ia l ly  grown on the or iginal  subs t ra te  surface to 
form low profile mesa structures.  The ep i t axy  tech-  
nologies tha t  have been considered are  l iquid  phase  
ep i t axy  LPE (1-4),  vapor  phase ep i t axy  VPE (5-10),  
and molecular  beam ep i t axy  MBE (11-20). In  MBE, 
the g rowth  is by  impinging  the rma l  energy beams of 
atoms or  molecular  species  such as As4 or  As2 onto the 
hea ted  substrate.  The resul t  is tha t  deposi t ion occurs 
both on the exposed GaAs . in  the window area  where  
the g rowth  is ep i tax ia l  and on the insula tor  region 
SiO2 or Ga208 where  the deposi t  is fine gra in  po ly -  
crys ta l l ine  GaAs tha t  is effect ively semi- insula t ing .  If 
the  po lycrys ta l l ine  GaAs is ve ry  high in resistance,  i t  
m a y  be lef t  in place or, if it  is unwan ted  or  lower  in 
resistance because of doping dur ing  the growth,  i:t m a y  
be removed  af ter  deposit ion.  

A special  fea ture  of the MBE process is that  i t  is a 
direct  l ine of flight process and therefore  in the e tch-  
and-f i l l  technology,  ep i t axy  of monocrys ta l l ine  GaAs 
takes place f rom the bot tom of the etched t rough and 
there is v i r t ua l ly  no overgrowth  p rob lem at  the edges 
of the t rough.  This is in cont ras t  to LPE and VPE 
techniques where  g rowth  proceeds  f rom the wal ls  in-  
ward  as wel l  as f rom the bot tom upward .  This  leads  
to low qual i ty  monocrys ta l l ine  g rowth  at the pe r ime-  
te r  of the trough, facet  formation,  and a t endency  for 
overgrowth  of the edges wi th  rough large  gra in  po ly -  
crys ta l l ine  GaAs. This dis tor ts  the size and shape of 
the effective window and the effect is o r ien ta t ion  de-  
pendent .  Hence LPE and VPE are  not  good processes 
unless ove rg rowth  is de l ibe ra te ly  being sought,  as 
when bury ing  the meta l  gr id  of a pe rmeab le  base  
t rans is tor  or in the c leaved film process for  solar  cells. 

However ,  in MBE select ive ep i t axy  by  e tch-and-f i l l ,  
there  is need to p reven t  an insula tor  profile tha t  arises 
f rom undercu t t ing  and resul ts  in the presence of edge 
voids in the refil l ing stage. Fur the rmore ,  for p l ana r  

* Electrochemical Society Active Member. 
Key words: etching, orientation, semi:insulating GaAs, poly- 

crystalline GaAs. 

filling, the  e tched hole mus t  be f la t -bot tomed.  This  
paper  discusses etching and masking  procedures  tha t  
accomplish these ends. 

Specimen Preparation 
The (100) subs t ra tes  of GaAs used in the exper i -  

ments  were  e i ther  Cr -doped  or  LEC semi - insu la t ing  
ma te r i a l  or  conduct ing subs t ra tes  wi th  Si or  Te 
doping. A norma l  organic solvent  and acid c leaning 
procedure  was appl ied  and the c lean  pol ished surfaces 
were  then coated wi th  SiO2 by  chemical  vapor  deposi-  
t ion f rom Sill4 and oxygen  or by  sput ter ing .  SiO2 
thicknesses ranging f rom 3000 to 1000A were  used. 
S t anda rd  photo l i thographic  techniques were  appl ied  
and the SiO2 in the photores is t  window areas  was 
removed  by  etching wi th  buffered H F  solution. 1 

Af te r  a fu r the r  organic solvent  t rea tment ,  the  sub-  
s t rates  on which mesas were  to be grown were  given 
an oxide removing e tch of 10% HC1 and r insed in 
deionizing water .  The subs t ra tes  for the e tch-and- f i l l  
exper iments  were  etched to depths  of severa l  microns 
through the SiO2 windows wi th  a solut ion of 1H2SO4: 
2.5H202:50H20 at  room t empera tu re  (these etch p ro -  
por t ions  are discussed in the  sect ion tha t  fol lows) a n d  
r insed in DI water .  

Selective Etching Studies 
The surface p repa ra t ion  for  the p rocedure  shown in 

Fig. 1 (a) has the a im of mere ly  cleaning the or ig inal  
subs t ra te  surface of res idual  SIO2, photoresist ,  and 
na t ive  oxide pr io r  to g rowth  and for this  10% HC1 is 
the acid etch used. For  the e tch-and- f i l l  technology of 
Fig. 1 (b) ,  the flatness of the bot tom of the  etched hole 
is of impor tance  and we have s tud ied  this for a num-  
ber  of etch solutions. 

The H2SO4-H~O~-H20 sys tem is the  one most  com- 
monly  used as a surface pol ishing e tchant  for  GaAs 
and this is the one we have  concent ra ted  on. The 
propor t ions  of this etch were  found to have a con- 
s iderable  influence on the profile of the  e tched hole. 
Shaw (21) has repor ted  tha t  when using the mix tu re  
5H2804: 1H~O2:1H20 for select ive etching the bo t tom 
of the holes were  ve ry  nonp lanar  wi th  the greates t  
e tching occurr ing  nea r  the  mask  edges. The etching 
process is considered to be as follows 

GaAs + 4H20~ ---- GaAs,O4 -5 4H,~O 

2GaAsO4 + 3H2SO4 ---- Ga2 (SO4)s + 2HsAsO4 

1 Supplied by the Transene Company Incorporated, Rowley, 
Massachusetts, and consisting of a fluoride, bifluoride, and hydro- 
fluoride acid buffer solution. U.S. Pat. 2,732,326. 
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Fig. 1. Structure of specimens for selective epitaxy. (a) For 
growth on original substrate surface. (b) With etching of the GaAs 
showing the undercut effect. 

These are  oxida t ion  and dissolution processes where  
H20~ is the oxid izer  and H~SO~ causes the dissolution. 
The process m a y  be l i m i t e d  e i ther  by  diffusion rates  or  
chemical  reac t ion  rates.  Shaw a t t r ibu tes  the enhanced 
e tching rates  near  the mask  edge to the surface  diffu- 
sion of adsorbed  moleculars  along the protec t ive  mask  
which effect ively resul ts  in a g rea te r  flux of e tchant  at 
the mask  edge. Improved  resul ts  were  obta ined  when  
Shaw used 0.TM H~O2-1M NaOH as the  etehant.  
Other  etches also have been s tudied (24-29). 

Represen ta t ive  e tching profiles in our  work  as de -  
t e rmined  by  a Sloan Dek tak  surface profi ler  are  shown 
in Fig. 2. We see p re fe ren t i a l  e t ch ing  at  the mask  
edge of a 25 ~m wide w indow for  etches of composi t ion 
6: 1:1 and 3: 1: 1. However ,  for  the  composit ion 1H2SO4: 
2.5I-I202:50H~O ve ry  f la t -bo t tomed resul ts  are  ob-  
tained,  Fig. 2(c) .  The advantages  of low H2SO4 solu-  
tions have  been observed  by  I ida  and Ito (22). 

The e tched depths  vs. t ime for  the var ious  solut ions 
are  shown in Fig. 3 for  (100) GaAs at  30~ The ra te  
for  the  p re fe r r ed  1H2SO4:2.5H202:50H20 solut ion is 
seen to be a convenient  0.38 ~ m / m i n  and  is i ndepen-  

o o 
2KA/div 5K~,/div 5 K A/div 

6:1:1 3:1:1 1:2,5:50 

(o) (b) (c) 

Fig. 2. The flatness of hole bottom after etching GaAs in various 
composition ratios of the H2SO4:H20~:H20 solutions. (a) 6:1:1, 
(b) 3:1:1, and (c) 1:2.5:50. 
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Fig. 3. Etching depth vs. etching time in various composition 
ratios of H2SO4:H~O2:H~O and various substrates (n + GaAs and 
SI GaAs) at 30~ (Error bar lines represent edge effect.) 

dent  of whe the r  the GaAs is n + doped o r  s emi - in -  
sulat ing.  The o ther  composit ions are  r a the r  fast  e tch-  
ing and exhib i t  deeper  edges as shown by  the bars  and 
the rates  are  increased by  ul t rasonic  s t i r r ing  to qui te  
unsui table  values.  

The effect of t empera tu re  was exp lored  as par t  of 
our  ca l ibra t ion  of the 1:2.5:50 etch and is shown in 
Fig. 4. Since this e tch seemed to be a r ep roduc ib l e  
and ve ry  we l l -behaved  one, we used it in our  subse-  
quent  s tudies  in conjunct ion wi th  a mask  capable  of 
c rea t ing  many  or ienta t ions  of r ec tangu la r  windows in 
the SiO2 layer .  

Selective MBE Growth 
The MBE system used was a Pe rk in  E l m e r  Model  

400 and the p rocedure  fol lowed tha t  descr ibed e lse-  
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Fig. 4. Etching rate vs. reciprocal absolute temperature ;n var;ou~ 
composition ratios of the HgSO4:HgO~:H20 solutions. 
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where  (23). The subs t ra tes  a f te r  t ~ d i n g  were  p re -  
hea ted  to about  610~ in the analysis  chamber  for  5 
min  to heat  clean the surface and then  were  t r ans -  
fe r red  to the g rowth  chamber .  The subs t ra te  t emper -  
a tu re  was 570~ dur ing  growth  and the arsenic As~ 
pressure  f rom an arsenic  effusion cell  was 4.5 X 10 -6 
Torr.  The Ga oven t empera tu re  was 1030~ and the 
As4 to Ga flux rat io therefore  about  5:1 wi th  a g rowth  
ra te  of about  0.8 #m/hr .  Ge was used as the  n - t y p e  
dopant  and Be  as the p - t y p e  dopant  in some of the 
growths.  

In  one set  of growths,  no etching of the GaAs sub-  
s t ra te  was made  except  a l ight  HC1 etch to c lean the 
or iginal  surface  af ter  the window was opened in the 
SiO2 by  buffered HF solution, Fig. 1 (a) .  The GaAs 
(,~1016/cm 3) deposi ted  in the window was single 
crys ta l  and that  deposi ted on the SiO2 was f ine-gra in  
po lycrys ta l l ine  ma te r i a l  of h igh resis t ivi ty .  The win -  
dow edges showed no signs of faceted ove r -g rowth  of 
large gra in  ma te r i a l  unl ike  the effects seen wi th  LPE 
and VPE. A scanning e lec t ron microscope pho tograph  
showing no dis tor t ion or  overgrowth  of the windows 
of al l  or ientat ions  is shown in Fig. 5. 

In the second set  of exper iments ,  the GaAs in the 
window regions was etched wi th  the f la t -bo t tom etch 
1H2SO4:2.SH202:50H20 to a depth  of typ ica l ly  2 #m. 
This procedure,  however ,  resul ts  in undercut t ing  of 
the SiO2 mask as sugges ted  by  the sketch in Fig. 1 (b) .  
The resul t  af ter  MBE growth  is tha t  voids are  lef t  
under  the overhanging  SiO2 as seen in the scanning 
e lec t ron microscope pho tog raph  of Fig. 6. The ep i tax ia l  

GaAs layer  in the window region is seen to be s imi la r  
in thickness to the GaAs deposi t ion on the SIO2. 

The GaAs undercu t  act ion and the effect of the SiO2 
overhang  in creat ing c revasse- l ike  per imete rs  be tween  
the grown ep i layer  in the window and the su r round ing  
po lycrys ta l l ine  GaAs has been  repor ted  prev ious ly  
by  Cho and co-workers  (11-14, 16). In  some appl ica-  
tions, this is a des i rable  effect. For  instance, Tsang 
and Cho point  out this could be of va lue  in the fabr i -  
cat ion of in tegra ted  optics components  such as chan-  
ne l  opt ical  waveguides.  

In  o ther  appl icat ions  such as the incorpora t ion  of 
refi l led GaAs regions in semi - insu la t ing  subst ra tes  for  
monol i th ic  circuit  fabr icat ion,  the  crevasses a re  un-  
des i rable  and a complete  fill is r equ i red  so that  me ta l -  
l izat ion m a y  cross as a p l ana r  s t ructure .  The overhang  
p rob lem may  be solved in pr incip le  by  making  the 
SiO2 l aye r  th icker  than  the overhang.  

Removal  of the overhanging  SiO2 is then possible 
by  etching in HF (d i lu ted  to 20:1) as shown in Fig. 
7 (a ) ,  a l though this at  the same t ime thins the com- 
plete  SiO2 layer .  Since the SiO2 overhang  m a y  be 
severa l  micrometers  long (depending  on the dep th  of 
the etching in the GaAs window area) ,  this procedure  
usua l ly  requires  an excessive thickness  of SiO2 to be 
grown. 

A be t te r  solut ion to the problem,  we believe,  is to 
leave the SiO2 protec ted  wi th  photores is t  whi le  e tch-  
ing away  the SlOe overhang  from the unders ide  as 
suggested by  the sequence of Fig. 7 (b) .  

We have demons t ra ted  the p rac t i ca l i ty  of this p ro -  
cedure using both Sh ip ley  AZ posi t ive photores is t  and  
Kodak  negat ive  photores is t  and l a te ra l  e tching with  
the Transene buffer H F  solution. The SiO2 etching vs. 
t ime for  this solut ion at  room tempera tu re ,  wi thout  
s t i r r ing  or  ul t rasonic  vibra t ion,  is shown in Fig. 8 and 
the ra te  is observed to be convenient . ,  

Af te r  e tching away  the SiO2 overhang  to the p e r i m -  
e ter  of the GaAs t rough as seen in Fig. 9, the photo-  
resis t  is s t i l l  in place and must  be removed  by  solvents  
before  the MBE growth  is made.  The resul ts  a f te r  
MBE growth  show no voids be tween  the t rough sides 

Fig. 5. An SEM photograph that shows the various window 
orientations in which GaAs has been grown on the original (100) 
substrate and the absence of any edge growth distorting the 
window shape. 

THICK SiO 2 

PHOTORESIST 

SiO 

SiO~ OVERHANG 

t 
OVERHANGING SiO 2 

REMOVED BY HF 

Fig. 6. An SEM photograph of on etch-and-fill growth showing the 
SiO2 overhang and the resultant voids between the single crystal 
GaAs in the window area and the fine grain high resistance GaAS 
on the SiO2. 

OVERHANG 
ETCHED AWAY 

RESIST REMOVED AND MBE 
GROWTH MADE 

POLY GoAs , - - - -  

GoAs R E F I L L ~  ' ~  -~-  -~--~ 

/ 

(a) (b) 

Fig. 7. Procedures for removal of SiO2 overhang. (a) With thick 
SiO2 and HF etching. (b) With thin SiO2 protected by photoresist. 
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Fig. 8. EtchingofSiO2~.timeinbuffered HFsolution 

Fig. 9. GaAs trough with SiO~ overhang etched back to the 
edge and the photoresist still overhanging. 

and the epigrown single crystal GaAs, see Fig. 10. Also 
there is no sign of facet growth between the GaAs in 
the window and the polycrystalline GaAs on top of 
the SiO2. Depending on the doping of the GaAs in the 
window, the polycrystalline GaAs may be high enough 
in resistance to leave in place in some circuit applica- 
tions. In other applications, it may have to be removed. 

Conclusions 
The selective etching and selective deposition of 

GaAs has been studied on (100) substrates. 

~lg. 10. The specimen of Fig. 9 after MBE growth, showing no 
voids at the edge between the refill GaAs and the substrate. The 
masking SiO2 and the polycrystalline high resistivity GaAs de- 
posited on it are still in place. 

An etching solution with 1H2SO4:2.SH~O2:50H20 
composition was found that gives flat-bottomed holes, 
constant and suitable etching rates, and can be w~h- 
stood by the photoresist. 

Different shape and size patterns were used for se- 
lective MBE growth studies. Selective MBE growth 
does not cause overgrowth and edge distortion effects 
that are problems in selective LPE and VPE growth. 

Etching undercutting effects can cause crevices to 
occur at the window edge. If these are not desired, 
they can be eliminated by removal of the SiO~ over- 
hang with buffered HF solution and the etching rates 
for this are given. 
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The Relation Between the Correction Factor and the Local Slope in 
Spreading Resistance 
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ABSTRACT 

Dickey had proposed a technique, known as the local slope method, for the calculation of the correction factor which is 
used to obtain resistivity profiles from spreading resistance data. The technique is founded upon two asymptot ic  models  
for the conduct ion process involved in the spreading resistance measurement  for the cases of (i) a conduct ing layer over an 
insulating substrate, and (ii) a high resistivity layer over a low resistivity or conducting substrate. The results of these two 
extreme cases are br idged by means of an assumed functional relation between the correction factor and the local slope of 
the spreading resistance data. This paper  examines the two asymptotic  models  as well as the assumed functional relation 
between the correction factor and the local slope. It is shown that  the asymptotic models  adequately describe the behavior 
of the correction factor for a thin uniform layer over insulating or conducting boundaries.  In addition, the single-valued 
relation between the correction factor and the local slope, which is assumed by the local slope methqd, is shown not to be an 
adequate  representat ion of the mult iple-valued relation between these two quantit ies found from mult i layer  data. For  the 
cases considered, this dist inction leads to an error in the resistivities as interpreted by the local slope method by as much as 
60%. Nonetheless,  the local slope res_ults qualitatively follow the mult i layer  results thus making the technique a usable one 
for the calculation of approximate  correction factors. A comparison of the two correction factor vs. local slope relations 
provides a basis for the behavior of the interpreted resistivities when they are compared with the input  resistivities. 

Spread ing  resis tance measurements  on beve l - sec -  
t ioned mate r i a l s  of nonun i fo rm res is t iv i ty  provide  a 
technique for the de te rmina t ion  of the res is t iv i ty  p ro -  
files of these mater ia ls .  The re la t ion be tween  the 
spreading  resistance,  R ( x ) ,  and the res is t ivi ty ,  p (x ) ,  
is g iven by  the equat ion 

R ( x )  = p(x)  C ( x )  [1] 
2a 

where  x is the depth,  a is the  e lect r ica l  probe  radius,  
and C ( x )  is the correct ion fac tor  which depends  upon 
the detai ls  of the  under ly ing  res is t iv i ty  s t ruc ture  and 
the e lec t r ica l  probe  radius.  Cent ra l  to the effective use 
of this technique is the calculat ion of the correct ion 
factor  which provides  for  the ext rac t ion  of the res is -  
t iv i ty  f rom the spreading  resistance.  In  the calculat ion 
of the correct ion factor,  Schumann and Ga rdne r  (1, 
2) have presented  a technique based upon the mul t i -  
l aye r  solut ion of the Laplace  equation.  The focal point  
of the mu l t i l aye r  Laplace  equat ion analysis  is tha t  the 
correct ion factor  m a y  be expressed  as 

y0  ~ { J l (~a )  C (x )  = 8  A (x, ~.) ~a 

Jo(~S) ~ Iv(~a)ad~ [2] 
2 J 

where  S is the separa t ion  be tween  the probes,  J0(~a) 
and JI(~S) are  the Bessel functions of zero and first 
order,  respect ively ,  A ( x ,  ~) is the ke rne l  of the in-  
tegra l  and is re la ted  to the res is t iv i ty  s t ructure ,  Iv(Xa) 
is the Hankel  t r ans form of the general ized p robe -  
cur ren t  dens i ty  (3), and ~. is the in tegra t ion  var iable .  
In  the analysis  presented  here, the origin of the co- 
ord ina te  sys tem is at  the subs t ra te  so that  the var iab le  
x increases away  from the substrate.  The imp lemen ta -  
t ion of this technique has been g rea t ly  simplif ied by  
the recurs ion re la t ion  for the ke rne l  of the correct ion 
factor  in tegra l  as developed b y  Choo et al. (4). The 
first successful  use of this method has been presented  
by  D'Avanzo et at. (5, 6) who make  use of the re -  
cursion re la t ion in conjunct ion wi th  a pa r t i a l  in tegra l  
scheme for the kerne l  of the correct ion factor  integral .  
More recently,  Berkowi tz  and Lux  (7) have grea t ly  
s implif ied the implementa t ion  b y  making  use of a 22- 
point  in tegra t ion  scheme. 

An  a l te rna t ive  technique for the  calculat ion of the 
correct ion factor,  known as the local slope method,  has 

been presen ted  by  Dickey  (8, 9). The focal point  of 
this method  is the invest igat ion of the behavior  of the 
correct ion factor  for thin layers  over  insula t ing  or  
conduct ing boundaries .  By making  use of pa ra l l e l  or  
series conduction models,  Dickey has proposed tha t  
the correct ion factor  m a y  be re la ted  to the local s lope 
of the spreading  resistance data,  M ( x ) ,  defined as 

d in R (x)  
: ~ ( x )  --  [3] 

dx  

where  the der iva t ive  is eva lua ted  in the di rect ion of 
the substrate .  This analysis  is based upon the a symp-  
totic models  for the cases where  M ( x )  --> ~-~  and 
M (x) --> - - ~ .  The behav ior  of the correct ion factor  as 
a function of the local  s lope be tween  these l imi t ing 
cases is p rov ided  for by  an assumed s ing le -va lued  re-  
la t ion be tween  the correct ion factor  and the local 
slope. This re la t ion  is requi red  by  construct ion to yie ld  
the para l l e l  and series conduction l imits  as M (x) be -  
comes large and posit ive or  large and negative.  I t  
should be noted tha t  the phi losophy of the local slope 
method is to bypass  the in tegra l  invers ion requ i red  by  
Eq. [2] and focus upon the spreading  resistance da ta  
di rect ly .  In  o ther  words,  in o rder  to use Eq. [1] and 
[2], the res is t iv i ty  is va r i ed  unt i l  the ca lcu la ted  
spreading  resis tance agrees wi th  the measured  s p r ead -  
ing resistance to wi th in  a given accuracy.  The local  
slope method,  on the o ther  hand, employs  the value  
of M ( x )  to ex t rac t  C ( x )  by  means  of an assumed s im-  
ple a lgebra ic  relat ion.  

Previously,  a comparison of the resul ts  of the tech-  
nique of D'Avanzo et al. and the local s lope technique 
for correct ing model  sp read ing  resistance da ta  has 
been presented  (10). There  i t  was found tha t  the tech-  
nique of D 'Avanzo et al. gave back  the res is t ivi t ies  
used in the or iginal  model  da ta  calculation. The  local 
slope method  gave rise to resis t ivi t ies  which qua l i t a -  
t ive ly  fol lowed the or iginal  resist ivit ies.  This agree-  
ment  was pa r t i cu la r ly  impress ive  in tha t  the model  
da ta  was constructed to take the local slope be tween  
negat ive  and posit ive values.  The quest ion which 
na tu r a l l y  arose was whe ther  the local slope equat ion 
could be der ived  f rom the more  genera l  mu l t i l aye r  
Laplace  equation. In  par t icular ,  the poss ibi l i ty  of the 
local slope equat ion being the f i r s t -order  form of a 
more  genera l  equat ion re la t ing  the correct ion fac tor  
to the local slope was considered. 

The purpose  of this pape r  is to address  this  quest ion 
and to show tha t  the more  genera l  mu l t i l a ye r  Laplace 
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equat ion does not  admit  to a s ing le -va lued  re la t ion  be-  
tween the correct ion factor  and the local slope. In 
general ,  the mu l t i l aye r  equat ion gives rise to a mu l t i -  
p l e -va lued  re la t ion be tween  the correct ion factor  and 
the local slope, which implies  tha t  the local s lope is 
not  a good var iab le  in which  to express  the correct ion 
factor. Nonetheless,  the local slope re la t ion  does fa l l  
in the region of the curve given by  the mu l t i l aye r  
equation.  This behavior  provides  a basis for  the un-  
ders tand ing  of why,  for  example ,  the res is t ivi t ies  in-  
t e rp re t ed  b y  local  s lope are  sometimes l a rge r  than  and 
somet imes  sma l l e r  than  the or iginal  resist ivit ies.  

The Local Slope Method 
The first of the asymptot ic  models  used in the local 

s lope de r iva t ion  is tha t  of the pa ra l l e l  conduct ion 
model. This is assumed to correc t ly  descr ibe the  con- 
duct ion mechanism in a th in  nonuni form laye r  over  
an insula t ing  substrate .  In  this model, the conduct ion 
is a s sumed  to take place  in para l l e l  th rough  the sub-  
layers  be tween  the probes  (akin  to the model  used in 
shee t  resistance measuremen t s ) .  In  both this model  
and the series  conduct ion model,  the conduct iv i ty  (or  
res is t iv i ty)  is assumed to be constant  over  the th ick-  
ness, hx  = t, of the sublayer .  The conduct iv i ty  at  the 
posi t ion x in the s t ruc ture  (measured  f rom the in-  
sula t ing bounda ry )  is then re la ted  to the differences 
be tween  the inverses  of the spread ing  resis tances (or 
spreading  conductances)  at  the posi t ions x and x --  t 
according to 

l n ( S / a ) ~ l  I } 
�9 (x)  = [4] 

~t R (x)  R (x -- t) 

where  R ( x )  and R ( x -  t) are  the spread ing  res is t -  
ances at  the posi t ions x and x -  t, respect ively.  The 
corresponding re la t ion be tween  the correct ion fac tor  
and the local  s lope of the spreading  resis tance is 

C (x)  = K1M (x)  [5] 

where  the local  s lope of the spreading  resistance,  
M (x) ,  is given by  Eq. [3] and 

2a In (S / a )  
K, _ [6] 

The second asymptot ic  model,  known as the series 
c o n d u c t i o n m o d e l ,  is assumed to hold for the conduc-  
t ion mechanism in a thin nonuni form l aye r  of high r e -  
s is t iv i ty  over  a conduct ing substi 'ate.  In this model,  the  
conduct ion th rough  the high res is t iv i ty  ma te r i a l  is 
v iewed as tak ing  place th rough  a cy l inder  of radius  a 
unt i l  the conduct ing subs t ra te  is encountered  where  
the cu r r en t  is shor ted  to the second cy l inder  under  
the  second probe.  For  this case, the model  would p r e -  
dict  that  the res is t iv i ty  at the posi t ion x is r e la ted  to 
the differences be tween  the spread ing  resis tances at  
the posi t ions x and x --  t according to the re la t ion  

~ a  2 

p ( x )  = - ~ -  { R ( x )  - R ( x  - -  t )}  [7] 

The cor responding  re la t ion  be tween  the correct ion 
factor  and the local  slope of the spreading  resis tance is 

E2 
c(x) - [8] 

M (x) 
where  

4 
Ks = -- [9] 

~ a  

and M ( x ) ,  the local  slope, is defined by  Eq. [3]. 
Fo r  most cases of phys ica l  interest ,  the res is t iv i ty  

s t ruc ture  wil l  l ie somewhere  in be tween  those used 
in the para l l e l  and series conduct ion models.  F o r  the 
in t e rmed ia te  cases, the local s lope me thod  assumes 

that  i t  is possible to express  the  correct ion factor  as 
a s ing le -va lued  funct ion of the local slope. In  pa r t i cu -  
lar ,  this s ing le -va lued  funct ion is r equ i red  to reduce 
to Eq. [5] a s M ( x )  -> + ~  and to Eq. [8] as M ( x )  -> 
- - ~ .  The genera l  form of the funct ion which is p ro -  
posed to sa t i s fy  these requ i rements  is g iven by  

[10] 

The three  commonly  used forms of the function,  K, in-  
clude:  (i) ~ = K1K~, (ii) K _= 1, and (iii) K = Ks, 
where  

K8 = 1 + {K1Ke -- 1 } - -  t a n - i n  log R ( x  --  a) 

[li] 

where R(x) is the spreading resistance of the point 
being considered and R(x- a) is the spreading re= 
sistance one probe radius deeper into the structure. It 
should be obvious tha t  the above forms of K in the  re -  
la.tion be tween  the correct ion factor  and the local  s lope 
are a rb i t r a ry ,  subjec t  on ly  to the l imi t ing  condit ions 
where  M ( x )  --> + ~ ,  M ( x )  --> - - ~ ,  and M ( x )  --> O. In  
par t icular ,  the first form, i.e., ~ .=_ K1K2, gives rise to 
the correct  asymptot ic  resul ts  in the l imits  as M ( x )  -> 
+ ~ ,  M ( x )  --> - - ~  but  does not  give rise to a cor rec-  
t ion factor  of un i ty  when the local  s lope is zero. The 
second form, i.e., K -- 1, does not  y ie ld  the asymptot ic  
model  resul ts  exac t ly  bu t  does reproduce  a correct ion 
factor  of un i ty  for  a zero value  of the local slope. The 
th i rd  form, i.e., ~ .-= K3, is an a t t empt  to r e m e d y  both 
of these si tuations.  However ,  as has been shown p re -  
viously (10), this pa r t i cu la r  form has a difficulty of 
y ie ld ing  ve ry  large  res is t ivi t ies  (ve ry  smal l  correct ion 
factors)  in the regions where  the local  s lope is large  
and negat ive.  As indica ted  previously ,  the purpose  of 
the present  paper  is to invest igate  the  va l id i ty  of Eq. 
[5], [8], and [10] in terms of the spread ing  resis tance 
ca lcula ted  f rom the mu l t i l aye r  Laplace  equation.  

Calculations 
Test  of asympto t ic  m o d e l s . - - T h e  first se t  of ca lcula-  

tions to be discussed addresses  the va l id i ty  of the two 
asymptot ic  models  embodied  in Eq. [4] and  [7]. In  
par t icu lar ,  if these are  adequa te  descr ipt ions of the 
conduction processes in these two ex t r eme  cases, then 
thei r  va l id i ty  should be easi ly  checked in the  cases of 
uni form layers  over  insula t ing  or conduct ing bound-  
aries. For  the case of a uni form laye r  over  an in-  
sula t ing boundary ,  it  is s t r a igh t fo rward  to show f rom 
Eq. [1] tha t  Eq. [4] reduces to the form 

2 a l n ( S / a )  { 1 1 } = U i n s ( X ) _  1 
~t C ( x )  C ( x  -- t)  

[12] 

Also, for  the case of a un i fo rm laye r  over  a conduct ing  
boundary ,  Eq. [7] reduces  to the fo rm 

~ a  

--{C(x) --C(x--t)}=Ucon(X) =I [13] 
4t 

In  o rde r  to test  Eq. [12] and [13], model  spreading  
resistance da ta  were  genera ted  for  the cases o f  a un i -  
form laye r  over  an insula t ing  b o u n d a r y  and a con- 
duct ing boundary ,  respect ively.  In  al l  cases, a p robe  
radius  of a = 2 ~m was used. Fo r  these two si tuations,  
the kerne l  of the spreading  resis tance correct ion fac tor  
in tegra l  (as given by  Eq. [2]) is of the form A ( ~ x )  = 
coth(~x)  and A ( k x )  = t anhO.x) ,  respec t ive ly  (7).  
In addi t ion to using each of these two forms of the  
kernel ,  the correct ion factor  calculat ions made  use of 
severa l  forms of the p robe -c u r r e n t  dens i ty  (3). The 
resul ts  of these calculat ions are  presented  in Fig. 1-4. 
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Fig. 1. Behavior of the left-hand side of Eq. [12]  for the case of 
a uniform layer over an insulating boundary. The curves correspond- 
ing to the three current densities are as follows: Schumann and 
Gardner (A); Chad uniform (B); and ring delta function (C). The 
specific value of the probe spacing is S ~ 50/~m. 

In Fig. 1, the l e f t -hand  side of Eq. [12] is p lo t ted  as a 
funct ion of the dis tance f rom the insula t ing bounda ry  
for the three  cur ren t  densi t ies  and for a value  of the 
probe separat ion,  S ----- 50 ~m. In par t icu lar ,  the three  
p robe -cu r r en t  densi t ies  which were  used were  the 
Schumann and Gardner ,  the Choo uniform, and the 
r ing del ta  funct ion forms. These cur ren t  densi t ies  and 
the i r  ex ten t  of cur ren t  constr ic t ion are  discussed in 
de ta i l  e l sewhere  (3). These three  forms of the cur ren t  
dens i ty  gave rise to the curves denoted by  A, B, and C, 
respect ively.  I t  is c lear  that  the r ing del ta  funct ion re -  
sults y ie ld  a value of un i ty  for this si tuation.  In  Fig. 2, 
the r ing del ta  funct ion cur ren t  dens i ty  resul ts  are  p re -  
sented for severa l  values  of the probe separat ion.  For  
smal l  dis tances f rom the boundary ,  al l  values  of S 
yield ident ica l  results.  Fo r  large  distances f rom the 
insula t ing boundary ,  the agreement  improves  wi th  in-  
creased values  of S as might  be expected f rom the 
s imi la r i ty  of the model  wi th  the sheet  resis tance 
model. For  the case of a conduct ing boundary ,  the 
plots  presented  in Fig. 3 represen t  the l e f t -hand  side 
of Eq. [13] for  the three  forms of the probe cur ren t  
dens i ty  for a value  of S --  50 ~m. The Choo un i fo rm 
cur ren t  dens i ty  c lea r ly  yields  the  best  results.  In  add i -  
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Fig. 2. This figure depicts the behavior of the left-hand side of 
Eq. [12]  for the ring delta function current density for several 
values of the probe separation. The specific values of the probe 
separation are as follows: 25 ~m (A); 50 ~m (B); 100 #m (C); 200 
~m (D); 500 ~m (E); and 1000 #m (F). 

\ 
I 

1.0 

1.50 
0.95 
0.90 

0.85 

0.80 
0.75 

0.70 

~, o.05 

0.60 
0.55 
0.50 

0.45 

0.40 
0.35 

_ B 

I I i I i I ~ I i t ~ I i I i I i I t 

0.1 0.2 0.3 0.4 0,5 0 . 6  0.7 0.8 0,9 1.0 
DISTANCE FROM BOUNDARY (~m) 

Fig. 3. Behavior of the lef~hand side of Eq. [13] for the case of 
a uniform layer over a conducting boundary. The curves correspond- 
ing to the three current densities are as follows: Schumann and 
Gardner (A); Choo uniform (B); and ring delta function (C). The 
value of the probe separation used is S ~ 50/Lm. 

tion, the behav ior  of the un i form cu r r en t  dens i ty  re -  
sul ts  for severa l  values of S is p resented  in Fig. 4. I t  is 
clear  that  the resul ts  are  independen t  of S as would  
be expected  from the na tu re  of the conduct ion mech-  
anism. 

F rom this analysis,  it  can be concluded that  the 
asymptot ic  models  contain the correct  conduct ion 
mechanisms for thin un i form layers.  In addit ion,  the 
two asymptot ic  models  are  in agreement  wi th  the 
forms of the probe cur ren t  densi t ies  which would  be 
assumed to descr ibe the cur ren t  flow pa t t e rn  at  the 
p robe -ma te r i a l  interface.  The insula t ing bounda ry  
causes cur ren t  constr ict ion and al lows cur ren t  flow 
only at  the pe r ime te r  of the probe while  the conduct-  
ing bounda ry  al lows cur ren t  flow to be a pp rox ima te ly  
un i form over  the ent i re  a rea  of the p r o b e - m a t e r i a l  
interface.  

Correction factor-local slope relation for nonuniform 
layers.--While the above analysis  indicates  tha t  the 
two asymptot ic  models  p rovide  a good descr ipt ion of 
the conduction process for the appropr ia te  bounda ry  

1.00 

0,95 

0,90 

0,85 

0,80 
x 

0,75 

0.70 

0.65 

0.60 

0.55 

0.50 , ~ ~ ~ , , , ~ , ~ , , r , ~ , 
0.1 0.2 013 O.t4 0,5 0.8 017 0.8 0.9 1.0 

DISTANCE FROM BOUNDARY (#rn} 

Fig. 4. This figure depicts the behavior of the results of Eq. ]'13] 
for a uniform layer over a conducting boundary for the Choo uni- 
form current density. The curves for the values of the probe 
spacing used (25, 50, 100, 200, 500, and 1000 ~m) all lie on top 
of each other. This indicates that the correction factor and, hence, 
the spreading resistance, is independent of the probe spacing. 
This is contained in the fact that the dominant contribution is the 
series conduction through the top layer. 
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conditions,  the most  impor t an t  quest ion focuses on the 
va l id i ty  of the assumed s ing le -va lued  re la t ion be tween  
the correct ion factor  and  the local  slope. In  o rde r  to 
test  the va l id i ty  of this relat ion,  model  sp read ing  re -  
sistance da ta  were  used. In  par t icu la r ,  res i s t iv i ty  p ro -  
files typica l  of implan t  s t ructures  were  employed  in 
this invest igat ion.  The correct ion fac tor  and the 
spread ing  resis tance were  ca lcula ted  according to the  
Laplace  mu l t i l aye r  equat ions (10) as given by  Eq. [2] 
and [1], respect ively.  The local s lope was then  ob-  
ta ined f rom Eq. [3] and was used in Eq. [I0] to 
obta in  the cor responding  local slope results.  Typica l  
res i s t iv i ty  resul ts  obta ined  for  ~ = KIK2 are  con- 
ta ined in Fig. 5. In  addit ion,  typica l  resul ts  of the cor-  
rect ion factors as a funct ion of dep th  are  p resen ted  
in Fig. 6. I t  is c lear  f rom Fig. 5 that  the resistivity 
profile obta ined  by  the local slope method semiquan-  
t i t a t ive ly  agrees  wi th  the res is t iv i ty  used in the mul t i -  
l aye r  method.  However ,  there  does appea r  to be an 
inconsis tency in the way  in which the res i s t iv i ty  is 
obtained.  This is borne out by  the corresponding cor-  
rect ion factor  plots presented  in Fig. 6. In  par t icu lar ,  
f rom Fig. 5 it  can be seen that  there  is a region up to 
about  0.3 #m where  the local slope resul ts  are  l a rge r  
than  the input  resis t ivi t ies  and a region past  0.3 ~m 
where  the local s lope resul ts  are  smal le r  than the 
input  resist ivi t ies.  The reason for  this nonsys temat ic  
difference can be exp la ined  by  compar ing  the correc-  
t ion factor  vs. local s lope resul ts  obta ined  f rom the 
local s lope method and f rom the mu l t i l aye r  ca lcula-  
tions. A compar ison of this type  is p resented  in Fig. 7. 
The local s lope results,  denoted by  B, are  seen to be 
s ing le -va lued ,  Le., for a given value  of the local s lope 
there  is on ly  one value of the correct ion factor. On 
the o ther  hand,  the mu l t i l aye r  results,  denoted  by  A, 
show a mu l t i p l e -va lued  behavior ,  i.e., for  a given 
value of the local  s lope there  is no unique value  of 
the correct ion factor. Indeed, the fea ture  of the mul t i -  
l aye r  curve which  is most  s t r ik ing  is tha t  the correc-  
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Fig. 5. This figure contains the correction factor as a function 

of depth as obtained from the multilayer equations (curve A) and 
from the K1K2 form of the local slope equation (curve B). The 
multilayer results are obtained from the input resistivities used 
in the multilayer equations while the local slope results are ob- 
tained from the local slop~ analysis of the calculated spreading 
resistance data. Note that the plot is not logarithmic along the 
y-axis. The correction factors in the region near the origin are less 
than unity, being on the order of 0.1. 

t ion factor  depends  upon the locat ion along the profile. 
I t  is c lear  tha t  up to about  0.3 ~m, the local slope cor-  
rect ion factor  is sma l l e r  than the mu l t i l aye r  value,  
thus making  the local s lope res is t iv i ty  l a rge r  than  the 
input  values.  Beyond 0.3 ~m, the local s lope correct ion 
factor  is l a rge r  than  the mu l t i l aye r  value  thus mak ing  
the local slope res is t iv i ty  smal le r  than  the input  
values. In  fact, the local s lope curve lies in the same 
region of the correct ion factor-lo,cal s lope p lane  a s  
the mu l t i l aye r  curve. I t  is this  fact  which  makes  the  
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Fig. 5. This figure contains the original resistivity used to gen- 
erate the model spreading resistance data (denoted by curve A) 
and the resistivity obtained by using the K1K2 form of the local 
slope equation on the caleuloted spreading resistance data. This 
interpreted resistivity profile is denoted by the curve B. 
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Fig. 7. These curves depict the C~[M(x)] and Czs[M(x)] rela- 

tions obtained from the multilayer and the K1K2 form of the local 
slope equation on the model spreading resistance data. The multi- 
layer equations yield the C(x) vs. M(x) curve denoted by A while 
the local slope method gives rise to the C(x) vs. M(x) curve de- 
noted by B. The arrow on the A curve indicates the path taken 
during the calculation from the top surface to the substrate. The 
path taken by the local slope method proceeds up the B curve to 
the maximum value and then changes direction and goes back down 
the B curve. The region before the crossing of the two curves is 
that where Cex(X) > Cls(X) [or Pex(X) ~ Pls(X)]. The two correc- 
tion factors are equal at the crossing point [which corresponds to 
the depth point at x ~ 0.3 Fm of Fig. (5)]. Beyond the crossing 
point, Cex(X) < Cls(x) [or pex(X) > pls(X)]. Similar results are 
obtained for the K = K3 form and the ~ = 1 form of the local 
slope equation. 
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local s lope resul ts  qua l i t a t ive ly  correc t  when com- 
pa red  with  the mul t i l aye r  results.  I t  is impor t an t  to 
emphasize that  whi le  the above resul ts  are ob ta ined  
for  the K = K1K2 form of the local s lope equation,  
s imi lar  resul ts  were  obta ined  for  the o ther  two forms 
of ~. In  par t icu la r ,  the ~ = 1 form gave the correct  
subs t ra te  res is t iv i ty  value  and reproduced  the K --  
K1K~ fo rm for the imp lan t  region of the  s t ruc ture .  On 
the o the r  hand, the ~ = Ka form gave rise to l a rge r  
res is t ivi t ies  in the  surface region of the implan t  and 
fol lowed the ~ = K1K2 form f rom the peak  to the 
subs t ra te  where  i t  went  over  to the  correct  subs t ra te  
res is t iv i ty  value.  In all  cases, the plot  of the correct ion 
factor  vs. local s lope f rom each of these forms were  
ve ry  .similar and did not  reproduce  the mul t ip l e -  
va lued  mu l t i l aye r  Laplace  equat ion results.  I t  might  
be argued that  the square root form of the local  slope 
equat ion is r ea l ly  double-va lued .  However ,  there  is no 
a priori reason to choose one sign of the square  root  
over  another .  One possible ad hoc w a y  of deal ing wi th  
this is to le t  the s ign of the  der iva t ive  of the local  
slope de te rmine  which sign to choose. This has been 
a t t empted  wi th  the present  data. I t  was found tha t  
choosing the sign one way  led to the usual  local s lope 
results  while  the  o ther  choice led to negat ive  values  
of the correct ion factor, which  is c lear ly  unphysical .  

S imi la r  resul ts  were  found for a number  of s t ruc -  
tures. I t  is c lear  tha t  the expans ion  of the correc t ion  
factor  in te rms of the local  slope is only of l im i t e d  
value.  While  the construct ion of a funct ion of the form 
of Eq. [10] subject  to the agreement  wi th  the a symp-  
totic resul ts  as M(x)  -* -500 and M(x)  -~ --oo ap-  
pears  to be a po ten t i a l ly  useful  one, there  is impl ic i t  
in it  an assumpt ion of  s ing le -va lued  behavior .  How-  
ever,  the above analysis  demons t ra tes  tha t  the correct  
re la t ion is mul t ip le  valued.  This means  that  the local 
s lope is not  the  only  var iab le  a t  p l ay  in the  de t e r -  
mina t ion  of the correct ion factor. An  a l te rna t ive  way  
of v iewing this m a y  be obta ined  f rom the express ion 
be tween  the spread ing  resistance and the correct ion 
factor  as given in Eq. [1]. By tak ing  the der iva t ive  of 
this equat ion wi th  respect  to x, it  is possible to show 
tha t  

d l n p ( x )  d l n C ( x )  
M (x) = -~ [14] 

dx dx 

For  the case of a un i form layer ,  the first te rm on the 
r i gh t -hand  side is zero. In  this case, the resul t ing  equa-  
tion can be eva lua ted  as 

{s: } C(x)  = C(0) exp M(x ' )dx '  [15] 

Fo r  this s i tuat ion,  the correct ion factor  depends  only 
upon the local slope. However ,  for a nonuni form re -  
s is t iv i ty  case, Eq. [14] m a y  be s imply  r e a r r a n g e d  to 
yie ld  

d In C(x)  d In p(x) 
M(x )  [16] 

dx dx 

In  this form, the equat ion states that  the correct ion 
factor  depends  upon not  on ly  the local s lope bu t  also 
on the local  var ia t ion  of the resisti~,ity. I t  is this ad -  
di t ional  t e rm  which  gives rise to the mu l t i p l e -va lued  
behavior  of the mu l t i l aye r  resul ts  when  compared  
with  the local s lope predict ion.  Impl ic i t  in the use of 
the  local slope method is the assumpt ion that  the cor-  
rect ion factor  m a y  be obta ined  s imply  f rom the mea-  
sured local slope. I t  is c lear  f rom Eq. [16] tha t  the  
var ia t ion  of the res is t iv i ty  is neglected.  In  point  of 
fact, it  is not  jus t  C(x)  which is responsible  for the 
specific form of M ( x ) ,  but  i t  is r ea l ly  the produc t  

p(x )C(x )  which is mi r ro red  in M(x) .  This fact  
h inders  the der iva t ion  of the local s lope equations 
f rom the mu l t i l aye r  equat ions and causes the k ind  of 
behavior  found in Fig. 7. 

Conclusions 
The asymptot ic  models  used in the local s lope 

method,  as wel l  as the local s lope method itself, have  
been c r i t i ca l ly  invest igated.  I t  has been shown tha t  
the asymptot ic  models  give a good represen ta t ion  of 
the correc t ion  factor  when compared  wi th  the p re -  
dictions of the mu l t i l aye r  theory  supp lemented  wi th  
e i ther  insula t ing or  conducting bounda ry  conditions.  
In  addit ion,  the assumpt ion tha t  the correct ion factor  
may  be wr i t t en  as a s ing le -va lued  funct ion of the 
local slope has been addressed f rom the point  of v iew 
of model  spread ing  resis tance data. The model  data,  
which  were  ca lcula ted  f rom the m u l t i l a y e r  theory,  
show a mu l t i p l e -va lued  re la t ion be tween  the correc-  
t ion factor  and the local slope. This prec ludes  the 
der iva t ion  of the local s lope equations f rom the more  
genera l  Laplace equat ion mu l t i l aye r  technique.  In  ad-  
dition, the basic assumption impl ic i t  in the local slope 
method has been shown to be tha t  the var ia t ion  of 
the res is t iv i ty  m a y  be neglected and tha t  the correc-  
t ion factor  depends only upon the local slope. This 
assumpt ion has been shown to be incorrect .  I t  is the 
var ia t ion  of the res is t iv i ty  which leads to the  mul t ip l e -  
va lued  re la t ion be tween  the correct ion factor  and the 
local slope, which is obta ined  f rom the Laplace  equa-  
tion technique.  This dis t inct ion accounts for the non-  
sys temat ic  difference be tween  the mu l t i l aye r  and local 
slope calculat ions exemplif ied in Fig. 5. 

In  conclusion, it  is impor t an t  to note that  while  the 
local s lope method  m a y  not be obta ined  f rom the mu l -  
t i l ayer  equations,  the technique does offer qual i ta t ive  
and semiquan t i t a t ive  resul ts  which are  useful  in p ro -  
file analysis.  

Acknowledgment 
This research was conducted as pa r t  of the Nat ional  

Bureau of S tandards  Semiconductor  Technology P ro -  
gram. 

Manuscr ip t  submi t t ed  Feb.  17, 1983; revised m a n u -  
scr ipt  received June  9, 1983. 

The National Bureau of Standards assisted in meet-  
ing publication costs o] this article. 

REFERENCES 
1. P. A. Schumann and E. E. Gardner ,  This Journal, 

116, 87 (1969). 
2. E. E. G a r d n e r  and P. A. Schumann,  Solid-State 

Electron., 12, 371 (1969). 
3. H. L. Berkowi tz  and R. A. Lux, This Journal, 126, 

1479 (1979). 
4. S. C. Choo, M. S. Leong, and K. L. Kuan,  Solid- 

State Electron., 19, 561 (1976). 
5. D. C. D'Avanzo,  R. D. Rung, and R. W. Dutton,  

Technical  Repor t  5013-2, S tanford  Electronics  
Labora tory ,  S tanford  Univers i ty ,  S tanford  (1977). 

6. D. C. D'Avanzo,  R. D. Rung, A. Gat, and R. W. 
Dutton,  This Journal, 125, 1170 (1978). 

7. H. L. Berkowi tz  and R. A. Lux, ibid., 128, 1137 
(1981). 

8. D. H. Dickey, in "Semiconductor  Measurement  
Technology:  Spread ing  Resistance Symposium,"  
pp: 45-50, NBS Specia l  Publ ica t ion  400-10 (1974). 

9. D. H. Dickey and J. R. Ehrstein,  in "Semiconduc-  
tor  Measurement  Technology:  Spread ing  Re-  
sistance Analys is  for Silicon Layers  wi th  Non-  
un i form Resist ivi ty,"  pp. 15-18, NBS Specia l  
Publ ica t ion  400-48 (1979). 

10. J. Albers ,  Solid-State Electron., 23, 1197 (1980). 



Growth of Single-Crystalline Epitaxial Group II Fluoride Films on 
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ABSTRACT 

Twin-free, single-crystalline, la t t ice-mismatched as well as latt ice-matched, epitaxial  dielectric films of group II cubic 
fluorides (SrF~, CaF2, and BaxSrl_xF~) have been grown on InP(001) substrates by molecular-beam epitaxy. The InP(001) 
surface was cleaned in vacuum by heating under  phosphorus  overpressure until a well-ordered and stoichiometric surface 
was obtained. The film growth of MF2,where M is Ba, Sr, Ca, or Ba~Srl_~, was followed by reflection high energy electron 
diffraction (RHEED). The diffraction patterns indicate a parallel epitaxial  relationship: MF~(001)I{InP(001) and 
MF2[110] IIInP[110 ]. At low growth temperature  (-250~ and low growth rate we could obtain twin-free single-crystalline 
CaF2 f i lms.Transmission electron microscopy show the absence of any grains. At higher growth temperature  (-350~ we 
could obtain twin-free single-crystalline SrF2, CaF~, and Ba~Sr1_~F2 films. The latter can be lat t ice-matched to InP(001) at 
room temperature.  

InP  (001) has become ve ry  impor t an t  in recent  years 
because i t  is the subs t ra te  ma te r i a l  for  l ong -w a ve -  
length  opt ical  communica t ion  and high speed de-  
vices. If  a d ie lect r ic  film on a semiconductor  substrate ,  
such as InP(001) ,  can be single c rys ta l l ine  and la t t ice  
matched  to the substrate ,  the in ter face  t rap  densit ies  
may  be lowered  (1). Thus, the film m a y  be sui table  
for  pass ivat ion  and me ta l - in su la to r - semiconduc to r  
s t ructures .  Recent ly  Harr i son  et al. showed tha t  a CaF~ 
filth, E - b e a m  evapora ted  on S i ( l l l ) ,  could be a candi -  
date as an e lec t ron resis t  and opt ical  s torage med ium 
(2). Fur the rmore ,  Cho has grown epi tax ia l  GaP on 
CaF2 (111) subs t ra te  by  m o l e c u l a r - b e a m  ep i t axy  
(MBE) (3). Thus, there  exist  possibi l i t ies  for  ep i tax ia l  
I I I -V  semiconduc to r - insu la to r - semiconduc to r  s t ruc-  
tures, which  may  be a basis for  th ree -d imens iona l  in-  
tegrat ion,  waveguid ing  and device isolat ion in in te-  
g ra ted  optics, and other  novel  devices. In  fact, r ecen t ly  
we have grown the first ep i tax ia l  InP/f luoride/InP(001)  
double  he te ros t ruc tu res  by MBE (4).  The resul ts  wi l l  
be presented  elsewhere.  

Group  II  cubic fluorides a re  in te res t ing  for  I I I -V  
compound semiconductors  because they  have s imi la r  
c rys ta l  s t ruc ture  to InP  and re la ted  compounds.  The 
cubic fluorite s t ruc ture  consists of th ree  i n t e rpene t r a t -  
ing face-cen te red  cubic (fcc) lat t ices (5), whereas  the  
z inc-b lende  s t ruc ture  of the subs t ra te  consists of two 
fcc lattices.  Fur the rmore ,  the la t t ice  constants  of the 
fluorides b racke t  tha t  of InP, the la t t ice  mismatch  
ranging  f rom --6.9 to -l-5.6% (5). F a r r o w  et al. first 
showed ep i tax ia l  g rowth  of BaF2 on the (001) face of 
CdTe and InP  at  a subs t ra te  t empe ra tu r e  of > 200~ 
(6). For  room t empera tu re  deposi t ion the films were  
polycrys ta l l ine .  By modula ted  beam mass spec t roscopy 
they  showed tha t  the fluoride films grow by  s imple  
nondissociat ive molecu la r  subl imat ion  and condensa-  
t ion (6, 7). They  found film resis t ivi t ies  in the range  
of 10~2-10 i3 ~ / c m  at  room tempera tu re .  Then, I sh iwara  
and Asano grew epi tax ia l  CaF2 on Si(001) and (111) 
surfaces  and S i / C a F 2 / S i ( l l l )  at  a subs t ra te  t e m p e r a -  
ture  of ,~600~ by  vacuum evapora t ion  (8). Concur-  
rent  wi th  the presen t  work,  Phi l l ips  et al. deposi ted 
ep i t ax ia l  BaF2 on G e ( l l l )  and InP(001)  also b y  vac-  
uum evapora t ion  (9). The last  two groups confirmed 
the s to ichiometry  of the films by  Ru the r fo rd  backsca t -  
tering.  More recently,  Su l l ivan  et al. r epor ted  resul ts  
on BaF2, CaF2, and BaxCal-zF2 grown on InP(001)  
(10). 

In  this pape r  we r epor t  on the ep i tax ia l  g rowth  of 
the group II  cubic fluoride films, i.e., CaF2, SrF2, BaF2, 
and Ba~Srl-zF2,  on InP(001) by  MBE. Al l  except  BaF2 

1 Summer employee  from Cornell U n i v e r s i t y ,  I t haca ,  N e w  York. 
Key words: dielectrics,  RHEED,  TEM, s u b l i m a t i o n .  

are single c rys ta l l ine  wi thou t  twinning.  We charac- 
terize the films by  reflection high energy  e lec t ron dif -  
f ract ion (RHEED),  t ransmission e lec t ron microscopy 
(TEM),  x - r a y  t ex tu re  pat tern ,  e l l ipsometry ,  and No- 
marsk i  in te r fe rence -con t ras t  microscopy.  

Experimental Setup 
The MBE sys tem.- -The  MBE system, shown in Fig. 

1, consists of a loadlock and an 18 in. d i am Var ian  
RHEED chamber.  The loadlock has a magne t i ca l ly  
coupled t ransfe r  rod and is pumped  by  an 8 l i t e rs / sec  
ion pump.  The ma in  chamber  is pumped  by  a 500 l i t e r /  
sec ion pump,  and the wal l  of the chamber  can be 
cooled by  chi l led water .  Two Knudsen  cells, sur -  
rounded  by  a l iqu id -n i t rogen  (LN~) shroud,  contain  
pieces of s ing le -c rys ta l l ine  fluorides, and the th i rd  cell, 
also su r rounded  by  an LN2 shroud,  contains  undoped  
po lycrys ta l l ine  InP  for  the phosphorus  source. The 
base pressure  of the chamber  could be in the mid  10 - l l  
Torr  (10 -9 Pa)  range,  but  n o r m a l l y  be tween  runs  the 
base pressure  was in the low 10 - i0  Torr  (10 - s  Pa)  
range.  Dur ing  film growth  the pressure  was ,~ 2-5 • 
10 -9 To r t  (,~3-7 • 10 -~ Pa ) .  The MBE chamber  con- 
tains a cy l indr ica l  m i r r o r  ana lyzer  (CMA) with  an 
in tegra l  e lect ron gun for  A u g e r  analysis,  a res idual  
gas ana lyzer  (RGA) for  moni tor ing  background  gas 
composit ion and phosphorus  overpressure  dur ing  sub-  
s t ra te  cleaning,  a 5 keV RHEED gun, a phosphorus  
screen, and a th in-f i lm quar tz  moni to r  for  thickness  
monitor ing.  The film thickness  and re f rac t ive  index  
were  measured  wi th  an e l l ipsometer .  

Substrate cleaning.--S-doped (10 is cm -8)  n - t y p e  
InP(001) subs t ra tes  were  used. Many  authors  have  
shown tha t  the surface pr io r  to ep i t ax ia l  g rowth  is a 
cr i t ical  factor  in the qua l i ty  of the grown film (11). 
Therefore,  we shal l  descr ibe our  c leaning procedure  
in detail .  The subs t ra te  was pol ished in Br -methano l .  
The final pol ish was done wi th  1% Br-methano l ,  
r insed with  methanol ,  and spun dry.  The qua l i ty  of 
the pol ish was checked by  the amount  of sca t te r ing  
of a laser  beam f rom the subst ra te .  With  p rope r  pol -  
ishing the Auger  signals for C and O could be smal l  
[Fig. 2 ( a ) ] ,  but  the RHEED pa t t e rn  was diffuse, in-  
d icat ing an amorphous  oxide film on the surface.  To 
produce  an a tomica l ly  clean surface on InP, F a r r o w  
et al. cleaned the i r  surface by  low ene rgy  (500 eV) A r  
ion b o m b a r d m e n t  and anneal ing  at  250~ to produce  a 
(1 • 1) RHEED pa t t e rn  (6). As in  the case of GaAs 
(001), the (1 • 1) pa t t e rn  can mean  an In - r i ch  su r -  
face (14) or  the presence of carbon on the surface  
(11). F rom our  own exper ience  wi th  ion b o m b a r d m e n t  
(12) and anneal ing  (13) of InP(001) ,  the  resul t ing  
surface,  a l though clean, is never  s toichiometric .  The 
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Fig. 1. A schematic diagram 
of the MBE system. After the 
initial study of cleaning pro- 
cedures the CMA was removed 
from the chamber. 
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ratio of P/ In  as determined by x-ray photoelectron 
spectroscopy is about 0.9 after prolonged annealing at 
300~ (13). 

Our approach to cleaning the substrate is similar to 
that of Cheng et al., who, before depositing an 
In~Gal-xAs film on InP, cleaned the InP substrate by 
heating it under As overpressure (15). We heated the 
substrate to < 500~ under a P2 beam (16) exposure 
from a Knudsen cell Containing polycrystalline InP 
pieces. The total pressure as read by an ion gauge was 
> 3 X 10 -6 Torr (4 x 10 -4 Pa) during exposure. The 
gas composition was monitored by RGA, which showed 
almost all phosphorus. In the beginning of the experi- 
ment the surface was monitored by Auger electron 
spectroscopy (AES) and electron energy-loss spec- 
troscopy (ELS). The AES spectrum in Fig. 2(b), 
which is identical to that of vacuum- cleaved InP (110), 
sho~s that the surface was atomically clean and stoi- 
chiometric after being heated in phosphorus overpres- 
sure. To check further the presence of metallic In, 
which cannot be revealed by AES easily (12), an ELS 
spectrum was taken (Fig. 3). The ELS spectrum shows 
only the bulk and surface plasmon of InP, but not of 
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Fig. 2. (a) An AES spectrum of a freshly polished InP(001) sub- 
strata. (b) An AES spectrum of the substrate after being heated 
in phosphorus overpressure. The spectrum is identical to that ob- 
tained an a vacuum-cleaved InP(110) surface. The incident 3 keV 
electrons were normal to the surface. The peak-to-peak modulation 
voltage was 1.6V. 
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In. Because the surface is stabilized by the phosphorus 
beam, the [110] and [l~f0] azimuth show 1/2- and 1/4- 
order diffraction streaks from surface reconstruction 
(15) as shown in Fig. 4(a) and Fig. 8(a). 

Results and Discussion 
Low growth temperature (~250~ the sur- 

face was cleaned, the substrate temperature was low- 
ered to ,-~250~ Figure 4 shows RHEED patterns for 
different stages of BaF2 film growth. Figure 4(a) 
shows the ~-order  surface reconstruction along the 
[110] azimuth. Figure 4(b) shows the BaF2 film at 
15A. The RHEED pattern shows some streaks but 
mostly spots. The streaks indicate that the growth 
mechanism may be two-dimensional layer growth as 
suggested by Farrow et al. (6), but the electron beam 
charged and roughened the surface to produce a spot 
pattern. The area where the electron beam impinged 
on the sample is clearly visible. Figure 4(c) shows 
single-crystal:like sharp spot patterns of a film of 
950A. The (1 X 1) pattern along the [110] azimuth 
indicates the parallel epitaxial relationship, BaF2(001)It 
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Fig. 3. An ELS spectrum of a clean InP(001) substrate. BP and 
SP denote bulk plasmon and surface p!asmon of InP, respectively. 
BP(In) denotes the bulk plasmon of In. The incident 500 eV elec- 
trons were normal to the surface. The peak-to-peak modulation 
voltage was 1.6V. 
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Fig. 5. An x-ray texture pattern of BoF~ film on InP(001). Most 
of the spots are from the substrate. The (111) polycrystalline ring 
and the (00Z) spot from the film are indicated. 

Fig. 4. RHEED patterns (5 I~eV) of epitaxial growth of BaF2 on 
lnP(001) at substrate temperature of ~250~ (a) The initial clean 
surface showing the [ i !0 ]  azimuth-I/2 order surface reconstruc- 
tion. (b) After growth of 15A. (c) After growth of 950~.. 

InP(001), and BaF2[ l l0 ] I I InP[ l l0 ]  (16). The diffrac- 
tion lines connecting the spots suggest microfaceting 
on the {111} planes as a result of electron bombard-  
ment. Although there are no polycrystall ine rings in 
the RHEED pattern, the film is actually a highly ori- 
ented polycrystall ine film because the x - r ay  texture 
pattern (Fig. 5), taken with a Read camera (18), 
shows a (111) polycrystall ine ring. Most of the spots 
are from the substrate. The strongest spot from the 
film is (002), confirming the parallel  epitaxial  re la-  
tionship. 

The quality of epi taxy is found to depend on the 
growth rate. There seems to be an optimum range in 
growth rate for a sharp spot pattern. Figure 6 shows 
the BaF2 RHEED patterns for (a) high growth rate 
(8600 A/hr )  and (b) low growth rate (535 A/hr ) .  For 
the case of high growth rate the film is clearly poly- 
crystalline with preferred (001) orientation. For the 
case of low growth rate the film shows a spot pattern, 
but the spots have a slight curvature, indicating ira- 

Fig. 6. RHEED patterns (5 keV) of BoF2 films on InP(001) at (a) 
high growth rate (8600 A/hr) and (b) lower than optimal growth 
rate (535 ~./hr). 

perfect epitaxy. The optimal growth rate of BaF2 is 
,-~1000 A/hr.  

Figure 7 shows RHEED patterns of SrF2 and CaF2 
films on InP (001). Figure 7(a) shows 430A of SrF2 
at an optimal growth rate of 430 A/hr.  Figure 7(b) 
shows 535A of CaF2 at an optimal growth rate of ,-,230 
A/hr. Higher growth rate results in similar patterns to 
Fig. 6 (a). 

TEM micrographs and associated transmission elec- 
tron diffraction (TED) patterns show that  the BaF~ 
and the SrF2 films consist of many small (~I500A),  
highly oriented crystallites. However, the CaF2 film is 
single crystalline as indicated by the absence of any 
grain boundaries. TEM resut~s are discussed in the 
next section. 

Nomarski interference-contrast  microscopy of the 
films shows that  they are transparent and have no 
visible defects, except where the electron beam im- 
pinged. 
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Fig. 7. RHEED pattern (5 keV) of epitaxial SrF2 and CaF2 on 
InP(001) at suhstrate temperature of ,~250~ (a) After growth 
of 430A SrF2 film. (b) After growth of 535A CaF2 film. 

High growth temperature (,~350~ the 
subs t ra te  t empe ra tu r e  was raised to ~350~ close to 
the congruent  evapora t ion  point  of InP, ~.,365~ 
(19), the growth  ra te  could be much h igher  to achieve 
sharp  spot  pa t te rns  in RHEED. F igure  8 shows a CaF~ 
film grown at  600 A/hr. Figure  8 (a )  shows the u 
o rde r  surface reconst ruct ion along the [li-0] direction.  
F igure  8 (b) shows the RHEED pa t t e rn  of the film wi th  
no po lycrys ta l l ine  rings. The BaF2 and SrF~ films also 
showed good spot  RHEED pat terns .  

TEM analysis  shows tha t  BaF2 films grown at  h igher  
subs t ra te  t empera tu re  a re  s t i l l  po lycrys ta l l ine  and are  
or iented s t rongly  along the [001] direction.  However ,  
SrF2 films improve  in qual i ty  as shown in Fig. 9. A l -  
though the TED pa t t e rn  in Fig. 9 (a )  shows po lyc rys -  
ta l l ine r ings along wi th  the spot  pat tern ,  the films are  
single c rys ta l l ine  wi th  the inclusion of ,~2000A wide 
grains, as shown by  the br ight - f ie ld  and dark- f ie ld  
TEM micrographs  [Fig. 9(b)  and (c) ,  respect ive ly] .  
F igure  10(a) shows the TED pa t t e rn  of a CaF2 film. 
No polycrys ta l l ine  r ings are  present .  The film appears  
to be single crys ta l l ine  wi th  no defects as shown in 
Fig. 10(b) .  F igure  10(b) also shows tha t  the film 
broke  off a long <110>  direct ions dur ing  th inning for  
TEM analysis.  

With  Nomarsk i  in te r fe rence-con t ras t  microscopy we 
find tha t  1000A thick CaF2 films, but  ne i ther  BaF2 nor  
SrF~ films, show crazing along the <110> directions,  
which was also observed  by  Sul l ivan et al. (10). They 
a t t r ibu ted  crazing to increased la t t ice  mismatch  at  
room t empera tu r e  compared  to the growth  t e m p e r a -  
ture. However ,  th icker  BaF2 and SrF2 films (~4000A.) 
also exhib i t  crazing as shown in Fig. 11. S ince  the or i -  
enta t ion of the film is (001), the < 1 ! 0 >  direct ions are  
consistent  wi th  crazing occurr ing on the {111} cleavage 
planes  of the cubic fluorides. The cause of crazing is 
most l ike ly  a combinat ion of s t ra ins  from large  la t t ice  
mismatch  (ha~a) and f rom a large  difference in the 
the rmal  expans ion  coefficients (ha) .  The the rma l  ex -  
pansion coefficients of the fluorides are  l a rge r  than  
tha t  of InP  (~20 • 10 -6 vs. 6 • 10 -6 K - l ) .  As ha/a 
becomes smaller ,  ha becomes more  impor tan t  and c r a z -  

Fig. 8. RHEED pattern (5 keV) of epitaxial CaF2 on InP(001) 
at substrate temperature of ~350~ The initial surface shows 
the [110] azimuth-I/4 order surface reconstruction. (h) After 
growth of 1090A. 

ing s ta r t s  to appear  a t  th icker  film thickness.  For  the 
same film thickness,  SrF2 (ha/a = - - I .2%) exhibi ts  the 
least  crazing among the three  fluorides. When  a mix -  
ture of fluorides (Ba~Srl-~F2) was grown to achieve 
la t t ice  matching to the substrate ,  the crazing did not  
appear  for ,~4000A thick films, but  appeared  for  ~ 1~ 
thick films. 

Lattice matching to InP(OO1).--A mixture  of the 
fluorides, BaxSrl-xF2,  was grown on InP(001) at  
~350~ by  adjus t ing  the t empera tu re  of the two ovens 
containing BaF2 and SrF2. F i lms  la t t ice  matched  to the 
subs t ra te  could be obtained.  The la t t ice  p a r a m e t e r  was 
measured  by  doub le -c rys t a l  x - r a y  diffractometry.  The 
films are also single crys ta l l ine  wi thout  twinning.  The 
TEM micrographs  are  s imi la r  to those of Fig. 10, but  
show fewer  inclusions. As ment ioned  ea r l i e r  the 
~4000A film la t t ice  matched  to the subs t ra te  shows 
no crazing under  Nomarski  in te r fe rence-con t ras t  mi -  
croscope. F u r t h e r  studies of the la t t ice  matched s ingle-  
crys ta l l ine  dielectr ic  films are  repor ted  e lsewhere  (20). 

Summary 
We have grown ep i t ax ia l  dielectr ic  films of the 

g roup- I I  .cubic fluorides, CaF2, SrF2, BaF2, and  
BaxSrl-~F2, on InP(001) at  r e l a t ive ly  low subs t ra te  
t empera tu res  (~250 ~ and ,-~350~ As expected,  the 
higher  the growth  t empera tu re  is, the be t t e r  the epi -  
taxy. At  ,~250~ the CaF2 film is single crys ta l l ine  as 
shown by  the absence of grains  in the TEM micro-  
graph.  However ,  the SrF2 and BaF2 films consist of 
many  h ighly  or iented  crys ta l l i tes  even though they  
show good spot  RHEED pat terns .  At  ~350~ CaF~, 
SrF2, and BazSrl-~F2 films are  single crystal l ine,  but  
BaF2 films are  not. These results  show that  the amount  
of misfit is not  an impor tan t  factor  for  epi taxy,  s imi lar  
to o ther  f i lm-subst ra te  systems (19). The subs t ra te  
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Fig. 9. TEM photographs of single-crystalline SrF2 grown 6n 
InP(001) at ,~350~ (a) TED pattern. (b) and (e) Bright-field and 
dark-field image of the same area, respectively. A and B mare the 
positions of two inclusions. Magnification 69,000• The average 
width of the inclusion is ,~2000A. 

t empera tu re  and the growth  ra te  a re  the crucial  p a -  
ramete rs  (20) to achieve single crys ta l l in i ty .  
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Fig. 10. TEM photographs of single-crystalline CaF2 grown on 
InP(001) at ~350~ (a) TED pattern. (b) Bright-field image. 
Magnification 4350• Note the absence of any grains. 
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Cerium-Activated Halophosphate Phosphors 
I. Strontium Fluoroapatites 
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ABSTRACT 

In the search for alternative yellow emit t ing phosphors  for the current  commercial  high brightness phosphor  blends of 
the Lite-White type, the authors have prepared and characterized by a variety of techniques an Sr-analog of calcium 
fluoroapatite:Sb;Mn, with Ce replacing Sb as the sensitizer of the Mn emission. Materials with the desired emission charac- 
teristics are obtained from starting formulations containing a strong fluoride excess over the s tandard formulations for 
alkali-earth apatites. Phosphors  have been obtained with emission parameters  closely approaching those of Yellow Halo 
(YH), and only 10% lower in brightness. Lamp tests on these phosphors  revealed that the efficiency of the Ce-Mn 
coactivated materials, as presently formulated, degrades as a result  of the lamp-making process. Pre l iminary observations 
related to the mechanism of phosphor  degradat ion are reported. Possible commercial  applicat ion in lamps of the wide class 
of Ce-activated apati tes crucially depends on identifying, and later eliminating, the degradat ion of phosphor  efficiency dur- 
ing lamp fabrication. 

The recent  deve lopment  of L i t e -Whi te  b lends  for 
low pressure  f luorescent l amps  has s ignaled a 
m a r k e d  depa r tu re  f rom es tabl ished tenets  of the 
l ight ing industry .  The low pressure  f luorescent l amp  
vcas o r ig ina l ly  conceived as a des i rable  rep lace-  
ment  for incandescent  lamps,  and  unt i l  r ecen t ly  its 
phosphors  were  genera l ly  engineered  so as to mimic  
as closely as possible the spec t r a l - ene rgy  d i s t r ibu-  
t ion f rom b l a c k - b o d y  radia tors  and f rom the sun. 

In  the ea r ly  1970's, Phi l ips  (1, 2) p ioneered wi th  
the t r icolor  lamp,  a novel  scheme for the genera t ion  
of whi te  fields in f luorescent lamps,  by  the use of a 
combinat ion  of phosphors  emi t t ing  in the spec t ra l  
range  of m ix imum sens i t iv i ty  of the human  eye 
receptors.  The new lamps,  incorpora t ing  both  the  
new phosphor  blends and modifications in the dis-  
charge parameters ,  aim at  p rovid ing  g rea te r  efficacies 
[up to 90-100 lumens  per  wat t  ( l pw) ]  and also high 
color render ing .  The d rawback  in this approach  is 
the  high cost of the rare  ear th  phosphors  required.  

In  1977, GE in t roduced  a scheme a imed at  in-  
creasing the efficacy ( lpw) in low pressure  fluores- 
cent lamps,  at some loss in color r ender ing  (3). The 
approach,  embodied  in the Wat t -Mise r  I I  l amps  and 
then in the L i t e -Whi t e  lamps,  hinges on producing  a 
high efficacy white  field by  a combinat ion  of n a r r o w -  
band emi t te rs  in the blue, at  448 nm, and in the 
yellow, at 575 nm (4). 

Both in the  Phi l ips  and in the GE scheme, the 
fluorescent l amp is no longer  constra ined to repl ica te  
the spec t ra l -emiss ion  d is t r ibut ion  f rom incandescent  
sources, but  its un ique  potent ia l i t ies  are  now f ree ly  
exercised.  In te rms of phosphor  deve lopment  this 
means  a new set  of per formance  object ives  expected  
of phosphors.  Mater ia ls  that  in the past  were  not  
compet i t ive  wi th  the s t anda rd  Sb -Mn coact ivated 
f luoro-chloroapat i tes ,  m a y  become super io r  in pe r -  
formance under  the new set  of specifications. There -  
fore, a r enewed  careful  s tudy  of the spec t ra l  p r o p -  
ert ies of phosphors  is now requi red  to ident i fy  those 
systems that  can real ize most  efficiently the scheme 
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of u .v . - to-vis ib le  conversion embodied  in the Li te -  
White  approach.  The presen t  repor t  addresses  the 
first s tage of such a search,  namely,  the possible re -  
p lacement  of the  ye l low emi t t ing  component  of the 
L i t e -Whi te  blend.  

Yellow Emitting Component for the Lite-White 
Blend 

The requ i rements  for a ye l low emi t t ing  phosphor  
for  the L i t e - W h i t e - t y p e  b lend (3, 4) are  as follows: 
(i) emission peak  at _~575 nm; (ii) n a r r o w  emission 
band;  and (iii) high ( ~ 7 0 % )  quan tum efficiency. 
These requ i rements  are  p resen t ly  wel l  satisfied by  
the so-ca l led  Yel low Halo (YH) phosphor  of app rox i -  
mate  composi t ion Ca5 (PO4) sF: Sb;Mn As for ma te r i a l s  
capable  of sa t i s fy ing the three  aforement ioned requ i re -  
ments,  it should be pointed out  that  among non-  
l an than ide  emit ters ,  only  Mn tends to exhib i t  r e l a -  
t ive ly  na r row emission bands.  Also, given the na tu re  
of the Mn emi t t ing  level,  as defined by  a Tanabe-  
Sugano d iag ram (5), in o rde r  to have  emission in 
the yellow, it is necessary  to incorpora te  Mn in a 
site of high crys ta l  field and re la t ive ly  low dis tor t ion 
f rom cubic symmet ry .  In  addit ion,  Mn has to be 
coordinated to ionic l igands that  do not p romote  the  
delocal izat ion of the 3d-e lec t ronic  cloud of Mn 2+. 

In pract ice,  this t rans la tes  into the  r equ i rement  for 
a fluoride ma t r i x  or  a fluoride containing ma t r i x  that  
is also compat ib le  wi th  opera t ion  inside a lamp:  a 
f luoroapat i te  ma t r i x  is st i l l  the  best  candidate  to 
meet  the a forement ioned  requisi tes.  At  present ,  the 
avenues open for a l te rna t ives  to YH are  therefore  
res t r ic ted  to: (a) modifications of the basic f luoro- 
apa t i te  mat r ix ;  and (b) r e p h c e m e n t  of Sb s+ wi th  
a different  sensitizer.  Along  this genera l  direction,  
the  authors  discuss in wha t  follows the resul ts  of 
the  synthesis  and charac ter iza t ion  of Ce-Mn-coac-  
t iva ted  fluoroaD.atite (FAP)  phosphors ,  and specifi- 
ca l ly  of S r F A P :  Ce;Mn. 

Synthesis of Strontium Fluoroapatites 
Ear ly  a t t empts  to p repa re  S r  apat i tes  coact ivated 

with  Ce and Mn, wi th  ha l ide  content  approach ing  
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that  of Srs(PO4)~(F,C1),  gave mater ia l s  wi th  low 
brightness  and deep orange emission. Yellow emi t -  
ting, br ight  phosphors  were  obta ined  when the ha l ide  
content  g rea t ly  exceeded one formula  unit,  as for 
instance using the fol lowing s ta r t ing  formula t ion  

Sr4.80Ceo.~95Mno.14~ (PO4) 3.0F1.72 [1] 

In p ioneer  work  by  Henderson and Ranby  (6, 7), the 
fluoride excess was even greater ,  the phosphor  ma-  
ter ials  of op t imum br ightness  being formula ted ,  for 
the purpose  of compar ison with  [1], as 

Sr4.50Ce0.196Mn0.245 (PO4)~.0Fs.1 [2] 

In our prepara t ions ,  the reac t ion  components  were  
weighed and b lended in a Spex  Mixer -Mi l l  Model  
8000. The blend was then loaded in shal low 
a lumina  boats  (~2 .5  • 1.5 • % in.) p rovided  wi th  
loose quar tz  covers, and lots of fou r - to - s ix  boats  were  
in t roduced into the hot  zone of a quar tz  tube in-  
ser ted in a tubu la r  furnace.  The a tmosphere  in the 
react ion zone was pu rged  of oxygen  by  a p r e l i m i n a r y  
pump-down ,  and then cont inua l ly  swept  at  10 l i t e r ]  
min flow of ni t rogen ,gas, or  n i t rogen gas containing 
5% hydrogen.  Af te r  the  firing t r ea tmen t  at  the  de -  
s ired tempera ture ,  the quar tz  tube containing the 
boats  was a l lowed to cool to ~450~ st i l l  under  
constant  gas flow. The quar tz  tribe was then removed  
and the samples  extracted.  The mate r ia l s  f rom this 
first firing were  then ground, s ieved (genera l ly  
th rough  a 100 mesh screen) ,  and then  retired.  The 
second firing was carr ied  out  in iner t  or  mi ld ly  re -  
ducing a tmosphere  and increased the emission effi- 
ciency of the phosphors  by  a few percent .  

An increase in Mn content  over  0.15 fo rmula  units  
p roduced  m a r k e d  s in te r ing  af te r  the first firing at 
t empera tu res  ranging  f rom 950 ~ to 1050~ The use 
of a n i t rogen hydrogen  m i x t u r e  (5% hydrogen)  as 
firing a tmosphere  reduced  the t endency  to s inter ing 
and e l iminated  the  pale  green body color  f requent ly  
observed in the n i t rogen-f i red  phosphors.  The sec- 
ond firing was carr ied  out  in n i t rogen a tmosphere  at  
t empera tu res  ranging  f rom 850 ~ to 1025~ In some 
cases, a th i rd  firing of the phosphor  at  850~ in "wet"  
forming gas (95% ni t rogen/5% hydrogen)  was in-  
vest igated,  but  i t  resul ted in a s l ight  discolorat ion 
of the phosphor  powder  and in a 7% br ightness  loss. 
This approach was therefore  abandoned.  

The highest  br ightness  was observed in a ma te r i a l  
fo rmula ted  as 

Sr4 .25Ceo .295Mno.245  ( P O 4 )  3.oF1.92 [3  ] 

using the reagents  and firing conditions l is ted in 
Table I. 

A gradient  in emission br ightness  was observed 
in the  doubly  fired ma te r i a l  f rom this run,  the mea -  
sured peak  in tens i ty  of Mn ranging  f rom 86.1 to 
89.8% of the corresponding quan t i ty  for our  in te rna l  
s tandard  (YH, GTE Sy lvan ia  Type  4381, Lot  P P P  
9780). 

Phosphor Characterizat ion 
Phase identification.~The x - r a y  diffract ion pa t -  

terns of the  powders  were  measured  by  means  of 
a Phi l ips  ver t ica l  diffractometer ,  using copper  r ad ia -  

Table I. Reagents and phosphor formulation for optimum brightness 

S t a r t i n g  f o r m u l a t i o n :  Sr4,~Ceo.~Mno.m~(PO4)s.oFl.a~; f i red  1 hr at 
950~ in 95% n i t r o g e n / S %  h y d r o g e n ;  r e t i r ed  1 h r  in  nitrogen 

a t  1025~ 

t ion of 1.5405A. The source was run  at  35 kV and 
16 mA. The diffraction va t te rns  were measured  at a 
scan rate  of l~  using a so l id - s ta te  sc in t i l la tor  
counter  and a graphi te  monochromator .  X - r a y  dif -  
f ract ion measurements  on the mater ia l s  obta ined 
f rom a va r ie ty  of runs  showed a dominant  phase 
wi th  hexagona l  apa t i t e  latt ice,  i sos t ructura l  with,  and 
somewhat  expanded  re l a t ive ly  to, Sr2Prs(SiO4)60: ,  
the l a t t e r  (8, 9) wi th  la t t ice  pa rame te r s :  a ---- 9.612A 
and c ~_ 7.143A. 

A comparison of the diffraction da ta  per t inen t  to 
Sr2Prs(SiO4) 602 and the S r F A P : C e ; M n  mate r i a l  
fo rmula ted  according to [3] is given in Table  II. In-  
spect ion of the  tab le  reveals  the close a g r e e m e n t  in 
the re la t ive  in tens i ty  of the  diffract ion l ines for the 
two systems and  the s l ight  expansion (~_1%) of the 
S r F A P : C e ; M n  latt ice.  Four  addi t ional  weak  l ines 
(wi th  in tens i ty  of 1-2%) in the diffraction pa t t e rn  
suggested the presence of a minor  phase ( ~ 1 % )  of 
CePO4. 

S imi la r  measurements  were  also per formed  on 
s ingly  ac t iva ted  (Ce) and t r ip ly  ac t iva ted  (Ce;Mn: 
Dy) mate r ia l s  br ief ly discussed in the tex t  and pre -  
pa red  .according to the da ta  of Tables I I I  and IV. 
Again  the  p redominan t  phase was a hexagonal  apa -  
tite, wi th  a possible minor  phase of CePO4, es t imated  
f rom the diffract ion da ta  as amount ing to ___2% for 

Table II. X-ray diffraction data for Sr2Prs(SiO4)60~o 

[ASTM Re~ 29-1310] (columns labeled R);  and for 
Sr fiuoroapatite:Ce;Mn (columns labeled S) 

d, A I ( 0 ) / I ( 1 )  h k l  

R S R S R 

4.81 3 110 
4.17 4.181 16 9.8 200 
3.99 14 111 
3.58 3.602 10 18.7 002 
3.28 3.308 25 19.5 102 
3.15 3.161 20 29.7 210 
2.873 2.893 100 100 211, 
2.774 2.733 20 29.9 300 
2.711 2.729 3 4.6 202 
2.310 2.320 5 7.1 310 
2.278 2.206 3 4.9 221 
2.191 2.150 4 6.5 302 
2.135 10 113 
2.081 2.091 4 2.4 400 
2.067 2 203 
1.994 2.007 18 18.9 222 
1.939 1.950 10 13.2 312 
1.910 5 320 
1.900 1.913 25 22.1 213 
1.045 1.855 12 6.4 321 
1.317 1.825 16 16.2 410 
1.798 1.808 18 11.4 402 
1.786 8 004 
1.641 3 204 
1.373 3 420 
1.553 1.567 5 6.7 214 
1.509 1.516 6 7.0 502 
1.502 1.500 5 4.7 304 
1.490 5 323 
1.462 1.471 6 7.2 332 
1.369 1 115 
1.355 2 404 
1.304 1.313 2 3.6 324 
1.23~1 5 215 
1. 3 1.283 8 5.1 414 
1.270 3 305 
1.249 1.257 8 6.3 522 

1.189 3.5 
1.136 3.5 
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Table III. Reagents and starting formulation for singly activated 
SrFAP 

Starting formulation Sr4.~oCeo.~Mgo.14G(PODa.oF1,72; fired in 
10 l i t e r / r a i n  n i t r o g e n  a t  1000~ f o r  1 hr; retired 1 hr in the  

same atmosphere at 900~ 

R e a g e n t s  G r a m s  Mol u n i t s  R e a g e n t s  G r a m s  Mol units 

SrHPO~ (GTE Sy lvan ia )  8.4 3.0 
SrCO3 (GTE Sy lvan ia )  1.65 0.733 
MnCO3 (GTE S y l v a n i a )  0.43 0.245 
CeFa (K&K L a b s )  0.837 0.295 
SrF2 (Varacloid Chemical C o m p a n y )  0.99 0.516 

SrHPO~ (GTE Sy lvan i a )  5.6 3.0 
SrCOa (GTE Sy lvan ia )  1.32 0.879 
MgCOs 0.126 0.146 
CeFs (K&K Labs )  0.59 0.295 
SrF2 ( V a r a c l o i d  Chemical Company) 0.533 0.417 
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Table IV. Reagents and starting formulation for triply 
activated SrFAP 

Starting formulation Sr~.-_.,Ceo.~9~Dyo.o~Mno.~(POD~.oF~.7o; fired in 
10 liter/rain nitrogen at 1000~ for 1 hr; retired 1 hr  

in the same atmosphere at 900~ 

Reagents  Grams Mol units  

SrHPO~ (GTE Sylvania) 5.6 3.0 
SrCO~ (GTE Sylvania) 1.32 0.8~6 
MnCO~ 0.172 0.146 
CeF3 (K&K Labs) 0.59 0.295 
DyF~ 0.09 0.04 
SrF2 (Varacloid Chemical Company) 0.44 0.344 

the t r iply activated mater ia l  and ~_1% for the two 
remain ing  materials.  

Infrared properties.--The infrared absorbance 
spectra of the phosphor powders (2% by weight in 
KBr disks) were measured with a Nicolet Four ier -  
Transform Infrared Spectrometer MX1, Model 3600E, 
and were displayed on a Zeta digital plotter. 

The infrared abso rbance  spectrum for samples of 
formulat ion [3] is given in  Fig. 1, in the spectral 
region (420-2400 cm -~) of main  interest  for the de- 
tection of nonapat i t ic  orthophosphate and pyrophos- 
phate phases. The spect rum of S rFAP:Ce ;Mn is 
contrasted to the corresponding spectrum of the 
Ca -FAP:Sb ;Mn  mater ial  (YH) used as in te rna l  s tan-  
dard and known to be a bona fide apatite, contain-  
ing approximately 1.4% of Ca-pyrophosphate (~- 
phase). The spectrum of S rFAP:Ce ;Mn reproduces 
fai thful ly the main  features of the spectrum of 
CaFAP:Sb ;Mn and does not show the weak line at 
~690 cm -~, commonly associated with pyrophosphate 
phases, 

Chemical analys~s.--Materials formulated as 

Sr4.esCe0.e.~Mn0.24~ (PO4) ~.0F~.02 [3] 

gave on analysis the results listed in Table V. From 
the chemical analysis (Table V) of the products ob- 
tained from the firing of samples of s tar t ing formula-  
tion [3], one can derive, on the assumption of three 
P atoms per molecule in the fin,at product, the fol- 
lowing phosphor composition 
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Fig. I. Infrared absorbance of CaFAP:Sb;Mn (solid line) and 
of SrFAP:Ce;Mn (dashed line) in the spectral region of the main 
absorptions. 
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Table V. Results of chemical analyses on phosphors 

Starting formulat ion:  Sr4.~Ceo.~Mno.24~(PO~)s.0Fl.os 

Error 
Weight  bar* Formula  

Element  percent  found Method (%) units t  

Sr 49.5 Atom.  absor. --+-3 4.20 
Ce 6.2 Neutron  act. ---+5 0.33 
Mn 1.94 Atom. absor. -+5 0.26 
P 12.5 Neutron  act. ---+3 3.0 
F 2.89 Electrochem ---+7 1.16 

* For the quantities l isted in Column 2. 
? Assuming P = 3. 

Sr4.20Ce0m3Mn0.26 (POz) 8.0FL16 [4] 

namely,  the fluoride content  is marked ly  reduced in  
the final product, but  still exceeds by  ~15% t h e  
fluoride content  for a stoichiometry a lka l ine-ear th  
halophosphate. Similar  analyt ical  results on  the 
fluoride content  were reported by Henderson and 
Ranby (6). 

The total formal charge of the cations is derived 
from [4J as being 9.91 (assuming that all of the Ce 
is present  as the t r iva lent  species). The total anion 
charge adds up to i0.16, if one assumes that  x --~ 4 
in Eq. 14J. Unt i l  the chemical analyses can provide 
a rel iable determinat ion of both the relative content  
in the Ce ~+ and Ce 4+ species, and of the oxygen con- 
tent, fur ther  discussion of the finer details of the 
phosphor composition and related charge compensa-  
tion is of necessity in  the na ture  of speculation. 

Optical Spectroscopy of the FAP Phosphors 
ExpemmentaL setup.--Spectroscopic measurements  

were per iormed both under  s teady-state  excitation 
(and aetection) of the phosphors and under  condi-  
tions of pulse excitation of the materials. For  the 
steady-state measurements ,  a modified commercial  
spectrophotometer, Pe rk in -E imer  fluorescence spec- 
trophotometer Model MPF 44-A was u t i l i zed .  The 
measurements  on the decay kinetics of the phosphors 
were carried out using a n i t rogen- lase r -pumped  dye 
laser Model DL12 from Molectron, and t ime-resolved 
sampling techniques in  detection. The dye laser emis- 
sion could be f requency-doubled,  so as to have avai l -  
able excitat ion pulses of 10 nsec dura t ion  in the 
short u.v., at 254 rim. 

Both the measurements  with the spectrophotometer 
and with the dye laser were t ransferred in real t ime 
to the central  computer  of the GTE Labs by  means 
of IBM Device Couplers, Model 7406. Digital pulses 
from TTL signal  generators and pulse condit ioners 
provided suitable master  clocking for the acquisit ion 
and t ransfer  of the measured data. An extensive 
software development  in  APL language supported 
various phases of data acquisition and processing. 
The final results were plotted on a Tekt ronix  4662 
digital plotter. 

Emission spectra.--The response of the phosphor 
under  excitat ion at 254 n m  are the main  concern at 
this stage. F igure  2 contrasts, under  ident ical  excita- 
t ion and detection conditions, the emission spect rum 
of YH and of sample RL24 of s tar t ing formulat ion 

Sr4.25Ce0.295Mn0.245 (PO4) 3.0Ft.92 [3] 

The emission from YH consists of a residual  Sb 3+ 
emission in  the blue, with peak at ___500 nm, and of 
the yel low emission from Mn 2+, with peak at ~575 
rim. The S rFAP:Ce ;Mn emission in t u rn  comprises 
a Ce 3+ emission band  in  the long u.v., wi th  peak at 
___345 nm, and the Mn 2+ emission in the yellow. The 
peak intensi ty  of the Ce emission is roughly 25% that  
of the Mn emission in  the same material.  In  t u rn  
the peak intensi ty  of the Mn emission in the SrFAP 
sample is ___90% the corresponding peak in tens i ty  i n  
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Fig. 2. Comparison of the corrected emission spectra of YH and 
SrFAP:Ce;Mn (sample RL24). Excitation at 254 nm. The narrow 
structure at 508 nm is due to scattered exciting radiation detected 
in second order. 

YH. The emission spec t ra  are t runca ted  at  __.615 nm, 
the l imi t ing  wave leng th  of the correc ted  emission 
spec t ra  d i rec t ly  ob ta inab le  f rom the MPF-44A fluori-  
meter .  

F igure  3 shows a de ta i led  v iew of the  Mn emission 
in YH and in a somewhat  less b r igh t  sample  f rom 
the same S r F A P  run. The emission peak  is now 
~ 8 5 %  tha t  of YH, and is s l igh t ly  shif ted to longer  
wavelengths ,  by  compar ison wi th  YH. An opposi te  
wavelength  shif t  is found in samples  wi th  reduced  
Mn content,  as for example  in Fig. 4 for sample  D7, 
wi th  s ta r t ing  format ion  

Sr4.s0Ce0.~95Mn0.14~ (PO4) 8.0Fz.7~ [5] 

These shifts  in the  spec t ra l  locat ion of the emission 
peak  are associated wi th  the  Mn2+ concentrat ion,  the 
h igher  Mn content  shif t ing the  emission to longer  
wavelengths .  

E~cc~tatio~ spec t ra . - -The  exci ta t ion spec t ra  obtained 
on moni tor ing  the emission at 575 nm are  contras ted 
in Fig. 5 for  the  case of YH and S rFAP:Ce ;Mn.  In 
YH the absorpt ion  in the u.v. is p rov ided  by  Sb 3+ 
and  rises r a the r  r ap id ly  from ___300 nrn toward  shor te r  
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Fig. 3. Detail of the Mn emission in YH and SrFAP:Ce showing 
the respective peak location of the Mn emission. Excitation at 
254 nm. 
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Fig. 4. Same as Fig. 3, but for an SrFAP:Ce;Mn sample with lower 
Mn content. The emission peak is shifted to shorter wavelengths 
when the Mn content is reduced. 

i 

' ~, ,  

25 

i 

EMISS. a{ 575nm 

\ 

\ 

i 
280 300 320 240 260 340 360 380 

WAVELENGTH IN NANOMETERS 

100 

90" 

8e 

70- 

6O 

50" ~ ~  

30 

20 

10 " 

0 
200 220 

Fig. 5. Comparison of the corrected excitation efficiency (arbi- 
trary, but same normalization) for emission monitored at 575 nm in 
YH and SrFAP:Ce;Mn. Note the broader excitation region for the 
latter. 

wavelengths ,  peaking  at  240 nm. By comparison with  
YH, the  Ca-ac t iva ted  Sr  f luoroapat i te  exhibi ts  a 
broader ,  s t ronger  exci ta t ion efficiency in the  long 
u.v. and a less intense exci ta t ion efficiency at  wave-  
lengths  shor te r  than  254 nm. The  Ce 3§ exci ta t ion 
peaks  are  located at _~300, __.248, and 234 ran. 
Exci ta t ion  efficiency values  at  wavelengths  shor ter  
than  _~230 nm a r e  not  rel iable,  because of the 
dras t ic  in tens i ty  drop in the exci t ing radiat ion.  

Some in teres t ing  differences are  not iceable  in mea .  
sur ing the exci ta t ion spec t ra  for Ce emission and for 
Mn emission in the same sample.  This is e x e m p l i f e d  
in Fig. 6, again for a sample  of s ta r t ing  formula t ion  
[3]. The exci ta t ion spec t rum for Ce a+ emission shows 
a more  s t ruc tu red  level  d i s t r ibu t ion  and some max ima  
in the exci ta t ion spec t ra  of Ce cor respond to min ima 
in the analogous exci ta t ion for Mn emission, as if 
the two processes were  in pa r t  mu tua l ly  exclusive.  
These differences in the two exci ta t ion spec t ra  sug-  
gest tha t  t ransfe r  from Ce to Mn occurs for Ce-Mn 
associates, the p rox imi ty  of the  Ce-Mn centers  being 
indicated by  the broadening  of the  Ce levels.  
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Fig. 6. Comparison of the corrected excitation efficiency in the 
same SrFAP:Ce;Mn material, while monitoring the emission near 
the peak of the Ce band in the u.v., and that of the Mn band at 
575 nm. There are definite structural differences in the two ex- 
citation bands. 

I t  can also be concluded f rom Fig. 6 that  the ab-  
sorpt ion by  Ce ~+ at 254 nm, fol lowed by  sens i t i za t ion  
of the Mn emission, is roughly  30 t imes more effec- 
t ive than  d i rec t  absorpt ion  by  Mn 2§ as occurr ing at 
--~405 nm, fol lowed by Mn emission. 

A de ta i led  view of the exci ta t ion spec t ra  in the 
long  u.v. and in the  visible,  a r is ing f rom direct  ab -  
sorpt ion by  Mn '2+, is given in  Fig. 7 for YH (sample 
RL63) and for  S rFAP,  sample  RL68 of s ta r t ing  for-  
mula t ion  [3]. The tai l  of the Ce exci ta t ion band in 
the l a t t e r  pa r t i a l l y  masks  the  weak  exci ta t ion re -  
gions of Mn 2+ cen te red  at  350 nm. The overa l l  shape 
of the  exci ta t ion spec t ra  on the long-wave leng th  side 
of 350 nm is r e m a r k a b l y  s imi la r  in both phosphors.  
The character is t ic  n a r r o w  peak at  ~405 nm is fol -  
lowed by  a broader ,  symmet r i c  band  centered at  
485 rim. The 405 nm exci ta t ion  peak  is ac t tml ly  s t ronger  
in S r F A P  than in YH, suggest ing a grea te r  content  
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Fig. 7. Corrected excitation efficiency for YH and SrFAP:Ce;Mn 
(sample RL68; see text) in the spectral region of direct absorption 
by Mn 2+, while monitoring the emission at 575 era. The marked 
similarity in the two excitation curves strongly suggests a similar 
site coordination around Mn 2+ in both lattices, in spite of the 
strong fluoride excess in SrFAP. 
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of Mn 2+ incorpora ted  in the  apat i t ic  s t ruc ture  of the 
former.  On the whole, the spec t ra l  measurements  
confirm the conclusion of the x - r a y  diffract ion data,  
in the  sense tha t  despi te  the ha l ide  excess, the  Mn2+ 
coordinat ion in S r F A P  m a r k e d l y  resembles  tha t  in 
YH. 

Reflection spectra and remission spectra.--The ex -  
ci ta t ion spec t ra  de ta i l ed  in the previous  sect ion map  
out  the spec t ra l  regions that  contr ibute  to emission, 
a f te r  absorpt ion  of the  exci t ing radia t ion,  but  do not  
p rovide  a d i rec t  measure  of the  exci t ing radia t ion  
ac tua l ly  absorbed  by  the phosphor.  Since the  authors  
are  dea l ing  wi th  powders ,  ins tead of measur ing  ab -  
sorpt ion spectra,  as would  be the case wi th  t rans-  
pa r en t  mater ia ls ,  they  are  res t r ic ted  to measur ing  a 
complemen ta ry  quant i ty ,  namely ,  the reflectance of 
the  powder .  

Reflectance measurements  were  car r ied  out  wi th  
the P e r k i n - E l m e r  spect rof luor imeter  used to de te r -  
mine the  emission and exci ta t ion  proper t ies  of the 
phosphors.  The two monochromators  of the MPF-44A 
were  set a t  the  same wavelength ,  and scanned in 
tandem. Raw reflectance da ta  were  conver ted  to an 
absolute  scale by  running  the corresponding reflec- 
tance spec t rum of a ma te r i a l  of known proper t ies ,  
namely ,  the  Eas tman Kodak  reflectance s tandard  
6091. F rom the reflectance spec t ra  of  th ick layers  of 
powders  one can der ive  the  remission function 

k/s --  (i --  R)~/2R [6] 

namely ,  the ra t io  of the absorpt ion  coefficient k to 
the sca t ter ing  coefficient s. Fo r  par t ic les  of s imi la r  
morphology,  and in spec t ra l  regions of intense ab-  
sorption,  i t  is just if ied to use the  remiss ion function 
as a compara t ive  measure  of the absorpt ion  of the 
mater ia l s  considered.  By der iv ing  the remission func-  
t ion f rom the absolute  reflectance data,  one obta ins  
curves that  should app rox ima te  the  absorpt ion  co- 
efficient spec t rum of the bu lk  mater ia l .  An example  
of such remi t t ance  functions is given in Fig. 8, where  
we compare  YH wi th  S rFAP:Ce ;Mn,  sample  RL68. 
The Ce 3+ absorpt ion  dominates  at  ~300 nm and 
decreases at  shor t e r  wavelengths .  The Sb 8+ absorp-  
t ion in YH is fa i r ly  m~nimal at  300 nm and rises 
r a p id ly  at  shor te r  wavelengths ,  peaking  at 240 and 
at ___222 nm. The curves for  the two phosphors  ac-  
tuaUy cross in the v ic in i ty  of 250 nm. 

The exci ta t ion spec t rum for Mn 2+ emission f rom 
YH reproduces  r a t h e r  wel l  the shape of the corre-  

H 
I 
S 
S 
I 
0 
N 4. 

F 

u 3. 
c 
T 
I 2. 
0 
N 

k 1. 
/ 
s 

0 .  

7 

6 . 5 -  

6 

5 

5 -  

4 

5 -  

3 

5"  

O f  
20O 

COMPARE YELLOW HALO 

2 2 e  

Sr(C~) HALO 

i 
Sr la ~ o 

248 26Q 288 388 328 348 
WAVELENGTH in  NANOMETERS 

3~e 
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Ce;Mn (sample RL 68) and YH. 
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sponding remission function, up to ~235 nm (Fig. 
5 and 8). On the contrary ,  a comparison of the ex-  
ci tat ion spect ra  (wi th  ord ina tes  su i tab ly  scaled)  and 
the remission spect ra  for sample  RL68 shows tha t  
the Mn emission is more  efficiently exci ted  in the 
shor t  u.v. a round  250 nm than  at the s t ronger  ab-  
sorpt ion peak  located at  ___290 nm (Fig. 9). 

Spectral measurements at liquid-nitrogen tempera~ 
tures.--A p a r t i a l ,  charac ter iza t ion  of the spec t ra l  
p roper t ies  of S r F A P : C e ; M n  was pe r fo rmed  on a 
sample  of s ta r t ing  formula t ion  [3] and wi th  peak  
Mn emission at  the 84% value  of the YH s tandard .  
F igure  10 shows a comparison of the emission spect ra  
at  room t empera tu re  and at  77 K, for exci ta t ion at 
254 rim. The Ce emission at  low t empera tu res  is spl i t  
into two components  located at 330 and 348 nm: this 
effect is due most l ike ly  to radia t ive  t ransi t ions  f rom 
a s ingle  emi t t ing  level  to two J -mani fo lds  (10) of 
the 2F ground t e rm of Ce ~+, Both Ce and Mn emis-  
sions increase in in tens i ty  at low tempera tures ,  the 
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Fig. 9. Comparison of the remission function for SrFAP:Ce;Mn 
(sample RL68) and the excitation spectrum for Mn emission at 
575 nm in the same sample. For convenience in plotting, the ex- 
citation-spectrum ordinates have been scaled clown by a factor of 
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Fig. 10. Effect of temperature decrease on the emission from 
SrFAP:Ce;Mn. Excitation at 254 nm. (a) Room temperature, (b) at 
77 K. Same excitation and detection conditions. 

former  by  a lmost  a factor  of two. The Mn emission 
also shifts  to longer  wavelengths  on cooling. This 
can be expla ined  on the basis of Tanabe and Sugano 's  
d i ag ram (5), as ar is ing f rom a t he rma l ly  induced 
increase in crys ta l  field a round  Mn 2+. This type  of 
long wave length  shif t  in the Mn 2+ emission is also 
observed in u  

F igure  11 shows the exci ta t ion spec t rum at 77K,  
obta ined while  moni tor ing  the Mn emission at  its 
peak.  At  least  four  exci ta t ion peaks,  at  234, 250, 260, 
and 290 nm, are in evidence at low tempera tures .  
Unfor tunate ly ,  the corresponding exci ta t ion spec-  
t rum at room tempear tu re  for the  ve ry  same sample  
is not  avai lable .  As an indicat ion of the changes 
taking place in the shape of the exci ta t ion spec t rum 
on cooling the phosphor,  the low t empera tu re  exci ta -  
t ion spec t rum was contras ted wi th  the room tem-  
pe ra tu re  exci ta t ion  spec t rum of Fig. 9. Cooling en-  
hances the exci ta t ion in tens i ty  of the  long wave -  
length  por t ion of the exci ta t ion band,  f rom ~--260 to 
___320 rim. 

Exci ta t ion  spec t ra  at  77 K were  measured  in the 
region of direct  absorpt ion  by  Mn 2+, while  mon i to r -  
ing the  emission at  585 nm (Fig.  12). The curve of 
Fig. 12 should be compared  wi th  the corresponding 
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Fig. 11. Effect of the temperature decrease an the excitation 
spectrum far Mn emission at 575 nm in SrFAP:Ce;Mn. 
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Ce;Mn, while monitoring the emission at 585 nm. This spectrum 
should be contrasted with that of Fig. 7. 
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curves of Fig. 7. The tail of the Ce 3+ band is de- 
creased in in tensi ty  at 77 K, so the Mn 2+ group at 
~350 nm becomes quite evident  at low temperatures.  
The sharp peak at ~410 nm has now a definite 
doublet  s tructure,  with peaks at 406 and 415 nm. A n  
addit ional  weaker  peak appears at 434 nm. The 
broader  excitation region at longer  wavelengths is 
now resolved into two components  with peaks at 
465 and 500 nm. Similar  excitat ion spectra for YH 
have been reported by Wachtel  and Ryan (11). 

Emission-decay kinetics.~A useful proper ty  of 
phosphor activators, which is accessible to measure-  
ment  and re levant  to phosphor efficiency and to the 
sensitization process, is the decay rate of the cor- 
responding radiat ive process and how it is affected 
by the concentrat ion of activators and kil ler  im- 
purities. 

The emission lifetimes for the active ions in  ques- 
tion, Ce 3+ and iYln 2+, differ by six orders of magni -  
tude, the Ce s+ emission being general ly  of the order 
of 10 -8 sec., and that  of Mn 2+ of the order of 0.01 
sec. The kinetics of the emission decay from S r F A P  
were followed after dye laser pulsed excitation at 
254 nm. In  the singly activated materials (see Table 
III)  of s tar t ing formulat ion 

Sr4.3oCeo.29~Mg~.14G (PO4) 8.oFL72 [7] 

the emission decay of Ce 3+ for excitat ion at 254 n m  
was fairly exponent ia l  in na tu re ,  with a decay con- 
s tant  of ~28  nsec. The Ce decay was much faster 
in the presence of Mn 2+, because of the addit ional  
decay channel  involving t ransfer  Of excitation energy 
from Ce 3+ to Mn 2+. This is evident  from an  inspec- 
tion of Fig. 13, where  the Ce decay in the doubly 
activated mater ial  is almost twice as fast. 

Since the decay process being measured in the case 
of the Ce 3+ emission takes place dur ing  a t ime com- 
parable to the exci tat ion process, the observed emis- 
sion pulse is a convolution of the exciting pulse and 
of the corresponding emiss ion  pulse. In order  to ex-  
tract the decay kinetic from the observed emission 
pulse, we successively convolute the excitation pulse 
(as measured by  our detection system) with s ingly 
exponent ia l  decay processes, unt i l  a good match is 
obtained between synthesized and observed emission 
pulses. The result  of one such convolution is shown 
in Fig. 14 for a sample doubly  activated with Ce and 
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Fig. 13. Ce 3+ emission pulse at 350 nm, following dye-laser ex- 
citation at  254 nm. Samples  a t  room temperature.  Solid line: 
emission from SrFAP:Ce;Mg. Dotted line: emission from SrFAP:Ce; 
Mn. The oscillations in the decay curves are due to rf pickup from 
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Fig. 14. Result of the convolution procedure used to extract 
emission decoy constants from measured Ce-emission pulses. Sample 
of SrFAP:Ce,Mn at room temperature. The synthesized pulse 
(dotted curve) is the convolution of the system response function 
with an exponential decay of 11 nsec time constant. 

Mn. The measured emission pulse is consistent with 
a decay constant  for Ce of 11 nsec. 

The measured decay pulses of the Ce emission were 
not greatly affected by a decrease in sample tempera-  
ture, down to ~100 K. A fur ther  decrease in sample 
temperature  from 100 to 80 K caused the normalized 
emission pulse to broaden and the decay appeared 
to have a slower, la ter  component  (Fig. 15 and 16). 
Fur the r  measurements  are required  for a possible 
correlat ion of this abrupt  change in  decay character-  
istics with a thermal ly  activated energy- t ransfer  a n d /  
or sensitization process. 

At room tempera ture  the decay of the Mn emission 
for excitation at 254 n m  is exponent ial  (Fig. 17), 
with a decay constant  of 14.8 msec. This value is 
quite close to the value measured for the Mn 2+ emis- 
sion in YH, where we find at room temperature  a 
decay constant of 15 msec. 

Singly activated strontium FAP.- -Before  discussing 
the lamp evaluat ion and air  firing of the doubly  acti- 
vated SrFAP,  some of the spectral properties of the 
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Fig. 15. Effect of decreasing temperature on the decay kinetics 
of Ce 3+ emission from SrFAP:Ce;Mn. An appreciable lengthening 
of the decay is found at 80 K. Dye-laser excitation at 254 nm. 
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Fig. 16. Same as previous figure, but for a narrower temperature 
range, from 120 to 80 K. The change in the shape of the emission 
pulse occurs rather abruptly in going from 100 to 80 K. 

Ce-ac t iva ted  S r F A P  of s ta r t ing  formula t ion  (7) are  
ment ioned,  since they  are  re levan t  to the l amp pe r -  
formance of the  doub ly  ac t iva ted  phosphors.  The 
emission f rom the s ingly  .~ctivated phosphor  consists 
of the  a l r eady  fami l ia r  Ce 8+ band, wi th  peak  at  
___340 n m  and ha l f -wid th  At h a l f - m a x i m u m  of ~_50 
nm (Fig. 18). The Ce emission is reduced  by more 
than ha l f  in the  doub ly  ac t iva ted  sample,  as seen in 
Fig. 18. The corresponding exci ta t ion spect ra  for 
emission at  348 n m  are shown in Fig. 19. The re -  
p lacement  of Mg by  Mn in the s ingly  ac t iva ted  ma-  
te r ia l  produces  a m a r k e d  broadening  of the  exci ta -  
t ion band of Ce 3+. This is again evidence for Ce-Mn 
associates in the  doub ly  ac t iva ted  mater ia l .  

Triple activation of SrFAP.--One of the advan-  
tages in using Ce s+ ins tead of Sb s+ as sensi t izer  in 
the apat i te  s t ruc ture  is the abi l i ty  of Ce 3+ to sensit ize 
not  only  the emission of Mn 2+, bu t  also that  of t r i -  
va len t  r a re  ea r th  ions. Sensi t izat ion of Tb ~+ emis-  
sion by  Ce 8+ in f luoroapati tes  has been repor ted  by  
Ranby  and Hobbs (12). To demons t ra te  the possibi l -  
i ty  of Ce-RE ~+ sensi t izat ion even in the  presence of 

90" 

80" 
l- 

z 7@- 
LU 
I-" 

60- 
Z 
s 

5@- 

m 40 
w 
I-- 
0 ' 

o 
"J 20- 

10- 

i i 

,A,., 

.jce 
8 "  I 
280 300 

I i 

Ce o n l y  

RL89 

320 340 360 880 400 420 
WAVELENGTH IN NANOMETERS 

440 460 

Fig. 18. Emission due to Ce 3+ in two SrFAP:Ce phosphors, one 
containing both Ce and Mn, and the other with Mg replacing Mn. 
The Ce emission in the former is reduced by almost a factor of 
three, because of efficient energy transfer to the Mn 2+ centers. 
The shape of the Ce 3+ emission band is very similar in both cases. 

Mn 2+, some prepara t ions  of S r F A P  ac t iva ted  wi th  
Ce, Mn, and one of the r a re  ear ths  were  car r ied  out  

The resul ts  obta ined when the ra re  ea r th  ion was 
Dy 8+ are  given in Fig. 20. The emission consists of 
the  now fami l ia r  Ce emission in the long u.v., of the 
ye l low emission f rom Mn 2+ and, in addit ion,  of two 
l ine groups located at  470 and 570 n m  and con t r ibu ted  
by  Dy ~+. In pr inc ip le  this combinat ion of b lue  and 
of composite ye l low emission f rom a single phosphor  
could provide  the overa l l  white  field tha t  in the Li te -  
Whi te  scheme is obta ined using a b lend of two phos-  
phors.  

A combinat ion  of Ce, Mn, and ra re  ear th  emission 
was also observed  on act ivat ion with  Tb a +. 

Lamp Evaluat ion of  Doubly Act iva ted  SrFAP 
Standa rd  40W low pressure  fluorescent lamps  were  

ceated with  S r F A P : C e ; M n  phosphors  of s ta r t ing  for-  
mula t ion  [3]. As in te rna l  s tandards ,  l amps  were  also 
fabr ica ted  wi th  YH. The or iginal  p laque br ightness  
of the S r F A P : C e ; M n  was app rox ima te ly  85% ~hat of 

- 0 .  I -  

- 8 . 2 -  

-@.3- 

L - 0 . 4 -  
0 
8 - 0 . 5  

I - 0 . 6  
N 
T -8 .7  
E - 0 . 8  
N 
S - 0 . 9  
T 
T - I -  

Y - 1 . 1  

- I  . 2 -  

- I  . 3 -  

-1 .4 -  

-1 ,5 

% i 1 

14.8 ms 

} i i J 
0 18880 28098 38888 48800 58000 

MZCROSECONDS 

Fig. 17. Semilog plot of the emission decoy at 580 nm from 
SrFAP:Ce,Mn as a result of dye-laser excitation at 254 nm. A 
decay constant of -~14.8 msec can be extracted from the straight 
semilag plot. 
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Fig. 20. Emission spectrum of a triply activated SrFAP:Ce;Mn:Dy 
phosphor for excitation at 254 nm. In addition to emitting in the 
u.v., Ce sensitizes both the Mn 2+ emission and that of Dy 3+, 
with line groups at 470 and 570 nm. 

YH. At  zero hour  the  corresponding lamp output  was 
a l r eady  down to ~ 7 3 %  tha t  of the  l amp  coated wi th  
YH, an indicat ion of ser ious  baking  and sho r t - t e rm  
br ightness  losses. At  100 h r  the ou tput  ma in tenance  
was poor, 85.4%, compared  to the  97.6% main tenance  
for YH. I t  ~ppears therefore  tha t  the phosphor,  as 
p re sen t ly  formula ted ,  a l though exhib i t ing  suibable 
p laque  br ightness ,  is not  s tab le  to the l a m p - m a k i n g  
process. 

The r ema inde r  of the presen t  r epor t  is devoted  to 
a p r e l i m i n a r y  inqu i ry  into the causes of such a phos-  
phor  de te r iora t ion ,  namely ,  to de t e rmin ing  whe the r  
the effect is associated wi th  the  ma t r i x  i tself  or  wi th  
the oxida t ion  of Ce ~+ a n d / o r  of Mn 2+. 

Effect  of  A i r  Firing on Brightness 
In o rde r  to rough ly  s imula te  the  condit ions seen 

by  the phosphor  dur ing  baking,  smal l  amounts  of 
the phosphor  of s ta r t ing  formula t ion  [3], i.e., about  
lg  batches,  were  fired in a i r  for 15 rain at  640~ This 
firing t r ea tmen t  caused a change in the body color 
from pale  green  to l ight  tan. This effect can also be 
fol lowed in the reflectance da ta  of Fig. 2t. The ab-  
sorbance of the powder  a round  254 nm, in the region 
of absorpt ion  by  Ce z+, is ba r e ly  affected by  the firing 
t rea tment ,  whi le  a broad  continuous absorpt ion  sets 
in f rom 325 n m  down into the vis ible  region.  Both in 
the spectraI  region of Ce emission and of Mn emis-  
sion, the fired ma te r i a l  is def ini te ly  more  absorbing  
than  the virgin phosphor.  Therefore,  it  is not  sur -  
pr is ing that  the  increased absorbance  is accompanied 
by  ser ious losses in emission intensi ty.  In  effect, the  
emission band of Ce is decreased at  the peak  by  
a lmost  50%, while  the Mn emission is reduced b y  
25% (Fig. 22). The exci ta t ion  spect ra  for emission at 
580 nm are  p lo t ted  in Fig. 23 for the v i rg in  and for 
the  fired phosphors:  the loss in exci ta t ion efficiency is 
highest  at  the shortest  wavelengths  ( ~ 5 0 %  at the 235 
nm exci ta t ion p e a k ) ,  whi le  i t  is only  20% at the b road  
exci ta t ion peak  at 290 rim. 

These resul ts  on the  doubly  ac t iva ted  S r F A P  should  
now be cont ras ted  wi th  the behav ior  of the s ingly  
ac t iva ted  analog of s ta r t ing  formula t ion  [7]. On firing 
the la t ter ,  the or iginal  pa le  green body color of the 
powder  veered to white.  In  addit ion,  the  reflectance 
spec t ra  of Fig. 24 show no change in the s t renqth  of 
the u.v. absorpt ion  peaks  of Ce 3+, namely ,  no evi-  
dence of oxidat ion  of Ce ~+ is seen, whi le  there  is a 
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Fig. 2T. Effect of air firing on the reflectivity of the SrFAP:Ce; 
Mn phosphors. The absorbance of the material is fairly unchanged 
at 254 nm, but increases from ~310  nm to longer wavelengths. 
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Fig. 22. Effect of air firing on the emission properties of SrFAP: 
Ce;Mn. Excitation at 254 nm. The emission loss is relatively higher 
for the u.v. emission band. 

par t i a l  b leaching of the  absorpt ion  responsible  for 
the or iginal  green body color. As a resu l t  of the a i r  
firing, we actu,ally reg is te r  an increase  in Ce ~+ emis-  
sion (Fig. 25). The p r e l i m i n a r y  conclusion is tha t  
dur ing  the a i r  firing, and the l amp  making  processes, 
the  sensi t ive component  is not  Ce ~+ but  p robab ly  
Mn 2+, or poss ibly  the Ce-Mn associates. 

Conclusion 
The first s tage in the  search for  sui table  a l t e rna -  

t ives for the  ye l low emi t t ing  component  for the Li te -  
Whi te  b lend has demons t ra ted  the Potent ia l i t ies  of 
Ce-Mn-coac t iva ted  f luoroapat i te  phosphors  in p ro -  
v id ing  plaque br ightness  approaching  that  of YH. 

The l amp  tests also revea led  tha t  the Ce-Mn Sr  
f luoroapat i te  phosphors,  as p resen t ly  formulated,  are  
a ppa re n t l y  damaged  in the baking  and in the l amp  
mak ing  process. The quest ion of l amp  compat ib i l i ty  
is therefore  centra l  to fu r the r  deve lopment  and syn-  
thesis opt imizat ion  of the  Ce-Mn f luoroapat i te  phos-  
phors. Since Ce is a more  versa t i le  sensi t izer  than  Sb, 
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EFFECT OF AIR-FIRING 
I i 

Fig. 23. Changes in the excitation spectrum for emission at 580 
nm from SrFAP:Ce;Mn as a result of air firing. The efficiency loss 
increases toward shorter wavelengths. 
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Fig. 24. Changes in the reflectance of singly activated SrFAP:Ce 
after air firing. No appreciable change in Ce 3+ absorbance at 254 
nm is noticeable. The absorption band centered around 350 nm, and 
responsible for the pale green body color, is actually decreased as 
a result of the air firing. 

if the lamp processing losses were brought under 
control, a wide versatile new class of halophosphate 
phosphors would become available. 
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Delineation of p-n Junction in Thin InGaAsP Layers Using Chemical 
Etching 

J. A. Lourenco 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

A method for the delineation of the p-n junction inside the active layers of InGaAsP/InP double heterostructures is 
presented. A chemical etch used with illumination on a grooved sample canaccurately delineate the diffusion front of the 
p-dopant in quaternary layers. Using a conventional optical microscope, the techniqde can be used for active layers as thin 
as 0.1 ~m. Good correlation with scanning electron microscope techniques (EBIC) is observed. The technique presented 
here can easily be used as a routine step during wafer characterization. 

In InGaAsP/InP double heterostructures (DH) 
grown by liquid phase epitaxy (LPE),  the p-n junc- 
tion position in the nominally undoped InGaAsP active 
layer is formed by diffusion of the acceptor, commonly 
Zn, from the p- type InP confining layer. However, the 
Zn flux into the quaternary layer is dependent on its 
concentration in the confining layer and the diffusion 
depth can be altered by varying the time that the 
wafer remains at high temperature after the InGaAsP 
active layer has been grown. In addition, the position 
of the p-n junction has been found to depend on the 
doping level of the active layer  (1, 2), and lattice mis- 
match, which influer~ces the bulk properties of the epi, 
can also affect the Zn diffusion length (3). Conse- 
quently, the position of p-n junction can shift from 
run to run, and its misplacement has been a problem, 
part icular ly in very thin layers (1, 4). 

An accurate -~ay of determining the P-n junction 
in a double heterostructure is with the electron beam- 
induced current (EBIC) (5) mode of a scanning elec- 
tron microscope. The EBIC method, however, is too 
complex to be used routinely. A simple and quick 
alternate method is therefore desirable. Often, chem- 
ical staining of a cleaved edge is the method of choice 
and it works well with thick layers (greater  than 2.0 
~m). It has been successfully applied to thick InGaAsP 
layers, although the exact procedure and the type of 
stain were not mentioned (2). However, when the 
active layer thickness is less than ~2.0 ~m, the reso- 
lution of an optical microscope is limiting. Also, if the 
p-n  junction is very close to one of the interfaces of 
the active layer, the junction and this interface be- 
come indistinguishable, even in a thick layer, and no 
information can be obtained. 

In this paper, a technique is presented which can 
accurately reveal the position of the p-n junction 
inside InGaAsP layers as thin as 0.1 ~,m. A chemical 
etch is used with illumination. Coupled with the arcuic 
trigonometric method of calculating layer  depth (6), 
it provides a quick and easy  way of routinely deter-  
mining the position of the diffusion front inside the 
active layer. 

Experimental 
A small sample (~1.5 • 3.0 mm) is cut from an LPE 

double heterostrueture, mounted on a thin glass cover 
plate, and grooved using a sectioner from Philtec In- 
strument Company. The detailed procedure for mount-  
ing and grooving the sample has b~en described by 
McDonald and Goetzberger (7). The groove depth 
must be carefully controlled: it must be deep enough 
to completely cut through the active layer but should 
not go much deeper than the bottom of the layer  in 
order to maximize the groove width- to-depth ratio. 
The sample is then cleaned and stained under il lu- 
mination from a microscope lamp with a 15W tungsten 
filament bulb placed directly over the groove. The 
stain solution consists of 100 ml of H20, 89 KOH, and 

0.5g K3Fe(CN)6 (8). Although the time required for 
staining depends strongly on dopant concentration, in 
most samples 5-10 sec was enough to delineate the p-n 
junction. Usually the surface on the p-side of the 
quaternary active layer becomes very rough, prob- 
ably because it is more strongly attacked by the 
chemical etch than the n-side. After  staining, the 
thickness of the active layer  can be calculated and 
the exact position of the junction can be determined 
(6, 7). Figure 1 shows a grooved sample which has 
been stained for delineation of the active layer bound- 
aries and the p-n junction position. 

To evaluate the val idi ty of this technique, severM 
samples were analyzed using both the groove-and- 
stain method and the EBIC method. Figure 2 shows 
two scanning electron micrographs of cleaved edges 
of InGaAsP/InP DH light emitting diodes (LED's). 
The EBIC signals place the p-n junction (a) at the top 
of the active layer, very close to the p-InP, and (b) 
deep inside the active layer, closer to the n-InP. Figure 
3 shows the two samples from Fig. 2, this time using 
the groove-and-stain technique to delineate the 
quaternary layer interfaces and the p-n junction. 
Again, the p-n junction appears (a) at the top of the 
active layer, and (b) closer to the bottom of the layer. 

A few samples were stained without using il lumina- 
tion. A loss of sharpness at the p-n junction was ob- 
served and a much longer staining time was required. 

Fig. I. Interference contrast micregroph of a grooved sample 
which has been stained for layer delineatien and for determination 
of the p-n junction position. 
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Fig. 2. Scanning electron micrograph of a cleaved edge of a 
~nGaAsP/InP DH LED. The EBIC signal shows the p-n junction (a) 
at the top of the active layer, next to the InP confining layer; (b) 
deep inside the active layer, closer to the InP buffer layer. 

This resul ted  in pa r t i a l  r emova l  of the active l aye r  
wi th  consequent  loss of accuracy.  Severa l  s ta in  com-  
posit ions of the same components  were  t r ied,  but  the 
composit ion descr ibed  above seemed to give the best  
results.  In par t icu lar ,  composit ions where  the  concen-  
t ra t ion  of K~Fe (CN)6 is increased,  l ike  the  ones usu-  
a l ly  used for qua t e rna ry  layer, r emova l  (9),  were  too 
s t rong for s ta ining purposes:  a l though they  de l inea te  
the p - n  junct ion  they  also etch away  the active l aye r  
very  quickly,  s tar t ing towards  the center  of the groove 
where  the layer  is thinnest.  They are, therefore ,  not 
prac t ica l  b e c a u s e  accuracy is lost, and p -n  junct ions 
ve ry  close to the  bo t tom of the  active region cannot  
be detected.  Del ineat ion of the junct ion r ight  at  the 
bo t tom of the layer ,  as i l lus t ra ted  in Fig. 1, would 
be impossible  if any  apprec iab le  l aye r  remova l  had 
taken  place. Other  known InGaAsP  etchants  were 

Fig. 3. Interference contrast micrograph of the same samples 
from Fig. 2 with the p-n junction delineated using tee groove and 
stain method: (a) junction present at top of the active layer; (b) 
junction deep inside the layer. 

tried, such as the AB etch (I0), but these were also 
too fast at attacking the quaternary layer. 
Most of this experimental work was done on wafers 

in which the active layer was nominally undoped n- 
InGaAsP. The p-n junction was formed by Zn diffu- 
sion from the Zn-doped InP confining layer. This 
technique was also successfully tried on a wafer where 
Cd was used as the p-dopant. 

Discussion 
A I00 ml solution of 8.0g potassium hydroxide and 

0.5g potassium ferricyanide is strong enough to de- 
lineate th p-n junction inside a quaternary layer, but 
weak enough to do so without appreciable removal 
of InGaAsP.  

Exce l len t  cor re la t ion  is observed  be tween  the EBIC 
and the g roove -and - s t a in  methods.  However ,  the  EBIC 
technique consists of a scanning e lec t ron micrograph  
wi th  a super imposed  EBIC signal, and the two are  
not  a lways  easy to align. In  the g roove -and- s t a in  tech-  
nique, the active l aye r  boundar ies  and the p - n  junc -  
t ion are  de l inea ted  in only one step, and they  are  
usua l ly  ve ry  sharp.  Therefore ,  the g roove -and - s t a in  
method  is poss ibly  more -accurate. In  this technique,  
i l lumina t ion  is necessary if sharpness  of de l inea t ion  
and quickness a re  to be at ta ined.  

The ma jo r  advantage  of this technique is the ac-  
curate  del ineat ion of the p - n  junct ion  inside ve ry  thin 
layers,  which is ha rd  to do even wi th  EBIC. Because 
a ve ry  shal low layer  can be t r ans formed  by  grooving 
into a width  easi ly  resolved  by  opt ical  microscopes,  
and because the etch descr ibed above stains much 
fas ter  than i t  etches away  InGaAsP,  the p - n  junct ion 
can be de te rmined  in layers  as th in  as ~0.1 ~,m. (See, 
for  example ,  Fig. 4.) Also, junct ion d i sp lacement  f rom 

meta l lu rg ica l  bounda ry  of ~ < 0.1 ~m can be resolved,  
as i l lus t ra ted  in Fig. 3a. In  addit ion,  this is a quick 
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Fig. 4. Interference contrast micrograph of grooved and stained 
sample showing the p-n junction position inside an InGaAsP layer 
0.16 #m thick. 

and simple technique which can easily be used as a 
rout ine step in wafer characterization. 
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Dependence of the Characteristics of ZnSe MBE Grown on GaAs and 
GaP on Thermal Treatment in a Vacuum 

T. Niina, K. Yoneda, and T. Toda 

Sanyo Electric Company, Limited, Research Center, 1-18-13, Hashiridani, Hirakata, Osaka, 573, Japan 

ABSTRACT 

The dependence of the surface morphologies, electrical and optical properties of MBE grown ZnSe layers on the surface 
cleanliness of both GaAs and GaP substrates after being treated by a thermal treatment procedure in a vacuum prior to 
growth was studied by using RHEED and AES and by measuring the Hall effect and photoluminescence. The major 
contaminants  on the surface of both GaAs and GaP after chemical treatment are carbon and oxygen. Carbon absorbed on 
the surface of both GaAs and GaP can be easily decomposed by thermal treatment above 420 ~ On the other hand, there is 
quite a difference between GaAs and GaP concerning the removal behavior of the residual oxide layers. The thermal treat- 
ment  temperatures required to completely remove these oxide layers are 560~ for GaAs and 620~ for GaP. The character- 
istics of the MBE grown ZnSe layers depend mainly on the surface cleanliness of the substrate after the thermal removal of 
the residual oxide layers. In order to achieve a high quality grown layer, it is recommended that the thermal treatment be in 
the comparatively wide region between 560 ~ and 630 ~ for the growth of ZnSe on GaAs and in the extremely narrow region 
between 620 ~ and 630~ for the growth of ZnSe on GaP. 

Cleaning the surface of the substrate prior  to growth 
is an essential procedure in  the preparat ion of a high 
qual i ty epitaxial  film using molecular  beam epitaxy 
(MBE). In  the case of GaAs, which has been  widely 
used as a substrate  for the MBE growth of I I I -V com o 
pound semiconductors, the major  contaminants  are 
oxygen and carbon. Oxygen contaminates the surface 
dur ing and after chemical t reatment ,  forming un -  
avoidable th in  oxide layers which consist of arsenic 
and gal l ium oxides (1). Arsenic and gal l ium oxides 
can be removed by  thermal  t rea tment  in  a vacuum, 
with temperatures  above 370 ~ and 570~ respectively 
(2). On the other hand,  carbon is easily absorbed 
from an ambient  and a cleaning solvent  (3). Ord inary  
carbon contaminants  can be effectively decomposed by  
thermal  t rea tment  in a vacuum above 350~ However, 
when the substrate has been exposed to an ionized 
beam, carbon cannot be removed by thermal  t rea t -  

Key words: molecular beam epitaxy, zinc selenide,  reflection 
high energy electron diffraction, Auger  e lectron spectroscopy, 
photoluminescence, Van der Pauw method. 

men t  unless temperatures  above 600~ a r e  u s e d  (4). 
The presence of such residual carbon contaminants  
across the interface of the grown layers results in the 
generat ion of defects and affects the surface morpholo-  
gies of the grown layers (5). 

Recently, MBE has been extensively applied in the 
growth of I I -VI compound semiconductor films. In  
particular,  for the growth of ZnSe, the possibili ty 
of achieving a precisely controlled, h ighly  conductive 
layer  for use in  blue l ight  emit t ing  diodes has been 
demonstra ted (6, 7). So far GaAs has been commonly  
used as the substrate for the MBE growth of ZnSe be-  
cause of its closed lattice match. G a P  c a n  also be 
used in spite of its large lattice misfit of ,~ 4% (8). 
As in the growth of I I I -V compounds, the preparat ion 
of a smooth, clean, and undamaged  substrate  surface is 
also an impor tant  requ i rement  for achieving a high 
qual i ty  layer  in  the case of ZnSe MBE growth. 

In  this paper, we investigated thermal  t rea tment  
procedures required not  only to decompose c a r b o n  
contaminants  bu t  also to remove residual  oxide layers 
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on the surface of both GaAs and GaP, and the re-  
lation between the surface cleanliness of the substrate 
and the characteristics of ZnSe layers grown on both 
GaAs and GaP. These investigations were performed 
by using reflection high energy electron diffraction 
(RHEED), Auger electron spectroscopy (AES),  Hall 
effect measurement ,  and photoluminescence measure-  
ment. 

Experimental Procedures 
The substrates used in the present  s tudy were Cr-O 

doped semi- insula t ing  GaAs (100) with a resistivity of 
greater than 3 • 107 Q-cm, and also Zn-doped p- type 
GaP (100) with a resistivity of ,~0.2 ~ - c m  and a car- 
rier concentrat ion of 5 ,-- 10 • 1017 cm -z. 

After  mechanical  and chemical polishing, they were 
degreased with tr ichloroethylene by boiling, acetone, 
ethanol, and deionized water. Then, in the case of 
GaAs, the substrates were etched with a solution of 
5H2SO4-H~O2-H20 for 10 min at 60~ subsequent ly  
rinsed with deionized water, finally immersed in HC1 
for 10 min  at 30~ in order to remove the residual 
oxide layer, r insed with deionized water, and dried 
with dry nitrogen. In  the case of GaP, the substrates 
were etched with a s t i r r ing solution of HCI-2HNO3- 
H20 for I0 ,~ 15 min  at 550C, then rinsed with deion- 
ized water, and dried with dry nitrogen. 

After  these chemical t rea tment  processes, the sam- 
ples were mounted on an Mo sample block using In 
for adhesion, immediate ly  inserted into a loading 
chamber  of an MBE system, and pumped down. The 
MBE system used in the present  s tudy was a RIBER- 
MBE 1000 which was equipped with a quadrupole 
mass spectrometer, a 10 keV RHEED, and an AES. 

After being t ransferred into the growth chamber,  
which has a base pressure less than 10 -10 Torr, the 
samples were treated thermal ly  prior  to growth for 15 
min  at each step of the tempera ture  regions between 
300 ~ and 670~ All  of the epitaxial  films were grown 
on both the GaAs and the GaP substrate. 6N-Zn, Se, 
and Ga metal  were used as source materials.  For 
growth, the Zn cell tempera ture  and the'  Se cell tem-  
perature were normal ly  kept at ~300 ~ and ,~210~ 
respectively. Under  this condition, the beam flux ratio 
of Zn to Se was about 1. For the g rowth  of ZnSe on 
GaAs, the substrates were heated either to 320~ or 
to 360~ For the growth of ZnSe on GaP, the sub-  
strates were heated to 360~ to main ta in  a smooth sur-  
face morphology. For doping, the Ga cell tempera ture  
was fixed at ,~420~ to obtain the desired carrier  con- 
centration.  

At each step of the various thermal  treatments,  
RHEED and AES observations were made to evaluate 
the surface cleanliness of the substrate  resul t ing from 
the removal  of the surface contaminations.  In -dep th  
profile measurements  of AES were used to determine 
the t ransi t ion region between the growth layer  and 
the substrate and also to detect the impuri t ies  em- 
bedded across the interface. The electrical and optical 
properties of the grown layers were studied by using 
the Van der Pauw method and by room tempera ture  
photoluminescence excited with a 3250A He-Cd laser, 
respectively. 

Results and  Discussion 

Figure 1 shows the Auger peak heights of various 
elements at the substrate  surfaces as functions of the 
thermal  t rea tment  temperatures.  The Auger peak 
heights obtained from GaAs and GaP are shown in 
Fig. l ( a )  and (b), respectively. The peaks retained 
in  the Auger  spectra are a 273 eV KLL transi t ion for 
C, a 503 eV KLL transi t ion for O, a 1070 eV LMM 
transi t ion for Ga, a 1229 eV LMM transi t ion for As, 
and a 1865 eV LMM transi t ion for P. 

Carbon contaminants  absorbed on both GaAs and 
GaP after chemical t rea tment  can be explicit ly decom- 
posed by thermal  t rea tment  above 420~ which is 
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Fig. I. Auger peak heights of various elements from different 
substrate surfaces of GaAs (a) and GaP (b) as a function of the 
thermal treatment temperatures. 

slightly higher than the 350~ described by Chang 
eta[. (9). 

For GaAs, the oxygen peak height begins to de- 
crease at the thermal  t rea tment  of 500~ and then 
disappears rapidly when a thermal  t rea tment  of 560~ 
is used. This corresponds to the removal  behavior  of 
an oxidation product consisting of Ga2Oa. For GaP, the 
oxygen peak height decreases gradual ly  as the thermal  
t rea tment  temperature  increases when thermal  t reat-  
meats  above 500~ are used. However, this oxygen 
peak height will not disappear by thermal  t rea tments  
unless the temperature  is raised to 620~ The above 
result  indicates that there is quite a difference be-  
tween GaAs and GaP with respect to the removal  be- 
havior of the residual oxide layers because the oxida- 
t ion product on GaP is different from Ga~O3 on GaAs 
(10). With thermal  t reatments  above 650~ the As 
peak height for GaAs and the P peak height for GaP 
decrease as the thermal  t rea tment  temperature  in-  
creases. This may be at t r ibuted to the desorption of 
volatile atoms from t,he surface due to the difficulty 
of main ta in ing  a congruent  evaporation. 

For the growth of ZnSe on GaAs, the surface mor-  
phologies of the GaAs substrates and the subsequent  
epitaxial  growth at the init ial  stage of the 1000A 
thickness after different thermal  t reatments  as ob- 
served from in situ RHEED pat terns are shown in Fig. 
2. The substrate  temperature  dur ing  growth was 320~ 
and a p r imary  electron with a 10 keV was used along 
the [110] azimuth. At the thermal  t rea tment  of 550~ 
the RHEED obtained from the substrate surface shows 
a r inged pa t te rn  due to the coverage of the oxide layer  
which remained after chemical t reatment ,  as shown in 
Fig. 1 (a). Thereafter,  the RHEED obtained from the 
surface of the subsequent  epitaxial  growth at the ini-  
tial stage of the 1000A thickness also shows the ringed 
pat tern  arising from the polycrystal  ZnSe growth. 
After  thermal  t rea tment  above 560~ the diffraction 
pat tern  obtained from the substrate surfaces changed 
to a spotty one. This indicates that  the bare surfaces 
of the substrates exposed after the removal  of the re-  
sidual oxide layer  are rough because of the congruent  
evaporat ion of Ga and As atoms from the surface. 
However, the surface morphologies of the subsequent  
ZnSe epitaxial  growth with the 1000A thickness 
achieve a smooth surface observed from a streak dif-  
fraction pattern,  as shown by the RHEED studies. 

For the growth of ZnSe on GaP, the surface mor-  
phologies of the GaP substrate, the subsequent  epi- 
taxial growth at the ini t ial  stage of the 100OA thick- 
ness, and the total growth with a 3 ~m thickness were 
observed from in situ RHEED patterns,  as shown in  
Fig. 3. The impor tant  difference be tween the morphol-  
ogies of GaAs and GaP after thermal  t rea tment  is a 
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Fig. 2. RHEED patterns of the GaAs substrate prior to growth and 
the surface at the initial stage of the 1000A ZnSe growth after 
different thermal treatments. 

diffraction pattern resulting from the thermal treat- 
ment when the substrate surface is still covered with 
the residual oxide layers, as shown in Fig. 1. For GaP, 
the substrate surface exhibits a spotty pattern even at 
the thermal treatment temperature of 570~ This 
indicates that the oxidation product on the surface of 

GaP is single crystalline, which is in agreement with 
previous work (10). The surface of the ZnSe epitaxial 
growth at the initial stage of the 10003` thickness also 
exhibits a spotty diffraction pattern. However, the sur- 
face after the total 3 ~m thickness growth changes to 
a streak pattern. The roughness of the growth surface 
at the initial stage of the 10003` thickness may be at- 
tributed to the presence of the residual oxygen con- 
taminations across the interface. The surface morphol- 
ogy after the total 3 ~m thickness growth, however, 
could never be dominated by the detrimental oxygen 
contaminations. After thermal treatments above 620~ 
which is the temperature required to completely re- 
move oxide layers, as shown in Fig. l (b) ,  surface 
morphologies of the ZnSe epitaxial growth even at 
the initial stage of the 10003, thickness exhibit a 
smooth surface observed from a streak diffraction pat- 
tern. 

Figure 4 shows in-depth profiles of the Auger peak 
heights of various elements in the interface region be- 
tween the ZnSe growth layer and the substrate at each 
step of the different thermal treatments for the ZnSe- 
GaP system and at the step of the thermal treatment 
of 600~ for the ZnSe-GaAs system. The substrate 
temperature during growth and the ZnSe growth 
thickness were 360~ and ,~1000A, respectively. For 
the ZnSe-GaP system, oxygen is embedded across the 
interface at the thermal treatment temperature of 
570~ as shown in Fig. 4(a). This result confirms that 
it is possible for oxide-contaminations to dominate 
the surface morphology of the ZnSe growth at the 
initial stage. After thermal treatments above 620~ no 
oxygen contaminants can be embedded across the in- 
terface, as shown in Fig. 4(b) and (c). Therefore, oxy- 
gen contaminants can arise not from the ambient 
during growth but from the chemical treatment. The 
depth of the transition region after the thermal treat- 
ment of 6200C for the ZnSe-GaP system is about 300A, 
slightly wider compared to that of ~150A after the 

Fig. 3. RHEs patterns of the GaP substrate prior to growth and the surfaces at the initial stage of the 1000A ZnSe growth and the se- 
quential stage of the 3 ~m growth after different thermal treatments. 
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Fig. 4. In-depth profile of the Auger peak heights of various ele- 
ments in the transition region between the substrate and the ZnSe 
grown layer after different thermal treatments of 570~ (a), 620~ 
(b), and 650~ (c) for the ZnSe-GaP system, and 600~ (d) for the 
ZnSe-GaAs system. 

t he rma l  t r ea tmen t  of 600~ for the ZnSe-GaAs  system, 
as shown in Fig. 4 (d ) .  The difference in the dep th  of 
the t rans i t ion  region be tween  the ZnSe-GaAs  and 
ZnSe -GaP  sys tems may  be a t t r ibu ted  to the different  
la t t ice misfit. The Auge r  peak  height  of P for the  
ZnSe -GaP  sys tem at  the the rmal  t r ea tmen t  t e m p e r a -  
ture of 650~ g radua l ly  increases toward  the subs t ra te  
through the interface.  This is a t t r ibu ted  to the decrease  
in the  concentra t ion of P a toms at  the surface due to 
the desorpt ion dur ing  t h e r m a l  t rea tment .  

A Van der  Pauw method  and a photoluminescence 
measuremen t  were  employed  to invest igate  the r e l a -  
tion be tween  the surface  cleanliness of the subs t ra te  
and  the e lec t r ica l  and  opt ical  p roper t ies  of Ga -doped  
ZnSe growth  layers .  The subs t ra te  t empe ra tu r e  dur ing  
g rowth  was 320~ for the growth  of ZnSe on GaAs 
and 360~ for the  g rowth  of ZnSe on GaP. The Ga 
cell  t empe ra tu r e  was fixed at  420~ for  doping. Each 
sample  used in the p resen t  s tudy  has a ,--3 ~m thick 
ZnSe grown layer .  

F igures  5 and 6 show the dependence  of e lec t r ica l  
p roper t ies  of the  grown l aye r  of Ga -doped  ZnSe on 
GaAs and GaP on the t he rma l  t r ea tmen t  t empera tures ,  
respect ively.  F o r  the g rowth  of ZnSe on GaAs, the 
ca r r i e r  concentra t ions  and resis t ivi t ies  r ema in  un-  
a l te red  unt i l  the t he rma l  t r e a tmen t  t empe ra tu r e  is 
ra ised to 630~ For  t he rma l  t r ea tmen t  above 630~ 
however ,  a decrease  in the ca r r i e r  concentra t ion  and 
an increase  in the res is t iv i ty  begin to appear .  The 
mobil i t ies  do not  change, though, for  t he rma l  t r e a t -  
ment  be tween  560 ~ and 650~ For  the growth  of 
ZnSe on GaP,  the ca r r i e r  concentra t ion increases and 
the res is t iv i ty  decreases as the the rmal  t r ea tmen t  
t empera tu re  increases when the t empera tu re s  are  
ra ised f rom 550 ~ to 630~ This indicates  tha t  when  
h ighe r  t he rma l  t r e a t m e n t  t empe ra tu r e s  are  used, 
more  improved  e lec t r ica l  p roper t ies  are  obta ined  in 
the grown layers .  This is possible because the reduc-  
tion in the concentra t ion of oxygen contaminants  em-  
bedded  across the in terface  can suppress  the fo rma-  
t ion of the defect  complexes  associated with  oxygen.  
On the contrary ,  the decrease in the ca r r i e r  concent ra -  
tions and the increase in the resis t ivi t ies  begin  to ap-  
pear  at the the rmal  t r ea tmen t  t empe ra tu r e  of 630~ 
whereas  the mobil i t ies  g radua l ly  increase even when  
the t he rma l  t r ea tmen t  is ra ised to 650~ For  the  
growth  of ZnSe on both GaAs and GaP, t he rma l  t r ea t -  
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ments  h igher  than  630~ resul t  in a degrada t ion  of 
e lect r ica l  proper t ies .  This m a y  be a t t r i bu ted  to the  
following. Since i t  is c lear  f rom the AES and RHEED 
observat ions  that  the surface roughness  of the sub-  
s t ra te  resul ts  f rom the desorp t ion  of vola t i le  host  
a toms (for example  As and P)  at  the surface  by  the r -  
mal  t r ea tments  h igher  than  650~ a cer ta in  amount  of 
vola t i le  a toms can poss ibly  be dissociated f rom the 
subs t ra te  surface even af ter  being t rea ted  at  630~ and 
resul t  in roughness of the subs t ra te  surface.  As the 
result ,  we speculate  that  the degrada t ion  of e lec t r ica l  
p roper t ies  of the ZnSe layer  may  be due to the  gen-  
e ra t ion  of unavoidab le  defect  complexes into the epi-  
t ax ia l  l aye r  grown on the rough  surface of the sub-  
s t ra te .  

A room t empera tu re  photoluminescence  spec t rum 
of Ga-doped  ZnSe grown by an MBE has a dominant  
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blue emission band with a peak of ,,461 nm, which 
may be at tr ibuted to the recombination between donor 
electrons and free holes, and a longer wavelength 
broad yellow emission band with a peak of ,~590 nm, 
which may be due to the defect complex centers asso- 
ciated with incorporated Ga atoms (6). Figures 7 and 
8 show the relation of photoluminescence properties in 
the grown layer  of Ga-doped ZnSe on GaAs and GaP 
to the thermal treatment temperatures, respectively. 
For the growth of ZnSe on GaAs, blue emission in- 
tensities remain unaltered until the thermal treatment 
of 630~ is used, whereas yellow emission intensities 
gradually increase as the thermal  t reatment  tempera-  
ture increases. For thermal treatment above 630~ the 
reduction of both blue and yellow emission intensities 
begins to appear, as shown in Fig. 7. For the growth of 
ZnSe on GaP, the blue emission intensities monot- 
onously increase, and the yellow emission intensities 
dramatical ly decrease as the thermal t reatment  tem- 
perature increases when the temperature is raised 
from 550 ~ to 630~ For thermal treatment above 
630~ however, a significant increase in yellow emis- 
sion intensities begins to appear, whereas blue emission 
intensities slightly decrease. 

From these electrical and optical data, we suggest 
that the degradation of characteristics in the ZnSe 
grown layers are probably based on the formation of 
defect complexes associated not only with oxygen con- 
tamination embedded across the interface during 
growth but also with the surface roughness arising 
from the desorption of volatile host atoms from the 
substrate surface by thermal treatments. 

S u m m a r y  
We have demonstrated that the surface morphol- 

ogies and the electrical and optical properties of MBE 
grown ZnSe layers on both GaAs and GaP depend 
mainly on the surface cleanliness provided by a ther-  
mal t reatment  in a vacuum prior  to growth. 

After the chemical t reatment procedure, the surfaces 
of both GaAs and GaP have carbon contaminants and 
residual oxide layers. Carbon contaminants left on the 
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surface can easily be decomposed, but there is quite 
a difference in the removal behavior of oxidation 
products between GaAs and GaP. For GaAs, the ther-  
mal temperature required to explicitly remove oxida- 
tion products is around 570~ For GaP, the removal of 
oxidation products begins to appear  at ~550~ and 
continues up to --620~ For GaAs, the surface shows a 
ringed diffraction pat tern when oxidation products 
still remain. However, for GaP, the surface shows a 
spotty diffraction pattern caused by single crystalline 
oxidation products even though the surface is covered 
with the oxidation products. The important  difference 
in the removal behavior of oxidation products between 
GaAs and GaP is at tr ibuted to the different oxidation 
products. For the growth of ZnSe on GaAs, after ther-  
mal treatment temperatures above 570~ which is the 
temperature required to completely remove oxide 
layers, all of the surface morphologies of the growth 
at the initial stage of the 1000A thickness exhibit  a 
streak diffraction pattern. However, all of the sub- 
strate surfaces prior to growth show a spotty pattern. 
For the growth of ZnSe on GaP, the surface morPhol- 
ogy of the growth at the initial stage of 1000A thick- 
ness exhibits a spotty diffraction pattern, as does the 
substrate surface prior to growth, because oxidation 
products stil l  remain across the interface. The surface 
morphology of growth at the total 3 ~m thickness, 
however, changes to a streak diffraction pattern. After  
thermal treatment temperatures higher than 620~ 
which is the temperature required to completely re-  
move Oxide layers, each surface morphology for 
growth at the initial stage of the 1000A thickness ex-  
hibits a s treak diffraction pattern. 

We also investigated the relation of electrical a n d  

optical properties of the growth of ZnSe on GaAs a n d  

ZnSe on GaP to the surface cleanliness of the substrate 
after different thermal treatments. The electrical and 
optical properties of the growth of both ZnSe on GaAs 
and ZnSe on GaP depend mainly on the surface con- 
taminations and morphologies of the substrate prior  to 
growth. 

In conclusion, we recommend that  the most desirable 
thermal t reatment  temperature for the substrate prior  
to growth is in the temperature reg}on between 560 ~ 
and 630~ for the growth of ZnSe on GaAs, and be- 
tween 620 ~ and 630~ for the growth of ZnSe on GaP. 
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Hydrogen Gettering Effect of Mo N/Mo MOS Process 
M. J. Kim* and D. M. Brown* 

General Electric Company, Corporate Research and Development, Schenectady, New York 12301 

ABSTRACT 

Hydrogen plays a key role in maintaining the integrity of molybdenum film during high temperature processing. Hy- 
drogen not only prevents Mo oxidation but also reduces Mo oxide, through an oxide gettering reaction at a high tempera- 
ture, to produce pure molybdenum. T-phase molybdenum nitride formed by direct reaction with ammonia can be converted 
to pure molybdenum after the nitride's beneficial properties have been utilized for MOS circuit fabrication. The recovery 
process is affected by hydrogen and the presence of an overlay layer. A recovery process for producing high conductivity Mo 
from Mo2N and sputtered Mo film contaminated with oxygen was developed. This process always produces a consistent 
film regardless of the prior conditions to which the Mo film was subjected. 

Molybdenum is receiving attention as a possible 
alternative to polysilicon, part icularly as a VLSI in- 
terconnection, because of its high conductivity. The 
major problem associated with molybdenum film is 
its susceptibility to oxygen and moisture during the 
conventional semiconductor fabrication process. We 
have previously shown that a molybdenum nitride 
coating formed by direct reaction of molybdenum 
with ammonia improves film properties (1). This 
coating increased the resistance against oxidation, 
process chemicals, and implantation dopant penetra-  
tion (2). The purpose of this study is to report  the 
effect of hydrogen during the high temperature pro- 
cessing of molybdenum films. Hydrogen helps main- 
tain the Mo film quality during the nitriding process 
and keeps the Mo film from oxidizing during sub- 
sequent annealing processes. It was found that Mo 
film resistivity which is high due to oxygen contami- 
nation is decreased by annealing in hydrogen through 
the reduction of the Mo oxide. 

Experimental Procedure 
Molybdem~m films were deposited on thermally 

oxidized silicon wafers by using either a load-locked 
d-c magnetron or an S-gun sputtering system. The 
Mo deposition rate was 1500 A/rain with a d-c mag- 
netron (MRC) and 720 A/min  with an S-gun 
(Varion). Films were sputtered .at a 3 ~Torr argon 
pressure, with the initial vacuum level about 10 -7 
Torr. The film thickness was varied f r o m  1000 to 
5000A. (The film properties are dependent on the 
deposition conditions as discussed later.) Passivating 
Mo2N films were made in the temperature range of 
500~176 by direct reaction with 10% ammonia for 
10 min in accordance with the method reported in 
Ref. (1). A submicron interconnection line could be 
patterned with reactive ion etch using CC14 and O2. 
At a pressure of 250 ~Torr, the etch rate of pure 

�9 Electrochemical Society Active Member. 
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tivity. 

molybdenum was ,about 1000 A/min  a n d  t h a t  o f  
Mo2N was 1400 A/min.  

Mo~N was converted to pure Mo by a 1000~ anneal- 
ing cycle in 10% hydrogen mixed with nitrogen. 
When it was necessary to retain Mo2N, PSG or CVD 
SiO2 was deposited prior to the high temperature 
annealing. Measurement of the sheet resistance was 
the most effective way to monitor the process. The 
thickness change of the Mo film was monitored by 
Sloan Dektak. All  the temperature annealing pro- 
cesses were performed in a mixture of H2 and N2 
gases with less than 10% of H2. The hydrogen get- 
tering effect was monitored by x-ray,  SIMS, SEM, 
optical microscopy, and electrical measurements. 

Experimental Results and Discussion 
The qualification of Mo film for VLSI application 

has already been demonstrated (1, 2). Some of the 
features are listed in Table I. Primarily,  Mo is stable 
in contact with SiO2 at high temperature, with a high 
heat of formation [19 kcal /mol  (3)] required for Mo 
to reduce SiO2 to form molybdenum oxide, MOO2. 
When the gettering technique is used, a highly con- 
ductive film, of better than 7.2 • 10 -6 12-cm, can be 
produced. A submicron pat tern can be achieved With 
either the RIE method or a wet etch. The patterned 
conductor can be passivated with Mo2N. The film ad- 
hesion tested in accordance with ASTM D-3359-78 
has been demonstrated to be excellent, with good 
t,hermal matching with silicon and SIO2. 

The Mo film properties, however, change with the 
deposition conditions as listed in Table II. The im- 
portant properties for VLSI application, such as elec- 

Table I. Qualification of Me film for VLSI 

1. Stable with SiO2 (AH ffi 19 kcal/mol) 
2. High conductivity (7.2 • 10 -e ~l-cm) 
3. Easy to etch (RIE, wet) 
4. Nitride passivation (Mo~N) 
5. Good adhesion (ASTM D-3359-78) 
6. High melting point (2620~ 
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Table II. Mo film property dependency 

1. Deposit ion method 
2. Equipment  type 
3. Growth rate 
4. Imtial vacuum 
5. Resmual  pressure 
6. Suastrate  temperature  
7. Rotation rate 
8. Deposition angle 

trical and etching characteristics, are part icularly 
sensitive to depos,tion conditions. Deposltmn meth-  
ods, CVD, sputtering, and evaporation produce dif- 
ferent structures and electrical propertms. Although 
the films for this study were all  sputtered, a film 
made in one type of equipment was" different from 
that made in another. Even within a given system, 
the film properties vary with changes in growth rate, 
initial vacuum, residual pressure, substrate tempera-  
ture,rotatien rate, and deposition angle. Some of these 
parameters drastically change resistivity, while others 
affect etching characteristics such as etch rate and 
anisotropic etch. Since it is not easy to exactly con- 
trol all of these parameters,  films made at different 
times are not generally the same. A VLSI chip, on 
the other hand, requires consistent film properties. 
The following analysis shows that the hydrogen get- 
tering process produces such consistent film charac- 
teristics, independent of deposition conditions and the 
past history of the film. 

Mo2N film is thermodynamically stable up to 900~ 
above which temperature it dissociates into pure 
Mo and N2 (4). Thus, Mo2N can be converted to  
the higher conductivity Mo after the required prop- 
erties of Mo2N have been used. However, it is also 
possible to retain the Mo2N film during the subse- 
quent high temperature processing with an overlay 
layer  such as SiO2 or PSG deposited prior to the 
high temperature processing. The results with PSG 
and CVD SiO2 were similar. 

Figure 1 shows the change of sheet resistance of 
ni tr ided Mo films,.ps, with annealing time at 1000~ 
with and without the PSG overlay film. The initial 
ps is higher for samples nitr ided at higher tempera-  
ture, because a thicker nitride coating is formed. 
From our previous experiment ( I ) ,  the six different 
temperatures would result in samples with different 
Mo2N thicknesses; that is, they represent samples of 
3000A pure Mo, 220A Mo2N/Mo, 450A Mo2N/Mo, 
870A Mo2N/Mo, 2000A Mo2N/Mo, and pure Mo2N. 
The full curves represent the ps changes of samples 
with the PSG overlay, and the dotted curves repre-  
sent those with no PSG overlay. When the Mo2N is 
exposed, the ps is r&:tuced rapidly to the lowest values, 
indicating the restoration to pure Mo; this is con- 
firmed independently by x - r ay  diffraction analysis, 
which shows no trace of an Mo2N diffraction line 
after annealing. It is interesting to note that the ps 
o f  the nitrided samples reaches the minimum sooner 
than the p, of the pure Mo sample. Table III  shows 
the lattice parameter  and the (110) Mo line broaden- 
ing after the annealing of pure and nitrided Mo films. 
While no systematic ,change in 1,attice parameter  was 
observed, there were significant line sharpenings of 
x - ray  diffraction for the 1000~ annealed nitrided 
samples. The ps of those samples that are covered with 
5000A PSG does not change significantly after an- 

i I i 
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w I 
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Fig. l. Effect of annealing upon the resistance of nitrided Me 

films. The annealing was performed at 1000~ in 10% H2 + N2, 
the full lines represent ps changes during annealing with PSG 
overcoat and the dotted lines res,,lts without PSG. 

nealing, indicating that most of the Mo2N is still re- 
tained. In this case, the PSG presumably blocks the 
nitrogen escape required for the restoration. 

Figures 2, 3, and 4 show, respectively. SEM photo- 
micrographs of pure Mo, 650~ nitrided Mo, and 
700~ nitrided Mo film with their subsequently an- 
nealed films. The pure, sputtered M~ (Fi~. 2a) 
showed a uniform cross section, without crystal struc- 
tures. When the 3000A film was annealed for 30 rain 
in 10% H2 ~- N2 at 1000~ a columnar structure was 
developed, extending the grain boundary from the 
SiO2 interface to the Mo surface, as shown in Fig. 2b. 
When the sample was annealed with the PSG over- 
lay, a similar columnar structure was formed (Fig. 
2c). For Fig. 3a the startin~ film was made by nit- 
riding the 3000A pure Mo film at 650~ in 10% am- 
monia for I0 rain. This process resulted in about an 
820A Mo2N film over the Mo but did not produce a 
columnar grain structure. Nor d}d the film shown in 
Fig. 4a, with 1900A Mo2N nitrided at 700~ have any 
structural cross section. However, the annealed films 
with and without PSG overlays showed distinguished, 
large columnar grains. The only difference between 
these samples and the annealed pure Mo is that the 
grain size of the nitrided samples is not large enough 
to extend through 3000A thickness for the samples 
shown in Fig. 3e and 4e, which are covered with PSG. 

The structure of the nitrided Mo film did not show 
any columnar form (Fig. 3a and 4a). According to 
the structural analysis (1) the nitrogen atoms will 
not  make a completely ordered structure but will 
randomly occupy the largest interstices. The nitrid- 
ing converts the Mo fl-phase to the Mo2N ~-phase 
with fcc structure. According to SEM photomicro- 
graphs, the phase transformation apparently does not  
induce recrystallization, but, rather, maintains the 
partially amorphous state of the sputtered Mo film. 

Table III. Lattice parameter and grain size changes observed by x.ray in Mo with different heat-treatments 

Sample No. T9-1 T9-2 T9-3 T9-4 

Treatment  history No treatment  1000~ anneal  650~ nitriding, 750~ nitriding, 
(as sputtered) in (H,~ + N,~) 1000~ anneal  1000~ anneal  

in (H~ + N,~) in (H= + N~) 
Lattice parameter  

a (angstrom) 3.144(3) 3.155(4) 3.139(2) 3.141(1) 
20, Broadening 

1/2 Of (110) peak 0.442 0.369 0.255 0.270 
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Fig. 2. SEM photomicrographs of pure Mo films of 3000A; (a, 
top) as sputtered with a substrate temperature of 250~ (b, 
center) annealed for 30 min in 10% H2 -~ N-~ at I000~ (c, bot- 
tom) annealed same as (b) with PSG cover. 

Taking into account the dominance of (110) x - r ay  
in tensi ty  in  the annealed sample, the columnar  di- 
rection is [110] perpendicular  to the surface. As will  
be shown later, hydrogen anneal ing reduces Mo oxide 
near  the grain boundary,  and the columnar  structure 
appears to have a terrdency to increase the film ten-  
sion dur ing  the anneal ing.  A curva ture  measurement  
of the Mo film showed that  the annea l ing  increased 
the tension from the lower stress of the sputtered 
film. An  original  stress of 7.12 • 109 dyne /cm 2 for 
the sputtered film on a (100) silicon wafer at 3 ~Torr 
Ar pressure was increased to 1.9 • 10 x~ dyne /cm ~ 
by anneal ing for 30 rain at 1000~ Another  con- 
t r ibut ing  factor to the resist ivi ty reduction for the 
ni t r ided samples may be their  larger grain size, which 
was observed with the l ine sharpening.  

Figure 5 shows the ps of the re -n i t r ided  films. The 
pure Mo recovered from the ni t r ide was again n i t -  
t ided at the corresponding tempera ture  for 10 min  
in 10% NI-I~ -~ N2. The ni t r id ing reaction rate was 
very smal l  in the temperature  range of 500~176 
but  in.creased rapidly around 750~ A resistivity 
peak, s imilar  to the nitrid,ation of sputtered Mo (1), 

Fig. 3. SEM photomicrographs of 650~ Mo2bl/Ma film and its 
annealed films; (a, top) Mo2N/Mo film made by nitriding at 650~ 
for 10 rain to 820A Mo2N; (b, center) annealed for 30 rain in 10% 
H2 -I- N2 at 1000~ (c, bottom) annealed same as (b) with PSG 
cover. 

as shown by the dotted curve, occurred at 820~ The 
resist ivity peak is caused by the t ransformat ion to 
the MoN 5-phase from the Mo~N v-phase. The posi- 
tion of the peak was shifted for the re -n i t r ida t ion  by 
a 30~ rise in temperature.  The changes may also 
be caused by the gra in  size growth of Mo film dur ing  
the annea l ing  process; the growth of single crystals 
retards the n i t rogen diffusion through the Mo, as 
observed in the significant reduct ion of the ni t r iding 
rate below 750~ By way of contrast, corresponding 
heating in N2 increased the p by about 30% without  
producing any trace of nitride. 

Figure 6 shows the resistivities of S-gun-spu t te red  
and d-c magnet ron-sput te red  Mo films as a function 
of film thickness, in their as-sputtered condition and 
after H2 annealing.  The substrate  temperature  for 
both cases was 250~ The ini t ial  resistivity of the S- 
gun-sput tered  film was more than three times that  
of the d-c magnet ron-sput te red  films and it increased 
rapidly below 3000A, When the films were annealed 
at 1000~ in 10% H2 -{- N2, both resistivity values 
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Fig. 5. Sheet resistance change as a function of re.nitriding 
temperature after the recovery annealing of the nitrided films at 
the corresponding temperature; ps is compared with that of the 
initial nitride made from sputtered Mo. 

Fig. 4. SEM photomicrographs of 700~ Mo~N/Mo film and its 
annealed films; (o, top.) Mo~N/Mo film made by nitriding at 700~ 
fnr 10 rain to make 1900A; (b, center) annealed for 30 rain in |0% 
H:~ + N~ at 1000~ (c, bottom) annealed same as (b) with PSG 
Coyer. 

converged to the same value,  r ep resen ted  by  curve C. 
The annea led  resis t ivi ty ,  7.1 ~ - c m  was r e l a t ive ly  
independent  of  fi lm thickness above  2000A, a resu l t  
tha t  agrees  welI  wi th  ;an evapora t ed  Mo film (5).  
The res is t iv i ty  increase  be low 2000A m a y  be caused 
by  co lumnar - l ike  monol 'ayer  groin bounda ry  scat -  
tering,  as shown in SEM photomicrographs .  The  film 
qua l i ty  r ecovery  process was analyzed f rom the di f -  
ferent  origins.  This behav ior  m a y  be unders tood in 
te rms of oxygen  incorpora t ion  in the as -depos i ted  
films. In a low vacuum (5 • 10 -7 Tor t )  the  ma jo r  
const i tuent  is observed  to be wa te r  vapor  (6),  which 
van oxidize  the  Mo film g~ain boundary ,  increas ing 
its res is t ivi ty .  

The S - g u n - s p u t t e r e d  Mo contains a l a rge r  amount  
of oxygen than  does the  magne t ron - spu t t e r ed  film 
because of its slow deposi t ion rate.  The high res is t iv-  
i ty  is cor re la ted  wi th  the  la rger  oxygen content  for  
S - g u n - s p u t t e r e d  Mo. Fur the r ,  S - g u n - s p u t t e r e d  films 
etch (RIE) 40% faster  than  do d -c  magne t ron  films, 
p robab ly  due to acce lera ted  format ion  of the volat i le  
m o l y b d e n u m  oxychlor ides  as e tch products  (7). H y -  
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Fig. 6. Comparison of the resistivity of three different molyb 
denum films as a function of thickness. S-gun-sputtered Mo film 
(curve a) initially shows much higher resistivity than d-c mag- 
natron-sputtered film (curve b) Me, but both carYes converge to a 
lower resistivity (curye c) after the annealing in H2. 

drogen anneal ing  removes  the oxygen  through the 
fo rmat ion  of vola t i le  H20, and both types  of film 
exhib i t  the  same resis t ivi ty.  Direct  evidence is p ro -  
v ided by  SIMS analysis.  

F igure  7 shows a SIMS profile analysis  of the oxy-  
gen content  for 4000A S - g u n - s p u t t e r e d  Mo samples  
l ike  those in Fig. 4. In  o rder  to increase  the sens i t iv-  
i ty  to oxygen,  negat ive  cesium ions were  used. Curves  
a, b, and  c represent  ion in tens i ty  before  anneal ing  
for  oxygen  (M. 16), sil icon (M. 30), and m o l y b d e n u m  
(M. 98), respect ively.  Curve a '  represents  the oxy-  
gen ion in tens i ty  a f te r  annea l ing  in 10% H2 + N2 for 
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Fig. 7. SIMS depth profile of oxygen for the S-gun molybdenum 
film as sputtered and offer the annealing. The oxygen intensity 
ofter the annealing (curve o') is two orders of mognitgde lower 
than that before the onnealin 9 (curve o). 

30 rain at 1000~ The oxygen content as measured 
by the intensity is reduced by two orders of magni- 
tude by the annealing, a finding which proves that 
the large postannealing resistivity reduction shown 
in Fig. 6 is caused by the hydrogen gettering effect 
of the oxygen in the Mo film. 

Figure 8 shows the effect of the gettering on the 
property of the films with different histories. The 
initial 3000A film was sputtered with a d-c magne- 
tron, and one wafer was divided into four specimens. 
Two of the four were nitrided at 650~ to coat with 
870A Mo2N. A nitrided specimen and a sputtered 
specimen were annealed in I0% H2 4- N2 for 30 min 
at 1000~ The oxygen profiles in the four different 
Mo films are presented in Fig. 8. The Mo-  (M.90) 
and S i -  (M,30) for sputtered films ~are also shown 
as reference. Near the surface, the oxygen intensity 
of the sputtered specimen was about seven times 
higher than that of the nitr ided specimen. The hydro- 
gen by-product  in the nitridation appears to part ial ly 
getter the oxygen, and the nitr ide keeps oxygen from 
penetrating the Mo film afterward. The large oxy- 
gen step shift of curve b near the Mo/SiO2 boundary 
is caused by the thickness expansion during the nit-  
riding (1) When both types of film are annealed, 

10 7 

106 

105 

~ 1 0  4 

_~ i0 3 

2 :  

~ I0 2 

IO I 

/ . /  

\ J/ 
" ~ , j o ,  

I 
oooooo=" 

g 

Oo 

iO o I I I I 
0 028 0.56 0.84 1.12 

DEPTH (microns) 

I I I 
~'\ OXYGEN ~ __---- SPUTTEREDANNEALED 

PROFILE ~b d --" NITRIDED 
..... NITRIDED 8 

o ! i'Ve . . . . . . .  M 50 (Si-) ANNEALED - 

" A " - - ~ . ~ M  16 (0") 
o 
e 

o 

o 
o o ~ o 

~ ~176176 ~176 98 (M0") 

1.40 

Fig. 8. Oxygen profile in d-c magnetron molybdenum films with 
different histories. Curve a represents a sputtered film, curve b 
the nitrided, curve c the annealed, and curve d the annealed after 
nitridation. The annealed curves have identical oxygen profiles. 

their oxygen profiles, curves c and d, are exactly the 
s a m e .  

Figure 9 represents the Mo film process flow re-  
quired to have a unique film quality. The Mo film 
can either be made by a high temperature process 
in a large grain form or sputtered at a low tempera-  
ture to produce a part ial ly amorphous state. The 
H2 4- N2 annealing at the high temperature getters 
impurities, oxygen in particular,  and makes a <110> 
columnar structure, resulting in a consistent film 
quality as an end product. 

Molybdenum films increased in resistivity upon 
annealing in nitrogen due, we believe, to the pres- 
ence of residual O2 or H20 in the gas. Any trace of 
oxygen will, upon heating, convert Mo near the grain 
boundary to MOO2. The oxidized grain boundaries 
increase the reflection coefficient of electrons (4) at 
the grain boundary, causing a resistivity increase. 

In the presence of hydrogen, MoO2 can be reduced 
to pure molybdenum by the following reaction 

V~ Mo20(s )  -t- H~(g) = z/z Mo(s )  + H 2 0 ( g )  [1] 

K : PH~O/PH~ 

where K, PH~o, and PH2 are the equilibrium constant, 
partial pressure of HzO, and partial pressure of H2, 
respectively. Thus, when the hydrogen partial pres- 
sure is high, Mo reduction can take place at relatively 
low temperatures. The most accurate measurement 
of K useful in our rar~ge of interest was done by 
Gocken (8). He reports the value 

log K = -- 1298/T 4- 0.798 [2] 

where T is the absolute temperature, At our anneal- 
ing temperature of 1000~ K is 0.575. Since we are 
using much higher H~ partial pressure than Gocken's 
we expect rapid MoO~ reduction at 1000~ Even if 
we assume that all the resistivity reduction of the 
MRC film is contributed by the grain growth, the 
resistivity reduction of the S-gun film is more than 
10 times higher than the contributions from grain 
growth. Thus, the amount of sheet resistance reduc- 
tion during 10% H2 annealing (Fig. 6) is much more 
than the expected contribution from grain size growth 
shown in Fig. 2 and 3, indicating that MoO2 reduc- 
tion is the dominant factor in the improvement of 
conductivity, particularly for poor films. 
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Fig. 9. Molybdenum film process flow 
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Conclusion 
Hydrogen not only prevents  oxidation of Mo but  

also reduces Mo oxide dur ing high temperature  an-  
nea l ing .  Hydrogen part ial  pressure sufficiently in 
excess of the equi l ibr ium required for reduct ion is 
easily obtained by a dilute mixture  with any  iner t  
gas. For Mo ni t r id ing in ammonia,  the monatomic 
hydrogen dissociated from ammonia  plays a key role 
in main ta in ing  the integri ty  of the Mo underneath.  
Hydrogen also plays a key role in conversion to high 
conductivi ty Mo from Mo2N by the high tempera ture  
recovery process. The high temperature  get tering 
produces a consistent film integrity,  independent  of 
the past history of the Mo film. 
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ABSTRACT 

Arsenic diffusion in extrinsic conditions in silicon is investigated with different temperatures (950~176 and times 
under  both oxidizing and inert atmospheres. Arsenic is prediffused into a silicon substrate from arsenic-silica film and is 
then subjected to a drive-in under  oxidizing (dry O2) and inert (dry N~) atmospheres. The diffusion coefficient of arsenic is 
expressed by a third-order polynomial equation of arsenic concentration. This functional form is determined by fitting the 
arsenic concentration profile, which is calculated numerically from the diffusion equation with the functional form of diffu- 
sion coefficient assumed appropriately, to the concentration profile measured after drive-in. The diffusion coefficient is 
smaller under  oxidizing atmosphere than under  inert atmosphere at 1000~176 The degree of retarded diffusion de- 
creases with the increase qf diffusion time. 

The diffusion of group III  and group V elements in 
silicon under  oxidizing atmosphere has been studied 
extensively. It is well known that the diffusion of 
boron, phosphorus, and arsenic is enhanced under  oxi- 
dizing atmosphere in intr insic  conditions (1-7), and the 
model for this exper imenta l  result  was proposed by Hu 
(8). The term of the intr insic conditions means that the 
concentrat ion of diffused impur i ty  in silicon is lower 
than the intr insic carrier concentrat ion at the process 
temperature.  

On the other hand, there are only a few works on the 
diffusion of boron and phosphorus under  oxidizing at-  
mosphere in extrinsic conditions, which were reported 
by Masetti et al. (9, 10) and Taniguchi  et al. (11). Here 
the extrinsic conditions mean  that the concentrat ion of 
diffused impur i ty  in silicon is higher than the intr insic  
carrier concentrat ion at the process temperature.  
There are no works on the diffusion of arsenic under  
oxidizing atmosphere in extrinsic conditions at present. 
In  these cases, the diffusion coefficient depends on the 
concentrat ion of impuri ty.  This fact makes the analysis 
of the exper imental  results difficult. Both Masetti  et at. 
(9, 10) and Taniguchi  et M. (11) neglected the concen- 
t rat ion dependence of the diffusion coefficient in their 
analysis. Practically, the si tuat ion that an impur i ty  is 
diffused in extrinsic conditions is not uncommon for 

Key words: oxidation, diffusion, retardation, semiconductor. 

the fabrication of a device, e.g., formation of drain  and 
source wells Of MOS transistor. Especially, arsenic 
diffusion in extr insic  conditions is important .  

In  this paper, the diffusion of arsenic under  oxidizing 
atmosphere is examined with different temperatures  
and times in extrinsic conditions in detail. The diffu- 
sion coefficient is expressed by a th i rd-order  poly- 
nomial  equation of arsenic concentration.  This func-  
t ional form is determined by the numerica l  simulation.  

Experimental 
The substrates used were Czochralski-grown, p-type,  

dislocation-free, (100) oriented silicon wafers of re-  
sist ivity 2.7-3.3 ~l-cm. Arsenic-sil ica film was attached 
on to the substrates,  using a spinner.  These s u b s t r a t e s  
were baked at 200~ for 20 min  in dry  N2. After  bak-  
ing, the thickness of the film was about  1500A. Then 
arsenic contained in this film was prediffused in to  the  
substrates at l l00~ for 12 rain. After  the removal  of 
the film, dr ive- in  was carried out. For dr ive- in  in dry 
N2, the silicon surfaces were covered with a nondoped 
silicon dioxide film to avoid out-diffusion of arsenic. 

Arsenic concentrations in the substrates were deter-  
mined both after the prediffusion and the dr ive- in  by 
the repeti t ion of the sheet resistance measurements  
and anodic oxidation in phosphoric acid (H3PO~) solu- 
tion. The average thickness of a thin layer  removed by 
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a single run was about  100A. Measured  resis t ivi t ies  
were conver ted  into the concentrat ions  of arsenic by  
t h e u s e  of I rv in ' s  curve (12). 

In  o rder  to de te rmine  the re la t ionship  be tween  the 
oxide growth  ra te  and the oxida t ion  time, the  wafers  
in which arsenic was prediffused were  oxidized the r -  
mal ly  at  950~176 for different  t imes a t  respect ive  
t empera tu res  in d ry  O2. Silicon dioxide thickness was 
measured  by  the in ter ference  microscope. 

Analysis 
Under  oxidizing atmosphere ,  the diffusion equat ion 

in silicon takes the form (13) 

(Oc/Ot) : O/Ox{D(c) (Oc/ax) + bc (dXo/d t ) }  [1] 

where  t is the diffusion time, x is the depth  f rom the 
si l icon-si l icon dioxide interface  into silicon, c (x , t )  is 
the arsenic  concentra t ion in silicon, D(c)  is the diffu- 
sion coefficient of arsenic,  which depends  on arsenic 
concentra t ion because arsenic concentrat ion is h igher  
than the intr insic  car r ie r  concentrat ion,  Xo(t)  is the 
thickness of silicon dioxide tha t  is growing on silicon 
surface, and b is the rat io  of the thickness of sil icon 
consumed by  the rmal  oxida t ion  to that  of silicon d i -  
oxide grown on it [assumed to be 0.44 (13)].  

The ini t ia l  condit ion to solve Eq. [1] is 

c(x,0)  = Cin [2] 

Here, cin denotes the concentra t ion profiles measured  
af ter  prediffusion. The b o u n d a r y  condit ions are  as 
follows 

c(oc, t)  = 0 [3] 

D(c )  (Oc/Ox) + c(0,t)  (b -- m)  (dXo/dt)  = 0 [4] 

where  m is the segregat ion coefficient of arsenic at 
s i l icon-si l icon dioxide interface.  The re la t ionship  

Xo = Kx/t  [5] 

was confirmed and the propor t iona l  constant,  K, was 
de te rmined  by  t he rma l ly  oxidizing the wafers  in which 
arsenic was prediffused and by  measur ing  the th ick-  
ness of silicon dioxide.  The values  of K used in this 
work  are  shown in Table I. 

Equat ion [1] was t r ans formed  into the finite-  
difference equat ion fol lowing Crank-Nicolson 's  impl ic i t  
method. The re la t ionship  be tween  D and c was ex-  
pressed by  Eq. [6] 

D(c) = Ac~ + Bc 2 Jr- Cc Jr D [6] 

The f ini te-difference equat ion made from Eq. [1] was 
numer ica l ly  solved by  a computer  s imula t ion  method 
wi th  the funct ion of D (c) (Eq. [6]) assumed approp r i -  
ately.  The concentra t ion profile c(x, t) ,  thus obtained,  
was compared  wi th  the expe r imen ta l  results.  The 
function of  D(c) was de te rmined  so as to fit bes t  the 
ca lcula ted  concentra t ion profile to the expe r imen ta l  
concentra t ion profile. In this  s imulat ion,  a segregat ion  
coefficient m was adopted to be 0.01 i r respect ive  of the 
diffusion t empera tu re  and the arsenic concentra t ion at  
silicon surface.  This value  is the same as we used in 
our  previous  paper  (16) which  s tudied the ox ida t ion-  
enhanced diffusion of arsenic and phosphorus in in t r in -  
sic conditions.  

Under  iner t  a tmosphere ,  Fick 's  diffusion equation,  
which has a form of Eq. [1] wi thout  the second t e rm 
of the r i gh t -hand  side, was numer ica l ly  sotved l ike the 
case of oxidizing a tmosphere  under  the blocking 
b o u n d a r y  conditions.  

Table I. Values of K 

Oxidation temperature (~ Values of K (cm/.~ec~/s) 

950 7.60 x 10 -s 
I000 1.00 x 10 -7 
1050 1.27 x 10--v 
1100 2.00 x 10 -7 

Results and Discussion 
Typical  concentra t ion profiles of arsenic  under  oxi -  

dizing and iner t  a tmosphere  are  shown in Fig. 1 and 2, 
respect ively .  Af te r  the prediffusion, all  samples  in this 
work  have the surface concentra t ion of 5-7 • 10 TM 

cm -8. This value is much h igher  than the intr insic  
car r ie r  concentra t ion at  950~176 sat isfying the ex-  
tr insic conditions.  

F igure  3 shows the concentra t ion dependence  of the 
arsenic diffusion coefficients. The diffusion coefficients 
of arsenic under  iner t  a tmosphere  obta ined  by  Fa i r  
and Tsai (14) and those obta ined by Murota  et al. (15) 
are  shown together  wi th  our  results.  Also the intr insic  
diffusion coefficients of arsenic obta ined  by  the authors  
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are shown (16). A good agreement  of our  resul ts  under  
iner t  a tmosphere  wi th  those of others  suppor ts  the 
va l id i ty  of the presen t  p rocedure  for the de t e rmina -  
t ion of the diffusion coefficient of arsenic. I t  is found, 
f rom Fig. 3, that  the diffusion coefficients of arsenic  
under  oxidiz ing a tmosphere  are  smal le r  than  the 
values  under  iner t  a tmosphere  all  over  the arsenic 
concentra t ion range  inves t iga ted  in this work  at 1000 ~ 
1100~ that  is, the  r~ ta rded  diffusion occurs. The de-  
gree of the r e t a rded  diffusion decreases wi th  the in-  
crease of diffusion time. The r e t a rded  diffusion is not 
found at  950~ We have a l r eady  repor ted  on ox ida -  
t ion-enhanced  diffusion of arsenic  in in t r ins ic  condi-  
t ions in Ref. (16). Our  resul ts  in this work  are  in con- 
t ras t  wi th  our previous  resul ts  ob ta ined  in intr insic  
conditions.  

I t  is well  known tha t  the concentra t ion dependence  
of the diffusion coefficient of arsenic under  iner t  a t -  
mosphere  in ext r ins ic  condit ions is expla ined  by the 
genera t ion  of excess vacancies on the basis of the p re -  
dominan t  cont r ibut ion  of the vacancy  for arsenic  diffu- 
sion (14, 18). Thus, we infer  the presen t  resul t  as 
follows qual i ta t ive ly .  The concent ra t ion  of vacancies 
is decreased by  the recombina t ion  of vacancies and 
excess se l f - in te rs t i t i a l s  which are  genera ted  b y  the r -  

mal  oxida t ion  of silicon. Consequent ly ,  vacancy  con- 
cent ra t ion  becomes lower  than  the va lue  under  iner t  
a tmosphere ,  and  the r e t a r d e d  diffusion occurs. More-  
over, the diffusion coefficients under  oxidiz ing a tmo-  
sphere  are  smal le r  than  the in t r ins ic  diffusion coeffi- 
cients at  a r e l a t ive ly  low concentra t ion region at  1000 ~ 
l l00~ (Fig. 8). This fact  suggests  that  the vacancy  
concentra t ion can become lower  than  the va lue  under  
the rmal  equ i l ib r ium condit ions at  the deep region  in 
arsenic  concentra t ion profiles. 

The cause of the diffusion t ime dependence  of the 
degree  of the r e t a rded  diffusion m a y  be considered 
briefly. The  oxida t ion  ra te  of silicon decreases wi th  
the increase of ox ida t ion  t ime. Thus, the degree  of the 
excess in se l f - in te rs t i t i a l  concentra t ion decreases  and 
the vacancy  concentra t ion  is not  decreased so much  by  
the recombinat ion.  Therefore,  the  degree  of the re-  
t a rded  diffusion decreases wi th  the increase  of diffu- 
sion time. 

Conclusions 
The arsenic  diffusion coefficient in ext r ins ic  condi-  

tions, which is a function of arsenic concentrat ion,  is 
de te rmined  under  both oxidiz ing and iner t  a tmo-  
spheres.  I t  is found that  the arsenic diffusion coefficient 
is smal le r  under  oxidiz ing a tmosphere  than under  iner t  
a tmosphere  at  1000~176 The degree  of this r e -  
t a rded  diffusion decreases wi th  the increase  of diffu- 
sion t ime. We infer  that  excess sil icon se l f - in te rs t i t i a l s  
tha t  are  genera ted  by  the rmal  ox ida t ion  of si l icon 
recombine  with  vacancies,  and the concentra t ion  of 
vacancies becomes lower  than  the value  unde r  iner t  
a tmosphere ,  so the r e t a rded  diffusion occurs. 

Manuscr ip t  submi t ted  Feb.  3, 1988; rev ised  m a n u -  
scr ip t  received June  1, 1983. 
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Photoelectrochemical Studies of Nearly Intrinsic Semiconductors 
Made Possible by Using Photoconductivity 

H. Gerischer,* M. L~bke, and B. Bressel 

Fritz-Haber-Institut der Max-Planck-Gesellschaft, D-I O00 Berlin 33, Germany 

ABSTRACT 

Photocurrent generation for nearly intrinsic semiconductor electrodes has an extremely small quantum yield because 
the space charge layer is insufficient to promote the efficient separation of electron hole pairs when suitable biases are 
applied. However, if the bulk material can be made photoconductive, a space charge layer having a higher electric field 
strength will be created. It is demonstrated that thin platelets of GaS and CdS, although insulating in the dark, can be used as 
photoelectrodes if they are il luminated with light having energy less than the bandgap in addition to light having energy 
above the bandgap. With this arrangement, high quan tum yields similar to those obtained for well-doped semiconductors 
are obtained. The charge distribution in a semiconductor platelet under  various modes of i l lumination is discussed. 

Photoelectrochemical studies are usual ly  performed 
with adequately conducting n-  or p-typo materials  
where the doping level is high enough to keep the re-  
sistance low between the electrode/electrolyte and the 
ohmic contact at the rear. It is only  with these mate-  
rials that the bias applied creates a large enough elec- 
tric field in the space charge layer  unde rnea th  the 
semiconductor/electrolyte  interface so that  an efficient 
separation of the electron hole pairs generated by light 
absorption can occur (1-4). This condition, however, 
excludes many  materials  from photoelectrochemical 
studies because either they do not  have a high enough 
doping level due to their  formation conditions or they 
cannot be produced in such a state. The authors dem- 
onstrate here that many  of these materials  can be 
studied photoelectrochemically if their  in terna l  resis- 
tance can be far enough reduced by means of photo- 
conductivity. For  this purpose, one needs two light 
sources, one of which is only weakly absorbed and can 
penetrate  the whole bulk  of the mater ial  thus making  
it photoconductive. If the light from the other source 
is absorbed close to the interface, main ly  wi th in  the 
diffusion length of the electronic charge carriers, 
photocurrents  with high quan tum yield can be ob- 
tained. This option was discovered during studies of 
GaS crystals when samples were available which were 
main ly  of very  low conductivi ty or were even insula t -  
ing in character. Thin  plates of insulat ing CdS crystals 
were used as models because the properties of this 
mater ial  are much bet ter  known. Some typical results 
are reported in order to demonstrate  the pr incipal  
features of this approach. A more detailed publ icat ion 
of these studies will follow. 

E x p e r i m e n t a l  
Thin slices of GaS crystals were obtained by cleav- 

ing thicker crystals received from F. L6vy, Lausanne.  
They were contacted with In -Hg  and mounted  on brass 
in Teflon cylinders which could be inserted into 
normal  electrolysis cells. The edges of the crystal plates 
were protected with silicon rubber.  The thickness of 
the crystal plates was in the order of 0.2-0.5 mm. Thin  
s ingle-crystal  plates of CdS, grown by subl imation of 
cadmium sulfide in  a gas stream, were obtained from 
R. Broser o~ this institute.  These were contacted with 
In and mounted in the same way described above. As 
electrolytes, 1M KC1 for GaS and 0.5M Na2SO3 for 
CdS were used. I l lumina t ion  was performed with 
chopped monochromatic light at different wavelengths.  
Continuous or pulsed light from the second lamp, 
which passed an interference filter or a cut-off filter 
~utting off all l ight above a fixed energy, could be 
superimposed. Photocurrents  were measured by the 
lock-in  technique. Voltages were measured against a 
sa turated calomel electrode. 

* Electrochemical  Society Active Member. 
Key words: photoconductivity,  photocurrent relaxation, photo- 

electrochemistry,  semiconductors,  GaS, Cd$. 

2112 

Results 
Figure 1 shows the absorption spectra of GaS (5) 

and CdS (6). The bandgaps are 2.7 eV for GaS (in-  
direct) and 2.4 eV for CdS (direct) .  It  tu rned  out that 
the photocurrents  generated by the monochromatic 
light source alone with a quan tum energy larger than 
the bandgap were very small and increased l inear ly  
with increasing bias. However, after adding light from 
a second light source with a quan tum energy cutoff 
below the bandgap energy, a much larger  photoeurrent  
was obtained compared to the monochromatic light 
source alone. The photocurrent  caused by the second 
lamp alone was very  small. 

With sufficient in tensi ty  of the secondary light source 
(I ') ,  the photocurrent  caused by the pr imary  light 
source (I) approached saturat ion and was thus similar 

I0 s 

c 

o 

o 
o 

E 
o 

o 

10 4 

103 - 

102 -. 

- ~ C d S  

\ \ 
\\GAS 

\ 
\ 
\ \ 

\ \ \ 
\ 
\ 

I I ~ I I 103501l 400 450 500 550 600 

wavelength / nm 
Fig. 1. Absorption coefficients of GaS (5) and CdS (6) 



in Fig. 4. This figure also shows the yield spectrum 
dur ing addit ional  i l luminat ion  by the second light 
source with subbandgap energy. One clearly sees the 
enormous differences in the above bandgap energy 
range caused by the addit ional  i l luminat ion.  

The efficiency of the second light source is dependent  
on its wavelength as is demonstrated in Fig. 5 for GaS. 
This figure shows the addit ional  photocurrent  induced 
by the chopped light source with a wavelength of 400 
nm (above bandgap)  dur ing a continuous i l luminat ion  
by the second light source. The wavelength of the 
lat ter  light is varied with a monochromator.  One sees 

in behavior to that exhibited by a normal ly  doped 
specimen. Figure 2 shows photocurrent  voltage curves 
for a GaS slice with insula t ing character, i l luminated 
with light of Z ---- 360 nm alone or with the admixture  
of light that had passed a cut-off filter of 495 rim. N- 
and p- type photoconductivity has been observed in this 
mater ial  depending on the method of crystal prepara-  
tion (7). The GaS specimen exhibited a p- type photo- 
conductivity. Therefore, a negative bias was applied so 
that the photocurrent  was cathodic, resul t ing in hydro-  
gen evolution because of the reduction of water  by 
photogenerated electrons. 

Analogous experiments  have been performed with 
CdS, which is normal ly  an n- type  material.  The spe- 
cimen in this exper iment  had a doping level below 1013 
cm -3 and was therefore essentially insulating.  The 
photocurrent  voltage curves for a specimen under  
i l luminat ion  with light of )~ ---- 430 n m  alone and with 
admixture  of light with ~ ---- 518 nm are shown in Fig. 
3. Since the CdS crystals have a much. higher absorp- 
tion coefficient than the GaS crystals, a saturat ion 
photocurrent  yeas reached with a modest bias when a 
sufficient in tensi ty  of light from the secondary source 
(I') was added. The saturat ion current  under  these 
conditions was proport ional  to the in tensi ty  of the 
pr imary  light source (I) as Fig. 3 indicates. 

The photocurrent  quan tum yield obtained with one 
light source alone is shown as a funct ion of wavelength 
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Fig. 5. Spectral dependence of the increase of the photocurrent 
due to chopped light at ~ ~- 400 nm (I) by continuous illumination 
with a second light source (1'). GaS crystal of 0.48 mm thickness, 
electrolyte 1M KCI, bias - -1.55V (vs. SCE). 
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that there is an optimal wavelength for the effect of 
the second light source. 

Finally,  the photocurrent  re laxat ion behavior, when 
a pulse of light having subbandgap energy is added, is 
shown in Fig. 6. The relaxat ion time for GaS is on the 
order of 1 sec and for CdS on the order of 10 -2 sec. 
Such relaxat ion times, as shown in Fig. 6, are typical 
for photoconductivity (8-10). Photocurrent  relaxat ion 
times for light pulses of the pr imary  light source, ma in-  
ta ining constant  i l luminat ion  by the second light 
source, are much shorter. 

Discuss ion  
The very  low quan tum yield of the photocurrents  

generated by the p r imary  light source alone is obvi-  
ously caused by the high in terna l  resistance of the 
semiconductor.  The spectral dependence of the quan-  
t u m  yield with a single lamp is m a x i m u m  at wave-  
lengths where the light can penetrate  the crystal to a 
considerable extent. This wavelength is dependent  on 
the thickness of the crystal plate, as seen in addit ional 
experiments.  The conclusion is that l ight absorption in 
the bulk  reduces the in te rna l  resistance there in  by 
photoconductivity.  The increased conductivi ty of the 
bulk has the consequence that the voltage drop, caused 
by the applied bias, decreases in the bulk  and is con- 
centrated to a na r rower  region undernea th  the semi- 
conductor/electrolyte  contact where electron hole pairs 
can be separated more efficiently. Light which has 
wavelengths resul t ing in a small  penetra t ion depth 
compared to the thickness of the crystal cannot create 
considerable photocurrents because the electron hole 
pairs are generated in a region with a low electric field 
s trength in the dark. Under  i l luminat ion,  the field in  
this region is to a large extent  compensated or even 
overcompensated by an opposite field due to space 
charge generation. Only a very small  fraction of car- 
riers can escape recombinat ion by diffusion or migra-  
tion in the remain ing  electric field under  these 
circumstances. 

The si tuation is drast ically changed if a second light 
source with the appropriate wavelength makes the 
bulk  of the crystal photoconductive. The in te rna l  re-  
sistance of the crystal decreases, and the voltage ap- 
plied concentrates at the interface between the crystal 
and the electrolyte. The existence of a max imum for 
the efficiency of the second light source, shown in Fig. 
5 for GaS, demonstrates this photoconductivi ty effect. 
The opt imum is to be expected for light which pene-  
trates the whole crystal sufficiently well  but  is not too 
weakly absorbed. Light which is too strongly absorbed 
leaves the rear  part  of the crystal nonconductive,  while 
light with a very small  absorption coefficient induces a 
too low photoconductivity in the bulk. 

With a higher electric field s trength undernea th  the 
contact to the electrolyte, electron hole pair  separation 

can become much more efficient for l ight with a high 
absorption coefficient. Mobile charge carriers with 
suitable sign, which are generated wi thin  this region of 
high field s trength or reach it by diffusion dur ing  their  
lifetime, escape recombinat ion and can at the semi- 
conductor/electrolyte interface oxidize or reduce the 
redox components in solution. 

Photoconductivi ty can have a rather  long relaxat ion 
time if one of the photogenerated charge carriers is 
captured in deep traps which have a relat ively small  
cross section for recombination.  In  the GaS samples, 
such traps were present  for electrons but  the holes re- 
mained mobile. The authors could therefore create 
large cathodic photocurrents.  For CdS, the opposite 
si tuation existed in tha~ holes were trapped in long- 
lived states (8-10) while the electrons remained mo- 
bile. If one assumes that  the n u m b e r  of traps for elec- 
trons or holes is in the order of 10t4-10 t5 cm -~ (10), 
one can then easily imagine that a depletion layer  
s imilar  to doped materials can be formed by such 
trapped charge carriers. Though a quant i ta t ive de- 
scription has still to be developed, the authors can 
qual i ta t ively explain their results with the above 
model. 

The model is summarized in Fig. 7 for a thin in-  
sulat ing CdS specimen under  anodic bias in part  (a) 
for the r un  of the electric potential :  (i) in the dark, 
(ii) under  i l luminat ion  by the p r imary  light source 
alone (I) ,  and (iii) with addit ional  i l luminat ion  by a 
second light source (I ') .  It  is seen that  the bias creates 
a kind of Schottky barr ier  in the photoconductive 
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electrolytel 

T ~ 

/--- 

l/a~ semiconductor 

T- 
1 

d m e t a l  

(b) 
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Ec 

ET 
Ev 

(c) �9 
E 
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�9 ET 
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Fig. 7. (a) Run of the electric potential in a thin insulating CdS 
crystal with app|ied constant bias A~.  Case 1: in the dark; 2: with 
above bandgap illumination alone (I); 3: with additional subband- 
gap illumination (I + I'). (b and c): Schematic representation of 
the charge distribution in the energy bands and in traps for holes 
over the semiconductor slice in the steady state ef i l luminatio.: 
(b) case 2; (c) case 3. r, r' ~ recombination. 
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crys ta l  at  the semiconduc to r / e l ec t ro ly te  in terface  and, 
if the i l lumina t ion  in tens i ty  f rom the second l ight  
source is in tensive enough, the crys ta l  can act l ike 
a doped ma te r i a l  wi th  a deple t ion  l aye r  at  the con- 
tact  to the e lectrolyte .  

Par t s  b and c of Fig. 7 r epresen t  schemat ica l ly  the 
charge dis t r ibut ion,  via an ene rgy  band  diagram,  un-  
der  s t eady - s t a t e  i l lumina t ion  for an insula t ing  CdS 
crys ta l  of thickness d a t  posi t ive bias in accordance 
with  the  above model.  F igu re  7b shows the s i tuat ion 
for above bandgap  l ight  alone, where  electrons and 
holes r ema in  concent ra ted  at  the i l lumina ted  surface  
and can eas i ly  recombine.  F igure  7c i l lus t ra tes  the 
efficient charge separa t ion  made possible by the high 
electr ic  field in the deple t ion  l aye r  because the t r apped  
posi t ive charge in the bu lk  ( the energy  posi t ion of the 
t raps  is indica ted  by dots) compensates  the charge of 
the mobile  e lectrons there in  and keeps the bu lk  con- 
ductive.  

That  the quan tum yie ld  for GaS is considerably  
lower  than  for CdS can be expla ined  by  the absorp-  
t ion coefficient of GaS which is two orders  of magni -  
tude smal le r  than that  of CdS at  the wavelengths  
used in these exper iments .  This has the consequence 
that  in GaS the pene t ra t ion  depth  of the above band-  
gap l ight  is much l a rge r  than the diffusion length  of 
the holes, and i t  can only be expected  that  e lect ron 
hole pairs,  which are  genera ted  wi th in  a dis tance 

f rom the surface corresponding to the diffusion length,  
cont r ibute  to the photocurrents .  
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Efficient D-C Electroluminescence from ZnS:Mn and ZnS:TbF3 Thin 
Films Prepared by RF Sputtering 

H. Ohnishi, N. Sakuma, and K. leyasu 
Department of Electronics Engineering, Faculty of Engineering, Ehime University, Matsuyama, Ehime 790, Japan 

Y. Hamakawa 

Department of Electrical Engineering, Faculty of Engineering Science, Osaka University, Toyonaka, Osaka 560, Japan 

In tens ive  studies have been made on thin film elec-  
t ro luminescen t  (EL) devices because of the i r  consid-  
e rab ly  h igher  po ten t ia l  in the commercia l  demands  for 
a f la t - type  d i sp lay  unit.  A doubly  insula ted  Z n S : M n  
a-c  opera ted  device, showing a good d i sp lay  p e r f o r m -  
ance in br ightness ,  efficiency, and life, has approached  
the prac t ica l  s tage (1-3).  The t remendous  s t r ides  have 
been fol lowed by  the film p repa ra t ion  methods  of 
molecular  beam ep i t axy  (4),  a tomic l aye r  ep i t axy  (5), 
and meta l  organic chemical  vapor  deposi t ion (6).  In  
cont ras t  to a ye l lowish-o range  emit ter ,  more  i n fo rma-  
t ive mul t ico lor ing  devices have been fab r i ca ted  b y  
employing  the r a r e  ea r th  fluorides as luminescent  
centers  (7, 8). The doubly  insula ted  ZnS:TbFa  device,  
p repa red  usua l ly  by  an e lect ron beam evaporat ion,  
exhibi ts  0.1-0.2 l m / W  of h ighest  efficiency among ra re  
ear ths  (8, 9). At ten t ion  has been  pa id  to the rf  spu t -  
te r ing  method because of high product iv i ty ,  i m p u r i t y  
control labi l i ty ,  etc. The authors  have conducted a 
series of s tudies  on the e lec t ro luminescence  f rom ZnS 

Key words: electroluminescence, ZnS thin films, rf sputtering. 

films deposi ted  by  rf  sput ter ing.  I t  has been found 
that  an efficiency beyond  0.15 I m / W  is typ ica l ly  ob-  
ta ined  f rom the sys tem of A1-ZnS:TbF3-InSnOz MS 
structure .  This work  presents  the d-c  exci ted  cha rac -  
ter is t ics  of ZnS films ac t iva ted  wi th  TbF3 and Mn. 
The effects of i m p u r i t y  concentra t ion and film th ick-  
ness on the luminescence are also presented.  

The mixed  powder  of 5-nines ZnS and 3-nines TbF~ 
or  Mn meta l  was s in te red  at  400~176 for  3 hr in 
argon gas to exclude the absorbed  gas. The mix tu re  
se t t led  on a quar tz  saucer  of 105 m m  was used as 
a spu t t e r ing  target .  The phosphor  films were  de-  
posi ted on an InSnOz-coa ted  glass subs t ra te  hea ted  at  
150~ under  the spu t t e r ing  condi t ion of argon gas 
pressure  = 1.45 Pa, r f  power  dens i ty  = 1.27 W / c m  2, 
anode vol tage = 1.5 kV. The ta rge t  e lec t rode  and 
subs t r a t e - t a rge t  space were  100 and 40 mm, respec-  
t ively.  The deposi t ion ra te  was in a range  of 150-250 
A/min .  Af te r  the  film prepara t ion ,  h e a t - t r e a t m e n t  was 
made  at  450~176 in a vacuum to remove poin t  or  
smal l  defects  ne ighbor ing  the luminescent  centers.  The 
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A1-ZnS:TbF3 (or Mn)-InSnO~ structure was formed 
by depositing A1 as a counterelectrode. The luminance 
was measured by a brightness meter, TOPCON BM-3. 

The d-c electroluminescence is usually observed in a 
fabricated device with an A1 electrode positively biased 
and often observed in a reversely biased case. The 
current-voltage and brightness-voltage relationships 
show nonlinear characteristics. Figure 1 shows the 
typical current-voltage and brightness-voltage char- 
acteristics of the both type devices. As can be seen, the 
voltage dependences are steeper in the ZnS:Mn device 
than the ZnS: TbF3 device. The ZnS: Mn system has the 
threshold voltage from low to high conductance re-  
gions. The luminescent intensity increases with elevat- 
ing applied voltage. The threshold field is about 1 X 108 
V/cm, which is compatible with the strength reported 
conventionally. The ZnS:TbF3 system, however, does 
not have a clear threshold and shows weaker w l t age -  
dependence than ZnS:M_n. The reason for the steeper 
characteristics of the Mn device than the TbFs device 
is not understood as yet. The device sometimes suffers 
from damage called "burning out" beyond the voltage 
where the current abruptly increases. The obtainable 
brightness level is limited by permissible current 
through the device. A brightness level of 600 f-L has 
been obtained, but typical ly 200-300 f-L.  Such l imita-  
tion is due to the local thermal breakdown that gives 
rise to formation of a patch in the A1 electrode. The 
efficiency depends on the electrical input power as 
shown in Fig. 2. The efficiency increases with increas- 
ing input power at low voltage because of its strong 
field dependence. The maximum efficiency is measured 
as 0.13 lm/W at 2.4 X 10 -4 W / c m  2 for ZnS:Mn while 
it is 0.17 lm/W at 9 X 10 -2 W/cm 2 for ZnS:TbF~. As 
the input is further  increased, the power dissipation 
raises the device temperature so that the efficiency 
decreases. One of the reasons for weak temperature 
quenching of the TbF8 device can be explained on 
the basis that the rare earth centers have poorer 
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phonon impedance match with the ZnS host lattice 
than the Mn center. 

Figure 3 shows the dependence of efficiency on the 
impurity concentration in sputtering target. The linear 
dependence at low densities is due to the increase in 
the number of the luminescent centers. The maximum 
efficiency, typically 0.15 Im/W and sometimes beyond 
0.2 Im/W, is attained at 1.8 atomic percent (a/o)- for 
ZnS:TbF~ while it  is 0.8 a/o for ZnS:Mn. An optimal 
density for ZnS:TbF~ agrees with the value that 
Krupka et al. (10) have determined for the concentra- 
tion in the films by x - ray  fluorescence method. This 
agreement suggests that the rf sputtering method has 
a good controllabili ty of impuri ty concentration. In the 
higher density region, the efficiency is decreased as a 
result of concentration quenching. This phenomenon 
contains two possible mechanisms: the increase of 
nonradiative transition, presumably due to pairing, 
and the decrease of electron mean free path. Figure 4 
shows maximum efficiency as a function of the ZnS: 
TbF3 layer thickness. Efficiency steeply increases up to 
0.15 lm/W with the increase of the film thickness and 
saturates above 0.45 ffm. Low efficiency in a thin region 
can be explained by the experimental  results of the 
x - ray  diffraction pattern, which has shown that the 
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crystallinity of the thin films is poorer than the thick 
films. The electric field is 1.5-1.8 • 108 V/cm at a 
high brightness level, which means the requirement of 
driving voltage is above 70V. Low voltage operation 
can be achieved if the crystallinity is improved in the 
thin region. The experimental approaches to reduce 
the threshold voltage and to optimize the film prep- 
aration condition are in progress. 
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Electrical Conduction Through Polysilicon Oxide: Interface Texture 
vs. Isolated Protuberances 

P. A. Heimann,* P. S. D. Lin,* and T. T. Sheng 

Bell Laboratories, Murray Hill, New Jersey 07974 

The high electrical conductivity of oxides grown 
from polycrystalline silicon (poly-oxide), in compari- 
son to the conductivity of oxides grown from single- 
crystal silicon, has been attributed by several workers 
(1-5) to asperities or protuberances at the polysilicon/ 
poly-oxide interface. These protuberances cause a 
local enhancement of the electric field at the interface 
(3, 6) which leads to conduction through the poly- 
oxide by Fowler-Nordheim tunneling at a lower value 
of applied voltage than would be required for a smooth 
interface. 

It has recently been found that polysilicon prepared 
with a smooth surface yields a marked improvement 
in poly-oxide dielectric properties (7), and this work 
was confirmed by the use of in situ phosphorus-doped 
polysilicon (8). Elevated oxidation temperature also 
appears to yield a smoother interface (5, 9). 

The interface as seen in transmission electron micro- 
graphs (9) shows three types of texturaI features: a 
roughness due to the grain structure of the film, bumps 
about 0.1-0.3 ~m wide due to growth anomalies during 
polysilicon deposition, and sharper protuberances 
formed during oxidation. The protuberances vary in 
height and surface density, with upper limits of about 
half the oxide thickness and about 1 • 107/cm 2, re- 
spectively. 

The purpose of the present work was to determine 
whether the observed electrical currents are injected 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  Member. 
Key words: insulator, tunneling, capacitor, semiconductor, 

into the oxide mainly at the isolated sharp protuber- 
ances and large bumps or at the granular features and 
small bumps found all over the interface. Measure- 
ments were made of the current vs. field through sam- 
ples of small areas which should contain few or no 
protuberances or large bumps, and of the current ob- 
served in a scanning electron microscope operated in 
the electron-beam-induced current (EBIC) mode. 

Sample Preparation and Measurement 
Low-pressure chemical vapor deposited (LPCVD) 

in situ phosphorus-doped polysilicon was deposited at 
700~ onto substrates [1000A oxide grown on 25 r~-cm 
p-type (100) silicon wafers] and was oxidized at 
1050~ in steam for 10 rain, to yield a 1200A thick 
oxide. The oxide thickness was determined from the 
capacitance of large-area devices, from a stylus step- 
height measurement after removing part of the oxide, 
and from TEM cross sections. All measurements agreed 
to within 10%. For EBIC studies, a thin (~1000A) 
layer of evaporated aluminum was deposited using a 
shadow mask to yield 20 mil dots. For electrical 
measurements, 1200A of LPCVD silicon nitride was 
deposited and contact windows of various areas from 
7 ~m 2 to 1.6 X 107 ~m 2, were etched using CF4/O~ 
reactive ion etching. Aluminum electrodes were then 
deposited and patterned to yield the structure shown 
in Fig. 1. 

Electrical conduction through the poly-oxide was 
measured using a home-built voltage ramp and a 
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Note the similarity of the curves for devices of the same area. 

Fig. 2. EBIC image of capacitor ( ~ I 0 0 0 A  aluminum as tap elec- 
trode, 1200A of poly-oxide, + 2 0 V  bias on electrode, 15 kV pri- 
mary electron voltage). Bright features are interpreted as due to 
enhanced emission of electrons at protuberances. 

Kei th ley  Model  26120 logar i thmic  p icoammeter .  The 
detai ls  of this  method  have been descr ibed prev ious ly  
(5). I f  the e lect r ica l  conduct ion arises f rom isolated 
pro tuberances  or  bumps,  then the cu r ren t -vo l t age  
curves for different  s m a l l - a r e a  devices on a wafe r  
should be m a r k e d l y  different.  

The spat ia l  var ia t ion  of the  electr ic  cur ren t  was also 
s tudied  "di rec t ly"  using a scanning e lec t ron micro-  
scope (Cambr idge  Stereoscan $4) in the  high-f ie ld  
EBIC mode (10). In  this technique,  hot  secondary  
electrons genera ted  in  the sample  b y  the incident  
beam are  in jec ted  into the poly-oxide .  The inject ion is 
enhanced in regions of high local e lectr ic  field, which  
gives ri~e to b r igh t  spots in the  ERIC image.  

Results and Discussion 
The cu r ren t -vo l t age  curves for devices wi th  areas  of 

7, 20, and 100 ~m 2 (four  devices each) are  shown in 
Fig. 1. There  is ve ry  l i t t le  var ia t ion  among different  
devices of the same area,  which indicates  tha t  there  
must  be many  sites pe r  square  micron for enhanced-  
field inject ion of e lectrons into the po ly ,ox ide .  The 
same conclusion can be d r a w n  from the EBIC image 
shown in Fig. 2, which  shows tha t  s i tes  of local ly  en -  
hanced cur ren t  have a m in imum spacing of about  0.3 
~m. This is about  the same spacing  as that  of the in-  
terface fea tures  in the TEM cross sect ion (Fig. 3). This 
spacing is equiva lent  to about  5-25 active sites pe r  
square micron, or at  least  35 active si tes even in the 
smal les t  a rea  tes ted for  e lect r ica l  conduct ivi ty.  

These resul ts  show tha t  the observed conduct ion 
th rough  the po ly -ox ide  arises f rom the enhanced elec-  
t r ic  fields at  many  closely spaced active sites at the 
po lys i l i con /po ly -ox ide  interface.  These sites a re  a 
p rope r ty  of the genera l  t ex tu re  of the interface,  and 
one need not  assume tha t  there  are  la rge  currents  at  
isolated defect  sites. These resul ts  do not  p inpoin t  the 
exact  na tu re  of the active sites. They  could be the  
high spots on the numerous  bumps (see Fig. 3), since 
there  is considerable  electr ic  field enhancement  at  the 
surface of even a mode ra t e ly  curved  bump,  as com- 
pared  to the electr ic  field at  a flat in terface  (5). They  
could also be the points where  the polysi l icon grain  
boundar ies  meet  the oxide, since the nons to ich iomet ry  
and s t ra ined  bonds at these points  could lower  the  si l i -  
con-oxide  energy  bar r ie r .  

Fig. 3. TEM cross section of polysilicon/poly-oxide structure. 
rhe aluminum electrode has been replaced by a protective poly- 
silicon layer. The substrate oxide is IO00A thick. 

Marcus et al. (9) have observed  that  the interface 
has nea r ly  the same t ex tu re  as tha t  of the or iginal  
polysi l icon surface,  which suggests tha t  an in i t ia l ly  
smooth polysi l icon surface is needed  to achieve a po ly -  
oxide wi th  low leakage.  Such oxides have recen t ly  
been repor ted  b y  S te rnhe im et al. (8). 
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X-Ray Screen Performance Profile:Effect of Mechanical Energy during 
Phosphor 

P. De Maayer* and W. Van Landeghem 
Agfa-Gevaert NV, Research and Development Laboratories, Mortsel, Belgium 

The effects of mechanical energy,supplied 
during eventual low-viscocity predispersion 
sandmilling, on the performance prof i le  of x- 
ray intensifying screens, were studied for 
most phosphors in current use. 

Experimental.-- Several 4 cm diameter 
PE-di~s were rotated at 4000 rpm for vary- 
ing times, in an 8 cm diameter PE-flask con- 
taining 55 w/o of 3 mm glass beads, 33 w/o of 
powder sample and 12 w/o of solvent-binder 
pre-mixture. From part of the predispersion 
screens were made using doctor-blade coating 
techniques, while the phosphor was recovered 
from the remainder by centrifugation and tho- 
rough appropriate solvent r insing. 

Resolution or square-wave-response 
SWR(~) =Z~E(p)/Z~E , withZ~E the amplitude 
of intensity variation of th~ original signal 
and~E(~) that at fundamental frequency,,was 
deduced from a microdensitometer scan of an 
imaged lead bar resolution test pattern (Funk 
type 36.882A), using the .027 x 1.081 mm 
l ight  aperture of a Perkin Elmer PDS. The 
standard deviation of density f luctuations, 
total  image noise~D, was also determined on 
a uniformly exposed f i lm,  using the .4 mm 
diameter aperture and measuring densities at 
15,000 independant locations. For both proce- 
dures, the films were exposed to small focus, 
unfi l tered 80 kVp tungsten radiation. The re- 
lat ive brightness S was evaluated by sensito- 
metric exposure methods, described in a pre- 
vious paper ( i ) ,  and defined as 

S = log (E /Er~ ~) 
where E: and Ere f ale e~osure intensit ies 
needed ~o cause ~ density 1.0 above fog on 
standard x-ray f i lm for the experimental and 
reference Par Speed screens respectively. 
Agfa-Gevaert MR 4 (blind) f i lm was used with 
UV-blue emitting phosphors, Kodak Ortho G f i lm 
with green-emittin@ ones and both with 'white' 
emitting Y202S:Tb . 

* Electrochemical Society Active Member. 
Key words : x-ray, luminescence, coatings. 

Results.-- Although CaW0~ and Tm 3+ or 
Tb 3+ activated La0Br were included in our 
tests, table I only shows results for those 
screens appreciably changing their profi le 
on millin@~ R, 
Gd~OoS:Tb and YmO~S:Tb . - -  Both oxysulf i -  
~'e'~-~how a dr asti~-~eprec1"----~ation in brightness 
S with a concomitant increase in resolving 
power, after only 5 minutes mi l l ing.  SWR va- 
lues are given at 2 Ip/mm, a frequency of di-  
rect importance to medical diagnostics, but 
the trend persists both at higher and lower 
frequencies (.5 to 5 Ip/mm) (2).~n-changes 
exceed the threshold of visual percept ib i l i ty .  
Table I also indicates a decreaseR#n cross- 
over C.O. except for the Y~O~S:Tb ~ -ortho 
f i lm combination, for whic~ ~.0. remains v i r -  
Lually constant. Cross-over defines the expo- 
sure intensity from l ight  of an x-ray screen 
reaching the back emulsion of a double-sided 
f i lm,  relat ive to that received by the front 
emulsion. No changes in physical properties 
could be de~ected for either material. Both 
the average equivalent spherical diameter 
P~O and the interquart i le  d ist r ibut ion width 
(~TK-P2~)/Pmn remain constant, as confirmed 
by'~EM ~nd ~ e c i f i c  surface area data. 

Table I : Screen performance characteristics 
and cross-over data. 

S ~,S S W R  L~SWR o 'o  Z~ r C.O. /', C.O. 
t ' =  2 I p /mm D = 1 . 5  x 10 3 % 

Gd202S'  Tb 
before 52 18 10 9 50.36 

+ or tho --.31 .15 - - ,7  3.01 
after (5 mm ) 21 33 10.2 47 35 

Y~O3S Tb 
before 47 19 11.2 48 48 

+ or tho .14 05 - -  6 ,57  
after (5 rmn ) 33 24 106  47 91 

Y~O~S. Tb 
before 46 22 - -  45.94 

+ bhnd  18 09 - -  3 34 
after (5 mm ) 28 31 - -  42.60 

BaFCI" Eu 
before 48 18 11 5 31 08 

+ bhnd - -  20 14 - -  g 3 25 
after (60 rmn 28 32 10 6 27.83 

coat ing we igh t '  Gd202S. Tb & BaFCI Eu: 60 m g / c m  2 / YzOzS, Tb 45 m g / c m  2 
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An overall decrease in spectral reflectance 
with the appearance of characterist ic absorp- 
t ion bands with respective maxima at 437 and 
468 nm were noted for the Y- and Gd-compounds 
( f ig .  I ) .  

PERKING ELMER 555 ~ Mg O standard white reference 

I00 

9c ~ f 

. , / / / /  

,~ ' .,' {2)Gd~O2S Tb before mllhng 

. (5)Cd~e;s Tb I afterrnllhng 
"~ 5E ! /  (618aFCl Eu 

f / .i" \ ....... 
I (" I 

300 400 500 600 700 

Wavelength (nm) 

Fig. l .  Total reflectance before and after mil-  
l ing for~)~- and Gd-oxysulfides and 
BaFCI :Eu"-. 

Non-correcte~+emission spectra are also shown 
for BaFCI:Eu = and Y~O~S:Tb~. For the Gd-com- 
pound the position of ~he Tb j t  emission peaks 
is ident ical ,  but the UV-blue peaks are of 
considerably lower intensi ty than for Y202 S. 

BaFCI:Eu2+. --  In contrast to the abrupt nature 
Of %he'eYYects in case of the oxysulfides, e- 
qually large but gradual variations in S and 
SWR were found ( f ig .  2) as a function mi l l ing 
time. Again this trend was confirmed for a 
l ine pair frequency spectrum up to 5 Ip/mm (2). 
P~n shows an equivalent monotonous decrease 
(f~g.3), the steep i n i t i a l  drop in IDW indica- 
t ing preferential f ractur ing of the larger 
grains along numerous cleavage planes of the 
tetragonal crystal structure. At the onset of 
mi l l ing a drastic increase in pyknometric den- 
s i ty  PD from 79 to 92 % was noted. The ref lec-  
tance s l igh t l y  increases in the UV-spectral 
range, while the C.O. and o-~-changes are 
roughly equivalent to those of the oxysulfides 
(see table I ) .  

Discussion and comments.-- The complexi- 
ty of  the Optical phenomena 'involved in these 
multiphase systems do not allow as yet for a 
closely reasoned argumentation, Plausible but 
part ial  explanations may be given on the basis 
of the experimental evidence, Depreciation of 
oxysulfides, when heavily ba l l -mi l l ing  or exer- 
t ing large uni lateral pressure%is caused by 
color center formation at stress induced ato- 
mically dispersed crystal defects, along with 

0.55 0.34 

- 

c~ 0.20 

O ' 3 0 t  ~ ,0.18 

i Io.18 o , ~  ,~ 2'0 50 4'0 5'o 60 
Milling time (rain.) 

Fig.2. Brightness S and SWR (2 lp/mm) as a 2+ 
function of mi l l ing time for BaFCI:Eu . 

1.0 

._o 12 

~  
EL 

-~, I0 

o S 

_~ 8 

7 

o.9~ 

"E 

0 . 7  r 

' ~ -  P ~ ' ~ ' ~ w  - 

Io,5 I I 

Milling time in rain. 

Fig.3. P_~n and IDW as a ~ n c t i o n  of mill ing 
tT~e for BaFCI:Eu ~ . 

part ic le size reduction (3,4). In our case 
the former effect and consequent phosphor co- 
loring seems the only cause. The increase in 
sharpness is too drastic to be explained by 
phosphor color only, resolution being mainly 
scattering controlled and screens being v i r -  
tua l l y  transparent to the i r  own emission 
l ight .  Stress induced changes in relat ive re- 
f ract ive index m = n /n^ (n n and n being the 
indices for phosphorPan~ biMder respectively) 
may therefore be of importance as shown by 
Clewell's simplif ied formula fo~ the scatte- 
ring coeff ic ient K = ~m~-l) / (m:+2~/d at 
constant part ic le size d (5). 

The variation in brightness S for BaFCI 
is c lear ly surface area controlled, as indi -  
cated by a l inear relat ion with I/P~n ( f ig .4 ) .  
The scattering coeff ic ient being inversely 
proportional to part ic le size, this plot re- 
f lects the fact that Lambert-Beer's law holds 
for scattering attenuation in this case. All  
screens were coated on highly ref lect ive po- 
lyester base with a sharp absorption edge at 
320 nm~ The i n i t i a l  reflectance ( f ig .  i )  is 
indicative of t ~  rather transluscent charac- 
ter of BaFCl:Eu~-screens ( i .e .  high transmis- 
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Fig. 4. S versus inverse particle size !/P50. 

sion,moderate scattering), n~-1.64 being close 
to that of most current polymer systems used. 
The increase in UV reflectance on milling con- 
firms our idea of increased internal scatte- 
ring and explains part of the enhanced reso- 
lution. The large increase in packing density, 
with a substantial effect on physical thick- 
ness of the screens, explains for the large 
in i t ia l  increase in SWR as a result of less 
geometrical unsharpness, Experiments on sie- 
ved fractions~of equivalent size and d is t r i -  
bution as samples milled for 30 minutes, show- 
ed much smaller effects (AS=-.07 ~SWR(21p/mm) 
=.04). Some other mil l ing induced factors 
have therfore to be of importance. These in- 
consistencies fore~oth Tb-activated oxysulf i -  
des and BaFCI:Eu ~- need further investiga- 
t ion, but at least two factors related to mil- 
l ing may be pointed out: 
a) redistr ibut ion and size reduction of the 

void phase at roughly constant packing den- 
s i ty  may cause substantial additional inter- 
nal scattering; an3~xample is given in 
fig,5 for Y2OpS:Tb . 

b) decrease in cross-over unsharpness in all 
cases where the absorption band is situa- 
ted in the range of maximum film C.0.~420 
nm for blind and between 450 and 520 nm for 
ortho emulsions) and as a result of t~9 in- 
crease in UV reflectance for BaFel:Eu ~-. 

Finally, the substantial decrease in image 
noise Cn implies the resolution enhanced noise 
perceptibil ity to compensate only part ial ly 
the lowered quantum noise resulting from mil- 
ling induced system speed reduction. 

Fig. 5. SEM-cross-sectional view of Y~O~S'Tb 3+ 
screens before and after 5 mi~u~es 
phosphor powder mil l ing. 
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Characterization of Microdeformation and Crystal Defects in Silicon 
Wafer Surfaces 

Koichi Kugimiya* 

Matsushita Electronic Industry Company, Limited, Central Research Laboratory, Moriguchi, Osaka 570, Japan 

Introduction: Recently increased at- 
tention has been payed to the charac- 
terization of silicon wafers and micro- 
defects in silicon crystals in a very 
high degree due to the development of 
VLSI circuits and imaging devices with 
very high integration and fine per- 
formance. Intrinsic and extrinsic 
gettering techniques (I, 2) have been 
intensively studied and their effec- 
tiveness has been proved in actual de- 
vices. These studies have concluded 
that the precise description of silicon 
wafers during the crystal growth is 
necessary for the improvements of the 
performance and the yield in the LSIs. 

It has been also pointed out that 
some surface irregularities (SI's) are 
an indication of crystal defects be- 
neath the wafer surfaces and that they 
are occasionally harmful to the device 
performance(3) It is obvious that 
the surface defects like saw marks in- 
troduced in wafers during machining 
(slicing and polishing) processes are 
not annealed out by a heat treatment 
even at a high temperature, but act as 
a source of large crystal defects (I) 
SI's are, at present, monitored in a 
dark-room by the naked-eye observation 
of the glaring surfaces or the re- 
flected vague images of wafers (4) 
This monitoring is obviously limited 
in sensitivity and reproducibity, and 
is not qualified for the VLSI specifi- 
cation. 

To improve the image monitoring 
method, the author has derived a new 
principle combining "Makyo concept" 
and Schlieren apparatus, and developed 
a simple optical apparatus to observe 
directly the micro-topography of a 
mirror surface. As shown in Fig. l, 
white radiation of a W lamp is impinged 
on a mirror surface with a slight in- 
clination from a normal. Reflected 
and scattered rays are projected on a 
* Electrochemical Soclety Active Member 
Key words: Makyo, Surface damage, Dimple, Saw mark 

monitor camera to form a defocussed 
image of a mirror surface. In this 
configuration, concavities and con- 
vexities are transformed to bright or 
dark areas on a defocussed wafer 
image. In term of curvature, R, which 
is directly related with the bright- 
ness, the apparatus is sensitive to 
pick up R of about I m and up to 100 m 
on a nearly perfect mirror surface. 
This paper describes the character- 
istic patterns observed in as-received 
and processed wafers. 

Observation of surface irregularities 
(SI's) : SI's were m0nitored by ZX-5100 
(Matsushita Ind. Equip. CO., Ltd.) and 
recorded in VTR (Fig.2). It could pick 
up, for instance, very shallow con- 
cavities of 0.38 ~m depth over about 
10 mm span and 0.05 ~m over about I mm 
span, corresponding to R of about 15 m 
and 2 m respectively. These depth 
profiles were measured by a surface 
profilometer. 

Features of observed SI's on a 
monitor TV are shown in Figs.2 to 4. 
These patterns were classified to 
scratches, dimples, lapping (polish- 
ing) marks, saw marks and backside 
irregularities (Fig.2). Occasionally 
swirls, slips, dust crawlings, orange 
peels, insufficient front surface 
finishes and defects with a wale-like 
appearance were observed (Figs.3 and 4). 

The SI's reflected venders wafer 
processing and inspection stabilities. 
Monitoring of wafer surfaces by the 
apparatus for some years has proved 
that the venders wafer processing 
characteristics were quite different 
from each other and even among facto- 
ries of a vender. Thus their process 
instabilities or process changes 
could be readily noticiable. Number 
of dimples mostly reflected dust con- 
trol stability. Polishing marks re- 
flected the surface condition and 
quality of polishing cloths, and so on. 
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In-line monitoring of wafers in 
the IC fabrication process showed that 
most of these SI's persisted after 
annealing at high temperatures and 
even after the processing (Fig. 4). 
The macroscopic surface contours and 
warps of wafers were also clearly 
observed. However SI's due to back- 
side damages and backside scratches 
mostly disappeared after annealing. 
These facts indicated that most SI's 
were natural surface contours without 
accompanied by residual stress, there- 
fore no crystal defect was assumed to 
be present beneath these SI's. 

Crystal defects: Analyses of the 
slicing and poiishing processes indi- 
cated that crystal defects might be 
present beneath saw marks, lapping 
marks and dimples. A fallowing ex- 
periment was carried out to see the 
presence of defects. 

Slight scratches were made in a 
back surface of a wafer by a diamond 
point scriber at various loads. After 
breaking the wafer into 4 pieces, both 
sides of each piece were etched in 
Secco solution for I ~ 10 min. Ob- 
served SI's of the wafer before and 
after etching are shown in Fig.5. 
Parallel bright lines before etching 
were clearly formed by the concavities 
made by slight stress caused by 
scratches in the back surface. Awhite 
spot in the figure was a dimple. After 
etching for I min, no bright line was 
observed but after etching for a longer 
time, brighter lines reappeared as 
shown in Fig.5b. 

When scratches were made in the 
front surface of the wafer, dark lines 
were initially observed instead of 
bright lines and then bright lines 
appeared after etching as described 
above. These were due to (I) that 
etching quickly released the residual 
stress and thus the front surface 
deformation, because the etching rate 
was very high at scratched or damaged 
areas, and (2) that prolonged etching 
engraved the front surface along the 
defects which reached to the front 
surface from the backside scratches 
(or along the scratches in the front 
surface) and thus made concavities. 
This experiment showed that crystal 
defects and stresses were present 
beneath concavities if scratches were 
originally present in either front or 
back surfaces. Since crystal defects 

can penetrate deep into a crystal, 40 
100 ~m by slicing or by scribing 

(5,6) and since lapping and polishing 
take some 10 ~m off from the surface, 
crystal defects may be left in wafers 
and thus concavities may be accompa- 
nied with hidden defects. 

Summary: A nondestructive optical 
imaging device based on a new princi- 
ple to observe surface micro-topography 
has a very high sensitivity. It could 
monitor instabilities in the wafer 
machining process and also in the IC 
fabrication process. 

Among the SI's, dimples and 
lapping (polishing) marks were most 
frequently observed. Most of the SI's 
were defect-free and thus harmless to 
the IC performance or to the yield. 
However some like saw marks, dimples 
and dust crawling may be accompanied 
with crystal defects and thus the 
yield may be reduced. Actually pre- 
liminary examination showed poor yield 
in wafers with heavy polishing marks. 

This study showed that the total 
process management, including not only 
the precise specification of silicon 
crystals but also the wafer machining 
process adding to the IC fabrication 
process, is necessary for the improve- 
ment of the VLSI technology. 

The author would like to express 
his thanks to Messrs. S. Tanigawa, 
T. Yonezawa and M. Katsuyama for de- 
signing the new apparatus and to Mr. 
A. Nishikawa for the cooperation in 
the evaluation of as-received wafers. 
Thanks are also due to Mr. M. Matsumoto 
of Matsushita Elec. Co. for the wafer 
and the yield evaluations in the IC 
production lines. 
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Fig.1. The simple concept of the nondestructive 

optical imaging apparatus. 

Fig.3. Examples of surface irregularities of as- 
received epitaxial silicon wafers. 

Fig.4. Warpage changes and surface irregularity 
preservation during the IC fabrication 
p r o c e s s .  
Normal (A) and abnormal (B, C) 3" wafers. 

Fig.2. Representative types of microdeformation 
in the surface of 3" silicon wafers. 
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Fig.5. Microdeformation in the front surface 
caused by scribing the back surface of a 
3" wafer. 



The Incorporation of Ruthenium Oxide in Polypyrrole Films and the 
Subsequent Photooxidation of Water at n-GaP Photoelectrode 

Rommel Noufi* 

Solar Energy Research Institute, Golden, Colorado 80401 

INTRODUCTION 

The electrogeuerated conducting 
polypyrrole (PP) polymer has been 
shown to remarkably enhance the 
stability of n-type photoelec- 
trodes in photoelectrochemical 
cells I-5. In this communication, 
the electrogeneration of PP, the 
electrochemical incorporation of 
ruthenium oxide, and the subse- 
quent photooxidation of H20 at 
the n-GaP photoelectrode are 
reported. The reversible elec- 
trochemical activities of the PP 
polymer film, involve up-take of 
anions from the electrolyte upon 
oxidation to yield a conducting 
film and discharge anions upon 
reduction to yield an insulating 
film. This property allows the 
incorporation in the matrix of 
the film electroactive species or 
other species of interest as long 
as it is negatively charged, The 

of Fe(CN)63-/4- in incorporation 
PP films and its electrochemical 
activity as a surface attached 
species has been shown I. Here, 

RuO~- ion is incorporated the 
electrochemically and then reduc- 
ed in the matrix of the film to 

yield RuO 2 . 

EXPERIMENTAL 

The procedure at a Pt electrode 
is explained in the following 
reaction scheme. 

*Electrochemical Society Active Member. 

Scheme Of 
Incorporation of R u 0 2  i n  

Conducting Polypyrrole Film on Pt 

*0ZV~.SCE 

........... %1[ .......... 
y ,  ~ J  

H ~ + 0 , 2 V , S ,  SCE H y , 
2H,O + N Z CIO; ~ N g 8uO, 

L (~'.oo0 ] 

At n-GaP, the film was synthe- 
sized from an aqueous solution 
containing 0.i M Na^SO 4 and 1 M z 
pyrrole at pH = i. The electrode 
was potentiostated at 0 V versus 
SCE, and illuminated with 90 
mW/cm 2 from a tungsten-halogen 
lamp. The resulting conducting 
film was then introduced into a 
solution containing only 0.i M 
RuO~- and pulsed several times 
between -I.i and 0 V under 
illumination, terminating the 

pulsing at 0 V. The RuO~- 
incorporated in the film is then 
reduced to RuO 2 by soaking for i 
hour in 0.i M HCI0 4 or by 
potentiostating the electrode in 
the dark at -1.15 V until the 
observed cathodic current decays 
to almost zero. 

The n-GaP is single crystal S 
doped (~1017cm -3) with <001> 

orientation. The crystal was 
etched for 5 seconds in a 1:1:3 
mixture of H20:H202: and H2SO 4. 
The electrodes were prepared as 
discussed in Ref. I. The PP film 

thickness was about 0.i pm. The 
counterelectrode was 20 cm 2 plat- 
inized Pt. 
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RESULTS AND DISCUSSION 

The incorporation scheme was 
first tested using a ~t 
electrode. The presence of RuO 4 

evident from the RuO~- reduc- was 
tion wave (not shown) around +0.2 
V superimposed over the film 
electroactivity. The films pro- 
duced on Pt and n-GaP were con- 
firmed to contain RuO9, all 
through the thickness of film, by 
XPS, Auger, and ion microprobe. 
No Ru was detected above the 
limits of the previous techniques 
on the immediate surface after 
the removal of the PP-RuO 2 
films. The quantitative results 
will be discussed in a following 
paper. 

02 evolution from a i M HCI04 
solution on the PP-Ru02 coated 
Pt-electrode occurs about 200 mV 
more negative compared to a bare 
and PP-coated Pt-electrode. 
However, the resulting current 
densities of the former were 
smaller. Continuous evolution of 
02 on the modified electrode 
resulted in the loss of the film 
after about two minutes. 

Figure 1 shows a comparison be- 
tween an n-GaP electrode modified 
with PP-RuO 2 film compared to one 
modified with PP film only. The 
photovoltage developed between 
the n-GaP and the Pt counterelec- 
trode in 1 M HCI04 is about 1.5 
V. The onset of photocurrent in 
this solution under 100 mW cm -2 

illumination starts about -1.2 V 
versus. NaSCE. This is true of 
the bare and the PP-modified 
electrodes. In the case of the 
bare and PP-modified electrodes, 
the onset shifts positive after 
the first scan and photocorrosion 
is evident. No 02 evolution is 
observed in either electrodes. 
The PP-RuO 2 modified electrode 
exhibits stable photopotential 
for reversal scans during which 
02 evolution is clearly visible 
at the surface. The magnitude of 

the current is decreased after 
each scan with observable bal- 
looning of the film in spots and 
the eventual bursting of the film 

under the pressure of 0 trapped 
within the film. At th~s point, 
the current increases due to 
acceleration of photocorrosion. 

Figure 2 shows a magnification 
(100X) of a PP- and a PP-RuO 2- 
coated electrodes after i0 scans 
at I00 mV sec -I and after the 

removal of the film. 02 
evolution sites (circular) are 
evident to the naked eye on the 
PP-RuO2-coated electrode, and 
their appearance is the same as 
the pre-etched and intentionally 
protected sites. In between 
those sites, the surface is pho- 
todegraded due to the failure of 
intimate contact between the film 
and the n-GaP surface under trap- 

ped 02 pressure. The uncatalyzed 
electrode (PP-coated), in compar- 
ison, shows a surface that is 
photodegraded compared to the 
pre-etched and protected 
surface. Electrodes catalyzed by 
the deposition of RuO 2 by the 

pyrolysis of RuCI 3 also exhibited 
immediate photodegradation of the 

surface. 

The results, in this particular 
case, indicate that the presence 
of both the conducting film and 
RuO 2 is necessary for the photo- 
dissociation of H20. It seems 
that the mechanism of HzO photo- 
oxidation is more complex than 
that of the semiconductor. The 
conducting polymer must act as a 
scavenger for photogenerated 
holes that are directed to the 
H20/O 2 redox couple sites cata- 
lyzed- by the Ru02, at a rate 
faster than the self-oxidation of 
the semiconductor. 

In conclusion, a scheme was pre- 
sented that incorporates RuO in 2 
PP film deposited on Pt and n-GaP 
electrodes. Photodissociation of 
H20 from i M HCI04 was demonstra- 
ted to occur at the surface of n- 
GaP when modified with a film of 
RuO2-catalyzed PP. The quantita- 
tive measurement of the quantum 
efficiency of the 02 evolution 
reaction and improvement in the 
intimate contact between the film 
and the surface of the electrode 
are underway. 
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RuO 2 electrodes after I0 
scans (i00 mV sec -I) and 
after removal of the 
films. Conditions are 
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The increased suscept ib i l i ty  of ferrous 
alloys to loss of d u c t i l i t y  in aqueous 
solutions containing sulf ide (sulf ide 
stress cracking) is causea by an increase 
in the f lux of atomic hydrogen into the 
metal. The increase in f lux is presumably 
caused by an inter facia l  mechani~ ~ in 
which the sulf ide part ic ipates. ~ j  The 
mechanistic detai ls that account for the 
increase in hydrogen f lux are not known 
conclusivel j .  A prevalent "chemical" 
mechanism ~ )  is that adsorbed sulfur 
containing specieg i nh ib i t  hydrogen 
recombination (Tafel recombination) giving 
r ise to an increased concentration of 
absorbed atomic hydrogen on the surface. 
A l ternat iy~ ly ,  a "sol id state" 
mechanism ~ j  is that hydrogen can enter 
the metal via solid phase iron sulf ide 
corrosion products on the metal surface. 

As a part of invest igat ion of the la t te r  
mechanism, measurements have been 
performed on the permeability of hydrogen 
through pyrite (FeS2). The effort has 
been directed toward establishing the 
feasibi l i ty  of hydrogen transport into a 
metal lat t ice via an iron sulfide film or 
precipitate on the metal surface or v i a  
iron ~ I f i de  inclusions present in the 
metal~J. Pyrite is known to be a product 
of the corrosion of iron and Jron base 
alloys in certain instances(5). 

Of equal importance, however, is the 
general subject of hydrogen di f fusion and 
so lub i l i t y  in crysta l l ine sulf ides and 
oxides. Few data exist  concerning these 
systems. The following report offers data 
concerning the hydrogen/pyrite system. 

The experimental technique used was 
essential ly the same as t ~  reported by 
Devanathan and Stachurski~J. The 
electrochemical cell was separated into 

* Electrochemical Society Active, Student, 
Honorary members~respectively~ 

Key words: pyr i te ,  d i f fus ion,  hydrogen 

two counpartments by a pyr i te membrane. 
One side of the pyr i te membrane was 
ca thod i~ l l y  polarized at constant current 
density w j ,  The other side was 
potent iostat ica l ly  controlled such that 
the current for hydrogen oxidation 
(permeation current) could be measured. 

Pyrite (FeS?) was obtained as a naturally 
occurring (~mbasaquas, Spain) cubic single 
crystal .  Microscopic examination did not 
reveal any v is ib le  inclusions. The 
part icular crystal discussed (among 
several examined) had an edge dimension of 
approximately 2 cm. SPecific conductivity 
was approximately 2 ~- cm- . 

The crystal was mounted in epoxy and 
individual membranes were obtained by 
cutting parallel to the (1,0,0) crystal 
plane. Membrane faces were polished with 
alumina (0.05~). The collection side was 
plated with palladium to increase 
collection efficiency and to prevent 
corrosion (~ackground currents were less 
than 1~A/cm ~ on the anodic side). 
Solutions were O.IM NaOH in both anodic 
and cathodic compartments. 

A typical normalized permeation curve 
obtained in a galvanostatic charging 
experiment is shown in Figure 1. A 
theoretical curve ~ calculated using the 
following equationWJ: 

i t  i - 4 ~ exp ( -12n+I)2 x2z) 
T-:| o 4 

where 

T 

i| 

i t 

= DHt/L2 

= steady state permeation current 

= permeation current at time (t) 
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L : membrane thickness 

D H = d i f fus iv i t y  of hydrogen 

The equation assumes boundary conditions 
for galvanostatic charging experiments 
i . e . ,  the concentration of hydrogen at the 
exit side is zero, and the flux of 
hydrogen at the entry side is constant. 

Di f fusiv i t ies were obtained from a plot of 

~h " In ie/i| vs t ,  by computer f i t t i ng  
e experimental data to the theoretical 

curve and by evaluating the time lag 

(tL)* t L = L2/2D 

i / i = 0.629 
t L | 

Di f fusiv i t ies obtained from the three 
methods were in general agreement. 

The approximate coincidence of theoret ical  
and experimental curves (Figure i )  
suggests that hydrogen d i f fus ion  in pyr i te  
is analogous to i t s  d i f fus ion in the 
single element metals normally analyzed by 
th is  technique. Furthermore the agreement 
of  theoret ica l  and experimental curves 
ve r i f i es  the assumed galvanostat ic 
boundary condit ion of a constant f lux at 
the entry side. 

The dependence of time lag on thickness 
(Figure 2) also indicates that hydrogen 
transport  in pyr i te  is a purely 
d i f fus ionary  process. I t  should be 
mentioned that th is  conclusion is 
strengthened by the fact that the range of 
thickness ( I  mm to 20 mm) over which D is  
independent of L is considerably greater 
than that which can be measured for 
materials of low permeabi l i ty.  

The mean d i f f u s i v i t y  of the par t icu la r  
crystal  sample examined is approximately 

L 3.5 (+ 1.0) X i0-  cm /sec. Measurenents 
on diTferent crysta ls  exhibi ted a_~igher 
de~ree of var ia t ion  ( i0"  to 10 
cm~/sec). S~#urf~ce 
so lub i l i t i es~#  ) (C^) were. generally in the 
range i X 10- to ~ X 10 -4 M/L. 

Galvanastatic co l lec t ion e f f i c ienc ies  of a 
0.31 cm membrane are shown in Figure 3. 
The maximum hydrogen permeation f lux of 18 

* Corrected for relaxat ion time (6). 

~A/cm 2was obtained at approximately 
70 uA/cm 2 charging current density which 
corresponds to a 25% co l lec t ion 
e f f i c iency .  Maximum ef f i c iency  (50 
percent)~was obtained at 
25 ~A/cm ~ charging current densi ty .  
Permeation e f f i c iency  as a function of 
applied potential  (cathodic side) is shown 
in Figure 4. Maximum ef f i c iency  (50 
percent) occurred at approximately -O.8V. 

The ambient temperature d i f f u s i v i t y  of 
hydrogen in pyr i te  is greater in magnitude 
than most single element metal l ic  
materials (see Table i ) .  This fact 
coupled with a r e l a t i ve l y  large s o l u b i l i t y  
makes pyr i te  highly permeable to 
hydrogen. The impl icat ions of th i s  
observation should impact several 
electrochemical appl icat ions in which 
pyr i tes are used as cathodes. In the 
present context,  however, the rapid and 
e f f i c i e n t  transport  of hydrogen through 
i ron d isu l f ide  supports the hypothesis of 
hydrogen entry into engineeriny materials 
via corrosion products or non-metall ic 
inclusions. In some aqueous systems, the 
rate of hydrogen entry into a metal 
l a t t i c e  determines the time to fracture of 
stressed mater ials.  
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TABLE 1 

NOMINAL AMBIENT TEMPERATURE DIFFUSIVITIES (8) 

Material DH298(cm 2/s) 
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g 
ABSTRACT 

The kinetics of reaction of  scratched cadmium electrodes in alkaline solution have been measured.  The anodic reaction 
rate of the freshly generated metal  surface follows Tafel 's law with a slope aE/a log i = 63 mV and a reaction order  a log/D log 
(OH-) = 1.1. The equil ibr ium parameters  are defined by Eo ~ = 18 mV (NHE) and io = 0.002 A cm -2. The parameters  are inter- 
preted in terms of s imultaneous transfer of two electrons per cadmium atom oxidized from the bare metal  surface. 

The behav io r  of cadmium electrodes in a lka l ine  
solut ion is s t i l l  the sub jec t  of some deba te  (1, 2), 
despi te  i ts w idespread  use as a revers ib le  ba t t e ry  
e lect rode mater ia l .  Even in acidic sul fa te  and per -  
chlora te  solut ions in which  the meta l  does not  equi l i -  
b ra te  wi th  any  of it~ oxides (3),  there  is no agree -  
ment  regard ing  its mechanism of dissolut ion (4-10). 
Lorenz (4-6) or ig ina l ly  showed tha t  the react ion 
Cd ~ Cd 2+ -t- 2e proceeds in a s ingle s tep wi th  both 
electrons being t r ans fe r red  s imul taneous ly ;  this p ro -  
cess has been cited (7) as typ i fy ing  a two-e lec t ron  
t ransfe r  reaction.  The work  was, however ,  cri t icized 
by  Heus ler  and Gaiser  (8) for  the  l imi ted  poten t ia l  
r ange  over  which it was studied.  By ex tend ing  the 
potent ia l  range  to more  posi t ive values,  Heus ler  and 
Gaiser  showed tha t  the  anodic behavior  deviates  
f rom the 60 mV Tafel  l a w  given by  Lorenz (4-6) a n d  
gave a Tafe l  s lope  of 108 mV where  the anodic cur -  
ren t  dens i ty  i is be tween  ~60 and 500 m A - c m  -s ,  The 
idea tha t  both  mechanisms opera te  in different  po ten-  
t ia l  ranges  was suppor t ed  by  Hampson et al, (9, 10). 

The mechanism of the in i t ia l  stages of oxida t ion  in 
a lka l ine  solut ion also involves the  quest ion of whe the r  
each e lec t ron is t r ans fe r red  consecut ively  or whe ther  
both  electrons are  t r ans fe r red  s imul taneous ly  (1, 2). 
The former  mechanism would  involve the format ion  
of a surface  in te rmedia te  of C d ( I ) ,  p robab ly  as ad-  
sorbed CdOH, a l lowing film growth  to occur by  a 
so l id - s ta te  mechanism which does not involve the 
fo rmat ion  of a dissolved in te rmedia te ,  as proposed by  
Arms t rong  et al. (11-13). This is not  in agreement  
wi th  the d i sso lu t ion-prec ip i ta t ion  model  (14-16) in 
which meta l  ions en te r  solut ion and are then  p re -  
c ip i ta ted  to form the film. While  there  is genera l  
ag reemen t  tha t  the  s t eady- s t a t e  film consists p r i -  
m a r i l y  of Cd(OH)2  (2), in both the  ~ and -y s t ruc-  
tures  (17, 18), the  format ion  of CdO, e i ther  an -  
hydrous  or  hydra ted ,  cannot  be ru led  out (16, 17). 
Indeed,  it  is c la imed tha t  a th in  amorphot is  film of 
CdO m a y  wel l  exist  (17) and that  this film p ro -  
vides the  pass iv i ty  of the Cd elect rode (16). The dis-  
solved ion in a lka l ine  solut ions has been identif ied 
as Cd(OH)~ 2-  (11, 12) or  C d ( O H ) ~ -  ( t5 ) .  Species 
of this k ind  would p robab ly  resul t  f rom dissolution of 
Cd(OH)~ ra the r  than  act ing as dissolved ions pr io r  
to prec ip i ta t ion  of Cd(OH)2 since it is improbab le  
that  three  or  four  hydrox ide  l igands can react  in one 
step. Thus, measurements  of dissolved ion concent ra-  

�9 Electrochemical Society Active Member. 

tions in r ing  disk e lec t rode  studies (12, 16) p robab ly  
detect  dissolution of the films, Mi lner  and Thomas  
(19) have, however ,  ment ioned  that  o the r  dissolved 
ions such as Cd '~+ and CdOH § m a y  be involved  as 
in te rmedia tes  in the dissolut ion reaction.  Deta i led  
summar ies  and  ~ discussions of these invest igat ions  
have been provided  in the two reviews of the be -  
havior  of  the  Cd elect rode (1, 2). 

The presen t  p a p e r  presents  an analysis  of the t r an -  
s ient  e lec t rochemical  behavior  of f reshly  genera ted  
cadmium surfaces  which have b e e n  c rea t ed  by  
scratching the  meta l  wi th  a d iamond s ty lus  while  i t  
is immersed  in a lka l ine  solution.  The technique has 
a l r eady  been used to analyze  the  behav io r  of f reshly  
genera ted  A1 (20), Fe  (21, 22), A g  (23, 24), and Cu 
(25) electrodes.  A1 (20) and Fe  (21, 22) bo th  show 
l inear  Tafel  behav ior  in the anodic region when the 
m a x i m u m  cur ren t  dens i ty  on the bare  me ta l  surface  
is p lo t ted  as a funct ion of potent ia l .  This behav ior  has 
been in t e rp re t ed  as a measuremen t  of the r ap id  first 
e lec t ron t ransfer  reac t ion  in the oxida t ion  process. 
Fe (21), Ag (23), and Cu (25) a l l  show anodic  ac-  
t iv i ty  on the bare  meta l  surface a t  potent ia ls  negat ive  
wi th  respect  t o  the r e v e r s i b l e  potent ia ls  for film 
formation,  and  the charge densit ies associated wi th  
these processes have been assigned to the format ion  
of adsorbed  oxidized products ,  up to coverages of one 
monolayer .  

Ear l i e r  work  on the effects of scraping cadmium 
electrodes (26, 27) provided  measurements  o f - t h e  
ins tantaneous open-c i rcu i t  scrape  potentials .  The 
technique of Haggard  and Chapman (26) gave 
scratches which were  genera ted  ex t r eme ly  r ap id ly  
for a per iod  of ,~1 ~sec. Andersen  et aL (27) con- 
t inuous ly  r enewed  the ent i re  c i rcular  surface of the i r  
disk specimens with  a per iod of 1.25 msec. Both  a u -  
thors repor ted  tha t  the potent ia l  acqui red  b y  the 
f resh ly  genera ted  surfaces represen ted  the C d / C d ( I I )  
revers ib le  couple. Bre i te r ' s  exper iments  (28) p ro -  
v ided cur ren t  densit ies ob ta ined  by  scraping  a ro t a t -  
ing cadmium cy l inder  c i rcumferen t i a l ly  and s imu l -  
taneous ly  sweeping  the e lec t rode  poten t ia l  in o rde r  to 
obta in  cyclic vo l tammograms .  The resul ts  f rom a 
1.0M aqueous KOH elec t ro ly te  gave a ze ro -cu r ren t  
potent ia l  which, wi th in  the appa ren t  scat ter ,  was 
independent  of both  the  scraping  process and the po-  
ten t ia l  sweep ra te  in agreement  wi th  the open-c i rcu i t  
work  (26, 27). However ,  the  a-c  current ,  measured  
as the response to a super imposed  low ampl i tude  a - e  
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voltage (1 kHz) appl ied  to the  electrode,  showed an 
increase at potent ia ls  below the z e r o - d - c - c u r r e n t  po-  
ten t ia l  which Bre i te r  a t t r ibu ted  to a pseudocapac i -  
tance due to the  react ion Cd + O H -  -> Cd --  OH + 
e - .  The coverage of the adsorbed OH radical ,  its 
subsequent  fate, and its role in me ta l  oxidat ion were  
not discussed. 

Experimental 
The technique used to scra tch  the  surface of a po-  

tent ios ta t ica l ly  control led  ro ta t ing  disk electrode has 
been .described before  (20-23). The cur ren t  on a ro-  
ta t ing disk e lect rode (d iam 8 m m ) ,  which  is held  at 
const,ant potent ia l ,  is a l lowed to reach  a s t eady  state.  
A d iamond  stylus,  which is in i t ia l ly  held away  from 
the meta l  surface by  an e lec t romagnet  assembly,  is 
made  to swing by  puls ing the current  th rough  the 
e lec t romagnet  coils. I t  t he reby  s t r ikes  the ro ta t ing  
disk surface wi th  a t racking  weight  of  ~2g  and creates 
a scratch of known dimensions.  The s tylus  is then 
d rawn away  b y  the reac t iva ted  e lect romagnet .  Cur-  
ren t  t ransients  caused by  the scratches  are  cap tured  
by  two t rans ien t  recorders  (Data lab  type  DL 905), 
both  t r iggered  s imul taneous ly  by  the cur ren t  pulse  
de l ivered  to the e lect romagnet .  The two recorders  
were  set  to different  sensi t ivi t ies  and different  t ime 
scales in o rde r  to improve  the accuracy  with  which 
the ,decay of each cur ren t  t rans ien t  could be recorded.  
The m a x i m u m  cur ren t  dens i ty  which flows on the 
f reshly  genera ted  meta l  surface is measured  f rom 
the m a x i m u m  ra te  at which the current  increases as 
the scratch is being made,  by  the equat ion 

1 dI 
~S = [1]  

2IIr~y dt 

where  dI is the increase  in  cur ren t  due to scratching 
in t ime dr, ~ is the  e lect rode rota t ion rate,  y is the  
scratch width ,  and  r is the distance of the  scra tch  
from the center  of rotat ion.  For  cadmium,  the  
scratches were  found to be wider  than  those of o ther  
meta ls  such as Fe  (21), Ag (23), and Cu (25); this is 
because of the  re la t ive  softness of the metal .  Thus y 
was typ ica l ly  60 ~m, r ~ 2  mm, and ~ was set at  100 
Hz except  where  otherwise  s tated.  The m a x i m u m  
scratch dep th  was smal l  ( ~ 4  ~m) compared  wi th  the 
scra tch  wid th  and was thus  neglected.  

Elect rolytes  were made  f rom AR KOH and doubly  
dis t i l led wa te r  to concentrat ions f rom 0.020 to 5.0M. 
A suppor t ing  e lec t ro ly te  was not  added  to main ta in  
constant  ionic s t r eng th  since the effects of o ther  an-  
ions on these electrode processes are  not  known.  
Elect rolytes  were  deaera ted  wi th  purif ied ni trogen.  

Cadmium electrodes were  made  f rom Jotmson-  
Mat they  Cd rod (99.999%) which was cut into disks 
and sealed into Pe r spex  e lec t rode  holders  wi th  A r a l -  
dire. These were  ground to a 1200 gr i t  finish. 

A sa tu ra t ed  calomel  reference  electrode was used. 
This was mounted  outside the cell and connected to 
the work ing  e lec t ro ly te  via  a Habe r -Lugg in  probe 
which itself  was filled wi th  the same electrolyte .  Po-  
tent ia ls  are  presented  on the  normal  hydrogen  e l ec '  
t rode  scale and  have  been correc ted  for  the l iquid  
junct ion poten t ia l  be tween  the work ing  and reference 
e lect rolytes  by  the formula  of Henderson  (29). This 
re la t ionship  is p r o b a b l y  inaccura te  in concent ra ted  
solutions, but  the  er rors  are  considered small .  The 
Habe r -Lugg in  probe  t ip was s i ted ve r t i ca l ly  be low 
the work ing  e lec t rode  sur face  and ,~4 cm from it. 
This posi t ion al lows r e a d y  access for the scratching 
stylus.  I t  also al lows for accurate  calculat ion of the  
ohmic poten t ia l  drop due to the  cur ren t  flowing f rom 
the scra tch  i tself  since the  probe  t ip is at an effective 
infinity (30). Ideal ly ,  one would  mount  the probe  t ip 
close to the scra tch  surface the reby  minimiz ing  the 
ohmic poten t ia l  drop. This is, however ,  imprac t i ca l  
since the  p robe  t ip would  have  to be smal l  compared  

with  the scra tch  wid th  (60 ~m) and  would  add i -  
t ional ly  in te r fe re  wi th  the scra tching process.  

The ohmic potent ia l  d rop  due to the cur ren t  f low- 
ing f rom the scra tch  has been  calcula ted and is 
given by  (30) 

Ea : IsRn [2a] 
where  

1 l n [  4 b ]  [2b] 
Ra = 2II~b a 

Here Is is the  absolute cur ren t  flowing f rom the 
scratch, Ra is the  ohmic resis tance in the e lectrolyte ,  

is the e lec t ro ly te  conduct ivi ty ,  and b and a a re  
respect ive ly  the ha l f - l eng th  and ha l f -wid th  of the 
scratch. In the work  presented  below, both uncor-  
rec ted  and correc ted  da ta  a r e  shown where  the 
ohmic resistance was calcula ted using publ i shed  
values  of  ~ (31, 32), one of  which  was checked with  
a conduct iv i ty  bridge.  

Exper iments  were  pe r fo rmed  at  291 __. 2 K. 

Results 
A typical  cur ren t  t rans ient  aris ing f rom scra tching 

of the meta l  at constant  po ten t ia l  in a lka l ine  solu-  
t ion is shown in Fig. 1. Such t ransients  show a net  
anodic or  a ne t  cathodic scra tch  current ,  depending  
upon potent ia l .  The va lues  of is are  de t e rmined  us-  
ing Eq. [I]  f rom the m a x i m u m  slope of the  r is ing 
t rans ient  and  represent  the m a x i m u m  cur ren t  den-  
s i ty  flowing f rom the scra tch  surface. As the cur ren t  
shown in Fig. 1 rises, some decrease  in this s lope 
occurs. This is due to format ion  of film on the f reshly  
genera ted  surface before the scratch i tself  is com- 
plete:  the  contact  t ime, to, of the  stylus is finite, and 
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Fig. I. Anodic current transient caused by scratching cadmium 
in 0.40M KOH at E = --575 mV (NHE) showing current decay 
over short (a) and long (b) times. Note changes in time scales at 
11.5 msec (a) and 0.182 sec (b). 
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Fig, 1 shows tc = 3,46 re.see. A t  l ower  potent ials ,  
l i t t le  dev ia t ion  f rom the m a x i m u m  slope occurs 
th ronghout  the t ime tc. 

The process was inves t iga ted  over  a wide range  
of po ten t ia l  [from - 9 0 0  to - 5 0  mV (NHE)]  in the  
five e lec t ro ly te  solut ions of concentrat ions  f rom 0.020 
to 5.0M KOH. For  each solution, a ba re  surface po la r i -  
zat ion curve (log is vs. E) was plot ted,  and these a re  
shown in Fig. 2-6. In  each case, there  r is a unique 
potent ial ,  Eros, at  which the net  cur ren t  on the  scratch 
is zero. Fo r  E > Eros, is is anodic, and the scra tch  sur -  
face is Oxidized. For  E < Eros, is is cathodic. The ex-  
pe r imen ta l  sca t te r  in the anodic values  of is is s ig-  
nificant; the sca t te r  which exists is due l a rge ly  to 
i r r ep roduc ib i l i t y  in the dimensions  of the scratch.  
F o r  this reason, a la rge  number  of da ta  points  is 
presented.  In  the region where  is is cathodic,  the  
sca t te r  of resul ts  is g rea te r  and this arises, at  least  in 
part ,  f rom the fact  tha t  the  e lec t rode  as a whole is 
evolving gaseous hydrogen  and this in i tself  affects 
the  scra tching  process.  

The anodic i:egion for all  solut ions shows a poten-  
t ia l  range  in which l inear  Tafel  behavior  occurs. 
This is observed over  a cur ren t  dens i ty  range which 
var ies  f rom one decade for the  di lute  e lec t ro ly tes  to 
two decades  for  the concentra ted  electrolytes .  Anodic  
Tafel  s lopes were  ca lcu la ted  b y  l inear  regression and 
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Fig. 2. Bare surface polarization curve for Cd in 0.02M KOH. 
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potential drop (Eq. [2]).  
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Table I. Anodic Tafel slope and exchange current density for 
reaction of scratched cadmium in alkaline solution 

OE/O log i ,  /o 
Electrolyte (mY)  ( A c m  ~ ) 

O.020M KOH 67 0.0012 
O.Ol0M KOH 60 0.0016 
0.40M KOH 57 0.0060 
1.0M KOH 66 0.0019 
5.0M KOH 64 0.0025 

m e a n  63 + 4 0.0026 + 6.0017 

are  presented  in Table  I: the mean  value for  al l  
e lect rolytes  gives OE/O log is - -  63 _+ 4 mV. In  each 
case, correct ion for  the ohmic poten t ia l  drop by Eq. 
[2] is negl igible  for the l inea r  Tafel  region. The 
potent ia l  of --710 mV (i~HE) occurs in the  'zazel r e -  
gion of  a l l  the bare  sur face  polar iza t ion  curves  (Fig. 
2-6),  and  this was u~ed to de te rmine  the reac t ion  
o rde r  wi th  respect  to O H - .  F igure  7 shows 0 log is/ 
0 log  ( O H - )  --  1.1 for  0.02M r ~  (OH--) - -  5.0M. 
Since the Tafel  slopes are  a l l  s imi lar  (Table  I ) ,  this 
hydrox ide  dependence  is common to the  ent i re  Tafel  
region for  a l l  e lectrolytes .  

As the  poten t ia l  increases,  so the anodic bare  sur -  
face polar iza t ion  curves devia te  f rom Tafel  l i nea r -  
i ty  and at h igh potent ia l  is tends toward  potent ia l  
irudependence. The m a x i m u m  observed values  of is 
(ismax) are  high, up to ,~8 A cm -2. They are p lot ted  
as a funct ion of O H -  concentra t ion in Fig. 7 and 
give 0 log  ismax/01og ( O H - )  = 0.97. Fo r  cur ren t  
densi t ies  of this  magni tude ,  the poten t ia l  is, of 
course, affected cons iderab ly  by  the  ohmic potent ia l  
drop due to cur ren t  flowing from the scra tch  i tself  
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Fig. 7. Dependence of anodlc reaction rate of scratched Cd on 
hydroxide concentration, e :  is at  - - 710  mV (NHE) (Tafel region). 
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(Fig. 2-6).  The region cannot, however ,  be contro l led  
en t i re ly  by  the onmic potent ia l  drop since for  the  
three  most  di lute  e lec t ro ly tes  (Fig. 2-4),  is ac tua l ly  
becomes independen t  of E. Pure  ohmic control  would 
show is oc E. Fo r  the  1M and 5M elect rolytes  (Fig. 5, 
6), the  h ighest  cur ren t  regions are  p robab ly  also 
potent ia l  independent .  

The bare  surface mixed  po ten t ia l  Eros is shown as a 
funct ion of the  O H -  concentra t ion in Fig. 8. The da ta  
gave ~Ems/01og ( O H - )  ---- --60 inV. Also p lo t ted  in 
Fig. 8 axe the equ i l ib r ium potent ia ls  Eo, for  the th ree  
oxides given by  Pourba ix  (3). A t  potent ia ls  be low 
Eros, the cur ren t  t ransients  are  negat ive  (Fig. 2-6).  
The scat ter  in resul ts  is large  as descr ibed  above; 
nevertheless ,  wi th in  the scat ter ,  the cathodic bare  
surface polar izat ion curves show is to be approx i -  
ma te ly  independent  of the hydrox ide  concentrat ion.  
The resul ts  give a m a x i m u m  cathodic va lue  of is be -  
tween 0.01 and 0.1 A cm-2.  

Two potent ia ls  were  se lected for measurement  of 
the var ia t ion  of is wi th  e lect rode ro ta t ion  rate,  w. 
The resul ts  a re  shown in Fig. 9, (0.4M KOH) for a 
potent ia l  in the  l inear  Tafel  region and in the  r e g i o n  
where  is is maximum.  In both cases, the va lue  of {s 
is independent  of w (over  some two orders  of mag-  
n i tude  in ~) wi th in  the scat ter  of the data.  

Discussion 
For  severa l  o ther  f reshly  g e n e r a t e d  pure  meta l  

surfaces (Fe, Cu, Ag) ,  evidence has been found for 
the fo rmat ion  of oxidized monolayers  which occur 
at  an underpo ten t i a l  wi th  respect  to the  equ i l ib r ium 
potent ia ls  for  the me ta l  bu lk  oxide  react ion (21-25). 

Cadmium shows no evidence of underpo ten t ia l  
anodic act ivi ty.  The ba re  surface mixed  potent ia ls  in 
a lka l ine  solutions (Fig. 8) a r e  e x t r e m e l y  close to 
the  equ i l ib r ium potent ia ls  given by  P o u r b a i x  (3).  
The da ta  most  closely correspond to the oxide for  
which the s t andard  revers ib le  po ten t ia l  is E o  o = 5 
mV, re fe r red  to b y  P o u r b a i x  (3) as " inact ive rhombic  
cadmium hydroxide ,"  a l though because of the  p r o x -  
imi ty  of the  e q u i l i b r i u m p o t e n t i a l s  for a l l  the oxides,  
the dis t inct ion is r a the r  too fine to d r a w  f rom the 
presen t  results.  In  fact, l inea r  regress ion of the da ta  
points  in Fig. 8 gives Eros [mV (NHE)]  _-- 18-60 pH 
in excel len t  agreement  wi th  Pourba ix '  equat ions for 
equ i l ib r ium potent ia ls  (Eo for  the three  cadmium (II )  
oxides) .  Eros can thus be in te rp re ted  as a measure  of 
Eo. As such, the  values  of the  exchange cur ren t  den -  
sitT, /o, f o r  t h e  oxida t ion  reac t ion  m a y  be  measurer 
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Fig. 8. Dependence of the bare surface mixed potential, Eros, on 
pH (data points, solid line). Also shown are the equilibrium poten- 
tials for cadmium oxides given by Pourbaix (3) 

�9 Eo ~ ---- 5 mV (NHE) (common with Eros) 
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by  ex t rapo la t ion  of the Tafel  l ines to Eo, and  these 
are  also given in Table  I. They show tha t  io is ap-  
p r o x i m a t e l y  independen t  of pH, wi th  a mean  va lue  
of 0.0026 _ 0.0017 A cm -'~. By al lowing a surface 
roughness  factor  for the scratch of ~,1.5 (23), the  t rue  
value of io i~r  the  f reshly  genera ted  surface is 0.002 
A cm-~.  The value  is h igh and compares  wi th  the  
s t eady - s t a t e  va lue  of io for the Cd /Cd  2§ reac t ion  in 
acid solut ions in which  the Cd ~+ concentra t ion is 
0.01M (8). I t  is also impor tan t  to note that  the equi -  
l i b r ium po ten t i a l  for hydrogen  evolut ion  under  a 
hydrogen  pressure  of 1 a tm is only  5 mV more  nega-  
t ive  than  tha t  quoted above  for the oxide,  and so the  
values  of Eros are  .also r ep resen ta t ive  of the  po ten-  
t ials  at  which s t eady-s t a t e  hydrogen  evolut ion would  
be expected  to commence.  Cadmium thus shows no 
clear  evidence of underpo ten t i a l  reac t iv i ty ,  e i ther  
anodic  or  cathodic. As a consequence, there  is no 
evidence for the format ion  of the OH rad ica l  on the  
scra tched  Cd surface as proposed by  Bre i te r  (28). 
I t  is, of course, possible tha t  format ion  of OH at 
low potent ia ls  r~ay be  masked  b y  the cathodic cur -  
rent  t ransients .  In  fact, because of the ex t r eme ly  
close p rox imi ty  of Eros and Eo (Fig. 8), the ra te  of 
fo rmat ion  of the  OH rad ica l  must  be smal l  or  the  
coverage  acquired low. Even the ve ry  fast  sc rap ing  
exper iments  of Hagya rd  and Chapman (26) and 
Andersen  et al. (27) did  not  reveal  underpo ten t i a l  
act ivi ty;  ne i the r  did they  r evea l  the  potent ia l  of 
zero charge.  

The anodic Tafel  s lope of 63 mV (Table  I) for al l  
e lec t ro ly te  concentra t ions  is consistent  wi th  two 
electrons be ing  t rans fe r red  s imul taneous ly  f rom each 
surface  cadmium atom, and the process is first order  
in O H -  concentra t ion (Fig. 7). The process is, of 
course, not  in a s teady  state. The method  of ca lcu la t -  
ing is f rom the cur ren t  t rans ients  (Eq. [1]) provides  
the  fastest  de tec tab le  ra te  of react ion of the f reshly  
genera ted  surface since i t  is measured  f rom the 
m a x i m u m  ra te  at which  the cur ren t  increases as the  
f resh meta l  surface  is being generated.  I t  is also 
c lear  tha t  the  e lec t ro ly te  which first reaches the  new 
cadmium surface  immed ia t e ly  behind  the s tylus  as 
the  scra tch  is being formed must  be of bu lk  e lec t ro-  
ly te  composition. Because the e lec t ro ly tes  are  all  
r e l a t ive ly  d i lu te  (compared  with  the  concent ra t ion  
of w a t e r ) ,  adsorpt ion  of w a t e r  must  occur in i t ia l ly ,  

S C R A T C H E D  C A D M I U M  E L E C T R O D E S  2137 

and this is fast  (33). Thus we m a y  wr i t e  

Cd -~ H20 ~ -  Cd �9 H2Oa& [3] 

The e lec t ron t ransfe r  reac t ion  m a y  now be wr i t t en  
as one of the  fol lowing 

Cd �9 H2Oads + O H -  ~ CdOH + + H20 + 2 e -  [4] 

Cd �9 I-I~Oads 4- OH- -* Cd(OH)~ 4- H + + 2e- [5] 

Cd �9 H~Oads 4- OH- -~ CdO 4- H30* 4- 2e- [6] 

The kinetics of each of these reactions is given by 

~s = 2Fk(OH-) exp ~ [71 

which gives a Tafel slope aE/% log is -- 59 mV for 
fl _-- 0.5 and a reaction order aloe is/~log (OH-) ---- 1 
in  exce l len t  ~greement  wi th  the  measured  p a r a m -  
eters.  The kinet ic  da ta  cannot  d is t inguish  these th ree  
mechanisms.  React ions [5] and [6] are  so l id-s ta te  p ro -  
cesses in which  the film is fo rmed d i rec t ly  f rom the  
me ta l  surface wi thout  pr ior  dissolution.  React ion [4] 
is a d i sso lu t ion-prec ip i ta t ion  process if  the  CdOH + 
ion desorbs f rom the me ta l  surface  before  undergoing  
prec ip i ta t ion  by  e i ther  of  the fol lowing react ions  

CdOH + ~ O H -  -~ Cd(OH)2  [8] 

CdOH + -* CdO "I- H + [9] 

Reactions [8] or  [9] may,  however ,  occur  d i rec t ly  
on the me ta l  surface,  in which case film format ion  is 
essent ia l ly  a so l id - s ta te  process.  If  dissolution were  
occurring,  then  one would  expec t  tha t  the value  of 
is at h igh po ten t i a l  would be dependent  on the e lec t rode  
rota t ion rate,  ~, since a degree  of diffusion control  
would then be expected.  In  fact, no dependence  on 

was iound  (Fig. 9), and  there  is thus no signifi-  
cant  dissolut ion of C d ( I I )  f rom the ba re  meta l  su r -  
face. I t  is impor t an t  to note, however ,  tha t  the  de -  
pendence  on ~ for a diffusion process  to cont ro l  is 
cannot be accura te ly  de t e rmined  f rom the Levich 
equat ion (34) (which gives a s t eady- s t a t e  value  of 
5 _~ 7 • 10 -4 cm a t  ~, ~ 100 Hz) because  of the  un -  
avoidable  tu rbulence  c rea ted  in the  e lec t ro ly te  by  
the scratching process itself.  

I t  is significant tha t  a cu r ren t  t rans ien t  is found 
at  al l  anodic overpotent ia ls .  There  is thus no evi -  
dence of a s t eady- s t a t e  f i lm-free  active me ta l  surface  
as was proposed  by  Arms t rong  and West  (12) to 
ex is t  in 10M KOH solution. The two-e lec t ron  t rans fe r  
mechanism is consistent  wi th  the  work  of Lorenz  
(4-7)who proposed tha t  dissolut ion of Cd as Cd 2+ 
in acid solut ion occurs b y  the s imul taneous  loss of 
two electrons,  and  i t  appears ,  therefore,  tha t  this  
occurs th roughout  the pH range.  The Tafel  slope of 
40 mV given by  Arms t rong  and West  (12) for  dis-  
solut ion in  10M KOH was measured  on ly  over  a 20 
mV range  of potent ial ,  and its value  must  be re -  
garded as suspect,  a l though in that  case, the ' reac t ion  
inves t iga ted  was dissolution of the meta l  [as 
Cd(OH)3 (19) or Cd(OH)42-  (11)] f rom the filmed 
surface.  

At  potent ia ls  more  posi t ive than the Tafel  regions 
of  Fig. 2-6, values of is reach potent ia l  independence,  
but  the m a x i m u m  cur ren t  densi ty  i~ma~ is s t i l l  first 
o rde r  in hydrox ide  concentra t ion (Fig. 7). A l though  
the cur ren t  densi t ies  he re  are  high and are  signifi-  
cant ly  affected b y  the ohmic poten t ia l  drop as de -  
scr ibed above, the ra tes  are  not  p u r e l y  ohmica l ly  
control led  since, in the  three  d i lu te  electrolytes ,  is 
becomes independen t  of E. F o r  the two more  con- 
cen t ra ted  e lec t ro ly tes  (Fig. 5, 6), i t  is possible to 
de r ive  an ohmic res is tance by  ex t r apo la t ion  of the  
l inear  Tafel  region to h igher  i~. The difference be -  
tween the observed value  of E and tha t  der ived  f rom 
the  ex t r apo la t ed  Tafel  l ine  is AE, and this is shown 
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Fig. 10. Ohmic relationship between bE and is for scratched Cd 
in 1.0M KOH (@)  and 5.0M KOH (O)- L~E is the difference be- 
tween the applied potential and the potential of the extrapolated 
Tafel line for constant is (Fig. 5, 6). 

plot ted  against  is in Fig. 10. The sca t te r  is large,  but  
the graphs  are  app rox ima te ly  l inear .  The slope, 
O(hE)/Ois, when d iv ided  by  the surface a rea  of the  
scratch,  gives the ohmic resis tances to cur ren t  flow- 
ing f rom the scra tch  in 1 and 5M KOH. These are  
measured  as 93 and 221% respect ive ly  and are  two to 
four  t imes as la rge  as those ca lcula ted  f rom Eq. [2b] 
(25 and 91% respec t ive ly) .  This ex t r a  resis tance may  
be due  to the presence of the  stylus,  o r  i t  m a y  mean  
that  the m a x i m u m  rates  i n  these e lect rolytes  too are 
not  en t i re ly  ohmica l ly  controlled,  imply ing  some 
curva tu re  in Fig. 10. For  the  more  d i lu te  e lec t ro-  
lyte,  the ohmic plots  were  not  l inear,  and  a l te rna t ive  
ra te  control l ing factors must  be impor tant .  

The m a x i m u m  anodie reac t ion  rate ,  ismax, cannot  
be control led  by  diffusion of O H -  to the scratch 
surface, since this would  show tha t  ismax is depen-  
dent  on ~. F igure  9 shows in fact  tha t  at  high po ten-  
tial, is is independent  of ~. The a rgument  is val id  
even though ~ controls  both  the  diffusion ra te  and 
the ra te  of scra tching  since is is ac tua l ly  measured  
f rom the latter, quan t i ty  (Eq. [1]).  I t  is c lear  tha t  
s ince ismax is first order  in hydrox ide  concentra t ion 
(Fig. 7) and is not  diffusion-control led,  it  must  be 
control led  by  react ion itself. This m a y  be the t ransfer  
of O H -  or  Cd 2+ ions across such film as has a l r eady  
formed on the scratch sca r  dur ing scratching.  If  the 
film is fo rmed via  CdOH + as an in te rmedia te  ( reac-  
t ion [4]) then the ra te  m a y  be l imi ted  by  react ion [8] 
in terms of nucleat ion of the solid phase. The region 
is, however ,  difficult to quant i fy  beoause of the 
mul t ip le  factors cont r ibu t ing  to ra te  control.  I t  wi l l  
be shown in another  pape r  ( 3 5 )  tha t  the  ra te  of 
decay  of the  cu r ren t  wi th  t ime depends  both on the 
hydrox ide  concentra t ion and on the electrode ro ta -  
t ion rate.  The above arguments  app ly  only  to is; be -  
cause is is defined f rom the  ra te  of generat ion of 
the  scratch, it  a lways  contains some fract ion of the 
surface which is st i l l  to ta l ly  bare,  no ma t t e r  how 
large  a value is has.  I t  is also measured  f rom the 

region of  m a x i m u m  turbulence  in the e lect rolyte  
(since the  contact  of the s ty lus  in te r rup t s  l amina r  
flow over  the e lec t rode  surface) ,  and the condit ions 
of diffusion are not  ve ry  wel l  defined. 

I t  is wor th  not ing tha t  because of the close p rox -  
imi ty  of the revers ib le  potent ia ls  for oxide g rowth  
on Cd and for hydrogen  evolution,  potent ia l  pulse 
exper iments  on unscra tched ~admium surfaces  can-  
not  unambiguous ly  yie ld  the  kinet ics  of the  su r -  
face react ions since i t  is not  possible  to ensure  tha t  
the e lect rode is in i t i a l ly  free both  of evolved hy -  
drogen and of oxide  films. Under  these circumstances,  
a mechanical  method  is requi red  to genera te  a sur -  
face in i t i a l ly  free f rom both.  

Conclusions 
1. The scra tched cadmium electrode shows no evi-  

dence of underpo ten t i a l  r eac t iv i ty  in a lkal ine  solu-  
tion. The ba re  surface  mixed  potent ia l  is the t h e rmo-  
dynamic  revers ib le  po ten t ia l  for  oxide film fo rma-  
tion. 

2. The react ion of a scra tched cadmium electrode 
in a lka l ine  solut ion involves the s imul taneous  loss of 
two electrons pe r  cadmium a tom in one react ion 
step. React ion of the  bare  meta l  surface occurs wi th  
the fol lowing pa ramete r s :  aE/a log i = 63 _+_ 4 mV, 
0 log  i /01og ( O H - )  --  1.1, io --  0.002 A cm -2, and 
Eo ~ = 18 mV (NHE).  There  is no evidence of a 
Cd (I) in te rmedia te .  

3. The kinet ics  a re  consis tent  wi th  a r a t e  de te r -  
mining s tep represen ted  by  react ions [4], [5], or  [6]. 

Manuscr ip t  submi t ted  June  28, 1982; revised manu-  
scr ipt  received Feb.  17, 1983. 
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Linear Potential Sweep of Lead-Acid Battery Electrodes Containing 
Trace Te, Sb, As, Co, and Ni 

B. K. Mahoto* and W. H. Tiedemann* 

Johnson Controls, Incorporated, Corporate Applied Research Group, Milwaukee, Wisconsin 53201 

ABSTRACT 

The effect of trace Te, Sb, As, Co, and Ni ions on the linear potential sweep (LPS) of the lead-acid battery electrodes, both 
small size and pasted type, was investigated. This LPS technique, in general, was found to be sensitive to the presence of 
impurities which alter the gassing behavior of the lead and lead dioxide electrodes. The lead electrode LPS was highly sensi- 
tive to trace amounts of Te, probably because of the catalytic influence of Te on the hydrogen evolution reactions. The test 
results suggested that the gassing behavior of the maintenance-free lead-acid battery in the ] )resence ofTe, Sb, and As could 
be solely related to the lead electrode and could be related to both lead and lead dioxide electrodes in the presence of trace Ni 
and Co in the test system. 

Linear potential  sweep voltammetry (LPS) is an 
electrochemical technique which characterizes the 
potential dependent electrochemical reactions that 
occur on the electrode surface. Recently, this tech- 
nique has been used to characterize the lead-acid 
bat tery electrode reactions, including characteriza- 
tion of a and /~ PbO2 (1-4), corrosion behavior of 
bat tery grid alloys (5-10), and the study of the 
effect of organic expander on the lead electrode 
matr ix (11-13). We have used this technique to de- 
fine the influence of trace Te, Sb, As, Co, and Ni on 
the gassing behavior of lead and lead dioxide elec- 
trodes. 

Our selection of these five elements is based upon 
an investigation performed by Pierson et al. (14). 
These authors studied the effect of 24 elements on 
the gassing behavior of the maintenance-free bat tery 
by a constant voltage overcharge test. They reported 
unacceptable gassing of the maintenance-free bat-  
teries in excess of 0.1 ppm Te and 1 ppm Sb, As, Co, 
and Ni in the cell electrolyte. This study basically 
serves as a screening test and does not provide any 
mechanistic explanation of the electrode gassing be- 
havior in the presence of trace impurities. The pur-  
pose of the present work is to extend the work of 
Pierson et at. (14) to provide some explanation as, 
to how these trace impurities influence the gassing 
behavior of the individual lead-acid bat tery e l e c -  
t r o d e s .  This we have carried out by theoretically and 
experimental ly analyzing the effect of these trace 
elements on the lead and lead dioxide electrodes in 
the lead-acid bat tery operational potential range. 

Theoretical 
T h e  electrochemical reactions of Te, Sb, As, Co, 

and Ni have been recently reviewed (15, 16). The 
reactions pertinent to the lead-acid bat tery opera- 
tional potential range taken from the aforementibned 
references are shown in Fig. 1. The operational po- 
tential range of the lead electrode is between --1160 
and --860 mV and of the lead dioxide electrode be- 

tween 975 and 1425 mY, all with r e s p e c t  to  Hg/ 
Hg2SO4/1.270 sp gr H2SO4 reference electrode. This 
figure suggests various possibihties as to how these 
trace elements could influence the electrochemistry 
of lead and lead dioxide electrodes. The dominant 
characteristics easily observable are the following: 
(i) Te, Sb, As, Co, and Ni metal  ions if present in 
the lead-acid bat tery system will reduce to elemental 
metal at the open-circuit  potential of the lead elec- 
trode. (ii) Co and Ni may not influence the cathodic 
behavior of the lead electrode. (iii) On the PbO2 
electrode potential range, the electrochemical reac- 
tions of Co and Ni ions and possibly their influence 
on the oxygen evolution reactions appear to be more 
dominant than the Te, Sb, and As ions. This suggests 
a stronger influence of Co and Ni species on the lead 
dioxide electrode ch,arging behavior than the Te, Sb, 
and As species in the system. (iv) Hydrides of Te, 
Sb, and As could occur during charging of the lead 
electrode, all prior  to or during hydrogen gas evolu- 
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tion. (v) A few redox  react ions of t e l lu r ium species 
could occur s imul taneous ly  in the lead e lect rode po-  
tent ia l  range.  A combinat ion of some of these reac-  
tions m a y  offer ca ta ly t ic  influence of Te on the H2 
gas genera t ion  on the lead e lect rode (e.g., 2Te ,1, 
2H + ,1, 2e --  H~Te~; H2Te2 ~- 2H + -t- Te22-; Te22- ,1, 
2H + ---- 2Te ,1, H2). 

Experimental 
Two types of  lead and lead d iox ide  electrodes were 

used. The smal l  size electrod;e was 2 m m  d iam and 2 
cm long wire  type  and the la rge  size was the r egu la r  
pas ted  type  SLI  electrode.  The smal l  size lead elec-  
t rode was e i ther  a f reshly  p repa red  or an e lec t rode  
potent ios ta t ica l ly  cycled be tween  --1160 and --860 
mV (vs. re~erence) a t  0.5 mV/sec  scan rate.  The 
smal l  size l ead  dioxide e lect rode was poten t ios ta t i -  
cal ly  cycled be tween  975 and 1425 mV (Vs. r e fe r -  
ence) at  1 mV/sec  scan rate .  The smal l  size elec-  
t rodes were  cast wire  made  out  of 99.999% Pb  
(Cominco) .  The po ten t ios ta t i ca l ly  cycled electrode 
p repa ra t ion  was car r ied  out  a t  room temPera tu re  and 
in 1.250 sp gr  HeSO~ solut ion unless ment ioned  o the r -  
wise. The sulfuric  acid solut ion was p repa red  out  of 
the AR grade  acid  and l abo ra to ry  dis t i l led water .  The 
Te, As, Sb, Ni, and Co ion containing atomic absorp-  
t ion s t andard  test  solutions were  obta ined f rom Sa r -  
gen t -Welch  Scientific Company.  

The pas ted  e lect rodes  were  made  out of conven-  
t ional  P b - C a  gr id  wi th  dimensions  14.5 cm long and 
12.0 cm wide. The thickness of the  pas ted  type  lead  
and lead  d iox ide  electrodes were  1.50 and 2.25 mm, 
respect ively .  These e lect rodes  were  convent ional ly  
p repa red  using a we l l -con t ro l l ed  qua l i ty  bal l  mi l l  
oxide. The oxide  had  30 ___ 3% free lead  wi th  0.04% 
Bi, 0.0006% As, and spec t rograph ica l ly  unde tec tab le  
amounts  of Cu (<0.003%),  Cr (<0.002%),  Co 
(<0.003%),  Fe  (<0.003%),  Ni (<0.003%),  Ti  
(0.001%), Zr (<0.003%),  Mn (<0.0001%),  and P t  
(<0.003%).  The e lec t roformat ion  was car r ied  out  
agains t  two countergr id  (Pb -Ca)  e lectrodes in 1.250 
sp gr  H~SO4 at  0.5 A / p l a t e  for a 24 hr  period.  

The constant  potent ia l  source was a Wenking  po-  
tent ios ta t  70 HP 10. The vol tage scan genera to r  was 
P A R  Model  175. The X - Y  recorde r  was Hewle t t  
Packa rd /Mose l ey  Autograph  Model  7000 AM. The 
re ference  e lect rode was a c racked  glass type  H g /  
Hg~SO~/1.270 sp gr  H2SO4 (12). 

The test  cell  wi th  smal l  size e lec t rode  had  a test  
electrode, a counterelect rode,  and a reference  elec-  
t rode all  d ipped in 50 ml, 1.270 sp gr  HeSOr test  solu-  
tion. The pas ted  type  e lect rode was tested against  two 
gr id  counters  wi th  a spacer  but  no separa to r  in be -  
tween. The e lec t ro ly te  volume var ied  be tween  700 
and 850 ml. P r io r  to cathodic LPS of the  lead elec-  
trode, i t  was he ld  at --980 mV (vs. reference)  for  5 
rain and then scanned at  5 mV/sec  to hydrogen  evolu-  
tion. S imi lar ly ,  at  the  s tar t ,  the  lead  dioxide elec-  
t rode  was he ld  at  ,1,1150 mV (vs. reference)  for  5 
rain p r io r  to anodic LPS at  5 mV/sec  to oxygen  
evolution.  Both the cathodic and anodic LPS  at  1 and 
5 mV/sec  scan ra tes  were  found to be identical .  

The effect of t race meta l  ions on the cathodic L P S  
of the  smal l  size l ead  e lect rode was car r ied  out  a f te r  
addi t ion  of the meta l l ic  ions in the test  e lectrolyte .  
This was repea ted  af te r  a per iod of open-c i rcu i t  s tand  
and af te r  po ten t ios ta t ica l ly  cycl ing the electrode.  The 
potent ios ta t ic  cycl ing of the lead and the lead dioxide 
electrode was car r ied  out  as s ta ted  ear l ier .  The effect 
of me ta l  ions on the  anodic LPS of the  lead dioxide  
electrode was de t e rmined  b y  p repa r ing  the e lec t rode  
in presence of meta l  ions and compar ing  the anodic 
LPS  of the  control  e lect rode p repa red  in pure  elec-  
t rolyte.  The LPS of the pas ted  e lect rodes  were  also 
carr ied  out in a s imi la r  manner  but  in severa l  cases 
the mode of me ta l  ion inclusion in the test  sys tem 
was var ied  and is d i scussed  along wi th  the  results.  

Results and Discussion 
E#ect of Te ion on the lead e~ectrode.~The open- 

c i rcui t  potent ia l  of  Te meta l  in  1.~.70 sp gr H~SO4 was 
found to be --40 m V  (vs. reference).  This agrees 
very  we l l  w i th  the reported ox ida t ion  potent ia l  of  
Te meta l  in acid solut ion (15,17) assuming 615 mV 
for the Hg/HgzSO4 reference e lect rode to s tandard  
hydrogen  e lect rode (SHE) .  The cathodic LPS of the  
Te me ta l  in 1.270 sp gr  H2SO~ solut ion is shown in 
Fig. 2. This figure suggests tha t  the e lect rochemical  
behavior  of Te meta l  in 1.270 sp gr H2SOt solut ion is 
f a i r ly  s table up to --880 mV. The cathodic react ion at  
this me ta l  e lec t rode  becomes visible at  potent ia ls  
more  cathodic than  --880 mV. This agrees wi th  the 
dominant  react ions  of Te ions in the lead acid ba t -  
t e ry  potent ia l  range  as shown in Fig. 1. However ,  this 
does not provide  enough informat ion  to predict  the 
influence of Te on cathodic behavior  of the l ead-ac id  
ba t t e ry  lead  electrode.  

F igure  3 shows the effect of Te ion in the 1.270 sp 
gr  H~SO~ solut ion on the cathodic LPS  of the lead 
electrode.  The high hydrogen  overvol tage  of the lead 
electrode is ev ident  f rom curve A. A not iceable reduc-  
tion of this hydrogen  overvol tage  occurs in the pres -  
ence of Te ion (Te 4+) in the test  solut ion (curves B, 
C, and D).  The magni tude  of this reduct ion in hy -  
drogen overvol tage  iS smal l  immed ia t e ly  af te r  add i -  
t ion of Te ion in the test  solut ion (curves B and C),  
but  h igh ly  not iceable  af ter  open-c i rcu i t  rest  at  a 
modera te ly  h igher  t empe ra tu r e  (compare  curve D 
wi th  B) .  This reduct ion in hydrogen  overpoten t ia l  is 
a ppa re n t l y  associated wi th  the deposi t ion  of Te (as 
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well as its distribution) on the electrode surface and 
its subsequent reduction during fo l low-up  cathodic 
LPS. The Te pickup of the lead electrode is indi- 
cated by current acceptance at the start  of the sweep 
experiment (curves B and D). The lower initial cur- 
rent  acceptance of ,curve C than curve B is prob-  
ably related to the starting of the experiment ra ther  
than the Te ion concentration in the test solution. 
The subsequent reduction of deposited Te on the lead 
electrode surface initiates around --1260 mV. This 
reaction appears to control the gassing behavior of 
the electrode. The intensity of this reaction is small 
immediately after addition of 2 ppm Te ion (curve 
B). However, this reaction intensity increases with 
increasing Te ion concentration in the test solution 
(compare curves B and C) or by allowing more time 
to deposit Te metal  on the electrode surface (com- 
pare curves B and D). The limiting current around 
--1400 mV observed in the lead electrode LPS im- 
mediately after addition of 4 ppm Te ion in the test 
solution is probably associated with the limited ab- 
sorption of Te metal on the lead electrode surface 
and hence the reaction site for hydrogen generation. 
The extremely high reaction intensity of the elec- 
trode (curve D) in potential more cathodic to --1260 
mV or a significant reduction in the lead electrode 
hydrogen overpotential suggests that Te may oata- 
lyrically influence the hydrogen gas generation on 
the lead electrode surface. 

The mechanism of trace Te ion-induced catalytic 
hydrogen evolution on the lead electrode is not 
known. The cathodic behavior of Pb-Te alloy in an 
acidic solution may provide a better  understanding 
and would be a subject of worthwhile study. The 
available information, as summarized in Fig. 1 and 
3, indicates the catalytic hydrogen evolution at the 
lead electrode could have resulted from reactions 
leading to HaTe2 formation (2Te + 2H + + 2e ---- 
H2Te2), generation of ditelluride ion (H2Te2 = 2H + 
+ Te22-), and oxidation of Tea s -  to Te metal  (To22- 
+ 2H + -- 2Te + H2). However, the amphoteric na-  
ture of tellurium and its existence as multivalent 
species in a solution dictates a possibility of a num- 
ber of simultaneous reactions leading to cathodic hy-  
drogen and/or  hydride generation (15). The final 
product of the reduction of tetravalent  tel lurium is 
elemental "Te" concluded Komandenko (20). Panson 
reported the feasibility of formation of telluride 
(Te 2-)  or ditel luride (Te2 ~-)  by the cathodic reduc- 
tion of Te (21). Speranskaya asserted the reduction 
of Te 4+ on mercury cathode in an acidic solution to 
Te 2- which catalyzes the hydrogen evolution (22). 

Additional study of the effect of tellurium ion on 
the lead electrode was carried out from the LPS 
study of the pasted electrode in a test cell in which 
Te was introduced to the system by pretreating either 
the test or the counterelectrode in Te ion containing 
solution. The counterelectrodes were two bare grids 
of identical dimension. The results of this s tudy are 
summarized in Fig. 4 and 5. Figure 4 demonstrates 
the effect of electrode treatment on the cathodic LPS 
of the pasted type lead electrode. Curve A is for the 
control electrode, B for the electrode immersed in 1 
ppm Te ion containing solution for 30 min0 and C for 
electrode cathodized at  --1025 mV (vs. Hg,q-Ig2SO4) 
for 30 rain. The total amount of Te ion in the t reat-  
ment solution in both cases was 0.75 rag. The pasted 
type electrode had 70g active material  with 348 cm~ 
geometric surface area. The overall effect of Te ion 
on the cathodic LPS of the pasted electrode is close 
to that of the small size electrode (Fig. 3) except 
for some positive shift in prehydrogen evolution re-  
action zone (Fig. 4 and 5). These potential shifts ap- 
pear  to be related to the active matr ix composi- 
tion and system temperature. The cathodically treated 
plate (curve C, Fig. 4), as expected, has shown less 
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current acceptance during the early part  of the LPS 
and a greater prehydrogen evolution peak than the 
immersion treated plate (curve B, Fig. 4). The amount 
of charge obtained from the prehydrogen evolution 
peaks were 17 and 26C for the immersion and cath- 
odically treated electrodes, respectively. Assuming a 
four electron transfer reaction, this represents 5.6 and 
6.1 mg Te equivalent material  deposited on the im- 
mersion and cathodically treated surface, respec- 
tively. These figures are significantly higher than the 
Te ion content in the t reatment  solution and substan- 
tiates the feasibility of the catalytic influence of Te 
in generating the prehydrogen evolution reaction on 
the lead electrode. 

We carried out another test to demonstrate the sen- 
sitivity of Te ion concentration on the LPS of the 
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Fig. 5. Cathodic LPS of the pasted type lead electrodes in 1.270 
sp gr H~S04 at 125~ in the presence of countergrids without (I) 
and with (11) immersion treatment in 0,75 mg Te ion containing test 
solution followed by washing with distilled water. Scan rate 5 mV/ 
see. 
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lead electrode.  This expe r imen t  was carr ied  out  in 
a test  cell  wi th  a test  e lect rode (pas ted  type)  and 
two bare  grids as counterelect rode.  The exper i -  
men ta l  t empera tu re  was 125~ We swept  this e lec-  
t rode in pure  acid (curve I, Fig. 5). Then we took 
the countergrids ,  immersed  them in acid solut ion 
wi th  0.75 mg Te ion for  5 rain, washed them with  
water ,  and placed them back in the test  cell. This 
was fol lowed by  potent ia l  sweep of the  test  e lect rode 
(curve II, Fig. 5). This shows tha t  the cathodic be-  
hav io r  of the lead  electrode is h igh ly  sensit ive to the 
trace Te content  in the  test  solution. The different ial  
pulse  po larography,  which uses a pr inciple  s imi lar  to 
the LPS  technique,  could detect  10 ppb t e l lu r ium in a 
lead mat r ix ,  a s  had recent ly  been repor ted  by  Wi lk in -  
son et al. (23). 

Effect of Sb, As, Co, and Ni on the lead e lec t rode . -  
The effect of 5 ppm Sb and As ion in 1,270 sp gr 
H2SO4 on the cathodic LPS of a small  size lead elec- 
t rode are  shown in Fig. 6 and 7. In  both cases, a 
not iceable  reduct ion in potent ia l  for the onset of h y -  
drogen gas evolut ion was observed immedia t e ly  af ter  
addi t ion  of Sb and As ion in the test  solut ion (curve 
B-I ,  Fig. 6 and 7). This was fu r the r  reduced when 
the e lect rode was on rest  for a 17 h r  per iod  (curve 
B-2, Fig. 6 and 7). The follow up potent ios ta t ic  cycl ing 
of the test  e lect rode in the  negat ive  e lect rode po ten-  
t ia l  range  (--860 to --1160 mV vs. Hg/Hg2SO4/m 
H2SO4 at 0.5 mV/sec  scan ra te)  showed a fur ther  re -  
duction in hydrogen  overpoten t ia l  for  Sb ion con- 
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Fig. 6. Effect of 5 ppm Sb ion in 1.270 sp gr H2SO4 on the 
cathodic LPS of the lead electrodes at 72~ as a function of rest 
period and potentiostatic cycling: (A) without Sb ion; (B-l) with 
Sb ion, no rest period; (S-2) with Sb ion and 17 hr rest period; 
(B-3) with Sb ion and 48 hr potentiostatic cycling. Scan rate 5 mV/ 
SfiC. 
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Fig. 7. Effect of 5 ppm As ion in 1.270 sp gr H2SO4 on the 
cathodic LPS of the lead electrode at 72~ as a function of rest 
period and potentiostatic cycling: (A) without As ion; (B-l) with 
As ion, no rest period; (B-2) with As ion and 17 hr rest j~erlod, 
(B-3) with As ion and 48 hr potentiostatic cycling. Scan rate 5 
mY/see. 

ta ining test  sys tem but  not  for the test sys tem with 
As ion (curve B-3, Fig. 6 and 7). The hydrogen  over -  
po ten t ia l  of the potent ios ta t ica l ty  cycled test  elec-  
t rode  with  As ion showed a more  cathodic shif t  than  
the overpoten t ia l  observed af ter  a 17 hr  rest  per iod 
(Fig. 7). 

The open-c i rcu i t  potent ia ls  of Sb and As meta l  in 
1.270 sp gr  H2SO4 solut ion at  72~ were  --406 and 
--230 mV (vs. reference) ,  respect ively .  This sug-  
gested that  Sb and As ion when presen t  in the test 
solut ion could deposit  on the lead electrode,  wt~ich 
has open-c i rcu i t  potent ia l  a round --960 mV (vs. re f -  
erence) .  The presence of a broad  shoulder  a round  
--1300 mV (vs. reference)  for the system wi th  Sb ion 
in the  test so lut ion (curve B- l ,  Fig. 6) indica ted  
e i ther  the change in charge s tate  of the Sb ion in the 
solut ion or the format ion  of Sb hydr ide .  Since the 
equ i l ib r ium potent ia l  of SbH3 (g) format ion  in Sb-  
H20 sys tem at 25~ is --510 mV vs. SHE-( - -1125  mV 
vs. Hg/Hg2SO4), the broad  shoulder  in curve B- l ,  
Fig. 6 could be associated with  SbH8 formation.  The 
equ i l ib r ium potent ia l  of AsH3 (g) format ion  in acid 
solut ion at  25~ is --608 mV SHE (--1223 mV vs. 
Hg/Hg2SO4). This suggests that  the inflection ob-  
served in curve  B- l ,  Fig. 7, a round --1500 mV, could 
be associated with  the AsH3 (g) format ion  on the 
lead e lec t rode  surface.  

F igures  6 and 7 also include the cathodic L P S  of 
the lead e lec t rode  af te r  145 LPS cycles be tween  
--1160 and --860 mV (vs. re fe rence)  at 0.5 mV/sec.  
LPS  cycling did not  change the cathodic LPS of the  
control  electrode.  Presence of 5 ppm Sb in the  test  
solut ion made  it more  anodic  whereas  5 ppm As 
made  i t  more  cathodic. The shifts  in cathodic L P S  
af te r  LPS  cycl ing m a y  have resul ted  f rom the dis-  
t r ibu t ive  pa t t e rn  of the deposi ted trace e lement  
and /o r  the  loss of the same f rom the sys tem due to 
hydr ide  format ion  dur ing  cycling. The resul ts  note 
the  grea te r  influence of tra,ce Sb in reducing  the 
lead e lec t rode  hydrogen  overpoten t ia l  than  the t race  
As (Fig. 6 and 7). This is also evident  f rom the com- 
par i son  of the e lectrode cyclic vo l t ammograms  t aken  
af te r  LPS cycl ing (Fig. 8). The s ta r t ing  v o l t a m m o -  
grams of these three  electrodes were  ident ica l  and 
s imi la r  to the control.  The control  did not  change 
dur ing  cycling and could be used as a reference  point  
to note the change caused b y  the presence of 5 ppm 
Sb or  As in the test  system. The grea ter  de t r imen ta l  
influence of the  trace Sb than As on the lead  elec-  
t rode capaci ty  maintenance  dur ing  cycl ing is evident  
in Fig. 8. These resul ts  are  in agreement  wi th  the  
r epor ted  influence of Sb and As ions on the capaci ty  
main tenance  behav ior  of the lead  e lect rode and in 
tu rn  the l ead -ac id  ba t t e ry  (14, 18, 19). 

The effect of 4 p p m  Ni and Co ion in the test  
1.270 sp gr  sulfur ic  acid solut ion on the cathodic LPS 
of the l ead  electrode is shown in Fig. 9. Both Co and 
Ni ion have increased the local  cell  r eac t ion- induced  
se l f -d ischarge  of the lead e lec t rode  as noted f rom the 
cur ren t  in tens i ty  dur ing  the ea r ly  par t  of the LPS  but  
not  s ignif icant ly on the onset  of the hydrogen  evolu-  
t ion potent ial .  The open-c i rcu i t  potent ia ls  of metal l ic  
Ni and Co in 1.270 sp gr  H~SO4 solut ion are --372 and 
--785 mV (vs. re fe rence) ,  respect ively .  These da ta  
suggest  the  poss ibi l i ty  of deposi t ion  of Ni and Co on 
the lead e lect rode and expla in  the se l f -d ischarge  
processes observed  in the  lead  e lect rode dur ing  the 
ea r ly  pa r t  of the cathodic LPS.  However ,  this  se l f -  
discharge process of the lead  electrode m a y  not  in-  
fluence the gassing behav ior  of the  ma in tenance- f ree  
lead  acid cell  in presence of Ni and Co ion as ob-  
se rved  by  Pierson et al. (14)o This suggests  that  the 
presence of Ni and Co might  influence the gas evolu-  
t ion behavior  of the  lead dioxide e lect rode more  than  
the lead electrode.  An  expe r imen t  was ca r r i ed  out  to 
subs tan t ia te  this hypothesis .  
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Fig. 8. Lead electrode cyclic voltommograms between --1160 and 
--860 mV (vs. Hg/Hg2SO~/m H2SO4) at 0.5 mV/sec without (con- 
trol) and with 5 ppm Sb and As ions in 1.270 sp gr H~SO4 at 72~ 
after 145 cycles. 
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Fig. 9. Cathodic LPS of lead electrodes without (A) and with 
4 ppm Ni (B) and Co (C) ions in 1.270 sp gr H2SO4 at 72~ 
Scan rate 5 mV/sec. 

E~ect  o] Co and Ni on the lead dioxide electrode.-- 
Figure  10 shows the effect of  5 p p m  Co and Ni ion in 
the  test  1.270 sp gr  H~SO4 on the anodic LPS  of the  
l ead  dioxide  test electrode.  The test  e lect rodes  were  
fo rmed  by  L P S  cycl ing be tween  975 and 1425 mV 
(vs. reference)  at  1 mV/sec  and tested in test solu-  
t ion wi th  or  wi thout  5 p p m  Ni or  Co. The g rea te r  
influence of 5 p p m  Co in reduc ing  the lead  dioxide 
e lec t rode  oxygen  overvo l tage  is ev ident  f rom the 
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figure. The oxygen  gas evolut ion poten t ia l  as de te r -  
mined f rom the in tersect ion of base l ine and the 
tangent  of the LPS curve at  20 m A  cur ren t  accept -  
ance is r educed  by  65 mV in presence of 5 p p m  Ni 
and 145 mV in presence of 5 p p m  Co in the  test e lec-  
t ro ly te  (Fig. 10). This suggests a g rea te r  gassing of the 
ma in tenance- f ree  l ead -ac id  ba t t e ry  in presence  of Co 
than  Ni in the  e lec t ro ly te  in  agreement  wi th  the ob-  
servat ion  of Pierson,  Weinlein,  and Wr igh t  (14). 
These authors  repor ted  the gassing of the ma in -  
t enance- f ree  l ead -ac id  cell  is five t imes more  in  p res -  
ence of 5000 ppm Co than  5000 ppm Ni in the test  
e lectrolyte .  

The effects of t race  Co and Ni on the lead dioxide  
electrode character is t ics  are fu r the r  e luc ida ted  f rom 
the cyclic vo l t ammograms  of these electrodes be -  
tween 900 and 1500 mV a t  1 mV/sec  scan ra te  as 
shown in Fig. 11. The subjec t  of in teres t  he re  (Fig. 
11) is the  anodic behav ior  of the e lect rode which 
shows the conversion of PbSO4 to PbO2 around  1375 
mV (vs. reference)  fol lowed by  a reduct ion  in charge 
cur ren t  unt i l  i t  reaches  a potent ia l  for oxygen  evolu-  
tion. The anodic oxygen  evolut ion cur ren t  a t  § 
mV (vs. re fe rence)  could be considered as a measure  
of charge  inefficiency. The inefficiency increases wi th  
the  increas ing anodic cur ren t  or the  oxygen  gas 
evolution. F igure  11 shows that  the  charge ineffi- 
c iency is m a x i m u m  for the test  solut ion wi th  5 ppm 
Co ion. This is fol lowed b y  test  solut ion with  5 ppm 
Ni ion and the control  test  solution. These electrodes 
were  developed for  a different  length  of t ime, and the 
e lect rode capacity,  as shown b y  the cathodic por t ion  
of the  vo l tammograms,  were  not  solely caused b y  the 
e lect rolyte  addit ives.  

Conclusions 
1. L P S  can de tec t  the  effect of t race  impurit ie~ on 

gassing behav ior  of l ead -ac id  ba t t e ry  electrodes.  

Control 

5ppm Co 

5ppm N I ' ~  

r 
20mA 
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100my 

Fig. 10. Anodic LP~ of lead dioxide electrodes without (A) and 
with 5 pprn Hi (B) and Co (C) ions in 1.270 sp gr H~SO4 at 72~ 
Scan rate 5 mV/sec. 

Fig. 11. Lead dioxide electrode cyclic voltammograms between 
900 and 1500 mV (vs. Hg/Hg~SO4/m H2SO4) at 1 rnV/see without 
(A) and with 5 pprn Ni (C) and Co (B) ions in 1.270 sp gr H2SO4. 



2144 J. E[ectrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECttNOLOGY November 1983 

2. Trace Te in a lead-acid battery acts catalytically 
to generate hydrogen gas during charging. 

3. Trace Sb and As increase the intensity of lead- 
acid battery gassing by reducing the lead electrode 
hydrogen overpotential. During cycling, this gassing 
rate is more sustained in presence of Sb than As. 

4. Increased lead-acid battery gassing behavior in 
the presence of trace Co and Ni is more due to their 
role in reducing oxygen overvoltage of the lead di- 
oxide electrode than their influence on the lead elec- 
trode hydrogen overvoltage. Presence of Co in the 
test solution causes more gassing in the lead-acid 
battery than the presence of Ni in the te~t solution. 
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Physical Changes in Positive Active Mass during Deep Discharge- 
Charge Cycles of Lead-Acid Cell 

Katsuhiro Takahashi, Masaharu Tsubota, Kunio Yonezu, and Koji Ando* 
Japan Storage Battery Company, Limited, Lead-Acid Battery Laboratory, Corporate Research and Development Center, 

Kyoto, Japan 

ABSTRACT 

The positive active mass of a pasted-type lead-acid cell changes morphologically to a great extent during deep 
discharge-charge cycles. In order to reduce these changes, the effect of compression on the active mass has been studied. 
When compression is applied to a positive plate, expansion of the positive active mass is suppressed and the structural 
changes become smaller. Therefore, the cycle life of the positive plate increases remarkably. The reason why the cycle life 
increases by compression is due to suppression of the decrease in cohesion between PbO2 particles. 

The cycle life of a pasted-type lead-aeid battery 
operating under deep discharge,charge cycles is gen- 
er.ally limited by the life of the positive plate. There- 
fore, it is necessary to clarify the failure mechanism 
of the plate, particularly the process of the change in 
the active mass itself, in order to improve the cycle 
life of the battery. 

The structural changes in the positive .active mass 
have been :studied with optical and scanning electron 
microscopes, resulting in the development of so- 
called coralloid structure and voids in it (1). Studies 
using nuclear magnetic resonance and neutron diffrac- 
tion have also been carried out (2, 3). These studies 

* Electrochemical Society Active Member. 
Key words: electrode, discharge, failure. 

have gradually revealed the changes in fine $tr~cture 
morphology and properties of the active mass. How- 
ever, they are insufficient to make the failure mecha- 
nism of the positive plate clear. 

For years we have also investigated the changes in 
the structure and various physical properties of the 
positive active mass and have found the following 
phenomena: (i) change in pore size distribution, (ii) 
decrease in cohesion between PbO2 particles, (iii) 
decrease in reactivity of PbO2 particles, and (iv) shed- 
ding of PbO2 particles. These phenomena interact 
with each other and seem to relate closely to micro- 
structural changes in the active mass resulting from 
the volume change, th, at is, its expansion and shrink- 
age during cycling. 
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Accordingly ,  i t  was considered tha t  suppress ion of 
the s t ruc tu ra l  change  might  be effective in improving  
the cycle life of a p a s t e d - t y p e  posi t ive  plate�9 There -  
fore, p a s t e d - t y p e  posi t ive  p la tes  were  cycled under  
compressed conditions,  and the changes in the s t ruc-  
ture  and phys ica l  p roper t ies  of the  act ive mass  dur ing  
cycl ing and its cycle  l i fe  pe r fo rmance  were  examined.  

Experimental  
Test cell.--The test  cell  construct ion is i l lus t ra ted  

in Fig. 1. The cell  consisted of three  posi t ive p la tes  
and  four negat ive  p la tes  hav ing  h igher  capaci ty  than  
the posit ives.  These plates  were  sepa ra t ed  by  con- 
vent ional  glass mats  and  microporous  r u b b e r  sepa -  
rators .  

A stiff p las t ic  plate,  20 m m  thick, was a t t ached  to 
each side of the  f lexible container ,  and the assembly  
was t igh tened  by  bolts  and  nuts to main ta in  compres-  
sion on the elements .  The degree  of compression was 
measured  by  a load  cell. Ten  cells were  assembled  
at  a p ressure  of 100 k g / d m  2 in the d r y  state,  and the 
o the r  ten at  20 k g / d m  2. 

The s t ruc ture  of the  tes ted posi t ive p la te  is shown 
in Fig. 2. The p la te  is about  3.3 m m  thick and l ead-  
an t imony  conductors  were  a r ranged  at  both  sides of 
the plate�9 Two probes  for  measur ing  the e lec t r ica l  r e -  
sistance of the  act ive mass were  mounted  in the 
upper  pa r t  of the plate�9 The appa ren t  dens i ty  of 
the active mass was about  3.9 g / c m  s, and  the specific 
g rav i ty  of e lectrolyte ,  d i lu te  H2SO4, was 1.280(20~ 

Test procedures.--Cycle l i fe test ing was car r ied  
out  a f t e r  two cycles of the ini t ia l  capaci ty  test. T h e  
test  condit ions are  as fol lows:  

capaci ty  t es t  
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Fig. 2. Structure of positive test plate 

Results and Discussion 
Changes in the properties o~ positive active mass 

during cycling.--Figure 3 shows the changes in dis-  
charge capaci ty  and e lect r ica l  res is tance of the  posi-  
t ive act ive mass dur ing  cycling. There  is no differ-  

- -  d ischarge current :  440 m A  (about  5 h r - r a t e )  

cut-off voltage:  1.70V 

tempera tu re :  ambien t  

cycle test 

Measurements and observation.--The fol lowing 
measurements  and observat ion  were  made  at  in te r -  
vals in cycl ing to examine  the changes in the p r o p -  
er t ies  of the  posi t ive act ive mass:  (i) e lect r ica l  r e -  
sistance, (ii) cohesion,1 (iii) thickness,  (iv) chemi-  
cal composition, (v) poros i ty  and pore  size d i s t r i bu -  
tion, (vi) micros t ruc ture ,  (vii) size and c rys ta l l in i ty  
of PbO2 part ic les ,  and (viii) surface  area.  

1 Cohesion was  de termined  by measuring the force required for  
a flat-head needle  of 1 mm diam {o pierce through the posi t ive  
active mass. 

Negative terminals Positive terminals 

Recorder 

- - d i s c h a r g e :  550 m A X  3 hr  

(depth  of discharge:  about  75% of 5 h r - r a t e  capaci ty)  

charge:  400 mA X 5 h r  

t empera tu re :  ambien t  

ence in the  initial[ capaci ty  be tween  cell  A (compres -  
sion 100 k g / d m  2) and cell  B (20 kg /dm2) .  However ,  
there  is an obvious difference in cycle l ife p e r f o r m -  
ance. Namely,  the  capaci ty  in cell  A af ter  536 cycles 
is 94% of the ini t ia l  capacity,  while  it  is 66% in the  
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Stiff plastic plates 

Fig. 1. Test cell construction 
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Fig. 3. Changes in electrical resistance of positive active mast 
and discharge capacity. 
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case of cell B. The difference in this cycle life per- 
formance is attributable to the positive plates, be- 
cause the discharge capacity of the test cells is 
limited by the positive plates throughout the cycle 
test. Therefore, it is considered that the cycle life Cycles 
of the cell is improved by compression on the posi- 
tive plates. 1 

On the other hand, the electrical resistance of the 58 
active mass increases with cycling. However, the rate 140 

2 0 1  of increases is slower in cell A than in cell B. Such 273 
changes in electrical resistance corresponding to dis- 387 

4 5 2  charge capacity are shown in Fig. 4. The discharge 536 
capacity decreases with the increase in the electrical 
resistance of the active mass. This decrease is not 
due to mere lowering of the discharge voltage caused 
by the ohmic iR drop, but is related to loose cohesion 
between the PbO2 particles. Namely, such particles 
are easy to separate from each other or to be in- 
sulated by PbSO4 formed during discharge, so that 
the discharge capacity decreases with increasing 
electrical resistance. Bouet et al. (4) reported that 
capacity degradation of the positive plate occurred 
only as a result of increased contact resistance. 

Table I shows the PbSO4 and PbO2 contents in the 
charged positive active mass. There is no difference 
in the PbSO4 content during cycling between cell 
A and B. The amounts of sediment after 536 cycles 
are only 1% in cell A and 6% in cell B, respectively. 
These data suggest that the difference in discharge 
capacity and electrical resistance during cycling be- 
tween cell A and B results from the difference in 
the characteristics of the active mass itself. 

Figure 5-7 show the changes in cohesion, thick- 
ness, and porosity of the positive active mass during 
cycling. The cohesion decreases in both cell A and Ioo 
B with cycling, but the degree of decrease is less in 
cell A than in cell B. 

The porosity increases remarkably up to the 50th so 
cycle and thereafter does not change much in cells A 
and B. The degree of increase is less in cell A than 
in cell B. The change corresponds to the change in 
thickness of the active mass. The maximum dis- ~ 60 
charge capacity at about the 50th cycle is attribut- 
able to the remarkable increase in porosity. ~ 

The structural change of the positive active mass ~ 4o 
is caused by the dissolution-precipitation reaction 
(5). The molar volume of PbSO4, about 48 cm3/mol, 
is twice as large as that of PbO2, about 25 cmS/mol 

(# 

E 
t ~  

O3 

t -  
O 

/ /3  
tm 

7 - 
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4 

Table I. PbO~. and PbS04 contents in positive active mass 

PbO~ content,  (%) P1~06 content,  (%) 

Pressure Pressure Pressure Pressure 
20 l~g/am~ lOo l~g/am -~ 20 k g l a m  ~ I00 kg/dm~ 

87 88 7.2 5.8 
91 91 4.0 4.3 
90 92 3.9 4.0 
91 91 4.0 4.1 
92 91 4.2 4.4 
91 9O 3.9 4.1 
91 94 4.0 4.1 
93 91 4.1 4.1 

(6). The expanded volume resulting from the forma- 
tion of PbSO4 during discharge will not be reduced 
completely during charge, so that the positive active 
mass gradually expands with cycling. Such a vol- 
ume change enlarges the pores and cracks, resulting 
in larger porosity and weaker cohesion, and further- 
more the electrical resistance of the active mass 
becomes large. When compression is applied to the 
positive plate, expansion of the active mass is sup- 
pressed and consequently the structural change be- 
comes smaller. 

Figure 8 shows the difference in pore size distri- 
bution between cells A and B. After two cycles of 
the initial capacity test, the volume occupied by the 
pores below 1 #m in diameter is more than half of 
the total pore volume. With cycling, the pores below 
1 #m decrease and the pores above 1 ~m increase. 
However, the increase in the pores above 1 #m is 
suppressed in cell A with high compression. 
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Fig. 4. Relationship between electrical resistance of positive 
active mass and discharge capacity. 
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Fig. 7. Change in porosity of positive active mass 

The scanning e lec t ron photomicrographs  are  shown 
in Fig. 9. In  cell  B, the  coral loid s t ruc ture  observed 
in the  ea r ly  stages of cycl ing changes to a s t ruc ture  
having  large  voids in the  last  stage, whi le  in cell  A 
the coral loid s t ruc ture  is ma in ta ined  even af te r  536 
cycles. 

Compression also affected the c rys ta l l in i ty  of PbO2 
part icles .  F igure  10 shows the changes in the ha l f -  
value  of the  ~-PbO2 (110) diffraction pat tern .  The 
ha l f -va lue  becomes smal le r  wi th  cycling in cells A 
and B. However ,  the decrease is less in cell A than  
in cell  B. The ha l f -va lue  is re la ted  to the  t rue  pa r -  
t icle size and the defects or  s t ra in  in the crys ta l  
latt ice.  In  o rder  to c lar i fy  which fac tor  affects the 
ha l f -va lue ,  the sur face  area  of the posi t ive active 
mass was measured.  F igure  11 shows the change in 
surface a rea  dur ing  cycling. The surface area  be -  
comes smal le r  wi th  cycling up to the 140th cycle 
and the rea f t e r  it  is nea r ly  constant .  I t  does not de-  
pend on the degree  of compression.  Therefore,  it  

Fig. 8. Change in pore size distribution of positive active mass 

seems that  the difference in the ha l f -va lue  be tween  
cells A and B resul ts  f rom the defects or s t ra in  in 
the crys ta l  la t t ice  r a the r  than  the par t ic le  size. 

Change in compression of test cell during cycling.M 
In o rde r  to examine  the change in the  degree of 
compression appl ied  to the e lements  dur ing  cycling, 
a load cell  was a t tached  to one of the test cells A 
(see Fig. 1), and the pressure  was cont inuously  
measured  f rom the ini t ia l  assembly  to the 450th 
cycle. 

F igure  12 shows the change in the pressure  of the 
cell dur ing  cycling. When  the  cell  is filled wi th  

Fig. 9. Photomicrographs of 
positive active mass (SEM: cross 
section). 
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Fig. 12. Change in degree of pressure of test cell 

dilute sulfuric acid, the pressure rapidly drops from 
100 to 40 kg/dm 2. This is due to swelling of the ad- 
hesive binding glass fibers by sulfuric acid and loss 
of elasticity. The pressure also decreases slightly 
during formation. During cycling, it increases up to 
the 50th cycle and thereafter becomes nearly con- 
stant. This mode of the change in the pressure re- 
sembles the change in the thickness of the positive 

active mass. It is considered that the increase in 
pressure during cycling is attributable to expansion 
of the active mass. When the expanding force of 
the active mass becomes equivalent to the pressure 
exerted on it, the pressure will become constant and 
the expansion of the active mass will stop. 

Figure 13 shows the changes in the pressure of 
the cell during charge and discharge. The pressure 
increases during discharge and decreases during 
charge. These changes correspond to the above- 
mentioned expansion and shrinkage of the positive 
active mass. The change during a charge and dis- 
charge cycle is 2-3 kg/dm2 in the early stages of 
cycle testing, while with cycling it gradually be- 
comes a smaller value (about 1 kg/dm 2 at the 300th 
cycle). This suggests that the structural change in 
the active mass in the early Stages is larger than 
that in the la~er stages. 

Relationship between the degree o] compression 
and the cycle liie o] the cell.---Since it has been proved 
that compression is an important factor in improving 
the cycle life of the positive plate, cells with a pres- 
sure of 20, 40, 100, and 300 kg/dm 2 in the dry state 
were assembled, and the relationship between the 
degree of compression and the cycle life was ex- 
amined. These cells consisted of eight positive and 
nine negative plates with lead-antimony alloy grids. 
These plates were separated by glass mats and 
microporous rubber separators. The conditions of 
cycle testing are as follows: discharge, 37.5A • 3 hr;~ 
temperature, 30~ charge, 27.0A • 5 hr; specific 
gravity of electrolyte, 1.280 (20~ The initial dis- 
charge capacity of these cells is about 150 A-hr  (5 
hr-rate) and the energy density is about 45 W-hr/kg. 

Figure 14 shows the change in discharge capacity 
during cycling. When the pressure applied to the 
element is increased from 20 to 40 kg/dm 2, the cycle 
life is nearly doubled. However, even though the 
pressure is increased further beyond 40 kg/dm 2, the 
cycle life does not increase much and there is no 
difference in cycle life between 100 and 300 kg/dm~. 

Conclusions 
Studies were carried out to determine whether 

structural changes in the positive active mass of 

2 Depth of discharge; about 75% of 5 hr-rate capacity. 
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a pasted-type lead-acid battery during deep charge 
and discharge cycles can be prevented by compres- 
sion on the positive plates with glass mats. With 
high compression, the structural changes in the 
active mass become smaller and the cycle life of the 
cell increases remarkably. 

LEAD-ACID CELL 2149 

The structural change takes place due to t he  stress 
caused mainly by the volume change of the active 
mass during charge and discharge cycling, and con- 
sequently the active mass gradually expands with 
cycling. The rate of expansion is higher in the early 
stages of cycle testing. Once the coralloid structure 
is formed, it absorbs the stress of the volume change. 
It is considered that the reason why the cycle life' 
increases by compression is due to the suppression 
of structural changes in the positive active mass 
and the considerable suppression of the decrease in 
the cohesion between PbO2 particles. 
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High Speed Gold Plating: Anodic Bath Degradation and Search for 
Stable Low Polarization Anodes 

C. G. Smith* and Y. Okinaka* 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Two kinds of anodic bath degradation occur in high speed gold plating: the oxidation of cyanoaurate(I) to 
cyanoaurate(III) ion resulting in a decrease in plating current efficiency, and the oxidation of citrate ion causing a loss of 
buffer capacity. These oxidation reactions can be minimized by replacing the conventional platinum or platinum-coated 
anode with a low polarization anode such as the so-called "dimensionally stable anode (DSA| '' However, the ordinary DSA 
with a coating consisting of RuO2 and TiO~ is not sufficiently stable under the conditions of this application. This paper 
describes results of three studies: (i) anal:r of laboratory data for the rate of Au(III) accumulation to develop a method for 
predicting the concentration of Au(III) and plating current efficiency under scaled-up production conditions; (ii) analysis 
of the rate of degradation of citrate buffer capacity as a function of bath operating conditions; and (iii) an extensive search 
for a more stable low polarization anode, which led to the development of a coating consisting of IrO2 and Ta205 with barium 
as the additive. 

Gold plating technology has advanced significantly 
in recent years. Automated machines now plate gold 
selectively to minimize its usage, and at high speeds 
to maximize throughput and thus to minimize capital 
outlays. To maintain the process under high speed 
conditions, the control of plating bath characteristics 
becomes significantly more important. The degrada- 
tion of bath characteristics occurs much more rapidly 
in high speed processes than in conventional low 
speed processes. 

Two types of bath degradation have been found 
to take place. Both result from anodic reactions 
occurring at the conventional platinum or platinized 
titanium anodes. Oxidation of the cyanoaurate(I) 

" Electrochemical Society Active Member. 
Key words: eleetrodeposition, e l e c t r o d e ,  k i n e t i c s .  

ion to the cyanoaurate(III) ion leads to a decrease 
in current efficiency (1). The destructive oxidation 
of citrate buffers also occurs. Degradation products 
apparently do not affect the nature of the deposit 
(2). However, a hitherto unrecognized effect is a 
resultant loss of buffer capacity. As the initial ca- 
pacity decreases, a point i s  eventually reached at 
which loss of control of the interfacial pH at the 
cathode occurs. 

In the previous work (1, 3), it was shown that the 
rate of Au(III )  formation is significantly lower at 
the so-called "dimensionally stable anode (DSA| 
(4). This well-known type of anode usually consists 
of a titanium substrate coated with a mixture of a 
precious metal oxide, such as RuO~, and a valve 
metal oxide, typically TiO2. The RuOz-based anode, 



2150 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE A N D  T E C H N O L O G Y  November 1983 

however ,  has a l imi ta t ion  that  its useful  life is too 
short  for  prac t ica l  high speed pla t ing applicat ions.  

This paper  is concerned with  three  aspects of high 
speed gold plat ing.  (i) Labo ra to ry  da ta  for the ra te  
of A u ( I I I )  accumulat ion  have been analyzed ma the -  
mat ica l ly  to der ive  expressions useful  for ex tend ing  
l abora to ry  resul ts  to sca led-up  product ion condi-  
tions. (ii) The magni tude  of loss of buffer capaci ty  
of c i t r a te -based  systems has been eva lua ted  theo-  
re t ica l ly  and exper imenta l ly .  I t  is shown tha t  c i t ra te  
degrada t ion  occurs at  a much lower  rate  on DSA 
than on a p l a t inum anode. (iii) Mixed meta l  oxide 
coatings much more  s table  than  the RuO2-TiO2 com- 
binat ion have been developed.  I t  is shown tha t  coat-  
ings consist ing of IrO2 and Ta205, pa r t i cu la r ly  wi th  
ba r ium as addit ive,  provide  electrodes wi th  con- 
s ide rab ly  ex tended  l ifet imes.  Since the usefulness of 
these electrodes in gold p la t ing  resul ts  f rom thei r  
ve ry  low anodic polar izat ions  (low oxygen  over 'po- 
tent ia ls)  as demons t ra ted  in this communcat ion,  they  
wil l  be called "low polar izat ion anodes." 

Experimental 
Plating apparatus and Au(III) analysis.--The ra te  

of A u ( I I I )  accumula t ion  dur ing  p la t ing  with  various 
anode mater ia l s  was measured  for a high speed, add i -  
Live-free ha rd  gold (AFHG)  ba th  opera ted  at  40~ 
This ba th  (5) consisted of a pH 7 phosphate  buffer 
conta ining 100 g / l i t e r  KH2PO4 and 28 g / l i t e r  KOH, 
and 30 g / l i t e r  A u ( I )  added in the form of KAu(CN)2 .  
A pola rographic  method (6) was used to analyze  the 
ba th  for to ta l  gold and A u ( I I I ) .  The p la t ing  ap-  
para tus  has been descr ibed prev ious ly  (1).  The ca th-  
ode was a copper cy l inder  ro ta t ing  at 3600 rpm, and 
the anode a concentr ic  cy l inder  3 cm in inside d iam-  
e ter  and 2 cm in height.  The volume of the p la t ing  
solut ion was 250 ml, and the  t empera tu re  was ma in -  
ta ined  at  40~ by  c i rcula t ing  wa te r ,  th rough  a 
j acke ted  glass vessel. The ba th  was replenished 
every  one-e ighth  tu rnover  (a tu rnover  defined as 
completed when the amount  of gold in i t ia l ly  present  
has been p la ted  out  and this amount  of gold re-  
p lenished)  to l imi t  a var ia t ion  in to ta l  gold be tween  
26 and 34 g / l i t e r .  

Measurement of citrate degradation.--The func-  
t i ona l  p rope r ty  of impor tance  of a buffer is its buffer 
capacity,  which character izes  the effectiveness wi th  
which  a constant  h y d r o n i u m  ion concentra t ion is 
mainta ined.  As the buffer capaci ty  is p ropor t iona l  to 
the concentra t ion of buffer, it  can be expected that,  
in c i t r a te -based  gold pla t ing baths,  the buffer ca-  
pac i ty  wi l l  decrease as c i t ra te  ions are oxidized at  
the anode. In  the  present  work,  the decrease in buffer 
capacity,  r a the r  than  the increase in degrada t ion  
products ,  is considered as a measure  of the  degree  
o f  c i t ra te  degradat ion .  

The ra te  of  c i t ra te  buffer  degrada t ion  was de te r -  
mined by  measur ing  the / ' i n t e g r a l  buffer  capaci ty"  
as a function of electrol#s]s time. The in tegra l  buffer 
capacity,  CH, is defined as 

CH "- Cb f T b r  dpH [1] 

where  ~ is the buffer  va lue  (7) which  is a di f ferent ia l  
ra t io  given b y  

db 
"- dpH [2] 

where  db is an inc rement  of s t rong base in g ram 
equivalents .  A solut ion has a uni t  buffer value  when  
a l i te r  of it  wi l l  take  up lg  equiva lent  of s t rong 
a lka l i  pe r  uni t  increase in pH. Other  symbols  are  
expla ined  in the list  a t tached at the end of the  text.  
Theoret ical ly ,  the  in tegra l  buffer capaci ty  should be 
equal  to the  hydrogen  content  for  the  first th ree  d i s -  

sociation s ta tes  of ci tr ic acid ava i lab le  to react  wi th  
KOH and, therefore,  can be calcula ted f rom the dis-  
sociat ion constants  of c i t ra te  species. The values cal -  
culated for a to ta l  c i t ra te  concentra t ion of 1M at 
different  pH values  are given in Table  I. The in te-  
g ra l  buffer capaci ty  for  a given solut ion is obta ined  
by  mul t ip ly ing  these normal ized  values  by  the to ta l  
c i t ra te  concentrat ion.  Thus, if the c i t ra te  concentra-  
t ion decreases  due to the decomposi t ion at  the anode, 
the  in tegra l  buffer  capaci ty  decreases propor t ional ly .  
Exper imenta l ly ,  the in tegra l  buffer capaci ty  as a func-  
t ion of e lectrolysis  t ime was de t e rmined  as follows. 
Eighty  mil l i l i ters  of a pH 4.5 mix tu re  of 74 g / l i t e r  
acid (H3C6HsO7" H20) and I I i  g / l i t e r  base (K3C6HsO~ 
�9 H~O) was e lect rolyzed at  30~C in a I00 ml  cell  
equipped wi th  an anode (2 cm 2) and a large cyl in-  
dr ica l  s tainless  steel  cathode (3 cm in d iamete r  and 
2 cm in he ight ) .  Smal l  samples  were  w i thd rawn  at  
var ious  t imes  and t i t r a t ed  to pH 7.6 wi th  1M KOH. 

Preparation o~ anodes.--Binary oxide anodes were  
p r e p a r e d  by  the rma l  decomposi t ion of coatings of 
chlor ide mix tu res  on t i t an ium subs t ra tes  (8).  The 
chloride mix tures  were  p repa red  b y  mix ing  des i red  
volumes of 0.06M p la t inum meta l  chlorides in 2.4M 
HC1 and 0.06M valve  meta l  chlorides in methanol .  
The t i t an ium disks, 1.27 cm in diameter ,  formed at  
an end of t i t an ium rods, were  used as subs t ra tes  for 
anode aging exper iments .  The subs t ra tes  used for 
c i t ra te  degrada t ion  exper iments  were  t i t an ium sheets,  
1 • 1 cm. In the A u ( I I I )  format ion  exper iments  
t i t an ium cylinders,  0.13 cm thick, measur ing  3 cm 
in inside d iamete r  and 2 cm in height  were  used. 
These subst ra tes  were  d ry  honed and etched in 2.4M 
HC1 at 70~ for 15 rain immedia te ly  pr ior  to appl ica-  
t ion of coatings. Unless ment ioned otherwise,  oxide  
coatings were  p roduced  by first app ly ing  three  coa t s  
of the chlor ide  mix tures  and baking  at 450~ for 
20 min, fol lowed by  repea t ing  the process of chlor ide 
,application and baking  two addi t ional  times. The 
baking  process converts  the  chlorides into oxides,  
and the t empera tu re  used wil l  be cal led conversion 
tempera ture .  The final baking  was done for  1 hr. 
T e rna ry  oxide anodes were  p repa red  in the  same 
manner  wi th  the addi t ion  of the  th i rd  component  in 
the  form of e i ther  chloride or ni t ra te .  

Anode aging experiments.~Accelerated aging tests 
were  pe r fo rmed  at  30~ b y  e lec t rolyzing the pH 4.5 
c i t ra te  buffer or the pH 7 phosphate  buffer at  a 
constant  cell voltage. For  convenience, four  anodes 
were  tested s imul taneous ly  in the same cell. A com- 
mon, four -s ided  stainless  steel  cathode was used, 
and the anodes were  each located with  a 3 cm anode-  
cathode separat ion.  In i t i a l  currents  were  ad jus ted  
with  var iable  res is tors  in series wi th  each anode. 

Results and Discussion 
Au(IID accumulation.--Rates of accumulat ion  of 

A u ( I I I )  and resul t ing  decreases in p la t ing  cur ren t  
efficiency are  shown in Fig. 1. The anode cur ren t  den-  
s i ty used was app rox ima te ly  150 mA/cm2. These 
resul ts  a re  s imi lar  to those p resen ted  ear l ie r  (1), 

Table I. Calculated integral buffer capacity of IM citrate at 
various pH values 

(pK va lues  used:  pK~ = 3,13, p i g  = 4.76, p i g  -- 6.40) 

In tegra l  
H~R H~R ~ HR-~ R-S buf fer  

pH (M) (M) (M) (M) capaci ty*  

4.5 0.07 0.61 0.32 0.004 1.74 
5.0 0.01 0.36 0.61 0.02 1.36 
5.5 0.002 0.14 0.76 0.10 1.04 
7.0 0.0 0.001 0.20 0.80 0.20 

* The units are rnols o~ H per  l i ter  (per tool of citrate). 
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Fig. 1. Accumulation of Au(lll) during gold plating from AFHG 
bath with various anodes and corresponding decrease in plating 
current efficiency. (Anode current density, 150 mA/cm~.) 

with additional results for a 50:50 I r :Ta  oxide coated 
anode and an iridium metal anode. For  a fraction p 
of the total gold existing as Au( I I I ) ,  the current 
efficiency ~ is given by 

1 
= ~ [3] 

l + 2 p  

A surprising result  is that while the IrO2-Ta205 
anode gave a low Au( I I I )  accumulation rate similar 
to that observed with the RuO2-TiO2 anode, the ac- 
cumulation rate with ir idium metal was identical 
to that with platinum. Figure 2 shows polarization 
curves for oxygen evolution in the citrate buffer 
(30~ pH 4.5). The shift to high potentials for the 
iridium metal  anode is possibly due to the formation 
of a passive surface film. These results support the 
interpretat ion proposed previously (1) that the faster 
accumulation of Au(I I I )  observed with the platinum 
anode results from the higher potential at this anode. 

2.0 

co 

I 
/ 

J 
I I I 

10 -4 i0-3 t0-2 t0-I 

A/cm z 
Fig. 2. Polarization curves for oxygen evolution at various an- 

odes, (Citrate buffer, pH 4.5, 30~ 50:50 active metal to binder 
metal oxides.) 

The rate of Au(I I I )  formation in grams per hour 
for a given plating system can be calculated from the 
experimental  results presented in Fig. 1 by consider- 
ing the differential mass balance for Au( I I I )  in the 
plating system. The observation that the accumula- 
tion rate of Au(I I I )  depends on anode potential im- 
plies that its formation rate at  the anode is inde- 
pendent of Au(I )  concentration above a certain 
critical concentration. With this assumption, the mass 
balance gives. 

8 (pCau* V )  3600IM p 
= Fa -- VdPCau* [4] 

at F 1 + 2p 

This equation is not valid for very low Au(1) con- 
centrations, where p approaches unity, and the for- 
mation rate would approach zero. The second term 
on the right represents Au(IIl) lost to dragout. The 
last term is for the reduction of Au(III) to Au at 
the cathode and was derived by assuming that the 
reductions of Au(I) and Au(III) to Au are the only 
reactions that must be considered, and that Au(I) 
and Au(IIl) reduction rates are both mass trans- 
port limited. Assuming further that the total gold 
concentration Cau* is constant, the equation is non- 
dimensionalized by using the dimensionless time T 

Cau* V 
r = t/~o ; ~o = 7 . 3 5 i "  [ 5 ]  

The characteristic time ~o is the time it takes to com- 
plete one turnover of gold at 100% current effi- 
ciency. Substitution of T gives 

dp p 
-- : C1 - C2p [6] 
dT 1 + 2p 

The constants in Eq. [6] are 

Fa VdCau* 
C 1 = . - ~ - ;  C s ' -  7.35"---"~ [7] 

The constant C2 is the dragout in fraction of the total 
electrolyte volume per turnover. The experimental  
results indicate that a t  large T, p approaches a 
s teady-state value. This steady-state value, Pss, can 
be obtained from Eq. [6] 

[C4 2 + 8CLC2] w _ C4 
Pss = [8] 

4c~ 

where the constant C4 is 

C4 : 1 + C2 - -  2C1 [9] 

An approximation to Eq. [6], which should be valid 
for small p, is 

dp 
-- = CI - -  (1 + C2)p [10] 
d T  

With the initial condition p - -  Pi at T : 0, the solu- 
tion to Eq. [10] is 

p -- C3 + (Pi -- C~)exp(--  (1 + C2)T) [11] 

where the constant C8 is defined by 

C l  
C8 = - -  [12] 

I +Ca 

Equations [11] and [12] are suitable for determining 
rates. For zero dragout (Vd = 0 and hence C2 = 0 
and C3 = 3CI), and with no initial Au(III) (Pi -- 0), 
Eq. [11] can be rearranged to give 

7.35rp 
Fa = 1 - -  e -'~; [13] 

Experiments were conducted under the conditions 
described above for three anodes: platinum, a 35: 60:5 
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I r : T a : B a  compositibn, and a 65:30:5 I r : T a : B a  com- 
position. The anode cur ren t  dens i ty  was var ied  from 
35 to 210 m A / c m  2. The Au~I I I )  percentage,  p, a t  
one -ha l f  tu rnover  was subst i tu ted into Eq. [13] to 
de te rmine  format ion  rates.  The fo rmat ion  ra te  was 
normal ized  by  the anode area,  and these resul ts  are  
presented  in Fig. 3. The ra te  varies  l i nea r ly  w i t h  
cur ren t  dens i ty  for  p l a t i num be tween  30 and 250 
mA/cm~ and for the  I r - T a - B a  anodes be low 75 ~' 
mAJcm 2. E 

To es t imate  A u ( I I I )  accumulat ion  in a product ion 
facil i ty,  an  e lec t ro ly te  volume of 80 l i ters ,  an anode z ~ 
area  of 800 cm 2, and total  machine  currents  of 12 and _o 
20A wil l  be considered.  The ra te  of A u ( I I I )  fo rma-  
tion, Fa, corresponding to these condit ions was ca lcu-  
la ted  for var ious  anodes using the da ta  in Fig. 3. ~- 
These resul ts  are  presented  in Table II. 

Equat ion [6] was solved numer i ca l ly  using the u 
R u n g a - K u t t a - G i l l  a lgor i thm (9, 10). The resul ts  for "~ 
the  p l a t i num and" 35% Ir  oxide  anodes, wi th  a gold 
concentra t ion of 30 g / l i t e r  and  5% dragout  per  t u rn -  
over, a re  presented  in Fig. 4. Also shown is the ac-  
cumula t ion  of A u ( I I I )  p red ic ted  by  the approx ima te  
Eq. [11]. The approx ima te  ana ly t ica l  solut ion agrees  
wi th  the  exact  numer ica l  solut ion up to one-ha l f  
turnover ,  which val ida tes  the  procedure  used to de-  
t e rmine  rates.  Whi le  the s teady=state  value  p red ic ted  
f rom Eq. [11] agrees  quite wel l  for low format ion  
rates, character is t ic  of the  i r id ium oxide anode, the 
va lue  for  l a rge  fo rmat ion  ra tes  is a ve ry  poor ap-  
proximat ion.  Therefore,  the s t eady- s t a t e  value  given loo 
by  Eq. [8] should a lways  be used. S teady  state is 
obta ined  a f te r  about  five turnovers .  The exponent ia l  
t e rm  in Eq. [11] could be  used as an approx imat ion  
for the t ime to reach s teady  state.  

80 The effect of d ragout  in reduc ing  A u ( I I I )  accumu-  
la t ion as calcula ted by  using Eq. [6] is i l lus t ra ted  in 
Fig. 5. The difference in s t eady- s t a t e  values for  5 and 
10% dragout  pe r  tu rnover  is r e l a t ive ly  small .  The 
format ion  of A u ( I I I )  at  the  anode is ba lanced ~ 60 
chiefly b y  its reduct ion  at  the  cathode. --- 

S t eady - s t a t e  values  of A u ( I I I )  for  the p la t inum,  
35% I r  and 65% Ir  oxide anodes are  presented  in 
Table  III. The difference be tween  the 35 and 65% 40 

Table II. Au(II I)  formation rates 

I (A) Anode* F= (g/hr) 20 

12 36:60:5 6.06 
Ir :Ta:Ba  

20 35:60:6 9.47 
Ir :Ta:Ba  

12 65:30:5 7.13 
Ir :Ta:Ba  

20 65:30:5 11.14 
Ir:Ta:Ba 

12 Pt  42.7 
20 Pt  67.1 

* Area, 800 era=. 
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Fig. 3. Au(lll)  formation rotes for various anodes. (AFHG beth, 
30 g/liter Au, pH 7.0, 40~ 

O 
0 

- A P P R ~  

/ 3 5 %  I r  

, / t  I I i 
I 2 3 4 5 

TIME, TURNOVERS 

Fig. 4. Au(II I)  accumulation predicted from exact numerical solu- 
tion to Eq. i6] and from approximate analytical solution, Eq. [11[. 
(Formation rate, Fa, given in Table II. Electrolyte volume 80 liters, 
12A plating current, 30 g/liter Au.) 

Table III. Steady-state Au(lll)  percentages (Pss) and plating 
current- efficiencies (vl)* 

I (A) Anode Dragout (%) p,, (%) ~ (%) 

20 35% Ir 6.0 6.8 88 
20 10.0 6.5 88 
12 5.0 7.4 87 
12 lO.O 7.0 87 
12 65% Ir 5.0 8.7 86 
12 10.0 8.4 86 
20 Pt 5.0 90.1 36 
20 10.0 81.1 38 
12 5.0 98.5 34 
12 10.0 88.5 36 

* Steady state achieved after five turnovers. Values of p,, cal- 
culated us ing  n u m e r i c a l  so lut ion  to Eq. [6] and Fa v a l u e s  g i v e n  
in Table  II. Current  ef l ic iencies  ca lcu la ted  f r o m  Eq. [31. 

i r i d i u m  oxide anodes is r e l a t ive ly  minor,  compared  
wi th  the s t eady-s t a t e  values  for the  p l a t i num anode. 

Citrate buffer degradation.--Figure 6 shows the 
percentage  of the  ini t ia l  in tegra l  buffer capaci ty  as a 
funct ion of electrolysis  t ime at  an anode  cur ren t  den -  
s i ty of 100 m A / c m  2. Under  the  acce lera ted  condit ions 
of this exper imen t  (see Expe r imen ta l  sect ion) al l  o f  
the c i t ra te  was decomposed af te r  24 hr  wi th  the  
p l a t inum anode, whi le  no change was appa ren t  wi th  
the IrOs-Ta20~ anode. Rate constants  for the  buffer  
degrada t ion  at  the p l a t i num anode are  presented  in 
Table  IV. 

Fo r  ac tual  p la t ing  baths,  changes in the c i t ra te  
concentra t ion and hence in the  buffer  capaci ty  resul t  
f rom three  factors:  degrada t ion  at  the anode, loss by  
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Fig. 5. Variation of Au(lll) accumulation with dragout. (Solid 
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Fig. 6. Degradation of citrate during electrolysis with 50:50 
Ir:Ta oxide anode. (Citrate buffer, pH 4.5, 30~ 80 ml volume, 
anode current density 100 mA/cm 2. The ordinate is the percent of 
the integral buffer capacity.) 

dragout of the plating solution, and addition of citric 
acid, which is made to maintain pH. A mass balance 
including these three contributions can be used to 

Table IV. Rate of citrate oxidation at Pt anode 

i Oxidation rate k~* 
(mA/cm~) (mols/hr-cm=) (mols/hr-A) 

50 0.00023 0.0023 
100 0.00048 0.0048 
200 0.00142 0.0142 

* K= (Eq. [16]) = ka(IIA)A = kaL 

G O L D  P L A T I N G  2 1 5 3  

predict the change in citrate concentration with time. 
It should be noted that the experimentally deter- 
mined rate constants presented in Table IV charac- 
terize only the anodic degradation. Dragout rates 
vary with the plating system and also need to be 
determ~,e~ experimentally. The rate of citric acid 
addition is related to the cathodic current efficiency 
as shown below. 

The cathodic current efficiency of a citrate-based, 
cobalt-containing gold plating bath can be as low as 
35%, even in the absence of Au(III )  (1). The low 
efficiency in this case is due to simultaneous hydro- 
gen evolution. To estimate the rate of citric acid addi- 
tion required t o  maintain pH, it is assumed that the 
only cathodic processes involved are Au(I)  reduction 
and hydrogen evolution. The Au(III )  formation and 
its reduction will not be considered here. The over- 
all change in hydronium ion concentration is due to 
three processes: (i) hydrogen evolution, (ii) forma- 
tion of HCN from CN-  liberated from the Au(CN)2-  
complex, and (iii) acid formation accompanying oxy- 
gen evolution at the anode. The net change can be 
related to the current efficiency and system amper- 
age as 

~ H +  = Js - Jz - J2 = ~ -  [1  - ( 1  - ~ )  - 2 ~ ]  = - -~- 

[141 

where the subscripts 1, 2, and 3 refer to the above 
three processes, respectively. To balance this net 10ss 
of hydronium ions, citric acid is added. In view of 
the fact that citric acid has three dissociatable hydro- 
gen atoms, the rate of citric acid addition necessary 
to maintain pH is given by 

3600  
j = ~lI = 0.0124~1I mol/hr [15] 

3F 

As already mentioned, the change in total citrate 
concentration results from addition of citric acid, 
degradation at the anode, end loss by dragout. The 
differential mass balance for these three contribu: 
tions is 

aCb v 
- -  = 0.0124~1/-- Ka -- vdCb [16] 

0t 

Substituting the dimensionless concentration 0 and 
time T defined as 

Cb t 
0 = -= - - - ;  T = - -  [ 17 ]  

Ubo a 

into Eq. [16] yields 

O0 0 . 0 1 2 4 ~ I  a K a  aVd 
= . . . .  e [18] 

OT CboV CboV V 

By defining a in turnovers of gold as in Eq. [5] 

Cau*V 
,', = - -  [19] 

7 . 8 5 z ~  
Eq. [18] becomes 

ao 
= K4 -- Kao [20]  

aT 

The constants in Eq. [20] are 

where 

Ks = Cau*Vd' K4 -- K1 -- Ks [21a] 
7.35r~' 

0.0124Cau* EaCau* 
KI = "; K2 : [21b] 

7.35Cbo 7.351~Cbo 

The solution to Eq. [20] with the initial condition 
0(t = 0) = l i s  
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Fig. 7. Decrease in integral buffer capacity with time for vari- 
ous cathodic current efficiencies, ~1. (Initial total citrate concen- 
tration 1M, 30 g/liter Au, 5.1% per turnover dragout, anodic 
current density < 100 mA/cm2.) 

K4 [ K4 ] exp (--KaT) [22a] o= + 1 - . - - ;  

From Eq. [i] it can readily be shown that the dimen- 
sionless concentration 0 is also a dimensionless in- 
tegral buffer capacity. As the reference concentration 
Cbo is chosen as the initial citrate concentration, 0 is 
the dimensionless capacity relative to the initial 
value. The integral buffer capacity at a given pH can 
be obtained by multiplying o by the initial buffer 
capacity, which is the product of the normalized ca- 
pacities given in Table I and the initial buffer con- 
centration 

CH = eCho |----~-~ dpH [22b] 
Cbr 

Equat ion [22] should be useful  for  the  appl ica t ion  of 
the degrada t ion  ra tes  given in Table IV to product ion 
conditions. For  the purpose  of i l lus t ra t ion,  the d rag-  
out  ra te  is chosen to main ta in  a constant  sal t  con- 
cent ra t ion  in the p la t ing  ba th  b y  ba lancing  the ra te  
of ci t r ic  acid addi t ion with  dragout  

VdeCb ~--- 0.0124~I [23a] 

Combining Eq. [23a] wi th  the  express ion for K8 (Eq. 
[21a] ) yie lds  

C as  $ 
K8 = 0.0169 ~ [23b] 

Cbo 

I t  should be noted f rom a comparison of Eq. [18] 
and Eq. [20] tha t  K8 is the dragout  rat io per  t u rn -  
over. For  a gold content  of 30 g / l i t e r  and  an ini t ia l  
total  c i t ra te  concentra t ion of 1M, Eq. [23b] yields 
K3 = 0.051, indicat ing that  a d ragout  of 5.1% per  
tu rnover  is r equ i red  to main ta in  the c i t ra te  concen-  
t ra t ion constant.  A t  smal le r  dragout  rates, the bu i ld -  
up of  sal ts  would  even tua l ly  cause components  to 
prec ip i ta te  out. 

At  cur ren t  densi t ies  lower  than  100 m A / c m  2, the 
degrada t ion  ra te  is l inear  wi th  current  dens i ty  (Table 
IV) .  When the cur ren t  is expressed  in amperes ,  we 
may  wr i te  

K a  = 0.0048I [24] 

As an approx imat ion  for g rea te r  cur rent  densit ies,  
i t  is assumed that  a second l inear  region lies be tween  
100 and 200 m A / c m  2. In  this region 

Ka = 0.0094I --  0.00046A [25] 

A gold pla t ing sys tem is now considered with  30 
g / l i t e r  Au, an ini t ia l  c i t ra te  concentra t ion of 1M, an 
anodic cur ren t  dens i ty  less than  100 m A / c m  2, and the 
d r a g o u t  for  main ta in ing  constant  c i t ra te  concentra-  
t ion equal  to 5.1% per  turnover .  Equat ions  [22] and 
[24] y ie ld  

0.39 0.39 
0 : 1 - -  -~- - -  e -0.051T [26] 

In tegra l  buffer capacit ies as a function of t ime are  
presented  in Fig. 7 for cathodic current  efficiencies of 
80, 60, and 30%. It  is seen that  wi th  Pt  anode the 
buffer capaci ty  for  efficiencies of 60 and 80% even-  
tua l ly  reaches a g rea t ly  reduced s teady-s ta te  value  
af ter  app rox ima te ly  60 turnovers .  At  30% efficiency, 
the capaci ty  r ap id ly  drops to zero. The capaci ty  of a 
p la t ing  system using IrO2-Ta~O5 anodes remains  con- 
stant,  because c i t ra te  does not degrade at  these elec-  
trodes. 

Search for stable low polarization anodes.--The 
RuO2-TiO2 anode has gained wide - sp read  usage in 
the  ch lo r -a lka l i  i ndus t ry  (4, 8). In  this appl icat ion,  
the p redominan t  anode react ion is the evolut ion of 
chlorine,  and the electrode is ve ry  stable.  However ,  
when this e lec t rode  is used in e lectrolysis  systems 
where  the  anode react ion is oxygen  evolut ion (such 
as in the gold p la t ing) ,  the  useful  l ife of the  e lect rode is 

l imi ted  because of the increase in e lec t r ica l  res is t iv i ty  
wi th  use (8).  

Two proper t ies  of the anode coatings a re  im-  
por tant .  The e lect rode should have  a low potent ia l  
for  oxygen  evolut ion to min imize  ba th  degradat ion.  
The coating should also exhibi t  good e lect r ica l  con- 
duc t iv i ty  to be useful  at high current  densities.  Many  
meta l  oxides have mul t ip le  valence states. I t  is ex -  
pected that  the  minLmum poten t ia l  r equ i r ed  for 
oxygen evolut ion is the  equi l ib r ium potent ia l  of the  
lower  ox ide /h ighe r  oxide couple (11). L i t e ra tu re  
values for this potent ia l  as wel l  as the  type  of con- 
duct iv i ty  of the  oxides are  given in Table V. The 
oxide couples indica ted  are a t t a inab le  dur ing  anodic 
polar izat ion.  In  addit ion,  Ru( IV)  is oxidized to 
R u ( V I I I )  at  1.39V, and I r ( I V )  is oxidized to I r ( V I )  
at  2.06V (vs. the no rma l  hydrogen  e lec t rode) .  These 
da ta  indicate that  Ir,  Os, Ru, Ni, and Co should ex-  
hibi t  lower  potent ia ls  for  oxygen evolut ion than  Pt, 
Rh, or Pd. Osmium was excluded f rom s tudy  be-  
cause of the ve ry  low (130~ boi l ing point  of OsO4. 
Nickel  and cobalt  oxides were  not  inves t iga ted  be-  
cause of thei r  poor conduct iv i ty  (11). 

Binary oxides.--The four  p l a t inum group meta l  ox-  
ides chosen as being represen ta t ive  of act ive oxides 
were  those of Ir,  Ru, Rh, and Pt. Oxides of five 
va lve  metals ,  Ti, Ta, Nb, Hf, and Zr  were  selected 
as binders.  

F igure  8 shows represen ta t ive  cu r ren t - t ime  be -  
havior  observed with  var ious  b ina ry  oxide  systems.  
In i t ia l  cur ren t  densi t ies  were  ad jus ted  to 200 m A /  

Table V. Redox potentials and conductivity types of metal 
oxide couples 

O x i d e  c o u p l e  E vs .  N H E  ( V ) *  Conductivity type 

Ir2OJIrO2 0.93 Metallic* * 
Ru~O3/RuO~ 0.94 Metallic* * 
OsOs/OsO~ 1.00 Metallic* * 
Ni~OJNiO~ 1.43 Semiconductor* 
Co20~/CoO2 1.45 Semiconductor* 
Rh2OURhO~ 1.73 S e m i c o n d u c t o r *  * 
P t O 2 / P t O s  2.00 S e m i c o n d u c t o r *  * 
P d O ~ / P d O 3  2.03 S e m i c o n d u c t o r *  * 

" R e f .  ( 1 1 ) .  
" "  R e f .  ( 1 2 ) .  
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Fig. 8. Stability of iridium oxide-valve metal oxide anodes. (50 
m/o IrO2, citrate buffer, pH 4.5, 30~ 

cm 2 for anodes containing I r  and Rh and 150 m A /  
cm 2 for those containing Ru and Pt. In  the constant  
cell voltage experiments,  anode degradation is indi-  
cated by a decrease in current  density. Relative elec- 
trode stabilit ies for twenty different b inary  systems 
are given in  Tab le  VI. I r id ium oxide was found to 
be the most stable active oxide for this application. 
In addition, the active metal  oxide-b inder  metal  
oxide combinat ion is extremely important .  The I r -Ta  
oxide system has the greatest stabil i ty under  the 
conditions used. It  should be noted that  this system 
is also known to be highly stable in sulfuric acid (13). 

F o r  the I r -Ta  system, four factors have been found 
to have major  effects on electrode stabil i ty:  coating 
thickness, current  density, composition of the coating, 
and free cyanide in the plat ing bath. Tests were con- 
ducted at the ini t ia l  cur rent  density of 100 mA / c m 2 
in the citrate buffer with the 50:50 I r :Ta  composi- 
tion. Electrode life was defined as the t ime at which 
the current  density drops to one-hal f  of its init ial  
value. The energy dispersive x - r ay  spectrometer 
(EDAX) at tachment  to the scanning electron micro-  
scope was used to characterize film thickness. The 
in tens i ty  of the detected signal  is proport ional  to the 
amount  of i r id ium present  in the volume of the coat- 
in g per uni t  area. The ratio of the major  Ir  peak to 
the major  Ti substrate  peak was selected as a mea-  
sure of the coating thickness for the same coating 

Table Vl. Stability of binary metal oxide anodes* 

i ( t :  0) i ( t  = B0 hr)  
Active oxide Binder oxide (mA/em ~) (mA/em 2) 

IrO~ TarO5 200 200 
Nb205 200 134 
HfO2 200 62 
ZrO~ 200 54 
TiO2 200 46 

RhO~ Ta20~ 200 147 
Nb.~O5 200 58 
Hs 200 42 
Zr02 200 30 
TiO~ 200 30 

RuO~ Hf02 150 82 
Ti02 150 46 
Ta20~ 150 46 
Nb~O~ 150 10 
ZrO~ 150 10 

PtO~ Nb~O5 150 20 
HfO~ 150 13 
TarO5 150 11 
TiO2 150 4 
ZrO~ 150 4 

n~  
-1-  

300 

200 

100 

0 
0 

/ CITRATE BUFFER (pH 4.5) /    Clrox ' 
1 2 

INITIAL EDAX PEAK RATIO ( I r )  

Fig. 9. Electrode life as a function of coating thickness. (50:50 
Ir:Ta, citrate buffer, pH 4.5, 65~ 100 mA/cm2.) (EDAX ratio is 
the ratio of major Ir peak to major Ti peak, normalized by the 
value giving 100 hr of electrode life.) 

composition, and it is plotted against  the electrode 
life in Fig. 9, in which the ini t ial  peak ratio of 3 
corresponds to 1 #m in thickness as calculated from 
the amount  of the coating mater ia l  applied and bulk  
densities of the oxides. At least for thin films, elec- 
trode life is directly proport ional  to film thickness. 

A critical current  density has been observed f o r  
ru then ium-based  anodes (14). At electrode potentials 
above the potential  corresponding to this critical 
current ,  RuO2 is oxidized to higher valence species. 
A similar  critical current  density was found to exist 
for IrO2. Figure I0 shows that above approximately 
300 mA / c m 2, the I r -Ta  system is unstable.  Below the 
critical value, electrode life is not  s t rongly dependent  
on current  density. 

Electrode life depends greatly on the I r : Ta  ratio 
in  the oxide mixture.  Life tests were performed in  
the citrate buffer at 65~ and in the phosphate buffer 

4O 

3o0 

200 

100 

0 
t00 200 300 460 - 5~0 

TIME (HRS) 
6oo 

* Citrate buffer (30~ pH 4.5), 2 ~m thick films, 50:50 molar Fig. 10. Stability of Ir-Ta binary oxide auodes as a function of 
ratio os active oxide to binder oxide, initial current density. (50:50 Ir:Ta, citrate buffer, pH 4.5, 65~ 
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at 40~ and the results are shown in Table VII. The 
ini t ial  current  density was 200 m A / c m  2. In  the phos- 
phate buffer a 70 mol percent  (m/o)  Ir  composition 
gave the longest life, while in the citrate buffer a 40  
m/o Ir  composition was most durable.  The amount  
of i r idium in the coatings was normalized by divid-  
ing the major  Ir  peak by the major  Ti substrate  peak. 
A second normalizat ion,  which was made to allow 
comparison of electrode service life independent  of 
coating thickness, was to divide the I r /Ta  ratio by 
the ratio for the composition giving the longest 
service life. 

Free cyanide is l iberated from the cyanoaura te( I )  
complex at the cathode dur ing  gold plating. This 
cyanide escapes re la t ively rapid ly  from the bath  as 
HCN at pH 4.5, but  can accumulate significantly at 
pH 7.0, especially in high speed plat ing conditions. 
Experience with a phosphate-buffered bath indicates 
that the concentrat ion can bui ld  to about  0.2 g / l i ter  
CN- .  To observe the effect of free cyanide, tests 
were performed in the phosphate buffer with a con- 
centrat ion of 0.5 g/l i ter.  These results are also pre-  
sented in Table VII. It  is seen that  the electrode sta- 
bi l i ty  is great ly reduced. Te rna ry  metal  oxide sys- 
tems were subsequent ly  investigated in order to 
overcome this problem. 

Ternary oxide systems.--To determine which ter-  
na ry  systems would be more resistant  to free cyan-  
ide than the b inary  I r -Ta  system, a tool ratio of 60:40 
Ir: Ta, which had the m i n i m u m  stabi l i ty  in Table VII, 
was used. With a 10% additive level, this yields a 
54:36:10 I r :Ta :add i t ive  composition. As IrO~ is the 
dominant  active component  of the film, it is neces- 
sary to find an additive which stabilizes the IrO2 
phase of the oxide mixture.  A preferred class of 
additives would be those which form mixed metal  
oxides with iridium. Alkal ine earth and rare earth 
metals (group IIa and group IIIb)  are known  to 
form iridates (7). A second class of additives would 
be those which form solid solutions of oxides, of 
which the IrOu-SnO2 system is an example. A third 
cr i ter ion used was the solubi l i ty  product  of the 
metals with O H -  anions (less soluble oxides would 
be more stable) .  Metals in groups VIb. VIIb, IIb, 
IIIb, and IVa, tend to form insoluble oxides. 

Life tests were performed in the pH 7 phosphate 
buffer containing 0.5 g/ l i ter  C N -  at 40~ with an 
ini t ial  cur rent  of 150 m A / c m  2. Addit ion of oxides of 
other group VIII  metals, Ru, Co, Ni, Rh, Pd, and Pt, 
gave shorter electrode lives. Fur thermore ,  effects of 

the addition of Mg, Ca, Sr, Ba, Li, K, Cs, Cr, Mn, Fe, 
Cd, Ga, In, T1, Ge, Sn, Bi, Sc, Y, La, and Ce were 
investigated. After 20 hr, only electrodes containing 
Ba, Ca, Cr, Sc, or Sn had current  densities at least 
equal  to the ini t ia l  value of 150 mA / c m 2. Of these, 
chromium and t in were found to have a det r imenta l  
catalytic effect; the electrode potent ial  was higher 
in the presence of these elements than in their  ab-  
sence. It  was concluded that the preferred addit ive 
for the I r -Ta  system is barium. Life tests indicated 
that 5-20 m/o  compositions of ba r ium are useful 
under  high speed gold plat ing conditions. With an 
approximate loading of 0.1 mg/cm 2 of iridium, an 
electrode life of 275 hr  was obtained at 100 m A / c m  2 
for a composition of 50:40:10 I r : T a : B a  as compared 
to 30 hr in the absence of barium. 

Use of a conversion tempera ture  (see Exper imenta l  
section) of 450~ was found to be critical for good 
electrode stability, as shown in Table VIII. Samples 
were prepared for x - r a y  powder diffraction measure-  
ments  by  convert ing metal  chlorides to oxides on a 
quartz substrate. Conversion temperatures  of 450" 
and 350~ were used, followed by final baking at 
450~ for 1 hr. Table IX presents results for the 
conversion temperature  of 450~ and the composi- 
tions of 50:50 I r :Ba  and 50:40:10 I r :Ta :Ba .  The 
major i ty  of d-spacings for the I r -Ba  samples are not  
found in the JCPDS listings for the distinct oxides 
IrO2 or BaO, indicat ing that  a new compound is 
formed, p resumably  BaIrO3. The 50:40:10 I r : T a : B a  
sample yielded d-spacings corresponding to IrO2 
and the tenta t ively  identified bar ium iridate. When 
the conversion tempera ture  of 350~ was used, no 
BaIrO3 was observed. Distinct BaO was present  in 
oxides containing 50:20:30 I r : T a : B a  as indicated by  
d-spacings at 3.11 and 2.77A. The amount  of BaO 

Table VIII .  Effect of conversion temperature on electrode 
stability in cyanide-containing phosphate buffer 

(50 m/o Ir, l0 coats, final bake for 1 hr at 450~ 
initial current  150 m A / c m  ~, 0.5 g/liter CN-, pH 7.0, 40~ 

MoI% 
Conversion temperature t (t = 50 hr)  

Ta Ba (~ (mA/cm s) 

50 0 350 55 
40 10 350 39 

50 0 450 85 
40 10 450 124 

Table VII. Stability of Ir-Ta oxide anodes 

Ir*/Ti Ir**/Tl 
( EDAX (EDAX Life Life * * �9 Ir:Ba 

Mol % Ir Bath ratios) ratios) (hr)  (hr)  50:50 

d (A) I/Ii' 
40 Phosphate(a)  1.34 1.08 515 477 
50 1.57 1.26 350 223 
60 2.35 1.88 460 245 5.53 68 
70 1.25 1.00 725 725 4.17 39 

3.91 37 
40 Citrate(b)  0.11 1.05 426 425 3.39 19 
50 0.08 1.38 262 190 3.20 105 
60 0.12 0.92 33 36 3.05 90 
70 0.07 1.57 29 19 2.85 42 

2.59 79 
40 Phosphate ( c ) 0.60 0.94 40 43 2.49 57 
50 0.44 0.69 22 32 2.41 55 
60 0.82 1.28 65 ,51 2.35 73 
70 0.64 1.05 106 106 2.25 81 
80 0.83 1.30 70 54 2.00 21 
85 0.62 0.97 26 27 1.98 23 
90 0.34 0.53 75 144 

* Normalization for Ir content  using ratio of major EDAX 
peaks, Ir to Ti (substrate) .  

** Ir/Ta ratio relative to ratio giving longest  service life. 
* * *  * *  Normalized l ife obtained by dividing actual life by Ir /Ta 

ratio. 
(a) pH 7.0, no CN-, 40~ 
(b) pH 4.5, no CN-, 65"C. 
(c) pH 7.0, 0.6 g / l i t er  CN-, 40~ 

Table IX. X-ray powder diffraction data 

(Sweep rate, 1 deg/min; time constant,  40; 45 kV; 
14 mA; copper K~ radiation.) 

Ir:Ta:Ba 
50:40:10 

d (A) 1/11 

5.57 14 
4.21 16 
4.02 12 

3.20 74 
3.06 38 
2.86 26 
2.50 105 
2.50 24 
2.41 19 
2.35 18 
2.28 22 

IrOn* BaO" 

d (A) d (A) 

1.71 29 
1.59 14 

1.42 16 

3.18 3.20 
3.11 
2.77"" 

2.58 2.59 

2.25 2.23 
2.12 
1.96"" 
1.81 

1.70 1.68 
1.59 1.55 

1.50 
1.42 1.40 
1.35 1.33 
1.29 1.24 

* d-spacings for IrO~ and BaO taken from JCPDS files 15-870 
and 25-176A (or 22-1055 as indicated by * * ), respectively.  
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formed appears dependent on the preparation con- 
ditions. The use of lower conversion temperatures 
and thicker metal chloride layers results in an in- 
crease in the amount of BaO and a consequent de- 
crease in the amount of BaIrO3. The observed com- 
pound formation between barium and iridium is 
believed to be responsible for the stabilizing effect. 

Conclusions 
Two types of plating bath degradation occur at 

significant rates on conventional platinum or platin- 
ized titanium anodes in high speed gold plating pro- 
cesses. The oxidation of Au(I)  to Au(IH) can lead 
to a rapid decrease in plating current efficiency. In 
the AFHG bath the initial value of 100% can decay 
to 33% after only six turnovers. In citrate-buffered 
baths, the oxidation of citrate ions results in a loss 
of buffer capacity and subsequently a loss of control 
of the interracial pH at the cathode. The theoretical 
analysis presented indicates that the most important 
parameter influencing the integral buffer capacity is 
the cathodic current efficiency, because, in the citrate 
system, the cathodic hydrogen evolution is the major 
cause of plating inefficiency. When additives such as 
cobalt are used as hardening agents, the cathodic 
current efficiency can be as low as 35% because of 
preferential hydrogen evolution. With such a low 
cathodic efficiency, loss of control of the interracial 
pH can occur very rapidly. 

The rates of oxidation of both Au(I)  and citrate 
ions are much smaller at DSA-type low polarization 
anodes. For the additive-free hard gold bath the 
steady-state percentage of A u ( I I I )  occurring in a 
process using these anodes is 8% with a cathodic 
current efficiency of 85%. At these anodes the rate 
of citrate degradation is essentially zero, and citrate- 
based baths are stable at all current efficiencies. 

A low polarization anode with RuO~ as the active 
oxide is unstable for high speed gold plating applica- 
tions. Anodes containing IrO2 have a much longer 
service life. In particular, the three-component sys- 
tem Ir-Ta-Ba has a superior service life. Based on 
x-ray diffraction studies, the effect of Ba addition is 
attributed to the formation of a compound between 
BaO and IrO2, presumably BaIrO3. 

Manuscript submitted Jan. 18, 1983; revised manu- 
script received June 14, 1983. This was Paper 374 pre- 
sented at the Hollywood, Florida, Meeting of the So- 
ciety, Oct. 5-10, 1980. 

Bell Laboratories assisted in meeting the publication 
costs oS this article. 

LIST OF SYMBOLS 
A anode area, c m  2 
Cau gold (I) concentration in tools/liter 

•au* 
Cb, Cbo 

Cbr 

CH 
F 
Fa 

I 
J 
Ka 
ka 

M 
m 
p 
T 
Vd 
Vde 
V 
~, '~0 

o 

total gold concentration in g/liter 
citrate concentration, mols/liter. The sub- 
script o refers to the initial concentration 
reference buffer concentration for integral 
buffer capacity definition, 1M citrate 
integral buffer capacity, tools H+/li ter  
Faraday constant, 96,500 C/tool-equiv. 
Au (IH) formation rate, g/hr  
Au(III )  formation rate per unit anode area, 
g/hr-cm2 
total plating current, A 
flux to electrode surface 
rate of citrate degradation, mols/hr 
rate of citrate degradation per unit anode 
area, mols/hr-cm~ 
atomic weight of gold (---- 197) 
multiplier to Vde 
fraction of total gold as Au (III) 
dimensionless time; t /a 
dragout rate, liters/hr 
dragout rate to balance citric acid addition 
volume of plating solution, liters 
reference time, hr/ turnover 
buffer value, molsH +/liter 
cathode current efficiency for Au (I) plating 
dimensionless buffer concentration, Cb/Cbo. 
Also dimensionless integral buffer capacity 
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Hydrogen Production by the Electrolysis of Water 
The Kinetic and Thermodynamic Framework 

Rodney L. LeRoy* 
Electrolyser Inc., Etobicoke, Ontario Mgc 1B9, Canada 

ABSTRACT 

The electrical energy efficiency of commercial  water electrolyzers is normally l imited by internal  energy losses; heat  
generated at economic current  densi ty levels exceeds the heat  required to maintain the temperature  of the electrolyte, and 
cooling must  be used. The energy losses reflect the effects of ohmic resistance and of the electrode overvoltages. Develop- 
ment  of activated electrode systems and of improved electrode geometries promises to reduce these losses to the point  
where efficiency will be l imited instead by the requirement  that sufficient heat be generated internally to maintain the 
electrolyte temperature.  The l imitation on electrical energy efficiency then becomes thermodynamic.  This paper  reviews 
the maj or thermodynamic  and kinetic considerations which impact  design of industrial  water electrolyzers. Options indica- 
ted for development  of advanced technology are considered. These are then related to the approaches  being taken in major 
worldwide programs which are working to reduce the cost of hydrogen product ion from water  and electricity. 

The process of hydrogen  product ion  b y  the elec-  
t rolysis  of wa te r  is wel l~establ ished indus t r i a l ly  (1). 
I t  has found its economic niche in a b road  range  of 
appl icat ions  and locations where  high pur i ty  is r e -  
quired,  or  where  merchan t  hydrogen  and hydrogen  
produced f rom hydroca rbon  feedstocks are  for some 
reason unava i lab le  or  expensive.  Typica l  end uses 
a re  hydrogena t ion  of edible  fats  and oils, semicon-  
ductor  processing, h e a t - t r e a t m e n t  of spec ia l ty  steels, 
and cooling o f  the casings of e lectr ic  power  genera -  
tors. With  few exceptions,  p lan t  capacit ies have  cor-  
responded to power  inputs  less than  5 MW. 

Wor ldwide  in teres t  in this historic process has been 
renewed dur ing  the past  decade, based on expec ta -  
tions tha t  hydrogen  wil l  have  a role as  an energy  
ca r r i e r  or  "currency."  Severa l  appl icat ions  have  been  
identif ied in which hydrogen  product ion by  elec-  
t rolysis  is l ike ly  to find economic appl ica t ion  on a 
large scale in the very  near  future.  These are  no tab ly  
the  product ion  of ammonia  and methanol ,  in areas  
where  hydrocarbons  are  scarce or  expens ive  (2). 
Also, the  r ap id  expans ion  of nuc lea r -based  gener -  
a t ing capaci ty  in some jur isdic t ions  has led to plans 
for hydrogen  product ion  f rom off -peak  e lec t r ic i ty  
(3, 4). Responding to these opportuni t ies ,  vigorous 
technology deve lopment  p rograms  are  now unde r -  
way, in the  European  Economic Communi ty  (5), 
Canada  (6),  the  Uni ted  Sta tes  (7),  J a p a n  (8),  and 
elsewhere.  

A l l  of these p rograms  share  a two-fo ld  object ive:  
to improve  the energy  efficiency, e lec t r ic i ty  to h y -  
drogen;  and to reduce the capi ta l  cost. These objec-  
t ives are  s t rong ly  in ter re la ted ,  as reduced  capi ta l  
cost can be achieved by  the use of h igher  cur ren t  
densi t ies  which,  in turn,  resul t  in increased vol tage  
and lower  energy  efficiency. 

Most work  repor ted  has focused on the kinet ic  
l imi ta t ions  of the wa te r  decomposi t ion process, wi th  
cell  vol tage  reduct ions  being achieved by  use of 
h igher  e lec t ro ly te  tempera tures ,  e lect rode act ivat ion,  
and modified geometr ies  to reduce ohmic losses. As 
lower  vol tages have been achieved,  however ,  severa l  
groups have begun  to face the issues re la ted  to t he r -  
modynamic  l imi ta t ions  of the  process (9-11). This 
paper  reviews these l imi ta t ions  and considers the 
in t e rp lay  be tween  kinet ic  and  the rmodynamic  con- 
s traints .  

Kinetic Constraints 
The vol tage  of an e lec t ro lyzer  cell  m a y  be v iewed 

as the sum of severa l  components,  most  of which 
are  s t rong functions of cur ren t  density.  P r inc ipa l  
among these are  the  revers ib le  potent ia l ,  cor respond-  
ing to the  free e n e r g y  change  in the  reaction,  the  elec-  

* Electrochemical Society Active Member. 

t r o d e  overvoltages,  and the vol tage cont r ibu t ion  due 
to the  electronic and ionic resis tances in the cel l  (12). 

The revers ib le  po ten t ia l  is independen t  of cur ren t  
density,  having  a va lue  of 1.192V at 70~ and 1 a tm 
pressure .  I t  increases wi th  increasing pressure  and 
decreases s ignif icant ly wi th  increas ing e lec t ro ly te  
t empe ra tu r e  (11). 

P r io r  to in t roduct ion  of e lec t rode  act ivat ion,  the 
t rad i t iona l  cathode ma te r i a l  w a s  mi ld  steel, whi le  
anodes were  n icke l -p la t ed  mi ld  steel.  Overvol tages  
on these electrodes Were substant ia l ,  typ ica l ly  400 
mV for the anode and 300 mV for the cathode (12). 
Al l  ma jo r  deve lopmen t  p rograms  have  given a t ten-  
tion to reducing these values th rough  use of e lec t ro-  
catalysis., 

Eleet rocata lys is  at  r~odera te  t empera tu re s  has be -  
come wide ly  used commerc ia l ly  for improving  the 
opera t ing  efficiency of wa te r  e lectrolyzers .  F igure  1 
presents  typ ica l  resul ts  ob ta ined  for anodes developed 
under  the Elec t ro lyser  Inc. p rogram.  The upper  
f rame shows overvol tage  measurements  made in smal l  
l abo ra to ry  e lectrolyzers ,  while  the  lower  f rames  
extend these resul ts  to l a rge r  l abo ra to ry  cells, 
and f inal ly to 1 k A  pi lot  e lectrolyzers .  Detai ls  of the  
test  a r rangements  have been  descr ibed prev ious ly  
(6, 12). In  each case the e lec t ro ly te  was 25% w / w  
KOH, the rmos ta ted  to a t empe ra tu r e  of 70~ Cath-  
odes were  unac t iva ted  mi ld  steel. Overvol tage  mea -  
surements  were  made wi th  respect  to m e r c u r y / m e r -  
cury  oxide reference  electrodes.  Compar ison is made  
in each f rame of t h e  figure wi th  vol tage  measu re -  
ments  obta ined using unac t iva ted  n i cke l -p l a t ed  steel  
anodes. In  each case, the test  cur ren t  dens i ty  was 
134 m A / e m  2. 

F igure  2 records  s imi la r  resul ts  obta ined for  ca th-  
ode cata lys t  sys tems in exper iments  leading f rom 
l abo ra to ry  to p i l o t -p l an t  cells. 

When the anode and cathode electrode systems are 
combined,  excel lent  levels of e lect rolyzer  efficiency 
have been demons t r a t ed  over  pro longed periods.  The 
resul ts  recorded  in Fig. 3 were  ob ta ined  in 1 k A  
pilot  electrolyzers .  Al though the e lect rode t r ea tments  
used are  p r o p r i e t a r y  to E lec t ro lyser  Inc., s imi lar  
levels of pe r fo rmance  have  been achieved in 
other  p rograms  (6, 13). The genera l  resul t  is tha t  
oxygen  overvol tages  have been  reduced  to the  200- 
275 mV range,  and hyd rogen  overvol tages  to the 75- 
125 mV range.  These values  are  r e l a t ive ly  independL 
ent  of cur ren t  dens i ty  over  the opera t ing  range  of 
interest ,  because of the logar i thmic  dependence  of 
overvol tage  on current .  

The ohmic contr ibut ion  to cell  voltage, of course, 
increases  l i nea r ly  wi th  cur ren t  densi ty.  Many  p ro -  
grams have achieved modifications in e lect rode de-  
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Fig. 1. Representative performance of proprietary anode systems 
in laboratory and pilot-plant electrolyzers, in comparison with re- 
suits obtained using nickel-plated mild steel anodes. Test current 
density in each case was 134 mA/cm 2, and electrolyte was 25% 
KOH at 70~ Cathodes were unactivated mild steel. 

I I 
15 20  

l~kA 

I I 
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MONTHS 

Fig. 2. Performance of proprietary cathode activation systems in 
laboratory and pilot-plant electrMyzers, in comparison with results 
obtained on unactivated mild steel. Test current density was 134 
mA/cm 2, and electrolyte was 25% KOH at 70~ Anodes in each 
case were nickel-plated mild steel. sign and redactions in separator resistivities which 

have resulted in much-reduced ionic resistance and 
have allowed substantially increased current densi- 2 . 2  
ties, as high as, for example, 1000 mA/cm 2 in most 
European programs (5, 14). 

The resistance contribution related to the flow of MILD STEEL/NICKELPLATE ~ 
electrons through current-collecting structures is 2.1 
relatively unimportant in the bipolar design, where 
the current passes through thin bipolar plates. How- 

careful attention must be given to control of ever, 
this value in unipolar electrolyzers, where current f ,  
must be removed from each individual electrode (6, ~ 2 . 0  - 
13). 

Increasing electrolyte temperature benefits every ~ 1-kA, 1.34 kA/m 2 
component of cell voltage with the exception of the ~_ 
electronic resistance. The results recorded in Fig. 4 --J 1 . 9  r- 
are typical. They were obtained in 1 kA unipolar O / electrolyzers having unactivated mild-steel cathodes > 
and nickel-plated steel anodes. The indicated voltage ~-C-22/~-A-=2 
benefit is approximately 4 mV per centigrade degree, "~1 1 . 8  ~- NE-C-22/NE-A-22~ 
similar to values recorded by other groups (15, 16). ~ / \ 
The results also suggest that increased electrolyte 
concentration benefits cell voltage. There is a well- - - " " " " -  
known trade-off, however, as conditions of increased ~ _ . . ~ - ~ _ ~ _ , ~ _ _ . ~  
temperature and caustic concentration can reduce 1.7 I - - A  
cell lifetime and necessitate the use of higher cost ~ - - ~ " - - - r ~ - ~ - -  
materials of construction. ~ - / \ 1  NE-C-22/~-A-22 J " NE"C-=2/NE-A-S= 

Thermodynamic Constraints 1 . 6  I I I 
From an alternative viewpoint, the voltage of an 

electrolyzer may be viewed as determined by the re- 
quirement for balance between energy inflows to and 
outflows from the electrolyzer. The situation is illus- 
trated in Fig. 5. The energy input to the electrolyzer 
as electricity must serve several ends in addition to 
providing the heat content of the hydrogen and oxy- 
gen products of electrolysis. It must heat the feed- 

1OO 1 OOO 10 OOO 

HOURS 
Fig. 3. Performance of combined active cathode and active anode 

systems in I kA pilot electro[yzers, in comparison with results ob- 
tained with unactivated electrodes. Electrolyte was 25% KOH at 
70~ 
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~ '  2.02 

1.98 

134 mA/cm 2 kk ~ 

1.94 .... 
28% 38% 48% 

[KOH] 
Fig. 4. Performance of 1 kh pilot electrolyzers as a function Of 

electrolyte concentration and temperature. Cathodes were unacti- 
rated mild steel, while anodes were unactivated nickel-plated steel. 

wate r  to the t empera tu re  of the  e lectrolyte ,  evapo-  
ra te  the wa te r  which is ca r r ied  away  wi th  the p rod -  
uct gases, and provide  the heat  which is lost, due to 
imperfect  insulat ion,  by  rad ia t ion  and convection. 
In  addit ion,  i t  must  supp ly  hea t  which  is lost  b y  
conduction, no rma l ly  to cooling water .  The conduc-  
t ion t e rm  could be neg.ative, if h e a t  were  being p ro -  
v ided  to the  e lec t ro lyzer  f rom an ex te rna l  source. 
Also, the f eedwa te r -hea t ing  t e rm could be negative,  
if hot  wa te r  or s team were  used. 

Under  s table  opera t ing  conditions,  the vol tage of an 
e lec t ro lyzer  wi l l  a lways  assume a t he rma l -ba l a nc e  
value  which is equal  to the  sum of  the energy  ou t -  
flows f rom the  cells, expressed as a voltage.  This is 
i l lus t ra ted  in Fig. 6 for  the  example  of an e lec t ro lyzer  
opera t ing  at  25 a tm pressure  wi th  30% KOH elect ro-  
ly te  (11). Four  dis t inct  vol tage pa rame te r s  charac-  

FEEOWATER 

/~ / /~  ~//'//~ WET HYDROGEN., 
ELECTRICITY .~S//~/W/! ~R 

~// / / / ," ,~/ / / / , , /~  WET OXYGEN 

1 l 
RADIATION CONDUCTION 

CONVECTION 

Fig. 5, Schematic representation of the energy flows to and from 
a water electro]yzer, 

1.70 _T! 

V 
1.60 

1.50 

30% KOH 

1.80 

0 I00 200 

t ( ' C )  
Fig. 6. Energy flows contributing to the thermal-balance voltage 

of a water electroiyzer, as a function of temperature. The contribu- 
tion of radiation and convection to the thermal-balance voltage has 
been calculated assuming an electrolyzer surface area of 0.1 m2/ 
kA and a surface emissivity of 0.8. 

ter iz ing the wa te r -decompos i t ion  process a re  indi-  
cated in the figure. These are  defined as follows. 

The enthalpic voltage Vt ,p - -The  min imum the rmo-  
dynamic  vol tage is the  enthalpic  voltage,  cor respond-  
ing to the change in en tha lpy  in the  electrolysis  p ro -  
cess, at the  t empera tu re  o f  the  e lectrolyte .  Its value  
m a y  be ca lcula ted  from (11) 

Vt,1 arm ~- 1.4850 --  1.490 • 10--4t --  9.84 X 10-St 2 [1] 

where  t is the  e lec t ro ly te  t empe ra tu r e  in ~ I ts  
value  decreases f rom 1.481V ,at 25~ to 1.474V at 70~ 
and 1.460V at 150~ This the rmodynamic  p a r a m e t e r  
is only  a ve ry  weak  funct ion of pressure  (11). 

The higher heating-value voltage V ~ v . - - T h e  
h igher  hea t ing -va lue  vol tage corresponds to the  hea t  
content  of the produc t  hydrogen  and oxygen  gases 
wi th  respect  to wa te r  at  25~ The difference be tween  
this vol tage  and the entha lp ic  vol tage  represents  the 
hea t  requ i red  to raise the feedwate r  f rom a reference  
t empera tu re  of 25~ to the  e lec t ro ly te  t empe ra tu r e  
(cf. Fig. 6). The va lue  of this  vol tage  pa rame te r  m a y  
be ca lcula ted  f rom the express ion (11) 

VHHV,t,1 arm --" 1.4756 ~--2.252 • 10-4t ~ 1.52 X 10 - s t s  

[2] 

Simi la r  to the  entha lp ic  voltage,  VZ~HV is only  a ve ry  
weak  function of pressure.  Its value  at  25~ is, by  
definition, equal  to tha t  of the enthalpic  vol tage,  
1.481V. I t  r ises to 1.491V at 70~ and 1.510V at  150~ 

Al though  references  in the l i t e ra tu re  are  not  to ta l ly  
clear, it  is l ike ly  tha t  the  h igher  hea t ing -va lue  vo l t -  
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age is the p a r a m e t e r  which  has been commonly  re -  
f e r red  to as the " i so thermal"  or  " t h e r m o n e u t r a r '  
vol tage  (17, 18). I t  is clear,  however ,  t h a t  i so ther -  
mal  opera t ion  wil l  not  be possible at  these vol tage  
levels  in p rac t ica l  indus t r i a l  equipment ,  since signifi-  
cant  energy  losses due to wa te r  evaporat ion,  r ad i a -  
tion, and convect ion are  unavoidable .  

The  h igher  hea t ing -va lue  vol tage is useful  as the 
reference  vol tage for  calculat ion of e lect r ica l  energy  
efficiency of a wa te r  e lect rolyzer .  It correc t ly  r ep re -  
sents  the  e n t h a l p y  content  of the produc t  gases at 
the e lec t ro ly te  t empera ture ,  wi th  respect  to wate r  
at  25~ An  e lec t ro lyzer  opera t ing  at 100~ and 1.75V, 
for  example ,  would  have  an energy  efficiency of 
1.498/1.750 ~. 85.6%. A cell opera t ing  at  1.40V under  
these same condit ions would  have a ca lcula ted  effi- 
c iency of 107%. Heat  input  to this l a t t e r  uni t  would  
c lear ly  be necessary  to ma in ta in  the e lec t ro ly te  t em-  
pe ra tu re  at  i ts  design value. 

The thermoneutral  vol tage.--The t he rmoneu t ra l  
vol tage is the  vol tage at  which a per fec t ly  insu la ted  
e lec t ro lyzer  would operate,  if there  were  no net  in-  
flow or outflow of  2~eat by  conduction. I t  is thus the 
saID_ Of VHHV and a vol tage corresponding to the  
energy  requ i red  for  sa tu ra t ion  of the p roduc t  gases 
wi th  wate r  vapor.  

The va lue  of the  the rmoneu t r a  ! vol tage is a t he rmo-  
dynamic  quant i ty ,  a s ing le -va lued  function of the 
opera t ing  condit ions of e lec t ro ly te  t empera tu re ,  e lec-  
t ro ly te  concentrat ion,  and total  pressure.  It m a y  be 
ca lcula ted  f rom the value  of the h igher  hea t ing -va lue  
vol tage using the express ion 

Vtll,$, p " - - "  VHHV,t, p -~- ~ Y  [3]  

Here r = 1.5 Pw/(P -- Pw) represents  the number  of 
mols of wa te r  evapora ted  for each mol of hydrogen  
gas produced,  and p and Pw are, respect ively ,  the  
to ta l  p ressure  and the pa r t i a l  pressure  of wa te r  vapor  
over  the e lectrolyte .  An  ana ly t ica l  express ion for  Pw 
over  potass ium hydrox ide  e lec t ro ly te  is recorded in 
Ref. (11). Y is the  molar  en tha lpy  of wa te r  at the 
t empe ra tu r e  and pressure  of electrolysis,  wi th  respect  
to the mola r  en tha lpy  of l iquid wa te r  at 25~ In 
vol tage  terms,  i t  m a y  be approx ima ted  wi th in  0.02% 
by  (11) 

Y = 0.2226 -t- 2.112 • 10-4t  - -  3.46 • 10-~ts [4] 

The represen ta t ive  resul t  for  Vtn which  is p lo t ted  
in Fig. 6 i l lus t ra tes  that,  even at  a total  pressure  of 
25 atm, this vol tage rises sha rp ly  above 1.7V as elec-  
t ro ly te  t empe ra tu r e  approaches  200~ This implies  
tha t  unde r  these condit ions an e lec t ro lyzer  could no t  
be opera ted  at  200~ and 1.7V wi thout  input  of hea t  
f rom an ex te rna l  source. 

While  increas ing  opera t ing  pressure  has no s ig-  
nificant effect on e i ther  the entha lp ic  or  h igher  hea t -  
i ng -va lue  voltages,  i t  resul ts  in a sharp reduct ion  
in the  t he rmoneu t r a l  voltage.  This s imply  reflects the  
decreas ing tool f rac t ion of wa te r  vapor  in the  produc t  
gases as to ta l  pressure  is increased,  wi th  a cor re-  
sponding  reduct ion  in energy  requ i rements  for wa te r  
evaporat ion.  

The the rmoneu t r a l  vol tage  also depends  s t rongly  
on e lec t ro ly te  concentrat ion,  reflecting the depend-  
ence of the vapor  pressure  of wa te r  over  the  e lec t ro-  
ly te  on this pa ramete r .  Results  for. the l imi t ing  case 
of zero e lec t ro ly te  concentra t ion  are  t abu la t ed  in 
Table  I. These are  the  t he rmoneu t r a l  vol tages which  
would app ly  in an e lec t ro lyzer  opera t ing  with  a solid 
po lymer  e lectrolyte .  The da t a  indicate  that  pressures  
above 10 arm are  necessary  to achieve high energy  
efficiency a t  opera t ing  t empera tu re s  grea te r  than  
120~ 

The thermal-balance vol tage.--The t rue  " isother-  
mal"  vol tage  of a prac t ica l  e lec t ro lyzer  is the  sum of 

Table I. Thermoneutral voltage with o solid polymer electrolyte 

Thermoneutral voltage (V) 

p (atm) 9O~ 120~ 150"C 

5 1.553 1.739 7.481 
10 1.522 1.592 1.839 
20 1.509 1.543 1.624, 
30 1.504 1.529 1.579 

the  the rmoneu t ra l  vol tage Vt= and a cont r ibut ion  
which accounts io r  losses due to rad ia t ion  and con- 
vection. To dis t inguish i rom ear l ie r  te rminology,  this 
is called the  t he rma l -ba l a nc e  voltage.  Unlike the  
other  energy- loss  pa rame te r s  descr ibed above, the 
vol tage corresponding to rad ia t ive  and convective 
losses is not  a t he rmodynamic  quant i ty ,  and its va lue  
depends  on the deta i led  des ign of the e lec t ro lyzer  
equipment .  I t  can be reduced by  the use of su i tab le  
insulat ion.  The method  of calculat ion is out l ined in 
Ref. (11). The example  of Fig. 6 is der ived  for  an 
e lect rolyzer  which has a surface a rea  of 0.1 m2/kA 
of cur ren t  passing th rough  the cell. 

Implications for Electrolyzer Design 
Figure  7 considers the consequences of the com- 

bined kinet ic  and the rmodynamic  constraints  for the  
opera t ion  of prac t ica l  e lectrolyzers:  The example  is 
d r awn  for an e lec t ro lyzer  opera t ing  at  25 a tm  pres -  
su re  wi th  30% KOH electrolyte .  The b roken  curve 
i l lus t ra tes  a typica l  dependence  of cell vol tage  on 
opera t ing  t empera tu re .  With  a t e m p e r a t u r e  coefficient 
of 4 mV/~ it is r epresen ta t ive  of a resul t  tha t  could 
be obta ined with  an indus t r ia l  e lec t ro lyzer  as the 
e lec t ro ly te  t empe ra tu r e  is ad jus ted  using an ex te rna l  
control  system. This curve  would  shift  to h igher  
voltages if the cell  were  opera ted  at h igher  cur ren t  
toadings and, conversely,  would  move  lower  if the 
cur ren t  dens i ty  were  decreased.  

The super imposed  solid curve  in Fig. 7 is the 
t he rma l -ba l ance  voltage, t aken  d i rec t ly  f rom Fig. 6. 
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Fig. 7. Representative isothermal and thermal-balance voltages 

as a function of temperature at 25 atm total pressure. 
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An electrolyzer operating with no net input or re- 
moval of heat would gradually adjust its tempera- 
ture to the crossing point of these two curves, around 
140~ At lower temperatures, the cell would have 
to be cooled, while at higher temperatures a net input 
of heat would be necessary. Note that both the tem- 
perature and voltage at which an electrolyzer would 
operate without heating or cooling would increase 
with increasing current density. The heating or cool- 
ing requirement for a particular electrolyzer design 
will depend on the voltage-current density charac- 
teristics, electrolyte concentration, and operating 
pressure, together with parameters which affect heat 
losses by radiation and convection. 

Beginning with the work published .by Srinivasan 
and his colleagues at Brookhaven in 1976 (19), sev- 
eral groups have noted the high efficiencies that can 
be achieved in electrolyzers operating at high pres- 
sures, and at temperatures approaching 200~ or 
more. At least one of the major European programs 
has been oriented to this type of operating condition 
(1O). Figure 7 suggests, however, that operating tem- 
peratures much above 150~ are unlikely to be prac- 
tical, for thermodynamic reasons alone. Low operat- 
ing voltages would not be possible without the use 
of heat input from an external source, or of systems 
for recovering the heat content of evaporated water 
and returning it to the electrolyzer. Systems of this 
type have been described in recent patents granted 
to Compagnie Electrom~canique of France (20), but 
their cost is likely to be high. 

Figure 8 illustrates a similar result for operation 
of an electrolyzer at atmospheric pressure. In this 
case, the thermodynamic constraints become more 
stringent. Temperatures much above 90~ are im- 
practical because of the large energy losses associated 
with water evaporation. 
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Fig. 8. Representative isothermal and thermal-balance voltages 

as a function of temperature at ! otto total pressure. 

Conclusion 
Combined kinetic and tnermodynamie considera- 

tions suggest that there are three "'windows" for de- 
velopment of water electrolysis technology. The first 
of these is operation at very high temperatures, to 
reduce electrode overvottages, and at hzg5 pressures 
to control water losses. This has been the direction 
of the Compagnie Electrom~canique group (10, 29) 
and, at least initially, of the French group headed by 
Creusot Loire (21) and the German group at Darm- 
stadt (22). In all of these cases, heat recovery sys- 
tems would be required to achieve acceptable elec- 
trical energy efficiencies. 

The second alternative is to use intermediate elec- 
trolyte temperatures, in the range of 110~176 with 
electrode activation to achieve acceptable overvolt- 
ages. At pressures above 25 atm, cell voltages in the 
range of 1.6-1.7V become thermodynamically pos- 
sible. This is the development window which has 
been selected by Teledyne Energy Systems in the 
United States (23), Compagnie G~n~rale d'Electricit~ 
in France (24), SCK/CEN in Mol, Belgium (14), the 
Japanese advanced alkaline program (8), and the 
SPE programs being carried out by General Electric 
in the U.S. (7), Brown Boveri in Switzerland (25), 
and in Japan (26). 

Finally, operation at atmospheric pressure is pos- 
sible for electrolyte temperatures below 90~ This 
is the traditional operating regime of commercial 
water electrolyzers (1, 27). It offers the most favor- 
able conditions for long life of electrocatalysts and 
of materials of construction. Electrolyser Incorporated 
is apparently the only firm developing advanced etec- 
trolyzer equipment for operation under these condi- 
tions (6, 13). 
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Study of Cd-Chalcogenide/Ferri-Ferrocyanide Photoelectrochemical 
Cells: Effect of Surface Morphology and Added Salt 

R. Tenne 

Department of Plastics Research, The Weizmann Institute of Science, Rehovot 76100, ~rael 

ABSTRACT 

We carried out an investigation of the Cd-chalcogenide/ferri-ferrocyanide photoelectrochemical cells. In particular, the 
effect of surface morphology and the effect of added salts upon the characteristics of these cells were investigated. Succes- 
sive etching with Br2 (3%)/methanol, aqua regia, and finally photoetching increases the surface roughness of CdSe (CdS, 
CdTe) which has a marked effect on the cell characteristics in the ferri-ferrocyanide electrolyte (and polysulfide electrolyte 
as well). In contrast with polysulfide electrolyte, added salts decrease the output stability of the cell and the onset potential 
for the photocurrent, which can be explained by the removal of the physiosorbed ferrocyanide ions from the electrode sur- 
face by the ions of the salt. On increasing the surface roughness of the .electrode, while keeping the salt concentration 
unchanged, the output stability and the onset potential were increased. A kinetic modelis used to explain these phenomena. 
Thus, added salts can be used to probe the strength of the adsorption of the active electrolyte on the surface of the 
photoelectrode. Finally, we report on the surface morphology of CdSe and CdTe after irradiation in ferri-ferrocyanide solu- 
tion and compare our findings to surface morphologies which were observed previously with the help of 
photoelectrochemical etching (photoetching). It is found that small rectangular crystalhtes, probably of cadmium ferrocya- 
nide, deposit on the crystal surface during the photocorrosion process in addition to elemental Se(Te). 

In contrast to the polysulfide ions which are chemi- 
sorbed onto the surface of Cd-chalcogenide semicon- 
ductors, ferrocyanide ions show fairly low affinity to 
these surfaces (1). Despite that fact, photoelectro- 
chemical cells (PEC's) based on the CdSe(CdS)/  
ferrocyanide junction have demonstrated high con- 
version efficiencies and output stabilities of sev- 
eral hours (2). Our present investigation was moti- 
vated mainly by this difference in the adsorption 
properties which allowed us to test some of our pre- 
vious concepts. The present work deals with the effect 
of surface morphology on the performance and sta- 
bility of Cd-chalcogenide based PEG's. This effect 
of surface morphology upon the performance and sta- 
bility of Cd-chalcogenide/polysulfide PEC's was in- 
vestigated intensively in the past (3-5). It has been 
demonstrated that roughening of the surface im- 
proves the kinetics of hole transfer into the electro- 
lyte thereby decreasir~g the amount of holes available 
for photocorrosion so that both photocurrent and 
output stability are improved. Since photogenerated 

Key words: photoetching, ionic strength, etching, physisorp- 
tion, adsorption. 

holes are powerful oxidants which can tunnel over 
appreciable distances, it was suggested that the ki- 
netic model presented above does not apply to chemi- 
sorbed electrolytes only, and, therefore, it is ex- 
pected that roughening of the surface would improve 
the photocurrent and the output stability in ferro- 
cyanide solutions as well. This view is examined in 
the present work. 

When indifferent salts are added to the polysul- 
fide electrolyte, they improve the output stability of 
Cd-chalcogenides without (6a) having appreciable 
effect on the photocurrent and photovoltage of these 
PEC's (6). It was suggested, therefore, that the in- 
different salts, even at large concentrations, do not 
change the structure of the inner Helmholtz layer in 
the electrolyte (i.e., the ions of the salt cannot de-  
sorb the preferentially adsorbed sulfide ions from the 
semiconductor surface). Rather, we speculated that 
the indifferent salts decrease the Debye radius of the 
sulfide ions thereby increasing their mobility in a 
depletion region which extends outside the inter- 
face (7). One way to scrutinize this concept is to 
add excessive amounts of salt into a solution contain- 



21'64 J. ElecSrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY November  1983 

ing a redox couple, the components of which have 
weak affinity to the semiconductor surface, and to 
look at the changes in performance and output sta-  
bil i ty of the PEC. 

Earlier, we found that a l ight-induced electro- 
chemical etching process (3, 8) which modifies the 
morphology of the semiconductor surface enhances 
the activity of various PEC's [see also (9)]. The solu- 
tions used for this process are diluted chemical 
etchant which contain no redox species that can 
serve as a hole acceptor (aside from the water itself). 
Presumably, ' redox couples which stabilize the inter-  
face only partially,  under illumination, can also be 
used as a medium for selective photoetehing of semi- 
conductor surfaces, and ferrocyanide belongs to this 
category. We studied the morphology of the semi- 
conductors, after short  irradiation in ferr i - ferro-  
cyanide solution by scanning electron microscopy. 

Experimental 
Low resistivity CdS (Cleveland), CdSe (Cleve- 

land),  and n-CdTe (W. Giriat, IVIC, Venezuela) 
crystals were used for the preparat ion of electrodes 
according to previously described procedures (8, 10). 
Electrodes were polished (5#) and etched prior  to 
each experiment.  CdS was etched in concentrated 
HC1 for 30 sec; CdSe in a mixture of 1 part  HNO3, 4 
parts HC1 (aqua regia) for 30 sec; and CdTe was 
etched for 15 sec in a mixture of 3 parts H2SO4, 7 
parts saturated solution of potassium dichromate. In 
order to obtain CdSe with very even surface, the 
CdSe electrode was etched in ei ther of two ways: ({) 
in Br2(3%)/methanol,  and (ii) mixture of CrO3:H20 
and HC1 in weight ratios of 6:4:10, respectively 
(chromic acid etch). Photoetching was carried out in 
diluted (five-ten times) solution of the etching 
agents, according to previously described procedures, 
for 3-5 sec. After  photoetching, the electrode was im- 
mersed in polysulfide electrolyte to dissolve the top 
layer of elemental chaleogen. Solutions were pre-  
pared from analytical  grade reagents, without any 
further purification, and deionized water. 

Instrumentation included a homemade l inear sweep 
generator (Voltage scanner);  X-Y recorder (Houston 
Instruments);  X-t  recorder (Yokogawa); Wenking 
MP75 potentiostat. The light source used was a sta- 
bilized tungsten halogen lamp. A standard calomel 
electrode (SCE) was used as a reference electrode 
and a large surface area Pt mesh as counterelectrode. 
SEM micrographs were taken with Jeol 35JSMC 
scanning electron microscope. 

Results 
In  a recent publication, Hades ct al. (4) demon- 

strated unambiguously the role of the real surface 
area of the photoelectrode upon the output stabil i ty 
of CdSe/polysulfide PEC's. A further investigation 
(5) into that  problem demonstrated both experi-  
mentally and theoretically that as the area of the 
junction is increased, more sulfide ions which serve 
as hole acceptors can be accommodated on the sur-  
face of the electrode thereby increasing the photo- 
current and the output stability. That this notion is 
not limited to chemisorbed sulfide ions only is demon- 
strated in what follows. Thus, Fig. 1 shows the pho- 
tocurrent of a CdSe/ferrocyanide PEC vs. light in- 
tensi ty for photoelectrodes with different surface 
roughness. The Bre(3%)/methanol  etch leaves a very 
even surface (4) which becomes rough upon etching 
in aqua regia. Finally, a short photoetching creates 
many pits on the surface. In all cases, the photocur- 
rent increases l inearly with light intensity under 
weak illumination but it undergoes saturation at 
strong light intensities. The greater  the surface 
roughness, the larger is the saturation value for the 
photocurrent. The increase in the saturation value of 
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Fig. !. Photocurrents (J) vs. light intensity (r for CdSe in aque. 

ous solution of 0.4M K3[Fe(CN)6] and 0.4M K4[Fe(CN)6] at pH 
13. Bias is + 2 0 0  mV vs. SCE. Different surface morphologies were 
obtained with: 0 ,  Br2(3%)/methanol etch; x, 20% HN03/80% 
HCI (aqua regia) etch; 0 ,  photoetching with aqua regia diluted 
ten times. 

the photocurrent is indicative of the ratio of sur-  
face roughness which is about (1/2/3) for the etch- 
ing in Br2 (3%)/methanol ,  aqua regia, and photo etch- 
ing. Figure 2 shows the effect of surface morphology 
on the dark current across CdSe/ferr i-ferrocyanide 
interface. Again, as in polysulfide solution (10), the 
forward dark current increases with surface rough- 
hess in a nonlinear manner. Similar behavior is ob- 
served in the case of CdTe. Figure 3 shows the open- 
circuit voltage of a CdSe/ferr i - ferrocyanide/Pt  cell 
vs. l ight intensity for various surface morphologies 
and, as expected, at a given light intensity, the open- 
circuit voltage decreases with increasing surface 
roughness (10). Finally, Fig. 4a and 4b show the out- 
put stabil i ty of CdSe (a) and CdTe (b) in ferri-  
ferrocyanide electrolyte. Thus, increasing the surface 
roughness leads to an improved stabil i ty of the cell 
for both chemisorbed (polysulfide) and physisorbed 
(ferrocyanide) electrolytes. For  the CdTe, it  was 
necessary to heat the photoetehed electrode in poly- 
sulfide to 70~ in order to dissolve the Te top layer. 
A post- t reatment  in concentrated HC1 was also neces- 
sary, possibly for the dissolution of a passivating 
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Fig. 2. Dark currents vs. bias for CdSe in aqueous solution of 
0.1M K~[Fo(CN)6] and 0.3M IQ[Fe(CN)6] far various surface 
morphologies. 1, Br2(3%)/methanol etch; 2, aqua regia etch; 3, 
photeetched. Surface area of the electrode, 0.04 cm 2, scan rate 
50 mV/sec. 
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Fig. 3. Open-circuit voltage as a function of light intensity for 
the CdSe/ferri-ferrocyanide cell shown in Fig. 1. Symbols are as 
in Fig. I .  

layer which was c rea ted  upon immers ion  in the  hot  
polysulfide.  

F igures  5a and 5b show the pho toeur ren t  vs.  t ime 
(output  s tab i l i ty )  of e tched  and photoe tched CdSe in 
an aqueous solut ion of f e r r i - f e r rocyan ide  containing 
increas ing concentra t ion  of NaC1. Here,  the  deac t iva -  
t ion is due to a top l aye r  of e lementa l  Se which  is 
fo rmed under  i l lumina t ion  (2b) (see, however ,  Fig. 
9c and 10b). Table  I gives the onset  potent ia l  for  the  
pho tocur ren t  of these PEC's. In  contras t  to the  CdSe /  
polysulf ide PEC, increas ing the  concentra t ion of the 
indifferent  sa l t  leads  to a fas ter  deac t iva t ion  of the  
cel l  and  to a less nega t ive  onset  potent ia l .  F u r t h e r -  
more,  the re  is a r e m a r k a b l e  difference be tween  the 
e tched and the photoe tched electrode.  The l a t t e r  e lec -  
t rode  is affected b y  the sa l t  to a lesser  ex ten t  so tha t  
its output  s t ab i l i t y  is improved  and its onset  po ten t ia l  
is more  negat ive  compared  to the  etched e lect rode at  
a g iven  concentra t ion of the salt .  This resul t  can be 
unders tood on the  basis of the  difference in surface  
roughness  o f  the  two e lec t rodes  as is e l abora ted  in 
the discussion. In  Fig. 6, we  show the ou tput  s t ab i l i ty  
of photoe tched CdSe in two solut ions wi th  different  
Fe  2+ (CN)84- concentra t ions  and constant  concent ra -  
t ion of sa l t  (0.5NI) and  Fe  z+ (CN)6 ~-  (0.1NI). I t  is 
not iced tha t  the  h igher  concent ra t ion  of the  fe r ro -  
cyanide  the  onset po ten t ia l  is more  negat ive  and the 
s tab i l i ty  is improved.  The same is t rue for CdSe 
e tched in Br~/methanol  and in aqua regia.  F u r t h e r  
addi t ion  of fe r rocyanide  has ve ry  l i t t le  effect on the  
ou tpu t  s tab i l i ty  under  these pa r t i cu la r  conditions.  
F igu re  7 show the output  s tab i l i ty  (which is de t e r -  
mined  b y  the ra te  of fo rmat ion  of top l aye r  of e le-  
men ta l  S) of  CdS in the  f e r r i - f e r rocyan ide  e lec t ro-  
l y i e  wi th  and wi thout  NaC1. Table  II  gives the onset 
potent ia ls  for  the solutions s tudied in Fig. 7. Again,  
as a resul t  of the presence of high concentra t ion of 
salt ,  the  fe r rocyanide  ions are  removed  from the 
surface of the semiconductor  and the cell is deac t i -  
va ted  s lowly.  This is con t rad ic to ry  to wha t  has been 
observed  in the case of polysulf ide e lec t ro ly te  where  

Table I. Onset potential for the photocurrent of CdSe in an 
aqueous solution of 0.1M K8 [Fe(CN)6] and 0.SM K4 [Fe(CN)6] 

with varying concentrations of salt 

Onset potential Onset potential 
NaC1 concentration aqua regla etching after photoetching 

(M) (mV vs. SCE) (mV vs. SCE) 

3 - 580 -- 1040 
2 - 800 - 1040 
1 -- 800 -- 1040 
0 -- 885 -- 1210 

I I I 
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0 I ! I 
0 3 0  
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Fig. 4. (a, top) Output stability of CdSe in an aqueous solution of 

0.1M K~[Fe(CN)6] and 0.5M K4[Fe(CN)6].  1, 2, and 3 refer to 
different etching techniques (see Fig. 2). Light intensity is ca. 0.8 
AM1. (b, bottom) Output stability of CdTe prepared by etching 
( ) and photoetching ( - - ) .  Electrolyte is 0.08M K3[Fe(CN)8] 
and 0.4M K4[Fe(CN)6].  Light intensity is ca. 1/2 AM1. 

the ou tpu t  s tab i l i ty  was improved  by  the addi t ion  of 
the  salt .  

Wilson and P a r k  (11) observed recen t ly  tha t  the  
addi t ion  of smal l  amounts  of KC1 to i r o n ( I I ) - E D T A  
decreases  the ra te  of CdS photodissolut ion,  bu t  this  
t r end  is reversed  on increas ing the sa l t  concentrat ion.  
Thei r  exp lana t ion  for  this  observa t ion  is tha t  low 
concentrat ions  of the  sa l t  improve  the  e lec t ro ly te  
conduct iv i ty  (decrease  of the  Debye  rad ius ) ,  leading  
to a s lower  photocorrosion.  Higher  concentra t ions  of 
the  sal t  h inders  the approach  of the  e lect ron donors 
to the  e lec t rode  sur face  wh ich  leads  to a h igher  ra te  
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Fig. 5. Output stability of CdSe in an aqueous solution of 0.1M 

K3[Fe(CN)6] and 0.5M K4[Fe(CN)6] and various concentrations 
of NaCI, as indicated on each curve. Bias is - -200 mV vs. SCE, 
light intensity ca. I / 2  AM1. (a) aqua regia etched; (b) photo- 
etched. 

of photocorrosion.  Our  observat ions  and the model  
put  fo rward  (6) agree ve ry  wel l  wi th  the work  of 
Wilson and Park .  However ,  we  worked  wi th  r e l a -  
t ive ly  large concentrat ions  of sa l t  bu t  wi th  two elec-  
t ro lytes  which  show different  affinity for  the sur -  
face of the electrode.  

Ano the r  way  to look at  the  effect of added  sal ts  is 
shown in Fig. 8a and 8b where  the pho tocur ren t  is 
p lo t ted  as a funct ion of l ight  in tens i ty  for var ious  
concentrat ions  of the salt.  Thus, the  pho tocur ren t  of 
the  e tched e lec t rode  (a) decreases when the salt  con- 
cent ra t ion  increases,  whereas  the  photocur ren t  of the 
photoetched e lec t rode  (b) is not  affected b y  the add i -  
t ion of high concentra t ion of salt .  

We therefore  conc!~ude tha t  the  addi t ion of indiffer-  
ent salts  can be used as a probe  to d iscr iminate  be -  
tween chemisorbed and phys isorbed  ions b y  means  of 
s imple  photoe lec t rochemical  measurements .  

Ano the r  sub jec t  of in teres t  is the morphologica l  
changes on the  semiconductor  surface which are  in-  
duced b y  the i l lumina t ion  in a solut ion of f e r r i - f e r ro -  
cyanide.  Since this redox  couple stabil izes the  sur -  
face of the semiconductor  only  par t ia l ly ,  i t  could be 
expected  tha t  some k ind  of photoetching wi l l  resu l t  
af ter  pro longed i r rad ia t ion  and remova l  of the top 
oxidized chalcogen layer .  F igu re  9 shows the S E M  

Table II. Onset potential for the p hotocurrent of HCl-etched CdS 
(S face) in the solution of Table I 

NaCl concentration Onset potential 
(1~) (mY vs. SCE) 

3 -750 
1 -1050 
0 --1150 

15 

IO 

E 
o 

I I i 

0 I I I 
0 5 I0 15 20 

t (m in )  
Fig. 6. Output stability of phatoetched CdSe in on aqueous solu- 

tion of 0.1M K~[Fe(CN)o] and 0.5M NoCl. 1, 0.3M IQ[Fe(CN)6] 
(onset potential of - -880 mV vs. SCE); 2, 0.1M IQ[Fe(CN)6] (on- 
set potential of - -820 mV vs. SCE). Bias is 0 mV vs. SCE. 

m i c r o g r a p h s  of (a) ,aqua regia  etched CdSe; (b) 
aqua regia  e tched CdSe which was fur ther  photo-  
etched in d i lu te  aqua regia;  and (c) aqua regia  
e tched CdSe af ter  pro longed i r rad ia t ion  in fe r r i -  
fe r rocyanide  solut ion (unt i l  a m a x i m u m  in the  pho-  
tocur ren t  was r eached) .  In  al l  th ree  cases, the elec-  
t rode rece ived  a pos t - t r ea tmen t  in polysulf ide elec-  
t ro ly te  to remove the top l aye r  of Se. The most in-  
terest ing observat ion  here  is t ha t  ins tead of the  sub-  
micron pi ts  which are  observed on the aqua regia  
photoetched CdSe, smal l  r ec tangu la r  crys ta l l i tes  are 
observed on the CdSe which was i r r ad ia t ed  in fe r ro-  
cyanide  solution. 

'E 
o 0 . 5  

E 

I I I I I t 

1M 
. . . . . . . . . .  .~. Without salt 

0 I I I I I t _  
0 5 0  

t ( r a i n )  

Fig. 7. Output stability of etched CdS (S face) in an aqueous 
solution which is 0.1M with respect to I~[Fe(CN)~] ,  C~.~ with 
respect to K4[Fe(CN)6] and various concentrations of NaCI as in- 
dicated for each curve. Bias is 0 mV vs. SCE and light intensity 
is ca. 1/2 AMI .  
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Fig. 8. (a, top) Photocurrent vs. light intensity for chromic acid- 

etched CdSe in an aqueous solution which is 0.1M with respect to 
Ks[Fe(CN)6] and K4[Fe(CN)6]. Salt concentration is indicated 
for each curve. Bias is - -400 mV vs. SCE. @m@, without salt; 
Z~uA,  0.SM NaCI; X - - X ,  2M NaCI. (b, bottom) The same as 
(a), but with photoetched CdSe electrode. Same curves were ob- 
tained without salt and with 0.SM NaCI. 

In  Fig. 10, we compare the texture  of photoetched 
CdTe (a) and the texture of the same crystal after 
prolonged i r radiat ion in a solution of ferr i - ferro-  
cyanide (b).  Here also, rec tangular  crystallites ap- 
pear on the surface of the CdTe crystal after i r radia-  
t ion in the ferrocyanide solution. It  is suggested that 
in both cases (CdSe and CdTe) Cd 2+ ions which dif- 
fuse out from the crystal dur ing the photocorrosion 
process combine with ferrocyanide ions to form an 
insoluble salt which deposits on the crystal surface. 
This growth mode of photocorrosion leads to a rough-  
ening of the crystals'  surface which becomes less re-  
flective (black mat ) .  Immers ion of the deactivated 
CdSe and CdTe electrodes in a hot KCN solution 
(10%) leads to the dissolution of the passivating 
layer  and to a rega in ing  of the metall ic color due to 
the complexation of the Cd ions with the cyanide. 
I r radia t ion in other par t ia l ly  stabil izing electrolytes 

Fig. 9. Comparison (SEM micrographs) of surface morphologies 
of CdSe which obtained different surface treatments. (a, top) 
Etched CdSe. Magnification is 3000X;  (b, center) photoetched 
CdSe (3000X).  Note the dense pattern of submicron pits; (c, 
bottom) CdSe which was illuminated in ferri-ferrocyanide solution 
until deactivation. 

(like sulfite) results in pi t t ing of the semiconductor 
surface (R. Tenne and G. Hodes, to be publ ished) .  

Discussion 
We will  now consider the effect of the presence of 

indifferent salt in the redox electrolyte using a rather  
s imple model for competitive adsorption. We first 
assume that the hole flux (J~) ar r iv ing at the semi- 
conductor surface under  i l luminat ion  is consumed in 
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Fig. 10. Comparison (SEM micrographs) of surface morphologies 
of CdTe which obtained different surface treatments. (a, top) 
Photoetching (3000• (b, bottom) irradiation in ferri-ferrocyanide 
solution until deactivation. 

ei ther  of three  ways:  (i) by  oxidizing the electrolyte ,  
leading  to r egene ra t i ve  photocurrent ,  Jreg; (ii) th rough  
se l f -ox ida t ion  of the crys ta l  itself, i.e., photocorrosion,  
Jcor. Final ly ,  cer ta in  por t ion of the hole  flux is con- 
sumed by  (iii) various  surface, or near  surface,  r e -  
combinat ive  processes leading  to a recombina t ion  
cur ren t  dens i ty  Jrec. Hence we have 

Job - -  J reg  Jc Jcor  -~- Jrec [1] 

To analyze  our  results,  we consider  the fol lowing 
scheme to descr ibe the  fate of holes at the in ter face  

Jr 
AB ~ AB + h+ + e -  genera t ion  of holes [2] 

S r  
AB + e -  + h + ------> AB surface and nea r  su r -  [3] 

face recombina t ion  

k l  
AB + h + L> A + + B photocorrosion 

ks 
Ce 2 -  ~ Ce,ads 2 -  adsorp t ion -desorp t ion  

k - s  of the e lec t ro ly te  

k4 
Us ~ -  Us,ads adsorp t ion-desorp t ion  

k - 4  of the sa l t  

k2 
Ce,ads 2 -  -~ h + ' ' > C e -  oxidat ion  of the  elec-  

t ro ly te  fol lowed b y  
desor~ption 

[4] 

[5] 

[6] 

[7] 

In  this scheme, AB is a compound semiconductor  
( l ike Cd-cha lcogenide) ,  h + are  holes which  a r r ive  
at  the surface in a flUX Jr e -  are  electrons which  
under  the effect of the field migra te  to the counte r -  
electrode,  Sr  is the  ra te  of recombinat ion.  

The adsorpt ion  kinet ics  of the reduced species of 
the e lec t ro ly te  ( redox couple) a re  descr ibed by  Eq. 
[5], whereas  those of the ionic const i tuents  of the  
sa l t  a re  given b y  Eq. [6]. F ina l ly ,  the  oxida t ion  of the  
reduced species of the e lec t ro ly te  is descr ibed by  Eq. 
[7]. A l though  the ac tua l  mechanism for the react ions 
of holes at  the in terface  is more  involved than  the 
one given above, i t  is possible to get  some insight  into 
the  p rob lem using this r a t h e r  s implis t ic  approach.  
For  example ,  in the presen t  model  the adsorpt ion  of 
the fe r r i cyan ide  ions is ignored.  This is an overs im-  
plification in v iew of the adiabat ic  charge t ransfe r  
theories  which assume that  the posi t ion of the  ions 
remains  unchanged  dur ing  the charge t rans fe r  p ro -  
cess. However ,  the addi t ion  of ano ther  phys isorbed  
species does not  a l te r  the consequences of our  qua l i ta -  
t ive approach  and makes  i t  in tu i t ive ly  more  com- 
pl icated to unders tand.  

As a first approximat ion ,  we invoke the  quasi  
s t eady-s t a t e  assumpt ion which assumes tha t  the r e -  
organizat ion of the in terface  af ter  the  onset  of i l -  
luminat ion  is ve ry  rap id  (seconds) as compared  to 
the ac tual  ra te  of deac t iva t ion  (minutes ) .  In  this 
case, we can wr i te  for the  ( l igh t - induced)  excess 
concentrat ion of holes at  the semiconductor  surface  
the  fol lowing equat ion (7) 

dps* 
O --  -" J~ - -  Sr'Ps* - -  k2Ps*0e - -  kips* [8] 

dt  

where  ae ---- Ce.ads2-/M is the surface denei ty  (cover-  
age) of Ce 2-  ( redox species) ,  a n d  M is the number  
of adsorpt ion  sites. Note tha t  in Eq. [8] we assume 
tha t  the  ra te  cons tant  for  recombina t ion  has been 
modified and i t  includes the dens i ty  of electrons near  
the surface. Using Eq. [8] we can wr i te  for Ps* 

Ps* --  Jr -~ kl ~- k20e) [9] 

Using the quasi  s t eady-s t a t e  assumpt ion for 0e and 0s 
(coverage of e lec t ro ly te  and salt,  r espec t ive ly) ,  we 
also obta in  

K~ (Ca 2 - )  (1 - -  ,os) 
oe = [I0] 

1 -}- K3(Ce 2-) q- K2Ps* 

where  Ks = k J k - s  a n d  Ks ---- k2/k-8 and (Ca 2 - )  is 
the concentra t ion  of Ce 2-  molecules  in the e lec t ro-  
lyte.  

K4(CD (1 --  ~ge) k 4 
& = , K4 = [ l l J  

I -{- K4(Cs) k - 4  

Subs t i tu t ing  Eq. [11] into Eq. [10] we o,btain for 0, 

Ks (Ce 2 - ) 
,Be " -  

1 --k Ks(Ca 2-) + K4(Cs) + K~ps* [1 + K4(Cs) ] 

[1Oa] 

We can now wri te  expressions for  the var ious  l ight  
induced currents  

Jrec = Sr'Ps* -" Jr ( Sr' ) 
Sr' -[- kl  -b k~0e [ l l a ]  

Jcor = klps* = Jr ( k, ) St' -[- kl -b k~Oe [ l l b ]  

Jreg = k2Ps*Oe = J~ ( k, Oe ) Sr' + kl  + ke0e [ l l c ]  

Equat ions  [9] and  [10a] a re  coupled and they  can 
be solved numer ica l ly .  However ,  we can discuss the 
observed phenomena  in a qua l i t a t ive  m a n n e r  w i th -  
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out resorting to a numerical analysis. We first notice 
that in the absence of light Eq. [10a] is a Langmuir 
type isotherm for two components which adsorb 
on the surface competitively. We can express K3 and 
K4 in terms of the (free) energy of adsorption 

Ki----Rlexp (--Eadsi/kT), i - - 3 , 4  [12] 

Therefore, if the active electrolyte Ce e- is chemi- 
sorbed onto the surface of the semiconductor (i.e., 
Eads 3 is a very large negative quantity), as in the 
case of polysulfide on CdSe, and the salt is physi- 
sorbed on the surface, then K3 > >  K4 and the active 
electrolyte is preferentially adsorbed on the electrode 
surface, i.e., 0e --> 1. Hence, when a salt is added to 
the polysulfide electrolyte (3) it does not seriously 
influence the interface between the semiconductor 
and the electrolyte. Such an addition does, however, 
improve the supply of the sulfide ions into the inter- 
face (which is not accounted for in the present 
model) since the ionic strength of the solution is in- 
creased and its series resistance decreases. On the 
other hand, if the active electrolyte is physisorbed, 
only K8 and K4 are of the same order of magnitude, 
so that by increasing the concentration of salt (Cs) 0e 
decreases. It can be deduced from Eq. [11] that Jreg 
decreases while Jree and Jcor increase. This results in 
a decrease in the photocurrent (Fig. 8a)and destabil- 
izes the electrodes as is shown in Fig. 5a .and 5b. If we 
keep Cs (salt concentration) constant and increase 
Ce 2- then 0e is increased so that Jreg is improved at 
the expense of Jrec and Jcor as is shown in Fig. 6. If 
we now increase the surface area of the junction 
(surface roughness) by a factor s, more molecules of 
the two species can be accommodated on the surface 
so that new coverages s0e and sos should be used. 
Substituting S0e and sos into Eq. [10] and [11], we 
obtain for the new components of the light-induced 
currents (7) 

St' 
Jrec--J~ ( S r ' +  kl'-[- k2S0e ) [13] 

Jcor -" J~ ( kl ) [14] 
Sr' -b kl -}- k2S0e 

and 
Jreg ' -  J~ ( sk~oe ) [15] 

Sr" "~- kl -~ k2SOe 

so that both Jrec and Jcor decrease while Jreg is in- 
creased by roughening the surface of the electrode 
(Fig. 5b). This also means that for a physisorbed 
species (like ferrocyanide) the addition of salt has 
a less of an adverse effect for a photoetched electrode 
than for an etched electrode as is actually observed. 

Conclusions 
We conclude that the addition of an indifferent salt 

can be used to discriminate between chemisorbed 
and physisorbed ions. However, a more sensitive 
probing method such as measurements with rotating 
ring-disk electrode is necessary for any quantitative 
estimation of the adsorption energy. The surface area 
and variation in surface roughness of the electrodes 
should also be determined more accurately. Measure- 

ments with photoacoustic spectroscopy (12) were 
not fully satisfactory. However, roughly 50% increase 
in the surface area does not seem an overestimation. 
Geometrical considerations give a similar increase in 
the surface roughness after photoetching. 

Acknowledgment 
I thank Dr. G. Hodes for some helpful discussions 

of the salt effect and for suggesting the explanation 
for the origin of the microcrystallites in Fig. 9 and 10, 
and Dr. D. Cahen for the careful reading of the 
manuscript. 

Manuscript submitted Nov. 29, 1982; revised manu- 
script received June 13, 1983. 

REFERENCES 
1. H. Gerischer, J. Electroanal. Chem., 58, 236 (1975). 
2. (a) H. Gerischer and J. Gobrecht, Bet. Bunsenges., 

89, 327 (1976); (b) K. W. Frese Jr., Appl. Phys. 
Lett., 40, 275 (1982). 

3. R. Tenne and G. Hodes, ibid., 37, 428 (1980). 
4. G. Hodes, J. Manassen, and D. Cahen, This Journal, 

128, 2325 (1981). 
5. R. Tenne, N. Miiller, Y. Mirovsky, and D. Lando, 

ibid., 130, 852 (1983). R. Tenne, H. Flaisher, B. 
Vainas, N. Miiller, G. Hodes, J. Manasseh, D. 
Lando, Y. Mirovsky, and D. Cahen, "Photoelec- 
trochemistry: Fundamental Processes and Mea- 

l " la e surement Techn ques, W. L. Wal  c , A. J. Nozik 
S. K. Deb, and R. H. Wilson, Editors, p. 172, The 
Electrochemical Society Softbound Proceedings 
Series, Princeton, NJ (1982); H. Flaisher and R. 
Tenne, J. Phys. Chem., 87, 3064 (19~3). 

6. (a) R. Tenne, This Journal, 129, 123 (1982); (b) P. 
Bratin and M. Tomkiewicz, "Photoelectrochemis- 
try: Fundamental Processes and Measurement 
Techniques," W. L. Wallace, A. J. Nozik, S. K. 
Deb, and R. H. Wilson, Editors, p. 704, The 
Electrochemical Society Softbound Proceedings 
Series, Princeton, NJ (1982). 

7. A. Heller, G. P. Schwartz, R. B. Vadimsky, S. 
Menezes, and B. Miller, This Journal, 125, 1156 
(1978); R. H. Wilson, ibid., 126, 1187 (1979). 

8. G. Hodes, Nature, 285, 29 (1980); R. Tenne, Appl. 
Phys. Lett., 23, 13 (1981); N. Mfiller and R. 
Tenne, ibid., 39, 283 (1981); R. Tenne, Y. Mirov- 
sky, Y. Greenstein, and D. Cahen, This Journal, 
129, 1506 (1982); R. Tenne, Appl. Phys. Lett., 43, 
204 (1983). 

9. A. Kirsch-De Mesmaeker, A. M. Decoster, and J. 
Nasieiski, Solar Ener. Mater., 4, 203 (1981); R. 
DeWitt, A. Kitsch-De Mesmaeker, and J. Nasiel- 
ski, p. 20, Book of Abstracts, 4th Inter. Conf. on 
Photochem. Conversion and Storage of Solar 
Ener., Jerusalem (1982) ; C. J. Liu, J. Olsen, D. R. 
Saunders, and J. H. Wang, This Journal, 128, 
1224 (1981) ; J. F. Reber, K. Meier, and N. Bfihler, 
p. 252, Book of Abstracts, 4th Inter. Conf. on 
Photochem. Conversion and Storage of Solar 
Ener., Jerusalem (1982). 

10. R. Tenne, Bet. Bunsenges., 85, 413 (1981). 
11. J. R. Wilson and S. M. Park, This Journal, 129, 149 

(1982). 
12. Y. Mirovsky, D. Cahen, R. Tenne, and G. Hodes, 

"Photoelectrochemistry: Fundamental Processes 
and Measurement Techniques," W. L. Wallace, 
A. J. Nozik, S. K. Deb, and R. H. Wilson, Editors, 
p. 517, The Electrochemical Society Softbound 
Proceedings Series, Princeton, NJ (1982). 



Electrochemical Fluorination of Anthracene Derivatives. II. 
J. F. Carpenter, I.. H. Ekes, P. F. King, H. A. Mariani, M. Mirza Zadeh, R. F. O'Malley,* and V. J. Roman 

Department of Chemistry, Boston College, Chestnut Hill, Massachusetts 02167 

ABSTRACT 

The controlled potential  electrolyses of anthracene(I), 9-methylanthracene(II),  and 9-phenylanthracene(III)  in 
acetonitrile solutions containing (CH3h NF.2HF led to the formation of fluoro derivatives in the 9- and 10-positions. Yields 
were l imited by dimer formation. The products  from the electrolyses areconsis tent  with the involvement  of radical  cations 
as intermediates.  

A n u m b e r  of papers  have appeared  t h a i  descr ibe 
the  e lec t ro ly t ic  f luorination of aromat ic  hydrocarbons  
in acetoni t r i le  solut ions of t e t r a a l k y l a m m o n i u m  fluo- 
r ides  (1). A cont roversy  regard ing  the mechanism 
of this method  of f luorinat ion has ar isen (2), and 
extensive discussions of the factors involved have 
appeared  (3).  

Wi th  this  method,  pa r t i a l  and select ive f luorinations 
of aromat ic  hydrocarbons  and thei r  der ivat ives  are  
deemed possible,  and a fa i r ly  genera l  app l icab i l i ty  of 
the method  has been assumed (1).  Rozhkov et al. 
(4) r epor ted  the  f luorinat ion of naphtha lene ,  ben -  
zene, and some of the i r  der ivat ives .  We have de-  
scr ibed the f luorination of 9 ,10-d iphenylanthra-  
cene ( IV) ,  which gave the addi t ion  product  (IX) (5) 
and benz [a] an th racene  from which the 7- and 12- 
fluoro and 7,12-difluor0 der ivat ives  resu l ted  (6a).  
Some aromat ic  hydrocarbons  y ie lded  only  t race  
amounts  of fluoro products ,  however  (6b).  

Results and Discussion 
The anodic f luorination of an thracene  and de r iva -  

tives descr ibed  here  were  usual ly  pe r fo rmed  at  a 
control led potent ia l  a t  or  near  the oxidat ion  ha l f -  
wave  poten t ia l  of the aromat ic  hydrocarbon.  A n t h r a -  
cene( I )  gave V and smal l  quant i t ies  of VI. An  ex-  
tended electrolysis  led to the  format ion  of XI. The 
electrolysis  of 9 - m e t h y l a n t h r a c e n e ( I I )  gave VII; 9- 
pheny lan th racene  (III)  gave VII I  and X 

I, X = H, Y = H V, X = H, Y = F 
X 

II, X = CH3, Y = H VI, X = F, Y = F 

III, X = C6H5, Y = H VII, X = CH3, Y = F 

Y 
IV, X - C6H5, Y = C6H 5 VIII, X : C6H5, Y = F 

Anthracene and 9- and i0- Substituted Anthracenes 

X W 

Y Z 

IX, W = C6H5, X = F, Y = C6H 5, Z = F 

X, W = C6H5, X = F, Y = F, Z = F 

XI, W = F, X = F, Y = F, Z = F 

9- and I0- Substituted 9,10-Dihydroanthracenes 

The first step in the pathway of anodic fluorination 
of aromatic hydrocarbons in nonaqueous solvents is 
the formation of radical cations of the substrate: 
ArH --> ArH +'. It has been amply demonstrated that 
radical cations of polycyclic aromatic hydrocarbons 
are formed at the anode during electrolysis in non- 
aqueous solvents (7), and several reactions of radical 
cations have been shown to occur. At least the fol- 
lowing are pertinent to anodic fluorination: (i) at- 
tack by an anionic nucleophile, MAr +" ~- Nu- -~ 
HArNu ' ;  (/{) the format ion  of dications, E A r + .  - ,  

�9 Electrochemical  Society Active Member. 
Key words: anode, electrolysis ,  organic, synthes~s. 

HAr~+ + e - ;  (iii) a t tack  by  other  nucleophiles ,  
H20 o r  CHzCN; and (iv) dimer iza t ion  and po ly -  
merizat ion.  

(i) I n  ea r ly  repor ts  (4, 5) it  was assumed that  
f luorination occurred v ia  a t tack  by  f luor ide-provid ing  
anions as a nucleophi le  on the radical  cations. When 
addi t ion  occurred,  as in the case of IV (5), a second 
elect ron was lost, fol lowed by  a t tack  of another  fluo- 
r ide  ion 

F -  --e- F -  
A r + '  > A r F '  > A r F +  . >ArF~ 

In subst i tut ion,  e.g., naphtha lene  (4), the loss of a 
proton occurred with the removal  of the second elec-  
t ron 

F- --e- --H + 
HAr +" , >HArF" . >HAxF +~ArF 

(ii) P a r t l y  on theore t ica l  grounds,  the question 
has been ra ised whe ther  rad ica l  cations can react  
wi th  fluoride ions, react  ve ry  slowly,  or  on ly  in some 
cases (3). One of the  a rguments  advanced  was tha t  
the  first f luorination of IV was accomplished at  a 
potent ia l  of 1.65V vs. SCE (5), a potent ia l  at  which 
the dicat ion of IV could be formed,  which was the 
m o r e  l ike ly  in te rmedia te  (2). La te r  the  f luorinat ion 
of IV was accomplished even at  a lower  potent ia l ,  
at which dicat ion format ion  could be ru led  out  (8).  
The f luorination of benz [a] an thracene  (6) occurred 
at  or  near  its oxidat ion  ha l f -wave  potent ia l ,  a po-  
ten t ia l  at  which dicat ion format ion  was unl ikely .  

(iii) Genera l ly  react ions of the radica l  cat ions wi th  
the  solvent  of t races of  w a t e r  as nucleophi les  have 
not  in te r fe red  wi th  the f luorinat ion descr ibed here.  

(iv) The yie lds  of fluoro der ivat ives  have been 
l imi ted  b y  d imer iza t ion  a n d / o r  po lymer iza t ion  as the 
pr inc ipa l  compet ing reactions. Fo r  anthracene,  mass 
spec t ra l  evidence indica ted  the  presence of 9,9 '-hi-  
a n t h r a c e n e ( X / I )  and XIII ,  whi le  the  fo rmat ion  of 
three  d imer ic  species, X/V, XV, and XVI, resul ted  
f rom II. A t  h igher  potent ia ls  (1.24-1.50V vs. SCE),  
the  photoisomer  of XIV, XVII,  was the pr inc ipa l  
p roduc t  

X 
~ ~ /  XII, X = H 

Xlll, X = F 

9,9'-Bianthracene and 10-Fluoro-9,9'-bisanthracene 

2170 
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9,9' 

X XIV, 

CH 2 xv, 
I 
CHz 

XVI, 

Y 
-(l,2-Ethanediyl)bisanthracenes 

X ~- H, Y= H 

X = H, Y= F 

X = F, Y = F 

}[VII 

Photolsomer of 9,9 ' - ( 1,2-Ethanedlyl ) bisanthracene 

The presence of a fluorine a tom in the  produc t  of 
the e lectrolysis  did  not  s ignif icant ly change the oxi-  
dat ion potent ia l ;  rad ica l  cations of the  monofluoro 
der iva t ive  were  formed which led to mix tures  of 
products  difficult to separate .  Mul t ip le  f luorination 
m a y  sometimes be advantageous ,  but  often it is not. 
When gemina l  difluoro compounds were  formed they  
hydro lyzed  on sil ica gel  dur ing  work-up ,  a react ion 
s imi lar  to tha t  descr ibed by  Oksenenko et al. (9).  
Hydrolys i s  of X gave 

10-hydroxy-  10-phenyl  (10H) - an th racenone  (XVIII )  
and XIX 

<< 
I 
0 

XVIII, X = OH 

XIX, X - F 

The need for  another  s imple  direct  method  of 
se lec t ive  f luorinat ion of a romat ic  hydrocarbons  st i l l  
exists.  F luor ine  subs t i tu t ion  at  specific sites in po ly -  
cyclic a romat ic  hydrocarbons  is des i red  for  carc ino-  
genic mechanis t ic  s tudies  (10), for  example .  In p r in -  
ciple, the  reac t ion  of rad ica l  cations wi th  f luoride-  
donat ing  anions offers an in t r iguing  possibil i ty.  The 
genera l  app l i cab i l i ty  of the  method may  be l imi ted  
for  the reasons cited, but  it provides  a convenient  
pa th  to the  d i rec t  synthes is  of some fluoro der iva t ives  
not  eas i ly  ob ta ined  otherwise  (6). The fluorinations 
descr ibed here  were  conducted at  s eve ra l  potent ia ls ;  
the best  resul ts  were  obta ined near  the oxida t ion  
ha l f -wave  potent ia l  of the substrate.  Under  the con- 
di t ions of the  e lectrolyses  in this work,  i t  is un l ike ly  
that  the  dicat ions were  the main  in termedia tes .  The 
more  l ike ly  mechan i sm involves the a t tack  of rad ica l  
cations b y  f luor ide-donat ing  anions, an ECEC pa th -  
way. In addi t ion  to the local izat ion of posi t ive charge 
tha t  is assisted by  the  benzenoid s tab i l i ty  of the ou te r  
r ings (11), one can a rgue  tha t  or ienta t ion  of the  
posi t ive  s i te  of  the cat ion radical  a w a y  from the 
anode surface would  faci l i ta te  adduct  format ion  wi th  
a fluoride ion at  leas t  by  e lec t ros ta t ic  a t t ract ion.  The 

r emova l  of the second electron f rom the adduct  
could follow. This is essen t ia l ly  one of the mechanisms 
suggested by  Eberson (12) for  anodic fluorination.  

Blount  ( 1 3 ) " h a s  shown tha t  a ha l f - r egene ra t ion  
reac t ion  occurs when the  radica l  cations of  9,10-di- 
pheny lan th racene  are  a t t acked  by  nucleophiles.  Such 
a p a t h w a y  m a y  be involved  here,  and the second 
elect ron t rans fe r  need not  occur at  the  electrode,  but  
m a y  take  place in the  solut ion also. The des igna-  
t ion ECE is used here  as sugges ted  b y  Adams  (7), 
"for a l l  e lec t rochemical  react ions wi th  a chemical  
s tep in terposed  be tween  two .charge t ransfers ."  

A mechanism involving d i spropor t iona t ion  of r ad i -  
cal cations has been descri~bed (14) bu t  the  evidence 
seems to favor  the ha l f - r egene ra t ion  p a t h w a y  here.  

Experimental 
Electrolyses  were  conducted  in 250 ml i t e r  res in  

flasks as und iv ided  cells. P l a t i n u m  anodes were  used 
unless coat ing occurred,  then graphi te  cloth (Union 
Carbide,  Grade  WCA) was used. Cathodes were  
p l a t i num or  s tainless  steel.  The reference  e lec t rode  
was e i ther  SCE or  A g / A g  + (0.1M) in acetonitr i le .  
The solvent  was Burd ick  and Jackson acetoni t r i le  
(UV),  in t roduced  through a column of neu t ra l  a lu-  
mina  (ac t iv i ty  I, ac t iva ted  a t  400 ~ for  3 h r ) .  The 
suppor t ing  e lec t ro ly te  was (CH8)4NF.  2HF p r e p a r e d  
as prev ious ly  descr ibed  (15) or  purchased  f rom 
Ozark Mahoning.  Addi t ions  of the sa l t  and subs t ra te  
(Aldr ich)  were  made  in a d r y  box. Melt ing points  
(Mel temp appara tus )  a re  uncorrected.  NMR spect ra  
were  measured  wi th  a P e r k i n - E l m e r  R-24 or a 
Var ian  FT 80A ins t rument ,  mass spect ra  on a Hi tach i -  
P e r k i n - E l m e r  RMS 4 mass spect rometer ,  and in f ra -  
red spect ra  on a P e r k i n - E l m e r  137 or 421 spec t rom-  
eter.  The poten t ia l  was control led  b y  a modified 
L ingane-Jones  (16) potent ios ta t  constructed in the  
Boston College Electronics  Shop. An  a tmosphere  of 
argon was main ta ined  dur ing  the electrolyses.  The 
progress  of the  e lectrolyses  was fol lgwed by  occa-  
sional  TLC examina t ion  of the  e lec t ro ly te  and ob-  
se rva t ion  of the decrease in current .  Fol lowing  r e -  
mova l  of the  solvent,  the  res idue  was washed wi th  
w a t e r  to remove  the excess sa l t  and sepa ra t ed  by  
column ch romatography  on si l ica gel. 

Anthracene . - -An thracene  (1.0g) was added  to 200 
ml i te rs  of 0.5M (CH~)~NF.  2HF in acetoni t r i le  and  
e lec t ro lyzed at 1.00V vs. A g / A g  + (0.1M) [E1/2 0.84V 
(17)].  The cur ren t  rose to 500 mA; when  i t  had  fa l len  
to 20 mA another  1.0g of an th racene  was added  (a 
to ta l  of 11.2 mmol ) .  Aga in  the cur ren t  rose and was 
a l lowed to fal l  to 10 mA. A total  of 6 h r  was required.  
A white  p rec ip i ta te  of (CI-~)4NF.  H F  formed nea r  
the end of the  electrolysis.  A f t e r  r emova l  of aceto-  
n i t r i le  the res idue was washed with  wa te r  to dissolve 
the salt. Po lymer ic  ma te r i a l  was removed  by  chro-  
m a t o g r a p h y  on a shor t  si l ica gel column b y  elut ion 
wi th  pe t ro luem ether.  A med ium pressure  chromato-  
graphic  separa t ion  on s i l ica  gel  b y  pe t ro leum e ther  
elut ion then y ie lded  1 mg of 9,10-dif luoroanthracene 
(18) and 0.338g of 9-f luoroanthracene,  mp  102~ ~ 
(19). Analys is :  Calcula ted for C14HgF: C, 85.70; H, 
4.62; F, 9.68. Found:  C, 85.71; H, 4.73; F, 9.64. Mass 
spec t ra l  analysis  of the r ema in ing  ma te r i a l  gave 
masses of 372, 354, 195, and 177, indica t ing  traces of 
d ian th racene  and a fiuoro der ivat ive .  At  1.30V 10 mg 
of 9, 9, 10, 10- te t raf luoro-9,10-dihydroanthracene,  mp  
106 ~ (20) was obtained.  Analys is :  Calcula ted for 
C~4HsF4: C, 66.66; H, 3.20; F, 30.13. Found:  C, 67.29; 
H, 3.09; F, 29.58. 

9-Methy lanthracene . - - In  a manne r  s imi la r  to tha t  
of an thracene  1.0g of 9 -me thy lan th racene  (5.2 retool) 
was e lec t ro lyzed in 200 ml i te rs  of 0.5M (CH~)4NF" 
2HF in acetoni t r i le  at 0.75V vs. A g / A g  + (0.1M). Af te r  
r emova l  of the  solvent  and washing  wi th  w a t e r  to 
remove the salt ,  the  res idue was separa ted  on a sil ica 
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gel column by elution with petroleum ether. A light 
yellow solid, mp 105~ ~ was identified as 9-fluoro- 
10-methylanthracene (21). Analysis: Calculated for 
Cl~HllF: C, 85.72; H, 5.23; F, 9.04. Found: C, 85.56, 
H, 5.37, F, 8.85. 

Another electrolysis was run at a potential of 1.25V 
vs. SCE (equivalent to 0.95V vs. Ag/Ag + 0.1M). and 
in 0.1M (CI-~)4NF �9 2HF in acetonitrile. A white pre- 
cipitate (0.601g) formed which did not melt sharply. 
On heating it turned yellow then brown at approxi- 
mately 2400 and decomposed at 310 ~ A mass spectral 
analysis had major peaks at 382, 191, and 165. Analy- 
sis: Calculated for C3oH22: C, 94.20; H, 5.80. Found: 
C, 93.70; H, 5.99. It was reasonable to expect the 
formation of XIVI but it has been described as a yel- 
low, fluorescent solid melting at 310~ ~ with de- 
composition (22). The color and behavior on heating 
indicates that the white solid was in fact the photo- 
isomer of XIV, XVII (23). 

An analysis of the white solid showed the presence 
of 0.30% fluorine; the mass spectrum had minor peaks 
at 400, 418, and 209. This is evidence for the pres- 
ence of trace quantities of XV and XVI. Evaporation 
of acetonitrile, removal of the salt with water, and 
chromatography on silica gel gave VII in low yiel d 
(1-2%) along with unidentified polymeric material. 

9-Phenylanthracene.--In the first run 9-phenylan- 
thracene (1.75g) was added to 200 mliters of 0.5M 
(CH3)4NF. 2HF in acetonitrile and electrolyzed at 
2.0V vs. SCE. The residue remaining after evaporation 
of acetonitrile was extracted with ether and separated 
by column chromatography on silica gel with ben- 
zene-chloroform mixtures. A yellow solid (66 mg) 
mp 105~ ~ was identified as X. Analysis: 1 Cal- 
culated for C20H18F~: C, 77.42; H, 4.22; F, 18.36. Found: 
C, 78.40; H, 4.17; F, 17.34. A 19F NMR spectrum showed 
two symmetrically skewed doublets at 81.3-84.4 and 
107.7-110.8 ppm relative to trichlorofluoromethane. 
The presence of a singlet at 150.9 ppm showed the 
possible presence of a mono fluoro derivative. 

In another run at 1.30V vs. SCE 2.0g of III gave 56 
mg of a yellow solid, mp 180.5~ ~ which was 
identified as VIII (24). Analysis: Calculated for 
C20H18F: C, 88.24; H, 4.78; F, 6.98; M.W., 272. Found: 
C, 88.57; H, 5.01; F, 6.31; M.W., 298. A white solid mp 
213~ ~ identified as XVIII by its infrared spec- 
trum was present in the products of both runs. Anal- 
ysis: Calculated for C20H1402: C, 83.91; H, 4.90; O, 
11.19. Found C, 83.06; H, 5.05; O, 11.71. In both cases 
most of the product could not be identified. 

The best results were obtained when the electrolysis 
was conducted at 0.9-1.0V vs. Ag/Ag + (0.01M). After 
the removal of acetonitrile and extraction with water, 
the residue was sublimed at 10O ~ and 20 ram. The 
sublimate was identified as a mixture of X, VIII, and 
III. Analysis: 2 Calculated for C~0H1sFs: C, 77.42; 
H, 4.19; F, 18.39. Found: C, 79.63; H, 4.88; F, 15.33 in 
the mixture. TLC showed the presence of three com- 
pounds including III. ~as chromatographic examina- 
tion of the sublimate on an Apiezon L-Chrom G 12-ft 
column at 320 ~ confirmed the presence of III, VIII, 
and X as .did a mass spectral examination. The ele- 
mental analysis, GC, and mass spectra were con- 
sistent with a mixture containing 74% X, 19% VIII, 
and 6% III. To confirm that X was hydrolyzed on the 
column in the early experiments, samples of VIII and 

This analysis  is not  wi thin  the accepted  l imits bu t  is sufficient 
to indicate the  na tu re  of the  product .  

This is the  analysis  of a known mixture ,  no t  a single com- 
pound.  

X were passed through a silica gel column. Nearly all 
of VIII was recovered unchanged while X hydrolyzed 
to form XVIII. 
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The Photocurrent-Voltage Characteristics of the Heterojunction 
Combination n-Si/SnOJRedox-Electrolyte 
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ABSTRACT 

A model for Schottky barrier-like heterojunction photoelectrodes is presented. This model allows the calculation of the 
current-voltage curves for such electrodes under different conditions of illumination and electrochemical charge transfer. 
SnO2-coated n-type Si electrodes in contact with the redox systems KJK4 Fe (CN)e and C12C1- show experimental 
photocurrent-voltage curves with the behavior predicted by the model. The effect of the charge transfer overvoltage and the 
expected current limitation due to photon control and/or redox ion diffusion are demonstrated. The feasibility of solar en- 
ergy conversion through photoelectrolysis, by means of cells based on heterojunction photoelectrodes, is discussed. 

Photocorrosion is a general problem of photoelec- 
trochemical cells where small bandgap semiconduct- 
ing electrodes are used. To avoid this problem, a range 
of coatings has been applied to the electrode sur- 
faces. Thin layers of metals (1-5) or of transparent 
and conducting oxides (6-8) have been deposited 
onto the semiconductor by different techniques. The 
resulting electrodes can mostly be described as 
Schottky barrier-like heterojunctions with an elec- 
trolyte front contact. 

SnO~ is a particularly attractive material for this pur- 
pose because of its high transmittance in the visible- 
infrared range, its resistance against chemical attack, 
and because of the possibility of incorporating 
foreign atoms which modify both solid-state and in- 
terracial properties in a wide range (9-12). We shall 
consider the following electrodes composed of n-type 
Si-SnO2 heterojunctions. A schematic representation 
of the Si-SnO2-electrolyte system is given in Fig. 1. 
The photovoltage Vj is generated at the junction Si- 
SnO2, which is a device of the Schottky barrier type 
(13). The electrochemical reaction, on the other hand, 
proceeds at the SnO~-electrolyte interface and is thus 
separated from the photoactive junction by the pro- 
tective oxide film. This physical separation is ad- 
vantageous in the definition of the current-voltage 
characteristics of the system since it permits first ana- 
lyzing separately and then combining the concepts 
characterizing the photovoltaic and the electrochemi- 
cal part of this photoelectrochemical cell. 

In this work, we derive a mathematical model for 
the treatment of heterojunction photoelectrodes. Fur- 
thermore, we shall use this model to discuss the per- 
formance of illuminated Si-SnO~ electrodes in contact 
with the redox systems I~/K4 Fe(CN)6 and C12/C1-. 
We disregard in our treatment the special case of such 
thin layers ( <  50A) that can be tunneled by photo- 
generated minority carriers. Their protection against 
corrosion is not likely to last for long enough time 
since it is hardly possible to produce such thin layers 
without pinholes or larger defects. The SnO2 layers of 
about 800A thickness used in our experiments here 
were tight, and we could not detect any photocorro- 
sion of the silicon after more than 30 hr of operation 
under solar-like illumination (14). 

Theory 
The equivalent circuit corresponding to the con- 

si~lered photoelectrochemical system is shown in Fig. 
2. Note that the overvoltage occurring at the counter- 
electrode, ~CE in Fig. 2, and the solution resistance, 
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pinas (S.P.), Brazil. 
~Permanent  address: Chemistry Department, Faculty os Sci- 

ence, Cairo University, Cairo, Egypt. 
Key words: solar energy, photoelectrolysis, semiconductor, 

overvoltage. 

RE, will be disregarded in the following analysis. The 
usable voltage, Vcen, which is the driving force for 
photoelectrolysis in our system, is thus defined by the 
barrier height (@B -- Ar diminished by the losses 
VB, JRs, and ~ (see Fig. 1 and 2) 

lVccnl -- @B -- A@-- (VB + ~) -- JRs [1] 

VB is the voltage drop in the semiconductor space- 
charge layer between bulk and surface, JRs the ohmic 
drop, and ~ the electrochemical overpotential at the 
oxide-electrolyte interface. Equation [1] may be writ-  
ten as 

I E 

. Ec Tqv~ ~ 
qh{ ~[ ~,F, serni----__- T . . . .  

j qVj 
1 

Ev \ \ \ \ \ \ \ \ \ \ \~  

Si 

qVcett 
 F,  0ox 

"F,oxid 

Sn02 electrolyte 

Fig. 1. Energy band diagram of the photoelectrochemlcal cell 
based on an SnOg-coated n-Si electrode, close to its maximum 
output power point. The dashed lines represent the Fermi levels, 
EF, of Si, Sn02, and redox electrolyte. The arrow next to J shows 
the direction of positive current flow. ~1 is the overvoltage of the 
electrochemical process. Vcen is the usable cell voltage. Other 
potentials characterized by the symbols V and @ are explained in 
the text. 

etectrochemicol cell 

Jph  darkf 
Rs 

"q ~CE 

WE CE 
Vcett 
LOAD 

Fig. 2. Simplified equivalent circuit for the same photoelectro- 
chemical cell described in Fig. 1. The conversion of light into 
electricity is here represented. WE corresponds to the electro- 
chemical reaction proceeding at the SnO~ surface with overvoltage 
~, CE is the counterelectrode. 

2 1 7 3  
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[Vcenl -- lVj] -- JRs -- ~I [la] 

where Vj is the photovoltage across the tmterojune- 
tion between Si and SnO2. For  convenience, we have 
used the absolute values of Vj and Wen, because in a 
Schot tky barrier  with an n- type  semiconductor the 
sign of the photovoltage is negative. In the following 
equations, we omit the vertical bars symbolizing the 
absolute values. The dark  forward electron current  
of the SnOe-Si heterojunction is given by the follow- 
ing equation 

( q V ~  
- 11 

where Jo is the reverse saturation electron current 
density, m the diode quali ty factor, and q, k, and T 
have the usual meaning. Under  illumination, we as- 
sume the superposition principle to hold for the 
photocurrent  and the dark current 

J = Jvh -- Jdark [3] 

If carrier mobilities and lifetimes are large and 
interracial recombination is negligible, as we can as- 
sume for our  samples, Jph is constant, and the satu- 
ration photocurrent  density is defined by 

J~at ---- Jp1~ q- Jo ~ Jvh [4] 

if Jph ) )  Jo (15). In the steady state, the currents 
passing the Si/SnO2 and the SnO2/electrolyte junc-  
tions must  be equal. We can therefore combine Eq. 
[1]-[4]  and obtain a general description of the 
current-vol tage relationship of this heterojunction 
photoelectrochemical device 

J--Jsat--Joexp [m--~(Vcend-JRs+~l) ] [5] 

Equation [5] may  be writ ten in the form 

mkT ln ( Jsat -- J ) 
Vcen . . . . . .  ~1 -- JRs [5a] 

in which the first term defines Vj (J) .  
The main  source of Rs in photocells is normally the 

collecting front contact (16). In  our cell, this is the 
whole SnO2 electrode surface, where the redox re- 
action takes place. With this geometry, no lateral 
current  flows in the oxide film. With oxide films 
which have a thickness of the order  of 100 nm, one 
is therefore close to reali ty in assuming Rs ---- 0. Then 
Eq. [ la]  simplifies to 

Vcell = Vj -- ~1 [ lb]  

which shall be used to determine Vj f rom the experi-  
mental  Vein and .~ data. 

Two types of overvoltage (17) are relevant for the 
electrochemical processes at the SnOe surface, viz., the 
mass- transport  overvoltage, in part icular  the d i g  
fusion overvoltage, l~diff, and the charge transfer  over-  
voltage ,"qCT 

~] = !qdiff ~- 1]C T [6] 
The diffusion overvoltage, ~qd~fi.--We consider here 

the situation in which the transport  of the redox spe- 
cies is rate determining. This means, the charge 
transfer reaction is so fast that  at the electrode sur-  
face the Nernst equilibrium is established also during 
current  flow. The ~(J )  relationship is then defined 
by the part icular  mode of mass transport  to the 
electrode surface. For  a rotat ing disk electrode (we 
used a similar ~ geometry in this work) ,  we have, in 
the presence of a high concentration of background 
electrolyte (18) 

RTIn ( J--Jic ) 

.~T  ( /)red ~2/3 
§ - - - ~ l n  \ D~x ] ] [7] 
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The limiting current densities, Jlr and Jla, are defined 
by (19) 

J1c = --O.62nFDox2/a~1/'-'v-- I/6Cox [8a] 

Jla = O.62itFDred2/ac~l/2v-1/CCred [Sb] 

In Eq. [7] and [8], Dox and Dre d are the diffusion co- 
efficients of the components of ttle redox system, ox 
and red, a is the rotation rate of the disk electrode in 
rad sec -1, v is the kinematic viscosity of the electro- 
lyte solution, and Cox and Cr,a are the concentrations 
of the components of the redox couple. R, T, n, and F 
have their usual electrochemical significance. Since 
Do.~ ,~ Dred the second term of Eq. [7] is very close to 
zero and shall be neglected in the following. 

The charge transyer overvoltage, ~CT.--The charge 
transfer  overvoltage can be related to the cell current 
by the Butler-Volmer equation 

j _ j o [ e x p (  ~ n F ~ c T ) _ e x p ( _  ( 1 - - a ) n F ~ c T ) ]  
RT RT 

[9] 

where a is the charge transfer coefficient. The ex- 
change current  density, jo, is defined by the formal 
rate constant of the heterogeneous charge transfer 
process, ko', and the concentration of the redox sys- 
tem, Cox ---- Cred = C 

jo = ~zFko'C [10] 

Near the equilibrium potential of the redox couple 
one obtains an expression for ~lCT by linearizing Eq. 
[9] 

RT 
~lCT --~ ~ J  [11] 

nFjo 

At larger values of .~], the back reaction, i.e., the 
second term in the brackets of Eq. [9], becomes 
negligible and the electrochemical reaction can be 
described by the wel l -known Tafel equation (anodic) 

~ICT = aTtF 

These expressions may be introduced into Eq. [5a] 
to obtain explicit current-voltage relations of photo- 
electrochemical cells. With Eq. [7] and [11] we ob- 
tain 

Vcen = --F-" m In Jo  

1 (J-J,c) J ]  
- -  ~ I n  - -  [ 1 3 ]  

W h e n  ~ICT assumes high values, Eq. [12] will be valid, 
and instead of Eq. [13] we obtain 

RT Jsat -- 
Vcon = -~--- [ m In ( - " - '~o  ) J  

l l n ( J - - d ' c  ) l _ .~ ln (  J ) ]  
- -  ~ J la  - -  J a n  . ~ [ 1 4 ]  

The first term in the brackets of Eq. [13] and Eq. 
[14] corresponds to Vj, the second to ~kurf, and the 
third to BeT; Rs is assumed to be zero. 

Experimental 
The SnO2 films were prepared on the (100) sur-  

face of a single-crystal  n- type  Si (p ---- 1 .f~ cm) with 
the method of chemical vapor deposition. Dibutyl- t in-  
diacetate reacted with air and water  vapor at 400~ 
to form the oxide. The complete film was 80 • 5 
nm thick. Details of the procedure were  described 
previously (14). To prepare the Sb-  and Ru-dopcd 
films, the combined spray/CVD method described 
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previously (20) wa~ used. Thereby, ca. 1% Sb was 
incorporated by including SbCI~ in the spray, and 
doping with ca. 1% Ru was achieved by adding RuCI.~ 
to the spraying solution. The analyses were made 
by ESCA. The SnO~-coated Si crystals were mounted 
as shown in Fig. 3, A P t  wire was attached to the 
SnO2 surface and connected to the brass tube of the 
electrode holder. The back side of the Si single 
crystal had an In-Ga low ohmic contact and was 
attached by means of a conducting epoxy to a brass 
cylinder. The electrode holder could then be mounted 
onto the rotating ring-disk device available in this 
laboratory, whereby the coated semiconductor elec- 
trode ("disk") could be polarized, illuminated, and 
rotated in the electrolyte while the potential of the 
SnO2 surface could be continuously monitored via 
the "ring" connection of the device. Therefore, it 
was possible to simultaneously determine the over- 
voltage of the electrochemical process (n), the cell 
voltage (Vcen), and the cell current density (J) 
under different light intensity and mass transport 
conditions. 

All solutions were made with pure p.a. reagents and 
triply distilled water. Cell electrolytes were deaerated 
with dry ultrapure nitrogen. Illumination was pro- 
vided by means of a 150W xenon lamp coupled with 
an ORIEL solar simulator filter, and all experiments 
were performed under potentiostatic control in the 
three electrode configurations, n was measured by 
means of a high impedance microvoltmeter (Keithley 
155). The solution redox potentials were +220 mV 
vs. saturated calomel electrode for a 10 mM K3Fe (CN)6 
+ 10 mM K~Fe(CN)~ in 0.SM KNOB solution (pH 7), 
and 1120 mV for the 3M NaC1/sat. C12 system. 

Resul ts  
The current-voltage behavior of a diffusion-con- 

trolled process on a rotated disk electrode is im- 
pressed on the photoelectrochemical cell when J]a < 
Jsat. The experiments presented in Fig. 4 demon- 
strate the dependence of the limiting current on N/~. 
The junction "v'j(J) characteristics, obtained by cor- 
recting the cell voltage for the overvoltage ~, (Eq. 
[ lb]) ,  are included for all rotation rates. The light 
intensity is such that the saturation photocurrent 
density is 14 m_& cm-~. 

The photoelectrochemical experiments presented in 
Fig. 5 show the transition from diffusion control, Jla, 
to limitation of the current by the light intensity, Jsat, 
The light intensity has now been attenuated by a 
factor of four with respect to the conditions of Fig. 
4, while the other parameters were kept constant. 
Still, Jla < Jsat for rotation velocities of 4 and 9 sec - I  

" . ' f  

I 
\ /  
TEFLON 

2mm 
I I 

~/~Ill/if~//Ill~l/Ill] 

"DISC" = Si CONTACT ." 

I 
SnO2 CONTACT 

. , ~ W I R E  

Fig. 3. The SnO2ocoated n-Si rotating photoelectrode used in 
this work. Note the separate contacts to the silicon and the Sn02 
surface. 

I ' I ' ' I 

5 I 

4 

I J  " ~ 

2 

0 
0.8 0.4 {20 Ol. 
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Fig. 4. Experimental Vcell(J), ~l(J), and Vj(J) curves obtained 
with the system Si -SnO2-Fe(CN)63- /4 -  (10 - 2  mol cm-3 ) .  Support 
electrolyte 5 �9 10 - 4  real cm - 3  KNOs, #H 7. Illumination intensity 
~ 5 0  mW cm -2 .  The electrode rotation rates are given in sec -z /2 .  

and, therefore, both the ~l(J) and the Vceu(J) curves 
resemble those shown in Fig. 4 for the same rotation 
velocities. For rotation velocities of 16 and 25 sec -1, 
Jla ~ Jsat, and the photon flux now controls the limit- 
ing photocurrent of the cell. Figure 5 is an experi- 
mental demonstration of the interplay between the 
electrochemical and photovoltaic parameters, as re- 
lated by Eq. [13]. 

Figures 6 and 7 show the situation of Jla > Jsat. 
This situation can be realized experimentally with a 
high concentration of the redox-system and a high rate 
of mass transport to the electrode surface (cf, Eq. 
[8]). In these experiments, almost no change is ob- 
served when the electrode rotation velocity is varied. 
The cell current becomes limited as the saturation 
photocurrent is reached, this last one being linearly 
proportional to the light intensity at least up to solar 
irradiation level. The highest curve in Fig. 7 repre- 
sents the cell characteristics under AMl-simulated 
solar irradiation (~  100 mW/cm2). There is a clear 

I ' ' i 

4 - 

5 

..... \ \ i  

0.8 0.4 0,0 0.4 

Fig. 5. Experimental Vce11(J), ~l(J), and Vj(J) curves demonstrat- 
ing the transition from diffusion to illumination limitation. Param- 
eters as in Fig. 4, except for the illumination intensity of 11 mW 
cm -'~. 
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Fig. 6. Experimental photocurrent (J) vs. cell voltage (Ycelt) 

curves of an Si-SnO2-Fe(CN)6 a - / 4 -  (2.5 �9 10 -4  mal cm -~) photo- 
electrochemical cell under different light intensities. Support elec- 
trolyte 5" 10 -4  mol cm -3  KNO3, pH 7. The experimental 'q(J) 
curves were determined with the front contact on the SnO2 
electrode. The junction voltage (Vj) was obtained by adding the 
values of Vcen and ~i for each value of J. Electrode rotation rate 
(co/2~) - -  16 sec - z .  

decrease of the actual ce l l  f-6l. factor with increasing 
light intensity, due to ~CT. The ~(J) curves of Fig. 6 
and 7 vary somewhat with the illumination intensity. 
This may be due to a photoeffect at the Pt/SnO~ 
contact, because the insulating epoxy (Fig. 3) al- 
lowed a small fraction of the light to be transmitted. 
This effect was, however, of little consequence for 
our analysis and was therefore not further investi- 
gated. 

In Fig. 8 the current-voltage curves of the CI~ 
evolution reaction are plotted. The variation of ac, 
tivity of the used electrodes is due to incorporation 
of 1% Sb or 1% Ru into the SnO2. 

The measurements shown in Fig. 8 and 9 were 
made vs. an SCE. For consistency with the previous 
diagrams, the equilibrium potential of the CI2/C1- 
couple was taken as the zero-point of the Vcen scale 
in Fig. 9. Negative values on this scale indicate that, 
in addition to the photovoltage, an auxiliary voltage 
has to be applied to drive the cell reaction. The re, 
sults of Fig. 8 and 9 were not obtained with the 
Pt/SnO~ contact, Fig. 3, but with SnOs films prepared 
on glassy carbon (Fig. 8) and on Si (Fig. 9) under 
identical conditions. 

Discussion 
The interaction between light and transport control 

has been experimentally demonstrated in a very ele- 
gant way by Miller et al., modulating both light in- 
tensity and rotation speed of an Au-coated GaAs 
rotating electrode (21). However, this technique d i d  

not allow the exact measurement of the pos of 
the coating. Simultaneous measurements of the po- 
tential of both substrate and overlayer have been 
reported in the literature (5, 22), but in these works 
the diffusion conditions of the reacting species were 

r r r r r T f ~  

30 " 100 mW cm -2 / 

. \ \  

20 ~ ~ 64 mWcm -2 ] \ I 

10 

0.2 0.0 0.2 0.4 

"q/v v~/v 
Fig. 7. Experimental Vcezz(J), ~l(J), and Vj(J) as in Fig. 6, but 

with higher light intensities. The upper curve corresponds to AM1 
illumination (,~100 mW cm-2). The same curves are obtained 
with (~/2~) ~ 16 sec - z  and with (~/2~) - -  25 sec - z .  

not precisely known and, therefore, no quantitative 
analysis of the electrochemical process could be ap- 
plied. The technique used in this work allows both 
the simultaneous potential measurement of substrate 
and coating and a good control of the mass transport 
conditions by means of electrode rotation. This allows 
a meaningful comparison between the theory for 
heterojunction photoelectrodes and the experiments. 
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Fig. 8. Current-voltage curves obtained with undoped and doped 
(ca. 1% Sb, ca. 1% Ru) Sn02 electrodes deposited on glassy car- 
bon. The electrolyte was 3M NaCI; with SnOg/Ru it was saturated 
with CI2. The equilibrium potential was then 1.12V vs. SCE. 
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Fig. 9. Photoelectrochemlcal performance of the doped and un- 
doped (as in Fig. 8) SnO2, deposited on Si, in 3M NoCI. To deter- 
mine Vj(J), the ~l(J) data from Fig. 8 were used. The electro- 
chemical potential scale (V vs. SCE) is included to facilitate com- 
parison with Fig. 8. 

Current limited by the rate of difI~ion, J~a.--Equa- 
t ions [13] and [14] indicate  that ,  independen t  of the 
pa r t i cu l a r  ~CT function,  the  cur ren t  can ne i the r  ex-  
ceed `[sat nor  Jla (we assume a photocur ren t  d r iv ing  
an anodic  reac t ion) .  The dependence  of cell cur ren t  
on the e lect rode ro ta t ion  ra te  according to Eq. [8b], 
as shown in Fig. 4, demons t ra tes  l imi ta t ion  by  diffu- 
sion. By increas ing the ro ta t ion  ra te  and by  increas-  
ing Cred, the  l imi t ing  cur ren t  m a y  be ra ised  unt i l  i t  
is l a rge r  than  Jsat. This t rans i t ion  f rom diffusion con- 
t ro l  to pho ton  control  is shown in the expe r imen t  of 
Fig. 5. For  an efficient energy conversion system, cur-  
ren t  l imi ta t ion  by  Jla is of course undesi rable .  Ac-  
cordingly,  the  exper iments  discussed in the fol lowing 
are  set up such that  the condi t ion Jla > Jsat is ful -  
filled. 

Comparison of the J vs. Vj curves with theory.~In 
Fig. 10, Vj ( J )  curves a re  shown which were  der ived  
(Eq. [ l b ] )  f rom the  Vcell(J) and ~(`[) curves for 
different  l ight  intensi t ies  shown in Fig. 6 and 7. These 
V~(J) curves character ize  the ac tua l  so l id -s ta te  j unc -  
t ion be tween  n -S i  and SnO2. To de te rmine  if the 
analysis  is self -consis tent ,  the  open-c i rcu i t  potent ia ls  
obta ined  wi th  lower  l ight  intensi t ies  were  de te rmined .  
At  these potent ials ,  the  da rk  cur ren t  should  equal  
the respect ive  ,[sat (cf. Eq. [3] and [4]) .  Sub t rac t ing  
these values  f rom ,)'sat c, the  sa tura t ion  cur ren t  den -  
s i ty  at  100 mW cm -2, the  expe r imen t a l  Vj ( J )  curve 
at this i l lumina t ion  should  be ob ta ined  (23). These 
points are shown as circles in Fig. 10. The devia t ion  
f rom the expe r imen ta l  100 m W  Vj(`[) curve .can be 
exp la ined  b y  a res idual  ser ies  res is tance of 1.5~, 
which is p robab ly  due to a l aye r  of insula t ing  SnO2 
aqueous on the e lec t rode  surface. This exp lana t ion  is 
consistent  wi th  recen t  resul ts  of sensi t izat ion exper i -  
m e n ~  on SnO2 (24), and also wi th  the low values  
of ~ r e g u l a r l y  found wi th  SnO2 electrodes (cf. Fig. 8). 

The solid l ine  in Fig. 10 represen ts  a theore t ica l  
curve ca lcula ted  wi th  Eq. [5] and Rs = ~ = 0, and 
the pa r ame te r s  of  the  Si/SnO2 junct ion  Jo ----- 1 X 
10 -7  A c m  - 2 ,  m : 1.44, a n d  .)'sat ~ = 3.01 X 10 - 2  
A c m  -2. The fill fac tor  is 0.73. The curve  c lear ly  
fits the points  der ived  wi th  the  descr ibed  procedure  
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Fig. 10. J vs.  Vj curves derived from Fig. 6 and 7 for different 
light intensities (dashed line). The dots represent the (J~ - -  
Jsat) vs. Voc values. The solid line is calculated from Eq. [5],  with 
Rs = ~1 = O. 

very  well. This resul t  proves tha t  the  junc t ion  p rop-  
er t ies  are  sat isfactory.  

EfIect of the overvoltage on the cell performance.-- 
The effect of ~ shal l  be ana lyzed  using plots  of Vce1,, 
Vj, and  ~ vs. J t aken  f rom Fig. 6 and 7. In  add i -  
t ion to these data ,  Fig. 11 contains the corresponding 
~ldiff(J) curve ca lcula ted  wi th  Eq. (7), and 

Vcell diff - -  V j  ~ ~diff [15]  

V c e u ~ ( J )  would  be  the observed cell  vo l t age / cu r -  
rent  funct ion if the in ter rac ia l  charge  t ransfer  were  
very  fast  (i.e., ko' -~ ~ ) .  Unfor tunate ly ,  ~CT, which is 
the difference be tween  ~ and ~diff, is large.  This is 
due to a smal l  r a te  constant  ko', which can be de te r -  
mined f rom the slope of the ~CT(J) curve near  ~ = 0 
(cf. Eq. [11]) 

R T ( d J )  [16] 
k o ' =  F ~  d~cT ,=o 

F rom the da ta  of Fig. 11, a value  of ko' = 2.4 • 10 - s  
cm sec -1 is obtained,  which agrees wel l  wi th  the 
l i t e ra tu re  values  (9). The expe r imen ta l  resul ts  agree  
thus wi th  the expected  behavior .  Note tha t  the ra te  
constant  on P t  is ko' = 2 X 10- I  cm sec -1 (25). 

Clearly,  low values  of ko' correspond to low fill 
factors,  pa r t i cu l a r ly  at h igh cu r r en t  densit ies.  Thus, 
at the lower  l ight  in tens i ty  (19 m W  cm -2, Fig. 11) 
the fill factors are  0.67 for  V j ( J ) ,  0.66 for  Vceudi f f ( ` [ ) ,  
and 0.54 for  Vcell(J). A t  A/~I  i l luminat ion,  the  cor-  
responding  fill factors are  0.64, 0.62, and 0.28. With  
these fill factors and the values  of Vo~ and Jsc, one 
calculates an energy  conversion efficiency of 9% for  
the Schot tky  ba r r i e r  at  AM1 i l luminat ion,  but  of only  
3% when the ou tput  of the  pho,toelectrochemical  cell, 
Vcell(`[), is considered.  These resul ts  demons t ra te  the 
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mum power points. The corresponding fill factors are in the text. 

de t r imen ta l  effect of the large  overvol tage  on the 
SnO2 film electrode and therefore  the need of im-  
proving  the ra te  of charge t rans fe r  to obtain a photo-  
e lec t rochemical  sys tem which is efficient under  solar  
i r radia t ion.  

Irreversible electrochemical reactions.--The ~r 
curves obta ined  wi th  K J K 4  Fe (CN)6  on SnO2 can 
be descr ibed in the  considered cur ren t  range (Fig. 
11) by  the l inear ized funct ion Eq. [11]. This is not  
possible when an " i r revers ib le"  reaction,  such a s  the  
chlor ine evolut ion on SnO2, is considered.  In  this case, 
the Tafel  re la t ion  (Eq. [12]) leads to l inear  plots, 
as shown in Fig. 8. A photoelec t rochemical  cell wi th  
such a redox sys tem is thus descr ibed by  Eq. [14]. 
Such Vcell(J) curves are  shown in Fig. 9, together  
wi th  the corresponding Vj ( J )  curves obta ined with  

(J)  f rom Fig. 8. 
The exper iments  shown in Fig. 8 and 9 were  in i t i -  

a ted to enhance the e lec t roeata ly t ic  ac t iv i ty  of the  
SnO2. Indeed,  the improvemen t  achieved by  doping 
is born  out  by  a r ise of Jo and a (cf., the in tercepts  
and the slopes of the Tafel  plots) .  However ,  the Vj ( J )  
character is t ics  are adverse ly  affected by  this doping. 
Inspect ion of Fig. 9 indicates  that  Voc decreases from 
0.47V for the undoped SnO2 to 0.34V for the Ru-  
doped SnO~. I t  is not  the purpose  of this work  to 
discuss these resul ts  in depth;  however ,  they  should 
demons t ra te  the  value  of the proposed  analysis.  

The band diagrams for the considered photoeIec- 
trochemical situations.--The Vcell(J) curves of Fig. 
4 and 6, va ry ing  wi th  the l ight  in tens i ty  and 
rota t ion rate,  respect ively,  exhib i t  some apparen t  
resemblance.  Note, however ,  that  the physical  s i tua-  
t ion is qui te  different  in the two cases. This fact  is 
c lear ly  shown i n  the corresponding band diagrams.  

Knowing  the value  of &r~B = 0.8V (13) and the 
vol tage across the  heterojunct ion,  V j ( J ) ,  the band  
d iagrams  can be constructed using Eq. [1] and [ la ]  
and Fig. 1. Accord ing ly  

VB(J) = 0 . 8 -  [Vj(J) --I-h~I,] [17] 

Figure  12 shows the band  d iagrams corresponding to 
Vcell = 0 and J ,~ 3 m A  cm -2. The d iag ram "photon 
control"  (Fig. 12a) is deduced from da ta  as shown 

PHOTON CONTROL 

. . . . . . .  -TL - - - - - -  

o8 
"q/V 

Si SnO 2 eLectrotyte 

DIFFUSION CONTROL 

Vce~L] V 
-08 

O0 Vceil . . . . . .  -~ 

04 Vj J 

S~ SnO 2 electrolyte 

Fig. 12. Solid lines: energy band diagrams for the SI-SnO2- 
Fe(CN)6 ~ - / 4 -  photoelectrochemical cell in short circuit. (a) 
Photon control, from Fig. 6, 11 mW cm-2;  (b) diffusion control, 
from Fig. 4, curye 3. The resulting cell current and cell voltage 
are the same in (a) and (b). Dotted lines: energy band diagrams 
as before, except for the cell voltage = - -0 . iV .  

in Fig. 6 at  11 m W  cm-2  i l luminat ion.  The da ta  of 
Fig. 12b, "diffusion control," correspond to curve 3, 
Fig. 4. 

In  the  case of cur ren t  l imi ta t ion  by  the l ight  in-  
tensi ty,  VB rises in o rder  to supp ly  the m a x i m u m  
photocur ren t  possible according to the pa r t i cu la r  
photon flux. A cor respondingly  smal l  overvol tage  
suffices to dr ive  the e lec t rochemical  reaction.  When, 
however ,  the  cell  cur ren t  is l imi ted  by  the diffusion 
ra te  of the e lec t roact ive  species, -q has to rise, while  
a l imi ted  amount  of band  bending  VB suffices to p ro -  
vide tha t  much pho tocur ren t  tha t  can be t r anspor ted  
th rough  the electrolyte .  Al l  the  voltages descr ibed in 
Eq. [1] and [ la]  are here  represen ted  and have been 
deduced from the expe r imen ta l  data  re la t ive  to the  
pa r t i cu la r  photoelee t rode  descr ibed in this work. 
Photon and diffusion control  a r e  c lear ly  identif ied by  
the different  d i s t r ibu t ion  of the total  vol tage  drop 
of the photoe lec t rochemical  cell  among ~ and VB. 

Conclus ions 

A mathemat i ca l  descr ip t ion  of he te ro junc t ion  
photocells  in contact  wi th  an e lec t rochemical  sys tem 
was derived.  Thereby,  the photovol ta ic  character is t ics  
as wel l  as the  mass t ranspor t  and  charge t ransfe r  
overvol tage  of the coupled e lec t rochemical  react ion 
are  considered (Eq. [13] and [14]).  

The expe r imen ta l  cu rves  obta ined wi th  the he te ro-  
junct ion  n -S i /n -SnO2 in contact  wi th  the redox sys-  
terns F e ( C N ) 6 S - / 4 -  and  C12/C1-, comply  wi th  the 
der ived  model. The cur ren t  l imi ta t ion  b y  e i ther  the  
photon flux or  the  ra te  of r edox- ion  diffusion is wel l  
character ized.  A low charge t ransfe r  ra te  was demon-  
s t ra ted  to h.ave a de te r io ra t ing  effect on the fill 
factor. The redox sys tem Fe (CN)6  S - /4 -  was shown 
to have  a ra ther  low elect rochemical  ra te  constant  
on the SnO2 electrode:  ko' = 2.4 • 10 -S cm sec-1. 
This leads to a fill factor  of 0.28 at  AM1 i l luminat ion,  
compared  with  a value  of 0.62 which would be ob-  
ta ined under  the  same condit ions if the e lect rode 
reac t ion  were  electrochemical ly ,  reversibIe.  The sol id-  
s ta te  par t  of the  device, i.e., the Si/SnO2 he te ro junc-  
tion, was shown to meet  the  expecta t ions  of an effi- 
cient photovol ta ic  ceil. Thus, to improve  the cell pe r -  
formance  it wil l  be necessary to increase the ra te  
of the e lect rochemical  reac t ion  at  the  SnO~ film 
electrode.  
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Photoelectrochemical Characteristics of Semiconductor- 
Metal/SPE/Metal Cells 

Kohei Uosaki* and Hideaki Kita 
Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060, Japan 

ABSTRACT 

A solid polymer electrolyte (SPE) photoelectrochemieal cell, semiconductor-metal/SPE/Pt, is proposed as a new device 
to convert solar energy to electrical and/or chemical energy. The photoelectrochemical characteristics of TiO~-Pt/SPE and 
TiO2-Au/SPE were studied as well as those of the whole cell systems TiO2-Pt/SPE/Pt and TiO~-Au/SPE/Pt. By above 
bandgap energy illumination of the TiO2-metal side, negative photovoltage and anodic photocurrent were observed, as re- 
ported at TiO2 electrodes. In whole cell systems, i.e., TiO~-Pt/SPE/Pt and TiO~-Au/SPE/Pt, the conversion of light to electric- 
ity was achieved without using electrolyte solution. 

The conversion of solar energy to chemical and/or  
electrical energy by photoelectrochemical (1, 2) and 
la~hotocatalytic (3, 4) methods has been studied very 
~ s i v e l y .  Both methods have advantages and dis- 
advantages. In the photoelectrochemical method, the 
products can be obtained separately. That is par -  
t icularly useful when water is decomposed photo- 
electrochemically. Electricity can be generated, but the 
presence of electrolyte is essential in this system. On 
the other hand, the photocatalytic method does not re-  
quire electrolyte, but the products, e.g., oxygen and 
hydrogen, are generated in the same compartment. 
Thus an extra separation process is required and no 
electricity can be obtained. 

The advantages of a solid polymer electrolyte 
(SPE) in water  electrolysis (5), organic electro- 
chemistry (6), and fuel cells (7) have been well 
recognized and the application of SPE to photoelec- 
trochemical cells should also be advantageous. Re- 
cently, Skotheim and LundstrSm have constructed 
all-solid photoelectrochemical cells using poly(e thy-  
lene oxide) as the SPE (8). 

Here, we propose a new type of SPE photoelectro- 
chemical cell that contains layers of a semiconductor 
as a sensitizer, a metal, an ion exchange membrane 
as an SPE, and a metal. We report  the photoelectro- 

* Electrochemical Society Active Member. 
Key words: energy conversion, semiconductor, photoelectro- 

chemistry, solid polymer electrolyte. 

chemical characteristics of TiO2-Pt/SPE and TiO2- 
Au/SPE as well as those of TiO2-Pt/SPE/Pt  and 
TiO2-Au/SPE/Pt.  By using this type of cell, even 
electrolyte-free photoelectrolysis of water may be 
possible, as shown in Fig. 1. 

Experimental 
Nation 315 perfluorinated cation exchange mem- 

brane was used as an SPE material. The deposition 
of metal on the SPE was carried out by the electro- 
;less plating method suggested by Takenaka and 
Torikai (9, 10). After  a swelling treatment in boil-  
ing water for 30 min, the membrane was set as a 
separator in the cell shown in Fig. 2. The upper 
compartment was filled with a metal  salt  (H2PtC16 
or HAuC1D solution and the other compartment was 
filled with an NaBI~ (1M)-NaOH (1M) solution. 
NaBH4 diffused through the membrane and reduced 
the metal salt to the metal  on the membrane surface 
at the upper compartment. After  several hours, the 
solution of the upper compartment became colorless, 
suggesting most of the salt  was reduced, and the 
surface of the membrane at the upper compartment 
became black. The amount of metal  deposited was 
4-12 m g .  cm -2. Hereafter this configuration is called 
P t /SPE or Au/SPE. In some cases, after washing the 
membrane thoroughly with distilled water, the other 
side of the membrane was also coated with a metal 
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Fig. 1. Schematic diagram of proposed SPE photoelectrochemical 
cell. 

in the  same way. At  laest  one side of the  m e m b r a n e  
was coated wi th  p la t inum.  This configuration is cal led 
P t / S P E / P t  or A u / S P E / P t .  The side coated with  
e i ther  P t  or  Au wil l  be cal led side t and the side 
a lways  coated wi th  P t  wil l  be cal led side 2 in the 
res t  of this paper .  Side 1 was fu r the r  coated wi th  
TiO~ b y  drops of a TiO~ (Merck, Anatase)  powder  
suspension (2g TIO2/25 cm 3 dis t i l led wa t e r ) ,  fo l low-  
ing the method  used b y  Davidson et al. for the coat-  
ing of P t  wire  wi th  TiO2 (11). The m e m b r a n e  was 
then dr ied in an oven at  70~ for 15-20 hr. Af te r  this 
t rea tment ,  most  of the  TiO~ powder  came off but  
some remained  on the meta l .  This configurat ion is 

(B) i ( A )  

m e m b r a n e  

Fig. 2. Schematic diagram of the cell used far the electroless 
plating of SPE. Solution (A) is a metal salt solution and solution 
(B) is an NaBH4(1M)-NaOH(1M) solution. 

cal led TiO~-Au/SPE,  TiO2-Pt /SPE,  T iO2-Au /SPE/P t ,  
or T iO2-P t /SPE/P t .  

The (photo)e lec t rochemica l  character is t ics  of TiO.~- 
P t / S P E  and TiO2-Au/SPE elect rodes  were  s tudied  in 
the  cell  shown in Fig. 3. 

A potent ios ta t  (Nikko Keisoku,  NPGS-301S)  was 
used to control  the e lectrode potent ia l .  A p l a t inum 
wire  and  a s i l ve r / s i l ve r  chlor ide  electrode were  used 
as a counter  and a re ference  electrode,  respect ively.  
The work ing  electrode,  TiO~-Pt o r  TiO2-Au, is disk 
shaped  and 2.5 cm in d iameter .  A gold r ing was used 
as a cur ren t  collector.  

The photoe lec t rochemical  character is t ics  of  whole 
cells, T i O 2 - P t / S P E / P t  and T iO~-Au/SPE/P t ,  were  
s tudied  in a cell  shown in Fig. 4. 

Results 
The cyclic vo l t ammograms  of P t / S P E  and TiO~.- 

P t / S P E  in 0.5M H2SO4 are  shown in Fig. 5. I t  is clear  
f rom the figure that  the e lec t rochemical  charac te r -  
istics of P t / S P E  are  s imi la r  to those of a P t  electrode.  
The rea l  surface area  of P t  was calcula ted as ca. 1125 
cm 2, i.e., the roughness  factor  was ca. 230, f rom the 
a rea  of  the  oxide  reduct ion peak-. By compar ing  the 

N f ) 
I L I 

j ,, 

I 
RE (AglAgCl) CE(Pt) 

hp 

Fig. 3. A cell used for the measurements of (photo)electrochemi- 
cal characteristics of TiO2-Pt/SPE and TiO2-Au/SPE electrodes. 
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< ~ h v  
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Fig. 4. A cell used for the measurements of photoelectrochem~cal 

characteristics of TiO2-Pt/SPE/Pt and TiO2-Au/SPE/Pt. 
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Fig. 5. Cyclic voltammograms of Pt/SPE( ) and TiO2-Pt/SPE 
(---) in 0.5M H2SO4. Sweep rate was 30 mV �9 sec-L 

area  of the  oxide reduct ion  peak  in the  cyclic vol t -  
a m m o g r a m  of T iO2-Pt /SPE wi th  tha t  of P t /SPE ,  the  
coverage of the P t  sur face  by  TiO2 was ca lcula ted  as 
ca. 35%, i.e., a significant por t ion  of P t  was st i l l  ex -  
posed, as observed wi th  TiO2-coated P t  wire.  The 
cyclic vo l t ammograms  of T iO2-Au/SPE in 0.5M I-I~SO4 
before and a f t e r  photoe lec t rochemical  measurements  
a re  shown in Fig. 6. F rom the cyclic vo l t ammogram 
of A u / S P E  which  is not  shown here,  the rea l  a rea  
of Au  was  ca lcula ted  as ca. 100 cm 2, i.e., roughness  
fac tor  was ca. 20. By compar ing  the cyclic vo l t ammo-  
g ram of A u / S P E  and tha t  of  TiCh-Au/SPE,  the cov- 
e rage  of Au  surface  by  TiO2 was ca lcula ted  as 75%. 
The cyclic vo l t ammogram of T iO2-Au/SPE af te r  the  
photoe lec t rochemical  measurements  shows tha t  the 
na tu re  of gold on the SPE changed and indeed a 
change in the  appearance  of the m e m b r a n e  surface 
was observed.  Thus a be t t e r  method  for  deposi t ing 
Au  on the SPE should be developed.  W h e n  the TiO2- 
meta l  s ide was i l lumina ted  b y  a 500W Xe l amp  
through  an in f ra red  absorbing  filter, a negat ive  photo-  
vol tage was developed,  as observed wi th  Pt  wire  
coated with  TiO2, and is shown in Fig. 7. The t ime 
course of photovol tage  of TiO2-Pt i l lumina ted  b y  360 
nm monochromat ic  l ight  is also shown in Fig. 7. The 
photovol tage  was smal l  and the  t ime constant  was 
la rge  when the e lect rode was i l lumina ted  with  mono-  
chromat ic  l ight.  The wave length  dependence  of 
the  photovol tage  is shown in Fig. 8 and is s imi la r  to 

, , , I 
0 0.5 1.0 1.5 

Potential / V vs. Ag/AgCI 

Fig. 6. Cyclic voltammograms of TiO2-Aa/SPE in 0.SM H2504 
before ( ~ )  and after (---) photoelectrochemical measurements. 
Sweep rate was 100 mV �9 sec -1. 

D 

2011\\\\\ ~ ~ ~ ~ .: 22 ~ 

-2o I /'---.. , ,"  
-~o~- ~ ~ ~ 

o .  o .  

-60 14 

0 1000 2000 3000 4000 
Time / sec 

Rg. 7. Photoeffect on the potential of TiO~-Pt on SPE in IM 
NaOH illuminated by 500W Xe lamp with infrared absorbing filter 
( ) and by 360 nm monochromatic light (---). 

tha t  of Pt /TiO2 powders  (12). These  resul ts  suppor t  
the v iew tha t  the photoresponse was due to absorp -  
t ion of  l ight  by  TiO2. ~ o d i c  photocur ren ts  were  also 
observed  potent ios ta t ica l ly .  A typica l  pho tocur ren t -  
t ime re la t ion  at  T iO2-Pt /SPE is shown in Fig. 9. 

The pho tocur ren t -po ten t i a l  re la t ions  a t  TiO2-Pt /  
SPE and TiO2-Au/SPE are  shown in Fig. 10 and are  
qui te  different  f rom those of TiO~ electrodes.  I t  is 
clear  that  the photocur ren ts  were  s t rong ly  affected by  
the ~mderlying metals.  There  are  peaks  in the r e l a -  
t ions and the peak  potent ia ls  coincide with  those at  
which  oxides of the  meta ls  are  formed.  

The resul ts  r epor ted  so far  are  a l l  for  T iO2-Pt /SPE 
and for T iO~-Au/SPE and not  those for  whole  cell  
systems,  i.e., T i O ~ - P t / S P E / P t  or  T iO2-Au/SPE/P t .  Fo r  
the whole  cell  systems,  both  compar tments  of the cell  
shown in Fig. 4 were  filled wi th  dis t i l led  water ,  not  
an e lec t ro ly te  solution, and then the wa te r  in the P t  
side (side 2) of the compar tmen t  was d ra ined  off. 
This compar tmen t  was then fi l led wi th  N2 gas. When  
the TiO2-metal  side (side 1) and the P t  side (side 2) 
were  connected b y  an e lec t rometer  and the TiO~- 
meta l  side was i l lumina ted  by  l igh t ,  the potent ia l  of 
TiOe-meta l  became more  negat ive  than  that  of Pt. 
When the  two sides were  connected with  a res is tor  of 
finite resistance,  a pho tocur ren t  (TiO2-metal  as an 
anode and Pt  as a cathode)  was observed.  Thus the  
conversion of l ight  to e lect r ic i ty  wi thout  e lec t ro ly te  
solut ion was achieved.  A typica l  t ime course of the  
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Fig. 8. Photovoltage-wavelength dependence of TiO2-Pt/SPE in 
IM NaOH. The photovoltages are not calibrated for photon num- 
bers. 
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Fig. 9. A typical photocurrent-time relation of TiO~-PffSPE in 

IM NaOH at 0.SV (vs. Ag/AgCI). 

photocurrent is shown in Fig. 11. The larger the re- 
sistance, the larger the time constant of this process. 
The wavelength dependence of the photocurrent, 
which is shown in Fig. 12, again confirms that photo- 
currents were due to the absorption of light by 
TiO2. After the measurements, TiO2 remained on 
the metal surface as shown by the reflection spec- 
trum in Fig. 13. 

The cell performance of TiO~-Pt/SPE/Pt cell was 
determined by changing the resistor which connected 
the TiO2-metal side to the Pt side and is shown in 
Fig. 14. The characteristics o f  the cells were rela- 
tively poor compared with those of TiO2 electrodes 
(13). 

The quantitative detection of the reaction product 
by using a membrane polarographic detector (MPD) 
(14) was tried but failed because of too low an 
efficiency. 

By adding ethanol to the water of the TiO2-metal 
compartment, the photocurrent increased by several 
times but by not as much as observed in photo- 
catalytic systems (15, 16)�9 

Discussion 
When the TiO~-metal side (side 1) of the TiO2- 

metal/SPE was illuminated by light of greater than 
bandgap energy, electron-hole pairs was generated 

TiO~ 
he-- - - - ->p+ "t- e- (sidel)  [I] 

~\ l o. 

20 ~.~ ~/ /~ 

10 / 
x s 

' , , , 

0 -015 0 5 1.0 1.5 2.0 
Potential/ V vs. Ag/AgC[ 

Fig. 10. Photocurrent-potential relations of TiO~-Pt/SPE in tM 
NoaH ( ~ - - )  and in 0.5M H2SO4 ( - - •  and of TiO2-Au/ 
SPE in 0.5M H2SO4 ( ~ O ~ ) .  
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Fig. | l .  A typical time course of photocurrent of H20/TiO2-Pt/ 
SPE/Pt/N2 cell when H20/TiO2-Pt side was illuminated by 360 
nrn monochromatic light. 

where p+ and e -  are the hole and electrons gener- 
ated at side 1 by the light�9 In analogy to ordinary 
photoelectrochemical systems, the holes oxidized water 

H z O + 2 p  +-> VzO2+2H + (sidel) [2] 

When the circuit was open, the electrons accumu- 
lated on side 1, the Fermi level of TiO~-metal was 
raised and the potential of TiO~-metal became nega- 
tive by the illumination as shown in Fig. 7. In the 
potentiostatic condition, electrons could be removed 
from TiOe-metal through an external wire and anodic 
photocurrent was observed, as shown in Fig. 9. The 
reason for the effect of the metal substrate on the 
photocurrent potential is not clear, but the coin- 
cidence of phot0current peak potential with oxide 
formation potential suggests that change of the p o -  
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Fig. 12. Photocurrent-wavelength dependence of H20/TIO~-Pt] 

SPE/Pt/N~ cell. 
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Fig. 13. Reflection spectrum of TiO~-Pt/SPE after" the photoelec- 
trochemical measurements. 

ten t ia l  d i s t r ibu t ion  at  T iO~-meta l (ox ide)  in terface  
has some effect on the relat ions.  The re la t ive ly  large  
exposure  of meta l  subs t ra te  is a complicat ing factor.  

In  whole  cell  systems,  i.e., T i O - A u / S P E / P t  and 
TiOf -P t /SPE/Pt ,  react ions  [1] and [2] also occurred 
and, at open circuit ,  e lectrons accumula ted  at the  
T iOf-meta l  side (side 1) and the potent ia l  of TiOf- 
me ta l  became more  negat ive  than tha t  of P t  (side 2). 
When  the TiOa-meta l  and Pt  were connected with  a 
res i s to r  of finite resistance,  e lect rons  flowed th rough  
the  resis tance and H + moved  th rough  the SPE to P t  
of side 2 as confirmed b y  anodic photocurrent .  One 
of the possible  react ions  at  side 2 was the  hydrogen  
evolut ion  reac t ion  

H + ~ e- --> z~ H2 (side 2) [3] 

Thus a possible ne t  react ion is photodecomposi t ion 
of wa te r  

hv 
H~O , , > H~ + ~/2 O3 [4] 

However ,  in the  p r e s e n t  expe r imen ta l  condition, this 
react ion did not  take  place  as the potent ia l  of the  
TiOf-Pt  side was much more  posi t ive than the re-  
vers ib le  hydrogen  e lec t rode  po ten t i a l  as shown in 
Fig. 7. 

The compar ison be tween  the pho tovo l t age  genera ted  
by  500W Xe  lamp i l lumina t ion  and the one gener-  
ated by  360 nm monochromat ic  l ight  suggests  that  the 
poten t ia l  of TiO~-Pt m a y  become negat ive  enough 
to proceed th rough  reac t ion  [4] by  increas ing the 
in tens i ty  of l ight.  The react ion which seemed to 
take  place at  side 2 in the presen t  expe r imen ta l  con- 
di t ion was the reduct ion of oxygen due to the smal l  
amount  of oxygen  in side 2 despi te  the n i t rogen purge  

~ O2 + 2H + -~ 2 e -  -~ HfO (side 2) [5] 

The l igh t -e lec t r i c i ty  conversion efficiency was also 
ve ry  low, poss ibly  for  severa l  reasons. The shor t -c i rcu i t  
react ions at  the T iOf-meta l  surface (side 1), such as 
oxygen  reduct ion  and hydrogen  evolut ion reactions,  
consumed electrons at  side 1 and, thus, reduced  the 
conversion efficiency 

H+ + e -  --> ~/z H2 (side 1) [6] 
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Fig. 14. Photovoltage (Eph)-output power (Wph)-photocurrent 
(iph) relations of H20/TiO2-Pt/SPE/Pt/N~ cell under illumination 
of 500W Xe lamp with infrared absorbing filter (Toshiba, IRA-20). 

�89 02 -~ 2H + -t- 2 e -  --> H~O (side 1) [7] 

The use of  a meta l  which is an inact ive  ca ta lys t  for  
react ions [6] and [7] as a subs t ra te  m a y  improve  the 
efficiency. The ra te  of react ion [2] seemed to be s low 
and the recombina t ion  react ion [8] effect ively com- 
peted with  react ion [2] and reduced  the conversion 
efficiency 

p+ + e - - >  recombina t ion  (side 1) [8] 

The increase  of the pho tocur ren t  by  the addi t ion  of 
e thanol  suppor ts  this a rgument .  The prevent ion  of 
react ions [6], [7], and [8J and the accelera t ion  of r e -  
act ion [2] would increase not  only  the  l igh t -e lec -  
t r ic i ty  conversion efficiency but  also the  e lec t rochemi-  
cal potent ia l  of the e lect ron at  the TiOf-Pt  side, i.e., 
the  poss ib i l i ty  of e l ec t ro ly t e - f r ee  photoelect rolys is  of 
water .  

I t  must  be  noted tha t  most of the photoe lec t ro-  
chemical  and photocata ly t ic  systems p resen t ly  ava i l -  
able can be constructed as SPE photoetec t rochemical  
cells, e.g., R u ( b p y ) s C I f - M / S P E / M  (17) and Ru-  
(bpy)aC12-RuOe-TiO~-M/SPE/M (18) where  M is 
the  meta l  subst ra te .  

Conclusion 
The SPE photoelec t rochemical  cell is proposed as 

a new device to convert  solar  energy  to e lec t r ica l  
a n d / o r  chemical  energy.  The conversion of l ight  to 
e lec t r ic i ty  wi thout  the  in te rvent ion  of an e lec t ro ly te  
solut ion was achieved in T i O f - P t / S P E / P t  and TiOf- 
A u / S P E / P t  cells. An increase of l ight  in tens i ty  wi th  
a smal le r  contr ibut ion of shor t -c i rcu i t  react ions at  
the  T iOf -meta l  sur face  m a y  make  e l ec t ro ly t e - f r ee  
photoelect rolys is  of wa te r  possible,  a l though it w a s  

not  a t ta ined  in this work.  
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Electrochemical Solar Cells with Layer-Type Semiconductor Anodes 
Stabilization of the Semiconductor Electrode by Selective Polyindole Electrodeposition 

L. Fornarini, F. Stirpe, and B. Scrosati* 

Istituto di Chimica Fisica, University of Rome, Rome, Italy 

ABSTRACT 

The electropolymerization of indole has been investigated on pla t inum and molybdenum diselenide electrodes. When 
performed in the dark, the electropolymerizati0n is selectively directed to the surface defects of the semiconductor.  The 
effect of this surface t reatment  is investigated and discussed. The results indicate that  the electropolymerizat ion of indole 
effectively blocks the defect sites and produces a stable improvement  on the output  characteristics ofphotoelectrochemical  
cells with layer-type semiconductor  anodes. 

Photoe lec t rochemical  cells based on l aye red  semi-  
conductors  (i.e., MoSe2 or WSe2) have both good solar  
to e lect r ica l  ene rgy  conversion efficiency and s tabi l i ty  
against  photocorrosion (1). However ,  t he  per formance  
of these cells is l a rge ly  influenced by  the surface mor -  
phology of  the semiconductor  (2-5).  Crysta ls  wi th  sur -  
face defects, such as steps be tween  the van der  Waals  
layers ,  show poor photoresponses.  The unsa tu ra ted  
atoms at  the edge of a step have dangl ing bonds ex-  
posed to the electrolyte ,  in t roducing new surface  s tates  
close to the conduct ion band. These states act as r e -  
combinat ion centers  and promote,  by  tunnel ing  of the 
m a j o r i t y  carr iers ,  back react ions of pho togenera ted  
redox species. Moreover,  the contact  of a surface 
para l l e l  to the c-axis  wi th  the e lec t ro ly te  creates a new 
electr ic  field which dr ives  the pho togenera ted  carr iers  
t oward  this region where  they  eventua l ly  recombine  
(2-5). 

Consequently,  large  effort is p resen t ly  devoted to 
the s tudy of surface t rea tments  capable  of control l ing 
these undes i red  morphologica l  l imi ta t ions  (4, 6). Bard 
et al. (7) have proposed s tabi l iz ing the semiconductor  
surface by  da rk  e lec t ropolymer iza t ion  of o -pheny l e ne -  
diamine,  specifically d i rec ted  toward  the b lockage of 
the defect ive sites. Such a selective action is favored  
by  the fact tha t  only  the surface defects of the semi-  
conductor  a l low passage of apprec iab le  cur ren t  in the 
dark.  

* Electrochemical Society Active Member. 
Key words: photovoltaic, semiconductor, surfaces. 

Fol lowing  this direction,  we  have s ta r ted  a sys te-  
mat ic  s tudy  on e lec t rocrys ta l l iza t ion  and e lec t rodeposi -  
t ion processes on l aye red  semiconductors .  In  a previous 
work  (8), the feas ib i l i ty  of select ive electrodeposi t ion,  
in general ,  has been analyzed  and discussed. In  this 
paper ,  the effect of this type  of surface  t r ea tmen t  is 
fu r the r  inves t iga ted  by  examin ing  the  polyindole  
e lect rodeposi t ion on a s ing le -c rys ta l  mo lybdenum di-  
selenide photoanode.  

Experimental 
The mo lybdenum diselenide,  MoSe2, crysta ls  were  

k ind ly  provided  by Dr. F. L~vy of the Polytechnic  of 
Lausanne.  The semiconductor  crystals  were  a t tached  
wi th  a conduct ive s i lver  paste  to a brass  cur ren t  col- 
lector.  This was then pot ted  and sealed wi th  epoxy  
resin on a Teflon holder.  The countere lec t rode  was a 
p l a t i num wire,  sp i ra l ly  a r ranged  a round  the semicon-  
ductor  photoanode.  

'Convent ional  th ree -e lec t rode  glass cells have been 
used for the e lect rodeposi t ion and output  character is t ic  
studies. These s tudies  were  pe r fo rmed  by  control l ing 
the vol tage wi th  a potent ios ta t  dr iven  by  a function 
genera tor  and  recording  the cu r ren t -vo l t age  curves 
wi th  an X-Y recorder  or  a computer ized  acquisi t ion 
data  system. 

A halogen lamp was used to i r r ad i a t e  the  photo-  
electrodes.  The i l lumina t ion  in tens i ty  and un i fo rmi ty  
were control led  by a l ight  in tens i ty  meter .  
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The e lec t ro ly te  solut ions were  p repa red  wi th  high 
p u r i t y  chemicals  and dis t i l led  solvents.  A solut ion of 
indole (0.01M) wi th  (CeHs)~N(BF4) suppor t ing  elec-  
t ro ly te  (0.1M) in acetonitr i le ,  was used for the elec-  
t ropolymer iza t ion  studies.  For  the evalua t ion  of the 
pe r fo rmance  of the photoe lec t rochemical  cells, a KI  
(2M), 12 (0.02M) aqueous solut ion was used. 

Results and Discussion 
The basic aspects of the  e lec t ropolymer iza t ion  of 

indole  on p l a t inum have been inves t iga ted  by  Tour i l -  
lon and Garn ie r  (9).  These authors  found tha t  films 
deposi ted f rom acetoni tr i le ,  (Bu)4NC104, and monomer  
are  adheren t  and  s table  up to t empera tu re s  of 300 ~ 
400~ Here  we have  ex tended  the s tudy,  wi th  pa r t i cu -  
l a r  concern to its impl ica t ion  on the s tabi l iza t ion  of the 
l aye red  semiconductor  electrode.  

In  Fig. 1 is shown a typica l  cu r ren t -vo l t age  curve of 
a P t  e lect rode in ace toni t r i le  solution, wi th  (curve b)  
and wi thout  (curve a) indole.  The oxidat ion  potent ia l  
of indole  is observed  to be ~0.9V vs. SCE, a value  in 
good ag reemen t  wi th  tha t  r epor ted  by  Touri l lon and 
Garn ie r  (9).  

The effect of the deposi t ion of polyindole  is the 
format ion  of  a nonconduct ive  film on the e lect rode 
surface.  The p e r m e a b i l i t y  of this film has been d i rec t ly  
eva lua ted  in a K I / I s  aqueous solution, i.e., the  same 
solut ion which is n o r m a l l y  used in the  photoe lec t ro-  
chemical  cell. The resul ts  are  repor ted  in Fig. 2. Curve 
a is the  cyclic vo l t ammet ry  of a P t  e lect rode in the K I /  
Is aqueous solution. The iod ine- iodide  peaks  are  c lea r ly  
shown at  a po ten t ia l  a round  0.2V vs. SCE. Curve b is 
the  vo l t ammet r i c  response of the same Pt  e lect rode 
a f te r  e lec t ropolymer iza t ion  of a polyindole  film. This 
po lymer ic  film was obta ined by  main ta in ing  the Pt  
e lect rode at  0.95V vs. SCE in the  acetoni tr i le ,  
(C~Hs)4N(BF4), indole  solution. F rom the charge  

passed (100 mC/cmS),  the thickness of the film was 
eva lua ted  as 1 #m. As indica ted  by  the curve b of Fig. 
2, the film c lea r ly  passivatcs  the e lect rode since no 
apprec iab le  cur ren t  is observed  in a po ten t ia l  range  of 
0-0.6V vs. SCE. This resul t  appears  more  encouraging 
than  tha t  ob ta ined  by  Bard  et al., who found tha t  in 
the same I - / I ~ -  aqueous solut ion a coating of o-  
pheny lened iamine  exer ted  on ly  a pa r t i a l  b locking 
effect on the Pt  e lec t rode  (7). In  fact, efficient pass iva-  
tion, as that  observed  here,  m a y  be cri t ical  for the 
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Fig. I. Voltammogram of a Pt electrode in aceton;trile solutions. 
Curve a: with (C2Hs)4N(BF4) 0.1M supporting electrolyte. Curve 
b: with addition of O.01M indole. Scan rate: 20 mV/sec. 
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Fig. 2. Voltammogram of a Pt electrode in a KI (2M), Is (0.02M) 
aqueous solution. Curve a: untreated electrode. Curve b: after 
electropolymerization of a polyindole film. Curve c: after immersion 
in ethanol. Scan rate: 20 mV/sec. 

effective blockage of the defect  sites of  the l ayered  
semiconductor .  

F ina l ly ,  curve  c of  Fig. 2 shows the vo l t ammet r i c  
behav ior  of the same Pt  e lect rode a f te r  its immers ion  
in ethanol.  The v o l t a m m o g r a m  matches  that  obta ined  
wi th  the bare  e lect rode (see curve a) ; this shows tha t  
the  poly indole  film m a y  be removed  b y  dissolut ion in 
ethanol .  

The inves t iga t ion  of the e lec t rodeposi t ion of the 
po lyme r  was then ex tended  to the semiconductor  e lec-  
trode. In  Fig. 3 is Shown the vo l t a mmogra m response 
in  the  da rk  of a Y loS~  e lec t rode  in the  basic acetoni-  
t r i le  solut ion wi th  (curve  b)  and  wi thou t  (curve  a) 
indole. As a l r e a dy  poin ted  out, the oxida t ion  of indole  
is pe r fo rmed  in the  da rk  in o rder  to d i rec t  i ts e lect ro-  
deposi t ion ma in ly  onto the surface defects. Comparison 
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Fig. 3. Dark vohammagram of an MoSes electrode in acetenitrHe 
solutions. Curve a: with (C2Hs)~N(BF4) 0.1M supporting electro- 
lyte. Curve b: with addition of 0.01M indole. Scan rate: 20 mV/sec. 
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with Fig. 1 shows that the dark behavior of MoSe~ is 
very similar to that of platinum, as already found by 
Bard et al. in the case of the oxidation of o-phenylene- 
diamine in WSe~ (7). 

The blocking action of the selective electrodeposition 
of polyindole on layered semiconductor electrodes was 
tested by examining their photoresponse before and 
after the treatment. As test sample, we selected a 
MoSe2 crystal that had a largely defective surface 
morphology, as shown by its SEM photograph reported 
in Fig. 4. As expected, this crystal, when used as 
photoanode in conjunction with an I - / I s -  redox cou- 
ple, shows a very poor photoresponse and a large dark 
current, as i l lustrated in Fig. 5 (curve a). The same 
electrode, after dark electrodeposition of polyindole, 
shows the characteristic reported as curve b in Fig. 5. 
The beneficial effect of the superficial treatment is 
clearly shown; the conversion efficiency improves about 
400% and the dark current decreases substantially. 
Since the lat ter  is mostly as.cribable to the amount of 
surface defects of the layered semiconductor (10, 5), 
the result of Fig. 5 proves that the deposition of poly- 
indole effectively blocks a large fraction of these de- 
fective sites from attack from the solution species. 

To test the persistence of this protective action, the 
photoelectrochemical cell with the treated crystal was 
run on a 100~ load under continuous illumination and 
its output characteristics determined periodically. 
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Fig. 6. Efficiency of an MoSe2/KI (2M), 12 (O.02M)/Pt photoelec- 
trochemical cell with the MoSe2 photoanode stabilized by indole 
electropolymerization, monitored during continuous illumination 
under I00~ load. 0 refers to the efficiency obtained before in- 
dole electropolymerization. 
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Fig. 4. Molybdenum diselenide crystal tested for the stabilization 
by indole electropolymerization. 
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Fig. 5. Output characteristics of an MoSe2/KI: (2M), 12 (O.O02M)/ 

Pt photoelectrochemical cell before (curve a) and after dark elec- 
tropolymerizntion of indole (curve b). 

Fig 7. Output characteristics of an MoSe~KI (2M), 12 (O.02M)/ 
Pt photoelectrochemicnl cell. Curve a: with the MoSe2 photoanode 
stabilized by indole electropolymerization and after 170 hr of 
illumination. Curve b: after washing the MoSe~ photoanode in 
ethanol for 1 rain. Curve c: after washing the MoSe~ photoanode 
in ethanol for 8 mln. 

These characteristics, reported in Fig. 6, show that the 
performance of the cell did not decay after 170 hr of 
operation (1 week),  corresponding to about 2000 
C/cm% 

After this prolonged illumination, a final test of the 
selectivity of the polymer electrodeposition and its 
effectiveness on the photoresponse of the layered semi- 
conductor was performed by washing the crystal with 
ethanol to dissolve the polymer. The output character- 
istics after this t reatment are i l lustrated in Fig. 7. The 
dissolution of polyindole clearly results in a progres- 
sively depressed photoresponse and increased dark 
current, respectively. We may, therefore, conclude 
that the beneficial and stable action on the performance 
of the layered semiconductor is indeed produced by 
the electrodeposition of polymer layers on the defec- 
tive sites of its surface. 

Acknowledgments 
The authors wish to thank Dr. L~vy, of the Poly- 

technic of Lausanne, and Dr. G. Razzini, of the Poly-  
technic of Milan, for the helpful discussions. 

Manuscript submitted Apri l  20, 1983; revised manu- 
script received July  5, 1983. This was Paper  527 pre-  
sented at the San Francisco, California, Meeting of the 
Society, May 8-13, 1983. 



Vol. 130, No. I1 E L E C T R O C H E M I C A L  S O L A R  CELLS 2187 

REFERENCES 

1. H. Tributsch,  Ber. Bunsenges. Phys. Chem., 81, 361 
(1977). 

2. H. J. Lowerenz,  A. Heller ,  and F. Di Salvo, J. Am. 
Chem. Soc., 102, 1877 (1980). 

3. W. K a u t e k  and H. Gerischer,  Bet. Bunsenges. Phys. 
Chem., 84, 645 (1980). 

4. B. A. Parkinson,  T. E. Fur tak ,  P. Canfield, K. Kam,  
and  G. Kline,  Faraday Discuss. Chem. Soc., N.70, 
233 (1980). 

5. L. Fornar in i ,  F .  St i rpe,  B. Scrosati ,  and G. Razzini,  
Solar Energy Mater., 5, 107 (1981). 

6. G. Razzini, L. Pera ldo  Bicelli ,  G. Pini,  and B. 
Scrosati ,  This Journal, 128, 2134 (1982). 

7. H. S. White,  H. D. Abruna ,  and . A . J .  Bard,  ibid., 
129, 265 (1982). 

8. L. Fo rna r in i  and B. Scrosati ,  Electrochim. Acta, 28, 
667 (1983). 

9. G. Touri l lon and F. G a mie r ,  J. Electroanal. Chem., 
135, 173 (1982). 

10. H. Tributsch,  This Journal, 125, 1086 (1978). 

A Potential Step Study of the Influence of Metal Adatoms and 
Solution pH on the Rate of Formic Acid Oxidation at Pt Electrodes 

Ines Fonseca, 1 Jiang Lin-Cai, 2 and Derek Pletcher* 
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ABSTRACT 

Using largely potential  step techniques, the oxidation of formic acid has been studied at Pt  surfaces part ial ly covered by 
Bi, Cd, Pb, and T1 adatoms in 1M HC104 and in 1M C104 - o f p H  0, 1, and 2 at Pt /Pb electrodes. I t  is shown that  for all these 
systems it is possible to define two t ime regimes. At short  t imes the current is part ly kinetical ly limited; the rate 
determining step is a chemical  reaction, probably  the cleavage of the C-H bond to give an adsorbed hydrogen atom and an 
adsorbed organic fragment. At long times, the current  is close to diffusion control. The t ime scale for the change from kinetic 
to diffusion control and the extent  of the kinetic control at short t imes vary with the adatom and the solution pH since these 
exper imenta l  parameters  determine the rate constant  for the chemical  step. Moreover it is these differences in the rate con- 
stant together  with the variation of the adatom coverages with potential  that lead to apparent ly  different "catalytic activi- 
ties" in cyclic vol tammetric  experiments.  

Since the r epor t  (1) that  Hg adatoms could en-  
hance the ac t iv i ty  of P t  surfaces for formic acid 
oxidat ion,  a number  of s tudies have examined  the 
influence of meta l  ada toms on this react ion (2-8).  
The pas t  fifteen years  have also seen the in tensive 
inves t igat ion of the  proper t ies  of adatoms and of 
monolayers  of meta l s  e lec t rodeposi ted  at an unde r -  
potent ia l .  The ea r ly  work  in this field has been sum-  
mar ized  by  Kolb (9) and pa r t i cu l a r ly  pe r t inen t  are  
l a te r  studies by  F u r u y a  and Motoo (10). 

Fo r  some time, i t  has been our bel ief  that  a ful l  
unders tand ing  of the role of adatoms in the catalysis  
of formic acid oxidat ion  has been hampered  by  the 
undue  preva lence  of  po ten t ia l  sweep techniques in 
many  invest igat ions;  in sweep exper iments ,  severa l  
parameters ,  inc luding  the coverage by  adatoms and 
the ra te  of seve ra l  e lect ron t ransfe r  reactions,  wil l  
va ry  continuously,  maybe  wi th  different  Tafel  
slopes, and  therefore  the I-E response cannot  be in-  
t e rp re ted  in a s imple  way. As a resul t  we have 
sought  to s tudy  the systems by  poten t ia l  s tep tech-  
niques. 

An  ea r l i e r  p a p e r  (7) r epor ted  such a s tudy  of the 
oxida t ion  of formic acid at a P t  e lect rode pa r t i a l l y  
covered by  Pb adatoms.  The da ta  obta ined  was com- 
pa t ib le  wi th  the  fol lowing conclusions: 

1. The oxida t ion  of formic acid occurs by  the 
mechanism first proposed by  Capon and Parsons  
(11), i.e. 

P t  
HCOOH > P t - - H  -5 P t - - C O O H  [I] 

surface 

fast  
Pt--H -- e > H + [2] 

fast 
Pt--COOH -- e > H + 4- CO2 [3] 
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1 Permanent  address: CECUL, F a c u l d a d e  de  Cienc ias ,  1200 

Lisboa, P o r t u g a l .  
2 p e r m a n e n t  a d d r e s s :  D e u a r t m e n t  of C h e m i s t r y ,  T h e  S o u t h  

China Teachers'  U n i v e r s i t y ,  G u a n g z h o u ,  China .  
Key words: electrocatalysis ,  anodic oxidation of  f o r m i c  acd ,  

f u e l  cel ls ,  dissociative adsorption. 

2. The dissociat ive adsorpt ion  process, s tep [ I ] ,  is 
r e l a t ive ly  fast (rate constant  _ 10 -2 em see -1) whi le  
the oxida t ion  of the  adsorbed  species is ve ry  rapid.  
Hence the cur ren t  is de te rmined  by  the ra te  of s tep  
[1] a n d / o r  by  diffusion Of formic acid to the elec-  
trode. For  example ,  in po ten t ia l  s tep  exper iments ,  
react ion [I]  de te rmines  the  cur ren t  at shor t  t imes 
and diffusion is the s lowest  s tep at  long times. The 
t ime scale for the change in  the ra te  de te rmin ing  
step is found to depend  on formic acid concent ra -  
t ion and, indeed, at  low formic acid concentra t ions  
( < I 0  raM) the react ion commonly  appears  to be 
to ta l ly  diffusion controlled.  

3. The role of the Pb adatoms is to p reven t  the 
format ion  of surface poisons by  react ions  such as 

P~\ 
P t - - C O O H  + HCOOH--> P t - - C H O  + H20 + CO~ [4] 

Pt/  
which otherwise  r ap id ly  reduce the number  of su r -  
face sites for  the oxida t ion  of formic acid. Wha tever  
the exact  s t ruc ture  of the poison, it  was sugges ted  
( l l )  that  its fo rmat ion  requi res  three  or  more,  ad -  
j acen t  P t  si tes on the surface. The role  of the Pb 
adatoms is to a r range  themselves  over  the surface 
so as to create a large  number  of sites where  there  
are  two ad jacent  P t  atoms avai lab le  for react ion [ I ]  
to occur, but  there  a re  few sites where  there  are  
sufficient ad jacent  P t  a toms for the poison to form. Cer-  
t a in ly  the  most active P b / P t  e lect rode (4, 7) is one where  
0pb --  0.5, and since each Pb a tom in terac ts  wi th  two 
Pt  sites, this corresponds to a surface where  the  
"average  site" is 1Pb -5 2Pt atoms. 

Many  of these concepts have  been discussed in the  
ear l i e r  papers  (1-8),  but  the conclusions are  most  
c lear ly  demons t ra ted  and the resul ts  are  made more  
quant i ta t ive  by  the  use of the  potent ia l  s tep method.  

In  this  pape r  we repor t  an invest igat ion of the 
influence of p l l  on the oxida t ion  of formic acid at  
P b / P t  surfaces and the effects of changing the ad-  
atom. I t  is again shown tha t  the in t e rp re t a t ion  of 
the  resul ts  requires  the  separa t ion  of the kinet ic  
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l imi ta t ion  f rom diffusion effects. Indeed it wi l l  be 
shown tha t  the m a j o r  effect of va ry ing  pH and the 
ada tom is to a l t e r  the r a t e  constant  for react ion [1] 
and at  long t imes the cur ren t  tends to the same, di f -  
fus ion-cont ro l led  value.  

Experimental  

The resul ts  are  ve ry  adverse ly  affected by im-  
pur i t ies  in  the solut ion and can also depend on the 
h is tory  of the  Pt  surface.  Hence the glassware  was 
carefu l ly  cleaned by  a publ i shed  procedure  (7) and 
solutions were  p repa red  f rom t r ip ly  d is t i l led  wa te r  
and Ana l a r  perchlor ic  acid, sodium perchlora te ,  
formic acid, lead ni t rate ,  cadmium sulfate,  thal lous 
carbonate,  and GPR b ismuth  ni t ra te .  

The e lect rochemical  in s t rumenta t ion  and cells have 
been descr ibed e lsewhere  (7). In  fact, two th ree -  
electrode,  two-compar tmen t  cells were  used in pa -  
ral le l .  One was filled wi th  1M HC104 for use as par t  
of the  c leaning cycle and also for the de te rmina t ion  
of rea l  surface  areas. The o ther  was filled wi th  the 
solut ion under  s tudy.  The Pt  wi re  work ing  electrode 
was t rans fe r red  be tween  cells as necessary and each 
cell used a P t  sp i ra l  countere lec t rode and a no rma l  
hydrogen  e lec t rode  with  hydrogen  genera ted  in si tu 
by electrolysis;  a l l  potent ia ls  in this paper  are  
quoted vs. the NHE. 

Between  the series of exper iments ,  the P t  e lec-  
t rode was c leaned chemical ly  in an H2SO4/NHOs 
solut ion and then electrochemically,  by  the appl ica-  
t ion of a repe t i t ive  t r i angu la r  po ten t ia l  sweep be-  
tween +0.02 and + l . 60V in 1M HC104 unt i l  a vol t -  
ammogram showing the character is t ic  response de-  
scr ibed in the l i t e ra tu re  was obta ined  (12). This 
e lec t rochemical  c leaning was car r ied  out  . r egu la r ly  
du r ing  exper iments  and was fol lowed by  the es t ima-  
t ion of the rea l  surface area  using the p rocedure  de-  
scr ibed  below. The work ing  e lect rode was then 
t rans fe r red  to the  cell  containing the solut ion under  
s tudy  and held  at  1.5 or 1.6V (to ensure the absence 
of adsorbed organics or  underpo ten t ia l  meta l  deposi t  
on the surface)  unt i l  the  commencement  of the ex-  
pe r imen ta l  pulse sequence. This a lways  began wi th  a 
s tep  into the potent ia l  region 0.2-0.5V where  the P t  
oxide is r educed  and underpo ten t ia l  meta l  deposi t ion 
occurs; in exper iments  where  the purpose  is the  s tudy  
of formic acid oxidat ion,  this pulse  was a lways  of 
sufficient length  to ensure tha t  the surface is covered 
by  a complete  mono laye r  of metal .  

The rea l  surface area  of the P t  e lec t rode  was de-  
t e rmined  by  record ing  a cyclic vo l t ammogram in 1M 
HC104 at  0.1V sec -1 be tween  the potent ia l  l imits  +0.05 
and +0.40V and graphica l  in tegra t ion  of the  a rea  under  
the  hyd rogen  desorpt ion  peaks.  The adsorpt ion  po ten-  
tial,  +0.05V, was chosen since this gives the  exact  
n u m b e r  of P t  sites (10). The roughness  factors were  
de te rmined  by  d iv id ing  the hydrogen  desorpt ion  charge  
by  210 ~C cm -2. In  fact, the roughness  factor was 
2.0 _+ 0.1 th roughout  this s tudy.  In  this paper ,  currents  
de te rmined  by  both  diffusion and surface kinet ics  are  
discussed, bu t  for c la r i ty  al l  cu r ren t  densi t ies  are r e -  
por ted  in te rms of the  appa ren t  geometr ic  area.  

The coverages of the  me ta l  ada toms as a funct ion 
of po ten t ia l  were  es t imated  using a p rocedure  appl ied  
prev ious ly  (7). The s tep  sequence 1.5V -> 0.3V (60 
sec) --> Eox (2 sec) (1.2V --> 0.4V (60 sec) --> E ox (2 sec) 
for T1 +) was appl ied  to the e lect rode in a solut ion 10-SM 
M n+ in 1M HC104. The charges were  measured  dur ing  
both the  format ion  of the  monolayer  of the  me ta l  
adatoms and its oxida t ion  at  the  potent ia l  Eox. The 
coverage at  the potent ia l  Eox could be calcula ted f rom 
the rat io  of the  charges  corre,cted for  the charges as-  
socia ted with  Pt  oxidat ion  and reduct ion de te rmined  
f rom the appropr ia te  b lank  exper iments  in the absence 
of M n+. The coverages es t imated f rom an equiva lent  

cyclic vo l t ammet ry  procedure  were  the same to wi th in  
10%. 

The method  of Niotoo (10) was used to de te rmine  the 
number  of P t  a toms in terac t ing  with  each meta l  ad -  
atom. This number  was found from a plot  of QH --  
QH M VS. QM/n using a solut ion 10-4M M n+ in 1M 
HC104. QM - -  QH M and  QM w e r e  de te rmined  in two 
separa te  exper iments  where  the potent ia l  was s tepped  
+ 1.5 V -> ED (tD sec) then (i) swept  f rom E D to 0.05V 
at 10V sec -1 to es t imate  QH - -  QH M f rom the decrease 
in hydrogen  adsorpt ion  charge caused b y  the pres-  
ence of adatoms or  (ii) swept  f rom ED in a posit ive 
di rect ion to de t e rmine  the charge  for  the complete  
oxida t ion  of the meta l  adatoms on the surface, QM 
(the P t  oxidat ion  charge was sub t rac ted) ,  t D w a s  
var ied  in the  range  1-200 sec and  ED took the  values  
0.5, 0.4, 0.35, and 0.50V for Bi, P b ,  Cd, and T1, respec-  
t ively.  

Al l  solut ions were  deoxygena ted  wi th  oxygen- f ree  
n i t rogen (BOC Limi ted)  for  30 rain and exper iments  
were  carr ied out  at 18 ~ _+ 2~ 

Results and Discussion 
Effect  of p H . - - F i g u r e  1 shows I -E curves resul t ing  

f rom l inear  po ten t ia l  sweep exper iments  wi th  a P t  
e lect rode in solut ions of NaC104 + HClO4 ( total  con-  
cent ra t ion  1M but  of pH 0, 1, and 2) containing 10-SM 
Pb 2+ and 0.1M HCOOH. I t  can be seen that  al l  the 
curves show a peak  of subs tan t ia l  cur ren t  dens i ty  a t  
a potent ia l  c l o s e t o  +0.6V vs. NHE and the  peak  cur-  
rent  dens i ty  can also be seen to increase with pH, the 
increase  be tween  pH 0 and 1 being pa r t i cu l a r ly  marked .  
The I -E curve for the 1M HC104 solut ion is ident ica l  
to tha t  r epor ted  ea r l i e r  (3, 4, 7) where  it was shown 
that  the peak  potent ia l  corresponds to tha t  for 8pb - - -  

0.5 and that  the cur ren t  in the region +0.4 to +0.SV 
is far  in excess of that  for  the oxida t ion  of HCOOH at 
P t  in the  absence of Pbe+. 

The effect of solut ion pH was then inves t iga ted  by  
potent ia l  s tep exper iments .  I - t  t rans ients  were  re -  
corded for  po ten t ia l  s teps f rom +0.2V to values in 
the range +0.5 to +0.8V for the solutions of pH 0-2 
(al l  solut ions contained 10-SM Pb2+ and 0.1M 
HCOOH).  At  shor t  t imes ( <  1 sec) the cur ren t  was 
found to depend  s t rongly  on pH and potent ia l  but  at  
long t imes ( >  10 sec) the cur ren t  tended to s imi la r  
values. Table  I shows da ta  t aken  for exper iments  
where  the poten t ia l  s tep was to +0.6V. I t  suggests a 
kinet ic  l imi ta t ion  at  shor t  times, the extent  of which 
varies  wi th  pH, and tha t  the diffusion of formic  acid 
in solut ion l a t e r  becomes the ra te  de te rmin ing  step. 
This in te rpre ta t ion  is confirmed by  rep lo t t ing  the  l - t  
t rans ien t  da ta  as I vs. t-l/2, and such plots  for the 

a 

0.5 0.9 1.3 

E/V  vs .  ~E  

Fig. 1. Linear potential sweep voltammograms showing the effect 
of pH on the catalytic activity for a platinum anode covered by 
lead adatoms. The solutions are 0.1M HCOOH -{- IO-~M Pb ~+ in 
(a) O.01M HCI04 + 0.99M NaCl04, (b) 0.1M HCI04 + 0.90M 
NaCI04, (c) IM HCI04. Potential sweep rate 0.1 V sec - ; .  
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Table I. Currents for the oxidation of formic acid as a function 
of time following a potential step from +0.2  to +0.6V. 

Pt electrode; solutions all 0.1M HCOOH + 10 -3  Pb(NO3)2 -t- 
1M CIO4-.  Complete potential sequence 1.5V --~ 0.2V 

(60 sec) --~ 0.6V. 

Current mA/cm ~ (apparent geometr ic  area)  after  

~;H 0.1 sec 1.0 sec 10 sec 80 sec  

0 38 28 13.3 3.5 
1 78 41 15.6 3.6 
2 106 49 17.6 8.8 

solut ions of pH 0 and  2 are  r epor t ed  in Fig. 2. For  
the  solut ion pH 2, devia t ions  f rom l inea r i ty  of the 
I-t-'/~ plots  a re  on ly  appa ren t  for t < 4 sec while  at  
p H  0, the  devia t ion  is c lear  at much longer  times. The 
va lue  of  D es t imated  f rom the slope at  long t imes is 
2 X 10 -5 cm 2 sec -1. This es t imate  m a y  be high due 
to the contr ibut ion  to mass  t ransfe r  f rom convection 
at  the  t ime scales  which must  be used here.  

The differences a t  shor t  t imes are  emphas ized  b y  a 
ser ies  of exper iments  where  the charge passed dur ing  
the first second of oxida t ion  of  formic  acid is de te r -  
mined.  The var ia t ion  of this  charge wi th  pH and po -  
tent ia l  is shown in Fig. 3. I t  is again  obvious tha t  over  
the t ime scale of 1 sec, the amount  of formic acid 
oxidized var ies  wi th  pH and E and compar ison of the  
curves for  solut ions containing 10-sM Pb and tha t  
in the absence of Pb  2+ again  demonst ra tes  the s t rong 
catalysis  b y  Pb  adatoms (7). The shapes of these 
Q-E plots  mimic  closely those of the I-E curves of 
Fig. 1, bu t  this is not  surpr i s ing  since they  r ep resen t  
exper imen t s  on s imi la r  t ime scales and both l a rge ly  
reflect  the  coverage of the surface by  Pb adatoms.  
The m a x i m u m  ac t iv i ty  occurs at 0pb = 0.5; above this 
value some of the  surface  is to ta l ly  inact ive because  
there  are  no exposed Pt  atoms, while  as the coverage 
is decreased f rom 0.5 the  surface increas ingly  behaves  
at  P t  and areas  become deac t iva ted  due to the fo rma-  
tion of poison. I t  is also in teres t ing  to es t imate  the 
m a x i m u m  charge which could be obta ined for the 
oxida t ion  of formic acid in these exper iments .  This 
is ob ta ined  b y  in tegra t ing  the Cottrel l  equat ion (13) 
and leads to the value of  101 mC cm -2 ( appa ren t  
geometr ic  :area) wi th  D : 2 X 10 -5 cm~ sec -1. This 

I/mA cm -2 
1.5V 

0.6"~ 

44 

22 

0 
0.4 0.8 1.2 

t-~/~-~ 

Fig. 2. Plots of I vs. t - 112  showing the influence of pH on the 
rate of oxidation of formic acid. Solutions are 0.1M HCOOH + 
10-~M Pb 2+ in the media of a. 0.01M HCIO4 + 0.99M NaCIOd, 
b. 1M HCIOd. 

Q/mC, cm- 2 

80 

64' 

48' 

32 

16. 

a 

0.4 0.6 0.8 

1.5V 

6 0 s  

E 

Is 

E/V vs. N:4E 

Fig. 3. Charges (1 sec) for the oxidation of formic acid as a 
function of oxidation potential and pH. 

is only 25% above the peak value found for the solution 
of pH 2 confirming that with this solution the current 
is a large proportlon of the diffusion-controlled value 
even over the first second of oxidation and with the 
high formic acid concentration. 
In an earlier paper (7), equations were developed 

which allowed the estimation of the rate constant for 
the cleavage of the C-H bond in the dissociative ad- 
sorption process, step [I]. Using these equations, a 
value 8pb : 0.5 at 0.6V (which was confirmed experi- 
mentally at all pH) and the procedure of Delahay and 
Oka (14), the values found for k were 0.8 X 10 -3 , 
2.1 X 10 -2, and 2.6 X 10 -3 at  pH 0, 1, and 2, respec-  
t ively.  Hence the ra te  constant  c lear ly  increases wi th  
decreas ing acidity.  The pH in these exper imen t s  were,  
however ,  wel l  be low the pKA of formic acid, 3.75 (15), 
and it is therefore  un l ike ly  that  the increase in ra te  
constant  is due to a mechanism where  formate  ion is 
an in te rmedia te .  On the other  hand,  it  is possible tha t  
the loss of a proton f rom the species P t -COOH could 
increase the ra te  of s tep  [3], but  this exp lana t ion  would  
in t roduce  a po ten t ia l  dependence  to the measured  r a t e  
constant;  this is not  observed  (7).  In  any  case the  in-  
crease in ra te  constant  is smal l  for  a 100-fold change 
in pro ton  concentra t ion and is more  l ike ly  to be due 
to a secondary  factor  such as a change in solvat ion of 
the  formic  acid or in the extent  of adsorpt ion  of pe r -  
chlorate  ion at  the act ive site. 

Influence of adatoms.--The cyclic vo l t ammet r i c  re -  
sponse for  the  oxida t ion  of formic acid in the presence 
of var ious  me ta l  adatoms has been repor ted  (2) and 
the I-E curves were  qui te  different.  The objec t ive  of 
this s tudy  was to define more  closely the reasons for  
the  difference in the ab i l i ty  of Bi, Cd, Pb, and T1 
adatoms to cata lyze formic acid oxidat ion.  

Table  II  repor t s  the n u m b e r  of p l a t inum sites oc- 
cupied by  each meta l  adatom, the  potent ia l  range  
where  oxida t ion  of a complete  monolayer  leads  to a 
surface pa r t i a l l y  covered by  adatoms,  and the pa r t i cu -  
l a r  po ten t i a l  where  ha l f  the  mono laye r  has  been ox i -  

Table II. Characteristics of the underpotential layers of metals 
on Pt 

N u m b e r  of  Pt  Potent ia l  
s i tes  occupied range (V)  for  

Adatom by each M adatom removal  Eo_-o.5/V vs.  NHE 

Bl 3 0.60-0.95 0.90 
Cd 9. 0.45-0.65 0.54 
Pb 2 0.50-0.74 0.61 
T |  3 0.90-1.05 0.95 
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dized. Each has  been de te rmined  in these labora tor ies  
under  condit ions as close as possible to those used for 
the s tudy of formic acid oxidat ion.  The n u m b e r  of 
p l a t i num si tes occupied by  B i  and T1 adatoms is the 
subjec t  of some disagreement ;  our  da ta  are ident ical  
to those of F u r u y a  and Motoo (10), bu t  Cadle and 
Bruckens te in  (16) and Bowles (17, 18) r epor t  tha t  
Bi a n d  Ti in terac t  wi th  'only two Pt  sites. Indeed,  our 
da ta  can be seen to be different,  even qual i ta t ively ,  to 
that  r epor ted  by  Cadle and Bruckens te in  (16), a l though 
this may  be due to the  presence of some n i t r a t e  ions 
in our  sys tem [our solut ions were  p repa red  f rom 
Bi(NO~)s] .  I t  should also be noted that  when a com- 
ple te  mono laye r  of me ta l  is p resen t  on the surface,  no 
hydrogen  adsorpt ion peaks  are  observed,  i.e., for  al l  
the metals ,  the re  are  no P t  sites exposed be tween  
adatoms.  

The oxida t ion  of a solut ion of 0.1M HCOOH in 1M 
HC104 containing 10-3M M n+ was s tudied  using po-  
ten t ia l  s tep methods.  F igure  4 shows plots  of the charge  
for the  first second of oxida t ion  of formic acid fo l low- 
ing a po ten t ia l  s tep vs. potent ia l  for each of the meta l  
adatoms.  The Q-E plots each show peaks  that  would 
again suggest  tha t  the curves might  reflect the va r ia -  
tions in the ada tom coverages,  0m, wi th  potent ial .  The 
peaks  for T1 and Cd are, however ,  not  at  the potent ia l  
expected  on the basis of the  da ta  in Table  II;  the peak  
in the Cd curve appears  at  a more  posit ive potent ia l  
than  expected,  whi le  that  for T1 appears  at a less posi-  
t ive potent ial .  Indeed the peak  in the T1 curve occurs 
at potent ia ls  whe re  in the  absence of formic acid, the 
surface is to ta l ly  covered b y  a monolayer  of thal ium.  
These observat ions  are  discussed later .  I t  can also be 
seen f rom Fig. 4 that  there  a r e  large  differences in the  
m a x i m u m  charges, the ca ta ly t ic  ac t iv i ty  decreas ing 
in the  order  Pb  > Bi > T1 > Cal. 

These Q-E curves, and indeed cyclic vo l tammograms,  
re la te  to the  r e l a t ive ly  shor t  t ime response and do not 
a l low the definition of the causes of the differences 
be tween  the metals .  Hence I - t  t ransients  in response 
to the potent ia l  s teps were  again recorded over  t ime 
scales be tween  0.1 and 100 sec. These shor t  and long 
t ime-sca le  responses are  i l lus t ra ted  by  the t ransients  
in Fig. 5 and 6 (the potent ia ls  were  selected to obta in  
m a x i m u m  currents  free from effects of p la t inum ox-  
ide) .  The I-t t ransients  be low 1 sec are  quite different  
wi th  the different  adatoms;  wi th  Bi, Cd, and Pb ad-  
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Fig. 4. Plots of charges (1 sec) for the oxidation of formic acid 
as a function of potential for various metal adatoms. Solutions 
were 0.1M HCOOH + 1M HCIO4 + 10-3M M n+. Mn+: (a) 
Pb 2+, (b) Bi 3§ (c) TI ~, (d) Cd 2+. 

atoms fal l ing I-t t ransients  a re  observed a l though  the 
current  densi t ies  are qui te  different,  while  wi th  Cd 
the cur ren t  is v i r tua l ly  independent  of  t ime. In con- 
trast ,  the  t ransients  to 100 sec show that  at long times, 
the  current  densi t ies  wi th  Bi, Pb, and  T1 adatoms 
fal l  to ve ry  s imi la r  values.  Moreover,  the  cur ren t  den-  
sities a re  ve ry  close to those ca lcula ted  for a diffusion- 
control led process. (The Cot t re l l  equat ion gives the  
value 5.5 m A  cm-2  for the  di f fus ion-control led cur ren t  
at 80 sec.) Even the cu r ren t  dens i ty  for  the e lect rode 
pa r t i a l ly  covered by  Cd adatoms has r emained  con- 
s tant  and the value  is a large  fract ion of tha t  expected 
for diffusion control.  Overal l ,  the  t rans ients  are  com- 
pa t ib le  wi th  a s i tua t ion  where  the currents  a t  shor t  
t imes are control led  by  the ra te  of a chemical  reac-  
tion, the ra te  of the  reac t ion  depending on the adatom, 
but  at long t imes the react ions tend  to diffusion control.  

The t rans ients  were  also recorded for potent ia ls  
o ther  than  those shown in Fig. 5 and 6. The currents  
at  shor t  t imes are  sensi t ive to potent ial ,  due  p r e sum-  

Fig. 5. The translents result- 
ing from a potential step experi- 
ment for different metal acl- 
atoms. The solutions are as in 
Fig. 4. The potential profiles are 
shown in the figure. For Pb: E1 
0.2V; E2 0.60%'; for l]i: E1 0.35V; 
E,~ 0.70%'; for TI and Cd: E1 
0.2V; E~ 0.70V. 
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Fig. 6. The transients obtained 

at long times. The other condi- 
tions are as in Fig. 5. 
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ab ly  to a difference in ada tom coverage,  bu t  at  long 
times, there  is a range  of potent ia ls  where  the currents  
a re  i ndependen t  of potent ia l ,  see Table  III. This table  
also repor t s  da ta  f rom t rans ients  for solut ions of 
0.1M HCOOH in the absence of a me ta l  ion. The l a t t e r  
da ta  confirm the s t rong  catalysis  by  the me ta l  ada toms 
over  a r ange  of potent ia ls .  The in t e rp re t a t ion  of the  
da ta  in Table  I I I  should  recognize tha t  (i) a t  +0.5V 
the cur ren ts  a re  a lways  low and  this m a y  imp ly  tha t  
at  this po ten t i a l  the cur ren t  is add i t iona l ly  l imi ted  by  
the ra te  of an e lec t ron t rans fe r  process,  e.g., react ion 
[3], and  (ii) a t  +0.SV, p l a t i num oxide is fo rming  at  
free P t  sides and this could lower  the  ac t iv i ty  of good 
ca ta ly t ic  surfaces  but  improve  ve ry  poor  catalysts ,  
e.g., Pt  in the absence of adatoms.  

Therefore ,  i t  s e e m s t h a t  the behavior  of P t  e lect rodes  
pa r t i a l l y  covered  by  Bi, Cd, Pb, and T1 in 1M HC104 
can be fitted into a un i fo rm pat te rn .  The mechanism 
for the  oxida t ion  of formic acid at  these surfaces is 
we l l  desc r ibed  by  react ions  [1]-[4]  where  the  ini t ia l  
s tep is a chemical  reac t ion  occurr ing  at  two ad jacen t  
P t  a toms and at  sufficiently posi t ive potent ia ls ,  the  
oxida t ion  of the adsorbed  f ragments  is a r ap id  re -  
action. A role  of the  adatoms is then  to d ivide  the  
sur face  into P t  si tes whe re  reac t ion  [1] can occur but  
the fo rmat ion  of poison, react ion [4], cannot.  Moreover  
i t  is c lear  f rom the  da t a  presented  above tha t  the  ra te  

Table III. Currents measured 80 sec after a potential step from 
0.3V to the working potential as a function of the adatom and 

potential. Solution is 0.1M HCOOH -t- 1.0M HCIO4 + 
10-3M M "+.  Pt electrode. Potential sequence 1.SV ~ 0.3V 
(60 sec) -~ Eo (80 sec) except for thulium where the initial 

potential is -t- 1.2V. 

C u r r e n t  m A / c m  ~ ( a p p a r e n t  g e o m e t r i c  a r e a )  

A d a t o m / E  v s .  NHE 0.5V 0.6V 0.7V 0.8V 

Bi  - -  0.87 4.7 5.4 
Cd 1.1 1.1 1.1 1.2 
P b  - -  4.8 5.1 4.2 
T1 2.5 4.8 4.3 4.6 
N o n e  0.06 0.08 0.10 0 . ~  

80 

t/s 

constant  for  the chemical  s tep  has, in most  s i tuat ions,  
a value  such that,  on the t ime scale of e lec t rochemical  
exper iments ,  m ixed  control  by  diffusion and the chemi-  
cal s tep  wil l  be observed.  Cer ta in ly  in po ten t ia l  s tep 
ex~periments, the control  no rma l ly  changes f rom mixed  
to pure  diffusion control  du r ing  the t ime scale 0.1- 
100 sec. In  such a reac t ion  scheme, the response  at  
short  t imes reflects the  coverage of the  surface  by  
meta l  ada toms and the m a x i m u m  cata ly t ic  ac t iv i ty  
wi l l  occur when the coverage by  adatoms leads to the 
highest  number  of si tes for  reac t ion  [1] wi thout  
c rea t ing  m~ny sites for  the fo rmat ion  of poison [e.g., 
am ---- 0.5 for the  case of Pb  (7)] .  On the o ther  hand,  
the  d i f fus ion-control led  cur ren t  is independen t  of Or. 
and, of course, the  va lue  of the chemical  ra te  constant,  
and this leads to the s imi lar  l ong - t e rm  responses over  
a range  of expe r imen ta l  conditions.  

The es t imat ion  of the r a t e  constant  for  s tep [1] 
requi res  an es t imate  of the  ada tom coverage, 0m, and 
an assumpt ion about  the  way  the  ada toms are  a r r a n g e d  
on the surface. The calculat ions are  not  r ead i ly  ex-  
tended to meta ls  which  in terac t  w i th  th ree  P t  atoms. 
Even so, i t  is c lear  that  in a qual i ta t ive  sense the ra te  
constant  for  reac t ion  [1] is dependen t  on the choice 
of ada tom and decreases in the o rde r  Pb  > Bi >T1 > 
Cd, and wi th  Cd the ra te  constant  is so low that  the 
I - t  response is to ta l ly  k ine t ica l ly  control led.  The ob-  
se rva t ion  tha t  the  ra te  constant  var ies  wi th  ada tom 
implies  quite r easonab ly  tha t  the  adatoms in terac t  
e lec t ronica l ly  wi th  the sur face  so as to modi fy  the  
proper t ies  of ne ighbor ing  Pt  sites. 

Cyclic v o l t a m m e t r y  and Q vs.  E plots ( taken  f rom 
short  pulses)  wi l l  emphasize  the c i rcumstances  where  
the  e lec t rode  react ion is pa r t i a l l y  k ine t ica l ly  control led.  
Hence the curves are peaked  because  they  fol low the 
Om vs.  E dependence  and the differences in peak  cur -  
ren ts  and m a x i m u m  charge resul t  f rom var ia t ions  in 
both  k and  the number  of act ive si tes (hence the n u m -  
ber  of P t  s i tes  covered b y  each ada tom) .  Such experi- .  
ments,  however ,  do not  give in format ion  about  the 
"s teady s ta te"  response and the conclusion f rom "s teady  
s ta te"  exper iments  would  be qui te  different.  The ca ta -  
ly t ic  ac t iv i ty  then appears  insensi t ive to the choice of 
ada tom and the coverage.  
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As noted above, however, the cyclic voltammetric 
peaks and the maximum in the Q-E plots for the 
systems involving T1 and Cd do not appear at the 
expected potentials. The data in Table II  are, however, 
obtained from experiments involving solutions without 
formic acid. Therefore, it seems probable that the 
presence of formic acid affects the em-E dependence 
either by complexing ions in solution or by competi- 
tive adsorption on the surface. In the case of Cd, 
though, such an explanation is not convincing since 
it would be expected to lead to a negative shift in 
the potential region for catalytic activity. It was, 
however, noted with this metal that, in the potential 
region 0.5-0.65V, potential step experiments with so- 
lution~ containing both formic acid and cadmium 
ions led to a rising current during the first 1 sec. Such 
behavior could arise if the oxidation of the Cd ad- 
atoms was not instantaneous and it takes a period 
of up to a second to achieve the equilibrium coverage 
at the new potential. In any case, the occurrence of 
the rising I-t  transients certainly leads to a substan- 
tial decrease in current at short times and this will 
le~d tu low responses in experiments such as cyclic 
voltammetry and the Q-E plots which reflect only 
shoi't term activity, at least until there is an overpo- 
tential to drive the oxidation of the Cd adatoms. 

Manuscript submitted Dec. 7, 1982; revised manu- 
script received April 12, 1983. This was Paper 707 pre- 
sented at the San Francisco, California, Meeting of the 
Society, May 8-13, 1983. 
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Establishment of an Acidity-Potential Diagram Through Use of an 
Electrode with a Solid Membrane Selective of Oxide Ions in Molten 

Alkali Metal Nitrate 

E. Plumat, A. Labani, and M. Ghodsi 
Universit~ libre de Bruxelles, Chimie Industrielle et Chimie des Solides, 1050 Bruxelles, Belgium 

ABSTRACT 

The object of this study is to establish a practical acidity-potential diagram in molten alkali nitrates at 475~ in order to 
delimit the zone of acidity of a molten bath in which glass protection would be ensured against surface alterations which 
may occur in the course of ion exchanges. 

Problems of contact between a glass surface and a 
molten salt have been the subject of numerous experi- 
mental studies by Stern et al. (1-3) and by others 
(4-8) aimed at determining electrochemical properties 
and ion transfer in glass and in molten salts. However, 
few authors have concerned themselves with the im- 
portance of the acid-base properties of the molten salt 
and with their surface degradation of the glass. Among 
salts which contain oxyanions, such as SO4 ~-, CO32-, 
and NO3, alkali metal nitrates form a particularly 
interesting category with respect to glass/salt ion ex- 
change, since they have a relatively low melting point 
and a very low rate of decomposition below 500~ it 
is precisely in nitrate systems that alterations can 
O~cur, 

This study is devoted to establishing a practical dia- 
gram of acidity-potential in order to delimit the zone 
of acidity of a fused bath in which glass protection 
would be ensured against surface alteration. 

To establish the acidity-potential diagram, two types 
of electrode were used: an electrode with a stabilized 
zirconia membrane indicating the O 2- level and an 

Key words: ceramics, emf, ion exchange. 

Ag+/Ag reference electrode. Through preliminary 
calibration of the zirconia electrode with respect to the 
reference electrode, first in a basic, then in an acidic 
system, we were able to construct the E-po2- diagram. 

Theoretical Considerations 
In the theory of ion exchange the oxoacidity reac-  

tion is not taken into account and it is assumed that 
the molten system containing oxyanions remains inert 
with respect to the glass surface. In industrial prac- 
tice a degradation of the glass surface due to para- 
sitic reactions in the course of ion exchange is often 
observed. This degradation occurs in acid-base re- 
actions resulting from a difference in 02-  ion activity 
between the systems under consideration. 

In molten nitrates the 02-  oxide ion results from the 
thermal dissociation of the nitrate anion according to 
the following equilibrium 

1 
2NO3- ~ 2NO2t ~- -~ 02? -t- O 2- [1] 

This dissociation though very weak produces a sizable 
quantity of O2- in solution and the resulting basicity 
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of the melt ,  t h rough  contact  wi th  a more  acidic glass, 
would  induce pene t ra t ion  of 0 2 -  ions into the  sur face  
ne twork  according to the fo l lowing equ i l ib r ium 

(-- S -- O -- Si -)glass + O2-~olu~o. ~ 2 ( -  Si -- O-)~lass 

[2] 
Reaction [2] is shifted to the right and ends in a de- 
polymerization of the network. However, if the molten 
salt is more acidic than the glass, the 02- ions are re- 
moved from the vitreous' mass and equilibrium [2] is 
shifted to the left, leading to progressive polymeriza- 
tion of the silicate network. 

It is therefore of considerable importance for the 
glass industry to bring to light and control acid-base 
reactions in oxygenated molten salts. To that effect, it 
is necessary to use an electrode which indicates 02- 
(oxide) ions. Several researcher~ (9, 12) have used 
platinum as an oxygen electrode, on the basis of the 
following electrochemical equilibrium 

1 
- -  O2 + 2 e -  ~ 0 2 .  [3] 
2 

Although Nernst's law is applicable to this electrode, 
Zambonin (13) and Shams E1 Din and E1 Hosary (14) 
have noticed anomalies in the measured values of nor- 
mal potentials. The prelogarithmic factor should theo- 
retically be equal to RT/2F or to RT/F, which eorre- 
sponds to 

i R T  (0~) 
-~ 02 + 2e -  ~ 0 '~- E = E~ + 2F In (O2_------ ~ 

[4] 

RT (02) 
�9 I n  [5]  O~ + e -  ~ Oa- E = E~ - + F (O2-) '  

Equ i l ib r ium [4] shows tha t  the s t ab i l i ty  of O2- ions is 
based on a mechanism of two exchanged electrons 
whereas  in equ i l ib r ium [5] only  one e lec t ron  is ex -  
changed.  Zambonin  and Jo rdan  (15) have  s tud ied  the 
condit ions of s tab i l i ty  of the oxide ion. Their  s tudies  
have shown tha t  the 0 2 -  anion is not  the only  s table  
form of ionic oxygen  in n i t ra tes  and that  one should 
also take  O22- and 0 2 -  into considerat ion.  Moreover,  
redox equi l ib r ia  occur be tween  the four chemical  
forms of oxygen  0 2 - ,  O22-, 0 2 - ,  and molecu la r  oxygen 
02, involving NO8- anions�9 However ,  Zambonin  (13) 
has ascer ta ined  tha t  in the  presence of a P y r e x  glass 
surface O 2- ,  022-,  and 0 2 -  ions form complexes  ac-  
cording to the fol lowing equ i l ib r ium 

O 2- + SiO2~SiO~- 

1 
022- + SiO:2 ~ SiO8 ~- + 7 02 

2 

3 
2 02- + SiO2 ~ SiO32- + 7 02 

2 

AG at 475~ 
(kca l /mo l )  

--56.59 

--42.01 

--50.679 

[free energies  are  ca lcula ted  at  475~ on the basis of 
da ta  f rom the rmodynamic  tables  (18)].  

In  o rder  to avoid any  in te r fe rence  wi th  the  mea -  
surement  of the 0 2 -  oxide ion, it  is necessary  to use 
an e lec t rode  the  poten t ia l  of which  represents  the 
O2/O 2-  couple. 

By analogy with  the glass e lect rode used in pH mea -  
surements ,  an e lect rode wi th  a sol id membrane  solely 
pe rmeab le  to 0 2 -  ions wi l l  a l low measu remen t  of 
the ac id i ty  of the system, t he reby  avoiding the fore-  
going cri t icism. The e lect rode which exhibi ts  these 
proper t ies  is wel l  known.  Its main  component  is a 
z i rconia  membrane  s tab i l ized  by  CaO or  Y203. I t  has 

been used respect ively ,  by  Picard,  Seon, and  Tre-  
mi l lon (17) in fused chlorides at  470~ and by  F l inn  
and S te rn  (18) in n i t ra tes  a t  250~176 

Determination of the Acidity Scale in 
Molten Alkaline Nitrates 

The n i t ra te  anion can undergo pa r t i a l  dissociat ion 
into NO2, O2, and O 2-.  In  v iew of Lux ' s  concept (19), 
NO3- can be considered as a donor of 0 2 -  and, the re -  
fore, as a base in the fol lowing dissociat ion equi l ib r ium 

1 
2NO3- ~ 2NOs + -~  O~ + O 2-  

base ~ acid + 0 2 -  

and as an acceptor  of 0 2 -  in the so lva t ion  react ion of 
this par t ic le .  

In  view of the amphoter ic  charac te r  of NOz- ,  if one 
assumes tha t  i ts chemical  potent ia l  remains  constant,  
i t  is possible to wr i te  

K = [NOel'2 [ 0 2 ] v ,  [02-] [6] 

In the analysis of reactions in dilute solutions only 
concentrations of the dissolved species (NO2, 02, 02-) 
lower than molal concentrations are taken into con- 
sideration. It is thereby possible to suppose that the 
thermodynamic behavior of the solution is practically 
ideal  or  tha t  ac t iv i ty  coefficients are  constant  in the 
di lute  range. Ac t iv i ty  can therefore  be rep laced  by  
concentra t ion and we can assume tha t  ~(O 2- )  = ~~ + 
R T  In [ 0 2 - ] .  If  we define PO ~-  = --  log [O 2-]  and  as-  
sume the so lubi l i ty  of N O~ and 02 is p ropor t iona l  to 
the pressures  PN02 and P02 in accordance wi th  Henry ' s  
law, we can wr i te  

[N'O~] = k'H PNO~, [0~] = k"H Po2 

K 
k = k'H 2 ' k"H 1/2, K '  -- n 

k 

and relation [6] may be written 

PO 2-  = --  log K'  + log PNO22 Po2V2 [7] 

Given this re la t ion  we can construct  a prac t ica l  ac id i ty  
scale. Its range wil l  be equal  to --  log K '  on condit ion 
that  i t  is g radua ted  in units of Po =-.  I t  is possible  to 
follow evolut ion of its potent ia l  in re la t ion  to a 
reference e lect rode by  using an e lect rode which mea -  
sures Po 2-,  i.e., in this case a s tabi l ized zirconia  elec-  
trode, and by  imposing  ac id-base  conditions.  The 
reference electrode chosen is the A g + / A g  couple which  
has f requen t ly  been used in n i t ra tes  be low 5000C (11, 
12). 

Experimental Procedure and Results 
Electrode assembly . - -Zirconia membrane  electrode�9 

- - T h i s  e lec t rode  shown in Fig. l a  consists of a tube of 
zirconia, s tabi l ized by  l ime, of the  Degussa type  (ZrO2 
95%, CaO 5% mol) .  A layer  of p la t inum,  obta ined  by  
decomposi t ion of p l a t i num chloride,  l ines the inside of 
the tube. Elect r ica l  contact  be tween  a piece of p l a t i -  
num wire  and the bot tom of the tube is ensured  b y  a 
locking system, the detai ls  of which  are  shown in Fig. 
lb.  The piece of p la t inum wire  l inked  to the locking 
system is shea thed  in an a lumina  cap i l l a ry  tube. The 
gas serving to main ta in  a constant  pressure  of oxygen  
at the t r ip le  contact, p la t inum-z i rcon ia -oxygen ,  c i rcu-  
lates inside the a lumina  tube. 

A g + / A g  reference e lec trode . - -A  piece of pure  s i lver  
wire  is we lded  at the end of a piece of pure  p l a t i num 
wire sealed in a P y r e x  tube. Af t e r  an es t imated  2g of 
homogeneous equ imolar  mix tu re  of (Na,K)NO8 wi th  
0.1 m o l / k g  of AgNO~ have been in t roduced into the  
tube of the electrode,  the whole  is f ixed wi th  qu ick-  
ha rden ing  araldi te .  To ensure l a t e r a l  fit, a re la t ive  
vacuum is c rea ted  before  filling the tube wi th  a n  



2194 J. Electrochem. Soe.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY November 1983 

inert gas under atmospheric pressure. The tube is then 
welded at point a (Fig. 2). 

araldit 

spring 

hollow-headed 
washer 
neopren o.ring 

zirconia tube 

alumina capillry 

internal platinum 

coating 

(a) (b) 

Fig. 1. Zirconia electrode 

I L 
araldit 

\111/-  grinding 

Experimental installation.--The experimental in- 
stallation is shown in Fig. 3. It consists of a vertical 
cylindrical oven with its regulator, the Pyrex reactor, 
and a platinum crucible containing 150g of salt. The 
temperature was measured to a precision of _l~ The 
emf was measured with an electronic millivoltmeter 
(Type D Symetra) linked to a Perkin Elmer recorder, 
both with a high input impedance. Sodium and potas- 
sium nitrates (U.C.B.) f.a. and ultrapure sodium oxide 
and peroxide (Merck) f.a. were used. 

Conditioning of the baths.--Preparation oi bazic 
baths.--The basic zone of the PO 2- scale can be reach- 
ed by dissolving a strong base of known concentration 
in the bath. According to Flinn and Stern (18), Na20 
and Na202 at concentrations below 0.1 mol/kg are 
completely soluble in molten alkali nitrates. Mother 
mixtures with a high concentration of O ~- were pre- 
pared by adding 0.1 mol/kg of Na~O and Na202 to an 
equimolar mixture of (Na,K)NO3 dried beforehand in 
an oven at 120~ The mixtures obtained are melted 
for 3 hr in a platinum crucible under an atmosphere 
of argon. After cooling the mother mixtures are finely 
ground and kept in a desiccator. 

Preparation oS acidic baths.~A high PO 2- is obtained 
by applying known partial pressures of NO2 and 02 
corresponding to equilibrium [1]. Since the NO,~ is ob- 
tained through the reaction NO -t- Y~ O2 ~ NO~, the 
99% pure NO with a 10 ml/min flow was mixed with 
pure oxygen or dry air. Condensation of NO~ is avoid- 
ed by keeping the temperature in the pipe at 80~ 

The flow of pure oxygen or air is regulated by the 
experimental installation shown schematically in Fig. 4. 
As it leaves the mixer, the gas flux is split by two mi- 
crometric gates, one of which regulates the outflow 
which will be bubbled through the bath (20 ml/min), 
while the other one drains off the surplus. Before re- 
leasing the gas into the atmosphere, the NO= is 
trapped. 

Gas analysis.--Periodic samples of the gaseous mix- 
ture are analyzed by Whitnack and Milligan's method 
(20, 21). This method involves the absorption of NO2, 
and NO if present, by concentrated sulfuric acid, fol- 
lowed by titration by KMnO4. In the mixture with 
pure oxygen Po2 ---- 1 -- PNO2. In the mixture with dry 
air, 02 content is determined by measurement of the 
volume of gas after absorption of NO2. Therefore 

% NO~ = 
ml NO~ absorbed 

ml NO~ absorbed -t- ml water moved by the gas 

Calibration of the electrode with a zirconia oxide 
membrane.--The primary cell is of the following type 

Pt 
Ag 

* .remon, t 

thegas r 
I ~  I1 ~ damping e ul t 
I ! ~ r g  aor 

Fig. 2. Reference electrode Fig. 3. Experimental installation 
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t o w a r d  r e a c t o r  outlet 

gas sampling ~ - ~ - -  micromet, ric g a t e  

c i r i c u i t  and sampling of NO 2 

Fig. 4. Circuit and sampling of NO2 

( --  ) Pt (a i r )  RIZrO2-CaOI (Na,K) NOs I Pyrex l  

(Na,K) NO3 + 0.1 m o l / k g  AgNO3]Ag ( + )  

02% gas 

The emf  of this  cell  is g iven by  Laban i  (22) 

R T  PO2cR) '/= 
E = E ~ + 2F 2,3021og (O 2 - )  (Ag+)2 '  [8] 

If we assume tha t  this is an ideal  solut ion and tha t  ac-  
t iv i ty  can be rep laced  by  concentrat ion,  then wi th  an 
Ag  + concentra t ion  of 0.I m o l / k g  and a pressure  of 
oxygen  PO2(R) inside the zirconia tube of 0.21 a tm at  
475~ 

E -- E ~ --  0.074 log (O 2 - )  

E = E ~ + 0.074 P O  2 -  [9] 

In a basic s y s t e m . ~ E M F  values  ob ta ined  wi th  var iab le  
concentra t ions  of Na20 in an equimolar  mix ture  of 
(Na,K)NO3 are  given in Table I. 

A g raph  of E (V) as a funct ion of the logar i thm of 
the concent ra t ion  (Fig. 5) shows tha t  the expe r imen ta l  
points  are  al l  on a s t ra igh t  line, the slope of which 
corresponds  to the theore t ica l  slope 2.3 R T / 2 F  to 
wi th in  about  5 mV 

E(V)  = --0.600 --  0.0741og (O2-)added [10] 

By compar ing  this wi th  [9] we can deduce 

E ~ = - - 0 . 6 0 0  _ 0.0005 (V) 

We shah  now examine  the influence of the fo rma-  
t ioa  of o ther  species of oxygen  such as O22- and O2- 
on t h e f u n c t i o n i n g  of the  zirconia e lect rode corre-  
sponding to the  O2/O 2 .  couple.  According  to Ref. (18, 
24) the oxide ion 0 2 -  in the presence of oxygen  is con- 
ve r ted  into peroxide  and superox ide  according to the 
fol lowing equ i l ib r ium 

O 2-  -9 I/20~ ~ 022- at  230~ K : 10 z6 

O~ 2 - + O 2 ~ 2 0 ~ -  K = 2 X  106 

A C I D I T Y - P O T E N T I A L  D I A G R A M  

E (V)/_~g§ 

- -  0 , 3 0 C  

Table I. Calibration of the zirconia membrane electrode in a 
basic system 

(O-"-) ( m o l / k g )  a d d e d  L o g  (O ~-) a d d e d  Em~a~*d(V)/Ag+/Ag 

0.823 • 10 -a - 3 . 0 8  - 0 . 3 7 2  
1.924 • 10 -'a - 2 . 7 1  --0.400 
3.277 x 10 -~ - 2 . 4 8  - 0 . 4 1 6  

10.56 • 10 -~ - 1.98 - 0.453 
13.3 • 10 -s - 1.87 - 0.461 
15.5 x 10 -a --1.8 - 0 . 4 7 0  
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- - 0 ~ 0 0  

- 0,500 

log [02-1V/m_qle 
, , , , /  kg 

--3 -- 2,5 --2 -1,5 

Fig. 5. Calibration of the zirconia electrode in a basic system 

(the constants  are  expressed  in mola l i ty ) .  I t  can be 
ascer ta ined  tha t  the format ion  constant  of pe rox ide  
can be roughly  considered to be seve ra l  o rders  o2 
magni tude  g rea te r  than  the fo rmat ion  constant  of 
superoxide .  Moreover ,  superox ide  is less s tab le  at 
higher  t empe ra tu r e  (18, 25, 26). One should  the re fo re  
take  the format ion  of superoxide  into account  when  
adding  0 2 - .  If  we assume tha t  pa r t  of the  oxide  
added  is t r ans fo rmed  into perox ide  

[O2-]adde~ = [O~2-] + [ 0 2 - ]  

according to the equ i l ib r ium 

1 
0 2 -  -F -~ O~ v 022- [11] 

O ~ -  
K l l  - -  

[0 2. ] P o 2 V ' m e l t  

[02 - ] ad~ea 
[O2-]  = . . . . . . .  [12] 

K l l  Po21/2raelt 

If one subst i tutes  this  in [9] the  express ion  of the emf 
of the zirconia e lect rode becomes 

[ 0 2 - ]  aa~d 
E = E ~ --  0.074 log [13] 

K n  po2Vgmelt -{- 1 

For  any  given oxygen  pressure  on top of the  fused 
bath,  the var ia t ion  of the emf a lways  fol lows Nerr~st's 
l aw wi th  a slope of 0.074 mV. Only  the absolute  va lue  
of the emf could change if the oxide  in solut ion dis-  
appears.  I t  can also be noted that  the  form of Eq. [13], 
wi th  the except ion of a constant,  resembles  expe r i -  
men ta l  behav io r  [10]. The t inea r i ty  of Fig. 5 shows 
that  wi th in  the in te rva l  of concentra t ion used the ac-  
t iv i ty  coefficient of oxides  remains  constant  and  tha t  
the emf of the cel l  only  depends  on 0 2 .  act ivi ty.  A n y  
increase in the emf (Ag more posi t ive)  depends  on an 
increase in 0 2 -  act ivi ty.  

In  an acidic s y s t e m . - - B y  rep lac ing  Eq. [7~ in  [9] v~e 
obta in  

E --  E ~ --  0.074 log K '  § ~}.074 log pNo~ ~ p o ~  

E = E ~ + 0.074 log pNo22po2 ~/2 [14] 

The exper iments  are  car r ied  out  under  a gaseous a tmo-  
sphere  containing NO2 and O2 under  g iven pa r t i a l  
pressures.  I t  is necessary  to wai t  for  10 h r  before  ob -  
ta in ing a s ta te  of equ i l ib r ium for the  first measu re -  
ment.  In  a s ta te  of equi l ibr ium,  when  the composi t ion 
of the gaseous mix tu re  is modified, a lapse  of t ime of 
1 h r  is necessary  for  the  resul t ing  emf to become con-  
s tant  to wi th in  about  5 mV. Table  I I  gives the  com- 
posi t ion of the gaseou~ a tmosphere  and the emf  of  the  
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Table II. Calibration of zirconia membrane electrode in an 
acidic system 

J .  E l e c $ r o c h e m .  Soe . :  E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  N o v e m b e r  Ig83 

p% (atm) pNo= (atm) log (p%/atrn)l/~ (ps%/atm)~ E(V)IAg+/Ag 

0.15 0.I - 2.41 - 0.070 
0.163 0.11 - 2.31 --0.050 
0.09 0.188 - 1.97 - 0.047 

- -  0.33 -0.97 --0.037 
0.81 0.19 - 1.48 + 0.015 
0,66 0.33 - -  1.05 + 0.037 
0.2 0.8 - 0.54 + 0.080 

zirconia e lect rode wi th  respect  to the  A g + / A g  re fe r -  
ence electrode.  

F igure  6 shows E (V) ---- f (log (Po2/a tm)~  (PNo2/ 
a tm)2) .  The expe r imen ta l  points are  on a / i n e  wi th  a 
slope of 78 mV/decade ,  and the regress ion l ine has the  
fol lowing equat ion  

E ( V )  / A g +  / A g  - -  0.121 

4- 0.078 log ( P O 2 - / a t m )  1/= (PNo2/atm)~ 

The var ia t ion  in the emf of the  zirconia  e lect rode is 
typical  of the O8/O 8-  couple, express ing as i t  does the  
exchange of two electrons per  decade. This corresponds 
to the theore t ica l  s lope of 2.3 RT/2F  of about  74 m V /  
decade. A comparison wi th  [14] yields:  E ~ - -  0.121 
(V). 

E x p e r i m e n t a l  P O  2 -  s c a l e . - - A  PO 2-  scale has been  
const ructed on the basis of Fig. 5 and 6. Indeed the 
two expe r imen ta l  l ine segments  (basic sys tem and 
acidic sys tem) having the same slope are  the  cont inu-  
at ion of one another  and form a single l ine (Fig. 7). 
This figure shows that  except  for a constant  log Po2'/2 
PNO22 represents  PO 2-  --  --  log ( 0 2 - ) .  

In accordance with  the select ive proper t ies  of s tab i l -  
ized zirconia we can say that ,  i r respect ive  of the sys-  
tem (acidic or  basic) and wi th in  the  a rea  studied,  the  
poten t ia l  of the zirconia e lect rode is sole ly  a funct ion 
of  the PO 2-  of the system. As for  the r edox  reaction,  
we mus t  a s sume  tha t  the potent ia l  of the zirconia  
e lec t rode  would  become a mixed  poten t ia l  va ry ing  
be tween  the l imits  of no rma l  potent ia ls  of the 0 2 / 0 2 -  
couple and of NOs- /NO~,  O~ represen t ing  

1 
--O~ + 2e-  ~-C) z- 
2 

2NOa- ~- 2NO~ + C~ + 9.e- 

+ 0,100 

-0,100 

-0,30C 

- 0 , 5 0 0  

,{,t/E 

6=" . C0250% Air50% 
�9 0 2 

/ * Air 
/ * Argon 

2 1/2 
tog [0 2- ] log (P,No2/at m) (PO2/atm) 

4 2 3 3 2 1 o 
=,~ ~ 7/5 16 po2- 

Fig. 7. PO 2 -  scale of an equimolar (No, K)NO3 at 475~ 

I 
2NO3 ~ 2NO~ + ~ O~ + OS- 

The cons tant  associated wi th  this  equ i l ib r ium is 

A g  + 

experimental 
theorical 

- - O J O 0  

+0,100 

2 1/2 
Iog(PN 02/at m) (Po2/at m) 

A 
_~ o 

Fig. 6. Calibration of the zirconia electrode in an acidic system 

Fig. 8. Attack morphology of the glass treated in a highly basic 
system. PO 2 -  - -  2, treatment 16 hr. 

( 2F ) 
K' = exp -- -~- (E ~ NOs-/NO�, O2 -- E~ ~-) 

at 475tC; K'/atY 2 �9 mol kg-* = 1.9Z10 -zo. 

When the bath is subjected to other gaseous atmo- 
spheres such as N2, CO~ pure or mixed with air or 
steam, a measurement of the potential is enough to 
deduce the value of PO 2- from Fig. 6. The general ex- 
pression of the emf of the zirconia electrode is at 475~ 

E(V)/Ag+/Ag (0.1m) = 

--0.600 (--4-_ 0.005) + 0.074 PO 2- 

Constant /4:' as obtained experimentally comprises the 
constant of thermodynamic dissociation of the NO$- 
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anion (K) and the solubil i ty coefficients of NO~ (K'H) 
and 02 (K"H) in mol ten nitrates.  

If constant  K as given by Ref. (27) is t ransferred to 
a molal i ty  scale by means of Km = Kx(lOOO/Ms)Z~l 
where Km and Kx are constants of equ i l ib r ium ex- 
pressed as a funct ion of molal i ty  and mol fraction, re-  
spectively, Ms is the average molecular  mass of the 
solvent, and ~.~i is the sum of stoichiometric coefficients 
of equi l ibr ium K / m o W  2 �9 kg -a/2 = 10 -17, we can s e e  
that  the n u m b e r  obtained is not  identical  to K'. The 
difference is due to the fact that  the solubil i ty of 
these gases under  atmospheric pressure is lower than 
1 mol/kg. We have seen that  K = kH K', from which 
we can deduce 

klt = k'H 2 " k"H 1/* = 5.2 10 - s  (mol �9 kg -1 �9 a tm-1)  z/2 

If we assume that  the decomposition of the solvent  is 
not significant on ini t ia l  approximation,  we can ex-  
t rapolate the value of W'Hco2) from Ref. (28) 

k"H _~ 8 �9 I0 -6  m o l .  kg -1 �9 arm 

k'H(NO2) -- k"H(O2) V" = 4.3 �9 10 -a  m o l .  kg -1 �9 a tm-Z 

which is comparable to the value of k'H at 300~ as 
given by Ref. (29)1 i.e., k'H (5 • 3) 10 -a  real 1-1 a tm 
(with d = 2g/cm3). 

Proportioning o] nitrite in solut ion. - -When the bath  
is exposed to atmospheres such as N~ and NO2, ni t r i tes  
are formed (9, 20) according to the following equi-  
l ibr iums 

NOa-  + 0 ~- ~ NO~- § O ~ -  

under  neu t ra l  atmosphere 

2NO2 + O ~- ~- NO2- J- NO3- 

under  an atmosphere of NO~ 

In order to have some not ion of the quant i ty  of n i t r i te  
formed in  solution, samples were obtained from the 
rapidly cooled mol ten bath. By using the method of 
calor imetry with formation of azoic coloring (Griess 
reagent)  as described in Ref. (30) we determined the 
quant i ty  of n i t r i te  formed. Table III  show~ the concen- 
t ra t ion of NO2- formed. 

Discussion and Conclus ions  
Exper imenta l  results show that  the potent ial  of the 

stabilized zirconia electrode varies in  a basic system 
as a funct ion of the equi l ibr ium potent ial  O2/O 2-. 
With in  the in terva l  of ( 0 2 - )  concentrat ion added (be- 
tween 10 -4 and 0.1 mol /kg)  the response of the zir-  
conia electrode is l inear,  with a slope approximat ing to 
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Table Ill. Concentration of NO2-  in solution (mol/kg) 

Composi t ion  of the  ba th  A t m o s p h e r e  po ~- NO.2- • 10 s 

( Na,K ) NO~ NO~ 8 8.4 
0.66% NO_, 

+ 0.33% O~ 8.5 5.9 
0.12% NO_. 

+ 0.16% O.o 8 5.9 
CO.. 6 1.1 
N2 4 7.5 

(Na,4~DNO~ + Na~O Air  1.83 9 

within  0.O05V of the theoretical slope. For concentra-  
tions of ( 0 2 - )  below 10 -4 mol /kg  the potent ial  of t h e  
zirconium oxide electrode tends toward the equi l ib-  
r ium potent ial  of the bath without  any basic corn- 

Fig. 10. Attack morphology of the glass treated in a weak acidic 
system. PO 2 -  = 7, treatment 16 hr. 

Fig. 9. Attack morphology of the glass treated in o neutra~ Fig. 11. Attack morphology of the glass treated in a highly 
system. PO 2 -  = 6, treatment 16 hr. acidic system. PO 2 -  = 8, treatment 16 hr. 
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pound. For concentrations of (O ~-) above 0.1 mol/kg, 
owing to deviation from ideal conditions, the linear 
law does not apply. 

In an acidic system, the more acidic the bath the 
higher the value of PO 2- is; by replacing in Eq. [7] 
Po2 = 1 -- P•o2 and aPo2-/OPNo2 = 0, we obtain PNO~ 
- -  0.8 atm and Poz = 0.2 atm and Po2-max "- -- log 
K' = 1O. It follows that the experimental acidity scale 
of molten alkali nitrates at 475~ is of approximately 
10 units of PO 2-. 

For other gaseous atmospheres above the molten 
bath, a simple measurement of the potential of the zir- 
conia electrode with respect to the Ag+/Ag reference 
electrode allows us to deduce PO 2- by using the dia- 
gram in Fig. 7. 

Manuscript submitted Dec. 9, 1982; revised manu- 
script received ca. May 17, 1983. 

The Universit~ libre de Bruxelles assisted in meet- 
ing the publication costs oy this article. 

APPENDIX 
If one takes into account the formation of superoxide 

out of peroxide 
O~ 2- + O ~  20~-  [A-l] 

[O2-]2 
Kx-- 

[ 0 3  - ] po~ 
taking account of the disproportionate of oxide by su- 
peroxide 

2 02- q- 202- ~ 30~ 2- [A-2] 

[o3-  ] 8 
KII : 

[ 0 2 -  ]2 [Oz-  3~ 
By eliminating [02- ] between the two equations 

[ 0 2 2 .  ] "-- [ 0  2 -  ] x / K I  KII  P02 ~aelt 

[ 0  2 -  ] add - -  [ O 2 -  ] - -  [ ~  ] ~/KI KII  PO2 melt 

[ 0 2 -  ] ~d~ 
[O2-]  : 

x/KI ' KII  1002 "~- 1 

Eq. [9] becomes 
[ 0  2 -  ],add 

E : E ~ -- 0:074 log 
x/K, Kn P0i melt ~t- 1 
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ABSTRACT 

X-ray photoelectron spectroscopy (XPS) and electroanalytical techniques were combined to analyze the behavior of 
tungsten electrodes in molten nitrates. Cyclic voltammetric profiles obtained in the stability range of the given melt reveal 
previously unreported peaks, and XPS was performed on samples treated at the significant potential regiOns. The XPS 
analysis reveals the presence of tungsten in oxidation states IV, VI, and an intermediate one at various potentials, together 
with underlying tungsten metal in appropriate cases. In the studies of electrochemically oxidized samples it is found that 
there is electrochemical evidence for tungsten even in low oxidation states formed on the electrode, but it appears that these 
species are dissolved in the melt and thus not seen in XPS studies. A study of the corrosion of tungsten by the melt was also 
carried out. 

Tungs ten  and its oxides are very  impor tant  from a 
technological point  of view. Par t icular  a t tent ion has 
been given to the phenomenon of electrochromism (1-8) 
in  WO3 films because of its potent ial  use for passive 
a lphanumeric  displays. Tungsten  trioxide has been re-  
cent ly  used as a stable semiconduct ing mater ia l  for 
the photoelectrolysis of aqueous solutions (9-11) and 
the semiconducting properties of monocrystal l ine tung-  
sten trioxide (12) or amorphous film (13) electrodes 
in different solutions and in the presence of different 
redox .couples have also been studied. Studies have also 
been carried out on the chemistry and electrochemistry 
of tungsten  in molten salts (14-16) in view of its 
possible use in high tempera ture  alloys. 

P re l imina ry  results concerning the electrode-cata-  
lyzed chemical decomposition of ammonia  have been 
reported (17-19) dur ing  the course of a systematic in-  
vestigation of hydrogen and oxygen electrodes in mol-  
ten ni trates  performed at Bari. Since tungsten  is a 
good catalyst for NI~  decomposition (20), it may be 
useful  as an electrode mater ia l  for high tempera ture  
hydrogen electrodes. In  such an applicat}on a s tudy of 
its corrosion in  mol ten ni t rates  may prove essential. 

In  this paper  we report  a s tudy of films formed on 
a tungsten  electrode surface under  different experi-  
menta l  conditions by  x - ray  photoelectron spectros- 
copy (XPS or ESCA).  This technique can ident ify 
the chemical na tu re  of such films and give informat ion 
about their thickness (21). The complete identification 
of the films formed on electrodes is central  to a proper 
unders tand ing  of electrochemical systems. In  addition, 
impor tant  informat ion may be obtained about corro- 
sion processes and in some cases unusua l  compounds, 
not easily prepared by other methods, may be studied. 
XPS has usual ly  been applied to electrodes in aqueous 
systems, but  has also been applied to electrodes in 
molten salt systems (22-24). In  this paper  we report  
a detailed s tudy of the behavior  of tungsten  electrodes 
in  molten ni t rates  unde r  chemical and electrochemical 
t reatment .  In  contrast to the s i tuat ion in aqueous solu- 
t ion (25), the surface of electrodes that have been used 
in molten ni t rates  shows the presence of lower oxida-  

Key words: ESCA, surfaces, analysis. 

tion states of tungsten in addition to W(VI) .  The b ind-  
ing energies for the 4f level in tungsten  and its differ- 
ent oxidation states [W(0), W(IV) ,  W(V) ,  and W(VI)] 
from this work are compared with those of other pre-  
viously reported studies (26-31). 

Experimental 
All the spectra were obtained using an AEI (Kratos) 

ES20OB x- ray  photoelectron spectrometer, operated in 
the FRR mode, using Mg Ks x-radiat ion.  The data were 
collected using an Apple II microcomputer  system 
l inked to an IBM 370/168 computer, the lat ter  being 
used for most of the data analysis (32). The base pres-  
sure in the sample chamber varied from 10 -8 to 10 -9 
Torr. Samples were etched using an Ion Tech B24 
mechanical ly scanned Saddle Ion source. Calibrat ion 
was based upon the W 4f7/2 metal  peak (31.5 eV) and 
the carbon ls electron peak (284.6 eV) due to residual  
pump oil on the sample surface. 

~Spectra were fitted using a non l inea r  least squares 
method with a Ganss ian /Lorentz ian  (33) peak shape, 
including the effect of non l inear  background subtrac-  
t ion (34) and radiat ion satellites. 

Current -vol tage  curves were recorded using a t r i -  
angular  voltage sweep at several sweep rates (20-500 
mV sec -1) using a P r ince ton  Applied Research 174A 
potentiostat  and an Electrochemlab Amel functiOn gen-  
erator. The electrochemical cell has been described 
previously (35). The working electrode was a tungsten  
wire (1 mm diam) sealed in a glass tube, the refer-  
ence electrode was an A g + / A g  0.07 mol kg -1 and the 
counterelectrode was a p la t inum foil. When samples 
were examined by XPS the working electrode was a 
tungsten  plate approximately  10 -4 m 2 in  area. In  these 
cases the electrode was removed from the melt ,  wi th-  
out disconnecting the potentiostat, and washed in tr iply 
distilled deoxygenated water  to remove the melt. In  
some experiments  a rotat ing disk electrode was used 
(1 m m  diam, ,with a rotat ion speed 600 rpm) .  The sol- 
vent  was an equimolar  mixture  of sodium and potas- 
s ium ni t ra te  at 230~ All the reagents used were RP 
analyt ical  grade, and the melt  was main ta ined  under  
ni t rogen (ul t ra  pure  grade) which was dried over t o o -  

219g 
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lecular  sieves. Ventron,  Alfa  Division 99.9% pur i ty  
tungsten of 0.125 mm thickness was used for the ex-  
periments .  

Results and Discussion 
Electrochemical Studies 

The main features Jrom cyclic voltammetry measure- 
ments.--Most of the informat ion  about  the tungs ten-  
mol ten  ni t ra tes  sys tem could be obta ined  f rom cyclic 
vo l tammograras  s ta r t ing  f rom potent ia ls  in the range  
1.0-1.8V where  a large  oxida t ion  cur ren t  could be re-  
corded. F igure  1 shows a typica l  cyclic vo l t ammogram 
obta ined  wi th  a tungsten microe lec t rode  in mol ten  n i -  
t ra tes  under  an iner t  a tmosphere .  The cyclic vo l tam-  
mogram can be seen to be r a the r  complex.  Only peaks 
H and F have been  prev ious ly  descr ibed (36, 37) in 
the l i te ra ture ,  the other  peaks  being new. Peak  H has 
been ascr ibed to the pass ivat ion  of the e lect rode as a 
resul t  of the fo rmat ion  of insoluble  sodium oxide which  
precip i ta tes  on the electrode,  according to the equat ion 

NO3- + 2e ~ NO2- + O = [1] 

2Na + + O = ~ N a 2 0 ( s )  [2] 

and peak  F to the c~xidation of this oxide to super -  
oxide anions 

2Na~O(s) ~ 02- + 4Na + + 3e [3] 

The l imits  A and I a re  due to the e lec t ro -ox ida t ion  
(38-40) and e lec t roreduct ion  (36, 41, 42) of  the solvent,  
respect ively.  The remain ing  peaks can p robab ly  be as-  
cr ibed to the  format ion  and reduct ion of tungsten oxide 
films on the  e lect rode surface. In par t icu lar ,  at  a po-  
ten t ia l  cor responding to the peak  at  about  + l . 3 V  a 
species is fo rmed which pass ivates  the e lect rode up to 
+6.0V. If  a potent ia l  scan is s t a r t ed  f rom + l . 3 V  to-  
wa rd  less posi t ive values  (as in Fig. 1), one can see 
tha t  this  surface  species undergoes  a first reduct ion  
process at  about  --1.2V; and a second one giving rise 
to a shoulder  at  about  --1.6V on the peak  H. Then 
sodium oxide fo rmat ion  is a t t a ined  according to Eq. 
[1] and [2]. 

,If a po ten t ia l  scan is s t a r t ed  f rom - 2 . 6 V  toward  
more  posi t ive values  (as in Fig. 1), then the first peak  
(F)  resul ts  f rom superoxide  formation,  then r eox ida -  
t ion of the tungsten species p rev ious ly  reduced  gives 
r ise to peaks  D and C, and then pass ivat ion of the 
e lect rode causes peak  B. I t  is impor tan t  to emphasize  
that  peak  C occurs as a single peak  on decreas ing the 
scan ra te ,  and its profile is r a the r  i r r egu la r  as gen- 

I i ' 
II 

IIo.A :' 
z CATHOO,O ,: 

U.I START / 

POTENTIAL/V {v~ s-Ag+/AB 0 . 0 7 m o I K g  -I) 

Fig. I. Typical cyclic voltammogram obtained with a tungsten 
microelectrode in pure (Na,K)NO8 eutectic mixture at 230~ 
under a dry nitrogen atmosphere. Scan rate: 200 mV sec -1.  Start- 
ing potential +1 .3V  (for peak assignment see lost section). 

era l ly  happens  when gas evolut ion is involved,  while  
peaks  D and F decrease.  A l imi t ing s i tua t ion  showing 
the d i sappearance  of peaks  D and F is obta ined  under  
ro ta t ing  e lect rode condit ions (vide infra)." 

Behavior in vicinity of cathodic passivation peak.--  
Figure  2 shows a pecul ia r  fea ture  involving the cath-  
odic pass ivat ion peak  at  about  --1.65V. The po ten t i a l .  
cur ren t  profiles a re  shown recorded at  constant  ca th-  
odic scan ra te  and va r i ab le -anod ic  scan rate.  At  low 
anodic scan rates,  on revers ing  the potent ia l  scan, un-  
expected  (cathodic)  cur rents  are  found. I t  is clear  
from Fig. 2 tha t  the cathodic contr ibut ion  is h igher  
the lower  is the anodic scan rate,  and only  for ve ry  
fast  scan rates  can the oxida t ion  peak  be seen. The 
cathodic por t ion  of the peak  becomes more and more 
negl ig ible  when the scan is reversed  at more and more 
cathodic potent ia l  values  as shown in Fig. 3. A s imi lar  
behavior  is obtained,  of course, if the  scan is s topped 
at  point  1 before  revers ing  its direct ion.  The longer  
the "wai t ing t ime" at  this point,  the more  s imi lar  the 
cu r ren t -po ten t i a l  profile becomes to tha t  of curve 3. 
This pecul ia r  behavior  indicates  (43-44) tha t  the pas-  
sive s ta te  is not  ve ry  s table  and tha t  there  is a compet i -  
t ion be tween a passivaticm and a depass ivat ion  effect, 
tha t  is, be tween  the film format ion  and its chemical  
dissolution (vide infra ) , 

Rotating disk electrode studies.--Figure 4 shows a 
typical" vo l t ammogram obta ined  wi th  a tungs ten  ro -  
t a t ing  disk e lec t rode  s ta r t ing  f rom anodic pass ivat ion 
conditions. The cathodic profile is a lmost  the  same as 
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Fig. 2. Current-potentlal profiles obtained with a tungsten mlcro- 
electrode in pure (Na,K)NO~ eutectic mixture at 230~ under a 
dry nitrogen atmosphere. Cathodic scan rate: 100 mV sec-Z; 
anodic scan rates: (a) 20 mV sec -1 ,  (b) 50 mV sec -1,  (c) 100 
mV sec -1 ,  (d) 500 mV sec -1.  
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Fig, 3. Current-potentlal profiles obtained with a fungstefl 
microeiectrode in pure (Na,K)NOs eutectic mixture at 230~ 
under a dry nitrogen atmosphere. Cathodic and anodic scan rate: 
100 mV sec -1.  The arrows show the scan reversing point for each 
curYe. 

that obtained from the cyclic vol tammetry measure- 
ments at low scan rates. Thus, after recording the pas- 
sivation peak at --1.65V, on reversing the scan toward 
less negative potential values, the previously decribed 
cathodic current  contribution can be recorded. In the 
anodic region the oxidation signal at --0.5V (peak D 
in Fig. 1) is absent while the double peak at --0.2V 
(C in Fig. 1) is present as a single peak. Final ly  the 
passivation peak at + 1.3V occurs. 

X-ray Photoelectron Spectroscopic Studies 
An attempt was made to correlate the electrochemi- 

cal behavior described above with the nature of the 
species present on the electrode surface. A systematic 
XPS investigation was performed on samples polarized 
(cathodically or anodically) at different potentials. 
Table I shows the XPS data for the W4f doublet in 
this work and compares it with previous studies. Error 
limits for this work are shown as two standard devia- 
tions. 

Studies o] tungsten meta[.BMany of the spectra ob- 
tained in this study showed peaks due to tungsten 
metal, in addition to tungsten oxides. Such spectra 
were curve fitted using parameters derived from ac- 
curately fitted me ta l  spectra. The metal  was reduced in 
hydrogen at 500~ and then argon ion efched to re-  
move any residual oxide, giving the W4f spectra shown 
in Fig. 5 (a).  The small shoulder on the left (chemical 

~tart 

;0 *110 0.0 
- 1.0 -2.'0 

P O T E  N T  I A L / V  (vs. A g + / A g 0 . 0 7 m o l K g  - I )  

Fig. 4. Typical tungsten RDE voltammogram recorded in pure 
(Na, K)NOs eutectic mixture at 230~ under a dry nitrogen at- 
mosphere. Starting potential +2 .0V;  rotation speed 600 rpm; scan 
rate 10 mV ser -z .  

2 

_c 

I I I i I I I I I I I 
8 6 4 2 0 

Chemical Shi f t / r  

Fig. 5. Tungsten 4f ESCA spectra (chemical shift with respect to 
tungsten metal 4f7/2 peak). (a) Tungsten metal etched with argon 
ions (5 kV, 2 mA for 30 min); (h) same sample as in (a) but 
analyzed under a grazing angle. 
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Table I. ESCA spectra of W4f doublet in tungsten and its oxides in different oxidation states 

Oxidation 
state 

Binding energy,  (eV) Separation 
Spin-orbit FWHM 4f from W (0) 

W4f~/~ W4f~/2 splitting (eV) (eV) (eV) Rvferences  

W(0)  31.2 • 0.1 33.4 --+ 0A 2.18 • 0.02 (8) 
31.2 2.20 • 0.5' 

2.10 • 0.05" (7) 
31.5 33.6 2.1 (28) 
32,5 34.3 2.Q (25) 
31.3 • 0.4 33.5 • 0.4 2.2 • 0.05 0,86 • 0.07 This work  

W(H)  33.1 (28) 

W (IV) 32.5 • 0.1 1.3 (8) 
34.6 36.7 2.1 3.1 (28) 
33.6 35.7 2.1 (30) 
33.5 35.6 2.1 (27, 29, 31) 
33.0 35.1 2.1 (6) 
32.7 2.0 (26) 
33.1 • 0.2 35.4 • 0.2 2.3 • 0.3 2 . 0 -  0.4 1.8 ~ 0.4 This work  

W ( V )  35.4 37.5 2.1 3.9 (23) 
35.1 37.2 2+1 (27, 29, 31) 
35.0 37.1 2.1 (6) 
35.4 • 0,2 37.6 • 0.2 2.1 1.5 4.1 • 0.1 This work  

W(VI)  35.5 "~ 0.1 37.6 • 0.1 2.14 -4- 0.02 4.3 (8) 
35.7 37.85 2.15 4.5 (7) 
36.1 38.2 2.1 4.6 (23) 
36.8 38.8 2.0 4.3 (25) 
36.1 38.2 2.1 (27, 29) 
36.1 38.2 2.1 (31) 
35.4 37.5 2.1 (30) 
35.0 2,0 4.3 (26) 
36.0 38.1 2.1 (6) 
35.8 ~- 0.5 37.8 --~- 0.5 2.1 • 0.I 1.3 • 0.03 4.5 • 0.1 This w o r k  

' ffi cubic bronzes. 
�9 - tetragonal  bronzes. 

shif t  4-7 eV) of the meta l  peaks  (spl i t  by  sp in -o rb i t  
sp l i t t ing)  was found to be due to ma in ly  W ( V I )  oxide, 
confirmed by  the surface sensit ive,  ve ry  low take-off  
angle  (45) exper iments  [Fig. 5 (b ) ] .  I t  should be noted 
that  a l though one might  expect  some tungsten 5p3/2 
in tens i ty  and the smal l  shoulder  can be fitted to a peak  
sepa ra t ed  by  3.56 eV f rom the 4f7/2 peak  wi th  an a rea  
rat io  (4f7/2: 5P~/2) of  3.23: 1, this ra t io  is much less than  
the value  of 8.83:1 expected f rom Schofield's cross 
sections (52). Fu r the r  the ang le - reso lved  exper iments  
show that  there  is considerable  oxide in tens i ty  in this 
region. Thus any 5p3/2 contr ibut ion  has been ignored 
as its cont r ibut ion  to the fitted spec t ra  would  be ex -  
pected to be  ve ry  smal l  and cannot  be quantified. The 
oxide could not  be removed  by  argon ion etching 
and p r e sumab ly  resul ts  f rom knock-on  effects dur ing  
the etching process. The a s y m m e t r y  in the me ta l  peak  
shape is due to conduction band in terac t ion  effects (46- 
48). 

Studies of chemical oxidation of tungsten m e t a L ~  
Tungsten meta l  p r epa red  by  reduct ion in hydrogen  at 
500~ was exposed to the  mel t  for  different  t imes. 
This showed the format ion  of tungsten in oxida t ion  
states (IV) and (VI) which must  thus exist  as an in-  
soluble s table  species on the meta l  surface. The as-  
s ignment  of the  peaks  to different  oxidat ion  states was 
based on XPS  studies of chemical ly  p repa red  powder  
samples  of the different  oxides, previous  l i t e ra tu re  
~r (26-31), and meta l  to oxide  peak  separat ions  
in oxidized meta l  samples;  the values  chosen were  
W ( V I )  4.5 eV, W ( I V )  1.8 eV. The thickness of the 
oxide film increased and the composit ion changed with  
t ime of exposure.  In  most cases the  subs t ra te  meta l  
could be observed,  suggest ing that  the oxide  films 
were  of the  o rder  of 2 n m  or  less. Typical  curve-f i t ted  
spect ra  a re  shown in Fig. 6. In  genera l  the amount  of 
W ( V I )  species tends to increase  wi th  the t ime of ex -  
posure,  whi le  tha t  of W ( I V )  species tends to assume 
a constant  va lue  (around 20%) and then d isappear  for 
the longest  t imes of  contact  be tween  the sample  and 
the melt .  Af te r  pro longed  exposure  (several  hours)  
the s ignal  f rom the under ly ing  meta l  becomes almost  
negligible,  the surface  being comple te ly  tungsten (VI) .  
When thick oxide  layers  were  formed a cer ta in  pee l -  
ing of the  f i lm was somet imes  observed.  

Studies of e~eetrochemical treatment of tungsten 
metal .--When a potent ia l  of W1.3V is appl ied  to the 
e lec t rode  a high oxida t ion  cur ren t  is recorded (Fig. 1) 
which is re la ted  to the format ion  of a pass ivat ion 
species. XPS  analysis  was pe r fo rmed  in o rde r  to de-  
fine the na tu re  of this species and to detect  any  changes 
in surface  composit ion af ter  e lec t roreduct ion  and r e -  
oxidat ion  at  po ten t ia l  values  corresponding to the 
peaks in Fig. 1. 

The XPS spect ra  shown in Fig. 7 indicate  tha t  when 
the e lect rode is polar ized at  W1.3V (or more  anodic 
potent ia ls)  the  tungsten meta l  is oxidized to tung-  
s t en (VI )  oxide,  wi th  a film thickness  tha t  increases  
wi th  time. Examples  of curve-f i t ted  spect ra  at  impor -  
tan t  points  in the cyclic vo l t ammogram are  repor ted  
in Fig. 8. Thus Fig. 8a shows a spec t rum recorded 
af ter  sweeping to --1.2V (where  the  first reduct ion  
process occurs)  which exhibi ts  tungsten meta l  and 
" t u n g s t e n ( V ) "  (vide infra) species. F igure  8b is a 
spec t rum recorded af ter  sweeping to --1.6V (where  
the second reduct ion process occurs) and shows some 
tungs ten (VI )  ,with the under ly ing  metal .  One might  
expect  to see lower  oxida t ion  s tate  species at  this 
point, but  it  is thought  tha t  such species might  d is -  
solve in the mel t  and are  thus not  seen on the e lect rode 
surface (see las t  sect ion) .  F igu re  8c shows the s i tua -  
t ion af ter  sweeping  the potent ia l  ca thodica l ly  up to 
--2.0V and then anodica l ly  up to --0.5V which  shows 
t ungs t en ( IV) ,  some tungsten (VI) together  wi th  me ta l  
[the fit is not  perfect  and the W ( V I )  peaks  are  some-  
wha t  wider  than expected and this m a y  be expla ined  
by  the presence of a l i t t le  " t ungs t e n (V )" ] .  F igure  8d 
shows the spec t rum obta ined  af ter  sweeping  the po-  
tent ia l  ca thodica l ly  up to --2.0V and then  anodica l ly  
up to +0.1V which shows only tungs t en (VI )  together  
wi th  meta l  [ there  m a y  be some tungs t en (V)  as in 
Fig. 8c]. In  al l  the spec t ra  recorded af te r  main ta in ing  
the samples  for r e la t ive ly  long per iods  of t ime (2 rain) 
at  potent ia ls  be tween  --1.6 and --2.0V (see for ex-  
ample  Fig. 8b) the  on ly  de tec table  species on the e lec-  
t rode surface is W ( V I ) ,  in amounts  s imi lar  to that  
ob ta ined  when a pure  tungsten meta l  sample  is ex-  
posed to a i r  and submi t ted  to the  washing operat ion.  

I t  mus t  be pointed out  that  a l though Fig. 8a c lear ly  
indicates  the presence of " W ( V ) "  [from the chemical  
shif t  f rom the me ta l  (4.1 eV)]  on the surface of e lec-  
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trodes treated at --1.2V, the amount of this species is 
usually found to be less than expected on the basis of 
the starting quantity of W(VI) and sometimes it is 

b 

5 
b 
E 

C~ 

Chemical Sh ift/eV 
Fig. 6. Tungsten 4f ESCA spectra. Representative examples of 

spectra recorded on samples maintained in contact with the melt 
for different times shown fitted to different tungsten species: (A) 
tungsten(0) doublet, (B) tungsten(IV) doublet, (C) tungsten(VI) 
doublet. (a) 10 mln, (b) 30 rain, (c) 120 rain. 

not detectable at all [though some W(VI) can be 
seen]. These results suggest that: (i) "W(V)" is not 
a "stable" species being soluble in the melt and/or in 
the water used in washing, and (ii) only when the 
"W(V)" film is completely lost can the underlying 
metal be oxidized to W(VI).  

No evidence was found in the overall XPS spectrum 
of the existence of sodium on the surface, thus avoid- 
ing the possibility of insoluble "bronze" formation 
(53). 

Mechanist ic Considerations 
The combination of electrochemical and spectro- 

scopic information allows the behavior of tungsten 
electrodes in molten nitrates to be tentatively ex- 
plained. The proposed reaction paths shown below, 
which relate to the labeled peaks in the cyclic voltam- 
mogram in Fig. 1, are consistent with the studies above, 
and with the information about the stability of oxy- 
gen species in the melt (49-51). The apex "e" indicates 
solid species on the electrode surface, the other species 
being in solution 

PeakB: W e+3NO~-~-WOa e + 3 N O s + 3 e  [4] 

is supported by XPS analysis [which detects the pres- 
ence of W (VI)], the observation of yellow gas evolu- 
tion, and the yellow color of the film. 

Peak E: 4WO3 e Jr e ~,~ 2W205 e -+- 02-  [5] 

is supported by XPS analysis and the known super- 
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Chemical Shift/eV 

Fig. 7. Tungsten 4f ESCA spectra. Spectra from W electrodes 
polarized at +1.3V for different times shown fitted to different 
tungsten species: (A) tungsten(0) doublet, (C) tungsten(VI) 
doublet. (a) 1 sec, (b) 30 sec. 
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Fig. 8. Tungsten 4f ESCA spectra. Representative examples of 
spectra from samples polarized at different potentials (for peak 
assignment and experimental conditions see Fig. 7). (A) Tung- 
sten(0) doublet, (B) tungsten(IV) doublet, (C) tungsten(VI) 
~io,blet, (D) tungsten(V) doublet. 

oxide s tab i l i ty  (49, 50) in this potent ia l  region.  

P e a k G :  W ( V )  e-{- n e ~ - W ( V - -  n) e [6] 

is sugges ted  by  vo l tammet r ic  measurements ,  but  the 
final oxidat ion  state is not  known since XPS is unable  
to detect  the product  species due to the chemical  r e -  
action of the product  wi th  Na20 and its subsequent  
dissolution, as shown be low 

N O s -  + 2 e ~ N O 2 -  + O = [a] 

Peak  H: 2Na + + O = ~ Na~O e [b] 

see Ref. (36, 37), then  

Na20 �9 
W ( V  - -  n ) e  

NOB- 

Peak  F:  2Na20(s)  / 

NaxWyOz (quite  soIuble) 

�9 C)~- -{- 4Na + + 3e 

[3] 

see Ref. (37). 

P e a k D :  W ( V - - n ) e c - W ( I V ) e +  (n -- 1)e [7] 

is suppor t ed  by  XPS analysis  and is de tec table  only at  
h igh scan rates.  

W(IV) e + NO~- ~W(Vl)~ + NO2 + e 
[8] 

Peak  C: W'205 e -t- NO~- ~ 2WO3 e -l- NO2 + e 
[9] 

is suppor ted  b y  XPS analys is  and  the observa t ion  of 
gas evolut ion 

Infinite tai l  A: NO~- -> NOe % Y2 O2 % e [10] 

Infinite t a i l I :  Na + + e ~ N a  e [11] 

see Ref. (36, 38, 40-42). 
The pass iva t ing  W ( V I )  species can be formed ac-  

cording to Eq. [4]. This oxide  is known to be a s table  
noninsula t ing  species which has some conduct iv i ty  (i t  
is a semiconductor )  as long as the oxide film is not  
t oo  thick. Pass ivat ion  occurs when the oxide film be-  
comes too thick. On scanning the  potent ia l  in the 
anodic direction,  the  cur ren t  reaches a ve ry  low and 
constant  value  until ,  a t  about  W6V, the oxide film is 
b roken  and the solvent  oxidat ion  proceeds wi th  oxy -  
gen and NO~ evolut ion (Eq. [10]).  On scanning the 

potent ia l  in the cathodic direction,  the reduct ion of 
~vV(VI) to an oxida t ion  state that  may  lie in be tween  
tungsten (VI) and tungsten (IV) occurs. We have cal led 
this " W ( V ) "  for convenience, though a unique ass ign-  
ment  of this species based on the direct  comparison 
wi th  a pure  compound is impossible  since the bu lk  
W ( V )  oxide  is not known. This species is fu r the r  re -  
duced to a lower  oxidat ion  state,  but  the process is 
inhibi ted  by  the format ion  of sodium oxide according 
to Eq. [1] and [2]. In  any case, this reduced  species 
in the presence of Na20 e and of the solvent  anior~s 
(NO3-)  seems to give a quite soluble  product .  This is 
in agreement  with:  (i)  the compet i t ion be tween  film 
fo rma t ion  leading  to pass ivat ion and depass ivat ion 
effects ar is ing from chemical  dissolut ion of the film as 
previous ly  shown (see Fig. 2 and 3 and the discussion 
under  the sect ion on Behavior  in v ic in i ty  of cathodic 
passivat ion p e a k ) ;  (ii) the inab i l i ty  to detect  any  
W ( V  -- n)  species on the e lec t rode  surface b y  XPS 
studies fol lowing t r ea tmen t  at these potent ials .  

Then the sodium oxide excess oxidizes to superoxide  
according to the w e l l - know n  process (Eq. [3]) .  Peak  
D (Fig. 1) can be ascr ibed to the oxida t ion  of W ( V  -- 
n) to W ( I V )  and peak  C to the oxidat ion  of W ( I V )  
and W ( V ) ,  respect ively,  to W ( V I ) .  I t  is not possible to 
record  the peak  at  --0.5V when  using low scan ra tes  
wi th  a s t a t ionary  electrode,  or  when using a ro ta t ing  
disk electrode.  The reason for this behavior  is that  the 
W ( V  -- n)  species is comple te ly  soluble and thus di f -  
fuses away  from the e lect rode at low scan rates  (when 
there  is more  t ime ava i lab le  for diffusion) or When 
diffusion is enhanced b y  e lec t rode  rotat ion.  I f  the  
W ( V  -- n) species is lost into solut ion then the p ro-  
cesses descr ibed by  Eq. [7] and [8] cannot  occur. This 
expla ins  why  the s ignal  appears  as a single peak  at 
low scan rate,  since there  is now only one process 
possible (Eq. [9]) .  The i r r e g u l a r  profile at  low scan 
ra te  can be ascr ibed to NO2 evolution.  

In  conclusion the s tudy  presents  an overa l l  v iew of 
the tungsten e lect rode in mol ten  n i t ra tes .  Whi le  the 
deta i led  s i tua t ion  is complex,  XPS studies show tha t  
the e lect rode examined  is t ungs t en (VI )  oxide r a the r  
than tungsten meta l  and that  o ther  tungsten oxida t ion  
states [such as t ungs t e n ( IV ) ]  can also be seen under  
appropr ia t e  conditions.  
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Electrodeposition of Metal Particles and Films by a Reducing Redox 
Polymer 

P. G. Pickup, K. N. Kuo, and Royce W. Murray 
Kenan Laboratories of Chemistry, University of North Carolina, Chapel Hill, North Carolina 27514 

ABSTRACT 

The electrodeposition of copper, silver, cobalt, and nickel onto poly-[Ru(bpy)2 4-vinylpyridine~]2+-coated Pt electrodes 
is described. The Ru(I) and Ru(0) states of the polymer are used to mediate the metal reductions. Metal deposited directly 
onto the underlying Pt electrode and that deposited on the polymer can be distinguished from the cyclic voltammetry; ex- 
perimental conditions promoting the latter were established. SEM and XPS confirm that metal can be deposited mainly on 
the outer polymer surface. The kinetics of nucleation of metal particles on the polymer were detectable. Rotated disk perme- 
ation measurements show that the deposited metal films impede the diffusion of probe molecules like ferrocene through 
the polymer film. The electrodeposition of copper could also be mediated by a dissolved viologen mediator which perme- 
ates the polymer film. 

The deposition of metal particles and metal films 
onto polymers has both scientific and technological 
importance. Such deposition has commercial potential 
for the metallization or finishing of plastics as metal 
substitutes. Classically, the reagents which reduce the 
metal ions are components of a so-call~d electroless 
deposition solution contacting the polymer. In prin- 
ciple, however, the polymer itself might contain the 

reducing agent(s), either as added polymer phase 
solutes or as redox groups affixed to the redox polymer 
lattice. There are now known a number of polymers 
that contain sites that can be charged as reducing 
agents (1-27), which might be used as substrates for 
metal deposition. Two examples of metal reduction 
have in fact appeared (28, 29): Si electrodes coated 
with viologen polymer films containing Pt or Pd par- 
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ticles photoelectrocatalyticaUy evolve hydrogen (28), 
and copper deposition was used to study the structure 
of Nation films containing conducting crystals (29). 

Aiming at a fuller understanding of metal particle 
nucleation, ,growth, and film formation on reducing 
polymer films, we have coated a redox polymer film 
on a conductor electrode (Pt),  so as to permit control 
Of the supply of electrons to the reducing sites in/on 
the polymer film by the potential applied to the elec- 
trode. The redox polymer used, as a model, is 
one of a series of transition metal monomers, 
[Ru(bpy)2(vpy)2] 2+, which (18, 21, 30) can be elec- 
tropolymerized to form smooth, relatively pinhole free 
(31) films ca. 5-5000 monomer sites thick [bpy----- 

2,2'-bipyridine; vpy_--4-vinylpyridine]. The poly- 
[Ru(bpy)2(vpy)~] ~+ films impede the direct reduction 
of metal ions by the Pt electrode, and when charged 
to the (formal) Ru(I)  and Ru(0) states, can reduce 
Cu, Ag, Co, and Ni ions from their solutions in aceto- 
nitrile solvent 

M 

+ 
M 

Important  aspects of the electrochemical metal depo- 
sition reaction include the experimental  factors con- 
trolling whether the metals are deposited onto or near 
the surface of the reducing polymer (as opposed to 
deposition at the Pt /polymer  interface),  how to de- 
termine where the metal did deposit, and how to fol- 
low the nucleation and growth of metal particles on 
the polymer surface. Interesting results on the locale of 
Pt  and Pd deposition on a reducing viologen poIymer 
have been described by Wrighton et al., using Auger 
spectroscopy (28). 

Besides the fundamentally interesting problem of 
electrodepositing metals on polymers, and the poten- 
tialities of preparing catalytically useful metal par-  
ticles in this way, we see other uses for metal depo- 
sition on redox polymers. For instance, many applica- 
tions of redox polymer films, in electrocatalysis (14, 
32-39) and in rectifying film structures like bi layer 
electrodes (30, 40) depend on electrons being effi- 
ciently transported across the polymer film. Metal 
films deposited on redox polymer films on electrodes, 
sandwiching the thin (~1 ~m) polymer film between 
the two conducting contacts, could be useful in in- 
vestigating this electron conductivity (41). Another 
possible use could be in electrical devices made from 
bilayer electrodes, where it is necessary that the 
electrodeposited metal  film not only contact the out- 
side of the thin polymer film but  additionally be 
porous to the solvent and electrolyte flow necessary 
for charging of the film. We accordingly investigated 
the porosity of an electrodeposited Co film by mea- 
suring the permeabil i ty of the polymer/meta l  film 
layer on a rotated Pt disk to an electroactive probe 
molecule, ferrocene. Finally, we also briefly studied 
the electrodeposition of  copper mediated by a reduced 
viologen ion which permeated the ruthenium polymer 
film. 

Experimental Design 
The e~periment's aim is to deposit metal onto or 

within the polymer film, but not onto the Pt electrode. 
The highly reducing Ru(I)  and Ru(0) states in films 
of poly-[Ru(bpy)2(vpy)2]  n+ are used to mediate the 
metal  ion reduction. These states are formed in sig- 
nificant concentrations at Pt electrode potentials more 
negative than about --1.3 and --1.5V vs. SSCE, respec- 
tively. Both reduced polymer states can reduce the 
metal ions used in this-work, but also so can the Pt 
electrode at  these potentials, should the metal ions 
penetrate the polymer film. The polymer film should 
ideally therefore exclude cations. This is expected for 
this polymer since it is poly-cationic, but it may 
nonetheless be somewhat permeable to small metal 
cations. The problem is to know, under a certain set 
of experimental  conditions, where the metal will 
deposit. The problem has similarity to electrocatalysis 
at redox polymer films (38, 39, 42), where the rela-  
tive rates of several reaction steps determine the locus 
of the electrocatalytic reaction, and the five relevant 
reaction steps in metal  deposition can be stated in 
analogous fashion: 

1. Diffusion of metal  ions through the polymer film 
to the Pt electrode (SUBS flux). 

2. Diffusion of electrons through the polymer from 
the Pt electrode (e.g., charge transport, CT flux). 

3. Reduction of the metal ions by the reduced poly- 
mer (including steps for nucleation and deposition of 
metal) (CHEM flux). 

4. Reduction of the metal  ions by the Pt surface 
(including nucleation there).  

5. Mass transfer of metal  ions from the solution to 
the polymer film surface (MT flux). 

Taking a simphfied model for illustration, assume 
that any m e t a l  ions reaching the Pt electrode are re-  
duced immediately (step 4), and that the metal ion 
concentration outside the polymer is not depleted, as 
in rotating electrode experiments extrapolated to high 
rotation rates (step 5). The locus of metal deposition 
then depends on the relative rates of steps 1-3, as il- 
lustrated by the schematic concentration-distance pro- 
files in Fig. 1. 

Construction of the profiles of Fig. 1 follows previous 
reasoning (42). If diffusion of metal ions through 
the polymer (step 1) is fast relative to the rates of 
reaction of the ions with the polymer (step 3) or of 
electron transport  in the polymer (step 2), then the 
metal is mainly deposited onto the Pt electrode, 
underneath the polymer film (Fig. 1A, B). If, on the 
other hand, the ions diffuse slowly through the poly- 
mer (step 1) relative to the rates of reduction of the 
metal ions by the polymer and Of electron diffusion 
(step 3), then the metal will  be deposited on the 
outside of the polymer film (Fig. 1E, F).  The inter-  
mediate kinetic situation results in the metal  being 
deposited inside the polymer film (Fig. 1C, D). 

For a given polymer/metal /solvent  combination, the 
controllable e~perimental variables are the polymer 
film thickness, the concentration of metal ions in the 
solution, diffusion vs. hydrodynamic mass transfer, and 
how the electrode potential is manipulated to charge 
the reducing sites in the polymer. To avoid metal 
deposition on the Pt, the above analysis suggests that 
the polymer film be thick and the solution concentra- 
tion of metal  ion be low, to slow step 1. Also, when 
using thick films (:> 1000A on our scale), it may not 
matter  whether the metal deposits on the outer poly- 
mer film boundary or if the metal penetrates into the 
film a certain extent (<  500A). The la t ter  situation 
could in fact be advantageous to the structural prop-  
erties of the film. Low solution concentrations of 
metal  ion may, on the other hand, incur a penalty of 
long deposition times to produce a metal film of de-  
sired thickness. In this study we examine the effects 



VoL 130, No. I1 E L E C T R O D E P O S I T I O N  2207 

,•/•!:':;.:!i:fi. POLMER / .:,,: ::' , . "  

C,  

CT ~ /  -' :...:.,. .::.?.i 
i ,, . . , . , ,  / . :  :.'.,- / 

�9 "; ".i. '. : 

, : , ~  , : .  / 
~: : ;",  =. -~: / 

SOL. ,," 

/ 
i 

//~/ / i 

0 ' • 
A. SUBS>CT>CHEM 

C ; ~ '  

0 
C. 

; / 

i / , / 
i ,' I 

i / 
[. / !  

i} l I 

i' 

CHEM>>SUBS=C T 
' . . . . , . . .  . , .,-j;~. 

�9 :, .~.//f~ 
0 "" " ' "  '~; ' 

E.  CT>SUBS>CHEM 

x' 

X ~ 
B. SUBS>CHEM>CT 

i 1 " - . . . .  , i 

. : . : i - : . , ' .  

o ! : : " : " : ' :  ' : '  ' " : "  , 
D SUBS=CT:~CH EM X 

x ~ 0 
F. 

i 

I 

X j 
CT>CHEM>>SUBS 

Fig. 1. Schematic concentration-distance profiles for meta| 
deposition at a reducing polymer-coated electrode. Cj = concen- 
tration of reduced polymer sites ( ~ )  or concentration of metal 
ions ( - - - ) .  CT = total concentration of polymer redox sites or 
bulk concentration of metal ions outside polymer. Dots represent 
distribution of metal particles, SUBS = rate of diffusion of metal 
ions through the polymer (step 1); CT = rate of charge transport 
through the polymer (step 2); CHEM = rate of reduction of 
metal ions by the reduced polymer sites (step 3). 

of p o l y m e r  film thickness,  me ta l  ion concentrat ion,  and 
mass t rans fe r  on the d i s t r ibu t ion  of deposi ted metal .  

The above discussion was g rea t ly  over-s impl i f ied  by  
not  s t ress ing the p robab le  impor tance  of the  kinet ics  
at  which m e t a l  par t ic les  are  nuc lea ted  on the non-  
c rys ta l l ine  polymer .  Thus, the  ra te  of step 3 m a y  be 
s low ini t ia l ly ,  before  meta l  nucleat ion,  but  increases 
g rea t ly  a f te r  nucle i  a re  formed onto which meta l  ions 
can deposit .  Therefore  i t  m a y  be tha t  nuclea t ion  on the 
P t  e lec t rode  surface  occurs  ea r l i e r  than  nuclea t ion  
in /on  the po lymer ,  e.g., in i t i a l ly  the ra te  of step 4 > 3. 
However ,  once nuclea t ion  has occurred on the polymer ,  
subsequent  me ta l  fi lm growth  on the po lymer  m a y  
be fas ter  than  tha t  on P t  (step 3 > 4), because of the  
slowness of step 1. Therea f te r  the  supp ly  of meta l  ions 
for reduct ion  of P t  (step 4) is s t a rved  due to the more  
rap id  deposi t ion on the outer  pa r t  of the film (step 3). 
Because of these consequences of nuclea t ion  phe-  
nomena,  the  manne r  of supp ly  of me ta l  ion to the  
p o l y m e r  and of control l ing the  p o l y m e r  charging wi th  
e lec t rode  potent ia l  can be impor t an t  expe r imen ta l  
variables .  One can reason, for example ,  that ,  to achieve 
the  condit ion of Fig. 1F, one might  first s lowly  supp ly  
a low concentra t ion  of me ta l  ion f rom the solut ion to 
an a l r eady  charged po lymer  surface,  seeking to p ro -  
mote  nuclea t ion  on the  ou te r  b o u n d a r y  of the polymer .  
Af t e r  nuclea t ion  there,  me ta l  ion mass t ransfer  and 
concentra t ion could be increased to g row the meta l  
film. Clear ly,  unt i l  the  k inet ic  role  of me ta l  nuclea t ion  

can be assessed, this  discussion indicates  tha t  the 
quant i ta t ive  analysis  of the  overa l l  me ta l  deposi t ion 
kinet ics  is a ve ry  complex  problem.  We address  this  
p rob lem only  by  examin ing  re la t ive  amounts  of me ta l  
deposi t ions which  occur under  different  expe r imen ta l  
si tuations.  

Exper imenta l  
Elec t rochemis t ry . - -Equ ipment  and cells were  of 

convent ional  design.  A l l  expe r imen t s  were  conducted 
in thorough ly  degassed CH~CN containing 0.1M 
EtdNC104. Rota ted  d i sk  e lec t rode  exper imen t s  were  
conducted using a P ine  Ins t ruments  rota tor .  Elec t rode  
potent ia ls  a re  referenced to the NaCl - sa tu r a t ed  SCE 
(SSCE). 

Electrodes.--Teflon-shrouded Pt disk electrodes were 
mirror polished with i ~m diamond paste (Buehler). 
The poly-[Ru(bpy)2(vpy)2] 2+ film was deposited 
onto the electrode surface either by continuous cyclic 
potential scans between --I.0 and --I.TV vs. SSCE or 
by potentiostating the electrode at --I.SV vs. SSCE, 
In a thoroughly degassed solution of 0.5 m_M 
[Ru(bpy)~(vpy)2] (CIO4)~ in 0.1M Et4NClO4/CHsCN. 
Metal ions were reduced by Pt/poly-[Ru(bpy)2- 
(vpy)2] I+/0 films from dilute CH~CN solutions of their 

perch lora te  salts.  The meta l  coated P t / p o l y -  [Ru (bpy)  2- 
(vpy)2]  2+ e lect rodes  descr ibed here  were  s tab le  to 
copious washing wi th  e i ther  (CHz)~CO or  H20. 

Chemicals . - - [Ru  (bpy)  ~ (vpy)  2] (C104) ~ was p repared  
according to the pub l i shed  p rocedu re  (21) and chro-  
ma tograph ica l ly  purified. The meta l  pe rch lora te  sal ts  
were  G. F. Smi th  mate r ia l s  vacuum dr ied  at  50~ 
overn ight  before  use. Acetoni t r i l e  (Burd ick  & Jackson)  
was dr ied  over  4A molecu la r  sieves. 

Spec t ra . - -XPS  spec t ra  were  acquired with  a du  Pont  
650B spect rometer ,  re fe renc ing  b ind ing  energies  to C 
ls  at  285.0 eV. SEM micrographs  were  taken  wi th  an  
EETC scanning e lec t ron  microscope a t  20 keV. 

Results and  Discussion 
Cyclic vo l t amme t ry . - -Copper . - -The  cyclic vo l tam-  

mogram of coppe r ( I I )  at  naked  Pt  (Fig. 2A) displays  
at  E o' --  1.06V quas i - revers ib le  waves  for the  Cu ( I I / I )  
couple, at  Ep ---- --0.52V a cathodic wave  for deposi t ion 
of copper  metal ,  and at  Ep = --0.28V a sharp  anodic 
s t r ipping  peak  for s t r ipp ing  of copper me ta l  f rom the 
Pt  electrode.  

Currents  for  both  the  C u ( I I / I )  and Cu( I /0 )  r e -  
actions are seve re ly  depressed at  P t / p o l y -  [Ru (bpy).9- 
(vpy)2]  2+ electrodes.  Addi t iona l ly ,  the poten t ia l  a t  
which  the Cu( I /0 )  currents  appea r  is shi f ted  to more  
negat ive  potent ials ,  depending  on the thickness  of the 
p o l y - [ R u ( b p y ) 2 ( v p y ) 2 ]  2+ film. For  a thin film (3.9 • 
10 -9 mol /cm2) ,  a pe rcep t ib le  wave  for  the  Cu( I / 0 )  
react ion rises at ca. --0.7V (Fig. 2B), and on the reverse  
poten t ia l  scan, a hysteres is  is observed  in the cur ren t  
t race  before  the  me ta l  s t r ipp ing  peak  at  --0.3V. The 
hysteres is  shows that  the overpoten t ia l  for Cu(0)  
deposi t ion which was imposed by  the po lymer  film, is 
e l imina ted  once some Cu(0)  is formed.  The hysteresis  
implies  that  the po lyme r  film acts to s low nucleat ion 
of Cu(0)  (.step 4) on the Pt  surface. 

When  the p o l y - [ R u ( b p y ) 2 ( v p y ) 2 ]  2+ film is th icker  
(1.2 X 10 - s  mol /cm2) ,  so as to reduce the  flux of 
Cu( I I )  to the Pt, the nulea t ion  of Cu(0)  on P t  is 
s lowed so much tha t  no C u ( I / 0 )  wave  can be seen in 
a potent ia l  scan (Fig. 2C) a t  potent ia ls  more  posi t ive 
than those reducing the film itself. F igure  3 shows more 
nega t ive -go ing  scans in vo lammograms  of such a 
th icker  (1.2 • 10 -9 mo l / cm 2) film wi thout  (curve A)  
and with  (curves  B and C) 3 mM copper present  in the  
solution. In  the  cyclic vo l t ammogram in the absence 
of Cu( I I )  (curve  A) ,  the redox po lyme r  R u ( I I I / I I )  
wave  appears  at  E ~ = 1.22V and  the  R u ( I I / I )  and 
R u ( I / 0 )  waves  at  Eo' = --1.35 and --1.56V, respec-  
t ively .  [The anodic sp ike  at  + I .09V and  the cathodic 
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Fig. 2. Cyclic valtammogrom at 200 mV/see of ca. 1.3 mM C-. 
(C|O4)2 at naked Pt (curve A) and at Pt/poiy-[Ru(bpy)e(vPY)~] 2+ 

0 -IV 
E .vs. SSCE 

electrodes (curve B, rRu = 3�9 X 10 -9  mol/cm2; curve C, 
rRu = 1.2 • 10 -8 mol/cm2). S = 147 #A/cm 2 for A, 133 ~A/ 
crn 2 fc~r B, and 490 #A/cm 2 for C. In 0.1M Et4NCIO4/CH3CN as 
are data in all other figures. 

spike at  --1.18V in curve A are  hos t -gues t  med ia ted  
waves for  an impur i t y  produced  in the  po lymer  film 
dur ing  its p repa ra t ion  (21, 30).] Addi t ion  of 3 mM 
Cu(C104)2 changes the f irst-scan vo l t ammogram of the  
P t / p o l y - [ R u ( b p y )  2(vpy)2] 2+ e lec t rode  (curve B) in 
the  fol lowing ways:  s ta r t ing  in a negat ive  scan f rom 
0V, an  a.dditional cathodic sp ike  (*) appears  at  
--1.28V, both the reduc t ive  and ox ida t ive  scans of the 
R u ( I I / I )  and R u ( I / 0 )  waves  at  --1.35 and --1.56V 
become e leva ted  upon a p la t eau  of cathodic cur ren t  
(see dashed l ine) ,  a smal l  oxidat ion  wave  appears  at  
--0.08V, and the a rea  unde r  the  po lymer  R u ( I I / I I I )  
oxida t ion  wave  is increased s l ight ly  re la t ive  to the 
R u ( I I I / I I )  reduct ion  wave. In  a va r i an t  of the  ex-  
pe r imen t  (curve C) ,  in scanning nega t ive ly  f rom 0V 
the poten t ia l  scan is i n t e r rup ted  at  --1.7V, holding the 
potent ia l  there  for 10 sec, and then scanned posit ively�9 
The resul t  is tha t  the area  under  the po lymer  Ru ( III /  
I I ) ox ida t i on  wave  becomes g rea t ly  increased and in-  
cludes a la rge  anodic sp ike  at  4-1.15V. Curves B and 
C are typica l  results .  

We ra t ional ize  the  vo l t ammet ry  of copper deposi t ion 
in curves B and C in Fig. 3 as follows. Any  Cu( I I )  
pe rmea t ing  th rough  the film should at potent ia ls  more  
negat ive  than --0.52V be reduced to Cu metal ,  but  this 
react ion is suppressed  both by  slow Cu( I I )  diffusion 
th rough  the po lymer  and by  the inhibi t ion  of nuc lea -  
t ion of Cu meta l  at the  P t  surface bv  the polymer .  At  
potent ia ls  nea r  the  R u ( I I / I )  wave,  R u ( I )  is produced 
and media tes  Cu( I I )  reduct ion,  which  appe'ars first as 
a burs t  of cur ren t  (*) and then  as a cathodic cur ren t  

Fig. 3. Cycfic voltammogram at 100 mY/see of a 1.2 X 10 -8  
mol/cm 2 Pt/poly-[Ru(bpy)2(vpy)2] 2+ electrode without (curve A) 
and with (curves B,C} 3 mM Cu(ll) present in the solution. The 
scan was interrupted' at - -1.7V during recording of cu~rve C, the 
potential being held at --1.7V for 10 sec before scanning posi- 
tively. Electrode area 0.12 cm 2. 

pla teau  (curve B, dashed l ine)  upon  which the po ly -  
mer  waves  remain  super imposed  unt i l  dur ing  the r e -  
verse, pos i t ive-going scan, al l  of the po lymer  is r e -  
oxidized to the  l~u(I1) state.  The pro longed  hysteres is  
of Fig. 2B is not  seen, showing that  the presence of 
r e d u c e d p o l y m e r  [e.g., Ru(1) ]  is necessary  to susta in  
the  deposit ion.  Subsequent ly  on the pos i t ive-going scan, 
the smal l  wave  at --0.08V is t aken  as represen t ing  
oxida t ion  of a smal l  amount  of Cu(0)  meta l  which did 
deposi t  d i rec t ly  on the  P t  electrode.  The  cur ren t  for 
the  R u ( I I / I I I )  oxidat ion  wave  is enhanced re la t ive  
to the Ru ( l l I / I I )  wave,  which is t aken  as the R u ( l l I )  
media ted  oxidat ion  of copper  depos i ted  wi th in  and 
on the surface of the po lymer  film but  not  in contact  
wi th  the  Pt. In  this way, the two forms of deposi ted 
Cu(0)  a re  convenien t ly  dis t inguished.  

The quant i ty  of Cu meta l  deposi ted d i r ec t ly  onto 
the po lyme r  in curve B, Fig. 3, as measured  by  the 
enhanced a rea  under  the  R u ( I I / l l l )  wave,  is 1.5 X 
10 -9 mol/cm2; that  deposi ted d i rec t ly  onto the P t  as 
measured  by  the a rea  under  the  --0.08V Cu(0 / I )  wave  
is 6.0 X 10 -9 real/cm2. The to ta l  charge  for the  two 
forms of copper  me ta l  s t r ipping,  60 4- 30 = 90 ~C, is 
much less than the charge under  the  cathodic cur ren t  
p la teau  (dashed l ine curve B) ,  470 ~C, so most  of the  
cur ren t  in the cathodic p la teau  mus t  then be due to 
reduct ion  of Cu (If)  only  to Cu (I) which diffuses away  
into the  solution. Hal t ing  the  po ten t ia l  scan ,at --I .TV 
as in curve C, however ,  d~ast ical ly  a l ters  the dominant  
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course of the Cu (II)  reduc t ion  reaction.  In  curve C, the 
amount  of Cu meta l  deposhed  wi th in  or  upon the po ly -  
m e r  film [as measured  by  the enhancement  of the 
R u ( l I / I I I )  ox ida t ion  wave]  is increased ten- fo ld  to 
1.6 X 10 - s  m o l / c m  2, while  the amoun t  of copper  de -  
posi ted on P t  (measured  f rom the s t r ipp ing  peak  at  
--0.08V) remains  unchanged.  I t  appears  that  dur ing  
the 10 sec pause  at --1.7V in curve C, the  p r i m a r y  re -  
act ion becomes no longer  Cu( I I )  to C u ( I ) ,  but  is now 
deposi t ion of Cu(0)  wi th in  or  on the po lymer  film. 
The profile s i tuat ion is as in s i tuat ions E, or  F, in Fig. 
1, but  not  s i tuat ion C, since the  known  (43) ra te  of 
e lect ron diffusion in this po lymer  can suppor t  much 
l a rge r  currents  than these. Evident ly ,  as the potent ia l  
was nega t ive ly  scanned to --1.7V, sufficient copper  
nuclei  were  p roduced  wi th in  or  on the po lymer  film 
to g rea t ly  increase  the  ra te  of subsequent  Cu (O) depo-  
sit ion there�9 F r o m  the R u ( I I / I I I )  wave  enhancement  
in curve C, we conclude tha t  Cu meta l  is deposi ted on 
the outside of the po lymer  film, or deposi ted in spaces 
ex tend ing  into the  film over a dis tance less than the 
film thickness  (ca. 1500A), or both. 

I t  is possible using electrodes wi th  th inner  po lymer  
films to obta in  some informat ion  about  the deposi t ion 
distance, as in Fig. 4, where  a 2.8 • 10 -9 mol /cm2 film 
(ca. 300A) is examined  (curves B, C) in a manner  
analogous to that  of Fig. 3B, C, respect ively.  The ob-  
vious consequence in the  cyclical  scan exper iment ,  
curve B, is the increase in the amount  of copper  meta l  
that  is depos i ted  onto the  P t  electrode,  2.9 X 10 - s  
m o l / c m  2, measured  f rom the area  under  the copper 
s t r ipp ing  peak  at  --0.15V. The increase  mus t  be due 
to the g rea te r  flux of Cu( I I )  diffusing th rough  the 
th inner  film to the  P t  e lectrode;  this flux causes the  
g rea te r  cathodic cur ren t  and region of hysteresis  in 
the pos i t ive-going  potent ia l  sweep in curve B. How-  
ever,  as wi th  the  th icker  film in Fig. 3, a 10 sec pause 
in the po ten t ia l  scan a t  --1.TV, Fig. 4, curve C, aga in  
promotes  more  copper  deposi t ion wi th in  or  on the 
po lymer  film, enhancing the charge under  the R u ( I I /  
I I I )  ox ida t ion  wave  in  curve C. The resul t ing  deposi-  

A 

l: 
§ i a 

t ion of Cu(0)  on copper  nuclei  on the outermost  pa r t  
.)f the po lyme r  (not in e lec t r ica l  contact  wi th  the  Pt)  
also s tarves  Cu(0)  deposi t ion on Pt, seen by  a decrease 
in the amount  os copper  s t r ipped  f rom Pt  in the peak  
at  --0.15V. This resul t  demons t ra tes  that  in Fig. 4C, 
some copper  nuclei  must  be p roduced  wi thin  the po ly -  
mer  film at dis tances less t a a n  300A f rom its outer  
boundary .  

Accord ing  to the above discussion, if the  posi t ive 
poten t ia l  scan in Fig. 3, curve C, were  i n t e r rup ted  at  
say, +0.5V, the resul t ing  electrode should re ta in  the 
copper meta l  nuclei  res id ing  on the outer  pa r t  of the 
polymer .  This has been expe r imen ta l l y  suppor ted  by  
revers ing  the posi t ive scan at  +0.5V. Af t e r  the potent ia l  
is again  scanned nega t ive ly  th rough  the po lymer  r e -  
duct ion waves,  the  subsequent  Cu (0/ I )  s t r ipp ing  peak  
at  --0.08V is depressed by  2-3 X. This is because Cu (0) 
deposi t ion on the Pt  surface is s t a rved  by  Cu(0)  de -  
posi t ing onto the po lymer  immed ia t e ly  af te r  some of 
the po lyme r  is reduced,  a ided  by the copper  nucle i  
remain ing  there.  This resul t  confirms the essential  
va l id i ty  of our  p ic ture  of deposi t ion condit ions being 
changed f rom those of Fig. 1A, B to those of Fig. 1E, F 
bY the presence of Cu nuclei  on the  outer  pa r t  of the 
polymer .  

The dependency  of where  Cu (0) is deposi ted on the 
Cu( I I )  concentra t ion is i l lus t ra ted  in Fig. 5 for an 
e lect rode with  an in te rmedia te  thickness film (6.8 X 
10-9 mol /cm2) .  Increas ing the Cu( I I )  concentra t ion 
causes s l igh t ly  more  Cu meta l  to be deposi ted onto 
the  po lymer  film [from the Ru ( I I I / I I )  ox ida t ion  wave  
enhancement ] ,  bu t  also causes a large  increase  in Cu 
deposi ted onto the Pt  e lect rode (the copper s t r ipping  
wave,  see da ta  in Table  I ) .  This p robab ly  ma in ly  re -  
flects t he  increasing quant i t ies  of  Cu( I I )  ions par- 
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Fig. 4. Same as Fig. 3 except for a thinner polymer film (2.8 • 

10 - 9  moUcm2). Electrode area = 0.12 cm 2. 

Fig. 5. Cyclic voltammogram at 100 mV/sec of a 6.8 X 10 - 9  
mol/cm 2 Pt/poly-[Ru(bpy):2(vpy)2] 2+ electrode in the presence of 
indicated concentrations of Cu(CI04)~. Electrode area = 0.12 cm ~. 
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Table I. Charge passed to oxidize copper deposited onto the 
polymer or the Pt electrode 

Deposition ,is during single 0 -~ - 1.7V scan in solutions 
containing various Cu(II) concentrations. s = 6.8 x 10-' 

mol/crn s (see Fig. 5) 

Area under Ru (II/HI) Area under Cu(I/0) 
[Cu (II) ] (raM) oxidation wave (~G) oxidation wave (~C) 

0 Ii0 0 
1.6 Ii0 50 
3.0 I00 100 
6.0 140 400 

t i t ioned into the po lymer  film at  the s ta r t  of the ex-  
per iment ,  and the increased extent  to which nuc lea -  
t ion and growth  at  the P t  surface is the reby  favored.  
C lea r ly  me ta l  deposi t ion on the ou te r  region of the  
po lymer  film is be t te r  accomplished using low ini t ia l  
me ta l  ion concentrat ions,  as we reasoned at  the outset.  

Silver.--Cyclic vo l t ammograms  of AgC104 (1 mM) 
at naked  P t  (dashed curve)  and of a 8 • 10 -9 mo l /  
cm 2 P t / p o l y -  [Ru (bpy)  2 (vpy)  2] 2 + electrode are  shown 
in Fig. 6A, and of the  la t te r  e lectrode in the presence 
of 1 mM A g ( I )  in curves B and C. The in te rp re ta t ion  
of the  l a t t e r  vo l t ammograms  is the same as in the case 
of copper  for th ick films and low concentra t ion (cf. 
Fig. 3). The film's pe rmeab i l i ty  to A g ( I )  seems grea ter  
than  that  to C u ( I I ) ,  as seen b y  the smal l  f lat tened 
wave  r is ing at about  +0.2V (compare  Fig. 5B). The 
oxida t ion  wave  at  ca. 0.4V in Fig. 6B, C is taken  as 
dissolution of s i lver  tha t  was deposi ted onto the P t  
electrode.  Since this  s i lver  s t r ipp ing  wave  is unchanged 

by  a 30 sec pause in the potent ia l  scan at  --1.7V, 
curve C, it  follows that  dur ing  the pause  s i lver  is 
ma in ly  deposi ted on the po lymer  film ra the r  than  onto 
the Pt  e lectrode (as in Fig. 1E, F) .  Compar ing Fig. 6B 
to Fig. 5B, more Ag  than  Cu deposi ts  onto the P t  e lec-  
t rode under  s imi la r  sets of conditions,  p re sumab ly  
due to the film's grea ter  pe rmeab i l i ty  to A g ( I )  than  
Cu( I I ) .  Curve C nonetheless  shows that  Ag meta l  can 
be deposi ted onto the outs ide of a P t / p o l y - [ R u ( b p y ) ~  
(vpy2] 2+ film in the  same way  that  Cu can. 

Cobalt.MVoltammograms of Co(C1OD2 (1 mM) at  
naked  Pt  (curve  A) and at  a th in  film (1.3 • 10 -9  
m o l / c m  2) P t / p o l y -  [Ru (bpy)  2 (vpy)  2] 2 + e lect rode 
(curves B, sol id line, and C) are  shown in Fig. 7. The 
e lec t rochemis t ry  of Co( I I )  in CH3CN at naked  P t  
(curve  A) is complex,  and not ve ry  reproducible .  In  
a continuous potent ia l  scan (solid l ine) ,  a meta l  depo-  
sit ion wave appears  at  ca. --1.0V and a me ta l  s t r ip -  
ping wave  at -{-0.33V. When the potent ia l  scan pauses 
at  --1.35V for 30 sec (.dashed l ine) ,  the meta l  s t r ip -  
ping wave  at  ca. 0.3V is a t t enua ted  and two addi t ional  
oxidat ion  waves  appear  at ca. -{-1.5 and -{-1.8V. The 
addi t ional  waves  are  enhanced b y  longer  pauses at  
- i . 3 5 V ,  but  the re la t ive  sizes of the three  oxidat ion  
waves va ry  cons iderably  from one expe r imen t  to the 
nex t  and we a t t empt  no in te rp re ta t ion  of this  behavior  
here.  

The e lec t rochemis t ry  of Co( I I )  at  a P t / p o l y -  
[Ru (bpy)  2 (vpy)2] 2+ e lec t rode  (Fig. 7, curves B (solid 
l ine) and  C) is in some respects  s imi lar  to that  of 
Cu( I I )  and A g ( I ) .  The Co( I I )  reduct ion wave  is 
suppressed,  and an addi t ional  cathodic cur ren t  spike  

" E .vs .  SSCE 

C 

0 = V  
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Fig. 6. Cyellc voltammogram at 100 mV/sec of: 1 mM Ag(CIO4) 
at naked Pt [curve A ( - - - ) ]  and of an 8 • 10 - 9  mol/cm 2 Pt/ 
poly-[Ru(bpy)2(vpy)2] 2+ electrode [curve A ( , ) ] ;  the latter 
electrode in the presence of a 1 mM Ag(CIO4) without (curve B) 
and with (curve C) a 30 sec pause at --1.7V. Electrode area = 
0.12 cm 2. 

Fig. 7. Curve A: voltammogram at 100 mV/sec of I mM Co(CIO4)~ 
at naked Pt with ( - - - )  and without ( ~ )  a 30 sec pause at 
--1.35V; curve B: voltarnmograms of a 1.3 X 10 - 9  rnol/cm~ Pt/ 
poly-[Ru(bpy)~(vpy)2] 2+ electrode in the absence ( - - - )  and pres- 
ence ( ) of 1 mM Co(ll); and curve C with a 10 sec pause at 
--1.7V. Electrode area = 0.12 cm 2. 
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(Ep _-- --1.25V) and a super imposed  cathodic cur ren t  
p l a t eau  appear  in the  po lymer  reduct ion  region,  f rom 
f i lm-media ted  reduct ion  of the Co (II)  there.  A g rea t ly  
enhanced Ru( I I / I I •  ox ida t ion  wave  is seen on the 
posit ive poten t ia l  scan which  we take  as R u ( I I I ) -  
med ia ted  oxidat ion  of Co metal .  No wave due to s t r ip -  
p ing  of Co f rom the Pt  e lec t rode  is seen at  ca. 0.3V, 
for  which there  a re  two possible explanat ions :  no Co 
meta l  was deposi ted onto the P t  at  al l  (un l ike ly  given 
the thinness  of the po lymer  film, 150A), or  oxidat ion  
of Co meta l  at  this po ten t ia l  is inhibi ted  by  the po ly -  
mer  film [quite possible  given the complex e lec t ro-  
chemis t ry  of Co( I I )  a t  naked  Pt] .  In  e i ther  event,  i t  
is possible that  the enhanced R u ( I I / l I I )  wave  r ep re -  
sents  Ru ( I I I ) - m e d i a t e d  oxida t ion  of both  Co deposi ted 
on P t  and on the po lymer  film, and so these two modes 
of meta l  deposi t ion are not  as c lear ly  separa ted  by  the 
e lec t rochemis t ry  as for  Cu and Ag. XPS and SEM 
results,  below, do show, however ,  that  at  least  some 
and poss ibly  a l l  of the cobalt  is deposi ted wi th in  or 
on the po lymer  film. 

Nickel.--Voltammograms of Ni (C104) 2 (1 mM) at  naked  
P t  (curve  A) and at  a P t / p o l y - [ R u ( b p y ) 2 ( v p y ) 2 ]  2+ 
elect rode (2.4 • 10 - s  m o l / c m  2) (curve B) are  shown 
in Fig. 8. Reduct ion of N i ( I I )  at  naked  P't is not  wel l  
defined; different  waves  appear  in the  reigon 0 --* --2V 
for each scan. The meta l  s t r ipp ing  wave  at  ca. 0.TV 
seems wel l  defined, but  its charge is a lways  smal le r  
than  the quan t i ty  of reduc t ive  charge passed. A pause  
in the poten t ia l  scan for 30 sec does not  increase the 
size of the  +0.7V wave,  and this wave  fu r the rmore  
tends to d i sappea r  af ter  a few cyclical,  --2.0 to + l . 4 V  
scans. 

The voltammogram of Ni(II) at a Pt/poly- 
[Ru(bpy)2(vpy)2] 2+ electrode (Fig. 8, curve B) is 
similar to that for Cu(II), Ag(1), and Co(If). It ap- 
pears from the enhancement of the Ru(II) oxidation 
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wave and the  absence of the  +0.7V me ta l  s t r ipp ing  
wave  that  reduct ion of N i ( I I )  has produced a me ta l  
deposi t  on the outside of the polymer .  However ,  as 
wi th  Co, the complex  e lec t rochemis t ry  of N i ( I I )  at 
Pt  does not  pe rmi t  a c lean conclusion. 

Determination o~ the quantity o~ deposited m e t a l . -  
The quan t i ty  of me ta l  deposi ted on the po lyme r  film is, 
in pr inciple ,  es t imable  f rom the cathodic charge used 
to produce  the meta l  film. However ,  this could be in -  
accurate  due to  (i) reduct ion  of o ther  mate r ia l s  (sol-  
vent,  d ioxygen,  t race water )  e lec t roca ta lyzed  by  the 
f reshly  formed meta l  c rys ta l  surface,  (ii) meta l  pa r -  
ticles that  did  not  adhere  to the polymer ,  and  (iii) 
reduct ion  to soluble  products  [e.g., Cu( I I )  to C u ( I ) ] .  
The charge involved in the R u ( I l I ) - m e d i a t e d  ox ida -  
t ion of the  me ta l  film provides  a be t te r  approach.  Fo r  
example ,  consider  curve C in Fig. 3. The oxidat ion  
wave at  ca. 1.2V corresponds to oxida t ion  of the  po ly -  
mer  film from R u ( I I )  to R u ( I I I )  and of Cu(0)  to 
Cu (II)  and  so its charge  (Q) is r e la ted  to the quan t i ty  
of Cu meta l  in the film by  

Q = F A  (rRu + 2rcu) [1] 

where  rRu is the surface coverage of po lymer  and rcu 
the  surface coverage of  copper.  Thus, the  meta l  fi lm 
formed in Fig. 3, curve C, had 1.6 • 10 - s  m o l / c m  2 
of copper, which corresponds to an average  meta l  
thickness of ca. 10A. 

Determina t ion  of the quan t i ty  of deposi ted me ta l  in 
this way  assumes a quant i ta t ive  oxidat ion  of the meta l  
dur ing  the R u ( I I I )  med ia ted  wave.  That  this is t rue  in 
Fig. 3 is shown by the R u ( I I / l I I )  ox ida t ion  wave  
diminishing to its or iginal  size [equal  to the R u ( I I I /  
I I )  reduct ion  wave]  in a second poten t ia l  scan th rough  
the wave.  This is not  a lways  the case when la rge  
quant i t ies  of meta l  are deposi ted however .  Consider  
for example  Fig. 9, where  a th ick  coating (>250A) 
of Ag meta l  was deposi ted f rom 1 mM AgC104 by  
holding the potent ia l  for  20 min at  --1.7V. Now, even 
a f te r  three  scans th rough  the R u ( I I / I I I )  oxidat ion  
wave, changes s t i l l  occur, the  or ig inal  wave has not 
yet  reappeared ,  and no R u ( I I I )  reduct ion peak  is 
seen. Clearly,  me ta l  continues to be oxidized f rom 
the po lymer  and, to measure  its amount ,  constant  po-  
ten t ia l  coulomet ry  would be super ior  to the vo l t am-  
m e t r y  in this case. 

F igure  9 raises inc iden ta l ly  the quest ion of the 
kinetics of  oxidat ion  of the  meta l  film. The m a x i m u m  
oxidat ion  cur ren t  observed was 0.13 m A  which is 
much less than  can be accounted for b y  e lect ron d i f -  
fus ion- l imi ted  cu r ren t  (41). Accord ing ly  the kinet ics  

ic 
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Fig. 8. Curve A: three consecutive voltammetric scans for 1 mM 
Ni(CIO4)~ at naked Pt; curve B: voltammograms of a 2.4 X 10 - 8  
mol/cm 2 Pt/poly-[Ru(bpy)2(vpy)2] 2+ electrode in the absence 
( - - - )  and presence ( ) of 1 mM Ni(CIO~):2. Sweep rate ---- 200 
mV/sec. S = 128 ~A/cm 2 (curve A), 368 ~A/cm2 (curve B, - -  -), 
and 490 #A/cm 2 (curve B, ). 

Fig. 9. Voltammogram at 100 mV/sec of an 8 X 10 - 9  mol/cm ~ 
Pt/poly-[Ru(bpy)2(vpy)2] 2+ electrode in the presence of 1 mM 
Ag(I). The potential was scanned negatively from + 0 . 5 V  and held 
at - -1 .7V for 20 min. The potential was then scanned positively to 
+ 1 . 5 V  and then between +1-0.8 and +1.5V.  Electrode area 
0.12 cm 2. 
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of R u ( I I I ) - m e d i a t e d  oxidat ion  of s i lver (0)  have be-  
come l imit ing.  We have not  s tud ied  this p rob lem 
fur ther .  

Film growth and structure.--The cyclic vo l tammet r ic  
resul ts  show for Cu and 2~g that  meta l  deposi ted onto 
the po lymer  film can be dis t inguished f rom meta l  de -  
posi ted on and in contact  wi th  the  P t  electrode.  For  
Cu, the  evidence fur ther  localized the deposi t ion to 
wi th in  the outer  few hundred  angstroms of the po ly-  
mer.  F u r t h e r  insights into film s t ruc tures  were  ob-  
ta ined by  SEM and XPS  experiment~.  

XPS proved  qui te  in format ive  for Co and Ni. F igure  
10 shows spect ra  of a P t / p o l y - [ R u ( b p y ) 2 ( v p y ) 2 ]  2+ 
electrode and of a s imi lar  e lect rode af ter  deposi t ion of 
cobalt.  The average  film thickness  of Co deposited,  
j udg ing  the  amoun t  f rom the enhanced charge  under  
the  R u ( I I I / I I )  wave,  is ve ry  small ,  ca. 30X, but  this  
thickness is never the less  large  compared  to the ex-  
pected escape depth  th rough  Co of photoelectrons  
or ig inat ing  f rom the polymer .  The spec t rum of the  
cobal t -coa ted  e lec t rode  shows a Co 2p8/2 peak  (binding 
energy 780.9 eV),  but  no po lymer  N ls peak  or Ru 3d5/2 
peaks. We conclude that  most of the average  30A 
thickness of the  cobal t  film must  rest  on the  outer  
surface  of the po lymer  so as to scat ter  the po lymer  
film's photoelectrons.  The Co film must  s t i l l  have some 
holes and voids,  since the R u ( I I I / I I )  e lec t roac t iv i ty  
remains  Observable, but  the collective area  of these 
defects must  be only  a smal l  f ract ion of the cross- 
sect ional  e lec t rode  area.  

Second, XPS  binding  energies  for  Co(0) ,  N i (0 ) ,  
and Cu(0)  deposits  on P t / p o l y -  [Ru (bpy)  2 (vpy)  212+ 
electrodes,  shown in Table  II  along wi th  values for 
the bu lk  metals  (44) are  un i fo rmly  shif ted a consider-  
able  ca. 3 eV to h igher  b inding energy  re la t ive  to the  
bu lk  metals .  Whi le  these shifts might  in par t  be due 
to the  me ta l  layers  being more aggress ively  air  oxi -  
dized (being micropar t icu la tes )  than  the bu lk  metals,  
we be l ieve  they  more  l ike ly  reflect the we l l - know n  
charging effect in photoelect ron spectroscopy,  where  
a poor ly  conduct ing sample  surface becomes (via 
photoionizat ion)  e lect ron deficient and pos i t ive ly  
charged.  In  the  present  case, the  meta l  films are  in 
poor  e lec t r ica l  contact  wi th  the P t  electrode,  being on 
the  outside of the  polymer ,  and  can the reby  become 
elect ron deficient. The s imi la r i ty  of behav ior  of Co 

Table II. XPS 

Binding energy, eV 

Co 2p~/s Ni 2p8/2 Cu 2ps/s 

Pt/poly-[Ru (bpy) e (vpy) e]2+/Co (O) 
Co metal  

Pt/poly-[Ru (bpy) 2 (vpy) ~]~+/Ni(0) 
Ni metal  

Pt/poly-[Ru (bpy)e(vpy)~]=-/Cu (0) 
Cu metal  

780.9 
777.9? 

855.8 
852.3t 

935.7 
932.4t 

hE* = 3.0 3.5 3.3 

* Difference b e t w e e n  bulk m e t a l  and m e t a l  e lectrodel~osi ted 
on po lymer .  

~ef. (44), 

and Ni to Cu provides  addi t ional  evidence that,  l ike  
Cu, the Co and Ni films are deposi ted  on the outside 
of the po lymer  film. 

SEM micrographs  were  useful  in examin ing  the 
morphology  of g rowth  of the  meta l  deposi ts  and its 
dependency  on expe r imen ta l  conditions. 

Copper.--The s t r a t egy  of exposing an a l r eady  Charged, 
reducing po lymer  surface to a low concentra t ion of 
meta l  ion was explored  wi th  C u ( I I ) .  The p o l y m e r -  
coated e lec t rode  was poten t ios ta ted  at  --1.5V, p ro -  
ducing the R u ( I )  state.  LThe Ru(0)  state was not  used 
because it is more  sensi t ive to t race 02 and being 
neu t ra l  might  show grea te r  pe rmeab i l i t y  to Cu (H) . ]  
A smal l  crysta l  of Cu(C10~)2 (ca. 10 mg) was added  
to the quiet  e lect rolyte  solut ion (ca. 2 cm 3) and a l lowed 
to dissolve s lowly,  t he reby  exposing the reducing 
po lyme r  surface to a g radua l ly  increasing C u ( I I )  
concentrat ion.  Subsequent  posi t ive potent ia l  scans 
showed indeed that  l i t t le  if any  Cu was deposi ted on 
the Pt  e lec t rode  under  this condition, whi le  la rge  
amounts  of Cu were  deposi ted  on the outer  pa r t  of the 
po lymer  film. SEM photographs  of films wi th  average 
thickness of ca. 400 and 1000A [es t imated f rom the 
R u ( I I I )  med ia ted  wave]  are  shown in Fig. l l A ,  B. 
The fo rmer  Cu film, shiny da rk  blue in appearance ,  
consists of a few ca. 2 ~ n  par t ic les  and numerous  
smal le r  part ic les .  The th icker  film, made  af te r  much 
Cu (II)  had  dissolved and thus dur ing  a per iod  of ve ry  

Fig, |0, XP$ spectra, of a 
Pt/poly- [Ku(bpy)2(vpy)2]2+ / Co 
electrode (curve A) and a PW 
poly- [Ru(bpy)2(vpy)2] 2+ elec- 
trode (curve B). $ - -  1024 counts 
(curve A and N Is, curve B); and 
2048 counts (C Is, Co 2pa/9, 
curve B). 
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Fig. 11. SEM micrographs of Pt/poly-[R-(bpy)2(vpy2)]2+/Cu electrodes. The copper deposits shown in panels A and B were grown from 
still solutions containing a dissolving Cu(C104)2 crystal (see text). Those in panels C through E were grown at electrodes rotated at 2500 
rpm in 0.4 mM Cu(CI04)2 for 2, 4, and 8 min, respectively. 

rap id  film growth,  is da rk  b rown and g ranu la r  in 
appearance ,  spongy,  porous, wi th  some dendri tes .  
Nei ther  film is continuous f rom the s tandpoin t  of 
making  a sui table  e lect r ica l  contact  to the outside of 
the film. 

Redes igning the exper imen t  in o rde r  to supply  low 
but  s t eady  meta l  ion concentrat ions  to the reducing 
p o l y m e r  surface,  the po lymer -coa t ed  e lect rode was 
used as a ro ta ted  disk, being placed in d i lu te  (30- 
640 ~M) Cu(C104)~, qu ick ly  s tepped to --1.5V, and 
ro ta ted  at  be tween  900 and 4900 r p m  for var ious  times. 
The ro ta t ion  is stopped, the  poten t ia l  s tepped  to 0V, 
and the  e lec t rode  r emoved  f rom the solution, washed,  
and dried.  F igure  l l C - E  gives typica l  resul ts  of how 
me ta l  par t ic les  grow on the polymer .  Again  a range 
of par t ic le  sizes appears  dur ing  the ini t ia l  g rowth  
(pane l  C).  Throughout  the range  of concentrat ions,  
ro ta t ion rates,  and times, the th icker  Cu films re -  
mained,  however ,  somewha t  porous and spongy (panel  
E) .  

Cobalt.--Optimization for  a t t rac t ive  cobal t  deposi t ion 
was more  eas i ly  achieved.  A P t / p o l y - [ R u ( b p y ) 2  
(vpy)e]  2+ e lec t rode  po ten t ios ta ted  at  --1.78V vs. 
SSCE and rota ted  at 1600 r p m  gave the best  results.  
F igure  12A-C i l lus t ra tes  the  resul t  for 5.0 X 10-SM 
Co(C104)2 solut ion whi le  ro ta t ing  the e lect rode at  
1600 r p m  for 3, 20, and 60 rain, respect ively .  Cobalt  
par t ic les  ( l ight  colored spots)  appea r  in pane l  A wi th  

a va r ie ty  of sizes (0.1-0.7 ~m),  on the po lymer  surface,  
d i s t r ibu ted  r andomly  about  the pol ishing grooves ly ing 
undernea th  the po ly -  [Ru (bpy)2 (vpy)2]  2+ film. 

Af te r  20 min of deposi t ion (panel  B) ,  par t ic les  con-  
solidate.d to produce a smooth cobalt  film tha t  was 
s tab le  to so lvent  washing.  Af te r  a much longer  depo-  
s i t ion t ime, 60 min, Fig. 12C shows tha t  cobal t  crysta ls  
appear  to grow on top of the  smooth film of Fig. 12B. 
The cobalt  deposi t ion was qui te  sensi t ive to concen- 
t ra t ion  and this pa t t e rn  was a l te red  by  as smal l  a 
change as lower ing  Co( I I )  concentra t ion to 3.0 X 
10-5M. 

The nu~cleation s tep in e lec t rocrys ta l l iza t ion  on meta l  
surfaces is known (45) to fol low e i ther  wha t  is cal led 
s imul taneous  or  progress ive  nucleat ion.  In  s imu l t ane -  
ous nucleat ion,  m a n y  nucle i  are  formed at  nea r ly  the  
same t ime wi th  a typ ica l ly  smal l  induct ion t ime,  and 
these nuclei  the rea f t e r  grow s imi l a r ly  in size. In  p ro -  
gressive nucleat ion,  nucle i  a re  formed over  a range  of 
t ime and grow to produce  meta l  crysta ls  of a va r ie ty  of 
sizes. Progress ive  nucleat ion is more  l ike ly  when nu -  
cleat ion kinet ics  are  i nhe ren t ly  slow, and this appears  
f rom the range  of par t ic le  sizes in Fig. l l A ,  C and 12A 
to be the case for Cu and Co deposi t ion on P t / p o l y -  
[ R u ( b p y ) 2 ( v p y ) ~ l  2+ electro.des. We know of no p re -  
vious e lec t rocrys ta l l iza t ion  da ta  on po lymer  surfaces 
wi th  which to compare  this conclusion, but  in tu i t ive ly  
it is not  surpr is ing  that  the amorphous  po lymer  surface 
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would not p romote  rapid,  o rder ing  phenomena  such 
as nucleation.  Impor tan t ly ,  however ,  we have  shown 
that  nucl.eation on the reducing  po lymer  can occur, 
which leaves open the poss ib i l i ty  of securing deposi -  
t ion conditions leading  to adheren t  and highly  reflec- 
t ive me ta l  coatings wi th  technological  ut i l i ty.  

Permeability o~ a Pt/poLy- [Ru(bpy)~ (vpy)z] 2 + 
electrode coated with eIectrodeposited Co ~o an electro- 
active solute.--We have shown (31) that  the pe rme-  
ab i l i ty  of e lec t ropolymer ized  ru then ium complex  films 
to solut ion redox  reagents  depends on the number  
and length  of po lymer iza t ion  l inks in the po lymer  
and on the redox reagent  size and charge. Pe rmeab i l i t y  
is measured  by  ro ta t ing  disk v o l t a m m e t r y  (46) using 
the equat ion  

1 d 1 
_ _  - -  -4- [ 2 ]  
i nFADs,polPCs 0.62 nFADs2/%-I/%l/2Cs 

where  d is po lymer  film thickness,  Cs is the redox re -  
agent  solut ion concentrat ion,  P and Ds,pol its par t i t ion  
and diffusion coefficient into the polymer ,  respect ively ,  
and ~ is in rad/sec .  

The deposi t ion of meta l  par t ic les  such as Co onto a 
P t / p o l y -  [Ru (bpy)2 (vpy)2] 2+ po lymer  surface should 
l imi t  the  pe rmea t ion  of a redox reagent  through the 
film to the P t  electrode.  This effect could provide  fu r -  
ther  clues as to the s t ruc ture  of the Co layer ,  in pa r -  
t icu lar  its microporosi ty .  The following, p re l imina ry  
resul ts  show that  the  pe rmea t ion  l imi ta t ion  can be 
detected.  

P t / p o l y -  [Ru (bpy)2 (vpy)e]  2 + electrodes were  coated 
wi th  different  amounts  of Co and the pe rmeab i l i t y  of 
the  coated, ro ta ted  disk e lect rode to ferrocene in 
acetoni t r i le  eva lua ted  using inverse  Levich plots of 
the  above equat ion as in Fig. 13. Curves B and D are  
for  e lectrodes wi th  no e lect rodeposi ted  Co, f rom whose 
in tercepts  PDs,pol of fer rocene in the film is eva lua ted  
as 6,7 • 10 - s  and 6.1 • 10 - s  cm2/sec, respect ively.  
Curves A and C correspond to r e l a t ive ly  th ick and 
thin, respect ively,  deposi ted films of Co metal .  For  the 
th in  Co layer ,  the slope of the inverse Levich plot  
( inverse ly  propor t iona l  to area,~Eq. [2]), is increased by  
a smal l  amount  (1 .6•  and the in tercept  by  3.4• 
(curve C) as compared  to the same e lec t rode  before  
Co deposi t ion (curve D).  For  the thick Co l aye r  
(curve A) ,  there  is a more  definite increase in slope 
(6 .0 •  as wel l  as an increase  in in tercept  (2 .0 •  as 

compared  to the same e lec t rode  before Co deposi t ion 
(curve B) .  

The effects in Fig. 13 can be unders tood in terms of 
a microporous Co film res t ing on top of the po lymer  
film. The effect is of two kinds.  First ,  the Co film 
reduces the  effective macroscopic a rea  of the ro ta ted  
e lec t rode  for which ferrocene t ranspor ted  from the 
solut ion encounters  po lymer  film and a p a t h w a y  to 
the P t  electrode.  The effective macroscopic a rea  de-  
pends on the re la t ive  spacing of the holes in the Co 
film and the dimension of the ferrocene diffusion 
layer  in the solution. The effect shows up in the slope 
of the inverse  Levich plot  as pred ic ted  by  models  for  
act ive si tes  on e lect rodes  (47-49) and microe lec t rode  
assays (50). Calcula t ing the diffusion' l aye r  thickness 
for  ~ _-- 400 rpm, indicates  that  the spacing of the 
holes in the Co film must  exceed 0.004 cm in order  to 
genera te  the s lope increase in Fig. 13A for the Co 
film p repa red  wi th  longer  e lect rodeposi t ion t ime, 
where  SEM (Fig. 12) has indica ted  tha t  par t ic le  con- 
sol idat ion occurs. 

The second effect, appear ing  as increased inverse  
Levich plot  intercepts ,  is r e la ted  to ferrocene t r anspor t  
in the po lymer  film in be tween  the Co film and the 
Pt  electrode.  This effect is not  r epresen ted  in the p r e -  
vious theories but  is r ead i ly  a rgued by  intui t ion.  If  
tile ra te  of t r anspor t  of ferrocene th rough  the po lymer  
is fast  so tha t  the effective ferrocene diffusional range  
in the po lymer  is large  compared  to the  spacing be-  
tween the holes in the Co film where  ferrocene enters  
the  polymer ,  then the apparen t  a rea  of the  membrane  
through which ferrocene diffuses wil l  approach  100% 
o~ the  cross-sect ional  e lect rode area.  If, on the  o ther  
hand, the  ferrocene t r anspor t  is s low in the above  
re la t ive  dis tance sense, the apparen t  membrane  a rea  
(and the corresponding in tercept  value)  becomes jus t  
the a rea  of the holes in the  Co film. (Addi t iona l ly  the 
dis tance of membrane  diffusion must  include the pa th  
length  of pores in the Co film as wel l  as of the  po ly -  
mer  film itself.) The resul ts  in Fig. 13 suggest  tha t  
ferrocene t ranspor t  inside the po lymer  is slow but  
not  to the l imi t ing degree,  since the apparen t  membrane  
a rea  is lowered  by  2-3•  compared  to the electrode 
macroscopic area, but  the area  of the holes in the  
Co film must  be less than this. 

The resul ts  in Fig. 13 are  p re l iminary ,  but  are  ve ry  
encouraging by  demons t ra t ing  a way  to probe the 
spa t ia l  charac te r  of deposi ts  on po lymer  films. Bard  

Fig. I~). SEM micrographs of Co deposits on a Pt/poly-[Ru(bpy)2(vpy)~] ~+ electrode. The deposits were grown for 3 rain (panel A), 20 
rain (panel B), and 60 mln (panel C) from 5.0 • 10-5M Co(ll) at 1600 rpm. 
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Fig. 13. Inverse Levich plots for 
oxidation of 1.29 mM ferrocene 
at Pt/poly- [Ru(bpy)~(vpy)~] s+ 
electrodes (curves B, D) and 
Pt/poly- [ Ru(bpy)s(W?) 2] 2 + / Ca 
electrodes (curves A, C). The 
cobalt was deposited from 5.0 • 
10-~M Co(ll) at 1600 rpm for 3 
mln (curve C) and 30 rain 
(curve A). rRu - -  3.0 • 10 - s  
mol/cm 2 (curves A, B) or 2.0 • 
10 - 9  mol/cmS (curves r D). 
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and co-workers (51) have also used the permeation 
approach to explore the film structure, which should 
be additionally useful for polymer films with embedded 
electrodes (52) and which have vapor-deposited Au 
films (4t). 

Mediation of copper deposition by an electroactive 
s o l u t e . t i n  the preceding experiments, the metal re- 
duction reaction(s) were mediated by electron levels 
of the poly-[Ru(bpy)2(vpy)2] ~+ film itself. In prin- 
ciple, the reducing medium could instead be an elec- 
troactive solute which can diffuse through the film, be 
reduced at Pt, and diffuse outward through the film to 
reduce, say, Cu(II) .  To briefly test this scheme, we 
chose N,N'-ethylene-2,2'-bipyridine (diquat, DQS+), a 
small molecule which although dicationic has (31) mea- 
surable permeability through poly- [Ru (vbpy) 3] ~+, a 
related film. Figure 14 shows the voltammetry of 
diquat at naked Pt (curve A) and at a Pt/poly- 
[Ru(bpy)=(vpy)2] 2+ electrode (curve B). The flat- 
tened appearance of curve B reflects membrane-con- 
trolled permeation, rotated disk voltammetric mea- 
surement of which gave a value of PDs.pot = 3.0 X 
10-9 crn 2 sec-1, slightly less than that observed for the 
probably more cross-linked poly, [Ru (vbpy) 8] 2 + film 
(3t). 

Using a solution containing both DQ~+ and Cu(I t) ,  
an irreversible wave appears at a poly-[Ru(bpy)~- 
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Fig. 14. Cyclic voltammogram at 100 mV/sec of (curve A) 1.1 
mM diquat at naked Pt, S ---- 63.3 ~A/cm s and (curve B) at an 
8.5 • 10 - 9  mol/cm s Pt/poly-[Ru(bpy)~(vpy)2] ~+ electrode. S 
12.7 ~A/cm2; 1.2 mM diquat plus 1.0 mM Cu(ll) (curve C), 1.0 
mM Cu(ll) (curve D), and 1.2 mM diquat (curve E) at a 5.5 • 10 -9  
mol/cm 2 Pt/.poly-[Ru(bpy),2(vpy)s] ~+ electrode, 5 = 47.6 ~A/cm ~. 

(vpy)2] 2+ electrode (curve C, Fig. 14) which is larger 
than currents given by either species alone, (curves 
D,E). A mixture of DQ 2+ and Cu(I) [the Cu(I) was 
made by electrolytic dissolution of Cu(0) in aceto- 
nitrile], on the other hand, produced only a slight 
current enhancement at the DQ 2+ potential. Since E ~ 
for the DQ z§ couple (--028V) is much more nega- 
tive than that for Cu (II /I) ,  but is slightly positive of 
that for Cu (I/0), curve C in Fig. 14 can be interpreted 
as mainly a DQ+-mediated reduction of Cu(H) to 

0 1OO s 

t i m e  �9 
..dk. 

3 

Fig. 15. Constant potential electrolysis current vs. time plots for 
1.1 mM Cu(ll) plus 1.2 mM diquat at o 3.2 • 10 - 9  mol/cm 2 Pt/ 
poly-[Ru(bpy)z(vpy)~] ~+ electrode, at --0.47V vs. SSCE. Curves A,  
B, and C are the first three consecutive electrolyses. S = 73.5 ~A/  
cm 2, 
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Cu(I) ,  with little production of Cu(0) on the voltam- 
metric time scale. 

Longer periods of contact of DQ ~+ electrogenerated 
in this way in the Cu(II) solution do give evidence 
for slow Cu(0) deposition, however. Figure 15 shows 
the result of potentiostating a Pt/poly-[Ru(bpy)~- 
(vpy)2] 2+ electrode at --0.47V. The current initially 
falls as expected, then gradually rises. No Cu(0/I) 
stripping peak is seen in a subsequent positive poten- 
tial scan. If the potential scan' is stopped short of the 
Ru(II / I I I )  region [which should leave in the polymer 
film any deposited Cu(0) not in contact with the Pt] 
and the potential returned to --0.47V, the same pat- 
tern results (curve B), but the rise in current occurs 
more promptly. A third potential step likewise ac- 
celerates the onset of current rise. The curve A-C pat- 
tern can be repeated if the electrode is scanned 
through the Ru(I I / I I I )  region. Our interpretation of 
these results is that the longer electrolysis allows a 
gradual formation of Cu(0) nuclei by DQ 1+ + Cu(I) 
reaction, producing thereafter an increase in current 
due to even more rapid Cu(0) deposition in the pres- 
ence of nuclei. It appears that metal deposition can be 
mediated by a polymer-dissolved reductant but in the 
present example, with a quite slow rate of nucleation. 
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%chnict Note @ 
Oxidation of Coal Slurries in Acidified Ferric Sulfate 

K. E. A n t h o n y  1 and  H .  G .  L i n g e  

CSIRO Division of Mineral Chemistry, Port Melbourne, Victoria 3207, Australia 

Coughlin and Farooque  (1, 2) achieved a ca. 66% 
reduct ion in the appl ied  cell  vol tage requ i red  for  the  
e lec t ro ly t ic  product ion of copper  and also of hydrogen  
gas by  depolar iz ing the anode with  s lu r r ied  coal r a the r  
than  by  the oxygen  evolut ion reaction,  as used in the 
convent ional  operat ion.  They assumed tha t  the carbon 
in the coal was e lec t rochemica l ly  gasified to CO~, e.g., 
by  oxida t ion  react ions of the type  

C + 2H~O -> CO2 + 4H + -5 4e [i] 

for which the standard potential is ca. IV less than for 
oxygen evolution at the same pH. 
Several independent investigations (3-5) have now 

shown that the anodic currents observed with coal 
slurries arise in fact from the oxidation of dissolved 4.0 
Fe(II), which is readily leached and/or exchanged 
f rom the coal surface  in acidic solutions.  The cur ren t  
ac tua l ly  ar is ing f rom elect ron t rans fe r  be tween  col l id-  
ing coal par t ic les  and  the anode is small ,  e.g., less than -~ 5.0 
25 ~A/cm 2 for  a s lu r ry  concentra t ion of 10 g / l i t e r  (3), o 
and the use of  coal  as an anode depolar izer  has the re -  :~ E 
fore been quest ioned (4). However ,  this cr i t ic ism 
overlooks that  coal can be r ead i ly  oxidized by  Fe ( I I I ) ,  " :  
e.g., as produced  anodica l ly  f rom the dissolved Fe ( I I ) .  ~ 2.0 
In pract ice  (3, 5-7),  the electro 'chemical  gasification of ',~ 
coal  is an indirect  (media ted)  e lectrolysis  in which the 
overa l l  r a te  is de t e rmined  b y  the react ion be tween  =o 
carbon and Fe  ( I I I )  at the surface of the coal part icle .  
In  this paper ,  we presen t  resul ts  on the s to ich iomet ry  A- 1.0 
and kinet ics  of  this react ion and also show the cu r ren t -  
t ime response for  indi rec t  coal e lectrolysis  in fer r ic  
su l fa te  solution. 

Ground coal (passing 100 /~m) was p rewashed  by  
ref lux boi l ing in deoxygenera ted  2M H2SO4 to e l imin-  0 
ate in te r fe rence  f rom minera l  leaching,  carbonate  dis-  
solution, and the rmal  decarboxyla t ion  on the coal 
oxidat ion  reaction.  The coal  was washed and s tored in 
vacuo af te r  d ry ing  at  50~ or  as s tock s lurr ies  in de-  
oxygena ted  0.1M H2SO4. The react ion be tween  coal 
and F e ( I I I )  was s tudied in magne t i ca l ly  s t i r red  the r -  
mos ta ted  glass cells, fit ted wi th  appropr i a t e  e lec t ro-  
chemical  control  probes.  N2 was passed th rough  the 
cell dur ing  a run  and t h e  e x i t  gas s t r eam desa tu ra ted  o.lo 
wi th  a condenser  to p reven t  evapora t ion  of the  hot  cell 
solution. -~ 

Rea'ction p roduc t  y ie lds  were  de te rmined  by  mix ing  :~ 
Fe  ( I I I )  so lu t ion  and d r y  coal  in va ry ing  propor t ions  " 
and  fol lowing the react ion to completion.  Produced  ~ o.o5 
CO2 gas was concent ra ted  on molecular  sieves ( type  d 
5A) and the amount  col lected in a known react ion 
in te rva l  (G, mol)  de te rmined  by  in f ra red  spec t romet ry  
af te r  gas desorpt ion  f rom the s ieves at  360~ The 
charge  passed (Q, tool)  was de te rmined  f rom t h e  
produced  F e ( I I ) ,  using Eq. [2] 

Fe  ( I I I ) +  e --> Fe  (II)  [2] 

1 Permanent address: BHP Central Research Laboratories, 
Shortl, and, N.S.W., 2307, Australia. 

Key words: coal slurry oxidation, electrochemical coal gasifica- 
tion, coal electrolysis. 

The concentra t ion of F e ( I I )  was measu red  vo l t am-  
me t r i ca l ly  on a ca l ibra ted  Pt  microe lec t rode  in t h e  
s lurry.  At  the end of  a run,  the coal was washed,  
dried, and weighed to assess t h e  e x t e n t  of ox ida t ive  
coal dissolution in the e lectrolyte .  

F igures  1 and 2 show resul ts  ob ta ined  wi th  Nor th  
Dakota  l igni te  coal. F igure  1 shows tha t  coal and  
F e ( I I I )  do react  and that  Eq. [2] is obeyed  since t h e  
total  amount  of Fe  ( I I )  produced in the react ion is t h e  
same as the ini t ia l  amount  of Fe ( I I I ) .  CO2 is also p ro -  
duced in the reaction,  but  in much smal le r  amounts  
than expected  from Eq. [1]. F igure  2 demons t ra tes  
this for  different  exper iments  in the form of plots of 
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Fig. 1. Production of Fe(ll) from Fe(lll). [2.6g of North Dakota 
lignite coal slurried in 80 ml of 0.1M H2SO4 at 85~ originally 
containing 3.85 mmol Fe( l l l ) ] .  
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Fig. 2. Production of CO2 gas during oxidation of North Dakota 
lignite coal in acidified ferric sulfate at 85~ (Separate ex- 
periments; G = mol of CO2 collected; Q = tool of charge passed; 
W = g of coal initially used). 
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G/Q vs. Q/W, the .charge passed p e r  uni t  in i t ia l  weight  
of coal (W,g).  For  prac t ica l  reasons, the dura t ion  of 
these exper iments  was l imi ted  to one week  and this 
de te rmined  the accessible range of Q/W values for the 
coal. In i t ia l ly ,  G/Q had values  near  0.1, but  then the 
values were  prac t ica l ly  constant  at  0.047 _ 0.007 as the  
react ion progressed.  E lementa l  analysis  shows tha t  this 
coal has the empir ica l  fo rmula  C100H660~0Nl.lS0.8. The 
ini t ia l  average  oxida t ion  s ta te  of carbon is therefore  
--0.3, p rac t i ca l ly  independen t  of the assumed valences 
of N and S in the coal. The upper  l imi t  for G/Q values  
is thus (cf. Eq. [1]) 1/4.3, i.e., 0.23. The cur ren t  effi- 
c iency for the e lec t rochemical  gasification of this coal 
amounts  therefore  to only  20%. The par t i a l  s toichiom- 
e t ry  for pro longed coal oxidat ion  wi th  F e ( I I I )  (e.g., 
for  QIW = 0.02) is 

Clo0H680~0Nt.lS0.8 --  32e-> 1.5 CO~ [3] 

indica t ing  that  only  1.5% of the carbon in the coal is 
evolved as CO2. 

The rat io of the final and ini t ia l  coal weight  averaged  
at  1.01 • 0.02. The majo r  source of e r ror  in this mea-  
surement  is an unavoidab le  loss of solids on the vessel  
walls.  Therefore,  the resul t  p robab ly  implies  that  the 
coal weight  increases  s l ight ly  dur ing  the oxidat ion;  
there  is ce r ta in ly  no significant coal dissolution. This 
suggests that  oxidat ion  with  Fe ( I I I )  does not  b reak  up 
the l ink ing  bonds  connecting the aromat ic  units  in the 
coal s t ruc ture  (8).  Most of the (posi t ive)  charge passed 
in the  react ion (cf. Eq. [3]) is re ta ined  on the coal and 
the overa l l  oxida t ion  s ta te  of the res idual  carbon in-  
creases to app rox ima te ly  zero. This implies  that  oxy-  
gen atoms have been added to the coal dur ing  the oxi-  
dation, even though the ex ten t  of this addi t ion is small .  
The react ion of coal wi th  F e ( I I I )  seems to be l imi ted  
to a few react ive  carbon sites, p r o b a b l y  a l r eady  asso- 
ciated wi th  pe r iphe ra l  he teroa toms or unsa tu ra ted  
carbon bonds in the coal s t ructure.  In  these reactions,  
new C-COOH sites are  also formed and some of these 
decarboxyla te  by  the s tandard  Kolbe  mechanism (9) 
forming the smal l  amounts  of CO2 produced  in the 
reaction.  

S imi l a r  resul ts  have been obta ined  wi th  b i tuminous  
coals, a l though the ex ten t  of the react ion and the CO2 
cur ren t  efficiency is decreased wi th  increasing coal 
rank.  However ,  for all  coals the behavior  is d ras t ica l ly  
changed for  oxidat ion  at h igher  potent ials ;  e.g., at  1.5V 
(SHE), using ceric sulfate as the oxidant .  Complete  coal 
dissolution is then r ead i ly  achieved. Al l  of the l igni te  
coal is dissolved for Q / W  -= 0.15, wi th  a CO2 cur ren t  
efficiency approaching  80%. The res idual  e lec t ro ly te  
has a y e l l o w - b r o w n  color and contains  about  50% of 
the coal carbon ev iden t ly  in the form of aromat ic  car -  
boxyl ic  acids (10). 

Ind i rec t  coal e lectrolysis  was carr ied  out in the anode 
compar tment  of a d i aphragm cell  wi th  an acidified 
fer r ic  sulfa te  anolyte.  The cell  had a high anode a r e a /  
anoly te  volume rat io (ca. 0.5 cm -1) to ensure  tha t  
p rac t i ca l ly  al l  of the F e ( I I )  p roduced  f rom the coal /  
F e ( I I I )  react ion was conver ted  immed ia t e ly  back to 
Fe (III)  by  anodic oxidat ion.  F igure  3 shows a typica l  
cu r r en t - t ime  response obta ined wi th  a 1% l igni te  coal 
s lu r ry  (10 g / l i t e r )  at 95~ Shor t  t ime currents  exceed 
50 mA and currents  g rea te r  than  25 m A  could be ma in -  
ta ined  read i ly  for at  least  one day. The resul ts  show 
tha t  the capaci ty  of  this s lu r ry  anode for producing,  
e.g., cathodic hydrogen  is about  10 ml /h r .  I n  pract ice,  
dense s lur r ies  wil l  therefore  be required,  e.g., a 50% 
s lu r ry  can produce about  1/2 l i t e r /h r .  The act ivat ion 
energy  of coal  ox ida t ion  was measured  by  this tech-  
n ique wi th  a b i tuminous  coal  as 13.6 kca l /mol .  This 
f igure is s imi la r  to the resul ts  obta ined by  the o ther  
workers  (1, 4, 5) for l igni tes  and anthrac i tes  and  
shows that  for al l  coals, e leva ted  t empera tu res  must  be 
used for any  prac t ica l  appl ica t ion  of c~al s lu r ry  anodes. 

The react ion kinet ics  were  measured  at control led  
coal surface potent ia ls  using the potent iometr ic  t i t r a -  
tion procedure  p rev ious ly  descr ibed (11). In  these ex -  
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Fig, 3. Coal oxidation current in indirect electrolysis of North 
Dakota lignite coal (10 g/liter) at 95~ in 0.1M ferric Sulfate 
[(H +) = I M ] .  

per iments ,  the oxidiz ing potent ia l  of the solut ion (Eh) 
is de t e rmined  by  the rat io of dissolved F e ( I r I )  and 
F e ( I I ) .  The F e ( I I D  consumpt ion  in the react ion is 
compensated by t i t ra t ing  acidified fer r ic  sul fa te  at  con- 
s tan t  gh, using Pt  sensors and a commercia l  pH star. 
Coal oxidat ion  rates  (R) are  then obta ined  f rom the 
slope of the recorded t i t r an t  vo lume- t ime  curve at  
r epresen ta t ive  s tages dur ing  the reaction.  

F igure  4 shows a logar i thmic  plot  of the  t ime va r i a -  
t ion of R (expressed in m A / g  of  coal in the suspension) 
at  0.7V (SHE) for a low r ank  b i tuminous  coal in 0.1M 
H2~SO4 at 85~ Reproduc ib i l i ty  of these resul ts  was 
wi th in  __15% and wi th in  these l imits  the overa l l  reac-  
t ion ra te  was propor t iona l  to the weight  (and hence 
contact  a rea)  of coal (cf. run  C 7 / C l l  in Fig. 4). The 
ra te  decreases du r ing  the reac t ion  and the solid l ine 
in Fig. 4 represents  the kinet ics  adequa te ly  over  at 
least  three  decades of time. The ra te  law is of the 
genera l  form 

R = k i t "  [4] 

w i th  constant k and n. The slope of the l ine  in Fig. 4 
gives n = 0.4 ___ 0.1 and this range of values also covers 
our  resul ts  (7) for l igni te  and high r ank  b i tuminous  
coals, k measures  in t r ins ic  coal reac t iv i ty  and its va lue  
increases With decreasing coal  rank,  e.g., for a sui te  of 
six coals we found (7) re la t ive  react ivi t ies  ranging  
f rom about  20-500% of the levels shown in Fig. 4. 

The t i t ra t ion  of ferr ic  sul fa te  at. constant  gh raises 
the solution concentra t ion of both  F e ( I I I )  and F e ( I I )  
dur ing  the run,  t yp i ca l ly  at  least  f if ty-fold.  These con- 
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Fig. 4. Kinetics of oxidation of Lambton bituminous coal with 
Fe( l l l )  in 0 . 1 M  H2SO4 at 0.TV (SHE) and 85~ Rate dependence 
on slurry density and solution composition ( O  run C7, 6 g/liter; 
[ ]  run Cl l ,  10 g/liter; A run C8, continuation of run C7 with 
fresh electrolyte substituted at zero time). 
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centration changes have no significant effect on R, cf. 
test C8 (Fig. 4), in which all of the coaI from the pre- 
ceding run (C7) was reused with fresh electrolyte. In 
the new experiment, R was as low as at the end of the 
preceding run, showing that the coal alone is responsi- 
ble for the observed decline in the rate of the reaction. 
Rate control by any step directly dependent on solution 
concentration is therefore unlikely. These steps in- 
clude: Nernst-layer or pore diffusion of Fe(IIl)  to 
reaction sites; Fe(III)  adsorption and reduction at 
each site; and the equivalent steps for produced Fe (II) 
or any other dissolved reaction product. Repeated tests 
with fresh coal confirm that coal oxidation rates at a 
fixed Ea are independent of the actual solution con- 
centrations of Fe(II)  and Fe(III)  at all stages of the 
reaction. However, the reaction accelerates with in- 
creasing Eh. This fact causes an apparent dependence 
of the observed current for indirect coal electrolysis on 
the ferric sulfate concentration (3, 5) and on the coal 
slurry stirring speed (7); and we would caution 
against using such results for any kinetic evaluation 
(5) of the coal oxidation mechanism. 

Coal is a heterogeneous organic solid with a complex 
structure and composition (8), and modeling of Eq. 
[4] is therefore quite difficult. Mass transport control 
by some coal species, either via non-steady diffusion 
or via steady-state diffusion through a thickening film, 
gives n -- 0.5, in Eq. [4J. Although this n value pro- 
vides a close match to the observed kinetics, it is diffi- 
cult to reconcile these diffusion models with the fact 
that coal has a polymeric character, consisting of 
macromolecules of different sizes with varying types 
and degrees of cross-linking (8). Since most of the 
(positive) charge passed in the reaction is retained on 
the coal, localization of the reaction to specific reaction 
sites, distributed through the coal, seems to be a more 
realistic approach to modeling Eq. [4]. The decline in 
R then results from the disappearance of these sites 
during the reaction, e.g., by transformation of one type 
of carbon bond into another one. If the sites disappear 
by a law, perhaps first order in site concentration, R 
consists of a summation of terms each decaying ex- 
ponentially with time at different rates, depending on 
the reactivity of each type of site for the reaction with 
Fe(III) .  Such a summation has prospects for modeling 

Eq. [4], depending on the form of the distribution 
function chosen for the reactivities of the sites. The 
detailed evaluation of this approach to modeling Eq. 
[4] is in progress in these laboratories. 
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ABSTRACT 

300 

Optical and electrical propert ies of the anodic A1203 film were measured.  Leakage current  was small near the break- 
down voltage and ohmic conduction may be a dominant  process, because of a few trap centers. The anodic A1203 film is 
superior with respect  to leakage current to the plasma CVD Si~N~ film, which is used for planar  type photodetectors.  The 
Nss values were 9 x 10" and 8 x 10 ~2 eV - '  �9 cm -~ for InP and In0.~3Ga0.47As, respectively. The refractive indexes were 
1.85+0.08. The oxide was found to be suitable for selective diffusion masks. The measured results indicate that the A1203 
film is useful in various kinds of devices. 

I I I -V  compound semiconductors ,  such as InP, a re  
a t t rac t ive  mater ia l s  for the  l ight  emi t t ing  diode (LED),  
laser  diode (LD) ,  photodiode (PD) ,  avalanche photo-  
diode (APD) ,  and field effect t rans i s tor  (FET) .  This 
is because they  have  direct  bandgap  and l a rge r  low 
field e lec t ron  mobil i t ies  than  Si. Insula tors  are  im-  
por tan t  for  these devices,  as passivat ion film, an t i re -  
flection coating, select ive diffusion mask,  insulat ion for 
MIS structure,  and film for select ive ep i tax ia l  growth.  
Various kinds  of films, such as CVD SiO2 (1-3),  p lasma 
CVD Si~Ny (4),  CVD, anodic  and p lasma  anodic A12Os 
(5-9),  na t ive  anodic oxide (10, 11), and p lasma na t ive  
oxide  (I2)  have been  studied.  

Recently,  anodic A1203 film has been successful ly  
employed  for  MIS diodes wi th  low in te r face-s ta te  den-  
s i ty (6) and M I S - F E T  wi th  high e lect ron mobi l i ty  on 
InP (7). 

In  the  present  exper iment ,  optical  and e lect r ica l  
proper t ies  of the anodic Al2Os film were  measured  for 
appl icat ion to var ious  kinds  of devices. The film was 
also eva lua ted  as a select ive diffusion mask  and an t i -  
reflection coating.  

Preparation of Anodic AI2Os Film 
Anodic  A12Os films were  formed by  anodizat ion of 

vacuum-depos i t ed  A1 on InP and LuGaAs. The A1 was 
of 99.999% pur i ty .  In  the  previous  work,  the  AGW (6) 
e lect rolyte  was mixed  using a 3% aqueous solut ion of 
t a r t a r i c  acid and p ropy lene  glycol  of 1:9 b y  volume;  
in the  present  work,  phosphorous  acid was t r ied  in 
place of t a r ta r ic  acid. The A1 films were  anodized at  a 
constant  cu r ren t  of 1 mA/cm2 under  da rk  condition. 
Figure 1 shows typical cell voltage vs. oxidation time. 
The original AI thickness was 940A and the Al2Os film 
formed was 1700A thick. The offset voltage at t -- 0 is 
attributed to the ohmic resistance of electrolyte and 
InP.  When  A1 anodizat ion was te rminated ,  the  vol tage 
sudden ly  increased,  as shown in Fig. I, and the process 
was s topped at this point.  

The InP  subst ra tes  were  washed in hot  t r i ch loro-  
e thylene,  acetone, and ethanol.  They were  e tched wi th  

1 On leave from the Heinrich Hertz Institute fur  Nachrichten- 
technik GmbH, Einsteimifer 37, D-1000 Be r l i n  10, Germany. 

Key  words: electrical  properties, optical properties,  passivatton 
film, s i l icon n i t r ide .  

2H2SO4:1H~O2:IHzO for 30 see and in 2.5% b romine -  
methanol  for  2 min  before  A1 deposit ion.  In  the pres -  
ent  exper iment ,  the anodic A12Os film was also formed 
on Ino.~Gao.4~As. The InGaAs  layers  were  grown by 
hydr ide  vapor  phase ep i t axy  (13) on (100) 1 ~ off 
toward  <111> InP  subs t ra tes  wi th  5 • 1018 cm - s  
car r ie r  concentrat ion.  T e rna ry  l aye r  thicknesses were  
4-5 ~m. The n - type  InGaAs layers,  7-9 • 1015 cm -s ,  
were  doped wi th  sulfur.  Lat t ice  mismatches  were  less 
than 0.1%. The InGaAs surfaces were  brief ly etched 
with  2H2SO4: 1H202:1H20 solut ion for 15 sec at room 
t e m p e r a t u r e  and r insed wi th  deionized wa te r  before  
the AI deposit ion.  

I t  is impor tan t  to e l iminate  wate r  comple te ly  f rom 
the  crys ta l  surfaces before  the A1 deposition. When  
H20 remains  at  the interface,  it  is decomposed into 
Ha and 02 through electrolysis.  This causes bubbles  
and loosens the A1203 film adhesion. No preoxida t ion  
hea t - t r ea tmen t ,  as proposed by  others  (6), is neces-  
s a ry  when a wa te r - f r ee  surface is used before  the A1 
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deposit ion.  F igures  2 (a and b) show phase -con t ras t  
photographs  of oxide surfaces for wa t e r - f r ee  and -con-  
t amina ted  surfaces. 

The re la t ion  be tween  the thickness  of A1 consumed 
and A1203 films fo rmed  at  28~ is shown in Fig. 3. 
The AIeO3/A1 thickness rat io  was 1.8. The rat io  was 
1.9 when  the film was anodized at  50~ The etch rates  
in 5% H F  for the AI~O~ fo rmed  at  28 ~ and 50~ were  
1440 and 1900 A /min ,  respect ively .  This suggests  that  
oxides formed a t  h igher  t empera tu re  m a y  be more  
porous.  This was confirmed by  leakage  cur ren t  mea -  
surement  showing . larger current .  

A l l  A/~Oz films were  un i form in thickness.  T h e  color 
was blue for 1500A and changed to ye l low at about  
2000A thickness.  

Electrical Properties 
Inter~face characteristics.winter, ace s ta te  densi t ies  

(Nss) for  anodic AlsOa- Inp  and A120~-In0.53Ga0.47As 
were  eva lua ted  by  the Terman  method  (14). In0.53Ga0.4As 
is a promis ing  ma te r i a l  for  use as an FET, because of 
its l a rge  e lect ron mobi l i ty .  Samples  measured  were  al l  
n - type .  The A u - G e - N i  a l loyed  contact  was employed  
as an ohmic contact. A1 dots  wi th  140 or  194 ;~m d iam 
were  formed by  a photo l i thographic  l if t-off  process. 
The A1 film was evapora t ed  on the ox ide  with  a re -  
sistance heater .  Capaci tance was measured  at  room 
t empera tu r e  by  changing  bias vol tage at  a ra te  of 70 
mV/sec  in the  10 kHz-l,0 MHz f requency  range.  Hea t -  
t r ea tmen t  effects on Nss were  also measured.  

InP.~Figure 4 shows typical  capa, ci tance vs. bias 
vol tage  character is t ics  for  an unannea led  InP-A12Oa 
MIS diode at  10 kHz, 100 kHz, and 1 MHz. Bias was 
appl ied  f rom deple t ion  to accumulat ion.  The InP crys-  
tals  were  of (100) or ienta t ion  and the ca r r i e r  concen- 
t ra t ion  was 5 • 1015 cm -~. The AleO~ was 1550A thick. 
The A1 elect rode d iamete r  was 140 ~m. The f requency  
dispers ion in the  accumula t ion  is less than 1% in the 
10 kHz to 1 MHz range,  as repor ted  in the previous  
work  (6). No change was observed  in these charac-  
ter is t ics  af ter  hea t - t r ea tmen t ,  which wil l  be descr ibed 
la ter .  Hysteresis ,  however ,  was observed as shown in 
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Fig. 4. Capacitance-voltage characteristics for AI20~/n-lnP with 
• 1015 cm -3  diode measured at 10 kHz, 100 kHz, and 1 MHz. 

Fig. 5 for f requencies  measured .  Hysteres is  s t i l l  exists  
a f te r  anneal ing.  

Nss was es t imated f rom the C-V measurement  at  1 
MHz. F igure  6 indicates  the  resul ts  wi th  and wi thout  
hea t - t r ea tmen t .  In  this case, samples  were  annea led  in 
the H2 gas flow at 400 ~ and 500~ for 30 min. Nss can 
be reduced  b y  the anneal ing  process, ma in ly  in the 
region be tween  midgap  and conduct ion band.  Fo r  high 
t empe ra tu r e  anneal ing,  the Nss i s  r educed  to 9 X 1011 
eV -1 . cm -2, as shown in Fig. 6. 
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Fig. 2. Surfaces for a nodic AI~O~ films for (a) water-free and 
(b) water-contaminated InP wafers before AI deposition. 
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Ino.ssGao.~As.--In%erface properties between insulator 
and In0.~Ga0.4~As have been studied for plasma CVD 
SigN4 (15), native plasma oxide (9), and CVD SiO2 
(qT) .Very recently anodic A120~, combined with native 
oxide, has been successfully applied to In0.~Ga0.4~As 
(8). In the present experiment, the AI~O~-InGaAs 
interface properties were measured. 

Figure 7 shows the C-V characteristics measured at 
several frequencies. Here, the AleOz film was annealed 
at 3O0~ for 20 min in the H~ gas flow. The A1 dot 
diameter was 194 ;~m. The oxide was 1250A thick. The 
C-V curves exhibited a minimum at 10 and 40 kHz 
frequencies, which is not observed in InP. This might 
be due to a faster generation-recombination rate in 
the inversion, caused by the smaller bandgap. These 
curves also exhibit hysteresis. Frequency dispersion 
was very small in the accumulation, as shown in Fig. 7. 

The Nss value, calculated from the capacitance at 
1 MHz, is shown in Fig. 8. Annealing at 300~ for 20 
min in the H~ flow reduces the value to 8 X 10 ~2 
eV-~.  cm-2. This value is, however, large enough to 
diminish effective channel mobility of an MIS-FET 
(17). Further improvements in the cleaning process 
before A1 evaporation and the anodization process are 
required. 

Leakage currents.--The characteristic of small leak- 
age current as well as large breakdown voltage is 
desirable when insulator film is actually applied to 
devices such as the planar photodiode. Leakage currents 
were compared for anodic AleO~ film, plasma CVD 
Si~Ny, A120~ film deposited by electron beam evapora- 
tion, and native oxide of InP. 
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Fig. 7. Capacitance-voltage characteristics for anodlc AI~O~/ 
Ino.~Gao.;TAs diode at several frequencies. 
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The p-CVD SixNy film was deposited by using the 
SiH4-NH3-N2 gas system and mainly used for planar- 
type photodetectors (4). For the native oxide, In_P with 
5 • 101~ cm-8 carrier concentration was oxidized under 
illumination in 'AGW solution of 3% tartaric acid and 
propylene glycol with a 1:3 mixing ratio by volume. 
The pH value was adjusted to 7.0 using NI~OH. The 
samples were prepared at a constant 0.5 mA/cm 2 
current density. Thicknesses for native oxide and 
A1203 film deposited by electron beam were 3000 and 
2800A, respectively. Thicknesses were 3000 and 3400A 
for the SixNy and anodic A1208, respectively. 

Leakage currents measured are shown in Fig. 9a 
as a function of reverse bias voltage. The A1 dot diam- 
eter was 140 #m. The A1 electrodes were positively 
biased. The electron beam-deposited A1203 f i l l  showed 
relatively large leakage current. Leakage current for 
the InP native anodic oxide f i l l  was largest. Its break- 
down electric field strength was 4-5 X 103 V/cm, lower 
by one order than that of the other films. The break- 
down fields were 8.1 X 106 and 6.4 X l0 s V/cm for 
the silicon nitride and the AI~O~ films, respectively. 
Although the anodic A1208 exhibits a breakdown field 
lower than that for the SixN~, leakage current was 
smaller near the breakdown voltage, as shown in Fig. 
9a. This is favorable for a planar-type APD, where 
a large electric field is applied to the insulator. 

The plasma CVD SixNy film exhibited steeper cur- 
rent increase near the breakdown. In order to examine 
the different leakage cu{rent dependence on bias volt- 
age at high reverse bias voltage, conduction mechanisms 
were studied for the anodic Al~O8 and plasma CVD 
Si~N~ films. 

It is well known that Schottky and Poole-Frenkel 
emissions are dominant processes in thick insulator film. 
The relationships between current and electric field, 
calculated for both mechanism, are given by Eq. [1] 
and [2] (18) 

Js = A,T2 exp [--q(r -- k/qE/4~c-oei) /kT] [1] 

JpF = C" E ,exp [--q(r -- ~/qE/~eoei')/kT] [9.] 

Here, A* is the effective Richardson constant, ~b is 
barrier height, ei is the relative dielectric constant of 
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the  insulator ,  and  C is a constant ,  independen t  of field 
and t empera tu re .  

To d e t e r m i n e  which  of these mechanisms is responsi -  
ble  for  the  s t rong cu r ren t  increase in the  si l icon n i t r ide  
nea r  the b reakdown,  log (J)  vs. \ /E  is p lo t ted  as 
shown in Fig. 9b. The si l icon n i t r ide  film gave a 
s t ra ight  l ine and the dielectr ic  constant  was ca lcula ted  
f rom the slope. The values  ~/~i were  3.76 under  the  
assumpt ion  of the  P o o l e - F r e n k e l  mechanism and 1.88 
for  the Scho t tky  emission.  

Opt ica l  measuremen t  for the  Si=N~ gives a re f rac t ive  
index  o f  1.95, s imi la r  to the  value,  ~ i - - o b t a i n e d  b y  
assuming Scho t tky  emission. This suggests  that  the 
conduct ion occurs by  Schot tky  emission in the sil icon 
ni t r ide ,  r a the r  than  b y  the P o o l e - F r e n k e l  mechanism.  
The electr ic  conduct ion in the p re sen t  SiH4-NHa-N2 
film was different  f rom tha t  for the S iH4-NHs-Ar  (19) 
and SiH4-N~-Ar film (20), caused b y  the P o o l e - F r e n k e l  
mechanism.  

The anodic AltOs films also appea red  to give a 
s t ra igh t  l ine in Fig.  9b. However ,  since dielectr ic  con- 
stants ca lcula ted  f rom the slope were  too la rge  com- 
pa red  wi th  the  value  ca lcula ted  f rom the A1203 r e -  
f rac t ive  index,  the  conduct ion in the  A1203 film cannot  
be  exp la ined  by  the two processes descr ibed  above.  

v 

p-CVD SixN 

1 

3 g 
0 

ld 8 

lOglos 10 6 10 7 

ELECTRIC FIELD (V/cm) 

Fig. 9c. Leakage current densities vs. electric field for plasma 
CVD Si=N~ and anodic Ai~03. 

The da ta  were  rep lo t t ed  as log (J)  vs. log (E) in 
Fig. 9e. The s t r a igh t  l ine for  the  anodic Al~O3 m a y  
indicate  ohmic conduction, as in the  P3N5 insu la tor  
film for InP  (21). This suggests  few t rap  centers  in 
the anodic A1~O3 film. 

Elec t r ica l  as wel l  as opti.cal p roper t i e s  are  s u m m a r -  
ized in Table I. 

O p t i c a l  Proper t ies  

The re f rac t ive  index is an impor tan t  p a r a m e t e r  when 
an insula tor  is appl ied  to opt ical  devices as an an t i -  
reflection coating. Reflectance was measured  for InP,  
whose sur face  was coated wi th  anodic A120~ film. The  
measuremen t  method  was s imi la r  to the previous  one 
(4). The film thickness was 1900A. The reflectance is 
shown in Fig. 10, as a function of ~ravelength.  The 
m i n i m u m  value  was 5.1% at 1.35 ~m, comparab le  to 
the  va lue  for  p lasma  CVD SixNy film. This value  was 
l a rge r  than  a theore t ica l ly  expected va lue  of 0.5%, 
p robab ly  due to surface roughness  of the  InP and the 
film. The re f rac t ive  index,  ca lcu la ted  f rom the th ick-  
ness and the min imum wavelength ,  was 1.78 at  1.35 
~m. The indexes  measured  for  severa l  samples  were  

Table I. Optical and electrical properties for various kinds of insulators 

AhO~ deposited 
Anodic Al~Os Plasma anodic by E-gun 

(present  work)  Anodic AbOs (6) AlsO8 (9) (present  work)  
Plasma CVD 

SlzN~ (4) 

Electric field 
strength at VB 
(V/cm) 

Resistivity at 
1/2 VB (9-cm) 

Refractive index 
at 1.3 #m 

Relative dielectric 
constant (1 MHz) 

(5-8) • 10 e 2-3 x 10 e (1,2-1.6) • 10 e 

(0.3-9) • 10 ~'4 10~ 5 • 10"~ ~ 

1.85 ~ 0.08 - -  1.72 

8.1 ~- 0.4 8.1-8.7 ~7  

(5.3-6.0) x 10 e 

(4-13) x 10 ~~ 
1.85--'--- 0.05 

6,8 • 0.5 

~8  x 10 e 

~3 • 10 ~ 

1.95-2.0 

7.2 "+" 0.3 
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Fig. 10. Reflectance of a.odic AI~O-~/InP as a function of wave- 
length. The AI~O~ thickness is 1900A. 

1.85 • 0.08 at  about 1.3 ~m. The film is suitable for 
antireflection coating, because the -~d203 refractive 
index value is similar to the square root of the InP 
refractive index of about 8.4. 

Selective Diffusion 
Selective diffusion is an imperative technique for 

an LD and an APD with a planar structure. Some 
kinds of insulators resulted in an abnormal diffusion 
wing (4) at the p+-n  junction periphery, caused by 
the unusually fast lateral  diffusion along the mask- 
InP interface, when an acceptor, such as Zn or Cd, 
was preferential ly diffused into n-InP. Even if no wing 
was observed, a planar diode with a p+-n  junction 
sometimes showed large leakage current (4, 22). In 
the present experiment, the anodic A1203 was evalu- 
ated as a selective diffusion mask for InP. 

Figure I I  shows the cleaved and stain-etched sur- 
face of InP diffused with Zn using anodic AlaO~ film 
as a selective diffusion mask. Diffusion was accom- 
plished by using Zn~Pz at 520~ for 80 min. The 1550A 
thick A12Oz was etched with 5% HF aqueous solution. 
No diffusion wing can be seen after stain-etching with 
1K3Fe(CN)6:2KOH:SH20, as shown in Fig. 11. 

Leakage current  v~as measured for a photodiode with 
a planar structure, which was fabricated by Zn-selec- 
tive diffusion at 520~ for 1 hr. The p+- laye r  was 
4.5 ~m thick. The film thickness was 1900A. The hole 
diameter for the diffusion was 140 ~m. The n-InP has 
a 5 • 1015 cm -8 carrier concentration. The dark cur- 
rent  vs, applied voltage is shown in Fig. 12. The diode 
exhibits a low dark current up to breakdown. These 
results reveal that the anodic A120~ film is suitable 
for use as a selective diffusion mask. 

Conclusion 
Optical and electrical properties are summarized in 

Table I. The data  for plasma-anodic A120~ (9), A1203 
deposited by electron beam, and plasma CVD Si~Ny 

Fig. 11. Cleaved and stain-etched surface of n-lnP with 5 X 1015 
cm -3, diffused with Zn by using anadic AI20~ as selective diffu- 
sion mask. 
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Fig. 12. Dark current vs. reverse bias voltage for a planar InP 
diode fabricated by Zn selective diffusion with anodic AI~O~ film. 

film (4) are also described for compari~om The anodie 
A120~ film is superior to the plasma CVD Si=Ny, which 
is used for p lanar- type photodetectors, with respect 
to leakage current. The A120~ film shows lower leakage 
current near the breakdown. Ohmic conduction may be 
dominant in the anodic AI~O~, probably due to there 
being a few trap centers. On the other hand, leakage 
current for the plasma CVD silicon nitride was de- 
termined by Schottky emission, which exhibits steeper 
bias voltage dependence. 

Frequency dispersion for the A120~ MIS capacStance 
was less than 1% in the accumulation. The Nss for 
the Al~O3-InP was smaller than that for In0.53Ga0.47As. 
The Nss values can be reduced by annealing in H2 
gas flow, and 9 • 1011 and 8 • 1012 eV - 1 . c m  -~ for 
InP and In0.53Ga0.47As, respectively. 

Refractive indexes, measured from the thickness and 
minimum wavelength, were 1.85 • 0.08. The A12Oa 
film is suitable for antireflection coating. 

No abnormal diffusion wing was observed in the 
selective diffusion for InP using the anodized A120~ 
film. Dark current for a planar  InP PD having the 
A1~O8 film was small. The anodic oxide can be used 
for a selective diffusion mask. 

Thus, the anodic AleO3 film is concluded to be useful 
for optoelectronic devices. 
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Reactive Ion Etching of Aluminum/Silicon 
R. W. Light* 

Sandia National Laboratories, Albuquerque, New Mexico 87185 

ABSTRACT 

High resolution, reproducible dry etching of A1/Si can be achieved using BC13 and C12 mixtures in a hexagonal cathode 
reactive ion etching system. The etch directionality is a function of the BClz/C12 composition, the number of wafers in the 
reactor, and the d-c self-bias voltage. Increases in the concentration of etching species produced by raising the percentage of 
C12 in BC13 and by decreasing the wafer load increases the total etch rate while enhancing the isotropic etch rate relative to the 
anisotropic etch rate. The d-c self-bias voltage (or applied rf power) appears to partition the active etching species between 
isotropic etching and anisotropic etching without affecting the total etch rate. 

Dry etching of A1 and A1 alloys ~s one of the more 
challenging of the techniques required for the fabri- 
cation of fine line integrated circuits. Among the prob- 
lems with these processes are poor linewidth control, 
polymer deposition, moisture sensitivity, nonreproduci- 
bility, slow etching A1203 on the A1 surface, nonuni- 
formity, inadequate end-point detection techniques, 
poor photoresist integrity, toxicity and reactivity of 
the etch gases, and residues remaining on the etch 
surface (1-5). A number of these problems can be 
overcome by a judicious selection of process param- 
eters. A variety of chlorinated gases including CC14, 
C12, CHC13, CCI~F~, HC1, SIC14, BC13, and PC13 (5-19) 
have  been used to etch A1 and A1 alloys. Recently 
interest has been shown in BC13 and C12 etch gas mix- 
tures (9, 11, 17, 20-22). Plasma processes using these 
mixtures offer several advantages over chlorocarbon- 
based processes including freedom from polymeric 
deposits and less moisture sensitivity due to the rapid 
reaction of BC13 with residual water vapor. Fine line 
pattern definition is affected both by the etching 
chemistry and the related physical plasma parameters. 
By etching under conditions of energetic ion bombard- 
ment, linewidth control of small dimensions can be 
achieved. 

This work describes reactive ion etching of A1/l% 
Si with BCI~ and CI~ mixtures using a hexagonal cath- 
ode etching apparatus. The A1/Si, photoresist, silicon, 
and silicon dioxide etch rates are discussed as functions 
of the BCI~/C12 comuosition, reactor loading, flow 
rates, d-c self-bias voltage, and pressure. The anisot- 
ropy of the etching and the rate of pho~oresist ero- 
sion are examined during the etch and during the 
overetch period. The trends established in this study 
are integrated to yield an efficient and effective etch- 
ing process. 

Experimental 
Samples.--One hundred millimeter diameter silicon 

wafers are coated with SiO2 by low pressure chemical 

* Electrochemical Society Active Member. 
Key words: metals, plasmas, integrated circuits. 

vapor deposition and then with 1.0 ;~m of A1/l% Si by 
evaporative deposition. These wafers are coated with 
1.5 ~ of KTI 1450 positive photoresist and patterned 
with 2, 3, 4, and 5 ~m lines and spaces. Following de- 
velopment the samples are baked at 90~ for 30 rain. 
A second type of sample is prepared by deposition of 
5000A of SiO2 on <100> orientation, 3-6 ~-cm, phos- 
phorus-dopod silicon wafers, patterning, and w e t  
etching to leave one-half of the wafer bare silicon 
and the other half SiO~. A grid pattern of KTI 1450 
photoresist is applied over the wafer. These wafers 
permit the measurement of the SiOz and Si etch r a t e s  
on a single wafer. 

Etching.--A Plasma Therm Incorporated, Hexetch 
640 reactive ion etching system with a 3000W, 13.56 
MHz rf power supply is used for this study. This re- 
actor holds 24, 100 mm diam wafers on a central, 
vertically configured, hexagonal cathode enclosed in 
a bell jar. Rf power is applied to the cathode and can 
be controlled either as w.atts input or as the d-c self- 
bias voltage developed on the cathode. The greater the 
rf power applied, the larger (more negative) the d-c 
self-bias voltage becomes. The wafer holding cath- 
ode and the bell jar are temperature regulated at 
45~ SiO2-coated wafers are placed in wafer locations 
not containing A1/Si wafers. This etching system con- 
tains both a cryopump to minimize residual water 
vapor during the initial pump down and a thro~tle 
valve controlled turbopump for use during the etch- 
ing process. The system is cryopumped to below 5 • 
10 -~ Torr before the introduction of the etching gases. 
The BC13 and C12 flows are regulated using automatic 
mass flow controllers. The end point is determined by 
observing the intensity change in the 396 nm A1 emis- 
sion line as the etch progresses. 

E~ch rates are determined from the 396 nm A1 emis- 
sion signal by profilometer measurements and by 
scanning electron microscopy (SEM) of 2 and 3 ~m 
A1/Si lines on transversely sectioned wafer samples. 
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Results and Discussion 
Al~O~ removaL--Aluminum, when exposed to air, 

forms a thin layer of aluminum oxide, A1203, on the 
surface. This thin oxide surface layer can be a barrier 
to etching if the A1/AI~Oa etch rate ratio is sufficiently 
l o w  and has been reported to result in nonuniform 
etching of the underlying A1 layer (1, 5, 8, 9), The 
presence of the A1 oxide 2ayer produces an initiation 
period in which the or~et of A1 etching is delayed 
until the inhibiting layer is etched away. This is a 
potential problem if some method of process monitor- 
ing is not available and a timed etch is being utilized. 
Figure 1 is a typical end-point trace using the 396 nra 
A1 emission signal with an induction period of 0.7 min. 
As illustrated in Fig. 2, the d-c bias voltage is the 
major, factor affecting the length of the induction 
period. The decrease in induction time with increasing 
negative bias voltage suggests that the AltOs etch 
rate increases with the energy of ion bombardment. 
The induction time is insensitive to the BC1JCI~ com- 
position from 30 to 50% CI~ in BCI~ but lengthens 
when the CI~ percentage is increased to 70%. With 
100% CI~ no etching is observed at --400V even after 
20 min. These results are consistent with BCI~ (x -- 
0-3) species being involved with the reduction of 
A120~, presumably removing oxygen as boron oxide 
compounds (5, 9, 21). A loading effect is not observed 
for the etching of the AlaO~ layer and the data in Fig. 
2 include from 1 to 24 wafers in the etching system. 
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Fig. 1. 396 nm AI emission end-point trace obtained for one 
wafer, 70% Cl~z, --400V, 10 mTorr, and 50 sccm. 
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Fig. 2. The effect of d-c self-bias voltage and CI~ percentage 
on the induction time at 10 mTorr and 50 sccm. 
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Fig. 3. The loading effect for AI/Si etching 

Al/S i  etch rate.--The etch rate of A1/Si as deter- 
mined by monitoring the 396 nm A1 emission is a 
function of the BC1JC12 composition, the number of 
wafers in the reactor, and the total flow rate. This 
etch rate is independent o~ the d-c self-bias voltage 
over the range investigated in this study, --100 to 
--400V (250-1000W input power). As evident in Fig. 3, 
a typical loading effect is observed with the A1/Si 
etch time for a 1.0 ~m film (the inverse of the etch 
rate) nearly linearly dependent on the number of 
wafers in the reactor (23). These data also demonstrate 
that the etch rate is higher and the loading effect less 
severe (lower slope) at higher C12 percentages. This 
rate enhancing effect of C12 has been previously ob- 
served with BCla and may be a consequence of Cb. 
being a more efficient source of the active etching 
species for A1 than is BC13 (5, 17, 21, 22). The identity 
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Fig. 4. The effect of flow rate on the AI/$1, Si, $iO2, and photo- 
resist etch rates. The experimental conditions are four wafers, 
30% CI2, --200V, 10 reTort, and 50% overetch. 
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of the active etching species is not clear but may be 
atomic chlorine, molecular chlorine, CI+, C12+, or, 
perhaps, a .combination of these (5, 21, 24). Figure 4 
il lustrates the effect of total flow rate at 30% C12 in 
BC18 on the etch rates of A1/Si, Si, SIO2, and photo- 
resist. The etch rate of A1/Si increases rapidly be- 
tween 15 and 50 sccm and begins to level out between 
50 and 100 sccm. The positive slope of the flow rate 
curve and lack of voltage (power) dependence of the 
A1/Si etch rate suggests that the A1/Si etch rate  is 
flow-rate limited a n d  not limited by the generation 
rate of active species or by the residence time of the 
gas molecules in the discharge (25, 26). Increasing the 
pressure from 10 to 30 reTort does not significantly 
change the total etch rate  but can increase the l ine- 
width nonuniformity within a wafer. At 30 mTorr a 
significant bull 's-eye effect occurs with the outside 
of the wafer etching faster than the inside. The etch 
rate nonuniformity combined with the isotropic nature 
of the etch at this pressure (other conditions: --200V 
d-c bias voltage, 1-4 wafers in reactor, 30-70% C12 
in BC13, and 50-100 sccm total flow) results in the 
lines on the outer portion of the wafer being severely 
undercut. This nonuniform etching also tends to 
obscure the emission end-point  signal. 

Photoresist etch rate.--The d-c self-bias voltage, the 
Cls percentage, the number of wafers in the reactor, 
and the total flow rate all affect the photoresist etch 
rate. The photoresist etch rate is insensitive to pres-  
sure over the I0-30 mTorr range. As shown in Fig. 
5, the photoresist etch rate increases as the d-c self- 
bias voltage becomes more negative. This is consistent 
with an ion-enhanced etching mechanism in which 
more energetic positive ion bombardment leads to 
higher photoresist etch rates. A loading effect is 
also observed for the photoresist etch rate with a 
strong dependence on the C12 percentage. As il lustrated 
in Fig. 6, the loading effect is not ideal with the 50% 
C12 data showing markedly  nonlinear behavior. Since 
the active etching species of A1/Si and the photo- 
resist may be the same, consumption of the active 
species by both materials may contribute to the ob- 
served loading effects. The data in Fig. 4 show an 
increase in photoresist etch rate with total flow rate. 
As mentioned for the A1/Si etch rate, this suggests 
that the photoresist etch rate is flow-rate limited at 
this bias voltage. Although the highest A1/Si etch 
r a t e  occurs at 100 sccm, a consideration of both the 
A1/Si etch rate and the photoresist etch rate indicates 
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that the optimum A1/Si to photoresist etch rate ratio 
occurs at about 50 sccm total flow. 

S~ and SiO~ etch rates.--The pr imary  parameter  af- 
fecting the etch rate of Si and SiO2 is the d-c bias 
potential as shown in Fig. 5. The increase of etch 
rate with the d-c  self-bias potential (more negative) 
suggests an ion-enhanced mechanism. The etch rate 
of Si is independent of wafer load, C12 percentage, flow 
rate, and pressure in ~he --100 to --300V d-c bias range. 
A low d-c bias voltage would be indicated for cases 
in which a low Si etch rate is a pr imary consideration. 
This situation may occur if contact areas are not 
completely covered by photoresist and Si is exposed 
as the unmasked A1 is cleared away. The etch rate 
of SiO~ appears to depend only on the d-c  self-bias 
voltage and remains between 30 and 50 Alto.in under 
all conditions of C12 percentage, loading, flow rate, 
and pressure. 

Anisotropy.--In most applications of A1 etching the 
goal is to achieve etching in the vertical direction 
only (anisotropic etching), thereby maximizing the 
cross-sectiqnal area of the A1 line. Figure 7 defines 
an e tch ingmode l  in which the vertical etch rate and 
the associated etch distance are composed of an iso- 
tropic etch rate component, i, and an anisotropic etch 
rate component, a. The lateral  etch rate  and associated 
etch distance are composed of the isotropic component 
only. Us ing  this scheme, the percent anisotropy can 
be calculated from the following data and simple 
relationships: LWpR, photoresist l inewidth before etch, 
;on (base of l ine);  LWAI, A1 Iinewidth after  etch, #m 
(top of line); ETEp, etch time to end point, min; ETT, 
etch time to end point + overetch time, min; LWpR -- 
LWAI = ALW l inewidth change, ~xn 

ALW 

2(ETT) 

i + a = 1.0 #m/ETEp for 1.0 ~xn of AI/Si 

ALW 
a : 1.0 ~ / E T E p  -- i -- 1.0 gzn/ETEp 

2 (ETT) 
a 

% anisotropy -- . • 100 

ALW 
1.0 ~'n/ETEp -- 2 (ET)T 

X I00 % anisotropy = 
1.0 ~m/ETEp 
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Fig. 7. The definition of the isotropic etch rate component, i, 
and the anisotropic etch rate component, a. v is the vertical etched 
distance and I the lateral etched distance. 

Linewidth loss resulting from erosion of the photo- 
resist is included in this calculation as part  of the 
lateral  etch rate and will generally limit the calculated 
percent anisotropy to 80-90%. Anisotropic etching is 
achieved by balancing the concentration of the active 
etching species and the d-c self-bias voltage. The 
steady-state concentration of the etching species as re-  
flected in the etch time is a function of the BC13/C12 
composition and the wafer load. The isotropic etch rate 
appears to decrease with respect to the anisotropic etch 
rate as the availabili ty of etching species becomes l im- 
ited due to smaller C12 percentages and/or  larger wafer 
loads. An increase in the d-c bias voltage (more nega- 
tive) at a constant C12 percentage and wafer load in- 
creases the anisotropic etch rate and decreases the iso- 
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Fig. 8. The influence of etch time (to end point) and d-c bias 
voltage an the percent anisotropy at 10 mTorr and 50 sccm. An in- 
crease in etch time implies a decrease in the steady-state CI2 
concentration due to an increase in the number of wafers in the 
reactor and/or a decrease in the CI2 percentage. 

tropic etch rate leaving the total etch rate or etch time 
constant. The total etch rate is controlled by the wafer 
lo~d and the percent CI~ in BCla, and the d-c self-bias 
voltage serves to partit ion the active species between 
isotropic etching and anisotropi.c etching. These effects 
are i l lustrated in Fig. 8 where the percent anisotropy 
from the formula above is plotted against d-c bias 
voltage and etch time. In this figure, an increase in 
etch time implies a decrease in steady-state CI~ con- 
centration. As the etch time is shortened by increasing 
the C12 percentage and/or  using smaller loads, the d-c  
bias voltage must be increased (more negative) to re-  
main in the anisotropic region of the graph. Either 
increasing the pressure from 10 to 30 mTorr or in- 
creasing the total flow rate from 50 to 100 sccm 
shifts the boundary to the right, requiring higher 
d-c  bias potentials to offset the apparent  increase in 
active species concentration and lateral  etch rate. 

The largely phenomenological description of etch di- 
rectionality presented above may be justified in terms 
of some simple etching models. Anisotropic etching is 
often interpreted as ion-enhanced etching on exposed 
surfaces perpendicular to the direction of ion bom- 
bardment with the vertical walls protected from etch- 
ing by recombinants or polymer deposition (27). This 
model is in qualitative agreement with the data since 
the decrease in relative lateral  etch rate with de- 
creasing C12 percentage or increasing load may be 
explained in terms of an increase in the relative con- 
centration of BC1 type recombinants (24). The de- 
pendence of l i ne  profile on the d-c bias voltage is 
consistent with ion-assisted chemistry occurring on the 
bombarded surfaces. Another view of directional etch- 
ing emphasizes the importance of ion-neutral  colli- 
sions in the plasma sheath in producing lateral  etching 
(28. 29). Substitution of a more massive neutral, such 
as BC13, for a less massive neutral, such as C12, would 
be expected to result in more randomization and in- 
creased lateral  etching due to collisions with either 
CI+ or C12 + ions. In fact, the opnosite is found to be 
true, the greater the fraction of BC13, the smaller the 
relative de~ree of lateral  etching. However, this model 
does provide for an increase in anisotropy with in- 
creasing d-c  bias voltage by indicating that the sheath 
electric field which is proport ional- to  the d-c bias 
voltage controls the direction of ion transport  to the 
wafer surface. Random ion transport  produced by 
collision result~ in isotropic etching, and directed ion 
transport which increases with the sheath electric field 
produces anisotropic etching. 

Overetch efJects.--Residues of A1 left in etched areas 
can lead to shorts between lines and can result in  a 
major loss of yield in device production. The origins of 
these residues are thickness nonuniformities in the A1 
film surface, often called hillocks, and thickness non- 
uniformities produced at steps by conformal or near 
conformal A1 films (30, 31). Because of the desired 
anisotropic nature of the A1 etch process, overetching is 
required to clear the etched areas of these residues. 

In the plasma etching of polysilicon films with 
fluorocarbon gases, the lateral  etch rate is commonly 
observed to increase with the onset of the overetch 
period. As the polysilicon film is cleared away from the 
unmasked areas over slow etching SiO2, the sudden 
decrease in film area reduces the loading, increases 
the availabili ty of the active etching species, and, 
therefore, increases the etch rate. As demonstrated in 
Fig. 9, this effect is not generally observed in this 
study, although the 50% C12, --200V data do indicate 
an increase in lateral  etch rate with overetch. This is 
an unexpected result since the relative lateral  etch rate 
is increased by a reduction in the number of wafers 
in the reactor at constant CI~ percentages, and a 
similar reduction of the loading produced at the end 
point would be anticipated to increase the lateral  
etch rate. 
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Fig. 9. The dependence of the lateral etch rate of AI/Si lines on 
percentage overetch with one wafer, 50 scem, and 10 reTort. 

in BCI~, the d-c  bias potential  must be increased to 
provide anisotropic etching. An increase in the d-c 
bias voltage and the percent CI~ results in an increase 
in the photoresist erosion rate. A low d-c bias poten- 
tial may also be desired if a high A1/Si to Si etch rate 
ratio is an important consideration. Twelve to twenty-  
four wafers in the reactor, 70% Cl~ in BC13, --200V d-c 
bias, !0 mTorr pressure, and 50 sccm total flow rate 
will give anisotropic etching with etch times ranging 
from 7 to 24 min depending on the wafer load and the 
pattern on the wafer. The A1/Si to photoresist etch rate 
ratio is 3:1 to 4: 1, the Si etch rate is 200 A/rain, and 
the SiO~ etch rate is 45 A/rain. Overetching under 
these conditions is unacceptable due to the increase in 
photoresist etch rate (from 200 to 800 A/ra in  for a 12 
wafer load) on overetch. However, by dropping the C12 
percentage to 20% and leaving the other conditions 
constant, overetching can be performed with a photo- 
resist etch rate of 500 A/min.  The Si and SiO~ etch 
rates are approximately the same as with 70% CI~. At 
a given CI~ percentage and d-c bias voltage, the 396 
nm Al emission line intensity during the etch in- 
creases with the number  of wafers in the reactor. A 
comparison of the intensity of the emission following 
the end point of a 12 to 24 wafer load with an emis- 
sion intensity vs. loading curve suggests that the re-  
maining A1 residue amounts to approximately the 
area of one patterned wafer or less. A one wafer 
load etched at 20% C12 in BC13 and --200V gives an 
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Fig. 10. The effect of percentage overetch on the etch rate of 
photoresist with one wafe~ 50 sccm, and 10 mTorr. 

While an increase in the lateral  etch rate of the 
A1/Si lines is not observed upon overetch, the average 
photoresist etch ra te  generally does increase with 
overetch. The etch rate data as a function of per-  
centage overetch are displayed in Fig. 10. The origin 
of the increase in photoresist etch rate may be the 
increased availabil i ty of a common etching species as 
the A1/Si is cleared from the unmasked areas. At high 
enough d-c bias voltages and percent C12 values this 
effect appears to be unimportant  and the photoresist 
etch rate is relat ively constant with overetch. The 
anomalous behavior of the AI/Si  lateral  etch rate may 
be influenced by competition of the photoresist for the 
etching species on overetch. 

Process considerations.JA useful reactive ion etch- 
ing process for A1/Si interconnect requires a rapid 
etch rate, good selectivity for A1/Si over SiO~, aniso- 
tropic etching, a reasonable photoresist etch rate, and 
the abil i ty to overetch. Greater  than ten to one A1/Si 
over SiO~ etch rate ratios are easily achieved and the 
major  compromises are among etch time, anisotropy, 
and photoresist erosion. As the etch time is decreased 
for a given wafer load by increasing the percent CI~ 

Fig. ;1. An etch AI/Si pattern with the photoresist removed. 
Measurement units are in microns. 
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etch rate of 1000 A/min. Therefore, a 10 min overetch 
of 12 to 24 wafers at 20% C12 amounts to a 100% 
overetch of the wafers. Examination of A1/Si hillock 
residues (0.2-1.0 ~n  above the surface of the oxide 
at end point) at various stages of overetch confirms 
this conclusion. An initial photoresist thickness of 1.5- 
2.0 ~m is suggested for this process. SEM photographs 
at high and low magnifications of an etched A1/Si pat- 
tern with a 100% overetch are shown in Fig. 1.1. 

Conclusion 
High resolution patterning of AI/Si can be achieved 

by reactive ion etching in a hexagonal cathode sys- 
tem with BC18 and C12 mixtures. Lateral etching of 
the A1/Si lines is prevented by limiting the avail- 
ability of active etching species and by using a suffi- 
ciently high d-c self-bias voltage. Although the lateral 
etch rate does not increase upon overetch, the photo- 
resist etch rate does increase in response to the de- 
creased A1/Si load. By decreasing the C12 percentage 
at the end point, overetching can be performed with 
an acceptable photoresist etch rate. Results are repro- 
ducible, within the wafer and wafer to wafer line- 
width variation is less than • and the entire pro- 
cess can be automated due to the sharp emission end- 
point signal produced under the conditions described. 
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ABSTRACT 

The plasma etching of the type H Kapton polyimide film has been s tudied in a parallel plate reactor with two different 
gas mixtures;  O~-CF4 and Of-SF~. High etching rate (0.5-3 ~m/min) has been obtained in both cases. At  a pressure of 0.2 
Torr an anomalous loading effect is observed which is a t t r ibuted to the nitrogen released by the polyimide.  The gaseous 
effluents from etching have been detected by mass spectrometry and indicate that both atomic oxygen and atomic fluorine 
are the main etchants  of the polymer. A comparison with silicon etching in a SF6-O2 plasma is made  in order to give the main 
channels of the reaction scheme. XPS measurements  of the polyimide surface before and after  etching are consistent  with 
the mass spectrometr ic  observations. 

The use of po ly imides  as d ie lec t r ics  has become in-  
c reas ingly  impor t an t  in different  electronic appl ica-  
tions due to thei r  exce l len t  t he rma l  and chemical  in-  
ertness.  In  in t eg ra ted  circui t  fabr icat ion,  po ly imide  
films a r e  used in mul t i l eve l  s t ruc tures  as the in te r -  
level  dielectr ic  (1). In  p r in ted  circuit,  Kapton|  po ly -  
hn ide  film, type  H is usua l ly  the d ie lec t r ic  par t  of the  
m u l t i l a y e r  p r i n t ed  boards  be tween  the copper  p la tes  
(2). Kap ton  "H ''1 (poly  4 ,4-oxydiphenyl  py rome l l i t -  
imide)  is an a romat ic  po ly imide  (3) which  is commer -  
c ia l ly  ava i lab le  in th ick foils (7.5-50 ~m). Its behavior  
in oxygen- f luor ina ted  p la smas  is in teres t ing  for two 
appl icat ions:  p lasma  desmear ing  and surface t r ea t -  
ment .  In  the  manufac tu re  of mu l t i l aye r  p r in ted  c i r -  
cuit  boa rds  (e i ther  of the  r ig id  or  flexible va r i e ty ) ,  
in terconnect ing  holes a re  dr i l l ed  through the boards  
and in terconnect ing  metal l ic  l ayers  a re  p la ted  wi th in  
the  dr i l l ed  holes to provide  an electr ic  connect ion be-  
tween  exposed  edge por t ions  of conduct ing layers  of 
the  p r in ted  c i rcui t  boards  (2). P lasma  desmear ing  is 
a technique used in o rder  to s t r ip  the smea red  ad -  
hesives ,and po ly imide  mater ia l s  that  coat the  s ide-  
wal ls  of the  dr i l l ed  holes which p reven t  p roper  elec-  
t r i ca l  contact  be tween  inner  conduct ing layers .  In  
this context ,  the d r y  etching of  Kap ton  and adhesive 
smears  has been studied,  usua l ly  in an O2-CF4 (70/30) 
mix tu re  (4). 

Wydeven  (5) has s tudied the Kap ton  etching in an 
oxygen  plasma.  Pederson  (6)  has compared  the etch 
ra tes  of  a va r i e ty  of po lymer  films among which 
Kapton  film, in CF4-O2 and CF4 discharges wi th  a 
b a r r e l - t y p e  reactor .  

We have s tudied the etching process of Kapton  in 
O~-CF4 and O~-SF6 p lasmas  and we have  compared  
the e tch ing  ra tes  wi th  those of epoxy  and acryl ic  
resins which are  the  adhesives  used in p r in ted  circui t  
boards.  The gaseous effluents of the  e tching react ion 
have  been s tudied b y  mass  spec t rome t ry  and some 
comparisons are  made  wi th  the  si l icon etching. On 
the basis of these measurements ,  we discuss the chem- 
i s t ry  of SFs-O~ discharge  and the consequences of 
atomic oxygen  and fluorine consumption upon the 
secondary  react ions  be tween  neu t ra l  active species. 

Experimental Setup and Method 
The p l a sma  reac tor  is of the diode type  wi th  a lumina  

walls. Electrodes are  anodized a luminum plates  of 71 
cm 2 wi th  an in te re lec t rode  spacing of 5 cm. F low ra tes  
a re  measured  wi th  Brooks ro tameters ,  ca l ibra ted  with  
a vo lumete r  at  the  s t anda rd  pressure .  The  total  flow 
rate  is ad jus ted  to 40 sccm. The power  is Coupled to 
the reac tor  f rom an rf  genera to r  (13.56 MHz) or  a b road -  
band amplif ier  (15 kHz-12MHz) via  .a su i tab le  im-  
pedance  match ing  ne twork .  The p o w e r  level  is set  at  
50W and is contro l led  by  a powermete r .  The pressure  

Key words: potyimide, SF6, plasma etching, plasma chemistry. 
1 Kapton "H"| is a erademark of E. I. du Pont de Nemours 

and Company. 
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is measured  by  means  of a capaci tance manome te r  
and var ied  f rom 0.1 up to 1 Tort .  

The Kap ton  film is adhered  to a copper  foil  wi th  
epoxy  resin and disposed on  the anode. 

The neu t r a l  molecules are  ex t rac ted  f rom the p lasma  
through  a 200 ~m sampl ing  orifice bored  in a Macor 
ceramic cy l inder  p laced on the reac tor  wall.  The mo-  
lecular  beam of the  products  goes th rough  a first 
chamber  p u m p e d  down to 10 -6 Tor r  and then reaches  
the  Balzers QMG 311 spec t romete r  in a second cham-  
ber  p u m p e d  down to 10 -~ Tor t  by  a diffusion pump.  
Neut ra l  species are  ionized b y  using the e lect ron im-  
pact  ionizer  of the mass  spec t romete r  set at  90 eV and 
mass analyzed.  The appa ra tus  is ca l ib ra ted  b y  using 
a s t andard  gas mix ture  conta ining He, N~, Ar,  Kr,  and 
Xe. For  each mass, a t ransmiss ion coefficient T is de -  
t e rmined  f rom the peak  in tens i ty  i and the pa r t i a l  
p ressure  p in the reactor  as follows 

T = i/p~ 

where  ~ is the  pa r t i a l  ionizat ion cross sect ion of the 
gas. The mass dependence  of T is found to fol low an 
empir ic  l aw 

T - -  a '~  -o-s5 

Then the pa r t i a l  pressure  of  a gas appea r ing  in the 
p lasma (SO,F2 for  example )  is obta ined  f rom the 
pa ren t  peak  in tens i ty  by  using the t ransmiss ion coeffi- 
cient T and the c~oss sect ion or  the sens i t iv i ty  of the  
gas re la t ive  to n - b u t a n e  (7) or n i t rogen (8). If a peak  
resul ts  f rom severa l  compounds,  mass in ter ference  cor-  
rections are  made,  based on publ i shed  f ragmenta t ion  
pa t te rns  (7, 8). 

The s tud ied  Kap ton  po ly imide  is 50 ~m thick wi th  a 
copper  foil on  one side. Etch rates  are  measured  by  
weighing  on a Met t le r  M 5 microba lance  assuming a 
dens i ty  of 1.42 g cm -3. 

Results and Discussion 
Kapton etch rates--Loading e~]ect.--The etching ra te  

of Kap ton  H in O2-SF6 p lasmas  is quite high (0.5-3 
~m/min)  depending  on power,  pressure ,  and gas mix -  
ture.  An increase of the  etch ra te  is observed as a 
funct ion of the  t r ea tmen t  durat ion,  especia l ly  for long 
exposure  and high pressure  (Fig.  1). S imul taneous ly ,  
we note a rise of the e lec t rode  t empera tu re ,  for ex-  
ample,  f rom 20 ~ up to 80~ in 50 min, as measured  
wi th  a thermocouple  probe.  The var ia t ion  of the etch 
ra te  appears  to be re la ted  to this t he rma l  increase. 
Pederson  (6) observed the same behav ior  for severa l  
polymers .  

A s tudy  of the Kap ton  e tch ra te  as a function of 
the exci ta t ion f requency  of the  discharge f rom 15 kI-Iz 
up to 13.56 MHz (Fig. 2) shows tha t  h igh  frequencies 
a re  more  efficient than  low frequencies,  p robab ly  due 
to a g rea te r  dissociat ion of the  e tchant  gas. 

F igure  3 i l lus t ra tes  the evolut ion of the Kap ton  
e tch ra tes  as a funct ion of the  input  gas compos i t i on  
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Fig. 2. Etch rates of Kapto, and epoxy resin vs. excitation fre- 

quency. Gas mixture = 02-CF4 (70/30), sample area - -  5 cm 2, 

for the two studied mixtures.  The addition of small  
quanti t ies of a fluorinated gas (10-20%) to oxygen 
causes an impor tant  increase of the etch rate (5-15X).  

On the other hand, in the O~-SF6 plasma, the etch 
rate evolution exhibits two maximas, one in  a domi- 
n a n t  oxygen mixture,  the other in a dominan t  SF6 
mixture,  contrary to the O2-CF4 plasma in which only 
one max imum is observed. In  Fig. 4, the etch rates of 
two resins normal ly  used in  pr in ted circuit are com- 
pared as a funct ion of the gas mixtures.  These etch 
rates and the values of optima are modified by the 
presence of other polymer materials  in the same re-  
actor (9). 

The influence of the materi.al areas to be etched is 
reported in Fig. 5. While the epoxy resin shows a 
"classical" loading effect, the Kapton does not  ex- 
hibit  any  loading effect at low pressure (0.2 Tort)  in 
O2-CF4 or O2-SF6 mixtures  bu t  presents a loading 
effect at high pressure (1 Torr) .  

The addition of 1-5% of ni t rogen in the O2-CF4 mix-  
ture causes an increase of the Kapton etch rates by a 
factor of 1.5-3 depending on the conditions. Without 
any  polymer  in the reactor, the introduct ion of some 
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E 
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Fig. 3. Etch rates of Kapton in 02-CF4 and O~-SF6 discharges. 
Pressure = 0.2 Tort, sample area = 4.5 cm2, frequency = 13.56 
MHz. 
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Fig. 4. Etch rates of Kapton and resins in an 02-CF4 plasma. 
Pressure = 0.2 Torr. sample area = 4.5 cm 2, frequency - -  13.56 
MHz. 

percent  of ni t rogen induces variations in  the CO~, 
COFz, and F2 concentrat ions measured by mass spec- 
t rometry  (Table I) .  

No carbon-ni t rogen compounds are detected in the 
gas phase. The role of ni t rogen may  be an addit ional 
etching of the polymer by N atoms as reported by 
Smolinsky et at. (10). However, the gas phase results, 
obtained without  any  Kapton in contact with the 
plasma, support another  interpretat ion.  The active n i -  
trogen [ N ( 4 S / a n d  N2*] can induce a decomposition of 
COF2 and perhaps CO~. As a result, the atomic fluorine 
and atomic oxygen produced by this reaction will  in -  
crease the Kapton etch rate. Such a mechanism has 
been previously proposed by other authors (11) 

N2* + COF~-> N2 + CO + 2F [I] 

In this scheme, the atomic fluorine in excess would 
recombine on the walls and be detected as F2 (Table I) .  
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�9 Kapton, 02-CF4, ! Torr; �9 Kapton, 02-CF4, 0.2 Torr; ~7 
Epoxy resin, O~-CF4, 0.2 Torr; 0 Kapton, 02-SF6, 0.2 Torr. 

The absence of a loading effect at  low pressure is con- 
sistent with this reaction. The content of nitrogen in 
Kapton is 9.09 atomic percent (a /o) ,  so Kapton etching 
liberates nitrogen in the gas phase which plays a role 
similar to that of the added nitrogen in the above ex- 
periment, that is to compensate for the loading. At 
high pressures (1 Torr for example),  the N~* forma- 
tion from N2 is presumed to be less important than at 
low pressures, due to a difference in the electron en- 
ergy of the plasma. 

Mass spectrometry of gaseous effluents.--Wydeven's 
work (5) showed that in an oxygen plasma the gaseous 
effluents in Kapton etching were CO, CO2, H2s H2, 
and N2. On another hand, it is known that the O2-CF4 
discharge gives rise to identical gaseous products: CO, 
CO2 (12). Several attempts have demonstrated it is 
impossible to discriminate in the mass spectrometric 
data between the variations of gas concentrations due 
to the Kapton etching and those due to modifications 
of secondary reaction rates in the gas phase, induced 
by the consumption of active species. So the mass 
spectrometric measurements reported here are only 
concerned with SF0 and O2-SF6 plasmas in which CO 
and CO~ are not by-products  of the input gases. Table 
II  gives the gaseous effluents obtained in the Kapton 
etching. As shown in Fig. 3, the pure SF6 discharge 
etches the polymer at sizable etch rates (0.3 ,m/ra in) .  

Figure 6 illustrates the evolution of effluent con- 
centrations resulting from pure SF6 etching. 

Table I. Effect of nitrogen (5%) on the re!atlve concentrations 
of CO~, COF2, and F2 in the 02-CF4 plasma 

Gas product  No ni trogen 5% Nitrogen 

CO2 1 0.86 
COF2 1 0.82 
F2 1 1.62 

Table II. Main gaseous effluents from plasma etching of 
Kapton film 

Ini t ial  gas mixture  Main effluents 

O~ CO, CO=, H~O 
SF6 CF4, HF, COF2 

O2--SF6 CO, C02, H20 
COF2, CF~, HF 

Sample area {cm 2} 
Fig. 6. Evolution of the molar fractions of gaseous effluents from 

Kapton etching in a pure SF6 plasma. Pressure = 0.2 Torr, fre- 
quency - -  13.56 MHz. 

The main gaseous product is CF4 (m/e -- 69 amu).  
Other products are CO, CO2, COF~, and HF. Without 
Kapton in the discharge, we observe some quantity of 
HF which at tr ibuted to the reaction of atomic fluorine 
with water vapor and hydrocarbons as stated by Smo- 
linsky and Flamm (12). The part icular  evolution of 
CO and CO2 as a function of the Kapton area is due 
to deposits on the reactor walls resulting from pre-  
vious runs. With small Kapton areas, the etching of 
these films gives more effluents than the Kapton itself. 
With great Kapton area, this effect is negligible. The 
concentration of COF2 and HF increases when the 
polyimide area is increased. 

The etch rate has been compared to the gaseous 
effluents of etching reaction by means of the ~ ratio 
defined by 

polymer etch rate (carbon atoms/sec) 
_ [ 2 ]  

input rate of gas (molecules/sec) 

Thus, the quantity ~ represents the ratio of the flow 
rate of carbon bearing effluent flow rate to that of the 
input molecules. It corresponds to an ideal molar frac- 
tion that we would obtain from etching products in 
the absence of secondary reactions in the plasma. So 

is equivalent to a molar  fraction. A good correlation 
between ~ and ~C is obtained. The light deficit in the 
gaseous effluents compared with the etch rate is at-  
tr ibuted to the solid deposits on the reactor walls 
coming from nonvolatile etching products, may be of 
aromatic nature. Indeed it is known that the vacuum 
pyrolysis of Kapton results in gaseous products (CO, 
CO2) but also liquids and solids (including amines, 
phenols, phthalimides) (3). 

Results from Fig. 3 and 6 support the interpretation 
of a direct etching of polyimide by atomic fluorine. 

The etching of epoxy resin in a SF8 plasma gives rise 
to the same effluents (CF4, HF, CO, COs, and COF2) 
but with a greater contribution of HF due to the higher 
content of hydrogen in resin than in Kapton. 

The evolution of the relative concentration of var i-  
ous ~aseous products with etching in an O~-SF6 plasma 
is shown in Fig. 7. These curves clearly demonstrate 
that with an oxygen dominant plasma (input O~ > 
50%) the gaseous compounds are mainly oxygenated, 
that is, CO, CO~, COF~, and H~O, whereas with an 
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Kapton etching in an O2-SF6 plasma. Pressure _-- 0.2 Torr, fre- 
quency - -  13.56 MHz. 

SF6 dominant plasma (input SF6 > 50%) the main 
rea.ction product is CF4. So we conclude that in the first 
region, atomic oxygen is the main etchant and in the 
second, atomic fluorine dominates. The important in- 
crease of the etch rate, when some percent of SF6, 
(or CF4) is added to an O2 plasma, can be explained 
by an enhancement of the atomic oxygen concentration 
as shown by optical measurements (13, 14), but also 
by a direct reaction of F with the hydrogen of the 
polymer as proved by the production of HF. A good 
correlation between the etch rate (n ratio) and the 
carbon bearing products (CO, CO~, COF2, CFD noted 
zC is obtained as shown in Fig. 8. The existence of a 
solid deposit on the reactor walls is proved by the 
detection of carbon products without ,any Kapton in 
the reactor. The evolution of H20 due to etching is 

i T1 

Z 
o = 

w,.. 

t ~  

0 
0 20 40 60 80 100 

Percent of SF6 in 02 
Fig. 8. Correlation between the carbon containing compounds 

(~C) and the Kapton etch rate O1). 

well corre}ated with the etch rate except for the SFs 
dominant plasmas where the fluorine atoms in excess 
can destroy the water vapor. Kapton is known to have 
a great moisture absorption, so some desorption of 
H~O cannot be ruled out. 

After etching is achieved, a desorption of effluents 
at masses 30, 44, and 46 is observed in proportion with 
the previous etching rate. This desorption, not detected 
after polyethylene etching for example, is attributed 
to NO, NO~, and N20 formation resulting from rear- 
rangement in the polymer after the etching reaction 
(15). 

Secondary reactions in 02-SFs plasmas.--Previous 
results show that polyimide consumes oxygen and 
fluorine atoms during the etching process. We have 
studied the modifications introduced in neutral radical 
secondary reaction rates in the plasma when both O 
and F atoms are depleted, compared with rates ob- 
tained during the silicon etching when only F atoms 
are consumed. The aim of this comparison is to gain 
some insights on the very complex chemistry of SF8 
and SF6-O~ plasmas. 

Figures 9a and 9b give the evolution of molar frac- 
tion~ of SOs, SOF4, SOFa, and SO,F2 as a function of 
the input gas mixture both without and with Kapton. 
In Fig. 10a, we have plotted the difference between 
the molar fractions of SOs, SOF4, SOF2, and SO2F2, 
measured without any sample in the plasma, and the 
molar fractions of the same molecules, measured with 
a Kapton sample in the reactor. The sum ~h represents 
the algebraic sum of all these concentration variations. 
The differences between the molar fractions emphasize 
the effect of F and O consumption on the various sec- 
ond.ary reactions which produced SO~, SOF4, SOF~, 
and SO2F2. Similar measurements, conducted with a 
silicon sample instead of Kapton, are illustrated in 
Fig. 10b. From this figure, we deduce that the fluorine 
consumption in.creases the formation rate of all the 
secondary compounds, particularly SOF2 and SO2F2. 
On the contrary, during Kapton etching, partial pres- 
sures of SOF4 and SO2F2 decrease (Fig. 10a). 

These results are well rationalized on the basis of 
the reaction scheme given in Fig. 11. 

This scheme is in agreement with the study of 
d'Agostino and Flamm (16). Two reactions with H20 
are added in order to explain the experimental ob- 
servations. The first reaction 

SF4 + H20 --~ SOF~ + 2HF [3] 

is directly stated by a correlation observed between 
the concentration of SF4 and of SOF2 during the silicon 
etching (9). These reactions were previously proposed 
by other authors (17). With Kapton, since water vapor 
is a direct product of etching, such reaction rates are 
expected to be important. From this comparison we 
can conclude: (i) the source reactions for SOF4 and 
SO2F~ are clearly due to atomic oxygen because its 
depletion during Kapton etching causes a decrease in 
their concentrations. (ii) The source reactions of SOFa 
and SO2 are due to both O and H@9. So the depletion 
of oxygen during etching has no noticeable effect be- 
cause H20 compensates the consumption of O. (ili) The 
source reactions of SOF2, SO2F~, SO~, and SF4 are due 
to SFn radicals because the silicon etching favors their 
formation. Other results (18) demonstrated the limita- 
tion of the recombination reactions 

SF. + F -> SF.+z [4] 

by the silicon etching, in agreement with the reac- 
tion scheme of Fig. 11. 

ESCA measurements of Kapton.--X-ray photoelec- 
tron spectroscopy (XPS) has been employed in order 
to investigate the structure of Kapton H and the modi- 
fication produced by the plasma treatment. ESCA 
spectra of the polymer are recorded on a Leybold- 
Heraeus EA 10 spectrometer. The atomic composition 
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of the Kapton  surface obtained from these spectra is 
given in  Table IlL The untrea ted  sample is n i t rogen 
deficient compared with theoretical structure.  After 
scraping with a knife under  argon or after plasma 
etching, the samples exhibit  a correct atomic compo- 
sition. After  plasma et6hing with an O2-SF6 mixture,  
a f luorination and a sulfur izat ion of Kapton surface 
is observed contrary  to some observations made by 
XPS in  silicon etching (19) bu t  in agreement  with 
other authors (20). 

This f luorination is in agreement  with the observa-  
tion of CF4 as the ma in  gaseous effluent of the Kapton 
etching and supports  the conclusion that  atomic fluorine 
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Fig. 10. Variations of the molar fractions (%) ef the main gaseoui 
products in on 02-SF6 plasma due to the introduction of a sample. 
(a, top) With a Kapton sample, (b, bottom) with a silicon sample. 
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Fig. 11. Reactional scheme in an 02-SF6 plasma 

O 

is an etchant of Kapton. The XPS spectra of Ols  are 
shown in the Fig. 12. In  the case of an oxygen domi-  
n a n t  plasma treatment ,  an increase of the Ols  peak 
intensi ty  is observed. 
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Fig. 12. ESCA spectra of Kapton samples (Ols peak). 1, after 
scraping with knife under argon; 2, after O2-SF6 80/20 plasma 
etching; 3, after O2-5F6 20/80 plasma etching. 

An example of Cls and Ols peak deconvolutions is 
presented in Table IV. The comparison with the theo- 
retical structure formula (3) points out significant 
differences. 

According to Leary and Campbell (M), such dis- 
crepancies are related to a partial imidization of the 
surface and a curing (in N2 to 325~ produces a change 
in the Ols, Cls, and Nls spectra in agreement with the 
expected bulk structure. 

Table III. Atomic composition of Kapton deduced from 
ESCA spectra 

S a m p l e s  
s c r a p e d  S a m p l e s  e t c h e d  

Structural Untreated under in O~-SF6 
A t o m s  s t o i c h i o m e t r y  s a m p l e s  a r g o n  plasmas ( 2 0 / 8 0 )  

C 100 100 100 100 
O 20.9 18.5 19.5 19.5 
N 9.09 5.0 8.8 8.2 
F - -  - -  - -  26.3 
S - -  - -  - -  0.2 

Table IV. Examples of peak deconvolutions (atoms/molecule) from 
ESCA spectra of Kapton after scraping under argon 

P e a k  Energy  Theoretical E x p e r i m e n t a l  
v a l u e  v a l u e s  

C l s  285.2 10 9.36-7.26 
289.2 8 9.92-11.94 
289.1 4 2.77-2.80 

O l s  532.6 1 1.36-1.39 
533.9 4 3.64-3.07 

Conclusions 
O2-CF4 and O2-SF6 plasmas have been used to etch 

Kapton "H" polyimide. The dependence of the etch 
rate on the reactor parameters such as mixing ratio 
of gas, excitation frequency, and exposed Kapton area 
have been investigated in a diode reactor in conjunc- 
tion with mass spectrometry of effluents. 

1. The rate of etching is quite high (0.5,3 ~m/min) 
and shows no loading effect at low pressure. 

2. A few percent of nitrogen increases the etching 
rate by a factor ,.,2, probably owing to the reaction of 
active nitrogen with COF2. This explains the no-load- 
ing effect. 

3. The products of etching are CO, CO2, COF2, H20, 
HF, and CF4, showing that oxygen and fluorine atoms 
are the main etchants of the polymer. 

4. XPS measurements confirm the role of O and F 
atoms in the plasma etching. 

5. The effects of the consumption of F and O on the 
secondary neutral radical reactions rates, compared 
with the consumption of F atoms alone in silicon 
etching, bring experimental evidence of the proposed 
reactional channels for the formation of SOF2, SOF4, 
and SO2Fs. 
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Silicon Damage Caused by Hydrogen Containing Plasmas 
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ABSTRACT 

This study shows that the damage observed in silicon slices after exposure to reactive ion etching in a hydrogen con- 
taining plasma is caused by physical bombardment  of the surface by hydrogen ions. This conclusion is based primarily on 
extensive measurements of retention time, Rutherford backscattering, and Auger analysis data. When the etch gas is a mix- 
ture of CF4 and H2, hydrogen ions are implanted into the silicon surface to an approximate depth of 200~. Because the etch 
rate of silicon in CF4/H2 is slow, any resulting surface damage due to this plasma increases faster than can be removed by a 
fast silicon etch, like CF4 alone. However, the damaged layer can readily be removed by any dry or wet etching agent. Metal 
oxide semiconductor (MOS) measurements of charge retention indicate that an exposure to hydrogen containing plasmas 
for less than 5 min does not degrade the silicon surface sufficiently to be of concern for device fabrication on VLSI. Good 
product yields have been fabricated with a plasma that contains hydrogen. 

Reactive ion etching (RIE) is a preferred, dry pro-  
cess step for the fabricat ion of micron as well  as sub-  
micron s t ructures  on VLSI circuits. A high selectivity 
Qfetching oxide to silicon is a necessity for many  man-  
ufac tur ing  steps in present  and future  technologies. 
Such selectivity can be obtained readi ly by the addi-  
tion of hydrogen to CF4 (1), or by the use of an etch 
gas containing a proton, i.e., CHF3. The addit ion of H2 
to a CF4 plasma affects the etch rates of silicon signifi- 
cant ly  by  the deposition of polymeric mater ial  on the 
silicon. It  affects the etch rate of SiO~ only  moderately 
(2). This achieves a high etch rate ratio between oxide 
and silicon. 

Extensive precautions were taken to el iminate in-  
adver ten t  contaminat ion of t h e s i l i c o n  surfaces from 
heavy metals sput tered off the chamber  walls. Such 
contaminat ion on device surfaces would inevi tably  
lead to device failures. One sensit ive technique for 
detecting such contaminat ion on silicon substrates is by 
MOS charge re tent ion time studies (3). In  addit ion to 
this technique, Auger  surface analysis was used to 
identify and monitor  metal  contaminat ion on the 
plasma-exposed silicon surfaces. 

Ear ly  in  the invest igat ion we observed that  wafers 
exposed to any hydrogen containing plasmas had ex- 
cessive high leakage currents,  thus poor re tent ion 
times. 

Experimental 
Plasma conditions.--Silicon wafers were supported 

on a silicon cathode in a paral le l  plate reactor operated 
at 13.56 MHz. The uni formi ty  of the plasma in the par-  
t icular  reactor (stainless steel),  was assured by placing 
a grounded a luminum cyl inder  (97%) inside to avoid 
contaminat ion due to sput ter ing off the walls. The fol- 
lowing etch conditions were employed: power density, 
0.2-0.5 W/cm 2 (which corresponded in our system to 
200-500W) ; pressure, 35 microns; and the total flow rate 
was set at 24 sccm, whether  the etch gas was a one- or 
two-component  system. When hydrogen was added to 
the p r imary  etch gas, CF4, the concentrat ion by flow 
was 35.5%. In  special exper iments  hydrogen was re-  
placed by hel ium or deuter ium, used alone or in com- 
binat ion with CF4. Some wafers were exposed to CHFa 
a s  well. 

Retention Time Measurements 
The re tent ion t ime technique is a measurement  of 

the minor i ty  carrier  generat ion rate in  silicon, which 
is directly related to the defect level in the silicon. 
This in tu rn  affects the leakage current  of the MOS 
devices. The wafers for re tent ion t ime measurements  
used in  this exper iment  were 82 m m  p-type,  10 12-cm 
material .  The cleaning process (4) for these wafers 
and the measurement  technique itself is published else- 
where (5). It  is essential to point  out that  after plasma 

* Electrochemical  Society Act ive  Member. 

exposure, the silicon wafers were subjected to a w e t  
HC1 oxidation process at 1000~ to provide an oxide 
surface approximately 5000A thick. These wafers, too, 
were sintered for 60 min  at 400~ in forming gas 
(90% N2-10% H~). That  was part  of the process form- 
ing the MOS structure.  

Analytical Examination 
Tradit ionally,  re tent ion t ime measurements  have 

been used to attest to the cleanliness of reactors and 
their freedom from heavy metal  contamination.  All 
sources of heavy metal  contaminants  had been re-  
moved (e.g., replacing stainless steel components with 
a luminum,  as confirmed by Auger, x-ray,  fluorescence, 
and neut ron  activation analysis) .  All silicon wafers ex- 
posed to a CF4/H2 plasma for 30 min  exhibited un -  
acceptably large leakage currents .  I t  became obvious 
that our  problem was not one of contamination.  

Publ ished data on MOS devices have suggested that 
CF4/H2 plasmas can cause possible damage on silicon 
surfaces (6). This invest igat ion now concentrated on 
s tudying the s t ruc tura l  changes due to plasma ex- 
posure. 

Experimental Results 
Our main  techniques were Rutherford backscatter-  

ing, secondary electron microscopy (SEM), and trans~ 
mission electron microscopy (TEM)~ as well  as some 
secondary ion microscopy (SIMS) profiles. Figure 1 is 
an SEM picture of a silicon surface reactively ion 
etched in CF4/H~ that  had been oxidized ( ~ 5 ~ 0 A ) .  

Fig. 1. Oxidized RIE silicon surfaces after oxide stripping and 
Wright etch. 

2 2 3 7  
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This oxide was s t r ipped  and the surface was de l inea ted  
with  Wright  etch. SEM's taken  before  and af te r  ox ida -  
tion Wright  etch did  not  show any t ex tu r ing  of the 
surface. Oxidat ion  s tack ing  faul ts  are  c lear ly  evident,  
however,  no such defects were  found on a surface p re -  
v iously  unexposed  to the plasma. I t  is obvious tha t  
this RIE damage cannot be removed by thermal oxida- 
tion. Oxidation of the reactively ion etched surface 105 
drives the damage into the bulk of the silicon, hence 
forming the stacking faults. As previously mentioned, 
the retention time measurement technique was the 
method  used to screen the etched wafers  to define an K 
acceptable process. Leakage currents peaking at 300 
p A  or  less were  Considered acceptable .  Table  I is a o 
s u m m a r y  of  the significant exper iments .  The fol lowing b: .E 104 
observat ions  can be made:  CF4 and CF4/He are  the 
on ly  etch gases looked at  dur ing  these exper iments  .~ 
that  do not  show high leakage  currents .  However ,  
when hydrogen  is present  in the  p lasma e i ther  as CF4/ -J 
H2 or  CHF3, the leakage  currents  are  large,  unless the 
to ta l  t ime of p lasma exposure  of the wafer  is less than  
10 rain. A reduct ion  in the leakage  current  is noted 
when a CFJI-I~. p lasma is fol lowed b y  a pure  CF4 103 
plasma. Pure  hydrogen  or he l ium p lasma produces  
huge leakage  currents .  F igure  2 shows that  MOS device 
leakage,  due to silicon damage,  increases wi th  etch 
t ime in CF4/Hs at  350W. Therefore,  i t  is ev ident  f rom 
Fig. 2 tha t  etch t imes g~eater than 5 min produced  
la rge  increases in MOS leakage  currents .  Shor t e r  etch 
t imes resul ted  in leakages  of 200-300 pA. The amount  102 
of surface damage,  and hence leakage,  also increased 
with power  for  a constant  etch t ime of  30 min (see 
Fig. 3). Obviously,  to enhance device per formance  
junct ion leakages  have to be minimized.  This da ta  in-  
dicates that  high leakage  currents  could be the resul t  
of accumula ted  surface damage.  

Compar ing  the leakage  da ta  af ter  30 rain of etching 
in CF4-deuter ium,  and CF4-H2 a clear  t r end  can be 
seen to increased leakage  wi th  decreas ing atomic 
weight  of  the addi t ion to CF4, namely,  He, D, H. This is 
an indicat ion of a possible r o l e  of implementa t ion  of 
the l ight  species. Their  ranges,  and the d isp lacement  
damage which they cause in the Si surface Layer, in-  10 6 
creases wi th  decreas ing atomic weight .  This is ex -  
p lored  fu r the r  in the Discussion section. 

S t r u c t u r a l  Ana lys is  
The ana ly t ica l  Ru ther fo rd  baeksca t te r ing  technique 

is documented  e lsewhere  (7). Briefly, a h igh ene rgy  
he l ium ion beam is impinged on and backsca t te red  
f rom a silicon sample.  When the di rect ion of the  inci-  ~. 105 
dent  beam is a l igned with  the  crys ta l l ine  direction,  a E 
channel ing condit ion is fulfilled. Backsca t te r ing  chan-  o 
nel ing of l ight  ions provides  the informat ion  on the 
amount  of surface  damage in the silicon. For  example ,  .c- 
Fig. 4 shows three  channel ing backsca t te r ing  spec t ra  
of 2.3 MeV he l ium ions f rom three  different  samples.  " 
The  incident  beam is a l igned with  the 100 direction.  .~ 104 
This a l ignment  reduces  the backsca t te r ing  p robab i l i t y  

Table I. Comparison of retention time leakage data as a function 
of various cases 

Damage layer 
equivalent* 

RIE conditions Leakage (PA) (thickness, A) 10 3 

CF. 30 rain 175 ? 
CF4 25 rain and CF,/H= 5 rain 575 12 
CF~IH= 25 rain and CF~ 5 min 937 
CF~/Hs 10 rain 552 
CF./Hs 30 rain 118,000 32 
CHFs 30 min 73,010 15 
CF,-deuterium 30 rain 5,993 
CF,-helium 30 min 171 
Hydrogen 30 min 43,758 160 
Helium 30 min 125,000 240 

* Assume bulk density for damaged layer which is uniformly 
distributed, e.g., 3.5 x I0 ~ Si/cm s out of lattice sites equivalent 
to 7A Si 350W 35. 
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Fig. 2. MOS leakage as a function of CF4/H2 etch time 
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Fig. 3. MOS leakage as a function of power for a CF4/H2 etch 
time of 30 rain. 
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Fig. 4. Backscattering spectra of 2.3 MeV helium ions from 
three different silicon surfaces. 
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b y  a fac tor  of  40 for  s i l icon a toms on the la t t ice  site 
and makes  the damage  peak  s tand  out. The solid curve 
in Fig. 4 is the spec t rum for a sample  subjec ted  to 30 
rain of CF4 -5 H2 reac t ive ly  ~on etched.  The do t ted  
curve is ob ta ined  a f te r  CF4 exposure  wi thout  h y d r o -  
gen, the  do t -dash  curve is tha t  of an unetched control  
sample.  The surface  peak  on the control  sample  is due 
to the  backsca t te r ing  of the first mono laye r  of s i l icon 
atoms, plus the  subsequent  l aye r  of silicon a toms not  
shadowed by  the first l aye r  due to the rmal  vibrat ion.  
The to ta l  a rea  under  a surface  peak  is a d i rec t  mea -  
su remen t  of the  amount  of si l icon atoms not  on the 
la t t ice  site a f t e r  sub t rac t ion  of the  background,  which 
is ob ta ined  f rom the control  sample.  For  example ,  Fig. 
4 indicates  tha t  there  a re  3.5 • 1015 and 1.6 X 1016 s i l i -  
con a toms pe r  square  cen t imete r  which have  been dis-  
p laced  f rom the i r  la t t ice  si tes  for CF4 and CF4 + H2 
etched samples,  respect ively .  I f  i t  is assumed tha t  the 
d isplaced si l icon atoms were  s tacked  into a thin l aye r  
of  amorphous  silicon, the number  of displaced silicon 
atoms per  square  cen t imete r  could be t r ans la t ed  into a 
l aye r  thickness.  F o r  example ,  Fig. 4 indicates  that  the 
number  of s i l icon a toms displaced f rom the i r  la t t ice  
sites would  be equiva len t  to an amorphous  l aye r  of 7A 
for CF4 + ~ e tch sample.  

Summar iz ing  the backsca t t e r ing  data,  Table  I shows 
the amount  of damage  in angs t roms of the  amorphous  
si l icon layer .  This way  of express ing  the da ta  is con- 
venient  because  i t  provides  a more  graphic  p re sen ta -  
t ion of the damage.  By no means  are  we imply ing  tha t  
the  damage  is a thin amorphous  layer .  The damage  
could be d i s t r ibu ted  in the  dep th  of a th icker  l aye r  of 
p r e d o m i n a n t l y  crys ta l l ine  charac te r  as well.  For  
fu r the r  character iza t ion,  microscopic methods  mus t  be 
used. 

Transmission Electron Microscope Analysis 
TEM specimens were  p repa red  by  chemical  th inn ing  

of the samples  f rom the back  side. In  this way,  the  
defect  s t ruc ture  nea r  the top surface  is accessible to 
inspection.  

F igure  5 shows b r igh t  field and da rk  field micrographs  
of sil icon a f te r  30 min  of  reac t ive  ion e tching in CF4/ 
H2. Dislocation loops wi th  up to 20 nm d iam are  visible.  
They  are  agglomera tes  of Si in ters t i t ia ls .  The compres-  
sive na tu re  (and hence in te rs t i t i a l  charac te r )  of the 
defects  is bes t  seen f rom the curva tu re  of the  th in  foil  
which  causes local  changes of the  Bragg reflecting con- 
dition. Fo r  Fig. 5 the foil  was or ien ted  in such a w a y  
tha t  t h e  Bragg  condit ion was exac t ly  fulfi l led in a 
ver t ica l  band in the center  of the micrographs .  To the 
left, the  devia t ion  f rom the exact  Bragg  condit ion was 
found to be negat ive  and to the  r ight  i t  was posit ive.  
This leads to the  curva tu re  d i ag ram at the  bot tom of 
Fig. 5. 

Fig. 5. Bright and dark field micrographs after 30 rain RIE 
CF4/H2. 

Figure  6A shows a darkf ie ld  mic rograph  a f t e r  5 rain 
of react ive  ion etching in CF4/H2. No dislocation loops 
are  present .  F igure  6B shows the same s i tua t ion  af te r  
exposure  to CF4 only.  No dislocat ion loops are  visible.  

Fig. 6. Dark field micrographs of silicon surfaces RIE'd by: A, 
CF4/H2; B, CF4; C, H~; and D, He. 



2240 J. EZectrochem. ~oc.: S O L I D - S T A T E  SCIENCE AND T E C H N O L O G Y  N o v e m b e r  I983 

The backsca t te r ing  and TEM resul ts  descr ibed so far  
indicate  that  the damage  is of a physical  na tu re  
(namely,  consist ing of Si  a toms displaced f rom regu la r  
la t t ice sites and of agglomera tes  of Si interst~tials) and 
that  hydrogen  p lays  a role in genera t ing  this damage.  
To fu r the r  pursue  the  role of hydrogen,  some wafers  
were  exposed for 30 min to pure  hydrogen  and he l ium 
plasmas.  He l ium is another  a tom of smal l  mass but  
different  chemical  proper t ies .  Backsca t t e r ing-channe l -  
ing resul ts  indica ted  la rge  numbers  of displaced Si 
atoms for both  p lasma exposures  (see Table I ) .  S im-  
i lar ly,  TEM micrographs  (Fig. 6C and D) show a dense 
s t ruc ture  of compression ,centers, dis locat ion loops, and 
possibly  gas-f i l led microbl is ters .  This s t ruc ture  is the 
same as obta ined  by  ion implan ta t ion  of He (in the  100 
keV range)  nea r  the end of the projec t i le ' s  pa th  (8). 

I t  is appa ren t  that  CF4/H2 leaves less d isp lacement  
damage  in the Si surface  l aye r  than H2 only. Under  the  
exper imen ta l  p lasma  condit ions,  a 5 min exposure  is 
not even sufficient to produce agglomerat ions  of in te r -  
s t i t ials  tha t  would be vis ible  by  TEM. 

Impurity Profiles by Secondary Ion Mass Spectrometry 
(SIMS) 

In  order  to detect  any  residues of H, C, and F in the 
wafer  which had  been exposed to CF4/H2 p lasma  for 
30 rain, a SIMS depth  profile was obta ined  and is 
shown in Fig. 7. 
The depth scale (in angstroms) is obtained from the 

calibrated sputter etch rate, while the ordinates are 
relative count rates�9 In the absence of suitable stan- 
dards, these values cannot be converted to concentra- 
tions. Because there is less ,sensitivity for hydrogen 
detection in the SIMS technique, not much is inferred 
from it. The sensitivity is better for C and F. Figure 7 
shows that C penetrated about 120A, and F to about 
350A. 

Discussion 
The ana ly t ica l  work,  in pa r t i cu l a r  TEM observat ions,  

have shown tha t  exposure  of an Si wafer  to hydrogen  
and he l ium containing p lasmas  genera tes  a unique de-  
fect s t ructure .  I t  consists ma in ly  of Si atoms that  were  
displaced f rom the i r  la t t ice  sites, migra ted  severa l  
nanometers ,  and reorganized into in te rs t i t i a l  dis loca-  
tion loops wi th  d iameters  up to 20 nm. This defect  
s t ruc ture  is qui te  different  from the one resul t ing  f rom 
spu t t e r ing  (with,  e.g., A r  ions) ,  which genera tes  an 
amorphous  surface l aye r  of  one to severa l  nanomete r s  
thickness.  I t  is also different  f rom the damage  c rea ted  

by low energy  implan ta t ion  of typ ica l  dopant  ions, 
which consists of localized (at  the  end of the pro jec-  
t i le 's  pa th)  d i sp lacement  cascades or  amorphous  zones 
of one or  severa l  nanometers  d iamete r  (10). 

I t  is reasonable  to assume tha t  a wafe r  is bombarded  
dur ing  p lasma exposure  by  al l  ion species tha t  a r e  
present  in the plasma.  The more energet ic  ions can 
pene t r a t e  into the wafer  and cause d isp lacement  
damage.  The quest ion arises:  is there  a significant 
difference in the na tu re  of d i sp lacement  damages  made  
by  H and He compared  to o ther  ion project i les?  In 
par t icular ,  does the  H and He d isp lacement  damage 
contain a component  which can diffuse in the crys ta l  
dur ing  p lasma  exposure?  The facts that  recoi led Si 
a toms had reorganized  themselves  into dislocation 
loops and that  C and F pene t ra t ed  deeper  than  10 nm 
indicate  that  some diffusion had  take~ place. 

Ions tha t  en te r  a solid wi th  in i t ia l  k inet ic  energy  Eo 
are  s lowed by  electronic  losses (which are  approxz-  
ma te ly  propor t iona l  to thei r  veloci ty)  and  b y  nuc lea r  
collisions. The re la t ive  impor tance  of  the two mecha-  
nisms depends on the pro jec t i le  mass; nuc lea r  energy  
losses are  more  impor t an t  for h e a v y  ion masses. In  a 
collision, a f ract ion of the kinet ic  energy  of  the  p ro -  
ject i le  is t r ans fe r red  to the ta rge t  a tom(  This f ract ion 
is the larges t  for equal  masses of pro jec t i le  and t a rge t  
a tom and decreases wi th  decreasing pro jec t i le  mass. I f  
the energy  t rans fe r red  to the ta rge t  a tom is above a 
threshold  value,  ED, the ta rge t  a tom is displaced f rom 
its la t t ice  posi t ion and conver ted  into an in te rs t i t i a l  
atom. If the t r ans fe r red  energy  is twice ED, the  p r i m a r y  
recoil  can genera te  a second in te rs t i t i a l  atom. Wi th  
l a rge r  t r ans fe r red  energies,  whole  cascades of dis-  
p laced atoms are  formed.  The distances be tween  in-  
d iv idua l  d isplacements  in a cascade are  gene ra l ly  
wi th in  one or  a few in tera tomic  distances. They t r ans -  
form a smal l  vo lume of Si into amorphous  zones which 
are  genera l ly  stable.  The source of diffusion (in the 
present  case) is p robab ly  associated wi th  d isp lacement  
of single atoms where  the special  separa t ion  be tween  
recoil  events  is severa l  in te ra tomic  distances ( la rger  
than 1 r im).  

Model  calculat ions for  H (Fig. 8), He, C, F, and  Si  
projec t i les  show tha t  H is efficient in genera t ing  
wide ly  dispersed in te rs t i t i a l  a toms of Si. Wi th  E0 = 
1 keV and  ED -" 20 eV, one obtains  about  five in t e r -  
s t i t ials  separa ted  by  5 nm or  more.  This is because the  
energy  t ransfe r  dur ing  a collision is so inefficient tha t  
the p r i m a r y  recoil  cannot genera te  a cascade. C, F, and 
Si, on the o ther  hand,  genera te  cascades or  closely 

Fig. 7. RIE damage by SIMS. 
PC-5 front. LN2 cooled. 
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Fig. 8. Distribution of discrete nuclear collision losses along the 
path of hydrogen ions. 

spaced interstitials within less than 1 nm of each other. 
He occupies an intermediate position and generates 
three small cascades and three recoils with separations 
between 1.5 and 3 nm. 

The dividing line between the separation of point 
defects trapped in stable clusters and the separation of 
point defects, which are assumed to be freely mobile, 
is ordinari ly taken to be I nm. A different figure, say 
0.5 nm, does not change the qualitative difference be- 
tween light and heavy ion projectiles. The displace- 
ment damage generated by H and He produces point 
defects that can diffuse during plasma exposure, while 
the heavier projectiles produce clusters in which most 
of these defects remain trapped. 

These clusters are close to the surface, not deeper 
than about 3 nm, and they constitute what usually is 
considered sputtering damage. The mobile defects ag- 
glomerate to form dislocation loops at depths of up to 
30 nm. 

These dislocation defects are not removed by subse- 
quent annealing and oxidation. They propagate into 
the silicon substrate in the form of oxidation stacking 
faults. It is this type of defect that would impair device 
yields and cause leakage in the MOS capacitors. 

Silicon samples reactively ion etched by CF4 alone 
have a very low defect density. Samples etched by 
CF4 -t- He also have low defect densities. This is pre-  
sumably because damage layer creation by helium 
plasma and layer  removal by CF4 reaches a dynamic 
equilibrium. In the case of CF4 ~- H2 reactive ion etch- 
ing of silicon, the silicon etch rate is very slow and 
damage due to hydrogen bombardment accumulates 
with etch time. The longer the duration, the more the 
defect generation. This study indicates that a 5 min 
etch on silicon by CF4 ~- H~ produces no significant 
detrimental  effects of the silicon surface (9). 

Device I m p l i c a t i o n s  
A CF4/H2 process resulting in an SiO2/Si etch rate 

ratio of about 10:1 has been practiced on bipolar de- 
vices. Electrical yield data obtained with in-process 
silicon probing, as well as fully metallized device 
wafers on split lots, has revealed no detrimental  effects 
on low leakage yield. 

Conclus ions 
This study indicates that the mechanism of defect 

formation in CF4/H2 RIE is not chemical. It is due to 
the hydrogen bombardment of the silicon surface. This 
damage accumulates, since the rate at which it forms 
is faster than the etch rate of silicon w h e n  silicon 
wafers are exposed to hydrogen plasmas. The damage 
and defect formation are very similar to that observed 
in hydrogen ion implantation. Similar defects have 
been observed with CF4/He plasmas. Subsequent an- 
nealing and oxidation did not remove this defective 
layer. Propagation of defects into silicon substrates 
was observed in the form of stacking faults below the 
silicon dioxide-silicon interface during thermal oxida-  
tion. 

These defects cause the lifetime degradation of MOS 
capacitors and the defects are caused by the ion bom- 
bardment. The degree of damage can be reduced by 
shortening the time the silicon surface is exposed to 
the hydrogen containing plasma, and good devices 
have been made. 
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ABSTRACT 

The preparation of photomasks from thin chromium films on glass substrates is described using both optical and elec- 
tron beam resists. Plasma processing techniques are used both for pattern definition and for a passivation step prior to 
either plasma or liquid etching that enables the image to be reversed, i.e., to produce a negative image with a positive resist 
or vice versa. Plasma etching conditions, using mixtures of carbon tetrachloride and oxygen are described that allow the use 
of PBS resist which is much less robust than other electron beam or optical resists. Pattern reversal is achieved either by 
first exposing the patterned chromium to a tungsten hexafluoride plasma after which the resist is stripped and the 
unpassivated chromium is plasma etched, or the patterned chromium is exposed to an oxygen, argon, or sulfur 
hexafluoride plasma, the resist is stripped, and the chromium is l iquid etched in a mixture of ceric ammonium sulfate and 
sulfuric acid. In the first case, passivation of the exposed chromium is achieved by the deposition of a thin tungsten layer 
that is resistant to plasma etching and in the second case by the deposition of material back sputtered from the substrate 
electrode (e.g., silicon dioxide) that is insoluble in the liquid etchant. 

Photomasks, in  which the desired pa t te rn  is de- 
fined in  a th in  film of chromium that is evaporated onto 
a t ransparent  substrate,  have been in use in the semi-  
conductor indus t ry  1or many  years (1). Chromium has 
the advantages of excellent adherence to glass, high 
scratch and wear resistance (especially impor tant  if 
contact pr in t ing techniques are still in use),  freedom 
from attack by solvents, and versatile etchabil i ty with 
good edge definition (.due to its high optical absorption, 
0.08 ~m Cr has absorption equivalent  to 4 #m of Ag 
photographic e~nulsion). Such masks are capable of 
t ransferr ing pat terns with dimensions at least as small  
as 0.15 ~m; these structures may be defined in the 
chromium by  either optical or electron beam pat te rn ing  
procedures, 

Up to the present  time, pat tern  t ransfer  of a s t ruc-  
ture defined in resist that is coated upon the chromium 
has been accomplished largely by wet etching tech- 
niques. There are a n u m b e r  of reports in  the l i tera-  
ture  in which chromium photomasks are prepared by 
plasma etching using carbon tetrachloride or chlorine 
mixed with oxygen (2-5) or carbon tetrafluoride mixed 
with oxygen (6). This report describes the application 
of plasma processing to the etching of chromium 
photomasks. It also describes methods for the reversal  
etching of chromium in which the exposed areas on 
a res is t -pat terned surface are passivated by a plasma 
treatment ,  the resist is stripped, and the unpassivated 
chromium is subsequent ly  either l iquid or plasma 
etched. 

The main  problem that  is posed by the plasma etch- 
ing, of chromium is the high erosion rate of the resist .  
Fortunately ,  the chromium film that is used as the 
mask is usual ly  no thicker than  about 1000A. If a 
resist layer  about  3000A thick is used, this means  that  
a Cr:resist  etch rate ratio of 0.3:1 can be tolerated. 
This becomes of par t icular  importance when electron 
beam resists are used for pat tern  definition since they 
are much less robust  under  plasma etching conditions 
than are optical resists. The fact that the chromium 
film is re la t ively thin means that if the dimensions 
of the s tructures to be etched are no smaller  than about 
1.0 ~Lm, any  undercu t t ing  that may arise from an iso- 
tropic etching component  has no great effect on the 
linewidtah of the etched pattern.  It  is probably for 
this reason as much as any  that  the plasma etching 
of .chromium has not  received as much at tent ion as 
the etching O f other  materials.  However, as the pack- 
ing densi ty of integrated circuits increases, it is pos- 
sible that considerations such as lower defect density 
and more etching anisotropy will increase the need 
for dry processing in chromium mask making.  

�9 Electrochemical Society Active Member. 

Experimental 
Chemistry.--The deciding factor that  de~ermines t h e  

plasma etcnabil i ty of any mater ial  is whether  a sui t -  
able .compound exists that is volatile enaugh under  
the etching conditions to be removed from the etched 
surface by the pumping  system. The halides of chro- 
mium have boiling or subl imat ion points well  above 
500~ Chromium carbonyl  boils at 151~ but  a suit-  
able etching chemistry based on this compound is not  
known at present. Possible volatile compounds are t h e  
oxyhalides, chromyl  chloride, CrO~C12 (bp 117~ and 
chromyl fluoride, CrO2F2 (gaseous at room tempera-  
ture) .  L~ order to form either of these compounds, 
it  is necessary to mix  either the chlor ine-containing 
or the f luorine-containing etch gas with a large propor-  
t ion of oxygen; it is because of this that resist erosion 
is such a problem. We used gaseous mixtures  of carbon 
tetrachloride and  oxygen for all of the plasma etching 
experiments to be reported here. The carbon te tra-  
chloride was contained in an a luminum vessel and 
was t ransferred t o the etching chamber under  its own 
vapor pressure via a float-type flowmeter. 

Procedure and apparatus for normal etching.--The 
resist erosion rate is very  high if reactive sputter  etch- 
ing of chromium (20 mTorr  pressure, substrate on the 
powered electrode) is at tempted due to the higher 
energies of bombarding particles which result  in an 
unusable  etch rate ratio. Thus, chromium must  be 
etched under  plasma etching conditions (pressure 
greater than 200 mTorr, substrate  on the grounded 
electrode or floating in a barre l  reactor).  

Our etching experiments  h.ave been carried out 
mostly in a home-bui l t  paral lel  plate reactor which 
consisted of a borosilicate glass cyl inder 30 cm in 
diameter  and 35 cm high with stainless steel end 
plates and 14 cm diam stainless steel water-cooled 
electrodes spaced 40 mm apar t  run  at 13.56 MHz. The 
gases were fed in through a side arm in the glass 
chamber  using a calibrated float-type flowmeter for 
the carbon tetrachloride and mass flow controllers for 
the other gases. The system was evacuated through 
the center  of the lower electrode by means of a 
rotary  pump via a l iquid n i t rogen trap. The substrates 
were placed on the lower, grounded electrode. A few 
etching experiments  were also carried out in a bar re l  
reactor (Internatiorml Plasma Corporation Model PM- 
1913). 

Procedure and apparatus Sot reversal e tch ing . -  
The observation that  chromium films a few months old 
etch more slowly than fresh films in an aqueous solu- 
tion of sulfuric acid and ceric ammonium sulfate led 
to the suggestion that  it might be possible to passivate 
chromium by exposing it to an oxygen plasma such 

2 2 4 2  
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that ,  a f te r  s t r ipp ing  the resist,  those par ts  that  had 
been covered by  the res is t  would l iquid  e tch whereas  
the pas~ivated regions would  be unat tacked.  As we 
sha l l  see la ter ,  a l though this p rocedure  wil l  enable  
reversa l  e tching to be car r ied  out, the mechanism by 
which  it occurs is not  so s imple  as was at  first thought ,  
since p l a sma  processing in an iner t  gas such as argon 
also pass ivates  chromium toward  l iquid etching. 

A reversa l  p lasma  e tching method repor ted  by  
Nishioka et al. (5) gave us the idea that  a chromium 
surface could be pass iva ted  to an e tching plasma. 
In  the i r  method,  chromium pa t t e rned  by  photores is t  
is e tched at  h igh power  in a carbon t e t r a ch lo r i de /oxy -  
gen or  wet  a i r  plasma.  I f  the ch romium surface is 
con tamina ted  by  a tungs ten  compound,  which or ig i -  
nates  f rom the boat  or  hea t ing  sp i ra l  in the evapora -  
ti0n step, a reversed  pa t t e rn  is obtained.  This occurs 
because tungsten compounds do not etch in a chlor ine 
eQntaining p la sma  since tungsten chlor ides  are  in-  
~ I a t i l e  under  those condit ions.  Dur ing  the p lasma 
etching,  a reac t ion  occurs be tween  the photoresis t  and  
the under ly ing  tungsten surface contaminat ion.  Etch-  
ing is cont inued unt i l  a l l  of the resis t  has been re-  
moved, at  which  point  al l  of the tungsten contamina-  
tion has reac ted  and also been removed.  As e tching 
continues,  these now uncontamina ted  areas  etch away  
and those regions that  never  had been covered by  
resis t  re ta in  the i r  contaminat ion  a n d  do not etch, 
thus revers ing  the pat tern .  

A p la sma  p re t r ea tmen t  s tep is requi red  for our 
reversa l  e tching process. This is car r ied  out  in the 
spu t te r ing  mode, i.e., at a pressure  a round  20 mTor r  
wi th  the  subs t ra te  res t ing on a powered  e lect rode 
run  at 13.56 MHz. The normal  a r r angemen t  was to 
have the subs t ra te  res t ing on a sil icon dioxide back-  
ing pla te  which res ted  on the powered  copper elec-  
trode. AS we shal l  see later ,  this has impor t an t  im-  
plications.  The home-bu i l t  sys tem tha t  we used had  a 
d i f fus ion-pumped a luminum chamber ,  30 cm in d iam-  
eter,  which  served as the grounded electrode,  wi th  a 
powered ,  15 cm d iam wa te r -coo led  electrode;  no coun-  
te re lec t rode  was used. F igure  1 shows schemat ica l ly  
the two routes tha t  we have  used for reversa l  etching.  
The p re t rea tment ,  or passivation,  is done wi th  tung-  
s ten hexaf luor ide for p l a sma  reversa l  e tching and 
wi th  oxygen,  argon, or  su l fur  hexafluoride for  l iquid 
reversa l  etching. The resis t  is s t r ipped  in a conven-  
t ional  so lvent  using u l t rasonic  agi tat ion.  The l iquid  
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Fig. 1. Two routes for the reversal processing of chromium 
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etchant  contained 28 ml  of concent ra ted  sulfur ic  acid 
and 64g of h y d r a t e d  ceric ammonium su l fa te  pe r  l i t e r  
of water .  Unt rea ted  chromium etched at about  500A/ 
min in this. Changes in the thickness  of the resist  a re  
measured  by  a laser  in te r fe romete r  that  opera tes  
through a window in the top p la te  of the reactor .  I t  
is impor tan t  to have  this faci l i ty  ava i lab le  because 
the  p l a sma  pass ivat ion  erodes the  resis t  and, obvi -  
ously, this t r ea tmen t  should  be s topped before  a l l  the  
resis t  has been removed,  o therwise  the ent i re  chro-  
mium su r f a c e  would  be passivated.  

Results 
Conventional patterning using AZI350 resist.--The 

etching character is t ics  of chromium and AZ1350 resist  
were  s tudied as a funct ion ol  gas composit ion,  pressure ,  
and p lasma  power  at  a constant  to ta l  flow rate  of 40 
sccm. As the pressure  was decreased  to below about  
250 mTorr ,  the p lasma became increas ingly  unstable ,  
even tua l ly  focusing i tself  into a volume of a few cubic 
cent imeters  be tween the electrodes.  The power  dens i ty  
in this "fireball"  was much h igher  than in the normal  
discharge and it also moved  a round  be tween  the e lec-  
trodes. Thus, the lowest  pressure  used for the exper i -  
ments  to be descr ibed in this section was 250 reTort .  

The e tch  ra te  of chromium can va ry  f rom batch  
to batch when ei ther  l iquid or  d r y  etching methods  
are  used, which accounts for the differences in chro-  
mium etch rates  shown in Fig. 2 and 8. This is r e la ted  
to its surface condi t ion and can be taken  advan tage  of 
in the reversa l  e tching of  ch romium as is discussed 
below. The etch rates  of chromium and AZ1350 as a 
funct ion of pressure  for a 1:1 mix tu re  of carbon 
te t rachlor ide  and oxygen are shown in Fig. 2. As the  
pressure  is decreased,  the e tch ra tes  of chromium 
and resis t  begin to increase at a round  400 mTorr .  
Light  emission also increases indica t ing  that  the  p l a sma  
is much denser.  The etching se lec t iv i ty  of chromium:  
photores is t  goes th rough  a ma x imum at about  40% 
carbon  te t rachlor ide  in oxygen (Fig. 3). Chromium 
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Fig. 2. Plasma etch rates of chromium and AZ1350 as a function 
of gas pressure for a 1:1 mixture of carbon tetrachlotide and 
oxygen at 30W (0.17 W-cm-~). �9 Cr; �9 AZ1350, 
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Fig. 3. Etching selectivity of chromium: AZ1350 vs. percentage 
of carbon tetrachloride in oxygen. Pressure 250 mTorr, 50W (0.28 
W-cm-2). Selectivity; �9 AZ1350; �9 Cr. 

does not  etch at  al l  in pure  carbon te t rachlor ide  due 
to the  format ion  of invo~atile chromium chlorides at  
t h e  surface.  The dependence  of the se lect iv i ty  on t h e  
plasma  power  is shown in Fig. 4. F o r  our pa ra l l e l  
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Fig. 4. Power dependence of the etching selectivity of chromium: 
photoresist for 50% carbon tetrachloride in oxygen at 250 mTorr. 

Fig. 5. 0.3 #m periodicity grating plasma etched into 300A 
chromium masked with AZ1350 (resist stripped). 

pla te  etcher,  the op t imum condit ions for chromium 
etching using AZ1350 as a mask  are:  gas composit ion,  
50% carbon te t rachlor ide  in oxygen;  gas pressure,  250 
mTorr ;  total  flow rate,  40 sccm; power,  35W (0.23W 
c m - 2 ) .  

A 0.3 /~m per iod ic i ty  gra t ing  etched into 300A of 
chromium using these condit ions is shown in the SEM 
pic ture  of Fig. 5. The defect  in the center  of the pic-  
ture helps  to make the actual  l ine profile more  visible.  
The or iginal  gra t ing  in AZ1350 resis t  was p repa red  by 
laser  interference.  A p p a r e n t l y  the l ine profiles are  
rounded;  this could be due to e i ther  a rounded  resis t  
profile af ter  the  laser  exposure  and subsequent  de-  
ve lopment  or  to an isotropic component  in the etching 
step. Grat ings  such as this have been used success- 
fu l ly  as etch masks or  as photomasks  for the contact  
p r in t ing  of fine grat ings  in photoresist .  

Conventional pattern definition using electron beam 
resists.--Electron beam resists  must ,  by  the i r  ve ry  na-  
ture,  be sensit ive to e lect ron bombardment .  I t  is, the re -  
fore, not  surpr i s ing  that  they  have much higher  erosion 
rates  in the p lasma  than photoresists .  Thus, it  is nec-  
essary  to keep  the energy  of the various species in 
t h e  plasma  as low as possible by  opera t ing  at  a low 
p lasma power  and a high pressure .  The dependence  of 
the etch rates of chromium, COP, and PBS resists  and 
thei r  e tch  ra te  ra t ios  on pressure  at  35W (0.23W 
c m - 2 )  is shown in Table I. As ment ioned  above, t h e  
p lasma  becomes much more  dense at  low pressures  
which is reflected in the  increased e tch rates  of 
chromium and resist. PBS has much less resis tance 
to the p lasma than  COP, which is unfor tuna te  since 
PBS finds wider  appl ica t ion  and has the h igher  resolu-  
t ion of the two. 

I t  can be seen from Table  I tha t  the chromium etch 
ra te  remains  more or  less constant  in the pressure  range 
500-1000 mTor r  but  tha t  the  se lec t iv i ty  improves  as 
t h e  pressure  is increased.  Thus, our  s t anda rd  p lasma 
etching conditions for chromium using PBS elect ron 
beam resis t  are:  gas composition, 50% carbon t e t r a -  
chlor ide  in oxygen;  gas pressure ,  1000 mTorr ;  total  
flow rate,  40 sccm; power,  35W (0.23W c m - 2 ) .  

Table h 

Pressure Etch rates (A/rain)  Etch rate ratio 

(mTorr)  Cr PBS COP Cr:PBS Cr:COP 

1000 56 33 2 1.7:1 25:1 
750 60 75 2 0.8:1 25:1 
500 52 104 43 0,5:1 1.2:1 
250 400 2000 500 0.2:1 0.8:1 
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A comparison of l iquid etched (spray method using 
a mixture  of ceric sulfate and ni tr ic  acid) and plasma- 
etched structures that  had been masked by PBS is 
shown in Fig. 6. The pat terns were generated in an 
MEBES machine under  conditions that would pro- 
duce structures suitable for l iquid etching. No differ- 
ence can be seen between the l iquid etched (Fig. 6b) 
and the plasma etched pat tern  (Fig. 6c); 0.5 ~m lines 
and spaces are resolved on both. SEM photographs 
reveal differences in the etched profiles. The sidewaUs 
on the l iquid etched sample (Fig. 6d, the same mag- 
nification as Fig. 6e) slope at 45 ~ as expected 
from an isotropic etch. The plasma etched sample (Fig. 
6e), on the other hand, has sidewalls that  slope at a 
much shallower angle due to resist erosion dur ing the 
etching. Figure 6a shows that the resist profile is 
roughly sinusoidal  and erosion of such a profile dur ing 
etching will  cause the etched structure to have sloping 
sidewalls. However, for structures with dimensions 
down to about 0.5 ~m, these tapered walls do not 
seem to affect the l inewidth  of the mask when viewed 
in projection. The other difference that is noticeable is 
that  the surface, after s tr ipping the resist in an oxygen 
plasma, is clean for l iquid etched chromium whereas 
a residue is left behind after plasma etching. 

Reversal efching.--With plasma pretreatment and 
liquid etching.--All of our ini t ial  experiments  on 

l iquid reversal  etching were done using an oxygen 
plasma for the passivation step; la ter  on, the need 
arose to reverse etch "black" chromium, i.e., chro- 
mium that  had been made antireflecting by coating it  
with a thin film of chromium oxide. We thought  at 
first that  t rea tment  in an oxygen plasma would not 
work, since an oxide film was already present  on the 
surface. Therefore, we used a sul fur  hexafluoride 
plasma with the hope that chromium fluoride would be 
formed and so render  the surface passive to the l iquid 
etch. This in fact worked but  probably  not for the 
reason that~we original ly thought. A comparative s tudy 
showed that both bright  ~nd black chromium can be 
passivated toward the liquid etch in a plasma conta in-  
ing either oxygen, sul fur  hexafluoride, or argon. This 
clearly indicates that an addit ional  factor apart  f rom 
a reaction between the plasma and the chromium 
surface plays a role in the passivation and this is dis- 
cussed in what  follows. 

In  order to judge the effectiveness of the passivation 
step, the clearing times for passivated and unpassivated 
areas were measured and the etch rate ratio was cal- 
culated. The var iat ion of this etch rate ratio as a func-  
tion of pressure, time, and plasma power is shown in 
Fig. 7, 8, and 9, respectively. A n u m b e r  of interest ing 
points can be seen from these curves. The most s t r ik-  
ing is the difference in passivation effect between black 

Fig. 6. Comparison of liquid- 
etched and plasma-etched struc- 
tures masked by PBS electron 
beam resist. (a) Resist profile as 
prepared in the MEBES ma- 
chine. (b) and (d) Optical and 
SEM micrographs, respectively, 
of liquid-etched chromium film. 
(c) and (e) Optical and SEM 
micrographs, respectively, of 
plasma-etched chromium film. 
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Fig. 7. Pressure dependence of the liquid etch rate ratio of un- 
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chromium and bright chromium (Fig. 9); black chro- 
mium (curve A) pas~ivates much more efficiently 
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Fig. 9. Variation of the etch rate ratio of unpassivated to passi- 
rated chromium with plasma power and pattern size. Oxygen 
pressure 20 mTorr, 2 rain treatment time. Curve A: unpatterned 
black chromium; curve B: black chromium, 300 ~m periodicity 
grating; curve C: black chromium, 7 #m periodicity grating; 
curve D: unpatterned bright chromium. 

than bright chromium (curve D). Note that these 
curves were both obtained from unpatterned sub- 
strafes. The second point is that chromium patterned 
with photore~ist passivates less efficiently than un- 
pat terned chromium, with the finer pattern (curve C) 
having a greater influence than the coarser pattern 
(curve B). Also to be noted is the different pressure 
dependence of the passivation of black chromium and 
bright chromium (Fig. 7) and the rapid increase of 
passivation efficiency between 2 and 4 min plasma 
treatment time (Fig. 8). There is no difference in the 
plasma etching times of this passivated and unpassi- 
vated chromium, presumably because the thin pas- 
sivating Iayer formed during the plasma treatment is 
just  as reactive as the untreated chromium. 

Figure 10 shows an SEM photograph of a reversal 
processed and liquid etched grating with 1500A lines 
and spaces in a 400A thick chromium film. The plasma 
processing conditions were: oxygen pressure, 20 
mTorr; oxygen flow rate, 15 sccm; power, 100W (0.57W 
cm-2) ;  time, 40 sec. The resist mask was prepared in 
2000A. thick AZ1350 by laser interference. It is thus 
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Fig. 10. Liquid reversal etched 0.3 #m periodicity grating in 
bright chromium after plasma passivation in oxygen using an Si02 
backing plate. 

per fec t ly  possible to wet  etch 1500A wide  l ines and 
spaces in thin ch romium films. 

Since good pass ivat ion of b lack  chromium can be 
achieved b y  t r ea tmen t  in an argon p lasma  (Fig. 7), 
it  is c lear  tha t  pass ivat ion is not  due s imply  to the  
fo rmat ion  of a pro tec t ive  layer ,  b y  a gas-sol id  in t e r -  
action, which is less soluble in the  l iquid e tchant  than  
an un t r ea t ed  surface.  The resul ts  can be exp la ined  by  
the deposi t ion of ma te r i a l  spu t t e red  f rom the backing  
plate,  which is usua l ly  si l icon dioxide.  Since the only 
ana ly t ica l  technique  r ead i ly  avai lab le  to us is an 
e lec t ron microprobe,  i t  was not  possible to analyze  
the chromium surface  for  si l icon because the e lect ron 
beam would  pene t ra te  into the glass subs t ra te  which, 
of course, contains silicon. A test  exper imen t  was 
therefore  m a d e  using a n iob ium backing  plate.  Re-  
versa l  e tch ing  wi th  a se lec t iv i ty  of pa s s iva t ed :unpas -  
s ivated b lack  chromium of 16:1 was possible using a 
n iob ium backing  plate,  a rgon at  a pressure  of 20 
mTorr ,  and a power  of 150W (0.9W c m - 2 ) .  Micro-  
p robe  analysis  of such a sample  before  we t  etching, 
but  a f te r  res is t  s t r ipping,  showed tha t  n iob ium was 
present  on the regions tha t  had been exposed  to the  
argon p lasma  and absent  on those areas  that  had been 
masked  by  the resist .  Thus, i t  seems fa i r ly  cer ta in  the  
mechanism of pass ivat ion  depends  on ma te r i a l  spu t -  
t e red  f rom the backing  pla te  and  deposi ted on the 
substrate .  

With a tungsten hexafluoride plasma and plasma etch- 
ing.--As ment ioned above, a chromium film tha t  is 
con tamina ted  wi th  a tungs ten  containing l aye r  is un-  
reac t ive  toward  a chromium etching plasma.  This 
led us to the idea that  t r ea tmen t  of chromium in a 
p lasma  conta ining a tungs ten  compound,  such as 
tungs ten  hexafluoride,  would  enable  exposed chromium 
on a pa t t e rned  surface  to be passivated.  Af te r  s t r ipp ing  
the resist,  reversa l  e tching should be possible. We have 
found tha t  this indeed works  ve ry  well,  bu t  that  the  
p lasma  t r ea tmen t  must  be done at  low pressure  wi th  
the  subs t ra te  on the powered  electrode.  A p p a r e n t l y  a 
cer ta in  m i n i m u m  b o m b a r d m e n t  ene rgy  of the gas phase 
species is requ i red  for good pa t t e rn  definition; if  the 
tungsten hexafluoride t r ea tmen t  is done at  h igher  
pressures  wi th  the  subs t ra te  on a grounded  electrode,  
the  pa t t e rn  is ve ry  i l l -def ined and subsequent  p l a sma  
e tching gives a ve ry  poor  result .  As is shown below, 
the pass ivat ion  funct ions by  the deposi t ion of a tung-  
s ten conta ining l aye r  on the exposed chromium and 
the resist.  As long as a coherent  film covers the chro-  
m i u m  this wi l l  be sufficient to protect  it  against  the 
etching plasma.  On the o ther  hand,  if this deposi ted 

film is too thick, i t  wi l l  m a k e  s t r ipp ing  of the resist,  
p r ior  to etching,  ve ry  difficult and so the thickness of 
this  must  be kep t  to a min imum.  We have  found tha t  
i t  is des i rab le  to d i lu te  the  tungsten hexafluoride wi th  
ni t rogen,  o therwise  the ra te  of deposi t ion  is too rapid.  
Sui table  condit ions are:  gas composit ion,  25% tungsten 
hexaf luor ide in n i t rogen;  pressure ,  15 mTorr ;  power,  
100W (0.6W cm -2) ; t ime, 30 see. 

Af te r  the p l a sma  p re t r ea tmen t ,  the res is t  mus t  be 
solvent  s t r ipped  using ul t rasonic  agi ta t ion;  any  res i -  
dues wi l l  act as etch masks  and in t roduce  addi t ional  
fea tures  on the mask.  Since the  p r e t r ea tmen t  t ime is 
short ,  resist  erosion is no p rob l em and PBS can be 
reversa l  e tched as wel l  as no rma l  photoresists .  F igure  
l l ( a )  shows a gra t ing  pat tern ,  the  lef t  s ide of which 
was reve r sa l  processed and the r ight  side of which  
was n o r m a l l y  processed.  As a da rk  (chromium)  l ine is 
fol lowed across, the  p a t t e r n  reversa l  can be  seen at  
the bounda ry  of the reversa l  processed region.  F igure  
11 (b) shows a reversa l  e tched pa t t e rn  defined using 
PBS electron beam resist. This was etched in the ba r re l  
reactor  in 50% oxygen / ca rbon  te t rach lor ide  at  250 
mTorr ,  100W and shows wel l -def ined  0.5 ~m lines and 
spaces; the  etch ra te  was about  120 A/ra in .  Chromium 
tha t  has been pass ivated  in this w a y  wi l l  not  p lasma  
etch at al l  even af te r  t imes longer  than  1 hr. Liquid  

Fig. 11. Plasma passivated and reversal plasma etched bright 
chromium. (a) Left side reversal processed, right side normally 
processed. (b) Pattern defined with PBS electron beam resist and 
plasma etched in a barrel reactor. 
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etching, on the o ther  hand,  shows no se lec t iv i ty  what -  
soever.  

The mechanism of this type  of reversa l  e tching has 
been confirmed by  e lect ron microprobe  analysis  of a 
tungsten hexaf luor ide t rea ted  pa t t e rn  f rom which the 
res is t  had  been s t r ipped.  This is shown in Fig. 12. The 
p ic ture  i tself  is a secondary  e lec t ron emission image 
in which the  l igh te r  regions have  a s t ronger  emission 
( indicat ive  of a heavie r  e lement)  than  the d a r k e r  areas.  
The hor izonta l  white  l ine is the  pa th  of a subsequen t ly  
scanned e lect ron beam used to genera te  x - r a y s  f rom 
the probed  surface;  the  in tens i ty  var ia t ion  across the 
pa t t e rned  a rea  of  the tungsten x - r a y  emission is shown 
by  the o ther  whi te  l ine and it corre la tes  wel l  wi th  the 
l ight  colored areas.  

Discussion 
It  is c lear  f rom the foregoing that  i t  is much more  

difficult to p l a sma  etch s t ruc tures  tha t  have been de-  
fined in chromium using E - b e a m  resists  that  those de-  
fined by  opt ical  resists.  Opt ical  resists,  such as AZ1350, 
erode at  much lower  rates  than  E - b e a m  resists,  which 
correlates  wi th  the fact that  the  aromat ic  groups of  the 
former  would  be expected to endow them wi th  more  
s tab i l i ty  toward  the p lasma (7). However ,  i t  is only 
possible  to define pa t te rns  in ch romium by  p la sma  
etching at a l l  because the me ta l  film is thin, which 
renders  p rac t icab le  the poor  se lec t iv i ty  of Cr: resis t  = 
1.6:1. The etching condit ions that  have  to be used when 
PBS is used for  pa t t e rn  definit ion resul t  in a r a the r  
low chromium etch rate,  i.e., about  50 A / r a i n  (see 
Table  I ) .  This gives an etching t ime of about  20 min 
for a ch romium film 1000A thick. Al though this is 
r a the r  a long etching time, i t  would p robab ly  be ac-  
ceptable  in pract ice  since the e lec t ron beam wri t ing  
t ime would  be the  ra te  l imi t ing  step. 

I t  is in te res t ing  to note that  the erosion ra te  of 
AZ1350 vs. gas composit ion passes through a m in imum 
at about  40% carbon te t rach lor ide  in oxygen.  The rea -  
son for this is not  clear;  poss ibly  i t  m a y  be associated 
with  pa r t i a l  po lymer iza t ion  of the carbon te t rachlor ide  
protect ing the resist  to some extent .  

Reversa l  e tching can somet imes  be used to advantage  
when the resist  p roper t ies  or processing render  the  
fabr icat ion of a pa r t i cu la r  s t ruc ture  r a the r  difficult. We 
have  a l r eady  seen tha t  it  is possible to p lasma process 
a pa t t e rn  defined with PBS in a ba r re l  reactor ,  which 
would be impossible  using the normal  p lasma etching 
conditions. A fu r the r  example  is i l lus t ra ted  in Fig. 13. 
If  one t r ies  to fabr ica te  a gra t ing  s t ruc ture  wi th  a con- 
s tant  of, say, 0.3 ~m (1500A lines and spaces) ,  it  is 
ve ry  difficult to achieve this aspect  rat io of 1: 1. It is not 
easy to ad jus t  the exposure  and deve lopment  t imes and 

Fig. 12. Electron microprobe trace of bright chromium after 
plasma passJvation in tungsten bexafluoride with the resist stripped. 
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Fig. 13. The preparation of a grating with 0.3 ~m periodicity end 
a 1:1 aspect ratio by the reversal processing of chromium. 

more  often than not  an aspect  ra t io  of less than  1:1 re -  
sults ("real is t ic"  in Fig. 13). However ,  if a chromium 
film with  a resis t  gra t ing  of aspect  rat io less than  1:1 on 
its surface is reversa l  processed, the resu l tan t  gra t ing in 
the ch romium has an aspect  rat io of g rea te r  than  t :  1. 
Then, by  using this mask  to p repa re  a gra t ing  in 
photoresist ,  i t  is possible to achieve a 1:1 aspect  ra t io  
by  sui table  overexposure  a n d / o r  development .  

The mechanism of reversa l  e tching a l iquid e tchant  
fa i r ly  cer ta in ly  depends  on the spu t te r ing  of subs t ra te  
backing plate  ma te r i a l  onto the chromium surface  to 
be etched. In  addi t ion  to the  e lec t ron microprobe  re -  
sults, the increase in pass ivat ing effect wi th  increas ing 
pressure  shown in Fig. 7 also suppor ts  this idea. At  
h igher  pressure  (and the accompanying lower  d - c  
se l f -b ias)  there  wil l  be increased sca t ter ing  and deposi-  
t ion of sput te red  ma te r i a l  in a hor izonta l  plane.  Of 
course, for this me thod  to be successful,  sufficient area  
of the backing  pla te  must  be exposed to provide  a 
source of backspu t t e red  ma te r i a l  for  deposi t ion on the 
substrate .  One open question is the reason for  the  
difference in the efficiency of pass ivat ion when b r igh t  
chromium as opposed to when b lack  chromium is used. 
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ABSTRACT 

Belt t ransport  CVD processing, a simple but  useful technique applied widely in wafer fabrication, is evaluated in this 
work. An empirical  relation, (Tox) (belt speed)" = K, where Tox is the oxide thickness,  is established. The value o fn  is found to 
be 1.09 experimental ly  and 1.0 as analyzed theoretically. A simple deposit ion model  is discussed. The effects of belt  speed on 
film thickness and the effects of flow rate on characterist ics are also s tudied in detail. 

Chemical ly  vapor  depos i ted  SiO~ and doped SiO~ are  
wide ly  used in IC fabr ica t ion  due to the low deposi t ion 
tempera ture .  Three applicat ions,  namely ,  as masking  
mater ia l s  for  diffusion and etching, as coating ma te r i a l  
for pro tec t ive  passivat ion,  and as field oxide mater ia l ,  
are  f r equen t ly  employed  (1, 2). Therefore,  it  is ve ry  
impor t an t  to ob ta in  s tab le  processing conditions for 
the  fabr ica t ion  of CVD films. 

There  are  m a n y  kinds  of CVD reactors  (3-6).  How- 
ever,  two types  of reactors  are classified. The first is 
the chemical  vapor  t r anspor t  (CVT)I  reactor .  The 
wafers  in this type  are  fixed inside the furnace;  the 
chemical  vapor  is conducted into the inlet  and forms the 
solid produc t  on the wafer  surface  (Fig. l a ) .  The solid 
produc t  m a y  also be formed in the vapor  phase o ther  
than  on the wafer  surface, and the par t icu la tes  m a y  
fal l  on wafer  surface and resul t  in pass ivat ion defects. 
Genera l ly ,  CVT is appl ied  in low pressure  a n d / o r  
h igher  t empe ra tu r e  CVD processing. 

The second is the  bel t  t r anspor t  (BT) CVD reactor.  
In  this  system, the wafers  are p laced on a hot plate  
which is t r aversed  under  a nozzle head  by  a moving 
bel t  (Fig. l b ) .  The nozzle head  is cooled by  chi l led 
water ;  the chemical  vapor  flows into the nozzle head 
and spreads  over  the hot plate.  The sol~d chemical  
product  can be formed more dominan t ly  on the surface 
of the hot  a rea  due to the rmal  act ivat ion.  F u r t h e r -  
more,  the  par t ic le  contaminat ion  p rob lem on the wafer  
surface  can be minimized,  and the deposi t ion ra te  and 
un i fo rmi ty  are  more  stable.  

The effects of var iables  on CVD processing in the  
BT reac tor  have  been studied.  

Theoretical Analysis 
When  Sill4 is mixed  with  oxygen  gas, chemical  r e -  

actions occur to form the solid products  such as SiO2, 
SiO,.and Si. 

The fol lowing possible  chemical  react ions should be 
considered 

SiI-I4(g) + 2 02(g) 0 ) SiO2(s) + 2H~O(~) [1] 

k, 
SiH4(~) + Os(g) ) SiOcs) + 2H~O(~) [2] 

ks 
) SiOs(,) + 2Hs(~) [3] 

Key words: belt, t ransfer,  CVD. 
1 Not ',to be confused with chemical transport  reac t ions  in w h i c h  

deposition results from transport  (usually by diffusion) b e t w e e n  
z o n e s  of different t e m p e r a t u r e  in a r e v e r s i b l e  equilibrium (4). 

SiH4(r , ) Si(s) + 2H2(g) [4] 

In the case of h igher  0.2 concentra t ion dur ing  the oxi-  
dat ion of silane, react ion [1] wi l l  dominate  and SiO2 
is the ma jo r  component  of the s i lox film. Conversely,  
the Si content  wil l  be h igher  due  to the l a rge r  con- 
t r ibut ion  of Eq. [2], if the 02 concentra t ion is decreased.  

Consider  Eq. [1], i.e., high oxygen- to - s i l ane  ratio,  
al l  the  s i lane molecules  are  to be reac ted  fu l ly  into 
SiO2(s) 

r dTox 
R = pA L ~  ] [5] 

Chemical ly ,  the ra te  in weight  pe r  uni t  t ime is 

R : k �9 PsiH4 �9 Po2 2 [6] 

where  p is the dens i ty  of the  si lox film, A is the dep-  
osition area  including the whole  surface under  the  
nozzle head, k is the react ion ra te  constant,  PSiH4 is the 
pa r t i a l  pressure  of Sill4, and Po2 is the  pa r t i a l  pressure  
of 02:. According to Eq. [5] and [6] 

dTox= [ kPs'H4P~ ] dt [7] 
Ap 

On in tegra t ing  the t ime f rom 0 to t 

Tox [ kPsiH4P~ ] 
: t [8] 

A. 

OOOO 

Gas ~ I 

OOOO 

(a) 

Gas 

Fixed nozzle h e a d - - ~  Wafer 
r-~ ,~--Hot plate 

( o  - - "  o ) " - -  8ell 

(b) 

Fig. I. (a) The CVT deposition reactor. (b) The BT deposition 
reactor. 
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However, in the belt t ransport  system 

t = belt B e e d  [9] 

where L is the width of the nozzle head. Using Eq. [8] 
and [9], we thus obtain 

[ kPsiH.Po2' ]L=K [10] (Tox) (belt speed) = Ap 

And then, for a given apparatus (A and L constant) 

.E = E(PsIH4, P02, P, T) [11] 

Therefore, K is a function of reactant part ial  pressure, 
film density, and wafer surface temperature. 

However, at  a high oxygen-to-si lane ratio, the 
part ial  pressure of oxygen can be thought of as con- 
stant even though the O~ gas is further increased. 
And therefore, at high O2/SiI-I4 ratios 

dTox 
: K' (T) �9 PSiH4 [12] 

dt 
or 

(Tox) (belt speed) : K"(T)  �9 PSiH4 [13] 

i.e., the deposition rate is l inearly dependent on the 
partial  pressure of Sill4, where K' in Eq. [12] and K" in 
Eq. [13] are temperature dependent factors. Thus, 
Sill4 part ial  pressure and wafer surface temperature 
will affect the deposition rate. 

Experimental 
A Pacific Western System (PWS) Model 2000 CVD 

reactor was used in this work. The temperature of 
the wafer surface was measured by a Wahl Interna- 
tional Model 392/~ thermometer. The oxide thickness 
was measured by a Beckman Model 26 spectrophotom- 
eter. The index of refraction was measured by a 
Princeton Applied Material Ellip 7610 ellipsometer. 
The wafers were cleaned by a standard acid/H~O2 
process prior to depositing the CVD film. The layout 
of gas lines is shown in Fig. 2. O~, Sill4, and N2 were 
conducted and controlled by Brooks Tube flowmeters. 
The wafer surface temperature was kept high enough 
so that deposition can occur. 

Results and Discussion 
Effect of belt speed on film thickness.--By following 

the specified deposition parameters, N2(O2) ---- N~(SiH4) 
---- 5900 cmS/min; 02 = 640 cm3/min; SiI-I4 _-- 48 cm3/ 
min, and the wafer surface temperature of 415 ~ +_ 5~ 
it is observed that the deposit thickness varies inversely 
with belt speed (Fig. 3). The empirical reaction be- 
tween the film thickness and belt speed was estab- 
lished as 

(Tox) (belt speed)1.09 = 6.79 X 10 -4 cm2/min 

This result is approximately consistent with that theo- 
retically analyzed in Eq. [10], 

E~ect of oxygen-to-si~ane ratio on film characteris- 
tics.~The observed refractive index of CVD films de- 
pends strongly on the deposition parameters. Also, the 
thermal annealing of as-deposited CVD films (7) in 
art ambient of nitrogen gas at  l l00~ changes the r~- 

FM- Flow Meter 
MFC-Mcms Flow Controller 

~ N2(O2) 

02 02 
N 2 [ ~ S  H~12(SiH4) 

SiH4 
H20 !" 4 
H20 " 

Fig. 2. The layout of gas lines in the BT CVD system 
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Fig. 3. The effect of belt speed on film thickness 

fractive index. Figure 4 indicates that the refractive 
index of as-deposited CVD films of higher oxygen- 
to-silane ratio (greater than 12:1) is ,abnormally low. 
However, af ter  thermal annealing for 30 min, the re- 
fractive index becomes normal at a value of 1.45. 
Interestingly, the refractive index at lower oxygen-to-  
silane ratio changes from 1.45 to 1.50 after annealing 
treatment. Therefore, two phenomena are implied in 
accordance with the above observations, First, there 
may exist oxygen and/or  nitrogen in as-deposited CVD 
films at  larger oxygen-to-silane ratios, i.e., faster dep- 
osition due to a higher concentration of oxygen in the 
gas mixture may cause oxygen and/or  nitrogen to be 
trapped in the as-deposited CVD film. The trapped gas 
will be evolved on thermal annealing. Second, the CVD 
film exhibits a silicon-rich phenomenon at lower oxy- 
gen-to-silane ratio, i.e., the silicon content of the CVD 
film will be higher as reaction [2] becomes more im- 
portant in the formation mechanism of the film. Con- 
sequently, the deposition model described in Eq. [10] 
will not fit well for deposition at lower oxygen-to-  
silane ratios. 

Reaction model.--If it is assumed that the part ial  
pressure of the i-component gas in gaseous mixture is 

P! -- ~ Patm [141 

where r denotes the flow rate  of gas read from the 
flowmeter, and rtota! denotes the summation of flow 
rates of all gases during the deposition period. Then, 
Eq. [10] can be wli t ten as 

I 
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Fig. 4. The effect of thermal annealing at 1100~ in N2 on the 
refractive index of CVD silicon oxide films. 
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= (.s,.,  . .  ] 
(To.) (belt speed) K ( T )  �9 [ - - r ~  ) ( r---~-~l ) 3 

[15] 
= K(T) �9 B [16] 

The logarithm (Tox)(belt speed) is plotted vs. the 
logarithm of the S factor as shown in Fig. 5. It is ob- 
vious that the (Tox) (belt speed) product varies ap- 
proximately linearly with respect to the S factor, 
(Tox) (belt speed) -- KS 0.90. This fact implies that in 
high oxygen-to-silane ratio CVD processing, Eq. [1] 
dominates the deposition reaction and SiO2(s) is the 
major component in the silox film as explained pre- 
viously. 

E~ect o~ gc~-/~ow on film thickness.~At fixed param- 
eters of belt temperature, belt speed, flow rate of cool- 
ing water, flow rate of nitrogen, etc., silox films were 
deposited with various flow rates of SiI-L~ and O~. The 
results are shown in Fig. 6 and 7. It is observed that ex- 
cessive flow of O~ reduces the film thickness. This 
phenomenon is similar to that reported by Kern et a~. 
(8) and Baliga et aI. (9). The reason given by Baliga 
et al. is that adsorption of oxygen on the silicon sub- 
strates retards the chemical rea.ction. However, Fig. 8 
indicates that the value, (Tox) (belt speed), is linearly 
decreased with the decree_sing partial pressure of Sill4 
which resulted from the further increase of oxygen 
flow, i.e., the effect is consistent with that described 
previously in Eq. [13]. 

Figure 9 shows the effect of nitrogen on film thick- 
ness. It is observed also that the decrease of partial 
pressure of both SiHr and oxygen by the further addi- 
tion of nitrogen gas reduces the deposition rate. On the 
other hand, heat will be carried away from the wafer 
surface by the increased flow of oxygen and nitrogen. 
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Therefore, excessive flow of oxygen or further addi- 
tion of nitrogen lowers the wafer surface temperature, 
i.e., K'(T) or K"(T)  will be decreased i~ the heating 
power of the CVD system is kept constant  

Conclus ions 
With the belt transport CVD reactor used in this 

work, three conclusions on CVD silox formation are 
summarized : (i) The deposition rate is proportional to 
(Tox) (belt speed), the product of film thickness and 
belt speed. (ii) The oxygen-to-silane ratio during the 
deposition period is very important for CVD process 
control. Too large a ratio will result in deposition rate 
decrease; however, too small a ratio will cause the 
CVD film to be silicon-rich. It is recommended that a 
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rat io  of 12/1 be employed for si lox CVD processing. (iii) 
The deposit ion ra te  decrease  wi th  increased flow of 
n i t rogen is a t t r ibu ted  to two factors, depression of the 
sil,ane par t i a l  pressure  and lower ing of the wafer  sur-  
face tempera ture .  
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ABSTRACT 

Two catalytic systems for electroless metal  deposi t ion have been investigated by means of Rutherford backscat ter ing 
spectrometry (RBS). The well-known tin sensitizer, pal ladium activator, two-step catalyst had the main emphasis,  but  also a 
commercial  one based on evaporated pal ladium was examined.  The behavior of the two-step catalyst  was largely dependent  
on the substrates used. On A1203, the Sn:Pd ratio was 1:1 with 1.3 • 1015 atoms/cm 2 each. On carbon substrates,  the Sn:Pd 
ratio was 1:4 with 6 • 10 TM tin atoms/cm 2 and 24 • 1015 pal ladium atorns/cm 2. Both these results violate the simple reaction 
mechanism described by the  equation Sn~+ + Pd~+---> Sn4++ Pd ~ The commercial  catalyst on polyimide containing 2.5 • 1015 
pal ladium atoms/cm 2 on the surface behaved differently compared to the two-step catalyst by diffusing into the deposi ted 
layer and thereby influencing its deposit ion rate. 

The ca ta lys t  systems used for in i t ia t ing the deposits  
f rom autoca ta ly t ic  Ni -P  and N i - P - W  baths  have been 
inves t iga ted  by  means  of Ru the r fo rd  backsca t te r ing  
spec t rome t ry  (RBS) .  The resul ts  thus obta ined  m a y  
,contribute to the cur ren t  discussion of this subject .  
This ar t ic le  repor ts  on two types  of catalysts ,  i.e., the  
w e l l - k n o w n  two-s tep  sens i t izer -ac t iva tor  sys tem con- 
ta in ing Sn 2+ and Pd 2+ and a commercia l  method,  
where  ca ta lyzing takes  place b.y means of a sparse 
l aye r  of evapora ted  pa l l ad ium atoms. 

Previously ,  the  two-s tep  system has been  inves t i -  
gated by  Meek (1, 2) using RBS as wel l  as the mixed  
ca ta lys t  sys tem (3). Meek found resul ts  in agreement  
wi th  those ob ta ined  by  Cohen e t a l .  (4), using M6ss- 
bauer  spectroscopy;  they  s ta ted  that  the s imple reac-  
t ion 

Sn 2+ +Pd 2+ -> Sn 4+ 4- Pd ~ [I] 

takes  place to make  the surface  ca ta ly t ica l ly  active. 
These findings were  ac tua l ly  in d i sagreement  wi th  
those of de Minje r  etal.  (5) as wel l  as wi th  those f rom 
the photosensi t ive  sensi t izers  based on both Sn 2+ and 
Sn 4+, ne i the r  of which could be exp la ined  b y  the 

* Electrochemical Sooiety Active Member. 
Key words: electroless, Rutherford backscattering, catalysiS. 

simple Eq. [1] only.  The l a t t e r  resul ts  are  ma in ly  ob-  
ta ined  by  Schlesinger  et al. (6-9).  

The RBS Method 
When a surface is bombarded  wi th  swif t  4He+ ions, 

the sca t te red  par t ic les  can y ie ld  informat ion  on the 
s to ich iomet ry  vs. depth in the  s u r f a c e  layer .  The 
spect ra  consist of the number  of par t ic les  as a function 
of the par t ic le  energy  af ter  scat ter ing,  shown in Fig. 1. 
F rom the w id th  of a peak,  the l aye r  thickness m a y  be 
determined,  whi le  the peaks  s t emming  from the same 
l aye r  contain informat ion on the s toichiometry.  As 
seen in Fig. 1, this is phosphorus and nickel  in the  top 
l aye r  and a luminum and oxygen  in the substrate .  Af te r  
a deposi t ion t ime of 40 sec, the dot ted  spec t rum in Fig. 
1 indicates tha t  a l aye r  of a cer ta in  thickness has been 
fo rmed  on the substrate .  The r e t rograde  movement  of 
the signals s t emming  from oxygen,  a luminum,  a n d  
P d / S n  is due to the i r  s t ay ing  in-depth ,  whereas  the 
n ickel  and phosphorus peaks  a lways  s ta r t  at  the same 
position, indica t ing  signals f rom the surface.  The ta i l  
is due to an i n -dep th  deposi t ion on the substrate .  

In  Fig. 1, the inser t  shows the e xpe r ime n t a l  setup.  
An area  of 1 • 1 m m  2 of the surface is i r r ad ia t ed  by  2 
MeV 4He + ions to a dose of 40 #C. The inves t igat ion 
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was made  under  a p ressure  below 5 • 10 -v  Tort .  The 
sca t te red  ions are  detected by  a su r f ace -ba r r i e r  de-  
tector  at  an angle  # of 160 ~ A deta i led  descr ipt ion of 
the equ ipment  and sof tware  used in this inves t igat ion 
is given in Ref. (10), and for  an in t roduct ion  to the 
RBS method,  the r eade r  is r e f e r r ed  to Ref. (11). 

Experimental 

Three types  of subs t ra tes  were  used in the inves t iga-  
tion, i.e., (i) alumina,  a s in tered  96 weight  percen t  
(w/o)  a-A12Os ceramics 1 often used for hyb r id  IC sub-  
s t ra te ;  (ii) carbon, as 99 w/o  pure  graphi te  containing 
a pheno l - res in  b inder ;  2 (iii) a type  of po ly imide  3 
used for  f lex-pr in t  subst ra te .  The a lumina  and carbon 
subs t ra tes  were  degreased  wi th  ethanol,  r insed  in 
water ,  and  dr ied  p r io r  to be ing  made  ca ta ly t ic  for 
n i cke l  deposit ion.  This was done in the  fol lowing way:  
sensi t izat ion:  2 min, r inse 10 sec; act ivat ion:  2 min, 
r inse 10 sec; sensi t izat ion:  2 min, r inse 10 sec; ac t iva-  
tion: 2 rain, r inse 10 sec. Deionized wa te r  was used for 
rinsing, and the solutions were  made  as follows: sensi-  
t izer:  SnC12.2H20,  1 g / l i t e r ;  HC1 37%, 1 mI / l i t e r ;  
ac t iva tor :  PdC12, 0.1 g / l i t e r ;  HC1 37%, 0.1 ml / l i t e r .  
The repea ted  two-s tep  process 4 was used because of its 
super ior  ca ta ly t ic  effect on a lumina  subs t ra te  com- 
pa red  to those of a mixed  PdC1JSnC12 catalyst .  To 
compare  the results ,  the same procedure  was appl ied  
to g raph i te  to make  the subs t ra te  catalytic.  The ca ta-  
lys t  thus made  is denoted "A catalyst ."  The po ly imide  
was ca ta ly t ic  when purchased.  This has been done by  
evapora t ing  pa l l ad ium sites onto one side of the speci-  
mens, and this ca ta lys t  is denoted "B catalyst ."  

When  the subs t ra tes  had been made  catalytic,  nickel  
was deposi ted f rom one of the fol lowing baths:  N i -P  
( a ) :  a commercia l  ba th  5 wi th  pH ---- 5.2 and hypo-  
phosphi te  as a reduc tan t ;  N i - P ( b )  : pH ---- 9.0 and wi th  
the  fol lowing composit ion:  0.027 M/ l i t e r  NiSO4, 0.068 
M/ l i t e r  Na~-citrate,  0.227 M/ l i t e r  (NH4)2SO4, 0.066 
M/ l i t e r  NaH2PO2; N i - P - W :  same composit ion and pH 
as N i - P ( b )  plus 0.106 M/ l i t e r  Na2WO4. 

Al l  the  baths  were  opera ted  at  90~ and the samples  
were  d ipped into the  hot  baths  for different  per iods  
of t ime  to find the  deposi t ion rate.  The etectroless Ni-  

F r o m  N i p p o n  T o k u s h u  T o g y o  C o m p a n y ,  L i m i t e d  ( N G K  S p a r k  
P l u g  C o m p a n y  L i m i t e d ) .  

2 F r o m  N i p p o n  C a r b o n  C o m p a n y ,  L imi ted .  
S F r e m  T o r e  C o m p a n y ,  L imi t ed ,  f i lm t h i c k n e s s  of  poly imide  

u s e d  is 75/~m. 
4 S ince  a l u m i n a  s u b s t r a t e  is a di f f icul t - to-pla te  s u b s t r a t e ,  t h e  

c a t a l i z a t i on  c a r r i e d  o u t  on ly  b y  a m i x e d  c a t a l y s t  is  n o t  suff ic ient  
to  f o r m  t h e  bas i s  f o r  a u n i f o r m  e l ec t ro l e s s  n i cke l  film. Th i s  re- 
p e a t e d  two-s t ep  p r o c e s s  is e f fec t ive  f o r  a l u m i n a .  I t  is s o m e t i m e s  
u s e d  for  a lumina  substrate  in  p r a c t i c a l  use ,  e .g . ,  a t  t he  Prec i s ion  
E l e c t r o n i c  C o m p o n e n t s  L i m i t e d ,  T o r o n t o ,  Ont . ,  C a n a d a  

NICKA 311 from I~aseib..in-Kogyo Company, Limi~r, ed. 

P-W film has previously shown (12) some superior 
properties concerning the uniformity and the thermal 
stability of film resistance compared to a film pre- 
cipitated from the Ni-P(b) bath, although the baths 
are differing only in that the Ni-P-W bath contains 
Na~WO4. 

Results 
Below, descriptions are given of the results that 

were achieved concerning the catalysts. 

Composition and content.--In Fig. 1, only  pa l l ad ium 
and  tin give vis ible  signals  s t emming  f rom the A - t y p e  
catalysts .  A n y  signal  f rom the oxygen  that  m a y  be 
presen t  due to a t in-oxo compound can be detected 
ne i ther  on a lumina  nor  on graphi te  subs t ra tes  be -  
cause of in te r fe r ing  signals  (on graphi te ,  these a r e  

caused by  the oxygen content  in the phenol  resin 
b inde r ) .  Chlorine,  on the o ther  hand,  should be eas i ly  
de tec table  at  a posi t ion 80 keV above the phosphorus  
peak  in Fig. 1, but  no peak  is p resen t  in any  of  the 
spectra.  This is a genera l  result ,  and the invest igat ions  
show that  the amount  of chlor ine adher ing  to the  
surface must  be less than 12% of the or ig inal  chlorine 
content  in SnC12 �9 2H20 and PdC12. I t  m a y  there fore  
be concluded tha t  a f te r  1 sec of deposition, the amount  
of chlor ide ions fol lowing the adher ing  t in and pa l -  
l ad ium is insignificant.  

RBS gives the fol lowing rat ios and contents for 
P d / S n :  

Alumina  substra tes :  P d / S n  rat io  1:1 wi th in  15%. 
Content  for  both  pa l l ad ium and t in:  1.3 _ 0.3 • 1015 
a toms /cm 2. 

Carbon substra tes :  P d / S n  rat io  4:1 wi th in  20%. 
Pa l l ad ium content:  24 • 2 • 1015 a toms /cm 2. Tin 
content:  6 _ 1 • 1015 a toms /cm s. 

Poly imide:  pa l l ad ium content:  2.5 _ 0.3 X 1015 
a toms /cm 2. 

The findings were  unaffected by  the baths  used for 
covering the surface wi th  a thin, conductive N i -P  
layer .  F igure  2, I and  II  show that  1 sec in the acidic 
N i - P ( a )  ba th  and 1 sec in the  basic N i - P - W  ba th  r e -  
sult  in the  same peaks  in the  RBS spectra.  The  sub-  
s t rates ,  on the other  hand, g rea t ly  affect the P d / S n  
rat io and content.  A comparison be tween  the RBS peak 
of P d / S n  on a lumina  and on carbon given in Fig. 2 
demonst ra tes  the difference of the  catalyst .  

Behavior of the catalysts.--Figure 3 shows a figure 
series of  the behavior  of the  two-s tep  A ca ta lys t  on 
a lumina  and on the evapora ted  pa l l ad ium cata lys t  the 
B catalyst .  I t  is found that  the  two types  of cata lys ts  
behave  different ly  wi th  respect  t o  a deposi ted Ni -P  
l aye r  from the N i - P ( b )  bath.  The spec t ra  of the two-  
step process indicate  that  the ca ta lys t  g r adua l ly  be -  
comes s i tua ted  in g rea te r  depth  as the deposi t ion p ro -  
ceeds, whereas  the spec t ra  of the  e va po ra t e d  ca ta lys t  
show tha t  it  moves both in the prec ip i ta ted  layer  and 
is present  at  the ve ry  surface.  

The resul ts  in Fig. 4 show tha t  ca ta lys t  A remains  
at  the in terface  since the deposi t ion ra te  is the same 
when  measured  at  the nickel  peak  and at  the P d / S n  
peak.  This resul t  holds for ca ta lys t  A for all  baths  and 
both subs t ra tes  under  invest igat ion.  The er ror  bars  in 
Fig. 4 include the uncer t a in ty  re fe r r ing  to the  measu r -  
ing sys tem only  (the RBS equ ipment ) ,  i.e., the uncer -  
t a in ty  s t emming  from the expe r imen ta l  p rocedure  is 
not  regis tered.  

Influences of the catalysts.--Figure 3 shows that  
pa l l ad ium remains  at  the ve ry  surface when cata lys t  
B is used. This m a y  be the reason for  the considerable  
change in deposi t ion ra te  in the  ea r l i e r  stages. On 
polyimide,  the  Ni -P  (b) ba th  deposits  at  a ra te  of 40% 
only of that  on a lumina  when the o ther  condit ions are  
identical ,  and  the N i - P - W  ba th  has reduced its depo-  
sit ion ra te  to only  30% of that  on alumina.  However ,  
unt i l  ca ta lys ts  A and B have been inves t iga ted  on the 
same type  of substrate ,  o ther  explanat ions  cannot  be 
fu l ly  excluded.  
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Discussion and Conclusion 
The use of RBS for obta in ing  informat ion  on the 

two-s tep  P d / S n  cata lys t  and the commercia l  pa l l ad ium 
cata lys t  has successful ly added to wha t  we a l r eady  
know. 

The fact  that  chlor ine is missing on the subs t ra te  
surface means that  t in is present  in an oxygen  com- 
pound. This is in agreement  wi th  Ref. (5 and 13) and 
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spectra. Two linear relations are as follows: thickness (in ang- 
stroms) = 24.7 • 1.1 X sec -t- 207 • 36, and 23.6 __ 1.3 X 
sec -t- 162 • 34. 

is also in agreement  wi th  Ref. (1) when the discussion 
in Ref. (6) is borne  in mind. Here  it is s ta ted  that  ve ry  
d i lu ted  sensi t izer  solutions consist ma in ly  of oxo-com-  
pounds,  whereas  the more  concent ra ted  ones also con- 
tain chlorine. The sensi t izer  used in the present  in-  
vest igat ion must  be ra the r  di lute  compared  to that  
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used in Ref. (1), which contains 16 g / l i t e r  SnC12. 
2H20 and tha t  in Ref. (6) conta ining 7 g / l i t e r .  In  Ref. 
(5), the  ve ry  di lu te  sdnsit izer  containing only  0.1 g /  
l i ter  was used. A tin concentra t ion on graphi te  of 6 X 
1015 atoms/cm2 is smal le r  than  the 11 '• 1015 a toms /  
cm 2 on graph i te  found in Ref. (1),  however ,  the di f -  
ference is not  so large,  consider ing the differences of 
the  sensi t izers  and  the ac t iva t ing  process. The pa l -  
l ad ium c0ncen.tration of 1.3 • 1015 a toms /cm 2 found 
on the a lumina  is somewha t  l a rge r  than  that  of 0.9 >< 
10 is a toms /cm 2 on glass subs t ra te  in Ref. (1). Refe r -  
ence (1) agrees  wi th  the ca ta lys t  r emain ing  on the 
interface.  However ,  the amount  of  pa l l ad ium on carbon 
is a lmost  ten t imes g rea te r  than  that  found in Ref. (1), 
a n d  the ra t ios  P d : S n  of 1:1 and 4:1 on a lumina  and 
graph i te  both violate  Eq. [1] when it is borne in mind  
tha t  most of the t in must  be in the form of Sn 4+ ac-  
cording to Ref. (4 and 13). The resul t  means  that  i t  is 
not a s imple redox  process. This resul t  is not unique 
for a lumina  and carbon. Reference (14) repor ts  s imi lar  
resul ts  for  po lymer  surfaces.  The subs t ra te  species is 
concluded to control  not  only  the concentra t ion of ad-  
sorbed cata lys t  but  also the  rat io  of Pd:  Sn. 

Two o ther  discrepancies  were  found for sys tem A. 
Nei ther  a la rge  dissolution of t in  ions into the me ta l  
bath  nor the migra t ion  of the ca ta lys t  into the deposits  
was found, as in Ref. (1). Whereas ,  the resul ts  on the 
B cata lys t  on po ly imide  showed that  the migra t ion  of 
pa l l ad ium into the deposi ted l aye r  takes  place. 

Manuscr ip t  submi t t ed  Jan.  13, 1983; revised m a n u -  
scr ipt  rece ived  June  7, 1983. 
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ABSTRACT 

Information on the deposi t ion of Ni-P and Ni-P-W from autocatalytic baths has been obtained by means of Rutherford 
backscat ter ing spectrometry (RBS). Measurements  of the kinetics during the first 60 sec of precipi tat ion established the 
deposi t ion rate to be highly dependent  on the catalyst  used. The Ni-P-W bath precipitates at a lower rate than do the various 
Ni-P baths. The investigation on the s toichiometry indicates that  the codeposit ion of phosphorus  on an average decreases 
from 10.0 to 3.1% when tungsten is present  in the layer. For  brief  deposi t ion periods (1 and 3 sec), the phosphorus content is 
found to be higher than the average. The phosphorus  content in the first 500A of a layer seems to be increased compared to 
the layer average; however, this result  is on the detect ion limit of the RBS method. 

Electroless  n icke l  is by  far  one of the  most  u t i l ized 
of al l  e lec t ro less -ba th  systems. Previously ,  the deposi t  
f rom autoca ta ly t ic  nickel  baths  has been inves t iga ted  
in a va r i e ty  of ways,  ranging  f rom pure  chemical  
methods  (1) to x - r a y  (2) and e lec t ron beam based 
spectroscopy (3, 4). Ru ther fo rd  backsca t t e r ing  spec-  
t r ome t ry  (RBS) has been app l ied  to the examina t ion  
of the kinet ics  of copper  deposits  (5, 6) and the com- 
posit ion of the cata lys ts  used for e lectroless  deposi t ion 
(7-9),  but  so far,  the re  have  been  few repor ts  on RBS 
analysis  of electroless n ickel  l ayers  (10). 

* Electrochemical  Society Active Member. 
Key words: electroless,  Rutherford backscattering,  catalysis. 

The p resen t  pape r  discusses the resul ts  obta ined  by  
RBS as far  as both the kinet ics  and the s to ich iomet ry  
of var ious  deposi ted N i -P  and N i - P - W  layers  a re  con- 
cerned. 

Analytical Method 
Reference (9) gives a ve ry  br ief  in t roduct ion into 

the  field of RBS. With  this method,  knowledge  of the 
surface is obta ined  by  i r r ad ia t ing  a specimen wi th  
swif t  monoenerget ic  l ight  ions and measur ing  the yie ld  
of the ions backsca t te red  an angle  e. The method is 
nondes t ruc t ive  and yields  in format ion  on s toichiom- 
e t ry  vs. depth  (from the surface of the specimen)  down 
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to a depth of approximately 0.5 ~m with a depth reso- 
lut ion in the range of 50 ~ 200A. 

For the present  investigation, an area of 1 • 1 mm 2 
of the surface is i rradiated by 2 MeV 4He+ to a dose 
of 40/~C. The scattered ions are detected by a surface- 
barr ier  detector at an angle 0 of 160 ~ During analysis, 
t h e  system is kept  under  a vacuum of 5 • 10 -7 Torr. 

Exper imental  
The present  research is based on the same combina- 

tions of substrates and baths as~described in Ref. (9), 
i.e., a lumina,  1 carbon,2 and polyimideS substrates, and 
the baths denoted N i - P ( a ) ,  N i - P ( b ) ,  and Ni-P-W. 
The acidic Ni-P (a) 4 bath is merely  used as a reference, 
whereas the basic N i -P (b )  and Ni -P -W baths pre-  
pared in the laboratory are the more important  ones 
due to the electroless N i - P - W  film having high crystal-  
l ini ty  and giving good results on the uni formi ty  of 
film resistivity even though the only difference be- 
tween the two baths is that N i -P -W contains Na2WO4. 
Prior to precipitation, the two substrates are made 
catalytic using the way described in Ref. (9), carbon 
and a lumina  by a repeated two-step Sn-Pd  process, 
and polyimide by evaporated palladium. Two or three 
samples of each kind are analyzed by RBS. The com- 
binations of substrate, type of bath, and plat ing periods 
a r e  summarized in Table I. The plat ing period is de- 
fined as the t ime from the evolution of the first hydro-  
gen bubble  on the substrate  surface unt i l  the sample is 
removed, i.e., the induct ion period prior to plat ing is 
not  included. The induct ion period on a lumina  is 
around 1 sec, less on carbon but  3~5 sec on polyimide. 

Results 
The thickness of a layer  is measured by means of 

RBS in units  of atoms per square centimeter,  but  this 
can easily be converted into a physical depth scale, 
e.g., angstroms, if the density of the layer is known. 
For the present  results, the thickness is converted into 
angstroms, using a calculated density for either nickel-  
phosphorus or nickel-phosphorus- tungsten.  The cal- 

196 weight  percent  (w/o) cz-AlsO8 ceramics (11) purchased 
from Nippon Tokushu  Togyo  Company, Limited (NGK Spark 
Plug Company, Limited). 

99 w/o pure graphite containing a phenol-resin binder  pur- 
chased from Nippon Carbon Company, Limited. 

75 /tin th ickness  film catalyzed by evaporated pal ladium pur- 
chased from Tore Company, Limited. 

NICKA 311 from Kaseihin-Kogyo Company, Limited. 

Table I. The combination of substrate, type of bath, 
and plating period 

Substrate Bath type  Plating periods in see 

Alumina Ni.P (a) 1, 3, 5, 10, 20, 30 
40, 50, 60 

Alumina Ni-P (b) 1, 3, 5, 10, 20, 30 
40, 50, 60 

Alumina Niop-w 1, 8, 5, 10, 20, 30 
40, 50, 60 

Carbon Ni-P (b) 1, 3, 5, 10, 20, 40, 60 
Carbon Ni-P-W 1, 3, 5, 10, 20, 40, 60 
Polyimide Ni-P (b) 1, 3, 5, 10, 20, 40, 60 
Polyimide Ni-P-W 1, 3, 5, 10, 20, 40, 60 

culated densities are in agreement  to wi thin  1% with 
those quoted in Ref. (13 and 14). 

Coverage of the surSace.--For the same type o f  
samples, the thickness- to-yield ratio for the nickel 
signal is observed to be constant  as far as thin layers 
are concerned. There may be two reasons for the pos- 
sible discrepancies in the ratios obtained: (i) ei ther 
the layer is not covering the surface completely, o r  
(ii) the thickness is est imated incorrectly. In  RBS, 
layers th inner  than three times the system resolution 
are normal ly  estimated to be too wide; hence they will  
cause too small  a ratio. 

The ratios s temming from samples which have b e e n  
deposited for l and 3 sec are too small, whereas the 
layers which have been deposited for longer periods 
have a constant  ratio for the same type of specimen. I t  
can thus be concluded that the nickel-phosphorus and 
the n ickel -phosphorus- tungsten  deposits do indeed 
cover the surface after a deposition time of 5 sec. This 
result  can in addition set a lower l imit  to the n u m b e r  
of catalytic sites. For the two-step P d / S n  catalyst on 
carbon and alumina,  the number  of catalytic sites can 
be estimated to at least 6 • 108 sites/~m2. 

Kinetics.--The deposition rates of the thin layers 
precipitated wi th in  the first 60 sec are shown in Table 
II. The uncertaint ies  given for the slopes and intercepts 
are the s tandard deviations. The correlation coefficients 
in the last column give an estimate of the goodness of 
the l inear-regress ion analysis. They are close to one, 
indicat ing a l inear  relationship between time and 
thickness. 

Two sets of slope and intercept  values are given in 
Table II for each combinat ion of substrate and bath, 
one s temming from the nickel signals and the other 
attached to some other signal in the pa r t i cu la r  spectra. 
On polyimide substrates, the oxygen signal was ap-  
plied, while on a lumina and carbon substrates, t h e  
position of the signals from the P d / S n  catalyst gave 
the information.  With two different t rend lines for each 
system of specimen, it is possible to estimate the syste- 
matic errors introduced by using only one type of in-  
formation; it is also possible to investigate whether  the 
under ly ing  catalyst stays at the interface. 

For  the different baths, the slopes are found to be 
Ni -P(a )  > Ni -P (b )  ~ Ni-P-W. For the a lumina  and 
carbon substrates, the N i -P (b )  and Ni -P -W baths de- 
posit at approximately the same rate, but  on polyimide, 
the rate is much smaller, and it is found (9) that  t h e  
catalyst system u s e d  on polyimide is causing this de- 
crease. On polyimide, the N i -P -W and N i - P ( b )  baths 
are depositing at a rate of only 30 and 40%, respec- 
tively, when  compared to the rate on other substrates. 

Figure 1 shows N i - P ( b )  and Ni -P-W deposition 
rates on polyimide, and a l inear  relationship is seen. 
The error bars indicate the uncer ta in ty  of the RBS 
measurement  only; the errors introduced when pre-  
par ing the samples have not  been taken into account. 

Average composition.--Due to the mass differences 
between phosphorus, nickel, and tungsten,  the signals 

Table II. Slopes and intercepts for the trend lines related to the first 60 sec deposition time 

Signal used for 
thickness 

Type of sample measurement Slope in angstrom/sec Intercept in angstroms Correlation coei~ictent 

NI-P-W on polyimide Ni 6.6 • 0.3 163 • 10 0.985 
Ni-P-W on polyimide O 6.2 + 0.4 125 + 13 0.974 
Ni-P (b) on polyimide NI 11.1 • 0.5 213 • 14 0.991 
Ni-P (b) on polyimide O 11.4 • 0.8 167 • 24 0.977 
Ni-P(a)  on AlsO~ Ni 81.8 -- 1.2 46 -~ 37 0.998 
Ni-P(a)  on AlsO3 P d / S n  73.7 i• 2.3 101 • 24 0.996 
Ni-P(b)  on A12Os Ni  24.7 • 1.1 207 • 36 0.984 
Ni-P(b)  on Al~O8 P d / S n  23.6 • 1.3 102 • 34 0.979 
NI-P-W on Al~O8 Ni  21.4 • 0.7 108 ----- 22 0.992 
Ni-P-W on A120~ P d / S n  19.1 ----- 0.7 109 • 22 0.990 
Ni-P(b)  on carbon Ni  29.0 ----- 1.0 111 • 28 0.994 
Ni-P(b)  on carbon P d / S n  28.6 • 1.3 70 • 25 0.996 
Nt-P-W on carbon Ni  26.6 • 1.0 53 ~ 30 0.994 
Ni-P-W on carbon P d / S n  24.5 ~-- 1.2 28 • 22 0.995 
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Fig. 1. Trend lines for Ni-P(b) (thickness in angstroms = 
11.1 "sec 4- 213) and Ni-P-W (thickness in angstroms ---- 
6.6 �9 sec 4- 163) using polyimide substrate. 

stemming from each of the deposited elements will be 
totally separated in the RBS spectra; thus the stoi- 
chiometry is easily obtainable as shown in Table III. 
The uncertainties in Table III  are the standard devia- 
tions. Based on the results presented in Table III, the 
following conclusions can be made. 

1. The Ni -P(a)  and Ni -P(b)  baths have almost the 
same stoichiometry even though Ni -P(a )  is an acidic 
and Ni -P(b)  an alkaline bath [and the deposition rate 
of Ni -P(a)  is taking place at least three times faster 
than for Ni -P(b)  ]. 

2. Codeposition of tungsten reduces the phosphorus 
content by two thirds. 

3. Contrary to the deposition rates, the stoichiometry 
is not affected by the catalyst species. 

Table III. The average stoichiometry for the different types of 
samples 

Composit ion Composit ion 
Type  of sample Element  in a tomic  % in  we ight  % 

Ni-P (a)  on Al20a Nl  84.0 __. 1.8 90.8 -- 1.9 
P 16.1 _ 1.7 9.2 • 1.O 

Ni-P (b) on Al~O8 NI 80.1 _ 1.7 88.4 __. 1.9 
P 19.9 _ 1.7 11.6 • 1.O 

NL-P-W on AhO8 Nl 93.2 • 1.3 93.7 • 1.3 
P .5.8 _ 1.3 3.1 ----- 0.6 
W 1.0 • 0.2 3.2 • 0.5 

Ni-P (b)  on ca rbon  Ni  82.6 _ 1.7 90.0 • 1.9 
P 17.4 • 1.7 10.O _ 1.O 

Ni-P-W on carbon Nl 92.4 _ 2.1 93.3 _ 2.1 
P 6.6 -- 1.7 3.5 • 0.9 
W 1.0 • 0.4 3.2 • 1.3 

Ni-P (b)  on po ly imide  Ni  83.7 • 1.1 90.7 • 1.2 
P 16.3 • 1.1 9.3 _ 0.7 

Ni-P-W on po ly imide  Ni  93.2 ~- 1.0 94.1 _ 1.0 
P 5.7 • 0.3 3.0 • 0.2 
W 0.9 _ 0.4 2.8 _.+ 1.2 
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Composition vs. deposition time.--Figure 2 illustrates 
the variation in stoichiometry vs. deposition time. The 
stoichiometry is in atomic percent, and the uncertain- 
ties are the same as for Table III. From the i l lustrated 
results (and similar results for alumina substrates),  it 
can be concluded that the composition fluctuates 
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Fig. 2. Atomic concentration v s .  deposition time for deposits of 
Ni-P(b) on C and Ni-P-W on polyimide. 
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around the mean value  for deposi t ion periods longer  
than  5 sec. The ve ry  thin layers,  which were  deposi ted 
for only 1 and 3 sec, a lways  contain a surplus  of phos-  
phorus of up to 50% above average.  

Composition of the single layers.~Figure 3 shows 
the s to ichiometry  vs. depth  of a n icke l -phosphorus  
l aye r  on alumina.  The resul t  has been obta ined  by  
analyzing the spec t rum step by  step via the different  
signals.  The depth  scale is given in units of 10 z~ a t . /  
cm 2, equiva lent  to 125A. The depth  resolut ion is a round 
125A at the surface,  decreas ing to 250A at the me ta l -  
a lumina  interface.  A s t ruc ture  ex tend ing  less than the 
depth  resolut ion must  be considered as mere ly  a s ta -  
t is t ical  fluctuation. 

In  the n icke l -phosphorus  layer ,  the s to ichiometry  js 
correct  to wi th in  2~3%, but  when a luminum and oxy-  
gen appear  in the system, the uncer ta in ty  increases to 
7~8%. At  a depth  of 16 • 10 n a t . / cm 2, the phosphorus  
content  is below the detect ion l imit .  Thus phosphorus  
corresponding to the n ickel  content  m a y  st i l l  be p res -  
ent  deep inside the sample.  

F rom results  s imi lar  to those presented  in Fig. 3, it  is 
possible to conclude that  deposi t ion takes  place below 
the subs t ra te  surface when carbon or a lumina  is used. 
I t  means  that  the deposi t ion occurs inside the pores of 
carbon and a lumina  substrate ,  since both subs t ra tes  
have a fa i r ly  open and g ranu la r  s t ruc ture  (11). On 
poly imide  substrates ,  a s imi la r  conclusion cannot  be 
made because the decrease in nickel  content  at  the 
in terface  (~7  X 10 z: a t . / cm 2) is comparable  to the 
depth  resolution.  As one can see in Fig. 4, the decay of 
the n ickel  s ignal  is fol lowing an er ror  function with  a 

100 I I I I I I I I I I I ~  
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D E P T H  (101?a t / cm  2) 

Fig. 3. Composition vs. depth of Ni-P(b)on alumina at 60 sec 
deposition time. 
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Fig. 4. Composition vs. depth of Ni-P(b) on polyimide at 60 see 
deposition time. 

s tandard  devia t ion  of a round  1.5 X 1017 a t . / cm 2, which 
is the resolut ion to expect  in this depth.  

In  both Fig. 3 and 4 an increment  in the phosphorus  
content  in the outermost  4 X 1017 at./c.m 2 (~500A) 
may  be seen, however ,  the RBS method is capable  of 
giving only a s t rong indicat ion of this result .  

Discussion 
Considerat ions in the previous section on how thin 

layers  can be measured  by  RBS also suggest  a lower  
l imit  for the number  of ca ta ly t ic  sites. This lower  l imit  
is found to be in agreement  wi th  the direct  measure -  
ment  in Ref. (15), where  104 s i tes /~m 2 were  obta ined 
for the two-s tep  P d / S n  act ivat ing method on glass 
slides. 

Kinematics.--In a preVious s tudy  (4, 12), the deposi-  
tion ra te  was measured  by a g rav imet r ic  method, y ie ld -  
ing 53 A / s e c  for the N i - P ( a )  ba th  and 13.3 A / sec  each 
for  the  Ni -P  (b) and N i - P - W  baths.  Those resul ts  are  
37% be low the ra tes  found in the p resen t  s tudy.  
Nei ther  the  grav imet r ic  nor  the RBS method has sys te-  
matic  er rors  of this magni tude,  and  the d iscrepancy 
m a y  be expla ined  by  two different  types  of deposi t ion 
rates being measured.  The grav imet r ic  method yields 
the deposi t ion ra te  in tegra ted  over  1 hr  of p rec ip i t a -  
tion, i.e., it  measures  the long- t ime  deposi t ion rate,  
whereas  the RBS method gives the sho r t - t ime  ra te  
wi th in  the first 60 sec. The large  difference in deposi -  
tion rates  for  different  ca ta ly t ic  sys tems may  be seen 
only  in the shor t - t ime  rate.  The grav imet r ic  method 
may  poss ib ly  never  exhib i t  such a var ia t ion.  Honma 
et al. (16), using a l ase r -ana lys i s  technique,  r epor ted  
that  at  the in i t ia l  stage, an electroless  nickel  film de-  
posits fas ter  than  it does la ter ,  which supports  the 
above discussion. 

Stoichiometry.--The composit ion of the prec ip i ta ted  
layers  has been inves t iga ted  by  an e lec t ron-probe  
microana lyzer  (4), and the phosphorus content  is 
found to be 8.9 w/o  for the N i - P ( b )  deposits  and 3.0 
w /o  phosphorus  and 3.3 w/o  tungsten for the N i - P - W  
deposits. These findings are  in good agreement  wi th  
the resul ts  l is ted in Table  III. The reason for the 
phenomenon  tha t  the  codeposi t ion of tungsten reduces 
the phosphorus  content  in N i - P - W  deposi t  was a l r e a d y  
discussed (17). The decrease of phosphorus  content  
may  be caused by  the depression of decomposi t ion re -  
action of hypophosphi te  b y  tungs ta te  ion at  the de-  
posi t -solut ion interface.  

The increase  in phosphorus content  for the v e r y  thin 
layers  deposi ted for on ly  1 and 3 sec  has not been 
repor ted  previously.  The l a rge r  content  of phosphorus  
in the ini t ia l  p la t ing  s tage may  be caused by  the pres -  
ence of decomposi t ion react ion of hypophosphi te  due 
to the direct  contact  of pa l l ad ium catalyst .  

The calculat ions of s to ichiometry  as a funct ion of 
depth  show deposi t ion inside the subs t ra te  in the cases 
of a lumina  and .carbon, whereas  this is not  so for  po ly -  
imide substrates.  This resul t  can be re la ted  to the ad-  
hesion of the layers ,  which is s ignif icant ly worse for 
po ly imide  subs t ra tes  than  Nor the o ther  types. 

Conclusion 
The excel len t  proper t ies  of the RBS analyzing 

method have been demons t ra ted  for the case of the first 
s tages of electroless  n ickel  deposit ion,  especia l ly  for 
the measurements  of  kinet ics  and s toichiometry.  P r i n -  
cipally,  the resul ts  are  in agreement  wi th  those found 
by  o ther  methods,  but  some of the findings concerning 
the s to ichiometry  have  never  been repor ted  previously .  
A fu ture  examina t ion  of these i tems may  lead  to an 
ex tended  unders tand ing  of the p rec ip i ta t ion  method.  

Manuscr ip t  submi t t ed  Jan.  13, 1983; revised m a n u -  
scr ipt  received June  7, 1983. 

Waseda University assisted in meeting the publica- 
tion costs o~ this article. 
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Study on A-C Powder EL Phosphor Deterioration Factors 
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ABSTRACT 

It is shown that  a-c powder  EL deterioration is closely related to sulfur vacancy in the phosphor  and the phosphor  crys- 
tal quality, by measurement  of ESR spectrum and x-ray diffraction pattern. The EL phosphor  life is improved with a de- 
crease in the sulfur vacancy densi ty in the phosphor.  It is further improved with a decrease in the x-ray diffraction (111) peak 
intensi ty of the phosphor.  

The a-c  powder  EL cell  has long been known to 
deter iora te  s lowly  dur ing  cont inued operat ion.  Many  
efforts have  been made  to improve  its br ightness  and 
maintenance.  Various  phenomena  in r ega rd  to de te r io-  
ra t ion  have  been inves t iga ted  and var ious  models  for 
the de te r iora t ion  mechanism have been proposed.  How-  
ever, the in t r ins ic  de te r io ra t ion  mechanism has not  ye t  
been revea led  exper imenta l ly .  

F rom the microscopic observat ion  of l ight  emit t ing 
phosphor  under  the  electr ic  field, F i scher  (1) p ro-  
posed the  de te r io ra t ion  model  as follows: the tips of 
the copper-sulf ide  imperfec t ion  lines, which cause the 
local  field, can be b lun ted  b y  dr i f t  of copper  ions or  by  
a t t rac t ion  of copper  ions f rom the ad jacent  host crystal ,  
and EL br ightness  decreases  as the  resul t  of local field 
reduct ion.  However ,  this model  was not  confirmed b y  
exper iments .  The only  expe r imen ta l  resul t  of changes 
in EL phosphor  under  electr ic  field was Jaffe 's r epor t  
(2) that  the su l fur  vacancy dens i ty  in the  phosphor  
measured  by  thermoluminescence  was increased by  
opera t ion  in a d r y  a tmosphere .  Lehmann  (3) ex-  
p la ined  tha t  (Zn ,Cd)S :Cu ,Br  phosphor  became ex-  
t r emely  de te r io ra t ion- res i s t an t  af ter  being fired and 
ret i red in pure  sulfur .  F r o m  these results,  Lehmann  
presumed tha t  the EL de te r io ra t ion  was due to su l fur  
vacancy diffusion f rom the phosphor  surface to the 
inter ior .  

However ,  this Lehmann ' s  hypermain tenance  phos-  
phor  has been more  often quoted than reproduced  (4). 
Hahn (5) r epor t ed  that  no addi t ional  traps,  such as 
sul fur  vacancy,  were  bui l t  in aged phosphors,  though 
he also pe r fo rmed  the same exper imen t  as~Jaffe. 

In  this s tudy,  to c lar i fy  this point,  the authors  in-  
ves t iga ted  the re la t ion  be tween  the de ter iora t ion  and 
the proper t ies  of the EL phosphor  such as the sul fur  
vacancy  dens i ty  or the crys ta l  qual i ty .  

First ,  the ESR spec t rum for su l fur  vacancy in ZnS 
phosphor  powder  was measured  and the method o f  

Key words: electrolurainescence, defects, crystallography, ESR. 

measur ing  re la t ive  su l fur  vacancy  dens i ty  was es tab-  
lished. Nex~t, the t ime dependence  of su l fur  vacancy 
dens i ty  dur ing de te r iora t ion  was measured.  The re l a -  
t ion be tween the su l fur  vacancy dens i ty  and the l ife 
of as grown EL phosphors  was invest igated.  Then, as 
grown EL phosphors  wi th  low sul fur  vacancy dens i ty  
were  fract ionated,  etched, mil led,  or annealed,  and the 
changes of phosphor  c rys ta l  quali ty,  br ightness ,  and 
life were  measured.  As a result ,  it  was clarified that  
the sulfur  vacancy dens i ty  was not  increased by  de-  
ter iorat ion,  but  the  sul fur  vacancy was one factor  
which accelera ted  EL deter iorat ion.  A s - g r o w n  EL 
phosphor  wi th  high sul fur  vacancy dens i ty  has a shor t  
life. I t  was also clarified that  EL phosphor  c rys ta l  
qua l i ty  was another  factor  of deter iorat ion.  The EL 
life is improved  with  a decrease  in the x - r a y  diff, 'ac- 
tion (111) peak  intensi ty.  

Experimental Methods 
ESR measurement.--The ESR spec t rum for su l fur  

vacancy in ZnS s ing le -e rys ta l  was measured  b y  
Schneider  (6) but  that  in ZnS phosphor  powder  has 
not been measured.  The authors  measured  the ESR 
spect rum for su l fur  vacancy  in ZnS:Cu,Br  and 
ZnS:Cu,A1 phosphor  powder  as follows. The ESR 
measurements  were  made  at  --150~ with  a JES-  
PE-3X spec t rometer  opera ted  at  X - b a n d  (9.2 GHz) 
wi th  100 Hz magnet ic  field modulat ion.  The cavi ty  had  
a window to al low opt ical  exci ta t ion of the  samples.  
The l ight  source used was a 150W high pressure  mer -  
cury lamp, equipped with  a Toshiba UV-D25 filter. The 
typ ica l  ESR spec t rum measured  for ZnS:Cu ,Br  phos-  
phor  is shown in Fig. 1. The spec t rum can be d iv ided  
into three  different  components ;  A, B, and C. A is a 
s ignal  character ized by  the g-factor ,  g ~ 2.0035, which 
is ascr ibed to the su l fur  vacancy because its g- fac tor  
coincides wi th  tha t  of the  su l fur  vacancy  of the ZnS 
s ing le -c rys ta l  ESR signal  measured  by  Schneider ,  and it 
is also suppor ted  by  the  fact tha t  its in tens i ty  de-  
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Fig. 1. Typical ESR spectrum for ZnS:Cu, Br phosphor 

The phosphor  de te r iora ted  in the d r y  a tmosphere  
was made  as follows. The emission l aye r  was made  by  
the coating oz" a m ix tu r e  o~ t~e phosphor  and fluoro 
ru,bber b inder  on an  i ron board.  The area  and the 
thickness were  15 • 20 cm 2 and 100-200 ~ a ,  respec-  
t ively.  An  a luminum film was deposi ted on the l aye r  
to form the rear  electrode.  Af te r  this device was oper -  
a ted  under  500V, 10 kHz applicat ion,  the A1 r ea r  e lec-  
t rode was removed  wi th  NaOH. The emission l aye r  was 
dissolved in me thy le thy lke tone  (MEK),  and the de-  
te r iora ted  phosphor  was d r i ed  at  room t empera tu re  
because the br ightness  of de te r io ra ted  phosphors  was 
recovered  by  h e a t - t r e a t m e n t  a t  100~176 (8).  The 
t ime .dependence of the br ightness  and the sul fur  va -  
cancy dens i ty  in the case of de te r iora t ion  in the  d r y  
a tmosphere  are  shown in Fig. 2(a)  and 2 (b ) ,  respec-  
t ively.  Though the br ightness  decreases,  the sulfur  
vacancy dens i ty  is a lmost  constant  dur ing  operat ion.  

The sulfur  vacancy dens i ty  of the phosphor,  which 
was b lackened  by  u.v. i r radia t ion,  was also measured.  
The ESR spect ra  for  ZnS:Cu ,Br  phosphor  before  and 
af te r  u.v. i r rad ia t ion  are  shown in Fig. 3(a)  and  3 (b ) .  
The su l fur  vacancy  dens i ty  is a ppa re n t l y  increased by  
u.v. radia t ion.  The phosphor  de te r io ra ted  b y  exposure  
to u.v. rad ia t ion  has a lmost  the  same p rope r ty  as the 
phosphor  de te r iora ted  in a wet  a tmosphere .  Therefore,  
de te r iora t ion  dur ing  opera t ion  in  a wet  a tmosphere  
is considered to be due to the  sulfur  vacancy densi ty  
increase.  The de te r iora t ion  mechanism of EL phosphor  

creases p ropor t iona l ly  to thermoluminescence  spec-  
t rum in tens i ty  of su l fur  vacancy with  an increase in 
dopants  content,  as wil l  be ment ioned  later .  The his  
satel l i tes  could not  be detected in this s tudy,  since 
the sample  was powder .  B is s ix equal  in tens i ty  s ig-  
nals, which are  ascr ibed to Mn in ZnS. C is a s ignal  
character ized by  a g-factor ,  g = 1.8805, and is ascr ibed 
to a mobi le  electron, because  its g - fac to r  coincides 
wi th  tha t  of a mobile  electron,  as measured  by  Mul le r  
(7). 

In o r d e r  to de te rmine  the  re la t ive  dens i ty  of su l fur  
vacancy,  MgO was used as an in te rna l  s tandard .  The 
MgO:Mn s t anda rd  sample  was p repa red  by  firing MgO 
wi th  Mn at  900~ in air. The MgO: Mn s t anda rd  sample  
contained about  0.01 m / o  (mole percen t )  Mn. The 
mix tu re  of ZnS phosphor  and MgO:Mn powder ,  weight  
ra t io  10: 1, was measured  by  ESR. The sul fur  vacancy 
dens i ty  for  ZnS phosphor  was es t imated by  the in-  
tens i ty  rat io  of the  su l fur  vacancy  s ignal  in ZnS phos-  
phor  to the Mn signal  in MgO:Mn (S vacancy /M n) .  

Crystal quality measurement.--The crys ta l  qual i ty  
is es t imated  by  measur ing  intensi ty,  ha l f -wid th ,  or the 
diffraction angle  in x - r a y  diffract ion pat terns.  How-  
ever,  in measur ing  the  x - r a y  diffraction pa t te rns  for 
various ZnS phosphors,  thei r  differences in the ha l f -  
width  could not be .detected. Moreover,  i t  is difficult to 
es t imate  the  crys ta l  qua l i ty  by  measur ing  the diffrac-  
t ion angle, since the diffract ion angle  is closely re la ted  
to a la t t ice  constant  which depends  on the Cu, Br  con- 
tent  of ZnS: Cu,Br phosphor .  Therefore,  for es t imat ing  
the crys ta l  qual i ty ,  the  x - r a y  diffraction intensi ty,  the 
(111) peak  which is the s t ronges t  among al l  the 
diffraction peaks,  was measu red  in this  s tudy.  

Experimental Results and Considerations 
Sulfur vacancy density change before and after de-  

terioration.--A-c powder  EL de te r iora t ion  is classified 
into two types:  one resul ts  in EL phosphor  b lacking  
and the ocher does not. The fo rmer  k ind  of de te r io ra -  
t ion occurs r a the r  rap id ly ,  when the EL is opera ted  in 
a wet  a tmosphere  or i r r ad ia ted  by  u.v. The la t te r  k ind  
of de te r iora t ion  occurs s lowly,  when  the  EL cell  is 
opera ted  in a d r y  a tmosphere .  The sulfur  vacancy den-  
s i ty  for the  phosphors  before  and af te r  these de te r io-  
ra t ions  were  measured .  
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Fig. 2. Time dependence of (a) the brightness and (b) the sulfur 

vacancy density in the case of operation in a dry atmosphere. 
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Fig. 4. Dopant content dependence of the sulfur vacancy density 
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Fig. 3. ESR spectra for ZnS:Cu,Br phosphors (a) before and (b) 
after u.v. irradiation. 

opera ted  in a wet  a tmosphere ,  is cons}dered to be 

ZnS + 2H20--> SOs + Zn + 2H2 [I] 

Sulfur escapes from the phosphor particle in the 
form of SO2. As a result, sulfur vacancy and Zn, 
which blacken the phosphor, are left in the phosphor. 

Jaffe reported that the sulfur vacancy density was 
increased by operation in a dry atmosphere, which is 
opposite to the present result. However, since his ex- 
periment time is about 1000 hr, it seems that moisture 
was introduced into the desiccator and this moisture 
made the sulfur vacancy density increase. 
As mentioned above, in the case of the deterioration 

which blackens EL phosphor, caused by u.v. irradia- 
tion or operation in a wet atmosphere, the sulfur 
vacancy density increases. However, in the deteriora- 
tion in a dry atmosphere the density does not in- 
crease with operating time. Therefore, the cause of 
EL deterioration in a dry atmosphere is not an in- 
crease in sulfur vacancy density. 

On the other hand, from Fig. 2 it is noticed that 
ZnS:Cu,AI phosphor, which has a larger amount of 
sulfur vacancy density, has a shorter life than 
ZnS:Cu,Br phosphor having a smaller density. It is 
expected that EL phosphor having a large amount of 
sulfur vacancy has a short life. Then, the relation be- 
tween the sulfur vacancy density and the life of as- 
grown EL phosphors was investigated in detail. 

The relation between the life and the sulfur vacancy 
density of as-grown phosphors.--ZnS: Cu,Br phosphors  
were  p repa red  by  firing ZnS at  900~ for  6 h r  wi th  the  
addi t ion  of Cu, in the  form of CuCOOH, and Br, in 
the  form of NH4Br. The measur ing  methods  for  b r igh t -  
ness and life, t~, for  the  phosphor  in this expe r imen t  
a re  the same as those descr ibed  in a .previous  paper  (9). 

The average  dopant  conten t  dependence  of  the  
br ightness ,  the  life, to, and the su l fur  vacancy dens i ty  
measured  by  ESR are  shown in Fig. 4. As the average  
dopant  content  increases, the  sul fur  vacancy  dens i ty  

decreases and the long l i fe  EL phosphor  can be ob-  
tained.  The br ightness  reaches a m a x i m u m  at  (Cu + 
B r ) / 2  _-- 0.2-0.3 m/o .  

The thermoluminescence  spec t ra  for  phosphors  wi th  
va ry ing  dopant  content  were  also measured.  The re -  
sul ts  a re  shown in Fig. 5. Each spec t rum has peaks  a t  
about  --160 ~ --130 ~ and --40~ The --160 ~ and 
--40~ peak  intensi t ies  decrease and the --130~ peak  
in tens i ty  increases wi th  an increase in dopant  con- 
tent.  F rom Hoogens t raa ten ' s  thermoluminescence  s tudy  
(10), i t  is considered tha t  the  --160 ~ --130 ~ and 
--40~ peaks  are,  respect ively ,  due to su l fur  vacancy,  
Br, and sul fur  vacancy pair ing.  The the rmolumines -  
cence resul ts  also prove tha t  the su l fur  vacancy  den-  
s i ty decreases wi th  the dopant  content.  The reason 
for  decreas ing sulfur  vacancy dens i ty  wi th  an increase  
in dopant  content  is considered to be tha t  the  coac- 
t ivator ,  Br, enters  the sul fur  vacancy.  

The above  resul ts  show tha t  EL phosphor  wi th  a 
la rge  amount  of sulfur  vacancy has a shor t  life, and 
sul fur  vacancy is considered to be one fac tor  which 
accelerates  EL deter iorat ion.  

The authors  expected that  the life could be improved  
by  decreas ing the su l fur  vacancy  densi ty.  However ,  de -  
creas ing the su l fur  vacancy  dens i ty  b y  doping too 
much Cu and Br causes the  br ightness  decrease.  Re-  
firing high br ightness  ZnS :Cu ,Br  phosphors  having  
op t imum dopants  content,  (Cu -5 B r ) / 2  ~ 0.3 m/o ,  
which has a smal l  amount  of su l fur  vacancy,  was tr ied.  

Cu = 0.78 tool % 
Br 0.41 tool % 

Cu 0.44 rnol % 
Br 0.:54 tool % 

Cu 0.20 rnol % 
Br 0.t6mo1% 
Cu = 0.09 mol :~: ~ 
Br =Q02 tool 

I I I 

- 2OO - 100 0 

Temperoture (~ 

Fig. 5. Thermoluminescence spectra for ZnS:Cu,Br phosphors 
with varying dopant content. 
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Sulfur vacancy density for the phosphors retired with 
sulfur is smMler than for those retired with no sulfur, 
but their life was not improved. 

The authors improved the life of ZnS'Cu,Br phos- 
phors having optimum dopant content by fractiona- 
tion, etching (11), and annealing (12). Sulfur vacancy 
density did not decrease by these treatments, while 
the life was improved .The above results indicate that 
sulfur vacancy is not the only factor of deterioration. 

From various measurements, the authors found that 
the phosphor crystal quality was closely related to the 
life. 

The relation between life and crystal quaIity.--Phos- 
phors having a small amount of sulfur vacancy were 
fractionated, etched, milled, or annealed, and the 
change of the crystal quality, the brightness, and the 
life were measured. 

The fractionated phosphor particle size dependence 
of the (111) peak intensity, the brightness, and the life 
are shown in Fig. 6. The (111) peak intensity decreases 
with the particle size. This relation inversely resembles 
the particle size dependence of the life. The e tched 
phosphor particle size dependence of the (111) peak 
intensity, the brightness, and the life are shown in 
Fig. 7. The (111) peak intensity increases with the 
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Fig. 6. Fractionated phosphor particle size dependence of the 
x-ray diffraction (111) peak intensity, the brightness, and the life. 
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Fig. 8. Ball milling time dependence of the x-ray diffraction 
(i 11 ) peak intensity, the brightness, and the life. 

particle size. This relation also inversely resembles 
the particle size dependence of the life. The milling 
time depe~den.ce of the (111) peak intensity, the 
brightness, and the life are shown in Fig. 8. The (111) 
peak intensity increases, while the brightness and the 
life decrease with milling. In the previous paper (12), 
the authors reported that the phosphor life was im- 
proved and the (111) peak intensity was decreased by 
annealing. This relation is again shown in Table I. A 
decrease in the (111) peak intensity is considered to 
be due to a change in EL phosphor crystal quality, such 
as formation of stacking faults. The life of EL phosphor 
having a small amount of sulfur vacancy is closely re-  
lated to phosphor crystal quality. The Iong-Iife EL 
phosphor can be obtained by the fractionation, etching, 
or annealing of the phosphor with a small  amount o f  
sulfur x~acancy. 

Considerat ion of Deter iorat ion Mechan ism 
The above mentioned results indicate that sulfur va- 

cancy and crystal quality are major  factors of the de- 
terioration. In a previous paper (8), the authors showed 
that deteriorated EL cell brightness could be recovered 
by heat-treatment,  the recovered brightness depends 
on the temperature and time of the heat-treatment,  
and the activation energy of recovery process was 0.3 
eV, which coincided with that for the deterioration. 
Since the value of deterioration and recovery activation 
energy was found to be equal to the activation energy 
for Cu diffusion in ZnS, the authors presumed for the 
deterioration and recovery model that Cu ions diffuse 
under the electric field during operation and return 
to the initial position by heat- treatment.  

The present experimental  results can be explained 
by this model as follows. First, producing a large 
amount of sulfur vacancy makes Cu ion diffusion easy 
in the EL phosphor and results in short life phosphors. 
Second, decreasing the (111) peak intensity by a 
change in EL phosphor crystal quality, such as forma- 
tion of stacking faults, prevents the Cu ion diffu- 
sion, so the phosphor life is improved. 

In another paper (12), the authors showed that the 
activation energy of deterioration changed from 0.3 to 

Table I. Air annealing dependence of the x-ray diffraction (111) 
peak intensity and EL llfe (900~ 2 hr) 

X-ray diffraction (111) peak intensity Half-life 
(Arbitrary unit) (hr)  

Before anneal ing 32 + 3 ~10  
After  annealing 25 + 2 ~_200 
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0.45 eV by  annealing.  This indicates  that  a change in 
EL phosphor  c rys ta l  qual i ty  by  anneal ing  preven ts  Cu 
ion diffusion. Therefore,  this s tudy also suppor t ed  the 
de te r iora t ion  model  where  Cu ions diffuse in ZnS 
phosphor  under  the electr ic  field. 

Conclusion 
To c lar i fy  the EL de te r iora t ion  mechanism, the r e -  

la t ion be tween  de te r iora t ion  and su l fur  vacancy was 
invest igated.  The re la t ion  be tween  de te r iora t ion  and 
crys ta l  qua l i ty  for EL phosphor  having  a smal l  amount  
of sulfur  vacancy was also invest igated.  As a result ,  
sulfur  vacancy and EL phosphor  c rys ta l  qua l i ty  are  
majo r  factors of deter iorat ion.  That  is, as grown EL 
phosphor  having  a large  amount  of su l fur  vacancy has 
a shor t  life. In  the case of EL phosphor  having a small  
amount  of sul fur  vacancy,  the l i fe  is improved  wi th  a 
decrease in the  x - r a y  diffraction (111) peak  intensi ty.  
The long- l i fe  phosphor  can  be obta ined by  decreas ing 
the (111) peak  in tens i ty  of the phosphors  having  a 
smal l  amount  of sul fur  vacancy. 
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Surface Oxygen Chemical Potential in a Gas-Solid Reaction 

Lutgard C. De Jonghe and Mei Chang 
Materials and Molecular Research Division, Lawrence Berkeley Laboratory and Department of Materials Science and 

Mineral Engineering, University of California, Berkeley, California 94720 

ABSTRACT 

A method is developed defining the oxygen chemical  potential  on the surface of oxide on the metal  phase during a 
gaseous reduction reaction. The method couples the gas reaction with a solid-state defect reaction. It is shown that, during 
this gas-solid reaction, the surface oxygen chemical  potential,  p~, is between that of the gas phase,/.%, and that  of the 
metal/metal  oxide equilibrium, tzo. If  the adsorpt ion-desorpt ion step is slow, p~ is close to tZe; if the adsorpt ion-desorpt ion 
step is fast, ~ is close to p~. 

In  cer ta in  gas-sol id  reactions,  such as oxide reduc-  
tion by  CO/CO2 mixtures ,  i t  m a y  be necessary  to de -  
fine the  surface  oxygen  chemical  potent ial .  This po ten-  
t ia l  is an impor tan t  quant i ty ,  since i t  provides  a bound-  
a r y  value  for so l id-s ta te  . transport  processes tha t  occur 
as pa r t  of the reduct ion  mechanism.  

In most studies of gas-sol id  reduct ion or  oxidat ion  
reactions,  the surface oxygen chemical  po ten t ia l  has 
been considered e i ther  impl ic i t ly  or  explici t ly.  I t  has 
been common to assume tha t  this potent ia l  is es tab-  
l ished by  the gas phase th rough  some equi l ib r ium re -  
action that,  for  example ,  establishes a corresponding 
surface coverage (1-3).  A t s i g n i f i c a n t  react ion rates,  
this surface  coverage is not  s imply  re la ted  to the gas 
composit ion by  some equi l ib r ium react ion (1). In t e r -  
media te  steps, such as desorpt ion  and adsorpt ion  re -  
actions, in t roduce  chemical  potent ia l  differences be -  
tween  oxygen in the gas phase and oxygen in the solid 
surface  making  the adsorbed gas composi t ion a com- 
p lex  funct ion of the  reac t ion  ra te  (4). The kinet ic  pa -  
ramete rs  govern ing  these in t e rmed ia te  steps need, 
therefore,  to be taken  into account expl ic i t ly  when 
de te rmin ing  the surface oxygen  chemical  potent ial .  
This expl ic i t  considerat ion can show more  c lear ly  the  
connection be tween  specific ca ta ly t ic  phenomena  and 
surface  chemical  potent ia ls  of r e l evan t  species. 

The significance of this surface oxygen  chemical  
potent ia l  was recen t ly  demons t ra ted  by  Chang and 
De Jonghe  (5) for  the  gaseous reduct ion  of  an ion 

Key words: surfaces, reduction, oxygen Potential, adsorption, 
catalysis. 

bear ing  oxide, cobal t  ferr i te ,  where  the  oxygen chemi-  
cal potent ia l  at  the m e t a l - o x i d e - g a s  t r ip le  junct ion,  
~s, de te rmines  the  morpho logy  of the meta l l ic  react ion 
product .  In  the case of CO/CO2 reduct ion  of the cobal t  
ferr i tes ,  meta l l ic  a l loy  whiskers  a re  formed,  as shown 
in Fig. la ,  wi th  a d iamete r  that  is de te rmined  by  the 
ra te  at  which the oxygen is removed  f rom under  the  
whi ske r  (meta l -ox ide  in terface)  and by  a surface gas-  
solid react ion at t r iple  junct ion.  The s i tua t ion  is shown 
schemat ica l ly  in Fig. lb.  This oxygen chemical  po ten-  
t ia l  is be tween  that  for the m e t a l - o x i d e  equi l ibr ium,  
~e, and that  for  the  gas phase  equi l ibr ium,  ~g. In  this 
paper ,  we consider  how the oxygen  chemical  potent ia l ,  
~s, m a y  be defined for a reduc t ion  reac t ion  when  the 
oxide or the meta l  surface  is the act ive reac t ion  phase 
where  the conversion of CO to CO2 occurs. 

Kinetic and Thermodynamic Consideration 
Only the s implest  react ion sequence wil l  be con- 

s idered  here.  This wi l l  pe rmi t  a c learer  discussion of 
the  procedure,  wi thout  undue  a lgebra ic  complexi ty .  

Dur ing  a gas-sol id  reaction,  such as reduct ion  of 
oxide MO to meta l  M by  CO/CO2, the oxygen  chemical  
potent ia l  in the gas phase, ~g, wil l  differ  f rom the one 
on the surface of the solid, ~s, which in tu rn  wi l l  differ 
f rom the MOAVI equi l ib r ium one, ~e. The reduct ion  re -  
action may,  in its most  e l e me n ta ry  form, be descr ibed 
by  a f i r s t -order  react ion sequence 

k,  
CO(g) + MO~---CO(a) +MO [I] 

l, 
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Fig. i. (a, top) Reactions occurring on the metal or on the oxide 
phase near the metal-oxide-gas triple junction. Oxygen vacancies 
or dissolved oxygen may need to be transported along or near the 
metal-oxide interface when the progress of the reaction requires 
that oxygen is removed from that interface. (a) means "adsorbed"; 
(0) means "dissolved oxygen". (b, bottom) Schematic representa- 
tion of the oxygen chemical potential for a reduction reaction where 
oxide MO is converted to metal M. 

k2 
CO(a)  -5 MO ~----CO2(a) + M [2] 

h 

ks 
C O~(a) + M~ _  CO2(g) -5 M [3] 

where (g) refers to the "gas phase" and (a) refers to 
the "adsorbed phase." This sequence does not specify 
where the adsorption, exchange, or desorption reac- 
tions occur. In actuality, different parts of the reac- 
tions may well take place on different phases when 
both metal and oxide are present as surface phases; 
e.g., adsorption might  occur on the metal surface, 

Fig. 2. Example of metal whiskers formed as a result of CO/CO~ 
reduction of CoFe204. The oxide was reduced at 900~ for 300 
sec, at a total gas pressure of 100 Tort, with CO/CC)2 = 11.8. 

followed by surface diffusion of the reaction product  
to the adjacent oxide where desorption might  occur 
easily, similar to processes occurring on bifunctional 
catalysts or in spil l-over processes (6, 7). These and 
other complications will, however, be ignored here. To 
define the oxygen chemical potential on the surface 
during reaction, we first find Ra : [CO(a ) ] / [CO~(a ) ] .  
Equations [1]-[3]  give the first-order flux equations 
during steady state 

J -- k l [ C O ( g ) ]  -- ~1[CO(a)] [4] 

= k2[CO (a)  ] - -  12 [CO2 (a)  ] [5] 

---- ks [CO2 (a) ] -- Z~ [COs (g) ] [6] 

which, af ter  some algebra, leads to 

Ra ---- [Rgkz(k3 -5 1.2) + 1213]/[Rgklk2 -5 13(k~ -5 l l )]  [7] 

where R~ -- [CO (g) ]/[CO~ (g) ]. 
One can also write 

J = k* [CO(g ) ]  - - / * [CO~(g ) ]  [8] 
where 

k* = kzk2k3/ (k2k8 -5 k311 Jr/1/2) [9] 
and 

I* : ~iI213/ (k2k~ -5 k~ll -5 Ill~) [10] 

This follows from combining Eq. [4], [5], and [6] to 
eliminate [CO (a)]  and [COn(a)].  

To find the oxygen chemical potential in the surface 
during reaction, a solid-state interaction must  be in- 
voked. For gaseous reduction with the relevant reac- 
tions occurring on the oxide phase, oxygen is removed 
f rom the MO lattice so that, in the simplest case, using 
KrSger-Vink notation (8), Eq. [2] and [3] are replaced 
by  

k4 
CO(a) + M O ~ C O 2 ( a )  - ~ V o " + 2 e '  

14 
ks 

-SMM~-.CO2(a) -51V[ [11] 
15 

with the flux equations 

J = k4 [CO(a) ]  -- 14[CO~(a)] (Vo")  (e')2 [12] 

---- ks[CO2(a)]  (Vo")  (e')~ - - /5 [CO2(a) ]  [13] 

These two reactions can be combined to eliminate the 
terms containing (Vo") and put in the same form as 
Eq. [5], giving a new meaning to k2 and 12 

k2 = k 4 k J ( k ~  +/4 )  [14] 

12 : 14ls/ (k~ -5/4) 

Substituting for k2 and 12 using Eq. [14], one obtains an 
expression of the same general form for Ra as given in 
Eq. [7]. Since the oxygen vacancies Vo" and the elec- 
trons e' are present in the solid-state phase, local equi- 
l ibrium between them ma y  be assumed, so that 

k6 
MO~<-~-.1/2 0~(g) -S Vo"  + 2e' + MM [15] 

16 
with 

(Vo")  ( e,) 2 -_ K6/po~l/, [16] 

where K6 ---- kJl6,  and where the Po2 is an effective 
oxygen partial pressure that would have established 
the same nonstoichiometry in the surface as the one ex- 
pressed by the reaction equation, Eq. [11]. Combination 
of Eq. [12] and [16] gives 

( [ C O ~ ( a ) ] )  Ke / ( 1 - - J / k 4 [ C O ( a ) ] ) [ 1 7 ]  
P ~  = [CO (a) ] K--q- 

Elimination of [CO(a)]  with Eq. [7] and of J with 
Eq. [8] and with Ka = kl/~1, leads to 
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K4 R~ 

Rg 
1 - -  [18] 

Rg 

where  Rg ~ : l*/k* : the M/MO equi l ib r ium [ C O ( g ) ] /  
[COs(g) ]  ra t io  in Eq. [8]. At  equi l ibr ium,  combina-  
t ion of Eq. [11] and [15] also yields  

K6/K4 : Ra~ ~ ~/= [19] 

w h e r e  Ra ~ and po2 ~ are  the  M/MO equi l ib r ium values  
of Ra and Po2. The oxygen  chemical  potent ia l  in the 
sur face  dur ing  reac t ion  wil l  then  be 

~s = ~o 4" kT in  po~ '/= [20] 
If  we put  

A/~MO :/Zs - - / ~ e  [21] 

then combinat ion  of Eq. [18]-[21] gives 

Ra ~ / 
~#~o - -  kT In 

Rg 
1 - -  

k4 [ Ka/k" -- ( 1 - -  R'~ ) 

If  the  gas-sol id  exchange process occurs on the me ta l  
phase M in an M-MO two phase surface,  a different  
reac t ion  scheme can be considered.  Then, Eq. [2] and 
[3] a re  rep laced  b y  

kz ks 
CO(a ' )  4- M O ~ C O ( a ' )  4- (O) 4- M ~ C O s ( a ' )  4 - M  

17 Is 
[23] 

of react ion r a t e  pa rame te r s  ki and li. This informat ion  
is rare ly ,  if ever,  avai lable .  I t  is, however ,  useful  to 
consider the trend of A~MO or A/zM for limiting cases 
where the surface processes or the adsorption-desorp- 
tion reactions are rate controlling. Such calculations 
have been performed for Fig. 3 and 4. Various values 
of ki = li, indica ted  in the  figures, have been assumed 
for the case where  Rg o : 1. Curve A in Fig. 3 and 4 
give A~ as a funct ion of Rg/Ra ~ for  al l  ki : li : 1. I t  
is ev ident  when exchange react ions  are  fast  compared  
to adsorp t ion-desorp t ion  reaction,  case B in Fig. 3 
and 4, that  ;~s remains  close to ;~e. When adsorp t ion-  
desorpt ion processes are  fast  compared  to the surface 
exchange reactions,  case C in Fig. 1 and 2, ~s remains  
closer to ~g. In  this case, a l a rge r  d r iv ing  force is ava i l -  
able for t ranspor t ing  oxygen  f rom under  the me ta l  
to the face surface,  as shown schemat ica l ly  in Fig. la .  

Conclusions 
The surface oxygen  chemical  po ten t ia l  dur ing  a gas-  

sol id reaction,  such as the reduct ion of an oxide b y  
CO/CO2 gas mixtures ,  can be defined b y  invoking a 
so l id-s ta te  defect  reaction.  F o r  the gaseous reduct ion  
of MO to M, this chemical  potent ia l  is be tween  tha t  
of the gas phase  and that  of the  MO/M equi l ibr ium,  

F- 

o 

<3 

1.5 

1 .o- -  

o 

o 

-0.5 --  

-1.0 --  

A kl k4 k5 k3 I1 14 15 13 
1 1 1 1 1 1 1 1 

B I 1 10 10 1 1 10 10 1 
C i 10 1 1 10 10 1 1 10 

Oxidation 

B 

A 

where  (O) is oxygen  dissolved in the M surface. CO (a ' )  
and CO2(a')  a re  the species adsorbed  on M. The (O) 
can again  be considered to es tabl ish the  surface oxygen 
chemical  potent ia l  by  

k9 
(0) ~ �89 Po2 

Ig 
[24] 

The same procedure  as before,  wi th  Kd = k3/Z3, then  
leads  to 

f 

A#z~ -- kT In t 

L 

Ra o 

R--Vx 

Rg -- i  ) Rg ~ 

Is [ ( R R : - - I  ) / la4-1/~* 
+ 1 } [25] 

with  ks and 12 in Eq. [7], [9], and  [10] n o w  rep laced  
by  

= k T k s / ( Z ~  4" ks) [26]  

Is = I~Is/(17 + ks) [27] 
To pred ic t  how A/zrdo or A/ZM d e p e n d s - o n  react ion 

condit ions would  requi re  knowledge  of a l a rge  n u m b e r  

-1.s  I I I I I 
0 1 2 3 4 5 6 7 

Rg/Rg 0 

Fig. 3. A/~MO as a function of Rg/Rg ~ for various assumed values 
of ki and 4, with Rg ~ = 1 and ki = 4 for all cases. 

0.5 - -  k 1 k 6 k 7 k 3 11 16 17 13 

i ~  A 1 1 1 1 I 1 1 1 
S 1 10 10 1 1 10 10 1 

C 10 1 1 10 10 1 1 10 

Oxidation 
0 

B 

A 

- 0 .5  - -  C - -  

[ ] I I 
0 1 2 3 4 5 

Rg /R  0 

Fig. 4. A # M  as a function of Rg/Rg ~ for various assumed values 
at ki and Ib w i t h  Rg ~ = I and ki~= l i  for all cases. 
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depending on the relat ive rates of adsorption-desorp- 
tion and surface exchange reactions 
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Evaluation of Dislocation Generation on Silicon Substrates by 
Selective Oxidation 

Y. Tamaki, S. Isomae, S. Mizuo, and H. Higuchi* 
Hitachi Limited, Central Research Laboratory, Kokubunji, Tokyo 185~ Japan 

ABSTRACT 

The density of dislocations generated at Si3NJSiO2 composite film edges on a silicon substrate as a result of selective 
oxidation was measured, and the relation between selective oxidation conditions and dislocation generation was investi- 
gated. Results show that the dislocation density decreases markedly with increasing oxidation temperature. The transition 
temperature of this drop becomes low as the thickness of the SiO2 pad increases. The results are interpreted in terms of the 
temperature-related characteristics of viscous SiO2 flow. A further experiment reveals that the density of dislocations in- 
creases with an increase in the depth of Si etching before ~xidation. This phenomenon is considered to be due to stress 
concentration resulting from the volume expansion of SiO2 film during oxidation. The effect of oxidation pressure on dislo- 
cation generation was also investigated. The dependence of the bird's beak length on oxidation temperature and SiOz pad 
thickness was subsequently measured. The results are presented and the temperature dependence is explained using oxi- 
dation theory. Finally, suitable conditions for selective oxidation are discussed. 

Selective o x i d a t i o n  o f  silicon using chemical vapor 
deposited (CVD) SijNa films as oxidation masks is a 
technique that has been widely used in the isolation 
of integrated circuits for silicon devices. These SijN4 
films on silicon substrates have a large intr insic stress 
(1, 2). In  addition to this kind- of stress, selective oxi- 
dation produces great stress along the edge of the 
oxidized area, often leading to the generat ion of dislo- 
cations in  silicon substrates (3, 4). Since these disloca- 
tions are det r imenta l  to device characteristics, SiO2 
film has been inserted under  SijN4 film so as to avoid 
generat ion of dislocations. However, the SiO2 pad 
causes formation of a long bird's beak at the per imeter  
of the silicon islands (5, 6), which in tu rn  constitutes 
an insuperable  barr ier  to improving the packing 
density of the integrated circuits. 

Therefore, selective oxidation conditions that can 
prevent  the generat ion of dislocations on a silicon sub-  
strate without  extending the bird's beak have been 
sought. Although some papers have reported on deal- 
ing with selective oxidation conditions (6-8), there is 
no report which quant i ta t ively  examines the genera-  
tion of dislocations with an SisN4/SiO~ mask nor  of the 
oxidation tempera ture  dependence of the bird 's  beak 
length. 

In  this paper, the relat ion between dislocation gen-  
erat ion and selective oxidation conditions with both 
SisN4 and Si~N4/SiO2 masks is reported quanti tat ively.  
In  particular,  the effects of very thin SiO2 pads, Si 
etching before oxidation, and oxidation pressure are 
newly  investigated. The oxidation tempera ture  depen-  
dence and SiO~ pad thickness dependence of bird's 
beak length are examined. The most sui table condi- 
tions for selective oxidation are then discussed. 

* Electrochemical Society Active Member. 
Key words: defect density, ~SiO~ pad, bird's beak, Si etching, 

viscosity os SiOa. 

Experimental Procedure 
Sample preparation.--The samples were (001) 

oriented p-type, 20-50 ~-cm, dislocation-free, 400 ~m 
thick Czochralski-grown silicon wafers with 10 • 10 
~m square masks consisting of SijN4/SiO2 composite 
layers. The SiO2 pad was thermal ly  grown at 950~ in 
dry 02 atmosphere. The thickness of the film was 3-50 
rim. For very  thin films, 10% O2 in an N2 atmosphere 
was used to control the thickness. SijN4 film 150 nm 
thick was deposited by reacting Sill4 and NH3 in N2 at 
950~ The deposition rate was 25 nm/ mi n ,  and the 
NHj/SiH4 flow rate ratio was 150. 

The pa t te rn  of the SijN4 film was formed by conven-  
tional HjPO4 etching using phosphorus-doped SiO2 
film as a mask. Next, the pad SiO2 and phosphorus- 
doped SiO2. were etched using buffered HF. The ex- 
posed silicon substrate  was anisotropically etched using 
a KOH solution containing isopropyl alcohol. The 
depth of the grooves was 0.2-1.0 #m. 

After the silicon etching process, the samples were 
oxidized so as to grow 1.8 #m thick SiO2 at 900~176 
in wet O2 under  either a~mospheric pressure (1 atm) 
or high pressure (7 atm) so as to form recessed oxide 
structures. Oxidation times are listed in Table I. These 
structures correspond to those for isolation of bipolar 
integrated circuits. 

Measurement.--Dislocations generated on the silicon 
substrate were revealed by Secco etching (9) after 
removal  of the surface films from the sample using 
diluted HF. Since the force acting on the SigN4 film 
edge is very large, dislocation density depends on the 
per imeter  length of the film edges. If the occurrence of 
dislocations can be represented by a Poisson dis t r ibu-  
tion, the yield of pat terns ( the probabi l i ty  that a pat-  
te rn  has no dislocations) is given by 

Y : e-kl 
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Table I. Oxidation times 

O x i d a t i o n  pressure  

O x i d a t i o n  t e m p e r a t u r e  1 a t m  7 a r m  
(~ ( h r )  m~n 

900 32 200 
1 0 ~  16 I00 
1050 10 68 
1168 7 50 

where  ~ is the dislocation dens i ty  per  uni t  length  of the 
film edge and I is ~he pe r ime te r  l ength  of  the pat tern .  
Consequent ly  the dislocation densi ty  can be obta ined  
by  measur ing  the yie ld  of 10 • 10 ~m square pat terns .  
In  this case since l is 40 #m, Y becomes 0.9 when  ~: is 
2.5 m m  -1. I t  is difficult to measure  Y correc t ly  if  Y 
becomes less than  0.9, because the p robab i l i ty  of hav -  
ing two or more  dislocations in one pa t t e rn  increases.  
Therefore,  densi t ies  over  about  1 m m  -~ cannot  be 
measured  correct ly.  

In  o r d e r  to evalua te  the length  of the b i rd ' s  beak,  
cross sect ions of the samples  a f te r  select ive oxida t ion  
were  observed  by  scanning e lect ron microscope (SEM). 

Results and Discussion 
Generation oJ dislocations by selective oxidation.~ 

In  o rde r  to examine  the effects of SiO2 pads, the dens i ty  
of dislocations genera ted  at  Si3N4 film edges af te r  
select ive oxidat ion  was measured.  F igure  1 shows the 
re la t ion  be tween  SiO2 pad thickness and the dis loca-  
t ion densities.  In  this figure the  da ta  in the uppe r  f rame 
indicate  that  dislocations a r e  genera ted  in every  10 • 
10 #m square  pat tern .  I t  can be seen that  the disloca-  
t ion dens i ty  decreases wi th  inser t ion of a thin SiO2 
pad.  The degree  of the decrease depends  grea t ly  on the 
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Fig. 1. Relationship between dislocation density and SiO2 pad 
thickness. The marks X ,  A ,  O show that oxidation temperatures 
were 900 ~ 1000 ~ and 1100~ respectively. Dashed lines show the 
case for high pressure oxidation. 

oxida t ion  t empera tu re .  At  t empera tu re s  above 1000~ 
this decrease  occurs wi th  a ve ry  thin (3-10 nm) SiO~ 
pad.  No more  decreases  occur wi th  an  increase  in the 
thickness of the  SiO2 pad. O n  the cont rary ,  at a t em-  
pe ra tu re  of 900~ the effect of suppress ing the dis loca-  
t ion genera t ion  by  inser t ing  an SiO~ pad  is ve ry  l i t t le .  

The t empera tu re  dependence  of  the dislocat ion gen-  
e ra t ion  is shown in Fig. 2. A f e a tu r e  o:f this figure is 
that  the t empera tu re  of the decreas ing d i s l o c a t i o n  
dens i ty  decreases as the SiO2 pad thickness inc reases .  
This phenomenon suggests tha t  the viscosi ty  of SiO2 
film plays  an impor t an t  role in dis locat ion genera t ion  
(8).  I t  is known tha t  the  viscosi ty of SiO2. decreased  
r ap id ly  wi th  increas ing t e m p e r a t u r e  and that  viscous 
flow of SiO2 film occurs at  t empera tu re s  a round  950~ 
(10, 11). F igure  2 indicates  that  the stress r e laxa t ion  
due to the  SiO2 pad occurred at  t empera tu res  above 
950~ This figure also indi.cates that  the difference in  
dislocation densit ies  be tween  the case for the S i O 2  pad 
exist ing and that  for  no SiO2 pad becomes l a r g e a t  t em-  
pe ra tu res  a round  1000~ Therefore,  a thin SiO~ pad 
less than  10 nm th ick  can effect ively p reven t  disloca-  
t ion genera t ion  a t  oxidat ion  t empera tu res  a round  
IO00~ 

Next, the effect of p ressure  dur ing  oxida t ion  wil l  be 
looked at. F rom Fig. 1 it  can be seen that  the  disloca-  
t ion dens i ty  at  7 a tm is sma l l e r  than tha t  at  1 arm, 
e=~cept when there  is no SiO2 pad.  I t  is thought  that  
the dislocation dens i ty  increases  as the  oxidat ion  t ime 
increases, because of the genera t ion  and mul t ip l ica t ion  
of dislocations induced by  the stress concentra t ion due 
to the expansion of SiO2 film volume dur ing  oxidat ion.  
Since the  oxida t ion  t ime at  7 a tm is much shor t e r  than  
that  at 1 atm, the dislocation densi ty  decreases by  us-  
ing high pressure  oxidat ion.  

Looking at  the effect of Si etching, e tching of the 
Si ep i tax ia l  l ayer  by  0.5-1 ~ n  is needed  in b ipolar  in-  
t egra ted  circuits,  because the  ep i tax ia l  l a y e r  mus t  be 
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Fig. 2. Oxidation temperature dependence of dislocation densi- 
ties for various pad Si02 thicknesses. 
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isolated by SiO2 film. The Si etching depth dependence 
of the dislocation generation is shown in Fig. 3. For the 
present experiment, Si epitaxial wafers were used and 
selective oxidation was performed at 1000~ for 16 hr 
in wet 02 under atmospheric pressure. This figure 
shows that the dislocation density~increases as the 
etching depth increases. The cause of this phenomenon 
is considered to be stress concentration due to the ex- 
pansion of SiO2 film volume during oxidation in the 
groove. Since the phenomenon is very complicated, it 
is difficult to perform a quantitative analysis. Further 
investigation is necessary. 

Bird's beak length.--Cross sections of the samples 
after selective oxidation are shown in Fig. 4 and 5. It 
is clear that the length of the bird's beak (this is de- 
fined as the length between the edge of the Si3N4 film 
and the top of the beak) varies as does the SiO2 pad 
thickness and oxidation temperature. Figures 6 and 7 
show SiO2 pad thickness and oxidation temperature 
dependence of the bird's beak length, respectively. 
From these figures, the length of the bird's beak be- 
comes as long as the SiO2 pad becomes thick. However, 
temperature dependence with an SiO2 pad is different 
from that without SiO~ padding. 

The with-padding case is explained by the lateral 
diffusion of the oxidant through the pad SiO2. From the 
oxidation theory, the relation between oxide thickness, 
X, and oxidation time, T, is given by (12) 

X2 + A X  = B (T + ~) 

Here, B is the parabolic rate constant, B/A is the linear 
rate constant, and T is the time for the initial oxidation 
step. Half of the ratio, A, of the parabolic rate con- 
stant and linear rate constant represent the oxide 
thickness at which the oxidation mechanism changes 
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Fig. 3. Dependence of dislocation densities on Si groove depth. 
Si substrate is etched anisotropically and oxidized at 1000~ for 
16 hr in wet 02. 

Fig. 4. SEM photographs of sample cross sections consisting of 
6 nm thick Si02 pad. 

from being reaction controlled to being diffusion con- 
trolled. This indicates that at the initial stage of the 
oxidation (the reaction-controlled stage) relatively 
large quantities of the oxidant diffuse laterally through 
the SiO~ pad, because consumption of the oxidant at 
the Si-SiO~ interface is limited due to the reaction of 
Si and the oxidant. Since the ratio, A, becomes as 
small as the oxidation temperature increases (13), the 
initial stage also becomes short as temperature in- 
creases. Therefore, the bird's beak length decreases 
with use of high temperature oxidation. 

The no-padding case is explained not only by oxi- 
dant diffusion, but also by the stress effect of SiO2 film 
grown on the Si substrate. Although it is not clear as 
to why the bird's beak increases in length as oxidation 
temperature increases, the viscosity of SiO2 film and 
the adhesiveness between Si3N4 and Si are considered 
to be important factors. Since the bird's beak length 
when there is no SiO2 padding becomes long, and that 
with the SiO2 pad becomes short as the oxidation tem- 
perature increases, it was concluded that the influence 



VoL 130, No. t l  D I S L O C A T I O N  G E N E R A T I O N  2269 

2.0 

Fig. 5. SEM photographs of sample cross sections consisting of 
22 nm thick Si02 pad. 

of the  SiO~ pad  on the b i rd ' s  beak  length  decreases  as 
the oxida t ion  t empe ra tu r e  increased.  

Optimum conditions.--Three condit ions necessary  for 
se lect ive  oxidat ion  are:  a short  b i rd ' s  beak,  low ox ida -  
t ion t empera tu re ,  and low defect  densi ty.  F rom Fig. 1, 
2, 6, and  7, i t  is c lear  tha t  there  is no condit ion for 
select ive oxida t ion  that  wil l  sa t i s fy  the  above three  
conditions.  In  o ther  words,  condit ions tha t  wi l l  shor ten  
the b i rd ' s  beak  and those that  wil l  decrease the defect  
dens i ty  are  in opposi t ion to each other.  

However ,  if some res t r ic t ions  are  al lowed,  des i rable  
condit ions for select ive oxida t ion  can be ar ranged.  If  
high t empe ra tu r e  (about  l l00~ oxida t ion  is al lowed,  
no oxide pad  is necessary.  Since genera t ion  of dis loca-  
tions wi th  no SiO~ pad  increases  as the  oxida t ion  pres -  
sure increases,  a tmospher ic  pressure  oxida t ion  is p re -  
ferable  in this case. Fur the rmore ,  red is t r ibu t ion  of im-  
pur i t ies  in t roduced into the subs t ra te  (for example ,  
channel  s toppers  and  bur ied  layers )  due to high t em-  
pe ra tu re  anneal ing  m a y  cause problems.  I f  high 
t empera tu re s  and long oxidat ion  per iods  have to be 
avoided,  some SiO~ padd ing  is necessary.  
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Fig. 6. Relationhip between bird's beak length and Si02 pad 
thickness. 

F r o m  Fig. 2 and 7, it  is c lear  that  the dislocation 
dens i ty  and b i rd ' s  beak  length  increase g rea t ly  as the 
oxida t ion  t empe ra tu r e  decreases.  Therefore,  an ox ida -  
t ion t empe ra tu r e  of 1000~ with  a thin (5-10 nm) 
SiC2 pad is desirable.  Looking at  F ig .  1, genera t ion  of 
dis locat ion wi th  an SiC2 pad decreases at  high ox ida -  
t ion pressure .  Since oxida t ion  t ime is inverse ly  p r o -  
por t iona l  to oxidat ion  pressure,  this t ime can be cut  
down grea t ly  by  means  of high pressure  oxidat ion.  

One more impor tan t  factor  affecting the b i rd ' s  beak  
and defect  dens i ty  is the thickness  of the  SigN4 film. 
I t  is known that  defect  densi ty  drops as Si3N4 film 
thickness  decreases (3, 8) .However,  wi th  the decrease 
in film thickness,  pinholes  or  th in  film defects  a re  l ike ly  
to generate .  Fu r the rmore ,  the b i rd ' s  beak  increases  in 
length  as the  Si3N4 film thickness decreases (6). There -  
fore, the thickness  of the Si3N4 film cannot  be grea t ly  
varied.  In  this case, condit ions for shor tening the b i rd ' s  
beak  and decreas ing the defect  densi ty  are  opposed to 
each other.  

In  o rder  to solve this p rob lem some methods  for 
suppress ing the b i rd ' s  beak  have been proposed  (14- 
16). Al though these methods  are re la t ive ly  easy  to 
put  into pract ice,  they  cannot  e l iminate  l a te ra l  ox ida -  
t ion under  the SigN4 mask.  Recently,  a new method  
cal led "groove isolat ion" was presented  (17, 18). This 
method can almost  en t i re ly  e l iminate  the b i rd ' s  beak. 
Since the s t ructure  for these new methods  is com- 
pl icated,  stress concent ra t ion  on the silicon subs t ra te  
is l ike ly  to occur. F u r t h e r  inves t iga t ion  of dislocation 
genera t ion  in the new s t ruc ture  is needed. 

Conclusion 
The resul ts  of this s tudy  lead  to severa l  conclusions. 
1. Inser t ion  of an SiC2 pad  under  Si3N4 film causes 

the  dens i ty  of dislocations genera ted  on the si l icon 
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Fig. 7. Dependence of bird's beak length on oxidation tem- 
perature for various thicknesses of Si02 pad. 

substrate due to selective oxidation to decrease. This 
effect is amplified as the thickness of the SiO2 pad 
increases. The dislocation density decreases drastically 
with increasing oxidation temperature. The critical 
temperature for this decrease drops low as the thick- 
ness of the SiO2 pad increases. Such phenomena are 
explaina.ble by the effect of the viscous flow of SiO~ 
film. 

2. When Si is etched and oxidized to form a recessed 
oxide structure, the dislocation density increases due 
to the stress concentration produced by the expansion 
in volume of the SiO2 film during oxidation. 

3. Dislocation density decreases with increasing oxi- 
dation pressure (leading to a reduction in oxidation 
time) with insertion of the SiO2 pad. 

4. The length of the bird's beak shortens as the 
thickness of the SiO2 pad decreases and as the oxida- 
tion temperature increases. These effects are related 
to the oxidation mechanism. 

5. Although ideal conditions for selective oxidation 
have not been determined, a desirable condition is 
oxidation at 1000~ under high pressure steam, with 
a n  SiO2 pad of about 10 nm thickness. 
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Infrared Radiation Annealing of Ion-Implanted Polycrystalline Silicon 
Using a Graphite Heater 

Koji Takebayashi, Toshiyuki Yokoyama, Masakatsu Yoshida, and Morio Inoue 
Matsushita Electronics Corporation, Semiconductor R & D Center, Nagaokakyo, Kyoto, 617, Japan 

ABSTRACT 

Ion-implanted polycrystalline silicon layers were annealed using the radiation from a graphite heater. 0.4 ftm thick 
polycrystalline silicon films implanted with 40 keV P§ ions to a dose of 2 • 1016/cm 2 were annealed in vacuum at 1000 ~ - 
1200 ~ for 10 - 60 sec. A min imum sheet resistance of 9 ~/[] was obtained for a sample which was encapsulated with a 0.3 ~tm 
PSG film and annealed at 1200 ~ for 10 sec. TEN[ photographs show that the grain size of polycrystalline silicon grew up to 
around 1.0 ~m in diam. The activation of the implanted phosphorus, the annealing of a damaged layer, and the increase of 
grain size leads to the reduction of sheet resistance of polycrystalline silicon and the increase of carrier mobility. 

Polycrystal l ine  silicon is widely  used for gates and 
interconnect ions in MOS technology. Reduction of the 
resistance is one of the most impor tant  requirements.  
Recently, laser anneal ing of polycrystaUine silicon has 
been investigated (1-5) in  order to decrease the re-  
sistance. But  laser annea l ing  has some problems for 
device processing. First, because of t h e  smal l  spot 
area of the coherent light sources, the beam must  be 
scanned over the wafer  and the throughput  capacity 
of laser anneal ing  is somewhat  low. Second, the dwell  
t ime of laser annea l ing  is of the order  of 1 msec and 
in typical  annea l ing  cases, the mater ia l  is subjected to 
severe thermal  shocks. Fin.ally, the interference of the 
monochromatic  laser radiat ion in dielectric layers 
makes it  impractical  to annea l  device s t ructures  which 
have varying  thicknesses of SiO2 or SisN4. Instead of 
laser, infrared radiat ion sources, such as lamps (6-8) 
and graphite heaters (9, 10), have been studied to 
improve the un i formi ty  of the anneal ing temperature.  
Most studies to date, however,  have been concerned 
with the act ivat ion of ion- implan ted  bulk  single-crystal  
silicon, and reports on polycrystal l ine silicon anneal ing  
are not available. In  this paper, we described the use 
of an incoherent  light source, radiat ion from a graphite 
heater, to annea l  implanted polycrystal l ine silicon 
layers. 

Experimental Procedure 
The po!ycrystal l ine silicon samples were obtained by 

low pressure chemical vapor deposition at 610~ onto 
65 n m  SiO2 layer  the rmal ly  grown on (100) silicon 
wafers. The polycrystal l ine layer  thickness was 0.4 ~m. 
After deposition, the wafers were ion- implan ted  with 
40 or 80 keV P+ ions to a dose of 2 • 1016/cm 2 at 
room temperature.  Prior  to annealing,  some samples 
were encapsulated with a 0.3 ~m thick PSG film to 
prevent  out-diffusion of phosphorus as well  as to de- 
crease reflection of infrared radiat ion dur ing annealing.  
The PSG film was deposited at 420~ at atmospheric 
pressure. The phosphorus concentrat ion of the glass 
was 4 w/o (weight percent) .  As capping layers, we also 
used a 0.3 ~m thick undoped oxide a n d  a 0.8 ~m thick 
plasma nitride. 

In  our experiment,  infrared radiat ion anneal ing  from 
a graphite heater  was. carried out by using a Rapid 
Isothermal  Annea l ing  (RIA) system. 1 An individual  
wafer was placed in a vacuum chamber  and the front 
wafer  surface faced a p lanar  graphite heater. The an-  
neal ings were carried out in a vacuum with  pressure 
less than 1.3 • 10-2 Pa at temperatures  of 1000~176 
for 10-60 sec. The tempera ture  was measured by a 
thermocouple placed 2 m m  away from the graphite 
heater. The annea l ing  t ime was the total exposure t ime 
of the wafer to the graphite heater. An anneal ing  t-line 
consists of the init ial  raising t ime of 7-6 sec, and hold- 

Key words: polycrystalline silicon, ion implantation, annealing. 
Varian's annealing system. 
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ing t ime of the constant highest temperature.  After  the 
exposure, the wafers were cooled to below 500C in 
3 sec. 

The sheet resistance was measured by a four-point  
probe. We used transmission electron microscopy to 
investigate the grain s t ructure  of P+- imp lan t ed  poly- 
crystall ine silicon after infrared radiat ion anneal ing 
by the RIA method. The changes in surface morphology 
were also investigated. The carrier  mobil i ty  and the 
carrier concentrat ion were measured by  the van der 
Pauw and Hall effect methods. 

Results and Discussion 
Figure 1 shows the sheet resistance of annealed poly- 

crystall ine silicon as a funct ion of anneal ing  tempera-  
ture. The anneal ing  t ime was 10 sec. The sheet re-  
sistance decreases remarkab ly  with increasing annea l -  
ing tempera ture  both with a PSG film and without  
one, but  the sheet  resistance of the polycrystal l ine sili- 
con films without  a PSG is about ten times higher than 
that of the capped polycrystal l ine silicon films at var i -  
ous temperatures .The lowest sheet resistance of 9 g~/[] 
was obtained for a sample encapsulated with a PSG 
film at 1200~ annealing.  This value is lower than 
that of a fu rnace-annea led  sample (1000~ 30 min )  
with a sheet resistance of 15 ~ / [ ] .  

Figure 2 shows the sheet resistance of annealed poly-  
crystal l ine silicon encapsulated with a PSG film as a 
funct ion of anneal ing  time. For 10 sec annealing,  the 
sheet resistance decreases with increasing anneal ing  
temperature.  On the other hand, for more than 30 sec 
annealing,  it tends to saturate as the anneal ing t ime 
increases still  more and the values of less than 10 ~/[:] 
were consistently obtained, but  slip lines, due to the 
extreme thermal  gradients and stress, were found on 
the per iphery of the substrate. On the contrary, for 
the samples without  a PSG film, annealed at more than 
1100~ for more than 30 sec, the outwa_rd diffusion of 
phosphorus is remarkable ,  and the sheet resistance of 
polycrystal l ine silicon increases drastically. Eventual ly,  
it cannot  be measured by the four-point  probe method. 

The uni formi ty  of sheet resistance over a 4 in. wafer 
is shown in Fig. 3. The samples were implanted with 
80 keV P+ ions to a dose.of 2 X 1016/cm 2 and were 
annealed at 1200~ for 10 sec. Over a 4 in. wafer area, 
fair ly good uni formi ty  is obtained. The s tandard devia-  
tion of sheet resistance was typically ___5% for the 
sample with a PSG film, but  fo~- the sample without  a 
PSG film, the uni formi ty  is not  as good. Part icular ly ,  
the sheet resistance of the per iphery of the wa-fer be-  
comes larger with increasing anneal ing time or tem- 
pera ture  because of the outward diffusion of phos- 
phorus. This implies that it is necessary to cover the 
wafer with a film for obta in ing good uniformity.  This 
capping effect was also obtained by using a 0.3 ~m 
thick undoped oxide or a 0.8 ~m thick plasma ni tr ide 
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Fig. 1. The sheet resistance of annealed polycrystalline silicon 
by RIA as a function of annealing temperature. 

film instead of PSG. As for the phosphorus incorpora- 
t ion from the PSG, the dopant from the PSG could 
not be considered because the sheet  resistance did not 
change when  the samples  were  covered with  undoped 
oxide or nitride instead of PSG film. 

Figure 4 shows  TEM micrographs of ion- implanted 
and infrared annealed samples  which were  encap- 
sulated with PSG. The annealing t ime was 10 sec. The 
grain size of as-deposited sample was around 0.1 ~m. 
Up to l l00~ the grain size increased sl ightly to around 
0.3-0.4 ~m. When the annealing temperature was in-  
creased to 1200~ a significant increase of grain size 
was observed. The typical  grain size was  1.0 ~m. This 
increase of grain size contributes to the reduction of 
sheet  resistance of polycrystal l ine silicon. 

Figure 5 shows T~,M micrographs of P+- implanted  
polycrystal l ine si l icon without  a PSG film after anneal-  
ing. In comparison wi th  the sample wi th  a PSG film, it  
is obvious that the grain growth is suppressed. Even at 
1200~ annealing, the grain size sl ightly increased up 
to 0.2-0.3 #m. Moreover,  the surface structure greatly 
changed for the sample  which was  annealed at 
1200~ for 30 sec. To make  it clear, w e  took replica 
electron micrographs of these samples.  These results 
are shown in Fig. 6. The replica electron micrograph 
revealed that the surface was rough for the sample  
without  a PSG which was annealed at 1200~ for 30 
see. On the contrary, the surface of the samples  with  a 
PSG were  very  smooth even if they  were  annealed at 
1200~ for 30 see. This surface roughness may  be re-  
lated to the mass transport of sil icon when  the surface 
is not constrained by an overlying oxide.  

with PSG 
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Fig. 2. The sheet resistance of annealed polycrystalline silicon 
by RIA with a PSG film as o function of annealing time. 
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Fig. 4. TEM mlcrographs of P+-Jmplanted polycrystalline silicon 
after rapid infrared anneal (with PSGL (a) 1100~ 10 sec, (b) 
1100~ 10 sec; (c) 1200~ 10 sec. 

Fig. 5. TEM mlcrographs of P+-implanted polycrystalline silicon 
after rapid infrared anneal (without PSG). (a) 1000~ 10 sec; (b) 
1200~ 10 sec; (c) 1200~ 30 sec. 
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~ig. 6. Replica electron micrographs of [~+-implanted poly- 
crystalline silicon after rapid infrared anneal. 

To invest igate  the  .carrier mobi l i ty  and the car r ie r  
concentra t ion of the annealed  po lycrys ta l l ine  silicon, 
we exper imen ted  with  van der  Pauw and Hal l  effect 
measurements .  The sheet  ca r r i e r  concentra t ion and car-  
r ie r  mobi l i ty  of the sample  wi th  PSG, which was an-  
nea led  at 1200~C for 20 sec, were  1.0 X 1016/cm2 and 
33 cm2/V sec, respect ively .  These values  were  nea r ly  
equal  to those of furnace annea led  samples  wi th  a 
s imi la r  phosphorus  implanta t ion .  The furnace anneal  
was carr ied  out at  1000~C for 30 rain in n i t rogen a tmo-  
sphere.  The phosphorus  concentra t ion of the sample  
wi th  PSG was be low solid so lubi l i ty  [about  4 X 102~ 
cm a at  1050~ ( l l )  ]. On the other  hand,  the sheet  car-  
r ie r  concentra t ion and ca r r i e r  mobi l i ty  of the  sample  
wi thout  P S G  were  3.1 X 1015/cm 2 and 16 cm2/Vsec, 
respect ively,  under  the same anneal ing  conditions. I t  
could be understood,  therefore,  tha t  the reduct ion in 
sheet resistance and the increase of mobi l i ty  corre la te  
wi th  the out-diffusion of phosphorus and an increase 
of gra in  size. 

In  o rder  to charac ter ize  t he rma l  s tabi l i ty ,  we have 
s tudied the effects of the subsequent  furnace  anneal ing 
on the resistance of po lycrys ta l l ine  silicon. The subse-  
quent  furnace anneal  condit ion was 900~ for 30 rain 
in d r y  ni trogen.  These resul ts  a re  shown in Fig. 7. 
Af te r  subsequent  furnace  anneal ,  the sheet  res is tance 
increased about  20-30%. This va lue  is close to tha t  for 
laser  anneal ing  (12). Dur ing  this anneal ,  the gra in  
g rowth  could not  be observed.  

Conclusion 
The sheet  res is tance reduct ion of po lycrys ta l l ine  si l i -  

con annea led  using the in f ra red  rad ia t ion  from a 
graphi te  hea te r  has been described.  In order  to de-  
crease the sheet  resistance,  i t  is necessary  to cover 
po lycrys ta l l ine  silicon with  a pass ivat ion film, for 
example ,  PSG. 

We have ob ta ined  a m in imum sheet  resis tance 9 ~ / [~  
for the i on - imp lan ted  po lycrys ta l l ine  si l icon which 
was encapsula ted  wi th  a 0.3 ~m thick PSG film and 
annea led  at 1200~ for 10 sec. This is due  to the ac t iva-  
t ion of the dopant  in the polycrys ta l l ine  silicon, to the 
prevent ion  of phosphorus  out-diffusion f rom po lycrys -  
ta l l ine  si l icon surface,  and  to the increase of car r ie r  too-  
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bi l i ty  resul t ing f rom a large increase in gra in  size. I t  is 
concluded tha t  the inf rared  radia t ion  anneal  from a 
graphi te  hea ter  can provide  res is t iv i ty  reduct ion of 
polycrys ta l l ine  silicon. 
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The Effect of Stress on the Redistribution of Implanted Impurities in 
GaAs 
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ABSTRACT 

The stress introduced by the difference in thermal  expansion coefficients between an encapsulant  and a substrate was 
found to affect the redistr ibut ion of implanted impuri t ies  during annealing. Compressive stress introduced by an SigN4 film 
on GaAs enhanced the diffusion of implanted Si, Se, and S. Diffusion constants of Si and Se increased exponential ly  with 
the increase in the film thickness in a thickness region less than 0.1 ~m. The diffusion mechanism was discussed and it was 
concluded that  the change in the jump frequency of diffusing atoms was dominant  in determining the effect of stress in the 
damaged implantat ion layer. Excess of carriers was also observed in Se- and S-implanted samples, while deficit in carriers 
was observed in Si- implanted samples when the samples were subsequent ly  annealed with an Si3N4 film. 

~mal l  logic swing is essent ial  for  achieving a GaAs 
logic in tegra ted  circuit,  pa r t i cu l a r ly  in ennancement -  
mode logic circuits, where  logic swing in Schot tky  bar -  
r ie r  FETes should  be 0.7V at most and that  in junc t ion  
FET's  1.2V to avoid  apprec iab le  gate current .  Channel  
l ayers  of both FET's  are  usua l ly  formed by  ion im-  
p lan ta t ion  d i rec t ly  into a semi- insu la t ing  ~ubstrate.  
Var ia t ion  of the car r ie r  concentra t ion profile in the 
ion - implan ted  channe l  l ayer  over  the  whole  wafer  is 
a most crucial  p rob lem for un i formi ty  and reproduc i -  
b i l i ty  of the devices. P rec i se ly  control led ion - implan ted  
layers  a re  requ i red  to achieve GaAs in tegra ted  c i r -  
cuits. 

ion  implan ta t ion  technology is advantageous,  be -  
cause it can, in pr inciple ,  control  the profile for the 
channel  l ayer  only  by  changing the implan ta t ion  energy 
and ion .dose. The profile is p red ic ted  by  the LSS range  
stat is t ics  (1). A damaged  layer  by ion implanta t ion ,  
however ,  has  to be annea led  at  h igh t empera tu re  in 
o rde r  to remove  rad ia t ion  damage  and to act ivate  im-  
p lan ted  impur i t ies  as donors or acceptors.  Implan ted  
impur i t ies  are  red i s t r ibu ted  by  diffusion dur ing  post-  
implan ta t ion  anneal ing  at high t empera tu re .  The fac-  
tors affecting the red is t r ibu t ion  were  discussed p re -  
viously by  Kasaha ra  and Watanabe  (2) and Yoder  (3). 
Thermal  stress dur ing  pos t - implan ta t ion  anneal ing  was 
poin ted  out  to be one of the factors,  and the example  
was shown in the case of Zn ion implan ta t ion  into 
GaAs (2). The effect of the the rmal  s tress  on the re-  
d is t r ibut ion  of Cr in Cr -doped  semi- insu la t ing  sub-  
s t ra tes  was also repor ted  (4, 5). However ,  it  is not  
c lear  how the s tress  influenced the red is t r ibu t ion  of 
implan ted  impur i t ies  in GaAs. 

In  this  paper ,  the  effect of the ex te rna l  stress on the 
red is t r ibu t ion  of implan ted  Si, Se, and S in GaAs is in-  
ves t iga ted  by  using a wafer  wi th  the rmal  stress in-  
t roduced by  the .difference in the t he rma l  expans ion  
coefficient be tween  an encapsu lan t  and GaAs. Fo l low-  
ing the descr ipt ions  of the expe r imen ta l  condit ions and 
the results ,  we discuss var ia t ions  in the diffusion con- 
s tants  of implan ted  Si and Se under  a wide range of 
ex te rna l  stress conditions.  Var ia t ions  in the doping 
efficiency of the implan ted  impur i t ies  are also de-  
scr ibed br ief ly  as a funct ion of the  thickness of the 
encapsulant .  

Experimental 
The ex te rna l  s t ress  dur ing  anneal ing  was in t roduced 

by  encapsula t ing  a GaAs subs t ra te  wi th  a p I a s m a - d e -  
posi ted SisN4 film. The ref rac t ive  index of the Si3N4 
was 2.05 ___ 0.01. An oxygen content  in the film, which 
is known to be de t r imen ta l  to an encapsulant ,  was be-  
low the detect ion l imi t  ( ~  ,.-0.1%) of Auger  electron 
spectroscopy.  The difference in the  the rmal  expans ion  
coefficient be tween  the encapsulan t  and the subs t ra te  

Key wor~s: anneal, diffusion, eneapsulant. 
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causes stress to the substrate .  The magni tude  of the  
stress was va r ied  by  va ry ing  the film thickness  f rom 
0 to 5830A. The film thickness was measured  by  the 
el l ipsometry .  

Subs t ra tes  used in  this exper imen t  were  (100) or i -  
ented l igh t ly  Cr -doped  LEC (l iquid encapsula ted  
Czochralski)  semi- insu la t ing  crystals .  Subs t ra tes  were  
specified to have  Cr concentra t ion of 0.07 wt  p p m  and 
verified to r ema in  semi- insu la t ing  af te r  the annea l ing  
at 850~ for  30 rain in H2 a tmosphere  wi th  face- to - face  
configuration. Af ter  degreas!ng the surface wi th  organic  
solvents fol lowed by  a s l ight  etch to remove  surface  
damage,  samples  were  implan ted  wi th  Si, Se, and S to 
a dose of 3 • 1012 ions /cm 2 at an energy  of 70, 170, 
and 150 keV, respect ively .  The same ion dose resul ts  
in the same amount  of a car r ie r  concentra t ion for al l  
implan ta t ion  species. The implan ta t ion  energies  of Si 
and Se were  chosen to give the same pro jec ted  range  
(Rp) .  Samples  implan ted  wi th  Si or Se were  annea led  
at  850~ for 15 min with  an.d wi thout  SigN4 films. S a m -  
ples implan ted  with  S were  annea led  at  900~ for 15 
rain also wi th  and wi thout  the  encapsulant .  Al l  the  
samples  were  annea led  in pa l l ad ium-pur i f i ed  H2 under  
amine par t i a l  pressur~ of 3.0 Torr.  Wi thout  an encap-  
sulant  (capless annea l ing) ,  the samples  were  annea led  
in the face- to- face  configuration descr ibed in a p re -  
vious publ ica t ion  (6), while,  wi th  an encapsu lan t  
(capped annea l ing) ,  the samples  were  annea led  in the 
face-up  configuration (6). 

Car r i e r  concentra t ion profiles were  measured  by  the 
C-V technique using an Hg Schot tky  ba r r i e r  contact.  
The l aye r  remova l  technique using the e tchant  of 
H~PO4 was combined wi th  the C-V measuremen t  in the 
case of S implan ta t ion  because S a toms pene t r a t ed  
deeply  dur ing  anne.aling and the ca r r i e r  concentra t ion 
profiles were  broadened.  Doping efficiencies were  de te r -  
mined by  in tegra t ing  the car r ie r  concentra t ion profiles. 
Hal l  mobi l i ty  was measured  b y  the convent ional  van 
der  Pauw method.  Photoluminescence  measurements  
were  made at 4.2 K by immers ing  samples  in l iquid 
helium. An  Ar  laser  opera t ing  at the  wave leng th  of 
5145A wi th  an in tens i ty  of ~100 mW at the sample  sur -  
face was used as the source of exci tat ion.  The emission 
spect ra  were  analyzed by  a 3/4m grat in~ spec t rometer  
and detected wi th  a cooled pho tomul t ip l i e r  wi th  an S-1 
response. 

Results 
Carr ie r  concentra t ion profiles in S i - imp lan ted  sam-  

ples are  shown in Fig. 1. The thickness  of the SigN4 
film ranged  f rom 260 to 2980A. The increase in the  film 
thickness resu l ted  in b roadened  ca r r i e r  concentra t ion 
profiles. In addit ion,  the ca r r i e r  concentra t ion was de-  
pressed wi th  the increase  m the film thickness.  The 
sample  annea led  b y  the capless metho,d showed the 
h ighest  ca r r ie r  concentra t ion  and the  sharpes t  ca r r i e r  
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Fig. 1. Carrier concentration profiles of Si-implanted samples 

with different thicknesses of SisN4 cap. Samples were implanted at 
70 keV to a dose of 3 • 10 TM ions/era 2 with subsequent anneal- 
ing at 850~ for 15 rain under arsine partial pressure of 3.0 Torr. 
The film thickness was varied from 0 to 2980A. 

concentration profile. Similar broadening of the carrier 
concentration profile was observed in Se-implanted 
samples as is shown in Fig. 2. However, the decrease 
in the carrier concentration with the increase in the 
film thickness was not observed in Se-implanted sam- 
ples in contrast with Si-implanted ones. All the profiles 
in Si- or Se-implanted samples were approximated as 
a part of the Gaussian profiles. On the other hand, the 
profiles were not Gauss~an in the case of S implantation 
as is shown in Fig. 3. A similar deformed profile has 
often been observed for Zn in GaAs and has been ex- 
plained by the interstitial-substitutional diffusion 
mechanism (7). Although the profiles in S-implanted 
samples were different from those in Si- and Se-im- 
planted samples, the broadening of the profiles with 
the increase in the film thickness showed the same 
tendency. Redistribution and broadening of the carrier 
concentration profile in GaAs implanted with Zn was 
similar to that implanted with S as was previously re- 
ported (2). Siu and Immorlica also reported on the 
effect of Si3N4 capping on the broadening of the pro- 
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with S at 150 keV to o dose of 3 X 1012 ions/era 2 with subsequent 
annealing at 900~ for 1S rain under orsine partial pressure of 
3.0 Torr. The thickness of the capping film was varied from 0 to 
4640A. 

files in Se- and S-implanted GaAs wafers by comparing 
the profiles after capped and capless annealing (8). As 
well as electrical profiles, the broadening of the atomic 
concentration profile of implanted Zn was observed 
after capped annealing by SIMS analysis (9). These 
broadenings of the profiles in the capped annealing 
must be mainly due to stress during the post-implanta- 
tion annealing. 

Doping efficiencies (the ratio of sheet carrier concen- 
tration to ion dose) determined by integrating the car- 
rier concentration profiles are ~ plotted in Fig. 4 as a 
function of the film thickness. As can be seen from the 
profiles, the doping efficiency of implanted Si was 
lowered with the increase in film thickness, whereas 
slight increase of the doping efficiency was observed 
for Se or S implantation. The doping efficiencies of Si, 
Se, and S were almost the same, about 90%, after the 
eapless annealing. Discussion about the variation in 
the doping efficiency is given briefly in a later section. 

Discussion 
Calculation aS stress.--Before discussing the stress 

dependence of the redistribution of implanted im- 
purities, we have to calculate the external stress at the 
interface between the film and the substrate. The ex- 
ternal stress calculated was assumed to be uniform 
through the implanted layer, because the implanted 
layer was quite thin close to the interface. A magnitude 
of the stress a was calculated using Eq. [1] based on 
the analysis by Sugano and Kakemoto (10) 
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-- Es / (1  -- vs) [--4(=s -- =t) (Rtf / ts)AT] [1] 

R -- [Ef/(1 -- vf) ] / [Es / (1  -- vs)] [2] 

where .= is the thermal  expanison coefficient, deg-~;  
t, the thickness, .cm; E, Young's modulus,  dyne/cm2; 
v, Poisson's ratio; and AT, the difference between pro- 
cessing and deposition temperature,  ~ The sub-  
scripts "s" and "f" represent  substrate  and film, re-  
spectively. R is the correction factor when the differ- 
ence in  the value of [E/(1 -- v)] is large be tween a 
substrate  and a film. The parameters  used for this work 
are =s -- 7 X 10 - 6 d e g  -z (11), ~ -- 3 X 10 - 6 d e g  -1 
(12), [Es/(1 -- vs)] ---- 1.3 X 10 z2 dyne /cm 2 (13), and 
[Er/(1 --  v~)] ---- 3 X 1012 d y n e / c m  2 (14). Substrate  
thickness was 410 4- 10 ~m. Deposition tempera ture  of 
SisN4 was 350~ and AT = 500 ~ ~ 550~ 

Stress dependence of the digusion constant.--Diffu- 
sion constants of implanted Si and Se under  external  
stress field were determined by  fitting calculated pro- 
files to exper imenta l  profiles. The calculated profiles 
were obtained by the simple method (15) based on the 
LSS range .~tatistics (1) assuming a Gaussian profile. 
For  S implanted samples, however,  diffusion constants 
were not determined.  The analysis for the diffusion of 
implanted S is complicated because the diffused pro-  
files cannot be explained by a simple vacancy mecha-  
nism or an  in ters t i t ia l -subst i tu t ional  mechanism as can 
be easily understood from Fig. 3. Discussion on this 
complicated diffusion mechanism is beyond the scope 
of this paper. On the other hand, diffusion of Si and 
Se can be analyzed by the simple vacancy mechanism. 
The stress dependence of the diffusion constants are 
discussed only  for Si and Se implantat ion.  

Examples of fitting procedures are shown in Fig. 5 
and 6 for Si and Se implantat ion,  respectively. Experi-  
menta l  profiles represented by the solid and broken 
lines agreed well  with the calculated profiles repre-  
sented by dots. Thus, diffusion constants were deter-  
mined and plotted in Fig. 7 as a funct ion of the exter-  
nal  stress introduced by the encapsulant .  The stress is 
compressive in the configuration of SigN4 on GaAs. 
Diffusion constants increased with the increase in the 
film thickness, that  is, the increase in the compressive 
external  stress both for Si and Se. In  the region of 
smaller  stress, diffusion constants increased exponent i -  
ally. In  the region of larger stress, however,  experi-  
men ta l ly  determined diffusion constants were apart  
from the exponent ia l  relat ionship and tended to satu-  
rate or decrease slightly. Diffusion constant  D is ex- 
pressed by the following equat ion on the basis of the 
random walk diffusion model (16) 

D = a2/ [~] 
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Fig. 5. Examples of the fittings of the calculated profiles (dots) 
to the experimental carrier concentration profiles in Si implanted 
and annealed samples (solid and broken lines). 

where a is the lattice constant  and f the probabi l i ty  
with which an  atom jumps  from one lattice site to a 
nearest  lattice site. The probabi l i ty  f is proport ional  to 
the exact jump frequency ~ and vacancy concentrat ion 
Nv. In  a crystal strained by stress, lattice constant  is 
changed to a -- ao[1 -t- ~(1 -- vs)/Es]. For a crude ap- 
proximation,  ~ and Nv are wr i t ten  in the form (17) 

-- ~o exp (Kl~r) [4] 

Nv : N~o exp (K~-) [5] 

Subscript  "o" represents each value in an uns t ra ined  
crystal. Consequently in the s t ra ined crystal, the diffu- 
sion constant is rewr i t ten  as 

D = Do[1 + r -- vs)/Es] ~ exp (KI~) exp (Kay) [6] 

Kt and K2 are constants. So far as our experiments  are 
concerned, the factor coming from the change in the 
lattice constant was negligible because the magni tude  
of the external  stress in our experiments  were of the 
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Fig. 6. Examples of the fittings of the calculated profiles (dots) 
to the experimental carrier concentration profiles in Se implanted 
and annealed samples (solid and broken lines). Also shown in the 
figure are the excess carriers from this-work (hatched) and from 
Kim et al. (25) (open rectangles). 
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order  of 10 .8 ~ 107 d y n e / c m  2, and (1 --  vs)/Es is much 
smal l e r  than unity.  Therefore,  Eq. [6] is again  re -  
wr i t t en  to the express ion 

D --  Do exp (K1r exp (K2~r) [7] 

Equat ion [7J qua l i t a t ive ly  elucidates  the exper imen ta l  
resul ts  that  the diffusion constant  in the s t ra ined  crys-  
ta l  has an exponent ia l  dependence  on the stress in a 
smal le r  stress region. However ,  we have to consider 
signs of K1 and  K2 fur ther .  The j ump  f requency  ~ and 
the vacancy  concentra t ion Nv a re  ctescribed in te rms 
of en t ropy  and en tha lpy  (18). Considering a change 
i n  en tha lpy  by  compressive stress, we can es t imate  
the  signs of K1 and K2. The vacancy concentra t ion is 
known to be a decreasing funct ion of the compressive 
stress (19). The j u m p  f requency  is an increasing func-  
t ion of the  compressive stress in r egard ing  a b a r r i e r  
he ight  to be overcome by  a diffusing a tom and to move 
f rom one la t t ice  si te to another  in a s t ra ined  crystal .  
Then, K1 is posi t ive and K2 is negat ive.  Therefore,  the 
expe r imen ta l  resul t  shown in Fig. 7 suggests  that  the 
dependence  of the diffusion constant  on the  s tress  in 
the  implan ted  layer  is dominated  by  the j ump  f re -  
quency at  leas t  in the region of smal le r  stress. This 
should  be due  to the  supersa tu ra t ion  of the  vacancy  
concentrat ion.  I t  is ea sy  to under s t and  that  the vacancy  
concentrat ion exceeds its equ i l ib r ium value  in an ion-  
implan ted  layer  at  the t empera tu re  considered.  The 
resul ts  repor ted  on the red is t r ibu t ion  of Zn - imp lan t ed  
samples  (2) suppor t  the  speculat ion.  Diffusion of Zn 
wi th  an in te r s t i t i a l - subs t i tu t iona l  mechanism was re-  
t a rded  in the implan ted  layer ;  app rox ima te ly  Rp (pro-  
jee ted  range)  + 2ARp (pro jec ted  s tandard  devia t ion) ,  
in which the vacancy concentra t ion would exceed its 
equi l ibr ium.  I t  is reasonable  to .conclude tha t  the va -  
cancy concentra t ion is in the s ta te  of supersa tura t ion  
and  the change in the concentra t ion depending on the 
stress is smal l  in the implan ted  layer  close to the sur -  
face. The e x t e r n a l  s t ress  dependence  of the  diffusion 
constants  of S i  and Se implan ted  into GaAs are  e lu-  
c idated.  Dependence  of the i r  diffusion constants on the- 
ex t e rna l  s t ress  are  domina ted  by  the jump  f requency  

of diffusing atoms in the smal le r  compressive stress 
region.  However ,  the change in the  vacancy  concen-  
t ra t ion  affects the  diffusion constant  in the  la rger  com- 
pressive s tress  region. 

Doping e~ciency.--The authors  have repor ted  (20) 
tha t  the doping etriciency of implan ted  impur i t ies  are  
lower  af te r  anneal ing  with  SigN4 capping than  af ter  
capless anneal ing.  I t  was observed in this expe r imen t  
tha t  the  doping efficiency on the capped anneal ing  de-  
pended  on the thickness of an encapsulan t  as is shown 
in Fig. 4. For  Se implanta t ion ,  s l ight  excess carr iers  
were observed.  Expe r imen ta l  car r ie r  concentra t ion p ro -  
files af ter  the capped anneal ing  devia te  f rom the cal-  
culated profiles near  the surface as shown in Fig. 6. 
Excess carr iers  were  shown by a hatched band in Fig. 6. 
Con t ra ry  to the  case of S or Se, the doping efficiency 
of implan ted  Si  decreased wi th  the  increase in  the  film 
thickr/ess. One of the possible causes for  the deficit in 
carr iers  is Mn accumulat ion  near  the surface (21, 22). 
However ,  this  is not  the case. F igure  8 shows photo-  
luminescence spec t ra  f rom the samples:  (i) implan ted  
wi th  Si  and annea led  wi thout  Si3N4, (if) imp lan ted  
wi th  Si and annea led  wi th  470A of SisN4, (iii) im-  
p lan ted  with  Si  and annea led  wi th  2980A of SigN4, and 
(iv) implan ted  wi th  Se and annea led  wi th  2980.& of 
Si3N4. We observed the emission re la ted  to Mn acceptor  
(1.408 eV) (23) only  in the sample  annea led  caplessly.  
The samples  in which the deficit in carr iers  were  ob-  
served  did not  show the emission at 1.408 eV. I t  is also 
difficult for Cr accumulat ion  nea r  the surface to expla in  
both deficit in car r ie rs  in Si  implan ta t ion  and excess 
carr iers  in Se and S implanta t ion .  Ano the r  possible 
cause is an ant i -s i te  defect  of Ga on an As-s i te  which 
is thought  to be an acceptor  having the act ivat ion 
energy of 77 ~ 78 meV (24). This is not  the case ei ther ,  
because the ant i -s i te  acceptors cannot  expla in  excess 
carr iers  observed on S and Se implanta t ion.  Contami-  
na t ion  by  Si from Si3N4 film is one of the possible 
causes for the  excess carr iers .  K im e t a l .  (25) repor ted  
on in-diffusion of Si f rom SiOe dur ing SiO2-capped an-  
nea l ing  by  analysis  wi th  SIMS measurement ,  and 
thei r  profile of the in-diffused Si at  860~ for 20 min 
anneal ing is also p lo t ted  in Fig. 6 as a reference.  S imi-  
l a r  in-diffusion of Si f rom SigN4 was also repor ted  by  
Lidow et al. (26). I n - d i f f u s e d S i  atoms would  e lucidate  
not only  excess car r ie rs  in S-  or  Se - imp lan t ed  samples  
but  also the deficit  in carr iers  in S i - imp lan ted  samples  
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Fig, 8. Photoluminescence spectra at 4.2K from the samples: 
curve 1, implanted with Si and annealed without SisN4; 2, implanted 
with Si and annealed with 470A of SigN4; 3, implanted with Si 
and annealed with 2980~ of Si~N4; and 4, implanted Writh Se 
and annealed with 2980A of SisN4. Six emission peaks related to 
band-to-band transition (1.514 eV), C-acceptor (1.494 and 1.491 
eV) (29), Si-acceptor (1.485 eY), phonon replica of band-to-ac- 
ceptor transition (~1.45 eV), and Mn acceptor (1.408 eV) are 
observed. 
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with the assistance of a stoichiometric deviation, be- 
cause Si is amphoteric in GaAs. Photoluminescence 
spectra in Fig. 8 support this speculation. The emission 
at 1.485 eV assigned as transition from donor to Si 
acceptor (27) increased with the increase in film thick- 
ness and was not observed in the Se-implanted sample 
even after annealing with 2980A of Si3N4. Self-com- 
pensation between Si-donors on Ga-sites and Si-accep- 
tors on As-sites is speculated in Si-implanted samples. 
The compensation ratio in the samples annealed with 
Si3N4 of 2980A was estimated from the mobility mea- 
sured at 77 K referring to the table by Walukiewicz 
et al. (28). Averaged carrier concentration at 77 K 
was 4.0 • 1026 and 1.3 • 1027 cm -3 in S i and  Se im- 
plantation, respectively, assuming the thickness of the 
implanted layers to be 0.15 ~m. The mobility was 
6940 and 5920 cm2/V �9 sec in Si and Se implantation, 
respectively. The compensation ratio, the ratio of ac- 
ceptor concentration to donor concentration, in the Si- 
implanted sample was 0.40 and much higher than that 
in the Se-implanted sample in which the compensation 
ratio was 0.26. The fact demonstrates that a part of 
in-diffused Si from SisN4 might be responsible for the 
variation in the doping efficiency. In-diffusion of Si 
might be enhanced by the stress as discussed in the 
section on Stress dependence of the diffusing constant. 
Therefore, the dopin~ efficiency varies with the film 
thickness as shown in Fig. 4. 

Conclusions 
The stress introduced by the difference in the thermal 

expansion coefficient between a capping film and GaAs 
modifies the redistribution of ion-implanted impuri- 
ties. The redistributions were enhanced by the com- 
pressive stress in Si-, Se-, and S-implanted wafers. 
The exponential enhancement of the diffusion con- 
stants of implanted Si and Se was thought to be due to 
the increase in the jump frequency of diffusing atoms 
in the smaller compressive stress region. In the larger 
stress region, however, a change in the vacancy con- 
centration must be taken into account. 

The variation in the doping efficiency of implanted 
impurities was also observed by varying the thickness 
of the encapsulant. Excess carriers were observed in 
the samples implanted with Se or S, group VI impuri- 
ties. On the other hand, the doping efficiency was low- 
ered in the sa~nples implanted with Si, group IV im- 
purity. 

It is noteworthy that both the doping efficiency and 
the carrier concentration profile in ion-implanted GaAs 
are affected not only by the material for an encapsulant 
but by a combination of the encapsulant and an im- 
planted species and by the thickness of the encapsulant. 
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An n-CdSe/SnOJn-Si Tandem Electrochemical Solar Cell 
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ABSTRACT 

We demonstrate  a new type of monolithic tandem junct ion solar cell. The cell is made up of a bot tom (low energy gap) 
Schot tky barrier  and a top (high energy gap) semiconductor-electrolyte junction. By using silicon as the low gap and cad- 
mium selenide as the high gap semiconductor  we chose a pair of semiconductors  which produces equal photocurrents  
when stacked on top of each other. We have observed open-circuit  voltages up to 1.21V which demonstrate  addit ion of the 
output  voltage of the two cells. Short-circuit currents are low, reflecting the poor quality of the CdSe film. 

The energy  bandgap  of the  absorbing  semiconductor  
chosen for a solar  cell  represents  a compromise  for 
high photocur ren t  (suggest ing a smal l  gap) and high 
photovol tage (suggest ing a large gap) (1).  Ta nde m-  
and higher  mu l t ip l e - junc t ion  solar  cells improve  this 
compromise  by  employ ing  in series two or  more  absorb-  
ing semiconductors  that  cover a range  of energy  gaps 
(2). To maximize  efficiency and to provide  a single 
output  vol tage such cells are  a r ranged  in e lect r ica l  
series. Tandem cell  configurations comprise  e i ther  two 
phys ica l ly  separa te  cells which receive separa te  po r -  
t ions of the so lar  spec t rum f rom a dichroic  mi r ro r  (a 
spec t rum-sp l i t t i ng  fil ter) (3), or a monol i th ic  s t ruc -  
ture  whose top cell  absorbs  the shor t  wave leng th  por -  
t ion of sunl ight  and t ransmi ts  the long wave leng th  
por t ion to the lower  cell  (4). 

Series  connect ion of the two cells requi res  ba lancing  
of the photocur ren ts  p roduced  by  each ind iv idua l  cell. 
This r equ i remen t  makes  the two energy  gaps depend  
on each other.  The use of semiconductor  al loys (3) 
provides  f lexibi l i ty  in the choice of energy  gaps, but  
requires  expens ive  fabr ica t ion  technology which  can 
be just if ied only  for high per formance  concentrators .  

The theore t ica l  pr inc ip les  of t andem solar  cells have 
been analyzed  by  severa l  authors  (5, 6). However ,  few 
expe r imen ta l  tests of  t andem cells have been repor ted .  
I t  is difficult to find and to combine semiconductors  
wi th  acceptable  photovol ta ic  p roper t ies  and whose 
bandgaps  are  wel l  matched.  

In  this paper  we demons t ra te  a t andem cell wi th  
CdSe (Eg : 1.73 eV) and Si (Eg ~_ 1.12 eV) .  A t  Ai r  
Mass 1 insolation, the photon flux wi th  hv ~ 1.73 eV is 
1.3 • 1017 cm-~  sec-1  and wi th  h~ ~ 1.12 eV, 2.7 • 
10 l~ em -2 sec -1. Thus the  photon  cur ren ts  absorbed  
in the two pa r tne r s  of a monoli thic  CdSe /S i  s t ruc ture  
are nea r ly  equal,  Therefore,  the CdSe /S i  combinat ion 
lies close to the point  of m a x i m u m  a t ta inable  efficiency 
for  monoli thic  t andem cells. This semiconductor  com- 
b ina t ion  provides  a nea r - i dea l  vehicle for a h igh ly  
efficient t andem cell wi thout  the expense  of a l loy 
semiconductors.  Since po lycrys ta l l ine  n -CdSe  photo-  
anodes have" been demons t ra ted  wi th  promis ing  ef-  
ficiency (7), the n - C d S e / n - S i  t andem photoanode is 
an in teres t ing  candida te  for  use in an efficient r egen-  
era t ive  photoe lec t rochemical  cell. The observed high 
output  vol tage also suggests appl ica t ion  in a photo-  
e lect rochemical  s torage  cell  (8);  the vol tages deve l -  
oped by  most  photoe lec t rochemica l  cells a re  insuffi- 
cient to dr ive  the des i red  in situ fue l -p roduc ing  reac-  
tions, for instance the sp l i t t ing  of water .  
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The pr incip le  of a t andem photoelect rode was first 
demons t ra ted  with  n - C d S / n - G a A s  (9). Because of a 
subs tant ia l  mismatch  of energy gaps (Eg, CdS _~ 2.42 
eV; Eg, GaAs = 1.43 eV) the pho tocur ren t  is res t r ic ted  
to the low value  provided  by  CdS. In the C d S / G a A s  
s t ructure ,  the diode wi th  CdS is set  up by  contact  wi th  
the electrolyte ,  and the diode wi th  GaAs by  contact  
wi th  CdS. The ba r r i e r  height  of the l a t t e r  depends  
on a for tui tous combinat ion of work  funct ions and 
interface charge due to la t t ice  mismatch  and possibly  
interface contaminat ion.  In  the presen t  s tudy,  we set  
up a separa te  junct ion  for Si which does not  depend  
on its contact  p roper t ies  wi th  the top semiconductor .  
We selected the SnO~/n-Si  junct ion  which has been 
demons t ra ted  as an efficient so l a r  cell  (10). The SnO2/ 
n -S i  s t ruc ture  is a semiconduc to r - insu la to r - semicon-  
ductor  cell  (11). Like the CdSe layer ,  the SnO2 film 
can be p repa red  by  thin  film techniques at  r e l a t ive ly  
low processing tempera ture .  The sepa ra t ed  junct ions  
provide  g rea te r  f lexibi l i ty  in device fabr ica t ion  and 
pe rmi t  the isolat ion of the const i tuent  photodiodes  
which proved quite useful  in subsequent  device ana ly -  
sis. Resul ts  on a photoanode based on a s imi la r  s t ruc-  
ture  (a CdSe film grown on a p + n  si l icon solar  cell)  
were  publ i shed  recen t ly  (12). This configuration re -  
quires  a tunnel  junct ion be tween  the p + - S i  and the 
n-CdSe  and thus is less flexible and more  difficult to 
fabricate .  

In  this  publicat ion,  we describe the p repa ra t ion  of 
the e l e c t r o l y t e / n - C d S e / S n O 2 / n - S i  t andem solar  cell, 
its photovol ta ic  performance,  and an analysis  of this 
performance.  The device model,  including the effects 
of series resis tance and pa r t i a l  shunting,  as wel l  as the 
cell  response to different  wavelengths ,  was discussed 
in a separa te  pape r  (13). 

Experimental 
Fabrication of tandem photoanodes.--Approximately 

1 • 2 cm 2 n - type  1.2 12-cm sil icon pieces w e r e  cut  
f rom [100j or ien ted  pol ished wafers.  Af te r  rout ine  
cleaning the si l icon was etched in concent ra ted  HF 
for 30 sec, r insed  in deionized water ,  and dried.  The 
subs t ra tes  were  then sp ray-coa ted  wi th  a ,~100 nm 
SiO2 film at  a subs t ra te  t e m p e r a t u r e  of 4O0~ (10). The 
sp ray  solut ion was electronic grade  SnCh  in spec t ro-  
scopic grade e thyl  acetate.  The CdSe l aye r  was p re -  
pa red  using this SnO2/Si diode in tu rn  as a substrate .  
CdSe was evapora ted  f rom a single source, using a 
baffled tungsten boat,  at a background  pressure  ( 1 0  -4  
Pa (~7.5 X 10 -4 microns of m e r c u r y ) ,  a subs t ra te  
t empera tu re  of 400~ and a deposi t ion ra te  of ~3  n m  
sec -1. The s tar t ing ma te r i a l  was opt ical  grade 99.999% 
CdSe. 

Two other  methods  of CdSe deposi t ion were  s tudied:  
e lect rolyt ic  codeposi t ion of Cd and Se f rom heated  
solut ion (14) and sp ray ing  of a solut ion of CdC12 and 
N,N ' -d imethy i se lenourea  onto the hea ted  subs t ra te  
(15). The e lec t rodeposi ted  films were  smooth and ad-  
hered  well. For  good photoresponse they  had  to be  an-  
nea led  in an iner t  a tmosphere  at  t empera tu re s  above 
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500~ for at leas t  10 min. Such annea l ing  seve re ly  
degraded  the pe r fo rmance  of the SnO2/Si junction.  
The sp rayed  photoanodes  never  reached the pe r fo rm-  
once of the evapora ted  layers .  

Af t e r  the CdSe film deposi t ion the edges of the sam-  
ples were  c leaved off to ensure tha t  the f ront  SnO2 
and CdSe layers  were  not  shor ted  to the back  (Si)  
contact. The thickness  of the CdSe films was de te r -  
mined  at  c leaved faces by  opt ical  microscopy. The back  
contact  to the si l icon was made,  a f te r  scra tching  the 
Si wi th  a d iamond scriber ,  wi th  a G a - I n  eutect ic  
a l loy or  by  evapora t ion  of about  200 nm of A1. A wire  
was a t tached  to the b~ck contact,  and the ent i re  e lec-  
t rode except  for  the  front  CdSe face was insula ted  
with  epoxy  resin or  b lack  wax. 

Measurements . - -Electrochemical  charac ter iza t ion  of 
cells wi th  the t andem electrode was car r ied  out  wi th  a 
t r i angu la r  vol tage r amp  generator ,  a PAR 175 po-  
tentiostat ,  and a two-channe l  X - Y  recorder .  For  gen-  
e ra l  e lec t rochemical  measurement s  the potent ios ta t  
was opera ted  in a th ree -e lec t rode  mode using a s t an -  
dard  calomel  reference  electrode.  These exper imen t s  
were  car r ied  out  in glass beakers .  Photoe lec t rochemi-  
ca1 cell  cu r ren t -vo l t age  curves  were  recorded  in a 
two-e lec t rode  mode. We used carbon or  p l a t i num 
counterelectrodes.  The aqueous polysulf ide e lec t ro ly te  
consisted of 1M KOH + 1M Na2S + 1M S + 0.05M Se. 
This e lec t ro ly te  is known to s tabi l ize  CdSe agains t  
photocorrosion (16). The photoe lec t rochemical  cell  
(Fig. 1) had  an opt ica l ly  flat glass window. A n  Orie l  
AM1 solar  s imula to r  se rved  as a l ight  source whose 
in tens i ty  as measured  with  an N A S A - L e w i s  s t anda rd  
si l icon cell. 

The  sea led  two-e lec t rode  cell  for  outdoor  measu re -  
men t  in sunl ight  is shown in Fig. 1. This so lar  cel l  
sandwich  is he ld  toge ther  wi th  me ta l  clips. 

Experimental Results 
The cu r ren t -vo l t age  character is t ics  of the th ree -  

e lect rode t andem cell  in the  da rk  and under  i l l umina -  
t ion are  shown in Fig. 2. The t andem photoanode is in 
contact  wi th  the polysulf ide electrolyte .  Potent ios ta t ic  
condit ions p reven t  polar iza t ion  at the counterelect rode.  
The vol tage is not  p lo t ted  vs. that  of the calomel  re f -  
erence e lect rode but  the equ i l ib r ium potent ia l  of the 
counterelect rode.  The highest  open-c i rcu i t  vol tage 
(Vat) observed  was 1.21V. The shor t - c i r cu i t  cu r ren t  
dens i ty  (Jsr is 5.5 m A  cm -2 and the fill fac tor  0.40. 
The s luggish onset of the d a r k  cur ren t  under  fo rward  
(cathodic)  bias indicates  a high series resis tance of the 
cell and poss ibly  charge t ransfe r  polar izat ion.  

Solar  cell  ( two-e lec t rode)  opera t ion  of a ca rbon /  
e l e c t r o l y t e / n - C d S e / S n O J n - S i  device is shown in Fig. 
3. Here, the curve fill factor  is 0.39, a l though fill factors 
as high as 0.7 (comparable  to those of al l  so l id-s ta te  
devices)  have been 'demonstra ted for  o ther  photoe lec-  
t rochemical  devices (17). Due to the low fill fac tor  and 
shor t -c i rcu i t  cu r ren t  the AM1 power  conversion effi- 
c iency is only  2.5%. 

To under s t and  the device pe r fo rmance  we measured  
the separa te  diodes, i.e., the SnO2/n-Si  so l id -s ta te  de-  
vice and the e l ec t ro ly t e /n -CdSe /SnO2  structure .  In  the 

Fig. 1. Schematic cross section of the sealed two-electrode 
solar cell, denoting the polysulfide electrolyte, 1; the glass window, 
2; the O-ring; 3, the n-CdSe/SnOs/n-Si photoelectrode, 4; and the 
platinum counterelectrode, 5. 
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Fig. 2. Potentiodynamic I-V plots of an n-CdSe/SnO~/n-Si elec- 
trode in the polysulfide electrolyte. Three electrodes, 100 mV 
sec -1  scan rate. 
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Fig. 3. Photovoltaic I-V carve of a carbon/electrolyte/n-CdSe/ 
SnO~/n-Si cell. Two electrodes, AMI  illumination. 

l a t t e r  device a good sheet  conduc t iv i ty  of the back-  
contact  oxide is requ i red  for adequate  cur ren t  collec-  
tion. Therefore,  we employed  commercia l  ind ium tin 
oxide ( ITO) -on -g l a s s  subs t ra tes  for the CdSe films 
ins tead of sprayed  SnO2 on glass. The ITO subs t ra tes  
were  vacuum-coa ted  wi th  CdSe films in the same way  
as the S n O J S i  cells. 

I -V curves for an S n O J n - S i  cell  are  shown in Fig. 4. 
The device had an active area  of 3 can 2 and a s imple 
gr id  wi th  0.5 cm spacing. The dashed curve represents  
AM1 i l luminat ion.  The fill factor  is low due to the 
high sheet  res is t iv i ty  ( ~  150 ~ / [ ] )  of the SnO2 film. 
The solid line is for the same device bu t  i l lumina ted  
wi th  an AM1 spec t rum fi l tered through the hal f -cel l ,  
g l a s s / e l ec t ro ly t e /CdSe / ITO/g las s .  Due to absorpt ion  in 
the CdSe, which reduces  the a t t a inab le  pho tocur ren t  
in Si by  50%, and in f ra red  absorpt ion  by  the ITO, the 
Si pho tocur ren t  is smaller .  S imul taneous ly ,  the fill fac-  
tor  has improved.  We should  point  out  tha t  in  the 
t andem s t ruc ture  the pho tocur ren t  flows across the 
SnO2 l aye r  so that  its low sheet  conductance is of 1/ttle 
consequence. 

In  the dark,  the P t / e l e c t r o l y t e / C d S e / I T O  cell  ex -  
hibits  good blocking behav ior  under  reverse  bias  
(dashed curve of Fig. 5) in ag reemen t  wi th  an ea r l i e r  
repor t  (18). I l lumina t ion  (solid curve)  reveals  the  
poor pe r fo rmance  of the CdSe film. The low photocur -  
rent  dens i ty  suggests  a low mino r i t y  ca r r i e r  l i fe t ime 
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Fig. 4. I -V curves of the SnOJn-Si diode under AM1 illumina- 
tion. Dashed curve: total AM1 spectrum; solid curve: AM1 spectrum 
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in the film and a high surface recombination velocity.  
The short-circuit current can be raised by ~30% by 
photoetching (7). However, this process increased the 
density of pinholes in the ~-1 ~m films. The open-cir-  
cuit voltage varied from sample to sample. We at- 
tribute this variation to pinholes in the film. With suf- 
ficiently thick (---5 ~m) films reproducible Voc was ob- 
tained, but at the expense of the fill factor which 
dropped because of the high series resistance of the 
CdSe film. 

The effect of high series resistance of the CdSe film 
was demonstrated with the following experiment. The 
CdSe film on part  of a tandem device was removed to 
expose the SnO2 which was then contacted. The con- 
tact and the exposed SnO2 were sealed, and the elec- 
trode was employed in the usual I-V setup. With this 
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Fig. 5. I -V curves of Pt/electrolyte/CdSe/ITO/glass partial cell 

in the dark (dashed) and under illumination (solid). 

device the potential differenca between the SnO2 and 
the Si, a@sno2/si, could be monitored during I-V runs. 
The result is the solid line in Fig. 6a which shows that 
ur~der il lumination ~@sno2/si is almost independent of 
the cell voltage. The value of ~0.3V indicates that the 
SnO2/Si junction operates near the maximum power 
point (see Fig. 4). I n - t he  absence of illumination 
~r does vary with the total cell voltage, but less 
than the voltage drop across the electrolyte/CdSe 
junction. Near equilibrium potential (--0.1 to -F0.3V), 
all change in the cell potential is allocated to the elee- 
t rolyte/CdSe junction. 

Discussion 
The main result of our study is the demonstration of 

photovoltage addition which proves the concept of the 
CdSe/Si tandem photoanode. A schematic band dia-  
gram of the tandem cell is given in Fig. 7. Analysis of 
the dark and light I-V characteristics of the tandem 
electrode and of the separate devices shows that the 
principal detractor from good cell performance is the 
CdSe film. The high film resistivity (see Fig. 6a and b) 
brings in a high cell series resistance and necessitates 
very thin films which in turn are prone to pinhole for- 
mation. The minority carrier lifetime in the CdSe is 
too short (Fig. 5). The inadequate quality of the film 
not necessarily is a consequence of the preparat ion 
method. CdSe photoanodes prepared by single source 
evaporation (19) and coevaporation (20) onto glass 
substrates have exhibited high quantum yields and 
good photovoltaic efficiencY. We can exclude thermal 
expansion mismatch as being responsible for the low 
photocurrent because CdSe/ITO/glass showed the 
same performance as CdSe/SnOJSi .  We believe that 
the most l ikely cause for the poor carr ier  lifetime Jn 
CdSe is contamination in the starting material  (19) 
or in the vacuum system. 

A proper course for improving the CdSe/Si tandem 
electrode therefore would first address the puri ty and 
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Fig. 6. (a) Potential difference between the SnO~ layer and the 
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the dark (dashed) and under illumination (solid). (b) Dark (dashed) 
and light (solid) I -V characteristics of the tandem cell. 
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Fig. 7. Schematic band diagram of the tandem photoelectro- 
chemical cell indicating approximate thicknesses. 

doping of the CdSe film. Next, attention will have 
to be paid to the susceptibility of the SnO2/n-Si diode 
to the processing temperature during deposition of the 
CdSe film. Finally, one may consider an al l-solid-state 
device where the electrolyte and counterelectrode have 
been substituted by a Schottky barr ier  metal  (19) or 
a large bandgap semiconductor. This would obviate 
the need for the polysulfide electrolyte which absorbs 
strongly at wavelengths below ~500 nm, and of course 
would remove concern about long-term degradation 
of the surface of the photoanode. 

Manuscript submitted Nov. 28, 1982; revised manu- 
script received June13, 1983. 
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Electrochemical Properties of �9 x(H O) 

I. The Influences of Water Adsorption and Hydroxylation 

Nobuyuki Yoshiike and Shigeo Kondo 
Matsushita Electric Industrial Company, Limited, Central Research Laboratory, Moriguchi, Osaka, 570 Japan 

ABSTRACT 

Electrochemcial properties of evaporated amorphous WO3 films on conductive glass substrates have been studied in 
organic electrolytes in order to clarify the influence of water in the films on electrochromism. Compositions of water in the 
film have been analyzed by using FT-IR spectra and 1H-NMR. We conclude that the water adsorbed in the film during the 
evaporation and from ambient air not only leads to a fast electrochromic reaction at first, but also reacts gradually with WO3 
by hydroxylation and/or hydrolysis to shift the potential of the cathodic reaction to the negative side and that the 
hydroxylated film layer loses the electrochromic coloration density. 

WO3 is one of the most useful materials for electro- 
chromic displays (ECD) (1-6). Electrochromism on 
WO8 films was first reported by Deb (1). He proposed 
that the coloration occurred as a result of the formation 
of F or F + color centers in oxygen vacancies. Since 
then, many workers have been studying the coloration 
mechanism of the film. At present a model for colora- 
tion explained by Faughnan et al. (3) is reasonable, 
whereby the double injection of electrons and protons 
into the film forms tungsten bronze, as follows 

WO~ + xH + + xe ~- tIxWO3 [ 1 ] 

Key words: electroehromic, displays, tungsten oxide, hydroxyla- 
tion. 

In this hypothesis the phenomenon of coloration is ex- 
plained as an intervalence electron transfer between 
Ws+ (A) and W 6+ (B). Tungsten bronzes have a stable 
memory effect and can be switched back into the origi- 
nal colorless state by reversing the current. 

Recent studies (7-13) have confirmed that water in 
the film and electrolytes plays an important role in the 
coloration mechanism. Reichman and Bard (7) have 
reported that the kinetics of the electrochromic process 
for WO~ films depend on the quanti ty of water  in the 
film and its porosity. Hurditch (9) has also studied the 
dependence of the coloration phenomenon on the water  
content in the film. He suggested WO3 �9 aq as an inter-  
mediate between a fractionally hydrated form of tung- 
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sten oxide and a poly t tmgst ic  acid. P i cke lman  et al. 
(10) have repor ted  that  the e lec t rochromic  p rope r ty  
of the film is caused by  the wate r  pa r t i a l  pressure  
PH2o in the vacuum chamber  dur ing  the evapora t ion  
process. Zel ler  and co-workers  (11) concluded that  the  
crys ta l  wa te r  not  only  provided  a high ionic conduc-  
t iv i ty  which  is a condit ion for  a fast  e lec t rochromic  
reaction,  bu t  also s tabi l ized e lec t roca ta ly t ica l ly  active 
surface sites. 

Al though  al l  the  au thors  have recognized the im-  
por tance  of the  presence of water ,  the re la t ionship  
be tween  states of water  adsorbed  in the WO~ film and 
e lec t rochemical  p roper t ies  of the film is s t i l l  not  clear.  
On the other  hand, i t  is known that,  even in the  a tmo-  
sphere,  me ta l  oxides usua l ly  chemisorb w a t e r  mole -  
cules to form surface hyd roxy l  groups on which  fu r -  
ther  wa te r  molecules  are  phys ica l ly  adsorbed  th rough  
hydrogen  bonding.  The adsorbed states  of wa te r  on 
meta l  oxides have  been inves t iga ted  by  m a n y  authors  
(14-20), and they  have repor ted  tha t  proper t ies  such 
as a sens i t iv i ty  and a cata lyt ic  effect of me ta l  oxides 
grea t ly  depends on the adsorbed s ta te  of water .  

In  this  paper ,  we r epor t  the  s t ruc tu ra l  and e lec t ro-  
chemical  proper t ies  of WO~ �9 x ( t t 2 0 )  films which were  
p repa red  by  various evapora t ion  methods  and s tored 
under  severa l  different  conditions. In par t icu lar ,  we 
e lucidate  a difference be tween  the influence of free 
water  f rom phys isorp t ion  and that  of chemisorbed hy -  
d roxy l  groups on the e lec t rochemical  proper t ies  of the 
film. 

Experimental 
Preparation of WO3 film~.--WO~ films were  deposi ted 

by  an e lect ron beam evapora t ion  method.  WO~ targets  
(99.99%) were  suppl ied  by  Fuluuchi  Kagaku  Company,  
Limited.  The deposi t ion r a t e  was 4-5 A/sec ,  the  depo-  
sit ion angle  was var ied  wi thin  __+40 ~ with  a p l ane t a ry  
rotat ion,  and the subs t ra te  t empe ra tu r e  was usua l ly  
main ta ined  at  80~C af te r  p rehea t ing  at  l l 0~  for 5 rain. 
The subst ra tes  were  InzO3-coated glass (20 ~ / c m  2) 
used for e lec t rochemical  measurements  and e lect ron 
diffraction analyses,  silicon wafers  (200 #m thickness)  
used for in f ra red  spectra,  and A1 films (10 ;~m th ick-  
ness) used for the NMR exper iments .  

Composit ions of the res idual  gas in the chamber  
dur ing  the evapora t ion  process were  moni tored  by  a 
mass -spec t romete r  ANAVAC-2  (VG-Gas  Analys i s  
Limited,  England)  and par t i a l  pressures  of H~O, 02, 
and N2 were  control led  by  an ind iv idua l  gas - in t roduc-  
tion method.  

Fo r  the purpose  of inves t iga t ing  the influence of 
humid i ty  on the evapora ted  WO3 films, the films were  
s tored  in a i r  a t  constant  re la t ive  humid i ty  (RH) of 
50% and constant  t empe ra tu r e  of 25~ 

Electrochemical measurements.~The electrochemical  
measurements ,  especial ly cyclic vo l t ammet ry  measu re -  
ments, were  p e r m r m e d  wi th  a potent ios ta t  (Hokuto 
Denko Company,  Limited,  Model HA-301) which was 
suppl ied  with  vol tage f rom a funct ion genera tor  (same 
company,  Model HB-104).  The WO~ film thickness and 
area  were  3000A and 0.3 cm 2, respect ively .  The counter -  
e lect rode was a P t  plate .  The reference  e lect rode was 
a sa tu ra t ed  calomel  e lect rode (SCE).  A sal t  b r idge  
was used for an  in te rmedia te  be tween  the SCE and 
the electrolytes .  The e lec t ro ly tes  were  p ropy lene  car-  
bonate  (PC) solutions containing 0.3M LiC104 and 
0.03M LiBF4. PC (the first grade,  Wake  J u n y a k u )  was 
f reshly  dis t i l led under  vacuum, LiC104 (pur i ty  ~ 99%, 
Mitsuwa Kagaku)  and LiBF4 (pur i ty  > 93%, Mori ta  
Kagakukogyo)  were  used. A r  gas was bubb led  for 
more than  5 rain before  measurements .  The H20 con- 
tents in the e lec t ro ly tes  were  checked in each case by  
an Aquacounte r  (Hiranuma Seisakusho, Model  AQ-3B), 
and these concentrat ions  were  typ ica l ly  0.03-0.05M. 
For  the purpose  of comparison,  1M I-I2SO4 aqueous 
solu~.ions were  also used for  electrolytes .  

Analyses el W08 f i lms . - - In f ra red  spec t ra  were taken  
with  an F T - I R  spec t rometer  j (Nihon Denshi,  Model  
J IR-40D) .  For  these measurements ,  the WO3 film 
thickness on an Si wafer  was 16,000A which was thicker  
than  those used for e lec t rochemical  measurements  in 
o rder  to ob .tain high ana ly t ica l  sensi t ivi ty.  Resolut ion 
was 8 cm - I  and the number  of spec t ra  for  one m e a -  
surement  was 400 cycles. 

1H-NMR was measured  with  an NMR spec t rometer  
(Nihon Denshi,  Model  F X  90Q) by  a convent ional  FT-  
NMR method  at 28~ and in a d r y  atmosphgre.  The 
sample  was WO3 (16,000A) deposi ted on both sides of 
the A1 film (10 ~xn) and the film, flat in configuration, 
was packed  in a 10 mm~ glass tube.  Measurement  f re -  
quency and wid th  was 89.55 MHz and 20 kHz, respec-  
t ively.  The 45 ~ pulses  (15.5 ~sec) were  given 10,000 
t imes at  3 sec intervals .  

Results and Discussion 
Water adsorption during the evaporation process.-- 

We prepa red  WO3 films on In20~ electrodes under  di f -  
fe ren t  condit ions of wa te r  pa r t i a l  p ressure  (Pn2o) in 
the chamber  dur ing  the evapora t ion  process.  Fo r  t h e  

purpose  of d e t e r m i n i n g  the dependence  of PH2o, t h e  

to ta l  gas p ressure  (Ptotal) and the oxygen pa r t i a l  pres-  
sure  (Po2) were  contro l led  to be p rac t i ca l ly  constant  
because Ptotal influences the  film packing  dens i ty  which  
affects the e lec t rochromic  sensi t ivi ty.  Pc2 m a y  also in-  
fluence the composit ion of WO~. Two typica l  examples  
of the  condit ions a re  shown in Table  L 

Deposi ted WOs films which  were  p repa red  under  
the  condit ions shown in Table I and confirmed b y  elec-  
t ron  diffract ion observat ions  were  typ ica l ly  amorphous;  
packing dens i ty  of the films ca lcula ted  from the film 
thickness and weight  was 5.38 g / cm s, and the reflec- 
t ion index,  eva lua ted  f rom the in ter ference  pa t te rns  
of vis ible  absorpt ion spec t ra  and film thickness,  was 
1.85. 

Cyclic vo l t ammograms  of the film (3000A) were  
taken  and are  shown in Fig. 1, in which  the films were  
set in an electroche~mical measurement  cell jus t  a f te r  
deposi t ion and cooling in the  chamber.  

The cathodic cur ren t  which s ta r t s  at  -}-450 mV vs. 
SCE is associated wi th  colorat ion of the film and the 
anodic cur ren t  is associated with  bleaching.  

In  Fig. 1, the cathodic curves  were  s imi la r  to each 
other, whereas  the  anodic cur ren t  peak  of the film 
p repa red  under  the  condi t ion  of h igh  wate r  pa r t i a l  
pressure  was located at  a more negat ive  potent ia l  
(about  400 mV) and was l a rge r  than tha t  of the film 
p repa red  under  the condit ion of low wa te r  pa r t i a l  
pressure.  The same resul t  was obta ined  f rom other  
samples  which were  p repa red  with  var ious  condit ions 
of Pit2o: 6.5 X 10-6-2.1 X 10-5 Torr .  This is shown 
in Fig. 2a, in which the b leaching response was eva lu -  
a ted for convenience from anodic cur ren t  values  at  
+400 mV vs. SCE of cyclic vo l t ammograms  which 
s ta r ted  at + I V  and re tu rned  at --200 mV wi th  200 
mV/sec  scan rate.  The faster  b leaching speed corre-  
sponds to the smal le r  anodic cur ren t  values  at +400 
mV, since the increase of PH2O dur ing  the evapora t ion  
makes  the  fast  b leaching reaction.  On the  o ther  hand,  
the cathodic curves were  s imi lar  to each o ther  in spi te  
of different  wate r  pressure  conditions, that  is, the  wa te r  

Table I. Two examples of evaporation conditions for WO~ films. 
Ptotal were measured by an ionization gauge, PH20 PN2, and Po2 

measured by a mass-spectrometer (ANAVAC-2) 

P r e s s u r e  in the  c h a m b e r  
( 10 -5 Torr) Deposition Sub, 

r a t e  t emp.  
Ptotal PH20 PN~ Peg (~- Sec) ( 'C)  

1 4.0 N 5,0 2.4 N 2.5 0.16 0.12 4.4 7B 
2 3.7 ~ 5,0 1.4 ~ 0.9 1.6 0.15 4,2 80 
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Fig. 2. Plots of anodic current values at + 4 0 0  mV vs. SCE of 
the cyclic vMtammograms for WO~ films in PC electrolytes (scan 
rate: 0.2 V/see); (a) and (b) as a function of PH~o and Ptotal in 
the chamber during the evaporation, respectively. 

pressure dur ing  the evaporat ion may affect the bleach- 
ing reaction of the film ra ther  than  the coloration re-  
action. 

Cyclic vol tammograms of WOo films prepared under  
different conditions of total  pressure in the chamber  
dur ing the evaporat ion process were measured, in 
which Ptotal was controlled by  N2 gas introductions,  and 
the cathodic current  values at --200 mV vs. SCE of 
the cyclic vol tammograms as a funct ion of Ptotal a r e  
shown in Fig. 2b. The cathodic current  increases with 
an increase of Ptotal. The packing density (PD) of the 
film decreases with an increase of Ptotal: for example, 
we confirmed that  PD = 5.7 g /cm 3 when Ptotal : 1.2 
• 10 -5 Torr  and PD = 4.9 g /cm ~ when Ptotal : 1 • 
10 -4 Torr. We assume that  the random packing of 
substoichiometric tungs ten  oxide clusters leads to a 
large surface area and a system of communica t ing  
voids, so that  the cathodic current  increases apparent ly  
with increase in Ptotal ra ther  than PH20. 

Water adsorption and chemical reaction during stor- 
age.--Infrared spectra of the films stored in air at 25~ 
and 50% (RH) are shown in Fig. 3. The broad peak 
at 3400 cm -1 is assigned to - - O - - H  stretching and the 
sharp peak at 1600 cm -1 to the H - - O - - H  deformation. 
The two peaks at 1600 and 3400 cm -1 change with time. 
The changes of the peaks are shown more in detail 
in Fig. 4 using absorbance values as a function of the 
film storage time, in  which the peak at 1600 crn-1 
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Fig. 4. Plots of FT-IR absorbonce of WO3 films, as a function of 
storage time in air at 25~ and 50% RH. Solid line is absorba,ce 
at 1600 em -1  and dashed line is at 3400 c m - h  

increases remarkably ,  by about 25% with  a storage of 
24 hr bu t  scarcely changes upon longer storage. On 
the other hand, the peak at 3400 cm -1 continues to 
increase with t ime after a remarkable  increase of about  
23% for 24 hr storage. From these results, we would 
say that  physisorbed water  content  in the film increases 
with the storage in air at 25~ and 50% (RH), it comes 
to equi l ib r ium wi th in  24 hr, and that, besides OH 
groups of physisorbed water, the amount  of chemi- 
sorbed OH groups continues to increase gradual ly  with 
time. 

1H-NMR' spectrum of the WOs film stored in air at 
25~ and 50% (RH) for about 8 weeks and measured 
by  the conventional  FT-NMR (90 MHz) method is 
shown in Fig. 5A. For background data, the spectrum 
of the A1 substrate film is shown in  Fig. 5B indicat ing 
that  the 1H signal of the AI(OH)x and /o r  H20 ad- 
sorbed on the glass tube are negligibly small. I n  Fig. 
5A, two compositions of a small  sharp peak and a large 
broad one were observed, and the chemical shift of 
the former small  sharp peak (a) was assigned "to be 
5 ppm from TMS and  the peak of the la t ter  large broad 
spectrum (b) was located at 1.3 ppm on the lower 
frequency side than the sharp peak (a). 

It  is reasonable that the sharp peak (a) is associated 
with 1H of free water  such as the physisorbed water  
in the WO3 layer  and the broad peak is associated with 
~H of hydroxyl  groups of the chemisorbed water such 
as W (OH) x. 
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Fig. 5. tH-NMR data for WO8 
films (16,000A on both sides of 
AI films). A: WOs data and B: 
AI film-data (background). The 
WO,s films were stared in air for 
@ weeks. The chemical shift of 
the small sharp peak (a) is 5 
ppm from TMS, and the large 
broad peak (b) locates at 1.3 
ppm lower frequency side than 
the sharp peak. 
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Therefore,  we can also assume tha t  f rom ZH-NMR 
measurements ,  the  WO3 film stored in air  for  a long 
t ime includes large  amounts  of chemisorbed h y d r o x y l  
groups,  besides a smal l  amount  of  f ree  water .  

Cyclic vo l t ammograms  of the  films s tored  under  the 
same condit ions as the in f ra red  samples  are  shown 
in Fig. 6. In o rde r  to obtain a good comparison of the 
e lec t rochemical  proper t ies  to the in f ra red  analyses,  
severa l  in i t ia l  co lora t ion-b leaching  cycles were  used 
because the proper t ies  of the  films are  changed by  a 
cont inuous potent ia l  cycling. The V- I  curve of the film 
af ter  the 24 h r  s to rage  showed a fast  cathodic and anodic 
react ion [Fig. 6a, curve 2] which is associated with  
the increase of phys isorbed  wa te r  content  in the  film 
as shown in the  in f ra red  data, whereas  cyclic vo l tam-  
mograms  of the films s tored in d ry  a i r  a tmosphere  
r a re ly  changed and behaved  s imi l a r ly  to as -depos i ted  
films. This phenomenon resembles  the effect of wate r  
content  in the films r epor t ed  by  Reichman and Bard  
(7),  in which the cu r ren t  value increases  wi th  an in-  
crease in wate r  content,  but  the potent ia l  of the ca th-  
odic react ions r a re ly  shifts  to the  negat ive  side. There -  
fore, phys isorbed  wa te r  dur ing  the s torage contr ibutes  
to a fast e lec t rochemical  colorat ion reaction,  but  not  
to the potent ia l  shift  of the cathodic reaction.  

The V- I  curves of the films af ter  longer  t e rm s to r -  
age are  shif ted to more negat ive  potent ia l  wi th  t ime as 
shown in Fig. 6a, curves  3-6. The same effect of the  V- I  
curve shift  was observed wi th  o ther  various packing  
dens i ty  samples  (PD: 4~9-5.7 g / c m  3) p repa red  under  
the condit ions of P t o t a l :  1.6 X 10-4-1.2 X 10 -5 Torr,  
in which the poten t ia l  (Ec) of the  cathodic react ions 
of al l  v i rg in  samples  was almost  -}-450 mV vs. SCE. 
Ec is used for convenience as the  potent ia l  at  which  
the cathodic reac t ion  cur ren t  begins to flow. 

The E~ of the  films shif ted r e m a r k a b l y  to the  nega -  
t ive side by  about  300 mV af ter  7 days '  s torage and 
g radua l ly  shi f ted  by  about  an addi t ional  100 mV af ter  
77 days '  s torage  as shown in Fig. 7. The Ec was inde-  
penden t  of the  poten t ia l  scan ra te  of  the measurements  
be tween 10 and 200 mV/sec;  Ec of the films s tored in 
d r y  a i r  for long t e rm did not  shif t  wi th  s torage time. 
The potent ia l  shif t  values were  not  d i rec t ly  p ropor -  
t ional  to the increase of OH' peak  with  in f ra red  ex-  
per iments ,  however ,  it  is assumed tha t  ~ shif t  phe -  
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Fig. 6. Cyclic voltammograms at 0.2 V/sec for WO3 films, (a) 
in PC electrolytes and (b) in 1M H~SO4 aqueous solutions. 1, as- 
deposited; 2, stored in air at 25~ and 50% RH for 24 hr; 3, for 
72 hr; 4, far I44 hr; 5, for 384 hr; and 6, for 1854 hr. 
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Fig. 7. Plot of starting potentials Of the cathodic reactions at 
0.2 V/see scan rate for WO3 films in PC electrolytes as a function 
of storage time. 1, Ptotal during the WO3 evaporation was 1.15 X 
10 -4  Tarr; 2, 4.3 X 10 - 5  Tort; 3, 3.5 X 10 -5  Torr; and 4, 
1.6 X 10 - 5  Torr. 

nomenon would be attributed to the effect of the 
hydroxylated surface layer and is probably not based 
on the change of a composition of WOx to WOy. 

As described above, PC electrolytes were used for 
the electrochemical measurements, because if aqueous 
electrolytes are used for these measurements, the 
large amount of water and protons in the electrolyte 
would obscure the observation of the behavior of 
H20 and/or OH groups initially contained in the film. 
Moreover, it is not unexpected that the WO~ film is 
easily hydroxylated by exposure in aqueous solutions. 
In fact, the potential (Ec) of cathodic reaction of the 
as-deposited films in a 1M H~SO4 aqueous solution was 
+200 mV vs. SCE and it corresponds to the potential 
of 250 mV more negative than that in the PC electro- 
lyte, but the E~ of the film stored in air at 25~ and 
50% RH for 384 hr was similar to that in the PC elec- 
trolyte. These relationships of V-I curves are shown 
in Fig. 6, in the case of measurements in aqueous elec- 
trolytes (Fig. 6b), the potential negative shif-t was only 
100 mV with 384 hr storage in humid air and is a very 
small value compared with the result (350 mV) in 
PC electrolytes. Therefore, by using PC electrolytes for 
these measurecnents, the behavior of chemisorbed OH 
groups seems to be clearly separated from tl4at of 
physisorbed water. 

Consequently, we would say that OH groups are 
increased by hydroxylation and/or hydrolysis in air 
containing humidity as follows, as in the case of other 
metal oxides (14, 16, 17, 20) 

OH 
--O--W=O + H20-~ --O--W--OH [2] 

- - O - - W - - - O I W - - O - -  + H20 
-* --O--W--OH + HO--W--O-- [3] 

and that the hydroxylated surface layer causes the 
shift in the potential of the cathodic coloration reac- 
tion. Therefore, the hydroxylated tungsten oxide film 
loses the electrochromic coloration density under the 
same applied vol~age for virgin tungsten oxide film. In 
order to prepare ECD cells having constant electro- 
chromic properties, they must have controlled con- 
ditions of storage time and humidity. 

Conclus ion  

The WO3 film prepared under high water partial 
pressure in the chamber during evaporation has the 
fast anodic bleaching reaction, and the faster cathodic 
coloration reaction is caused by the high total residual 
gas pressure during the evaporation rather than the 
water partial pressure. 

The water adsorbed from ambient air after film 
removal from the vacuum chamber contributes to fast 
cathodic and anodic reaction. However, the adsorbed 
water reacts gradually with WO3 by hydroxylation 
and/or hydrolysis and then the hydroxylated film has 
a negative shift in the potential of the cathodic reac- 
tion, so that the electrochromic coloration density of 
the hydroxylafed film is lost gradually with storage 
time. 
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The Photoelectrochemical Oxidation of (100), (111 ), and (111 ) n-lnP 
and n-GaAs 

P. A. Kohl,*  C. Wolowodiuk, and F. W.  Ostermayer, Jr. 
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ABSTRACT 

The photoelectrochemical oxidation of (i00), (I 11), and (i 11) n-InP and n-GaAs in several acidic solutions has been inves- 
tigated. Specific interactions between the single crystal semiconductors and solvent selectively revea_l_crystal faces other 
than those originally exposed to the solvent. The relative stability of the n-lnP faces is (111) > (100) > (111). The first case of 
electron injection during the photoanodic dissolution of III-V compound semiconductors has been observed with (I 00) and 
(111) n-InP. Nucleophilic attack by Cl- or Br- produce intermediates whose potential and kinetics allow electron injection 
into the semiconductor conduction band reducing the number of photons required for the reaction from six to four. The 
conditions for selectively etching smooth surfaces on (100) n-lnP are discussed in detail along with the conditions for main- 
taining polished surfaces on n-lnP(lll) or A-face, which is difficult with conventional chemical polishes. 

The mechanism,  rate,  and suppression of n - t ype  I I I -  
V semiconductor  ox ida t ion  plays  a cr i t ical  role in 
severa l  scientific areas.  Chemical  oxid'ation of semicon-  
ductors  is a we l l - known  method  of pol ishing and 
removing  damage f rom I I I - V  surfaces (1) and  e lec t ro-  
chemical  e tching (2-4) has been used to s tudy  crys ta l  
defects. The charac ter iza t ion  (5-8) of the GaAs and 
InP semiconductor /aqueous  solut ion interface  and 
s tudy  of its pho to -ox ida t ion  (9-14) has led to the 
design of  s table photovol ta ic  cells for the conversion of 
opt ical  p o w e r  in to  chemical  a n d / o r  e lect r ica l  power  
(15-18), 

More recently,  the advent  of so l id-s ta te  devices 
based on I I I -V  mater ia l s  for use in opt ical  communica-  
tion and high speed electronic systems has created new 
interes t  in the etching and selective e tching (19-22) of 
the semiconductors .  For  example ,  the photoe lec t ro-  
chemical  e tching of n - I n P  and n - G a A s  has been used 
to: form in tegra l  lenses on 1.3 ~m I n P / I n G a A s P  LED's 
(23), separa te  LED's and photodetectors  into ind iv id-  
ual  devices from wafe r  form (24), produce long 
wave length  annu la r  p - i - n  photodetectors  (25), and 
etch mi l l ime te r  wave  e lect ron osci l lators  (26). 

In  such cases where  the decomposi t ion of the semi-  
conductor  is desirable,  i t  is necessary to control  the 
ra te  of etching and surface topography.  In this report ,  
the pho to-ox ida t ion  of (111), (100), and (1"~) n - I n P  
and  n - G a A s  is explored  in severa l  acidic solutions. I t  
has prev ious ly  been found that  etching is in i t ia ted  by  
a hole at  the surface and nucleophi l ic  a t tack  by  the 
solvent  (9-12), wi th  all  subsequent  e lect ron t ransfe r  
s teps also requ i r ing  holes except  for Ge. I t  has been 
found in most cases tha t  react ive  in te rmedia tes  capable  
of in jec t ing  electrons into the InP  conduction band  
se lec t ive ly  expose  crys ta l  p lanes  other  than  those 
in i t ia l ly  exposed. Thus, smooth surfaces can only  be 
etched when the reac t iv i ty  of the  var ious  faces and the 
dissolution of both species of  the compound semicon-  
ductor  are  nea r ly  equal.  The condit ions for producing 
m a x i m u m  smoothness are  examined.  

Experimental 
T h e  single crys ta ls  of GaAs  and InP were  obta ined  

from Atomerg ic  Chemicals  (Long Island, New York)  
and chemica l ly /mechan ica l ly  polished.  The (100) and 
(111), or  B- face  which  has phosphorus  or  arsenic 
a t o m s  on the surface,  were  pol ished in a Bre /methano l  
solution. The (111), or  A- face  which has on ly  ind ium 
or  ga l l ium atoms on  the surface  was chemica l ly /  
mechanica l ly  sy ton  polished. The GaAs samples were  
Te doped excep~ for the  (100) sample  which  was Si 
doped. The InP  samples  were  p r i m a r i l y  doped with Sn, 

" Electrochemical Society Active Member. 
Key words: semiconductor, etching, photoetching. 

however ,  S and undoped n- InP(100)  ma te r i a l  were  
used for comparison.  The doping dens i ty  was less than 
2 X 10iVcm 3 except  for  the (.100) n - I n P ( S )  and 
n - I n P  (undoped)  which were  1-2 • 101S/cma and 
5-8 • 1015, respect ively.  

Ohmic contacts  were  made to the crystals  wi th  a 
G a / I n  ahoy  and the semiconductors  were  then 
mounted  as electrodes.  Si lver  pa in t  was used to make  
e lect r ica l  contact  and the sides and back  o.f the crysta l  
were  insula ted  with  glycol  ph tha la t e  wax. 

The e lec t rochemical  measurements  were  made  wi th  
a PAR (Pr inceton App l i ed  Research,  Princeton,  N.J.) 
173 potent iostat ,  179 coulometer ,  and 175 p rogrammer .  
The surface roughness was measured  with  a surface 
profiler.  

An t t e -Ne  laser  was used in conjunct ion  wi th  an 
EG&G 450-1 rad iomete r  and neu t ra l  densi ty  filters to 
obtain a known photon flux. The measurements  were 
correc ted  for the  reflective losses f rom the cell  and the 
surface of the semiconductor  to de te rmine  the photons 
absorbed.  The absolute  e r ror  is <10%. A tungs ten-  
halogen l amp  was used as the i l luminat ion  source to 
un i fo rmly  etch la rge  area  electrodes for surface 
smoothness studies. The in tens i ty  was va r ied  wi th  
neu t ra l  dens i ty  filters. 

Results 
The cu r ren t -vo l t age  ( I -V)  behavior  of the  (100), 

(111), and (111) faces of n - I n P  and n -GaAs  were  
examined  in severa l  different  acidic solut ions under  a 
va r i e ty  of i l lumina t ion  conditions. F igures  1 and 2 
show typical  I -V  curves for InP  and GaAs, respec-  
t ively.  Only a smal l  f ract ion of the e lect rode was 
i l lumina ted  by the laser  in Fig. 1 and 2 and the to ta l  
r ad ian t  power  in ~watts  is shown for each electrode.  

o _:Y" ,.<'2" 
:i: l (I II 

A-HF ,'I I B-HC2 'I t I C-HBr ,~' / .,/ // :/ 
...... 2 "~ ~' I I 

J - ." /-----.." 1~o4 
t ~ o . '~ o 91 . . . . . .  �9 ~ o 6 /  , .  . . . . .  ~ - . . . .  

I l I I ~ I I I :Z,~ I .. I I 
0.4 0.2 0 -0.2 0.4 0 2  0 0.4 0.2 0 

VOLTAGE,V, vs SCE 

Fig. 1. Yoltammogram of ( ,) n-lnP(10e), (---) n-lnP(111), 
and (@1t@@) n-lnP(111) in (A) 2N HF, 0.SN KOH, (B) 2N HCI, 
and (C) 2N HBr. The radiant power (#,watt) of the He-Ne laser 
corrected for reflective losses is shown for each curve. The scan 
rate was 20 mV/sec. 
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Fig. 2. Yoltemmogram o f  ( . ) n-GaAs(I00). ( - - - )  n- 
GaAs(111) and ( $ $  $ $ )  n-GaAs(111) in ( A ) 2 N  HF, 0.SN KOH, 
(B) 2N HCI, (C) 2N HBr, and (D) I N  H~SO4 .The radiant power 
(~watt) of the He-Ne corrected for reflective losses is shown for 
each curve. The scaa rate was 20 mV/sec. 

In buffered HF, the I-V curves were shifted to poten-  
tials more negat ive than the other acids because of the 
pH dependence of VrB (8, 15). The I-V curve for n - I n P  
(100) was consistently shifted to more negative 
potentials than  the (111) and (111) presumably  be-  
cause of changes in the flatband potential  of the 
semiconductor arising from differences in the He lm-  
holtz layer. Undoped n - I n P  (ND ~ 1016) behaved the 
same as high sul fur-doped n - I n P  (ND ~'~ 2 • 10is). 

A sl ightly more complicated t rend was observed with 
GaAs. The (111) face was consistently shifted to more 
negative potentials than the (100) or (111); and the 
relat ive shape of the (111) curves varied. Also there is 
a greater  change in onset potent ial  with GaAs than that 
expected from changes in pH. The onset potential  in 
I-I2SO4 is more negative than in HC1 or HBr in spite of 
the similar  pH. At potentials on the photocurrent  
plateau the current  was directly proport ional  to radiant  
in tensi ty  over wide ranges. In  HC1, the cur ren t  range 
exceeded I00 m A / c m  2 whereas in HF and HBr only 
about  80 and 30 m A / c m  2, respectively, could be ob- 
ta ined before the rate of dissolution of the reaction 
products l imited the current  density.  These current  
densi ty limits were also dependent  on agitation and 
electrolyte concentration.  

The two most s t r iking differences in the photo- 
oxidation of the various faces are the changes in the 
plateau current  for the various faces and the topog- 
raphy differences of the semiconductor upon prolonged 
etching. Although all the currents  in Fig. 1 and 2 were 
direct ly proport ional  to l ight intensity,  the observed 
current  was significantly different for the various I nP  
faces in the solvents. The origin of the photocurrent  
can be summarized in  Eq. [1] and [2] 

n-III-V (face A) Jr xhv --> n-III-V 

( f a c e  A )  -b xh + -}- x e -  [1 ]  

s o l v e n t  
n - I I I -V  (face A) ~ xh + . . > n - I I I - V  

(face B) Jr III  s+ -b V3+ W- y e -  [2] 

Minori ty  carrier holes, h +, and electrons, e - ,  are photo- 
generated in Eq. [1] and at potentials positive of VFB 
they are forced to the semiconductor /solut ion interface 
where they participate in the photodissolution of the 
semiconductor, Eq. [2]. The n u m b e r  of photons part ic i-  
pat ing in the oxidation of one I I I -V molecule is given 
by  x, however, the total  n u m b e r  of electrons t rans-  
ferred through the external  circuit  is x % y, where y 
is the n u m b e r  of nonphotogenerated electrons involved. 

Electrons can be injected directly into the conduction 
band  by  reaction intermediates  whose reduct ion 
potential  is more negative than  the cofiduction band-  
edge. The only previously reported electron inject ion 
has been for Ge (11, 12). The total n u m b e r  of electrons 
involved per molecule x -t- y was measured to be 5.8 
and 5.4 for n - InP(100)  in  HC1 and HF, respectively. 
T, his is wi thin  exper imenta l  error  of 6 e lec t rons / InP 
previously reported (14). These values were inde-  
pendent  of potent ia l  for voltages from 0.1 to 0.gv vs. 
SCE and currents  from 10 to 20 mA/cm~. Table I gives 
the n u m b e r  of photons per molecule of InP  and GaAs 
assuming a s ix-electron process. The n u m b e r  of elec- 
trons (x W- Y) measured in the external  circuit  
exceeded the n u m b e r  of photons absorbed by the n - I n P  
(100) and (11t).  Thus, the. deviat ions in  plateau 
currents  observed in  Fig. 1 are due to electron inject ion 
into the conduction band which does not require light. 

In  HC1 and HBr, the etching of n - I n P  (100) and (111) 
required only about 4 pho tons / InP  and thus 2 electrons 
were injected. Less inject ion was observed in HF. The 
InP(111) required about 6 photons assuming a small  
fraction of the l ight was lost to recombinat ion from 
photons absorbed outside the space charge region and 
surfaces defects. These values were consistent for laser 
intensit ies from 0.1 to 1.5 roW. The n u m b e r  of photons 
required for GaAs dissolution was relat ively consistent 
for the different solvents and is reasonably close to the 
expected value of 6. The current  decayed sl ightly with 
t ime dur ing  the GaAs dissolution process increasing 
the apparent  n u m b e r  o~ photons required. 

There was a definite correlation between the surface 
topography of the InP  after etching ,-,20 C/cm 2 a n d  
the amount  .of electron inject ion as shown in Table I. 
The InP(100) and (111) in HC1 and HBr were signifi- 
cant ly  rougher than those etched in HF where the 
amount  of electron inject ion was less. 

A scanning electron micrograph of the InP(100) ,  
(111), and (111) surfaces in HC1 and HF are ~hown in 
Fig. 3. The two roughest surfaces gave the most electron 
injection;  n - I n P ( l l l ) a n d  (100) in HC1 as shown in  
Fig. 3A and B, respectively. They both appear velvety 
black to the eye. Figure 4A shows a cross section of the 
n- InP(100)  shown in Fig. 3B cleaved along the (011) 
plane. There is 35~ ~ angle be tween the planes 
exposed in Fig. 4A and the original surface. This 
s trongly suggests that (110) planes are revealed (Fig. 
4A) upon etching n - InP(100)  in HC1. Upon prolonged 
etching of n - InP(100) ,  >50 #m etched, very deep pits 

Table I. Maximum number of photons/molecule for photodissolution 
of n-Ill-V, corrected for reflective losses 

Crystal Face Solvent Photons a Roughness (/Lm} t 

InP 100 HC1 4.1 0.5 
InP 100 HF 5.2 0.04 
InP 100 HBr 4.1 - -  
InP 111 HC1 6.3 0.1 
InP 111 HF 6.9 0.04 
InP 111 HBr 6.2 
InP i l i  HCI 4.3 I 
InP 11i HF 6.4 0.25 
InP 111 HBr 4.2 
GaAs I00 HCI 7.0 0.5 
GaAs 100 HF 6.6 4 
GaAs 100 HBr 7.0 -- 
GaAs 100 H~SO~ 6.7 
OaAs III HCI 7.2 3 
GaAs 111 HF 7,1 1 
GaAs 111 HBr 6.0 
GaAs 111 H.-SO4 7.2 
GaAs 111 HCI 7.2 0.5 
OaAs i l i  HF 6.9 1 
GaAs iii HBr 7.1 -- 
GaAs 111 H~SO~ 7.2 

a Measured with He-Ne laser of 50 to 1500/~W. 
b Minimum roughness after etching 30 C/crn 2 at a current  den- 

sity of ~15 mA/cm-" with a white  l ight source. 
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Fig. 3. Scanning electron 
microgroph of n-lnP crystals 
etched N30 C/cm~ (A) (111) in 
2N HCI, (B) (100) in 2N HCI, 
(C) (!11) in 2N HCI, (D) (111) 
in 2N HF, 0.5N KOH, (E) (100) 
in 2N HF, 0.SN KOH, and (F) 
(111) in 2N HF, 0.SN KOH. 

are formed as shown in Fig. 4B. Although it may 
appear that the peaks in Fig. 4B are not etching, there 
is no measurable  decrease in the current  density upon 
etching showing that the light is utilized as efficiently 
as when the etching started. 

Crystal facets with a 52~ ~ angle were observed 
upon etching n - I n P ( l l l )  in HC1 when cleaved along 
the (110) plane. This suggests that  the (111) face is 
preferent ia l ly  exposed. When the (111) is etched, Fig. 
3.C, the original surface is preserved. This indicates 
that no crystal plane is exposed preferential  to the 
(111). 

In HF, there is much less electron inject ion and very 
little preferent ial  featur ing of the crystal surface as 
shown in Fig. 3D, E, and F. The surfaces are quite 
smooth and the electrical cur rent  exceeded the photon 

flux only with the (i00) surface of InP. The n-lnP 
(111) shows the only crystallographic featuring,  Fig. 
3D. In  general,  there was much less of a tendency to 
expose al ternate crystal planes in HF as compared to 
HCI or HBr. Chemically, the impor tant  difference in 
the two types of solvents is the abil i ty of C1- and B r -  
to participate in In  dissolution whereas F -  does not. 
This aspect will  be discussed in greater detail  in the 
next  section. 

The surfa.ce topography of the n - I n P  etched in HF is 
a function of the solution condition and etch rate. The 
n- InP(100)  sulfur-doped (ND ,~ 1018) was examined 
in  detail because of its low defect density and hence 
c~evice applications. Table II shows that  the smoothest 
etched surfaces were produced at the lower current  
densities. The larger surface features in  Table II  were 
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Fig. 4. Cross section of n-lnP(100) etched in 2N HCI for (A) 
30 C/cm2 and (B) 200 C/cm2. 

general ly  from damage or defects and the small  rough- 
ness value was indicative of a more ideal surface. This 
indicates that the smoothness is not dependent  on the 
formation of insoluble surface films as in electropolish- 
ing which l imit  the rate of dissolution. The slow rate of 
oxidation allows adequate time for dissolution and 
salvat ion of the reaction products. As the cur ren t  
density increases, a rougher surface is observed as the 
l imit ing rate of dissolution is approached unt i l  finally a 
precipitate is observed on the InP  surface for current  
densities >100 m A / c m  2. The current  density is then no 
longer a l inear  function of l ight intensi ty.  

Although the etch rate or cur ren t  density is directly 
proport ional  to in tens i ty  on the l imit ing current  
plateau, non l inear  relationships have been found at 
other potentials on the rising portion of the I - V c u r v e .  
At these potentials the semiconductor space charge 
region is th inner  than the absorption depth of the 
incident  radiat ion and only of a fraction of the photo- 
generated carriers migrate  to the semiconductor-  
solution interface. 

Figures 5 and 6 show the collection efficiency of the 
l ight as a funct ion of in tensi ty  for InP  in I-IF and HC1, 
respectively. The 100.% value is that observed on the 
l imit ing plateau. At lower intensities the relat ive 
efficiency of the etching is greater than at high 
intensities. This nonl inear i ty  is discussed in the next  
section. Knowledge of this behavior  is of par t icular  
importance when specific profiles are to be etched into 
semiconductor surfaces (24). 

Table II. Effect of current density on surface topography .using 
n-lnP(100) S-doped at 1018/cm s in 1.SN HF/O.5N KOH 

Current density Potential Roughness 
(mA/cm '~) vs. SCE Charge (C/em=) (#m) 

101.4 + 0.2 30.2 2 
53.4 + 0.2 30.0 2 
37.5 + 0.2 22.6 0.5 
21.5 + 0.2 29.8 0.4 
11.5 + 0.1 29.9 0.08 
11.3 + 0.2 30.0 0.10 
,5.0 + 0.2 31.3 0.07 
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Fig. 5. Current efficiency (fraction of the plateau current) vs. 
light intensity at various potentials in 2N HCI for n-lnP (A) (111), 
(B) (100), and (C) ( I T ) .  The maximum current density was (A) 
131 mA/cm 2. (B) 120 mA/cm 2, and (C) 111 mA/cm 2 with the 
white light source used. 

Discussion 
The energetics o~ the semiconductor/solut ion in te r -  

face have been extensively discussed and many  specific 
solid-solvent interactions have been described which 
dramatical ly  affect the junct ion  (15). Small  variat ions 
in the na ture  of the surface can affect the adsorption of 
ions on molecules and change the potential  drop across 
the Helmholtz layer in  solution. This change will  shift 
the potential  of zero charge in the semiconductor 
(VFB). The negative shift of all GaAs electrodes in 
H~SO4 and the pH dependence of the electrodes are 
examples of changes in the Helmholtz layer. 

The solid/solvent  interact ion takes on a more dy-  
namic role as photo-oxidation occurs. The s ix-electron 
t ransfer  reactions and accompanying chemical reac- 
tions, Eq. [2], are ini t ia ted by a photogenerated hole 
and nucleophilic attack (9-12). 

A - B + h  + + X - ~  A - X +  B [3] 

The more electropositive species A of the compound 
semiconductor A-B forms an in termediate  species with 
the l igand X -  specffic to the par t icular  solvent system. 
Each of the s ix-electron transfer  reactions is character-  
ized by a free energy. The free energy of the overall  
reaction, Eq. [2], is composed of the ind iv idua l  
potentials and thermodynamics  of the chemical reac- 
tions. The importance of this overall  reduct ion 
potential  to the stabil izat ion of l iquid junct ion solar 
cells has been discussed elsewhere (16, 17). 

The reduct ion potential  of the reactant  and products 
in Eq. [3] is s trongly tied to the nucleophilic at tack of 
X - .  It has been found that the dissolution of In  +8 from 
In or I n ( H g ) e l e c t r o d e s  in CI- ,  B r - ,  I - ,  or S C N -  
solutions is via a l igand bridge in termediate  (27-29). 
However, because F -  is nonpolarizable,  it only forms 
solution complexes such as I nF  2+ and does not partici- 
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Fig. 6. Current efficiency (fraction of the plateau current) v s .  

light intensity at various potentials in 2N HF/O.5N KOH for n- 
InP (A) (111), (B) (100), and (C) (111). The maximum current 
density was (A) 100 mA/cm 2, (B) 89 mAJcm 2, and (C) 88 mA/ 
cm 2 with the white Fight source used. 

pate in the  dissolution in te rmedia te .  A s imi lar  effect 
appears  to be responsible  for  the electron inject ion and 
resul t ing  roughness  wi th  n - InP .  The P - r i ch  face, n - I n P  
(111), is the most susee,ptible to a t tack  and dissolution 
b y  ha logena ted  solvents  (1). The surface In has the 
least  n u m b e r  of bonds to the la t t ice  and an In - r i ch  
(11-1) surface  is exposed upon etching ( l l l i  in  C1- or 
B r - .  Also, e lect ron inject ion in these solvents  shows 
tha t  the reduct ion po ten t ia l  of the in te rmedia te  is 
s tab i l ized  or  shi f ted  to more  negat ive  voltages.  The 
absence of  nucleophi l ic  a t tack  by  F -  makes  the In on 
the (100) and (111) faces s imi lar  in dissolution ra te  
and hence  less e lec t ron  inject ion and less p re fe ren t i a l  
exposure  of  a different  c rys ta l  face is observed.  

When the n- InP(100)  face is exposed to the solvent,  
the (110) c rys ta l lographic  face is p re fe r r ed  in HC1. The 
large  amoun t  of e lect ron inject ion (two of the six 
e lect rons  in Eq. [2]) ,  again indicates  the re la t ive  
s tab i l i ty  of the in te rmedia te  in C1- and B r - .  Upon 
etching the In - r i ch  (111) face no e lect ron inject ion or  
c rys ta l lographic  exposure  of  o ther  faces is observed.  
The o rde r  of r eac t iv i ty  in C1- or  B r -  is the same as 
that  found in chemical  etches: (111) > (100) > (111). 

The absence of e lect ron inject ion with  GaAs and all  
o ther  semiconductors  s tudied  thus far, except  Ge, is 
poss ibly  because of the more  nega t ive  potent ia l  of the 
conduction bandedge  and p robab i l i ty  of forming in te r -  
media tes  such as I n ( I ) .  Specular  surfaces are  ma in -  
ta ined upon etching InP  when the rates of dissolution 
of both  species in the compound semiconductor  are  
comparab le  and the re la t ive  s tab i l i ty  of the faces is 
n e a r l y  equal.  Buffered HF appears  to meet  these re -  
qu i rements  and  yet  main ta in  oxide  dissolution. Thus, 
the hole in i t ia ted  etching of (100) and (111) InP 

mainta ins  smooth surfaces. This is in contras t  to chemi-  
cal e tchants  which canno~ ,polish (111) InP.  

The ra te  of e tching is d i rec t ly  p ropor t iona l  to the 
hole concentra t ion at  the surface, Eq. [2], even when 
elect ron inject ion occurs for in te rmedia te  species. How- 
ever, po ten t i a l ly  nondesi rable  deviat ions from l inea r i ty  
occur on the r is ing por t ion of the I - V  curve. The 
collection efficiency decreases for severa l  reasons. First ,  
any  uncompensa ted  IR drops in  the e lect rode or  
e lec t ro ly te  make  the ac tual  e lect rode potent ia l  more  
nega t ive  than  tha t  applied.  In  this si tuation,  the field 
wi th in  the semiconductor  is reduced  and the space 
charge region is thinner .  Second, photogenera ted  car -  
r iers  increase  the ne t  free carr iers  wi th in  the space 
charge  region and decrease its dep th  re la t ive  to the 
absorpt ion  length  of l ight.  Thus, a g rea te r  percen t  of 
the carr iers  wi l l  be genera ted  outside the space charge 
region at  h igher  intensit ies.  Third,  any  recombinat ions  
which are  de,pendent on the concentra t ion of e lectrons 
and holes consume a grea te r  f ract ion of the car r ie rs  
at  h igher  intensi t ies  because of thei r  increased concen- 
t rat ion.  

The differences in so l id / so lvent  in terac t ion  can be 
of pa r t i cu la r  significance with  po lycrys ta l l ine  mate r ia l s  
where  m a n y  faces are  exposed s imultaneously.  The 
collection efficiency of light,  s tabi l i ty ,  and  reac t ion  
energet ics  a re  nonun i fo rm across the surfaces. Fur the r ,  
i t  points  out  the impor tance  of gra in  boundar ies  
because this is the locat ion where  pe r tu rba t ions  in the  
solid merge.  

Conclusions 

The mechanism and  energet ics  of  the n - G a A s  and 
n - I n P  photo in i t ia ted  oxida t ion  is dependent  on the 
ho l e  concentra t ion at the semiconductor / so lu t ion  in te r -  
face and specific interact ions  wi th  the solvent.  Smooth  
profiles can be etched into n - t y p e  I I I -V  single crys ta l  
surfaces if the  ra te  of dissolut ion of the two species and 
reac t iv i ty  of the faces is s imilar .  Specular  surfaces can 
be etched on n -GaAs  and n - I n P  crystals  including the 
(100) and (111) or  A- face  which  is difficult to do by  
o ther  chemical  means.  Crys ta l  faces o ther  than  those 
or ig ina l ly  used can be se lec t ive ly  exhibi ted .  This is 
accompanied by  electron inject ion into the  conduction 
band  of the semiconductor  because l igand br idg ing  by  
C1- and B r -  forms in te rmedia te  species whose po ten-  
t ia l  is more  negat ive  than the poten t ia l  of the conduc-  
t ion bandedge.  
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Contact Hole Formation in Integrated Circuits Using Ion Beam 
Nitriding 

Jayant K. Bhagat and John R. Troxell 
General Motors Research Laboratories, Electronics Department, Warren, Michigan 48090-9055 

A method of opening contact holes through phos- 
phosilicate glass (PSG) and thermally grown silicon 
dioxide to the underlying diffused source-drain re- 
gions and diffused polysilicon gates of MOSFETs 
(metal oxide semiconductor field effect transistor) 
which minimizes the problem of contact blooming and 
resultant gate to source or drain ~horts is described. 

In the fabrication of MOSFET integrated circuits, 
making contact holes to the source, drain, and gate is 
the last step prior to metallization. Improper contact 
holes can cause either a n  open circuit or a short cir- 
cuit between adjacent circuit elements in an otherwise 
properly processed device or circuit. Due to this fact, 
contact holes are opened carefully and elaborate pro- 
cessing techniques are used in the industry. We have 
found that the presently available techniques are 
neither simple nor completely reliable. In this note, an 
alternative technique s opening the contact holes is 
presented. 

The problem in opening the contact holes lies with 
the dii~'erential etch rate of the phosphosilicate glass 
(PSG) and the thin thermal silicon dioxide (SiO~) 
layers lying over the diffused region of interest. To 
visualize the situation, consider the basic MOSFET 
structure shown in Fig. 1. A thin layer of SiO~ grows 
in the contact regions during the source-drain junction 
formation. Subsequently, ~-1 ~m of PSG is deposited 
and densified on top of this SiO2 layer. In o rde r  to 
make electrical contact to the device, vias must be 
opened through both of these insulating layers. Con- 
ventionally, this is accomplished using a patterned 
photoresist layer and a hydrofluoric (HF) acid-based 
etchant. In such etchants, the etch rate of PSG is 
typically 10-15 times faster than that of thermally 

Key words: ion beam nitriding, contact hole opening, rettow 
oxidation, MOSFET, 

grown SiO~ (1). Consequently, after etching PSG, the 
etchant not only etches the thermally grown oxide, 
but severely undercuts the photoresist. Two problems 
can be identified due to this: (i) shorts between source 
and gate or drain and gate, and (ii) discontinuities in 
the metal interconnection layer over the PSG. The 
former problem can be aggravated due to alignment 
error of the contact opening photomask relative to the 
polysilicon gate. In the latter case, the overetched PSG 
can cause discontinuity in the overlying lines, depend- 
ing upon the severity of etching. Also, metal lines 
which are continuous can be subsequently attacked by 
metal etchant entrapped between the metal and the 
overetched PSG. 

To alleviate this situation, we realized that it is best 
not to have to etch the PSG and the thin thermal 
SiO2 simultaneously for opening the contact holes. In 
our modified process, the PSG layer is etched first, 
and then the thin thermal SiO2 layer is removed by 
ion beam sputtering and replaced by a thin silicon 
nitride layer in the contact windows. The entire con- 
tact opening process is performed with a single photo- 
lithography step. 

The process sequence is to deposit 1 ~m of PSG over 
the entire wafer after source-drain and polygate dif- 
fusions, and then densify (1) it at 900~ for 20 min in 
a nitrogen ambient. After the required photolithogra- 
phy step using negative photoresist, the PSG layer is 
etched with buffered hydrofluoric (BHF) acid. The 
etch rate of PSG is critically dependent upon the 
phosphorus conten~ in the PSG (1); with about 6% 
phosphorus in the PSG, a 1 min etch in BHF can 
remove about 1 ~m of PSG. No attempt is made to etch 
through the thermal SiO2 at this step. 

A collimated nitrogen ion beam from a Kaufman- 
type ion source is then employed to erode the remain-  
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Fig. 1. Plan view of the MOSFET (top). Cross section of the 
MOSFET. Note that the contact of the polysilicon gate is not 
shown in the cross section (bottom). 

It  should be noted tha t  in  o rder  to produce  the s i l i -  
con n i t r ide  layer ,  significant hea t ing  of the sample  
wafers  is unavoidable .  A typica l  process employ~ a 
2 rain exposure  to the 2.1 keV, 1 m A  cm-~  neu t ra l ized  
ion beam, y ie ld ing  an incident  flux of ~.,8 • 1017 n i t ro -  
gen a toms per  uni t  area. This flux is sufficient to p ro -  
duce a si l icon ni t r ide  film af te r  mi l l ing  th rough  a 
the rmal  SiO2 l aye r  ~60 nm thick (4, 6). In  addit ion,  
however ,  this process generates  more  than  180W in a 
7.6 cm diam wafer.  Even wi th  a wa te r  cooled sample  
holder,  this can resul t  in severe  de te r iora t ion  of posi-  
t ive photoresis ts  such as AZ 1350J 1 and AZ l l l H  1. 
Negat ive  photores is t  (Kodak  7472) shows much less 
suscept ib i l i ty  to hea t  damage  and, thus, was employed  
in these studies. Also, in many  cases i t  is not  necessary  
to keep the photores is t  in place dur ing  the n i t r ida t ion  
process ( the n i t rogen ion beam would  only  remove 
,~200 n m  of PSG in those regions, which could be 
compensated  for  by  a th icker  ini t ia l  PSG deposi t ion) .  
In the future,  though, i t  wil l  b e  necessary  to develop 
techniques to a l low for the use of  both  negat ive  and 
posit ive photores is t  in this contact  opening process. 

Fol lowing  the  ion beam n i t r ida t ion  process,  the 
wafers  are  s lowly  pushed into the furnace ( t empera -  
ture ,~1050~ in a wet  O3 ambien t  for 10-20 min for 
PSG reflow. Dur ing  the reflow process,  the sharp  edges 
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ing the rmal  SiO2 l aye r  and to subsequent ly  form a 
thin (~10 rim) l aye r  of si l icon n i t r ide  in the opened 
contact  regions.  The 15 cm diam, 2.1 keV, 1 m A  cm -~  
ion beam removes  about  60 n m  of SiO2 pe r  min, whi le  
the erosion ra te  of silicon is only about  25 nm per  min 
(Fig. 2). Dur ing  this process, the PSG is pro tec ted  by  
the l aye r  of photores is t  which was used to pa t t e rn  the  
PSG layer .  The se lec t iv i ty  in the spu t t e r ing  ra tes  
resul ts  f rom the fact  that  the n i t rogen can chemical ly  
bond to the si l icon (2, 3), but  appa ren t ly  does no t  
replace oxygen  in the s i l i con-oxygen  bonds of the ox-  
ide layer .  Thus, when  the ion beam pene t ra tes  th rough  
the oxide layer ,  i t  genera tes  a si l icon n i t r ide  l aye r  in 
the surface of the under ly ing  sil icon (4-6). This si l icon 
n i t r ide  l aye r  then acts as an oxidat ion  mask  for  the  
contact  regions dur ing  the subsequent  P S G  reflow 
opera t ion  in a wet  oxygen  ambient .  
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Fig. 2, Nitrogen ion beam sputtering rates for s~con and silicon 
dioxide. Incident ion beam; 2.1 keV, 2 mA cm -2, neutralized by a 
hot wire filament. 

Fig 3. VDMOS device electromicrograph (mag. 3.13 KX) after 
etching densified PSG (top). VDMO,S device electromicregraph 
(mag. 1.19 KX) after PSG reflow (bottom). 
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of the PSG are rounded off. Additionally, in the case 
of considerable mask misalignment, a silicon dioxide 
layer (-~200 nm) grows over the polysili.con sidewalls, 
further reducing the chance of interglement metalliza- 
tion shorts. The silicon nitride layer is then removed, 
prior to metallization, by etching for 30 sec in a CF4 
plasma. (Alternatively, an HsPO4 etch can be used.) 

The reliability of this contact opening technique has 
been demonstrated by its successful use in the fabrica- 
tion of vertical double-diffused metal oxide semicon- 
ductor (VDMOS) power MOSFET devices, each of 
which requires up to 5000 individual contact hole 
openings. The quality of the contacts on these devices 
can be seen in the electron micrographs of Fig. 3. 
Figure 3a shows the cross section after etching densi- 
fled PSG, while Fig. 3b shows the same region after 
PSG reflow. The smooth contouring of PSG edges 
which prevents metal line breakup is clearly visible. 

Summary 
A new technique for opening contact holes during 

integrated circuit fabrication is described. This method 
requires only a single photolithography step to etch 
the contact holes. Following chemical etching of the 
PSG, a high current density nitrogen ion beam is 
employed to sputter off the remaining thermal silicon 
dioxide layer and to implant a thin silicon nitride 
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layer in the contact regions. This silicon nltride layer 
acts as an oxidation mask during the PSG reflow step 
and is removed prior to metallization in a brief (30 
sec) CF4 plasma etch. The resulting devices have mini- 
mal undercutting and as a result no metallization dis- 
continuities. In addition, during the PSG reflow opera- 
tion, any exposed silicon surface such as the polysili- 
con gate sidewalls are oxidized, thereby reducing the 
possibility of interelement metallization shorts. This 
method has been used successfully to make VDMOS 
power transistors with up to 5000 contact hole open- 
ing~s. 

Manuscript submitted June 6, 1983; revised manu- 
script received ca. July 12, 1983. 

General Motors Research Laboratories assisted in 
meeting the publication costs of this article. 
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C u r r e n t  r e s e a r c h  i n  e l e c t r o l u m i n e s c e n t  
d i s p l a y  s y s t e m s  f a v o u r s  t h i n  f i l m s  i n  o r d e r  t o  
r e d u c e  t h e  s l o w  d e g r a d a t i o n  f o u n d  i n  p o w d e r  
b a s e d  s y s t e m s  c o n t a i n i n g  m o b i l e  c o p p e r  ( 1 , 2 ) .  
Ho t  e l e c t r o n  e x c i t a t i o n  o f  Mn i n  b r e a k d o w n  
f i e l d s  ( a b o u t  108  V m - 1 )  i s  r e s p o n s i b l e  f o r  
t h e  l u m i n e s c e n c e  i n  ZnS:Mn t h i n  f i l m s  a n d  i n  
DC e x c i t e d  d e v i c e s  t h e  a v a l a n c h e  c u r r e n t  i s  
c o n t r o l l e d  b y  a n  a c c o m p a n y i n g  l a y e r  w h e r e  t h e  
f i e l d  i s  l o w e r  t h a n  i n  t h e  ZnS f i l m .  I n  t h i s  
r o l e ,  c e r m e t s ( 3 ) ,  Z n S e ( 4 ) ,  G a A s ( 5 ) ,  Cu -  
c o a t e d  ZnS p o w d e r ( 6 )  a n d  t h e  o x i d e s  M n 0 2 ( 7 )  
a n d  T a 2 0 5 ( 8 )  h a v e  b e e n  u s e d .  We d e s c r i b e  
b e l o w  t h e  c h a r a c t e r i s t i c s  o b s e r v e d  w h e n  v a r i o u s  
c h a l c o g e n i d e  g l a s s e s  a r e  u s e d  t o  c o n t r o l  t h e  
a v a l a n c h e  c u r r e n t  i n  ZnS:Mn t h i n  f i l m s ( 9 ) .  

EXPERIMENTAL 

Experimental cells, Fig. i, were 
prepared by sequential e-beam deposition of 
Mn doped ZnS films (O.5----~ l.O~m) and 
amorphous chalcogenide films (i > 2~Am) 
onto tin oxide coated glass substrates. The 
ZnS films were deposited at 150~ annealed 
at 450~ and contained 0.33 + 0.03 m/o Mn. 
The chalcogenide films were deposited at 
room temperature. 

The chalcogenides chosen covered a range 
of compositions and included the following: 
Cu8As42Se50 (G1), Ge33As12Se55 (G2), 

G e 1 3 A s l o S b 1 o S e 6 7 ( G 3 )  a n d  G e 2 o S b 3 o S e 5 0  ( G 4 ) .  
I n  a d d i t i o n ,  f i l m s  w e r e  e v a p o r a t e d  f r o m  a 
mixture of G3 + 10% w/w Sb, (GS). The 
chalcogenides were synthesised prior to 
evaporation by melting the constituents in 
evacuated ampoules in a rocking furnace at 
90OOC and quenching in air. All formed 
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glassy boules Qxcept G4. EDAX analysis of 
the evaporated films revealed no trace of Cu 
i n  G1 f i l m s ,  w h i l s t  a g e n e r a l  f e a t u r e  was  
a l o w e r  Se c o n t e n t  t h a n  i n  t h e  b u l k  
s a m p l e  ( T a b l e  1 ) .  

B r i g h t n e s s / v o l t a g e  a n d  c u r r e n t /  
v o l t a g e  c h a r a c t e r i s t i c s  o b t a i n e d  u s i n g  t h e  
t e s t  c i r c u i t  i n  F i g .  1 a r e  s h o w n  i n  F i g s .  2 
and 3.  C u r r e n t / v o l t a g e  c u r v e s  f o r  ZnS:Mn 
a l o n e  a r e  n o t  s h o w n  s i n c e  t h e s e  f i l m s  
i n v a r i a b l y  b r e a k  down a t  o r  b e l o w  t h e  t h r e s h -  
o l d  f o r  e l e c t r o l u m i n e s c e n c e .  The  p r e s e n c e  
o f  a c h a l c o g e n i d e  l a y e r  i n h i b i t s  c a t a s t r o p h i c  
b r e a k d o w n  a b o v e  t h e  e l e c t r o l u m i n e s c e n c e  
t h r e s h o l d .  F o r  a n  a r b i t r a r y  l u m i n e s c e n t  
b r i g h t n e s s  o f  1 0 - 3  F t . L .  t h e  t h r e s h o l d  ~ i e l d  
was  f o u n d  t o  b e  i n  t h e  r e g i o n  1 . 0  ) 1 . 4  x 
108  V m - 1 .  

F i g u r e  2 a n d  T a b l e  1 d e m o n s t r a t e  t h a t  
t h e  c h a l c o g e n i d e  f i l m s  c a n  t o l e r a t e  f i e l d s  o f  
a t  l e a s t  4 x 107  V m - 1  b e f o r e  a v a l a n c h i n g  o r  
c a t a s t r o p h i c  b r e a k d o w n  ( i n d i c a t e d  b y  l o s s  o f  
t h e  c h a l c o g e n i d e  a n d  o v e r l y i n g  e l e c t r o d e ) .  
S a m p l e s  c o n t a i n i n g  b o t h  As a n d  Sb ( p a r t i c u -  
l a r l y  G5) s h o w e d  t h e  h i g h e s t  u l t i m a t e  
c o n d u c t i v i t y  b e f o r e  b r e a k d o w n .  S w i t c h i n g  f r o m  
a h i g h  t o  l ow  r e s i s t i v i t y  s t a t e  was  o n l y  
e n c o u n t e r e d  o n c e  ( i n  a G3 s a m p l e )  i n  o v e r  
2 0 0  d e v i c e s .  G e n e r a l l y ,  a s m o o t h  b u t  n o n -  
l i n e a r  i n c r e a s e  i n  c u r r e n t  w i t h  a p p l i e d  
v o l t a g e  was  o b s e r v e d ,  w i t h  s i g n i f i c a n t  p h o t o -  
c o n d u c t i v i t y  i n  G5. U n d e r  w h i t e  l i g h t  
illumination of 60 Lux photocurrent gains of 
up to 20 were observed, the gain disappearing 
as the breakdown field is approached (Fig. 3). 

DC e x c i t a t i o n  o f  ZnS:Mn f i l m s  b a c k e d  w i t h  
t h e  c h a i c o g e n i d e  l a y e r s  p r o d u c e d  t y p i c a l  Mn 
e m i s s i o n  a t  580  nm. The  b r i g h t n e s s / v o l t a g e  a n d  
c u r r e n t / v o l t a g e  p l o t s  f o r  t h r e e  o f  t h e  c h a l c o -  
g e n i d e  b a c k e d  p a n e l s  a r e  g i v e n  i n  F i g .  3 .  
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In  g e n e r a l ,  s t a b l e  e l e c t r o l u m i n e s c e n c e  was 
found i n  a v o l t a g e  i n t e r v a l  b e t w e e n  t h e  
l u m i n e s c e n c e  t h r e s h o l d  ( c o r r e s p o n d i n g  
a p p r o x i m a t e l y  t o  t h e  ZnS breakdown f i e l d )  and 
u l t i m a t e  breakdown o f  t h e  d e v i c e .  Maximum 
e f f i c i e n c i e s  o f  2 x 10 - 4  w/w have  so  f a r  been  
o b s e r v e d ,  w i t h  G2, G3 and G5 g l a s s e s .  These  
e f f i c i e n c i e s  a r e  c o m p a r a b l e  t o  t h o s e  r e p o r t e d  1. 
f o r  o t h e r  DC t h i n  f i l m  d e v i c e s  i n c o r p o r a t i n g  
e v a p o r a t e d  Z n S ( 4 ) .  The b r i g h t n e s s  i n c r e a s e s  
l i n e a r l y  w i t h  c u r r e n t  up t o  c u r r e n t  d e n s i t i e s  
o f  a b o u t  100 A m - 2 .  The l e v e l  o f  b r i g h t n e s s  2. 
which  can  be o b t a i n e d  i n  p r a c t i c e  depends  
upon t h e  c u r r e n t  s u s t a i n e d  w i t h o u t  
c a t a s t r o p h i c  b reakdown.  C o n s e q u e n t l y ,  t h e  3. 
c h a l c o g e n i d e s  wh ich  show t h e  g r e a t e s t  s u p e r -  
l i n e a r  i n c r e a s e  i n  c u r r e n t  and t h e  h i g h e s t  
u l t i m a t e  breakdown s t r e n g t h  a r e  r e q u i r e d .  4. 
Of t h e  m a t e r i a l s  e x a m i n e d ,  G2 and G5 a p p e a r  
t h e  most  p r o m i s i n g .  Co e v a p o r a t i o n  o f  t h e  
Sb m o d i f i e r  e l e m e n t  w i t h  G3 was found  t o  5. 
g i v e  h i g h e r  c u r r e n t  d e n s i t i e s  b e f o r e  b r e a k -  
down t h a n  G3 g l a s s  m e l t e d  and e q u i l i b r a t e d  
w i t h  t h e  a d d i t i o n a l  Sb b e f o r e  e v a p o r a t i o n .  6. 
O v s h i n s k y  and c o l l e a g u e s  r e p o r t  s i m i l a r l y  
t h a t  c h a l c o g e n i d e  g l a s s e s  c o - s p u t t e r e d  w i t h  Ni 
show h i g h e r  c o n d u c t i v i t y  t h a n  g l a s s e s  7. 
c o n t a i n i n g  d i s s o l v e d  N i ( 1 0 ) .  

A c o m p a r i s o n  o f  t h e  c u r r e n t / v o l t a g e  
c h a r a c t e r i s t i c s  o f  G2 and G5 w i t h  and w i t h o u t  8. 
ZnS i n d i c a t e s  t h a t  t h e  breakdown s t r e n g t h  o f  
t h e  g l a s s e s  i s  n o t  a , p p a r e n t l Y a f f e c t e d  by t h e  
p r e s e n c e  o f  ZnS. However ,  G1 and G4 g l a s s e s  9. 
t e n d e d  t o  breakdown p r e m a t u r e l y  w i t h  l o s s  o f  
m a t e r i a l  when combined  w i t h  t h e  ZnS f i l m .  
These  g l a s s e s  were  l e s s  s t a b l e  i n  t h e  
p r e s e n c e  o f  t h e  n o i s e  and h o t  e l e c t r o n  10. 
i n j e c t i o n  a s s o c i a t e d  w i t h  t h e  a v a l a n c h i n g  ZnS. 
An a d d i t i o n a l  a d v a n t a g e  o f  t h e  u se  o f  t h e s e  
c h a l c o g e n i d e s  i s  t h e  i n c r e a s e d  c o n t r a s t  
o b t a i n e d  compared  t o  t h a t  o b s e r v e d  w i t h  d . c .  
powder  e l  p a n e l s .  The f u n d a m e n t a l  a b s o r p t i o n  
edge  i s  a t - - ~  650 nm f o r  t h e s e  g l a s s e s  and i s  11. 
even  f u r t h e r  i n t o  t h e  r e d  t h a n  t h e  As283 
i n s u l a t i n g  f i l m s  u s e d  i n  t h e  S i g m a t r o n  
ACEL d e v i c e ( l l ) .  

The h i g h  f i e l d  c o n d u c t i o n  p r o c e s s e s  
i n  t h e  c h a l c o g e n i d e  f i l m s ,  t h e  e f f e c t  o f  
p h o t o c o n d u c t i v i t y  and t h e  s t a b i l i t y  o f  t h e  
e l e c t r o l u m i n e s c e n t  d e v i c e s  w i l l  be r e p o r t e d  
l a t e r .  

We a r e  g r a t e f u l  t o  t h e  S c i e n c e  and 
E n g i n e e r i n g  C o u n c i l  (UK) f o r  f i n a n c i a l  

s u p p o r t  f o r  t h i s  p r o j e c t ,  and t o  B r i t i s h  
T e c h n o l o g y  Group f o r  a s s i s t i n g  w i t h  t h e  
P a t e n t  A p p l i c a t i o n .  
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T a b l e  1.  
c h a l c o g e n i d e  f i l m s  

C h a l c o g e n i d e l  C o m p o s i t i o n  
o f  E v a p o r a t e d  
F i l m s  

G1 A S 6 o S e 4 0  

G2 G e 3 7 A s 1 2 S e 5 1  

G3 G e 7 A s 1 6 S b 7 S e 7 0  

G4 G e 2 4 S b 3 0 S e 4 6  
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Importance of Interatomic Spacing in Catalytic Reduction of Oxygen 
in Phosphoric Acid 

V. Jalan* and E. J. Taylor* 
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/_~TRQpUCTION 

General trends between geometrical- 
electronic properties and electrocatalyst 
activity have been the subject of many 
papers and review articles (1-4). In 
fact, much of the interest may be traced 
to the "volcano relationship" between the 
logarithm of the reaction rate and the 
free energy of adsorption,/kG~d ~, 
derived from electrochemical ~rInciples 
for the hydrogen evolution reaction (5,6). 
Assuming that/kS d remains constant, 
many workers hav~ ~bserved the "volcano 
type" behavior between the logarithm of 
the reaction rate and various quantities 
which may be rationalized to be propor- 
tional to/kH ~ . This assumption should 

. s be viewed wl~ some caution however, as a 
"compensation" effect has been observed 
(7) between/kS a- and/kH d which tends 
to negate the ~neficia~ ~ffects of 
optimizing/kHod o. \~icano relationships 
have been reported when the percent d-band 
character has been used to estimate the 
relative value of/kH . (8,9), where the 
percent d-band chara@~r is calculated 
from a relationship given by Pauling (I0). 
It is interesting to note that the single 
bond radius of the metal (a parameter 
relating to geometrical factors) is used 
to calculate the percent d-band character, 
an electronic characteristic. The 
importance of the geometric characteristic 
interatomic spacing has been demonstrated 
for the hydrogen evolution reaction (ii) 
and for several bimolecular reactions 
(12), with a maximum reaction rate 
occuring at an optimum interatomic 
distance. However, it is never clear if 
a correlation based on interatomic spacing 
means that this property is the underlying 
cause of the catalytic effect, or if it is 
related to some other property which is 
itself the cause. 

We believe that geometric consider- 
ations (specifically, the nearest-neighbor 
* 
Electrochemacal Society Active Member. 

distance) play a major role in the oxygen 
reduction reaction and propose an explana- 
tion based on reaction models compatible 
with the experimental data. The kinetic 
parameters of the oxygen reduction 
reaction in hot, concentrated phosphoric 
acid on highly dispersed platinum have 
been rationalized in terms of the rate 
determining step being the rupture of the 
0-0 bond via various dual site mechanisms 
(13,14). Clearly, if any of these 
mechanisms is operative, the spacing 
between the sites at which the 0-0 bond 
rupture is occuring would play a critical 
role in the overall reaction rate and an 
optimum spacing should exist. At larger 
then optimum spacings, dissociation would 
have to occur prior to adsorption and at 
smaller than optimum spacings repulsive 
forces would retard dual site adsorption. 
We propose that the distance between 
nearest-neighbor platinum atoms on the 
surface of a supported catalyst is not 
ideal for dual site adsorption of 09 or 
"HO " and that the introduction of [oreign 2 
atoms which reduce the platinum nearest- 
neighbor spacing would result in higher 
oxygen reduction activity. Following the 
work of Turovskii (15), one may be able to 
determine from quantum chemical calculations 
the critical 0-0 bond interatomic distance 
and hence the optimum Pt-Pt separation for 
bond rupture. 

To test the plausibility of the 
nearest-neighbor distance/activity corre- 
lation required by the dual site mechan- 
isms, we have plotted the activation 
energies for 02.reduction on various 
metal surfaces in HaPO 4 measured by 
Appleby (3) versus The logarithm of the 
nearest-neighbor distances of the 
electrocatalysts (16). The results are 
shown in Figure i, and a good linear 
correlation is apparent. It is note- 
worthy that Au and Ag, not members of the 
platinum group metals, follow the trend 
so well. 
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From these considerations, the 
catalyst to be sought is one with, among 
its other properties, a comparatively 
lower interatomic distance. Presumably, 
platinum has the necessary "other proper- 
ties" and the effect of interatomic 
distance should be apparent in platinum 
rich alloys in which the platinum 
character is maintained and interatomic 
spacing varies. 

EXPERIMENTAL 

Various platinum alloy electrocat- 
alysts supported on carbon were prepared 
as described earlier (17-20). The general 
technique was to precipitate an oxide or 
hydroxide of the alloying component onto 
platinum supported on carbon black which 
had been dispersed in ~ater. The material 
was then heated to 900 C under inert or 
reducing atmosphere, to effect alloying 
via the following reaction; 

Pt + MO X + (X/2)C > 
Pt-M + (X/2) CO 2 [i] 

The platinum carbide electrocatalyst 
was prepared (21,22) by heat treating the 
10% platinum on carbon materia~ under 
flowing carbon monoxide at 350 C for 
twenty minutes, followed by ose hour 
under flowing nitrogen at 900 C, and 
then an additional twenty minutes under 

flowing carbon monoxide at 350~ 

All the platinum alloy electrocat- 
alysts were fabricated into gas diffusion 
el~ctrodes of about 0.5 mg platinu~ per 
cm and 40% Teflon sintered at 350vC. 
The particle sizes/surface areas of the 
materials were determined from trans- 
mission electron microscopy (TEM), cyclic 
voltammetry (CV), and x-ray diffraction 
(XRD). The XRD analysis was also used 
used for structure and lattice parameter 
determination. The oxygen red~ction 
activity in 100% H~PO4 at 200 C of 
the various electr~cas was 
determined using the floating half cell 
technique and the dynamic hydrogen 
reference electrode. 

RESULTS AND DISCUSSION 

The XRD analysis indicated that all 
the electrocatalysts maintained the fcc 
structure of the platinum precursor and 
the (iii), (200), and (220) diffraction 
peaks were used to determine the lattice 
parameters and the nearest-neighbor dist- 
ances of the electrocatalysts. Recently, 
Ross (23,24) reported enhanced oxygen 
reduction activity in phosphoric acid for 
various Pt-Group IVB and VH intermetal- 
lics (Pt~V, Pt~Ta, Pt~Zr, and Pt.Hf) 
with an ~rderea fcc ss of~the 
AuCu 3 type. Since there were no super- 
lattice lines in our XRD patterns, we 
must conclude that the alloy electrocat- 
alysts reported here are solid solutions 
and not intermetallic compounds. The 
particle sizes and surface areas deter- 
mined from TEM, CV, and XRD of all the 
electrocatalysts were in good agreement. 
The specific surface area of the platinum 
standard was 135 m~/g and that of the 
platinum all~y electrocatalysts ranged 
from 70-90 m /g. The specific activity 
for oxygen reduction measured as current 
density at 900 mV was used to compare the 
performance of the electrocatalysts. 

In Figure 2, a plot of specific 
activity for oxygen reduction versus the 
nearest-neighbor distance determined from 
x-ray diffraction for the various platinum 
alloy catalysts is presented. A linear 
relationship is in fact observed--the 
Pt-Cr alloy electrocatalyst exhibited the 
highest electrochemical activity for 
oxygen reduction and the smallest nearest- 
neighbor distance. The obvious question 
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is how much additional activity may be 
achieved by further decreasing the 
nearest-neighbor distance before the curve 
turns down? The other interesting point 
is the listing of Pt-C as an alloy, with 
higher electrocatalytic activity than 
platinum. Previously, Jalan (21,22) had 
reported increased activity and stability 
of CO treated supported platinum and 
postulated the formation of Pt-C alloy 
but without any evidence. We have now 
demonstrated the existence of platinum 
carbide in the fine particle form as 
evident from the XRD analysis which 
revealed a contraction in the lattice 
parameter of the CO treated platinum to 
3.909 ~ (compared to 3.918~ for untreated 
platinum). Although Pt-C is not reported 
to exist in bulk form, Konig (25) had 
similarly observed Pt-C in a thin film 
and very recently researchers at Univ. of 
California have demonstrated the existence 
of platinum carbide (26). 

In this communication, a correlation 
between the nearest-neighbor distance and 
the oxygen reduction activity of various 
platinum alloys is reported. A composite 
analysis shows that our data on supported 
platinum alloys are consistent with 
Appleby's data on bulk metals with respect 
to specific activity, activation energy, 
preexponential factor and percent d-band 
character. The relationship of these 
factors will be discussed in detail in a 

complete paper to follow. We recognize 
that factors such as changes in surface 
structure, surface free energy, oxidation 
potential and oxygen interaction with the 
alloying material may alter the electro- 
chemical characteristics of platinum upon 
alloying. Notwithstanding the above, the 
nearest-neighbor distance correlation for 
the platinum alloys presented here has 
demonstrated the importance of interatomic 
spacing in oxygen reduction in hot concen- 
trated phosphoric acid. Furthermore, this 
correlation is theoretically consistent and 
provides a guideline for selection of can- 
didate platinum alloy catalysts for future 
research. Specifically, based on lattice 
parameter information (27) the next best 
platinum alloy catalyst to prepare will be 
Pt-Ni, Pt-Co and combinations thereof. 
Further work is required to determine the 
optimum Pt-Pt distance and to ascertain the 
effect of intermetallic compound formation 
on the oxygen reduction reaction. 
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Accelerated Testing of Additives in Zinc Plates of Nickel Zinc Cells 
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ABSTRACT 

An accelerated test for zinc plates in nickel/zinc cells has been developed. Using the test, a large number  of additives 
have been screened to see if they improve zinc utilization over 100 deep discharge cycles of the zinc plate. Three additives 
have yielded statistically significant results. These are Bi208, CdO, and acetylene black. The mechanism of capacity loss of 
zinc plates was investigated by scanning electron microscopy. It was found that  the maj or mechanism of capacity loss was a 
decrease in the porosity of active material. 

For  the  las t  15 years  there  has  been a ma jo r  effort 
a round  the wor ld  to develop n icke l /z inc  bat ter ies  for 
e lect r ic  vehicles. Much of this work  is summar ized  in 
repor ts  (1-9),  research  papers  (10-27), and pa tents  
(28-58). The Uni ted  States  Depa r tmen t  of Ene rgy  has 
descr ibed the specifications which need to be met  by  
electr ic  vehicle  bat ter ies ,  and  these are  ( i )  a sel l ing 
price ~ $70 ( k w - h r )  -1 (1981 U.S. do l la rs ) ,  (ii) a 
specific energy  ~ 56 W - h r  �9 kg - I ,  (iii) a specific power  

104 Wkg -1, and (iv) a cycle life ~" 800 cycles at  
80% dep th  of discharge (59). Unfor tuna te ly ,  n i cke l /  
zinc ba t te r ies  do not meet  the cycle life specification, 
ma in ly  because zinc plates  lose capaci ty  when they  are  
cycled under  deep  discharge conditions.  A deta i led  
mechanism for this capaci ty  loss has not been es tab-  
l ished. However ,  some corre la t ion  has been suggested 
be tween  p la te  fa i lure  and shape change of the active 
mass of the  p la te  ma te r i a l  (1-16).  

The need to improve  zinc plates  in ni.ckel/zinc ba t -  
teries has led many  researchers  to consider  whe the r  
the incorpora t ion  of organic  and i n o r g a n i c  addi t ives  
might  help.  Some addi t ives  tha t  have recen t ly  been 
pa ten ted  include lead, cadmium and tin sal ts  (28-33), 
hydroxya lky lce l lu loses  (29), cadmium meta l  (30), 
ca rbon  fibers (34), cobal t  hyd rox ide  (35), t in  meta l  
(36), inorganic  t i tana tes  (37), calcium oxide (38), 
b i smuth  oxide  (38), and po ly te t ra f luoroe thy lene  (39). 
However ,  the  role of these addi t ives  is by  no means  
certain,  even the i r  efficacy has been  ques t ioned (60), 
and in some cases the  pa ten t  l i t e ra tu re  describes ex-  
per iments  in which  samples  of da ta  were  obviously  too 
smal l  for  val id  conclusions to be drawn.  

Recognit ion of this p rob l em led us to develop an 
acce lera ted  test  p rocedure  to screen addit ives.  This 
p rovided  enough da ta  for p rope r  s ta t is t ical  methods  to 
be applied.  Of course, there  are  a lways  difficulties in 
p red ic t ing  cell pe r formance  f rom accelera ted  tests be -  
cause condit ions must  be used tha t  are  not  encounte red  
in prac t ica l  appl icat ions  (27, 61, 62). Nevertheless ,  we 
found tha t  our  test,  which  concent ra ted  on zinc elec-  
t rode  behavior ,  was sufficient for  the " re la t ive  efficacy" 
of addi t ives  to be determined.  We descr ibe this  test  
in the present  work.  We also show tha t  the addi t ives  
Bi~Oz, CdO, and acetylene  b lack  s ignif icant ly en-  
hanced zinc ut i l iza t ion under  the condit ions of the test. 

�9 E lec t rochemica l  Socie ty  Ac t ive  Member. 
z On leave  from: Department  of Chemistry,  Shandong  Univer -  

sity, Jinan, Shandong, China. 
Key words: battery, energy storage, additives, rel iabil i ty.  

Experimental 
Chemicals.--The ZnO and KOH were  AR grade;  

addi t ives  were  reagen t  grade.  

Nickel electrodes.--~Commercial p a s t e - t y p e  n ickel  
e lectrodes were  obta ined from Eag le -P iche r  Indust r ies  
(USA) and Yardney  Electr ic  Corpora t ion  (USA) .  
Pocke t - type  e lec t rodes  were  suppl ied  by  Chloride Ba t -  
ter ies  (Aus t ra l i a ) .  Al l  e lect rodes  were  fi t ted wi th  n ickel  
wi re  leads by  spot -weld ing .  

Separators.--Separator mater ia l s  were  obta ined  f rom 
Celanese Plast ics  Corpora t ion  (USA).  Most cells were  
constructed using 3 or 6 layers  of Celgard  3401 micro-  
porous po lypropy lene  film having a no,minal thickness  
of 25 ~m and a poros i ty  of 38% with  a 0.02 ~m effective 
pore size. However ,  some tests  were  conducted wi th  
Celgard  K317, a n i cke l - coa t ed  separator ,  which was 
used be tween  two layers  of Celgard  3401. 

Electrolyte absorber.--A non-woven  po lyp ropy lene  
fel t  (Webr i l  M-1450, The Kenda l  Corporat ion,  USA) 
wi th  a thickness of 0.13 m m  and poros i ty  approx.  60% 
was used as an e lec t ro ly te  absorber .  

Cell specil~cations and assemb~y.--An exploded  view 
of the cell  is shown in Fig. 1. The cell  case consisted of 

Fig. 1. Exploded view of cell. (a) Zinc electrode (5 X $ cm), (b) 
nickel electrode, (c) polypropylene felt, (d) separator layers, (e) 
acrylic cell housing, (f) vents, (g) Luggin capillary, (h) Hg/HgO 
reference electrode. 
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two 1.6 cm thick acryl ic  plates.  The zinc electrode (25 
cm 2) was housed in a 0.8 m m  deep recess and the n ickel  
e lectrode in a 2.5 m m  deep recess. Both cell compar t -  
ments  were fitted wi th  vents  which  led v ia  glass bulbs 
to a common a i r - lock.  

Hg/HgO reference electrodes were  connected via  a 
Luggin  capi l la ry  to the back faces of zinc electrodes.  
The na r row horizontal  por t ion of the cap i l l a ry  was 
t ight ly  packed with  po lypropy lene  fel t  to p reven t  
pene t ra t ion  by  gas bubbles.  

Zinc electrodes were  p repa red  in situ as follows: a 
thick aqueous pas te  of ZnO and addi t ives  was spread  
evenly  onto a cur ren t  collector  ( s i lve r -p la ted  expanded  
copper mesh)  which was placed on a sheet  of po ly -  
propylene  fel t  in the cell  recess. Another  l ayer  of fel t  
was laid over  the paste and the electrode was l ight ly  
compressed and dr ied  under  vacuum over  s i l ica gel. 
The e lec t rode  loading was 0.13 _ 0.03g cm -2 wi th  a 
theore t ica l  capaci ty  of 86 _ 20 m A - h r  cm -2. 

Some exper iments  were  carr ied  out wi th  commer-  
cial zinc electrodes removed  from nicke l /z inc  ba t te r ies  
(Eagle-P icher  Type NZS-30) ; these were placed in the 
cell recess be tween  two layers  of po lypropy lene  felt. 

Nickel  electrodes were  sandwiched  be tween po lypro-  
pylene fel t  sheets. Occasionally,  po lye thy lene  sheets  ~ 
were  used as packing at the back of these to ensure 
they  were  t ight ly  compressed when the 12 bolts ho ld -  
ing the cell  toge ther  were  t ightened.  In assembled cells 
the separa to r  layers  were  sealed be tween  the two cell  
halves wi th  a thin l ayer  of  epoxy  resin.  

The electrolyte.--The elec t ro ly te  was 6.9M KOH wi th  
no added zincate. I t  was p repa red  by  di lut ing a con- 
cent ra ted  stock solut ion which  had been s tandardized  
wi th  HC1 using a pH meter .  The volume of e lec t ro ly te  
that  was added  to each cell  was ~-5 ml. 

Equipment and cycling procedures.--Cells were  
charged and discharged at  20 m A  cm -2 constant  cur ren t  
using Amel  Model 565 ga lvanos ta t -e lec t romete rs  (Amel, 
I t a ly ) .  The e lec t rometers  were  connected across the  
zinc and reference electrodes so that  the potent ia l  of 
zinc electrodes could be cycled be tween  --1.46 and 
--1.15V vs. Hg/HgO.  Zinc potentials ,  together  wi th  cell  
voltages, were  recorded  on YEW 3066 pen recorders .  Al l  
cells were  filled wi th  e lec t ro ly te  at  least  8 h r  before  
cycling, and al l  were  cycled in wa te r  baths  at 25~ 

A recur ren t  p rob lem in n icke l /z inc  research has 
been the occurrence of dendr i tes  at  h igh  cathodic 
overpoten t ia l s  on zinc plates.  In  most cases we were  
able  to avoid these by  set t ing the cathodic switching 
poten t ia l  be low --1.46V. However ,  much lower  po ten-  
t ials could not  be used because the nucleat ion peak  in 
the charging curve (see Fig. 7) meant  that  p r ema tu re  
switching of our electronics occurred.  In  the case of 
plates  made of pure  zinc oxide, we found tha t  den-  
dr i tes  g rew even be low --1.46V, which mean t  they  
were  v i r tua l ly  unavo idab le  using our  charging regime.  

Results and Discussion 
Accelerated testing.--Previous workers  have  accel-  

e ra ted  ba t t e ry  tests by  using h i g h e r - t h a n - n o r m a l  t em-  
pe ra tu res  and h i g h e r - t h a n - n o r m a l  charge and d is -  
charge ra tes  (61, 62). However ,  we did not  use these 
methods  because of the r i sk  of in t roducing fa i lure  
modes not  ev ident  under  n o r m a l  ba t t e ry  operat ion,  
the rmal  degradat ion,  for  example .  Ins tead  we devised 
a new test  based on the known proper t ies  of n i cke l /  
zinc cells. 

Nickel /z inc  cells are  designed wi th  an excess of zinc 
oxide on the i r  zinc plates,  so tha t  the i r  cell capacit ies  
are in i t ia l ly  l imi ted  by  the capacit ies of the nickel  
plates,  i.e., they  are  n ickel - l imi ted .  Consequently,  they 
only become z inc- l imi ted  af ter  about  100 deep dis-  
charge cycles. However ,  we knew that  if zinc plates  
could be deep discharged on every  cycle then cell  
collapse would  be accelerated.  So to speed things up 
we cycled cells not  be tween  specified cell  voltages,  as 

is usual,  but  be tween  specified zinc potent ia ls  instead. 
This had the advantage  tha t  zinc p la tes  were  dis-  
charged to 100% depth  on every  cycle, and  also differ-  
ences in nickel  p la te  per formance  be tween  exper iments  
were  minimized.  

Relationship between capacity and cycle number.-- 
Figures  2 and 3 show how the measured  capacit ies of 
n ickel /z inc  cells va r i ed  when they  were  cycled at  
constant  cur ren t  be tween  (A) specified zinc electrode 
potent ials  and (B) specified cell potent ials .  I t  can be 
seen that  s imi lar  re la t ionships  were  observed for  both 
commerc ia l ly  manufac tu red  zinc plates  (Eagle-Picher)  
and those pas ted  in our  own laborator ies .  As expected,  
in the ea r ly  stages the zinc pla te  capacit ies were  lower  
for cycling according to regime (B) than  (A) ,  and this 
resul ted  in ex tended  cycle lives. This was because of 
the nickel  l imi ta t ion  discussed above. 

In  the accelera ted tests, in which zinc electrodes 
were  cycled be tween  specific potent ials ,  it  was found 
that  p la te  capacit ies decreased  l inear ly  wi th  the loga-  
r i thm of the cycle n u m b e r  (Fig. 2A and 3A).  This re -  
la t ionship was found in most cases, except  for a smal l  
minor i ty  of plates  which  had  capacit ies that  s tayed 
constant  for 6-12 cycles before decreas ing  logar i th -  
mica l ly  in the usual  way. Eventual ly ,  a f te r  100 cycles, 
all  cells exhib i ted  roughly  constant  res idual  capacit ies 
but  these were  too low to be useful.  Fo r  example ,  even 
for the  best  zinc plates  the  res idual  capacit ies  were  
typ ica l ly  less than 13% of those recorded  on the first 
cycle. 
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Fig. 2. Graphs of capacity vs. log (cycle number) for commercial 
ZnO electrodes cycled galvanostatically at 20 mA cm -~. (A) 
Electrode cycled between potential limits --1.46 and --1.15V vs. 
Hg/HgO. (B) Cell cycled between voltage limits of 2.0 and 1.2V. 
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pasted ZnO electrodes, without additives, cycled galvanostatically 
at 20 mA cm -~. (A) Electrode cycled between potential limits of 
--1.46 and --1.15V vs. Hg/HgO. (B) Ceil cycled between voltage 
limits of 2.0 and 1.2V. 
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Measurement of plate per]ormance.--In order  to in-  
vest igate  the effects of different  addi t ives  on zinc u t i -  
l izat ion we defined a "cumula t ive  capacity,"  expressed 
by  the fo rmula  

N = n  

Cumula t ive  capaci ty  = ~-r Q~ [1] 
N = I  

Where  N was the cycle number ,  QN was the capaci ty  
recorded on cycle N, and  n was the total  number  of 
cycles considered.  QN was a lways  normal ized  with  re -  
spect  to the in i t ia l  p la te  loading of ZnO, measured  in 
grams. We usua l ly  t runca ted  the  sum in Eq. [1] at  
n = 100, which  was fel t  to be a na tu ra l  choice ~iven the 
form of the QN vs. log N functions (Fig. 2A and 3A).  
However ,  for  a few special  purposes  (discussed la te r  
on) we t runca ted  the sum at n ---- 10. 

Effect of additives on plate performanr cumu-  
la t ive  capacit ies  of zinc plates,  i n  those cells which did 
not  fai l  by  .dendrit ic shor t ing  before  100 cycles, a re  
l is ted in o rde r  of decreas ing r ank  in Table I. Note tha t  
mercur ic  oxide  was genera l ly  added to zinc plates  to 
inhibi t  se l f -d ischarge .  I t  was included in many,  though 
not  all, of our  cells. Three  types  of n ickel  p la te  were  
used but  these showed no significant effects on zinc 
p la te  cumula t ive  capacity.  I t  can be seen f rom Table I 
tha t  the addi t ives  b ismuth  oxide and ace ty lene  b lack  
were  dominan t  at  the top of the list. Most o ther  add i -  
t ives appea red  a t  sca t te red  locations throughout  the 

Table I. Cells ranked in order of cumulative capacity over 100 cycles 

lo0  

~ QN Ni 
R a n k  2% H g O ?  O t h e r  add i t i ves  electrodeffi 

1 20.1 Yes  10% BieOa EP 
2 18.9 No  6% a c e t y l e n e  b l a c k  Y 
3 18.6 Yes  5% a c e t y l e n e  b lack ,  1% PTFE,  Y 

1% CMC 
4 18.4 Yes  5% SnO2, 5% CdO E P  
5 16.7 Yes  1{)% Ri~Oa Ch 
6 16.5 Yes  10% CdO E P  
7 16.4 Yes  10% CdO Ch 
8 16.2 Yes  5% a c e t y l e n e  b l ack ,  1% P T F E ,  

1% CMC Ch 
9 16.2 NO 5% CdO, 5% TiO~ Ch 

10 16.0 No  None  E P  
11 15.8 No 4% a c e t y l e n e  b l a c k  Y 
12 15.6 No 2% P T F E  Ch 
13 15.5 No 4% a c e t y l e n e  b l a c k  Y 
14 15.3 Yes  1{)% PbO EP 
15 14.9 No 10% Bi208 Y 
16 14.6 No 10% BhO3 Y 
17 14.5 Yes  10% CdO E P  
18 14.4 Yes  10% CdO E P  
19 14.1 Yes  10% CdO E P  
20 14.1 Yes  16% Bb.Os Y 
21 13.8 Yes  10% P b O  E P  
22 13.6 Yes  10% CdO E P  
23 13.4 Yes  4% Bi~Oa Y 
24 13.2 Yes  10% CdO,  2% PTFE,  1% CMC, Ch  

gel  b 
25 13.1 Yes  5% CdO, 3% CMC, ge l  Ch 
26 13.1 No 1% p i p e r o n a l d e h y d e  Ch  
27 12.5 No  2% d e x t r i n ,  1% CMC, 1% P T F E  Ch 
23 11.9 Yes  5% CdO, 5% P b O  E P  
29 11.9 Yes  10% CdO Ch 
30 11.9 Yes  10% TiO~ E P  
31 11.3 Yes  10% V60~ E P  
32 11.2 Yes  10% S h e 2  Ch 
33 11.2 Yes  10% CeO2 Ch 
34 10.8 Yes None  Y 
35 10.0 No  1% CMC E P  
36 10.7 Yes  8% Bi~O8 Y 
37 10.7 No 2% d e x t r i n  Ch  
38 10.0 No 2% ce l lu lose  a c e t a t e ,  2% P T F E  Ch 
39 9.91 Yes 10% TiO~ Ch 
40 9.85 No 1% p i p e r o n a l d e h y d e ,  2% P T F E  Ch 
41 9.52 No 2% CMC, 2% P T F E  Ch 
42 9.43 Yes 10% Tie2  C h  
43 8.81 Yes 10% VeO~ Ch 
44 8.59 Yes  10% SnO2 E P  
45 6.73 Yes  10% PbO EP 
46 5.99 Yes  1% CMC, 2% P T F E  Y 
47 5.63 No 10% P b O  EP 

a Ch = C h l o r i d e  p o c k e t - t y p e  Ni  e l e c t r o d e ;  EP  = E a g l e - P i c h e r  
paste-type Ni e l e c t r o d e ;  Y = Y a r d n e y  p a s t e - t y p e  Ni electrode.  

Gel  m e a n s  t h a t  t h e  e l e c t r o l y t e  w a s  ge l l ed  w i t h  5% CMC. 

l ist  because of la rge  var ia t ions  in cumula t ive  capaci ty  
even for  fo rma l ly  ident ica l  zinc p la te  compositions.  

The scat ter  oK expe r imen ta l  da ta  in Table I mean t  
that  s ta t is t ical  analysis  was needed to de te rmine  if  
the effects of addi t ives  were  significant. We therefore  
appl ied  t - tes ts  to the da ta  (63), to see how the effects 
of var ious  addi t ives  compared  wi th  those of a control  
group consist ing of those addi t ives  that  showed no sig-  
nificant beneficial  effect. The resul ts  a re  p resen ted  in 
Table  II. In  o rder  to s impl i fy  comparisons,  var ia t ions  
in the levels of  a d d i t i v e s  were  ignored.  Only  three  
addi t ives  showed s ta t i s t ica l ly  significant beneficial  
effects; b i smuth  oxide, c a dmium oxide, and ace ty lene  
black.  Differences be tween  these addi t ives  were  not  
s ta t i s t ica l ly  significant when  they  were  considered at  
the 0.05 p robab i l i ty  level.  

I t  would have  been of in teres t  to compare  cumula t ive  
capacit ies of plates  containing var ious  addi t ives  wi th  
cumula t ive  capacit ies of a control  group containing 
pure  zinc oxide. Unfor tunate ly ,  cells conta ining pure  
zinc oxide plates  fai led r ap id ly  because  of dendr i t e  
pene t ra t ion  of separators .  In fact, only  one cell  conta in-  
ing pure  zinc oxide las ted over  100 cycles, and the re -  
fore i t  could not  reasonably  be  c la imed to be r e p r e -  
sentat ive.  However ,  it  t u rned  out  tha t  t - tes t s  could 
be appl ied  if cumula t ive  capacit ies were  eva lua ted  
af te r  10 cycles r a the r  than  100, because in that  case 
seven cells containing pure  zinc oxide survived.  The 
resul ts  are  presented  in Table  III.  Now only  two add i -  
t ives a re  identif ied as beneficial,  b i smuth  oxide and 
ace ty lene  black.  In  addi t ion,  plates  which included 
CMC in the  zinc oxide paste  a n d / o r  the e lec t ro ly te  a re  
seen to have  a s ignif icant ly " lower"  cumula t ive  ca-  
pacity.  CMC was added to gel the e lec t ro ly te  to s low 
down the t r anspor t  of zincate, but  overa l l  we found 
tha t  deleter ious effects, such as increased cell  resistance,  
outweighed any beneficial  effects. The addi t ives  
p iperona ldehyde ,  dextr in ,  and cellulose aceta te  were  
also tested, because they  are  used as level ing agents  or  
br igh teners  in zinc e lec t ropla t ing  (64, 65), however  
we found no significant effects on cumula t ive  capacities.  

Commercia l  (Eag le -P icher )  p la tes  were  signifi-  
can t ly  lower  in cumula t ive  capaci ty  af ter  1O cycles 
than pure  pas ted  ZnO plates.  However~ this resul t  may  
be biased because the commerc ia l  plates  had  a con- 
s ide rab ly  hi~-her loading of ZnO than ours (0.2Og cm-~  
vs. 0.13g cm-2 ) .  

Cadmium oxide was not identif ied as a s ignif icant ly 
beneficial  addi t ive  f rom cumula t ive  capac i ty  da ta  over  
the first ten cycles, a l though it had  been when 100 cy-  

Table II. t tests of additive effects on 100 cycle cumulative capacity 

10C 

~ Q ~ / A - h r  �9 g-X 
1 

S t a n d a r d  
devia- Signlf l .  

A d d i t i v e  M e a n  t ion Number  t cant?a 

All  13.0 3.4 47 ~ 
Bi2Oa b 14.9 2.9 7 2.8 Yes  
A c e t y l e n e  b l a c k  16.7 1.9 3 3.0 Yes  
CdOb 14.5 1.6 7 2.7 Yes  
PbO b 11.9 4.6 3 0.3 N o  
CdO + CMC b 13.1 0.1 3 1.1 No 
C o n t r o l  s 11.2 3.0 17 - -  
TiO~ 11.9 2.5 3 0"A NO 

Tes t  if  m e a n  of QN is significantly different f rom the mean  
1 

of  c o n t r o l  g r o u p  a t  0.05 conf idence  level .  
b I n c l u d e s  p l a t e s  c o n t a i n i n g  2% HgO.  
c C o n t r o l  g r o u p  c o n s i s t e d  of  t h r e e  cei ls  c o n t a i n i n g  P b O  + H g O ,  

t w o  cel ls  c o n t a i n i n g  TiO2 + HgO,  t w o  cel ls  c o n t a i n i n g  SnO2 + 
HgO,  t w o  cel ls  c o n t a i n i n g  V6013 + HgO,  and one  each of  cel ls  
c o n t a i n i n g  PTFE,  d e x t r i n ,  p i p e r o n a l d e h y d e ,  PbO,  HgO,  no addi- 
t ive,  CeO~ + HgO,  a n d  p i p e r o n a l d e h y d e  + P T F E  m i x t u r e .  Other 
m i x t u r e s  l i s t ed  in  T a b l e  I w e r e  exc luded .  
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Table III. t tests of additive effects on 10 cycle cumulative capacity 

• QslA-hr  �9 g 4  
1 

Standard 
devla- $igniti- 

Addit ive  Mean t ion Number  t cant? a 

2.0 t I 

I I I I 

BhOsb 4.1 0.6 10 2.8 Yes  
Acety lene  black 4.2 0.8 5 2.4 Y e s  
CdO b 3.7 0.6 11 1.6 NO 
CMC 2.5 0.6 10 2.8 Yes  
PbO b 2.4 0.9 4 2.2 No  
SnO~ b 3.7 0.8 4 1.1 No  
TiO~ b 3.3 0.9 3 0 N o  
CeO~ b 3.3 0.9 3 0 No 
Pure 3.3 0.4 7 --  --  
CdO/CMC b 2.9 0.3 3 1.5 No 
Eagle-Picher 2.3 0.6 6 3.6 Yes 

lo 

Test if mean �9 Q,~ is significantly different f rom the  mean 
i 

for pure ZnO at the 0.05 confidence level. 
b Includes plates containing 2% HgO. 

cles were considered (Table II) .  The reason for this 
difference becomes apparent  when the dependence of 
capacity on cycle number  is examined. Figures 4, 5, 
and 6 show how the capacities of plates containing 
CdO, Bi203, and acetylene black compared with the 
mean  values of all plates. It  can be seen that  the in -  
fluence of CdO occurs p redominant ly  in  the later cycles 
(Fig. 5) whereas that  of Bi208 (Fig. 4) and acetylene 
black (Fig. 6) is manifested in the early cycles. 

N=IO0 

Prediction of ~ Q~ from results on initial cycles. 
N = I  

- - A  greater acceleration of cell testing would have 
been possible if the performance over 100 cycles had 
been predictable from the results over the first few 
cycles. To test this idea we plotted cumulat ive ca- 
pacities after n cycles vs. cumulat ive capacities after 
100 cycles, for a series of cells, and then used l inear 
regression (63) to obtain a best-fit straight line. How- 
ever, an adequate prediction of cumulat ive capacity for 
100 cycles, or more, could not be obtained unless at 
least 75 cycles were recorded, so this approach was 
rejected. 

A second way of predicting long- term plate per-  
formance w~as to fit polynomials of a rb i t ra ry  order 
to cumulat ive capacity data up to n cycles, and then 
extrapolate the curves to n > 100 cycles. Again, at 
least 75 cycles were needed to be certain of an ac- 
ceptable extrapolation, so this approach was rejected 
too. 

Phenomenology of zinc plates containing b i s m u t h . -  
Because we cycled zinc ba t te ry  plates between po- 
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Fig. 5. Graphs of capacity vs. cycle number for zinc electrodes 
cycled g a l v a n o s t a t i c a l l y  at 20 mA cm -2, between potential limits 
of --1.46 and --1.15V vs. Hg/HgO. (A) ZnO paste with additives 
10% CdO and 2% HgO (electrode ranked no. 17). (B) Mean of all 
cells tested that lasted >100 cycles. 
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Fig. 6. Graphs of capacity vs. cycle number for zinc electrodes 
cycled galvanostatically at 20 mA cm -2, between potential limits 
of --I .46 and --1.15V vs. Hg/HgO. (A) ZnO paste with additives 
5% acetylene black, 1% PTFE, 1% CMC, and 2% HgO (elec- 
trode ranked no. 3). (B) Mean of all cells tested that lasted >100 
cycles. 
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Fig. 4. Graphs of capacity vs. cycle number for zinc electrodes 
cycled galvanostatically at 20 mA cm -2, between potential limits 
of --1.46 and --!.15V vs. Hg/HgO. (A) ZnO paste with additives 
10% Bi203 and 2% HgO (electrode ranked no. 1). (B) Mean of all 
cells tested that lasted ~100 cycles. 
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tentials measured vs. Hg/HgO reference electrodes, it 
was possible to record their potent ia l / t ime curves di- 
rectly. One such curve is shown in Fig. 7, which i l lu-  
strates the behavior  of the zinc electrode potential  
dur ing  the first few galvanostatic charge and discharge 
cycles, for a zinc plate ini t ia l ly  containing 10% Bi203. 
(In this exper iment  the copper grid was also b ismuth-  
plated prior to use.) The main  features of the curves 
are easily identified and they are indicated on the 
figure. On the first cycle it is interest ing to observe the 
deposition of bismuth metal. This occurs at high over-  
potentials as measured vs. the Bi/Bi203 open-circui t  
potential,  which is about --600 mV in this solution. 
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Fig. 7. Potential of ZnO electrode during galvanostatic cycling 
at 20 mA cm -2, between potential limits of --1.45 and --1.15V vs. 

Hg/HgO. Additives were 10% Bi203 and 2% HgO; the grid was 
bismuth-plated. 
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The deposition of bismuth is followed by the nuclea- 
tion of zinc metal onto the bismuth substrate and after 
that the steady deposition of zinc from zinc oxide can 
be seen, possibly via soluble zincate in the electrolyte. 
When the zinc oxide is finally depleted, the electrical 
potential of the zinc plate rises until the cell is auto- 
matically switched to discharge. On discharge the nu- 
cleation of zinc oxides is evident, as well as the dis- 
solution of zincate and the passivation of zinc. 

At the start of the second charge no nucleation peak 
is resolved because pre-existing metallic zinc elimi- 
nates the need for new nuclei, and all the electrical 
current is sustained via reaction on existing zinc. This 
explains why some areas of grid become stripped of 
zinc in the later stages of cycling, a phenomenon gen- 
erally termed "shape change" (1-9). Thus, when an 
element of grid loses its coverage of zinc via dissolu- 
tion on a discharge cycle, then that element of grid 
will not renucleate zinc on subsequent charges unless 
it is supplied with the required nucleation overvoltage. 
As can be seen from Fig. 7, at 20 mA cm -2 on the grid, 
this overvoltage amounts to nearly 40 mV over and 
above that required to sustain steady zinc deposition. 

Mechanism of capacity loss.--The occurrence of 
shape change on a macroscopic scale is visible evi- 
dence that changes occur in zinc plates during cycling. 
Indeed, it is a widely held view that the control of 
shape change is a key step in improving the cycle 
life of nickel/zinc cells. However, we found that shape 
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change was not the major cause of capacity loss. A 
simple proof was that, after 100 deep discharge cycles, 
zinc plates were typically found to retain 70% coverage 
by active material, whereas they always had less than 
13% of their original capacity. Thus it was clear that 
the most important changes were not taking place on 
the macroscopic level of shape change but at some mi- 
croscopic level below optical resolution. For this rea- 
son we undertook a scanning electron microscopy study 
of the changes taking place during deep discharge of 
zinc plates. 

A representative micrograph of a cross section 
through a bismuth-containing zinc plate after an initial 
charge cycle is shown in Fig. 8 (a). The principal fea- 
tures were identified by microprobe; these are the 
rectangular copper grid support, the bismuth plating 
on its outer edges, and the porous active mass of zinc 
metal surrounding the grid. The area of most interest, 
howe-~er, is the zinc metal itself. This is shown at higher 
magnification in Fig. 8(b). Comparison of this photo- 
graph with representative photographs obtained from 
later cycles, such as those in Fig. 8(c) and 8(d), shows 
that as plates were cycled and their capacities de- 
creased, the active mass of zinc metal decreased in 
porosity. This general result was found for all the 
samples that we tested. 

Why does a decrease in porosity correlate with a 
decrease in plate capacity? The most likely explanation 
is that, on discharge, zinc dissolution only proceeds for 

Fig. 8. Scanning electron micrographs showing cross sections through zinc plates having 10% Bi20z originally in their active mass, and 
bismuth-plated grids. (a, top left) Bar = 100 ~m, photograph after |st charge. (b, top right) Bar = 10 ~m, photograph after 1st charge. 
(c, bottom left) Bar = 10 ~m, photograph after 15th charge. (d, bottom right) Bar = I0 #m, photograph after 105th charge. 
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a finite "penetration" depth into the plate before the 
onset of a passivation reaction (13). Thus pores would 
increase the penetration depth, and hence the capacity, 
whereas their absence would decrease it. 

We were unable to identify the precise mechanisms 
by which Bi203, CdO, and acetylene black improved 
zinc electrode performance. However, we knew that 
Bi203 and acetylene black improved active material 
utilization mainly in the early cycles (Fig. 4 and 6), 
which suggested the existence of a conducting matrix 
of bismuth or carbon which did not survive very long. 
On the other hand, cadmium oxide slowed down the 
rate of capacity loss in later cycles (Fig. 5), and here 
it is possible that the cadmium influenced zinc mor-  
phology in such a way that plate porosity was main- 
tained, Unfortunately, conclusive evidence for such an 
effect has not yet been obtained. 

In the literature much work has been directed at 
identifying electrolyte additives which decrease zinc 
solubility, the idea being to minimize the transport of 
zinc ions involved in the solution side of the shape 
change process. However, if the major mechanism of 
capacity loss is a decrease of plate porosity, as we 
suggest, then additives of this type would be counter- 
productive. This is because a decrease in zinc solubility 
would promote passivation and hence decrease plate 
capacity. Indeed, an electrolyte which maximized zinc 
solubility would be more useful, or the addition of an 
aggressive anion to help prevent passivation (43). It  is 
worth pointing out that some nickel/zinc cells have 
been developed in which passivation is prevented by 
having an excess of electrolyte and vibrating the zinc 
plate (4). These cells do indeed improve the cycle 
life of zinc plates, albeit at the cost of decreasing the 
energy density to an unacceptable level. Nevertheless, 
the principle that improving zinc solubility improves 
plate capacity is consistent with our observations. 

Conclusions 
An accelerated test procedure for deep discharging 

zinc plates in nickel/zinc cells was devised. It was 
shown that Bi20~, CdO, and acetylene black individu- 
ally enhanced zinc utilization over 100 deep discharge 
cycles. However, further work is needed to identify 
the optimum levels of these additives, and to deter- 
mine to what extent they improve the cycle life of 
Ni/Zn cells under practical conditions. 

Besides screening additives we also discussed the 
phenomenology of zinc plates and the mechanism of 
their capacity loss. We found that capacity loss was 
caused by a decrease in plate porosity. 

Acknowledgments 
This work was sponsored by the International Lead- 

Zinc Research Organization (ILZRO), project ZE-295, 
and the Australian National Energy, Research Develop- 
ment and Demonstration Council (NERDDC). Their 
financial support is gratefully acknowledged. One of 
us, S.H., thanks China for a fellowship. 

Manuscript submitted March 16, 1983; revised manu- 
script received July 1, 1983. 

CSIRO assisted in meeting the publication costs o~ 
this article. 

REFERENCES 
1. G. Adzic, D-T. Chin, M. G. Chu, E. Gannon, J. 

McBreen, and R. Sethi, Report, Brookhaven Na- 
tional Laboratory, Upton, NY, Code No. BNL 
51370 (1980). 

2. M-B. Liu, G. M. Cook, and N. P. Yao, Report, Ar-  
gonne National Laboratory, Argonne, IL, Code 
No. ANL/OEPM-80-1 (1980). 

3. O. C. Wagner, Report, U.S. Army Electronics Re- 
search and Development Command, Fort Mon- 
mouth, NJ, Code No. PSD-4C Report No. 4 
(1981). 

4. Exide Management and Technology Company, Re- 
port, Argonne National Laboratory, Argonne, J.L, 

Code No. ANL/OEPM-81-12 (1980). 
5. Energy Research Corporation, Report, Argonne 

National Laboratory, Argonne, IL, Code No. 
ANL/OEPM-80-13 (1981). 

6. D. Dappert, Report, U.S. Air Force Systems Com- 
mand, Wright-Patterson Air Force Base, OH, 
Code No. AFWAL-TR-80-205O (1980). 

7. T. Katan and P. J. Bergeron, Report, U.S. Dept. of 
Energy, Washington, DC, Code No. LMSC-D- 
681417 (1979). 

8. R. L. Deutscher, S. Fletcher, C. S. Halliday, C. Har-  
vey, S-N. Hua, S. Phang, and R. Woods, Report, 
CSIRO Institute of Energy and Earth Resources, 
Melbourne (Vie.) Australia, Code No. MCC 408 
Report No. 4 (1982). 

9. A. Charkey, Report, Lawrence Berkeley Labora- 
tory, University of California, Berkeley, CA, 
Code No. LBL-14674 (1982). 

10. J. McBreen and E. J. Cairns, in "Advances in Elec- 
trochemistry and Electrochemical En~ineerin~" 
Vol. II, H. Gerischer and C. W. T o b i t ,  Editors, 
pp. 273-352, John Wiley and Sons, New York 
(1978). 

11. O. C. Wagner, A. Almerini, and R. L. Smith, in 
"Proceedings of the 29th Power Sources Confer- 
ence, pp. 237-240, The Electrochemical Society 
Inc., Pennington, NJ (1980). 

12. W. G. Sunu and D. N. Bennion, This Journal, 127, 
2907 (1980). 

13. M-B. Liu, G. M. Cook, and N. P. Yao, ibid., 129, 239 
(1982). 

14. G. Kawamura  and Y. Maki, Denki Kagaku, 48, 592 
(1980). 

15. L. Binder, W. Odar, and K. Kordesch, J. Power 
Sources, 6, 271 (1981). 

16. P. Reasbeck, Phil. Trans. R. Soc. Lond., /1302, 351 
(1981). 

17. G. P. Litovka, Yu. M. Loshkarev, V. V. Trofimenko, 
V. E. Kazarinov, and N. B. Grigor'ev, Soviet 
Electrochem., 15, 1064 (1979). 

18. V. I. Lubyanova and E. F. Zavgorodnyaya, ibid., 
15, 918 (1979). 

19. L. A. Reznikova, D. P. Aleksandrova, and B. N. 
Kabanov, ibid., 16, 489 (1980). 

20. L. A. Reznikova, D. P. Aleksandrova, and B. N. 
Kabanov, ibid., 17, 445 (1981). 

21. E. F. Zavgorodnyaya, V. I. Lubanova, and Z. E. 
Degtyareva, J. Appl. Chem. (USSR), 52, 2445 
(1979). 

22. Yu. L. Gun'ko, M. G. Mikhalenko, and V. N. Flerov, 
ibid., 54, 68 (1981). 

23. M. G. Chu, J. McBreen, and G. Adzic, This Journal, 
128, 2281, 2287 (1981). 

24. T. P. Dirkse, ibid., 127, 1452 (1980). 
25. I. Epelboin, M. Ksouri, and R. Wiart, ibid., 122, 

1207 (1975). 
26. S. Kang, K. Matsuda, and R. Tarnamushi, Coll. 

Czech. Chem. Comm., 47, 1433 (1982). 
27. N. J. Maskalick, This Journal,_122, 19 (1975). 
28. Yardney Electric Corp., UK Pat. (Application) GB 

2,006,512A, Oct. 13, 1977 (May 2, 1979). 
29. Yardney Electric Corp., UK Pat. (Application) GB 

2,007,420A, Oct. 31, 1977 (May 16, 1979). 
30. Energy Research Corp., UK Pat. 1,558,725, Jan. 

13, 1977 (Jan. 9, 1980). 
31. Yardney Electric Corp., US Pat. 4,118,551, Oct. 31, 

1977 (Oct. 3, 1978). 
32. United States, Secretary of the Navy, US Pat. 

4,084,047, Nov. 29, 1976 (April 11, 1978). 
33. Energy Research Corp., US Pat. 4,022,953, Aug. 22, 

1975 (May 10, 1977). 
34. Michelin et Cie., UK Pat. (Application) GB 2,02%- 

260A, July 25, 1978 (Feb. 13, 1980). 
35. Israel, Ministry of Industry, Commerce and Tour- 

ism, National Physical Laboratory of I~rael, and 
Scientific Research Foundation, US Pat. 4,152,- 
224, Aug. 24, 1976 (May 1, 1979). 

36. Varta Batterie AG., German Pat. (Offenlegungs- 
schrift) 2,748,992, Nov. 2, 1977 (May 3, 1979). 

37. Yardney Electric Corp., British Pat. 1,533,698, July 
27, 1976 (Nov. 27, 1978). 

38. Tokyo Sh~ibaura Electric Co. Ltd., British Pat. 
1,530,961, Jan. 20, 1975 (Nov. 1, 1978). 

39. Energy Research Corp., British Pat. 1,476,550, 
March 18, 1975 (June 16, 1977). 



Vol. 130, No. I2 ACCELERATED TESTING OF ADDITIVES 2309 

40. Hebrew University, National Laboratory of Israel, 
UK Pat. (Application) GB 2,028,569A, Aug. 23, 
1978 (March 5, 1980). 

41. EL-Chem Corp., UK Pat. (Application) GB 2,026,- 
763A, July 25, 1978 (Feb. 6, 1980). 

42. Varta Batterie AG, UK Pat. (Application) GB 
2,007,421A, Nov. 2, 1977 (May 16, 1979). 

43. Varta Batterie AG., U K  Pat. (Application) GB 
2,015,242A, Feb. 22, 1978 (Sept. 5, 1979). 

44. Yardney Electric Corp., UK Pat. 1,557,775, July 27, 
1976 (Dec. 12, 1979). 

45. Gould Inc., UK Pat. (Application) 2,005,290A, 
Sept. 30, 1977 (April 19, 1979). 

46. Matsushita Electric Industrial Co., Ltd., US Pat. 
3,976,502, Dec. 17, 1974 (Aug. 24, 1976). 

47. Gould Inc., UK Pat. (Application) 2,005,289A, 
Sept. 30, 1977 "(April 19, 1979). 

48. Yardney Electric Corp., UK Pat. 1,555,586, July 27, 
1976 (Nov. 14, 1979). 

49. United States, Secretary of the Navy, US Pat. 
4,192,908, June 15, 1979 (March 11, 1980). 

50. Yardney International Corp., Brit. Pat. 1,442~556, 
March 11, 1974 (July 14, 1976). 

51. US Administrator of the National Aeronautics an d  
Space Administration, US Pat. 3,972,727, Aug. 13, 
1975 (Aug. 3, 1976). 

52. Gou~d Inc., Brit. Pat. (Application) 2,000,899A, 
July 8, 1977 (Jan. 17, 1979). 

53. Yardney Electric Corp., UK Pat. (Application), GB 
2,019,674A, April 25, 1978 (Oct. 31, 1979). 

54. Firma ~ Deutsche Automobilgesellschaft GmbH., US 

Pat. 4,145,482, June 30, 1972 (March 20, 1979). 
55. Aktiebolaget Tudor., US Pat. 4,015,053, Dec. 1, 1975 

(March 29, 1977). 
56. McGraw-Edison Co., US Pat. 3,970,472, July 8, 1975 

(July 20, 1976). 
57. Yardney Electric Corp., UK Pat. (Application) GB 

2,020,221A, May 1, 1978 (Nov. 14, 1979). 
58. P. R. Mallory, and Co. Inc., US Pat. 4,195,120, Nov. 

3, 1978 (March 25, 1980). 
59. J. F. Miller, J. B. Rajah, F. Hornstra, C. C. 

Christianson, and N. P. Yao, Abstract 1, p. 1. 
The Electrochemical Society Extended Abstracts, 
Fall Meeting, Detroit, MI, Oct. 17-21, 1982. 

Engineers, New York (1981). 
61. J. E. Clifford and R. E. Thomas, Report, Sandia 

National Laboratories, Albuquerque, NM, Code 
No. SAND82-7049 (1982). 

62. J. McCaltum, R. E. Thomas, and J. H. Waite, Re- 
port, Columbus Laboratories of the National 
Aeronautics and Space Administration, Code No. 
NASA Sp-323 (1973). 

63. "C.R.C. Handbook of Tables for Probability and  
Statistics," 2nd ed., W. H. Beyer, Editor, T h e  
Chemical Rubber Co., Cleveland, OH (1968). 

64. K. Boto, Electrodeposition Surf. Treat., 3, 77 (1975). 
65. "Metal Finishing Guidebook Directory," 42nd ed. 

N. Hall, Editor, Metals and Plastics Publications 
Inc., Hackensaek, NJ (1974). 

Rechargeability of the Ambient Temperature Cell i.i/2Me-THF, 
LiAsF6/CrosVosS  

K. M. Abraham,* P. B. Harris, and D. L. Natwig 
EIC Laboratories, Incorporated, Newton, Massachusetts 02158 

ABSTRACT 

Practical usefulness of Cr05Vo.5S2 as a rechargeable positive electrode for ambient temperature Li cells has been as- 
sessed. The rate-capacity behavior of the Cro.jVo.jS2 cathode has been evaluated as a function of carbon content, electrolyte, 
and temperature. Rechargeability of the disulfide has been investigated by extended cycling of Li cells utilizing 2Me- 
THF/LiAsF6. Cells with cathode capacities as large as 10 Ahr have been constructed and tested. Many cells have exceeded 
200 deep discharge-charge cycles. A scheme of studies useful for assessing the practicali,t.y of potential solid cathodes for 
ambient temperature rechargeable Li cells is presented. 

Among the numerous potentially useful positive elec- 
trodes identified for ambient temperature rechargeable 
Li cells, solid-state materials that ~undergo intercalation 
or insertion reactions offer the greatest promise for 
immediate practical applications (1, 2). The layered 
dichalcogenides, typified by TiS2 (3), and the three- 
dimensional network oxides, exemplified by V6Olz 
(4, 5), are some of the prominent members of insertion 
electrodes. 

The excellent rechargeability and the high rate- 
capability of TiS2 has been demonstrated by many in- 
vestigators (6-8). It is by far the most developed of 
all rechargeable positive electrodes. Its major disad- 
vantage is its modest specific energy. Recently we have 
explored the practical usefulness of V6013 (5). We 
have shown that the very high energy densities fore- 
casted (4) for V6Ols-containing cells, on the basis of 
data from small laboratory cells, cannot be achieved 
in practical cells. This is because V6013 electrodes re- 
quire a relatively large amount of carbon in order to 
permit cell discharges resulting in useful capacities 
over a wide range of current density. We have also 
shown that dat~a from development studies are r e -  

* Electrochemical Society Active Member. 
Key words: Li anode, insertion cathode, battery. 

quired for a full assessment of the practical utility of a 
positive electrode material. 

The potential usefulness of the layered mixed m e t a l  
disulfides. CrnVl-nS2, as rechargeable positive elec- 
trodes for ambient temperautre Li cells was originally 
demonstrated by Murphy and co-workers (9). These 
authors studied Cr0.7~V0.25S2 and found a reversible 
capacity of ~0.60 Li per mol of the disulfide. They did 
not report, however, on the long-term cycling c h a r a c -  
t er i s t i c s  of the dichalcogenide. Subsequent to Murphy 
et al.'s paper, some preliminary work was carried out 
at EIC with Cr0.~V0.jS~ (10). Those early results i n d i -  
ca t ed  that Cro.5V~.5S2 might be superior to Cr0.75V0.25S2 
in both capacity and rechargeability. We have n o w  
completed a more thorough study of Cr0.jVe.5S2. Practi- 
cal energy density and specific energy of Li/Cr0.JVo.jS2 
cells have been assessed. Rechargeability of the Li/  
Cr~..~V0.jS2 system has been evaluated by extended 
cycling of cells which utilize 2Me-THF/LiAsF6 (11). 
We have already demonstrated the desirability of u s i n g  
2Me-THF/LiAsF6 in state-of-the-art ambient tem- 
perature rechargeable Li cells (3, 5, 8, 16). Other r e c e n t  
publications dealing with intercalation chemistry of 
Cr~.jVo .~$2 or materials related to it can be found in 
Ref. (12-15). 
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Experimental 
General.--l~l exper iments  were  car r ied  out in the 

absence of a i r  and mois ture  under  an Ar  a tmosphere  in 
a Vacuum-Atmospheres  Corporat ion d ry  box equipped 
with a Model  He-493 Dr i -Tra in .  

Materials.~2,Methyl-tetrahydrofuran (2Me-THF) ,  
obta ined from Aldr ich  Chemical  Company,  was dis t i l led  
off CaH~ under  Ar  f rom a P e r k i n - E l m e r  Model  251 
Auto Anu la r  Still .  The ref lux ra t io  was 5:1 and the 
middle  70% fract ion was collected. The dis t i l led 2Me- 
THF typ ica l ly  contained ~0.2% 2,methyl- furan,  as de-  
t e rmined  f rom GC analysis.  Te t r ahydro fu ran  (THF)  
was obta ined  f rom Burd ick  and Jackson Laborator ies ,  
Michigan. L i th ium hexaf iuoroarsenate  (LiAsF6) (U.S. 
Steel  Agr i -Chemicais ,  e lec t rochemical  grade)  was used 
as received.  L i th ium foil, sea led  under  Ar, was ob-  
ta ined  f rom Foote Minera l  Company.  

The electrolytes ,  2Me-THF/LiAsFs (1 .3M) ,  T H F /  
LiAsF6(1.5M), and the b lended  solution, 50:50 THF:  
2Me-THF/LiAsFs(1 .5M) ,  were  p r e p a r e d  as we have  
descr ibed previous ly  (5, 8, 11). 

The resis t ivi t ies  of pressed pel le ts  were  measured  
using a four -po in t  probe  method  (16). 

Li/Cro.sVo.sS2 Cells 
Synthesis of Cro.sVo.sS2.--In a prepara t ion ,  a wel l  

ground mix ture  consist ing of 9.59 (0.052 mol)  V205, 
7.9g (0.052 mol) Cr~203, and  7.7g (0.104 mol)  Li2CO3, 
was placed in a g raph i te  boat, which in tu rn  was in-  
t roduced into a quar tz  tube. While  ma in ta in ing  a n  H2S 
flow (,~25 cm3/min)  over  the oxide mix ture ,  the quar tz  
tube was hea ted  at  700~ for ,-~16 hr. The a i r - sens i t ive  
LiCro.~V~.sS2 was obta ined  ~s a b lack  powder .  The ma-  
te r ia l  was de l i th ia ted  by  t r ea tmen t  wi th  an excess of 
0.4N I2/CH3CN solut ion for  24 hr. The de l i th ia ted  p rod -  
uct was washed severa l  t imes wi th  CH3CN and dr ied  
in vacuum in i t ia l ly  at  25~ and then at  160~ Both 
LiCr0.sV0.sS2 end  Cro.5V0.sS2 were  charac ter ized  f rom 
the i r  D e b y e - S h e r r e r  x - r a y  pat terns .  

Cathode preparation.~Cathodes for l abo ra to ry  test  
cells were  p repa red  as pressed  powder  electrodes.  An 
in t imate  mix tu re  consist ing of Cr0.sV0.~S~, C (Shawin i -  
gan 50% compressed) ,  and Teflon, taken  in desired 
weight  proport ions ,  was p repa red  in a blender .  The 
mi~ed powder  then was pressed on e i ther  side of an 
expanded  Ni screen (Exmet  Corporat ion,  5Ni 7-4/0) 
a t  a p ressure  of ,-~1000 psi. The e lec t rode  thickness  
var ied  f rom 1-1.5 mm. The 70 weight  percen t  (w /o )  
Cr.0.sVo.sS2, 20 w/o  C, 10 w/o  Teflon electrodes,  used 
in most  l abo ra to ry  cell  studies,  had a thickness of ,~1.3 
mm. 

Cathodes for  the  10 A h r  cells were  p repa red  b y  a 
pas t ing technique.  A s l u r r y  of the cathode mix  w a s  
prepa red  in decane.  I t  was then  pas ted  on e i ther  side 
of a 1 rai l  th ick pierced Ni foil. The decane was re -  
moved b y  pro longed  pumping  in vacuum unt i l  the 
e lect rode a t ta ined  constant  weight .  

Cells.~In l abo ra to ry  test  cells, the e lect rode package  
comprised one cathode flanked on ei ther  side by  an Li 
electrode.  Each cathode was wrapped  in two layers  
of Celgard 240r0 (TM) (Celanese Corpora t ion)  po lyp ro -  
pylene  separa tors  and the l a t t e r  was hea t - sea led  in 
the  pe r iphe ry  of the electrode.  The total  cathode area  
per  cell  was ~20 cm 2. The Li e lect rode was fabr ica ted  
usual ly  f rom a 15 mil  th ick Li  foil  by  press ing  the foil 
on the ca thode- fac ing  side of an expanded  Ni screen.  
Each Li e lect rode was ~10 cm 2. The e lect rode package  
was in t roduced into a D-ce l l  can (N i -p l a t ed  co ld- ro l led  
s tee l ) ,  and compression was appl ied  to the package  b y  
Teflon hemi-cy l inders .  The cell  was filled wi th  ~9  ml 
of the  e lectrolyte .  The cell  was ei ther  sof t -sea led  (16), 
or he rmet ica l ly  sealed b y  T ig-weld ing  (8). 

The large  he rmet i ca l ly  sealed rec tangu la r  cells were  
constructed with  e lectrodes havin~g an area  of 9.95 cm 
• 9.25 cm = 92 cm2/side. The cells were assembled in 

a commercially available steel can. A readily available 
can off-the-shelf was chosen because of the limited 
number of cells being produced. The cans were signifi- 
cantly heavier than would be used in an optimized cell. 
The cell contained 10 cathodes and 11 anodes. The 
theore t ica l  capaci ty  of the cell, based on le-/Cr0.sV0.sS2, 
was 11 Ahr.  The e lec t ro ly te  was 2Me-THF:LiAsF6  
(1.4M). Fu r the r  detai ls  of cell  construct ion are given 
in Ref. (16). 

Cells were  cycled ga lvanos ta t ica l ly  wi th  the a id  of 
s t anda rd  cycl ing equipment .  The poten t ia l  l imits,  un-  
less otherwise  ment ioned,  were  1.6V for discharge and 
3.1V for recharge.  Data  collection and r e t r i eva l  were  
done wi th  a Bascom-Turne r  8000 Recorder  equipped 
with  microprocessor  accessories. 

Results and Discussion 
Characterization o~ Cro.sYo.sS2.--Scanning electron 

micrographs  (16) have revea led  that  Cro.sVo.sS2 is a 
c rys ta l l ine  substance with  par t ic le  sizes of the order  
of 1-2 ~m. This ex t r eme ly  smal l  par t ic le  size is achieved 
in the  del i th ia t ion  step, pr ior  to which the par t ic le  s i z e  
of LiCro.sVo.sS2 is 15-20 ~xn. 

The D e b y e - S h e r r e r  x - r a y  pa t t e rn  of Cr~.sVo.sSs i s  
given in Table I. The da ta  a re  consistent  wi th  a hexag-  
onal  l aye red  1T CdI2-type s t ruc ture  wi th  ao = 3.2A 
and Co = 5.71A. The x - r a y  pa t te rns  of the l i th ia ted  
compounds s t rongly  suppor t  the content ion that  l i th ia -  
tion, both  chemical  and electrochemical ,  involves an 
in terca la t ion  process. In  this context  we d raw a t t en -  
t ion to a p r io r  repor t  on the s t ruc ture  and e lec t ro-  
chemical  proper t ies  of the Na- in te rca la tes  of C r 0 . s V o . s S 2  
(12). 

The da ta  l is ted in Table II  show tha t  the re  is ve ry  
l i t t le  change of electronic conduct iv i ty  in Li~Cro.sV0.sS2 
for 0 ~ x < 1. The magni tude  of the res is t ivi t ies  ap-  
pears  to be smal l  enough to pe rmi t  e lec t rochemical  
cycl ing of cathodes wi thout  a conduct iv i ty  enhancing  
addi t ive  such as carbon in the  electrode.  However ,  o u r  
expe r imen ta l  resul ts  indicate  tha t  addi t ion of carbon 
to the electrode is ex t r eme ly  beneficial;  it  subs tan t ia l ly  
increases both the r a t e - c a p a b i l i t y  and the recharge-  
ab i l i ty  of the  electrode.  The reasons for  the  beneficial 
effects due to carbon are  discussed l a t e r  in this paper .  

Table I. Debye-Sherrer x-ray patterns of Cr0.sVo.sS2 and its 
L| compounds 

Cro.sVo.r~.q~ Lio,~vCro.sVo.~S~* LiCro.sVo.~.qD "t 

d,A I(ob.) d~-,A I(obs) d,A I(ob---~ 

5.71 70 6.04 90 6.06 100 
2.78 8 2.98 8 2.98 10 
2.49 100 2.65 100 2.65 80 
2.00 90 2.13 90 2.11 70 
1.58 30 1.73 40 1.73 50 
1.35 20 1.67 40 1.67 50 
1.26 20 1.45 5 
1.12 10 1.34 5 

1.20 5 

* Electrochemical ly  prepared sample.  
** High temperature  material.  

Table II. Electronic conductivity data for Cro.sVo.sS2 and 
typical electrode compositions 

Specific 
Resist ivity  conduct ivRy 

Sample (~-cm) ( 9-cm)-~ 
m 

Cro.~Vo.sS~ (CVS) 0.094 10.64 
90 w / o  CVS, 10 w / o  Teflon (T) 0.134 7.46 
83 w / o ,  CVS, 10 w / o  C, 10 w / o  T 0.291 3.44 
70 w / o  CVS, 20 w / o  C, 10 w / o  T 0.357 2.80 
60 w / o  CVS, 30 w / o  C, 10 w / o  T 0.333 2.96 
90 W/O Lio.7~Cro.sVo.sSs, 10 w/o T 0.642 1.56 
LiCro.sV~ sS~ 0.175 5.71 
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Discharge-charge behavior of Co.sVo.~S2.~Typical 
galvanostatic cycles for an Li/Cr0.~V0.sSs cell. obtained 
at the relatively low current density of 0.5 mA/cm 2, 
are shown in Fig. 1. The mid-discharge voltage is 
2.30V. The discharge shows a downward sloping po- 
tential profile with a clear, and relatively sharp, po- 
tential drop to the cut-off voltage of 1.6V, when a 
capacity of ,,,0.8e-/Cro.sVo.sS~ has been achieved. 
The recharge at the same rate is nearly 100% efficient. 
The mid-charge voltage is 2.5V. The open-circuit 
voltage (OCV) of a cell discharged by 0.5e-/ 
Cr~.~V0.sS~ was found to be 2.4V. The deviation of 
the mid-discharge and mid-charge voltages from this 
OCV reflects resistive polarizations in the cell. When 
cycling is continued at this low rate, usually only 
very small decreases in utilization are observed. How- 
ever, we found that both the utilization of the cathode 
and its cycling behavior, especially at higher current 
densities, strongly depend on the amount of carbon 
in the electrode. The 10 w/o carbon in this electrode 
was initially chosen on an arbitrary basis. 

Effect of carbon on cathode performance.--In Fig. 2, 
we compare the performance of electrodes with 0.0, 
10, 20, and 30 w/o carbon. The data represent discharge 
capacities at current densities between 0.5 and 4 mA/ 
cm~. All cells utilize 2Me-THF/1.3M LiAsF6. The rele- 
vant data were obtained by discharging each cell suc- 
cessively at 0.5, 1, 2, 3, and 4 mA/cm 2, with each dis- 
charge followed by a charge at 0.5 mA/cm 2. The dis- 
c~arge .curves for a typical case are given in Fig. 3. 

The lowest material utilization is found in electrodes 
that do not contain any carbon. For example, even at 
0.5 mA/cm 2, the capacity exhibited by such an elec- 
trode is only ~0.6e-/Cro.sVo.sS~. By adding ,~10 w/o 
carbon, capacities approaching the theoretical l e - /  

3,0 

�9 2.0 

~- 1,0 

0.0 J J r 
60 120 180 

CAPACITY, MAHR 

I 
240 

Fig. 1. Typical cycles of an Li/Cro.sVo.sS~ cell with 2Me-THF/ 
LiAsFe (1.3M). Cathode has ~ I 0  w/o carbon. Current density --- 
0.5 mA/cm 2. Voltage limits; 1.6-3.1V. Theoretical cathode capacity 
= 250 mAhr. Cycle i, ---- Cycle 5. 

4 

3 
< 

~2 
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Fig. 3. Discharges of the Li/Cro.sVo.sS~ cell with 20 w/o carbon 
in the cathode. 

Cr0.sVo.sS2 are obtained, provided the current densities 
are kept low; say, --~0.5 mA/cm 2. For current densities 
--~1 mA/cm2, even larger amounts of carbon are re- 
quired for the best pers of the electrode. The 
cathodes with 20 w/o carbon appear to exhibit the 
optimal behavior. 

The data presented in Table II indicate that the 
cathode composition with 20 w/o carbon actually has 
a slightly higher resistivity than that of Cro.~V0.sS~ 
itself. The observed trend of slightly increasing elec- 
trode resistivity with added carbon is in accordance 
with the formation of increased pellet porosities and/ 
or larger grain boundaries. It is apparent that the 
beneficial effect of carbon on cathode utilization is 
not related to the electronic conductivity of the elec- 
trode. Rather, it appears that the carbon ensures 
greater electrode porosity and better particle-to- 
particle contacts. The latter advantage seems to negate 
the adverse effects of expansion and contraction ex- 
perienced by the insertion electrode during Li uptake 
and expulsion. The crystallographic expansion of 
Cr0.sVo.sS2 resulting from a full intercalation with Li 
to form LiCr0.sVo.sS~ is ,-,7%. 

Based on the above results, we have chosen elec-  
trodes with 20 w/o carbon for aH further studies. It 
should, however, be noted that the optimal amount 
of carbon required practically would depend on the 
type of carbon, and the rates at which the cell is re- 
quired to operate. The data in Fig. 4 illustrate the 
manner in which the carbon content of the electrode 
would affect the volumetric energy density of the 
cell. The data, calculated for an electrode package con- 
sisting of the appropriate cathode, Celgard 2400 (TM) 
separators, and Li anodes having five times the ca- 
pacity density of the cathode, are given to exemplify 
the relative changes in energy density with carbon 
content; they do not represent the energy densities 
of finished cells. 

Cell performance at low temperatures.--Some per- 
tinent data are given in Fig. 5. The discharge capaci- 
ties of two cells, one with 2Me-THF/1.3M LiAsFs and 
the other with 50:50 2Me-THF:THF/1.5M LiAsF6, 
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Fig. 2. Effect of carbon on the capacity of Li/Cre.sVo.5$~ cells 

at various current densities. Fig. 4. Effect of carbon on velumetric energy density 
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Fig. 5. Cathode utilization vs. current density at various tem- 
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are compared  at 25% --10 ~ , and --30~ The con- 
duc t iv i ty  of the 2Me-THF/1.3M LiAsFo solut ion at  
25~ is 0.35 • 10 -2 (~2-cm) -~, and  tha t  of  the 
mixed  solut ion at  25~ is 1 • 10 -2 ( ~ - c m ) - l .  

A t  25~ both of the cells exhib i t  fa i r ly  s imi la r  d is-  
charge behavior  for cur ren t  densi t ies  up to 4 m A / c m  ~. 
The s l ight ly  h igher  capacit ies  exh ib i ted  by  the cell 
wi th  the mixed  solut ion at cur ren t  densi t ies  -----2 m A /  
cm 2 m a y  be reflective of its h igher  conduct ivi ty.  

The da ta  for --10 ~ and --30~ c lear ly  indicate  that  
the ra te  capabi l i ty  of the cell at  these t empera tu re s  
is l a rge ly  de te rmined  by  the e lectrolyte ;  Cr0.sVo.~S2 
i tself  appears  to be capable  of  d ischarges  at  useful  
ra tes  down to --30~ In a pr ior  paper  we have a t -  
t r ibu ted  the l imi ted  low t empera tu re  capabi l i ty  of 
2Me-THF/LiAsF6 solut ions to poor  solubi l i t ies  of the  
L i A s F 6 ( 2 M e - T H F ) ,  complexes,  which crysta l l ize  out  
of solution, resu l t ing  in cons iderab ly  reduced  conduc-  
t ivi t ies  (8). In  the  50:50 T H F : 2 M e - T H F / L i A s F 6  so-  
lution, a l though there  is an apparen t  increase in vis-  
cosity, the  sa l t - so lven t  complexes do not  seem to c rys -  
tal l ize even at  --30~ A s imi la r  behavior  has been 
exhib i ted  also by  Li/TiS2 cells ut i l iz ing these same 
two elect rolytes  (19). 

Rechargeability of the Li/Cro.sVo.~S2 cell.~Any 
discussion of r echa rgeab i l i t y  of ran Li cell  must  deal  
wi th  two majo r  issues; the rechargeab i l i ty  of the Li  
anode, and  the r echa rgeab i l i ty  of the  posi t ive e lec-  
trode. As we have discussed in a recent  rev iew (3), 
the rechargeab i l i ty  of the Li anode is e lec t ro ly te  de -  
pendent .  In  two p r io r  papers  (5, 8) we have r e p o r t e d  
Li e lectrode cycl ing efficiencies be tween  96 and 97.5% 
in Li/TiS2 (8) and Li/Vs01~ (5) cells, both  ut i l iz ing 
2Me-THF/LiAsF6.  These efficiencies correspond to 
figures of mer i t  (FOMLi) of 25-40. A r a t h e r  b road  
range  of Li  cycl ing efficiency reflects i ts dependence  
on current  density.  A l l  our  exper ience  to date  ind i -  
cates that  Cro.sV~.sS~ does not in any  way  in te r fe re  
wi th  the  .cycling of the  Li electrode.  Indeed,  in 2Me- 
THF/LiAsF6,  Cr0.sVo.sS2 appears  to behave  in a w a y  
very  s imi lar  to TiS2. In  addit ion,  a l l  of the  cells 
being discussed in this pape r  contain sufficient Li  to 
afford >200 deep d i scharge /charge  cycles based on 
the aforement ioned efficiencies. Therefore,  in the fol-  
lowing discussion, we deal  wi th  the  rechargeab i l i ty  of 
the  posi t ive  electrode;  its chemical  revers ib i l i ty ,  and 
effects due to e lect rode s t ructure ,  cur ren t  densi ty,  and 
vol tage  l imits.  

Elec t rochemical  r eve r s ib i l i t y  of Cr0.sV0.sS2 has been 
assessed f rom the resul ts  of l ong - t e rm cycle tests and 
x - r a y  analysis  of  cycled cathodes.  Severa l  l abo ra to ry  
cells, each having  a cathode capac i ty  of ~225 mAhr ,  

based le-/Cro.sVo.sS~, exceeded more  than  200 deep 
d i scha rge -cha rge  cycles. The cycling was pe r fo rmed  at  
constant  currents  rang ing  f rom 0.5 to 2 mA/cm~. While 
the  average  cathode ut i l izat ion depended  on cu r ren t  
density,  x - r a y  analysis  of ex tens ive ly  cycled cathodes 
indica ted  no discernible  chemical  changes of the di-  
sulfide. However ,  w e  found smal l  amounts  of LiF  in 
the cathodes f rom cells ut i l iz ing .a 50:50 TI-IF:2Me- 
THF/L iAsFe  solution. In  addit ion,  both  Cro.sVo.~S~ 
and Li~Cr0.sVo.sS~ were  identif ied in m a n y  cathodes, 
i r respect ive  of the e lec t ro ly te  and despi te  a final full  
recharge  of the cel l  at  a r e l a t i ve ly  low cur ren t  density.  
The LiF  a~paren t ly  comes f rom the reduct ion  o f  
LiAsFs.  The presence of Li~Cr0.sV0.sS2 in a fu l ly  r e -  
c h a r g e d  cathode subseqUent to extensive cycling im-  
plies phys ica l  isolat ion of some of the  ma te r i a l  f rom 
the bulk.  The l a t t e r  effect, in our  opinion, is a ma jo r  
cause of the  g radua l  capac i ty  loss tha t  is f r equen t ly  
seen in cont inued cycl ing of these cells. The presence 
of carbon in the ca thode minimizes  the  ex ten t  of this  
los~. 

A plot  d i sp lay ing  discharge capaci ty  vs. cycle n u m -  
ber  usua l ly  shows two m a j o r  features:  an  in i t ia l  r e -  
gion fea tur ing  a r e l a t ive ly  rap id  r a t e  of loss of capac-  
i ty; and a second region showing a more  g radua l  ra te  
of loss of capacity.  This is exemplif ied by  the da ta  
d i sp layed  in Fig. 6 for  a cell  having a theore t ica l  
cathode capac i ty  of 240 m A h r  or  12 m A h r / c m  ~. The 
capaci ty  loss in the first 10 cycles is ,~2% per  cycle. 
In  the nex t  50 cycles, however ,  the ra te  of decrease 
in capaci ty  i~ ,~0.2% per  cycle. Subsequent ly  it is even 
lower.  In  the  177th cycle, we reduced  the cur ren t  
dens i ty  to 0.5 m A / c m  2 and, as a result ,  the  capaci ty  
increased to nea r ly  60% of the  theoret ical .  The l a t t e r  
is the same as the capaci ty  in the 10th cycle. Cycling 
da ta  obta ined f rom cells constructed wi th  var ious  
amounts  of carbon and tes ted at  var ious  cu r ren t  den-  
si t ies be tween  0.5 and 3 m_A/cm 2 indicate  tha t  the 
m a j o r  loss seen in the ini t ia l  10-20 cycles can be min i -  
mized b y  an op t imal  carbon content,  th inner  electrodes,  
appl ica t ion  of compression to the  e lect rode package,  
and cell  test ing at  lower  cu r ren t  densit ies.  

The ma jo r  cause of capac i ty  loss in the  second r e -  
gion appears  to be the inefficiency of recharge.  How-  
ever,  this inefficiency does not  appear  to be chemi-  
cal ly  der ived.  I t  can be minimized  by  use of low 
charge  cur ren t  densi t ies  of the  o rde r  of 0.5 mA/cm~. 
This indicates  its s t rong associat ion wi th  e lect rode 
s t ruc tu ra l  factors.  

The significance of a low charge cur ren t  dens i ty  on 
cathode rechargeab i l i ty  may  be i l lus t ra ted  fu r the r  wi th  
the da ta  for  a cell  which was iniUal ly  cycled at  3 
mA/cm~ for both discharge and charge be tween  1.6- 
3.2V. The ini t ia l  capac i ty  of ,~0.75e-/Cro.~V0.sS~ de-  
creased to --0.2e-/Cro.~V0.~S2 by  the 15th cycle. There  
was no fu r the r  capac i ty  change un t i l  the 20th cycle. 
The recharge  cur ren t  dens i ty  was then reduced  to 1 
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Fig. 6. Cathode utilization vs. cycle number for a Li/Cro.sVo.sS2 
cell. Electrolyte, 50:50 THF:2Me-THF/UAsF~(I.5M). CuTrent 
density; id = ic ~ 2 mA/cm ~, except where noted. Voltage limits; 
1.6-3.1V. 
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mA/cm 2 with the result that the discharge capacity at 
3 mA/cm 2 increased to ,~0.6e-/Cr0.sV0.sS2. The lat ter  
capacity remained steady for the next 20 cycles, after 
Which the test was ended. 

The behavior of cells cycled to depth of discharges 
(DOD) of either 30% or 60% did not differ much 
from that  discussed above. 

Limitations at the Li electrode also contribute to 
some of the capacity loss during later stages in cell 
cycling. Dendritic Li continues to accumulate on the 
anode surface and this Li reacts with the electrolyte. 
The result is a gradual  loss of electrolyte and a slow 
increase in cell resistance. 

Figure 7 depicts the cycling behavior of a cell with 
a theoretical capacity of ,~11 Ahr. The cell was cycled 
at 1.0A constant current, corresponding to a C/10 rate. 
Some typical cycles of the cell are depicted in Fig. 8. 
The excellent behavior of the cell, showing a ra ther  
low capacity fade rate with cycling, is largely at-  
tr ibuted to the thinner electrodes. Although cycling 
at a C/10 rate, the current density is a relat ively low 
0.54 mA/cm 2. The eventual cell failure is believed to 
be caused by resistance rises due to Li-electrolyte re-  
actions and not by cathode failure. The failure modes 
of rechargeable Li cells with 2Me-THF/LiAsF6 will be 
the subject of a separate future paper (18). 

Effects of voltage limits on the rechargeabil i ty of 
the cell have been investigated with laboratory cells 
(16). Charge limits up to 4V could be used for many 
cycles without any immediate consequences on cell 
performance. Spectroscopic analyses, however, re-  
vealed organic products indicative of solvent degrada- 
tion. A safe upper voltage limit for constant current 
cycling would be 3.2V. A safe lower limit appears to 
be 1.SV, below which some electrolyte reduction seems 
to occur. Cells showed practically no rechargeabil i ty 
after a discharge to ~IV.  X- ray  analysis revealed that 
such overdischarged cathodes contain LiF, presum- 
ably resulting from the reduction of LiAsF6. The sul- 
fide remained as LiCr0.5~o.sS2. The irreversibil i ty of 
overdischarged cathodes appears to be caused by ex-  
cessive LiF deposition. 

Comparison of Cro.75Vo.~sS2 and Cro.sVo.sS2.--The 
data of Murphy et al. (9) indicate a reversible ca- 
pacity of ,,~0.6e-/mol of Cr0.TVo.sS2 with a mid-dis-  
charge voltage of ,-~2.65V. However, no data beyond 
five cycles are given in that  paper. We have con- 
firmed the results of Murphy el al. However, we found 
the capacity of Cro.75V0.25S2 to fade significantly by 
,~10 cycles even when the cathode had ~20 w/o car- 
bon. Therefore, we prefer Cr0.sVo.sS2 for long cycle- 
life cells. An advantage of Cro.75V0.2.~S2, of course, is 
its higher voltages, indicating potential special uses. 

Concluslons 
The capacity and rechargeabil i ty of the Cr0.~V~.sS~ 

cathode have been shown to depend on the composi- 
tion of the cathode, and are determined by the rela-  
tive amounts of the disulfide, carbon, and the binder. 
The higher capacities shown, over a wide range of 
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Fig. 7. Capacity vs. cycle number in a 10 Ahr Li/Cro.sVo.sS2 
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Fig. 8. Typical cycles of the cell shown in Fig. 7. Current; IA. 
Voltage limits; 1.6-3.1V. 

current densitites, by electrodes optimized with re-  
spect to their carbon contents are not the result of 
higher electronic conductivities of those electrodes; 
rather, those advantages appear to be due to the 
higher porosities and better  part icle- to-part icle  con- 
tacts in such electrodes. Because of the relat ively 
larger amounts of carbon in optimized Cro.~Vo.sS2 
electrodes, the specific energy and energy densities 
achieved in practical cells have been lower than what 
we have obtained in comparable Li/TiS2 cells (17) 
(see Table III) .  However, Cro.sVo.sS2 provides higher 
cell voltages (the mid-discharge voltage of Li/TiS2 
cells- ' is ~2.1V and that of Li/Cro.5Vo.sS2 cells is 
~2.3V), which combined with its excellent recharge- 
abili ty may make this material  desirable for many 
applications. We have also demonstrated that the re-  
chargeability of Cro.sVo.sS2 is superior to that of 
Cro.TV0.~sS~. 

The scheme of studies discussed in this paper ap- 
pears to be useful for the evaluation of potential posi- 
tive electrodes for ambient temperature Li cells. We 
believe that such studies are essential for making 
claims about the energy density and specific energy 
achievable in practical cells. 

Table III. Energy densities in Li/TiSB and Li/Cro.5Vo.5S2 cells with 2Me-THF/LiAsF6 

Volumetric  Specific energy,* 
e n e r g y  d e n s i t y ,  W - h r / U t e r  W - h r / k g  

Cathode 
Cell  t y p e  composition Cycle 1 Cycle 50 Cycle 100 Cycle 1 Cycle 50 Cycle 100 

Li/TIS~* * 

Li/Cr~sVo.~S~ 

84 w / o  TiS~ 166 125 105 90 (160) 68 (120) 60 (103) 
8 w / o  C 
8 w / o  Teflon 

70 w / o  Cro.sVo.~S~ 110 88 76 63 (117) 51 (93) 44 (8~) 
20 w / o  C 
10 w / o  Teflon 

* The numbers  in parentheses  represent  values  excluding the weights  of can and cover. 
** Data to be published. 
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Corrosion Behavior of fi and Martensitic AI Brasses 

J. P. Celis, J. R. Roos,* F. Terwinghe 
Departement Metaalkunde, Katholieke Universiteit Leuven, B-3030 Heverlee, Belgium 

ABSTRACT 

Shape memory alloys are characterized by either a thermally or mechanically induced phase transformation. Such al- 
loys are, e.g., ternary Cu-Zn-A1 alloys in which a/3 ~ martensite (fl') phase transformation can be induced. In the present 
study, the influence of the phase structure on the dezincification behavior of A1 brasses was investigated using accelerated 
tests, field tests, and electrochemical measurements. From these tests, the unsuitability of accelerated tests based on 
weight losses is demonstrated as well as the large dependence of dezincification on phase transformation temperature. 

The phenomenon and the name "shape memory 
effect" have become well-known since the discovery 
of this property in a nickel-titanium alloy, called 
Nitinol. But in fact, many years before the develop- 
ment of Nitinol, a shape memory effect has been 
found in Cu-Zn, Au-Cd alloys, and also ternary bcc 
aluminum brasses. These copper-zinc-aluminum al- 
loys with either beta phase or martensitic structure 
exhibit several unusual properties such as s h a p e  
memory effect and superelasticity (1). 

The basic mechanism governing the properties of 
shape memory alloys is a transformation in atomic 
structure. On cooling, an austenitic structure (~) 
transforms over a small temperature range (__+10~ 
into a martensitic structure (~') and reverts to the 
austenitic structure when heated up again. The tem- 
perature at which the transformation austenite -) 
martensite starts cooling is called the Ms temperature; 
the temperature at which the transformation stops i s  
called Mr. For the reverse transformation, these tem- 
peratures are called As and Af, respectively. The prin- 
ciple of the shape memory effect is illustrated in Fig. 
1. Let us consider a martensitic material which h a s  
been previously deformed at a temperature below As 
(for instance, compressed from an initial length ll, to a 
final length 12). By simply heating up the material 
above As it regains i'ts original shape (length 11). By 
cooling below Ms, the length again becomes 12 (two- 
way memory effect). For simplification, the effect of 
common thermal expansion is neglected. 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  Member. 
Key words: corrosion, alloys, phase transformation. 

Superelasticity is best demonstrated by a s t r e s s -  
s t r a i n  curve as shown in Fig. 2. If a shape memory 
material is stressed at a temperature above Af, the 
slope of the stress-strain curve decreases abruptly 
when a critical stress is reached. The elongation is 
composed of a "classical" elastic deformation of the 
original austenitic matrix p~hase and of an elongation 
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Fig. 1. II|ustration ef the shape memory effect 
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Fig. 2. Illustration of superelasticity. r  ~-~ '  is the theoretical 
stress level for the ~->fl' transformation at temperature T. 

due to the s t ress-ass is ted t rans format ion  of the aus-  
teni te  (#) into mar tens i t e  (fl'). When the appl ied  
stress  is re leased  the mar tens i te  t ransforms back to 
the  or iginal  fl ma t r i x  and the e longat ion rever ts  to 
zero. I t  can thus be s ta ted  tha t  the Ms t empe ra tu r e  
de te rmines  in which t e m p e r a t u r e  range  a shape  
m e m o r y  a l loy  can be used. The va lue  of this  Ms 
t empe ra tu r e  depends  upon the chemical  composit ion 
of the  shape m e m o r y  alloy. In  the case of the Cu- 
Zn-A1 shape m e m o r y  alloys, the Ms t empe ra tu r e  can 
v a r y  f rom about  --100 ~ up to 250~ (Fig. 3) (2). F rom 
mechanica l  and  phys ica l  considerat ions,  the  zinc con- 

tent  of shape m e m o r y  a luminum brasses can only va ry  
be tween  10 and 25 weight  percent  ( w / o ) ,  the a lumi -  
num content  be tween  3 and 10 w/o.  

The shape m e m o r y  effect of these C u - Z n - A /  al loys 
can be put  to use among m a n y  o ther  appl ica t ions  in 
hea t  sensors like, e.g., the PROTEUS'@ heat  sensor,  
a l r eady  successful ly  tes ted in e lectrolysis  plants .  This 
heat  sensor (Fig. 4) is composed of a meta l l ic  holder  
in which a Cu-Zn-A1 spr ing  is located. The hea t  sensor  
is connected to the object  to be moni tored,  e.g., fitted 
on the cathode bus bars  in an e lec t ro ly t ic  cell. A n y  
rise in t empera tu re  of the  cathode due, e.g., to shor t  c i r -  
cuits be tween  electrodes is t r ans fe r red  to the spr ing  
which at  a p rede te rmined  tempera ture ,  s ta r t s  expand -  
ing and lifts a plast ic  cap, t he reby  exposing a b r igh t ly  
colored and h igh ly  vis ible  pa r t  of the heat  sensor  
(Fig. 5). Other  appl icat ions  are  being deve loped  in 
the  field of the rmal  and mechanica l  energy  t r ans -  
ducers,  t empe ra tu r e  regu la t ing  systems,  se l f - ac t iva t -  
ing fasteners,  etc. 

The corrosion behav ior  of brasses has been  s tud ied  
ex tens ive ly  for many  years .  The corrosion p rob lem 
of these al loys is ma in ly  the dezincification of the  base  
mater ia l .  Work  has been concent ra ted  ma in ly  on 

Cu-Zn alloys bu t  also upon duplex  a plus #, and 
fl Cu-Zn alloys (3-5).  The m a j o r  resul ts  can be sum-  
mar ized  as follows: (i) a Cu-Zn is suffering f rom de -  
zincification on ly  when the a l loy contains more  than 
15 w/o  Zn; (i i)  a Cu-Zn is less suscept ible  to dezincifi- 

- ~00 

'C) 

2O 

werght 

Fig. 4. Schematic representation of the heat sensor at low and 
higk temperature. 

Fig. 3. Relation between composition and transformation tem- 
perature in ternary Cu-Zn-AI alloys (2). Fig. 5. Temperature sensor mounted on an electrolysis cell 
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cation than dup lex  a plus  ~ Cu-Zn and ~ Cu-Zn al loys;  
and (iii) in the case of duplex  a plus ~ brass, the zinc- 
r ich fl phase  undergoes  p re fe ren t ia l  dezincification. 

To expla in  dezincification of these brasses,  two basic 
theories a re  genera l ly  proposed (6, 7). The first one 
points out tha t  there  is a select ive dissolution of zinc 
atoms whe reby  a porous copper l aye r  remains.  The 
second theory  claims that  zinc and copper  a toms go 
into solut ion fol lowed by  a redeposi t ion of copper  and 
a fu r the r  dissolut ion of zinc. Lucey (6) s tudied  the 
phenomenon of copper  redeposit ion.  He per formed  de-  
zincification tests upon a and fl brasses in oxygen- f ree  
copper  ch lor ide /z inc  chlor ide solution. In  this solu-  
tion, copper  can be redepos i ted  by  reduct ion of Cu + 
at  potent ia ls  below --0.65V vs. SCE whi le  Cu 2+, af ter  
the d ispropor t iona t ion  of CuC12, can be reduced  below 
--0.40V vs. SCE. He de te rmined  also the po ten t ia l  of 
f i lm-free fl brass  (--0.80V vs, SCE) and of a brass  
(--0.62V vs. SCE).  He demons t ra ted  tha t  on a brass,  
only  Cu2+ ions can be reduced  a l though on ~ brass,  
both  Cu ~+ and Cu + ions can be reduced.  Fur the r ,  he 
showed that  the  d ispropor t ionat ion  of CuC12 is p ro -  
h ib i ted  by  the addi t ion of a ve ry  smal l  amount  of 
arsenic act ing through the fol lowing pa i r  of react ions 

3Cu2+ + As--) 3Cu + + AsS+ [I] 

3Cu + As3+ ~ 3Cu + + As [2] 

Lucey ~und that 0.02% As already prevents dezinci- 
fication Of a brass. For ~ brass, on the contrary, the 
addition of As did not have any effect. Lucey's con- 
clusion was that the theory of copper redeposition is 
the right one because by adding arsenicum, Cu2+ ions 
are no longer formed and only Cu + ions can still be 
reduced, and since these ions can only be reduced 
on F brass, the direct relation between deposition of 
copper and dezincification was proven. Heidersbach 
and Vcrink (7) carried out a set of experiments on a 
and ~ brass in an oxygen-free 5N HCI solution. In 
their study, x-ray diffraction, electron microscopic, 
metallographic, atomic absorption, and electrochemi- 
cal techniques were used. The general conclusion of 
their investigation was that both dezincification 
mechanisms can be operative depending on condi- 
tions of poten t ia l  and pH for both a and ~ brasses.  I t  
should be recognized that  ne i the r  Lucey nor  Heiders -  
bach and Ver ink  pe r fo rmed  tests under  real  life con- 
ditions. They  both  s tudied  the  dezincification p rob lem 
in ve ry  aggressive,  h igh ly  concentra ted  chloride solu-  
tions. 

In  recent  years,  a number  of s tudies on the dezinci-  
fication of a a luminum brasses have been publ i shed  
(8-11). These al loys containing up to 2 w/o  A1 are  
commonly  Used in condenser  tubes. Shre i r  (10) con- 
cludes tha t  addi t ion of a luminum decreases the de-  
zincification of such t e rna ry  ~ brasses in comparison to 

Cu-Zn al loys wi th  s imi la r  zinc content.  Here  the  
presence of As, even in t race amounts  (AS > 0.006 
w / o ) ,  m a r k e d l y  amel iora tes  the corrosion resistance 
of the  a luminum brass  (9). I t  has been shown that  
surface conditions p lay  a decisive role in the corrosion 
process of these al loys (11). About  ~ and ~' Cu-Zn-A1 
alloys, no informat ion  has appeared  in the l i t e ra tu re  
as fa r  as we  know. In the presen t  paper ,  a corrosion in-  
vest igat ion of these al loys is repor ted .  Tests on a Cu-Zn 
and a plus  ~ Cu-Zn were  also pe r fo rmed  for the purpose  
of comparison.  The s tudy  of the  corrosion behav io r  of 
shape m e m o r y  a luminum brasses under  an appl ied  
load or  under  the rmal  cycling is out of the scope of 
this work  and is the  a im of a fu ture  invest igat ion.  

Exper imental  
The alloys were produced  by  mel t ing  and ingot  

casting of weighed amounts  of pure  Cu, Zn, and A1. 
The mechanica l  processing consisted e i ther  of hot  
ex t rus ion  into rods of r 12 m m  or hot  ro l l ing to 
p la tes  of 1.5 nzm thickness.  In  the  hot  ro l led  con- 

Fig. 6. Microstructure of a/~ Cu-Zn-AI alloy 

Fig. 7. Microstructure of a ~' Cu-Zn-AI alloy 

dition, the mean  gra in  size of these al loys is r a the r  
large  and ranged a round  I mm. Typica l  micros t ruc-  
tures  of ~ and ~' Cu-Zn-A1 al loys tes ted are  shown in 
Fig. 6 and 7, respect ively.  The ~ micros t ruc ture  con- 
sists of large  grains. Differences in gra in  growth  or i -  
en ta t ion  causes a difference in l ight  ref lect ivi ty be-  
tween different  grains.  The/~' micros t ruc ture  also con- 
tains large grains (in fact the or ig ina l  fl grains)  in 
which fine mar tens i te  plates  of different  or ienta t ions  
are  visible. 

The suscept ib i l i ty  to dezincification of the different  
al loys has been s tudied  using accelera ted tests, field 
tests, and e lect rochemical  measurements .  Chemical  
analysis,  Ms tempera ture ,  and  meta l lograph ic  s t ruc -  
ture of the mate r ia l s  tested a re  given in Table I. De-  
pending  on the exper imen ta l  test ing technique,  differ-  
ent  procedures  for  the  specimen p repara t ion  were  
used, namely,  sand blas t ing of hot ro l led  plates  for 
outdoor  tests, sand blas t ing of hot  ex t ruded  rods for 
accelera ted  tests and immers ion tests in tap water .  
Specimens for e lec t rochemical  measurements  were  
p repa red  by  gr inding  hot  ro l led  plates  on 1200 gr i t  
paper  fol lowed b y  r ins ing wi th  ethanol.  

Elect rochemical  measurements  were  done  in a 
th ree -e lec t rode  glass cell  wi th  sa tu ra t ed  calomel  re f -  

Table I. Characteristics of materials tested 

Chemical analysis 
Ap~proximate 

Reference Cu Zn A1 M~ temp. (~ 
Metallo~raphlc 

structure 

(1) 90.03 9.97 - -  
(2) 75.30 24.90 - -  
(3) 71.14 25.38 3.52 +200 

(4) 70.14 25.32 4.57 + 35 
(5) 69.56 25.40 5.07 - 5 0  
(6) 76.10 17.81 6.26 +200 
(7) 75.25 17.75 7.22 +35 
(8) 74.35 17.99 7.67 - 50 
(9) 79.86 11.84 8,74 + 200 

(10) 78.93 11.94 9.44 +35 
(11) 78.35 11.49 10.57 - 50 

a 

~ + 9  
a + 9 after 

extrusion 
9' after heat. 
treatment 

9' 

9' 

B' 
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erence e lec t rode  and p l a t i num counte re lec t rode  con- 
nected to a PAR 173 potent ios ta t  and a PAR 175 func-  
t ion genera tor .  For  the outdoor  field tests, test  speci-  
mens (10 X 15 cm, thickness  1.5 mm)  were  fixed on 
a pa in ted  f rame th rough  p lexi  holders.  The specimens 
were  mounted  on a 30 o slope. Af t e r  testing, e i ther  the  
weight  loss of corroded specimens was de te rmined  or  
the  corrosion dep th  was measured  with  a Lei tz  MeF 
l ight  microscope on pol ished cross sections af te r  
mount ing  the specimens  in nonconduct ive  resins. The 
p rocedure  used for  the de te rmina t ion  of the  dezinci-  
fication depth  is the one descr ibed by  Mattsson (12) 
which consists of an examina t ion  of ~he ent i re  cross 
section, v iewing field b y  field, one measuremen t  being 
made  at  a fixed point  in each field. In  o rde r  to en-  
sure  the highest  possible accuracy,  the greates t  possi-  
b le  degree  of magnif icat ion and the la rges t  number  
of measured  v iewing fields were  selected.  SEM ana l -  
ysis was done wi th  a Cambr idge  600 scanning e lect ron 
microscoPe equipped  wi th  EDX facil i t ies for  e le-  
menta l  analysis .  

Results and Discussion 

The most  convenient  me thod  to test  the corrosion 
behavior  of mate r ia l s  is the use of s t andard  tests. In  
connect ion wi th  brasses,  i t  seems f rom the l i t e r a tu re  
tha t  the  most  re l iab le  resul ts  for dezincification are  
obta ined  by  using the Swedish  S t anda rd  test  SMS 3226 
(12). This test consists of an immers ion  of the speci-  
mens  in a 10 g / l i t e r  CuCI2 solut ion at  750 _+ 3~ for 
24 h r  using a solut ion volume of 250 ml pe r  cm 2 ex-  
posed spec imen area.  Besides this  indus t r i a l ly  wel l  
accepted test ing technique,  another  s t anda rd  test for 
de te rmin ing  the suscept ib i l i ty  of al loys to dezincifi-  
cation is somet imes  used, namely,  the Aus t ra l i an  s tan-  
da rd  test AS C316-1970 (13). This test  p rocedure  con- 
sists of an immers ion  dur ing  14 days at  80~ into a 
solut ion containing 13.5 g / l i t e r  hyd ra t ed  fer r ic  chlo-  
ride, 18.7 g / l i t e r  hydra t ed  copper  sulfate,  and 1.5 
m l / l i t e r  hydrochlor ic  acid. The evalua t ion  of the sus-  
cept ib i l i ty  to dezincification is in both tests based on 
the de te rmina t ion  of the  depth  of dezincification as 
descr ibed ear l ier .  

Taking  into account the  #' --> ~ phase t r ans fo rma-  
tion (see Fig. 1) which  wi l l  occur on heat ing up 
Cu-Zn-A1 alloys having  an Ms t empe ra tu r e  be tween  
room t e m p e r a t u r e  and 75~ a modification of this 
s t anda rd  test  p rocedure  for test ing the suscept ib i l i ty  
to dezincification of #' Cu-Zn-A1 alloys became 
necessary. '  The phase s t ruc tu re  should r ema in  con- 
s tant  dur ing  tes t ing for  a correct  evaluat ion  of the  
suscept ib i l i ty  to deal loying.  Therefore,  the procedures  
ment ioned  in both the  Swedish  S t anda rd  test  SMS 
3226 and the  Aus t r a l i an  S t anda rd  test  AS C316-1970 
have  been pe r fo rmed  at  a control led  test ing t empera -  
ture  of 20~ In  this way, modified s t anda rd  tests 
caused a dezincification and dea luminiza t ion  of ~ and 
~' Cu-Zn-A1 al loys sufficiently large  for  the s tudy  of 
the  suscept ib i l i ty  to deal loying.  Dezincification depths  
f rom the modified Swedish  S t anda rd  test  SMS 3226 
are  shown in Fig. 8 for  the  different  Cu-Zn and Cu-  
Zn-A1 al loys ment ioned in Table  I. As can be seen 
f rom Table  I, th ree  groups of Cu-Zn-A1 alloys were  
se lected wi th  a constant  zinc content  of 25, 18, and 
12 w/o,  respect ively .  For  each group, the a luminum 
content  was selected in such a way  tha t  Ms t e m p e r a -  
tures  of  4--200 ~ 4--35 ~ and --50~ obtained.  F rom 
Fig. 8 i t  can be deduced that,  using the modified 
Swedish  S t anda rd  test:  (i) /~ and ~' Cu-Zn-A1 al loys 
are  much  more  sensi t ive to dezincification than  ~ and 

4- ~ Cu-Zn al loys wi th  a comparab le  zinc content;  
(ii) at constant  zinc content,  /~' Cu-Zn-A1 al loys are  
more  sensi t ive  to dezincification than  /~ Cu-Zn-A1; 
(iii) 8' Cu-Zn-AI  al loys wi th  comparab le  zinc content  
have a l a rge r  t endency  to dezincification at  increas ing 
M8 tempera ture ,  cor responding to a lower  a luminum 
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Fig. 8. Dezineification depth determined after a Swedish test SMS 
3226 at 20~ for 24 hr. 

content.  F rom the modified Aus t ra l i an  S t a n d a r d  test, a 
much l a rge r  dezincification dep th  was de te rmined  in 
comparison to the one obta ined  by  the modified 
Swedish  S t anda rd  test. However ,  the conclusions 
which can be d rawn  from the modified Aus t r a l i an  
S t anda rd  test are  ident ical  to those ment ioned ea r l i e r  
for  the  modified Swedish S tanda rd  test. 

In  o rder  to check the va l id i ty  of these acce lera ted  
tests, pro longed field tests in running  tap wa te r  a t  
room t empera tu re  and outdoor  field tests in a mar ine ,  
indust r ia l ,  and ru ra l  locat ion were  per formed.  Out-  
door field tests were  eva lua ted  on the basis of the 
m a x i m u m  dezincification dep th  which was measured  
on a pol ished cross section. Some typical  pol ished 
meta l lograph ic  cross sections of /~ and ~' Cu-Zn-A1 
alloys af ter  4 months  outdoor  exposure  are  shown in 
Fig. 9 and 10, respect ively .  In  mar tens i t ic  Cu-Zn-AI  
alloys, it  seems tha t  the  dea l loy ing  occurs along the  

Fig. 9. F Cu-27Zn-4AI structure after an outdoor field test in a 
marine environment for 4 months. 
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Table II. Maximum dezincification depth measured |. 
different brasses 

Outdoor field tests 
(exposure time 2 yr) 

Max. dezlncification (/~n) 

Rural Industrial Marine 
area area area 

Cu-20Zn-3AI <2 12.2 20.4 
a Cu-30Zn 28.5 30.6 24,5 
/3' Cu-15Zn-SAl 46.9 48.9 187.7 

Cu-27Zn-4AI 55.1 89.1 192.0 

Fig. 10. /~' Cu-15Zn-8AI structure after an outdoor field test in 
an industrial environment for 4 months. 

martens i te  p la te  boundaries .  Meta l lographic  examina -  
tion of pol ished cross sections showed tha t  in contras t  
to Cu-Zn al loys in which dezincification is spread  out 
over  the  ent i re  exposed surface, dezincification in 

and fl' Cu-Zn-A1 alloys is l imi ted  to a few loca-  
tions, most  f r equen t ly  where  crevice corrosion is 
l ike ly  to occur. At  these locations, dezincification pro-  
gresses ve ry  deep ly  into the mater ia l .  Such a local -  
ized dezincification in a ~' Cu-Zn-A1 spring,  tested 
for  100 days  in a mar ine  environment ,  is shown in 
Fig. 11. As can be seen f rom this figure, dezincifi- 
cat ion occurs p re fe ren t i a l ly  along grain  boundaries .  
Results  obta ined af te r  2 y r  a tmospher ic  exposure  tes t -  
ing (see Table I I )  gave the fol lowing series  f rom low 
to high dezincification: ~ Cu-20Zn-3A1 < ~ Cu-30Zn 
< fl Cu-27Zn-4A1 < fl' Cu-15Zn-8A1. This series is i n  
accordance wi th  the results  obta ined f rom the modified 
Swedish  S t anda rd  test. The smal l  differences among 
resul ts  ob ta ined  at  different  locat ions are  in accordance 
wi th  the  expected re la t ive  aggress iv i ty  of these en-  
v i ronments  ( largest  for  the mar ine  environment ,  l ow-  
est for  the  ru ra l  env i ronmen t ) .  

Extens ive  scanning e lec t ron microscopy including 
energy  dispers ive analysis  on pol ished cross sections 
of corroded spec imen from an outdoor  field test  was 
also performed.  Typica l  resul ts  ob ta ined  for a fl Cu- 
27Zn-4A1 a l loy  and fl' Cu-25Zn-8A1 tes ted in a r u r a l  
and in an indus t r ia l  envi ronment ,  respect ively ,  for a 
per iod  of 1 y r  a re  shown in Fig. 12 and 13. Zn and A1 
profiles across noncorroded  and corroded areas  are  

shown. These analyses  show tha t  in the corroded a r e a  
z i n c  is no longer  present ;  a luminum,  however ,  is s t i l l  
p resen t  but  confined along cer ta in  bands.  Using modi -  
f i ed  s t anda rd  tests, s imi la r  resul ts  on dea l loying  were  
obtained.  In  Fig. 14, e.g., EDX analysis  resul ts  for a fl' 
Cu-16Zn-7A1 al loy tested according to the modified 
Aus t ra l i an  S t anda rd  test  AS C316-1970 procedure  are 
shown. F igure  14 shows re la t ive  intensi t ies  for differ-  
ent  e lements  measured  at  three  different  locations 
across the noncorroded to the  corroded t rans i t ion  area. 
The local a luminum concentra t ion reaches at we l l -  
defined bands much l a rge r  values than  in the bulk  of 
the uncorroded  alloy. Thus, dur ing  deal loying,  the a lu-  
minum seems to concentra te  at the f ront ie r  be tween  
vi rgin  ma te r i a l  and dea l loyed  mater ia l ,  while  the  zinc 

Fig. 12. SEM microstructures and EDS analyses of corroded ma- 
terial. 

Fig. 11. Dezincificotion path in a fl' Cu-Zn-AI alloy being tested Fig. 13. SEM microstructures and EDS analyses of corroded 
for 100 days in a marine environment, material. 
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Fig. 14. EDX analyses determined on a F Cu-16Zn-TAI allay 

after an Australian test C316-1970 at 20~ 

is leached out towards  the  su r rounding  envi ronment .  
Concerning the mechanism of deal loying,  this  increased  
a luminum content  in be tween  dezincified and non-  
dezincified areas  suppor t s  the  hypothesis  of an anodic 
dissolut ion of  the brass  m a t r i x  fol lowed by  a redepo-  
si t ion of copper  (in a porous form) f rom the solution. 
Redeposi t ion  of a luminum ions is t he rmodynamica l ly  
impossible  at  the  res t  po ten t i a l  in tap wa te r  of A1 
brasses (14). 

Corrosion progress  dur ing  immers ion  tests in r u n -  
n ing  tap wa te r  was based on weight  loss expressed  in 
mg /day /dm2 .  The weight  loss de te rmined  af ter  80 
and 200 days immers ion  in runn ing  tap  w a t e r  is given 
in Fig. 15. The numbers  in Fig. 15 re fe r  to mate r ia l s  
ment ioned  in Table  I. These resul ts  appear  to be in 
contradic t ion wi th  the resul ts  f rom the accelera ted  
tests, in that ,  e.g.: (i) /~ and ~' Cu-Zn-A1 al loys do not  
show h igher  weight  losses than  Cu-Zn al loys wi th  a 
comparable  zinc content;  (iS) Fo r  /~ and /9' Cu-Zn-A1 
alloys,  no dependence  on the Ms t e m p e r a t u r e  can be 
deduced,  but  that  an exponent ia l  decrease  of the weight  
loss occurs at  increas ing a luminum content  be tween  
3 and 10 w/o.  The impor t an t  role  of the  p i l e -up  of 
a luminum along the dezmcification f ront  can be shown 
based on resul ts  of field tests in tap  wa te r  g iven in 
Fig. 15. At  increas ing test  du ra t ion  and in contras t  to 
Cu-Zn alloys,  /9 and /~' Cu-Zn-A1 al loys show a de-  
creasing weight  loss. This decrease  can be a t t r ibu ted  
to the  fo rmat ion  of an a luminum ba r r i e r  act ing as 
a pass iva t ion  layer .  Some e lec t rochemical  suppor t  for  
this pass iva t ing  behav ior  is given in Fig. 16. Po ten t io -  
kinet ic  curves  were  recorded  for  th ree  /~' Cu-Zn-A1 
al loys wi th  comparab le  Ms t e m p e r a t u r e  but  different  
a l u m i n u m  content  in tap wa te r  at  room tempera tu re .  
In  the anodic par t ,  a pass ivat ion  effect appears  at  in-  
creas ing a luminum content.  Taking  into account the  
resul t s  of Fig. 9, this pass ivat ion  effect seems to be 
more  effective in lower ing  dezincification sens i t iv i ty  
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Fig. 15. Weight loss determined after a field test in flowing tap 
water at room temperature. 
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in ~ Cu-Zn-A1 al loys than in ~' Cu-Zn-A1 alloys. The 
reason for this is far  f rom ful ly  understood,  but  d i f -  
ferent  diffusion rates  in ~ and ~' Cu-Zn-A1 alloys could 
be pa r t ly  responsible  for it. 

Conclusion 
In  o rde r  to test  the corrosion behavior  of recen t ly  

developed ~ and 8' Cu-Zn-A1 alloys, accelera ted  s tan-  
da rd  tests as the Swedish  S tanda rd  tests C316-1970 
are  found su i tab le  if a modified test  t empera tu re  of 
20~ instead of 75 ~ and 80~ respect ively,  is used. 
Good agreement  be tween these s t andard  tests and 
field tests is obta ined if comparisons are  made on the 
basis of deal loying depth, r a the r  than  on the basis 
of weight  loss. In comparison wi th  convent ional  
and ~ ~- ~ Cu-Zn alloys and with  ~ Cu-Zn-AI  alloys 
which are  successful ly  used as ma te r i a l  for  hea t  ex-  
changer  tubes in mar ine  environments ,  ~ and ~' Cu- 
Zn-AI  al loys show a larger ,  more  localized, dezincifi- 
cation suscept ibi l i ty .  This localized dezincification, 
which extends p re fe ren t i a l ly  along gra in  boundar ies  
into the bulk  of the mater ia l ,  expla ins  the unsui t -  
ab i l i ty  of tests based on weight  loss measurements .  

With  increasing a luminum content,  a decreasing 
dezincification was de te rmined  which could be due 
to a pi le  up os a luminum along the f ront ier  be tween  
virgin ma te r i a l  and dezincified area. Besides the effect 
of the a luminum content,  the results  c lear ly  indicate  
a dependency  on the atomic s t ructure .  At  comparab le  
zinc and a luminum content,  the ~ s t ructure  is less 
sensi t ive to dezincification than  the 8' s t ructure .  Ex-  
pe r imenta l  evidence suppor ts  a dezincification mecha-  
nism based on an anodic dissolution of the brass  fol-  

lowed by  a redeposi t ion of copper  in a porous f o r m  
f rom the solution. 

Manuscr ip t  submi t t ed  March  5, 1982; rev ised  m a n u -  
scr ipt  received ca. Ju ly  18, 1983. 
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Molecular Generality of Surface-Enhanced Raman Spectroscopy: 
Application to the Study of Surface Resonance Raman-Enhanced 

Complexes of Iron (11) with 1,10-Phenanthroline on Silver and Iron 
R. P. Van Duyne and M. Janik-Czachor 1 

Department of Chemistry, Northwestern University, Evanston, ILlinois 60201 

ABSTRACT 

RR and SERR spectra of adsorbed complexes of 1,10 phenantroline with Fe(II) (viz., Fe(phen)3 +~) on silver from highly 
dilute solution (viz., 5 • 10 -dM) are presented. The first a t tempt  to combine SERS and RRS in order to investigate the surface 
spectra of Fe(phen)~ +2 on an iron substrate is also reported. The results are encouraging with regard to possible application 
of SERS and RRS to studies of wet metallic corrosion, in situ. 

Sur face -enhanced  Raman  spect roscopy (SERS) has 
become a useful  in situ technique for the molecular  
charac ter iza t ion  of the meta l - so lu t ion  interface  (1-8).  
Surface Raman  spec t ra  have been observed for  more 
than  50 different  molecules and ions adsorbed  on 
si lver.  The monolayer  detect ion sensi t iv i ty  of SERS 
is made  possible th rough  a 106-fold enhancement  of 
the effective Raman scat ter ing cross section for the 
adsorbed species re la t ive  to tha t  for the same molecule  
in bu lk  (1, 4). Sur face -enhanced  R a m a n  spect ra  have 
also been observed on Cu and Au subs t ra tes  wi th  en-  
hancement  factors  in the 105 range.  I t  is genera l ly  
accepted tha t  an enhancement  factor of at least  l0 s 
is r equ i red  to observe Raman  scat ter ing  f rom molecu-  
la r  monolayers  (1, 9, 10). These findings are in agree-  
ment  wi th  the predic t ions  of the Image Fie ld  En-  
hancement  Model  ( IFE)  of SERS (1, 9). This model  

1 on leave from the  Institute of Physical Chemistry, Polish 
Academy of Sciences, Warsaw, Poland. 

Key words: complex, iron, phenanth~'oline, raman spectroscopy. 

predicts  that  the  enhancement  factor  (e) is cr i t ica l ly  
dependent  on the optical  p roper t ies  of the subst ra te .  
The na tu re  of the  me ta l  enters  into the  e lec t romag-  
netic theory  th rough  its d ie lect r ic  constant.  Studies  
of carefu l ly  chosen alloys whose dielectr ic  constant  
can be changed in a control led  way  (viz., A g l - ~  Pd.~) 
can be used to test  this concept  (11). 

The IFE model  predicts  also that  such metals  as 
Li and Hg should be s t rong SERS enhancers  (12). The 
recent  resul ts  for adsorbates  on Li  (13) seem to con- 
firm this predic t ion  a l though the resul ts  on Hg have 
now been re t rac ted  (14). Unfor tunate ly ,  many  im-  
por t an t  meta ls  are  expected to y ie ld  enhancements  
be low the cri t ical  value (9). 

The unconfirmed repor ts  of SERS for Ni, P t  (15) 
and Cd (16) are not  per t inent ,  s ince no efforts have 
been made to check whe the r  the  Raman  bands  tha t  
have been observed ac tua l ly  exhibi t  al l  the  charac te r -  
istic fea tures  of surface-enh,aneed ~ignals. However ,  i t  
is possible tha t  low enhancement  meta ls  can be probed  
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through a combina t ion  of resonance Raman  spec t ros-  
copy (RRS) and su r face -enhanced  effects which would  
br ing  the to ta l  enhancement  fac tor  above  103 (1, 4, 17). 
Previous  s tudies  of  adsorba tes  on s i lver  have shown 
that  a total  enhancement  of 101~ can be observed by  
super impos ing  these effects (1, 4, 18). 

In  this  paper ,  w e  wil l  consider  the RR and SERR 
spec t ra  of adsorbed complexes  of 1,10-phenanthrol ine 
wi th  F e ( I I ) ,  (viz., Fe(phen)~2+) . .  This  complex  is 
charac ter ized  b y  a smal l  dissociation constant  (K = 
5 • 10 -22) (19) and an intense electronic absorpt ion  
spec t rum in the vis ible  region (e510nm = 1150 dm~ M -1 
cm -1) (20). The solut ion RRS of Fe (phen)~  2+ has 
a l r e ady  been r epor t ed  (21). In  addit ion,  we have 
s tudied  the adsorp t ion  of Fe(phen)32+ on an Ag elec-  
trode, f rom a 5 X 10-6M [Fe(phen)3]  (C104)2 solution, 
in a m a n n e r  s imi la r  to that  repor ted  ear l ie r  (18). We 
also a t t empted  to combine SERS and RRS to inves t i -  
gate the  surface  spect ra  of  Fe  (phen)8 ~+ on an i ron 
subst ra te ,  where  the  SERS enhancement  for F e  is 
p r o b a b l y  ~ 103 (9). 

I ron  was chosen as a subs t ra te  ma te r i a l  because of 
its technological  impor tance .  In par t icu lar ,  one is 
in te res ted  in the ab i l i ty  of RRS or  SERS to probe, 
in situ, the surface chemical  processes associated wi th  
corrosion and passivat ion.  

Experimental 
All  Raman  spect ra  were  obta ined  using the 514.5 nm 

line of a Coherent  Radia t ion  Labora tor ies  Model  CR-3 
argon ion laser.  Descript ions of the Raman  detect ion 
sys tem and spect roe lec t rochemical  cell have  appea red  
prev ious ly  (1, 4). 

The fol lowing systems were  inves t igated:  

Ag/[Fe (phen) 8 (C10)412; 

'C ---- 5 X 10-6 M/Bora t e  buffer /H20 

pI-I = 8.4 

Fe /phen ;  C ---- 5 X 10 -~ M / B o r a t e  buf fer /H20 

pH = 8.4 

The first one served as a re ference  sys tem for. the 
second. 

Al l  solutions were  p repa red  with  deionized wa te r  
(Mill i-Q, Mil l ipore  Corpol~ation) and were  thoroughly  
deoxygena ted  wi th  prepur i f ied  n i t rogen  pr io r  to the 
immers ion  of an electrode.  1,10-phenanthrol ine (Al -  
dr ich  Chemical  Company,  Incorpora ted)  was r ec rys ta l -  
l ized twice f rom a mix tu re  of CHsOH and H20 (1: 10). 
[Fe (phen)3]  (C104)2 (G. Feder ick  Smi th  Chemical  
Company)  was recrys ta l l ized  three  t imes f rom CH3OH. 
Po lycrys ta l l ine  s i lver  electrodes were  e lec t rochemi-  
cal ly  roughened by  a single double potent ia l  s tep 
(El = --0.6V vs. SCE and E2 = +0.2V vs. SCE) 
anodizat ion pulse passing 20 m C / c m  2. Po lycrys ta l l ine  
i ron e lect rodes  were  mechan ica l ly  roughened  with  
grade  800 e m e r y  paper .  

Results and Discussion 

Ag/Fe(phen)3+Z.--Figure  l ( a )  shows the surface 
Raman  spec t rum of Fe(phen)32+ adsorbed  on an 
anodized Ag e lec t rode  f rom a 5 X 10-6M solution. At  
this concentrat ion,  the bu lk  RR sca t te r ing  is expected 
to be negligible.  To confirm that  the  spec t rum in Fig. 
1 (a)  is a t rue  sur face  enhanced RR spect rum,  both the  
potent ia l  dependence  and depolar iza t ion  rat ios  were  
invest igated.  The s t andard  model  of the e lec t rochemi-  
cal double  l aye r  predic ts  that  cationic complexes  such 
as Fe (phen )3  +~ would  be most s t rong ly  adsorbed at  
potent ia ls  nega t ive  to the  poin t  of ~ero charge (pzc),  
which for s i lver  is app rox ima te ly  --0.7V vs. SCE (1). 
The coverage should decrease  at  potent ia ls  posi t ive to 
the  pzc. This behav io r  was observed for  the  A g /  
Fe(phen).~ +2. The intense SERS signals  found at  
--0.8V (Fig. l ( a ) )  p rac t i ca l ly  d i sappear  be low the  
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Fig. I. Effect of potential on the SERS spectrum of [Fe(phen)32§ ] 
on silver (a) --0.8V (b) OV. Laser power 60 mW, slits 2 cm -1, 
solution concentration of Fe(phen)~(Cl04)~ 5 • I0 -6M.  Laser 
wavelength 514.5 nm. 

noise level  at 0.0V vs. SCE (Fig. l ( b ) )  where  t h e  
surface  coverage is reduced.  Depolar iza t ion  ra t ios  for  
the  most  in tense peaks,  g iven in Table I, were  found 
to be above 0.7. In  comparison,  the corresponding 
bu lk  Fe (phen)~  2+ depolar iza t ion  rat ios  a re  much  
lower  (Table  I ) .  

In  Fig. 2, Raman  spec t ra  of  Fe (phen)s (C104)2  in 
solution, on a s i lver  electrode,  and in the  solid s t a t e  
are  compared.  The re la t ive  intensi t ies  of the bands  
m the surface spec t rum are  s imi la r  to those of the  
solid s ta te  .but differ f rom those of the bu lk  solution. 

Fe/phenanthrol ine . - -The  Image  F ie ld  Enhancement  
Model ( IFE)  of SERS predicts  tha t  an enhancement  
factor  of only  ca. 102 can be expected on t rans i t ion  
meta l  subs t ra tes  (1, 9). This va lue  is be low the mini ,  
m u m  enhancement  r equ i r ed  to observe a sur face-  
enhanced Raman  spec t rum while  using a convent ional  
cw l a se r /doub le  monochromato r  system. However ,  by  
super impos ing  an enhancement  due to RRS on the 
SERS enhancement ,  one might  ~ expect  to increase 
the  overa l l  enhancement  factor  enough so tha t  s ignal  
f rom the adsorbed  species can be detected (see (17, 18)). 
We ant ic ipated  that  in a 1,10 phenan thro l ine  conta in-  
ing solution, the Fe(phen)32+ complexes  can be 
formed only  wi th in  the poten t ia l  region where  Fe  +2 
is the dissolut ion product  (viz. a.ctive me ta l  dissolu-  
t ion at low anodic poten t ia l s ) .  I t  was of in teres t  to 
find out if the d isso lu t ion  of Fe  in the  presence of 
1,10 phenan th ro l ine  takes  p lace  th rough  the  fo rma-  

Table I. Resonance Roman spectra of [Fe(phen)3] ~+ depolarization 
ratios for the most prominent modes 

a b c 
~v/crf1-1 pso lu t lon  Oaurf, A~ p l i e r ,  Fe 

1150 0.42 0.8 0.6 
1215 0.35 0.75 0.55 
1300 0.34 0.75 0.54 
1460 0.30 0.80 0.46 
1520 0.38 0.80 0.5 
1580 0.40 0.70 0.5 
1640 0.26 0.80 0.55 

A See  R, J. H. Clark e t  aL, Ref .  (21) .  
Measured  at - -0 ,8V vs.  SCE. 

r Measured  at - 0 . 5 V  vs.  SCE. 
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Fig. 2. Comparison of the Raman spectra of Fe[phenh ~+ in 
various environments: (a) 5 X IO-~M aqueous solution, (b) solid 
Fe(phen)~(Cl04)~, (c) adsorbed on Ag electrode, as in Fig. la (4X 
expanded). Laser power 60 mW, slits 2 cm -z ,  laser wavelength 
514.5 rim. 

tion of surface complexes of Fe (phen) s 2 +, and whether  
we can observe surface spectra of these complexes. 

In  Fig. 3a, a Raman spectrum is shown for 
[Fe(phen)32+] formed dur ing  the anodic dissolution 
of Fe electrode at --0.5V in a borate buffer solution 
containing 0.005M 1,10 phenanthrol ine .  Since there is 
a continuous flux of Fe +2 into the solution and, there-  
fore, continuous formation of [Fe(phen)32+],  one 
might  expect the overal l  R~man spectrum to arise 
from scattering off both adsorbed and bulk  species. 
The depolarization ratios for the various peaks in 
Fig. 3a lie between those for the corresponding bands 
of the complex in solution and on a silver electrode. 
This behavior  might be expected for spectra having 
contributions from both bulk  and adsorbed species} 
In  order to verify this hypothesis, the effect of poten- 
tial on the peak intensities was investigated. Figure 
Sb shows an example of the spect rum at -~IV. At 
this high anodic potential  in the passive region, iron 
is dissolved as Fe +~ so that  Fe(phen)~2+ complexes 
are not  formed. Consequently,  all the RR lines char-  
acteristic for this complex disappear. 

1,10 phenanthro l ine  is an inhibi tor  of i ron dissolution 
(22). Fischer and Yamaoka (22) have speculated, on 
the basis of their  kinetic and capacitive measurements,  
that the metal  dissolution of i ron goes via surface 
Iigand complexes w i th  phenanthrol ine.  This changes 
the potential  dis t r ibut ion within the double layer  and 
results in an inhibi t ive effect. In  the present paper, 
we were able to show, at least for Fe /bora te  buffer 
system, that the [Fe(phen)s  +~] complexes are indeed 
present  at the iron surface dur ing  its anodic dissolu- 
tion. This finding suggests that the combinat ion of 
SERS and RRS can be successfully applied in investi-  
gations of some corrosion inhibitors for t ransi t ion 
metals. 

a However, a more precise distinction between the part O~" the  
signal due to s ur face  and due to bulk spec ies  has  .not yet been 
done.  
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Fig. 3. Effect of potential on the SERS spectrum of [Fe(phen)3 ~+ ] 

on Fe electrode, in 5 X IO-~M 1,10-phenanathroline solution. (a) 
--0.SV (b) -t-IV. Laser power 200 mW, slits 2 cm -1,  laser wave- 
length 514.5 nm. 
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Ogura and Hackerman (23) have studied the anodic 
behavior  of i ron in borate buffer containing 1,10 
phenanthrol ine .  They have concluded that  the light 
blue complex [Fe(phen)J3 +3 is formed wi th in  t h e  
passive region instead of the red [Fe (phen)]3 +2, which 
is formed within  the active dissolution region. This 
is a na tura l  consequence of Fe +3 production wi thin  
the passive region, and Fe +2 production within the 
anodic active dissolution region. The effect of poten-  
tial on the [Fe(phen)]~  +2 spectrum, presented in 
Fig. 3a, is most probably  a result  of this behavior, 
which obviously is not changed by the presence of 
the inhibitor.  Unfor tunate ly  it was not possible to 
obtain the sur face  spectrum of [Fe(phen) ]3  +~, due to 
lack of sensitivity. We have found that the molar 
extinction coefficient of [Fe(phen)]~  +3 is only ,-, 102, 
in c o n t r ~ t  to the value of ,-, 104 for the [Fe (phen) ]s +2, 
i.e., that the absorbance of the green light by 
[Fe(phen)]8  +3 is several times lower than that of 
the Fe (II:) complex (20). 

In  conclusion, the data presented are encouraging 
with regard to possible application of SERS + RRS 
to studies of metall ic corrosion and dissolution. In the 
present  investigation, the Fe (phen)  s +2 complexes 
were produced dur ing  the anodic dissolution of an 
iron electrode at low anodic potentials. We were able 
to detect, in  s i tu,  the surface signals from these com- 
plexes. This is indicative of the formation of these 
complexes as intermediates in an adsorbed state du r ,  
ing the dissolution reaction. This type of s t ructural  
informat ion is not  avai lable from convent ional  elec- 
trochemical experiments.  Thus, the combinat ion of 
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SERS and RRS technique may prove to be a sensitive 
probe of the mechanism of wet corrosion. 

Furthermore, surface enhanced RR spectra on Ag 
electrode were obtained for highly dilute solutions of 
the Fe(phen)32+ complexes, confirming that SERS 
has potential for detecting RR scattering from ex- 
tremely small  amounts of the adsorbed species from 
solution. 
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Analysis of Passive Films on Austeno-Ferritic Stainless Steel by 
Microscopic Ellipsometry 

Katsuhisa Sugimoto* and Shiro Matsuda 
Department of Metallurgy, Faculty of Engineering, Tohoku University, Sendai 980, Japan 

ABSTRACT 

An ellipsometer which provides the determination of optical properties of a thin film on the microscopic area of a speci- 
men has been developed. Using this ellipsometer the thickness and optical constants of passive films on individual grains 
in the microstructure of a 22Cr-10Ni austeno-ferritic stainless steel have been measured in situ in pH 6.0, 1 kmol. m -3 Na2SO4 
under potentiostatic control. It has been found that the films on a grains are thicker than those on T-grains in both the pas- 
sivity and the transpassivity regions. The variation in film thickness from grain to grain has also been measured. 
Significant differences in film thickness exist at a/7 phase boundaries. The film thickness varies even among grains of the 
same phase. Passive films on T-grains are found to be thinner but more corrosion resistant than those on a grains. 

Austeno-ferritic,  or duplex, stainless steels h a v e  
been celebrated for their good resistance to dangerous 
localized corrosion, such as pitting corrosion, crevice 
corrosion, intergranular  corrosion, and stress-corrosion 
cracking (1-3). Owing to these superior characteris- 
tics, the demand for the steels as the material  for 
equipment used in chloride media, for example, sea- 
water heat exchanger tubes, continues to expand (4). 

It is important,  however, to note that the corrosion 
resistance of the steels depends on the volume ratio 
of ferrite (a) to austenite (7) in the steel. The change 
in the structure of the steel caused by inadequate 
heat- t reatment  or welding, which accompanies the 
change in the ratio, deteriorates the corrosion resist- 
ance of the steels (2, 5). This means the corrosion re-  
sistance of the steels is controlled by that  of each 

* Electrochemical Society Active Member. 
Key words: microscopic ellipsometry, passive film, austeno-fero 

ritic stainless steel. 

phase in the steels. It is important, t h e r e f o r e ,  to know 
the properties of the passive film on each phase, which 
determine the corrosion resistance, for getting a bet-  
ter understanding about the corrosion characteristics 
of the steels. 

Ellipsometry has been known as an effective method 
for in situ analysis of passive films and used extensively 
in the determination of the thickness and optical prop- 
erties of the films on Fe-Cr  (6), Fe-Cr-Ni  (7-11), 
and Fe-Cr-Ni-Mo (12-15) alloys. There is no report, 
however, about the application of ell ipsometry on the  
analysis of films on austeno-ferri t ic stainless steels. 
This is because an ordinary ellipsometer needs a 
fair ly large measurement area., more than a f e w  
square millimeters, and simply gives total information 
about a film on the area containing many a and 7 
grains. 

The purpose of present investigation is to deter-  
mine the thickness and optical constants of p a s s i v e  
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films on ind iv idua l  gra ins  of ~ and 7 in an austeno-  
ferr i t ic  s tainless  steel.  To real ize  this purpose,  a micro-  
scopic e l l ipsometer  which provides  the measuremen t  
of a film on an a rea  of  ca. 10 #m in d iameter  has been 
developed.  Using this el l ipsometer ,  passive films on 
ind iv idua l  gra ins  of a 22Cr-10Ni aus teno- fe r r i t i c  
s tainless s teel  were  measured  in situ at var ious  po-  
tent ia ls  in a neu t r a l  Na2SO4 solution. The thickness,  
po ten t i a l -dependen t  g rowth  rates,  and opt ical  con- 
stant,s of the films on a- and 7-gra ins  were  then de-  
termined.  Final ly ,  the re la t ionship  be tween  the p r o p -  
ert ies of the film and the corrosion resis tance of each 
phase is discussed. 

Experimental 
Microscopic ellipsometer.~Figure 1 shows the  sche-  

mat ic  of the  microscopic e l l ipsometer  deve loped  in 
this s tudy.  Al though  the fundamenta l  optical  a r r ange -  
ment  is close to an o r d i n a r y  nul l  me thod  el l ipsometer ,  
this e l l ipsometer  equips two groups of lenses behind  
the ana lyzer  for  magni fy ing  the polar ized reflection 
image of the specimen. A MICRO-NIKKOR-f3.5-55 
m m  lens was used as the p r i m a r y  magni fy ing  lens 
and a NIKKOR-f3.5-20 m m  lens the secondary  m a g -  
n i fy ing lens. This combinat ion of lenses can provide  
a m a x i m u m  magnification of ca. 600 t imes and a long 
work ing  distance of ca. 40.6 mm. As a result ,  it  was 
possible to measure  a cegion of ca. 10 ~,m in d iamete r  
on the specimen surface by  using this e l l ipsometer .  

The en la rged  polar ized reflection image f rom the 
magni fy ing  lenses was pro jec ted  on the  sc reen  of 
observing appara tus .  The ir is  was s topped at  the 
posi t ion of the  image of the gra in  desired and n a r -  
rowed down to pass the  l ight  only  from the grain. 

Monochromat ic  l ight  of wave length  546.1 nm from a 
diffraction gra t ing  monochromato r  coupled to a xenon 
arc source was used for the  measurement .  The angle  
of incidence of the monochromat ic  l ight  was 59.65 ~ . 
The compensa tor  was fixed at an angle of --45 ~ Two 
optical  parameters ,  the  re la t ive  phase re t a rda t ion  
and the re la t ive  ampl i tude  reduct ion  -!,, were  obta ined  
f rom the angles P and A of the polar izer  and the 
analyzer  at  the ext inct ion positions. 

Cell .~The cell  was made of P y r e x  glass and had  
two opt ica l ly  flat windows of synthe t ic  quartz.  I t  was 
also equipped for e lect rochemical  measurements .  

Specimens.--A co ld- ro l led  sheet  of 2 m m  thickness 
of 22Cr-10Ni aus teno-fer r i t ic  stainless steel  wi th  
chemical  composit ion given in Table I was used. 
Coupons 20 • 30 m m  were  cut from the sheet, heated 
at  1350~ under  vacuum for 30 mtn, and then w a t e r -  
quenched.  Af te r  this hea t - t r ea tmen t ,  the ~/7 volume 
ra t io  in the sheet was ca. 1, and the gra in  size was 
tens of ~m. The mean  composi t ion for  , ~ -  and -v-grains 

)ot ent iesta~ 

Monochromat or Polarizer Specimen 

r-1 

. . . . .  . L . ,  . _  . . . . .  

Primar 'Y'i ng Lenses PhotomuH~p~ er MagniJ ~.~ ~ 

Seconda r '~'" Magnifying ~ ~ ' ~ ' ; ~  

Observing and Recording- ~-~'~ Apparatus for Enlarged Polarized Reflection Images 

Synchroscope Amplf[er 

Fig. !. Schematic illustration of microscopic ellipsometer 

in the  s teel  de t e rmined  by  e lect ron probe  raicro-  
analysis  (EPMA) are  shown on the l ines for  a-  and  
v-phase  in Table I, respect ively.  The mean  composi-  
t ion of a was 25% Cr and 8.670 Ni and tha t  of 7 was 
21% Cr and  12% Ni, tha t  is, Cr enr iched in ~ and Ni 
in 7. 

The two types of al loys shown in Table I as the  
~- or  the v-phase  s imula ted  al loys were  made  to have 
jus t  the  same average  composit ion as the , ~ -  or the 
-y-phase in the  steel.  Regular  octagonal  plates  wi th  
edges of length  8 mm were  cut from cold- ro l led  sheets 
of 2 mm thickness  of these alloys,  hea ted  at  1050~ 
under  vacuum for 30 rain, and then wa te r -quenched  
to get  a homogeneous s t ructure .  The specimens f rom 
the al loys were  used to get approx imate  values  of 
opt ical  constant  for f i lm-free surfaces of ~ -  and v-gra ins  
in the s teel  and also approx imate  anodic polar izat ion 
curves of them. 

The surfaces of  all  the specimens were  ground  wi th  
emery  pape r  up to no. 1500, and then finished with  
d iamond paste. Af te r  polishing, they  were  degreased 
in u l t rasonic  baths  of acetone and absolute  e thyl  
alcohol. 

Solution.--The solut ion used for  most of the e lec t ro-  
chemical  exper iments  was 1 k m o l .  m -3 Na2SO4 ad-  
jus ted  to pH 6.0. Deaera t ion  was achieved by  bub -  
bl ing purified N2 th rough  the solut ion for 4 hr. A l l  
exper iments  were  carr ied  out in ,an N2 ,atmosphere at  
20 ~ _ 0.5~ under  s t a t ionary  condition.  

Table h Chemical composition of specimen (mass %) 

Specimen Cr Ni C S P Si Mn Me Cu 

0.0045 0.0093 0.004 0.028 0.0008 (~0022 0.0180 Fe-22Cr-10N i 

L i cx-phase* 
L'(-phase* 

o~- phase simulated 
alloy 

f -  phase simulated 
alloy 

22.3 10.4 

25.0 8.6 

20.8 12.0 

24.9 8.8 0.0018 0.0114 0.004 0.028 0.0019 0.0020 0.0078 

20.6 11.9  0.0024 0.0110 0.004 0.027 0.0015 0.0020 0.0149 

* analyzed by EPMA 
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Measurement of the film-free surface.--In our  p r e -  
vious s tudy  (10), i t  was confirmed tha t  the  f i lm-free  
surface  of  18-8 stainless  steel, which was ob ta ined  by  
the film remova l  t r ea tmen t  in a 0.5% b r o m i n e - m e t h -  
anol  solutiorl, could be kep t  s tab ly  in deaera ted  de-  
h y d r a t e d  methanol ,  wi th  which  the b romine -me thano l  
solut ion was  rep laced  immed ia t e ly  af te r  the  t rea tment .  
The t r ea tmen t  using the b romine -me thano l  solution, 
however ,  causes sur face  roughening,  which  affects e l -  
l ipsometer  read ings  and somet imes  resul ts  in a serious 
e r ro r  in the evalua t ion  of opt ical  constant  of the f i lm- 
free surface.  Therefore,  i n  o r d e r  to avoid this, the  
technique  of t r iboe l l ipsomet ry  (16) in nonaqueous  en -  
v i ronment  was appl ied  to get the  opt ical  constants  of 
f i lm-free  surfaces of the alloys. The cell  used for t r i -  
boe l l ipsomet ry  is shown in Fig. 2. I t  was equipped 
with  a pol i sher  wi th  r #m A1203 powder  conta in-  
ing si l icon r u b b e r  as the  pol ishing ma te r i a l  and two 
opt ical  windows wi th  an angle  of  incidence of 60.00 ~ . 
The surface of the  a l loy  spec imen a t tached on the 
PTFE ho lde r  was gent ly  pol ished in d e h y d r a t e d  de-  
ae ra ted  me thy l  alcohol. Pol ishing was paused  some-  
t imes, and e l l ipsometr ic  pa rame te r s  of the  pol ished 
surface were  measured  immedia t e ly  wi thout  chang-  
ing the envi ronment .  The measu remen t  was cont inued 
unt i l  the e l l ipsometer  readings  on the surface  be -  
came constant  and independent  of pol ishing t ime. The 
e l l ipsometr ic  pa rame te r s  thus ob ta ined  were  used for 
the  calculat ion of opt ical  constants  of the  f i lm-free  
surfaces of specimens.  

Electrochemical polarization.--The pass ivat ion  of 
the specimens was accompl ished under  potent ios ta t ic  
control.  In  the  case of measu remen t  of the  change in 
specimen surface  wi th  increas ing potent ial ,  the po-  
ten t ia l  was changed f rom the corrosion potent ia l  in 
the noble di rect ion at in tervals  of 100 mV and he ld  
for 1 h r  at  each se t t ing poten t ia l  a f te r  which the cur -  
ren t  and e l l ipsometr ic  pa rame te r s  were  noted. A sa tu -  
ra ted  calomel  e lect rode was used as the reference 
electrode and the potent ia ls  repor ted  here  are  re fe r red  
to this base. 

Procedure for microscopic ellipsometry.--The pre -  
t r ea tmen t  of spec imen for microscopic e l l ipsomet ry  is 
shown in Fig. 3. Firs t ,  the specimen was e lc t rochemi-  
cal ly  etched in 10 mass% oxal ic  acid to revea l  c rys-  
ta l lographic  micros t ructure .  Desired grains rOf a or  "~ 
with  adequa te  dimensions for  measuremen t  were  
marked  by  a Micro-Vickers  hardness  tes te r  [Fig. 
3 ( a ) ] .  Then, in order  to avoid the effect of surface 
roughness  on e l l ipsometr ic  parameters ,  the etching 
s t ruc ture  on the  surface  was erased b y  pol ishing 
s l ight ly  wi th  d iamond paste  [Fig. 3 (b ) ] .  The specimen 

Fig. 2. Schematic illustration of the cell used far triboellipsometry 

Fig. 3. Surface preparation for microscopic ellipsometry. (a) 
Etched and marked microstructure, (b) after polishing (a), (c) 
observation of (b) with microscopic ellipsometer. 

in this condit ion was used for microscopic e l l ipsometr ic  
measurement .  The figure of the specimen observed  
wi th  the microscopic e l l ipsometer  is shown in Fig. 3 (c) .  
Since the specimen was set at  an angle  of 60 ~ agains t  
the axis of magni fy ing  lenses, the en la rgemen t  ra t io  
of the figure became la rge r  longi tud ina l ly  than hor i -  
zontal ly.  Only a single a rea  su r rounded  b y  the m a r k -  
ers was subjec ted  to a single measuremen t  by  micro-  
scopic e l l ipsometry .  The o rd ina ry  macroscopic eUip- 
sometr ic  measurement ,  however ,  was also pe r fo rmed  
on an area  including m a n y  a-  and 7-gra ins  in o rde r  to 
know mean  proper t ies  of the surface  of the steel.  

Interpretation of ellipsometric data.--The th ickness  
and the complex ref rac t ive  indexes  of passive and 
t ranspass ive  films were  de te rmined  using the theo-  
re t ica l  h vs. ~, curve which fits the  expe r imen ta l  h vs. 
�9 I, curve with  min ima l  error.  The theore t ica l  h vs. 
curves were  obta ined  by  solving Drude ' s  exact  equa-  
tions wi th  the a id  of an  Acos-600 compute r  assuming 
that  pa ra l l e l  s ided isotropic homogeneous films wi th  
var ious  complex  re f rac t ive  indexes  n2 --  k2i in the 
ranges 1.5 - -  n2 "~ 3.0 and 0.0 - -  k2 ----- 0.8 grown from 0 
to 10 nm in thickness.  These ranges  for  n2 and k2 a l -  
most  cover the  complex  ref rac t ive  indexes  of oxide and 
hyd rox ide  films on iron, chromium,  nickel,  and the i r  
al loys (6, 10). Other  values  used in the  ca lcula-  
tions were  1.358 for  the ref rac t ive  index of the 1 
k m o l .  m -8 Na2SO4 solution, 546.1 nm for the wave -  
length  of the l ight,  59.60 ~ for  the incident  angle  of the  
l ight  and the opt ical  constants  for  the  f i lm-free  su r -  
faces of the ~- and the - /-phase s imula ted  al loys de te r -  
mined  in this work.  

Results and Discussion 
Optical constants for film-free surfaces of the a- and 

the v-phase simulated alloys.--The opt ical  constants  
N3 = na -- k3i for the f i lm-free  surfaces of the  a -phase  
s imula ted  a l loy  (Fe-25Cr-gNi  ahoy)  ancl the  v -phase  
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simulated alloy (Fe-21Cr-12Ni alloy) were calculated 
&tom the ellipsometrirc parameters  measured im-  
mediately after  polishing in dehydrated deaerated 
methyl  alcohol. The refractive index of methyl  alcohol 
n i  = 1.334 was also used ~or the calculations. The 
errors resul t ing  from surface roughening by polishing 
and from the birefr ingence of the cell windows were 
corrected in accordance with the procedure given in a 
previous paper (10). The values of hrs thus deter-  
mined are 2.68 - -  3.91/for the ~-phase s imulated alloy 
and 2.56 -- 3.77i for the -~-phase s imulated alloy. 

Change in surface film on each phase with increas- 
ing po$ential.~Experimental ~ vs. ,I, curves were ob-  
tained for indiv idual  grains of each phase after 1 hr  
oxidation at various potentizfls in pH 6.0, 1 kmol �9 m -8 
Na2SO2. The theoretical h vs. ~z curves were fitted to 
the exper imenta i  curves by the computer. Figure 4 
i l lustrates the typical  results for an =-grain (a) and 
a ~-gra in  (b) .  

the case of the a-grain,  the passivity region 
extends from --0.2-0.8V, and the exper imental  curve 
in this region coincides with the theoretical curve cal- 
culated for a film with an optical constant of 2.5 -- 0.4i. 
I t  can be read in  this theoretical curve that  the thick- 
ness of the passive film increases from 1.5 n m  at 
--0.2V to 3.2 nm at 0.8V with increasing potential. 

Transpassive dissolution started above 0.SV and 
was accompanied by characteristic changes in the 
ell ipsometer readings. It  has been found previously 
that  surface roughening caused by  transpassive dis- 
solution does not have a serious effect on the ellip- 
someter readings, especially in a neu t ra l  solution 
(10). Therefore the change in h and -I, in the potential  
range above 0.8V can be at t r ibuted to the change in 
the surface film. The exper imental  curve in the po- 
tent ial  range 1.2-1.3V coincides with the theoretical 
curve for a film with an optical constant of 3.0 -- 0.5i 
and the thickness of the transpassive film thus ranges 
from 3.7 n m  at 1.2u to 4.0 n m  at 1.3V. There is a t r an-  
sition region between 0.8 and 1.2V. The exper imental  
curve in this region does not  give a straight l ine cor- 
responding to the growth of a film with a fixed optical 
constant. This suggests that the t ransformat ion of the 
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passive film into the transpassive film takes place in 
this potential  range. 

For the -v-grain, it is evident  that  the exper'rmetal 
curve in the passivity region between --0.2 and 0.8V 
coincides with the theoretical curve for a film with an 
optical constant  of 2.3 -- 0.4i, while that  for the t rans-  
passivity region between 0.9 and 1.3V corresponds to 
a film with an optic.al constant of 3.0 -- 0.4i. The film 
thickness in the passivity region increases from 0.5 
n m  at --0.2V to 2.1 nm at 0.8V and that in the t rans-  
passivity region does from 1.8 n m  at 0.9V to 2.9 nm at 
1.3V. A transi t ion region in  which the passive film 
transforms into the transpassive film exists in the po- 
tent ial  range 0.8-0.9V. 

The ordinary  macroscopic ellipsometric measure-  
ment  was performed on an area of the specimen con- 
ta in ing m a n y  a- and -v-grains. The result  is shown in 
Fig. 5. This figure seems to i l lustrate that the passive 
film with the optical constant  of 2.4 --  0.4i grows from 
1.1 nm at --0.2V to 2.8 nm at 0.8V and the transpassive 
film with the optical constant  of 3.0 -- 0.4i does from 3.0 
n m  at 1.1V to 3.6 nm at 1.3V on the area. 

Figure 6 summarizes the film thickness as a func-  
t ion of potential  for the individual  grains of = and "v 
and the macroscopic area above mentioned.  The film 
thickness for the a-gra in  is larger  than that  for the "v- 
grain at any  potential  measured. The thickness and 
the growth rate with potent ial  for the transpassive 
film are always larger than those for the passive film 
on both the phases. The apparent  film thickness on the 
macroscopic area determined by macroscopic ell ipsom- 
etry is intermediate  between the film thickness for 
the a-grain and that for the ~-g~ain. 

Line analysis o] film thickness.~In order to know 
the variat ion in  the film thickness from grain to grain, 
a l inear  analysis was performed on the area including 
several  grains of a and "v. Figure 7 shows the micro- 
s t ructure  of the arena analyzed. Three a-grains desig- 
nated a- l ,  a-2, and ,a-3 and three ~-grains designated 
y- l ,  -y-2, and , -3  were selected for the analysis and 
marked in the same way as stated in  the section on 
procedure for microscopic ellipsometry. Chemical com- 
position of these grains were determined by  EPMA 
between the points A and B and listed in Table II. 
The grains of the same phase have approximately  
the same composition and no remarkable  fluctuations 
in  Cr and Ni contents can be seen among them. 

Figure 8 shows the values of ~ and ,I, obtained for 
the a - a n d  ~,-grains held for 1 hr  at 0.5 and 1.1V, 
which are in  the passivity and in the t ranspassivi ty 
regions, respectively. Theoretical h w.  ,I, curves with 
the same optical constants as those of the curves shown 
in  Fig. 4 are also given in  this figure. The thickness of 
film on each grain can be read from the position of a 
point  for a pair  of exper imenta l  h and ,I, values on 
the theoretical curves. 

The film thickness thus determined for each grain 
is shown in Fig. 9 as a funct ion of the distance from 
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Fig. 6. Thickness d of the ,oassive and transpasslve films 
as a function of potential E for individual grains of a and 'y and 
for a macroscopic area containing many a- and ,y-grains. 

Fig. 7. Microstructure of the area subjected to the line analysis 
of film thickness. 

the poin t  A. In the  u p p e r  par t  of the  figure a ske tch  of 
the micros t ruc ture  t aken  f rom Fig. 7 is also given. The 
var ia t ion  in the  th ickness  f rom gra in  to gra in  can be  
seen on both the passive and t ranspass ive  films. The 
thickness of the  films differs even on fe l low grains  of 
the same phase. This should  be due  to the difference 

Table II. EPMA analysis of the grains labeled in Fig. 7 

I 
Grain lr-1 o<-I 7"-2 o(-2 I 7"-3 m-3 

Cr (mass%) 21,0 25.3 20.8  25.2 [ 20.9 25.1 

Ni (maSS%) 11.9 8.7 11.9 8.5 11.7 8.5 
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Fig. 8..A _ ~I, ,olots for --grains (a) and for ,y-grains (b) oxi- 
dized anodically at 0.5 and i . lV  in ,oH 6.0. 1 kmol �9 m -s  Na~,S04 
at 20~ 
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Fig 9. Thickness d of the passive and transpassive films 
as a function of distance L from the point A to the point B in the 
microstructure shown in the upper part. 

in g ra in  or ien ta t ion  because the  f luctuations in chemi-  
cal composit ions among grains  of the same phase a re  
ve ry  smal l  (see Table  I I ) .  Large  differences in the  
film thickness  exist  be tween  ,adjoining a - a n d  7-grains ,  
especial ly  be tween  the gra ins  =-3 and "y-3. Such a 
la rge  difference in film thickness  should occasional ly  
make  a misfit at  an a/-r phase boundary ,  which acts as 
a weak  poin t  for  corrosion. Duque t te  et al. r epor t ed  
tha t  pits  in i t ia te  a t  the a/'y phase  boundar ies  in the 
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welded s teel  304L (17) and the t ransformed steel  
308L (18) in chloride media .  

Anodic polarization behavior o] ~- and .~-phases.--In 
order  to enab le  a comparison wi th  the anodic  be -  
havior  of ind iv idua l  phases in the 22Cr-10Ni s tainless  
steel, anodic polar izat ion curves for the a-  and  the 
-v-phase s imula ted  al loys were  measured.  

F igure  10 shows the anodic polar iza t ion  curves for 
the al loys in pH 6.0, 1 k m o l .  m -8 Na2SO4 at  20~ 
measured  at  the same poten t ia l  ascending ra te  as 
that  used in the e l l ipsometr ic  measurements .  A l -  
though the difference in the cur ren t  densi t ies  be tween  
these curves is small ,  the  cur ren t  dens i ty  in the 
pass ivi ty  region for the a-phase  a l loy  is es t imated  to 
be la rger  than tha t  for  the -~-phase alloy. 

To get a c learer  difference in  the anodic polar iza-  
t ion character is t ics  of the  alloys,  the measurement  of 
the curves was per formed  under  more severe  condi-  
tions. The resul t  obta ined in pH 0.2, 0.5 k m o l .  m - s  
H2SO4 at  50~ is given in Fig. 11. I t  is c lear  tha t  the  
anodic dissolut ion ra te  of the a-phase  a l loy is l a rge r  
than that  of the  - /-phase a l loy in both the active and 
the passive regions.  

F r o m  these facts it  can be p resumed that  the cor-  
rosion resistance of a -phase  in the 22Cr-10Ni s ta in-  
less steel  is a l i t t le  lower  than tha t  of .y-phase in 
the s teel  in the pass iv i ty  region. Therefore,  it  could be 
concluded that  the passive film on the ~-phase  in the  
steel  is th inner  but  has h igher  urotect ion ab i l i ty  com- 
pared  to the film on the a-phase  in the steel.  

Conclusions 
1. A microscopic e l l ipsometer  which can provide  the 

measurement  of passive film on a single gra in  in an 
aus teno- fe r r i t i c  stainless steel  has been constructed.  

2. Opt ical  constants  for  the  f i lm-free surfaces of 
a- and 7-phases  of 22Cr-10Ni stainless s teel  were  
s imula ted  by  those for the al loys having s imi lar  com- 
positions as tha t  of the ~- and the ~-phases in the 
steel. 

3. The thickness ,and optical  constants  of passive 
and t ranspass ive  films on ind iv idua l  grains  of ~ and 
of 22Cr-10Ni s tainless  steel  were  de te rmined  in situ in 
a p H  6.0, 1 kmro1 �9 m -3 Na2SO4 solution. The thickness  
of the films on a -gra ins  is l a rge r  than  that  of the films 
on 7-grains.  

lo  1 
1.0kmol.~3-NazSO4 (pH6.0), 298K 

- - G ~ - -  oC-phase simulated alloy 
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Fig. 10. Anodic polarization curves for the ~- and the ~-phase 
simulated alloys in pH 6.0, 1 kraal �9 m - 8  Na2SO4 at 20~ mea- 
sured in ascending steps of 100 mV after holding for 1 hr at each 
potential. 

- - o  o~-phase simulated alloy 

~-phase simulated alloy 

4. The var ia t ion  in film thickness from gra in  to 
gra in  was measured.  Significant differences in film 
thickness  were  found to exist  at ~/7 phase boundar ies  
in the steel. The film thickness var ies  even among 
gra ins  of the same phase.  

5. The corrosion resis tance o f - t -g ra ins  vcas p resumed 
to be h igher  than  that  of a -g ra ins  at potent ia ls  in the 
pass iv i ty  region. The passive films on -~-grains, the re -  
fore, should provide  more  corrosion pro tec t ion  than  
those on a-grains ,  a l though the i r  thickness is smaller .  
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Tafel Constants and Changes in Hydrogen Coverage during Corrosion 
of Fe 18Cr 

Murray Rosen* and Jonathan G. Harris 

U.S. Department of the Interior, Bureau of Mines, Avondale Research Center, Avondale, Maryland 20782 

ABSTRACT 

Cathodic Tafel constants associated with the hydrogen reaction at Fel8Cr  in H2-saturated 1N H.~SO4 were determined by 
computer  analysis of the potential  decay following current  interruption at fixed starting potentials positive to the corrosion 
potential.  The values of b = -2.3 RT/aF were evaluated from the general current-interruptive equation, E = Ei + b �9 log 
[1 + t/v], from its linear log form. and from a modification of the general equation that was derived to analyze mult iple Tafel 
regions. For  starting potentials of 0, -0.05, -0.075, and -0.2V (RHE), the number  of Tafel regions was 3, 3, 2, and 1, respec- 
tively. The amount  of hydrogen associated with the electrode at the fixed potentials and during decay was determined from 
anodic charging pulses. Results indicated that  the bonding strength between metal sites and hydrogen varies with decay 
and start ing potential. The first Tafel region from 0, -0.05, and -0.075V was under  combinat ion control, 2H--~ H2. The decay 
from -0.2V was controlled by the electrochemica]-desorption step, H § + e + H --* H~. 

For  a meta l  at  some poten t ia l  o ther  than  its s teady 
state,  open-c i r cu i t  corrosion potent ia l  (Ec), some pro-  
cess must  occur in o r d e r  for that  me ta l  to reach  its 
E~. To descr ibe that  per iod  of open-c i rcu i t  t rans ient  
behavior  tha t  leads to s t eady- s t a t e  corrosion at Ec, we 
have selected the t e rm "corrosion onset." The control-  
l ing cathodic processes in h igh ly  purif ied O2-free so lu-  
tions usua l ly  involve  hydrogen  evolut ion (HER) 
a n d / o r  hydrogen  a tom permea t ion  into the metal ,  and 
i t  is expec ted  tha t  one (or  both)  of these processes 
should be opera t ive  dur ing  corrosion onset. 

The HER is genera l ly  comprised  of the fol lowing:  
discharge,  H + + e -  --> H; fol lowed by  combinat ion,  
2H -- H2; a n d / o r  e lec t rochemical  discharge,  H + -b e -  
q- H -~ H2, wi th  one s tep of the sequence being slow 
and the o ther  a t  equi l ib r ium.  Also, the discharge step 
m a y  be fol lowed b y  both the combinat ion  and elec-  
t rochemical  d ischarge  occurr ing in paral le l .  I t  is also 
possible to consider  "coupled" react ions  (1) when  the 
d ischarge  is slow, the second reac t ion  is not  in equ i -  
l ibr ium,  and the rates  of the react ions  are  comparable .  
Tafel  constants  associated wi th  the HER are  l is ted in 
Table  I (2).  

A t  the  same t ime tha t  these evolut ion react ions are  
occurring,  a f ract ion o f  the  adsorbed  surface hydrogen  
m a y  en te r  the  me ta l  lat t ice,  i.e., "dissolve." Kinet ic  
constants  for  hydrogen  en t ry  into the me ta l  are also 
shown in Table  I. These constants  are  theore t ica l  
slopes corresponding to 0~/0 log (J| where  J| is the 
s t eady- s t a t e  pe rmea t ion  cur ren t  dens i ty  (2). One of 
the  assumpt ions  made  (2) is tha t  J~ is propor t iona l  to 
e, the f rac t ion of the surface ava i lab le  for hydrogen  
adsorpt ion  tha t  is covered wi th  hydrogen  so that  
00/0 log e oc 0~/0 log J| To use these diagnost ic  cr i-  
ter ia  in the  presen t  study,  Tafel  constants  were  de te r -  
mined  f rom potent ia l  decays f rom potent ia ls  posi t ive 
to Ec, and informat ion  on hydrogen  coverage with  po-  
ten t ia l  was obta ined  f rom anodie charging pulses. 

The genera l  cu r r en t - i n t e r rup t i ve  equat ion b y  
which potent ia l  decay  curves can yie ld  kinet ic  in-  
format ion  is based upon the ear ly  work  of Gurney  (3),  
A r m s t r o n g  and Bu t l e r  (4),  and Busing and Kauzman  
( 5 )  

E = El § b �9 log [I q- t / r ]  [I] 

�9 Electrochemical  Society  Act ive  Member.  
Key words:  cathode,  discharge,  potential ,  adsorption.  

Here Ei is the appl ied  s ta r t ing  potent ia l ,  and  b is the 
cathodic Tafel  constant  and is re la ted  to the  exponen-  
t ia l  te rms in the Bu t l e r /V o lme r  equat ion as b/2.3 -- 
--RT/aF, where  a is the cathodic t rans fe r  coefficient. 
In Eq. [1], z is equal  to --bC/2.3ir, where  C is the 
double  l ayer  capacitance,  assumed independen t  of 
potent ia l ,  and ir is the  ini t ia l  cathodic discharge cur -  
ren t  dens i ty  equal  in magni tude  to the anodic  cur ren t  
dens i ty  at  in ter rupt ion.  The terms R, T, and F have 
the i r  usual  meaning.  By ident i fy ing  b as the cathodic 
Tafel  constant,  it  is assumed that  the decay process is 
under  cathodic control  and that  changes in potent ia l  
back  to Ec are not  control led  by  the anodic reaction.  
Evidence in te rp re ted  in the  Discussion sect ion wil l  
suppor t  this position. 

Fo r  graphica l  p resen ta t ion  of the  decay, Eq. [1] 
can be r ewr i t t en  as 

E : E s q - b . l o g [ t + T ]  [2] 

where  Es : Ei -- b �9 log T. At  t imes where  t > >  T, t h e  
decay  poten t ia l  can be plot ted  as 

E : Es + b �9 log [t] [3] 

and b wil l  be the OE/O log [t] slope. In  the p r e s e n t  
work,  most of the potent ia l  decay da ta  p lot ted  by  Eq. 

Table I. Diagnostic criteria for H.E.R. 
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[3] exhibited multiple linear regions. The appear-  
ance of more than one linear region was interpreted 
as an indication that  there was a change in the rate-  
controlling step for the decay process. To determine 
the subsequent Tafel constants, a modification of Eq. 
[1] was used. Brystrov and Kr.ishtalik (6) derived an 
analytical expression for the voltage as a function of 
time for a second Tafel region, which was separated 
from the first by  a region of "discontinuity" that  re-  
flected similar discontinuity in the steady-state po- 
larization curve. Using methods similar to those of 
Brystrov and Krishtalik (6), a simpler equation is de- 
rived below that can be used even when the Tafel 
regions are separated by a smooth, nonfaradaic dis- 
charge region. 

This simpler equation can be obtained by following 
the same steps used for the derivation of Eq. [1]. As- 
suming the cathodic discharge of the double layer 
capacitance proceeds through a faradaic impedance, the 
application of Kirchoff's law for a current  loop (4) 
yields the differential equation 

--a'rlF 
C .  d td~- - i~  ~ ] = 0  [4] 

whose solution is 

R T  io 
--~-- �9 exp [ (c~F/RT)~] ---- ~ t -t- const. [5] 

where i0 is the exchange current  density and ~ is the 
overvoltage for the process. 

The first Tafel region, when there are multiple re-  
gions, would be described by  Eq. [1] or [3]. When 
there is a second Tafel region beginning at t =- t*, 
the Tafel constant for this region, b2/2.3, equals 
- -RT/o~F and io,2 -----  --i 'r ,2 " exp [--~/b2] , where i'r,2 
is the current  density at t*. Utilizing the procedure 
for deriving Eq. [1] f rom Eq. [5], one arrives at a 
similar expression for the second decay region by  
integrating Eq. [4] between t and t* 

E = E*  + b 2 .  l o g  [ ( t  - -  t * ) / ~  Jr 1] [6] 

where E* is the potential at t* and T~ is --bzC/2.3i*r~. 
Equation [6] is the simpler equation used to deter-  
mine the b values of the multiple decay regions. 

The data presented in the present paper  have been 
analyzed by Eq. [1], [3], and [6]. As will be shown, 
the data  yield, at least for the initial decay, Tafel 
constants associated with the mechanisms attr ibuted 
to hydrogen evolution where simple Langmuir  ad-  
sorption is operative. It was also assumed that  the 
capacitance was not potential dependent. 

Exper imenta l  

The all-glass enclosed cell systems, reference and 
counter plat inum electrodes, water  and gas purifica- 
tion systems, and cleanup procedures have been de- 
scribed (7) and have been employed previously for 
plat inum (8) and gold (9) electrodes. The FelSCr 
wires were prepared by the Albany (Oregon) Re- 
search Center f rom stocks of 99.94 and 99.5 weight  
percent  (w/o)  Fe and Cr, respectively. Details of 
the fabrication, heat- t reatment ,  and electropolish- 
ing can be found in (7). For  this work, the FelSCr 
wires were sealed into the glass holder by a shrink-  
able Teflonl/polyethylene seal. Two wires in two 
separate cells were studied with the majori ty  of the 
s tudy done on one of the electrodes. Measurements 
were made in 1N H2SO4 solutions that  were vigor-  
ously stirred by H2 flow. Potentials were measured 
using a plat inum reference electrode and are re-  
ported vs. the reversible hydrogen electrode poten-  
tial in the same solution. 

Z Reference to specific trade names is made for identification 
only and does not imply endorsement by the Bureau of Mines. 

Figure 1 shows the schematic arrangement  of the 
various electronic components. An FelSCr wire elec- 
trode is potentiostated to a fixed d-c potential with 
respect to the plat inum reference electrode, rs. Once 
steady-state current  is reached (1-6 hr) ,  the digital 
delay generator  (DDG) provides a square pulse to 
"open" the switch. The latter is a diode-bridge-type 
analogue switch that has a current leakage on the 
order of 2 nA in the open position. The decay in 
potential is measured with respect to another plati- 
num reference electrode, rt, and is digitally recorded 
on a Nicolet Explorer  I II  Waveform recorder 
equipped with a floppy-disk drive for data storage. The 
recorder is interfaced to a Hewlett  Packard 85 Lab-  
oratory Computer  for analysis of the decay curves. 
For measuring hydrogen accumul,ated during decay, 
the pulse generator  is turned on by a tr igger pulse 
from the DDG at times (1-30 sec) corresponding to 
the settings of  the delay generator  to interrupt  the 
decay process with an anodic current  pulse. Mea- 
surements of hydrogen were also made at s teady-  
state potentials prior to current  interruption. No 
correction was made for double layer  charging. 

Results 
Representative examples of potential decay of 

FelSCr f rom steady-state potentials of 0, --0.05, 
--0.075, and --0.2V are shown in Fig. 2 as E vs. log 
It] plots. In comparing the four curves, it is interest- 
ing to note that the potential decay goes negative 
to the corrosion potential, and that tb~ number  of 
l inear regions increases as the start ing potential be- 
comes less negative between --0.2 and --0.05V. Also, 
for decay from --0.075V, an initial, rapid-decay re- 
gion precedes the ~afel  region found for the other 

[ Pulseg tar ~ ..... ~ Yt der ..... 

~v-' ~ ' ~  ~ ~ ~ o t  en t i c~  

f t l  
Nlcolet ex'plorer ]~ 
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Fig. I. Schematic of the current-interruption and anodic charging 
circuits and the data acquisition instrumentation. 
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Fig. 2. Decay plots following current interruptian. Numbers next 
to starting potential are effective H atom concentrations expressed 
as fraction found of --0.25V. Numbers near curves are average 
cathodic Tafel constants, mV, determined by LINFIT and AUTFIT 
using Eq. [3] and [1] ,  respectively. 
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decay cases. Inc luded  nex t  to the poten t ia l  value  for 
each curve in Fig. 2 is a corresponding value  of r 
defined as the to ta l  amount  of H, (H) ,  round at  s t eady  
s tate  at tha t  po ten t ia l  d iv ided  by, (H)e, the  amount  
found ,at s t eady  s ta te  a t  Ec, -0 .25V.  (No dis t inct ion 
is made  at  this  point  as to the chemical  fo rm of H 
or  its locat ion on o r  in the  meta l . )  The o ther  n u m -  
bers  shown nea r  different  por t ions  of each curve are  
the averaged  Tafel  constants  in mil l ivol ts  de te rmined  
by  a ma themat i ca l  t r ea tmen t  of the da ta  using Eq. 
[3] and [1], as exp la ined  below. Values obta ined by  
use of Eq. [1] appea r  in the parentheses .  

An  example  of po ten t ia l  decay  f rom --0.05V is 
shown in g rea te r  de ta i l  in Fig. 3 ,and 4. F igure  3 shows 
the two l inea r  regions observed  in the first 80 mV 
of decay from --0.05V. For  this pa r t i cu la r  decay 
curve, the  numbers  --26.0 and --22.3 mV are  the 
TafeI constants  de te rmined  using Eq. [3], and the 
numbers  in paren theses  correspond to the Tafel  con- 
s tants  de te rmined  using Eq. [1]. F igure  4 shows the 
l a t t e r  por t ion of the  decay  curve occurr ing f rom 
--0.05V. The l inear  por t ion  passes th rough  --0.25V 
af te r  app rox ima te ly  14 sec of the  decay. At  longer  
times, approaching  4 to 6 hr,  the potent ia l  re turns  
to --0.25V, which is the s teady-s ta te ,  open-c i rcu i t  
corrosion potent ial .  The Tafel  value  f rom Eq. [3] is 
--223 mV, and --260 and --201" mV are  the  Tafel  
values de te rmined  using Eq. [1] and [6], respect ively ,  
where  t* --  10 sec was selected.  

The amount  of hydrogen  a toms (H) e i ther  at  
s t eady  s ta te  or  dur ing  potent ia l  decay  was de te r -  
mined f rom the length  of the H-ox ida t ion  region in 
the response curve to an anodic charging pulse. The 
resul ts  shown in Fig. 5 are  for Fe l8Cr  at  0, --0.05, 
and -0 .25V s t eady  s ta te  .and --0.27V dur ing  decay 
f rom --0.05V. The measuremen t  t aken  at open-c i rcu i t  
corrosion, --0.25V, was for  the  second electrode;  the  
o ther  three  were  for  the first electrode.  Points  a and 
b represen t  the end of the H-ox ida t ion  for the  open-  
circuit  and --0.27V case, respect ively.  These points  
were  de te rmined  g raph ica l ly  by  d rawing  in tersect ing 
l ines th rough  the por t ion of the response curve where  
hydrogen  is oxidized. The values  of (H) were  then 
d iv ided  by  the e lect rode 's  appropr ia te  value  for 
(H)c to give 0'. Plots  of log e' vs. potent ia l  for open-  
circuit  decay f rom --0.05V for the two electrodes are  
shown in Fig. 6. The  numbers  in the figure are  the  
slopes (On/O logo') calcula ted over  potent ia ls  tha t  
correspond to the th i rd  decay region. 

Decay Curve Analysis 
Tafel  constants were  de te rmined  by  fitting Eq. [1], 

[3], and [6] to appropr ia t e  l inear  por t ions  of the  
E vs. log [t] decay plots. Mathemat ica l  analysis  was 
accomplished by  a p rogram,  wr i t t en  in BASIC to run  
on a Hewle t t  Packa rd  HP 85, containing three  f i t t ing 
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Fig. 3. Decay plot following current interruption at --0.05V show- 
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routines and a statistical routine. The Tafel constant 
of Eq. [3] was determined by the linear least squares 
routine LINFIT. In order to utilize Eq. [1] or [6] 
over ~any portion of the decay curve, and not just 
when t > >  ~, two nonlinear least squares routines, 
AUTFIT and AUTFIT*, respectively, were used. Pro- 
gram strategy is given in Appendix A. Table II sum- 
marizes the averaged constants (at the 95% confidence 
levels) determined by the three methods. 

Except for the la t ter  portion of decay from --0.05V, 
the Tafel constants determined by the same method 
(AUTFIT, AUTFIT*, or LINFIT) in corresponding 
regions for the two electrodes could be combined and 
averaged. Because of this difference between the two 
electrodes in the --0.05V case, the averaged LINFIT 
value for each electrode is shown for the third re-  
gion in Fig. 2. Values for the two electrodes were 
averaged together in the other regions. The decision 
not to combine the data for this third region was 
based on the statistical "t" test that showed that there 
were significant differences between the data at  the 
95 %confidence level. 

The comparison of the LINFIT, AUTFIT, and AUT- 
FIT* shows that, with the exception of the regions at 
the beginning of the decay, the l inear approximation 
of the Tafel equation provided ~an adequate model 
for determining the Tafel constant of the decay pro- 
cess. The linear method has the advantage of its 
simplicity and speed. Additional comparisons of the 
methods can be found in Appendix B. 

Discussion 
As was stated in the Background section, "corro- 

sion onset" is viewed here as beir~g rate controlled by 
the paral lel  cathodic paths of HER and permeation of 
adsorbed surface hydrogen. This dependency is 
demonstrated in Fig. 2 by the fact that, in all cases, 
the overall  decay rate decreases as the starting po- 
tential is made more positive. This trend is opposite 
to anodic-controlled decay which would have faster 
decay with more posiitive start ing potentials. The 
initial rapid-decay region for the --0.075V case was 
unexpected. The fast drop in potential indicates there 
is a path that can initially discharge the double layer  
more easily than the cathodic reactions at the other 
start ing potentials. Assuming a double layer  of 40 
~F/cm2, the charge required for the approximately 
0.125V potential change is about 5 ~C/cm 2, which can 
be the result of almost any process; a fast hydrogen 
reaction and/or  some adsorption process or even 
anodic dissolution. 

The influence of the paths on the open-circuit  po- 
tential decay can be seen in the curves of Fig. 2. Most 
notable are the number of Tafel regions and the de- 
gree of overshoot beyond Ec. To relate these observa- 
tions to the two .paths, certain assumptions about the 
distribution of hydrogen are necessary. It will be 
assumed that the amount of hydrogen (H), at any 
point before and during decay, is the sum of the sur-  
face hydrogen (H~*) from the HER and the derma- 
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Fig. 7. Schematic flow chart of AUTFIT 

sorbed2 hydrogen (Hd* and Hd) from the permeation 
reaction. (The asterisk represents "active" sites re-  
sponsible for the potenti~al.) It is assumed that all 
the surface hydrogen is init ially involved in deter- 
mining the potential. Previous work suggests (7) that 
the l ikely chemical form of the dermasorbed hydro-  
gen is CrH4. As is stated in the definition of 0 for ac- 
tive sites, there is at any time during the decay a 
certain fraction of the total available potential-de- 
termining sites that are filled. From the definition of 
(H), 0 is the ratio of (Hs*) / (Cr*) ,  where the total 
number of available active sites is represented by 
(Cr*). The cathodic active sites will either be Cr or 
CrH4. 

Using decay from --0.05V as an example, the oc- 
currence of an overshoot in the curves of Fig. 2 can be 
interpreted now in terms of H distribution. In the first 
two regions where (H) is small  and relat ively constant 
(Fig. 6), decay is thought to be pr imar i ly  determined 
by the HER. In the third region, where the bulk of 
the H is accumulated, it is concluded that the influ- 
ence of the permeation reaction becomes more pro-  
nounced. This influence results in Hs* not only pro- 
ducing H2, but, also Hs* being dermasorbed, and at a 
rate that increases Cr* so that the ratio of (Hs*)] 
(Cr*), or e, remains quite small. Since (Hs*) is also 
increasing, but not as fast, the potential continues 

2 H y d r o g e n  a t o m s  b e n e a t h  t h e  " s k i n "  of t h e  me ta l .  T e r m  intro- 
duced (10) to  d e s c r i b e  H d i sso lved  in  Pt .  

Table I!. Summary of cathodic Tafel constants, mV 

D e c a y  reg ions  

S t a r t i n g  p o t e n t i a l ,  V 

1st 2nd 

LINFITX A U T F I T  LINFIT  A U T F I T  

3rd 

LINFIT A U T F I T  

0.0 - - 2 1 ~ 1  --25----.2 ~ -16"4"2 - - 1 6 ~ - 2  
--14 - -  3 *s 

--0.05 - - 2 4 ~ 1  - 2 9 ~ 1  -20-----1 --20-----1 

- 0 . 0 7 5  - 28 • 1 - 28 • 2 - 66 ~ 14 - 66 • 14 
--69 • 22" 

--0.2 --38 - -  4 - - 4 6 •  2 

4 

--242 ~ 10 
-- 256 • 22 

O n l y  1 r e g i o n  

- 3 0 8 ~ 1 0  -186"4"29 *a 
- 3 5 5 - 4 - 4 8  - - 2 4 8 ~ 4 7 "  

On ly  2 reg ions  

z LINFIT Eq.  [3l 
= A U T F I T  Eq.  [1] 
SAUTFIT* Eq.  [6] 

No m e a s u r e m e n t s  m a d e  of 3 r d  r eg ion .  
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to decrease.  Eventua l ly ,  a po ten t ia l  wi l l  be reached 
tha t  corresponds to the appropr ia t e  (Cr*) for the 
al loy under  these t rans ien t  corrosion conditions.  F r o m  
this point  on, the rat io  of ( H s * ) / ( C r * )  becomes l a rge r  
as (Hs*) increases,  and (Cr*) remains  essent ia l ly  
constant.  Normal ly ,  (Hs*) would  reach a n e a r l y  con- 
s tan t  va lue  that  would cause the  potent ia l  to level  
off as the r ema in ing  H is accumula ted  to occupy non-  
active si tes e i ther  on the surface or  de rmasorbed  be-  
nea th  the  surface.  However ,  since this is a corroding 
metal ,  loss of e i ther  Fe or  Cr si tes could lower  the 
local cell  cur ren t  such tha t  the t rans ient  po ten t ia l  
condit ions nea r  --0.3V would  not  be suppor t ed  any  
fur ther ,  and the po ten t ia l  would rise. T h e r e  also 
could be addi t iona l  me ta l lu rg ica l  react ions tha t  favor  
Hs* -> Hd wi thout  forming  addi t iona l  Ha*, resul t ing  
in an increase in potent ia l  to Er 

Even though expl ic i t  identif icat ion cannot  be made  
as to which type  of meta l  s i te  (gra in  boundary ,  crys-  
ta l  dislocation, imperfect ion,  etc.) is active or  which 
type  of meta l lu rg ica l  react ion is occurring,  i t  can be 
seen f rom Fig. 2 tha t  the i r  par t ic ipa t ion  dur ing  de-  
cay is dependent  on the  ini t ia l  s t eady-s ta te  potential .  
Ks the  ini t ia l  po ten t ia l  (0, --0.05, and --0.075V) is 
set closer to --0.25V, it would  be expected that  the 
in i t ia l  ra t io  of ( H s * ) / ( C r * )  would become greater .  
This m a y  account for the  overshoot  in potent ia l  pas t  
--0.25V becoming less, and the number  of Tafel  r e -  
gions going f rom 3 to 2 to 1. Moreover,  these t rends  
suggest  that  once corrosion onset begins f rom a given 
s ta r t ing  potent ia l ,  the  meta l  si tes tha t  supp ly  elec-  
t rons and offer adsorpt ion  wil l  ~continue to do so on a 
p re fe r r ed  basis th roughout  most of  the  decay. Other -  
wise, over  the same potent ia l  range,  decay  f rom 
--0.05V would  be the  same as decay  f rom --0.075V, etc. 
Thus, when  decay begins at  --0.2V, more of the  sites 
associated wi th  open-c i rcu i t  corrosion are  a l r eady  
par t i c ipa t ing  as compared  to the  --0.05V case. The 
es tab l i shment  of s t eady-s ta te  corrosion f rom more 
posi t ive potent ia ls  would  then  involve br inging  more  
sites up to the i r  act ive levels.  

App ly ing  the cr i ter ia  of Table  I to iden t i fy  which 
hydrogen  reac t ion  mechanism is opera t ive  dur ing  de-  
cay  requi res  discussion of the  hydrogen  measured  in 
the anodic c h a r g i n g  curves. The choice to express  the 
measured  hydroge  n in the  charging curves as 8' based 
upon (H) at  Ec r a the r  than  as 8 based upon (H) at  
0V was an opera t iona l  one. I t  was used because 8 no r -  
rea l ly  requires  adsorpt ion  isotherms based on r eve r -  
s ible equ i l ib r ium behavior ,  and  these Fe lSCr  elec-  
t rodes did not  exhibi t  revers ib le  behavior  for the 
H+/H2 exchange,  as have previous Fe l8Cr  electrodes 
(7). Moreover,  i t  was not  known expl ic i t ly  which 
chemical  form of H is r epresen ted  in the oxidat ion  
regions of the charging curves. Even if a surface hy -  
drogen oxida t ion  region could be identified, it  would 
not be  known  if  al l  or  pa r t  of the  surface hydrogen  
was responsible  for  the potent ial .  

Evidence tha t  not  al l  of the (H) is cr i t ical  for the  
exchange  has been shown for Hi  evolut ion on Rh (11) 
and P t  (12) and for  H accumula t ion  on Pt  (8). In 
these cases, less than  10% of the  to ta l  (H) present  
at  0V was shown to be responsible  for the exchange 
reaction,  even though six H oxida t ion  regions were  
found and coverage was s l igh t ly  g rea te r  than one 
monolayer .  The  in te rp re ta t ion  given is that  there  are  
meta l  sites of va ry ing  ac t iv i ty  resul t ing  in P t - H  bonds 
of va ry ing  s t rength,  wi th  some of the H de rmasorbed  
benea th  the  surface (8, 10). In contras t  to H associ- 
a ted wi th  a lower  poten t ia l  ox ida t ion  region,  H in an 
upper  po ten t ia l  region is more  s t rong ly  bound to the  
meta l  site. 

For  Fe l8Cr ,  the charging curves show that  there  
were  at  least  two observable  ox ida t ion  regions for 
hydrogen.  The occurrence of one region or  the  other,  
or  both  regions,  was dependen t  on s t a r t ing -po ten t i a l  

and decay t ime. For  instance, f rom s t eady  state at  
--0.05 and --0.075V, one region was observed,  and i t  
occurred  at the more  posi t ive potentials .  F rom s t eady  
state at  - 0 . 2 V  and Ec, two ox ida t ion  regions were  ob-  
served,  wi th  the posmbil i ty  tha t  also some H was oxi -  
dized in the t rans i t ion  region adjoin ing the two ob-  
vious regions. F rom 0V s teady  state,  no oxidat ion  re-  
gion was observed.  The charging curves t aken  dur ing  
decay f rom --0.05V indicate  that  the bonding be tween  
H and Cr is different  dur ing  decay when e' --> 0.7 near  
--0.32V, because the accumula ted  H is oxidized in the 
lower  region of the charging curve and  not  jus t  in 
the upper  region (Fig. 5). Moreover,  this lower  region 
was occurr ing at  potent ia ls  more  negat ive  (less 
s t rong ly  held)  than the lower  region for the  -0 .25V 
s t eady-s t a t e  case. The conclusions then are  tha t  H 
accumula ted  dur ing  decay  from a s t eady  poten t ia l  at  
which (H) --> 0 is weak ly  bound and that  once s t e ady -  
state, open-c i rcu i t  corrosion is establ ished,  two de-  
grees of m e t a l - H  bonding are  found, both of which 
are  s t ronger  than  the one dur ing  H accumulat ion.  
However ,  it  cannot  be said at  this t ime whe the r  the 
weak ly  bound H represents  Hs* or  not. Based upon 
resul ts  of  the Pt  meta ls  and the previous  discussion 
of the  overshoot,  the  f ract ion of the to ta l  H present  
that  controls  the potent ia l  dur ing  decay is thought  
to be small .  Using 0' r a the r  than ~ to express  H cover-  
age is useful  because it can be assumed that  there  is a 
p ropor t iona l i ty  constant  l inking  0' to 8 tha t  would  drop 
out  when de te rmin ing  the 0n/O log 8 slopes of Table  
I. Ideal ly ,  d iv id ing  each (H) measurement  b y  the ap-  
p ropr i a t e  (H)c should normal ize  the  da ta  so that  in 
Fig. 6 both sets of points would fal l  on the  same line. 
Al though this did  not  happen,  the lines are  nea r ly  
paral le l .  Smal l  differences in ac tual  Cr concentra t ion 
or  o ther  factors could contr ibute  to s l ight ly  different  
values of (H)c. The Tafel  constants de te rmined  in 
the  th i rd  region for decay f rom --0.05V a l r eady  indi-  
cate  tha t  there  were  s l ight  differences in these elec-  
trodes. Also, i t  has been shown on Pt  (13) that  ful l  
coverage of the Pt  by  hydrogen  wil l  v a r y  even for 
the same electrode.  

The values of 8' for ~teady-s ta te  s ta r t ing  potent ia ls  
and the Tafel  constants  for  the  first decay  region 
(Fig. 2 and Tables I and I I ) ,  together  indicate that  
the onset of corrosion f rom 0, --0.05, and --0.075V is 
in i t ia l ly  control led  by  the combinat ion s tep and f rom 
--0.2V by  the e lec t rochemica l -desorp t ion  step. These 
conclusions hold for e < 0.1 and for modera t e ' e  values  
if nonact iva ted  Temkin  adsorpt ion  is assumed. Once 
decay proceeds pas t  the ini t ia l  regions of 0, --0.05, 
and --0.075V, in te rp re ta t ion  as to the mechanism be-  
comes difficult because there  is increased var ia t ion  in 
the average  b value,  and the values are  not  those 
genera l ly  associated with  the s imple  hydrogen  evolu-  
t ion sequences.  Even when considering T e m k i n - t y p e  
adsorpt ion,  specific mechanis t ic  in te rp re ta t ion  is st i l l  
difficult. Fo r  instance, for the second region of the 
--0.075V case, based on a nea r ly  --60 mV average  
slope, one cannot d is t inguish  be tween any one of r e -  
actions becoming ra te  control l ing af ter  the combina-  
t ion s tep which was ra te  control l ing for  the first r e -  
gion. Parsons (1) showed tha t  only  a coupled discharge 
mechanism can fol low combinat ion  control,  but  slopes 
for  this poss ib i l i ty  are  al l  g rea te r  than --60 inV. 

For  the  --0.05V case, where  there  are  three  Tafel  
regions, the th i rd  one is charac te r ized  by  b values  
that  ranged f rom less than  --200 to --400 mV. These 
Tafel  b values  a re  not  those commonly  found for the 
HER, ye t  in this region the ma jo r i t y  of the hydrogen  
is accumulated.  The slopes of Fig. 6, for the up take  
of hydrogen  by  the metal ,  could indicate  a coupled 
d ischarge- recombinat ion ,  but  this assumes an Langmui r  
i sotherm with  8 -~ 0. The on ly  way  tha t  8 could be 
smal l  when there  are  large  amounts  of H present  
(e' --* 0.7) is if  on corroding meta ls  at potent ia ls  more  
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negat ive  than  ~ - - 0 . 2 V ,  ac t ive  sites a re  mos t ly  un-  
occupied. This is the  same as the conclusion f rom the 
overshoot  results.  Ano the r  explana t ion  for  these Tafel  
values is tha t  Eq. [1] does not  hold  in this region,  
poss ibly  due to complicat ions involving capaci t ive  ad -  
sorpt ion tha t  is potent ia l  dependen t  on cri t ical  me ta l -  
lurg ica l  fea tures  of each electrode.  

Manuscr ip t  submi t t ed  Feb.  17, 1983; revised m a n u -  
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A P P E N D I X  A 
Program strategy.--The nonl inear  rout ines  of AUTFIT  
and AUTFIT* (Fig. 7) used Newton 's  method  (14, 
15) wi th  the  g rad ien t  expans ion  a lgor i thm of Mar -  
quard t  (16) to minimize,  wi th  respect  to the  p a r a m -  
eters  b and ~, the least  squares  funct ion 

r - -  ~[S(ti)  --  Yl] 2 [ A - l ]  

where  S(t) is descr ibed  by  Eq. [1] or  [6] and the Yl's 
a re  the  measured  potent ia ls  a t  t imes  ti's. The first and  
second pa r t i a l  der iva t ives  used in calcula t ing the in-  
c rements  of the pa ramete r s  were  eva lua ted  f rom the 
ana ly t i ca l  express ions  der ived  f rom Eq. [1] or  [6] for  
AUTFIT  and AUTF~T*, respect ively.  Genera l ly ,  the 
Marqua rd t  a lgor i thm was needed to force the search  
to move in the r ight  d i rect ion in the beginning,  but  
was not  used once the increments  became smal l  and 
the search  appea red  to be converging t oward  a min i -  
mum. When  the es t imators  of b and z obta ined  f rom 
each successive i te ra t ion  fa i led  to converge toward  
reasonable  values  (e.g., 0 > b ~ 2 V  or  T>0), a grid 
search a lgor i thm (17, 18) was employed  to supp ly  be t -  
te r  in i t ia l  values  for Newton 's  method.  The grid search 
sought  the  m i n i m u m  b y  improving  the es t imates  for  
each p a r a m e t e r  whi le  holding the o ther  constant.  The 
es t imates  of the l inear  p a r a m e t e r  (b) were  improved  
by  l inear  regression,  and  the es t imates  of the non-  
l inear  p a r a m e t e r  (T) were  improved  by  an in t e rpo la -  
t ion fo rmula  using three  equa l ly  spaced points  su r -  
rour~ding the min imum located by  a s tepwise search in 
the d i rec t ion  of decreas ing r 

To assure convergence  when Newton 's  method  was 
used, the  p rocedure  was cont inued unt i l  the increments  
were  less than  1 pa r t  pe r  mi l l ion  for each pa ramete r .  
Once the es t imates  were  wi th in  about  1% of each pa r -  
ame te r  f rom the minimum,  the es t imates  usua l ly  con- 
ve rged  ve ry  r ap id ly  and  the increments  wi th  each 
successive i te ra t ion  decreased by  at  least  a factor  of 10 
and of ten by  a factor  of g rea te r  than 100. I t  was found 
tha t  comput ing  t ime was saved by  in i t ia l ly  pe r fo rming  
the es t imat ion  procedure  using only  50 or fewer  points  
and using these es t imates  as the ini t ia l  guesses when 
the p rocedure  was fol lowed using al l  of the points. The 
p rog ram also calcula ted the var iance  of the  es t imates  
(a~ : z [Yi  --  ] ( t ) i ] 2 / [ N - 2 ] ) .  I t  then p lo t ted  the 
s tandard ized  residuals ,  residuals/~r, vs. ] ( t i ) .  The va r i -  
ance and the  plot  were  used to judge  ind iv idua l  fits 
and  to compare  analysis  methods.  

A P P E N D I X  B 
Method comparison.--Since the th ree  fit rout ines  gave 
essent ia l ly  ident ica l  b va lues  for  decay  f rom --0.2 and 
--0.075 and OV, the remain ing  discussion of the da ta  
t r ea tmen t  wiI1 deal  wi th  the three  regions of decay  
f rom --0.05V. For  the  first region in Fig. 3, al l  the da ta  
f rom t = 0  to 0.31 sec was used in AUTFIT,  but  only  
f rom t = 0.03 to t = 0.31 sec for  LINFIT.  In the second 
region, the t ime ranges  were  the same, 0.31 to 1 sec. 
Fo r  the  first decay  region,  the values  for  b by  the two 
methods  are  s ta t i s t ica l ly  different.  In  the second re -  
gion, the agreement  be tween  al l  th ree  equat ions or  
methods  was ve ry  good. In the th i rd  region, AUTFIT* 
and LINF1T values  were  in be t t e r  agreement  than  
AUTFIT  values  were  wi th  the o ther  two. 

The goodness  of fit of the l inear  approx ima t ion  de-  
pendency  on t ime can be seen f rom the slope, E vs. 
log [tJ, f rom Eq. [6] where  

dE/dlog [t] : -  bt / ( t  Jr ~ -- t*) = 

b -- b(~--  t* ) l t  + . . .  [B- l ]  

The l inear  approx imat ion  produces  a good fit as long 
as t > >  (~ --  t*) .  In  the case of region one, the Tafel  
behavior  extends  to the beginning of the decay curve. 
Here  ~ becomes significant in Eq. [B- l ] .  Thus, the 
slopes of the l inear  fits are  smal le r  than b. In  the la te r  
regions of the decay  curves,  the rat io  (~ --  t * ) / t ,  is 
smal ler ,  and the effect of the scat ter  in  the  da ta  be -  
comes l a rge r  than the e r ro r  due to the  approx imat ion  
to the l inear  function. 

When using AUTFIT* and Eq. [6], an ini t ia l  point  
(t*, E*) must  be selected. For  region one, the obvious 
choice is to p ick  t* = 0 and E* = E0, the ac tual  s t a r t -  
ing potent ial .  This choice amounts  to using AUTFIT  
and Eq. [1]. For  o ther  regions, any  in i t ia l  point  is ap-  
p ropr ia te  as long as the calcula ted curve fits the de-  
sire~i por t ion of the expe r imen ta l  decay curve. How- 
ever,  since ~ describes the condi t ions at  the ini t ia l  
poin t  and its definit ion depends  on i t  being pa r t  of a 
Tafel  region, T has phys ica l  significance only  if  the in i -  
t ia l  poin t  is pa r t  of the  desired Tafel  region in the 
expe r imen ta l  curve. Thus, when  using AUTFIT*,  t* 
and  E* were  se lected at a t ime and poten t ia l  da ta  
point  tha t  was in the  center  of the sca t te r  at the be -  
ginning of the des i red  Tafel  region. I t  was found tha t  
if a bad  poin t  were  chosen, then the fi t t ing process 
would  fa i l  to converge or would do so to an equat ion 
tt~at poor ly  fitted the data. In  region two, AUTFIT,  
AUTFIT*,  and L INFIT  y ie lded  essent ia l ly  the same 
values for b, and  the i r  respect ive  equat ions al l  fit ted 
the da ta  equa l ly  well.  

In  region three,  i t  was found tha t  when the p a r a m -  
eters  obta ined using AUTF1T were  used in Eq. [1], 
the resu l tan t  curves fitted the da ta  less accura te ly  than  
the curves obta ined f rom AUTFIT* and LINFIT.  This 
j u d g m e n t  was based on the s t a n d a r d  devia t ion  of the 
es t imates  and the s tandard ized  res idual  plots. Those 
p lo t ted  f rom the fi t ted equations used in AUTFIT  
showed more  significant curva ture  and skewness.  
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Electrochemical Reactions in a Pure Na SO Melt 
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ABSTRACT 

Cyclic voltammetry and chronopotentiometry were used to study the electrochemical reduction reactions of SO3 gas, 
Oz- and SO4 s- ions in a Na~SO4 melt at 900~ The reduction reaction of SO~ follows a ce mechanism: SO3 first reacts chemi- 
cally with SO42- to form $2072- and then proceeds via a one-electron electrochemical reduction reaction to form SO3-. The 
reduction of peroxide 02- ions forms either O s- or both O 2- and superoxide O2 z- ions. Sulfate ions are subjected to decompo- 
sition at either very positive or very negative potentials. At very high positive potentials, sulfate ions decompose to evolve 
SOs and 02 gases, in addition superoxide ions are also formed. At very negative potentials, sulfate ions decompose to form 
sulfide and peroxide. 

In  general,  the attack of metals by a salt film in an 
oxidizing gas, which is called "hot corrosion" (1), 
becomes v i ru len t  only when the salt  is molten.  In  
this circumstance the alloy is physically separated 
from the gas phase by the mol ten salt so that  the 
mechanism of corrosion must  involve main ly  electro- 
chemical reactions. Obviously, an electrochemical s tudy 
should be the most promising approach to investigate 
hot corrosion and might  eventual ly  explain the reac- 
tion mechanisms. 

Electrochemical studies have been confined mostly 
to alkali  halide melts where a voluminous l i terature  
can be found(2) .  Sulfate melts, on the other hand,  
have received little s tudy because of their l imited 
practical importance except for their  deleterious 
effect in the hot corrosion of metals. Na2SO4, because 
of its high thermodynamic  stability, is the const i tuent  
most commonly found in the salt film deposited by 
the combustion of fossil fuels; knowledge about  the 
electrochemical reactions taking place in this melt  is 
essential to the unders tanding  of the Na2SO4-induced 
hot corrosion mechanism. Electrochemical reduct ion of 
SO42- ions has been studied by  several  investigators. 
Liu (3) found sulfite and sulfide, bu t  l i t t le or no sul-  
fur, as the reduct ion products of a LisSO4-K2SO4 melt  
electrolyzed between p la t inum electrodes a~ 625~ 
Johnson and Lai t inen  (4) however  reported that a 
eutectic Li~SO4-Na2SO4-KsSO4 mel t  electrolyzed at 
550~ formed either sul fur  or a metallic sulfide. In  
prolonged cathodic electrolysis of a LiSO4-K2SO4 melt  
at 625~ Burrows and Hills (5) observed the forma- 
t ion of e lementa ry  sulfur, oxide ions, and SOs. Re- 
duction reactions for the dissolved gaseous species O2, 
SOs, and SO3 in  the Li~SO4-K2SO4 eutectic melt  were 
studied using cyclic vo l tammet ry  by Burrows and 
Hills (5). They found no cathodic reduct ion of dis- 
solved oxygen but  there were reduct ion waves for 
dissolved SO3 and SO2; nonetheless, no reduction re-  
action mechanism for SO3 and SO2 was given. Shores 
and Fang (6) suggested that  the reduct ion of SO3 in 
a pure  Na2SO4 mel t  at 900~ actual ly proceeded 
through the reduct ion of the pyrosulfate ion (S2OT ~-)  
which was the reaction product  from reacting SO3 
with SO42-. The present  study concerns the electro- 
chemical reactions of dissolved SOs, oxide ions, and 
sulfate ions (SO42-) in a pure Na2SO~ melt  at 900~ 
in 02, and in O2 envi ronments  containing SOs and 
SO3. The results will  be compared with those from 
previous studies. 

Experimental Procedures 
Cyclic vol tammetry,  chronopotentiometry,  and po- 

tentiostatic chronocoulometry were used in this study. 
A three-electrode system was used for all electrochem- 
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Key words: hot corrosion, sodium sulfate, cyclic voltammetry,  

chronopotentiometry,  a-c impedance. 

ical measurements .  The reference electrode was a 
silver wire dipped into a 10 m/o  Ag2SO4/Na2SO4 melt  
contained in  a 0.6 cm ID mull i te  (3A1~O3.2SIO2) 
tube '~ as the electrolyte. A glassy grain boundary  
phase is known  to provide predominant  Na + conduc- 
t ion (7). The counterelectrode was a circular strip of 
p la t inum foil about 0.5 cm width and 7.0 cm circum- 
ference centered about the working electrode; this 
electrode provided a uni form current  to the working 
electrode. The working electrode had a var ie ty  of 
shapes. In  cyclic vo l tammetry  studies, the working 
electrodes were 0.05 diam p la t inum wires sealed in  
a lumina  tubes with a lumina  cement to expose about 
1-2 cm length of wire. The exposed area of the Pt  
electrode was totally immersed in  the fused salt. In  
other  studies, fully immersed square p l a t inum foils 
of 0.5 • 0.5 cm were used. These electrodes were 
spot-welded to the p la t inum wire (0.05 cm diam) 
sealed in a lumina  tubes. The p la t inum electrodes were 
cleaned by flame polishing in  a torch bu rn ing  a mix-  
ture of na tura l  gas and oxygen. 

The cell assembly and electrodes are shown dia-  
grammatical ly  in Fig. 1. The cell  consisted of a 4.5 
cm OD, closed-end mull i te  tube (45 cm long) w i t h  
a 304 stainless steel flange at the top. Epoxy was  used 
to jo in  the bottom flange to the mulli te.  The flange 
and the joint  were cooled by a blower and a water-  
cooled jacket. The top and the bottom flanges were 
sealed with a Teflon O-r ing which resisted attack by 
the S O J S O J O a  gas mixtures.  The electrodes were 
immersed in fused NasSO4 in  an a lumina  crucible of 
2.5 cm OD ,and 4.0 cm height. All  the measur ing 
leads were p l a t inum wire protected by a lumina  tubes. 

The cell assembly was heated in a tubu la r  furnace 
powered and controlled by a proport ional- type tem- 
perature controller (Leeds and Northrup Electromax 
II I ) .  The constant  temperature  zone in the furnace was 
about 3.5 cm, and the tempera ture  was kept constant  
wi thin  __0.5~ at the exper imenta l  t empera ture  of 
900oC. 

Reagent  grade Na2SO4 (99.9% pure)  was used wi th-  
out fur ther  purification. K now n  amounts  of salt were 
charged into the crucible to give a melted salt  thick- 
ne,ss from 0.3 to 1.0 cm. The cell was first heated 
at 400~ under  vacuum for 1-2 hr  to remove mois-  
ture, then heated fur ther  to the operat ing tempera-  
ture of 900~ Most of the exper iments  were con- 
ducted in controlled SO2-SO8-O2 gas mixtures.  The 
desired gas compositions were obtained by  mixing  
SO2 and  O2 through two calibrated flow 'meters 
(Matheson No. 610). Gases containing SO2 were 
passed through a bed of p la t inum gauze at the ex- 
per imenta l  temperature  to ensure that equi l ib r ium 
among SOs, SO8, and O2 was achieved. 

In  the cyclic vo l tammetry  experiment,  the vo l tam-  
metric  scans were performed with an Aardvark  Model 
V potentiostat  coupled with a Bioanalytical  Systems 

McDaniel MV-30. 

2 3 3 5  
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Fig. 1. Schematic assembly for electrochemical studies 

Model CV-1B-120 cyclic vol tammetry  uni t ;  this un i t  
was capable of generat ing scan rates from 0,01 to 10 
V/sec. The cur ren t -poten t ia l  curves were recorded on 
a Houston Model 200.0 X-Y recorder. The vol tammetr ic  
scan was s tar ted after the cell potential  reached a 
steady value (after about 2 hr) .  The scan was nor -  
mal ly  begun from the open-circui t  rest potential ;  
however, in some cases the scan was started from 
other values of potential  fixed by a biasing potentio- 
stat. After completing a cycle, the cell potential  was 
permit ted to r e tu rn  to the original value before the 
next  scan was started. Scan rates in the range of 
0.05-3 V/sec were used. 

A PAR (Princeton Applied Research) Model 174 
potent iosta t /galvanostat  was used for chronopoten- 
t iometry and current  reversal  chronopotentiometry.  
The current  could be reversed manua l ly  at any time. 
The potent ia l - t ime curves were recorded on an HP 
7101BM str ip-chart  recorder which had a max imum 
chart speed of 5 cm/sec. Occasionally E-t curves were 
recorded on a Tektronix  oscilloscope with memory  and 
photographed with a Polaroid camera. 

For a given solute concentration, only a very na r -  
row exper imental  range of current  could be applied 
to detect the t ransi t ion times. For too small  currents  
the t ransi t ion t ime was too long and could not be 
observed because of interference by convection; for 
too large currents  the t ransi t ion times were too short 
to be easily detected. In  practice, t r ial  and error  pre-  
l iminary  experiments  were used to choose currents  
suitable to observe the t ransi t ion time. 

In a potentiostatic coulometry exper iment  in pure 
Na2SO4, gases such as SO2 and SOs could be formed 
as reaction products. Measurements  of potential  
changes of a Ag/Ag + electrode and an oxygen elec- 
trode were used to detect the formation of these 
gases (7). Figure 2 shows the a r rangement  of the two 
electrodes which were held above the melt;  a plat i-  
num wire, wrapped around the two electrodes, was 
used as the indicating electrode in the gas phase. This 
wire provided large contact areas with the electrodes. 
The portions of the tubes wrapped with the p la t inum 
wire were sprayed with a thin layer  of N a~SO4 salt. 
The oxygen electrode was a closed-end 0.6 cm OD 

MULLITE TUBE / ~ ZIROCONIA TUBE 
(Ag/Ag+ELECTRODE) (0 2 ELECTRODE) 

Fig. 2. A combination of two probes used to measure SOs and 
SOs in the atmosphere. 

zirconia (3.5 w/o CaO) tube. The inside bottom por-  
t ion of the zirconia tube was platinized; a p la t inum 
gauze spot-welded to a p l a t inum wire made contact 
with the platinized bottom of the tube region and 
served as the electrode lead. The change of SO3 par-  
tial pressure in the atmosphere could be monitored 
by suspending these electrodes just  above the melt  
and measur ing the potential  of the Ag/Ag + electrode 
and the 02 electrode, both with respect to the plat i-  
num indicat ing electrode. 

In  a-c impedance measurements ,  a Wenking  poten-  
tiostat in series with a digital f requency response 
analyzer  (Schlumberger-Solar t ron  1172) provided the 
constant d-c potential  and the a-c potential. An a-c 
potential  of 10 mV ampli tude peak to peak was used. 
Data were collected through an  Apple IT microcom- 
puter  connected to the Solartron. The Apple computer 
was also used to control the operation of the Solartron 
automatically.  The frequencies used were between 
0.01 Hz and 10 kHz. 

Results and Discussion 
S03 reduction reaction.--A typical chronopotentio- 

gram for a p la t inum electrode in a deep Na2SO4 melt  
(about 0.5 cm deep) in a 1% SO2 + O2 envi ron-  
ment  is shown in Fig. 3. Two transi t ion times were 
found for the forward cathodic current  and for the 
reversed anodic current.  The first t ransi t ion time 
(~1 c) must  correspond to the reduction of the S2Or e -  
ion (6) while the second transi t ion t ime (T2 c) must  
correspond to the reduct ion of the product formed in 
the first reduction, namely,  the product  from the 
$207 ~- reduction. This second conclusion is drawn 
because no other species in the melt  has a concen- 
t rat ion high enough to account otherwise for the ob- 
served long t ransi t ion t ime (T2c). For example, the 
next  most abundan t  species besides $20~ ~- under  
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Fig. 3. Chronopotentiometry curve for Na2S04 in 02 -}- 1.0% 
(S02 -I- S08) gas at 900~ i = 8 mA/cm 2. 

the  expe r imen t a l  condit ions should  be dissolved O2 
(8),  and the ca lcula ted  dif fusivi ty  based on the 
t rans i t ion  t ime measured  f rom Fig. 3, assuming n ---- 4 
would be 0.35 cm2/sec, which is obviously  unreason-  
ab ly  high (6).  The appearance  of the second t r a n -  
s i t ion t ime was ne i the r  reproducib le  nor  wel l  de-  
fined. Therefore  on ly  the first t rans i t ion  reac t ion  is 
fu r the r  ana lyzed  he re  to e lucidate  the  react ion 
mechanism.  

Fo r  a revers ib le  reac t ion  involv ing  a soluble  spe-  
cies, the  poten t ia l  at  any  t ime t in a chronopotent io-  
g r am is given b y  the re la t ionship  (9) 

E : E~/4 - -  ( R T / n F )  in [ ( ~  --  t~) / t ' /2]  [1] 

where  Er/4 is the  q u a r t e r - w a v e  potent ia l  (Er/4 is 
.equivalent to E1/2 in cyclic v o l t a m m e t r y ) ,  ~ is the  
t rans i t ion  t ime, n is the n u m b e r  of electrons,  and 
R, T, and  F have thei r  convent iona l  e lec t rochemical  
meanings .  A plot  of the  potent ia l  E vs.  In [ ( ~  --  t ' /2)/  
t~ ]  gives a s t ra ight  l ine of s lope - - R T / n F .  The n u m -  
be r  of e lectrons involved  in the  reac t ion  can the re -  
fore  be obta ined  f rom the slope. Such a plot  for the  
first fo rward  reduct ion  wave  of Fig. 3 is given in Fig. 
4. The s lope ob ta ined  f rom Fig. 4 has a va lue  of 0.109 
which is ve ry  close to the  theore t ica l  value  of 0.101 for 
a react ion wi th  n = 1. Therefore  the  number  of 
electrons is un i ty  fo~ the reduc t ion  of $2072-. For  a 
s imple  e lec t rochemica l  react ion,  the  va lue  of { ~  
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Fig. 4. Plot of chronopotentiometrlc data according to Eq. [ ! ]  

should be independen t  of the appl ied  cur ren t  (9). 
However ,  a p lot  of iT 1/~ vs .  { for the  first reduct ion  
react ion in pure  NasSO4 shows a decrease in ir~', 
wi th  increas ing { (Fig. 5). This signifies tha t  the 
e lec t rochemical  i 'eaction (e) has a preceding  homo-  
geneous chemical  react ion (c) ;  thus the  first r educ -  
t ion obeys  a c e  mechan i sm (9).  An  a-c  impedance  
complex  plot  for  pu re  NasSO4 mel ts  as a funct ion of 
SOs pressure  is shown in Fig. 6. The curve for  pure  
02 (Fig. 6) shows a s low elect ron exchange react ion.  
But  as the  amount  of SOs in 02 increases,  and the re -  
fore  SO~ increases accordingly,  the ra te  of charge 
t ransfe r  increases as depic ted  f rom the reduct ion  in 
the radius  of the semicircle  at  h igh frequencies  
(10) in Fig. 6. 

According  to Smi th  (11), a plot  of cot  r vs. ~ 
(~ = phase angle,  ~ = f requency)  can be used for 
mechanis t ic  diagnosis. For  example  a t  low f requen-  
cies, if the chemical  react ion is in equi l ibr ium,  then 
an e lec t rochemical  react ion coupled wi th  e i ther  a 
preceding  f i r s t -o rder  chemical  react ion (ce) or  a 
fol lowing f i r s t -order  chemical  react ion (ec) wi l l  show 
a m a x i m u m  in a plot  of cot .,~ vs.  ~'/2, while  a ca ta ly t ic  
react ion (ec') wi l l  give cot r -> cc as ,~ --> 0 where  c' is 
the  cata lyt ic  reaction.  At  high frequencies,  a l l  the 
plots of cot ~ vs.  ,~'/2 for ce, ec, and ec' mechanisms 
wil l  show a s t ra igh t  l ine which  is de t e rmined  by  
cha rge - t r ans fe r  kinetics.  

But if the e lect rochemical  reac t ion  is in equi l ib-  
r ium at low frequencies,  which is the case for the 
react ion of SO~ in NaeSO4 (6), the react ion becomes 
diffusion controlled.  Then the plots  of cot ~, vs.  ~,~ 
for  e, ec, ce, and ec' mechanisms would  resemble  those 
shown in Fig. 7 for a finite diffusion layer .  Al though 
a-c  impedance  data  do not unequivoca l ly  reveal  the 
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Fig. 5. Dependence o f /T  1/2 on current for pure Na2SO4, 02 -t- 
1.0% (SO2 -~ SO8) at 900~ 
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Fig. 7. Frequency dependence of phase angle of Na.2SO4 in 
different Ps02 atmospheres. 

exact  reac t ion  mechanism for the SO3 react ion in 
Na2SO4, they  are  not  inconsistent  wi th  the conclu-  
s ion f rom the chronopoten t iomet ry  exper iment .  Based 
on these inferences for  a c e  mechanism and the r e -  
sul t  that  n = 1, the fol lowing react ion scheme for the 
SO3 reduct ion react ion is proposed.  

ks 
SO8 + SO42- ~- $9.O~- c [2] 

kb 

S~0~2-  + e -  : S 0 4  ~ -  + S 0 8 -  e [3] 

fol lowed by  the chemical  combinat ion  react ion 

SOs- + SO~- : S~062- [4] 

or  fol lowed by  a fu r the r  e lect rochemical  react ion 

SO8-  + e -  : SOa 2 -  [5 ]  

Since the species 82062- and SO32- may  not be s table  
under  the  expe r imen ta l  condit ions (acidic me l t ) ,  
fu r the r  chemical  react ions would  p robab ly  take  place 
to form SOu, O 2-,  0 2 - ,  etc., e.g. 

$2082- --> 2802 -F 0~, 2 -  [4a] 
or 

SO~2- --> SO~ + O 2- [5a] 

React ion [5] could correspond to the second t rans i -  
t ion reac t ion  observed in the chronopotent iogram;  
the ins tabi l i ty  of SOs -  may  expla in  why  the second 
t rans i t ion  is not  reproducible .  React ion [4] must  be 
very  slow; otherwise  a cec mechanism would be ob-  
served ins tead of a c e  mechanism.  Shores and Fang  
(6) proposed the fol lowing cathodic  react ion of SOs 
based on the l imi t ing  cathodic  current  dens i ty  ob-  
served in polar iza t ion  exper iments  

8 2 0 7 2 .  -~- 8 e -  : S 0 4 2 -  -~  S 2 -  -J(- 3 0 2 -  [6]  

These reduct ion products  were  suggested wi thout  
expe r imen ta l  substant ia t ion,  and appa ren t ly  Eq. [6] 
is not  correct .  The present  chronopoten t iomet ry  re -  
sul ts  es tabl ish the n va lue  as one for  82072- reac t ion  
according to reac t ion  [3]. Wrench  and Inman  (12) 
s tudied the  dissociation of Na2SO4 in a NaC1-KC1 mel t  
at  750~ by  adding  a ve ry  s t rong acid (e.g., NaPOa) 
to the melt ,  and proposed  an e lec t rochemical  reac-  
t ion scheme for SOa s imi la r  to react ion [3]. 

React ion ra te  constants of ks and kb in reac t ion  
[2] can be ca lcula ted  f rom Fig. 5. by  using the fol-  
lowing equat ion der ived  by  De lahay  and Berzins 
(13) 

1 
i'r - -  - -  nFACb ~/gD 

2 

, (  ~ 
2K kf ~c kb erf [ (kf-}- kb)~] z/. [71 

where  K = kf/kb, err  [ ] the  e r ro r  function, A the 
e lect rode area, and C b is the bu lk  concentrat ion.  

A t  low currents ,  Eq. [7] reduces  to the fol lowing 
fo rm 

ir'l, = - -  nFACb~/Jd : )2  --  --2K ~ k s  [81 

A plot  of i~'/2 vs. i gives a s t ra igh t  l ine and the  va lue  
1 ( ~ ) 1/' 

is r ead i ly  ob ta inab le  f rom the 
of 2K kf -~ kb 
slope. At  high currents ,  Eq. [7] can be wr i t t en  as 
follows 

nFA  Cb ~/~--ff 
il:Y= = [9]  

2 ( l  + l / K )  

Equat ion [9] indicates that  the  produc t  i~v= is i nde -  
pendent  of the cur ren t  at h igh  currents .  K can be 
r ead i ly  calcula ted f rom Eq. [9] if the l imi t  of ir ~/g is 
observed in the  exper iment .  F igure  5 shows a reason-  
ab ly  s t ra ight  l ine at low currents  and a l imit ing va lue  
for iT1/~ .at high currents;  ks, kb, and K were  obta ined  
by  this method and have the fol lowing values:  ks = 
2.72 • 10 -2 sec -1, kb : 8.36 • 10 -8 sec -1, and K • 
3.26. 

The diffusion coefficient for  S~O~-  in Na2SO4 can 
be obta ined f rom an ex t rapo la t ion  to i - -  0 in Fig. 5 
according to Eq. [7] 

(/o-d/=) - -  1/~. (nV=FAnCbD~/=) [10] 
l->0 

where  io is the  cur ren t  density,  and  D is the  diffusion 
coefficient. The diffusion coefficient was ca lcula ted  
to be 2.67 • 10-4 cm2/sec, which seems ra the r  high 
compared  to that  for ions in mol ten  salts.  However  
Wrench  and Inman  (12) have  obta ined  a s imi la r  
diffusion coefficient for  SO~ in a NaC1-KC1 mel t  
at  750~ 

Oxide ion reduction and reaction of its re la ted  spe- 
cies.--The re dox reac t ion  of the  oxide ion and its 
r e la ted  species was s tudied by  adding  known amounts  
of Na20~ to Na2:O4 fol lowed by  cyclic vo l t ammet ry  
and chronopoten t iomet ry  exper iments .  F igure  8 shows 
the cyclic vo l t ammogram for Na~SO4 containing 5 
m/o  Na202. One pair  of peaks  (A1, A2) is observed 
which represents  a redox react ion involv ing  the pe r -  
oxide ion ( 0 2 - )  as exp la ined  later .  

In  the chronopoten t iomet ry  s tudy,  no t rans i t ion  
t ime was found for an ini t ia l  anodic appl ied  current .  
However ,  one t rans i t ion  t ime was found for  the ca th-  
odic current ,  and subsequent  cur rent  reversa ls  gave 
two dis t inct  t ransi t ions  as shown in Fig. 9. Table  I lists 
a l l  the possible  reduct ion react ions among the species 
O2-,  O~ 2-,  and 0 2 - .  React ions involving O3 and O 
reduct ion are ru led  out  because no redox  peaks  in  
cyclic vo l t ammet ry  and no t rans i t ion  t imes in chrono-  
po ten t iomet ry  were  found for pure  Na2SO4 in an O2 
gas environment .  F u r t h e r m o r e  the chemical  decom- 
posi t ion of Na202 to form O 2-  according to O~ 2-  = 
0 2 -  -t- 1/202 could not go to complet ion;  o therwise  no 
reduct ion  t rans i t ion  would be observed  in a Na2SO4 

I o 2 0 1  i i i i i i [ i 

/ 

r~ I ~,AI J 
-IO 'A2 ~ 

le _201 I I I I I I I I 
-I.8 - I .6 - I .4 -I.2 -I.0 -0.8 -0.6 -0.4 -0.2 0 

E, Vo l i s  

Fig. 8. Cyclic voltammogram for 5 m/o Na~O:s in No,~SO4, scan 
rate ~ 1.0 V/sec, air atmosphere, 900~ 
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Fig. 9. Chronopotentiometry curve for Na2S04 + 5 m/o Na202, 
i = 0.2 A/cm ~, air atmosphere, 900~ 

melt  containing Na202, because 0 2 -  could not be re-  
duced further.  

To assist in de te rmin ing  the reduct ion reaction 
mechanism for the oxygen species, an n value for the 
cathodic reduct ion reaction observed in  a chronopo- 
tent iogram is obtained from the slope in a plot of 
E vs. In [(z'/~ -- t'/,)/t'/~] according to Eq. [1] as 
shown in Fig. 10. A slope of 80 mV is obtained for 
the cathodic react ion which is in  good agreement  
with theoretical  value of 33 mV for n = 3. How- 
ever, in  other runs,  n = 4 (for 24 mV~) was also ob- 
tained; therefore the n value for the cathodic re-  
duction reaction can be either 3 or 4. This may  be 
caused by a competi t ion be tween  reactions n = 3 and 
n = 4. The potent ia l - t ime relationship (14) for the 
reverse port ion of the chronopotent iometry curve is 
described by  the equation 

E : ET/4 Jr -~-In -- 1 [Ii] 

where t ' is the time after current  reversal.  A plot of 
E vs. the logari thmic term in Eq. [11] should yield 
a straight l ine whose slope is RT/nF .  However, the 
values of the bracketed term in Eq. [11] for the data 
presented in Fig. 9 are mostly negative, so that  no in -  
formation can be obtained. However, if the forward 
cur ren t  was held for a sufficient t ime to let the po- 
tential  reach a steady value before the current  was 
reversed, Eq. [1] should be applicable because the 
cathodic reaction is brought  to completion before the 
reversal;  in  fact, a l inear  fit to Eq. [1] is observed as 
shown in Fig. 10 for the anodic waves. 

The first reverse wave has a slope of 49 mV which 
is close to the theoretical value of 51 mV for n : 2. 
The second wave shows a slope of 77 mV which is in 
fair agreement  with the theoretical value of 101 mV 
f o r n  = 1. 

Based <m these n values and the reactions listed in 
Table I, two reaction pathways can be postulated: (i) 
a consecutive reoxidation of the products for the r e -  

duction reaction with n = 3 

O~2- + O~ = 2 0 ~ -  Chemical equi l ibr ium [12] 

0 2 -  + 3e -  = 2 0 2 -  E~/4 ---- --1.39V red 'n  [13] 

2 O 2 -  = O~ 2- Jr 2e -  Ev/4 ---- --1.35V oxid 'n  1 [14] 

022- = 0 2 -  + e -  E~/4 -- --1.22V oxid 'n 2 [15] 

Table I. Possible reduction reactions of oxygen and 
its related species 

( a )  O F -  + 2 e -  = 2 0  -~- 
( b )  O~.- + 3e- = 20 ~- 
(c) O~- + e- = O~ 2- 
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In \ t - ]~ ) (  v l / 2 - t l / 2  

Fig. 10. Semilogarithmic plot of chronopotentiometric data ac- 
cording to Eq. [ | ] .  

(ii) paral lel  reoxidation reactions for the products 
from the reduct ion reaction with n = 4 

022.  + 02 = 2 0 2 -  Chemical equi l ibr ium [12] 

2 0 2 -  Jr 4e-  = 2 0 2 -  + O 2 2 -  

E~/4 = -- 1.39V red 'n  [16] 

2 0 2 -  _-- O22- Jr 2e -  E~/4 -- -- 1.35V oxid 'n 1 [17] 

O~."- -- 0 2 -  + e -  Er/4 = --1.22V oxid 'n 2 [18] 

where E~/4 are the quar te r -wave  potentials  whose 
values were obtained from the intercepts in  the plot 
of E vs. In [(T' /2--t ' /2)/ tw] given as Fig. 10. The 
quar te r -wave  potent ial  for reaction [13] and reac- 
t ion 216] is --1.39V, which is close to the value of 
--1.37 obtained from the cyclic vo l tammet ry  result  
shown in Fig. 8. 

The mechanisms proposed above show that  super-  
oxide ions ( 02 - )  are reduced in the Na2SO4 melt. 
This disagrees with the previous assumptions that  
when adding Na202 to a Na2SO4 melt  the decomposi- 
tion of Na202 to form 0 2 -  and 02 proceeds to comple- 
t ion (24). In  that case, no cathodic t ransi t ion should 
be observed because 0 2 -  could not be reduced further.  
No previous similar  s tudy for the reduction of oxy- 
gen-rela ted species in sulfate melts is available for 
comparison; however numerous  studies have reported 
0 2 -  and /o r  022- ions in alkali  halide (15-19) and 
ni t ra te  melts (20-22). 

Sul fa te  oxidation reac t ion . - -A  typical cyclic volt-  
ammogram for a pure Na2SO4 melt  is shown in Fig. 
11. The anodic reaction has a prewave (A1) before the 
current  rises rapidly. This prewave which is very 
insensit ive to the gas env i ronment  above the mel t  can 
probably be a t t r ibuted to the formation of sulfite 
ions ($50162- and $60192-). This is supported by the 
x - r ay  analysis (Table II) of the frozen melt  deposited 
on the p la t inum foil which has been held at the poten-  
tial of 1.52V with respect to the Ag/Ag + reference 
electrode for 3 min. The p la t inum foil electrode was 
wi thdrawn from the melt  with the potential  ma in-  
rained at 1.52V. l~asPtO6 was also found in  the 
deposit. The evolution of a couple ppm to several h u n -  
dred ppm SO~ gas (depending on applied current)  
was detected by the electrodes of Ag/Ag + (mull i te  
electrolyte) and 02 (stabilized zirconia electrolyte) 
suspended just  above the melt. A second oxidation 
peak could not  be  observed in the cyclic vol tammo-  
gram in Fig. 11 because 2.0V was the upper  voltage 
l imit  obtainable for the equipment  used in this study. 
But the large oxidation cur ren t  above 2V must  re-  
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25c ~ ~ , L ~ ~ i i k . provides evidence for reaction [25]. In  addition, the 
x - r ay  analyses revealed that  sulfites and peroxide 

2~ ions are also formed as the products from the oxida- 
tion of sulfate ions. 

,~ Su l fa t e  reduc t ion  reac t ion . - -The  cyclic vol tammo- 
gram shown in  Fig. ,11 indicates that a reduction re- 

~o~ action must  take place at a potential  more negative 
~ than --1.JV (again, the peak could not be observed 
H due to equipment  l imita t ion) .  This reaction must  in -  

5c A, valve the reduction of sulfate ions because of the 
extremely large current  for E < --2.0V. However, the 
conjugate anodic peak A2 (Fig. 11) indicates some re-  
versibi l i ty for the sulfate reduction reaction. X- ray  

.~ analysis (Table II) supports either of the following 
reactions for sulfate reduct ion 

.,5~ 5 _zlo I I I I I I I I 
-. -,s -~.o -o5 o 0.5 ~o . . . .  o ~.5 8 0 4 2 -  + 4 e -  = 8 2 -  + 2 0 2 3 .  [ 2 7 ]  

E,Volts 

Fig. 11. Cyclic voltammetry for Na2S04 in 02 4- 0.1% ($02 + 0 2  + 2 e -  = 022-  [28] 
S02) atmosphere at 900~ and 

Pt  4+ + 282- = PtS [29] 

sul t  from SO42- oxidation because no other  species in The Pt  4+ ion becomes stable in a high oxidizing 
the melt  under  the experimental  conditions could and acid melt  at high positive potentials. 
provide such large currents.  There have been several studies of the reduction 

In  view of the cyclic voltammetry,  x - ray  diffraction, reactions in sulfate melts. Liu (3) found sulfite and 
and the detection of SO2, the following parallel  oxi- sulfide but  little or no su l fur  in the cathode com- 
da t ionreac t ions  for sulfate ions are proposed par tment  of a Li2SO4-KsSO4 melt  electrolyzed be-  

8 0 4 2 -  ----- 8 0 3  ~- ~2 0'2 4- 2e-  [19] tween p la t inum electrodes at 625~ Johnson and Lait i-  
nen  (4) reported that  a eutectic LizSO4-NasSO4-KsSO4 

58042- _-- 850162- + 2 O2 + 4- 6e-  [20] melt  at 550~ formed either sulfur or a metallic sulfide. 
128042- ---- 2.880192- 4- 5 O3-- 4- 15e- [21] The present  results show that  at E = --2.0V with respect 

to a Ag/Ag+ reference .electrode, the products re-  
2 0 2 -  ---- O3- 4- 3e-  [22] sul t ing from the cathodic reduction of sulfate ions are 

sulfide and peroxide with no sulfur  or sulfite forma- 
and a Pt  or PtO3 dissolution reaction tion; this agrees par t ia l ly  with the previous results 

Pt  4- 8 O~- ---- PtO6 s -  4- 5 O3 [23] from Liu and from Johnson and Laitinen. Obviously 
differences between these results can be caused by the 

PtO2 4- 4 0 2 - - -  PtO6 s -  [24] different potentials, temperatures,  and compositions 
used in the electrolysis experiments.  

Based on the x - r ay  analyses (Table II) and the re-  
sults for oxygen-re la ted  species described in  the pre-  Conclusions 
vious section, the formation of 0 2 -  is favored. Re- 
actions [19], [20], and [21] are highly irreversible and In a pure  Na2SO4 melt, a var ie ty  of electrochemical 
no corresponding cathodic peaks are observed in the reactions can take place. The extent  to which a 

par t icular  reaction can occur depends on the gas corn- 
cyclic vol tammogram (Fig. 11). position, the electrode potential,  the electrode mate-  

There is very li t t le informat ion on the l imit ing an-  
odic reaction in sulfate melts. As ment ioned earlier, rial, and the salt thickness. 
Johnson and Lai t inen (4) studied the electrolysis of In  atmospheres containing 803 and S03, the pr i -  
the melt  Li2SO4-Na2SO4-K2S04, by determining the mary  electrochemical reactions involving gas species 
potential  and current  characteristics on p la t inum mi-  at an immersed p la t inum electrode are the reduct ion 
croelectrodes in an argon atmosphere. Without anal -  of pyrosulfate ions according to: $ 2 0 ~ -  4- e -  -- 
ysis o,f the anode products, the following sulfate oxi- 8042- 4- SO3- followed by a chemical combinat ion 

reaction, or else by a fur ther  electrochemical reaction. 
dation reaction was proposed Besides the pyrosulfate reduction reaction, a reduc-  

S O 4 2 - =  SOz 4- 1/2 02-5  2e-  [25] tion reaction for dissolved oxygen could also occur, 
but  to a much lesser extent  because of the very  low 

Delimarskii  and Markov (23) studied the oxidation solubil i ty for oxygen in Na~SO4 (8). At equi l ibr ium 
of the sulfate ion in a fused NaC1 4- KC1 melt  by with an atmosphere containing 0.15% 802 in 02, about 
measuring the discharge potential.  The reaction for 37% of the cathodic l imit ing current  results from the 
sulfate ion discharge was given, again without  anal -  pyrosulfate reduct ion reaction and 13% from oxygen 
ysis of theproduct ,  as reduction (6). As the 802 concentrat ion of the gas 

8 0 4 2 - - =  SOB 4- 2e-  [26] phase is increased, the percentage of the reduct ion 
reaction contr ibuted by  oxygen is reduced. 

In  the present study, as shown earlier, Ag/Ag + and In  a basic NasSO4 melt,  such as the melt  in an 
O2 probes were used to detect any change of O2 and argon or oxygen atmosphere, or the melt  in the vicin-  
SO2 concentrat ions in the argon atmosphere above the ity of a cathodic reaction which generates O 2- ions, re-  
mel t  dur ing  the potentiostatic chronocoulometry ex- actions involving oxide ions or its related species can 
periment.  Results indicated that both SO2 and 02 in-  occur. Two different reduction reactions are possible 
creased upon the oxidat ion of sulfate ions, which when Na202 is added to Na2804 in an air  atmosphere:  

O2- 4- 3e-  _-- 2 0 2 -  or 2 O2- 4- 4e-  _-- 2 0 2 -  4- O2 2 - .  
Table II. X-ray diffraction analysis of deposits on Pt electrode U n d e r  v e r y  e x t r e m e  condi t ions,  e.g., u n d e r  a v e r y  

in pure Na~S04melt high anodic or cathodic overpotential ,  decomposi- 
tion of pure NasSO4 may occur. This is possible for 

Potential applied (3 rain) Compounds found highly reducing conditions for the corrosion of a 
reactive metal  covered by a deep melt. or where the 
salt may be trapped in the pore wi th in  the oxide 

1.52V Na~.gO4, NaO~, Na~O, Na~O~e, NasSeO~, NasPtOs 
-2.00V NaaSO~, Na~)2, Nasa, N a ~  �9 5H.-O, PtS, PtS2 scale and thereby decomposes. In  this case, sulfate ions 
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can decompose e lec t rochemica l ly  e i ther  anodica l ly  
to fo rm SO3, 02, O2- and sulfites or  ca thodica l ly  to 
form S 2-  and O22-. 

Overal l ,  in the corrosion of meta ls  benea th  a th in  
fused sul2ate film in ,a SO2-containing a tmosphere ,  
the  p r i m a r y  cathodic reduct ion  react ion at the s a l t /  
oxide  in ter face  should  be the  reduct ion  of pyrosu l fa te  
ions wi th  oxygen  reduct ion to a lesser extent ,  if  the  
oxide  scale is compact  and impervious  to the salt .  
However ,  if  the  oxide scale is porous or  has cracks, 
so tha t  the  salt  can pene t r a t e  to the metal ,  then  the 
reduct ion  of sulfa te  ions to form sulfide ions accord-  
ing to reac t ion  [27] could be possible.  The  sulfide 
ions can react  wi th  meta l  or meta l  oxide  to form meta l  
sulfide which  provides  r ap id  cat ion diffusion and ac-  
celerates  the ra te  of at tack.  The ra te  of  react ion [27] 
is ve ry  fast as indica ted  in the cyclic vo l t ammet ry  
expe r imen t  by  an ex t r eme ly  large  peak  cur ren t  for 
the reduci ton  of sulfa te  ions. As a result ,  corrosion 
could become catastrophic.  
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Structural Studies of Electroless Thin Ni-P Films Grown in an Alkaline 
Environment 

R. O. Cortijo and M. Schlesinger 
Department of Physics, University of Windsor, Windsor, Ontario, Canada NgB 3P4 

ABSTRACT 

A comparat ive study of the microstructure of electroless Ni-P thin films grown from an alkaline metallizing bath with 
different pH values was performed. Using radial  dis tr ibut ion function (RDF) analysis of electron diffraction patterns, it was 
concluded that the films differ mainly by the size of their component  crystallites. 

Chemica l ly  (e lect roless ly)  deposi ted n ickel  films are  
a b ina ry  sys tem of  n ickel  and phosphorous.  The ini -  
t ia l  s t ruc ture  of as -depos i ted  Ni -P  films is me ta -  
stable.  H e a t - t r e a t m e n t  wi l l  t r ans form it  to a more  
s tab le  two-phase  s ta te  of fcc n ickel  and  t e t ragona l  
Ni3P. This s ta te  of affairs is qui te  wel l  es tab l i shed  for 
n icke l  deposi ted f rom acidic meta l l iz ing  baths.  F i lms  
obta ined  using a lka l ine  solut ions in the  as -depos i ted  
s ta te  exhib i t  c rys t a l l i n i ty  depending  on the i r  phos-  
phorous  content .  This in turn  can be control led  b y  
va ry ing  the p H  of  the meta l l i z ing  solut ion (1). 

In  the  presen t  s tudy  we employ  e lec t ron mic ro-  
graphs,  e lec t ron  diffraction, and  reduced  rad ia l  d is-  
t r ibu t ion  curves to e luc ida te  the crys ta l l ine  s ta te  of 
as -depos i ted  a lka l ine  produced  Ni -P  films. I t  is con- 
c luded that  the  pH of  the  meta l l i z ing  ba th  (i.e., the  
phosphorous  content)  de te rmines  the crys ta l l i te  sizes, 
bu t  tha t  the crys ta l l i tes  a re  of the  same charac te r  r e -  
gardless  of size. 

Experimental 
Samples.--Thin e}ectrolessly deposi ted Ni -P  films 

were  the object  of the p resen t  s tudy.  The films were  
grown on F o r m v a r - c o a t e d  glass slides. The meta l l ized  
F o r m v a r  was floated off the  s l ide  and p laced  in  the  
sample  ho lder  of a JEOL Model JEM-100CX elect ron 
microscope. 

The sensi t izing and meta l l iz ing  procedures  were  as 
g iven in Ref. (1, 2). The pH was contro l led  by  adding  
NaOH to the  meta l l iz ing  bath.  F i lms  were  grown from 
the same solut ion with  different  pH values and the 
meta l l iz ing  ba th  t empe ra tu r e  was kep t  constant  at  
43~ 

The e lect ron microscope was opera ted  at  100 kV, 
and both e lec t romicrographs  and diffraction pa t te rns  
(focal length  of 236 ram) were  recorded pho tograph i -  
cally.  

In  al l  of these samples ,  care  was t aken  to have  the 
films examined  in the e lect ron microscope on the 
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same day they were grown. Also, the beam width and 
intensi ty were such that no heating effects were in -  
troduced, so one could view the films as being in the 
as-deposited state. 

Calculat ions.--The diffraction pat terns were scanned 
by a s tandard microdensi tometer  whose output  
was fed into an ADC of a PDP 11/03 minicom- 
puter. The computer stored the diffraction pat terns  
digitally in a fashion such that each diffraction graph 
consisted of 1024 points. Before embarking  on the 
derivat ion of radial  distr ibution functions, a number  
of corrections had to be made to account for sys- 
tematic errors. Those arise f rom (i) nonl inear  photo- 
graphic film response, (it) improper normalizat ion of 
the diffraction pattern,  (iii) t e rminat ion  effects, (iv) 
effects due to nonelast ic electron scattering. 

For a detailed discussion of these errors and pro- 
cedures to correct for them see Ref. (3). We have 
employed similar  correction methods in our work. 
This is discussed in detail in Ref. (4). 

Details of the derivation of the expressions for the 
radial distr ibution function may be found in several  
excellent  papers and review articles (5). Here we 
present the essentials. For a one-component  material,  
the observable elastic scattering function is given by 

I ( s )  = NI f ( s )  1 + s r ip ( r )  -- po] sin 2~srdr 

[1] 

where N is the n u m b e r  of scattering atoms, f(s) is 
the atomic scattering factor, p(r) is the atomic den-  
sity dis t r ibut ion function, po is the average atomic 
density and s is the scattering parameter  (s _-- 2 sin 0/ 
;~). Equation [1] can be rearranged to read 

s N ~ )  1 = 2 r ib ( r )  -- po] sin 2~srdr [2] 

The reduced interference function, i ( s )  is defined as 

[ I (s)  l ]  [3] 
i ( s )  = s NI f ( s )  

such that 

i (s)  = 2 o r [ p ( r ) - - p o ] s i n 2 ~ s r d r  [3a] 

which has the form of a Four ier  t ransform with the 
inversion formula 

r ip ( r )  -- po] = i (s )  sin 2~srds [4] 

Therefore, the reduced distr ibution function known 
a s  

G(r)  ---- 4~r[p(r) -- po] [5] 
i s  given by 

r ~  
G (r) = 8a , ) o  i (s)  s in  2~srds [6] 

and finally the radial  dis t r ibut ion function (RDF) 

RDF (r) = 4~rfp (r) _-- 4~rfpo 

f + 8~r i (s) sin 2~srds [7] 

It is the reduced RDF Eq. [6], G(r )  that we pre-  
sent  in the next  section. Clearly, it depicts the aver-  
age atomic dis tr ibut ion around a lattice atom as a 
function of r, the distance from that  atom. The first 
peak in such a curve, for in:stance, represents the 
average near  neighbor distance. In  a pure ly  crystal-  
l ine mater ial  this and subsequent  peaks are expected 
to be sharp and well  defined; otherwise, the peaks 
will possess a finite width and some might  appear to 

fuse together. The resolution in our G( r )  curves is 
0.13A, and only peaks closer than that  would ap-  
pear as one. In our G( r )  calculations, we used the 
"one component only" version. This is justified for 
films grown in metall izing baths of pH 9 and up. The 
reason for this is that the phosphorous content  of 
such films is less than two percent (6). In order to 
determine G( r )  for films grown in baths of pH lower 
than 9, a two-specie calculation has to be made. 

The computer software was developed in our lab-  
oratory and was based on existing algorithms for the 
performance of FFT, such as Sande-Tuckey (7). Typi-  
cally, the digitalization of one diffraction pat tern  takes 
1-2 min, and the production of the G( r )  curve takes 
an addit ional 60 sec. 

Results 
In Fig. 1, we present  a series of electron micro-  

graphs of thin Ni-P g r o w n a t  different pH values of 
the metall izing bath (from pH about 8 through pH 
about 12). Based on electron transmit t ivi ty,  we judge 
our films to have grown to about the same thickness 
each. We did not at tempt to determine their  thick- 
nesses in any accurate fashion, but  we estimated them 
to be about 500A. It can readi ly be seen from the 
figure that the higher the pH value, the larger and 
more sparsely distr ibuted on the surface the metal  
islands are. Figure 2 presents the microdensi tometer  
output  curves of the diffraction pat terns obtained 
from the films corresponding to Fig. 1. Note the 
sharpening and bet ter  resolution of the different peaks 
as one proceeds from lower to higher pH values. 
Figure 3 depicts the G( r )  curves for the films grown 
at pH 9.0 and 12.3. Note the relat ively well-resolved 
sharp peaks in all of these curves. 

Discussion 
The electron micrographs show the usual picture 

of a discontinuous film consisting of individual  islands. 
Those are presumably  the result  of Sn -Pd  nucleat ion 
centers present  on the surface (1) after activation 
and before metall izing started. In  our samples, the 
islands are almost touching, i.e., the films are near ly  
continuous. It  is noted that as the pH increases, the 
rate of deposition and with it the island sizes in -  
crease, and the islands are less densely distributed. 
Also in this connection, we observe that each film 
has a near ly  uni form island size. We at t r ibute these 
to the following. First, the effect of raising the pH 
on hypophosphite is to increase its reduct ion poten-  
tial (8), thus enhancing film growth rate. Second, it 
has been observed (8) that some time in the alkal ine 
metall izing bath is necessary before the mater ia l  
present  on the substrate after S n ( I I ) - P d ( I I )  sensi-  
t izat ion-act ivat ion is capable of catalyzing Cu plating. 
This is expected (also in our case) to result  in less 
active nucleat ion centers available the higher the 
pH, s imply because the t ime spent in the metall izing 
bath is shorter. 

The tentat ive models for the Ni -P  alloys grown in 
alkal ine env i ronment  (1) are those of a solid solu-  
t ion of phosphorous in crystal l ine fcc nickel s t ruc-  
ture. The smear ing out of the diffraction pat tern  
(Fig. 2) for lower pH values can be ini t ia l ly a t t r ib-  
uted to one or more of the following: (i) part ial  
crystallinity,  ( i i ) s m a l l  crystalli te size, (iii) in te rna l  
strains. 

It  is known (9) that  the ,size contr ibut ion to the 
width of the Bragg diffraction peak As is related to 
the crystallite size, D, normal  to the diffracting plane 
by the expression 

C 
as = - -  [8] 

D 

C is a quar~tity which depends on the Miller indexes 
of reflection and the shape of the crystallites. For iso- 



VoW. I30, No. 12 ELECTROLESS THIN N i - P  F ILMS 2343 

Fig. !. Transmission electronmicrographs of electrolessly de- 
posited nickel from an alkaline solution grown at different pH 
values: (a) pH ~ 12.3, (b) pH - -  10.8, (c) pH ----- 9.9, (d) pH 
9.0, (e) pH ~ 7.9. 

tropic crystallites, however, it is about  un i t  for all  
reflections. 

As the size of crystalli te decreases, a l l  peaks are 
expected to broaden equally. This is observed to be 
the case as one passes from the diffraction pa t te rn  
curves corresponding to pH 8 through pH 12 (see 
Fig. 2), The crystalli te sizes as determined from [8] 
vary  from about 10A for the former to 20A for the 
latter. This seems to be in  agreement  with previously 
made estimates (1, 10). This agreement  points to the 
fact that the broadening of peaks in the diffraction 

pat terns is probably  ent i re ly  due to effect (ii).  The 
G (r) curves presented in F~g. 3 lend fur ther  support  
to this l ine of thought. The curves represent  an fcc 
structure wi th  nearest  and next  to nearest,  etc. 
neighbor distances possessing values different from 
bulk, but  independent  of pH (see Table I) ; thus ru l ing  
out effects of strains, etc. A careful s tudy of the 
curves fur ther  showed that, at  least as far as the 
first ten peaks are concerned, their width is also 
near ly  pH independent .  This indicates that  while the 
crystal sizes change they are not  only  s t ra in  free, 
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Fig. 2. Electron diffraction pattern curves corresponding to the 

films shown in Fig. 1. 

but also that their degree of crystallinity does not 
vary. Because it is impossible to entirely correct for 
the systematic errors referred to in the Experimental 
section, one is unable to derive quantitative informa- 
tion from peaks above about the tenth. However, a 
general observation is possible. That is that within 
the crystallites there seems to exist a "long" range 
order of about 15A. The farther peaks tend to smear 
out, indicating, perhaps, the lack o f  longer range 
order, or that these distances represent points usually 
beyond a given crystallite. 
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Lithium Insertion in Wadsley-Roth Phases Based on Niobium Oxide 

R. J. Cava, D. W. Murphy, and S. M. Zahurak 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

We have found the Wadsley-Roth class of crystal lographic shear structures in chemical  systems based on Nb~O5 to un- 
dergo l i thium insertion reactions at ambient  temperature  to stoichiometries of 0.4 to 1.4 Li per  host  metal  on reaction with 
n-BuLl. For  the general case of structures with intersecting shear planes, minimal  structural  distort ion occurs on lithiation 
even for compounds  with the largest ReO3-1ike block sizes. We report  crystal-chemical data for 14 l i thium insertion com- 
pounds  of this type, and the behavior of selected host  compounds  mixed with carbon as the posit ive electrodes in small  
l i thium secondary test cells. 

Compounds which can r eve r s ib ly  incorpora te  l i th ium 
atoms into the i r  c rys ta l  s t ruc tures  a re  of in te res t  for  
use as posi t ive inser t ion electrodes in ambien t  t empera -  
ture  secondary  bat ter ies .  L i th ium inser t ion react ions 
of ReOs and vanad ium oxide based  c rys ta l lographic  
shear  s t ruc tures  der ived  f rom it  have been repor ted  
(1-3) .  The f r a m e w o r k  of the  ReO3 host  consists exc lu-  
s ively  of  co rne r - sha red  ReOs octahedra ,  which twist  
about  the i r  shared  corners  on l i th ium inser t ion to form 
LiReO3 and Li2ReO3 (4). This d is tor t ion in ReOs, which 
changes the oxygen  a r r a y  f rom one tha t  is 3/4 CCP to 
complete  HCP, seve re ly  impedes  the  l i th ium diffusion, 
and thus accounts for the s low kinet ics  and large  ac t i -  
vat ion energy  of the inser t ion reaction.  The c rys ta l -  
l og raph ica l ly  sheared  FeV~Os host s t ructure ,  however ,  
(of the  VOw(B) type)  is ex tens ive ly  edge shared,  
and the la rge  pe rovsk i t e - l ike  cavit ies do not  col lapse 
on Li inser t ion (5). Crys ta l lographic  shear  in t roduces  
edge shar ing  into the corner  shared  ReO3 f r a m e w o r k  
and stabi l izes  the host s t ruc tures  agains t  severe  d is tor -  
t ion on l i th ium inser t ion;  thus enhancing kinetics and 
reduc ing  hysteresis .  Whi le  minimiz ing  s t ruc tu ra l  d is-  
tor t ion dur ing  insert ion,  c rys ta l lograph ic  shear  also 
reduces the number  of ava i lab le  sites for l i thium, and 
hence the m a x i m u m  inser t ion capaci ty  of the com- 
pounds.  The p resen t  s tudy  was unde r t aken  to de te r -  
mine the min imum amount  of c rys ta l lograph ic  shear  
necessary to s tabi l ize  MO3-~, ReO3-1ike s t ructures  
agains t  such dis tor t ion on l i th ium insert ion,  so tha t  
both good diffusion rates  and  high capaci ty  might  be 
obtained.  The class of compounds known as Wads ley-  
Roth phases affords a large  number  of chemical ly  s im- 
i l a r  compounds wi th  different  types  and amounts  of 
c rys ta l lographic  shear .  We have found many  com- 
pounds of this class to undergo l i th ium inser t ion reac-  
tions, and  tha t  l i t t le  c rys ta l lograph ic  shear  is necessary  
to s tabi l ize the geomet ry  of the host  s t r u c t u r e  dur ing  
insert ion.  Resul ts  on tungsten vanad ium oxides  have 
been communica ted  (6). This pape r  describes the 
synthesis ,  character izat ion,  and crys ta l  chemis t ry  of the 
l i th ium inser ted  Wads l ey -Ro th  phases,  and  the i r  pe r -  
formance  in secondary  l i th ium ce]ls. 

Experimental 
Four t een  s t r uc tu r a l l y  or  chemical ly  dis t inct  Wads ley -  

Roth phases  were  synthes ized  in the  s to ichiometry  
range MO~.8-MO~.7. Powders  of the host  compounds 
were  p repa red  by  s t anda rd  so l id -s ta te  synthesis  t ech-  
niques as descr ibed in the l i t e ra tu re  (7-12) and in 
accordance wi th  the phase equi l ibr ia  diagrams.  They  
were  p r e p a r e d  in air, at  t empera tu re s  be tween  750 ~176 
1300~ in covered a lumina  crucibles,  wi th  the  excep-  
tion of the tungs ten  vanad ium oxides,  whose synthesis  
has been descr ibed e l sewhere  (6).  Nb~OTF was p r e -  
pa red  according to the procedure  of Andersson and 
Ast rom (8). The products  were  ca re fu l ly  charac te r ized  
dur ing  each step in the synthes is  by  powder  x - r a y  
diffraction, and al l  compounds were  single phase pow-  
ders  wi th  good c rys ta l l in i ty  before  they  were  used in 
the inser t ion reactions.  Heat ing  t imes were  genera l ly  
1-3 days,  wi th  I -2  in t e rmed ia t e  grindings.  

L i th ium w a s  inser ted  chemical ly  into the  Wads l ey -  
Roth  phases by  reac t ion  wi th  n - b u t y l l i t h i u m  in hexane.  
The act iv i ty  of l i th ium in n -BuLi  is about  1V less than  
l i th ium metal .  React ion mix tures  ~containing app rox i -  
ma te ly  250 mg of host ma te r i a l  and n-BuLl ,  10% excess 
of a IN solution, were  sealed in P y r e x  ampuls  under  
He and were  s t i r red  for  4 days  at  room tempera tu re .  
The amount  of l i th ium consumed in the react ions was 
de te rmined  by  ac id-base  t i t ra t ion  of the excess n-BuLi .  
In  the  case of Nb8OrF, react ions  were  also pe r fo rmed  
with  Li -benzophenone  (Li  ac t iv i ty  about  1.5V lower  
than  Li me ta l ) .  Del i th ia t ion  react ions  were  car r ied  out  
on the l i th ium inser t ion compounds wi th  iodine in ace-  
tonitr i le .  This reagent  chemical ly  mimics  po ten t iomet -  
ric charging  at  2.8V vs. Li /L i+ .  The quan t i ty  of iodine 
consumed in the del i th ia t ion  react ions  was de t e rmined  
b y  t i t ra t ion  of the excess wi th  a s t anda rd  thiosulfate  
solution. 

The l i t h ium- inse r t ed  Wads l ey -Ro th  phases were  
charac ter ized  by  powder  x - r a y  diffraction. Pa t t e rns  
were  recorded  be tween  5 ~ and 60 ~ 2e, at  l~  wi th  
CuK~ radiat ion.  The powder  pa t te rns  thus obta ined  are  
gene ra l ly  complex,  but  good fits to the observed  reflec- 
tions can be obta ined  in al l  cases for uni t  cells s imi lar  
to those of the un l i th ia ted  mater ia ls ,  wi th  the  except ion 
of L i - inse r ted  Nb3OTF. Observed peak  position~ for a l l  
samples  were  ca l ibra ted  agains t  an in te rna l  sil icon 
s tandard .  The the rmal  s tab i l i ty  of the inser ted  phases 
was de t e rmined  by  different ia l  scanning ca lor imetry .  
Samples  were  hea ted  at  10~ in sealed He-  
filled A1 capsules,  to m a x i m u m  t empera tu re s  of ap -  
p r o x i m a t e l y  625~ X - r a y  diffract ion pa t te rns  were  
also recorded  for  each compound af te r  the  iodine de-  
l i th ia t ion reaction,  and compared  to those of the or ig-  
inal  host  mate r ia l s  to check for i r revers ib le  s t ruc tu ra l  
changes due to the  l i th ium insert ion.  Smal l  e lec t ro-  
chemical  test  cells (13) were  fabr ica ted  using the host  
Wa ds l e y -Ro th  phases mixed  wi th  50 weight  percent  
(w/o)  g raph i te  as posi t ive electrodes,  wi th  Li meta l  

negat ive  electrodes and 1M LiC104/PC electrolyte .  

Results 
Wads ley -Ro th  phases (14) gene ra l ly  occur  at  s to i -  

chiometr ies  be tween  MO3 and MO2, and  are  bui l t  p r i -  
ma r i l y  of edge-  and co rne r - sha red  MO6 octahedra .  As 
the s to ichiometry  is va r i ed  f rom MO3 to MO2, the  com- 
ponent  oc tahedra  cannot  exc lus ive ly  share  corners,  and 
an increas ing n u m b e r  of edge - sha red  oc tahedra  are  
int roduced.  Compounds wi th in  that  s to ich iomet ry  
range  mix  corner -  and edge - sha red  oc tahedra  and st i l l  
d i sp lay  o p e n - t u n n e l - l i k e  regions in the i r  s t ructures ,  
gene ra l ly  bound by  regions of extens ive  edge sharing.  
S t ruc tu res  are  bui l t  of n • rn • ~ ReO~-type blocks 
(where  n and m are  the  length  and width  of the  blocks, 
respect ively,  in numbers  of oc tahedra)  jo ined to ad-  
j acen t  blocks e i ther  th rough  edge shar ing or  a com- 
b ina t ion  of edge shar ing  and t e t r ahed ra l l y  coordinated  
meta l  a toms at  the block corners.  Stoichiometr ies  are  
descr ibed by  the fo rmula  IVInmp§ 
where  p is the number  of  blocks at the same level  
jo ined  b y  edge sharing.  S t ruc tu res  wi th  n and m b e -  
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tween 2 and 5 and some n • ~ • ~c have been ob- 
served, and more than one type of block may  be pres-  
ent. Wadsley-Roth  phases occur extens ive ly  in the 
chemical  systems NbuOs-WOs, Nb20~-NbO~, NbuO~- 
TiO2, and NbsOs-NbO~F. Smal l  differences in stoichi- 
omet ry  result  in different  amounts  of  edge sharing; 
and many  distinct, but  similar, crystal  s t ructures  are 
observed. Different crystal lographic phases at the same 
s toichiometry can be formed through differences in 
chemical  and /o r  thermal  synthesis conditions. Figure  1 
presents the s tructures of ReO~ and H-Nb~O~ for com- 
parison. The H-Nb~O~ s t ructure  contains both 3 • 4 • 
~o and 3 • 5 • ~ ReO~-type blocks, joined to each 
other  both through edge sharing octahedra along their  
perimeters,  and corner  sharing involving MO4 te t ra-  
hedra. 

We have invest igated l i th ium insert ion reactions in 
Wadsley-Roth phases based on compounds of niobium 
oxide with  oxides of t i tanium, vanadium, tungsten, 
germanium,  and l i thium; and tungsten vanadium ox-  
ides. The s t ructura l  and chemical  characterist ics of 
these compounds are summarized in Table I. For  the 
sake of discussion, compounds are distinguished by 
chemistry,  stoichiometry,  block size, and characterist ic 
block joining. The la t ter  is the manner  in which blocks 
at the same level  are joined. Distinctions are: T - - t e t r a -  
hedral  meta l  at block corner, E - - edge  shar ing at block 
corner, and M - - m i x t u r e  of both. The two entries "H" 
and "N" Nb20~ are different crystal  s t ructures  of 
Nb205, the la t ter  apparent ly  stabilized by very  small  
quanti t ies  of fluorine (8). The N-Nb~O5 structure  can 
also be stabilized by small  amounts of l i th ium (7) and 
we have synthesized it at the composit ion LiNbi~O~3. 
Details of  the nonstoichiometry are not known. The 
3 • ~ • ~ E- type  s t ructure  of Nb~O~F is s imilar  to 
that  of  VuOs, wi th  one ext ra  plane of MXs octahedra 
(10). The compounds VNb9Os~ and GeNb~sO~7 have 
been repor ted  to have the same 3 • 3 • ~ T- type  
s t ructure  (15), wi th  the details of the apparent  non-  
s to ichiometry  again  not known. The 3 • 3 • ~ T-  
type s t ructure  of VNbsOs~ is presented in Fig. 2. The 
known n X m • oo T structures wi th  n : m are s im- 
i lar  to this except  for the block size. The 3 • 3 • ~ E-  
type s t ructure  of  TiNbeO7 is also presented in Fig. 2. 
H-NbeO5 (Fig. 1) is an M- type  structure.  WV~Oz.5 has 
the M-Nb20~ s t ruc ture  (16). 

All  of  the niobium oxide based Wadsley-Roth  
phases reacted with  n -BuLl  to form insert ion com- 
pounds ranging f rom 0.4 to 1.4 Li per  transi t ion meta l  
in the host structure.  Compounds were  genera l ly  pure 
s ingle-phase  mater ia ls  by x - r a y  diffraction, wi th  the 
exception of Lil.~TiNb207 and Lis.~Ti2Nb1002.9, which 
both have  one peak in their  diffraction pat tern  near  

Table I. Wadsley-Roth phases investigated for Li insertion reactions 

Block size 
in number of 

Stoichiometry octahedra Type of  
Compound x in MO~, n x m x ~ block joining? 

H-Nb~O~ 2.500 3 x 4, 3 x 5 T 
N-NbsO~ 2.509 4 x 4 M 
LiNblsO~ 2.357* 4 x 4 M 
Nb~O~F 2.667 3 x r162 E 
VNb~O~ 2.500 3 • 3 T 
GeNblsO~ 2.4745 3 x 3 T 
TiNb~O~ 2.333 3 x 3 E 
Ti~NbloO~ 2.417 3 x 4 E 
TiNbs~O~ 2.480 3 x 4 M 
W N b ~ O ~  2.538 3 • 4 T 
W~Nbl,O~ 2.588 4 x 4 T 
WsNblsO~ 2.654 5 x 5 T 
WV~O~.~ 2.590 4 X 4 E 
Wo.2Vs.sO~ 2.333 3 X 3 E 

* LiNb~O~ is a lithium-stabilized N-NbsO~ structure. The de. 
tails of the lithium positions and the nonstoichiometry are un- 
known. It can be considered as an MOs.~ structure. 

GeNb~sO~ has the PNb~O,~ structure, as does VN-b~O~. The de- 
tails of the nonstoichlometry are presently unknown, and it also 
can be considered an MOs.~ structure. 

Adjacent n • m • oo blocks in these structures are shifted 
by V~ octahedron parallel to the ~ block direction and share 
edges at their border. The entries in this column distinguish how 
blocks at the same level are joined, which occurs at the corners 
of the blocks. They are either joined by the presence of a tetra- 
hedral niobium atom at the corner (T), the sharing of edges of 
several octahedra near the corner (E), or mixtures of both (M). 
In this classification scheme, VsO~ (R-Nb~O~) and VeO~ are 2 x 

• ~ E and 2 • 3 • ~ E structure types, respectively. 

Table II. Insertion compounds prepared by reaction of 
Wadsley-Roth phases with n-butyllithium 

Deconvpo- Equlv- 
sition alents 
temp, of I reac. 

Insertion Li/host ~ tion/host 
Host F.U./cell compound metal DSC * metal 

H-Nb~5 14 Lil ~Nb205 1.0 400,575 0.8 
N-NbsO5 16 Lh.~Nb20~ 0.9 350,575 0.8 
LiNb~O~ 2.42 LillLiNb~O~ 0.5 320,520 0.5 
Nb3OTF 2 Lii.6Nb307F 0.5 350 0.6 
VNbgO~ 2 Lill.4VNb~O~ 1.1 400 1.2 
GeNblsO~7 1 Liiv.oGeNbisO47 0.9 380,550 1.0 
TiNb~O7 6 Lii.2TiNb~O7 9.4 590 0.5 
Ti'~NbloO~ 4 Li~. ~Ti~NbioO2~ 0.5 380~590 0.3 
TiNb'~O~ 2 Liis.vTiNb~O~2 0.6 480,590 0.8 
WNb~O~ 2 Lilo.,WNb~Os~ 0.8 225,375 0.9 
WsNbi4044 2 Lii6.sWsNbi~O~ 1.0 225,400 0.9 
WsNthoOo3 2 Li~.oWsNblsO~9 0.9 225 1.0 
WV20~.~ 10.677 Li,,~WVeOv., 1.4 150 1.2 
Wo.sVs.sO7 6 Li~,6Wo.sVs.sOv 1.2 50 0.9 

* Temperatures obtained at heating rates of 10~ by DSC. 
Decomposition may occur in some cases by long-time heating at 
lower temperatures. 

? !5 MsOs formula units per cell 

Fig. 1. A) Corner-shared structure of Re03 represented by MO6 
octahedro. B) Crystallographic shear structure of H-Nb205. Shaded 
octahedra at same level. Solid circles ore tetrahedrally coordinated 
niobium atoms. 

22.2% of about 15% maximum intensity, which cannot 
be indexed by the unit cells of the hOSt or lithiated ma- 
terials. We do not know whether Lii.sNb3OTF is single 
phase, as we could not index the x-ray pattern. Minor 
side reactions may occur on lithiation which yield 
products such as Lifo which are not observable by 
x-ray diffraction. In all cases, delithiation reactions 
with iodine yielded materials having x-ray diffraction 
patterns identical to those of the starting materials, 
indicating that the reaction with lithium may be re- 
versed at room temperature. In Table If, we present 
the stoichiometry of the insertion compounds obtained 
by reaction with n-BuLl, the number of equivalents of 
iodine reacting with the insertion compounds, and the 
decomposition temperature(s) as determined by DSC. 
Note that  for Ti2NbloO~9, the s toichiometry of the io- 
dine reaction with  the insert ion compound is signifi- 
cant ly less than the s toichiometry of the n -BuLl  reac-  
tion. For W8NblsO69 and TiNb24062, where,  obviously, 
more Li cannot be removed than was inserted, some 
reaction of the host compound or side reaction product  
wi th  I2 may  be occurring. The "decomposi t ion" tern- 
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Fig. 2. Two examples of 3 X 3 X oo Wadsley-Roth phases. A) 
VNb~O~, circles are tetrahedrally coordinated metal atoms. B) 
TiNb207. Shaded octahedra at same level. 

pera tu res  r epor ted  by  DSC are  i r revers ib le  and exo-  
thermic  and m a y  be due to e i ther  s t ra in  relief,  as 
p rev ious ly  observed  for L i - inse r t ed  anatase  (17), or  a 
t rue  "decomposi t ion" via a t rans i t ion  to one or  more  
t he rmodynamica l ly  s table  phases.  We include these 
t empera tu re s  as a rough guide to the  t h e r m a l  s tab i l i ty  
range  of the  inser t ion compounds.  

Lat t ice  pa rame te r s  for the l i th ium inser t ion com- 
pounds  were  obt~ained by  leas t  squares fits to the pow-  
der  diffract ion pa t te rns  for  al l  mate r ia l s  except  
Li~.~Nb~OvF. The cell  pa rame te r s  are  compared  to those 
of the un l i th ia ted  host mate r ia l s  in Table  III. We can-  
not  d is t inguish subt le  differences in the space-group  
s y m m e t r y  via  the powder  x - r a y  diffraction method,  bu t  
no appa ren t  changes in the space -g roup-de r ived  sys te-  
mat ic  absences of the host mater ia l s  were  observed  on 
insert ion.  Table  IV presents  observed  and least  squares 

f it  calcula ted d values  for  the powder  pa t t e rns  f rom 
which the la t t ice  pa rame te r s  for the  l i t h ium- inse r t ed  
Wads ley -Ro th  phases have  been de termined.  We note 
tha t  for a large,  low s y m m e t r y  cell  such-as that  of N-  
niobia, the indexing  of eve ry  l ine on the powder  d ia-  
g ram is not  unambiguous,  even where,  as in the un-  
l i th ia ted  case, single c rys ta l  in tens i ty  da ta  has been 
employed  to assist the  indexing.  The re la t ive  intensi t ies  
of the  lines for the l i t h ium- inse r t ed  Wads l ey -Ro th  
phases are  s imi lar  to those repor ted  in the powder  
diffract ion file or  the l i t e ra tu re  for the host  mater ia ls .  
Due to the large  unit  cell  sizes, reflections o ther  than 
those included in the least  squares fits and in Table IV 
are  observed  for some of the compounds.  The powder  
pa t t e rn  for  LiL6Nb, OTF p repa red  b y  react ion of Nb8OTF 
wi th  Li -benzophenone  is p resented  in Table  V. Powder  
pa t te rns  for Li3.sVV'u and Li.3.vW0.2V2.sO7 have 
been presented  e lsewhere  (6). 

Stoichiometr ies  observed in e lec t rochemical  cells are  
gene ra l ly  in good agreement  wi th  those obta ined  
chemical ly .  Only half  the expected  capac i ty  was ob-  
served  for H-Nb~O~, whereas  the capaci ty  was double  
the chemical  value  for TiNb~O~. The low capaci ty  of 
H-Nb205 may  resul t  f rom the fact tha t  cells were  
only d ischarged to 1.4V vs. l i th ium because of i r r e v e r -  
sible react ion with  carbon at lower  potent ials ,  whereas  
n -BuLi  is more reducing ( ~ I V  vs. l i th ium) .  The h igher  
s to ichiometr ies  in cells for TiNb~O~ and TieNbxoO29 
may  resul t  f rom a blockage of  inser t ion because of a 
small  amount  of second phase formed in the n -BuLi  
reaction.  

The shape of the d i scharge-charge  curves of the cells 
reveals  some differing behavior .  V i r tua l ly  all  of the 
mater ia l s  showed a sharp,  mul t i s t epped  drop  in vol tage 
dur ing  the first 20-30% of discharge fol lowed by  a 
nea r ly  constant  plateau.  Severa l  compounds showed 
good revers ib i l i ty  of this curve on charge. The curves 
for H-NbeO~ are  shown in Fig. 3. The difference be-  
tween  the charge and discharge curves  increases on 
cycling, indica t ing  an increas ing cell  resistance,  which 
i s  l ike ly  responsible  for the fade in capaci ty  on cycling. 

Table III. Crystallographic unit cell parameters for lithium insertion compounds compared to host compounds 

Compound a b c ~ Volume (A s) Symmetry 

H-NbsO5 21.08 3.823 19.38 119.80 1351.8 Mon. 
L i l . g N b ~  20.78 (1) 4.139 (2) 19.150 (8) 119.62 (3) 1431.8 
Change ( % ) -- 1.4 + 8.3 - 0.90 + 6.9 
N-NbsO5 28.51 3.830 17.48 120.80 1639.5 Mort. 
Lil.TNbsO~ 28.49 ( 2 ) 4.106 (2) 17.47 (2) 125.55 (10) 1662.7 
Change (%) - 0.07 + 7.2 - 0.05 + 1.4 
LiNb~O~ 28.511 3.831 17.544 125.22 1565.5 Men. 
Lil~LiNb~Oa~ 28.51 ( 2 ) 4.115 ( 2 ) 17.47 ( 2 ) 125.40 ( 8 ) 1670.7 
Change ( % ) O.0 + 7.4 -- 0.42 + 6.7 
VNbgO~ 15.72 3.821 944.24 Tet.  
Lin.4VNbgO~ 15.54~(1) 4.207 (3) 1016.0 
Change (%) --1.1 +10.1 +7.6 
GeNbzsO4~ 15.70 3.817 940.85 Tet.  
Lil~GeNb~sO41 15.570 ( 8 ) 4.180 ( 2 ) 1013.3 
Change (%) - 0.83 + 9.5 + 7.7 
TiNb20~ 11.93 3.81 20.44 120.17 803.21 Men. 
Li~. 2TiNbsO7 11.96 ( 1 ) 3.935 ( 5 ) 20.61 ( 2 ) 120.90 ( 8 ) 832.29 
Change (%) +0.25 +3.2 +0.83 +3.6 
Ti~NbloO2~ 28.50 3.805 20.51 2224.2 Orth. 
Lie.~TiaNbloO~9 28.31 (4) 4.0~1 (4) 20.69 (2) 2361.1 
Change (%) - 0.67 + 5.9 + 0.88 + 6.2 
TiNb~40~ 29.78 3.821 21.12 94,90 2394.4 Mon. 
Lhs. ~TiNb~40~ 29.51 ( 4 ) 4.103 ( 4 ) 20.94 ( 2 ) 94.77 ( 18 ) 2526.6 
Change (%) - 0.91 + 7.4 - 0.85 + 5.6 
WN'b~Om, 22.37 3.825 17.87 123.60 1273.6 Men. 
Lho. ~WNb~O3a 21.98 ( 3 ) 4.140 ( 3 ) 17.51 ( 2 ) 123.06 ( 6 ) 1336.4 
Change (%) --1.7 +8.2 --2.0 +4.9 
W~rb1404, 21.02 3.824 1689.6 Tet.  
Li~e.sW~,Nb14044 20.894 ( 7 ) 4.112 ( 4 ) 1795.1 
Change (%) -0 .60  +7.5 +6.2 
WsNb~sO~ 26.270 3.814 2632.1 Tet.  
Li~WsNbmOe~ 26.354 ( 7 ) 4.046 ( 2 ) 2810.1 
Change (%) + 0.32 + 6.1 + 6.8 
WV~OT.5 19.50 3.70 1406.9 Tet.  
Li3.sWV20~.~ 20.016 (6) 4.069 (4) 1626.2 
Change ( % ) + 2.6 + 9.7 + 16.6 
Wo.2Vs.sO~ 14.01 3.72 730.2 Tet.  
Lb. TWo. ~V~. 807 14.414 ( 6 ) 4.049 ( 3 ) 841.2 
Change (%) + 2.9 + 8.8 + 15.2 
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Table IV. Observed and calculated d values for lithlum--inserted Wadsley-Roth phases corresponding to lattice parameters 
in Table III 

Lh..N'b~O~ (H)  Lh.TNb~O~ (N)  

h k t d ca lc  d o b s  I/Io I~ k ~ d ca lc  d o b s  Ilia 

2 0 
1 0 
2 0 
O 0 
2 0 
1 O 
4 0 
4 0 
1 0 
1 1 
1 0 
3 1 
8 0 
5 0 
5 1 
5 1 
2 1 
4 1 
7 0 
6 1 
0 2 

- 1 0  0 
- 2  0 

- 1 10.372 10,390 40 0 0 1 14.214 14.247 20 
- 2 9.568 9.581 10 - 2 0 1 13.689 13.810 10 

0 9.030 9.071 25 O 0 2 7.107 7.103 20 
2 8.324 8.337 10 - 4 0 1 6.965 6.981 15 
1 6.675 6.676 5 - 6 0 2 4.743 4.745 100 

--3 6.240 6.232 40 1 1 0 4.043 4.Gt54 65 
--2 5.186 5.182 10 --3 1 1 3.768 3.774 15 
-- 1 5.030 5.036 95 0 0 4 3.565 3.558 95 
- 4  4.591 5.582 95 - 8 0 3 3.558 3.555 
- 1 4.024 4.020 100 - 7 1 2 2.875 2.880 50 
-- 5 3.608 3.605 90 -- 7 1 3 2.875 2.880 
- 1 3.542 3.540 20 - 10 0 4 2.838 2.633 20 
- 5 3.437 3.432 90 7 1 1 2.355 2.355 49 
- 6 3.044 3.046 20 - 7 1 6 2.354 2.355 
- 2 2. 929 2.931 80 0 2 0 2.053 2.049 20 
- 1 2.860 2.862 55 - 14 0 5 2.034 2.034 5,5 
- 5 2.796 2.790 40 - 3 1 7 2.022 2.021 60 
- 6 2.512 2.514 30 2 2 0 2.031 2.021 
- 7 2.455 2.457 10 
- 6 2.355 2.336 70 

0 2.089 2.069 45 
6 2.044 2.042 95 
9 2.019 2.018 95 

Lh1, ,VNb,O~ Lh~LINb~Om 

h ~ ~ d ca lc  d o b s  I/Io h k ~ d ca lc  d obs  I/Io 

1 0 4.914 4.925 10O - 6 0 2 4.747 4.747 10O 
0 1 4.060 4.067 40 1 1 O 4.0~2 4.062 45 
0 0 3.885 3.887 l0  - 3 1 1 3,778 3.782 15 
3 O 3.663 3.658 10 - 8 0 3 3.560 3.556 95 
1 1 3.599 3.601 10 0 0 4 3.560 3.656 
2 0 3.474 3.479 8 0  - 7 1 2 2.380 2.882 40 
1 0 3.048 3.043 15 - 7 1 2 2.879 2.882 
2 1 3.010 3.014 35 8 0 1 2.569 2.575 10 
1 1 2,807 2.807 30 7 1 1 2.363 2.3'57 25 
2 1 2.379 2.379 35 - 7 1 6 2.355 2.357 
0 2 2.103 2.102 25 0 2 0 2.057 2.056 20 
3 0 2.040 2.036 80 - 14 0 5 2.038 2.035 45 

- 3 1 7 2.025 2.205 65 
2 2 0 2.026 2.025 

Lh~GeNb,AO,~ L h . s T i N ~ o 7  

t~ k l d c a l c  d obs  I/Io h, k L d ca lc  d obs  IIio 

0 11.010 11.078 10 1 0 0 10.261 10.245 16 
O 4.923 4.938 100 - 1 0 2 9.548 9.581 10 
1 4.037 4.043 70 2 0 0 5.130 5,143 90 
O 3.669 3.667 15 -- 1 0 4 5.128 5.143 
1 3.583 3.585 20 0 1 1 3.841 3.838 30 
0 3.481 3.486 90 1 0 4 3.465 3.465 25 
1 3.003 3.003 50 3 0 0 3.420 3.421 100 
1 2.802 2.801 60 --Z 0 6 3.426 3.421 
0 2.670 2.672 10 2 1 1 2.922 2.922 15 
0 2.461 2.459 10 - 2 1 5 2.818 2.822 36 
1 2.377 2.378 55 3 0 2 2.758 2.745 15 
2 2.090 2.089 45 - 3 1 1 2.708 2.706 15 
0 2.044 2.041 90 4 0 0 2.565 2,560 10 

1 0 6 2.511 2.508 15 
1 1 5 2.3.42 2.345 20 

- - 4  1 5 2,335 2.333 15 
5 0 O 2.052 2.036 45 
2 1 5 2.045 2.044 35 

Lls.,T~N't~oO~ Lhs.~TINb~Oa 

k l d ca lc  d o b s  I/Io h 1r l d ca lc  d o b s  l / lo 

2 0 0 14.152 14.301 15 0 O 2 10.432 10.513 15 
1 0 2 9.715 9.847 15 4 0 1 6.750 6.776 10 
4 0 0 7.076 7.092 46 - 2 O 4 5.050 6.076 100 
0 0 4 5.171 5.188 69 6 0 1 4.685 4.690 80 
1 O 4 5.087 5.105 20 - 6 0 2 4.584 4.587 45 
6 0 0 4.717 4.720 150 - 1 1 1 3.997 4.004 50 
0 1 1 3.957 3.963 40 - 3  1 2 3.595 3.604 45 
1 1 1 3.919 3,913 15 8 0 1 3.569 3.570 60 
8 0 0 3.538 3.532 80 - 2 0 6 3.449 3.458 85 
0 O 6 3.447 3.447 50 - 1 1 5 2.928 2.926 35 
1 0 6 3.422 3.430 30 - 3  1 5 2,849 2.852 25 
1 1 $ 2.872 2.881 30 7 1 2 2.783 2.779 20 
7 1 1 2.828 2.826 25 - 4  0 8 2.525 2.519 20 
7 O 6 2.824 2.620 15 - 9 1 4 2.356 2.356 45 
7 1 5 2.349 2,351 30 - 4  0 10 2.052 2.051 85 
0 0 10 2.068 2.063 25 0 2 O 2.051 2.051 
0 2 O 2.015 2.014 70 2 2 1 2.020 2.019 75 

T h e s e  d a t a  a r e  i n  q u a l i t a t i v e  a g r e e m e n t  w i t h  e l e c t r o d e s  
o b t a i n e d  b y  o x i d i z i n g  n i o b i u m  m e t a l  ( 1 8 ) ,  O t h e r  m a -  
t e r i a l s  w h i c h  s h o w e d  t h i s  k i n d  o f  r e v e r s i b i l i t y  a r e  N -  
N b ~ O s ,  T i N b 1 0 0 2 7 ,  a n d  T i N b ~ O 6 2 .  A n o t h e r  t y p e  o f  b e -  
h a v i o r  i s  e x h i b i t e d  b y  V N b 9 0 2 5 ,  G e N b l s O 4 7 ,  W N b 1 2 0 3 3 ,  

a n d  T i N b 2 0 7  w i t h  t h e  d a t a  f o r  V N b 9 0 2 5  s h o w n  i n  F i g .  4.  
T h e  s t e e p l y  d r o p p i n g  i n i t i a l  p a r t  o f  t h e  d i s c h a r g e  i s  
n o t  r e c h a r g e a b l e  i n  t h e  c e l l .  T h i s  m u s t  b e  a k i n e t i c  
p r o b l e m ,  s i n c e  i o d i n e  r e m o v e s  a l l  t h e  l i t h i u m  a t  r o o m  
t e m p e r a t u r e .  T h e  r e m a i n d e r  o f  t h e  m i x e d  m e t a l  n i o -  
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Lbo.~WN~t~ 

k I d calc  

Li INSERTION IN WADSLEY-ROTH PHASES 

Table IV (continued) 

Lile.~WsNb140, 

d obs I/Io h k ~ d calc  d obs I/Io 

- 4 0 3 4.968 
2 O 2 4.637 
1 1 0 4.039 

- 1 1 1 4.019 
2 0 3 3.585 

- 6 0 4 3.460 
- 5 1 3 2.971 

1 1 3 2.946 
- 5 1 4 2.821 

3 1 2 2.798 
- 4 0 7 2.486 
--7 1 1 2.363 
--3 1 6 2,361 

0 2 0 2.070 
-- 10 0 7 2.042 

4 0 5 2.024 
- -3  1 6 2.361 

0 2 0 2.070 
- 10 0 7 2.042 

4 0 5 2.024 

Li~WsNblsOeo 

4.991 100 2 2 0 7.387 7.399 lS 
4.646 100 3 1 0 6.607 6.632 15 
4,049 75 4 2 0 4.672 4.680 100 
4.0~0 75 1 0 1 4.034 4.040 75 
3.588 90 2 1 1 3.764 3,760 20 
2.467 80 5 3 0 3.583 3,585 90 
2.970 35 5 2 1 3.353 3,354 10 
2,948 30 6 2 0 3,303 3.305 10 
2.818 40 5 0 1 2.931 2.930 59 
2,798 30 5 5 0 2.955 2,954 15 
2.486 25 5 2 1 2.822 2.818 60 
2.362 75 7 3 0 2.743 2.742 15 
2,362 8 2 0 2.533 2.532 18 
2.069 30 7 2 1 2,353 2.352 50 
2.040 75 1O 2 0 2.048 2.051 35 
2,022 80 9 5 O 2.029 2,027 80 
2.362 
2,069 30 
2.040 75 
2.022 80 

h k ~ d talc d obs I/Io 

5 3 0 4.520 4.529 25 
1 0 1 3,999 4.004 65 
2 1 1 3.827 3,826 15 
6 4 0 3.654 8,655 100 
8 2 O 3,195 3.200 10 
9 1 0 2.910 2.908 20 
5 4 1 2.885 2,884 45 
6 3 1 2.818 2.815 50 
9 3 0 2.777 2.778 15 

l0  2 0 2.584 2.583 25 
9 2 1 2.334 2,334 46 

11 7 O 2.021 2.020 100 

bium oxides show behavior  in termedia te  to these 
ext remes  showing par t ia l  rechargeabi l i ty  of the init ial  
steep drop. Nb~OTF shows an unusual ly  large voltage 
difference be tween  discharge and charge (Fig. 5) 
indicat ive of the larger  s t ruc ture  change on insert ion 
which has p reven ted  us f rom indexing its diffraction 
pattern.  Charge discharge curves for cells made with  
WV~OT.5 and W0.~V2.sO7 posit ive electrodes are smooth 
and continuous over  the full  insert ion range, and are 
presented in Ref. (6). 

Discussion and Conclusions 
The Wadsley-Roth  phases based on niobium oxide 

genera l ly  show revers ible  l i th ium insert ion reactions 
at reasonable rates at room temperature ,  to stoichiom- 
etries of 0.4 L i /me ta l  or grea ter  on react ion with n-  
BuLl. The shear  in orthogonal  directions del ineat ing 
the n • m • ~ blocks stabilizes the s tructures against 
twisting to a more closely packed oxygen array, even 
for the largest  (5 • 5 • ~ ,  WsNblsO69) block size, as 
is apparent  f rom the small  changes in the latt ice 
parameters  af ter  insertion. The stabil i ty maintains ac- 
ceptable l i th ium diffusion rates during the insert ion 
process. Inters t i t ia l  sites of the geometry  appropriate  
to accommodate  inser ted l i th ium atoms to stoichi- 
ometr ies  grea ter  than 0.4 Li /hos t  meta l  are present.  

Of the compounds studied, only l i th ium-inser ted  
Nb~OTF apparent ly  undergoes significant s t ruc tura l  
distortion dur ing insertion. The powder  pa t te rn  of 

Table V. X-ray powder diffraction pattern for Lil.6Nb3OTF 
prepared by reaction with Li-benzophenone 

d (Angstroms) I/Io d (Angstroms) I/Io 

10.037 15 2.892 30 
4.961 30 2.747 25 
3.832 100 2.569 40 
3.746 80 2.339 5 
3.641 15 2.280 i0  
3,587 15 2.231 15 
3.520 5 1.978 15 
3.431 5 1.895 10 
3.302 60 1.861 10 
2.950 25 

Lil.6Nb3OTF is similar  to that  of the host material ,  but 
shows shifts of the strong lines as well  as the appear-  
ance of addit ional  lines. Nb30~F is unique among the 
materials  studied in that  its 3 • ~ • ~ s t ructure  does 
not contain orthogonal  shear planes defining finite 
block sizes in two directions. The s t ructure  may, there-  
fore, have sufficient f reedom to twist  about shared cor- 
ners to accommodate inserted l i thium. 

The latt ice paramete r  shifts of the host compounds 
indicate a general  expansion on insert ion along the in-  
finite block direction, and a small  contraction or ex-  
pansion of about 1% paral le l  to the finite block direc-  
tions. The net  change in cell volume is always positive. 
The largest  changes (between 3 and 10%) in the cell 
dimensions occur paralle] to the b (monoclinic or or-  
thorhombic)  or c ( te t ragonal)  cell directions, indicat-  
ing an expansion of the heights of the f r amework  
octahedra from the characteris t ic  3.8A in the unl i th-  
iated phases to ~4.0-4.15A in the l i thiated phases. Lat -  

I t t 3  i 

~ .v - -  , I I 

2.6 

2.2 
(D  

1.8 

1.4 "~1 

1.01 I I I 
0 0.5 1.0 1.5 2.0 

X IN Li~ NbzO 5 

Fig. 3. The first 10 cycles of an H-Nb205 (carbon)/LiCIO4, 
PC/Li cell containing 5.45 mg Nb205. The first cycle is at a 
current of 50 ~A. Subsequent cycles at 100 p,A. 
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Fig. 4. Two cycles of a VNbgO~_5 (carbon)/LiCl04, PC/Li cell 
containing 5.25 mg VNb90~5 at 100 ~A. 
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Fig. 5. The first discharge and charge of an Nb3OTF (carbon)/ 
LiCI04, PC/Li cell containing 10.3 mg Nb~OTF at a current of 20 
~A. 

rice parameters  of 4.0 ~ 4.15A are commonly found 
paral lel  to the infinite block directions in oxide bronze 
structures,  and similar  changes in cell size have been 
observed in l i th ium-inser ted  VO~(B), FeV3Os, and 
V6Ol~ (19). 

Five types of cavities occur in Wadsley-Roth phases 
based on niobium oxide. These are i l lustrated in Fig. 
6, and the number  of each type for each of the struc- 

ture types studied is presented in Table VI. The type I 
cavity is the basic ReO3 cavity with a 12 coordinate 
center. In  Nb~OrF this cavity is modified to become 
singly capped providing 5 coordinate sites of the type 
found occupied by Li in Li2FeV3Os (5). The type II 
cavity occurs where edge sharing between blocks dis- 
placed by 1/2 an octahedron occurs, and is singly 
capped, containing one possible 5-coordinate site for 
l i thium. I and II  occur in Wadsley,Roth phase s t ruc-  
tures with all types of block joining, and increase in 
n u m b e r  as the size of the blocks increases. Cavities of 
type IV and VI occur only in compounds in  which 
blocks at the same level are joined by edge sharing 
(i.e., p v~ 0). Both are bicapped cavities with two 
available 5-coordinate sites for Li, a m i n i m u m  of ap- 
proximately  2.3A apart, an allowable Li-Li separation 
(5). Cavities of types III  and V occur only  in com- 

pounds where te t rahedral  host lattice cations are pres-  
ent. The type V cavities are te t rahedral ly  coordinated 
and are separated from te t rahedral ly  coordinated host 
metal  atoms by 1/2 the b monoclinic (and or thorhom- 
bic, or c tetragonal)  cell axes, 2.0-2.1A. This close 
separation may preclude occupancy of Li in sites of 
this type. Inser ted l i thium has been found to occupy 5- 
coordinate sites of the type abundan t  in the Wadsley- 
Roth phases (5). In  w a s  and ReOs, it occupies 12- 
coordinate ReO8 (type I) cavities, but  its actual  coor- 
dinat ion is square p lanar  (20). Based on these known 
coordinations (octahedral sites are not present) ,  type 
I and II  cavities might accommodate at least one Li 
atom; types III, IV, and V, two Li atoms; and type VI, 
no Li atoms. Approximate  stoichiometries obtained by 
counting sites provide useful s t ructural  bases for com- 
parison of stoichiometries obtained by experiment.  
These are listed in  Table VII, presented in terms of 
number  of ,available sites per host cation. 

The number  of equivalents  of reducible host lattice 
ions per host lattice ion are also presented in Table VII. 
Li and Ge are not reducible under  the present  condi- 
tions. Results reported here and elsewhere (2, 3, 17, 21) 
indicate that Nb 5+ -~ Nb 4+, V 5+ -~ V 4+ ~ V 3+ (two 
equivalents) ,  W 6+ ~ W 5+, and Ti 4+ ~ Ti 3+ may occur 
in structures of this type. Also included in Table VII 
are the numbers  of l i th ium per cavity for each phase 
at the stoichiometry at ta ined in the n-BuLl  reaction. 

The most general  conclusion that can be reached by 
inspection of the entries in Table VII is that site count-  
ing and reducible ion counting yield expected inserted 
Li stoichiometries that  are quite similar, and close to 
those actual ly observed in the n -BuLl  reactions. This 
results, in general,  in the accommodation of 1-2 in-  
serted Li per cavity and does not a~low a distinction 
between chemical and s t ructural  influences on the in-  
sert ion stoichiometry. 

Table VI. Characterization of Wadsley-Roth phases by cavity type 

* Cavity type, and number per unit cell 

Compound I II III IV V VI 

H-Nb205 0 6 4 2 2 1 
N-NI~O5 2 8 0 4 4 0 
LiNb~Om 2 8 0 4 4 0 
Nb~OTF 4 0 0 0 0 0 
VNboO~ 0 0 8 0 0 2 
GeNbIsO~T 0 0 8 0 0 2 
TiNI~O~ 0 0 0 4 4 0 
ThNbloOs 0 8 0 8 8 0 
TiNb~Oe~ 0 8 8 4 4 2 
WNb~Ou 0 4 8 0 0 2 
WaNbl~O. 2 8 8 0 0 2 
WsNb~O~ 8 16 8 0 0 2 
W'V'207.~ 2 8 0 8 0 O 
Wo.~V2.eO~ 0 0 0 8 0 O 

Fig. 6. The six cavity types in Wadsley-Roth crystallographic 
shear structures. I) Basic Re03 type cavity. II) Singly-capped Re03 
type cavity. I l l -V) Variations of doubly capped cavities. VI) Tetra- 
hedral site cavity. For type I, dotted ocathedran is sometimes 
present. 

* I. ReO~ type. 
II. Singly capped ReO8 type. 
III. Bicapped ReO3 type, tetrahedral atom in proximity. 
IV. Bicapped ReO3 type. 
V. Double cavity, bicapped ReO~ type. 
VI. Tetrahedral cavity. 
Cavity types are illustrated in Fig. 6. 
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Table VII. Comparison of observed insertion stoichiometrles 
with those approximated by cavity end reducible ion counting 

R e d u c i b l e  
P o t e n t i a l  ion? E x p e r i m e n t a l  

Li s i t e s /  e q u i v a l e n t s /  n -BuLl  
H o s t  hos t  me ta l*  h o s t  m e t a l  L i / h o s t  m e t a l  Li/cavity** 

H-Nb~O5 0.79 1.0 0.95 1.9 
N-Nb~O~ 0.81 1.0 0.85 1.5 
LiNb130~s 0.81 0.93 0.80 1.5 
NbaOTF 0.67 1.0 0.53 0.8 
VNbgO~ 0.80 1.1 1.1 2.9 
GeNblsO41 0.84 0.95 0.89 2.1 
TiNb~O7 0.89 1.0 0.40 0.9 
Ti~NbxoO29 0.83 1.0 0.53 1.1 
TiNb~,O~ 0.80 1.0 0.63 1.3 
WNb120~ 0.77 1.O 0.82 1.8 
WsNb140 ,  0.76 1.0 0.96 1.8 
WsNblsO~ 0.77 1.0 0.85 1.4 
WV~O~.s 0.81 1.33 1.4 2.5 
Wo.2V~.sO7 0.89 1.5 1.2 2.8 

* Cavi t ies  of  I a n d  II t y p e s  c o u n t e d  as one  poss ib le  s i te ;  cavi-  
t i es  of III, IV, a n d  V t y p e s  c o u n t e d  as  t w o  poss ib le  Sites;  cav i t ies  
of VI t y p e  n o t  c o n s i d e r e d  as  c o n t a i n i n g  poss ib l e  si tes.  

** S t r i c t l y ,  tlie n u m b e r  of  Li d e t e r m i n e d  in t h e  n - b u t y l l i t h i u m  
r e a c t i o n  a t  r o o m  t e m p e r a t u r e  d iv ided  b y  t h e  n u m b e r  of cav i t ies ,  
e x c l u d i n g  cav i t i e s  of t y p e  VI. 

t Li  a n d  Ge a r e  n o t  c o n s i d e r e d  as  r e d u c i b l e  ions. Reducible ions 
a re :  Nbh+ --, Nb~+, y~+ --, V4+ --, Va*, W6+ ~ W 5+, a n d  Ti  ~+ --* Ti  "+. 

Several distinctions and similarities of interest are 
brought out, however, in the entries in Table VII. The 
lithium insertion stoichiometries in the tungsten nio- 
bates are similar for the three different block sizes 
(3 • 4 • oo, 4 • 4 • oo, and 5 • 5 • oo) and are 
intermediate to those predictable by simple site count- 
ing and reducible ion counting. Both tungsten and 
niobium are likely to be reduced at the observed stoi- 
chiometries. The compounds VNb9025 and GeNblsO47 
(3 • 3 • oo block size) are members of the same sub- 
class of Wadsley-Roth phases (here called "T" phases) 
as the tungsten niobates. The insertion stoichiometry 
of GeNb18047 is quite similar to those of the tungsten 
niobates, but the stoichiometry of the lithium-inserted 
VNbgO~5 is quite different, due to the presence of the 
easily reducible V 5+ ion. The observed stoichiometry 
is consistent with the reduction of all V5 + to V ~ + and 
all Nb 5+ to Nb 4+, resulting in the largest average 
number of inserted Li/cavity of the Wadsley-Roth 
phase structures, 2.9, and suggests that lithium occupies 
sites in the cavities in VNb902~ of different geometry 
from those previously structurally characterized, per- 
haps in the type VI cavities. Approximately one third 
of the Li in VNb902~ has slow insertion kinetics. 
Li3.6W0.2V2.807 and Li4.zWV2OT.5 contain approximately 
2.8 and 2.5 Li/cavity, respectively, implying again that 
some previously uncharacterized type of Li coordina- 
tion may be occurring. 

The class of shear structures known as Wadsley- 
Roth phases undergo lithium insertion reactions to 
significant lithium stoichiometries, and at reasonable 
rates, at room temperature. The nature of the crystal- 
lographic cavities and chemical reducibility of the host 
ions in such structures based on Nb~O5 are both im- 
portant factors in the good quality of the insertion 
reactions. We have shown that even for the largest 
block size, 5 • 5 • oo (WsNbtsO69), the edge sharing 
in orthogonal directions of the type found in Wadsley- 
Roth phases is sufficient to stabilize the structures to 
the insertion of significant quantities of lithium. 
Structuraland/or  chemical distinctions in the behavior 
of the compounds within the class are not great, but 

suggest that the structures with a smaller proportion 
of edge sharing and compounds which contain a larger 
fraction of easily reducible ions will have the highest 
lithium-accommodation stoichiometries. The low con- 
ductivities of the host compounds containing metal 
atoms in their highest oxidation states exclusively 
makes the addition of a significant amount of graphite 
to positive cell electrodes necessary for reasonable cell 
performance. The small test cells we have fabricated 
reveal in many cases the formation of several distinct 
phases during Li insertion in the Nb2Oh-based Wadsley- 
Roth phases. The performances of the compounds 
WV207.~ and W0.2V2.sO7 in secondary test cells are 
comparable to those of V6013 and TiS2. A description 
of the results of those investigations has been pub- 
lished elsewhere (6). 
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ABSTRACT 

The factors determining the response of a stabilized liquid junct ion solar cell are obtained by simultaneous current and 
impedance measurements, in dark and under illumination. Impedance data give the energy diagram of the junct ion 
(bandedges, surface states. . .  ). A model is developed that describes the kinetics of charge transfer and the mass transport 
effect under  various working conditions. Moreover a simple method to estimate the reorganization energy ~, of the redox 
couple in solution is presented. In the case of the n-GaAs / 1M KOH + 1M (Se~-/Se~ 2-) cell a high surface-state density (~10 ~3 
cm-2), located at 0.4 eV below the conduction band, is found. It is connected with a shift of the flatband potential under  
illumination. As a result the maximum theoretical open-circuit voltage is reduced, and it appears that the performances of 
the cell are limited by this shift and by charge transfer kinetics at the semiconductor-electrolyte interface. 

Several  models have been reported to describe 
the photocurrent-vol tage characteristics of a photo- 
electrochemical (PEC) cell. One of the earliest is 
the one discussed by G~irtner in  1959 ( I ) .  Various 
improvements  have been made on this model. Wilson 
(2) included the interface transfer  kinetics and sur -  
face recombinations.  Reichman's  model (3) took into 
account the major i ty  carr ier  current  and carrier re-  
combinations in the space charge region (SCR). In 
recent papers (4), E1 Guibaly  et al. gave expressions 
of the dark and photocurrent  that included surface 
and SCR recombinations.  

On the other hand, impedance analysis has been 
proved to be a valuable tool to provide informat ion 
about most of the parameters  involved in the photo- 
response of a PEC cell: bandedge position (5, 6), 
surface-state dis t r ibut ion (5, 7-9), mass t ransport  effect 
(10). Furthermore,  exper imental  results have shown 
a shift of the flatband potential  under  i l luminat ion 
(11-13). 

The model presented in this paper includes all 
these effects and develops a complete description of 
charge t ransfer  processes across the electrolyte-semi-  
conductor interface. As an i l lustrat ion of the model, 
s imultaneous impedance and photocurrent  measure-  
ments have been carried out on the n-GaAs/1M KOH 
+ 1M (Se2 - /Se22 - ) /P t  cell which is known to be 
among the best PEC devices for solar energy conver-  
sion (14, 15). 

Experimental 
Undoped n- type  (1-2 X 10 TM cm-S; <<100~ orienta-  

tion) and Zn-doped p- type  (1.3 X 1017 cm-8;  <111> 
orientat ion) GaAs single crystals were purchased from 
MCP-Limited.  Before each experiment,  the electrode 
surface was chemically etched in  an  H2SO41H20~]H20 
(1,1,1) mixture.  All measurements  were made in a 
classical three-electrode electrochemical cell with a 
saturated calomel (SCE) reference electrode and a 
Pt counterelectrode, under  controlled atmosphere to 
prevent  the oxidation of the selenide electrolyte. So- 
lutions were prepared either by neutra l iz ing a KOH 
solution with HeSe, or by the electrochemical reduc-  
tion of se lenium on a mercury  cathode (15). 

A 450W xenon arc lamp or a 100W tungs ten-halogen 
lamp was used for i l luminat ion.  Light in tensi ty  w a s  
changed by  means of neu t ra l  filters and measured 
with a MACAM TR 3010 radiometer.  Sta t ionary I -V  

Key words: impedance measurements,  semiconductor elec- 
trodes, surface states, photocurrent model, photoelectrochemistry. 

curves and impedance measurements  were performed 
under  potentiostatic contritions. Impedances were de- 
termined in the frequency range 1 Hz-5 • 105 Hz by 
using a 1174 SOLARTRON Frequency  response ana-  
lyzer equipped with a data managemen t  system. Im-  
pedance data were analyzed by means  of a nonl inear  
least squares method (8). 

Models 
Semiconductor/redox couple charge transfer .--At  

an n - type  semiconductor-electrolyte  interface under  
i l luminat ion,  the t ransfer  reaction with a redox couple 
is 

ks 
Red + h + ~ Ox [I] 

kb 

where h+ is a hole arr iving at the semiconductor 
surface, with an energy equal to that of the top of 
the valence band, Red and Ox the reduced and the 
oxidized species, kf and kb the forward and the back-  
ward rate constants of the reaction, kf and kb m a y  
change when the electrode is i l luminated.  Assuming 
a first order kinetics for all the reactants,  the hole 
t ransfer  current  Jp, under  i l luminat ion,  is given by 

Jp : k* fcrPs -- k*bcoxNv [2] 

where Nv is the densi ty  of states at the top of the 
valence band, Ps the surface hole concentration, Cr and 
Cox the concentrations of Red and Ox at the surface 
of the electrode, k*f and k*'o values of kf and kb under  
i l luminat ion.  

At equil ibrium, in clark Jp ---- 0, and we have 

kfcrOps ~ ----- kbCoxONv [3] 

where Cr o, Cox o, and p o are the equi l ibr ium values of 
Cr, Cox, and Ps. 

The rate constants in reaction [1] are a funct ion of 
the overlap between the top of the valence band and 
the reduced and the oxidized state densi ty  of the redox 
couple. If we assume that these la t ter  are given by 
Gerisher 's model (5), we have in dark (16) 

kT )'/~ 
kf : <qavd> - -  

~Red 

kb = <q~vd> 
~kox 

(Ev s -- ERed) 2 
exp [4a] 

4~.l~edkT 

( E ~  - -  Eo~)  ~ 
exp [4b] 

4~.oxkT 

where ~ is the capture cross section of an ion in solu- 

2 3 5 2  
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tion, v the  the rmal  veloci ty  of holes, d a d is tance  of 
react ion 10etween the solid and l iquid  phases [<30A 
(17)],  Ev s the energy  of the  top of the valence band  
at  the  e lec t rode  s u r f a ~  in dark ,  ERed(EOx) the  most  
p robab le  e lect ron energy  a t  a reduced  (oxidized)  ion 
and )~Red(~Ox) the  r e a r r angemen t  energies  of the  sol-  
r a t i on  l aye r  for  the  reduced (oxidized)  species. If  
the  bandedges  are  sh~ ted  under  i l lumina t ion  Ev s 
changed into Ev s~ 

E v  s*  = E v  s - -  AEF [5]  

AEF ---- -- qAVFB -" EF* -- EF [6] 

where EF and  EF* are re la ted  to the f ia tband po ten-  
tiaL~ in d a r k  and under  i l luminat ion.  

Taking  into account  Eq. [3]-[6]  and assuming 
~.Red ' - -  ~'Ox - -  ~', Eq. [2] b e c o m ~  

( qAVFB ) 
jp -. k, fCrOps ~ Ps cr exp [7] 

p s  ~ Cr ~ kT 

I t  is shown in the A p p e n d i x  tha t  even  when )~Ox and 
~Red are  ve ry  different  the final resu l t  (Eq. [7]) is 
not  s ignif icant ly  changed.  

In  Eq. [7] the  factor  cr/cr o accounts for  a possible 
mass t r anspor t  effect of the  reduced species (I t  is 
assumed that  this  effect does not  ex is t  for the oxidized 
species:  Cox = Cox~ Equat ion  [7] can be r ewr i t t en  
a s  

p s  o* Cr o 
where  

jpO* --  kf*CrOpsO* [8a]  
and 

qAVFB 
ps ~ : ps ~ e x p  -- --- [9]  

kT 
ps o can be expressed  as 

qVb ~ 
Ps ~ = Po exp ~ [10] 

kT 

where  Po ~ the hole concentra t ion in the  bu lk  of the  
semiconductor  and Vb o --  VRedox --  VFB the band  
bend ing  at  equ i l ib r ium (Fig. 1). F rom Eq. [9] and 
[10] we have  

q V b  ~  
Ps ~ = Poexp  k T  [11] 

where  Vb ~ --  Vb ~ - -  A V F B  (Fig. 1) r e p r e s e n ~  the 
m a x i m u m  avai lab le  open-c i rcu i t  voltage,  ps ~ Vb ~ 
and jpO* p lay  the  same role as ps o, Vb ~ and jpO in the  
model  of Reichman (3). The s t a red  pa rame te r s  ac-  
count for the shift  of the bandedges  at  the semicon-  
ductor  surface  under  i l luminat ion.  Consequent ly  we 
can define them as pseudoequi l ib f ium surface hole 
concenWation, pseudoequi l ib r ium band bending,  and 
pseudoexchange  current .  

S imi l a r ly  ns o* is defined as 

qVb o* 
ns ~ = ND exp [12] 

kT 

I t  can be easi ly  shown that  the e lec t ron t ransfe r  cur -  
ren t  is thus (~ ) 

Jn = Jn ~ n s O . - -  1 [13] 

where  ns is the surface e lec t ron  concentrat ion.  The 
total  cur ren t  th rough  the in terface  is then:  J ----- 
Jp --  Jn. I t  mus t  be poin ted  out  that ,  because of the 
shift  of the  f la tband potent ial ,  the e lect ron currents  in 
da rk  and under  i l lumina t ion  have no reason to be  
equal.  

Mass transport efJect.--If a constant  g rad ien t  of 
concent ra t ion  of Red is assumed over  a distance 5 
f rom the e lec t rode  surface,  the  first F ick ' s  l aw and 
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Fig. 1. Energy diagram of a semiconductor.electrolyte junction: 
(a) junction at equilibrium, (b) junction under illumination with an 
applied voltage with respect to the redox potential. Ef n and Ef p are 
the electron and hole quasi-Fermi levels. (c) Vb ~ band bending at 
equilibrium, Vb ~ maximum theoretical open-circuit available 
under illumination. 

Eq. [8] give  (10) 
cr  l + p  

- -  - [ 1 4 ]  
Cr ~ Ps 

l + p  
p s  o $  

where  p is ,defined as 
8kt*pso* 

p = [15] 
zqD 

z being the number of electrons exchanged per tool 
of Red and D the diffusion coefficient of Red in the 
solution. It appears that fl is independent of the ap- 
plied voltage and is a constant depending on the junc- 
tion and the cell geometry, fi will be determined by 
irr~pedance me~-~urements (genera l ly  ~ < <  1). 

Photocurrent.--The total  cur ren t  at  the e lect rode 
surface  is the  sum of s e v e r ~  contr ibut ions  tha t  wi l l  
be now d e ~ t  with.  

Di~usion current in the neutral region.--This cu r -  
ren t  is given by  the resolut ion  of the diffusion equat ion 
for holes 

,w_--,o i + aL exp (--aw) [16] 

where  Jo = q D p J L  is the  reverse  sa tura t ion  cur ren t  
density,  Pw the hole dens i ty  at  x = w, w = (2eeo/qND) '/" 
~ the  SCR width,  Vb* the band  bending  (Fig. 1), 
Io the incident  photon flux, a the a b s o ~ t i o n  coeffi~ent, 
and L the  hole diffusion length.  ~ Ps = P ,  exp 
qVb*/kT we have, using Eq. [11] 

Pw Ps q 
- -  = ( V b  ~  - -  V b * )  [ 1 7 ]  
Po Ps ~ exp  

Current due to generation in the SCR.--This cur ren t  
is given by  (1) 
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JGSCR : qIo (1 -- exp --  aw) [18] 

F r o m  Eq. [16] and [18], the total  genera ted  cur ren t  
at the e lectrode surface  is then  

JGtot "- Jg --  Jo Ps exp qV 
ps ~ kT  [19] 

where  V = Vb ~  Vb* is the vol tage appl ied  to the 
junct ion  and Jg the G ~ t n e r ' s  current :  Jg --  Jo + 
q[o [1 --  exp ( - - ~ w ) / ( 1  + a L ) ] .  

Recombination currents.~--Recombinations can take  
place in the SCR and at  the e lect rode surface.  The 
cor responding  currents  can be der ived  f rom the re -  
combinat ion ra te  g iven by  Sah, Noyce, and Schockley 
(18). The SCR recombina t ion  cur ren t  is (19) 

~kT 
JRsca = ~ w (rip) V~ [20] 

4 r V b *  

where  z is the hole l ifet ime. In  the quas i -equ i l ib r ium 
hypothesis,  the  quas i -Fe rmi  levels for holes and elec-  
t rons are  supposed to be flat over  the SCR, i.e., np -- 
nsps. Taking into account Eq. [11] and [12] and 
n s  : ND exp - -qVb*/kT,  JRscR yields 

~kT  q V ( p s ~  ~/, 
_ - -  �9 - -  [ 2 1 ]  JRscR 4~Vb* wni2 exp 2k-'-~ ps ~ / 

vchere n~ is the intr insic  e lec t ron densi ty.  
The cur ren t  Js  R due to hole surface recombinat ions  

is given b y  

~ EeS* 

JsR = ~" E,~* q~svN~s(E) 

nsps -- ni 2 
dE [22] 

ns + Ps + 2hi cosh ( (El  s* --  E ) / k T )  

where  Ei ~* is the  surface midgap  energy  under  i l l umi -  
nation. The interface s tates  a re  charac ter ized  by  thei r  
capture  cross section ~ss, the i r  energy  level  E, and the i r  
surface dens i ty  Nss(E).  Interface  s tates  are  s tates  lo-  
cated wi th in  the bandgap  at  the semiconductor  su r -  
face. They can be e i ther  in t r ins ic  surface  s tates  of the 
semiconductor  e lec t rode  or  in terface  s ta tes  that  ap -  
pear  when the e lect rode is pu t  into contact  wi th  an 
e lectrolyte .  The d is t r ibu t ion  Nss(E) can be de te r -  
mined  by  impedance  measurements .  We rewr i t e  Eq. 
[22] as 

f ee'* 

-" q~.ssvni2N~ (E) JsR ~ Ev~ ~ 

( ) Ps exp ~ -  1 

ps ~ 2kT 
dE [23] 

n s +  2nicosh Eis*--EkT + ps~ < Pp-~-* ) 

If there  is a discrete  d i s t r ibu t ion  of interface states,  
Js  R is the sum of ra t ional  fract ions in p j p  o*. 

The to ta l  hole cu r r en t  t r ans fe r red  to the solut ion 
is given by  the to ta l  genera ted  cu r ren t  minus the 
recombinat ion  currents  

JGto t - -  J R s c  R - -  J s  R - -  J p  [24] 

F rom Eq. [14], [19], [21], and [23] it  can be seen tha t  
the hole cur ren t  a t  a given V is only  de te rmined  by  
p J p s  o*. A numer ica l  calculat ion of Jp can be achieved 
by  first equat ing Eq. [8] and [24] and solving i t  to 
get ps/ps ~ and then repor t ing  the obta ined  value  
in Eq. [8]. Equat ion [24] simplifies to an equat ion of 
the  four th  degree  in (ps/psO*)v, if surface recombi -  
nat ions a re  neglected.  With  a s ingle  surface state,  one 
gets an equat ion of the s ix th  degree.  Moreover,  for 
large  band  bending  (>0.6V),  calculat ion shows tha t  
the  pho tocur ren t  is equal  to Jg, the  G~irtner's current .  

Our model  improves  the  model  of Reichman on sev-  
e ra l  points:  i t  inc ludes  both bu lk  and surface recombi -  
nat ions and Cakes into account mass t r anspor t  effect (Cr 

cro). More impor t an t ly  it also accounts for the shift  of 
the f la tband potent ia l  under  i l luminat ion  by  replac ing  
ps ~ v~'rFB , Vb ~ and jpo by  thei r  pseudov'alues ps o*, 
VFB*, Vb ~ and Jp~ The pseudoexchange cur ren t  
jpO* plays  a m a j o r  role in the computa t ion  of the 
photocurrent .  Equat ions  [4a] and [8a] show that  it  
can ~be fu l ly  de te rmined  if k and kf* are known.  An 
es t imat ion of these las t  pa rame te r s  wil l  be deal t  wi th  
in the fol lowing section. 

Estimation of ~ and ks*.--React ion [1]: Red + h + 
Ox, that  occurs at  an n - t y p e  semiconduc tor -e lec -  

t ro ly te  in ter face  under  i l luminat ion  also takes place, 
in dark,  at a p - t y p e  semiconductor  surface under  
anodic bias. I t  is possible to take  advantage  of this 
fea ture  to es t imate  ~. and  kf*. Under  fo rward  bias, the 
hole cur ren t  at a p - t y p e  electrode in da rk  is given by  

Jp = kfPCr~ ~ exp k'-T-- --  1 [25] 

A plot  of log Jp vs. V should  be a s t ra ight  l ine when 
V > 3kT/q,  and the in te rcept  of  this l ine at  V :_ 0 
gives ksPCr~ o. As Cr o and ps o can be ca lcula ted  f rom 
the measurements  of the  redox potent ia l  and the flat- 
band potent ial ,  th rough  Eq. [10] for the  lat ter ,  one 
gets then an es t imat ion of the ra te  constant  k~p. 

kfP is given by  Eq. [4a]. We can assume that  the 
factor  <qvvd>  is the  same for n -  and p- type .  With  

--  10 -15 cm 2 and d = 10A (17) we have <q~vd> : 
2.7 • 10 -34 A �9 cm 4. F rom kfP, ~ can be ca lcula ted  and 
its value  used to es t imate  kf* for an n - t y p e  semicon-  
ductor.  Measurements  of the d i rec t  cur ren t  on a p - t y p e  
electrode give then a check of  the value  of the  pseudo-  
exchange cur ren t  jpo*, that  can be also es t imated  f rom 
the onset of the  pho tocur ren t  on an n - t y p e  electrode.  

Equivalent  circuit and di~usion impedance .~The  
equiva lent  circuit  of the  junct ion  is given in Fig. 2 
(5, 8). I t  is a classical  scheme for a Schot tky  barr ier .  
A faradaic  impedance  ZF has been added  to account 
for the  diffusion of the e lec t roact ive  species in so lu-  
tion. 

The express ion  of Zf is the resul t  of the second 
Fick 's  l aw for a smal l  s inusoidal  pe r tu rba t ion  of the 
potent ia l  (20). In  the f rame of the Nernst  hypothesis  
and for a semiconductor  e lec t rode  cur ren t  J . :  J ,  -- Jn, 
the  fa rada ic  impedance  is (10) 

Z f ' - R f  ( l q  ( l + ' ) C r ~  th 2 V r ~ ) [ 2 6 ]  
cr 

where  ~ is the pulsa t ion  of the per turba t ion ,  TD the 
diffusion t ime constant ,  and  Rf the para l l e l  combina-  
t ion of  the  fa rada ic  resis tances corresponding to the 
anodic and cathodic components  of the current .  When 

= 0, Eq. [26] becomes 

L i m Z f - - R p - ~ R f ( l + f l )  Cr--~~ ~RfCr~ [27] 
~ ' ~  Cr Cr 

where  Rp is the polar izat ion resistance.  This is a ve ry  
impor t an t  re la t ion  which shows that  the  rat io  cr/cr o 

s i Css 

Fig. 2. Electrical equivalent circuit of a semiconductor electro- 
lyte junction. Rs is the series resistance ( ~ 2 ~  • crn2); see text 
for other symbols. 
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can be de te rmined ,  exper imen ta l ly ,  by  impedance  
measurements  (~ < <  1). Gene ra l ly  ~D > >  1 sec and if  
~TD > >  1 Zf is a lmost  a pure  res is tance Rf, the  so-  
cal led fara.daic resistance.  The high f requency  r e -  
sponse of the  impedance  is then in te rp re ted  as has 
been repor ted  in a previous  pape r  (8). The impedance  
response presents  two ma in  loops: a high f requency  
loop, ma in ly  de t e rmined  b y  the SCR capaci tance Csc 
and the fa rada ic  resis tance Rf, and a low f requency  
loop, character is t ic  of the  diffusion (Fig. 3). 

A f requency  independen t  value  of Csc is ob ta ined  by  
an analysis  of the high f requency  loop. Mot t -Scho t tky  
plots  Cs~-2-V provide  then a de te rmina t ion  of the 
f latband potent ia l .  This approach  is able  to r evea l  the 
shif t  of the bandedges  under  i l lumina t ion  (Fig. 4). 
The d ispers ion  capaci tance Css can be a t t r ibu ted  to 
charges t r apped  in surface states. Css(V) and the 
surface  s ta te  d is t r ibut ion  Nss(E) are  connected 
th rough  the re la t ion  (5) 

q~ 
~o'* df dE [28] 

Css(V) - -  kT ~,E,,* Nss(E) dV' 

] being the occupat ion ra te  of electrons at  the  energy 
E. This fac tor  wi l l  be discussed in a fol lowing section. 
At  some potent ia ls  i t  was necessary,  to get a good 
represen ta t ion  of the  h igh  f requency  impedance  loop, 
to in t roduce  seve ra l  t ime constants  RssiCssi: in o ther  
words,  the  branch  Rs~Css was rep laced  b y  pa ra l l e l  
series circuits  RssiCss i (21). This can be just if ied if 
there  is a d is t r ibut ion  of states.  The  capaci tance Cs, (V) 
used in Eq. [28] is then the sum of  all  the Css I (21) 

Css = X Css ~ [29] 
i 

The t ime constant  ~s  = Rs~Css gives informat ion  on 
the  sur face-s ta te  capture  cross sect ion Css. F o r  a s ingle 
surface state, the  s imple  re la t ion  holds 

10 

~-j x(~q xcm 2) 

80KHz 

" R q"). xcm 2) 

10 20 30 

LIQUID JUNCTION SOLAR CELL 2355 

I 
~,s --~ [30] 

~ssVps 

F ina l ly  the  Helmhol tz  l aye r  capaci tance CH is sup-  
posed to be independen t  of the poten t ia l  (17). CH can-  
not  be c lea r ly  reached by  impedance  measurements .  
In  fact, at  some potent ia ls  a value  of a few ;~F/cm 2 is 
e i ther  much grea te r  than  the o the r  capaci tances  of the  
equiva lent  circuit  or  comparab le  wi th  the  value  of the 
sur face-s ta te  capaci tance Css. In the las t  case the series 
combinat ion  of CH and Css is measured.  For  CH rang-  
ing f rom 4 to 20 ~F /cm 2 (17), Css is d iv ided  by  2 bu t  
Cs~ and Rf are  not  s ignif icant ly  modified. 

Results and Discussion 
This sect ion is devoted  to the  appl ica t ion  of our  

model  to the n - G a A s / ( S e 2 - / S e ~  2- )  PEC cell. The 
redox  reac t ion  considered is 

2Se 2-  + 2h + ~=~ Se~ ~-- 

the r edox  po ten t i a l  of which is 

;r [Se~-] ~" 
VRedox - -  Vo - -  - - I n -  

2q [Se~S-] 

where  [Se2-]  = Cr, [Se a - ]  + 2[Se22-] = 1M, and 
V~ ---- --0.95 V/SCE. 

Determination of kRed.--In Fig. 5, the ex t rapo la t ion  
of the Tafel  plot  for p - G a A s  to the r edox  potent ia l  
gives krPcr~ ~ -~ 2.5 ~A/cm% In a polyse lenide  elec-  
t rolyte ,  da rk  measurements  for n <111> GaAs elec-  
t rode  give VFB -- --1.82 +__ 0.06 V/SCE. If  we assume 
tha t  the  bandedges  have the same posi t ion for  n -  and 
p - t y p e  electrodes,  we obta in  VFB p = --0.56 _ 0.06 
V/SCE for the  p- type ,  which  is in good agreement  
wi th  the  l i t e r a tu re  (22). Taking  this va lue  and 
<qavd> ---- 2.7 10 -~4 A .  cra  4, we get  ~ = (1.2 _+ 0.2) 
eV. 

F igure  6 p r e s e n t s  the  I-V character is t ics  of an 
n - G a A s / ( S e 2 - / S e ~ - )  junct ion  under  20 m W / c m  2 
i l luminat ion.  We analyzed  this curve  wi th  negl ig ib le  
surface  recombina t ion  and diffusion. These s implif ica-  
tions wi l l  be shown to be justified. The only ad -  
jus tab le  p a r a m e t e r  is jpo*, and a good fit be tween  
ca lcula ted  and expe r imen ta l  curves was obta ined  with  
a value  of (0.0012 _+ 0.0005) m A / c m  2, leading  to kRed 
--  (1.0 • 0.05) eV wi th  <q~vd> = 2.7 10 - ~  A �9 cm 4. 

Fig. 3. Typical impedance diagram of an illuminated n-GaAs/ 
selenide liquid junction corresponding to the paint - -1.4 V/SCE 
of the I-V characteristic in Fig. 6. 

Vfb / / / / /  " V/S.C.E 

-2.0 -1.0 

Fig. 4. Mott-Schottky plots for the same n-GaAs/selenlde junc- 
tion. (a) In the dark, (b) under 20 mW/ern 2 illumination, (c) back 
again in the dark. 

mA 

_10-I 

_I0"2 

_10-3 c~ / 
_, /! 

_10 " ,  
I 

- S.C.E.  

- 1 . 0 '  , -0.8 
, I I ,  .... I 

Fig. S. Tofel plot of a p-type GaAs electrode in 1M (Se2-/Se2 ~ - )  
electrolyte under anodic bias. For YRedox = --0.925 V/SCE one 
gets kfPcr~ ~ = 2.5 #A/cm 2. Electrode area: 0.25 cm ~. 
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mAlcm 2 

"iF / a 
J 

I-2.o I -1.o 
V/S.C.E 

- I . .  

/ 
e/ 
iJ 

- 2 . _  

Fig. 6. Comparison between calculated I-V curves, in different 
hypothesis, and the experimental characteristic of the n-GaAs/ 
selenide solar cell under 20 mW/cm 2. ( |  Experimental data. (a) 
Calculated curve according to the complete model a = 26000, 
L - -  0.13 ~m, T = 6 10-ns ,  ND = 2.3 1016 cm -3 ,  V*FB = 
--1.7 V/SCE, Jp~ = 0.0012 mA/cm 2, Jn ~ = 1.5 10 -4  mA/ 
cm 2, # = 3.5 10 -4.  (b) Same as (a) but without diffusion (/~ = 0). 
(c) Same as (b) but without SCR recombinations (JRscR ~ 0). (d) 
G~irtner current. (e) Dark current. This current is quite different 
from the cathodic branch of the I-V curve (a) under illumination. 

This fit is ve ry  good and the corresponding uncer -  
t a in ty  on kRed is smal le r  than  for p - t y p e  measure -  
ments  because of the  sca t te r ing  in the  f latband po-  
ten t ia l  de terminat ion .  I t  seems reasonable  to t ake  a 
value  of kRed ---- 1.0 eV which is in the range  of the 
usual  values given for the  r ea r r angemen t  energy  
(23, 24). 

Surface-state density.---Impedance measurements  
under  i l lumina t ion  were  analyzed  according to the  
circuit  in Fig. 2. F igure  7 shows tha t  Css(V) presents  
a peak  tha t  extends  over  about  100 mV and is cen-  
te red  at  0.4 eV below the bo t tom of the conduction 
band  (i.e., near  the  pho tocur ren t  onset ) .  The corre-  
sponding su r face - s ta te  dens~ity is ,~1013 cm -2 and its 
capture  cross section ~ss - -  10 - i s  cm2. This peak  does 

Ec 5" 

Esv "_ 

20100 40~00 n~cm2 
Css 

Fig. 7. Distribution of the surface-state capacitance of an illumi- 
nated n-GaAs/selenide liquid junction with CH = 5 #F/cm ~. 

not occur in dark. This does not mean that the sur- 
face states are induced by illumination. Rather, we 
think that in the dark their occupation rate f (appear- 
ing in Eq. [28]) is constant because they are filled 
by electrons coming from the reduced species in 
solution. On the other hand, holes created by illumi- 
nation can be trapped by the surface state, leading to 
a variation of the surface charge. A complete model de- 
scribing this phenomenon will be reported in a further 
paper (26). The bases of this model are very similar 
to the one developed by Kelly and Memming (Ii). 
From this model Eq. [22] and [23] should be modi- 
fied in order to account for the exchange current be- 
tween surface s ta te  and reduced species. However ,  the  
low value  of Css leads to a negl ig ible  surface recom-  
b ina t ion  current .  

Flatband potential determination.--Figure 4 p re -  
sents  Mot t -Scho t tky  plots in da rk  and under  i l lumi-  
nation. In  a l l  cases we obta in  good s t ra igh t  lines, and 
the doping level  corresponding to the s lope is in good 
agreement  wi th  the va lue  given by  the supplier .  
Under  i l luminat ion,  the  s lope is unchanged  bu t  the 
f la tband poten t ia l  is shif ted toward  posi t ive potent ia ls  
(hVFB ~-- 350 mV) .  F u r t h e r m o r e  we observe tha t  this  
shif t  is revers ible .  I f  an i l lumina ted  e lect rode is pu t  
back  again  in dark,  the  f la tband poten t ia l  r e tu rns  to 
its previous  value.  We must  point  out  tha t  this shif t  
is much grea te r  than the ohmic drop of the cell which 
is a lways  smal le r  t h a n  10 mV. The good l inea r i ty  of 
the Mot t -Scho t tky  plots justifies our  analysis  of the 
impedance  according to the c i rcui t  given in Fig. 2, 
and reinforces the  hypothesis  tha t  a t t r ibu tes  the 
capaci tance d ispers ion to charges localized at  the 
surface.  

The f la tband potent ia l  shif t  aVFB can be expla ined  
f rom the previous  subsection. Whereas  the surface 
s ta tes  are  filled in the  dark ,  t hey  a re  empt ied  by  holes 
under  i l lumina t ion  for  a band bending  ~> 300 mV. Con- 
sequen t ly  an addi t iona l  vol tage drop is induced in the 
Helmhol tz  layer .  The shif t  should be then given by  
AVFB ~--- qNss/CH. With Ns~ = 1013 cm -2 and CH = 5 
# F / c m  2 we have AVFB ---- 320 mV which is in fair  ag ree -  
ment  with our  resul ts :  VFB : (--2.08 _ 0.03) V/SCE 
a n d  VFB* : (--1.70 _--4- 0.03) V/SCE.  

Under  i l lumina t ion  the pho tocur ren t  onset  takes  
place  at  about  200 mV anodic  from VFB*. As a l r eady  
discussed, this difference is not  due to surface  r ecom-  
bination.  Ra ther  we a t t r ibu te  it  to a l imi ta t ion  due to 
t ransfe r  kinetics.  This l imi ta t ion  appears  in Eq. [8]. 
I t  must  be not iced that  the bandedges  shif t  under  
i l luminat ion  changes the value  of jpo* by  two or  three  
orders  of magni tude.  S imi lar ly ,  the ma jo r i ty  car r ie r  
cur rent  Jn is modified under  i l lumina t ion  by  the band-  
edge shift. This modification was accounted for by  a 
fit of Eq. [13] to the  expe r imen ta l  cathodic current .  
This descr ipt ion of the m a j o r i t y  ca r r i e r  cur ren t  is 
pu re ly  phenomenological ,  and does not  assume any 
precise  t ransfe r  mechanism. This t ransfe r  could take  
place d i rec t ly  f rom the conduction band,  a n d / o r  via 
surface  states,  as sugges ted  by  Park inson  et aL (25). 

Influence ol difIusion.--Diffusion is character ized by  
the  parameter /~ .  The measuremen t  of the polar izat ion 
resis tance Rp (given by  the I-V curve)  and the 
faradaic  resis tance Rf ca lcula ted  by  impedance  analysis  
a l lowed us to get expe r imen ta l  values  for Rf (V)/Rp (V) 
(Fig. 8). Moreover  at  a g iven value  of ~ we were  able 
to calculate  the theore t ica l  curves  I-V and Rr(V)/ 
Rp (V).  The comparison of the  expe r imen ta l  and theo-  
re t ica l  curves Rf/Rp determines/~.  The method  is ve ry  
accurate  and the e r ror  on ~ is less than  10%. 

F igure  6 c lear ly  shows that  diffusion on ly  affects 
the photocur ren t  rise. The p la teau  region is we l l  r ep re -  
sented by  G~irtner's model.  This shows tha t  the  
per formances  of a PEC cell  a re  influenced b y  its 
geometry,  for l imi ta t ions  due to mass t r anspor t  in 
solut ion tend to reduce the fill factor. 
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Rr/R p 

_1._.,,~ �9 exp. dal'a 
~ ~ c a l c u l a t e d  

0.5 

/ I - ; 
-1.5 -1.0 V/S.C.E. 

Fig. 8. Ratio Rf/Rp vs. potential corresponding to the I-V curve 
of Fig. 6. 

Conclusions 
Our model is able to simulate the I-V curves of 

n-GaAs/selenide liquid junction under different work- 
ing conditions. It must be pointed out that every pa- 
rameter involved in the model is determined experi- 
mentally from impedance data except for the semi- 
conductor characteristics and the rearrangement en- 
ergy ~Red which is known from current measurements. 
Furthermore, the assumption of a first order kinetics 
for the transfer reaction is found to be very adequate. 
Particularly, the equilibrium condition (see Eq. [3]) is 
well verified. Within the energetic conditions under 
illumination, i.e., taking into account the bandedge 
shift, we put forward a photocurrent onset controlled 
by kinetics, mass transport, and SCR recombinations. 

We have evidenced a surface-state distribution 
characterized by a sharp peak located at 0.4 eV below 
the conduction band. It is responsible for a shift of 
the bandedges under illumination, which reduces the 
maximum theoretical open-circuit voltage ( V R e d o  x - -  

VFB ----- 1.1V) by an amount of 300-400 mV. Work is 
in progress in order to get a better description of sur- 
face states and their influence on the flatband po- 
tential shift under illumination. 
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APPENDIX 

If we assume ~.ox r ~Red, the term -- qAVFB/kT in 
Eq. [7] becomes 

AVFB Er  ~ V ~  

2 -q-T-J 

In the ease of the n-GaAs/polyselenide junction we 
have E~eaox -- gv s ~ 0.25 eV, q~VrB ~' 0.3 eV, and 
~Rea ~ 1 eV. Even if ~ox is two times smaller than 
)~R~a the correction in ~VFB iS about 5%, This correc- 
tion beeomes 2.5% if ~ox is two times greater than ~Rea. 

REFERENCES 
1. W. G~rtner, Phys. Rev., 116, 84 (1959). 
2. R. Wilson, J. AppL Phys., 48, 4292 (1977). 
3. J. Reichman, Appl. Phys. Lett., 36, 574 (1980). 
4. F. E1 Guibaly, K. Colbow, and B. L. Funt, J. AppI. 

Phys., 52, 3480 (1981); F. E1 Guibaly and K. Col- 
bow, ibid., 53, 1737 (1982). 

5. H. Geriseher, in "Physical Chemistry," Vol. IXA, 
H. Eyring, D. Henderson, and W. Jost, Editors, 
Chap. 5, Academic Press, New York (1970). 

6. J. F. Dewald, Bell Syst. Tech. d., 39, 615 (1960). 
7. W. Siripala and M. Tomkiewicz, This Journal, 129, 

1240 (1982). 
8. P. Allongue and H. Cachet, J. Electroanal. Chem., 

119, 371 (1981). 
9. G. Horowitz, Thesis, University Paris VII (1981). 

10. P. Allongue and H. Cachet, Ext. Abstr., 33rd Meet- 
ing of the International Society of Electrochem- 
istry, p. 819, Lyon (1982). 

11. J. J. Kelly and R. Memming, This Journal, 129, 730 
(1982). 

12. Y. Nakato, A. Tsumura, and H. Tsubomura, ibid., 
127, 1502 (1980). 

13. R. Schumacher, D. M. Teschner, and A. B. Heinzel, 
Ber. Bunsenges. Phys. Chem., 86, 1153 (1982). 

14. A. Heller and B. Miller, Electrochim. Acta, 25, 29 
(1980). 

15. A. Bourrasse, H. Cachet, G. Horowitz, and S. Le 
Crom, Revue Phys. Appl., 17, 801 (1982). 

16. S. R. Morrison, "The Chemical Physics of Surfaces," 
Chap. 2, Plenum, New York (1977). 

17. S. torR" a n d  Ox  dized Metal Ele~ odes" Plenum,M~176176176 

New York (1980). 
18. C. T. Sah, R. N. Noyce, and W. Schocldey, Proc. 

IRE, 45, 1228 (1957). 
19. C. H. Henry, R. A. Logan, and F. R. Merritt, J. 

Appl. Phys., 44, 3530 (1978). 
20. I. Epelboin and M. Keddam, This Journal, 11% 

1052 (1970). 
21. E. H. Nicollian and A. Goetzberger, Bell Syst. 

Tech. J., 46, 1055 (1967). 
22. W. P. Gomes and F. Cardon, in "Semiconductor 

Liquid Junction Solar Cells," A. Heller, Editor, 
p. 120, The Electrochemical Society Softbound 
Proceedings Series, PV 77-8, Princeton, NJ 
(1977). 

23. K. W. Frese, Jr., M. J. Madou, and S. R. Morrison, 
This Journal, 128, 1527 (1981). 

24. K. W. Frese, Jr., J. Phys. Chem., 85, 3911 (1981). 
25. B. A. Parkinson, A. Heller, and B. Miller, This 

Journal, 126, 954 (1979). 
26. P. Allongue and H. Cachet, To be published. 



Localized Photoelectrochemical Measurements of Passive Films on 
Titanium 

M. A. Butler* 

Sandia National Laboratories, Albuquerque, New Mexico 87185 

ABSTRACT 

Using a focused laser and a digitally controlled x-y stage, localized photoelectrochemical measurements have been 
made  on 100k th ick  passive films on po lyc rys ta l l ine  t i t an ium.  The p h o t o c u r r e n t  d e p e n d e n c e  on po ten t ia l  is 
semiquantitatively explained by a model considering trap dominated electronic charge transport in the passive film. Varia- 
tions in the measured electronic properties are observed which correlate with the underlying metal grain structure. The data 
suggest extremely high trap densities in the passivating film. 

The corrosion resistant  metals are stable because 
of the growth of passivating films on the metal  sur-  
face. For  such metals the ini t iat ion of corrosion in-  
volves breakdown of the protective film. Since in prac- 
tical applications these metals are polycrystal l ine in 
nature,  it would not be surpris ing to find that the passi- 
r a t ing  film is inhomogeneous in nature.  Ideally then to 
s tudy the corrosion ini t iat ion process due to break-  
down of the passive film requires a local probe. Tech- 
niques which measure the average properties of the 
film cannot be expected to give a detailed insight 
into the mechanism for local breakdown of the film. 
For this reason we have applied an optical probe to 
s tudy locally the photoelectrochemical response of the 
passivating film on t i tanium. Ti tan ium was chosen be- 
cause it and related alloys form a class of corrosion 
resistant materials of current  practical interest  (1). 
Furthermore,  the passivating layer  is known to be 

* Elect rochemical  Society Active Member.  
Key words: semiconductor, electrode, photoconductivity, pas- 

sivity. 

TiO2 (1), a semiconduct ing mater ial  which has been 
extensively studied in its bulk  form. In  particular,  
many  photoelectrochemical measurements  have been 
made on TiO2 (2). 

Experimental Results 
The spatial resolution is obtained by using the laser 

scanning system shown in Fig. 1. Light from the kypton 
laser at one of the wavelengths listed is chopped at 
15.6 Hz, then passes through the beam splitter. This is 
a quartz plate which deflects a few percent  of the 
beam to serve as a reference. The light is then focused 
on the electrochemical cell with a spot size limited by 
diffraction effects. While less than 1 micron is theo- 
ret ical ly possible, the best we have observed, in keep- 
ing with the limits imposed by  the optics used, is about 
3 microns. The photoelectrochemical cell uses a quartz 
window with a thin (3 mm) electrolyte layer  to 
minimize distortions of the laser beam. A conven-  
tional saturated calomel reference electrode is used. 
The cell is mounted on a numer ica l ly  controlled x - y  
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Fig. 1. Schematic of laser scanning system. The beam splitter is used to monitor beam intensity and the ratiometer corrects for fluctua- 
tions in beam intensity. 
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stage which can be stepped in half-micron steps. The 
cell is operated under potentiostatic control with 
lock-in detection of the photocurrents. The photo- 
current is divided by the reference laser intensity to 
remove possible effects due to fluctuations in laser 
intensity. The resulting signal is added to the y axis 
position signal to produce a photoelectrochemical map 
of the surface as shown in Fig. 2. 

The sample used was CP Ti which had the surface 
mechanically polished and then l ightly etched in HF 
to bring out the grain structure. The sample was then 
polarized at +2V (SCE) in 0.2N Na2SO4 to grow the 
surface oxide. Sufficient t ime was allowed for the 
current due to the growing oxide to decay away. The 
average thickness of the oxide layer was estimated 
from capacitance measurements using optical measure- 
ments as a calibration (3). The oxide thickness for 
the data taken in Fig. 2 is about 100A. The accuracy of 
this number is probably about a factor of 2. This is 
caused by two factors. The film is inhomogeneous, and 
this is thus an average number. The capacitance has 
a complex dependence on potential  and it is difficult 
to decide which value of capacitance to use. This de- 
pendence of capacitance on potential also suggests a 
complex electronic structure for the oxide. I t  is not 
simply a pure insulator or uniform semiconductor. 

The photoelectrochemical map shown in Fig. 2 may 
be compared to the photograph of the surface in 
Fig. 3. The photograph clearly shows the polycrystal-  
l ine nature of the ti tanium and the inhomogeneous 
nature of the overlying oxide film. It is interesting 
to note that variations in the oxide film correspond 
to the underlying grain structure. This may be due 
to variation in oxide layer growth rate and therefore 
thickness depending upon the exposed crystallographic 
face of the underlying metal  or to variations in the 
electronic properties such as doping concentration 
or tlrap concentration. 

Referring to Fig. 2 we clearly see a disk-shaped 
region of no photocurrent corresponding to the dot of 
black epoxy. In addition there is considerable other 
structure corresponding to variations in the oxide layer 
properties with underlying grain structure. This can 
be clear ly seen by comparing the numbered regions 

Fig. 3. Photograph of the surface of the polycrystatline Ti sample. 
The black spot is a dot of epoxy approximately 1 mm in diameter 
to provide a reference marker and scale factor. The arrow defines 
the up direction in the pbotoelectrochemical maps and the numbers 
identify the grains which correspond to structure observed in the 
photoelectrochemical maps. 

in Fig. 2 and 3. Thus bo~h the photoelectrochemical 
measurements and the photograph show the inhomo- 
geneous nature of the passivating oxide layer on t i ta-  
nium. 

Figure 4 shows schematically the structure o f  the 
metal-oxide-electrolyte interface. The oxide is shown 
as insulating with a uniform electric field throughout. 
We know already from capacitance measurements 
that  this is not the case. The field is expected to vary 
throughout the oxide layer  due to trapped charge. 
The layer is optically thin, so it is a good approxi-  
mation to assume uniform excitation of electron-hole 
pairs by photons with energy larger than the band- 
gap. Photoelectrochemical measurements of the spec- 
tral  response of such films suggest a bandgap of about 
3.0 eV in keeping with the crystalline ruti le form of 
TiO2. The bandgap of anatase has been reported as 

Fig. 2. Photoelectrochemical map of polycrystalline Ti surface at 
2.0V (SCE) in 0.2N N a2S04 and laser photon energy of 3.5 eV. The 
scan is 2 mm wide with each I.ine stepped 50 microns in the y 
direction. The numbers correspond to grains identified in Fig. 3. 
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Fig. 4. Schematic representation of the metal-oxide-electrolyte 
interface. The oxide thickness I is much smaller than the optical 
absorption depth, ~-1. 



2360 J.  ElecSrochem.  Sac.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  D e c e m b e r  1983 

~3.2 eV (4) and  even l a rge r  values for  the bandgap  
are  found in emorphous  films (5). So exci ta t ion of 
e lec t ron-hole  pai rs  by  photons wi th  energy  l a rge r  
than  the bandgap  gives photocur ren ts  wi th  some oxi -  
da t ive  reac t ion  occurr ing at  the ox ide -e lec t ro ly te  
interface,  p robab ly  oxygezl evolution.  Var ia t ions  in 
pho tocur ren t  correspond to var ia t ions  in the oxide 
proper t ies  inc luding thickness and ca r r i e r  recom-  
binat ion ra te  due to traps.  

S imi la r  photoe lec t rochemica l  maps  can be made  
wi th  photons of ene rgy  be low the bandgap.  Previous  
exper imen t s  in bu lk  TiO2 have shown sub -bandgap  
photocur ren ts  re la ted  to deep  t raps  in the  bandgap  
(6). Such a photocur ren t  map  is shown in Fig. 5. 
Because of the  much w e a k e r  signal ,  the da ta  a re  
considerably  noisier.  However ,  one can c lear ly  see 
the  c i rcular  depression of no photocur ren t  corre-  
sponding to the  b lack  epoxy  dot on the surface.  As 
in the above bandgap  case there  a re  other  var ia t ions  
in photoeur ren t  cor responding  to the under ly ing  
gra in  s t ructure .  This can  be c lear ly  seen b y  compar ing  
the n u m b e r e d  regions in Fig. 5 wi th  the  cor respond-  
ing numbered  regions in Fig. 3. However ,  we can te l l  
tha t  the regions of increased s u b - b a n d g a p  photocur ren t  
occur  in regions where  the above bandgap  photoe lec-  
t rochemical  map  shows no s t ructure .  Therefore,  we 
a re  safe in in t e rp re t ing  these grains  as regions of 
increased t rap  dens i ty  ra the r  than  regions where  the 
oxide  is thicker.  One might  expect  that  increases in 
t rap  dens i ty  would  resul t  in more  car r ie r  r ecombi -  
nat ion and a decrease  in above bandgap  photocurrent .  
A p p a r e n t l y  the t raps  observed in the  be low bandgap  
photoe lec t rochemlcal  map do not  contr ibute  signifi- 
can t ly  to the recombinat ion  rate.  

D i s c u s s i o n  
These resul ts  are  very  qual i ta t ive  in nature ,  and we 

would l ike to use this  technique to obta in  quan t i -  
ta t ive  in format ion  about  different  regions of the  
pass ivat ing  film. In o rde r  to .do this we need a quan-  
t i ta t ive  theory  of t r anspor t  of photoexci ted  carr iers  
in the thin oxide  layer .  Such a theory  for a semi-  
conductor  wi th  nonin jec t ing  contacts  has been d e -  
veloped by  Goodman and Rose to expla in  the  behavior  
of the  photoconductor  in television vidicons (7). The 
model  quan t i t a t ive ly  predic ts  the behavior  of pho to -  
cur ren t  vs. vol tage  across the photoconductor  for un i -  
form exci ta t ion of e lec t ron-hole  pairs  and nonin-  
jec t ing contacts. These conditions are  met  in our case 
by  the pass iva t ing  l aye r  being opt ica l ly  th in  and for 
posi t ive potent ia ls  appl ied  to the t i t an ium (i.e., the 
s i tuat ion shown in Fig. 4). The genera l  fea tures  of 
the model  are:  pho tocur ren t  p ropor t iona l  to vol tage 
for low voltages,  pho tocur ren t  p ropor t iona l  to the 
square  root  o,f t h e  vol tage at  higher  vol tages and 
eventua l  sa tura t ion  of the  photocurrent .  The l inear  
and square  root  regions are  c lear ly  visible in our  da ta  
shown in Fig. 6. These four  sets  of da ta  are  t aken  
f rom the four  locations identif ied in Fig. 3. This 
is another  example  of the  advantages  of the  laser  
scanning sys tem and its ab i l i ty  to make  localized 
measurements .  Whi le  the  to ta l  incident  power  is 
r e l a t ive ly  smal l  the power  dens i ty  is qui te  large since 
the l ight  is focused to a spot about  15 microns d i am-  
eter.  Since the film was grown at an appl ied  potent ia l  
of 2V, the measurements  a re  not  taken  at  signifi-  
cant ly  more  posi t ive potent ia ls  to prec lude  addi t ional  
film growth.  This is the reason we are  unab le  to -ob-  
serve  sa tu ra t ion  of the  photocurrent .  

The f latband potent ia l  (8) is tha t  appl ied  potent ia l  
at  which  no potent ia l  drop  exists  across the pass iva t -  
ing layer .  This m a y  be easi ly obta ined  by  ex t r apo la t -  
ing the l inea r  por t ion of the  pho tocur ren t  vs. appl ied  
potent ia l  curve. The values  obta ined for these four 
regions a r e  shown in Table  I. Measurements  for re -  
gions 1 and 2 were taken  a t  one t ime whi le  the  mea-  
surements  for regions 3 and 4 were  taken  at a separa te  

Fig. 5. Photoelectrochemical map of polycrystalline Ti surface 
at 2.0V (SCE) in 0.2N Na2SO4 and laser photon energy of 2.6 eV. 
The scan is 2 mm wide and each line stepped 50 microns in the y 
direction. A TiO2 window is used to remove spurious u.v. light 
effects. The numbers correspond to grains identified in Fig. 3. 
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Fig. 6. Log photoeurrent vs. log applied potential across the 
passivating layer for TiO2 film approximately 100A thick. Incident 
light is ~250  ~W at 3.5 eV. The four sets of data are measured 
at the four locations identified in Fig. 3. The straight lines at low 
potentials have a slope of 1 and at higher potentials a slope of 
1/2. 

time. Thus it .appears that  the differences in f la tband 
potent ia l  are due to different  t r ea tments  of the sample  
on these two occasions r a t h e r  than var ia t ions  f rom one 
region of the  film to another .  The cause of these un-  
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usua l ly  l a rge  f la tband shifts is not  known.  I l lumina t ion  
for a long enough t ime to r each  s t eady-s t a t e  condit ions 
should insure  ident ica l  charging of the passive film 1ram 
measuremen t  to measurement .  Thus this should  not  
be a cause for  the  shifts.  We have observed opt ica l ly  
induced changes in the film proper t ies  at  higrt l ight  
in tensi t ies  which might  account for the  shifts.  Ano the r  
poss ib i l i ty  is changes in surface charge due  to cam-  
posi t ional  var ia t ion  in the electrolyte .  

These local ized f latband measurements  should be 
compared  to the  bulk,  reduced  TiO2 value  at  the 
measured  pH for the 0.2N Na2SO4 e lec t ro ly te  of 6.7, 
which is --0.5V (SCE) (9).  Some of this  difference 
undoub ted ly  comes f rom the lack  of free car r ie rs  in 
the pass ivat ing  l aye r  and the high densi ty  of traps,  
which would  move the  Fe rmi  level  fu r the r  be low the 
conduct ion band  in the  TiO~. I t  should  be pointed out  
that  regions 1 and  4 correspond to regions wi th  large  
s u b - b a n d g a p  photoresponses  shown in the photo-  
e lec t rochemical  map  in Fig. 5, and regions 2 and  3 
correspond to regions of  low above bandgap  photo-  
cur ren ts  shown in Fig. 2. 

In  o rde r  to exp lore  the capabi l i t ies  of the Goodman-  
Rose model  more  quant i ta t ive ly ,  we have  de te rmined  
f rom the da ta  the  s lope of the  l inear  par t  of the  
Iph-V curve,  SL, the slope of the  quadra t ic  pa r t  of 
the  Iqh-V curve,  SQ, and the poten t ia l  where  the  
b reak  occurs be tween  these two regions,  Vb, defined as 
the  potent ia l  a t  which the l inear  and quadra t ic  te rms 
are  equal.  These values  are  shown in Table  I. The 
Goodman-Rose  model  predic ts  that  the  pho toeur ren t  
has the fol lowing forms (7) 

j =  

(1 -I- b ) { - -b  q- [b ~ "-b 4(1 -- b) (1 q- b2)v / (1  .% b) s]'/Q 

2(1 --  b) 
[1] 

where  both j and v are  normal ized  to the sa tu ra t ion  
pho tocur ren t  Jo and the potent ia l  at which sa tura t ion  
occurs Vo, respect ively ,  .and b is a p a r a m e t e r  depending  
on the e lec t ron and hole t r anspor t  proper t ies .  Thus 

J -" J/Ja [2] 

v = Y / V o  [3] 

Jo = e(2a/)  [4] 
and 

Vo --  (1 q- b2)lS/#nTn(l -]- b) 2 [5] 

The sa tu ra t ion  pho tocur ren t  3o is j u s t  the e lec t ron  
charge  e t imes  the to ta l  n u m b e r  of exci ted e lec t ron-  
hole pairs.  This is app rox ima te ly  twice the opt ical  
absorp t ion  coefficient, a, because of r e fec t ion  at  the  
me ta l -ox ide  interface,  t imes the thickness  I. The pa -  
r ame te r  b is defined as 

/znlra 
b --- [6] 

#p~p 

the ratio of the mobility-lifetime products for elec- 
trons and holes. From Eq. [I] we can determine ex- 
pressions for the linear and quadratic slopes and the 
break point. These .are 

Jo r l+b  1 SL [7] 
= ~ t.~(1 + b) ..I 

Table I. Characteristics of photocurrent-voltage curves 

SQ = Vo~/" L 1 - -~ '~ '~J  [SJ 
and 

bS(1 + b) 2 
Vb = Vo [91 

2(1-- b) (1~- b 2) 

Notice that in the linear region the photocurrent 
J = SLV has an l -i dependence on thickness of the 
oxide layer because of the combined effects of Jo and 
Vo. In the quadratic region the slope is independent 
of I but the photocurrent increases linearly with / be- 
cause of a potential independent term 

--b(1 q- b) 
J : 3o Jr SQVV~ [10] 

2(I -- b) 

Furthermore, Vb has an 12 dependence through Vo. 
All of this suggests that it would be interesting to 
explore the thickness dependence of the photocurrent 
in various potential regimes .Finally Eq. [7], [8], and 
[9] can be combined to provide a relationship between 
SL, So, and Vb 

So 

SLVgE = V2- [il] 

The expe r imen ta l  values  for this quan t i ty  for the  four 
regions measured  are shown in Table  I. The agree -  
ment  is reasonable  wi th in  the unce r t a in ty  inheren t  
in the de te rmina t ions  of Sn, So, and Vb. 

Using the above express ions  we can now t ry  to 
de te rmine  a value  for the  e lec t ron and hole /zr p r o d -  
ucts which give a reasonable  fit to the da ta  wi th  the 
Goodman-Rose  model.  Taking  our  film thickness as 
100A, 250/zW of 3.5 eV photons  incident  on the sample  
and the opt ical  absorpt ion  coefficient at this  energy (10) 
of 10r c m - i  we c a l c ~ a t e  using Eq. [4] a sa tura t ion  
current  Jo --  1.4 /~A. Ex t rapo la t ion  of curves 2 or  3 
in Fig. 6 to this  cur ren t  gives a Vo ,~ 15V. Taking  the 
b reakpo in t  as 1.5V gives a value  for b f rom Eq. [9] of 
about  0.3. Using these values  of b, Jo, and Vo, we then 
calculate  using Eq. [7] and [8] l inear  and quadra t ic  
slopes of 0.33 /~A/V and 0.45 ~A/V'I2 in reasonable  
agreement  wi th  the exper imen ta l  values  for  regions 
2 and 3 given in Table  I. These es t imates  are  r a the r  
crude, bu t  there  r ea l l y  is no point  in t ry ing  to make  
more  accurate  comparisons be tween  theory  and ex -  
pe r imen t  because of the  uncer ta in t ies  in the passi-  
r a t i n g  l aye r  thickness  and car r ie r  genera t ion  rate.  

Now using Eq. [5] we can obta in  the  ~z products  
shown in Table II. In  bu lk  TiO2 the  Hal l  mobi l i ty  
at  room t empera tu r e  has been measured  as ,-,0.25 
cm2/V-sec (11). Thus the  e lect ron l i fe t ime is ap-  
p rox ima te ly  2 • 10 - l z  sec. This indicates a ve ry  
la rge  dens i ty  of e lec t ron t raps  in  the oxide layer .  
Unfor tuna te ly  there  are  no measurements  of the hole 
mobi l i ty  in TiOs so we cannot  es t imate  accura te ly  
the  hole l ifet imes.  

A s imi lar  analysis  can be made  for regions 1 and 4 
assuming tha t  the film thickness  is the same. The 
ex t rapo la t ion  of the da ta  in Fig. 6 to the sa tura t ion  
cur ren t  gives Vo ,~ 5V. Taking  the b reak  point  as 1.0V 
gives a value for  b f rom Eq. [9] of ,-~0.4. Using these 
values of b, Jo, and Vo we can calculate  using Eq. [7] 
and [8] l inea r  and quadra t ic  slopes of 0.58 ~A/V and 
0.87 ~A/V'/2 in reasonable  agreement  wi th  the mea -  
sured values shown in Table  I for regions 1 and 4. 
As before  we now use Eq. [5] to obta in  the .~x p rod -  
ucts shown in Table  LI. Here  we find about  a factor  

Linear Quadratic 
slope slope Breakpoint 

Region V~s (SCE) (/~AIV) (/~AIx/~) (V-VB~) 

1 -- 0.2 0.55 0.70 1.1 
2 --0.2 0.27 0.38 1.6 
$ + 0.2 0.31 0.44 1.3 
4 + 0.2 0.7 0.82 0.8 

SQ/SL'vr~ 

1.2 
1.1 
1.2 
1.3 

Table II. Electron-hole transport properties 

Tn .~p "rp 
Region (cmS/V) (cmS/V) rn (see)  

2 + 3 4 x I0 -~ 1.4 x 10 -~a 1.7 • 10-~ 
1 + 4 1.1 x 10 -~ 3 x 10 -~ i x 10-~ 
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of two or three increase in both electron and hole 
lifetimes which implies a corresponding decrease in 
trap densities. It is this increase which accounts for 
the change in Vo and thus the linear and quadratic 
slopes. This shows that the increased state density ob- 
served at 2.6 eV in regions 1 and 4 does not corre- 
spond to the states responsible for trapping in this 
oxide layer. 

Another feature of the Goodman-Rose model is a 
linear dependence of photocurrent on light intensity 
as long as space charge limiting effects are not im- 
portant. Indeed, we only observe a linear dependence 
of photocurrent on light intensity. Thus it seems that 
the Goodman-Rose theory quantitatively descril~es the 
transport of photoexcited carriers in passivating oxide 
layers on titanium metal. However, Hughes and Sokel 
(12) have pointed out the limitations of the G-R 
model. These are the lack of diffusion effects and not 
explicitly including recombination with trapped charge. 
Furthermore, Hughes and Sokel have numerically 
solved the transport problem including these two 
effects and applied their computer code to PbO (12). 
They find ~ products an order of magnitude larger 
than obtained from the G-R model for PbO. An- 
other limitation of the G-R model is that it describes 
steady-state behavior when considerable time depen- 
dence exists in the approach to these steady-state 
values. Quantitative modeling of this time behavior 
provides a further check on our understanding of the 
processes going on. Application of the Hughes-Sokel 
computer code to the transient and steady-state be- 
havior of the photocurrent in oxide layers on tita~ 
nium will be published elsewhere (13). 

Conclusions 
In this paper we demonstrated that localized photo- 

electrochemical measurements can be made on 100A 
thick passivating layers on titanium. Since passivat- 
ing films on other metals have a semiconducting char- 
acter, it is believed that these techniques should be 
extendable to all passivating films. The only limitation 
would be if the bandgap of the passivating layer be- 
comes too large for the laser photons. These kinds of 
measurements probe the electronic transport prop- 
erties of the passivating layer. Significant variations 
in these properties are observed across the film and 
these variations correspond to the underlying grain 
structure in the metal substrate. This variation 
demonstrates the need for local probes to study pas- 
sivating layers since corrosion initiation is a local 
phenomena dependent on the local properties. The 
dependence of steady-state photocurrent on voltage 
across the passivating film is semiquantitatively de- 
scribed by a model (7) proposed by Goodman and 

Rose involving trap dominated electronic transport. 
These results are a first step in exploring micro- 

scopically the behavior of passivating films on cor- 
rosion resistant metals. This localized photoelectro- 
chemical technique will enable correlations between 
local electronic properties of the passivating layer and 
pit initiation to be explored. The role of alloying in 
corrosion resistance and its effect on the electronic 
transport properties of the passivating layer may be 
explored. The localized probe may also be used to 
explore the role of the underlying metal crystallo- 
graphic face in determining the electronic properties 
of the passivating layer. 
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Effect of Concentration on Ion Transport in Donnan Dialysis 

Patrick K. Ng* and Dexter D. Snyder* 
General Motors Research Laboratories, Electrochemistry Department, Warren, Michigan 48090/9055 

ABSTRACT 

The transfer rate of ions across a cation selective membrane depends on membrane properties, solution concentration, 
and hydrodynamic environments outside the membrane. This work examined the effects ofconcentrat ion and solution 
flow rate on the ion transport across a perfluorosulfonic acid tubular  membrane. Experiments were conducted using cop- 
per sulfate as the feed solution and sulfuric acid as the stripping agent. Conditions under  which either membrane or bound- 
ary layer resistance dominates were identified. Mass transfer correlations and membrane interdiffusion coefficient were 
obtained to characterize these two resistances. 

Donnan  dialysis which employs the properties of 
ion-selective membranes  is considered to be promis-  
ing as a separation and purification process with rela-  
t ively low energy cost. The recent ly available tubular  
ion selective membranes  make it possible to design 
she l l -and- tube  type dialyzers that can provide a large 
surface area for ion transport .  E i senmann (1) used 
such a design to recover nickel  from a dilute r insing 
water, and Law (2) i l lustrated the feasibili ty of pro- 
longing the life of a gold plat ing solution by using 
tubular  membranes.  

Figure 1 shows the barr iers  metal  ions may en-  
counter  while being t ransported from the waste to 
s tr ipping stream. They are the waste s t ream boundary-  
layer  resistance, the membrane  resistance, and the 
s tr ipping s t ream boundary - l aye r  resistance. The last 
resistance usual ly  can be minimized by using a high 
concentrat ion in the str ipping stream, e.g., 0.5M H~O4. 
The relat ive importance of the other two resistances 
depends on membrane  properties, the waste stream 
concentration, and hydrodynamic  environment .  

We investigated (3) the hydrodynamic  effect on 
t ransport  flux in a dilute nickel sulfate (100 ppm in 
nickel) system, using perfluorosulfonic acid membranes  
in a she l l -and- tube  type dialyzer. At such a low ion 
concentration, the boundary - l aye r  film was found to be 
dominant  and the t ransport  flux depended s trongly on 
flow rate. In  the present  work, we studied the concen- 
trat ion effect on t ranspor t  flux at different flow rate, 
and we also shift to a copper solution to expand the 
applicabil i ty of the process. 

Exper imenta l  
The she l l -and- tube  type dialyzer was s imilar  to the 

one used in previous work (3). I t  consisted of a per-  
fluorosulfonic acid membrane  (designation 810) with 
OD of 0.312 cm and ID of 0.238 cm. The outer shell 

�9 Electrochemical Soc ie ty  Act ive  Member. 
Key words:  membrane ,  mass  transport ,  ion exchange ,  dialysis.  
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Fig. I. Ion transport across a membrane 

was fabricated from acrylic tub ing  with ID of 0.635 
cm and length of 17.15 cm. 

Copper sulfate solution (100-5000 ppm in Cu) was 
circulated through the membrane  tube side while 0.5M 
H2SO4 str ipping solution was pumped through the  
shell side. Each stream contained ini t ia l ly  500 ml solu- 
tion, and its flow rate was controlled by a tubing  
pump and monitored with a flowmeter. The flow rate 
in the tube side spanned the range of 28-3000 ml /min .  
Samples were taken from each reservoir at t ime in ter -  
vals and were analyzed for pH and copper. 

Results and Discussion 
Rate constant measurements.--During each experi-  

ment,  the copper concentrat ion in the tube-side (waste 
s tream) reservoir was found to decrease exponent ia l ly  
with time, consistent with the results in our previous 
work (1). Figure 2 i l lustrates this with an init ial  
copper concentrat ion of about 1000 ppm. The reservoir 
can thus be regarded as a reactor with a first-order 
rate constant, m (min -1 ) ,  given by  the equation 

Ci = Ci ~ exp (mr) [1] 

where Ci is the reservoir copper concentrat ion (mol /  
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Fig. 2. Transient variation of copper concentration in the reservoir 

2 3 6 3  



2364 J. Electrochem. Sot.: ELECTROCHEMICAl ,  SCIENCE AND TECHNOLOGY December 1983 

ml) at time t (min) ,  and C~ is the ini t ial  concentra-  10-5- 
tion. The copper flux (mol/cm 2. rain) can be cal- 
culated by 

J c .  = - ..,,WR- Cl  [ 2 ]  
A 

where Vrt is the reservoir  volume in mil l i l i ter  and A 
is the membrane  surface area in cm 2. In  some of the 10 -6 - 
experiments,  the value of m tends to change when the 
reservoir copper concentrat ion (Ci) has decreased to 
about 300-500 ppm. This suggests a change in t rans-  ~ '  
port mechanism which depends on concentration. ~ E 

The effect of s tr ipping s t ream (shell-side) flow rate E 
on rate constants was also studied and the results are 
shown in Fig. 3. Our previous work (3) also indicated ~" 10 -7 
that the concentrat ion of s t r ipping solution (HsSO4) 
has less effect on the t ransport  flux. & 

o 
Boundary-layer and membrane resistances.~As the 

copper ions start  moving through the membranes,  they 
have first to overcome the boundary- layer  resistance 
on the tube side. A concentrat ion gradient  usual ly  
exists in this film, whose thickness depends on the 10 -8 
hydrodynamic conditions. A higher flow rate means a 10z 
th inner  film and a higher copper flux toward the mem-  
brane.  As a result, if the boundary- layer  film is the 
major  barr ier  to transport,  the copper flux should be 
proportional to flow rate. On the other hand, when the 
membrane  is responsible for the copper transfer, the 
copper flux becomes independent  of flow rate and -5 
tube-side concentration. 10 

Figures 4 and 5 i l lustrate the change of flux vs. flow 
rate and ini t ial  copper concentration, respectively. For 
the 810 membrane,  there exists a max imum copper 
flux of about 4.5 X 10 -6 mol/cm2 �9 rain. 

At low copper concentration, such as 100 ppm, Fig. 4 
c clearly indicates that the boundary  layer is the ma in  .~ 

l imit ing factor. The t ransport  flux of copper depends ~,  
s trongly on flow rate. A very high Reynolds n u m b e r  E 
(about 105 in Fig. 4) is needed to create enough fur-  "-~ -~ 10 6 

E bulence to el iminate the boundary- l aye r  effect. 
With increasing copper concentration, the span of x" 

flow rate in which the boundary  layer is l imit ing be- ~- 
comes smaller.  For  example, at 2000 ppm, the boundary  ~, 
layer is controll ing only at a Reynolds n u m b e r  less ~- 
than 10 ~. The membrane  resistance becomes progres- ~- 
sively more important  at higher flow rate. Eventual ly ,  
a Reynolds n u m b e r  is reached at which the membrane  
resistance completely controls the ion t ransport  
through the membrane,  and a max imum flux is ob- 
served. It  is apparent  from Fig. 4 and 5 that both flow 
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rate and waste stream concentrat ion have to be spe- 
cified to locate the t ransi t ion region. 

The boundary- l aye r  film can be characterized by a 
mass t ransfer  coefficient (KBL) calculated by a pre-  
viously developed model (3). The model assumed that 
the tube-side solution is well mixed and its concen- 
trat ion is uniform and equal to the outlet concentra-  
tion. KBL can be defined by the mass balance equation 
for copper in the tube side of the dialyzer as 

Q (Cl -- Co) = KBLACo [3] 

in  which Co is the outlet concentrat ion from the di- 
alyzer and Q is the volumetric  flow rate (ml /min ) .  
This assumption is reasonable at low copper concen- 
trat ion where boundary  layer  controls the copper 
transfer.  At 100 ppm, the calculation (3) showed that  
the membrane  surface concentrat ion is less than 5% of 
the bulk  concentration. By combining Eq. [1], [3], and 
a mass balance equation for the reservoir, KBL can be 
wri t ten in terms of measurable  parameters  as 
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- -  mV R 
KBL = [4] 

m V a  '~ 

The ca lcula ted  KBL can usua l ly  be wr i t t en  in d imen-  
sionless form as the Sherwood number  (Sh = KBLd/D). 
Figure  6 shows the var ia t ion  of S h .  Sc -1/3 wi th  Rey-  
nolds number  (Re = vd/v),  and the resul ts  can be 
represen ted  by  the fol lowing correla t ions  

Sh �9 Sc -~/s = 0.0157 Re ~ 1000 < Re < 26,700 [5] 

Sh �9 Sc -1/a ---- 0.48 Re ~ Re < 1000 [6] 

The k inemat ic  viscosi ty of wa te r  and the CuSO4 dif -  
fusion coefficient at infinite di lu t ion (8.7 X 10-6 cme/ 
sec) were  used in calculat ing the Schmidt  number  (Sc). 
Equat ion [6] fits the da ta  at  copper concentra t ion up 
to 2.000 ppm, whe rea s  Eq. [5] appl ies  only  to 100 and 
500 ppm. At  high Reynolds  n u m b e r  and high copper 
concentrat ion,  membrane  resis tance is dominant  and  
mass t ransfe r  correla t ions  become meaningless .  

Consider ing the swel l ing na tu re  of membranes ,  the 
exponents  of Re in Eq. [5] and [6] agree reasonably  
well  wi th  those f r equen t ly  cited in l i t e ra tu re  for  t u r -  
bulent  flow (0.8) and for l amina r  flow (1/3 by  Leveque 
ca lcula t ion) .  These improved  correlat ions over  those 
in the n ickel  sulfa te  sys tem (3) can serve  as the first 
approx imat ion  in designing pract ica l  dialyzers .  

When the membrane  controls the ion t r anspor t  (high 
concentra t ion and high f low ra te ) ,  it  is des i rable  to 
measure  the membrane  mass t ransfe r  coefficient (Kin) 
f rom which the interdiffusion coefficient (D) can be 
calculated.  Kr, is obta ined  by  the fol lowing equat ion 
(see Fig. 1) 

Km(C cu [7] JCu ----- ~" ~'~' - C cu) 

where  the membrane  concentrations, C'cu and C'cu, 
are  calcula ted by  assuming a uni form concentration 
profile in the two flowing s t reams.  By ex t rapo la t ing  the 
value  1~Kin to infinite flow rate  (1/Re ---- 0), one ob-  
tains a Km from which Deu-H can be calcula ted b y  

D ---- �9 l [ 8 ]  c , , -H (Km) Re--~ 

where  l is the membrane  thickness (0.0368 cm).  F igure  
7 shows the ex t rapola t ions  for concentrat ions  1000, 
2000, and 5000 ppm, and the r ~ values for the corre-  
sponding l inear  fits. The intercepts  (1/Kin) for the 
three  lines ranged  f rom 6190 to 681~. see/era,  and  
y ie lded  an average Km of 1.56 X 10 -4 era/see. The 
interdiffusion coefficient was ca lcula ted  b y  Eq. [8] to 
be 5.73 • 10 -6 em2/see. 
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Many factors influence the interdiffusion coefficient, 
such as m e m b r a n e  proper t ies  (e.g., ion exchange ca-  
pac i ty  and wa te r  content)  and the charge of diffusing 
ions. Values repor ted  in l i t e ra tu re  (4-9) range in mag-  
n i tude  f rom 10 -6 to 10 - s  cm2/sec, depending  on m e m -  
brane  and e lec t ro ly te  system. As pointed out  by  Lake  
and Melshe imer  (4), the ex t rapo la t ion  technique yields  
more accurate  results  at high concentrat ions.  This m a y  
expla in  the insens i t iv i ty  of Dcu-n to concentra t ion in 
this work  as compared  to our  previous  work  (3) that  
showed the dependence  of /~NJ-H on concentrat ion.  
Graydon  and co-workers  (5-7) indica ted  that  the in-  
terdiffusion coefficient is independen t  of solut ion con- 
cent ra t ion  since the concentra t ion grad ien t  in the 
membrane  is r e la t ive ly  insensi t ive to ex te rna l  solut ion 
concentrat ion when the membrane  controls  the ion 
diffusion process. 
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Composition Gradients in Electrolyzed LiCI-KCI Eutectic Melts 
C. E. Va l le t , *  D. E. Heatherly, and J. Braunstein* 

Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830 

ABSTRACT 

Analysis of transport in a mixed electrolyte has previously predicted significant composition gradients in the LiC1-KC1 
electrolyte of high temperature Li/S batteries. Composition gradients in quenched electrolyzed LiC1-KC1 eutectic contained 
in yttria felt are measured with h~gh distance resolution by scanning electron microscopy with energy dispersive x-ray spec- 
troscopy. The reported results include composition profiles of LiC1-KC1 contained in porous Y~O3 and electrolyzed in three 
cells, two with solid Li-A1 electrodes and one with a porous Li-A1 anode. 

Despite the importance of the distribution of re- 
actants and products in an operating battery, and 
although current-induced composition gradients have 
been demonstrated in mixed molten salt electrolytes, 
there has been a dearth of related measurements for 
batteries with molten salt electrolytes (1-4). Gradients 
have been measured in AgNO~-NaNO~ melts electro- 
lyzed between silver electrodes (1), and predicted in 
mixed molten salt battery electrolytes (2-4). Compu- 
tations predicted LiC1 precipitation at the negative 
electrode and KC1 precipitation or enhanced J-phase 
formation at the positive electrode (3). Examples of 
observed deleterious effects include: (i) Reduced 
energy utilization in the negative electrode of experi- 
mental cells, attributed to freezing of the electrolyte 
(6). (ii) Freezing of electrolyte in the Li-Si negative 
electrode of a thermal battery with LiC1-KC1, cited as 
an end-of-life mechanism of the cell (7). (iii) Precipi- 
tation of KCI in the pores of the FeS electrode, re- 
ported to decrease the discharge rate of LiA1/FeS cells 
(8). Other evidence for solid precipitation in molten 
salt cells also has been reported (5, 9-11). These effects 
would be reduced by the use of an all lithium electro- 
lyte (12), but would not all be eliminated, because 
electromigrational composition gradients still are ex- 
pected (2, 13). 

In situ measurements of composition are desirable. 
Although valuable information can be obtained from 
analysis of discharged cells (5, 14), diffusional and 
other relaxations occurring after discharge alter the 
reactant and product distributions established during 
cell operation. A closer approach to in situ measure- 
ments is provided by analysis of systems in which the 
compositions during current fl0w have been frozen in 
by quenching the cell (1). For such experiments, a 
small laboratory cell with identical electrodes is more 
convenient for the isolation and measurement of cur- 
rent-induced component separation than a complete 
battery. 

This paper presents the first measurements of the 
shape of the composition profile in LiC1-KC1 eutectic 
melt produced by electrolysis between Li-A1 elec- 
trodes. The measured profiles in the cell separators are 
compared to the profiles numerically calculated (3) 
with the binary diffusion coefficient corrected for the 
porosity of the yttria matrix (1, 4) and with composi- 
tion dependent transference number of K relative to 
C1 (15). Results of measurement of the electrolyte 
composition changes in the anoIyte within porous Li-A1 
electrodes will be presented in a subsequent paper. 

Experimental 
The battery electrolyte (LiC1-KCl eutectic) was 

electrolyzed between two Li-A1 electrodes. Li + is pro- 
duced by the faradaic process at the anode and an 
equivalent quantity is removed at the cathode. The 
ion flows in such an electrolysis experiment are similar 
to those in an Li/S battery, except that in the battery 
Li + is precipitated at the FeS~ electrode as a sulfide 

Electrochemical Society Active Member. 
Key words: battery, electrolyte, fused salts, SEM. 

(1). After electrolysis the assembly was quenched 
rapidly, and then sampled for chemical analysis of the 
composition gradient established between the elec- 
trodes. Atomic absorption spectroscopy (AA) of Li + 
and K+ in noncontiguous sections cut parallel to the 
electrode faces, and scanning electron microscopy with 
x-ray fluorescence (SEM/EDX) measurement of K/C1 
ratios in small areas on a section cut perpendicular to 
the electrode faces were used to obtain the composition 
gradient. 

CeiL--In the cell, shown in Fig. 1, the LiC1-KC1 eu- 
tectic melt (polarographic grade, Anderson Physics 
Laboratories) is contained in porous yttria (Y203) 
felts. 1 The spring loaded upper electrode holder pro- 
vides electrode-electrolyte contact. For studies of the 
composition gradients in the porous alloy electrodes, 
the cell also can accommodate, as upper electrode, a 

Zircar Company, Florida, New York. 

Fig. 1. Cell assembly for electrolysis-quench experiments with 
Li-AI electrodes and LiCI-KCI electrolyte in Y~O3 felt matrix. The 
assembly is immersed to the level of the upper electrode in LiCI-KCI 
eutectic in a AI20~ tube. 
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powdered alloy. The powder (SLiA1, 51% Li) is re- 
tained by a stainless steel mesh with a stainless steel 
current  collector at the top. The cell is heated in an 
electric furnace in a controlled atmosphere hel ium 
glove box excluding water, oxygen, and nitrogen. 
Electrolysis, quenching, and cutt ing of the sample are 
carried out in the same glove box; samples are t rans-  
ferred to the electron microscope in a desiccator. 

The salt content  of the yt tr ia  felts was ascertained 
by aqueous extraction of the salt from the felt and 
weighing, as for the previously reported AgNO~- 
NaNOs mixtures  (1). The average measured porosity, 
summarized in Table  I, is 0.85 • 0.04, compared with 
the value 0 . 9 0 •  0.02 found for s imilar  yt t r ia  felts 
filled with ni t ra te  mixtures  (1), which wet the yt t r ia  
more easily than does LiC1-KC1. 

Electrolysis and sampling for analysis.--Three 
quenched electrolyzed samples of LiC1-KC1 eutectic 
were prepared using either two solid two-phase (~ + 
8) Li-A1 electrodes or a solid (~ + 8) cathode and 
powdered 8Li-A1 porous anode. The solid two-phase 
Li-AI electrodes were prepared by catholysis of an 
a luminum electrode in LiCI-KC1 melt  at low cur ren t  
density (1 mA cm-2) ,  and had overall  compositions 
ranging from 15 to 40 a/o Li. Before assembly, the 
potential  of these 2-phase electrodes vs. a cast solid 
(~ + 8) reference electrode was less than 1 mV. Con- 
ditions of electrolysis for the three cells for which we 
report  composition profiles are summarized in Table II. 
At the end of electrolysis, the assembly was quenched 
by  immersion in  cold silicone oil in less than  1 sec after 
cessation of current .  The sampling for profile analysis 
by SEM/EDX and by AA has been described previ-  
ously (1). 

SEM/EDX anaIysis.--Scanning electron microscopy 
with x - r ay  fluorescence spectroscopy of quenched 
samples gives the distance resolution necessary in the 
analysis of the composition gradients extending over 
distances of the order of 2-3 mm. The 21 kV electron 
beam causes ionization and fluorescence to depths o2 
the order of 1 ~m, thus providing local bulk  analysis. 
The position relat ive to the electrodes of a scanned 
area was measured from the electron micrograph 
within 3 ~m, and the composition is related to the ratio 
of the x - r ay  lines of potassium to chlorine. The two 
lines at 2.62 keV for chlorine and at 3.31 keV for potas- 
s ium are well  separated. Li th ium cannot be observed 
with the Si(Li)  detector (ORTEC) with a bery l l ium 
window. 

Calibration.--Although SEM/EDX is a very sensitive 
method for detecting small  quanti t ies of elements, 
quant i ta t ive  analysis in a three-phase composite ma-  
trix of mixed particles remains  difficult (16). Calibra-  
tion s tandards of weighed- in  composition were pre-  
pared and handled by identical  procedures, except for 
current  flow, to those for the electrolyzed samples in  

Table I. Measured porosities of yttria matrix filled with 
quenched LiCI-KCI melts 

Melt eompos~tion Sampled 
(mol  fraction) volume (cm s) Porosity 

0.6 KC1-0.4 LtCI 0.1171 0.78 
0.45 KC1-0.55 LiCI 0.1114 0.88 
Eutectic 0.0648 0.86 
Eutectic (electrolyzed) 0,0258 0.87 

Table II. Electrolysis conditions of LiCI-KCI eutectlc 

Electrode Time of Current Polarity 
Temp. separation electrolysis density of top 

Cell (~ (cm) (sec) (A cm -~) electrode 

1 425 0.326 152.0 0.202 -- 
2 425 0.416 242.0 0.2,54 + 
3 ( p o r o u s  425 0.350 240,.0 0.252 + 

anode) 

order to provide a particle size distr ibution in these 
standards very close to that in the cells. The standards 
were examined by SEM/EDX with scanned areas of 
vary ing  size in order to ascertain the matching of the 
spatial  resolution with the homogeneity of the samples. 
The K/C1 ratios did not vary significantly when areas 
as small  as 10-6-10 -'~ cm 2 were scanned (17), hence 
subsequent  measurements  were made in this range. 
The calibration curve shown in Fig. 2 was measured 
from seven standards ranging from 0.25 to 0.6 mol 
fraction KC1. EDX determinat ions were made by scan- 
ning areas of about 5 • 10 -6 cm 2 for 300 sec at 10~15 
different locations, and the tilt angle was fixed at 32 ~ . 

Comparison with ZAF correction.--In order to test 
whether  calibration could be based on the theoretical 
ZAF equation (18) and measurement  on a single pure 
KC1 standard,  K/C1 count ratios were measured on a 
KC1 single crystal (optical grade) and also on a sample 
melted and quenched in yttria. The K/C1 count ratio 
was 0.721 • 0.003 for the crystal and a little higher, 
0.783 • 0.01, in the yt t r ia  matrix,  which leads to a 
mean elemental  intensi ty  ratio I~176 of 0.82 in pure 
KC1. If this ratio were used with the ZAF corrections 
(19) computed from the atomic properties of the ele- 
ments, the calculated calibration curve would lie sys- 
tematical ly above the measurements  in the standards.  
Since the composition of pure KC1 is far from the 
composition range of interest  in this study, a least 
squares adjusted value, I~176 = 0.67, was used to 
represent  the calibration curve in Fig. 2. This value 
was determined from the measurements  in the seven 
standards, using the composition dependent  ZAF co- 
efficients calculated with the FRAME program (19), 
and gives a s tandard  deviation of 0.03 in the K/C1 count 
ratio. The difference between the values of I~176 ob- 
tained from measurements  with pure KC1 and with 
mixtures  in the Y2Oz matr ix  is of the same order (20%) 
as the difference we reported in NaNO3-AgNO.~ mix-  
tures (1). Discrepancies up to 30% between different 
matrices are not  uncommon in the EDX l i terature  (16), 
and may be at t r ibuted to uncertaint ies  in the penet ra-  
tion of the electron beam assumed in the FRAME pro- 
gram (20). The calibration samples are more represen-  
tative of those to be analyzed than is pure KC1, 
therefore the exper imental  cal ibrat ion curve has been 
used for the subsequent  measurements.  

Accuracy.--The dispersion of the count ratio at differ- 
ent locations in a sample was smallest, 0.003, for the 
single crystal sample. For quenched pure KC1 in yt t r ia  
the observed dispersion was 0.01. This increased dis- 
persion may  be a t t r ibutable  to a rougher surface for 
the KCl-y t t r ia  sample than for the single crystal. The 
average dispersion observed with the s tandard LiC1- 
KC1 mixtures  in yt t r ia  is 0.027, which is significantly 
higher than with pure KC1 in yttria.  The larger dis- 
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Fig. 2. EDX calibration for LiCI-KCI melts quenched in yttria. 
Data and observed dispersion for 15-20 determinations in dif- 

ferent locations within the standard. Least squares fitted 
calibration curve. 
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Table III. Atomic absorption results in cell No. 1 and cell No. 2 

Mol fraction KC1 

Distance of From Li & K 
center from Weight of salt From Li From K analysis Predicted 

Section anode (cm) extracted (g) analysis a~alysis combined and deviat ion ( ) 

Cell No. 1 

1 0.0567 0.04420 0.411 0.399 0.406 0.393 (3.3%) 
2 0.1104 0.02219 0.416 0.403 0.410 0.410 (0%) 
3 0.1658 0.04714 0.402 0.406 0.404 0.415 (2.6%) 
4 0.2222 0.02754 0.417 0.414 0.416 0.421 ( 1.2% ) 

Cell No. 2 

1 0.0343 0.00616 0.414 0.274 0.337 0.349 (3.4%) 
2 0.1003 0.02513 0.415 0.377 0.397 0.365 (3.1%) 
3 0.1714 0.01232 0.489 0.321 0.410 0.40'7 (0.7%) 
4 0.2448 0.01693 0.414 0.409 0.411 0.419 (1.9%) 
5 0.3146 0.02195 0.406 0.420 0.412 0.437 (5.7%) 
6 0.3756 0.02104 0.459 0.431 0.447 0.476 (6%) 

persion in the mixtures  may result  from addit ional 
inhomogenei ty  in the distr ibution of crystallites of 
LiC1 and of KC1. However, the calibration curve, ob- 
tained by sampling several locations in each of the 
seven standards, gives the composition within an un -  
cer ta inty of the order of 8%. 

Results 

Analysis of sections by atomic absorption.--The AA 
data obtained with cells No. 1 and No. 2 are summar-  
ized in  Table III. 

Except for sections 1 and 3 in cell No. 2, where the 
weight of extracted salt was less than half the average 
weight in the other sections, the results obtained from 
the Li analysis and from the K analysis (in columns 
4 and 5, respectively) agree, on average, wi thin  3-4%, 
indicating that the weight loss after extraction is cor- 
rectly known in most of the cases. Column 6 shows the 
composition based on the combined Li and K analyses, 
which is thus independent  of weight loss after extrac- 
tion. The last column indicates the predicted average 
composition in each section and (in parentheses) the 
deviations between the predicted compositions and the 
measured values listed in column 6. The deviations are 
less than 6% and are of the order expected from the 
accuracy of AA. One disadvantage of this method is 
that the compositions are for noncontiguous portions 
of the separator because of the thickness of the saw 
blade. The major  disadvantage is the low distance 
resolution of these measurements,  l imited by the im-  
possibility of obtaining coherent sections th inner  than 
0.03-0.04 cm, which prevents  measurement  of the com- 
position gradient  close to the electrodes. 

SEM/EDX measurements.--Measurements of com- 
position profiles with high distance resolution were 
obtained by SEM/EDX on cross sections from these 
two cells. The areas scanned were typically 6 #m 
squares randomly chosen over a region of quenched 
electrolyte 0.5 mm wide located near  the axis of the 
cylindrical  cell. The composition changes measured as 
a function of distance from the anode in cell No. 2 are 
shown in the upper  part  of Fig. 3 along with the pre-  
dicted composition profile, and demonstrate a 50% 
gradient  across the separator. The vertical bar  indi-  
cates the s tandard  deviation of measurements  of a 
typical standard. The lower portion of the figure, a 
deviation plot showing the differences between the 
measured and predicted compositions, shows little 
systematic trend. Because of inhomogenei ty  of the 
electrolyte matr ix  and of the current  distribution, the 
apparent  distance resolution is lower than that nomin-  
ally at ta inable with the magnification used. Some form 
of smoothing is therefore required to generate an 
average one dimensional  profile. In  order to ascertain 
the accuracy with which the shape of a profile can be 

determined, the data were analyzed by several meth-  
ods. 

Composition profile in separator.--First, to smooth the 
data without the bias of a funct ion of given form (e.g., 
a predicted profile), the measurements  in cells 1 and 2 
were averaged in a "moving window" of width ___0.05 
X the reduced distance. This runn ing  average is shown 
by the solid horizontal bars in Fig. 4. The small  loss of 
resolution result ing from this smoothing is much less 
than that result ing from the AA analysis of sections 
that were about 0.4 mm thick and not contiguous. The 
bars represent  overlapping groups of points spanning  
less than 0.15 mm. The dashed line is the predicted 
profile calculated numerical ly.  The moving window 
smoothing is model independent ,  and demonstrates the 
current - induced composition gradients and general  
shape of the profile. 

Second, in order to obtain a smooth curve to repre-  
sent the data, again without in t roducing the bias of a 
theoretical equation, a least squares fit to the data was 
done with a simple empirical funct ion (quadratic)  
which represents a profile passing through the init ial  
composition midway between the electrodes, i.e., at a 
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of window (L0.018 cm). ~ Least squares fit to EDX and AA 
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reduced distance, u = 0.5 

XKCl -- 0.415 _-- A ( u  --  0.5)2 for u > 0.5; 

XKCl -- 0.415 = , - - B ( u  --  0.5)2 for u < 0.5 [1] 

Values of A and B are given in Table IV for the fit to 
the predicted profiles and to the exper imental  data 
in cells No. 1 and No. 2. The use of Eq. [1] to fit 
the predicted profile calculated from the init ial  com- 
position, current ,  and electrolysis time, gives an agree- 
ment  factor of 4 • i0 -3 mol fraction KC1. Application 
of Eq. [1] to the data gave an agreement  factor of 4-5 
X 10 -2 tool fraction KC1. Figure 4 shows the quadrat ic  
fits to the raw data for cells No. 1 and No. 2 as solid 
lines, and the predicted composition profiles as dashed 
lines. The compositions calculated from the fit of Eq. 
[1] to the data are within about 6% of the predicted 
composition profile. 

E l e c t r o l y t e  in  p o r o u s  a n o d e . - - F o r  cell 3, with a porous 
anode, the smoothing was done dur ing  the measure-  
ments  by scanning a 8 X 10 -3 cm strip (parallel  to the 
interface) that was 2 • 10 -3 cm wide, and then dis- 
placing the beam by half this width for successive 
scans. This procedure reduces markedly  the fluctua- 
tions between successive measurements ,  with little loss 
in distance resolution. The SEM/EDX results in the 
separator  of cell 3 are shown on the r ight  side of Fig. 
5. The bars are averages over overlapping moving 
windows of 50 ~m width. Although the compositions 
measured in the Y203 separator near  the anode were 
very close to LiC1 saturat ion at the exper imental  tem- 
perature (0.30 mol fraction KC1), precipitat ion of LiC1 
in the separator was not detected. None of the scanned 
areas showed spectra free of potassium; also there was 
no significant increase of fluctuation in L i /K  ratios 
found in scans of neighbor ing areas. On the left side 

Table IV. Coefficients in quadratic fits of predicted and 
measured composition profiles 

P r e d i c t e d  Experimental 
Cell A B A B 

1 0.217 0.217 0.195 0.376 
2 0.401 0.367 0.439 0.477 
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Fig. 5. EDX measured composition profile in the LICI-KCI electro- 
lyte of cell No. 3, with porous l.i-AI anode an the left and the yttria 
separator on the right. --Average of 5-6 determinations through 
overlapping windows 50 microns wide in the separator. 7 0 - -  
Data, with width of scanned area, in the porous anode. 

of Fig. 5, p re l iminary  measurements  in  the porous 
anode indicate lower K/C1 mol ratio than in the sepa- 
rator, and suggest LiC1 precipitation. Subsequent ,  
more detailed, measurements  in the porous anode 
showed that  LiC1 precipitat ion had occurred in the 
front part  of the electrode, and will be presented in a 
later  paper. 

Conclusions 
Composition gradients induced by current  in mixed 

electrolytes of Li/S batteries have been isolated by 
quenching of LiC1-KC1 eutectic melt  electrolyzed be-  
tween two Li-A1 electrodes. 

Composition profiles were measured by atomic ab- 
sorption and by SEM/EDX. The results obtained in the 
three cells demonstrate  the composition gradients in 
the Y203 separator resul t ing from current  flow. Results 
obtained by AA and by SEM/EDX are consistent, in-  
dicating no artifact caused by the small  size of the 
volume sampled by EDX. The SEM/EDX composition 
profiles in quenched Y2Q-LiC1-KC1 were obtained 
with a distance resolution better  than 50 ~m and a 
relative accuracy of bet ter  than 10%. 

Relat ively low counts of K and C1 in portions of the 
felts close to the upper  electrode (cathode in cell No. 
1 and anode in cell No. 2), probably  resul t ing from 
voids in that region of the felt, contr ibute to the dis- 
persion; the dispersion also is larger for measurements  
made at the junct ion  of two felt disks because of the 
roughness of the scanned surface and the absence of 
salt  in that region. 

Curren t - induced  gradients in L i /K  ratio of 40-50% 
across the electrolyte were measured. The l i th ium 
chloride concentrations near  the anode approached 
saturation. P re l iminary  measurements  in a porous 
anode suggested LiC1 precipitation. 

Refinements in the scanning procedure should lead 
to bet ter  accuracy in the EDX measurements ,  probably 
to the order of 5%. The method can be used in the 
analysis of the distr ibution of products and reactants 
in high temperature  molten salt batteries. 
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Electrolytic LiCI Precipitation from LiCI-KCI Melt in Porous Li-AI 
Anodes 

C. E. Vallet,* D. E. Heatherly, L. Heatherly, Jr., and J. Braunstein* 
Chemistry Division and Metals and Ceramics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830 

ABSTRACT 

Composit ion gradients such as those predicted to occur during discharge of porous Li-A1 negative electrodes of Li/S 
batteries with LiC1-KC1 eutectic electrolyte were generated and measured in the LiC1-KC1 anolyte of an electrolysis cell with 
Li-A1 electrodes. Precipi tat ion of l i thium chloride during electrolysis was observed by two-dimensional  scanning of electro- 
lyte composi t ion in the front part  of quenched porous Li-A1 anode sections using SEM/EDX. The distr ibution of sites of 
increased or decreased LiC1 concentration, LiC1 saturat ion and precipitat ion was mapped.  Cathodic regions were observed 
near the cell walls. Prel iminary results of analysis by Auger  spectroscopy confirm LiC1 precipi tat ion in the porous anode. 

We have prev ious ly  repor ted  SEM/EDX measu re -  
merits of cu r r en t - induced  composit ion profiles in LiC1- 
KC1 contained in y t t r i a  matr ices  and e lec t ro lyzed be-  
tween solid Li-A1 (~ + 8) electrodes (1). This paper  
presents  the resul ts  of SEM/EDX and Auger  analysis  
of the anoly te  composit ion in powdered  electrodes 
fol lowing electrolysis  and quenching. Since the p r i -  
m a r y  dr iv ing  force for component  separa t ion  in a 
mixed  e lec t ro ly te  is the e lect rode react ion (2, 3), the 
e lec t ro ly te  composit ion shif t  is l a rge r  in the porous 
e lect rode (3) than  in the separator .  Prec ip i ta t ion  of 
l i th ium chloride is observed.  

Experimental 
The cell and the SEM/EDX procedure  have been de-  

scr ibed prev ious ly  (1). The Li-A1 powder  of the 
porous anode  was 51 a /o  l i th ium (~ phase) ,  wi th  gra in  
sizes of the o rde r  of 0.3-0.4 ram. F igure  1 shows (a) an 
e lect ron mic rograph  of a filled y t t r i a  ma t r i x  wi th  a 

* Electrochemical  Society  Act ive  Member.  
Key words:  battery,  e lectrolyte ,  fused salts, SEM, AES, porous 

e lectrode.  

porous Li-A1 electrode and stainless  steel  screen to- 
ge ther  wi th  the e lementa l  mappings  for:  (b) y t t r ium,  
(c) chlorine,  and (d) potass ium in a nonelect rolyzed 
cell. The e lementa l  mappings  demons t ra te  the filling 
of the assembly  by  melt .  F igure  1 (b) shows the y t t r i a  
subs t ra te  in the  separa tor ;  the few br igh t  spots in the 
e lectrode p robab ly  resul t  f rom smear ing  dur ing cut-  
ting, and represent  background  in the electrode.  Both 
chlor ine and potass ium mappings  show a large  number  
of areas  filled wi th  salt  and un i fo rmly  dispersed in the 
porous electrode,  as shown by the br ightness  wel l  
above background.  

A nonelec t ro lyzed  porous e lect rode filled wi th  LiCI-  
KC1 eutectic (0.42 mol fract ion KC1) was examined  by 
SE M /E D X  in order  to test  whe the r  the cal ibra t ion 
curve es tabl ished for LiC1-KC1 in an y t t r i a  ma t r i x  (1) 
could be used for measurements  in the Li-A1 matr ix .  
Some 300 EDX spectra  f rom scanned areas  (8 • 10 -3 
cm • 2 • 10 -8 cm) d is t r ibu ted  along three  different  
paths  perpendicu la r  to the  AlzO8 walls  and ex tend ing  
f rom one wal l  to the other  gave a K/C1 count rat io of 
0.182 __. 0.021. This value  of the  K/C1 count rat io  in 
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Fig. i .  Electron micrograph (a) 
and EDX elemental mappings of 
(b) Y, (c) CI, and (d) K in 
quenched cell with U-.kl porous 
electrode. 

the Li-A1 matr ix  agrees with the value 0.21 • 0.04 
c~btained previously in an yt t r ia  matr ix  and with the 
value 0.20 _ 0.03 calculated with the least squares 
fitted calibration curve (1). The dispersion is of the 
same order as in an yt tr ia  matrix, and no difference 
was observed between data from the center of the cell 
and from regions close to the A120~ walls. Quenching 
of the melt  in yt tr ia  or in Li-A1 does not  produce sig- 
nificant inhomogeneit ies of concentration. The calibra- 
tion curve obtained previously in yt t r ia  matrices was 
used to obtain the anolyte compositions in Li-A1 
electrodes. 

Results 
SEM/EDX measurements.--The porous Li-AI elec- 

trode of a cell, whose electrolyte composition profile 
in the separator was reported previously (1), was ex- 
amined along a path close to the cell axis. This cell, 
with a porous Li-AI electrode 0.21 cm thick and elec- 
trode separat ion 0.35 cm, had been electrolyzed 4 rain 
at 0.252 A cm-2;  the electrolyte composition in the 
portion of the separator adjacent  to the anode was 
close to LiC1 saturat ion (0.30 tool fraction KC1) at the 
electrolysis temperature  of 425~ (1). 

Composition gradient at the electrode/electrolyte in- 
terface.--The front  par t  of the electrode was first 
analyzed for a distance of up to 0.5 mm into the elec- 
trode by scanning strips 6 • 10 -8 cm wide and 
displacing them by half this width in successive 
scans. These results are shown in Fig. 2 together with 
those obtained in the separator over a s imilar  distance 
from the interface. Measured compositions in the 
anode near  the anode/y t t r ia  separator interface showed 
a decrease of KC1 mol fraction from the ini t ia l  value 
of 0.42 to values between 0.08 and 0.21. These concen- 
trations are all lower than those in the yt t r ia  separator, 
0.26-0.37 tool fraction KC1, at s imilar  distances from 
the geometric interface. The concentrat ion of KC1 in 
the electrolyte drops very  sharply  across the geometric 
interface, from 0.26 in the separator  to 0.2 in the anode 
within a distance of 0.003 cm. At about 0.01 cm from 
the interface the measured concentrat ions level off at 
0.1 mol fraction KC1. Those measurements  are con- 
sistent with the value of 0.17 tool fraction KC1 ob- 
ta ined by scanning a large strip (0.06 cm thick) ex- 

tending from the interface into the electrode. While 
the K/C1 ratios in the yt tr ia  are close to the l iquidus 
composition (0.30 mol fraction KCI),  those in the front 
part  of the anode are well below and therefore indi-  
cate LiC1 precipitation. 

In  order to measure the overall  variat ion of electro- 
lyte composition along this axial path in the electrode, 
scans were made of three adjacent  strips about 0.5 mm 
wide. The strip adjacent  to the interface has the low- 
est KC1 concentrat ion (0.17 mol fraction KC1), while 
the concentrat ion in the middle and in the back of the 
electrode is 0.2-0.26 mol fraction KC1. 

Lithium chloride precipitates.--The front  par t  of the 
anode, where LiC1 precipitat ion had occurred, was 
studied in detail for local composition changes. Figure 
3 is a 2.00 magnification micrograph of a portion of the 
anode and separator; the interface is shown by the 
dashed line. Scans of 6-7 #m squares (4 • 10 -~ cm 2) 
covered a larger region of about 2 • 10 -4 cm 2 in 
which large count numbers  for chlorine were mea-  
sured, but  very few counts for potassium. Two such 
regions, which appear l ighter in the micrograph, are 
,shown in Fig. 3 along with a typical EDX spectrum 
from one of the scans. In measurements  on unelectro-  
lyzed standards (4), the scan areas had to be below 
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Fig. 2. EDX measured electrolyte concentrations near the elec- 
trode/electrolyte interface in the porous anode and in the Y20~ 
separator. The horizontal bars indicate the position and the width 
of the scanned area. 
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Fig. 3. LiCI precipitation in porous Li-AI anode. Top: Electron 
micrograph with regions of LiCI precipitation indicated by arrows. 
Bottom: Typical EDX spectrum in an indicated region. 

10 -9 cm 2 in order to find some without the K line in the 
spectrum. The EDX measurements  in the porous anode 
thus confirm that  the LiCI precipitat ion in the anolyte 
occurred dur ing electrolysis. The "regions where pure 
LiC1 is f o u n d  are not continuous along the anode/  
yt t r ia  interface, and therefore one-dimensional  com- 
position profiles along different paths vary  consider- 
ably. This probably accounts for much of the fluctua- 
tion observed in one-dimensional  composition profiles 
(1). 

Distribution of eZectrolyte composition in porous an- 
ode.--In a second cell, electrolysis t ime and electrode 
separation were chosen in order to produce a composi- 
tion gradient  leading unequivocal ly  to LiC1 prepicipita-  
tion in the separator, near  the anode. The electrode 
separation was 0.25 cm and the porous anode was 0.42 
cm thick; this cell was electrolyzed for 7 min at 0.337A 
cm -2. For a cell with two solid electrodes, with 0.25 
cm separation, the calculated (2) composition at the 
anode at the end of electrolysis is 0.279 m01 fraction 
KC1, well below the liquidus composition of 0.30 mol 
fraction KCI. Since measurements  in the first porous 
anode cell had indicated that a one-dimensional  com- 
positional profile cannot represent  the composition in 
the anolyte, SEM/EDX measurements  of composition 
were made along seven nea r ly  equal ly spaced paths 

perpendicular  to the YeO3 separator /anode interface. 
Four hundred  and sixty areas were s c a n n e d  in  the 
front of the electrode. These areas were un i formly  
distr ibuted over the paths, as shown on the electron 
micrograph in Fig. 4, and covered about a quarter  of 
the electrode thickness. The size of a typical scanned 
strip was 8 X 10 -8 cm X 2 X 10 -8 cm, and on each 
path the scanned strips were overlapped by  half their  
thickness. 

The postelectrolysis dis t r ibut ion of K/C1 ratios in the 
front part  of the anode is shown in Fig. 5a. The com- 
position surface was calculated from the measurements  
on the p lanar  electrode section, and the composition 
contours are projected on the base. A more detailed 
view is shown in Fig. 5b, where the f ront - to-back 
distance scale has been expanded by a factor of ten. 
Most of the front of the anode (region with f ront- to-  
back shading) shows an increase of more than 10% in 
the LiCI tool fraction, as expected from the anodic re-  
action. Included in this region are the smaller  but  
significant regions (dark) in which the increase was 
sufficient to exceed LiC1 solubility, and LiC1 precipi-  
tates were observed in these regions. The unshaded 
regions correspond to composition changes less than 
10%. The regions of unchanged composition are 
mostly located around the cell axis, and sur round the 
regions of enr ichment  and precipitat ion of LiC1. This 
suggests a blockage of pores by solid precipitate, 
which would be analogous to the mechanism predicted 
(5) and verified (6) in porous silver electrodes with 
sparingly soluble reactant.  The side-to-side shaded and 
dotted regions, pr imar i ly  at the left edge and towards 
the rear, indicate increases in KC1 concentrat ion of 
greater than 10 and 20%, respectively. Since the com- 
position changes are greater t h a n  the exper imental  
uncer ta in ty  ( ~ 8 % ) ,  the increase may result  from local 
cathodic reaction wi thin  the anode caused by nonun i -  
form current  distribution. Calculations with a one- 
dimensional  model also predicted cathodic reaction at 
the collector in ~the back of the electrode (7). The 
measurements  suggest that peripheral  portions of the 
stainless steel mesh enclosing the Li-A1 powder may 
have acted as current  collector dur ing the electrolysis. 
Nonuniform current  distr ibution could also be at- 
t r ibuted to resistances caused by poor e lectrode-current  
collector contact, by unfilled pores resul t ing from 
poor wetting, and by precipitates of LiC1. 
Anodic and cathodic regions.--The contour projection 
shows that the areas with appreciable composition 
change tend to be not randomly distributed, and they 
form regions of significant size. This distr ibution is il- 
lustrated in Table I and Fig. 6. The entries in the table 
are the percentages of scanned areas in successive dis- 
tance increments  of 0.02 cm, along the paths shown in 
Fig. 6a, which fell in different ranges of composition. 
Figures 6b, 6c, and 6d show the fraction of measure-  
meats  with LiC1 concentrat ions larger (b) than the 
init ial  composition, the fraction showing pure LiC1 (c) 
and the fraction with LiC1 concentrat ion lower (d) 
than the ini t ial  composition. Figure 6b shows clearly 
that the anodic reaction, leading to larger concentra-  

Fig. 4. Electron mlcrograph of 
the front part of quenched anode 
and paths scanned for EDX 
analysis. 
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Fig. 5. Measured anolyte composition in the front part of an Li-AI porous electrode and projected composition isopleths. Shadings indi- 
cate areas of the LiCI precipitation, of anodic reaction, of no composition change, and of cathodic reaction. 

tions of LiCl than in the init ial  melt, was predominant  
(:>75%) along paths 2-7 over a distance of 0.04 cm 

from the interface. Li th ium chloride precipitates (Fig. 

6c) are found on paths 4-6, and account for near ly  40% 
of the measurements  close to the cell axis and wi th in  
0.02 cm of the interface. The size of this region is 

a b 

~.2 o, 4 
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~" ~E 2.0 ~" k~,~. ,.o 

d 
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i 

r ~  L 2.0 

Fig. 6. Spatial distribution of measured anolyte composition: (a) paths scanned by EDX with 8 X 10 -3 cm X 2 X 10 -8 cm overlap- 
ping areas, (b) relative number of measurements with LiCI mol fraction larger than the initial composition (anodic reaction), (c) relative 
number of measurements wlth pure LiCI, (d) relative number of measurements with I.iCI mol fraction smaller than the initial composi- 
tion (cathodic reaction). 
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Table I. Distribution of the measured composition along scanned paths 

Com~po. a t Scanned areas (percent) ** 
h i 2 3 4 

Distance from 
interface (cm) sition* 

0-0.02 b 0 lOO 100 I00 
e 0 0 0 37.5 
d i00 0 0 O 

0.02-0.04 b 25 87.5 87.5 94 
c 0 0 0 5,9 
d 75 12.5 12.5 6 

O.04-O.Oe b 0 100 75 82 
c 0 0 0 11.8 
d lOO 0 25 18 

0.06-0.08 b 0 50 100 100 
c 0 0 0 12.5 
d 100 50 0 0 

0,08-1 b 0 I00 75 88 
c 0 0 0 17.6 
d i00 O 25 12 

5 6 7 

i00 I00 I00 
37.5 88.9 0 
0 '0 0 
73 75 86 
0 18.8 0 

27 25 14 
25 63 0 
0 25 0 

75 37 iO0 
0 65 0 
0 5.9 O 

100 25 I00 
81 67 
19 0 
19 33 

* Composit ion range (b) X,~cl :> X~lcl (initial); (c) X,~lcL = 1; 
~ Entries are the percent of measurements falling in the above 

s imi la r  to that  observed  at the in terface  of the first 
cell. Concentrat ions of LiC1 lower  than the ini t ia l  com- 
position, which suggest cathodic reaction,  are  found 
p r imar i l y  on paths  nea r  the A120~ cell wal ls  where  the 
effect of nonuni form cur ren t  d is t r ibut ion  is l ike ly  to be 
most pronounced.  The percentages,  l is ted in Table I, 
tend to be e i ther  large  (>70%)  or smal l  ( ~ 3 0 % ) .  
Random fluctuations in the composit ions measured  in 
ne ighbor ing  locations would lead to values a round  50%. 
Therefore,  the inhomogenei t ies  in the measured  con- 
centra t ions  must  be a t t r ibu ted  to cur ren t  flow. 

Auger spectroscopy.--Since SEM/EDX is unable  to 
detect  l i th ium direct ly ,  Auger  spectroscopy was ini -  
t ia ted  in o rder  to check the poss ibi l i ty  of s imul taneous  
analysis  of LiC1 and KC1 in the sa l t  as wel l  as Li me ta l  
in the electrode.  Auger  spectroscopy has been used in 
studies of composi t ional  changes in an Li -Si /LiC1-KC1/  
FeS2 cell (8). Difficulties in Auger  measurements  arise 
f rom the low pene t ra t ion  of Auger  electrons,  however ,  
and the resul ts  may  not  reflect the bu lk  composition. 
Previous  Auger  invest igat ion of l i th ium meta l  (9) has 
shown a character is t ic  l ine at  50 eV when the 510 eV 
oxygen line is ba re ly  detectable .  An oxygen pressure  
of 5 X 10 -6 Torr  in the vacuum chamber  resul ts  in the 
d isappearance  of the Li l ine at 50 eV and the appea r -  
ance of a l ine at  40 eV a t t r ibu ted  to l i th ium oxide. The 
l ine at 40 eV has also been observed in L iH (10) and 
L iF  (11). This large  chemical  shift  could be useful  to 
dis t inguish be tween  l i th ium meta l  and LiC1 in an Li-A1 
porous anode, but  only in the absence of oxygen.  

Li-Al metal.--Figure 7 gives typical  first der iva t ive  
energy  dis t r ibut ion  spect ra  obta ined  under  low pres-  
sure  (10 -1~ Torr)  wi th  a 3 keV beam in the quenched 
anode of the second of the cells previous ly  s tudied  by  
SEM/EDX.  Spect ra  (a) and (b) correspond to an Li-  
A1 meta l  par t ic le  since the l ines for chlorine (181 eV) 
and potass ium (252 eV) are  ve ry  weak.  Spec t rum (b) ,  
obta ined af te r  a 11/2 hr  argon spu t te r ing  wi th  grazing 
incidence (15 ~ ) and wi th  spu t t e r ing  dur ing  the ana ly -  
sis, shows a m a r k e d  decrease of oxygen and the ap -  
pearance  of the s t rong l ine for a luminum meta l  at  68 
eV and the weak  one at  84 eV. However ,  the absence 
of a l i th ium meta l  l ine indicates  coverage by  a l i th ium 
oxide layer .  The ca lcula ted  (11) atomic fract ions are  
l i th ium 0.35, a luminum 0.58, chlorine 0.003, potass ium 
0.029, and oxygen 0.038 and give Li/A1 rat io of about  
the bu lk  composition. Spu t t e r ing  under  normal  inci-  
dence fol lowed by  analysis  was not  efficient, p robab ly  
because oxygen  diffuses r ap id ly  back to the surface 
(9), and we observed an increase in the oxygen  line 
wi th  increas ing sput te r ing  time. A s imi la r  observat ion  
was repor ted  wi th  an Li -Si  e lect rode (8). 

LiCl-KCl salt.--The intense chlorine l ines in spect ra  
(c) and (d) ,  obta ined  af te r  sput te r ing  (lY2 hr )  under  

(d) XT,ICl < X',lm (initial). 
composi t ion range. 

grazing incidence, show that  the areas  contained salt.  
The area  analyzed  in spec t rum (d) is nea r ly  pure  KC1 
wi th  ca lcula ted  atomic fract ions potass ium 0.41, 
chlor ine 0.47, l i th ium 0.074, a luminum 0.019, and oxy-  
gen 0.027. Spec t rum (c),  in an a rea  at the in terface  
wi th  the y t t r i a  separator ,  showed calcula ted  atomic 
fract ions of l i th ium 0.68, chlorine 0.19, a luminum 0.09, 
potass ium 0.005, and oxygen  0.032. This analysis  indi-  
cates that  the area  contains both salt  and Li-AI.  The 
observed l i th ium line has a contr ibut ion  f rom l i th ium 
oxide on the meta l  surface and from l i th ium chloride.  
The r e l a t ive ly  high L i / A I  rat io found in spec t rum c 
wi th  3.2% of oxygen is more l ike ly  a t t r ibu tab le  to the 
d isp lacement  and loss of chlorine dur ing sput te r ing  
ra the r  than to the enr ichment  in l i th ium of the LiAI 
metal l ic  par t ic les  since spec t rum (b) of Li-A1 wi th  a 
comparable  oxygen concentrat ion gives the bulk  com- 
position. Decreas ing in tens i ty  of chlor ine was observed 
and is i l lus t ra ted  in Fig. 6 by  the comparison of spec t ra  
(a) and  (b) recorded af ter  differing spu t t e r i ng  times. 
I t  is ve ry  l ike ly  tha t  spec t rum (c) corresponds to an 
area  containing nea r ly  pure  l i th ium chloride.  The 
Auger  de te rmina t ion  confirms, by  s imul taneous  ob-  
servat ion  of l i th ium and potassium, l i th ium chloride 
prec ip i ta t ion  from electrolysis  observed by  SEM/EDX 
in this anode. 

Quantitative analyses.--The Auger  resul ts  presented  
above are  semiquant i ta t ive ;  quant i ta t ive  analysis  in 
this system would  be difficult for severa l  reasons. Auger  
spect roscopy samples only few atomic layers  and  ana l -  
ysis may  include composit ion changes produced  dur ing 
sectioning. In addit ion,  first, the low oxygen level  re -  
qui red  for d is t inguishing be tween  l i th ium in Li-A1 and 
l i th ium as chlor ide necessi tates extens ive  argon spu t -  
ter ing which can induce changes in the surface com- 
posi t ion by  displacing K + and C I -  whose sizes are  
comparable  to that  of argon. Thus, the peak  to peak  
chlor ine in tens i ty  is a poor reference  in the saIt 
analysis  since it var ies  m a r k e d l y  wi th  spu t te r ing  
t ime (12). 

Conclusions 
Although cu r ren t - induced  prec ip i ta t ion  in the elec-  

t ro ly te  of porous electrodes may  adverse ly  affect the 
ut i l izat ion of reac tants  and overa l l  ba t t e ry  per formance  
(2, 3, 13-16), there  has been no direct  measu remen t  of 
the effect in a mol ten  sal t  ba t te ry .  In  this s tudy,  com- 
posi t ion shifts such as those which  could occur dur ing  
discharge in the Li-A1 negat ive  e lect rode of an L i / S  
ba t t e ry  wi th  an LiC1-KC1 eutectic e lec t ro ly te  were  ob-  
served  and measured  in the LiC1-KC1 anoly te  of an 
electrolysis  cell wi th  Li-A1 electrodes.  

The SENI/EDX analysis  of anoly te  composit ion 
shows regions in the front  pa r t  of the e lect rode where  
pure  l i th ium chloride p rec ip i t a ted  dur ing  electrolysis.  
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Fig. 7. Auger electron spectra in porous Li-AI anode. (a) Li-AI 
metal particle after 17 min normal argon sputtering and no 
sputtering during the recording. (b) Same Li-AI metal particle as 
in (a) after 1�89 hr grazing argon sputtering and sputtering during 
the recording. (c) Salt mixture of high LiCI concentration and Li-AI 
metal after 11/~ hr grazing sputtering and sputtering during re- 
cording. (d) Nearly pure KCI after 11~ hr grazing sputtering with 
no sputtering during recording. 

Solid precipitation accentuates the nonuniformity of 
current distribution, as shown by adjacent regions 
with no composition change. Cathodic reaction, indi- 
cated by increased KC1 concentration, was observed, 
primarily near the cell walls. Similar inhomogeneities 
could have considerable effect on swelling, ohmic re- 
sistance, and Other properties of battery cells, and 
could lead to certain failure modes. 

Measurements of electrolyte composition by the 
methods demonstrated in this study, together with 
analysis of the alloy phases in the Li-A1 negative elec- 
trode, would provide more detailed understanding of 

the distribution of reactants and products. Similar 
studies should be extended to Li-Si electrodes and to 
porous iron sulfide positive electrode. 
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ABSTRACT 

A type of electrochemical cell was investigated in which chemical reactions take place in compartments between mem- 
branes. A theoretical treatment of the cells is presented whereby the Gibbs energy of reaction is avoided in the basic flux 
equation and in the equation for entropy production. Experimental data and theoretical calculations are presented for a cell 
of the above type. 

Many processes in physical chemistry involve cou- 
pling of t ransport  and a chemical reaction. A very 
simple example is the isothermal cell 

(Pt) Ha (g) IHC1 (,aq) I c12(g) ( i t )  
where the chemical reaction 

H2(g) q- 1/2 Cl~(g) = HCl(aq)  [1] 

causes t ransport  of charge across the cell. When a 
small  charge is t ransferred under  near  equi l ibr ium 
conditions, the emf, ~x~, in dimensions JF  -~ (the elec- 
tric work per faraday) is related to the Gibbs energy 
of reaction by the Nernst  equation 

~G + ~ = 0 [2] 

For this cell the electric work ,and the vectorial ion 
fluxes are coupled to the scalar funct ion ~xG in a simple 
way. For more complex cells, where chemical reac- 
tions take place in  compartments  between membranes ,  
the above kind of correlation between Gibbs energy of 
reaction ,and electric work may not be valid. In  the 
cells dealt with in  this paper, only part  of the Gibbs 
energy of reaction is converted to electric work. To 
calculate the local loss of energy, we will  use the 
formalism of irreversible thermodynamics.  Thus we do 
not l imit  the calculations to cases where the current  
is zero. 

The irreversible thermodynamic  calculations are 
based on the assumption of local equil ibrium. We will 
l imit the n u m b e r  of components to that required by  
the ph'ase rule. As 'a consequence the s.calar funct ion 
AG of reaction does not enter  our  flux equations, and 
we avoid the problem of scalar-vector  coupling. The 
components are neut ra l  compounds or elements (see 
Ref. [1] and [2]). Unmeasurable  quanti t ies such as 
single ion chemical potentials and local gradients in 
electric potential  do not appear in our equations. The 
method permit.s an analysis of approximations in t ro-  
duced at any  step of the calculations. Fur thermore,  
local losses can be expressed by measurable quantities.  
We will first demonstrate  the method of calculation for 
the above simple cell. 

Reformulation of the Nernst Equation 
The system in the above cell has three components in 

accordance with the phase rule. They are, e.g., H2:, HC1, 

and H20. The chemical potential,  ~, of each one of 
these species can be varied independently.  The fourth 
species, C12, is not an independent  component as its 
chemical potential  is given by the species HC1 and H2. 
When there is local equi l ibr ium in the system, we have 

1/2 /*C12 : /ZHC1 - -  ~ ~H2 [ 3 ]  

When a positive eh~arge of 1F is passed through the 
cell from left to right, 1/a tool of Cla and 1/= tool of H2 
are removed from the cell at the left-  and r igh t -hand  
side electrode, respectively. Since Cl~ is not  chosen to 
be a component, the removal  of 1/a mol c1~ is described 
as aa removal  of 1 tool HC1 and a simultaneous supply 
of l/a mol He. T,hat is, 1/a m.ol Ha is t ransported across 
the cell from a chemical potenti'al #~162 at the left-  
hand  side electrode where there is H~(g) at 1 atm 
pressure, to a ch.emical potent ial  of 

/ZH2(g) ~ 2b~HCl(aq) - -  /z~ 

at the r igh t -hand  side electrode where there is C12(g) 
at 1 arm pressure. 

The chemical potential  of HC1 is the same at both 
electrodes, and thus HC1 is t ransported over a zero 
gradient  in chemical potential. The emf of the cell 
can be related to the t ransfer  of neut ra l  components 
by the equation [see Ref. (2) ] 

4r = -- tidal [4] 
i 

where ti is the n u m b e r  of mois of the neu t ra l  com- 
ponent  i t ransferred per faraday. The left-  and r ight-  
hand side electrodes are indicated by 1 and 2, respec- 
tively. For the present  system with the two eomponents 
H2 and HC1, Eq. [4] gives 

f: ? A~b --~ - -  ( tH2d/*H2 -{- tHc ld /*HCl )  --~ - -  tH2d/*H2 [ 5 ]  

where ti-t2 is the number  of mols of H~ transferred 
per faraday. Since ~/2 mol H2 is t ransferred per  faraday, 
t H  2 ~ .  1/2. 
Thus 

~ = - - ,  �89 d~H2 --- -- V2 (~H~(~) -- ~~ [6] 

2376 
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which is equiva len t  to Eq. [2]. The more complex  
cells descr ibed below, demons t ra te  the  advan tage  of 
the method.  

Cells with Cation and Anion Conducting Membranes 
A cell  of this type  is shown in Fig. 1. I t  was inves t i -  

gated by  Makange  (3). The theore t ica l  t r ea tmen t  of 
this cell  is based on the postula tes  of i r revers ib le  
thermodynamics .  Again,  the number  of  components  
used to descr ibe  the sys tem is the min imum requ i red  
by  the p h a s e  rule.  

The cell has a n u m b e r  of compar tments  separa ted  by  
cation select ive membranes ,  C, and anion select ive 
membranes ,  A. The region of the  ceil  denoted " repea t -  
ing unit ,"  ex tending  f rom the middle  of compar tmen t  I 
to the midd le  of compar tmen t  V, can be repea ted  sev-  
e ra l  times. The electrodes a re  Ag/AgC1 electrodes.  
Electr ic  potent ia l  gradients ,  Vr can be measured  by  
in t roducing  smal l  Ag/AgC1 test  e lectrodes anywhere  in 
the  system (in order  to obta in  defined electr ic  po ten-  
t ials  in compar tments  I I I  and IV, v e r y  smal l  quant i t ies  
of KC1 must  be added) .  In  o rder  to increase the  con- 
duc t iv i ty  in compar tmen t  III, an e lec t ro ly te  HA (or 
KC1) is added.  The ion A -  is ve ry  large,  and thus 
the p e r m e a b i l i t y  of the an ion-conduc t ing  membrane  to 
A -  is ve ry  low. 

By the t ransfe r  of 1F, the  cell  react ion in a " re-  
pea t ing  uni t"  is 

HCI + KOH • KC1 + HfO [7] 

We choose the fol lowing set of components  

KC1, He1, HfO, and HA 

They are  given the numbers  1-4. KOH is not considered 
a component .  I t  can be expressed by  the others  

K 0 H  : KC1 + H'20 -- HCl 

Local Entropy Production and Flux Equations 
Transference  numbers  for neu t r a l  components  are 

used [compare  Ref. (2) ]. They are  defined as 

Jl 
ti : i = 1 . . .  4 [8] 

I 

forV#1 : V~2: V~8:V~:0 

where Ji is the flux of the component i in dimensions 
tool m -2 sec -I, and I is the current density in dimen- 
sions Fm -~ sec-L 

The local entropy production per unit volume per 
unit time, 8, is given by the equation [see Ref. (i)] 

4 

To : ~--#Ji(-- V#i) -~-I(-- Vr [9] 
i : l  

The unit  of Vr is J F  -1 m - t  and the unit  of I is F s e c - t  
IT~ --2, 

The flux of charge, or  cu r ren t  density,  is given by 

4 

I --  - -  ~--~ LhiV#i --  L55Vr [10] 
i = l  

where  Lh~ is r e la ted  to the conduct ivi ty,  K; L55 = - - k / F  2. 
Rea r r angemen t  gives 

4 

~ Lsi I [ii] 
Vr --: -- i=1"~'55 V#I --  LS--'~ 

where  L with  a subscr ip t  is a phenomenologica l  coeffi- 
cient used in the l inear  theory  of i r revers ib le  the rmo-  
dynamics .  

Fu r the r  
Lsi Ji 

- -  -- - -  tl [12] 

Lh~ I 

for V/~l = V~2 = V#~ = V#4 = 0. 
Equat ions [9]-[12] do not contain the  sca lar  function 

AG of reaction. 
The emf is obta ined by  in tegra t ing  Eq. [11] for I ~ 0 

Ar = - -  (ti-Ield/~HCl + tKcld/ZKCl 

"~ tHfod/~HfO "~" tHAd/~HA) [13] 

Fo r  zero current  there  wil l  be no grad ien t  in concen- 
t ra t ion  of HA in compar tmen t  III. Fur the r ,  we have  
d / ~ s f o  ~ 0 over  the whole sys tem since al l  e lect rolytes  
are  dilute.  This means  tha t  the two last  te rms may  be 
neglected.  

The component  t rans fe rence  numbers  are  re la ted  to 
the ionic t ransference  numbers  [see Ref. (3)] .  For  
the cell given in Fig. 1 wi th  per fec t ly  selective cation 
and anion membranes  (the anion A -  is too large  to 
diffuse through the m e m b r a n e ) ,  we wil l  have the fol-  
lowing changes when  one f a r a da y  passes through 
the cell f rom lef t  to right.  One mOlL of C1- ions is 
produced 'at the r i gh t -hand  electrode.  This is compen-  
sated for by  a t ransfer  of K + through the cat ion m e m -  
brane  f rom compar tmen t  IV to V, tK+ ---- 1. Fur ther ,  
O H -  is t r ans fe r red  f rom compar tmen t  IV to I I I  
through the anion m e m b r a n e  to l l -  = 1. Again  H + is 
t r ans fe r red  . f rom compar tmen t  I I  to I I I  th rough  the  
cat ion membrane ,  t~+ = 1. F ina l ly  e l -  is t r ans fe r red  
f rom compar tmen t  I I  to I, t e l -  ~ 1, and in compar t -  
ment  I, one mol of C1- ior~s is removed.  

F r o m  stoichiometAc re la t ions  we have nKcl ---- nic+ 
and nHcs : ne t -  - -  nK+. The t ransference  n u m b e r  for  
KC1 is equal  to the t ransference  number  for K + 

tKc l  : tic+ [14] 

The t ransfe r  of C1- f rom left  to r ight  is e q u ~  to the  
quant i ty  reac ted  at  the electrodes minus the quan t i ty  
migra ted  f rom r ight  to lef t  through the electrolyte ,  
1 -- t c j - .  This gives for tHC] 

tHel : ( I  -- t e l - )  - -  tK+ [15] 

A C 

' I I I II I l l  Kct'~176 ,,,, , ,  

i ,  KC I i , l, i i I [(aq} HC[(aq) HzO 
, i  i I  i I  +HA 

I I A g ! t t "  " " ; I  , 
,~, 

Repeating unif 

A 

I V  

KOH(,.,q) KC[(m) 

j.,,. 

I ~ T - I - - I - ' I - -  I " F - -  - -  
V I I a KC[(aq) 

i l  ' J 
I I  I I 

',', I Ag/AgCt 

Fig. I. Acid-base reaction in an electrochemical cell. A and C are anion and cation selective membranes, respectively. HA is an electro- 
lyte, the main purpose of which is to increase the conductivity of compartment III. The anion A -  is too large to diffuse through the mem- 
brane. 
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Since the sum of .all ionic t ransference numbers  is 
equal to un i ty  we have 

tHcl : i - -  t c l -  - -  tK+ : in+ Jr- t o n -  -Jr" t A -  [16]  

In  the cell we thus have tKcl equal to un i ty  from com- 
par tment  IV to V and equal to zero elsewhere, while 
tnc~ is equal to un i ty  Irom compartment  II  to IV and 
equal to zero eisewllere, when  mese relations are in -  
troduced in  Eq. [i3], one obtains 

pT] 

[18] 
o r  

AS : - -  ( / z H C I I V - - , ~ H C l n - t -  #KClV - -  #KCIIV) 

The chemical potent ial  ~HCl Iv can be expressed as 

#HClIv = ~KCl~v -t- ~HeOIv -- #KOHIv [19] 

With the choice of components that we made, any 
transfer of an ion .containing oxygen represents a 
transfer of H~O since this is the omy component con- 
taining oxygen (KOH is not  a component) .  Thus the 
transfer  of O H -  from compartment  IV to I I l  corre- 
sponds to a t ransfer  of H~O. This t ransfer  of H~D may 
be introduced together with Eq. [19] in Eq. [18] (even 
though transfer  of H~O does not contr ibute to ~S). 
Electro-osmotic water  t ransfer  is neglected. Then Eq. 
[18] takes the form 

AS = - -  ( / ~ K C l  V "Jc /~H20 III  - -  /~HCI II - -  AKOH IV) [20]  
o r  

aS  : - -  a G  : - -  ( a G  o -  R T l n  (ell+ n X COH- ~V)) [21] 

where aG ~ is the s tandard  Gibbs energy of reaction, 
see Eq. [7], (units  of c are mol dm-Z, activity coeffi- 
cients have been omitted).  Thus, under  the conditions 
of perfectly selective membranes  and no impurit ies in 
compartment  III, we arr ive at the Nernst  equation 
through equations that express hr by means of "gradi-  
ents" in chemical potentials of neu t ra l  components only 
(compare Eq. [11]). As will  be shown below, the 
method allows us to calculate local energy losses under  
other conditions. 

Calculations of Loss of Energy in the Cell 
By the energy 10ss in  an electrochemical cell we 

unders tand  the difference between the max imum emf 
obtainable and the actual  measured value. The maxi-  
m u m  value of aS, calculated from AG (omitt ing ac- 
t ivity coefficients) is 0.71V. The measured value hav-  
ing pure water  in  compar tment  III  (no HA is added) 
was 0.52 ($). The membranes  are not  100% selective 
(99% for cation selective membranes  and 96% for 
anion selective membranes ) .  The above difference, 
however, is too large to be explained by membrane  
imperfection. One may  unders tand  the cause of the 
difference by inspecting Eq. [13]-[16]. The main  cause 
of loss in  a s  must  be smal l  quanti t ies of impurit ies in  
compar tment  III, making  tH + -t- tOH-- < 1. In  order to 
investigate this loss in  electric potent ial  further,  t w o  
sets of experiments  were performed. 

In  the first set of experiments  known  quanti t ies of 
KCI were added to the water  in compartment  III  (no 
HA is added).  The main  contr ibut ion to the emf is gv 
t h e  in tegral  -- i tHCld~HCl over compar tment  III 

and the two neighboring membranes.  The m a x i m u m  
contr ibut ion is for tHCl = 1. Lower values of tHcl means 
lower coupling between t ransfer  of HC1 and t ransfer  
of charge. Contr ibut ion to the emf by the integral  

S tKcld~Kc~ over compar tment  III  is very  small  and is 

neglected. The loss in emf can be expressed as (com- 
pare Eq. [16] ) 

Loss = -- (1 -- tHCl)dFItCl 
I 

_ f l  'v -- -- I (tK+ Jr tOl-)d#Hcl [22] 

Since the transference n u m b e r  of an ion, ti, is propor-  
t ional to the ion mobility, ui, and to the ion concentra-  
tion, ci, we have 

~ICl 
t i  : ~ [ 2 3 ]  

Zujcj 
J 

and 

tK+ -F t c l -  
UK+CK+ -~- ~ C l - C C l - -  

[24] 
UH+CH + "~ UoH--CoH-- ~ UK+CK+ J~- U c l - C C l -  

With known concentrat ion profiles one can use Eq. [22] 
and [24] to calculate the loss in emf as a function of 
the KCl concentration. 

When compartment  III is filled with a KCl solution 
of concentrat ion c, there will be an interdiffusion of 
positive ions across the cation membrane  on the left-  
hand side and an interdiffusion of negative ions across 
the anion membrane  on the r igh t -hand  side. In  a short 
t ime the H+ will  have replaced most of the K + adjacent  
to the cation membrane  while s imilar ly  O H -  will  have 
replaced C l -  adjacent  to the anion membrane.  Further ,  
a nons ta t ionary  diffusion wil l  take place across the 
compar tment  whereby H+ and O H -  will  meet and 
combine. 

We will  consider two extreme models for the con- 
centrat ion profiles. 

A. Early in the diffusion process, we assume constant 
concentrat ion of C l -  in the le f t -hand part  of the com- 
par tment  and constant  concentrat ion of K+ in the 
r igh t -hand  part. 

B. We assume that the concentrat ion of C1- and of 
K + adjacent  to the cation membrane  and the anion 
membrane,  respectively, will keep equal to c unt i l  
the concentrat ion of each has at tained 1/2 c at the 
neut ra l  point  (cH+ -- Coil- = 10-~). By assuming 
l inear  gradients, the loss in emf can be calculated. 

The calculated loss for the two cases A and B are 
shown in Fig. 2 together with observed losses. (Correc- 
tions for nonideal  solutions would give sl ightly better  
agreement  with experiments.)  Measurements  of emf 

0.7 -- 

0.6 

0.5 

04 

0.3 ...J 

0.2 

0.1 

0 

Theoreticat potenfia[ difference 

A B ~"'~ 

7 6 5 4 3 2 I 0 
- tog cKc ~ 

Fig. 2. Loss in emf as a function of concentration (tool dm -3 )  of 
KCI in compartment III. A, Calculated loss at an early stage of 
diffusion process. B, Calculated loss at a later stage of diffusion 
process. O, Experimental points. 
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were carried out for concentrat ions of KC1 sufficiently 
high to predominate  over impurities.  

From the above calculations and measurements  one 
can see that  KC1 should not be used to improve con- 
duct ivi ty  in  compar tment  l lI ,  since KC1 gives large 
losses in emf. One can also see how small  quant i t ies  of 
impuri t ies  in the exper iment  with water  in compart-  
men t  III  give significant reduct ion of the emf. 

In  the second set of experiments ,  different types of 
organic acids/bases were tested as the component  HA. 
In  this case the transference n u m b e r  of HC1 is given 
by Eq. [16], an.d A -  as well  as H + and O H -  contr ibute 
to tacl. 

With electric current  passing through the cell (in 
positive direction) HA will accumulate on the left-  
hand side of compar tment  III, and the last t e rm of the 
integral  in Eq. [13] will  be different from zero. 

The addit ional  contr ibut ion to the emf is 

- f t . A d . . A  -- -- / (--tA-)a..A t25] 

since tHA ~ --rA- 
The contribution is negative, Le., there is a loss in 

emf. For a current density of 1O0 mA em-~, a concen- 
tration CHA = 0.I tool dln -3 and a length of compart- 
ment III of i znm, the calculated loss in emf due to this 
te rm is only about  0.3 inV. 

The effect of different types of HA on the ceil emf is 
shown in Table I [see Ref. (3) for fur ther  details]. One 
of the components in Table I, aminonaphtha lene  di- 
su!fonic acid, is capable of restoring the emf to 94% of 
the theoretical  value. This molecule contributes to tHCl 
both as a positive and as a negative ion. 

In  the above calculations local changes are expressed 
by locally defined forces only. The method permits us 
to locate energy losses, and to predict means of min i -  
mizing the losses. The addit ion of ilIA improves elec- 
tric conduct ivi ty  in compar tment  III  without reducing 
the coupling between electric energy and Gibbs energy 
of reaction. Additions of KC1, however, will destroy 
the coupling, see Eq. [16]. 

Cells Containing Reciprocal Salt Pairs 
With the present  efforts in m a n y  laboratories to de- 

velop high tempera ture  ion selective membranes  for 
batteries, one may consider a high temperature  cell of 
the type shown in  Fig. 3. Here one set of membranes  is 
selective for Li + ions, the other  set for K + ions. By 
transfer  of 1F, the cell reaction in  a "repeat ing unit"  is 

LiBr + KC1 = LiC1 + KBr [26] 

In  fused salt  chemistry it is common practice to de- 
scribe this kind of system by three components. We 
may choose the following components,  LiC1, LiBr, and 
KC1. In  mixtures  of fused salts it is unsui table  to use 
a s ingle ion chemical potent ia l  (4), so we cont inue 
using the chemical  potential  of neu t ra l  salts and the 
transference number s  of n e u t r a l  salts. 

For  I ---- 0 the emf per  "repeat ing uni t"  is (compare 
Eq. [13] ) 

Table I. Variation of cell emf E by addition of components HA 
(10 -2  mol dm -3)  to compartment III of the cell in Fig. 1. The 
theoretical maximum value of emf is ET = 0.71V and ~1 is the 

efficiency of the cell. The temperature is 25~ 

HA E volt ~ = E/ET 

~ , , . ~ C I t  2 - NH 2 

Benzylamine 

.:~1~SO2 N - ftl 2 

J~.ll o.4e o.~ 

N-phenylmethyl 
Naphthalenesul f  oaamid  

~_ j SO~H 

Naphthalenesul fonlc  acid 

HI03 

L 11 t 
" ~ / '  ~ / / "  0.67 0.94 I 
HSO 3 

Aminonaphthalene 
disulfonie acid 

KC1, 10 -2 mol  drn -~ 0.17 0.24 

A,@ = - -  J (tLicld#LiC1 "-}- tLtBrd~LiBr + tKcld~KIC1) [27] 

From stoichiometric relat ions (nKCl ---- nK+, nLiBr ---- 
nBr--, and nLiCl = nLi+ -- nBr--) the transference n u m -  
bers of neu t ra l  salts can be identified 

tKC1 - -  tK+;  tLiBr = - - tBr--  - -  O 
and 

tLiCl : tL i+  -{- t B r -  - -  tL i+  [28] 

The transference number  tBr- = 0 since all membranes  
are cation selective. Thus 

A'@ "- -- / (tLi+d#LiC1 "{- tK+d#Kcl) [29] 

and  for perfectly ion selective membranes  

f ni ~iii 
Ar = --., I I  d~LiCl -- (~KC1 [30] 

oz 
~,~b = -- (~LiCl III -- ~LiC1 n) -- (~KCI II -- #KCI I) [31] 

Ln compartment  II  the chemical potential  of KC1 
may  be expressed as 

I ,  l ,  I I I  
KCL t I i t  KBr K t r KCL 

'' ' LiBr I Licl I I  L iBr  LiE[ LiE[ I I t  

, '  , ,  .~..Li + ~ K + Li + c[7ct2 , , I_  i_Lrr 
y- 

Repeating unit 

, J 
f f ,  , -  r r -  - - 

I l l i t 
KBr I i i1  KCL 

LiBr ' '  ,l i ,  , i  l - - L i C l  
K + I I I I  

[,c! I_ ~_ CLTCL2 

Fig. 3. Reciprocal salt pair reaction in an electrochemical cell. The cell contains cation conducting membranes, one set selective for 
K + ions and one set selective for Li + ions. Electrolytes are fused salts. 
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~KCl : /LKBr -~ /tLiC1 - -  /~LiBr [32] 

This gives the ant ic ipated  resul t  

A,~b : - -  (~LiCI Ill ~- #KBr n - -  PKCI I - -  ~LiBr II) [33]  

T h e  , d e r i v a t i o n  [ 2 7 ] - [ 3 1 ]  s h o w s  t h e  v a l i d i t y  c o n d i t i o n s  
for Eq. [33] 

Thus if the cell uni t  s tar ts  in the s ta te  

. . .  LiBr  I I KC1 II L iBr  I[ K C 1 . . .  

then, th rough  the t ransfe r  of charge we wil l  end up 
with  

. . . K B r  II LiC1 I i K B r ] I  L i C 1 . . .  

or a complete  reac t ion  of the reciprocal  sal t  pair.  

Discussion and Conclusions 
The descr ip t ion  of t r anspor t  pheomena  given in this 

paper  has severa l  advantages.  
Only  measurab le  quant i t ies  are  used to descr ibe the  

t ranspor t  phenomena.  Thus any  approx imat ion  in t ro-  
duced in the der ivat ions  can be checked by  m e a -  
surements .  

The choice of components  is in accordance with  the 
phase rule  which gives independent  forces and fluxes 
when the  fo rmal i sm of i r revers ib le  the rmodynamics  
is applied.  In sys tems where  chemical  react ions take  
place under  local equi l ib r ium conditions,  this permi ts  
a s imple  way  of descr ib ing the t ranspor t  phenomena,  
since the p rob lem of sca la r -vec to r  coupling is avoided. 
This w~ay of deal ing with  chemical  react ions is new. 

The descr ip t ion  is independen t  of the s t ruc ture  of 
the system. Thus a calculat ion of t r anspor t  processes 
can be done withou~ any  assumpt ion  of s t ruc tu ra l  units  
l ike ionic groups. Local  energy  losses can be analyzed  
in terms of measurab le  quanti t ies .  

T h e  commonly  used equat ion for electr ic potent ia l  
c h a n g e s  in a solut ion is 

Fries : - -  Y~ ( ti/zi) d#l [34] 

where  F is Fa raday ' s  constant;  ~ is the solut ion po ten -  
tial;  ti, zi, and ~i the t ransference  number ,  charge, and 
chemical  potent ia l  of the ion i; and the sum is over  al l  
ionic species present .  The equat ion contains local  elec-  
t r ic  potent ia l  gradients ,  which are unmeasurable ,  and  
gradients  in single ion chemical  potentials ,  also unmea -  
surable.  One in tegra tes  this equat ion and adds to it  the 
unmeasurab le  s ingle e lect rode potent ials .  The unmea -  
su rab le  quanti t ies  add  up to give measurab le  quan-  
tities, and  the emf of the cell  can be calculated.  

Our  t r ea tmen t  has a different  purpose.  We ask the  
question: Where  do we find the local  Gibbs energy  
changes responsible  for the ex te rna l  emf (or e lectr ic  
work  per  uni t  charge)?  This quest ion can be answered  
in deta i l  for  local changes as expressed  by  measurab le  
and wel l -def ined quanti t ies .  

We bel ieve  tha t  this opera t ional  approach m a y  be 
useful  for  electrochemists .  Models  of the sys tem and 
assumpt ions  about  ionic species can a lways  be in t ro-  
duced at a l a t e r  s tage in the analysis  of the  proper t ies  
of a system. 

The present  way  of t rea t ing  the coupl ing be tween  
chemical  react ion and electr ic  work  m a y  be profi table 
in the search for new types of bat ter ies .  

Manuscr ip t  submi t t ed  Dec. 3, 1982; rev ised  m a n u -  
scr ip t  rece ived  J u l y  18, 1983. This was P a p e r  740 p re -  
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the Society, May 8-13, 1983. 
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The Electrochemistry of Ferrophosphorus in Strong Aqueous Acid 
Pamela J. Peerce-Landers*, 1 and Raymond J. Jasinski* 
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ABSTRACT 

The electrochemistry of ferrophosphorus in 1N aqueous acid was investigated and compared to that  of iron. The effects 
of chloride and dissolved oxygen were also studied. Ferrophosphorus  was found to be much more resistant  to anodic oxida- 
tion than iron in strong acid. Chloride did not change the potential  at which ferrophosphorus oxidized. Dissolved oxygen 
assisted in the passivation of ferrophosphorus.  Anodic oxidation of ferrophosphorus resulted in the formation of an adher- 
ent protective film of ferric phosphate  on the electrode surface. Ferric and orthophosphate ions were also released into the 
solution. Reduction of both soluble Fe +3 and adsorbed ferric phosphate  were observed following anodic oxidation of 
ferrophosphorus.  

Fer rophosphorus  is a commercia l  mix tu re  of i ron 
phosphide ( F e P ) a n d  di i ron phosphide (Fe2P) and 
typ ica l ly  contains app rox ima te ly  22-25% phosphorus,  
less than  1% silicon dioxide,  and the balance iron ( I ) .  
Because of its corrosion resistance in aqueous media,  
fer rophosphorus  has been used in corrosion protect ion 
coatings (2). I t  has also been considered for use as an 
inexpensive  corrosion res is tant  anode in e lect roorganic  
chemis t ry  (3, 4). Nevertheless ,  a complete  descr ipt ion 
of its e lec t rochemical  behavior  in aqueous solut ion has 
not  ye t  appea red  in the l i te ra ture .  The resul ts  of our 
s tudy  in s t rong aqueous acid are  repor ted  herein. 

* Electrochemical Society Active Member. 
1Present address: Betz Laboratories, Inc., The Woodlands, 

Texas 77380. 
Key words: alloy, refractories, ferrophosphorus, voltammetry. 

Experimental 
Materials.--Ferrophosphorus ingots were  obta ined  

f rom Hooker  Chemical  Company (Columbia,  Tennes-  
see) .  The e lementa l  analysis  was consistent  wi th  a 
ratio of Fe~P to FeP  of 6.5. I ron wire  was obta ined  
f rom Al fa -Ven t ron  (99.9%). The epoxy  in which the 
pol ished fer rophosphorus  disks were  imbedded  was 
comprised of Ara ld i t e  506 Resin and Ara ld i t e  956 
Hardene r  (4 par ts  resin:  1 par t  ha rdene r  by  weight ) .  
The epoxy does not dissolve or  soften in aqueous solu-  
tions be low 100~ The mold  release agent  was Buehler  
Release Agent .  The epoxy  and release agent  were  ob-  
ta ined f rom Symplast ics ,  Incorpora ted  (Montrose, 
Cal i fornia) .  Al l  solut ions were  p r e p a r e d  b y  dissolving 
reagent  grade chemicals  in dis t i l led water .  
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Electrode fabrication, ferrophosphorus.--Several disks 
1/2 in. in d i ame te r  and  1/4 in. th ick were  cut f rom a 
fer rophosphorus  ingot. Each disk was placed in sep-  
a ra te  cy l indr ica l  glass molds  1 in. in d iamete r  coated 
wi th  Buehler  re lease  agent.  The molds were  then filled 
wi th  Ara ld i t e  epoxy  and a l lowed to cure overnight  at  
room tempera tu re .  The casts were  removed  from the 
molds and the exposed face of each fer roph~sphorus  
disk was mechan ica l ly  pol ished wi th  increas ing ly  finer 
grades  of si l icon carbide  gr i t  and  finally wi th  0.3/~ 
d iamond  pas te  unt i l  the  exposed surface was shiny. 
The casts were  then placed on a hot  p la te  for a few 
minutes  to sof ten the Ara ld i t e  epoxy,  and the epoxy  
was cut away  from the fe r rophosphorus  disks. Elec-  
t rodes were  const ructed f rom these disks. 

S i lver  pa in t  was used to make  an ohmic contact  be -  
tween the back  side of the fer rophosphorus  disk and a 
length  of copper  wire.  (The copper  wire  had been 
th readed  through  some 1/4 in. OD glass tubing.)  Af te r  
the  s i lver  pa in t  had  dried,  the contact  was secured 
wi th  a few drops of 5 min epoxy.  The e lect rode as-  
sembly  was then centered wi th in  a length  of 3/4 in. ID 
glass tubing  res t ing on a piece of p la te  glass which  had  
been wiped wi th  Buehler  release agent.  This glass mold 
was filled wi th  Ara ld i t e  epoxy  and a l lowed to cure 
overn ight  at  40~ (The Ara ld i t e  epoxy  masked  all  bu t  
the pol ished face of the fer rophosphorus  disk and p ro -  
tected the e lect r ica l  contact.)  Al l  t races of  Ara ld i t e  
epoxy  and Buehle r  re lease  agent  were  then removed  
f rom the pol ished face of the finished electrode.  

The area  of the fer rophosphorus  electrodes,  as m e a -  
sured  by  chronoamperomet ry ,  was 1.26 cm 2. 

Apparatus.--Cyclic vo l t ammograms  were  obta ined  
using a Pr ince ton  Appl ied  Research 175 Universa l  
P r o g r a m m e r  in conjunct ion with  a Pr ince ton  Appl ied  
Research 173 Potent ios ta t  and a Pr ince ton  Appl ied  Re-  
search 179 Digi ta l  Coulometer .  The e lec t rochemical  cell  
was a s t anda rd  t h r e e - c o m p a r t m e n t  cell  which  isolated 
the  work ing  and aux i l i a ry  electrodes wi th  provis ion for  
degassing the solut ion in the work ing  e lect rode com- 
par tment .  A p l a t i num wire  served as the aux i l i a ry  
electrode.  Potent ia ls  were  measured  and are  repor ted  
wi th  respect  to an aqueous sa tu ra t ed  calomel  e lect rode 
(SCE) (s i tuated in the work ing  e lec t rode  compar t -  
men t ) .  

Procedure.BImmediately before  each use, the  f e r ro -  
phosphorus  and i ron electrodes were  pol ished with  
0.05~ a lumina  powder  on moist  felt, r insed thoroughly  
wi th  dis t i l led  water ,  and then dr ied  wi th  a Kimwipe .  
Elec t ro ly te  degassing was accomplished by  bubbl ing  
prepur i f ied  ni t rogen th rough  the solution for  10-15 
rain. The n i t rogen flow was then d iver ted  over  the 
solut ion to p reven t  the reabsorp t ion  of oxygen.  Al l  
measurements  were  pe r fo rmed  at the l abo ra to ry  t em-  
pera ture ,  25 ~ _+ 2~ In the cyclic vo l tammograms,  re -  
duct ive  currents  are  posi t ive and nega t ive  potent ia ls  
a re  to the r ight .  

Results and Discussion 
The cyclic vo l t ammet r i c  behavior  of fe r rophosphorus  

in aqueous acid was examined  and compared  with  that  
of  iron. The effects of chlor ide and dissolved oxygen 
on the e lec t rochemis t ry  of fe r rophosphorus  were  also 
studied. 

Cyclic vo l t ammograms  for fe r rophosphorus  and i ron 
in a i r - s a tu r a t ed  1N H2SO4 are  shown in Fig. 1 and 2, 
respect ively .  The large anodic wave  at -51.3 in Fig. 1 
represents  the anodic oxidat ion  of ferrophosphorus .  
Significant anodic cur ren t  was observed at potent ia ls  
posi t ive of -50.6V. By contrast ,  anodic oxida t ion  of i ron  
occurred at  potent ia ls  posit ive of --0.5V (Fig. 2). 
Soluble products  were  formed.  

The e lec t rochemis t ry  of fe r rophosphorus  in 1N HC1 
(Fig. 3) was ve ry  s imi lar  to that  observed in 1N H2SO4 
(Fig. 1). The only  significant difference was tha t  in 1N 
I-IC1 the first cathodic wave  shif ted somewhat  posit ive.  
Since the behav ior  of fe r rophosphorus  in these two 
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Fig. 1. Cyclic voltammetry of ferrophosphorus in air-saturated 
1N H2S04. Initial scan direction: positive. Scan rate: 0.1 V/sec. 
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E/V vs. SCE 

Fig. 2. Cyclic voltammetry of iron in cfir-saturated IN  H2S04. 
Initial scan direction: positive. Scan rate: 0.1 V/see. 

acids was v i r tua l ly  identical ,  there  was no basis of 
preference  in subsequent  exper iments .  

The effect of dissolved oxygen  on the e lect rochemical  
behavior  of fe r rophosphorus  is i l lus t ra ted  in Fig. 4. The 
ini t ia l  scans were  negat ive.  In the presence of oxygen  
(Fig. 4A),  the open-c i rcu i t  potent ia l  was ca. 160 mV 
more  positive, and less cur ren t  was observed for the  
oxidat ion  of fe r rophosphorus  on the  first anodic scan 
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Fig. 3. Effect of chloride. Cyclic voltammetry of ferrophosphorus 
in 1N HCI, Initial scan direction: positive. Scan rate: 0.1 V/sec. 
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Fig. 4. Effect of dissolved oxygen, Cyclic voltammetry of ferro- 
phosphorus in 1N HCI. Initial scan direction: negative. Scan rate: 
0.1 V/sec. Part A: air-saturated. Part B: deaerated. 

[cf. Fig. 4A (oxygena ted)  and 4B (deoxygena ted ) ] .  
Af te r  the second anodic scan, the two vo l t ammograms  
were  essent ia l ly  indis t inguishable .  Apparen t ly ,  in the 
presence of oxygen,  fer rophosphorus  passivates  more  
readi ly .  Al though a separa te  wave  a t t r ibu tab le  to 
oxygen  reduct ion was not observed,  the peak  cur ren t  
expected  was less than 1 mA. Therefore,  the oxygen 
wave  may  s imply  be unresolved.  

F igure  4 also suggests that  the species responsible  
for the cathodic waves  at  ca. +0.2 and 0 V arise f rom 
the oxidat ion  of ferrophosphorus .  These waves  were  
absent  dur ing  the first cathodic scan but  appea red  af te r  
the potent ia l  had  been swept  posi t ive to +1.7V. (The 
same resul ts  were  obta ined  in IN H2SO4.) The la rger  
cathodic currents  observed  af ter  the first  anodic sweep 
in the absence of oxygen  also suppor t  this conclusion. 
Subsequent  exper iments  showed that  these two pairs  
of waves  could not  both  be expla ined  by  soluble i ron 
species. The evidence and reasoning for this s t a t ement  
a re  descr ibed below. 

Wood (4) r epor ted  tha t  when i ron phosphide  (FeP)  
and di i ron phosphide  (Fe2P) (the const i tuents  of fe r -  

rophosphorus)  were  anodica l ly  oxidized in IN acid, 
ferr ic  and or thophosphate  ions were  re leased into the 
solution. Fer rous  ions were  not  observed because the 
potent ia ls  requ i red  for the oxida t ion  of FeP  and FezP 
are  cons iderably  more  posi t ive than  the s tandard  
potent ia l  of the Fe+3 /Fe  +2 couple. The net  anodic oxi-  
dat ion of FeP  and Fe2P m a y  therefore  be descr ibed b y  
the fol lowing equations 

FeP + 4H20-~ Fe +s + I-IsPO4 + 5H + + 8e- [I] 

Fe~P + 4H~O-~ 2Fe +s + I-IsPO4 + 5H + + 11e- [2] 

Since the ratio of Fe2P to FeP in the ferrophosphorus 
ingots used in this work was 6.5, the overall equation 
for the observed oxidation of ferrophosphorus is 

0.13 FeP + 0.87 Fe~P + 4H20 -~ 1.87 Fe +s 

+ I~PO4 + 5H + + 10.6e- [3] 

I t  is wel l  known tha t  the  phosphate  complexes i ron 
(5, 6). Consequently,  the  potent ia l  of the Fe+8 /Fe  +s 
couple is more negat ive  in phosphor ic  acid than  in 
e i ther  hydrochlor ic  or sulfur ic  acid (7).  Given the 
s to ichiometry  in Eq. [3], i t  is t empt ing  to assign the 
two pairs  of waves  observed  be tween  --0.6 and +0.2V 
to the reduct ion  and subsequent  reox ida t ion  of soluble  
Fe  +s uncomplexed  by  phosphate  and soluble Fe  +8 
complexed  by  phosphate.  However ,  only  a single pa i r  
of waves were  observed at  p l a t i num when increas ing 
amounts  of  HsPO4 were  added  to a solut ion of 0.05M 
FeCla in 1M HC1. The reduct ion potent ia l  shif ted nega-  
t ive as the total  concentra t ion of I-I~PO4 was g radua l ly  
increased to 0.23M, but  the waves  did not  spli t .  (Above 
0.23M I-I~PO4, no fur ther  shift  in the reduct ion  poten t ia l  
was observed.)  Consequently,  the two pairs  of waves  
observed at fe r rophosphorus  cannot  both  be a t t r i b -  
u tab le  to soluble  Fe+3 /Fe  +2. Moreover,  the  Fe+2 /Fe  ~ 
couple cannot be involved because the s tandard  po-  
ten t ia l  for Fe+~/Fe  ~ is --0.65V vs. SCE. Therefore,  one 
of these  pai rs  of waves  is pecul ia r  to ferrophosphorus .  

When  fer rophosphorus  was anodized at  -{-1.2V in 1M 
HC1 for a few minutes,  the oxidat ion  current  g radua l ly  
decayed  from 30 m A  to a s t eady-s ta te  value  of ca. 4 
mA. Inspect ion of the f reshly  anodized e lec t rode  sur -  
face revea led  the presence of a ve ry  adheren t  whi te  
film. No such film was observed  on pro longed  anodiza-  
t ion of the i ron electrode at --0.35V in 1M HC1. How-  
ever,  when the i ron e lect rode was anodized in 1M HCI 
conta ining 0.2M H~PO4 at --0.33V vs. SCE for 5 rain, 
a s imi lar  whi te  film also formed on its surface.  This 
film pro tec ted  the i ron f rom fu r the r  oxidat ion.  

This behavior  of i ron in the presence of phosphate  is 
not  new. I t  is wel l  documented  that  phosphate  inhibi ts  
the corrosion of i ron (8, 9). Pass ivat ion is a t t r ibu ted  
to the format ion  of a film of  ferrous  phosphate  on the 
exposed meta l  surface (8-10). Work  by  Flor ianovich,  
Kolotyrk in ,  and Kononova has shown that  fer rous  
phosphate  does not  prec ip i ta te  on the i ron surface, but  
r a the r  is fo rmed in a direct  e lect rochemical  react ion 
be tween iron meta l  and phosphate  (11). Since the oxi -  
dat ion of fer rophosphorus  produces  phosphate,  it  is 
l ike ly  that  a s imi la r  mechanism is opera t ive  here.  This 
would exp la in  why  no film format ion  was observed in 
the exper iments  conducted at p la t inum (see above) .  
Exper iments  descr ibed l a t e r  confirm this s imi la r i ty  in 
mechanism.  

Anodic oxidat ion  of fe r rophosphorus  occurs at po-  
tent ia ls  which are  ca. 1.5V posit ive of those at  which 
i ron is oxidized. Therefore,  the protec t ive  film formed 
on fer rophosphorus  is p robab ly  ferr ic  phosphate  ra the r  
than ferrous  phosphate.  Al though ferr ic  phosphate  is 
modera t e ly  soluble in s t rong acid (the condi t ional  
so lubi l i ty  product  at pH 0 is 2 • 10-2),  the fol lowing 
exper iments  demons t ra te  tha t  the film pers is ted  suffi- 
c ient ly  long on the cyclic vo l t ammet r i c  t ime scale to 
undergo subsequent  reduct ion.  Soluble  i ron species 
were  also observed.  
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A freshly polished ferrophosphorus electrode was 
first repeatedly cycled between +1.7 and --0.4V in 1N 
H2SO4 until the steady-state response was obtained 
(ca. five cycles). The solution was then stirred and 
cycling continued. The more positive pair of waves 
diminished on stirring, whereas the more negative 
couple was relatively unaffected by stirring (Fig. 5A). 
This result suggests that the more positive couple is 
due to dissolved Fe+S/Fe+~ and the more negative 
couple to Fe+8/Fe +2 phosphate on the electrode sur- 
face. Moreover, the more positive couple was much 
more sensitive to changes in the anodic switching po- 
tential. 

Following the experiments shown in Fig. 5A, stirring 
was discontinued but potential cycling was continued 
while the solution became quiescent (ca. 60 sec). The 
anodic switching potential was then successively set to 
§ +1.3, and +l.TV. The results are shown in Fig. 
5B. The more positive cathodic wave was barely dis- 
cernible at the lowest switching potential (+0.7V). It 
increased in height and shifted negative as the anodic 
switching potential was increased. The more negative 
cathodic wave was less sensitive to variations in the 
anodic switching potential. 

The behavior exhibited by the first couple is con- 
sistent with its assignment to soluble Fe+~/Fe +2. As- 
suming the first couple represents reduction and re- 
oxidation of a mixed sulfate-phosphate ferric complex, 
one would expect its potential to stdft.negative as the 
phosphate concentration increased, i.e., as the anodic 
switching potential was increased. Moreover, since the 
oxidation of ferrophosphorus is the only source of Fe + z, 
one would expect the height of this wave to increase as 
more time was permitted for the oxidation of ferro- 
phosphorus, i.e., as the anodic switching potential was 
increased. Conversely, once formed, the attached or 
bound film of ferric phosphate should be less sensitive 
to changes in the anodic switching potential as was 
observed. The slight diminution in the height of the 
second cathodic wave with a decrease in the anodic 
switching potential reflects the gradual dissolution of 
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Fig. 5. Cyclic voltammetry of ferrophosphorus in alr-saturated IN  
H~SO4. Scan rate: 0.1 V/see. Part A: Effect of stirring (curve I ,  
stirred; curve 2, not stirred). Part B: Effect of anodic switching 
potential (curve 1, E~ = 0.7V, curve 2, Ex = 1.3V; curve 3, 
E~ = 1.7V. 
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Fig. 6. Cyclic voltammetry of Fe +'8 at a freshly polished ferro- 
phosphorus surface in air-saturated 1N H2SO4. Curve 1, no added 
Fe+8; curve 2, 0.05M Fe2(SO4)r3; curve 3, 0.05M Fe~(SO4)3 + 
0.027M H~PO4; curve 4, O.05M Fe~(SO4)3 + 0.3M H3PO4. 

the ferric phosphate film in the strong acid medium. 
The validity of this assignment was confirmed by the 
following experiment. 

A freshly polished ferrophosphorus electrode was 
first cycled between +0.7 and --0.3V in 1N H2SO4 
(curve 1, Fig. 6). (This positive potential is insufficient 
to substantially oxidize the ferrophosphorus surface.) 
An amount of Fe~(SO4)~ sufficient to yield a 0.05M 
solution was then added and curve 2 (Fig. 6) was ob- 
tained. The observed peak potentials for soluble Fe+8/ 
Fe +2 closely correspond to those observed for the more 
positive couple in Fig. 1. The solution was then made 
0.027M in H~PO4 to mimic the stoichiometry in Eq. [3]. 
As shown by curve 3 (Fig. 6), the cathodic peak po- 
tential shifted ca. 40 mV negative, but was still well 
positive of that observed for the more negative couple 
(cl. Fig. 1). The waves did not split. Therefore, the 
second pair of waves shown in Fig. 1 cannot be due 
to soluble, phosphate-complexed Fe+8/Fe +~. Only 
when this solution was 0.3M in H3PO4 (curve 4, Fig. 6) 
did the cathodic peak potential shift sufficiently nega- 
tive to correspond to that of the second reduction peak 
observed at oxidized ferrophosphorus in 1N H2SO4 
(Fig. 1). Splitting of the Fe+8/Fe +~ waves was never 
observed. These results and those described above sup- 
port the assignment of the first pair of waves to solu- 
ble Fe+S/Fe +2 and the second pair to adsorbed iron 
phosphate. Furthermore, the iron phosphate film forms 
directly on the ferrophosphorus surface during anodi- 
zation rather than by precipitation from solution. This 
behavior is analogous to that reported when iron is 
oxidized in phosphate solution (10). 

Manuscript submitted March 25, 1983; revised manu- 
script received July 20, 1983. 
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A Mechanistic Study of Oxygen Evolution on NiCo20, 
II. Electrochemical Kinetics 

P. Rasiyah* and A. C. C. Tseung** 
Department of Chemistry, The City University, Northampton Square, London, England ECIV OHB 

ABSTRACT 

Oxygen evolution studies were carried out on pre-anodized, Teflon-bonded NiCo~O4 electrodes in KOH electrolytes of 
eight different concentrations ranging from 0.1 to 5.0 tool dm -~. Oxygen evolution was found to be governed by two Tafel 
regions, 0.04V per decade at lower overpotentials and 0.12V per decade at higher overpotentials, in KOH electrolytes of con- 
centration of 1.2 mol dm -3 and greater. In KOH electrolytes of concentration less than 1.2 mol dm ~, the Tafel slope of 0.04V 
per decade was not observed. The two Tafel regions have been discussed in relation to the activity of divalent and trivalent 
sites of NiCo204 toward oxygen evolution. 

The production of hydrogen is an impor tant  process, 
as it can be used as a nonpol lu t ing fuel. A simple way 
of producing hydrogen is by the electrolysis of water. 
At present,  a lkal ine water electrolyzers have a low 
energy efficiency due to the high activation overvolt-  
age of oxygen evolving anodes such as nickel, nickel-  
plated iron, and ferrous nickel  alloys (1). Recently, 
much effort has been directed to the study of t ransi-  
tion metal  oxides as oxygen evolving anodes in alkal ine 
media (2-7), in an at tempt  to lower the oxygen over-  
voltage. Of such oxides reported in l i terature,  the 
mixed spinel NiCo204 is a promising material,  due to 
its favorable properties of low intrinsic electrical re-  
sistivity and fairly low oxygen overvoltage, and corro- 
sion stabi l i ty  in alkal ine media. Although many workers 
(7-12) have studied oxygen evolution on NiCo204 and 
its stabil i ty as an anode on a long- te rm basis, no 
definite mechanism has yet been put  forward that  in-  
volves the identification of the active sites of the 
mixed spinel. Such studies not only help in unde r -  
s tanding the complicated process of oxygen evolution, 
but  also help in developing better  oxygen evolution 
electrocatalysts. 

Tseung and Jasem (6) put forward guidelines for 
the choice of semiconducting oxides for the oxygen 
evolution reaction. They emphasized the role of the 
meta l /meta l  oxide couple or the lower metal  oxide/  
higher metal  oxide couple in de te rmin ing  the mini -  
mum voltage of oxygen evolution. This consideration, 
as well as other essential requirements  such as elec- 
trical resist ivity and corrosion resistance, suggested 
that NiCo204 should be a good oxygen evolution elec- 
trocatalyst. This was confirmed exper imental ly ;  Teflon- 
bonded NiCo204 electrodes gave oxygen evolution cur-  
rents of 1 A cm -2 at 1.6V vs. the dynamic hydrogen 
electrode at 70~ in 5N KOH. Tseung et al. (9) carried 
out long- te rm endurance tests by evolving oxygen on 
Teflon-bonded NiCo204 electrodes at a current  density 
of 1 A cm -2 at 85~ in 45% KOH for 3000 hr  with less 
than 50 mV increase in overpotential.  Vandenbore and 
Leysen (8) ~ reported that the performance of NiCo204 
was the best out of four electrocatalysts studied an'd to 
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have stable overvoltages for over 2000 h r  of operation 
at a current  densi ty of 1 A c m  -2 at 85~ in 50% KOH. 
The NiCo204 electrodes studied by these workers were 
prepared by thermal  decomposition of n ickel  and cobalt 
ni trates on perforated nickel  plates. Singh et al. (7) 
investigated oxygen evolution on NiCo204 obtained by 
thermal  decomposition of nickel and cobalt salts on 
metal  substrates, and found a Tafel slope of 0.045V 
per  decade. However, Efremov and Zhukov (11) re-  
ported oxygen evolution on NiC0204 to be controlled 
by two Tafel slopes, a slope of 0.05V per  decade at 
low potentials increasing to a slope of 0.09V per decade 
at higher potentials. Jasem and Tseung (12) carried 
out potentiostatie pulse studies on Teflon-bonded 
NiCo204 electrodes and found oxygen evolution to be 
also controlled by two Tafel regions, the value of the 
slopes depending on the ini t ial  pulsing potential. In a 
previous paper  (12), we reported coulome~ry studies 
carried out on NiCo204 at potentials before oxygen 
evolution and found that the nickel and cobalt (A) 
cation sites on the surface of the polycrystal l ine 
NiCo204 undergoes oxidation state transit ions A 2+ -~ 
A ~+ ~ A4+; thus a t ta ining highest oxidation state be-  
fore oxygen is evolved. In  this paper we report the 
investigation carried out to elucidate the oxygen evolu- 
t ion mechanism on NiCo204 and postulate a role for 
the different surface sites on NiCo~O4 dur ing the oxy- 
gen evolution process. 

Experimental 
The NiCo204 for this study was obtained by freeze 

drying (13) a solution of nickel  and cobalt nitrate. 
The mixed, dried nitrates were vacuum decomposed 
and thermal ly  treated in air  at  400~ for 10 hr  to 
obtain the spinel. X- ray  characterization confirmed 
complete spinel phase formation. The room temperature  
electrical resistivity of the oxide was measured using 
a Teflon die and was found to be less than 10 12-cm. 
The BET specific surface area of the oxide was found 
to be 43 m 2 g-1. 

Teflon-bonded electrodes of NiCo204 were fabricated 
(14) using 100 mesh Ni screen as current  collector. 
Before actual measurements  were taken, the NiCo204 
electrode under  s tudy was pre-anodized for ~200 hr  
at a cur ren t  density of 1 A c m  -2 at 70~ to reduce the 
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oxygen  bubble  size and to obta in  a s tab le  and r ep ro -  
duciUle e lec t rode  surface. Oxygen  evolut ion cu r ren t -  
po ten t ia l  measurement s  were  ob ta ined  on the p r e -  
anodized NiCo204 elect rode in KOH solutions of con- 
cen t ra t ion  0.1, 0.2, 0.4, 0.6, 1.2, 2.2, 4 and 5, m o l / d m  -3 
at  25~ using a 3A Chemical  Electronics  Potent ios ta t  in 
a ga lvanosta t ic  mode. A t h r e e - c o m p a r t m e n t  glass cell  
was treed for  this s tudy.  A piece of 100 mesh  Ni screen 
was used as the secondary  electrode.  Al l  potent ia l s  were  
measured  against  the  dynamic  hydrogen  e lect rode 
(DHE).  The DHE was ca l ib ra ted  against  the revers ib le  
hydrogen  e lec t rode  in the same electrolyte ,  for  the  
different  electrolytes ,  at  25~ and was found to va ry  
be tween  --18 mV to --21 inV. Al l  e lect rolytes  were  
p re -e lec t ro lyzed  in s~tu by  passing a 2 m A  current  
be tween  two pieces of 3 cm • 3 cm p l a t i n u m  mesh 
electrodes p laced at  the  work ing  e lect rode compar t -  
ment  and at  the secondary  e lect rode compar tment ,  wi th  
cont inuous N2 purg ing  for ~12 hr. The in te r rup te r  
technique was used to measure  the ohmic drop (15) 
be tween  the Luggin  cap i l l a ry  and the work ing  elec-  
trode. 

Results and Discussion 
Figure  1 shows the cu r ren t -po ten t i a l  oxygen evolu-  

t ion pe r fo rmance  on pre-anodized ,  Teflon bonded  
NiCo204 in KOH solut ions of concentra t ion  0.1, 0.2, 0.4, 
0.6, and  1.2 m o l / d m  -3. As shown in Fig. 1, oxygen  
evolut ion  in KOH e lec t ro ly te  of concentra t ion  1.2 tool /  
dm -8  shows two Tafel  slopes. The slope at  lower  po ten-  
t ials  i s  ,~0.04V pe r  decade, and the slope at  h igher  
potent ia ls  is ~0.12V per  decade.  S imi l a r  slopes were  
also obta ined  in KOH elec t ro ly te  of concentra t ion 2.2, 
4, and 5 m o l / d m  -~. However ,  it  is to be noted tha t  the 
Tafel  plots in KOH concentra t ion less '  than  0.4 too l /  
drn-S did not show a decrease  of the slope at  lower  
potent ials .  Fur the rmore ,  the oxygen evolut ion pe r -  
formance r ema ined  cons tant  in e lec t ro ly te  of KOH 
concentra t ion g rea te r  than  2.2xnol/dm -3. 

To expla in  the  s lope of 0.12V per  decade, the first 
two mechanis t ic  s teps dur ing  oxygen evolut ion on a 
d iva len t  ni'ckel or cobal t  si%e (M) on the NiCo204 
surface  can be wr i t t en  as 

NI + OH- ~ MOH + e [I] 

MOH + O H -  --> MO + H20 + e [2] 

I t  is to be noted tha t  the oxida t ion  s ta te  of the  cations 
of the  species formed in Eq. [2] is -54, and no fu r the r  
e lectronic  t rans i t ions  can take  place before  oxygen  is 
evolved (12). Oxygen  evolut ion wi l l  take  place chemi-  
ca l ly  b y  
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Fig. I. Oxygen evolution on preanodized Teflon-bonded NiCo204 
in KOH concentrations of 0.1 (e ) ,  0.2 (~ ) ,  0.4 (El), 0.6 (A) ,  and 
1.2 (A) ,  moUdm-S at 25~ 

2MO-~ 2M + 02 [3] 

The slope of 0.12V per  decade m a y  be due to Eq. [1] 
being ra te  de te rmin ing  a t  low coverage of MOH, i.e., 
0MOH --> 0, or due to Eq. [2] being ra te  de te rmin ing  at  
high coverage of MOH, ~MOH ~ 1. Equat ion [1] is the  
p re fe r red  ra te  de te rmin ing  step. A fu r the r  confirma- 
tion of the ra te  de te rmin ing  s tep f rom the e lec t ro-  
chemical  react ion o rde r  pa rame te r s  is not  possible,  
since both react ions when  ra te  de te rmin ing  give s imi lar  
ra te  equations.  Thus, the  ra te  equat ion for the slope 
of 0.12V per  decade is 

fiEF 
i = nFkCoH- exp \ ~ ) [4] 

where  i is the  cur ren t  density,  E is the  potent ial ,  Co i l -  
is ac t iv i ty  of the O H -  in the  e lectrolyte ,  ~ is the s y m -  
me t ry  factor, and n, F, R, and T have the usual  m e a n -  
ings. To confirm the va hd i t y  of the  ra te  equation,  r e -  
action order  pa rame te r s  (0 log i/O log C o n - ) ~ , r  and 
(0 log i /8  log Con-)~.T were  ob ta ined  expe r imen ta l ly  
as shown in Fig. 2 and 3 and are  found to be 0.96 and 
0.6, respect ively.  The l a t t e r  p a r a m e t e r  has a theo-  
re t ical  value  of (1 --  /~) which could be obta ined f rom 
the ra te  equat ion and Eq. [5] and [6] 

E---- E e - 5  11 [5] 

2.303 RT 
Ee "- Ee - -  log  COH- [6] 

F 

where,  E, Ee and ~] are  the equ i l ib r ium potent ia l ,  s tan-  
da rd  equ i l ib r ium potent ia l ,  and  ac t iva t ion  overpoten-  
tial,  respect ively ,  for  oxygen evolution.  The fo rmer  
react ion order  pa r ame te r  has a value  of 1 f rom Eq. [4]. 
Table  I .compares the theore t i ca l ly  p red ic ted  and the 
expe r imen ta l l y  obta ined kinet ics  pa rame te r s  for t h e  
slope of 0.12V per  decade,  and shows a good corre la-  
tion. 

The Tafel  slope of 0.O4V per  decade at lower  po-  
tent ia ls  (e.g., 10-~ A em-2  a t  potent ia ls  1.52V vs. the 
DHE in 1.2 too l /d in  -3 KOH at 25~ 10-2A cm -2 at  
potent ia ls  1.56V vs. the DHE in 5 m o l / d m  -8 KOH at 
25~ could be r e l a t ed  to Eq. [2] being ra te  de te r -  
mining  at  low MOH coverage,  i.e., ~MOH "~ 0. However ,  
according to the oxygen evolut ion mechanism given in 
Eq. [1], [2], and [3], the  t r iva len t  sites of Ni and Co 
have no role to play.  This is because if t r iva len t  s i tes  
evolve oxygen by  this mechanism,  Eq. [2] wil l  form 
a pen tava len t  species, which is con t ra ry  to our  p r e -  
vious findings (12). 
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Fig. 2. KOH concentration dependence of current density on 
preanodized Teflon-banded HiCo~.O4 at an oxygen evolution po- 
tential of 1.20V (vs. the standard hydrogen electrode) at 2YC. 
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Fig. 3. KOH concentration dependence of current density on 
preanodized Teflon-bonded NiCo204 electrode at a constant over- 
potential of 0.42V at 25~ 

The lower Tafel is related to oxygen evolution tak- 
ing place on trivalent cation sites of NiCo~O4. The cation 
distribution of NiCo204 at rest (16) is Co0.92+Co0.12+ 
(Nio.s2+Ni0.18+Co 3+) Os.~2-O0.s where the cations in- 

side the parenthesis are in octahedral environment and 
those outside are in tetrahedral sites. According to 
this formula, 2/5 of the cations are trivalent and the 
rest divalent. A possible mechanistic sequence on 
trivalent sites (T) is 

T ~ OH- -> TOH 4- e [7] 

TOH ~ OH-  --> TO- -{- HO [8] 

O 
/ \  

TO- W M-'> T M -{- e [9] 

O 
/ \  

2T M--> 2T ~ 2M -~ O [10] 

where M in this reaction sequence is divalent or tri- 
valent. A Tafel slope of 0.04V per decade could be 
due to Eq. [9] being rate determining at low TOH 
coverage i.e., ~TOH -'> O. A low coverage condition in 
this case is justifiable, since T sites are minority sites. 
The trivalent sites, which are postulated to evolve 
oxygen at lower potentials than the divalent sites, do 
not interfere with the kinetics of the divalent sites, 
because of their lower surface concentration and their 
requirement of four sites at sufficiently close vicinity 
to evolve oxygen. 

Conclusions 
This study suggests that trivalent nickel and cobalt 

ions evolve oxygen at lower potentials than divalent 
nickel and cobalt ions. Further studies of oxygen 
evolution carried out on Li-doped Co304 where the 

Table I. The theoretically predicted and experimentally obtained 
kinetic parameters for the higher Tafel region of oxygen evolution 

on preanodized Teflon-bonded NiCo~O4 

Kinetic indicator Theoretical Experimental 

(BE/Slog i)T.COH. 2.303RT/~F -..9.12V 
(Olog:i/OlOg COH') T,~ = 0.118V 

1 0.96 
(810g//alog Cos-)T,~ (i -- ~) 

= 0.5 0.6 

trivalent ions can be increased to a maximum of 78% 
confirm this suggestion (17, 18). 
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Electrolytic Reduction of Bicarbonate Ion at a Mercury Electrode 

Yoshio Hori and Shin Suzuki 

Department of Synthetic Chemistry, Faculty of Engineering, Chiba University, Yayoi-cho, Chiba 260, Japan 

ABSTRACT 

Electrolytic reduction of HCO3- at Hg was conducted in aqueous solutions of NaHCO3 (0.5-1.0 mol �9 kg-~)-Na~CO3 
(0.025-0.1 mol.  kg-') mixtures. HCOO- is formed as the product; this agrees with the results obtained in the cathodic reduc- 
tion of CO~. The following reaction mechanism is proposed: The dissociation of HCO3- takes place in the electrolyte solution 
and forms CO~, which diffuses through the reaction layer and is cathodically reduced at the electrode. The diffusion equa- 
tion and Tafel equation for the electrode kinetics are combined and mathematically treated. The partial current of HCOO- 
formation, ic, is related to the electrode potential and the concentration of the components in the solution. The analysis 
shows that the experimental data obey the relationship derived in accordance with the model. The rate constant of HCO~- 
dissociation is compared with literature values. 

Carbon  dioxide has been suggested to be feasible as 
an energy storage medium by Russell et al. (1) and 
Williams et al. (2). Carbon dioxide is electrolytically 
reduced to methanol  or formic acid, which in t u rn  can 
be fed to a fuel cell or a decomposer to generate hy-  
drogen. This process is superior to the hydrogen energy 
system, since the t ransport  and storage of these liquid 
fuels are more convenient  and less expensive than 
hydrogen, i n  addition to the advantage of energy 
storage, this process will  help to prevent  increases in 
atmospheric concentrat ions of carbon dioxide. 

Cathodic reduction of carbon dioxide in aqueous 
solutions has been studied by many  workers;  the CO2 
molecule has been regarded as the electroactive species 
on the basis of vol tammetr ic  studies (3, 4). However, 
because the solubil i ty of COs in water is low, the 
l imit ing currents  are as low as 10 mA/cm~ under  1 
a tm of COs. If H C Q -  can be utilized as an electro- 
active species, the cathodic reduct ion of COs will pro-  
ceed more efficiently, since solubili ty of HCOe- is 
much higher than CO2 in aqueous solutions. Iwahara  
et al. (5) recently reported that  HCO3- is electro- 
lyt ical ly reduced at Hg electrode. Other previous 
authors (6, 7) also have suggested that  HCO~- is 
electrolytically reduced. The present s tudy attempts 
to elucidate the mechanism of the cathodic reduction 
of HCO3- in  an aqueous solution in order to develop 
a bet ter  process of CO2 utilization. 

Experimental 
The details of the apparatus and the procedures are 

found elsewhere (8). The electrolytic solutions were 
buffer solutions of NaHCO3-Na2COa, prepared i rom 
commercial  reagent-grade  chemicals without fur ther  
purification. Commercial  n i t rogen was purified by a 
column of activated Copper and wash bottles contain-  
ing aqueous NaOH solution. Both the potentiostatic 
and galvanostatic electrolysis experiments  were con- 
ducted at 25~ with purified mercury  as the cathode. 
The potential  of the cathode was measured with re-  
spect to an Ag/AgC1 reference electrode at 25~ which 
was introduced to the catholyte via a Pyrex  Luggin 
tube. Nitrogen was introduced into the cell, bubbl ing  
moderately  through the solution dur ing most of the 
electrolytic experiments,  although some experiments  
were carried out with n i t rogen flowing above the 
solution after removal  of the dissolved oxygen. Sample 
solutions were taken out for analysis immediate ly  
after electrolysis, with the mercury  electrode kept 
cathodic in order to prevent  interference by the amal-  
gam. 

The product resul t ing from the electrolysis was 
qual i ta t ively tested by the following methods: (i) 
the formaldehyde and formic acid by chromotropic 
acid test (9) and (if) the oxalic acid by thiobarbi tur ic  

Key words :  ca rbon  dioxide,  b i ca rbona te ,  ca thodic  r educ t ion ,  
electrochemical  kinet ics .  

acid test (9). The solutions in  the cell were quant i ta -  
t ively analyzed for their  reducible substances by the 
permanganate  t i t rat ion technique. 

Results 
Reaction products.--The reaction product was con- 

firmed to be HCOO-;  formaldehyde and oxalic acid 
were not detected. This is in agreement  with the cath- 
odic reduction of CO2. Amalgam formation and hydro-  
gen evolution were seen to proceed in paral lel  with 
H C Q -  reduction. 

Partial current ol HCO0-  formation.--The steady- 
state electrolysis exper iments  were conducted for 15- 
120 min. The electrode potent ial  changed by ca. 60 
mV during the galvanostatic electrolysis due to Na 
amalgam formation. The electrode potentials were then 
averaged for the period of electrolysis. The total cur-  
rent  decreased down to 1/4-1/5 dur ing the potentio- 
static electrolysis. The part ial  current  of HCOO-  for- 
mation, ic, was calculated from the results of the per- 
manganate  titration. The exper imental  data obtained in 
the galvanostatic and potentiostatic experiments  were 
compatible with each other, therefore no dist inction be-  
tween the two was made in this study. Each part ial  
current,  ic, may include an error of up to 5% due to 
the inaccuracy of the t i t rat ion technique. The experi-  
menta l  error due to the IR drop between Luggin capil- 
lary tip and the cathode was always less than  6 mV. 

The part ial  current,  ic, is shown in Fig. 1 as a func-  
tion of the electrode potential  for a mixed electrolytic 
solution of NaHCO~ (m : 1.0 mol /kg)  1 and Na2CO3 

1 m is the concen t ra t ion  in t e r m s  of molality.  

1.0 

I E 

0 . 5  
e 

0 -1.6 -117 -1'.8 -119 -2~.0 
E / V vs SHE 

Fig. 1. Partial current of HCO0- formation with ( 0 )  and with- 
out (O) N2 bubbled plotted against the electrode potential. Elec- 
trolyte: NaHC03 (m ~ 1.0 mol" kg-1)-Na2C03 (m ~ O.OS 
mol �9 kg-l) .  

2 3 8 7  
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(m = 0.05 mol /kg) .  The pH of this solution ranged 
between 8.5'8 and 8.63. The fraction of the total charge 
going to the formation of HCOO- varied from 66% 
at --1.637V (vs. SHE) to 15.2% at --2.008V (vs. SHE).  
Since various concentrations of electrolyte solutions 
were employed in  the present  study, the electrode po- 
tent ial  was corrected for the variat ion of the potential  
of outer Helmholtz plane ~2 with reference to 1-1 
electrolyte solution (arbi t rar i ly  chosen m = 0.274 
mol /kg)  .2 Figure 1 shows a l imit ing current  in a more 
negative region of potential.  Iwahara  e t a l .  conducted 
electrolysis in KHCO3 solution and also pointed out 
the appearance of the l imit ing current  (5). Figure 1 
contains exper imental  data which were taken from 
electrolysis experiments  with ni t rogen flowing just  
above the, uns t i r red  solution. The data obtained with-  
out s t i r r ing fall along the same curve as the data ob- 
tained with N2 stirring. Therefore, moderate convec- 
tive motion of the solution does not  affect the t rans-  
port process of the reactant  species. This will  be dis- 
cussed later  in terms of a reaction layer  thickness. 

Dependence of ic on HC03-  concentration and pH.--  
Figure 2 shows ic plotted against the HCOz- con- 
centration, where the concentrat ion ratio [COGS-]/ 
[HCO3-] is kept constant at 0.05; the electrode po- 
tent ial  is --1.813V vs. SHE. ic apparen t ly  depends 
l inear ly  upon the HCO3- concentration, which suggests 
that HCO3- is involved in the reaction. The pH in-  
creased dur ing  electrolysis. Therefore, HCOs-  is 
electrolytically reduced to form HCOO- and O H -  ac- 
cording to the electrode reaction 

HCO3- + HsO + 2e-  --> HCOO-  + 2 OH- [1] 

The pH of the solutions ranged between 8.5 and 9.2. 
ic was seen to decrease significantly in accordance 
with pH when the electrode potential  and H o e s -  
concentrat ion were kept  constant. 

Discussion 
Dissociation of HCO~- and transport of resulting 

COs.--As shown above, ic is proport ional  to the con- 
centrat ion of HCOs-,  and the electrode reaction is 
presumed to be Eq. [1]. However, if HCO3- is re-  
duced at the cathode as the electroactive species, the 
l imit ing current  would be ca. l0 s times greater than 
the value shown in Fig. l, since the concentrat ion of 
HCO3- is 1 mol/kg.  

ic is insensit ive to the convective motion of the 
electrolyte, even when ic is near ly  equal to the l imi t -  
ing current.  Accordingly, the l imit ing current  is not 
controlled by the diffusion of reactant  species (e.g. 
COx) from the bulk  of the solution. 

The pH of the solution significantly changes ic. 
These experime-=tal facts suggest that the dissociation 

of HCO3- takes place as a preceding homogeneous 
chemical reaction in close vicini ty to the electrode 

HCOs- ~ C02 + OH- [2] 
kr 

HCO3- + OH- ~ CO3 s- + H20 [3] 

The rate of C02 formation is assumed.to be relatively 
slow; the concentration of HCO3- is constant through- 
out the entire electrolyte solution, i.e. from bulk to 
electrode surface. C02 thus formed diffuses within a 
reaction layer to the surface of the electrode and is 
electrolytically reduced at the cathode 

CO2 + H20 + 2e-  --> HCOO-  + O H -  [4] 

The thickness of the reaction layer  is assumed to be 
smaller  than that of the adhering s tagnant  layer  (di~- 

The corrections o~ r were made on the basis of the Gouy- 
Chapman equation for the diffuse double layer. The details are 
found in the previous report (8). The amount of corrections in 
the present study ranges between 18 and 38 mY. 
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Fig. 2. Plot of ic vs. HC03 -  concentrotion. The concentrotioe 
rotio [ C 0 3 2 - ] / [ H C 0 ~  - ]  is kept constont ot 0.05. The electrode 
potentiol is - - ] .813V vs. SHE. 

fusion layer) .  The present  reaction model can be 
treated in accordance with the theory developed by 
Gerisc'her and Vetter (10). 

The rate of formation of CO~ in react ion [2] i~ 

V = kd �9 C(HCO~-)  -- kr " C(CO2) �9 C ( O H - )  [5] 

where kd and kr are the rate constants for the for- 
ward and backward reaction [2] ; C (HCO3-) ,  C (COs), 
and C ( O H - )  are the concentrat ions of the respective 
species. Reaction [2] is at equi l ibr ium in the bulk  of 
the solution 

V = 0, C(CO)2 = Cb(CO~) = C(CO2) [6] 

where Cb(CO2:) and  C(CO~) represent  the bu lk  con- 
centrat ion and the equi l ibr ium concentrat ion of CO~, 
respectively. Then Eq. [5] becomes 

kd �9 C(HCO3-)  -- kr �9 C--(CO2) �9 C ( O H - )  = 0 [7] 

The rate of reaction [3] is assumed to be fast enough 
to keep reaction [3] at equil ibrium. El iminat ing kr �9 
C ( O H - )  from Eq. [5] and Eq. [7], one obtains the 
reaction rate 

= kd �9 C(HCOs- )  �9 ( V 
\ 

_C(C0'2) ) 

C(C02) 

C(CO~) 

where 
V0 = kd �9 C(HCO3-)  [9] 

The extended Fick's second law 

0C (CO~) o~C (COD 
_ D �9 + V [10]  

Ot 8x2 

is applied to the present  model, where x is the dis- 
tance from the electrode surface and D the diffusion 
coefficient of CO2 in the solution. Equat ion [10] is 
solved for the steady state, OC(C02)/Ot = O. The 
boundary  conditions a r e  ( C [ C O 2 ] / C [ C 0 2 ] )  : 1 

X.-> oo 

and (OC[C02]/Ox) ---- 0. Thus one obtains from 
x- -~  oo 

Eq. [8] and [10] 

= - " 1 [11] 
dx D ~-( COs ) 

Both Faraday's  law and Fick's first law hold at the 
electrode surface, x " 0; n F  �9 D(dC(CO2:)/dx)z=o = L 
Hence the partial  current,  ic, for the re,duction of CO2 
result ing from HCOa- is 
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ic = nF . D (  dC(CO=) 1 
dx ~=o 

w 

Cs(C02) 
= nF(V0 �9 C[CO=] �9 D)'/2 ( ' 1  ) [12] 

where Cs(CO2) denotes the concentrat ion of CO2 at 
the surface of the electrode. I f  Eq. [12] is solved for 
Cs (CO~), it can be rewr i t ten  as 

[ Cs(CO2) =U(CO2) i-- nF' 

�9 (V0" U(CO~) �9 D)-Y, ] [13] 

Tafel relationship obtained ]rom cathodic, reduction 
o] gaseous CO2.--Gerischer and Vetter studied the elec- 
trode reaction with a rate de termining  homogeneous 
reaction, and have mathemat ica l ly  described the sys- 
tem (10). They treated the problem with the condi- 
tion that  the other component steps of the overall  re- 
action are not rate determining.  The charge transfer  
process is essentially at equil ibrium, even during the 
flow of current,  and the concentrations of the compo- 
nents  of the overall  electrode reaction (HCO3- in the 
present  case) remain  essentially constant throughout  
the electrolyte. The present  authors extend Gerischer 
and Vetter 's theory to the case where the rate of 
charge t ransfer  is comparable with that  of preceding 
chemical reaction. 

The charge t ransfer  process involved in  the cathodic 
reduct ion of CO2 can be studied by  bubbl ing  gaseous 
CO2 in  solution. The concentrat ion of CO2 dissolved in 
solution and at equi l ibr ium with gaseous CO2 is much 
greater  than that  in the present  HCO3--CO32- solu- 
tions. Paik et al. (11) and the present  authors (8) 
studied this react ion with mercury  as the cathode. Paik 
et al. revealed the following exper imenta l  facts. The 
current  efficiency of CO2 reduct ion is 100% within the 
exper imenta l  error. The current  of CO2 reduction, ic', is 
not affected by s t i r r ing of the electrolyte, ic' is propor-  
t ional to P(CO2), the part ial  pressure of CO2, at re la-  
t ively high current  densities. 8 A Tafel relationship 
holds between ic' and electrode potential  E. Thus, 

( ~ E )  
/c' o: p (CO2) �9 exp -- - ~ -  [14] 

where ~ is the t ransfer  coefficient. 
The Tafel relat ionship is wri t ten  in terms of E in the 

present  paper  instead of using overvoltage and ex- 
change current .  Henry 's  law is expected to be valid for 
CO2 in the bulk  of the solution 

Cb(CO~) ---- C'(CO~) = h �9 P(CO2) [15] 

where h is a constant. Then, Eq. [14] can be wri t ten as 

( ~ E )  
ic' = n F  �9 k �9 Cb(CO~) �9 exp --  R-"T- [16] 

where k is a rate constant  that incorporates h, the 
Henry  law constant. Paik et al. obtained experi-  
menta l  data in the region where mass t ransfer  re-  
sistance can be neglected and ic' is expressed by Tafel 's 
equation. Thus, C~(CO2) is approximate ly  equal to Cb 
in the exper iment  carried out by  Paik et al. 

Cs(CO2) ---- CD(CO2) [17] 

Equat ion [17] is subst i tuted into Eq. [16] in order to 
obtain the following equations 

( ~ E )  
ic' = nF �9 k �9 Cs(CO2) �9 exp RT 

_--nF.Cs(CO2)  . r  [18] 

a T h e  p r e s e n t  m e a s u r e m e n t s  w e r e  c o n d u c t e d  i n  this region of  
c u r r e n t  densiCy, 
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r = k �9 exp RT [19] 

According to the authors '  previous report, the following 
values are obtained (8): ic' = 5 X 10 -4 A . c m  -2 for 
P(CO2) = 1 atm and E = --1.487V vs. SHE, a -- 0.278, 
and T = 298 K. These values are in good agreement  
with the values obtained by Paik et al. (11). The con- 
s tant  h is given as (12) 

Cb (CO~) 
h _ -- 3.38 • 10-5 tool �9 cm -3 �9 a tm -1 

P (COs) 

Subst i tu t ing these values into Eq. [16] gives 

k = 7.80 • 10 -'12 cm �9 sec -1 

Hence 

r = 7.80 X 10 -12exp (--10.83E) cm �9 sec-* [20] 

Cathodic reduction o] C02 resulting ~rom dissociation 
o] HCOz-. - -As shown in Eq. [12], the cathodic reduc-  
tion of CO2, s temming from the dissociation of HCO3-, 
is controlled by the rates o~f formation and diffusion 
of CO2. At the same time, the cathodic reduction of COs 
obeys a Tafel relationship Eq. [18]. ie in Eq. [12] must  
be equal to ic' in Eq. [18] in the steady-state condition. 

Subst i tu t ing Eq. [13] into Eq. [18] yields 

r 
ie = nF(Vo �9 C(CO2) �9 D)'/2 �9 [21] 

( V o ' D  ) 1/" 
r + 

When reaction [2] is at equil ibrium, the following re-  
actions are also at equi l ibr ium 

CO2 + H20 - -  H + + H C O s -  [ 2 2 ]  

--[H20 = H + + OH-] 

CO~ + OH- ---- HCO3- 

The equilibrium concentration of CO~ is 

1 7(H +) �9 -r(HC03-) 
U(CO2) =--. 

Ka 7 (COs) 

�9 C(H +) �9 C(HCOs- )  [23] 

where Ka is the equi l ibr ium constant  of reaction [22], 
and 7's are the activity coefficients of the respective 
species. Subst i tut ion of Eq. [9] into Eq. [21], followed 
by the subst i tut ion of Eq. [23] into Eq. [21] yields 

r v(H +) �9 "t (HCO~-) 
�9 n F  �9 �9 C(H +) �9 C(HCOa- )  

ic v ( C O ~ )  

= <k!.D)V,. < 7(H+).~(HCOz-).Ti~2) ) '/2 
�9 C(H+)'/2 �9 r + Ka [24] 

Equat ion [24] can be rewri t ten  as 

r ( K a y ,  
- - i c  " nF  �9 a (H +) �9 a (HCO3-)  = ~ /  

�9 (7(HCOs-) �9 7(C02))'/2 �9 a(H +) v2 �9 r + Ka [25] 

Numerical values obtained from the analysis of the 
model.--The activity of HCO~- was estimated from 
the concentrat ion of the solution and the activity co- 
efficient reported by Han and Bernard in  (13). The other 
variables in Eq. [251 are readi ly calculated from the 
exper imental  data. The compositions of the electrolyte 
were as follows; 1.0-0.1, 1.0-0.05, 1.0-0.025, 0.7-0.07, 0.7- 
0.035, 0.5-0.1. 0.5-0.05, and 0.5-0.025. 4 A comparison of 

T h e  c o m p o s i t i o n s  a r e  s h o w n  i n  a n  a b b r e v i a t e d  f o r m ,  e.g. ,  1,0- 
0.I,  w h i c h  i n d i c a t e s  a s o l u t i o n  c o n t a i n i n g  NaHCOs ( ~  = 1.0 too l  �9 
kg -D  a n d  Na~COa ( m  = 0.1 t oo l  �9 kg-1) .  
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Fig. 3. Model confirmation. Plat of Eq. [24] 

Eq. [25] wi th  the expe r imen ta l  d a t a  is shown in Fig. 3. 
Ka is de t e rmined  f rom the in tercept  to the ord ina te  

Ka, expe r imen ta l  = 4.8 • 10 -10 mol  �9 cm -3 

The theoret ica l  value of Ka is easi ly  ca lcula ted  on the 
basis of t abu la ted  thermochemica l  data  (14) 

Ka, theore t ica l  = 4.50 • 10 -z0 tool �9 cm -3 

The good agreement  of the two values confirms the 
va l id i ty  of the present  model.  

The slope of the s t ra igh t  l ine shown in Fig. 3 read i ly  
yields  the value kd if the fol lowing numer ica l  constants 
are  employed:  D = 1.9 • 10 -5 cm 2 . sec  -1 (15), 
7 ( H C O 3 - )  = 0.56 on the average  (13), and 7(CO~) 
is assumed to be uni ty  

kd = 6.8 • 10 -4 sec - i  

The thickness of the react ion l aye r  5 is defined by  
the l inear  ex t rapola t ion  of the concentra t ion grad ien t  
at x = 0 (e lect rode surface)  to C(CO2) : C'-(CO2), 
and is 

[~(C02)'D ] ~/' 
8 = V0 [26] 

The numer ica l  value 5 is r ead i ly  ca lcula ted  for the  
solution NaHCO 8 - ( m  : 1.0 tool �9 kg -1)-Na~CO3 (m 
= 0.05 mol  �9 k g -  1) 

5 = 0.008 crn 

The solutions were  mode ra t e ly  s t i r red  by  ni t rogen 
sparging.  Since the s tagnant  bounda ry  l aye r  thickness  
will  not  be less than  0.01 cm under  the present  condi-  
tions, the react ion layer  is obviously  wi th in  the diffu- 
sion layer ,  as assumed before.  Thus it is na tu ra l  that  
ic is not  affected by  convective motion of e lec t ro ly te  
caused by  n i t rogen bubbl ing.  

Rate constant kd.--The ra te  constant  kd has been 
measured  by  various techniques (16-22). The values  
a re  scat tered,  but  they  appear  to converge to approx i -  
ma te ly  2 X 10 .4  sec - i  in very  di lute  solutions. This 
value  is less than  1/3 the value  obta ined in the present  
study.  The d i sc repancy  could s tem from a dependence  
of kd on the ionic s t rength.  Pinsent  et al. (16, 17) re -  
por ted  tha t  kr increases at  high ionic s t rengths,  kd is 
re la ted  to kr as der ived  f rom Eq. [7]; kd/kr : Kb, 
where  Kb is the  equ i l ib r ium constant  for react ion [2]. 
Thus kd n a t u r a l l y  increases at  h igh ionic s t rengths.  
Koefoed and Engel  (20) have repor ted  a value  for kr 

in O.75M NaHCO3 at 0~ that  is about  5 t imes  h igher  
than  those values obta ined  in ve ry  di lute  solutions.  

Contribution 5tom HCO~- dissociation to the cathodic 
reduction o$ CO2.--When the e lec t ro ly t ic  reduct ion  of 
CO2 is conducted wi th  CO2 bubbl ing  in an  H C O j -  
aqueous solution, CO2 is suppl ied  to the electrode in 
two ways.  One is the diffusion of CO2 dissolved f rom 
the gas phase. Ano the r  is the dissociation of HCOa- .  

The l imi t ing cur ren t  control led  by  the diffusion of 
CO2 from the gas phase at  1 a tm can be es t imated  wi th  
use of the  values  of h and D as given above. The calcu-  
la ted  cur ren t  dens i ty  is 1.2 • 10 -2 A .  cm-2  for  a 
diffusion l aye r  thickness  of 0.01 cm. 

The l imi t ing current ,  cont ro l led  by  the dissociation 
of H C O j - ,  is eva lua ted  on the basis of Eq. [25] wi th  r 
increasing infinitely. The ac t iv i ty  of H C O s -  is 0.520 • 
10 -8 mol �9 cm -3 in a solut ion of NaHCO3 (m = 1.0), 
and pH is 7.54 under  1 a tm of CO2. The l imi t ing cur ren t  
is es t imated  to be 3.9 • 10 -8 A �9 cm-% Thus, the  elec-  
t ro ly t ic  reduct ion of H C O s -  is a ve ry  s low process, due 
to the slow dissociat ion of H C O j - .  If  appropr ia t e  ca ta l -  
yses or  e lect rolytes  are  found to raise  the  ra te  of dis-  
sociat ion of HCO3-,  the l imi t ing  cur ren t  wi l l  conse- 
quent ly  be enhanced.  
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Technical Notes 

The Behavior of the Polythiazyl, (SN)x, Paste Electrode in 
Aqueous Media 

Kumuda P. Shenoy, Kevin J. Mulligan, and Harry B. Mark, Jr.* 

Department of  Chemistry, University of  Cincinnati,  Cincinnati,  Ohio 45221 

Electrodes const ructed  of  single crysta ls  (1-7),  films 
(8, 9), and  composites (10) of the po lymer ic  conductor  
polythiazyl ,  (SN)x, have  been s tudied in aqueous (1- 
10) ~and nonaqueous (11, 12) media.  These construct ion 
procedures  are  of ten tedious and unrel iable ,  and, 
general ly ,  these electrodes exhibi t  large  background  
currents .  In  addit ion,  the surfaces of these electrodes 
cannot  be renewed.  Recently,  the fabr ica t ion  of a po ly -  
thiazyl ,  (SN)x, pas te  electrode,  p repa red  in a s imi la r  
manne r  as carbon paste  e lectrodes (13, 14), and its be -  
hav ior  in nonaqueous media  have been repor ted  (15). 
These e lec t rodes  had  r enewab le  surfaces and low back-  
ground currents .  However ,  these (SN)x paste  e lec-  
t rodes exh ib i ted  ve ry  poor p roper t ies  in aqueous media  
(16). 

We repor t  the condit ions necessary  to t rea t  the (SN) 
paste  e lect rode in o rde r  to obta in  normal  e lec t rochemi-  
cal response in aqueous media,  and some typical  ex-  
pe r imen ta l  results.  The (SN)x paste  e lectrodes have 
subs tan t i a l ly  lower  background  currents  as compared  
to s ingle crys ta l  (SN)~ electrodes,  and the e lect rode 
surface can be renewed.  

Experimental 
The (SN)z  crysta ls  were  p repa red  by  a method  based 

on that  of MacDiarmid  and co-workers  (17), wi th  
s l ight  modification (8). The  (SN)~ paste  electrodes 
were  p repa red  by  a modified procedure  of Nowak et aI. 
(15), as follows: Dry  c lean (SN)z  crystals  were  
ground in a mor t a r  and pestle,  and the separa ted  fibers 
formed (Fig. 1) were  then mixed  wi th  Apiezon R M 
grease  in a rat io a p p r o x i m a t e l y  2:1 (poly th iazyl :  
grease) .  This l~aste was compacted into the end of a 
glass tube (outside d iamete r  of 3 m m  and length  of 5 
cm) and ohmic contact  was made  wi th  a s i lver  wire.  
These e lect rodes  were  s tored in a dessicator  p r io r  to 
use. Single  crys ta l  (SN)~ electrodes were  p repa red  as 
p rev ious ly  descr ibed (1-3).  

Cyclic vo l t ammet r i c  exper iments  were  carr ied  out  
us ing a sys tem made up of a Bioanaly t ica l  Systems 
CV-IB potent iostat ,  a Ke i th l ey  179A TRMS mul t imete r ,  
and  a H e w l e t t - P a c k a r d  136A X - Y  recorder .  AlI  solu-  
tions were  deaera ted  with  argon. In  addi t ion to the 
(:SN)~ paste  [or (SN)x crysta l ]  work ing  electrode,  the  
elect rochemical  cell contained a p la t inum wire  auxi l i -  
a ry  e lect rode and a s a tu ra t ed  calomel re ference  elec-  
trode. 

Al l  solut ions were  p repa red  using dis t i l led  wa te r  
passed th rough  a carbon and deminera l iza t ion  car -  
t r idge,  and al l  chemicals,  except  that  specified below, 
were  r eagen t  grade.  The N ,N-d ime thy l fo rmamide  
(DMF) was Matheson,  Coleman and Bel l  spec t ro-  
qual i ty  grade.  

Results and Discussion 
The behavior  of the (SN)z  paste  electrodes,  p r e -  

pared  in the manner  descr ibed above, was s tudied  in 
* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  Member. 
Key words: po ly th i azy l  p a s t e  electrodes,  aqueous media, po- 

l y m e r i c  conductor, background and currents,  ferro/ ferr icyanide .  

both  DMF and acet0ni t r i le  media  wi th  different  sup-  
por t ing  e lec t ro ly tes  (16) and i t  was found tha t  they  
had  ident ical  character is t ics  wi th  respect  to b r eakdown  
potent ia ls  and background  currents  as those repor ted  
by  Nowak et al. (15). The direct  use of these electrodes 
in aqueous media  resul ted  in cur ren t  behavior  that  re -  
sembled  an almost  to ta l ly  passive e lect rode surface.  
No defined redox waves Were observed for the cyclic 
v o l t a m m e t r y  s tudy  of fe r r icyan ide  regardless  of sup-  
por t ing  e lect rode and pH value  employed.  Paste  elec-  
t rodes p r e p a r e d  in the exact  manne r  as those of Nowak 
et al. had the same poor behavior .  A t t empt s  to ac t ivate  
these electrodes by  repea ted  cycl ing at  var ious  po ten-  
t ia l  l imits  were  also unsuccessful.  

I t  was found, however ,  on br ief  d ipping (~30 sec) 
the (SN)x paste e lect rode in a pure  DMF solution, the 
behavior  changed d ramat i ca l ly  from almost  passive to 
essent ia l ly  ideal  response as descr ibed below. First ,  as 
shown in Fig. 2, background  currents  in aqueous media  
for the (SN)z  paste  electrodes were  ve ry  low and 
showed no significant surface fa rada ic  waves  in con- 
t ras t  to tha t  observed  for  a moun ted  pa ra l l e l  s ingle  
c rys ta l  (SN)~ elect rode in the same media  as s h o w n  in 
Fig. 2 (pe rpend icu la r  single crysta l  (SN)~ e lect rodes  
behaved  the same as the pa ra l l e l  e lec t rode) .  In  add i -  
tion, the anodic b reakdown  potent ia l  shif ted from 
about  +0.50 to about  +0.80V vs. SCE for the (SN)~ 
paste  electrode.  On normal iz ing  the geometr ic  surface 
a rea  of the paste  and single crys ta l  electrodes,  the  
background  cur ren t  densit ies for the paste  e lectrodes 
are  about  10 - s  of that  for the single crys ta l  electrodes.  

The f e r ro / f e r r i cvan ide  couple was used to assess the 
behavior  of the (SN)~ paste  electrodes using the ex-  
pe r imen ta l  condit ions employed  in the previous  s tudy 
of single crys ta l  and film (SN)x electrodes in aqueous 

Fig. 1. Scanning electron micrograph of shredded (SN)= crystals 
prior to the preparation of the paste. 
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Fig. 2. Background currents at (SN)= paste electrode ( . . . .  ); and 
at (SN)= parallel single crystal electrode ( ) in 0.1N KCI; 
v - -  200 mV/sec paste electrode, surface area 2.3 • 10 - 2  cm ~ 
crystal - -  5 X 10 - 3  cm ~. 

media  (1, 9). Wel l -def ined  oxidat ion and reduct ion  
waves  are  observed  at the potent ials  expected and a 
typical  cyclic v o l t a m m a g r a m  is shown in Fig. 3a. 
F igure  3b shows a typical  cyclic vo l t ammogram using 
an  un t rea ted  paste  e lectrode for comparison,  loeak 
separa t ions  were  about  130 mV (compared  to the the-  
oret ical  value  of 59 mV),  while those found for single 
crys ta l  e lectrodes were  80-100 mV (1) and much less 
than the 2-300 mV peak separat ions  observed  for (SN)= 
film electrodes (9). Values for the rat io  of ipc/ipa 
ranged f rom 1.10 to 1.0, again indicat ing essent ia l ly  
revers ib le  behavior  at  the (SN)= paste  electrode.  

Exper iments  were car r ied  out to de te rmine  the life 
t ime of the DMF-d ipped  (SN)= paste  e lectrode in 
aqueous media:  In one case, the e lect rode was lef t  in 
the e lectrolysis  cell containing 1 X 10-~M ferr icyanide ,  
and 0.1M KC1 and cyclic vo l t ammograms  were  taken  
per iod ica l ly  over  a t ime span of severa l  days.  The 
cyclic vo l t ammograms  taken dur ing  the first 4-6 hr  
were  essent ia l ly  identical ,  and only af te r  about  24 hr  
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Fig. 3a. Cyclic voltammogram of the ferri/ferrocyanide couple at 
a DMF-treated (SN)= paste electrode; the solution is 1 mM potas- 
sium ferricyanide, 0.1M KCI; v ~ 200 mV/sec; electrode surface 
area = 2.3 • 10 - 2  cm 2. 

I I I I I ! 1 

0.6 0.4 0.2 0.0 -02 

E V Vs SCE 
Fig. 3b. Cyclic voltammogram of ferri/ferrocyanide couple at an 

untreated (SN')x paste electrode. Experimental condition the same 
as for Fig. 3a. 

were any significant peak  width  broadening  or 
change in ip values observed.  In  the second case, 
the e lectrodes were  removed  from the cell  and  s tored  
in wa te r  be tween  measurements .  Again,  degrada t ion  
of the e lectrode response appea red  af te r  about  20-24 
hr. In  both cases, re t rea t ing  the (SN)= paste  in DMF 
again res tored  the f e r ro / f e r r i cyan ide  cyclic vo l t ammo-  
grams  back to the  or iginal  shape. This surface r enewa l  
could be repea ted  indefinitely.  

I t  had  prev ious ly  been shown that  pa ra l l e l  and  pe r -  
pendicu la r  or ien ted  single crys ta l  (SN)= electrodes ex-  
hibi ted very  different  cyclic vo l t ammet r i c  behavior  for  
the pb+2 /pb~  couple (3). The e lec t rodepos i t ion /d is -  
solut ion peaks  on the pe rpend icu la r  surface  were  es-  
sen t ia l ly  revers ib le  and diffusion controlled.  However ,  
on the pa ra l l e l  surface  the waves  were  il l  defined and 
resembled  those obta ined  on o ther  e lect rode surfaces 
where  s low nucleat ion was the r a t e - l imi t i ng  step in 
the electrodeposi t ion (3).  The (SN)= pas te  e lectrodes 
were  used with  the Pb+2/Pb~ couple to de te rmine  if 
chain end or fiber axis or ienta t ions  of the (SN)= in the 
pas te  predominated .  F igure  4 shows a typica l  Pb+2/  
l~ ~ couple cyclic vo l tammogram.  Al though  there  is 

w 

0 . 0  - - 0 . 1 - - ~ . 2  - -0 .3  

Fig. 4. Cyclic voltammogram obtained with (SN)~ paste electrode 
for 1 mM Pb(NO3)2, 0.1M KNO3 solution; scan rate ~ 200 mV/ 
sec, electrode surface area ---- 2.3 • 10 - 2  cm 2. 
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some hysteresis  observed on poten t ia l  reversal ,  which  
is pronounced for the pa ra l l e l  s ingle crys ta l  electrodes,  
the overa l l  character is t ics  of the peaks  more  closely 
resemble  tha t  of pe rpend icu la r  (SN)x surface. 

Dipping  n e w l y  p r e p a r e d  (SN)x paste  e lectrodes in 
acetoni t r i le  produces  s imi lar  resul ts  to DMF dipping.  
t Iowever ,  it  does not  seem to be qui te  as effective as 
DMF, as f e r ro / f e r r i cyan ide  cyclic vo l t ammograms  are  
not  quite as wel l  defined, and the e lect rodes  degrade  
somewhat  faster .  

Conclusions 
The (SN)x paste  e lectrodes appear  to have  a thin 

film of some component  of the Apiezon R M grease on 
the fiber surfaces ini t ia l ly ,  which insulates  them wi th  
respect  to e lec t ron t ransfer .  The d ipping  in DMF prob-  
ab ly  dissolves this film and act ivates  the (SN)x surface. 
This film reforms on ly  s lowly  on the e lec t rode ,  but  the  
act ive surface can be renewed  on redipping.  In  general ,  
the (SN)~ paste  e lect rode is super ior  to the single 
crys ta l  and film (SN)~ e lect rodes  wi th  respect  to back-  
ground currents ,  r eproduc ib i l i ty  of p repara t ion  and 
response, and surface  renewal .  I t  is also easier  to make  
and does not  exhib i t  the pronounced  anisotropic  behav-  
ior of  s ingle c rys ta l  e lectrodes wi th  different  o r ien ta -  
tions. 
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Electrogenerative Oxidation of Sulfur Dioxide in the 
Presence of Oxygen 

Robert M. Spotnitz, *,~ Jos~ Colucci,* and Stanley H. Langer* 
Department of Chemical Engineering, University of Wisconsin-Madison, Madison, Wisconsin 53706 

The product ion  of sul fur ic  acid f rom su l fur  d ioxide  
and oxygen in a cell wi th  concomitant  d - c  e lect r ica l  
ene rgy  genera t ion  has been shown to be an a t t rac t ive  
possibi l i ty;  wi th  efficacious porous electrodes and re -  
ac tor  designs, significant cur ren t  densi t ies  have  been 
obta ined  a lbei t  at low cell  vol tages  (1). The net  elec-  
t rode  react ions are  
Anode: 

SO~ -5 2H20 --> SO4 ~- -5 4H + -5 2 e -  [1] 

Cathode:  
0.5 O2 -5 2H + -5 2 e -  --> H20 [2] 

which give r ise  to a s t anda rd  cell  potent ia l  of 1.06V. 
In  some sugges ted  appl icat ions  of  the process, the  sul-  
fur  d iox ide  reac tan t  would be ob ta ined  from roas t ing  
a sulfide ore or  burn ing  sulfur .  In  e i ther  case, if p resen t  
technology [e.g., Ref. (2)]  were  used, the SOs s t ream 
could contain significant oxygen.  The question na tu -  
ra l ly  arises then, whe the r  or  not  su l fur  d ioxide  may  
be ga lvan ica l ly  oxidized in the  presence of oxygen? In 
ea r l i e r  e lec t rogenera t ive  work,  the need for separa t ion  
of reac tants  was noted (3). Katagi r i ,  Takehara ,  and 
Yoshizawa (4) s tudied  the anodic oxidat ion  of di lute  

* Electrochemical Society Act ive  M e mbe r .  
1 P r e s e n t  address :  W. R. Grace  & Company ,  W a s h i n g t o n  Re- 

s ea rch  Center, Columbia, Maryland 21044. 
Key  words :  fue l  cell, porous  e lec t rodes ,  synthesis. 

sulfur  d ioxide  (2% or  less) on smooth  p la t inum in 
the presence of oxygen  using the potent ios ta t ic  method.  
They found that  the presence of oxygen influenced 
the anodic polar izat ion behav ior  only  at potent ia ls  
near  the  rest  potent ial .  At  30 mV anodic of the res t  po-  
tential ,  the .anodic oxida t ion  ra te  of su l fur  d ioxide  was 
l i t t le  affected by  the presence of oxygen.  The exper i -  
ments  r epo r t ed  here  wi th  mix tures  of 18% sul fur  d i -  
oxide and ai r  indicate  tha t  the presence of oxygen at a 
porous p l a t inum anode has only  a s l ight ly  dele ter ious  
effect on genera ted  cur ren t  in the galvanic  oxidat ion  
of su l fur  dioxide.  

Experimental 
The e lec t rogenera t ive  reac tor  used in this s tudy  

was a d ivided flowing e lec t ro ly te  type.  F igure  1 shows 
a schemat ic  of gas and e lec t ro ly te  flows. Elec t ro ly te  
flows by  g rav i ty  f rom a reservoi r  (not shown)  into the  
bot tom of the  ca tholyte  chamber,  to sweep and exi t  
th rough  the top of the  ca tholyte  chamber ,  f rom where  
i t  is conducted outside the cell  by  a poly te t ra f luoro-  
e thylene pipe, to r een te r  the cell at the bot tom of the 
anolyte  chamber.  'F ina l ly ,  the  e lec t ro ly te  exits f rom 
the cell at  the top of the ano ly te  chamber  where  a 
flow ra te  control  va lve  is located. The free e lec t ro ly te  
anoly te  and ea tho ly te  chambers  (each chamber  was 
6 m m  thick)  were  sepa ra t ed  by  an ion exchange mere -  
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Fig. I. Schematic representation of divided flowing electrolyte 

reactor. Gas chambers constructed of KEL-F, electrolyte chambers 
of polytetrafluoroethylene. 

brane (R4010, RAI  Research,  Incorpora ted)  which pe r -  
mits  the passage of cations. The R4010 m e m b r a n e  is a 
sul fonated s tyrene  graf t  on a p re fo rmed  2 m m  fluori-  
na ted  po lymer  film. The membrane  resis tance is about  
0.03~ based on cell resis tance measurements  made with  
and wi thout  the membrane  in place. This membrane  has 
been recommended  ear l ie r  as an effective diffusion ba r -  
r ie r  for SOs in SO2/H2 electrolyzers  by  workers  at 
West inghouse (5). Porous  p o l y m e r - b o n d e d  Teflon- 
backed e lec t ro ly te  impe rmeab le  fuel cell  e lectrodes 
containing 10 m g / c m  2 of p l a t inum black (United Tech-  
nologies Corporat ion)  were  used at  both  the anode and 
cathode. These c i rcular  electrodes had  an a rea  of 5.1 
cm 2. 

Dur ing  polar iza t ion  runs,  a commercia l ly  ava i lab le  
sa tura ted  calomel  reference e lec t rode  (SCE) (Amer i -  
can Scientific Products)  was immersed  in the  e lec t ro-  
ly te  reservoi r  (see above) so tha t  the poten t ia l  of the  
working  oxygen elect rode could be moni tored  re la t ive  
to the SCE wi th  the e lec t ro ly te  serving as a b r idg ing  
solution. 

Pure  oxygen  (Chemetron)  was fed to the  cathode. 
SO2/N2 and SO2/air  mix tures  were  p repa red  by  mix ing  
(in a tube conta ining glass beads)  pu re  SO2 (Mathe-  
son) wi th  ni t rogen (prepurif ied,  Badger  "Welding Sup-  
ply, Incorpora ted)  or compressed ai r  (Badger  Welding  
Supply,  Incorpora ted) ,  respect ively.  Inlet  gas flow 
rates  were  moni tored  wi th  ro tameters  (Matheson, 
Model 7651T). The ro tamete r s  were  ca l ibra ted  with  
ni t rogen;  for  use wi th  su l fur  dioxide,  the ro t ame te r  
read ing  was mul t ip l i ed  by  1.53 and the cal ibra t ion 
curve for  n i t rogen  used. The factor 1.53 is the square  
root  of the  rat io of the specific g rav i ty  of SO2 to tha t  
of N2 (6). Fo r  measur ing  ai r  flow rates,  the ca l ib ra -  
tion curve for  n i t rogen was used direct ly .  Sulfur ic  
acid solut ions (4.5M) were  p repared  f rom reagent  
grade  sulfur ic  acid and dis t i l led  water .  The e lec t ro-  
lyre flow ra te  s teadi ly  decreased dur ing  the exper imen t  
as the  head  of the reservoi r  decreased.  

Before an exper iment ,  the  e lectrodes were  e lec t ro-  
lyr ica l ly  pretre.ated in 4.5M sulfur ic  acid b y  app ly ing  
a constant  cur ren t  of 50 mA, with  reversa l  every  2 
rain, for a total  of 12 min. A polar izat ion curve was 
obta ined  first wi th  an S O J N 2  mix tu re  fed to the anode. 
Next,  wi thout  p re t rea t ing  the electrodes aeain,  an 
SO2/air  mix tu re  was subst i tu ted  for the SO2/N2 mix -  
ture. The n e w  gas mix ture  flowed across the anode for 

30 min, while  at  open circuit,  to ensure adequa te  p u r g -  
ing before obtaining a polar iza t ion  curve. 

Polar iza t ion  curves were  ob ta ined  by  s tepwise  dis-  
charge of the cell  th rough  an  ex te rna l  var iab le  re -  
sistance (1). S teady  s ta te  was assumed when the cell  
vol tage  was constant  wi th in  2 mV for 5 rain. Cell  re -  
sistance was de t e rmined  as descr ibed ear l ie r  (1). The 
average cell  resis tance (based on four sepa ra te  mea -  
surements )  was 0.43 +_. 0.01.~. Wi th  the use of the we l l -  
character ized hyd rogen -oxygen  fuel  cell, the effective 
res is tance be tween  the oxygen  elect rode and the ref -  
erence  e lec t rode  was es t imated  to be 0.06~. This hydro -  
gen-oxygen  cell  was opera ted  in the  same reac tor  
under  the same condit ions to ob ta in  this value.  Al l  e x -  
per iments  were  pe r fo rmed  at  ambien t  t empe ra tu r e  
(230 +__ 2~ 

Results 
Figure  2 shows the  resul ts  of typ ica l  exper iments  

wi th  pure  sul fur  dioxide,  su l fur  d iox ide -n i t rogen  m i x -  
tures, and sulfur  d iox ide -a i r  mix tu res  at  the  anode. 
Di lut ion of su l fur  dioxide with  a i r  ins tead of n i t rogen 
reduces  the cell  vol tage (corrected for  IR-d rop)  at  pa r -  
t icular  cur ren t  densi t ies  by  30-50 inV. Using the  re -  
sults i l lus t ra ted  by  Fig. 3, we find this vol tage reduc-  
tion occurs ma in ly  at  the  anode. The polar iza t ion  be-  
havior  a t  the cathode (see Fig. 3) in al l  runs ( includ-  
ing one wi th  a hydrogen  anode not  shown in Fig. 3) 
es tabl ished that  this e lectrode was not  affected by  su l -  
fur  dioxide at  the  anode and that  the  cat ion ex-  
change membrane  was an effective SO2 diffusion ba r -  
r ier.  This is in good ag reemen t  wi th  the resul ts  of Lu 
et al. (5). Pa r t  of the  vol tage loss can be a t t r ibu ted  to 
some elect rode deact iva t ion  which  occurs wi th  aging; 
a second consecutive polar izat ion curve taken wi thout  
changing gas composit ions often lies abou t  20 mV 
below the first. Thus, the presence of oxygen in the 
s imula ted  su l fur  dioxide s t r eam only  s l igh t ly  diminishes 
cell  performance.  This finding is encouraging for the  
pursu i t  of the suggested appl icat ions  of the e lec t rogen-  
era t ive  oxida t ion  of sul fur  dioxide.  I t  is also consistent  
wi th  the recent  r epor t  of Matveeva  et al. (7) where in  
the effectiveness of SO2 as a poison for oxygen e lec t ro-  
reduct ion at p l a t inum electrodes is demonst ra ted .  Some 
of the  dele ter ious  effect of oxygen  also m a y  be due to 
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Fig. 2. /R-corrected cell voltage vs. current density for the cell 
of this study. A ,  pure SO2 anode gas; O ,  anode gas [18.5 volume 
percent (v/o) SO2, remainder N~, total flow rote 102 ml/min]; El, 
anode gas (18.5 v/o SO~, 17.1% 02, plus N2, flow rate 104 ml/ 
min). Pure oxygen as cathode gas with 4.5M sulfuric acid electrolyte 
(electrolyte flow rate varied from 7.9 ml/min initially to 7.2 ml/ 
mln at end of experiment). 
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Fig. 3. The cathode voltage (/R-corrected relative to SCE) 
vs. current density for the cell of this study. A,  anode gas is 18.5 
v/o SO2, remainder N~, total flow rate 102 ml/min; •  anode gas 
is 18.5 v/o S02, 17.1% 02, plus N~ at a flow rate of 104 ml/min. 
Oxygen is used at the cathode. The flow rate of the 4.5M sulfuric 
acid electrolyte varied from 7.9 to 7.2 ml/min. 

the type of localized cell  ac t iv i ty  suggested ea r l i e r  (4) 
where in  oxygen is in i ta l ly  e lec t rochemica l ly  reduced  
to hydrogen  peroxide.  This reacts  wi th  su l fur  dioxide,  
i.e. 

O~ -t- 2H + + 2e -  -> H202 [3] 

H202 -'}'- SO2 "--> SO42- + 2H + [4'] 

React ion [1] above completes  the local  cell. 

The concentra t ion of oxygen in the su l fur  d ioxide  
s t ream could be reduced  subs tan t i a l ly  if more  concen- 
t ra ted  SO2 s t reams  ,were needed  or  desirable .  The 
tolerance for  high levels of oxygen at  the SO2 elect rode 
indicates  that  o ther  prac t ica l  appl icat ions  of the  e lec-  
t rogenera t ive  reac tor  might  be feasible (e.g., a means 
of oxidiz ing and lower ing  sulfur  d ioxide  concentrat ions 
in effluent air  s t r eams) .  
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Electron Energy Loss Spectroscopy of a Barrier-Type Film Formed on 
Aluminum in Oxalate Solution 

Y. Xu,  G. E. Thompson, and G. C. Wood 

Corrosion and Protection Centre, University of Manchester, Institute of Science and Technology, Manchester M60 1QD, 
England 

Transmission e lec t ron microscopy of  u l t r amic ro -  
tomed sections of b a r r i e r - t y p e  anodic films on a lumi -  
num has been employed  to de te rmine  film thickness 
and un i formi ty  over  the macroscopic meta l  surface 
(1). Upon ini t ia l  examina t ion  in the e lect ron micro-  

scope the genera l ly  amorphous  film mate r i a l  appears  
r e l a t ive ly  featureless ,  a l though te l l ing changes in t ex-  
ture  are apparen t  af ter  more pro longed exposure  to 
the e lect ron beam (2). Genera l ly ,  the  inner  regions of 
the film, ad jacen t  to the meta l / f i lm interface,  c rys ta l -  
lize more  r ap id ly  than the outer  regions of the film. 
CTEM/STEM/EDX analysis  of films formed in appro-  
pr ia te  e lectrolytes  has confirmed d i rec t ly  that  the 
outer  region, showing a s lower  response to c rys ta l l iza-  
tion, contains species incorpora ted  from the anodizing 
electrolyte ,  e.g., phosphate  (3), tungsta te  (4), or thei r  
dissociat ion products .  Al l ied  with  ion implan ta t ion  of 
iner t  m a r k e r  layers ,  i.e., xenon, which m a y  be observed 
and analyzed  d i rec t ly  in the film section (5), ana ly t ica l  
t ransmiss ion e lect ron microscopy is a powerfu l  tech-  
n ique for assessing r ap id ly  and re l a t ive ly  prec ise ly  
contr ibut ions  to solid film growth  at the meta l / f i lm 
and f i lm/solut ion interfaces  both gene ra l ly  over  the 
macroscopic meta l  surface and loca l ly  at flaws, the 

Key words: fiIms, anode, transmittance, analysis. 

re la t ive  mobil i t ies  of  AI~+ ions outwards ,  O e -  or  O H -  
inwards,  and the mobil i t ies,  or o therwise  (6), of o ther  
incorpora ted  anions. 

A prob lem ar is ing wi th  EDX analysis  is the inab i l i ty  
to detect  l ight  e lements  of in teres t  which m a y  be in-  
corpora ted  into anodic films, e.g., carbon incorpora ted  
wi thin  films formed in oxala te  solution, and oxygen.  
Po ten t ia l ly  this p rob lem of l ight  e lement  analysis  has 
been a l levia ted  by e lect ron energy  loss spec t romet ry  
(EELS) (7) where  the incident  electrons in terac t  wi th  
electrons f rom an inner  shel l  of an atom, losing a sig- 
nificant amount  of  energy by  inelast ic  scat ter ing.  The 
energy  loss, or character is t ic  edge, resul t ing  from the 
ionizat ion of an a tom (uniquely  character is t ic  of that  
e lement)  may  be measured  and ca l ibra ted  to give an 
e lementa l  analysis  spec t rum (7). This communicat ion 
presents  p r e l i m i n a r y  da ta  of  such analys is  f rom anodic 
films formed on a luminum in oxala te  solution. 

Sui tab le  specimens were  p repa red  by  anodizing elec-  
t ropol ished superpure  a luminum at constant  cur ren t  
dens i ty  (300 A m -2) to 100V in n e a r - n e u t r a l  0.1M 
oxala te  solut ion at 293 K, wi thout  subsequent  cur ren t  
decay. Ul t ramic ro tomed  sections were  p repa red  in the 
usual  manne r  (1), where  final sect ioning wi th  a 
d iamond kni fe  produced  e lect ron t r anspa ren t  sections 
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of anodic film, a t tached  to the a luminum substrate ,  
about  50 nm thickness.  Since control led  specimen 
thickness is cr i t ical  for  inelast ic  scat ter ing events i t  
was assumed that  this thickness approached  suffi- 
c ient ly  the mean free pa th  for such events  f rom the 
inner  e lectron shells  of carbon,  which has been re -  
por ted  prev ious ly  to be of the o rde r  of 6007-1000 nms. 
The sections were  examined  d i rec t ly  and analyzed  in 
a Phi l ips  EM 400T elect ron microscope fitted wi th  
S T E M / E D X / E E L S  facil i t ies;  a Gatan  e lect ron energy 
loss spec t rometer  was employed  for this  s tudy.  

The u l t r amic ro tomed  section of the a luminum sub-  
s t ra te  and its b a r r i e r - t y p e  anodic film is shown in Fig. 
1; the film is about  100 nm thick, wi th  a nm V -1 fo rm-  
ing rat io of app rox ima te ly  1.0, and appears  r e l a t ive ly  
featureless  in t ex tu re  upon ini t ia l  examinat ion.  P a r -  
a l le l  s tudies involving Auger  analysis  and e lect ron 
beam induced crys ta l l iza t ion have suggested that  the 
outer  two- th i rds  of the film contain incorpora ted  oxa-  
late or its dissociation products  and the inner  one-  
th i rd  of the film, ad jacent  to the meta l / f i lm interface  
is r e l a t ive ly  pure  a lumina  (9). This is shown in the 
corresponding schemat ic  d iag ram of Fig. 2. For  E E L S  
analysis  five regions wi thin  the section, including the 
a luminum substrate ,  the complete  film section, and 
var ious  regions wi th in  the film, were  selected for 
analysis.  The electron beam was contained wi th in  the 
pa r t i cu la r  regions of in teres t  and the electron energy  
loss spec t rum de te rmined  with  the focused spec-  
t rometer .  Typical  port ions of the spectra  genera ted  
f rom the regions of in teres t  are  i l lus t ra ted  in Fig. 3, 
wi th  the cursor  ident i fy ing the energy at which a car -  
bon K-edge  would be observed,  if detected.  Qual i ta -  
t ively,  direct  in te rp re ta t ion  of the spectra  suggests that  
carbon is detected,  wi th in  the detect ion l imits  of the  

Fig. 1. Transmission electron micrograph of an ultramicrotomed 
section of the barrier-type anodic film formed on aluminum at a 
constant current density of 300 A m - 2  to 100V in near neutral 
0.1M oxalate solution at 293 K, without current decay. 

Fig. 2. Schematic diagram of the aluminum substrate and the 
film, formed under the conditions of Fig. 1, showing the relatively 
pure alumina region adjacent to metal/film interface and the outer 
carbon-containing alumina region. 

((1) 

i I I 
ENERGY LOSS 

I I 

ENEI~Y LOSS 

I I 

ENEROY LOSS 

I I 

ENERGY LOSS 

(e) 

ENERGY LOSS 

Fig. 3. Electron energy loss spectra derived from film regions 
identified in the schematic diagram of Fig. 2 (the full-scale width 
of the portion of the spectra is about 100 eV, and the position of 
the carbon K-edge, at 283 eV, is marked): (a) metal substrate; 
(b) film section; (c) inner region of relatively pure alumina; (d) 
outer region of carbon-containing film material adjacent to (c); 
(e) outer region of film material near the film/solution interface. 

technique (the min imum de tec tab le  mass of carbon in 
silicon has been es t imated  at  about  5 • 10-17g), in the 
film mate r i a l  (Fig. 3b),  wi th  no carbon yie ld  evident  
for probe posit ions wi th in  the a luminum subs t ra te  
(Fig. 3a).  

Reduct ion of the e lect ron beam spot size, to an effec- 
t ive d iameter  of about  30 nm, so that  i t  was confined 
to the inner  region of r e l a t ive ly  pure  a lumina  and two 
areas  wi th in  the outer  film regions, one ad jacen t  to the 
i nne r  r eg ion  of film and the o the r  nea re r  the  f i lm/  
solut ion interface,  genera ted  the spec t ra  shown in Fig. 
3c-e. Here,  carbon is not  detected in the inner  region 
of film, p robab ly  r e l a t ive ly  pure  alumina,  but  is evi-  
dent  for both  probe posit ions wi th in  the  outer,  ca rbon-  
incorpora ted  film mater ia l .  

The da ta  presented  here  show that  direct  analysis  in 
the t ransmission e lect ron microscope, of su i tab ly  p re -  
pa red  film sections, m a y  be ex tended  to l ight  elements,  
not  detected by  EDX techniques,  by  use of EELS. Thus, 
knowledge  of film composit ion and detect ion of appro -  
pr ia te  species may  be fu r the red  by  direct  s tudy.  The 
present  qual i ta t ive  informat ion  revea led  about  the 
location of carbon, der ived  f rom oxalate,  wi th in  the 
film is in good agreement  wi th  Auger  analysis  and 
e lect ron beam induced crys ta l l iza t ion of s imi lar  films 
(9). P resen t ly  the amount  of incorpora ted  oxala te  is 
not  known from this p re l imina ry  examinat ion,  but  
grav imet r ic  analysis  of porous anodic films formed in 
oxala te  acid has shown about  2.4 w/o  oxala te  in these 
la t te r  r e l a t ive ly  thick films (11). However ,  progress  
in the quantif icat ion of EELS analysis  is being made 
progressively,  in addi t ion to the poss ibi l i ty  of de te r -  
mining fu r the r  informat ion f rom the ini t ia l  e lect ron 
energy loss spectrum,  e.g., chemical  na tu re  of the e le-  
ment  of in teres t  and local atomic a r rangements .  I t  is 
this k ind  of informat ion  which is of p r ime  impor tance  
for fur ther  unders tand ing  of an ion- incorpora ted  anodic 
films on a luminum which have been assumed to be 
amorphous,  composed of fine microcrys ta l l i tes  of a lu -  
mina, or  even glassy. 

In  summary ,  the appl ica t ion  of u l t r amic ro tomy a l -  
lows the a luminum subs t ra te  and its film to be ex -  
amined  direct ly,  wi th  control  of specimen thickness.  I t  
is also of in teres t  that  the technique m a y  be appl ied  to 
o ther  me ta l s / a l loys  (12), e.g., magnesium, t i tanium,  
stainless steels,  etc. and the i r  films, thus ex tending  
fu r the r  the possibi l i ty  of ana ly t ica l  t ransmiss ion elec-  
t ron microscopy. 



Vol. 130, No. 12 ELECTRON ENERGY LOSS SPECTROSCOPY 2397 

Acknowledgments 
The authors are indebted to the Chinese Ministry of 

Education and the British Council for the award of a 
studentship to Y. Xu. The authors also thank Dr. G. W. 
Lorimer, of the joint U.M.I.S.T./University of Man- 
chester Department of Metallurgy, for provision of 
time on the Philips EM 400T with STEM and EDX 
facilities, and Philips Instruments for use of the elec- 
tron energy loss spectrometer. 

Manuscript submitted April 21, 1982; revised manu- 
script received April 5, 1983. 

REFERENCES 
1. R. C. Furneaux, G. E. Thompson, and G. C. Wood, 

Corros. Sci., 18, 853 (1978). 
2. K. Shimizu, G. E. Thompson, and G. C. Wood, Thin 

Solid Films, 77, 313 (1981). 
3. G. E. Thompson, K. Shimizu, and G. C. Wood, 

Electrochim. Acta, 26, 951 (1981). 

4. K. Shimizu, G. E. Thompson, and G. C. Wood, Thin 
Solid Films, 81, 39 (1981). 

5. K. Shimizu, G. E. Thompson, G. C. Wood, and Y. 
Xu, ibid., 88, 255 (1982). 

6. K. Shimizu, G. E. Thompson, and G. C. Wood, ibid., 
85, 53 (1982). 

7. D. C. Joy, in "Introduction to Analytical Electron 
Microscopy," J. J. Hren, J. I. Goldstein, and D. C. 
Joy, Editors, p. 223, Plenum Press, New York 
(1979). 

8. W. Brunger and W. Menz, Z. Phys., 184, 271 (1965). 
9. Y. Xu, G. E. Thompson, and G. C. Wood, To be 

published. 
10. D. M. Maher, in "Introduction to Analytical Elec- 

tron Microscopy," J. J. Hren, J. I. Goldstein, and 
D. C. Joy, Editors, p. 285, Plenum Press, New 
York (1979). 

11. C. E. Alvey, Ph.D. Thesis, University of Manchester 
(1974). 

12. K. Shimizu, G. E. Thompson, and G. C. Wood, Un- 
published work. 



JOURNAL O F  T H E  ELECTRDCHEMICAL S O C I E T Y  

S O L I D - S T A T E  S C I E N C E  

- - - - A N D  T E C H N O L O G Y , ,  ,@ DECEMBER1983 

Morphological Study of Thermal Decomposition of InP Surfaces 
S. N. G. Chu, C. M. Jodlauk, and W. D. Johnston, Jr. 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The morphological  evolutions of the (100), (111), and (110) InP surfaces decomposed at typical  VPE and LPE growth 
temperatures  in hydrogen are examined under  the microscope using a hot stage. The detailed surface morphology resolved 
by SEM indicates that the development  of the decomposi t ion pits on InP surfaces begins with the nucleation of indium 
droplets  of a few thousand angstroms in diameter. The subsequent  etching of the InP surface in contact  with the indium 
droplet  initiates the decomposi t ion pits. The nucleation temperature  of indium droplets decreases with increasing hydro- 
gen flow. The evolution of the decomposi t ion pits are recorded on video tape. Detailed growth mechanisms and geometries 
of the pits on each orientation are described. The effects of misorientat ion and hydrogen flow rate on the decomposi t ion 
morphology are discussed. The results suggest that  the hydrogen flow over the substrate surface prior to VPE growth 
should be held to a min imum in order to minimize the thermal decomposition.  

The rap id  incongruent  vapor iza t ion  of In and P f rom 
a pol ished InP  subs t ra te  surface, p r epa red  for device 
fabricat ion,  at  VPE and LPE growth  t empera tu res  
poses a ma jo r  p rob lem for the reproducib le  p r epa -  
ra t ion  of high qua l i ty  InP buffer layers  (1). The in-  
d ium me taL le f t  on the surface tends to be t r apped  at  
the  interface as g rowth  commences and causes in te r -  
facial  problems.  The influence of the rmal  decomposi t ion 
of the  subs t ra te  surface on the qual i ty  of the ep i layer  
has been discussed by  Temkin  et al. (1). The under -  
s tanding  of the na ture  of the rmal  decomposi t ion of InP, 
therefore,  has considerable  technological  impor tance  in 
view of the recent  increase  in demand  for optoelec-  
t ronic devices p repa red  fro,m this mater ia l .  

The decomposi t ion of InP in vacuum has been s tudied 
by  var ious  authors  (2-5).  Bayliss  et al. (3, 4) showed 
tha t  the  res t ruc tur ing  of the (100) InP surface due to 
incongruent  vapor iza t ion  of In and P read i ly  occurred 
at t empera tu re s  above 300~ Gal lagher  et al. (5), 
using the kinet ic  pa rame te r s  obta ined f rom powder  
samples,  es t imated  a decomposi t ion ra te  of 9 mono-  
layers  pe r  sec on the (100) InP  surface at a typica l  VPE 
growth  t e m p e r a t u r e  (700~ 

The decomposi t ion of InP in ambien t  gases has been 
inves t iga ted  for LPE growth  conditions (6-12).  The 
presence of the  ambien t  gases genera l ly  a l ters  the  de -  
composit ion kinet ics  and hence  the decomposi t ion mor -  
phology. Various ways  for  increas ing the phosphorus  
pa r t i a l  pressure  (6, 9, 11, 12) have been proposed  to 
suppress  the decomposit ion.  However ,  none of them has 
been shown to suppress the  decomposi t ion completely.  
The decomposed surface has been character ized in de-  
tai l  by  us ing LEED (4), photoluminescence,  Auger  
analysis,  and  SEM (6),  ye t  no s tudy  of the de ta i led  
evolut ion of the  decomposi t ion morpho logy  has been 
repor ted .  This work  concentrates  on the mechanisms 
of ini t ia t ion and evolut ion of  the decomposi t ion mor -  
phology on (100), (111), and (110) InP  surfaces de-  
composed a t  typ ica l  VPE and LPE growth  t e m p e r a -  
tures in a hydrogen  ambient .  The nuclea t ion  of in-  
d ium drople ts  and the ini t ia t ion and g rowth  of the de-  
composit ion pits  are  discussed in detail .  The effects of 
hydrogen  flow ra te  and misor ienta t ion  f rom the (100) 
surface  a re  also presented.  

Experimental Method 
S-doped  ( i0 zs-z9 cm-~)  (I00) and Sn-doped  (1018 

cm -z )  (111) InP subs t ra te  wafers  were  used in this 
s tudy.  These wafers  were  cut  f rom crys ta l  boules 
grown in (100) and (111) orientat ions,  respect ively,  by  
the LEC technique.  The wafers  wi th  3 ~ misor ienta t ion  
towards  (110) d i rec t ion  were  obta ined  f rom the Sumi-  
tomo Electr ic  Company.  Samples  wi th  6 ~ misor ien ta t ion  
were  p repared  by  angle lapping  f rom the 3 ~ misor i -  
ented wafer .  The wafers  were  chemi -mechan ica l ly  po l -  
ished in 2% Br -me thano l  solut ion to remove  the s a w  
damage.  The as-pol i shed  surfaces were  h igh ly  specular .  
Samples  4 m m  • 4 m m  in size, c leaved from regions 
wi th  dislocat ion dens i ty  less than 1000 per  cm ~, were  
subjec ted  to a second quick polishing immedia te ly  be -  
fore the decomposi t ion exper iment .  

Fig. I. SEM micrograph of indium nucleus developed on (100) 
InP surface at 6300 under a hydrogen flow rate of 300 cm3/min. 
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Thermal  decomposition of InP  was conducted under  
a hydrogen atmosphere. The real time evolution of the 
decomposition morphology was monitored under  a Zeiss 
Ultraphot  microscope equipped with a Leitz Model 1350 
heat ing stage and video recording facilities. A d-c 
power supply was used to supply the current  to the 
heat ing stage, and the tempera ture  of the sample was 
recorded. The nucleat ion temperatures  of the ind ium 
droplets were de termined as the  tempera ture  where 
visible nuclei  first appeared under  the microscope at 
200X magnification. The detailed s t ructure  of the sur-  
face morphology was examined using the SEM and 
Nomarski interference microscopy. The crystallo- 
graphic facets which bounded the decomposition pits 
were de termined by measur ing the relat ive angles of 
the facet with respect to the substrate orientat ion on the 
(110) cross section cleaved through the facet. 

The study of the effect of hydrogen flow rate on the 
decomposition morphology was done inside a quartz 
tube furnace under  a constant  flow of hydrogen gas. 
The inner  diameter  of the furnace tube was 10 mm, 
and hydrogen flow rates ranged from 0 to 600 cm 3 per 
min. The sample was placed inside a quartz sample tube 
which inserted into the furnace tube. The correspond- 
ing l inear  gas flow velocity ranges from 0 to 1.Sm per 
see. 

Results and Discussion 
Nucleation of indium droplets and initiation of de- 

composition pits.--Although incongruent  vaporization 

of the (100) InP  surface in vacuum starts at tempera-  
tures above 300~ ini t ia t ion of decomposition pits in 
hydrogen did not occur un t i l  the tempera ture  reached 
600~ High-magnificat ion (SEM) microscopy indi-  
cated that the decomposition pits ini t iated from indium 
droplets, which were expected to nucleate  as the 
amount  of ind ium accumulated on the surface reached 
a critical value. Shown in Fig. 1 is an example of the 
ind ium droplet nucleated on the (100) I np  surface at 
630~ under  a 'hydrogen flow of 300 cm 3 per min. The 
typical size is about a few thousand angstroms in 
diameter. The nucleat ion temperature  of the ind ium 
droplet, as shown in Fig. 2 for a (100) surface, is 
strongly dependent  on the hydrogen flow rate. The n u -  
cleation temperature  indicated by the arrows in Fig. 2, 
decreases by 80~ for an increase in hydrogen flow 
rate from 20 cm 3 per min  to 600 cm ~ per min. The slight 
variat ion in the heating rate is due to the difference in 
the amount  of heat carried away by the hydrogen at 
different flow rates. At the same hydrogen flow rate, 
the effect of heating rate on the nucleat ion tempera-  
ture is negligible, see R ----- 300. 

Nucleation of indium droplets on (111) surfaces is 
basically similar to that on the (100) surface, except 
that the nucleat ion temperatures,  shown in Fig. 3, are 
general ly  higher as compared to the (100) surface at 
the same hydrogen flow rate. The (111) In face is 
chemically stable, as compared to the (111) P face 
which has two unpai red  bonds associated with each P 
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Fig. 2. Nucleation temperatures of indium droplets, indicated by 
the arrows, caught along the heating curve for (100) and 3% and 
6~ (100) InP surfaces at different hydrogen flow rates 
and heating rates. 
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Fig. 3. Nucleation temperatures of indium droplets, indicated 
by the arrows, caught along the heating curve on (111) P, (111) In, 
and (110) In surfaces at different hydrogen flow rates and heating 
rotes. 

Fig. 4. Initiation of decomposition pits on (a) (100) InP surface, 
and (b) (111) P InP surface. The edges of the pits are all aligned 
along the < 1 1 0 >  direction. 

Fig. 5. Well-developed decomposition pits on the (100) InP sur- 
face. The pits are filled with large indium droplets. Bright spots 
ore small indium droplets. 
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Fig. 6. Decomposition tips develop from secondary nucleation of 
indium droplets. The large pit develops from the first nucleation. 

atom. Accordingly ,  the s tab i l i ty  of the  surfaces was 
expected to be in the order  of (111) In, (111) P and (100), 
and the nuc lea t ion  t empera tu res  to decrease in tha t  
order  as well.  This is observed and shown in Fig. 3 at  a 
hydrogen  flow ra te  of 140 cm 3 per  min. The effect of 
hea t ing  ra te  on the nuclea t ion  t empe ra tu r e  is again  
negligible.  The nuclea t ion  t empera tu res  for the (110) 
surface are  close to those of the (111) P surface. 

The format ion  of decomposi t ion pits  follows immedi-  
a te ly  af ter  i nd ium drople ts  are  nucleated.  The mecha-  
nism is be l ieved to be m e l t - b a c k  or enhanced decom- 
posi t ion of  the InP  surface  in contact  wi th  the  ind ium 
droplets .  The typica l  ini t ia l  stage of the decomposi t ion 
pits developed on the (100) and (111) P faces are  
shown in Fig. 4a and 4b. The edges of the rec tangu la r  
pits on the  (100) surface and of the hexagonal  impres -  
sions on (111) P surface are  a l l  para l le l  to the ~ 1 1 0 ~  
directions.  

As the decomposi t ion proceeds,  second nucleat ion a l -  
ways occurs in the region su r round ing  the exist ing de -  
composit ion pits. Shown in Fig. 5 is an example .  The 
smal l  decomposi t ion pits  a re  developed f rom a second 
nuclea t ion  of the  indium droplets  shor t ly  a f te r  the pits  
f rom the first nuclea t ion  begin to grow. 

Growth of the decomposition pits.--The continuous 
moni tor ing  of the g rowth  of decomposi t ion pits  using 

Fig. 7. Determination of crystallographic facets which baund the 
decomposition pits on the (|O0) rlnP surface. The SEM micrographs 
show the relative angles of the facets with respect to the (100) 
surface as determined on (110) and (11"0) surfaces cleaved through 
the pit. 

video recording revea led  the  fol lowing growth  mecha-  
nisms on (100), (111), and (110) surfaces.  

(100) surface.--The decomposi t ion pits, in i t ia ted  by  the 
mel t  back or enhanced decomposi t ion of the InP  sur -  
face in contact  wi th  the ind ium drop le t s  on the  100 
surface, grow rap id ly  along a unique [110] direct ion.  
The ind ium drople ts  t r apped  insi,de the  pits  run  back  
and for th a long the r a p i d - g r o w t h  direct ion.  The cause 
of the agi ta t ion ,of the  mol ten  indium drople ts  is be-  
l ieved to be due to the format ion  of P2 gases as a r e -  
sult  of the decomposi t ion of the surface of the pit. The 
growth  ra te  along the r a p i d - g r o w t h  direct ion is g rea t ly  
enhanced for those pits  wi th  ind ium drople ts  t r apped  
at  the  ends, which is addi t ional  direct  evidence of the 
enhancement  of decomposi t ion of the InP surface in 
contact  wi th  the mol ten  indium. As the rec tangu la r  
pits  grow in width,  the  mol ten  ind ium spreads  out  
evenly  and set t les  at the bot tom of the pit.  The growth  
ra te  along the r a p i d - g r o w t h  direct ion usua l ly  falls  off 

Fig. 8. Growth of new pits at the ends of growing pits: (a) the initiation of the new pits; (b) the rapid growth of the new pit at the end 
of the growing parent pit; (c) multiple pit nucleation. 
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drastically at this point. Occasionally the indium melt 
is agitated by P2 gases bubbling through. 

Fig. 9. The detailed decomposition morphology on (a) the fast 
moving (111)P facet, and (b) the slow moving (111) In facet. The 
growth rate of the pit controlled by the decomposition rate. 

A typical decomposition pit is shown in Fig. 6. A 
large drop of indium is trapped inside a rectangular 
pit bounded by crystallographic facets. The small bright 
spots are also indium droplets. The orientation of the 
facets was determined by measuring the angles of the 
plane with respect to the (100) surface on the (If0) 
cross section cleaved through the pits. The results are 
shown in Fig. 7. The rectangular pit is bound by four 
( l l l )  planes, consistent with Lure's observation (6). 
The fast moving facets are believed to be the ( I l l )  
P-planes, and the slow moving facets to be the (i~11) In 
planes. 

In some cases, nucleation of new pits occurs at the 
ends of the growing pits (see Fig. 8a). These newly nu- 
cleated pits grow at a more rapid rate than the parent 
pits (Fig. 8b). Sometimes more than one pit may be 
nucleated (Fig. 8e). However, this phenomenon occurs 
only at those pits in which the indium droplet becomes 
trapped at one end. 

Fig. 10. The detailed decomposition mechanisms of the (111) P InP surface: (a) indium droplets move around in all three ~ 1 1 0 ~  di- 
rections and "dig tracks" on the surface as they pass by. The hollow arrows show the directions of motion of the indium droplets. The solid 
arrow shows a second indium droplet nucleated and forming a track inside the track of the previous indium droplet; (b) the layer structure 
of a decomposed (111) P surface; (c) the cross-section view on the (110) plane cleaved through the fast moving facet shows the facet to be 
a (100) plane. 

Fig. 11. Decomposition morphology on (111) In surface: (a) initiation of triangular decomposition pits; (b) a well-decomposed surface; 
(c) the detailed decomposition morphology on(111)P facet. 
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Fig. 12. The geometry of all the observed (111) facets which 
bound the decomposition pits on the (110) InP surface. 

Since the facets which form the decomposition pits on 
the [100) surface are (111) pl,anes, the growth rate of 
the pits is expected to be rate controlled by the decom- 
position of the (111) surfaces. Shown in Fig. 9 is a 
high magnification of the (111) P and (111) In  facets. 
The decomposition of the facet leaves large indium 
droplets. Steps and tracks form on the surface of the 
facets as the ind ium droplets move around. A detailed 

Fig. 14. The development of a linear pit from the triangular pit. 
The arrows show the trace of the (111) P facets. Small triangular 
pits are also developed on the (111) P facet of the linear pit. 

decomposition mechanism on (111) surfaces will be 
discussed in the following sections. 

(1ii) surfece.--The evolution of decomposition pits on 
the (111) P surface is different from that  on the (100) 
surface. The ind ium nuclei  on the (111) P face are ob,  
served to move in any  one of the three equivalent  
<110> directions, and indeed may  " jump" from one 
such direction to another  as they are moving. An 
example is show in Fig. lOa. The hollow arrows indi-  
cate the directions of movement  of the ind ium droplet. 
As the ind ium droplet passes by, a track is formed on 

Fig. 13. Schematics showing the mechanisms of formation of (a) the fast growing linear pits and (b) the triangular pits. The arrow in- 
dicates an indium droplet. 
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the surface as the resul t  of enhanced decomposi t ion or 
mel t  back  of the surface.  Nuclea t ion  of an ind ium 
drople t  inside the t rack  also occurs, as marked  by  the  
solid arrow,  and a second t r ack  may  form inside the 
or iginal  t rack.  As a result ,  the ma te r i a l  on the (111) P 
surface decomposes in a l aye red  fashion. The typ ica l  
l aye r  s t ruc tu re  res.ulting is shown in Fig. 10b. The 
facets which  bound the t rack  in tersec t  the (111) P 
sur face  a long <110> directions.  The or ienta t ion  of the  
fast moving facet  de t e rmined  on the cross sect ion 
cleaved th rough  the ind ium drople t  is found to be the 
(100) planes  (see Fig. 10c). Occasionally,  the (111) In 
plane is observed,  which is bel ieved to be the s low 
moving facet. 

(111) In surface.--The ind ium droplets  nuclea ted  on 
the (111) In face do not  move a round  in the w a y  
descr ibed  for  the (111) P face. They s tay  more  or less 
s t i l l  and develop t r i angu la r  pits  (Fig. l l a ) .  An ex ten-  
s ively decomposed surface is shown in Fig. l l b .  A high 
magnif icat ion of the decomposi t ion s t ruc ture  of the  
facets (shown in Fig. l l c )  reveals  t r i angu la r  steps, in-  
d icat ing tha t  the or ienta t ion  of the  wal ls  a re  (111) P 
faces. Ho.wever, in .extensively decomposed samples  
(100) facets are also observed.  

(110) sur]ace.--The decomposi t ion pits  observed on the 
(110) surface have  shapes which depend on the in i t ia l  
format ion  of the  end facets. The or ien ta t ion  of the ob-  
served facets were  de t e rmined  to be the (111) planes.  
The pit  which reveals  all  the facets is sketched and 
shown in Fig. 12, and the two most commonly  observed 
shapes are  shown in Fig. 13. The we l l -deve loped  de-  
composit ion pi ts  usua l ly  t ake  the form of l inear  pits 
e longated  in one of the (110) directions.  The end 
facets (as shown in Fig. 13a) were found to be the 

Fig~ 15. Decomposition morphology on misoriented (100) surface: 
(a) the decomposition pits developed on a surface with 3 ~ mis- 
orientation towards the (110) direction; (b) the sharp tips become 
truncated as the pits grow in size; (c) the geometry and facets of 
the tapered pits determined from the (110) cross sections using 
SEM. 

(111) P planes.  With  an ind ium drople t  t r apped  at  one 
end, these l inear  pits  l eng thened  rap id ly .  If  the ini t ia l  
format ions  of the end facets were  (111) In planes,  the  
r e l a t ive ly  slow moving ind ium facets bound the ends  
of the (111) P facet. These even tua l ly  developed 
into t r i angu la r  pits, as sketched and shown in Fig. 13b. 
The indium drople t  moving along with  the (111) P 
facet  f inal ly becomes t rapped  in a corner,  as indica ted  
by  the arrow. Other  evidence suppor t ing  the  above 
growth  mechanism is shown in Fig. 14. A l inear  pi t  
was observed to grow out of the  or ig inal  t r i angu la r  
pits as soon as a (111) P facet  was formed at  the lower  
r ight  corner  of the t r i angu la r  pit.  The traces of the 
(111) P facet  a re  indica ted  by  the arrows.  

The egect of misorientation on the decomposition oS 
(100) InP surface.--The decomposi t ion pits deve loped  
on a (100) InP surface wi th  a 3 ~ misor ienta t ion  toward  
the  r ap id  g rowth  (110) direct ion are  shown in Fig. 
15a. The pits become tapered  along the (110) direction.  
The facets bounding the pits a re  found to be the same 
as shown in Fig. 7 for the  (100) surface.  The geomet ry  
of the t ape r  pits is ske tched in Fig. 15c. By measur ing  
the length  I and  ba~e width  w of t~he pits, the misor i -  
enta t ion angle can be ca lcula ted  from the equat ion 0 --- 
a rc tan  (1.4 l/w). The t ape r  pits  in i t ia l ly  formed have 
sharp tips. As they  grow in size, (111) P facets s t a r t  
to develop and  the tips become t runcated,  as shown in 
Fig. 15b. 

No significant dependence  of misor ien ta t ion  was ob-  
served for  the  cr i t ical  nucleat ion t empera tu re  of in-  
d ium drople ts  on (100) surface.  In Fig. 2, the nuc lea-  
t ion t empera tu res  for 3 ~ and 6~ (100) 
surface are also presented.  

The growth  rate  of the  pits  fol lowing ini t ia l  nuc lea-  
t ion on the misor iented  surfaces was found to be  
g rea te r  than  that  for  the (100) surface. Continuous 
moni tor ing  of the growth  process indica ted  that  l iquid 
ind ium is a lways  t rapped  at the t ape red  end of the pits, 
and  the r ap id  advancement  of this t apered  end caused 
the fast  growth.  

The e~ect of hydrogen flow rate on the decomposition 
of (100) InP surfaces.--The effect of hydrogen  flow 
rate  on the decomposi t ion morphology  was s tudied  
using a quar tz  tube  furnace.  The resul ts  shown in Fig. 
16 and Fig. 17 are  for  0 ~ and  3~ surfaces 
at  618 ~ and 718~ The th ree  hydrogen  flow ra tes  
chosen were  near  zero, 300, and 600 cm ~ per  min. At  
618~ the decomposi t ion pits  on (100) surfaces show 
large  differences in size be tween  near -ze ro  flow and 
300 cm~ per  rain of hydrogen  (Fig. 16). This indicates  
tha t  the  ra te  of decomposi t ion is g rea t ly  enhanced in 
the  presence of hydrogen  flow. However ,  the difference 
in the pi t  size be tween  300 cm~/min and 600 cm3/min 
of hydrogen  flow is not  as large  as was expected.  The 
decomposi t ion of (100) surface  at  718~ is much  more  
severe  than at  618~ The size of the  pits  also depends  
s t rongly  on the hydrogen  flow rate.  At  600 cm 8 per  min  
of hydrogen  flow, the surface  becomes covered wi th  
large decomposi t ion pits  (as shown in Fig. 16c). 

A s imi lar  s i tuat ion can be observed on a misor ien ted  
surface, except  tha t  in most cases the dens i ty  of the 
pi ts  is lower.  Shown in Fig. 17 is an example  of a 
3~ (100) surface. The difference in the size 
of pi ts  deve loped  at  718 ~ and 618~ and the s t rong 
dependence  on the hydrogen  flow ra te  a re  s t r ik ing.  

Conclusion 

The de te r iora t ion  of surface  morpho logy  of decom- 
posing InP  at  VPE and LPE growth  t empera tu res  in 
hydrogen  ambien t  begins wi th  the nucleat ion of in-  
d ium droplets.  The subsequent  m e l t - b a c k  or ert- 
hanced surface decomposi t ion of the InP surface in 
contact  wi th  the l iquid ind ium drople ts  ini t ia te  charac-  
ter is t ic  decomposi t ion pits. The cr i t ical  nucleat ion t em-  
pe ra tu re  for  ind ium drople ts  depends  s t rong ly  on the 



2404 J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY December 1983 

Fig. 16. The effects of hydrogen flow rate on the decomposition morphology of (t00) InP surfaces decomposed at 618~ and 7|8~ Hy- 
drogen flow rates: (a) ~0 cm3/min; (b) 300 cmS/min; (c) 600 cmS/min. 

Fig. 17. The effect of hydrogen flow rate on the decomposition morphology for 3~ (i00) InP surfaces decomposed at 618~ 
gnd 718~ Hydrogen flow rates: (a) N0 cm3/min; (b) 300 cm3/min; (c) 600 cm3/mln. 
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hydrogen  flow rate,  and decreases  wi th  increasing hy-  
drogen flow. At  the  same hydrogen  flow rate,  the 
nuclea t ion  t empera tu res  of i nd ium drople t  on the di f -  
ferent  c rys ta l lographic  planes  are  found to have the 
fol lowing o rde r  

T(lll)In ~ T(lll)P ,~ T(ll~)) > T(100) [1] 

The decomposi t ion pits  are  bounded by  c rys ta l lo-  
graphic  ~acets. These are  (111} facets for  pits  on the 
(10G} and (110} surfaces, and  (111} and (100} facets for 
pits  on the {111)surfaces.  These resul ts  are  consistent  
with the  observat ions  of Lum e t a l .  The (111) P face, 
which contains two unpa i red  bonds associated with  each 
P atom, is known  to be more  chemical ly  active than  
the (11!) In face, which contains no unpa i red  bonds. 
Hence, the (111) P face is expected to decompose more 
easi ly  than  the (111) In face, and thus const i tu te  the  
fast  moving facets. The shape of the  decomposi t ion 
pits  is thus de te rmined  by  the facets in i t ia l ly  formed. 
As demons t ra ted  on the ( l lG) surface,  decomposi t ion 
pits  can e i ther  be l inear  .or t r i angu la r  in shape,  depend-  
ing upon the ini t ia l  o r ien ta t ion  of the  end facets. 

The g rowth  of the .decomposition pits  depends  
on the decomposi t ion of the facets. I t  is observed  tha t  
the  g rowth  ra te  of  the facets is g rea t ly  enhanced when 
in contact  wi th  the l iquid indium. On the {1G0} and 
(110} surfaces,  ind ium drople ts  t r apped  inside the l inear  
pits j iggle  back  and for th along the r ap id  growth  
direct ion bounded by  (111} P facets. An  advance of the 
{111}'P facets is v isua l ly  appa ren t  under  the microscope 
each t ime an ind ium d rop le t  rests  on a facet. On the 
{111} P surface,  the r ap id ly  moving {10G} facets are 
a lways  a t tached to an ind ium droplet .  This indicates 
that  the  decomposi t ion of InP is enhanced by  direct  
contact  wi th  the ind ium droplet .  

There  is no significant effect of misor ien ta t ion  of the 
(10G) surface  on the nuclea t ion  t empe ra tu r e  for  in-  

d ium droplets .  However ,  t ape r  pits  developed on the 
misor iented  surface tend to t rap  the in, d ium drople t  in 
the sha rp  end. This leads to more  rap id  g rowth  in that  
direct ion.  

A s t rong effect of hyd rogen  flow rate  on the decom- 
posit ion morpho logy  on (100) InP  surface  can be ob-  
tained. A prac t ica l  expedien t  to minimize  the rmal  de-  
composit ion in ep i tax ia l  growth  is, thus, to hold the 
hydrogen  flow over  subs t ra te  surfaces to a minimum.  
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Early Stages of the Oxidation of Chromium in H2-H20-H2S 
Gas Mixtures 

M. LaBranche, A. Garratt-Reed, and G. J. Yurek 

The H. H. Uhlig Corrosion Laboratory, Department of Materials Science and Engineering, Massachusetts Institute of 
Technology, Cambridge, Massachusetts 02139 

ABSTRACT 

The oxidation of(100) and (110) orientations of Cr in H2-H20-H2S gas mixtures was studied at 900~ with Po2 = 10-19 atm 
14 10  7 5 6 5 and Ps2 = 10- , 10- , 10- �9 and 10- - atm. Specimens were analyzed primari ly by SEM, TEM, and STEM. No sulfides were 

14 10 7 5 detected after one hour with Ps2 = 10- or 10- ' atm. Sulfides were detected at the Cr/scale interface with Ps2 = 10- �9 atm. 
Two-phase scales comprising Cr203 and Crl_xS formed at Ps~ = 10 8.5 arm. Preoxidat ion for two hours with P02 = 10-19 atm 
was successful  in preventing sulfur penetrat ion for 20 hr. After 111 hr, however, the initial protective oxide was lost and the 
scale consisted of a mixture of Cr203 and Crl-xS part ial ly overgrown by Cr2Oa. 

S t ruc tu ra l  al loys that  a re  employed  for  high tem-  
pe ra tu re  service  in envi ronments  that  contain oxygen-  
and su l fu r -bea r ing  gaseous, l iquid,  o r  solid phases 
typ ica l ly  contain, about  15-50 weight  percent  (w/o)  
Cr. Chromium is p resen t  in these  al loys to form a 
surface scale of Cr~Os that  is supposed to i n h i b i t  h igh-  
t empe ra tu r e  corrosion. In m a n y  cases, however ,  Cr2:O3 
scales even tua l ly  b reak  down because sulfides form 
both ,at the a l loy/CrsOs and 'at the  Cr2OJenv i ronmen t  
interfaces  (1-5).  

The mechanisms of the b reakdown  of Cr20.~ scales in 
su l fu r -bea r ing  envi ronments  a re  not  understood.  I t  is 
c lear  that  the  dissolut ion of Mn, Fe, Ni, etc. f rom the 
a l loy  into the Cr~O3 scales and the subsequent  diffusion 

Key words: sulfidation, surs transport. 

of these e lements  th rough  Cr2Oz p lay  a role in the 
breakdown  process (2, 3, 5). I t  is not  clear, however ,  
whe the r  dissolution and diffusion of these e lements  in 
Cr203 are  affected by  the presence of sulfur. The 
mechanisms of  the  pene t ra t ion  of Cr203 scales by  su l -  
fur  are  also not  understood.  

In  o rder  to e lucidate  the mechanisms of the b r e a k -  
down of Cr203 scales on alloys in su l fu r -bea r ing  en-  
v i ronments ,  it  seems ax iomat ic  that  an unders tand ing  
of the mechanisms of the  growth  and b reakdown  of 
Cr203 scales on pure  Cr in su l fu r -bea r ing  env i ron-  
ments  be developed.  The object  of this pape r  is to 
present  the resul ts  of  an inves t igat ion of the  ea r ly  
s tages of the oxidat ion  of pu re  Cr in H2-H20-H2S gas 
mixtures .  This inves t igat ion is pa r t  of a l a rge r  p ro -  
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Table I. Solid source mass spectrometric analysis of chromium 
(ppm atomic). Numbers are accurate within a factor of 2-3. 

4 B 0.2 K 0.2 Zr  
60 C 0.4 Ca O.1 Nb 
24 N 0.3 T i  0.1 Mo 
48 O 4 V 0.07 C d  
0.2 Na  18 F e  0.7 Sb 
0.U7 Mg 3 Ni 0.1 Ba 
12 Si  8 Cu 0.2 Th  

S 0.2 A s  70 W 
0.06 Cl 0.5 Y 

gram that  is d i rec ted  to de t e rmin ing  the  mechanisms of 
the  formation,  growth,  and b r eakdown  of pro tec t ive  
scales in su l fu r -bea r ing  environments .  

Experimental 
Specimen preparation.---Single crystals  of Cr em-  

p loyed  in this p rog ram were  p roduced  a t  the  Ames  
Labora to ry  (Ames,  Iowa) by  d i rec t ional  solidification 
of iodide Cr in a wa te r -coo led  copper  mold. The com- 
posit ion of the  Cr is l is ted in Table  I. The s ing le -c rys -  
t a l l ine  boules were  or iented using Laue  back-ref lec t ion 
and subsequent ly  cut to produce app rox ima te ly  disk-  
shaped specimens,  (,-,1 cm d iameter )  wi th  (110) or  
(100) orientat ions.  

The specimens were  ground through 600 gr i t  SiC 
paper ,  pol ished th rough  1 #m d iamond paste, and finally 
pol ished wi th  a s lu r ry  of 0.3 ~m a lumina  in water .  The 
specimens were  subsequent ly  e lect ropol ished in a 
solut ion of acetic acid-5% perchlor ic  acid to remove  
the deformed meta l  produced by  mechanica l  gr inding 
and pol ishing (,~15 #m of Cr were  removed  by  e lect ro-  
pol ishing) .  The or ientat ions  of the  e lect ropol ished spec-  
imens, which were  checked using Laue diffraction, 
were wi th in  two degrees of the (100) or  (110) or ien-  
tations. Immed ia t e ly  af ter  electropolishing,  the  speci-  
mens were  etched in a solut ion of 11% HC1 in water  
for 4 min, r insed in dis t i l led water ,  dr ied  in air ,  and 
s tored in a desiccator.  Before oxidat ion,  the specimens 
were  r insed first in methanol  ,and then in ethanol.  

Gas mixtures.--The oxidat ion exper iments  were  con- 
ducted at  900~ in H2-H20-H2S gas mix tures  wi th  
Po2 -- 10 -19 atm (~4.2 volume percen t  [v/o]  H20) and 
Ps2 : 10-14, 10-10, 10-7'5, or 10 -6"5, a tm (2.6 • 10 -4, 
2.6 • 10 -2, 4.6 • 10 -1, o r  1.4 v /o  H2S). The sul fur  and 
oxygen par t i a l  pressures  employed  are  indica ted  by  
the four  points  on the Cr -S -O  s tab i l i ty  d iag ram (6) in 
Fig. 1, which demonstr,ates that  Cr203 was the equi l ib-  
r ium solid phase for  al l  of the exper imen ta l  conditions. 

The H2-H20-H2S gas mix tu res  were p repared  by 
mix ing  H2-H~O and He-H2S gas mix tures  (each at  a 
known flow rate  control led by  a cons tan t -head  capi l la ry  
f lowmeter)  in a glass column which was packed with  
glass beads.  The H2-H.20 gas mix tures  were  p repa red  
by  bubbl ing  h i g h - p u r i t y  He gas (99.999% H~, Mathe-  
son Gas Products )  at a control led flow rate,  first 
through a flask containing hea ted  dist i l led wate r  
(p resa tu ra to r ) ,  and then  th rough  a column of dis t i l led 

wa te r  ( sa tura tor )  at a t empe ra tu r e  held  constant  
to wi th in  •176 by  a constant  t empera tu re  bath.  
The t empera tu re  of the  s~aturator de t e rmined  the vapor  
pressure  of the water ,  and  so the  H20 content  of the H2 
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Fig. 1. Stability diagram for the Cr-S-O system at 900~ The 

filled circles indicate the gas compositions used in this investiga- 
tion (a~ ~ p jp  o pio _ 1 atm). Thermochemical data for the 
Cr-S system were obtained from Ref. (6). 

gas s tream. Al l  of the gas lines a f te r  the sa, tura tor  
were  hea ted  by  e lect r ica l  resis tance hea t ing  tape to p re -  
vent  condensat ion of water .  The ac tua l  H20 contents 
in the H2 gas s t reams were  de te rmined  by  absorbing  
the w~ater vapor  in p reweighed  U- tubes  conta ining 
P20~. The amounts  of wa te r  vapor  absorbed f rom the 
gas s t reams were  wi th in  6% of the va lues  expected 
f rom the vapor  pressure  of wa te r  (7) at the t empera -  
tures in the sa tura tor .  

The H2-H2S gas mix tu res  were  ob ta ined  as p remixed  
and analyzed compressed gas mix tures  f rom Matheson 
Gas Products .  In  the presen t  work,  three  gas mixtures ,  
H2-12.7 v /o  H2S, H2-800 ppm H2S, and H2-9 ppm H2S, 
were employed.  The flow rates  of  the gases employed  
to produce  the H2-HaO-H2S mixtures  a re  l is ted in 
Table II .  

The f lowmeter  for the H2 was ca l ib ra ted  by  measur -  
ing the  t ime requi red  for the gas to push a soap bubble  
through a tube of known volume. The f lowmeter  for 
the H2-H2S gas mix tures  was ca l ibra ted  in the same 
way  using pure  H.2 and subsequent ly  app ly ing  Po i -  
seuil le 's  equat ion (8) to account for  the  smal l  change 
in the viscosi ty of the gas caused b y  the presence of 
H2S. 

Reaction chamber.--The reac t ion  chamber  comprised 
an a lumina  re f rac tory  tube  tha t  was he ld  in a ver t ie le  
tube furnace heated by  coun te r -wound  Kan tha l  wire.  
Some of the ear l ie r  exper iments  were  conducted using 
a mul l i te  tube, which caused no 'apparent  difference in 
the results.  The l inear  flow rates of the gases in the  
a lumina  (3.18 cm iD) and mul l i te  (3.81 cm ID) tubes were  
0.66 and 0.4.5 cm/sec,  respect ively.  The t empera tu re  

Table II. Conditions employed to obtain equilibrium partial pressures of 02 and $2 at 900~ and 1 atm total pressure 

Concentrat ion  of  H~S 
in premixed tie-HaS* 

R o o m  t e m p e r a t u r e  
f low rates ,  cm~/min  

Equi l ibr ium 
part ial  pressures ,  arm 

Saturator  Vapor  pres sure  
t e m p e r a t u r e ,  ~ of  water ,  ram Hg H2 I~-I-I~S Po 2 Ps 2 

0 29.94 31.72 287 0 10 -19 0 
9 ppm 36.00 44.56 199 88.2 10 -1~ 10-~ 

800 p p m  37.20 47.58 188 100 10 -19 10 -~9 
12.7% 30.51 32.76 277 11 10-1~ 10-~.5 
12.7% 31.84 35.35 253 34.5 10-19 10-o .5 

* Gases  suppl ied  and armlyzed by  l~a th e son  Gas Product& 
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of the  furnace  was held  constant  to wi th in  +_loC b y  a 
p ropor t iona l  .controller. A P t / P t - 1 0 % R h  the rmo-  
couple, which had  been ca l ibra ted  against  a s t anda rd  
thermocouple ,  was enclosed in an a lumina  protec t ion  
tube and located ad jacen t  to the specimen to measure  
its t empera ture .  

The gas mix tures  were  admi t ted  to the bot tom of the 
react ion tube, the lower  por t ion of which was packed  
wi th  a lumina  beads to minimize  the rmal  diffusion and 
to hea t  and equi l ibra te  the gas mixtures .  P l a t inum 
gauze was p laced  on top of the  beads to fu r the r  ensure 
equi l ib ra t ion  of the gases. Dur ing  an exper iment ,  the  
Cr specimens  were  suspended  by  means  of a P t  wire  
in the hot  zone of the furnace just  above the Pt  gauze, 
which was never  more  than 5~ cooler than  the Cr 
specimens.  

Oxidation experiments.--At  the beginning of an ex-  
per iment ,  the des i red  gas mix tu re  was passed through 
the furnace  whi le  the specimen was held in the cold 
zone above the furnace.  Af te r  flushing the reac t ion  
tube wi th  the gas mix tures  for about  20 min, the speci-  
men was lowered  qu ick ly  into the hot  zone. The t imes 
of exposure  were  2.5, 12.5, and 60 min. At  the end of an 
exper iment ,  the spec imen was quenched in the  H2- 
H20-H2S gas mix tu re  by  ra is ing it quickly  to the cold 
zone. 

Characterization oi scales.--The topology, morpho l -  
ogy, and  chemis t ry  of the  scales were  character ized 
using scanning e lect ron microscopy (SEM),  t r ans -  
mission and scanning  t ransmiss ion e lec t ron micros-  
copy (TEM and STEM),  and Auger  e lec t ron spect ros-  
copy (AES) .  These techniques complemented  each 
other, a l lowing charac ter iza t ion  over  the complete  
range f rom macroscopic to microscopic detai l .  

P r io r  to examina t ion  in the SEM, oxide specimens 
were  l igh t ly  coated wi th  copper  by  evapora t ion  to p r e -  
vent  charging and to enhance contrast .  The SEM p ro -  
vided informat ion  on topography  and, using the en-  
e rgy-d i spers ive  x - r a y  de tec to r  (EDX),  the Cr /S  ra t ios  
of the  l a rge r  features.  The Cr /S  rat ios r epor ted  are  
s imply  rat ios  of the in tegra ted  Cr-K~ and S - K s  peaks;  
corrrect ions  for absorpt ion,  fluorescence, and  the 
atomic number  effect were  not  made.  

TEM and STEM were  used to s tudy  the micro-  
s t ruc tures  of the scales. Sections of scale pa ra l l e l  to the  
me ta l / s ca l e  in terface  were  p repa red  by  the fol lowing 
method.  Three  m i l l i m e t e r - d i a m e t e r  disks were  cut f rom 
oxidized specimens b y  spa rk-mach in ing .  These disks 
were  th inned f rom one side by  gr inding  on s i l i con-car -  
bide paper ,  fol lowed by  je t  e lect ropol ishing in a 10:1 
solut ion of me thanohpe rch lo r i c  acid main ta ined  at  
--50~ The e lec t ropol ishing exposed a section of the 
scale at the me ta l / sca le  interface.  The top side of the 
scale was pro tec ted  by  a coating of Crys ta lbond  wax  
(Aremco Products ,  Inc.) dur ing  electropolishing.  The 
Crys ta lbond was subsequen t ly  dissolved in acetone, 
a f te r  which ion-mi l l ing  was employed  to thin the 
scale for observat ion.  By mi l l ing  f rom one or  both  
sides of the scale, specimens  were  p repa red  at  the  
me ta l / s ca l e  or  sca le /gas  interfaces,  or  a t  the  center.  
Scales were  coated by  evapora t ion  wi th  a thin l ayer  of 
carbon to prevent  charging.  

STEM was capable  of chemical  analysis  at  resolu-  
tions <0.01 ;~m using its EDX system. In  the present  
work,  no a t t empt  was made to pe r fo rm more  than  a 
semiquant i t a t ive  analysis.  Specimens s tudied b y  AES 
were  p laced  d i rec t ly  in the  ins t rument  wi th  no pr io r  
t rea tment .  

Results 

Oxidation of Cr in H~/HzO gas mixtures.--The oxida-  
t ion of pure  Cr in H2-H20 gas mix tu res  (10 -ee < Po2 
< 10 -15 arm). at  900~ wil l  be  discussed in deta i l  else-  
where  (9). The Cr203 scales formed on pure  Cr at 
900~ and Po2 : 10 -19 atm did not  l ift  or buckle  at the 
react ion t empe ra tu r e  or dur ing cooling, regardless  of 

the  or ien ta t ion  of the  Cr; however ,  smel l  pa tches  of 
the  scale spa l led  dur ing  cooling as shown in Fig. 2a. 
In  the l a t t e r  case, the  stresses genera ted  in the scales 
by  oxide format ion  were  appa ren t l y  small ,  which was 
a t t r ibu ted  to p redominan t  cat ion diffusion in the scales 
at  the  lower  oxygen pa r t i a l  pressures  (9-11). The lo-  
calized spal la t ion  that  occurred on cooling was a p -  
pa ren t ly  caused by  stresses in the scales that  were  
genera ted  dur ing  cooling because of the 30% differ-  
ence in the coefficients of t he rma l  expansion of Cr 
and Cr208. 

The grains compris ing the  Cr2Oa scales were  very  
small .  Gra in  d iameters  measured  in p lanes  pa ra l l e l  to 
the  Cr/Cr20~ interface  using TEM were less than 0.5 
/Lm for react ion t imes ~ 20 hr. An elect ron micrograph  
of the Cr208 scales nea r  the  center  of the scale af ter  
120 min at 900~ wi th  Po2 ---- 10-19 arm is shown in 
Fig. 2b. Al though cavities were  observed in some of 
the oxide grains,  t hey  appa ren t l y  did  not form a 
continuous ne twork  in the scale. Microcracks,  which 
would be potent ia l  pa ths  for t r anspor t  of gaseous spe-  
cies th rough  the scales, were  not  observed.  Because 
the scales formed at  Po2 ---- 10-19 a tm were  coherent  
and  adheren t  to the Cr, this  Po2 was  chosen for ex -  

Fig. 2. (100) Cr oxidized in a H,2-H~O gas mixture for 120 min 
at 900~ with Po2 = 10 -19 atm; (a) SEM image of the scale/gas 
interface; (b) TEM bright field image of a section in the center of 
the scale parallel to Cr/Cr208 interface. 
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per iments  in which Cr was oxidized in H2-H~O-H~S 
gas mixtures .  

Direct exposure o] Cr to H2-H20-H~S gas mix tures .  
- - A d d i t i o n s  of 0.026, 0.46, or 1.4% H2S (Pot = 10-1~ 
10 -7.5, and 10 -6.5 a tm)  to H2-H20 gas mix tures  wi th  
Po2 = 10 -19 arm at 900~ caused considerable  changes 
in the morphologies  of the Cr20~ scales compared  with  
those formed in the absence of H2S. The morphologies  
of the  scales are  descr ibed in the  fol lowing sections. 

Psz = I0-I4 arm (2.6 X 10 -4 v / o  H2S, Po2 = 10-19 arm, 
900~ scales exhib i ted  the  same topology 
as those fo rmed  in the  absence of H2S (see Fig. 2a).  
Only  t race  amounts  of sulfur  could be  detected b y  
AES af ter  pa r t i a l  ion mi l l ing  of the scale. 

Ps2 = I0-1o a tm (0:026 v /o  H$S, Po2 = 10-1~ arm, 
900~ scales formed up to 60 min had a topol-  
ogy s imi lar  to those formed in the  absence of H2S, 
a l though localized spal la t ion was not  observed.  Some 
spal la t ion  occurred,  however ,  a f te r  120 rain. Af te r  oxi-  
dat ion for  60 rain, the Cr2Oa scales contained only 
t race  amounts  of dissolved su l fur  according to EDX 
analyses  of the scales in a STEM. Sulfide precipi ta tes  
were  not  detected in the  scale by  STEM, nor at  the 
Cr/Cr2Os interface  b y  SEM. 

Psz : 10-7"5 arm (0.46 v /o  HaS, Po~ = 10 -I~ atm, 
900~ example  of the topology of the  scale formed 
at  Ps2 : 10-7.~ a tm af ter  60 min  of oxidat ion  of a 
(100) Cr s ingle c rys ta l  is shown in Fig. 3a. The 
topologies and the micros t ruc tures  of the  scales formed 
o n ( l l 0 )  and (100) or ientat ions  of Cr were  the  same. 
In general ,  the  scales buckled  and spal led on cooling 
(see Fig. 3a). Sometimes,  however ,  the scales sepa-  
ra ted,  app rox ima te ly  in half,  along a p lane  pa ra l l e l  to 
the me ta l / s ca l e  interface,  in which case the outer  l aye r  
of the  de lamina ted  scale buckled  and cur led  con- 
s~derably. 

When  the scales spal led,  smal l  par t ic les  could be seen 
in contact  wi th  the  me ta l  at  the Cr/Cr208 interface,  as 
shown in Fig. 3b. When the scales did not spal l  na tu -  
ra l ly ,  they  were  spa l led  by  scratching the surface wi th  
a needle  to expose the under ly ing  metal .  The Cr /S  rat io 
of the par t ic les  var ied  be tween 15/1 and 12/1, as de-  
t e rmined  f rom the ratio of the Cr-K~ and the S - K s  
peaks genera ted  by  EDX analysis  in an SEM. The 
actual  Cr /S  ra t io  for these par t ic les  is expected to be 
much lower,  but  dur ing EDX analys/s  the  Cr ma t r ix  
ad jacen t  to the  par t ic les  was exci ted  by  broadening  of 
the  e lec t ron beam. Only  trace amounts  of su l fur  could 
be detected by  EDX analysis  of the Cr adjacent  to 
the part ic les .  The low concentra t ion of su l fur  tha t  was 
detected was p robab ly  due to fluorescence of  the  S - K s  
t ransi t ion caused by  x - r a y s  genera ted  by  the e lect ron 
beam s t r ik ing the Cr. I t  is concluded tha t  the  par t ic les  
a re  sulfides of Cr, which must  be C r l - x S  according to 
Fig. 1. 

The par t ic les  of C r l - x S  at  the  Cr/Cr~O8 interface 
increased in size as the  t ime of oxidat ion  increased.  
This is demons t ra ted  in Fig. 3b and 4, which  show tha t  
the par t ic les  at  the  Cr/Cr203 interface  are  l a rge r  b y  
about  a factor  of two af te r  60 rain (Fig. 3b) compared  
with those formed af ter  2.5 min (Fig. 4). In  both cases, 
9-10% of the  Cr surface was covered by  C r l - z S  pre -  
cipitates,  ~ de te rmined  wi th  the aid of an Image Ana-  
lyzer.  More specimens must  be examined  to de te rmine  
precise ly  the  size and amount  of sulfides as a funct ion 
of time. 

A SEM image of the back  side of a f r agment  of 
spal led scale (i.e., at the  Cr/Cr2Oa interface)  is p r e -  
sented in Fig. 5a, which  demonst ra tes  that  some sulfides 
de tached  f rom the meta l  and remained  in contact  wi th  
the  scale. F igure  5b is a h igher  magnif icat ion image of 
a port ion of  the  scale shown in Fig. 5a, which i l lus-  
t ra tes  once again the  ve ry  fine gra in  size of the  oxide. 

A section of a scale formed af te r  60 rnin was ex-  
amined in a STEM. The section was pa ra l l e l  to the  

Fig. 3. (100) Cr oxidized in a HE~-H20-H~S gas mixture for 60 
rain at 900~ with Po2 = 10 -7.5 atm; (a) SEM image of the 
scale/gas interface; (b) SEM image of the metal surface in a 
region where the oxide layeb spalled (the white particles are sul- 
fide precipitates). Arrows indicate several regions where the sul- 
fides detached from the metal. 

Cr/Cr203 interface and nea r  the  center  of the  scale. 
Sulfides could not  be detected in the oxide  layer.  Low 
concentrat ions of sul fur  dissolved in the oxide were  

Fig. 4. (100) Cr oxidized in a H2-H20-H~S gas mixture for 2.5 
min at 900~ with Po2 = 10-19 and Ps2 = 10-7"5 atm. $EM 
image of the metal surface in a region where the oxide scale 
spalled. The white particles are sulfide precipitates. 
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Fig. 5. (100) Cr oxidized in cl H~-H20-H~S gas mixture for 2.5 
min at 900~ with Po2 ~ 10-19 and Ps2 ~ 10-7"5 atm; (a) SEM 
image of the back side of a spalled scale showing sulfide precipi- 
tates that remained in contact with the scale; (b) a higher 
magnification of (a). 

detected by EDX analysis, but  a quant i ta t ive  deter-  
minat ion  of the su l fur  concentrat ion was not made. 

No significant differences between the scales formed 
on (110) and (100) orientat ions of Cr were observed. 
One specimen of Cr, however, which had one large 
(100) grain and two other smaller grains of random 
orientation,  exhibited a much greater concentrat ion of 
sulfide particles in contact with one of the randomly 
oriented grains compared with the (100) grain. 

Ps2 ---- 10-6"5 arm (1.4 v/o HeS, Poz : 10-19 atm, 900~ 
- - T h e  topology of the scale formed after 2.5 min  of 
exposure to a gas mix tu re  with Ps2 ----- 10-6'5 atm is 
shown in Fig. 6a. The outer  port ion of the scale lifted 
and buckled. The ridges and mounds in Fig. 6a com- 
prised s~lfide crystals, some of which were N10 ~m 
in width (Fig. 6b), having  a Cr /S  ratio of -~0.67 by 
EDX analysis. A Cr l -xS  s tandard  which was formed 
in a H2-H.2S gas mixture  at 900~ with Ps2 ---- 10 - s  
yielded a Cr /S  ratio of ,-~0.47, although the or ienta-  
tion of the individu'al sulfide crystals to the electron 
beam influenced that value considerably (variat ions of 
0.41-0.83 were measured; corrections for absorption, 
fluorescence, and the atomic number  affect were not 
made).  The Cr/S weight ratio in stoichiometric CrS 
is 1.6. It is assumed that the large crystals i n  Fig. 6b 
are Crl-zS. The large crystals were covered par t ia l ly  
by a f ine-grained mater ial  that  increased in amount  
after 12.5 rain of oxidation. After  60 min, the sulfides 
were covered completely by the f ine-grained material.  

Conversion of the Cr l -~S crystals to Cr203 is ex- 
pected to occur eventual ly  because Cr203 is the stable 
cor~densed phase in the gas mix ture  employed. Thus, 
the f ine-grained mater ial  was thought ini t ia l ly to be 
Cr203. Examinat ion  in a STEM of the outer portions 
of the scales formed after 60 min  demonstrated that 
the scales actu.ally comprised a two-phase mix ture  of 

Fig. 6. (100) Cr oxidized in a H2-H~O-H~S gas mixture for 2.5 
min at 900~ with Po2 ~-- 10 -19 and Ps2 ~ 10 -8.5 atm; (a) SEM 
image of the scale/gas interface (the edge of the specimen can be 
seen in the upper left-hand corner); (b) a high magnification 
image of one of the ridges in (a). The large crystals are sulfides. 

oxides and sulfides, as shown in Fig. 7. Figure 7a is a 
STEM bright  field image of a small  portion of the 
scale. It was always more difficult to produce sharp 
images of scales that contained mixtures  of oxide and 
sulfide compared to scales that comprised only oxide 
because the specimens varied in thickness owing to 
the slower rate of mil l ing of the sulfide phase. Figure 
7b is a sulfur  map of the area shown in Fig. 7a, indi-  
cating the presence of a sul fur- r ich  grain overlapped 
part ia l ly  by  oxide grains. Figure 7c is presented to 
indicate more clearly the positions of grain boundaries 
in the specimen imaged in Fig. 7a. 

The sul fur- r ich  areas had a Cr /S  ratio of ~1.4 by 
weight according to EDX analysis, and are presumably  
Crl-.~S. The sizes of the sulfide and oxide grains ranged 
from 0.1 to 0.5 ~m. Large areas in the center of the 
scale were analyzed with EDX, indicat ing an average 
Cr/S ratio of approximately  12, which corresponds to 
,~14% CrS by volume in the scale. It was not  deter-  
mined whether  the sulfide phase was continuous. 

Preoxidation experiments.---Specimens of Cr single 
crystals [(100) and (110) orientations] were preoxi- 
dized in a H2-I4eO gas mixture  for 2 hr at 900~ with 
Poe ---- 10 -29 atm to produce flat, adherent  scales. Then, 
while main ta in ing  the specimens at temperature,  H~S 
was admit ted into the reaction chamber  to form a gas 
mixture  with Po~ ---- 10 -19 and Ps2 : 10 -6.5 atm. Prior  
to each experiment,  pure oxygen was passed through 
the hot reaction chamber  for two days to desulfurize it, 
in an at tempt to avoid contaminat ion of the specimen 
with su l fur  dur ing the preoxidation step. 

The times of exposure to the su l fu r -bear ing  gas 
mixture  after preoxidation were 2, 20, and 111 hr. No 
sulfides were detected in any part  of the scale by SEM 
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Fig. 7. (100) Cr oxidized in a H2-H~O-H2S gas mixture for 60 
rain at 900~ with P02 = 10-19 and Ps2 = 10-6'5 atm; (a) STEM 
bright field image of the scale at the scale/gas interface; (b) a 
sulfur x-ray map of the region shown in (a); (c) a drawing showing 
the grain boundaries and the location of the sulfide grain in the 
image shown in (a). 

or by STEM after 2 or 20 hr of exposure. Whiskers 
were observed at the scale/gas interface after the 2 hr 
preoxidation and after the 2 and 20 hr  subsequent  
exposures to the su l fu r -bear ing  gas mixtures  (Fig. 8). 
The Cr /S rauo in the scale at the scale/gas interface 
after 20 hr was 1000:1-500:1 as determined in the 
STEM, which corresponds to ~0.07 to 0.14 w/o S in 
Cr2Oz. 

Fig. 8. A SEM image of the surface of a (100) Cr specimen 
preoxidized in a H2-H20-H2S mixture for 2 hr at 900~ with Po2 = 
10 -19 atm and subsequently exposed to a H2-H20-H2S gas mixture 
for 20 hr at 900~ with Po2 = 10 -19 and Ps2 = 10-6'5 atm. 
Whiskers are present after the initial oxidation step and continue 
to form upon exposure to the sulfur-bearing gas. 

The scales formed on specimens exposed for 111 hr 
contained both oxide and sulfide. Figure 9a shows the 
scale grown on a (100) Cr specimen. The outer scale 
was spalled par t ia l ly  by scratching with a needle, 
and thereby reveal ing large crystals of Cr l -zS  (I-5 #m 
in width) in contact with the metal  (Fig. 9b). The 
outer surfaces of the scale showed protrusions (Fig. 
9c) that were relat ively rich in sul fur  (Cr:S ~ 50:1, 
SEM/EDX),  indicat ing regions where sulfides had been 
overgrown by oxide. Other areas of the surface ex-  
hibited features (Fig. 9d) with even higher sulfur  
contents (Cr :S  -- 7:1, SEM/EDX),  which indicate 
that  sulfides were in contact with the gas. The presence 
of sulfides at the scale/gas interface was confirmed by 
STEM. 

Discussion 
An unset t led issue in the area of high tempera ture  

oxidation is the mechanisms whereby sulfides form 
under  conditions in which oxides are the only stable 
condensed phases in equi l ibr ium with the gas mixture  
(e.g., the conditions indicated by the points in Fig. 1). 
It  is not general ly recognized that the mechanisms of 
oxidation may differ when the gas mixture  has a very 
low equi l ibr ium P02 (e.g., H2-H20-H2S) instead of a 
high equi l ibr ium P02 (e.g., gas mixtures  containing 
significant quanti t ies of SO2). The difference in mecha- 
nisms that may be observed are discussed in this sec- 
tion. The conditions necessary for ini t ial  formation of 
a two-phase (oxide/sulfide) scale are pointed out and 
the conditions required for continued growth of a 
two-phase scale in H2-H20-H2S gas mixtures  are dis- 
cussed. 

Psz = I0-14 arm (2.6 X I0-~ v / o  HaS, Po~ = 10 -19 
arm, 900~ were detected nei ther  at the 
Cr/Cr208 interface nor  wi thin  the scale. Trace amounts  
of sulfur  could be detected at the Cr2OJgas interface., 
but  not beneath  the surface of the scale. This is at-  
t r ibuted to adsorption of sulfur  on the specimen when 
it was cooled to room temperature  in the H.2-H20-H2S 
gas mixture.  

It  was not possible for sulfides to form on the bare 
Cr surface upon first exposure to the gas mixture  
because the part ial  pressure of sulfur  in the gas phase, 
Ps2 g, was less than Ps2 (Cr /Cr l - zS) .  Although cracks 
might develop in the oxide scale after reaction times 
longer than one hour, sulfides could form nei ther  in 
the cracks nor  at the Cr/Cr203 interface in the H2-H20- 
H2S gas mixture  used in this exper iment  (12). When 
a metal  or allo~v is exposed to such a gas mixture,  the 
max imum part ial  pressure of sulfur  in the reaction 
system meta l /oxide/gas  is in the bulk  gas phase and is 
determined by the equi l ibr ium between H2 and H_~S 
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Fig. 9. SEM images of a (100) Cr specimen preoxidized in a H2-H20 mixture for 2 hr at 900~ with P02 - -  10 -19 arm and subse- 
quently exposed to a H2-H20-H2S mixture for 111 hr at 900~ with Po2 ---- 10 -19 and Ps2 ~- 10 -6"5 atm: (a) a region where the scale 
was spalled to reveal the underlying metal; (b) sulfide crystals on the metal surface; (c) examples of protrusions at the scale/gas inter- 
face that were rich in sulfur compared with surrounding regions; (d) an example of one of the features at the scale/gas interface that 
contained high concentrations of sulfur (Cr:S ~ 7:1), indicating the presence of sulfides at the scale/gas interface. 

(12, 13). If this max imum Ps2 is less than Ps2 for 
equi l ibr ium between the metal  and its lowest sulfide, 
then sulfides cannot form. 

This is unl ike  the s i tuat ion that  may occur when a 
metal  is exposed to a gas mixture  that contains a 
significant quant i ty  of bioxidant  molecules (e.g., SO2 
or COS). In  the lat ter  case, the sulfur  part ial  pressure 
in a crack or pore in an oxide scale can increase from 
the scale/gas to the metal /scale  interface. Sulfides can 
form in or beneath  an oxide scale under  these condi- 
tions even though the part ial  pressure of sulfur in the 
gas phase is less than that  for equi l ibr ium between 
the metal  and its lowest sulfide. 

The lat ter  model, which was first delineated by 
Birks (14) to explain the formation of sulfides be-  
nea th  oxide scales exposed to SO~-bearing gases, has 
been employed in various forms by a n u m b e r  of in-  
vestigators (15-20). Application of the model should 
be restricted, however, to oxidation of metals in SO2- 
bear ing bases in  which the oxygen content  is low (e.g., 
pure SO2, SO~-Ar mixtures,  etc.), or to cases wherein  
the t ranspor t  of 02 molecules through the physical 
defects is greatly restricted, i.e., when the pores or 
cracks are very  narrow. Otherwise, the oxygen activity 
in the crack would be approximate ly  constant, in 
which case the su l fur  activity in the crack would have 
a constant and low value. 

Ps~ ~ 10 -1~ a tm (0.026 v /o  HzS, Poz ~ I0-19 arm, 
900~ sulfides could be detected in or beneath  
the Cr20~ scales that  formed unde r  these conditions. 

Because Ps2 g > Ps~ (Cr /Cr l -xS) ,  Cr l -xS  could have 
nucleated on the Cr dur ing the ini t ia l  stage of reac- 
tion. Assuming that the relat ive amount  of sulfide 
formed ini t ia l ly  depends on the relative rates of ad-  
sorption of H20 and H~S on Cr (12), one calculates 
that ~ 1% of the ini t ia l ly formed scale would be sul-  
fide (see Table III) .  Thus, it is not surpris ing that 
sulfides were not detected. 

Although a sulfide-free Cr203 scale formed early in 
the reaction, sulfides could have formed in or be-  
neath  the scale by solid state or gaseous diffusion of 
sulfur  or H2S through the scale because Ps2 g > Ps2 
(Cr /Cr l -xS) .  The scales formed after 60 min  were 
still free of sulfides, indicating that  little, if any, sulfur  
penetrated the scale. Scales formed under  these con- 
ditions could develop cracks after longer periods of 
oxidation, owing to the bui ldup of stresses in the 
oxide. Sulfides could form in such cracks as long as 
they were sufficiently nar row to insure that  the local 
oxygen part ial  pressure in the crack was determined 
by the local equi l ibr ium oxygen activity in the ad- 

Table III. Area fraction of sulfide, As, formed on initial oxidation 
of pure Cr as a function of H.20 and H2S concentrations (12) 

PrI2O PI~oS Pi~2o/PI-t2s A, 

0.042 2.6 ,'< 10-r 160.0 0.0~8 
0.042 0.0{)46 9.0 0.13 
0.041 0.014 2.8 0.31 



2412 J. E lec t rochem.  Soc.: S O L I D - S T A T E  SCIE N CE  A N D  T E C H N O L O G Y  D e c e m b e r  1983 

j acen t  oxide phase (12). Otherwise,  the composit ion 
of the gas phase in the  cracks would  be the same as 
that  in the bulk  gas phase, in which case the ox ida-  
tion product  would  be Cr208. 

Ps2 : 10-7"5 arm (0.46 v /o  H2S, Po2 : I0 -1~ arm, 
900~ tha t  nuclea ted  on the Cr in the ini t ia l  
s tage of react ion were  overgrown rap id ly  by  Cr20~. 
Sulfide par t ic les  were observed at the Cr/Cr203 in te r -  
face af ter  the  Cr20~ was in ten t iona l ly  spal led  by  
scratching the surface wi th  a needle  (Fig. 3 and 4). 
The fract ion of the meta l  surface covered by  sulfide 
par t ic les  af ter  2.5 min  was 9-10%, which agrees r ea -  
sonably  we l l  wi th  a value  of ~13% (see Table I I I ) ,  
calculated by assuming that  the amount  of sulfide 
formed in i t ia l ly  depends  only  on the re la t ive  rates  
of adsorpt ion  of HaS and HaO on Cr. Al though 
the l a t t e r  calculat ion y ie lded  reasonable  agreement  
wi th  measured  quant i t ies  of oxidat ion  of (100) 
and (110) or ientat ions  of Cr, a r andomly  or iented 
gra in  of Cr exhib i ted  a h igher  a rea  f ract ion of sul-  
fide than a (100) or ienta t ion exposed under  the  
same conditions. Thus, the  or ientat ion of Cr appears  to 
be an impor tan t  factor  in de te rmin ing  the amount  of 
sulfide formed ini t ial ly.  Such a resul t  is not  surpr is ing  
considering that  B~ardolle and B~nard (21) observed 
tha t  the number  of oxide nuclei  fo rmed on Fe var ied  
with  c rys ta l lographic  or ienta t ion of the  meta l  by  as 
n~uch as 100• The calculat ion presented  prev ious ly  
(12), may  be considered to yield a rough est imate of 
the effect of gas composit ion on the re la t ive  amount  
of sulfide formed ini t ia l ly .  

Al though  both oxide  and sulfide formed in the 
ini t ia l  stage of reaction,  only  oxide could be detected 
in the  scale away  f rom the Cr /sca le  interface af ter  
60 rain of oxidat ion.  Cont inued growth  of a two-phase  
scale can occur if ,the ra te  of scale growth  is con- 
t rol led at least  pa r t i a l ly  by a phase bounda ry  react ion 
or  by  diffusion in the gas phase (14, 22, 23). Under  
these conditions, the ac t iv i ty  of Cr at the sca le /gas  
interface may  rema in  grea te r  than act (min imum) .  The 
l a t t e r  quan t i ty  is the  min imum act iv i ty  of Cr needed 
to form C r l - x S  at a pa r t i cu la r  t empera tu re  and Ps2 
in the gas phase.  In addit ion,  however ,  the s imul tane-  
ous format ion  of oxide and sulfide requires  tha t  the  
rates of supply  of sulfur  and oxygen to the sca le /gas  
in terface  not  be s ignif icant ly different  (12). As noted 
prev ious ly  (12), a H20/H2S rat io  of at  least  nine is 
necessary to avoid growth  of two-phase  (oxide/sulf ide)  
scales dur ing  oxidat ion  of Cr in Ha-HaO-HaS at 900~ 
al though some sulfide m a y  form on ini t ia l  exposure.  
Wi~h HaO/HaS ~ 9, it  appears  tha t  two-phase  scales 
are quickly  overgrown by  single-ph.ase oxide scales 
because the ra te  of supp ly  of oxygen  (H20) is much  
grea te r  than the ra te  of supp ly  of sulfur  (HAS) to 
the  scale surface. Much h igher  values of the H20/H2S 
rat io  a re  requ i red  to avoid sulfide format ion  dur ing the 
ent ire  course of reaction. 

The sulfides that  fo rmed initi.ally in the gas mix tu re  
wi th  Poa ---- 10 -19 and Ps2 : 10 -7~ atm remained  at  
the Cr/Cr.aO~ interface dur ing subsequent  oxidat ion.  
P r e l i m i n a r y  resul ts  indicate  that  the area  fract ion of 
sulfides remained  the same (~9-10%)  from 2.5 to 60 
rain; however ,  the number  of par t ic les  decreased and 
thei r  di.ameter app rox ima te ly  doubled.  Since the height  
of the  sulfide par t ic les  als0 increased b y  about  a factor 
of two (compare  Fig. 3 and 4), it  is concluded tha t  
the  total  volume of Cr l -~S  increased by  about  a factor  
of two. Thus, the  change in size and number  of the 
par t ic les  was caused not  only  bv  Ostwald  r ipening,  
but  also by  an ingress of sulfur.  The l a t t e r  may  have 
occurred,  in pr inciple ,  by  so l id-s ta te  diffusion of sul fur  
through the oxide or  by  diffusion of H~_S through  
cracks or pores. 

If  a H2-H~O-H2S gas mix ture  diffused through 
physical  defects  in the CraOs scale, and if the gas phase 
in the defects  were  in local equ i l ib r ium with  the oxide, 

then sulfide could have formed in the defects  and at 
the Cr/Cr203 in ter face  as descr ibed in a previous  
pape r  (12). Indeed,  for the  present  gas mixture ,  on ly  
the outer  10% of the scale would be free of sulfide 
(12). Sulfides were  not  detected in the center  of the  
scale by  STEM. Of course, ~he gas mix tu re  m a y  have 
diffused inward  th rough  a few wide ly  spaced micro-  
cracks that  were  not included in the specimen ex -  
amined in the STEM. In that  case, however ,  the growth  
of sulfide par t ic les  at the Cr /sca le  in terface  would  have 
been confined p r i m a r i l y  to regions ad jacen t  to the  
intersect ion of the cracks wi th  the me ta l / s ca l e  in t e r -  
face. The sulfide par t ic les  increased in size un i fo rmly  
along the ent i re  interface.  Thus, it  appears  tha t  sulfur  
diffused inward  un i fo rmly  by  la t t ice  or g r a i n - b o u n d a r y  
diffusion th rough  the oxide scale. The fine gra in  size of 
the oxide (see Fig. 5) supports  a possible mechanism 
of gra in  bounda ry  diffusion. 

Ps~ = 10 -6.5 atm (1.4 v /o  H2S, Po2 = 10-I9 arm, 
900~ 2.5 min, the scale comprised a mix tu re  
of oxide  and sulfide. The sulfide was presen t  in the  
form of r e la t ive ly  large  crystals  (Fig. 6b) and smal l  
grains in te rmixed  wi th  the oxide phase.  According to 
Table II i ,  31% of the surface of Cr could be .converted 
to sulfide if adsorpt ion  of HaS and H20 control led  the 
re la t ive  amounts  of oxide and sulfide formed upon 
exposure  of the me ta l  to the gas mixture .  Thus, the 
large amount  of sulfide observed is not surpris ing.  
I t  is not  unders tood why  some of the large  sulfide 
crystals  were  p resen t  in the form of in terconnected 
ridges. (Fig. 6a). 

Af te r  60 min, the scale in contact  with the gas com- 
pr ised a mix ture  of oxide  and sulfide (Fig. 7), which 
indicates  that  the ac t iv i ty  of Cr at  the sca le /gas  in te r -  
face was grea te r  than  acr (min imum)  and tha t  the 
ra te  of supp ly  of oxygen to the surface of the scale 
was not  s ignif icant ly different  f rom the ra te  of supp ly  
of sulfur.  Al though oxidat ion  kinet ics  were  not  mea-  
sured, it  is clear  that  the ra te  of oxidat ion  up to 60 
rain was controlled,  at  least  par t ia l ly ,  b y  diffusion in 
the gas phase or by  a chemical  react ion at the sca le /  
gas interface.  I t  is not  possible, based on the present  
results,  to de t e rmine  which s tep was ra te  controll ing.  

Because Ps2~ > Ps2(Cr /Cr l_zS )  in the presen t  
case, sulfides could form in n a r r o w  cracks or  pores  
in the scales. Indeed,  only  the outer  5% of the scale 
ad jacent  to cracks or pores would  be free of sulfide 
(12). If  l a rge  cracks formed in the scale or the scale 
spal led  to a l low direct  access of the gas mix ture  to 
the meta l  surface, a two-phase  scale would  form such 
as tha t  developed on the bare  meta l  ini t ia l ly .  Thus, it  
is un l ike ly  tha t  pure  Cr can oxidize in a pro tec t ive  
fashion under  these conditions,  and it is not  surpr is ing  
that  Cr -bea r ing  alloys also do not pe r fo rm well  in 
s imi lar  environments .  

Preoxidation exper$ments . - -These  exper iments  were  
pe r fo rmed  to de te rmine  the resis tance of a p re formed  
Cr20~ layer  on Cr to degrada t ion  in a H2S-bear ing 
gas mixture .  An adheren t  l ayer  of CraOa was formed 
at  900~ af ter  two hours in a H.2-H20 gas mix ture  
wi th  Po2g ---- 10 -19 atm. Subsequent  exposure  to a 
H2-HaO-H2S mix ture  wi th  Psa g : 10 -6.5 a tm (Poa g _-- 
10 -19 a tm) for 2 or 20 hr  did not  y ie ld  sulfide fo rma-  
tion in or  beneath  the  Cr20~ scale. Af t e r  111 h r  of ex-  
posure to the  su l fu r -bea r ing  gas, the scale comprised 
a mix tu re  of oxide and sulfide (Fig. 9). Sulfides 
existed,  in fact, at the sca le /gas  interface.  

Af te r  20 hr  of exposure  to the Ha-H20-HaS mixture ,  
0.07 to 0.14 w/o  S was dissolved in the Cr203 nea r  the 
CraOJgas  interface.  Hence, the  equi l ib r ium concen- 
t ra t ion  of sulfur  dissolved in Cr208 under  the s ta ted  
conditions of t empera tu re  and gas composi t ion is ap-  
pa ren t ly  ~0.1 w/o.  Only  t race amounts  of sulfur  were  
detected closer to the Cr/CraOs interface.  Thus, ve ry  
l i t t le  sulfur  diffused into the p re fo rmed  oxide layer  
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by  so l id - s t a t e  diffusion in 20 hr.  Because sulfides were  
not  .detected, H2S did not  pene t r a t e  the scale by  diffu- 
sion in pores or  cracks.  

I t  is c lear  tha t  be tween  20 and 111 h r  the pro tec t ive  
p roper t i e s  of the  p re fo rmed  oxide  l aye r  were  lost. 
Because sulfides were  found th roughout  the scale, in-  
c luding at the sca le /gas  interface,  the mos t ly  l ike ly  
explana t ion  for the  loss of pro tec t ion  is that  large  
cracks formed in the Cr~O~, or  the  Cr2Os spal led,  
t he reby  exposing bare  Cr to the bulk  gas mixture .  As 
noted above, a two-phase  scale can form on Cr under  
these conditions.  Evidence  that  the p re fo rmed  scale 
sp,alled comple te ly  somet ime a f te r  20 h r  of exposure  to 
the su l fu r -bea r ing  gas mix ture  comes f rom the ob-  
se rva t ion  that  whiskers  covered the sur face  of the 
scale a f te r  p reox ida t ion  and a f te r  20 hr  of subsequent  
exposure,  but  not  a f te r  111 hr  (cf. Fig. 8 and 9). The 
presence of sulfides at  the sca le /gas  in terface  indicates  
that  equ i l ib r ium had not  ye t  been reached at tha t  
interface.  Thermograv imet r i c  exper iments  m a y  help  
to c lar i fy  the mechanism.  In any case, the presen t  ex-  
per iments  confirm the conclusion that  Cr would oxidize 
in an unpro tec t ive  fashion u n d e r  these conditions,  
even  if it  were  preoxidized.  

Conclusions 
1. Scale morphologies  depend  on the re la t ive  amounts  

of H20 and H2S in m e  gas. At  900~C with  Po~ =- 10 -z9 
arm, sulfides were  not  de tec ted  wi th  Ps2 : 10-1~ and 
10 -1~ atm, but  sulfides were  observed at the m e t a l /  
scale in ter face  wi th  Ps2 ---- 10-7"5 a tm and a dup lex  
oxide/sulfide s t ruc ture  to rmed  at Ps2 =- 10-6"~ atm. 

2. A two-hour  p reoxida t ion  of Cr wi th  P02 ---- 10 -19 
a tm was successful  in p reven t ing  su l fur  pene t ra t ion  for 
at  least  20 hr  of subsequent  exposure  to H2-H20-I-I28 
gas mix tures  (P02 =- 10-19, Ps2 : 10-6'2 a tm) .  How-  
ever,  a f te r  i l l  h r  of subsequent  exposure,  the  in i t ia l  
oxide scale w,as comple te ly  lost, and the resul t ing  
scale consisted of a duplex  oxide/sul f ide  mixture .  

3. Differences exist  be tween  scaling of pure  meta ls  
in SO2-bearing gases and in H2-HeO-H2S gas mixtures .  
In the fo rmer  case, Pse depends  on Poe, so that  sulfides 
can form even if Ps2 g is less than Pse for equi l ibr ium 
be tween  the me ta l  and its lowest  sulfide. The sulfur  
ac t iv i ty  in H2-HeO-H2S gas mix tures  is fixed when 
P02 is low and depends  on the ini t ia l  H2/H2S ra t io  in 
the bulk  gas. Sulfides can form only if Ps2 g is grea ter  
than Ps2 for  equ i l ib r ium be tween  the  me ta l  and its 
Iowe~t sulfide. 

4. Only  smal l  amounts  of su l fur  dissolve in Cr203; 
i.e., app rox ima te ly  0.1% by  weight  at 900~ with  
Poe ---- 10-19 and Pse ---- 10-6'6 atm. I t  is unc lear  to 
wha t  ex ten t  su l fur  diffusion in Cr20~ is significant in 
the  scal ing of Cr in H2-H20-H2S mixtures .  Su l fu r  
diffusion, however ,  may  p l a y  a role  in the  growth  of 
sulfide par t ic les  at  the Cr / sca le  in terface  wi th  P02 --  
10 -19 and Ps2 ---- 10-7.5 atm. 
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Leakage-Current Increase in Amorphous Films Due to Pinhole 
Growth during Annealing Below 600~ 
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ABSTRACT 

Effects of high temperature  annealing over the range 400~176 on the leakage current of tanta lum pen texide  (TazO~) 
films deposi ted by reactive sputtering are investigated. Leakage current of polycrystall ine TarO5 film (annealed above 
700~ is about 107-10 s t imes larger than that  of as-deposited amorphous film. However, it is found that leakage current in 
Ta20~ film annealed at 600~ increases drastically as well, even though the films have not yet  recrystallized. TEM observa- 
tion reveals that pinholes ranging from 5 nm to 15 nm in diameter  are formed near the bot tom of the depresw in Ta205 
film annealed even at 600~ Electrical propert ies  of the TarO5 films are discussed in terms of crystallographic propert ies 
such as pinhole growth and grain boundaries.  

Fo r  many  years,  Ta205 films have  been wide ly  used 
as a capaci tor  insula tor  in hyb r id  IC's (1). Innovat ive  
a t tempts  (2, 8) to app ly  Ta205 film as the s torage 
capaci tor  in h ighly  in tegra ted  dynamic  MOS random-  
access memories  (MOS-dRAM's )  in o rder  to form a 
large  capaci tance have also been repor ted.  Ta205 film 
is a promis ing  mate r i a l  for provid ing  large  capaci tance 
in for thcoming VLSI's .  This is because TacOs film has 
severa l  outs tanding character is t ics ,  such as a high 
capac i t ance - to -a rea  ra t io  and re la t ive ly  h igh  dielec-  
t r i c -b r eakdown  strength.  However ,  the convent ional  
MOSRAM fabr ica t ion  process requires  high t empera -  
ture  anneal ing  near  1000~ af ter  dielectr ic  film forma-  
tion. Therefore,  i t  is necessary  to invest igate  the effects 
of anneal ing  and crys ta l lographic  s t ruc ture  on the 
e lect r ica l  p roper t ies  of  Ta20~ film. 

Severa l  papers  have a l r eady  repor ted  on the elec-  
t r ica l  p roper t ies  of amorphous  Ta20~ films grown by 
anodizat ion (4, 5, 6), t he rma l  oxidat ion  (7), or reac-  
t ive spu t t e r ing  (8). The influence of low t empera tu r e  
anneal ing  a round  200~ on e lect r ica l  p roper t ies  has 
also been inves t iga ted  (6, 9). In  addit ion,  Ta205 film is 
known to become polycrys ta l l ine  when annea led  above 
700~ (10). However ,  the effects of high t empera tu re  
anneal ing  on electr ical  p roper t ies  have not  been ex-  
tens ive ly  inves t iga ted  ye t  in conjunct ion with  s t ruc-  
tu ra l  parameters .  

In  this paper ,  the re la t ion  be tween  high t empe ra tu r e  
anneal ing  and leakage  cur ren t  in Ta~O~ film is studied.  
This is an impor t an t  issue because an ex t r eme ly  low 
leakage cur ren t  is essent ia l  for any  dielectr ic  ma te r i a l  
used as a s torage capaci tor  insula tor  in MOS-dRAM's .  

Ta205 films have genera l ly  been grown by anodic 
oxidat ion of Ta film in a wet  solution. However ,  the 
anodic oxidat ion has a d rawback ;  possible impur i t ies  
in the solut ion are  incorpora ted  in oxides and degrade 
the LSI 's  re l iabi l i ty .  In  this work,  Ta205 films were  
grown using react ive  sput ter ing .  Through this exper i -  
ment,  i t  was found tha t  the  leakage  cur ren t  in an-  
nealed Ta20~ film increases drast ical ly ,  even though 
the Ta205 film has not  ye t  recrys ta l l ized.  A measu re -  
ment  of optical  p roper t ies  and t ransmission electron 
microscope (TEM) observat ion  were  also employed  to 
invest igate  the  reasons for large  leakage  cur ren t  in 
noncrys ta l l ine  Ta205 film. 

Experimental 
Ta205 films were  grown using react ive  spu t t e r ing  of 

a meta l l ic  Ta ta rge t  wi th  99.9% puri ty .  Total  gas p res -  
sure (Ar  and O2) in the sput te r ing  chamber  was held 
to 0.68 Pa (5 X 10-a Tor r ) .  P respu t t e r ing  of the t a r -  
get was carr ied  out for 20 min to remove surface con- 
t amina t ion  f rom the target .  Both p - type  and n - t y p e  
silicon wafers  wi th  (100) or ienta t ion  were  used as sub-  
strates.  The deposi ted films were annea led  in a quar tz  
tube for 1 hr  in ni t rogen or oxygen ambient .  The 

crys ta l  s t ruc ture  of  the annea led  Ta2Os films were  in-  
ves t iga ted  by  both x - r a y  and e lect ron diffractions. 
Ta20~ films 100 nm thick were  used for the x - r a y d i f -  
fraction. The films for TEM observat ion were  deposi ted 
on a se l f - suppor t ing  Si.3N4 film placed over  a smal l  hole 
th rough  a si l icon subst ra te ,  as shown in Fig. 1 (12). 
The ref rac t ive  index of the Ta205 film was measured  
using an el l ipsometer .  The wave leng th  of the incident  
l ight  was 546.1 nm. The absorpt ion  coefficient of the 
film was also obta ined  using Hitachi  340 spec t ropho-  
tometer .  

Meta l -ox ide-semiconduc tor  (MOS) diodes wi th  an 
A1/TaeOs/Si s t ruc ture  were fabr ica ted  to measure  the 
leakage  current .  The area  of the A1 elect rode was 
2 X 10 -3 cm 2. The A1 was deposi ted af te r  anneal ing  of 
the Ta205 film to avoid any react ion be tween  the Ta20~ 
film and the A1 dur ing  anneal ing.  Leakage  cur ren t  was 
measured  wi th  a Ke i th ley  p icoammete r  Model  26000 
in an opt ica l ly  and e lec t r ica l ly  shie lded box by  app ly -  
ing a r amp  bias (0.1 V/sec)  to the MOS diodes. 

Results and Discussion 
Sputtering condition and physica~ properties of 

Ta205 film.--The dependence  of f i lm-deposi t ion ra te  
and Ta concentra t ion in the deposi ted film on oxygen  
pa r t i a l  pressure  (Po2) are  shown in Fig. 2. The Ta 
concentra t ion was measured  by  Induc t ive ly  Coupled 
P lasma Spectroscopy ( ICPS) .  The deposi t ion ra te  
s teeply  decreased  for Po2 be tween  0.04 Pa  and 0.005 Pa.  
On the o ther  hand,  the Ta concentra t ion in the  de-  
posi ted film g radua l ly  decreased in accordance with  
the Po2 increase, and f inal ly became sa tu ra t ed  when  
Po2 exceeded 0.05 Pa. Al though the Ta concentrat ion 
in composi t ional ly  sa tu ra ted  films is a l i t t le  different  
f rom that  in s to ichiometr ic  Ta20~ (broken l ine) ,  this 
difference seems to be caused by  the insufficient ac-  
curacy of ICPS. The surfaces of deposi ted films grown 
at Po2 below 0.04 Pa looked metal l ic .  However ,  the 
electr ic  res is t iv i ty  of  these films was high (500 ~12 �9 cm) 
compared  wi th  that  of bu lk  Ta (12 ~12 �9 cm) because of 
the large oxygen  content  (Fig. 2). F i lms  grown at  Po2 
above 0.05 Pa looked t ransparent .  I t  is this t r ansparen t  
film that  we considered to be Ta205 film (13). Al l  of 
the Ta20~ films used to invest igate  the e lec t r ica l  p rop-  
ert ies were  deposi ted at  a Po2 of 0.1 Pa. 

~.,,.,- Ta205 
~':'~:':':':~:':':':~':':':':~:':':':': C:':':~,:':':':':~,:':':':':~;'~':':'~':':':~':'~':~':':':'~':'~'~':~"-'~ ~. 

L / \ / \ 
Si T / \  / \ T 

Fig. !. Schematic cross section of the specimen used for TEM 
observation. Thickness of Si3N4 film and Ta205 film are 50 nm 
and 40 nm, respectively. 
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Fig. 2. Deposition rate and tantalum concentration in the de- 
posited film as a function of oxygen partial pressure. Broken line 
shows the tantalum concentration of stoichiometric Ta20~. 

Crystallization and leakage current in Ta205 f i l m . -  
Figure  3 shows the x - r a y  diffraction spec t rum for 
Ta205 film annea led  at 800~ in n i t rogen ambien t  for 
1 hr. S imi la r  diffraction spec t ra  were  observed  in 
all  specimens annea led  above 700~ The height  of the 
two peaks  near  22.9 ~ and 28.7 ~ which correspond to 
the diffract ion f rom (001) and (200), respect ively ,  are  
p lo t ted  as a funct ion of anneal ing  t empe ra tu r e  in Fig. 
4. Ta205 films annea led  be low 600~ do not  show any 
notable  peak  in spectrum. Therefore,  the c rys ta l l iza-  
t ion t empe ra tu r e  of Ta205 film grown by  react ive  spu t -  
ter ing lies be tween  650~ a n d  7000C. The crys ta l l iza-  
t ion t e m p e r a t u r e  ob ta ined  in this work  is consistent  
wi th  previous  resul ts  (10, 14) for anodica l ly  or  
t he rma l ly  g rown Ta205 film. I t  is concluded tha t  the 
crys ta l l iza t ion t empe ra tu r e  of Ta205 film does not  
depend  on the method  by  which the film is grown. 

Leakage  cur ren t  th rough  NIOS diodes as a funct ion 
of appl ied  e lect r ic  field is shown in Fig. 5. The th ick-  
ness of the Ta~O~ film was about  100 nm, and n - t y p e  
(0.01 Q �9 cm) Si was used as the  subs t ra te .  F o r w a r d '  
bias vol tage was applied,  i.e., the A1 e lec t rode  was 
biased pos i t ive ly  to form the accumula t ion  layer  on the 
Si surface.  The open circles in the figure show the l eak -  
age cur ren t  of as -depos i ted  Ta205 film. 

The logar i thm of the highest  appl icab le  electr ic  field 
(HAEF)  vs. anneal ing  t empe ra tu r e  is p lo t ted  in Fig. 6. 
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Fig. 3�9 X-ray diffraction spectrum of crystallized Ta205 film 
annealed at 800~ in nitrogen ambient�9 
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Fig. 4. Intensity of two peaks from (001) and (200) of crystal. 
lized TarO5 films as a function of annealing temperature. Each 
intensity is normalized to that of Ta:O5 film annealed at 800~ 

The HAEF is defined as the electr ic  field at  which l eak -  
age cur ren t  becomes 10 -6 A/cm2. The HAEF obta ined  
for TazO5 films annea led  in oxygen  ambien t  is also 
plot ted in this figure (closed circles) .  The H A E F  of as-  
deposi ted Ta205 film was about  5 MV/cm,  and i t  in-  
creased to about  6 NfV/cm af ter  annea l ing  at  400~ 
The HAEF of Ta205 films annea led  above 600~ was 
smal le r  than tha t  of as -depos i ted  Ta205 film. Also, i t  
was shown that  the H A E F  of TarO5 film annea led  at  
600~ depends  on the annea l ing  ambient .  The smal l  
HAEF increase observed in Ta205 film annea led  at  
1000~ in oxygen ambien t  can be a t t r ibu ted  to s i l icon-  
dioxide format ion  along the in terface  of the Ta205 
film and the Si substrate .  This specula t ion  is made  
sufficiently val id  by  the fact  tha t  the capaci tance of a 
MOS diode annea led  at  1000~ decreased.  

~t is shown that  the area  of the  charge s torage ca-  
paci tor  wil l  be less than  10 ~m 2 (10 -7 cm 2) in a m i l -  
l ion-b i t -c lass  MOS-dRAM(15) .  This indicates  tha t  
the thickness of Ta205 film would  have to be 20-30 nm 
to store sufficient charge (around 300 fC) for memory  
operat ion.  (In this calculat ion,  dielectr ic  constant  of 
TarO5 film is assumed to be 20.) Since 5V is expec ted  
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Fig. 5. Leakage current of MOS diodes consisting of AI/Ta2Os/ 
Si structure vs. applied electric field. TarO5 film was deposited 
on n-type (0.01 Q"  cm) Si to a thickness of 100 nm. Ramp bias 
(0.1 V/sec) was applied�9 Open circles show the leakage current of 
as-deposited Ta205 film. 
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to be appl ied  to the capacitor ,  leakage current  less than 
10 -8 A / c m  2 at  about  2-3 MV/cm is essential  for the 
capaci tor  insulators.  I t  is evident  f rom Fig. 5 that  
Ta205 film annea led  be low 400~ has the potent ia l  to be 
appl ied  to a mi l l ion-b i t - c lass  MOS-dRAM. 

F rom the resul ts  shown in Fig. 4 and 6, i t  is con- 
cluded that  the drast ic  decrease of H A E F  (i.e., the 
increased leakage  cur ren t )  of Ta~O5 film annea led  
above 800~ is p robab ly  due to po lycrys ta l l iza t ion  of 
the Ta205 film. Also, gra in  boundar ies  of po lyc rys ta l -  
l ized Ta~O5 films p robab ly  become paths  for leakage  
current .  However ,  it  was also observed that  the  leakage  
cur ren t  in TacOs film annea led  at 6000C became la rge r  
than that  of  as -depos i ted  Ta205 film, even though the 
annea led  'film had not  ye t  po lycrys ta l l i zed  as shown in 
Fig. 4. 

Young (6) sugges ted  that  the increase of leakage  
cur ren t  in annea led  Ta205 film (200~ was re la ted  to 
the  wa te r  desorpt ion,  which gave rise to the s t ruc tura l  
changes such as oxygen deficiency or  suboxide  fo rma-  
tion. In  o rder  to invest igate  the evidence of  wa te r  de-  
sorpt ion from the film, opt ical  absorpt ion  of the an-  
nea led  'film was measured  as follows. 

Optical absorption property of annealed Taz05 film. 
- - I t  is wel l  known that  the absorpt ion  coefficient (a) 
observed nea r  the fundamen ta l  absorpt ion  edge of m a -  
ter ia ls  is exponent ia l ly  p ropor t iona l  to photon energy  
as follows 

,', = A �9 exp ( r  hv) 

where  A and r a re  constant.  
This  exponent ia l  pa r t  of the absorpt ion  edge is con- 

s idered to be evidence of energy  levels in t roduced  b y  
s t ruc tura l  d isorder  in the forbidden energy  gap of the 
mater ia ls .  N a k a m u r a  et al. (16) inves t iga ted  the ab -  
sorpt ion spec t rum of annea led  tungs ten-ox ide  film 
(200~ formed by  vacuum deposit ion,  and clarified 
that  the ~ of the annea led  tungs ten-ox ide  film became 
smal le r  compared  wi th  that  of  as -depos i ted  film. They 
concluded that  the decrease of ~ is re la ted  to the 
s t ruc tu ra l  d isorder  associated wi th  wa te r  desorpt ion 
f rom the film. 

F igure  7 shows the absorpt ion  coefficient of as-  
deposi ted and annea led  Ta20~ films. The specimen was 
a 2 #m- th i ck  Ta2Os film deposi ted on quar tz  p la te  and 
annea led  in n i t rogen ambien t  for 1 hr. I t  was shown 
that  anneal ing  at  600~ (open circle) did not  give r ise 
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to any  change of absorpt ion  coefficient. On the con- 
t ra ry ,  the absorpt ion coefficient of c rys ta l l ized  film 
(annealed  at  700~ was quite large.  Since the c rys ta l -  
l ized 'film became opaque, i t  is specula ted  that  the de-  
crease of t ransmiss ib i l i ty  is re la ted  to the increased 
absorpt ion  coefficient. The s t ruc tura l  change associ- 
a ted wi th  w a t e r  desorpt ion p robab ly  did  not occur in 
the film used in this exper iment .  Therefore,  the in-  
crease of leakage cur ren t  m a y  be due to the s t ruc tura l  
defects such as flaws. 

Refractive index of annealed Taz05 films.-- The re -  
f rac t ive  index of Ta205 films as a function of anneal ing  
t empe ra tu r e  is shown in Fig. 8. In  Fig. 8, the ver t ica l  
axis shows the percentage  of change in re f rac t ive  in-  
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index increase from that of as-deposited Ta205 film. Square is the 
refractive index of as-deposited Ta205 film. 
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dex. The ref rac t ive  index of as-deposi ted  Ta205 film is 
2.1. 

The ref rac t ive  index of  a thin film is known to be 
closely re la ted  to the poros i ty  of that  film (17). Also, 
any increase in the refract ive  index is equivalent  to 
densification c>f the  film. In Fig. 8, the ref rac t ive  in-  
dexes of Ta2.O5 films annealed at  400~ and 600~ are 

a l i t t le  l a rger  than that  of as-deposi ted  Ta205 film. 
This indicates tha t  anneal ing  at 400~ or 600~ makes  
Ta205 films denser. Therefore,  it  is assumed that  the 
HAEF increase in Ta205 film annealed at 400~ is re -  
la ted to this densification of the film. However ,  the  
HAEF of Ta20~ film annea led  at 600~ became smaller ,  
though the refract ive  index st i l l  increases. This resul t  

/~ig. 9. Bright field images and electron diffraction patterns of annealed Ta205 films. Ta205 film was deposited in the thickness of 40 nm 
on the self-su.pporting SiaN4 film (50 nm) on a Si substrate which had a small hole. Arrows in B indicate pinholes. A: as-deposited; B-D: an- 
nealed at 600~ 800~ 1000~ respectively. 
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implies that densification of the film by annealing near 
600~ may give rise to micro-defect formation or 
growth in 'Ta~O.~ film. 

A large decrease in refractive index was observed 
(Fig. 8) when crystallized Ta205 film was measured. 
This decrease is due to the surface roughness caused 
by polycrystallization of the film, as was suggested by 
Fenstermaker et al. (18). 

TEM observation.--Figure 9 shows bright-field im- 
ages of annealed Ta2,O5 films and their electron- 
diffraction patterns. Many depressions are observed in 
the noncrystalline Ta205 films (Fig. 9a and Fig. 9b). 
Since this kind of depression is not observed in the 
SigN4 film supporting the TauO5 film, Ta~O~ films prob- 
ably have such depressions. From the diffraction pat-  
tern in Fig. 9b, it is reconfirmed that TauO5 film an- 
nealed at 600~ is amorphous, which is consistent with 
the results shown in Fig. 4. In Fig. 9b, there are some 
white spots ranging from 5 nm to 15 nm in diameter 
near the bottom of the depressions. These are indicated 
by arrows. These spots seem to indicate pinholes near 
the bottoms of the depressions. These pinholes play 
roles as paths for leakage current in Ta20~ films an- 
nealed at 600~ 

A few workers directly observed the flaws in 
anodically formed Ta205 film (19, 20). They concluded 
that the flaws are produced by carbides and by geo- 
metrical irregularit ies on the base-metal  surface. 
However, in our experiment, since mirror-polished Si 
wafers for LSI fabrication were used, it is unlikely 
that the contaminants or irregularit ies exist on the 
substrate surface. Therefore, we conclude that the pin- 
holes grow during annealing. The mechanism of pin- 
hole growth could be as follows. 

As-deposited Ta205 film has small pinholes, as 
shown in Fig. 9a. However, the density of the pinhole 
is so small that the pinhole cannot become an effective 
path for leakage current. (In this work, it is not clear 
whether the white spot in Fig. 9a is a pinhole through 
the film or a void in the film (21, 22, 23, 24).) Annealing 
near 600~ causes densification of the film. Since the 
densification of the film does not occur uniformly, 
stress originating in this densification induces pinhole 
growth near the bottom of the depression because 
stress concentration occurs nearby. Accelerated an- 
nihilation of excess vacancies at the pre-exist ing pin- 
holes by annealing is another probable mechanism of 
pinhole growth. 

In Fig. 9c and 9d, bright field images and diffraction 
patterns of polycrystallized Ta205 films are shown. 
Not only grain boundaries but also many pinholes 
along the grain boundaries are observed. It is probable 
that these pinholes become a path for leakage current. 

Conclusion 
The influence of annealing on crystallization and 

leakage current in Ta205 films grown by reactive 
sputtering have been investigated by x - ray  diffraction, 
optical property measurement, and TE2r observation. 
It is concluded that the crystallization temperature of 
Ta205 film lies between 650~ and 700~ Also, the large 
leakage current in polycrystallized Ta.205 film origin- 
ates in the grain boundaries. On the other hand, Ta205 
film annealed at 600~ also shows large leakage cur- 

rent, though the film has not yet polycrystatlized. TEM 
observation reveals that pinholes are formed at the 
weakest points in the film, such as at the bottom of 
the depressions. These pinholes become paths for leak- 
age current. The mechanism for pinhole growth is as 
follows. 

Annealing at 600~ increases Ta205 film density. 
However, stress originating in this densification in- 
duces pinholes near the bottom of depressions. There- 
fore, to eliminate leakage current increase, it is neces- 
sary to make the thickness of the film uniform. Fur-  
thermore, it is necessary to have a low temperature 
process for TarO5 film to be applied to LSI as a dielec- 
tric ma te r i a l  
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Characterization of Plasma Silicon Nitride Layers 
W. A. P. Claassen, W. G. J. N. Valkenburg, F. H. P. M.  Habraken,'  and Y. Tamminga 
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ABSTRACT 

The authors have s tudied deposi t ion of plasma silicon nitr ide layers as a function of gas-phase composi t ion for the SiH4- 
NH3-x system, where x is N~, Ar, or H2. Most of the deposit ions were performed at 300~ and at an operating frequency of  50 
kHz. The deposi ted layers were characterized with Anger electron spectroscopy in combinat ion with ion-bombardment ,  
Rutherford backscattering, and infrared spectroscopy. I t  is shown that the ratio of the amount  of atomic hydrogen atoms 
bonded to silicon and nitrogen atoms is only a function of the silicon-nitrogen ratio of the deposi ted layers. It is further 
shown that  the etch rate of plasma silicon nitr ide layers in buffered HF depends  primari ly on the silicon-nitrogen ratio and 
the densi ty  of the deposi ted material. 

Si l icon n i t r ide  layers  p r e p a r e d  by  p lasma CVD can 
be used as final pass ivat ion for IC's because they  act as 
bar r ie r s  agains t  the diffusion of i m p u r i t y  ions (1). 
Also, a PECVD (p lasma-enhanced  CVD) sil icon 
n i t r ide  l aye r  can be used as a n  insula tor  in double 
l aye r  s t ructures .  The s t ruc tura l  and  e lect r ica l  p rope r -  
ties of  p lasma sil icon n i t r ide  layers  depend grea t ly  on 
the consumption of the layers  and, therefore,  on the 
deposi t ion conditions.  Samuelson and Mar  (2) mea -  
sured  the S i /N  and the S i - H / N - H  rat io for p lasma 
sil icon n i t r ide  layers  deposi ted under  different  condi-  
tions, and concluded tha t  the S i - H / N - H  rat io is d i rec t ly  
cor re la ted  to the re f rac t ive  index of the deposi ted 
layer ,  whereas  the S i /N  rat io  does not  have a s imple 
corre la t ion  wi th  the ref rac t ive  index.  Chow et al. (3) 
compared  p lasma sil icon n i t r ide  layers  f rom different  
commerc ia l ly  avai lab le  reactors  and concluded that  
the etch ra te  of p lasma  n i t r ide  layers  in buf fe red-HF 
solut ion (BHF)  is a funct ion of the total  amount  of 
hydrogen  incorpora ted  in the  layer .  

This pape r  repor ts  on a s tudy  of the composit ion of 
p lasma silicon n i t r ide  layers  (S i /N  ratio,  S i - H / N - H  
ratio, total  amount  of hydrogen)  as a function of the  
deposi t ion conditions,  and correlates  these da ta  wi th  
re f rac t ive  index  and e tch- ra te  measurements  in BHF. 

Experimental 
A low-pressure ,  rad ia l - f low pa ra l l e l -p l a t e  reac tor  

opera t ing  at  50 kHz was used for the exper iments .  Ex -  
pe r imen ta l  detai ls  can be found in the l i t e ra tu re  (4). 
P lasma sil icon n i t r i de  layers  were  deposi ted onto si l i -  
con subs t ra tes  at  a t empera tu re  of 300~ a total  p res -  
sure of 3.3 • 10 -4 bar,  an R F  power  of 200W, and a 
total  gas flow of about  1200 cm 2. P lasma  silicon n i t r ide  
layers  wi th  different  composit ions were  grown by  
va ry ing  the flows of the input  gases s i lane (Si l l4) ,  
ammonia  (NH~), and n i t rogen (N2). Layers  were  also 
grown with  hydrogen  (H2) or  argon (Ar)  ins tead of 
n i t rogen as diluent.  The gas-phase  composit ion was 
changed by  va ry ing  the ra t io  of the  input  gases of NH3 
and x, whe re  x is N~, Ar,  or H~, whi le  the  NHs -k x 
flow was kept  constant .  To charac ter ize  the as -depos -  
i ted  layers ,  we used an e l l ipsometer  for re f rac t ive  
index  measurements  (X ---- 632.8 nm) ,  Auge r  depth  p ro -  
filing, and  Ruther fo rd  backsca t te r ing  spectroscopy 
(RBS) for S i / N  measurements ,  and in f ra red  spect ros-  
copy for [HI determinat ion .  A de ta i led  descr ipt ion 
of  these techniques can be found e l sewhere  (5, 6). 
Talys tep  measurements  were  made  across an etched 
s tep to de te rmine  the thickness of the depos i ted  layer .  
The dens i ty  of the layers  was calcula ted f rom the 
thickness of the deposi ted l aye r  and  the weight  in-  
crease upon deposit ion.  Etch rates  in BHF (1:7) at  
room t empera tu r e  were  measured  by  t iming the r e -  
moval  of the  complete  l aye r  wi th  known thickness 
(Ta lys tep) .  The stress in the layers  was measured  and 
calcula ted f rom the curva tu re  of the subst ra te .  

1 Present  address: Lab. for Exp. Physics, Ur~iversity of Utrecht, 
P.O. Box 8~).0,00, 350.8 TA Utrecht, The Netherlancls. 

Key words: plasma, sili.con nitride, characterization. 

Experimental Results and Discussion 
In Fig. 1 the re f rac t ive  index (n)  of p lasma silicon 

ni t r ide  layers  is p lo t ted  as a function of the gas-phase  
composit ion for layers  deposi ted at 200W, at  300~ and 
a total  pressure  of 3.3 • 10 -4 bar.  The ref rac t ive  index 
of the  deposi ted sil icon n i t r ide  layers  var ies  wi th  the 
N H J N 2  rat io  in the gas phase,  pa r t i cu l a r ly  at  the 
highest  si lane flow. As wil l  be discussed below, a high 
ref rac t ive  index indicates  a n i t rogen-poor  layer .  The 
var ia t ion  wi th  the NH3/N2 rat io  is ascr ibed to the 
h igher  dissociat ion energy  of 1~2 compared  to tha t  of 
NHs. With  argon or  hydrogen  ins tead of ni trogen,  the 
var ia t ion  in re f rac t ive  index is even larger .  

Typical  AES in -dep th  profiles, obta ined  by  combin-  
ing AES with  spu t te r  r emova l  of the film by ion bom-  
ba rdmen t  (2 keV, A r + ) ,  a re  given in the Fig. 2 and 3 
for p lasma silicon ni t r ide  layers  wi th  different  th ick-  
nesses. F igure  2 shows the  AES in -dep th  profile of a 
p lasma s i l icon-n i t r ide  l aye r  wi th  a thickness of 60 nm 
as measured  by  e l l ipsometry .  I t  can be seen tha t  oxy-  
gen is present  a t  the surface and at  the in ter face  be-  
tween silicon and si l icon ni t r ide.  At  the surface si l icon 
oxide is present  wi th  an equiva lent  thickness  of about  
1.0 nm. due to the fact that  p lasma sil icon n i t r ide  l ay -  
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ers s l ight ly  oxidize when they  are unloaded f rom the 
reactor .  At  the in terface  be tween  si l icon and sil icon 
n i t r ide  an oxygen-conta in ing  l aye r  of about  10 nm 
thickness is present ,  equiva lent  to ,-,1.5 n m  SiO2 and 
being the thickness of a na t ive  oxide layer  at  the  si l i -  
con surface  before  p lasma deposi t ion (5). The wid th  of 
the oxygen-con ta in ing  region at the  in ter face  is be -  
tween  two and three  t imes as la rge  as measu red  under  
equal  Ar - ion  sput te r  condit ions wi th  LPCVD SisN4 
layers  of comparable  thickness.  The widening  of the 
oxygen p i l e -up  at the in terface  is poss ibly  due to ion 
b o m b a r d m e n t  in the  ea r ly  stage of p lasma deposition. 
T h e  oxygen  content  in the bu lk  of the sil icon n i t r ide  is 
typ ica l ly  0.5 atomic percent  (a /o )  (almost  independen t  
of the gas phase composi t ion) ,  indicat ing tha t  the pres-  
ence of oxygen  in the bu lk  of the l aye r  is due to the 
background  pressure  of oxygen or wa te r  vapor  in the 
reactor .  I t  can fu r the r  be observed tha t  the  S i /N  ra t io  
in the bu lk  of the p lasma sil icon n i t r ide  l aye r  is fa i r ly  
constant  in depth�9 F igure  3 gives the AES in -dep th  
profile of a Very thin p lasma n i t r ide  l aye r  (,--1 nm) on 
top of a silicon subs t ra te  covered wi th  a na t ive  oxide�9 
The oxygen and ni t rogen atoms are  a lmost  comple te ly  
mixed  in this sample.  One can also see the presence of 
a n i t rogen p i l e -up  at the SiO2/Si interface�9 An almost  
equal  n i t rogen profile was obta ined  when a thin 
t he rma l -ox ide  layer  on top of  a sil icon subs t ra te  was 
exposed to NH3 p lasma  at  300~ We conclude tha t  the 
nat ive oxide is conver ted  to an oxy -n i t r i de  af ter  which 
the actual  deposi t ion starts.  A significant smal le r  S i /N  
rat io  was also found dur ing  the ini t ia l  stages of deposi-  
tion by  RBS measurements  of layers  deposi ted at va r i -  
ous deposi t ion t imes (7). The nat ive  oxide can be re -  
moved by  a f luor ine-conta ining p lasma pr ior  to deposi-  
tion (7). The layers  deposi ted in the SiH4-Nt-~-Ar 
sys tem also contain argon, ranging  f rom 0.4 a /o  for the 
lowest  argon flux (440 sccm) to 1.5 a /o  for  the highest  
argon flux (980 sccm).  Fo r  absolute  S i /N  rat io  de te r -  
minat ion,  the RBS technique (5) was used. In  Fig. 4 
S i /N  ratios as measured  by  RBS are  given as a function 
of the ref rac t ive  index for p lasma sil icon n i t r ide  layers  
in the thickness range  of 40-100 nm. The RBS data  are  
correc ted  for the presence of SiO2 in the layer�9 The 
ref rac t ive  index values  va ry  l inear ly  wi th  the com- 
posit ion of the layers  and can be expressed in the ex-  
pe r imen ta l  reg ime under  discussion as 

Si  
n = 0.70 -- + 1.39 [1] 

N 

The sca t t e r  in the expe r imen ta l  data  is poss ibly  due to 
smal l  differences in densi t ies  of the deposi ted layers,  as 
wil l  be given below. 

We see f rom Fig. 4 t h a t  a p lasma s i l icon-ni t r ide  l aye r  
deposi ted at  380"C has a re f rac t ive  index a round  1.9 
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Fig. 4. The refractive index of plasma sillcon nitride layers de- 
posited at 300~ as a function of the Si/N ratio as measured by 
RBS. 
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for a S i /N  rat io of 0.75, compared  to a re f rac t ive  index 
of 2.00 for  a high t empe ra tu r e  si l icon n i t r ide  wi th  the 
same S i /N  ratio.  This difference is due to the large  
amount  of hydrogen  atoms incorpora ted  in the p lasma 
n i t r ide  layers.  The amount  of hydrogen  atoms incor-  
pora ted  in the layer  can be ca lcula ted  using a hydro -  
gen profil ing technigue using a resonant  nuc lear  reac-  
t ion (1H[15N, a, 711~C). Using this reaction,  we ob-  
served that  the concentra t ion of hydrogen  atoms is 
f a i r ly  constant  in the bulk  of the layer .  Under  these 
circumstances,  in f ra red  absorpt ion  spectroscopy can 
also be used in o rder  to measUre the amount  of hydro -  
gen in the layer ,  using the method descr ibed by  Lan-  
fo rd  and Rand (6). In  Fig. 5 the  concentra t ion of 
hydrogen  vs. the S i /N  rat io  of  the p lasma sil icon 
n i t r ide  layers  ( layer  thickness ~0.5 #m) is given for 
the three  systems ment ioned above. These  data  are 
calcula ted f rom the number  of hydrogen  bonds per  
cm 3, the S i /N  rat io  (by  using ref rac t ive  index mea -  
surements  and the expression as given by  Eq. [1] ), the 
thickness of the l ayer  (as measured  by Ta lys tep) ,  and  
the dens i ty  of  the l ayer  as given below. In a first ap -  
p rox imat ion  the concentra t ion of hydrogen  atoms is 
independen t  of the S i /N  rat io of the n i t r ide  layers  and 
of the gas sys tem used, a l though there  is some scat ter  
in the data,  no tab ly  in the  S i I~-NHs-H2 system. Ac-  
cording to Chow et al. (3), who measured  the concen- 
t ra t ion of atomic hydrogen  via the 15N-hydrogen pro-  
filing technique,  the concentra t ion of hydrogen  a toms 
incorpora ted  in the  l aye r  varies  wi th  deposi t ion t em-  
pera ture .  At  a deposi t ion t empera tu re  of 300~ they  
found 23.7% H for a SiH4/NH3 system, which is in good 
agreement  wi th  the da ta  given in Fig. 5. We measured  
the hydrogen  content  of layers  deposi ted at  300~ using 
a S i I~-N2 mixture .  In  the present  system, only un i -  
form layers ,  as far  as thickness spread  and re f rac t ive  
index are  concerned,  can be deposi ted at  a deposi t ion 
ra te  of 5 nm/min .  Layers  deposi ted under  these c i r -  
cumstances contain about  I1 a /o  hydrogen.  In  conclu-  
sion, it  can be said that  the amount  of hydrogen  incor-  
pora ted  in the l aye r  is de t e rmined  in a first app rox i -  
mat ion  by  the deposi t ion t empera tu re  if  ammonia  is 
present  in the gas system. 

In the regime invest igated,  the rat io  of the ammonia  
flux and the s i lane flux was va r ied  be tween  1 and 15. 
Without  ammonia ,  si lane is the only suppl ie r  of hydro -  
gen, and the amount  of hydrogen  in the  a s -g rown layer  
is much lower  than  wi th  ammonia .  As in f ra red  absorp-  
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t ion spec t ra  exhibi t  peaks at 2180 cm - I  and  3340 cm -J ,  
which can be assigned to S i -H  and N-H s t re tch ing  
modes, respect ively,  the n u m b e r  of S i -H  and N - H  
bonds per  cm 3 can be ca lcula ted  f rom these spectra.  
F igure  6 gives the f ract ion of S i -H bonds as a funct ion 
of the S i / N  rat io of the p lasma n i t r ide  layers  for the 
gas systems given before.  At  high S i /N  ratios a lmost  
al l  the hydrogen  atoms are  bonded to silicon. At  S i /N  
rat ios  smal le r  than 0.75 the n u m b e r  of N-H bonds is 
l a rge r  than  the n u m b e r  of S i -H  bonds. In  Fig. 7 the 
S i - H / N - H  rat io  vs. the ref rac t ive  index is dotted.  A 
l inear  re la t ionship  be tween  u and the S i - H / N - H  rat io 
was found which can be expressed  under  the present  
deposi t ion conditions as 

n --  0.059 ( S i - H / N - H )  at  1.88 [2] 

A comparison of Fig. 4 and 6 (or the expressions as 
given by  Eq. [1] and [2]) shows a l inear  re la t ionship  
be tween the ref rac t ive  index and the S i /N  ratio,  as 
well  as wi th  the S i - H / N - H  ratio. Combinat ion of the 
expressions as given by  Eq. [1] and [2] leads to 

Si/N = 0.084 (Si-H/N-H) + 0.70 [3] 

This empirical relation suggests that the Si-H/N-H 
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ratio is only a function of the Si /N ratio of the as- 
deposited layers. In order to prove this, we performed 
a series of deposition runs at 300~ in the reactor 
described before and in a furnace-type paral le l -pla te  
reactor. In the radial-flow, paral le l-plate  reactor 
depositions were also performed at operating fre-  
quencies of 10 and 110 kHz, using SiH4-NH3-N~ gas 
mixtures; and at 50 kHz using two SiI-I4-N2 gas mix- 
tures. Some experiments were done in a home-buil t  
furnace-type paral le l-plate  reactor at operating fre- 
quencies of 400 kHz and 3 MHz at 300 ~ and 500~ The 
corresponding Si/N and S i -H/N-H values are plotted 
in Fig. 8, in which Eq. [3] is also depicted. It can be 
concluded that in a wide range of deposition conditions 
the expression as given by Eq. [3] is a good fit. 

In Fig. 9 and 10, the etch rate (R) in BHF (1:7) at 
room temperature, and the density (p) of plasma silicon 
nitride layers are given, respectively, as a function of 
the Si/N ratio of the plasma silicon nitride layers. 
These figures give data for 135 sccm Sill4 in Nt-T~/H~, 
NHJN2, and N H J A r  mixtures, and for 45 sccm Sill4 in 
a NHJH2 mixture. The data given in Fig. 8 and 9 are 
for ~0.5 gin-thick plasma silicon nitride layers, de- 
posited under the deposition conditions given in Fig. 1. 
I t  can be observed that R in BHF is a function of the 
Si/N ratio and also of the gas phase composition. The 
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general picture is that R increases with decreasing Si /N 
ratio, notably below Si/N ---- 0.75. The etch rates of 
layers deposited in the SiH4-NI-T-~-N2 system are higher 
than for layers deposited in the SiH4-NI-~-Ar system 
and much higher than for layers deposited in the SiH4- 
Nt-~-H2 system. It can further be observed that the 
experimental  etch rates for the SiI-I4-NHs-H2 system 
cannot be fitted by one curve: the input pressure of 
silane has an influence on the etch rate. The differ- 
ences in etch rates between the four series as given in 
Fig. 9 can be correlated with the density and the depo- 
sition rate of the plasma silicon nitr ide layers. Accord- 
ing to Fig. 10, the density of plasma silicon nitr ide 
layers increases with decreasing Si /N ratios up to Si /  
N -- 0.75, whereas at lower Si /N ratios the opposite is 
the case. It can be seen that at Si/N ratios above 0.75 
the density of the deposited plasma silicon nitride 
layer is higher when argon or hydrogen is used as a 
dilution gas. This is due to the relatively low deposi- 
tion rate in argon and hydrogen. At high deposition 
rates layers are formed with a low density. They can 
be etched relatively fast. However, low deposition rates 
give a denser material  and, therefore, a slower etch 
rate. According to Chow et al. (3), the etch rate of 
plasma silicon nitride layers in BHF is determined by 
the concentration of hydrogen atoms in the layers. We, 
therefore, combined the experimental  data as given in 
Fig. 5 and 8, and plotted in Fig. 11 the etch rate in BHF 
vs. the amount of hydrogen incorporated in the layers. 
It should be noted that all these layers were deposited 
at 300~ From Fig. 11 we concluded that there is no 
simple relationship between the etch rate in BHF and 
the concentration of hydrogen atoms in the layer. We 
note that the vertical variation in the etch rate is due to 
a variation in the Si/N ratio of the layers under inves- 
tigation. The conclusion can therefore be drawn that 
the etch rate of plasma silicon nitride layers depends 
both on the Si /N ratio and the density of the deposited 
layer. The stress in ~0.5 ~m-thick plasma nitride layers 
on monocrystalline silicon deposited under the experi-  
mental conditions given above was measured and cal- 
culated from the curvature of the substrate. Layers 
deposited in the S i I~-NHs-Ar  system and the SiH4- 
NH3-H2 system have a compressive stress somewhat 
higher than layers deposited in the SiH4-NH3-N2 sys- 
tem (4-6 X 108 N/m 2 for H~ and Ar, and 2-4 • 108 
M/m s for N2). These differences can also be explained 
by the differences in deposition rate or the density of 
deposited material. 
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Conclusion 
Our s tudy  of the composit ion of p lasma si l icon 

n i t r ide  layers  deposi ted at 300~ under  different  depo-  
sit ion condit ions shows that  the sil icon n i t rogen rat io  
of the p lasma  silicon n i t r ide  layers  s t rong ly  depends 
on gas-phase  composition. A E S  depth  profiles of s i l i -  
con n i t r ide  layers  on monocrys ta l l ine  sil icon show the 
presence of oxygen at  the in terface  be tween  silicon and 
sil icon n i t r ide  and at  the surface. Using RBS, we 

measured  S i /N  rat ios be tween  0.6 and 1.7 in the exper i -  
menta l  range  invest igated,  and it was shown tha t  in 
this reg ime the ref rac t ive  index var ies  l inea r ly  wi th  
the S i /N  rat io  of the p lasma sil icon n i t r ide  layers .  The 
total  amount  of hydrogen  bonded  to silicon and n i t ro -  
gen is about  2 • 1022 (cm-3)  or  -~20 a/o,  a lmost  inde-  
pendent  of the gas-phase  composit ion as measured  by  
in f ra red  absorpt ion  spectroscopy.  I t  is fu r the r  shown 
that  the S i - H / N - H  ra t io  is also l inea r ly  cor re la ted  with  
the ref rac t ive  index.  The S i - H / N - H  rat io  appeared  to 
be only  a function of the S i /N  rat io of the as-depos i ted  
l aye r  for a large  va r i e ty  of deposi t ion conditions.  

The etch ra te  of p lasma silicon n i t r ide  deposi ted at  
300~ in BHF depends  on the S i /N  rat io and the 
densi ty  of the  p lasma silicon n i t r ide  layers .  
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ABSTRACT 

The structure and composit ion of Bi2S3 films grown by cathodic electrodeposit ion from a diethylene glycol solution 
containing BiC13, NH4C1, and elemental sulfur have been studied. Elemental  analysis showed that  the films contain 6 atomic 
percent  (a/o) of chloride ion as an impurity. On the basis of x-ray analysis, it  was found that the films are amorphous when 
grown below 100~ and crystall ine when grown above 100~ The crystalline material  had an orthorhombic structure and 
was highly oriented. Electron micrographs show that  the deposit  is very uniform and free from cracks. The amorphous 
material  which is photosensit ive was tested in a photoelectrochemical  cell to determine its efficiency in converting light to 
electrical energy. 

A var ie ty  of techniques for  e lec t rodeposi t ing  meta l  
chalcogenides have been descr ibed  in the l i t e ra tu re  
(1-7),  inc luding anodic oxidat ion  of the  pa ren t  meta l  
in an aqueous solut ion containing the chalcogenides 
ion (1-3),  coreduct ion of the  appropr ia t e  me ta l  ion 
and an oxyanion  .containing the chalcogen in a h igher  
oxidat ion  s ta te  (4, 5), and coreduct ion of the meta l  ion 
and e lementa l  chalcogen in a nonaqueous med ium in 

~ E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  Member.  

which the l a t t e r  is soluble  (6, 7). The las t  technique 
can be used  to deposi t  a va r i e ty  of me ta l  ehalco-  
genides (6) but  has been ,developed chiefly wi th  r e -  
spect  to CdS (7, 8) and CdSe (9). 

Bismuth sulfide (Bi2Sz) is an n - t y p e  semiconductor  
which has received re la t ive ly  l i t t le  a t ten t ion  as a po-  
tent ia l  component  in solar  energy  conversion devices  
in spite  of the  fact  that  i t  has a nea r ly  idea l  bandgap  
(1.3 eV).  Two previous  s tudies  re la t ing  to the e lec t ro-  
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deposition of this mater ia l  have appeared in the l i tera-  
ture  (1, 3). Miller and Heller (1) reported the anodic 
formation of Bi2S~ on Bi and ,demonstrated the n - type  
behavior of the resul t ing film in a photoelectrochemical 
cell (PEC). Peter  (3) studied Bi2S3 films grown in the 
same way and showed that  this mater ial  exhibited a 
photoeurrent  quan tum yield close to un i ty  over a wide 
spectral range. He also showed that the electrodeposited 
mater ial  had two transit ions on interact ion with light, 
an indirect  one at 1.25 eV, and a direct one at 1.7 eV. 
The lat ter  is par t icular ly  interesting, since satisfactory 
adsorption of visible l ight  via a direct t ransi t ion can 
be obtained with films a few microns in thickness. In  
a pre l iminary  s tudy (6), it was demonstra ted that 
Bi2S8 could also be deposited cathodically from a di- 
methylsulfoxide (DMSO) solution containing BiC13, 
and elemental  sulfur;  these films also had an n - type  
semiconductor behavior  unde r  i l luminat ion in a PEC. 
The purpose of the present  study was to determine 
the conditions for cathodic deposition of Bi2S:3 in more 
detail, and to determine the composition and s t ructure  
of the resul t ing films. 

Experimental 
The cell used for the electrodeposition was similar to 

that described earl ier  (7). The Bi2S3 films were most 
often deposited on high pur i ty  p la t inum foil with an 
exposed area of 1.3 cm2; other substrates used were 
high pur i ty  molybdenum foil, high pur i ty  nickel foil, 
and p la t inum sputtered on glass. The counterdect rode  
was graphite and the electrolysis was carried out 
without a reference electrode. The electrolyte solution 
contained 0.032M BiC13, 8 X 10-4M Ss (6.4 >< 10 -3 
g-atom S), .and 0.93M NH4C1, and  the solvent was 
reagent  grade diethylene glycol (DEG). During elec- 
trolysis, the solution was held in a hot oil bath whose 
tempera ture  was controlled. Unless stated otherwise, 
deposition was carried out with a constant current  of 
2.0 mA cm -2. The solution was st irred continuously 
at the same time. The Pt  substrate  was prepared by 
cleaning it in concentrated ni t r ic  acid, r insing with 
distilled water, and finally heat ing it in a flame unt i l  
the metal  was "red hot." The Mo foil was etched in 
a mixture  of concentrated HC1 and 30% H202, and 
rinsed wit.h distilled water  followed by acetone. The 
Ni foil was etched in concentrated sulfuric acid, washed 
with distilled water, and then dried. After the deposit 
had been formed on the s~ubstrate, the electrode was 
removed immediate ly  from the solution and rinsed 
with acetone. 

The s t ructural  properties of the films were invest i-  
gated using scanning electron microscopy (SEM) and 
x - r ay  diffraction with a cobalt target as described 
earlier (7). 

Compositional analysis was performed on large area 
savnlples (5-8 cm 2) grown on a Mo substrate for ~ 20 
hr. The deposit was removed from the substrate,  
washed with acetone to remove residual  DEG, and 
dried; 0.05g of deposit was dissolved in concentrated 
HNO3, and the resul t ing solution diluted with distilled 
water  to obtain a final solution with an acid concen- 
t rat ion of 0,5M. The concentrat ions of Bi (IID and 
C1- in this solution were determined by normal  pulse 
polarography. Determinat ion of sulfur  was based on 
a procedure described by  Vogel (10). A known  weight 
of deposit was oxidized using concentrated HNO:3 in 
the presence of a 2:3 volume ratio mixture  of Br2 
and CC14 in order to convert  the sulfide ions to sulfate. 
The b ismuth  ion was removed by  precipitat ing it as 
Bi(OH)3 then, sulfate was precipitated as BaSO4 and 
determined gravimetrically.  The rel iabi l i ty  of pro- 
cedure was established using pure commercial Bi2S3. 

The role of the support ing electrolyte in determining 
film properties was estimated by using NaC1 and KC1 
instead of NH4CI. The concentrat ion of Na + or K + in 
the 0.5M HNO~ solution referred to above was deter-  

mined by flame emission using a Perkin  Elmer  atomic 
adsorption spectrophotometer (Model 2380). 

The conductivity of the Bi2S8 films was determined 
by first removing them from the substrate, making 
ohmic contacts using ind ium-ga l l ium alloy, arid finally 
measur ing the resistance between these contacts. The 
technique for removing the films involved pressing the 
exposed face of the deposit on epoxy glue spread on 
a glass slide, being certain to avoid air  bubbles between 
the glue and the deposit. After  the glue had set, the 
metal  backing was peeled off, with the electrodeposited 
mater ial  remaining on the surface of the epoxy glue. 
The thickness of the samples was estimated using SEM. 

The performance of the semiconducting film was 
also evaluated in a photoelectrochemical cell (PEC).  
The electro,lyre solution contained 1M Na2S, 0.125M 
Ss, and 1M NaOH in water;  the counter and reference 
electrodes were both graphite. The Bi2S3 fiIm was il- 
luminated with a 600W tungsten lamp, and at the same 
time, the photocurrent  was recorded while the poten- 
tial across the cell was varied. The cell was designed 
so that absorption of l ight by the solution would be 
minimized. 

Results and Discussion 
Examinat ion of films deposited at different tem- 

peratures revealed that two types of films were formed. 
Below 98~ the deposit was glossy and metal l ic  blue 
in color with a mir ror - l ike  surface. Samples grown 
above 102~ were .darker and nonglossy. The two 
types had exactly the same chemical composition cor- 
responding to 38 ,atomi.c percent  (a/o) Bi, 55 a/o S, 6 
a/o C1, and 0.6 a/o M, where M + is NH~ +, Na +, or K +, 
indicat ing that a significant amount  of chloride anion is 
incorporated in this material.  The efficiency of the pro- 
cess with respect to bismuth content  in the resul t ing 
films assuming the overall  electrode process 

3 
2Bi +8 -P ~-Ss  + 6e-> Bi2S~ [1] 

was 90% with a fresh electrolyte solution; the efficiency 
decreased somewhat wi th  use of the electrodeposition 
solution. The efficiency for Bi2S3 formation is greater 
than  that observed earlier for CdS (7); this result  
may reflect the use of DEG as solvent  instead of DMSO. 
The decrease in efficiency with the amount  of Bi2S3 
deposited from a given solution can be a t t r ibuted  
to a corresponding decrease in Bi( I I I )  and Ss concen- 
trations and increase in the concentrations of products 
of side reactions which also can react at the cathode. 
The source of C1- ion in the film was determined by 
replacing the NH4C1 used as electrolyte by a per-  
chlorate salt. The elemental  analysis of the result ing 
films was exactly the same as above, suggesting that 
the source of C1- ion in  the film is complex ions in  
which CI -  is complexed to Bi ( I I I ) ,  the source of 
C1- ion in solution being BiC13 itself. 

X- ray  s t ruc tura l  analysis of the electrodeposited films 
revealed that  those deposited at temperatures  below 
98~ were amorphous, the diffractograms of samples 
with thicknesses between 1 and 3 #m being featureless 
between 2e ---- 2 ~ and 100 ~ On the other hand, films 
grown above 102~ were s t rongly oriented with an 
orthorhombic crystal s t ructure  (Fig. 1). The diffracto- 
gr~m of a sample deposited to a thickness of 30 ~ n  on 
:sputtered Pt  showed a very large peak at 2~ _-- 53.7 ~ 
corresponding to an in te rp lanar  distance of 0.198 rim. 
According to the l i terature (11), the (002) planes of 
b ismuth sulfide are separated by a distance of 0.199 
nm, so that it is proba.ble that reflections from this plane 
give rise to the large peak. However, this reflection 
is not one of the most intense for randomly  oriented 
polycrystal l ine Bi~S~. In this case, intense lines are ob- 
served for reflections from the (230) and (211) planes 
(d --_ 0.312 nm) ,  and from the (t30) (d ---- 0.357 nm)  
and (310) planes (d ---- 0.353 nm)  (11). In  addition, the 
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Fig. 1. X-ray diffractogram of a Bi2S3 deposit grown at l l 0 ~  
on Pt sputtered on glass with a current density of 2.0 mA cm - 2  
for 18,000 sec (thickness ,~30 #m) using a cobalt Kal line, ;~ = 
0.178890 nm. 

in tensi ty  of the reflection from the (002) planes is only 
18% of that from the (130) planes. This difference sug- 
gests that  the s t ructure  of the electrodeposited mate-  
rial  is very different from that  of the randomly  ori- 
ented material .  

From the work of Black et al. (12), orthorhombic 
crystals of Bi2Sz [space group : D2h 16 ( P b n m ) ]  have 
four formulas per uni t  cell, each b ismuth  atom having 
three nearest  ne ighbor  sulfur  atoms at a distance ap- 
proximately  equal to the sum of the covalent radii. Be- 
yond these atoms, there are three or four addit ional  
neighbors at not  much larger .distances. This gives a 
uni t  cel l .with dimensions a ---- 1.113 rim, b = 1.127 nm, 
and c ---- 0.397 n m  (12). The crystal can be considere(i 
to be composed of puckered sheets of stoichiometric 
composition runn ing  paral lel  to the c-axis (perpendicu-  
lar to the interface) ,  with the same angle in the [010] 
direction. The b inding  between these sheets is con- 
s iderably weaker  than that  among atoms in a sheet. 
This suggested to Black et al. (12) that  cleavage would 
take place on (010) planes and crystal growth in the 
[001] direction, that  is, perpendicular  to the substrate 
surface in the present  case. The present  x - r ay  data con- 
firm that crystal  growth occurs in the [001] direction. 
'The fact that  the peak corresponding to reflection 
from the (002) planes is so strong suggests that  the 
sheets described above are perfectly paral lel  to one 
another  and separated by 0.198 nm. The orientat ion of 
the Bi~Sa films is s imilar  to that observed earl ier  for 
CdS grown by a s imilar  technique (7) ; however,  Bi~S3 
is characterized by a layered structure with strong 
bonding in two dimensions whereas CdS is charac- 
terized by a s t ructure  with three dimensional  bonding.  

It  was also observed that  the s t rongly oriented crys- 
tal l ine form of Bi2S~ is not  present  in very 'thin films 
grown at higher  temperatures.  Fi lms grown from var i -  
ous chloride solutions at l l0~  appeared to be amor-  
phous for deposition up to 600 sec at a cur ren t  densi ty 
of 2 mA cm -~ (thickness <1 ~ ) ,  being glassy and 
blue in color. In  addition, these films were photosensi-  
tive whereas those grown for longer periods at 110~ 
were not. The crystal l ine form develops slowly after 
this ini t ial  period. At first, the crystall ine mater ial  was 
not s t rongly oriented. For example, a sample grown in 
DEG solution with NI-T-dC1 as support ing electrolyte for 
800 sec had an x - r ay  diffractogram composed of three 
small  peaks of equal in tens i ty  with in te rp lanar  dis- 
tances equal to 0.343, 0.302, and 0.196 nm corresponding 
to reflections from the (310), (230) or (211), and (002) 
planes, respectively. The strong or ientat ion described 
above was reached only after deposition for a longer 
time. Exper iments  on Ni and Mo substrates confirmed 

that  the s t ruc tura l  properties of the deposits were in -  
dependent  of the na tu re  of the substrate. 

The above experiments  demonstra te  that one may 
deposit crystal l ine Bi2S3 on the amorphous form; how- 
ever, it was not  possible to do the reverse. For example, 
in an addit ional  experiment,  an amorphons film was 
deposited at 100~ for 1800 se,c and then the tempera-  
ture of the bath was rapidly increased to 95~ without  
in te r rupt ing  the deposition. Deposition at the lower 
temperature  was continued for a fur ther  4.5 hr. Ex- 
aminat ion of this sample by  x - r ay  diffraction re-  
vealed a very  high peak at 20 = 54 ~ s imilar  to that  
found for a sample grown at a constant  high tempera-  
ture. These observations suggest that  once the crystal-  
l ine form is nucleated, fur ther  growth involves deposi- 
t ion of new crystal l ine material .  Apparent ly ,  nuclei  of 
crystal l ine Bi2S3 do not  form below 98~ dur ing the 
t ime scale of the present  experiments.  

The s t ructural  differences between the amorphous 
and crystall ine forms can also be discerned by SEM. 
Micrographs of two thick samples (,,,30 ~m) grown at 
90 ~ and l l0~ for 5 hr on sputtered Pt  are shown in 
Fig. 2. The sample grown at  the lower tempera ture  
appears s imilar  to o rd inary  glass, especially when 
viewed along a fissure produced by bending  or scratch- 
ing the deposit. The deposit is completely uniform in 
depth and the surface is quite smooth except for a few 
protuberances of spherical shape and low height. A 
very different s t ructure  is apparent  for the sample 
grown at the higher temperature.  The glassy appear-  
ance characteristic of the amorphous sample is not  seen 
but  instead, the surface is sl ightly rough with a s truc-  
ture  characteristic of a collection of crystallites which 
have grown to different thicknesses. The crystallites ap- 
peared to have diameters of the order of 1 and 2 ~m. 
The thickness of the sample is very uni form and no 
cracks were apparent  as was the .case for CdS samples 
grown from DMSO solutions (7). 

Micrographs of BizS~ films grown on Mo and Ni foils 
are shown in Fig. 3 and 4. The characteristics of these 
deposits are qu.alitatively ;similar to those grown on 
sputtered Pt  with some differences in the appearance 
of the surfaces. In  the case of the amorphous films 
grown at 90~ those on Mo foil had many  more sur-  
face features than  those on Pt  or Ni; specifically, a 
larger  n u m b e r  of spherical protuberances were ap-  
parent  on these samples. Although the n u m b e r  of pro- 
tuberances could be reduced by  not etching the Mo 
substrate, it was clear that  Bi~S3 films grown on this 
substrate were always rougher  than those on Pt  or Ni. 
Fur thermore,  the crystall ine sample grown on Ni is 
somewhat rougher than that grown on Mo, and the non -  
uniform growth of the crystallites appears to have 
created pores in some areas. This result  is probably  a 
reflection of the fact that  the film on Ni is thicker, hav-  
ing been grown for a longer time. The differences ob-  

Fig. 2. Electron micrographs of Bi2S3 grown on sputtered Pt at 
90 ~ (a, left) and 110~ (b, right) with a current density of 2.0 
mA cm - 2  for 18,000 sec (thickness ~ 3 0  Fm). Magnification is 
7 0 0 X ;  tilt ~ 45 ~ 
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Fig. 3. Electron micrographs of Bi2S~ grown on etched Mo foil 
at 90 ~ (a, left) and 110~ (b, right) with a current density of 2.0 
mA cm-2 for 1500 sec (thickness ~1 .5  ~m). Magnification is 
5 0 0 0 •  tilt - -  45 ~ 
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Fig. 5. Current against voltage curve for a PEC with the con- 
figuration Pt /Bi2S~/1 .0M No2S, 1.0M S, and 1.0M NaOH in H20/C 
(a) without illumination and (b) illuminated with a tungsten lamp 
(1700W m-~).  The Bi2S3 film was grown at 85~ with a current 
density of 2.0 mA cm - 2  for 600 sec (thickness --,1 /Lm). 

Fig. 4. Electron micrographs of Bi2S3 grown on etched Hi foil at 
90 ~ (a, left) and ]10~ (b, right) with a current density of 2.0 mA 
cm - 2  for 3600 sec (thickness ~2 .0  ~m), magnification is 3000)< ; 
t i l t  = 45 ~ 

served  in samples  grown on these subs t ra tes  are  un-  
doubted ly  due to the va ry ing  roughnesses  of the sub-  
s t ra tes  and the resul t ing  different  rates of nucleat ion 
for  c rys ta l l ine  samples.  The role of subs t ra te  roughness  
in de te rmin ing  the na tu re  and  number  of p ro tube r -  
ances on amorphous  samples  is not  c lear  but  i t  could be 
re la ted  to nonun i fo rmi ty  of the cur ren t  densi ty  at  a 
rough surface.  

The res is t iv i ty  of the deposi t  de te rmined  from films 
s t r ipped  f rom Ni subs t ra tes  was the  same for both  
amorphous  and crys ta l l ine  samples  and equal  to (1.0 

0.2) • 10 -3 ~cm.  Thus, the Bi2S3 mate r i a l  has a 
conduct iv i ty  approaching  that  of metals .  As a result ,  
films of considerable  thickness  and un i fo rmi ty  can be 
obtained by  electrodeposi t ion.  I t  is p robable  that  the 
high C1- ion content  of the film contr ibutes  significantly 
to the conduct ivi ty ,  and that  the semiconductor  is de -  
genera te  as a result .  

Tests of the  films as photoanodes  in a PEC revea led  
that  on ly  the amorphous  mate r i a l  was photosensi t ive.  
The photocur ren t  against  pho~ovoltage curve obtained 
in a polysulf ide e lec t ro ly te  is shown in Fig. 5. The 
open-c i rcu i t  vol tage obta ined  with  this sample  is some 
what  less than  that  repor ted  by  Mil le r  and Holler  (1) 
for Bi2S3 films grown anod ica l ly  on Bi (O.32V), and by  
Ba t t acha rya  and P r a m a n i k  (13) for  chemica l ly  de -  
posi ted films (0.39V). This resul t  p r o b a b l y  reflects the 
degenera te  na ture  of the  Bi~S3 mater ia l .  The power  
efficiency was es t imated us ing the re la t ionship  

flscVoc 
: - -  [2] 

Po 

where  ] is the fill factor, Isc, the shor t -c i rcui t  circuit,  Voc, 
the open-c i rcui t  voltage,  and Po, the  incident  l ight  in-  
tensi ty.  In the present  case, using an es t imated  fill 
factor  of 0.38, ~] = 2 • 10-~; ths efficiency is consider-  

ab ly  less than  that  obta ined  with  the  chemica l ly  d e -  
posi ted ma te r i a l  (1.2 • 10 -8) (13). A significant da rk  
c u r r e n t  w~s also obta ined  wi th  the e lec t rodeposi ted  
mate r i a l  (Fig. 5). Undoubtedly ,  the poor  per formance  
of these films in the PEC is due to the high concentra-  
t ion of chlor ide ion impuri t ies .  

In  conclusion, the present  e lec t rodeposi t ion tech-  
nique produces  ve ry  uni form Bi2Ss deposi ts  wi th  e i ther  
an amorphous  or o r ien ted  crys ta l l ine  s t ructure.  A l -  
though the amorphous  mate r i a l  is photosensi t ive,  its 
p roper t ies  do not  lead to an efficient conversion of 
l ight  to e lect r ica l  energy  in a PEC. It  is h igh ly  p robab le  
that  the e lec t r ica l  character is t ics  of the mate r ia l  would  
improve  signif icantly if  chlor ide  impur i t ies  in the d e -  
posit  could be avoided. This would necessi tate finding a 
soluble form of B i ( I I I )  in DEG which is not complexed 
with  CI - .  In  this regard ,  p r e l im ina ry  exper iments  have 
shown that  Bi2S8 films can be grown from DEG solu-  
t ions containing the pe rch lora te  salt.  Studies  are also 
u n d e r w a y  to d e t e r m i n e  the mechanism of film fo rma-  
tion. This work  should help  to e lucidate  the means by  
which anionic impur i t ies  a re  incorporated,  and to op-  
t imize e lec t ro ly te  ba th  composit ion so that  films of high 
qual i ty  wi th  respect  to both  s t ruc tu ra l  and electr ical  
proper t ies  can be grown. The results  of this work  wil l  
be dis.cussed in fu ture  papers .  
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Chemical Etching Characteristics of (001)GaAs 
Sadao Adachi and Kunishige Oe 

Nippon Telegraph and Telephone Public Corporation, Musashino Electrical Communication Laboratory, Musashino-shi, 
Tokyo 180, Japan 

ABSTRACT 

The chemical  etching characteristics of (001)GaAs are studied through an SiO2 (or AZ-1350J photoresist) mask in the 
solutions of various etching systems: (i) HC1, (ii) HNO,, (iii) HCI:HNOs, (iv) HBr, (v) H3PO4, (vi) HzSO4, (vii) HF, (viii) 
Brf:CH3OH, (ix) NaOC1, and (x) alkaline system. The etching profiles are examined by cleaving the wafer in orthogonal 
directions along the (110) and (110) planes. Various etching profiles, such as ordinary-mesa shaped, reverse-mesa shaped 
structures, and nearly vertical  walls, are formed by  stripes being etched on the (001) planes. The indexes of the etch-revealed 
planes are identified by making a comparison with the calculated angle between the (001) surface and etch-side planes. The 
utility of these etching solutions is also discussed in detail for a variety of GaAs device applications. 

Chemical  pol ishing and etching o f  semiconductors  
p l ay  an essent ia l  role  in e lect ron device technology and 
are, therefore,  wide ly  employed  in the fabr ica t ion  of 
many  device systems. Chemical  e tching is used for 
removing  the damage  l a y e r  of ma te r i a l  close to the 
surface, for producing  a h i g h - p u r i t y  shiny flat surface,  
and for  shaping semiconductor  devices, as wel l  as for 
charac te r iz ing  s t ruc tu ra l  and  composi t ional  fe'atures. 
The e lec t r ica l  and opt ical  p roper t ies  of semiconductors  
s t rong ly  depend  on the dislocat ion s t ruc ture  in these 
mater ia ls .  Cer ta in  chemical  e tchants  provide  the effect 
of producing  surface fea tures  on the semiconductor  
which can be re la ted  to the  defects  in t he  crystal .  This 
is essent ia l ly  t rue  of dislocations,  which  often form 
etch pits  at  the i r  points  of in tersect ion wi th  a surface,  
thus p rov id ing  a s imple  way  of es t imat ing dislocat ion 
densities.  A grea t  m a n y  techniques have also been de-  
scr ibed to s ta in  or  de l ineate  e lec t r ica l  (pn- junc t ions )  
or '  ma te r i a l  interfaces (heterojunct ions)  of semicon-  
ductors  b y  means  of chemical  etching. Reviews have  
been publ i shed  descr ibing some of them (1). 

Of the  compound semiconductors ,  GaAs is of grea t  
in teres t  because of recent  r equ i rements  of h igh-speed  
transistors ,  and l ight  sources and detectors  for opt ical  
fiber communicat ion.  F r o m  an aspect  of device  t ech-  
nology, impor tan t  factors de te rmin ing  the choice of an 
e tchant  a re  in genera l  the  e tching ra te  for the ma te -  
r ia l  in quest ion (in this case for  GaAs) ,  the degree of 
surface qua l i ty  and undercut t ing,  the solut ion chemi-  
cal aggressiveness t oward  photores is t  masks,  and the 
des i red  e tching profile for the  r e l evan t  purpose.  The 
most commonly  used etchants  a re  var ious  composit ions 
of Brf:CH8OH, Hf.SO4:H2Of:H20, NaOH:H202:H20,  
and NH4OH:H2Of:HfO mixtures .  Tarui  et al. (2) have 
repor ted  p re fe ren t i a l  e tching character is t ics  of GaAs 
in the Brf:  CH3OH sys tem and have discussed a few 
examples  of prac t ica l  appl icat ions  of p re fe ren t i a l  e tch-  
ing for  the dev ice -s t ruc tu re  ~ design and fabr ica t ion  
(Gunn-effect  devices, field-effect devices, and lumines -  
cent devices) .  Select ive e tching of GaAs in the H2SO4: 
H2Of:H20 system has been s tud ied  in deta i l  (3, 4). 
The etching solutions,  NH~OH:H2Of:H20 (5) and 
H3PO4:H2Of:H20 (6) have also been developed for 
use in p re fe ren t ia l  e tching of GaAs and the u t i l i ty  of 
these solutions has been discussed by  thei r  appl ica t ion  

Key words: GaAs, chemical  etching,  etching profile. 

to the  fabr ica t ion  of field effect and b ipolar  t ransistors .  
However ,  there  have been a few repor ts  on device 
shaping  for GaAs by  p re fe ren t ia l  etching. This is a 
mot iva t ion  of the presen t  work.  

In  the presen t  paper ,  we repor t  the  p re fe ren t ia l  
e tching character is t ics  of the  (001) surface of GaAs 
in the solutions of various systems:  (i) HC1, (ii) HNO3, 
(iii) HCl:HNO3, (iv) HBr,  (v) H3PO4, (vi) H~SO4, 
(vii) HF, (viii) Brf:CH3OH, (ix) NaOC1, and (x) a lka -  
l ine system. The etching profiles are  examined  by  
cleaving the (001)GaAs wafer  in or thogonal  direct ions 
along the (110) and (110) planes  and are  discussed in 
de ta i l  f rom a c rys ta l lographic  aspect. The  profiles ap-  
p l icable  to dev ice - s t ruc tu re  design and fabr icat ion are  
also discussed in detail .  

Experimental 
Sample.--The GaAs single crysta ls  employed  were  

Si -doped,  n - t y p e  w i th  ca r r i e r  densi t ies  in the  region  of 
1018 cm -3. Al l  wafers  used were  of (001) surface or i -  
enta t ion with  an unce r t a in ty  of 1 ~ or  less. Af te r  being 
mi r ro r - l i ke  finished, degreased,  and r insed in deionized 
water ,  they  were chemical ly  e tched in a H2SO4:I-I202: 
H20 ~ 3: 1:1 solut ion for 30 sec at 80~ The thickness 
of these wafers  was about  100 pm to pe rmi t  c leavage 
for the observat ion  of etching profiles. 

Masking pattern.--Etching studies were  pe r fo rmed  
for  the e tching-se lec ted  regions of (001) surface GaAs 
through  windows in an SiO2 mask  (see Fig. 1). The 
SiO~ masks  used were  a p p r o x i m a t e l y  2000A thick and 
were  p repared  with  convent ional  spu t t e r ing  equip-  
ment.  The des i red  geometries,  in this case the  window 
width  of 28 ~m wide, were  defined by  s tandard  photo-  
l i t hography  technique using AZ-1350J and an SiO2 
etchant  of the  HF:  NH4F: H20 system. Only the  H F  sys-  
tem, s tudied in the  presen t  work,  dissolves the  SlOe 
mask ing  pat tern .  Thus, for  this case we used AZ-1350J 
as a mask  of the p re fe ren t i a l  e tching study.  

Etching solution.--The etching solutions employed 
can be classified, for convenience, into the fol lowing 
ten  groups:  (i) HC1 sys tem (HCt:CH3COOH:HfO2, 
HCI: H3PO4: H202, etc.) (ii) HNO,~ sys tem (HNO3: H~Of, 
HNO3:CHsCOOH, etc.) ,  (iii) HCl:HNO3 sys tem (HCI: 
HNOs, (HCI:HNO~):H~O, etc.) ,  (iv) HBr system 
(HBr:  HNO~, HBr:  HNO3: HfO, etc.) ,  (v) HsPO4 sys tem 
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1 0 0 , u ~ - 1 0 0  ~um 
28 u m ~  

Fig. 1. An SiO~ (or AZ-1350J) masking pattern on (001)GaAs 
wafer for chemical etching. The etching profiles are obtained by 
cleaving the wafer in orthogonal directions along the (110) and 
(110) planes. 

(I~PO4: H202: H20, I'~PO4: CH_~COOH: H202, etc.), (vi) 
H=SO4 system (H~SO4: H~O2: H20, H2SO4: CI-IsCOOH: 
H20, etc.), (vii) HF system (HF:HNO3:H20, HF: 
HNO~:H20=, etc.), (viii) Br2:CI-I~OH system (Br2: 
CH8OH, Br2: CH~OH: CH3COOH, etc.), (ix) NaOC1 sys- 
tem (NaOC1 and NaOCh HC1), and (x) alkaline system 
(NaOH:H202:H20, NaOH:H~O2:H20:NH4OH, etc.). 
The chemicals used were all of reagent grade. They 
were as follows: HC1 (12N), CH~COOH (17N), H202 
(30%), H3PO4 (15N), K2Cr207 (purity ~- 99.8%), HNO8 
(14.5N), HBr (9N), C2H5OH (purity 99.5%), H2SO4 
(36N), HF (50%), Br2 (purity ~ 99%), CH3OH (purity 
99.5%), NaOC1 aqueous solution (active chlorine min. 
5%), NaOH (purity :~ 96%), NH4OH (29%), KOH 
(purity ~ 86%), and H20 (deionized water). A large 
quantity of solution was prepared to prevent the etch- 
ing temperature from rising and the etch-solution 
composition from varying during the experiments. 
Etohing was carried out in a temperature-controlled 
water vessel without illumination. The etchant was 
freshly mixed prior to each experiment. All etching ex- 
periments were done at room temperature without 
stirring. 

Etched depth and etching pro1~le.--After etching, re- 
moving the SiO2 (or AZ-1350J) mask, and rinsing in 
deionized water, the {110) plane perpendicular to the 
etched one was cleaved with a razor blade and the 
etched depths of samples were measured with a cali- 
brated optical microscope. The etched depths were also 
measured from a step height between the etched and 
unetched surfaces using an interference microscope. 
Etching profiles were observed on the (110) and (il0) 
cleavage planes perpendicular to the wafer surface 
under an optical microscope. 

Etching Profile 
HCI system.--The etching profiles of (0Ol)GaAs 

etched in the solutions of the HC1 system are shown in 
Fig. 2: (a) 1HCl:lCH3COOH:lH202 (2 min), (b) 
1HCh 1H3PO4:1H202 (2 min), (c) 1HCI: 1CH3COOH: 
l(1N-K2Cr20~) (5 rain), and (d) 1HCl:lH~PO~:l(1N- 
K2Cr20?) (8 min). Note that etchants containing 
CH~COOH and H202 will explode when heated. The 
cross sections are obtained by cleaving the wafers in 
orthogonal directions along the (110) and (i-10) planes 
(see Fig. 1). The determination of crystallographic di- 
rections was made by means of the etch-figure test, 
where the etch figures were developed on the (001) 
plane of GaAs by etching in the Bre: CH_~OH solution 
through pin-hole windows in an SiO2 mask (7). The 
bars drawn in the top of the figure correspond to the 
masking-pattern length (28 ~m). 

It is clear from the figure that the etching profiles 
change in shape with a crystallographic rotation of 90 ~ 
about the <001> axis and that they exhibit clear crys- 
tal habits. The profiles of the (110) cleavage planes 
[Fig. 2(a), (b), and (c)] exhibit the reverse-mesa 
shaped planes forming an angle of about 110 ~ with 

Fig. 2. Etching profiles of (001)GaAs etched in the solutions 
of the HCI system: (a) 1HChlCH~COOH:IH202 (2 rain), (b) 1HCI: 
1H3PO4:1H202 (2 min), (c) 1HCI:ICH~COOH 1(1N-K2Cr2OT) (5 
min), and (d) 1HCI:IH3PO4:I(1N-K2Cr2OT) (8 min). The bars 
drawn in the top of the figure correspond to the masking pattern 
length (28 #m). 

respect to the (001) surface planes. The profiles of 
the (~10) cleavage planes [Fig. 2(a), (b), and (c)] 
indicate the inclined planes whose sides form an angle 
of about 55 ~ [Fig. 2(a) and (b)] or 45 ~ [Fig. 2(c)] 
with respect to the (001) surface planes. The 1HCh 
1HsPO4:l(1N-K2Cr2OT) solution d~d not provide etch 
depth for an accurate etching-profile observation. One 
can, however, barely find from Fig. 2(d) that the 
etchant produces the ordinary-mesa shaped planes for 
both the (110) and (~10) cleavage planes. The 
1HCI: 1CH3COOH: 1H202 [Fig. 2 (a) ] and 1HCI: 1HaPO4; 
1H202 solution [Fig. 2(b)] exhibit that the side-etch 
speed (undercutting rate) of the (110) cleavage planes 
is much faster than that of the (T10) cleavage planes. 
It was also found that the HCI: CH3COOH (or H3PO4) 
solution does not etch GaAs but addition of H202 to 
the solution enables the etching of this material. As 
may be clearly seen in Fig. 2(a) and (b), the solu- 
tions produce a microscopic roughness on the etched- 
bottom surfaces of GaAs. The 1HCI: 1CHsCOOH: 1 (lh r- 
K2Cr2OT) [Fig. 2 (c) ] and 1HCI: 1H~PO4:1 (1N-K2Cr2OT) 
solution [Fig. 2(d)],  on the other hand, provide high 
quality etched surfaces without any undesirable rough- 
ness or etch pits. 

There have been a few reports on the etching char- 
acteristics of GaAs with HCl-based etchants [HCI: 
Fe +++ (8) and HCl:H202:H20 (9)]. The HCI: 
CH~COOH: (1N-K_~Cr2OT) solution does not erode pho- 
t,oresists such as AZ-1350J and gives high quality sur- 
faces. This new solution can, thus, be used as an etchant 
of GaAs for producing a shiny flat surface as well as 
for shaping the samules. Details of this solution will be 
presented in the near future. 

HN03 system.--It is known that the Ga{lll} plane 
of GaAs etches unsatisfactorily in most etchants. The 
Ga{lll} plane can, however, be polish-etched like the 
As{lll~ surface with the HNO3: H3PO~ solution at 60~ 
(10). The HNO~:H20 solution can also be utilized as 
a stain etchant to delineate the pn-junction position 
(11). The etchin~ urofiles of (001)GaAs etched in the 
solutions of the HNO~ system are shown in Fig. 3: (a) 
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Fig. 3. Etching profiles of (001)GaAs etched in the solutions of 
the HNO3 system: (a) 1HNO3:1H202 (1 min), (b) 1HNO3: 
ICH3COOH (2 min), (c) 1 HNO~:IH3PO4 (2 min), (d) 1 HNO3: 
1CH3COOH :1 H202 (1 min), and (e) 1 H NO3:1 H3PO4:1 H202 (1 min). 
The bars drawn in the top of the figure correspond to the masking 
pattern length (28 ,~m). 

1HNOs: IH202 (1 min), (b) 1HNO3: ICH3COOH (2 min), 
(c) 1HNOs:IH4PO4 (2 min), (d) 1HNOs:ICHsCOOH: 
1H20~ (1 min), and (e) 1HNO3:lH3PO4:lH202 (1 min). 
In the case of the (110) cleavage planes, the etching 
profiles of Fig. 3(a), (d), and (e) exhibit two in- 
dividual etch-revealed planes, i.e., reverseLmesa shaped 
planes forming an angle of about 115 ~ and ordinary- 
mes,a shaped planes forming an angle of 55 ~ with 
respect to the (001) surface planes, followed by the 
flat-bottomed surface planes. The profiles shown in 
Fig. 3(b) 'and (c), on the other hand, indicate only 
the crystal-habit planes forming an angle of about 
120 ~ with respect to the (001) surface planes. In the 
case of the (T10) cleavage planes, the profiles [Fig. 
3 (a ) - ( e ) ]  indicate the ordinary-mesa shaped planes 
whose sides form an angle of 55 ~ with respect to the 
(001) surface planes. The etch-revealed planes of Fig. 
3(b), (c), and (e) [([10 cleavage planes] indicate clear 
crystal habits. The 1HNO~:1H202 (a), 1HNO3: 
1CH3COOH: 1H202 (d), and 1HNO3: 1HsPO4: 1H20~ so- 
lut,ion (e) provide high quality etched surfaces with 
well-defined profiles and flat etched bottoms. The 
1HNOs:lCHsCOOH (b) and 1HNO.~: 1H3PO4 solution 
(c), on the other hand, provide conspicuous roughness 
on the etched-bottom surfaces. 

HCI: HNOs system.--The etching profiles of (001)GaAs 
etched in the solutions of the HCl:HNO3 system are 
shown in Fig. 4: (a) 1HCI:IHNO~ (2 rain), (b) 1HCI: 
2HNO.~ (2 min), (c) 2HCI:IHNO3 (4 min), (d) 
1 (1HCI: 1HNO~) : 1H20 (6 min), (e) 1 (1HCI: 1HNO~) : 
1H202 (2 min), and (f) I(1HCI: 1HNO.~) :lCH~COOH 
(4 min). The etching profiles of the (110) cleavage 
planes [Fig. 4 (a ) - (d )  and (f)] exhibit the reverse- 
mesa shaped structures with roundish tails at the 

Fig. 4. Etching profiles of (001)GaAs etched in the solutions of 
the HChHNO3 system: (a) 1HCI:IHNO3 (2 min), (b) 1HCI:2HNO3 
(2 rain), (c) 2HCI:IHNO3 (4 min), (d) I(1HCI:IHNO3):IH20 (6 
min), (e) 1(1HCI:1HNO3):1H202 (2 rain), and (f) I(1HCI:IHNO~): 
1CH3COOH (4 min). The bars drawn in the top of the figure 
correspond to the masking pattern length (28 #m). 

etched bottoms, where the reverse-mesa walls form 
an ,angle of about 110 ~ with respect to the (001) sur- 
face planes. The profiles of the (]-10) cleavage planes 
[Fig. 4 (a ) - (d)  and (f)] indicate the inclined planes 
forming an angle of 55 ~ with respect to the (001) sur- 
face planes, similar to those of the HNO~ system (see 
Fig. 3). The etching profiles of Fig. 4(e), on the other 
hand, do not exhibit clear crystal habit for both the 
(110) and (T10) cleavage planes. It is clear from Fig. 4 
that the degree of undercutting for the direction along 
the [i"10] axis is larger than for the direction along 
the [110] axis. The optical microscope images indicate 
that the HCI:HNO~ system, except 1 (1HCI:IHNO~): 
1H20, produces microscopic roughness on the etched- 
bottom surfaces. Only the 1 (1HCI: 1HNO3) : 1HeO so- 
lution [Fig. 4(d)] results in an etch-pit free, high 
quality surface. 

HBr system.--The etching profiles of (001)GaAs 
etched in the solutions of the HBr system are shown 
in Fig. 5: (a) 1HBr: 1HNO3 (2 min), (b) 1HBr: 1HNO3: 
1H20 (3 min), (c) 1HBr: 1CHsCOOH:l(1N-K2Cr2OT) 
(1 min), and (d) 1HBr:lI4_4PO4:l (1N-K~Cr20~) (2 
min). The etching profiles of the (110) cleavage planes 
[Fig. 5(a), (c), and (d)] indicate the etch-revealed 
planes which are nearly perpendicular to the (001) 
surface planes with roundish tails at the etched bot- 
toms. The profiles of the (T10) cleavage planes [Fig. 
5 (a), (c), and (d) ] indicate the ordinary-mesa shaped, 
inclined planes forming an angle of about 55 ~ with 
respect to the (001) surface planes. The HBr system, 
such as HBr, 1HBr: 1HC1. and 1HBr: 1H~PO4, doe's not 
etch the GaAs sample. The 1HBr:lHNO3 [Fig. 5(a)] 
and 1HBr:lHNO3:lH20 solution [Fig. 5(b) ] produce 
rugged surfaces on the etched bottorrLg. The solutions, 
1HBr: 1CH~COOH: I(1N-K2Cr2OT) [Fig. 5(c)] and 
1HBr: 1HsPO4:1 (1N-K2Cr20~) [Fig. 5 (d) ], on the other 
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Fig. 5. Etching profiles of (001)GaAs etched in the solutions of 
the HBr system: (a) 1HBr:IHHO~ (2 rain), (b) 1HBr:IHHO~:IH20 
(3 rain), (c) 1HBr:ICHsCOOH:I(1N-K2C~2OT) (1 min), and (d) 
1HBr:IHsPO4:I(1N-K2Cr2OT) (2 min). The bars drawn in the top 
of the figure correspond to the masking pattern length (28 #m). 

har~,d, provide relatively smooth etched surfaces with- 
out any undesirable etch pits. 

Recently, we reported a new chemical solution com- 
posed of HBr, CH3COOH (or H3PO4), and a K2Cr2OT 
aqueous solution for use in etching of InP (12, 13). It 
was found that this etchant provides high quality 
etched surfaces without any undesirable roughness or 
etch pits. The etchant does not erode photoresists such 
as AZ-1350J, and provides a desirable mesa-shaped 
structure on the InP and InGaAsP/InP DH (double- 
heterostructure) wafers with good photoresist-pattern 
definition. The etching characteristics obtained in the 
present study are similar to those reported in (12). 
The HBr: CI-IsCOOH (or H~PO4) : K2Cr2Or solution may, 
thus, be suitable for use in etching of not only the InP 
but also the GaAs samples. 

H~PO~ system.--Figure 6 shows the etching profiles 
of (001)GaAs etched in the solutions of the H3PO4 sys- 
tem: (a) lI~PO4:lH202:lH~O (2 min), (b) 1HsPO4: 
1CH~COOH:IH2Os (3 rain), (c) 1H3PO4:lCI~OH: 
1H202 (2 min), and (d) lI-I3PO~:lC2H5OH:lH202 (2 
min). As can be clearly seen in the figure, the H3PO4 
system develops the etching profiles which exhibit clear 
crystal habits. In the case of the (110) cleavage planes, 
the profiles [Fig. 6 (a ) - (d ) ]  indicate the reverse-mesa 
and ordinary-mesa shaped structures, following by the 
fiat-bottomed surfaces. The reverse-mesa a~d ordinary- 
mesa planes form angles of about 115 ~ and 55 ~ re- 
spectively, with respect to the (001) surface planes. 
The etching profiles of the (110) cleavage planes 
[Fig. 6 (a ) - (d ) ] ,  on the other hand, exhibit only the 
inclined sides that slope downward away from the SiO2 
masks. The etch-revealed planes form an angle of 
about 55 ~ with respect to the (001) surface planes. 

A. few papers have been published on the etching 
characteristics of GaAs in the H~PO4-based chemical 
solutions (6, 14). As is shown in this subsection, the 
I~PO4 system provides high quality etched surfaces 
with well-defined profiles and shiny flat etched bottoms. 
This system may, thus, be applicable to a wide variety 
of the device-structure design and fabrication. 

HeS04 system.~The H2SO4:H202:H20 system is 
known to be one of the most commonly employed etch- 

Fig. 6. Etching profiles of (001)GaAs etched in the solutions of 
the H3PO4 system: (a) 1H3PO4:lH~O~:1H20 (2 mln), (b) 1H3PO4: 
1CH3COOH:IH~O2 (3 min), (e) 1H3PO~:ICH3OH:1H202 (2 rain), 
and (d) 1H~PO~:IC2HsOH:IH202 (2 min). The bars drawn in the 
top of the figure correspond to the masking pattern length (28 ~m). 

ants for GaAs (3, 4). Chemical polishing by use of this 
system also gives high quality Ga/ks surfaces of low 
index orientations except for the Ga(l l l}  surface. The 
etching profiles of (001)GaAs etched in the solutions 
of the H2SO4 system are shown in Fig. 7: (a) 1H2SO4: 
1H202:lHeO (1 min), (b) 1H2SO4:lCH3COOH:lHeO 
(1 min), (c) 1H2SO4:lH3PO4:lH20 (1 min), and (d) 

Fig. 7. Etching profiles of (00t)GaAs etched in the solutions of 
the H2SO4 system: (a) 1H2SO4:1H~O2:1H20 (1 rain), (b) 1H2SO4: 
1CH~COOH:IH20 (1 min), (c) 1H2SO4:1H3PO4:lH20 (1 rain), and 
(d) 1H~SO~:IHCI:I(1N-K2Cr2OT) (2 min). The bars drawn in the 
top of the figure correspond to the masking pattern length (28 #m). 
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1H2SO4:IHCh 1 (1N-K2Cr2OT) (2 min). The 1H2SO4: 
1H20~:lH20 solution for the (110) cleavage plane 
provides the etch-revealed wall which is composed 
of two individual reverse-mesa and ordinary-mesa 
shaped planes. The reverse-mesa and ordinary-mesa 
planes form angles of about 110 ~ and 55 ~ respectively, 
with respect to the (110) surface plane. This solution 
gives the ordinary:mesa shaped profile for the (110) 
cleavage plane forming an angle of 55 ~ with respect to 
the (001) surface plane. The lI-I~SO~:1H~PO4:1H20 
solution for the (110) cleavage plane provides the 
reverse-mesa plane with roundish tail at the etched 
bottom. The reverse-mesa shaped plane forms an 
angle of about 110 ~ with respect to the (001) surface 
plane. The solution gives the ordinary-mesa shaped 
profile for the ~10) cleavage plane forming an angle 
of 55 ~ with respect to the (001) surface plane. The 
1H2SO4: 1H202:1H20 and 1H2SO4: 1H3PO4:IH20 solu- 
tions provide relatively high quality etched surfaces 
on the (001)GaAs samples. The 1H2SO4: 1HCI:I (1N- 
K2Cr207) solution gives the nearly vertical and in- 
clined planes for the (110) and (]10) cleavage planes, 
respectively, with rour~dish tails at the etched bottoms. 
This solution also provides relatively high quality 
etched surface on the (00!)GaAs sample. Details of 
this etching solution ,can be found in (15). 

HF system.--The HF system rigorously attacks the 
GaAs sample and, as a result, behaves like a fast- 
speed etchant for this material (16-19). The etching 
profiles of (001)GaAs etched in.the solutions of the 
HF system are shown in Fig. 8: (a) 1HF: 1HNO3:1H20 
(1 min), (b) 1HF:lHNO3:lH202 (15 sec), (c) 1HF: 
1HNOa:I~CH3COOH (5 sec), (d) 1HF: 1HNO3:1H3PO4 
(5 sec), and (e) 1HF:lH2SO4:lH202 (10 sec). The 

1HF: 1HNOs: 1H20 [Fig. 8 (a) ] and 1HF: 1HNO3:1H3PO4 
solution [Fig. 8(d)] provide roundish profiles for both 
the (110) and (TI0) cleavage planes. The etching 
profiles of the 1HF:lHNO3:lCH~COOH solution [Fig. 
8(c)] exhibit the roundish and inclined planes for the 
(110) and (110) cleavage planes, respectively. This 
inclined plane forms an angle of about 55 ~ with respect 
to the (001) surface plane. The 1HF: 1HNO3:1H202 and 
1HF: 1H2SO4:1H.202 solutions provide the etching pro- 
files indicating no clear crystal habit [see Fig. 8(b) 
and (e) ]. 

Br2:CHsOH system.--It is known that the Br2: CH~OH 
system gives good results for preferential etching of 
GaAs (3). The etching rates can be easily controlled by 
varying the Br2 concentrations in CHsOH. Figure 9 
shows the etching profiles of (001)GaAs etched in the 
solutions of the Br2: CI-I3OH system: (a) 4% by volume 
Br~:CH~OH (1 min), (b) 1% by volume Br2:CH3OH 
(3 min), (c) 1(1% by volume Br2: CH3OH): 1CH3COOH 
(5 min), and (d) 1(1% by volume Br2: CH~OH): 1H3PO4 
(10 min). The Br2CI-I~OH solutions [Fig. 9(a) and (b)] 
provide that the profiles of the (110) cleavage planes 
indicate the reverse-mesa shaped structure forming an 
angle of about 120 ~ with respect to the (001) surface 
planes while those of the (~10) cleavage planes indi- 
cate the ordinary-mesa s.haped structure forming an 
angle of 55 ~ with respe.ct to the (001) surface planes. 
The 1 (1% Br2: CH3OH) : 1CHsCOOH solution [Fig. 
9 (c)] provides the same etching profiles as the Br2: 
CH3OH solutions. Such profiles are the same as those 
of (001)InP etched with the Br2:CH8OH system (7). 
In the case of the 1 (1% Br2: CH~OH) : lI-IzPO4 solution 
[Fig. 9(d)],  the etching profiles exhibit the inclined 
planes for both the (110) and (~10) cleavage planes. 
The (Br2: CI-I~OH) : CH3COOH and (Br2: CH3OH) : 
H3PO4 solutions also provide relatively good etched 
surfaces on GaAs. These solutions may, thus, be used 
as the slow speed etehants for GaAs. 

NaOCl system.--Nonpreferential polishing to obtain 
high quality GaAs surfaces has been achieved by em- 
ploying the NaOCl:H20 solution (20). Figure 10 shows 

Fig. 8. Etching profiles of (001)GaAs etched in the solutions of 
the HF system: (a) 1HF:IHNO~:IH~O (1 min), (b) 1HF:IHNO3: 
1H20~ (15 sec), (c) IHF:IHNO3:ICH~COOH (5 sec), (d) 1HF: 
IHNO~:IHaPO4 (5 see), and (e) 1HF:1H~SO4:1H202 (10 see). The 
bars drawn in the top of the figure correspond to the masking 
pattern length (28 #m). 

Fig. 9. Etching profiles of (001)GaAs etched in the solutions of 
the Br2:CH~OH system: (a) 4% by volume Br~:CH3OH (I min), 
(b) 1% by volume Br2:CH~OH (3 rain), (c) 1(1% by volume Br2: 
CH3OH):ICH~COOH (5 mln), and (d) 1(1% by volume Br2: 
CH~OH):IH~PO4 (10 rain). The bars drawn in the top of the figure 
correspond to the masking pattern length (28 /~m). 



2432 J. EZectrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY December 1983 

Fig. 10. Etching profiles of (001)GaAs etched in the solutions of 
the NaOCI system: (a) NaOCI (5 rain) and (b) 5NaOCI:IHCI (2 
min). The bars in the top of the figure correspond to the masking 
pattern length (28 #m). 

the etching profiles of (001)GaAs etched in the solu- 
tions of the NaOC1 s~ tem:  (a) NaOC1 (5 min) and 
(b) 5NaOCh 1HC1 (2 min). The etching profile of the 
(110) cleavage plane [Fig. 10(a)] indicates the re- 
verse-mesa sl~aped plane forming an angle of about 
115" with respect to the (001) surface plane. The pro- 
file of the (T1.0) cleavage plane [Fig. 10(a)], on the 
other hand, exhibits the ordinary-mesa shaped plane 
forming an angle of 55 ~ with respect to the (001) 
surface plane. Such profiles are the same as those in 
Fig. 2(a), (c), and Fig. 3(a). The etching profiles of 
the sample etched with the 5NaOCI:IHC1 solution 
[Fig. 10 (b)] indicate the planes which are nearly per- 
pendicular to the (001) surface planes for both the 
(110) and (T10) cleavage planes, followed by the 
roundish tails at the etched bottoms. These profiles are 
very similar to those in Fig. 8(a) and (d). 

Alkaline system.--The alkaline solutions, such as 
NaOH:H202:H20 (21-25) and NH4OH:H202:H20 (5, 
26) are the commonly employed etchants for GaAs. 
The profiles of (001)GaAs etched in the solutions of 
the alkaline system are shown in Fig. 11: (a) l(1N- 
NaOH):lH202:10H20 (4 min), (b) 5(1N-NaOH): 
1H~O2:lNH4OH (4 min), (c) 1NH_~OH: 1H202:5H20 
(4 min), (d) 1 (1N-KOH) : 1H202:10H20 (4 min), and 
(e) 5 (1N-KOH) : 1H202: 1NH4OH (4 min). The etching 
profiles of the (t10) cleavage planes [Fig. l l ( a ) - ( c )  
and (e)] indicate the reverse-mesa shaped planes 
forming an angle of about 110 ~ with respect to the 
(001) surface planes. The profiles of the (~'10) cleav- 
age planes [Fig. l l ( a ) - ( c )  and (e)] indicate the 
ordinary-mesa shaped, inclined planes whose sides 
form an angle of about 55 ~ with respect to the (001) 
surface planes. The alkaline solutions, except 1NH4OH: 
1H2Oe:5H20, result rough sandpaper textures on the 
etched bottom surfaces, but the 1Ntt4OH: 1H202:5H20 
provides a high quality etched surface. 

Crystallographic Aspect and Proposed 
Device Application 

In this section, we discuss the etching profiles of 
(001)GaAs demonstrated in Fig. 2-11 from an aspect 
of crystallography. The utility of these etching solu- 
tions is also discussed for a variety of GaAs device 
applications. 

From a view point of crystallography, we can classify 
the etching profiles obtained in Fig. 2-11 into the six 
individual groups, as demonstrated in Fig. 12. The 
etch-revealed planes forming angles of 110~ ~ with 
respect to the (001) surface planes, .observed on the 
(110) cleavage planes in the solutions of the HC1 (Fig. 
2) and alkaline system (Fig. 11), correspond to the 
Ga{22]'} crystallographic planes [see Fig. 12(a)]. The 

Fig. 11. Etching profiles of (001)GaAs etched in the solutions of 
the alkaline system: (a) I(1N-NaOH):iH20~:10H20 (4 min), (b) 
5(1N-NaOH) :1H202:1NH4OrH (4 min), (c) 1NH4OH:1H202:5H20 
(4 min), (d) I(IN-KOH):IH~O~:10H20 (4 min), and (e) 5(1N- 
KOH):1H~O2:1NH4OH (4 min). The bars drawn in the top of the 
figure correspond to the masking pattern length (28 p,m). 

Ga{221} crystallographic plane, in principle, forms an 
angle of 109.5 ~ with respect to the (001) surface plane. 
The inclined planes forming an angle of about 55 ~ 
with respect to the (001) surface planes, observed on 
the (110) cleavage planes in the 1HCI:ICHzCOOH: 
1H202 [Fig. 2 (a) ] and 1 (1% Br2: CH3OH) : 1H3PO4 so- 
lution [Fig. 9(d)],  correspond to the Ga( l i l}  or 
As{1Y1) crystallographic planes [see Fig. 12(b)]. The 
{111} crystallographic plane, in principle, forms an 
angle of 54.7 ~ with respect to the (001) surface plane. 
The etching profile quite similar to Fig. 12(b) was 
observed on (001)InP etched in the solutions of the 
HBr system [HBr and HBr:HsPO4] (7). The inclined 
planes forming an angle of about 55 ~ with respect to 
the (001) surface planes, observed on the (il0) cleav- 
age planes in the solutions of the various etchant sys- 
tems [see, e.g., Fig. 11 (a)], correspond to the Ga{lll} 
crystallographic planes which in principle form an 
angle of 54.7 ~ with respect to the (001) surface planes. 
The ordinary-mesa shaped plane forming an inclined 
angle of about 45 ~ observed on the (T10) cleavage 
plane in t'he 1HCI: 1CH~COOH: 1 (1N-K2Cr2OT) solution 
[Fig. 2(c)], may correspond to the {0T1} crystallo- 
graphic plane. The plane, in principle, forms an angle 
of 45 ~ with respect to the (001) surface plane. This 
plane is a novel one observed on the (110) cleavage 
planes of (001)GaAs. The {011} crystallographic plane 
was also produced on (001)InP etched in the HBr: 
H~PO4 solution (7). 

The etching profile of the (110) cleavage plane, 
shown in Fig. 12(c), is composed of two individual 
planes forming angles of 109.5 ~ and 54.7* with respect 
to the (001) surface plane, while that of the (110) 
cleavage plane exhibits onIy the mesa-shaped structure 
forming an angle of 54.7 ~ with respect to the (001) 
surface plane. These crystallographic planes corre- 
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(110) R~ '~  (710) Plane 

Fig. |2. $chemotic diograms of the etching profiles produced in 
the (00|) planes of GoAs by the v.rious etching solutions (see text). 

spond to the Ga{22i} and Ga{lil} or As{lil} planes 
for the (110) cleavage plane and to the Ga{lll} plane 
for the (~10) cleavage plane, respectively. The etch- 
ants, HNO3 [Fig. 3(a), (d), and (e)], HsPO4 [Fig. 
6 (a ) - (d ) ] ,  H2SO4 [Fig. 7(a)],  and NaOC1 system 
[Fig. 10(a)], provide the etching profiles same as 
that illustrated in Fig. 12(c). The reverse-mesa and 
ordinary-mesa shaped structures can be produced on 
the (110) and (T10) cleavage planes, respectively, 
with etchants such as the HNOs [Fig. 3 (c)] and Br2: 
CH3OH system [Fig. 9(a)-  (c) ]. These etch-revealed 
planes form angles of about 120 ~ (reverse-mesa shaped 
structure) and 55 ~ (ordinary-mesa shaped structure) 
with respect to the (001) surface planes. The planes 
can, thus, be identified to be the Ga{lll% crystallo- 
graphic planes. The etching proceeds up to the Ga{lll} 
planes, because the As{lll} planes are very active 
co.mpared with the Ga{lll} planes. Consequently, as 

shown in Fig. 12(d), the Ga{lll} reverse-mesa and 
Ga{h-1} ordinary-mesa shaped planes are produced 
on the (110) and (il0) cleavage planes, respectively, 
whose sides in principle form angles of 125.3 ~ (reverse 
mesa) and 54.7 ~ (ordinary mesa) with respect to the 
(001) surface planes. The etchants, HChHNO3 [Fig. 
4(a) - (d)  and (f)] and H2SO4 system [Fig. 7(c)], also 
provide the reverse-mesa and ordinary-mesa shaped 
profiles for the (110) and (110) cleavage planes, re- 
spectively. In this case, the reverse-mesa shaped pro- 
files are defined predominantly by the Ga{221} slow 
etching rate faces [see Fig. 12 (d)]. 

The etch-revealed walls perpendicular to the (001) 
surface planes, obtained on the (110) cleavage planes 
in the solutions of the HBr [Fig. 5(a), (c), and (d)], 
H~SO4 [Fig. 7(d)],  and HF system [Fig. 8(c)],  cor- 
respond to the {1i0} crystallographic planes [see Fig. 
12(e)]. The etching profiles of the (i10) cleavage 
planes revealed by these systems exhibit the ordinary- 
mesa structures which are defined by the Ga{ll l} 
crystallographic planes. Some etchants, such as the 
HF [Fig. 8(a) and (d)] and NaOC1 system [Fig. 10(b)], 
provide the nearly perpendicular walls with respect 
to the (001) surface planes for both the (110) and 
(110) cleavage planes, followed by the roundish tails 
at the etched bottoms [see Fig. 12 (f) ]. This fact clearly 
suggests that the solutions act isotropically in etching 
behavior [i.e., they etch the (001)GaAs samples non- 
preferentially]. 

The dissolution process under consideration is far 
too complex and the available information rather 
limited to allow a quantitative development of the 
dissolution mechanism. Moreover, it is difficult to 
obtain a complete explanation of the difference in the 
etching profiles with various etching solutions. How- 
ever, we suggest that this difference is due to the differ- 
ences of the etching rates in the various crystallo- 
graphic planes. The etch-revealed planes identified 
are summarized in Table I along with the etching time 
and etched depth. 

The etching profiles obtained in the present study 
should be very useful for the design and fabrieation 
of electron devices, such as transistors and Gunn-effect 
devices. A series of the device-fabrication steps of such 
devices require various kinds of etchants in accordance 
with each purpose, e.g., surface cleaning, mesa fabri- 
cation, electrical isolation, etc. The etchants men- 
tioned in this paper are, thus, thought to be attractive 
for a variety of the device-fabrication steps. 

Investigations on the subject of ballistic electron 
transport in submicron semiconductor devices have 
recently been carried out extensively (27, 28). The 
ballistic electron transport in semiconductors leads to 
the realization of low power, high speed switches and 
high frequency transistors (ballistic Tr's). The realis- 
tic ballistic Tr's may have a structure of n + - n - - n  + 
or n + - p - - n  + junction diodes, where n -  (or p - )  is 
the active layer of submicron dimension and n + is the 
source and drain layers. Relevant device technology 
is, however, very complicated and the gate contact is 
thought to be difficult to fabricate (27). This problem 
can be overcome by use of chemical etching. The 
reverse-mesa shaped profile enables the use of a self- 
aligned metal evaporation and, therefore, it is possible 
to fabricate the gate (Schottky) contact on the active 
layer. The etchants, such as the HC1 [Fig. 2 (c)], I-~PO4 
[Fig. 6 (a ) - (d ) ] ,  H2SO4 [Fig. 7(a)],  and alkaline sys- 
tem [Fig. 11 (c) ], are suitable for this use. 

A laterally confined structure is required and im- 
portant in a variety of electro-optic devices, i.e., wave- 
guides, directional couplers, and optical switches, fab- 
ricated from GaAs crystals. The etchants, such as the 
HCI:CH~COOH: (1N-K2Cr207) [Fig. 2(c)] and HBr: 
CHzCOOH: (1N-K2Cr2OT) solution [Fig. 5(c)], are 
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Table I. The composition of the etchants in parts by volume, etching time, etched depth, and identified crystallographic 
planes revealed by etching 

Identified planes  
E t c h e d  depth  

Etchant  Etch ing  t ime  (~m) (lift) (i'lO) 

IIIC1:1CI~COOH: 1H~O2 2 rain 4.0 {221} {111} 
1HCI:IHaPO+:IH~O~ 2 rain 1.5 {22i} (Trl} 
IHCI: ICHsCOOH :I ( IN-K~Cr207 ) 5 min 2.0 {221-} (0il} 
IHCI: IHsPO~: 1 (IN-K~mO~) 8 rain 0.3 {1~i} ~ i }  
1HNO3:IH~O~ 1 min 7 (221), (Ill} {ln} 
IHNOs: ICHsCOOH 2 rain {1i"[} {IT1} 
1HNOs:II~PO, 2 min 20 {1]~} {i~l} 
1HNOs: 1CHsCOOH: 1H~O~ 1 rain 4.5 (2~i"}, {1~1) {~i'I} 
1HNOs: 1HaPO+: 1H202 1 rain 3.5 {221}, (111} ~'1} 
1HCI:IHNO8 2 rain 1.0 {22-1} {Ti'l } 
1HC1: 2HNO8 2 min 1.5 {221-} (i~l} 
2HCI: 1HNOs 4 rain 1.0 {221} {111} 
1 ( IHCI: 1HNOs) : 1H~O 6 min 5.0 {221-} {iT1} 
1 ( 1HCI: 1HNO~) : 1H20.+ 2 rain 2.0 * * 
1 ( 1HC1:1HNO3 ) : 1CHsCOOH 4 rain 5.0 {2~1} {~['1} 
1HBr: 1HNOs 2 min  0.5 (1~0} {~rl}  
1HBr:IHNO~:IH~O 3 rain 0.15 
1HBr: 1CHsCOOH: 1 (1N-I~Cr~O~) 1 min 1.5 {1~0} { ~ 1 }  
IHBr: IHaPO~:I (IN-K~CmO~) 2 min 2.0 {I~0} {~l'l } 
1H~PO+:IH~O~:IH~O 2 min 8 {~1}, (1~1} ~T1}__ 
1H~PO+:ICH~OOH:IH~O2 3 min 6 {2~1}, {IIi} {111} 
1HsPO+:ICH~OH:IH20~ 2 mill 5.0 (221}, {111) {~il} 
IHsPO,:IC~H~OH:IH~O~ 2 min 4.0 (2~i}, {1~I} {~i'l} 
IH~SO+: IH~O~: IH~O 1 m i n  5.0 {221}, { I i i }  {~i-l} 
IH~SO,: ICHsCOOH: IH~O 1 rain 2.5 �9 ~T1} 
IH~SO+:IH~PO~: 1H.~O 1 min .~.0 {221} {~11} 
lI'I~SO+: 1HC1:1 ( 1N-K~Cr~O~ ) 2 rain 1.5 (1~0} (~i'1 } 
IHF: 1HNO~: 1H~O 1 min  lO (11"o} (~1"0} 
IHF: IHNOs: IH~O~ 15 sec 2.0 * * 
1HF: 1HNO~: 1CHsCOOH 5 sec  7 {11"0} {~I-i} 
1HF: IHNO~:IH~PO, 5 sec  4.0 {1~0} {~1-0} 
1HF: 1H~SO+: 1H~O~ 10 sec 3.5 * * 
4% Br~:CI-I~OH 1 m i n  6 { 1 ~ }  {~1-1} 
1% Bm:CH~OH 3 min 2.0 (1~.} {~1-1} 
1 (1% Br~:CI-hOH) :ICH~COOH 5 rain 1,0 {l~i} {1i'1} 
1(1% Br~:CH~OH) :IH~P 0, I0 min 0.2 {Ii'I} {11"i} 
NaOCl 5 rain 9 {2ii'}, {l~i) {~fl} 
5NaOChlHC1 2 rain 1.5 (1~0} {~i0} 
1 (1N-NaOH) : 1H~O~: 10I-~O 4 min 1.5 {221"} {~1"1 } 
5 (1N-NaOH) : 1H~O~: 1NH~OH 4 rain 4.5 {22f} {Ti'l } 
1NH~OH: 1H~O~: 5H+.O 4 rain 7 {2~1"} {i11} 
1 (1N-KOH) : 1H~O~: 10H~O 4 rain 2.0 * {iT1} 
5 (1N-KOH) : 1H~O~: 1NH4OH 4 rain 5.5 {2~1} {~1"1} 

* Etch.ing profi le  does  not  exh ib i t  c l ear  crys ta l  habits .  

t h o u g h t  to be  u se fu l  for  t h e  f ab r i ca t ion  of  l a t e r a l l y  
confined e l ec t ro -op t i c  dev ices  because  these  so lu t ions  
p r o v i d e  h i g h  qua l i t y  e t ched  su r f ace s  w i t h  good res i s t -  
p a t t e r n  defini t ion.  A l a t e r a l l y  conf ined s t r u c t u r e  is 
a l so  r e q u i r e d  espec ia l ly  in a v a r i e t y  of  GaAs  s emi -  
conduc to r  lasers.  The  l a t e r a l  con f inemen t  s t r u c t u r e  
no t  o n l y  i m p r o v e s  l ase r  ope ra t ion  charac te r i s t i c s  such 
as t h r e sho ld  cu r ren t ,  s t ab le  f u n d a m e n t a l  t r a n s v e r s e  
mode,  and h igh  t e m p e r a t u r e  opera t ion ,  bu t  also l i nea r  
l i g h t - c u r r e n t  charac ter i s t ics ,  n a r r o w  b e a m  d ive rgence ,  
and  h i g h  p o w e r  output .  The  resu l t s  p r e s e n t e d  in this  
p a p e r  s h o w  tha t  one  can eas i ly  ob ta in  va r ious  types  
of  l a t e r a l l y  confined channe l s  by  p r o p e r l y  choos ing  
the  e t ch ing  m i x t u r e s ,  its c o m p o n e n t  p ropor t ion ,  channe l  
wid th ,  and e t ch ing  t ime.  

Rea l i za t ion  of a m o n o l i t h i c  i n t eg ra t ed  opt ica l  c i rcu i t  
is a c u r r e n t  topic  in t he  field of in jec t ion  l ase r  t e ch -  
nology.  To f ab r i ca t e  the  h igh  qua l i t y  e t ched  mi r ro rs ,  it 
is des i rab le  to e m p l o y  e t ch ing  so lu t ion  wh ich  p rov ides  
v e r t i c a l  m i r r o r  wa l l s  on the  e t ch ing  profi le  (13). The  
e t ch ing  solut ions ,  H B r  [Fig. 5(c)  and  ( d ) ] ,  H2SO4 
[Fig. 7 ( d ) ] ,  H F  [Fig. 8 ( a ) ,  (c) ,  and (d ) ] ,  and  NaOC1 
sys t em [Fig. 10 (b) ], p r o v i d e  the  n e a r l y  ve r t i ca l  m i r -  
ro r  wa l l s  for  the  (110) c l eavage  p lanes  and are, thus,  
t h o u g h t  to be  su i t ab le  for  use in the  e t ched  m i r r o r  
defini t ions.  T h e  e t chan t s  m a y  also be  w i d e l y  used  in 

GaAs  devices  to ob ta in  des i rab le  m e s a - s h a p e d  s t ruc -  
t u re  o r  to i sola te  i nd iv idua l  dev i ce  c o m p o n e n t  on one  
wafer .  

Conclusion 
We h a v e  s tud ied  chemica l  e t ch ing  charac te r i s t i cs  of 

(001) GaAs  in the  so lu t ions  of  va r ious  sys tems:  (i) HC1, 
(ii) HNO3, (iii) HCI:HNO~,  (iv) HBr,  (v)  H~PO4, (vi) 
H2SO4, (vii) HF,  (viii) Br2:CH3OH, (ix) NaOC1, and 
(x)  a lka l ine  sys tem.  The  e t ch ing  profi les  e x h i b i t i n g  
c rys ta l  habi ts ,  e.g., o r d i n a r y - m e s a  shaped ,  r e v e r s e -  
mesa  shaped  s t ruc tures ,  and n e a r l y  ve r t i c a l  walls ,  
h a v e  been  found  to be f o r m e d  by  s t r ipes  p a r a l l e l  to the  
~ 1 1 0 ~  and  ~ i -10~  d i rec t ions  be ing  e t ched  on the  (O01) 
planes.  The  i~dexes  o f  the  e t c h - r e v e a l e d  p lanes  h a v e  
b e e n  ident i f ied  by  m a k i n g  a c o m p a r i s o n  w i t h  t he  
ca lcu la ted  ang l e  b e t w e e n  the  (001) sur face  and  e t ch -  
s ide planes.  The  e t ch ing  profi les  app l i cab l e  to the  de-  
v i c e - s t r u c t u r e  des ign  and  f ab r i ca t ion  h a v e  also been  
d i scussed ' in  detai l .  
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On the Structural and Luminescent Properties of the M' LnTa04 Rare 
Earth Tantalates 

L. H. Brixner and H.-y. Chen 

E. I. du Pont de Nemours and Company, Central Research and Development Department, Experimental Station, 
Wilmington, Delaware 19898 

ABSTRACT 

The structure of M' YTaO4 has been redetermined and was refined to an R value of 0.034. M' YTaO4 crystallizes in P2/a 
symmetry  with a = 5.298(1), b = 5.451(1), c = 5.111(1)/~, fl = 96.45 deg. At temperatures  > 1450~ M' YTaO4 will convert  by way 
of a reconstruct ive transformation into the I41/a symmetry  of scheelite, and, upon cooling, a second-order ferroelastic transi- 
tion (4/mF2/m) to M (fergusonite) YTaO~ occurs. There are significant structural differences between M and M' YTaO4 
which are discussed. M' LnTaO4 compounds  exist  from Ln = Sm to Lu. As a host for luminescent  ions, M' YTaO4 is superior 
to the M modification, as well as all other compounds  in the Y~OJTa2Os phase diagram. 

Structure 
Cont ra ry  to the LnNbO4-type  r a re  ea r th  niobates  (1),  

which exhib i t  only  one s t ruc tu ra l  type  ( fergusoni te)  at  
room tempera ture ,  the tan ta la tes  crysta l l ize  in three  
different  s t r~ctures :  the P21/n type  for La, Ce, and  
P r  (2);  the  fergusoni te  or M type  (1) for Nd, Sm, 
Eu, Gd, Tb, Dy, Ho, and Er; and  the M' type  (3) of 
Tin, Yb, and  Lu. The l a t t e r  type  (M') is the trt~e equi-  
l i b r ium phase  at  room tempera ture ,  and al l  of the 
M- type  tan ta la tes  (except  Nd) also crysta l l ize  in this 
s t ruc ture  if p r epa red  under  app rop r i a t e  conditions.  In  
addi t ion  to these three  s t ructures ,  al l  LnTaO4 tan ta la tes  
convert  to the I41/a s t ruc tu re  type  (scheeli te)  at  t em-  
pe ra tu res  gene ra l ly  ~1400~ 

Histor ical ly ,  Ferguson  (4) in 1957 was first to de-  
scribe both  na tu r a l  ferg.usonite (an y t t r i u m - n i o b i u m -  
tantal,ate) as wel l  as synthet ic  YTaO4 correc t ly  as 
crys ta l l iz ing in monocl inic  s y m m e t r y  with  the  probable  
space group I2/a.  This corrected the previous  assump-  
t ion or ig inat ing  wi th  the  morphologica l  descr ipt ion by  
Ha id inger  (5) tha t  fergusoni te  would  be te t ragonal  
and of scheel i te  type,  which was also held  by  Bar th  
(6) and  Komkov  (7). The first comprehens ive  l is t ing of 
pa rame te r s  for  most  LnTaO4-type  r a re  ea r th  t an ta -  
lares was given by  Ke l l e r  (1) in 1962. Ke l l e r  could 
not  character ize  La, Ce, and PrTaO4, as wel l  as Tm, 
Yb, and LuTaO4. The s t ruc ture  of the first three  tan-  
ta la tes  was r epor t ed  by  Wol ten  and  Chase (2) to be 
P21/n, and the l a t t e r  three  tan ta la tes  could be s t ruc-  

Key words: inorganic, crystallography, x-rays, luminescence. 

ru ra l ly  identif ied when Wolten (3) descr ibed ye t  an-  
o ther  modification of YTaO4 in the space group P2/a.  
Al though Wolten (3) s ta ted  that  this modification also 
exists for  the Vantalates of Sm to Yb, he did  not  r epor t  
la t t ice  parameters .  Some of these (Er, Tm, Yb) ap-  
pea red  in the  l i t e ra tu re  in form of ASTM file cards 
by  McI lvr ied  and McCar thy  (8), who also descr ibed 
M' LuTaO4. The high t empe ra tu r e  t e t ragona l  (I41/a) 
modification of Nd, Sm, ~.d, Tb, and HoTaO4 was de-  
scr ibed by  Stubican  (9). In addi t ion to the M' s t ruc-  
ture  of YTaO4, we repor t  here  the  cell  d imensions  of 
al l  LnTaO4 compounds,  both  for  the M and M' forms, 
whereve r  they  exist.  

Luminescence 
While the luminescence of CaWO4 was s tudied as 

ea r ly  as 1897 (10), fluorescence proper t ies  of the rare  
ea r th  tan ta la tes  were  not  ment ioned  in the  l i t e ra tu re  
unt i l  1964 (11). La t e r  on, extensive luminescence 
s tudies  wi th  the  M (fergusoni te)  t ype  rare  ea r th  t an ta -  
la tes  (where  Ln ---- Gd, Y, and Lu)  were  carr ied  out 
by  Blasse and Bri l  (12). These authors  were  p r imar i ly  
concerned with  the  energy  and charge t rans fe r  p ro -  
cesses of exci ta t ion via u.v. as wel l  as electrons,  and  
they  recognized the NbO4 group to be an efficient lumi -  
nescent  center  in the fergusoni te  YTaO4 host, where  
t e t r ahedra l  local  si te s y m m e t r y  was asst~med. 

The dual  purpose  of the presen t  paper  was to con- 
firm or  correct  Wolten 's  (3) s t ruc ture  for M' YTaO4, 
whi.ch was only refined to R ---- 15%, and to s tudy  the 
efficiency of some luminescing ra re  ear ths  as wel l  as 
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Nb +~ in this par t icular  structure,  specifically under  
x - r a y  excitation. 

Experimental 
Materials preparation 

The phosphors described in this paper  were  pre-  
pared f rom the const i tuent  components Ln20~ and 
TarO5 or Nb20~. The ra re  ear th  oxides were  general ly  
of 99.9+% purity.  They were obtained f rom Research 
Chemicals Corporat ion and were  always prefired in 
air at  1000~176 to el iminate any absorbed moisture  
or CO2. Ta205 and Nb~O5 were  of "optical" qual i ty  f rom 
Kawecki /Berylco .  These components  were  also p re -  
fired at 1000~ For  all phosphors, s toichiometr ic  quan-  
tities were mixed for ~/2 hr  wi th  a spex mil l  or a paint  
shaker (depending on size of preparat ion,  varying f rom 
10g to 1000g), and fired in recrystal l ized A1208 con- 
tainers in air  at 1200~ for 8-10 hr. The react ion prod-  
uct was then mil led in a ure thane l ined vessel on a 
Sweco mill,  using Freon |  1 solvent as gr inding 
medium, for about 6 hr. Af ter  remova l  of the liquid, 
the phosphor was re t i red- -e i ther  by itself or in the 
presence of 50 weight  percent  (w/o)  Li2SO4--at 1250~ 
for another  10-14 hr. In the cases where  flux was used, 
it was leached wi th  water ,  fol lowed by methanol  r ins-  
ing, and dry ing  at 130~ Af ter  this procedure,  single 
phase, wel l -crysta l l ized products were  obtained. For  
the M' YTaO4 single crystal  studies, a special slow cool 
(5~ run using LiC1 flux was carried out in a 
sealed Pt  tube, s tar t ing at 1300~ 

X-ray studies 
Powder examination.~The x - r a y  powder  diffraction 

pat terns of all reported compounds were  obtained with 
a Guinier  H~gg-type focusing camera (radius = 40 
m m ) .  The radiat ion was monochromat ic  CuKal (~. = 
1.5404A), and Si (a = 5.4305A) was used as an in terna l  
standard. Line positions on the film were  determined 
to --+5 ~m with a David Mann film reader  (a precision 
screw, sp l i t - image comparator) .  Intensit ies were  esti-  
mated by oscilloscopic comparison of film density 
with the strongest  line of the pattern.  Refined cell di-  
mensions were obtained by a least squares procedure  
(local computer  p rogram) .  

Single-crystal studies.--All the crystals examined 
were  twinned in such a way that  the two parts of the 
crystal  were  the mi r ro r  image of each other  across the 
bc-plane, and the angle be tween  the two a-axes  was 
about 12.1 ~ . The diffraction pat terns  c lear ly  showed 
that the crystal  was twinned and could be separated 
into two parts except  for the zone (okl) with h = 0, 
where  there was a complete  superposition. Intensi ty  
data sui table  for s t ructure  refinements were  obtained 
from such twinned crystals. 

Intensi ty data  were  obtained on a crystal, approxi-  
mate ly  0.05 • 0.05 X 0.027 mm, with a Picker  FACS- I  
diffractometer.  To reduce absorption problems, AgKa 
radiation was used. (~. = 0.05608A and ~ _-- 319.2 cm -1 
for YTaO4.) The crystal was mounted  with the a*-axis  
on the spindle. Using nine s trong reflections wi th  2e 
be tween 8 ~ and 25% the or ienta t ion mat r ix  of the crystal  
was refined, and the corresponding parameters  for the 
monoclinic cell were  as follows: a = 5.291 (9), b = 
5.431(8), c ---- 5.098(8)A, and ~ = 96.11 ~ in excel lent  
agreement  with the powder  data in Table I. The ex-  
t inction condition, ho l :h  = 2n + 1, confirmed the space 
group assignment by Wolten (loc. cir.). A total of 617 
reflections f rom the hemisphere  (_h,k,_+l) were col- 
lected for 2e ~40 ~ The intensities were  measured by 
scanning in the 2e/~ mode at 'a 4~ scan rate  and a 
scan range of a0 -- 1.20 + 0.02 tan 8. Background was 
obtained by s ta t ionary counting at the scan extremes 
for 40 sec each. Af te r  the complet ion of the data collec- 
tion, a mir ror  symmet ry  operation was apolied to the 
orientat ion matr ix,  and wi thout  fur ther  ref inement the 

F r e o ~ |  - -  TF, triehlorotrifluoroethane. 

Table I. Cet[ edges of the LnTaO4-type rare earth tantatates 
including the M' pelymorphs 

Ln a, A b, A c, A fl, deg  V,A~ p, g / m l  -x T y p e  

La 15.0,08 5.596 3.905 93.4 327.4 7.78 P 2 J n  
Ce 15.015 5.500 3.673 93.3 319.3 8.00 P21/n 
P r  15.016 5.495 3.867 94.2 318.2 8.68 P2~/n 
Nd 5.512 11.234 5.113 95.7 157.5 8.21 M 
Sm 5.458 11.139 5.092 95.7 154.0 8.52 M 

5.385 5.546 5.196 96.7 154.1 8.51 M' 
Eu 5.429 11.098 5 .088 9 5 . 7  152.5 8.64 M 

5.368 6.525 5.181 96.7 152.6 8.63 M' 
Gd 5.406 11.065 5.084 95.6 151.3 8.83 M 

5.356 5.509 5.168 9@7 151.5 8.81 M" 
Tb  5.382 11.016 5.066 95.7 149.4 8.97 M 

5.338 5.489 5.142 96.6 149.7 8.96 M" 
Dy 5.349 10.970 5.061 95.6 147.8 9.41 M 

5.318 5.471 5.130 96.6 148.3 9.12 M' 
Ho 5.330 10.937 5.055 95.5 146.6 9.28 M 

5.302 5.453 5.115 96.5 146.9 9.26 M' 
Er  5.307 10.900 5.047 95.5 145.3 9.42 M 

5.286 5.440 5 .1 ' 01  96.4 145.8 9.39 M' 
T m  5.290 10.861 5.035 95.5 144.0 9.54 M 

5.272 5.432 5 .080  9 6 . 4  144.6 9.50 M' 
Yb 5.278 10.831 5.034 9 5 . 2  143.2 9.69 M 

5.254 5.423 5 .071 9 8 . 2  143.6 9.57 M" 
Lu 5.253 10.815 5.024 95.4 142.1 9.81 M 

5.239 5.425 5.060 96,1 143.0 9.75 M' 

reflections of the counter  par t  of the twinned crystal  
were  also collected. 2 This data set, however ,  was not 
used in the s t ructure  analysis. 

Because of the high absorption coefficient of YTaO4, 
absorption corrections to the intensities were  essential. 
These were  carried out by using the ACACA program 
with the C-scan data of the (200) reflection at x = 270 ~ 
The grid size was 4 X 6 X 8, and there  were  total ly 283 
grid points in a 5 X 10 - s  cm ~ volume of the crystal, 
which was t reated as a single crystal  in the calculation 
of the transmission coefficient. The calculated t rans-  
mission coefficient ranged from 0.26 to 0.55. The second 
set of data was not corrected for absorption. 

Excluding the entire (okl) zone, the data were  aver -  
aged to yield a data set of 274 unique reflections of 
which 242 had I > 2r For the refinement,  the 1972 
x - r a y  programs compiled by S tewar t  (13) were  used, 
and all the reflections assumed uni t  weight.  Star t ing 
with the pa ramete r  reported by Wolten, the r e f n e m e n t  
converged very rapid ly  to R ---- 0.'034 and Rw ---- 0.056 
with 29 variables including anisotropical thermal  pa- 
rameters  for Ta and Y atoms. The thermal  parameters  
of the O atoms were  refined isotropically and are re-  
ported with the in tera tomic distances in Tables II and 
III. 

Optical studies 
All u.v.-exei ted fluorescent emission spectra were 

run with a Pe rk in -E lmer  MPF spectrophotometer .  
Raman spectra were  recorded on a J - Y  laser Raman 
microprobe. Spectral  slit  widths were 3-4 cm -~, and 
the 5145A line f rom an argon ion laser was used. De-  
tection was made with an RCA C31034 phototube 
operated in the photon counting mode. The x - r ay  
excited spectra were  genera l ly  obtained with  30 kVp 
Mo radiation from a GE XRD-5 generator  modified 
as shown in Fig. 1. 

Results and Discussion 
Structural Data 

The s t ructure  of M' YTaO4 presented by Wolten (3) 
is basically correct, par t icular ly  in the positioning of 
the meta l  atoms. With a final R factor of 0.146, his Y 
atoms were  off by less than 0.02A while O atoms only 
are off by 0.15-0.20A. With the atoms more accurately 
positioned in the present  study, a more detailed anal-  
ysis of the interatomic distances and the coordina-  
tion numbers  can be attempted. The Y atoms (Fig. 2) 
are 8-coordinated. Looking along the b-,axis, the eight 
O atoms resemble a distorted cube, but  the coordina-  
tion can be best described as a distorted square anti-  

~The  successful  da ta  collection a f t e r  the  t r a n s f o r m a t i o n  sup- 
po r t ed  the  p roposed  tw inn ing  mechan i sm.  
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Table II. Positional and thermal parameters 

B( l l )  
Atom Pt. sym x y z or Bo B(22) B(33) B(12) B(13) B(23) 

Ta 0.25 0.3056(2) 0.6 0.06(6) 0.17(6) 0.25(6) 0 0.00(3) O 
Y 0.26 0.7658(5) 0 0.34(9) 0.21(9) 0.48(10) 6 0.00(6) O 
O(1) 1 0.489(2) 0.434(2) 0.268(2) 0.3(2) 
0 ( 2 )  1 0.102(2) 0.084(2) 0.252(2) 0.4(2) 

Table III. Interatomic distances Table IV. High temperature x-ray data for M' YTa04 

Ta-O Y-O 1375~ 25~ 

This study Wolten This study Wolten 
a = 5.302A 5.298A 
b = 5.554A 5.451A 

0 ( 2 )  2x 1.857(13) 1.94 0 ( 2 )  2x 2.295(13) 2.25 c = 5.115A 5.111A 
O(1) 2x 1.950(13) 2.03 O(1) 2x 2.315(13) 2.34 ~ = 96.45 deg 96.45 deg 
O(1) 2x 2.226(13) 2.14 0(2) 2x 2.339(13) 2.40 V = 149.6 A 8 146.7 A a 

0(1) 2x 2.472(13) 2.42 

Average:  1.98 Average:  2.355(80) can (9). We did, however, run  rapid quenching experi-  
merits with YTaO4, and could approximate the t rans i -  
t ion temperature  to between 1450~ and 1460~ as in-  
dicated in Table V. These data suggest that all M' 
YTaO4 preparations have to be made below 1450~ 
and, furthermore,  that  M' is real ly the true equi l ibr ium 
phase at room temperature  with the M modification 
existing in  the metastable state. Phase t ransi t ion tem- 
peratures for other M' LnTaO4 tantalates,  where Ln = 
Nd, Sin, Gd, Tb, and Ha have been reported by Stubi -  
can (9). We grew a single crystal of NdTaO4 at 1980 ~ 
• 10~ in the scheelite structure, and could observe the 
two prerequisite domain walls for the Aizu (15) t rans-  

pr ism with the unique direction along the c-axis. The 
two distorted squares projected on the ab-plane  twist 
over 30 ~ as compared with 45 ~ expected for a square 
antiprism. The average Y-O distance is 2.355A, in 
very good agreement  with the predicted value of 2.37A. 
by Shannon  and Prewi t t  (14). The Ta atoms (Fig. 2) 
are in a distorted oetahedral  coordination, with four 
shorter  Ta-O bonds at  1.86 and 1.95A and two 0.4~k 
longer at 2.23A. The former, however, do not form a 
regular  tetrahedron,  since three of them are essentially 
coplanar. As a result, it would need TaO6 ra ther  than 
TaO4 to complete the coordination description. An 
overall  view of the s t ructure  is shown in Fig. 3. 

The coordinations of Y and Ta in the M'-phase differ 
from those of the scheelite and the fergusonite phases. 
The most significant difference is in the coordination 
of the Ta atoms. In  scheelite as well  as in fergusonite, 
the Ta atoms are essentially te t rahedral ly  coordinated 
with a second, re la t ively larger te t rahedron at the im-  
mediate surrounding,  forming a distorted cube. A simi-  
lar  appearance is also present  in the M'-phase, bu t  the 
two te t rahedra t ransform into an octahedron, allowing 
two O atoms to move fur ther  away. The difference be-  
tween the M and M' s tructures arises from a stacking 
in different sequence of similar  bui lding blocks, and 
the t ransformat ion requires a motion of large blocks 
in rata, as stzggested by Wolten. Such a t ransforma-  
t ion will  only happen at elevated temperatures,  and is 
definitely of the first-order type and disruptive. 

Efforts were made to direct ly observe this disruptive 
t ransformat ion in a Rigaku h igh- tempera ture  diffrac- 
tometer. Unfortun,ately, equipment  l imitat ion to 1375~ 
did not  allow conversion to the I41/a scheelite type. The 
data are shown in Table IV, and it is obvious that/~ did 
not change at all, contrary to the smooth, reversible 
second-order  change of fergusonite (M) to scheelite 
(T),  where/~ gradual ly  goes to 90 ~ as shown by Stubi-  
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Fig. 1. Schematic showlng phosphor examination under x-ray v 
excitation. Fig. 2. Y (top) and Ta (bottom) coordination in M' YTa04 
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Table Y. YTa04 cell dimensions after quenching to room temperature 

T, "C T i m e ,  hr  a, A b, A c, A /3, deg  V,  As S truc ture  

1450 14 5.298 --+I 5.451 • 1 5.111 • 1 96.4 146.6 M' 
1460 14 5,329 • 1 10,929 • 2 5.056 ----- 1 95.6 293.1 M 

( 146.5 ) 

formation 4 /mF2/m.  This is fur ther  evidence for the 
centric s t ructure  of fergusonite. 

It  was also suggested by Sleight (16) that  the M' 
s t ructure  could be viewed as related or identical  to the 
P2/c symmet ry  of wolframites such as InTaO4 or 
NiWO4. The fact that this is tempting is i l lustrated in 
Table VI, where,  after appropriate  conversion of P2/a  
to P2/c, NiWO4 and YTaO4 are compared. InTaO4 is 
actually the wolframite  with the largest A ion and the 
greatest celt. volume. We, therefore, a t tempted to pre-  
pare solid solutions with it and the smallest known  M' 
composition, which is LuTaO4. The data  are summa r -  
ized in Table VII, and it is obvious that  while some solid 
solubil i ty occurs i n  the wolframite  structure, there is 
essentially none in  the M' structure.  A plot of r3 vs. cell 
volume as shown in Fig. 4 fur ther  i l lustrates the point  
that the M' s tructure of YTaO4 has t ru ly  unique  sym- 
met ry  and is also not related to the M structure.  This is 
contrary to what  Wolten (3) indicated by stat ing that  
the powder pat terns of the M and M' modification of 
YTaO4 are "difficult to distinguish." To show the dis- 
t inctive differences of powder  data for the two forms, 
we report  the first 20 lines of each s t ructure  in Tables 
VIII and IX. It is worth noting that for each compound, 
all lines were indexed. To a d-value of about 1.3A, there 
are typically 40 reflections for the M' and 48 for the M 
structure. The major  difference is seen in z (hk l )  2, 
which is even for M and mixed for M'. The differences 
can also easily be seen in diffractometer pat terns or 
Guinier  films. To fur ther  support  the difference in local 
site symmetry,  we show two Raman spectra in Fig. 5, 
without giving any detailed vibrat ional  f requency as- 
signments. Much has been made of the difference be-  
tween the M and M' structure,  but  this is quite im-  
por tant  since it is the sole basis for the superior lumi-  
nescent efficiency which is near ly  two times greater 
for pure M' YTaO4 than it is for M YTaO~. This will be 
discussed in more detail in the luminescence section. 

In addition to our extensive studies on M' YTaO4, we 
prepared all other M' rare earth tantalates where they 
exist and summarize  the cell constants together with 
those for the M modifications in Table I. For complete- 
ness, we have included the P21/n compounds of La, Ce, 
and Pr. In  Fig. 6, we have chosen to halve the cell 
volumes of the M modifications to show that the two 
volume lines appear to converge at NdTaO4, for which 
no M' modification appears to exist. This would put  an 

Table VI. Comparison of wolframite-type NiW04 and M' YTa04 
in P2/c symmetry 

NiWO~ YTaO~(M') InTaO, 

a 4.600A 5.110& 
b 5.665A 5.451A 
c 4.912A 5.292A 
B 90.1~ 96.4 ~ 
A x  0.5 0.5 
A y  0.653 0,769 
Az  0.25 0.25 
MX 0,0 0.0 
My 0.18 0.3G6 
lVlz 0.25 0.25 
Ozx 0.22 0,242 
Ozy 0.11 0.93 
Uzz 9.96 0.92 
O~x 0.26 9.23 
O=y 0.38 0.54 
O~z 0.39 0.51 

5.160 
5.778 
4.829 

91.4 

upper  l imit  of about 1.11A on the ionic radius of Ln +s 
for the existence of M'. At the lower end, we find that 
the cell volume difference is largest for M and M' 
LuTaO4. Since the densities of the M st ructure  are 
general ly  slightly higher (see Table I) ,  this suggests 
that pressure should help in preparing this modifica- 
tion. In  fact, we could not prepare pure M compounds 
of Tm, Yb, and LuTaO4 without  pressure at 1600~ 
and, therefore, we prepared them at 60 kbars and 
1400~ In  general, the M cell dimensions agree well 
with those given by Kel ler  (1), and the M' numbers  
are in fair agreement  with those which were reported 
by McIlvried and McCarthy (8), except for TmTaO4, 
where those authors find a larger volume for the M 
modification, which cannot  be correct. 

Since Nb +5 had never  been incorporated into M' 
YTaO4, it was of interest  to s tudy the M' s tructure as a 
function of Nb-concentra t ion in  YTa1-xNbxO4 par t icu-  
lar ly since no rare earth niobates of the M' s t ructure  
are known. This informat ion is summarized in Table X, 
and the most s t r iking result  is the fact that  the M' 
s tructure cannot support  more than 15 m/o  Nb +5, 
despite the fact that it is essentially identical  (0.64A 
for VI coordination) in size to Ta +5 according to Shan-  
non (14). From 30 m/o  Nb +5 on, all compounds crystal-  
lize in  the fergusonite structure.  No pure rare earth 
niobate is known  to exist in the M' structure,  and this 
may have to do with what Gingerich (18) repor ted- -  
that M -> T transi t ion temperatures  for these com- 
pounds are between 300 ~ and 800~ Even hydrother-  
mal  techniques at re la t ively low temperatures  failed 
to produce M' YNbO4. This is a rare case where a spe- 
cific s t ructure  (M') is exclusively restricted to t an -  

150 

.~ 140 

I I 0 75L"o zsToO4j~, " ~  1"0.5 L"O. s TQO 4 

S laT~ 04 e L,,Ta04 

35 i i i 13~.25 O. 0.45 0.55 0.65 0.75 
IONIC RADIUS, r 5, j~3 

Fig. 4. Cell volumes vs. r~ for 6 coordination of some wolframites 
Fig. 3. b-axis projection of M' YTa04 structure and for M' LuTa04. 
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x Composition Type a, A b, A e, A /~, deg V, Aa Comment 

0 LuTaO~ M" 5.238 5 . 4 3 5  5.060 96.1 146.2 
0 .25  Luo.75Ino.~TaO~ - -  . . . .  - -  2 phase 
0.5 Luo.~Ino.~TaO~ W 4.889 5 . 8 1 1  5.189 93.0 147.3 - -  
0 .75  Luo.~Ino.~sTaO~ W 4.988 5 . 6 4 4  5.203 93.9 146.2 - -  
1.0 InTaO~ W 4.828 5 . 7 7 9  5.158 94.4 143.8 - -  

Table VIII. Observed and calculated d-values for the first 20 
lines of M-type LuTaO4 

Line NO. I h k 1 d(ob~) d(cale) 

1 10 0 2 0 5A01 5.407 
2 10 1 1 0 4.705 4.708 
3 5 0 1 1 4.538 4.540 
4 i00 -- 1 2 1 3.107 3.107 
5 15 1 3 0 2.968 2,968 
6 85 1 2 1 2.913 2.912 
7 50 0 4 O 2.703 2.703 
8 60 2 0 0 2.615 2.615 
9 55 0 0 2 2.501 2,501 

10 5 2 1 1 2.187 2.1~7 
i i  15 1 4 I 2.129 2.129 
12 5 --2 3 1 2.005 2.004 
13 5 1 5 0 1.999 1.998 
14 15 0 5 1 1.985 1.985 
15 5 --  1 3 2 1.964 1.964 
16 60 2 3 1 1.898 1.899 
17 65 2 4 O 1.879 1.879 
18 10 1 3 2 1.864 1.864 
19 60 0 4 2 1.830 1.836 
20 5 O 6 O 1.802 1.802 

Table IX. Observed and calculated d-values for the first 20 lines 
of M'-type LuTaO4 

Line No. I h k 1 dCob,) 

1 lO O 1 0 5.436 
2 35 O 1 1 3.692 
3 100 -- 1 1 1 3.130 
5 90 1 1 1 2.908 
6 60 0 2 0 2.713 
7 65 2 O O 2.605 
9 35 0 O 2 2.516 

10 35 1 2 0 2.406 
11 5 O 1 2 2.282 
12 5 --2 1 1 2.211 
13 20 1 2 1 2.130 
14 15 2 1 1 2.053 
15 60 12 0 2 1.913 
10 65 2 2 0 1.878 
17 60 0 2 2 1.844 
19 5 -- 2 2 1 1.807 
20 20 -- 1 2 2 1.782 

Table X.  Cell dimensions for the Y T o l - # N b ~ 0 4  system 

a, b, e,  ~8, p, 
Composition A -- 3 A ~- 3 A • 3 deg V, A ~ g/ml-z 

YNbO4 5.2989 10.9488 5.0717 94.569 293.31 5.56~' 
YNbo.sTao.204 5.3045 10.9412 5.0668 94.813 293.05 5.96o 
YNbo.6Tao.~O4 5.3108 10.9394 5.0628 95.027 293.00 6.36g 
YNbo.~Tao.604 5.3156 10.9349 5.0583 95.214 292.78 6.77~ 
YNbo.sTao.~O~ 5.3207 10.9339 5.0572 95.320 292.94 6.97o 
YNbo.~sTao.7~O4 2-phase M' + M 
YNbo.2Tao.sO4 2-phase about 50% each M' + M - -  
YNbo.l~Tao.s~O4 5 .2991  5 .4471 5.1109 96.425 146.60 7.26a 
YNbo.zTao.90~ 5.2989 3 .4469 5.1107 96.430 146.58 6.36z 
YNbo.osTao.~O~ 5 .2975  5 .4486  5.1103 96.453 146.57 7.46z 

talates.  In  a lmost  al l  o ther  known  s t ructures  n iobates  
and tan ta la tes  a re  a lways  isomorphous.  

Luminescence 

YTa04 as host .--X-ray excitation.--Since t h e  u l t i -  
m a t e l y  i n t e n d e d  p r a c t i c a l  u t i l i z a t i o n  o f  t h e s e  t a n t a l a t e -  
b a s e d  p h o s p h o r s  i s  i n  x - r a y  i n t e n s i f y i n g  s c r e e n s ,  t h e  
x - r a y  e x c i t e d  d a t a  w i l l  b e  d i s c u s s e d  f i r s t .  

T o  h a v e  n e a r - o p t i m u m  e f f i c i e n c y  o f  a p h o s p h o r ,  
w h e t h e r  f o r  c o l o r  TV,  f l u o r e s c e n t  l a m p s ,  e l e c t r o l u m i -  
n e s c e n c e ,  o r  x - r a y  s c r e e n s ,  o n e  s h o u l d  h a v e  w e l l - c r y s -  
t a l l i z e d ,  p r e f e r a b l y  p o l y h e d r a l  p a r t i c l e s  o f  a p p r o x i -  
m a t e l y  3 -10  ~ m  d i a m e t e r .  L a r g e r  s i z e s  w o u l d  c a u s e  

difficulty in screen making,  and efficiency losses are  
exper ienced  via in te rna l  sca t te r  as the par t ic le  size gets 
much  below ~3#. I t  was, therefore,  a p r i m a r y  objec t ive  
to obta in  M' YTaO4 in a form approx ima t ing  the in-  
d ica ted  dimensions.  Since YTaO4 is an ex t r ao rd ina r i l y  
r e f rac to ry  mater ia l ,  wi th  a mel t ing  point  nea r  2000~ 
high react ion t empera tu res  are  needed.  Only LisSO4 as 
a flux produced the l~hosphor shown in Fig. 7. 

One of the  key  advantages  of M' YTaO4 over CaWO4 
is the h igher  dens i ty  of 7.56 g/m1-1 vs. 6.06 g/m1-1,  
combined wi th  the  fact  that  Y, wi th  a Ks  absorpt ion  
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Fig. 7. Typical morphology of M' YNbo.o~TaOo.9804 phosphor. 
Note bar length = 10 #m. 

edge at 17.04 keV contr ibutes  to the x - r ay  absorption 
process, particul,arly if soft radiat ion such as Mo is 
used. This fact is best i l lustrated in Fig. 8, which shows 
x - ray  absorption as a function of keV. 

Next to absorption, intensi ty  of emission is of great 
importance. Undoped M' YTaO4 emits at 337 nm and is 

1 . e  J , , , s J , t l I I l l t i J t l i . l l t = , I ,  l l l l i l i J l l l l  
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Fig. $ (Top) Relative x-ray absorption of YTa04 and CAW04 
(Bottom) 30 kVp (Mo) x.ray-excited fluorescent emission spectrum 
of M' YTa04. 

superior to CaWO4 in speed. A comparsion of these 
speeds is made in  Table XI, and Fig. 8a shows the 
x - r ay  excited fluorescent emission of YTaO4. The 
sharp l ine at 312 n m  is no artifact, but  ra ther  emission 
s temming from inadver ten t  impurit ies of Gd +3 in Y2Os. 
The higher energy emission relat ive to CaWO4 (which 
peaks at 440 nm)  is actually desirable in combin~ation 
with blue film, which is more sensitive in  that region. 
There also is very little, if any, "crossover" of l ight to 
the other side of the double emulsion film. This yields 
exceptional sharpness for this phosphor. The emission 
at 337 nm is ascribed to the TaO4,* luminescent  center 
being excited via a charge- t ransfer  process (12). For  
TaO4, this charge t ransfer  t ransi t ion requires consider- 
ably higher energy than for the NbO4 case, which is 
the reason why YTaO4 cannot be excited with 2537A 
u.v. Blasse's (12) reported emission of ~330 n m  for 
M YTaO4 via 229 nm excitat ion is very close to the 
emission observed under  x - ray  excitation. The speed 
difference for the M and M' YTaO4 structures as re-  
ported in Table XI is, therefore, ascribed to a more effi- 
cient charge- t ransfer  process for the M' structure,  
where the average Ta-O distances are closer than in 
the M structure  (see Table II) .  

If Nb is subst i tuted for Ta in M' YTaO, even more 
efficient emission is observed. This is ascribed to en-  
ergy transfer  from the absorbing TaO4 group, s imilar  to 
the si tuat ion described by Blasse (19) for the 
CaWl-xMoxO4 system. Speeds as a function of Nb-con-  
centrat ion are represented in Fig. 9, where the M' and M 
region are separated by the shaded two-phase area. 
One can assume the overall  efficiency curve to be com- 
posed of two individual  curves for the M and M' s t ruc-  
ture, with peak emissions occurring at different con- 
centra'tions. Al though the peak for the M' composition is 
relat ively narrow, YTa0.9sNb0.02.O4 can be considered to 
be the best composition for opt imum speed. A direct 
comparison of the emission characteristics of this phos- 
phor with Cronex@ 3 Hi Plus- type  CaWO4 is made in 
Fig. 10 for equivalent  thickness screens. The superior 
overall  efficiency (area under  the curve) combined 
with the higher energy emission is clearly evident. 

Actual performance data under  80 kVp excitation of 
the new phosphor in a series of vary ing  thickness 
screens are i l lustrated in  Fig. 11. 

At equivalent  coating weight, the resolution of M' 
YNb0.08Ta0.9~O4 is also at least two l i ne / pa i r s /mm 
greater than for CaWO4, as seen in Fig. 12. 

In  addit ion to Nb subst i tut ion into the Ta site, we 
also subst i tuted some of the fluorescing rare earth ions 
into the Y site of M' YTaO4. This type of fluorescence 
has been discussed extensively for Eu +8 and Tb +8 in 
M YTaO4 by Blasse (12), and is quite similar, al-  
though it is somewhat more efficient in M' YTaO4. The 
x - r ay  excited spectra of Y0.gEu~.lTaO4 and u 
TaO4 are shown in Fig. 13 and Fig. 14. 

UV excitation.--As already stated, M' YTa04 by itself 
could not be excited with 2537A u.v. As soon as even 
trace quanti t ies of Nb +5 (0.001 mols or less) are in-  
troduced into M' YtaO4, strong u.v.-excitable Nb fluo- 
rescence can be observed. Undoubtedly,  the blue emis- 
sion observed under  2537A u.v. by Br ixner  (11) earlier 
was due to Nb +5 impuri t ies  in Ta~O~. When Nb +5 is in-  
troduced into M' YTaO4. both excitation and emission 
move to lower energies, as shown in Fig. 15. The large 
Stokes shift of 14,062 cm -1 is s imilar  (al though sl ightly 

a Cronex| Hi-Plus, CaWO~. intensifying screen. 

Table Xl. Intensity of luminescence of M and M' YTa04 

R e l a t i v e  speed 
Modification A f t e r  ~ ( H i - P l u s  = 1.0)  

M 1500 0.63 
M" 1200 1.16 
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Fig. 11. Speed as a function of screen thickness for M' 
YNbo.o~Tao.g804 phosphor, 

smaller) to that for CaWO4, and is the reason for the 
relatively high thermal quenching temperature of 
>250=C for this phosphor. 

GdTa04 as Host 

Since the title compound also occurs in the M' modi- 
fication, it was of interest to study its luminescent 
properties, particularly under x-ray excitation. With 
an x-ray Ks absorption edge of 50.2 keV, Gd also con- 
tributes significantly to the absorption process of typi- 
cal medical (100 kVp) exposures, peaking near 60 
keV. This is best illustrated in Fig. 16, where the 

GdTaO4 absorption is compared to bo th  CaWO4 and 
Gd202S, another extensively used host for x-ray phos- 
phors. Both below the C-d edge and above the W edge, 
C~TaO4 is superior to the other phosphors. Addition- 
ally, M' GdTaO4 has a density of 8.55 g/ml -I,  com- 
pared to (7.13 g/ml - I  and 6.06 g/ml - I  for Gd20~S and 
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Fig. 12. Speed vs. resolution for equivalent thickness screens of 
M' YNbo.o3Too.9704 and CAW04. 
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Fig. 16. Relative x-roy absorption of M' GdTo04, Gd202S, and 
CaWO4. 

CaWO4, respect ively .  This fu r the r  increases  x - r a y  ab- 
sorption per uni t  volume of phosphor. Absorption, 
however,  is only  one par t  of the overa l l  x - r a y - t o - l i g h t  
conversion process. As far as luminescence is con- 
cerned, the  s i tua t ion  with  M' GdTaO4 is qui te  d i f fer -  
ent  f rom tha t  wi th  M' YTaO4, because we now have  a 
ra re  ea r th  wi th  7f electrons,  a l lowing f --> f emission 
from extremely low Gd +~ concentrations. This emis- 
sion is rapidly concentrat ion quenched, so that GdTaO4 
by i tself  does not  emit.  Nb +5 also is not  an act ivator ,  
since energy t ransfer  to Gd +3 occurs and the emis-  
sion is quenched.  One can, however ,  in t roduce  Tb +8 
into M' GdTaO4 and obta in  efficient luminescence f o r  
both the 5D4 ---> 7Fj and the higher energy 5D3 --~ 7Fj 
t ransit ions.  At  v e r y  lo~w concentrat ions,  a significant 
part  of the spectrum is due to the 5D~ ~ 7Fj emission, 
while at higher concentrat ions this emission is essen- 
t ial ly quenched, as can be seen in Fig. 17 and Fig. 18. 
Nei ther  phosphor  is as efficient as the  w e l l - k n o w n  
green emit ter  Gd202S: Tb. 

Finally,  we looked at LuTaO4, which has a density 
of 9.75 g / m l - *  and is one of the densest white mate-  
rials known. Because of the ext raordinary  cost of 
Lu203 (~$2,000/pound),  LuTaO4 could, of course, never  
be considered as a realistic practical candidate. We 
examined only  Nb +5 doping and found that, unl ike  
GdTaO4, it will  yield efficient Nb +5 emission, quite 
s imilar  to M' YTaO4. While YTaO4 has no f electrons 
at all, LuTaO4 has a completely filled shell with 14. 
The u.v. excitation and ecn~ssion spectra are shown in 
Fig. 19. One can see that peak fluorescence occurs at 
slightly higher energy than in YTaO4:Nb. This yields 
a somewhat smaller  Stokes shift of 12,360 c m - L  
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Fig. 17. 30 kVp (Mo) x-ray-excited fluorescent emission spectrum 
of Gdo.99sTbo.oo2TaO4. 
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Fig. 19. UV excitation and emission spectra of M' LuNbo.osTao.9504 

Conclusions 
In  sum.mary, we can state that the M" rare earth 

tantalates show interest ing luminescent  behavior. This 
sets them apart  from the fergusonite- type composi- 
tions because of the unique  s t ructural  features of the 
M' structure.  More detailed low tempera ture  spectros- 
copy, l i fe-t ime measurements ,  and Raman  spectra 
evaluations certainly seem to be challenging objec- 
tives for fur ther  research. 
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Photoluminescence of Zinc Silicate Doped with AI and Ti 

H. Hess, A. Heim, and M. Scala 
Institut ffir Festk6rperphysik, Technische Universitdt, A~8010 Graz, Austria 

ABSTRACT 

Photoluminescence of sintered zinc orthosilicate doped with A1 or Ti has been measured in the temperature range be- 
tween 20 and 650 K, peak emissions being noted at 407 and 400 nm, respectively. The corresponding excitation spectra show 
peaks at 218 and 236 nm for Zn2SiO4:A1 and at 218 and 232 nm for Zn2SiO4:Ti. The 218 nm peak must  be assigned to the 
excitation of the undoped zinc silicate where doping with A1 as well as Ti effects an enhancement  of this band. The two 
phosphors have different decay times at room temperature (Zn~SiO4:Al,t ~ 10 sec; Zn2SiO4:Ti~t ~ 10 -~ sec). We observed the 
greatest quantum efficiency for the u.v.-blue emission approximately at activator concentrations of 1 mol percent (m/o) A1 
or 0.6 m/o Ti. Deviations from the linear dependence of the luminescence intensity on the photoexcitation intensity are 
observed above 400 K. 

In a recent  paper (1), we found that unact ivated 
Zn2SiO4 has (300 K) emission and excitation bands at 
385 and 218 n m  with a decay time of 0.5 sec; a second 
emission band  peaks at 285 rim, on excitat ion at 216 nm, 
decay time being t ~ 10 -2 sec. The lat ter  emission is 
faint  at room tempera ture  increasing to low tempera-  
tures. KrSger (2) found no luminescence for unact i -  
vated Zn2SiO4 but  a u .v.-blue cathodoluminescence 
emission for Zn~SiO4 activated by 1 mol percent (m/o)  
Ti which he at t r ibutes  to te t ravalent  Ti 4+. Both 
Uehara et al. (3) and Leverenz (4) reported that  the 
u.v.-blue cathodoluminescence emission of undoped 
Zn~SiO4 is greatly improved by the addition of TiO2. 

An efficiency enhancement  of the conventional  green 
emit t ing P1 phosphor (Zn2SiO4:Mn) by A1PO4 addi-  
tion was found by Chang et al. (5) to be of great  prac- 
tical interest  because of its application to fluorescent 
lamps and screens in  electronic devices. We have 
examined A1- and Ti-doped Zn2SiO4 in greater detail. 

Experimental 
The exper imenta l  setup and preparat ion of the phos- 

phors are described in detail in  an earlier work (1). 
Materials were synthesized by react ing 99% ZnO, 
99.9% SiO2 with 99.6% A1203 or 99.95% TiO2 at 1200~ 
After addit ional  mill ing, pellets were pressed an d  
sintered at 1200~176 in air. The reflectance spectra 
were recorded at room tempera ture  by the reference-  
beam technique of diffuse reflectance spectroscopy with 
a Beckman DK-2A spectroreflectometer. BaSO4 was 
used as the standard.  The absorbance has been deter-  
mined from reflectance measurements  using the re la-  
t ion ~ -- 1 -- p. The measured excitation and emission 
s p e c t r a  were corrected for the spectral dis t r ibut ion of 
t h e x e n o n  lamp emission, the t ransmission of the mono-  
chromators, and the spectral sensi t ivi ty of the detector. 

Key words: zinc silicate, aluminum, titanium, excitation, emis- 
sion. 

Results 
Figure 1 shows the excitation and emission spectra 

of unact ivated (curve 1) and A1203 activated (curve 
2-4) zinc orthosilicate at room temperature.  Besides 
the 218 n m  excitation band of the undoped material ,  a 
new excitation band with a max imum at 234 nm arises 
wi'th increasing A120~ content. The u.v.-emission band 
(285 nm)  with an excitation ma x i mum at 216 nm, 
which exists in the undoped zinc silicate only at low 
temperatures  (1), disappears with increasing A12Os 
content  so that  an emission at 285 n m  could not  be 
measured at 20 K when 1 m/o  A1203 was added to the 
"pure" material .  Practically identical  excitation and 
emission spectra were found by using A1~O8 or A1PO4 
as an ini t ial  ingredient  for the introduct ion of A1 as an 
activator. The excitation spectra of u .v.-blue l u m i n -  
escence of Zn2SiO4:A1 are therefore composed of two 
bands:  one located near  the fundamenta l  absorption 

30 e m 0 0 n  d 
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Fig. 1. Spectral characteristics af Zn~SiO4 doped with (1) 0 (2) 
0, 1% (3) 0, 3% and (4) 2% AltOs. 
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edge at about  216 to 219 nm, and the other  located in a 
region 231 to 236 nm, which is character is t ic  of the 
luminescence center  caused by  doping with  A1. 

The emission of the A l - d o p e d  Zn2SiO4 exhibi ts  a 
large  m a x i m u m  at about  407 nm at exci ta t ion wi th  240 
nm with  a tai l  ex tend ing  into the green region (Fig. 1, 
curve 4). For  exci ta t ion wi th  220 nm, the emission 
spec t rum is shif ted somewhat  to a lower  wave leng th  
(}~max ~ 400 nm) .  Cooling down to 20 K causes a shif t  
of the emission spect ra  exci ted  at 240 nm of about  5 
nm to grea ter  wavelengths  (~m~x = 412 nm) .  None of 
the recorded spectra  show any v ibra t iona l  s t ruc tura l  
features.  As we can see in Fig. 1, the ha l f -wid th  of the 
emission band of the A l - d o p e d  Zn2SiO4 is a l i t t le  
g rea te r  than that  of the undoped mater ia l .  I t  is the re -  
fore supposed that  the broad  emission band  of Zn2SiO~: 
A1 resul ts  f rom a close Overlap of the emission band 
of the undoped Zn2SiO4 wi th  a second emission band  
or iginat ing f rom A1 doping. Evidence was found by  
measur ing  the decay  curves at different  wavelengths  
of the A l -doped  Zn2SiO4 emission band. 

The results  of the decay measurements  for severa l  
wavelengths  of the u.v.-blue emission are  shown in Fig. 
2a for constant  exci ta t ion intensi ty.  The decay ra te  
becomes grea te r  as the exci ta t ion in tens i ty  is increased,  
indica t ing  that  a b imolecular  process is responsible  for 
the decay of luminescence.  If  the decay process of 
luminescence is governed by  b imolecular  kinetics,  the 
equat ion I : Io/(1 ~ at)P holds (6). In  this case how-  
ever,  the curves cannot all  be fit by  the same a and p 
values.  Thus Fig. 2a shows tha t  decay  curves are 
nea r ly  equal  for emission wavelengths  ~ > 520 nm. In 
the wave length  range  ~ ~ 520 nm, the decay of lumin-  
escence becomes fas ter  wi th  decreasing wavelengths .  
F rom the set on nonnormal ized  decay curves, we have 
de te rmined  the t ime- reso lved  emission spect ra  shown 
in Fig. 2b. The red shift  of the u .v . -blue emission band 
f rom 407 to 425 nm (Fig. 2b) dur ing the decay t i m e  
0 ~ t ~ 0:5 rain is associated wi th  the growth  of the 
long wave leng th  par t  of the emission band.  For  decay 
t imes  t ~ 0.5 min, no essential  change of the phos-  
phorescence spec t ra  takes place af ter  tu rn ing  off con- 
t inuous excitat ion.  Therefore ,  it  is possible to expla in  
the decay process of the luminescence of the A1- 
ac t iva ted  Zn2SiO4 by  the superposi t ion of severa l  
emission bands wi th  different  decay times. 

In  Fig. 3, one can see the composit ion of the u .v . -blue 
emission band of Zn2SiO4:A1 (2%) (curve a) by  t w o  
sub-bands  by  using the emission band  of the "pure"  
ZneSiO4 (curve b) .  The difference of the two curves 
a (k ) -b (X)  yields  a spec t ra  d is t r ibut ion  c(~) which 
closely coincides wi th  the spect ra l  d is t r ibut ion  of the 
long af te rg low (curve c in Fig. 3 is equiva lent  to the 
curve at  t : 4 min in Fig. 2b).  These facts may  rea -  
sonably  lead to the conclusion that  the broad  u .v . -blue 
emission band of Zn~SiO4:AI may  be due to a super -  
posi t ion of the emission band  of the undoped zinc s i l i -  
cate, peaked  at  about  390 nm wi th  a decay  t ime of 
about  0.5 sec (curve b, Fig. 3) and  a second emission 
band, peaked  at 429 nm with  a long af te rg low of about  
10 sec (Fig. 3, curve c),  which ma in ly  or iginates  f rom 
A1 activat ion.  The long wave  ta i l  (~ > 500 nm) of the 
emission band  c is caused by  a th i rd  s u b - b a n d  due to 
traces of manganese .  This green Mn emission band  of 
the  Zn2SiO4:At has a ve ry  long af te rg low as can be 
seen from the decay curves in Fig. 2a. The different  
decay of the blue and green luminescence can be ob-  
served dis t inc t ly  for zinc si l icate which is doped wi th  
2 m/o  A1203 and O.1 m/o  MnCO3. At  this ac t iva tor  
ratio, the green Mn emission accompanies  the u .v . -blue 
emission. Af te r  turn ing  off the continuous exc i ta t ion  
(254 nm) ,  the visible l ight  b lue  af te rg low changes into 

a long pers is tent  green phosphorescence af ter  about  3 
see. 

F u r t h e r  evidence for emission band  superposi t ion is 
der ived  from the t empera tu re  dependence  of the short  
wave length  and long wave leng th  emission of the A1- 
ac t iva ted  zinc silicate. These t empera tu re  dependent  
curves were  ob ta ined  b y  va ry ing  the t empe ra tu r e  of 
the sample  at constant  exci t ing intensi ty.  The efficiency 
scale is now fixed in such a manner  that  at  the level  
where  the luminescence in tens i ty  reaches a max imum,  
the efficiency is assumed to be one. In  the short  wave -  
length  range,  where  the emission bands  over lap  a 
l i t t le,  one should find main ly  the t empera tu re  de-  
pendence of the emission band of the undoped  zinc 
sil icate.  In fact, the t empera tu re  dependence  of  
Zn~SiO4:A1 at  an emission wave leng th  of 340 nm (Fig. 
4, curve 2) n e a r l y  corresponds  wi th  the t empera tu re  
dependence  of the undoped  zinc si l icate (Fig. 4, curve 
1), whi le  at an emission wave length  of 480 nm, one 
gets ma in ly  the t empera tu re  dependence  of the 
luminescence depending on A1 doping (Fig. 4, curve 3). 

The dependence  of the emission in tens i ty  on the ex-  
ci tat ion in tens i ty  for Zn~SiO4:A1 is found to be n o n -  

100[- 407n-~Qnm~l~ l inear  and s imi lar  to nonact iva ted  zinc si l icate (1). For  
I ~ . L ~  an exci ta t ion wave leng th  of 240 nm, the emission i n -  

(a) ~ 1-(b) I tens i ty  increases l i nea r ly  at  t empera tu res  20 K < T <~ 
I "~I, ~ / I I  # ~ ~'~, t~_O.Smint:~min I' 410 K and super l inear ly  at temperatures r > 410 K 
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Fig. 2. (a) Decay curves for the u.v.-blue luminescence of Zn2SiO4: 
AI (2%) phosphor at 300 K for different emission wavelengths, 
excited 4 rain at 240 nm. (b) Normalized time-resolved emission 
spectra determined from the set of nonnormalized decay curves. 
The delay times after turning off the continuous excitation are 
specified in the figure (0, 0.5, and 4 rain). 
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Fig. 3. Superposition of emission spectra of the luminescence at 
continuous excitation for Zn~iO4:AI (2%) at room temperature. 
(a) Emission spectrum of Zn25iO4:AI (2%), (h) emission spectrum 
of undoped Zn2SiO4, (c) emission spectrum of the luminescence in 
consequence of AI doping (c ~ a - -  b). 
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Fig. 4. Dependence of the relative luminescence efficiency on 
temperature of Zn2Si04 doped with (1) 0 and (2), (3) 1% AI208. 
kexc = 220 nm. 

with  exci t ing in tens i ty  (7). This means that  the range  
of t empera tu re  quenching i tself  is dependent  on the 
in tens i ty  of exci tat ion.  As wil l  be shown in Fig. 5, an 
increase  of the in tens i ty  of the exci ta t ion from 1 to 50 
causes a shift  of the quenching range  of about  60 K 
towards  h igher  tempera tures .  

In  the case of A l - ac t i va t ed  zinc silicate, the na tu re  
of the final s tates  reached in absorpt ion is indica ted  by  
the occurrence of n - t y p e  photoconduct iv i ty  (8) and 
proved by  means of Dember  effect measurement ,  
phosphorescence,  and the non l inear  response corre-  
l a ted  with  the luminescence.  Al l  these phenomena  
indicate  that  e lectrons have been l ibe ra ted  f rom energy  
states  somewhat  above the valence band.  Therefore,  i t  
is reasonable  to de te rmine  the the rmal  act ivat ion 
energy  EA1 (distance of the level  f rom the top of the 
valence band)  for the luminescence center  using the 
we l l -known  re la t ion for t empera tu re  quenching of the 
luminescence of inorganic  phosphors  I/Io ~- [1 + exp 
(--EAI/kT)] -1 f rom the t empera tu re  dependence  of 
the re la t ive  luminescence efficiency I/Io of Fig. 5 for 
high exci ta t ion energy  to avoid nonl inear  effects (9). 
Thereby,  one gets EAa : 0.81 eV. 

F igure  6 shows typical  exci ta t ion and emission 
spec t ra  for TiO2-doped zinc si l icate (curves 2-4).  Wi th  
increas ing Ti content  in Zn2SiO4, a new exci ta t ion 
band wi th  a m a x i m u m  at about  232 nm arises s imi la r  
to A l -doped  zinc sil icate.  The ha l f -w id th  value  of this 
exci ta t ion band is smal le r  than that  of Zn2SiO4:A1 so 
that  in contras t  to the A l -doped  mater ia l ,  Zn2SiO4:Ti 
could not be exci ted  by 254 rim. As we can see from 
Fig. 6, curves 1 and 3, Ti doping causes a Considerable 
enhancement  of the exci ta t ion band at  218 nm of the 
undoped  zinc sil icate,  which cannot  on ly  be exp la ined  
by  ove r l app ing  of  the two exci ta t ion bands. The u.v. 
emission band (285 rim) of the undoped zinc si l icate 
(1) d isappears  wi th  increas ing TiO2 content  s imi lar  to 
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Fig. S. Dependence of the normalized luminescence efficiency on 
temperature of Zn~SiO~:AI (2%) at different excitation intensities 
(1:5:17:50). kern = 400 rim, kexc = 250 nm. 
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Fig. 6. Spectral characteristics of Zn2Si04 doped with (1) O, (2) 

0.2, (3) 0.6, and (4) 1% Ti02. 

Zn2SiO4:A1. Compared  to the emission of the undoped  
zinc silicate, the u .v . -blue emission of Zn2SiO4: Ti wi th  
a m a x i m u m  at 400 nm is shif ted somewhat  to longer  
wavelengths  (Fig. 6, curves 1 and 3). The change of 
the exci ta t ion and emission spec t rum af ter  doping wi th  
1 m/o  TiO2 (Fig. 6, curve 4) is caused by  undissolved 
TiO2 which absorbs the exci t ing and emi t t ing  r ad i a -  
tion, as one can see f rom a comparison of the absorp-  
tion spect ra  of TiO2 (Fig. 7, curve 1) wi th  the emission 
spec t rum of Zn2SiO4:TiO:2 (1%) in Fig. 6, curve 4. The 
decay of the luminescence of Zn2SiO4:Ti is short  (t 
10 -3 sec) compared  to the luminescence of the "pure"  
Zn2SiO4 (t ~ 0.5 sec) or Zn2SiO4:A1 (t ~ 10 sec) .  

The re la t ive  quan tum efficiency of the u .v . -blue 
luminescence of Zn2SiOa: A1 and Zn2SiO4: Ti exci ted  by  
220 nm (Fig. 8) depends on the ac t iva tor  concentra t ion 
in the usual  way:  in the region of low concentra t ion 
i t  increases to reach a m a x i m u m  and decreases  again  
towards  h igher  concentrat ions.  The decrease of the 
efficiency at h igher  concentrat ions  of added  A12Os or  
TiOz is pa r t i a l l y  caused by  absorpt ion  (besides the 
quenching due to high ac t iva tor  concentrat ions)  of the 
exci t ing and emi t t ing  radia t ion  by compounds as 
Zn (A102)2 and TiO2 or Zn2TiO4, detected by  x - r a y  dif -  
f ract ion and opt ical  reflectance spec t ra  as separa te  
phases. 

X - r a y  diffraction spect ra  of some Zn2SiO~:A1208 
samples  s intered for 1 h r  at  1370~ show separa te  l ines 
in addi t ion to the lines of the wi l lemi te  la t t ice  of 
Zn2SiO4, which correspond to the cubic face -cen te red  
lat t ice of Zn(A102)2. These l ines are  visible at  A1208 
concentrat ions  grea te r  than 2 m/o.  As one can see from 
the absorpt ion spec t rum (Fig. 7, curve 3), Zn(AIO2)2 
behaves  l ike a filter substance for the exci t ing r ad i a -  
tion (k < 300 nm)  of the u .v . -blue emission of Zn2SiO4: 

io 
200 300 400 500 

Wavelength (nrn) - 
Fig. 7. Absorption spectra obtained from diffuse reflection 

spectra (= ~ 1 - -  /~) of (1) TiO~, (2) Zn2Ti04 + ZnO in excess, 
(3) Zn(AlO~)2. 
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Fig. 8. Relative efficiency of the u.v.-blue luminescence of 
Zn2Si04 doped with different (1) AI20~ and (2) Ti02 concentra- 
tions. ~.em = 400 nm, Xexc - -  220 nm. 

A1. While the u.v.-blue emission intensity of undoped 
Zn~SiO4 increases with increasing sintering tempera- 
tures until the melting point (Fig. 9, curve 1), A1- 
doped zinc silicate shows a decrease of the lumin- 
escence intensity at sintering temperatures above 
1300~ (Fig. 9, curve 3). This behavior can be ex- 
plained by enhanced formation of Zn(A10=)= from ZnO 
and A120~ at elevated temperatures. According to 
Gmelin (10), the velocity of the reaction ZnO 
A120~ --> Zn(A1Oe)= is very small, below ll00~ Only 
at about 1400~ does a complete reaction take place in 
a relat ively short time, in agreement with the phase 
diagram of the ternary system ZnO-A12Os-SiO2 (11). 
In a similar way, the strong drop of the luminescence 
efficiency of Zn2SiO4:TiO~ (0.6%) at sintering tem- 
peratures above 1420~ (Fig. 9, curve 2) may be 
caused by the favored formation of ZnO-TiO2 com- 
pounds with a strong absorption for wavelengths 
below 450 nm (Fig. 7, curves 1 and 2). The occurrence 
of a separate phase besides Zn2SiO4 with a short wave- 
length absorption is clearly visible at the slightly 
yellow body color of the samples sintered at tempera-  
tures above 1420~ 

I 0 0 ' 3 I/~ 
i I o \ 
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Fig. 9. Relative efficiency of the u.v.-blue luminescence of 
Zn2Si04 doped with (1) O, (2) 0.6% TiO~, and (3) 0.8% AI203 at 
different sinterlng temperatures. ~em ~ 400 nm, ~.exc ~ 220 nm. 

Fig. 10 shows characteristic glow curves of undoped 
Ti- and Al-doped zinc silicate obtained after i r radia-  
tion with 220 nm at 20K. By measuring the glow 
curves at different wavelengths of emission in the 
range of 300 nm < ;~ < 480 nm; it is possible to deter-  
mine the spectral distribution at temperatures of the 
glow peaks, which coincide approximately with the 
spectral distribution at continuous excitation. There- 
fore, the glow emission of the undoped zinc silicate 
samples show a peak at about 385 nm while A1- and 
Ti-doped specimens have the greatest glow emission at 
about 400-407 nm. The total stored light sum depends 
on sintering time, sintering temperature~ a~d the con- 
centration of the TiO2 and A1203 additions. A small 
specimen dependence of the position of the glow peaks 
was found for ZneSiO4 and Zn2SiO4:Ti for tempera-  
~ures > 280 K. As one can see from Fig. 10 (curves 1 
and 2), the glow curves of the undoped Zn2SiO4 and 
the Zn2SiO4:Ti show distinct peaks at different tem- 
peratures. No distinct glow peaks could be measured 
not even at small heating rates (10 K/min)  for 
Zn2SiO4:A1; a superposition of several glow curves 
with separate peaks close together is assumed. The 
long and bright afterglow at 20 K indicates that in the 
crystal lattice a great number of sites are present 
where electrons and holes with low energy of activa- 
tion are trapped. The shallowest traps marked by 
dotted lines could not be measured, because they are 
already emptied by the radiation of the surroundings 
(12) before the glow curve measurements began. 

Discussion and Conclusion 
A comparison of Fig. 1 with Fig. 6 shows that the 

incorporation of A1 as well as Ti in zinc silicate effects 
the excitation spectrum of the undoped zinc silicate in 
two ways. Firstly, a new excitation band occurs at 
235 and 232 nm for increasing amounts of A120~ or TiO2 
added to the undoped Zn2SiO4. Secondly, the incorpo- 
ration of A1 as well as Ti enhances the original excita- 
tion band of the undoped Zn2SiO4 at 218 nm. In these 
cases, the incorporation of two different elements as A1 
and Ti produces an intensification of the u.v.-blue 
emission of the undoped Zn2SiO4 in the same way, 
namely, by introducing a new excitation band in the 
wavelength region 230 n m <  ~ < 236 nm and by en- 
hancement of the excitation band of  the undoped 
material. Prel iminary evidence obtained in our labora- 
tory indicates that gallium incorporated in Zn2SiO4 
affects the excitation and emission spectrum of pure 
zinc silicate in a similar way as A1 and Ti. Therefore, 
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Fig. 10. Thermal glow curves of Zn2Si04 doped with (1) O, (2) 

0.6% Ti02, and (3) 1% AI203 after excitation with 220 nm for 4 
mln. ~em -~- 400 nm, heating rate 15 K/min. 
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we think that the dependence of the luminescence on 
the presence of the atoms A1, Ga, or Ti is primarily 
indirect. These metallic impurities may produce a re- 
duction in the degree of stoichiometry of the Zn2SiO4 
samples by creating additional lattice imperfections 
which act as luminescence centers. Further, it could be 
possible that the primary action of the activator atoms 
A1, Ga, or Ti is to disturb the crystal field and to in- 
fluence the host crystal selection rules in the vicinity 
of the emitting atom or atomic group of the host 
crystal. These notions are confirmed by a similar ob- 
servation of Leverenz (4). He found that several sili- 
cate phosphors, e.g., ThSiO4, CdSiOs, Mg2SiO4, CaSiO3, 
and (Zn, Be)2SiO4, have very similar cathodolumin- 
escence emission bands compared with undoped 
Zn2SiO4. The efficiency of some of these phosphors is 
greatly improved by incorporation of TiO2. It is also 
known that different quartz glasses and crystals show 
characteristic emission bands with maxima at 280 and 
396 nm excited by radiation ~. < 253 nm (13) similar to 
the luminescence of undoped zinc silicate (1). How- 
ever, the assumption of assigning the luminescence of 
undoped or doped zinc silicate to a separate phase of 
SiO2 besides ZnzSiO4 does not seem to be correct, be- 
cause no essential change of the intensity of the u.v.- 
blue emission of undoped and AI-, Ga-, or Ti-doped 
Zn~SiO4, prepared with an excess of 0.05 mol, 0.1 mol, 
or 0.2 mol SIO2, has been found. Because of these facts, 
we propose that the luminescence of undoped as well 
as AI-, Ga-, and Ti-doped Zn~SiO4 is due to the [SIO4] 
unit of the zinc silicate. The characteristic lumin- 
escence of quartz glass with maxima at 396 nm was 
associated with oxygen vacancies situated in the glass 
lattice in a microregion with structure of cristobalite 
type (13, 14). How far the u.v.-blue luminescence 
bands of the undoped or AI-, Ga-, and Ti-doped 
Zn2SiO4 are associated with oxygen vacancies of the 
SiO4-tetrahedra of the willemite lattice, has to be 
proved by later experiments. 

The superlinear dependence of the luminescence on 
the excitation intensity or what amounts to the same, 
the dependence of the temperature quenching on the 
exciting intensity, is found at undoped (1) as well as 
A1- (Fig. 5) and Ti-doped zinc silicate at temperatures 
above 400 K. Zinc silicate activated with a high con- 
centration of manganese shows a superlinear behavior 
likewise (15). Commonly, superlinearity is explained 
by hole migration (16-19). If luminescence centers 
with energy states somewhat above the valence band 
are only excited with low intensity, then the holes 
originated in the valence band can migrate to neigh- 
boring deep traps, whose energy levels lie higher than 
those of the luminescence centers, and will there re- 
combine with trapped electrons nonradiatively. At 
higher excitation intensities and low temperatures, 
these processes are no longer dominant and energy 
losses via deep traps become unimportant. Because of 
the fact that undoped as well as doped zinc silicate 
show a similar superlinear behavior, it is supposed that 
the origin of the superlinearity, namely, deep traps, 
could be mainly attributed to lattice imperfections of 
the zinc silicate itself. A1 doping of Zn.2SiO4 causes an 
increase of the glow emission (Fig. 10, curve 3) in con- 
nection with a long decay time of the luminescence 
(Fig. 2a) and an increase of n-type photoconductivity 
(1) in comparison to the undoped zinc silicate. Fur- 
thermore, in context with the glow emission, a ther- 
mally stimulated conductivity is found. Similar results 
were noted for Ga-doped zinc silicate. All these ex- 
perimental results indicate an increase in the concen- 

tration of electron trapping centers as a consequence of 
A1 or Ga doping. 

The willemite lattice of zinc orthosilicate consists 
of corner-joined tetrahedral groups of [Zn04] and 
[SIO4]. In the crystals, the [ZnO4]-tetrahedra are all 
interconnected, whereas the [SiO4]-tetrahedra with 
strong Si-O bonds are isolated from each other. From 
the feldspars (20) and the color centers in smoky 
quartz (21), it is known that aluminum can form tetra- 
hedral bonds by accepting an extra electron, so that 
[SiO4]-tetrahedra could be substituted by [A104]- 
tetrahedra. Thus it seems reasonable that small quan- 
tities of aluminum or gallium atoms should replace 
silicon atoms in the willemite lattice of zinc orthosili- 
cate. Since the substitutional aluminum or gallium 
requires an extra electron to complete all four tetra- 
hedral bonds, these centers may act as a trap for elec- 
trons. 
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ABSTRACT 

The effects of annealing and quenching EL phosphors  on their  maintenance are investigated. Annealing at a tempera- 
ture from 700 ~ to 1000~ for more than 1 hr in NH3 or air, and quenching are most efficient for EL life improvement.  For  
example,  EL phosphor annealed in air at 900~ for 2 hr and quenched has a half-life of more than 3000 hr (initial brightness = 
100 nt). Sulfur vacancy density, dopant  content, and phosphor  particle size are not changed appreciably by annealing, but  
the x-ray diffraction peak intensity changes, and the activation energy of deterioration increases from 0.3 to 0.45 eV by an- 
nealing. These results suggest that  the crystal quality is changed by annealing and quenching. 

AC powder  EL cells have long been known to de-  
te r iora te  s lowly dur ing  continuous operat ion.  Many  
efforts have been made to improve  thei r  br ightness  and 
maintenance.  Thornton (1) improved  thei r  br ightness  
and life by  inves t igat ing dopant  content  and phosphor  
par t ic le  size effects on ZnS:Cu,C1 phosphor.  Jaffe (2) 
improved  life by  the rep lacement  of chlorine by  
bromine.  The authors  have inves t iga ted  dopant  content,  
f ract ionat ion,  and etching effect on ZnS:Cu,Br  phos-  
phor  br ightness  and life, and measured  sulfur  vacancy 
densi ty  and crys ta l  qual i ty  dependence  of life to s tudy  
the de ter iora t ion  mechanism by e lect ron spin reson-  
ance (ESR) and x - r a y  diffraction. I t  has been repor ted  
that  br ightness  has a max imum at (Cu + B r ) / 2  ---- 
0.2 --  0.3 mol percent  (m/o ) ,  and life is improved  by  
opt imizat ion of dopant  content,  f rac t ionated  phosphor  
par t ic le  size, and by  etching (3-4).  I t  is also clear  that  
life is improved  with  a decrease in sul fur  vacancy 
densi ty  and x - r a y  diffraction (111) peak  in tens i ty  (5). 

On the other  hand, for improvemen t  of EL phosphor  
maintenance,  anneal ing  and quenching is wel l  known 
to be effective. Avert (6) r epor ted  tha t  EL life was 
improved  by  annea l ing  at a re la t ive  low t empera tu re  
in an a tmosphere  selected f rom the group consisting of 
neu t ra l  and oxidizing atmosphere .  Thornton (7) s ta ted  
that  EL l ife improves  by  a factor  of roughly  2-10 by  
air  anneal ing  and quenching. Lehmann  (8) observed 
that  (Zn ,Cd)S:Cu ,Br  phosphor  became ex t r eme ly  
de te r io ra t ion- res i s tan t  af ter  re t i r ing and quenching in 
pure  sulfur .  Recently,  Lehmann  (9) repor ted  tha t  an-  
nea l ing  in sulfur  a tmosphere  is not impor tant ,  but  
quenching is essent ial  for l ife improvement .  However ,  
we have discovered that  there  is a more effective means 
of improving  EL phosphor  life which does involve 
quenching. Why  quenching is impor tan t  is not ye t  
clear.  

In  this paper ,  the authors  inves t iga ted  the most 
efficient anneal ing  condit ion (atmosphere,  anneal ing  
time, and anneal ing  t empe ra tu r e ) ,  and also measured  
the changes f~i EL phosphor  character is t ics  produced 
by the a n n e a l i n g t r e a t m e n t .  

Experimental 
ZnS:Cu,Br  phosphor  was first p r epa red  in accord-  

ance with  the  convent ional  techniques ment ioned in 
the previous  paper  (3). ZnS with  app rox ima te ly  0.5 
weight  percen t  (w/o)  copper  in the form of CuCOOH 
and 2.0 w / o  bromine  in  the form of NH4Br was fired 
at 900~ for 6 hr  in H2S + Ar  a tmosphere .  These fired 
products  were  then washed by  NaCN to remove sur -  
face contaminants .  These products  contained about  0.3 
m/o  copper and 0.3 m/o  bromine.  The mean  par t ic le  
d iameter  was 17-20 ~m. Next,  these products  were 
annea led  in N2, sulfur, NHs, or air.  Annea l ing  in sulfur  
a tmosphere  means  to fire the products  in H2S + Ar  
with  10, 20, or  40 w/o  sulfur  addit ion.  Annea l ing  was 
done as follows. The phosphor  in the boat  was placed 

K e y  w o r d s :  e l e c t r o l u m i n e s c e n c e ,  annealing, life i m p r o v e m e n t ,  
p h o s p h o r s ,  

in the firing vessel. Af te r  the firing vessel  was evacu-  
a ted by  a ro ta ry  pump, each gas was in t roduced into 
the vessel to assure a good exchange.  The firing vessel 
was then placed in a p rehea ted  furnace  and was fired 
in each gas. Then, the vessel was w i thd rawn  and al -  
lowed to cool to room tempera ture .  The br ightness  and 
l i f e -measurement  methods were  the same as those 
ment ioned in the previous  paper  (3). 

Results 
Dependence of phosphor performance on annealing 

conditions.--The vol tage dependence  of the br ightness  
at  10 kHz opera t ion  for EL cells incorpora t ing  each 
phosphor  annea led  for 2 hr  at  900~ is shown in Fig. 1. 
The t ime dependence  of the br ightness  is shown in Fig. 
2. The br ightnesses  for the phosphors  annea led  in sul-  
fur, N2, air, and NH3 a tmosphere  are reduced  to about  
3/4, 1/2, 1/3, and 1/3 of that  for the phosphor  before  
anneal ing,  respect ively.  The ha l f - l i fe  for phosphors  
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'I 
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, /d /V (fire �89 V'~ms ) 

Fig. 1 

Fig. 1. Voltage dependence of brightness for E1 cells incorporat- 
ing annealed phosphors. Binder is silicon grease (dielectric con- 
stant is about 3). Emission layer thickness is 100 #m. A; before 
annealing, B; annealed in sulfur atmosphere (10 or 20 w/o sulfur 
addition), C; annealed in sulfur atmosphere (40 W/o sulfur addi- 
tion), D; annealed in N2 atmosphere, E; annealed in air, F; an- 
nealed in NH3 atmosphere. 
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Fig. 2. Time dependence of brightness for EL cells incorporating 
annealed phosphors. Binder is an organic material, fluoro rubber 
(dielectric constant is about 10). Emission layer thickness is 30 
40 ~m. A; before annealing, B; annealed in sulfur atmosphere 
(10, 20, or 40 w/o addition), D; annealed in N~ atmosphere, E; 
annealed in air, F; annealed in NH~ atmosphere. 

annealed in sulfur, N2, air, and NI-I~ atmosphere is im- 
proved about 1-, 3-, 8-, and 10-fold, respectively, com- 
pared to that for unannealed phosphor. From these 
results, it can be concluded that annealing in air or 
NH8 atmosphere is most effective with respect to im- 
proving maintenance. 

The effect on maintenance of the cooling rate after 
annealing was investigated for annealing in air. After 
the phosphors were taken out of the firing vessel, they 
were cooled by the following three methods; without 
forced cooling, by ventilating, and by casting into 
water. The time dependences of the brightness for EL 
cells incorporating phosphors cooled by the above 
methods are shown in Fig. 3. The life of the phosphor 
cooled by casting into water is impaired, and the lives 
of phosphors cooled without forced cooling and by 
ventilating were improved, compared with phosphor 
which was allowed to cool slowly in the firing vessel. 
From these results, it can be seen that cooling at an 
appropriate speed, about 1000~ is effective for 
improving EL life. 

In order to find the optimum annealing condition, 
the annealing time and temperature dependence of 
brightness and life were investigated for annealing in 
air. The phosphor was taken out and was allowed to 
cool without forced cooling. Figures 4a and 4b show 
EL cell initial brightness vs. annealing temperature 
and time, respectively. As shown in these figures, the 
initial brightness decreases with annealing temperature 
and decreases with annealing time, up to 30 rain, after 
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Fig. 3. Time dependence of brightness for EL cells incorporating 
phosphor quenched after air annealing. (1) cooled without forced 
cooling; (2) cooled by ventilating; (3) cooled by casting into water; 
(4) cooled slowly in firing vessel. 
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Fig. 4. E:L cell initial brightness vs. annealing temperature (a) 
and time (b). 

which it is constant. Figures 5a and 5b show half-life 
vs. annealing temperature and time, respectively, in 
the case that the initial brightness is 100 nt. Below 
400~ half-life diminishes. Above 450~ half-life 
improves. Half-life increases with annealing time. 
When annealing at a temperature above 700~ for 
more than 1 hr is performed, these phosphors perform 
better, because half-life increases by 20-40 times, 
though the initial brightness decreases to 1/3 or 1/4 of 
that for unannealed phosphor. The typical time depen- 
dence of the brightness at 2 kHz operation for the 
phosphor annealed in the optimum condition (900~ 2 
hr) is shown in Fig. 6, where half-life is indicated to 
be above 3000 hr. 

Characterization o] annealed phosphors.--To study 
the reason why annealed phosphor has a long life, 
sulfur vacancy density, dopant content, particle size, 
the component covering the phosphor particle surface, 
activation energy of deterioration, and crystal quality 
for unannealed and annealed phosphors, which are 
major factors of the EL life, were measured. 

The changes in sulfur vacancy density caused by air 
annealing are measured by ESR and thermolumi- 
nescence. The sulfur vacancy density by ESR measure- 
ment for phosphor before and after annealing in air is 
shown in Table I. It was found by ESR that the sulfur 
vacancy density was not changed appreciably by an- 
nealing in air. The thermoluminescence spectra-for 
phosphors before and after annealing in air are shown 
in Fig. 7. The right-hand and left-hand peak are con- 
sidered to be due to sulfur vacancy pairs and to Br, 
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Fig. 6. Time dependence of brightness for phosphors annealed 
under optimum conditions (900~ 2 hr in air). 

respect ively .  This resul t  also indicates  tha t  sul fur  
vacancy  dens i ty  is not  changed by  anneal ing  in air. 

The var ia t ions  in dopant  content  and par t ic le  size 
caused by  annea l ing  in a i r  were  measured,  and  these 
resul ts  are  shown in Table II. The Cu content  tends to 
increase  and the Br content  tends to decrease a l i t t le,  
but  these var ia t ions  are  small .  Par t ic le  size does not  
change. 

I t  was found tha t  the  EL phosphor  par t ic le  surface 
is changed by  react ion wi th  the anneal ing  a tmosphere .  
In  the  case of a i r  anneal ing,  a g rea te r  amount  of zinc 

Table I. Sulfur vacancy densities for phosphors before and after 
annealing in air. S vacancy/Mn means the ESR signal intensity 
ratio of sulfur vacancy in ZnS and Mn in tha internal standard, 

MgO:Mn. 

Sample number S vacancy/Mn 

B e f o r e  anneal ing  1 0.074 
2 0.076 

A f t e r  annealing l a  0.065 
2a 0.078 

Phosphors la and 2a were produced from phosphgrs i and g 
by annealing under the condition of 900~ 2 hr. 

Table II. Dopant content and mean particle diameter for 
phosphors before and after annealing in a|r 

Mean 
part ic le  

Sample Cu content Br content diameter 
number (m/o) (#m) 

B e f o r e  
anneal ing  1 0.33 ~ 0.005 0.35 - -  0.005 20 :t: I 

2 0.285 - -  0.005 0.30 • 0.005 19 ~ 1 
After 

anneal ing  la  0.36 • 0.005 0.35 • 0.005 10 • 1 
2a 0.285 ___ 0.005 0.26 _ 0.005 19 • 1 

oxide is fo rmed  on the surface of the phosphor  
part ic les .  In  the  x - r a y  diffraction spec t ra  of the  phos-  
phor  annea led  in air,  th ree  peaks  due to zinc oxide 
appear  as shown in Fig. 8. 

The SEM picture  of the phosphor  annea led  in a i r  is 
shown in Fig. 9. The many  fine par t ic les  p rec ip i t a t ed  
on the phosphor  surface are  p robab ly  zinc oxide. The 
authors  expected that  the  reason that  annea l ing  im-  
proves EL life is tha t  zinc oxide covers the phosphor 
par t ic le  surface, and made  an a t t empt  to remove zinc 
oxide b y  e tching for l0 min wi th  acetic acid (80~ 
and for 2 hr  wi th  6N HC1 (80~ Most of the zinc 
oxide  was removed by these etchings, as shown in Fig. 
I0. The t ime dependences  of the b r igh tnes s  of this 
phosphors  before  and af ter  e tching are  shown in Fig. 
i I .  Con t ra ry  to expecta t ions  life is improved  by  these 
t rea tments .  Therefore,  i t  is concluded tha t  the life 
improvement  produced by anneal ing  is not due to zinc 
oxide  covering the phosphor  par t ic le  surface.  

Act ivat ion  energy  was measured  for ZnS:Cu,Br  
phosphor  annea led  in air. The measur ing  method of 
the  act ivat ion energy  was the  same as tha t  of the  
previous  pape r  ( I0) .  The t ime dependence  of EL 

. . . . .  before annealing in air 
after annealing in air 

i f " \  heating rate = 2 degrees/sec 
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/ / \ \  : _ \ 
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Fig. 7. Thermoluminescence of phosphors before and after an- 
nealing in air. 
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and after annealing in air, are shown in Fig. 12. From 
their slopes, it was found that the activation energies 
were varied from about 0.3 to 0.45 eV by annealing 
in air. 

X-ray diffraction was measured for the phosphors 
before and after annealing in air. Figure 13 shows 
annealing temperature dependence of the (111) peak 
intensity, which is the strongest x-ray diffraction peak. 
This graph inversely resembles the annealing tem- 
perature dependence of the life shown in Fig. 5a. EL 
phosphor life improvement correlates with a decrease 
in the (111) peak intensity. 

Discussion 
At the beginning in this experiment, the following 

were suggested as possible reasons for improving life 
by annealing: (i) a material covers the phosphor 
particle surface; (ii) trap density, for example, sulfur 
vacancy, decreases; (iii) the dopant content and 
particle size, which are the factors of EL phosphor life, 

Fig. 9. SEM picture of phosphor annealed in air 
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Fig. 10. X-ray diffraction pattern for etched phosphor 

brightness can closely be described by B = Bo/ 
(1 4- t/tc),  where Bo is the initial brightness. Arrhenius 
plots of tc for deterioration of the phosphors, before 
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Fig. 12. Arrhenius plots of te for deterioration of the phosphor 
before and after annealing in air. 
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are  changed by  anneal ing;  (iv) severa l  e lements  of the 
anneal ing  a tmosphere  are in t roduced into the phos-  
phor. However ,  these models  were  re jec ted  for the 
fol lowing reasons.  

Removing zinc oxide  on the phosphor  surface by  
etching does not  impa i r  life. ESR and the rmo lumin -  
escence measurements  indicate that  the t rap  densi ty  
(sulfur  vacancy densi ty)  is not va r i ed  by  anneal ing  in 
air. Variat ions in Cu and Br content  and the par t ic le  
size by  anneal ing  in air  are small .  Various a tmospheres  
are  efficient for improving  life. 

Therefore,  the reason for improvemen t  in l i fe  by  
anneal ing  is considered to be not the above facts ( i ) -  
( iv) ,  but  s t ruc tura l  changes in the EL phosphor  
part icles .  

Upon anneal ing,  the x - r a y  diffraction (111) peak  
in tens i ty  decreases,  and de ter iora t ion  act ivat ion energy 
increases f rom 0.3 to 0.45 eV. Reference (5) repor ts  
that  the (111) peak  in tens i ty  of x - r a y  diffraction is 
closely re la ted  to EL maintenance .  Life tends to im-  
prove with  a decrease in the  (111) peak  in tens i ty  in 
the case of f ract ionat ion,  etching, and bal l  mill ing.  
This suggests phosphor  c rys ta l  qual i ty  is closely re la ted  
to life. 

On the  o ther  hand, Ref. (10) repor ts  tha t  the  
de ter iora t ion  act ivat ion energy  of unannea led  ZnS: Cu, 
Br phosphors is about  0.3 eV, which is equal  to the  
act ivat ion energy of Cu diffusion in ZnS. 

F rom these results,  the  reason why  the annea led  
phosphor  has a long life m a y  be considered to be that  
the crys ta l  qual i ty  is changed by  anneal ing,  which p re -  
vents  Cu diffusion. In  addit ion,  it  appears  tha t  quench-  
ing af ter  anneal ing  accelerates  the change of phosphor  
crys ta l  qual i ty .  

On the other  hand,  the reason why  air  and NHs 
a tmospheres  are more  effective than  N2 or  sulfur  
a tmospheres  for EL life improvement  cannot  be ex-  
p la ined  by  the authors.  

Summary 
Annea l ing  EL phosphor  at  t empera tu re s  f rom 700 ~ 

to 1000~ for more  than 1 hr  in NH8 or  air  and  quench-  
ing was found to be most effective for l ife improve -  
ment.  Fo r  example ,  phosphor  annea led  in air  at  900~ 
for 2 hr  had a ha l f - l i fe  of more  than 3000 h r  ( ini t ia l  
br ightness  --  100 n t ) .  Variat ions in sul fur  vacancy  
density,  dopant  content,  and phosphor  par t i c le  size by  
anneal ing  are small ,  but  x - r a y  diffraction peak  in-  
tens i ty  was changed, and the act ivat ion energy  of 
de ter iora t ion  was increased from 0.3 to 0.45 eV by  
anneal ing.  The reason the annea led  and quenched 
phosphor  has a long life m a y  be that  the crys ta l  qual i ty  
is changed.  
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Surface Charging Effects during Photoanodic Dissolution of n-GaAs 
Electrodes 

J. J. Kelly and P. H. L. Notten 
Philips Research Laboratories, 5600 JA Eindhoven, The Netherlands 

ABSTRACT 

The photoanodic dissolution of n-GaAs was investigated in an electrolyte, 0.1M EDTA solution at pH 5, in which oxide 
formation can occur at higher light intensity. The effect of i l lumination and film formation on the charge and potential  
distr ibution of the electrode was studied by means of impedance measurements.  A model  involving positively charged 
states at the semiconductor/oxide interface is developed to account for the bui ldup of a high surface charge density during 
illumination. The importance of surface oxide and interface charge for photoanodic reactions is considered in terms of this 
mSdel. 

Two factors are main ly  responsible  for the  cur ren t  
in teres t  in the dissolut ion of I I I -V  mater ia ls :  e tching 

Key words: semiconductor, interfaces, impedance, photocon- 
ductivity. 

is an impor tan t  s tep in the fabr ica t ion  of many  semi-  
conductor  devices (1, 2) while  corrosion of n - t y p e  
electrodes consti tutes a serious p rob lem in photoe lec-  
t rochemical  so lar  cells (3). I t  has been suggested that 
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charge localization in surface or interface states m a y  
be important  in the dissolution of semiconductor elec- 
trodes (4-7). Such states may act as intermediates in 
the dissolution reaction and may, when electrically 
charged, influence the potential distribution at the 
electrode/electrolyte interface. The effect of interface 
states is expected to be modified by the formation of 
a surface film, which often accompanies dissolution 
(8 ) .  

In the present study of the photoanodic dissolution 
of n-GaAs, we chose an electrolyte, 0.1M EDTA solu- 
tion at pH 5, which is known to give rise to oxide 
formation under il lumination (9). Using steady-state 
and transient impedance measurements, we have ob- 
served characteristic surface charging effects during 
dissolution. On the basis of the influence of light in- 
tensity and film formation on the charge and potential 
distribution of the GaAs electrode, we suggest a model 
to describe charge localization at the i l luminated semi- 
conductor/electrolyte interface and'  we consider the 
corsequence of surface charging for the photoanodic 
dissolution reaction. 

Experimental 
The n- type single-crystal  wafers, with {100} orien- 

tation and a carrier  density in the range 1017-101S/cm a, 
were obtained from MCP Electronics, England. Me- 
chanochemicaIly polished electrodes with a diameter 
of 3 mm, were etched at room temperature in H2SO4 
(98%)/H202 (80%)/HfO (3/1/1) solution and dipped 
in concentrated HCI solution prior  to use. 

Impedance was measured under potentiostatic con- 
trol in a conventional electrochemical cell using either 
a General Radio Company 1615 A capacitance bridge 
or a Solartron 1172 Frequency Response Analyzer with 
an rms signal of 10 mV. In order to normalize the ex- 
perimental  impedance results with respect to unit 
area, a conversion factor of 7.1 • 10-8 (cmf) must 
be used. In the mathematical  treatment,  the corre- 
sponding values are given in normalized form. Poten- 
tials are quoted with respect to the reference saturated 
calomel electrode (SCE) in all cases. 

For illumination, a Spectra-Physics 1 mW 133 He- 
Ne laser was used in combination with a light cable. 
Absolute light intensities were not determined but the 
limiting photocurrent of an n-GaAs electrode in IN 
H2SO4 was used as a measure of the photon density. 
An intensity Nph with arbi t rary  unit (a.u.) = 1 corre- 
sponds to a limiting photocurrent density of 0.1 mA/  
cm 2. Neutral filters were used to vary the intensity. 

'The electrolyte solutions, prepared from reagent 
grade chemicals, were not s t i rred during the mea- 
surements, which were performed at room tempera-  
ture. EDTA refers to ethylenediamine tetraacetic acid; 
its disodium salt, designated Na~ EDTA, was used in. 
the present work. 

Results and Discussion 

Film ~ormation: photocurrent results.--The slhape of 
the photocurrent-potential  curve of an n-GaAs elec- 
tro.de in 0.1M Na~ EDTA, 0.1M NaC104 solution at pH 5 
was similar to that found in NaC104 solution without 
EDTA: in both cases the onset potential for photocur- 
rent  flow was --0.8V and the current reached its l im- 
iting value at approximately --0.6V. Although the l im- 
iting photocurrent was potential independent in both 
electrolytes, the presence of EDTA in the solution had 
a considerable influence on the magnitude of this cur- 
rent. This effect is i l lustrated in Fig. 1 and 2. 

At low light intensity, the anodic photocurrent iph, 
measured at +0.50V in 0.1M Na2 EDTA, 0.1M NaC104 
solution at pH 5, was constant in time [curve (a), Fig. 
1] and its magnit~zde was directly proport ional  to the 
photon density Nph, as shown in the lower part  of 
curve (a),  Fig. 2. At higher light intensity, the photo- 
current  observed init ial ly was the same as that found 
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Fig. 1. Photoeurrent transients for n-GaAs at ~0.50V (SCE) in 
0.|M N.a2 EDTA, 0.1M NaCIO4, pH 5 at photon densities Nph ----- 
0.75 [curve (a)]; 1.5 [curve (b)]; 2.8 [curve (c)], and 4.9 
a.u. [curve (d)]. 
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Fig. 2. Steady-state photocurrent of n-GaAs at -b0.50Y (SCE) 
as u function of photon density (0) 0.1M N02 EDTA, 0.1M NaC[O4, 
pH 5; (b) as (a) but without No2 EDTA; (c) as (0) but with 0.1M 
Fe n EDTA added. 

in 0.1M NaClO~ alone [dashed line (b), Fig. 2]. This 
current, however, decayed after an induction period 
[curves ( b ) - ( d ) ,  Fig. 1]. The induction time decreased 
as the light intensity was increased. In this case, the 
steady-state photocurrent was essentially independent 
of photon density [curve (a), Fig. 2]. The inhibition of 
the anodic photoeurrent could be prevented by adding 
to the electrolyte a reducing agent (0.11Vf Fe ~I EDTA) 
capable of competing with the GaAs dissolution (8) 
[curve (c), Fig. 2]. At higher light intensity, the com- 
petition was incomplete and photocurrent decay w a s  
eventually observed. 

Such results, found in various electrolytes contain- 
ing EDTA at pH 5, strongly suggest the formation of a 
solid film on the electrode. Similar effects were ob- 
served by Elliott and Regnault at much higher poten- 
tials which gave rise to considerably thicker anodic 
films (9). Since the original photocurrent transient 
could be reproduced after film formation by maintain- 
ing the electrode at the same potential in the dark 
(see Fig. 3), it is clear that  the surface film dissolves 
chemically in the electrolyte. Under s teady-state con- 
ditions, the rate of chemical dissolution determines 
the magnitude of the photocurrent. This explains why 
the current in the limiting photocurrent range is inde- 
pendent of light intensity and applied potential. On 
the basis of this constant photocurrent and the time 
required to dissolve the surface film in the dark, a n d  
assuming a molecular weight and density typical of a 
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Fig. 3. Recovery of the photocurrent after film formation at 
-F0.50V (SCE). The photocurrent transient was recorded until a 
steady-state current was attained. The light was switched off and 
the electrode kept at +0.50V in the dark for the time shown, be- 
fore illumination was recommended (Nph ---- 5 a.u.). 

GaAs oxide, a thickness of the order of 1.5-5 nm was 
calculated for the various films described in this work. 

Influence o~ illumination and film ~ormation on the 
electrode impedance.--The Mott-Schottky plot for an 
n-GaAs electrode measured in the dark in EDTA so- 
lution at pH 5 [curve (a), Fig. 4] was identical to 
that found in a citrate/NaOH buffer solution of the 
same pH; Cs is the equivalent series capacitance of the 
electrode measured, in this case, at 10 kHz. In the 
dark, a surface oxide, if present on the GaAs elec- 
trode, is expected to be very thin. Since the capaci- 
tance of the Helmholtz layer is much greater than that 
of the depletion layer, the change in the externally 
applied potential V is concentrated in the space-charge 
region of the semiconductor, and the electrode be- 
haves as a Schottky barrier. 

When the electrode was exposed to a low light in- 
tensity, a linear plot was again observed [curve (b)] 
but displaced with respect to the dark [curve (a)]. An 
increase in light intensity, to a value still not sufficient 
to cause film formation, gave a further shift in the 
curve [curve (c)]. Such a parallel displacement of the 
Mott-Schottky plots would be consistent with hole 
trapping at the electrode surface (4, 5). The potential 
across the Helmholtz layer changes by an amount 
corresponding to ~VFB, the displacement of the flat- 
band (FB) potential. 

5 x 10 -2 
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1 
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Fig. 4. Mott-Schottky curves (10 kHz) for n-GaAs in 0.1M Na2 

EDTA, 0.1M NaCIO4, pH 5 in the clark (curve a) and with illumina- 
tion: Nph --  0.35 [curve (b)]; 0.65 [curve (c)]; 2.0 [curve (d)]; 
and 3.2 a.u. [curve (e)]. 

The presence of the surface film had a dramatic ef- 
fect on the impedance of the illuminated electrode. 
This is shown in curve (d) of Fig. 4 for a photon den- 
sity capable of maintaining a stable film. The steady- 
state Cs value at 10 kHz became almost independent 
of the applied potential in a wide range. Cs increased 
with increasing photon density as shown in curve (e). 
That these effects are connected with the presence of 
the surface film can be deduced from transient mea- 
surements at 10 kHz (Fig. 5). During the induction 
period of film formation [see curve (a)], Cs increased 
somewhat with respect to its dark value [curve (b)]. 
This change corresponds to the parallel shift in the 
Mott-Schottky curve of Fig. 4. The capacitance, how- 
ever, increased markedly as the photocurrent decayed 
to its steady-state value. A corresponding change was 
also observed in the equivalent series resistance Rs 
[curve (c) ]. Similar behavior was found at other light 
intensities, with Cs and Rs following the photocurrent 
changes closely. It should be noted that, although the 
surface film dissolved only slowly in the dark (Fig. 3), 
both Cs and Rs relaxed "rapidly" when the light was 
switched off (Fig. 5). 

Further evidence that the anodic film formed in 
EDTA solution is responsible for the impedance re- 
sults in curves (d) and (e) of Fig. 4 is provided by 
measurements in an EDTA-free electrolyte at pH 5. 
As already mentioned, the photocurrent in the absence 
of EDTA was stable and directly proportional to light 
intensity up to the highest values used (Fig. 2). In 
this case, illumination also gave a shift in the Mott- 
Schottky curve similar to that shown in curves (b) 
and (c) of Fig. 4. However, the displaced curve re- 
mained parallel to the dark curve even up to the 
highest photon densities; the change in FB potential 
tended to a limiting value (hVFB ~ 0.22V) at higher 
light intensity. 

If the capacitance of the film-covered electrode, 
measured under illumination, is due mainly to the 
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Fig. 5. The influence of light (Nph = 5) on the current and im- 

pedance (10 kHz) of n-GaAs at -I-0.50V (SCE) in 0.1M Na2 
EDTA, 0.1M NaCIO4, pH 5. 
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(a} 

space-charge layer of the semiconductor, then the po- 
tential independent Cs values in curves (d) and (e) 
of Fig. 4 imply a considerably reduced but almost 
fixed band bending. Such an apparent pinning of the 
Fermi level could result from a buildup of charge at 
the GaAs-oxide interface. A fa~t decay of this inter- 
face charge would account for the rapid relaxation 
of the electrode impedance when the light is switched 
off. 

The results reported above therefore suggest that 
charge is stored at the GaAs surface during photo- 
anodic dissolution. It is obvious that the model of a 
Schottky barrier, which describes the electrode under 
depletion conditions in the dark and at low light in- 
tensity, does not hold for an illuminated electrode 
with surface film. Before further considering the ef- 
fect of illumination on the charge and potential dis- 
tribution at the interface, we first examine a model for 
the film-covered electrode. We then use the results to 
discuss the nature of the interface charge and its role 
in the dissolution reaction. 

Model ]or the film-covered electrode under illumina- 
tion.~The behavior of the electrode with photoanodic 
film, described in the previous section, resembles, in 
certain respects, that of the illuminated MOS tran- 
sistor (10-12). In order to treat our results, we shall 
therefore use an analogous electrolyte oxide semicon- 
ductor (EOS) model [Fig. 6(a)],  with additional 
features involving a "leaky" insulator and hole trap- 
ping in interface states. A similar approach has been 

used qualitatively by Morrison and co-workers (8, 13) 
for photoanodic reactions at n-type Si electrodes. 

The equivalent circuit for such a model is shown 
in Fig. 6b. In the theory describing the illuminated 
MOS transistor (11), the depletion layer capacitance 
Cs~ is the high frequency limit, characterized by the 
fact that minority carriers cannot respond to the small 
a-c measuring signal; the low frequency semiconduc- 
tor capacitance Cir describes the storage capacity of  
the minority carriers in the interface region, for the 
case in which the carriers are in quasi-equilibrium; 
RL takes into account the generation/recombination 
resistance between the two bands and gives informa- 
tion on the path through which minority carriers are 
supplied to the surface region; Cox and Re refer, re- 
spectively, to the film capacitance and the solution 
plus bulk semiconductor resistance. 

In the present case, a small d.c. flows during il- 
lumination. This means that the space charge and 
surface film capacitances must be shunted by a large 
(nonlinear) faraday resistance. This resistance, which 
could be deduced from measurements at low fre- 
quency, had a value in excess of 5 X 105~. For sim- 
plicity, it has been omitted from Fig. 6b as it is not 
important for the impedance measurements at higher 
frequency discussed here. 

In order to test the applicability of such a model 
for the present EOS case, we measured the frequency 
dependence of the electrode impedance at various 
light intensities. The real and imaginary components, 
Zre (- '-  RS) and Zim (--  1/~Cs), are plotted in Fig. 7 
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Fig. 6a. E(~ model for illuminated n-GaAs. E~ and Ev (solid 

lines) refer to conduction and valence bands in the dark. As a 
result of illumination, a positive charge density Qif is built up at 
the GaAs/film interface. The semiconductor band bending is re- 
duced by AVse and a corresponding potential ~Vox appears over 
the surface film (dashed lines). 

Fig. 6b. Equivalent circuit for an illuminated n-GaAs electrode 
with surface film. 
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Fig. 7. The frequency dependence of the real (Zre) and imaginary 

(Zim) components of the impedance of n-GaAs at +0.$0V (SCE) 
in 0.1M Ha2 EDTA, 0.1M NaCIO4, pH 5 in the dark [curve (a)]. 
Remaining curves (b)-(g) refer to illuminated electrode at in- 
creasing light intensity. Npb values are given in Table h 
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in the frequency range 500 Hz-10 kHz, for an elec- 
trode without a surface film in the dark and at low 
light intensity [curves (a) and (b), respectively], and 
at increasing light intensity for an electrode with an 
anodic film [curves (c) - (g) ] .  The light intensity 
clearly has a significant effect on the impedance of 
the film-covered electrode. 

An analysis of the equivalent circuit yields the fol- 
lowing equations 

1 (Cif + Csc) 2 
= (RLCS~)~ s -~ [I] 

Zre -- Re RLCfl 2 

wZim __ { RLCsc(Csc-}-Cox) } a,2 

Zre -- Re Cox 

(C~ + C~c) (C~ + C~ + Cox) 
+ [2] 

RLCoxCif 2 

Re can be obtained from the high frequency limit of 
Zre in the dark. It follows from these equations that 
plots of 1/Zre -- Re and wZim/Zr e -- Re as a function of 
~ should give straight lines. In Fig. 8, the second of 
these functions is plotted for a film-covered electrode 
at a photon density Nph = 2 a.u. Excellent linearity is 
observed over a range of two orders of magnitude. 
This was also the case for Eq. [1]. Some deviation 
from such ideal behavior was found at lower fre- 
quency (< 2 kHz) at the highest light intensities. 

It was not possible to obtain the four unknown cir- 
cuit elements directly from Eq. [1] and [2]. In order 
to get an estimate of the various capacitances, we as- 
sumed that the oxide thickness is directly proportional 
to the potential drop across the oxide (15). Using a 
proportionality constant for the potential dependence 
of the film thickness in the range 1.5-4.0 nm/V, as 
expected for anodic films on GaAs (15), we showed 
that Css > >  Csc. This latter condition was subse- 
quently used to calculate a self-consistent set of im- 
pedance parameters. The intercept and slope of the 
plot of Eq. [1] yield RL and Cs~, and Cox can then be 
obtained from Eq. [2]. The most striking aspect of 
this analysis is the very significant decrease in RL and 
the gradual increase in Cs~ with increasing photon 
density (Table I). The latter result supports the sug- 
gestion made in the previous section that illumina- 
tion decreased the band bending. This is also found 
with the illuminated MOS device (10). We further note 
a dependence of RL on light intensity 
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Fig. 8. The results shown in curve (d) of Fig. 7 plotted according 
to Eq. [2] ,  as described in the text. 
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Table I. Influence of photon density Nph o n  the parameters 
RL, Csc, and ~Vsc ( = - ~ V o x )  measured at +0.50V (SCE) 

Nph RL Cse AV,e 
Case (a.u.) (k,q) (hE) (= - AVox) 

a dark ~- 500.0 5.8 
b 0.35 400.0 6.0 (0.10) I 
e I.I 10.8 8.1 0.88 
d 2.0 4.8 9.2 1.08 
e 3.2 2.7 I0.i 1.21 
f 5.7 1.6 I0.7 1.27 
g 11.4 0.8 11.1 1.31 

i An anodie film is not formed (AV,c = --AVH). 

RL cc Nnph with n ~ --1.1 

s~milar to that found for the MOS transistor (II, 12). 
In the N~OS case, this dependence has been accounted 
for theoretically by the Shockley-Read recombination 
model (11). 

Table II shows that, at constant light intensity, Csc 
and RL change only slightly with applied potential in 
the limiting photo current range. The film capacitance 
Cox decreases with increasing potential; this indicates 
an increase in film thickness, as might be expected for 
electric field dependent film growth (14). Except at 
low potential, Cox is approximately an order of mag- 
nitude smaller than the generally accepted values of 
the Helmholtz capacitance; omitting CH from the cir- 
cuit of Fig. 6 involves, however, some error in the Cox 
determination. If we assume a dielectric constant of 8 
for the surface film (15), the measured Cox values in- 
dicate a film thickness ranging from 1.5 to 4 nm, in 
reasonable agreement with those already estimated. 

For electrolytes without EDTA, the impedance spec- 
tra of the electrode illuminated up to high intensity 
resembled those of the EDTA system in the dark or 
at very low light intensity [Fig. 7, curves (a) and 
(b)]. The Zim- ~ plots were linear between 1 and 10 
kHz with a slope of --1. The equivalent RL term Was 
very large and decreased only slightly on illumination, 
in contrast to the Very considerable decrease in the 
EDTA case (Table I). In the absence of an anodic film, 
recombination is not important as hole transfer to the 
solution remains effective even at high photon density. 

Potential and charge distribution.--By using the 
results of the impedance analysis from the previous 
section and following a procedure very similar to that 
adapted by Frese and Morrison (15), information 
can be obtained concerning the potential and charge 
distribution at the semiconductor/film interface. If 
we denote the charge density in the depletion region 
of the semiconductor by Qsc and that at the interface 
by Qif without, for the moment, considering whether 
this is located in an inversion layer or in interface 
states, then 

Q~ + Q~ = Qo~ [8] 

where Qox is the charge density on the outer s u r f a c e  

of the oxide. The potentiostatically fixed potential dif- 
ference V between the GaAs and the reference e l e c -  
t r o d e  is given by 

V = V~+ Vox+ VH+ V' [4] 

where Vsc, Vox, and VH refer to the potential drop 
across the space charge region, the surface film, and 
the Helmholtz layer, respectively, and V' allows for 

Table II. Influence of electrode potential on impedance parameters 
measured at Nph = 11 a.u. 

V (SCE) 0.00 0.60 1.00 

Rr, (~) 7.6 x 10 e 7.7 x 10 ~ 7.5 x 10 �9 
C,~ (~F) II.i ILl ii.0 
Cox ('nF) 3.2 x 10 ~ 1.9 x 10 a 1.4 x 1 ~  
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the poten t ia l  difference associated wi th  the reference  
electrode.  If  VFB is defined as the  value  of V at  which  
Vsc = Vox = 0, then VFB is the measured  value  of V 
for an e x t r e m e l y  thin film at  FB condi t ion and 

VOX = V - -  VFB - -  Vsc [5] 

In t roducing  the l inear  film capaci tance Cox = Qox/Vox 
we obta in  

C o ~ ( V  - -  VFB - -  Vsc) = Qsc "~- Qif [6] 

The potent ia l  drop  across the deple t ion  l aye r  Vsc 
can be calcula ted f rom the measured  value  of Csc 
(see Table I) v ia  the Mot t -Scho t tky  re la t ion  (15) 

(e.oNDe ~'/" Vsc-- [7] 
Csc = \ 2 / e 

in which e is the  die lect r ic  constant  and ND the donor 
dens i ty  of the semiconductor .  Using Eq. [5], Vox can 
now be ca lcula ted  as a funct ion of l ight  intensi ty.  
Val'ues for  the change in band  bending  AVsc, which 
resul ts  f rom i l luminat ion,  are given in Table I and  
confirm the t r end  a l r eady  discussed. The decrease in 
Vsc is, of course, compensa ted  by  an increase in Vox 
(--AVsc = AVox) as shown schemat ica l ly  in Fig. 6. 
Since the deple t ion  l aye r  charge Qsc can be es t imated  
for a g iven value  of Vsc f rom an in tegra ted  form of 
Eq. [7] and since Cox and Vox are  known,  the charge 
dens i ty  Qif, s tored at  the interface,  can be calculated.  
The values  of Qif/e range  f rom app rox ima te ly  5 x 
1012/cm 2 to 3 x 1013/cm 2 at  the highest  l ight  in tens i ty  
for the f i lm-covered electrode.  

We can deal  wi th  the lower  l ight  in tens i ty  case in-  
volving a ve ry  thin surface film (Cox > CH) in a s imi-  
l a r  manner .  The capaci tance  measured  at  h igh f re -  
quency is a lmost  ident ica l  to the  deple t ion  l aye r  ca-  
paci tance (Csc < <  CH). Consequently,  the change in 
Vsc and Q~c, caused by  i l luminat ion,  can be ca lcula ted  
d i rec t ly  f rom the  measured  Cs values  of the Mot t -  
Schot tky  plots  [e.g., curves ( a ) - ( c )  of Fig. 4]. Since 
the appl ied  poten t ia l  is fixed, a change iD Vsc must,  
in this case, be compensa ted  by  a change in the He lm-  
holtz po ten t ia l  (AVH --  --  AVsc). In  o rder  to obta in  
the corresponding in ter face  change dens i ty  

CHAVH ~-- AQsc -~ Qif [8] 

we assume, by analogy with other electrodes under 
comparable conditions, a value of 20 ~F/cm s for CH; 
this is necessary since the Helmholtz capacitance can- 
not be measured directly in this case. It is clear from 
curves ( a ) - ( c )  of Fig. 4 tha t  Qif increases  wi th  in -  
creasing l ight  intensi ty.  The l imi t ing  value  of Q~/e,  
for  a photon  dens i ty  jus t  be low tha t  requ i red  to form 
an anodic film, was of the  o rder  of 3 X 101~/cm 2. 

M e c h a n i s m  of surface charg ing . - -Dur ing  photoanodie  
dissolution, holes genera ted  by  l ight  move under  in -  
fluence of the electr ic  field in the space-charge  region 
of the semiconductor  to the  surface  where  bond b r e a k -  
ing occurs (6, 16). In the previous  section, we have  
shown tha t  a considerable  charge accumulates  at  the 
in terface  dur ing  dissolution and the poten t ia l  d i s t r ibu-  
t ion changes significantly.  In  the  absence of a th ick 
surfaee film, as at  low l ight  intensi ty ,  excess holes are  
read i ly  removed  f rom the surface region b y  the dis-  
solut ion react ion (iph cc Nph), a deep deple t ion  condi-  
t ion is observed [curves (b) and (c) ,  Fig. 4] and the 
change in the Helmhol tz  potent ia l  can be a t t r ibu ted  
to posi t ive charge in surface  or  in ter face  states.  Such 
states  do not  seem u n l i k e l y  since anodic dissolut ion 
of a semiconductor  involves  the rup tu re  of many  sur -  
face bonds and the fo rmat ion  of r ad ica l -  and ion 
r ad ica l - l ike  in te rmedia tes  (4, 6, 16, 17). 

The presence of an anodic film, as formed a t  h igher  
l ight  intensi ty ,  can have  two impor t an t  effects: d is-  
solut ion is inhib i ted  so tha t  holes c rea ted  b y  l ight  can -  

not  escape to solut ion at  a sufficient rate;  and as Cox 
is cons iderab ly  smal le r  than  CH, the surface film can 
accommodate  a more  subs tan t ia l  r e a r r a nge me n t  of the  
surface potent ia l  ( - -~Vsc  --  AVox ~ Q~/Cox) for  a 
given value  of Qif. We shal l  r e tu rn  to these points  
later .  Al though the in terface  charge could, in this  case, 
be located in an  invers ion layer ,  var ious  indicat ions 
seem to favor  an interface  s ta te  in te rp re ta t ion  here  
also. The interface charge densit ies found when  a 
surface film was presen t  are  quite s imi la r  to those 
for a f i lm-free  e lect rode at  s l ight ly  lower  intensi ty.  
The same in te rmedia te  s tates  are  expected in both 
cases, in  the l a t t e r  case, a deep deple t ion  and not  
an invers ion condit ion is found to prevai l .  In  addit ion,  
appa ren t  Fe rmi  level  p inning sets in at  low values  of 
the  band bending  [curves (d) and (e) of Fig. 4] a t  
which  the surface ma jo r i t y  ca r r i e r  concentra t ion  is 
st i l l  ve ry  high; this makes  an exp lana t ion  based on 
invers ion un l ike ly  and leads us to conclude tha t  in te r -  
face states domina te  over  inversion.  On the o ther  
hand,  invers ion is impor t an t  in de te rmin ing  the ca -  
paci tance of the i l lumina ted  MOS t rans is tor  (11, 12). 
However ,  the in terface  s tate  dens i ty  for the NIOS de-  
vice is repor ted  to be more  than two orders  of m a g -  
n i tude lower  than  that  indica ted  in the presen t  work  
(20). Ano the r  significant difference is, of course, tha t  
the oxide thickness is not  constant  in this work  bu t  
increases wi th  appl ied  potent ia l ,  even up  to high po-  
tent ia ls  (9). 

In  the above discussion we have suggested,  as o ther  
workers  have also done (5, 6, 16), tha t  the in ter face  
s tates  can act as in te rmedia tes  in the dissolut ion r e -  
action. I t  is therefore  of in teres t  to examine  the ex-  
pe r imen ta l  impedance  resul ts  in t e rms  of the kinet ics  
of the charging of such states,  in o rde r  to obta in  in-  
format ion  on the impor tance  of surface charging for  
the dissolution reaction. Al though  the l i gh t - induced  
change in V~c, and thus in VH or Vox as shown in Fig. 
6, is expec ted  to be a complex  funct ion of mino r i t y  
car r ie r  generat ion,  t rapping ,  recombinat ion,  and fa ra -  
day  rates,  we can use a s imple  react ion scheme to i l -  
lus t ra te  the  possible effect of these parameters .  This 
scheme is sugges ted  by  ana logy  wi th  models  a l r eady  
descr ibed in the l i t e ra tu re  (3, 4, 18); in the  presen t  
case, the in te rmedia te  is considered to be pos i t ive ly  
charged 

hv--> e -  + h + s tep 1. genera t ion  

k ,  
h + + S r S + s tep 2. hole t r app ing  

kr 

ka 
S + W e -  --> S step 3. recombina t ion  

kf 
S+ W h + > Products  s tep 4. dissolut ion 

( x - )  

We assume tha t  al l  holes, genera ted  by  l ight  a t  a ra te  
g in s tep 1, reach the semiconductor  surface  where  
they  may  be t r apped  at  s ta tes  S. These s tates  ve ry  
l ike ly  involve surzace imperfect ions  such as s teps or  
dislocations. The hole t r app ing  react ion is considered 
to be revers ible .  The charged s ta tes  can be d ischarged 
by  electrons in s tep 3. React ion of a charged  in t e r -  
media te  S + in s tep 4 wi th  a second hole and the nu-  
cleophil ic reagent  X -  f rom solut ion is fol lowed by  the 
dissomtion of a GaAs ent i ty .  

Such a scheme can be descr ibed  by  the fol lowing 
equations (19) 

dps 
= g -- kppsN(1 --  ]) + krN$ --  kfpsN] [9] 

dt  

d] 
N ~ = kppsN(1 -- ]) -- krN$ -- kfpsNy --  knn~Ny 

dt  
[10] 
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ns • no exp (-- eVsclkT) [11] 

in which ns and Ps are the surface concentrations of 
electrons and holes, no is the bulk electron concen- 
tration, N is the interface state density, }r is the frac- 
tion of states occupied by a hole, and the k terms refer 
to the various rate constants. Since the applied poten- 
tial may be located in the space-charge layer and in 
the Helmholtz layer, it follows that the band bending 
under illumination Vsc is given by 

Vsc = V -- VFB -- AVH [12a] 
with 

AVH ~ eN]/CH (AQso< QiD [12b] 

In these expressions, CH and VH must be replaced by 
Cox and Vox when the surface film becomes dominant 
(Cox < CH). Equations [9]-[12] yield under steady- 
state conditions 

AVH = (V -- VFB) + In [13] 

For a chosen value of I AVH can be calculated from Eq. 
[12b], and the faraday flux 3F ( =  2kfPsNf) can be ob- 
tained using Ps from Eq. [9]. Inserting these values 
into Eq. [13], we obtain the corresponding value of 
V -- VFB. In this way, AVH or Vsc (see Eq. [12a]) can 
be calculated as a function of the applied potential 
V -  VFB for a given set of kinetic parameters. On 
inserting the value for Vsc from Eq. [12] into Eq. [7], 
we get the modified Mott-Schottky expression for the 
illuminated case 

. . . . .  [14] 
C~c2 eeoNDe V VFB- C H e 

In Fig. 9 the band bending under illumination, cal- 
culated using an arbitrary set of rate constants for 
the dissolution reaction and for electron and hole cap- 
ture (19), is plotted as a function of applied potential 
When V -  VFB is sma11, the degree of occupation of 
the interface states is limited, AVH is negligible, and 
Vsc increases linearly with applied potential At low 
interface state density or at very low light intensity, 
this continues to high values of V -  Vfb [curve (a), 
Fig. 9]; the holes are removed by the dissolution re- 
action. The Mott-Schottky curve measured under il- 
lumination does not differ from the dark case (eNf/CH 

0 in Eq. [14]). In previous work (4), we found this 
to be essentially the case for photoanodic dissolution 
of n-GaAs in H2SO4 solution. 

1.5 [v) 
a b c d 

,</ / 
Vsc 1,0 / / ~ /  / / 

o'.s 1'.o 2'o Ivl 
V -Vfb 

Fig. 9. Calculated band bending Vsc as a function of applied 
potentiaIV - -  VFB. no = I017/cm a , N  = 5 X 1013/cm2, kp = 
10 - 7  cm3/sec, kn = 10 - 9  cm'~/sec, kf = 10 - 9  cm3/sec, kr = 

104/sec. Curve {a) refers to electrode in the dark or at very low 
light intensity. Curves (b), (d), (e): g = 1015/cm 2 sec; curve (c): 
g = 5 • 10Z5/cm 2 sec. Curves (b), (c): CH = 20 ~cF/cmS; 
curve (d): CH ---- 3.5 /~F/cm2. For curve (e), see the text. 

At higher light intensity, the interface states begin 
to fill as Vsc increases and the electron concentration 
at the surface is reduced. If the value of N is appre- 
ciable (> 10tS/cm 2 in this case), the potential in the 
Helmholtz layer increases and Vsc tends to level off 
[curve (b), Fig. 9]. When the steady-state occupancy 
is attained, characteristic of the particular photon den- 
sity, VH remains constant, Vsc again increases, and 
deep depletion may result. At higher light intensity, a 
larger steady-state f value is expected and a corre- 
spondingly larger AVH shift is calculated [curve (c), 
Fig. 9]. From Eq. [14], it follows that the parallel shift 
in the Vsc plots, caused by illumination, must lead to 
an equivalent displacement of the Mott-Schottky 
curves; this is indeed found with the EDTA system at 
low intensity (Fig. 4) and with the EDTA-free elec- 
trolyte in the complete intensity range. Nakato et al. 
(17) report similar effects with n,GaP electrodes, 
while we have made similar observations with n-GaP 
and n-CdS (4). 

The value of CH, used in the examples so far, was 
typical of that for a normal Helmholtz layer. The 
effect of an increased capacitance, as for the case when 
a surface film is present on the electrode (Cox < CH), 
is clear from curve (d). The film is about 2 nm thick, 
in this case, and we have again assumed that dissolu- 
tion is not kinetically inhibited. The surface barrier 
height is held almost constant over a much wider 
potential range (~ 0.6V) as the potential across the 
surface film builds up. For the EDTA case at higher 
light intensity, the limiting photocurrent is indepen- 
dent of photon density as a result of film formation 
[curve (a), Fig. 2]. In addition, the fiLm thickness 
increases with increasing potential and the film ca- 
pacitance decreases. This tends to accentuate the effect 
shown in curve (d), and the apparent pinning of the 
Fermi level is expected to extend over an even wider 
potential range. In order to get a rough estimate of 
the band bending in this case [curve (e)], we again 
assumed the oxide thickness to be directly propor- 
tional to Vox (dox ---- aVox with ~ _-- 2.5 nm/V). This al- 
lows us to calculate Qox, and by taking this value to be 
(approximately) equal to (eNf), f can be calculated 
and consequently, Vsc. The constant value of Vsc sug- 
gested in curve (e) implies a Csc value which is in- 
dependent of applied potential. 

Conc lus ions  

In this paper, evidence is presented to show that a 
relatively high charge density is localized at the 
n-GaAs/EDTA-electrolyte interface during photo- 
anodic dissolution. An BOS model, involving the for-  
mation of positively charged interface states during 
illumination, is proposed for this system. The model 
can account for the parallel displacement of the Mott- 
Schottky plots at lower light intensity and the drastic 
changes in the electrode impedance when thicker 
oxide films are formed at higher photon densities. 

It is clear that measurements of the type described 
in this work may be useful in obtaining information 
on the mechanism of photoanodic dissolution. For ex- 
ample, if the reverse reaction in the hole trapping step 
2 is disregarded, 'then it can be shown that the parallel 
displacement of the Mott-Schottky curves becomes in- 
dependent of light intensity. If, on the other hand, a 
second hole is not involved in the dissolution step 4, 
then the displacement should be a linear function of 
the light inthnsity. Neither of these observations is in 
agreement with the experimental results. A study of 
the relaxation of the interface charge, which is very 
likely responsible for the fast changes in Cs and Rs 
when the light is switched off, may give information 
on the nature of the surface states. The simple reac- 
tion scheme, proposed here, emphasizes again the im- 
portance of surface charge trapping (4) and recom- 
bination (18) for the kinetics of photoanodic reactions, 
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especia l ly  in the  low quan tum eff ic iency-potent ia l  
range.  

The role of oxide films m a y  be considerable,  even 
when they  are  not  th ick enough to act as a tunne l  
ba r r i e r  for  holes. Such films m a y  serve  to s tabi l ize  su r -  
face in te rmedia tes  by  shie ld ing them from solution; 
the reason w h y  charging effects are  less pronounced  in 
H2SO4 solut ion might  be due to a h igher  oxide solu-  
b i l i ty  at  low pH. We have seen tha t  the film m a y  
signif icant ly influence the potent ia l  d i s t r ibu t ion  when  
charge is s to red  at  the in terface  [compare  curves  (b) 
and (d) of Fig. 9]. F inal ly ,  the considerable  surface  
charging observed in the presen t  work  implies,  of 
course, a shift  in the semiconductor  bandedges  wi th  
respect  to the solution. This aspect  has impor t an t  con- 
sequences for  the s tab i l iza t ion  of n - t y p e  electrodes 
by  means  of compet i t ive  oxida t ion  of reducing  agents,  
as discussed b y  Madou et al. for  n - t ype  Si (8, 13). 
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Application of EPR Spectroscopy to Oxidative Removal of Organic 
Materials 

J. M. Cook and Brent W. Benson 1 

Bell Laboratories, Allentown, Pennsylvania 18103 

ABSTRACT 

Oxidative species produced in a microwave discharge (3P2.10 and 1h 02) have been detected, and some of their reactions 
with organic solids characterized using a gas phase electron paramagnetic  resonance (EPR) spectrometer  assembled for 
that  purpose.  It has been shown that  O atoms rather than excited-state oxygen molecules are the pr imary reactive species 
responsible  for removal. Also, the O atom oxidation of phenolformaldehyde polymers and graphite has been investigated. 
The recombinat ion kinetics of O atoms in this flow system can be descr ibed by an exponent ial  decay equation involving 
both wail- and gas-phase collisional recombinations.  This allows the signal observed downstream of the reaction to be inter- 
preted as an indication of the gas-solid reaction rate and thus allows the determinat ion of the activation energies of removal  
of photoresis t  (0.5 eV) and graphite (0.45 eV). These exper iments  have established EPR as a useful analytical tool in the 
development  of gaseous cleaning and other, analogous processes, such as etching. 

React ive  species p roduced  in a gas-phase  d ischarge  
read i ly  a t t ack  many  mate r i a l s  and m a y  be used to etch 
or  clean surfaces in in tegra ted  circuit  processing (1-2).  
The majo r  long- l ived  and po ten t ia l ly  react ive  species 
produced  in a molecular  oxygen  discharge are  oxygen  
atoms (ground s ta te)  and 14 exc i ted-s ta te  molecu la r  
oxygen.  These, a long wi th  the pa ren t  g round-s t a t e  
molecu la r  oxygen,  can be detected quan t i t a t ive ly  using 
e lect ron pa ramagne t i c  resonance (EPR) spectroscopy.  

We have assembled  and charac te r ized  a gas-phase  
EPR spec t romete r  and used it to s tudy  the product ion  
and react ions of oxygen  discharge products  wi th  or -  
ganic mater ia ls .  In t e rp re t a t ion  of the  EPR data,  which 

�9 visiting Scientist. Permanent address: Physics Bldg. 16, Le- 
high University, Bethlehem, Pennsylvania 18{}15. 

Key words: integrated circuits, etching, discharge, oxidation. 

a r e  t aken  downs t ream from the product ion  and r e a c -  
t i o n  sites, requires  an unders tand ing  of how the signal  
var ies  as a function of the dis tance downst ream.  This, 
in turn,  requires  a verif icat ion of the recombinat ion  
kinet ics  of O atoms, both  homogeneous (gaseous col- 
l isions) and heterogeneous (wal l  coll is ions).  In these 
ways  we have es tabl ished EPR as an ana ly t ica l  tech-  
n ique for the s tudy  of oxidat ion  (or e tching)  react ions  
and have obta ined useful  informat ion for the  develop-  
ment  of gaseous cleaning techniques for hybr id  in te -  
g ra ted  circuit  processing.  This work  has been done to 
show the usefulness of EPR as an ana ly t ica l  tool for 
t h e  s tudy of c leaning and etching processes. 

Experimental 
Our EPR spec t romete r  is a typical  ba l anced -b r idge  

design, opera t ing  at 9.6 GHz and using 100 kHz mag-  
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net ic  field modula t ion  wi th  phase-sens i t ive  detection, 
y ie ld ing  the recorded first de r iva t ive  of the absorpt ion.  
The concentra t ion of the  species present  in the  EPR 
cavi ty  can be shown to be d i rec t ly  re la ted  to the  
in tegra ted  in tens i ty  of the s ignal  (3-5).  I t  is thus 
possible to obta in  re la t ive  concentra t ion measurements  
for a given species by  measur ing  the area  of its absorp-  
tion signal.  In  addit ion,  the absolute  concentra t ion  of a 
t rans ien t  species can be de te rmined  by using a stable,  
pa ramagne t i c  gas to ca l ibra te  the spec t rometer  (3). 
Fur the rmore ,  the EPR technique is e lectronic s ta te -  
selective and nonper tu rb ing  and can detect  severa l  
species in a reasonably  short  time. 

The basic components  of  the oxygen  discharge,  reac-  
tion, and detect ion appara tus  a r e  shown in Fig. 1. 
Oxygen  (>99%)  flow through the Ai r  Products  flow- 
mete r  is contro l led  by  a s tainless  steel  needle  valve.  
The discharge is exci ted  in a 25 m m  OD quar tz  tube 
using a s t anda rd  Evenson- type  microwave  cavi ty  (6). 
The microwave  power  can be var ied  be tween  0 and 
200W, a l though only 75W (<3  reflected) were  n o r m a l l y  
used. The discharge cavi ty  can be moved along the 
quar tz  tube to va ry  the t ime be tween  product ion and 
detection. Cer ta in  discharge cavi ty  or ienta t ions  and 
posit ions re la t ive  to the EPR cavi ty  caused considerable  
noise in the  EPR signal.  This noise depended  somewhat  
on the pressure  in the  tube. Pa ramagne t i c  species p ro -  
duced by  the discharge were  detected with  the EPR 
sys tem descr ibed above. The  pumping  ra te  was con- 
t ro l led  by  a thro t t l ing  valve  before  the vacuum pump.  
Gas pressure  at  both  ends of  the react ion tube  was 
measured  by  an MKS Bara t ron  capaci tance manometer .  

Fo r  the react ion studies,  samples  were  held  in a 
Teflon carr ier ,  as shown in cross section in Fig. 2. The 
smal l  ver t ica l  glass tube was centered wi th  a Teflon 
bushing and held  in an Ul t ra  T o r r  fitting. The fine tip, 
containing a thermocouple  junction,  was then pressed 
agains t  the sample  surface. Tempera tu res  were  dis-  
p l ayed  on a F luke  d ig i ta l  t he rmomete r  and s imul t ane -  

ously on an HP dual  s t r ip  char t  recorder ,  along with 
the EPR signal.  

Samples  were  hea ted  using a focused in f ra red  l amp  
posi t ioned be low the react ion tube as shown in Fig. 2, 
wi th  the  most intense por t ion  of the beam covering 
roughly  80% of the sample.  A Variac was used to con- 
t rol  the l amp supply  vol tage and the reby  the sample  
tempera ture .  

Phenol for rna ldehyde  po lymer  sample  p repara t ion  
consisted of sp ray ing  the mater ia l ,  as a photoresist ,  (7) 
onto ceramic substrates ,  which had been prev ious ly  
laser  scribed,  to a thickness of about  10 microns. The 
subs t ra tes  were  then snapped  into 14 mm squares  
(area  ~ 2 cm2). Nonreproduc ib i l i ty  in  p r e l i m i n a r y  

exper iments  suggested tha t  volat i le  components  were  
being dr iven  f rom the photoresis t  and  reac t ing  With the  
oxygen atoms. Therefore,  subsequent  photores is t  
samples  were  baked  at 140~ for 40 rain in a n i t rogen 
atmosphere .  These samples  gave resul ts  more  con- 
sistent  wi th  a single react ion of O atoms with  the pho-  
toresist .  Sample  weights  were  de te rmined  in a con- 
vent ional  mic rogram balance.  

Square  graphi te  samples  (>99.99% pure)  roughly  
14 mm on a side by  1 m m  thick were  cut f rom thin 
sheets. Grav imet r i c  de te rmina t ions  were  not  done, as 
handl ing  produced erosion of  r andom amounts  com- 
parab le  to tha t  r emoved  by  reaction.  

Before the r e mova l - r a t e  exper iments ,  the quar tz  
react ion tube was cleaned by  etching wi th  48% HF for 
40 rain. In  the absence of cleaning, O a tom recombina -  
t ion was sufficiently large  in the "as -de l ivered"  tube 
to prevent  any EPR detection. Typical  EPR signal  in-  
tensi t ies  decreased dur ing  the photoresis t  exper iments ,  
but  were  improved  by  rec leaning as above. Al though  
the tube was genera l ly  left  closed be tween  exper i -  
ments,  i t  was opened for  sample  inser t ion and to posi-  
t ion sequent ia l ly  each of the six samples  in the react ion 
posi t ion over  the IR lamp. This resul ted  in some signal  
degrada t ion  as well.  

I PRESSURE ] 
TRANSDUCE 1 

QUARTZ TUBE 
(2Smm) 

VALVE 

FLOWMETER 

MAGNETRON 

M I CROWAVE 
DISCHARGE 

CAVITY 

MICROWAVE 
BRIDGE 

LOPE. IL,  PI (200m.) 

VARIAC 

PRESSURE 
TRANSDUCER 

VALVE 

VACUUM PUMP 

OXYGEN DISCHARGE AND REACTION APPARATUS 

Fig. 1. Schematic of gas flow system 
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;  QUARTZREACTON TUBE 
P HOTORES/S T ~ f J  ~ 1  ~ 

SURFACE THERMOCOUPLE 

CERAMIC TEFLON CARRIER 
SUBSTRATE 

INFRARED 
LAMP 

r 
O-RING SEALS AND COMPRESSION FITTINGS 

HAVE BEEN OMITTED FOR CLARITY 

Fig. 2. Cross section of flow tube with Teflon holder in place 

EPR-Detected Species 
EPR can detect  on ly  species having a magnet ic  

moment  resul t ing f rom net  angu la r  momen tum (spin, 
orbi ta l ,  etc.) .  Both g round-s ta te  02 and the m e t a -  
s table  s ingle t  s tate have been observed (8-11). The 
g round-s ta te  lines can be used to de te rmine  the ab-  
solute concentrat ions  of shor t - l ived  species, such as 
the s inglet  molecu la r  s ta te  or the 8p, atomic ground 
state.  This work  used only re la t ive  concentrat ions,  
however ,  so the height  of the observed l ine was suffi- 
cient as an indica tor  of the concentra t ion (provid ing  
the pressure  was constant  for a l l  measu remen t s ) .  

Oxygen a tom spect ra  are  presented  in Fig. 3. At  low 
pressures  al l  six lines (12-13) may  be seen (Fig. 3a),  
whereas  at  the pressures  used in most of this  work,  
the middle  four  l ines coalesce into one, as shown in 
Fig. 3b. 

P = 0.2 Torr 

I 

3P2,1 OXYGEN ATOMS 

P = 1.0 Torr 

I 
20 Gauss 

Fig. 3. 0 atom (3P~ A) spectra at different pressures shewing 
resolved structure at low pressure. 

Production and Recombination 
Oxidat ion of organic  mate r ia l s  b y  a gaseous dis-  

charge can be effected using severa l  different  discharge 
configurations. In gaseous cleaning they  are  genera l ly  
of two types:  those tha t  contain the sample  wi th in  the 
confines of  the discharge (one s i te) ,  and those where  
the sample  is located remote ly ,  r equ i r ing  t ranspor t  of 
the act ive species (downs t ream) .  Both types  have the i r  
advantages  and disadvantages .  

Because of the numerous  types  of specimens which 
must  be cleaned, and the sens i t iv i ty  of some to hea t  
and radiat ion,  we have chosen the " remote"  or down-  
s t r eam systems for o~Jr work.  The envi ronment  to 
which  the specimen is subjected,  wi th  respect  to hea t -  
ing and incident  radial;ion and part ic les ,  can be we l l -  
control led,  something  tha t  is fa r  more  difficult, a l -  
though not  impossible,  :in the one-s i te  type  of system. 

To use the EPR appara tus  successful ly  requires  an 
unders tand ing  of how the oxygen  a tom concentra t ion 
var ies  be tween  the discharge exi t  and the detector  
cavity.  This a l l o w s  the effects of loss mechanisms 
(o ther  than react ion wi th  the organic  mate r i a l )  to be 
accounted for, so tha t  s ignal  var ia t ion  reflects only  this 
reaction.  

Previous  work  in s imi la r  systems showed that  the 
pr inc ipa l  loss mechanisms were  he te ro-  and homogene-  
ous recombina t ion  (14). The homogeneous,  or volume 
recombinat ion,  processes produce molecular  oxygen  by  
direct  recombina t ion  of the oxygen  a toms or th rough  
an ozone in te rmedia te  (13-14). The heterogeneous  
process involves recombinat ion  on the wal ls  of the 
flow tube. In  this work, [O] < <  [O2] so tha t  the ozone 
process is the more  impor t an t  and the d i rec t  process 
can be neglected.  A ra te  express ion containing these 
processes can be wri t ten,  using pure  O2 as the feed gas, 
a s :  (13) 

[O] = [O]o e x p { -  (2k~ [02] 2 + k~) (d/v) } [1] 

where  [O]o is the a tom concentra t ion at the discharge 
exit ,  kl and k2 ra te  constants for the homo- and he te ro -  
geneous processes, respect ively,  d the distance f rom the 
discharge to the detector,  and v the l inear  veloci ty  of 
the atoms down the tube, typ ica l ly  5-10 mete r s / sec  at  
1 Torr.  We found ks and k2 to be about  3 X 10 -a4 cm 6 
molec -2 sec -~ and 0.2 ~r -z,  respect ively .  These values  
agree  wel l  wi th  o ther  de te rmina t ions  (13). Considera-  
tions of viscous pressure  drop and diffusion show them 
to be un impor t an t  for our  case. We are  thus able  to 
use signal  var ia t ion  as a probe  for unders tand ing  the 
oxida t ion  and removal  of organic mate r ia l s  and how 
they  are  affected by  heat,  incident  radia t ion,  and  
var ia t ion  in gas mixture .  

Reactive Species 
Reactions of the vari~us oxygen  species wi th  var ious  

organic  mate r ia l s  m a y  be observed  as a decrease  in the 
species '  EPR signal  (i.e., the i r  concentra t ion)  at  the  
EPR cavity.  I t  is possible to fol low the react ion closely 
by  holding the magnet ic  field on the s ignal  peak  
(ac tua l ly  the m a x i m u m  slope of the absorpt ion  as the  
s ignal  is d isp layed as a first der iva t ive)  and cont inu-  
ously moni tor ing  in tens i ty  a s  a funct ion of t ime. In 
Fig. 4a, the O atom decrease is qui te  marked .  The 
signal  approaches  the baseline, indica t ing  that  wi th in  
the l imits  of sens i t iv i ty  of the ins t rument  (about  10 zt 
a toms cm-3) ,  all  O atoms are  removed  by  the reaction.  
F igure  4b shows tha t  g round-s t a t e  O~ does not  app re -  
ciably par t ic ipa te  in the reaction.  I t  was found that  the 
s inglet  molecular  s ignal  was l ikewise  unaffected. 

Loss of photores is t  can be v isua l ly  observed  if the 
react ion is a l lowed to continue. La t e r  exper iments  
make  use of weight  loss as a measuremen t  technique 
to be compared  to E P R  signal  changes. The resis t  is 
r e move d  at  a ra te  of a few thousand angs t roms/min ,  
and if the react ion is a l lowed to proceed long enough, 
al l  photores is t  is removed  and the O a tom signal  r e -  
turns  to i ts or ig inal  value.  Other  expe r imen t s  wi th  
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0= 
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Fig. 4. o) Spectrometer sitting on 0 atom peak while IR lamp 
turned on and off, b) same procedure for 8:~g- 0:~,. 

uncoated ceramic showed also that  heat ing the ceramic 
produced no observable  O a tom signal  loss. 

Removal Kinetics and Reactions 
The s tudy  of the remova l  of the organic ma te r i a l  in 

these exper iments  requires  a knowledge  of at least  five 
pa ramete r s :  gas pressure,  flow, re la t ive  species '  con- 
centrat ion,  sample  tempera ture ,  and sample  weight  
lost. To de te rmine  profiles for all  pa rame te r s  comple te ly  
would have been ex t r eme ly  labor ious  and p robab ly  
unnecessary.  Instead,  genera l  fea tures  were  s tudied 
for se lec ted  values  of the pa rame te r s  by  using five or 
six samples  mounted  consecut ively on the Teflon ca r -  
r ie r  and sequent ia l ly  moved into position. 

F igure  5 shows the O a tom signal  (upper  t race)  and  
sample  t empe ra tu r e  ( lower  t race)  as functions of t ime 
for a sample  having  a final t empera tu re  of ~130~ 

) -  
I-- 

Z i . i  
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z 
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1 2 0  

.1.10 
o 

,,, 100 a: 

90 ~ 

~ 8o 
F- 

70 

60 

I I I I I 1 

100 20O 300 
TiME (SEC.) 

F;g. 5. 0 atom loss (upper) as a function of temperature (lower) 
for maximum temperature of ~130~ 

For  a given flow ra te  and pressure,  the  n u m b e r  of 
a toms de l ivered  to the sample  per  uni t  t ime is constant,  
so tha t  the amount  by which the s ignal  decreases is 
p ropor t iona l  to the react ion rate.  These p ropor t iona l -  
ities, as a function of t empera ture ,  have been fitted to 
the fami l ia r  Ar rhen ius  expression 

ra te  = A exp (--Eact/RT) [2] 

to yield an effective ac t iva t ion  energy  for the remova l  
process. The f ract ion of the s ignal  lost is p lo t ted  as 
In ( ra te)  vs. Z/T in  Fig. 6, a long wi th  the least  squares 
fitted line. Also p lo t ted  are weight  loss data. These 
show the exce l len t  ag reement  be tween  them and the 
EPR signal  loss values.  The da ta  were  ac tua l ly  fitted to 
the exponent ia l  r a the r  than  l inaar ized form of the 
equation,  since the absolute  er rors  a re  equal  for a l l  
points.  Table  I lists severa l  ac t ivat ion energies  de te r -  
mined  for photores is t  r emova l  under  var ious  condi-  
tions. Al though  there  is g rea t  unce r t a in ty  in the indi -  
v idual  determinat ions ,  the average agrees  reasonably  
wel l  wi th  the va lue  found g rav ime t r i ca l ly  (0.56 eV).  A 
similar ,  though perhaps  fortui tous,  value  has been ob-  
ta ined  for a different  resis t  using a shie lded s t r ippe r  
(0.5 eV) (15). 

For  a constant  flow rate  (both volume and ve loc i ty) ,  
the EPR signal  in tens i ty  is p ropor t iona l  to an a tom 
flux across the tube  cross section. Thus, the in tegra l  
of the signal  over  t ime represents  the total  number  of 
a toms observed.  Hence, a quan t i ty  p ropor t iona l  to the 
total  n u m b e r  of a toms reac ted  can be de te rmined  f rom 
the in tegra l  of the s ignal  lost over  the t ime of the 
reaction.  If  weight  loss is p ropor t iona l  to the number  
of a toms reacted,  as one would  expect,  a plot  of one of 
these quant i t ies  vs. the other  should y ie ld  a s t ra igh t  
line. This is shown in Fig. 7. If  the n u m b e r  of a toms is 
made  absolute  r a the r  than rela t ive,  the slope of the 
l ine de te rmined  f rom this plot  gives the s to ich iomet ry  
of the react ion under  these conditions.  

Of in teres t  is the fact that  at  h igher  sample  t empera -  
tures  v i r tua l ly  al l  O atoms react,  at  least  to the l imits  
of our sensi t ivi ty,  even though the n~ive view might  
be that  one -ha l f  of them pass by the uncoated  side of 
the ceramic.  An e l emen ta ry  kinet ic  theo ry  calculat ion 
shows that  for typica l  flow rates and pressures,  a given 
O a tom undergoes  a pp rox ima te ly  a 3 cm r a n d o m - w a l k  
d isp lacement  f rom its or iginal  posit ion in the moving 
gas dur ing  the t ime it takes  the  flowing gas to move 
roughly  2 cm. The flow tube is 2.5 cm in d iamete r  and 
the sample  1.4 cm on a side, so perhaps  it is reasonable  
to assume some of the atoms passing benea th  the sub-  
s t ra tes  can react  wi th  the photores is t  surface, even 
though at first considerat ion this seems unl ikely .  Also, 
diffusion of  a toms flowing over  a perfect  s ink  might  
wel l  contr ibute .  

0 ATOMS + PHOTORESIST 

.8. 

.4 
0 EPR SIGNAL 
+ WEIGHT LOSS 

0 

tn K -,4 ~ - ~  
-,8 

-3.,2 

-1.6 0 

.22 2.24 2 ;'6 2. 8 2,30 2.32 2.34 2.36 2. 8 2. 0 2.42 

17 T X 103 

Fig. 6. Plot of In k vs. 1/T for 0 atoms + photoresist with 
weight loss data also plotted for comparison. 
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Table I. 02 flow rate : 101 cm3/min NTP 

P r e s s u r e  (Torr) Eaet ( k e a l l m o l  -I) 

1 14.7 
2 11.2' 
3 10.4* 

11.5 Avl 
(0.50 eV) 

�9 A v e r a g e  of two  runs .  

Another mechanism that might better account for 
some or the entire loss would be the downstream reac- 
tion of O atoms with volatile, intermediate species pro- 
duced by the initial O-atoms reactions on the material. 
Our data are taken further downstream and do not 
clearly distinguish between the two possibilities, al-  
though it is possible to design experiments with the 
apparatus to differentiate between them. 

G r a p h i t e  React ions 
Oxygen atoms react with heated graphite in a fashion 

similar to the photoresist reactions described earlier. 
However, unlike photoresist, room temperature graph- 
ite reduces the concentration of 1~ 02 such that the 
EPR signal all but disappears. It was not possible to 
follow weight loss, as in the case discussed above, 
owing to sample erosion during handling. 

O atom loss (reaction rate) as a function of tem- 
perature is shown in Fig. 8. The graphite wafer was 
placed on top of a base ceramic square which was 
heated, as shown in Fig. 2. The temperature was mea- 
sured by placing the thermocouple on the surface as 
before.  The ceramic was used so that the lamp would 
heat in a similar fashion to the experiments using 
photoresist and the temperature measured would be 
that of the surface reacting with the atoms. The data 
yield an activation energy of 10.4 kcal/mo1-1 (0.45 eV), 
which agrees well with published values of 8.8-10.0 
kcal/mo1-1 (0.38-0.43 eV) (16). 

Discussion ~ 
Since oxidative cleaning is effectively a combustion 

process, it involves many reactions (1) that complicate 
its understanding. However, some insight into part icu- 
lar  processes of interest has been gained. 

Understanding the loss of reactive species between 
production and detection to processes other than 
reaction with the organic material  is important. With- 
out this understanding, design of downstream cleaning 
systems becomes difficult, since it is desirable to keep 
recombination and deactivation loss of reactive species 
to a minimum. Moreover, an understanding of the 
removal kinetics is made possible by this knowledge. 

4 o o  P H O T O R E S I S T  

35C 

m 

25C 

ZOC 

zSC 

iOC 

5C , 0 ~) ' ~ ' ' ' 5~) 
, 10 2 3 ~  40 

0 A T O M S  R E A C T E D  ( A R B I T R A R Y  U N I T S  ) 

Fig. 7. Correlation of weight loss vs. signal proportional to frac- 
tion of atoms reacted. 
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Fig. 8. Reaction rate vs. temperature for graphite. Superimposed 
is least squares fitted curve. Pressure is 1 Torr. 

The results of this work indicate that in systems of 
this sort, maximum pressures of about 1 Torr or less 
should be utilized to maximize delivery of atoms to the 
samples. Quartz surfaces do not great ly decrease the 
reactive species' concentrations, as long as they are 
cleaned by etching. 

0 atoms have long been considered the reactive 
species. For photoresist, this has been confirmed. As 
~P 0 and z~ 02 are present in comparable amounts, 
roughly 1015 cm -3 at 0.8 Torr, the total lack of z/~ 
signal modulation on sample heating excludes 1A 02 
as a significant species. However, ground-state 02 is 
present in much higher concentration. The lack of 
observable signal modulation on heating could be 
ascribed to lack of relative sensitivity in determining 
a very small  change in the total ground-state 02 con- 
centration. However, the lack of observable material  
loss in the absence of a discharge, and the inactivity of 
the more reactive singlet state, shows that ground- 
state 02 is not a significant reactant. 

Understanding graphite reactions presents more of 
a problem, since both the O atom and 1~ 02 signals are 
affected, lh 02 reacts far less extensively with satu-  
rated compounds than with unsaturated ones (17-18). 
Graphite, being somewhat aromatic in character, may 
possibly be reacting with 1A O~ to produce cyclic per-  
oxides, or it  may serve simply as a site for deexcitation. 

The activation energies of this work for oxidation of 
photoresist and graphite agree reasonably well with 
other determinations. The EPR method lends itself well  
to such determinations if proper care is taken. Spec- 
trometer operating conditions must be reproducible 
from point to point, and the sample temperature mea- 
sured must represent the reacting surface of the ma- 
terial. Furthermore,  the decay processes that further 
reduce the reactive species' concentration after  reaction 
must be understood in order that the data reflect con- 
ditions immediately after reaction. 

There are many avenues to be explored in future 
work, including determination of the relationships be- 
tween ease of removal and contaminant structure, 
some of which have been listed already (19). Also, 
more materials  should be examined with the aim of 
attaining a good predictive abil i ty about what ma-  
terials can be removed and under what conditions. The 
use of other gases mixed with Ch before discharge 
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should be inves t iga ted  for the gases' ab i l i ty  to enhance 
O a tom concentrat ion.  The react ion order  and the 
s to ichiometry  should also be determined,  the former  
by  the dependence  on [O] of the signal  f ract ion lost. 
To de te rmine  the s to ichiometry  requi res  that  absolute  
concentrat ion measurements  of the react ive  species be 
made, which can be done by  ca l ibra t ion  of the spec-  
t rometer ,  as ment ioned above. This might  fu r the r  
e lucidate  the re la t ionships  be tween  s t ruc ture  and ease 
of removal .  

F inal ly ,  while  EPR has proven  to be a powerfu l  tool, 
even in these p r e l im ina ry  exper iments ,  it  is necessary 
to point  out  a l imitat ion.  Species such as lZ 0.2 and  
~A O~ have no magnet ic  moment  and so cannot  be seen 
via EPR. They are  both p robab le  const i tuents  of the 
discharge effluent and whi le  thei r  effects are  p robab ly  
small,  thei r  possible role in the remova l  process must  
not be comple te ly  overlooked.  This could be ac-  
complished by se lect ively  removing the o ther  const i tu-  
ents, i.e., the atoms and s inglet  O2, and measur ing  the 
amount  of any  mate r i a l  removed.  

Conclusion 
This work  has demons t ra ted  both the feas ibi l i ty  and 

the u t i l i ty  of EPR spectroscopy as an ana ly t ica l  tool in 
unders tand ing  gas-sol id  react ions used in in tegra ted  
circuit  manufac ture .  We have demons t ra ted  its ab i l i ty  
to moni tor  react ion rates  and to ident i fy  react ive  
species. F rom the rates  and measured  tempera tures ,  
we can calculate  act ivat ion energies  of removal .  We 
have discussed also the way  in which both re la t ive  
and absolute  concentrat ions can be measured  and how 
the la t te r  m a y  be used to de te rmine  s toichiometr ies  of 
removal .  

The abi l i ty  to use EPR to make  such measurements ,  
combined wi th  its ab i l i ty  to detect  o ther  pa ramagne t i c  
species such as F atoms, indicates  its genera l  u t i l i ty  for 
s tudying  gas-sol id  react ions other  than oxidation.  A 
ve ry  impor tan t  class of such react ions involves the 
etching of semiconductors  using fluorine conta ining 
gases in some sort  of discharge.  EPR should be able to 
complement  a l r eady -used  techniques,  such as mass and 
emission spect roscopy in e lucidat ing  mechanisms and 
react ive  species. 

These ini t ia l  resul ts  have been ve ry  encouraging and 
suggest  a number  of fur ther  exper iments  to be t te r  
under s t and  oxidat ion  and removal  of organic  mater ia l .  
Some of  these exper iments  are cur ren t ly  u n d e r w a y  in 
pa r t i cu la r  the studies of how a few percent  of added  

Freon  TM enhance the oxidat ion rate,  and the use of 
o ther  gases to increase the number  of oxygen  atoms 
produced  in the discharge.  
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Solubility of Implanted Dopants in Polysilicon: Phosphorus and 
Arsenic 

N. Lifshitz 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

A new method of determining the active dopant  solubility limit (ADSL) of implanted dopants in polysilicon is de- 
scribed. ADSL is defined as the concentration of a dopant  such that  a further increase of the dopant  content  does not lead to 
an increase in mobile carrier concentration. The method is based on the idea that the implanted  dopant  in excess of ADSL 
does not contribute to the conduct ion process. The method is simple to employ and is used in the present  exper iments  to 
determine the ADSL concentration of arsenic and phosphorus implanted in polysilicon. 

I t  is known that  in heav i ly  doped crys ta l l ine  silicon, 
some fr~ction of impur i t ies  does not  contr ibute  mobile  
carr iers  into e lect r ica l  conduction. There  exists a con- 
cent ra t ion  level,  cal led the  active dopant  so lubi l i ty  

Key words: polycrystalline silicon, solubility limit, arsenic and 
phosphorus, doping by ion implantation, 

l imi t  (ADSL) ,  where  fu r the r  increase of the dopant 
content  wil l  not lead  to an increase of free car r ie r  
concentra t ion (1, 2). 

An analogous p a r a m e t e r  can be  defined for po ly -  
silicon. There  is a difference, however ;  polysfl icon is 
a r a the r  more  complex  s t ruc tu re  than  c rys ta l l ine  Si 
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in that  i t  is a conglomera te  of s ingle  c rys ta l  grains.  
There,  gra in  boundar ies  m a y  act  as a s ink  for  dopant .  
I t  has been establ ished,  for example ,  tha t  arsenic and 
to a lesser  degree  phosphorus  tend  to segregate  to 
the boundar ies  and become in -ac t iva ted  (3, 4, 5). 

I t  is be l ieved tha t  the concentrat ions  exceeding 
ADSL cannot  be achieved by  a quas i -equ i l ib r ium 
process of  diffusion. However ,  such concentrat ions  can 
be obta ined  by  a nonequ i l ib r ium process of ion im-  
planta t ion.  

This work  descr ibes  a method o f  de te rmina t ion  of 
ADSL of dopants  in polysil icon. The method  is based 
on the idea  tha t  the  dopant  in excess of the  cr i t ical  
concentra t ion does not  contr ibute  to conduction. In  
these exper iments ,  polys ihcon layers  of var ious  th ick-  
nesses a re  doped by  ion implan ta t ion  of a cer ta in  fixed 
dose of arsenic  or phosphorus.  When the concentra t ion 
Of the  dopant  in the films is equal  to or exceeds the 
ADSL concentrat ion,  the  dependence  of shee t  res i s t -  
ance on the l aye r  thickness obeys an inverse  p ropor -  
t iona l i ty  law (i.e., for  a constant  dopant  concentra t ion 
the sheet  conductance is p ropor t iona l  to the film th ick-  
ness) ,  As soon as the  thickness of polysi l icon reaches  
a cer ta in  l imi t  (the cr i t ica l  thickness)  where  the  fixed 
implan t  dose is not  sufficient to provide  the  ADSL 
concentrat ion,  the  dependence  of  sheet resis tance on 
the l aye r  thickness begins to devia te  f rom the inverse  
p ropor t iona l i ty  and, in fact, becomes constant  because 
the  m a x i m u m  number  of  act ive dopant  a toms ava i lab le  
a re  a l l  Contributing to conduct ivi ty .  The so lubi l i ty  
l imi t  Np can be found from the cr i t ical  thickness,  as-  
suming  one knows the exact  implan t  dose. 

E x p e r i m e n t a l  
Polysi l icon films of thicknesses va ry ing  f rom 900 

to 6000A were  deposi ted by  the  LPCVD method  at  
625~ onto t h e r m a l l y  ox id ized  si l icon wafers .  The 
thickness of the  oxide was 1000A. Measurements  of the 
film thicknesses  were  made  af te r  polysi l icon deposit ion,  
wi th  a Nanospee /AFT  in ter ferometer .  The in te r fe rom-  
e ter  was ca l ibra ted  against  a Dek tak  I I  surface p ro -  
fi lomet~r by  match ing  r ead ing  for  th icker  samples  
(4000-6000A). Arsenic  and phosphorus  were  implan ted  
into the  films at  energies  of 60 and 30 keV, re -  
spect ively,  which  were  low enough to ensure that  even 
in the case of the th innes t  films more  than  95% of 
imp lan ted  dopant  was placed into polysil icon. The films 
were  capped with  CVD oxide (1200A) to p reven t  the  
out-dif fus ion of the  dopant .  The samples  were  an-  
nealed at  900 ~ 950 ~ and 1000~ for 16, 4, and 2 hr, r e -  
spect ively,  in a d ry  n i t rogen ambient .  These t imes were  
found to be sufficient for  al l  res is t iv i ty  changes to 
reach  equi l ibr ium.  Af te r  the  pro tec t ing  oxide  was 
s t r ipped  in buffered hydrofluoric acid, the sheet  r e -  
s i s t iv i ty  was measured  by  the four -po in t  probe  method.  

Results 
Results  were  obta ined in a form shown in Fig. 1 

and 2. Here  the sheet res i s t iv i ty  of polysi l icon films 
implan ted  wi th  As and P and  annea led  at  950~ is 
p lo t ted  as a function of film thickness.  S imi l a r  plots  
were  obta ined for films annea led  at  900 ~ and 1000~ 

One can d is t inguish  two regions on the plots:  (0  for  
thin layers ,  d < do, the  sheet  resis tance is inverse ly  
propor t iona l  to ti~e thickness;  (ii) for layers  th icker  
than  do, the sheet res is tance is essent ia l ly  constant  in-  
dependent  of thickness.  

Thus, do is identif ied as the cri t ical  thickness  where  
the sample  ceased being sa tu ra t ed  wi th  the  dopant .  
In  the first ( sa tura ted)  regime,  the  sheet  res i s t iv i ty  
obeys the re la t ion  ps = ~/d, where  p is the sa tura ted  
res is t iv i ty  F u r t h e r  increase  of d beyond do resul ts  in 
no fu r the r  chan~e in conduc t iv i ty  because al l  ava i lab le  
dopant  a toms (fixed dopant  dose) are  par t ic ipa t ing  in 
conduct ivi ty.  Fo r  compar ison we include in Fig. 2 da ta  
obta ined  b y  phosphorus  diffusion at 950~ The diffu- 
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Fig. 1. Sheet resistance as a function of thickness of polysilicon 
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Fig. 2. Sheet resistance of polysiiicon films doped with phos- 
phorus as a function of the film thickness. Doping was achieved in 
two ways: (i) by ion implantation (2 X 10 le cm - 2  dose) with 
subsequent anneal at 950~ and (ii) by phosphorus diffusion at 
the same temperature. 

sion and i m p l a n t  da ta  coincide for d < do, but  for  
d > do a d is t inct  difference becomes apparent .  The 
sheet  resis tance of diffused samples  continues to  de-  
crease according to t h e  inverse  p ropor t iona l i ty  l aw  
because diffused layers  are a lways  sa tura ted.  

In  Fig. 3 and 4, resul ts  of the  measurements  on 
implan ted  samples  a re  p resen ted  in a different  form. 
Here  the sheet  conductance is p lo t ted  as a funct ion of 
film thickness for th ree  different  anneal  tempera tures .  
The hyperbol ic  par t  of the resis tance curves in Fig. 1 
and 2 has t r ans formed  into a s t ra igh t  l ine having  s lope 
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Fig. 3. Sheet conductance of arsenic-doped samples with different 
anneal temperatures plotted as a function of polysilicon film 
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Fig. 4. Sheet conductance of phosphorus-doped samples with 
different anneal temperatures plotted as a function of polysilicon 
film thickness. 

propor t iona l  to t h e  conduct iv i ty  Of the polysi l icon 
doped to the  cr i t ical  concentrat ion.  The onset  of con- 
s tant  conduc t iv i ty  ma rk ing  the  cr i t ical  thickness do 
is even  more  sharp ly  de l inea ted  in this k ind  of plot. 

Addi t iona l  resul ts  showing the effect of different  
doses of As implan t  a re  p lot ted  in Fig. 5. The samples  
were  annealed  at  950~ It  may  be noted tha t  the two 
sets of samples  having  different  implan t  doses, 1 X 10 z6 
and 1.4 X 1016 em -2, exhib i t  ident ical  resist ivit ies,  i.e. 
a common slope, as the  implan t  concentra t ion exceeds 
ADSL, However ,  the  breaks  occur at  two wide ly  sepa-  
ra ted  values of do. This reflects the different  implan t  
doses. 

A pecul ia r  fea ture  of the plots  in Fig. 3, 4, and 5 is 
tha t  they  in tercept  the abscissa axis at  some posit ive 
va lue  d'. This value  does not  depend  on anneal  t em-  
pe ra tu re  and is equal  to 600A for As and 250A for 
P -doped  poly. This effect wil l  be discussed la te r  in 
this paper .  

Discussion 
Solubility limits of As and P in polysilicon.--The 

ADSL of As and P in polysi l icon can be found from 
the da ta  in Fig. 3 and 4 as a rat io  of the implan t  dose 
to the  cr i t ical  thickness  corresponding to this  dose and 

• 16"1~ 

UJ 
0 

~ 12.10 -3 _ 
b 
CI 

z 8.10-5 _ 
0 

I '-  
Ld 
~J 4.10-3 
-r 
O~ 

AS IMPLANT 
�9 1,4xlO 16 
�9 I x l O  16 

d01 
1000 2000  

950%,  4HR 

I 
6000  

I d~ I I 
:5000 4000  5000 

THICKNESS OF POLYSILICON LAYER (.~.) 

Fig. 5. Sheet conductance of polysilicon films implanted with two 
different doses of arsenic (1 X 1016 and 1.4 X 10 z6 cm -2)  and 
annealed at 950~ plotted as a function of film thickness. 

given anneal  t empera ture .  The resul ts  and pa rame te r s  
of calculat ions are  t abu la ted  in Table I. Genera l ly ,  the  
solubi l i ty  l imi t  Np depends upon anneal  t empera tu re .  
This dependence  can be due to severa l  factors,  such 
as gra in  g rowth  (6, 7, 8), var ia t ion  in the surface con- 
cent ra t ion  of  segrega ted  dopant  in the  gra in  boundar ies  
wi th  t empera tu re  (3),  and increase  in the  so lubi l i ty  
level  of the dopants  in the  grains  (i.e., the  solubi l i ty  
l imi t  Nsi in c rys ta l l ine  si l icon) at  e leva ted  t empera -  
tures. 

I t  is in teres t ing  to compare  our  resul ts  for Np wi th  
da ta  f rom the l i t e ra tu re  for Nm gathered  in the r igh t -  
most  column of Table I. For  As, the so lub i l i ty  l imi t  in 
polysi l icon was found to va ry  f rom 4.8 • 1020 to 4.1 • 
1020 cm-3,  corresponding to anneal  t empera tu res  of 
900~176 These values  a r e  h igher  than  Nst, the  
difference being more  pronounced  at  lower  anneal ing  
tempera tures .  This difference is a d i rec t  measure  o f  
inac t iva ted  As dopant  t r apped  at the gra in  boundaries .  

For  P, the  so lubi l i ty  l imi t  in polysi l icon was found 
to be 6 .2  X 1020 cm -3, i ndependen t ly  of the anneal  
t empera ture .  A comparison with  Nm is not s t ra igh t for -  
wa rd  because of conflicting values  for Nsi in the  l i t e ra -  
ture  (cf. Table  I ) .  

On the possible influence of the polysilicon/SiO~ in- 
terface.--It was pointed out  ear l ie r  that  the plots in 
Fig. 3, 4, and 5 in te rcept  the abscissa axis not  at  the  
origin of coordinates  bu t  r a the r  at some posit ive value 
d'. This value does not  depend on anneal  t empera tu re  
and imp lan t  dose and is equal  to 600A for As and 
250A for P -doped  polysil icon. I t  is t empt ing  to specu-  
late on the basis of this behavior  that  there  might  
exist  poor ly  conduct ing regions wi th in  the  polysi l icon 
layer .  

There  is addi t ional  evidence from Fig. 5 that  this 
might  be the case. In Table  II  we l ist  f rom Fig. 5 the 
cri t ical  thickness do and corresponding values  of sheet  
conductance Gs (also l is ted are the in tercepts  d'). The 
cri t ical  thickness d should be p ropor t iona l  to the i ra-  

Table I. 

Implant  
dose N~ Nsl  
(cm -~) T(~ do(A) (I0~ cm -8) (10~~ em -s) 

As 1 x 10 le 900 2100 4.8 2.1111] 2.3[2] 
950 2250 4.5 2.5 2.6 

I ~ 9  2450 4.1 3.0 3.3 

P 2 • 10 TM 900 3250 6.2 4.0[8] 5[9] 
950 3250 6.2 6.0 7.4 

1000 3250 6.2 8.0 8.8 

3.1[10] 

3.5110] 
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Table I I .  Table I I I .  

~(cm~ V -z 
~ (C~-z cm-1) sec-Z) n(cm-8) Implant - d' 

dose I do G~ d' doz/ Gall 
(cm -2 ) (A) (mho) (A) do2 Izl12 do2 

- d' G,~ 

i • 10 :L6 2200 8.9 • 10 4 600 
0.67 

1.4 x 10 ~6 3300 15.8 • l ip + 600 
0.71 0.59 0.56 

p lan t  dose I (if the samples  are  doped un i fo rmly) ,  
but  the value  of the  sheet  conductance Gs at the  b reak  
point  d = do should  be p ropor t iona l  to the act ive th ick-  
ness do -- d' of the  samples.  As a test  it is ins t ruct ive  
to compare  rat ios of these var ious  quant i t ies  (last  four  
columns of Table I I ) .  

F i rs t ,  the ra t io  of sheet  conductances  Gsl/Crs2 is closer 
to the rat io  (d01 --  d ' ) / (do2 --  d ' )  than  to the rat io of 
the  cr i t ical  thicknesses dol/do~, suggest ing that  a pa r t  
of the total  fi lm thickness  is nonconductive.  Since the 
films m a y  be only  one gra in  th ick (due to gra in  growth  
dur ing  annea l ing) ,  poor ly  conduct ive regions are  most 
l ike ly  to exis t  at  the in terface  wi th  SiO2 and be s imilar  
in na tu re  to the  gra in  boundaries .  Swamina than  et al. 
(12) observed  s imi lar  regions,  about  100A thick, at  
As -doped  polysi l icon/SiO2 interface.  Since in the pres -  
ent  exper iments  the  polysi l icon films were  bounded  
wi th  SiO2 f rom both  sides, i t  is assumed tha t  the low 
conduct ive regions occur at  both  interfaces.  Hence, do 
represents  the to ta l  ~thickness of two such regions. 
Then, for  a r sen ic -doped  poly, this region is about  300A. 
thick, which  is much h igher  than  es t imated  in (12), 
and for phosphorus  doping the thickness  is about  120- 
130A. 

Second, the fact tha t  the  rat io  of cr i t ical  thicknesses  
dol/do2 (0.67) is close to the  rat io  of implan t  doses 
Iz/I2 (0.71), suggests that  the dopant  concentra t ion 
throughout  the l aye r  is uni form and t h a t  no appa ren t  
p i l e -ups  of arsenic are  presen t  a t  poly/SiO~ interfaces.  
Such p i le -ups  have been observed  at the interfaces  
when  the arsenic concentra t ion was be low so lubi l i ty  
l imit ,  whereas  there  is no evidence of p i l e -up  when 
the dopant  concentra t ion was close or above  ADSL 
(12, 13). The la t te r  was exp la ined  b y  the sa tura t ion  
of sites at  the  interface to which  the arsenic atoms 
tend to segrega te  (12). Poss ibly  this is takin~ p lace  
in the presen t  exper iment ,  where  the  samples  are  
doped close to or  above  the ADSL level.  

Final remark.--The bu lk  conduct iv i ty  of As-  and 
P - d o p e d  polysi l icon layers  can be de te rmined  f rom 
the slopes in Fig. 3, 4, and 5, the  values of which a re  
l is ted in Table  III. Also l is ted in Table I I I  a re  e lect ron 
concentrat ions  and Hal l  mobi l i t ies  of samples  doped 
to the ADSL level  (d ~ do) and annealed  at  950~ 
The conduct iv i ty  for  P - d o p e d  po ly  exceeds by  severa l  
t imes the  conduct iv i ty  of As -doped  po ly  because of 
h igher  e lect ron concentra t ion  and mobil i ty .  Results  of 
Solmi et al. (6) on As-  and P -doped  polysi l icon give 
s l igh t ly  h igher  values  of n, ~, and ~, poss ibly  due to 
the h igher  anneal  t empera tu re s  (1050~ and th icker  
films (4400A) used in the i r  exper iments .  

Dopant. 900~ 900~ 1O~06~ 950sC 950~ 
As 5.6 • I0 ~ 5.8 • i0 ~ 6.3 • 10 ~ 21 1.8 • i0 ~~ 
P 1.65 x 103 1.65 • 103 1.65 • 163 30 3.5 • i0 ~o 

C o n c l u s i o n s  

1. A new appro,ach to de te rmin ing  the act ive dopant  
so lubi l i ty  l imi t  (ADSL)  of implan ted  dopants  in po ly-  
si l icon is described.  ADSL is defined as the concent ra-  
t ion of dopant  such that  a fur ther  increase of the dopant  
content  does not  lead to an increase  in mobile  car r ie r  
concentrat ion.  The new approach  is used in t h e  present  
work  to de te rmine  ADSL concentra t ions  of arsenic 
and phosphorus  implan ted  in polysil icon. 

2. The solubi l i ty  l imi t  of As in polysi l icon was found 
to depend on anneal  t empera ture ,  decreasing from 4.5 
X 1020 to 4.1 • 1020 cm -3 in the t empera tu re  range 
f rom 900~176 These numbers  a re  h igher  than  
s imi lar  da ta  quoted for single crys ta l  silicon. The dif -  
ference in ADSL for two mate r i a l s  is a direct  measure  
of the dopant  segrega ted  to the gra in  boundaries .  The 
so lubi l i ty  l imit  of P was found to be  6.2 • 1020 cm -3, 
independen t  of anneal  t empera ture .  

3. F rom some resul ts  of the p resen t  work,  the pres-  
ence of a poor ly  conduct ing region wi thin  a polysi l icon 
l aye r  might  be in ter red ,  poss ibly  at the interface wi th  
SiO2. Conceivably,  the poor ly  conduct ing regions are 
s imi lar  in na ture  to the  gra in  boundaries .  

Manuscr ip t  submi t ted  Dec. 16, 1982; rev ised  manu-  
scr ip t  received Ju ly  5, 1983. 
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Effect of n- and p-Type Doping on the Microhardness of GaAs, 
(AI,Ga)As and Ga(As, Sb) Active Layers in 0.82 and 0.87/ m 
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ABSTRACT 

The effect of n- and p-type doping on the microhardness of the active layers used in the GaAs injection lasers operating 
at 0.82 and 0:87 ~m, was investigated with the objective to alleviate the dark line degradation problem, part icularly in the 
0.87 ~m lasers. Consistent with the results in bulk melt grown crystals, n-type doping was found to increase the hardness 
relative to p-type doping of the (A1,Ga)As (0.82 ~m) and GaAs and Ga(As,Sb) (0.87 ~m) active layers grown by liquid phase 
epitaxy. In addition, for n-type crystals, Ga(As,Sb) was harder  than (A1,Ga)As which in turn was harder  than GaAs. The 
n-type doping effect on hardness did not persist  under  optical carrier injection conditions. The growth of the plastic zone 
around the microhardness indentat ion region, examined by photoluminescence and x-ray topography,  was not in any way 
less for the harder n-type Ga(As,Sb) or (GaAs) compared  to p-type material  indicating that n-type doping alone of the 0.87 ~m 
active layers will not be effective in reducing degradation by dark line defects. 

The 0.82 and 0.87 #m in jec t ion  lasers  r equ i red  for~ 
opt ical  communica t ion  systems are  being fabr ica ted  
f rom (A1,Ga)As-GaAs  double he te ros t ruc tures  (1). 
The lasing act ive l aye r  contains typ ica l ly  8% A1 (1) 
for the 0.82 ~,m laser  wh i l e  the 0.87 ~m laser  can be 
made wi th  e i ther  GaAs or GaAs containing Sb (2) or  
In (3). The GaAs act ive layer  lasers h is tor ica l ly  have 
had lower  re l i ab i l i ty  (4) compared  to that  of 0.82 ~m 
lasers, wi th  one of the l imi t ing factors  being the d e g r a -  
dat ion of the GaAs devices due to crys ta l  defects  
re fe r red  to in the l i t e ra tu re  as "da rk  line defects" (5). 
Improvements  in the re l i ab i l i ty  of the  0.87 ~,m laser  
have  been achieved b y  the addi t ion  of Sb ( <  1%) to 
the GaAs act ive  layer .  Also, Wolf  et al. (6) have  re -  
por ted  for  oxide s t r ipe  Ga ks act ive layer  lasers  high 
t empe ra tu r e  ag ing  character is t ics  comparable  to those 
of high qual i ty  0.82 #m lasers.  These improvements  
can be lost, however ,  if carefu l  a t tent ion  is not  pa id  
to all  the steps involved in the fabr icat ion of the laser.  
For  example ,  the improvemen t  in the  l i fe t ime of the 
0.87 ~m laser  achieved by  the addi t ion of Sb to the 
active layer  was lost when the ep i tax ia l  layers  were  
grown on high dislocation dens i ty  subs t ra tes  (7). 

The purpose  of this work  is, therefore,  to explore  
whe ther  any  o ther  s imple  composit ion change of the  
GaAs active l aye r  besides the addi t ion of Sb could p ro -  
vide addi t ional  safeguards  against  the fo rmat ion  of 
dark  l ine defects. In  this regard  we inves t iga ted  the 
possibi l i ty  of n - t ype  doping of the lasing active layer  
since for bu lk  GaAs single crysta ls  the addi t ion of 
n - type  dopants  l ike  Si or  Te increases the act ivat ion 
energy  for dislocation gl ide and hence the  hardness  of 
the crystals  (8, 9). Of the  two kinds of da rk  line de-  
fects, which are  ac tua l ly  ne tworks  of dislocations (10), 
the one which propagates  along the <110>  direct ion 
has been Shown to be caused by  car r ie r  in ject ion en-  
hanced (11) dis locat ion glide (12). On the o ther  hand,  
for the format ion  of <100>  dark  line defect,  which is 
the  most common var ie ty ,  both  pure  dislocation cl imb 
(10, 13) and a combinat ion of dislocation gl ide and 
cl imb (14) have been proposed.  If  we accept the tenet  
that  dislocation gl ide p lays  some role  in the  deve lop-  
ment  of e i ther  <110> or  <10O> da rk  l ine defect  a n d i f  
the  n - t y p e  doping effect on dislocat ion ve loc i ty  also 
prevai ls  for the  ep i tax ia l  GaAs, then an n - t y p e  active 
l aye r  should be beneficial  for the 0.87 ~,m lasers.  

To s tudy  the effects of doping we measured  the mi -  
crohardness  of thick (N10 ~,m) epi tax ia l  layers  of Te 

* Electrochemical Society Active Member. 
Key words: touography, photoluminescence, x-ray, recombina- 

tion-enhanced-raotion. 

(n~type) or  Ge (p - type )  doped GaAs,  (A1,Ga)As, and 
Ga (As,Sb) ,  al l  wi th  typica l  act ive l aye r  compositions. 
Consistent  wi th  the  resul ts  on bu lk  crystals ,  we ob-  
served that  n - t y p e  ep i tax ia l  layers  were  ha rde r  than  
p - t y p e  for  each active l aye r  composi t ion and that  
n - t ype  Ga(As ,Sb)  was the ha rdes t  ma te r i a l  of them 
all. This advan tage  of increased hardness  for n - t y p e  
doping was e l imina ted  by  the  observat ion  tha t  under  
opt ical  in ject ion conditions the  recombina t ion  en-  
hanced dislocation gl ide was not in any  sense less for 
the ha rde r  n - t y p e  mate r i a l  in comparison wi th  the 
sof ter  p - t y p e  mater ia l .  In  other  words,  the  ini t ia l  h a r d -  
ness of the  crys ta l  d id  not  seem to have any  bear ing  on 
defect  motion under  in jec t ion  condit ions.  

Experimental 
The effect of doping on the hardness  of a c rys ta l  

is genera l ly  measured  by  changes in i ts y ie ld  s tress  
(9). This measurement  requires  la rge  size ( typ ica l ly  
5 • 5 • 10 mm) crystals  and obvious ly  cannot be made  
on thin ep i tax ia l  mater ia l .  We therefore  measured  the  
m~icrohardness of the ep i tax ia l  layers  to. de te rmine  the 
do,ping effect. Since the hardness  measuremen t  does 
not  represen t  a un iax ia l  s t ress  s ta te  for the  crys ta l  
under  vchich yie ld  Stresses a re  measured  and since i t  
depends  on both the yie ld  and s t ra in  ha rden ing  charac-  
terist ics of  the  ma te r i a l  (15), the hardness  number  is 
not  adequa te  for quant i ta t ive  comparisons bt~t is suffi- 
cient to provide  qual i ta t ive  comparisons be tween  ma-  
ter ials  grown under  s imi la r  condit ions.  

Thick e, p i t ax ia l  l ayers  (~10 ~ n )  of n -  and p - t y p e  
GaAs, A lxGa l -xAs  (x ,~ 0.057-0.079) and GaAsl -ySb~ 
(y ,-~ 0.007) were grown on (100) n - t y p e  GaAs sub-  
s t ra tes  by  the l iquid phase technique (16). The 
growth  t empera tu re  was 780~ and the  ambien t  was 
He ~ 11% H2. Te and  Ge were  used as the n -  and  
p - t y p e  dopants,  respect ively.  The amounts  of the dop-  
ants were  such that  they  would y ie ld  car r ie r  concen- 
t ra t ions  typical  of the no rma l  active layer  in the  laser  
s tructure.  

The microhardness  measurement s  were  made  at  room 
t empera tu re  using a Ken t ron  microhardness  tes ter  
which had a Knoop d iamond inden te r  and a ca l ibra ted  
eyepiece. The indenta t ions  were  made  under  a 50g load 
and the hardness  numbers  were  obta ined  by  measur ing  
the indenta t ion  lengths at a magnif icat ion of • 
Since previous  microhardness  measurements  on InP  
have  indica ted  hardness  an i so t ropy  on (100) p lanes  
(17, 18) care was exercised in keeping  the indenter  
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aligned along the same [110] direction on the (100) 
plane for all the samples. 

To find the effect of carrier  injection on defect 
motion that would prevail  under actual lasing condi- 
tions, we monitored the strain contrast around the 
hardness indentation region before and after i r radiat-  
ing these regions with 6471A line of a Kr  laser at a 
power density of 1.2 kW/cm 2 (equivalent to ~10 is elec- 
tron-hole pairs for a carrier  lifetime of 10 nsec) for 30 
min using photoluminescence and x - r ay  topography. 
The photoluminescence topography was done by 
imaging the luminescence from the sample obtained 
at ..~200 W/cm 2 on to an infrared sensitive vidicon 
camera. For x - ray  topography, the Berg-Barret t  re-  
flection technique using Cu-Kal radiation and {422) 
reflecting planes was adopted. 

Results and Discussion 
The composition and doping level of the samples are 

listed in Table I. The indicated room temperature car- 
r ier  concentrations are determined for the given atom 
fraction of dopant in the liquid using previous Hall 
measurements (19-21). The microhardness numbers 
are also given in Table I for each composition. The 
hardness numbers are the average of six measurements 
each, on two sets of samples for each composition 
grown at two different times in the same furnace. 

Two conclusions can be drawn from Table I. First, 
for each act ive  layer composition the hardness of 
the n- type sample is greater than that of the p- type 
sample. Second, while all the p- type samples have 
about the same hardness values, for the n- type samples, 
Ga(As,Sb) is harder  than (A1,Ga)As which in turn is 
harder  than GaAs.1 

The hardening of the present samples with n- type 
doping is in complete agreement with the previous re-  
sults in bulk melt-grown GaAs where n- type dopants 
were found to increase the yield stress (8, 9) and de- 
crease the dislocation velocity (22). In the case of 
n- type Si-doped GaAs, Swaminathan and Copley (23) 
proposed that the hardening was due to the interaction 
of moving dislocations (both edge and screw) with 
static defect complexes having asymmetrical strain 
fields and the specific defect complex was suggested to 
be (SiGa-VGa) pairs (23, 24). It is therefore reasonable 
to suggest that the hardening of the epitaxial samples 
with n- type doping, observed for any one active layer 

I t  m a y  a p p e a r  t ha t  the  d i f ferences  in ha rdnes s  n u m b e r s  be- 
twe en  the  n- tyve  samples  in Table  I a re  not  l a rge  enough  to  be  
significant in chang ing  dislocation velocity.  A prev ious  s tudy  on 
the  mechan ica l  p rope r t i e s  of GaAs single crys ta ls  (V. ,r 
a than ,  Ph  D. thesis ,  Un ive r s i t y  of S o u t h e r n  California,  1975, un- 
publ ished)  has shown t h a t  a 10% change  in ha rdnes s  (which  is 
the  case fo r  the  n-type samoles  in the  o r e s e n t  s tudy)  c o r r e sp o n d s  
to a 60% change  in the  yield stress.  This  is a subs tant ia l  c h a n g e  
which  will affect the  dislocation dynamics .  

Table h Doping, carrier concentration at 300 K and the 
microhardness number of the samples used in the study 

Sample  

Knoop  microhard-  
Dop ing  and  Type  and ness  n u m b e r  on 
a m o u n t  in c a r r i e r  dens i ty  (100) p lane  a t  
t he  m e l t  ( c m  -~) a t 3 0 0 K  50g a n d 3 0 O K  

Ga (As,Sb) 

(A1,Ga)As 

GaAs 

T e  n 
2.73 x 10 -s 5 • 1017 687 • 10 

Ge p 
2.88 • I0 -~ 5.7 • 10 ~7 5 9 8 -  7 

Te  n 
5.46 x 10 -.~ 10 TM 669 • 7 

G,e p 
4.32 x 10 -a 5.7 x 1017 601 • 15 

Te  n 
2.73 x 10 -~ 5 x 101 ~ 640 • 14 

Ge p 
2.88 x 10 4 5.7 x IO~T 598 • 10 

composition, is due to the presence of asymmetrical 
impuri ty-defect  complexes in them. 

While the hardening in n- type  samples is consistent 
with previous investigations, the additional hardening 
observed in n- type A1 and Sb containing active layers 
(Table I) is rather  unexpected. The increased hard-  
ness in these samples cannot be attr ibuted to differ- 
ences in doping levels since ~he amounts of the n- type 
dopant in the melts and the carrier  concentrations for 
all the three active layer compositions are  similar. The 
observation th'at the addition of Sb increases the hard-  
ness of GaAs finds support in some recent observations 
that Sb in small amounts (1-5 a/o) helps to reduce the 
dislocation density in Czochralski grown GaAs crystals 
(25). Since dislocations in such crystals are predomi- 
nantly generated when the thermal stresses exceed the 
critical resolved shear stress for dislocation motion 
(26), the addition of Sb must have increased the critical 
resolved shear stress, consistent with the hardening 
ob@erved in the present study. Also, a high pinning 
stress on the dislocation is calculated from considering 
only a simple elastic interaction (27) between the dis- 
location and the impuri ty  (Sb) in Ga(As,Sb) (28). 
However, the hardening effect due to A1 which we ob- 
serve and that due to S in InP (29) would not have 
been expected from the simple elastic interaction 
model. The sources of increased hardening in n- type  
GaAs by the addition of A1 and Sb are not clear at 
present.~ 

In order to find whether the hardening observed 
with the addxtion of n- type dopant and Sb" to the GaAs 
active layer would retard the dislocation motion under 
lasing conditions we examined the growth of the 
strain region around the hardness indentation after 
carrier  injection by optical means. Figures la  and 2a 
show active layer photoluminescence topographs under 
200 W/cm 2 from respectively u-type and p- type 
Ga(As,Sb).  It can be seen that the hardness indenta- 
tion region in each sample is characterized by a dark 
lobe perpendicular to the long dimension of the in- 
dentation. Since under the tip of the indenter, some 
limited plastic deformation is expected to occur locally 
due to the point loading (15), the dark regions in the 
photoluminescence topographs are due to dislocations 
which act as nonradiative centers. The plastic de- 
formation zone around the indentation was also ex- 
amined by x - ray  topography for these samples. Fig-  
ures 3a and 4a show the strain contrast around the 
microhardness indentations as white lobes of negli- 
gible diffracted intensity (30). In both the photmlumi- 
nescence and x - ray  tvpographs, the strained regions 
appear circular perhaps indicating that several {111} 
<110~ slip systems are activated as in the case of InP 
(18). Qualitatively similar results were obtained for 
(A1,Ga) As and GaAs. 

The indentation regions observed after irradiation 
with the 6471 line of a Kr laser at a power density of 
1.2 kW/cm 2 for 30 rain are shown in the photolumines- 
cence topographs (Fig. lb  and 2b) and in the x - r ay  
topographs (Fig. 3b and 4b) for respectively n-  and 
p- type Ga(As,Sb) samples. It is readi ly seen that the 
strain regions have grown in size or smeared suggest- 
ing that some recombination enhanced dislocation 
motion has occurred at the higher excitation intensity. 
Similar growth of the strain regions was observed in 
GaAs. The ra te  of recombination enhanced motion is 
determined by both the injected carrier  density and 
the activation energy for defect motion (11). Maeda 
and Takeuchi (31) measured the dislocation velocity 
in GaAs under electron beam excitation and observed a 
decrease in the activation energy for dislocation motion 

T h e  inc reased  h a r d e n i n g  in n-type (A1,Ga)As and Ga(As ,Sb)  
m a y  not  need  to be a t t r i b u t e d  to A1 and  Sb at  all s ince no hard~ 
en ing  is obse rved  in p-type samples .  For  example ,  the  concentra-  
t ion of poin t  de fec t s  m a y  h a v e  been  a l t e r ed  by  the  addit ion of 
the se  e l e m e n t s  in n- type m a t e r i a l  only, t hus  af fec t ing  the  hard- 
ness .  
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Fig. I .  Photoluminescence topagraphs of n-type Ga(As, Sb) showing the regions around microhardness indentations before (a) and after 
(b) irradiation with the 6471A line of a Kr laser at 1.2 kW/cm 2 for 30 rain. The topogrctphs were taken at a power level of 200 W/cm 2 
and the duration of excitation was not more than 2 rain. The orientation of the indentation is also shown. The dark contrast around the 
indentation is due to nonradiative centers (see text). 

Fig. 2. Phatoluminescence topegraphs of p-type Ga(As,Sb) showing the regions around microhardness indentations before (a) and after 
(b) irradiation with the 6471A line of a Kr laser at 1.2 kW/cm ~ for30 rain. The topographs were taken at a power level of 200 W/cm 2 
and the duration of excitation was not more than 2 rain. The orientation of the indentation is also shown. The dark contrast around the 
indentation is due to nonradiative centers (see text), 

f rom 0.95 to 0.24 eV. This difference of 0.7 eV is pre-  
sumably related to the recombinat ion energy  at some 
dislocation level. If  one assumes 8 that  the recombina-  
tion energy is about the same for all  three compositions 
then one would expect  that  the differences be tween the 
samples observed in the absence of inject ion would 
prevai l  under  inject ion conditions. But our results in-  
dicate that  the harder  n - type  Ga(As,Sb)  or GaAs are 
not in any way less susceptible to dislocation motion 
under  inject ion conditions than p- type  material .  Also 
the (A1,Ga)As active layers showed very  l i t t le or re-  
duced growth of the s train regions around the inden-  
tation. This suggests that  the injected carr ier  density 
and its distr ibution around the excitat ion volume 
should be different for the various samples. We con- 
jec ture  that  the car r ie r  densi ty  should have  been higher  
in Ga (As,Sb) and GaAs than in (A1,Ga)As under  our 
exper imenta l  conditions. Our study shows that  the ini-  
tial hardness of the sample  or the resistance to dislo- 
cation motion would have very  l i t t le bear ing on mi-  
gration of dark l ine defects under  the lasing condi-  
tions 4 and fur ther  that  n - type  doping alone of the ac- 

s This is a valid assumption since the bandgaps for the  t h r e e  
compos i t ions  are not different by more than 0.1 eV. 

4Although all the p-type samples have about the same hard- 
ness numbers (Table I) it is known that only (A1,Ga)As is less 
susceptible to degradation by dark line defects. This observat ion  
further supports our conclusion that the initial hardness of the 
s~mple is not relevant. 

t ive layer  for 0.87 ~m lasers would not necessarily 
el iminate the dark line problem. 

Summary 

We invest igated the effect of n-  and p- type  doping on 
the microhardness  of the active layers used in GaAs 
inject ion lasers operat ing at 0.82 and 0.87 ~m with the 
object ive to al leviate  the degradat ion by dark  line de- 
fects, par t icular ly  in the 0.87 ~m lasers. Consistent with 
the results in bulk crystals we find that  n-doping  (Te) 
increases the hardness re la t ive  to p - type  doping (Ge) 
for (A1,Ga)As (0.82 #m) and GaAs and Ga(As,Sb)  
(0.87 ~ n )  active layers. In addition, for n- type  crystals, 
addition of Sb and A1 increases the hardness re la t ive  
to GaAs, wi th  Ga(As,Sb)  being the hardest.  To check 
the doping effect on hardness under  inject ion condi- 
tions, we examined the plastic zone around the micro-  
hardness indentat ion by photoluminescence and x - ray  
topography, fol lowing i r radiat ion with  the 6471A line of 
a Kr  laser  at 1.2 kW/cm2 for 30 min. In both C~aAs and 
Ga(As,Sb)  for e i ther  doping but not in (A1,Ga)As, the 
plastic zone expanded after  i r radiat ion indicating re-  
combination enhanced dislocation motion. We con- 
clude, therefore,  that  n - type  doping of the 0.87 ~m 
active layers alone wil l  not  be  effective in reducing 
degradation by dark line defects in spite of the in-  
creased hardness of the layers under  dark conditions. 
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Fig. 3. X-ray topographs of n-type Ga(As,Sb) showing the regions around rnicrohardness indentations before (a) and after (b) irradia- 
tion with the 6471A line of a Kr laser at 1.2 kW/cm 2 for 30 rain. The topographs were taken with (422"~ reflecting planes. The orienta- 
tion of the indentation is shown. The white lobe around the indentation represents negligible diffraction intensity around the strain regions 
(see text). 

Fig. 4. X-ray topographs of p-type GaCAs,Sb) (e) showing the regions around microhardness indentations before (a) and after (b) irradia- 
tion with the 6471A line of a Kr laser at 1.2 kW/cm 2 for 30 rain. The topographs were taken with ~422"~ reflecting planes. The orienta- 
tion of the indentation is shown. The white lobe around the indentation represents negligible diffraction intensity around the strain regions 
(see text). 

Finally, the absence of growth of the plastic zone in 
(A1,Ga)As active layer after irradiation is in agree- 
ment with the earlier observation (32) that addition 
of AI suppresses the degradation by the clark line 
defects. 
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ABSTRACT 

Although widely used in the semiconductor industry, the Ni/Si contact is studied less often in literature than other con- 
tact systems. This paper presents results of experiments on the structure and electrical properties of the chemically depo s- 
ited Ni/Si contact. The particular electroless Ni plating method used by the authors consists of catalytic reduction of Ni in an 
acid solution containing a hypophosphite as reducing agent. Phosphorus in addition to nickel deposition occurs. The sili- 
con surface is prepared by using Pd activation centers, just  prior to Ni deposition. A Ni silicide is formed by heat-treatment 
at 400 ~ - 800~ in N2 + H2 (or N2) atmosphere. The results of electrical measurements suggest the presence of an n-type surface 
layer (presumably doped with P atoms) near the silicide-silicon interface. This laye r reduces the effective barrier and the 
contact resistance on n-type silicon substrates. The formation of a P-doped surface layer is confirmed by SEM, microprobe 
analysis and AES. The structure and electrical properties of the silicide-silicon transition layer depend upon the tempera- 
ture and atmosphere used for heat-treatment. The higher this temperature, the stronger the P-doping effect. The presence of 
H2 in the heat-treatment ambient  favors P penetration into Si. This cheap but  basically nonuniform metallization is suitable 
especially for large-area power devices. 

The Ni/Si  contact obtained through chemical dep- 
osition of Ni on Si is widely used for power semicon- 
ductor devices. Although some chemical deposition 
methods have been known for more than two decades 
(1), detailed data for this type of contact are almost 
absent  from li terature.  Recently, the vacuum-de-  
posited Ni/Si  contact was intensively  studied (2-8). 
However, the results are only in part  applicable to the 
chemically deposited contact. We shall demonstrate,  in 
fact, that addit ional  elements (such as P and Pd) pres-  
ent in the chemical process may have a decisive in-  
fluence upon the properties of the final contact. 

The Ni/Si  system is characterized by formation of 
silicides through a solid-solid metal lurgical  reaction 
above certain temperatures  (9). The following sili- 
cides are known from the phase diagram (10): Ni3Si, 
Ni~Si2, Ni2Si, NisSi2, NiSi, and NiSi2, Only those 
formed below the eutectic point  (11) are usual ly im- 
portant  in semiconductor device fabrication, in this 
case Ni2Si, NiSi, and NiSi2. For vacuum-deposi ted 
Ni/Si  metal l izat ion systems, the following changes take 
pla'ce dur ing the hea t - t rea tment  as the tempera ture  and 
durat ion increase: Ni/Si  --> Ni/Ni2Si/Si  --> Ni2Si/Si --> 
NiSi/Ni2Si/Si --> NiSi/Si  (3).The monosilicide begins 
to form only after the whole pure  metal  disappears in 

Key words: interfaces, contacts, electroless, phase transforma- 
tion. 

reaction. Above 750~ the NiSi2 phase occurs through 
disilicide nucleat ion in NiSi (3). 

As the silicide grows, the impuri t ies  (C, O, etc.) are 
swept out. Therefore, the silicide pur i ty  is higher 
than that of the init ial  metal  (12). For example, the 
chemical bonds between Ni and Si atoms are much 
more favorable from the energetic point  of view than 
the bond between Ni and O (13). However, a large 
amount  of impurit ies may have undesirable  effects; 
such as changes in the reaction kinetics, phase dis t r ibu-  
tion modifications, occurrence of chemical compounds, 
etc. For example, the presence of oxygen dur ing the 
formation of nickel silicide may lead to the occurrence 
of Ni2SiO4, a compound which inhibits  silicide growth 
(13). Recent results (8) concerning the effect of oxy- 
gen as impur i ty  in Ni indicate the formation of ini t ial  
silicon suboxides, followed by development  of a thin 
SiO2 layer which prevents  Ni diffusion towards the 
Ni2Si/Si interface and inhibits Ni2Si formation. There-  
fore, the formation of NiSi begins before the amount  
of pure Ni is exhausted. 

Impur i ty  redis tr ibut ion wi thin  the silicide and/or  sili- 
con substrate occurs during silicide growth (14, 15). Ac- 
cording to the so-called "snowplow" effect, this may 
result  in an accumulat ion of dopant  atoms near  the 
silicide-silicon interface. The semiconductor becomes 
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highly doped near  this interface. The impurities may 
also be present in the silicide near  its outer surface. 

Most of the silicides have metallic properties (4). 
Therefore, the transition layer (silicide) formed during 
the postmetallization heat- t reatment  acts as an effec- 
tive metallic electrode. The contact interface is located 
below the original metal-semiconductor interface and 
is almost free of defects. Therefore, the silicide-silicon 
interface may be considered an intimate contact, with-  
out contaminants, oxides, and so on (16). Therefore, 
the silicide-silicon system is closer to the ideal metal-  
semiconductor contact (4) than a direct metal-semi-  
conductor contact. 

The measured barr ier  heights for silicide-silicon sys- 
tems strongly depend upon eutectic temperatures, and 
so the silicide-silicon interface plays a role in deter-  
mining contact characteristics (17). An intermediate 
layer  (5-7, 11, 18-22) is assumed to occur. In this 
"buffer" layer, a transition takes place between the 
covalent-type bonds in Si and metal l ic- type bonds in 
silicide. This intermediate layer may be 20A thick for 
Ni/Si  contacts (21). However, the nature of silicide- 
silicon interfaces is still a mat ter  of debate (23). 

If the metal-silicon interaction is nonuniform, as in 
industry-made devices, the Si substrate may be iound 
at the same time in contact with different phases (metal 
or silicides). Such a situation should be modeled by 
means of se-~eral paral le l  contacts (24). 

Chemically deposited Ni /Si  contacts have properties 
considerably different from vacuum-deposited contacts. 
The electroless metal  deposition implies a considerable 
~mount of co-deposited impurities. These impurities 
interact with both the metal  and the semiconductor. 
For example, in the case of chemical Ni deposition, by 
using a hypophosphite as reducing agent, the amount of 
P in the Ni layer may be 3-15 weight percent (w/o) 
(25). At temperatures above 400~ P reacts with Ni, 
and the NisP phosphide occurs (25). However, as shown 
in this paper, a certain amount of P penetrates below 
the silicide-silicon interface, and acts as a donor-type 
impurity. The electroless Ni deposition is basically 
nonuniform although it is quite satisfactory for power 
devices. Only qualitative results were obtained at this 
stage of investigation. 

Experimental 
The method of chemical deposition of Ni on Si used 

by the authors resembles that reported by Sullivan and 
Eigler (1); it is a simple and inexpensive method. 
Proper  Surface preparat ion before deposition is essen- 
tial  for obtaining desired contact properties. We used a 
chemical preparat ion beginning with removal of the 
native oxide layer on Si by using a mixture of HF and 
NH4F. A rough silicon surface promotes good ad- 
herence of the Ni layer. 

In the present investigation the test samples were 
fabricated by using the planar technology, and the 
"mirror- l ike" surface of the silicon wafer was asperized 
by using chemical methods. The surface was activated 
by using Pd activation centers. These centers were 
deposited from a mixture of PdC12, HC1, HF, and de- 
ionized water. This treatment both activates the Si sur-  
face and removes (by the action of HF acid) the native 
SiO~ layer. This remnant oxide is extremely nonuni- 
form. Therefore, oxide etching also increases the sur-  
face roughness. 

The nickel deposition method consists of catalytic 
reduction of Ni in an acid solution, by also l iberating 
H2. The standard deposition solution contains (1): 
NiCI~, NaH2PO2, (NH4)2HC6H5OT, and NH4C1. The last 
two components play no role in the chemical reaction 
itself. They constitute a buffer mixture which main- 
rains the solution pH and avoids Ni precipitation in 
Ni (OH) ~ The bath temperatU're is 90~176 

The chemical reaction is 

Ni 2 + ~- 2H~PO2- ~- 2H~O 

-~ Ni$ -~ H2~ ~- 4H + -~ 2HPO3 2- [I] 

Also, PHi, P, and H2 may form during Ni plating. Al-  
though the formation of PH~ is thermodynamically 
possible, its decomposition takes place more quickly. 
Therefore, during plating, the Ni deposit contains P. 
H2 is also liberated. 

The test structures prepared for the present in-  
vestigation have a number of circular contacts of vari-  
ous diameters. The circular metallization windows are 
defined by etching the silicon dioxide grown on the 
entire silicon wafer as in the standard planar process. 
During metallization, the nickel plating takes place only 
in the circular windows, since Ni does not adhere on 
the oxide. 

The surface silicide layer  (see above) is formed by 
heat- t reatment  (400~176 in N2 -~ H~ (or N2) atmo- 
sphere. The plating process is repeated and a new 
layer of Ni is deposited. No heat - t rea tment  follows 
this deposition step. The second Ni layer  is useful for 
a proper soldering of practical power devices, since it 
has good wetting and electrical properties. This Ni 
layer could be protected against further  chemical 
processing by depositing a supplementary Au film. 
Some wafers, prepared for microphysical investiga- 
tions, have no second Ni layer. 

The wafer was broken into chips containing contacts 
of the following diameters: 10, 15, 25, 40, 65, 100, 150, 
and 250 ~,m. Two identical contacts exist for diameters 
ranging between 25 and 150 ~n. The test samples were 
mounted in standard IC packages (plastic). Similar 
structures were used by the authors for a previous 
study of A1/Si contacts (16, 26). The measurement of 
electrical resistance of contacts of various diameters 
was necessary in order to separate the contact re-  
sistance itself (usually very small) from the spreading 
resistance of the semiconductor bulk (27). 

Both Ni /Si -p  and Ni /Si -n  contacts were measured. 
The p- type samples were obtained on uniformly doped 
~111~ Si wafers (30 mm diameter, 250 #m thickness, 
mechanically and chemically polished). Wafers of vari-  
ous resistivities were used; the range was between 
0.01 and 0.72 acm. The heat - t rea tment  was performed 
at 500~176 for 12 rain in N2 -~ H2 atmosphere. The 
cooling was relat ively quick (12 rain at the end of the 
furnace tube).  A 1 ~m gold layer was electrochemically 
plated on the Ni layer. The metallization windows 
were contacted with a 25 t~n diameter Au wire (ball- 
bonding). Since this contacting procedure was not ap- 
plicable for small .contact diameters, t,he 10-25 ~m 
contacts were not used in this investigation. 

The Ni /Si -n  structures were processed start ing from 
low resistivity ( S b - o r  As-doped) ~111~ Si wafers 
(51 mm diameter, 280/~m thickness). 10 ~m-thick epi- 
taxial  layers were grown for samples with resistivities 
above 0.02 ~2cm. The whole resistivity range examined 
was from 0.001 to 2 ~lcm. The heat- t reatment  takes 
place at several different temperatures in the 400 ~ 
800~ range (15 min in N2 -~- H2 or Ns, followed by 
slow cooling). A different contacting procedure was 
used: the Au (or A1) wire was bonded on an Al met-  
allization pad obtained through photolithographical 
techniques from an A1 film evaporated on the entire 
wafer. The A1 film was sintered for 7 min at 400~ in 
N~ -P H2 atmosphere. This postmetallization treatment  
provides a good adherence of A1. The results published 
in Ref. (28) indicate that the interactions between A1 
and the silicide should be negligible for the heat - t rea t -  
ment used in our investigation. Moreover, the Ni layer  
grown on silicide during the second Ni deposition pro-  
vides a supplementary protection, even if some AI~Ni or 
A13Ni2 may form at this temperature (29). It was ver i-  
fied by scanning electron microscopy (SEM) that no 
interactions occur between A1 and the analyzed nickel 
silicide. On the other hand, the effect of A1 sintering 
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condit ions on the s i l ic ide-s i l icon sys tem m a y  be he-  I 
glected, since the la t te r  was genera l ly  formed at  F 
(much)  h igher  tempera tures .  Therefore,  we con- ! 

cluded tha t  the  s i l ic ide-s i l ieon contact  was almost  un-  7' 
changed, at  least  for  our  qual i ta t ive  conclusions. / 

E l e c t r i c a l  C h a r a c t e r i s t i c s  

The N i / S i - p  contacts exhibi t  rec t i fy ing cu r r en t -vo l t -  / 
age characteris t ics .  Since the  I -V character is t ics  are  / 
nonlinear ,  the  e lec t r ica l  resis tance (R) w i l l b e  eva lu -  )0"1" 
ated in orig{n, i.e. 

1 dI 1 - -  = . . . . . .  [2] 
R dV i=0 

The to ta l  res is tance (which was r e l a t ive ly  high) m a y  @ 
be considered in this pa r t i cu la r  case to be  p rac t i ca l ly  
equal  to the contact  resistance (Re), the  res is t ive con- 10 "z 
t r ibut ion  f rom the Si bu lk  being negl igible ;  therefore  

R =Re= 4ra [3] r  "~" 
~D~ 

where  rc is the specific contact  res is tance (measured  in ~ 8r 
~ c m  2) and D the contact  d iameter .  

The R cc D-~  dependence  was verified exper i -  -:t 
men ta l ly  for contacts wi th  d iameters  f rom 65 to 10 ~ 
250 ~m. The agreement  is r e l a t ive ly  poor  because  of 
contact  nonuniformit ies .  These wi l l  be discussed later .  
However ,  even in this  case, the above  da ta  lead  to 
the fol lowing "o rde r -o f -magn i tude"  results.  

F igure  1 shows the specific contact  resis tance (de te r -  
mined  as shown above)  vs. semiconductor  doping (NA) 
for  a few t empera tu res  of the  pos tmeta l l iza t ion  hea t -  i0.~ 
t rea tment .  The theore t ica l  r~ : re (NA) dependence  is 
also shown. This is obta ined b y  using a computer  p ro -  
g ram which takes into account  the  tunnel ing  p r o b -  
ab i l i ty  at  the  meta l  semiconductor  T h o m a s - F e r m i  
barr ier .  The height  of the  hole ba r r i e r  (ccBp) at  the 
contact  is t aken  as a pa rame te r  (Fig. 1). The s t rong 
re --  NA dependence  p red ic ted  by  theory  is indeed 
verified exper imenta l ly .  Because at  ve ry  high semicon-  -Li 
ductor  doping the contact  ba r r i e r  becomes ve ry  thin  70 " ~,- 
and is pene t ra t ed  by  tunnel ing,  contact  resis tance be-  10 I/ 
comes ve ry  low. 

In the  discussion which follows, we shal l  consider that  
the value  of eCBp for the theoret ica l  curve which 
matches  the exper imenta l  one is an "effective" ba r r i e r  
which describes a cer ta in  rea l  contact.  If the t em-  
pe ra tu re  of the  pos tmeta l I iza t ion  h e a t - t r e a t m e n t  is low 
(500~ then the effective hole ba r r i e r  wil l  correspond 
(Fig. 1) to the values r epor ted  for the  N i /S i  contacts 
evapora ted  in vacut~m and t rea ted  at s imilar  t empera -  
tures, n a m e l y  0.4-0.45 eV (3). This is the ba r r i e r  be -  
tween the si l icide and the si l icon (3). 

At  h igher  t r ea tmen t  t empera tu res  (600~176 the 
effective hole ba r r i e r  increases. When this t empe ra tu r e  
increases f rom 500 ~ to 600~ the specific contact  r e -  
sistance (re) increases wi th  about  two orders  of mag-  
n i tude  (eCBp = 0.55 eV).  A fur ther  increase f rom 600 ~ 
to 700~ has m u c h l e s s  effect eCB, = 0.56 . . . 0.58 eV).  

The above resul ts  m a y  be expla ined  b y  assuming 
that  at h igher  t r ea tmen t  t empera tu res  cer tain donor 
impur i t ies  diffuse f rom the surface into the bulk.  These 
impur i t ies  m a y  be the  phosphorus  a toms which occur 
in the chemical  deposi t ion process, as ment ioned above. 
They form a ve ry  thin n + layer  in the semiconductor ,  
at the s i l ic ide-s i l icon interface.  The phosphorus deposi t  
on the surface is l imited,  and this is a good explana t ion  
of the expe r imen ta l  resul ts ;  the ma in  increase in re 
occurs as the t empe ra tu r e  increases up to 600~ P e r -  
haps the  ma jo r i t y  of P atoms diffuse into the bulk.  A 
s imi lar  effect of increas ing cCp, at the N i /S i  contacts 
was obtained b y  ionic implant,ation of Sb in silicon, 
thus giving rise to an n + - t y p e  surface l aye r  (30). 

The resul ts  obta ined for N i / S i - n  contacts wil l  be 
now discussed. Two types  of I -V character is t ics  were  

,O, SeV 
,6eV 

.10"1 

O �9 

0 

10 "7 

Ni/ Si-p ,3OO K 

~-leaf freatmenf : 
12min, N2+H 2 

o 500"C } Bafch I 
600"C J 

�9 5oo'c 
�9 600"6 Bafch2 
�9 zoo'c 

-4 

~ l  10 -5 

NA.[cm- / 
Fig. 1. The specific contact resistance (re) of Ni/Si-p contacts 

vs. semiconductor doping (NA). The points are experimental results 
obtained for samples subjected to heat-treatment at temperatures 
shown. The lines indicate results of theoretical calculations, with 
the effective hole barrier, eCBp, as parameter. 

found: (i) symmet r i ca l  and  l inear  character is t ics  for 
samples  of r e la t ive ly  low semiconductor  res is t iv i ty  and 
t rea ted  at  sufficiently high tempera tures ;  (ii) a sym-  
met r ica l  and nonl inear  character is t ics  for high re -  
s is t ivi ty  samples  t rea ted  at  low tempera tures .  

In the  first case, the dispers ion is qui te  low (a few 
percent)  for  samples  t rea ted  in N~ + H~ atmosphere .  
Therefore,  an accurate  processing of expe r imen ta l  
da ta  is suitable.  In  the second case, a s t rong dispers ion 
of contact  resis tance (more  than  an order  of magn i -  
tude)  occurs f rom sample  to sample,  especia l ly  for  
lower  contact  diameters .  I t  is more  pronounced  when 
H~ is absent  f rom the a tmosphere  of the pos tmeta l l i za -  
tion hea t - t r ea tment .  This dispers ion suggests a s t rong 
nonuni fo rmi ty  of the meta l l iza t ion  area, a hypothesis  
confirmed by  the microscopic analysis  (see be low) .  

We shall  use as a theore t ica l  expression of the  total  
(measured-) res is tance the fol lowing fo rmula  

4rr - P  a r c t a n (  4H ) R=Rc-kRs+Rp._~-~-[- ~D - ' ~  -bRp 
[4] 

where  Rs is the spreading  resis tance of the semicon-  
dttetor l ayer  (of res i s t iv i ty  p and thickness H) and Rp 
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is the paras i t ic  series resis tance.  The p a r a m e t e r  H 
s tands  e i ther  for  the  to ta l  wafer  thickness,  or  for the  
ep i tax ia l  l a y e r  thickness when such a l aye r  exists (see 
Expe r imen ta l  sec t ion) .  

The expe r imen ta l  points  of the R = R(D)  depend-  
ence are  used in a compute r  p rog ram and rc, p, and Rp 
are  de t e rmined  numer i ca l ly  by  the leas t  squares 
method.  The value  of the  to ta l  (measured)  resis tance 
(R) is an average  on a few contacts  of the same d iam-  
eter  (D) .  The values  of p and Rp are  compared  wi th  
the  resul ts  p rev ious ly  obta ined  f rom independent  m e a -  
surements .  This is a "p laus ib i l i ty  check" for the selec-  
t ion o f  expe r imen t a l  points;  some da ta  were  re jec ted  
by  using this check. A s imi lar  method was prev ious ly  
used by  the authors  for A1/Si contacts  (27). In  spi te  
o f  nonuniformit ies ,  a qual i ta t ive  p ic ture  m a y  be 
d r a w n  up. 

F igure  2 shows the specific contact  res is tance (re) 
ob ta ined  f rom Eq. [4] vs. the  donor  dens i ty  (ND) f o r  

a few postrnetal l izat ion hea t - t r ea tmen t s .  The resul ts  
o f  theore t ica l  calculat ions are  also shown. They  were  
obta ined  for  a 0.70 eV bar r ie r ,  a value  which  is su i t -  
able  for  the  h e a t - t r e a t e d  Ni /S i  contact  (3, 4). The 
ful l  l ines a re  r ep roduced  f rom Ref. (31). The 
parameter ,  ND + is the doping  of an  n + surface layer .  
Such a l aye r  doped  wi th  P is assumed to exist  f o r  

chemical ly  p r epa red  Ni /S i  contacts, as shown above 
F igure  2 also shows (dot ted  l ine)  the rc ---- rc(ND) 
dependence  for  a un i fo rmly  doped  semiconductor .  This 
curve  was obta ined  b y  in te rpola t ion  f rom the resul ts  
publ i shed  in Ref. (32). The mode l  descr ibed  in Ref. 
(31) is no longer  valid,  as ND increases and becomes 
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Fig. 2. The specific contact resistance (re) of Ni/Si-n contacts 
vs. semiconductor doping (ND). The points are experimental data 
on samples subjected to various postmetallization heat-treatments. 
The curves are theoretical. 

comparab le  wi th  ND +. Therefore,  the ful l  l ines (31) 
cannot be ex t rapo la t ed  up to the dot ted l ine (32). 

The expe r imen ta l  points  in Fig. 2 show tha t  rc de-  
creases by  as much as four  orders  of magni tude  as 
the h e a t - t r e a t m e n t  tempe~:ature increases f rom 400 ~ 
t o  800~ For  low res is t iv i ty  samples,  the ~variation is 
lower  (only two orders  of magn i tude ) .  This var ia t ion  
is qua l i t a t ive ly  exp la ined  by  the occurrence of the n + 
surface  l aye r  doped ~ wi th  P. The concentra t ion  of P 
a toms m a y  be roughly  es t imated  f rom Fig. 2. The r e -  
sul ts  are  shown in Table  I. The su r f ace - l aye r  thickness  
(st i l l  unknown)  is assumed to be la rger  than  the de -  
p l e t i on - l aye r  th ickness  character is t ic  o:f its doping 
(31), 

By increas ing the t r ea tmen t  t empe ra tu r e  to above 
600~ the decrease  in rc is r e l a t ive ly  smal l  (see also 
the  resul ts  on N i / S i - p  samples) .  By removing H2 
(Table  I and Fig. 2), the contact  res is tance of 600~ 
samples  increases by  as much as an order  of magni tude .  

The effect of "bulk"  semiconductor  doping is as 
follows. At  ND = 1020 cm -3, the effect of the P -doped  
surface layer  should  be small ;  rc is l i t t le  affected by  
changes in the pos tmeta l l iza t ion  hea t - t r ea tmen t .  At  
lower  semiconductor  dopings, the pos tmeta l l iza t ion  
t r ea tmen t  has a significant effect and its pa rame te r s  
( t empera tu re  and ambien t )  are  impor tant .  

I t  is wor th  not ing  tha t  the contact  resistance o f  

N i / S i - n  samples  is much lower  than that  of Ni /S i -p ,  
a l though ~bBn ~ ~bBp for n ickel  s i l ic ide-s i l icon contacts.  
This is a s t rong a rgument  favor ing the hypothesis  o f  

the n +-surface  layer .  
The scat ter  of e lect r ica l  data  is quite large at  low 

t r ea tmen t  t empera tu res  a n d / o r  wi th  no Hs in the 
ambient .  We suggest  tha t  the contact  a rea  is non-  
un i form .and, moreover ,  on ly  a f ract ion of the t o t a l  

area  benefits f rom the surface doping mechan i sm dis-  
cussed above. This hypothesis  wi l l  be l a te r  Supported 
by  the resul ts  o f  SEM and mic roprobe  analysis.  The 
sma l l e r  d iamete r  meta l l iza t ion  windows exhib i t  a 
s t ronger  p robab i l i t y  to be inefficiently contacted.  
Therefore,  the dispers ion o f  e lect r ica l  pa rame te r s  
should be larger ,  as is indeed observed exper imenta l ly .  
The nonuni fo rmi ty  of the meta l l iza t ion  area  should  
decrease as the t r ea tmen t  t empe ra tu r e  increases, which 
is again in agreement  wi th  e xpe r ime n t a l  resul ts .  P e r -  
haps the  para l l e l  contacts model  (24) m a y  expla in  
these more or  less sca t tered  results.  

Microphysical Analysis 
The resul ts  of SEM and microprobe  analysis  wi l l  be 

p resen ted  first. F igure  3 shows the SEM micrograph  
o f  a meta l l iza t ion  window af te r  the first n ickel  plat ing,  
fol lowed by  a 600~ h e a t - t r e a t m e n t  (12 min, in N12 + 
H2). The silicon surface is rough and nonuniform,  a l -  
though the ini t ia l  surface  was pol ished ( m i r r o r - l i k e ) .  
F igure  4 shows a s imi la r  contact  subjec ted  to the same 
t rea tment ,  except  for  the  ambient ,  which is now N2 
only ( the furnace  and the pu r i ty  of the  N2 gas were,  
however ,  the same) .  The absence of H~ seems to lead  
t o  a s t rong ly  nonuni form contact,  wi th  unwan ted  
chemical  deposits.  

A t  h igher  t r ea tmen t  tempera tures ,  the contact  un i -  
fo rmi ty  improves  and the surface smoothness  is bet ter .  

Table I. Approximate doping of the n + surface layer 

H e a t - t r e a t m e n t  

T e m p .  ( ' C )  

R a t e  o f  g a s  f l o w  
D u r a t i o n  ( l i t e r / r a i n )  ND �9 ( c m  ~ )  

( r a i n )  N~ ~ e s t i m a t e d  f r o m  F i g .  2 

400 15 2.5 0.7 < 5 x 10 ~s 
500 15 2.5 0.7 --~ 10 ~g 
600 15 2.5 0.7 ~ 2 x 10 ~9. . .  5 x 10 ~9 
700 15 2.5 0.7 ~ 5 x 1019 . . .  16 ~~ 
800 15 2.5 0.7 ~ 5 x I { P ~ . . .  5 x 1 ~  
900 15 2.5  - -  ~-- 10 ~9 . . .  2 • 101~ 
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Fig. 3. SEM micrograph of a metallization window after the first 
nickel plating, followed by a 600~ heat-treatment (12 rain, in 
N~ -f- H~). The divisions at the bottom are 10 ~m. 

Fig. 4. The same as Fig. 3 except Hs is missing 

This fact may  be seen in Fig. 5a, which shows a de- 
tail of a contact treated at 790~ for 12 min, in N2 ~ H2. 
The microprobe analysis of the same contact identifies 
Ni (Fig. 5b) and Pd (Fig. 5c) in an apparent  uni form 
quant i ty  over the entire contact surface. It was not  
possible to ident ify phosphorus because of the resolu- 
t ion limits of the microprobe apparatus,  al though its 
presence was detected before the heat - t rea tment .  

Auger electron spectroscopy (AES) was also used 
for samples subjected to the first nickel  plat ing and 
the subsequent  heat- t reatment .  The results are given 
below. Because AES analysis is a semiquant i ta t ive  
method, the concentrat ion profiles obtained are at dif- 
ferent  (and arbi t rary)  scales for d i f f e r e n t e l e m e n t s  
(33). 

Figure 6 shows the concentrat ion profiles of the 
elements present  in the t ransi t ion layer Ni /Si  as a 
function of the durat ion of the Ar  ion bombardment  
used to remove successive layers of the probe sub-  
jected to analysis. The total thickness of the removed 
layer was computed as a funct ion of the durat ion of 
the ion bombardment  and the sput ter ing rate of the 
semiconductor surface. Figure 6a corresponds to a 
Ni /S i -n  contact on an n - type  wafer (ND : 1014 cm-3) ,  
treated in Ne W He, at 600~ (10 min, slow cooling). 
Figure 6b represents a similar  contact, except for the 
fact that the ambient  dur ing the hea t - t rea tment  was 
only N2. 

The findings are as follows: 

1. The t ransi t ion silicide-silicon seems to be gradual, 
on a distance of the order of 10aA, which is much longer 
than  that ment ioned  above. However,  the results shown 
are an average on a quite large area of the investigated 
surface, and this area is nonuniform.  We recall the 
rough surface of the metallized area (Fig. 3-5). The 
nonuniformi t ies  of the surface seem to have d imen-  
sions one order of magni tude  lower than the oxide 

Fig. 5. (a, top) SEM micrograph of a Ni/Si contact treated at 
790~ for 12 min, in N2 -~ H~; (b, middle) microprobe analysis 
identifies Ni for the same detail of the contact; (c, bottom) micro- 
probe analysis identifies Pd in the metallization window. 

thickness (which is 1-1.2 ~m). On the other hand, 
matr ix  effects and preferent ial  sputtering with a com- 
pound target like the discussed silicide layer may pro- 
duce similar results in AES. Therefore, conclusions 
about the actual t rans i t ion- layer  thickness and in te r -  
face smoothness cannot be drawn from the present  
data. 

2. Auger  profiles reproduced in Fig. 6 indicate the 
presence of P. The largest P concentrat ion occurs at 
the surface, even though the t rea tment  temperature  is 
quite high (600~ The presence of H2 (Fig. 6a) 
seems to have a favorable effect upon the P dis t r ibu-  
tion; the bulk  concentrat ion of phosphorus atoms in-  
creases at the expense of the surface concentration, t 

~ T h e  lower P concentration at the surface may be  also ex- 
plained by the liberation of the phosphine (PHa) as a result of  
chemical reaction between H2 and P during the  heat - trea tment .  
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Fig. 6. Auger profiles for Ni/Si contacts treated at 600~ in N2 + H~, atmosphere (a, left) and in N9 only (b, right). The sample surface 
is at the left. 

This m a y  exp la in  the  impor tance  of H~ in the ambien t  
of the h e a t - t r e a t m e n t  for  provid ing  a good ohmic 
contact  on n - t y p e  silicon. Moreover,  Fig. 6a shows an 
increase  of P concentra t ion towards  the s i l ic ide-s i l icon 
interface,  suggest ing that  the si l icide "pushes" P into 
Si. Therefore,  the N~ + H2 ambien t  favors  the kinet ics  
of the  process of s i l icide format ion  accompanied by  
P pene t ra t ion  in Si. 

3. F igure  6 also shows tha t  Pd  (used before  n icke l  
p la t ing  for surface act ivat ion)  is present .  

4. The oxygen  (Fig. 6) detected by  AES analysis  
shows tha t  the sil icide surface is oxidized.  The oxide 
thickness can h a r d l y  be evaluated,  since its apparen t  
thickness of 10~A (Fig. 6) is of the order  of surface 
nonuni formi t ies  (Fig. 3 and 4). The oxygen found in 
the si l icide l aye r  could be e i ther  the resul t  of si l icide 
poros i ty  or  a t race of the r emnan t  sil icon oxide p resen t  
on si l icon surface du r ing  plat ing.  In fact, the "zone- 
refining" effect pushes oxygen to the outer  surface and 
would  not  resul t  in oxygen d is t r ibu ted  wi th in  the si l i -  
cide. 

Summary and Conclusions 
Based on the above results ,  the authors  suggest  the 

fol lowing qua l i ta t ive  model  of the  N i /S i  contact  fab-  
r ica ted  by  electroless deposi t ion and subsequent  hea t -  
t r ea tmen t  (34). The main  resul ts  on contact  s t ruc-  
ture a re  based on AES analysis  pe r fo rmed  on samples  
sub jec ted  to a 60O~ + H2 ambien t  t rea tment ,  a 
process which is taken  as reference.  

The si l icon surface is first ac t iva ted  by  Pd atoms. 
I t  is also asperized.  Dur ing  the n ickel  plat ing,  P deposi ts  
on the  semiconductor  surface also occur. The post-  
meta l l iza t ion  h e a t - t r e a t m e n t  leads to the format ion  
of a sil icide layer .  A nickel  phosphide  may  also be 
presen t  (25, 35). 

The t rans i t ion  l aye r  be tween  silicide and pure  silicon 
contains P and Pd. A n  increase of P concentra t ion 
towards  the s i l ic ide-s i l icon in ter face  was noted (600~ 
t r ea tmen t  in N2 + H2 ambien t ) .  However ,  the la rges t  
P concentra t ion  st i l l  occurs at  the  surface (at  least  
at  600~ The t rans i t ion  l aye r  may  be a N i - S i - P d - P  
complex  wi th  proper t ies  which differ f rom that  of 
an o rd ina ry  silicide. The authors  do not  know the 
proper t ies  of this hypothe t ica l  complex.  

The resul ts  of e lect r ica l  meas,urements are  essential .  
H e a t - t r e a t m e n t  produces  a considerable  modification 
of the  specific contact  resistance.  As the  t r ea tmen t  
t empe ra tu r e  increases, the  resis tance of N i / S i - p  probes  
increases and rec t i fy ing  contacts  are obtained.  The 
contacts on N i / S i - n  samples  become ohmic. The elec-  
t r ica l  behav ior  of these contacts  is ve ry  different  f rom 
tha t  of vacuum deposi ted Ni /S i  contacts, for which 
is known that  CBn > ~bBp (4). The difference can be 
exp la ined  by  using the hypothesis  of a P -doped  n + 
layer  occurr ing  jus t  under  the  in terface  be tween  si l i -  
cide (which acts as a meta l l i c  e lect rode)  and silicon. 

The hypothes is  of P doping was first suggested by  
Su l l ivan  and Eigler  (1). ~t is wor thy  to note tha t  a 
sumlar  hypothesis  exists  Ior  the P t S i / S i  contact  ob-  
ta ined  by  chemmal  vapor  deposi t ion (CVD) of a P t  
fiim tol lowing P t  (PF~)4 pyrolys is  (3d). 

A fundamen ta l  quesuon is tha t  of P pene t ra t ion  into 
silicon. By ex t rapo la t ing  the  diffusion coefficient of P 
in Si at  low tempera tu ies ,  we obta in  (for the t empera -  
tures  and t ime i n t e r v a l s  involved  in our invest igat ion)  
diffusion depths  f rom a few A to hundreds  of A. This 
amount  is too smal l  to exp la in  P pene t ra t ion  in silicon, 
s ince the  s i l ic ide-s i l icon in ter face  moves  much  longer  
dis tances into the  si l icon bu lk  (see Fig. 6). Therefore,  
a s imple mode l  of P diffusion alone in silicon cannot  
quan t i t a t ive ly  expla in  our  results .  I t  m a y  be assumed 
tha t  o ther  phys ica l -me ta l lu rg ica l  mechanisms are  in-  
volved. Perhaps  an impur i t y  red is t r ibu t ion  mechanism 
s imi lar  to that  r epor ted  in Ref. (14, 15) is responsible  for 
the s t rong accumulat ion  of P atoms beneath  the  si l i -  
cide and near  the outer  sil icide surface. F u r t h e r  work  
is needed  for  get t ing a more  exact  insight  into this  
e lee t ro less-deposi ted  Ni /S i  contact.  

F r o m  the engineer ing point  of view, the surface  
doping occurr ing  at  the s i l ic ide-s i l icon interface  modi-  
fies the  e lect r ica l  character is t ics  as shown in Fig. 1 
and 2. This change in e lec t r ica l  p roper t ies  is control led  
by  the hea t - t r ea tmen t .  The ent i re  meta l l iza t ion  process 
leads to a more or  less nonuni form contact  area.  This 
is pa r t i cu l a r ly  dangerous  for s m a l l - a r e a  devices. The 
nonuniformit ies  are  acceptable,  however ,  for l a rge - a r ea  
power  devices where  the sil icon surface m a y  not  be 
very  smooth, and where  the contact  a rea  is large  and 
cheap metal l izat ions  are  required.  Certa in  informat ion 
was obta ined about  the role of H2 in the ambien t  
dur ing  the h e a t - t r e a t m e n t  The presence of H2 and the  
ut i l izat ion of h igher  t r ea tmen t  t empera tu res  improve  
the contact  uniformity .  

Manuscr ip t  submi t ted  Dec. 20, 1982; rev ised  m a n u -  
scr ip t  received June  21, 1983. 
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Characteristics of TaSiJPoly-Si Films 
Oxidized in Steam for VLSI Applications 

J. M. DeBlasi, 1 R. R. Razouk, and M. E. Thomas 

Fairchild Advanced Research and Development Laboratory 
Palo Alto, California 94304 

ABSTRACT 

The oxidation kinetics of tantalum disil icide/polycrystall ine silicon composite  structures in pyrogenic steam over the 
temperature  range of 800 ~ -1000~ have been investigated. The oxide formation over the tanta lum silicide film has been 
found to proceed in a linear-parabolic manner  similar to that observed for oxide formation over single crystal silicon. The 
parabolic rate constant is similar to that observed for single crystal silicon, while the linear rate constant is higher than that 
of l ightly doped single crystal and polycrystall ine silicon. The electrical properties of oxides formed over the silicide as well 
as oxides under  the silicide/polycrystalline silicon composite layer (gate oxides) have been investigated. Gate oxide integ- 
rity has been found to degrade dramatically when, due to oxidation, the average remaining underlying polysilicon thickness 
is reduced to less than 2000A at the gate electrode. 

Recent  advances  in VLSI-c i rcu i t  fabr icat ion c lear ly  
show that  in terconnects  wi th  resis t ivi t ies  lower  than  
those of heavi ly  doped polycrys ta l l ine  silicon are  
requi red  for advanced  circuit  development .  Improved  
l i thographic  resolution, anisotropic  etching, and ve r t i -  
cal scal ing have  al l  resul ted  in a subs tan t ia l  increase in 
packing density.  This increase in packing dens i ty  and 
the associated reduct ion in in terconnect  l ine width  
leads to RC delays due to the contr ibut ion  of the high 
sheet resistance of heavi ly  doped polycrys ta l l ine  si l i-  
con lines. These delays  in ter fere  with,  or cancel, the 
speed advan tage  gained by  shor t  channel  devices. 
Ref rac tory  meta l  s i l i c ides /po lycrys ta l l ine  silicon s t ruc-  
tures, because of the i r  low sheet  resistance,  are  now 
under  evaluat ion  as possible rep lacements  to heavi ly  
doped polysil icon, wi th  an e~mph'asis on the es tab l i sh-  
ment  of overa l l  process compat ibi l i ty .  

Recent  efforts have concent ra ted  on the invest igat ion 
of MoSi~, WSia, TaSi2, and  TiSi2 as gate  interconnects .  
Publ i shed  resul ts  indicate  that  the most effective use 
of meta l  si l icides in in tegra ted  circuits  requires  the use 
of po lycrys ta l l ine  s i l i con/meta l  si l icide composite 
s t ructures  (1-4).  The advantages  of the composite 

Key words: dielectric 'breakdown,  oxidation rate constants, re- 
fractory metal  sUicide. 

1Present  address: Philips Research Laboratories, Sunnyvale, 
Signeties Corporation, Sunnyvale, CA 94086. 

s t ruc ture  are  threefold:  (i) dur ing  oxidat ion,  the 
po lycrys ta l l ine  l aye r  provides  the requ i red  silicon for 
the format ion  of SiO2 over  the sil icide layer  (this is 
thought  to occur by  diffusion of the silicon through 
the si l icide layer )  ; (ii) the presence of the po lyc rys ta l -  
l ine l aye r  prevents  in terac t ion  be tween  the si l icide 
l aye r  and the under ly ing  gate SlOe l aye r  (such in te r -  
actions have been observed and are thought  to be the 
cause of gate oxide degrada t ion  which in tu rn  leads to 
device fa i lure)  ; (iii) the  composite  s t ruc ture  al lows the 
re tent ion  of the advantageous  po lycrys ta l l ine  silicon 
gate proper t ies  while  gaining the conduct iv i ty  ad -  
vantages  of silicides. 

In this invest igat ion,  we examine  TaSi2 on po ly -S i  as 
a gate e lectrode and interconnect .  Severa l  authors  have 
a l r eady  publ ished overviews of T a S i J p o l y - S i  me ta l -  
l izat ion schemes (1, 2) and have shown that,  by  using 
TaSi2/poly-Si  composite s t ructures ,  low sheet  res is -  
tance can be achieved while  the advantages  of s i l icon- 
gate  proper t ies  and technology are  mainta ined.  TaSi2/ 
poly-Si ,  formed b y  s in ter ing  a t an ta lum film on 
doped polysil icon, was in i t ia l ly  r epor ted  to have a 
ve ry  low oxida t ion  ra te  in d ry  oxygen (4). This was 
a t t r ibu ted  to the presence of excess Ta at  the s i l ic ide-  
SiO2 interface,  which in te r fe red  wi th  sil icon diffusion 
by  subst i tut ion on the TaSi2 lat t ice.  The ra te  l imit ing 
step was pos tu la ted  to be si l icon diffusion by  exchange,  
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which would  favor  a high ac t iva t ion  energy.  In  the 
case of  s team oxidat ions  (4), SiO2 was r ead i ly  formed,  
and i t  was pos tu la ted  that  Ta and Si are both  in i t i a l ly  
oxidized and produce  a s i l icon-r ich  si l icide at the s i l i -  
cide-SiO2 interface,  t he reby  a l lowing sil icon diffusion 
to occur and oxidat ion  to cont inue (4).  

More recent ly ,  it  has been repor ted  tha t  co-spu t te red  
and co -evapora ted  TaSi~/poly-Si  films oxidize in a d ry  
ambien t  at  a ra te  h igher  than  that  for l igh t ly  doped or  
undoped po ly -S i  and (100) silicon. There was no Ta in 
the SiO2 l aye r  detected by  Auge r  e lect ron spectros-  
copy (AES)  in e i ther  the d r y  (5, 6) or  s team oxides 
(5). 

The ra te  l imi t ing  s tep in the d ry  oxidat ion  of T a S i J  
po ly -S i  appears  to be the diffusion of oxygen  th rough  
the oxide, r a the r  than  the diffusion of the si l icon f rom 
the under ly ing  subs t ra te  (6). I t  should be emphasized 
that  a l though no Ta was detected by  AES in oxides 
formed on co-spu t te red  T a S i J p o l y - S i  films, both AES 
and Ruther fo rd  backsca t te r ing  spec t rome t ry  (RBS) 
indica ted  the presence of Ta in oxides  grown on si l i -  
cides fo rmed  by  s in te r ing  a Ta film on poly-Si .  How-  
ever,  the d r y  oxida t ion  growth  rates  in both cases were  
found to be ident ica l  (6), and the t an t a lum did not  
appear  to p l ay  an inhibi t ing  role. 

The purpose  of the work  repor ted  here  is to fu r the r  
c la r i fy  the  oxida t ion  kinet ics  of the TaSi2 /poly-Si  
s t ruc ture  in s team over  the  t empe ra tu r e  range  of 800 ~ 
1000~ In addit ion,  the poss ib i l i ty  of gate ox ide - in t eg -  
r i t y  degrada t ion  as the po ly -S i  pad  thickness  is oxi-  
dized away,  in a manne r  s imi la r  to that  descr ibed for 
M o S i J p o l y - S i  and W S i J p o l y - S i  gates (3), is inves t i -  
gated,  as i t  is of pa ramoun t  impor tance  in the potent ia l  
use of TaSi2 /poly-Si  in in tegra ted  circuit  fabricat ion.  

Exper imental  Procedure 

P - t y p e  (100) silicon wafers  of 11-18 Q-cm res is t iv i ty  
were  c leaned and the rma l ly  oxidized in a pyrogenic  
s team -t-3% HC1 ambien t  at  800~ to grow a 250A gate 
oxide. Polysi l icon 3600A thick was deposi ted at 630~ 
in a s t andard  LPCVD reactor .  Af te r  this step, the po ly -  
Si and  gate oxide  were  r emoved- f rom the back side of 
the wafers,  and a phosphorus  predeposi t ion  was per -  
fo rmed  using POCl~ for 5 min at 950~ The po ly -S i  
res is t iv i ty  was app rox ima te ly  10 -2 ~ - c m  af ter  doping. 
The phosphosi l icate  glass was removed  and another  
c leaning step was per formed.  Tan ta lum and sil icon 
were  S - g u n  co-spu t te red  2600_200A thick (atomic 
rat io  1.5/1 of S i /Ta )  at  360=C. 

Sil icide react ion was pe r fo rmed  in high pur i ty  h y -  
drogen for 30 min at 950~ forming app rox ima te ly  
2500• of TaSi2 wi th  a sheet  resis tance of 2.4--+1 
Q / D  (,-~60/~ Q-cm) .  The po ly -S i  thickness was roughly  
3100-+200A at this s tage  (see Fig. 1). The w a f e ~  were  
r ap id ly  pushed into the oxidizing ambien t  of py ro -  
genic s team (no HC1) at 8000 , 900 = , and  1000~ for 
0.2, 0.5, 1.0, 2.0, and  5.0 hr. A 15 min pos t -ox ida t ion  
anneal  in N~ and a 5 min N.2-pull f rom the furnace  
was per formed.  Oxides grown on the TaSi2 /poly-Si  
s t ruc ture  were  measured  using a Gae r tne r  au tomat ic  
e l l ipsometer  (6), using a measured  subs t ra te  re f rac t ive  
index of 3.56-+0.1 and an ext inct ion coefficient of 
--2.26-+0.0.1, for s t ructures  oxidized at  800 ~ and 900~ 
At  1000=C, the subs t ra te  index of re f rac t ion  measured  
was 3.79___0.15, wi th  an ext inc t ion  coefficient of --2.18 
-+0.1. These readings  closely agreed  with  prof i lometer  
measurements  of oxide steps made on wafers  wi th  
buffered-I-IF etch. Af te r  the oxide thickness on TaSi.~ 
was de termined,  the wafers  were  spli t  into two groups:  
those for gate oxide  in tegr i ty  test ing (group 1), and 
those for test ing the oxide  grown on the TaSi2 /poly-Si  
(group 2) films. 

The wafers  f rom group 1 had  the oxide on TaSJe 
removed  in a bu f fe red -HF solution. Capaci tors  30 mils  
in d iamete r  (0.0045 cm 2) were  defined by photo l i thog-  
raphy.  The TaSi2 /poly-Si  l aye r  was p lasma etched in a 
ba r re l  reactor  in CF4/4% 02 down to the gate oxide. 

Fig. 1. TaSi2/poly-Si structures fabricated for the determination 
of oxidation kinetics, testing the integrity of gate oxides (group 1) 
and the integrity of Si02 grown on the tantalum disilicide (group 2). 

The wafers  f rom group 2 had 5000A of A1 deposi ted 
on the SiO2 grown over  the silicide. Capaci tors  30 mils 
in d iamete r  were  defined by  photo l i thography.  The A1 
was chemical ly  etched, and the wafers  were  a l loyed in 
forming gas for 20 min at  450~ 

Results and Discussion 
Oxidation data . - -Oxide- th ickness  vs. ox ida t ion- t ime  

da ta  for the TaSi2 /poly-Si  s t ructures  oxidized at  800 ~ 
900 ~ , and 1000~ are  shown in Fig. 2. At  900 ~ and 
1000~ the oxide  thicknes~ cm'ves for T a S i J p o l y - S i  
approach  those of single c rys ta l  (111) silicon. This 
indicates  that  the parabol ic  ra te  constant  which is 

2 I I I I I 1.2o9z3 

- - -0 - - -  ToSi 2 /Poly-Si  ~ , ' ^  
1 - -  -- (111) Si .~e , /  'UUO~ - -  

. t "  
0.02 

/ l i I I I I 
0.1 0.2 0.5 1.0 2 5 10 20 

OXIDATION TIME, t (hr) 

Fig. 2. Oxide thickness vs. oxidation time for TaSi~poly-Si 
structures and (111) single crystal silicon oxidized in steam at 800 ~ , 
900 ~ and 1000~ 
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dominant at high temperature and/or  for long oxida- 
tion t ime  is nearly the same for TaSi2/poly-Si and 
single crystal (111) silicon. The increased oxide thick- 
ness formed over the TaSi~/poly-Si at small oxidation 
times is indicative of an increase in the l inear rate 
constant. 

Figure 3 shows a comparison at 900~ between the 
data obtained in this study and the data published by 
Pawlik et al. (5). Although the lat ter  data cover a 
comparatively small time range, the agreement is ex- 
cellent. Also shown are the results of Murarka et al. 
(4), which indicate a substantially lower oxidation 
rate. The slope of the oxide thickness vs. time curve 
indicates close to parabolic oxide growth, as noted by 
Murarka et al.; however, it indicates a substantially 
reduced parabolic rate constant. 

Control wafers with the same lightly doped poly- 
crystalline films only were oxidized simultaneously 
with the TaSi~/poly-Si structures. The results, also 
shown in Fig. 3, are quite close to (111) silicon, indi- 
cating that the phosphorus concentration in the poly- 
crystalline silicon is not sufficient to enhance the oxi- 
dation rate. The similari ty to (111) silicon results is 
expected from consideration of the dominant grain 
orientation (110) in the poly-Si films (7). 

Oxidation rate constants . - -The oxidation rate con- 
stants were determined using the Deal-Grove (8) 
general relationship for silicon oxidation in steam 

Xo ~ + Axo - "  Bt  [1] 

where Xo is the oxide thickness, B the parabolic rate 
constant, B / A  the linear rate constant, and t the oxida- 
tion time. Calculated values of B and B / A  are shown 
in Fig. 4 and 5, respectively. In Fig. 4, previously 
reported values of the parabolic rate constant from the 
oxidation of single crystal (111) and (100) silicon are 
shown (9), along with the results obtained in this 
study for TaSi2/poly-Si structures. A small decrease 
is noted in our data, while a strong decrease is ob- 
served from the results of Murarka et aL (4). Inter-  
estingly, the activation energy in all cases appears to 
be the same at temperatures below 950~ This could 
indicate that the rate limiting process is the same, i.e., 
the diffusion of a water-re la ted species through the 
oxide. The observed decrease in B is at tr ibuted en- 
t irely to a change in the pre-exponential  constant, 
which is representative of the diffusion coefficient of 
water  in SIO2. Typically, this pre-exponential  constant 
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Fig. 3. Oxide thickness vs. oxidation time for TaSi2/poly-Si ,  
lightly doped poly-Si, and (111) silicon oxidized in steam at 900~ 
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Si, single crystal ( | |1 ) ,  and (100) silicon oxidized in steam. 

can be affected by the jump frequency of the diffusing 
species, the jump distance (a geometrical factor indica- 
tive of the structure),  and the activation entropy of 
the diffusion process. It is plausible that small differ- 
ences in the composition of the grown oxide, possibly 
resulting from the incorporation of tantalum, can be 
responsible for the factor-of-seven difference in the 
pre-exponential  part  of the parabolic rate constant 
observed between the data presented here and that 
presented elsewhere (4). 

The linear rate constants calculated from the data of 
Fig. 2 are shown in Fig. 5. The activation energy is 
similar to that obtained in the oxidation of single or 
polycrystalline silicon. This activation energy has been 
previously associated with the breaking of Si-Si bonds 
and is l ikely to remain unchanged. The increase in the 
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magn i tude  of the ra te  constant  is aga in  re la ted  to the  
p r e - exponen t i a l  factor. I t  is impor t an t  to recal l  at  this 
t ime tha t  in the case of T a S i J p o l y - S i  ox ida t ion  in d ry  
O2 ambients ,  the l inear  ra te  constant  increased  to such 
a degree  that  the oxida t ion  was domina ted  by  the 
parabol ic  reg ime f rom the s ta r t  (6). I t  was pos tu la ted  
tha t  the  diffusion of sil icon th rough  the TaSi2 l aye r  
was ve ry  rapid,  resul t ing  in an abundan t  supply  of 
sil icon at  the  oxidizing interface,  and  a ra te  of ox ida -  
t ion enhanced so tha t  the ra te  l imi t ing  s tep in the oxi-  
dat ion was re la ted  to the diffusion of oxygen  through  
the g r o w i n g o x i d e  at all  t imes. In  the  case of s team 
oxidat ion,  the  same behav ior  is expected,  wi th  one 
difference: the surface  react ion ra te  in the s team 
ambien t  is h igher  than tha t  in d ry  O2, and a l though the 
supply  of si l icon th rough  the si l icide layer  is s imilar ,  
the  oxida t ion  is not enhanced to the point  where  it is 
l imi ted  by  the diffusion of the ox idant  th rough  the 
ox ide  for thin oxides.  In  both the d ry  O2 and s team 
cases, however ,  the enhanced oxida t ion  ra te  is thought  
to be  re la ted  to the r ap id  diffusivi ty of silicon through 
the si l icide layer .  Therefore,  it  is quite possible that  the 
si l icide l aye r  is p lay ing  a ca ta lys t - l ike  role in the oxi-  
dat ion of T a S i J p o l y - S i  composite s t ructures .  This may  
resul t  in an  enhanced ox ida t ion  ra te  a t  the s tar t  of the  
oxidat ion,  fol lowed by  a convent ional  d i f fus ion- l imi ted 
oxidat ion.  The l a t t e r  is charac ter ized  by  the same rates  
observed  in the oxidat ion  of both  single crys ta l  and 
po lycrys ta l l ine  silicon. 

Transmission electron microscopy . - -TEM micro-  
graphs  were  employed  to observe changes in the TaSi2/ 
po ly -S i  s t ruc ture  as the oxida t ion  proceeded.  F igure  
6a shows the TEM cross section of such a s t ruc ture  
fol lowing a 1-hr  oxidat ion  at  900~ The roughnesses  
of both  the SiO2 surface  and the TaSi2/SiO2 and po ly -  
Si/TaSi2 interfaces  a re  evident .  As the oxidat ion  pro-  
ceeds and the po ly -S i  is consumed, the  TaSi2 l aye r  
contacts the  gate SiO2 l aye r  at some locations,  as 
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12 

shown in Fig. 6b. This d i rec t  in terac t ion  is thought  to 
p lay  a cr i t ical  role in the in tegr i ty  of the under ly ing  
gate oxide. This wil l  be discussed in the nex t  section. 

Gate oxide in tegr i t y . - -The  cur ren t -vo l t age  charac-  
ter is t ics  of the 250A gate oxides  were  obta ined  by  us-  
ing a s tepped vol tage technique.  The vol tage was 
s tepped in increments  of 0.5V, corresponding to a field 
of 0.2 MV/cm, and the cur ren t  measured  unt i l  a value  
of 10 -5 A / c m  2 was recorded.  The vol tage  value  at  that  
cur ren t  was then used to p repa re  h is tograms s imi la r  to 
that  shown in Fig. 6a. Al l  measurements  shown here  
were  carr ied  out wi th  the si l icon surface in accumula-  
tion. F igure  6a shows a composite of three  h is tograms 
obta ined f rom TaSi2 /poly-Si  s t ructures  oxidized at  
900~ for 0.5, 1.0, and 5 hr. The effect of increased oxi-  
dat ion t ime is s t r iking,  and indicates  a lmost  total  
shor t ing  for s t ruc tures  oxidized for 5 hr. The TEM 
cross section shown in Fig. 7b for that  pa r t i cu la r  oxi-  
dat ion condit ion shows that  the TaSi2 layer  is in contact  
wi th  the gate oxide  in some areas.  The degrada t ion  in 
the oxide  proper t ies  observed  at this and even shor te r  
oxidat ion  t imes is p robab ly  due to a reduct ion of the 
the rmal  SiO2 layer .  

The g radua l - f a i l u re  mode observed at  900~ has also 
been observed  at  1000~ Cumula t ive  pe rcen tage-  
b r eakdown  data  shown in Fig. 6b c lear ly  indicate 
s imi lar  behavior  wi th  subs tant ia l  degrada t ion  noted 
for ox ida t ion  t imes as short  as 30 min. 

A s u m m a r y  of the oxide in tegr i ty  da ta  ga thered  from 
oxidat ions  at 800 ~ 900 ~ and 1000~ is shown in Fig. 8. 
The field requ i red  for 75% cumula t ive  fa i lure  of the 
gate oxides is plot ted vs. the remain ing  po ly -S i  th ick-  
ness fol lowing the oxidat ion  of the TaS ie /po ly -S i  s t ruc-  
tures. There  is a d ramat ic  decrease in the in tegr i ty  of 
the gate oxide as the average po ly -S i  thickness r emain -  
ing af ter  ox ida t ion  is r educed  to under  2000A. This 
finding corre la tes  wel l  wi th  the  percen tage  of effec- 
t ive ly  shorted devices vs. under ly ing  po ly -S i  pad th ick-  
ness repor ted  for  NIoS i Jpo ly -S i  and  WSi2 /po ly-S i  
s t ruc tures  (3). I t  should  be noted that  the roughness  
apparen t  in the TEM micrographs  in Fig. 7b suggests  
that  the  TaSi2 l aye r  m a y  have come into contact  wi th  
the gate oxide th rough  p re fe ren t i a l  localized deple t ion  
of the under ly ing  silicon. 

In tegr i ty  of oxide grown on TaSi2 /poly-S i . - -Die lec-  
t r ic s t reng th  of the oxide  grown on s i l i c ide /po ly -S i  
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Fig. 6. (a) Percentage of gate oxide breakdowns vs. applied 
electric field for TaSi2/poly-Si structures oxidized in steam at 
900~ for 0.5, 1.0, and 5.0 hr. (b) Cumulative percentage of gate 
oxide breakdowns vs. applied electric field for TaSi~poly-Si 
structures oxidized in steam at 1000~ for 0.2, 0.5, and 1.0 hr. 

Fig. 7. TEM cross sections, bright field, of TaSi~/poly-Si struc- 
tures following steam oxidation at 900~ (a) for I hr, and (b) for 
5hr. 



2482 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  December 1983 

9.0 

8.0 

uJ 7.0 

~ 6 .0 -  

W q> 
, , ,~  5.0 
~ . j  

0 
,,,~ 3.C 

~ z.0 

1.0 

GATE OXIDE INTEGRITY 
FOR ToSi2/POLY-Si STRUCTURES 

(Following Poly-Si Doping, 
ToSi 2 Reaction, ToSi 2/Poly-Si Oxidation) 

Ft2060Z 
I I I I I �9 

~ Z/0.25 p.m 

Poly-Si ( I p )  

t.-p-Type (100) Si 

I / I I I 0 . .  I 
0 0.10- 0.20 0.30 

REMAINING POLY-Si THICKNESS, tp(lJ.m) 

Fig. 8. Field required for 75% cumulative failure of gate oxides 
vs. remaining poly-Si thickness following the oxidation of TaSi2/ 
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s t ruc tures  oxidized in s team has been repor ted  to be 
about  2.5-3.9 MV/cm for WSi2 /po ly-S i  oxidized at  
1000~ (3), and to be equiva lent  to that  of s team 
oxides grown on po ly -S i  for TaSi2/poly-Si  s t ructures  
(4). In  this work,  b r eakdown  m e a s u r e m e n t s  were  
carr ied  out for SiO2 grown over  TaSi2/poly-Si  at 8OO ~ 
900 ~ and 1000~ in steam. The resul ts  are p lot ted  in 
Fig. 9. For  thin oxides (around 1000A) over  TaSi2, the 
capaci tor  s t ruc tures  y ie lded  p redominan t ly  shorts. 
This could be due to a number  of factors:  (i) a ve ry  
high defect  dens i ty  in the growing oxide;  (ii) the in-  
clusion of Ta in the growing oxide in the ini t ia l  phase 
of growth;  or  (iii) the surface roughness  of the TaSi2 
layer  a n d / o r  a nonuni form oxide growth.  At  in te r -  
media te  thicknesses,  the in tegr i ty  of the oxide is seen 
to increase d ramat i ca l ly  wi th  Oxide thickness and oxi-  
dat ion t ime up to a m a x i m u m  of 4 MV/cm. As the 
thickness of the under ly ing  po ly -S i  decreases to under  
2000A, a reduct ion in oxide in tegr i ty  is noted wi th  the 
b r eakdown  field dropping  to under  2 MV/cm.  This 
again could be due to the nonuniformit ies  in the 
supply  of silicon f rom the po ly -S i  l aye r  resul t ing  in 
nonuni form oxide growth,  or  to a l a rge r  densi ty  of 
defects in the forming oxide. 

5 I 

>n . "  
:~3 

b J w  
,7> 
,,,~ " 

~ u  

?. 
b3 = t  

0 0.1 

I I I I I 

] 
[ i  ~1~ SiOz on ToSi2 (xo)~, '#l / / / / / / / /7/, ' /  
I ..-k .os,. o25.~-4 J 

Elm I R ~  

I I I I I 
0.2 0.5 0.4 0.5 0.6 0,7 

ToSi /POLY-Si  OXIDE THICKNESS x o (Fm) 

Fig. 9. Field required for 75% cumulative failure of oxides grown 
on TaSi2/poly-Si vs. thickness of the oxide. 

Summary and Conclusions 
The kinet ics  for the s team oxida t ion  of TaSi2 /poly-Si  

s t ructures  over  the t empe ra tu r e  range  of 800~176 
have been presented.  The diffusion of oxygen  through 
the SiO2 l aye r  over  TaSi2 is seen as the ra te  l imi t ing  
step for long t ime /h igh  t empe ra tu r e  oxidat ions.  The 
presence of the TaSi2 is seen as p lay ing  a cr i t ical  role 
in increas ing the su r face- reac t ion  ra te  constant,  pos-  
s ib ly  by  means  of a ca ta ly t i c - l ike  react ion dur ing  this 
process. F ina l ly ,  i t  was found tha t  the in tegr i ty  of the 
gate oxide under  the TaSi2 /poly-Si  gate degraded  
severe ly  when the under ly ing  po ly -S i  l aye r  was re-  
duced to an average  thickness of less than  2000A. 
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Cooperative Precipitation of Sulfides as a Mode of 
Internal Sulfidation of Nickel-Aluminum Alloys 
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ABSTRACT 

Growth of three morphological ly dist inct  layers of sulfidation products  occurs during linear steady-state sulfidation of 
T-phase Ni-A1 alloys at 700~ in H2S-H2 a tmospheres  at sulfur pressures 10 .8 -<Ps2 -< 10 -2 atm. A scale composed of NiS or 
Ni~S2 grows by outward diffusion of nickel. The subscale, which grows by inward sulfur migration, is composed of an AI~S3 
+ NisS~ lamellar  layer and an innermost  A1-Ni-S l iquid layer. The lamellae advance into the l iquid layer by a cooperative 
precipi tat ion mode. A model  is advanced for internal sulfidation in which the spacing of the lamellae adjusts to the propaga- 
tion of the lamellar  front which is dependent  on the magni tude of the linear reaction kinetics governing the overall 
sulfidation reaction. 

The classical descr ip t ion  of b i n a r y  a l loy  in te rna l  
ox ida t ion  is based upon genera l  p rec ip i ta t ion  of the 
oxide of the se lec t ive ly  oxidized a l loying e lement  as 
smal l  par t ic les  a t  a volume f rac t ion smal l  enough not  
to in te r fe re  wi th  diffusion. I t  is recognized,  however ,  
tha t  severa l  o ther  prec ip i ta t ion  modes m a y  compete  
a~d even comple te ly  suppress  genera l  precipi ta t ion.  
One mode  encompasses discontinuous prec ip i ta t ion  in 
which an oxygen - sa tu r a t ed  a l loy decomposes to l ame l -  
l a r  oxide  prec ip i ta tes  in the  so lu te -dep le t ed  bu t  
s t ruc tu ra l ly  ident ica l  so lven t -a l loy  phase.  In  discon- 
t inuous precipi ta t ion,  l a t e ra l  segregat ion of the  a l loy-  
ing e lement  occurs along a bounda ry  in the meta l l ic  
phase be tween  the oxide  lamel lae  at  the i r  g rowth  
front.  Prec ip i ta t ion  of MoSx plates  as in te rna l  sulfides 
upon sulfidizing a Ni-29 atomic percen t  (a /o)  Mo 
a l loy  i l lus t ra tes  this behavior  (1). 

High  t empe ra tu r e  oxida t ion  of ~-phase  Ni-A1 al loys 
can be cited as an example  of in te rna l  oxidat ion  pro-  
ceeding by  ce l lu lar  p rec ip i ta t ion  (2). Oxida t ion  of 
al loys conta ining f rom 3 to 13 a /o  A1 at  t empera tu res  in 
the range  800~176 leads  to growth  of an ex te rna l  
scale conta ining layers  of NiO and NiO + Ni2A104 and 
an a l u m i n u m - d e p l e t e d  a l loy l aye r  containing NiA1204- 
A12Os cy l indr ica l  rods which  ex tend  r ight  across the  
in te rna l  oxida t ion  zone (2, 3). In  these cases, the 
scale and subscale  grow by parabo l ic  kinetics,  and a 
bounda ry  does not  appear  to exis t  in the  meta l  be -  
tween the oxide l amel lae  at  the i r  g rowth  front.  

We prev ious ly  publ i shed  an  inves t iga t ion  on the 
sulf idat ion proper t ies  of Ni-A1 al loys exposed in H2S- 
H2 a tmospheres  at  700~ (4). These al loys contain  
3-13 a /o  A1 sulfidized by  l inear  kinetics,  and the re -  
act ion products  were  confined to three  regions:  a NiS 
or  NiaS2 scale and a subscale  containing an A12S3 + 
NisS2 l a m e l l a r  l ayer  and an innermost  (Ni-A1-S)  
l iquid layer .  This research  was unde r t aken  to obta in  
resul ts  for fo rmula t ion  of a model  to descr ibe the 
in te rna l  sulfidation processes lead ing  to growth  of 
sulfide l amel lae  into the l iquid  of t e r n a r y  composit ion.  
We seek to describe,  accordingly,  a mode of in te rna l  
sulf idat ion (oxida t ion)  involv ing  the licmid decom-  
posi t ion (Ni -A1-S) I  --> (A12S3)~ +t- (NiaS2)~ by  c o -  
o p e r a t i v e  prec ip i ta t ion  of the two solid sulfides as 
pa ra l l e l  l amel lae  into this innermost  l iquid layer .  

Experimental  Methods and Results 
The p repa ra t ion  of alloys, the the rmograv ime t r i c  

sulfidation assembly,  and phase  identif icat ion t ech-  
niques are  descr ibed in previous  papers  (4, 5). Typical  
fea tures  of scales and in te rna l  sulf idat ion zones re -  
sui t ing f rom sulfidation of -y-phase Ni-A1 alloys con- 

* Electrochemical Society Active Member. 
Key words: Ni-A1 alloys, sulfldation, lamellar subscale. 

ta in ing f rom 3 to 13 a /o  A1 in H2S-H2 atmospheres ,  
10-8 ~ Ps2 m_ 10-2 atm, are i l lus t ra ted  in Fig. 1. The 
scales were  composed of NiS at Ps2 > 10-4 a tm and 
of Ni3S~ at lower  su l fur  pressures.  The subscale  in al l  
instances was composed of two dist inct  layers  in-  
volving solid AI2S3 + Ni~S~ lamel lae  and the inne r -  
most l iquid Ni-A1-S layer .  The amount  of l iquid phase 

Fig. 1. Cross sections of the sulfide layers formed on the Ni-AI 
alloys upon sulfidation. Regions 1, 2, 3, 4 refer to bulk alloy, 
liquid AI-Ni-S layer, lamellar A12S3 + Ni3S2 layer, Ni3S2 external 
scale, respectively, and the black areas 5 refer to penetrated plastic 
mounting material. (a) Hi-6 a/o AI specimen sulfidized at Ps2 = 
10 -5 atm for 75 rain illustrating Pt marker positioned between 
external scale and subscale. (b) Hi-|0 a/o AI specimen sulfidized 
at PS2 = 10-7 arm for 49 hr. (c) Ni-13 a/o AI specimen sul- 
fidized at Ps2 = 10-8 atm far 34 hr. (d) Closeup of liquid/alloy 
interface in cross section (c). In lamellar region 2, NisS2 is bright 
phase and AI2S3 is gray-colored phase. 
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decreased with  increasing a luminum al loy content.  A 
t ape r  croz~ section of a t amel la r  layer ,  Fig. 2, confirms 
tha t  the two sulfide phases occur as plates  and not  as 
cy l indr ica l  rods. The crys ta l  s t ruc tures  of Ni3S2 and 
A12S3 belong to the hexagona l  s~ystem, and this c rys-  
ta l lographic  res t ra in t  poss ibly  abets  the  g rowth  of 
plates.  

Techniques of quant i t a t ive  microscopy were  used 
to measure  the  dimensions of the l amel l ae  and  the 
inward  p ropaga t ion  of the dLfferent sulfide layers .  
Opt ical  microscopy was used to measure  lamellm" 
spacings l a rge r  than  2 #m, since a m in imum distance 
of 0.05 #m was measurab le  at  2000• magnificat ion 
using an oil  immers ion  lens. Scanning e lec t ron micros-  
copy (SEM) was used to examine  finer l amel tae  at  a 
magnificat ion of 60.00 •  Because of the pol ishing d a m -  
age, many  l amel l ae  were  b roken  or  pu l led  f rom a 
cross section. Only  those lamel lae  which appeared  as 
a group of three  or more  were  taken  into account and 
at leas t  200 observat ions  on each specimen were  carr ied  
out. Because of the ini t ia l  nonuni form growth  of the 
ex te rna l  scale, and the fact  tha t  the  subscale g rew 
only  beneath  this scale, subscale  pene t ra t ion  var ied  
across the a l loy surface (4). In  o rde r  to de te rmine  the 
inward  migra t ion  veloci ty  of the lamel lae  and t h e  

l iquid layer ,  the assumpt ion  was made tha t  the  la rges t  
pene t ra t ion  depth  of each l aye r  corresponded to nu-  
cleation at zero time. I t  is emphasized,  nevertheless ,  
that  growth  velocities ca lcula ted by  dividing the max i -  
mum observed pene t ra t ion  dep th  by  the to ta l  sulf ida-  
t ion t ime is a crude approximat ion ,  because polishing 
procedures  may  lead to cut t ing and dis tance reduct ion 
of the l amel lae  and l iquid fronts. The measured  l ame l -  
la r  spacings and velocit ies of the  l ayer  fronts are  p re -  
sented in Table I. A la rge  s ta t is t ica l  var ia t ion,  ~25%, 
was observed in the ind iv idua l  p la te  measurements .  
This is common to this method of quant i ta t ive  micros-  
copy on meta l lograph ic  cross sections. 

Table h Microscopy measurements of maximum observed 
propagation velocities of the nickel sulfide scale (v~), of the 

lameffar Nia$2 ~ AI~S3 front (v2) and of the liquid/alloy interface 
(v3). The corresponding interlamellar spacing ~ = ~ -~- ~ is also 

given where ,, ~ AI2S~ and ~ ~ Ni3S2. 

A l l o y  

Maximum ob- 
s e r v e d  propaga- Corresponding 

pH~S ti0n velocities interiamellar w~ 
(~m/mm) spacing ~ (/imP/ 

PH 2 V~ W V8 (~m) rain) 

Ni-10 a/o A1 

Ni-3 a/o AI 

0.03 0,54 0.20 0.20 - -  - -  
0.05 0,64 0.29 0.29 - -  - -  
0.10 0.69 0.60 0.73 4.26 • 1.83 10.9 
0.10 0.94 0.60 0.68 4.63 ~--- 2.62 12.9 
O.11 1.48 0.64 1.27 3.15 -+- 1.08 6.4 
0.20 2.25 1.08 0.67 2.9 ~- 1.36 9.1 
0.35 3,80 1.68 2.35 1.62 ~- 0.63 4.4 
0.64 3.30 1.30 2.55 2.77 "4- 1.37 10.0 
0.78 3.90 2.10 2.73 1 . 6 4 -  0,52 ,5.6 

26.20* 1.50 1.50 1.50 0.76 ----- 0.34 0.87 
0.60 2.00 1.47 1.47 0.92 • 0.36 1.24 
0.24 4.10 1.00 1.00 1.02 • 0.42 1.04 

* External scale is NiS. 

A convincing indica t ion  was obta ined by the fo l low-  
ing expe r imen t  tha t  in t e rna l  sulf idat ion corresponded 
to a cooperat ive type of l iquid decomposi t ion and p re -  
c ipi ta t ion mode. A n  al loy spec imen was in i t ia l ly  sul-  
fidized at  700~ in a 50% H2S-H2 a tmosphere  to obta in  
s t eady-s ta te  l inear  kinetics.  The gas composit ion was 
then changed to 10% H2S-H2. L inear  sulfidation, ac-  
cordingly,  cont inued at  a reduced  rate ,  which  led to 
a s lower inward  p ropaga t ion  of the  l ame l l a r  l aye r  
front.  As i l lus t ra ted  in Fig. 3, this reduc t ion  of sulfur  
pressure  corresponding to a reduct ion in the  reac t ion  
ra te  gave r ise to a v is ib ly  coarse spacing of the su l -  
fide lamel lae .  

Knowledge  of the Ni-A1-S phase  d i ag ram at  700~ 
is essential  in o rder  to underst, and  deve lopment  of the 
react ion produc t  layers .  A tenta t ive  d i ag ram shown 
in Fig. 4 was constructed in l ight  of the fol lowing 
results.  Pure  n ickel  dissolves up to 0.1 a /o  S (6) and 
a s l ight  increase of su l fur  so lubi l i ty  wi th  A1 addi t ion 
would resul t  f rom its g rea te r  affinity for sulfur. Su l -  
fur  solubil i t ies  in the  a l loy and in te rmeta l l i c  phases 
a re  assumed to be smal l  because sul fur  content  in 
sulfidized alloys, Ni~A1 and NiA1, were  less than the 
e lect ron p robe  microanalys is  (EPMA) detect ion l imi t  
of 1 a /o  S. A12S8 has negl ig ib le  b ina ry  phase  ex ten t  

Fig. 2. Typical taper section of a two-phase lamellar layer 
demonstrating that the lamellae are plates and not cylindrically 
shaped rods. 

Fig. 3. Cross section of lamellar layer formed in a Ni-IO a/o AI 
specimen at 700~ The alloy was sulfidized initially in a 50% 
H:S-H2 atmosphere, which was abruptly changed to a 10% H~S-H~, 
atmosphere. Note that the fine lamellar structure (upper section of 
micrograph) produced at high sulfur pressure is followed by a 
coarser structure formed at low suffur pressure. 



VoL I30, No. 12 P R E C I P I T A T I O N  O F  S U L F I D E S  2485  

N~ AI 
Alloy Ni~AI NiAI Ni~AI~ NiAI~ liq-AIIoy 

Fig. 4. A schematic version of the Ni-AI-$ ternary isotherm at 
700~ Open circles correspond to values from binary phase dia- 
grams, x corresponds to average composition of liquid sulfide in 
equilibrium with two different alloy compositions. 

at 700~ (6).  Electron probe  microanalyses  of two-  
p h a s e  t e r n a r y  diffusion couples annealed  at  700~ 
consist ing of  A12Ss, a Ni - r i eh  a l loy phase, Ni~S~, or 
NiS demons t ra t ed  tha t  AI~S~ has negl ig ib le  t e rna ry  
phase extent .  These exper iments  also showed tha t  A1 
solubi l i t ies  in Ni~S2 and NiS were  of the  o rde r  of 1 a/o.  
Composi t ional  de te rmina t ions  of the Ni-A1-S l iquid 
layers  formed on the al loys were  presented  in our 
previous  pape r  (4);  they  were  used to es t imate  the 
t e r n a r y  l iqu id -phase  ex ten t  in the  diagram.  

Discussion 
A sketch represen t ing  the morphologies  of the  su l -  

fidation products  on the al loys is shown in Fig. 5. 
Dur ing  sulfidation, the  ex te rna l  scale composed of NiS 
or  Ni~S~ g rew ou tward  at  veloci ty  v~ by  meta l  diffu- 
sion. The subscale  layers  g rew inward  by  sulfur  mi -  
grat ion:  re la t ive  to the unreac ted  center  of the speci -  
men, the  two l ame l l a r  phases AI~Ss (~) and  Ni~S~ (/~) 
pene t ra t ed  into the l iquid  N i -AI -S  phase  (1) at veloc-  
i ty  v~ and  the l i qu id / a l loy  (-~) f ront  p ropaga ted  in-  
wa rd  at  veloci ty  vs. Al l  layers  grew at constant  ra tes  
because of the i r  coupling to growth  of the ex te rna l  
scale, which  was confined to a constant  ra te  by  re -  
act ion steps at  the sca le /gas  in terface  (4). The growth  

H 2S 

Vi 

ORIGINAL 
ALLOY -GAS 
INTERFACE 

k Y 

veloci t ies  of these layers  and the  spacing dimensions 
= ~ ~- ~ of the l ame l l a r  layers  are  given in Table  L 
Growth  of NiaS2 pla tes  caused a luminum re jec t ion  

into the l iquid,  and its l a t e ra l  diffusion caused s imul -  
taneous g rowth  of the AI~S~ plates.  Consequently,  
s t eady- s t a t e  p ropaga t ion  of the  NisS2 + AhSs  lameUar  
l ayers  was a t ta ined  by  ad jus tmen t  of the  !arnel lar  
spacing, ~ = ~, -t- ~,  such tha t  the rate  of a luminum 
enr ichment  in f ront  of Ni~Sz was ba lanced exac t ly  b y  
its l a te ra l  flux to ma in ta in  the  growth  of AlzSs plates.  
If local  equ i l ib r ium preva i l s  along the ( a / l )  and (~/ 
1) interfaces,  a re la t ionship  can be fo rmula ted  for the  
dependence  of l ame l l a r  spacing on the growth  veloc-  
it-]. The approx'Irnate calculat ion of the spac ing-ve loc-  
i ty  re la t ionship  by  d imensional  analysis  out l ined in 
the  discussion is pa ra l l e l  to the approach  developed by  
Zener  (7) for eutectoid react ion in steels. A more  ac-  
cura te  calculat ion of reac tan t  fluxes af te r  Hi l le r t  .and 
co-workers  (8, 9) incurs  some loss of general i ty .  

This mode of in te rna l  sulfidation involving p re -  
c ipi ta t ion of two sulfide compounds as lamel lae  f rom 
the t e rna ry  l iquid can be r ead i ly  in te rp re ted  by  re fe r -  
r ing  to the a + ~ + 1 th ree -phase  region in Fig. 4 
and by  the expanded  depic t ion  in Fig. 6. The t ip -  
eoraposition of a Ni~S2 p la te  dur ing  its growth  would 
correspond to a composi t ion such as D', which l ies 
on the metas tab le  extension of the NiaS2 phase bound-  
ary.  Liquid  composit ion at  this l amel lae  f ront  is given 
by  point  D on the metas tab le  extension of the  l iqu id-  
phase boundary .  By this construction,  NiaSz is in me ta -  
s table  equi l ib r ium wi th  l iquid a long the metas tab le  
t i e - l ine  D'D. In  a s imi la r  fashion, the  metas tab le  com- 
posi t ion of the l iquid at  the  t ips of AI~Ss is given by  
E, and g '  is the metas tab le  composit ion of A12S~ plate  
tips. The d r iv ing  chemical  potent ia ls  for this coopera-  
t ive type  of l ame l l a r  g rowth  are  es t imated  from the 
concentra t ion differences be tween  points  D and g.  
Thus, ~C~ and AC~ represen t  the  enr ichment  of 
n ickel  and a luminum in the l iquid in front  of the 
AI~S~ and NisS~ plates,  respect ively.  Curva tures  of the 
pla te  t ips due to cap i l l a r i ty  causes the  l iqu id -phase  
boundar ies  to move to reduce the supersa tura t ions  
AC~ and AC~ as shown by  the dot ted  lines in Fig. 6. 
These concentra t ion differences d isappear  at  a cr i t ical  
curva ture  of the lamellae .  The front  of solid sulfides 
then cannot advance into the l iquid phase,  because the 
solid lamel lae  of cr i t ica l  rad i i  and in t e r l ame l l a r  spac-  
ing exist  in equi l ib r ium wi th  the t e rna ry  liquid. 

These conclusions can be fur ther  clarified by  r e -  
fer r in~ to the  phase  d iag ram presenta t ion  in Fig. 7. 
Here,  l iquid composit ions at  the  l ame l l a r  t ips a re  
given by  the metas tab le  extension of the t e rna ry  l iquid 
to A and B. The me tas t ab le  increase in a luminum 
comnosit ion is given by  hC~ which corresponds to 
a sul fur  ac t iv i ty  difference as s --  as E. Thus, to a first 
approx imat ion  

~C~ = w (as B --  as E) [1] 

where  w is a p ropor t iona l i ty  constant.  
An expression can be obta ined  for the cr i t ical  l ame l -  

la r  spacing (~c ---- ~a + ~/~) to be found at  equi l ibr ium.  

B 4'~- ~x~ x 
Fig. 5. k sketch of the cooperative internal sulfidation of the 

Hi-AI ~,-solid solution allays, vl, v2, v,3 refer to the velocities of the 
scale/gas, lamellar layer/liquid layer, and liquid/alloy interfaces, 
respectively, a _~ A I ~ ,  fl --  Ni~S2, I ~ liquid and ? ~ Ni-AI 
allay. 

4oJ FAcX u ~..~ 

~/~ //7 ~4~ 

Fig. 6. Isolated wiew of ~-fl-I equilibrium region of Fig. 4 
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XAI /(XNi + XAI) 

d z5 
I ~ _~~~c~, ' ~ _ ,  

N i 3 S ;  liquid sulphide 
(/~) ~ l  

-5 .I//~ Ni3AI 

I00 

A I 2 S 5 ~  
(a )  

Fig. 7. Isolated view of a-fl-I equilibrium region where the co- 
ordinates ore the sulfur activity (psi) :/'~ and the metal molar frac- 
tions of the phases present in the system. 

The free energy change for transforming unit volume 
of liquid to ~ + ~ at spacing ~ is 

ca~A~ 
~Gv(D = ~Gv(~)  -~ [2] 

V 

where 6Gv(D is a volume free energy change, r  is 
the surface tension and A ~ / V  is the area of a/;8 
interface per unit volume, which is equal to 2/~. 
AGv(~) is the free energy change for formation of 
lamellae with a spacing so large that the second term 
in Eq. [2] is negligible. Thus, at equilibrium, AGv(&) 
= 0 and 

1 - -AGv(~)  
-- = [3] 

Furthermore, AGv(D is a function of supersaturation 
(as B -- as E) and for small supersaturations 

AGv(oo) = w ' ( a s  B -- as E) [4] 

Upon substitution of Eq. [4] into Eq. [3] 

1 
- -  = w " ( a s  B -- as E) [5] 
~c 

where w'  and w" are proportionality constants. 
A relationship determining the lamellar spacing as a 

function of growth velocity is obtained by calculating 
the concentration difference between the tips of the 
lamellae, since the compositional gradient parallel to 
the growth front is predominately responsible for alu- 
minum transport. The aluminum flux due to its re- 
jection at the tip of NisS2 is (CA1 ~ -- C ( ~ ) ~ ) v 2  where 
CA~ and CA1 (oo)1 are the aluminum concentrations in 
the tips of NizS2 plates and in the liquid far away from 
the lamellar front, respectively. The lateral gradient of 

aluminum is given approximately by ACAI/n f -  where 
2 

n is a shape factor. Accordingly, steady-state diffusion 
is given by 

V2 (CAI B -- CAI E ( O0 ) ) ~ 2DAI I hCAl/n~ [6] 

where DAI l is the aluminum diffusion coefficient of the 
liquid phase. ACAI, which supports lateral aluminum 
diffusion, drops to zero as the curvature at the a/-/ or 
~/-f interface is increased corresponding to a critical 
spacing ~c. Thus ACAI can be described by an equation 
of the form 

ACAI = ACOAI (1 - -  - ~ - )  [7]  

Substitution of [7] into [6] yields 

2DAIIAC~ ( ~ ) 
vs = 1 - -  -- [8] 

n(CAl ~ -- CAll(O~) )~ 

If one neglects volume change accompanying the for- 
mation of lamellae, conservation of aluminum re= 
quires 

~(C~(oo) - CA: ~) = ~(CAP - CAl](oo) 

= ,, (CAl~ - C ~ = )  [9]  

Upon combining [8] and [9] 

2DAi:AC~ .$~ .  1 ( 1  ~o )  
V$ - -  n(CA1 ~ -- CAI ~) &z 7 -- ~- [10] 

Equation [10] predicts two values of spacing for a 
given growth velocity. Investigators, accordingly, have 
removed this degree of freedom by assuming a varia- 
tional principle to predict the actual spacing of & such 
as optimization of the maximum growth rate (10, 11), 
maximum rate of decrease in free energy (12), or 
maximum rate of entropy production (13). These con- 
siderations predict that the steady-state spacing is a 
multiple of the critical spacing ~ = Nc where ~ is a 
constant ranging from 2 to 3, dependent ttpon choice 
of the optimization principle. From Eq. [1], [2], and 
[10] with ~ = Nc, one obtains the following expres- 
sion for the migration rate of the lamellar front 

D:(1 -- ~) 
v~ 2 = - -  constant [11] 

W"~7~ (CA1B --  OAf ~) 

Despite a lack of diffusion and thermodynamic 
results, it is possible to check the validity of the 
expression in Eq. [ l l ]  by two methods. According 
to Eq. I l l ] ,  a plot of log ~ vs. log v2 should be a linear 
plot of slope --~/2. This relationship is shown to be 
valid by the plot in Fig. 8 of results for the Ni-10 a/o 
Al alloys given in Table I. Evaluations of v2~ are also 
given in Table I. A statistical t test (14) of these 
evaluations implies that the determined largest and 
smallest values of V2~ 2 a re  equal within the observed 
large variance and thus constant, as predicted by the 
theoretical analysis. 

S u m m a r y  
The sulfidation kinetics of Ni-rich Ni-A1 -/-solid 

solution alloys in H2S-H2 atmospheres at 700~ exhibit 
a rate curve which is linear at long times. The cor- 
rosion product consists of three layers. The outer scale 
consists of NiS when Ps2 > 10 -4 atm. It consists of 
Ni.~S2 otherwise. The scale/subscale boundary corre- 
sponds to the original alloy/gas interface. The scale 

1.0 

log (~) 

0.5 

0 .0  -q 

I I 

L5 0.0 0 .5  
log (v 2) 

Fig. 8. Graphical verification of Eq. [11] using data for the 
Hi-10 AI Mloy given in Table I. A straight llne of slope ~ 1 / 2  
can be drawn through the data points. 
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grows by  ou twa rd  diffusion of nickel,  and the subscale  
pene t ra tes  into the  al loy by  sulfur  diffusion. A sub-  
scale l aye r  in contact  wi th  the  outer  scale is composed 
of Ni~S2 ~ A12Sa lamel lae ,  and it p ropagates  into the 
(Ni -AI -S)  l iquid l aye r  in contact  wi th  the alloy. 

I t  has been demons t ra ted ,  first, tha t  the l amel l a r  
l aye r  pene t ra tes  into the  l iquid  layer  by  a mechanism 
of cooperat ive  prec ip i ta t ion  of NiaS2 and A12Sa plates  
and, second, tha t  the  constant  p ropaga t ion  velocit ies 
of reac t ion  p roduc t  layers  a r e  dependent  upon a ra te  
control l ing react ion s tep at  the  sca le /gas  in terface  in 
H2S-H2 atmospheres .  
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ABSTRACT 

The thermal  behavior of the system ZnS-MnS was investigated under  hydrothermal  conditions. The solid solubili ty of 
MnS in ZnS was ca. 50 mole percent  (m/o) almost independent  of temperature,  whereas ZnS was not dissolved into MnS at 
all. The transformation temperature  of zinc blende (ZB) to wurtzite (WZ) in ZnS was targely lowered by the formation of the 
solid solution with MnS in addit ion to the hydrothermal  effect. The phase transformations of MnS were also accelerated by 
means of the hydrothermal  treatment;  the transformation temperatures  of ZB type to WZ type and WZ type to rock-salt type 
were lowered by more than 50~ and ca. 125~ respectively, compared with those in the dry process. 

Cu-  or Ag-ac t i va t ed  ZnS has been used as blue  o r  
green phosphors  for  television tubes and e lec t ro-  
luminescent  panels,  and Mn-ac t iva ted  ZnS as ye l low 
or  orange phosphors.  ZnS has two crys ta l  s t ructures ,  
the cubic z inc-b lende  and hexagonal  wur tz i te  types.  
The former  is s tab le  be low 1020~ and the l a t t e r  above 
that  t empe ra tu r e  (1). However ,  this t r ans format ion  is 
d iverse ly  affected by  the addi t ion of copper,  s i lver ,  
etc., and the luminescent  proper t ies  of the d imorphs  
differ from one another  (2-9).  

The phase t rans format ion  a n d / o r  solid solut ion in 
the  sys tem ZnS-MnS have to some ex ten t  been in-  
ves t igated in the  var ious  p repara t ion  methods  of co- 
prec ip i ta t ion  (10, 11), chemical  t r anspor t  (12), and 
so l id-s ta te  react ion in He (9) or wi th  KCI (13). 

In  the  previous  papers  deal ing with  the  react ions of 
oxides under  h y d r o t h e r m a l  condit ions (14-16), i t  was 
shown tha t  the crystal l izat ion,  phase t ransformat ion,  
and  synthesis  of different  mate r ia l s  were  achieved at  
cons iderab ly  lower  t empera tu res  compared  with  the  

Key words: inorganic, crystallography, solubility. 

dry  process in air  ( "hyd ro the rma l  effect" a t t r ibu ted  to  
pressure  and dissolving power ) .  We have  also repor ted  
that  the  cub ic -hexagona l  t r ans format ion  and c rys ta l -  
l izat ion of CdS, an isomorph of ZnS, was m a r k e d l y  
enhanced through  the hyd ro the rma l  t r ea tmen t  (17). 
Thus, a hyd ro the rma l  react ion seems to be sui table  
for  the p repara t ion  of useful  inorganic  powders  con- 
ta in ing a volat i le  component.  The purpose  of the pres-  
ent  work  is to expla in  the solid solut ion and phase 
t ransformat ion  in the  sys tem ZnS-MnS caused under  
hyd ro the rma l  conditions,  as compared  with  a d ry  
process. 

Experimental 
Zinc sulfide powder  of luminescent  grade (Dai Nip-  

pon Pa in t ing  Company,  Limi ted)  was used as a s t a r t -  
ing mater ia l .  MnS powder  was obta ined as follows: 
the prec ip i ta te  formed by  bubbl ing  H2S into 
Mn(CH3COO)2 solut ion was washed by  decanta t ion  
with  H2S-sa tura ted  wa te r  and was filtered, fol lowed 
by  fu r the r  washing with  e thyl  alcohol and e thy l  ether.  
Then i t  was evapora ted  to dryness  in vacuo at room 
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t empera ture .  A f t e r  mix ing  the two powders  wi th  me thy l  
alcohol, the mix tu r e  was dr ied  in an oven, and then 
was sea led  together  wi th  a p roper  amount  of wate r  
in a t es t - tube  type  autoclave (ca. 8 cm3 volume) .  The 
autoclave was hea ted  in an electr ic  furnace  control led  
wi th  an electronic t e m p e r a t u r e  control ler .  The exper i -  
menta l  condit ions were  as follows: molar  rat ios  of the 
mix tu re  over  the  ent i re  range  (0.1 in t e rva l ) ,  t empera -  
tures 5000 and 600~ pressure  500 a tm [water  charge 
w a s  de te rmined  according to the  Kennedy ' s  method  
(18)],  t ime 24 hr. Af t e r  the t rea tment ,  the autoclave 

w a s  i n s t a n t l y  t a k e n  out f rom the furnace  and p r o m p t l y  
quenched in ice water .  A d r y  process was also carr ied  
o u t  by using the same autoclave wi thout  water .  

The phase  change and  the solid solut ion were  con- 
f irmed f rom x - r a y  diffract ion pa t te rns  by  using a 
Rigaku Geigerflex Model D-2 with  Ni-f i l tered CuK~ 
radia t ion.  Highly  pure  Si was used as an in te rna l  
s tandard .  

Results and Discussion 
Polymorphism o~ MnS.--Manganese sulfide p repa red  

from NIn(CI~COO)2 showed the z inc-b lende  type  
s t ruc ture  (ZB) a t  the beginning.  MnS also exists in the 
wurtz i te  type  (WZ) and rock-sa l t  type  (RS) s t ruc -  
tures (19). However ,  the t empe ra tu r e  ranges in which 
the three  types  of MnS are  s table  have not been es tab-  
l ished as yet. We inves t iga ted  first the phase t rans-  
format ion  of MnS in both d ry  and hyd ro the rma l  p ro -  
cesses; a s -p r epa red  MnS was hea t - t r e a t ed  at  t em-  
pe ra tu res  f rom 200 ~ to 60.0~ for  2 hr  or was t rea ted  
h y d r o t h e r m a l l y  at  150~176 500 atm, and for 24 hr. 
The de te rmina t ion  of the crys ta l  s t ruc ture  was by  
x - r a y  diffractometry.  F igure  1 shows the represen ta t ive  
x - r a y  diffraction pa t te rns  of MnS in the p resen t  work.  
Only  WZ was de tec ted  jus t  be low 200~ WZ and RS 
between 200 ~ and 400~ and RS alone at 400~ or 
above in the  d r y  process. On the other  hand, in the 
hyd ro the rma l  process only WZ was detected be low 
150~ WZ and RS between 150 ~ and 250~ and RS 
alone at  250~ or  above. Accordingly,  the differences 
of the two phase - t r ans fo rmat ion  t empera tu res  in both  
processes were  more  than  50~ for ZB to WZ and ca. 
125~ for WZ to RS, respect ively.  In addit ion,  the 
samples  which were  h y d r o t h e r m a l l y  t rea ted  al l  showed 
higher  c rys ta l l in i ty  than those hea t - t r ea ted  at  the 
same tempera tu res  in the  d r y  process. These resul ts  
are  s imi la r  to those of CdS (17). 

Solid solution and phase transIormation in the system 
ZnS-MnS.--The crys ta l  s t ruc ture  of as - rece ived  ZnS 
was zinc blende (ZB).  The mix tu res  of ZnS and NInS 
of var ious  molar  rat ios  were  h y d r o t h e r m a l l y  t rea ted  
at 500 ~ or  600~ 500 arm, and 24 hr. The crys ta l l ine  
phases appear ing  depended on the molar  rat io of the 
mixture ,  as shown in Table  I. In  the hyd ro the rma l  
t r ea tment  at 500~ ZB-ZnS solid solut ion (ss) was 
only  formed at  the molar  rat io  of 8:2 and above. At  
this ra t io  the  format ion  of WZ-ZnS ss was also found. 
Only the second solid solution was presen t  be tween  
7:3 and 5:5, and be tween  4:6 and 1:9 WZ-ZnS ss 
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Fig. 1. The representative x-ray diffraction patterns of MnS. (A) 
As-received, (E) treated hydrothermally at 175~ 

appeared  together  wi th  RS-MnS,  which d id  not  form 
any solid solut ion wi th  ZnS. It  is no tewor thy  that  on 
account of the solut ion of more than 10 m/o  MnS zinc 
blende t rans formed to wur tz i te  even at 500~ This 
is much lower  than 1020~ for ZnS in the d r y  process 
(1) and 860~176 in the growth  of single crysta ls  of 
the  system ZnS-MnS (12). H y d r o t h e r m a l  t r e a t m e n t  

at 600~ fu r the r  enhanced the phase t rans format ion  
of ZB to WZ in ZnS ss. The format ion  of WZ-ZnS Ss 
was found at  the molar  rat io  of 9: 1, and the so lubi l i ty  
of this solid solut ion increased s l ight ly  wi th  an increase 
in tempera ture .  The h y d r o t h e r m a l  t r ea tmen t  was com- 
pared  wi th  the no rma l  h e a t - t r e a t m e n t  at the same 
t empe ra tu r e  of 600~ and the amount  of MnS dis-  
solved into WZ-ZnS was increased by  ca. 10 m/o.  

The la t t ice  constants of these solid solutions de-  
scr ibed above were  ca lcula ted  f rom the diffraction 
angles wi th  Cohen's least  squares method (20) (Fig. 
2). The la t t ice  constant  (a) of ZB-ZnS ss increased in 
propor t ion  to MnS content  up to 10 m/o,  and those 
(a and c) of WZ-ZnS s s  also increased to ca. 50 m/o.  
On the other  hand, the la t t ice  constant  (a) of MnS 
did not va ry  in the molar  rat ios  be tween  5:5 and 0: 10, 
imply ing  that  this compound did not form any  solid 
solut ion with  ZnS. This is in agreement  wi th  the resul ts  
repor ted  by  Sato et al. (9) and KrSger  (13) tha t  the 
format ion  of solid solut ions in the  system ZnS-MnS 
is l imi ted  to the ZnS phase. Cook (21) repor ted  in 
the sys tem CdS-MnS tha t  the  solubil i t ies  of MnS into 
CdS and of CdS into MnS were  49 and 11.5 m/o,  r e -  
spectively,  at 800~ in the  d ry  process. The difference 
in these two solubi l i t ies  was exp la ined  in terms of 
the differences o f  the ionic radi i  and electronic s t ruc-  
tures of Cd( I I )  and M n ( I I )  by  Wiedemeier  et aI. (22), 
who also repor ted  50 and 13.5 m/o  at  the same con- 
ditions, respect ively.  A/ though the solid so lubi l i ty  of 
CdS in MnS was grea te r  than 10 m/o,  ZnS was n o t  

dissolved at all. This finding may  be re la ted  to the 
fact that  CdS has the  same rock-sa l t  s t ruc tu re  as MnS 
under  high pressures  (23), while  ZnS does not. F rom a 
s imple hard  sphere model, for an ionic c rys ta l  to be 

Table I. The crystaIBne phases found in the system ZnS-MnS 

M o l a r  r a t i o  H y d r o t h e r r n a l  t r e a t m e n t  H y d r o t h e r m a l  t r e a t m e n t  H e a t - t r e a t m e n t  
( Z n S : I K n S )  at  500"C at  600~ a t  600~ 

I0:0 ZB-ZnS ZB-ZnS ZB-Zn~ 
9:1 ZB-ZnS ss" ZB-ZnS ss + WZ-ZnS ss ZB-ZnS ss + WZ-ZnS ss 
8:2 ZB-ZnS ss + WZ-ZnS ss WZ-Z~S ss WZ-ZnS ss 
7:3  W Z - Z n S  ss  W Z - Z n S  s s  W Z - Z n S  ss  
6 :4  W Z - Z n S  ss  W Z - Z n S  ss  W Z - Z n S  ss  + R S - M n S  
5 :5  W Z - Z n S  ss  + R S - M n S  W Z - Z n S  ss  + R S - M n S  W Z - Z n S  s s  + R S - M n S  
4 : 6  W Z - Z n S  s s  + R S - M n S  W Z - Z n S  ss  + R S - M n S  W Z - Z n S  ss  + R S - M n S  
3 : 7  W Z - Z n S  ss  + R S - M n S  W Z - Z n S  ss  § R S - M n S  W Z - Z n S  s s  + R S - M n S  
2 : 8  W Z - Z n S  ss  + R S - M n S  W Z - Z n S  ss  + R S - M n S  W Z - Z n S  s s  + R S - M n S  
1 :9  W Z - Z n S  s s  + R S - M n S  W Z - Z n S  s s  + R S - M n S  W Z - Z n S  ss  + R S - M n S  
0:10  R S - M n S  R S - M n S  R S - M n S  

" sS: s o l i d  s o l u t i o n .  



Vol. 130, No. 12 TRANSFORMATION IN THE SYSTEM ZnS-MnS 2489 

6.4.0 

6.30 

~D--O--O--D 

o~n~ncnof WZ-ZnS ss 

'-"aeof ZB-ZnS ss 5.4.# 
F- 
Z < 

5 3 0  
u~ a of RS-MnS z 
O O~O--O--O--O--, 

5.20 

3.9o - .,.,-,-,-, 1 ~ 3.60~11..Ir'I a of WZ-ZnSss 

1 I I I I 0 0.2 0.4. 0.6 0.8 1.0 
MOLAR FRACTION OF MnS 

Fig. 2. The relationship between the lattice constants and the 
molar ratios in the compounds of the system ZnS-MnS treated hy- 
drothermally at 600 ~ 

stable as an octahedrally coordinated rock-salt struc- 
ture, it is necessary that the radius ratio of a cation to 
an anion lie between 0.414 and 0.732 (23). The Zn/S 
ratio is 0.40 in contrast to 0.53 for Cd/S (24), and on 
this basis it is less likely to show the rock-salt struc- 
ture and be dissolved into MnS (radius ratio ---- 0.43). 
MnS is considered to be dissolved into ZnS to a cer- 
tain extent because they have the same structure and 
the radii are similar. 

Summary 
The phase transformation temperatures of ZB type 

to WZ type and WZ type to RS type in MnS under 
hydrothermal conditions were lowered by more than 
50~ and ca. 125~ respectively, compared with those 
in the dry process. The crystallinity of the samples 
which were hydrothermally treated was higher than 
those heat-treated at the same temperatures in the 
dry process. The phase-transformation temperature of 
ZB to WZ in ZnS was lowered by the formation of 
solid solution with MnS and hydrothermal treatment. 

The solid solubility of MnS into ZnS was ca. 50 m/o 
almost without temperature dependence, whereas ZnS 
was not incorporated into MnS at all. 

Manuscript submitted Dec. 10, 1982; revised manu- 
script received March 22, 1983. 
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Thermodynamic Properties of Na Ions in fi- and fi"-Al O  Through 
Thermoelectric Power Data 
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ABSTRACT 

Thermoelectric power determinations allow one to evaluate some thermodynamic  propert ies of ionic mobile species of 
solid electrolytes, provided that suitable reversible electrodes are employed in assembling the thermocell  (1). The experi- 
mental data reported in l i terature (2) for t~- and fl"-AI~O~ have been employed here to evaluate the partial  pressure of Na(v) in 
equil ibr ium with these solid electrolytes in the T ranges 300-500 K and 340-580 K, respectively, and the Na entropy difference 
between ~- and fl"-AI~O~ in the T range 340-500 K. The latter depends on T in such a way as to suggest that  a second order 
transit ion would occur in fl"-Al~O~ at about 450 K. 

In a previous  pape r  (1),  we  showed tha t  de t e rmina -  
tions of the thermoelec t r ic  power  of solid e lec t ro ly tes  
should p r i m a r i l y  concern the the rmodynamic  p rop -  
ert ies of the mobile  species ins tead of. its heat  of t r ans -  
port, since, for such mater ia ls ,  the l a t t e r  may  be safely 
identif ied with  the conduct iv i ty  act ivat ion energy.  

Here we show the resul ts  of such an approach  to fl- 
and ~"-A1203 on the ground of the expe r imen ta l  re -  
sults repor ted  in a recent  paper  by  Kuwamoto  and 
Sate  (2). 

These authors  fol lowed the " t rad i t iona l"  way  (3) of 
fitt ing the thermopower ,  ~, vs. 1 /T  with a s t ra ight  l ine 
and of compar ing the slope, viz., the so-ca l led  hea t  of 
t ranspor t ,  Q, wi th  the value of the conduct iv i ty  act i -  
vat ion energy,  E, repor ted  in the l i te ra ture .  

Apa r t  f rom the genera l  object ions to this procedure  
(1), the above comparison be tween  Q and E is some-  
wha t  ambiguous  in the case of ;~"-A/208, which has a 
non -Ar rhen i an  conduct ivi ty.  

Nevertheless,  the paper  by  Kuwamoto  and Sato is 
ex t r eme ly  in teres t ing  because of the p roper  choice of 
the thermocel l  electrodes,  p r e p a r e d  wi th  Na20 and 
thence able to exchange Na ions at  the in terface  wi th  
the solid e lectrolyte .  

This pecul ia r  fea ture  gives the theore t ica l  ground 
to the present  work, where  the Na vapor  pa r t i a l  pres-  
sure, in equi l ib r ium with  fl- and ~"-A1203, and the 
en t ropy  of Na ions in these solid e lect rolytes  have  
been evaluated.  

General Considerations 
Due to the p roper  e lec t rode-e lec t ro ly te  pair ,  the 

thermoelec t r ic  power  of the therm0cel l  

Na20 / ;~-A1203 / Na20 
T T+AT 

may be descr ibed th rough  the express ion  (4) 

Fe ---- S(Na,  Na20) --  S(Na ,  fl-A1203) --  QNa/T [1] 

where  Fe is the the rmopower  expressed in cntropic  
units, S(Na,  Na20) and S(Na,~-A1203)  are  the pa r -  
t ia l  ionic entropies  of the Na ions in Na20 and in 
/~-AI203, respect ively,  and QNa is the hea t  of t r anspor t  
of the Na ions in the e lectrolyte .  Analogous express ion 
holds for the t he rmopower  of ;~"-A120~, d'. 

Accord ing ly  

F(e -- d') = S(Na, ~"-AI20~) -- S(Na, fl-AlzOa) 

Q~ - Q~p, 
-- - [2] 

T 
and with the assumption [I] 

Qua ~--- E and QNa" ---- E" 

where  E and E" are  the  corresponding conduct iv i ty  
act ivat ion energies  

E ~ E pp 
F(e -- ~") + - -  : S (Na ,  fl"-Al.~Oa) 

T 
- -  S (Na,  ~ -Al~Os)  [3] 

Fur the rmore ,  if one puts  [1] 

S (Na, fi-Al~O3) ---- S (Na, ;~-A1203, vib)  

+ S (Na, Z-A120~, conf) 

i.e., spli ts  the ionic en t ropy  into v ibra t iona l  and con-  
f igurat ional  contr ibutionz,  and ~ 

S (Na, fl-A1203, vib) ~ S (Na, ~"-A1~O8, vib)  

Eq. [1] gives 

E 
- - - - - - R l n  - -  F ~ +  T 

-5 R T - -  

and Eq. [2] gives 

E - - E "  
F(~ - -  d ' )  + - -  

T 

___ S (Na, Na~O, vib)  

P (Na, ~-A1203) 

P(Na ,  NazO) 

d [ l n  P(Na,r  ] 

dT P (Na, Na~O) 
[4] 

P (Na, ~-A120~) 
- - R l n  

P (Na, ~"-A1203) 

d [ P ( N a , ~ - )  ] 
§ R T  dT .... In P(Na,;~"-) [5] 

where  Na ac t iv i ty  (enter ing  the configurat ional  e n -  
t ropy  te rms)  has been replaced  b y  the corresponding 
fugaci ty  (symbol  P)  in the rat ios under  "ln" and R is 
the gas constant.  

In the present  case, fugacit ies m a y  be safe ly  iden t i -  
fied wi th  the corresponding pa r t i a l  pressure  of Na 
vapor  in equ i l ib r ium wi th  the  e lectrolyte .  

Results and Discussion 
Thermopower  da ta  b y  Kuwamoto  and Sate  (2) 

have been fitted as 

23,100 
Fe--  

T 
+ 69.01 -- 5.52 10-2T J mol  -z  K-*  

(300 < T < 500) 

13.21 -- 5.06 10-2T mo1-1 K - t  
8172 

RE pp - -  
T 

(340 < T < 580) 
The heats of transport employed are 

Qua -- 15,800 J mot-1 (5) 

QNa" -: 40,638 -- l l 0 T  -t- 9.11 10-~T 2 3 mol - t  

1 Th i s  assumpt ion  may  no t  he exhaus t i ve ly  jus t i f i ed ;  however, 
i t  does no t  seem unreasonable,  The  overa l l  degrees of  freedom 
e x p e c t e d  p e r  s i n g l e  N a  ion  in  b e t a  a l u m i n a  s h o u l d  b e ,  i n  a v e r a g e ,  
t h r e e  o r  q u i t e  c l o s e  to  t h r e e  in the  T r a n g e  c o n s i d e r e d  here ;  i n  
fact, these ions, although forced into a layered structure, do not 
move or oscillate independently of one another. 

2490 
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[from data of Ref. (6) ]. Data concerning ~-Al~O3 give 

1 Fe ~- -- - -  ~- 3.61 -- 2.88 10-ST [G] 
2.3R T 

which may be safely replaced by the mean constant 
value 1.48 throughout the T range considered here. 
The dependence of the vapor partial pressure vs. T is 
expected to be of the usual forms 

log Pl = ,~dT + " l i  
so that 

d 
log Pi -k T ~ (log Pi) -- "n = constant 

Accordingly, from Eq. [4] through Eq. [6] one has 

P (Na,/~-A1208) d [ P(Na, ~-A1203) ] 
log P(Na,  Na~O) -k T - -d~  log P(Na, Na20) 

= 7(Na, ~-A12Os) -- 7(Na, Na20) _~ 1.48 

7(Na, Na~O) may be easily evaluated from literature 
data (7, 8) which allows one to recognize that 

15,700 
log P(Na, Na20) -- - -  -b 7.87 [7] 

T 
(P is in arm);  thence 

~/(Na, ~ - A l ~ O a )  = 9.35 

To obtain an expression for log P (Na, ~-A12Oa) it is 
necessary to know either the Na enthalpy variation ac- 
companying the equilibrium Na(~-A1203) ~ Na(Na20), 
or the temperature at which P(Na, fl-Al~O3) assumes 
a given value. 

Literature data (7-9) allows one to establish that 
P(Na, ~-A1203) 1 atm somewhere within the T 
range 2400-25'00 K. With this uncertainty one has 

23,000 
log P (Na, ~-AI~O~) -- - -  -k 9.35 [8] 

T 

which is in reasonable agreement with previous evalu- 
ations of the partial pressure of Na vapor in equilib- 
rium with ~-AI~Oa at higher temperatures (9, 10). 
Figure 1 allows us to realize this comparison. 

Data concerning ~"-A120~ give 

E " \  1 Fe" 1697 
2.3R + - T -  ) = T - 6.44 + 7. 0 10-  T 

[9] 

Equation [9] may not be approximated to any mean 
constant value; however, the results obtained for fl- 
A12Oa may be employed to attain, also in this case, 
an expression for the partial pressure of Na vapor in 
equilibrium with g'-AI~O~. 

IntegraUon of Eq. [3] between To -- 340K (the 
lowest T considered here) and T gives 

[ P (Na, ,"-A1,20~) ] [ P (Na, ,~"-AI,,O~) ] 
log P (Na, ~-AI~O~) r -  log P (Na, ~-AI~O~) ro 

P ( Na, fl"-Al~Oa) r P (Na, ~-A120~ ) r 
= log -- log 

P (Na, fl"-Al~Oa) ro P (Na, ,8-A120~) ro 
l n T  

---- -- 1697 -- 3.7 10-3T -- 14.51 
T 

which allows 

d 
" l T -  [log P(Na, ~ -A ~Oa)] 

dT 

23,000 "-b 1697(In T -- 1) 
= -- 3.7 10 -'~ T 

T 
30,167 

_ _ _ 0 . 6 1 4 + - -  
T 

-" a i  = e v a p o r a t i o n  e n t h a l p y / g a s  c o n s t a n t  
7,  = i n t e g r a t i o n  c o n s t a n t  of  t h e  C l a u s i u s  C l a p e y r o n  e q u a t i o n .  
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Fig. I. Partial pressure of Na vapor in equilibrium with ~-AI203 
and fl"-Al~Oa at P(02) - -  0.21 arm. 

and 
log P (Na, ~"-Al~Oa) = 7 (Na, 3"-A12Oa) 

30,167 
- -  0.614 

T 

~,(Na, ~"-A1203) has been evaluated by adding 7(Na, 
Na.20), viz., 7.87, to Eq. [9]; thus 

27,430 
log P(Na, ~"-AhO3) -- 5.95 [10] 

T 

2 - 

er 

co 1.5 

1 

I I 1 I 
3 5 0  4 0 0  4 5 0  5 0 0  

T/K 

Fig. 2. Na entropy difference between/~"- and p-AhO~, as ob- 
tained from thermoelectric power data at various T. 
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where the l inearizat ion vs. 1/T is supported by a cor- 
relat ing factor undis t inguishable  from unity.  The cor- 
responding plot is reported in Fig. 1 to allow the com- 
parison with ~-A120~. 

Both series of data allow employing Eq. [3] to  
evaluate S(Na, ~"-A1203) -- S(Na, ~-A1203) -- aS in 
the range 300-500 K (see Fig. 2). 

Any comment  about the t rend of aS vs. T is s t rongly 
l imited by the small  extension of the T range consid- 
ered. However, (i) the fact that aS > 0 might  corre- 
spond to a larger configurational entropy of the Na 
ions in ~"-A1208; (ii) the fact that aS shows a maxi -  
mum about 450 K might  suggest that  the state of the 
Na ions in ~"-A1203 undergoes a modification at about 
this temperature;  (iii) due to the satisfactory l inear i ty  
found for both plots log P(Na)  vs. 1/T, such a modi-  
fication would occur without  any heat delivery, thence 
looking like a second order t ransi t ion (11, 12). 

Manuscript  submit ted June 14, 1982; revised ma nu-  
script received Jan. 18, 1983. 

Departimento di Chimica Fisica dell' Universita di 
Pavia assisted in meeting the publication costs o~ this 
article. 
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Concentration Profile of Cu 2§ Ion near a Plane Vertical Cathode in 
Electrolytes Containing CuS04 and an Excess of H2SO, as a Supporting 

Electrolyte 

Y. Fukunaka, K. Denpo, M. Iwata, K. Maruoka, and Y. Kondo* 
Department of Metallurgy, Kyoto University, Sakyo-ku, Kyoto 606 Japan 

ABSTRACT 

The concentration profile of Cu 2+ ion was measured near a plane vertical cathode placed in aqueous solution containing 
CuSO4 and an excess of H2SO4 as a supporting electrolyte. It is known that the absorption bands of cupric ion near the infra- 
red region and hydrogen ion in the ultraviolet region are widely separated. The distribution of absorbance of electrolyte at a 
wavelength of about 800 nm was measured near the cathode surface by an image sensor with a resolution power of 4.4 ;~m. 
The experimental results coincided well with the theoretical calculation. Under the presumption of an excess of supporting 
electrolyte and a uniform distribution of current density, a factor 

f - = ( ~ ' - - T " 2 a 2 - t  ( 1 - * t ' ~ / ( k ' ~ 2 (  I ~ Ra~* 

~1' / \ ~ / / \ - ~ - , '  / \ - 7 /  Rax*' 

was proposed to explain the effect of migration due to the accumulated H § ion, and the variation of transport properties, on 
the natural convection along the cathode surface. This factor can be used for the conversion of correlations established in 
aqueous CuSO4 solution to the correlations in CuSO4-H2SO4 solution, as long as the similarity of velocity and concentration 
profiles is maintained in these solutions. The usefulness of this factor is demonstrated in the prediction of the interracial 
concentration differences of Cu 2+ and H § ions. 

Numerous works (1-6) have been published on the 
ionic mass t ransfer  associated with na tura l  convection 
along a plane vertical cathode installed in an unst i r red 
CuSO4-H.2SO4 electrolyte. The essential interest  in the 
present  s tudy is to unders tand  the effects of the sup-  
port ing electrolyte on the rate of mass t ransfer  of 
Cu 2+ ion toward the cathode surface. Much effort has 
been concentrated to estimate the effects of support ing 
electrolyte on na tura l  convection (1-4). The most 
conventional  exper imenta l  technique was to employ the 
l imit ing current  densi ty _where v i r tual ly  zero concen- 
trat ion of the reacting cation is realized on the cath- 
ode surface (1-3). 

Wagner (1) proposed a procedure to estimate the 
l imit ing current  density in the presence of an excess 
of support ing electrolyte from the t ransport  equations 
of ions and the equation of electroneutral i ty.  The 

�9 Electrochemical Society Active Member. 
Key words: mass transfer, natural convection, effect of sup- 

porting electrolyte, image sensor, absorption distribution. 

von K/~rm~n-Pohlhausen integral  method was applied, 
and the ratio of thickness of diffusion layers of H + 
ion and Cu 2+ ion was obtained. The dependence of 
l imit ing current  densi ty on the vertical distance from 
the leading edge of cathode and on the bulk  concen- 
t rat ion of Cu 2+ ion was clarified. The exper imental  
result  obtained with 0.1M CuSO4-1.0M H2SO4 aqueous 
solution was in good agreement  with the calculated 
distr ibution of the l imit ing current  density. 

Wilke et al. (2) studied the l imit ing current  density 
in 0.01-0.74M CuSO4 and 1.38-1.57M H2SO4 aqueous 
solutions. Under  the exper imental  condition of re la-  
t ively low cupric ion concentration, they a s s u m e d  
that the effective diffusivity of cupric ion was equal to 
that of CuSO4, since sulfate ion was the only anion 
present and hydrogen and sulfate ions were to diffuse 
as sulfuric acid. They applied directly the analogy with 
heat  t ransfer  under  the condition of constant  wall tem-  
perature to this ionic t ransport  phenomenon,  assuming 
that  the ratio of mass t ransfer  coefficients of CuSO4 
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to H~SO4 is equal to the 3Ath power of the ratio of 
the diffusivities. A very good correlation was shown 
between Sh and Ra numbers. 

Newman (3), on the other hand, derived ionic trans- 
port equations for the dilute solution and solved them 
with a technique of similarity transformation. Ionic 
diffusivities were estimated from the limiting ionic 
inabilities at infinite dilution. He pointed out that 
migration could affect the resultant velocity profile of 
natural convection through the induced change in the 
density profile, and that the direct application of the 
heat transfer analogy to ionic transport in electrolytes 
containing H~SO4 could introduce an appreciable error 
in the estimation of the limiting current density. 

Ibl et al. (4) studied natural convection for a condi- 
tion of uniform distribution of current density in the 
vertical direction over the cathode surface, which is 
realized below current densities less than half of the 
limiting value. Using procedure similar to Wagner's 
(1), they calculated the ratio of the thickness of 
boundary layers of nonreactive hydrogen ion to reac- 
tive cupric ion and the interfacial concentration of 
both ions for various values of hydrogen transference 
number. They compared their calculations with the 
experimental results obtained by Brenner (7). 

A holographic interferometry technique was intro- 
duced by Awakura et al. (5) to measure the profile of 
refractive index near the cathode surface. They re- 
ported that at lower current densities the difference of 
refractive index between the cathode surface and bulk 
electrolyte is proportional to the 4/5th power of the 
current density and to the 1/5th power of the vertical 
distance from the leading edge of natural convection. 
At the limiting current density they obtained the con- 
centration difference of H2SO4 between cathode sur- 
face and the bulk electrolyte. They also measured the 
velocity profile of natural convection in an electrolyte 
of 0.8M C u S O 4 - 1 . S M  H 2 S O 4  and found that the upward 
natural convection is depressed by the accumulated 
H + ion near the cathode surface (6). As mentioned 
above, the previous studies have been made to estimate 
the interracial concentration of Cu 2+ and It+ ions, but 
insufficient experimental data exist to prove the theory, 
except for Brenner's data (7), which were obtained by 
freezing the electrolyte near a cylindrical cathode 
surface. 

An experimental technique of measuring the con- 
centration profile of cupric ion by using an image sensor 
is proposed in the present work. Based on the experi- 
mental results, a brief discussion is made on the effect 
of migration on the driving force of cathodic natural 
convection and on a prediction of the rate of ionic 
mass transfer in electrolytes containing CuSO4 and 
an excess of H2SO4 under the condition of uniform cur- 
rent-density distribution. 

Mathematical Formulation of Ionic Transfer 
Associated with Natural Convection 

Electrochemical equat ions .~The  ionic flux of species 
i toward the cathode surface in a dilute electrolyte is 
expressed as 

dni si'i ( Oci ) 
dt F ~ u=0 

) [1] 

where si denotes the number of mols of ion i consumed 
in the cathodic reaction per unit Faraday (1). Com- 
bining these expressions for each ion by using the 
electroneutrality principle of 

:~ ztci -- 0 [2] 

to eliminate an expression of the potential gradient, 
we have the concentration gradient of species j at 
t h e  c a t h o d e  s u r f a c e  as  

ac i )  _ i z (z i sdki )  
0~ ,=0--F-[~ -zjcj ~z,2c, ]~=o [3] 

It is known that bisulfate ion is not completely dis- 
sociated except at extreme dilution, and four ionic 
species, Cu e+, H +, HSO4-, and SO4 ~-, should be taken 
into consideration in the aqueous CuSO4-H2SO4 solu= 
tion. Assigning the subscript to each of these ions as 

s l - - ~ ,  ss : s3 : s4 = O 

zi = 2, z~ : 1, z8 = --1, z4 = - - 2  [4]  

and denoting the concentration of CuSO4 and I-I~SO4 in 
the solution as ml and ms (real/liter), respectively, 
and the degree of dissociation of bisulfate ion as a, the 
following expressions are derived 

Ci  - -  m l  

c~ = (1 + a)m~ 

1 - - a  
c.q - "  C9 

l + a  

O, 
c4 = cl + ~ c,. [51 

These implicitly satisfy the electroneutrality principle. 
Substitution of Eq. [5] into Eq. [3] yields 

( 0c2 _ ,  ( 0cl 

where 
(1 + a ) c s  s 

"It - -  "y(Cl s, C2 s, a )  - -  
2(1 + a)cl s -4- (1 -4- 2a)cs s 

( l + a  f o r c l s < < c s , )  
- -  l + 2 a  

Under the experimental conditions of an excess of sup- 
porting electrolyte and the degree of dissociation at 
0.31 (3), the ~ value is approximated as 0.809. 

In aqueous CuSO4 solution, on the other hand, Eq. 
[3] for cupric ion is 

(0cI) , .~ =0----DlzlFi*t4 = i(1--'t,)D,zlF [7] 

where 

and 

U4Z4 
*t4 = [8]  

U 4 z 4 -  Ulzl 

U4z4k, - U,z,k4 
D, = [9] 

U4z4 -- UlZ, 

Since the concentration gradient of cupric ion is de- 
termined by the combined effect between diffusivities 
of cation and anion, as seen in Eq. [7], [8], and [9], it 
is reasonable to deduce that D1 corresponds to the 
diffusivity of CuSO4, and the concentration distribu- 
tion of cupric ion is governed by the same equation as 
that for a nonelectrolyte even in the presence of an 
electrolytic current. This is due to the requirement of 
electroneutrality (8). 

It is expected that the ionic transfer process in aque- 
ous CuSO4 solution with uniform distribution of cur- 
rent density is similar to the natural convection, due to  
heat transfer or nonelectrolyte mass transfer with 
uniform flux, as long as the heat or mass flUX at t h e  
boundary is rewritten in terms of current density. 

Hydrodynamic equations.--Fundamental  equations 
describing laminar natural convection along the c~th- 
ode surface in an electrolyte containing CuSO4 and an 
excess of HsS04 are given as 
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~-~z"o ~e!# = - ~ - ~  ,=o 

y: s + alg Oidy + ~g osdy [1O] 

d ~'~. i ( 1 - -  *tl) 
�9 ~o u~Idy -- [11] 

dx ziF 

d ~iu i*t2 
- -  u o s d y  = [12] 
dx zsF 

d@ I o i ( 1 - -  *t~) [13] 
kl-~y I ~=o'-" z~F 

ez(n) -- 

{(-- 

December 1983 

(n 
'~(~ ' + i) )1/5 

0 1 '  " -  ~~  ' ' 

, ),,o ( , - .<, , )  
�9 "5"" *7'~l' Sc' + ~ " zIF 

�9 ( z lF .  , )~1~ .kl'-315"i41"~'xll~.~'-ll~ [26] 
~ l ' g ( l  - -  t l  ) 

The only different term between Eq. [21] and [26] is 
the densification coefficient other than the different 
physical property constants and numerical parameters 
for the profiles.~ The expression on densification co- 
efficient (~i -- 7a2~2) for aqueous CuSO4-H2SO4 solu- 
tion represents the fact that hydrogen ion is accumu- 
lated due to migration in the cathodic concentration 
boundary layer, and the development of natural con- 
vection is depressed. 

It is convenient to rewrite Eq. [19]-[21] into the 
respective dimensionless expressions of 

kl .~i~(~ + I)~ 

I- 1 7 Ao~ 1 

5 "  @in Sc ~ -  I 

'215 

�9 (Sc" Gr~*' �9 ])i/~ 

X r 3 

.(_:. ._, 
~ Sc + 

i ( l  - -  *tl)x [ ~Ib l  
Sh= t zlFklO1 ~2(~ + 1) 

7 A~ 1 ~. 

5 ~n Sc + x---'ZT 

where 

i - (  'u - 'w~u ) ;  
r~ 1 

�9 I ,  -(5) 
Q u a n t i t i e s  s p e c i f i e d  w i t h  p r i m e  a r e  d e f i n e d  f o r  a q u e o u s  C u S O s  

s o l u t i o n .  

[27] 

�9 Sc'" Grz*' �9 i)-I/S 

[28] 

,)115 

�9 (Se' �9 Grz*' �9 . f ) l /~  

[29] 

dR i*ts 
"= [14] 

--ks ~y-y y=0 'z2F 

These equations are solved with the predetermined 
profiles of velocity and concentration according to the 
von KArmAn-Pohlhausen integral method. They are 

u= ~ -- -- ,O<y<~= = [15] 
~ , - - I  "~ 

u = u m ( 1  Y - - ~ )  "~ ~< y --<_ (e-t- 1),  [16] 
e l  

( 5 )  ~ @ : O 1  1- -  0 < y  ~ 8 1 ( : ~ )  [17] 

=os ( 1 -  Y ]~ 0<=u=<~(=~8,) [16] 
\ g 

The resultant equations under the condition of uniform 
current density are 

,~13(~ + 1) ~ 

7 A~ 1 

�9 ( ( ~ -  w ~ ) g  ( 1 -  *tl)  )~/~. kl ~/5 �9 W~ �9 ~ I ~  . ~-~i5 
zlF 

[19] 

T - - -  " " " - -  

( ziF ~1/5 " k l  2 / 5 "  i - 1 / 5  �9 x l /5 .  vl/~ @ 

\ / 

[20] 

O1 ~ �9 " " " ~ 

.( ,- . , ,) .(  
ZlF (~1 -- ~a2~) g(1 --  * t l )  

�9 k ~ - ~ / s ,  i 4 / ~ .  x l / 5  �9 ~l/~ [21] 

82 -- --~o'el [22] 

The ratio of thickness of boundary layers of hydrogen 
ion and cupric ion is calculated by the following equa- 
tions derived from mass balance equations 

,~(o~) *t~ zl 
F(r : ~r = - - ' ~  [23] 

~(~) 1 -- *tl zs 

L0] -- l)o+s 

(~-- 1) . n  ~ .  ( ~ +  I)  ( ~ +  2) 

- -  1 ~.e ~ , (~ l -  I) 

- -  L 1 " B l / n ( ~ ' + l ' ~ + l )  [24] 

s Ba(b,  c) - -  x b-1 ( i  --  z ) c - I  dx [25] 

The a-value is calculated from the predetermined trans- 
ference numbers and the appropriate parameters of 
velocity and concentration profiles. The natural con- 
vection along the cathode surface in an electrolyte 
containing CuSO4 and H2SO4 are described by Eq. [19]- 
[22]. 

An example of the corresponding equations for the 
aqueous CuSO4 solution is 
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On the o ther  hand,  

~ ( 1 -  "t~')x 
Sh=' - -  

z~Fk~'e~' 

7 A'~' 

5 r 

( ~'~tb 1' / 1/'~ 

= \ ~'~(,~' + 1) 

1 ~' �9 ( S c '  �9 G r~* ' )  i /~ 

Sc, ~" ;r 

_( )., 
n'~(~'  + I )  

I 1 ],,, �9 7 A'~' 1 ~' ' ( R a = * ' )  1/5 

"/" ~% " so'-: + 

for aqueous CuS04 solution.  

[29'] 

Assuming  tha t  no v i r tua l  .difference in the shapes of 
the concentra t ion and ve loc i ty  profiles is observed  be-  
tween aqueous CuSO4 and CuSO4-H~SO4 solution, 2 the  
difference caused by  migra t ion  appears  only  in the, fac-  
tor  I, as the Schmidt  number  is ve ry  la rge  in aqueous 
solutions.  This fac tor  ] was in t roduced as the  rat io  of 
the Rayle igh  numbers  (Rax*) in aqueous CuSO4-H2SO~ 
and CuSO4 solutions. As Ra=* expresses  the rat io  of the 
ra te  of convect ive  mass t ransfe r  due to na tu ra l  
convection to the  r a t e  of diffusional  mass  t ransfer ,  ~ is 
thought  to represent  the  contr ibut ion  of migra t ion  to 
the ra te  of convective mass  t ransfer  due to the  change 
of dens i ty  d is t r ibut ion  of e lec t ro ly tes  caused by  the 
combined concentra t ion profiles of cupric  and hydro -  
gen ions and  the increased conduct iv i ty  of the elec-  
t rolytes .  Taking  the above-men t ioned  explana t ion  of f 
into account,  the  Iol lowing expressions  are thought  to 
be he lpfu l  to r e l a t e  na tu r a l  convection in the  solut ion 
conta ining CuSO4 and an excess of H.~SO4 to that  in the 
aqueous CuSO4 solut ion o r  to the na tu ra l  convect ion 
due to hea t  t r ans fe r  wi th  un i fo rm dis t r ibut ion  of the  
flux 

Sh=/Sh=' = (Ra=*/Ra=*')1/5 __. 1i/5 [31]  

(UmX/kl)/(UrnX/kl)' - -  f2/5 [32] 

(T/x) / (~/x)' ----- ]-1/5 [33] 

81/51' -- (~T) / (~z) '  [34] 
S imi l a r l y  

( e d e l '  : ] - 1 / 5 .  ~, l - - * t 1 '  kl 

Experimental Arrangement and Procedure 
Principle.~The peak  of absorpt ion  spec t rum of Cu ~+ 

ion is located at  about  800 nm, which is due  to the  
e lec t ron  t rans i t ion  of [Cu(H20)6]  2+ complex ion. The 
absorp t ion  band of H + ion is at  about  200 nm. Thus, 
the  absorp t ion  peaks  of both  ions are  wide ly  separa ted .  
B e e r - L a m b e r t ' s  l aw  is given b y  

E(,c) = l o g  (Io/I) = ~iclS [38 ]  

From the measu remen t  of the d is t r ibut ion  of absorb -  
ance by  using a mu l t i - channe l -pho to -de t ec to r  (MCPD) 
image sensor, together  wi th  an appropr i a t e  i n t e r f e r -  
ence filter, the  concentra t ion profile of Cu 2+ ion near  
the e lec t rode  is obtained.  

The opt ical  a r r angemen t  is i l lus t ra ted  in Fig. 1. A n  
iodine l amp  (12V, 100W) wi th  a s tabi l ized  power  sup-  
p ly  was used, and the l ight  was co l l imated  by  a lens LI 
(f = 195 mm) to pass through the cathodic diffusion 
layer .  An SMC P E N T A X  lens (f - -  50 ram, F 1.7) was 
used as ano the r  ad jus t ing  lens I-,2. An  image of the  ca th-  
ode was focused on the MCPD, and the  d is t r ibut ion  
of l ight  in tens i ty  was processed and observed  on a 
moni tor ing  scope. The MCPD is a one-d imens iona l  
photodiode a r r a y  composed of 512 e lements  wi th in  a 

The validity of this assumption is being further studied by 
the present authors. 

PH L 1 EC L 2 DET 

FP 

IProcessor  
Fig. i. Schematic illustration of experimental arrangement. 

kS: Light source; HAF: Heat-absorbing filter; D: Diffuser; F: Filter; 
PH: P,nnole; LI,L~: Lenses; EC; Electrolytic cell; FP: Focal plane; 
DET: Detector. 

detec tor  window 1-4.4 m m  wide. The ad jacen t  two ele-  
ments  were  connected to form 256 pairs  of photodiodes,  
each of which was opera ted  under  the  mode o~ charge  
accumulat ion.  The spat ia l  resolut ion power  of this 
MCPD combined with  the SMC PEi~'~AX lens is 
about  4.4 #m, which is e x t r e m e l y  smal l  compared  to 
the  thickness of the  concentra t ion bounda ry  l aye r  (a 
few hundred  microns) .  

An  in ter ference  fi l ter (HOYA filter U330, 0.5 m m  
thickness)  and  0.15M CuSO4 solut ion filter of  8 m m  
thickness were  used, and thei r  t r ansmi t t ancy  spect ra  
are  shown in Fig. 2. As seen in Fig. 1, the  present  tech-  
nique of measur ing  the absorbance  d is t r ibut ion  is a 
s ing le -beam type. I t  is necessary  to obta in  a r e l a t ion -  
sh ip  be tween  Cu 2+ concentra t ion and absorbance  be -  
forehand.  No v i r tua l  difference was found in this  r e -  
la t ionship be tween  aqueous CuSO4 solution and CuSO4- 
1.85M H2SO4 solut ion under  the present  expe r imen ta l  
conditions.  I t  is reasonable  to p resume  tha t  the  mea -  
sured  absorbance  d i s t r ibu t ion  is only  due to the  con- 
cent ra t ion  d is t r ibut ion  of Cu ~+ ion. 

Experimental conditions.--Figure 3 is a schemat ic  
d i a g r a m  of the  e lec t ro ly t ic  cell. The copper  rod  elec-  
t rodes used were  0.5 cm square,  and the effective elec-  
t rode a rea  was 0.5 • 9.0 cm 2. The dis tance  be tween  
both electrodes was main ta ined  at  10 cm. A screw mi -  
c rometer  mechanism for ro ta t ing  the e lec t rode  was 
used to ins ta l l  the cathode surface pa ra l l e l  to the  inci -  
den t  beam. A por t ion  of e lec t ro ly te  remains  in a space 
of 1 nun thickness be tween  both sides of e lect rode and 
the cell  wall .  The effect of this  por t ion of e lec t ro ly te  

loaf 
8o[ 
60 

v 

~- 40 

20 

b 

0 
600 700 800 900 1000 1 O0 

~.' ( n m )  
Fig. 2. Transmittancy spectra of the HOYA filter U.330 of 0.5 

mm thickness [curve (a)] and 0.15M CuSO4 solution filter of 8 
mm thickness [curve (b)]. 
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Fig. 3. Electrolytic cell 

on the a~bsorbance was taken into account by reducing 
the thickness of solution, S, of Eq. [36] from 7 to 5 mm. 
Other exper imental  conditions are summarized in 
Table I. 

Experimental procedure.--After focusing on a fine 
ny lon  thread stretched on the center  l ine of the cath- 
ode surface, the cathode rod was rotated to a position 
where its enlarged silhouette recedes farthest  in the 
moni tor ing  scope. This procedure, which assured that 
the cathode surface would be parallel  to the incident  
beam, induced a difficulty due to diffraction shown in 
Fig. 4. By applying the fundamenta l  theory of dif- 
fraction phenomenon on an ideal s l i t  (see Appendix 
A),  the geometrical position of the cathode surface 
was determined.  The measured absorbance curve in 
the diffusion layer was extrapolated toward this posi- 
tion of the cathode surface over a distance of 50-80 
~m, and the whole dis tr ibut ion of absorbance was ob- 
tained. A 0.15M CuSO4 solution filter having no vir-  
tual contr ibut ion to the absorbance was also used to 
evaluate the effect of diffraction pat tern  on the concen- 
t rat ion distr ibution of Cu 2+ ion. The absorbance dis- 
t r ibutions with the HOYA filter U330 and with the 
solution filter were recorded on the data processor to 
t ry to cancel the diffraction effect. 

Experimental  Results and Discussion 
As ment ioned earlier, ionic mass t ransfer  near  the 

cathode surface in aqueous CuSO4 solution is described 

Table I. Experimental conditions 

(A) Compos i t ion  of  elec- 
t ro ly t e  0.05M CuSO~ 
Dis tance  f r o m  l o w e r  

edge of ca thode  (cm) 4 
Ave rage  ca thodic  cur- 

r e n t  dens i ty  (mA/cm-") 0.946, 1.84, 3.65, 4.60* 

(B) Compos i t ion  of elec-  
t ro ly te  0.05M CuSO4-1.85M H.-,SO4 
Dis tance  f r o m  l o w e r  

edge  of ca thode  (cm)  2, 4, 8 
Ave rage  ca thodic  cur- 

rent  dens i t y  ( m A / c m  ~) 0.473, 0.946, 1.420, 1.966" 

* Cathodic  l i m i t i n g  c u r r e n t  densi ty .  

Fig. 4. Schematic illustration of intensity distribution. IB: before 
electrolysis; IA: during steady-state electrolysis. 

by using the diffusivity of CuSO4 shown in Eq. [9]. 
The governing equations of na tura l  convection along 
the cathode surface are the same as the equations for 
nonelectrolyte mass t ransfer  and for heat transfer.  
The s imilar i ty  solution of na tu ra l  convection presum- 
ing a uni form heat flux along the heated plate (9) is 

Nux ~ 0.63 (Pr  �9 Grxn*)l/~ for Pr  > 2000 [37] 

This equation is very similar to the exper imental  cor- 
relat ion of 

Shx' _.--: 0.672(Sc' �9 Grx*') 1/~ [38] 

for the electrolysis of aqueous CuSO4 solution, in which 
the profile of the refractive index of solution was mea-  
sured by holographic in ter ferometry  (10). It is em- 
phasized that the essential feature of na tu ra l  convection 
occurring near  the cathode surface in aqueous CuSO4 
solution is predictable from he as t ransfer  theory. 

As shown in Fig. 5, the agreement  was excellent be- 
tween th e concentrat ion profiles of Cu 2 + ion in aqueous 
0.05M CuSO4 solution measured by the present  tech- 
nique and measured by holographic interferometry.  
This shows that the above-ment ioned extrapolat ion of 
the curve of concentrat ion profile to the cathode sur-  
face was adequate (Appendix B). 

The concentrat ion profile of Cu e+ ion at various cur-  
rent  densities in aqueous 0.05M CuSO4-1.85M H2SO4 
solution is shown in Fig. 6. Both the concentrat ion 
difference between cathode surface and bulk  electrolyte 
and the concentrat ion gradient  at the cathode surface 
are larger in this solution than in the aqueous CuSO4 
solution. These differences in the concentrat ion profile 
of Cu 2+ ion are caused by the higher conductivi ty of 
electrolytes containing an excess of H2SO4. The migra-  
tion term of the ionic t ransport  equation is reduced 
due to higher conductivi ty of the electrolyte, and it is 
compensated for at a constant current  density by an 
increase in the diffusion term. 
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Fig. 5. Concentration profile of Cu ~+ ion in the cathodic diffu- 
sion layer of aqueous O.OSM CuSO~ solution (x --- 4 cm). Broken 
lines are profiles measured by holographic interferometry (10), 
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Fig. 6. Concentration profile of Cu 2+ ion in the cathodic diffu- 
sion layer of aqueous O.05M CuSO4-1.85M H2S04 solution (x - -  
4 cm). 

It is also interest ing to note that the interfacial  con- 
centrat ion of Cu2 + ion reaches zero at a current  densi ty 
of 1.96 mA/cm2, which was found to be the cathodic 
l imit ing current  density from the measurement  of the 
cur ren t -po ten t ia l  relationship. Fur thermore ,  the pa-  
rameter  ~, in Eq. [17] was determined from the slope of 
a plot of log (e l /e l )  vs. log (1 -- Y/6I), and a numer i -  
cal value of 2.3 was obtained, which is very close to 
the 2.39 obtained in .aqueous CuSO4 solution (10). It  
can be said that  the addition of an excess of support ing 
electrolyte yields no vir tual  change in the shape of the 
concentrat ion profile of Cu 2 + ion within the accuracy of 
the present  exper imental  technique. 

The change in the in terfacia l  concentrat ion differ- 
ence of Cu 2+ ion due to the applied current  densi ty  is 

shown in Fig. 7. It is seen that  the slope is 4/5. This 
was predicted using Eq. [21] in a region of current  
densi ty below one-hal f  of the l imi t ing value (11). At 
higher current  densities this relationship starts to de- 
viate, and the dependence on the distance x from the 
leading edge of na tu ra l  convection disappears. This 
phenomenon  is clearly demonstrated in Fig. 8, in 
which the exper imental  relat ionship between log el 
and log x is shown. 

Based on the exper imental  results obtained in  the 
present  work, the effect of migrat ion on the in ter -  
facial concentrat ion difference was fur ther  considered. 
First, the ratio of thickness of concentrat ion boundary  
layers of Cu 2+ ion and H+ ion was calculated by using 
Eq. [23] under  convent ional  electrolytic conditions. 
Several  numer ica l  parameters  of ~, ~, and a reported in 
the l i terature  (6) were used. As shown in Fig. 9, the 
relative var iat ion of the calculated ~-value was less 
than  a few percent  wi th in  the range of the above-  
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Fig. 7. Relationship between concentration difference and average 
cathodic current density (O.05M CuSO4-1.85M H2S04). 

-1.0 

"T 
v 

-1.5 
O 

*C, =0.05 M 
*C2= 1.85 M 

key i (mA/cm =) 

e 0.473 
e 0. 946 

o 1./.2 

�9 1,96 
�9 a . .  

. . . - - - - G  , , ______- - , , - - - - -  

-2.0 ~ 1 
5 

I I 

0 0.5 1.0 
I o g x  ( - )  

Fig. 8, Relationship between concentration difference and height 
from lower edge of cathode (O.05M CuSO4-1.85M H2S04). 
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Fig. 9. Relationship between the ratio of boundary layer thick- 
ness of H + ion to Cu 2+ ion and the transference number of H + 
ion. 

ment ioned numer ica l  parameters .  I t  is also seen that  
the lower  degree  of dissociation yields  smal ler  ~-value:  
it  var ies  f rom 1.35 for complete  dissociat ion to 1.27 
for a degree of dissociat ion of 0.31 when *t2 is as-  
sumed to be 0.81. Wagner  (1) obta ined a -va lue  of 
1.41 at  the l imi t ing cu r r en t  density,  and Ibl  et al. (2) 
repor ted  a numer ica l  value of 1.5 under  the same elec-  
t ro lyt ic  condit ions as the present  work.  However ,  Ib l  
assumed the  thickness  of concentra t ion bounda ry  l aye r  
of H + ion to be equal  to the hydrodynamic  bounda ry  
l aye r  and the dissociat ion of bisulfate  ion to be com- 
plete.  The ca lcula ted  ~-value in the p resen t  work  is 
s l ight ly  smal ler .  

The factor  S defined in Eq. [30] was ca lcula ted  by  
subs t i tu t ing  the obta ined ~-value together  wi th  the 
p rope r ty  constants  summar ized  in Table II. I t  was as-  
sumed in this calculat ion that  the shape of concent ra-  
t ion and veloci ty  profiles do not  change by  the 
addi t ion of an excess of suppor t ing  electrolyte .  The 
numer ica l  value  of f was de te rmined  as 1.19 using the 
diffusivi ty of CuSO4 in both solutions in place of the 
ionic diffusivi ty  shown in Eq. [30]. The ra t io  of the 
in ter rac ia l  concentra t ion difference of Cu 2+ ion ( o l /  
o1') was calcula ted to be 1.69 f rom Eq. [35]. This cal-  
cula ted  value  is compared  wi th  the measuremen t  shown 
in Table  III. In  Table  IH, the  measured  o~'-values are  

Table II. Property constants of aqueous O.05M CuS04 and 
O.05M CuSO4-1.85M H2S04 solution 

z~ ( - - )  2 
z~ ( - - )  1 
/cl (cm-"/sec) 5.7 • I0 -o 
k~' ( cme / sec )  6.5 • 10-~ 
v (cm~/sec)  1.148 • lO --~ 
v' ( cm2/see)  1.043 • lO-"- 
a l  (cm3/rnol)  125 
~1' ( cm3/rea l  ) 151 
a.~ (cm3/mol)  22 
' t l  ( - - )  0.0033 
"t~' ( - - )  0.357 
"t~ ( ~ )  0.81 
a ( - - )  0.31 

Table III. Experimental values of 01/01' 
(calculated 01/01' = 1.69) 

~ r i S t a n c o  
Current d e n s i t y  ~ x  = 2  (cm)  4 ( c m )  

i = 0.473 ( m A / c m  e) 1.72 1.82 
0.946 1.99 1.89 
1.42 2.26 2.01 

8 (era) 

1.66 
1.71 
1.92 

re fe r red  to the measu remen t  of holographic  i n t e r -  
f e romet ry  (10). The ca lcula ted  and  the meas 'ured va lues  
of 01/01' coincide fa i r ly  wel l  wi th  each other  be low 
one-ha l f  of the l imi t ing cur ren t  densi ty .  

The rat io  of in ter rac ia l  concentra t ion  differences of 
H + ion to Cu 2+ ion in aqueous CuSO4-H2SO4 solut ion is 
summar ized  in Table IV. The in ter rac ia l  concentra t ion 
difference of H + ion was ca lcula ted  f rom the previous  
measurement  of the  profile of ref rac t ive  index (5). The  
theore t ica l  value  of 02/01 is --1.03. Again,  the cal-  
cula ted  and  measured  values  coincide fa i r ly  wel l  wi th  
each o ther  a t  cur ren t  densi t ies  below one -ha l f  of the  
l imi t ing value.  Above  this value of the  cur ren t  den-  
sity, the un i fo rm dis t r ibut ion  of cur ren t  dens i ty  is not  
real ized (11), which is one of the impor tan t  assump-  
tions for  der iv ing  Eq. [31]- [35]. 

Summary 
An expe r imen ta l  technique for measur ing  the con- 

cent ra t ion  d is t r ibut ion  of Cu2+ ion in aqueous solutions 
containing CuSO4 and H2SO4 was developed.  An  image 
sensor  of one-di raens ional  photodiode a r r a y  was used, 
and the d is t r ibu t ion  of l ight  absorbance  was measured  
in the cathodic bounda ry  layer .  Significant noise due 
to l ight  diffraction was super imposed  on the output  
s ignal  of absorbance  d is t r ibut ion  wi th in  a hor izonta l  
dis tance of 50 #m from the cathode surface. The mea-  
sur ing er ror  caused by  this noise was pa r t l y  overcome 
by reducing  the coherency of the  incident  beam and 
by  ex t rapo la t ing  the obtained absorbance  profile toward  
the geometr ica l  posi t ion of the  cathode surface tha t  
was pred ic ted  f rom the fundamen ta l  theory  of Fresne l  
diffraction. The measured  concentra t ion profile of Cu 2+ 
ion in aqueous CuSO4 solut ion was in good agreement  
with the resul t  obta ined  by  the holographic  in te r fe rom-  
etry.  F r o m  the es tabl ishd expe r imen ta l  and theo-  
re t ica l  ana logy of na tu r a l  convection due to e lectrolysis  
in aqueous CuSO4 solut ion and due  to heat  t ransfer ,  
the essent ia l  na ture  of the cathodic na tu ra l  convection 
in aqueous CuSO4 solut ion under  a uni form d is t r ibu-  
t ion of cur ren t  densi ty  is fu l ly  understood.  

The above-men t ioned  expe r imen ta l  technique was 
used to measure  the concentra t ion d is t r ibut ion  of Cu 2+ 
ion in aqueous solut ion containing CuSO4 and an ex-  
cess of HeSO;. The var ia t ions  of the observed concen- 
t ra t ion  profile of Cu e+ ion due to the appl ied  cur ren t  
densi ty  and to the ver t ica l  distance were  in good agree-  
ment  wi th  the theory  that  was deve loped  on the as-  
sumptions  that  the d is t r ibut ion  of cur ren t  densi ty  is 
uni form and that  the solut ion contains an excess of 
suppor t ing  electrolyte .  F rom the ra t io  of the thickness 
of concentrat ion bounda ry  layers  of H + and Cu 2+, a 
new factor  f was proposed.  I t  is defined as the rat io of 
the Rayle igh  numbers  in aqueous CuSO4-H2SO4 solu-  
t ion and in CuSO4 solution. This factor  f involves the 
effect of migrat ion,  which is caused by  the change of 
t ransference  number  and the accumulat ion  of suppor t -  
ing e lectrolytes  in the  concentra t ion bounda ry  l aye r  in 
the aqueous CuSO4-HeSO; solution. The factor  f was 
found to be effective in the theore t ica l  calculat ions of 
the rat io  of the  in ter fac ia l  concentra t ion difference of 
Cue+ ion in aqueous C u S O 4 - H 2 S O 4  and CuSO4 solu-  

Table IV. Experimental values of 02101 
(calculated Oy01 = --1.03) 

eial concentration 
i f f e rence  

O1 08 
( r ea l / l i t e r )  ( r ea l / l i t e r )  e~/e~ 

0.473 1.60 • 1O-~ --1.49 • 102 --0.94 
0.946 2.85 - 2.94 -- 1.03 
1.42 4.17 - 5.18 -- 1.24 
1.96 4.99 - 5.66 -- 1.13 

L i m i t i n g  current density = 1.96 m A / c m  2. 7~ = 1.03. 
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tions, and the ra t io  of the  in te r rac ia l  concentra t ion  dif -  
ference of H + ion and Cu e+ ion in the  aqueous CuSO4- 
H2SO4 solut ion at  cur ren t  densi t ies  be low one-ha l f  
of the l imi t ing  value.  
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A P P E N D I X  A 

Diffraction Pattern 
When a knife  edge was a t tached to the f ront  side of 

the cathode as a s imula t ion  of an  ideal  slit, the Fresne l  
diffract ion was observed in the same p lane  as the 
MCPD was focused, despi te  the incoherency of the  
l ight  source. The posi t ion s and the in tens i ty  A" of 
the first few ex t r eme  values  of this pa t t e rn  were  ex-  
amined,  and were  compared  with  the theore t ica l  value  
of an ideal  s l i t  (12, 13). The resul ts  are  shown in 
Ta'ble AI. These two sets of values  are  ve ry  s imi lar  to 
each other. I t  was sugges ted  that  the pa r t i a l  coherency  
for  the  presen t  l ight  source was real ized due to the  
very  smal l  value  of the rat io of a d iamete r  of the  p in-  
hole to the focal length of the lens L1. Fur the rmore ,  the 
diffraction pa t t e rn  on the cathode surface was fa i r ly  
s imi la r  to those for an ideal  slit  and for  the knife  edge. 
I t  is reasonable  to suppose that  the observed diffrac-  
t ion pa t t e rn  in Fig. 3 was caused by  a pa r t i a l  coherency 
due to the inc ident  beam's  being paral le l .  The fol low- 
ing two t r ia ls  were  made.  One was to ins ta l l  a diffuser 
as shown in Fig. 1 to decrease  the  coherency of the 
light. Ano the r  t r ia l  was to increase  the  rat io  of the 
pinhole  d iamete r  to the focal length  of the lens L1, 
which de t e rmined  how pa ra l l e l  the incident  beam was 
up to 0.005. By app ly ing  these two methods,  the  hor i -  
zontal  d is tance of the diffract ion Was decreased,  though 
the first two peaks  st i l l  r emained  in the  region of 50-80 

C O N C E N T R A T I O N  P R O F I L E  O F  Cu 2+ ION 

A' 

Table AI. Comparison of Fresnel diffraction pattern, knife edge 
pattern, and electrode pattern. 

Knife edge Electrode 
I d e a l  s l i t  pattern pattern 

z ( # m )  31.9 ( s  = 1.217) 35.0 29.0 
1st max.  point  AS ( - ) 1.37 1.28 1.69 

1st  m i n .  p o i n t  x ( ~ m )  49.1 ( s  = 1.873) 57.5 45,5 
A '~ ( - ) 0.78 0.90 0.88 

2nd  m a x .  p o i n t  x ( ~ m )  61.4 ( s  = 2.345) 72.5 55.5 
A s ( -- ) 1.20 1.05 1.19 

2 n d  ra in .  p o i n t  x ( ~ m )  71.8 ( s  = 2.739) 85.0 66.0 
A~ ( - ) 0.84 0.98 0.92 

s = ~ / 2 / b X "  �9 x 

A 2 =  B ~ + C'-' 

b = 2.5 m m  X' = 550 n m  

Y; ( - : )  , C = COS U 2 du = -- 

2 

s (-:) B = -- - s i n  u ~ d u  
2 

7r 
d u  
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Fig. A]. Intensity pattern of Fresnel diffraction by coherent 

light 02, 13). 

~m from the cathode surface. Then, i t  was decided 
to ex t rapo la te  the absorbance  curve towards  the ca th -  
ode surface.  

According to the diffraction theory  (12, 13), the geo- 
met r ica l  posi t ion of the ideal  s l i t  wi th  the coherent  
l ight  source corresponds  to the posi t ion of 25% of the  
l ight  in tensi ty ,  as shown in Fig. A1. It  is 50% wi th  the  
incoherent  l ight  source. F rom the comparison of the 
image  of cathode in the moni tor ing  scope with  the 
photograph  of cathode taken  by  a camera  placed at  the 
same posi t ion as the  MCPD, a va lue  of 45% of the l ight  
in tens i ty  was de te rmined  as the posi t ion of the  cathode 
surface f rom seven repet i t ions  of the measurement .  

A P P E N D I X  B 

Correction of Light Deflection 
The obta ined concentra t ion profile is s t i l l  affected by  

the l ight  deflection effect due to the re f rac t ive  index 
gradient ,  which was measured  by  holographic  in t e r -  
f e rome t ry  (5). According to the previous  calculat ions 
(5, 14-20) for  compensat ion  for this effect, the t r a j ec -  
tory  of the incident  l ight  beam at y = Yi to the elec-  
t ro ly t ic  cel l  was calculated.  This incident  beam leaves 
the cell  at  y ---- Yi + ~Y, where  ~y is the funct ion of Yi. 
The absorbance  of this exi t  beam is equiva lent  to the 
imag ina ry  l ight  beam that  passes s t ra ight  to the ca th-  
ode surface at  y = Yi + 1/3 ay. Therezore, i t  is neces-  
s a ry  to obta in  the ay  value,  which  is g iven by  

/ / dn(y) '} 
~ Y ( Y i ) - - - - { n ( y o ) -  n ( y 0 }  _ / ~' ~ ' , = ~ i  [B-l] 

n(Yo) - -n (y  i) : n ~ +  dy /~=m 

The measured  concentra t ion profile was shif ted b y  
1/3 hy at  the posi t ion of Yi. 

a 
A 2 

b 
e l  
C2 
C3 
C4 
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Technical[ Notes @ 
Sheet Resistance and Junction Depth Relationships in Implanted 

Species Diffusion 
S. Aronowitz and L. Mei* 

Fairchild Camera and Instrument Corporation, Advanced Research and Development Laboratory, Palo Alto, California 
94304 

As a result of the rapid progress of CMOS technol- 
ogy, there is a great deal of interest in predicting the 
n-well and p-well junction depths after high tempera- 
ture and long period drive-ins. The purpose of this 
communication is to propose a simple model which 
permits sheet resistance as well as junction depths to 
be accurately and relatively easily evaluated. The 
model is specifically applied to boron and phosphorus. 
It is interesting that work with arsenic displays be- 
havior that is describable by the approach adopted in 
this work. We will begin the discussion, therefore, 
with arsenic even though our interest is the behavior 
of boron and phosphorus. 

The properties of implanted arsenic layers after 
annealing have been reported by Liu and Oldham (1). 
The physical principles implicit in their work suggest 
that boron and phosphorus will exhibit patterns simi- 
lar to arsenic with regard to sheet resistance and junc- 
tion depth. Other recent work has shown that arsenic 
sheet resistance-junction depths, for various combina- 
tions of annealing times and temperatures, are essen- 
tially independent of the implant energy (2, 3) over 
the range examined (45-100 keV). Consequently, we 
infer that there should be conditions which will yield 
the same relative independence of the junction depth= 
sheet resistance relationships from the implant energy 
for boron and phosphorus. 

Computer simulations using a version of SUPREM II 
(3) predict that if evaporation is negligible and if the 
ratio of the projected range, Rp, to the final junction 
depth, Xjf, equals 

R p / X j f  < 0.2 [1] 

the diffusion can be treated as though the dopant is 
initially confined to a thin film on the surface of the 
silicon. A series of experiments with phosphorus and 
boron was initiated in order to verify the actual be- 
havior as opposed to the predicted one. 

Phosphorus was implanted in (100) p-type Si wafers 
(14-2.0 ~-cm) at three energies: 60, 120, and 180 keV. 
Two dose levels were used: 3 • 1013 P+/cm s, 1 • 10 is 
P+/cm 2. Annealing times and temperatures also were 
varied. Sets of each combination of dose and implant 
energy were annealed for either 30 or 120 rain at 
either 1000 ~ or 1200~ ( four  combinations of time and 
temperature). The matrix with boron was similar 
[(100) n-type wafers (14-20 &2-cm)]; however, only 
two implant energies (60 and 120 keV) were used 
while the anneal times were lengthened to 90 and 360 
rain. All wafers then were capped with 200.0A of 
LPCVD SiaN4 during annealing to prevent dopant 
evaporation from the silicon surface. Figure 1 displays 
spreading resistanceprofiles for phosphorus annealed 
at 1200~ The profiles are relatively independent with 
respect to implant energies as was reported for arsenic 

�9 Electrochemical  Society Active Member. 

(2). Dose levels of arsenic in Ref. (2) ranged from 
3 X 1015 to 9 X 1015 As+/cm 2. Implantation energies 
ranged from 45 to 100 keV; two anneal temperatures, 
950 ~ or 1000~ were used in combination with dose, 
time, and implant energy. Figure 2 displays the 
spreading resistance profiles obtained when boron is 
annealed at 1200~ Again, the relative independence 
of the final plx)files with respect to the implant en- 
ergies is clear. 

The close agreement between profiles implanted at 
different energies translates into close agreement be- 
tween sheet resistance and junction depth measure- 
ments. Rs (~/Vl) and Xj values obtained for boron and 
phosphorus are displayed in Table I. The values in the 
table are the average over the range of implant en- 
ergies. The numbers in parentheses, alongside the 
mean value of Rs or Xj, are the average relative devia- 
tion from the mean value. The relative deviation, not 
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Table I. Experimental sheet resistance and junction depths for 
boron and phosphorus implants 

Boron 

~ 1018 ~"~, " ~  

- 

z �9 

z 
o ~ 

1015 iA , \ 
A, �9 

x / : // 
10 TM K t i / I 

0 2 4 6 ~ 10 
DEPTH, ,urn 

Fig. 2. Experimental boron profiles from spreading resistance 
measurements as functions of dose, implant energy, and annealing 
time. 

surprisingly, decreases sharply at the higher annealing 
temperature; this occurs because the final junction 
depths are at least an order of magnitude deeper than 
the initial projected range. Therefore, the approxi- 
mation of treating the initial distribution as a surface 
source becomes more realistic. As a consequence, at 
low and moderately high concentrations (~-- 1019 
atoms/cm3), the concentration can be closely approxi- 
mated by a Gaussian function. An empirical equation, 
which relates the sheet resistance to the dose and an- 
nealing temperature (assuming equal annealing 
times), has been derived from the experimental data 
and equals 

(Rs)A/(Rs)B ~" \ ~  [ (Dose)A(D~ [2j 

Anneal temperature (~ : 1000 1200 

Avg. 
Anneal Avg. sheet  Avg. sheet junction 

Dose time resistance resistance depth 
(x I0 -~) (min) (~ID) (a/C]) Xj (/~m) 

30 90 NM* 668.7 (0.02) 3.28 (0.02) 
30 360 1010.7 (0.11) 583.9 (0.03) 6.06 (0.00) 

1000 90 NM* 61.6 (0.03) 4.35 (0.01) 
1000 360 87.1 (0.06) 49.3 (0~02) 8.91 (0.04) 

Phosphorus 

Anneal temperature (~ : 1000 1200 
Avg. 

Anneal Avg. sheet Avg. sheet Junction 
Dose time resistance resistance depth 

(x I0 -~) (min) (0/--~) (a/i-l) XJ (#m) 

30 30 672.2 (0.20) 36"/.9 (0.01) 1.91 (0.02) 
30 120 614.3 (0.16) 303.6 (0.01) 3.92 (0.03) 

I000 30 77.0 (0.i0) 51.8 (0,01) 2.41 (0.06) 
1000 120 72.7 (0.02) (38,7) t N M '  

�9 Not  measured. 
t Measurement  made at only one implant energy  (180 keY) ,  

where ~ equals 0.7 for boron and 0.6 for phosphorus. 
Both A and B processes must satisfy Eq. [1] if Eq. [2] 
is to be valid. 

In conclusion, boron and phosphorus exhibit the 
same general features and relationships with regard 
to implant energy and, consequently, to the behavior 
of sheet resistance and junction depth. These quanti- 
ties are essentially independent of implant energy; 
they are functions of dose, annealing time, and tem- 
perature. The concentration can be represented by 
Gaussians when Eq. [1] is satisfied, while the sheet 
resistance can be described by an empirical form (Eq. 
[2]) common to both elements. Aside from detailed 
differences arising at large concentrations (~  102o 
atoms/cm s) (4), the diffusion pattern is essentially 
independent of the specific species for the range of 
dose, annealing times, and temperatures considered in 
this communication. 
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Simple theories of impurity diffusion in semicon- 
ductors, assuming a constant diffusivity, yield either 
complementary error function profiles or Gaussian 
profiles. However, in most cases, strong deviations of 
the experimental impurity profiles from the theories 
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do occur. For process control, an accurate knowledge 
of the diffusion profiles and the prediction of the dif- 
fusion depth from the knowledge of the diffusion and 
chip parameters is a necessity. In the present paper, 
we are pointing out the possible combination of anodic 
oxidation and chemical polishing in studying the im- 
purity profiles up to the junction point. 

The electrical characteristics of semiconductor de- 
vices are primarily determined by the impurities in- 
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ties are essentially independent of implant energy; 
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differences arising at large concentrations (~  102o 
atoms/cm s) (4), the diffusion pattern is essentially 
independent of the specific species for the range of 
dose, annealing times, and temperatures considered in 
this communication. 

REFERENCES 
1. T. M. Liu and W. G. Oldham, IEEE Electron Dev. 

Lett., edl-2, 275 (1981). 
2. Y. Liu, J. Sheu, and S. Aronowitz, Paper 750 RNP 

presented at The Electrochemical Society Meet- 
ing, Montreal, Que., Canada, May 9-14, 1982. 

3. S. Aronowitz, Fairchild Technical Report 623 (1982). 
4. R. B. Fair, This Journal, 1~5, 323 (1978). 

Study of Impurity Profiles in Silicon 
G. Eranna and D. Kakati I 

Centre for Systems and Devices, Indian Institute of Technology, Madras~O0 036, India 

Simple theories of impurity diffusion in semicon- 
ductors, assuming a constant diffusivity, yield either 
complementary error function profiles or Gaussian 
profiles. However, in most cases, strong deviations of 
the experimental impurity profiles from the theories 

P r e s e n t  address :  D e p a r t m e n t  of E lec t r i ca l  Engineering,  
Kuwai t  Un ive r s i t y ,  Kuwai t  City, Kuwait .  

Key words :  profi le e s t ima t ion ,  boron,  phosphorus ,  anodlc  oxi- 
da t ion ,  chemical  pol ishing.  

do occur. For process control, an accurate knowledge 
of the diffusion profiles and the prediction of the dif- 
fusion depth from the knowledge of the diffusion and 
chip parameters is a necessity. In the present paper, 
we are pointing out the possible combination of anodic 
oxidation and chemical polishing in studying the im- 
purity profiles up to the junction point. 

The electrical characteristics of semiconductor de- 
vices are primarily determined by the impurities in- 
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corporated into the body of the semiconductor and 
their spacial distribution. Three basic methods are 
available to determine the impurity profiles; spreading 
resistance, C-V measurements, and stripping or sec- 
tioning techniques. Three basic techniques for section- 
ing exist: mechanical polishing, using fine abrasive 
powder or chemical polishing which controls the fine 
rate of attack on the surface of ~he semiconductor; 
chemical etching; and oxidation fo]~10wed by etching 
of the oxide. Anodic oxidation followecl by etching of 
oxide for profile measurements is a frequently used 
technique. ,~ nonaqueous solution such as ethylene 
glycol for anodization of silicon allows higher forming 
voltages, causes less contamination, and gives denser 
oxides (1) than acid or borate solution (2). Ethylene 
glycol, containing 0.04N KNOa and small amounts of 
water with trace amounts of Al(NO3)8,9H20 which 
suppresses the fluoride ion attack on growing oxide 
film, is suitable. 

In planar diffusion technology, boron and phosphorus 
are the most common p-, n-type dopants for silicon. 
But the understanding of boron and phosphorus pro- 
files appears to be anomalous and, in particular, phos- 
phorus profiles are much more complicated. To un- 
derstand the profiles, we have analyzed boron drive-in 
profiles, and phosphorus diffusion profiles by using the 
present technique, anodic oxidation and chemical pol- 
ishing. In the case of the boron drive-in profile, finely 
polished silicon wafers with 5 k~2-cm resistivity n- 
type with crystallographic orientation (111) were 
selected. Diffusion was carried out in an open tube 

furnace at ll00~ for 1 hr in nitrogen ambient by 
using B203 as the source. The drive-in step was car- 
ried out at 1200~ with oxygen ambient by a dry-wet-  
drycycle  for 1 hr (3). For phosphorus diffusion, finely 
polished silicon wafers with 1 kl2-cm resistivity p- 
type with the same crystallographic orientation were 
selected, and the diffusion was carried out at ll00~ 
for 1 hr in nitrogen ambient by using P205 as the im- 
purity source (4). 

Anodization was carried out at room temperature 
under normal laboratory illumination. It was found 
that variation of cell voltage with time will not follow 
as it was in the beginning, and in the subsequent 
anodization stages, it will be impossible to get good 
and uniform oxide films (3), It is felt that  the presence 
of a p-n junction will affect the oxide formation and 
hence, the anodization process. In order to overcome 
this difficulty, we selected chemical polishing over 
anodic oxidation to strip the silicon wafer. For this 
process, we selected the solution of CuSO4 and NI4_~F 
(50 and l lg  in 250 cm 8 deionized water) to get fine 
polishing for a short duration of time (of the order of 
30-45 sec) so that the removed silicon will be nearly 
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equal to the removal of silicon by anodic oxidation. 
Care has been taken to see that the solution will polish 
uniformly and the polishing cloth is free from the 
dried solution. After polishing, the wafers were 
cleaned with conc. HNO3 to free the surface from 
metallic ions. After each removal, the sheet resistivity 
was measured by the four-point probe technique, 
taking the precaution suggested by the authors in 
Ref. (5) and by Huang and Ladbrooke (6). 

The conductivity of the removed silicon layer can 
be calculated from the relation 

1 ( I 1  /12) 
~(W) 5W = - -  [1] 

4.532 V1 V~ 

where ~(W) is the conductivity of the removed sili- 
con layer of thickness ~W and V1, I1 and V2, I2 are 
probe voltages and currents of the two successive mea- 
surements on the silicon surface. 

By repeating the process of removing layers of sili- 
con, the variation of conductivity with depth r can 
be plotted. This is related to the variation in hole con- 
centration by the relation 

= q~pP [2] 

where ~, is the mobility. Using the empirical relations 
given by Caughey and Thomas (7), as modified by 
Plunkett et al. (8), the value of P can be calculated. 

From the measured values of I1, /2 and V1, V~, the 
concentration of impurity was calculated. Figure 1 
shows the measured boron redistribution profile and 
Fig. 2 shows the phosphorus diffusion profile. The 
open circles ( O)  indicate the value obtained by the 
process of anodic oxidation and the filled circles ( � 9  

by chemical polishing. In the impurity concentration 
less than 1.0 • 1017 cm -3, it is difficult to observe 
appreciable current in the four-point probe resistivity 
measurements for an accurate value of impurity con- 
centration. In addition to that, in Eq. [1], one has to 
subtract substantial values to get the conductivity of 
the removed layer, which will cause appreciable error 
in the impurity estimation. To overcome this difficulty, 
both forward and reverse current directions were tried 
and average values are given. 
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Reactive Ion Etching of Tantalum Pentoxide 
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In recent years, tantalum pentoxide 
(Ta20&) films have received particular 
interest for use in electronic devices. The 
higher dielectric constant of Ta20_ films, 
compared with the dielectric cons{ant for 
Si02, makes them attractive as storage 
capacitors in monolithic integrated circuits. 
For these applications, Ta20. films have 
mainly been prepared by anod~c or thermal 
oxidation of a deposited Ta film. In these 
monolithic integrated circuits, capacitor 
structures were selectively fabricated using 
a micro-fabrication technique for a Ta base 
electrode prior to oxidation (i). More 
recently, it has been indicated that high- 
quality TagO ~ films (low leakage current and 
high breaEd6wn voltage) can be obtained by 
RF-magnetron sputtering (2). As the 
requirement for high-quality Ta20 ~ films 
increases in those electronic devices, 
micro-fabrication techniques for !a205 have 
become necessary, in addition to increasing 
the quality of the Ta^O. film itself. 
Dry-etching techniques f~r ~ Ta^O. itself, 
which are appicable to s111con device 
fabrication processes, have not been reported 
so far. Wet chemical etching of Ta205 films 
was reported by Pringle (3). He showed that 
the anodic tantalum oxide could be etched by 
concentrated HF almost saturated with NH4F. 
However, the etch rate for high-quality, 
sputtered Ta_O 5 films with that etchant is 
too small. ~oreover, that etchant containing 
a high HF concentration is not suitable for 
silicon microelectronic device fabrication 
processes. Therefore, Ta^O. etching 
techniques, which are applica~l~e to high- 
-quality, sputtered Ta^O 5 films and are 
suitable for the ~evice fabrication 
processes, become increasingly important. 
The present work explores plasma etching of 
Ta^O_, and initially shows that Ta205 can be 

z D dry-etched using a reactive ion etching 
system. 

Key words: reactive ion etching, magnetron 
sputtering, tantalum pentoxide. 

Etching experiments were performed usln 
a parallel plate, RF reactive ion etchin 
(RIE) system (ANELVA DEM-451M) with a 13.5 
MHz RF power supply. The 250 mm diamete 
electrodes with cathode coupled configuratio 
are separated by 89 mm. The wafers are 
mounted on the water-cooled cathode during 
etching. The following fluorocarbon gases 
were used as etch gases: CF~, CF~/H 2 (partial 
pressure ratio of CFL/H ~ =~80/20) and CF~/O o 
(partial pressure ralio~of CF4/O p = 9575)~ 
The system pressure during eEchlng was 
controlled to between I0 mTorr and i00 mTorr. 
Ta205 films were fabricated using an RF 
magnetron sputtering system. The Ta_O 5 
target, which was i0 cm in diameter and ~mm 
thick, was used in the sputtering 
experiments. The sputtering gas consisted of 
mixtures of argon and oxygen (partial 
pressure ratio of Ar/Op = 80/20) The wafers 
were patterned using Sfiipley AZ 1350 positive 
photoresist. Thickness measurements were 
performed with a Taylor-Hobson surface 
profilimeter. Etch rates for Ta205, SiO^, 
single-crystalline silicon (<i00) oriented, 
p-type and 1.2 to 1.8 ohm-cm) and Shipley AE 
1350 positive photoresist, and individual 
etch rate ratios were studied. 

Figure I shows etch rate variations for 
Ta^O., SiO^, Si and AZ 1350 photoresist with 

D z 
different etching pressures. In those cases, 
the experimental ranges for the etch gas flow 
rate and~the power density were 50 sccm and 

z 
0.20 W/cm , respectively, and CF4/H 2 was used 
as the reactive gas. As shown in Fig. I, the 
etch rates for sputtered Ta20 ~ and thermally 
grown SiO^ have a slmilar pressure 
dependence, showing an increase in the etch 
rate with lowering pressure. At a pressure 
of 20 mTorr, the Ta O~ etch rate has 

25 
increased up to 210 ~/min. On the other 
hand, the etch rate for Si is independent of 
the system pressure, showing a constant value 
in the pressure range studied. The etch rate 
variation for AZ 1350 shows a maximum value 
around at 30 mTorr. As a result, the etch 
rate ratio of 3/1 for Ta205/Si and the etch 
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rate ratio of 2/1 for Ta O./AZ 1350 could be 
2 

obtained at a pressure of 20 mTorr. These 
results have indicated that reactive ion 
etching using CF4/H ? as the etch gas is 
capable of etching s~uttered Ta20 ~ films and 
is applicable to silicon device "fabrication 
processes. 

The pressure dependence of Ta~O~ etch 
rate mentioned above implies the z e~tching 
mechanism of Ta205. Although the system 
pressure effects are complicated, one of 
these effects is a variation in the self-bias 
voltage for the cathode; that is, the lower 
pressure induces an increase in the self-bias 
voltage. In the pressure range studied, the 
self-bias voltage increases from 0.37 kV to 
0.7 kV as the etching pressure lowers. Under 
higher self-bias voltage conditions, the 
ionized particles have more kinetic energies. 
Therefore, the results shown in Fig. i 
suggest that an ion enhanced mechanism may 
play an important role in the etching 
phenomena of Ta^O 5. 

Table I snows an etch rate comparison 
between different reactive gas compositions: 
CF4, CF~4/H2 and CF/,/O 2. The experimental 
ranges for power density, ~tch gas flow rate 
and pressure were 0.2 W/cm ~, 50 sccm and 30 
mTorr, respectively. Under those conditions, 
the self-bias voltage for the cathode is 
equal to 0.52 kV for each reactive gas. As 
shown in Table I, each reactive gas 
principally containing CF/. is capable of 
Ta^O~ dry etching. A slig~ht difference has 

z D 
been observed in the Ta2? 5 etch rate 
depending on the addition specles to the etch 
gas. While, the etch rate variations become 
more prominent for Si and AZ 1350 by addition 
of hydrogen and oxygen. These results 
indicate that addtion of hydrogen improves 
the etch rate ratios for Ta205/Si and 
Ta205/AZ 1350. 

In summary, it has initially been 
indicated that Ta205 can be etched in the RIE 
mode, principally using CF 4 as a reactive 
gas. That etching technique is capable of 
etching high-quality, sputtered Ta20~ films 

D 
and is also applicable to silicon device 
fabrication processes. The etch rate of 210 
~/min for sputtered ̂ Ta^O. films has been g g 
achieved at 0.20 W/cm applied power density, 
CF4/Hp flow rate of 50 sccm and a pressure of 
20-mTorr. The etch rate variations using 
CF4, CF//H? and CF//O 9 as reactive gases were 
also studied. Thdse-results have indicated 
that the addition of hydrogen to the etch gas 
improves the etch rate ratio for Ta205/Si and 
that for Ta205/AZ 1350. It has also been 

suggested, from the pressure effects on the 
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Etch-rate comparison for different 
reactive gas compositions 

Ta2Os SiO2 Si A Z 1 3 5 0  

CF4 190 330 270 360 

CF4/H2 140 300 100 160 

CF4/O2 200 380 300 430 

etch rate(~/min) 

etch rate, that an ion enhanced mechanism may 
play an important role in the plasma etching 
phenomena of Ta205. 
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New Uses of Nation | Membranes in Electro-Organic Synthesis and In 
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INTRODUCTION 

Nafion | perfluorosulfonate ion exchange 
membranes and chemically similar analogs are 
being widely used in electrolytic processes 
because of their excellent chemical and ther- 
mal stability, high conductivity, and 
permselectivity, and suitability of mechani- 
cal properties (I). In this communication we 
report new uses of Nafion | applicable to 
other cation-exchange membranes in organic 
electrosynthesis and in the separation of 
carboxylic acids. 

RESULTS AND DISCUSSION 

As part of our studies on the electrochem- 
istry of biomass-derived compounds (2) to 
produce chemicals of high energy content we 
investigated the electrochemical reduction of 
levulinic acid, the major product of con- 
trolled acid degradation (3) of hexose sugars 
at moderate temperatures (by-products of wood 
acid hydrolysis plants). Such studies aim to 
pair the cathodic reduction of levulinic acid 
with the Hofer-Moest (pH 7) anodic oxidation 
of valeric acid to gaseous butenes, butanols, 
and butylpentanoate (immiscible with water). 
This paired synthesis would require a separ- 
ator capable of withstanding a pH gradient 
and a means of allowing protons formed at the 
anode to migrate to the cathode compartment, 
where they would maintain a necessary low pH 
for the reduction of levulinic to valerlc 
acid. 

We now report results on the first part of 
this scheme, i.e., the reduction of levulinic 
acid and the behavior of the Nafion @ sep- 
arator. Preparative constant current elec- 
trolyses (50-200 mA/cm 2) of levulinic acid 
(i-3 M) in sulfuric acid (0. i-i.0 M) in a 
modified parallel-plate flow cell (Electro- 
prep from ECO Instruments) were carried out 
on a lead cathode with continuous recircula- 

*Electrochemical Society Member. 
Key words: cation-exchange membranes, sep- 
arations, Nafion | 

tion of the catholyte, separated from the 
anolyte by a Nafion | membrane (type 125 rein- 
forced or unreinforced). The anolyte under- 
went gravity recirculation. High current 
efficiencies (90%) at up to 30% conversion 
were obtained. We found, to our surprise, 
that the system has a built-in capacity for 
separating the valeric acid formed in the 
catholyte to the anolyte. For instance, for 
an electrolysis carried out at 200 mA/cm 2, 
starting with a solution of 3.6 M levulinic 
acid in the catholyte, after 30% conversion 
of that acid into valeric acid, we found none 
of the valeric acid in the catholyte (within 
the experimental error) but a 1M solution of 
valeric acid in the anolyte. A small amount 
(about .15 M) of levulinic acid was also 
present in the anolyte. In these experiments 
there was a pressure gradient between the 
catholyte and anolyte of about 10-20 psi. 
Similar separations were also observed in 
electrolyses performed at other current den- 
sities. 

In order to verify these findings and test 
the diffusion of carboxylic acids (and other 
organic substrates) through Nafion | a series 
of experiments were carried out as a function 
of pH gradient, temperature, and pressure. 
Valeric acid, initially 0.3 M on one side, 
diffused through Nafion-125 so that the con- 
centrations were the same on each side of the 
membrane after 20 hours (see Table I). When 
the sulfuric acid was omitted (pH = 2.8) the 
rate of diffusion was found to be the same. 
A valerlc acid solution adjusted to pH 4.0 
was found to diffuse slightly more slowly. 
With pH 6.0 buffer on both sides of the cell 
the rate of migration decreased by an order 
of magnitude; however, by increasing the pH 
of the solution to which diffusion was occur- 
ring, a slightly improved rate of transport 
was observed from the pH 6.0 buffer. A simi- 
lar pH dependence of the rate of diffusion 
through Nafion has been observed for both 
alkali metal and transition metal cations 
(4), which implies that valeric acid is mi- 
grating through the membrane in a cationic 
form. Carboxylic acids, in solvents of high 
dielectric constant, such as water, are known 
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Table  I .  l ~ f f u s l o n  o f  v a l e r l c  a c i d  a t h r o u g h  
Naf lon |  e x p r e s s e d  as  % a c i d  
d i f f u s e d  i n  20 h o u r s  (% D, 20 h)  
and initial diffusion rate (I.D.R., 
~fl1-1). Geometric area of the mem- 
brane: 7.1 cm2; total volume: 42 ml 

Conditions %D, 20h I.D.R. 

Valeric acid (0.3M) in 50 0.015 

H2SO 4 (IM) to H2SO 4 (IM) 

Valeric acid (0.3M) in 50 0.015 
water to water 

Valeric acid (0.3M) in 
pH 6 buffer to pH 6 
buffer 

Valeric acid (0.3M) in 
pH 6 buffer to pH 9 
buffer 

Valeric acid (0.3M) in 
water at pH 4 to water 

Valeric acid (0.1M) in 
water to water 

Valeric acid (0.3M) in 
water to water with 
0. I psi pressure drop 
across membrane 

I0 0.0015 

15 0.002 

40 0.011 

40 0.003 

0.019 

aconcentrations measured by UV-VIS absorption 
spectrophotometry. 

to exist as monomers, hydrogen-bonded to one 
or two solvent molecules (5). At low pH 
values the carboxyl group may interact with a 
hydroxonium ion forming a species with an 
overall positive charge which would then 
migrate by the normal cationic mechanism. 
Creating a pressure drop across the membrane 
of only 0.1 psi (ca. 700 Nm -2) resulted in a 
40% increase in the rate of diffusion of 
valeric acid. Under these conditions water 
was transported through the Nafion at 0.2 
mlh -1. 

Two lower molecular weight aliphatic acids 
(propionic and butyric acids) were found to 
migrate through the membrane at essentially 
the same rate as valeric acid (Table II) 
which suggests that the diffusion rate is 
related to chemical functionality rather than 
molecular weight. In fact, carboxylic acids 
substituted with a second functional group 
(levulinic acid, C=O; lactic acid, OH; suc- 
cinic acid, COOH) were all found to diffuse 

at a slower rate than simple aliphatic acids 
(Table II). This difference could be due to 
the occurrence of an interaction between the 
second functional group and the sulfonic acid 
functions in the membrane matrix, which would 
tend to retard the motion of the molecule/ion 
through the material. Glucose diffuses ex- 
tremely slowly through Nafion probably be- 
cause of the size of the molecule. 

The effect of temperature on the diffusion 
of valeric acid through Nation @ -117 is shdwn 
in Fig. I. Apparent diffusion coefficients 
(6) for valeric acid are 5.5 x 10 -6 cm2s -I 
(at 308 K) to 1.6 x 10 -5 cm2s -I (at 338 K~, 
with an activation energy of 30 kJ mol -i. 
This activation energy is identical within 
the error to that observed for the self- 
diffusion of sodium ions on Nafion | 120 (7). 

These results suggest that Nafion mate- 
rials could have wider applications in organ- 
ic electrolytic processes. The removal or 
addition of compounds could be used to syn- 
thetic advantage. In separations science, 
these materials could play a more important 
role, e.g., as column material for high per- 
formance liquid chromatography and in indus- 
trial organic separation processes. For 
instance, these very stable membranes could 
perform a variety of difficult separations of 
polyfunctional carboxylic acids such as com- 
plex saccharinic acids from the kraft pulping 
of wood and industrial separations of simple 
carboxylic acids in complex mixtures. 
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Table  %1. D i f f u s i o n  o f  o r g a n i c  compounds a t h r o u g h  Naf ton |  e x p r e s s e d  as  % o f  compound 
diffused in 20 hours (%D, 20h) and initial diffusion rate (I.D.R.; l~-*) at 
d i f f e r e n t  compound i n i t i a l  c o n c e n t r a t i o n s .  Geometr ic  a r e a :  7.1 cm2; t o t a l  
vo lume:  42 ml. 

INITIAL CONCENTRATION 
DIFFUSION 

0.1 M 0.3 M 1.0 M 

COMPOUND %D, 20h I.D.R. %D, 20h I.D.R. %D, 20h I.D.R. 

Propionic acid b 40 0.003 . . . . . . . .  
Butyric acid b 40 0.003 . . . . . . . .  
Valeric acid b 40 0.003 50 0.015 . . . .  
Levulinic acid . . . .  30 0.0065 . . . .  
Succinic acid . . . .  25 0.0040 . . . .  
Lactic acid . . . .  25 0.0030 . . . .  
Glucose . . . . . . . .  5 0.006 

aConcentrations measured by gas chromatography or UV-VlS absorption spectrophotometry. 

bAcids all present in the same solution. 
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Figure I. Results from diffusion experiments 
carried out on two glass half-cells with 
flanges (clamped by a Teflon collar, with the 
Nafion membrane in between) as a function of 
temperature (A, 30~ [], 45~ o, 60~ 
[Nafion pieces (cut from the same sheet of 
unreinforced type 117) were pretreated by 
boiling in deionized water for ca. 20 
minutes, followed by wiping the surfaces 
dry. ] 



In Situ FT-IR Spectroscopic Study of Electrochemical Adsorption of 
Phosphoric Acid on Platinum 

M. A. Habib* and J. O'M. Bockris* 

Department of Chemistry, Texas A&M University, College Station, Texas 77843 

Variat ion of the rate of the reduction 
of oxygen in various acids used as fuel cel l  
e lec t ro ly tes ,  provokes questions of the ad- 
sorption of these acids on platinum catalysts 
( I ) .  Since the behavior of individual cry- 
stal planes d i f f e r  markedly in most cases 
as a resu l t  of the di f ference of the poten- 
t i a l  of zero charge and of the chemical 
nature of the surface, i t  is evident that  
accounting for  the adsorption propert ies of 
a po lycrys ta l l ine  electrode remains d i f f i c u l t  
and complex (2). Although infrared re f lec-  
tance spectroscopy has been used to detect 
organic radicals and carbon containing 
species as electrochemical reaction pro- 
ducts in nonaqueous solvents (3-6),  due to 
high IR adsorption by water, the appl ica- 
b i l i t y  of th is  method for the study of elec- 
trochemical phenomenon in aqueous solut ions 
remains l imi ted (3,7,8) .  However, a fast  
Fourier transform IR spectrometer with high 
energy throughput in combination with a high- 
ly  polished electrode surface having a th in 
f i lm of solut ion (=l~thick) between the elec- 
trode surface and IR transparent window, 
brings new promise to the f ie ld  of e lect ro-  
chemical adsorption study. We report  here 
the electrochemical adsorption of phosphoric 
acid on Pt from an aqueous so lut ion,  as 
measured by th e use of a Fourier transform 
infrared spectrometer system. 

The working electrode used was a highly 
polished Pt disc attached to a tef lon coated 
copper rod. The electrode surface was placed 
very close to an IR-transparent ZnSe cel l  
window and thus had a very thin f i lm of solu- 
t ion (=l~thick) in f ront  of the electrode. 
The electrode surface was i r rad iated with the 
incident IR beam in the sample compartment of 
a Digi lab FTS-20E spectrometer system equipp- 
ed with a Data General Nova 4 computer and IR 
spectra were recorded a f ter  electrochemical 
polar izat ion of the electrode surface. 
Phosphoric acid solut ion in 1 mol.dm -3 HCI04 
was used. A versat i le  re f lec t ion  attach- 
ment (Harrickmodel VRA-S5D) with ret romir ror  
accessory (RMA-4DG) was used to guide the 

incident IR beam to the electrode surface and 
to guide the ref lected beam back to the de- 
tector  was used. The number of averagedt 
spectra was I000 at a resolut ion of 4cm . 
Polar izat ion of the ref lected beam was 
selected by means of an infrared grid polar- 
izer .  The IR was polarized parel le l  to the 
plane of incidence (9). 

The electrode was polarized potent io- 
s t a t i c a l l y  in the range of OV (NHE) to 
1.2V (NHE) at an interval of 200 mV. The 
spectra reported here are the dif ference 
between the spectra at a given anodic 
potent ial  and that at OV where no phos- 
phoric acid molecule is expected to adsorb. 
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Fig .I IR spectra of Pt surface at various 
values of the potential (VS NHE) 
in 6.6 x I0 -s mol.dm -3H3PO V+ l  mol. 
dm-3HCl04 solut ion: I )  200 mV, 
2) 400 mV, 3) 800 mV, and 
4) 1200 mV 

In f igure I ,  d i f fe ren t ia l  spectra of 
electrode surface at 200, 400, 800 and 1200 
mV/NHE are shown. The absorbance peak at 
1074 cm -I  is merely v is ib le at 200 mV, but 
increases with potential and reaches a max- 
imum at 800 mV. This peak again decreases 
with fur ther increase of po ten t ia l . .The  
peaks in close proximity of 1074 cm -z behaves 
the same way as that at 1074 cm - l  and hence 
are of same or ig in as the main one at 1074 
cm-1 

The peak at 1074 cm - I  is due to the P-O 
stretching vibrat ion of the adsorbed H3PO 4 on 
Pt ( I0) .  The adsorption peaks as a function 
of potential are plotted in Fig. 2a. The 
adsorption of H3PO 4 increases with potent ia l ,  
passes through a maximum and decreases again 
at higher potent ials.  This resul t  is in good 
agreement with those obtained for the adsorp- 
t ion of H~P04 on Pt by radiotracer method by 
Horanyi, et .  a l .  ( I I~ and also obtained in 
this lab,(12) (Fig. 2b}. The discrepancy at 
potentials <800my may be due to the difference 
in the strength of H3PO ~- Pt interaction with 
potential, as pointed out by Pons (13) and 
Bewick (8). 

E 
o 

c ~  

~ x  8L 

200 400 600 800 1000 1200 1400 
~ rnV  (NHE) 

Fig. 2 Surface concentrat ion,r,  of H3PO4as 
a function of potent ia l :  
(a) r as normalized area of IR 

peak at 1074 cm -l. The highest 
peak area is assumed to be r ma x 
as obtained from (b) ra~Q :a~e~ 
measurements. 

*Electrochemical Society Active Members 
Key Words: Adsorption, Phosphoric acid, 
In-s i tu  FT-IR, Platinum. 

Confirmation that the peaks originate 
in H3PO 4 was obtained by carrying out the 
same set of experiments without H3PO 4 in 
solut ion. None of the peaks mentioned above, 
appeared. When the above experiments were 
performed with the or ientat ion of the l i gh t  
polar izer changed to one perpendicular to 
the plane of incidence, none of the peaks 
showed up and this is considered to the 
proof of the fact that the peaks are related 
to only adsorbed H3PO 4 molecules, because 
ref lected l i gh t  when polarized perpendicular 
to the plane of incidence, does not carry 
information about the adsorbed layer (9). 
With change of potent ia l ,  no sh i f t  was ob- 
served in the posit ion of the peaks, meaning 
that no change in the bond strength of IR 
absorbing molecules occurred. The area of 
the peaks did not increase with time at the 
same electrode potent ia l .  

In-s i tu  Fourier-Transform Spectroscopy 
method, thus, provides d i rect  evidence for 
the presence of H3PO 4 on the electrode sur- 
face at anodic potential and hence, can be 
used for the measurement of electrochemical 
adsorption of IR active ent i t ies  on solid 
surfaces. 
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